CoBpeMeHHbIN C++ paneko yweA nocae 2011 roaa. MocaeAHee 06HOBAEHHME CTaHAAP-
Ta — C++17 — y)Ke YTBEP)XACHO U BHEAPSIETCA B HEKOTOPbIE peaAu3aLIuu.

JTa KHWra NOCAY)XMT BaM NYTeBOAUTEAEM NO CTAHAQPTHOM 6U6AMOTEKE C++ 1 NO3HA-
KOMMT C CaMbIMW HOBbIMU BO3MO)XXHOCTSIMU, BKAKOYEHHbIMU B C++17,

MN3AaHKMe HauMHaeTCs C NOAPOGHOrO MCCAEAOBAHUS CTAHAAPTHON 6MOANOTEKHM LWAGAO-
HoB C++STL (Standard Template Library). Bbl y3HaeTe, 4eM OTAMYAIOTCA KAQCCUYECKUNA
NOAMMOP®U3M OT 06006LLLEHHOr0 NPOrpaMMUPOBaHKS, AeXKaLlero B ocHoBe STL. Takxe
Bbl YBUAUTE, KaK MCMOAb30BaTb Ha NPAKTHKE pa3Hble aATOPUTMbI U KOHTEHHEPDI,
uMetowwmecs B STL. Aanee CAeAYeT ONUCaHNE MHCTPYMEHTOB COBpeMeHHOoro C++, B aToM
YacTy Bbl NO3HAKOMUTECH C aATe6panyecKMMn TUNAMK, TaKUMHK Kak std:: optional,
CAOBapHbIMKM TMNAMK, TaKMMK KaK std:: function, yMHbIMK yKa3aTeAsIMM M NPUMHUTHBA-
MM CMHXPOHM3aLMK, TAKUMK KaK std:: atomic u std:: mutex. B 3aKAOMMTEAbHON YaCTH
BalLeMy BHUMaHMIO GYAET NPeACTaBACHA NOAAEPKKA PEryAsPHbIX BbIpayKeHUN B C++

1 onepaLmii BBOAA/BbIBOAA C dpaiiAaMH.

K KOHLlY KHWUI'¥ Bbl NOAYYMTE AOCTATOYHO NOAHOE NPEACTAaBAEHHUE 0 BO3SMOXXHOCTAX
M BHYTPEHHNX MeXaHW3MaX CTAaHAQPTHON 6M6AMOTEKM C++17, YTOGDI UCMOAL30BATD MX
B CBOMX NPOrpaMMax u 6M6AHOTEKaX.

C 3TOI KHWrOi Bbl:

° Hay4uTecb CO3AaBaThb CBOM TUNbI UTEPATOPOB, AUCNIETYEPOB
NaMATH ¥ NYAOB NOTOKOB BbINOAHEHHS;

° OBAAAEeTe CTAaHAAPTHbIMM KOHTEAHEPAMM U CTAHAAPTHBIMK
aArOpUTMaMK;

* yCOBEPLUEHCTBYeTe CBOii KOA, 3aMeHMB new/delete yMHbIMK
YKa3aTeAsIMu;

° YCBOMTE PasHULLY MEXAY MOHOMOP@HbIMK, NOAUMOPGHBIMK
1 0606LLEHHbIMW AATOPUTMAMMU;

* y3HaeTe CMbICA M Ha3Ha4YeHHe CAOBAPHbIX TUMOB,

TUNOB-NPOU3BEACHHIA U TUNOB-CYMM.
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Mpepnucnosue ot paspadboTunkos
C++ B Poccuun u benapycu

CoBceM HEMHOTO SI3bIKOB MOTYT IIOXBACTATHCS TAKO 60OTATO M SIPKOIi MCTOPMET, KaK SI3bIK
C++. V3ke HECKOJIBbKO JecsaTuneTuii C++ sBiseTcs me-GakTo CTaHAAPTOM ISl peau3alnn
TaKOTO CJIOKHENIIIero mporpaMMHOTO obecrieueHmsl, Kak OIepanyiOHHbIe CUCTEMbI, 6a3bl
IaHHbBIX, KOMITUJISITOPBI, Be6-0pay3epsl, CCTEMBbI 3aIIUThI JAHHBIX ¥ aHTUBUPYCHI, MUKPO-
KOHTPOJIJIEPbl; BOEHHAs! MPOMBbIIIJIEHHOCTb, KOCMOC, BbICOKOHATpPy>KeHHbIE€ CUCTEMbI U
MHOXXECTBO APYIUX TOMEHOB HEMBICMMBI 6€3 MCIT0/Ib30BAHMST 3TOI TEXHOIOTUM. OrpoM-
Hble 6a3bl MCXOIHBIX KOJOB, CO3MaHHbIE 32 3TU T'OAbI, TPEOYIOT MOAIEPKKM U PA3BUTHS,
YTO HEMBICIMMO 6€e3 CTaHIapTU3alyy. 3aKOH MepapXuuyeckux KOMITeH calmii mpodeccopa
CemoBa B (hopmynmpoBke rpodeccopa HazapeTsiHa miacut, YTo MHOTOOGpa3ye Ha BepXHEM
YPOBHE Mepapxuu CUCTEM BO3MOXKHO TOJIBKO IIPU YCIOBUM CTaHAAPTU3aLMM HIDKeIeXa-
LIMX YPOBHEN nepapxumn. Y KakAoro Ha CJIyXy MHTEPHeT Bellleli, MICKyCCTBEHHDIN MHTeI-
JIEKT, 06paboTKa GONBIINX MTaHHBIX, YMHbIE aBTOMOOMIN, BKIIOUast GeCIMIOTHbIE, — 3TU
00J1aCTy U SBJISIOTCS BepInHOi U T-uepapxuy ceromHs. SIapo 60IbIIMHCTBA TIepeuncieH-
HBIX TPEHIOBBIX HAIIpaBJIeHMT pa3pabaThIBAETCS C UCIIONb30BaHMEM sI3bIKa C++, a 3HAUUT,
cornacHo 3akoHy CenoBa, craHgaptusanyst C++ SIBIsieTcs HeOOXOIAMMBbIM YCIOBMEM JIJIST Ca-
MOTO CyIlleCTBOBaHMs coBpeMeHHbIX UT-TpeHnoB. Ycrexyu UT-cdepbl cCerogHsIIHero gHs
00YCJIOBJIEHBI B TOM UMC/IE TIPEOIOIEHNEM «KPU3MCa» CTAaHIAPTU3ALMM SI3bIKA B TIEPUOL,
ot C++98/03 k C++11. Ceifuac KOMUTET CTaHIAPTU3ALMM BBIITyCKaeT HOBbIE BEPCUM SI3bIKA
B cpemgHeM pas B Tpu roga — C++11, 14, 17. BegeTcst orpoMHast MCcaenoBaTelbckast pabora
BeIYUIMX YYEHbBIX M TPOTPaMMMCTOB MMpa 10 MOAroToBKe HOBOro ctaHgapta C++20. Takas
PEerysIpHOCTDb SIBJISIETCSI 3aMevaTe/IbHbIM ITOKa3aTesieM TOTO, UTO HUIIIA SI3bIKa HEYKJIOH-
HO pacreT! OcBOeHMe MOCIEAHUX CTaHAAPTOB — HEOOXOAMMOEe YCIOBME [JISl YCIEITHOTO
Mpo¢eCcCMOHAIBHOTO POCTa M camMoOpealn3alyy B paMKax COBpeMeHHbIX UT-BeKTOpOB.
VicTopuuecKy Hallla CTpaHa 06/1aJjaeT OrPOMHOI HayYHO-YCC/IeN0BaTeIbCKOI 6a301i, OCHO-
BAHHOJN Ha TPagULIMSIX OBICTPOTO M3YUEHMSI HOBBIX, TOJIBKO 3apOSKIAIONINXCS TUCIUIUIVH.
Cejiuac y OTeueCTBEHHBIX CIIELMAINCTOB MOSIBMUIICS YHMUKAIbHBIN IIaHC 3HAYUTETbHO yBe-
JIMUUTH TIPUCYTCTBUE B Hullle C++-pa3paboTku. HoBbIe CTaHIAPThI — 3TO HOBbIE BO3MOXK-
HOCTM JJI51 cCaMOpean3ali U pbIBKa BIlepes oTeuecTBeHHOM U T-oTpacin.

Nsyuenne C++ — KpaiiHe TPyAOEMKUI MPOLECC, KOTOPBIN MPOXOAUT ropasnio jerye u
MIPOOYKTYBHEE IIPY OBIIEHUN CITEIVAIICTOB IPYT ¢ ApyroMm. IIpodeccroHanbHble TPYIIIbI
" COO0IIecTBa — HEOThEMJIEMbI aTpMUOYT 3TOTO mporiecca. ABTop Kuuru Aptyp O’ZIBaiip,
SIBJISISICh aKTYBHBIM YYaCTHMKOM KoMUTeTa craHgapTusanuu ISO C++, oqHOBpeMeHHO 13-
BeCTeH opraHm3alnueil BCcTpeu nosb3oBareneii C++ B 3anmmuBe CaH-@paHiucko. Takke u
B Hallleli CTpaHe BO MHOTMX KPYITHBIX TOPOJaxX MPOXOAST PETyJIsIpHble BCTPeUM MEeCTHBIX
C++-c00011IeCTB, Ha KOTOPBIX €CTh BO3MOKHOCTh OOCYIUTh C KOJIJIEraMy HIOAHChI HOBBIX
CTaHIapTOB, BHICTYIUTD C JOKIAJ0M, 3aBsI3aTh ITpodeccuoHaabHble KOHTAKThI U Jaske Mo-
y4acTBOBAaTh B CTAHAAPTU3ALMY sI3bIKa. [laBaiiTe ke UMTaTh KHUTU, OCBaBaTh HOBbIE I'0-
PU30HTHI si3bIKa C++, 06IIAThCS, Pa3BUBATHCS ¥ pacTy MPodeCcCOHaTbHO BMECTE, IBUTast
UT-unpycrputo Bnepen!

Anmon Haymosuu u AHmou CemeHUeHKO
Coo6mectBo C++-paspaborunkos CoreHard

cpp-russia.ru, stdcpp.ru, corehard.by
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06 aBTope

Aprtyp O’IIBaiip (Arthur O’Dwyer) ucroab3yeT COBpeMeHHbIN s13bIKk C++ B CBOEJA
MTOBCEIHEBHOI paboTe OKOJIO AEeCSITH JIET — ellle C TeX IOopP, KOTaa IMoJ «COBpeMeH-
HbIM C++» moppasymeBacs «knaccuueckuii C++». C 2006 o 2011 ron oH MpUHU-
MaJ yuactue B pabore Ham kommuiasitopoMm Green Hills C++ Compiler. HaunHas
¢ 2014 r. opraHu30BbIBa] €XeHeAe/NbHble BCTpeuM Iob3oBaTreneii C++ B 3aiuBe
CaH-@paHIMCKO U PETY/ISIPHO BBICTYIIAET, OCBEIasi TEMbI, KOTOpPbIe MOXHO HaliT! B
3toit kHure. B 2018 romy oH BO BTOPOJ pa3s MPUCYTCTBOBAJI HAa 3aceaHMM KOMUTETA
ISO C++.

OTO ero nepsas KHUTA.

O Hay4yHOM pepakTope

Yunn Bpennan (Will Brennan) — paspa6orunk nporpamm Ha C++/Python. JKuser
B JIOH[IOHE U MMeeT OOTraThIil OIbIT BHICOKOTIPOM3BOAUTETbHBIX TPUIOKEHN 00-
PpaboTKM 1306 paskeHMI1 U MaIIMHHOTO 06yueHMs . Bl MoskeTe HaiiTu ero Ha GitHub:
https: ithub.com/WillBrennan.


https://github.com/WillBrennan

[Mpeaucnosue

SI3pik mporpammupoBanus C++ MMeeT OOJTYI0 MCTOPUIO, YXOISIIYI0 KOPHSIMU B
1980-e. HemaBHO OH IepeEXMII BO3POXKAEHME Oyiaromaps IMOSIBJIEHNMIO HOBBIX BO3-
MoxkHocTeil B crangaprax 2011 u 2014 rogos. Iloka KHMUra TOTOBUIACh K MeYaTH,
BhbIIIIET HOBBIN cTaHgapT C++17.

Crangapt C++11 mpaKkTuuecKy yaIBOmI 06’beM CTaHAAPTHON OMOIMOTEKY, [0OaBUB
TaKye 3arojioBKu, Kak <tuple>, <type_traits> u <regex>. Crangapt C++17 cHO-
Ba yIBOMJI 00beM OMOIMOTEKM, TOOABMB HOBBIE 3aT0JIOBKM, TaKMe KakK <optional>,
<any> u <filesystem>. I[IporpaMMuCT, MHOTO BpeMeHM TPATUBILNII Ha pa3paboOTKy
KOZa 1 He CIeAVBILNIA 3a IPOLIECCOM CTaHapTU3alui, BIIOJIHE MOT IIOYYBCTBOBATh
cebs1 OTCTABIIMM OT JKM3HM — B CTaHAAPTHOV 6MOIMOTEKE MTOSIBUJIOCH TAK MHOT'O HO-
BOT'0, UTO OH HUKOTAA He CMOT Obl OBJIAJEeTh BCEMM HOBOBBEIEHMUSIMI B OAVHOUKY
MU XOTsI ObI OTHOEIUTD 3epHA OT IUIeBes. B KOHIle KOHIIOB, KOMY 3aXQUeTCs Ipo-
BECTU MecCsL, YMTasd TEXHUYECKYI0 JOKYMEeHTaluIo0 0 std: :locale U std: :ratio,
TOJIBKO YTOOBI Y3HATH, YTO B HUX HET HUYETO, YTO MOIVIO ObI MPUTOIUTHCS €My B
TOBCEeTHEBHOI pabore?

B 9T0i1 KHUTe 5T pacCKaky BaM O Haubosiee BaXKHbIX OCOOEHHOCTSIX CTaHIAPTHO
6uomoreku C++17. JIj1s1 KpaTKOCTH I OITYIILy HEKOTOPbIE pasiesibl, TaKle KaK BbIIle-
YIIOMSIHYTBIN <type_traits>;HO MbI PACCMOTPUM BCIO COBPEMEHHYIO CTAHJaPTHYIO
6m6moTeKky ma6soHoB STL (KakOblili CTAaHIAPTHBIN KOHTEMHEP M KakKAblid CTaH-
JapTHBIN aJTOPUTM), TUIIOC TaKMe BasKHbIe TEMbI, KAK YMHbI€ yKa3aTesu, cTyyaiiHbie
YlCiIa, peryJisipHble BhIpaskeHMs M HOBYIO Ijist C++17 6MbnmnoTreky <filesystem>.

S 6ymy 3HAaKOMMTH BaC ¢ HOBMHKAMM Ha IpuMepax. Bel HayumTech CO370aBaTh
CBOM TUIIbl UTEPATOPOB; CBOU AMCIIETYEPHI TAMSTU HA OCHOBE std: :pmr: :memory_
resource; CBOY ITyJIbl [IOTOKOB BbIIIOJTHEHYS C UCITIONb30BaHMeM std: : future.

SI pacckasky 06 Mesix, KOTOpbIe Bbl HE HalIeTe B CIIPAaBOYHbBIX PYKOBOJCTBAX. BbI
y3HaeTe, YeM OTAMYAIOTCS MOHOMOP®U3M, MOAMMOPGU3M U 0O0OIIEHHbIE aJIro-
putMmbl (T1aBa 1 «Knaccuueckuii nonumopgusm u 0600ujeHHoe npozpammuposaHues);
YTO 03HAYAeT JJIsT std: : string winM std: : any ObITh «CIOBAaPHBIM TUIIOM» (IJIaBa 5
«CnosapHole munsi») ¥ 4ero0 MOXKHO OXXUIATH OT rpsayinero craggapra C++20 u mo-
TOM.

S mpenmonaraio, UTO Bbl YoKe JOCTATOYHO XOPOILO 3HAKOMbBI C OCHOBAMM $I3bI-
Ka C++11; HampuMep, UTO BbI YK€ TTIOHMMAeTe, KakK MMCaTh IIAa06JOHHbIE KJIACChI U
dyHKIIMM, 3HaeTe, UeM OTIMYAIOTCST CChIIKY Ivalue v rvalue, v T. .

CopepxxaHue KHUrH

I'nasa 1 «Knaccuueckuti noaumopgusm u 0600uieHHOe NPoZpaMMUpo8aHue» OXBaThl-
BaeT KJIaCcCUUYeCKuii MoamMMopdu3M (BUPTYaJibHble (QYHKLIMM-YIEHBI) U 00006IIeH-
HOe MporpaMMupoBaHye (Iaba0HBbI).
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Inasa 2 «Mmepamopul u duana3oHsl» OObSICHSIET UJIEI0 MPECTaBIEHUS UTEPATOPA
KaK 060011[€HHOTO YKa3aTesIs ¥ IIPaKTUUECKYIO IT0JIb3Y MOTYOTKPBITHIX AUATIA30HOB,
BBIP@KEHHBIX B BU/JIE [1apPbl UTEPATOPOB.

Inasa 3 «Aneopummesl c napamu umepamopos» UCCIeNyeT MIMPOKOoe pasHooOpasne
06006IIEHHBIX AJITOPUTMOB, OMIEPUPYIOLIVX IMATIa30HAMMY, BRIPaKEHHBIMU B BUJIE
rap UTepaTopoB.

I'nasa 4 «300napk KoHmetiHepos» VICCIIEAyeT HE MeHee IMUPOKOe pasHoobGpasue
CTaH[IaPTHBIX IAGIOHHBIX KJIACCOB KOHTEITHEPOB U PACCKA3bIBAET, KaKMEe KOHTET-
HepBbI JIyullle TOAXONT /151 TeX UV MHBIX 3aad.

Inasa 5 «CnosapHsle munsi» IPOBEIET BAaC Uepe3 ApCTBO aarebpandyeckux Tu-
TIOB, TAKMX Kak std: :optional, u ABI-coBMecTuMBble cTUpaeMble TUIIBI, TakMe KaK
std: :function.

Inasa 6 «YmHole ykazamesiu» pacCKa3bIBaeT O Ha3HAYEHUU ¥ OCOOEHHOCTSIX UC-
M0/Ib30BaHMsI YMHBIX yKa3aTesleii.

I'nasa 7 «KoHKypeHyusi» OXBaTbIBaeT aTOMbI, MbIOTEKCHI, yCJIOBHBIE IIepeMeHHbIe,
ITIOTOKY BBITIOJIHEH NS, 00bEKThI future U promise.

I'nasa 8 <«Jucnemuepsl namsimu» ONMCbIBA€T HOBBIM 3arOJIOBOK <memory_re-
source>, MOsIBUBILMIiCSI B C++17.

I'nasa 9 «Ilomoxu 6600a/661600a» UCCAeNyeT pa3BUTHE MOJeIM BBOLA/BbIBOAA B
C++, oT <unistd.h> o <stdio.h> 1 <iostream>.

I'nasa 10 «PezynsipHole 6blpax;ceHusl» HAYYUT BaC MOIb30BaTbCS PETY/ISIPHBIMU BbI-
paxeHusimu B C++.

I'nasa 11 «CnyuatiHble uucia» ONNUCbIBAET MOALEPKKY reHepaTOpOB ICEBLOCITY-
YyaiiHbIX ymcen B C++.

Tnasa 12 «®@aiinosas cucmema» OXBaTbIBAET HOBYIO OMOIMOTEKY <filesystem>,
nosiBuBLIyIOCS B C++17.

Yto noTtpebyetca ana paboTbl ¢ KHUron

TTOCKOJIbKY 9Ta KHUTA He SIBJSIeTCS CIIPAaBOYHBIM PYKOBOACTBOM, BAM MOXKET IIPU-
TOAUTHCSI TAKOe PYKOBOICTBO, Kak cppreference (en.cppreference.com/w/cpp), TAe
BBl CMOXKeTe TPOSICHUTD JII0Oble meTanu. Bam Takke oInpeaeneHHO IMOHAI00UTCS
KOMIMISITOD, TToAmepskuBaouii craumapt C++17. Ha MOMeHT IOATrOTOBKY KHUTY
K ITeYaTu CYIIeCTBOBAJIO HECKOJIbKO KOMIIMISITOPOB € Gojiee M MeHee MOJHOLIeH-
Hoii mopaepskkoit C++17, Brimtouast GCC, Clang 1 Microsoft Visual Studio. Bbr moske-
Te YCTAaHOBUTD UX Y Cebst TOKAIbHO MM BOCIIOIb30BATHCSI MHOTOUMC/IEHHBIMM 6ec-
IJIATHBIMM OHJIAH-CIy>k6aMu, TakuMy Kak Wandbox (wandbox. org), Godbolt (gec.
godbolt.org) 1 Rextester (rextester.com).

KoMy agpecoBaHa 3Ta KHMra

dTa KHMUTA agpecoBaHa Pa3paboTYMKaM, KeJAINIMM OBJIaleTh HOBBIMM 0COOEHHO-
crssmu 6ubamoreku C++17 STL u B MOJMHOM Mepe MCIOIb30BaTh €€ KOMITIOHEHTHI.
3HAKOMCTBO C s13bIKOM C++ SIBJISIETCST 00513aTEIbHBIM YCIIOBUEM.


http://en.cppreference.com/w/cpp
http://wandbox.org
http://gcc.godbolt.org
http://gcc.godbolt.org
http://rextester.com

14 < [lpegoucnosue

Tunorpadckue cornawieHus

B 3TOJ KHMTe MCTTOIb3YeTC sl HeCKOIbKO Pa3HbIX CTUIIEN 0DOpMIIeHMSI TEKCTa C 11eTbI0
0becreunThb BMU3yaabHOE OT/INYMe MHGOPMAaLUY pa3HbIX TUTIOB. Hyske TpuBOOUTCS
HECKOJIbKO TTPUMEePOB TaKuX CTuiaeit oopMIeHNs 1 KpaTKoe OMMcaHNe uxX Ha3Ha-
YeHMSI.

[IporpaMMHBIi KOJ, B TEKCTe, MMeHa TabiuI] 6a3 TaHHBIX, MMeHa IMarokK, MMeHa
(aitnos, pacmmpenus ¢baityios, yTu B GaitioBoii cucteMe, agpeca URL, BBof, 1omb-
30BaTens U ccbuIky B Twitter opopMIISIIOTCS, KaK [TOKa3aHo B CJIeAyIOLeM ITpeJiyio-
skeHUM: «OyHKUIMS buffer() NpuMHUMaeT apryMeHTbI TUIIA int».

Bnoku mporpaMmMHOTO Kojia 0(opMIISIIOTCS TaK:

try {
none.get();
} catch (const std::future_error& ex) {
assert(ex.code() == std::future_errc::broken_promise);
3

Hosbie T€PMUHBDI 1 BaJ)KHbIC OIIPpEaC/ICHUS 6y,U,YT BbIOEIATHCA B 0OBIYHOM TEK-
CTe XMPHBIM.

TakuM 3HaukoMm ByayT odopMAATLCS NpemynpexneHus u
BaXKHble NPUMEYaHus.

TakuM 3HaukoM ByayT OPOPMAATLCS COBETHI M PEKOMEHAA-
L.

OT3bIBbl U NOXeNaHUA

MbI Bceryia pajibl OT3bIBaM HAIIMX YMTaTesei. PacckaxkuTe HaM, UTO BbI AymMaeTe
00 3TOi KHUTE — UTO IMTOHPABUIOCH MJIM, MOKET OBbITh, He TTIOHPABUIOCh. OT3bIBbI
BaKHBI JJIS1 HAC, YTOOBI BBIMTYCKAaTh KHUTY, KOTOpbIe OYAYT AJISI BAC MaKCUMAaTbHO
TOJIe3HBbI.

Bbl MOXKeTe HamucaTh OT3bIB MPSIMO Ha HallleM caiiTe www. dmkpress . com, 3ais Ha
CTPaHUILy KHUTY U OCTaBMUB KOMMeHTapuii B pasnesne «OT3bIBbI U pelieH3um». Takke
MO3KHO ITOC/IaTh MMCbMO IVIABHOMY peJlakKTOpY I10 ajipecy dmkpress@gmail .com, Ipu
3TOM HaIMIINUTE Ha3BaHMe KHUTU B TeMe T1CbMa.

Ewn ecth Tema, B KOTOpOJ Bbl KBaAM(UIIMPOBAHbI, M Bbl 3aMHTEPECOBAHbI B
HamCcaHMM HOBOW KHUTHU, 3amoJHUTe (OpMYy Ha HallleM caiiTe I0 agpecy http://

dmkpress.com/authors/publish_book/ WMaM HaOMUIIMTE B M3OATEIbCTBO II0 aLpecy
dmkpress@gmail .com.


http://www.dmkpress.com
mailto:dmkpress@gmail.com
http://dmkpress.com/authors/publish_book/
http://dmkpress.com/authors/publish_book/
mailto:dmkpress@gmail.com
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CKaunBaHMe MCXOAHOI0 KOoAA NpUMepoB

CxauaTtb (aiiabl ¢ JOMOTHUTEIBHON MH(pOpMAaIei ojisi KHUT n3gatenbeTBa «IMK
[Ipecc» MOXXHO Ha caiiTe www.dmkpress.com Mau www.AMK.pb B paspene «HUurare-
JIsiM — Daiijibl K KHUTaM».

Kpome Toro, nmpumMepsl Koma K KHUre JOCTYITHBI Ha caiite GitHub, mo ampecy:

https://github.com/PacktPublishing/ Mastering-the-Cppl7-STL.

Cnucok oneyaTok

XOTSI MBI ITPUHSUIM BCE BO3MOKHbBIE MEPbI JIJIST TOTO, YTOOBI YIOCTOBEPUTHCS B Ka-
YyeCTBe HAIMX TEKCTOB, OMIMOKM BCE PaBHO CIydaroTcs. Eciiu Bl HaliéTe OmmoKy
B OJTHOJ M3 HAIIMX KHUT — BO3SMOXHO, OIIIMOKY B TEKCTE WJIM B KOJie, — MbI Oymem
OueHb OJIaromapHsbl, €CIM BbI COOOHIMTE HaM O Heli. ChoenaB 9TO, Bbl M36aBUTE Y-
I'MX YMTaTeNeil OT pacCTPOICTB U MOMOXKETE HaM YIYUIIUTh TOCTIeYIONIe BepCUN
JTaHHOM KHUTIU.

Ewii BBl HaliéTe Kakue-aM60 omubKy B Kofe, MOXKaIyicTa, COOOIIUTe O HUX
[JIABHOMY pelaKTopy ITo aapecy dmkpress@gmail.com, ¥ MbI MCIIPaBUM 3TO B CJIeZly-
IOIIMX TUPpakax.

HapyweHue aBTOpCcKMX npas

IMuparcTBo B VIHTEpHETE IO-IIPEKHEMY OCTAETCS HACYIIHOW mpobiemMoii. M3ma-
tenbcTBa «IMK IIpecc» u Packt oueHb cepbe3HO OTHOCSTCS K BOIIPOCAM 3alllATh
aBTOPCKMX MpaB U JuleH3MpoBaHusi. Eciu Bbl cTonKkHeTech B IHTepHeTe ¢ He3a-
KOHHO BBIIIOJIHEHHOI KOIMeN JII000Jii Hallleil KHUTH, ITOXKaIyiiCcTa, COOOIUTEe HaM
azpec Koy win Be6-caiiTa, YTOO6bI MbI MOTJIV IIPUHSTH MepHI.

[ToxkamyiicTa, CBSIKUTECH C HAMM 10 aApeCy 3JeKTPOHHOM IMOUThI dnkpress@gmail.
com CO CChIJIKOI Ha MOL03PUTe/IbHbIE MaTePUabl.

MbI BBICOKO LIeHMM JIFOOYIO TTOMOIIb TI0 3alllATe HALIMX aBTOPOB, [TOMOTAIOIIYIO
HaM IIpeJoCTaB/IsITh BaM KaueCTBEHHbIE MaTepUaJbl.


http://www.dmkpress.com
http://www.дмк.рф
https://github.com/PacktPublishing/ Mastering-the-Cpp17-STL
mailto:dmkpress@gmail.com
mailto:dmkpress@gmail.com
mailto:dmkpress@gmail.com
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Knaccuueckuin nonumopodmsm
n 0606LLEeHHOe
nporpamMmmMmpoBaHue

CranpmaptHas 6ubmmoTeka C++ mpecienyeT ABe pasHble, HO OAMHAKOBO BaKHbIE IIe-
sm. [lepBas nenp — NpefoCTaBUThb HaleXKHbIE pean3aluy HEKOTOPbIX KOHKPETHBIX
TUTIOB JaHHBIX MU QYHKIIVI, KOTOPbIE MOTYT ITPUTOAUTHCS B pa3HbBIX IIPOrpaMMax,
HO He SIBJISIIOTCS YacThio 6a30BOT0 CMHTAKCHMCA S13bIKa. IME@HHO ITO3TOMY CTaHIapT-
Has 6MO/MMoTeKa BKIIOUaeT std: :string, std: :regex, std: :filesystem: :exists
U T. 0. JIpyras 1enb — NIpefoCTaBUTh HaleXXHbIe peann3aluy MUPOKO UCIIOIb3ye-
MbIX aO6CTPAKTHBIX aATOPUTMOB COPTUMPOBKM, TIOMUCKA, OOpaleHus, CpaBHEHUST U
T. . B 9TO#1 IJ1aBe MBI y3HAeM, UTO MOApa3syMeBaeTCcsl IO, CJIOBAMM «abCTPaKTHBIN
KOJi», ¥ pACCMOTPMM JIBa MTOAX0A K OTpefeeHnI0 abCTPaKTHOTO KO/, KOTOpbIe MC-
TTOJIB3YIOTCS B CTAHAAPTHOM OMOIMOTEKE: KadccuyuecKutll noaumop@usm v 0606ujeH-
HOe NPo2pamMMUpo8aHue.
B 3T0J m1aBe pacCMaTpUBAKOTCS C/IeAYIOUI/E TEMBbI:

O KoHKpeTHbIe (MOHOMOp®HbIe) GYHKIMN, TIOBeJjeHNe KOTOPhIX He MapameT-
pusyercs;

O ximaccuveckuit monmuMopdusM: 6a30Bble KIacChl, BUPTyaabHble (YHKIUU-
YJIeHbI U HACIeIOBaHME,;

O 0060061IeHHOE TPOrpaMMUPOBaHMe : KOHIEMNIUY, TPeOOBAaHMS I MOLEJIN;
O mpakTuyeckyue JOCTOMHCTBA ¥ HeJOCTaTKM KaKIOTO 13 TTOIXOM0B.

KoHKpeTHble MOHOMOpP(dHbIe PYHKLUMU

YTo oTaMuaeT abCTPaKTHBINA aITOPUTM OT KOHKPETHO GYyHKIMKU? OTBETUTH Ha STOT
BOIIPOC HaM MOMOKeT ImpuMep. Hammiem GyHKINIO, YMHOXKAIOITYIO KaXKIbIii 971e-
MEHT MaccuBa Ha 2:

class array_of_ints {
int data[10] = {3};
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public:
int size() const { return 10; }
int& at(int i) { return data[i]; }

}1
void double_each_element(array_of_ ints& arr)
{
for (int i=0; i < arr.size(); ++i) {
arr.at(i) *= 2;
}
b

Hamra ¢yHkumst double_each_element paboTaeT moJibko ¢ OOBbEKTaMU TUIIA
array_of_int; IOIBITKA MTepeaTh OObEKT JPYTrOTo TUIIA HE YBEHYAETCS YCIIEXOM
(Ko, TIPOCTO He OymeT KOMIMAMPOBAThCS). OyHKIMM, Takue Kak Hamra double_
each_element, Ha3bIBAIOT KOHKPEMHBIMU, VI MOHOMOP(DHbIMU. MbI Ha3bIBaEM MX
KOHKpemHbIMU, TIOTOMY YTO OHM HENOCTATOYHO abGCMmpaxkmiel OJisi HAIUX IIeJIeil.
ITpocTo mpeacTaBbTe, HACKOIBKO HEYTOOHO ObII0 OB, ecTv ObI CTaHZAPTHAS OMOIN-
oreka C++ MpeAOCTaBIIs/Ia KOHKPETHYIO MPOIEAYpPY sort, paboTaIoIIyI0 TOIbKO C
OTIp€e/IeJIEHHBIM TUIIOM TaHHbIX!

Knaccuueckue nonumopdHbie pyHKuUM

MbI MOKeM ITOBBICUTDH YPOBEHD aOCTPaKLMM HAIIUX aATOPUTMOB, IIPUMEHUB TIPU-
eMbl KIaCCUYeCKOro 00beKTHO-opueHTHpoBaHHOro (O0O) mporpaMMupoBaHUS,
LIMPOKO UCIONIb3yeMble B TaKMX sI3bIKaX, Kak Java u C#. Cytb nogxoga OO cocTouUt
B TOM, UTOOBI PELINTh, KAaKVe BapMaHThI ITIOBEIE€HNS TOJKHBI ObITh HACTPaBaEMBbI-
MM, U 3aTeM OOBSIBUTH UX B BUJIE OOIEIOCTYITHBIX BUPTYaIbHbBIX (PYHKIINII-UJIEHOB
abcmpakmHozo 6a308020 K1acca:

class container_of_ints {
public:

virtual int size() const = 0;
virtual int& at(int) = 0;

IE

class array_of_ints : public container_of_ints {
int data[10] = {};

public:

int size() const override { return 10; }

int& at(int i) override { return data[i]; }

}s

class list_of_ints : public container_of_ints {
struct node {

int data;

node *next;

IS
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int size_ =
public:
int size() const override { return size_; }
int& at(int i) override {
if (i >= size_) throw std::out_of range("at");
node *p = head_;
for (int j=0; j < i; ++j) {
p = p->next;
3

return p->data;

node *head_ = nullptr;

~list_of_ints();
i¥

void double_each_element(container_of ints& arr)

{
for (int i=0; i < arr.size(); ++i) {
arr.at(i) *= 2;
3
}

void test()
{

array_of_ints arr;
double_each_element(arr);

list_of_ints Llst;
double_each_element(lst);

[IBa pa3HbIX BbI30Ba double_each_element B test YCIELMIHO KOMIUIUPYIOTCH,
MOTOMY YTO C TOUKM 3peHus knaccuueckoro OO array_of_ints SIBJISIETCS con-
tainer_of_ints (TO ecTb HaciaenyeT container_of_ints u peanusyeT COOTBET-
CTBYIOIIME BUPTya/lbHble QYHKIMMU-WIEHb) U list_of_ints Taxke SIBJISETCS
container_of_ints. OgHaKo TMOBemeHMe JII0O60TO JAHHOTO 00BbeKTa container_
of _ints mapameTpusyeTcs ero JuHaAMu4eckum munom; To eCcTb OIpenessieTcs Tab-
JuLet ykasaTteseit Ha QYHKIMM, CBI3aHHOM C KOHKPETHBIM 0ObEKTOM.

[TockombKy Terepb rmoBeaeHMe GyHKIMM double_each_element MOXKHO ITapaMeT-
pU30BaTh, HEe MEHSIS ee MCXOIHBIN KOJI, a IIPOCTO IepenaBasi €if 00beKThI Pa3HbIX AV-
HaMWYeCKUX TUTIOB, MbI TOBOPUM, UTO (DYHKIIVS SIBJISIETCSI NOAUMOPQHOLI.

Ho takas monuMopdHas GyHKIVS MOXKET paboTaTh TOJbKO C TUIIAMM, KOTOPbIE
HacTemyoT 6a30BbIii Kiacc container_of_ints. Hampumep, y Bac He MOTYYUTCS
repenaTh 9TOM GYHKIMM BEKTOP std: : vector<int>; IIPM MOIBITKE CIEIaTh 3TO BbI
TTOJTYYMTE OMMOKY KOMITWIISIMM. Kiaccuyeckuii monmmmopdusm — yoo6HbIN TpueM,
HO He JaeT HaM II0JIHO 060011e HHOCTH!.

[TpeuMyIIecTBO KIacCUUeckoro (00beKTHO-OPUEHTUPOBAHHOTO) MOMMMOPGhU3-
Ma B TOM, UTO MCXOIHBIN KO, BCe ellle OJHO3HAUHO COOTBETCTBYET MAIIMHHOMY
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KO[y, FeHepUpyeMOMY KOMITM/ISITOpOM. Ha ypoBHE MalllMHHOTO KOfA Y HAC MMeeT-
Cs1 TOJIBKO OofnHa (yHKIMs double_each_element, C OMHOM CMTHATYPOI U C OIHOI,
YETKO OIIpee/IeHHO TOUKOJ BXoma. Hampumep, Mbl JIErKO MOSKEM IIOJYUYUTh afpec
(dyHKIMM double_each_element 1 COXPaHUTh €r0 B yKasaTeJie.

0606wWweHHOE NnporpaMMUpOBaHKE C WabnoHaMm

B coBpemeHHOM C++ ITOJTHOCTHIO 06001II€HHbIE AJITOPUTMbI OOBIYHO 3aITMChIBAIOTCS
B BUJe wabnoHo8. Mbl Bce ellle TOKHBI peaan30BaTh IabIOHHYI0 GYHKIINIO B TEP-
MMHaX 00IIeOCTYTHbIX QYHKUINI-UIEHOB . size() U .at(), HO IPM 9TOM OTIIaaeT
TpebGoBaHMe K IPUHAIJIESKHOCTY apryMeHTa arr OmnpeaeaeHHOMY TUITy. [IoCKOTbKY
Hala HoBast QYHKIMS OyaeT abJI0HHO, MbI JO/IKHBI COOOLIUTD KOMITUIISITOPY, UTO
Hac He MHTepecyeT KOHKPETHbIN TUIT arr, YTO JJIT KaKIOTO HOBOTO TUIIA arr OH
IIOJDKEH CreHepupoBaTh COBEPIIEHHO HOBYIO (YHKIMIO (TO €eCTh CO3[aTh 3K3eM-
TJISIp MIa6JI0HA) € TapaMeTPOM 3TOTO TUIIA.

template<class ContainerModel>
void double_each_element(ContainerModel& arr)

{
for (int i=0; i < arr.size(); ++i) {
arr.at(i) *= 2;
b
}

void test()

{

array_of_ints arr;
double_each_element(arr);

list_of_ints Llst;
double_each_element(lst);

std: :vector<int> vec = {1, 2, 33};
double_each_element(vec);

b

B 60NbIIMHCTBE CJTyuyaeB BO3SMOKHOCTh TOUYHO BhIPA3UTh CJIOBAMU, KaKiue orepa-
MY OO/DKHBI MOAIePIKMBAThCS MIA6IOHHBIM ITapaMeTpoM Tuia ContainerModel,
IOMOTraeT Co37aBaTh Oojiee COBepIIeHHbIe MporpaMMbl. Takoit Habop omeparnui
ompeenseT TO, uTo B C++ HA3bIBAIOT KOHYenyueli; B 3TOM IpUMepe Mbl MOKEM
CKa3aTh, UTO KOHIIEMIMS Container 3aK/IIOYAETCS B «HATMUMM QYHKIIUM-WIeHA C
MMeHeM size, KOTOpasi BO3BpalaeT pa3mMep KOHTeliHepa B BUe 3HAUEHMS] TUIIa
int (WM Opyroro, CpaBHMMOTO C int); ¥ B HaAMMUMM GYHKIUM-UYIEHA C MMEeHEeM
at, KoTopas IpMHMMAaeT MHEKC TUIIa int (MJIM APYroro, KOTOPbIii HESIBHO MOXeT
Mpeo6pa3oBBIBATLCS B TUIT int) ¥ BO3BpallaeT HEKOHCTAHTHYIO CChIIKY Ha 3jie-
MEHT B KOHTeJiHepe C 3TUM UHOeKcom». EciM HeKOTOpbIii Kiacc array_of ints
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MOJIIEP’KMBAET Orepaluy, TpebyeMble KOHIeMueil Container, Tak 4YTO 06BHEKTHI
9TOTO KJIacca MOTYT IepelaBaThCs B BbI30B double_each_element, Mbl TOBOPUM,
YTO KOHKPETHBIN Kiacc array_of_ints sIBJSIETCSI MOOJebio KOHLeNIuy Container.
VIMeHHO 1o3TOMY $1 jaji uMst ContainerModel rmapaMeTpy THIIA IA6I0HA B IIPEIbI-
IylieM rnpumepe.

bonee TpaguMUMOHHO ObiNO Obl MCNONBL30BATL MMS Container
[ANs napaMeTpa TMna wabnoHa, U C 3TOro MOMeHTa 4 Tak 1 byay
NOCTynaTb; NPOCTO 1 HE XOTEN HAYMHATb C NMyTaHMULLbI MEXAY KOH-
uenumen Container M KOHKPETHbIM NapaMeTpoM Tuna wabnoHa
B 3TOM KOHKPETHOM LWabNOHHOW QYHKLMM, KOTOPAs BbIMSANT Tak,
6yaTO ee apryMeHT NpUHAANEeXUT KOHKPETHOMY Knaccy, Moaenu-
pytoemMy KoHuenuuo Container.

Peanusaiiust abCTpakKTHOrO aJIlOPUTMA C MCIIOIb30BaHMEM IIabI0HOB, KOT/IA 110-
BeJleHMe aJITOPUTMa apaMeTpu3yeTcs Ha 3Tare KOMIUSIIUY TUITaMI, MOZenupy-
IOIIMMM COOTBETCTBYIOIIME KOHIIEITIMM, Ha3bIBAETCSI 0000IIEHHBIM ITPOrpaMMMUPO-
BaHMEM.

O6paruTe BHMMAaHMe, YTO B HAIlleM OMMCAaHMM KOHIIeNIIuy Container HUTIE He
TOBOPUTCS O TOM, YTO 37IeMeHTbI KOHTeliHepa IO/DKHBI MMETb TUIT int; U He cyTydaii-
HO MbI TeIepb MOXKEM MCIIOb30BaTh HAly 0000IeHHYI0 QYHKIMIO double_each_
element Jaxe ¢ KOHTeliHepamu, ColepKalliMMy 3HaUeHUsT IPYTUX TUTIOB, OTJINY-
HBIX OT int!

std: :vector<double> vecd = {1.0, 2.0, 3.0};
double_each_element(vecd);

DTOT IOIMOJHUTENbHbIN YPOBEHb 0606IIEHHOCTH SIBJISIETCS OOMHMUM U3 BasKHei -
IIMX JOCTOMHCTB I1a610HOB C++ B 0606I[eHHOM MTPOrPaMMMUPOBAHNM, B OTINYNE
0T KJaccuueckoro nonumopdusma. Knaccuueckuit monumopdusmM CKpbIBaeT pas-
HOCTb [IOBeeHNI Pa3HBIX KJIaCCOB 38 HEM3MEHHOV CUTHATYPOI1 (Harpumep, .at (i)
BCEr/a BO3BpallaeT int&), HO, KaK TOJIbKO MOSIBJISIETCS] HEOOXOAMMOCTb MCITOIb30-
BaThb pasHble CUTHATYPbI, KIaCCUUECKUIT TTOIMMOPGU3M IepecTaeT 6bITh XOPOUTUM
MHCTPYMEHTOM JJISI 9TOM pabOoThI.

Ilpyroe DOCTOMHCTBO OOOOIIEHHOrO IPOrpaMMMPOBAHMSI — BBICOKAss CKOPOCTh
67aromapsl paciiMpeHHbIM BO3MOKHOCTSIM BCTpauBaHus. IIpumep, peannsoBaH-
HBII B CTUJIE KTACCMUECKOTo MoMuMopdr3Ma, BBIHYKIeH CHOBa M CHOBa 06pallaTh-
s K Tab/IMIIe BUPTYaIbHbIX METOIOB 00beKTa container_of _int, YTOGBI IOTYUUTH
azpec KOHKPEeTHOI'0O BUPTYaJIlbHOI'O MeTo A at, 1, KaK [IPaBUJIO, IUIIIEH BO3MOXKHOCTU
MMHOBATh 3TOT ITOMCK Ha Tare Komomisaiiun. [lla6nonHas ¢pyHKius double_each_
element<array_of_int>, HAIPOTUB, MOXKET CKOMIIMJIMPOBAThb HEIIOCPEACTBEHHBIN
BBI3OB array_of_int::at WM Jaske BCTPOUTD TEJIO 3TOM GYHKIVM B KOJI,.
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ITockonbKy 06006I1IeHHOe MPOrpaMMMpOBaHNe C IIabJIOHaMM JIeTKO CIpPaBisi-
€TCSI CO CJIOKHBIMM TPEOOBaHMSIMU UM 00eCIieunBaeT TMOKYI0 MOAIEPKKY Pa3HbIX
TUIIOB — Jaske TaKUX MPOCTBIX, KaK int, IOe KIaccuyeckuii moamumopdusm Tepnut
Hey[auy, — CTaHZapTHasi 6M6IMOoTeKa MCIIONb3YeT MIa6I0HbI IS BCeX aIrOPUTMOB
B Heli ¥ KOHTeltHepOB, KOTOPBIMM 3TU JITOPUTMBI OIepUpPYIOT. [1o 9TOM npuunHe
YacTb CTAHIAPTHO 6MOIMOTERN, UMEIOIIEil OTHOLIEHME K aITOPUTMAaM U KOHTel-
HepaM, 9aCTo Ha3bIBAIOT cmaHdapmHoti 6ubauomexoti wabnoHos (Standard Template
Library, STL).

Bce BepHO - TexHuuecku STL gBngeTcs Nub Manow 4YacTblo
CcTaHpapTHOM 6ubnuotekn C++! Ho B 3TOM KHUre, Tak e Kak B
peasibHOM M3HWU, Mbl MOXEM WMHOFAA BONbHO MCMOb30BATL TEP-
MuH STL, noapa3ymeBas BClO CTaHAAPTHY BubanoTeky, M Haobo-
poT.

PaccMoTpuM elre mapy CBOMX 0000IIeHHbIX aJITOPUTMOB, IIPEXKIE YeM YITyOUTh-
€SI B CTaHJApTHbIE 0600IIEHHbIE aITOPUTMBI, pean3oBaHHble B STL. BoT ma6ioH-
Hast QYHKIMS count, BO3Bpalliaolias o6iiee KOJIMIECTBO 2IEMEHTOB B KOHTeliHepe:

template<class Container>
int count(const Container& container)
{
int sum = 0;
for (autod& elt : container) {
sum += 1;
1

return sum;

A BOT GyHKIIMS count_if, BO3BpalaoOas KOJIMIECTBO SJIEMEHTOB, YIOBIETBO-
PSTIONIMX TT0JIb30BATENbCKOM QYHKIMM-TIPEAVKATY:

template<class Container, class Predicate>
int count_if(const Container& container, Predicate pred)
{
int sum = 9;
for (autod& elt : container) {
if (pred(elt)) {
sum += 1;
}
3

return sum;

b

oTHn Cl)YHKLU/II/I MO>KHO MCITIO/Ib30BaTh, KaK ITOKA3aHO HIDKe:
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std::vector<int> v = {3, 1, 4, 1, 5, 9, 2, 63};
assert(count(v) == 8);

int number_above =

count_if(v, []J(int e) { return e > 5; });
int number_below =

count_if(v, []J(int e) { return e < 5; });

assert(number_above ==
assert(number_below ==

2);
5);

Kak MHOTO 3aK/TI0UeHO B 9TOM MaJIeHbKOM BbIpaskeHMM pred(elt)! ITompobyii-
Te peasn30BaTh QYHKIMIO count_if B TepMMHAX KIACCHMUECKOTO MOMMMopdu3Ma,
MIPOCTO YTOOBI TTOHSITh, HACKOIBKO OBICTPO BCe HAUHET pa3BaamBaThCs. [Tog CMHTaK-
CUYECKMM CaxapoM coBpeMeHHOro C++ CKPBITO OTPOMHOE KOINYeCTBO CUTHATYP.
Hampumep, cuHTakcuc nukia for ¢ AuanasoHaMy B Hamiein QyHKUuM count_if
npeobpasyeTcss (MM YIPOUIAETCST) KOMIMISTOPOM B LMK/ for, AeMCTBYIONINIT B
TepMMHAX METOAO0B container.begin() 1 container.end(), K&XKObI 13 KOTOPBIX
IIOJDKEH BO3BpAIllaTh UTEPATOP C TUIIOM, 3aBUCSIIIMM OT TUIA KOHTelHepa. [Ipyroi
MpMMep: B 06001IIeHHOI BepCuy Mbl HUTZIE He YKa3bIBaeM — ¥ HAM HUTTE He HY;KHO
YKa3bIBaTh, — OyaeT i pred MPUMHMMATD CBO mapaMeTp elt 110 3HAUEHWUIO MU T10
ccpuike. [TorpoOyiiTe peann3oBaTh TO ke caMoe B virtual bool operator()!

B mpopmomkeHue TeMbl UTEPATOPOB: BO3MOXKHO, Bbl 3aMETWIM, UTO BC€ HAIM
(GbyHKUIMM B 9TO¥ I71aBe (MOHOMOpP(dHbIE, TONMMMOpdHbIe MY 060061IeHHbIE) BbIpa-
>KeHbI B TeEpPMIMHAX KOHTEHEePOB. B cBoeil Bepcunu count Mbl MOACUMUTHIBAIN 3J1€-
MEHTBI BO BCEM KOHTelHepe. B count_if Mbl MOACUMTHIBAIM 37I€MEHThI BO BCEM
KOHTelHepe, COOTBETCTBYIOIVE 3aJaHHOMY yCI0BMIO. Kak OKa3pIBaeTcs, 3TO O4YeHb
pacIpoCcTpaHeHHBIN CITOCO0 3aIiCK aTOPUTMOB, OCOOEHHO B COBpeMeHHOM C++;
ITO3TOMY MHOTO€ M3 TOTO, UYTO MbI OKMAAEM YBUAETDb B aITOPUTMaxX pabOThI C KOH-
TeifHepaMu (MU B UX OIM3KUX POACTBEHHMKAX — JITOPUTMAX paboThI C Juara3oHa-
mu), mepekouyetT B C++20 mnu C++23. Ogaako STL 3apoauiacek B ganekux 1990-x, no
MosIBJIeHNST coBpeMeHHOTOo C++. ITosTomy aBTophl STL mpeionaranmy, 4To 06paborT-
Ka KOHTeiHepoB 6yAeT 06X0AUTbCsSI 0COGEHHO JOPOTO (M3-3a BCEX ITUX JOPOTOCTO-
SIIMX BBI30BOB KOHCTPYKTOPOB KOIMII — HAITOMHIO, UTO CEMaHTHKa IepeMelleHNs
¥ KOHCTPYKTOPBI ITepeMelleHNs MOSIBWINCH TOAbKO B C++11) u mpoektuposanu STL
B OCHOBHOM [IJIsI pabOThI C JIETKOBECHO KOHIIEMI[Mei — uTepaTopaMu. ITO CTAHEeT
TeMOI1 Hallleli CJIeyIollel TaBbl.

Utoru

Knaccuueckuit moaumopdusm 1 06061IeHHOe ITporpaMMUpOBaHyie TIPU3BaHbl pe-
IIATh IIPOGIEMY ITapaMeTpHU3aliiy IoBeae sl aJrOpuTMa: Halpumep, YTo6bl AaTh
BO3MOXXHOCTb HamMcaTh QYHKIIMIO TIOKCKA, KOTOpasi CITIocoOHAa paboTaTh C Mpom3-
BOJIBHBIM OITEpaIMsSIMM COTIOCTABIEHMS.
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Knaccuueckuii monumopdusM peniaeT npobieMy 3a cueT onpeeneHns 6a3068020
KJ1acca ¢ 3aKPBITBIM CIIUCKOM 8UPMYAIbHBIX (YHKYULI-UNEeH08, U Pealu3aliun nou-
MopHbix yHKYUll, TPUHUMAIOUIUX yKa3aTeNau WK CChUIKM Ha 3K3eMIUISIpbl KOH-
KPEeTHBIX KJIACCOB, Hacnedyrwuwux 6a30BbIit KIacc.

060061eHHOe TPOTPAMMUPOBAHNME PEIIAeT Ty JKe MPobieMy 3a CUeT OIpesese-
HUSI KOHYeNnyuu ¢ 3aKPbIThIM HAGOPOM mpe6osaHuli U CO3TaHUSI IK3EMIUISIPOB Wad-
JIOHHBIX (PyHKYULl ¢ KOHKPETHBIMM KJIaCCaMM, MOOeAUPYIOWUMU 3Ty KOHLIETIIUIO.

Knaccuueckuii monumopdusM UCIBITBIBAET MPOOIEMbI € MapaMeTpusaluei
BBICOKOTO YPOBHSI (HampuMep, MaHUITYyIMPOBaHKue obbekTaMu QyHKIMIT ¢ TH060i
CUTHATYpPOI) U C OTHOLIEHUSIMM MEXAY TUIIaMM (Halpumep, MaHUITYJIMPOBaHNe
3JIeMEeHTaMU MPOU3BOJIbHBIX KOHTeliHepoB). [ToaTomy B STL 6obilioe BHUMaHNE
yaensieTcst 06061eHHbIM peaau3alusM Ha OCHOBE IA6I0HOB U MOUTHU MOTHOCTHIO
OTCYTCTBYeT KJIaCCUUeCKii MOMUMMOpPu3M.

[TprMeHeHMe TPUEMOB 0606IIIeHHOTO MTPOTrPaMMIUPOBAHNS IOMOTAET CIIPABUTh-
cs1 ¢ IpobieMaMu, eCI YIUTHIBAIOTCSI KOHIIENTYaIbHbIe TPeOOBAaHMS K TUIIAM; HO
komnuasgTop C++, mo KpaliHeil Mepe COOTBeTCTBYIOLINI cTaHgapTy C++17, moka He
B COCTOSTHUM HATIPSIMYIO TIOMOYb C TTPOBEPKOI ITUX TPeOOBAHUIA.
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UtepaTopbl u AnanasoHbl

B npempiayiieit IiaBe Mbl peayn30Baiy HECKOIbKO 0606IIeHHbIX aITOPUTMOB, OIle-
PUPYIOIIMX KOHTETHepaMu, HO M30paHHbIi HaMy TIOAX0, ObUT OUeHb Hea(PhEeKTUBEH.
B 3T0i% I71aBe BBI y3HAeTe:

O kak u nmouemy C++ 06001IaeT MO0 yKa3aTesel sl CO3MaHNUsT KOHIEIIUA
umepamopos;

O BaxkHOCTH duanasonos B C++ U CTaHAAPTHBINA CIIOCOO BBIPAsKEHMS MTOTYOT-
KPBITOTO AMalia3oHa Kak rapbl UTEPaTOPOB;

O Kak peann30BaTh COOCTBEHHbIE Ha/lesKHbIE KOHCTAHTHbBIE TUITbI UTEPATOPOB;
O Kak mmcaTh 0606IeHHbIe a/ITOPUTMbI, OIIEPUPYIOIIVEe TTapaMy UTEPaTOPOB;
O craHmapTHas Mepapxusi UTePaTOPOB U UX aITOPUTMIMUECKast BaXXHOCTb.

Mpo6nema LenouncneHHbiX HAEKCOB

B npe,ubmyu_[eﬁ IrJiaBe MbI peain30Baii HECKOJIbKO 0606H_[eHHbIX aJITOPUTMOB, OIle-
pUpyrommnx KOHTEﬁHepaMI/I. B3rnssHeM Ha HUX elire pas:

template<typename Container>
void double_each_element(Container& arr)

{
for (int i=0; i < arr.size(); ++i) {
arr.at(i) *= 2;
b
}

OTOT aJrOPUTM OIIpefe/ieH B TePMMUHAX HU3KOYPOBHEBBIX ollepauuil .size()
" .at(). B 1enom Takoe pelreHue XOpOIIO PabOTaeT C TAKMMM KOHTeiHepHbIMU
TUIIaMU, Kak array_of_ints miau std: :vector, HO HAMHOIO XY:Ke, HaIIpuMep, CO
CBSI3HBIMMU CIIMCKAMM, TAKMMM KakK List_of _ints M3 npenbiaylieil IJiaBbl:

class list_of_ints {
struct node {
int data;
node *next;

¥
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node *head_ = nullptr;
node *tail_ = nullptr;
int size_ = 0;

public:

int size() const { return size_; }
int& at(int i) {
if (i >= size_) throw std::out_of range("at");
node *p = head_;
for (int j=0; j < 1i; ++j) {
p = p->next;
}

return p->data;

3

void push_back(int value) {
node *new_tail = new node{value, nullptr};

if (taill) ¢
tail_->next = new_tail;
} else {
head_ = new_tail;
}
tail_ = new_tail;
size_ += 1;

3

~list_of_ints() {
for (node *next, *p = head_; p != nullptr; p = next) {
next = p->next;
delete p;

3
}
s

Peanmusanus list_of_ints::at() uMeeT CI0XHOCTb O(n), 3aBUCIIIYIO OT OJIN-
HBI CITMCKA: YeM JJIMHHEe CIMCOK, TeM MefjieHHee paboTaer at(). A Koraa Haira
(dyHKUMS count_if BBIMOMHSAET 06XO0/ BCEX JIEMEHTOB CITCKA, OHA 1 pPa3 BbhI3bIBAET
(dyHKIMIO at (), YBEIMYMBAS CIIOXKHOCTb 060011eHHOTO airopuTma fo O(n?), — u ato
IJIST TIPOCTOM OIlepalyy MojcueTa, CJIOKHOCTb KOTOPOii Jo/KHa ObITh O(n)!

Kak oka3piBaeTcs, LIeJI0UNC/IEHHOE MHIEKCMPOBaHME C .at() SIBISeTCS He JIy4-
M (pyHIaMeHTOM [IJis BO3BEeIEeHUST aJITOPUTMUUYECKMX 3AMKOB. MbI JO/KHBI BbI-
OpaTh MPOCTYIO OTEepaIlNIo, KOTopas O/vKe K TOMY, KaK KOMITbIOTEpPbI 06pabaThiBa-
10T JaHHbIE Ha CaMOM JieJie.

3a rpaH1MuaMu yKasaTteneu

B orcyTcTBME JIOOBIX abCTpakiumii KaK OOGBIUHO MOEHTUDUIMPYIOTCS 371€MEeHThI
MaccuBa, CBSI3HOTO CITMcKa win aepeBa? CaMblit ITPOCTOI CITOCO6 — MCITO/Nb30BaTh
yKasaTeJb C aipecom 3jeMeHTa B ramsaTu. Ha puc. 2.1 rokazaHO HECKOJIbKO MPU-
MepOB yKa3aTeJeli Ha 3JIeMeHTbI pa3HbIX CTPYKTYP JaHHbBIX.
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yKkasarenb
Ha Maccvs

\
L

yKasartesnb
Ha CBA3HbIN cnwcoxA A B C null

B null

yKkasarenb
Ha ABOMYHOE LePEBO L

}If\ null A null null C null

Puc. 2.1. Ykazatenu Ha 3n1eMeHTbl Pa3HbIX CTPYKTYP LaHHbIX

YToObl BBINOJHUTb OOXOJ 3JIEMEHTOB MdACCUu8d, HaM IOCTATOYHO ITPOCTOTO
yKasareJssi; Mbl MOXXKeM 06paboTaTh BCe 97IeMEeHThI MaCcCHBa, HAUaB C yKa3aTess Ha
TIepBBbIif 9JIEMEHT ¥ ITOTOM ITPOCTO HapalMBas yKa3aTesb, T0Ka He 6yJeT AOCTUTHYT
ocjiegHM 3yieMeHT. B s13bike C:

for (node *p = lst.head_; p != nullptr; p = p->next) {
if (pred(p->data)) {
sum += 1;
}
3

Ho nmnsa adpdekTuBHOTO 06X0ma 97€MEHTOB C8513H020 CNUCKA TIPOCTOTO yKa3aTe-
Jisl HeIOCTaTOYHO; B pe3yJibTaTe MHKPeMeHTa yKasaTessl TUIla node* enBa ju IoO-
JIYIUTCS yKa3aTeslb Ha CAeAyIIuii y3en B criucke! B 3ToMm cirydae HY’KHO HEUTO,
JleliCTBYIOIlee KaK yKasaTesb, — B YaCTHOCTU, HYKHA BO3MOXXHOCTb pa3bIMeHOBATh
9TO HEUTO, YTOOBI MOTYUNUTH VIV U3MEHUTD JJIEMEHT CITICKA, — HO MMelolee 0coboe
TOBeIeHle, XapaKTepHoe [1JIs1 KOHTeiHepa, CBSI3aHHOe C aOCTPaKTHOV KOHIIeIIe
MHKPEeMEeHTMPOBaHMSI.

B C++, yunThiBasg BCTPOEHHYIO MOAIEPKKY Meperpy3ku omepaTopoB, Korma s
TOBOPIO: «0C000€ TTOBeieHNe, CBSI3aHHOE C abCTPaKTHOV KOHIIEMIMel MHKpeMeH-
TUPOBaHMSI», — BbI AO/DKHBI TTOAYMAaTh: «IIeperpyxatoiiee orepaTop ++». Tak Mbl 1
MOCTYIIUM:

struct list_node {
int data;
list_node *next;
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¥

class list_of_ints_iterator {
list_node *ptr_;

friend class list_of_ints;
explicit list_of_ints_iterator(list_node *p) : ptr_(p) {}
public:

int& operator*() const { return ptr_->data; }
list_of_ints_iterator& operator++()

{ ptr_ = ptr_->next; return *this; }
list_of_ints_iterator operator++(int)

{ auto it = *this; ++*this; return it; }
bool operator==(const list_of ints_iterator& rhs) const

{ return ptr_ == rhs.ptr_; }
bool operator!=(const list_of ints_iterator& rhs) const
{ return ptr_ != rhs.ptr_; }

1

class list_of_ints {

list_node *head_ = nullptr;

list_node *tail_ = nullptr;

/...
public:
using iterator = list_of_ints_iterator;
iterator begin() { return iterator{head_}; }
iterator end() { return iterator{nullptr}; }

};

template<class Container, class Predicate>
int count_if(Container& ctr, Predicate pred)

{
int sum = 9;
for (auto it = ctr.begin(); it != ctr.end(); ++it) {
if (pred(*it)) {
sum += 1;
}
3

return sum;

by

O6paruTe BHMMAaHMe, UTO MbI TaKKe TEPerpysmau YHapHbIi oniepaTop * (st
pa3pIMeHOBaHMSI) U OTepaTophl == U |=; Hallla Ia6IOHHAas peanu3alus count_if
TpebyeT, YTOObI BCe 3TU OIEpaIMi MOXHO ObLJIO MCITOJb30BaTh ISl YIIPABJIEHMS
nepeMeHHO# 1uKia it. (TexHuuecku Haina QyHKIMS count_if He TpeGyeT ornepa-
MM ==, HO eCJIM BbI pelllyIy IIeperpy3uThb OLUH OIlepaTop CpaBHEHMS], BbI JOIKHBI
reperpysmuThb 1 BTOPOIL.)
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KoHcTaHTHbIe uTepaTopbl

EcTb ellie 0gHO OCNIOXKHEHME, KOTOPOE HY>KHO PaCCMOTPETD, IPEXIEe YeM OTKa3aTh-
CsI OT 9TOrO IpuMepa ureparopa crucka. O6paTuTe BHUMAaHME, YTO ST BTUXOMOJI-
Ky M3MEHWI HaIly IMabJOHHYI (QYHKLUMIO count if, M Terepb OHA MPUHUMAET
Container& BMecTO const Container&! 3TO MOTPe6OBAIOCH ITOTOMY, UTO (DYHK-
Ouy-4jaeHbl begin() U end() ABISIOTCSI HEKOHCTAaHTHBIMM; @ 3TO, B CBOIO OUYepeb,
OOBSICHSIETCSI TEM, UTO OHM BO3BPAIIAIOT UTEPATOPHI, OIIEPATOP operator* KOTO-
PBIX BO3BpalllaeT HEKOHCTAHTHbBIE CChIJIKM Ha JIEMEHTHI cIvcKa. Ham 661 XOTenoch,
YyTOOBI HAIl TUIT CIMCKA (M €ro MUTepaTOpPhl) MMeN IOJHOLIEHHYI0 KOHCTaHTHYIO
KOPPEKTHOCTD (const-correct) — To eCTh YTOOBI ObIJIa BO3MOKHOCTD OIPENENSITh U
JICIIONIb30BaTh IepeMeHHble Tura const Llist_of_ints u ImpemorBpamiaTh BO3-
MOXXHOCTb MU3MEHSITD 3JIEMEHThI KOHCTAHTHOT'O CITICKA.

B cranmapTHO 6M6/IMOTEKe 3Ta IpobieMa pelnraeTcs peajinusaiueii ajs Kakaoro
CTaHAPTHOr'O KOHTEHepa ABYX BUAOB UTEPAaTOPOB:bag: : iteratormbag: :const_
iterator. HekoHcTaHTHast QyHKIMSI-UIeH bag: :begin() Bo3BpallaeT iterator,
a QyHKUMSI-WIeH bag: :begin() const Bo3Bpalaer const_iterator. CMMBOJI
TOAYEePKUBaHMS BaskeH 31ech! OOpaTuTe BHMMaHMeE, UTO bag: :begin() const He
BO3BpaIllaeT MPOCTOJi const iterator; ey 6bI BO3BpaIllaeMblii €10 UTEPaTOP ObLI
KOHCTAHTHBIM, MbI HE CMOIJIM Obl IPMMEHUTH K HeMyY orepatop ++. (UTo, B CBOIO
ouepenb, 3aTPYIHWIO ObI UTEpPALIMY TI0 3JIEeMEeHTaM const bag!) B geiicTBuUTENb-
HOCTM bag: :begin() const BO3BpallaeT HeUTO Gosiee 3aTEMIMBOE: HEKOHCTAHT-
HBIIi 0ObEKT const_iterator, onepaTop operator* KOTOPOTO IMPOCTO BO3BpAIAeT
KOHCMAHMHYHK CCBLJIKY Ha €r0 3JIeMEHT.

Bo3MmoXkHO, MpuMep MOMOXET JIydllle MOHSTh 3Ty upaero. [asaiiTe peannsyem
const_iterator AJ1s Halllero KoOHTelHepa Llist_of_ints.

[TockonbKy GoJbINasl YacTh KOMIA JJISI THUIIA const_iterator OymeT COBITAAATb
C KOOOM [JIsl TUNA iterator, NMEPBbIM MHCTUMHKTUBHBIM JKEJaHMEM MOKET CTaTh
CTpeMJIeHMEe CKOMMPOBATh OAMHAKOBBIE 610KM Koja. Ho sTo ke C++! Korma s1 ro-
BOpIO «OOJIbIIIAsl YacTh KOJA JJIsI OMHOTO THUIla O6yIeT COBIIaaaTh C KOJOM IJIsT Ipy-
rOro TUIIa», BbI JO/DKHBI CpPa3y CMEKHYTh: «a JaBaiiTe 3aK/IIOUMM OOIIye 4acTu B
m1a6;0H». BOT Kak MbI ITOCTYIIMM Ha CaMOM JieJie:

struct list_node {
int data;
list_node *next;

IR

template<bool Const>
class list_of_ints_iterator {
friend class list_of_ints;
friend class list_of_ints_iterator<!Const>;

using node_pointer = std::conditional_t<Const, const list_node*, list_node*>;
using reference = std::conditional_t<Const, const int&, int&>;
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node_pointer ptr_;

explicit list_of_ints_iterator(node_pointer p) : ptr_(p) {3}
public:
reference operator*() const { return ptr_->data; }
auto& operator++() { ptr_ = ptr_->next; return *this; }
auto operator++(int) { auto result = *this; ++*this; return result; }

// TNopnepxka cpaBHeHus TWNoB iterator wu const_iterator

template<bool R>

bool operator==(const list_of_ints_iterator<R>& rhs) const
{ return ptr_ == rhs.ptr_; }

template<bool R>
bool operator!=(const list_of_ints_iterator<R>& rhs) const
{ return ptr_ != rhs.ptr_; }

// Tonnepxka HeaBHOrO npeobpas3oBaHusa iterator B const_iterator
// (Ho He HaobopoT)
operator list_of_ ints_iterator<true>() const

{ return list_of_ints_iterator<true>{ptr_}; }

s

class list_of_ints {
list_node *head_ = nullptr;
list_node *tail_ = nullptr;
/] ...
public:
using const_iterator = list_of_ints_iterator<true>;
using iterator = list_of_ ints_iterator<false>;

iterator begin() { return iterator{head_}; }
iterator end() { return iterator{nullptr}; }
const_iterator begin() const { return const_iterator{head_}; }
const_iterator end() const { return const_iterator{nullptr}; }

s

[Tpenpiayinii KOO, peansyeT MOJTHOLLEHHYI0 KOHCTaHTHYI0 KOPPEKTHOCTb TUIIOB
UTEePaTOPOB I Halllero KoHTelHepa list_of_ints.

Mapa utepaTtopoB onpeaenaeT aAManasoH

Ternepb, pa3o6paBmINCh ¢ QYyHIAMEHTATbHBIM TTOHITHEM UTEPATOPA, IPUMEHUM
ero Ha mpakTuke. MbI y:ke 3HaeM, UTO eCIu eCTh Mapa UTepaTopoB, Kak Te, UTO
BO3BPAILAIOTCS QYHKIMSIMU-UIeHaMK begin() 1 end( ), MOSKHO BOCIIONIb30BaThCS
MKIOM for AJist 06X0/a BCEX 3JIEMEHTOB, HAXOAIMXCsI B KOHTeliHepe. Ho camoe
MHTEepecHoe, UTO Tapbl UTEPATOPOB MOKHO MCIIO/Nb30BaTh IJig 06x01a J1060T0
nopauana3oHa saeMeHToB! [JOMyCTUM, Mbl PELIUIN ITPOCMOTPETh MepBYI0 00~
BUHY BEKTOpA:
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template<class Iterator>
void double_each_element(Iterator begin, Iterator end)

{
for (auto it = begin; it != end; ++it) {
*it *= 2;
b

}

int main()
{
std::vector<int> v {1, 2, 3, 4, 5, 63};
double_each_element(v.begin(), v.end());
// YLBOMTb BCE 3NEMEHTbl B BEKTOpPE
double_each_element(v.begin(), v.begin()+3);
// YABOUTb 3NEMEHTbl B MEpPBOM MONOBUHE BeKTOpa
double_each_element(&v[0], &v[3]);
// ele pas3 yABOWTb 37EMEHTbl B MEpBO MOJOBMHE BEKTOpa
}

O6paTuTe BHMMAaHMe, UYTO B TIEPBLIN 11 BO BTOPOI BhI30BbI double_each_element
B (PyHKIIMM main() MbI IIepeIaeM Mapy MTepaTopoB, MTOPOKIAEHHBIX U3 v.begin();
TO eCTh [jBa 3HAUeHMs TUMa std: :vector: :iterator. B TpeTuit BbI3OB MBbI Ilepe-
JlaeM [Ba 3Ha4YeHUS TuUMa int*. Tak Kak B 3TOM CJiyyae int* ymoBJIETBOPSIET BCEM
Tpe6GOoBaHMSIM THUIIA UTEPATOPA — a UMEHHO: IO IepsKMBaeT orepalyy MHKPeMeHTa,
CpaBHEHMSI M pa3bIMEHOBaHMS, — Halll KOJ IPeKpacHo paboTaeT maxke C yKasaTe-
JIIMU! DTOT MMOAXO[ HATMIIIHO JeMOHCTPUPYET TMOKOCTh MOMIEN TTap UTePaTOPOB.
(Ho, Boo6111e, 5Ke/1aTeIbHO M30eraTh IMPOCThIX yKasaTeseii, ecii KOHTeliHep, TaKoit
Kak std: :vector, IpejjaraeT oJHOLEHHbIN TUI iterator. VICIIONb3yiiTe UTepa-
TOPBI, [IOJIy4YeHHbIe 13 begin() u end().)

MO>KHO CKasaThb, UTO [1apa UTEPATOPOB HESIBHO OIIpefeseT IMara30H 3JIEMEHTOB
JIaHHBbIX. 11 9TO BepHO IJI YAMBUTEIBHO OOMBIIOrO cemeiicTBa aaroputmon! Ham
He HY)KeH JIOCTYIT K KOHTelfHepy, UTOObI BBITIOTHUTb HEKOTOPDIN MMOUCK UM TIpe-
ob6pa3oBaHKe; HaM HY>KeH JOCTYII JIUIIIb K OIpeeIeHHOMY AMaIla30Hy 3JIeMeHTOB,
rme TpebGyeTcsl MPOU3BECTU TOUCK MM IMPUMEHUTD IpeobpasoBaHue. IIpogomkas
9Ty MbIC/Ib, MbI HEM36EXKHO MPUXOIUM K uaee npedcmasneHus 6e3 e1adeHus (non-
owning view), KOTOpOe OTHOCUTCSI K TMOCAeI0BaTeJbHOCTU IAHHBIX TaK >Ke, Kak
ccpika C++ K eIMHCTBEHHOM nepeMeHHOI. Ho npencraBieHus 1 Iuana3oHbl — 3TO
0oiee cOBpeMeHHbIe TTOHSTHS, U TIPEXIe YeM rOBOPUTH O HUX, MbI JOJDKHBI TTIOKOH-
YUTb C BUHTAKHOI 61bamoTexoi STL obpasiia 1998 ropa.

B mpenpimyineM MpyuMepe Mbl YBUAEIM TTePBbI HACTOSIINIT 0000IIEHHbIN alro-
put™ B ctiiie STL. Boo6iiie roBopsi, double_each_element He SIBJISIETCSI 0COOEHHO
06001IeHHBIM aJITOPUTMOM B CMbIC/TE peasTi3alyy [IOBeIeHNsI, KOTOPOe MOKHO MC-
MOJIb30BaTh B APYTUX ITPOTpaMMax; HO 3Ta Bepcust PyHKINUM TeIepb JOCTATOYHO
YHUBepcajabHa B CMbIC/IE paGOThI C TTapaMy UTEPaTOPOB, IIe UTEPATOP MOXKET ObITh
JII0O0T0 THUIIA, peaNu3yIoIlero ornepanyun MHKpeMeHTa, CpaBHEHMs ¥ Pa3bIMeHOBa-
Hus. (Eie 60oiee 06061eHHYI0 BEPCHUIO 9TOTO aJITOPUTMa Mbl YBUIVM B CJIAYIOIIen
I71aBe, Korja 6ymeM roBopuTh 0 std: :transform.)
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KaTteropuu utepatopos

A Teriepb BepHEMCS K PYHKIMSIM count M count_if 13 raBsl 1 «Kiaccuueckuii 1mo-
nuMopdu3M 1 06061eHHOE TTporpaMMiupoBaHye». CpaBHUTE GYHKIVM U3 T1aBbI 1
C olpefeneHueM 1IabJ0HA B CJIeAYIOIeM MpUMepe; Bbl YBUAUTE, UTO OHU UIEH-
TUYHBI, 32 UCKJIIOUEHMEM TTOICTAHOBKY ITapbl UTEPATOPOB (HESIBHO OIpeAessIoleil
JIMara3oH) BMeCTO rnapaMerpa Containerd&, a Takke 3a MCK/IIOUEHMEM CMEHbI Me-
HMU TIepBOoit QGYHKIINUM € count Ha distance. I U3MeHMUT UMS TTIOTOMY, UTO 9Ty QYHK-
LIMIO0, TIOUYTU B TOM JXe BUJIe, KaK OHa OIpejesieHa 3/,eCb, MOKHO HaliT! B CTaHIAPT-
HOJT 6MOMMOTeKe 11a6/IOHOB 1o, MMeHeM std: :distance M TaM ke MOXKHO HalTH
BTOPYIO (DYHKIINIO IO MMEHEM std: :count_if:

template<typename Iterator>
int distance(Iterator begin, Iterator end)
{
int sum = 0;
for (auto it = begin; it != end; ++it) {
sum += 1;
}

return sum;

b

template<typename Iterator, typename Predicate>
int count_if(Iterator begin, Iterator end, Predicate pred)
{
int sum = 0;
for (auto it = begin; it != end; ++it) {
if (pred(*it)) {
sum += 1;
}
3

return sum;

b

void test()

{
std::vector<int> v = {3, 1, 4, 1, 5, 9, 2, 63};

int number_above = count_if(v.begin(), v.end(), [](int e) { return e > 5; });
int number_below = count_if(v.begin(), v.end(), [](int e) { return e < 5; });

int total = distance(v.begin(), v.end()); // HEOOHO3HAYHOE PEIWEHNE

assert(number_above == 2);
assert(number_below == 5);
assert(total == 8);

b

PaccMoTpuM CTPOKY B 3TOM IMpuUMepe, OTMeUeHHYI0 KoMMeHTapueM HEOOHO-
3HAYHOE PEWEHME. OHA BBIYMC/ISIET PACCTOSIHME MEXIY OBYMSI MTepaToOpamu, B
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LIMKJIe HapaliyBas IepBblii, TOKa He 6YIeT JOCTUTHYT BTOpoii. Hackonbko addex-
TUBHBIM SIBJISIETCSI 9TO pellieHne? [Ijiss HeKOTOPBhIX BUIOB UTEPATOPOB — HAIpu-
mep, list_of_ints::iterator — y Hac HeT Jyulllero peueHus, yem 31o. Ho s
vector: :iterator win int*, MogmepXKMUBaIOLLEr0o BO3MOXHOCTb UTEpALUii yepes
HenpepbIBHbIE MACCUBBI JaHHBIX, ObIIIO ObI ITYIIO MCIIOIb30BATh LMK U aJITOPUTM
€O CJIOXKHOCTBI0 O(1), KOT[ia TOT 5Ke pe3yabTaT MOKHO MOy4YuThb 3a BpeMs O(1) mpoc-
THIM BBIUMTaHMEM YyKasaTeneil. To ecTb 6bIO 6bI HEIIOXO MMEeTh B CTAHIAapTHOI
O6ubIMoTeKe Bepcuio std: : distance [/ BKIIOUEHMS IaGIOHHOM Crienyianusalinn,
KaK II0Ka3aHOo HIKe:

template<typename Iterator>
int distance(Iterator begin, Iterator end)

{
int sum = 0;
for (auto it = begin; it != end; ++it) {
sum += 1;

3

return sum;

}

template<>
int distance(int *begin, int *end)

{

return end - begin;

}

Ho HaM HYKHO, UYTOOBI CIIEIIMATM3AIIVS TTOIePKUBAIACh He TOBKO IJIST int* u
std: :vector: :iterator. Ham HY)XHO, YTOOBI CTaHZApTHAS OMOIMOTEUHAs (PyHK-
umst std: :distance geiicTBoBasia 3(GEKTUBHO C JIOOBIMU TUIIAMM UTEPATOPOB,
MO IePKUBAIOIIMMY OTIpeielieHHbIe orneparyun. To ecTh Mbl HAUMHAEM ITOHVMATb,
YTO eCTh (110 KpaltHeil Mepe) ABA Pa3HbBIX BMIA UTEPATOPOB: MO IePKUBAIOIIE WH-
KPEeMEHT, CpaBHEHME ¥ pa3bIMeHOBaHME U MMOAAEPKMBAOIIE MHKPEMEHT, CpaBHe-
HIe, pa3bIMEeHOBaHMe, a makxce sviuumanue! Kak okassiBaeTcs, JIsl TI060T0 TUIa
MUTEpPaTOPOB, TMie MMEEeT CMbIC Ollepanusi i = p - @, UMEeT CMbIC M o6paTHast
omepanusi q = p + i.lTepaTopsl, MoaIep>KUBAIOIIME BRIUUTAHME U CJIOKEHME, Ha-
3BIBAIOT UMepamopamu ¢ hpoussonvHolm docmynom (random-access iterators).

To ecTb cTaHgapTHAast OubaMoTeUHas PYHKIMS std: : distance JO/DKHA GbITh 3¢-
(beKTMBHOI ¥ JJIST UTEPATOPOB C MPOU3BOIBHBIM AOCTYIIOM, U IJIST APYTUX BUOOB
UTepaTopoB. UTOOBI YIIPOCTUTD YACTUUHYIO CIIEIMAIN3AINI0 B TOLOOHBIX 11160~
Hax, CTaHJapTHAs 6MOIMOTEeKAa BBOJUT UAEIO Mepapxuu BUIOB UTepaTopoB. UTepa-
TOPBI, TAKME KaK int*, KOTOPbIe MTOIIePKUBAIOT CJIOSKEHNE Y BbIUMTAHME, M3BECTHBI
KaK UTePaTOPBI C POM3BOIIBHBIM TOCTYITOM. MbI TOBOPMM, YTO OHM YIOBJIETBOPSIIOT
KOHIernuumu RandomAccessIterator.

HTepaTopbl, MeHee I'MOKYe, 4eM UTEPATOPHI C TPOM3BOIBHBIM AOCTYIIOM, MOTYT He
MO Ie PKUBATD CJIOKEHYE VJTM BBIUMTAHME ITPOV3BOIbHbIX PACCTOSTHUIA, HO, TI0O MEHbB-
IIeit Mepe, OAIePKUBAIOT OTIEPAIMM MHKPEMEHTA U IeKPEeMeHTA B BUIE ++p U - -p.
WTepaTopbl 3TOTO BUA HA3bIBAIOT ABYHAIpaBJIeHHbIMI: BidirectionalIterator.
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Bce urepaTopbl ¢ NMPOU3BOJBHBIM [IOCTYIIOM OLHOBPEMEHHO SBJISIIOTCS [BYHA-
MIpaBJIEHHBIMU UTEpPATOPaMi, HO 0OpaTHOe YTBEpPKIeHe BEpPHO He Bcerma. B He-
KOTOPOM CMBIC/IE MOXKHO IpeacTaBuUTh RandomAccessIterator Kak MOAKI/IACC UK
MIOOUYMHEHHYIO KOHIIEMIMIO [10 OTHOLIEeHMIO K BidirectionalIterator; ¥ Mbl MO-
5K€M CKa3aTh, UTO BidirectionalIterator ABseTCs 60ee c80600HOL KOHUenyuell,
MIpebIBIIsSIONIeli MeHbllle TpeboBaHMi, yeM RandomAccessIterator.

Emie 6omee cBOGOmHAsT KOHLIEMIMS — BUJ UTEPATOPOB, He IOMAIEePKMBAIONINX
ornepauuio nekpementa. Hanpumep, Hamt Tuil list_of ints::iterator He MOA-
IepXuBaeT OEeKPEMEeHT, IIOTOMY UYTO Hall CBS3HBIVA CIMUCOK He MMeeT yKa3are-
JIell Ha TIpeabIAYIIUil 5JIeMEHT; Mbl MOXeM JIBUTraTbCS TOJLKO BIlepen, OT MepBO-
ro 97IeMeHTa K IoCaelHeMYy, U HUKOrAA — Ha3an,. MTepaTopsl, IOAepKuUBaloLIue
++p, HO He --p, Ha3bIBAIOT O0HOHANPABIEHHBIMU, VTV NPSIMbIMU, UMepamopamu
ForwardIterator. ForwardIterator — eile 6ojiee CBOGOAHAS KOHLEMIINS, UeM
BidirectionalIterator

UTepaTopbl BBOAA U BbIBOAA

MbI MO’keM BOOOpasuTh elle 6oee CBOOOLHYIO KOHIIENINIO, YeM ForwardItera-
tor! Hanmpumep, 0gHO 13 M0JIe3HbIX Oollepanuii ¢ ForwardIterator SIBISIETCS CO3-
IaHye KOIMM, ee COXpaHeHMe ¥ MCIIOMb30BaHye JJis TOBTOPHOTO 06X0Ja TeXx ke
JaHHBIX. MaHUITYIMPOBaHME UTePAaTOPOM (MJIM €ero KOIMUSIMM) HMUKAK He BausIeT Ha
IMara3oH AaHHbIX. Ho Mbl MOT/IM GbI M306peCTU UTEPATOP, KaK MIPeCTaBIEHHbII B
crnenyioneM dparmeHTe, rae BooblIe HET JaHHBIX, JIEXaI[MX B OCHOBe, U axke He
MMeeT CMbIC/Ia CO3/1aBaTh KOIIMIO UTepaTopa:

class getc_iterator {
char ch;
public:
getc_iterator() : ch(getc(stdin)) {3}
char operator*() const { return ch; }
auto& operator++() { ch = getc(stdin); return *this; }
auto operator++(int) { auto result(*this); ++*this; return result; }
bool operator==(const getc_iterator&) const { return false; }
bool operator!=(const getc_iterator&) const { return true; }

s

(®axkTMUeCKM CTaHmApTHas OMOIMOTEKA COMEpP>KUT HECKOIbKO TUIIOB UTEpPaTo-
POB, OUEHb MMOXOXKMX HA ITOT; MbI OOCYIMM OAVH TAaKOii TUII, std: : istream_itera-
tor, B I1aBe 9 «[IoTOKM BBOJa/BbIBOA».) TaKkie UTepaToOphl, KOTOPhIe OECCMBICIEH-
HO KOMMPOBATh 1 KOTOPbIE He YKa3bIBAIOT Ha JIEMEHTHI JaHHbBIX B CKOJIbKO-HUOYIb
3HAYMMOM CMBbICJIe, Ha3bIBAIOT UTepaTopaMu BBoAa InputIterator.

Bo3smoskeH Taroke 3epKaJIbHBIN Caydaii. B3misHuTe Ha Caemyonuii BbIMBIIIIEH-
HbIV TUII UTepaTopa:

class putc_iterator {
struct proxy {
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void operator= (char ch) { putc(ch, stdout); }
¥
public:

proxy operator*() const { return proxy{}; }

auto& operator++() { return *this; }

auto& operator++(int) { return *this; }

bool operator==(const putc_iterator&) const { return false; }

bool operator!=(const putc_iterator&) const { return true; }

¥

void test()
{

putc_iterator it;
for (char ch : {'h', 'e', 'L', 'l', 'o', '"\n'}) {
*it++ = ch;
1
3

(1 cHOBa B CTaHAAPTHOJ OGMOGIMOTEKe MMEIOTCSI TUIIbI UTepPaTOPOB, OUeHb IOXO0-
KM€ Ha 3TOT; HanpuMep, std: :back_insert_iterator, pacCMaTpuBaeMblii B I7a-
Be 3 «AITOPUTMBI C IapaMy UTEpPaTOpPOB», U std::ostream_iterator, paccmar-
puBaembili B miaBe 9 «[loTokuM BBOAA/BbIBOAA».) Takue uTepaTOpbl, KOTOPBIE
6ecCcMbICJIEHHO KOMMMPOBATh M KOTOPBIE MPENOCTABIISIIOT JOCTYIT HA 3aIMCh, HO He
Ha UTeHMe, Ha3bIBalOT TepaTopamu BeiBoga Outputlterator.

JT1o60ii Tun utepatopa B C++ IomagaeT, 10 MEeHbIIIei Mepe, B OTHY U3 CJIeAYIOMINX
KaTeropmii:

Q Inputlterator;

O OutputIterator;

O ForwardIterator;

Q Bidirectionallterator;
O RandomAccessIterator.

O6paTuTe BHUMAaHME, YTO BO BpeMSI KOMITWISIIMM JIETKO OIPeOeNInTh COOT-
BEeTCTBME JaHHOIO TUIIA UTepaTopa TpeOboBaHMSIM Bidirectionallterator win
RandomAccessIterator, HO HET HUKAKO/ BO3MOXHOCTY ITOHSTh (MCXO/sI TOIbKO U3
MOAIeP>)KMBAEMbIX CMHTaKCMUYECKUX Omepaluii), uMeeM Jin Mbl Aeno ¢ InputIte-
rator, OutputIterator uan ForwardIterator. PaccMOTpeHHble HAMM MPUMEPHI
UTepaToOpOB getc_iterator,putc_iteratorm list_of_ints::iterator nopnep-
SKMBAIOT OJMH U TOT K€ CMHTaKCUYeCKMii Habop oreparuii: pa3pIMeHOBaHME *it,
MHKpPEMEHT ++it U cpaBHeHMe it != it. OTM Tpu Kjaacca OTAMYAIOTCS TOIbKO Ha
CeMaHTMYecKoM ypoBHe. Ho Kak cTaHmapTHas 6ubiamoTeKka pasanyaeT ux?

Kak okasbIBaeTcs, cTaHmapTHast 6MOIMOTeKa HYKAAETCST B HEKOTOPO TTOMOIIN
CO CTOPOHBI pa3paboTYMKa HOBOTO TUITA UTEPATOPOB. AJITOPUTMBI B CTAaHIAPTHO
6106MMO0TeKe PaboTaI0T TOIBKO C KJacCaMy UTEepaTOpPOB, KOTOPbIE ONPEIeIsTIOT UleH
typedef C UMeHeM iterator_category. To eCTb:
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class getc_iterator {
char ch;
public:
using iterator_category = std::input_iterator_tag;

//
¥

class putc_iterator {
struct proxy {
void operator= (char ch) { putc(ch, stdout); }
¥
public:
using iterator_category = std::output_iterator_tag;

//
¥

template<bool Const>

class list_of_ints_iterator {
using node_pointer = std::conditional_t<Const, const list_node*, list_node*>;
node_pointer ptr_;

public:
using iterator_category = std::forward_iterator_tag;

//
s

B 3TOM Cy4ae 1106071 CTaHAAPTHBIN (V1M Aaske HECTAHIAPTHbIN) aJTOPUTM, Ha-
CTpaMBaloLMi1 CBOE TIOBeJleHe, ONMPasiCh Ha KaTeropuu UTEPATOPOB NapaMeTPOB
THUIIA CBOEro LIa6JI0OHa, MOKET JeJIaTh 9TO, IIPOCTO UCCIenys iterator_category.

Kareropum uTepaTopoB, ONMCAaHHbIE BBIIIE, COOTBETCTBYIOT CAeNYIOIIUM ISITU
CTaHZAPTHBIM TeraM TUIIOB, OObSIBIEHHBIM B 3ar0JIOBKe <iterator>:

struct input_iterator_tag { };

struct output_iterator_tag { };

struct forward_iterator_tag : public input_iterator_tag { };

struct bidirectional_iterator_tag : public forward_iterator_tag { };
struct random_access_iterator_tag : public bidirectional_iterator_tag { };

O6patute BHMMAaHMe, UTO random_access_iterator_tag (akTuyecku sB-
JITeTCSI TIPOM3BOOHBIM (B K/IACCUMYECKOM OOBEKTHO-OPUMEHTUPOBAHHOM CMBbIC/IE
«TIOMMOP(U3M-KIacC-Mepapxusi») OT bidirectional_iterator_tag M Tak Ja-
Jiee: KOHYenmyansHas uepapxust BUIOB UTEPATOPOB OTPAKAETCS B Uepapxuio K1accos
iterator_category. DTO MOXET IMPUTOTUTHCS B METAIIPOrPaMMMPOBAHMM MIA6I0-
HOB, KOIJIa TpeOyeTcs MPOBEPUTH TErM; HO IJIs1 paboThl CO CTAHIAPTHON 6MOMOTe-
KO} BaM JOCTaTOYHO ITPOCTO 3HATh, YTO €CJIM BbI KOTHA-MO0 3aX0TUTE IepeaaTh
iterator_category B (YHKIMIO, Tl TUIa random_access_iterator_tag OGymer
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COOTBETCTBOBATh QDYHKIIMM, OKMUIAIOIIE apryMeHT TUIla bidirectional_itera-
tor_tag:

void foo(std::bidirectional_iterator_tag t [[maybe_unused]])

{

puts("std::vector's iterators are indeed bidirectional...");
3
void bar(std::random_access_iterator_tag)
{
puts("...and random-access, too!");
3
void bar(std::forward_iterator_tag)
{
puts("forward_iterator_tag is not as good a match");
3
void test()
{

using It = std::vector<int>::iterator;
foo(It::iterator_category{});
bar(It::iterator_category{});

}

B 3T0J1 TOUKe y MHOTMX M3 BaC BO3SHMKHET BOIIPOC: «A Kak e int*? Kak ompe-
IeNMUThb WieH typedef AJIS 4ero-To, YTO BOOOIIE SIBISIETCSI He KIACCOM, a ITPOCThIM
CKaJISIpHBIM TUNOM? CKa/IIpHbIe TUIIbI HE MOTYT MMETb WIEHOB typedef». ITy
Mpo6JieMy, Kak ¥ MHOTMeE IpyTie, BOSHMKAIOII/E B Pa3paboTKe MporpaMMHOro obe-
CTIeYeHMsI, MOXKHO PeINTh, [0O6aBUB JOTIOTHUTEIbHbI YPOBEHb KOCBEHHOCTI. BMe-
CTO TPSIMOI CChUIKM Ha T: :iterator_category CTaHAAPTHbIE aJTOPUTMbI BCerna
CChUTAIOTCS Ha std::iterator traits<T>::iterator_category. IllabgoHHbBIN
KJIacc std: :iterator_traits<T> COOTBETCTBEHHO CIIeLVaJIN3UPYETCs OIS CayJdas,
Korza T SBJISIeTCS TUIIOM yKa3aTesis.

Kpome Toro, std: :iterator_traits<T> OKasajcs yIOOHBIM MECTOM JJIsI IO -
BelIMBaHU APYIUX WieHOB typedef. OH mpenocTasisieT cieaywliye sTh YIeHOB
typedef, eCiiu U TOJNBKO ecu caM T mpeaoCTaBseT BCe MATh (MM eciu T SIBJISIeTCS
TUIIOM yKa3aTess): iterator_category, difference_type, value_type, pointer
u reference.

O6beauHaeM Bce BMecTe

O6benHMUB 3HAHUS, TTOTyYeHHbIE B TOI IVIaBe, Mbl TeIlepb MOXKeM HammcaThb KO,
KakK B CJieywolleM Ipumepe. B HeM TpeficTaBieHa peanu3alys Hallero Tmma list_
of _ints C HalIMM KJIaCCOM UTepaTopa (BK/IKUas BEPCUIO const_iterator), KOTO-
past MOKET MCITOb30BaThCsl CTAHAAPTHON OGMOIMOTEKOV Grarogapst HaIMUUI0 BCEX
MATY BaXKHBIX WIEHOB typedef.
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struct list_node {

s

int data;
list_node *next;

template<bool Const>
class list_of_ints_iterator {

friend class list_of_ints;
friend class list_of_ints_iterator<!Const>;

using node_pointer = std::conditional_t<Const, const list_node*, list_node*>;
node_pointer ptr_;

explicit list_of_ints_iterator(node_pointer p) : ptr_(p) {3}

public:

s

// Ynenbl typedef nna nopmepxkm std::iterator_traits

using difference_type = std::ptrdiff t;

using value_type = int;

using pointer = std::conditional_t<Const, const int*, int*>;
using reference = std::conditional_t<Const, const int&, int&>;
using iterator_category = std::forward_iterator_tag;

reference operator*() const { return ptr_->data; }
auto& operator++() { ptr_ = ptr_->next; return *this; }
auto operator++(int) { auto result = *this; ++*this; return result; }

// Topnepxka cpaBHeHMs MexAy Tunamum iterator u const_iterator
template<bool R>
bool operator==(const list_of_ints_iterator<R>& rhs) const

{ return ptr_ == rhs.ptr_; }

template<bool R>
bool operator!=(const list_of_ints_iterator<R>& rhs) const
{ return ptr_ != rhs.ptr_; }

// Tonnepxka HesaBHOrOo npeobpas3oBaHusa iterator B const_iterator
// (Ho He HaobopoT)
operator list_of_ ints_iterator<true>() const

{ return list_of_ints_iterator<true>{ptr_}; }

class list_of_ints {

list_node *head_ = nullptr;
list_node *tail_ = nullptr;
int size_ = 0;

public:

using const_iterator = list_of_ints_iterator<true>;
using iterator = list_of_ ints_iterator<false>;

// OyHKumMn-yneHbl begin un end
iterator begin() { return iterator{head_}; }



38 < [naBa 2. MTepaTopbl M AMANA30HbI

iterator end() { return iterator{nullptr}; }
const_iterator begin() const { return const_iterator{head_}; }
const_iterator end() const { return const_iterator{nullptr}; }

// Dpyrve nopnepxvBaembie onepauuu
int size() const { return size_; }
void push_back(int value) {
list_node *new_tail = new list_node{value, nullptr};

if (taill) ¢
tail_->next = new_tail;
} else {
head_ = new_tail;
}
tail_ = new_tail;
size_ += 1;

b

~list_of_ints() {
for (list_node *next, *p = head_; p != nullptr; p = next) {
next = p->next;
delete p;

3
}
s

Teriepb, 4TO6BI MOKA3aTh, YTO MbI JOCTATOYHO ITOJHO IMOHMMAaeM, KaK CTaH-
IapTHas 6ubIMoTeKka peanusyeT 0600IIeHHbIe aITOPUTMBbI, HATIUIIIEM ITIa6JIOHHbIE
dyHKIMM distance U count_if Tak, KaK OHM MOI/IM Obl GBITh peaa30BaHbl B CTAH-
maptHoit 6ubamorere C++17.

O6paTnTe BHMMaHMe, 4TO B distance MCMONb3YeTCS HOBbIM AnS
C++17 cuHTaKkeuc if constexpr. B 3T0M KHUre Mbl He Byaem MHoO-
ro paccyaatb O HOBLUECTBAX, MOSBMBLUMXCS B DA30BOM fA3blKe
C++17, HO B LAHHOM C/ly4ae BaXXHO OTMETUTb, YTO CMHTAKCUC if
constexpr MOXHO UCNOb30BaTb A1 YCTPAHEHUS MacChl TUMOBO-
ro Koaa, KoTopbli NpuxoamMnoch nucatb B C++14.

template<typename Iterator>
auto distance(Iterator begin, Iterator end)
{
using Traits = std::iterator_traits<Iterator>;
if constexpr (std::is_base_of v<std::random_access_iterator_tag,
typename Traits::iterator_category>) {
return (end - begin);
} else {
auto result = typename Traits::difference_type{};
for (auto it = begin; it != end; ++it) {
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++result;

)
return result;
h;
3

template<typename Iterator, typename Predicate>
auto count_if(Iterator begin, Iterator end, Predicate pred)
{

using Traits = std::iterator_traits<Iterator>;

auto sum = typename Traits::difference_type{};

for (auto it = begin; it != end; ++it) {
if (pred(*it)) {
++sum;
}
3
return sum;
3
void test()
{

list_of_ints Llst;

Lst.push_back(1);

Lst.push_back(2);

Lst.push_back(3);

int s = count_if(lst.begin(), lst.end(), [](int i){
return i >= 2;

1)

assert(s == 2);

int d = distance(lst.begin(), lst.end());

assert(d == 3);

3

B cnenyroeit aBe Mbl 3aKOHYMM MPAKTHUKY peaar3aluu ¢ HyJISl TAKOro 60JIb-
IIOTO KOJIMYEeCTBA COOCTBEHHBIX IIAOGIOHHbBIX (YHKIINI U 3aiiMeMCsT MCCIeJOBaHMEM
ma6moHHbIX GyHKIMIT 13 6ubnnoreku STL. Ho, mpeskie uem oCTaBUTh 3TO ITyOOKOe
06CcykIeHVe UTepaTOpOB, PACCMOTPHM ellle KOe-UTo, O YeM ST XOTes 6bI TOTOBOPUTb.

YcrapeBwun std::iterator

YV MHOI'MX M3 BaC HaBepHSIKa BO3HMKIIA MBIC/Ib: «B peanm3anmuy Kaka0oro Kjiacca ure-
paTtopa 1 LO/DKeH IPUBOAUTD Te JKe caMble MSTh WieHOB typedef. Ho 3T0 1OBOIBHO
60JIBIIION 06BEM TUIIOBOTO KOJa, HEJIb3S1 JIM 130ekaTh ero BBoga?» CyliecTByeT Jin
CPeLiCTBO, IT03BOJISIIOLee YCTPAHUTD BeCh STOT TUIIOBOM KOI?

Haunuas co cranpmapra C++98 u Bmioth no C++17 cranpmaprHas Gu6GIMOTEKA
BKJIIOYAsIa BCIIOMOTaTe/bHbIN Ma6MIOHHbIN K1acc, CelMalbHO MpeJHa3HaueHHbII
11t aToro. OH HasbIBAICS std: :iterator U TPebGOBAI yKa3aTh ISITh APAMETPOB
1a6IOHHBIX TUTIOB, COOTBETCTBYIOUMX TSITY uleHaM typedef, HEOOXOIMMBIX ISl
std::iterator_traits. Tpu U3 3TUX mapaMeTpPOB MMeNN «pasyMHble 3HaUeHUS
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Mo yMO/JIYaHMNIO», TO €CTb HpOCTef/'H.LII/If/’I BapMaHT €ero MCIIOJIb30BAaHMS BbITVISOE]I
OOCTATOYHO ITPOCTO:

namespace std {
template<
class Category,
class T,
class Distance = std::ptrdiff t,
class Pointer = T¥*,
class Reference = T&
> struct iterator {
using iterator_category = Category;
using value_type = T;
using difference_type = Distance;
using pointer = Pointer;
using reference = Reference;
¥
3

class list_of_ints_iterator :
public std::iterator<std::forward_iterator_tag, int>

{
¥

K coxkaneHuio ajs std::iterator, peaJbHOCTh OKa3ajlaCb HAMHOIO CJIOXK-
Hee, ¥ 0 HEKOTOPBIM IMPUUYMHAM, KOTOpble MbI 06cymuMm manee, B C++17 kimacc
std: :iterator GbUI OOBSIBJIEH YCTAPEBIIVM.

Kak mbl Bunmenu B paspene «KOHCTaHTHBIE UTEPATOPbI», AJIS1 TTOAOEPKKM KOH-
CTAHTHOM KOPPEKTHOCTU MbI JO/DKHBI Peaan30BaTh TUII KOHCTAHTHOTO UTepaTopa
BII06ABOK K KasKIOMY TUITY <HEKOHCTaHTHOTI'O MUTepaTopa». B uTore rmosxydaeTcs Ko,
Kak B CJIeyIOleM IpuMepe:

//

template<
bool Const,
class Base = std::iterator<
std::forward_iterator_tag,
int,
std: :ptrdiff t,
std::conditional_t<Const, const int*, int*>,
std::conditional_t<Const, const int&, int&>
>
>
class list_of_ints_iterator : public Base

{

using typename Base::reference; // KyTko Heyknioxe!

using node_pointer = std::conditional_t<Const, const list_node*, list_node*>;
node_pointer ptr_;

public:
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reference operator*() const { return ptr_->data; }
// ...
1

[penpImymnii Kop, TSOKeJlee YUTaTh UM IMCATh, YeM Bepcuio 6e3 MCIoab30Ba-
HUS std::iterator; a KpoOMe TOrO, UCIIOJIb30BaHMe std: :iterator npemgHasHa-
YEHHBIM CITOCOOOM YCIOKHSIET KO C OMKPbIMbIM HACIe008AHUEM, TO €CTh OJIM3KO
HaIIOMMHAONINIi KJIaCCUYECKYI0 00beKTHO-OPMEHTUPOBAHHYIO MepapXuIo KJIacCoB.
V HaUMHAIOIMX TPOrPAMMICTOB BIIOJTHE MOXKET BO3HMKHYTh COOJIa3H MCITONTb30-
BaTh TAKYIO MepapXxuIio KJIacCOB MPY HATMCAHUM, HATIPUMeED, TaKUX QYHKITMIA:

template<typename... Ts, typename Predicate>

int count_if(const std::iterator<Ts...>& begin,
const std::iterator<Ts...>& end,
Predicate pred);

BHelIHe 5TO MTOXO0XKe Ha HAIllM IPUMEPBI «ITOJIMMOP(GHOIO0 MPOrpaMMUPOBAHMSI»
n3 miaBbl 1 «Kimaccuueckuii monumopdusmM 1 0600611eHHOe TPOrpaMMIUPOBAHMEY,
dbyHKUIMM, peanu3yoleit pasHoe oBeIeHMe, TPUHMMAS [TapaMeTPhI C TUIIOM CChLI-
K1 Ha 6a30BbIi Kjaacc. Ho B ciayyae ¢ std: : iterator 3TO CXOACTBO YMCTO CIYUYATHO
¥ BBOAUT B 3a0my>kIeHMe; HacjaemoBaHMe std: :iterator He maeT MOIUMMOPQHON
Mepapxuy KJIacCoB, M CChUIKA HA 3TOT «0a30BBIM KIaCC» M3 HAIIUX COOCTBEHHBIX
byHKIIMIT SBISIETCST OMMOKOT!

[Tostomy crangapt C++17 06BSIBUII yCTapeBIIMM KJlacc std: :iterator, C pu-
1IeJIOM Ha ITOJTHOe ero ypayneHue B ctanmapre 2020 roga miau 6osiee mosgHeM. Bel He
OOJIKHBI MCIIONIB30BATh std: : iterator B CBOeM Koe.

OmHako ety B CBOEM ITPOEKTE BbI MCIIONb3yeTe GuOGIMOTeKy Boost, o6paTu-
Te BHMMAaHME Ha ee 3KBMBAJIGHT std::iterator C MMeHeM boost::iterator_
facade. B omnune ot std: :iterator, 6a30Bblif KiIacc boost: :iterator_facade
MPeAOCTaBIIsIeT pealn3aluio sl pasgpakammmx (QyHKINWI-WIEHOB, TaKUX Kak
operator++(int) U operator!=, KOTOpbI€ B MHbBIX CIydasiX IIpeBpaIllaloTCsa B O-
CaIHbI TUITOBOI Kop. UToObI 3ameiicTBOBaTh iterator_facade, MPOCTO yHacse-
IyiiTe ero u ONpeneInTe HEeCKOJIbKO MPOCTENINX (QYHKIMII-UWIEHOB, BhITTOTHSIIO-
1IMX OTepanuy pa3bIMeHOBaHMs, MHKPEMEHTA U OlpeaeneHus paBeHcTBa. (Tak Kak
Halll UTepaTop A CIMCKA SIBJISIeTCS MPSIMBIM UTEepaTOpoM ForwardIterator, 3TO
BCe, UTO TpebyeTcst. [IJis IBYHAIIpaBJIeHHOIO uTepaTtopa Bidirectionallterator
TaKoKke HY>KHO 0OABUTH peanm3annio GyHKINU-YieHa JeKpeMeHTa 1 T. [.)

[ToCKONMBKY 9TV (PYHKIMM-UIEHBI SIBIISIIOTCSI IPUBATHBIMM, MBI MOKEM OTKPBITh
IOCTYII K HUM 1J1s1 Boost, mo6aBuB 06bsiBieHNe friend class boost::iterator_
core_access;:

#include <boost/iterator/iterator_facade.hpp>

template<bool Const>

class list_of ints_iterator : public boost::iterator_facade<
list_of_ints_iterator<Const>,
std::conditional_t<Const, const int, int>,
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std::forward_iterator_tag

friend class boost::iterator_core_access;
friend class list_of_ints;
friend class list_of_ints_iterator<!Const>;

using node_pointer = std::conditional_t<Const, const list_node*, list_node*>;
node_pointer ptr_;

explicit list_of_ints_iterator(node_pointer p) : ptr_(p) {3}

auto& dereference() const { return ptr_->data; }
void increment() { ptr_ = ptr_->next; }

// Tloonepxka CpaBHeHWs Mexay Tunamu iterator m const_iterator

template<bool R>

bool equal(const list_of_ints_iterator<R>& rhs) const {
return ptr_ == rhs.ptr_;}

public:
// Tonnepxka HeaBHOrO npeobpas3oBaHusa iterator B const_iterator
// (Ho He HaobopoT)
operator list_of_ ints_iterator<true>() const
{ return list_of_ints_iterator<true>{ptr_}; }

s

O6paTuTe BHMMAaHMe, UTO II€PBbIi apryMeHT INa6GJIOHHOTO TMIIA B
boost::iterator_facade Bcerga gBJSETCS KJIAaCCOM, OIIpedeeHre KOTOPOrO Bbl
MMIIeTe: 3TO MIabJOH MpoeKkTupoBaHus «CTpaHHO PeKypCHMBHBINA 1ma6moH» (Curi-
ously Recurring Template Pattern), ¢ KOTOPbIM MbI CHOBa BCTPETUMCS B IJIaBe 6
«YMHbIe yKasaTenn».

OJTa peanusalus UTepaTopa 4Jjis CIMUCKa C UCIO0Ib30BaHMeM boost: :iterator_
facade nmonmyumnach HAMHOI'O KOpOUe aHaJIOTUYHOI peanu3aluuu U3 Mpenplayiiero
pas[ena; 9KOHOMMUS B OCHOBHOM OGYC/IOBJIEHA OTCYTCTBMEM ITOBTOPSIIOLIENCS pe-
aJIM3aluM ornepaTopoB OTHOLIEeHMS. Tak Kak Halll UTepaTOp OJIs CIMUCKA SIBJSETCS
ForwardIterator, Mbl JO/KHBI peaan30BaTh TOJILKO ABa OllepaTopa OTHOLIEHMS;
HO ecu 6bI MBI IHcanyu RandomAccessIterator, TOrja iterator_facade MOT 6GbI
CreHepupoBaTh peann3alyy 110 YMOIUYAHUIO IS OIIepaTopoB -, <, >, <= U >=, OCHO-
BaHHbIe Ha eIMHCTBEHHOI ITpoCTeliieil pyHKIUM-uaeHe distance_to.

Utoru

B oT0i1 IMaBe Mbl Y3HAIM, UTO 0GXO[ 3JIEMEHTOB SIBJISIETCS ONHOI U3 (pyHmaMeH-
TaJbHBIX OIleparyii, KOTOpbie 0OBIYHO PeaNn3yITCs B CTPYKTYpax JaHHbIX. OmHAKO
MIPOCTHIX YKasaTesieii 4acTo HeIOCTATOUHO /1T 00X0a CJIOKHBIX CTPYKTYP: IIpUMe-
HEeHMe ++ K IIPOCTOMY YKa3aTel0 HepPeIKo He «IIPUBOAUT K CJIeAYIONeMy SJeMeH-
Ty».



Utorm <+ 43

Bubnnoreka Standard Template Library B C++ npepjaraer e utepaTopa Kak
06001IeHHOE TIpe[cTaBaeHNe yKasaTeseii. JIBa uTepaTopa ONpenensioT duana3oH
IaHHBIX. ITOT AMaIIa30H MOKET GbITh JIUIIb YaCThIO COMEePKMMOr0 KOHTeiHepa Win
MIPOCTO MaHUITYIMPOBATh OTIpee/IeHHOI 00/1aCThIO TaMSTH, KaK ObIIO ITOKa3aHOo Ha
TpMMepe getc_iterator U putc_iterator. HeKoTopble CBOJICTBA THIIA MUTepaTOpa
OTIPeNesISTIOTCST ero MPUHAIJIESKHOCThIO K KaTEeTOPUM UTEPATOPOB — BBOJIA, BBIBO/IA,
MIpsIMble, IBYHATIpaBJIeHHbIE U/ C TPOU3BOIbHBIM JOCTYIIOM — i MOTYT MCITOJIb30-
BaThCS MIA6IOHHBIMY QYHKIMSAMM IJI BbI6OpA ObICTpPENIIero U3 alropuTMoOB, 10-
CTYITHBIX JIJIST OTIpeieJIeHHOM KaTeropuy UTepaTopoB.

Omnpemensiss CBOi KOHTETHEPHBII TUII, BbI JO/DKHbBI TAKKe OIPEeNeTUTh CBOU TU-
bl UTEPATOPOB 00euX BepCuii: KOHCTAaHTHbIE UM HEeKOHCTaHTHbIe. I[aGlIoHbI OT-
KpPbIBAIOT YIOOHYIO BO3MOXHOCTH ISl 3TOTO. Peanusys CBOM TUIIBI UTEPATOPOB,
u30eraiiTe ycTapeBlero kiacca std: :iterator u IomymaiiTe 06 MCIIOIb30BaHUN
boost::iterator_facade.
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ANropuTMbl C NapamMmn UTEpPaTopoB

Teneps, Korma Bbl TO3HAKOMUJIMUCH C TUTIAMY UTEPATOPOB — CTAHAAPTHBIMU U T10Jb-
30BaTe/IbCKMMU, — CAMO€ BpeMsI [IOCMOTPETh, UTO MOXKHO A,e/1aTh C UX [IOMOIIIbIO.
B sT011 IM1aBe BbI y3HaeTe:

O 4YTO TaKoe «IOTYOTKPBIThIN AMAIIa30H» — MOHSTHE, KOTOPOe TOUHO OIpese-
JIIeT duanasoH, 06pasyeMblii ABYMSI UTepaTOpaMu;

O Kak omnpefenuTh KaTeropuio KaKIOTO0 CTAaHAAPTHOTO aarOpUTMa U3 Yucia:
«TOJIBKO IJISI YT€HUS», «TOJIbKO OJIS 3aIIMCU», «npeo6pa3ylomm71» WIIN «I1epe-
CTAHOBOYHBI»; a TaKKe M3 UYMc/Ia: «OAHOAMAA30HHbI», «IBYXAMANa30H-
HBII» U «TTOYTOPaAMATIa30HHbIN»;

O 4TO HEKOTOpbIE CTAaHOAPTHBIE AITOPUTMBbI, TaKMe Kak merge U make_heap,
SIBJISTIOTCST € IVTHCTBEHHBIMU CTPOUTEIbHBIMYU 6I0KaMM, HEOOXOIVMBIMU JIJIsT
CO3,aHMSI BBICOKOYPOBHEBBIX CYIIHOCTEN, TAKMX KaK stable_sort u prio-
rity_queue;

O Kak OTCOPTUPOBATH AMATIA30H, ONUPASICh HA KOMITAPaTOpP, OTIMYHBIN OT ope -
rator<;

O Kaxk ympaBIsSITh COPTUPOBAHHBIMM MAacCCMBAMMU C MCIIONTb30BaHMEM UOUOMDL
erase-remove.

3aMeyaHue 0 3aronoBKax

BO/MbIIMHCTBO IAGMIOHHBIX (YHKIMIA, 0OCY;KIAeMbIX B 3TOii I7IaBe, OOBSIBIEHO B
CTaHIAPTHOM 3arojioBke <algorithm>. CoenyanbHble TUIIbI UTEPATOPOB, HAIIPO-
TUB, 0OBIYHO 0OBSIBJISIIOTCS B 3aTOJIOBKe <iterator>. EC/iv y Bac BO3HMKHET BOIIPOC,
IIe MCKATh KOHKPETHYIO CYIIIHOCTD, I PEKOMEH/IyI0 06paTUThCS 3a OTBETOM K OH-
JIaMiH-CIIPaBOYHMKY, TAKOMY Kak cppreference.com; CaMOCTOSITE€/IbHO HANTU OTBET
IIOPOJi OYeHb HEepOoCTO!

Ounana3oHHble AJITOPUTMbI TOJIbKO A1 YTEHUA

B npenbimyIiieit riiaBe Mbl peann30BajIv IBa aropmutma: distance u count_if. 0b6a
OHU IIPUCYTCTBYIOT B CTAHIAPTHO 6MO/IMOTEKE.

std: :count_if(a,b,p) BO3BpallaeT YMCJIO 3/IEMEHTOB MEXKIY a U b, yIOBIETBO-
PAIOIIMX QYHKLUMMU-TIPEIUKATY P, — TO €CTh UMCJIO JIEMEHTOB e, [Jis1 KOTOPhIX BhI30B
p(e) BO3BpalllaeT true.


http://cppreference.com
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O6paruTe BHMMaHMe, UTO KaXKIbII pa3, TOBOPS «MEXKAY a U b», Mbl UMeeM B
BUIY OMaNasOH, BKIYAKIINI *a, HO He BKIIUAIOLNI *¥b, — B MaTeMaTUKe 3TO
Ha3bIBAETCS «IIOJIYOTKPBITBIM AMaNia30HOM» M 3alMCbIBaeTCsl C UCIIONb30BaHMEM
acCMMMETPUYHON HOTaUuM [a,b). [loueMy MbI He JO/DKHBI BK/IIOUATh *b? [les0 BOT
B YeM: eI b COOTBETCTBYET pe3yabTaTy end() HEKOTOPOro BeKTopa, TOrJa OH He
IOJDKEH YKa3bIBaTh HY HA KAKOW 37IeMeHT 3Toro Bekropa! To ecTh B 001eM Cirydae
pasbIMeHOBaHMe KOHeUHOU mouKu Iyarna3oHa sBJseTcsl OracHoii onepaiueii. JIpy-
rast IpUYMHA COCTOUT B TOM, UTO MTOTYOTKPBITHIE AVATIA30HbBI YIOOHO UCIIO/b30BaTh
LIS TIpe[iCTaB/IeHMs AMAalla30HOB C HYJIeBOI IJIMHOM; HallpuMep, OMara3oH «OT X
IIO X» — 3TO AMaIla30H C HY/IeBOJ AJIMHOI, He COLepsKalluii 57IeMeHTOB JaHHbIX.

[TomyoTKpbIThIE IMana30Hbl BIIOJIHE eCcTeCTBeHHbI A C++, Tak ke kak B C. Ha
MIPOTSKEHNY TECSITUIETUI MbI TTUCAIM LVKITBI 0T, BBIMOIHSIONME 06X0T A1aTa3o-
HOB OT HIM)KHe rpaHu1bl (BKIIOUMTENbHO) 0 BepxXHeli (He BKIIIoUas ee); 3Ta U0~
Ma HaCTOJIBKO PACIPOCTPaHEHA, UTO JTI060e OTKIOHEHME OT HEee YacTO YKa3bIBaeT
Ha OIINOKY:

constexpr int N = 10;
int a[N];

// MpasunbHboin unkn for.

for (int i=0; i < N; ++i) {
/] ...

3

// OauH n3 BapuaHTOB "nopospuTenbHoro" umkna for.
for (int i=0; i <= N; ++1i) {

/] ...
3

// TlpaBUNbHbIA BbI3OB CTaHAAPTHOLO anroOpuUTMa.
std::count_if(std::begin(a), std::end(a), [](int){ return true; });

// "MopospuTenbHbiA" BbI3OB.
std::count_if(std::begin(a), std::end(a) - 1, [](int){ return true; });

// "TpuBMnanbHbin" BbISOB: MOACYUTHIBAET 3/EMEHTbl B AMana30He C HY/IEBOW AJVHOW.
std::count_if(std::begin(a), std::begin(a), [](int){ return true; 1});

std::distance(a,b) BO3BpallaeT KOINYECTBO JIEMEHTOB MeXOy a U b — TO
€CTh CKOJIbKO Pa3 IMOTpeOyeTcs MPUMEHUTDb OMepauuio ++, YTOO0bl JOCTUTHYTH b.
MOSKHO CYUTATD, UTO 3TA PYHKIMS AeICTBYET SKBUBAJEHTHO BbI30BY std: : count_
if(a,b,[J(auto&&){return true;3}).

Kak 6bU10 1TOKa3aHo B I1aBe 2 «MTepaTopbl M AMaAa3oHbl», €IV JaHHbIA UTe-
paTop SBJISETCS UTEPATOPOM C ITPOM3BOIBHBIM LOCTYIIOM, 3TO KOJIMUYECTBO MOXKHO
OBICTPO OIpPEmeNnUTh Kak (b - a), M cTaHgapTHas std: :distance MMEHHO TaK U
rocrymnaet. O6paTuTe BHMMaHMe, 4TO ornepanys (b - a) MOXeT BEpHYTb OTpUIIA-
TeJIbHOEe YUCII0, eC/IU [lepefaTh apryMeHThl B «HeIlIpaBUJIbHOM» TTopsiiKe!
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int a[] {1, 2, 3, 4, 53};
std::list<int> lst {1, 2, 3, 4, 5};
std::forward_list<int> flst {1, 2, 3, 4, 5};

assert(std::distance(std::begin(a), std::end(a)) == 5);

assert(std::distance(std: :begin(flst), std::end(flst)) == 5);
assert(std: :distance(std: :begin(flst), std::end(flst)) == 5);
assert(std::distance(std::end(a), std::begin(a)) == -5);

Korma std::distance mosyyaeT UTepaTOpbl C MIPOU3BOJLHBLIM JOCTYIIOM, OHA
IIPOCTO BBINOJHSIET BblUMTaHMeE; II03TOMY MOXHO CKa3aTb, UTO Iiepemada apry-
MEHTOB B «HEIIPaBWJIbHOM ITOPSIIKE» SIBHO MOAAePKUBaeTCsI 1 ofobpeHa craHgap-
Tom C++. HO ewtut uTepaTopsl SBISIIOTCS JUIIb JIBYHATPABJIEHHBIMY (TAKMUMM KaK
std::list<int>::iterator — CM. IMIaBy 4 «300IapK KOHTEIIHEPOB»), <HEBEPHBbIN
IIOPSALOK» He HO,E[,Elep)KI/IBaeTCH. BbI Moy 6bI OKMIATH, UTO CpaBHEeHMe std: :dis-
tance(b,a) == -std::distance(a,b) OO/KHO BO3BpalllaTh true OJISI UTEPAaTOPOB
BCEX TUIIOB; HO MOAYMaiiTe, Kak caM aJIflOPUTM std: : distance cMOT OBl OTJIMYUTD
«MIPaBUIbHBIV MOPSAOK» CJIeOOBaHMSI UTEPATOPOB OT «HeMpaBUAbHOrO»? ENMHCT-
BEHHOE, UTO OH MOXeT CIe/laThb (B OTCYTCTBME operator-), — MPOLO/KATh YBeu-
YBaTh a — BO3MOYKHO, Y>Ke 32 KOHIIOM KOHTelHepa — U BBITH B KOCMOC B TIIETHOM
HaJexkme Korga-Huoyab TOCTUYb b:

// Cnepywwas cTpoka paeT "HenpasuibHbii" oTBeT!

// assert(std::distance(std::end(lst), std::begin(lst)) == 1);
// A 3Ta nNpocTo Bbi3bIBAET OWMOKY cerMeHTaumm!

// std::distance(std::end(flst), std::begin(flst));

Y1obbl MOHATH MPUYMHBI HEMPABWJIBHOTO MOBEAEHUS KOAA
B 3TOM npuMepe, obpawantecb K guarpamMmaM std::list M
std: :forward_list B rnaBe 4 «300MapK KOHTEMHEPOBY.

std: :count(a,b,v) BO3BpallaeT KOJMUECTBO 3JI€MEHTOB MeXIYy a U b, paB-
HBIX V, TO €CTh KOJIMUECTBO 3JIEMEHTOB e, [JIs KOTOPBIX BBITIOHSIETCS YC/IOBUE € == V.
MOSKHO CUMTATD, UTO 3Ta PYHKIVS AEMCTBYET SKBUMBAJEHTHO BbI30BY std: : count_
if(a,b,[&v](auto&& e){return e == v;}), U B J€ICTBUTEIBHOCTU 06€ BepCuUn
IOJKHBI JaBaTh OOMHAKOBBINM KoJ Ha acceMbiiepe. Eciu 661 B 1998 B C++ mopmepsku-
BaJINCh JIIMOA-BbIPAsKeHMs, aITOPUTM std: : count ITOUTHM HaBePHSIKA He ITOITasI Obl
B CTAaHAAPTHYIO GMOIMOTEKY.

O6paruTe BHMMAaHMe, UTO std: :count(a,b,v) Bcerma mpocMaTpMBaeT Bce 3jie-
MEHTBI B ara3oHe Mexxay a U b. OH He MOXKeT MCII0/Ib30BaTh CHelMaibHyI0 UH-
dbopManuio o pasMelleHU JaHHBIX B qMaria30He, KOTOPas MOXKET MMETbCS Y Bac.
Harmpumep, npencraBbTe, YTO HAM HY>KHO TOJICUYMUTATh KOJMUECTBO 3HAUEHUit 42 B
std: : set<int>. DTO MOXXHO peayn30BaTh JIIOOBIM U3 CJIEOYIONINX CIIOCO6O0B:
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std::set<int> s { 1, 2, 3, 10, 42, 99 };
bool present;

// 0(n): cpaBHeHMe Kaxporo 3/eMeHTa C 4ucnom 42
present = std::count(s.begin(), s.end(), 42);

// 0(log n): NONpocUTb KOHTEWHEpP CaMOCTOSTENIbHO OTbICKATb 4ucno 42
present = s.count(42);

AnroputMm std: : count IMPOUTPBIBAET BTOPOMY IIOAXOY, Il 3alpocC lepenaeTcs
HeIMoCpeICTBEHHO CaMOMY MHOKeCTBY set. KoHTeitHep mpeo6pasyeT 06Xo[ BCEro
MHOXeCTBa CO CJIOKHOCThIO O(1) B TTOMCK 10 AepeBy co cyiokHocThbio O(log n). AHa-
JIOTMYHO std: :unordered_set INMOALEPKMBAET METOH, count, UMEIOLINIA TpuMep-
HYIO CJIOKHOCTD O(1).

IlomoMTHUTENbHYIO MH(pOpMaIMIo 00 3TUX KOHTeiiHepaX Bbl HaiiieTe B IlaBe 4
«300MapK KOHTENHEPOB»; INIaBHOE, YeMy YUYUT 3TOT MPUMEDP, — MHOTAA B HAIIUX
JaHHBIX MMEETCS BaskHasl CTPYKTypa, KOTOPYI0 MOXKHO MCIIOJIb30BaTh, BhIOMpast
MPaBWIbHBIA MHCTPYMEHT 151 pellieHus 3agaun. HecMOTps Ha TO UTO 51 [€MOHCTPU-
pYIO ciTyyam, KOrjia CTaHJgapTHbIE aJTOPUTMBbI KasKyTCS «BOJIIIEOHBIMM», TIOCTYIIASI
MPaBWIbHO (Kak B cydae aJiroputma std: :distance, BBITIOJHSIOLIETO ONEPALMIO
(b - a)), BBl HE JOJIKHBI IyMaTh, UYTO 3TO «BOJIIEOCTBO» MPOCTUPAETCS IabIIIe,
yeM eCTb Ha caMoM Jene. CTaHZapTHbIE aJlTOPUTMbI 3HAIOT POBHO CTOJIBKO, CKOJIb-
KO MM COOGIIAeTCs, TO €CTh MM M3BECTHbBI JIUIIL CBOICTBA TUIIOB IlepefaBaeMbIX
uTepaTopoB. OHM HUKOIAA HEe U3MEHST CBOe IOBefeHNe, ONMPasiCh Ha OTHOUIEHUS
9JIeMeHTOB JAHHBIX MeXOy co0oi. OpraHmsauusi MPOBEePKU OTHOIIEHU MeXKIY
37leMeHTaMM JaHHBIX (HallpuMep, «3TU JaHHble OTCOPTUPOBAHbBI», «3TOT AMAIla30H
OXBaTbIBAET BECh KOHTEMHEP») — 9TO Ballla 3aJaya Kak [IporpaMmMMucCTa.

BoT enje HECKOMBKO aNrOPUTMOB, IIOXOXMX Ha std: :count U std: :count_if.

std::find(a,b,v) u std::find_if(a,b,p) paboTalOT TOYHO TaK >Ke, KakK
std: :count(a,b,v) 1 std: :count_if(a,b,p) COOTBETCTBEHHO, C TOV JIMIIb Pa3-
HUIIEN, YTO BMECTO 00X0/ia BCEro AMara3oHa 1 BO3BpaTa Koauuecnmea 3JeMeHTOB,
COOTBETCTBYIOIIMX YCIOBUIO, BApMAHTHI find mepedbupaioT 3JeMeHThI 10 IepBOro
COBIIQZeHMS ¥ BO3BpAlllalOT UTEPaTOp, YKas3blBAIOIIMIA HA HaliLeHHbIA 3JI€eMEeHT
naHHbIX. CylecTByeT Takke BapuaHT find_if_not, mMOmoOHbIHA find_if, HO OH U3-
MeHsIeT CMbICII TTpefuKaTa Ha 06paTHbIi. ITOT0 BapMaHTa TOXe, BOSMOXKHO, He Cy-
IIeCTBOBAJIO Obl, ety 6bI B paHHelt ucTopuy C++ mogaepsKuBaauch MO aa-Bbipa-
SKeHUS

template<class InputIterator, class UnaryPredicate>
InputIterator find_if(InputIterator first, InputIterator last, UnaryPredicate p)

for (; first !I= last; ++first) {
if (p(*first)) {
return first;
}
3

return last;
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3

template<class It, class U>
It find_if_not(It first, It last, U p) {

return std::find_if(first, last, [&](autod& e){ return !p(e); });
3

template<class It, class T>
It find(It first, It last, T value) {
return std::find_if(first, last, [&](autod& e)
{ return e == value; });

3

O6paTuTe BHMMAaHME: TaK KaK aJIfTOPUTM find BO3BpalllaeT yIIpaBjieHie cpasy, Kak
HaiileT mepBoe COBIIaieHNe, B CpeIHeM OH paboTaeT ObIcTpee, ueM count (KOTOPBI
[IpOCMaTpUBaeT BeCh IMara3oH, He3aBUCUMO OT y10BMS). [loBeneHmne Takoro Buaa,
KakK «BO3BpalliaeT yIrpasjieHre Cpasy», 4aCTO Ha3bIBAIOT BbIUMCIIEHEM [10 KOPOTKOM
cxeMe.

std::all_of(a,b,p), std::any_of(a,b,p) u std: :none_of(a,b,p) BO3Bpa-
maloT true MiaM false, B 3aBUCMMOCTM OT TOTO, KaK 4acTo QYHKUMSI-TIPEINKAT p
BO3BpalllaeT true [Jis 9JIeMEeHTOB B Iyara3oHe. Bce OHM MOTYT GbITh peaan30BaHbI
Ha OCHOBE aJITOPUTMOB find, @ 3HAUUT, aBTOMATUUYECKM MTOAIEePsKMBAIOT BbIUMC/IEHNE
10 KOPOTKOJ CXeMe:

template<class It, class UnaryPredicate>
bool all_of(It first, It last, UnaryPredicate p)

{

return std::find_if not(first, last, p) == last;

}

template <class It, class U>
bool any_of(It first, It last, U p)

{

return std::find_if(first, last, p) != last;

}

template <class It, class U>
bool none_of(It first, It last, U p)

{

return std::find_if(first, last, p) == last;

}

EcTb enie onuH find-1momo0HbI anropuTM: find_first_of. OH peanusyer orepa-
IIMI0 «IIOMCK B ITOC/IEA0BATEIbHOCTM TEPBOTO BXOKIEHMS JIIOOOTO IIeJIEBOTO 3je-
MeHTa 13 GUKCHMPOBAHHOTO MHOXKECTBA» — TO €CTh YeM-TO HallOMMHAeT strcspn B
CTaHIapTHOJ 616MMoTeke C, HO MOXKET HPUMEHSTHCS K JII0ObIM TUIIAM, HE TOJIBKO
K cuMBoaM. ['0BoOps OTB/IeYeHHO, find_first_of NMpMHMMAaeT [Ba KOHLENTYaJIbHbIX
rapameTpa: IMana3oH IJs1 IOMCKa ¥ MHOKECTBO 1e/IeBbIX 9JIeMEeHTOB. Tak Kak 3TO
STL, onu nepenaioTcsl Ha BXOA, KaK AMara30oHbl, TO eCTh KakK Mapsl uTepatopos. Co-
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OTBeTCTBEHHO, BBI30B 3TOrO aJropmMTMa BBINIAOUT Kak find_first_of(haystack,
haystack, needle, needle)!: c AByMs ITapamMu UTEPATOPOB. DTO MOXKET BbI3bIBATh
MyTaHUILy, IO9TOMY OYIbTe 0COGEHHO BHMMATEbHBI C aJITOPUTMAMM, IIPUHUMAIO-
MM HECKOJIBKO ITOXOXKUX [TapamMeTpoB!

template <class It, class FwdIt>
It find_first_of(It first, It last, FwdIt targetfirst, FwdIt targetlast)
{

return std::find_if(first, last, [&](autod& e) {

return std::any_of(targetfirst, targetlast, [&](autod&& t) {

return e == t;
1)
1N
3

template <class It, class FwdIt, class BinaryPredicate>
It find_first_of(It first, It last, FwdIt targetfirst, FwdIt targetlast,
BinaryPredicate p)

{
return std::find_if(first, last, [&](autod& e) {
return std::any_of(targetfirst, targetlast, [&](auto&& t) {
return p(e, t);
1
1)
3

O6paTuTe BHMMaHMe, YTO UTepaTophl «haystack», Kak oXXumaeTcsi, MOTYT ObITh
J1060r0 cTaporo Tuma InputIterator, HO UTEPATOPHI «needle» 06S13aTeIbHO JOJIK-
HbI OBITH He MeHee ueM ForwardIterator. Kak paccka3biBasioch B IaBe 2 «MTepa-
TOPBI U JMara30HbI», CaMOe BasKHOe JOCTOMHCTBO UTEPaTOPOB ForwardIterator —
MX MOKHO KOITMPOBATh, YTOOBI ITOTYUNTh BO3MOXKHOCTb MHOTOKPATHO OG0T OIH
Y TOT 3Ke Muana3oH. IMeHHO 9T0 U TpebyeTcs anroputmy find_first_of! OH 06X0gUT
nuamasoH «needle» oguH pa3 st Kaxkmoro cuMBosa B «haystack»; mostomy ute-
patopsl «needle» MOKHBI MOAIEPKMBATh BO3MOKHOCTH TTIOBTOPHOTO 06X0ma — ,
KCTaTH, OIpeNessaTh I1arna3oH KOHeUYHOro pasmepa! 3To TpeboBaHMe KOHEUHOCTY
He OTHOCUTCSI K uTepaTopaMm «haystack»; TeopeTuyeckyu OHM MOTYT BO3BpallaTh
9JIeMEeHTHI 3 6ECKOHEUYHOT0 IT0TOKa BBOIA:

std::istream_iterator<char> ii(std::cin);
std::istream_iterator<char> iend{};
std::string s = "hello";

// TlpojonxaTb M3BNeKaTb CWMMBOMbI M3 std::cin,
// noka He BcTtperuTcs 'h', 'e', 'l' v 'o'.
std: :find_first_of(ii, iend, s.begin(), s.end());

3aBepuIMM 06CYKAeHMEe AITOPUTMOB C HECKOMbKMMM CXOXMMM TIapaMeTpamiu,
paccMOTpPEB IIPOCThIe AJITOPUTMBI std: :equal U std: :mismatch.
1

3nmech urpa cioB: «<haystack» mepeBoanUTCS Kak «CTOT ceHar, a «<needle» — uronka. — IIpum. nepes.
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std::equal(a,b,c,d) NpMHUMMAET ABe IIapbl UTEPATOPOB: AMaIasoH [a,b) u
JIuarasoH [c,d). Bo3Bpaiaer true, eciin IBa AuanasoHa [I03JI€MEHTHO PaBHbBI, U
false B IPOTMBHOM C/Iy4ae.

std: ::mismatch(a,b,c,d) IOXoX Ha find: 3TOT aJITOPUTM TOUHO COOOLINT, KaKas
rapa 3J1eMeHTOB BbI3Bajia HeCOBIIaJeHle:

template<class T> constexpr bool is_random_access_iterator_v =
std::is_base_of_v<std::random_access_iterator_tag, typename
std::iterator_traits<T>::iterator_category>;

template<class Itl, class It2, class B>
auto mismatch(Itl firstl, Itl lastl, It2 first2, It2 last2, B p)
{
while (firstl != lastl && first2 != last2 && p(*firstl, *first2)) {
++firstl;
++first2;
3

return std::make_pair(firstl, first2);

}

template<class Itl, class It2>
auto mismatch(Itl firstl, Itl lastl, It2 first2, It2 last2)
{

return std::mismatch(firstl, lastl, first2, last2, std::equal_to<>{});

}

template<class Itl, class It2, class B>
bool equal(Itl firstl, Itl lastl, It2 first2, It2 last2, B p)
{
if constexpr (is_random_access_iterator_ v<Itl> &&
is_random_access_iterator_v<It2>) {
// LnanasoHbl pasHoOM LAWHbI HE MOTYT ObITb PaBHbIMK.
if ((last2 - first2) != (lastl - firstl)) {
return false;
}
3

return std::mismatch(firstl, lastl, first2, last2, p) ==
std::make_pair(lastl, last2);
Y

template<class Itl, class It2>
bool equal(Itl firstl, Itl lastl, It2 first2, It2 last2)

{
return std::equal(firstl, lastl, first2, last2, std::equal_to<>{});

by

O6paTuTe BHMMaHME, UTO B KauyecTBe OOBEKTa IMpeduKaTa MCIIOIb3YeTCs
std: :equal_to<>{}; MbI He GyfeM MOAPOOHO pacCMaTpPUBATh MPEOUKATHI B 3TOM
KHUTE, TTI03TOMY TIPOCTO AOIMYCTUM, YTO std: :equal_to<>{} — 3TO 06BEKT, HATIO-
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MMHAIOLIMIT ToBemeHneM [ J(auto a, auto b){ return a == b; }, HO c 6ojee
cosepuieHHoli nepedaueti (perfect forwarding).

Haxownelr, 6yabTe BHMMAaTeIbHbI! MHOTMeE IBYXAMalla30HHbIE aITOPUTMBI B CTAH-
IapTHoIt 6ubamoTeke C++17 TakKskKe MMEIOT BapMaHThI, M3BECTHbIE KaK aJITOPUTMBI C
TIOJTyTOPHBIM AMara3oHoM. Hanpumep, B fononHeHNe K std: :mismatch(a,b,c,d)
umeeTcs Bepcud std: :mismatch(a,b, c), e «<KOHeUHasi TOYKa» OIpenensieTcs Bbl-
paxeHueM c + std::distance(a, b).Ecau rakas BeluMC/IeHHAs «<KOHEYHAs TOY-
Ka» OKaXkeTCs 3a rpaHUIlaMU KOHTeliHepa, 3HaUNUT, BaM He I10Be3JI0!

TTOCKOMBKY «ymava» HUKOTAA He OblIa XOPOUIMM OTBETOM Ha TEXHWUECKUII BO-
npoc, craugapt C++17 mo6aBwt 6e30macHble ABYXIMAa30HHbIe BAPMAHTBI MHOTHUX
TaKUX MOJyTOpPagMana3oHHbIX aiTOPUTMOB, MMeBIIUXCST B C++14.

MaHunynupoBaHue faHHbIMM € std::copy

MbI TOJIBKO UTO ITO3HAKOMMJIUCH C ME€PBBIMU ABYXAMANAa30HHBIMU aJITOPUTMAMMU.
B 3aronoBke <algorithm> omnpeznejieHO MHOIO TaKuUX ABYXAMANa30HHBIX U POZ-
CTBEHHBIX UM IOJIyTOpaAMana3sOHHbIX aaropuTMoB. Kakoil 13 Takux ajaropuTMOB
CUMTaEeTCs IPOCTeRINUM?

EcTecTBEeHHBIM BBIIJIIAUT OTBET: «KOMUPYIOLIUIA BCE 3/IeMEeHThI U3 [IepBOro Ayua-
ra3oHa BO BTOpOVi». I nelicTBUTeNbHO, B STL MMeeTcs Takoli aiTOPUTM C UMeHeM
std: :copy:

template<class InIt, class OutIt>
OutIt copy(InIt firstl, InIt lastl, OutIt destination)

while (firstl != lastl) {
*destination = *firstl;
++firstl;
++destination;

b

return destination;

by

O6paruTte BHMMAaHME, YTO 3TO IOTYyTOPaAMaa30HHbIA aaroputM. CaKTUUeCK B
CTaHIAapPTHO 6MOIMOTeKe OTCYTCTBYET ABYXAMalasoHHas Bepcust std: : copy; BbI-
IIOJIHSIST KOIIMPOBaHye, Mbl IIPeIBapUTeIbHO IPOBepsieM HaJuuie JOCTaTOUHOIO
o6beMa B 6ydepe destination, TOITOMY IIPOBEPKa «HAXOKAEHMs BHYTpU Oydepa»
BHYTPM 1IMKJIa HEe TOJIbKO M36bITOUHA, HO 1 yXyauaeT 3 (GeKTMBHOCTD.

A yKe CIBIINY, Kak Bbl BocKauiaere: «Kakoii ykac! Bemb 3To Ta ke OIMKast JOTMKa,
KOTOpas Obl/Ia 3aK/II0UeHa B strcpy, sprintf 1 gets! DTo ke SIBHOE MpUIIALIeHNe K
aTakaM Ha repernojHeHue 6ydepa!» Bl geiicTBUTEIBHO MOIIM ObI TAK BOCKIMKHYTh
B OTHOIIIEHNM gets, HO PYHKIMS gets OblIa MCKIIOUEHA M3 CTaHIAPTHOM 6M6/MoTe-
Ky C++17. Bl mestu 65bl TIOJHOE ITPaBO CKa3aTh TO K€ caMoe B OTHOIIeHMM sprintf,
HO BCSIKMIT, KOMY Hy>KHA 3Ta (DYHKIIVS, IIPeATIOUTET MCIIOIb30BaTh BEPCUIO C IPOBEP-
KOJ1 IMaria3oHa snprintf, KOTOpast B 3TOM KOHTEKCTe [T0A06Ha «IBYXI/aa30HHOMY
anroputMy». OIHAKO B OTHOIIIEHUY strcpy 5 He comiaceH. Mcmonb3ys gets, HEBO3-
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MOXHO 3apaHee OTPeAeTUTh TPaBWIbHBIN pazMep MpUeMHOTo 6ydepa; UCIOoNb3yst
sprintf, 5TO BO3MOKHO, XOTS U (JIO)KHO; HO IIPU MCIIOJIb30BaHUM strcpy 3TO IO
CMEIIIHOTO MPOCTO: OCTATOYHO BBI3BATh strlen JJisi BXoZHOTrO Gydepa, 1 OTBET y
Bac B KapMaHe. To ke OTHOCUTCS K std: : copy: «KOINYECTBO BXOLHbBIX 57IeMEHTOB»
U «KOIMYEeCTBO 3JIEMEHTOB Ha BbIXOAEe» TOYHO COOTBETCTBYIOT APYT APYTY, IOSTOMY
co3paHye 6ydepa MpaBMIbHOTO pa3mMepa He MpeJCcTaBIseT HUKAaKoi Po6ieMbl.

O6paruTe BHMMaHMe, YTO MMapaMeTp C MMeHeM destination — 3TO umepamop
661600a. DTO O3HAYAET, UTO std: : copy MOKHO MCIIOb30BaTh He TONbKO /JIs1 KOIM-
POBaHMSI HEIIPEPBIBHBIX OIOKOB IMAMSITH, HO TAKXKe JJIs TIepelauy JaHHBIX B IIPOU3-
BOJIBHYIO (DYHKIIMIO «BbIBOJA». Hampumep:

class putc_iterator : public boost::iterator_facade<
putc_iterator, // T
const putc_iterator, // value_type
std: :output_iterator_tag
>

friend class boost::iterator_core_access;

auto& dereference() const { return *this; }
void increment() {3}

bool equal(const putc_iterator&) const { return false; }
public:
// JTOT WTepaTop SBNSETCS COOCTBEHHbIM MPOKCU-06bEKTOM!
void operator= (char ch) const { putc(ch, stdout); }
b

void test()

{
std::string s = "hello";
std: :copy(s.begin(), s.end(), putc_iterator{});

Bo3MOXXHO, BaM OyIeT MHTEPEeCHO CPaBHUTH 3Ty BEPCUMIO HAIero ureparopa
putc_iterator c Bepcueii U3 rnaBbl 2 «MTepaToOpbl U AMaria3oHbl»; 3Ta Bepcus UC-
Mojb3yeT boost: :iterator_facade, Kak peKOMeHIOBAJOCh B KOHIle IJIaBbl 2, U
UCIIONb3YyeT PacIpOCTPaHEeHHbIN TPIOK, BO3Bpalllasg *this BMeCTO HOBOTO IIPOKCU-
00ObeKTa.

Terepb MOKHO BOCITOJIb30BaThCsI TMOKOCTBIO destination [Jis peleHus mpoo-
JIeMbl TepenogHeHus 6ydepa! JIomycTuM, UTO MbI 3aIIChbIBA€M JTaHHbIe He B (PUK-
CUPOBAHHBIN MaCcCUB, a B std: : vector, USMEHSIOUIMI CBOI pasMep AMHAMUYECKU
(cm. tnaBy 4 «300mapk KOHTeliHepOB»). B aTOM ciyyae «3amuch 3jieMeHTa» COOT-
BETCTBYET «BTAJIKUBAHUIO JIeMEHTA B KOHell» BeKTopa. TO eCTb MOXXHO HaIuCaTh
BBIXOJJHOV UTEepaTop, OYEeHb IOXOXMUI Ha putc_iterator, KOTODPBIV BbI3bIBAeT
push_back BMeCTO putc, ¥ TeM CaMbIM MbI MOKEM 3aIIUTUTLCS OT ITPOGIIEMbI IIEpe-
rosiHeHus. Ha camoM fiesie cTaHgapTHas 616/110TeKa yKe OTpeiesisieT Takoii uTepa-
TOD B 3arojioBKe <iterator>:
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namespace std {

3

template<class Container>
class back_insert_iterator {
using CtrValueType = typename Container::value_type;
Container *c;
public:
using iterator_category = output_iterator_tag;
using difference_type = void;
using value_type = void;
using pointer = void;
using reference = void;

explicit back_insert_iterator(Container& ctr) : c(&ctr) {3}

auto& operator*() { return *this; }
auto& operator++() { return *this; }
auto& operator++(int) { return *this; }

auto& operator= (const CtrValueType& v) {
c->push_back(v);
return *this;

3

auto& operator= (CtrValueType&& v) {
c->push_back(std: :move(v));
return *this;
}
¥

template<class Container>
auto back_inserter(Container& c)

{

return back_insert_iterator<Container>(c);

b

void test()

{

3

std::string s = "hello";

std: :vector<char> dest;

std::copy(s.begin(), s.end(), std::back_inserter(dest));
assert(dest.size() == 5);

BbI30B std: :back_inserter(dest) IIPOCTO BO3BpaliaeT 00bEKT back _insert_
iterator. B C++17 MOXHO MOJIOKUTBCSI HA aBTOMAaTUYECKOe OIpeleieHue TUra
11a6710Ha B KOHCTPYKTOPAX ¥ OMPEeNeIUTb TeI0 3TOi QYHKIMM IIPOCTO KaK return
std: :back_insert_iterator(dest); WM BOOOIIE OTKA3aThCs OT HEE U HATIPSIMYIO
JUCIIO/Ib30BaTh std: :back _insert iterator(dest) — raoe B Koge C++14 MOXHO
OBIIO «IOBOJILCTBOBAThHCSA» std: :back_inserter(dest). Tak 3aueM HaM MOI Obl
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MTOHAJ00UTBCST 3TOT, Ka3aJ0Ch Obl, M3OBITOUHBI KOA? MM back_inserter GbLIO
BBIOpPaHO HaMepPeHHO, UTOObI ero mpoiie 6bUI0 3aTIOMHUTH, IIOTOMY UTO IIPEeIIo-
JlaraeTcs, 4YTo 3Ta (GyHKIus 6yIeT UCIOIb30BaThCS OYeHb uyacTo. HecMoTps Ha TO
yto C++17 mo3BoiseT mmcaTh std: :pair BMeCcTO std: :make_pair u std::tuple
BMecTO std::make_tuple, 6bI0 GBI DIYIO MHUCATh 6Ojee «3aKOBBIPUCTOE» UMS
std: :back_insert_iterator BmecTO std::back_inserter. IlosTomy [naxke B
C++17 nyume mucath std: :back_inserter(dest).

Bapuauuu Ha Temy: std::move
u std::move_iterator

Kak HeTpymHO moragaTbCs U3 Ha3BaHUS WUAM U3 Mpenbiayileli peannsaiuu, ajro-
PUTM std: : copy KOIMPYeT 3JIeMeHThI 3 BXOJHOTO AMaria30Ha B BbIXOAHOI. 3HAaTO-
Ky C++11 Moru 661 33aThCSI BOITPOCOM: @ UTO, €CJIVI BMECTO KONUPOBAHUS STIEMEH-
TOB VMCITOJIb30BaTh CEMaHTUKY ITIepeMelleHNs], UTOObI nepemecmums X U3 BXOZHOTO
JI1ara3oHa B BbIXOLHO?

B STL umeeTcs nBa pa3HbIX IOAXOAA K pellleHMI0 3Toi 3anaun. [lepBblit, camblit
MPOCTOI — MCII0/Ib30BaTh aJIrOPUTM std: :move (OIpefliesieH B 3arojoBke <algo-
rithm>), uMeloLuii ciieyloliiee onpeneneHne:

template<class InIt, class OutIt>
OutIt move(InIt firstl, InIt lastl, OutIt destination)

while (firstl != lastl) {
*destination = std::move(*firstl);
++firstl;
++destination;

3

return destination;

by

OH NouTH B TOUHOCTU TTIOBTOPSIET aITOPUTM std: : copy, 3a UCKITIOUEeHMEM JI0TI0JI-
HUTEJbHOTO BbI30BA std: :move [IJIT BXOTHOTO 3yeMeHTa (OyabTe BHMMATEIbHbBI —
STOT BHYTPEHHUI aJITOPUTM std: :move, C eIMHCTBEHHBIM apryMeHTOM, OIlpeLe/ieH
B 3arojioBke <utility>, ¥ OH ITIOJTHOCTHIO OT/IMYAETCS OT BHEIIHEro std::move C
TpeMsl apryMeHTaMy, KOTOPBIi OlpelensieTcsl B 3arojloBke <algorithm>! Koneu-
HO ITeYajbHO, YTO [Ba Pa3HbIX aJITOPUTMA UMEIOT OVHAKOBbIe MMeHa. [1o upoHuu
CyIbOBI, B UMCJIO HEMHOTHUX ApyruX GyHKImit B STL, cTpajamouiux Toii ke mpobsie-
MOV, BXOOUT std: : remove; CM. pa3fien «YaajieHue U3 COPTUPOBAHHOTO MacCUBa» B
KOHIIe 3TOJi I71aBbl, a Takoke m1aBy 12 «DaityioBasi cucTemar).

I pyroii mogxon OCHOBaH Ha MCIIOIb30BAHUM pellleHNs], KOTOPOe Mbl BUEU BbI-
e ¢ back_inserter. BMecTo TOro uto6bl OTK/IOYaTh OCHOBHONM aJrOPUTM, MbI
MOXXeM IPOLOJ/KaTh MCIIOIb30BaTh aJTOPUTM std::copy, HO IlapaMeTpu30BaTh
ero uHauve. JIonycTuM, MBI [lepefaeM B HEro HOBBIN TUII UTEPATOPA, KOTOPbIN (110-
I06HO back_inserter) 06epThIBAeT UCXOIHbI OOBEKT U 3MEHSIET ero ITOBeeHMe.
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B yacTHOCTM, HAM HY)XE€H UTepaTop BBOJA, Peau3anysl operator* KOTOPOroO BO3-
Bpaiaer rvalue. Mbl MOXeM CIie/I1aTh 3TO!

template<class It>
class move_iterator {
using OriginalRefType = typename std::iterator_traits<It>::reference;
It iter;
public:
using iterator_category = typename
std::iterator_traits<It>::iterator_category;
using difference_type = typename
std::iterator_traits<It>::difference_type;
using value_type = typename std::iterator_traits<It>::value_type;
using pointer = It;
using reference = std::conditional_t<
std::is_reference_v<OriginalRefType>,
std::remove_reference_t<OriginalRefType>&&,
OriginalRefType
~

’

move_iterator() = default;
explicit move_iterator(It it) : iter(std::move(it)) {}

// PaspewnTb KOHCTpyMpOBaHWe WAM NpucBamBaHue M3 NOOTo move-uTepaTopa.
// 3TW wabnoHbl Takke MOTLYT WIPATb POJib KOHCTPYKTOPa KOMWPOBAaHMS
// v onepaTopa NpvCBavBaHWA COOTBETCTBEHHO.
template<class U>
move_iterator(const move_iterator<U>& m) : iter(m.base()) {3
template<class U>
auto& operator=(const move_iterator<U>& m)
{ iter = m.base(); return *this; }

It base() const { return iter; }

reference operator*() { return static_cast<reference>(*iter); }
It operator->() { return iter; }
decltype(auto) operator[](difference_type n) const

{ return *std::move(iter[n]); 3}

auto& operator++() { ++iter; return *this; }
auto& operator++(int)
{ auto result = *this; ++*this; return result; }
auto& operator--() { --iter; return *this; }
auto& operator--(int)
{ auto result = *this; --*this; return result; }

auto& operator+=(difference_type n) const
{ iter += n; return *this; }

auto& operator-=(difference_type n) const
{ iter -= n; return *this; }
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1
// § onycTun onpepeneHus onepaTopoB HEYNeHOB
// == 1= < <= >>=+ - ; CMOXeTe peaNM30BaTb WX CaMOCTOATENbHO?

template<class InputIterator>
auto make_move_iterator(InputIterator& c)

{

return move_iterator(c);

3

VI3BMHSIOCH 3@ TaKOi GONbIIONI GparMeHT KOfa, HO YBEPSIO, YTO BbI CIIOKOITHO
MOYKeTe He BHMKATb B €ro TOHKOCTH. [j1 TeX, KOMY 3TO HPaBUTCS, 3[4eCb UMEeTCs
1a6JIOHHBIN KOHCTPYKTOP M3 move_iterator<U>, KOTOPBIHA, TaK MOIYIMIOCH, Ty6-
JIMPYET KOHCTPYKTOP KOMMPOBAHMUS (KOrha TUIl U COBIIaAaeT ¢ TUIIOM It); a Takxke
MHOXeCTBO (PyHKIIMIT-U/IeHOB (TaKMX KakK operator[] M operator--), Tejaa KOTO-
PBIX GYOYT BBI3BIBATDH OIIMOKY BO BpeMsl KOMIMJISLIMM AJiS MHOTUX HOIYCTUMBIX
TUIIOB It (HampuMmep, ecau It — MPSIMOM UTepaTop; CM. mIaBy 2 «MtepaTopsl U
J/aTia3oHbl»), HO 3TO HOPMaJbHO, IOTOMY UTO MX TeJia He OYyIyT CO3/1aBaThCsl KOM-
MMUJISTOPOM, €C/IM TOJIbKO I10JIb30BaTe/lb Ha CaMOM [ejie He IONbITaeTCs BbI3BaTh
9T QYHKIMM Ha 9Tare KOMIWISIMM (eC/IM TTOJIb30BaTe b ITOMPO6GYeT 9TO CIeIaTh —
move_iterator<list_of_ints::iterator>, TOorga, KOHEYHO, 3TOT KOJ, BbI3OBET
OIIMOKY BpeMeHM KOMITMISIINN).

O6paTuTe BHMMAaHMe, UYTO IO aHAJIOTUM C back_inserter B STL uMeeTcs BCIO-
morareybHast QyHKIMSI make_move_iterator Ijs1 KOMIIMUJISTOPOB, MOSIBUBIIMXCS
nepen BoIXxogom cranpapra C++17, KOTOpble He MOAAEPKUBAIOT aBTOMATUYECKUN
BBIBOJI TUIIa IIabJ0HA KOHCTPYKTOpa. MIMs «BcromMoraTenbHO» (YHKIMM, KaK B
crydae ¢ make_pair 1 make_tuple, BRIIIOUT MeHee yaI060BapUMbIM, ueM GaKTu-
Yyeckoe MMS KJacca, [I03TOMY 1 HaCTOSITE/IbHO COBETYIO MUCIIOIb30BAaTh BO3MOXKHO-
ctu C++17; 3aueM BBOOUTD JIMIIHUE TISITh CUMBOJIOB U CO3[aBaTh JIUIIHUA SK3€MII-
JISIp 11a6JIOHHOI (QYHKIIMM, eCIM OHa BaM He Hy>KHa?

Terepb y HaC eCTh IBa pa3HbIX CII0Cc06a repeMeleHIsI JaHHbIX 13 OMHOI'0 KOHTeli-
Hepa Wiy Iyaria3oHa B IPYroii: aJiropuTM std: :move U Kjiacc-afganTep std: :move_
iterator. BOT mpumepbl 06enX UAMOM:

std::vector<std::string> input = {"hello", "world"};
std: :vector<std::string> output(2);

// TlepBbin NOAXOA: WCMONb30BAaTb aNropuTM std::move
std: :move(input.begin(), input.end(), output.begin());

// Bropo# nogxoa: wucnonb3oBaTb move_iterator
std: :copy(
std::move_iterator(input.begin()),

std: :move_iterator(input.end()),
output.begin()

);
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I[TepBbIil TIOAXOM, C MCIONb30BaHMeM std: :move, 60jiee OUeBUAHbII, €CI BaM
TpebyeTcsl MPOCTO IIePeMeCTUTh HaHHble. HO 3aueM IOTpebOBajoCh BKIOYATH B
CTaHIAPTHYIO GMOIMOTEKY STOT «MajOMOHSITHBI» move_iterator? UTo6bI OTBe-
TUTb Ha 3TOT BOIIPOC, MbI JOJIKHBI MCCIeI0BATH €Ille OAH aJTOPUTM, IPMHIIATIN-
QJIbHO CBSI3aHHBIN C std: : copy.

Henpocroe konupoBaHue ¢ std::transform

Bo3MOKHO, BbI 3aMeTWIN TIpU OOCYKIEeHUM peanusaiuu std: :copy, YTO JIBa Ma-
pameTpa Tuia value_type B UTE€paTOpe He 00513aTebHO JO/IKHBI COBIIAAATh. ITO
(uua, a He 6ar! Biarogapsi eit MOSKHO MMCATh KO, IIOJIaraloIiniics Ha HesIBHbIe IIpe-
obpasoBaHus, 1 OH MpocTo «bymet Menatsb To, Uto JoyskeH»:

std: :vector<const char *> input = {"hello", "world"};
std: :vector<std::string> output(2);

std: :copy(input.begin(), input.end(), output.begin());

assert(output[@] == "hello");
assert(output[1] == "world");

BoIrisaauT TpuBUaabHO, BepHO? Ho nmpuriaguTech BHMMaTeabHee! [TTy6OKO BHYT-
pM HaIIero sK3eMIUIsIpa std: : copy OyIeT BbI3BaH HESIBHbIV KOHCTPYKTOP, IIPe06-
pasywuuii const char * (TUIl *input.begin()) B std: :string (TuUm *output.
begin()). To ecTb y>ke B KOTOPbII pa3 MbI BUIUM IIpUMep 0600IIEeHHOr0 KOjia, BbI-
TIOJTHSIIONETO Ha YAMBIIeHME C(JIOKHbIE orepaly IPoCTo ITIOTOMY, UTO eMy Iepefa-
I0TCSI UTePaTOPbl OTpe/ie/IeHHbIX TUTIOB.

Ho nHorga Bo BpeMsi KOIMPOBaHMS ObIBAET HYKHO ITPMMEHUTDb (PYHKIIUIO CJIOK-
HOTO IIpeobpa3oBaHusT — ele 6ojiee CI0KHOIO, YeM MOSKET BBIITOJTHUTH HESIBHOE
npeo6pasoBanye. CTaHgapTHast OMOIMOTEKA TIOMOXKET BaM B 3TOM!

template<class InIt, class OutIt, class Unary>
OutIt transform(InIt firstl, InIt lastl, OutIt destination, Unary op)

while (firstl != lastl) {
*destination = op(*firstl);
++firstl;
++destination;

b

return destination;

by

void test()

{

std: :vector<std::string> input = {"hello", "world"};
std: :vector<std::string> output(2);

std: :transform(
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input.begin(),
input.end(),
output.begin(),
[J(std::string s) {
// TMpeobpa3oBaHne Ha MecTe Takxe BO3MOXHO!
std: :transform(s.begin(), s.end(), s.begin(), ::toupper);

return s;
3
);
assert(input[0@] == "hello");
assert(output[@] == "HELLO");

3

VHorma maske GbIBAET HY;KHO MTPUMEHUTD JJIs1 Tpeobpas3oBanms QYHKINIO, IPH-
HUMAIIIYI0 J8a apryMeHTa. VI cHoBa 6MO/IMOTEKA TT03a00TUTCS 06 3TOM:

template<class InItl, class InIt2, class OutIt, class Binary>
OutIt transform(InItl firstl, InItl lastl, InIt2 first2,
OutIt destination, Binary op)

while (firstl != lastl) {
*destination = op(*firstl, *first2);
++firstl;
++first2;
++destination;

b

return destination;

3

Ty Bepcuio airoputMa std: :transform IOMOPUCTUYECKM MOKHO OIMCATh KaK
«OHO- U ABYXIMAIa30HHBI C IOJIOBUHO» aJITOPUTM!

(A kaxk HacueT GyHKIUMM C TpeMs aprymeHTamu? A ¢ deTwsipbMsi? K coskane-
HMIO, TIOJTHOLIEHHOV BapMaTUBHOI (C ITepeMeHHbIM UMCIOM apryMeHTOB) BepCcuu
std: :transform He CyIIeCTBYeT; BapMaTUBHbIe MIAGJIOHBI HE TIOAAEPKUBAINACH B
C++ mo nmosiBieHus crangapra C++11. MoykeTe 1ornpo60oBaTh caMi peaan3oBaTh Ba-
PUATUBHYIO BEPCUIO U TTIOCMOTPETbh, C KAKMMU MTPOOIEeMaMy CTOJTKHETECh — OHU He
TPUBMAJIbHBI, HO BIIOJTHE IIPEOA0VMBL.)

CymiecTBoBaHMe std: : transform JaeT HAM TPETUii CIIOCOO MmepeMeleHns TaH-
HBIX U3 OJHOI'O MeCTa B ipyroe:

std: :vector<std::string> input = {"hello", "world"};
std: :vector<std::string> output(2);

// TpeTtuin cnocob: ncnonb3osaHue std::transform
std: :transform(

input.begin(),

input.end(),

output.begin(),

std: :move<std: :string&>

)s
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Ho 51 He peKOMeH/IyI0 MOIb30BaThcs MM! CaMblit OONBINON ¥ CaMblil KpaCHBIN 13
€ro KpacHbIX (IasKKOB — sSIBHAS CrelMann3anys madaoHa std: :move. Besikuit pas,
KOTIa MPUCYTCTBYET SIBHAS CIIeMaau3als — 3TU YIJIOBble CKOOKM T0CIe MMeHU
mra6IoHa, — 9TO MMOYTY BCErna BepHbIii IIPM3HAK OUeHb YYBCTBUTEIBHOTO U XPYIIKO-
ro KoAa. OTBITHBIM UMTATESIM MOXET JOCTAaBUTh YIOBOJIbCTBME CAMUM MOHSTh, Kak
KOMITWJIITOP OIlpenesseT TUIILI ABYX std: :move B MOeM IIpUMepe; HallOMHIO, UTO
OLVH U3 HUX OIpeJieJieH B 3aroJIOBKe <utility>, a Apyrom — B <algorithm>.

Ounana3oHHble AJITOPUTMbI TOJIbKO AN 3anNUCHU

OTy INIaBy Mbl HauaJly C MCC/IeL0BaHMs TaKX aITOPUTMOB, Kak std: : find, KOTOpbIe
BBITIOITHSIIOT 06XOJ, AMarna3oHa, YUTast ero 3JIeMeHThl, He U3MEHSsIS UX. BO3MOXKHO,
Bbl YAMBUTECH, Y3HAB, YTO 0OpaTHAs OIepalus TakKe MMeeT CMbIC/I: CYIeCTBYET
1[eJI0e CEMEIICTBO CTaHIaPTHBIX AJITOPUTMOB, KOTOPbIE BBITIOMHSIOT 06X0[, Auara-
30HA U U3SMEHSI0M S71IeMeHTbhI, He uuTas ux!

std: :fill(a,b,v) JenaeT To, 0 YeM roBoput ero mmsi: 3anomnuset (fill) kakapii
aJIeMeHT B 3aJJaHHOM JiManasoHe [a,b) Komnueit 3HaUeHUs v.

std::iota(a,b,v) — 6ojee VHTEPECHDIN aJTOPUTM: OH 3allOJIHSEeT JIEMEHThI B
3alaHHOM [JMala3oHe KomusiMu ++v. To ecTb BbI30B std: :iota(a,b,42) sanuuier
B a[0] 3HaueHue 42, B a[1] — 3HaueHue 43, B a[2] — 3HaueHue 44 u Tax gaiee,
BILIOTH /10 b. Takoe 3a6aBHOe HAa3BaHKEe AJTOPUTMA YXOIUT KOPHSIMU B S3bIK MTPO-
rpaMmmupoBanust APL, rae umesnach GyHKINS C MMEHEM [ (TO eCTh OyKBa «ifoTa» rpe-
yeckoro aynhaBuUTa), BBITIONHSIONIAS 3Ty onepauuio. JIpyroii MHTEpecHbIit GakT 06
3TOM QJITOPUTME: TI0 KaKOJ-TO HEIIOHSTHO IIPUUYMHE ero olpenesieHye nomnajio B
CTaHZAPTHBIN 3ar0JI0BOK <numeric> BMeCTO <algorithm>. 3TO JOBOJIBHO CTPAHHO.

std: :generate(a,b,g) — elle 60/1ee MHTEPeCHBIIT AATOPUTM: OH 3aII0/HSIET J1e-
MEHTBHI B 3aJaHHOM [11arnasoHe pe3yabTaTaMy [10CIe0BaTe/lbHbIX BbI30BOB g( ), TO
€CTh:

template<class FwdIt, class T>
void fill(FwdIt first, FwdIt last, T value) {
while (first != last) {
*first = value;
++first;
1
3

template<class FwdIt, class T>
void iota(FwdIt first, FwdIt last, T value) {
while (first != last) {
*first = value;
++value;
++first;

b
b

template<class FwdIt, class G>
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void generate(FwdIt first, FwdIt last, G generator) {
while (first != last) {
*first = generator();
++first;

b
3

Bort npumep 1CIonb30BaHMsI KaK0ro U3 3TUX CTAHIAPTHBIX aJITOPUTMOB [IJIS 3a-
TTOJTHEHNSI CTPOKAMM C Pa3HbIM COIEPKMMBIM. [IpoBepbTe ce6si: TOHMMAETE JIV BB,
I0YeMy KaKIbIi1 BbI30B IIPOM3BOAUT MMEHHO TaKoil BbIBOL? [Ipumep, KOTOPBLI S
BbIOpA 115 std: : iota, 0cOGEHHO MHTepeceH (HO BPAL, Jiu OyzeT 1osie3eH B Ipak-
TUYECKOM KOZe):

std: :vector<std::string> v(4);

std::fill(v.begin(), v.end(), "hello");

assert(v[@] == "hello");
assert(v[1] == "hello");
assert(v[2] == "hello");
assert(v[3] == "hello");

std::iota(v.begin(), v.end(), "hello");

assert(v[@] == "hello");
assert(v[1l] == "ello");
assert(v[2] == "llo");
assert(v[3] == "lo");

std: :generate(v.begin(), v.end(), [i=0]() mutable {

return ++i % 2 ? "hello" : "world";
1)
assert(v[@] == "hello");
assert(v[1] == "world");
assert(v[2] == "hello");
assert(v[3] == "world");

AnropuTtMbl, BUAIOLLUE HA XXU3HEHHBIN LUK
00BbEeKTOB

3aroysioBOK <memory> OIpeeNsieT CeMeCTBO alTOPUTMOB C MaJIOIIOHSATHBIMU UMe-
HaMM, TAaKMMM KakK std::uninitialized_copy, std::uninitialized_default_
construct U std::destroy (TOMHBIN CIIMCOK MOXKHO HaiiTU B OHJIAMH-CIIPaBOY-
HMKe, TAKOM Kak cppreference.com). PaccMoTpuM cienyrommii anroputm, KOTOPbIi
MCIIO/Ib3YyeT HesIBHBIN BbI3OB A,eCTPYKTOPA IJIs1 YHUUYTOXKEHMS 3JIeMeHTOB B yara-
30He:

template<class T>
void destroy_at(T *p)

{
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p->~T();
}

template<class FwdIt>
void destroy(FwdIt first, FwdIt last)

{
for ( ; first != last; ++first) {

std: :destroy_at(std: :addressof(*first));
}
3

O6paruTe BHMMaHMe Ha HEOONbIIYIO, YIOOHYI BCIOMOTaTeNbHYI0 (QYHKIUIO
std: :addressof (x), KOTopas BO3BpaliaeT afpec CBOero napameTpa; oHa AeiiCTBy-
€T B TOYHOCTH TaK Ke, KaK &x, KpOMe PeIKUX CJIy4aeB, KOT[Ia X MMEeEeT TUII KJacca,
KOTOPBIt TI0-CaAUCTCKY TIeperpykaeT operatord.

A Ternepb B3MISTHEM Ha CIEIYIOUINI aITOPUTM, KOTOPBI UCTIONb3YyeT SIBHbIV CUH-
TaKCUC pa3Melnawiieit GpopmMbl new (placement-new) 1yist <KKOHCTPYUPOBAHMS KOTIN -
poBaHMEM B» 3JIEMEHTHI Avana3oHa (00paTuTe BHUMAaHMe, KaK OH aKKyPaTHO MpK-
6upaet 3a o601, ecu B XOie KOMMPOBAaHUS BO3HUKIIO UCKIIoUeHne). OueBUIHO,
YTO 3TOT AJITOPUTM He JOJKEH MCIOMb30BaThCs C AMara3oHaMy, B KOTOPBIX yKe
MMEIOTCS CYIIECTBYIOIME JIEMEHTHI; TO3TOMY CIeIYIOUIVIT TPUMED BBIIJISIAUT Ha-
IYMaHHbBIM

template<class It, class FwdIt>
FwdIt uninitialized_copy(It first, It last, FwdIt out)
{
using T = typename std::iterator_traits<FwdIt>::value_type;
FwdIt old_out = out;
try {
while (first != last) {
pinew (static_cast<void*>(std::addressof(*out))) T(*first);
++first;
++out,;
}
return out;
} catech (...) {
std: :destroy(old_out, out);
throw;
}
3

void test()

{
alignas(std::string) char b[5 * sizeof (std::string)];
std::string *sb = reinterpret_cast<std::string *>(b);

std: :vector<const char *> vec = {"quick", "brown", "fox"};

// CkoHcTpyvpoBaTb Tpu std::string
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auto end = std::uninitialized_copy(vec.begin(), vec.end(), sb);
assert(end == sb + 3);

// YHUYTOXMTb Tpu std::string.
std: :destroy(sb, end);

3

Bosnblile 0 mpakTMYeCKOM Ha3HaueHUM 3TUX aITOPUTMOB Bbl y3HaeTe B IiaBe 4
«300MapK KOHTEeIHEepOB», KOra MOoiaeT pa3roBop o std: : vector.

Haw nepBbIt nepecTaHOBOYHbIM aNrOPUTM:
std::sort

Bce anropuTmbl, paccMaTpuUBaBIIMECs A0 CUX IIOP, MPOCTO BBIMOTHSIOT 06XO0[ 3a-
IaHHOTO AMaria3oHa Mo MOPSAKY, JIMHENHO, OT OJHOTO 3JIeMeHTa K CJIeAyI0IIeMy.
Hamre cnepyroiiee cemeiicTBO aJirOPUTMOB MPOSIBJISIET MHOE MOBedeHue. BmecTo
9TOTO OHM M3BJIEKAIOT 3HAUYeHMS M3 3JIEMEHTOB B 3aJJaHHOM Jyarna3oHe U Iepe-
TaCOBBIBAIOT MX TaK, UTO Te K€ 3HAaYeHMS COXPaHAIOTCS B Auaria3oHe, HO CIeOYIOT
y>Ke B IpYTOM TIopsiiKe. B MaTeMaTnKe Takast oriepalinsi Ha3bIBaeTCsI NepecmaHoB8Koll
(permutation).

[Tpo1e Bcero, Mokanyii, omMcaTh MepPecTaHOBOYHBIN aNrOpPUTM std: : sort(a,b).
Kak aiepyeTr u3 ero mMeHu, OH COPTUPYeT JaHHbIe B YKA3aHHOM [JMarasoHe Tak,
YTO HaMMeHbIIIMeE 3JIeMEeHThI OKa3bIBAIOTCS B Havasle, a HAaMOOJbINe — B KOHIIE. JIJsT
orpenesieHNsI «<HaMMeHbIIIero» 3jieMeHTa std: : sort(a,b) UCIOIb3yeT operator<

Ecmu HyskeH KaKo#-TO IPYroi IMOpSAOK, MOKHO ITOIIPOOOBATh IE€pPerpysuTh
operator< Tak, YTOOGbI OH BO3Bpallal true IPU MHBIX YCIOBUSX, HO B TaKOi CU-
Tyaluu, BEpOSITHO, yIo6Hee MCIOIb30BaTh TPEXapryMEHTHYIO0 BEPCUIO aJITOPUTMa,
std: :sort(a,b,cmp). TpeTuii apryMeHT AO/KEH ObITb KOMNAPAMOpPOM; TO €CTh
dbyHKLIMEN, QYHKTOPOM Wit IsIM6a-BbIpaskeHMeM, BO3Bpalaoiieii(MmM) true, KOT-
Jla TIepBbIl apTYMEHT «MeHbIlle» BTOporo. Hanpumep:

std::vector<int> v = {3, 1, 4, 1, 5, 9};
std: :sort(v.begin(), v.end(), [J(autod& a, auto&& b) {
return a % 7 <b % 7;

3gsert((v == std::vector{l, 1, 9, 3, 4, 5}));

O6paruTe BHMMAaHMe, UTO S THIATEILHO ITOA00pas JSMOa-BbIpaskeHEe B 9TOM
npumMepe, YTOObI COPTUPOBKA MACCMBA BBITIOIHSIACH TeTEPMUHMPOBAHHBIM CITO-
coboM. Eciiut 661 51 BBIOpa PyHKIMIO (a % 6 < b % 6), TOrga O6bLIM 6l BO3MOKHBI
IBa BapmaHTa pesyabrata: {1, 1, 3,9, 4, 5ywm {1, 1,9, 3, 4, 5}. CraHOapTHBI
aNrOpUTM sort He JaeT HMKAKMX rapaHTUii OTHOCUTENIbHO B3aMMOPaCIIOIOXKEeHUS
3JIEMEHTOB, PAGHbBIX C TOUKY 3peHMsT QYHKIMM CPaBHEHMS!

VcripaBuTh 3Ty IpobaeMy (ecau CUUTAThb ee IPob6eMOoil) MOKHO, BOCIIOIb30-
BaBIINCh AJITOPUTMOM with std::stable_sort BMecTo std::sort. OH MOXeT
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OKa3aThCsd HEMHOIO Me[jieHHee, HO B (JIydae paBeHCTBA 3JIeMEHTOB rapaHTUPYeT
COXPaHHOCTb MCXOJHOTO MOPSIKA UX PACITOIOKEHMS, TO €CTh B TIpUMepe ¢ JIsIMO/1a-
BbIpakeHMeM (a % 6 < b % 6) MbI IOJIy4uM pesynbrar {1, 1, 3, 9, 4, 53}, 1lo-
TOMY UTO B OPUTMHAIbHOM (HECOPTMPOBAHHOM) BEKTOPE 3JIeMeHT 3 IIpefIlecTByeT
SJIEMEHTY 9.

Ho sT0 emie He camas xyauias CUTyauus ¢ sort U stable_sort — IpenCcTaBbTe,
YTO 51 BBIOpa GYHKINIO CpaBHEHUS (2 % 6 < b).Torma HeKOTOpPbIE Maphl AEMEH-
TOB X , y MOTJIY GBI OTHOBPEMEHHO COOTBETCTBOBATH IBYM YCJIOBUSIM: X < yUy < x!
(OpHa M3 TakMx Nap B OpUTrMHAJIbHOM BeKkTope: 5 1 9.) B maHHOM ciryyae HMUTO He
MOYKeT CIacTy Hac; Mbl UCIIO/Ib30BaIN «(YHKIINIO CPABHEHNSI», KOTOpast IIPOCTO He
saBasieTcss GyHKUMelt cpaBHeHMs! OTO SB/SIeTCs HapylleHMeM IMpeBapuUTelbHbIX
YCJIOBUIL std: : sort, IPOCTO Kak ec/u 6bI MbI TIepefain MyCcToli ykasartenb. CopTu-
pysI MacCuBBI, yOeAUTECH, UTO COPTUPYETE C IPUMEHeHreM (DYHKIMM CpaBHEHUSI,
MMeoILeli CMBbICT!

O6meH MecTamu, obpaTHOe ynopsiaoveHue
U pasaeneHue

bubnnoreka STL comep>kKUT YAMBUTEIHLHO OOJBIIOE KOJINYECTBO ITePeCTaHOBOYHBIX
aJITOPUTMOB, KpoMe std: : sort. MHOTrMe 13 HX MOKHO CUYMUTATh «CTPOUTETbHBIMU
6J10KaMM», KOTOPbIE PEATM3YIOT Majylo YaCTh BO3MOKHOCTE YHUBEPCATBHOTO aJl-
TOpUTMa COPTUPOBKMU.

std: :swap(a,b) — CaMblIif IPOCTOI CTPOUTETbHBIN OJIOK; OH ITPOCTO IMPUHUMAET
IIBa apryMeHTa U «MeHseT» UX MeCTaMM, ToOuHee, MeHsIeT MeCTaM UX 3HauYeHMUsl.
OH peany30BaH B TepMMHAX KOHCTPYKTOpa mepeMelleHMs IJis JaHHOTO TUIA U
orepaTopa repeMelleHus. B 1eiicTBUTEIbHOCTY swap CTOUT HEMHOT'O OCOOHSIKOM B
pSNY CTaHIAPTHBIX AJITOPUTMOB, IIOTOMY UTO peai3yeT OUeHb ITPOCTYIO OTlepalnio
M TIOTOMY YTO ITOUTHM BCEr/a CyIIecTByeT Oojiee ObICTPHIN CITOCOO IMTOMEHSITh Mec-
TaMM ABa MPOM3BOJIbHBIX OObEKTA BMECTO SKBMBAJIEHTHON ITOC/IEI0BATEIHbHOCTYU
temp = a; a = b; b = temp;. OOBIYHO TUITBI B CTAHIAPTHOI 6GMOIMOTEKE (TaKue
Kak std: :vector) peaqusyIoT CBOIO (QYHKIMIO-WIEH swap (Halpmumep, a.swap(b))
¥ D06aBJISTIOT ITEePErPY;KEHHYIO0 BEPCHUIO swap B CBOE ITPOCTPAHCTBO MMEH — TO €CTb,
peanusysl CBOV TUIT my: :obj, Mbl MOXeM I00aBUTb IEPErpy>KEHHYI0 BEPCUIO B
MPOCTPAHCTBO MMEH my — Tak, YTO swap(a,b) [JIsS JaHHOTO TUIIA OyIeT BbI3bIBATh
a.swap(b) BMeCTO Tpex ornepauuii nepemelnenus. Harpumep:

namespace my {
class obj {
int v;
public:
obj(int value) : v(value) {}

void swap(obj& other) {
using std::swap;
swap(this->v, other.v);
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}

¥

void swap(obj& a, obj& b) {
a.swap(b);

3

} // namespace my

void test()

{
int i1 = 1, 12 = 2;
std::vector<int> vl = {13}, v2 = {2};
my::obj ml =1, m2 = 2;
using std::swap;
swap(il, i2); // sbi3oBeT std::swap<int>(int&, int&)
swap(vl, v2); // Bbi3oBer std::swap(vector&, vector&)
swap(ml, m2); // BbizoBeT my::swap(obj&, obj&)
3

Temnepp, 1oc/ie 3HAKOMCTBA C AJITOPUTMOM Sswap U JByHAIIpaBIeHHbIMU UTEPATO-
pamu, MbI MOKEM CKOHCTPYMPOBATh std: : reverse(a,b), TepecTaHOBOUYHbBI ajir0-
PUTM, KOTOPBIi ITPOCTO MeHSIeT MOPSIAOK CeI0BaHMsI JIeMEeHTOB B AMarna3oHe Ha
06paTHBIIT, MEHSISI MecTaMM IIepPBbIii 3JIEMEHT C TOCIEIHIM, BTOPOIA C IpeaIiociesn-
HUM U T. I. OMHUM U3 TUIIMUYHBIX IPMMEHEHI1 std: : Teverse SIBJSETCS 00palleHue
MopsSIAKa CyieqoBaHKs GONMbIIMX (parMeHTOB CTPOK — HAIIpUMep, IJis oOpalieHnst
TIOpsIZIKA CJIeJOBaHMSI CJIOB B TIPEJIOKEHUM :

void reverse_words_in_place(std::string& s)

{
// CHavana obpaTuTb MOpPALOK CNeAOBaHWA CUMBOJIOB BO BCEM CTPOKE.
std: :reverse(s.begin(), s.end());
// 3aTeM BepHyTb 0OpaTHO MOPSAOK CUMMBOJIOB B OTAENIbHbIX CNOBaX.
for (auto it = s.begin(); true; ++it) {
auto next = std::find(it, s.end(), ' ');
// 06paTWTb NOpSLOK CNnefoBaHWS CMMBOJIOB B 3TOM CJIOBE.
std::reverse(it, next);
if (next == s.end()) {
break;
)
it = next;
1
Y
void test()
{
std::string s = "the quick brown fox jumps over the lazy dog";
reverse_words_in_place(s);
assert(s == "dog lazy the over jumps fox brown quick the");

}
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He6osbIiass KOPPEKTUPOBKA peanusaluy std::reverse JaeT HaM ellle OOUH
CTPOUTEbHBIN 610K, 8 MMEHHO std: :partition. B To BpeMs Kak std::reverse
BBITIOJTHSIET 00XO/, AMara3oHa cpasy ¢ ABYX KOHIIOB 1 6e3yCIOBHO MeHSIeT MeCTaMu
KaXXIyIo I1apy JIeMeHTOB, aJITOPUTM std: :partition MeHSeT 3jieMeHTbl MeCTaMH,
TOJIBKO €CJTV OHU CTOSIT «He T10 MTOPSIAKY», COTJIACHO 3aJaHHOM QYHKIIUU-TTPEeIUKATY.
Crenmyroinii mpuMep epeHOCUT BCe UeTHbIe 3JIeMeHThI B Hauaslo Auara3oHa, a Bce
HeueTHbIe — B KOHell. Eciiu 6bI MbI UCIIONb30BaIM std: :partition O peanusa-
LMY TIPOLIeIYyPbI OBICTPOIT COPTUPOBKY, MbI MOTJIM ObI IEPEHECTH 3JIEMEHThI MeHblIe
0NOpPHO20 3HAYEHUS B HAYAJIO AMATIa30Ha, a 3JIeMeHThI 60/1blUie 0NOPHO20 3HAUEHUS —
B €ro KOHelIl:

template<class BidirIt>
void reverse(BidirIt first, BidirIt last)

while (first != last) {
--last;
if (first == last) break;
using std::swap;

swap(*first, *last);
++first;
3
Y

template<class BidirIt, class Unary>
auto partition(BidirIt first, BidirIt last, Unary p)

while (first != last && p(*first)) {
++first;

while (first != last) {
do {
--last;
} while (last != first && !p(*last));
if (first == last) break;
using std::swap;

swap(*first, *last);
do {
++first;
} while (first != last && p(*first));
3

return first;

}

void test()

{
std::vector<int> v = {3, 1, 4, 1, 5, 9, 2, 6, 5};
auto it = std::partition(v.begin(), v.end(), []J(int x) {
return x % 2 == 0;
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1
assert(it == v.begin() + 3);
assert((v == std::vector{6, 2, 4, 1, 5, 9, 1, 3, 5}));
3

O6paruTe BHMMAaHMeE HA OVH MHTEPECHDIN aCIIEKT B IPEAbIAYIIEM KOJe: peay-
3alUM reverse U partition npakTuuecku uaeHTUUYHbI! ENVMHCTBEHHOE oT/Inuye —
partition COmEePKUT HEYKIIIOKUIL UKIT do-while, BMECTO KOTOPOIO B reverse UC-
ITOJIb3YIOTCS IIPOCTHIE OIlepaliy MHKPeMeHTa U IeKpeMeHTa.

OTMeTbTe TaKKe, UYTO MepBbIli IUKI do-while B partition 3KBMBaJIeHTEH CTaH-
IapTHOMY QJITOPUTMY, KOTODPBI/ MBI yKe BUIeNN; a MMeHHO std::find_if_not.
W BTOPOI IVKIT do-while MOKHO CYMTATh CBOEOOPAa3HbIM SKBMUBAJIEHTOM std: : find_
if..., TOJTbKO OH BBIMONHSIETCSI B 0OpaTHOM HarpaBjieHny, a He B rpsmom! K coska-
JIGHUIO [ HaC, HET TaKOr'o aJITOPUTMA, Kak std: : rfind_if. Ho — Kak BbI yke ITIOHU-
MaeTe — CTaHIapTHast 6UGIMOTEKa He COOMPAETCS OCTaBJIATh Hac B Gefie.

Ham HykHO HeuTo, oOiajamwliee TOBeleHMEM UTepaTopa C TOUKM 3pe-
HUs std::find_if, HO BBIMOJHSIIONIEE MUTepAlMM «B OOGPATHOM HArpaBJIEHUN».
CranpapTHasi 6M6IMOTEKa pealnM3yeT MMEHHO Takoe HeuTo B ¢dopMe ajmamTepa
std: :reverse_iterator. §I He Gymy IOKa3bIBaTh €ro peaayu3aluio, a eI Bam
HY)XHO BCITOMHMUTb, KaK TaKOi afanTep MOKHO ObIJIO Obl peann3oBaTh, BEPHUTECH
K raBe 2 «MTepaTophl M Oyara3oHbl». IOCTAaTOUYHO OyOeT CKasaTbh, YTO OOBEKT
std: :reverse_iterator<FwdIt> 06epThiBaeT 00bEKT FwdIt 1 IeiCTBYET ITOJ0OGHO
€My, KpOMe TOTO UTO KOTZIa K 06epTKe MPUMEHSETCs orepalysi MHKPeMEHTa, OHa
BBITIONTHSIET IeKpeMeHT 00epHYTOT0 00beKTa, M HA060pOT. COOTBETCTBEHHO, MbI MO-
JKeM peann30oBaTh partition B TepMIMHAX reverse_iterator, Kak [IOKa3aHO HIDKe:

// CokpaweHHo oT "reversing" u "unreversing".
template<class It>

auto rev(It it) {

return std::reverse_iterator(it);

IR

template<class InnerIt>
auto unrev(std::reverse_iterator<InnerIt> it) {
return it.base();

by

template<class BidirIt, class Unary>
auto partition(BidirIt first, BidirIt last, Unary p)

{
first = std::find_if not(first, last, p);

while (first != last) {
last = unrev(std::find_if(rev(last), rev(first), p));
if (first == last) break;
using std::swap;

swap(*first++, *--last);
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first = std::find_if _not(first, last, p);
3

return first;

3

VIiHOTra mojie3Ho Takke MMETb BO3MOXKHOCTh pa30UTh AMara3oH, He MeHsIsI OTHO-
CUTEJIbHOTO TTOPSIKa C/IeJOBAaHNS 3JIEMEHTOB B pasnenax. [lJis Takux ¢iydyaeB MOXK-
HO MCIIOJNIb30BaTh std: :stable_partition(a,b,p) (HO B stable_partition ecTb
OfHa 3arBo3[Ka, KaK pacckasbiBaeTcsl B pasgeie «CiusHue U COPTUPOBKA CIIMS-
HMEM»: OH MOJKET BBIZEJISTh ITaMSTh C IIOMOIIbIO OIIEPATOPa New).

CyliecTByeT HECKOJIbKO HeIlepeCcTaHOBOUHbBIX aJITOPUTMOB, KOTOPbIE TOXe CBSI-
3aHBbI C pasfenaMu: std: :is_partitioned(a,b,p) Bo3BpalaeT true, €C/iy 3aJaH-
HbIV OMana3oH yKe Iofe/leH Ha pa3elibl B COOTBETCTBUM C IIPEAUKATOM p (TO €CTh
BCe 3JIEMEHTbI, YIOBIeTBOPAIOIIe ITpeauKaTy p, HaXOASATCA B Hauajie, a BCe OCTallb-
Hble — B KOHLIE).

std::partition_point(a,b,p) UCIOJb3yeT IIOMCK METOAOM AVMXOTOMMU, UTO-
ObI HAiTV TIePBbIN JIEMEHT B Ayalla3oHe, yke pas6buToOM Ha pasfiesibl, KOTOPbIil He
YIOBIETBOPSET P.

std: :partition_copy(a,b,ot,of,p) KOmMMUpyeT KaKObI/i 3JI€MEHT U3 Oua-
rnasoHa [a,b) B TOT WK APYroil UTepaTOp BbIBOJA: *ot++ = e — IJISI 3JIEMEHTOB
cp(e) == trueu ¥of++ = e — [Jigd 371eMeHTOB C p(e) == false.

KcraTu, ecivt BBIBOZ, 1OJIKEH OCYLIECTBIISITHCS TOBKO B OGHY U3 IBYX ITOC/I€I0Ba-
TeJIbHOCTEN, MOXKHO MCIIOJb30BaTh std: :copy_if(a,b,ot,p) uan std: :remove_
copy_if(a,b,o0f,p) COOTBETCTBEHHO.

PoTtauusa u nepectaHoBKa

BcromHMTe Hall Kof, B paszene «O6MeH MecTaMi, 00paTHOe YIIOpSgoueHue 1 pas-
JleJieHye», MeHSIIONINI TIOPSIAOK CJIEOBAHMSI CJIOB B IMPEIJIOKEHMM Ha 0OpaTHBIA.
B cnyuae c «IpenioskeHneM», COmepskalMM TOJbKO JIBa ¢JIOBA, HA aJTOPUTM 06pa-
LeHUS MOXKHO IOCMOTPeTh MHaue: KaK Ha aJTOPUTM YUKIUUECKol pomayuu sje-
MEHTOB B 3aJlaHHOM [Maria3oHe. std::rotate(a,mid,b) BBIIIOJIHAET POTALUIO
3JIEMEHTOB B AMalria3oHe [a,b) Tak, YTO JIEMEHT B IO3ULMM mid OKa3bIBaeTCs B
nosuuuu a (M BO3BpalllaeT UTEPATOP, YKA3bIBAIOLIMIA HA 3JIEMEHT, 3HaUE€HMe KOTO-
pOro mpexe HaXOAUI0Ch B O3ULIUNA a):

template<class FwdIt>
FwdIt rotate(FwdIt a, FwdIt mid, FwdIt b)

{

auto result = a + (b - mid);

// CHavana obpaTvMm Becb AManasoH.
std::reverse(a, b);

// 3aTeM 0b6paTMM KaxAbli U3 CETMEHTOB.
std: :reverse(a, result);
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std::reverse(result, b);

return result;

3

void test()

{
std::vector<int> v = {1, 2, 3, 4, 5, 63};
auto five = std::find(v.begin(), v.end(), 5);
auto one = std::rotate(v.begin(), five, v.end());
assert((v == std::vector{5, 6, 1, 2, 3, 4}));
assert(*one == 1);

Eile onyviH riepeCcTaHOBOYHBIN aArOPUTM, KOTOPBIM MHOILA MOXKET OKa3aThCs M0~
JIE3HBIM: std: :next_permutation(a,b). BbI30B 3T0Ji QYHKIMM B IIUKJIE TTO3BOJISI-
€T BBIIOJTHUTDH 00X0, BCEX BO3MOXKHBIX ITEPECTAHOBOK 13 11 3JIEMEHTOB, UTO MOKET
MIPUTOAVTBCS IJIS peajn3alyiy pelieHus «B JI00» «3amauy KOMMUBOSEKepar? (¢ He-
OOJIBIIIMM KOJIMUECTBOM Y3JI0B):

std: :vector<int> p = {10, 20, 30};
std: :vector<std::vector<int>> results;

// TlepebpaTb nepecTaHOBKM M3 3TUX TPeX SNEMEHTOB.
for (int i=0; i < 6; ++i) {

results.push_back(p);

std: :next_permutation(p.begin(), p.end());
3

assert((results == std::vector<std::vector<int>>{
{10, 20, 303},
{10, 30, 203},
{20, 10, 303},
{20, 30, 103},
{30, 10, 203},
{30, 20, 103},
s

O6paTuTe BHMMAaHMe, UTO next_permutation MCIOMb3YyeT UAEI0 OTHOIIEHMS
«MeHbIIle, YeM» JIJIST OTIpeliesieHts], SIB/ISIeTCSI OJfHA IepeCcTaHOBKa JieKCcuKorpadu-
YeCcKM «MeHble» IPyroii; Hanpumep, {20, 10, 30} «MeHblle», yueM {20, 30, 103},
IMOTOMY UTO 10 MeHbIle 30. ECTb Takke Bepcusi next_permutation ¢ KOMITapaTo-
pom: std::next_permutation(a,b,cmp), a KpomMe TOro, MMEIOTCS aJITOPUTMbI
std: :prev_permutation(a,b) U std::prev_permutation(a,b,cmp), KOTOpbIE
CUMTAIOTCS JIEKCUKOTPAUUECKU «HUCXOISIIVMM», & He «BOCXOSIIIVIMM».

Kcratu, mast momo6HOro JieKcukorpaduueckoro CpaBHeHMS ABYX IOC/IeNOBa-
TeJIbHOCTEN MOKHO IIPUMEHUTD aJITOPUTM std: :mismatch, ONMCaHHbBIN B pa3geiie

2 https://ru.wikipedia.org/wiki/3anaua_xkommusoaxépa — ITpum. nepes.
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«[Inarna3zoHHbIe AJITOPUTMBbI TOJIBKO JIJIST UTEHUSI», UJIU IIPOCTO UCIIOAb30BaTh CTAH-
IapTHBI anroput™m std: : lexicographical _compare(a,b,c,d).

Kyun n nupammupanbHasa copTMpoBKa

std: :make_heap(a,b) (Mamu ero Bepcus C KomMOapaTtopoM std::make_
heap(a,b,cmp)) npuHUMaeT AMara3soH HECOPTUPOBAHHBIX JIEMEHTOB U pa3Me-
IaeT MX B TOPSIAKE, YIOBIETBOPSIOIIEM C80LiCM8Y He8o3pacmaHus nupamudsl
(max-heap property): B MaccuBe CO CBOVICTBOM HEBO3paCTaHMSI MMPAMUIbI KaXKIbIi
9JIEMEHT C MHIEeKCOM i 13 Ayualia3oHa OyaeT, 1o KpaiiHeii Mepe, CTOJIb JKe GOJbIIM,
Kak 1106051 13 3/1eMeHTOB C uHaekcamu 2i + 1 u 2i + 2. DTO 03HAYAET, UTO IJIEMEHT C
caMbIM OOJIBIIMM 3HaUeHMeM OyaeT uMeTh uHaekc 0.
std: :push_heap(a,b) (WiIM ero Bepcus C KOMIIAPaTOPOM) IpeLIioiaraeT, 4To
IuarasoH [a,b-1) yke o6iaaeT CBOWCTBOM HeBo3pacTanus mupamuabl. OH Ge-
peT 371eMeHT B Io3uLiy b[ -1] ¥ HauUMHaeT [epegBuraTh ero B HayaJio Ayuarna3oHa,
I0Ka He BOCCTAaHOBUTCS CBOVICTBO HEBO3paCTaHUS ITMPaMUIbI )11 BCErO AMaraso-
Ha [a,b). O6paTuTe BHMMAaHKE, YTO make_heap MOKHO peajn30BaTh Kak IPOCTO
LIMKJI, MHOT'OKPATHO BbI3bIBaOIMI std: :push_heap(a,++b).
std: :pop_heap(a,b) (WiM ero Bepcus ¢ KOMIIApaTOPOM) IIpeAroyiaraeT, 4To
JuamnasoH [a,b) yxke ob6yiazaeTr CBOMICTBOM HeBo3pacTaHus nupamuabl. OH MeHsIeT
Mectamu a[@] M b[-17, B pe3yJbTaTe 4ero HaubobIIINMIi 3/IeMEHT Tellepb OKa3biBa-
eTCq B KOHUe nyarna3oHa, a He B HauaJjie; ¥ 3aTeM HauMHaeT [ePecTaB/IsaTh MeCcTaMu
a[0] ¢ KakObIM CJIeAYIOLUIMM 3JIEMEHTOM, [TIepeMellas ero B KOHell, [I0Ka He BOCCTa-
HOBUTCS CBOVCTBO HEBO3pacTaHus nmpaMmuabl. Ilociie Bei3oBa pop_heap(a,b) Hau-
OOJbINNIT 97IeMeHT GymeT HaXOOUThCs B b[ -1], a AMamnasoH [a, b-1) — COOTBETCT-
BOBATb CBOVICTBY HEBO3PACTaHUS IUPAMULBIL.
std: :sort_heap(a,b) (MM ero Bepcusi ¢ KOMIapaToOpoM) IIpUHUMaeT Auara-
30H, 06JIaJaoNMii CBOMCTBOM HEBO3pacTaHMs MUPAMUIbI, ¥ IepecTaBiIseT dje-
MEHTHI B IIOpsIIKe COPTUPOBKY, B LIMKJIE BbI3bIBas std: :pop_heap(a, b--).
Vcronb3ys 9TM CTPOUTENbHbIE GJIOKM, Mbl MOKEM Peaan30BaTh KIaCCUUYECKUIA
QJITOPUTM «IIUPAMUIATBHO» COPTUPOBKU. DYHKIMIO std: : sort U3 CTaHIAPTHOM
OMOIMOTEKY BITOJIHE MOXKHO ObIJIO ObI peaan30BaTh Tak (HO Ha MPaKTMUKe OHA 00bIU-
HO peaju3yeT KaKoi-HuOyIb TMOPUIHbBIN aITOPUTM, TAKOI KaK «MHTPOCIIEKTYBHAS
COPTUPOBKA»):
template<class RandomIt>
void push_heap(RandomIt a, RandomIt b)
¢ auto child = ((b-1) - a);
while (child != @) {
auto parent = (child - 1) / 2;
if (a[child] < a[parent]) {
return; // CBOWCTBO HEBO3paCTaHUA NUpaMnibl BOCCTaHOBJIEHO
ztd::iter_swap(a+child, atparent);
child = parent;
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b
}

template<class RandomIt>
void pop_heap(RandomIt a, RandomIt b)

{
using DistanceT = decltype(b - a);

std::iter_swap(a, b-1);

DistanceT parent = 0;
DistanceT new_heap_size = ((b-1) - a);

while (true) {

auto leftchild = 2 * parent + 1;

auto rightchild = 2 * parent + 2;

if (leftchild >= new_heap_size) {
return;

}

auto biggerchild = leftchild;

if (rightchild < new_heap_size && a[leftchild] < a[rightchild]) {
biggerchild = rightchild;

3
if (a[biggerchild] < a[parent]) {
return; // CBOWCTBO HeBO3paCTaHWA MUMpaMuipl BOCCTAHOBIEHO
3
std::iter_swap(atparent, atbiggerchild);
parent = biggerchild;
}
3

template<class RandomIt>
void make_heap(RandomIt a, RandomIt b)
{
for (auto it = a; it !=Db; ) {
push_heap(a, ++it);
}
3

template<class RandomIt>
void sort_heap(RandomIt a, RandomIt b)
{

for (auto it = b; it != a; --it) {
pop_heap(a, it);

3

template<class RandomIt>
void sort(RandomIt a, RandomIt b)

{
make_heap(a, b);
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sort_heap(a, b);
3

HOpyrue npuMeHeHus1 push_heap u pop_heap Mbl YBUAUM B IaBe 4 «300IapK
KOHTefHepOB», KOTma 6yieM roBOpUTh O std: :priority_queue.

ChusiHue u CopTMPOBKA CAUSIHUEM

Komb CKOpO Mbl 3aHSIMCh OOGCY)KIEHMEM aarOpPUMTMOB COPTUPOBKM, peaansy-
€M COPTMPOBKY JHOpyrMM croco6om! std::inplace_merge(a,mid,b) mpuHU-
MaeT eIVHCTBEHHbIN AuarnasoH [a,b), y’)Ke OTCOPTUPOBAHHBIN SKBUBAJEHTAMU
std: :sort(a,mid) mstd: :sort(mid,b), 0ObeAMHSET ABa IIOAAMaa30Ha B OAVH
OTCOPTUPOBAHHBIN AMATNa30H. ITOT CTPOUTENbHbIN OJIOK MOKHO MCITO/Ib30BATh JIJISI
peanmusanuy KIacCUueckKoro aJiropuTMa COpTUPOBKU CIUSIHUEM :

template<class RandomIt>
void sort(RandomIt a, RandomIt b)

{
auto n = std::distance(a, b);
if (n>= 2) {
auto mid = a + n/2;
std::sort(a, mid);
std: :sort(mid, b);
std::inplace_merge(a, mid, b);
3
3

Ho 6ynpre BHMMaTenbHbl! ViMs inplace_merge, KaK MOXKET ITOKa3aThCS, ITOPA3-
YMBIBAET, UTO CJIMSIHKE (UM 0O0bedMHEeHMEe) TIPOMCXOAUT «Ha MecTe» (in-place) u He
TpebyeTcsl co3maBaTh 6ydep C JOMOJHUTEIbHBIM IIPOCTPAHCTBOM; HO B JI€ICTBU-
TeJIbHOCTM 3TO He Tak. Ha camoMm gene yHKIMS inplace _merge caMa BbIFENSIeT
rmamsTh 1)1 6ydepa ¢ moOMOIIbI0 orepaTopa new. ECiv BbI IHIIeTe MIPOrpaMmy JIJIst
paboThI B OKPYKEHNH, T BbIIe/IeHMe TMHAMMUUECKO TTaMsITH SIBJISIeTCsT 60/bIION
npo6ieMoii, n36eraiiTe UCIIONb30BaHMS inplace_merge KaK UyMBL.

K gpyrum cTaHmapTHBIM aIrOpUTMaM, KOTOPbIe MOTYT BbIIENISTh BpeMeHHbIe Oydheppl
B AMHAMMYECKOJ MaMsIT!, OTHOCSITCS std: :stable_sort U std: :stable_partition.

AnroputMm cusiHug std: :merge(a,b,c,d,0) He BbIAeNsIeT JONOJTHUTENIbHOM Ia-
MSTH; OH IIPVMHMMAET [IBe Iapbl UTepPaTOPOB, IPEACTAB/ISIONIMX AMalla30Hbl [a,b) U
[c,d),  0ObeOMHSIET X B OAVH BbIXOIHOJ AMAIIa30H, OIIPeIe/IsieMblii UTEPaTOPOM o.

Mouck 1 BcTaBKa B COPTUPOBAHHbIA MacCUB
c std::lower_bound

ITocsie COPTMPOBKM [Mana3oHa MaHHBIX ITOSIBJSETCS BO3MOKHOCTH BBIIIOTHSITD
TOMCK C MCIIONb30BaHMEM MpPOIeAyphbl MOMCKA METOAOM IMXOTOMMM, KOTOPBIN
IeViCTBYeT CYIIeCTBEHHO ObICTpee MeTofa JIMHeHOro moucka. CTaHmapTHBIN aj-
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TOPUTM, peanusyoIuii TOUCK MEeTOLOM AUXOTOUMUM, Ha3bIBaeTCa std: : lower_
bound(a,b,Vv):

template<class FwdIt, class T, class C>
FwdIt lower_bound(FwdIt first, FwdIt last, const T& value, C lessthan)
{

using DiffT
FwdIt it;
DiffT count

typename std::iterator_traits<FwdIt>::difference_type;

std: :distance(first, last);

while (count > @) {
DiffT step = count / 2;
it = first;
std::advance(it, step);
if (lessthan(*it, value)) {

++it;

first = it;

count -= step + 1;
} else {

count = step;

b
b

return first;

}

template<class FwdIt, class T>
FwdIt lower_bound(FwdIt first, FwdIt last, const T& value)
{

}

return std::lower_bound(first, last, value, std::less<>{});

Ota QyHKUMS BO3BpalllaeT UTEPATOP, YKA3bIBAIOIIVIi HA ITePBBIi 3JIEMEHT B Iya-
Ma30He, KOTOPBI He MeHblle 3aaHHOTO 3HaueHus1 v. Ecnu B Auana3oHe MmeeTcs
9K3eMIUISIp 3HaUeHMs v, OHa BEpHET UTePaTop, yKasbIBaIOLMii Ha HEro (Ha caMoOM
Jleyie OHA BEpPHET UTEePaTOP, YKa3bIBAKIIMI HA Nepaslli TAaKOM SK3eMIUISIP B Auaria-
30He). Ein B IuamasoHe HET TAKOro 3K3eMIuIsIpa, GYHKIMS BEpHET UTepaTop Ha
MeCTO, TZie TaKOo¥i 3K3eMILISIP V AO/DKEH ObUT 6bI HAXOAUTHCS.

3HaueHMe, Bo3BpalraemMoe QyHKIMel Lower_bound, MOKHO MCIIOJIb30BaTh KaK
aprymeHT [jisl GYHKIMM vector: :insert, YTOObl BCTABUTh vV B COPTUPOBAHHBIN
BEKTOP B COOTBETCTBYIOIlee MeCTO, He HapyIINB MOPsSiKa COPTUPOBKN:

std: :vector<int> vec = {3, 7};
for (int value : {1, 5, 9}) {
// HaliTu MecTo Ana BCTaBKMW. ..
auto it = std::lower_bound(vec.begin(), vec.end(), value);
// ...n BCTaBWTb 3HayeHue value.
vec.insert(it, value);
3
// BekTop ocTaeTcsi OTCOPTMPOBAHHbBIM.
assert((vec == std::vector{l, 3, 5, 7, 9}));
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[Moxoxkast pyHKUMST std: :upper_bound(a,b,v) BO3BpalllaeT UTepaTop, YKa3bl-
BaIOIIVIT Ha TEPBbIl 3JIEMEHT B JMara3oHe, KOTOPbIii 6o/blile 3aJJaHHOTO 3Haue-
HuA v. Eciu v OTCYTCTBYeT B YKa3saHHOM [uanas’oHe, std: :upper_bound BepHeT
TO Ke 3HaueHue, 4To U GyHKUMS std: : Lower_bound. Ho ecin v IpUCYTCTBYeT B
InarasoHe, Torga lower_bound BepHET UTepaTop, YKa3bIBAIOWINI HA IIePBbI K-
3eMIUISIP v B JMala3oHe, a upper_bound — Ha 371eMeHT, C/IeAyoLuit 3a nocnedHuM
9K3eMIUISIPOM. VIHBIMU C/IOBaMU, OObeIVHUB 3TU JIBe QYHKINY, MOXKHO TOTYIUTH
TIOJTYOTKPBITHIV AMATia3oH [ lower, upper), COAepsKallyii TOJIbKO 3HAUeHUS V:

std::vector<int> vec = {2, 3, 3, 3, 4};
auto lower = std::lower_bound(vec.begin(), vec.end(), 3);

// TlepBbin NOAXOA:
// wvHTepdeiic upper_bound maeHTuyeH uHTepdeiicy lower_bound
auto upper = std::upper_bound(vec.begin(), vec.end(), 3);

// Bropow nopxop:

// Bo BTOpoWi pa3 Heobs3aTeNbHO BbLIMONHATbL MOWCK MO BCEMY MacCUBY
auto upper2 = std::upper_bound(lower, vec.end(), 3);
assert(upper2 == upper);

// TpeTuin nopxopn:
// JInHelHoe CKaHWpOBaHWE OT HWXHEW CpaHuubl Lower MOXeT okasaTbcs ObicTpee,
// 4eM MNoMCK MeTOAOM AUXOTOMWM, €CAU AManasoH MMeeT o4veHb OonbWon pasmep.
auto upper3 = std::find_if(lower, vec.end(), []J(int v) {

return v != 3;

s

assert(upper3 == upper);

// Tpun nwbom noaxonLe MNONY4awTCH OLHM U Te Xe pe3ynbTaThl.
assert(*lower >= 3);

assert(*upper > 3);

assert(std::all_of(lower, upper, [](int v) { return v == 3; }));

MpbIi pacCMOTpeIN ITIONCK U BCTABKY 3HAuUeHUI1 B COpTMpOBaHHbIIZ MaccuB. A Kak
BBITIOJTHUTD y,[laJ'IEHI/IE?

YnaneHue us copTMpoBaHHOro MaccuBa
c std::remove_if

Io cux 1op, o6cykmast cTaHgapTHbIe 00006IIEeHHbIe aIrOPUTMbI, Mbl He Kacaauch
BOIIpOCa yIajeHus 5JeMeHTOB U3 AyualiasoHa. ITO 00bsICHIEeTCs TeM, uTo (yHma-
MEHTAa/IbHO «IMaIa3oH» SOCTYIeH TOJIbKO IJISI YTEeHMS: Mbl MOXeM M3MEeHSTh 3Ha-
YeHMs IeMEeHTOB B Jyalla3oHe, HO C IIOMOIIBI0 CTAHAAPTHBIX aITOPUTMOB He/lb3s
YKOPOTUTb WJIN YAJIMHUTD CaM Iuara3oH. B pasnene «MaHumyimpoBaHue JaHHbIMU
¢ std::copy» MbI MCITOJIb30Ba/IM std: : copy JIJII «BCTaBKM B» BEKTOP C MMeHeM dest,
HO 9TO He ObIJI aJrOpPUTM std::copy, BBIMOTHSIONINIT BCTABKY; 3TO ObUI 06BEKT
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std: :back_insert_iterator, XpaHSIuii CCbIIIKY Ha 6a30BbIii KOHTEITHEP U CIIO-
COOHBII BBITIOTHUTH BCTaBKy B KOHTEIHEP. AJITOPUTM std: :copy He NMPUHUMAET
nmapameTpsl dest.begin() u dest.end(); BMeCTO 3TOrO OH MPUHUMAET OCOOBIN
00BeKT std: :back_inserter(dest).

WTak, KaK >ke HaM yIaJINThb 3J1eMEeHT U3 Juarna3oHa? A HMKaK — 9TO HEBO3MOX-
HO. Bce, UTO MBI MOXeM, — 3TO YOAIUTh 37IeMeHT U3 KOHTejiHepa CpelCcTBaMy ca-
MOTO KOHTeliHepa, a aaroputMbl u3 STL He paboTaroT ¢ KoHTeliHepamu. [TosTomy
HaM HYXHO Ha¥TU CIIOCOO MepeyrnopsIounTb 3HAUEHNS B JUara30He Tak, UTOOBI
«yIaJeHHble» 3JIeMEeHThl OKasalucCh Ihe-TO B IIpelolpefeleHHOM MeCTe BHYTPU
KOHTelfHepa, YTOObI TIOTOM MX MOXKHO ObUIO GBICTPO YOAIUTH (MCIIONb3YS APYTHE
CpencTBa, OVIMYHBIE OT aNropuTMoB STL).

MpblI yke BUAenu OGHO U3 BO3SMOXKHBIX pellleHNI:

std::vector<int> vec = {1, 3, 3, 4, 6, 8};

// Pa3buTb BekTOp Tak, 4YTOObl BCE 3MEMEHTb, HEe paBHble 3, OKa3alWCb B Hayane
// a BCe 3NeMeHTbl, paBHble 3, OKas3annCb B KOHLE

auto first_3 = std::stable_partition(

vec.begin(), vec.end(), [](int v){ return v != 3; }

)3
assert((vec == std::vector{l, 4, 6, 8, 3, 3}));

// Tenepb MOXHO yaanuTb "XBOCT" BeKTOpa.
vec.erase(first_3, vec.end());

assert((vec == std::vector{l, 4, 6, 8}));

Ho 3mech menaeTcss MHOTO HEHYKHOI paboThl (He 3a0bIBaiiTe, UTO stable_par-
tition — omuH U3 anropuTMoB STL, KOTOpbIe BBIAEISIOT Oydepsl B AMHAMUYECKOI
namsitTu!). Ha camom Jiejie airopyUTM, HY>KHBII HaM, BBITJISAUT HAMHOTO TPOIIie:

template<class FwdIt, class T>
FwdIt remove(FwdIt first, FwdIt last, const T& value)
{
auto out = std::find(first, last, value);
if (out != last) {
auto in = out;
while (++in != last) {

if (*in == value) {
// STOT 37EMEeHT HaC He WHTepecyeT
} else {
*out++ = std::move(*in);
}
}
b
return out;
3

void test()
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std: :vector<int> vec = {1, 3, 3, 4, 6, 8};

// PasbuTb BeKTOp Tak, 4TOObl BCE 3NEMEHTbl, He paBHble 3, OKa3aNuCb B Hauvane
auto new_end = std::remove(
vec.begin(), vec.end(), 3

);

// std::remove_if He coxpaHseT '"yoaneHHble" SNeMeHTbI.
assert((vec == std::vector{l, 4, 6, 8, 6, 8}));

// Tenepb MOxHO ymanuTb "XBoCT" BekToOpa.
vec.erase(new_end, vec.end());

assert((vec == std::vector{l, 4, 6, 83}));

// Wnn BbINONHWTb 06a wWwara B OfHOW CTPOKE.
// 3To uamoma '"cTepeTb-yaanuTb":
vec.erase(
std: :remove(vec.begin(), vec.end(), 3),
vec.end()

Js

// Ho ecnn maccuB oyeHb 6OMbWON M U3BECTHO, YTO OH OTCOPTUPOBAH,
// Torpa, BO3MOXHO, MOUCK 3NEMEHTOB [ANS yAaNeHus nyywe Npou3BOAWUTb
// MeTOAOM AMXOTOMMU

// 3bBecb Takke MPOUCXOAWUT "CABWUL BHMU3", HO yxe

// BHYTpM vector::erase, a He std::remove.

auto first = std::lower_bound(vec.begin(), vec.end(), 3);

auto last = std::upper_bound(first, vec.end(), 3);

vec.erase(first, last);

3

std: :remove(a,b,Vv) yoajasger U3 guamnasoHa [a,b) Bce 3HauyeHUs, paBHbIE V.
ITpu 3TOM He TpebyeTcs, YTOObI JaHHbIe B AManasoHe ObUIM OTCOPTUPOBAHBI, — HO
remove COXPAaHSIET UCXOOHbBIN MOPSAOK, «CABUrasi BHU3» HeyIaJleHHbIe 3JIeMEeHThI
IJIST 3aTI0JTHEHMST 06Pa30BaBIINXCST «ITYCTOT» B AMariasoHe. ECu remove yoaauT K
2JIEMEHTOB M3 JIMaria3oHa, TOTAA IT0 BO3BpallleHMM U3 Hee 3TU K mepeMeIieHHbIX
2JIEMEHTOB OKa)KyTCsI B KOHIIE IMaIla30Ha, a BO3BpalaeMoe 3HaUeHe remove OymeT
COZepsKaTh UTePaTOp, YKa3bIBAOI NI Ha TIEPBBIV TAKOM IepeMelleHHbI 3JIEMEeHT.

std: :remove_if(a,b,p) ygaasgeT Bce 3JIEMEHTHI, YIOBIETBOPAIOLIe 3aJaHHO-
MYy IIpeguKaTy p; TO €CThb OHA YOAIUT BCe JIEMEHTHI e, IJI1 KOTOPbIX BHIMTOIHAETCSI
yuioBue p(e) == true. Tak ke Kak remove, JITOPUTM remove_if caBUTraeT sje-
MEHTbI BHI3, UTOObI 3aIIOIHUTH 06pasyIoliecs: Ipo6esibl, ¥ BO3BpallaeT UTepaTop,
YKa3bIBAIOILMI1 HA IIePBbIi IIepeMeleHHbIN 3JIeMeHT.

TunuyHasg Mauoma yaajaeHus 3JIEMEHTOB U3 IOCAeN0BaTe/IbHOrO KOHTeHepa
M3BECTHA Kak uduoma cmupdanus-yoaneHusi, TTIOTOMY UTO IIpeariosaraeT BO3MOXK-
HOCTb Tepefauy BO3BpalllaeMOro 3HaueHMUsI HEeIOCPeICTBEHHO B (YHKIMIO-UIeH
.erase( ) KOHTeliHepa.
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Ipyroit aaropuTM U3 CTaHIAPTHOM GMOIMOTEKM, KOTOPBIN MUCIIONb3YeT UAVOMY
CTUpaHUs-yaaaeHus, — QyHKUus std: :unique(a,b). OHa MpUHKUMAET AMana3oH 1
13 KaXO0ro Habopa OJMHAKOBbIX 3JIEMEHTOB, CJIEIYIONIVX APYT 3a APYTOM, YAAISIeT
Bce, Kpome TepBoro. I1o aHanmoruu ¢ std: :remove, BXOIHON AMana3oH Heobs3a-
TeJIbHO JOJDKEH ObITh OTCOPTMPOBAH; aJITOPUTM COXpaHSIET HauaJbHbIN MOPSIOK
2JIeMEeHTOB:

std::vector<int> vec = {1, 2, 2, 3, 3, 3, 1, 3, 3};

vec.erase(
std: :unique(vec.begin(), vec.end()),
vec.end()

)3
assert((vec == std::vector{l, 2, 3, 1, 33}));

Haxownelr, o6paTuTe BHMMAaHMeE, UTO YaCTO €CTh CPEACTBO JIyUllle, ueM std: : remo-
ve, 00BIYHO B Bijle QYHKIMIM-UIeHa erase KOHTeHepa (HampuMep, B CJIeAyIoIei
IIaBe MbI YBUIIMM, UTO std: : list: :erase MOXKeT AeiiCTBOBATh HAMHOTIO ObICTpee,
YyeM MIMoMa CTUpaHMsI-yaalieHus ¢ std: : list). U maske ecnu ymaieHue Ipoucxo-
IWUT U3 BEKTOPa, B KOTOPOM IOPSIIOK CJIEIOBAaHMS 9JIEMEHTOB He MMeeT 3HaYeHMs],
BCe PaBHO OOBIYHO €CTh JIyUIliee pellleHye, HallpuMep HarlOMMHaloIee CaeayIoIi
aJITOPUTM unstable_remove, IPeIJIOKEHHbIN 1)1 CTAHAAPTU3AIMM B OYOYIIEM, HO
(Ha MOMEHT HaMMCaHusI 3TUX CTPOK) ellle He BKIIOUEeHHbI B:

namespace my {
template<class BidirIt, class T>
BidirIt unstable_remove(BidirIt first, BidirIt last, const T& value)

while (true) {
// HaiTu nepsbii 3K3eMnnsp 3HayeHus value...
first = std::find(first, last, value);
// ...n NocnefHWin 3K3eMnnsp 3HayeHus, He pasBHoro value...
do {
if (first == last) {
return last;

Y
--last;
} while (*last == value);
// ...N NepeMecTWTb MOCNEeAHWUA Ha MeCTO MepBOTO.

*first = std::move(*last);
// CMbITb ¥ MOBTOPUTH.
++first;
1
1

} // namespace my

void test()
{



Utorm < 77

std::vector<int> vec = {4, 1, 3, 6, 3, 8};

vec.erase(
my::unstable_remove(vec.begin(), vec.end(), 3),
vec.end()
);
assert((vec == std::vector{4, 1, 8, 63}));
}

B cnemytomieii rmaBe Mbl pacCMOTPUM KOHTeliHepsl — oTBeT STL Ha Bompoc: «[ne
XPaHSTCS BCE 3TU 3JIEMEHThI?».

Utoru

CranpmaptHast 6ubamoTeka mao6moHoB (Standard Template Library) BrmouaeT Bce
(TTouTH) HEOOXOMMMbIE aITOPUTMBbI. EC/IM BBI pelliaeTe KaKylo-TO aIrOPUTMUYECKYIO
3a/auvy, 3arisiHuTe cHavasna B STL!

Anropurmbl B STL paboTaloT € ITOTYOTKPBITHIMY AMATIa30HAMM, OTIpeeIsieMbIMU
rapaMy UTepaTopoB. BybTe OCTOPOKHBI ITpU paboTe C MOMYyTOPaAMaia30HHbIMU
aJITOPUTMaMMU.

CpaBHeHMe 1 copTupoBKa anroputmamu STL 1o ymomuaHMIO BBITTOTHSIOTCS € UC-
MOJIb30BaHMEM operator<, HO MPU 3TOM €CTbh BO3MOXXHOCTD SIBHO MepefaTh IBYyX-
apryMeHTHBIVI «KoMmapaTop». Eciu moTpebyeTcs BBITOIHUTL HETPUBUAIBHYIO
oTeparnio C IeJIbIM AMAara30HOM JJAaHHbIX, He 3a6bIBaiiTe, uTo B STL ecTb Hemocpen-
cTBeHHas (std::move, std::transform) M KOCBEHHas IOAAEep)KKa 3TOTO, yepes
crielManbHbI TUN UTepaTopa (std: :back_inserter, std: :istream_iterator).

BbI BO/IKHBI 3HATB, UTO TAKOE «TI€peCTaHOBKA» 1 KaK peaM30BaHbl CTaHAAPTHBIE
repecTaHOBOYHbIE aITOPUTMBI (Swap, reverse, rotate, partition, sort) B TepMu-
Hax apyr apyra. Tonbko Tpu anroputMma B STL (stable_sort, stable_partition,
inplace_merge) MOTYT 3a Ky/JIMCaMM BbIIEISTh IMHAMMUUYECKYIO TAMSITh JIJIsT Oyde-
pa; e UCIIONb30BaHMe TMHAMMYECKOV TTaMsITH HeXXeaTelabHO, u3beraire 3TuX
aJITOPUTMOB.

Vcrnionb3yiiTe uauomy CTUpaHUSI-yaaJdeHus IJIs1 NOAAepXKaHUsI TOPsIIKAa COPTU-
POBKM 3JIeMEHTOB B KOHTelHepe, TaKe MPU yIaJeHUM 3JI€EMeHTOB U3 Hero. Mc1onb-
3yiiTe UTO-HMUOYAbL BpOe my: :unstable_remove, eI COXPAHHOCTD MOPSIIKA COP-
TUPOBKM He MMeeT 3HaueHusI. Vicmonb3yiiTe QyHKIMIO-WwIeH .erase( ) Mpu pabore
C KOHTeliHepaMu, MOAAePXXUBAOIIVMU ee.
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B npenpiayiiux riaBax Mbl IIO3HAKOMWINCH C UTepaTOpaMu M AuarasoHaMu (Iia-
Ba 2 «TepaTopsl ¥ IMaIla30HbI») M Pa3HOOOPA3HbIMM 0000IEHHBIMY aJIrOPUTMAa-
MM B CTAaHIAPTHOM 6MOIM0TEeKe, KOTOPBIE OMePUPYIOT AMAIa30HaMM JAHHbBIX, TPe-
CTaBJIEHHBIMM TTapaMi UTEPATOPOB (I1aBa 3 «AJITOPUTMBI C IAPAMU UTEPATOPOB»).
B 2T0i1 II1aBe MbI IOCMOTPUM, I7ie (GaKTUUECKU XPAHSITCS 3TU JaHHbIE. TO ecTh, y3-
HaB BCe O BBITIOJIHEHMM UTepalnii, Mbl OKa3bIBaeMCsl Iiepej] BOITPOCOM: KaK BbITJISI-
T HEUTO, HaJ, UeM BbITIONHSIIOTCS UTepaiun?

Bubmmoreka STL maeT Ha 3TOT BOIPOC 0OOOIEHHBIV OTBET: UTEPALUM BBIIIOI-
HSIIOTCSI 10 HEKOTOPOMY TOAAMANa30oHy 371€MeHTOB, HaXOISIIUXCs B KOHMeliHepe.
KoHnTeiiHep — 310 Bcero yuinb Kinace C++ (MM 1IabJOHHBINA Kiacc), KOTOPbIA I10
CBOEI IPUPOJIe MOXKET XpaHUums (VUIU 8/1adems) TOMOTE€HHbIN I1aIla30H 3JIEMEHTOB
OAHHBIX U SKCIIOPTUPYET STOT AMATIA30H IJIS UTepanuii C IpuMeHeHreM 0000IIeH-
HBIX aJITOPUTMOB.

B 3T0J rM1aBe paccMaTpUBAKOTCS CJIEAYIOII/E TEMBbI:

O mnoHsITHE 8/1a0€eHUs OTHOTO 00BEKTa APYTUM (3TO KIIOUEeBast pasHUIlA MEXITY
KOHmetiHepom v Quana3oHoM);

KOHTeIHepBbI IT0CIeI0BAaTe/IbHOCTeN (array, vector, list u forward_list);
JIOBYIIKY HeNleliCTBUTEIbHBIX UT€PATOPOB U HEeNIeViICTBUTEIbHBIX CChLIOK;
aJanTepbl KOHTEHePOB (stack, queue U priority_queue);
accolaTyBHbIE KOHTEHEephI (Set, map U UM IOJ06HbIE);

C00O0O0

KOIZIa 9TO HeOoOGXOAMMO, AaeTCsi BO3SMOXKHOCTD ITepeaTh MIablIoH TUIla KOM-
napamopa, xew-@QyHKyuu, KoMnapamopda npoeepku paseHcmed Wit (yHKyuu
pacnpedeneHus namsamu.

NMoHATHMe BnapeHus

Korma MbI TOBOPUM, UTO OO6BEKT A 8/1adeem 06beKTOM B, MbI UMEEM B BUAY, UTO 00b-
eKT A yIIpaBJIsSeT KM3HEHHBIM LIMKJIOM 00BEKTa B — TO €CTh YIIpaBIIsSIET CO3TaHMUEM,
KOIMMPOBaHMEM, IIepeMelleHeM M YHUUTOKeHeM oobekTa B. ITonb30BaTeb 00b-
eKTa A MOJKeT (U TOoJIKeH) «3a6bITh 00» yIIpaBaeHuy 06beKTOM B (HampuMep, SBHbI-
MU BbI3oBaMM delete B, fclose(B) U T. 1.).
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CaMblif TPOCTO¥I pUMeD «BJaLeHMsI» 06beKTa B 06beKTOM A — KOTZIa B SIB/ISIeTCSI
MepeMeHHO-WwIeHOM B 00beKTe A. Harpumep:

struct owning_A {
B b_;
¥

struct non_owning_A {
B& b_;
¥

void test()

{
B b;

// al Bnapeetr [konwuei] b.
owning_ A al { b };

// a2 XpaHUT NuWb CCbINKY Ha b;
// a2 He BnageeT 06beKTOM b.
non_owning_A a2 { b };

}

Takke A MOXeT XpaHUTh yKasaTeslb Ha B C COOTBETCTBYIOIIMM KOAOM B ~A()
(1, ec HeOOXOAMMO, B OIlepalysIxX KOMMPOBAHMS M MepeMelieHus A) IJisi OCBO-
OOXKIEHMST PECYPCOB, CBSI3aHHBIX C ITUM yKasaTeeM:

struct owning_A {
B *b_;

explicit owning_A(B *b) : b_(b) {3

owning_A(owning_A&& other) : b_(other.b_) {
other.b_ = nullptr;

3

owning_A& operator= (owning_A&& other) {
delete b_;
b_ = other.b_;
other.b_ = nullptr;
return *this;

3

~owning_A() {
delete b_;
3
IS

struct non_owning_A {
B *b_;
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¥
void test()
{
B *b = new B;

// al Bnapgeetr *b.
owning A al { b };

// a2 npocTO XpaHWT ykasaTenb *b;
// a2 He Bnapeetr *b.
non_owning_ A a2 { b };

3

[TousiTHe 81adeHuss Hepa3pbIBHO CBSI3aHO C U3BeCTHOI B C++ uamomoii Resource
Allocation Is Initialization (mony4yeHnue pecypca ecTb MHULIMAIN3AIMS), KOTOPOE
yacTto cokpamaercs 1o RAIL. (DToi1 uauome 6osbliie TOAXOAUT Ha3BaHMe «Resource
Freeing Is Destruction» — 0cBO6OKI€HME pecypca eCTb YHUUTOKEeHVE — HO ObIJIO BbI-
O6paHO TaKoe Ha3BaHMe, KaKoe BhIGPaHO.)

Llesb cTaHIAPTHBIX KAACCO8 KOHMeliHepos, HaTh MOCTYIl K KOHKPETHOMY ITaKeTy
JaHHBIX 00beKTa B, obecrieunBast Ipy STOM SICHOE 8/ddeHue STUMU JaHHBbIMU, TO
eCTh KOHTeJHep Bcerpa BafeeT CBOMMU JieMeHTaMM JaHHbIX. (Mmepamoposl M
rapbl UTEPATOPOB, HATIPOTUB, OTIPENIE/ISIOT JUANAd30H, He BJIaJEIONINii CBOMMM dj1e-
MEHTaMM JaHHbIX; Mbl BULEIN B IJIaBe 3 «AJITOPUTMBI C ITapaMy UTEPATOPOB», UTO
CTaHZAPTHBIE aJITOPUTMbI, OCHOBAaHHbIE Ha MTepaTopax, TaKue Kak std: :remove_
if, B Ie/ICTBUTEIBHOCTY HUKOT/IA He YAAJSIOT 3JIEMEHTOB, a ITPOCTO MEPECTABIISIOT
3HAYEHMSI 9JIEMEHTOB Pa3HbIMM CITOCOOAMIA.)

B ocraBiieiicst yacTy IJIaBbl MbI MICCIETyeM pasHble CTaHAAPTHBIE KJIACChl KOH-
TeIIHEePOB.

MpocTtenumini KoHTerHep: std::array<T, N>

[TpocTeiimmii cTaHOAPTHBI KOHTeVHep — Kiacc std: :array<T, N>, IeliCTBYIO-
IIMii KaK BCTpOeHHbI («C-mogo0HbI») MaccuB. IlepBhIii MIAGIOHHBIN TapaMeTp
B std::array omnpejeisieT TUII, & BTOPOIi — KOJMYECTBO 3JIEMEHTOB MacCKBa. JTO
OIIVH 13 HEMHOTUX KJIaCCOB B CTaHIAPTHOI 6MOIMOTEKe, I/Ie Ia6JIOHHBII TapaMeTp
SIBJISIETCS 11€JIbIM UMCJIOM, 8 He UMeHeM THUIIa.

std: :array<char, 3> arr {{42, 43, 44}};

std::array

42 43 44

Puc. 4.1. Maccus std::array
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O6bIuHbIE MacCUBBI B cTiiie C, IBJISIONIMECS YacCThIO SIAPa sI3bIKa (KOPHSIMU YXO-
nsiero B 1970-e!), He MMEIOT HMKAKMX BCTPOEHHBIX OIepalnii, TpeOoyIoumx am-
HeMHOTO BpeMeHM Ha BbinosHeHue. C-MacCuBbI MOAAePsKUBAIOT MHEKCUPOBaHNe
C TIOMOIIIbI0 operator[ ] U MO3BOJISIIOT CPAaBHUBATh UX afpeca, IpudyemM 3TU orepa-
LIVM BBITIOJTHSIIOTCS 3@ TIOCTOSTHHOE BPeMSsi; HO eC/IM Bbl pelliuTe MPUCBOUTD BCe CO-
IepkuMoe ogHoro C-MaccuBa IPyromMy MM CPaBHUTD COAEPKMMOe IBYX MacCUBOB,
TO OOHAPYKUTE, YTO ITO COBCEM He IPOCTO. [IJIs1 3TOTr0 BaM MPUIETCS UCIIOIb30BaTh
CTaHIapPTHBIE AJITOPUTMbI, 06CY;KIABIIMECS B IVIaBe 3 « AJITOPUTMBbI C TTapaMy UTepa-
TOPOB», TaKMe KakK std: :copy WM std: :equal (mabsoHHas GyHKIMSA std: : swap,
OyIyuM «aJIrOPUTMOM», CITOCOOHA paboTaTh ¢ C-MaccuBaMM. BbIIO ObI OUeHb CTpaH-
HO, ec/iu ObI 9TO GBIIO He TaK.):

std::string c_style[4] = {
chell s llquickH s HbrOWnll , ”fOXH
s
assert(c_style[2] == "brown");
assert(std::size(c_style) == 4);
assert(std::distance(std: :begin(c_style), std::end(c_style)) == 4);

// KonupoBaHue nocpencTBOM operator= He MOALEPKVMBAETCSH .
std::string other[4];
std: :copy(std::begin(c_style), std::end(c_style), std::begin(other));

// TepecTaHoBKa MeCTaMu MOAAEPKMBAETCA... 3a JIMHENHOE BPEMSi, KOHEYHO.
using std::swap;
swap(c_style, other);

// CpaBHeHve He noanepxvBaeTcs; HeobXOAMMO MCMONb30BAaTb CTAHAAPTHbIA aNTOPUTM.
// operator== cpaBHuBaeT "HenpaBuNbHO" - OH CpaBHMBaeT ajpeca!
assert(c_style != other);
assert(std::equal(
c_style, c_style + 4,
other, other + 4
));
assert(!std::lexicographical_compare(
c_style, c_style + 4,
other, other + 4

)

std: :array JeiicTByeT Momo6HO C-MaccuBY, HO MOAAEPKMBAET OOJIbIlle CUHTAK-
cuyeckoro caxapa. OH mpemjaraeT GyHKIMM-UIeHbI .begin() 1 .end(); meperpy-
’KaeT OIepaTophl =, == U <, UTOObI OHU [EIICTBOBAIM O0jiee eCTeCTBeHHO. Bece aTu
omepaluy Bce ele UMeIOT JMHeITHOe BpeMsl BhITIOJIHeHMS, 3aBUCsIee OT pa3Mepa
MAacCuBa, IOTOMY UTO JOJ/DKHBI BBITIOHSATHL 00X0[, 3/IEMEHTOB MacCuBa, YTOObI CKO-
MMPOBATh (IOMEHSTh MECTaMM MUJIY CPAaBHUTD) KaXKIbIi 9JIeMEHT B OTHEIbHOCTHA.

OpHa 13 mpobyieM Kjacca std: : array, KOTOpast TAKKe BCTPEeUaeTcs] B HEKOTOPBIX
IPYTUX CTAHIAPTHBIX KJIaccaX KOHTEHePOB, COCTOUT B TOM, UTO IIPY KOHCTPYUPO-
BaHUM std::array CO CIIMCKOM MHUIIMAIN3aTOPOB BHYTPU TMapbl GUTYPHBIX CKO-
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60K BaM MPUAETCS 3aMucaTh ABe Mapbl PUTYPHBIX CKOOOK. [lepBas mapa omnpeje-
JISIeT «BHENTHUIT 06beKT» TuMa std: :array<T, N>, a BTOpasi — «BHyTPEHHMIT UIeH
IaHHbIX» TUNa T[N]. [IepBoe BpeMs 3TO HEMHOTO pa3/IpakaeT, HO TAKOi CUHTAKCUC
C IBOMHBIMU (DUTYPHBIM CKOOKaMU GBICTPO BXOAUT B IMPUBBIUKY, CTOUT TOTBKO UC-
MOJTb30BATh €T0 HECKOJIBKO Pas:

std::array<std::string, 4> arr = {{
llthell s llquicll s llbrOWnll s llfOXll
13

assert(arr[2] == "brown");

// NopnepxueawTca .begin(), .end() u .size()
assert(arr.size() == 4);
assert(std::distance(arr.begin(), arr.end()) == 4);

// TopnepknBaeTcs KOMWPOBaHME MOCPEACTBOM operator= ...3a NIMHENHOe BpeMs.
std::array<std::string, 4> other;
other = arr;

// TepecTaHoBKa MecTaMu Takxe MOALEPKMBAETCSH... 3a JIMHEAHOe BpeMs.
using std::swap;

swap(arr, other);

// operator== uMeeT Gonee eCTeCTBEHHOE MOBELEHME: CpaBHMBAET 3HayeHus!

assert(&arr != &other); // MaccuBbl MMeWT pasHble agpeca. ..
assert(arr == other); // ...HO nekcuorpaduyeckn OHW PaBHbI.
assert(arr >= other); // OnepaTopbl OTHOWEHWI TOXE MOALEPKMBAKNTCS .

Elre omHO OCTOMHCTBO std: :array — 9TM KOHTeJHepbl MOXKHO BO3BpalllaTh 13
(dbyHKIIMI1, Yero Heb3s AenaTh ¢ C-MaccuBamu:

// W3 dGyHKUMKM Henb3s BepHyTb npocToi C-MaccuB.
// auto cross_product(const int (&a)[3], const int (&)[3]) -> int[3];

// Ho MoxHO BepHyTb std::array.
auto cross_product(const std::array<int, 3>& a,
const std::array<int, 3>& b) -> std::array<int, 3>

{
return {{
a[1l] * b[2] - a[2] * b[1],
a[2] * b[e] - a[@] * b[2],
a[@] * b[1] - a[1] * b[e],
, 3%

Tak Kak std: :array MMeeT KOHCTPYKTOD KONIMPOBAaHMUS U MO LePXKUBaeT olepa-
TOpP MpUCBaMBaHMS KOIIMPOBaHMEM, MaCCUBBI STOIO TUIIA MOXXHO XPaHUTbh B KOH-
TeliHepax, HanpuMep std: : vector<std: :array<int, 3>>, HO C IPOCTHIMM MaCCU-
BaMM 3TOT TPIOK std: :vector<int[3]> He NPONIET.
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OrnHako eciu BBl IToJiMaeTe cebsl Ha TOM, UTO OYeHb YaCTO BO3BpaliaeTe MacCUBBI
13 GYHKIMIT WM XpaHUTe UX B KOHTelHepax, 3aqyMaiTech — IeiiCTBUTeNbHO U
abCTpakIus «MacCUB» OTBEUAeT BalIMM MOTPEOHOCTSIM. BO3MOXKHO, jTyuliie GymeT
3aBEPHYTh MAaCCUB B KaKO¥-HMOYIb Ky1acc?

B cnyuae ¢ dyHKuMelt cross_product U3 MpumMepa Bblllle TOpas3ao MpeanoyuT-
Te/ibHee BBIIVISIAUT MIesl 3aK/II0UNUTh «MaCCUB U3 TPeX Lie/IbIX YMcen» B Kaacc. ITO
TIO3BOJIUT He TOJIBKO 1ATh 3JIeMeHTaM MacCuBa MMeHa (X, y U z), HO TaKKe yIIPOCTUTD
MHULIMATMU3AMI0 00bEeKTOB TUMa Vec3 (6e3 BTOPOIt mapbl GUTYPHBIX CKOOOK!), 1,
YTO caMoe BaykHOe, IIOJKaJTyil, Mbl MOKeM OTKa3aTbhCsl OT peann3alyi olepaTopoB
CpaBHEHMS, TAKMX KaK operator<, KOTOpble He MMeIOT CMbIC/Ia B Hallleli MaTeMaTu-
YyecKoii obmactu. Viconb3ys std: : array, Mbl BBIHYKE€HbI yUUTHIBAT TOT (PAKT, UTO
maceuB {1, 2, 3} cuMTaercs «MeHble» Maccusa {1, 3, -93}, HO, OIlpenenss CBOi
Kiacc Vec3, MOXeM IIPOCTO 3a0bITh 06 operator< ¥ Te€M CaMbIM rapaHTUPOBATh,
YTO HUKTO HE CMOKET I10 OIIMOKE VCITOIb30BATh €T0 B MATEMATUUECKOM KOHTEKCTE:

struct Vec3 {
int x, vy, z;
Vec3(int x, int vy, int z) : x(x), v(v), z(z) {3
3

bool operator==(const Vec3& a, const Vec3& b) {
return std::tie(a.x, a.y, a.z) ==
std::tie(b.x, b.y, b.z);
3

bool operator!=(const Vec3& a, const Vec3& b) {
return !(a == b);

}

// OnepaTopbl < <= > >= He WMENT CMbiCNa ANA

Vec3 cross_product(const Vec3& a, const Vec3& b) {
return {

a.y ¥*b.z - a.z * b.y,

a.z *b.x - a.x ¥b.z,

a.x ¥ b.y - a.y * b.x,

1

3

std::array XpaHUT CBOM 3JIEMEHTbI HEIIOCPEICTBEHHO B cebe. [TosTOMy 3Ha-
yeHMe sizeof (std::array<int, 100>) paBHO 3HaueHMIO sizeof (int[100]),
KOTOpPOEe, B CBOIO OUepelb, paBHO 100 * sizeof (int).He momyckaiite ommoku,
MIbITASICh TIOMECTUTb TUTAHTCKUIA MaCCUB Ha CTEK, KaK JIOKAJIbHYIO [IepeEMEHHYIO!

void dont_do_this()

// 3Ta nepeMeHHas 3alimMeT 4 MerabaiTa MPOCTpPaHCTBa Ha CTeKke ---
// BMONHE [AOCTATOYHO, 4YTOOb MCYepnaTb CTEK W BbiI3BATb OWWOKY cerMeHTauun!
int arr[1'000'000];
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3

void dont_do_this_either()

// Wcnonb3oBaHne std::array He pewaeT npobnembl.
std::array<int, 1'000'000> arr;

3

B ponu «ruraHTCKMX MacCUBOB» JTyUllle UCIIONIb30BaTh CIeAYIOIIVII KOHTeHeD B
HallleM CIIMCKe: std: :vector.

Pabouas nowapaka: std::vector<T>

std: :vector NpeaCcTaBisieT HeMPEePbIBHBIN MacCUB 3JIeMEHTOB JaHHbBIX, HO MeC-
TO JIJISI HETO BBbIZESIeT B AMHAMUUYECKON MaMsTH, & He Ha cTeke. Mimeer fBa oc-
HOBHBIX IIpeMMylIlecTBa Iepen std::array: BO-IIEPBLIX, IIO3BOJISIET CO34aBaTh
M0-HACTOSIIIIEMY TUTAHTCKME MacCUBBI 6€3 PUCKa MePEernoTHUTh CTeK. BO-BTOPBIX,
[onaepyXuBaeT BO3MOXHOCTb OVHAMMUYECKOro M3MEHeHMs pa3Mepa mMaccuBa —
B OT/ZIMYMe OT std: :array<int, 3>, I4e pa3Mep MaccCuBa SIBJISIETCS HeM3MeHse-
MOJ1 4acThIO TUIIA, std: : vector<int> He UMeeT OrpaHMUeHMsI Ha pa3mep. MeTof,
.size() BekTOpa (paKTMUECKY BO3BpPAIIAET MOJIE3HYI0 MHGOPMAIMIO O TEKYIIEM
COCTOSIHMM BEKTOpa.

std::vector MMeeT ellle OOMH BasKHBIN aTpuOyT: emMKoCcmb. EMKOCTb BEKTOpa
Bcerga Gosbllle MM paBHA €r0 pasMepy M IPeCTaBiiseT KOTMIECTBO IEMEHTOB,
KOTOpOE BEKTOp MOT Obl XPaHUTDb B JAHHBINI MOMEHT, ITPEXKIe UYeM BBIIEIUTD 0-
TTOJTHUTEJIbHYIO ITaMSTh J1sI 6a30BOTO MacCuBa:

std::vector<char> v {42, 43, 44};
v.reserve(8);

std: :vector

ptr pa3vep=3 |emkocTb=8

~

Puc. 4.2. Pasmep BekTOpa 1 €ro eMKOCTb

42 43 44 ? ? ? ? ?

[ToMMMO IVMHAMMUYECKOTO M3MEHEHUS pa3Mepa, B OCTaIbHOM BEKTOD AeliCTBYeT
rofo6HO MaccuBy. Tak ske KaK MacCUBbI, BEKTOPbI MOXKHO KOIMPOBATh (3a JIMHEN-
HOe BpeMs) U CpaBHUBATD (std: : vector<T>: :operator< BbIIIOJHSIET JIEKCUKOIPaA-
(bndeckoe cpaBHEHME OIEPAH/IOB, MICIIOIb3Ys T: : operator<).

Boo6ite roBopsl, std: : vector SIBISIETCS CAMbIM YacTO MCIIOJIb3yeMbIM KOHTEN -
HEepPOM M3 MMEKIINXCS B CTAHIAPTHON 6ubMmoTeke. Beskuit pas, Korga BaM IOHA-
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IOOUTCS COXPAHUTb «MHOTO» 3JIEMEHTOB (MJI KOTZIa KOJIMUECTBO 3JIEMEHTOB 3apa-
Hee HeM3BECTHO), Ballleii TIepBOi MbICIbIO JO/KHO OBITh MCITONb30BaHME BEKTOpa
vector. [Touemy? [ToToMy UTO BEKTOp coueTaeT B cebe ImperMyIlecTBa KOHTeifHepa
IMHAMMUUYECKOTO pasMepa ¢ MpoCcTOToi 1 3¢hdEKTUBHOCTHIO HEITPEPBIBHBIX MaCCH-
BOB.

HemnpepbIBHbIE MaCCUBBI SIBJISIIOTCS Hanbomee 3G GeKTUBHBIMY CTPYKTYPaMM JaH-
HBIX (Ha TUIIMYHOM allllapaTHOM 06ecIieueHnn), IOTOMY UTO 00ecreunBaloT XOpo-
IIYIO JIOKAJIbHOCMb, TAKKe U3BECTHYIO KakK dpyxecmeeHHOCMb K Keuty. [lepemernasich
BIIOJIb BEKTOpPaA OT .begin() 0 .end(), BbI TaKKe IepeMelaeTech BIOJb 001aCTU
MaMsTH, a 3TO 3HAUUT, UTO IIPOLLECCOP KOMIIbIOTEPA MOXKET C BBICOKO TOUHOCTbBIO
MpeacKasaTh, KAKOI CIeAyIOMmNi 60K MaMsATK OyaeT mpocMaTpuBaThes. CpaBHUTE
9TO CO CBSI3HBIM CITVICKOM, B KOTOPOM 00XO0]I 3/IeMEHTOB B HaIlpaBJIeHUM OT . begin()
K .end() MOXeT BOBJIEKAaTh pa3bIMEHOBAHME yKa3aTesieil Ha GI0KM, PACTIONIOXKEH-
Hble B [IAMSTU He I10 NOPSAKY. B CBA3HOM CIIMCKe TOYTU KaXKAbli aipec, KOTOPBI
BbI TIOTIBITaETECH IOCETUTD, He OYIET CBSI3aH C MPeAbIIyIIMM ¥ COOTBETCTBEHHO He
OyIeT HaxXOAUTHCS B Kellle Ipoileccopa. IIpu UCITONb30BaHMM BEeKTOpa (MY Maccu-
Ba) J1eJI0 06CTOUT C TOYHOCTBHIO O HAOOOPOT: KasKMbIl TOCEIIaeMblii BAMU aJipec
CBSI3aH C IpeAbIAyLIM ITPOCTBIM JIMHETHBIM COOTHOIIIEHUEM, U ITPOLLECCOP CMOKET
MTOITOTOBUTH 3HAUEHMST K MOMEHTY, KOT/Ia OHM BaM ITOHAI00SITCS.

Iaxke ecyiu BalliM TaHHbIE MMEIOT GoJiee CJIOKHYIO OPraHU3aInIio, YeM MPOCTOiA
CIIMCOK 3HAUEHWI, 4aCTO BCE PABHO €CTb BO3MOXHOCTb MCIIOJIb30BAaTh BEKTOP IS
UX XpaHeHus. JIj1s IpuMepa, 6/1vsKe K KOHILY IJIaBbl, MbI [IOCMOTPYM, KaK C ITOMOIIIbIO
BeKTOpa MOKHO peai30BaTh CTEK MM IIPUOPUTETHYIO ouepeb.

U3meHeHHne pa3mepa std::vector

std: :vector 006JafaeT LeJbIM CeMeifcTBOM (DYHKLMII-UeHOoB OJIs o6aBaeHNUs
M yOAJeHus 37IEMEeHTOB. OTU QYHKLIMM-WIEHbI OTCYTCTBYIOT B std: :array, IOTOMY
4yTo std: :array He IOANEPKMUBAET BO3MOXHOCTbh MU3MEHEHUSI pa3MepOB; HO UMe-
IOTCS B OOJIBIIMHCTBE IPYTUX KOHTETHEPOB, O KOTOPBIX MbI Oy/IeM TOBOPUTD B 3TOi
riase. [ToaTomy ceiiyac camoe BpeMsl [I03HAKOMUTBCS C HUMU.

HauHeM ¢ ABYX NpOCTENIINX Olepanuii, XxapakKTepHbIX OJI TUIIA vector: .re-
size() n .reserve().

vec.reserve(c) U3MEHsSIET eMKOCTb BEKTOpPA — OHA «pe3epBUpyeT» MeCTO B Ia-
MSITU IJIST 3aJJaHHOTO KOJIMYeCTBa C 3jieMeHTOB. Ecii ¢ <= vec.capacity(), Toroa
HMYero He IIPOUCXOOUT; HO eC/ii ¢ > vec.capacity(),Torga IIpoucxXoouT repepac-
npenesieHye namMsaTH 411 BHYyTPeHHero maccusa. [lepepacnpenenenue BbIIIOTHSIET-
Cs TI0 aJITOPUTMY, SKBUBAJIEHTHOMY CJI€IYIOIEMY:

template<typename T>
inline void destroy_n_elements(T *p, size_t n)
{
for (size_t i =0; i < n; ++i) {
p[i].~T();
}
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3

template<typename T>
class vector {
T *ptr_ = nullptr;
size_t size_ = 0;
size_t capacity_ = 0;

public:
/...

void reserve(size_t c) {

if (capacity_ >=c) {

// HWYEero He [enaTb
return;

b

// Toka npocTo UrHopvpyem npobnemy
// "Yro penatb, ecnu BbizoB malloc norepnen Heypauy?"
T *new_ptr = (T *)malloc(c * sizeof (T));

for (size_t i=0; i < size_; ++i) {

if constexpr (std::is_nothrow_move_constructible_v<T>) {
// Ecnn 3neMeHT MOXHO NepeMecTUTb, He PUCKYS MONYYUTb
// VCKNK4eHne, TOrfa MEpPeMecTUTb €ero.
i:new (&new_ptr[i]) T(std::move(ptr_[i]));

} else {
// Ecnn nepemeweHne 3N1EeMEHTOB MOXET Bbi3BaTb MWCKJ/KYEHUE,
// TOrha KOMWPOBATb 3/IEMEHTHI, MOKa 3Ta onepauus 3aBepuaeTcs
// yCnexoM; 3aTeM YHUYTOKUTb CTapble 3/EMEHTbI.

try {
i:new (&new_ptr[i]) T(ptr_[i]);
} catch (...) {

destroy_n_elements(new_ptr, 1i);
free(new_ptr);
throw;
3
}
}

// Ecnu snemeHTbl Gbinv 61aTONOAYYHO MEPEMElWEHbI UM CKOMUPOBAHSI,
// YHWYTOXWTb CTapblil MAacCWMB M 3anucaTb B ptr_ yKasaTeNb Ha HOBbIN.
destroy_n_elements(ptr_, size_ );

free(ptr_);
ptr_ = new_ptr;
capacity_ = c;
3
~vector() {

destroy_n_elements(ptr_, size_);
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free(ptr_);
3
1

YuraBuive 3Ty KHUTY I0 TOPSAKY MOIIM 3aMeTUTb, YTO KPUTUYECKU BaK-
HBIVi 1IMKA for B 3TOi QYHKUUM .reserve() OYEHb HAIIOMMHAET pean3alyio
std::uninitialized_copy(a,b,c) U3 IIaBbl 3 «KAJTOPUTMBI C ITapaMy UTEPATO-
poB». Ha camom fene B peanusauuu .reserve() KOHTelHEpPa, He 3aBUCSIIETO OT
MCIOJIb3yeMOr0 IUCIeTyepa nmamMsIT (CM. rmaBy 8 «JlucreTyepsl MaMsTu»), MOXKXHO
TIOBTOPHO UCIIO/Ib30BaTh CTAHAAPTHBIN aJTOPUTM

// ECnv 3neMeHT MOXHO MEPEMECTWUTb, HEe PUCKYS MONYYUTb
// VCKNK4yeHne, TOrfja MEpPeMecTUTb €ero.
std::conditional_t<
std::is_nothrow_move_constructible_v<T>,
std::move_iterator<T*>,
T*
> first(ptr_);

try {
// TlepeMecTuUTb WM CKOMUPOBATbL 3MEMEHTHI C MOMOWbK CTAHAAPTHOTO aNCOpUTMa.

std::uninitialized_copy(first, first + size_, new_ptr);

} catch (...) {
free(new_ptr);
throw;

}

// Ecnn 3nemeHTbl GblAM 6N1ACONOAYYHO MEpeEMELEHbl UM CKOMMPOBaHbI,

// YHUYTOKUTb CTapbll MacCUB M 3anucaTb B ptr_ ykazaTeNb Ha HOBbIA.
std::destroy(ptr_, ptr_ + size_);

free(ptr_);

ptr_ = new_ptr;

capacity_ = c;

vec.resize(s) M3MeHSET pasMep BEKTOpa — OHAa ycCeKaeT 3JIeMeHTHhI B KOHIIe
BeKTOpa (ITOMYTHO BbI3BIBASI UX JECTPYKTOPHI) MU HOOAB/SET B KOHEI] HOBbIE 3jIe-
MEHTHI (BbI3bIBAsI KOHCTPYKTOP MO YMOTYaHUIO), [IOKA pa3Mep BEKTOpa He CTaHeT
paBHbIM s. Eci s > vec.capacity(), IPOMCXOOUT IepepacnpeneneHe BHyTPeH-
Hero MaccymBa, Kak IIpu BbI30Be .reserve().

Bo3MOXHO, Takke Bbl 3aMeTU/IM, UTO IPU IepepacipeneneHuy MamsaTu IJist
MaccyuBa IIPOUCXOOUT M3MeHeHMe afpecoB 3JIEMEeHTOB: apec vec[ 0] repen nepe-
pacripeneyieHMeM OT/IMYAETCS OT aapeca vec[@] Iocie mepepacipenenenus. Jixo-
Oble yKa3aTe/lu Ha CTapble 3JIeMEeHThl BEKTOpa ITOCjIe 3TON Oomepaluy CTaHOBSTCS
HeJelCTBUTENbHbIMMU. A TIOCKOIBKY std: :vector: :iterator, MO CyTH, SIBIASETCS
MIPOCTBIM yKasaTesieM, JI00ble umepamopsl, CChIIAOIIMECS HA CTapble 3JIEMEHTbI
BEKTOPa, TaKKe CTAHOBSITCSI HeJleMCTBUTEIbHBIMMU. JTO SIBJIEHME Ha3bIBAKOT AHHYJIU-
posanuem umepamopos (iterator invalidation), 1 OHO SIBJISIETCSI IJTABHBIM MCTOUHM-
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KOM OIIMOOK B Kofie Ha C++. ByibTe BHMMATEbHbI, KOT/Ia OTHOBPEMEHHO paboTaeTte
C UTepaTopaMu U M3MeHsieTe pa3Mepbl BeKTOPOB!
BOT HeCKOIbKO KJIaCCUUECKUX TPUMEPOB aHHY/IMPOBAHUS UTEPaTOPOB:

std::vector<int> v = {3, 1, 4};

auto iter = v.begin();
v.reserve(6); // iter CTaHOBUTCSH HeAeWCTBUTENbHbIM!

// MoxeT nmokasaTbCl, YTO 3TOT KO MPOU3BEAET pe3ynbTaT
// {3, 1, 4, 3, 1, 4}; HO ecnn nepsas BCTaBKa
// BbI3OBET nepepacnpefenexHne, Torga creaywuas BCTaBKa
// NMpoyYnTaeT Mycop U3 HeLeNCTBUTENbHOTO MTepaTopa!
v = std::vector{3, 1, 4};
std: :copy(

v.begin(),

v.end(),

std: :back_inserter(v)

)s

Bor eme omguH ciyvaii, U3BECTHBII BO MHOTMX $I3bIKaXx MPOTPAaMMMPOBAHMS,
rIe CTMpaHye 3jieMeHTa M3 KOHTeliHepa BO BpeMsl UTepaluii TopokaaeT TOHKYIO
OIIOKY:

auto end = v.end();
for (auto it = v.begin(); it != end; ++it) {
if (*it == 4) {
v.erase(it); // OWWBKA!
3
3

// OnpepeneHne KoHua BeKkTOpa Bbi3OBOM .end() B KawxaoM uUukne
// vcnpaBnseT 3Ty owubky. ..
for (auto it = v.begin(); it != v.end(); ) {
if (*it == 4) {
it = v.erase(it);
} else {
++it;
3
3

// ...Ho HaMHOrO 30deKkTnBHee MCMONb30BaTb WAMOMY

// CTvpaHus-yoaneHus .

v.erase(

std: :remove_if(v.begin(), v.end(), [J(autod& elt) {
return elt == 4;

1,

v.end()

)
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BcraBka u ctupanue B std::vector

vec.push_back(t) gob6aBsieT 3JleMeHT B KOHell BeKTopa. BeKTop He MMeeT co-
OTBETCTBYMOIIEl QyHKIMM-ueHa . push_front() u3-3a oTCyTCTBUS 3D PEKTUBHO-
ro croco6a 1o6aBiieHNs 3JIEMEHTOB B HAUAI0 BEKTOPA, KaK BUIHO U3 IYarpaMMbl B
Hayvasie 3TOro pasmena.

vec.emplace_back(args...) — mabmoHHasg GYHKIMS MOeaNTbHOV Mepemadn C
TepeMeHHbIM YMCIOM apryMeHTOB, KOTOpas HeiiCTByeT Momo6HO . push_back(t),
HO ITIOMeEIIlaeT B KOHEeI] BeKTOpa He KOIMMIO t, a co37aeT 00beKT Tuma T, KaK ecsiv Obl
6bLT BBI3BAH KOHCTPYKTOP T(args. . .).

06e dyukuumM, push_back u emplace_back, UMEIOT «aMOPTU3MPOBAHHYIO I0-
CTOSTHHYIO CJIOXKHOCTb». UTOOBI TIOHSTH, UTO 3TO O3HAYAET, IIPeCTaBbTe, UTO CITy-
YUTCS C IIPOCTENIIINM BEKTOPOM, €CJIM CTO pa3 MOAPSIA BbI3BaTh v.emplace _back().
C KaXIbIM BBI30BOM pasMep BeKTOpPa AOJIKEH HEMHOTO YBeJIMIMBATBCS; U3-3a 9TO-
rO MPOMCXOAUT TiepepacnpeiesieHrie BHYTPEHHEro MacCuBa U MepeMelleHne Bcex
v.size() 37€eMeHTOB M3 CTapOro MacCuBa B HOBbIN. B KaKoJi-TO MOMEHT Ha KOIU-
pOBaHlie TaHHbBIX C MECTa Ha MeCTO OYyIeT TPaTUThCS OOJIbIle BpeMeHMU, UeM Ha (ak-
TUUYECKYI0 «BCTaBKY B KOHeIl» HOBbIX JaHHbIX! K cuacTbio, peanmsanus std: : vector
MpeaycMaTpMBaeT OOXOMHOe pelleHyue, MoMOoramllee M30ekaTb 3TON JIOBYIIKNA.
Bcskuit pas, korga omeparnys, Takasi Kak v.emplace_back( ), BbI3bIBaeT Iepepac-
rpenejeHye mamMsTyi, BeKTOp BbIZesseT [maMsTh He [JIis capacity() + 1 sj1eMeH-
TOB B HOBOM MaccuBe, a IJid k * capacity() smemeHTOB (rae k paBHO 2 B libc++ u
libstdc++ 1 mpumMepHo paBHo 1.5 B Visual Studio). To ecTb gaske Ipu TOM, UTO C pOC-
TOM BEKTOpa repepaciipeeeHne naMsITi 06XOAUTCsI BCe JOPOKe, TOTPEOHOCTh B
repepacrpeneneHny BO3HMKaeT BCe pexke, ¥ CTOMMOCTDb OJHOTO BbI30Ba push_back
B CpelHEM OCTAeTCs MOCTOSTHHOV. DTOT TPIOK M3BECTEH KaK 2eomMempuueckoe usme-

HeHue pasmepa.
vec.insert(it, t) BCTaB/sSIeT 3JIEMEHT B CepeaHy BeKTOpa, B [TO3UIINI0, HAa KO-
TOPYIO CChlaeTcst utepatop it. Emm it == vec.end(), BBI3OB insert CTAHOBUTCS

SKBMBAJIEHTHBIM BbI3OBY push_back; eciu it == vec.begin(), 3TOT BbI30OB MOX-
HO cunuTaTh HeahPeKTUBHOI Bepcueii push_front. O6paTuTe BHMMaHME, UTO €C/IN
BCTABKa BBITIOTHSETCS B JTI0OYIO TTO3UIINIO, KPOMe KOHIIA BEKTOPA, BCE 3JIEMEHTHI,
CJIeAyIonyie BO BHYTPEHHEM MacCyuBe 3a IMO3UIMel BCTaBKM, OYAYT mepeMeneHbl
BIIPaBO, UTOOBI OCBOOOAVTDH MECTO; 3Ta OTIepaIMsi MOKET CTOUTh OU€Hb JJOPOTO.

CymiecTByeT HECKOJIbKO TeperpyskeHHbIX Bepcuii .insert(). Boobmie rosops,
SKeJIaTeTbHO M36eraTh MCITOIb30BAHMS JTI0007 3 HIX, HO BbI IO/KHBI 3HATD UX, UTO-
6bI pacupoOBbIBATH HEKOTOPbIE 3aTaJlOUHbIe COOOIIeHNsT 00 ommbKax (Mau 3a-
raJlouHbIe ONIMOKY BPEMEHY BBITIOTHEHYST), KOTOPBIE TIOSIBIISIIOTCSI, €CJTU TI0 ONIOKe
nepenarh .insert() HeBepHbIEe apryMeHThI, @ MEXaHU3M Ieperpy3ky OImnb0UYHO
BBIOEpET He Ty BepCHI0, KOTOPYIO BbI OXKUIAIIN:

std::vector<int> v = {1, 2};

std::vector<int> w = {5, 6};

// BCTaBUTb €OWHCTBEHHbII DNEMEHT.
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v.insert(v.begin() + 1, 3);
assert((v == std::vector{l, 3, 23}));

// BCTaBMTb N KOMUA €AWHCTBEHHOT'O 3J/IEMEHTA.
v.insert(v.end() - 1, 3, 4);
assert((v == std::vector{l, 3, 4, 4, 4, 23}));

// BCTaBWUTb LENbIN AMANA30H SNEMEHTOB.
v.insert(v.begin() + 3, w.begin(), w.end());
assert((v == std::vector{l, 3, 4, 5, 6, 4, 4, 2}));

// BCTaBWUTb CNUCOK 3/1EMEHTOB.
v.insert(v.begin(), {7, 8});
assert((v == std::vector{7, 8, 1, 3, 4, 5, 6, 4, 4, 23}));

vec.emplace(it, args...) OTHOCUTCH K insert, TaKk JKe Kak emplace_back OT-
HOCUTCS K push_back: 3TO Bepcus uaeaqbHON Tepenaun QYyHKUMM U3 CTaHIapTa
C++03. Ucnionb3yiiTe emplace 1 emplace_back BMeCTO insert u push_back Be3Je,
rge BO3MOXKHO.

vec.erase(it) CTMpaeT eIMHCTBEHHDIN 37IeMEeHT B cepefiyiHe BeKTOpa, HaX0As-
LWUIACS B MIO3ULUHK, OIIpeesieMoil utepatopoMm it. CyuiecTByeT Takke Bepcus C
IBYMS UTE€paTOpaMu, vec . erase(itl, it2),KOTOpas CTUpaeT HellpepbIBHBINI Aua-
1asoH 37meMeHTOB. O6paTuTe BHMMAaHMe, 3TO Ta caMasi BepCHsI C ABYMSI MTepaTopa-
MU, KOTOpasi UCIIOJIb30Ba/IaCh B peanm3anum uouoMsl CupaHus-yoaneHus B Ipeabl-
Iyliein rinase.

YT106bI YIATUTH TOTHKO MOCAEAHNMIT 3/IEMEHT U3 BEKTOPa, MOKHO MCII0Ib30BaTh
BbI3OB vec.erase(vec.end()-1) mian vec.erase(vec.end()-1, vec.end()); HO,
TaK KaK 9TO JIOBOJIbHO PacIpoCTpaHeHHas omepauusi, B CTaHIAPTHYIO OGMOIMOTEKY
ObLT 06aBIeH CMHOHUM vec . pop_back( ). Bbl MOXXeTe peann30BaTh CTEK, IMHAMM-
YecKM M3MEHSIIOIINIT pasMepbl, He UCIOIb3ysI HUKAKUX APYruX (QYHKILNIA, Kpome
push_back() 1 pop_back() BeKkTopa std: : vector.

JloBywiku vector<bool>

[[1absoH std: : vector MMeeT OAMH CIIeLMaIbHbINA CyJaii: std: : vector<bool>.
Tak Kak TUIT JaHHBIX bool MOXKET UMEeTb TOJIbKO [Ba 3HaUeHNs, BOCEMb 3HAaUYEHUI1
bool MOKHO YIIaKOBaTh B OMH 6aiiT. std: : vector<bool> UCIIONb3YeT 3Ty ONITUMU-
3alMI0, @ 3TO 3HAUUT, UTO TAKOI BEKTOP 3aHMMAET [IaMiITU B BOCEMb Pa3 MeHbIIIe,
YyeM MOSKHO ObLJIO ObI OKMIATh.

HenmocraTok Takoi yIakOBKM B TOM, YTO 3HauyeHMe, BO3BpallaeMoe
vector<bool>: :operator[], He MOXeT MMeTb TUII bool&, IIOTOMY UTO BEKTOP
He XPaHUT JIOTUYECKMEe 3HAYEeHUSI B OTHEIbHO afpecyeMbIX suerikax rnamstu. I1o
3TON MpuuMHe operator[] BO3BpalllaeT 3HAUEHME CIELUaIU3UPOBAHHOIO TUIIA
std: :vector<bool>: :reference, KOTOPbIi IIpeobpasyeTcst B TUIT bool, HO CaMO
TAaKOBBIM He SIBJISIETCS (TaKue TUIIbI, KAK B 3TOM CJIy4ae, 4YaCTO Ha3bIBAIOT «IIPOKCU-
TUIIAMUW» WIN «IIPOKCU-CChUIKAMM»).
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std: :vector<bool> v {
true, false, true, false, false, false, true, false,
true, true,

s

v.reserve(60);

std: :vector<bool>
ptr pasmep=10 | emxocTb=64
OxA2 | @xce | ? ? ? ? ? ?

Puc. 4.3. Bektop TMna std:vector<bool>

Pesynbratr operator[] const «odULKaIbHO» MMeeT TUII bool, HO Ha MPaKTHU-
Ke operator[] const B HEKOTOPbIX OMOMMOTEKax (Harpumep, libc++) Bo3Bpaia-
eT MIPOKCU-TUIL. ITO 03HAYaeT, YTO KOJ, MCIIONb3YIOLMI1 vector<bool>, He TOIbKO
06s1ajaeT TOHKUMM OCOOEHHOCTSIMM, HO MHOT/IA OKa3bIBAETCSI HETIEPEHOCHMBIM; S
COBETYIO I10 BO3MOXKHOCTM He MCII0/Ib30BaTh vector<bool>:

std: :vector<bool> vb = {true, false, true, false};

// vector<bool>::reference uMeeT TONbKO OAHY OOWEAOCTYMHYH (QYHKLMK-YNEH:
vb[3].1lip();
assert(vb[3] == true);

// Cnepywwas cTpoka He komnunupyetcs!
// bool& oops = vb[0];

auto ref = vb[0];
assert((!std::is_same_v<decltype(ref), bool>));
assert(sizeof vb[@] > sizeof (bool));

if (sizeof std::as_const(vb)[0@] == sizeof (bool)) {
puts("Your library vendor is libstdc++ or Visual Studio");
} else {
puts("Your library vendor is libc++");

by

JloBylLKM B KOHCTPYKTOpax nepemMelueHuns 6e3 noexcept

BcriomHuM peanusanyio vector::resize() u3 pasgena «/3meHeHMe pasme-
pa std::vector». Korma nsmeHsieTcsl pasmep BeKTOpa, MPOMUCXOIUT Tepepacripesie-
JIeHVe er0 BHYTPeHHero MaccuBa U IepeMelleHle 3JIeMEHTOB B HOBBIVI MacCUB —
eI TOJIBKO THUIT 3JIEMEHTA IOIIEPKMBAET «KOHCTPYUPOBaHME 0e3 MUCKIIOUeHUIT
MIpU [IepeMelleHnn», MHaue 3neMeHThbl Konupytorcesi! To ecTb M3MeHeHNe pa3Mepa
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BEKTOpa Balllero COGCTBEHHOTO TuIa 6y/ieT HeO60CHOBAHHO «IIECCUMMU3UPOBAHO»!,
€C/TM TOJIBKO BBl HE CHAOIMTE CBOW KOHCTPYKTOP MepeMelleHus crenuduraimei
noexcept.

B3rnguuTe Ha onpezeneHns CeAyIOLMX KIacCoB:

struct Bad {

int x = 0;

Bad() = default;

Bad(const Bad&) { puts('copy Bad"); }
Bad(Bad&&) { puts("move Bad"); }

};

struct Good {

int x = 0;

Good() = default;

Good(const Good&) { puts("copy Good"); }
Good(Good&&) noexcept { puts("move Good"); 7}

IR

class ImplicitlyGood {
std: :string x;

Good vy;

¥

class ImplicitlyBad {
std::string x;

Bad v;

¥

[IpoBepuM NoBefieHMEe 3TUX KJIACCOB IO OTeTbHOCTH, Kak IToKa3aHo HIKe. Bpi30B
test() BpIBefeT "copy Bad move Good copy Bad move Good".Iloxoske Ha MaHTpy!

template<class T>
void test_resizing()

{
std: :vector<T> vec(1l);
// BbIHYAWTb BEKTOp BbINOMHUTbL MepepacrnpefenieHne BHYTPEHHEro0 MaccuBa.
vec.resize(vec.capacity() + 1);
3
void test()
{
test_resizing<Good>();
test_resizing<Bad>();
test_resizing<ImplicitlyGood>();
test_resizing<ImplicitlyBad>();
3

OTO O4eHb TOHKASI M MAJIOTIOHSITHAS OCO6EHHOCTL, KOTOpasd CIIoco6Ha CymiecCT-
BE€HHO BJIMSATH Ha IIPOM3BOAUTE/IbHOCTD Balller'0 KOJa Ha C++. I'naBHOE IIpaBUJIO:

1

ITeccummsanus — MIPOTUBOIIOJIOKHOCTD OIITUMMU3aUUN. — HPUM. nepee.
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BCSIKMIA pa3, 0OBSIB/ISISI CBOJ KOHCTPYKTOP IepeMelleHus Uian QyHKIMIO TepecTa-
HOBKU (swap), DobaBiisiiTe crielndukaTop noexcept.

boicTpbiit rMbpua: std::deque<T>

[To anamorum c std: : vector, IBYCTOPOHHSISI ouepenb std: :deque CIY>KUT UHTEP-
(deiicom K HerpepbIBHOMY MaCCHBY — OHA TOAAEPXKUBAET MTPOU3BOIbHBIN TOCTYH U
XPaHUT 9JIeMEHThI B HEIIPEPBIBHBIX OGJIOKAaX MaMsTH, UTO 00eCcIeunBaeT JPYsKecT-
BEHHOCTbH K Kelly mpolieccopa. Ho, B oTnmume oT vector, std: : deque Nogaepsku-
BaeT «(parMeHTapHyI0» HENPEpPbIBHOCTb XpaHEHUSI 37eMeHTOB. ENVHCTBEHHbIN
KOHTeliHep deque MOKET COCTOSITh U3 ITPOU3BOJIBHOTO KOMUYeCTBa «hparMeHTOBY,
KaXX[IbIii U3 KOTOPBIX XpaHUT MUKCMPOBAHHOE UMCIO 37IeMeHTOB. BcTaBka HOBBIX
2JIEMEHTOB C JII060TO KOHITA KOHTEefHepa CTOUT JOCTATOYHO JIelleBO; HO BCTaBKa B
cepemMHy Bce elne 06XOmAuTCs JOporo. B maMaTu deque XpaHUTCS MIPUMEPHO Tak,
Kak MOKa3aHo Ha puc. 4.4.

std: :deque<char> dq {42, 43, 44};

std: :deque

0BycmoporHui maccuB maccuBoB

ptr begin end  |emKocTb=) || nepebin=14 | pasmep=3

/

? char(*)[8] | char(*)[8] ? ?

.

? | a2 | a3 | |aa | 2| 2| 2| 2| 2| 2| 2

Puc. 4.4. KoHteliHep deque

std: :deque<T> moniepsKMBaeT Te ke QYHKIMMU-WIEHBI, UTO U std: : vector<T>,
BKJIIOUAs Ieperpy>kKeHHblil operator[]. B [omosHeHMe K BEKTOPHBIM MeTOAaM
push_back 1 pop_back, deque nipegocrasisieT 3deKkTUBHbIe Bepcun push_front
n pop_£front.

O6paTuTe BHMMAaHMe, UTO MHOTOKPATHBII BbI3OB push_back 1y mo6aBieHMsT
5JIEMEHTOB B BEKTOp paHO WM MMO3HO [IpUBELeT K [epepacrpeneieHi 0 BHyTPeH-
Hero MacCuBa M aHHYJIMPOBAHUIO BCEX BAlIMX UTEPATOPOB, yKasaTeslel U CChbIIOK
Ha 3JIeMeHTbI BHYTPU KOHTelHepa. [Ipu ucnonb3oBaHuu deque Takke IMPOUCXOOUT
AHHY/IMPOBaHNe UTePaTOPOB, HO OTAE/IbHbIE IeMEeHTbl HUKOILA He MeHS 0T CBOUX
aJIpecoB, ec/ii TOJIKO BbI He OyieTe BCTABJSITh MM CTUPATh 3JIEMEHTHI B CEpefiHe
ouepeny (B 3TOM C/Tyyae 3JIEMEHTHI C OTHOTO MJIM C APYTOro KOHIIA OYIyT CIBMHYTHI
BHYTPb, UYTOOBI 3aTIOJIHUTD ITpo6e):
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std: :vector<int> vec = {1, 2, 3, 4};

std: :deque<int> deq = {1, 2, 3, 4};

int *vec_p = &vec[2];

int *deq_p = &deq[2];

for (int i=0; i < 1000; ++i) {
vec.push_back(i);
deq.push_back(i);

3

assert(vec_p != &vec[2]);
assert(deq_p == &deq[2]);

Ipyroe nocTOMHCTBO std: :deque<T> — OTCYTCTBMeE CIIeIIMAJbHOTO CIydas OJisi
std: :deque<bool>; KOHTelfHep obecrieunBaeT eMHOOOPa3HbIN OOIIeA0CTYITHbI
MHTepdeiic He3aBUCUMO OT Tuma T.

HemocraTok std: : deque<T> — omepauyy MHKPEMEHTA, IeKpeMeHTa U pa3bIMe-
HOBaHMSI UTEPATOPOB OOXOASITCSI HAMHOTO JOPOXKe, TOTOMY UTO MM IPUXOIUTCS
maraTh 110 MaCCMUBY yKa3aTesieil, Kak IToKa3aHo Ha puUc. 4.4. 3TO JOCTATOYHO Cepbe3-
HBIVi HEJOCTATOK, YTOOBI OTHATH MPEAIIOUTEHNE BEKTOPY, €C/IN He TpedyeTcs ObICT-
past BCTaBKa U yiajieHue ¢ 000MxX KOHIIOB KOHTelHepa.

Ocobbiit Habop Bo3MOXHOCTeN: std::list<T>

KonTeiiHep std: :1ist<T> MpeacTaB/sSeT CBSI3HBIN CIIMCOK 3JIEMEHTOB B MaMSITHU.
CxeMaTMUeCKM ero MOKHO MTPeICTaBUTh, KaK TOKa3aHo Ha puc. 4.5.

std::1list<char> 1st {42, 43, 44};

std::1list

.. XBOCT rosoea pa3mep=3

ysen ysen

npeablayLni | creaylowmi [ 44 i NpeAbIAYLWMIA | CnepyloWwnh [ 42

‘ NN y3en

; npe,qbl,ﬁyu.mﬁ cnegylowui | 43

Puc. 4.5. CBsizHbIl cnncok std:list<T>

O6paTI/ITe BHMMAdHMe, 4TO Ka)K,I[be;I y3eJI B CIIMCKe COOEPIKUT yKa3aTe/i Ha CJie-
,ZLYIOH.[I/IfI n npe,ubl,uyml/[ﬁ Y3Jibl, TO €CTh 3TO ,HBYCBSBHLIVI CIINCOK. HpEI/IMYI.LIECTBO
OBYCBSI3HOI'O CIIMCKa — B BO3MOJKHOCTU II€epeMelleHMs UTEPATOPOB B oboux Ha-
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MpaBJIeHUsIX — BIlepen, U Ha3al. To ecTb utepatop std: :list<T>::iterator sB-
JisieTcst 0gyHanpagieHHsM (HO He C TIPOM3BOIbHBIM JOCTYTIOM; [IJIsI ITOTyYeHUSI N-TO
3JIeMEeHTa CITMCKa Bce elle TpebyeTtcst Bpemst O(n)).

std::list mogmepsKMBaeT IOYUTHU Te JKe ollepalyy, 4YTo U std: :vector, KpoMe
TeX, KOTOpble TPeGYIT MPOMU3BOJILHOTO IOCTyMa (Kak operator[]). I oH MOXeT
MO3BOIUTH cebe PYHKUMM-UWIEHbI BCTABKM M U3BJIEUEHUS JIEMEHTOB M3 Havyasia U
KOHIIA CITICKA, TTIOTOMY YUTO ISl UX peann3auny He TpebyeTcs UCIOIb30BaTh OPO-
roCToslIINMe olepalun rnepeMeIieHns.

B nenom std: : list MMeeT HAMHOTI'O XYAIYIO [IPOU3BOAUTEIbHOCTD, YeM CTPYK-
TYpbI C HEIIPePhIBHBIMM MacCUBaMM, TaKMe Kak std: : vector UM std: : deque, 10~
TOMY UTO C/IeIOBaHMeE I10 YKa3aTessIM, CChbUIAIOIIMMCS Ha afipeca, pa36pocaHHbIe B
«CITy4aiiHOM» TIOpSIAKe, IS Kellla IIpolieccopa HaMHOTO CJIOXKHee, ueM C/lefjoBaHue
10 yKasaTessM, CChIIAIIMMCS Ha aapeca, uaymwuMm nonpsz. [lostomy std: : list
0OBIYHO CJIEIyeT PacCMaTPMBAThb KaK HEXKeIaTeNbHbIi KOHTEIHep; UCIIOIb3yiiTe
€TI0 TOJIbKO B a/ITOPUTMaX, IAe ero IpeumMyIecTBo epes vector HEOCIIOPUMO.

Kakue otnnuutenbHble ocobeHHocTu umeer std::list?

Bo-1iepBbIX, CIIMCKY He cmpadaiom npo0JiemMoli aHHYIUpo8aHus umepamopos! Lst.
push_back(v) 1 Lst.push_front(v) Bcerna BbIIOJHSIOTCS 3a IOCTOSIHHOE BpeMs
U He TPeOYIOT «IIepepacIipeeseHNsI» U «IlepeMelleHs» JaHHbIX.

Bo-BTOpbIX, MHOTME OIlepaly, MEHSIOIIME COOEPKMMOe KOHTEeHepa, KOTOpbIe
JIOPOTO CTOSIT IIPU MCIIOIb30BAaHUM BEKTOPA MJIM TPEOYIOT CO3/IaHMUSI BPEMEHHOTO
XPaHWININA, IJISI CITVICKOB OOXOSTCSI OUeHb JelieBo. BOT HeCKOIbKO MPUMEPOB:

Lst.splice(it, otherlst) moGaBiseT comepskMmMoe otherlst B lst, Kak Ipu
MHOTOKPAaTHOM BbI30Be lst.insert(it++, other_elt); 3a UCKIOYEHNEM TOTO,
YTO «BCTaBJIEHHbIE» Y3JIbI (DAKTMUYECKM MCKIIOUAIOTCS U3 CIcKa otherlst. Omnepa-
umst splice IEIMKOM MOKET ObITh BBITIOJIHEHA TI€PECTAaHOBKOI ITaphl yKasaTeseid.
ITocne aroit oniepanuu otherlst.size() ==

Lst.merge(otherlst) aHaAJOTMYHO JOOABISIET COMEPKMMOe otherlst B Llst
MIPOCTOI1 ITepecTaHOBKOJ yKka3zaTeneit, Ho uMeeT 3 dEKT «CAUSIHUS COPTUPOBAHHBIX
CIMCKOB». Haripumep:

std::list<int> a = {3, 63};
std::list<int> b = {1, 2, 3, 5, 63};

a.merge(b);
assert(b.empty());
assert((a == std::list{l, 2, 3, 3, 5, 6, 63}));

Kak 06b1yHO 1151 onepanuii B STL, BOBJIeKaIONIMX CPaBHEHME, CYIIIECTBYET Bep-
cusl, IpMHMMAIOIIAst KoMIiapaTtop: Lst.merge(otherlst, less).

I pyras oneparysi, KOTOPYI MOXXHO BBIITOJTHUTD IPOCTO IIepeCcTaHOBKOM yKa3a-
Teseit, — obpalieHne CIcKa Ha MecTe:

Lst.reverse() MeHSIET MeCTaMl BCe yKa3aTelu «CUIeOyIIUi» U «IIpeabiay-
Myii» Tak, 4YTO TOJI0BA CTAHOBUTCSI XBOCTOM CITMCKA, 1 HA0O0POT.
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O6paruTe BHUMAaHKE, UTO BCE ST OTIePALIUY U3MEHSIOM CRUCOK HA Meche U 0ObIY-
HO BO3Bpauiaior void.

Eile ogHa onepanys, KOTOpask CTOUT HeJOPOIO B CBSI3HBIX CIIMCKaxX (HO He B He-
IIpepbIBHBIX KOHTelHepax), — yaajleHne 3j1eMeHTOB. Kak pacckasblBaoCh B IIaBe 3
«AJITOPUTMBI C TTapaMy UTEPaTOPOB», CTaHAapTHas1 Oubnoreka STL BK/IIOUaeT Ta-
KMe aJITOpUTMbI, Kak std: : remove_1if M std: :unique AJI UCIIOJIb30BaHMS C HEIIpe-
PBIBHBIMY KOHTeMHepaMy; 3TU aJrOPUTMBbI IIepeMellaloT «ygajisieMble» 3JIeMeHTbI
B KOHeI] KOHTeifHepa, YTOObI TTOTOM MX MOXXHO OBIJIO YOAJIUTh BCE Pa3OM OTHUM
BbI30BOM erase(). B std::list mepeMelneHue 3JIEMEHTOB OOXOOUTCSI TOPOKE,
yeM HeIloCpe[CTBeHHOe yraneHue Ha MecTe. [ToaToMy std: : list BKIOYaeT cieny-
one GyHKIMM-UIEeHbI C MMEeHaMM, K COKaJeHMIO, TOXOXKMY Ha MMeHa HecTupa-
IOIIVX aITOPUTMOB:

O Lst. remove (V) yOaJsieT U CTUpPAET BCe 3JIEMEHThI, paBHBIE v,

O Llst.remove_if(p) ymaasieT U CTUpaeT BCe 3JIeMeHThI e, yIOBJIeTBOPSIIOIIe
npenukary p(e) C OLHUM apTyMEeHTOM;

O Llst.unique() ymaasieT U CTUPaeT BCe 3IeMeHThbl, KpOMe MepBOro B Kaskaoii
TpyIe UAYIIUX TOAPSH YHUKAJIbHBIX 371eMeHTOB. Kak OOGBIUHO IS Ore-
pauuii, UCIIONBL3YIOIIUX CPaBHEHME, CYIeCTBYET BepCusi ¢ KOMIIapaTOpPOM:
Lst.unique(p), ymaadmoliasga U CTUpallas 37IeMeHTbl e2, IOJIT KOTOPbIX
p(el, e2) BO3BpalllaeT true;

O lst.sort() COPTUpPYET CIIMCOK Ha MecTe. DTO OCOOEHHO IOIe3Hast orepa-
1y, IIOTOMY 4YTO aJTOPUTM std: :sort(ctr.begin(), ctr.end()) He pa-
6oTaer c std::list::iterator, He MOAAEPKMBAIOIIVM ITPOU3BOIbHBIN M0-
CTVII.

IIOBOIbHO CTPaHHBIM BBIIVIIAUT TO OOCTOSITEIBCTBO, UTO lst.sort() MOXET
COPTMUPOBATD COAEPKMMOE TOJILKO BCEro KOHTelHepa, a He MOoJAAMana3oH, Kak 3T0
nenaet std::sort. Euin Bam morpebyeTcss OTCOPTUPOBATb TOIBKO YaCTh CITMCKA
Lst, 3TO MOKHO CeflaTh — KakK [I0Ka3aHOo HIKe — IIPOCTOV IepecTaHOBKOM Mapbl
yKasareseii!

std::list<int> lst = {3, 1, 4, 1, 5, 9, 2, 6, 5};
auto begin = std::next(lst.begin(), 2);
auto end = std::next(lst.end(), -2);

// CopTupoBaTb AvanasoH [begin, end)
std::list<int> sub;
sub.splice(sub.begin(), lst, begin, end);
sub.sort();

Lst.splice(end, sub);
assert(sub.empty());

assert((lst == std::list{3, 1, 1, 2, 4, 5, 9, 6, 5}));
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Cnucok 6e3 ypo6crs std::forward_list<T>

CraHJapTHbBIN KOHTeliHep std: : forward_list<T> — 3TO CBSI3HBIN CITMCOK, ITOH00-
HbIl std: : List, HO C MEHBIIUM KOJTMYECTBOM YA0OCTB — OH He ITO3BOJISIET IIOTYIUTh
€ro pasMep ¥ BBITIOTHUTb 00XO, 3/IeMEHTOB B 0OpaTHOM HampaBieHun. B mamsaTu
OH XPaHUTCS TaK XXe, Kak std: : List<T>, HO ero y3jibl UMEKT MeHbIII pasmep (CM.
puc. 4.6).

std::forward_list<char> 1st {42, 43, 44};

std::forward_list

ronosa (\J pa3mep=3

ysen y3sen
cnepytowun A4 cnepytowun | 42
&2
ysen

cnepytowmn | 43

Puc. 4.6. YnpouweHHbii cnucok std::forward_Llist<T>

Tem He MeHee std: : forward_list COXpaHSeT MOUTH «OTINUUTETbHbIE 0COOEH-
HOCTM» std::list. EQMHCTBEHHbIe omepalyy, KOTOPbIX OH He IMOOAep>KUBaeT:
splice (IIOTOMY UTO OHa BLIIIOJHSET OIepaLyio BCTABKY «Ilepe» 3aJaHHbIM UTe-
patopoM) 1 push_back (ITOTOMY UTO €i1 TpeOGyeTCsl BHIIOIHSTh IOVICK XBOCTA 3a I10-
CTOSIHHOE BpeMmsl).

forward_list 3aMeHSIeT 3TM OTCYTCTBYIOIIME (YHKLUMM-UJIEHbI UX BEPCUSIMU

after:

O flst.erase_after(it) cTMpaeT sJIeMeHT, ¢/iedyroujuil 3a yKa3aHHBIM;
O flst.insert_after(it, v) BCTaB/SI€T HOBBII 3JIEMEHT 8¢/1e0 3d YKa3aHHBIM;

Q flst.splice_after(it, otherflst) BcTaBisgeT 3JIeMeHTbI U3 otherflst 8cned
3a yKa3aHHBIM.

Tak >ke Kak B ciayvae C std::list, ucnonb3yiiTe forward_list TOMBKO B aJiro-
puTMax, rfie ero IpemumylIecTBo HeoCIIopMuMo.
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A6cTpakumnu ¢ ucnonbsosaHmem std::stack<T>
u std::queue<T>

MbI IO3HAKOMMJIUCD Y3Ke C TPeMSI CTAaHAAPTHBIMM KOHTeTHepaMu, MUMeIoInM QyHK-
uuu-4wieHsl push_back() npop_back() (a Takke back( ), KOTOpas He YIIOMM/HaJIaCb
BbIllIEe — OHA BO3BpalllaeT CChIJIKY HA MOCTAEOHNMI 3JIeMEHT B KOHTelHepe). DTU oIle-
pauyy MOHAAOOSITCS HaM, eCIM y Hac TOSIBUTCS JKeJlaHMe Peaan3oBaTh CTPYKTYPY
IIaHHBIX TUIA CTEK.

CraHgapTHasi 6MOIMOTEKa BKIIOUAET YIOOHYI0 aOCTPaKLMIO CTEKA C MMEHEM (U4TO
COBEpIIEHHO HeYIMBUTENIBHO) std: : stack. OgHAKO, B O/IMYME OT KOHTEHEPOB, Tpey -
CTaBJIEHHBIX 10 CUX MOP, std: : stack IPMHUMAET JOMOTHUTENbHBIN TapaMeTp TUIIA.

std: :stack<T, Ctr> mpencraBisieT CTEK C 3JIeMeHTaMu Tuiia T, BHyTpeHHee
XpaHUIUILE KOTOPOTO YIPaBIISIETCsl SK3eMIUISIPOM KOHTeliHepHoro tuma Ctr. Ha-
npumep, stack<T, vector<T>> UCIIOJIb3yeT BEKTOP [IJIs1 YIIPABJIeHUS IEMEHTaMU;
stack<T, Llist<T>> UCIIOJb3YET CIIMCOK U T. 1. [To yMoIUaHMIO a6GIOHHBIN mapa-
MeTp Ctr NpPUMHMMAeT 3HaueHue std: :deque<T>; KaK Bbl IOMHUTE, deque MOTPEO-
JisieT GOJIbIIIe TaMSITI, YeM BEKTOP, HO 00/1ajaeT TeM ITPeMMYIIecTBOM, UTO HUKOTIA
He IPOM3BOOUT IlepepacrnpeeneHie BHyTPeHHEero MacCuBa U He TiepeMeliaer sje-
MEHTBI [IOCJIe BCTaBKU.

Pa6oras ¢ std: :stack<T, Ctr>, BbI JO/DKHBI OTPAHMUYMBATD CEOSI TOJIBKO OIlepa-
uysiMu push (COOTBETCTBYET omnepanyy push_back BHYTPEHHETO KOHTEHEepa), pop
(cooTBeTCTBYeT omnepauun pop_back), top (COOTBETCTBYeT olepanuy back) u He-
KOTOPBIMMU IPYTYMM BCIIOMOTaTe/IbHBIMMU ONepanysiMu, TAKMMU KaK size U empty:

std: :stack<int> stk;
stk.push(3); stk.push(1l); stk.push(4);
assert(stk.top() == 4);

stk.pop();
assert(stk.top() == 1);

stk.pop();
assert(stk.top() == 3);

OpHOIT 13 HeOGBIYHBIX 0COOEHHOCTEN std: : stack SIBISIETCS TOAIeP)KKa orepa-
TOPOB CpaBHEHUS ==, | =, <, <=, > 4 >=, KOTOPbI€ CPAaBHUBAIOT BHYTPEHHME KOHTEI]-
HepbI (UCTIOTb3YsI CEMAHTUKY, OMIpeiesieMyt0 CAaMUMU KOHTeliHepaMu). [T0CKOIbKY
0OBIYHO BHYTPEHHME KOHTETHEPHI CPAaBHUBAIOT CBOM 3HAUEHMUS B JIEKCUKOTpahu-
YecKoOM IIOpSIJIKe, IBA CTeKa Takke OYyAYT CPAaBHMBATHCS B «JIeKCUKOrpadmuecKoM
MOpSIKe, CHU3Y BBEPX».

std: :stack<int> a, b;
a.push(3); a.push(1); a.push(4);
b.push(2); b.push(7);

assert(a != b);
assert(a.top() < b.top()); // To ecTb 4 < 7
assert(a > b); // noTomy 4yto 3 > 2
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Ha npakTyke, 6e3yCcIOBHO, HAMIYT IpMMeHeHMe == I | =, TAK’)Ke€ MOXKHO MCITOJIb-
30BaTh operator<, YTOOHI MOTYUYUTh MHO06pa3HOE YIIopsIIoueHe IJisd std: : set
MU std: :map; HO B TI€PBbI/i MOMEHT BCE 3TO BBITIIAUT HEOOBIYHO!

B cTtaHmapTHOI 6MOIMOTEKe MMeeTCs TaKkKe abCTpaKLys «ouepenn». std: : queue
nonaepxxuBaeT metonbl push_back M pop_front (COOTBETCTBYIOIIME MeTOHAM
push_back u pop_front BHYTpPeHHErO KOHTelHepa), a ellle HEeCKOJbKO IPYyrux
BCIIOMOTaTelbHbIX METOLIOB, TaKMX Kak front, back, size u empty.

[ToHMMas, YTO KOHTefHep MO/DKeH obecreunBaTh MaKCUMMAaIbHYIO 3()PeKTuB-
HOCTb 3TUX OTIepallnii, Bbl 6€3 TpyIa yrajaeTte sHaUeHWe N0 yMoauaHuio njs Ctr. a,
9TO std: : deque<T>, ABYCTOPOHHSIS OUepenb C HU3KMMU HAKJIaIHBIMU PaCXOIaMu.

O6paTuTe BHMMAaHNe, YTO eCciv Obl BbI PEIIVIM Peajn30BaTh ouepenb «C HyJIs»
Ha OCHOBe std: : deque<T>, y Bac Ha BbI6GOD 6bUIO GbI 1BA BApMAHTA: BCTABJISITD 9j1e-
MEHTBI B HauaJIo deque M U3BJI€KATh C KOHIIA MJIM BCTABJISITh B KOHEI U U3BJIEKaTh U3
Havasa. [IJisg cTaHgapTHOM peanusanuu std: : queue<T, std::deque<T>> BbIOpaH
BTOPOJ BapMaHT — BCTaBKa B KOHeII 1 M3BJieueHye 13 Hauasia. ITO JIerko 3alioMKyHa-
eTCsI 110 aHaJIOTMM ¢ OOBIYHBIMUM OUepedsiMy B peaqbHOM Mupe. BctaBas B ouepenpb
B KacCy KMHOTeaTpa WIM B CTOJIOBO, Bbl IIPUCOEIVHSETECh K Hell ¢ KOHLA, U Bac
06CTYKMBAIOT, KOTIa Bbl OKa3blBaeTeCh B Havasle, M HMKorga Hao6opor! Beerma mo-
JIe3HO BbIOMPATh TEXHMUYECKIMEe TePMUHBI (Takue Kak queue, front U back), TEXHU-
YeCKUi CMBICJI KOTOPBIX TOUHO OTpaykaeT aHaJIOTU U3 PeaibHOTO MUPa.

Ynob6Hblit apantep: std::priority_queue<T>

B rmaBe 3 «AITOpUTMBI C TapaMy UTEPATOPOB» MbI TO3HAKOMMJIUCH C CEMEIICTBOM
aJITOPUTMOB «Kyun»: make_heap, push_heap 1 pop_heap. OTM aarOPUTMBbI MOXHO
MCITONIb30BaTh, UTOOBI MPUIATh OMAIIa30HYy 3JIEMEHTOB CBOMCTBO HEBO3pACTAHMUS
nupamMuabl (max-heap property). Eciu mogmepskuBaTh IJIsT JAHHBIX CBOMCTBO He-
BO3pacCTaHus MMPaMKAbl HA TIOCTOSIHHOWM OCHOBE, MOIYYUTCS CTPYKTYpPa, INUPOKO
M3BECTHAs Kak npuopumemHas ouepeds. B KHUTaX, TOCBSIIIIEHHBIX ITPOTrPAMMUPOBa-
HUIO, TIPUOPUTETHASI OUepeb YaCTO OMMCHIBAETCSI KaK pa3HOBUIHOCTb OMTHAPHOTO
JIlepeBa, HO, KaK MbI BUIe/ B IVIaBe 3 «AJITOPUTMBI C ITapaMy UTEPATOPOB», B CBOI -
CTBE HEBO3PACTaHMS MUPAMUILI HET HUUETO, UTO TPe6OBaIO ObI MCIIOIb30BAHMS
IPEBOBUIHON CTPYKTYPBHI.

CraHmapTHBIN KOHTeViHep std: :priority_queue<T, Ctr, Cmp> — 3TO NPUOPU-
TeTHas ouepelb, BHyTPEeHHeE Ipe/iCTaB/IeHHasl S9K3eMIUIIPOM KOHTeliHepa Ctr, st
37IeMeHTOB KOTOPOTO HeMPEPBIBHO MOAAEPKMUBAETCSI CBOMICTBO HEBO3PACTaHMSI TN -
pamuibl (Kak orpenesnseT SK3eMIUISIp TUIla KoMmraparopa Cmp).

ITo ymomnuanuio Ctr nosy4yaeTr 3HaueHue std: :vector<T>. HaromHIo, 4TO Bek-
TOp SBISIETCST CaMbIM 3Gh(dEKTMBHBIM KOHTEIHEpPOM; €OMHCTBEHHAas IPUYMHA,
roueMy it abCTpakimii std: :stack U std: :queue IO YMOTYAHUIO BbIOMPAETCS
deque, COCTOUT B TOM, YTO OHU MepeMelaloT 3JIeMeHTHI Tocae UxX BcTaBku. Ho B
MIPUOPUTETHON OUYepeN 3JIEeMEeHTbhI IepeMellaloTCs IOCTOSTHHO, BBEPX M BHU3, IJIST
MOAIep>KaHMsI CBOMCTBA HEBO3PAaCTaHUSI MMPAMMAbI, KOTOA MPOUCXOAUT BCTaBKa
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WIN yOoalleHye OPyruxX 371eMeHTOB. To eCThb UCIOo/Ib30BaHMe deque B KaUeCTBe BHY-
TPEHHEro KOHTelHepa He JaeT HUKAKKX MMPEeUMYIIECTB; IIO3TOMY CTaHAapTHast 61-
6/M0TEeKA CIeIyeT TOMY Ke MPaBUITY, KOTOPOeE ST He YCTal0 MOBTOPSITh: UCTIONb3YiiTe
std: :vector, eciu y BaC HET 0COObIX IPUUYUH TTPUMEHSTD UTO-TO APyroe!

Ilnst mapameTpa Cmp CTaHAApTHAs 6MOIMOTEKA 110 YMOTYAHUIO UCIIOMb3YeT TUIT
std: : less<T>, KOTOpbIN IpeLcTaBiseT operator<. IHbIMM (JIOBaMU, KOHTEIHED
std: :priority_queue 110 YMO/JTYaHUIO MIPUMMEHSAET TOT K€ KOMIIapaTop, 4TO 1 al-
TOPUTMBI std: :push_heap U std: :pop_heap U3 IMIaBbl 3 «AJTOPUTMBI C TTapaMu
UTEPaTOPOB».

OcHOBHBIMM ~ (YHKIMSIMU-UJI€HAMM KOHTelHepa std::priority_queue<T,
Ctr> ABJISIOTCS push, pop U top. KOHIIENITyalbHO 3/1eMeHT B Hauajie BHYTPEHHEero
KOHTeJHepa HaXOUTCS Ha «BepllnHe» (top) Kyuu. BasKHO IOMHUTD, UTO B KOHTE -
Hepax C IOoAAepsKKOi CBOJCTBA HEBO3PACTaHUS MM PaMUbI JIeMeHT Ha «BepLIVHe»
Ky4U SIBJISIETCS] HAUGObWUM — Kak B KapTouHoii urpe «King of the Hill», roe mobesxk-
JaeT KapTa HanbOoJIbIIEero TOCTOMHCTBA M OKa3bIBAETCSI HA BEPIIVHE KOJIO/IbI.

O pg.push(v) BCTaBJIsIeT HOBbIN 37IEMEHT B IPMOPUTETHYIO OUepelb, 1eiCTBYS
MoAo6HO std: :push_heap() BHYTPEHHEIO KOHTEIHEpa;

O pg.top() Bo3BpalllaeT CCbUIKY Ha 3/IeMeHT, B JAHHbIVi MOMEHT HaXOSIIIMi1-
€Sl HA BeplIVHE MIPUOPUTETHON ouepenu, AeiCTBYs Momo6HOo ctr.front()
BHYTPEHHEero KOHTeliHepa;

O pqg.pop() BHITAIKMBAET MAaKCUMAJIbHbIA JIEMEHT U3 Ouepenu ¥ OOHOBIISIeT
Kyuy, IeMCTBYS IOH06HO std: : pop_heap() BHYTPEHHEro KOHTeiHepa.

YT06BI HOTYINTH KOHTETHEDP CO CBOICTBOM HEYOBIBAHMSI TMPAMU/IBI, TOCTATOUHO
IIPOCTO ITOMEHSITh KOMIIapaTop, IepegaBaeMblii B IIa6IOH priority queue:

std: :priority_queue<int> pql;
std::priority_queue<int, std::vector<int>, std::greater<>> pg2;

for (int v : {3, 1, 4, 1, 5, 9 {
pgl.push(v);
pg2.push(v);

3

assert(pgl.top() == 9); // max-heap by default
assert(pg2.top() == 1); // min-heap by choice

HepesBbsa: std::set<T> u std::map<K, V>

[ITa6I0HHBIN KIace std: : set<T> peanusyeT MHTepdEC «MHOKECTBA YHUKAIbHbIX
3JIEMEHTOB» JI060TO0 TuMa T, peanusywlnero operator<. Kak 3To 06bIYHO /1S OTTe-
pauuii B STL, BoB/IeKaloIX CpaBHEHME, CYIIeCTBYET BepCus, IPUHMMAOIAsT KOM-
napaTop: std: : set<T, Cmp>, 06ecreunBaIas «yHUKAIbHOCTb» C UCIIONIb30BaAHM-
eMm Cmp(a,b) BMecTO (a < b) JIJi COPTUPOBKU 37I€MEHTOB.
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KoH1lenTyanbHO std: :set — 3TO GMHAPHOE JepeBO TMOKCKa, MofobHoe TreeSet
B Java. Bo Bcex MOMY/ISIPHBIX pean3alusiX UCTIONb3YeTCsI KPACHO-UepHoe NEePeBO,
KOTOpPOE SIBJISIETCST 0C000i pasHOBUAHOCTHIO CaMObaIaHCUPYIOIIErocsi GMHApHOTO
JepeBa MOMCKA: Iaske eC/iM B TAKOe JIePeBO IMOCTOSIHHO BCTABJISITh U YAAJISITh 91e-
MEHTbI, OHO HMKOT/IA He OKayKeTCsl CIMIIKOM Hec6aJaHCMPOBAHHBIM, a 9TO 3HAUMT,
YTO B CpeIHEM BCTaBKa U ITOVCK BCerma OyayT BhIOIHAThCS 3a BpeMs O(log n). 06-
paTuTe BHMMaHMe Ha KOJMUYECTBO yKa3aTeleid, MCIIONIb3yeMOoe B CTPYKTYpe MaMSITH.

std::set<char> s {42, 43, 44};

std::set
Hauano KOp€eHb pa3mep=3
ysen
NeBbIV npaebii POANTENbCKUK | rb 43

ysen

yszen - -

NeBbIv |npasmﬁ poau-
> T€J/IbCKUHU

rb|42‘
TENbCKUM

NieBblr | npagmﬁ poau-

r‘b|44|

N

Puc. 4.7. OpraHun3aums KoHTelHepa std::set B mamMsaTu

Tak Kak 110 oIpeie/IeHI IO 3JieMeHThbl OMHAPHOTIO JepeBa MOoKCKa XPaHITCS B I10-
psIIKE COPTUPOBKM (OT MEHBIINX K OONBIINM), GYHKIMMU-WIEHBbI push_front mim
push_back He UMeIOT cMbIUIa AJIs std: : set. BMecTo aTOro Aj1st o6aBIeHNS d1e-
MEHTa v BO MHOKeCTBO MCIIOIb3YyeTCqA s . insert(v); a Ojid yaaleHus — s.erase(V)
WIn s.erase(it):

std: :set<int> s;
for (int i : {3, 1, 4, 1, 5}) {
s.insert(i);

3

// ONeMeHTbl BO MHOXECTBE OTCOPTMPOBAHbl M HE MOBTOPSKTCS .
assert((s == std::set{l, 3, 4, 5}));

auto it = s.begin();

assert(*it == 1);

s.erase(4);

s.erase(it); // cTepeTb *it - snemeHT 1

assert((s == std::set{3, 53}));
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Bo3BpaijaeMbIM 3HaUEHMEM s .insert(v) SBISIETCS pe3yabTaT BcTaBku. Korma
BCTaBKa BBITIOJTHSIETCSI B BEKTOP, BO3MOKHbBI TOJILKO [IBA Pe3y/bTaTa: 3HAUEHUE,
YCIIENTHO BCTaBJIEHHOE B BEKTOP (M MbI MOJy4aeM OOpaTHO MUTepaTOp Ha BHOBb
BCTaBJIEHHBIIT 3JIEMEHT), WM UCK/IIOUEHNE, eC/IM BCTaBKa He YBEHYAIACh YCIIEXOM.
Korma BcTaBKa BBITTOTHSIETCSI BO MHOXKECTBO, T06ABJISIETCSI TPETHIT BO3MOKHBIN pe-
3yJIbTAT: BCTABKA MOXET OKa3aThCsS HEYIauHO, IOTOMY YTO BO MHOKECTBE YKe
MMeeTcs Komus v! 3TO He Ta «OMM6Kay», TPeOYIIast UCKIIOUUTETbHO 06paboTKH,
HO BCe Ke JOCTaTOYHO BayKHOe 06CTOSITENIbCTBO, 0 KOTOPOM HEOOXOIMMO YBELOMUTb
BbI3bIBAIOIIMI KoA. TToaTomMy s.insert(v) Bcerga BO3BpalllaeT Mapy 3HAYEHMIA:
ret.first — OObIUHBII UTEPATOP, YKA3bIBAIOUINIT HA KOIMUIO V B CTPYKTYPE TaHHBIX
(He BaskKHO, KOTrJa OHa ObUIa BCTABJIEeHA, TONBKO UTO WM paHblle), U ret.second,
cozepskaliee true, eCJIM 3JIeMeHT v BCTaBJIeH TOJIBKO UTO, U false, eciu 37IeMeHT v
ObUT BCTABJIEH PAHbIIIE:

std::set<int> s;
auto [itl, bl] = s.insert(1l);
assert(*itl == 1 && bl == true);

auto [it2, b2] = s.insert(2);
assert(*it2 == 2 && b2 == true);

auto [it3, b3] = s.insert(l); // ewe pas
assert(*it3 == 1 && b3 == false);

KBappaTtHble CkOBKM B 0ObSBNEHUAX MEPEMEHHbIX B Npenblay-
weM dparMeHTe — 3T0 CTPYKTYPUPOBAHHAN NPUBSA3KA, MOSABUBLLAS-
caB C++17.

Kak moxkaspiBaeT Npenpiayluii MpuMep, 3MeMeHTbl MHOXECTBA XPAHSTCS YI0-
PSAOOYEHHBIMM — He TOJIbKO KOHILIEIITYaJIbHO, HO ¥ BM3YyaJIbHO, TO €CTh *¥s.begin()
BepHeT HaMeHbIIINIT 5JIEMEHT, a *std: : prev(s.end()) — HaubonbiMii. Tepaium
[0 MHOECTBY C TIPMMEHEeHMEeM CTaHIAPTHOTO alropuTMa min nukiaa for ¢ nua-
MMa30HOM [aAyT BaM 3JIEMEHTBI B TIOPSITKE BO3pacTaHus (HAIOMHIO, YTO TIOHSITHE
«BO3pacTaHyue» OMpeAesIIeTcs] KOMIIapaTOpPoM — ITapamMmeTpom Cmp B IIabj0He Kiac-
ca set).

IIpeBOBUAHASI CTPYKTypPa MHOXKECTBA MpPeAIO0aaraeT, YTO HeKOTOPbIe CTaHAAPT-
HbIe aJITOPUTMBbI, TaKMe Kak std: :find 1 std: : Lower_bound (IJ1aBa 3 «AJITOPUTMBI
C IMapaMy UTepPaToOpPOB»), CMOTYT paboTaTh CO MHOXKECTBaMM, HO He3(D(PEKTUBHO —
MUTEepPaToOPhl AITOPUTMA OYIYT TPATUThb MAacCy BPeMEHM Ha BOCXOXKAEHME U CITYCK
B JilepeBe, TOTAA KaK NPY HAIMYMUM JOCTYIa K CaMO IPEBOBUIHONM CTPYKTypPE MBbI
MOTJIM ObI CAMM CITYCTUTHCSI BHU3 OT KOPHSI iepeBa U ObICTPO HAWTH MTO3ULINIO d71e-
MeHTa. ITo 9TOI MpuuMHe std: : set peanusyeT GYHKIMM-WIEHBI, KOTOPbIE MOKHO
MCITONIb30BaTh B3aMeH Hed(PeKTUBHBIX AITOPUTMOB:
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O BmMmecTO std: :find(s.begin(), s.end(), v) Ucmonb3yire s.find(v);

O BMmecTO std::lower_bound(s.begin(), s.end(), v) MUCIIO/NB3YiiTe s.lower_
bound(v);

O BMmecTO std::upper_bound(s.begin(), s.end(), v) MCIONb3YiiTe s.upper_
bound(v);

O BmMmecTO std: :count(s.begin(), s.end(), v) UCIOIB3YITE S.count(Vv);

O BmMmecTO std::equal_range(s.begin(), s.end(), v) UCIIO/Nb3YiiTe s.equal_
range(Vv).

O6paTiuTe BHMMaHME, UTO s . count (V) MOKET BEpHYTh TOJIbKO 0 /M 1, TOTOMY UTO
9JIeMEHThI MHOKECTBA YHUKAIbHBL. DTO 0O0CTOSITEILCTBO MpeBpaIlaeT s.count(v)
B YIOGHBII CMHOHMM [IJIS1 OTIepaliiy IPOBEPKY WIEHCTBA BO MHOKECTBE — KOTOpast
Ha s13bIKe Python 3amuchiBaeTcss Kak v in s, a Ha SI3bIKe Java Kak s.contains(v).

std: :map<K, V> (c710Baph) MMeeT MHOTO 0OMLIEero ¢ std: : set<K>, ¢ TOJ JINIIb pa3-
HUILIEN, YTO KaKIOMY K/I0Uy K MOXKHO ITOCTaBUThb B COOTBETCTBME 3HAUEHMeE V; KaK
pe3y/abTaT 3Ta CTPYKTypa JAaHHBIX OKa3bIBaeTCS OYeHb I0X0kKei Ha TreeMap B Java
mmu dict B Python. Kak 06bpIUHO, CyIlleCTBYeT Takke Bepcus std: :map<K, V, Cmp>,
KOTOPYIO MOXKHO MCITO/Ib30BaTh, €C/IM MOHAA00UTCS 3aaTh MHOI MOPSIIOK COPTU-
POBKM KJTIOU€ii, OTJIMYHBIA OT €CTeCTBEHHOIO K: :operator<. Bam HeuacTo GymeT
MIPUXOAUTD B TOJIOBY MbIC/Ib, UTO std: :map — 9TO «BCErO JIMIIb TOHKas 06epTKa BO-
Kpyr MHOXeCTBa std: : set ap», HO IOCMOTPUTE, KaK XPaHUTCS std: :map B IaMs-
TH.

std: :map<char, int> m {

{42, 3},
{43J 1}, std: :map
{44, 4},
}; Hayano KOpeHb pa3mep=3
ysen.. . std::pair
neBbIN npaBbli poautensckui | rb 43 1
ysen | : std: :pair =~ ioysens std: :pair
neowii | npaseii [Pogg [ oo || a2 | 3 || |[Tneswiin | oo | g | ro || o | + |
TS

Puc. 4.8. OpraHusaums KoHTelHepa std::map B namsaTu

std: :map NoAgep;KMBaeT MHIAEKCUPOBaHME C IOMONIbIO operator[ ], HO C OHOI
HEOOBIYHOV 0COOEHHOCTHIO. IloBefeHMe MHCTPYKIUM MHAEKCUPOBAHUS, HAIIPU-
Mep vec[42], He OIpeneeHo AJis BEKTOpa Hy/lIeBoro pasmepa. Ho rpu mormbiTke
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MHIEKCUPOBATh CJIOBAPh HYJIEBOTO pa3Mepa MHCTPYKIMeli m[42], B CIOBapb OymeT
BCTaBJIeHa I1apa KiY/3HaueHne {42, {}3}, " BbI3bIBAIOIINI KOJ, [IOJIYUUT CCHIIKY
Ha BTOPOJI 571IeMeHT 3TO mapbl!

Takoe HeOOBIYHOE MTOBefieHMe (GaKTUUECKM TTOMOTAeT MUCATh ITPOCTON U TIOHST-
HbIN KO

std: :map<std::string, std::string> m;
m["hello"] = "world";

m["quick"] = "brown";
m["hello"] = "dolly";
assert(m.size() == 2);

Ho moxeTt MNPpUBOAMTD K ITyTaHUIE, eC/IN 0CJ1a6UTh BHUMAHME:

assert(m["literally"] == "");
assert(m.size() == 3);

O6paruTe BHMMaHMeE, UTO CJIOBapK HE MMEIOT operator[] const, IOTOMY YTO
operator[ ] BCerma oCTaBJisieT BO3MOKHOCTh BCTaBUTh HOBYIO Iapy KJTIOU/3HaUeHMe
B *this. Eciu Bbl 06bSIBM/IY KOHCTAHTHBIN CJIOBaphb MY IIPOCTOI CJIOBaPh, HO HE XO-
TUTE BCTABJISITh HOBbIE 9JIEMEHTHI B HETO, TOT/A UCITO/Ib3YIiTe [JIsl IPOBEPKYM Ha/N-
uus Kiaoda m. find(k). Ipyras npuunHa 136erath operator[ ]: e TUII V He MMeeT
3HAUeHMsI, KOHCTPYUPYEMOTO 110 YMOIYAHUIO, TOTIA operator[ ] MPOCTO HE CKOM-
nuaupyeTtcs. B Takom cryuae (a 1o 60/IbIIIOMY CUETY B JIOOM C1yude) UCTIONb3YiiTe
m.insert(k, v)mumum.emplace(k, v) IJIs1 BCTABKM HOBOIJ1 Mapbl KJIIOY/3HAUEHME
B TpeGyeMOM BHMJie BMECTO CO3JaHMsI 3HAUEHMSI 10 YMOTYAHMIO TOJIbKO Pajiii TOTO,
YTOOBI TYT K€ 3aMEHUTh 3HAUEHME 110 YMOIYaHMIO BHOBb CO3IaHHbIM. Hampumep:

// Kak Hu cTpaHHO, HO nop "value_type" nogpa3ymeBaeTCs TUM BCeW Napbl K/4/3HauveHue.
// Tunmbl K 1 V HasbiBawTca "key_type" n "mapped_type" COOTBETCTBEHHO.
using Pair = decltype(m)::value_type;

if (m.find("hello") == m.end()) {
m.insert(Pair{"hello", "dolly"});

// ...NNN 3KBMBANEHT. ..
m.emplace("hello", "dolly");

3

MynpocTs, HakoTuieHHas B mocT-C++11 Mupe, IacuT, UTo std: :map U std: : set,
OyayuM OCHOBAaHHBIMM Ha JEepeBbsSX yKasaTesieii, HaCTOJbKO HeIpyKeCTBeHHbIe K
Kellly Mpoleccopa, YTO UX BCEra KelaTeIbHO u36erath ¥ B3aMeH MCIIOIb30BaTh
std: :unordered_map 1 std: :unordered_set.

3amMeuaHue 0 Npo3payHbIX KOMNapaTopax

B mocnemHeM mpuMepe s Hamucana m.find("hello"). O6paTuTe BHMMAaHMUE, YTO
aprymeHT "hello" uMeeT TUII const char[6], Torga Kak decltype(m)::key_
type — 3TO std: :string U (ITOCKOIBbKY MbI He OINpPEeNeIIi HUYero CrernymagabHOro)
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decltype(m): :key_compare — 3TO std::less<std::string>. TO eCcTb, BbI3bIBas
m.find("hello"), MbI BbI3bIBaeM (PyHKIIVIO, TIEPBBII ITapamMeTp KOTOPOii MMeeT TUII
std: :string, a 3HaUNUT, HESIBHO BbI3bIBa€M KOHCTPYKTOp std::string("hello"),
yTOOBI ITepefaTh apryMeHT B find. B 0611eM cTydae apryMeHT m. find HesIBHO Mpeo6-
pasyetcs B TUII decltype(m): :key_type, YTO MOKET OOXOAUTHCS JOBOJIBHO JOPOTO.

[Ipu mpaBUIbHOI paboTe operator< MOXKHO M36€XKaTh 3TUX HaKIaTHBIX PacXo-
OB, 3aMEeHMB KOMIIapaToOp m HEKOTOPBIM KJIACCOM C reTepOoreHHBbIM operator(),
KOTOPBIN TaKkke oIpenesseT wieH typedef is_transparent, Halpumep:

struct MagicLess {
using is_transparent = std::true_type;

template<class T, class U>
bool operator()(T&& t, U&Xk u) const {
return std::forward<T>(t) < std::forward<U>(u);

3
+

void test()

{

std::map<std::string, std::string, MagicLess> m;

// B STL umeetrcs std::less<> -- cuHoHuMm ans Magicless.
std: :map<std::string, std::string, std::less<>> m2;

// Tenepb 'find' He 6yneT koHcTpyupoBaTb std::string!
auto it = m2.find("hello");

}

3[ech TBOPUTCST HACTOSIIIIEE «BOIIIEOCTBO» BHYTPYU OMOIMOTEUHON peannsalyumn
std: :map; QYHKUMSI-WIEeH find ITpOBepsSIeT HAJIMUME UjieHa is_transparent U B CO-
OTBETCTBUM C Pe3yJIbTaTOM IIPOBEPKU MEHSIET CBOe NoBefeHne. OyHKIUM-UIeHbl
count, lower_bound, upper_bound 1 equal_range TakKe MEHIIOT CBO€ IOBele-
Hue. Ho, o cTpaHHO# npuxoTy, QyHKIMSI-UIeH erase He AenaeT 3Toro! BeposT-
HO, 9TO CBSI3aHO C T€M, YTO ISl MeXaHM3Ma Ieperpy3ku 610 ObI CIUIIKOM CJIOXK-
HO OT/INYATh MpeJHaMePeHHbI BbI30B m.erase(Vv) OT IIpeJHaMePEHHOIO BbI30Ba
m.erase(it). Ho, Kak 6bI TO HU OBLIO, ITPY JKEeJIAHMM MOKHO OpPraHM30BaTh TeTepo-
TeHHOe CpaBHeHe B Oollepaluy CTYpaHu:

auto [begin, end] = m.equal_range("hello");
m.erase(begin, end);
Heo6biuHbie std::multiset<T>
u std::multimap<K, V>

Ha s13pike STL «MHOKeCTBO» — 3TO YHOPSIIOYEHHAsT KOIEKLMST HETIOBTOPSIOMIMXCS
anmemMeHTOB. COOTBETCTBEHHO, «MY/IbTUMHOXKECTBO» (multiset) — aTo yrmopsimoueH-
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Has KOJUIeKLMSI BO3MOXKHO ITOBTOPSIIOIIUXCS 3JIeMeHTOB! B mamMsaTu MyJIbTUMHO-
SKECTBO XPAHUTCS TOUHO TaK ’Ke, Kak std: :set. OOpaTuTe BHMMaHMe Ha puc. 4.9,
YyTo std: :multiset JOIMycKaeT XpaHeHMe IBYX JIeMEHTOB 42.

std: :multiset<char> s {42, 42, 44};

std::multiset

I, Hauano KOpeHb pasmep=3
y3en
‘ NeBbIN npasbii POAMTENbCKHIA rb 42
3e/1 &F E
Y ysen
neBbli | npasblﬁ| poauTent- | pb | 42 ‘ o —

- W NIEBbIN | npasbid |  boAw- . rb | 44 |
(7N

Puc. 4.9. Opranusaumsa koHTelHepa std:multiset B namsatu

std: :multiset<T, Cmp> OelCTBYeT TOYHO TaK e, Kak std: :set<T, Cmp>, HO,
B OT/IMUMeE OT MOC/IEAHEr0, MOXKET XPaHUTDb ITOBTOPSIONIMECS 37IeMeHThI. TO ke OT-
HOCUTCA K std: :multimap<K, V, Cmp>:

std::multimap<std::string, std::string> mm;
mm.emplace("hello", "world");
mm.emplace("quick", "brown");
mm.emplace("hello", "dolly");
assert(mm.size() == 3);

// Tlapbl KNo4/3HavyeHne XpaHATCA B NOpsiake COPTUPOBKM.
// Tlapbl C OAMHAaKOBbIMU KNKYAMU CapaHTMPOBAHHO XPaHATCSH
// B Nopsiike BCTaBKM.

auto it = mm.begin();

using Pair = decltype(mm)::value_type;

assert(*(it++) == Pair("hello", "world"));
assert(*(it++) == Pair("hello", "dolly"));
assert(*(it++) == Pair("quick", "brown"));

Metozm mm. find(v) MyJbTMMHOXECTBA ¥ MYJIbTUCIOBAPS BO3BpalllaeT UTepaTop,
CCBITIAIOIIMIACS HA HEKOMOpblll 3JIeMeHT (MU Mapy KJH4/3HadYeHle), COOTBETCTBY-
IO v — HeoBsI3aTeIbHO Ha MEPBBIii B OPSIAKE UTepanyii. mm.erase(v) CTUPAET
BCe 3/IeMeHTbI (MJIM Iaphl KI0Y/3HaUYeHMe) C KIYaMy, paBHBIMMU V. A TTOAepsKKa
MHAeKcauy mm[ v] BOOOIIe OTCyTCTBYeT. Hampumep:
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std::multimap<std::string, std::string> mm = {
{"hello", "world"},
{"quick", "brown"},
{"hello", "dolly"},

1

assert(mm.count("hello") == 2);
mm.erase("hello");
assert(mm.count("hello") == 0);

MepeMelueHne aneMeHTOB 6€3 nepemMelLeHus

HamomHIo, uTO std::list MO3BOJMSIET 0OBEOVHSITh CIUCKM, TIepeMelaTh 3je-
MEHTBI U3 OIHOTO CITMCKA B IPYTOii U T. M., UCTIOIb3YS «OTIMUUTEIbHbIE 0COOEeH-
HOCTU» THNA std: : List. KoHTeliHepsl C IPeBOBUIHON OpraHusalyen, HaunHas co
craugapta C++17, Toxke TIpro6pey aHaIOTUYHbIe 0COGeHHOCTH !

CuHTaKcKuc 06beIHEeHNS IBYX MHOKECTB MM CJIOBapeii (MY MyJTbTUMHOXECTB
MU MYJIbTMCIOBapeil) 0OMaHYMBO MTOXOXK Ha CUMHTAKCUC OOBeIVHEHUSI COPTUPO-
BaHHBIX CIIMCKOB std: :list:

std: :map<std::string, std::string> m = {
{"hello", "world"},
{"quick", "brown"},

};

std: :map<std::string, std::string> otherm = {
{"hello", "dolly"},
{”Sad”, ”CLOWn”},

IR

// BbirnaguT o4vyeHb 3HaKOMO!
m.merge(otherm);

assert((otherm == decltype(m){
{"hello", "dolly"},
s

assert((m == decltype(m){
{"hello", "world"},
{"quick", "brown"},
{"sad", "clown"},

DK

Ho o6paTuTe BHMMAaHMe, YTO MPOVCXOAUT IIPY HATUUMKM OJMHAKOBBIX 3JI€MEH-
ToB! OIMHAKOBbIE 37IeMeHThI He ITepeMelaloTcs; OHY OCTAIOTCS B cjI0Bape cripasal
OTO B KOpHE He COOTBETCTBYET OKMIAHMUSIM, €CJIN, K TPUMEPY, BbI IIPUIIUIN U3 SI3bIKA
Python, roe d.update(otherd) BCTaB/sIeT BCe 37IeMEHTbI U3 ITPAaBOTO CJIOBaps B jie-
BbIii, TIepe3aniChiBast JIEMEHTBI, €CJIM OHM y3Ke CYIIeCTBYIOT.

OxkBMBaJTeHT d.update(otherd) B C++ — 3TO m.insert(otherm.begin(),
otherm.end()). EmMHCTBEHHbBI Cyyail, KOTAA MMeEET CMBICJI MCIOAb30BaTh
m.merge(otherm), eI U3BECTHO, UTO BbI HE JOJIKHBI ITepe3archiBaTh ITOBTOPSI-
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omyecsd 3JIeMeHTbI U CO6I/IpaETer IIPOCTO CTEPETh 3BHAYEHMS, OCTABIINECS B otherm
(HampuMep, e/ 9TO BpeMeHHBIIi CJIOBaph, CYIIECTBYIOIINI B OrpaHUYEHHO 00-
JIaCTU BULVUMOCTH).
Ipyroii croco6 mepeMelleHus 3JIeMEHTOB MEXIY KOHTeiHepaMy, OCHOBaHHBIMU
Ha IPeBOBUAHBIX CTPYKTYpPax, — MCIIOJb30BaTh QYHKIMM-UIEHBI extract 1 insert:
std::map<std::string, std::string> m = {
{"hello", "world"},
{"quick", "brown"},

IR

std: :map<std::string, std::string> otherm = {
{"hello", "dolly"},
{"sad" , ”CLOWn”} ,

}’
using Pair = decltype(m)::value_type;

// BcTaBka MOXeET 3aBEPWMTHCS YCMEXOM..

auto nhl = otherm.extract("sad");

assert(nhl.key() == "sad" && nhl.mapped() == "clown");

auto [it2, inserted2, nh2] = m.insert(std::move(nhl));

assert(*it2 == Pair("sad", "clown") && inserted2 == true && nh2.empty());

// ...nnn NOTepneTb Heyhady M3-3a yKe WUMEWMXCSH SNEMEHTOB.
auto nh3 = otherm.extract("hello");
assert(nh3.key() == "hello" && nh3.mapped() == "dolly");

auto [it4, inserted4, nh4] = m.insert(std::move(nh3));
assert(*it4 == Pair("hello", "world") && inserted4 == false && !nh4.empty());

// Nepesanucb CyWeCTBYWWETO 3NEMEHTA, 3TO Gone3HeHHas onepauus
m.insert_or_assign(nh4.key(), nh4.mapped());

// YacTo npowe yAanUTb SNEMEHT, KOTOpPbIM He yAanocChb
// CKOMMPOBAaTb M3-3a CVWECTBYWWETO 3/1eMEHTA
m.erase(it4);

m.insert(std: :move(nh4));

Mertop, extract BO3BpalllaeT 00beKT, KOTOPbI MHOILA Ha3bIBAIOT «IEeCKPUIITO-
pOM y3J1a», II0 CyTHU, yKa3aTelb Ha BHYTPEHHIOK CTPYKTYPY JAaHHbBIX. [I14 TocTyna K
COCTaBHBIM YacCTSM 3jJIeMeHTa B std: :map MOXKHO MCII0JIb30BaTh MeTObI nh.key()
1 nh.mapped() aToro o6bekTa (Wi nh.value() AJIS JOCTyTa K €AMHCTBEHHO CO-
CTaBHOJ YacTu B 3/IeMeHTe std: :set). TakuM CII0co60M MOKHO M3BJI€KATh KITIO-
UM, U3SMEHSTDb X U BCTAaBJISITh 06paTHO, He KOIMMPYA M He IepeMeniasa Cl)aKTI/I‘{eCKI/IX
IaHHBIX! B crnemyionem npumepe JeMOHCTPUPYIOTCS «MaHUITYJISIIUM», COCTOSIIIIE
13 BBI3OBOB MeToaa std: :transform:

std::map<std::string, std::string> m = {
{"hello", "world"},
{"quick", "brown"},

}’
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assert(m.begin()->first == "hello");
assert(std: :next(m.begin())->first == "quick");
// TpeobpasoBaTb B BepxHuit peructp snemeHT {"quick", "brown"},

// 6e3 BbieneHns namAaTU 4NN MPOMEXYTOYHbIX Pe3yNbTaTOoB.

auto nh = m.extract("quick");

std: :transform(nh.key().begin(), nh.key().end(), nh.key().begin(),
: :toupper);

m.insert(std::move(nh));

assert(m.begin()->first == "QUICK");
assert(std: :next(m.begin())->first == "hello");

Kaxk Bugute, nutepdeiic kK 3Toi GyHKUMOHAIBHOM BO3MOXKHOCTY He TaK IIPOCT,
Kak lst.splice(it, otherlst); TOHKOCTM MHTepdelica — ofHa U3 MIPUYNH, I10-
yeMy OH ObUI BKJTIOUEH B CTAHIAPTHYIO 6MOIMOTEKY TOMbKO B C++17. XoTenoch 6bl
o6paTuTh Ballle BHMMAaHMUE HA CJIEAYIOIee MHTEPEeCHOe OOCTOSITENbCTBO: TIPE[-
CTaBbTe, UTO BbI M3BJIEK/IN y3€Jl 3 MHOXKECTBA M 3aTeM, 4,0 TOro, Kak BaM yIajloCh
BCTaBUTD €r0 B IIeJIeBOe MHOXECTBO, BO3OYKAAeTCs UCKITIoUeHne. UTO CTyunTCs C
OCHPOTEBLINM y3JI0M — IPOM30¥AeT 11 yTeuka? Kak oka3piBaeTcsl, IPOEKTUPOBLIM-
K1 6MOIMOTEKY TIPEIBUIEY 3TY BO3MOXKHOCTb; €C/TY BbI30B IECTPYKTOPA IECKPUTI-
TOpa y3Jia MPOU30iiIeT A0 TOro, Kak 3TOT NeCKPUIITOp OyIeT BCTaBjIeH Ha MeCTo,
OH 6JIaroIoJyYHO OCBOOOAUT MaMSsITh, 3aHMMaeMy0 y3710M. To ecTb (hakTUUeCKU
extract (6e3 moc/ienyoiero BbI3oBa insert) AeiCTBYeT B TOUHOCTH Kak erase!

Xewmu: std::unordered_set<T>
u std::unordered_map<K, V>

[IIaGoHHbIN KiIacc std: :unordered_set MpeNCTaB/SIET XENI-TAOIMINY C IEITOYKa-
MM, TO €CTb MAacCUB (DUKCUPOBAHHOTO pa3Mepa, COCTOSIIINI U3 3JIeMEHTOB «KOp-
3MH», K&KIbIA U3 KOTOPBIX XPAaHUT OGHOCBSI3HBIN CIMCOK 3JIEMEHTOB JaHHbIX. 10
Mepe 106aBIeHs HOBbIX 3/IeME@HTOB TaHHBIX KOKIbIN 13 HUX [IOMeIaeTcs B OTHO-
CBSI3HBIN CIIMCOK C «XellleM», COOTBETCTBYIOIIMM 3HAUEHUIO 371eMeHTa. ITO TIOUTU
TO Xe caMoe, UTO HashSet B Java. B mamsTy 3TOT KOHTeTHEP XPAaHUTCS, KaK I10Ka-
3aHO Ha puc. 4.10.

Xel-TabauIIbl AeTaJIbHO OMMCHIBAIOTCSI BO MHOKECTBE KHUT, M std: :unordered_
set laxke C HATSDKKOI HeJlb3S Ha3BaTh COBPEMEHHbBIM JOCTVKEHMEM ; HO, TaK KaK OH
yCTpaHsSeT HEKOTOPOe KOJMIMUeCTBO yKa3aTesel, STOT KOHTelfHep 0ObIYHO MTOKa3bI-
BaeT 60Jiee BHICOKYIO ITPOM3BOAUTETBHOCTD, UeM JPEBOBUIHBIN std: : set.

Y106bl N363aBUTHCS OT OCTABLUMXCS YKa3aTeNen, MOXXHO 3aMeHUTb
CBSI3HblE CMMCKM NMPUEMOM C HAa3BAHWEM KOTKpbITas agpecaLms».
Ero obcyxpeHne fLaneko BbIXOAMT 3@ paMKM 3TOW KHWUIU, HO BaM
onpeneneHHo CTOMUT NO3HAKOMUTBLCS C HUM, EC/ZIM NPOU3BOAMUTENb-
HOCTb std: :unordered_set NOKaXETCS BaM HEAOCTAaTOYHOM.
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std::unordered_set<char> m {42, 43, 44};

std: :unordered_set

maccuB «Kop3uH»

bucket max_load
ronosa = —
Rty _count=4 PEE _factor
/ L
JIES
NULL ptr NULL ptr
ysen ' y3sen

cnepylowmi;

@x2B71 ‘ 43 | BxAD67 | 42 ‘

cnepylowmi

1

ysen

cnepylowui|  @x5058

Puc. 4.10. OpraHusaums koHTerHepa std::unordered_set B namatu

std: :unordered_set 3agyMbIBAJICI KaK YIpOIIeHHas 3aMeHa std::set, IO-
3TOMY TOAJEePKMBAET TOT ke MHTepdeiic: insert U erase, IUIIOC UTEPALUK C UC-
Mosib30oBaHueM begin u end. Ho, B oTnnune or std: :set, std: :unordered_set
XPaHUT JJIeMEHTbI He B IOPSIIKE COPTUPOBKU (3TO HeynopssdoueHHAs KOJJIeKIIUS)
U TIOAAEPKMUBAET TOJIbKO IIPSIMbIe UTEPATOPbI, TOTLA KaK std: : set IofnepKuBaeT
IByHaripaBjieHHbIe. (B3misiHUTe elle pa3 Ha puc. 4.10, rae MOKHO BUAETh yKa3aTean
«CJIeyIoIit», HO HeT yKasaTeseil «IpeablayLinii», M3-3a Uero uTepauyumu B oo6par-
HOM HallpaBjeHUN B std: :unordered_set HEBO3MOXKHDI.)

std: :unordered_map<K, V> CBg3aH C std::unordered_set<T> TakK Xe, Kak
std: :map<K, V> CBSI3aH C std: : set<T>. To eCTb B ITaMSATU OH XPAHUTCS TOYHO TaK
’Ke, TOJIbKO BMeCTO KJII0Ueli XpaHUT Mapbl KJII0U/3HaueHNe.

Tax ske Kak set ¥ map, KOTOpble TPMHUMAIOT Heo0s13aTebHbIl ITapaMeTp ¢ KoMIIa-
paTopoM, unordered_set U unordered_map TOXe IIPUHMMAIOT OBa OOIIOJTHUTE/b-
HBIX IapaMeTpa: Hash (110 ymonuaHuio std: :hash<K>) u KeyEqual (110 yMO/IUYaHUIO
std: :equal_to<K>, TO ecTb operator==). Eciu mepenaTsb ApPyryio Xeli-GyHKIINIO
MUY Opyryio GYHKIMIO CpaBHEHMS KIIouel, Xell-Tabnuiia 6ymeT MCIoab30BaTh UX
BMeCTO GYHKIMIA T10 YMOTYAHMIO. DTO MOXKET IIPUTOIUTHCS IS B3aMMOZECTBUIA C
TPagUIMOHHBIMHU Kaccamy Ha C++, He peanu3yolMMY CEMaHTUKY 3HAYeHUI U
operator==:

class Widget {

public:

virtual bool IsEqualTo(Widget const *b) const;
virtual int GetHashValue() const;

IR
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struct myhash {
size_t operator()(const Widget *w) const {
return w->GetHashValue();
1
5

struct myequal {
bool operator()(const Widget *a, const Widget *b) const {
return a->IsEqualTo(b);

}
s

std: :unordered_set<Widget *, myhash, myequal> s;

std::unordered_map<char, int> m {

{42, 3},
{43, 1}, std: :unordered_map
{44, 4},
}; MaccuB «Kop3uH»
tr bucket rosoea asmep=3 max_load
P _count=4 P P _factor
ya
[ IS
NULL ptr NULL ptr
Y -' Y
y3en std::pair y3esn | std::pair
Cﬂeﬂ.)"OUJMﬁ ﬂ cnepylowuii| @xAD67 |42| 3 ‘

T

Y3es1 | std::pair

el

Puc. 4.11. OpraHusaums KoHTeMHepa std::unordered_map B namMsTH

0x505B

MakTop 3arpy3Ku U CNUCKK B KOP3MHAX

Tak >ke Kak HashSet B Java, std::unordered_set OTKpbIBaeT JOCTYI KO BCet
aJMMHUCTPATUBHO MHPOpMalu 0 Kop3nHax. Ho MoXkeT Tak CIyduThCs, YTO BAM
HUKOT/Ia He TTOHamo6UTCs 06paniaThCs K STUM GQYHKIMSIM !

O s. bucket_count() Bo3BpalllaeT TeKyllee KOIM4eCcTBO KOP3MH B MacClBe;

O s.bucket(v) BO3BpallaeT MHIEKC | KOP3UHBI, IJle HAXOAUTCS 3JIEMEHT v,
eIV OH MMeeTCs B JaHHOM Ko/uleKIuu unordered_set;

O bucket_size(i) BO3BpaljaeT KOJMYECTBO 37IeMEHTOB B i-Ii KOp3UHe; BaXK-
HO 3aMeTHUTb, UTO BCEraa COOI0AeTCs YCIOBME s. count(v) <= s.bucket_
size(s.bucket(v));
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O s.load_factor() Bo3BpamaeT s.size() / s.bucket_count() B BUe YUC-
ja tura float;

O s.rehash(n) yBenuuuBaeT (WM YMEeHbBIIAET) pa3Mep MaccuBa KOP3UH [0
3aJIaHHOJ BeJIMYMHBI n.

B03MOKHO, BaM MOKasKeTCS HEHYKHOM QYHKIMS Lload_factor; YTO TAKOTO Bask-
HOT'O B OTHOIIEHUM s.size() / s.bucket_count(), 4YTO paay 3TOro 6buIa CO3JaHa
oTmenbHas QyHKIMSI-uaeH? Ha camom [ejle 3TO MeXaHM3M, KOTOPBI MCIIOJb3Y-
eTcs B unordered_set JJIS MacCIITAaOMPOBAaHMUS C POCTOM KOJIMYECTBA SJIEMEHTOB.
Kaskgplii 06beKT s Tuia unordered_set MMeeT 3HaueHMe s.max_load_factor(),
yKa3bIBalolllee, HACKOIbKO OOBIINM MOXKET ObITh s . Load_factor(). Eumi BcTaBka
HOBOTI'O 3JIeMeHTa IIpuBeNeT K yBean4yeHuo s. load_factor() Bbille s.max_load_
factor(), Torga s mepepacripefeanT CBO MacCUB KOP3MH U IMMIOBTOPHO BbITTOTHUT
XelpPOBaHMe 3JIEeMEHTOB, YTOObl YMEHbIIUTh s.load_factor() HMUKE YPOBHS
s.max_Lload_factor().

[To ymonuanuio s.max_load_factor() umeer 3HaueHue 1.0. Bbl MOXeTe 3a7aTh
JIpyroe 3HaveHue k ¢ BbI30BOM MeEPErpysKeHHOM Bepcum (PyHKIIMM C OOHUM I1apa-
MeTpoM: s.max_load_factor(k). OgHAaKO Ha MPAKTMKE ITOTO MOYTU HUKOTHA HE
TpebyeTcs.

OpmHa ®3 aOIMMHUCTPATMBHBIX OIlepalyii, KOTOpas [OeiNCTBUTEIbHO UMe-
eT cMbIcl, — s.reserve(k). Tak ke Kak vec.reserve(k) [OJjs BEKTOPOB, 3Ta
(YHKUMSI-UIeH reserve 03HAUYAET: «SI IVIAHMPYIO JOBECTU pasMep KOHTeiHepa 10
pasMepa k, IO3TOMY BbIJIEJIM MECTO JIJISI XpaHeHUsI OyaylIux K 5J1eMEeHTOB IPSIMO
ceryacr». B cmyyae ¢ BEeKTOpPOM 3TO O3HAdYaeT BbIfe/NeHMe MamMsITh OJIs MacCuBa C
pasmMepom k 3jIeMeHTOB. B ciydae ¢ unordered_set — BbIeNeHMEe MaMITU OIS
MaccuBa KOp3uH c k / max_load_factor() yKa3aTeJsiMu, YTOOBI ITOC/IE BCTABKU
k 271eMEeHTOB (C OXKMIAaeMbIM UMCIOM KOJUIM3Ui) (aKkTop 3arpy3Ky He IpeBbIIal
max_load_factor().

OTKkyaa 6eperca namaTb?

Ha npoTsskeHMM BCceii 9TOI I71aBhI ST Ha CAaMOM Jiejie TOBOPWJI BaM He BCio mpaBay! Bee
KOHTe/fHepbI, IIpeICTaB/IeHHbIe B 9TOI I71aBe, KpoMe std: : array, IPUMHUMAIOT euje
00uH HeoOsI3aTeIbHBIN apaMeTp THUIIA. DTOT ITapaMeTp Ha3bIBAeTCs AUCIIETIYEPOM
nmamsiTu — pacnpedenumesnem (allocator) — u ompemesnsieT, OTKyga 6epeTcs MaMsTh
IJIST TAKMX OTIepallnii, Kak «IepepacripeneieHye BHyTPeHHero MacCuBa» MU «BbI-
JleJieHye TTaMsITH IS HOBOTO y3J1a B CBSI3HOM CITMCKe». std: : array He HY)KIaeTcs B
IcIIeTyepe maMsTH, TOTOMY UTO BCIO CBOIO IIAMSITh COIEPSKUT BHYTPU cebs1; HO Bce
oCTaJIbHbIE TUITbI KOHTETHEPOB JO/DKHBI 3HATD, e TOIYIUTD ITaMSITh.

[lo yMomuaHMI0O B 9STOM IlapaMeTpe IIepemaeTcs CTaHOApTHBIA TUII
std: :allocator<T>, KOTOPBIN MTOAXOOUT [Jis GONBIIMHCTBA IPUMeHeHuii. Boree
MOAPOGHO MBI TIOTOBOPUM O AMCIIeTYepax MaMsTH B I1aBe 8 «JlucreTuepsl mams-
TH».
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Utoru

B 3T0J1 r1aBe MbI y3HA/IN ClIeAyIoliee.

O KowHTeiiHep yrpaBisieT 6/1d0eHuemM KOJIEKIUM 3JIEMEHTOB.

O Bce konTeitHepbl STL SIBISIOTCS Ia6IOHHBIMU KJIaCCaMM, KOTOPBIE ITapaMeT-
PU3YIOTCSI TUIIOM 3JIEMEHTOB M MHOTA JPYTMMU COOTBETCTBYIOIIMMM Tapa-
MeTpaMu.

O Bce koHTeliHepbI, KpoMe std: :array<T, N>, MOKHO mapaMeTpu30BaTh TU-
IIOM Jucnemuepa namsimu, YToObI yKa3aTb MeXaHM3M BbIZeJIeHNS M OCBOOOXK-
IEeHNS TTaMSITH.

O KoHTeiiHepbl, UCTIONb3YIOLIME OIepalio CpaBHEHMS, MOKHO MapaMeTpu-
30BaTh TUIIOM Komnapamopa. IlogymariTe 06 MCIIOMb30BaAHMM TTPO3PAUHBIX
TUIIOB KOMITAPaTOPOB, TAKMX KaK std: : less<>, BMECTO TOMOI'€HHbIX.

[Tonb3ysich std: :vector, IOMHUTE O BO3MOXKHOCTM TepepacripeieseHus BHYT-
pEeHHero MaccyBa M aHHY/IMPOBaHMM yKa3aTeseil. B 601bIIMHCTBe KOHTETHEPOB Ha-
6mronaercst apdeKrT aHHYTMPOBAHNSI UTEPATOPOB.

dunocodust CTAaHAAPTHOM 6MOIMOTEKN COCTOUT B TOM, YTOOBI HE MOIIeP>KUBATD
onepauyy, HeadheKTUBHBIE IO CBOEI TpUpoe (Takue Kak vector: :push_front);
U TionepskuBaTth 3(hpekTUBHbIE omepanyy (Takue Kak list: :splice). Ectu npu-
nymanu 3QQGeKTUBHYIO peaan3aluio i1 KOHKPeTHOI orepaiun, BbICOKA BEPOSIT-
HOCTb, UYTO OHA yke BKIoueHa B STL 1oj KakKMM-TO MMeHeM; BaM ITPOCTO HYKHO
BBISICHUTB — I10]T, KAKVIM.

Ecnu ecTh COMHEHUSI, UCTIONMb3YiTe std: :vector. Vcmonb3yiiTe Ipyrue TUIIBI
KOHTEITHePOB, TOIBKO KOTZA BaM JeiiCTBUTEILHO HY)XXHbI OTIpe/ie/ieHHbIe 0COOeHHO-
CTH, TIpUCYIIMEe M. B yacTHOCTH, cTapaiiTech He TIONIb30BATHCSI KOHTEITHEpaMM Ha
OCHOBe yKa3zareJei (set, map, List), ecyi Bbl He COOMpPaeTech UCTIOTb30BaTh KaKyMe-
TO KOHKPETHbIE 0COOEHHOCTH (TIoepskaHue TOPsIIKa COPTUPOBKY; U3BJIeUEHUE U
oObeMHEHNE).

JIy4ImmMM MCTOUHUKOM JOTIOHUTENbHOM MHGOPMAIMK IJis BaC CTAaHYT OHJIAIH-
CIIPaBOYHVKM, TAKMe KaK cppreference.com.


http://cppreference.com

fnaBa

ChoBapHble TUnbi

3a nowiegHee NecsSTUaeTe HeOOHOKPATHO MPU3HABAIOCH, UYTO BayKHEIIIEN POJIbIO
CTAHIAPTHOTO SI3bIKA WJIM CTAaHAAPTHOV OMONMOTEKM SIBJISIETCSI OIIpeNeseHe Clo-
gapHbix munog. CIOBapHbIN TUIT — 3TO TUI, MOAPa3yMeBaWLNIi TIpefoCTaB/IeHue
e0uHoli 0CHOBbI, 0OOOIIEHHOTO SI3bIKA [IJIST BBITIOJTHEHMS OTIepalyii B ero mpeaMeT-
HOJi 06/1aCTH.

O6paruTe BHMMaHMe, UTO elle A0 IosBiaeHust C++ I3bIK IporpammMmupoBanms C
y>Ke BHEC JOCTOVHBIV BKJIAJ B CJIOBAapy JIJiT HEKOTOPBIX 00JACTei, IMpeIoCTaBIsis
CTaHOAPTHBIE TUIIbI WJIM CMHOHMMBI IJIS LI€JIOYMUCIEHHOM (int) U BelleCTBEeHHOM
(double) MaTeMaTUKM, 151 TIPEACTABIEHUSI OTMETOK BpEMEHU B BUJE UMCIIa CEKYHT,
oT Havasta sroxy Unix (time_t) ¥ c4eTUMKOB 6aTOB (size_t).

B sT0711 IM1aBe BbI y3HaeTe:

O wucTopuio pasBUTHS CJIOBAPHBIX TUIIOB B C++, OT std: :string 0 std: : any;

QO kak OITpenessrtoTCsA (1]1266[9(1”1460(116 munal aaHHle, munbt-npous'seaeHuﬂ n
munsl-CyMmaol;

QO Kak orepupoBaTh KOPTEXAMU U TTIePEUNCISITD BAPUAHTHI;
O ponb std: :optional<T> Kak «MOXeT O0bITh T» i «elie He T»;
o

std: :any — anre6panueckuii TUIT JaHHBIX, KAK 9KBUBAJIEHT «6€CKOHEUHOC-
TU»;

O Kak peanu3oBaTh CTUPaHMe TUIIOB ¥ KaK MCIOIb30BaTh €ro B std::any U
std: :function, 1 Kakue BpOKAEHHbIE OTPAHNYEHNS OHO IMEET;

o HEKOTOpbIe JTOBYLIKY std: : function ¥ IIO3HAKOMUTECH CO CTOPOHHUMM 6116-
JIMOTeKaMU, UCIIPaBIAIOIIVMUA UX.

Uctopusa std::string

PaccMoTpuM 061aCTh CTPOK CMMBOJIOB; HaripuMep, ¢ppasy hello world. B s3bike C
CTPOKM IIPEICTaBJISINCH TUIIOM char *:

char *greet(const char *name) {
char buffer[100];
snprintf(buffer, 100, "hello %s", name);
return strdup(buffer);
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3

void test() {
const char *who = "world";
char *hw = greet(who);
assert(strcmp(hw, "hello world") == 0);
free(hw);

3

OTOT moAXo1, 6;1aroIoTyYHO MCII0b30BAJICS HEKOTOPOE BpeMsi, HO paboTa ¢ Ipoc-
TBIM TUIIOM char * 6bIIO COTPSKeHA C HEKOTOPBIMM ITPO6IeMaMu JIJisl TT0Jb30BaTe-
Jielt s13pIKa M CO3JaTeneil CTOPOHHMX 6MOMMOoTeK U Tpolenyp. Bo-mepBbix, s3bik C
HAaCTOJIBKO CTap, UTO B HEM C CAaMOTO Hayajia OTCYTCTBOBAI CrelM(uKaTop const,
d 3HAUYMT, HEKOTOPbIE CTapble IIOAIIPOTrpaMMbl MOI'YT OXKMOATb ITOJIYUYUTb CTPOKU B
Buje char *, a 60jiee HOBbIE — B BUIe const char *. BOo-BTOPBIX, TUII char * He HeCeT
B cebe IJIMHY CTPOKM, TI09TOMY HEKOTOpPbIe MYHKIMM TPeOYIOT Iepenayn yKa3aTest
U JJIVHBI, @ HEKOTOPbIe — TOIbKO yKa3aTessl U MPOCTO He MpeLIioaraloT BCTPeTUTh
BHYTPM CTPOKM O6AIThI CO 3HaUEHMEM '\0'.

CaMbIM OOJIBIIMM HEZOCTATKOM THUIIA char * SBJSIETCSI OTCYTCTBUE MEXAHU3MO8
ynpasneHust HU3HeHHbIM YUKIOM U 8/ia0eHuem (Kak 0OCYsKAnoch B HavasIe I7aBbl 4
«3o00mapk KoHTeitHepoB»). Korga ¢yakuus Ha C TpebyeT OT BbI3BIBAIOIIErO KOJA
repenaTh eif CTPOKY, OHa IMIPUHMUMAET char * M OOBIYHO OCTABJISIET 3a BbI3BIBAIO-
IIYIM KOJIOM ITpaBO yIPABJSIThH BJIaJleHNMEM CTPOKOI CMMBOJIOB. A 4TO, ey QyHK-
LMSI JO/DKHA 6epHYmMb CTPOKy? Torma oHa NO/KHA BEPHYTh char * M HafesIThCS, UTO
BBI3bIBAIONINMII KOJ HE 3a0ymeT 0CcBOOOAUTH ee (strdup, asprintf), MM MPUHSITH
OT BBI3bIBAIOIIETO Koma Oydep u HamesIThCsl, YTO OH JOCTATOUHO OOJIBIION, YTOOBI
B HEM YMeCTUJICS pe3yabrar (sprintf, snprintf, strcat). CJI0XHOCTb yIpasJiie-
HUSI BjajieHeM cTpok B C (M B mepBbIX Bepcussx C++) 6blj1a HACTOJIBKO BbICOKA, UTO
IUIST pelieHus 3TOM Mpob6aeMbl TOSIBUIOCh MHOYKECTBO «CTPOKOBBIX OMOIMOTEK»:
QString B Qt, GString B glibu T. 1.

B sTor xaoc B 1998 romy C++ nipuHec uymo: crmaHdapmmbiii Kiace ctpok! HoBbiit
THUII std::string ecTeCTBEHHBIM 00pa30M MHKAICYJIMPOBa B cebe 6aiiThl CTPO-
KM U ee IauHY. IToydn BOSMOXKHOCTD ITPaBUJIbHO 00pabaThIBaTh HYJIEBbIE OAJTHI.
Oprann3oBan NOAIEPXKKY MpPeXIe CIOKHBIX OIrepannuii, Takux Kak hello + world,
BHYTpEHHeE BbIZIeJISISI CTOJIBKO MaMsITH, CKOJTbKO Heobxonumo. U 6iaromapst uuuome
RAII oH He cTpagan mpobeMoii yTeUK MaMsTH U He BbI3bIBAJI MyTAHUILY B OTHO-
IIeHUM BJIaJileHns] BHYyTpeHHuMM 6aiitamu. Ho camoe 3ameuaTesibHOE — OH JOITYCKas
HesIBHOe ITpeoOpa3oBaHue U3 TUIa char *:

std::string greet(const std::string& name) {
return "hello " + name;

by

void test() {
std::string who = "world";
assert(greet(who) == "hello world");

}
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Teneps dyHkIMu Ha C++, 06pabaThiBaroOIMe CTPOKY (Kak greet() B IPebIIy-
nieM IMpuMepe), MOTYT IPMHMMATh NapaMeTpbl ¥ BO3BpalllaTh Pe3yabTaThl TUIIA
std: :string. Bonee Toro, 6rarogapsi cmaHdapmu3ayuu CTPOKOBOTO TUITA MOYKHO
ObITh YBEPEHHBIMY Ha HECKOJIBKO JIET BIIEPE[] B MPAaBUIBHOCTU BIOOPA CTOPOHHEI
6UOMMOTEKN 1JIsI MHTETPAL[MM B CBOM TIPOEKTHI, eCyiu JTi06ast u3 ee QYHKLWIA, TPU-
HMUMAIIIAsl CTPOKMU (MMeHa (aiyioB, coobIneHust 06 ommnbKax M BOOOIE BCe, UTO
YIOOHO), IpUHMMAeT TUII std: : string. [logB/ieHMe HOBOV eqMHOI OCHOBBLI B JINLE
std: :string a0 BO3MOXHOCTb B3aMMOEICTBOBATH O0JIee NeiicTBEHHO U 3 dek-
TUBHO.

MapKupoBKa CCbIJIOUYHbIX TUMOB
c reference_wrapper

B C++03 rossBMICS ellle OAVH OMOIMOTEUHbIN TUII — std: : reference_wrapper<T>.
OH MMeJT OUeHb IIPOCTYIO Peaan3alnio:

namespace std {
template<typename T>
class reference_wrapper {
T *m_ptr;
public:
reference_wrapper(T& t) noexcept : m_ptr(&t) {3

operator T& () const noexcept { return *m_ptr; }
T& get() const noexcept { return *m_ptr; }
¥

template<typename T>
reference_wrapper<T> ref(T& t);
} // namespace std

std: :reference_wrapper ¥MMeeT HEMHOI'O OTJIMYHOE Ha3HayeHue, yeM Apyrme
CJIOBapHbIE TUIIBI, TAKME KaK std: :string U int; ero Ha3HauYeHue — CIIY>KUTh «Map-
KepoMm» AJIs 3HaU€HMI1, KOTOpbIe JO/IKHbBI AE€CTBOBATh KaK CChUJIKM B KOHTEKCTAX,
IIe repemava 0ObIUHBIX CChUIOK C++ paboTaeT He Tak, KaK HaM XOTeJI0Ch ObI:

int result = 0;

auto task = [](int& 1) {

r = 42;
¥

// TlonmbiTka MCNONb30BaTb OObIYHYH CChIIKY HE KOMMUAMPYETCSH
//std: :thread t(task, result);

// TlpaBunbHasa nepepadva result "mo ccbinke" B HOBbIA MOTOK.
std::thread t(task, std::ref(result));

KoHcTpykTop std: :thread mpemycMaTpuBaeT ocobble ciaydau Ijsi 06paboTKu
rapaMeTpoB reference wrapper Ipeo6pa3oBaHMeM MX B OObIUHBIE CChUIKK. Te
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Ke CrelyaybHble CIyday MPUMEHSIIOTCS K QYHKIMSAM B CTaHIapTHOM 6MO6IMOTeKe
make_pair, make_tuple, bind, invoke 1 KO BCeM, OCHOBAaHHBLIM Ha invoke (TaKuM
Kak std: :apply, std: : function: :operator() u std: :async).

C++11 u anrebpanueckue Tunbl

o mepe popmupoBanus C++11 Bce 6osiee 060CHOBAHHBIM BBIIVISIIEI0 MHEHME, UTO
MIPUIILIA TIOPa ONIPEIeIUTh CI0BapHbBIe anzebpauteckue munst daHHbIX. Anrebpanyec-
Kye TUITbI 3aHMMAIOT €CTeCTBEHHOe TOJIOKeHMe B MapamurMe QyHKIMOHAIbHOTO
nporpaMmupoBauus. KiaroueBast umess COCTOUT B TOM, UYTOObI IPEICTaBUTh Tpem-
METHYIO 06J1aCTh TUIIA — TO €CTh MHOYKECTBO BO3MOKHBIX 3HaUeHMIA. [IJIsT TPOCTOThI
BOOOpasuTe TUIIBI TepeuricieHnii B C++, TOTOMY UTO OHM ITO3BOJISIIOT JIETKO PaCCysK-
IATh O KOJMUYECTBE Pa3HbIX 3HAUEHMIT, KOTOPbIe OObEKT TUIIA TIePEUMCIEHMS MOXKET
MIPUMHYMATh:

enum class Color {

RED = 1,
BLACK = 2,

3

enum class Size {
SMALL = 1,
MEDIUM = 2,

LARGE = 3,
s

Mo>KHO /i Ha OCHOBe TUIIOB Color U Size CO34aTh HOBBIN TUIT JAHHBIX, 9K3€eMII-
JIIPbI KOTOPOTO CMOTYT MMETbD jIfo6oe u3 2 x 3 = 6 3HaueHuit? [la; 9TOT TUII OymeT
CIIY>KUTD IIpeACTaB/JIeHMEM «I10 OOHOMY M3 Kakaoro» Color u Size, ¥ TaKue TUIIbI
YaCTO Ha3bIBAIOT MUNAMU-NPOU3BE0eHUSMU, TIOTOMY UTO MHOKECTBOM BO3MOXKHbIX
3HAUEeHUI1 SIBISIeTCS JeKapmoso npoussedeHue BO3MOKHBIX 3HAUEHMIT ero sjeMeH-
TOB.

A MOXKHO JIV OTIPeIeINTDb TUII, 9K3eMIUISIPbI KOTOPOTO CMOTYT MMETD JII060e 13
2 + 3 =5 pasHbIX 3HaUeHMIT? ToKe [1a; STOT TUII OYIeT CIYKUTh MpeacTaBaeHeM
«mmb0o Color, MMbO Size, HO HUKOT[A BMECTe» M HA3bIBAETCS MuUnamu-cymmamu.
(Kak HM CTpaHHO, HO MaTeMaTHKM He UCIIONMb3YIOT IOHSTIE 0eKapmosoli CyMMbl IJist
00603HAUYEHUST ITOI UAELN.)

B byHKIIMOHAMBHBIX SI3bIKAX, TakMX Kak Haskell, sTu gBa Tuiia MoXXHO oripene-
JIUTD TAK:

data SixType = ColorandSizeOf Color Size;
data FiveType = ColorOf Color | SizeOf Size;

B C++ oHM ompenensitoTcs Tak:

using sixtype
using fivetype

std::pair<Color, Size>;
std: :variant<Color, Size>;
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[[la6moHHbII KIacc std: :pair<A, B> IpeAcTaBiseT YIOPSIAOUEHHYIO Tapy je-
MEHTOB: MePBBIM CJIEIyeT JIEMEHT TUTIA A, @ 32 HUM — 3JIeMeHT Tuma B. OueHb 1o-
XO3Ke Ha ITPOCTYIO CTPYKTYPY C IBYMSI 9JIeMEHTaMM, TOJIbKO B IAHHOM CITyuae He Tpe-
6yeTcst MUCaTh ONPEIeSIEHNE CTPYKTYPbI:

template<class A, class B>
struct pair {

A first;

B second;

s

Ob6paruTe BHMMAaHMe, YTO pasaMuus MeXAy std::pair<A, A> u std::array
<A, 2> HOCST UMCTO KOCMeTMUeCKuii xapakrep. MOXHO CcKasaTbh, UTO pair — 3TO
reTeporeHHasi Bepcus array (ecjiu He YUUTBIBATD, YTO pair MOXKeT XPaHUTb TOJIbKO
IBa 3JIEMEHTA).

Pabora c std::tuple

B cranmapre C++11 mnOsSIBUICS TIONHOLIEHHBIV TeTEPOTreHHbI MacCUB: KOP-
TeX std::tuple<Ts...>. KopTex ¢ OBymMs mapaMmeTpamMyu TUIIOB — HaNpuMmep,
tuple<int, double> — HMYEM He OTJIMYAETCS OT pair<int, double>. Ho kop-
TEeXY MOTYT XpaHUTh HAMHOTO OOJIbIIIe 3JIEMEHTOB, He TOJIbKO Tapy; HECMOTPSI Ha
TO YTO BOJIIIEOCTBO BapMaTUBHBIX IIA0I0HOB (MIAGJIOHOB C TTIepeMEHHbBIM UMUCIOM
napaMmeTpoB) B C++11 mO3BOJSIET OINPEAESITh KOPTEXM C TPeMsI, Y4eThIPbMSI, IISIThIO
U T. I. 37IeMeHTaMMu, IJIs TUIIa BIOpaHO 06Iiee yHMUBepcaabHOe MM tuple. Hampu-
mep, tuple<int, int, char, std::string> ABISIeTCS aHAJIOTOM CTPYKTYPhI C
YyjeHaMM int, int, char 1 std: :string.

[TockonpKy 37meMeHTbl KOpTeXka MMeIOT pa3Hble TUIIbI, Helb3sl MCIIOAb30BaTh
«0OBIUHBI» operator[](size_t) AJIsI JOCTYIIA K 9JIEMEHTaM 10 MHIEKCaM, KOTO-
pble MOTYT MEHSTHCSI BO BpeMSI BHIITOTHEHMSI. BMeCTO 3TOTO MbI IOJIKHBI COOOLINUTD
KOMIIWISITOPY 80 8peMs KOMNUIAYUU, K KAKOMY 3JIEMEHTY KOpTeska XOTUM obpa-
TUTHCSI, YTOOBI KOMITUJISITOP CMOT OTTPeAeIUTh TUTI BhIpaskeHMs. [T TPUHYOUTEeTb-
HOIt Iepemauy MHGOPMAaLY CUCTeMe TUIIOB Ha 3Tare KoMmwisiuu B C++ BbIOpaH
crioco6 BBOJa uepes IIabaoHHbIe ITapaMeTpbl. To eCTh YTOObI MOMYUUTh JOCTYIT K
IIepBOMY 3JIEMEHTY KOpTeska t, MbI JIOJKHBI BbI3BATh std: : get<@>(t). UT0ObI Mmo-
JIYYUTb SOCTYT KO BTOPOMY 37IeMEeHTY, HY)KHO BbI3BaTh std: : get<1>(t) U T. A.

OTO TUIMMYHBIN CIToco6 PaboThI C std: : tuple — TaMm, I/ie KOHTETHEPHI C SJIeMEH-
TaMU OZHOTO TUTIA IIPEeIOCTABIISIOT (YHKYUU-UIeHb! I TOCTYIIA K HUM, TeTeporeH-
Hble ajrebpanvecKye TUITbI ITPEIOCTaABIISIIOT WABNOHHBIE (PYHKYUU.

Ho, BooG111e roBopsi, BaM He 4acTO MPUAETCS MaHUITYIMPOBATh KOpTeskamu. Mx
IJIaBHOEe Ha3HAueHMe He TolajaeT B chepy MeTarnporpaMMMUPOBAaHUS IA6TOHOB,
OHU IAIOT JINIIb YITPOIEHHBIN CITOCO06 CBSI3aTh BOEAVHO HECKOIBKO 3HAUEHMII B KOH-
TeKCTe, TAe TpebyeTcsl eAMHCTBeHHOe 3HaueHMe. Harpumep, BCIIOMHUTe std: :tie
13 npumMepa B pasgueine «[Ipocreiimmii KOHTeliHep» B iaBe 4 «300MapK KOHTEHe-
POB». ITO HEAOPOTO¥1 CITOCO6 0O6bEeIMHEHNST TTIPOM3BOIBHOIO KOJIMYECTBA 3SHAUEHUI
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B eIMHOeE 11eJ10e, KOTOpoe MOXXeT CpaBHMBATbLCA JIeKCI/IKOI‘pad)I/I‘IECKI/I C IIOMOIIIbIO
operator<. PESYJ'[bTaT )'IEKCI/IKOI‘pa(bI/I‘IeCKOI‘O CpaBHEHMA TP 3TOM 3aBUCUT OT I10-
psaKa, B KAKOM IIPOUCXOAUT Oﬁ'be,E[I/IHEHI/Ie 3HAYEHUI:

using Author = std::pair<std::string, std::string>;
std: :vector<Author> authors = {

{"Fyodor", "Dostoevsky"},

{"Sylvia", "Plath"},

{"Vladimir", "Nabokov"},

{"Douglas", "Hofstadter"},

15

// CopTMpoBaTb MO WMEHW, MOTOM Mo dGamuauu
std: :sort(
authors.begin(), authors.end(),
[1Cauto&& a, autod& b) {
return std::tie(a.first, a.second) < std::tie(b.first, b.second);

1
)
assert(authors[@] == Author("Douglas", "Hofstadter"));

// CopTupoBaTb Mo Gamunaum, MOTOM MO WMEHW.
std: :sort(
authors.begin(), authors.end(),
[J(auto&& a, autodq& b) {
return std::tie(a.second, a.first) < std::tie(b.second, b.first);

1
);
assert(authors[@] == Author("Fyodor", "Dostoevsky"));

[IpnumHa memeBU3HBI std: :tie B TOM, YTO (aKTMUECKM OHA He KOTMPYeT CBOU
aprymMeHThl, a CO3/3aeT KOPTEX CCbLI0K Ha HUX. DTO MIPUBOLUT KO BTOPOMY TUITAY-
HOMY CJIy4alo UCIIOJIb30BaHMs std: :tie: MOOeIMPOBAaHNIO «MHOKECTBEHHOI'O ITpY-
CBaMBaHMSI», UMEIOIEroCs B TAKMX sI3bIKaX, Kak Python:

std::string s;
int i;

// TIpUCBOWTb 3HAYeHUs ABYM MEpPEeMeHHbM, S U i, OAHOBPEMEHHO
std::tie(s, i) = std::make_tuple("hello", 42);

O6paTuTe BHMMaHWE, YTO C/IOBO KOLHOBPEMEHHO» B Npeaplay-
LeM KOMMEHTapuu He UMEeEeT HUKAKOTO OTHOLIEHWS HU K KOHKY-
PEHTHOMY BbINONHEHMIO (CM. maBy 7 «KOHKYPEHLUSI»), HU K oue-
peLHOCTM NobbIX BO3HMKAKOWMX NOBOYHbIX 3DdEKTOB; 1 NPOCTO
“Men B BUAY, 4To 062 3Ha4YEHWUS MPUCBAUBAKOTCS B OLHOM UHCTPYK-
LMK NpUCBAUBAHUS.
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Kaxk mwutioctpupyeT npenspiayiimii mipumep, std: :make_tuple(a, b, c...) MOX-
HO MCII0JIb30BaTh [J151 CO3aHUS KOPTeXKa 3HaUeHUI; TO eCTh make_tuple KOHCTPY-
UpyeT KOMMY 3HaUEeHUI CBOUX apTyYMEHTOB, a He IIPOCTO COXpaHsIeT UX agpeca.

Hakownerr, B C++17 Mbl OJTyYMIM BO3MOXXHOCTb UCIIOIb30BAaTh aBTOMaTU4YeCKOe
ompeneeHKe mapamMeTpa MabJIOHHOI0 KOHCTPYKTOPA, YTOOBI MOKHO OBIJIO TPOCTO
3ammcarth std: :tuple(a, b, c...); HO, BEPOSITHO, TAKOI BO3MOXHOCTHU JIy4llle 13-
6eraThb, He 3Hass TOYHO OCOOEHHOCTeN ee MoBedeHMs. EMMHCTBEHHOE, UTO JejlaeT
aBTOMAaTMUYECKMI1 BBIBOJ, IIapaMeTpa Iab/ioHa MHave, ueM std: :make_tuple, — OH
COXpaHsIeT apTyMeHThI std: :reference_wrapper, He IIpeobpasyst UX B OObIYHbIE
ccpuiky C++:

auto [i, j, k] = std::tuple{l, 2, 3};

// make_tuple npeobpasyer reference_wrapper...

auto tl = std::make_tuple(i, std::ref(j), k);

static_assert(std::is_same_v< decltype(tl),
std::tuple<int, int&, int>

>);

// ...TOTAAa KakK aBTOMATWMYECKUI BbIBOA KOHCTPYKTOpPa HET

auto t2 = std::tuple(i, std::ref(j), k);

static_assert(std::is_same_v< decltype(t2),
std::tuple<int, std::reference_wrapper<int>, int>

>)s

MaHunynMpoBaHue 3HaYEHUSAMU KopTexa

BonbmMHCTBO M3 3TUX QYHKIMIT ¥ MAGIOHOB YAOOHO MCIIOIb30BATh TOIBKO B
KOHTEKCTe MeTaIrporpaMMIMpPOBaHMs Aa0I0HOB; BaM eBa JI IIPUIeTCs MCIT0Nb30-
BaTh MX B ITOBCEIHEBHOII paboTe:

O std: :get<I>(t): BO3BpalllaeT CCbUIKY Ha I-Ji 27IeMeHT B t;

O std::tuple_size_v<decltype(t)>: BO3BpallaeT pasmep yKa3aHHOTO KOP-
Texka. Tak KaK 3TO KOHCTAHTHOE CBOVICTBO TUIIA KOPTeXKa BpeMeHU KOMITH-
JIALVY, OHO BbIpakaeTcsl KaK IIabJIOH mepeMeHHO, mapaMeTpU30BaHHbIi
9TUM TUIIOM. EC/IM BBI TIpeiTIOuMTaeTe UCIOAb30BaTh CMHTAKCUC, KOTOPbIN
CMOTpPUTCS 60jIee eCcTeCTBEHHO, MOKETE HaIMCATh BCIIOMOTaTeIbHYI0 QYHK-
ILIMIO0 JTIOOBIM U3 CJIEYIOIINX CIIOCO6O0B:

template<class T>
constexpr size_t tuple_size(T&&)

{

return std::tuple_size_v<std::remove_reference_t<T>>;

3

template<class... Ts>
constexpr size_t simpler_tuple_size(const std::tuple<Ts...>&)
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{

return sizeof...(Ts);

3

O std::tuple_element_t<I, decltype(t)>: Bo3Bpalaet mun I-To snemMeH-
Ta JAHHOTO TUIIa KOpTeXa. M cHOBa cTaHAapTHas 6MOaMOTeKa maet 6oee
HeyIOoOHbI CIIoCco6 MONMydYeHUsT 3TOi MHGPOpMAIMM, UYeM OCHOBHOJ SI3BIK.
Boob111e, UTO6bI OIpemenTh TUIT I-TO 3JIeMeHTa KOPTeXKa, TOCTaTOYHO BOC-
I1071b30BaThCS BhIpaskeHeM decltype(std: : get<I>(t));

O std::tuple_cat(tl, t2, t3...): oObeaMHSIET YKa3aHHbIE KOPTEXM, BbIC-
TpauBasi MX OPYr 3a SPYyIOM;

O std: :forward_as_tuple(a, b, c...):CO3maeT KOPTEXK CChIJIOK, B TOYHOCTH
Kak std: :tie; HO ewn std: : tie TpebyeT ccblikM Ivalue, To std: : forward _
as_tuple IIpMHMMAET Ha BXO/I€e JII0ObIe CChITKU U ITePeIpaBiIsieT UX B KOPTEX
Tak, YTO MOTOM MX MOXXHO M3BJIeUb C IOMOIIbIO std: :get<I>(t)...:

template<typename F>
void run_zeroarg(const F& f);

template<typename F, typename... Args>
void run_multiarg(const F& f, Args&&... args)

{

auto fwd_args =
std::forward_as_tuple(std::forward<Args>(args)...);
auto lambda = [&f, fwd_args]() ¢
std::apply(f, fwd_args);

run_zeroarg(f);

b

3aMeuyaHue 06 UMEeHOBaHHbIX Knaccax

Kak mbpl Bupenu B miaBe 4 «300MapK KOHTENHEPOB», KOILa CpaBHUBAIU
std: :array<double, 3> CO CTPYKTYpOii struct Vec3, UCIOJIb30BaHMe IIa6IOH-
HOTO Kimacca u3 STL MOXeT COKpaTUTh 3aTPaThl BpeMeHU Ha pa3paboTKy U yCTpa-
HUTb UCTOYHMKM OLIMOOK 3a CUeT IIOBTOPHOTO UCIIOIb30BaHMSI IPOBEPEHHBIX KOM-
noHeHTOB STL; HO MOXeT cIenaTh Kof, TPYLHOYMTAEMbBIM WINM NaTh BalleMy TUITY
M3IUIIHION GYHKIMOHAIBHOCT. B HallleM rpumepe B 171aBe 4 «300IMapK KOHTeliHe-
pPOB» BBIOOp std: :array<double, 3> 0OKa3aJiCs HEyIauYHbIM I10 CPaBHEHMIO C Vec3,
IIOTOMY UTO peann3yeT HexXellaTelbHblil operator<.

HemocpeacTBeHHOE MCIIOIb30BaHMe JIIOOBIX anrebpanyeckux TUIIOB (tuple,
pair, optional wiau variant) B Bamux uHTepdeiicax u API, ckopee Bcero, sIBJsI-
eTCsl OIMOKO. Bbl 3aMeTHTe, UTO Balll KO BBIVISIAUT MPOIIE U MOHATHEE, eC/IN
[McaTh MMEHOBAaHHbIE KJIACChl IJIST CBOMX IIPeAMEeTHBIX TUIIOB, Jaske eCIy — U 0C0-
0eHHO eC/lu — OHU SIBJISTIOTCSI JIMIIb TOHKMMY 06epTKaMM BOKPYT aare6pandyeckmx
TUIIOB.
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Bbipa)keHHe anbTepHaTUB C MOMOLLbLIO
std::variant

Eum std::tuple<A,B,C> SBISETCST munom-npoussedeHuem, TO std::variant
<A,B,C> — 3TO0 mun-cymma. BapuaHT m0O3BOJSIET XPaHUTb M A, Mau B, min C, HO He
6osblle (M He MeHble). IHaue 3TO MOHSITIE Ha3bIBAETCS pasmeueHHoe 00seduHeHue
(discriminated union), ToTomMy 4TO BapyaHT BO MHOTOM HAIlOMMHAeT OObIYHOE 00b-
enyHeHMe union B C++; HO, B OT/IMYME OT HEro, BAPMAHT BCEra MOXKET COOOIINTD,
KaKOJi 13 ero 3j1eMeHTOB — A, B v C — «aKTUBEH» B JAHHbI MOMeHT. O(UIIMaIbHO
9TY 3/IeMEeHThI Ha3bIBAIOTCS «AJIbTEPHATUBAMM», [IOTOMY YTO aKTVBHBIM MOXKET ObITh
TOJIBKO OJVH U3 HUX:

std: :variant<int, double> v1;

vl = 1; // akTuBupoBaTb 4neH "int"
assert(vl.index() == 0);
assert(std::get<@>(vl) == 1);

vl = 3.14; // akTmBupoBaTb 4neH "double"
assert(vl.index() == 1);
assert(std::get<1>(vl) == 3.14);
assert(std: :get<double>(vl) == 3.14);

assert(std::holds_alternative<int>(vl) == false);
assert(std::holds_alternative<double>(v1l) == true);

assert(std::get_if<int>(&vl) == nullptr);
assert(*std::get_if<double>(&vl) == 3.14);

Tak ke Kak B ciy4dae C tuple, MOJYYUTh KOHKPETHBIM 3JIEMEHT M3 BapuaHTAa
variant MOXHO C ITOMOIIbBIO std: :get<I>(v). Ecau Bce aJibTepHAaTUBBI 00bEKTA
variant pasJMYHbI (UTO SIBJSETCS Hauboyiee TUIMMUYHBIM CITyvyaeM MCII0Jb30Ba-
HUSI, €CIM He YBJIEKATbCS IITYOOKMM MeTaIrporpaMMMUPOBAaHMEM), TOIJIa MOKHO
JICIIOJIb30BAaTh BepcuIo std: :get<T>(v) C TUIIaMM BMECTO MHIEKCOB — HaIlpuMep,
B IpenbiayineM (GparMeHTe Kofa BMECTO std: :get<@>(v1) MOKHO ObLIO ObI MC-
[10JIb30BaTh BbI3OB std::get<int>(v1l), MIOTOMY 4YTO Hy/JIeBas ajbTepHaTVBA B
BapuaHTe v1 umeet TUII int. B omiMuue OT tuple, OOHAKO, BbI3OB std: : get C Ba-
PUMAaHTOM MOKeT moTeprieTb Heygauy! Hampumep, BbI30B std: : get<double>(v1)
IJIST v1, XpaHSIIIEero B JaHHbI/I MOMEHT 3HAaUeHMe TUITA int, BO30YIUT UCKIUYEHNE
std::bad_variant_access. std: :get umeeT Bepcuro std::get_if, KoTopas He
BO30OYKIaeT UCKIUeHni. Kak 1mokasaHo B IpeapiayiieM IpuMepe, get if BO3-
BpalllaeT yKa3aTeJb Ha 3aJaHHYIO aJIbTepHATUBY, €C/IM OHAa aKTUBHA, MU null B UHOM
arydae. To ecTb ciienyrommii pparMeHT Koma SIBJISIETCSI TTOJHBIM 5KBYBAJIEHTOM
pefbIayIero:

// Xyowvi...

try {
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std::cout << std::get<int>(vl) << std::endl;
} catch (const std::bad_variant_access&) {}

// Bce ewe nnoxom...
if (vl.index() == 0) {
std::cout << std::get<int>(vl) << std::endl;

3

// HemHoro nyuuwe...
if (std::holds_alternative<int>(v1)) {
std::cout << std::get<int>(vl) << std::endl;

3

// .. Jlyyumn
if (int *p = std::get_if<int>(&vl)) {
std::cout << *p << std::endl;

3

YreHune BapuaHTOB

[Mpenpiaymiviii mpuMep AEeMOHCTPUPYET, UTO IJjid IepeMeHHOM std::variant
<int, double> v BbI30B std: :get<double>(v) BO3BpalllaeT TeKylllee 3HaUeHMe,
eC/IM B 9TOT MOMEHT OHa XpaHUT 3HaUYeHMe TuIiia double ¥ reHepupyeT UCKIIOUeHMe,
eC/IM OHA XpaHUT 3HaueHMe TUIMa int. ITO MOXKeT MOKa3aTbCs CTPAHHBIM: TUM int
JIerKo Ipeo6pasyeTcst B TUIT double, TOTIa mouemMy (GyHKIIMS He MOKeT IIPOCTO Bep-
HYTbh ITpeobpa3oBaHHOe 3HAUEHMEe?

Mpl JIerko MOKeM MONIYUYUTh Takoe IOBelleHue, HO He OT std: :get. [Ijag 3TOro
BbIPa3yM CBOE€ KeJlaH/e HEMHOTIO MHauve: «Y MeHs eCTb [lepeMeHHas TUIa variant.
Ewin ceituac oHa XpaHUT 3Ha4YeHMe TuIla double, Ha3BaTh ero d U AaTh BO3MOX-
HOCTb ITOJIYYUTD ero Kak double(d). Ecnm OHa XpaHUT 3HaueHue TUIla int, Ha3BaTh
ero i u 1aTb BO3MOXKHOCTD ITOJTYYUTH ero Kak double(i)». To ecTb y HaC umeercs
repeyeHb sKeJlaeMbIX Peakiuii M HaM XOTeJI0Ch ObI, UTOOBI BhI3bIBAIACH T PEAKIINS,
KOTOpasi COOTBETCTBYET TUITY aJbTepPHATUBBI, XpaHsIieiicsa B v. CTaHgapTHast 616-
JIOTeKa pean3yeT 3TOT aJITOPUTM I10J, HEMHOTO CTPaHHBIM MMeHeM std: :visit:

struct Visitor {

double operator()(double d) { return d; }

double operator()(int i) { return double(i); }
double operator()(const std::string&) { return -1; }
3

using Var = std::variant<int, double, std::string>;

void show(Var v)

{

std::cout << std::visit(Visitor{}, v) << std::endl;

b

void test()
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show(3.14);

show(1);

show("hello world");
}

B o6miem ciryyae Bce BUIBI UYTEHMSI BAPMAHTA C TTOMOIIBIO visit, KOTOPbIE MbI
ompenenuian, UMeIoT GpyHaaMeHTaIbHOe CXOACTBO. Tak Kak A3bIk C++ Mmommepsku-
BaeT MeperpysKy GYHKINI ¥ OIepaTopOB, Mbl OOBIYHO MOKEM BbIPA3UTh ITOXOXKIE
BUJIbI TIOBEHEHMSI, UCITONb3YsI UIEHTUYHBIN CMHTAKCUC. A eC/IM MbI MOKEM BbIpa-
3UTb UX C IPUMEHEHNEeM UIEeHTUYHOTO CMHTAKCUCA, 3HAUNUT, MOKEM 3aBEPHYTh UX
B IA6IOHHYIO (QYHKINIO VJIM — HauboJiee TUIIMYHBIN ITOIX0M — 060011eHHOEe IsIMOa
BeIpakeHue C++14, Hampumep:

std: :visit([]J(const auto& alt) {
if constexpr (std::is_same_v<decltype(alt), const std::string&>) {
std::cout << double(-1) << std::endl;
} else {
std::cout << double(alt) << std::endl;
1
3 v

ObpaTuTe BHMMaHWeE, YTO 34eChb UCMONb3YeTCH KOHCTPYKLMS if
constexpr, noseusLwasnca B C++17, kotopas obpabaTbiBaeT oguH
M3 Cyyaes, MPUHUMMNMANBHO OTAMYAOLLMIACS OT Apyrux. Beibop
pelleHns, UCNoNb30BaTb I SBHOE BKOYEHWe decltype, Kak
3[eCb, UK ONpefennTb BCMOMOraTeNbHbIA KNacc, kak Visitor B
npeablaylwemM npuMepe, 1 4OBEPUTLCS MEXaHWU3MY paspeLleHuns B
BblbOpe BEpHOW NneperpyxeHHoW Bepcun operator( ), BO MHOTOM
SBNAETCSA AENOM JIMYHOTO BKYCa.

MMeeTcs Takke BapMaTMBHAs Bepcus std::visit, NpuMHMMAIOIas OBa, TPU U
Iake 6OJIbINee KOJIMYECTBO 06bEKTOB variant OJHOTO MM Pa3HbIX TUTIOB. Ty Bep-
cuio std: :visit MOXKHO MCITONb30BATh MJIST Peansalnyi CBOeo6pasHoii «MHOTO-
1[eJIeBOT AMcIieTuepusanmn», Kak mokasaHo B cienymomem npumepe. OqHako 3Ta
Bepcus std: :visit egBa i MOHAJOGUTCS BaM, €C/IM BbI HE 3aHMMAaeTeCh MeTaIpo-
rpaMMMPOBaHMeM BCEPhE3:

struct MultiVisitor {
template<class T, class U, class V>
void operator()(T, U, V) const { puts("wrong"); }

void operator()(char, int, double) const { puts("right!"); }
¥

void test()

{
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X3

std::variant<int, double, char> vl
std::variant<char, int, double> v2 1;

std: :variant<double, char, int> v3 3.14;
std::visit(MultiVisitor{}, v1, v2, v3); // BuiBeger "right!"

3

O make_variant U ceMaHTHKe TUNa-3HA4YeHUS

Kak MbI 3HaeM, 00beKT tuple MOXKHO CO34aTh C IIOMOIIBIO std: :make_tuple,IIa-
py — ¢ noMouibio make_pair. [I03TOMY YyMECTHBIM BBIIISIAUT BONpocC: «CyliecTByeT
i make_variant?» Kak okaspiBaeTcsl, Takoii (QyHKUMM HeT. [JIaBHAsI MpuUUMHA B
TOM, UTO, B OT/INYMeE OT TUIIOB-ITPOM3BEeAeHMI tuple U pair, TUIT variant SBJISIETCS
TUIOM-CyMMOIi. Co3maBast KOPTeX, Mbl BCEria yKa3bIBaeM BCe N 3HaYEHWUI IJIsI ero
2JIEMEHTOB, 61arofapst YeMy TUIIbI 3JIEMEHTOB JIETKO BbIBOAATCS. OmHAKO, co3aa-
Basi BapMaHT, Mbl MOXXeM yKa3aTb TOJIbKO OAHO M3 BO3MOXXHbBIX 3HaUE€HWUI, HAIPU-
Mep TUIa A, IT03TOMY KOMITWJISITOP HE CMOSKET CO3[1aTh OOBEKT variant<A, B, C>, He
MMest BO3MOKHOCTY MAeHTUMUUMPOBATh TUITEI B 1 C. To ecTh QYHKLMSI my : :make
variant<A,B,C>(a) TepsieT BCSIKMUI CMbBIC], YUMUTHIBASI, UTO (PAKTUUECKUII KOH-
CTPYKTOD KJIacca 3anyMcbiBaeTCcs Kopoue: std: :variant<A,B,C>(a).

MBbl y>kKe yIIOMUHAIM BTOPYIO IIPUUMHY CYIeCTBOBaHMUSI make_pair Mmake_tuple:
OHM aBTOMATUYECKM ITPe0OPa3yIOT CIIeIMaIbHbIN CIOBAPHBIATUITstd: : reference
wrapper<T>BT&,O0maromapsuemy std: :make_pair(std::ref(a), std::cref(b))
€O371acT OOBEKT TuIa std::pair<A&, const B&>. OOBEKTHI «Ilapa CChUIOK» VIV
«KOPTEX CChUIOK» IPOSIBJISIIOT OU€Hb CTPAaHHOE IOBeeHMe: UX MOXKHO CPaBHUBATD
U KOITIMPOBATh, MICITOJIb3YSI OOBIUHYIO CEMaHTHKY, HO KOTIa BMECTO «IIPUBSI3KI» 3J1e-
MEHTOB (UTOOBI OHM CChIJIAJIMCh Ha OOBEKTHI CITPABa) BBIMOIHSIETCS IIPUCBaMBaHMe
00BEKTY TOTO K€ THUIIA, OIlepaTop MpucBauBaHMs GaKTUUECKM U3MEHSIET 3HaUeHUSI
00BEKTOB, Ha KOTOPbIE YKA3bIBAIOT CChUIKM. Kak ObUIO ITOKa3aHOo B pasjeie «Pabo-
Ta ¢ std::tuple», sTa NMpemHaMepeHHasT CTPAHHOCTH IO3BOJISIET HAM MCIIOJIb30BaTh
std: :tie Kak cBOeOOpPa3HYI0 MHCTPYKIIUIO «MHOXECTBEHHOTO ITPYCBaVIBAHMSI».

[TosTomy elie ogHa IMpPUYMHA, IO KOTOPOV MOKHO OXUAATbH WU >KeJlaTb YBU-
IeTh (YHKIMIO make_variant B CTaHAAPTHOM OMOIMOTEKE, 3aKIOYAETCSI B BO3-
MOYKHOCTM ITpeobpa3soBaHMs CChIIOK. OIHAKO 3TO TOXKE AOBOJBHO CIIOPHBIN BOII-
pOC IO OOHOJM MPOCTOM MpPUYMHE — CTAHZAPT 3allpeljaeT CO34aBaTh BapUMaHThI
M3 3JIeMEHTOB CCbUIOYHBIX TUIOB! [lajiee B 3TOJ IlaBe Mbl YBUIAMM, YTO TUIIAM
std::optional U std::any TaKke 3alpelieHO0 XPaHUTb CCbUIOUHBIE TUIbL. (OmHa-
KO std::variant<std::reference_wrapper<T>, ...> 4BJISIeTCSd BIIOJIHE IOITyC-
TUMBbIM.) Takoii 3ampeT 0OYCJIOBIEH TEM, UTO CO3HATENN OMOIMOTEKM HEe MPUIILIN K
eIMHOMY MHEHMIO O TOM, UTO JO/DKEH 03HA4aTh BapMAaHT CChLIOK. M, eciiu yK Ha TO
TOIIJIO, YTO AO/DKHO O3HAuyaTh MOHSTHUE KOopmext cCblioK! EqUMHCTBEHHAs MPUYMHA,
ToYeMy CErofiHSI B SI3bIKe IPUCYTCTBYET MOAIEPIKKA KOPTEXKA CChIIOK, — std: :tie BbI-
sigena oimaHovi uaeeii B 2011 rogy. B 2017 rogy He HAIIIOCh JKeJIAIOUIMX YCYTYOUTD
MTyTaHUITY BBeIeHVeM BapMaHTOB, HEOOSI3aTeTbHBIX U <ITPOV3BOIbHBIX» CCHITIOK.

WTtak, Mbl YCTaHOBWIM, UTO std: :variant<A,B,C> Bcerga XpaHUT TOYHO OJHO
3HaueHyue Tuna A, B uau C — He Oojble ¥ He MeHble. OgHAKO TEXHMUUYECKM 3TO
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yTBepPKIeH)e He COBCeM BepHO. B HEKOMOpbIX 0ueHb HeOObIUHbIX 06CMOSIMensCmeax
MOXXHO CKOHCTPYMPOBATh BapMaHT, BOOOIIe He MMEIOIINii 3HaueHusl. ENMHCTBeH-
HBIIl MyTh AOOUTHCS ITOTO — CKOHCTPYMPOBAaTh BAPMAHT CO 3HAUEHUEM TUTIA A,
a 3aTeM IPUCBOUTH €My 3HaUeHMe TUIIA B, B pe3y/ibTaTe 4ero 3HaueHue A OGymer
671aroTOIyYHO YHUYTOXKEHO, @ KOHCTPYKTOP B BO3OYIUT UCKITIOUEHME Y 3HAUeHNe B
HUKOTZA He OyJeT MOMeIleHo B BapuaHT. Koryia Takoe MpouCcXoIuUT, 06 beKT BapruaH-
Ta OKa3bIBAETCSI B COCTOSIHUM, M3BECTHOM Kak «6e3 3HaUeHMsI M3-3a UCKITIOUeHUS»
(valueless by exception):

struct A {
A() { throw "ha ha!"; }
¥
struct B {
operator int () { throw "ha ha!"; }
b
struct C {

C() = default;

C& operator=(C&&) = default;
C(C&) { throw "ha ha!"; }
3

void test()
{

std::variant<int, A, C> vl = 42;

try {

vl.emplace<A>();
} catch (const char *haha) {3}
assert(vl.valueless_by_exception());

try {

vl.emplace<int>(B());
} catch (const char *haha) {3}
assert(vl.valueless_by_exception());

3

OTOro HMKOTIA He MPOM30iiIeT C BaMU, eC/IM Bbl He MUIlIeTe KOJI, B KOTOPOM Balli
KOHCTPYKTOPBI WK OTI€PATOPBI Tpeo6pa3oBaHust BO30YKAA0T uckioueHus. Kpome
TOTO, e/ BMECTO emplace MCITOJb30BaTh operator=, MOXKHO 136eXaTh BapuaH-
TOB 6€3 3HaUeHUIT BO BCEX CJIyUasix, KpOMe CUTYaI[1ii, KOTa MMEeEeTCS] KOHCTPYKTOPD
nepeMeIieHus1, CIoCOGHbIN BO3OYIUTh UCK/TIOUEHNE:

vl = 42;

// KOHCTpyKTOp cnpaBa OT onepaTopa NpucBavBaHWs BO3OYAWT MCKIYEHUE;
// HO 3TO He 3aTPOHET BapWaHT.

try { vl = A(); } catch (...) {3
assert(std::get<int>(vl) == 42);

// B aTOoM cnyuyae Toxe.
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try { vl = B(); } catch (...) {3
assert(std::get<int>(vl) == 42);

// Ho wucknwyeHve B KOHCTPYKTOpE nepemMeleHnsa MOXeT BCe MCNOPTUTb.

try { vl = C(); } catch (...) {3
assert(vl.valueless_by_exception());

Kak pacckasbIBasIoCh Ipu 0OCYKIeHUM std: : vector B I71aBe 4 «300IMapK KOHTe -
HepOB», KOHCTPYKTOPBI MepeMellleHusT BalllMxX TUIIOB BCerja AOJDKHBI CHaGXKaThCs
criennMUKaATOPOM noexcept; TO eCTh eC/IM BbI HEYKIOHHO 6yIeTe IpUaepsKuBaThCs
9TOTO TpaBuUJia, Bbl MOXKETEe BOOOIIe HUKOIA He CTOJKHYThCS C HEOOXOAMOCTHIO
UCIOoAb30BaTh valueless_by_exception.

B mio6oM ciyuae, KOrJa BapMaHT HAXOOUTCS B 9TOM COCTOSIHMM, €0 METO[I
index() BepHeT size_t(-1) (KOHCTaHTYy, U3BECTHYIO TaKXe Kak std::variant_
npos), 1 106ast TOMbITKA BbI3BATh std: :visit BO3GYAUT MCKIOUeHMe std: :bad_
variant_access.

3aaepKKa MHULMaNM3aLMmM C NOMOLLbHO
std::optional

B03MOsKHO, BbI yyke TTIOAYMaJsiu, YTO OJHO U3 BO3MOKHbBIX TpUMeHeHul std: :vari-
ant — MpefcTaBjieHne MOHSITUS «MOKET ObITh, Y MEHS €CTh 06BEKT, 8 MOKET ObITb,
HeT». Hanpumep, COCTOSIHME «BO3MOKHO, HEeT» MOYKHO IIPe[ICTaBUTh C MUCII0Ib30Ba-
HMEM CTaHJApTHOTIO Tera std: :monostate:

std::map<std::string, int> g_limits = {
{ "memory", 655360 }
¥

std::variant<std::monostate, int>
get_resource_limit(const std::string& key)
{
if (auto it = g_limits.find(key); it != g_limits.end()) {
return it->second;
}

return std::monostate{};

}

void test()
{
auto limit = get_resource_limit("memory");
if (std::holds_alternative<int>(limit)) {
use( std::get<int>(limit) );
} else {
use( some_default );
3
}
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Crierry Bac 06pazioBaTh, UTO 3TO He JIYUIINii CII0COO JOCTMUYD IIOCTABJIEHHOI 1ie-
nu! CtaHmapTHas 6MOIMOTeKa MOAAePsKMBAET CJIOBAPHBINM TUIT std: :optional<T>
CIeLMaIbHO JIJIS TIOHSTHSI <MOKET OBbITh, €CTh, @ MOXKET ObITh, HET».

std: :optional<int>
get_resource_limit(const std::string& key)

{
if (auto it = g_limits.find(key); it != g_limits.end()) {
return it->second;

b

return std::nullopt;

by

void test()

{
auto limit = get_resource_limit("memory");
if (limit.has_value()) {
use( *limit );
} else {
use( some_default );

b
b

B noruke anre6paryecKux TUIOB std: : optional<T> — 3TO TUII-CyMMa: OH MMeeT
POBHO CTOJIbKO K€ 3HaUeHMI, CKOJIbKO MMeeT TUII T, III0C OAVH. TO JOIOJIHUTEIb-
HOe 3HaueHye HasbiBaeTcs «null», «IycToe» min «He3aHsIToe» COCTOSTHME U TIpef-
CTaBJISIETCS B MCXOAHOM KOfe CITelaabHOl KOHCTAHTOM std: :nullopt.

He nyTaiTe KOHCTaHTy std::nullopt C MOXOXeM Ha Hee
std: :nullptr! OHM He MMetoT HMYero obLLero, KPOMe TOro YTO
obe NpeacTaBagoT KHUYTOY.

Bommuneorstd: :tupleustd: : variant ¢ X MeIIaHMHO CBOGOHBIX DYHKITIA
(He SIBJISIOMIMXCS YIeHaMM), Kiace std: : optional<T> MMeeT MHOXKeCTBO YIOOHBIX
(YHKUMI-UIeHOB. 0. has_value() BepHeT true, eCI HeoOsI3aTeIbHbBII 0OBEKT O B
HACTOSIIINIT MOMEHT XpaHUT 3HaueHue Tura T. COCTOsTHME «MMeeT 3HaUeHYe» 4acTo
Ha3bIBAIOT «3aHSITHIM» COCTOSTHIEM ; HEOOSI3aTeNIbHbI 00BEKT, COIepIKalnii 3HaUe-
HIe, «3aHST», a He00sI3aTeIbHbII 0OBEKT B ITYCTOM COCTOSTHUM «HE 3aHSIT».

OrepaTopbl CpaBHEHMS ==, |=, <, <=, > 4 >= [eperpykeHbl Ojs1 optional<T>,
et UMeIoT cMbIc ajist T. TIpy 9TOM, cpaBHMBAsI IBa 9K3eMIUIIpa optional M
optional co 3HaUeHMeM Tuma T, IOMHUTE, UTO IK3EMILIAP optional B HE3AHITOM
COCTOSIHMM BCETrIa CUUTAETCS «MEHbIIe», UeM JII000e IeiiCTBUTEeIbHOe 3HaueHue T.

bool(o) gBisgeTcss CMHOHMMOM o.has_value(), a !o — CMHOHMMOM !o.has_
value(). JIMYHO 9 peKOMEeHAYI BCerga MCIOoAb30BaTh has_value, IOTOMY YTO 3TO
He BJIeYeT TOTIONHUTENIbHBIX HAK/IAAHBIX PACXOAOB BO BpeMs BbITIONHEHMS; eIVHCT-
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BEHHOE OTINYMe — yI0O0YMTAaeMOCTh Koma. ECiu BbI pelllTe MCIONIb30BaTh CO-
KpalleHHyIo opMy Ipeobpa3soBaHusl B JOTMUYECKOe 3HAUEHMe, TIOMHUTE, UTO IJIst
std: :optional<bool>omnepauuyn o == false u | o 03HA4YaIOT COBEPIIEHHO pa3Hble
Beuu!

o.value() BO3BpalllaeT CCbIKY Ha 3HaUeHUeE, coepyKalleecs B 0. Eciu B JaHHbII
MOMEHT OOBEKT o He 3aHST, TOrma o.value() BO3OYIUT MUCKIIOUeHMe std::bad_
optional_access.

*0 (MUCIIONB3YeTCsl MeperpykeHHbll YHApHBI operator¥*) BO3BpallaeT CCbUIKY
Ha 3HaueHue B o 6e3 IMPOBEPKM Ha 3aHATOCTb. EC/IM B JaHHbBIII MOMEHT 9K3eMILISP
0 He 3aHAT, [I0BeJleHMe *o He OIIpeleeHo, TaK Ke KaK [MOBeNeHNe *p OJid MyCTO-
ro yKasaTeyis. 3Ty 0COOGeHHOCTb JIETKO 3aIIOMHUTH, €CIY 00paTUTh BHUMAaHNE, UTO
cTaHgapTHas 6ubamoreka C++ MpMUMeHseT CMMBOJIbI ITYHKTYAIMI AJIS peaan3alumn
Haubosee 3¢ deKTUBHBIX OIepalnii, comepskallux MeHblle MpoBepoK. Hampumep,
std::vector: :operator[ ] BBIIIOJHIET MeHbIIe IIPOBEPOK Ha BbIXOJ 3a 'PAHUILIBI,
yeM std: :vector: :at(). Ciemys ToJ ke JIoruke, std: :optional: :operator¥ BbI-
II0JIHSIeT MeHBbIIIe IIPOBEPOK, ueM std: :optional: :value().

o.value_or(x) BO3BpalllaeT KOIMIO 3HaUE€HMs, COAepyKalllerocs: B o, UM, €Ciau
06BEKT 0 He 3aHST, KOMMIO 3HAUYEeHMs X, peoOpa3soBaHHOTO B TUII T. C ITOMOIIIbIO
value_or MOXHO 3aMeHUTbD NPeAbIAyIIMI IIpPUMeD eIVHCTBEHHOM CTPOKOI, coXpa-
HUB IIPOCTOTY M UMTa€MOCTb KOJIa:

std::optional<int> get_resource_limit(const std::string&);

void test() {
auto limit = get_resource_limit("memory");
use( limit.value_or(some_default) );

by

B ripenbiaymimx mpuMepax e MOHCTPUPYETCS UCTIONIb30BaHKe std: : optional<T>
1151 06paboTKY CTy4ast «<BO3MOKHO, T» (Kak TUII BO3BpalllaeMoro 3HaueHus! QyHK-
LMY VIV KaK TUIT TTapameTpa). JIpyroit 4acTo BCTpevaroniniics caydaii MCIoab30Ba-
HUS std: :optional<T> — 06paboTKa CUTyalliM «BO3MOKHO, He T», KaK WieH JaH-
HBIX KJacca. Harmpumep, IOMyCTUM, UTO Y HAC €CTh HEKOTOPbI TUII L, He MMeIoLuit
KOHCTPYKTOpA I10 YMOJYaHUIO, TAKOI KaK TUII 3aMbIKaHMsI, TPOU3BOIMMBII JIIMO-
Ila-BbIPASKEHMEM:

auto make_lambda(int arg) {
return [arg](int x) { return x + arg; };

3
using L = decltype(make_lambda(@));

static_assert(!std::is_default_constructible_v<L>);
static_assert(!std::is_move_assignable_v<L>);

Torma Kjaacc ¢ WIEHOM 3TOTrO TUIIA Takke GYIeT CYMTAThCS He MMEIOUMM KOH-
CTPYKTOPA MO YMOTUAHUIO:
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class ProblematicAdder {
L fn_;
¥

static_assert(!std::is_default_constructible_v<ProblematicAdder>);

Ho, eciy 0603HaunTh TUI HAallero 4jeHa Kjacca Kak std: :optional<L>, MbI
CMOXKEM MCIIOIb30BaTh KJIACC B KOHTEKCTAX, Ie TPeOyeTcs] KOHCTPYKTOP IO YMOJI-
YaHUIO:

class Adder {
std::optional<L> fn_;
public:
void setup(int first_arg) {
fn_.emplace(make_lambda(first_arg));
3
int call(int second_arg) {
// BO3OGYAUT UCKMYeHWe, ecnn npexne He BbizBaTb setup()
return fn_.value()(second_arg);
3
+s

static_assert(std::is_default_constructible_v<Adder>);

void test() {
Adder adder;
adder.setup(4);
int result = adder.call(5);
assert(result == 9);

O6paTlATe BHUMaHWE, YTO eCnn no KaKoM-TO npnymnHe noHano-
ouTCa noNyynMTb HeonpepeneHHoe nosedeHue call() BMeCTO
BO36y>K,EI,eHM9| MCKNHOYEHUSA, MOXXHO NPOCTO 3aMEHUTb fn_.val-
ue() Ha *fn_.

PeannsoBaTh Takoe moBefeHye 6e3 std: :optional 6610 ObI OU€Hb CIOKHO. 1151
9TOTO MOKHO IIPUMEHUTH pa3MeniaioIyio (placement) bopmy omepatopa new Mian
JCIIOIb30BaTh 00beaMHEHNe, HO IIPM 3TOM BaM (PaKTHMUYeCKy MPUAETCS CaMOCTOSI-
TeJIbHO peann30BaTh MOJI0BUHY Kjacca optional. Mcmonb3oBaHue std: :optional
Ha 3TOM (GOHe BBIIIIAUT HAMHOTO JTyyurire!

std: :optional — JeiCTBUTEIBHO OJHO M3 CaMbIX OOMBIINX SOCTVKeHMIT C++17,
¥ 3HAKOMCTBO C 3TUM TUIIOM MPUHECET BaM OTPOMHYIO MOJb3Y.

Temepp mepeiimemM OT THUMNA optional, KOTOPbIA MOXHO Ha3BaTh BapuMaHTOM
variant, OTpaHMYE€HHBIM eIMHCTBEHHBIM TUIIOM, K IPYTOii KPaitHOCTH: anredbpan-
YeCKOMY TUITY TaHHBIX, SKBUBAJIEHTHOMY 6€CKOHEUHOCTH.
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U cHoBa variant

Tumn gaHHBIX variant XOpPOII AJIs1 TpeACTaBIeHMs TPOCThIX ajJbTepHATUB, HO, Ha-
IIpUMeD, AJ1s IIPeACTaBIeHUS PeKYPCUBHbIX TUTIOB NAHHbIX, MOSIBUBIIUXCS B C++17,
Takyx Kak crucky JSON, oH He nopxogut. To ecTs cnenyroimmii Kog Ha C++17 He
OyIeT KOMITMJIMPOBATHCS |

using JSONValue = std::variant<
std: :nullptr_t,
bool,
double,
std::string,
std: :vector<JSONValue>,
std: :map<std::string, JSONValue>

EcTh HECKOMbKO OOXOMHBIX pelleHMi 3Toi mpobaeMbl. Hambonee HageXHbI U
MPaBWIbHbBINA — MPOJOJIKATh MCIIOMb30BATh TUIT boost: :variant U3 6MOGIMOTERN
C++11 Boost, KOTOpBIN TOAAepKUBaeT, B YaCTHOCTU, PEKYPCUBHBbIE BapMaHTHBIE
TUIIBI Uepes3 TUII-MapKep boost: :recursive_variant_:

using JSONValue = boost::variant<
std: :nullptr_t,
bool,
double,
std: :string,
std: :vector<boost::recursive_variant_>,
std: :map<std::string, boost::recursive_variant_>

Taxoke Ipo6yIeMy MOKHO PeIlTb, ONTpeAesnB HOBbIN Kinace JSONValue, KOTOPBI
oymet BriouaTh (HAS-A) unu HacmegoBaTth (IS-A) std: :variant peKypcUBHOTO
TUIIA.

B cnenytowem npumepe s Bbibpan pelieHne Ha OCHOBE BKJIO-
uenuna (HAS-A), a He HacneposaHus (IS-A); HacnegoBaHue Heno-
NMMOP®HBIX TMMOB U3 CTaHAAPTHOM BMBIMOTEKM — NPaKTUYECKM
BCeraa naoxas naes.

HOCKOJII:KY B C++ OOITYCKAaITCA OIepeXXawmiye CCbIJIKM Ha KIacCChl, cnezly}omnﬁ
KOO CKOMITMJIMPYETCA:

struct JSONValue {
std::variant<
std: :nullptr_t,
bool,
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double,

std: :string,

std: :vector<JSONValue>,

std: :map<std::string, JSONValue>
> value_;

s

[anee pacCMOTPUM [IPYroit anrebpanyeckuii TUIT U3 CTaHAAPTHOI OGUBIMOTEKH,
eie 6oiee MOIIHBINA, UeM variant.

beckoHeuHoe uucno anbTepHaTuB ¢ std::any

[Tepedpasupyem u3BecTHOe BbipakeHue TeHpu Popma: 06bEKT TuMa std::va-
riant<A, B, C> MOXKeT XpaHUTh 3HaUEHMeE JII060T0 TUTIA, TIPU YCTIOBUU UTO ITO THUIT
A, B unu C. A Teriephb IpeICTaBbTe, UTO HaM [TOHAZ00MIOCh 06eCIeUunTh XpaHeHe no-
Hacmoswemy o60ro Tuta. Takoe MOKET TOHaJ00MUThCS, HAapUMep, KOTIa Iporpam-
Ma 3arpyskaet JOMOTHUTEIbHbIE TIaTUHBI, COlepsKaliyie HOBbIEe TUITbI, HEM3BECTHbIE
3apaHee, — Mbl He CMOKEM yKas3aTh 3TM TUIIbI B CBOEM BapuaHTe variant — Wi B
CUTYAIUY C «PEKYPCUBHBIM TUITOM JTaHHBIX», OTIMCAHHO B IIPeIbIAyIeM pasese.

ISt 9TUX CIyyaeB B CTaHAApTHON 6ubmmoreke C++17 ompeneneH aare6panyec-
Kuit TMI std: :any — Pa3HOBUIHOCTh «6€CKOHEUHOCTH». ITO KOHTeHep (CM. Iyia-
BY 4 «300MapK KOHTEHEepOB») [IJIs1 eIMHCTBEHHOTO 00beKTa abCoMOTHO JII060TO
tumna. KoureitHep MoskeT GbITh MTYCTBIM MM COMEPKATh 00BEKT. OGBEKT any TMOJI-
IepkuBaeT CieAyoiiye 6a30Bblie Orepan:

O MoAyuYnTh MPU3HAK HAJIMUMSI 00bEKTa B KOHTEIIHEpE;

O MOMeCTUTHh HOBBI/ 0OBEKT B KOHTEIHEP (VHUUTOXUB MPEXKHUIA, e/ UMe-
eTcs);

O MOMYyYUTb TUTT XPAHSIIETOCs 00BEKTA;
O momyunTb XpaHSIINIICS 00BEKT, TPABUIBHO YKa3aB €ro THII.
Bot kak BBIIVIAOAT B KOOE IIepBbIe TPU OIIepalmn:
std::any a; // co3paTb MyCTOW KOHTeWHep
assert(l!a.has_value());
a = std::string("hello");
assert(a.has_value());
assert(a.type() == typeid(std::string));
a = 42;
assert(a.has_value());

assert(a.type() == typeid(int));

qETBepTaH oriepanuyus HEMHOTO CJIOKHee. OHa 3amnmchIBaeTCs Kak std: : any_cast,
HallOMMHaeT std: :get Iji1 BapMaHTOB U MMeeT ABe PasHOBUOHOCTU: Pa3HOBUJ -
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HOCTb B CTMJIE std::get, KOTOpas BO36yKIaeT MCKIoUeHne std: :bad_any_cast
B CIyyae Heymauu, M pa3sHOBMIOHOCTD B CTUIe std: :get_if, KOTOpas BO3BpalaeT
IIYCTOM yKasaTelb:

if (std::string *p = std::any_cast<std::string>(&a)) {
use(*p);

} else {
// obpaboTaTb owmbky

3
try {
std::string& s = std::any_cast<std::string&>(a);
use(s);
} catch (const std::bad_any_cast&) {
// obpaboTaTb ownbky

}

O6paTuTe BHMMaHMe, YTO B JIIOOOM CIydae Tpe6yeTcst yKasaThb TUIT, KOTOPBIN Tpe-
OyeTcsl 13BJIeUb U3 06bEKTa any. YKa3aB HEBEPHbII TUII, BbI TIOJTYUNTE VICKITIOUEHVEe
WIM IIYCTOM yKa3aTeyib. HeT HMKaKOi BO3MOXHOCTU BbIPa3UTh kejlaHue: «Jlaii MHe
XpaHUMBbIif 00bEKT HEe3aBMCHUMO OT €0 TUIIa», — [IOTOMY UTO TUIT TAKOT'O BhIPAKEHMST
Heu3BeCTeH.

CTONMKHYBIIMCH C TIOHOGHOI Mpob6aeMoii ¢ std: :variant B NpeIbIAyIIeM pas-
Zese, Mbl PeLIMIY UCIIONb30BaTh std: : visit, YTOOGBI MOTYYUTH HEKOTOPbIN I 0006-
IIeHHbINM KOJ BbIOOpa XpaHsileiics aabTepHaTuUBbI. K coskaleHuIo, 11 TUIIA any HEeT
QJITOPUTMA, SKBUBAJIEHTHOTO std: : visit. [IpMumHa npocTa 1 HempeogoaumMa: pas-
nenbHast Komnuisuys. IIpemcraBbTe, UTO B OGHOM (aiijie a.cc s Hamucant:

template<class T> struct Widget {};

std::any get_widget() {
return std::make_any<Widget<int>>();

3

A B gpyrom daite b.cc (KOTOPbI i MOKET KOMIMIMPOBATHCS B IPYrOii TUIATHH,
6ubnmoTexy .dll wim .so):

template<class T> struct Widget {};

template<class T> int size(Widget<T>& w) {
return sizeof w;

3

void test()
{
std::any a = get_widget();
int sz = hypothetical_any_visit([](auto&& w){
return size(w);

}.oa);
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assert(sz == sizeof(Widget<int>));

}

Kak mpy xoMnuassuyuu b.cc KOMIOWISITOP Y3HAeT, UTO JO/DKeH MCII0/b30BaTh
KOHKPeTHBI 1abgoH B size(Widget<int>&), a He KaKoOif-TO APyroi, Hampu-
mep size(Widget<double>&)? Korma KTO-TO M3MEHMUT d.CC U BepHeT make_any
(Widget<char>&), KaK KOMITWJISITOP Y3HAET, UTO JOJIKEH MePEKOMITMIMPOBATS b.cc,
4yTOOBI N06ABUTD 9K3eMIUISIP size(Widget<char>&) M ymaauTh 60siee He HYXKHbI
size(Widget<int>&), ey, KOHEYHO, HET HEKOTOPOTO TpeThero daiiia c.cc, raoe
TpebyeTcst 3TOT 9K3eMIuIIp?! To ecTh y KOMIMISITOPA HET HUKAKO BO3MOKHOCTY
y3HaTh, KaKOi KOJ MOXET MOTPe6OBATHCS /i1 UTEHUS] KOHTeliHepa, KOTOPbIii 110
OTIPEIEJIEHUIO CITOCOOEH XPaHUTb J1H000L TUTI.

[TosToMYy, YTOOBI U3BJIE€YD JTIOOYI0 (DYHKIMIO 3HAUEHUS B any, HEOOXOAMMO 3apa-
Hee 3HaTh TUII COfepyKalllerocs 3HaueHusI.

std::any u nonMuMmop@Hble TUNbI

std: :any 3aHMMaeT MeCTO MeXAY MoAMMOP(hU3MOM BpeMeH KOMITUIISIIUY THU-
ma std: :variant<A, B, C> 1 nmonumopdn3MoM BpeMeH! BhITIOTHEHUSI TONUMOpd-
HBIX Mepapxuil HacJlefoBaHus U dynamic_cast. BO3MOXHO, BaM MHTepeCHO y3HaTh,
B3aMMOJENCTBYeT M std: :any ¢ MexaHu3MOM dynamic_cast. OTBeT: HeT, U HeT
HMKaKOTO CTaH[IapTHOTO CII0Co6a MOMYIUTh 3TO MOBeleHue. std: :any Ha CTO IPo-
LIEHTOB obeclieuBaeT CTaTMUECKYyI0 06e30MacHOCTb TUIIA: €r0 Hesb3sl B3JIOMaTh U
TIOJTYYNUTD «yKasaTesb Ha JaHHble» (HalpuMep, void *), He 3Hasi TOYHO TUII XpaHs-
LIMXCS JAaHHBIX:

struct Animal {
virtual ~Animal() = default;

s
struct Cat : Animal {3};

void test()

{
std::any a = Cat{};

// XpaHutcs obbvekT "Cat"...
assert(a.type() == typeid(Cat));
assert(std::any_cast<Cat>(&a) != nullptr);

// TMonbiTka nonyymTb Kak 6a30Bbli 06bekT "Animal"
// 3aBepuuTCs Heypadyen.

assert(a.type() !'= typeid(Animal));
assert(std::any_cast<Animal>(&a) == nullptr);

// TlombiTka nonyyYnTb void* Toxe He yBeHYaeTCs ycrnexom!
assert(std::any_cast<void>(&a) == nullptr);
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KopoTko o ctupaHuu Tuna

IlaBaiiTe Terepb MOCMOTPUM, KaK TUII std: : any MOXeT ObITb peaJiM30BaH B CTAH-
IapTHOW 6ubimoreke. OCHOBHAS UJIesl HA3bIBAETCS «CTUPAHME TUIIA» U COCTOUT B
TOM, YTOOBI OTIPEAEINTb OCHOBHBIE OITepaIly, KOTOPBIE TO/IKHBI TTOAAEPXKUBATHCS
IIJIST BCEX TUITOB T, M 3aTEM «CTEPETb» BCE OCTaJIbHbBIE CITelduUUecKe orepalin,
KOTOpPbIE MOTYT ITOAAEPKUBATHCS JIIOOBIM KOHKPETHBIM TUIIOM T.

Iljig std: : any TaKMMM OCHOBHBIMM OMEPALIVISIMU SIBJISTIOTCSI :

O KOHCTpyMpOBaHMe KOIIMY COePsKaNIerocst 00beKTa;
O KOHCTpyMpOBaHMe KOIIMY COEePIKAINIErocsi 00beKTa «IepeMelleHeM»;
O monyuyeHne typeid comepsKalierocss 06beKTa.

Heob6xommmbl Takske KOHCTPYMPOBAHME ¥ YHUUTOKEHME, HO 9TU ABE Omepalun
MMEIOT OTHOIIIeHMEe K YIIPAaBA€HUIO KM3HEHHBIM IIMKIOM CaMOTO COJlepKalllerocst
06BbeKTa, a He K CITMCKY «UTO MOKHO C HUM CIeJIaTh», [I09TOMY, 110 KpaiiHeil Mmepe B
9TOM CJTydae, MbI He Oy[IeM X pacCMaTpPUBaTh.

HWTax, mpeacTaBuM NoaMMOpPGHBIN KiTace (Ha30BeM ero AnyBase), ITOIIepyKBa-
IOLINTi TOJIBKO 3TU TPU OmNepaluy B BUJIe BUPTYyaTbHBIX METOIOB, KOTOpPbIe MOYXHO
TepeorpefesaTh, M 3aTeM OyIeM CO3[aBaThb COBEPUIEHHO HOBBIN ITPOM3BOIHBIN
Kiacc (HazoBeM ero AnyImpl<T>), Korjma MporpaMMUCT haKTUUecKu OyaeT coxpa-
HSTh 00EKT KOHKPETHOTO TuMa T B any:

class any;

struct AnyBase {
virtual const std::type_info& type() = 0;
virtual void copy_to(any&) = 0;
virtual void move_to(any&) = 0;
virtual ~AnyBase() = default;

¥

template<typename T>
struct AnyImpl : AnyBase {
T t_;
const std::type_info& type() {
return typeid(T);
1
void copy_to(any& rhs) override {
rhs.emplace<T>(t_);
}

void move_to(any& rhs) override {
rhs.emplace<T>(std::move(t_));

1

// B [aHHOM cny4vae He TpebyeTcs KaKoW-TO

// ocobblii AecTpyKTop
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C sTuMM BCIIOMOTATeIbHBIMM KjlacCaMy KO, peanusauym std: :any CTaHOBUTCS
YIOMBUTETBHO MPOCTHIM, OCOOEHHO €C/TH IS YIIPaBJIeHMSI KM3HEHHBIM [IMKJIOM Ha-
mero o6bekta AnyImpl<T> UCIONb30BATh YMHbBIE yKa3aTeau (CM. IIaBy 6 «YMHbIe
yKasaTenm»):

class any {
std::unique_ptr<AnyBase> p_ = nullptr;
public:
template<typename T, typename... Args>
std: :decay_t<T>& emplace(Args&&... args) {
p_ = std::make_unique<AnyImpl<T>>(std::forward<Args>(args)...);

3

bool has_value() const noexcept {
return (p_ != nullptr);

3

void reset() noexcept {
p_ = nullptr;
3

const std::type_info& type() const {
return p_ ? p_->type() : typeid(void);
3

any(const any& rhs) {
*this = rhs;

3

any& operator=(const any& rhs) {
if (rhs.has_value()) {
rhs.p_->copy_to(*this);
}

return *this;

}
s

B nipenpimyiiem mpuMepe Koja OTCYTCTBYeT peain3anysi IpUcBanBaHus epeme-
ImeHneM. 3TO MOKHO CllesIaTh Tak ke, Kak MpucBanBaHme KOMMPOBAHWEM WM TIPO-
CTO TIOMEHSIB MecTaMM yKazaTenu. @akTUUeCcKM CTaHIapTHasi 6ubaMoTeKa Ipe-
MOUNTAET MEHSITh yKa3aTeau MeCTaMy BCeraa, KOTAa 9TO BO3MOXKHO, IIOTOMY UTO
9TO TapaHTUPYET OTCYTCTBYE MCKIIOUEHMII; e IMHCTBEHHAS MPUYMHA, IT0 KOTOPOit
std: :any He MeHsIeT yKa3aTeJll, — UCII0Ib30BaHMe «ONTUMU3AIMYU MaTeHbKIX 00b-
€KTOB», UTOObI 136€KaTh BbIEIEHNST IMHAMUYECKOI MaMsITI [Jiss OUeHb MaJleHb-
KUX TUIIOB T C KOHCTPYKTOPOM IlepeMelleHNs], He BO30YKAAIOIMIUM MCKITIOUeHMIA.
Ha MOMeHT HammcaHus 3TUX CTpoK libstde++ (6ubamoTeKa, ucoab3yeMast KOMITU-
naropom GCC) UCOMb3yeT ONTUMM3AINIO MaJIeHbKMX 00BEKTOB U He BbIZeJIsIeT Ia-
MSITh B Ky4e JIJIsSI TUTIOB C pa3MepoM [0 8 Gaiit; libc++ (6ubamoTreka, UCIONb3yeMast
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kommmisitopom Clang) 1CIONb3yeT ONTUMM3ALNIO MaJIeHbKIX 0ObEKTOB J1JIsI TUTIOB
C pasmepoM 10 24 6aiir.

B oTnmuie OT CTaHIZAPTHBIX KOHTEIIHEPOB, 06CYKIAaBINNXCS B I1aBe 4 «300IapK
KOHTelfHepoB», std: : any He MPMHMMAET MapaMeTpa C AUCIeTuepoM MaMsIT U He
MO3BOJISIET HACTpauBaTh UCTOUHUK NamsTu. Eciu BbI ucnonb3yete C++ B cucreme
peaybHOTO BPeMEHM UM C OTpaHMYEHHbIM 00beMOM TaMSTH, TIe pasMelleHyne B
IVMHAMMWYeCKOl TaMsITU He MOAAepXXMBaeTcsl, TOTia Bbl He JOJKHBI UCII0/Ib30BaTh
TN std::any. BMeCToO Hero MOXHO MUCIIONb30BaThb, Halpumep, tj::inplace_
any<Size, Alignment> u3 6ubmmoreku Tumo Sura (Tiemo Jung). Eciu Huvero
IIPYTOTO He OCTaeTcs, Bbl Tellepb 3HaeTe, KaK HaMMCaTh CBOIO pean3anuio!

std::any u konupoBaHue

O6paTuTe BHMMAaHMe: Hallla peanusaiyus AnyImpl<T>: : copy_to TpebyeT, YToObI
Tun T MMeJT KOHCTPYKTOP KOMMPOBAHMS. DTO TaKsKe BEPHO IS CTAHIAPTHOTO TUIIA
std: :any; IPOCTO HET criocob6a COXPaHUTh B 06beKTe std: : any 3HaueHue, 061ama-
I0lllee TOJIbKO KOHCTPYKTOPOM IepemerteHys. O60MTY 3TO orpaHMYeHre MOKHO,
I006aBUB «TOHKYI0» 06epTKY, 06€CITeunBaoIyi0 COOTBETCTBME 00bEKTA, IIOAAEPSKI-
BaIOIIEro TOIbKO MepeMelieHNe, CMHTAKCMUYeCKOMY TPeOOBaHMI0 0 KOHCTPYKTOPE
KOIMMPOBaHMs, 6e3 (PaKTUUeCKOro KOIMMPOBAHMS:

using Ptr = std::unique_ptr<int>;

template<class T>
struct Shim {
T get() { return std::move(*t_); }

template<class... Args>
Shim(Args&&... args) : t_(std::in_place,
std::forward<Args>(args)...) {3

Shim(Shim&&) = default;

Shim& operator=(Shim&&) = default;

Shim(const Shim&) { throw "oops"; }

Shim& operator=(const Shim&) { throw "oops"; }
private:
std::optional<T> t_;
¥

void test()

{

Ptr p = std::make_unique<int>(42);

// Ptr Henb3s coxpaHuTb B std::any, MOTOMYy YTO AOCTYMEH TONbKO A/ MEPEMELEeHUs
// std::any a = std::move(p);

// A Shim<Ptr> moxHo!
std::any a = Shim<Ptr>(std::move(p));
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assert(a.type() == typeid(Shim<Ptr>));

// TepemeweHne Shim<Ptr> BbINONHAETCH HOPMasbHO..
std::any b = std::move(a);

try {
// ...HO nombiITka ckonupoBaTb Shim<Ptr> Bbi3bIBAET MCKHYEHME

std::any c = b;
} cateh (...) {3

// Nonyuntb Ptr n3 Shim<Ptr>.
Ptr r = std::any_cast<Shim<Ptr>&>(b).get();
assert(*r == 42);

3

O6paTuTe BHMMaHMe Ha MCIOIb30BaHMe std::optional<T> B MpembIAyIIeM
TpyUMepe; OH 3allMINaeT Halll MOAAeTbHbIN KOHCTPYKTOP KOMMPOBAHMS OT CUTYa-
uyu, Korma T He MMeeT KOHCTPYKTOPa 10 YMOTYaHUIO.

U cHoBa o ctupaHuu TunoB: std::function

Tenepb MBI 3HaeM, UTO OCHOBHBIMM OTlepalysIMu OJis std: : any SABISIOTCA:

O KOHCTpYyMPOBaHME KOTIMM COZePsKALIerocs: 06beKTa;
O KOHCTPyMpOBaHME KOIMY COLLePsKALIET0cs: OObeKTa «IIepeMelleHreM>;
O mnonydeHue typeid comepskalierocsi 06beKra.

IorycTyM, Mbl peIIn 106aBUTb K ITOMY HabOpy elre OHY OIlepalyio, YTOObI
OH BKJIIOYAJI:

KOHCTPYMPOBaHMe KOIINY COepsKanlerocst 00beKTa;

KOHCTPYMPOBaHMe KOIIMY COMePsKaIerocs 00beKTa «IepeMeIleHueM»;
ToJIy4YeHue typeid comepikalerocst 06beKTa;

BBI30B COZIepsKaIlerocss 00bekTa ¢ GMKCUPOBAHHON ITOCIEI0BATEIbHOCTIO
apryMeHTOB OITpefeIeHHbIX TUIIOB A. .. U IMpeoOpa3oBaHMe pe3ynbTaTa B
HEKOTOPbIN (PMKCHMPOBAHHBIN TUII R.

(ONONONE)

CtupaHue TUIa 3TOro Habopa orepanyii COOTBeTCTBYeT CTaHLapTHOMY 61bIMo-
TeYHOMY TUIY std: : function<R(A...)>!

int my_abs(int x) { return x < @ ? -x : x; }
long unusual(long x, int y = 3) { return x + vy; }

void test()

{

std: :function<int(int)> f; // cKOHCTpyupoBaTb MYyCTOW KOHTEWHEp
assert(!f);

f = my_abs; // coxpaHuTb QyHKLMIO B KOHTeMHep
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assert(f(-42) == 42);

f = [J(long x) { return unusual(x); }; // wan nambaa-BsbipaxeHue!
assert(f(-42) == -39);
}

KonmpoBanme std::function Bcerma BJieUeT KOIMPOBaHME COMEpsKallerocs
00BbEeKTa, eCu ComepsKaImiics 06bEKT MMeeT COCTOsTHMe. KOHeUHO, eciu 3TOT Co-
IepyKalmiicss 0ObeKT SBISIETCS yKa3aTesleM Ha (QYHKIIMIO, Bbl HE 3aMeTUTe HUKa-
KOVi pasHUITbI; HO (haKT KOIMMPOBAHMS MOKHO 3aMETUTD, €CJTU UCIIOTb30BaTh 00BHEKT
TT0JIb30BATEIbCKOTO TUITA UJTU JIIMO/Ia-BbIPasKeHME C COCTOSTHMEM :

f = [i=0](int) mutable { return ++i; };
assert(f(-42) == 1);
assert(f(-42) == 2);

auto g = £;

assert(£f(-42
assert(f(-42
assert(g(-42
assert(g(-42

) 3);
) 4);
) 3);
) 4);
Tak ke Kak B ciay4dae € std: :any, std: :function<R(A...) IO3BOJSIET U3BJI€Ub

typeid cogepskallerocs o6beKTa UIn yKa3aTeJib Ha CaM 06'beKT, ec/in ero MO>XXHO
OIIpeneJIMTb CTaTU4YeCKM:

O f.target_type() 5KBMBAJIEHTHO a.type();
O f.target<T>() 3KBUBAJIEHTHO std: :any_cast<T*>(&a).

if (f.target_type() == typeid(int(*)(int))) {
int (*p)(int) = *f.target<int (*)(int)>();
use(p);

} else {
// obpaborka ownbku!

3

3amMeuy IIpy 9TOM, UTO B CBO€JI ITPAKTHKe 51 He BUJIEN CTydyaeB IIPUMeHEeHUS 3TUX
MeTomoB. OGBIYHO, €C/IM BO3HMKAET HEOOXOIMMOCTD Y3HATh TUIT 00bEKTa, COIePsKa-
merocs B std: : function, 3TO TOBOPUT O TOM, UTO BBI CA€/1a/IM YTO-TO HEIIPABUJIbHO.

InaBHOe mpenHasHadyeHue std::function — CIYKUTH CJIOBAPHBIM TUIIOM [IJIST
repenaun «IoBeAeHMsI» uepe3 rpaHuIbl MOIYy/Ie, KOT/Ia MCII0b30BaHMe abI0HOB
OKa3bIBAaeTCsS HEBO3MOXKHO, HAIpUMepP KOTha HYKHO IepefaTb 06paTHbIN BbI3OB B
(OYHKIIMIO M3 CTOPOHHEH OMOIMOTEKM WIIM KOTAA BbI IHIIETe 6MOIMOTEKY, KOTOpast
IOJDKHA MMPUHMMATH 06paTHbBIE BbI30BBI OT BhI3IBAIOIETO KOMA:

// templated_for_each - 3To wabnoH u ponxeH 6GbITb

// BMAMM B TOYKE BbI30BaA.

template<class F>

void templated_for_each(std::vector<int>& v, F f) {
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for (int& i : v) {
£(1);
b

3

// type_erased_for_each wumeeT nocTosiHHbii ABI u dukcupoBaHHbIM aapec.
// MoxeT BbI3bIBATHCS, TONbKO ecnu 0O6bsBNeHWe HaxoauTcs B 06nacTW BUAMMOCTM.
extern void type_erased_for_each(std::vector<int>&,

std: : function<void(int)>);

Mpl Havanu 3Ty MIaBy € pa3roBopa o std: : string, CTaHZAPTHOM (JIOBAPHOM TH-
Tie JI71s Iepeau CTPOK MeXITY QYHKIMSIMI; TeIlepb, TPUOIM3UBIINCH K KOHITY I71a-
BbI, MbI 3aHSUTMCb 0OCYKAeHMeM std: : function, CTAaHIAPTHOTO CJIOBAPHOTO THUIIA
IS mepemauy GyHKI B GyHKIM!

std::function, konupoBaHue u pasmeweHue
B AMHAMMUYECKOM NaMATH

Tak ke Kak std: :any, std: : function TpebyeT, UTOOBI 1060 OOBEKT, COXPAHSI-
eMblif B 06BEKTe 3TOrO TUIIA, MMeT KOHCTPYKTOP KOMMUPOBaHMsI. DTO MOXKET CTaTh
po6JIeMOIE TIPY MCITOb30BaHMM JISIMOIA-BhIPasKeHMIA, XpaHIMINX std: : future<T>,
std: :unique_ptr<T> WK APyTHe TUIIbI, TTOAIePKMUBAIOIIE TOIBKO ITepeMeleHle:
Takue JIM6aa-BbIpaskeHMs] caMy OYIYT JOCTYITHBI JIUIIb JIsT TlepeMenienust. OmHO
13 perleHuit JaHHoI Mpo6eMbl 6bITO ITPEICTABIEHO B pa3zese «std::any 1 Kormmpo-
BaHMe» BbIIIe: Mbl MOXKEM OMIPEIENIUTh 06ePTKY, KOTOpast CMHTAKCUUECKU TTOaIep-
SKMBaeT KOIMMPOBaHMe, HO BO30OYKIAeT MCKITIOUeHYe ITPU MTOIBITKE CKOMTMPOBATD €ee.

[Tpn pabote c std::function U 3aMbIKAHUSIMM B JIIMOIa-BbIPAKEHUSIX YACTO
MIpeAIIoOUTUTe/IbHEe 3aMKHYTD JITMO/Ia-BbIpaskeHNe, JOCTYITHOE TOJMbKO JJIsS Tepe-
MeleHus, B shared_ptr. [TonpobHee o Ture shared_ptr paccKas3bIBaeTCs B CJIeAy-
Io111eli I71aBe:

auto capture = []J(auto& p) {
using T = std::decay_t<decltype(p)>;
return std::make_shared<T>(std::move(p));

s
std: :promise<int> p;

std: :function<void()> £ = [sp = capture(p)]() {
sp->set_value(42);

IR

Taxk ke Kak std: :any, std: : function He uMeeT ITapaMeTpa IJis [lepenaum ouc-
reTyepa maMsaTu U He TMO03BOJISIeT HaCTpauBaTh WIM U3MEHATh UCTOYHUK OUHAMMU-
yeckoyi maMmsiTu. Ecnu BeI ucnonb3dyete C++ B CUCTEMe peaibHOTO BpeMeHU WU C
OTpaHMUYEeHHBIM 06BEMOM MaMSITH, TAe pa3sMelleHle B IMHaMUYEeCKOi maMsITi He
MOAAepsKMBaeTCs, TOTAA Bbl HE NO/DKHBI MCIO/MIb30BaTh TUIT std: : function. Bmec-
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TO HEro MOKHO MCITONb30BaTh, HAMpuUMep, sgl4: :inplace_function<R(A...),
Size, Alignment> u3 6ubmmorexku Kapna Kyka (Carl Cook).

Utoru

CroBapHbIe TUIIbI, TaKMe Kak std::string M std::function, 06pa3yr0T OCHOBY
IUTst paboThI ¢ OOIMMM MMPOTPAMMHbBIMU MOHSATUSIMU. B C++17 umeeTtcst 60ratbiit
HabOP CJIOBAPHBIX TUIIOB JIJIS1 IPEACTABIEHUS deebpauyeckux 0aHHblx: std: :pair u
std: :tuple (TUIBI-TIpOU3BELEHMS), std: :optional U std: :variant (TUIBI-CyM-
MbI) 1 std: : any (BCEOOBEMITIONIUIA TUTT-CYMMa — OH MOYKET XPaHUTD [TOUTH BCE, UTO
yrogHo). Ho He yBrekajiTech ¥ He NIbITaliTeCh HauaTh BO3BpalaTh std: :tuple u
std: :variant u3 Kaxxpoi @yHKuumu! MiMeHOBaHHbIE KJIAcChl MMO-TIPesKHEMY SIBJISI-
10TCs 3 (HEKTUBHBIM CITOCO6OM COXPaHEHMS yI060YNTAEMOCTH KOJIA.

Ucnonb3yiiTe std: :optional Kak CUIHaJl O BO3MOXHOM yTeUKe 3HaueHUs WU
«I10Ka OTCYTCTBYIOLLIEM» YIeHe JaHHbIX.

UcnionbayiiTe std: :get_if<T>(&v) LJs ONpelesieHNsl TUIla BapMaHTa; UCIOJb-
3yiiTe std: :any_cast<T>(&a), 4YTOObI y3HATh TUIl 00bEKTa B any. [ToMHKTE, UTO
THUIT B TapaMeTpe T0JDKEH TOYHO COBIAZATh C TUIIOM COZlepsKaIlerocst 00beKkTa, MHa-
4ye BbI IOJIyunTe nullptr.

He 3a6biBaiiTe, uTo make_tuple M make_pair He TONIBKO KOHCTPYUPYIOT KOPTEXU
¥ TIapbl 06BEKTOB; OHM TaKKe IMPeoOpasyioT 00beKThl reference_wrapper B 00bIU-
Hble CcCbUIKM. Vcnonb3yiiTe std::tie u std::forward_as_tuple Ojg CO3LaHUS
KOPTEXKeli CChUIOK. std: :tie OUeHb yOOHO MPUMEHSTD JJIsl MHOKXECTBEHHOTO IPY-
CBaMBaHUS U IJI 3al1MCY OIIepaTOPOB cpaBHeHM. std: : forward_as_tuple MOXeET
TIPUTOOUTHCS 11 MeTallporpaMMUPOBAHMS.

WmeliTe B BUAY, UTO std: :variant MOXKET OKa3aTbCsl B COCTOSIHUMU «Oe3 3Haue-
HMSI U3-3a uckiIoueHus» (valueless by exception); HO 3TO He IpefiCTaBJIsIeT HUKAKOM
MPOGJIEMBI, €CJIM Bbl HE MUIIETE KIACChl, KOHCTPYKTOPbI M€PEMEIIEHNST KOTOPBIX
MOTYT BO36OYXAAaTh UCKITIOUEHME. 3aMedy 0c060: He MUIIUTE KJIACChl C KOHCTPYKTO-
pamu repeMelleHusl, KOTOpble MOTYT BO30YKAAaTh UCK/TIOUeHMEe !

[ToMHUTE, UTO TUIIBI CO cCMuUpaHuem munog std: :any u std: : function HeIBHO
UCTIOTb3YIOT IUHAMMYECKYI0 TaMsTh. CTOPOHHME OUOIMOTEKM TTPEIOCTABISIIOT He-
CTaHJapTHble inplace_-Bepcuy 3TUX TUIIOB. TUIIbl std::any M std::function
TPeGYIOT MOAAEPKKM KOMMPOBAHUSI OT COMEPKAIIMXCS B HUX TUTIOB. MCrionb3yiiTe
«3aMbIKaHMe B shared_ptr» B TaKUX CIydasix.
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YMHbIe yKa3aTenu

C++ ymepskuBaeT IepefoBbie MO3UIIMM B TPOrPaMMHO MHAYCTpUM 61aromapst CBO-
et MpoM3BOAUTENIbHOCTY — XOPOIIO HaMMCaHHbIN Koma Ha C++ noumu 1o orpexnese-
HUIO BBITTOJIHSIETCST OBICTPee, YeM KOJ, Ha JII060M IPYrOM sI3bIKe, TOTOMY uTo C++
JlaeT TIPOTrPaMMUCTY TTOYTHU MOJHBIM KOHTPOIb HaJll, KOAOM, KOTOPbIi B KOHEYHOM
cyeTe reHepUpyeT KOMIIUJISITOP.

OmHoM U3 KIacCUYeCKUX OCOGEHHOCTEl HM3KOYPOBHEBOTO, BBICOKOIIPOM3BO-
IUTeTbHOTO KOJla SIBJISIETCSI UCII0JIb30BaHMe npocmslx ykasamerneti (Foo*). OmgHaKo
TaKye yKa3aTeJau MMeIOT MacCy JIOBYILEeK, TAKMX KaK YTeUKy MaMsITU U He[eiiCTBU -
TeJbHbIe yKasaTenu. TUIIbI «yMHBIX yKaszaTeneii» B 6ubmuoreke C++11 crioco6HbBI
ITIOMOYb M30€KaTh ITUX JOBYIIEK IPY MUHUMAIbHBIX 3aTpaTax.

B 51011 I71aBe BHI:

O mo3HaKOMUTECH C OMpeAeNeHeM «yMHBIV yKa3aTelb» U y3HaeTe, Kak Mu-
caTh CBOM YMHbIE yKa3aTelu;

O yBuauTe, Kak std: :unique_ptr<T> IOMoOTraeT MPegoTBPATUTb YTEUKU pe-
CYPCOB JIIOOBIX BUIOB (HE TOJIBKO MaMSITH);

O y3HaeTe, KaK peajn30BaH TUII std: : shared_ptr<T> U KaK OH BJIMSIET Ha UC-
[10/1b30BaHMe IaMsITH

O Mmo3HaKOMMTECh C IMAGIOHOM MPOeKTUPOBaHUs «CTPAaHHO PeKypPCUBHBIN
mabnon» (Curiously Recurring Template Pattern).

UcTopua nosiBneHusa yMHbIX yKasaTteneu
HpOCTbIe yKa3aTe/In IMPOKO MCITIOJIb30BaJINCh B SA3bIKE C:

O Kak Hemoporoe, HEKOMMPYEMOe TIpeaCcTaBIeHe 00beKTa, KOTOPBIM BJIafleeT
BBI3BIBAIOIINIT KO

O Kak crocob6 nepemaun 06beKTOB B GYHKIIMM AJISI UX U3MEHEHMUS;

O Kak MoJI0BMHA Maphl YKa3aTeslb/IJIMHA, MCIIOIb3YeMOIi JIJIsT TIPeICTaBIeHNS
MAacCUBOB;

O Kak Heo6s3aTeNbHbINI apTyMEHT (KOTOPbINi MOXKET OBbITh IeCTBUTETbHBIM
yKasarejaeM uiam null);

O Kak CpefCTBO YIIPaBIeHNS TaMIThIO B KyUe.
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[Ins1 IOIePSKKM TIePBBIX ABYX ITYHKTOB M3 3TOTO crycka B C++ MMEIOTCS 00bIu-
HbIe CChUTKM (const Foo& U Foo&); TUTIOC B GOBINMHCTBE CIyYaeB CEMaHTHKa Iepe-
MeIl[eHUsI YIelIeBIsieT ToyUYeHe M BO3BPaT CIOXKHBIX OOBEKTOB MO 3HAUEHUIO.
[ns pelieHUsT HEKOTOPBIX 3a/lau, COOTBETCTBYIOIIUX MEPBOMY U TpPeTbeMy IyH-
KkTaM, B C++17 MOKHO MCIIO/Ib30BaTh std: : string_view. I MBI TOTBKO YTO BUAENN
B I1aBe 5 «CiioBapHbIe TUTIbI», UTO optional<T> — 1 MHOIMA optional<reference_
wrapper<T>> — II03BOJISIET peain30BaTh YeTBEPThIii ITyHKT.

B 3T0i1 r71aBe Mbl COCPeOTOUMMCS Ha MISITOM ITyHKTe.

Pacrnipenenenne nmamsitu u3 Kyuu B C COIIPOBOKAAETCS MHOXKECTBOM TIPO6IEM,
M BCe 3TM Npo6aeMsbl (M MHOTHMe gpyrye!) mposiBsioTcst B Bepeysix C++ mo 2011.
OpHaxko ¢ Bbixogiom C++11 60IbIIMHCTBO TTPo6eM 66110 pelieHo. [Tepeuncanum ux.

O VYTeuku mamsTH: MOXKHO BBIIEIUTb MaMSTh U3 KYUM U 1O OIIMOKe 3a0bITh
HAaIMCaTh KO/, 0OCBOOOKIAIOLIMIL ee.

Q VTeuky maMsaTH: MOKHO HaIMcaTh KO/, 0CBOOOXK A0 ITaMSTh, HO M3-3a
VICKITIOUEHVS MU TIPEKAeBPEMEHHOTO BO3BpaTa OH He OyIeT BBIMOIHEH, U
MMaMsITh OCTAHETCsI 3aHSTO !

O Hcmnonb3oBaHMe IMaMATH IOCTE€ OCBOOOKIEHMSI: MOXKHO CKOIVMPOBATh
yKasaTejb Ha 0ObEKT B KyUe U 3aTeM OCBOOOIUTD MMaMSITh, UCTIOIb3YS OPUTH-
HaJIbHBIN yKa3aTesb. B 3TOM cTydae Biafesiel KOMMM yKa3aTesls He 3aMeTHUT,
YTO yKa3aTeNlb CTa/ HeAeCTBUTETbHbBIM.

O IloBpekaeHMe Kydu BBIIMOTHEeHMeM apudmMeTHMUEecKUX omepauuii
YKa3aTe/IsIMM: MOKHO pPasMeCTUTh MAacCuB B Kyde 1o agpecy A. Hamuuame
MPOCTOTO yKa3aTessl Ha MAacCUB BBIHYKIAeT MCIIONb30BaTh apudMeTuKy
yKasareJieii, ¥ B KOHIIE Bbl MOKETe I10 OIIMOKe OCBOOOIUTH MaMSITh, MCITO/b-
3ys yKasaTesb ¢ agpecoM A + k. Korma k = 0 (3akoH Mepdu rapaHTUPYeT, UTO
MIpY TECTUPOBAHUM TaK U OYIET), 3TO He BbI3OBET HUKAKMX ITPO6IEM; HO TP
k=1 BbI mOBpemNTe Ky4y 1 BHI30BETE aBapMifHOE 3aBepiIeHle TPOTPAMMBI.

[TepBbie 1Be MPOGIEMBI YCYTYOISIIOTCS TeM (PAKTOM, YTO CEMAHTUYECKM ITOITbITKA
BbIZ€JIEHUS IMaMSITU MOKET 3aBepIIUThCS Heyaaueli —malloc MOKeT BEpHYTb null,
oIepaTop new MOXKET BO3OYIUTh UCKIIOUeHMEe std: :bad_alloc — a 3TO O3HAUaeT,
YTO B BepcusixX si3bika 10 C++11 mpuxomauTcs mmucaTh Maccy Kojia, 06pabaThIBaIOIIETO
HeymadHoe pa3BuTHe coobITuit. (B C++ BbI Bcerma «IMIIeTe» 3TOT KO, TTI0A03peBast
00 3TOM MJIM HET, ITIOTOMY UTO ITyTM 06pabOTKM MCKITIOUEHMIA CYIIeCTBYIOT, Taske ec-
JIN He JymMaeTe O HMX O0CO3HAHHO.) ITOTOM BCero 3TOrO SIBJSETCS BbICOKAsl CIIOXK-
HOCTb yIIpaBJIeHMs IMHAMUYeCKOl aMsIThi0 B C++.

Ecnu He ucrionb30BaTh yMHbIe yKa3aTenu!

YMHble YKa3aTe/sin HUKoraa HM4ero He 3a6bIBalOT

Vpes «yMHOTO yKasaresiss» (He ITyTaiiTe ¢ «IIpUUYIJIMBBIMU yKasaTeasimm» (fancy
pointer), 0 KOTOPbIX pacCKa3bIlBaeTCs B IMaBe 8 «JlycreTdyepsbl MaMsTU») 3aK/II0-
YyaeTcsl B TOM, UTO 3TO KJIacC — OOBIYHO IMIaGIOHHBIN, — KOTOPBIN CMHTAKCUYECKU
Je/iCTBYeT KaK yKa3aTejlb, HO MMeeT CIieliyaibHble QYHKIUM-UWIeHbl (KOHCTPYKTOD,
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IeCTPYKTOP ¥ KOMMPOBaHMSI/TIepeMellleHNsT), BBIMOTHSIONIMEe onepanyy, Heo6xo-
IMMblIe [Jisg o6ecrieueHus 6e3omacHocTi. Hampumep:

O mecTpyKTOp TAKOTO yKa3aTessl Takke 0CBOOOKIAeT MaMsITh, HA KOTOPYIO OH
YKa3bIBaEeT, TOMOTasl PEIINTDb IPOOIEeMY YTEUKY ITaMSTH;

O BO3MOXHO, yKa3zaTe/llb He pa3peliaeT KOMMPOBATb CceOsl, ITOMOrasl PemnThb
Mpo6IeMy MCITIOb30BaHMS TIAMSITH TI0C/Ie OCBOOOKAEHNS;

O wmy ykasaTesb paspelraeT KOMMPOBaHMe, HO 3HAET, CKOJIbKO KOTINMIA CYIIeCT-
BYET,  He OCBOOOKIAET IMaMsTh, IOKa He OyIeT YHUUTOKEHA TTOCTeIHSIS KO-
/N

O wmy ykasaTesb pa3pelraeT KOMMPOBAHME M OCBOOOKIAET ITaMsSITh IIPU YHUY-
TOXKEHWM, HO TTOC/TE STOTO BCE €T0 KO, KaK IT0 BOJIIIEOCTRY, ITOTyYatoT 3Ha -
yeHre null;

O iy ykaszaTesb He MO Iep>k1BaeT BCTPOEHHBII operator+, IOMOTas PelInTb
Mpo6ieMy MOBPEKAEHMS KydM U3-3a MpUMeHeHusT apubMeTUKM yKa3aTe-
Jieii;

O wmau yrasaTesnb MoaaepkUBaeT apudmetnueckue ornepammn, Ho apudmMeTu-
Ka «0OBEKT, Ha KOTOPBII CChIIIAETCST yKa3aTeab» 06pabaThIBA€TCS OTAEIbHO
OT apudMeTUKA «0OBEKT, KOTOPbINi AO/IKEH OCBOOOKIATHCS».

K cTraHmapTHBIM TUIIaM YMHBIX yKas3aTejeil OTHOCSTCS: std::unique_ptr<T>,
std: :shared_ptr<T> 1 (B JeiiCTBUTEJbHOCTM He COBCEM yKa3aTeslb, HO MbI OymeM
MCIIO/Ib30BaTh €r0 BMeCTe C yKasaTrensiMm) std: :weak_ptr<T>. B 3TOi1 rmaBe Mbl
MOAPOOHO PACCMOTPUM KaskKAbI M3 3TUX TPEX TUIIOB, a TAKKe OIMH HECTaHIapT-
HBIii, HO OYEeHb IT0JIE3HBIN TUIT, KOTOPbI/ MOXKET CTaTh CTAHIAPTHLIM B OymyIem!

ABTOMaTHUecKkoe ynpasieHne namMaTbio
c std::unique_ptr<T>

VMHbIE yKasaTelIy MMEIOT IIPOCTOl Habop OCHOBHBIX CBOJVCTB: OHMU JOJ/IKHBI ITO-
IepKMBATh operator* M IMeperpykaThb CIelyajbHble GYHKIMU-WIEHBI ST TTOA-
IeP>KKM JTI00BIX OrpaHMUeHIi (MHBApUAaHTOB) Kjlacca.

std: :unique_ptr<T> peaJM3yeT TOT jKe MHTepdeiic, UTo U T*, HO C OMHUM OTpa-
HUUYEHMEM: TOCJIe CO3TaHMS IK3EeMIUISIpa unique_ptr, YKa3bIBAONEro Ha 0OBEKT
B Kyde, 5TOT OOBEKT aBTOMATUYECKM OCBOOOKIAETCS MPU BbI30BE ECTPYKTOpa
unique_ptr. [laBajiTe HamuIIeM KO/, KOTOPbIii IMTOAAePXKUBaJ ObI MHTEpdec T*:

template<typename T>

class unique_ptr {
T *m_ptr = nullptr;

public:
constexpr unique_ptr() noexcept = default;
constexpr unique_ptr(T *p) noexcept : m_ptr(p) {}

T *get() const noexcept { return m_ptr; }
operator bool() const noexcept { return bool(get()); }
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T& operator*() const noexcept { return *get(); }
T* operator->() const noexcept { return get(); }

Ec1i 0CTaHOBUTHCS Ha 3TOM — IIPOCTO JIaB CITIOCOO CKOHCTPYMPOBATh 06HEKT YKa-
3aTens U3 T* U MOMYUYUTh YKa3aTelb 0OpaTHO, — MbI IIOJIYUUM observer _ptr<T>,
KOTOPBIit 00CYKIaeTcs B KOHIIE 3TOJ IM1aBbl. Ho maBaiiTe mpomo/skum. Io6aBuM Me-
TOHbI release U reset:

void reset(T *p = nullptr) noexcept {
T *old_p = std::exchange(m_ptr, p);
delete old_p;

1

T *release() noexcept {
return std::exchange(m_ptr, nullptr);

3

p.release() OeiicTByeT MOJ06HO p.get(), HO, KpOMe BO3BpaTa KOIIUM OPUTHU-
HaJIbHOTO yKa3aTeJsist, OH TaKKe 3aIuchiBaeT null B p (He 0CBOOOXKIAST OPUTYHAJIb-
HbIlT yKa3aTejib, IOTOMY UTO BbI3bIBAIOIIMI1 KO, O6pallieHneM K STOMY METOIY Ipu-
HMMaeT Ha ce6st OTBETCTBEHHOCTD 3a BJIaJIeHMe yKasaTeleM).

p.reset(q) OCBOOOXKIAET TEKYIIEE COIEPKMMOE p M Ha er0 MECTO ITOMEIaeT HO-
BbIli yKa3aTesb q.

O6paTuTe BHMMAaHIE, YTO Mbl peann30Baau 06e 3Tu QYHKIMMU-UIeHbI B TEPMU-
HaxX CTaHJApTHOIO aJroputMa std::exchange, O KOTOPOM He pacCKa3biBajaoOCh B
ry1aBe 3 «AJITOPUTMBI C TTapaMy UTEPATOPOB». DTO PA3HOBUAHOCTD std: : swap: OHa
COXpaHseT HOBOe 3HaueHMe 1 BO3BpalllaeT IpeskHee.

HaxkoHel, Ha OCHOBe 3TUX [BYX MPOCTBIX OIlepaluii MOXHO peann3oBaTh CIlie-
UMaabHble QYHKUMM-YIEHBI TUIIA std: :unique_ptr<T> AT MOAEPKKM HALIUX
OTpaHMYEHMIA: TTOC/Ie MMOAYYeHNUsT YKa3aTeas 00beKTOM unique_ptr OH OCTaeTcs
IeiCTBUTENbHBIM, TOKa 06BEKT unique_ptr MMeeT TO ke caMoe 3HaueHue, a KOT-
Jla 3TO He TakK, TO eCTb KOT4a B unique_ptr 3alMCbIBAETCS OPYToOil aapec winu OH
YHUYTOXKAETCS, UCXOIHBI yKa3aTeab 0CBOOOXKIaeTcs. BOT 3Tu QyHKIIUM-UJIEHBI:

unique_ptr(unique_ptr&& rhs) noexcept {
this->reset(rhs.release());

b

unique_ptr& operator=(unique_ptr&& rhs) noexcept {
reset(rhs.release());
return *this;

3

~unique_ptr() {
reset();

}
¥

Ha puc. 6.1 mokaszaHo, Kak XpaHMUTCS B ITaMSITU Halll std: :unique_ptr<T>.
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std::unique_ptr<T> p;

std: :unique_ptr

ptr

Puc. 6.1. PasmelleHune B namsatu obbekTa TMna std::.unique_ptr<T>

HaM moHamo6uTCs elne omHa BCIoMoraTelbHast (PyHKIMS, KOTOpAsi IOMOXKET
HMKOT/IA He TTauKaTh PYKY O HU3KOYPOBHEBbIE YKa3aTesn:

template<typename T, typename... Args>
unique_ptr<T> make_unique(Args&&... args)

{
b

VMest unique_ptr B CBOeM apceHasie, MOXKHO 3aMeHUTh yCTapeBIIINii KO, Hallpu-
Mep TaKoji:

return unique_ptr<T>(new T(std::forward<Args>(args)...));

struct Widget {

virtual ~Widget();
b
struct WidgetImpl : Widget {
WidgetImpl(int size);
3
struct WidgetHolder {

void take_ownership_of(Widget *) noexcept;
b
void use(WidgetHolder&);

void test() {
Widget *w = new WidgetImpl(30);
WidgetHolder *wh;
try {
wh = new WidgetHolder();
} cateh (...) {
delete w;
throw;

b

wh->take_ownership_of(w);
try {

use(*wh);
} cateh (...) {
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delete wh;
throw;

3

delete wh;

3
60j1e€ COBpeMeHHbIM KOJIOM B cTuiie C++17:

void test() {
auto w = std::make_unique<WidgetImpl>(30);
auto wh = std::make_unique<WidgetHolder>();
wh->take_ownership_of(w.release());
use(*wh);

}

O6partuTe BHMMAaHMe, UTO unique_ptr<T> SIBJISETCS elle OOHUM IPUMEHEeHM-
eMm uayomMbl RAIl — B maHHOM ciydyae GYKBaJIbHO. XOTSI «MHTEPECHOEe» MeiCTBIE
(0CcBOOOKIEHVE BHYTPEHHETO yKa3aTeJsl) BCe elle MPOUCXOIUT B XOe YVHUUTOXE-
HUST (unique_ptr), eIMHCTBEHHBIN CIIOCO6 IMONYUYUTh MAKCUMAaIbHYIO BBITOAY OT
unique_ptr — IpU KaKOOM BbIIEJIE€HMM pecypca MHUIMAIN3UPOBATh unique_ptr
It ynpasneHus uM. OyHKIuS std: :make_unique<T>(), pencTaBieHHas B Ipe-
IbIAyIIeM pasaene (v nosiBuBmasics: B C++14), — 9T0 KJIFOUEBOJi acekT 6e30MacHoro
yIIpaBeHMS MaMsIThIO B COBpeMeHHOM C++.

XoTs unique_ptr MOXKHO MCIIOJIb30BaTh 6€3 make_unique, HO MOCTYIIATh TaK
HesKeaTeabHO:

std::unique_ptr<Widget> bad(new WidgetImpl(30));
bad.reset(new WidgetImpl(40));

std::unique_ptr<Widget> good = std::make_unique<WidgetImpl>(30);
good = std::make_unique<WidgetImpl>(40);

Mouemy B C++ HeT KntoueBoro cnosa finally

PaccmoTpuM eliie pa3 pparMeHT «ycTapeBIlero» Kojaa 13 MpeabiayIiero pasmeia:

try {
use(*wh);

} catch (...) {
delete wh;
throw;

3

delete wh;

B npyrux si3pikax mporpaMMypoBaHus, TakMx Kak In Java u Python, 3Ty cemaH-
TUKY MOKHO BbIPa3uTh 60Jiee KOMITAKTHO, BOCITOIb30BaBIIVCh KIIOUEBBIM CJIOBOM
finally:

try {
use(*wh);
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} finally {
delete wh;

3

B C++ HeT K/II04eBOTO CJIOBA finally, ¥ HUYETO HE TOBOPUT O TOM, UTO OHO OymeT
I06aBJIEHO B SI3BIK. ITO 00YCIOBIEHO OTaMumeM dunocobmu C++ OT APYTUX SI3BIKOB.
B C++, ein BBl 3aMHTEPECOBAHbl B NMPUHYIUTEIbHOM MPUMEHEHUM HEKOTOPOTO
OTpaHMYEHMSI, HaIPUMep: «3TOT yKa3aTelb Bcerga OymeT ocBOOOKAATHCS B KOHIIE
6J10Ka, He3aBMCKUMO OT TOTO, KaK MbI €r0 JOCTUTHEM», — BAM He MPUIETCS IUCaTh
SIBHBIN KO, TIOTOMY UTO MHaue MOSIB/SIETCS IMIaHC HANMUCATh €ro HeMPaBUIbHO U
TTOPOIUTD OLIMOKMN.

Eciu ecTh Kakye-TO OrpaHNYeHNsI, KOTOPbIE BbI XOTeM ObI TAPAHTUPOBATD, JTyU-
LIYM MEeCTOM [IJIS1 3TOI'0 SIBJISIeTCS CUCInemda munos, Crioib3oBaHye KOHCTPYKTOPOB,
IeCTPYKTOPOB M APYTUX CHEIMATbHBIX (QYHKUMII-UIeHOB — MHCTPyMeHTOB RAIL.
C ¥X IOMOIIIBIO BbI CMOXKETe TapaHTUPOBATh, UTO IIPY JIWOOM 803MOMCHOM VICTIONb-
30BaHMM Balll HOBBIN TUIT 00ECTIEUNT COOIIOeH e OTPAHNYEHMI, TAKUX KaK «BHYT-
peHHMIT yKa3aTelb BCerma TOJIKeH 0CBOOOKIAThCS, KOTIa 60JIbIIe He YIepsKUBAeTCsT
06BEKTOM 3TOT'O THUITa». M KOr/ia BbI MPUCTYTINTE K pean3anyy 6M3HeC-JIOTVKI, BAM
He TIPUIETCS COOI0NaTh OTPAaHMUEHMS IBHO, a Balll KOJ, OYIeT BBIMISIAETh ITPOCTHIM
M IIPU 3TOM BCerga MMeTh [paBUJIbHOE [TOBeLeHe.

To ecTh ec/iM BbI HOMaIy ce6st Ha TOM, UTO IUILIETe WIX Jaske IMPOCTO XOTUTE
HaMMcaTh KOJ, HAMOMMWHAIOLINI TTpelbIaAyIMii mpumep ¢ finally, OCTAaHOBUTECH U
MOAyMaliTe: «IMOOXOANUT U unique_ptr AJjs1 JAHHOTO CIy4asi» WIN «JIO/DKEH JIU S
nucathb kiaacc RAII gjist aToi menm».

Hactpoiika o6paTHOro Bbi3oBa yganeHus

Kosb ckopo peub 3aliia 0 HecTaHAapTHbIX Tuax RAIL, BaM MOKeT GbITh MHTEpeC-
HO Y3HaTb, MOKHO JIV MCITOJIb30BaTh std: :unique_ptr ¢ COGCTBEHHBIM 0OPAaTHBIM
BbI30BOM yJaJIeHUs: HallpuMep, BMeCTO Ilepefauy BHYTPEHHero yKasaTesis ornepa-
TOpPY delete y BaC MOXeT IOSIBUTHCA KejlaHNe IepefaTh ero B Bei30B free(). [a,
9TO BO3MOKHO!

std: :unique_ptr<T,D> MMeeT BTOPOIi MapaMeTp TUIIA: MuUn 06pAamHoz0 8b130-
8a yoaneHus. IlapameTrp D 1Mo ymMoa4aHuIO NMpUHMMAaeT 3HaueHMe std: :default_
delete<T>, KOTOpOE IPOCTO BbI3bIBAET OIlepaTop delete, HO BBl MOKeTe IepenaTh
J1106071 3KeylaeMblii TUIT — OGBIYHO KJIaCcC, ONpeae/sieMblii I0b30BaTeIeM C Iepe-
Ipy>KeHHBIM operator():

struct fcloser {
void operator()(FILE *fp) const {
fclose(fp);
3

static auto open(const char *name, const char *mode) {
return std::unique_ptr<FILE, fcloser>(fopen(name, mode));
}



®,

ABTOMaTMYeCKOe yrpaB/eHue namaThto ¢ std:unique_ptr<T>  «+ 149

+s
void use(FILE *);

void test() {
auto f = fcloser::open("test.txt", "r");
use(f.get());
// £ 6yper 3akpbiT, paxe ecnn use() BO3OYAWUT MCKIKWYEHUE

3

Kcratn, obpatuTe BHMMAaHME: JECTPYKTOP std: :unique_ptr HamMCaH TakK, YTO
rapaHTVMPOBAHHO He BBI30OBET Balll 0OPATHBIN BbI3OB C ITYCTHIM yKa3zaTeleM. JTO
0COOEHHO BaKHO [IJIS1 MPEIbIAYINero mpumMepa, moromy 4to fclose(NULL) — aTo
0COOBIT CITyJait, 03HAYAIOIINIA: «3aKPBITh BCE AECKPUIITOPBI (DailIoB, OTKPBITHIE TEe-
KYILM TMIPOIeCCOM», KOTOPBIV OUTH BCETAA AajeK OT XeJlaeMoro!

O6patuTe Takke BHMMaHMe, UTO std: :make_unique<T>() NMPUHMMAET TOJIHKO
OOVH MapaMeTp TUIIA — He CYILeCTByeT BepcuM std::make_unique<T,D>(). Ho
MIpaBuUJIO, TIpeJiarariinee He KacaTbCsl pyKamMy MPOCTBIX yKa3aTesneil, MPOogo/KaeT
JeJiCTBOBATh U B 3TOM CJTy4yae; MUMEHHO MM03TOMY BbI30B fopen U co3[aHMe unique_
ptr B MpeIbIAYIIEeM MIPUMeEpPe 3aBEePHYTO B YIOOHYIO BCIIOMOTATEIbHYI0 (QYHKIMIO
fcloser: :open BMeCTO BCTpauBaHMs BbI30Ba fopen B TeJO test.

[TpocTpaHCTBO [IJIST BAIlero 06paTHOTO BbI30Ba yAajeHsl OyIeT BbIIeIE€HO B TeJle
camoro o6beKkTa std: :unique_ptr<T,D>, TO ecTh sizeof(unique ptr<T,D>) MO-
SKeT BePHYTh OoJIblllee 3HaUeHMe, ueM sizeof (unique_ptr<T>), e D MUMeeT JaH-
HbIe-4jIeHbI (CM. pUC. 6.2).

std: :unique_ptr<T, Deleter> p;

std::unique_ptr

ptr Deleter

Puc. 6.2. Pa3meleHune B namMsatu unique_ptr<T,D>

YnpasneHne MmaccuBaMu € noMoubio std::unique_ptr<T[]>

Ipyroii cayyaii, Korma delete p OKa3bIBAETCS He JIYUIIMM CIIOCOG0M OCBOBOK-
IleHNsI TIPOCTOTO yKa3aTessl, — eCAM p yKa3blBaeT Ha MepBbIfi 37IeMeHT MacCUBa;
B 9TOM CiIy4yae ciefyeT UCHoib30BaTh delete [] p. K cuacTtbio, B C++14 mosgBuics
TUI std: :unique_ptr<T[]>, ¥ OH AeICTBYeT MPaBWIbHO B 3TOM CUTyalUu (B CUITY
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Toro (pakra, YTO TakKe CyllecTByeT std: :default_delete<T[ ]> M BbI3bIBAET Olle-
patop delete[]).

TI7Is1 MacCMBOB CYIIIECTBYET IIeperpyskeHHast Bepcus std: :make_unique, HO GyabTe
BHMMaTeJIbHbI — ee apryMeHTbl UMEIOT IPyro CMbIC! std: :make_unique<T[]>(n),
IO CYTH, COOTBETCTBYET BbI30BY new T[n](), Ile KPyI/ibie CKOOKM 03HavaloT, UTO
OHA BBIMOTHSIET MHULIMANIU3AIMI0 3HAUeHMII BCeX 9JIeMEeHTOB; TO €CTb OOHY/ISTh
5/leMeHTapHble TUMbL. B pelkux ciaydasx, KOrga Takoe MOBeAeHMe HeXelaTelbHo,
BaM IMPULETCS BPYUYHYIO BbI3BaTb New ¥ 3aBEpHYTH BO3BpalllaeMoe 3HaueHlUe B
std: :unique_ptr<T[]>. lesaTb 3TO IpEeAIIOUTUTEbHEE C IIPUMEeHeHeM BCIIOMO-
raTesbHOM GYHKIVM, KaK B TIpMMepe U3 TIpeabIAyIiero pasaesna (Tae UCIoab30Ba-
yach GyHKIMS fcloser: :open).

Mopacuer ccoinok c std::shared_ptr<T>

IMTonHOCTBIO M36aBUBIINCH OT ITPOGIEMbI YTEUKY ITaMSITH, TIepeiiieM Terepb K Tpo6-
JieMe «MCII0Tb30BaHMsI ITOCTIe 0CBOOOKAeHMsI». CyIeCTBEHHOV COCTaBIISIIOIIE ! 3TOi
Mpo06ieMbl, KOTOPYIO HYKHO YCTPAHUTh, SIBJISIETCSI HESICHOCMb 8/1a0eHUsl WU, CKopee,
cosmecmHoe gadeHue JAHHBIM PecypcoM uin 610KOM MaMsiTi. B Takoit 6510k mamsi-
TU MOTYT «3aIISiAbIBaTh» pa3Hble YYaCTKM KOJa, B pa3Hble BpeMeHa ¥, BO3MOYKHO,
MOCPeACTBOM Pa3HbIX CTPYKTYP JaHHBIX MM U3 Pa3HbIX ITOTOKOB BBITIOTHEHUS, U
HaM HY>KHO rapaHTMpPOBaThb BOBJIEUEHHOCTb BCEX 3aMHTEPECOBAHHBIX CTOPOH B IIPU-
HSTHE pellleHus 0 MOMeHTe, KOT/Ia 3TOT 610K MaMsITK MOKHO 0CBOOOAUTD. Biame-
HMe 6JIOKOM TaMSITH TOJIKHO ObITh TT0-HACTOSIIIEMY CO8MECNHbIM.

[ig 97OV Uenu cTaHZapT npepjaraeT TMn std::shared_ptr<T>. BHelHe ero
MHTepdelic oueHb HAIOMMHAET std: :unique_ptr<T>; BCe OTIMUMS CKPBITHI IIOF,
KaIrloTOM», BHYTPU pean3aluii CrielMaabHbIX QYHKINI-UIeHOB.

std: :shared_ptr<T> peaqnsyeT NOAXOM K YIIPaBJIE€HMIO IaMSTbI0, KOTOPBIN IIN-
POKO M3BEeCTeH Kak nodcuem cculnok. Kaskaplii 06beKT, yIpaB/sieMblil TOCPeACTBOM
shared_ptr, XpaHUT CUETUYMK CChIJIOK Ha HETO, TO €CTh KOJIMYECTBO CTOPOH, MHTe-
PeCyIOIINXCS 9TUM 00beKTOM B JAHHbII MOMEHT, M KaK TOJIbKO 3HAUeHMe CUueTumKa
YMEHbILIAeTCS 10 HYJs, 00beKT TOHMMAET, YTO HACTalT MOMEHT OCBOOOIUTD 3aHU-
MaeMyI0 UM MamsTh. Ha camoM fene, KOHEUHO, peub UIeT He 00 06beKTe, KOTOPhIN
«0CBOOOKAAET cebst cam», @ 0 TOHKOI 06epTKe — «yIpaBJIsoleM 6710Kke», — yMelo-
IIeit MOICUNTHIBATh CChUIKM M OCBOOOXKAATH daKkTuyeckue 0O6beKThl, KOTOpas aB-
TOMaTMYeCKM CO3[aeTcs B Kydye BCSIKMIL pas, KOrha Bbl lepefaeTe MpaBo BIaLgeHUs
9K3eMIUISIpY shared_ptr. YIIpaBasiomuit 610K 06C/IysKMBaeTCsl He3aMeTHO, CaMOoit
610M10TEKOI, HO eC/M 3aISIHYTh B IIaMSITh, Bbl YBUAUTE KapTUHY, M300paskeHHYIO
Ha puc. 6.3.

I[To aHayoruu ¢ mapoi unique_ptr/make_unique, craHgapTHas 6ubIMOTEKA CO-
MpoBOKAAeT shared_ptr QyHKIMe! make_shared, YTOObI M30aBUTH Bac OT HEOOXO-
OMMOCTM TIAYKaTh PyKM 00 0ObIUHbBIE YKa3aTeu. [Jpyroe npeumyuiecTBO UCIOIb30-
BaHUA std: :make_shared<T>(args) IJIs1 pa3melneHus 061X 06beKTOB COCTOUT
B TOM, UTO Tepefaya BjaleHus] IK3eMIUISIpy shared_ptr TpebyeT BblaeNeHUs 0-
TTOJTHUTEIbHO TTaMSITH JJ1s1 YIIpaBJIsioliero 6;10ka. Bei3biBast make_shared, Bbl pas-
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peliiaeTe 616IMOTEKe BbIIEIUTD eIUHbII 6JI0K ITaMSITH JOCTATOUYHOIO pasMepa JIJIst
XpaHeHMs YIIpaBJIsiolero 6;10ka 1 Bamiero oobekTa T. (OTO MILTIOCTPUPYIOT MPSIMO-
YronbHUKM control_block_impl u Super Ha puc. 6.3.)

std::shared_ptr<Super> p = std::make_shared<Super>();

std::shared_ptr

ptr

ctrl

control_block_impl<Deleter>

TR

Super

vptr

use=1

weak=0

ptr

1

Deleter

first

second

—

Puc. 6.3. Opranusaums std:shared_ptr<T> B namstu

Orepanyst KOnMMpoBaHust shared_ptr yBeJMUYMBAET CYETUYMK use B YIIPaABJISIO-
mem 6JI0Ke; omepanusi 0CBOOGOXKAeHMsT shared_ptr — yMeHbInaeT ero. Ornepaiys
MpYCBaMBaHMs yKasaTeno shared_ptr YMEHBIIUT CUETUMK use MPEKHETO 3HAUe-
HUS (€CTIV VMEETCSI) U YBEJIMUUT CYETUMK use HOBOTO 3HAUYEHUS. BOT HECKOIBKO
MIPUMEPOB MCITI0Ib30BaHMs shared_ptr:

std: :shared_ptr<X> pa, pb, pc;

pa = std::make_shared<X>();
// CYeT4YMk use Bcerpa nonyyaeT HayalbHOe 3HayeHue 1

pb = pa;

// KONMpOBaHME YyKas3aTenda,; Tenepb CYHETYUK Uuse pPaBeH 2

pc = std::move(pa);
assert(pa == nullptr);

// nepemelleHne yKasaTena CoxpaHsaeT 2 B CYeTuYMke use

pb = nullptr;

// ymeHbuuT use po 1

assert(pc.use_count() == 1);

IlvarpaMma Ha puc. 6.4 MJUTFOCTPUPYET MHTEPECHBIN ¥ MHOTIA TTOJIE3HBIN acIeKT
shared_ptr: BO3MOXKHOCTD JJISI IBYX 9K3eMILISIPOB shared_ptr cChLIATHCS HA 00-
M YIIPABJISIIONIMIA GIOK M yKa3bIBaTh HAa Pa3HbIe YUYaCTKM MaMSITH, KOTOpast KOH-

TPOJIMPYETCS STUM YIIPABJISIONMM GIOKOM.
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std::shared_ptr<int> q(&p->second, p);

std::shared_ptr std: :shared_ptr

ptr ctrl ptr ctrl
control_block_impl<Deleter> ... Super
e
vptr use=2 weak=0 ptr Deleter first I second
I

)

Puc. 6.4. [1a 3k3emnnsgpa shared_ptr CCbIIAOTCS Ha 06U
yNpaBnaoLLMid 6NOK M YKa3bIBAKOT HA Pa3Hble y4aCTKM NamMsTu

KoHcTpyKTOp, UCIIONB30BaHHBIN B IMarpamme Ha pucC. 6.4, KOTOPbIN TaKKe UC-
roib3yeTcss B QyHKIMMU get _second( ), YaCTO HA3bIBAIOT «KOHCTPYKTOPOM IICEB-
noHuMa» 1jst shared_ptr. OH IPMHMMAET CYIIECTBYIONIMI OOBEKT HEITyCTOTO
yKasaTessl shared_ptr JIF060TO THUIIA, YITPABJISIIOIINI 6JI0K KOTOPOTO TpebyeTcs co-
BMECTHO MCIIOb30BaTh C BHOBb CO3IAHHBIM 06beKTOM. CiemyIommuii mpumMep Koaa
BBIBEIET coobIeHNe "destroying Super" TOJIBKO IIOC/IE COOOIIEHMs "accessing
Super: :second":

struct Super {

int first, second;

Super(int a, int b) : first(a), second(b) {}
~Super() { puts('"destroying Super"); }

3

auto get_second() {
auto p = std::make_shared<Super>(4, 2);
return std::shared_ptr<int>(p, &p->second);

}

void test() {
std: :shared_ptr<int> q = get_second();
puts("accessing Super::second");
assert(*q == 2);

}

Kak BuauTe, rociie nepemaun BaajgeHus cucrteMme shared_ptr OTBETCTBEHHOCTD
3a 3aITOMMHaHKe, KOrJa Jo/KeH 0CBOOOKIAThCS pecypc, IOTHOCThIO ITepeKIaabiBa-
eTCsI Ha YIIpaB/Istionuii 6;10K. Ho coBceM HeobsI13aTeIbHO, YTOOBI Balll KO, MCITO/Ib30-
BaJl shared_ptr<T> TOJIBKO ITIOTOMY, UTO YIIPaBJISIEMbII OOBEKT MMeeT TUII T.
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He ponyckaiire aBoitHOro ynpasnexnms!

Tun shared_ptr<T> crioco6eH M306aBUTh Balll KO, OT HEIPUSITHBIX OIIKOOK I10-
BTOPHOT'O OCBOGOKIEHNSI PECYPCOB, HO, K COKaJI€HMIO, HEOIBITHbIE IIPOrPaMMICThI
CJIMIIIKOM YacCTO CO3[al0T Takue OMb6KM ¢ shared_ptr, 37I0YIIOTPEOJISIST KOHCTPYK-
TOpaMM, KOTOpbIe IPMHMMAIOT IIPOCThIe yKa3aTenan. Hampumep:

std: :shared_ptr<X> pa, pb, pc;

pa = std::make_shared<X>();
// CYeT4YMK use BCerga nosyyaeT HayalbHOoe 3HayeHue 1

pb = pa;
// KonvpoBaHWe ykasaTens; Tenepb CYETYMK USe paBeH 2

pc = std::shared_ptr<X>(pb.get()); // OWMBKA!
// nepepava TOro xe ykasaTrens B shared_ptr cHosa,
// V3-3a 4yero BO3HMKAET [BONHOE ynpasneHue!
assert(pb.use_count() == 2);
assert(pc.use_count() == 1);

pc = nullptr;
// cCYeTuYMk use B pC AoCTUraeT Hyns u shared_ptr
// BbisbiBaeT "delete" nns obvekTa X
*pb; // noeeneHue obpalWeHus K YHUYTOKEHHOMY 0OBEKTY Henpeackasyemo

He 3a6bIBaiiTe, 4YTO BBl He AO/DKHBI KacaThCsl CBOMMM PYKaMM IPOCTHIX yKa3a-
Teseit! MecTo, Tme B 3TOM KoJle JOTyIleHa repBasi onmoKa, — BbI30B pb. get () IS
TTOJTyYeHMsT OOBIYHOTO yKa3aTess U3 shared_ptr.

B maHHOM Ciy4yae ommbOKy MOKHO MCIIPaBUTh BbI30BOM KOHCTPYKTOpPA IICEBJIO-
HMMa, pc = std: :shared_ptr<X>(pb, pb.get()), HO TaKO} BbI30B MMEET TOT K€
3¢ dekT, Kak 1 IMpocToe NpucBauBaHye pc = pb. OTCIOa BBITEKAET ellle OJHO 001ee
IpaBUJIO: €C/IM BaM MPUXOAUTCA SIBHO MCIIOIb30BaTh CJIOBO shared_ptr B CBOeM
KOJie, 3HAUNT, BbI [IeIaeTe UTO-TO HEOOBIUYHOE 11, MOKET ObITh, OTIaCHOE. BbI yyke MO-
SKeTe BbIAESITh MaMsITh, YIIPAB/IATh 06beKTaMM B Kyde (C ITOMOIIbI0 std: :make_
shared) ¥ MaHUITYJIMPOBATb CUETUMKOM use YIIPABISIEMbIX 00BEKTOB, CO3[aBast
Y YHUUTOXKAs] KOTIMY yKas3aTess (MIPUMeHSsI auto IS OObSIBIEHMS] HEOOXOIMMBbIX
TepeMeHHbIX), ¥ Bce 3TO 6e3 obpaineHus K shared_ptr. EIMHCTBEHHOE MECTO, TIe
9TO MPaBWIO He IEeJICTBYET, — KOTa TpeGyeTcst 0ObSIBUTH WIEH JaHHBIX KIacca TUIIa
shared_ptr<T> — 3TO HEBO3MOXKHO CIeIaTh 6€3 YIIOMMHAHMS UMEeHM THUIIa!

Ynep)xuBaHue o6HynsieMbix AeCKpUNTOpOB
¢ nomouublo weak_ptr

B0o3MOXXHO, Ha TpembIOyIIVX OuarpaMMax Bbl 3aMeTM/IM CTPaHHBINA 3JeMeHT
weak. Terepb MPUILJIO BPpeMSI pacckasaTh O HEM.

VHorma — XOTh U peIKo — ObIBAeT KejaTeIbHO MCIOAb30BaTh shared ptr O
yIpaBjieHus BafeHueM O0UMMY 06beKTaMM M XPaHUTh YKa3aTellb Ha 0ObEKT, He
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BbIpa)kasl BjaZieHMe 3TUM O0O0beKTOM. KOHeuHo, Ji1 BbIpaskeHUsI UIeU «HeBjamge-
IOIIei CChIIKM» MOXHO MCITONIb30BaTh OOBIUHbBINA YKa3aTellb, CChUIKY WM obser-
ver_ptr<T>, HO TOTIa BO3HMKAET OIaCHOCTb, UTO (GaKTUUECKMIi Bilafenel] 00bekTa
pelmT 0CBOOOAUTD €ro, a Mbl ITOC/IE 3TOrO IMOIMbITA€MCS pa3bIMEHOBATDh HAlll He-
BJIAEIONINIT yKa3aTelb, UTOObI MPOUYUTATh YHUUTOKEHHDINI 0ObEKT. DTO OMaCcHOe
ToBeJleHNe WUTIOCTpUpPYeT DangerousWatcher B cleAylolieM IpuMepe:

struct DangerousWatcher {
int *m_ptr = nullptr;

void watch(const std::shared_ptr<int>& p) {
m_ptr = p.get();
3

int current_value() const {
// B 3TOT MOMeHT *m_ptr MOXeT OblTb YHWYTOXEH !
return *m_ptr;

3
+

Jns1 BBIPAXKEHMUSI «CChITKM» MOKHO OBLTIO GBI MCTIONB30BaTh shared_ptr, HO B pe-
3yJIbTaTe MbI IOJYYMM BJIAAEIONIYI0 CChUIKY U 13 Habmomarens (Watcher) mpeBpa-
TUMCS B coyuacTHMKa (Participant):

struct NotReallyAWatcher {
std: :shared_ptr<int> m_ptr;

void watch(const std::shared_ptr<int>& p) {
m_ptr = p;
3

int current_value() const {
// Tenepb *m_ptr He MOXeT ObITb YHWYTOXEH; Halwe
// coyyacTue nomewaeT 3TOMy!
return *m_ptr;

}
s

B meiicTBUTENbHOCTHM ke HaM HY>KHa HeBJIaJelolias CChblJIKa, KOTopasi TeM He Me-
Hee 3HAKOMa C CUCTeMOJi shared_ptr yIpaB/ieHUs IaMsTbhIO ¥ MOKET 00paIaTh-
€S K YIIPaBJISIIONIeMy OJIOKY [IJISI TPOBEPKM CYIeCTBOBAHMS 11esieBoro oobekTa. Ho
MesKIy MOMEHTOM, KOT/Ia MbI Y3HAJI!, UTO OOBEKT CYIIECTBYET, ¥ MOMEHTOM, KOTAa
MBI TIOTIBITAJINCh OOPATUTHCS K HEMY, OH MOKET OBbITh YHUUTOXKEH APYTYM ITOTOKOM
BbINoHeHMsI ! [I03TOMY HaM HYy’KHa 37ileMeHTapHas orepanusi, «<aToMapHo 1oayya-
I0Iast BJIAEIONIYIO CChIIKY (shared_ptr) Ha 1eJeBOii 0ObEKT, eCJIM OH CYIIeCTBYET,
VIV BO3BpaIamIas otkas». To ecTb HAM He HY)KHA Hegadernulds CCoblIKd; HaM Hy-
SKEH Ousiem, Komopulii 8 6y0yuiem MO#HO 0OMEHSAMb HA 8]1A0EIOULYIO CCHLIKY.

B cranpmapTHOIt 6M6/IMOTEKE eCTh TaKOM «OuieT Ha shared_ptr», M Ha3bIBAeTCS
OH std: :weak_ptr<T>. (CoBo «weak» (c1abast) B MMEHM IOIUEPKUBAET OTIUUME
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OT «CTPOTOIt» BJIAJEIONIEeli CCbUIKM B shared_ptr.) BOT KaK MOXHO MCIIOJIb30BaTh
weak_ptr, 4TOOBI PelIUTh HalTy MpobyieMy HabrogaTesnst Watcher:

struct CorrectWatcher {
std: :weak_ptr<int> m_ptr;

void watch(const std::shared_ptr<int>& p) {
m_ptr = std::weak_ptr<int>(p);

b

int current_value() const {
// Tenepb MoxHO 6e30MacHO y3HaTb, OCBOOOXAEH
// nv *m_ptr vunm Her.
if (auto p = m_ptr.lock()) {
return *p;
} else {
throw "It has no value; it’s been deallocated!";

3
}
s

1151 mpaKTU4eckoro NpuMeHeHust weak_ptr JOCTATOUHO 3HAHUS BCETrO IBYX Olle-
pauuii: KOHCTpyUpoBaHus weak_ptr<T>u3 shared_ptr<T> (BbI30BOM KOHCTPYKTO-
pa, Kak 1oKa3aHo B QyHKLIMM watch()) U shared_ptr<T> U3 weak_ptr<T> BhI30BOM
wptr. lock(). Ecii 06beKT ObIT YHMUTOKEH K STOMY MOMEHTY, wptr . lock() Bep-
HEeT ITyCTOM yKasaTenb shared_ptr.

[IpoBepUTh IPUCYTCTBHE I1€JIEBOTO 00BEKTA B TAMSTY MOKHO TaKKe C TTIOMOIIbIO
dyHKIIMM-UeHa wptr . expired( ), HO OHA [OUTH HE MMEET ITPAKTUYECKOI TT0JIb3bI,
IIOTOMY YTO JTa’ke eC/IM OHA B JAHHBI/I MOMEHT BepHyJa false (06BEKT CYIIECTBYET),
yepe3 HeCKOJIbKO MUKPOCEKYH/ OHA MOKET BEPHYTD true (0ObEKT YHUUTOXKEH).

IlvarpaMma Ha puC. 6.5 IMPOAO/DKAEeT AuarpaMMy Ha puc. 6.4, 1o6aBiIsis co3maHue
weak_ptr U3 g U 3aTeM OOHYJISISI MCXOIHbBIN shared_ptr.

Omnepanyisi KONMPOBaHUS weak_ptr YBeIUUMBAET CUETUMK weak B COOTBETCTBYIO-
IIeM yIIpaBJIsIioleM O/I0Ke, a YHUUTOKeHMe weak_ptr — yMeHbIaeT ero. Korma cuet-
YUK use IOCTUTAeT HyJIS, CUCTeMa TTOHMMAET, UTO MOKeT 6e3 OITacKM yAaIUTh YIIPaB-
JITEMbIi 0OBEKT; HO YITPABJISIOIINI OJIOK OCTAaHETCSI Ha MeCTe, ITI0Ka He OOHYJIUTCS
CUeTUYMK weak, TIOC/Ie Yero ero Toxke MOXKHO OCBOOOAVTH, IIOTOMY UTO B CHCTEMe He
OCTaJIOCh HU OJTHOTO 0ObEKTa weak _ptr, CChUIAIOIIEr0Cs Ha Hero (CM. puc. 6.6).

B0o3MOXXHO, BbI 06paTM/IM BHMMAaHMe, UYTO shared_ptr UCIOIb3YET TOT JKe TPIOK
¢ Deleter, KOTOPBI MbI BUAEIN B KOHTEKCTE std: :any 1 std: : function B I1aBe 5
«CoBapHbIe TUTIBI», — CupaHue munod. Y Tak ke, Kak std: :any 1 std: : function,
std: :shared_ptr npemocraBiseT QyHKINIO std: :get_deleter<Deleter>(p) IJs
MTOJTyYeHMSI OPUTUHATBHOTO 00BEKTA, BBITIOMHSIONEro yaanene. OmHAKO 3TOT ja-
KOMBIi1 KyCOU€eK COBEPIIeHHO OecIionie3eH Ha MpakTuKe. S yIIoMsIHY/I O HeM, TOTTbKO
YyTOOBI 06PaTUTH BHMMAaHMEe Ha BaKHOCTb CTUPAHUS TUIIa B coBpeMeHHOM C++. [la-
ke shared_ptr, Ubs 11eJ1b KaK OYATO He MMeeT HMYero 06IIero o CTMPaHMeM TUTIOB,
T0JIaraeTcsl Ha CTMpaHue TUIIA B 4aCTU CBOMX BO3MOKHOCTE.
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std::weak_ptr<int> w = q;

g = nullptr;
std::shared_ptr std: :shared_ptr std: :weak_ptr
ptr ctrl ptr ctrl ctrl
‘\ &2 o2
control_block_impl<Deleter>
vptr use=1 weak=1 ptr Deleter first second
1
Puc. 6.5. Co3pgaHune HeBnagewLwel CCbiIkU 1 0OHYNEHWe BTOPOro
BnagetoLlero ykasatens shared_ptr
p = nullptr; // YMEHbLUWT CHETUMK USE [O HYNS
std: :shared_ptr std: :weak_ptr
ptr ctrl ctrl
TN T

control_block_impl<Deleter> SUM
vptr use=0 weak=1 ptr Deleter firsmcond
o2

TNT

Puc. 6.6. YnpaBnsowmii 0CTaeTcs Ha MecTe, MoKa He 0OHYNUTCS cyeTumnk weak

CoobwweHne nHpopmaumum o cebe
c std::enable_shared_from_this

MbI IO/KHBI PAacCMOTPETDh €Ille OAMH acCIIeKT 3KOCUMCTeMbl shared ptr. Beimie
y3Ke YIIOMMHAJIOCh 006 OTTACHOCTM «ABOMHOTO YIIpaBIeHMs» CO3TaHeM HeCKOIbKUX
YIPaBJISIONMX 6;10K0B. COOTBETCTBEHHO, HAM MOSKET ITOHAI0OUTHCS BO3MOKHOCTh
y3HaTh II0 yKa3aTeaio Ha O6BEKT B AMHAMMUYECKON MaMsTH, KTO YIIPaBsIeT UM B
IOaHHBIII MOMEHT.

OTO MOKET MPUTOAUTHCSI B 060BEKTHO-OPMEHTUPOBAHHOM IPOTPaMMUPOBAHNNA,
Korma MeTof A: : foo() eJlaeT BbI3BaTh HEKOTOPYIO BHEIIHIOW QYHKINIO bar(), a
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dyHKIMM bar() TpebyeTcst 06paTHbIN yKazaTeab Ha 06beKT A. EC/i He 3aJyMbIBaTh-
cs1 0 Ipo6JIeMax, CBSI3aHHBIX C JKM3HEHHbIM LIVIKJIOM, CAEJIaTh 9TO JIETKO; A: : foo()
MOT 6bI TIPOCTO BBITIOTHUTD BBI30B bar(this). A Termepb MpeaCcTaBbTe, YTO OOBEKT A
yIIpaBseTcs yKka3aTeleM shared_ptr U bar() BHYTPU COXpaHsSIeT KOIUIO yKasaTe-
JIsl this — BO3MOYKHO, C I[€JIbI0 PETUCTPALIY 0OPATHOTO BbI30BA JIJIS1 MCIIOTb30BaHMS
B OyIyIeM, UV, MOKET ObITb, MbI 3aITyCKAeM I1apajIe/IbHbI TTOTOK BbITIOTHEHUSI,
a A::foo() 3aBeplaeTcs ¥ BO3BpalllaeT yIIpaBjaeHye BbI3bIBaloleMy Koay. To ecTb
HaM HY)X€H KaKO-TO MeXaHM3M, KOTOPbIii He TTI0O3BOJIUT YHUUTOKUTH A, TOKa pabo-
TaeT QyHKUMS bar().

CoBeplLIeHHO TIOHSITHO, YTO bar() [OO/DKHAa NPUMHMMAaTbh IapaMeTp Twura
std: :shared_ptr<A>; 9TO 06ECIIEYUT HENMPUKOCHOBEHHOCTh A. HO OTKyma BHYT-
pu A::foo() B3SThb 3TOT camblii shared_ptr? MOXHO, KOHEUHO, HOOABUTh B A
MepeMeHHYIO-WIeH Tuma std: : shared_ptr<A>, HO Torma A caMm 3abIOKMpPYeT CBOe
YHUUTOXXEHME — OH OCTaHETCS B IaMs T HaBcerga! OTo COBCEM He TO, YTO HaM HY>KHO!

[TepBoe HarmpalyBawIleecs pellleHe — BKIIOYUTh B A IlepeMeHHYI0-WIeH TUIa
std: :weak_ptr<A>, yKasblBaIOILYyI0 Ha CBOJ 3K3eMIUISIp A, U TOIAA BbI3OB bar MOT
ObI BBIIJISIIETH Tak: bar(this->m_wptr. lock()). OmHAKO 9TO YBEIMUMBAET CUHTAK-
C/YecKye HaKjIagHble Pacxodbl, a KpOMe TOro, He SICHO, KaK MHULIMa/IM3MPOBaTh yKa-
3aTeb m_wptr. C++ B3sUI 9Ty UIEI0 M BCTPOMII €€ MPSIMO B CTAHIAPTHYI0 OMOIMOTEKY !

template<class T>
class enable_shared_from_this {
weak _ptr<T> m_weak;
public:
enable_shared_from_this(const enable_shared_from_this&) {}
enable_shared_from_this& operator=(const enable_shared_from_this&) {3}
shared_ptr<T> shared_from_this() const {
return shared_ptr<T>(m_weak);

3
+

Knacc std::enable_shared_from_this<A> XpaHUT Hallly IlepeMeHHYIO-UieH
TUna std: :weak_ptr<A> U IIpengoCcTaBJIsIeT Ollepalyio «IIOJYydUTh shared_ptr Ha
caMoro ce6s» o1 MMeHeM x . shared_from_this().B IpumMepe BbIllle eCTh Mapa MH-
TepeCHBIX IeTajieii: BO-IepBbIX, ITOIbITKA BbI3BATh x . shared_from_this() mJis 06b-
eKTa, KOTOPbIii B JaHHbII MOMEHT He YIIPaBJIsIeTCs CUCTeMOl shared_ptr, MpUBeNeT
K MCKITIOUeHNIO std: :bad_weak_ptr. Bo-BTOPBIX, 06paTUTe BHMMAaHMe Ha ITyCTO
KOHCTPYKTOP KOIIMPOBAHMS M OfepaTop IpucBanBaHus Komuu. [TycTbie puUrypHbie
CKOOKM B TaHHOM CJIy4ae — 3TO He TO ke camoe, uTo =default! Eciim GbI MbI MC-
moJib30Bau =default, YTOOBI CAEIaTh KOMMPOBAHME OITepalysIMM 10 YMOTUYAHUIO,
TOTZIAa KOMMPOBaHMe MPOM3BOAIIOCH ObI TTOUWIEHHO, M KaskAasl orepalys KOIupo-
BaHMSI YIIPaBJIsIEMOTO 060bEeKTa Co3/1aBaia 6bI HOBbIM OOBEKT C KOMMeN MoJsT m_weak
OpUTMHAJA; a 3TO COBCEM He TO, YTO HaM HY)XKHO B JaHHOM c1yvae. « IIeHTUUHOCTb»
yacTy enable_shared_from_this o6bekra C++ Hepa3pbIBHO CBSI3aHa C €0 MeCTO-
MIOJIOKeHVeM B ITaMSATU, U TI03TOMY OH He cjiefyeT (M He IO/DKeH ClelOoBaTh) Ipa-
BIUJIAaM KOIMPOBAHMS U CEMaHTUKe 3HAUEHMI1, K KOTOPHIM MbI OOBIYHO CTPEMYMOCSI.
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[TocenHMIT BOIPOC, HA KOTOPBI HY>KHO OTBETUTD: KaK MHULIMAIU3UPOBATD YleH
m_weak (KOTOPBI, KaK Bbl IIOMHUTE, SBJISIETCS MPUBATHBIM WIEHOM; 31€Ch UMS
m_weak MCITONIb3yeTCsS MCKIIOUUTENbHO ST 06bsicHeHu#)? Ieio B TOM, UYTO KOH-
CTPYKTOpP shared_ptr BKJIIOYaeT HECKOJbKO CTPOK KOJa, IPOBepAIOIIMX Hacle-
JoBaHMe enable_shared_from_this<T> TurioMm T ¥ yCTaHaBJIMBAKOUIMX €0 WieH
m_weak uepes moTaiiHol xom. O6paTuTe BHMMAaHMe, UTO HacAedOBaHMe OOKHO
OBITDb MTyOIMYHBIM ¥ HEeABYCMbICIEHHBIM, IIOTOMY UTO C TOUKM 3peHusT mpaBuit C++
KOHCTPYKTOP shared_ptr — 3TO caMasi 06bIUHAsI MOJIb30BaTenbcKas GyHKius. OHa
He MOYKeT ITPOHMKHYTb BHYTPb BaIllero Kjiacca, YToObl ONpeaenTh IpUBaTHbIE 6a-
30BbI€ KJIACChI, MM YCTPAHUTH HEOAHO3HAYHOCTb MEXKIY HEeCKOJbKUMM KOIMUSIMU
enable_shared_from_this.

JTM OrpaHMYeHus NpeanonaratoT, YTO Hac/lefoBaHUE enable_
shared_from_this AO/MKHO ObITb NYBAMYHBIM; M €CAM BaLL Knacc
HacnenyeTt enable_shared_from_this, HacnenoBaTb €ro TOXe
Heob6xoaMMO Ny6ANYHO; @ UTOObI 36ABUTBCS OT INLLHUX CIOXKHO-
CTeW, XXenaTeNbHO HacnenoBaTh enable_shared_from_this Kak
MOXHO 6/IMKe K IMCTbAM Mepapxmu HacnenoBaHus. Ecim Bbl He
byneTte co3naBaTb MMYOOKMX MEpApXMit HAaCNeaoBaHMs, 3TU npa-
BMJIQ HE NMOKAXYTCS BaM CIOXKHbIMM!

Teriepb coeAMHMM BCe, UTO MbI Y3Ha/IMU O enable_shared_from_this, B oguH
npumep:

struct Widget : std::enable_shared_from_this<Widget> {
template<class F>
void call_on_me(const F& f) {
f(this->shared_from_this());
3
s

void test() {
auto sa = std::make_shared<Widget>();

assert(sa.use_count() == 1);

sa->call_on_me([](auto sb) {
assert(sb.use_count() == 2);

1)

Widget w;

try {

w.call_on_me([](Cauto) {3});
} catch (const std::bad_weak_ptr&) {
puts("Caught!");
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CTpaHHO peKypCUBHbIN LWAGNOH NPOEKTUPOBAHUS

B03MOXXHO ,BbI 3aMEeTMJIM, OCOOEHHO IOC/Ie MPeAbIaIyIIero mpuMepa, uto, Ha-
cenyst enable_shared_from_this, BBl JOKHBI YKa3bIBaTh MMSI CBOEro 6a30BOT0
KJIacca B CIIMCKe MapaMeTpOB TUIOB! DTOT MIAGIOH «X HaCaemayeT A<X>» U3BeCTeH
Kak «CTpaHHO PeKypCUBHBIN MA0IOH MpoeKTupoBaHus» (Curiously Recurring Tem-
plate Pattern, CRTP). OH ucmonb3yeTcsi, KOrma Kakoi-To acrekT 6a30BOro Kiacca
3aBUCUT OT IIPOMU3BOAHOrO Kiacca. Hampumep, B JaHHOM ciTydae 1MsI IPOU3BOJHOTO
KJIacca BHeApsIeTCs B TUII BO3BpalllaeMoro 3HaueHus metona shared_from_this.

Ipyroit pacmpocTpaHeHHbIi ciaydait npumeHenusi CRTP — korma TpebGyetcs
BKJTIOUMTD B 6A30BBIN KIacC HEKOTOPOE MOBeleHNe TTPOU3BOIHOrO Kiacca. Hampu-
Mep, mcronb3yss CRTP, MokHO HamcaTh 6a30BbIN MIAGIOHHBIN KIAcC C OITepaTopomM
operator+, BO3BpallalONIMM 3HAaueHMe JIF060TO MPOU3BOMHOTO KjIacca, peaamnsy-
IOIIEro operator+= M KOHCTPYKTOP KomupoBaHusi. O6paTtuTe BHMMaHME Ha 00s-
3aTejbHOE MpUBeJeHlMe static_cast Tuma addable<Derived> K Derived, 4TOGBI
obecrieunTh BbI30B KOHCTPYKTOpa KONMpPOBaHMs Kiacca Derived, a He 6a30BOTO
Kjacca addable<Derived>:

template<class Derived>
class addable {
public:
auto operator+(const Derived& rhs) const {
Derived lhs = static_cast<const Derived&>(*this);
lhs += rhs;
return lhs;

}
1

@dakTUYECKM 3TO TOUHAS peanusanusi CJIy>KObl boost: :addable u3 6ubaMO-
Teku Boost Operators, 3a UCK/IIOUeHMEM TOT0, YTO boost: :addable UCIIONb3Y-
eT TaK Ha3bIBaeMblil «TpIOK BapToHa-HakmeHna» (Barton-Nackman trick), uTo6b1
caenaTh CBOJi operator+ APYsKeCTBEHHOV cBOOOAHOI (yHKIIMEN, a He QYHKIIM-
eii-ueHOM

template<class Derived>
class addable {
public:
friend auto operator+(Derived lhs, const Derived& rhs) {
lhs += rhs;
return lhs;

}
3

Iaske ec/iu Bbl HUTTE He UCIIOIb3yeTe enable_shared_from_this B cBoeM Koge,
BbI JOJDKHBI 3HaTh 0 «CTPaHHO PEKYPCUBHOM INaGI0HEe IIPOEKTUPOBAHMS» U ObITh
TOTOBBIMM IIPUMEHUTD €r0 Ha MPAKTUKe, KOIA II0Tpe6yeTcss «BHeIPUTL» HEKOTO-
poe ToBeeHe IIPOM3BOIHOIO KJIacca B MeToH, 6a30BOro Kacca.
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3aKknuuTenbHoe 3aMeyaHue

Munu-sxkocucrema shared_ptr,weak ptr U enable_shared_from_this — ogHa
M3 JIYYIIMX 3JIeMeHTOB coBpeMeHHoOro C++; OHa IpugaeT Komy 6e30MacHOCTb SI3bI-
KOB C aBTOMaTM3MPOBAaHHOI COOPKOI Mycopa, COXpaHsIsl CKOPOCTb U TpefcKasye-
MOCTb MOMEHTOB YHMUTOXeHNSI 00bEeKTOB, KOTOpbIe Bceraa ominyanu C++. OmHaKo
cTapaiTech He 3JIOYIIOTPeOISITh yKazaTensiMu shared_ptr! BosbImas yacTs Kopa
Ha C++ He HyKZIaeTcs B IpuMeHeHuM shared_ptr, TOTOMY YTO He TpebyeT ob1e-
ro BlafeHNs] 00beKTaMM, pa3MelleHHbIMIU B Kyde. Bbl B IepByi0 ouepenb JTOIK-
HbI 136€eraTh UCIIOMb30BAHMS KyuM (MCIIOMb3YSI CEMAHTUKY 3HaUeHMs); BO BTOPYIO
ouepe[b BbI TOJDKHBI TapaHTUPOBATH, YTO BCEe 0OBEKTHI B KyUye MMEIOT eJMHCTBeH-
HOIO Bjagesnbla (C IOMOWBI0 std: :unique_ptr<T>); ¥ TOABKO KOIJAa HU TO, HU
Ipyroe HEBO3MOXHO, MO>KHO ITOAYMAaTb O COBMECTHOM BJIaZleHUM U NPUMEHEeHUN
std: :shared ptr<T>.

O603HauYeHne HeUCKIIUYUTENIbHOCTU
c observer_ptr<T>

WTak, Mbl TO3HAKOMWINCH C IBYMSI MJIX TPeMsI pa3HBIMM TUIIaMM YMHBIX yKa3aTe-
Jieil (B 3aBUCUMOCTH OT TOTO, CUMTATD JIM weak _ptr CAaMOCTOSITEIbHBIM yKa3aTeleM
WJTU TOJIBKO JIVIIIb OMJIETOM Ha IpuobpeTeHye shared_ptr). Kaxkmplii M3 3TUX TUIIOB
yKasaTejeii HeceT B cebe MHGOpMAIINI0, KOTOPYIO YI0OHO UCITOIb30BaTh [IJIsl YIIPaB-
JIeHV s )KM3HEeHHbIM IMKI0M. Harpumep, UTO MOXKHO CKa3aTbh O CEMaHTUKe ClIeyI0-
X ABYX GyHKIMiA C++, MMest repe[ r71a3aMyu TOJIbKO X CUTHATYPBI?

void remusnoc(std::unique_ptr<Widget> p);
std: :unique_ptr<Widget> recudorp();

MbI BUOVMM, UYTO remusnoc IIPMHMMAET unique_ptr I10 3HAUEHMUIO, TO eCTb (PyHK-
LM remusnoc TepegaeTcs MPaBo BIaAeHMsl YIIpaBiseMbIM 00beKTOM. UTO6bI BbI-
3BaTh 3Ty (PYHKINIO, MbI JO/DKHBI 00JIalaTh eOUHOJIUUHBIM NPABOM 8J1a0eHUSl 00b-
eKToM Widget, 1 Mocjie BbI30Ba (DYHKIMM MbI YK€ He CMOYKEM IIOTYUUTb JOCTYII K
Hemy. Mbl He 3HaeM, UTO CeaeT remusnoc C 06beKTOM Widget — YHUUTOKUT €ro,
COXPaHMUT B MAMSITI WIM IepenacT ero B KaKoii-TO APYroii 06beKT MU ITOTOK BbI-
TIOJTHEeHMST; HO UTO MOKHO CKa3aTh OMPeNeIeHHO — 00bEKT 85[X00Um U3-n00 Haulezo
KoHmpossi. DYHKIMS remusnoc SIBJIIETCS MOTpeduTeieM 00beKTOB Widget.

Taxyke MOKHO CKa3aTh, UTO, BbI3IBASI TemMusSNoC, MbI JOJIKHBI €MHOJINYHO BJIa-
IeThb 00beKTOM Widget, KOTOPbIi GbI pasMelieH B Kyue OIepaTopoM new ¥ MOXKET
ObITb 6€30T1aCHO YHMUTOKEH orepaTopom delete!

M Hao60pOT: BbI3bIBASI recudorp, s TOUHO 3HAIO, UTO JII060I Widget, KOTOPHIi
BepHeT 3Ta QyHKUMS, OYIeT npuHadaexcams moapko MHe. ITO He CChIIKA Ha Ueil-To
UYKOi 06BEKT; 9TO He yKasaTejIb Ha HEKOTOPbIe CTaTUUeCKlie JaHHbIe. ITOT 06HEKT
pasMelileH B Kyue 1 IPUHAIJIEKUT TOJIbKO MHe. [laske eCJii 5T cpasy ske BbI30BY METO],
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.release() MOJYYEHHOTO OOBEKTA ¥ IIPUCBOIO MTPOCTOIi yKa3aTelb Ha HEKOTOPYIO
«IPEBHIOI0» CTPYKTYPY, 51 OYY YBEPEH, UTO 3TO 6€30TIaCHO, TOTOMY UTO S — eQUHCM -
8eHHblll 811adesiey BO3BPAIIa€MOT0 3HAUEHUSI.

A YTO MOYKHO CKa3aTh O CEMaHTHKe TaKoii QyHKIUU?

void suougibma(Widget *p);

Ona HeoHO3HAYHA. Ta QYHKUMS MOXKET IPMHUMATD UM He PUHMMATH Ha ce6s1
BJIaJleHle MepefaHHbIM yKa3aTeneM. CKa3aTh UYTO-TO ONpeae/ieHHOe MOXKHO, TOJb-
KO MCXOJs M3 OMMUCAHUS suougibma MM CTUMMUCTUYECKMUX COTIAllleHU A, IPUHSTHIX
B HallleM ITPoeKTe (TaKMuX Kak «Iepefaua IMpoCTOro ykasaTesiss HUKOr/ia He 03HavaeT
repenavy IpaBa BjlaieHNsI», UTO BIIOJIHE pasyMHO), HO, MMesl TOJIbKO CUTHATYpY,
HeNb3$ IeaTh HUKAKUX PeaIionoxkeHnit. IHaue roBops, unique_ptr<T> SBISETCS
CJ108ApHbIM MUNOM IJis1 BBIDOKEHMS Tlepeaun BaJeHus], Torga Kak T* BooOIe He
SIBJISIETCSI CJIOBAPHBIM TUTIOM; B C++ 3TO SIB/ISIETCSI SKBUBAJIEHTOM 6€CCMbICIEHHOTO
CJTIOBA MU TISITeH PopIiraxa B TOM CMbIC/TE, UTO IBA YeJIOBeKa He 00s13aTeNIbHO YBUAST
B HEM OJI/H U TOT K€ CMBICJI.

[TosTOMY, 06HAPYKMB B CBOEM KOJle MHOXKECTBO HEBJIaIEIONMX YKa3aTesiei, y Bac
MOYKET BO3HMKHYTD JKeJlaHMe MMEeThb CJIOBApPHBIi TUII, TPefCTaBISIONINIA Uer0 He-
Biagerolero ykasaressi. (KoHeuHo, ITepBbIM BalllMM [I€/ICTBMEM B TaKOM CUTyal U
JOJKHA CTaTh OpraHu3alnusi mepegaun CCbIJIOK BMECTO yKa3aTesieil Be3Jie, Te TO/b-
KO BO3MOYXKHO, HO IIPEAII0JIOKIM, UYTO BbI Y3KE MCYepPIIaiv 3Ty BO3MOXKHOCTb.) TaKko
CJIOBAPHBIi TUII CYIIECTBYET, HO OH (IT0Ka) He BK/IIOUEH B CTAHIAPTHYIO0 OMOIMOTEKY
C++ — kaxk BbIpasmics Yonrep Bpayn (Walter Brown): «DTo camMblit TyIOi 13 YMHBIX
yKasareseii», — ¥ 9TO BCEro JIUIIIb KIacC-06epTKa BOKPYT IMPOCTOT0, HEBJIAIEIOIIEro
yKasarers:

template<typename T>
class observer_ptr {
T *m_ptr = nullptr;
public:
constexpr observer_ptr() noexcept = default;
constexpr observer_ptr(T *p) noexcept : m_ptr(p) {}
T *get() const noexcept { return m_ptr; }
operator bool() const noexcept { return bool(get()); }
T& operator*() const noexcept { return *get(); }
T* operator->() const noexcept { return get(); }

3
void revresbo(observer_ptr<Widget> p);

Barogapst HaIMUMIO observer_ptr B HAllleM apceHasie MOKHO C ITOJIHOM yBe-
PEHHOCTBIO CKa3aTh, YTO QYHKIIMS revresbo MPOCTO Habawdaem (observes) 3a CBO-
MM apryMeHTOM — OHa OIpee/IeHHO He IMOyYaeT HUMKAKKUX IIpaB Ha BafeHNe VM.
MDaKTUUECKM MOKHO Jake CKas3aTh, YTO OHA He XPAaHUT KOIMIO TIepeJaHHOro yKasa-
TeJIsl, IOTOMY YTO JOIYCTMMOCTb 3TOTO YKa3aTesl 3aBUCUT OT KM3HEHHOTO LKA
YIIPaBJISIEMOr0 06bEKTA, a revresbo SIBHO 3asIB/ISIET, YTO HMKAK HE YYaCTBYET B 9TOM
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nukie. Eciu 661 OHa 3aX0Tesa Kak-TO MOBJIMSITH HA JKM3HEHHBIN VK yIIpaBJsie-
MOro 06beKTa, OHA 3asiBMIa 6bI 06 3TOM SIBHO, IIOTPEOOBAB Y BHI3bIBAIOIIETO KOZA
unique_ptr win shared_ptr. [ToTpe6oBaB observer_ptr, PyHKIUS revresbo «OT-
Ka3bIBAETCS» OT JIIOOBIX MPUTSI3aHMIT Ha BJIaZieHe OObEKTOM.

Kaxk ¢ y>ke cka3aj, observer_ptr He gBJiseTcs yacTbio ctangapra C++17. OgHo u3
OCHOBHBIX BO3paKeHMI, MPENSATCTBYIOLUIMX 3TOMY, — €r0 Y>)KacHO€e MM (II0CKOJIbKY
OHO HMKaK He CBSI3aHO C I1abJI0OHOM IpoeKTupoBaHus «Habmogatens» (Observer)).
CyliecTByeT Takke 60/TbIII0e KOTMYECTBO 3HAOLIMX JTIOZIEN, KOTOPbIe MOTJIM ObI CKa-
3aTh, UTO T* MO/DKEH CTATh CJIOBAPHBIM TUIIOM JIJisi 06003HAUEHMS «HEBJIAIEIOIIETO
yKasaTessl» M YTO BeCh CTapblil KOJ, MCIIONb3YIOLWMII T* 1015 epefavy pas Biajge-
HUSI, TOJDKEH OBbITh MepernucaH Win, Mo KpaliHeil Mepe, cHabKeH aHHOTAIUSIMU B
BUJZE TaKMX KOHCTPYKIMIA, KaK owner<T*>. B HacTosllee BpeMsl MMEHHO 3TOT MO/ -
xop, pekoMmeHzayeTcs: penaktopamu «C++ Core Guidelines», Bkitouas cozgartenst C++
BoepHa Crpaycrpyna (Bjarne Stroustrup). Ho, kak 661 TO HU 61710, OHO MOKHO CKa-
3aTh HaBepHsIKA: HUK020a He Ucnoab3ylime npocmole ykazamenu 051 nepedauu npasa
enadexus!

Utoru

B 3T071 I71aBe MbI TO3HAKOMMIVICh C HEKOTOPBIMY aClleKTaMM YMHBIX yKasaTeseii.

std: :unique_ptr<T> — CJIOBApHbIN TUII IJIS TIPe[ICTaBIeHMs BIaelolero yKka-
3aTesis U [lepefauy Ipasa BiIaLeHys; CTapaiTech UCII0/Ib30BaTh ero BMecTo T*. [To-
IyMayiTe 0 BO3MOKHOCTU MCII0JIb30BaHMSI observer_ptr B CUTyalMsIX, KOIa IIpaBo
BJIaJleHVs He IepefaeTcs Wiy Korga IpyMeHeHue IIPOCTOro ykasarest T* MoKeT
BBIIVIAAETD ABYCMBICJIEHHO IJIS UYMTaTeIs.

std: :shared_ptr<T> - X0OpoLuii (M CTAaHIAPTHBIN) UHCTPYMEHT [IJIS1 CJIy4aeB CO-
BMECTHOI'O BJIafieHMs], KOIia yyacTye B )KM3HEeHHOM LMKJIe eIVMHCTBeHHOIO yIIpaB-
JIIEMOT0 06bEKTa MPUHYMAET MHOXXECTBO 3aMMHTEPECOBAHHBIX CTOPOH.

std: :weak_ptr<T> — 3TO «OwieT Ha shared_ptr»; OH IPEIOCTaB/ISIET METO[,
.lock() BMecTo operator*. Eciu Bamemy kiaccy morpebyeTrcsl TOTYUYUTb yKa-
3aTeb shared_ptr Ha cebst camoro, yHacjaenyiiTe std::enable_shared_from_
this<T>. HaciemoBaHme JOMKHO ObITh ITyOIMYHBIM, U SKEJIATEIbHO KaK MOXHO 611~
Ke K JIMCThSIM B JiepeBe HacienoBaHust. He 3710ymoTpe6isiiiTe 3T0i BO3MOKHOCTBIO
B CUTYyaIusIX, I SIBHO He TpeGyeTcsl COBMECTHOE BiasieHue!

Hukorpa He maukariTe pyku o0 IIpOCThbIe yKasaTeu: UCIIOAb3yliTe make_unique U
make_shared Ajig co3maHust 06bEKTOB B Ky4e U yIpaBieHus uMu. Y BcrioMmuHaiiTe
0 CTPaHHO PEKYPCUBHOM IIa6I0HE TPOEKTUPOBAHMS, KOTJ|a BaM ITOTPeGYeTCs «BHE-
IPUTbh» HEKOTOPOE MOBeeHMe MPOM3BOJHOTO Kacca B MeTos 6a30BOro Kiiacca.

B cienyroieli raBe Mbl IOTOBOPUM O IPYrOil pa3HOBUIHOCTU «COBMECTHOTO UC-
I10JIb30BaHMsI», KOTOPast BO3HMKAaeT B MHOTOIIOTOYHOM IIPOrpaMMMUpPOBaHUN.
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B mpenmpinyieit rmaBe Mbl y3Ha/IM, Kak std: :shared_ptr<T> peanusyeT MOACYET
CCBUIOK, YTOOBI JaTh BO3MOXXHOCTb COBMECTHO YIPABISTDH JKM3HEHHBIM LIMKIOM
06BEKTOB Cpa3y HECKOJTbKMM 3aMHTEpPEeCOBAHHBIM CTOPOHAM, KOTOpbIE, BO3MOXK-
HO, Ta)Ke He TI0A,03PeBaloT O CyIeCTBOBAHMUM JIPYT Ipyra — HampuMmep, OHU MOTYT
BBITIOJTHSITHCSL B PasHbIX MOTOKax. B Bepcusx C++ mo C++11 aTo cpasy ke cTayno 6b1
KaMHeM MTPEeTKHOBEHMSI: eCJIV OAVH KOJl YMEeHbIIaeT CUYETUMK CChITIOK, a APYTOI, BbI-
TIOTHSIIOIIMIACS. B APYTOM IOTOKE, B 3TO XK€ BpeMsI HaXOAUTCS Ha MOJIIMYTU K YyMeHb-
IIEHNIO, pa3Be He BO3HMKAET COCTOSIHUSI TOHKM M, KaK pe3yyabTaT, He6e30IacHOro
IoBegeHus?

B C++ mo C++11 MoskHO cpa3y oTBeTUTh «Ha». (Pakruyecku B C++ 1o C++11 oT-
CYTCTBOBAJIO CTAHAAPTHOE TOHSITHE «ITOTOKOB», TO3TOMY Ha BOIIPOC BbIIlIE BIIOIHE
MOYKHO OBIIIO ObI OTBETUTD, UTO OH He MMeeT cMbIcyia.) OJHAaKO C BBIXOJOM CTaH-
gapta C++11 MblI MOMYYMJIM CTAaHOAPTHYIO MOZEIb MaMsITH, KOTOpask IpUHUMAeT
BO BHMMAaHMe TaKye TOHSTHUS, KaK «IIOTOKI» U «6e30MacHOCTb B MHOTOITIOTOYHO
cpefe», IO3TOMY BOITPOC ITPMOGPETaeT OCMBICJIEHHOCTb ¥ OTBET Ha HEro: KaTero-
puuHOe «HeT»! CUeTUMK CChUIOK B std::shared_ptr rapaHTMPOBAHHO 3alluileH
OT COCTOSTHMSI TOHKM; M B 3TOJ I7IaBe Bbl YBUINUTE, KaK MOXXHO peajn30BaTh aHa-
JIOTUYHBIE TIOTOKOOe30IacHbIe KOHCTPYKIIMM C UCITOIb30BaHMEM MHCTPYMEHTOB 13
CTAHIaPTHO 6UOIMOTEKMN.

OJTa I7aBa OXBaThIBAET (JIEAYIOIIVE TeMBbI:

pasnnuug mekny volatile T u std::atomic<T>;

std: :mutex, std: :lock_guard<M> 1 std: :unique_lock<M>;
std: :recursive_mutex U std: :shared_mutex;
std::condition_variable 1 std::condition_variable_any,
std: :promise<T>u std: : future<T>;

std: :thread u std: :async;

OITIaCHOCTM IIpMMEeHeHMsI TUIIa std: :async ¥ KakK CKOHCTPpYMPOBaTh Iy I10-
TOKOB [IJIs1 €ro 3aMeHDI.

000000

Mpo6nembi ¢ volatile

Ectu moctegHue oecsiTh JIeT Bbl MPOBEIM B aHAOMO3€e WM MPOrPaMMUPOBAIN Ha
crapoMm mo6poM C, y BaC MOXKET BO3HUKHYTh BOIPoC: «Kakie mpo6ieMbl MOTYT ObITh
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CBSI3aHBI C KII0UEBBIM CJIOBOM volatile? Korpa 51 xouy rapaHTMPOBATh COXpaHEHMe
3HaUeHMs B ITIaMSITH, 5T MCIIO/NIb3YIO volatile».

OduumnanbHasi ceMaHTMKa volatile 3aK/II0YA€TCSI B TOM, YTO JOCTYI K IaMSITU
MIPOMCXOUT B CTPOTOM COOTBETCTBUM C MPaBWJIaMM a6CTPaKTHO MallIMHbI, TO €CTh
KOMITUJISITOPY 3aIpelieHo epeyrnopsiAounBaTh 06palieHus K TAKUM ITepeMeHHbIM
I 00beIVHSTh HECKOIBKO O6pallennii B ogHo. Hampumep, KOMIUISITOP He JI0J-
SKeH IIpenIiojiaraTh, UTO 3Ha4YeHMe X OCTaHeTCS HeM3MEeHHbIM MeXKOy OBYMs OIle-
panusIMu YTeHUsT; OH 00s13aH reHepUpPOBATh MAIIMHHBI KO/, BBITIOTHSIIOIINIA 1Ba
UTeHMs U3 ITaMsITH, KaK B IIpUMepe HIKe:

volatile int& x = memory_mapped_register_x();
volatile bool& y = memory_mapped_register_y();
int stack;

stack = x; // JTeHue
y = true; // 3anucb
stack += x; // JTeHue

Ecsn 661 TepeMeHHast X He 6blJ1a 00bsSIBJIEHA MU3MEHUMBOI (volatile), TOrma KOM-
MIAJISITOP MOT GbI ITePEYIIOPSIOUNTD MHCTPYKIMM, KaK TIOKa3aHO HIDKE:

stack = 2*x; // uyTeHue
y = true; // 3anucb

KommuisiTop Mor 661 TIOCTYITUTH Tak (ecyix O6bI x He ObUIa OOBSIBIEHA M3MEHUN-
BOJ1), TOTOMY UTO 3aMMCh B JIOTMUECKYIO [TlepeMeHHYI0 y HMKaK He BIMseT Ha cofep-
skumoe x. Ho, Tak Kak x 00bsIBJIeHA M3MEHUMBOI, TOJ00HAS OMTUMMU3ALMS Iepe-
yIIopsiAoueHeM 3arpelieHa.

Yaiiie Bcero KjouyeBoe CJIOBO volatile MCMOMb3yeTCs 110 IpUUMHe, KOTOpas BbI-
TeKaeT M3 MMeH, MCII0JIb30BAaHHbBIX B IIPMMEpE BbIIIE: KOTIJa Bbl paboTaeTe HAIIps-
MYIO C arrapaTypoii, TaKo¥ KaK PerucTpbl, OToOpaskaeMble B TaMSITh, KOTAA YTO-TO
Ha YpOBHEe MCXOQHOTO0 KO/Ia BBITVIIAUT KakK orepaiyy UYTeHus 1 3aIiCH, HO B eiCT-
BUTEILHOCTM OTOOpaskaeTcsl B 6ojiee CJIOXKHBIE OMepalyy ¢ armapaTrypoii. B mpe-
IbITyIIeM MpuMepe MepemMeHHasi X MOXKeT CTYKUTb IpeficTaB/leHeM OJHOIO0 U3
anmnapaTHbIX 6ydepoB, a 3aIMCh B y MOKET CJIYSKUTh CUTHAJIOM allfaparype 3arpy-
3UTh CJIEAYIOIIME UeThIpe 6aiiTa JaHHBIX B PETMCTP X. OTO MOXKHO pacCMaTpuBaTh
KakK ITeperpysKy orepaTopa, Ho Ha allllapaTHOM ypoBHe. A eciu ¢pasa «Ieperpyska
orepaTopa Ha afrapaTHOM yPOBHe» KaskeTcsl BaM cyMaclieiiiei, To, BeposiTHO, Y
Bac HeT MPUYMH UCITOb30BaTh volatile B CBOMX IMporpaMmax!

Bor uTo genaeT KioueBoe CI0BO volatile. Ho mouemMy ero Heab3sl MCIHOJb30-
BaTh, YTOOBI CAEJATh HAIIM MPOrpaMMbl 6€30MacHbBIMY B MHOTOIIOTOYHOM OKpY-
skeunn? Ilo cyTu, rpobiema volatile B TOM, TO 3TO OY€Hb CTApblii MHCTPYMEHT.
OTO KJIIoUeBOe CJI0BO CYIIeCTBOBAJIO ellle 10 Toro, kak C++ otaenuics ot C, 1 mpu-
cyTcTBOBasO ele B C, BBegeHHoe craHaapToM 1989 roma. B To Bpems Majno KOro
BOJTHOBaJIM BOIIPOCHI MHOTOTIOTOYHOCTM ¥ KOMITMJISITOPBI ObIM HAMHOI'O ITPOIIIE,
B TOM CMBICJIE, UYTO HEKOTOpbIE INMOTEHIMATBHO MPOOIeMaTUUHbIe ONTUMU3AIUNA
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emle He 6pUTM TIpuAyMaHbl. K koHily 1990-x — Hauamy 2000-X, KOrma OTCYTCTBUE B
C++ Mozeny maMsTH C MOAAePKKOI MHOTOTIOTOUHOCTH IIPEBPATUIIOCh B CEPbe3HYI0
Mpo6IeMy, CTaIO YyKe CIMIITKOM TMO3/THO MepeeblBaTh volatile /ISl MOAIEPKKA
MOTOKO6E30MMaCHOTO AOCTYIA K MaMsITV, IIOTOMY YTO BCE TIPOM3BOIUTENN KOMITU-
JIITOPOB y3Ke peann30Bajy KIIoueBoe CJI0BO volatile U JOKYMeHTaIbHO 3aKpemnu-
5 ero geiictBue. CMeHa MpaBu/ B TOT MOMEHT Hapylluia 6kl paboTOCIIOCO6GHOCTh
OTPOMHOTO 06beMa Kofia, IpuyeM 3Ta 6e/1a 3aTpoHy/1a Obl B OCHOBHOM KOJI, HU3KOY-
POBHEBOTO ammapaTHOro nHTepdeiica, uTo 6bUTO ObI KpaiitHe HEeXKeNaTeabHO.

BOT HECKOIBKO TPUMEPOB, AEMOHCTPUPYIOLIUX TaPAHTUM, KOTOPbIE XOTEI0Ch ObI
MMeTb JiJIs1 6€30I1aCHOTO IOCTYTIA K MaMSITU B MHOTOTIOTOUHOM OKPY>KE€HUM:

// TnobanbHble nepeMeHHsble:
int64_t x = 0;
bool y = false;

void thread A() {
X = Ox42'00000042;

y = true;
3
void thread_B() {
if (x) {
assert(x == 0x42'00000042);
3
3
void thread_C() {
if (v) {
assert(x == 0x42'00000042);
3
3

HormyctuM, UTO thread_A, thread_B 1 thread_C 6bUTM BbI3BaHbI OJHOBPEMEHHO
13 Pa3HbIX MIOTOKOB BbIMTOMHEeHMsI. Kakye omm6Ky Mor 6bI TOPOAUTD 3TOT Kox? Bo-
MepBbIX, TPOBEpKa B thread_B OGHAPYKUT B X HOJb WK or ©x42'00000042. On-
HAaKo B 32-pa3psAHOM KOMITbIOTEpe CUTyalMsl CJIOKHEee; KOMIIUISITOP MOXeT pea-
JIN30BaTh OTMepalMIo IpUCBauBaHus B thread_A B Bue Mapbl MHCTPYKIIVIA 3aTIUCH,
3amnmcaB CHavasia uncio 0x42 B CTapilyio MOMOBUHY X; a 3aTeM uncio 0x42 — B Myiaji-
IIyIO MTOJIOBMHY X. Ec/iu TIpoBepka B thread_B 3amyCcTUTCS B HYKHBIN (1)1 OG-
K1) MOMEHT, OHa MOYKeT OOHApYKUTh B X 3HauUeHMe 0x42 ' 00000000. O6bsBIeHe
repeMeHHOJi X U3SMEHUMBO 3/1eCh He ITOMOKeT; (paKTUUeCcKy 3TO BOOOIIIe HUUEro He
JlacT, TIOTOMY YTO 32-pa3spsiiHas anmaparypa IpoCTO He MOAAEPXKUBAET 3Ty oIlepa-
uio! Bbuto 6B XOPOIIO, eciTi 6bI KOMIMISITOP 06GHAPYKUBAJ MTOIBITKY MCITONb30-
BaTh aTOMapHOe 64-pas3psaHoe MPpUCBaMBaHMe ¥ BHIBOAVII OMIMOKY KOMITUIISIIIVANA,
co001Iass 0 HEBO3MOXKHOCTY BOILIONIEHUST HAIIMX HaMepeHuii. VIHbIMM CIIOBaMu,
IOCTYT K TIepeMeHHOIi, 0ObSIBJIEHHOI KaK volatile, Heob6s3aTebHO OyIeT amo-
MapHbsim. Ha TIpaKTUKe OHM YacTo SIBJISIOTCS aTOMapHbIMM M TTIO3TOMY He TpeGyIoT
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MCIIO/Ib30BaHMS volatile, HO 3TO IIOBeJEHME He SBJISIeTCS rapaHTUPOBAHHbBIM, U
MHOT/IA MPUXOIUTCS OMYCKATHCS IO YPOBHS MAIIMHHOTO KOJ@, UTOOBI BBISICHUTD,
IEeMCTBUTEIBLHO JIU MOYUIMIICS OXKMIaeMblii Kofi. HaM X0Tesnoch 6bI UMEeThb TapaHTUH,
YTO orepauyy GYIyT BBIMOJHSITHCS aTOMapHO, a B CJlydae HEBO3MOXHOCTU 3TOTO
MOTYYaTh OUIMOKY KOMITU/ISILIAM.

Temnepsb paccmoTrpum GyHKUMIO thread_C. OHa cHauaia MpoBepsieT 3HaUeHue v,
" eCJIV OHO PABHO true, B IEPEMEHHYIO X Y3Ke IOJIKHO OBITh 3aMMCAaHO OKOHYATE/Tb-
Hoe uncioBoe 3HaueHue. To ecTb GYHKIMS IPOBEPSIET, UTO 3aIMCh B X «IIPOMU30IILIA
II0» 3aIMCH B y. DTO BEPHO C TOUKM 3peHUs thread_A, 1o KpaliHeii Mepe, ecyin 06e
MepeMeHHbIe, X U Y, 0OBSIBJIEHbl M3MEHUMBBIMU (volatile), MOTOMY UTO, KAK MBI
BUJeJ, B 5TOM CIyyae KOMIIUJISITOPY 3allpellaeTcs [epeyIopsaounBaTh onepanumn
nocrymna. OmHaKo 3TO Heobs13aTeNIbHO OyJeT BEPHO ¢ TOUKM 3peHust thread_C! Eciu
(usmyecku thread_C BBITOTHSIETCS HAa IPYTOM MTPOLIECCOPE, C COGCTBEHHBIM KeIlleM
IAHHBIX, TOTA OH MOXET y3HaTh 00 OOHOBJIEHUM 3HAUEHMII X U y B Pa3HbIE MO-
MEHTBI BpeMeHU, B 3aBUCUMOCTM OT 0COGEHHOCTEI T OOHOBJIEHUST COOTBETCTBYIOIINX
6710K0B Kella. XOTeNIOCh 6bI UMETh BO3MOXKHOCTb IMOTPE6OBATh OT KOMITUIISITOPA,
YTOOBI TOT rAPAHTUPOBAJT 3arPY3Ky BCETO Kellla BMECTe C 3arpy3Koii y ¥ Mbl HUKOTIA
He TIOMy4yaay Obl «yCTapeBIIero» 3HaueHus: x. OMHAKO HAa HEKOTOPBIX MTPOIECCOp-
HBIX apXUTEKTYypax [IJIsl 3TOro TpebGyeTcs O6aB/sATh B KO, CIIela/IbHbIe MHCTPYK-
UM WY JOTIONHUTEIbHYIO JIOTUKY PaboThl ¢ 6apbepamu B maMsTu. KoMmmisiTo-
DBl He 2eHepupylom Takue VHCTPYKUUU [JIS1 «CTapOpPeXXMMHOTO» KIYEBOrO (JIOBa
volatile, IOTOMY UYTO MHOTOIIOTOUHOCTM YIeJISUIOCh MajIo BHMMaHMs, KOTa OHO
TIOSIBUJIOCH; & KPOMe TOTO0, TaKye MHCTPYKIMM MOTYT 3aMelJISITh Ollepaluy JOCTyIla
K volatile-TIepeMeHHBIM U JaXe HapylmaTh paGoTOCIIOCOGHOCTD CYIECTBYIOIIE-
IO HM3KOYPOBHEBOI'O KOJa, rfe volatile MCIOAL3YETCS B CTAPOM ero IOHUMaHUN.
To ecTb rpob/IeMa HUKY/IA He 1CUessa, TOTOMY UTO JIaske IPU COOTIOeHUH TTOCIe-
IOBATEJILHOCTU OTEepaluii ¢ TepeMeHHbIMMU, OObSIBIEHHBIMHU C KJIIOUEBBIM CJIOBOM
volatile, B OZHOM IIOTOKE X OOHOBJIEHHbIE 3HAUEHMSI MOTYT MOSIBJIITHCSI B IIPYTOM
TOTOKe B MHOM TTOpsifike. FIHade roBopsl, volatile He TapaHTUPYET nocsedosames-
HYI0 coenaco8anHocmos. Ham xoTesnoch 6bl, UTOOBI JOCTYIT GBI TTOC/IEA0BATENBHO CO-
[71aCOBaH C APYIMMU OIlepalusIMy JOCTYIIa.

PemeHne o6eux mpobmeM mosiBuiaock B C++ B 2011 romy. DTo pelieHue:
std::atomic.

Ucnonb3oBaHue std::atomic<T> an4a
6e3onacHoro AocTyna B MHOronoTo4YHoOM cpepne

Haumnas ¢ C++11 3arosoBoK <atomic> COIEPKUT OIpeaeaeHNe mabJIOHHOTO Kiac-
ca std: :atomic<T>. Kiacc std: :atomic MOXHO paccMaTpuBaTh II0-Pa3HOMY: KakK
1a6IOHHBII KIAcC, TAKO¥ ke Kak std: : vector, ¢ eperpyskeHHbIMY OIlepaTopamMu,
rapa’TUpyOIUMKU 6e30TacHOCTh B MHOTOTIOTOUHOI Cpefie; WM KaK Bojiie6HOe
CeMeiiCTBO BCTPOEHHBIX TUIIOB, MMeHA KOTOPbIX ITPOCTO COIEPsKaT YIJIOBble CKOO-
ku. [Moctegunit ciocob 6osee ompaBhaH, MOTOMY YTO IIpearionaraert, u Hebe3oc-
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HOBATEJIbHO, UTO std: :atomic YaCTMUYHO BCTPOEH B KOMIIM/ISITOP M, KaK IIPaBIJIO,
KOMITW/ISITOP TeHepupyeT Haubojiee ONTMMAIbHBIA KOZ [IJIs1 aTOMAapHbBIX OIlepa-
uuii. Tlocnemumii criocob Takke o6bsICHSET, YeM atomic OTIMYAeTCs OT vector: B
std: :vector<T> ma6/IoH T MOXKET ObITh JTIOOBIM TUIIOM. B std: : atomic<T> mabioH
T TO’Xe MOSKeT ObITh JTI06BIM TUIIOM, HO Ha MPAKTHUKE KeJIaTeTbHO OrPaHUYMBATHCS
TOJIbKO Y3KMM KPYTrOM THUIIOB, /I KOTOPBIX aTOMapHOCTb IOAePKUBAETCS Hanbo-
nee pocto. [Togpo6Hee 06 3TOM MbI TIOTOBOPUM UYTh HIKE.

K y3KOMY KPYyI'y TMIIOB OTHOCSITCSI BCE L[€IOUMC/IEHHbIE TUIIbI (TI0 KpaiiHei me-
pe, ¢ pa3MepHOCTHIO He GoJbllle pa3Mepa PerucTpoB Ipolieccopa) U ykasaTenn. Ha
OCHOBHBIX IUTaT(GopMax omepauuyu ¢ o6beKTaMu std: :atomic 3TUX TUIIOB OYOYT
BBITIOJIHATHCS B TOYHOCTH, KaK HaM XOTeJIOCh ObI:

// TnobanbHble nepeMeHHsble:
std::atomic<inté64_t> x = 0;
std::atomic<bool> y = false;

void thread_A() {
X = 0x42'00000042; // aTomapHas onepaums!
y = true; // aTomapHas onepauus!

Y
void thread_B() {
if () {
// TpucBanBaHWe NEpPeMeHHOW X BbINOJIHSETCA aTOMAapHO.
assert(x == 0x42'00000042);
1
3
void thread_C() {
if (v) {
// TpucBanBaHMe NepeMeHHON X BbinonHseTcs "po"
// NpUCBaMBaHWA NEPEMEHHOW Y, [Laxe C TOYKM 3peHus
// DBpyroro noToKa BbIMOMHEHUS .
assert(x == 0x42'00000042);
3
Y
std: :atomic<T> meperpysKaer olepaTop npucBaMBaHus, peaansyss aTOMapHYIO
n HOTOKO6€301’I&CHYIO BepCHUIO; a TAKXKe OoIepaTopsl ++, --, += U -=; U OJId LEeJI0OUYNC-
JIEHHBIX TUIIOB, TAKJKe OIIepaTopshl &=, |= U "=,

BaskHO MOHMMATh Pa3sHUIY MeKIy 00beKTaMy TUIIa std: :atomic<T> (KOTOpbIE
KOHIIETNITYaJIbHO HAXOMSTCS «TaM», B ITaMSTU) ¥ KOPOTKOXKMUBYIIVMMY 3HAUEHUSIMU
Tuna T (HaXOASAIIMMMCS «IIPSIMO 3eCh», TTOJI, PYKOJi; HalIpuMep, B PerucTpax mpo-
meccopa). Tak, HaTIpuUMep, IJIs std: : atomic<int> He CYIIeCTBYeT orepaTopa mpu-
CBaMBaHMSI KOIMPOBAHMEM

std::atomic<int> a, b;
a =b; // HE KOMNUINPYETCA!
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Omneparopa npucBaMBaHMsI KONMPOBaHMEM (KaK M olepaTtopa MpUCBauBaHUS
IepeMellleHMeM) He CYLIeCTBYeT, [IOTOMY UTO 35Ta Ollepalys He MMeeT OfHO3Hau-
HOT'O TOJIKOBAaHMS: MMeJI I B BUAY NPOrpaMMMUCT, YTO KOMIIBIOTED IO/DKEH 3arpy-
3UTh 3HaUE€HME b B PETUCTP M 3aTeM COXPaHUTb 3HAUeHMe 3TOro perucrpa B a? B
JaHHOM Cjlyyae IIPOU3BOASTCS IBe aTOMapHble ornepauuu, a He ogHa! Vinu, moxxer
ObITh, TPOrPAMMMUCT VIMEJT B BUJTY, UTO KOMITHIOTEP JO/KEH CKOMIMPOBATh 3HAUEHME
1“3 b B a B paMKax OJHOI aToMapHol onepauun? Ho B 3TOM ciy4ae IPOUCXOOUT
obpallleHre K IBYM pa3HbIM yUyacTKaM B MaMSITU, U OONBIIMHCTBO KOMITbIOTEPOB
He TMOMIePKMBAET TAKOTO aTOMapHOro KonmupoBaHus. [1oaromy C++ TpeGyeT SIBHO
OTIVICaTh, UTO BBl MMEETE B BUJTY: OTHO aTOMAapHOE UTEHME U3 0ObEKTa b B PETUCTP
(B C++ mpencraB/isieTcsl HeaTOMapHOJ [IepeMeHHOI Ha CTeKe) ¢ IoCIeAyoLeii aTo-
MapHOI 3aMMIChI0 B OOBEKT a:

int shortlived = b; // aTomapHoe 4TeHue
a = shortlived; // aToMapHas 3anucb

std: :atomic<T> nmonjepskuBaeT GyHKIMM-WIeHbI . Load() U . store(Vv) AJIsI TEX
IIPOrPaMMMCTOB, KTO XOYeT TOYHO BUAETh, UTO JlelaeTCs B Kakaom wiare. I1oab30-
BaThCSI UMM COBCEM HeOOS13aTeTbHO:

int shortlived = b.load(); // aToMapHOe 4TeHue
a.store(shortlived); // aToMapHas 3anucb

dakTHUUeCKy, UCIOMb3Ysl 3T QYyHKIMM-UIeHbI, TPMCBaBaHE MOMCHO 3amCaTh
B OJTHO¥ CTPOKe KoJia, Kak b.store(a.load());, HO S He COBETYIO IIOCTYIATh TaK.
3amnmch BhI30BOB IBYX QYHKIIVIT B OMHOI CTPOKE He 03HAYAET, UTO OHY HEMPEMEHHO
BBITIOJTHATCS «IPYT 32 IPYTOM», U onpedeieHHO He 03HAYaeT, UTO BbI3SOBbI IIPOM3071-
IyT «aTOMapHO» (KaK TOBOPWJIOCH BhIIIIe, 6OJTBIIAS YACTh AlllIapaTHOTO 06ecTievueHust
KOMITBIOTEPOB He IO AeP;KMBAeT TaK0 BO3MOXKHOCTH). U Takast popma 3ammmicy Mo-
SKeT 8800UMb 8 3a0yxc0eHuUe, 3aCTaBJISIST TyMaThb, YTO BbI3OBbI IIPOMCXOMAST «BMECTE».

PaboTa ¢ MHOTOTIOTOYHBIM KOZOM ¥ 6€3 TOTO CJIOKHA, [T03TOMY CTapaiiTech B Of1-
HOJi CTPOKe 3aMMChIBaTh TOJIBKO OAHY orepaluio. [I[porpaMmiupoBaHe HECKOIbKIUX
omeparuii B OOHOM CTPOKe YBEIMUMBAET BEPOSITHOCTD MOSIBIIEHUST OMIMOOK. 3arm-
ChIBalTe MO OJHOI aTOMapHOI1 orepaluu B KaKA0l CTpOKe; ITIOCTEeIeHHO Bbl IMOi-
MeTe, UYTO TaKO¥ MOAXO[] TOMOTaeT YIOPSAOUNTD ITPOIeCcC MbIIIIEHNMS Y YIIPOIIaeT
YyTeHMe Koja.

AToMapHoe BbINOJIHEHUE CJI0XKHbIX Onepauuit

B03MOXHO, Bbl 3aMeTU/IN, UTO B CIIMCKe Ieperpy>keHHbIX OIlepaToOpOB, IIPUBO-
JVBIIEMCS B IIpeAbIAYIIeM pasjesie, OTCYTCTBYIOT OIIEPATOPHI *=, /=, %=, <<= U >>=,
OTHU onepaTopsl He MOAAEePKUBAIOTCS TUIIOM std: :atomic<int> U BCeMMU OCTasb-
HBIMU LI€JIOUYMCIEHHBIMM aTOMapHBIMM TUIIaMM, IIOTOMY UTO Ha CYIIECTBYIOIIEeM
armapaTHOM obecIieueHUy TPYyOHO obecreunTb UX 3GhOEKTUBHYIO peaan3aluio.
OpHako maske orepalyy, BKIIOUeHHbIe B std::atomic<int>, HepeaKo TPe6yioT
IIpMMeHeHMs IIPUEMOB, YIOPOXKAIOIINX peann3aluio.
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JomycTuM, YTO HAll IPOLECCOp He MOAAEPKMBAaeT «aTOMapHOM MHCTPYKLMMU
YMHOKEeHUST», HO HaM KpaiiHe HeoOX0IMMO peayn3oBaTh operator*=, Kak 3To cue-
JaTh? Bcs XUTPOCTh 3aK/I0UaeTCsl B MCIOIb30BaHUM TIPOCTOI aTOMapHOI orepa-
LIV, U3BECTHOM KaK «CPaBHUTH U TIOMEHSITh MeCTaMM».

std::atomic<int> a = 6;
a *= 9; // 3To HeponycTuMmO.

// 3aTO MOXHO Tak:
int expected, desired;
do {
expected = a.load();
desired = expected * 9;
} while (l!a.compare_exchange_weak(expected, desired));

// B KoHUe 3TOro umkna 3HauveHue a bypeT
// "aToMapHO" yMHOXEHO Ha 9.

Mertog a.compare_exchange_weak(expected, desired) ITOaydaeT 3HAaUYEHME a
U, eCJIV OHO PaBHO expected, 3alIMChIBAET B 2 HOBOEe 3HaUeHMe desired; MHAUe HY-
yero He genaeTrcs. 3HaUYeHME a BO3BpalllaeT true, eciy 3HaueHue desired GbUIO
3amnyucaHo, 1 false B IPOTUMBHOM CJly4dae.

Ho 3mech mpoucxogut eme Koe-uto. O6paTuTe BHUMaHME, YTO B KasKIOi MUTe-
pauuu npenpIayLiero MK/Ia BBITIONHAETCS 3arpys3ka a B IepeMeHHYI0 expected,
1 GYHKIUS compare_exchange_weak TOXe 3arpyskaeT ero, UYTo0bl CPAaBHUTH C ex-
pected. HaunHast co BTOpoii uTepamyu 66110 ObI JIyUllle He 3arpy>kaTh a IIOBTOPHO,
a MpOCTO 3amucaTh B expected 3HAUEHME, KOTOpOe MpouynTaia PyHKIIMS compare
exchange_weak. K cuactpio, co3maTenu a.compare_exchange weak(expected,
desired) IpeaBOCXUTUIIN Hallle JKejlaHMe M peann30oBajii 3anich B expected 3a-
IPY;KEHHOTO 3HaUeHwusI, eciu QYHKIMS J0/DKHA BepHYTh false. To ecTh B couera-
HUM C compare_exchange_weak MbI OJO/KHBI MCIIOJIb30BaTh 3HAUEHME expected,
JIOITyCKaIoIlee BO3SMOKHOCTDb M3MEHEHMsI, TOTOMY YTO (QYHKIMS IPUHUMAET €ro I10
CCBLIKeE.

[TosTomy mpeApIaYIIMIA IPUMEDP MOKHO ITepenmcaTh Tak:

int expected = a.load();
while (!a.compare_exchange_weak(expected, expected * 9)) {
// NpopomKeHne umkna

}

[TepemenHas desired dakTMUECKM He HY)KHA, B TIPEABIAYIIEM IIPUMEPE OHA WC-
MOIb30BaIaCh TOABKO JUIIb TOTOMY, UTO JOTOJIHUTENIbHASI MHCTPYKUMS if memaer
KOl TIOHSITHEe.

Tun std::atomic MMeeT MaJieHbKUI CeKpeT: GONBIIMHCTBO COCTaBHBIX OIle-
pauuii MpuUcBaMBaHMSI peann30BaHO C MPUMeEHeHeM IIMKIa CPaBHEHMSI-3aMeHbl,
Kak B nmpumMepe BeImie. Ha nponeccopax ¢ apxutektypoit RISC sta peanuszanus nc-
TOb3yeTCs MmouTu Beerga. Ha mporjeccopax x86 Takasi peannusanys UCIONb3YyeTCs,
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TOJIBKO eC/IY BbI XOTUTE MCII0/Ib30BaTh 3HaUE€HMe, BO3BpalllaeMoe OIlepaTopoMm, Kak
B MHCTPYKUMU X = (a += b).

Ecinu aTtomapHas nepeMeHHas HeYaCTO U3MEHSIeTCsS IPYTUMM [IOTOKaMU, Hajlu-
yye IMK/Ia CpaBHEHMS-3aMeHbI ITOUTH He CKa3bIBaeTCs Ha IIPOM3BOAUTEIbHOCTMU.
Ho ecnu a u3MeHsIeTcsl 4acTo, TOra MOXKET MOTPe6oBaThCss HECKOIBKO MUTepalnii,
MpeXXae ueM IMKI IpeycreeT. B abCOMIOTHO MATOJOTUUYECKUX CUTYALMUSIX MOXKHO
Iaxke HAOTIOMATh 3alIMKIMBaHMeE TTOTOKA; OH MOYKET ITPOIOJIKATh BBITTOMHSTD UK
CHOBA U CHOBA, IOKA He MCUYe3HYT KOH(GIMKTHI C APYTMMM IIoToKamu. Ho obpatute
BHMMaHMe, YTO compare_exchange_weak Bo3BpallaeT false, TOJIbKO KOIIa 3HauUe-
HIYe a B ITaMATH U3MEHMJIOCH; @ 3TO 3HAUMUT, UTO APYIre ITOTOKY BbITTOJTHeHUS I1PO-
IBVHY/IVCh HEMHOTO BIiepe. LIMK/Ibl cpaBHEHMsI-3aMeHbI CaMy 110 cebe HUKOTIa He
3aCTaBsT IIPOTPaMMy BOMTU B COCTOSIHME, KOTa HMKAKON IOTOK He CMOXeT IIPo-
IBVHYTbCS BIIepe[ (COCTOSTHME, M3BECTHOE KakK «IMHaMMUYecKasl B3auMOOTIOKMPOB-
Ka» — «livelock»).

Ipenpimyiinii ab3al; 3ByYUT CTpalllHee, YeM eCTb Ha CaMOM Jeje. B meiom He
CTOUT 6€CITOKOUTHCS O TTATOIOTMUECKOM ITOBEIeHIM, IOTOMY UTO OHO ITPOSIBJISIETCS
TOJIBKO IIPU OY€Hb BBICOKOV KOHKYPEHLIVM, HO Jake TOr[ia He BbI3bIBAET CKOJIbKO-
HUOYIb cepbe3HbIX MP0o6IieM. [TTaBHOE, UTO BbI JO/KHBI BBIHECTY M3 9TOTO pasjena, —
KaK MO’KHO MCIIO/Ib30BaTh LMK/ CpaBHEHMSI-3aMeHbI JIs peann3aluy CJI05KHbIX, He
BCTPOEHHBIX «aTOMAapHbIX» Ollepalnuii B 00beKTax atomic<T>. [IpocTO 3aITOMHUTE
IIOPSIOK CJIefOoBaHMs IIapaMeTpoB B a.compare_exchange_weak(expected, de-
sired) M UYTO OHA [iejlaeT C a: «eCjlu a MMeeT 3HaueHue expected, 3amucaTh B a
3HayeHue desired».

bonbwure atomapHblie TUMbI

KoMmiuigaTop pacriosHaeT u reHepupyeT ONITUMAJIbHBIN KOA, /151 std: : atomic<T>,
Korma T gBSIeTCS LeIOUMCIEHHBIM TUIIOM (BK/IKOYas bool) MM TUIIOM yKasaTe-
JIsl, TAKUM Kak void *. A ecim T — GOMBIION THUII, TAKOM Kak int[100]? B Takux
CTy4dasx KOMIMJISITOP O6BIYHO BbI3bIBAET MOANPOrpPaMMbI B OMOIMOTEKE BpeMeHM
BbINTOJIHEeHMST C++, KOTOpble IIPOU3BOAST IIPMCBaMBaHMe IO, 3allIMTOI MbIOTEKCA.
(MBI pacCMOTPUM MBIOTEKCBI UyTh HIKe.) [T0CKOJIbKY NpMCBaMBaHMe BBITIOIHSIETCS
B OMOIMOTEKe, KOTOpasl He 3HaeT, KaK KOMMPOBaTh MIPOM3BOJIbHbIE IT0/Ih30BATE/Ib-
ckue Tumbl, ctaggapt C++17 momyckaeT mpuMeHeHMe std::atomic<T> TOJIBKO K
THUIIAM, KOTOpbIe MOAAepPKUBAIOT TPUBMUAIbHOE KOMMPOBAHME, TO €CTh 6e30MacHO
MOTYT KOTIMPOBATHCSI C TIOMOIIbI0O memcpy. [109TOMY, ey BaM MOHAamZOOUTCS TUIT
std: :atomic<std: :string>, CUMTaiITe, YTO BaM He ITOBE3JI0 — BbI IOJIKHBI OyIeTe
HaImMcaTh ero CaMu.

Ipyrast mpobjaemMa, ¢ KOTOPO MOXKHO CTOJKHYThCSI IIPU MCITOJIb30BaHUM GOJTb-
KX (TPUBUAIBHO KOMMPYEMBIX) TUIIOB C std: :atomic, COCTOUT B TOM, UTO COOT-
BETCTBYIOIIIME TIPOIeAYPhl B GMOIMOTEKE BpeMeH! BhIMONMHeHMsT C++ HaXOmsITCs B
IPYroM MecCTe, OTHeJbHO OT OCTaJbHOM YacTy CTaHAapTHON 6ubamnorexku C++. Ha
HEKOTOPBIX IIaTGopmMax BaM MpuaeTcs 106aBUTh - latomic B KOMAHIHYIO CTPOKY
KOMITOHOBIIVKA. Ho 3Ta mpo6ieMa mposiB/ISIeTCsI TOJBKO IIPY MCII0/Ib30BAHUY 60JTb-
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IIMX TUIIOB C std::atomic, a eC/IM 9TOro He HeaTh, TOrHA U IpobaeMa OTIagaeT
cama coboi1.
Ternepb MOCMOTPYUM, KaK HalyucaTh aTOMapHbIi KJIaCcC CTPOK!

MoouepenHoe BbinoONHEHMe ¢ std::mutex

JormmycTuM, HaM HY>KHO HaIucaThb KJ1acc, CBOMM IOBeJeHMeM HallOMMHaIOIMIA TUIT
std: :atomic<std::string>, eciu 6bI TAKOBOJ CyIeCTBOBaAI. TO €CTh HAM HYKEH
KJIacc, MOIIeP>KMUBAIONIVIT aTOMapHbIe Olepaluy YTEeHUS U 3aMnUCH, 6e30TacHbIe B
MHOTOIIOTOYHOI Cpejie, YTOObI IPY OJHOBPEMEHHOM O6paIleHNY IBYX IMOTOKOB K
std: :string HU OMH U3 HUX HE MOT Obl YBUETH CTPOKY, TIOKA IPYTOil HE 3aKOHUUT
3aMych B NaMsTh, KaK 9TO MMeJIO MeCTO B IIpMMepe C TUIIOM int64_t, B pasgene
«IIpob6nemsl ¢ volatile» Bbrie.

Jly4lille BCero AJi peaausalyy TaKOTo Kjlacca UCIOAb30BaTh TUIL std: :mutex U3
CTaHIAPTHOM 6ubnmnoreku. VMg «mutex» (MbIOTEKC) HACTOIBKO HIIMPOKO MCIIOTb-
3yeTcsl B TEXHMUECKMX Kpyrax, YTO y>Ke BOCIIPMHMMAETCSl KaK CaMOCTOSITe/IbHOe
CJIOBO, HO TepBOHAYAIbHO 3TO MMSI MPOM30ILIO0 OT IBYX c10B «mutual exclusion»
(B3aMMOMCKIIIOUAIOIINIA). DTO CBSI3aHO C TEM, YTO MbIOTEKC I103BOJIIET rapaHTUPO-
BaThb VICKJIIOYMTEJIbHBIN JOCTYII K HEKOTOPOMY CETMEHTY KOJia AJIs1 OLHOIO ITOTOKA —
TO eCTb TapaHTMUPOBATh HEBO3MO)KHOCTb CUTyaLIUM, KOTAA «IIOTOKM A U B ogHOBpe-
MEHHO BBIIIOJHSIOT 3TOT KOI».

B Havaie TAKOTO KPUTUYECKOTO CErMEHTA KOJa, YTOObI MTOKA3aTh HEXKEIaTe/b-
HOCTb IepeceueHus ¢ JII0ObIM IPYTUM ITOTOKOM, MbI npuodpemaem 6JI0KUPOBKY Ha
COOTBETCTBYIOIIEM MbloTeKce. [TOKMIast 3TOT CErMEHT KOJa, Mbl 0c8060x#c0aem 0710-
Kuposky. Bubnoreka cama 1mo3aboTUTCS O TOM, YTOObI HMKaKKe [IBa TIOTOKA He
CMOTJIY B OJTHO ¥ TO K€ BPeMS BJIaZIeTh OIOKMPOBKOIA JJIsI OAHOTO U TOTO K€ MbIOTEK-
ca. B yaCcTHOCTH, 3TO O3HAYAET, YTO €C/IU IMOTOK B romoIen K Touke mpruobpeTeHus
OJIOKMPOBKM, KOT[Ia TIOTOK A ysKe 3aXBaTU/I ee, IOTOK B moswkeH 6ymeT doxcdamuocs,
MOKa MOTOK A 3aBEPIIUT BHITIOTHEHME KPUTUUECKOTO CETMEeHTa KOJia U OCBOGOIUT
6;10KMPOBKY. [ToKa MOTOK A yiepkuBaeT 6;I0KMPOBKY, paboTa motoka B 61o0kupyem-
s1; TIO9TOMY TaKoe TOBe/leHNe YaCcTO Ha3bIBAIOT OI0KUPYIOUUM.

dpasy «mprobpecTyt 6GIIOKMPOBKY HA MBIOTEKCE» YACTO COKPAIIAIOT [I0 «3aTePeTh
MbIOTEKC», @ «<OCBOOOAUTH GIIOKMPOBKY» — [TO «OTIIEPETH MbIOTEKC».

VHorma (XOTS M pelKo) GbIBAeT KeaaTeIbHO ITPOBEPUTDH TEKYIIEe COCTOSTHUE
MbloTeKca. JIj1s1 3TOii e std: : mutex MOAAePsKMUBAeT He TOMbKO QYHKIIUM-UIeHbI
.lock() 1 .unlock(), HO Takke (PyHKIMIO-uIeH . try_lock( ), KOTOpasi BO3Bpaia-
eT true, eC/IM MbIOTEKC yaJIOCh 3alepeThb, U false, eCM MbIOTEKC B STOT MOMEHT
YoKe 3aepT KakKMM-TO JPYTMM [IOTOKOM.

B HEKOTOPBIX SI3bIKAX MPOrPaMMMUPOBAHNS, TAKMX KaK Java, KaxkIbIi1 00bEKT CHa6-
SKaeTCsl CBOMM MBIOTEKCOM; C €ro MOMOIIbI0, HalIpuMep, B Java peann3yoTcs 610-
KM synchronized. B C++ MBIOTEKC SIBJISIETCSI OTEIbHBIM TUIIOM OOBEKTOB; UTOOBI
BOCIIOIb30BaThCsl MBIOTEKCOM JJ151 yIIPaBJIeHMs CETMEHTOM KOZa, Bbl JOJIKHBI CO3-
IATh OTHENbHbIN 0OBEKT MbIOTEKCA CO CBOUM XKM3HEHHBIM IIMKIOM. Kyna cienyer
MMOMECTUTH MBIOTEKC, UTOOBI OH ObLIT €ATHCTBEHHBIM 00BEKTOM U JOCTYITHBIM BCEM,
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KTO T0/Ib3yeTcst umM? VIHOTIA, ey CYIecTBYeT TObKO OAVH KPUTUUECKUI CerMeHT
KOJIa, Hy>KIAIOIIUIICS B 3a1[UTE, MbIOTEKC MOXHO 3aK/TIOUUTD B 06J1aCTh BUTUMOCTH
(GyHKUMM B BUZE CTaTUUECKOli TepeMeHHOit:

void log(const char *message)

{

static std::mutex m;

m.lock(); // 4Tobbl MCKNKYMTL nepeMewnBaHus coobueHunin B stdout
puts(message);

m.unlock();

}

KnroueBoe ¢10BO static 34ech oueHb BaxkHO! ECiy OIyCTUTh €ro, m mpeBpaTuT-
Cs1 B OOBIUHYIO JIOKAIbHYIO IIePeMEeHHYI0 Ha CTeKe, M KaKIblii TTOTOK, BbI3bIBAIOIINIT
Log, TTOTYYUT CBOIO OT/AENbHYIO KOTIMIO M. DTO HMKAK He ITOMOIVIO ObI HAaM B TOCTU-
SKeHMM Hallle 1en, TOTOMY UTO 6M6MoTeKa rapaHTUPyeT HeBO3MOXKHOCTD 3aXBa-
Ta ABYMS TTOTOKAMM 00H020 U mMO020 e MbIoTeKca. Ho ey KaskOplii TIOTOK OymeT
3aMypaTh ¥ OTIIMPATh CBOY COOCTBEHHbIN MbIOTEKC, OMOIMOTEKA HE CMOYKET HUUETO
MIPOTUBOIIOCTAaBUTDb 3TOMY; [IOTOMY UTO HEeT 60pbOBI 3a 00/1aJaHe MbIOTEKCAMM.

YT06bI 06eCITeunTh B3aMOMCKTIOUAIOIIee BhITTOTHEHNE JIJIST ABYX Pa3HbIX (PYHK-
LM, TO eCTh YTOOBI TOJIBKO OVIH IIOTOK MOT BOVTY B QYHKIMIO Logl mim Log2, 00b-
€KT MbIOTeKCa CJIeqyeT pa3sMeCTUTh B 00JIACTU BUAMMOCTH, IJie OH OyIeT AOCTYIeH
06erM (PyHKIIMSIM:

static std::mutex m;

void logl(const char *message) {
m.lock();
printf("LOGLl: %s\n", message);
m.unlock();

b

void log2(const char *message) {
m.lock();
printf("LOG2: %s\n", message);
m.unlock();

b

Boo6iiie roBopsi, KOIja BO3HMKAET MOJ00HAas HeOOXOOMMOCTb, IIPeANOUTUTETb-
Hee YCTPaHUTb NI06aIbHYIO IIePeMEeHHYI0, CO3aB KIacC M BKIIOUMB B HETO 06HEKT
MbIOTEKCA KaK [TIepeMEeHHYI0-U/IeH, HallpuMep:

struct Logger {
std: :mutex m_mtx;

void logl(const char *message) {
m_mtx.lock();
printf("LOGL: %s\n", message);
m_mtx.unlock();
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void log2(const char *message) {
m_mtx.lock();
printf("LOG2: %s\n", message);
m_mtx.unlock();

}
s

Tenepb cOOOIIEHST, BBIBOAVIMbIE C [TOMOIIBIO pa3HBIX 9K3eMILISIPOB Logger, MO-
I'yT [IepeMesKkaThCs, HO IIPU KOHKYPEHTHOM JOCTYIIe OLHOMY ¥ TOMY K€ 3K3eMIUISPY
Logger OymeT 3armpaThCsl OAVH U TOT K€ MbIOTEKC m_mtx, TTI03TOMY pa3HbIe ITOTOKU
OyayT 6JIOKMPOBATH APYT ApPYra U MO OYePeay BBIIOJHATh KPUTHUUECKe QYHKIUN
logl u log2.

MpaBunbHbIM NOPAAOK «NPUOBPETEHUA 6NOKMPOBOK»

Kak pacckasbpiBajioCh B IViaBe 6 «YMHbIe yKasaTelu», OOHOM U3 IJIaBHBIX IIPO-
6;1eM Tporpamm, HarmcaHHbIX Ha C 1 Ha C++ «CTAaporo CTUJIST», SIBJISIETCS] HAJTUUME
OIIMOOK, CBSI3aHHBIX C YKa3aTeISIMM, TAKMX KaK YTEUKM MaMsSITV, TTIOBTOPHOE OCBO-
O0KIeHNe U MOBPEXIEHMEe KyUM, M OGHUM U3 CIIOCOO0B MX YCTPAHEHMS U3 MPO-
rpamm Ha C++ «HOBOTO CTWJISI» SIBJSIETCSI MCIOMb30BaHMe TUNoB RAII, Takmx Kak
std: :unique_ptr<T>. MHOrOIIOTOYHOE IIPOrpaMMUPOBaHME C IIPUMEHEHNEM IIPO-
CTBIX MBIOTEKCOB MMeeT CXO3K1e IIPOo6eMbl C pacIipesiesieHyieM AMHAMUYEeCcKOit ma-
MSITU B Kyue C UCII0JIb30BaHMeM IIPOCThIX yKa3aTee.

O VYTeuka OJIOKMPOBOK: MOXKHO MIPUOOPECTH OIOKMPOBKY [IJISI KAaKOTO-TO
oIpeneIeHHOTO MbIOTEKCA U I10 OIIMOKe 3a6bITh HAIMCAThb KO, OCBOOOXK-
JIaIoNINii ee.

O VTeuka GJIOKMPOBOK: MOKHO HAaIIMCATh KOJI, 0CBOOOKIAIONII 6JIOKUPOBKY,
HO 13-3a VICKJTIOUEHMS VI TIPEKIeBPEMEHHOT0 BO3BpaTa OH He OyIeT BbI-
TIOJTHEH, ¥ MBIOTEKC OCTaHEeTCS 3arepThiM!

O Hcronb3oBaHMe 3alIUIEHHBIX MTePeMeHHbIX 0e3 mpuoodpeTenns 6J10-
KMPOBKM: TaK KakK OOBIUHbBINi MBIOTEKC — 3TO BCETO JIAIIh TIepeMeHHas1, OHa
(dbusnyecku He CBsg3aHA C IEePEeMEHHBIMMU, «HAXOISIIMMICS IO, 3alUTOI»
9TOr0 MbIOTEKCA. MOKHO I10 OIIMOKe 0OpaTUThCS K OJHON U3 TaKUX Iepe-
MEHHbIX, He ITPUoOGpeTst GJIOKMPOBKY.

O B3aMMOOJIOKMPOBKA: IPEICTaBbTE, UTO ITOTOK A 3armep MbIOTEKC 1, a ro-
TOK B 3ariep MmproTexc 2. 3aTeM IIOTOK A MOIIBITAICS 3aepeTh MbIOTEKC 2 (U
3a67I0KMPOBAJICS); U TTOKA TIOTOK A OCTaBaICs 3a6JI0KMPOBAHHBIM, TIOTOK B
TTOITBITAJICS 3aIlepeTh MbIOTEKC 1 (M TOKe 3a60KMpoBacs). Tereps 06a 1o-
TOKA OKa3aauCh 3a6JI0KMPOBAHHBIMM HABEUHO.

9To [aneko He MCUYEPIIbIBAIOUINIE CIIMCOK JIOBYIIEK MHOTOITIOTOYHOTO BBIMIOHE-
HIS; HaIlIpMMep, Mbl y>ke KOPOTKO OOCYIM/INM COCTOSIHME «IVMHaMMUUeCKoit B3auMo-
GIOKMPOBKY» B COUETAHUM C TUTIOM std: : atomic<T>. Bojiee MoMHOE MepedncieHne
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JIOBYIIIEK MHOTOITOTOYHOTO IMPOTPAMMMPOBAHUS U KaK UX 130eKaTh, BbI HaliJeTe B
CIielMaa3pOBaHHbIX KHUTAX, IOCBSIEHHBIX MHOTOIIOTOYHOMY, M/ KOHKYPEHT-
HOMY, IPOTPaMMUPOBAHNAIO.

B cranmapTHoii 6ubnnoreke C++ MMeeTCs HECKOTbKO MHCTPYMEHTOB, KOTOPbIE
MOTYT ITOMOYb HaM 1306aBUTh MHOTOIIOTOUHBIE TTPOTPAMMBI OT 3TUX Ipobiiem. B oT-
JIMYYie OT YIIPaBIEHUS TTaMSThI0, CTAHTaPTHBIE PEIIeHNSI IePeUVCIeHHBIX TTPO6IeM
He patoT 100% rapaHTuy — MHOTOIIOTOYHOE TPOrpaMMMPOBaHyie HAMHOTIO CJIOKHee
OJJHOIIOTOYHOTO, ¥ B OTHOIIIEHUM HEro Ae/CTBYeT OLHO XOpolllee IIpaBUJIO: He TIpu-
6eraTh K HEMY, eC/Ii MHOTOITIOTOYHOCTb He SIBJISIETCST aGCOMIOTHO Heooxoaumoii. Ho
eciu 6e3 MHOTOIIOTOYHOCTY He OOOWMTUCH, CTAaHAAPTHAS OMOIMOTEKA MOKET OKa-
3aTb BaM HEKOTOPYIO [IOMOILb.

OmmbKy, MMeIIe OTHOIIEHNE K «yTeuKaM GJIOKMPOBOK», MOXHO YCTPAHUTh
ucrnoab3oBaHreM uaeu RAIL. Bo3aMoskHO, BbI 06paTwiv BHUMAaHKE, UTO S TOCTOSTHHO
UCTIONB3YI0 (Ppasy «IprobpecTyt GIOKUPOBKY» BMECTO «3a0/I0KMPOBATh»; TETIEPD S
00bsICHI0O — TI04eMy. C/I0BO «3a6I0KMPOBATh» — 3TO IJIATr0JI, TOYHO COOTBETCTBYIO-
mwuit komy Ha C++ mtx. lock(). Ho B cjioBOCOUeTaHUM «IIPUOOGPECTU GIOKMPOBKY»
CJI0BO «BJIOKMPOBKa» — 3TO CYIIEeCTBUTETbHOE. [laBaliTe puaymMaeM TUII, BOILIO-
AUV UIEI0 CYIEeCTBUTEIBHOTO «OJIOKMPOBKA»; TO €CTh MpeBpallamimii ee B
cyiecTBuTenbHoe (knacc RAII), a He miaron (MeTof Kiacca He-RAII):

template<typename M>
class unique_lock {
M *m_mtx = nullptr;
bool m_locked = false;
public:
constexpr unique_lock() noexcept = default;
constexpr unique_lock(M *p) noexcept : m_mtx(p) {3

M *mutex() const noexcept { return m_mtx; 3}
bool owns_lock() const noexcept { return m_locked; }

void lock() { m_mtx->lock(); m_locked = true; }
void unlock() { m_mtx->unlock(); m_locked = false; }

unique_lock(unique_lock&& rhs) noexcept {
m_mtx = std::exchange(rhs.m_mtx, nullptr);
m_locked = std::exchange(rhs.m_locked, false);

b

unique_lock& operator=(unique_lock&& rhs) {
if (m_locked) {
unlock();
3
m_mtx = std::exchange(rhs.m_mtx, nullptr);
m_locked = std::exchange(rhs.m_locked, false);
return *this;

3

~unique_lock() {
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if (m_locked) {
unlock();

3
)
¥

Kak cnemyer u3s mmenu, std: :unique_lock<M> — 310 RAII-K/1acc, onmmuchiBawo-
NI «YyHUKAJIbHOE BlIafieHne» B oyxXe std: :unique_ptr<T>. Ecin npuaepkuBaTh-
Csl CYILIeCTBUTENIBHOTO unique_ptr BMECTO IJIarojloB new M delete, BBl HUKOIOA
He 3a0ymeTe 0CBOOOINUTD YKa3aTesb; a eCyu MPUIEPKMBATHCS CYIECTBUTEIBHOTO
unique_lock BMecTO m1arojioB lock 1 unlock, Bbl HMKOIJa He 3a6ymeTe 0cBO6O-
IUTH OJIOKUPOBKY.

std: :unique_lock<M> peanusyeT QyHKIMU-WIeHbI .lock() U .unlock(), HO
BaM peJIKO IIPUAETCS MX UCITI0/Ib30BaTh. OHM MOTYT IIPUTOAUTHCS, €CIU ITOTpedyeTCst
Mpuo6GpecTy WK 0CBOGOIUTD OIOKMPOBKY B cepefyHe 610Ka KOJa, TaJeKo OT TOU-
KV YHUUTOXEHMSI 00beKTa unique_lock. B ciiemyroiem pasjesie Mbl YBUIUM TaKKe
(byHKUMIO, KOTOPAs TPMHUMAET 3a6I0KMPOBAHHbIN 9K3eMIUISIP unique_lock, 0CBO-
605KmaeT 6JI0KMPOBKY M BHOBb ITPMOOPETAET €€ B ITPOLIECCe CBOEH pabOoThI.

O6paruTe BHMMAaHMe, 4TO unique_lock, Kak IOAIePKUBAIONINI BO3MOKHOCTD
repeMelleHs, JO/KEH UMeTh «IIyCTOe» COCTOSIHME, B TOUHOCTU KakK unique_ptr.
B 6onbIIMHCTBE cTyyaeB He TpebyeTcs TepeMeniaTh 6JIOKMPOBKY; BbI IIPOCTO OyIe-
Te 6e3yCJIOBHO MPMOOpeTaTh GJIOKMPOBKY B Hauaie HEKOTOPOI 06/1aCTH M 3aTEM TaK
ke 6e3yCIOBHO OCBOOOKIATD ee B KOHIIE. B Takoit cutyanum std: : Lock_guard<M>.
lock_guard cCMJIbHO HalloMMHaeT unique_lock, HO He MOALepKMUBAeT IepemMelle-
HUSI U He MeeT (PyHKIIMi-ueHoB . Lock() 1 .unlock(). [TosToMy eMy He HYKeH
yjeH m_locked, ¥ €ro JeCTPyKTOP MOKET 6e3 JIMITHUX MTPOBEPOK OTIIEPETH MbIO-
TeKC, 3alUIIAIINI 0OBEKT.

B o6oux crydasix (unique_lock M lock_guard) IIaGIOHHBIN KjIacc rapaMeT-
pusyeTcss TUIIOM MbloTekca. (UyTb HMKe Mbl TIO3HAKOMMMCS ellle C Mapoi TUIIOB
MbIOTEKCOB, HO Ha ITPaKTMKe MOYTY BCerma Bbl OyeTe MUCIIONMb30BaTh std: :mutex.)
Crangapt C++17 qo6aBuI B SI3bIK HOBYIO OCOOEHHOCTH C Ha3BaHMEM 86800 APZYMEH-
ma wabJI0HHO20 KAAccd, KOTOPast B OOJBIIMHCTBE CJIyUaeB MO3BOJISIET M30aBUTHCS OT
rmapaMeTpa IrabjaoHa, ¥ BMecTo std: :unique_lock<std: :mutex> MPOCTO IMUCATh
std: :unique_lock.3TO OOVH U3 HEMHOI'MX CIy4yaeB, KOTAa s JIMYHO PEKOMEHA0Ba
OBI TTOJIOXKUTHCSI HA MEXaHM3M BbIBOZA apTyMeHTa IabJIOHHOTO KJ1acca, IOTOMY UTO
JIOTIOJTHUTEIbHBINV apaMeTp TuIa std: :mutex [MOUYTU He JaeT YUTATEIIO0 IT0JIe3HO
MHboOpMaIUn.

PaccMOTpuM HECKObKO MPUMEPOB std: : Lock_guard € UCITOb30BaHMEM BbIBO-
Jla apryMeHTa 11abJIOHHOTO Kiacca 1 6e3 Hero:

struct Lockbox {
std: :mutex m_mtx;
int m_value = 0;

void locked_increment() {
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std: :lock_guard<std::mutex> lk(m_mtx);
m_value += 1;

3

void locked_decrement() {
std::lock_guard lk(m_mtx); // Tonbko B C++17
m_value -= 1;
3
+s

[Mpexxme dyeM IepeiTu K MOXOXKMM MNPaKTMUECKMM IIpMMepaM MCII0Ab30BaHMS
std: :unique_lock, pazbepeM HEKOTOpbIE IPUUMHBI B TIOb3Y std: :unique_lock.

Bceraa cBsi3biBaiTe MbIOTEKC C yNpaBasieMbiMU
AAHHbIMU

B3risiHuTE Ha CIEAYIONIYI0 YePHOBYIO pean3aluio MOTOKOOe30MMacHOro Kiacca
StreamingAverage. B Heil uMeeTcst omnbka. CMoskeTe HaiTu ee?

class StreamingAverage {
double m_sum = 0;
int m_count = 0;
double m_last_average = 0;
std: :mutex m_mtx;
public:
// Bbi3blBaeTCA M3 €AMHCTBEHHOLO MOTOKa-MPOU3BOAUTENS
void add_value(double x) {
std::lock_guard lk(m_mtx);
m_sum += X;
m_count += 1; // A

3

// Bbi3biBaeTCA M3 €4MHCTBEHHOTO MOTOKa-noTpeburens
double get_current_average() {

std: :lock_guard lk(m_mtx);

m_last_average = m_sum / m_count; // B

return m_last_average;

b

// Bbi3biBaeTCA M3 €4MHCTBEHHOIO MNOTOKa-noTpebuTens
double get_last_average() const {
return m_last_average; // C

3

// Bbi3biBaeTCH M3 eAUMHCTBEHHOTO MOTOKa-noTpebuTens
double get_current_count() const {
return m_count; // D

}
¥



Bcerna cBA3biBaiTE MbIOTEKC C YNPaBNAEMbIMM AaHHbIMK <+ 177

Ommbka B CTPOKe ¢ KOMMEHTapueM // A, KOTopast 3alMchiBaeT HOBOE 3HAUeHe
B this->m_count B MOTOKe-Tipou3BoauTene. OHa MoJBep>KeHa COCTOSTHUIO TOHKU
CO CTPOKOI1 // D, KOTOpast unuTaet this->m_count B MOTOKe-mIoTpeduTene. CTpoka
// A TIpaBUJIbHO TIPMOOpEeTeT GJIOKMPOBKY this->m_mtx Iepe[ 3aIuchio, HO CTPOKa
// D OTKa3bIBaeTCS MPUOOpETaTh GIOKMPOBKY, a 3HAUMT, 6IaroroydyHo MPOUNTaeT
m_count, Jaske Korga CTpoKa // A BbIIIOJIHMIIA OIlepalIo 3aICY TOJIbKO HAIIOJIOBMHY.

Ha mepBbIif B3IVISI KaskeTCsl, YTO CTPOKYU // B 1 // C comepskaT Ty ke OINMOKY.
Ho B cTpoke // C 6JI0OKMpPOBKa He HY>KHA; TOT/Ia IIOYeMy OHa Hy>KHa B CTpoke // D?
Ileso Bce B TOM, UTO CTPOKA // C BBI3BIBAETCS TOJIBKO M3 TIOTOKA-TIOTPEOUTEIS, TO-
ro XXe ITOTOKA, KOTOPBI BBITIOJMHSET 3allUCh B m_last_average B CTpoke // B. Tak
KaK CTPOKY // B ¥ // C BBITIOJHSIIOTCS B €IMHCTBEHHOM ITIOTOKEe-IIOTpeOuTeIe, OHU
He MOTYT BBITIOJIHATHCS OLHOBPEMEHHO — I10 KpaliHei Mepe, IT0Ka oBeeHue Ipo-
rpaMMbl COOTBETCTBYeT KOMMeHTapusim! (OImycTUM, 4YTO KOMMEHTapuu B KoOZe
BepHBI. K coxkaseHno, Ha IIpaKTHUKe 3TO He BCeraa Tak, HO B JaHHOM IIpuMepe Ipef -
TIOJIOXKMM, YTO KOMMEHTapUU OTPaKalOT UCTUHY.)

V Hac ecTh MOBOJ, IJIsI COMHEHMIT: I MOCTYIa K m_sum WIK m_count Heo6Xo-
IMMO 3a6JIOKMPOBATh m_mtx, HO 9TOT0 MOKHO He JejiaTh mepef obpalieHneM K m_
last_average. [Ipy yUIO)KHEHUM KJIacCa B HEM MOXKET IOSIBUTHCS ellje HeCKOIbKO
MBIOTEKCOB (XOTS B ITaHHBII MOMEHT 3TO SIBHO BBIIJISIANUT KaK HapylleHN e IpUHIUIIA
eIVHCTBEHHO! OTBETCTBEHHOCTH, U, BEPOSTHO, OyIeT MpousBeneH pedakTOpPHT ¢
BbIZleJIeHVeM MEHbIINX KOMIIOHEHTOB). [I09TOMyY Ha MpaKTHUKe KejlaTe/IbHO IIoMe-
IIaTh MBIOTEKCHI KaK MOKHO GJIMsKe K TTepeMeHHbIM, KOTOpble OH «3aluiiaeT». Ya-
CTO JIJIST 9TOTO IOCTATOUHO C 0COOGBIM BHMMAHMEM OTHECTHCh K BHIOOPY MMEH:

class StreamingAverage {
double m_sum = 0;
int m_count = 0;
double m_last_average = 0;
std: :mutex m_sum_count_mtx;

//
s

Elie nydiie — UCII0/b30BaTh BIAOXKEHHYIO CTPYKTYDY:

class StreamingAverage {
struct {
double sum = 0;
int count = 0;
std: :mutex mtx;
} m_guarded_sc;
double m_last_average = 0;

//
s

Bpiie ™Mbl MMOHaAESNMUCh, YTO €CAM BBIHYAUTH MpOrpaMMucTa nucatb this->
m_guarded_sc.sum, OH 3allOMHUT, UTO IIpeIBapUTEIbHO NO/DKEH MIPuodpecTu
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GOKMPOBKY this->m_guarded_sc.mtx. UYTOOBI M36€XaTh IOBTOPHOTO BBOAA
m_guarded_sc MOBCIOAY B Kofe, Mbl MorM 6bI Mcronb3oBate GNU-pacupeHnne
«QHOHVMHbBIE WIEHBI CTPYKTYPbI»; HO 9TO MTPOTUBOPEUMIIO OBl LIeU JaHHOTO MOJ-
X0Jla — B KaXKA0J TOUKe, Ie MPOUCXOOUT NOCTYII K JaHHBIM, UCIIOAb30BaTh CII0BO
«guarded» (3aIlIMIEHHBIN), HATOMUHAIOIIEE MPOrPAMMUCTyY O HEOOXOIMMOCTU
npuobpeTeHust GIOKUPOBKYU this->m_guarded_sc.mtx.

E1re 60/1ee HaI@XKHBII, HO MeHee I'VOKMIi Cr1ocob — MOMeCTUTh MbIOTEKC B KJIacc,
KOTOPBII OTKPBIBAET AOCTYII K CBOMM IIPUBATHBIM WiIeHaM, TOJIbKO KOTZla MbIOTEKC
3arnepT, Bo3Bpaias geckpuntop RAIL. Knacc, Bo3Bpamammmii Takoi JeCKpUIITop,
MOT ObI BBITJISIIETh IPUMEPHO TaK:

template<class Data>
class Guarded {
std: :mutex m_mtx;
Data m_data;

class Handle {
std::unique_lock<std: :mutex> m_lk;
Data *m_ptr;
public:
Handle(std: :unique_lock<std::mutex> lk, Data *p) :
m_Llk(std: :move(lk)), m_ptr(p) {3}
auto operator->() const { return m_ptr; }
¥
public:
Handle lock() {
std: :unique_lock Llk(m_mtx);
return Handle{std: :move(lk), &m_data};
3
b

A Ham kiacc StreamingAverage MOT ObI MCITOJIb30BaTh €r0 TaK:

class StreamingAverage {
struct Guts {
double m_sum = 0;
int m_count = 0;
35
Guarded<Guts> m_sc;
double m_last_average = 0;

//

double get_current_average() {
auto h = m_sc.lock();
m_last_average = h->m_sum / h->m_count;
return m_last_average;
3
b
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B npenpiayiiem npumepe HUKakas GyHKIMSI-WIeH Kiacca StreamingAverage He
CMOKeT OOPaTUTHCST K m_sum, He 3aIlepeB MBIOTEKC m_mtx; JOCTYII K 3aIIUIaeMOMY
YJIeHY m_sum BO3MOYKEH TOIbKO NocpeactBoM RAII-Tuma Handle.

J70T WabnoH NpoekTMpoBaHMs BKIOYeH B 6bubnunoteky Face-
book Folly nog umeHeMm folly: : Synchronized<T>, U MHOTME €ro
BapWaHTbl AOCTynHbl B Bubnunoteke libGuarded, paspaboTymkm
koTopoit — AHcen Cepmepcxaiim (Ansel Sermersheim) n bapbapa
lfennep (Barbara Geller).

O6paTuTe BHMMAaHME, KaK MCIOIb3yeTcs std::unique_lock<std::mutex> B
Kknacce Handle! 3mech Mbl UCIOJIB30BaIN unique_lock, a He lock_guard, IOTOMY
YTO HaM HeoOXOOMMO MMeTh BO3MOXKHOCTH IlepefiaBaTh GJIOKMPOBKY, BO3BpaliaTh
ee 13 QYHKIUI U T. . — TTIOSTOMY OHAa JOJKHA OBITh IMepeMeIaeMoii. ITO IJIaBHast
npuuMHa go6asaeHus unique_lock B HAIll apceHall.

VmejiTe B BUAY, UTO 3TOT MPKUEM He pelllaeT BcexX MpobieM ¢ OJIOKMPOBKAMMU —
OH IIOMOTaeT TOJbKO B IMPOCTEMIINX CIydasix, KOrga MpOrpaMMMUCT IMPOCTO «3a-
ObIBaeT 3alepeTh MbIOTEKC», — M MOXKET CTMMY/IMPOBATh MpUMeHeHue Inabiio-
HOB TMPOrpaMMMPOBaHMUsSI, KOTOpbIe BJIEKYT 3a €060/ OIMOKM KOHKYPEHTHOIO
BBITIOJIHEHUST IPYrMX BUOOB. Hampumep, B3MISIHUTE HA IepelelaHHbIii BapUaHT
StreamingAverage: :get_current_average:

double get_sum() {
return m_sc. lock()->m_sum;

}

int get_count() {
return m_sc.lock()->m_count;

}

double get_current_average() {
return get_sum() / get_count();

}

[TockompKy 31ech MMeeTcs ABa BbI30Ba m_sc. lock(), MeXAy 3alMChi0 B m_sum
U YTE€HMEeM m_count MOSIBISIETCS MPOMEXYTOK. Eciii B 3TOM MPOMEXKyTKe MOTOK-
MIPOM3BOINUTENh BbI30BET add_value, MbI IIOJIYYMM OIIMOOUYHOE CpefHee 3HAUeHNe
(YMeHBbIIIEHHOE B m_count pas). A eI TOTbITAEMCST «MCIIPABUTh» OLIMOKY, 106a-
BUB GJIOKMPOBKY TI€Pe/I, BBIUYMCIEHUSIMY, CTOJIKHEMCSI C B3aMMOOGIIOKMPOBKO:

double get_sum() {
return m_sc.lock()->m_sum; // LOCK 2

by

int get_count() {
return m_sc.lock()->m_count;
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double get_current_average() {
auto h = m_sc.lock(); // LOCK 1
return get_sum() / get_count();

3

Crpoka c KoMmMeHTapueM // LOCK 1 3a6JI0KMpPYeT MbIOTEKC; IIOC/Ie STOTO CTPOKA
C KOMMeHTapueM // LOCK 2 mombITaeTcst 3a6J0KMPOBATh MbIOTEKC elle pa3. Kor-
J1a TIOTOK ITBITAETCS 3aTlepPeTh 3arepThiii MbIOTEKC, ero BhITTOJIHEHYE GJIOKUpPYeTCs U
BO306HOBJISIETCSI, TOJIBKO KOTIA MbIOTEKC 6ymeT oTrepT. To ecTh IMOTOK 3a0JI0KMUPY-
eTcst U GymeT KIaTh, KOIa MbIOTEKC OCBOGOIMUTCS, Uer0 HMKOIIA He IPOM30MIeT,
IIOTOMY UTO GJIOKMPOBKA yIep>KUBAETCS STUM JKe ITOTOKOM!

Takue mpo6emMsbl (B3aMOGIOKMPOBKM C caMMuM c000it) JO/IKHBI, KaK IpaBu-
JIO, pellaTbCs BHMMATE/JbHBIM OTHOILIEHMEM K IIPOrpaMMUPOBAHUIO, TO €CTh BBI
He JTOJDKHBI MBITaThCS MPMOOpecT GIIOKMPOBKY, KOTOPYIO YKe yaepskuBaete! Ho
IIpY TAaKOM ITOAXOfe GIOKMPOBKM HEM30EKHO CTAHOBSTCS YaCTbIO Balllero au3aii-
Ha. M30ekaTh 3TOif Mpob6aeMbl BaM IIOMOXKET CTaHIapTHass OubIMoTeKka B JIKIE
recursive_mutex.

CneumanbHble TUNbI MbIOTEKCOB

HarmomHto, uTo std: :lock_guard<M> 1 std::unique_lock<M> ImapamMeTpu3syIoT-
Cs TUIIOM MblOTeKca. 1o cuMX Top Mbl BUAEIN TOJBKO TUIl std: :mutex. OgHAKO B
CTaHIAPTHON 6MOIMOTEKE MMEETCSI HECKOIBKO APYTUX TUTIOB MbIOTEKCOB, KOTOPBIE
MOTYT IIPUTOOUTHCS B OIIpeeIeHHBIX YCIOBUSIX.

std: :recursive_mutex IOXOX Ha std: :mutex, HO IOMHUT, KaKOJi [IOTOK 3arep
ero. Eciv 3TOT KOHKPETHbIi IOTOK ITOIBITAETCS MPUOGPeCTH 6IIOKMPOBKY ITOBTOP-
HO, PEKYPCUBHBIN MbBIOTEKC IIPOCTO YBEIUYUT BHYTPEHHUI CYETUUK «KOJTUYECTBA
MIpMO6peTeHHBIX GIOKMPOBOK». EC/M Kakoii-To APYroi MOTOK MOMpobyeT 3anepeThb
PEKYpPCUBHBII MBIOTEKC, OH OymeT 3a0J0KMPOBaH, IOKa OPUTMHAIbHBIN ITOTOK He
OTOIIPET MbIOTEKC COOTBETCTBYIOIIIee UMCIO0 pas.

std: :timed_mutex ITOXOX Ha std: :mutex, HO MOAAEPKMBAET OrpaHMUYeHMe T10-
MIBITKY TIpMOGpecT GIOKUPOBKY IO BpeMeHM. Kpome 0ObIYHOM (QYHKIMM-UYIeHA
.try_lock(), oH umeet Takke .try_lock_for() u .try_lock_until(), KOTOpbIe
MICIIONIb3YIOT CTAaHIAPTHYIO GMOAMOTEKY <chrono>. BOT mpumep MCIOIb30BaHMS
try_lock_for:

std::timed_mutex m;
std: :atomic<bool> ready = false;

std: :thread thread_b([&]()
std::lock_guard Llk(m);
puts("Thread B got the lock.");
ready = true;
std::this_thread::sleep_for(100ms);



CneumanbHble TUMbl MbHOTEKCOB

s

while (!ready) {
puts("Thread A is waiting for thread B to launch.");
std: :this_thread: :sleep_for(10ms);

3

while (!m.try_lock_for(10ms)) {
puts("Thread A spent 10ms trying to get the lock and failed.");

3

puts("Thread A finally got the lock!");
m.unlock();

A BOT nIpyMep MCHoMIb30BaHMS try_lock_until:

std::timed_mutex ml, m2;
std::atomic<bool> ready = false;

std: :thread thread b([&]() {
std: :unique_lock lk1(ml);
std: :unique_lock lk2(m2);
puts("Thread B got the locks.");
ready = true;
std::this_thread::sleep_for(50ms);
Lkl.unlock();
std::this_thread::sleep_for(50ms);

s

while (!ready) {
std::this_thread::sleep_for(10ms);

3

auto start_time = std::chrono::system_clock: :now();
auto deadline = start_time + 100ms;

bool got_ml = ml.try_lock_until(deadline);
auto elapsed_ml = std::chrono::system_clock::now() - start_time;

bool got_m2 = m2.try_lock _until(deadline);
auto elapsed_m2 = std::chrono::system_clock::now() - start_time;

if (got_ml) {
printf("Thread A got the first lock after %dms.\n",
count_ms(elapsed_ml));
ml.unlock();

3

if (got_m2) {
printf("Thread A got the second lock after %dms.\n",
count_ms(elapsed_m2));
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m2.unlock();

K c/10By CKa3aTh, MCIIOIb3yeMasi 31eCh PYHKIMS count_ms — 3TO BCETO JIUIIIb He-
6osbIIoe IMO/Ta-BbhIpakeHMe, KOTOPOE MOCTEIEHHO BBITECHSIET HEKOTOPbIE MIab-
JIOHBI, IIPUBBIUHBIE [1JIsI <ChToNno>:

auto count_ms = [J(auto&& d) -> int {
using namespace std::chrono;
return duration_cast<milliseconds>(d).count();

}’

O6paTuTe BHMMAaHMe, UTO B 000MX MPeIbIIYIIMX ITPUMepax sl CMHXPOHMU3aIUN
TIOTOKOB A U B MCIIONB3yeTcs std::atomic<bool>. Mbl MPOCTO MHULIMAIU3UPY-
€M aTOMapHYI0 [IepeMeHHYI0 3HaueHueM false ¥ 3aTeM BBIINIOMHSIEM LMKJI, [I0Ka
OHA He MOJIyYUT 3HaUeHMe true. B Tejle IMK/Ia BBIMIOIHSIETCS BbI3OB Std: :this_
thread: :sleep_for, 4ero 4OCTaTOYHO, UTOOBI TOACKA3aTh KOMITWISITOPY, YTO 3HA-
YeH/e aTOMapHOi TepeMeHHOV MOKeT MU3MEeHUThCS. byibTe OCTOPOKHBI M HUKOTAA
He IMUIINATE IIVKJIOB OIIPOCa, KOTOPhIE He COepsKaT BbI30Ba (PYHKIINM ITPUOCTAHOBKY
BBIIIO/IHEH NS, IIOTOMY YTO MHa4ye KOMIIMJISITOP MOKeT CBePHYTh BCe ITOC/IenyIole
omepanuy YTeHMs B ONHY-eOMHCTBEHHYIO ¥ 6@ CKOHEUHBIN IVKII.

std::recursive_timed mutex coueTaeT B cebe uUepThl recursive mutex U
timed_mutex; OH HNOAOEPXMBAET CEMaHTUKY «CUueTa» recursive_mutex IJIIOC Me-
Toabl try_lock _for m try lock_until OoT timed_mutex.

Tun std::shared_mutex MMeeT, BO3MOKHO, HEIOCTaTOYHO TOBOpsIIlee Ha3Ba-
Hue. OH peann3syeT MOBeJeHNe, KOTOPOe B OOJIBIIMHCTBE KHUT, IIOCBSIIIEHHBIX KOH-
KypPeHTHOMY BBITIOJTHEHUIO, HA3bIBAETCS O710KUPOBKOL Onsa umeHus/3anucu. Ompe-
IeJISTIONIell XapaKTepUCTUKONM OJIOKMPOBKY UTeHMs/3ammmucu, win shared mutex,
SIBJISIETCS TIONJEepPKKa «OJIOKMPOBAaHMS» IOBYMSI pasHbIMM criocob6amu. MOsKHO
MPMOOPECTM OOBIUYHYI0 MCKIIOUUTENbHYIO OJOKMPOBKY («IJIST 3aMyCyU») BBI3O-
BOM sm.lock() MM HEUCKITIOUUTENIbHYIO («IJIST UTEHMS») GIOKMPOBKY BBI30BOM
sm. lock_shared(). BIOKMPOBKY [J1sT YTE€HMUSI MOTYT IPUOOPECTU Cpa3y HECKOJb-
KO TIOTOKOB; HO €CJIM KTO-TO IIPMo6pen 6IOKUPOBKY [IJIST UTEHMSI, HUKTO HEe CMOXKET
MIPMOOPECTH ee IIJIST 3aIIMCH; a €C/TU KTO-TO IIPMOOPeT ee IJIs 3aIIMCH, HUKTO He CMO-
SKeT IPUOoGPeCcTy ee HY AJIsI UTEHUST, HU 1 3arycy. [1o cyTu, 370 Te ske IpaBuiia , 4To
OMpeneNsiIoT «COCTOSIHME TOHKM» B Mojenu namsitu C++: IBa MOTOKa MOTYT OHO-
BPEMEHHO UYMTATh JAaHHBIE 13 OGHOTO 06BEKTA, TPU YCJIOBUM UTO B TO K€ BPEMS HET
TOTOKA, BBIMOJIHSIIONIEro 3amuch. Tui std: : shared_mutex mo6GaBIsIeT B 3Ty CMeCh
6e301acHOCTh. OH rapaHTUPYET, UTO €CJIV HEKOTOPBIN ITOTOK IThITAETCS BHITOTHUTD
3amuch (M0 KpaitHeit Mepe, ey BefeT cebst JOOPOIOPSIIOUHO U TTPeABAPUTETHLHO
nprobpeTaeT 6JIOKMPOBKY AJISI 3aMUCH Ha std: : shared_mutex), OH 3a6I0KMPYeTCs
10 MOMEHTa, KOI/ja BCe YMTarouye IIOTOKM 3aBepliaT UTeHue ¥ orneparms 3anmucu
He BbI30BET KOHQUIMKTOB.

std: :unique_lock<std: :shared_mutex> — 3TO CYyIIECTBUTEIbHOE, COOTBET-
CTBYIOIEE VCKITIOUUTETbHOM («IJIT 3amucu») GIOKMPOBKe Ha std::shared_mu-
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tex. Kak HeTpygHO JoramaThCs, CTaHAApPTHAs 6MOIMOTeKa MOAIepKUBAET TaKKe
std: :shared_lock<std::shared_mutex> [OJg BOIUIOILLEHUS MOEV HEUCKIIUU-
TeJIbHOI («IJIsI UTeHMsI») 6IIOKUPOBKM B std: : shared_mutex.

MoBbiweHue CTaTtyca GHOKMpOBKM ANS YTeHUs/3anucu

HomycTuM, BbI IPUOOPeTU 6JI0KMPOBKY AJiSI UTeHUsT Ha shared_mutex (TO eCTh
I std: :shared_lock<std::shared_mutex> L1k BbI3Baiu Llk.owns_lock()), u
Terepb BaM HYKHO MOTYYUTh GJIOKMPOBKY JIst 3arucy. MOXKHO iU «TIOBBICUTD CTa-
TYC» MelolIelicss 6IOKUPOBKU?

Her, Henb3s1. [IpencTaBbTe, UTO CIYYUTCS, €C/IM TTOTOKM A U B 06a yiepKkuBaioT
OJIOKMPOBKY [IJI1 UTEHMSI ¥ OJHOBPEMEHHO ITOMbITAIOTCS ITOBBICUTb €e CTaTyC 10
GIIOKMPOBKMU [IJIS 3aIIMCH, HE OCBOOOXKIAsl CBOY GIIOKMPOBKM Ijist uTeHust. Hu omuH
M3 HUX HE CMOXET IIPUOoOpecT 6JI0KUPOBKY AJIS 3aITMCH, Y K TOMY K€ OHU TTOTIaayT
B COCTOSIHME B3aVMOBIOKMPOBKHA.

B [eiiCTBUTETHHOCTY CYIIECTBYIOT CTOPOHHME GUOIMOTEKM, TBITAIOMIMECS pe-
IIUTH 3Ty Ipo6iieMy, KaK, Hampumep, boost: :thread: :upgrade_lock, KoTopas
paboraer ¢ boost: :thread: :shared_mutex; HO UX 0OCYXKIeHIME BBIXOAUT AJIEKO
3a paMKM 3TOV KHUrM. CTaHIapTHOe pellleHMe 3aK/IYaeTcsl B CJIefyoleM: ecin
BbI yIepKMBaeTe GIOKMPOBKY IJIS1 UTEHUS M XOTUTE MPUOOpecTt GIIOKUPOBKY ISt
3aIMCH, BbI JO/DKHBI CHavaj1a 0CBOOOAUTH GIIOKMPOBKY /ISl UTEHUS, & [IOTOM BCTaTh
B ouepenb JKeMalouuX MOMYyYUTb OIIOKMPOBKY IJIsT 3aMIUCH:

template<class M>
std: :unique_lock<M> upgrade(std: :shared_lock<M> lk)

Lk.unlock();
// 3Becb MOXeT BKAMHUTbLCA LPYTOW MUWYWMIA MOTOK.
return std::unique_lock<M>(*Llk.mutex());

}

MoHunxeHue CTaTtycCa GHOKMPOBKM ANA YTeHUs/3anucu

IlomycTuM, BbI IPMUOOPE UCKTIOUNTENbHYIO OJIOKMPOBKY JJIS1 UTEHMSI/3aricy Ha
shared_mutex U Tellepb BaM HYKHO TTOMYUYMUTb OJIOKMPOBKY AJIsI YTeHMsI. MOXKHO Jin
«TIOHU3UTH CTATYC» UMEIOIIecsT GIIOKUPOBKM?

B mpuHIMIIe, 5TO BO3MOXKHO, KaK 6yATO HUUTO He MPEersITCTBYeT IMOHVKeHUIO
cratyca GJIOKMPOBKMU JIJIST 3aIIMCH 10 GJIOKMPOBKY IJIST UTeHMST; HO cTraHgapT C++17
He [IpefycMaTpyBaeT TaKOoM BO3MOXKHOCTY HEIOCpeCTBeHHO. Tak ke, Kak B ciiyyae
C IIOBBILIEHMEM CTaTyca, MOXHO MCIIO/JIb30BaTh boost: :thread: :shared_mutex.
CraHpmapTHOe pellleHye 3aKIIoUaeTcs B CJIeLyIOleM: eCy Bbl yaepskuBaeTe OI0KM-
POBKY /IS 3aIIMCH U XOTUTe ITPMUOOpecT GJIOKMPOBKY IJ1s1 YTEHMSI, BbI TOJIKHBI CHA-
yaja 0CBOOOIMUTH OIOKMPOBKY [JIJIST 3aIIMCH, @ TIOTOM BCTaTh B OUepeb Keaalonx
TIOJTYYUTb OIIOKMPOBKY IJIT UTEHMUSI:

template<class M>
std: :shared_lock<M> downgrade(std::unique_lock<M> 1lk)
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Lk.unlock();
// 30ecb MOXeT BKAMHWUTbLCA APYTON NUWYWWIA MOTOK.
return std::shared_lock<M>(*Llk.mutex());

3

Kak MOXXHO BUIETh Ha 3TUX [IPMMepax, Ha JaHHbI MOMEHT std: : shared_mutex
13 C++17 ellle He TOTOB KO BCEM ITepUITETUSIM KM3HU. EC/iu Balia apXuTeKTypa BbI30-
BOB TpeOyeT TaKOTO MepeKITI0UeHNST MEXKIY 6/IOKMPOBKAMM UTEHMS U 3aTIMCH, ST Ha-
CTOSITEJILHO COBETYIO MCIIONIb30BaTh UYTO-HUOYIb Bpoae boost: :thread: : shared_
mutex, KOTOPBIii ITOCTABJISIETCS «C 6aTapeiikaMy B KOMIUIEKTE».

B03MOXHO, BbI 3aMeTU/IM, YTO HOBbIE UUTAIOLIME TMOTOKM MOTYT IPOAOJIKATH
nprobpeTaTh GIOKMPOBKY [IJIST UTEHMS, TTOKA OHA YAEPKMBAETCS KaKMM-TO KOHK-
peTHbIM IOTOKOM, HO HOBbIE NMUINYIIME TMOTOKU JIMIIEHbl TaKO BO3MOXHOCTH.
B pesynmbraTe 3TOro MUIIYIIMI TMOTOK MOXKET HAJONTO 3a6J0KMPOBATHCS M3-3a
HeIpeKpalanilencss mowiefoBaTeIbHOCTY YMTAKMMX TTOTOKOB, eCiy peanmnsa-
LIV He TIpeAyCcMaTpuBaeT TapaHTUI MPOTUB 3aMOPaKMBAHMS MUIIYIIMX TOTOKOB.
boost: :thread: :shared_mutex JaeT TaKylo rapaHTHIO (II0 KpaiiHeil mepe, eCyin
Takash BO3MOXHOCTb IPefyCMaTpUBaeTCsl CUCTEMHBIM IUIaHMPOBINMKOM). CTaH-
JapTHas GopMYIMpPOBKa std: : shared_mutex He BKIIOYAET TAKOW rapaHTUM, Jaske
MIPUTOM, UTO JII00Asl peannsalys, OOITyCKAIOIIasl Takoe TOABeNIMBaHMe, MOJDKHA
CUMTAThCSI HEKAUeCTBEHHOV. Ho Ha mpaKTuKe peannsalyuy CTaHIAPTHOI 6MOIMO-
TEeKM colepkar shared_mutex, 6IM3KMIT IO CBOMM XapaKTEPUCTMKAM K BepCUM B
6ubmoreke Boost, 3a MCKITIOUEHMEM OTCYTCTBYIOIIMX (PYHKIIMIA ITOBBIIIEHMSI/TIO-
HVKEHMS CTaTyca.

OxxupaHue ycnosus

B pasnerne «CrienyaabHbie TUITBI MbIOTEKCOB» MbI 3aITyCTWU/IV BbITIOMHEHME 3aIaHMsI
B OTZEJILHOM ITOTOKE, a TIOTOM BbIHYKIE€HbI ObLIN KIATh, IOKA HE 3aKOHUYMTCS OIIpe-
IeJIeHHbII 3Tall MHULMAIU3aLMA. B TOM IpuMepe Mbl MCII0Ib30Ba/IM LK OIIpoca
Ha OCHOBe std: :atomic<bool>. Ho cyiiecTByeT iyuiiiee pelieHmue!

[Ipo6iemMa ¢ HaIIMM IMKJIOM OTIPOCA, MIPUOCTaHABAMBAIOUIMMCS Ha 50 MUIITU-
CEeKYHI, B TOM, YTO OH BCerga OyaeT TPaTUTh Ha IIPMOCTAHOBKY OOJIbIlIe BPEeMEHI,
yeM HYKHO. VIHOIrIa Halll IT0TOK 6Y[eT BO30OHOBJISATh BBIIIOJIHEHE, 0OHAPYKMBATD,
YTO YCIOBME €ro MPOBYKIEHMsI He BIIIOJHEHO ¥ CHOBA IIPMOCTAHABIMBATHCS — 3TO
3HAUNT, YTO IepBas MPMOCTAHOBKA HEOOCTATOYHO mojaras. MHorma IOTOK OymeT
BO300HOBJISIT BBIIIOJTHEHE, 0OHAPYKMBATh, UTO YCIOBME GBLIO BBIITOJHEHO B TEYe-
HIe mocaeTHnx 50 MUUIMCEKYHI, HO MbI HE MOKEM CKa3aTh, KOIIA MMEHHO, — 3TO
03HAYaeT, YTO B CpPeJHEM II0TOK [IPOCTaMBAET JMIIHME 25 MUUTMCEKYHI. YTO 6bI
HI CJIYYMIIOCh, BEPOSITHOCTH BO30OHOBUTD BBIITOJTHEHIIE 8 HYMCHbITI MOMEHIN 8pEMEHU
HUYTOXKHO Majia.

YT10o06bl HE TepsTh BPeMeHM, Hy;KeH MeXaHM3M, [TO3BOJISIOIINIA OTKA3aThCsl OT
IIMKJIOB OIMpoca. B cTaHmapTHOM O6MOIMOTEKe eCTh TAaKO¥ MeXaHW3M, ITO3BOJISIO-
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LM IpepBaTh OXMAAHME KaK pa3 B HY>)KHBIV MOMEHT BpeMeH!; 1 Ha3bIBaeTCsl OH
std::condition_variable.

Mmest mepeMeHHYI0 cv Tumna std::condition_variable, Hall MTOTOK MOT Obl
TIPUOCTAHOBUTHCSI B «OXMIOAHUM Ha» cv, BbI3BaB MeTOn cv.wait(lk). Bpi3oB
cv.notify_one() MM cv.notify_all() BO30GHOBUT BBITIOJTHEHME OIHOTO MM
BCeX IIOTOKOB, B JAHHBIV MOMEHT OXXUAAWIIMX Ha cv. HO 3TO He eNMHCTBEHHbLIN
C1I0c06 BO30OHOBUTD BBHITIOJTHEHME TTOTOKOB! MOKET TaK CIOXKUTBHCS, UTO BHEIITHEE
npepbiBaHue (Hanpumep, curaan POSIX) pa3byauT motok 6e3 Bri3oBa notify_one.
ITO sIBJIeHME HA3BIBAETCS JIOMHBIM NPo0yHcdeHuem. OBGbIUHO, UTOOBI 3aIUTUTHCS OT
JIOSKHBIX TIPOOYKIEHWI, BBITIOTHSIETCS MOTIOMHUTENbHAS MpoBepKa yoioBus. Ha-
TpUMep, ec/iy TIOTOK KIET MOSIBJIEHMS BXOHbIX AaHHBIX B Gydepe b, Torma mocie
BO300HOBJIEHNUSI OH JOJKEH NMPOBEPUTH HAIMUME AAHHBIX BHI30BOM b.empty() U,
eciu 6ydep MmycT, CHOBa MTPUOCTAHOBUTHCS.

ITo onperneneHnIo JOIKEH CYIeCTBOBATh KaKO-TO IPYroi MOTOK, KOTOPIN 110~
MeCTUT JaHHbIE B b; TO €CTb BbI30B b . empty() JyUllle BLITIOIHATD 10/, 3a1IUTOI He-
KOTOPOTO MbIoTeKca. To eCTh ePBOE, YTO HYKHO CHEATh CPasy Moc/ie BO30OHOBIIe-
HMS, — 3aIlepeTh 3TOT MbIOTEKC, U ITOCJIeJHee, YTO HY’KHO Cie/aTh HeIlloCpeCTBEHHO
repez, IIOBTOPHOI MIPUOCTAaHOBKO, — OTIIEPeTh MbIOTEKC. (PaKTUYeCK! Bbl JOJIK-
Hbl aBTOMaTUYeCKy OTIMPaThb MBIOTEKC B XOJe BBIMIOJIHEHMS Ollepanuy [MOBTOP-
HOJ1 TIPOCTaHOBKY, YTOOBI HUKTO HE MOT «ITPOCKOb3HYTh», U3BMEHUTD b U BbI3BATh
cv.notify_one() OO TOro, KaK MOTOK IPMOCTAHOBUTCS.) JTa JOTMUeCKas Ljelmoyka
006bsICHSIET, ToueMy cv.wait(lk) mpuHMMaeT napameTtp Lk, — 9TO std: :unique_
lock<std: :mutex>, KOTOPbIi GYAET OTIMPATHCS MPYU IIPUOCTAHOBKE U 3aMMUPATHCS
B MOMEHT BO30OHOBJIEHNS !

Bor npumep oxupaHus HEKOTOPOro ywiosyus. CHavana B3IISIHUTE Ha peannsa-
LIMIO C IIPYMEHEeH)eM PaCTOUUTEIbHOrO [IMKJIa OIIPOca C IepeMeHHO std: :atomic:

std: :atomic<bool> ready = false;

std: :thread thread_b([&]() {
prep_work();
ready = true;
main_work();

s

// KpaTb roTOBHOCTKW noToKa B.
while (!ready) {
std: :this_thread: :sleep_for(10ms);

3

// ToTok B 3aBepwmn noaroToBky K paboTe.

A Temepb Ha peanM3alMIO C UCIOAb30BaHMeM 6oee 3(h(HEKTUBHOM YCIOBHOIA
nepeMeHom condition_variable:

bool ready = false; // He aTomapHas!
std: :mutex ready_mutex;
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std::condition_variable cv;

std: :thread thread_b([&]() {
prep_work();

{

std::lock_guard lk(ready_mutex);
ready = true;

b

cv.notify_one();
main_work();

s

// XmaTb TOTOBHOCTM moToka B.

{
std: :unique_lock lk(ready_mutex);

while (l!ready) {
cv.wait(lk);
3
}

// ToTok B 3aBepwmn noaroToBky Kk paboTe.

Ecniu oxkmpaercsl, Korma cTaHeT [OOCTYIHA [Jjs 4YTeHUS CTPYKTypa, 3aliu-
IIeHHas1 OJOKMPOBKOI [JIS uTeHus/3amucu (TO eCTh std::shared mutex), TOI-
Ja HY)XHO IepefaBaThb He std::unique_lock<std::mutex>, a std::shared_
lock<std: :shared_mutex>. O@HaKO TakKoe BO3MOXHO, TOJbKO (K COXXaJeHMUIO,
TOJIBKO) MbI 3apaHee IJIAHUPOBaJIN 3TO U OIpee/IUIN YCIOBHYIO IIepeMeHHYIO C TU-
nom std: :condition_variable_any, a He std: :condition_variable. Ha mpak-
THUKE BbI €[]Ba JI 3aMEeTUTE KaKylo-TMO0 Pa3sHUILy B MPOU3BOIUTEILHOCTU MEKIY
TUIIaMU std::condition_variable_any U std::condition_variable, a 3HAUuT,
cTapaiTech BIOVPATh MEKAY HUMU, MUCXO[IS U3 CBOMX IIOTPEOHOCTENA, UITH, eCITM Bac
ycTpamBaloT 06a, MCXOIUTE U3 SICHOCTU IOydaeMoro kKoma. O6bIYHO MCIIOIb30Ba-
HMe std::condition_variable 03HauaeT SKOHOMMUIO UEThIpeX CMMBOJIOB. Ho 06-
paTuTe BHMMAaHMeE, UYTO M3-3a CJI0SI U30IMPYIONIEeii abCTPaKIMA, IPEeOCTaBISIEMOTO
TUIIOM std: : shared_lock, GaKTUUeCKMi1 KO, AJI OKUAAHMS Ha CV 1011, 6lIOKMPOB-
KOV UYTeHMsI/3aMICY TIOYTU UAEHTUYEH KOy OKUIAHMS Ha cv MOf, OOBIYHBIM MbIO-
TeKcoM. BOT Bepcust Ha OCHOBe GJIOKMPOBKM JAJIsI UTEHMSI/3aICH

bool ready = false;
std: :shared_mutex ready_rwlock;
std::condition_variable_any cv;
std: :thread thread_b([&]() {
prep_work();
{
std::lock_guard lk(ready_rwlock);
ready = true;
3
cv.notify_one();
main_work();
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s

// XmaTb TOTOBHOCTM mnoTOka B.

{
std: :shared_lock lk(ready_rwlock);

while (l!ready) {
cv.wait(lk);
3
}

// ToTok B 3aBepwmn noaroToBky Kk paboTe.

9TO COBEpPIIEHHO BEPHBII ¥ MaKCUMabHO 3 (eKTUBHBIN Kof. OqHAKO pydyHast
paboTa ¢ 6JIOKMPOBKAaMM M YCJIOBHBIMY MTEPEMEHHBIMM ITOUTH TaK YK€ OMacHa, Kak
pabora c 06BIYHBIMYM MBIOTEKCAMU YIIU yKasaTensimu. K cuacTtelo, y Hac ectb Goee
yoauyHble MHCTPYMeHTbhI! HO 0 HUX MbI TOTOBOPUM B CJIEAYIOIIEM pasjiere.

O6ewaHus o 6yayuem

Ecin npexxze BaM He TIPUXOOMIIOCH CTAJIKMBATbHCS C TeMaMy KOHKYPEHTHOTO IIPO-
rpaMMMpOBaHMs, ITOC/IeSHNEe HeCKOIbKO pasfiesioB B 3TO IVIaBe, BEPOSITHO, [TOKa-
SKYTCST BAaM Haubosee CI0KHBIMY. MbIOTEKChI ITPOCTHI [IJIs1 TOHMMAaHMs, TIOTOMY UTO
MOJAEeMUPYIOT U, 3HAKOMYIO M0 MOBCEIHEBHON KM3HU: TIONyYeHUEe MCKIIOUM-
TEJIbHOT'O LOCTYyIa K HEKOTOPOMY pecypcy IIyTeM 3alyupaHys ero Ha 3aMoK (ycra-
HOBKY GJIOKMPOBKM). BIOKMPOBKY 1151 UT€HMSI/3aMCH (shared_mutex) HEHaAMHOTO
cnokHee. OnHaKO 3aTeM Mbl COBEPIIMIIM HACTOSILIMI CKauOK, pACCMOTPEB YCJIOBHBIE
repeMeHHble, KOTOPbIe TPYLHO MOHSATH C IIePBOI MOMBITKU, IOTOMY UTO OHU MOJe-
JIMPYIOT He CYLIeCTBUTENIbHOE (TaKoe KaK «3aMOK»), 8 CKOpee HEeKOTOPYIO I71aroJib-
Hy10 (hopMy: «CIaTh A0 TeX IOP, TTOKa». K TOMY ske CBOIO JIETITY B CJIOXKHOCTY BHOCUT
X He OUeHb yIayHOe Ha3BaHUe.

Teriepb MbI IPOAOJIKUM Hallle IyTelleCcTBME 110 MUPY KOHKYPEHTHOT'O IIPorpaM-
MMPOBAHMUS U UCCIeTyeM TeMY, KOTOpask MOKET ObITb HE3HAKOMOJi Iaske MPOIIef-
VM KypC 00yUeHMsT KOHKYPEHTHOMY ITPOrpaMMMPOBaHMIO: MEXaHM3MbI promise u
future'.

B C++11 Tumsl std: :promise<T> u std: : future<T> Bcerga COCeACTBYIOT APYT
¢ npyrom. [Tpuiemine u3 sisbika GO MOTYT IpeCTaBUTh TTapy promise/future kaxk
KaHaJl, B TOM CMBbICJIe, UTO KOTZIa OAVH [OTOK BTIKMBAET 3HaueHue (Tura T) Ha CTo-
pOHe «promise» 3TO¥ Mapbl, OHO B KOHEYHOM CueTe TOSIBUTCS Ha CTOpoHe «future»
(KoTopast 0OBIYHO HAXOAUTCS B IPYTOM ITOTOKe BhITTOJIHEeHMs). [Tapsl promise/future
ITOXO3KM TaK)Ke Ha HecTabMIbHbIe YUepBOTOUMHBI (Unstable wormholes): cTouT ToMb-
KO IIPOTOJIKHYTb 3HaUeHMe Yyepe3 YepBOTOUMHY, KaK OHA TYT JKe CXJIOIIbIBAeTCS.

! Promise (o6emanue) u future (6ymyinee) — IBa pOICTBEHHBIX MEXaHU3Ma aCMHXPOHHOIO BBINTOTHE-

Husl. K coxkaneHnIo, IIOKa He CyIIeCcTBYeT YCTOSIBIIMXCST PYCCKOSI3BIYHBIX TEPMUHOB JIJIS1 X 0603HaYe-
Husl. [ToaToMy, YTOGBI He ITyTaTh Bac M300peTeHHBIMY TePMMHAMMY WY KaJIbKaMy, 51 Oymy ITpomo-
5KaTh UCTIOMb30BaTh TEPMUHBI «promise» u «future» 6e3 nepesopa. [IoNoOMHKUTeIbHYI0 MHGOPMALINIO

MOYKHO HaiiTu B Bukunegum: https://ru.wikipedia.org/wiki/Futures_and_promises. — IIpum.

nepes.
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MOoKHO cKa3aTh, YTO rmapa promise/future momo6Ha HampaBaeHHO, TepeMeIa-
eMOJi 4YepBOTOUMHEe OTHOKPATHOTO AeiicTBus. OHa «HalpaB/eHHas», TOTOMY UTO
BTOJIKHYTb JaHHbIE MOXXHO TOJIbKO CO CTOPOHBI «Promise», a U3BJI€4b X — TOIbKO CO
cTopoHbl «future». OHa «mepeMeliaemMasi», IOTOMY UTO, Biazesi KOHI[OM YepBOTO-
YIMHbBI, BbI MOKETE MepeaaBaTh ero B GyHKIMK U 13 QYHKIMIA U TaxKe IepeMeIaTh
B Jipyrye IOTOKM BBINIONIHEHMSI; TYHHEe/Ib, COeAVHSIOIIMI fBa KOHIIA, [IPM 3TOM He
paspbIiBaeTCs. A «OMHOKpaTHas» OHA TOTOMY, UTO, BTOJIKHYB JaHHbIe OOUH pa3 Cco
CTOPOHBI «Promise», Bbl He CMOKETE BTOJIKHYTH TyIa UTO-1160 ITOBTOPHO.

Ilpyrast MmeTacdopa BeITEKAET M3 UX UMeH: pakTuuecky std: : future<T> He SIBJISI-
eTcs 3HaueHueM Tuma T, B HEKOTOPOM CMbIC/Ie 3TO 6ydyujee (future) 3HaUeHME — OHO
IaCT BaM JOCTYII K 3HAaUeHUI0 T B HEKOTOPBII MOMEHT B OYAyIEM, HO «HE TPSIMO
ceituacy». (B 3TOM CMBbIC/IE STOT TUII SIBJISIETCSI HEKVM I10/1061€M TTOTOKO6E30I1acHOTO
optional<T>.) O6BEKT std: : promise<T>, B CBOIO ouepeab, MOKHO CPABHUTH C IT0-
Ka He BBIITOJIHEHHBIM ObeliaHmeM (promise), Wiin AOITOBOI pacuUCKoii. Biamgeners
oObeKTa promise obeujaem (promises) mepeath 3HaUeHMe TUMA T B HEKOTOPBIIT MO-
MEHT; eCJI OH 9TOTO He ClIeJIaeT, 3HAUMT, OH «HAPYIIUT obGelaHue».

B obuiem cryyae MCIob30BaHKe Mapbl promise/future HauMHAETCS ¢ CO3AAHMS
std: :promise<T>, rae T — 3TO TUII JAHHBIX, KOTOPbIE IJIAHUPYETCA MepenaTh ue-
pe3 3Ty mapy; 3aTeM Co3JaeTcs KoHell «future» 4epBOTOUMHBI BbI30BOM p.get_
future( ). Korma Bce 6yIeT roToBO K BBITIOJTHEHNIO 06€IaHMs, BhI3bIBAETCS . set_
value(v). Mexxmy TeM, Korna Kakoii-TO OpPYyroil TIOTOK BBIIIOJIHEHMS GyIeT roToB
U3BJIeYb 3HauUeHue, OH BbI3biBaeT f.get(). Ecyin BbI30B f.get() mpomsoimer o
TOTO, KaK o0elaHue 6y/IeT BHITTOTHEHO, TTOTOK 3a6/I0KMPYETCS 0 MOMEHTA, TIOKa He
MOSIBUTCS OKMAaeMoe 3HaueHue. C Ipyroil CTOPOHbI, KOTAA ITOTOK, Y€ P>KMUBAIOLI M1
KOHell promise, BbI30BeT p.set_value(Vv) ¥ [IPU ITOM HUKTO He OXKMIaeT 3HaUeHUS
C IPYroii CTOPOHDBI, HUYEro He Ipou30iLeT; set_value IIPOCTO 3aMMIIET 3HAUEHN e
V B IAMSITb, U IPYTO MIOTOK CMOKET M3BJI€Yb €70 B YAOOHbIN [I7Is1 ceOsT MOMEHT BbI-
30BOM f.get().

IaBaiiTe paccMOTpUM promise u future B pa6ote!

std: :promise<int> pl, p2;
std::future<int> f1 = pl.get_future();
std: :future<int> £2 = p2.get_future();

// Ecnu obewaHne OyaeT BbIMOJHEHO paHble,
// Torpa f.get() He 3abnokupyeTr nOTOK.
pl.set_value(42);

assert(fl.get() == 42);

// Ecnn f.get() byaeT Bbi3BaH paHblle, TOrAa OH
// 3abnokmpyeTcs A0 MOMeHTa, noka He byaeT Bbi3BaH set_value()
// KakuMM-TO APYTWUM MOTOKOM.
std: :thread t([&](){
std::this_thread::sleep_for(100ms);
p2.set_value(43);
1)
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auto start_time = std::chrono::system_clock: :now();
assert(f2.get() == 43);

auto elapsed = std::chrono::system_clock::now() - start_time;
printf("f2.get() took %dms.\n", count_ms(elapsed));

t.join();

(OmpeneneHne count_ms Bbl HalimeTe B pasgene «CrielyajibHble TUIIbI MbIOTEK-
COB» BBIIIIE.)

Peanmu3anust std::promise B CTaHZAPTHONM OMOMMOTEKe MMeEET OHY 3aMeua-
TEbHYI0 0COOEHHOCTD — CITeNMaNIN3aInio AJis THIIa void. Ha mepBbIit B3MISI, Maest
std: : future<void> MOXeT MOKA3aThCs CTPAHHOI — KaKasl MoIb3a OT YepBOTOUM-
HbI, €CIM €IMHCTBEeHHBIN TUII JaHHBIX, KOTOPBIV MOXHO MPOTOIKHYTh Yepe3 Hee,
SIBJISIeTCS TUTIOM 6e3 3HaueHus1? Ho Ha camoM fieste future<void> MMeeT BbICOKYIO
[IPaKTNYECKYIO LIIEHHOCTb B CUTYaLMIX, KOTLa HaC MHTEpeCyeT He CTOIbKO KOHKpeT-
HOe 3HaueHue, CKOIbKO caM curHayi. Hanpumep, std: : future<void> MOXHO UC-
TOIb30BATD JJI51 pean3aluy TPeTbell BepCUy Hallero nmpyumepa «OXUIaHus 3aImyc-
Ka MOTOKa B»:

std: :promise<void> ready_p;
std::future<void> ready_f = ready_p.get_future();

std: :thread thread b([&]() {
prep_work();
ready_p.set_value();
main_work();

s

// XoaTb TOTOBHOCTM nMoTOKa B.
ready_f.wait();
// ToTok B 3aBepwmn noaroToBky K pabore

CpaBHUTE 3Ty BepCUIO C Bepcueit u3 pasmena «Oxumanne yOIOBUS». DTa BePCUs
HaMHOTrO ITOHsSTHee! B Hell MpaKTU4YecKy HeT JINIIHETro, IabjI0HHoro koaa. OTnpas-
Ka CUTHAaJIa «<TOTOBHOCTY ITOTOKA B» 1 oTtepanyst «oXugaHus TOTOBHOCTY TIOTOKA B»
TpebYIOT BCEro IO OHOV CTPOKe Koma. DTO OIlpeneeHHO O6ojiee yIoOHbIA Cr1ocob
obMeHa CUTHaJaMy MeXAy moTokamu. CymecTByeT Takke YeTBEPThIil CITocob Imo-
CJIaTh CUTHAJ 3 OZHOTO ITOTOKA 11eJI0¥1 IPYIITe APYTUX ITOTOKOB, 0 KOTOPOM paccKa-
3bIBAETCS B pasmene «VmeHTuduKaIms OTaeNbHbIX TOTOKOB Y TEKYIIETO TOTOKa».

OpHako 3a ymo6cTBO std::future MPUXOAUTCS IUIATUTH, IUIATUTH pacIipee-
JIeHVeM OVHAMMUYeCKOi MaMsaTy U3 Kydu. Jlesio B TOM, UYTO 060MM MeXaHM3MaM,
promise u future, TpebGyeTcs OOCTYI K OOIIEMY XpaHWINIIY, YTOObI, HAIIpUMeD,
3HaueHue 42, COXpaHeHHOe Ha CTOPOHE promise, MOSKHO OBIJIO M3BJI€Ub HA CTOPOHE
future. (JocTym K TAKOMY XPaHWINIILY TAaKKe PETYIMPYeTCs ITOCPeICTBOM MbIOTEK-
ca " YCUJIOBHOJ ITepeMeHHOI, HeOOXOOMMBIX IJISI CMHXPOHM3aLuM ITOTOKOB. Mblo-
TEKC ¥ YCJIOBHASI IIepeMeHHas IIpy 3TOM He MCYe3aloT 13 Halllero Koja; OHM IIpoc-
TO TMepeMeIIaroTcs Ha 60ee HU3KMII YPOBeHb abCTPaKIMM, ¥ HaM He TIPUXOAUTCS
6ecIoKOUThCSI 0 HMX.) To ecTh promise U future AENCTBYIOT KaK CBOEOOPa3HbIN
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«IECKPUTITOP» ITOTO OOIIETO COCTOSIHYST; HO 00 SIBJISTIOTCS TIepeMellaeMbIMY THUITA-
MM, IO9TOMY HY OTHOMY U3 HUX B A€MCTBUTETLHOCTY He TpebyeTcsl XpaHUTh 001ee
COCTOSIHME B BUJIe UjeHa JaHHbIX. OHM BBIEISIOT MECTO B Kyue 151 06IIero CoCTos -
HUS U XPaHST YKa3aTeIy Ha HeTo; a MOCKOJIbKY 0611ee COCTOSIHVE He JTOJKHO OCBO-
O0XKIaThCS 1O YHUUTOKEHMSI 060MX TeCKPUIITOPOB, MbI MMEEM JI€JI0 C COBMECTHBIM
BJIa/IeHVEM, ITOCPEACTBOM UEro-To, MOXOXKero Ha shared_ptr (CM. IJIaBy 6 «YMHbIe
yKasaren»). CxeMaTuueCKy promise 1 future BBIIISIIAT, Kak ITOKa3aHo Ha puc. 7.1.

std: :promise<int> p;

std: :future<int> £ = p.get_future(); SRR

shared_ptr<State>

std::promise

ptr ctrl
shared_ptr<State> ;

ptr -k ~ctrl
]

control_block_impl<default delete<State>> - -~ -
weak=0 ‘ ptr State variant<int, exception_ptr>

mutex cv index=0

‘ vptr | use=2

42

Puc. 7.1. Cxematnyeckoe npeacraBneHune Tunos promise u future

OG6111ee COCTOSTHIE HA 3TOV AyarpaMMe pa3sMeIaeTcst OriepaTopOM new, eCJTA TOTb-
KO He MCIIONb3YyeTCs Clelyanu3vpoBaHHasI Bepcust KOHCTPYKTOpa std: :promise
C HeCTaHJApPTHBIM AuCIleTYepoM NHamMiaTu. Huke MmokasaHo, Kak MCIIOAb30BaTh
std: :promise U std: : future CO CBOMM AUCIIETYEPOM MaMATH:

MyAllocator myalloc{};
std: :promise<int> p(std::allocator_arg, myalloc);
std: :future<int> f = p.get_future();

std::allocator_arg OIpefesieH B 3ar0/IOBKe <memory>. [IoApO6GHOCTY OTHOCK-
TeJIbHO MyAllocator cMOTpUTeE B I7aBe 8 «[lucreTyepsl NamsaTH».

NMoaroroBka 3agaHuMM ANa OTJIOXKEHHOro
BbINOJIHEHUS

Eme onHa MHTepecHass 0cOGEHHOCTb Ha MpeablAyleli fuarpaMmme, KOTOPYIO XO-
TeNoCh Obl OTMETUTh, — OOIllee COCTOSIHME COIEPKUT He MPocTo optional<T>;
B JIeICTBUTENIbHOCTM B HEM XpaHUTCS variant<T, exception_ptr> (cm. ma-
BY 5 «C/ioBapHbIe TUITbI»). DTO 03HAYAET, UTO B YePBOTOUMHY MOSKHO IMPOTATKMUBATh
He TOJIbKO JaHHble THMa T, HO Takoke UCK/II0YeHNsI. ITO 0COOEHHO YI00HO, TOTOMY
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YTO MO3BOJISIET TUITY std: :future<T> MpeNCTaB/SITh BCe BO3MOXXHbBIE pe3y/bTa-
ThI BbI30Ba (DYHKLIMM C CUTHATYPOIi T( ). OHa MOXET BepHYTh T; MOXKET BO36YINUTD
MCKITIOUEeHMe; a MOKeT BOOOIIe HUKOTIA HUYEro He BepHYTh. AHAJIOTMYHO BHI3OB
f.get() MOXeT BepHYTb T; BO3OYIUTh UCKIIOUEHME U (eC/IV TIOTOK, BiIadeloIuit
CTOPOHOI promise, 3aByc) BOOOIIe HMKOTAA HEe BEPHYTH YIIpaBieHys. UTOObI Mpo-
TOJIKHYTb UCKJIIOUEHME Yyepe3 YepBOTOUMHY, CJIefyeT UCII0Ib30BaTh METOL, p.set_
exception(ex), Ilie ex — 00ObEKT TUIIA std: : exception_ptr, KOTOPbIl MOKET ObITh
BO3BpallleH U3 std: :current_exception() BHYTpPU 00pabOTUMKaA MCKIIOUEHMS.

IlaBajiTe BOo3bMeM GYHKIMIO C CUTHaATypoii T() ¥ yIaKyeM ee B TUII
std: : future<T>:

template<class T>
class simple_packaged_task {
std: :function<T()> m_func;
std: :promise<T> m_promise;
public:
template<class F>
simple_packaged_task(const F& £) : m_func(f) {3}

auto get_future() { return m_promise.get_future(); }

void operator()() {

try {
T result = m_func();

m_promise.set_value(result);
} cateh (...) {
m_promise.set_exception(std::current_exception());

3
}
s

BHelllHe 5TOT KJjlacCc HAIIOMMHAaeT TUIT std: :packaged_task<R(A...)> U3 CTaH-
JapTHOW OUOIMOTEKM, OTJIMYASICh TOJIBKO TEM, UTO CTAHJAPTHBIA TUIT IPUHMMAET
apryMeHTbI U UCIIOJIb3YeT NOIOIHUTENbHBI YPOBEHb KOCBEHHOCTH, rapaHTUPYIO-
Vi BO3SMOKHOCTD MCITOIb30BaHMSI (DYHKTOPOB, IOIEPKMBAIONINX TOJIBKO Iepe-
MelneHue. B raBe 5 «CiioBapHbIe TUITBI» Mbl BUJIENIM HECKOJBKO PEIIeHNit, ITOMO-
ralommx o60iTH orpaHnveHue std: :function, He MO3BOJSIIONIEE XPAHUTD TUITbI
byHKIIMIA, TTOAIEePKMBAIONIMX TOJIBKO IepeMellleHle; K CYacTbio, Ipu padbore ¢
std: :packaged_task 3TV 00XOAHbIE pellleHMs He HY>KHbI. C Ipyroii CTOPOHBI, B pe-
QJIbHOJ >KM3HM BaM e[1Ba i IIPUIETCS UCIIO0/b30BaTh std: : packaged_task. OH UH-
TepeceH B OCHOBHOM TOJIBKO Kak IpuMep o0beaMHeHNs promise, future u gyHKImit
B YIOOHBIE KJIACCHI-TUIIbI C OYEHD ITPOCTHIM BHEIIHUM MHTepdeiicoM. OCTaHOBUM-
Csl HA MMHYTY: Kjacc simple_packaged_task, IpeaCcTaBJIe€HHbIN BbIIlE, UCIIOIb3YyeT
CTUpaHue Tuma B std: : function U MMeeT WieH std: :promise, peaJiM30BaHHBIN B
TepMMHax std: : shared_ptr, KOTOPbIN BBIITOJHSET MOJCYET CChIIOK; OOIIEe COCTO-
SHMEe, Ha KOTOpOoe CChbIaeTCs ITOT yKa3aTesIb C II0ACUeTOM CChbUIOK, XPaHUT MbIOTEKC
U MepeMeHHYI0 COCTOSIHMSI. Kak BUauUTe, B TAKOM MaJIeHbKOM OObeMe OKa3asioCh
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YIIaKOBaHO TOBOJIBHO MHOTO Mzeit u texHonoruii! Ho, HecMOTpsl Ha 3TO, simple_
packaged_task uMeeT AeNCTBUTENbHO OUEHb IPOCTOI MHTepdeiic: ero MOKHO
CKOHCTPYMPOBaTh Ha OCHOBe (DYHKUIMM MM JIIMOIA-BbIpaKeHUsI, 3aT€M BbI3BATh
pt.get_future(), YTOOBI MOMYUUTD future, T KOTOPOTO, B CBOIO OU€peb, MOKHO
BbI3BaTh f.get(); U B TO Xe BpeMs BbI3BaTh pt() (BO3MOXHO, U3 IPYrOT0 IOTOKA),
YTOOBI (PaKTUUECKY BBHITTOJTHUTD XPAHUMYIO (QYHKIIMIO ¥ IIPOTOJIKHYTD Pe3yJIbTaT ye-
pe3 4epBOTOUMHY B f.get().

Ewn xpanumas GyHKIMS cTeHepMpyeT UCKII0UeHne, Toraa packaged_task Ie-
pexBaTUT ero (B MOTOKe Ha CTOPOHE promise) 1 BTOJIKHET er0 B YePBOTOUNHY. 3aTEM,
KOTZla IpYroil MOTOK BbI3OBET f.get() (MM y>Ke BbI3BAJ €ro U B JaHHbIII MOMEHT
oXupaeT Bo3Bparta 13 f£.get()), £.get() BO3OYOUT 9TO UCKIIOUEHNE B IIOTOKE Ha
cropoHe future. I'HbIMM c/TOBamMu, C IMMOMOIIBIO promise U future mbl parkTHUECKN
«TeJIelIOpTUpPyeM» UCKIIOUeHMe MexIy Iorokamu. K coxkaneHnto, BCeCTOpOHHee
obCcy>kIeHMe MexaHM3Ma TeJleropTaiuiu, std::exception_ptr, BBIXOOUT Haje-
KO 3a paMKM 3TOi KHMUTU. ECiu BbI IIpOeKTUpyeTe 6MOIMOTEKY, KOTOpas IUPOKO
MICITONIb3YeT MCKIIOUeHMs, BaM OIpedeeHHO CTOUT MOOJMKe MO3HAKOMUTHCS C
std: :exception_ptr.

byaywee mexanusma future

Mo aHanoruu c std: : shared_mutex, Bepcust std: : future B CTaHIAPTHO 6MOIMO-
TeKe rOTOBa TOIbKO HamoJI0BUHY. Topa3mo 6osee mosHas 1 mosie3Hast Bepcus future
MTOSIBUTCS, KaK 51 Hajieroch, B C++20, HO yiKe ceifuac ecTh MHOXKECTBO CTOPOHHUX 616-
JIMOTEK, peaNusyIoINX Jy4lije 4epThl Oyayinero Mmexanusma future. K unciy nyu-
IIMX B OTOM OTHOLIEHMM OTHOCATCS boost: : future 1 folly: : Future.

OcHoBHas mpo6seMa std: : future — B BEPOSTHOCTH «IafeHMs Ha 3eMJTIO» B TT0-
TOKe TMOowIe KakKAOro 3Tana B MOTeHIMaJbHO MHOTO3TAIMHBIX BblUKMCIeHUsIX. Pac-
CMOTPUM CJIeIYION /I TTaTOIOTMYeCKUI CiTydali MCTIO/Ib30BaHus std: : future:

template<class T>

auto pf() {
std: :promise<T> p;
std: :future<T> £ = p.get_future();
return std::make_pair(std::move(p), std::move(f));

b

void test() {

auto [pl, £f1] = pf<Connection>();
auto [p2, f2] = pf<Data>();
auto [p3, £3] = pf<Data>();

auto tl = std::thread([pl = std::move(pl)]() mutable {
Connection conn = slowly_open_connection();
pl.set_value(conn);
// ONACHO: yrto, ecnu slowly_open_connection B0o3byauT ucCknwyeHne?

s
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auto t2 = std::thread([p2 = std::move(p2)]() mutable {
Data data = slowly_get_data_from_disk();
p2.set_value(data);

1)
auto t3 = std::thread(

[p3 = std::move(p3), f1 = std::move(£1)]() mutable {
Data data = slowly_get_data_from_connection(fl.get());
p3.set_value(data);

1)
bool success = (f2.get() == £3.get());

assert(success);

3

O6partuTe BHMMAaHMe Ha CTPOKY C KOMMeHTapyueM OMACHO: Bce Tpu IOTOKA CO-
Iep>KaT OIHY U Ty Ke OIIMOKY — OHM He IepexXBaThIBAIOT MCK/IIOUEHE Y He BbI3bI-
BalOT .set_exception(). McmpaBUTh OMIMOKY MOKHO C ITOMOIIBIO 6jI0Ka try. . .
catch, KaK MBI cpenas 3TO B simple_packaged_task, B IIpenbIoylleM pasjge-
Jie; HO, TIOCKOJIbKY IMMCATh KaskAbIii pa3 OOMH U TOT Ke KO CJIMIIKOM YTOMMUTENb-
HO, B CTAHJApPTHYIO OMOIMOTEKy OblIa mobaBieHa MHTepecHass GYyHKIMSI-06epTKa
std: :async(), KOTopas co3maeT rmapy promise/future u 3amyckaeT HOBBI TOTOK.
IMpumeHuB std: :async(), MOKHO IMOTYYUTh HAMHOTO 60j1ee SICHbIN KO :

void test() {
auto f1 = std::async(slowly_open_connection);
auto f2 = std::async(slowly_get_data_from_disk);
auto f3 = std::async([fl = std::move(f1l)]() mutable {
return slowly_get_data_from_connection(fl.get());
// bonbwe He onacHo

DE
bool success = (f2.get() == f3.get());

assert(success);

OmHAaKO 3TO TOABKO 3CTETUYECKAS SICHOCTh; STOT KO, Ype3BbIUaiiHO IIJIOXO0 CKa3bl-
BAeTCs Ha IMPOU3BOAUTEILHOCTH ¥ 6€30MaCHOCTY KOAa. DTO Nji0Xoli Kox!

Kaxxnpiii pas, BcTpeuas .get() B 3TOM KOJe€, Bbl JO/KHBI ITOAyMaTh: «Kakas He-
MIPOCTUTEJIbHAS TPAaTa BpEMEHM Ha MepeKIoueHne KoHTeKcTa!» M Kaxkapii pas, 3a-
Meuasl 3aITyCK HOBOT'O IOTOKAa (SIBHO MJIM BbI30BOM async), Bbl JO/DKHBI TOAYMATh:
«Kakas moTpsicarolias BO3MOXHOCTD JJISI OTIePalMOHHOM CUCTEeMbI MCUepPHaTh I10-
TOKMU SIIpa ¥ BO3OYAUTDb B KOHCTPYKTOPE std: : thread HEOKMUIAHHOE UCKIIOUEHME »
BMecTo 1106010 13 IpeAbIAYIIMX BApUAHTOB S IpearnoJes 6bl HamucaTh YTO-HUOYIb
JTaKkoe B cTuiie JavaScript:

void test() {
auto f1 = my::async(slowly_open_connection);
auto f2 = my::async(slowly_get_data_from_disk);
auto f3 f1.then([](Connection conn) {
return slowly_get_data_from_connection(conn);
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1
bool success = f2.get() == f£3.get();

assert(success);

3

3mech . get() BbI3HIBAETCSI TOMBKO B CAMOM KOHIIE, KOT/IA YK€ HMUEro He HYKHO
IesiaTh ¥ OCTAeTCs TOMKO TOKAAThCS OKOHUATEbHOTO OTBETA; U 3[1eCh MTOPOsK/Ia-
eTCst Ha OJIMH MOTOK MeHblile. BMeCTO 3ammycka HOBOTO TTOTOKA MbI MTOAK/II0YaeM K
f1 «IIPOMO/IKEHNE» IO TOTO, KaK TOT 3aBEPIINT CBOE 3a/aHie, YuTo6bI Cpasy mocie
3TOTO MOTOK Ha CTOPOHE Promise CMOT TIePeiiTH K BbITIOTHEHUIO TTPOIO/IKEHNS (ec-
JIV TIepBoOe 3afiaHue £1 BO3OYAUT UCK/TIOUeHe, BXO/ B TPOLOIKEHME TPOCTO He 6y-
IeT BBITTOJTHEH. BubimnoTeka MO/KHA TaKKe MTPeNoCTaBUTh CUMMETPUYHbI METOf
f1.on_error(continuation), YTO6BI MUMETH BO3MOKHOCTh 06paboTaTh MCKIIIOUE-
HUe).

HeuTo momo6Hoe yske umeeTcs B 6ubmmoreke Boost; a 6ubamoreka Facebook Folly
COMEPKUT OCOOEHHO HAIEKHYIO 1 TIOHOIIEHHYIO peannsalnio, faske JIyUInyio, ueM
B Boost. IToka MbI skmeM, uto C++20 YIYUIIUT CUTYalINIO, s COBETYIO UCIIONb30BaTh
Folly, eciut BbI MOKeTe MO3BOUTH cebe OTOMHUTETbHbIE YMCTBEHHbIE HATPY3KH,
CBSI3aHHbIE C MHTerpaiueii 6M6IMOTeKN B Ballly CUCTEMY COOPKU. ENMHCTBEHHBIM
MPEeUMYIIECTBOM THUIMA std: : future SB/ISETCS €r0 CTAHJAPTHOCTh; €r0 MOKHO MC-
MO/Tb30BaTh MPAKTHUYECKN HA 10007 mnaTdopme, He 3a60TSICh O 3aTpPy3Ke JOTMOJ-
HUTEIbHBIX GMOMMOTEK, TYTAX MOMCKA TOAKIOUAaeMbIX (ailIoB 1 JTUIEH3MOHHBIX
COT/IAIIEHUSIX.

MoroBopum 0 noTokax...

Ha nporsskeHuM Bceli 3TOM I71aBbl MbI MCIIOB30BAIN (JIOBO «IOTOK» (MJIU «IIOTOK
BBITIOJIHEHUSI»), TaKe He OIpele/inB, YTO OHO O3HAYAeT B JeliICTBUTEIbHOCTH; U BbI,
BEpPOSITHO, 3aMETUJIU, YTO BO MHOT'MX IIPMMeEpPAX MHOTOIIOTOYHOI'O KOJIa UCIIONb3Y-
eTcs KJacc TUMa std: :thread U MPOCTPAHCTBO MMeH std: :this_thread 6e3 Ka-
KUX-JI160 TTOsICHEe M. MbI COCPeIOTOUMIMCH Ha TOM, KK CMHXPOHU3UPOBaTh pabo-
TY Pa3HbIX IOTOKOB BBITIOJIHEHUS, HO 10 CUX IIOP YMaTuyUBaIU O TOM, KO WU YUMo
BBITIOTHSIETCS !

WNuaue roBops: KOTAa BITIOJIHEHME NOCTUTAET BbIpaskeHUs mtx . Lock( ), rme mtx —
9TO 3a6JIOKMPOBAaHHBIN MbIOTEKC, CEMAaHTHKA std: :mutex FOBOPUT, UTO TEKYIINit
TTOTOK BBITTOJTHEHMST JO/KEH 3a6JI0KMPOBATHCS M KIaTh. YTO MIPOMUCXOIUT, TOKA STOT
MOTOK 3a6okupoBan? Hama mporpaMmma Ha C++ Bce ellle «OTBeuaeT» Ha IPOUCX0-
Is1ee, HO OUEeBUIHO, UTO IMOm 3a0710KUpo8aHHasili Kod Ha C++ GOJIbIlle He BBITTOTHSI-
eTCsl; TOTIa KTO MJIM UTO BhITIONMHSIeTCcs1? OTBeT MPOCT: APYyroli MoTok. Mbl yKa3biBa-
€M Ha CYIeCTBOBaHMe IPYrUX [IOTOKOB U KOJI, KOTOPbI OHU JOJIKHBI BBITIOJTHUTD,
MICITONIb3Ys KJIace std: :thread M3 CTaHAAPTHOI GMOIMOTEKM, KOTOPBIH ONpeneneH
B 3arojioBke <thread>.

YT106bI 3aITyCTUTh HOBBIN MOTOK BBITIOJTHEHMS, HYKHO JIMIITb CKOHCTPYMPOBATh
00beKkT Tuma std::thread, mepefaB KOHCTPYKTODPY €AVHCTBEHHbBI apryMeHT:
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JIIM6/1a-BbIpakeHye WM QYHKIIVIO C KOIOM, KOTOPBIH TO/DKEH BBITIOTHUTH HOBbIN
NOTOK. (TexHnYecky MOXKHO IlepefaTh HeCKOIbKO apryMeHTOB; BCe OCTajlbHbIe ap-
TYMEHTBI, CIeyIolIye 3a MePBbIM, OYIyT IepefaHbl B YKa3aHHYI0 QYHKINIO B BU-
Jle ImapaMeTpoB, I10C/Ie pa3BepThIBaHMUA C reference_wrapper, KaK ONMChIBAJIIOCH
B miaBe 5 «CoBapHbie TUIbl». C MOSIBIEHMEM TMOIAEPKKHU JISIMOIa-BbIPasKeHN B
C++11 nononHNUTENbHBIE aPTYMEHTBI KOHCTPYKTOpA thread CTaay He HY)KHBI U Jaxe
HEXXeJIaTeTbHbI; S COBETYIO U30eraTh UX.)

HoBBIi1 MOTOK 3a1TyCcKaeTCst HeMeIJIEHHO; €C/TY TTIOHATOOUTCS BBITIOTHUTD «3aITyCK
C 3aZlepKKOJi», BaM IPULETCS CaMMUM peann30BaTh 3TO, UCIIONb3YS OOUH U3 IIPU-
€MOB CMHXPOHM3alMMY, NTOKa3aHHbIX B pasneine «OxxuoaHue yCI0BUSI» WU B pas-
nene «nenTuduKrauus oTAeNbHBIX TOTOKOB U TEKYIETO TOTOKAa».

HOBBIN TTOTOK BBITIOMHUT TepeIaHHblii eMy KO ¥, JOCTUTHYB KOHIIA JIIMOIa-
BbIpaKeHUST WM QYHKIUU, CTAHET «IOCTYITHBIM IJIS1 TPUCOeUMHEHNUSI». DTO OUeHb
II0XO3Ke Ha Ipoucxonsiiee ¢ std: : future, KOrma OH CTAHOBUTCS «TOTOBBIM K UTe-
HMIO»: [IOTOK 3aBeplliaeT BbIYMCICHNS M [OTOB IlepefaTh [OIyYeHHbIe Pe3yIbTaThl.
Tak ke KaK B cjiyuae € std: : future<void>, pe3yJabTaT BIUUCIEHUN «HE UMeeT 3Ha-
YeHMsI»; HO BaskeH caM (paKT 3aBeplieHNs BbIUMCIeHn!

B ommnume or std::future<void>, OOHAKO HeNb3sS YHUUTOXUTh OODBEKT
std: :thread He MOJYYUB pe3ynbTarT 6e3 3HaueHMs. [0 YMOTUAHUIO, €CIY YHUY-
TOXUTH 10001 HOBBI TMOTOK, He 06paboTaB €ro pesyyibTart, JeCTPYKTOP BbI3OBET
std: :terminate ¥ T€M CaMbIM 3aBEPILIUT BCIO TporpamMmmy. YTo6bI M36€3KaTh TaKOM
CyIbOBI, HY’KHO yKa3aTh Ha ITOTOK U IMOATBEPAUTH €r0 3aBepllieHne — «Xopoiiasi pa-
60Ta, MMOTOK, MOJIOZIEIl!» — BbI3BaB (DYHKIIMIO-WIEH t . join( ). Kak BapuaHT, eciiu BbI
He OXMJaeTe 3aBeplleHMs TIOTOKA (Harpumep, eciiv HOHOBBI MOTOK BBIMOIHSIET
6GeCKOHEUHBIIT IIVKJT) VI BaC He MHTEPECYET ero pe3yibTaT (HalpuMep, eciu 3TO
6bTa KOPOTKOKMBYIIAS 3a/1a4a, IeICTBYIONIAS 110 IPUHIIMITY «3aITyCTWII U 3a6bIT»),
MOYKHO TIepeBecTy MOTOK B (DOHOBBII peskuM — «Bce, yxomu, s 60Jbllle He Kealo
HMYEro 3HaTh 0 Te6e!» — BbI30BOM t.detach().

BoT HeckombKO 3aKOHUEHHBIX IIPUMEPOB UCIIONb30BaHus std: : thread:

using namespace std::literals; // ana "ms"

std::thread a([](){
puts("Thread A says hello ~@ms");
std::this_thread::sleep_for(10ms);
puts("Thread A says goodbye ~10ms");

s

std: :thread b([](){
puts("Thread B says hello ~@ms");
std: :this_thread::sleep_for(20ms);
puts("Thread B says goodbye ~20ms");

s

puts("The main thread says hello ~@ms");
a.join(); // XDaTb 3aBepuweHus noTtoka A
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b.detach(); // He xpaTb 3aBepweHns noToka B
puts("The main thread says goodbye ~10ms");

UpeHTudUKauma oTaenbHbIX NOTOKOB
U TEKYLLLero noToka

O6bexThI TUIA std: : thread, IOJO6HO BCEM IPYTMM TUITAM, OITMCAHHBIM B 3TOJ I71a-
Be, He TIOJIJTeP>KMBAIOT operator==. Bbl He CMOXXeTe HAIIPSIMYIO CITPOCUTD: «DTH JIBa
00beKTa IOTOKOB — OHO U TO Ke?» DTO TAKKe 03HAUAeT, UTO 0ObEKTHI std: : thread
HeJIb3SI UCI0JIb30BaTh B KAUeCTBe KJII0Uell B aCCOIMATUBHBIX KOHTeTHepax, TaKMUX
Kak std: :map win std: :unordered_map. 3aTO O paBEHCTBE MOMCHO CIIPOCUTDb KOC-
BEHHO, 0OPaTUBILINCH K MeXAHU3MY UOeHMUGUKAyuu nomoxos.

OyHKIMSI-uIeH t.get_id() BO3BpallaeT YHUKaJIbHbIV UAEHTUPUKATOP TUTIA
std: :thread: : id, KOTOpPBIii, XOTSI TEXHUUECKMU SIBJISIETCS KJIACCOM TUIIa, BO MHOTOM
BemeT cebsl Kak 1eI0UMCIeHHbI TUIL VIeHTIdUKaTOPbl IOTOKOB MOKHO CpaBHI-
BaTh C IOMOIIBIO OEPaTOPOB < U == ¥ UCIIOJIb30BATh B KaUueCTBe K/IIOUeli B acco-
LIMATUBHBIX KOHTeliHepaX. [Ipyras 1eHHast 0COOeHHOCTh UAEHTU(GUKATOPOB IIOTO-
KOB — BO3MOKHOCTb X KOIMPOBaTh, B OT/INUME OT CAMUX OOBEKTOB std: :thread,
KOTOpBIe TOAIe P;KMBAIOT TOJILKO ITepeMellieHe. He 3a6bIBaiiTe, UTO KaKIblii 0OObEKT
std: :thread (pakTMuyecKy MpeacTaBisieT AeiiCTBYIONIMI TTOTOK BbITIOHEHUS; eC/in
ObI MOKHO OBLIO KOIMPOBATh OOBEKTHI IOTOKOB, TOTHA AO/KHA OblIa ObI MMETh-
€SI BO3MOXKHOCTD «CKOIIMPOBATh» CAMM ITOTOKM BBIITOJIHEHMSI, UTO JIUIIEHO BCSIKOTO
CMBbIC/IA ¥ MOTJIO GbI TIOPOAUTH HEKOTOPhIE MHTEPECHBIE OLIMOKM!

TpeTbs 1leHHast 0COGEHHOCTD std: : thread: : id — BO3MOKHOCTb MOTYYUTH UIEH-
TUbUKATOp MmeKyujezo 1 naske IJIaBHOTO ITOTOKa. BHYTpM MOTOKa Heb3s CKa3aTh:
«[ToxkasyiicTa, mait MHe 0ObeKT std: : thread, KOTOPBIN YIIPABIISIET STUM ITOTOKOM».
(3TO MOXKHO CPaBHUTD C TPIOKOM std: :enable_shared_from_this<T> U3 maBbl 6
«YMHbIE yKasaTejn», HO, KaK Mbl BUIEJIM, TAKO/ TPIOK Tpe6yeT MOAAePsKKI CO CTO-
POHbBI 6MOGIMOTEKY, CO3IAI0IIEel YIIpaB/IsieMble Pecypchl, KAKOBBIM B JAHHOM CJTydae
oKasajicst 6bI KOHCTPYKTOP std: :thread.) [JTaBHBIN MOTOK — MOTOK, B KOTOPOM Ha-
YMHAET BBITTOMHITHCS QYHKIMS main, — BOOOIIe He MMeeT COOTBETCTBYIOIIEr0 00b-
eKTa std: :thread, HO OH UMeeT uaeHTUGUKATOP!

HakoHell, naeHTU(PUKATOPbI ITOTOKOB MOXKHO IPeo6pasoBbIBATh HEKOTOPBIM
CII0Cco60M, 3aBUCSIINMM OT peannsalnuy, B CTPOKOBOe IpeiCcTaB/IeHle, KOTOpoe Ta-
paHTHpyeT YHUKAJIbHOCTD, TO €CTh YCJIOBME to_string(idl) == to_string(id2)
BBITIOJIHMUTCSI TOTAA M TOJIBKO TOTAA, Koraa idl == id2. K coxkajieHuto, 3T0 CTPOKO-
BOe TIpe/icTaB/eHye JOCTYITHO TOJIbKO MOCPEACTBOM OfepaTopa IMOoToKa (CM. IJia-
BY 9 «IloTOKM BBOjIa/BbIBOMIa»). EC/iM BbI 3aXOTUTE MUCIOAb30BATh CUMHTAKCUC to_
string(id1l), BaM IpUOETCs HAIMMCATh CBOIO (PYHKIIMIO-00ePTKY, HAlIpuMep:

std::string to_string(std::thread::id id)
{

std::ostringstream o;

0 << id;



7

NoeHTuduKaums oTaenbHbIX NOTOKOB M TEKYLLLETO NoToka < 197

return o.str();

3

[Monmyunth MAEHTUGUKATOP TEKYILEro MTOTOKA (BK/II0YAs IIABHBIN, /I OH SIBJISI-
eTCsl TeKYIIMM) MOKHO BbI30BOM CBOOOAHOI (QYHKIMM std: :this_thread: :get_
id(). O6paTuTe BHMMaHMEe Ha CHMHTaKcuc! std::thread — 3TO MMS Kjacca, HO
std: :this_thread — 3TO MM$ NPOCTPAHCTBA MMeH. B 5TOM IpOCTpaHCTBE MMEH
oIpenesIeHO HECKOJIbKO CBOOOAHBIX (PYHKIIMI (HE CBSI3aHHBIX HU C KAKMMM SK3€M-
IJIIPaMM KJIaCCOB), YIIPABJISIIONIMX TEKYIIUM ITOTOKOM. OfiHa U3 TaKuX (PyHKINMA —
get_id(). Ee umsa HammomuHaer std: : thread: :get_id(), HO B 1€liICTBUTEIbHOCTU
9TO COBEpIIEHHO MHas QYHKIMS: thread: :get_id() — 3TO QYHKIMSI-UJIEH, a this_
thread: :get_id() — cBOGOmHAs PyHKIMS.

Vicrionb3ys fBa MAeHTUOUKATOPA, MOXKHO OIPEeIeTNTh, HalIPUMep, KaKoi U3 110-
TOKOB B CIVCKE SIBJISIETCS TEKYIIVM:

std: :mutex ready;
std::unique_lock lk(ready);
std::vector<std: :thread> threads;

auto task = [&]J(){
// TopokpaTb, noka TCNaBHbI MOTOK He OyaeT COTOB.
(void)std::lock_guard(ready);
// TlpojonxaeM. HaWTW CBOW WMAEHTUOMKATOP B BEKTOPE.
auto my_id = std::this_thread::get_id();
auto iter = std::find_if(
threads.begin(), threads.end(),
[=](const std::thread& t) {
return t.get_id() == my_id;
}
);
printf("Thread %s %s in the list.\n",
to_string(my_id).c_str(),
iter != threads.end() ? "is" : "is not");

1

std::vector<std: :thread> others;
for (int 1 = 0; 1 < 10; ++1i) {
std: :thread t(task);
if (1% 2) ¢
threads.push_back(std: :move(t));
} else {
others.push_back(std: :move(t));
}
3

// To3BOMUTb BCEM MOTOKAM MPOAO/KUTL BbINOJNHEHUE .
ready.unlock();

// TpucoeanHUTb BCe MOTOKW.
for (std::thread& t : threads) t.join();
for (std::thread& t : others) t.join();
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Yero HeTb3 CIeNaTh, TAK TO MOITY B 0OpaTHOM HaIIpaBJIEHUM — HeJNb3s pe-
KOHCTPYUPOBaTh OOBEKT std::thread, COOTBETCTBYWOUIMII 3aJaHHOMY std::
thread: :id. Ecii 661 3TO 6bUIO BO3MOYKHO, TOTZIa BbI CMOIJIM OBl HOJTYYUTH ABA
pasHbIX 00BEKTa, MPEACTAB/SIONIMX ONVH IOTOK BBIMOJIHEHMS: OPUTMHAIbHbIN
std: :thread, rme 6bI OH HM HAaXOOWJICS, ¥ BOCCO3JAHHbIN BaMU U3 UAEeHTUGUKA-
Topa. Ho BbI HMKOT]a He CMOYKETe TIOMYyUUTD IBa 00beKTa std: : thread, yrpasisio-
LIUX OOHUM U Te€M e IIOTOKOM.

B mpocTpaHcTBe MMeH std: :this_thread MMeIOTcs elle IBe CBOGOIHbIE (PYHK-
oun: std: :this_thread: :sleep_for(duration), KOTOPYIO S 4aCTO MCIIO/Ib30BaJl B
9TOJ IaBe, M std: :this_thread: :yield(), pakTuyecku umemoIIast TOT JKe CMbICI,
yTo sleep_for(@ms), — OHa COOOIIAET cpeie BpeMeH! BbITTOTHEHMSI, UTO ObIIO Obl
HeIUI0XO IPSIMO celiuac MepekaiouYnTb KOHTEKCT Ha APYroi ITOTOK, HO He Ha3HavaeT
HMKAKOI 3a[1epKKU B BBIIIOJIHEHUH [IJIS TEKYILero MOoToKa.

UcuepnaHue noTtokos u std::async

B pasgene «Bymymiee mexanusma future» Mbl MO3HAKOMWMINCH C std::async —
MPOCTOI 06epTKOI BOKPYT KOHCTPYKTOpA IOTOKA, Pe3yiabTaT paboThl KOTOPOTO
3axBaTbiBaeTcs B std: :future. Ee peanusanus B 06IIMUX YePTaxX BBHIVISIAUT MPU-
MEpPHO TaK:

template<class F>

auto async(F&& func) {
using ResultType = std::invoke_result_t<std::decay_t<F>>;
using PromiseType = std::promise<ResultType>;
using FutureType = std::future<ResultType>;

PromiseType promise;
FutureType future = promise.get_future();
auto t = std::thread([
func = std::forward<F>(func),
promise = std::move(promise)
1() mutable {
try {
ResultType result = func();
promise.set_value(result);
} cateh (...) {
promise.set_exception(std::current_exception());
}
s

// 3Ta ocobeHHOCTb He peanusyercs

// 3a npegenamm GuBAMOTEKM, HO ASYNC COAEPKUT ee.
// future.on_destruction([t = std::move(t)]() {
// t.join();

/13

return future;
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O6paruTe BHMMaHMe Ha 3aKOMMEHTVPOBaHHbBIE CTPOKM, OTIPeIeIsIole 0cob6oe
IIoBeeHMe «IIpU YHUUTOXEeHUM» std::future, BO3BpamaemMoro u3 std: :async.
OJTO CTpaHHOe ¥ HeyKJIIoXee MOBeleHMe peanusauuu std::async B CTaHOApPT-
HOJt OUOTMOTEKe SIBJISIETCS BECKOI MPUUMHOI, UYTOOBI M36eraTh MCIOIb30BaAHMS
std: :async B CBOeM Koje: 3K3eMIUIsIphl future, Bo3Bpaljaemble U3 std: :async,
MMEIOT AeCTPYKTOPbI, BbI3bIBAWOIIMeE .join() CBOMX MOTOKOB! ITO O3HAUaAeT, UTO
UX IEeCTPYKTOPbI MOTYT 3a06JIOKMPOBAThCS U 3a7avya OIMpeNeleHHO He OYeT «BbI-
TTOJTHSTHCS B (POHOBOM PEXMME», KaK BbI MOIIM ObI OKMUIATh. EC/IM BbI BbI3bIBaeTE
std: :async 1 He IIpUCBayuBaeTe Bo3BpallaeMblii future mepemeHHoi1, Bo3Bpalae-
MOe 3HAUeHMe TYT Ke OyIeT YHUUTOXKEHO, 8 3TO 3HAUNT, UTO CTPOKA, HE COMlepIKalast
HMYEro, KpoMe BbI30Ba std: :async, paKTMUeCKy BBITTOMHUT YKa3aHHYIO (PYHKIINIO
CUHXPOHHO:

template<class F>

void fire_and_forget_wrong(const F& f) {
// OWWBKA! 3anyctur f B Apyrom noroke, HO 3abnokupyercs
std::async(f);

3

template<class F>

void fire_and_forget_better(const F& f) {
// NYYUE! 3anyctut £ B ApyroMm noTtoke W He 3abnokupyeT ero
std: :thread(f).detach();

}

[71aBHasI IpMYMHA BBEIEHMS TOTO OIPaHMUEHsI, IO BCEIi BUAMMOCTM, OOBSICHSI-
eTcst 6eCITOKOICTBOM, UTO ec/iu std: : async OyaeT 3amyckaTh (POHOBBIE ITOTOKM KaK
06BIYHO, 3TO TIOATONKHET JTIFOJIEN K 3/I0YIIOTPEe6IeHNIO std: : async U MOBJIeYeT I0-
sIBJIeHJE OIMOO0K, CBSI3aHHBIX C MCKaXKEHMEM CChUIOK, KaK B CJIEAYIOLIEM IIPUMEDE:

int test() {
int 1 = 9;
auto future = std::async([&]() {
i+=1;
s
// NpeacTaBuUM, 4YTO Mbl He Bbi3biBaeM 3pecb f.wait()
return i;

}

Eciu He moXuaaTbCsl MOSIBIeHMs pesynbrata B future, dyHkius test() Momia
ObI BEPHYTbH YIIpaBIeHMe BbI3bIBAIOIIEMY KOAY €Il IO €ro 3aITycKa; B 9TOM CIyJae,
KOTIZa HOBbII ITIOTOK HAKOHeI] 3aITyCTUTCSI, OH ITOIbITAETCS YBEIUUUTD [IepeMEeHHYIO
i Ha cTeke, KOTOPO¥I GOJIbIIIE HE CYIEeCTBYET. [I09TOMY, UTOOBI HE IO BEPTATh PUCKY
JIIOfied, CITIOCOOHBIX HAMMCATh TaKOM OLUIMOOUYHBIN KO, KOMUTET II0 CTaHIApPTM3a-
MM PelI, 4To std: :async JAOJKHA BO3BpamaTh future co crienyajbHbIM «BOJI-
11e6HBIM» TECTPYKTOPOM, KOTOPbIit aBTOMAaTUUECKM TIPUCOEIMHSIET CBOJ TTOTOK.

Kaxk 6bI TO HU OBLTIO, HO 3JI0YIOTpebIeHNe std: : async IPeaCTaBisieT MpobdaemMy
eltie 1o 1eJIoMy psiny puuyH. Camast CyIeCcTBeHHas M3 HUX — BO BCEX MOTMY/ISIPHBIX
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OIlepalOHHBIX CUCTeMaX TUII std: : thread IIpe[CTaBiIsIeT IIOTOK S4pa, TO eCTh I10-
TOK, pab0TO# KOTOPOTO YIIPaBJISIeT SIAPO OIlepayIOHHO cucTeMbl. II0CKOIbKY oIte-
palLOHHbIe CUCTEMbI MMeIOT OrPaHMYeHHbIe PeCypChbl, KOTOPbIe MOKHO HallpaBUThb
Ha yIIpaBJjieHMe TTOTOKaMU, KOIMYeCTBO ITOTOKOB, NOCTYIHBIX OLHOMY IIpOLleccy,
3HAUNTETHHO OTPAHMYEHO: YaCTO He 60siee HECKOMBKIX JTeCSITKOB ThicsTd. Ecu uc-
[I0/Ib30BaTh std: :async B POIU AycIieTyepa IIOTOKOB, TIOPOKAAOLIEero HOBBIN I10-
TOK std: :thread, Korja MosIBISIETCS] HOBAsl 3a/1a4a, MOKHO OBICTPO CTOJIKHYTHCS C
OLIMOKOIT McYepIIaHus TIOTOKOB SIpa. B 3TOi cUTyaImu KOHCTPYKTOP std: : thread
HavyHeT BO3OYKZaThb MCKIIOUeHMS] TUIIA std::system_error, OObIYHO C TEKCTOM
Resource temporarily unavailable (Pecypc BpeMeHHO He[JOCTYIIeH).

Co3paHue cBoero nyna NnOTOKOB

Ecnu ucrionb3oBath std: :async [IJIs CO3[aHMSI MOTOKA, KOT/A TOSIB/ISIETCS] HOBast
3ajJjlaua, eCTb PUCK MPEBbICUTh YMCIO MOTOKOB SiAipa, JOCTYITHBIX Ipolieccy. bosee
YOAuHbI/ CITOCOO OpraHM3aluy MMapa/UIeJIbHOTO BBITONTHEHNMS 3a1a4 — MUCIIONIb30-
BaTh NyJ NOMOKO8, HEOONbIIOE KOIMYECTBO «pabOUMX IMOTOKOB», €OMHCTBEHHO
paboTOoit KOTOPBIX SIBJISIETCST BHIMIOTHEHME 3a/1ay, TIepeIaBaeMbIX ITPOTPAMMMUCTOM.
Ectu uncto 3aav mpeBbICUT UYMCIO PaboUMX ITOTOKOB, U30blMOUHble 3a1aul TIOMe-
IAIOTCS B pabouyio ouepeds. 3aBePIIMB BITIOTHEHNE OUepeqHON 3amaun, pabounit
ITOTOK MPOBepsieT pabouyio ouepeb U M3BJIEKAeT U3 Hee CJIeAYIONIYIO 3a1auy.

DTO XOPOIIIO M3BeCTHAas Uaesl, HO OHa [0 CMX TIOP He BK/IIOUeHa B CTaHAApPTHYIO
6mubmoTexy. OMHAKO MOKHO OObeIMHUTD UAEN, TTPEICTaBIEHHbIE BBIIIE B 9TOI I71a-
Be, M peann30BaTh CBO MyJ IMTOTOKOB. Jlaiee s pacCKasky O IMIPOCTOI, MyCTh He CaMO
MIPOM3BOIUTEIHHOI, HO 3aTO ITOTOKOOGE30ITaCHO U MPaBUIbHOM BO BCEX CMbIC/IaX
peanusanuy Iysa MoTOKOB. [Tocie 3TOro Mbl 06CYIMM HEKOTOPbIE ONTMMMU3AIINM,
KOTOpbIe TTOMOTYT MMOBBICUTD ITPOM3BOIUTENHHOCTD.

HauHewM c uneHa-IaHHbBIX. [laiee MbI GyzieM CIeIoBaTh ITPaBUTY, COIIACHO KOTOPO-
MYy BCe TlaHHbIe, yIIpaBJisieMble MbIOTEKCOM, TOIKHBI HAXOAUTHCS PSIIOM, B OTHOM BU-
IMMOM IPOCTPAHCTBE; B JAHHOM C/Ty4yae MCII0/Ib3yeTcsl BJIoykeHHasl CTpyKTypa. Takke
MbI 6yIeM MCITOb30BaTh std: : packaged_task<void()> Kak TUI GYHKIVM, JOITYC-
Kalollleit TOMbKO BO3MOKHOCTh IlepeMellleHIsT; eCii B BallleM ITPOeKTe yke MMeeTCsI
TaKo¥i TUIT QYHKIINM, MOKETE UCITOIb30BaTh ero. EC/i y Bac HEeT TaKOTO TUIIA, 5 Ipe-
Jlararo BOCIIOb30BaThCST TUIIOM folly: : Function u3 6ubmmoteku Folly mmy Tumom
fu2::unique_function, paspaboraHHsiM [JeHncom baankom (Denis Blank):

class ThreadPool {
using UniqueFunction = std::packaged_task<void()>;
struct {
std: :mutex mtx;
std: :queue<UniqueFunction> work_queue;
bool aborting = false;
} m_state;
std: :vector<std::thread> m_workers;
std::condition_variable m_cv;
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[TepemeHHast work_queue OyleT XpaHUTh 3aJIaHMsI, TOCTYTIaoIVe u3BHe. [Tepe-
MEHHas-ulleH m_state.aborting NMOJYyYUT 3HAUYEHME true, KOIJa MIpUAET BpeMs
BCceM pabouMM TOTOKaM OCTAaHOBUTb PabOTy M «OTIPABUTHCS JTOMOI HA OTHBIX».
m_workers XpaHUT caMy paboune TIOTOKHM; a m_state.mtx ¥ m_cv CIYKAT JJIsT CUH-
xpoHu3aryu. (BobIyio YacTh BpeMeH!, B OTCYTCTBME 3aJaHunii, paboune MOTOKU
6ynyT criaTh. Korma mossBUTCSI HOBOe 3a/jaHKe ¥ HaM IIOHaJ00UTCS pa3byanTb pabo-
Yyie TIOTOKY, MBI CMOKEM CJIlesIaTh 3TO, YBEOMMB UX [TOCPELCTBOM m_cCV.)

KoHcTpykTop ThreadPool co3maeT pabounie MOTOKY U 3aIOTHSIET BEKTOP m_wor -
kers. Kaxxmpiit pabounii mOTOK GyIeT BbITOTHATh QPYHKIMIO-WIeH this->worker_
Loop( ), KOTOPYIO Bbl YBUANTE Jlajiee:

public:
ThreadPool(int size) {
for (int i=0; i < size; ++i) {
m_workers.emplace_back([this]() { worker_loop(); 1});
}
}

Kak ob6einanoch, JeCTpyKTOp IpMCBaMBaeT WieHy m_state.aborting 3HaueHue
true U 3aTeM JKOeT, [I0Ka BCe ITIOTOKY 3aMeTsT M3MeHeH)e M IIPeKPATIT BbIIIO/IHEe-
Hue. O6paTuUTe BHMMAaHME, UTO UTEHME m_state.aborting MpOU3BOAUTCS MO, 3a-
LIUTOM m_state.mtx; MbI CTapaeMcsl C1e0BaTh IpaBWiIaM JIMYHON TUTUEHBI, UYTO-
ObI 136€e3KaTh MOSIBJIEHMS KYUKOB B Kofe!

~ThreadPool() {
if (std::lock_guard lk(m_state.mtx); true) {
m_state.aborting = true;

3

m_cv.notify_all();
for (std::thread& t : m_workers) {
t.join();
}
}

Tenepb MOCMOTPUM, Kak I06aBJISITh 3aJaHMs B pabouyio ouepensb. (3mech He T10-
Ka3aHO, KaK 3aJaHysI M3BJIEKAIOTCS U3 Ouepenn, — STy OIlepalyio Bbl YBUINUTE B
dyHKIMM-uIeHe worker_loop.) DTO IIPOCTO: AOCTYI K m_state JOJKEH IIPOU3BO-
IUTHCST TOJIBKO ITOJ, 3all[MTOM MBIOTEKCA, a Iocie JoOaBIeHMs 3aaHNUsI B oUepeb
HYKHO BbI3BaTb m_cv.notify_one(), YTOObI pa3OoyauTb OIMH 13 CBOOOIHBIX pabo-
YMX [OTOKOB [IJISI BHIIIOJTHEHMSI 3aTaHMSI:

void enqueue_task(UniqueFunction task) {
if (std::lock_guard lk(m_state.mtx); true) {
m_state.work_queue.push(std: :move(task));
1

m_cv.notify_one();

3
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A Temepb cam pabounit HUKI. ITO — QYHKLUMI-WIEH, KOTOPYIO BBIIOIHSIOT BCE
paboune TTOTOKU:

private:
void worker_loop() {
while (true) {
std::unique_lock lk(m_state.mtx);
while (m_state.work_queue.empty() && !m_state.aborting) {
m_cv.wait(lk);

3

if (m_state.aborting) break;

// BbITONKHYTb cnepywuee 3afaHue MoA 3aXMTON MbHTEKCA.
assert(!m_state.work_queue.empty());

UniqueFunction task = std::move(m_state.work_queue.front());
m_state.work_queue.pop();

Lk.unlock();

// BbinonHuTb 3apaHve. Ha 3TO MoxeT nMOTpebOBaTbCS HEKOTOPOE BpeEMSA.
task();

// Tocne BbINONHEHUS 3a[aHMA MPOBEPUTH HaNM4Me CNEeAVWEero B O4Yepeau.

b
b

O6paruTe BHMMaHNe Ha HeM30eKHbII LMK BOKPYT m_cv.wait(lk) 4 Ha TO, YTO
[0 COOOpaskeHMSIM TUTHMEHBI HOCTYIT K m_state OCYIIECTBJSETCS TOIbKO IOA, 3a-
MUTOI MbIoTeKkca. Takke OTMeTbTe, UTO Iepel (GaKTUUeCKUMM BBIITOHEHMEM 3a-
IaHMS MbI CHaUajga OCBOOOKAAEM MbIOTEKC; 3TO rapaHTUPYET, YTO GIOKMPOBKA He
OyIeT yoepsKMBaThCS M3JIUIITHE OTO, TTIOKA BBITIONHSIETCS 3amanme. Eciau He ocBo-
601UTHh GIIOKUPOBKY, TOTA HMKAKOI APYTroil pabounii IOTOK He CMOT ObI TTOJTYUUTh
ee, YTOOBI M3BJIEYb CIeAYIOIIee 3aaHNe U3 ouepeny — Mbl PaKTUUECKY UCKITIOUMIIN
6bI BO3MOXKHOCTD ITapajIeJIbHOTO BBITIOTHEHMST HECKOMbKMX 3amaHuii. Kpome To-
ro, eC/Iv He 0CBOOOAUTD GJIOKMPOBKY TIEpe HauaIOM BBITIONIHEHMS 3aJaHus, TOTAA
IIpY TIOIBITKE A00aBMUTh HOBOE 3a/laHMe B ouepenb (1151 uero TpebyeTcst mpuobpe-
CTY GJIOKMPOBKY) 3TO 3aJjaHye BbI3BAJIO ObI COCTOSIHME B3aMIMOOGIOKMPOBKY C ITPO-
IpaMMO¥i U caeano 66l HEBO3MOKHBIM ITPOIOIKEHME PaOOThI. ITO 0COOBIN CTyuait
60J1ee 001IEeT0 ITpaByJIa: HUKOIIA He BhI3HIBATD IT0JIb30BATENIbCKYIO (PYHKIINIO, yaep-
SKMBast GJIOKMPOBKY.

Hakonell, 3aBepmum Kiacc ThreadPool peanmsanyeii 6e30IacHO Bepcum
async. Haia Bepcust mo3BOJMIUT BbI3BATD tp.async(f) mis 1r060ii GyHKIMK £ 6e3
apryMeHTOB, U TaK Ke, Kak std: :async, OyaeM Bo3BpaliaTh std: : future, ¢ mo-
MOIIIbIO0 KOTOPOTO BBI3bIBAIOLIMIA KO, TIOMYIUT Pe3y/abTaT £, KOrga TOT OyAeT roToB.
B ornume ot future, Bo3BpamaemMoro 13 std: : async, Hai future MoskHO 6e30mac-
HO UTHOPUPOBATH, €C/IV BbI3BIBAIONINIA KOJ, PEIIUT He KAATh pe3y/ibTarta, 3aJaHue
TIPY 9TOM OCTAHETCSI B OUepey i B KOHEYHOM UTOTe OYIeT BbITIOTHEHO, a Pe3Y/IbTaT
BBIITOJTHEHMSI OYIET IIPOCTO OTOPOILEH:

public:
template<class F>
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auto async(F&& func) {
using ResultType = std::invoke_result_t<std::decay_t<F>>;

std: :packaged_task<ResultType()> pt(std::forward<F>(func));
std::future<ResultType> future = pt.get_future();

UniqueFunction task(
[pt = std::move(pt)]() mutable { pt(); 3}
);

enqueue_task(std: :move(task));

// BepHyTb future pnns us3BneyeHus pesynbTara.
return future;

}; // class ThreadPool

Ncnonb3ys knacc ThreadPool, MOXKHO HamucaTb, Hallpumep, TaKOM KOZ, KOTO-
poiii cosgaet 60 000 3amanmii:

void test() {
std: :atomic<int> sum(@);
ThreadPool tp(4);
std: :vector<std::future<int>> futures;
for (int i=0; i < 60000; ++i) {
auto £ = tp.async([i, &sum](){
sum += i;
return i;

)
futures.push_back(std: :move(f));

3
assert(futures[42].get() == 42);
assert(903 <= sum && sum <= 1799970000);

3

MokHO 6bIIO ObI IMONPOOOBATh peanu30BaTh TO K€ CaMOe C ITOMOIIbIO
std: :async, HO Mbl HaBepHSIKa CTOJKHY/IMCh ObI C MCcUepIiaHMeM MOTOKOB Spa.
[Ipenpiayiiuii IpMMep UCIIOAb3YeT TOAbKO YeThbIpe IMOTOKA SA4pa, KaK MOLCKa3bl-
BaeT rapameTp KOHCTpyKTopa ThreadPool.

3amyCcTUB 3TOT KOJI, Bbl YBUAMUTE B CTAaHAAPTHOM BbIBOZe uncia ot 0 mo 42, He
06s13aTeNIbHO CIeyIole TT0 MOPSIAKY. MbI 3HaeM, UTO YMC/IO0 42 TOUHO IOJIKHO IT0-
SIBUTBCSI, TOTOMY YTO (DYHKIIMSI OTIpeieJIEHHO XXIeT TOTOBHOCTY futures[42] repep
3aBepleHNeM, a Bce MpeAllecTBYIONIME UMCIa JO/DKHBI ObITh BbIBEHEHBI, IOTOMY
4TO COOTBETCTBYIOLIVE MM 3aJaHusl MIOMELIAIOTCS B ouepenb Iepern 3agaHueM C
yyciaom 42. Uncia ot 43 10 59 999 MOryT MOSIBUTHCSI, @ MOTYT He TOSIBUTHCS, B 3a-
BMCHMOCTH OT 0COGEHHOCTE paboThl IVIAHMPOBIIMKA; [IOTOMY UTO KaK TOJIbKO 3a-
naHue 42 3aBepuintcs, QyHKIMS test 3aBepiaeTcs, YTO BbI3bIBAT YHUUTOKEHME
IyJia MTOTOKOB. JIeCTPYKTOP ITyJia, KaK MbI y3Ke BUIENIU, YBeIOM/ISIET CBOU pabounie
ITIOTOKM O HeOOXOAMMOCTY MPEKPaTUTh PaboTy MoC/Ie 3aBeplIeHNs TeKyIIUX 3ama-
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Huit. To eCTh BeCcbMa BEPOSITHO, UTO BbI YBUAUTE B CTAHAAPTHOM BBIBOZIE UYTh 6OJTb-
IIIe Y1CeJT, HO TTOC/Ie 3TOTO BCe paboure MOTOKM OCTAHOBSITCSI M OCTA/IbHbBIE 3aJaHNUS
OyIyT OTOPOIIEHBI.

KoHeuHO, ec/iu BbI TTOKeJaeTe 3a6I0KMPOBATh IeCTPYKTOP Kiaacca ThreadPool o
BBITIOJIHEHUS BCEX 3aJlaHUI, UMEIOLIUXCS B ouepenn, BaM MPUAETCS USMEHUTD KO[I
necTpyktopa. Ho 06bIYHO AeCTPYKTOP BbI3bIBAETCS MPOTPAMMOiL, IOTOMY UTO OHA
3aBeplaeT paboTy, HaIIpuMep, KOrma Bbl HakuMaeTe komouHatuio Ctrl+C. B Takom
cydae IpefriouTUTe/IbHee IIpepBaTh BhIIIOJIHEHVEe KaK MOKHO paHblile, He IbITa-
SICh OITYCTOIINTH OYepeab OOBIYHBIM MOPSAKOM. JIMUHO S TIpeaouesn 6bl JOOABUTh
dbyHKUMIO-WIeH tp.wait_for_all_enqueued_tasks(), UTOOBI IOJIb30BaTENb ITy/Ia
MIMeJT BO3MOXKHOCTh BBIOMPATh, BBITIOTHUTD JIX BCE 3aaHMsI B OUepeIy UIu IIPOCTO
CcOPOCUTD UX.

OnTumMusauma n pou3BOAUTENIbLHOCTU NyNa
MOTOKOB

Camoe y3Koe MecTO B Hallleit peasnsanuu ThreadPool — cocTsI3aHMe pabounx Imo-
TOKOB 3a 06/1alaHMe OTHUM U TeM JKe MbIOTEeKCOM, this->m_state.mtx. [IpuunHa
TaKOTO COCTSI3aHMUSI OOBSICHSIETCS TE€M, UTO JaHHBIM MbIOTEKC 3allMINaeT ouepelb
this->m_state.work_queue, K KOTOPOJ BBIHYKIEHBI 00paliaTbCsl Bce paboune
MOTOKM, UTOOBI MOMYYUTD Cllefyloliee 3amaHne. [I03TOMy YMeHBIIUTh KOHKYPeH-
LMI0 ¥ TIOBBICUTH IPOM3BOAUTENIHHOCTb IMPOTPAMMBbI MOKHO, €C/IM HAlTU CIIOCo6
pacmpeneneHus 3a5aHMI MeXIY pabounMy IIOTOKaMu 6e3 MCII0Ib30BaHMs 00Iet
LIeHTpaabHOI ouepeau.

[Ipocreiiiiee pelieHMe - [OaTh KaXKIOMY paboyeMy IIOTOKY CBOW «CIIU-
COK [ell»; TO eCTb 3aMeHUTb eNMHYI odepedb std::queue<Task> BEKTOPOM
std: :vector<std: :queue<Task>>, copepXallyM II0 OLHOMY 3JIEMEHTY IJg
Kakgoro pabouero moroka. KoHeuHO, TOorma HaM MPUIOETCS Takke O0OAaBUTH
std: :vector<std: :mutex> C MbIOTEKCOM JIJISI KaXK[I0 OTHEIbHON paboueii ouepe-
ou. OyHKIMSA enqueue_task Mora Obl pacmpenersiTh 3aaHus 0 paboumMm oue-
pensiM Apyr 3a OpyroMm (MCIOJb3ysl aTOMapHBI CUeTuMK std::atomic<int> mis
OTHOBPEMEHHO 06pabOTKM HECKOJIbKMX OUepemeit).

B kauecTBe ajbTepHAaTMBbI MOXXHO MCIOAb30BaTh CUeTUMK thread_local mjs
KaKIOTO OTHEeTbHOTO IMOTOKA, eC/IM BaM ITOCYaCTAMBIIOCh paboTaTh Ha IaTdop-
Me, TIOAJepXKMUBAIOLLIEN KIueBOoe CI0BO thread_local mu3 craggapra C++11. Ha
mnatdopmax x86-64 POSIX mocTyt K mepeMeHHO# thread_local OCYIIeCTBIISIeTCS
TIOYUTH TaK ke ObICTPO, KaK JOCTYI K 0OBIYHO I7T06aTbHOI TIepeMeHHOI1; BCe CJIOK-
HOCTH, CBSI3aHHbIE C MOATOTOBKOJ JIOKAJIbHBIX [I€PEMEHHBIX ITIOTOKOB, CKPBITHI 3a
KyJI)iCaMM U TIPEO0IeBAIOTCS TONIBKO OAVH Pas3, Py 3alycKe HOBOro moToka. Ofi-
HAaKO MOCKOJIbKY 3TU CJIOXKHOCTU MMEIOT MECTO U AO/DKHBI MOAAePXXUBAThCS CPefoit
BBITIOJIHEHVSI, MHOTHMe TIaT(GOpMBbI TTOKa He TOAIep>KUBAIOT crienduKaTop Kiacca
xpaHeHus thread_local. (Ha Tex, rme oH nopmepskuBaeTcs, 00bsiBiIeHMe thread_
local int x IOYTU 9KBUBAJEHTHO OOBSIBIEHUIO static int x, 3a UCK/IIOUEHMEM
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TOTO, YTO KOTZa KOJ 00paIiaeTcs K x Mo UMeHU, GaKTUUECKNil afgpec x B MaMsITH
3aBUCUT OT std: :this_thread: :get_id(). B npmuHuuIie, rae-To 3a KyJaucamu Cy-
IIeCTBYeT LieJIbIif MacCUB x, MHIAEKCUPYeMblil uaeHTUdUKaTOpaMu MOTOKOB U 3a-
TIOJIHSIEMBIVi Cpefoii BbINOMHeHMST C++ MIpU CO3LaHUM U YHUUTOXXEHUM ITIOTOKOB.)

CnenmyrouuM 3HAUMUTETbHBIM YCOBEPIIIEHCTBOBAaHMEM Halllero Kiacca ThreadPool
MorIa 6bI CTATh OPraHM3ALMS «KPAKU 3aIaHMUIT»: TeNepb, KOTIA KaXKIblil paboumit
IIOTOK MIMeeT CBOM CIIMCOK Jejl, MOXKeT TaK IONyYUThCS, CIyUyaiiHO MM HaMepeH-
HO, YTO OIMH PabOouMil MOTOK OKaKeTCS MePerpykeH, a APyre B 3TO BpeMs GyIoyT
MPOCTanBaTh. B TaKOM CTyyae XOTeI0Ch Obl, YTOOBI MpOCTaMUBaoIMe paboune 1o-
TOKM IPOBEPSUIM OYepely 3aHSIThIX [IOTOKOB M «KpaM» y HUX 3aaHusl, eCcyii 3TO
BO3MOXKHO. [Ipy 3TOM CHOBa BO3HMKAET COCTSI3aHMe 3a 0b1ajaHne GIOKMPOBKAMMU
cpeny pabouynx MOTOKOB, HO TOJBKO KOTJIa BO3HMKAET He3(h(HEKTVBHOCTD, BhI3BaH-
Hasl HecIipaBeJ/IMBbIM paclipeleseHueM 3afaHuii, — HeaddeKTUBHOCTb, KOTOPYIO
MBI TIBITA€MCS UCNPABUMb TIOCPEACTBOM KpaXkyl 3alaHUI.

Peann3anuio OTAEIbHBIX PAOOUMX OUepeieil u mpruemMa Kpaxku 3aIaHuit ST 0CTaB-
JISII0 YMTAaTeNIsIM KaK CaMOCTOSITe/IbHOe YIIpaskHeHMe; U HalleloCh, YTO I0C/Ie 3Ha-
KOMCTBa ¢ 6a30BOI1 peanmunsanueit ThreadPool Bac He ucniyraeT uaes USMEHUTb €ro
Y BKJIIOYUTD 3TU JOMOTHUTENIbHBIE BO3MOXHOCTH.

KoHeuHo, CyIIecTBYIOT TakoKe KJIAacChl ITyJI0B ITIOTOKOB, HaMMCcaHHbIe TTpodeccuo-
HaslaMmu. Boost.Asio, HanpuMep, COBeP>KUT OAMH TaKoi Ki1acc, M Asio HaXOAUTCS Ha
IIyTY BKJIIOYEHMS B CTaHAAPT, BO3MOXHO, faxke B C++20. Ecnu 3americTBoBaTh Boost.
Asio, Hamt kiacc ThreadPool MOT 6blI BBITJISIIETH KaK-TO TaK:

class ThreadPool {
boost: :thread_group m_workers;
boost::asio::io_service m_io;
boost::asio::io_service::work m_work;
public:
ThreadPool(int size) : m_work(m_io) {
for (int i=0; i < size; ++i) {
m_workers.create_thread([&](){ m_io.run(); 1});
}
3

template<class F>
void enqueue_task(F&& func) {
m_io.post(std::forward<F>(func));

3

~ThreadPool() {
m_io.stop();
m_workers.join_all();

3
»
Omnmcanne Boost.Asio, Kak BbI IIOHMMAETe, BBIXOAUT AAJI€KO 32 pAMKM 9TOM KHUTH.
Kaskmpiit pas, MCIOMb3YsI ITy/I TIOTOKOB, OyIbTe BHMMATEIbHBI M B 3a[auax, JI0-
6aBJIIEMbIX B OUepe/ib, HUKOIA He IPYOCTaHaB/IMBaiiTe BhIIIOJIHEHE B OKUTAHUN
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YCIIOBUIA, 3aBUCSIIMX OT APYIMX 3aaHUI B TOM 3Ke ITyJle IIOTOKOB. Knaccuueckum
IIPUMMepPOM MOXKET CIIYXKUTD 3a/1aua A, IPMOCTaHaBIMBAIOLIASICS HA YUIOBHOI Iepe-
MEHHO1 B OKMJaHMM, UTO HEKOTOpas 3asaua B mo3gHee M3MeHUT YCIIOBHYIO Ilepe-
MeHHYI0. Ect co3gaTh mmyn motokoB ThreadPool ¢ pasmepom 4, 106aBUTH B OUe-
penb yeThIpe KOMMM 3a[jaHusl A, a IIOTOM YeTbIpe KOTMU 3maHust B, 06HapyKUTCS,
4TO 3a/iaHMe B He MOKeT 3aIyCTUTHCS — YeThIpe IIOTOKA B ITyJIe 3aHSThI YeThIPbMSI
KONMSIMM 3aaHMSI A U BCce OHUM NMPUOCTaHOBWINCH B OXKUIAHUM CUTHAJIa, KOTOPBIN
HEKOMY 11oc1aTh! «O6paboTKa» 9TOro crydyasi paBHOCUIbHA HAMMCAHUIO COOCTBEH-
HO1 GMONIMOTEKM TTOAAEPKKM MHOTOIIOTOYHOTO BBITIOJIHEHMS; €CTY BBl HE XOTUTE
3aHMMATbBCS ITOM paboTOol, TOTA BaM OCTAeTCsI TOJIBKO MPOSIBUTD 3 0POBYIO OCTO-
POXKHOCTb, UTOOBI HE JOMYCTUTD MOJOOHOTO CIIeHAPUS.

Utoru

MHOronoTO4YHOCTD — CJIO’KHAsI TeMa, MOHAs HI0AHCOB U JIOBYIIEK, UTO OYeBUIHO,
TOJIBKO KOTJA OIVISIAbIBAEUIbCS Ha3a/. B 3TOV I71aBe Mbl y3HAIN:

Yro crienmdukraTop volatile Xopoul AJis paboOTHI € alapaTypoii, HO ero Heao-
CTATOYHO [1J1s1 6€30ITaCHOCTY B MHOTOIIOTOYHOM OKpY:KeHMM. Uto std: :atomic<T>
ILISI CKJISIPHOTO TuIa T (YMeIaIoIerocs B perucTpe mpoieccopa) — XOpoInii Cro-
cob mocTyna K o0IIyMM JaHHbIM 6e3 O6J0KMPOBOK M 6€3 OMaCHOCTY IONacTh B CO-
cTosTHMe TOHKM. Hambosee BakHOJ aTOMapHOV OIepalyeii sBasieTcsl oIepais
«CPaBHUTH U TTIOMEHSTh», KOTOpas Ha si3bike C++ 3aMMCchIBAeTCsl Kak compare_ex-
change_weak.

YT06bI 3aCTAaBUTH ITOTOKY 10 OUepeAy 06paliaThCs K OOIIMM HeaTOMapPHbIM JTaH-
HBIM, MbI OOBIYHO MCITONb3yeM std: :mutex. Bcerga 3ammpaiiTe MbIOTEKCHI C TTOMO-
b0 RAII-kmacca, Takoro Kak std: :unique_lock<M>.IloMHMUTE: gJake IIPU TOM, UTO
aBTOMaTMUeCKOe OompeaeleHue MabjJoHHOro aprymenTa B C++17 I0O3BO/IsIET HAM
OMyCKaTh <M> B MMeHaX 3TUX MA6JI0HOB, 3TO BCETO JIUIIb CMHTAKCHMUECKOe COTya-
IIeHue; OHM ITPOIOJIKAIOT OCTABATHCS MAOIOHHBIMM KIaCCaMM.

B cBoux mporpammax Bcerga sICHO MOKa3bIBaliTe, Kakue NJaHHble KOHTPOIUPYET
KaXkKA bl MbIOTEKC. [I7151 3TOro MpeKpacHO MOAXOST BIOXKEHHbIE CTPYKTYPBI.

std: :condition_variable mO3BOJSIET «OOXKAATHCSI» HEKOTOPOTO yC10BUS. Eciin
YCJIOBYME MOXKET HaCTYIIUThb TOJIbKO OAVH pa3, Kak, HallpMumMep, 3aBeplieHne 0ToKa,
TOTHA [JIST 9TON 1€/ BMECTO YCJIOBHOM MepeMeHHOI, BEPOSITHO, JIy4llle MCI0/Ib30-
BaTh Iapy promise/future. Ecii ycmoBue MOXKeT HACTyIIaTh CHOBA M CHOBA, IOAY-
MajiTe — MOXKHO JIM Ballly 3agauy copMy/IMpoBaTh B TEPMMUHAX IabI0Ha paboueit
ouepenn.

std: :thread BOIJIOLIAeT MAEK MOTOKA BBIMOJHEHMS. «TeKyIMM MMOTOKOM»
HeJIb3s HATIPSIMYI0 MaHMITYJIMPOBaTh MOCPEICTBOM O00beKTa std: : thread, TeM He
MeHee HeKOTOpbIe OTiepaliy BCe JKe JOCTYITHBI B BIIe OTpaHMYeHHOTO Habopa CBO-
60HBIX (PYHKIMIT B IIPOCTPAHCTBE MMeEH std: :this_thread. Hamubosee BaskHbIMM
U3 HUX SIBJISIIOTCS orepauum sleep_for u get_id. Kaxkmplii 06beKT std: :thread
BCeraa AOJIKeH MPUCOeAMHSITHCS WIM OTCOeIMHSTHCS Iepes, yHuIToxXeHrneM. OTco-
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eIMHeHe MOKET MPUTOIUTHCS TONBKO 11 (DOHOBBIX TOTOKOB, KOTOPbhIE He Tpesy-
0T SIBHOTO YHUUTOXEHUSI.

CranmapTHas GyHKIMS std::async NpUHUMaeT GYHKIUIO MK JITMOIa-BbI-
paskeHue [IJis1 BBITIOMHEHMS B HEKOTOPOM APYrOM IOTOKE M BO3BpAllaeT O6BEKT
std: : future, KOTOPBIi MMOTyUaET Pe3y/abTaT, KOraa GyHKIMS 3aBEPIIAT BbITOTHE-
Hye. CraHgaprHas peanusanys std: : async, OGHAKO, CONEPKUT (aTanbHYIO Omm6-
KY (IecTpyKTOp MPUCOeAVHSIET MOTOK; BO3MOYKHO MCUepIiaHye TTOTOKOB Si/ipa) U He
IOJIKHA VICITOb30BAThCS B TPOMBIIIJIEHHOM KOZIe, TO3TOMY JIJIsl pelieHust mpobiem
KOHKYPEHILIMM TIPeoYTUTeIbHee UCIOoNb30BaTh Mexauusm future. Vicronb3yiite
peanusaumio promise/future, mogaepsKUBalOILYI0 MeTOL, . then. JIyuiieii cautaeTcst
peanusanus B 6ubamoreke Folly.

MHOTOTIOTOYHOCTD — CIO’KHAS TeMa, ITOTHAst HI0AHCOB U MOJIBOJIHBIX KaMHe, KO-
TOpbIE CTAHOBSITCS OUEBUIHBIMY TOJBKO MTOC/TIE HAKOTIIEHMS OTTbITA.



fnaBa

OucneTyepbl namMaTH

B mpempimymmx rimaBax Mbl Bumgeny, 9To C++ MCIIBITHIBAET JIFOO0Bb ¥ HEHABUCTD K
pa3MeleHI0 JaHHbIX B IMHAMUYECKO MaMSsITH.

C omHOJ CTOPOHBI, UCMOJIb30BaHME OMHAMUYECKON IaMSTU SIBJISIETCS SBHBIM
MIPU3HAKOM «IIJIOXOTO KOZa»; MOTOHS 3@ yKa3aTelsIMU MOXXEeT YXYAUIUTb TPOU3BO-
IUTETbHOCTDb MPOrPaMMBbl, Kyuya MOXKeT HeOXXUIAHHO MCUePIaThCs (M MPUBECTU K
UCKIIIOUeHMIO TuIia std: :bad_alloc), @ pyuyHoe yIpasijieHye IaMITbi0 HaCTOJIbKO
CJIOKHO, 4TO B C++11 6bIO BBEIEHO HECKOIBKO TUIIOB «yMHBIX yKa3aTesei» mjist
yCTpaHeHMs JIOKHOCTEN (CM. ITaBy 6 « YMHBIe ykasaTenu»). B Bepcun C++, MOSIBUB-
mmecs rowte 2011 roma, 6b110 H06GABIEHO GOJBIIOE KOJMUECTBO ajarebpandeckmux
TUIIOB JAHHbBIX, He MCIOJIb3YOIINX JMHAMUYECKYI0 NaMsTh, TAK/X KakK tuple, op-
tional M variant (cM. maBy 5 «CIOBapHbIE TUITBI»), KOTOPbIE MOTYT BbIpakaTh Bia-
JleHye, He KacasiCh Ky4u.

C mpyroit CTOpOHBI, HOBbIE TUIIbI YMHBIX yKa3aTesell Mo3BoSiOT 3P GheKTUBHO
CITPaBJISITBCSI CO CJIOKHOCTSIMM, CBSI3aHHBIMM C YIIpaBjeHMeM IaMsITbiO; B COBpe-
MeHHOM C++ MOXHO 3(G(eKTMBHO BbIIEISITh ¥ 0CBOOOKIATh MMaMsITh BooOIIe 6e3
JCIIONIb30BaHMS new U delete, He omacasiChb yreuek mamMsatu. M pacmpeneneHue us
KY4Yl UCIIOIb3YeTCs «3a KyJaucaMu» MHOTMMM HOBBIMM BO3MOXXHOCTSIMU, TTOSIBUB-
mumucst B C++ (any, function, promise), IOTOMY YTO OHM MOJIb3YIOTCSI MHOTMMM
CTapbIMy MexaHu3mMaMmu (stable_partition, vector).

BosHuKaeT KOHGIMKT: KaK MOKHO MCIT0JIb30BATh HOBBIE (M CTapble) MeXaHU3MBlI,
KOTOPBbIE 3aBUCSIT OT pacnpeneneHust TaMsITU U3 Ky4dM, eCIU TIPU 3TOM YTBepKAaeT-
Cs1, 9YTO XOopoumii Kof, Ha C++ He TTOMb3yeTCsl AMHAMUYECKON TaMsIThIo Kyuun?

OO6BIYHO MpeAIIoUTeHNE CAeAyeT OTHABaTh CTAHIAPTHBIM MHCTpyMeHTam C++,
Ecin BaM Hy)keH MacCUMB 3JIEMEHTOB C BO3MOXXHOCTBIO AMHAMMUUECKOTO M3MeHe-
HMSI Pa3MepOB, BbI 10 YMOTYaHMIO TO/DKHBI MCMOJIb30BaTh std: : vector, eCIu mpu
39TOM He BO3HUMKAKOT HempueMieMble U3IEePKKM MpomusBoauTenbHocTu. Ho cyine-
CTBYET TaKKe Ipyrasi IpyIia MporpaMMIUCTOB, CO3JAI0NIMX ITPOrpaMMHOe obecre-
YeHue [AJ151 BBITIOJTHEHNSI B OKPYKEHMSIX C OYeHb OrPaHMYEHHBIMI PecypcaMiu, Kak,
HampumMep, MporpaMMHOe obecIieueHne yIpaBIeHus TI0JIeTOM, KOTOPbIe HOIKHbI
u36eraTh MCIIO0JIb30BAHUST IMHAMMUYUECKONM HMaMSITH 10 OJHOV IIPOCTO IMPUYMHE: B
UX OKPYKeHMSIX HeT «Kyun»! B Takux BCTpanBaeMbIX CMCTEMAaxX BCSI pacKiaajKa Ia-
MSITU OJDKHA OBITh M3BECTHA YK€ Ha 3Talle KOMITWISIMA. B HEKOTOPBIX U3 TaKUX
IIPOrpaMm IIPOCTO HE UCIIOAb3YIOTCS aArOPUTMbI, BBITIOIHSIIONIME pacIipefe/ieHue
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MaMSITU U3 Ky4Yl, — Bbl HUKOTA He CTOJKHETEeCh C IIPOo6aeMOoii McUuepIiaHus pecyp-
ca, eciM HUKOTIa He Mpuberaere K MexaHM3MaM OMHAMMUYECKOTO pacipemeneHnust
3TOro pecypca! B Ipyrux Takux MporpaMmax MCIIONb3YIOTCSI aJlTOPUTMBbI, BbITIOJN-
HSIOIIMe paclipefeieHue MaMsITh U3 Kydy, HO OHM TPeOyIoT, YTOObI «Kyda» Oblaa
SIBHO MIpeICTaB/eHa B HUX (Halmpumep, B Bue 6G0JIbIIOro MaccuBa char U QyHKIWI,
«pe3epBUPYIOIINX» U «BO3BPALIAIONINX» ITOC/IeN0BaTeTbHbIE OJIOKYU ITaMSITU B 9TOT
MacCuB).

Bbuto 661 OUeHb HEYIOOHO, ey Gbl TTOLOOHBIE TPOTPAMMBbI HE MOTJIM MCITOJb-
30BaTh MeXaHM3MbI s13bIKa C++, Takye Kak std: :vector 1 std: :any. [loaTomy, Ha-
YlMHasl CO CTaHaapTa, Bbilleainero B 1998, cranmapTHas 616/11M0TeKa TTPEIOCTaBIsIeT
MeXaHM3M MOIIEePsKKU CMOPOHHUX ducnemuepos namsimu. Korja TUIT UK aaTOpUTM
ToAAeP>KUBaeT BO3MOKHOCTD MCIT0JIb30BaTh TAKO CTOPOHHMIA AMCIIETYEP ITaMSITH,
OH JTaeT MPOrpaMMMCTy BO3MOKHOCTD SIBHO yKa3aTh, KaK 3TOT TUIT UM aJITOPUTM
OyzeT pe3epBUPOBATh ¥ BO3BPAIIATh IMHAMMUYECKYIO TAMSTh. DTO «KaK» BOIUIOIIA-
eTcsT B 00bEKT, MU3BECTHbII Kak ducnemuep namamu, Ui pacnpedeaumers (allocator).

B sTOI11 I71aBe Bbl y3HaeTe:

O Kax onpenensItoTcs MOHATUS «TUCITeTUep HaMsITU» U «Pecypc aMsITI»;

O Kak co37aTh CBOJ pecypc HaMsITH JIJisl BbIIeeHusT 6JIOKOB U3 CTaTUUECKOTO
oybepa;

O Kak ompenennTb CBOM KOHTeMHepbl, UCIO0Jb3YIOllMe HeCTaHIapTHbIN IyC-
rneTryep namMsaTu,;

O craHmapTHbIE TUITBI PECYPCOB MAMSITY M3 IIPOCTPAHCTBA MMEH std: :pmr U
MX MOJIBOJIHbIE KAMHMU;

O MHOrue U3 CTpaHHbIX 0COOEHHOCTe MOfe/IN AuceTyepoB mamMsat B C++11,
npegHas’Ha4YeHHbIX MCKJIIOYUTEIBHO OJIS1 MoalepsKKu scoped_allocator_
adaptor;

Q uTO HIenaeT TUII «IIPUYYIJIMBBIM yKa3aTejieM» U Te TaKOW TUIT MOXeT npn-
TOOUTDBCA.

AucneTtuep namMATH 06CNYXKMBaET pecypc
namaTu

YuTasi 3Ty I71aBY, BbI JOJIKHBI TIOCTOSTHHO IIOMHUTD O Pa3INUMIX MEXIY OBYMS QyH-
JaMeHTaIbHbIMM ITOHATUSAMM, KOTOPBIE 51 Ha3bIBAIO Pecypcom hamsmu (memory re-
source) 1 ducnemuepom namamu, unu pacrpepenurenem (allocator). Pecypc namsru
(9TO Ha3BaHMe B3ATO U3 COOCTBEHHO! TEPMUHOIIOTUHM CTAaHIAPTa — BO3MOXKHO, BaM
6oJiee eCTeCTBEHHBIM TTOKAXKETCSI Ha3BaHME «Kyda») — 9TO JTOJATOKUBYIINI 0OBEKT,
KOTOPBIIi MOXET BBIAENATh (parMeHTbl MaMsSTH IO 3arnpocy (0O0bIYHO U3 Gosee
KPYITHOTO GJIOKA MaMsITV, KOTOPbIi MPUHAJIEKUT CAMOMY pecypcy mamsitu). Pe-
CYpChI TaMSITH 06/1aIal0T KITACCUUECKOI 06beKTHO-OPUEHTUPOBAHHO CEMaHTHKOIA
(cm. tnaBy 1 «Kimaccnueckuii momumopdusm u 06061eHHOe TPOrpaMMIPOBAHMEY):
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BbI CO3/IaeTe Pecypc MaMsITU OJMH pa3 ¥ HUKOT/IA He KOMMPYeTe U He TiepeMelaeTe
€ro, ¥ PaBEHCTBO PECYPCOB MaMSITU OObIUHO OTIPENEISIeTCs UAEHTUUHOCThIO 0ObeK-
TOB. C APYTOii CTOPOHBI, AUCIIETYEP TTAMSTH (PACIIPEETNTENb) — KOPOTKOKUBYIIVT
IeCKPUIITOD, YKa3bIBAIOIIUIT HA Pecypc MaMsATh. JIucIeTyepbl TaMsTV TTPOSIBIISIIOT
CeMaHTUKY yKaszaTeseli: MX MOXHO KOMMPOBAaTh, IEPEMEIIATh 1 BOOOIIE Orepu-
pOBaTh UMM MOUTHU 6€3 OTPaHNYEHNH, ¥ PABEHCTBO JMUCIETYEPOB MaMITU 0OBIUYHO
OTIpefIeIeTCsI PABEHCTBOM yKa3aTesieil Ha pecypc nmamsiti. BMecTo «aucreTyuep mna-
MSITV yKa3bIBaeT Ha TAKO-TO PeCypc MaMsTH» MOKHO TakKe CKa3aTh, YTO «IUCTIET-
yep MaMsITU BCTPOEH B pecypce MaMsITi»; 9T (hpasbl B3auMO3aMeHsIeMbl.

Korma s1 6ymy pacckasbiBaTh O «pecypcax MaMsITU» U «AUCIeTyepax MaMsTi»
B 9TOIi I7IaBe, s TAKKe MOBeJaio 00 Miaesx, MpenuiecTBOBaBIIMX MM. B cTaHgapT-
HOJ1 6MOIMOTEKE UMEETCS TaKKe HEeCKOIbKO TUIIOB C MMEHAMU memoTy_resource
u allocator; BCIKMIT pa3, KOTa peub Oy[eT 3aX0AUTh 00 3TUX TUMAX, s1 Oymy uc-
MOJTb30BaTh 0(DOPMIIEHME MOHOWNPHHHBIM WpudToM. ITyCTh 3TO He COMBAET BaC C TOJ-
Ky. AHaJIOTMYHas CUTyalusl BO3HMKAIA B TIaBe 2 «VTepaTophl U IMATIA30HbI», THIe
sI pacckasbIBal 06 «uTepaTopax» U O Ture std: :iterator. KoHeuHo, Torma 6bUI0
mpoiie, MOTOMY YTO S TOBOPWI, UTO He CJIEAYeT MUCIOAb30BaTh std: :iterator B
CBOMX IIPOrpaMMax; eMy HeT MecTa B XopolieM Kojie Ha C++. B 3T0¥i r71aBe BbI y3HA-
eTe, YTO UCIONb30BaHME std: :pmr: :memory_resource 8Nn0jJHe 0NPAas0aHHO B He-
KOTOPBIX ITporpaMmax Ha C++!

HecMOTpSI Ha TO UTO ST HA3BaJ AMCIIETUEPA MMAMSITU TECKPUIITOPOM, «yKa3bIBa-
IOIMM Ha» pecypc MaMsTi, MUMeliTe B BUIY, YTO MHOTAA PECYPC MaMSITU SBJISIETCS
I06aTbHBIM CUHIIITOHOM — SIDKMM TTPYMMEPOM TaKOTO CUHIJITOHA MOKET CITYKUTh
mI06abHAas Kyda, YIIpaB/IeHNe KOTOPOil peain3yeTcs TNI06aTbHbIMM OMlepaTopaMu
new 1 delete. [Togo6HO TOMY, KaK JIIMOIa-BbIpakeHNe, «3aMbIKalolee» rJ06aab-
HYIO TIePEMEHHYI0, B JIeViICTBUTEIBHOCTY HUYETO He 3aMbIKAET, AVCIIETYED, BCTPO-
€HHbBI B ITIO0AJIbHYI0 Kydy, HE HYXXIAETCSI HUM B KaKOM COCTOSTHUU. DaKTUUeCKU
std: :allocator<T> — UMEHHO TaKOi TUII AycTieTuepa 6e3 COCTOSTHUS, HO He Gynem
3aberatb Briepen!

Ewe pa3s 06 uHtepdencax u NOHATUAX

B miaBe 1 «Knaccuueckuii moaumopdusm u 06061eHHOe TPOrpaMMUPOBaHME»
pacckasbiBanoch, uTo C++ MpensaraeT IBa, B OCHOBHOM HECOBMECTMMBIX, Crtocoba
MHTepIpeTauyu noauMmopdusma. CTaTuueckuii moaumopdnsM BpeMeHr KOMITHAISI-
LMY HA3bIBAETCSI 0000UIEHHbIM NPOZPAMMUPOBAHUEM; OH OTIVPAETCS HA BbIPaKEHMe
nonuMop@Horo uHTepderica Kak uaen o MHOXKeCTBOM BO3MOKHBIX Modesiell, a KOf,
B3aMIMOJIEICTBYIOIINIT ¢ MHTEP(DEIICOM, BHIPaKAETCSI B TEPMUHAX Wa6I0H08. [TMHaAMM-
yeckuit monumopdn3M BpeMeH! BbITIOTHeHUST Ha3bIBAeTCS KAACCUYECKUM NOAUMOP-
(u3MoM; OH OTIMpaeTcs Ha BbIpakeHue TomumopdHOro nHTepdeiica B Buae 6a308020
Klacca co MHOKeCTBOM BO3MOYKHbBIX NPOU3B0OHBIX KACCO8, A KOJI, B3aMMOJIECTBYIO-
muit ¢ MHTepdeiicoM, BbIpaXkaeTcsl B TepMUHAX BbI3OBOB 8UPMYA/IbHbIX MEMOJ08.

B 9T0ii I71aBe MbI B TIE€PBBIi (M B MOCAEIHNI) pa3 MO-HACTOSIIEMY OJIM3KO CTOJ-
KHeMCSI ¢ 00001€HHBIM MTPOrpaMMupoBaHeM. ITIOHSITh AUCIIeTYEPHI TaMSITU B C++
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HEBO3MOXXHO, He ToJApasyMeBas IBa MOHATUS Cpa3y: C OOHON CTOPOHBI, NOHSMUE
Allocator, onmpenesnsioiiee uHTepdeic, 1 ¢ IPyroit — HEKOTopasi KOHKpeTHasI MO-
desib, TaKasi Kak std: :allocator, peasin3ylomias ToBeeHe, COOTBETCTBYIOIIEe T0-
HATHUIO Allocator.

Camoe mpuMeyvaTe/ibHOe, UYTO Allocator B JelCTBUTEJbHOCTU SIBJISIETCSI Ce-
MeiicTBOM MoHSTHIT! TouHee ObLIO ObI HA3bIBATH €r0 CEMECTBOM ITOHSTUI
Allocator<T>; Hamnpumep, Allocator<int> oIpeneiseT IOHATHE «IMUCIIeTYEpaA
MaMsITV, PacIpeeNsionero o6bekThl int», Allocator<char> — «IauCIeTYEp Ma-
MSITHU, pacripefensionnii 06beKThl char», U T. I. I HanpuMep, KOHKPETHBII Kacc
std: :allocator<int> gBJIIeTCSI MOOENbIO MOHATUS Al locator<int>, HO OH He SIB-
JIs1eTcs Moenbio Iig Allocator<char>.

Kaxknprit nucnerdyep Tuna T (Kaskaplii Allocator<T>) NO/MKeH UMeTh (QYHKIIUIO-
YJIeH ¢ MMeHeM allocate, TaKyIo Kak a.allocate(n), BO3BpaIllalOIIyIO YKa3aTelb
Ha 6JI0K TTaMSITU C 06beMOM, TOCTATOYHBIM JIJIST XpaHEeHMsT MaccuBa 1 06bEKTOB TH-
ma T. (3TOT yKasaresb OymeT Ipuo6peTaThCs C MTOMOIIIBIO pecypca MaMsITH, BKITIO-
yaromniero 3k3emMIuisip aucierdepa mamsatu.) CTaHIapT He yKas3bliBaeT, AOJKHA JIU
dbyHKUMSA-uIeH allocate 6bITh CTATUUYECKONM M ITOJKHA Y OHA IPUHMUMATh TOUYHO
OO VH mapameTp (n) MU MOXET IPUHUMATh KaKye-TO LOIIOJIHUTEIbHbIE ITapaMeTpbl
CO 3HAUEHMSIMU 10 YyMOTYaHMI0. [ToaTOMy 00a C/IeAyIoIyX Ki1acca TUIIOB B 9TOM OT-
HOILLUEHUU SBJISIIOTCS JOIIYCTUMBIMU MOLens My Al locator<int>:

struct int_allocator_2014 {
int *allocate(size_t n, const void *hint = nullptr);

};

struct int_allocator_2017 {
int *allocate(size_t n);

};

Kiacc, 0603HaueHHbIIT Kak int_allocator_2017, mpeacTaBisieT, OYeBUIHO, 00-
Jiee npocmyi Mogzenb Allocator<int>, HO int_allocator_2014 TOXe peann3yeT
MIPaBWIbHYIO MOIENb, U B 000MX CJTyyasx BbIpakeHMe a.allocate(n) OymeT mpu-
HMMAaTbCSI KOMIWISITOPOM; M 9TO BCe, YTO HaM HY)KHO, KOTZIa MbI TOBOPUM 06 0006~
WEHHOM NPO2PAMMUPOBAHUU.

B knaccuuyeckom nonmMopduame, HaIIPOTUB, Mbl orpeaeisieM GUKCUPOBAHHYIO
CUTHATYPY IJIsI KaXKIO0T0 MeToa 6a30BOro Kjacca, M IIPOM3BOAHBIM KjIaccaM He Io-
3BOJISIETCSI OTKIIOHATHCS OT Hee:

struct classical_base {
virtual int *allocate(size_t n) = 0;

};

struct classical_derived : public classical_base {
int *allocate(size_t n) override;

};
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B mpousBogHOM Kiacce classical_derived He MOMYYMUTCSI BOOABUTH [OTIOJN-
HUTeJbHbIe TTapaMeTphl B CUTHATYPY MeTofa allocate; MOMYUUTCS U3MEHUTD TUIL
BO3BpalllaeMoro 3HaUeHusI; MOMYUNUTCS CoenaTh MeTo, CTaTUuYeCKuM. B kiaccuye-
CKOM nonumopousMe nHTepdeiic «<0TIMBaeTCs B TPAHUTE», B OT/IMYYE OT 060061 eH-
HOTO IPOrpaMMMUPOBAHUS.

[TocKONbKY «OTIUTBIN B TpaHUTE» KJIAaCCUUYecKuit MHTepdeic serye onmucarb, YyeM
6oJiee MMUPOKMIT KOHILIENTYaJIbHBI, Mbl HAUHEM Hallle 3HAKOMCTBO C OMOIMOTEKOI
IUCIIeTUYepOB MaMSITH C COBepIIeHHO HOBOTO, MosiBuBIIerocs B C++17, kiaccuuecku
MOMMODP(HOTO memory_resource.

OnpepeneHune Kyuu € NOMOLLbIO
memory_resource

Hanomuio, yTo Ha mwiaTgopMax ¢ OrpaHMYE€HHbIMM PeCcypcaMy Mbl He MOKEM JC-
MOJIb30BaTh «Kyuy» (HallpuMep, IOCPENCTBOM new U delete), MIOTOMY UTO cpefia
BBITIOJTHEHYST TAKOJ TIaTGOPMbI MOKET He MOAIEPXKMBATD pacIipeeNeHye U3 Iu-
HaMMYeCKo# maMsiti. Ho MbI MOXKEM CO3JaTh CBOIO MaJIEHbKYIO Ky4y — HE «Kyuy», a
BCETO JIMIIb «KyUKy» — i CMOJE/IMPOBATh pacipeneieHye TMHaAMUYEeCKOl MaMsITH,
HaIMCaB Tapy (QYHKUMIA, BHIAEISIONNX M OCBOOOKIAIOIINX 3ape3epBUpPOBaHHbIE
OJIOKM TIaMSITH M3 GOJIBIIIOrO CTATUMYECKOTO MacCuBa TUIIa char, HallpUMep TaK:

static char big_buffer[10000];
static size_t index = 0;

void *allocate(size_t bytes) {
if (bytes > sizeof big_buffer - index) {
throw std::bad_alloc();
3

index += bytes;
return &big _buffer[index - bytes];

3

void deallocate(void *p, size_t bytes) {
// cbpocutb

by

YTo6bl COXPAHUTH KOJ MaKCMMAaabHO MIPOCTBIM, 5 omnpenmenna deallocate Kak
mycTyto GyHKIMIO. DTa MaJieHbKasi Kyda TO3BOJIUT BbI3bIBAIOIIEMY KOAY BbIIETUTD
nmo 10 000 6aiiT mamMsITH, IOC/Ie Yero HauyHeT BO3OYKIaTh MCKIIOUeHMs bad_al-
Locfrom.

[IpuI0sKUB UyTh GOJbIIE YCUIIMIL, MOXKHO TTO3BOJIUTDH BbI3BIBAIOIIEMY KOy He
TOJIBKO BBIIEJISTh, HO ¥ OCBOOOXKIATh MaMSITh 6€CKOHEUHOE YMC/IO0 pas, Ipu yCIo-
BUU, UTO OOIIIMIT 00beM BbifeJeHHOi naMsaT He mpeBbicuT 10 000 6aiiT 1 BbI3bIBA-
IOIIVIT KO HEYKIIOHHO CIeIyeT IPaBUTy «ITOC/IeIHMIT BbIIeIeHHbII 0CBOOOKIAETCS
IIePBBIM»:
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void deallocate(void *p, size_t bytes) {
if ((char*)p + bytes == &big_buffer[index]) {
// ara! vHOeKC MOXHO OTKPYTWUTb Haszan!

index -= bytes;
} else {
// cbpocuTb
1
)

CaMbIM CyIeCTBEHHBIM MOMEHTOM 3[I€Ch SBJISIETCS HAJIMUMeE Y Hallleil Kyuu He-
KOTOPOTO COCTOSIHMS (B JAHHOM ciydae big_buffer u index) U mapbl QYHKIMIL,
YIIPaBJISIOIIMX 3TUM COCTOSIHMEM. MbI yXe BuOeau OBa BO3MOXKHBIX BapuaHTa
peanusaly 0CBOOOXKIEHMSI — €CTh U APyriie BO3SMOKHOCTHM, C JTOTIOJTHUTEIbHBIM
OBIIMM COCTOSIHMEM, He HACTOIbKO IOJBEpsKeHHbIE «yTeukaM», — HO MHTepderic,
curHatypsl QyHKIMI allocate u deallocate, OCTAeTCS IMOCTOSIHHBIM. OTO TOBO-
PUT O TOM, UTO COCTOSIHME U (YHKIMM AOCTYIIa MOKHO 3aBEPHYTh B 00beKT C++;
a MMPoOKOoe pa3sHOooOpasye BO3SMOXKHBIX pealn3allyii TUTIOC ITOCTOSTHCTBO CUTHATYP
(byHKIIMII ITpeoaraeT, YTO Mbl MOSKEM MCIIOb30BaTh HEKOTOPYIO (GOPMY K1acCu-
YeCKoro MmoamMopdnsama.

Mogens gucrietuepa namsatu B C++17 mocTtpoeHa MMeHHO Tak. CTaHOapTHas
O0ubIMOTeKa MPeIoCTaB/IseT OoNpeAe/ieHNe KiIaccuuecky moanMmopdHoro 6a3oBoro
Kjacca, std: :pmr: :memory_resource, a Mbl Ha €0 OCHOBE peajn3yeM CBOI Ma-
JIEHbKYI0 Ky4yy B IPOM3BOOHOM Kiacce. (Ha rnmpakTuke MOXXHO MCIIONIb30BaTh OAVH
13 MPOU3BOIHBIX K/IaCCOB, MMEIOIIMXCS B CTAHAAPTHONM OMOIMOTEKe, HO AaBaiTe
CHayvajia 3aKOHYMM Halll MaJIeHbKII1 IIPMMe] ¥ TOJIbKO ITOTOM ITOTOBOPUM 06 3TOM.)
bBasoBblii kK1acc std: :pmr: :memory_resource OINpene/ieH B CTAaHLAPTHOM 3arojioB-
Ke <memory_resource>:

class memory_resource {
virtual void *do_allocate(size_t bytes, size_t align) = 0;
virtual void do_deallocate(void *p, size_t bytes, size_t align) = 0;
virtual bool do_is_equal(const memory_resource& rhs) const = 0;
public:
void *allocate(size_t bytes, size_t align) {
return do_allocate(bytes, align);

b

void deallocate(void *p, size_t bytes, size_t align) {
return do_deallocate(p, bytes, align);
3

bool is_equal(const memory_resource& rhs) const {
return do_is_equal(rhs);
3
¥

O6paTuTe BHMMaHMe HA MHTEPECHYIO MTPOCIONKY MEXKIY OOIIeAOCTYITHbIM WH-
TepdeiicoM K1acca ¥ BUPTyaIbHOI peany3anyeii. O6bIYHO, cJIeaysl IO ITyTU KJIacCu-
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YeCKOro noauMopdusmMa, y Hac ecTb TOJIbKO OIMH Ha60pOB METOI0B, OTHOBPEMEHHO
006IIIeIOCTYITHBIX ¥ BUPTYaIbHbIX; HO B JAHHOI CUTyaIlMM Mbl IMeeM OOIeqOCTyII-
HbIIi, HEBUPTYa/IbHBIN MHTepdeic, KOTOPbIi BbI3bIBAET IIPMBATHBIE BUPTYaJIbHbIE
meTopbl. Takoe oTneneHne uHTepdeiica OT peannsaly MMeeT HeCKOIbKO HeSICHbIX
npenMyinects. Harmpumep, OH He IIO3BOJISIET B JOYEPHUX KJIACCaX BBITIOJIHITh BbI30-
BbI this->SomeBaseClass::allocate() C MCIIOAb30BaHMEM CHMHTAKCHCA «IIPSIMO-
T'0 BbI30Ba BUPTYaJbHBIX METOIOB HEBUPTYaTbHBIM CIIOCOG0M», HO, UECTHO FOBOPSI,
[JITaBHBIM TTPEVMYIIECTBOM JJIS1 HaC SIB/ISIETCS TOT (aKT, UYTO, OTIPeIesisisl POM3BO/I-
HBIii KJIacc, MbI BOOOIIE HE MOXKEM MCIT0/Ib30BaTh K/II0OUEBOe CJI0BO public. Tak Kak
MbI OIpeieisieM TOJbKO peanudayuio, Ho He uHTepdelic, BeCb HaMMCAHHBIN HAMU
KO, MOKeT ObITb IIPMBAaTHBIM. BOT TpUBMAJIbHBIN MIPUMeEP MaJeHbKOM Kyuu, ITOM-
BepPKeHHOM yTeuKaM:

class example_resource : public std::pmr::memory_resource {
alignas(std::max_align_t) char big_buffer[10000];
size_t index = 0;
void *do_allocate(size_t bytes, size_t align) override {
if (align > alignof(std::max_align_t) ||
(-index % align) > sizeof big_buffer - index ||
bytes > sizeof big buffer - index - (-index % align))

{
by

index += (-index % align) + bytes;
return &big_buffer[index - bytes];

throw std::bad_alloc();

3

void do_deallocate(void *, size_t, size_t) override {
// cbpocuTb

3
bool do_is_equal(const memory_resource& rhs) const override {
return this == &rhs;
3
b

O6paruTe BHUMAaHMe, UTO CTaHAApTHAs (YHKIUSA std::pmr::memory_reso-
urce: :allocate MPUHMMAET He TOJBKO pa3Mep B 6aiiTax, HO TaKKe IIAr BbIPaB-
HUBaHUS. MbI TOJIKHBI TAPaHTUPOBATH, UTO JIIOOOI yKa3aTesb, BO3BpAIllaeMblii 13
do_allocate, MUMeeT COOTBETCTBYIOIIlee BbIpaBHMBaHMe,; HAIIpMMep, €CIy BbI3bIBa-
0NN KOJI TUTAHUPYET XPAHUTD B MAMSITU YKCJIO int, Mbl BbIE/ISIEM HEOOXOAVMbI
006beM, TPV 3TOM OH MOXET ITOTPe6OBATh UeThIpex6aiiTHOE BhIpaBHMBAHME.

Ilocnenunee, 4TO ClemyeT OTMETUTb B HalleM IIPOM3BOLHOM Kiacce example_
resource, — OH IpefcTaBisieT GakTUUecKue pecypchl, yripapiiseMble Halleil «Kyd-
KOJi»; TO €CTb OH (JaKTUYECKY COTMEPKUT, BlaieeT 1 yrpasisieT 6ydhepombig_buffer,
13 KOTOPOTO BBIJESIET TaMsTh. [|jisl Io60ro AaHHOoTro 6ydepa big_buffer B Halleil
nporpamme OyzeT CylLiecTBOBAaTh TOIbKO OAVH O0OBEKT example_resource, yrpas-
JIsToyic aTuM 6ydepom. Kak yske TOBOPUIIOCH BbIIIEe: OOBEKTHI TUTIA example_re-
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source SIBJISIIOTCS «peCypcaMy IaMsITI», U, C/IeIOBATeIbHO, OHU He IPeTHA3HAUEHbI
IUTSI KOTTMPOBAHUS WJTU TIepPeMEIeHNs ; OHY MTOIIEPSKMBAIOT KJIACCUYECKYIO 0OBEKT-
HO-OPMEHTUPOBAHHYIO MOJIEJb U He TIOAePKUBAIOT CEMaHTUKY 3HAUEHMSI.

B cTaHgapTHOI 6MGIMOTEKE €CTh HECKOIBKO Pa3HOBUIHOCTE!N PEcypcoB Mamsi-
TU ¥ BCE OHMU SIBJISTIOTCSI TPOM3BOIHBIMMU OT std: :pmr: :memory_resource. [laBaiiTe
MMO3HAKOMMMCSI C HEKOTOPBIMMU U3 HUX.

Ucnonb3oBaHue CTAHAAPTHbLIX pecypcoB NaMAaTU

Pecypchbl maMATH B CTAaHIAPTHO OGMOIMOTEKe ANSITCS Ha IBe pasHOBUAHOCTHU. He-
KOTOpbIE SBJISIOTCS HACTOSIIMMU KaacCcaMy TUIIOB, 113 KOTOPBIX MOXXHO CO3aBaThb
9K3eMILISIPbI; & HEKOTOPbI€ — «aHOHMMHBIMM» KjlacCaMM, JOCTYITHBIMU TOJIBKO Ue-
pe3 byHKIMM CMHIITOHA. [JorafaThCs, K KaKoi pa3sHOBUAHOCTY OTHOCUTCSI TOT MU
MHOJ pecypc, MOXHO, TIOJlyMaB O TOM, MOTYT JiY GBITb «pa3HbIMM» ABA IK3EMIUISIpA
TUIIA UJINM 3Ke TUII BCerga npencTaBaeH eIMHCTBEHHbIM SK3eMIIJIIPOM.

[Tpocreiimmii pecypc MaMsSITU B 3aTOJOBKe <memory_resource> SIBJISIETCST «aHO-
HMMHBIM» CMHIJITOHOM, JOCTYIIHBIM Uepe3 std: :pmr: :null_memory_resource().
OmnpeneneHne 3TOM PYHKINUM BBIJISIIAT IPUMEPHO TaK:

class UNKNOWN : public std::pmr::memory_resource {
void *do_allocate(size_t, size_t) override {
throw std::bad_alloc();
3

void do_deallocate(void *, size_t, size_t) override {}
bool do_is_equal(const memory_resource& rhs) const override {
return this == &rhs;

}
s

std::pmr::memory_resource *null_memory_resource() noexcept {
static UNKNOWN singleton;
return &singleton;

by

O6paTuTe BHMMaHMe, YTO (PYHKIVS BO3BpallaeT yKa3aTelb Ha 9K3eMIUISIP CUH-
iToHa. Kak mpaBuiio, 06beKThl std: :pmr: :memory_resource YIPaBISIOTCS C MO-
MOIIBIO YKa3aTeJsieii, TOTOMY 4TO caMi 06BEKThI memory_resource He MOTYT Iepe-
MelaTbhCs.

null_memory_resource KasKeTCsI TOBOJIbHO GeCITONIe3HBIM; BCE, UTO OH JIeTaeT, —
BO30YKIaeT MCK/IIoUeH)e, KOTIa KTO-TO IbITAeTCS PacIipelesUTh MaMsITh C ero mo-
MomIbio. OTHAKO OH MOXKET MPUTOIUTHCS, KOT[Ia BbI HAUHETe MCIIO0Ib30BaTh 6ojee
CJIOKHBIE PeCcypChbl TaMSTH, K KOTOPBIM MbI BCKOpPE MO0 eM.

Cnenmyromnii, 60ee CIOXKHBIN pecypc MaMsiTM — CUHIJITOH, MOCTYIIHBI uepes
std: :pmr: :new_delete_resource(); /IS BbIAEIEHNUS ¥ OCBOOOKIEHUS MMaMSITU
OH MCIIOJIb3VEeT : :operator new M ::operator delete.
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Ternepb TOTOBOPUM 006 MMEHOBAHHbIX Kjlaccax TUIIOB. OHU OTIPENessioT pecyp-
Cbl, KOTZIa VIMeeT CMBICJI B OHOI IporpaMMe CO31aTh HeCKOJIbLKO PecypcoB OLHO-
ro tura. BozbmeMm [jig ripumepa Kiacc std: :pmr: :monotonic_buffer_ _resource.
OTOT pecypc NOUTY HMUYEM He OTIMYAETCS OT Hallero example_resource, KpoMe
IBYX acIIeKTOB: OH XpaHUT He OObIIOi Gydep B BUOe ujeHa JaHHBIX (B CTUIIE
std: :array), a ykasareib Ha O0bII0I Oydep, BbIIENEHHbI Ie-TO ele (B CTUIe
std: :vector). U Korga 3aKkaHUMBAeTCs TIEPBbIii 6OMBIIOI Oydep, BMECTO BO3OYXK-
IeHMS MCKTIoUeHMsI bad_alloc OH IIBITAeTCS BbIAEIUTh BTOPOi Gydep 1 HauMHaeT
pacnpenesnsTh 6JI0KY U3 3TOT0 Oydepa, TOKa He UCUePIIaeT ero; Moc/e Yero BbIAessi-
eTcst TpeTuii 6ydep... U T. II., TOKa He CTOJKHETCS C HeBO3MOKHOCTbIO BBIIEIUTD J10-
MOSTHUTENbHBIN Oydep. Kak u Hall example_resource, OH HE OCBOOOXKIAET BbIJIe-
JIEHHYIO TIaMSITh, TOKa CaM 0OBEKT pecypca He OyeT yHUUTOXEH. DTOT peCypc MMeeT
OJIVIH TI0JIe3HbIV IpefoXPaHUTeNbHBIN KIallaH: eCJIM BbI3BaTh MeTO[ a.release(),
pecypc monotonic_buffer_resource ocBOGOIUT Bce Gydepbl, yaepsK1MBaeMble UM
B IaHHBI/I MOMEHT, ITOJ00HO MeToxy clear() BeKTOpa.

CospaBasi pecypc Tumna std: :pmr: :monotonic_buffer_resource, Hy)XHO OTBe-
TUTD Ha JIBA BOIIPOCA: IIe HAXOAUTCS TepBbIit 6ydep,  Kyma 06paIiaThCs, KOraa 3TOT
6ydep 6ymet ncuepnan? OTBET Ha TEPBbBIi BOIIPOC OIMpPEIeISIeTCs Tapoit apryMeH-
TOB void* U size_t, KOTOpbIe OMMCHIBAIOT MEPBHIii Oydep (MoKeT 6bITh nullptr);
M OTBET Ha BTOPOJ BOMIPOC OIpefesseTcs apryMeHTOM std::pmr::memory_
resource*, KOTOPbI YKa3bIBA€T Ha PeCypcC «Bblllle [0 TeueHUto». Bo BTopom ap-
TyYMEHTe BIIOJIHE MOXHO IlepenaTh std::pmr::new_delete_resource(), UTOObI
BBIJIEJISITH HOBbIE GY(hepsl € MOMOIIBIO : : operator new. Takke B HEM MOKHO Iepe-
IaTh std::pmr::null_memory_resource( ), YTOGBI YCTAHOBUTH BEPXHUI TIpemesn
Ha UCII0/Ib30BaHMe NaMATU JaHHBIM KOHKPEeTHBIM pecypcoM. BOT mpumMep UCIoib-
30BaHMS [10CTIeTHErO:

alignas(16) char big_buffer[10000];

std::pmr::monotonic_buffer_resource a(
big buffer, sizeof big_buffer,
std::pmr::null_memory_resource()

)5

void *pl = a.allocate(100);
assert(pl == big_buffer + 0);

void *p2 = a.allocate(100, 16); // BbipaBHWBaHue
assert(pl == big buffer + 112);

// Tenepb ouuMCTUTb BCe pacnpepefeHHble 610KM M HayaTb CHayana.
a.release();

void *p3 = a.allocate(100);

assert(p3 == big_buffer + 0);

// Korpa 6ydep ucuepnaercs, npousonneT obpaleHue K BbIIECTOSWEMY pecypcy
// 3a nonydyeHuwem cnepywuwero bybepa... v He MONYYNT HUYErO.
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try {
a.allocate(9901);

} catch (const std::bad_alloc&) {
puts("The null_memory_resource did its job!");
}

Eciu BbI 3a6b1TH, KAKO BBIMIECTOSIIIINI PeCYPC MUCITOMb3yeT KOHKPETHBI mono-
tonic_buffer_resource, Bcerga MOXKHO BbI3BaTh a.upstream_resource(); 3TOT
MeTOJ, BePHEeT yKa3aTellb Ha BbILIECTOSIINI pecypc, mepeJaHHbIi KOHCTPYKTODY.

BbiaeneHune us pecypca nynos

[TocnenHAS pa3sHOBUAHOCTb PECYypPCOB MaMATU U3 MPeLOCTaBIsgeMbIX CTaHLAPT-
HoIt 6ubmoTeKkoit C++17 — Tak Ha3bIBaEMbIi «pecypc ITyloB». Pecypc my/oB yIpas-
JIIeT He TIPOCTO OMHUM 60MbIINM OydepoM, KaKk example_resource; U Jaxe He He-
TIPePBIBHOI IEITOUKOii 6ydepoB, Kak monotonic_buffer_resource. OH ympasisieT
MHOKeCTBaMMU «6JIOKOB» pasHbIX pa3MepoB. Bce 6I0KM 3aJaHHOTO pa3Mepa XpaHsIT-
CS1 BMECTe B OJTHOM «ITyJie», UTO JaeT HaM BO3MOKHOCTb TOBOPUTh: «ITy/ OJIOKOB C
pasmMepoM 4», «ITyJ1 6IIOKOB ¢ pasMepoMm 16» u T. 1. Korma rmocTymaer 3ampoc Ha BbI-
neneHue 60Ka MaMsITH pa3MepoM K, pecypc ITy/JI0B ITPOCMATPUBAET ITy/1 GJIOKOB C
pasmMepoM Kk, M3BJIeKaeT OIVH U BO3BpalllaeT BbI3bIBAIOIEMY Kofy. Ecitu mys 6;10K0B
C pasmMepoMm k TyCT, TOTIa pecypc ITyJIOB IbITAETCS BBIIEIUTb OObIlle GIOKOB 13
BBIIIECTOSIIIETO pecypca. Kpome TOTO, ety IOCTyIaeT 3arpoc Ha BbIIeIeHe 6;10Ka
C OYeHb OOTBIINM pa3MepOM, JIJIST KOTOPOTO HeT CO6CTBEHHOTO ITy/a, TOTIA Pecypcy
ITyJIOB pa3pelraeTcs IepenaTh 3alIpoC HeIloCpeaCTBEHHO BhIIECTOsIIeMY pecypcy.

Pecypcel TTy710B MMEIOT AB€ Pa3HOBUAHOCTU: CUHXPOHU3UPOBAHHbIE VI HECUHXPO-
HU3UpOoBaHHble, TO eCTb 6e30TacHble ¥ Hebe30IacHble B MHOTOITIOTOYHOI cpefe. Ec-
JIU BBI coGMpaeTech 06pamiaThCst K pecypcy IyJiIoB OMHOBPEMEHHO M3 ABYX PA3HBIX
IIOTOKOB, TOIJa BaM ClIeayeT MCIIONIb30BaTh std: :pmr: :synchronized_pool_re-
source, a eCIM Bbl TOUHO HUKOITA He OyaeTe JeaTh 3TOTO U BaM HY)KHA MaKCHU-
MaJIbHas CKOPOCTb, MCIIONb3YHTe std::pmr::unsynchronized_pool_resource.
(KcraTti, std: :pmr: :monotonic_buffer_ resource Bcerma 6e30maceH B MHOIOIO-
TOYHOII cpefie; new_delete_resource() TOXe 6e30MaceH, MOTOMY UTO JeliCTBYeT
TOJIBKO IIOCPeICTBOM OIepaToOpoOB new U delete.)

KoHcTpynpys pecypc Tuma std::pmr::synchronized_pool_resource, BBHI
IOJDKHBI OTIPEIeNTATh TPY MTapaMeTpa: pasMepbl 6IOKOB B €ro Iysiax, CKOJIbKO 6J10-
KOB OH JIOJIKEH 00beAVMHUTD B «(pparMeHT», KOTAa cobupaeTcs 3alIpOCUTh OOJIbIIIe
6JI0OKOB y BBILIECTOSIIErO pecypca M caM BbIliecTosimmii pecypc. K coxkaneHunro,
CTaHIAPTHBIN MHTepdec OCTaB/IseT KelaTh JYUIIero, IpyuyeM HACTOIbKO, UTO S
TOJI0KA PYKY Ha ceppiie COBETYI0, eJIM 3TU MTapaMeTpbl AeICTBUTENbHO UMEIOT J1J1sT
BaC 3HaueHMe, peaan30BaTh CBOI pecypc, MPOMU3BOAHBIN OT memory_resource, U
BOOOIIEe He KacaThCsl BEPCUM 13 CTaHAAPTHOV 61b6moTeku. CUHTAKCHUC BIPasKEHMS
9TUX MTApaMeTPOB TaKKe He GJemneT yao6CcTBOM:

std: :pmr: :pool_options options;
options.max_blocks_per_chunk = 100;
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options.largest_required_pool_block = 256;

std: :pmr::synchronized_pool_resource a(
options,
std::pmr::new_delete_resource()

)s

O6paruTe BHUMaHME, UTO HET HUKAKOTO CII0c06a TOUHO OIPEIETUTD SKeJIaeMble
pasMepsl 6JI0KOB; 9TY XJIOMOTHI IIePeKIaIbIBAIOTCS Ha CO3/IaTelIsT pealn3alim syn-
chronized_pool_resource. Eciiv BaM 1oBe3seT, OH BbIGEPET pa3Mepbl, COOTBETCTBY-
IOIJie BAIIMM TPe6GOBaHMSIM; HO JIMYHO ST He CTajI ObI MOJIAaraThCsl Ha 3TO MPEATIO-
noskeHne. O6paTUTe Takke BHMMaHMe Ha OTCYTCTBME BO3MOKHOCTHM MUCII0/Ib30BaTh
pa3Hble BbIIIECTOSIIIVE PECYPCHI )i OJIOKOB Pa3HbIX pa3MePOB, a TAKKe OTeTbHbIN
BBIIIECTOSIIINIT «pe3epBHBIi» pecypc, KOTOPbIit UCIIONIb30BaJICS ObI 151 00pabOTKYU
3aIpoCoB Ha BblJieneHe 6JIOKOB HeOObIYHOTO pa3mepa.

[Tpouie roBopsi, B 0603puMoM OyayIieM s1 6bI BO3ZepsKaicsl OT UCII0/Mb30BaHMS
BCTPOEHHBIX KJIaCCOB, IPOM3BOIHBIX OT pool_resource. Ho cama uzesi cosgaHms
CBOMX KJIaCCOB Ha OCHOBE memoTry_resource BBIVISIAUT OUYeHb IIpMBIIeKaTeNnbHO. Ec-
JIX Bac 3a/HTepecoBasia TeMa BbIeNeHMs TaMSITU U YIIpaBIeHUSI CBOMMMU MajleHb-
KMMM Ky4yKaMU, S COBETYIO afallTUPOBATh memory_resource I0J, CBOU HYXKJbI.

Ilo cux mop Mbl TOBOPMJIX TOJIBKO O Pa3HbIX CTpaTermsx pacrpeneneHus, «Imep-
COHMGUUIMPOBAHHBIX» PA3HBIMM KIacCaMi, TPOU3BOIHBIMM OT memory_resource.
Ho HaM el1le Hy>KHO pPaCCMOTpeTh, KaK CBSI3aTh memory_resource C AJIFTOPUTMaMU U
KOHTelfHepaMu 13 CTaHAPTHOI 616MMoTeKky abaoHoB. U 7151 9TOro HaM IpuaeT-
CS1 TIOKMHYTh MUP KJIACCUUYECKOTO MonumMopdu3Ma memory_resource ¥ BepHYThCS
o6paTHO B MUp ceMaHTUKM 3HaueHust C++03 STL.

500-ronoBblit CTaHAAPTHLIMA AUCNETYEp NAMATHU

Mopenb CTaHIAPTHOTO JIMCIeTYepa MaMsITH TO/DKHA ObTa ObI ITOKA3aThCS YAUBU-
TenbHOM B 2011. [Tayiee MbI IOCMOTPUM, KaK € IIOMOIIbIO €AMHCTBEHHOro Tuna C++
MOSKHO JOOMTBCSI BCETO U3 ITePeUMCcIeHHOIO HIKe.

O VYkasaTb pecypc MaMsITH, MCIIOIb3YeMBblii I pacIipeeeHNs TaMsITH.

O CHabskaTb KaxkOblii BbIAEIEHHBI yKa3aTeab HEKOTOPbIMM MeTagaHHBIMMU,
KOTOpbIe GYAYT COMPOBOKIATD €0 B TeUEHMe BCeil SKM3HM, IO CaMOr0 0CBO-
GOXKIeHMUSI.

O Cssi3aTh 00BEKT KOHTEliHEpPA C KOHKPETHBIM PECypcoM MaMSITH ¥ TapaHTu-
POBaTh «<HEPYIIMMOCTb» 3TOJ CBSI3M — STOT 0ObEKT KOHTEHepa Bcerga oymeT
MCITONIb30BATh YKA3aHHYIO KyUy JIJIsl ITOJTyUYeHMS TTaMSITH.

O Cssi3aTh 3HaueHUe KOHTeHepa C KOHKPETHbIM PEecypCcoM ITaMsITH, UYTOObI
KOHTelHep Mor 3¢ (eKTUBHO ITepeMeIaThCs ¢ UCII0NIb30BAHMEM CeMaHTH-
KM 3HAUeHMs ¥ He 3a06bIBaJI IIPU 3TOM, KaK OCBOOOKIATh CBOE COLEPKUMOe.

O B03MOXHOCTH BBIOVPATh MEXKIY IBYMSI B3aMIMOMCKITIOUAIOII MY TTOBEAEHUSI-
MU BBIIIIE.
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O 3amaBaTh CTpaTeruio BbifieeHNs TaMsITU Ha BCeX YPOBHSIX MHOTOYPOBHEBO-
IO KOHTeltHepa, TAKoro Kak BEKTOpP BEKTOPOB.

O TIlepeornpenensTh MOHATIE «KKOHCTPYMPOBAHMSI» COIEPKMMOI0 KOHTeliHepa,
yTOOBI, HAPUMeEp, IJISI vector<int>::resize MOXHO OBIJIO OIpPemeIUTb
3HauUeHMe MO YMOTUYAHUIO JIJIT MHUIIMAIU3ALUUM BMECTO MHUIIMAIU3AIUN
HYJISIMMA.

9TO MPOCTO He3yMHOe KOIMUYECTBO I'OJI0B JIs1 OMHOTO KjIacca TUIIOB — Cepbe3HOoe
HapylleHue TIPUHLUIA eIVMHCTBEHHO OTBETCTBEHHOCTU. HO MMEHHO 3TO nenaer
MOZeJb CTAHJAPTHOTO AYCIIeTYEPa MTAMSITH; ITOSTOMY ITOIpobyeM pa306paThCst BO
BCEX 3TUX 0COOEHHOCTSIX.

Kak Bbl HaBepHSIKa MMOMHUTE, «CTAHOAPTHBIN OyMCIeTYep MaMsTh» — 3TO JIIO-
6071 KJI1acc, yOOBIETBOPSIONMNI MOHATUIO Allocator<T> IJIT HEKOTOpPOTo Tuma T.
B crangapTHO 6M6/IMOTeKe MMEeTCsI TPY TUIIA CTAaHJAPTHBIX IMCIIeTUePOB HaMSITH:
std::allocator<T>, std::pmr::polymorphic_allocator<T> M std::scoped_
allocator_adaptor<A...>.

CHauasia pacCMOTpUM std: :allocator<T>:

template<class T>
struct allocator {
using value_type = T;

T *allocate(size_t n) {
return static_cast<T *>(::operator new(n * sizeof (T)));

}

void deallocate(T *p, size_t) {
::operator delete(static_cast<void *>(p));

}

// MPUMEYAHME 1
template<class U>
explicit allocator(const allocator<U>&) noexcept {}

// NPUMEYAHVE 2
allocator() = default;
allocator(const allocator&) = default;

s

std::allocator<T> uMeeT (yHKUMM-uIeHbl allocate U deallocate, Tpe-
oyeMble upeeil Allocator<T>. HamomMHIO, UTO ceifuac Mbl HAaXOAMMCSI B KOHIIEII-
TyaJIbHOM MMpe 006006IIeHHOro mporpammMupoBanus! Knaccumuyecku momumopd-
HBIIi memory_resource TakKKe MMeeT (PYHKIMM-UIEHbl C MMeHaMu allocate U
deallocate, HO OHM BCerga BO3BpallalT void*, a He T*. (Kpome TOro, memory_
resource: :allocate() IpMHMUMAET OBa aprymeHTa — bytes 1 align, — TOrga Kak
allocator<T>::allocate() NpMHMUMAET TOJbKO OAMH apryMeHT. [lepBast mpuun-
Ha 3TOr'0 B TOM, UTO MosBJIeHre allocator<T> MpeaiecTBOBaIO MOIBICHUIO I10-
HMMaHMSI B&KHOCTY BBIPAaBHMBAHMS; HAIIOMHIO, UTO OMepaTop sizeof OGbUI yHA-
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ciepoBaH 13 C B 1980-x, a onepaTtop alignof mosiBuics Tonbko B C++11. Bropas
IIpMYMHA B TOM, UTO B KOHTEKCTe std::allocator<T> maMsaThb BbIAeNSIeTCs IS
06beKTOB THMa T, TO3TOMY BbIpaBHMBaHMeE 00s13aTeIbHO JO/DKHO ObITh alignof (T).
std: :allocator<T>He UCMHOAb3yeT 3Ty MHMOPMAILINIO, TOTOMY UTO ITOSIBUJICS paHb-
ue alignof, HO, B IpUHIKIIE, 5TO BO3MOXHO, U UMEHHO I03TOMY Allocator<T>
TpebyeT TOJIbKO CUTHATYPY a.allocate(n),a He a.allocate(n, align).)

KoHCTpyKTOp, OTMeueHHbI1 KoMMeHTapueM NPUMEYAHUE 1, urpaeT BaKHYIO POJib;
KaKIbIi AyCTIeTYep MaMATU JOJIKeH MMeTh IIabJIOHHbBI KOHCTPYKTOP. KOHCTPYK-
TOPBI, CJIeAyIolIre 3a KoMMeHTapueMm NPYMEYAHUE 2, He UTPAlOT CYIL,eCTBEHHOM Po-
JIV; eIMHCTBEHHAs MIPUYMHA, TTI0 KOTOPOJi 1 T0OaBUI UX, — €CJIM He OIPemeTnuTb UX
SIBHO, OHM OYIyT yIajeHbl ¥3-3a IPUCYTCTBUS IOTb30BAaTEIbCKOTO KOHCTPYKTOPA
(c komMeHTapyueM NPUMEYAHUE 1).

Vnes n060ro CTaHAAPTHOTO AMCIIeTUepa MaMsTy 3aK/I0UaeTcs] B BOSMOKHOCTM
MTONK/TIOUUTh €r0o uepes IMOCAeIHNIT Ia6lOHHbI TapaMeTp TUIIA K JII060MY CTaH-
IapTHOMY KOHTeliHepy (TViaBa 4 «300mapk KOHTeliHepOB»), TOC/Ie Uero KOHTeliHep
OyIeT MCII0b30BaTh €ro BMeCTO OOBIYHOTO MeXaHM3Ma JIJIsl pacipeneaeHus maMsi-
T, HE3aBUCUMO OT IIPUUYMHBL. PacCMOTpUM mipumMep:

template<class T>
struct helloworld {
using value_type = T;

T *allocate(size_t n) {
printf("hello world %zu\n", n);
return static_cast<T *>(::operator new(n * sizeof (T)));

void deallocate(T *p, size_t) {
::operator delete(static_cast<void *>(p));

3
+

void test() {
std: :vector<int, helloworld<int>> v;
v.push_back(42); // BeiBeger "hello world 1"
v.push_back(42); // BoiBeser "hello world 2"
v.push_back(42); // BeiBeger "hello world 4"
3

3mech Hall knacc helloworld<int> mogenupyeT Allocator<int>, HO MBI OITyC-
TWIM Ma6MIOHHBIN KOHCTPYKTOP. DTO HOPMAJIbHO, €C/IM OH OyIeT MCIOIb30BaThCs
TOJIBKO B I1ape ¢ vector, IIOTOMY 4YTO vector BbI[e/IsIeT TOJIbKO MacCUBbI C TUIIOM
ero sneMeHTOB. Ho mocMoTpuTe, 4TO MOAYIUTCS, €C/IM M3MEHUTh QYHKIINIO test,
KaK IT0Ka3aHO HIKe:

void test() {
std::list<int, helloworld<int>> v;
v.push_back(42);

3
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s libc++ 9TOT KOO MOPOOMUT HECKOIBKO MECATKOB CTPOK C COOBIIEeHUSIMU 06
OIIMOKAX, KOTOPbIe CBOISATCS K €IVMHCTBEHHOMY: "no known conversion from
helloworld<int> to helloworld<std::__1::_ _list_node<int, void *>>" (He-
n3BecTHoe npeobpasoBaHue M3 helloworld<int> B helloworld<std::__1:: _
list_node<int, void *>>).Kak 6bU10 MMOKa3aHo Ha puc. 4.5, B riaBe 4 «300mapk
KOHTelHepoB» std: :list<T> XpaHUT CBOM 3JIeMEeHTHI B y3JIaX, pa3sMep KOTOPbIX
6onbile pasMepa Tuma T. [ToaTOMy std::list<T> IbITAETCS BBIOEIUTH MAMSTh
He 1151 06beKTOB TuIa T, a IJIT 0ObeKTOB TUIa __list_node. A [IJIsT 9TOTO eMy HY-
SKeH OucIeTyep MnamsT, Moaenupywoummuin unew Allocator<__list_node>, a He
Allocator<int>.

BHyTpeHHe KOHCTPYKTOp std: : List<int> nmpuHuMaert Hail hel loworld<int>u
MIBITAETCS «ITePerpuUBSI3aTh» €ro, YTOObI BHIAEIUTh MaMTh IJIsI 06bEKTOB __list_
node, a He int. 3TO AOCTUTAETCS MOCPEACTBOM UAMOMBI traits class--a, C KOTO-
pOJi MBI BIIEpBbIe CTOJIKHY/IUCH B IVIaBe 2 «TepaTopsl U AMaTra30HbI»:

using AllocOfInt = helloworld<int>;

using AllocOfChar =
std: :allocator_traits<AllocOfInt>::rebind_alloc<char>;

// Tenepb alloc_of char - sTo helloworld<char>

CraHmapTHbBIN MIAGJOHHBIN Kiaacc std::allocator_traits<A> 3aKkiIiouaer
60sbII0 06beM MH(pOpPMAaUUM O TUIle AucIeTdepa A, TOITOMY ee JIeTKO TIOTy-
unTh. Harmpumep, std::allocator_traits<A>::value_type — 3TO MCEBIOHUM
TMna T, namsaThb [ji91 KOTOPOTro BbIZeseTCs OUCIIeTYepoM A; a std::allocator_
traits<A>::pointer — 3TO IICEBIOHMM COOTBETCTBYIONIETO TUITA YKA3aTess (00bIU-
HO T*).

BioskeHHbINt 1Ia6MIOH TCeBOOHMMA std::allocator_traits<A>::rebind_
alloc<U> - 3T0 crmocob «mpeob6pa3oBaTh» TUI AucretTyepa 3 T B U. DTOT pueM me-
TarporpaMMMPOBAHMS UCIIONIb3YeTCSI, YTOOBI BCKPBITD TUII A ¥ YBUIETH: BO-TIEPBBIX,
MIMeeT I A BJIOKEHHBI 1TabI0H MCceBIOHMMA A: :rebind<U>: :other (4TO ObIBa-
eT peiko), M, BO-BTOPbIX, MOXXHO JI BbIpasuTh TUIl A B hopme Foo<Bar,Baz...>
(rme Baz... — HEKOTOPBIN CIIMCOK TUIIOB, KOTOPbIIl MOXKET OBbITh ITyCThIM). Ecyii A
MOSKHO BBIPA3UTh TAKMM CITOCOO0M, Torma std: :allocator_traits<A>::rebind_
alloc<U> GymeT CIysKUTh CUHOHMMOM [ijIs1 Foo<U,Baz. ..>. C dmnocodckoit Tou-
KM 3pEHMSI B 3TOM MaJI0 CMbIC/Ia; HO Ha TIPAKTUKE 3TOT MpuUeM paboTaeT Ijist BCex
TUIIOB JMCIIETUYEPOB, KOTOPbIE BaM MOTYT BCTPETUThCS. B YacTHOCTH, OH paboTa-
eT [yist helloworld<int> — UTO OOBSICHSIET, TOUEMY HaM He MPUILIOCh BO3UTHCS
C IIpenoCTaB/IeHMeM BJIOKEHHOI'O IICeBIOHMMA rebind<U>: :other B HallleM Kjac-
ce helloworld. IlpemocTaBisisi pasymMHOe MOBeAeHME TI0 YMOJNYAHUIO, IMIAGIOH
std::allocator_traits n36aBMiI HaC OT HEOOXOAUMOCTH MUCATH MACCY TUITOBOTO
Koza. B aTom 3akioyaeTcs IpuuYKHa CyILeCTBOBaHMS std: :allocator_traits.

Bo3aMmoxXHO, BamM WMHTepecHO, IouyeMy std::allocator_traits<Foo<Bar,
Baz...>>::value_type He paboTaeT Mo YMOIYAHUIO AJis1 Bar. [IpU3HATHCS UeCTHO,
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s1.caM He 3Ha1o0. 5 He BISKY B 9TOM OOJIbINON ITpo6IeMbl, HO CTaHIapTHast 616/IMoTeKa
He feaeT 3TOro. [109ToMy KaxkKAblil TUIT IUCIIeTYepa, KOTOPBIN BbI IulIeTe (He 3a-
ObIBajiTe, UTO ceifuac peub UIET O KiIaccaX, MOIeIMpylomux Allocator<T>, a He O
KJ1accax, MPOMU3BOAHBIX OT memory_resource), JO/DKEH MPefoCTaBJISATh BIOKEHHOe
omnpeznesieHye Tula value_type, KOTOPBIN SBJISIETCS IICEBLOHUMOM 114 T.

OmHako 1ocie onpeaeneHus BIOKEHHOTO THUIIA s value_type MOXHO ObITh
YBEpPEHHBIM, UTO std: :allocator_traits BbiBeleT IpaBUIbHbIE OIIpeneleHUs I
€ro BJIOKEHHOTO TUIIAa pointer (TO eCTb T*), U const_pointer (const T*),u void_
pointer (void¥), u T. i. CenuBInMe 3a IPeIbIIYIIMM 00CYXIeHreM rebind_alloc
MOV GBI TIPEATIONIONKUTD, YTO «ITPe0Opa3oBaHMe» TUIIA YKa3aTells, TAKOTO Kak T*,
B void¥*, He 6ojiee CJIOKHO MJIM TIPOCTO, UeM «IIpeobpa3oBaHue» TUIIA AUCIIeTYepa
Foo<T> B Foo<void>, 1 6yOyT MpaBbl! 3HaAUEHMST STUX [ICEBIOHMMOB TUIIOB, CBSI3aH-
HBIX C yKa3aTeasaMU, ONpelessiioTCs MOCPeICTBOM BTOPOrO CTaHIAPTHOIO Kiacca
TpeiiTa std: :pointer_traits<P>:

using PtrToInt = int¥*;

using PtrToChar =
std::pointer_traits<PtrToInt>::rebind<char>;

// Tenepb PtrToChar wumeer Tun char*

using PtrToConstVoid =
std: :pointer_traits<PtrToInt>::rebind<const void>;

// Tenepb PtrToConstVoid umeeT Twn const void*

BaskHOCTb 9TOrO KjIacca TpeiTa CTAaHOBUTCS OCOOEHHO OYEBUIHON, KOIJa peub
3aXOIUT O CJIENYIOIIEl 00JIaCTY OTBETCTBEHHOCTM Allocator<T>: «CHAOAUTDb KaxK-
IIbIVi BBIIEJIEHHBIN yKa3aTeb HEKOTOPhIMM MeTaJaHHbIMM, KOTOPbIe OYIYT COMPO-
BOX/IATb €r0 Ha MPOTSDKEHUM BCETO XXM3HEHHOTO MKIIa».

MeTtapaHHble, CONPOBOXAAOLWME NPUYYAJIMBBIE YKAa3aTeNU

PaccmoTrpum cienyoiyro BBICOKOYPOBHEBYIO apXUTEKTYPY pecypca naMsiTu, Ha-
MOMMHaRIIero std: :pmr: :monotonic_buffer resource.

O XpaHUT CIMCOK (pparMeHTOB MaMSITH, TOJTYUYEHHBIX OT CHUCTEMBI. [IJIsT KaXKI0-
ro ¢pparMmeHTa XpaHUTCSI TAKKe index — KOJIMUECTBO 6aiiTOB, BhIZEIEHHbBIX OT
Hauajia 3TOro (pparMeHTa, 1 CUeTuMK freed — KOJMUECTBO 6aiiTOB, BO3Bpa-
IIIeHHBIX B 3TOT ()parMeHT.

O Korma Kakoii-TO KOJ BbI3bIBaeT allocate(n), yBeauumBaeTcs index ¢par-
MEHTa Ha 3aIpoIlleHHOe KOJINYeCTBO 6aifTOB, eC/ii BO3MOXKHO, UJIU Y BbIIIe-
CTOSIIIIETO Pecypca 3aIpaliBaeTcss HOBbIi (parMeHT.

O Korga kakoii-To Kop Bbi3biBaeT deallocate(p, n), BBISICHIETCSI, KaKo-
My 13 (GparMeHTOB MPUHAMJIEKUT afipec p, M YBEIUUYMBAETCS €r0 CYETUNK
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freed += n.Eciu freed == index, TOrga CUMTAETCs, UTO BeCh parMeHT
cBOOOIEH, TTO9TOMY BBITIONIHSETCS freed = index = 0.

OTO ommcaHyue AOBOJIBHO JIETKO IIpeobpasyeTrcs B MPOrpaMMHbIN Kop. EmuH-
CTBEHHas IpobieMa: Kak B deallocate(p, n) ONpenennUTb, KAKOMY 13 (pparmeH-
TOB IMPUHAAJIEKUT afgpec p?

OTO JIETKO CIIeaTh, eC/IV 3aIMCaTh UIEHTUIHOCTb (PparMeHTa B CAM «yKa3aTesb»:

template<class T>
class ChunkyPtr {
T *m_ptr = nullptr;
Chunk *m_chunk = nullptr;
public:
explicit ChunkyPtr(T *p, Chunk *ch) :
m_ptr(p), m_chunk(ch) {3}

T& operator *() const {
return *m_ptr;
3

explicit operator T *() const {
return m_ptr;

)
// ... wnT. 0.
// ... NAKC Cneayowuii JONOAHUTENbHbIN MeTOoh AOCTyMa:

auto chunk() const {
return m_chunk;
1

s

[Tocse 9TOr0 HaM OCTAHETCS TOJNBKO BbI3BATh p.chunk() B GyHKIMK deal-
locate(p, n).Ho s 3TOT0 MpuaeTcs U3MEHUTb CUTHATYPBI PyHKIMITal locate(n)
1 deallocate(p, n), yToObI deallocate mpuHMMAaIa ChunkyPtr<T> BMecTo T*, a
allocate Bo3Bpamaia ChunkyPtr<T> BMecTo T*.

K cuacTtbio, craHmapTHas 6u6amorexa C++ JaeT TaKyr BO3MOXKHOCTb! MbI TO/IK-
HbI JIXIITb OTIPeIeIUTD CBOM TUII, MOIeIUPYIOINii Al Llocator<T>, ¥ T06aBUTD B HETO
onpeneneHue Tuia pointer Kak ChunkyPtr<T>:

template<class T>
struct ChunkyAllocator {
using value_type = T;
using pointer = ChunkyPtr<T>;

ChunkyAllocator(ChunkyMemoryResource *mr) :
m_resource(mr) {}

template<class U>
ChunkyAllocator(const ChunkyAllocator<U>& rhs) :
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m_resource(rhs.m_resource) {}

pointer allocate(size_t n) {
return m_resource->allocate(
n * sizeof(T), alignof(T));
b

void deallocate(pointer p, size_t n) {
m_resource->deallocate(
p, n * sizeof(T), alignof(T));
}
private:
ChunkyMemoryResource *m_resource;

template<class U>
friend struct ChunkyAllocator;

¥

Kmacchl TpeiiToB std::allocator_traits M std::pointer_traits Iosabo-
TSITCSI O BBIBOZE APYTUX OINpeAeneHunii TUIIOB, TakMX KakK void_pointer, KOTOPBIA
6;aromapsi BOIIEOCTBY pointer_traits: :rebind MpeBpaTUTCS B IICEBIOHUM IS
ChunkyPtr<void>.

51 He cTast MPUMBOAUTD 37€Ch peanu3annio GyHKIM allocate 1 deallocate, o-
TOMY UTO OHM 3aBUCST OT MHTepdeiica ChunkyMemoryResource. Mbl MOI/IM ObI pea-
aun3oBaTh ChunkyMemoryResource IIpMMepPHO TaK:

class Chunk {
char buffer[10000];
int index = 0;
int freed = 0;
public:
bool can_allocate(size_t bytes) {
return (sizeof buffer - index) >= bytes;

auto allocate(size_t bytes) {
index += bytes;
void *p = &buffer[index - bytes];
return ChunkyPtr<void>(p, this);
3
void deallocate(void *, size_t bytes) {
freed += bytes;
if (freed == index) {
index = freed = 0;
}
3
3

class ChunkyMemoryResource {
std: : list<Chunk> m_chunks;
public:
ChunkyPtr<void> allocate(size_t bytes, size_t align) {
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assert(align <= alignof(std::max_align_t));
bytes += -bytes % alignof(std::max_align_t);
assert(bytes <= 10000);

for (autod& ch : m_chunks) {
if (ch.can_allocate(bytes)) {
return ch.allocate(bytes);

}
b

return m_chunks.emplace_back().allocate(bytes);

void deallocate(ChunkyPtr<void> p, size_t bytes, size_t) {
bytes += -bytes % alignof(std::max_align_t);
p.chunk()->deallocate(static_cast<void*>(p), bytes);

}
s

Terneps ki1acc ChunkyMemoryResource MOKHO UCIIO/Ib30BATh [J151 BbIAe/IeH U T1a-
MSITY CTAHIAPTHBIMM KOHTEHepaMu, IOAIEPKUBAIOIIMMM PaboTy C IAucIieTyepa-
MU IaMATH:

ChunkyMemoryResource mr;

std: :vector<int, ChunkyAllocator<int>> v{&mr};
v.push_back(42);

// Bcs namaTb ang BHYTpPEHHErO MacCuBa B BEKTOpe V
// 6yner nonyyeHa 13 6N0OKOB, KOTOpbMM BnageeT '"mr'.

SI BBIOpAJT 3TOT IMpUMeED, CTPEMSICh CIEJIATh €r0 KaK MOYKHO ITPOIIE U ITIOHSITHEE ; HO
COBCeM 3a0blI O JeTalsdx camoro Tuna ChunkyPtr<T>. Eciy BbI mombiTaeTech BOC-
MIPOM3BECTY STOT KO y cebsl, TO 0OHAPYKUTE, UTO JOJIKHBI COPOBOAUTD ChunkyPtr
MHOKEeCTBOM IIeperpy>KeHHbIX OIlepaTOpPOB, TAKUX KakK ==, |= < ++ -- U -; U BaM
TakKe MoTpebyeTcs OnpeneanTh Cenyaans3anyio ajas ChunkyPtr<void>, ¢ OTCyT-
CTBYIOLIMM IE€pEerpy>keHHbIM operator*. BONbIIMHCTBO 3THX AeTaleil 3HaKOMO BaM
1o miaBe 2 «/TepaTophl M AMana3oHbl», [Ie Mbl PeIM30Ba/IM IIPUMEDP CBOETrO TUIA
utepatopa. PaKTUYeCKM KaKIbI TUM «IPUIYIJIMBOTO YKa3aTesI» NOJIKEeH oA aep-
SKMBaTh BO3MOKHOCTb MCIIO/Ib30BaHMS B POJIM UTEepaTopa C IIPOM3BOIbHBIM JOCTY-
IIOM, & 3TO O3HAYaeT, YTO BbI JO/DKHBI JOOABUTD IISITh BIOKEHHBIX OIPEmeIeHUit
TUIOB, IepeUYMCIeHHbIX B KOHIIE IVIaBbI 2: iterator_category, difference_type,
value_type, pointer u reference.

HaxkoHer1, eciin Bbl mOXKenaeTe MCII0Ab30BaTh KaKMe-TO KOHKPETHbIE KOHTEHe-
Pbl, TakMe Kak std::list u std: :map, BaM IIPULETCSI peann3oBaTh CTATUUYECKYIO
(OYHKIIMIO-UIEH CO CTpaHHBIM MMeHeM pointer_to(r):

static ChunkyPtr<T> pointer_to(T &r) noexcept {
return ChunkyPtr<T>(&r, nullptr);

b

DTO CBSI3AHO C T€M, YTO — KaK paCCKa3bIBaJIOCh B IJIaBe 4 «300nap1< KOHTelHe-
POB» — HEKOTOPbIE KOHTef/IHepbl, Takye Kak std: : list, XpaHAT CBOU JAaHHBIE B y3-
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JIax, yKasarTejly prev ¥ next B KOTOPBIX JOJDKHBI MMETb BO3MOXHOCTb YKa3bIBaThb
JIu60 Ha y3eJl, BbIIEJIEHHBIN B TIAMSITH, JIUOO HA Y3eJ1, HaXONSIIUIACS BHYTPU Wjie-
Ha JIAaHHBIX CaMOro 00beKTa std::list. ECTh Ba OYEBUIHBIX CIIOCO6A HOOUTHCS
3TOTO: XPAaHUTh KaKAbII yKa3aTeslb next B BUJIe HEKOTOPOTO Pa3MEYEHHOTO 00b-
envHeHUs (tagged union) ¢ MPUYYIIMBLIM M OOBIYHBIM YKa3aTeasIMU (BO3MOKHO,
std: :variant, KaK OIMCHIBATIOCH B IVIaBe 5 «ClI0BapHbIe TUITBI») WJIM HATY CIIOCO6
3aKOAMPOBATh MPOCTOIt yKa3aTenb 8 gude MPUUYAJIMBOTO yKa3aTessl. B craHgapTHOM
6ubnmoTeke BbIOPAaH BTOPOIT moaxo. To ecTh BCSIKMIT pa3, peanusys NpUIyIUBbIii
yKasaTeJib, BbI JO/DKHBI HE TOJNIBKO CAEIATh TO, UTO TPeOyeT AMCIeTUep MamMsITh U
UTEPATOP C TPOU3BOIBHBIM IOCTYIIOM, HO TAKXKE MPEIyCMOTPETD CITOCO6 MPeICTaB-
JIEHUS TI060TO MPOU3BOIBHOTO YKA3aTe s B a[PECHOM IIPOCTPAHCTBE MPOrPaMMbI —
10 KpaliHeli Mepe, e/ XOTUTE UCIIO/Ib30BaTh OUCIETYep C KOHTEIHEpaMy, OCHO-
BaHHbBIMM Ha MCIIOJIb30BAHUM Y3JI0B, TAKMMM KakK std: : list.

Ho, mpoiiis yepes Bce 9TU CJIOKHOCTY, Bbl OOHAPYXXKUTE, UYTO (HA MOMEHT M37a-
HUSI 9TOV KHUTKM) HU libc++, Hu libstdc++ He mogmep>kUBaIOT MPUUYIIMBBIX YKa3a-
Tejleil B KOHTeliHepax, CIoXKHee ueM std: :vector. OHU 06IaJaIOT TOCTATOUHO
MOJIIEPKKOI TOJMBKO MIJIsi paboThl ¢ €AVHCTBEHHBIM TUIIOM MPUUYAIUBBIX yKa3a-
Tesei — boost: :interprocess: :offset_ptr<T>, — KOTOPBI HE COIIPOBOXIAETCS
HUKaKMMM MeTafaHHbIMKU. Kpome TOro, cTaHIapT MPOJO/DKAET Pa3BUBAThCS; TUIL
std: :pmr: :memory_resource TOJIbKO-TOJbKO MOsIBMICS B C++17 11 HA MOMEHT Ha-
MMCaHUSI ITUX CTPOK BCe ellle OCTaBAJICSI Hepeann3oBaHHBIM B libct++ u libstdc++.

B03MOYKHO, BbI 3aMETU/TU TAKKE OTCYTCTBIUE JIFOOBIX CTAHAAPTHBIX 6a30BBIX KJIaC-
COB pecypcoB NaMsITy, MUCIONb3YIOUIMX NPUIYLIMBbIe yKaszaTenu. K cyacTbio, Bbl
JIETKO CMOXKeTe HaMucaTh UX CaMU:

namespace my {

template<class VoidPtr>
class fancy_memory_resource {
public:
VoidPtr allocate(size_t bytes,
size_t align = alignof(std::max_align_t)) {
return do_allocate(bytes, align);
}
void deallocate(VoidPtr p, size_t bytes,
size_t align = alignof(std::max_align_t)) {
return do_deallocate(p, bytes, align);
}
bool is_equal(const fancy_memory_resource& rhs) const noexcept {
return do_is_equal(rhs);
}
virtual ~fancy_memory _resource() = default;
private:
virtual VoidPtr do_allocate(size_t bytes, size_t align) = 0;
virtual void do_deallocate(VoidPtr p, size_t bytes, size_t align) = 0;
virtual bool do_is_equal(const fancy_memory_resource& rhs)
const noexcept = 0;
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3
using memory_resource = fancy_memory_resource<void*>;
} // namespace my

B cranmapTHOI 6M610TeKe OTCYTCTBYIOT AVICIIETUEPBI ITaMSITH, UCIIOIb3YIONe
MIPUYYI/IVBBIE YKa3aTeNln; Bce OMOMMOTEeUHbIe JUCIIeTYePhl MCTIONb3YIOT OOBIYHBIE
yKa3aTesn.

MpukpenneHue KOHTeliHEpPA K eAUHCTBEHHOMY
pecypcy namsiTu

CrnenyioIiasi ToJI0Ba MOJIeIM CTAHIAaPTHOTO JMCIIeTYepa MaMsITh — CJIeTYIoNIas 0Co-
OGEeHHOCTb, KOTOPOI1 yIpaBisieT std: :allocator_traits — BO3MOXHOCTb CBSI3aTh
KOHKpPeTHbIe 0ObEKThI KOHTEITHEPOB C ONpeIe/IeHHBIMY KydyaMy. DTa 0COGEHHOCTD
OblIa OIMCaHa BbIIIE CIETYIONMMY TPEMS ITyHKTaMM:

QO cBs13aTh 06BEKT KOHTEIHEPA C KOHKPETHBIM PECYPCOM MaMSITH ¥ TapaHTu-
pOBaTh «HEPYIIMMOCTb» 3TOV CBSI3Y — 3TOT 0OBEKT KOHTeliHepa Bcerma oymeT
MCII0/Tb30BaTh YKA3aHHYIO KyUy JIJIsT IIOJTyUYeHMSI TaMSsITH;

O cBsA3aTh 3HAUeHUe KOHTEHepa C KOHKPETHBIM PeCcypcoM MaMsITH, YTOOBI
KOHTelHep MOT 3 dEKTUBHO ITepeMeNaThcs C MCIIOIb30BAHMEM CeMaHTU-
KV 3HAUEHMS U He 3a0bIBAJI IIPM 9TOM, KaK 0CBOOOKIATh CBOE COMIEPKMMOE;

O BO3MOXHOCTb BbI6I/IpaTb MeXOy ABYMS B3aMMOMCK/IIOUAIOIIMMM IIOBeOe-
HMSIMMU BBIIIE.

PaccmoTpuMm mipuMep, B KOTOPOM B KauyeCTBe pecypca WUCHOJIb3yeM
std: :pmr: :monotonic_buffer_resource u CBOI KJIacCc AuUCIieTYepa MaMSITU.
(TIpocTO YTOGBI BbI MOTJIM OBITH YBEPEHBI, UTO HUUETO He MPOMYCTWIN: B AeiCTBU-
TEeJIbHOCTY MbI IOKAa HE PAaCCMOTPeIM HY OJTHOTO TUTIA AUCIIeTYepa U3 CTaHAAPTHOM
6ubnmoTexru, KpoMe std: :allocator<T> — MpoOCTeNilIero gyucreTdepa 6e3 cocTosi-
HMSI, KOTOPBIiA BBIIE/ISIET ¥ OCBOOOKIAeT MaMSITh M3 ITI00aIbHO KyuM IOCPEACTBOM
ornepaTopoB new 1 delete.)

template<class T>

struct WidgetAlloc {
std: :pmr::memory_resource *mr;
using value_type = T;

WidgetAlloc(std: :pmr::memory_resource *mr) : mr(mr) {}

template<class U>
WidgetAlloc(const WidgetAlloc<U>& rhs) : mr(rhs.mr) {}

T *allocate(size_t n) {
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return (T *)mr->allocate(n * sizeof(T), alignof(T));

3

void deallocate(void *p, size_t n) {
mr->deallocate(p, n * sizeof(T), alignof(T));

}
¥

class Widget {
char buffer[10000];
std: :pmr::monotonic_buffer_resource mr {buffer, sizeof buffer};
std::vector<int, WidgetAlloc<int>> v {&mr};
std::list<int, WidgetAlloc<int>> lst {&mr};
public:
static void swap_elems(Widget& a, Widget& b) {
std::swap(a.v, b.v);
3

s

OTo Ham Kkinacc Widget — KJIacCMUecKuii OObEeKTHO-OPMEHTMPOBAHHBIN THII.
IpepmnonaraeTcsi, YTO BeCh CBO¥ SKMU3HEHHBI MK/ €T0 9K3eMIUISIP OyIeT HaXOIUTh-
Cs1 B OTpeie/IeHHO o6acTy maMsaTi. [103ToMy, UTOOBI yMEHBIIUTH (parMeHTaIIO
Ky4U U YITYYIIATD JIOK&TbHOCTD KeIlla, Mbl PN J06aBUTH 60/BINONM 6ydep B Kaxk-
Dbl 00bEeKT Widget U MCITOMB30BaTh 3TOT 6ydep Kak /s UIeHOB JAaHHBIX v U Lst.

Teneppb paccMoTpuM (PyHKIINMIO Widget: :swap_elems(a, b). OHa MeHsIeT mec-
TaM¥ YjIeHbl JAHHBIX V JBYX 3K3eMIUISIPOB, Widget a 1 Widget b. Kak pacckasbi-
BaJIOCh B TVIaBe 4 «300MapK KOHTEHEPOB», std: :vector — 3TO UyTb 6OJIbIIE, UeM
yKasaTeJib Ha MacCUB, Pa3MeIlleHHbIIl B TUHAMWYECKON MaMSITH, I03TOMY, YTOObI
MMOMEHSATh MeCTaMM ABa 3K3eMIUIsIpa std: : vector, 066/YHO JOCTATOYHO MIOMEHSITh
UX BHYTPEHHME yKa3aTesln, He TIepeMellasi CaMOTO COIePXKMMOT0 BEKTOPOB, 61aro-
Jlaps uemy omnepanys swap IJ1s1 BeKTOPOB nonydaeT 1okHOCTh O(1) BMmecto O(n).

Kpome TOro, TMI vector IOCTaTOUYHO WHTEJIEKTYaJbHbIN, YTOOBI 3HATH, YTO
KpOMe yKa3aTeJieil HyskHO TaKkKe IIOMEHSITh MeCTaMy JUCIIeTYEePhI TaMSITH, UTOOBI
mHMOopMaIMs 0 MOPSIAKE OCBOOOXKIEHMS TTaMSITH TIepeMelanach BMeCTe ¢ yKasare-
JieM, KOTOPbIii B KOHEUHOM CUeTe MOTpeOyeTcst 0CBOOOIUTD.

Ho B 3TOM Ci1y4ae, eciu 6MOIMOTEKA MPOCTO TIOMEHSIET MeCTaMy yKasaTeau U
JIUCIIeTUYepbl MaMsITH, 9TO CTaHeT KaTacTpodoii! Mbl MOTyuynM BeKTOp a.v, YbUM
BHYTPEHHMM MAacCHMBOM TeIepb OyleT «BaafeTh» b.mr, 1 HA060poT. Eciu MbI pe-
LIMM YHUYTOXUTb Widget b, TOrma npy oueperHO MOIBITKE JOCTYIIA K 3/IeMeHTaM
a.v MbI 06pPaTUMCS K OCBOOOXIEeHHO maMsiTi. Ho gaske eciiy Mbl HUKOT/AA He 6y-
IeM 06paIaThes K a. v, Hallla TporpaMma MoYTY HaBepHSIKA 3aBepIINTCS aBapuii-
HO, KOTZIa eCTPYKTOP a . v IIOIbITAeTCs BbI3BATh MeTOZ deallocate IaBHO YHUUTO-
SKEHHOT0 b.mr!

K cuacThlo, cTaHgapTHast 6MOIMOTEKA XPAHUT HAC OT TaKoii CymbObl. OqHO 13
00s13aHHOCTEI1 KOHTelfHepa C TIOAIepyKKOIi BbIOOpa AyCIIeTUepa MaMsITU SIBIISIeTCS
nepedaua 3TOTO JUcCIieTUepa B ONlepaluy MprcBauBaHus KONMPOBaHKEM U IlepeMe-
IIeHNeM, a TaKKe B orepaiuio o6MeHa Mectamu. [10 MCTOPUYECKY CTIOKUBIIUMCS
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MIpUUYMHAM 3TO 00pabaThIBaeTCs IMyTeM OIpeeeHNii TUIIOB B IIa6JIOHHOM Kacce
allocator_traits, HO Iy IIPaBMJIbHOIO MCIIOJIb30BaHMS Iepemaun gyucreryepa
IIaMATU JOCTAaTOYHO 3HATh CJIeayIoliee:

O Oygmet v TIepenaBaThCs OUCIIETUEp MaMSITU MJIM SKECTKO MPUKPEIVISITBCS K
oTpeneIeHHOMY KOHTefHepy, 3aBUCUT OT CBOVICTB muna ducnemuepa. Eciu
moTpe6yeTcst, YTO6bI OAVH AMUCIIETUEP «3aKPeIUISICS», & APYTroii epemaBa-
Cs1, BBI JO/ICHDI CTETIATh VX Pa3HBIMY TUITAMM,

O «3aKpervIsieMbIi» AVCIIeTYEP MPUKPEIUISIETCS K KOHKPETHOMY 00bEKTY KOH-
TeifHepa (KIacCUYeCKMM 00beKTHO-OPMEHTUPOBAHHBIM cItocobom). Omepa-
Iy 0OMeHa yKasaTeasiMi, KOTOPBIe [JIS1 «<He3aKPeIIsieMbIX» TUIIOB JIMUCIIeT-
YepoB MOTYT MMeTb CIOKHOCTh O(1), B «3aKpervisieMbIX» TUMAX MMOJTy4arT
wI0KHOCTB O(1), TOTOMY YTO [IJIsI [IepeH0Cca 37IeMeHTOB U3-T10[, yIIPaBIeHUs
OITHOTO AyCIeTdYepa Mo YIIpaBJieHNe IPYroro TpebyeTcss BHOBb BBIIEIUTD
TaMsITh;

O «3akperuisgeMbie» AUCIIETYEPDI MMEIOT YeTKO OYepUEHHbIN KPYT IPUMeHeHUs
(Kak B IpumMepe ¢ Ki1accoM Widget), ¥ MOCIeOCTBUS UCIIOIb30BaHMS «He3a-
KpeIuisieMbIX» AVICIIETYEPOB MHOTHA MOTYT OKa3aThCs KaTacTPOhUUIeCKUMU
(1 cHOBa BCIIOMHUTe MpuMep kinacca Widget). [TosTtomy std: :allocator_
traits Mo yMO/IYaHUIO TIpeZIionaraeT, UTo TUII AucIieTyepa maMsT sSBJIsi-
eTcsl «3aKpervisieMbIM», eC/IM He MOKET CKa3aTb, UTO OH nycmotl U IOTOMY
orpenesleHHO He umeem cocmosiHusl. [1o yMomTyaHuIo IJIsI NYCMblX TUTIOB OUC-
TeTYepoB MpeAIioiaraeTcsi HeBO3MOXXHOCTb «3aKpeIieHUsI»;

QO Kkak MNpOorpaMMMCT BbI IIOUTHU BCerga 6y,ueTe cj1eagoBaTh 3@ YMOTYaHUAMM: UIC-
IMOJIb30BATh OMCII€TYEPbI 6e3 COCTOSTHMS TaM, rge TpeGyeTCH ux repengayda, n
IMOYTM HMKOT[Aa He MCIIOJIb30BaTbh AMCIIETYEPhI C COCTOSIHMEM 3a paMKaMM
ClLieHapueB B cTuiie Widget.

Ucnonb3oBaHue aucneTyepoB NaMAaAT™™
CTAHAAPTHbLIX TUNOB

laBajiTe IMOroBOPUM O TUIIAX AUCIIETUYEPOB MaMITU, UMEIIINXCS B CTAHLAPTHOM
6ubmmoTexe.

std: :allocator<T> — TuIl gucreryepa rnamMsT 10 yMOJIYaHMIO; 3TO 3HaAUEHME I10
YMOTYAHUIO [T IA6JIOHHOTO TTapaMeTpa TUIIa TI060ro KoHTeliHepa. Hampumep, Kor-
Ila B CBOEM KoJie BbI 00BSIB/ISIETE BEKTOD std: : vector<T>, 3a KyJMcaMu KOMITMISITOD
OIpeslesINT ero Kak Tui std: : vector<T, std::allocator<T>>.Kak yxe ynommuHa-
JIOCh BBIIIIE B 3TOM I71aBe, std: :allocator<T>— 3TO MyCTO TUII, HE UMEIOILMI1 COCTO-
STHUST; OH UCIIOJIb3YeT VI0OATbHYIO Kydy IIOCPEICTBOM OTIepaTopoB new 1 delete. Tak
KakTurstd: :allocator He MMEeTCOCTOsIHUS,al locator_traitsmpenmnonaraer(Co-
BEPIIIEHHO CIIPaBeJINBO), YTO €ro Heslb3sl IPUKPENNUTD K KOHTelHepy. DTO O3Havaer,
YTO TaKue ornepanuy, Kak std: : vector<T>: :swap U std: : vector<T>: :operator=,
rapaHTUPOBAHHO OYAYT BBIMIOJHSIThCS OUeHb 3(PGEKTMBHO, MPOCTO CMEHON yKa-
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3aTesieif, IOTOMY 4TO JII060it 00BEKT THITa std: :vector<T, std::allocator<T>>
BCEraa 3HaeT, Kak 0CBOOOIUTD IMaMSITh, IPEKIE BbIIEIEHHYIO IPYTUM 9K3eMILIIPOM
std: :vector<T, std::allocator<T>>.

std: :pmr: :polymorphic_allocator<T> — HOBbIN TUII, TOSIBUBIINIiCS B C++17.
OTO HeIyCTO¥ TUII C COCTOSTHMEM ; eT0 eIMHCTBEHHbIN WieH TaHHbIX — yKa3aTeslb Ha
std: :pmr: :memory_resource. (PakKTUUECKM OH MOUYTU UIeHTHYEH WidgetAlloc
3 Haulero npumepa Beille!) JIBa pa3HbIX dK3eMIUIsIpa std: :pmr: :polymorphic_
allocator<T> He BcCerga MOI'YT OKa3aThCs B3aMMO3aMeHseMbIMY, IIOTOMY UTO UX
yKasaTe/jy MOIYT YKa3blBaTh Ha COBEPIIEHHO pa3Hble PecypChbl memory_resource;
9TO 3HAUUT, UTO OOBEKT THUMA std: : vector<T, std::pmr::polymorphic_alloca-
tor<T>> MOKeT He 3HaTh, KaK OCBOOOAUTD MMaMSTh, paclpeeeHHYI0 HEKOTOPhIM
OPYyIrMM 3K3eMIJIIpoM std: : vector<T, std: :pmr::polymorphic_allocator<T>>.
A 370, B CBOIO OUepeib, 3HAUUT, UTO std: :pmr: :polymorphic_allocator<T> gIBJs-
eTCsl «3aKpeIvisieMbIM» TUIIOM JUcIleTyepa naMsTH, TO eCTh onepanun, Takue Kak
std: :vector<T, std::pmr::polymorphic_allocator<T>>::operator=, MOIYT
MIPMBOIUTD K KOMMPOBAHMIO OOMBINNX 00bEMOB JAaHHBIX.

K ciioBy ckasaThb, JOBOJIbBHO YTOMUTEIBHO CHOBA U CHOBA MICATh IIOJTHOE UMS TU-
nastd: :vector<T, std::pmr::polymorphic_allocator<T>>.K cuacTbio, Ipoms-
BOAVTENN pean3aliuii CTaHgapTHOM 6MOIMOTeKN 3aMeTIIN 9TO U TOOaBUIU TICEB-
JOHMMBI TUIIA B IPOCTPAHCTBO MMeH std: :pmr:

namespace std::pmr {

template<class T>
using vector = std::vector<T,
polymorphic_allocator<T>>;

template<class K, class V, class Cmp = std::less<kK>>
using map = std::map<K, V, Cmp,
polymorphic_allocator<typename std::map<K, V>::value_type>>;

//

} // namespace std::pmr

Hactpoiika pecypca namMsAT1 nNo yMONHAHUIO

I'maBHOe oT/IMuMe CTaHAAPTHOTO polymorphic_allocator oT WidgetAlloc B Ha-
1iem rnpumepe — CTaHAAPTHBIN polymorphic_allocator KOHCTPYUPYETCS IO YMOJ-
YaHM10. BO3MOXHO, 3TO IpMBJIeKaTelbHAas YepTa AucneTyepa mamMsTi; OHa O3Hava-
€T, UYTO IIePBYIO CTPOKY (CM. HIMKe) MOKHO 3alMCaTh KaK BTOPYIO:

std: :pmr::vector<int> v2({1, 2, 3}, std::pmr::new_delete_resource());
// OnpepeneHne KOHKPETHOTO pecypca NamsTH

std::pmr::vector<int> vl = {1, 2, 3};
// Vicnonb30BaHMe pecypca MaMsATW MO YMOMYaHUI0
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C mpyroii CTOpPOHBI, B3IJISHYB HAa BTOPYIO CTPOKY, BbI MOXeTe CIIPOCUTh: «Ife
IeliCTBUTEIbHO pa3MelaeTcss BHYTPeHHUIT MacCUB?» B KOHIle KOHIIOB, IYCIIETUEep
MaMSITU OTIpee/IsieTCs B OCHOBHOM, UYTOOBI TOUHO 3HATh, OTKYIa OYIYT B3SThl HEOO-
XOAVIMbIe 6aiiThIITaMSITH ! BOTIIOUe MY TP 00BIYHOM CITOCO6E KOHCTPYMPOBAHMUSICTaH-
papTHoro polymorphic_allocator nepenmaeTcs ykasaTe/lIb Ha memory_resource —
(daxkTMuecKy TpearonaraeTcs, YTo 9Ta MAMOMA CTaHET HACTOIBKO OOIIeii, uTO
npeobpasoBaHme U3 std: :pmr: :memory_resource* B std::pmr::polymorphic_
allocator cTano HesBHBIM. Ho B polymorphic_allocator TOXe eCTb KOHCTPYKTOD
o ymonuanuio (6e3 aprymenToB). Co3maBast polymorphic_allocator IT0 ymoaya-
HUIO, BBI [IOJTy4YaeTe SeCKPUIITOp «pecypca maMsaTy 110 YMOIYaHMIO» — new_delete_
resource(). Ho Bbl MoOXeTe M3MEHUTb 5TO IOBedeHue! VKasaTeilb Ha pecypc
MaMSITH TI0 YMOJTYaHUIO XPAaHUTCS B IJ106aIbHOI aTOMapHOi1 (6e30macHoi B MHOTO-
IIOTOYHOI CpeJie) epeMeHHOM, yIpaBjaeHue COAePKUMbIM KOTOPOI OCYILeCTBIIS-
eTcs mocpencTBOM (QYHKIMIA std: :pmr: :get_default_resource() (BO3BpallaeT
yKasaTesb) U std: :pmr: :set_default_resource() (COXpaHsSeT HOBBI yKa3aTesb
¥ BO3BpalllaeT IIPEesKHMIN).

Ecy BbI 3aXOTUTE TIOTHOCTBIO M36€KaTh BbIAETEeHMs TTaMIT U3 Kyul IOCPeICT-
BOM new U delete, TOrZa MMeeT CMBICI BbI3BaThb std::pmr::set_default_
resource(std: :pmr: :null_memory_resource()) B Hauaje nporpaMmbl. KoHeuHO,
BbI HEe CMOJKeTe [IOMellaTh APYroi 4acTy IporpaMMbl HAPYLIUTD Balll 3aMbICeJT U TaK-
JKe BbI3BaTh set_default_resource;a Tak Kak BceMM I[IOTOKAMM MCIIOIb3yeTCsd OgHA
11 Ta JKe I06aIbHasI TepeMeHHast, MOSKHO CTOJIKHYTbCS C OUeHb CTPAaHHbIM ITOBeIeHN-
€M, eCJTH MIOIbITaThCSI MEHSITh PeCcypc 10 YMOTUaHMIO BO BpeMst pabOThI ITPOrPaMMBbI.
Henbs4, Hanipumep, CKa3aTh: «yCTAHOBUTD 3TOT PeCyPC MaMSATU I10 YMOIYAHUIO [1J151 Te-
Kyllero noroka». Kpome toro, Bb130B get_default_resource() (Harpumep, U3 KOH-
CTPYKTOpA I10 YMOJYaHUIO polymorphic_allocator) peaansyeT aTOMapHbIil JOCTYII,
113-3a Yero BBIMIOTHAETCS YyTh MejieHHee. IToaToMy Jiyulile 136eraTb KOHCTPYKTOpa
10 YMOJIYaHUIO polymorphic_allocator — Bcerga SIBHO yKa3bIBaiiTe, KaKOM pecypc
MaMSITH MIbITaeTeCh UCIIOIb30BaTh. B cIyvasx, Korma TpeGyeTcst abCOMOTHAST HaJeX-
HOCTb, MOJKHO JIaske ITOIyMaTh 00 MCII0Tb30BaHUM UeTro-TO MOJ0O6HOro WidgetAlloc
U3 IIpyMepa BbIllle BMeCTO polymorphic_allocator; omcymcmeue KOHCTPYKTOpa I10
YMOJTYaHMIO He TT03BO/IUT MCII0/Ib30BaTh WidgetAlloc HEIIPpaBUJIbHO.

Co3paHue KOHTeHepa € NoAAepXXKOU Bbibopa
AucneTyepa namsaTu

[Tocie 3HAKOMCTBA € pecypcaMy NamsTu (KydyamMu) U Ayucrerdyepamu (LeCKpUIITO-
pamMu Ky4) 06paTMM B3IVISIL HA TPEThIO HOTY TPEHOTHM: K/IacChl KOHTeltHepoB. BHYT-
peHHe Kask[Iblii KOHTeITHep C MOIIep>KKO BbIbopa AucIieTyepa namsTy AO/KeH, 1o
MeHbIIIell mepe:

o XPaHUTDb SK3eMILIAP AMcCIieTyepa KakK 4ieH JaHHbIX (TO €CThb KOHTEI‘/)IHEP O0JI-
JKEH IIPMHMMATDb 11a6/IOHHbBII rmapamMeTp C TUIIOM OucCIieTdyepa, MHaye OH He
6y,ZLET 3HATb, KAK MHOI'O MeCTa 3ape3epBMUpOBaTh IJId HGDEMGHHOﬁ-quHa);
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O MMeTb KOHCTPYKTOP, IPMHUMAIOLINI apTyMeHT C IUCIIeTYepPOM MaMsITI;

o d)aKTI/I‘IECKI/I MCIIO/Ib30BaTh ANCIIETUYED OJISI BhIOASJIeHUS U OCBO60)K,HEHI/I$[ Ima-
MATHU; ITIOTHOCTBIO MICK/IIIOUYNUTD 710606 VCII0/Ib30BaHMe new MU delete;

O KOHCTPYKTOp MepeMelleHNs] KOHTeliHepa, oriepaTop IpucBaMBaHus Tepe-
MelleHneM U QYHKIMS swap JO/DKHBI ITepeaBaTh AUCIIETYEP COIIACHO ero
allocator_traits.

BoTr nmpumMep oueHb IMPOCTOTO KOHTEHepa C MOAIepsKKOi BbIOOpa AucIieTyepa
MaMsITV — KOHTEeHepa, KOTOPbIii pasMellaeT B Kyue eIMHCTBEHHBINI 00bEKT. ITO
Bepcus std: :unique_ptr<T> U3 VIaBbl 6 «YMHBIE yKa3aTeln»:

template<class T, class A = std::allocator<T>>
class uniqueish {
using Traits = std::allocator_traits<A>;
using FancyPtr = typename Traits::pointer;

A m_allocator;
FancyPtr m_ptr = nullptr;

public:
using allocator_type = A;

uniqueish(A a = {}) : m_allocator(a) {
this->emplace();

3

~uniqueish() {
clear();

3

T& value() { return *m_ptr; }
const T& value() const { return *m_ptr; }

template<class... Args>
void emplace(Args&&... args) {
clear();
m_ptr = Traits::allocate(m_allocator, 1);
try {
T *raw_ptr = static_cast<T *>(m_ptr);
Traits::construct(m_allocator, raw_ptr,
std: : forward<Args>(args)...

);

} cateh (...) {
Traits::deallocate(m_allocator, m_ptr, 1);
throw;

b
b

void clear() noexcept {
if (m_ptr) {
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T *raw_ptr = static_cast<T *>(m_ptr);
Traits::destroy(m_allocator, raw_ptr);
Traits::deallocate(m_allocator, m_ptr, 1);
m_ptr = nullptr;
}
3
+s

O6paTuTe BHMMAaHMeE, YTO TaM, IJle unique_ptr UCIOMb3yeT T*, HAlll KO/ MICTIOTb-
3yeT allocator_traits<A>::pointer; a TaM, Iie make_unique UCIOJIb3YET new U
delete, Halll KO, MCIIONb3YeT ITAapy BbI3OBOB allocator_traits<A>::allocate/
construct u allocator_traits<A>::destroy/deallocate. MblI yke 0OCYyKmaan
Ha3HaueHMe allocate U deallocate — OHM YIIPABJISIOT BbIAEJIE€HMEM ITaMATU U3
COOTBETCTBYOIIEro pecypca. Ho aTOT hparMeHT maMsIT! — BCEro JIUITb MacCUB 6aii-
TOB; UTOOBI ITPEBPATUTH €T0 B 0OBEKT, MbI JIO/KHBI CKOHCTPYMPOBATD SK3eMILISIp T
I10 3TOMY agpecy. Mbl MOT/IM GBI MCITOBb30BATh CMHTAKCUC «pa3Melaroieii GopMbl
new» (placement-new); HO B CJIEAYIONIEM pasfeie Mbl YBUIMUM, IOYEMY TaK BaXKHO
BMEeCTO Hee MCII0/JIb30BaTh construct U destroy.

Haxownertr, o6patuTe BHMMAaHMe, YTO IECTPYKTOP uniqueish mpoBepsieT HalIuume
pacrpenesieHHOl HaMsITH, Iepef, TeM KaK 0CBOOOIUTH ee. DTO BasKHO, ITIOTOMY UTO
MT03BOJISIET HAM MMETh 3HaUeHMe uniqueish, MPeACTaBIISIONIee ITyCTO 06 BEKT», —
3HauYeHMe, KOTOPOe MOKHO CKOHCTPYMPOBATh 6€3 BhIeIeHNs ITaMsITU U UCITONIb30-
BaTh KaK «IlepeMelleHHOe» IpeacTaBieHue IJisl Hallero TUIia.

Terepb peanusyem olepauuu repemMelieHus g Hauero Tuna. Ham xorenochb
6bI, YTOOBI TTOCTIE TTepeMelIeHNs 06beKTa uniqueish<T> IO IPEKHEMY aJipecy oKa-
3aJICs «ITyCTOi 06BeKT». Kpome Toro, eciiu 06a 06beKTa, CJIeBa U CIIpaBa, MCIOTb-
3YIOT OOVH M TOT JKe OycIieTyep MaMsITy WM eC/Iy TUIL OyclieTyepa Helb3sl 3aKpe-
IIUTH 32 KOHTETHEePOM, TOTA JKeJIaTeIbHO ObLIO ObI BOOOIIE 136€e5KaTh IPUMEHEHMS
KOHCTPYKTOpa IiepemeleHys T, a iepenars BjlaZleHe Bble/IEHHbIM yKa3aTejieM 13
06BbeKTa crrpaBa 00BEKTY C/1eBa:

uniqueish(uniqueish&& rhs) : m_allocator(rhs.m_allocator)
{
m_ptr = std::exchange(rhs.m_ptr, nullptr);

}

uniqueish& operator=(uniqueish&& rhs)
{
constexpr bool pocma =
Traits: :propagate_on_container_move_assignment::value;
if constexpr (pocma) {
// Mbl MOXEM MPUHSATb HOBbIM AWCNETYEpP NaMATU, MOTOMY YTO
// Haw pucneTyep He sBnseTcs '"sakpennsembim.
this->clear(); // wcnonb3yeTcs NPEeXHUA aucneT4vep
this->m_allocator = rhs.m_allocator;
this->m_ptr = std::exchange(rhs.m_ptr, nullptr);
} else if (m_allocator() == rhs.m_allocator()) {
// Haw pmucneTyep 3akpenneH 3a 3TUM KOHTENHEPOM;
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// HO MOCKONbKY OH 3KBMBaNeHTeH aucneTtyepy B rhs,
// Mbl MOXEM MCMONb30BaTb MNaMsATb M3 rhs.
this->clear();
this->m_ptr = std::exchange(rhs.m_ptr, nullptr);
} else {
// Mbl He [OMXHbI MepefaBaTb 3TOT HOBLbIM AWCMETYEP
// v NO3TOMY HE MOXEM WCMONb30BaTb €ro MNamAThb.
if (rhs.m_ptr) {
this->emplace(std: :move(rhs.value()));
rhs.clear();
} else {
this->clear();
}
1
return *this;

3

Koxncmpykmop niepeMellleHUs peajiM3yeTcsl Tak XXe MPOCTO, Kak mnpexnae. EnuH-
CTBEHHOE HeOOJIbIIOEe OTINYME — MbI JO/DKHBI He 3a0bITh CKOHCTPYMPOBATH HAII
m_allocator, KOIIMIO gucIieTyepa namMmsaTi B o6bexTe CIIpaBa.

Mbl MOrM He KONMPOBaTb, @ NePEMECTUTb AMCMETYEP NAMATH C
MOMOLLBIO std: :move, HO 1 HE AyMalo, YTO AN AAHHOro Npumepa
3TO MMEET KaKoe-To 3Ha4yeHue. He 3abbiBaiiTe, YTO AMCNeTyep na-
MSTU — 3TO UL «AECKPUMNTOP», YKA3bIBAKLLMIA Ha (HaKTUYECKUN
pecypc namsTu, U YTO B AENCTBUTENbHOCTU MHOTUE TUMbI AUCMET-
4yepoB, TakMe Kak std: :allocator<T>, - «nycTble». KonupoBaHue
T™MNa gucneTyepa NpakTMYecku BCerga — OTHOCUTENbHO Hepopo-
ras onepauums. OLHaKo 1 UCMoNb30BaHUe std: :move 34eCh He Ha-
Hecno 6bl 6onbLioro yuwepba.

Omneparop npuceausaHus nepemeujeHuemM, HalmpoTUB, OUeHb CJIOXkeH! B mepByto
ouepelb HY>KHO ITPOBEPUTH «3aKperuisieMOCTb» THUIa AucrneTtyepa. «Hezakpersi-
eMOoCTh» 0003HauaeTcsi 3HAUeHMeM true B propagate_on_container_move_
assignment: :value, uau 6ojiee KpaTKo pocma. (PaKTUUECKM CTaHAAPT YTBEPKIA-
€T, YTO 3HAUEeHMe propagate_on_container_move_assignment JOJKHO COBIIALATh
¢ std: :true_type; u GNU libstdc++ 6ymeT TBepA0 MpUaepsKMBATbCS 3TOTO TPe6O-
BaHMs. [T03TOMY MMeliTe 3TO B BUAY, KOTAa OymeTe ONpenessaTh CBOVM TUIIbI OUC-
reT4epoB nmamsTi.) st HezakperisieMbIX TUIIOB AUCIIETYEPOB TP IPUCBAVMBAHUM
nepemMerieHneM, 3pbeKkTBHee YHUUTOXKNUTD TEKyIee 3HAUeHMe (eI MMeeTCs) —
C UCMONb30BaHMEM MpPeXHero gucretryepa m_allocator, — a 3aTeM MUCIOAb30BaTh
00BEKT CITpaBa C ero aycrerdyepom. [IoCKOIbKY yKasaTesb IepeMeInaeTcst ¢ AUCIIeT-
YepoM, MOKHO OBbITh TTOJTHOCTHIO YBEPEHHBIM, UYTO IIOTOM MbI CMOYKEM OCBOOOIUTD
MaMsITh.

C Apyroii CTOPOHBI, eC/I AUcIeTuep MamMsT OTHOCUTCS K «3aKpeIisieMOMY» TH-
Iy, HeJIb3SI MCITONIb30BaTh JUCIIeTUep U3 00beKTa cripaBa. Ecim Tekymmii (3akpern-
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JIEHHBII) SK3eMILISIP JUCIIeTYePa PABEH HK3EMILISIPY JUCTIeTYepa B 0O0bEKTe CIipa-
Ba, TOrIa MOKHO CMeJIO IIPUHSTH YKa3aTesib U3 06beKTa CIipaBa, IOTOMY UTO MbI y3Ke
3HaeM, Kak 0CBOOOAUTD ITaMSITh, BbIIEIeHHYIO JaHHBIM KOHKPETHBIM 9K3eMILISIPOM
IucIieTyepa.

Haxownelr, ecjiv Mbl He MOKeM ITPUHSTD 9K3eMILISIp AycIIeTYepa 13 06beKTa CIipa-
Ba I Halll TEKYIIiT 9K3eMILISIp AYCIIeTYepa He paBeH 9K3eMILISIPY B 00bEeKTe CIIpaBa,
3HAYUT MbI HEe MOKEM TIPUHSTD €ro, IOTOMY UTO I03[IHee He CMOXKEM OCBOOOAVTH
3TOT yKa3aTeJlb, ¥ eIMHCTBEHHASI BO3MOXHOCTD CJIeNATh 3TO — MCTIONIb30BATh 9K3EM-
IJISIp JMCIIeTYepa MpaBoro oGbeKkTa MPsIMO ceifvac. B 9TOM ciiyyae MbI BBIHYKIEHbI
pacrpeneanTb COBEPIIeHHO HOBbIN (pparMeHT MaMsITH, UCITONb3Ys CBO 9K3eMILISP
IUCTIeTYepa, a 3aTeM CKOMMPOBATh JaHHbIe U3 rhs.value() B CBOe 3HAUEHNE BbI-
30BOM KOHCTPYKTOpa [epeMelieHus Tuia T. DTOT MocaegHMIT CTydait — eMHCTBEeH-
HBbIiT, KOrga MbI (paKTHUeCKY BbI3bIBA€M KOHCTPYKTOP repemMenieHus T!

[TpucBaMBaHMe KOMMPOBAHMEM CIeTyeT ITOXOKEN JIOTUKE Tlepelauy 9K3eMIUIsSIpa
IoucreTdepa U3 06beKTa CIpaBa, 3a VCKIOUEHEM TIPOBEPKHU TpeiiTa propagate_
on_container_copy_assignment, uiu pocca.

Ormepanust swap OCOOEHHO MHTEpeCHa, MOTOMY UTO B Heil 3aKITHOUYUTENbHbIN
CIyJail (Korjga MCIOMb3YeTcsl 9K3eMIUISIp IMCIeTYepa 3aKpeIvisieMoro TUIa 1 IBa
9K3eMIUISIpa — CjIeBa U CIpaBa — He PaBHBI) TPeOYeT BBIMOIHUTD JOTIOHUTETbHOE
pacrpefeneHye MaMsITu:

void swap(uniqueish& rhs) noexcept {

constexpr bool pocs =
Traits: :propagate_on_container_swap::value;

using std::swap;

if constexpr (pocs) {
// MOXHO BbINONHWTbL OOMEH AMchneTyYepamMu, MOTOMY YTO
// Haw Tun aucneTyepa ''Heszakpennsembin'.
swap(this->m_allocator, rhs.m_allocator);
swap(this->m_ptr, rhs.m_ptr);

} else if (m_allocator == rhs.m_allocator) {
// Haw gmucneruyep "3akpenneH" 3a 3TUM KOHTENHEPOM;
// HO Tak Kak OH 3KBMBaNeHTeH Aaucnertyepy B rhs,
// Mbl MOXeM MPUHATb MaMsTb M3 rhs, u HaobopoT.
swap(this->m_ptr, rhs.m_ptr);

} else {
// HW opHa M3 CTOPOH He MOXET MPWHATb NaMATb LPYTOW CTOPOHLI,
// W NO3TOMY Ha TOW MAN APYTON CTOPOHE HYXHO BHOBb BblAENWNTb NaMATb.
auto temp = std::move(*this);
*this = std::move(rhs); // MoxeT BO3OYAMTb WUCKK4YEHME
rhs = std::move(temp); // MoxeT BO3OYAUTb WCKIK4YEHME

B o6enx cTpokax, OTMEYEeHHbIX KOMMEHTApMEM «MOKET BO3OYAUTDH VMCKIIOUe-
Hle», BBI3BIBAETCS OMepaTop MPUCBaMBaHMS MTepeMelleHeM, KOTOPbIii B JAaHHOM
cJTyyae MOXKET BbI3BaTh METO[ emplace ¥ OOPaTUTBHCS K OMUCIIETUYEpPy C MPOChOOit
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BBIIENUTDb NTaMsITh. ECIM COOTBETCTBYIOLINI €My PecypcC MaMsTy OKaXKeTCs ucuep-
MaHHbIM, Traits::allocate(m_allocator, 1) MOXeT BO3OYOUTh MCKIIOUEHME,
M TOT[Ia MbI OK&)XXeMCsI TIepe[l IUI[OM JBYX MPo6aeM. Bo-TiepBbIX, Mbl YK€ HauaIu
repeMeIieHne COCTOSTHUS ¥ OCBOOOIMUIIN CTAPYIO MaMsTh, M MOXET TaK 0Ka3aTbCsl,
YTO MbI HE CMOKEM «BEPHYTHCSI» K IIPESKHEMY COCTOSTHUIO. BO-BTOPBIX, YTO OCOOEH-
HO BaskKHO, swap IIPUHAJIEKUT K pa3psiLy HACTOMIbKO MIPOCTHIX U PyHAAMeHTaTbHbIX
(yHKIMI, YTO CTaHAAPTHAS 6GMOIMOTEKA He MTPeAyCMaTPUBAET BO3MOKHOCTY COOS
B Heli. Hampumep, anroputm std: : swap (I71aBa 3 «AJITOPUTMBI C [TapaMy UTepaTo-
pOB») 0OBSIBIIEH KaK noexcept, @ 3TO 03HAUAET, UTO OH BCETa JoJHeH 3aBePIIaThCS
YCIIEXOM; eMY He MT03BOJIEHO BO30YKIATh UCKITIOUEHUSI.

To eCTb ec/y TOIBbITKA BBIAEINUTD ITaMITh IIOTEPIIUT Heynauy B IIPOLeCce BBIMOM-
HeHMS QYHKIMM swap noexcept, UCKIIoUeHMe bad_alloc HAUHET MPOCAYMBATHCS
BBEPX 10 CTEKY BbI3OBOB, TIOKA HE BCTPETUT 00bsIB/IEHNE QYHKIIUYU swap noexcept
B aT0i1 Touke cpefa BbinosiHeHUs C++ MPeKPaTUT PACKPYTKY CTeKa U BbI30BeT QyHK-
Mo std: :terminate, KOTOpas (ecau IMPOrPaMMMUCT HE U3MEHU ee IIoBefieHye C
IIOMOILIBIO std: :set_terminate) BbI30BeT aBapuifHOe 3aBeplieHle IPorpaMMbl.

Cranpmapt C++17 moten ele fanblilie B CBOEM OMMUCAHUU, UTO J0IHCHO TIPOUC-
XOIUTh B TIpollecce o6MeHa COIePXKMMOr0 KOHTEHEPOB CTaHIaPTHBIX TUITOB. Bo-
MEPBBIX, CTAHAAPT HE YTBEPXKIAET, UTO OUIMOKA BBIIETEHNS MaMITU B Swap JTOJK-
Ha TIPUBOJUTH K BBI3OBY std: :terminate, OH IIPOCTO TOBOPUT, UTO OIIMOKA B XOJIE
BBITIOJIHEHUS swap IPUBOIUT K HeonpedeseHHOMY nosedeHuio. Bo-BTOPBIX, CTaHIapT
He OTPaHMYMBAET HEOTPEeNeIEHHOEe TMOBefeHNe OMMOKaMM pacIipeeNeHus mna-
mstu! ComtacHo craHzapty C++17, IpoCToit BBI3OB swap /IS 9K3eMILISIPOB JTFOOBIX
CTaHJAPTHBIX KOHTEHEePOB, AUCIIeTYephbl TaMITH KOTOPBIX He PaBHbI, IPUBOIUT B
pesynbTaTe K HeoIlpeleJIeHHOMY II0BeIeHIIO, He3aBMUCUMO OT HaJIMUMS UJIU OTCYT-
CTBUSI OMIMOKM pacIIpeiesieHus TaMsITu!

daktuyecku libc++ UCTIONMB3yeT 3Ty BOSMOXHOCTb ONMTUMM3ALINN, YTOObI CreHe-
pUpOBaTh KOJ, 1151 BCeX QYHKIMIT swap CTAaHAAPTHBIX KOHTeHepPOB, KOTOPbI BbI-
IJIIAUT IIPMMEPHO TaK:

void swap(uniqueish& rhs) noexcept {

constexpr bool pocs =
Traits::propagate_on_container_swap::value;

using std::swap;

if constexpr (pocs) {
swap(this->m_allocator, rhs.m_allocator);

3

// Boobue He npoBepATb - 3HaeM NM Mbl Kak 0CBOOOAMUTH

// NONYYeHHbIi yKasaTenb; NPOCTO MPEAMNONOKUTb, YTO STO BO3MOXHO.

swap(this->m_ptr, rhs.m_ptr);

}

O6paruTe BHMMaHMe, UTO €C/IM MCITOJIb30BaTh 3TOT KOJ, (Kak 3T0 Aenaert libc++)
IJIst 06M€eHa COMIeP>KMMOr0 KOHTEITHEPOB C HEpaBHbIMM IMCIIETUYEPAMM TTAMSITH, BbI
CTOJIKHETECh C HECOOTBETCTBMEM MEXKIY YKa3aTeNIMU U UX JUCIIeTYepaMMu, 1 Ballia
MporpaMma IouTH HaBePHSIKA OOPYIIUTCS, VJIK, UTO elIe XYKe, TI03HEee BbI MOKETe



MNepenava BHM3 C scoped_allocator_adaptor <+ 237

MIOIBITATbCSI OCBOGOIUTH OOMH M3 yKasaTeseii ¢ TOMOIIbI0 HECOOTBETCTBYIOIIETO
mucrieTyepa. [ToMHMUTe 06 3TOV JIOBYIIKE, VICIIOAb3Ysl «BCIIOMOTaTeIbHbIe» TUIThI
C++17, Takue Kak std: :pmr: :vector!

char buffer[1007;
auto mr = std::pmr::monotonic_buffer_ resource(buffer, 100);

std: :pmr::vector<int> a {1,2,3};
std::pmr::vector<int> b({4,5,63}, &mr);

std: :swap(a, b);
// HEOMEPELENEHHOE MNOBELEHWE

a.reserve(a.capacity() + 1);
// 3Ta CTpoKa Bbl30BET aBapuiHOE 3aBeplieHue,
// Tak kak nombiTaeTcs npumeHnTb delete[] K ykasaTenw Ha CTek

Ecu apxuTeKTypa Balllero Kojia rmo3BosisieT 06MeHMBaTh COIePKIMOe KOHTeTHe-
POB, XpaHsIIeecs: B pasHbIX pecypcax maMsTH, usberaiTe mpyuMeHeHus std: : swap
¥ TIOJIb3YIATECh CIeAyIoleil 6e30MmacHoi UIMOMOIA:

auto temp = std::move(a); // OK
a = std::move(b); // OK
b = std::move(temp); // OK

[Tox cioBamu «u3beraiiTe MpMMeHeHMS std: : swap» 51 TTOJIpa3yMeBalo «m3beraiite
JIIOOBIX ITEPECTAHOBOYHBIX airOpUTMOB 13 STL», BKITIoUas Takue, Kak std: : reverse
" std: : sort. [JoGUTbCS TPAaBUIIbHOI X PAOOTHI MOSKHO, HO 3TO OU€Hb CJI0KHAs 3a-
Jaua, 1 51 He COBeTYI0 6paThcs 3a Hee!

Ecnu apxuTeKTypa Balliero Koja rmo3BosisieT 06MeHMBaTh COlepkK1MOe KOHTeTHe-
POB, XpaHsileecsl B pa3HbIX pecypcax MaMsT, 3TO BepHbI MPU3HaK, UTO ee CTOUT
nepecMoTpeThb. EC/Ii BbI CMOYKeTe peopraHu30BaTh apXUTEKTYpPY Tak, YTO OOMeHM-
BaThCsI OYOYT TOMBKO KOHTEIHEePbI, UCTIONb3YIOIINe 00N pecypc MaMsITI, MY BaM
yaacTcst 36exkaTh MPUMeHeHUs AVCIIeTYePOB C COCTOSTHMEM U/MUJIU 3aKPeIlIsieMbIX
IMCIIeTUYEepPOB, TOTIa BbI CMEJIO CMOXKeTe 1103a0bITh 00 3TOIt TOBYIIIKE.

Mepepaua BHM3 c scoped_allocator_adaptor

B mpenpigyimiem paspmene s mpeacTaBwn  (QYHKIMIO std::allocator_traits
<A>::construct(a, ptr, args. .. )M OIucalee KaK IIpeSIIouTUTEeIbHYIO aJlbTepHa-
TUBY CMHTaKCUCY «pa3Melnaroleii popmMbl new» : :new ((void*)ptr) T(args...).
Teriepb MbI ITOCMOTPUM, [I0YEMY aBTOPY KOHKPETHOTO AMUCIIeTYEPA ITAMSITIA MOXET
IMOTPe6bOBATHCS 1IaTh €if IPYTYI0 CEMaHTUKY.

OnMH 13 OYEBUIHBIX CITIOCOOOB M3MEHEHMS CEMaHTUKM construct CBOEro JIuc-
rneTyepa NamsaTu — ¢Ae/laTh €ero TPUBUAJIBHO IMPOCTBIM TUIIOM C MHULIMAIU3aLEN
10 YMOJIYaHMIO BMECTO MHULIMANM3ALUM HYJISIMU. BOT Kak MOXKeT BbIIJISIAETD TaKOM
KO[:
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template<class T>
struct my_allocator : std::allocator<T>

{

my_allocator() = default;

template<class U>
my_allocator(const my_allocator<U>&) {}

template<class... Args>
void construct(T *p, Args&&... args) {
if (sizeof...(Args) == 0) {
cinew ((void*)p) T;
} else {
c:inew ((void*)p) T(std::forward<Args>(args)...);
3
}
3

Temepp std::vector<int, my_allocator<int>> MOXHO WUCIIOJIb30BaTh
KaK <«BEKTOPHBIIi» TUII, YIOBJETBOPSIONIMIA BCEM OOBIYHBIM OTPAaHUYEHUSIM
std: :vector<int>, KpoMe CIy4asi HeSIBHOTO CO3/IaHMSI HOBBIX 3JIEMEHTOB IIOCPeJICT-
BOMVv.resize(n) Wanyv.emplace_back( ), KOIma HOBbIE 3JIEMEHTHI OYAYT CO3/1aBaTh-
CS1 HOMHUITMAIM3YPOBAHHBIMM, TOAO0OHO TIepeMeHHBIM Ha CTEKe.

To, uTO MBI 3[€Ch CO34a/IM, MOSKHO Ha3BaTh «aJalTepoM», KOTOPbI HaK/IaJbIBa-
eTcd moBepx std: :allocator<T> 1 M3MeHSET ero noseneHue, Kak HaM 3TO HYXXHO.
BoL0 GBI elne jydiiie, ecyiy 6bI Y HAC GblJIa BOSMOXKHOCTb aHAJIOTMYHBIM 00pa3om
M3MEHUTD, VIV «aJallTUPOBATh», JII0O0J ITPOM3BOJIbHBIN AcIieTyep namsitu. 1 ta-
Kasi BO3MOXXHOCTb MMeeTcst! JIJist 3TOro Hy>KHO M3MeHUTh Halll template<class T>
Ha template<class A> M HaciaemoBaTb A Be3le, TAe CTapblil KOJ HacaemyeT
std: :allocator<T>. KOHEUHO, CIIMCOK IIabJI0HHBIX ITapaMeTPOB afganTepa 60sblie
He HauMHaeTcs ¢ T, MO3TOMY MPUAETCS peajin30oBaTh CBOK Bepcuio rebind. OmHaKo
3TOT ITyTh BEJIET B IyCThIe AeOpM MeTarporpaMMUPOBaHMS, IOITOMY S He Oymy OT-
BJIEKATbHCS HA €ro IeMOHCTpaLunIo.

Ho cymiecTByeT apyroii, 6osiee ymoOHbIN ITOAXOM K peaausaiuy MeTOAa const-
ruct AJis COGCTBEHHOTO TUITA AMCIIeTYepa MaMsITI. B3IsiHuTe Ha ceayIomuii mpu-
Mep, I7ie CO3aeTCsl BEKTOP BEKTOPOB 1eJIbIX UMCell int:

std: :vector<std: :vector<int>> vv;
vv.emplace_back();
vv.emplace_back();
vv[0@].push_back(1);
vv[1].push_back(2);
vv[1].push_back(3);

JomycTuM, Mbl pellliu «3aKpenuTb» 3TOT KOHTENHEep 3a PecypcoM MNaMsTu
COOCTBEHHOJI pa3paboTKM, TAKMM Kak WidgetAlloc. [JIs TOTO HAM HYKHO HaIu-
caThb IIPMMEPHO TaKOM KO
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char buffer[10000];
std::pmr::monotonic_buffer_resource mr {buffer, sizeof buffer};

using InnerAlloc = WidgetAlloc<int>;
using InnerVector = std::vector<int, InnerAlloc>;
using OuterAlloc = WidgetAlloc<InnerVector>;

std: :vector<InnerVector, OuterAlloc> vv(&mr);
vv.emplace_back(&mr);

vv.emplace_back(&mr);

vv[@].push_back(1);

vv[1].push_back(2);

vv[1].push_back(3);

O6partuTe BHMMAaHMe Ha IOBTOpPEHlME MHULIMAAM3ATOpa &mr SK3eMIUISIpa JUC-
reTyepa MmamsaTy Ha 060Mx ypoBHSIX. HeoOX0aMMOCTb ITOBTOPEHMS &MT YCIOXKHSIET
MCITONIb30BaHMeE HAIllero BeKTopa vv B 0600IeHHOM KOHTeKcTe. Hampumep, y Hac
He MMOJTyYNUTCSI ITPOCTO TIepeiaTh ero B MIa6I0H QYHKIVY 1)1 3aTI0THEHMS JaHHBIMMA,
TIOTOMY 4UTO JiJ1sl emplace_back HOBOTO BEKTOPA LeJIbIX YNCET int BbI3bIBAEMBbII KOJ,
IIOJDKEH 3HATh aZipec &mr, MU3BECTHBIN TOIBKO BbI3bIBAOIEMY. B 3TOM Ciiyuae MOXKHO
€O37aTh 00EPTKY, BOIUIOMIAIOIIYIO ITPABIIO: «IIPYU CO3IaHNM HOBOTO 3JIEMEHTA BeK-
TOpa BEKTOPOB HEOOXOMMMO TepeaTh &mr B KOHIIE CIIMCKA apryMeHTOB». U cTaH-
JapTHas 6MOIMOTeKa ITIOMOKET HaM B 3TOM!

Haumuast ¢ Bepcum C++11 cranmapTHas 6MGIMOTeKa IpemoCTaBiseT (B 3a-
rOJIOBKe C MMeHeM <scoped allocator>) IIa6JIOHHBINA Kiacc scoped_alloca-
tor_adaptor<A>. Tak ke Kak Hall «aJarnTep» ¢ MHUIMAIMU3alMeil o yMOT4YaHUIo,
scoped_allocator_adaptor<A> HacjaenyeT A, 3aIMCTBYS BCe UePThI ITOBEIeHNS A;
U 3aTeM IepeolipenenseT MeTof construct. B 3TOM MeToze OH IbITaeTCs OIpee-
JIUTh, KOHCTPYUPYETCS Ji 06BEKT T «C MCIIOIb30BaHMEM AMCIIETYEPA TTAMSITU», U
eI 3TO TaK, mepemaeT ce6st KOHCTPYKTOPY T KaK TOMOTHUTENbHBIV apTyMEHT.

BrisicHeHme, uyTO Tull T «MCIOMIb3YeT ANUCIIeTYepa maMsITh», scoped_allocator_
adaptor<A>::construct, IPOM3BOAUTCS C IIOMOIIbIO TUIA std::uses_alloca-
tor_v<T,A>, KOTOPBIii (€C/IM He CHelMaau3UpPOBaH BaMy, Yero Bbl B OOJIBIIMHCTBE
CJTy4aeB He TOJKHBI [IeIaTh) TOMYYNT 3HAUeHMe true, TOTbKO eCu A HeSIBHO ITPeod-
pasyetcsa B T: :allocator_type. Eciu T He umeet allocator_type, Torma 6M6amo-
TeKa MPEeIIOJI0KNUT, UTO T He 3a60TUTCS 0 BhIOOpe JucreTuepa mamsTi, KpoMe 0Co-
ObIX CJTydaeB pair U tuple (KOTOPbIE MMEIOT CHEIAIbHbBIE IePEerPy;KeHHbIE BEPCUU
KOHCTPYKTOPOB, IIpefHa3HaueHHbIe CIIelaabHO IS Iepesauy aucreryepa BHU3
CBOMM YI€eHaM) ¥ 0C060ro caydast promise (KOTOPbIV MOKET BbIIEJISITh HaMSITh IJIs
001IIero COCTOSIHMS Taske IMIPUTOM, UTO He MpeaycMaTpuBaeT HMKAKOro criocoba co-
CJIaThCST HA 0OBEKT AUCIeTYepa; Mbl TOBOPUM, UTO «CTHPAHNE TUIIOB» B UCIIETUYEPe
aMATU OJ1 promise BBIMIOJHSAETCS ellle TIlaTe/ibHee, YeM B IpuMepax, KOTOpbie
MbI BUEIN B IM1aBe 5 «Ci0BapHbIe TUIIbI»).

[To ncTopuyecku CIOKUBIIMMCS IPUYMHAM KOHCTPYKTOPBI TUIOB C OO EP3KKOM
IVCIIeTYEePOB MAaMITI MOTYT CJIeI0BaTh OMHOMY M3 IBYX Ia6IOHOB IIPOrPaMMMUPO-
BaHMUs, M scoped_allocator_adaptor pacro3HaeTo6a.Bojee cTapbie 1 IpOCThIe TH-
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I1bI (TO €CTh BCE, KpOMe tuple M promise), KaK IPaBUIO, UMEIOT KOHCTPYKTOPBI BUIA:
T(args..., A),Tnoe gucreryep naMiITu A cJiefyeT oCJAeHUM B criucke. [11s tuple
U promise CTaHIapTHas 6MOIMOTEKa BBeJia HOBBIN IIabmoH: T(std: :allocator_
arg, A, args...),Tne gucreryep A cienyert IIepBbIM, HO eMy IIpeflIecTByeT CIie-
LMa/bHBIN Ter std: :allocator_arg, eIMHCTBEHHOE Ha3HaueHue KOTOPOro — I0-
KasaTb, UTO CJIeYIOLIVI apTyMeHT B CIIMCKe apTyMEHTOB IIPeCTaBJIsIeT oucreTyep
MaMsITH, TTIOIO0OHO TOMY, KaK eIMHCTBEHHOe HasHaueHue Tera std: :nullopt — mo-
KazaTb, YTO optional He MMeeT 3HaUeHMs (CM. IIaBy 5 «CjoBapHble TUIIBI»). 1o
aHaJIOTUY C 3aIIpeToOM co3gaHus Tuma std: :optional<std: :nullopt_t>cTraHzapr
TaKsKe 3aIrpelraeT co3aaBaThb std: :tuple<std::allocator_arg_t>.

Ncnonb3ys scoped_allocator_adaptor, Mbl MOXKEM IepenucaTh Halll TPOMO3/ -
KUii ipumep, chejiaB ero MeHee rpOMO3KUM:

char buffer[10000];
std: :pmr::monotonic_buffer_resource mr {buffer, sizeof buffer};

using InnerAlloc = WidgetAlloc<int>;

using InnerVector = std::vector<int, InnerAlloc>;

using OuterAlloc =

std: :scoped_allocator_adaptor<WidgetAlloc<InnerVector>>;

std: :vector<InnerVector, OuterAlloc> vv(&mr);
vv.emplace_back();
vv.emplace_back();
vv[@].push_back(1);
vv[1].push_back(2);
vv[1].push_back(3);

O6paTuTe BHMMAaHMe, UTO TUII AUCIIeTUEPa MAMSITH MTOTYyUMIICSI 60/ee TPOMO3 -
KIM, 3aTO, YTO 0COGEHHO Ba)KHO, 13 BbI30BOB emplace_back Mcye3 apryMeHT &mr.
Teriepb Mbl MOXeM MCII0JIb30BaTh VV B KOHTEKCTaXx, Ioe MpPUMeHSIeTCs TpaguLu-
OHHBI CHMHTAKCHUC H06aBJIeHUsT 2IeMeHTOB, 6e3 IMepemaun &mr. B HameMm ciydae,
TOCKOJIBKY MbI UCIOJIb3YeM CBOJ fucrieTyep namstu, WidgetAlloc, He UMeOLU
KOHCTPYKTOpA 110 YMOTYaHMIO, CUMIITOMOM 3a6BbITOTO &mr SIBJISIIOTCST OIIMOKY Bpe-
MeHU KoMOussuun. Ho, Kak pacckasbiBaaoCh B MPeAbIAYIINX pa3iesiax B 3TOM Iia-
Be, std: :pmr: :polymorphic_allocator<T> 67aromogyyHO MO3BOJUT CO3aBaTh
€ro 3K3eMIUIIPBI ¢ KOHCTPYKTOPOM II0 YMOJIYAHMIO M IOTEHLMAJIBHO pa3pylin-
TeJIbHbIMMU pe3yjbTaTaMM; II03TOMY, €C/IV Bbl IIJIAaHMPYeTe UCII0b30BaTh polymor-
phic_allocator, B3IJITHUTE TaKke Ha scoped_allocator_adaptor, TPOCTO YTOObI
OTPAaHUYUTh KOJIMYECTBO MECT, B KOTOPBIX BbI MOIJIY ObI 3a0bITh OTIPEIEIUTDb CBOIO
CTpaTerunio BbIoe/IeHUs ITaMsITH.

Mepepaua pasHbiX AucneT4epoB NamMATU

B moem BBezileHuM B scoped_allocator_adaptor<A> {1 He YIIOMSIHYJI O elle Of -
HOJt cokHOCTU. CIIMCOK TapaMeTpoB IabJoHa He OrpaHUMYMBAeTCS eOUMHCTBEH-
HBIM apIr'yMEHTOM C TUIIOM Jgucretdyepa namsatu! @akTuiecku MOKHO CO34aThb TUII,
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TepeuncanB HEeCKOIbKO apTyMeHTOB C TUIIAaMM JIMUCIETYepOB, KakK B CAeAyIOIeM
npuMepe:

using InnerAlloc = WidgetAlloc<int>;
using InnerVector = std::vector<int, InnerAlloc>;

using MiddleAlloc = std::scoped_allocator_adaptor<
WidgetAlloc<InnerVector>,
WidgetAlloc<int>

>

using MiddleVector = std::vector<InnerVector, MiddleAlloc>;
using OuterAlloc = std::scoped_allocator_adaptor<
WidgetAlloc<MiddleVector>,

WidgetAlloc<InnerVector>,

WidgetAlloc<int>

>;

using OuterVector = std::vector<MiddleVector, OuterAlloc>;

Ompenenus Bce 5TU typedef, nepeinemM K CO30aHUIO TPEX OTHEIbHBIX PeCypCcoB
MaMsITY ¥ CKOHCTPYMPYeM 35K3eMIUISIp scoped_allocator_adaptor, CIIOCOOHBIN
3alIOMHUTH BCe TPU pecypca (IIOTOMY UTO BKJIIOUAET TPU OTHE/NbHbIX K3eMILIsIpa
WidgetAlloc, 10 OMHOMY Ha «YPOBEHb»):

char bi[1000];
std: :pmr::monotonic_buffer_resource mri {bi, sizeof bi};
char bm[10007];
std: :pmr::monotonic_buffer_resource mrm {bm, sizeof bm};
char bo[10007;
std: :pmr::monotonic_buffer_resource mro {bo, sizeof bo};

OuterAlloc saa(&mro, &mrm, &mri);

HaxkoHel1, MOKHO CKOHCTPYMPOBAaTh 3K3eMIIIp OuterVector, nepesaB apryMeHT
scoped_allocator_adaptor, u Bce! [lepeonpeneneHHbIii METOJ] construct, ITy6o-
KO CKPBITHIii B HAllleM TIIATEIbHO IIOATOTOBIEHHOM TUIIE AUCIIETYepa, T03a060TUTCS
0 repemave apryMeHTa &bm Ui &bi B JII0607 KOHCTPYKTOP, HYKIAIOIIMIACS B HUX:

OuterVector vvv(saa);

vvv.emplace_back();
// B aToM cnyyae namaTb 6yaeT 3apesepBupoBaHa B Oybepe "bo".

vvv[@].emplace_back();
// B aToM cnyyae namaTb 6yaeT 3apesepBupoBaHa B Oybdepe "bm'.

vvv[@][0].emplace_back(42);
// B aToM cnyyae namaTb 6yaeT 3apesepBupoBaHa B Oybpepe "bi'.

Kaxk BumguTe, rmy6b0Ko BIOKEHHBIN scoped_allocator_adaptor — He i CJIaGBIX
OYXOM ¥ MMeeT IPaKTUUYECKYI0 II€eHHOCTh, TOJIBKO eC/IM OIIpeNeauTh MHOXKeCTBO
«BCIIOMOTaTeNbHbIX» OTpeeneHunii typedef, Kak B 3TOM IIpuMepe.
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U emre ogHO 3aMevaHe O std: : scoped_allocator_adaptor<A...>: Euin Bio-
SKEHHOCTh KOHTEfTHEPOB ITyOskKe, UeM KOJIMYEeCTBO TUIIOB AMCIIETUYEPOB B CITIMCKE
rapaMeTpoB Iab0Ha, Torga scoped_allocator_adaptor 6ymeT AeiicTBOBATh Tak,
KakK ecyiy 6bI OCTeIHII TUIT AMCIIeTUepa B CITVCKe ITapaMeTPOB IMOBTOPSIICS 10 6ec-
KOHeuyHOCTU. Hanipumep:

using InnerAlloc = WidgetAlloc<int>;
using InnerVector = std::vector<int, InnerAlloc>;

using MiddleAlloc = std::scoped_allocator_adaptor<
WidgetAlloc<InnerVector>

>,
using MiddleVector = std::vector<InnerVector, MiddleAlloc>;

using TooShortAlloc = std::scoped_allocator_adaptor<
WidgetAlloc<MiddleVector>,

WidgetAlloc<InnerVector>

>,

using OuterVector = std::vector<MiddleVector, TooShortAlloc>;

TooShortAlloc tsa(&mro, WidgetAlloc<InnerVector>(&mri));
OuterVector tsv(tsa);

tsv.emplace_back();
// B aToM cnyyae namaTb OyaeT 3apesepsBupoBaHa B OGypepe "bo".

tsv[0].emplace_back();
// B aToM cnyyae namaTb 6yaeT 3apesepBupoBaHa B Oybpepe "bi'.

tsv[0][0].emplace_back(42);
// B sTom cnyyae namaTb CHOBA OyameT 3apesepsupoBaHa B Gydepe "bi"!

®daKTUYeCKM MMEHHO Ha TaKoe MOBeAeHMe Mbl ITOJOXWINCh B HAllleM MepBOM
IIpyMepe UCIo/Ib30BaHMs scoped_allocator_adaptor g CO30aHUS BEKTOpPa BeK-
TOPOB VvV, AaKe IPUTOM, UTO TOI/IA ST He YIIOMSIHYJI 006 3TOM SIBHO. Teriepsb, KOrja Bbl
IIO3HAKOMMINCH C HUM, MOKeTe BepHYThCS Hasal U UCCIeS0oBaTh IpuMep ele pas,
YTOOBI 3aMETUTH «IIOBTOPEHME 10 66 CKOHEUHOCT» ¥ KaK MOXKHO M3MEHUTD TOT KO,
YTOOBI [IJISI BHYTPEHHET'O BEKTOPA I@JIbIX UMCEJT VICIIOIb30BATh IPYTOil pecypc rmams-
TU, OTJIMYHBINM OT pecypca, UCII0b3YeMOTO /151 BHEIIHEr0 BeKTopa InnerVector.

Utoru

HyucrieTuepsl aMsITH SIBJISIFOTCSI CAMOI 3arafilouHoii Temoii B C++, B OCHOBHOM I10
MUCTOPUYECKM CJIOKUBIIMMCS TpuumHam. CyIlecTByeT HECKOJbKO pa3HbIX MHTep-
(eiicoB ¢ MAJOMOHSITHBIMM CJTyUasIMM MCITOJIb30BaHMSI, HAKJIaAbIBAIOIIMMICS APYT
Ha fpyra. Bce oHM TeCHO CBSI3aHbI C MeTalporpaMMMPOBaHMEM, 1 BCe ellle OTCYTCT-
BYET MOJIIepskKKa MHOI'MX OCOOEHHOCTE, Jaske OTHOCUTEIBHO CTaPhIX, OTHOCSIIMX-
¢s K ctaHgapty C++11, Takux KaK IpUYyIJIMBbIe yKa3aTeu.
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Crangapt C++17 mpeajioxkui 6MOIMOTEeUHbI TUII std: : pmr: :memory_resource,
yTO6BI 60JIEe UeTKO ITPOBECTH I'PaHb MEXKIY pecypcamu namsamu (M KydamMu) 1 ouc-
nemuepamu hamamu (MU OJeCKPUIITOPaMU Ky4). Pecypchbl maMsATU MOALEPKUBAIOT
MeTopnbl allocate U deallocate; AucneTyepsl MaMaT TOXKe IIpeajgaraloT 3TU Me-
TOLbI, a TAK)Ke MEeTObl construct U destroy.

PeryB peasn3oBaTh CBOI TUIT AUCIIETYEPA TTAMSITH A, BbI JO/DKHBI 0OBSIBUTH €T0
1a6JIOHOM; TIEPBBIM ITapaMeTPOM 3TOTO MIab0Ha MO/IKeH ObITh TUIT T 06BHEKTOB,
JLJIST KOTOPBIX IIpeAIioiaraeTcs BbIOeNsATh amsTh. Kpome TOro, Balll TUII JUCIIeTYe-
pa A IO/DKEH IMeTh IIa6IOHHbIN KOHCTPYKTOP /IS TIOAIEPSKKY «ITePerpUBSI3KI» 13
A<U> B A<T>. Tak ske KaK JIf000Ji yKa3aTeslb, TUII AUCIIeTYepa MaMATH JO/DKEH MOf-
Iep>K1UBaTh OIIEPaTOPBI == U ! =.

Merton Kyun deallocate MOXKeT Tpe6OBaTh Mepegaun JOMOJTHUTEIbHBIX MeTa-
IIaHHBIX, IPUCOEAMHEHHBIX K BXOAHOMY yKa3aTento. B C++ 3Ta BO3MOXHOCTb TTOJ -
Jlep>KMBaeTCs TTIOCPEICTBOM hpuuyonussix ykazameseti. TUII std: :pmr: :memory_re-
source B C++17 He moAAep>kuBaeT MPUIYAIMBBIX yKa3aTesiell, HO Bbl IETKO CMOXKeTe
peann3oBaTh CBOIO IIOOIEPIKKY.

Turmbl TPUYYAIMBBIX yKasaTeseii JOJKHbI YIOBIETBOPSITh BCEM TPeOOBAHMSIM,
KOTOpBIe MPenbsIBIISIIOTCS K UTepaTopam C IMPOU3BOAbHBIM JOCTYIIOM, OO e PXKU-
BaTh ITyCTble 3HAUEHUS U JaBaTh BO3MOXKHOCTbH MPe0OPa30BhIBATh UX B OOBIUHBIE
ykasaTenu. Ecin Bbl pelinTe UCIOJb30BaTh CBOM TUII NMPUYYIJIUBBLIX yKa3aTesei
C KOHTeliHepaMy Ha OCHOBeE Y3JI0B, TAKMMU KakK std: : Llist, Bbl JOJIKHbBI peann3o-
BaThb CTaTMUUeCKYI0 QYHKIMIO-WIEH pointer_to.

C++17 pasnauyaeT TUIIBI «3aKpeIIIeMbIX» U «He3aKpeIlisieMbIX» UcIeTye-
poB maMsTH. TUIIBI AYCIIETYEPOB 6e3 COCTOSTHMS, TaKue Kak std: :allocator<T>,
SABJISIIOTCSL He3aKpeIUIsieMbIMU; TUIIbl OUCIIETYEPOB C COCTOSIHMEM, TakKyue Kak
std: :pmr: :polymorphic_allocator<T>, 10 YMO/JTUYaHMIO SIB/ISIIOTCS 3aKpeIIsIe€MbI-
MU. UTOGBI MTOTYUYNTH CBOI TUIT AMCIIeTYEpa MaMSITH C HeCTaHIAPTHBIM CBOMCTBOM
3aKPeruIIeMOCTH WM He3aKpeIiieMOCTH, Hy;KHO T0OaBUTh B HETO BCE TPU uje-
Ha typedef, nsBectHble Kak «POCCA», kxPOCMA» 1 «POCS». TUIIbI 3aKperisieMbIX
JUCIIeTYepOB, TaKMe Kak std: :pmr: :polymorphic_allocator<T>, BOCHOBHOM JC-
TTOJIb3YIOTCS B TPAAUIIIOHHOM OObEKTHO-OPMEHTYPOBAHHOM IIPOrPaMMUPOBaHINA,
Korma o6beKT KOHTeliHepa 3aKperuisieTcsl 3a KOHKPETHBIM afipecoM MaMsITu. TUITbI
ICIIeTYepoB 6e3 COCTOSIHMSI B OCHOBHOM IIPMMEHSIOTCS B IPOrpaMMMPOBaHUM
C MCII0JIb30BaHMeM CeMaHTMKY 3HaUeHU (CO MHOXKeCTBOM OIlepaluii move 1 swap),
a TaKKe Be3le, r1e IporpaMMa UCIIONAb3yeT OOHY Kyuy M OOUH 3aKperuisieMblil I1UC-
rneTyep nmamMsiTi, GakTUUECKM He UMEIOINI COCTOSTHMSI.

Tumn scoped_allocator_adaptor<A. . .>MOXeT I0MOYb YIIPOCTUTDb UCITOIb30Ba-
HIe TIIy6OKO BJIOSKEHHBIX KOHTEITHEepOB, UCITONb3YIONIMX HeCTaHIaPTHbIE Pecypchl
MaMSITU WM OUCTIeTYepbl MaMATH. [TouTH 1106071 ITyOOKO BIOKEHHBI KOHTEITHeD,
MICITONIb3YIONIMIT HeCTaHAAPTHBIN TUII JiCIIeTUepa MaMITH, TpeOyeT ompemeneHnust
MHOKECTBa BCIIOMOTATeIbHbIX TUIIOB B Y6 YI060UMTaeMOCTH KOia.

O6MeH MecTaMM OBYX KOHTEITHEPOB C pa3HbIMM 3aKPeIliieMbIMU IMCIIeTUYEPaMU
[IaMsTU B TEOPUM IOPOXKIAeT Heollpee/ieHHOe ITI0BeleHle, HO Ha ITPAKTHUKe [TIOBPeXK-
JlaeT NaHHbIe B IaMSTU U BbI3bIBAET aBapuiiHOe 3aBeplieHye. He nenmaiite sToro!
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MoToku BBOAA/BbiBOAA

IIo cux IOp MbI BUAEIN KJIACCUUYECKUI OAMMOp(U3M B CTaHAAPTHO 6U6IMOTEKEe
JIUIIb B HECKOIbKMX MecTaX. B mase 8 «JIucrneTyepsl IaMsITH» MbI I03HAKOMUIUCH
C KJIACCHMYECKM MOMMMOP(MHBIM TUIIOM std: :pmr: :memory_resource, M B IJIaBe 5
«CoBapHbIe TUIIbI» BUIEIN, KaK «3a Ky/IMCaMM» KIacCMUeCKuii monnmophusMm mc-
[I0JIb3YeTCsl TUITaMM std: :any U std: : function. OmHAKO B GOIbIIEN CBOEI YaCTH
CTaHZapTHast 6MOaMOTEeKa 6IaTOITOYYHO 00XOIUTCS 6e3 KIacCUuecKOro MoauMop-
dbusma.

Ho B ABYX MecCTax KIaCCUUYECKMii MoMUMMOp(MU3M MCIIOIb3yeTCs OYeHb ILIMPO-
KO. OIHO M3 HUX — Mepapxiusl CTaHIAPTHBIX MCKIIOUEHMIT (/151 OOJIbIIero yoo6cTBa
BCe MCKIIOUeHMsI, BO36yKIaeMble CTaHOAPTHOM OMOIMOTEKOi, HACAeIyIOT KIace
std: :exception), HO B 9TOJ KHITe MbI He OyIeM pacCMaTPMBaTh MePaPXIIO MCKITIO-
yeHuii. Jlpyroe — cTaHIapTHbIN 3aroJI0BOK <iostream>, KOTOPbIi paCCMATPUBAETCS
B 9T0#1 m1aBe. OQHAKO MbI JOJKHBI IIPOSICHUTH eIlle KOe-4UTo, IPEXKIe YeM YITyOUThb-
€S B MICCJIEOBaHMe 3TOrO 3arojoBKa!

B 3T0j1 I1aBe pacCMaTPUBAIOTCS CIEIYIOIIVE TEMBI:

O paspeneHne BbIBOIA Ha Oydepusanuio 1 GopMaTUpoOBaHMeE U pasgeneHue
BBOJA Ha Oydepn3saimio, JeKCeMMU3aLNIO U MTapCUHT;

POSIX API gj1st HepopMaTHMPOBAHHOTO BBOA/BbIBOIA B (DaiijIbI;

«C» API B <stdio.h>, mobassromuii 6ydepusainio u popmMmaTupoBaHue;
JOCTOMHCTBA U HeJOCTaTKM Kiaaccuyeckoro API <iostream>;

©00O0O0

OITaCHOCTU dJOpMaTI/IpOBaHI/IH 6 3dasucumocmu om pe2uOHaJibHblX HACMPOEK N
HOBbI€ BOSMOXHOCTA C++17, KOTOpbIE ITOMOTYT u36exaThb nux;

@)

MHOECTBO CITIOCOG0B MpeoO6pa3oBaHMsl UMCIOBbIX JAHHBIX B CTPOKMU U 06-
paTHo.

Mpo6nembl BBOAa/BbiBOAa B C++

TUIIMYHO Mepo¥t yIoOCTBA SI3LIKOB ITPOTPAMMMPOBAHMS SIBJISIETCSI CTEIIEHD CJIOXK-
HocTy mporpamm Tura «Hello world». MHOTMe TOTIY/IIpHbIE SI3BIKM ITPOTPaMMUPO-
BaHMs MMEIOT oueHb HIU3KMIT nokasaTtenb «Hello world»: B 60bIIMHCTBE S3bIKOB
clieHapueB, Takux Kak Python u Perl, mporpamma «Hello world» coctonT 6yKBaabHO
13 OHOV CTPOKM: print "hello world".
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C++u ero npeniecTBeHHNK C SIBJISIIOTCS SI3bIKAMM CHCT@MHOTO IIPOrpaMMMPOBa-
HMUSI, B IEPBYIO ouepelb OPMEHTUPOBAHHBIMM Ha yIIpaBieHye MaIIMHO, BBICOKYIO
CKOPOCTH BBIMTOJHEHUS U (B ciayuae ¢ C++) BO3MOXHOCTb MCIIOIb30BaTh CUCTEMY
TUIIOB [IJIsI peann3anui 00006IeHHbIX aITOPUTMOB. B 3TO pasHoo6pasue 1iejeit He
BIIMCBIBAIOTCSI TaKMe MaJIeHbKMe IIporpamMmmsl, Kak «Hello world».

Kanonnyeckast mporpamma «Hello world» Ha si3bike C MMeeT cemyromnimii BuI :

#include <stdio.h>
int main()

puts("hello world");
Y

B C++:

#include <iostream>

int main()

{

std::cout << "hello world" << std::endl;

3

KaHnoHumueckuit ucxoaHblit Kog, Ha C++ He 0CO6eHHO A IMHHee KAHOHMYeCKOTO UC-
XOIHOro Koja Ha C, HO MeeT HaMHOTO 60JIbliIe «ITapaMeTPOB» HACTPOIKM, C KOTO-
PbIMM IO/KEH MO3HAKOMMUTCS 1060/ HAaUMHAIOLINI TPOTPAMMMCT, Jaske eC/Iu He
cobupaeTcst U3MeHsITh uxX. Hampumep, TaM, rae B C Mbl BbI3bIBaeM (PYHKIIMIO puts
(bakTnuecku «rmaron»), B C++ MbI NMpUMEHSIEM 0nepamop K oO0beKTy std: :cout
(bakTHuecKku 3mech Mbl MMEEM «IJIaroj» M «KOCBEHHOEe JOIOIHeHMe»). UTo6bI Ha-
mucaTh npumep Ha C++, Mbl TaKKe OO/DKHBI IIpPeIBapUTeIbHO MTO3HAKOMMUTCS CO
CIleIMaJIbHbIM MMEHEM CUMBOJIa KOHIIA CTPOKM — std: :endl — TOHKOCTbIO, KOTO-
pyto dyHKIMs puts B C cCKpbIBaeT OT Hac.

MHorma Takast CJIOSKHOCTb OTITYTMBAeT HOBUYKOB OT C++, 0COGEHHO eCJIi OHU yJyaT
C++ B IIKOJIE U HE MMEIOT BO3MOKHOCTHM Bbioopa. OMHAKO 3TO BCEro JINIIb JOCATHOe
HenopasymeHue! IIpenpiaymmnii ucxogusiit kom Ha «C» (C UCMIOAb30BaHMEM puts)
SIBJISIETCSI TAKOKE TOTTYCTUMBIM KOOM Ha C++, ¥ B MCITOb30BAHUY MHCTPYMEHTOB U3
<stdio.h> HeT HMUero HelmpaBMIbHOro. PaKTMUECKM B 9TOJ I71aBe MbI CHadasa o-
3HaKOMMMCS TT0O/IMKe C BOSMOXKHOCTIMMU B <stdio.h> U TOJIBKO IIOTOM Iiepeiigem
K <iostream>. OgHako MbI yBUAUM, 4TO C++14 1 C++17 BBeJIM HECKOIBKO MaIOU3-
BEeCTHBIX (DYHKIIMIA — B TAKUX 3arOJI0BKaX, Kak <string> 1 <utility>, — KOTOpbIe
YIIPOLIAIOT pellieHre MHOTUX 3a7la4 BBOJ,a/BbIBOA.

[IpuMeuaHie 06 MMeHaX 3ar0JIOBKOB: [IJisI 0003HAUEHMST 3aT0JI0OBKA CO CPeICTBa-
MU BBOZA/BbIBOMA «B CcTUe C» ST UCTIONB3YI0 UM <stdio.h>. Haunua ¢ C++03 mo-
SIBWICSI TIOXOXMI CTaHOAPTHBINM 3arojioBOK <cstdio>. EAMHCTBEHHOe pasinune
MeXay <stdio.h> U <cstdio> COCTOUT B TOM, UTO BCE€ MHCTPYMEHTbI, OODbSIBIEH-
Hble B <stdio.h>, rapaHTMPOBAHHO JOCTYITHbI B IJI06ATBHOM MPOCTPAHCTBE MMEH
(HampumMep, : :printf) ¥ MOTYT GbITh JOCTYITHbI VIV HEIOCTYITHBI B IPOCTPAHCTBE
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MMeH std (Hampumep, std::printf); Torga Kak MHCTPYMEHTbI, OObSIBJIEHHbIE B
<cstdio>, rapaHTMPOBAHHO JOCTYIIHBI B std (Hampumep, std: :printf), HO MOTYT
OBITb JOCTYIHBI MY HEJOCTYIIHBI B IJI06AJTbHOM IIPOCTPAHCTBE MIMEH (HaIllpuMep,
::printf). Ha mpakTuke MeXAy HUMM HET HMKAKOW pa3HUIIbI, TOTOMY UTO BCe Be-
IyIIue co3maTeIy peaansaliii IoMeIlalT 3T MHCTPYMEHTHI B 00a IIPOCTPaHCTBA
VMIMEH, ¥ OHM OCTAIOTCS TOCTYITHBIMM TIPY MOIKIIOUEHMM JTI0060T0 UX ITUX 3ar0I0B-
KOB. JIUUHO I COBETYIO BBIOPATH 1151 ce0s1 KaKOii-TO OJMH CTWIb U TIPUAEPKUBATHCS
ero. Ec/ii B BallleM ITPOeKTe MCIT0/Ib3yeTcst 60JIbIII0e KOJTMYECTBO 3arojioBKoB POSIX,
TaKMX KaK <unistd.h>, uMeHa KOTOPBIX BCETIa OKAHYMBAIOTCS Ha .h, 3CTeTUYECKN
MOKeT OBbITh MPEIIOUYTUTEIbHEE MCITONb30BaTh CTAHAAPTHbIE 3aTOJIOBKM C MIMeHa-
MM Ha .h «B cTuie C».

bydepusaumna u popmarnposaHme

Pa3o0paThcs B XUTPOCIIETEHUSIX BBOMIa/BbIBOZA «B cTiie C» U B «CTUIe iostream»
OyIeT mpolie, e/ BCIIOMHUTD, UTO ITPY BBOJE (TaK 3Ke Kak U MPY BbIBOJIE) BBITION-
HSI0TCS IBe (YyHIAMEeHTaIbHO pasHble orepanyi. YTo6bl XOTh KaK-TO 0603HAUNTH
UX, IaJiM UM MMeHa: Oygepusayus u popmamuposatue.

O @opmamuposaHue 3aKII0YAETCS B OTYYEHUM OT MPOTPAMMBI CTPOTO TUIIU -
3MPOBAHHBIX JAHHBIX — IIJIbIX YMCes, CTPOK, UMCeI C IUIaBalolieil TOUKO,
9K3eMIUISIPOB IOJIb30BAaTEIbCKMX KJIACCOB — U MX Mpeobpa3oBaHuu (cepua-
Jn3anun) B «TeKcT». Hampumep, umcno 42 BBIBOAUTCS Kak "42" (Maun "+42",
MU "@x002A"), TO ecThb popmamupyemcs. O6bIYHO 6MOIMOTERA GOPMATUPO-
BaHMUSI peasin3yeT CBO «MUHM-SI3bIK» JIJISI ONMCAHMS JeTanei hopMaTupo-
BaHMA KaykoOro 3HaUYeHMs.

O Bygepusayus 3aKIOYAETCS B MOTyUYEHMM OT IMPOTPAMMBbI ITaKeTa JBOVUHBIX
6aifTOB ¥ OTIIPaBKe X B HEKOTOPOE YCTPOIICTBO BbIBOA (Ha BBIXOM) WITU B U3-
BJIEUEHNM JAHHBIX 113 HEKOTOPOTO YCTPOJCTBA BBOIA U Iepenaye MporpaMme
B Ble TakeTa 6aiiToB (Ha BXom). YacTh GMOIMOTEKHM, pellaioiiast IPo6/IeMbl
6ydepusanym, MoxKeT, HarrpuMep, «co6MpaTh JaHHbIE B TTaKeThI 110 4096 6aiiT
¥ 3aTeM BBITAJIKUBATD UX» UM 0OCTY;KMBATh O6BEKThI BBOMIA/BbIBOA: (haiiyIbl
B (ailyIoBOIi CUCTeMe, CeTeBbIe COKEThI MJIM MAacCUBbI OaiiTOB B ITaMSITH.

51 co3HATENbHO YIIOTPEGIIT CJI0BA «TEKCT», OMMUChIBAsI BBIXOM, CTaauUM (hopmamu-
POBAHUS, U «TTaKeT O6aiiTOB», OMMChIBAsl BXOH, CTaauu O6ygepusauuu. B TpaguLoH-
HBIX OIEePAIMOHHBIX CUCTEMAaX «TeKCT» M «0aliThl» — CyTh OJHO 1 TO ke. Ho ecim
BbI ITOJTb3yeTEeCh OHOI M3 Te€X CTPAHHBIX OTEPAIMOHHBIX CUCTEM, IIe OKOHYAHMS
CTPOK KOAVIPYIOTCSI ABYMSI 6aiiTaMy MJIH Te IJIsl TEKCTOBBIX (haiiyIoB MCIIOTb3YIOTCS
KOOUpOBKHU, ominuHbie oT UTF-8, Torma B OOHOI MM B 06eUX CTaausIX, MU HIUKe
110 TeYeHUIO (KaK, HallpyuMep, B HEKOTOPbIX CUCTeMax, Ie CMCTeMHBII BbI3OB 3a-
MIChIBAET JaHHbIe B (haii), JO/DKHA MMETh MeCTO JOIOJHUTeIbHAast 06paboTKa. Mbl
He OymeM 00JIbIlie TOBOPUTh O MOAOOHBIX Bellax, IOTOMY YTO, KaK s HaJel0Ch, BbI
He VICTIONb3yeTe TaKue OIepaIMOHHbIe CUCTEeMbI (MM PerMoHaIbHbIe HACTPOIIKIN)
B ITPOMBIIIJIEHHOM OKPY>K€HUY. B TPOMBIIIUIEHHOM OKPYsKEHUM BCEraa CaeayeT McC-
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I0JIb30BaTh KOAVPOBKY cMMBO0B UTF-8, yacoBoii mosic UTC u BeIGMpATh permo-
HaJIbHbIe HACTPOViKM "C.UTF-8". TToaTOMy [JIs 1ieJieli HabHEIero o6CyKaeHus
6ymeM Tosarath, 4To «hopMaTUpoBaHue» U «6ydepusannsi» — eqUHCTBEHHbIE 9Ta-
I1bI KOHBeliepa, KOTOpble NPeCTaBJISIoT )51 HaC MHTepec.

BbITIOMHSIST BBOJ, MbI CHauaja Mpou3BoauM «6ydepusainio», 4To6bl TPOUUTATD
0aiiThl U3 YCTPOJCTBA BBOMA; a 3aTeM «bopMaTUpyeM» UX, IIpeBpaliasi B CTPOro
TUIM3MPOBAHHbIE TaHHbIe. JTal «hOpPMaTUPOBAHUS» IJIST BBOLA MOXET eIUThCS
Ha Jiekcemu3sayuio (BblLeneHne OToelbHbIX 37IeMeHTOB JaHHbIX B IIOTOKE) U NAPCUH2
(npeobpasoBaHue GaitToB B pakTMueckue naHHbie). [Iogpo6Hee 0 JeKceMu3aun
MbI TTIOTOBOPUM B 71aBe 10 «PeryssipHble BbIpasKeHUSI».

POSIX API

Camoe r1aBHOe, O UeM HYKHO ITOMHUTb, TOBOPSI O BBOZe/BbIBOJIe B (haiiibl, — BCe,
YTO CBsI3aHO ¢ BBOAOM/BbIBOAOM B C 1 C++, ocHoBaHO Ha ctaHgapte POSIX. POSIX -
9TO OYeHb HM3KOYPOBHeBas criel[(puKaIys, IoUTH Ha ypOBHE CUCTEMHBIX BHI30BOB
Linux, moutu He nepecekarouascs co craugapTHbiMu API BBoga/BeiBoza B C u C++;
", eciin He pa3o0paThes B cyTu ypoBHS POSIX, 6ymeT oueHb CI0KHO IMOHSITh UIEH,
KOTOPBIE OMMCBIBAIOTCS Jajlee.

MmeiiTe B BUAY, YTO IPAKTHUUECKU HU 00uH 13 API, onicbhiBaeMbIX HIKe, He OTpe-
nensiercs crangaprom C++! 3T0, ckopee, BomycTUMbIi C++, KOTOPBIV COOTBETCTBYET
cranpapty POSIX, He ssnsowemycs cmandapmom C++. C IpaKTUUECKO TOUKM 3pe-
HUS 9TO O3HavaeT, uto st API 6ymyT pabotath B JTH060i1 OMepaoHHOI cucTemMe,
kpome Windows, 1, MOXKeT ObITh, GyTyT paboTaTh B COBpeMeHHbIX Bepcusx Windows
yepes cnoit Windows Subsystem for Linux (WSL). Ho, kak 6bI TO HU ObLIO, BCE
crangaptHblie API (<stdio.h> 1 <iostream>) OCHOBaHbI Ha 3TOV MOZEMN.

Bonburyio yactb 13 API, onucbiBaeMbIX HMUKE, ONIpeAeNnsioT HeCTaHAapTHhIe 3a-
roNMoBKM <unistd.h>u <fentl.h>.

B POSIX niox, TepmuHOM (paiin monuMaeTcs: hakTuueckuit dain Ha gucke (UIu,
10 KpaiiHelt Mmepe, B ¢aiinosoli cucmeme HEKOTOPOTO POJia; MPOCTUTE MeHSsI, eCiau
sl HOrHa Oymy MCIIONMb30BaTh CJIOBO «AVCK», TIOApasyMeBas (ailyioByIo CUCTEMY).
OnuH U TOT ke Qaitl MOKeT KOHKYPEHTHO MCIIONb30BAThCS CPa3y HECKOIbKUMU
MporpaMmamu, IIOCPEeLCTBOM PeCypCoOB OIepPalMOHHONM CUCTeMBbI, M3BECTHBIX KaK
¢aiinosvie deckpunmopei. B iporpammax Ha C miau C++ BaM HUKOTAA HE TIPUIETCS
paboTaTh HEMOCPEACTBEHHO C 06bekTaMu (ailiJIOBbIX TECKPUIITOPOB; BMECTO HUX
BbI Oy/IeTe MOIb30BaThCSI CChIKAMM (MJIM yKa3aTeasiMK) Ha (QaiyioBble JeCKPUIITO-
PBL. DTU CCHUTKYU (UM YKa3aTelIn) MPeCTaBIISIOT ce6s1 He KaK yKa3aTeslu B KJIacCu-
YeCKOM TOHMMAaHMM, & KaK MaJIeHbKIE 1[eJible UMCIa — OYKBATbHO 3HAUEHMUS TUITA
int. (KomuteT o paspabotke crangapra POSIX He Tak ofjepskuM 6€30MacHOCThIO
TUIIOB, KaKk CpeHUIi MporpaMMucT Ha C++!)

Iy co3panust HOBBIX (GaiiyIOBBIX NE@CKPUIITOPOB U MOMYUEHUS LIeT0UMCIeHHbIX
CCBUIOK Ha HUX UCIIONb3yeTcst QYHKIMS open; HaIpuMep, int £d = open("myfile.
txt", O_RDONLY). BTOpOi1 apryMeHT — 3TO 6MUTOBAst MacKa, KOTOPast MOXKET COfieP-
KaTh JII0ObIe U3 CIemylomuXx (Gaaros, oobeayHsaeMbIx 1o UJIN:
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O oOsi3aTesbHBIE: OAVH U TOIBKO OIUH «PEKUM HOCTyMa». K momycTuMbIM
«pexkumaM J0CTyna» OTHOCITCS O_RDONLY (TOJIBKO 1St yTeHus ), O_WRONLY
(TONbKO 114 3armcy) ¥ O_RDWR (ZJ1s1 UTe€HMS U 71 3aIIUCK);

O HeoOA3aTeIbHbIE: HEKOTOPbIE «(JIary BpeMeHM OTKPbITHS (aiiia», OMMUChI-
BaloIIe IeliCTBYSI, KOTOpbIe TO/IKHA BhITTOTHUTD CMCTEMA B MOMEHT OTKPbI-
st dhaina. Hampumep, O_CREAT o3HavaeT: «ecau YKa3aHHbBIN (aitl oTCyT-
CTBYET, CO3IATh €ro» (B MPOTUBOIIOJIOKHOCTh BO3BPATY IIPM3HAKa OLIMOKM).
Taxoke MOKHO 106aBUTH ¢uiar O_EXCL, KOTOPBIif 03HAYAET: «...a €CJIM yKa-
3aHHBII (aiin cylecTByeT, BEpHYTh MPU3HAK OIMOKN». Ellle OOVH BaskHbIN
nar BpemeHu OTKpbITHSI — 0_TRUNC, KOTOPBIit 03HAUAET: «yCeUb — OUMCTUTD,
OITyCTOIINTD, CTEPEThb — (aii Mocie OTKPBITHUS»,

O HeoO6s3aTeIbHbIE: HEKOTOPbIE «PEKMMbI PabOThI», OMMCHIBAIOIINE CIIOCO0
BBITIOJTHEHMST OIlepalyii BBOAA/BBIBOAA C 3TUM (haiiJIOBBIM TECKPUIITOPOM.
Hanbonee BakKHBIM M3 HUX sIBJIsteTCs dar O_APPEND.

@sar 0_APPEND o603HauaeT «peskuM Jo0aBiieHus B KoHell». Korpga st paboTsl ¢
(haityioM UCTIONB3YeTCST «PeXkKUM M06aBIeHMS B KOHEI», YNTaTh JAHHbIE MOKHO 13
Jmoboro Mecra B (aiiyie (Kak OyzmeT IMoKa3aHo Aajsiee), HO Tepe KaKIoi orneparymeii
3aIMCK HESIBHO BBITIOJTHSIETCS OIlepanys rnepexoga B KoHelr ¢aiiia (To ecThb mocyie
3aIMCH TEKYIas MO3UIMS CChUTAeTCsl Ha KOHel  (daiiyia, maske ecyiu mepej STUM Bbl
YUTAIU JaHHbIE U3 IPYTOTO MecTa). Peskum mo6aBieHs B KOHeIl yI06HO MCITONb30-
BaTh IS KYPHAIMPOBaHMsI, 0COGEHHO KOTIa 3aIMCh MOXKET ITPOM3BOAUTHLCS U3 He-
CKOJIbKMX TTOTOKOB BBITTOJIHEHMsI. HeKOTOpbIe CTaHIapTHBIE CIYKeOHbIE IMPOorpaM-
MBI, TaKMe KaK logrotate, YCIEIIHee CIPaBJISIOTCS CO CBOMMM OOSI3aHHOCTSIMIA,
KOTZa MPOrpaMMbl, OCYIIECTBJISIIONINE KyPHAIMPOBAaHNe, MPAaBUIbHO OTKPBIBAIOT
cBOM (hailIbI KYPHAJIOB B «PEXKUM JI00aBIeHMS B KOHeI». [Ipole TOBOPS, PEXKUM
nm06aBIeHNST B KOHEIT MICIIOTb3YeTCsT HACTOIbKO IMPOKO, YTO OH CHOBA ¥ CHOBA Ha-
XOIWUT pUMeHeHMe B KaxknoM API BBICOKOTO ypOBHSI.

Tenepb pazdbepeMcs C MOHITUSIMU «TeKYILei MO3ULIUNU» U «ITO3ULIIOHUPOBAHUS».
C kaxxapiM (aiinoBsiM geckpurrropom POSIX cBss3aHbI HEKOTOPbIE JaHHBIE — ITO CY-
TH, 3TO «TlepeMeHHbIe-uieHbl». OIVH 13 TaKUX UJIeHOB JaHHbIX OMMChIBAET PEXUM
paboThI eCKPUIITOPA; IPYTO OTIpemesieT meKyujyro no3uyur 8 ¢aiine, B majbHet-
1eMm 1 6oy Ha3bIBaTh €r0 «Kypcopom». ITI0m06HO Kypcopy B TEKCTOBOM PelaKkTope,
9TOT KypCOp YKa3bIBaeT Ha MeCTO BHYTpU daiiia, C KOTOPOro HAUHETCS CAemyIoast
orepanys yTeHus win 3anucu. Omepaunm 4YTeHus U 3alUCK C JeCKPUIITOPOM repe-
IBUTAIOT €r0 Kypcop Bmepen. M, Kak TOBOPWIOCH B MpebIAyIIeM ab3alie, BbITION-
HEeHMe Oollepanyy 3amcH C JeCKPUIITOPOM, IeCTBYIOMIVM B «peskuMe T00aBaeHMs
B KOHEI[», aBTOMAaTUYeCK! TTepeHOCUT Kypcop B caMblii KoHell daiina. Obpatute
BHMMaHMeE, UTO B IECKPUIITOPE MMEETCS TOIMbKO OfauH Kypcop! OTKPBIB (haiiIoBbIi
neckpunTop ¢ darom O_RDWR, BbI ITOJTYYMTE HE IBA Kypcopa — 110 OJHOMY JIJIST UTe-
HMS U IJIS1 3aTIMCH, & TOJIbKO OJIH, KOTOPBIV TTlepeMeliaeTcs U OrepauysMy 3arncu,
U onepanusiMu YTeHUSI.

read(fd, buffer, count): uuraer 6aiiThl 13 (aiina u coxpaHser ux B 6ydepe
buffer, mMpomo/Kas YTeHMe, IOKa He OyIeT MoyuyeHo count 6aiiTOB MM He BCTpe-
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TUTCSI BpeMeHHAasT UM MTOCTOSTHHAS OIIMOKa (HarpuMep, eciy HeoOXoAuMa Iaysa,
YTOOBI MOTYUNTH 6OIbIIIE TAHHBIX U3 CETEBOTO COeAVHEH NS, WK (aiiyioBast cucrema
¢ ¢aitiom 6bl71a OTMOHTMPOBAHA B CepefviHe OTlepanyy uTeHus). BosBpaiaeT Ko-
JINYECTBO MPOYMUTAHHBIX 6AITOB 1, KaK Bbl IOMHUTE, TIEPEIBUTAET KypCOpP BIepe,.

write(£fd, buffer, count): sammchiBaeT 6aiiTel U3 Oydepa buf fer B daii, moka
He 3anuiieT count 6aiiToB WM He BCTPETUTCSI BpeMeHHas! UJTU ITOCTOSTHHASI OLIG-
Ka. Bo3BpaiaeT KoimMuecTBoO 3aMCcaHHbIX 6AlTOB; U, KAK BbI IOMHUTE, TT€PeIBUTA-
eT Kypcop Brepen. (A KpoMe TOro, eciu ¢GaityioBblit 1eCKPUIITOP OTKPBIT B PEKUME
no6aBJIeHNs B KOHEI, epej], 3aIMChI0 JTIOObIX TaHHBIX IIePeBUTaeT Kypcop B KOHeI]
daiina.)

Llseek(fd, offset, SEEK_SET): MO3ULIMOHMPYET (TO eCThb IlepefBUraeT) Kypcop
C 3alaHHBIM CMellleHMeM OT Havasia ¢aiia 1 Bo3BpaliaeT 3To cMelleHue (Win -1,
eciu omiepalus roTepIiena Heyauy, HallpMMep BCTpeTMB KoHel] daiiia).

Lseek(fd, offset, SEEK_CUR): MO3ULMOHMPYET KypCcoOp C 3aJaHHLIM CMelle-
HMEM OTHOCUTENIBHO mekyujeti mo3uuum Kypcopa. OTHOCUTEIbHbIE ITlepeMelleHNs]
pPeIKO MCIIONb3YIOTCS Ha IIpaKTHMKe, HO BbI30OB lseek(fd, @, SEEK_CUR) 3aHuMaeT
0c060€e MeCTO — UMEHHO TaK MOXHO Y3HaTh TEKYIIYIO TO3UIINIO Kypcopa!

Llseek(fd, offset, SEEK_END): MO3ULMOHMPYET KypCcoOp C 3aJaHHLIM CMelle-
HMeM OT KOoHIIa ¢aiina. I cHoBa 3Ta Bepcusi Hambosiee 1mosie3Ha, KOTia CMelleHne
offset paBHO HYIIO.

KcraTu, He CyIIecTByeT Crocoba, ¢ TTIOMOIIbI0 KOTOPOTO MOXKHO OBIIO GBI CO3-
naTh koruio POSIX-geckpunTopa ¢aiiia, YToObI TOIYUYUTh BTOPOIi KypCOp B TOM Ke
daiine. YTo6bI OMYUUTD [1BA KypCopa, BaM MPUIETCS OTKPBITh (aiin nBaskabl. I1o
upoHuu cyuiectByet POSIX-dyHkuus ¢ MMeHeM dup, KOTOpasi IpMHUMAET 1L1eJ10-
YMCJIEHHYIO CChUIKY Ha (aiijioBblil AeCKPUIITOP M BO3BpAalllaeT OPYTYIO LIeI0Yuc-
JIEHHYIO CCBIJIKY Ha TOT K€ IeCKPUIITOP; 3TO CBOEro poja MPUMUTUBHBIN MeXaHU3M
IO cyeTa CChIIOK.

[To okoHYaHUM PabOTHI C (DailyIOBBIM JECKPUIITOPOM BbI3bIBAETCST (DYHKITVSI
close(£d), oCBOOOXKIAIOIIAST CCBUIKY; €C/IM 3TO OblIa MOCAEMHSSI CChUIKA Ha Jie-
CKPUIITOD (TO €CThb eCIM HUKAKOV IPYroii Kof, B IporpaMMe He BbI3Baj dup), TOraa
cam (aiyIoBbIii JECKPUIITOP TOXKE OCBOOOKIAETCS ¥ BO3BPAILAETCS OMepaI[MOHHOIA
cucTeMe — TO ecTh caM (aiia B ¢hailyioBoi cucTeMe «3aKpbhIBAETCSI».

A Teriepb 06bEIMHIM BCE BMECTE U HATIUILEM ITPOCTYIO ITPOrPaMMY, UCITOIb3YI0-
yto POSIX API, 4TO6GBI OTKPBITH, IPOYUTATH, 3aMTMCATh, U3MEHUTH MO3ULIUIO Kyp-
copa ¥ 3aKkpbITh Gaii:

#include <cassert>
#include <string>

#include <unistd.h>
#include <fcntl.h>

int main()

{
int fdw = open("myfile.txt", O_WRONLY | O_CREAT | O_TRUNC);
int fdr = open("myfile.txt", O_RDONLY);
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if (fdw == -1 || fdr == -1)
return EXIT_FAILURE;

write(fdw, "hello world", 11);
Lseek(fdw, 6, SEEK_SET);
write(fdw, "neighbor", 8);

std::string buffer(14, '\0');
int b = read(fdr, buffer.data(), 14);
assert(b == 14);
assert(buffer == "hello neighbor");
close(fdr);
close(fdw);

3

O6parute BHUMaHKe, uto POSIX API He npemycMaTpuBaeT HUUYETO, YTO OBUIO
ObI CBsI3aHO C opmamuposaruem. OH MPOCTO aeT BO3MOKHOCTb ITPOUYUTATH Gari-
ThI C IMCKA WU 3anucaTh ux Ha guck. AHasornyHo POSIX API He nipenycmaTtpuBa-
eT HMYero, 4To 6bUIO 6bI CBSI3aHO C «Oydepusaliyeil BbIBOIA»: KOTIa BbI3ShIBAETCS
write, OHa MPOCTO 3aNUChIBAET Ballu fJaHHbIe. TO eCThb JaHHbIe MOT'YT COXPaHAThCS
B Gydepe Ha ypoBHE OMepalVOHHONM CHUCTEMbI, KOHTPOJIIEpA AUCKA UM 060PYH0-
BaHMSI, HO C TOUKY 3PEHMS POTPAMMBbI IaHHbBIE Yie 3anucaHol. JIo6bie 3aIeP>KKU
B (haKTMUECKOJ 3amyMcy BaM HEIOBIACTHBI U He SIBJISIIOTCS Ballleit OMIMoOKOoi. JTo,
B CBOIO OU€pe[ib, 03HAYAET, UYTO MPpU HeobXxoamumMocTu 3((MeKTUBHO 3ammucaTh 60Jb-
1110J1 06beM TaHHBIX C McIoab30BaHueM POSIX API Baiira mporpaMma Jo/iKHa cama
opraHu3oBaTh 6ydepusaiyio BbIBOJA JaHHBIX U 3aTeM ITOChLIATh Gydep LeaInKom
B €IMHCTBEHHbI BbI30B write. EMMHCTBeHHas orepanus 3amucu 4096-6aiiTHOrO
0/10Ka BBITIOJTHUTCS ObICTpee, uem 4096 3amuceit o omHOMY GaiiTy!

Vnu, uTo6BI He MMCaTh CBO¥ KO, yIIpaBieHus 6ydepusaiiueii, MOKHO ITOTHSThCS
YPOBHEM BblIllle U UCIonb30BaTh C APIL.

CranpaptHbiin CAPI

Ommucanne 3Toro API 6ygeT TakuM Ke KpaTKUM U HEIIOTHBIM, KaK TIpebIayiiee 06-
cyxknenne POSIX. 3a 6osiee OTHBIM OMKCaHMEM MHCTPYMEHTOB B <stdio.h> Bam
MPUAETCS 06PaTUTHCSA K APYTrOMY MCTOUHMKY, HAlIpUMep K cppreference.com Win
CTpaHMLaM CIIPaBOYHOI'O PYKOBOZCTBA man.

B C API ¢paiinossie deckpunmopwsi POSIX monyumsiu HOBOe UMsI: aHaIor (haiioBo-
ro JecKpuITopa Ha3piBaeTcsl FILE, a aHaIO0T 11eJI0UMCIIeHHON CChIIIKM Ha eCKPUII-
TOP — eCTeCTBEHHO, FILE*. OmHaKo Tak ke, Kak B POSIX API, BbI He CMOXXeTe CKOHCT-
pyMpoBaTh 3K3eMIUIIp FILE Bpy4HYIO.

YTOoO6bI CO3/1aTh HOBBI 00beKT FILE ¥ MONYyYNUTD YKa3aTelb Ha HEr0, HY>KHO BbI-
3BaTh QyHKIMIO fopen, HaTpuMep FILE *fp = fopen("myfile.txt", "r").BTopoit
apryMeHT — 9TO CTPOKa (TO eCThb yKa3aTejab Ha MacCUB CMMBOJIOB, 3aBePIIAOIINIACS
HyJIeM, HO Ha IPaKTMKe yallle MCIIONb3YIOTCS CTPOKOBBIE JIUTEPAIbl, Kak 3[eChb), KO-
TOpPast MOXET ObITh OHON U3 C/IEIYIOLINX:
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O "r": skBuBaneHT POSIX-dnara O_RDONLY. OTKpbiBaeT Qaita Ojas YTeHwus.
Ecu ¢aiin oTcyTCTBYeET, BO3BpAIlaeTcs MpU3HaK OMMOKM (TO ecTb nullptr);

O "w":srBUBaJeHT KoMmOuHayy POSIX-dmaroB POSIX O_WRONLY | O_CREAT |
0_TRUNC. OTkpbiBaeT daiin gjst 3anmcu. CosmaeT daiis, eciv OH OTCYTCTBYET.
IMepen BLITTOTHEHEM JIIOOBIX APYTUX OTepalnii (aiii omycroiraeTcs;

O "r+": oskBUBaJeHT KoMOuHaIMyu POSIX-dmaroB O_RDWR | O_CREAT. OTKpbI-
BaeT daiir i uTeHus u a1 3amcu. Cosmgaet ¢aii, et OH OTCYTCTBYET;

O "w+": skBMBaJeHT KomOyuHanyu POSIX-dmaros O_RDWR | O_CREAT | O_TRUNC.
OTtkpsiBaeT daii ajis utenus v st 3anmcu. Cosgaet daii, eciy OH OTCYT-
cTBYeT. [lepes BBITIOTHEHMEM JIIOOBIX IPYTUX OTlepaiuii aiisl OIyCToIIaeTcs;

O "a": skBuBasieHT KoMOuHauyu POSIX-daaroB O_WRONLY | O_CREAT | O_AP-
PEND. OTkpseiBaeT daiin aas samucu. CosmaeT Gaiii, e OH OTCYTCTBYET.
VcTaHaBIMBAET PEsKUM I106aBIeHMsI B KOHEI;

O "a+": skBuBaseHT KoMbuHanyuu POSIX-dmaaros O_RDWR | O_CREAT | O_AP-
PEND. OTKpbIBaeT Qaiis ajs uyTeHust 1 ajst 3amcyu. Co3gaer daiii, eciu oH
OTCYTCTBYeT. YCTaHABIMBAET PEKMUM A,06aBI€HNS B KOHEII.

O6paruTe BHUMaHME, UTO B TIPEBIIYIINX CTPOKAX HAOIIONAETCSI OVH U TOT K€
mab/IoH — CMMBOJ '+' Bcerga orobpaxaercst B iar 0_RDWR, cuMBON 'w' — B duiar
0_TRUNC, a cuMBOJ 'a' — B O_APPEND; OJJHAKO HET TAKOTO K€ PEry/ISIPHOrO 11a6y0-
Ha, OTMCHIBAIOIETO OTOOpaXkeHIe CTPOK peXXnuMoB fopen B POSIX-dmaru OTKpbITHS
daiina.

HekoTopbie m1aTHOPMbI MOAIEPKUBAIOT JOOABIEHNE TOMOTHUTEIbHBIX CUMBO-
JIOB B KOHeI] CTPOKM pekuMa; Harpumep, Bo MHorux POSIX-mnaTtdopmax MOKHO
I06aBUTb CMMBOJI 'x', COOTBeTCTBYWOIIMIA (uary O_EXCL; Ha tuiatrdopmax GNU
TOAAEPXKUBAETCSI CMMBOJI 'e', COOTBETCTBYIOMMIA dutary O_CLOEXEC; a B Windows
aHaJIOTMYHOe TIOBe/ieHNe aeT NOTIOTHUTeIbHbI CUMBOI 'N'.

EAVHCTBEHHbIV CMMBOJI, KOTOPBII i MOKHO OOaBUTH B CTPOKY PeXXMMa Ha JII000ii
rmatdopMe (OH rapaHTupyeTcs: crangaprom C++ M TOCTYIEeH MOBCIOAY) — 'b', OT
aHri. «binary» (IBOMUYHbIIT). ITO MMeeT 3HaUeHue ToabKo A1t Windows, e, ecyin He
yKasaTb 3TOT CMMBOJI, 6M6IMOTEKA aBTOMATUUECKM OyeT mpeo6pa3oBbIBaTh KaX-
IbIii BEIBOAMMBIN 6aliT '\n' B MOCIEAOBATEIbHOCTb 3aBEPIIEHNS] CTPOKM "\r\n",
npuHaTyio B Windows. Eci BaM [eiiCTBUTEbHO HYKHO TaKoe Mpeobpa3oBaHue
nipu pabore B Windows, ucronb3yiitTe yno6HOe comialieHne — [o6aBsiiiTe CUMBOI
't' B CTPOKY peXxuma. Bce peannsauny 6UGIMOTEKM PACIIO3HAIOT M UTHOPUPYIOT
3TOT CMMBOJI; OH IIPOCTO CAYKUT UHAUKATOPOM, UTO ITPOTPAMMMUCT AeiCTBUTETbHO
XOTeJN OTKPBITH (ailsl B «TEKCTOBOM» PeXMMe U He YITYCTUII CUMBOJI 'b' IO OILIONI-
HOCTH.

3akoHUMB paboTy c (aityiom, BbI TO/DKHBI BbI3BaTh QYHKIMIO fclose(fp), COOT-
BeTCTBYIOIIYI0 GyHKIMK close(fd), KOTOpasi 3aKpoeT CChUIKY Ha GailyIoBbIit me-
CKPUIITOP.

Ijiss aBTOMATMUYeCKOTO BBITIOJTHEHMSI oriepaluii ¢ ykasarensimu FILE B ctuse C
MOYKHO MCIIO/Ib30BaTh YMHbIe yKa3aTeny, 0 KOTOPhIX PacCcKa3blBaJIOCh B I7aBe 5
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«CnoBapHble TUIbI». BOT, Hampumep, KaK MOKHO peasn30BaTh «yHUKAJIbHbBIN yKa-
3atenb FILE»:

struct fcloser {
void operator()(FILE *fp) const {
fclose(fp);

b

static auto open(const char *name, const char *mode) {
return std::unique_ptr<FILE, fcloser>(fopen(name, mode));

}
s

void test() {
auto f = fcloser::open("test.txt", "w");
fprintf(f.get(), "hello world\n");
// £ 6yneT 3akpbiT aBTOMATWUYECKMU

}

Taxske HalIOMHIO, YTO unique_ptr BCerga MOXKHO IlepeMecTUThb B shared_ptr,
€I BO3HUKHET IMOTPeOHOCTh OPraH30BaTh IMOACYET CChIJIOK IO MPUHIUITY: «IT0-
CIeIHUI YXOOSIIMIA BBIK/IFOYAET CBET»:

auto f = fcloser::open("test.txt", "w");
std: :shared_ptr<FILE> gl = std::move(f);
// Tenepb f - nycron ykasaTenb, a cyeruumk B gl nonyyaer 3HayeHue 1
if (true) {
std: :shared_ptr<FILE> g2 = gl;
// cuyeTtunk B gl Tenepb paBeH 2
fprintf(g2.get(), "hello ");
// cyeTunk B gl ymeHbuwaerca po 1

b
fprintf(gl.get(), "world\n");
// cuyeTymk ccbinok B gl yMeHbwaeTcs A0 @; dain 3akpbiBaeTCs

bydepusaumusa B cranaaptHom C API

Cranpapthblii C API ipepjiaraeT cemeiicTBo GyHKIMIA, HarmoMuHaomux POSIX-
(byHKIIMM, HO C MUMeHaM¥, HAUMHAIIUMMUCS C f.

OyukIug fread(buffer, 1, count, fp) unraer u3 daiaa U coxpaHseT B yKa-
3aHHOM Oydepe buffer 70 count 6aiiTOB WM TIOKA HE CTOJKHETCS C HEKOTOPOit
TTOCTOSTHHOJ OIMIMOKOI (HalIpuMep, eC/IM KTO-TO OTMOHTUPOBaT (PaiiyIoBYIO CUCTEMY
B Ipoliecce uteHus1). OHa BO3BpalllaeT YMCIO ITPOUNTAHHBIX 0aiITOB U IIepeIBUTAET
Kypcop.

Jlutepasn 1 B 3TOM BbI30Be — He o1n6Ka! CTporo roBopsi, GyHKINS MMeeT CUTHA-
Typy fread(buffer, k, count, fp). OHa unTaer 10 k * count 6aiTOB (VJIM MOKA
He CTOJIKHETCSI C HEKOTOPOJ ITOCTOSIHHOJ OIIMOKOI), ¥ BO3BPAIAeT YMCIO MPOUM-
TaHHBIX 0aiiTOB, eeHHOe Ha k. OJHAKO B IMOJABJISIIONIEM OOJIBIIMHCTBE CTYyYaeB B
rmapamMeTpe k mepenaeTcst JIUTepasa 1; UCIIOAb30BaHMe JI0O0TO IPYyroro 3HauYeHMUs
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CUMTAETCS OMMOKOI O IBYM OCHOBHBIM MPUUYMHAM. BO-I1€pBbIX, TOCKOIBKY BO3-
BpalljlaeMoe 3HaueHMe Bcerja OeauTcsl Ha k, MOKeT ITPOU30iATY TToTepst MHpopma-
uuu, eciu k 6ymeT uMeTh j1r060e pyroe 3HaueHne, kpome 1. Hampumep, ecin B k
nepenartb 8, Torma Bo3BpallaemMoe 3HaueHue 3 GyaeT 03HauaTh: OGbUIO MPOYNTAHO
1 COXpaHeHo B Oydep «rme-To MeXmy 24 u 31» 6aiiT, 1 snemMeHT buffer[ 3] MOXeT
coflepykaTh HEIOTHOE 3HAUeHNe — TO eCTh (hPaKTUUYECKM MYCOp — U y Bac He OymeT
HMKAKOJ BO3MOXXHOCTU OMPeNeauTh 3TOT GakT. Bo-BTOPbIX, MOCKOIbKY BHYTPEeH-
He 6UOIMOTEKA YMHOXKaeT k * count, mepefjaya B mapameTpe k Jir060ro 3HaYeHUsI,
OTINYHOTO OT 1, yBeIMuUMBAaeT PUCK TepernonHeHus Gydepa M HeMpaBWILHOTO
omperneneHus ero pasmepa. Hu ogHa momnyssipHas peann3anysi He mpoBepsieT GaxT
TIeperoHeHNs; 3TO Ne/laeTCsl UCKIIUUTENIbHO PaJy BbICOKOM ITPOMU3BOAUTEILHO-
ctu. HeT cMbIcia TpaTUTh LparolieHHoe IPOLleCCOPHOe BpeMsl Ha SOPOTOCTOSIILYIO
oIepaLyio IeeHNs, eC/iy KaXAbI/ IPOrpaMMMUCT ysKe 3HaeT U IIOHMMAaeT, UTO B k He
clleflyeT repenaBaTb HUKAKUX APYTUX 3HaUeHui, Kpome 1!

@yukiusg fwrite(buffer, 1, count, £p) 3anuchiBaeT u3 6ydepa buffer B daiin
10 count 6aiiTOB WK TIOKA HE CTOJIKHETCSI C HEKOTOPOI1 TTOCTOSTHHOI O1mn6Koi1. OHa
BO3BpAIAeT YMC/IO 3aMMCaHHBIX 6aliTOB U epeasuraeT Kypcop. (U eciu daiin oT-
KDBIT B peXXMe 3amycy B KOHell, neped 3alyChIo IlepeBUraeT Kypcop B KoHel] daii-
Ja.)

Oyukunsa fseek(fp, offset, SEEK_SET) ycTaHaBIMBaeT TEKYIYIO ITO3ULIUIO (TO
eCTb [lepeJJBUTaeT Kypcop) € yKa3aHHbIM CMellleHMeM OT Hauana daiina; fseek(fp,
offset, SEEK_CUR) ycTaHaB/IMBaeT TEKYIIYIO TO3ULIMIO C 3aJJaHHBIM CMellleH/eM
OTHOCUTENILHO mekyujezo Kypcopa; a fseek(fp, offset, SEEK_END) ycTaHaBau-
BaeT TeKYUIYIO MMO3ULNIO C 3aJaHHbIM CMellleHMeM OTHOCUTeIbHO KoHLa daiiia.
B otninune ot POSIX-dyHkuunu Lseek, cranmaptHast C-Bepcus fseek He Bo3Bpailiia-
eT TeKyllero 3HaueHusi Kypcopa; OHa IpocTo Bo3ppaiuaeT 0 B ciydae ycrexa u —1
B CJTy4yae OIIVOKMN.

@yHkuusa ftell(£p) BO3BpallaeT TeKyllee 3HaUeHMe Kypcopa; TO eCTb OHa Jieii-
cTBYeT nogo6Ho BbI3oBY POSIX-dyHkiuu Lseek(fd, @, SEEK_CUR).

KcraTu, komb ckopo 3atuia peub 0 POSIX-dyHKUMSIX: ecy Bbl IUIIIETe TPOrpam-
My aJig aTdhopMbl, oaaepskuBatoileit cranaapt a POSIX, 1 BaM HY>KHO ciefiaTh
YTO-TO HecTaHAapTHoe ¢ (aitnoBsiM geckpuntopoM POSIX, Ha KOTOPBIi cChlaeT-
Cs CTaHAAPTHLIN yKaszaTenb FILE *, BBl MOXeTe IMONYYUThb AeCKPUIITOP BbI30BOM
fileno(£p). Hanmpumep, BOT Kak MOKHO BbIPa3UTh PyHKLMIO ftell:

long ftell(FILE *fp)

{
int fd = fileno(fp);
return lseek(fd, @, SEEK_CUR);

}

B 1iesioM MOKHO paboTtaTh ¢ PyHKIMSIMU fread U fwrite, HO 9TO He caMblii pac-
MPOCTPaHEeHHbIV crIoco6 ucronb3oBauus C API. MHorue mporpaMMMCThI IIpe-
MTOYNTAIOT ITPOU3BOAUTD BBOJ, M BBIBOZ, He GIOKaMM TaHHBIX, & TIOCMMBOIBHO MU
no6aitTHo. OpurnHanbHas «bunocobus Unix» opMeHTMpPOBaHA HA MpUMeEHeHNe
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MPOCThIX VTMJINT KOMAHIHOV CTPOKM, KOTOpbIe UMTAIOT U MPeoOpasyioT «IIOTOK»
0aiiTOB; Takue IMPOTPaMMbl M3BECTHBI KaK «(pUIbTPbI», U OHU TIPOSIBIISIOT CeOS
BO BceM 0jiecke, KOorma OO0bedMHSIOTCS B KOHBeliepbl KOMaHIHOM 06010uKky Unix.
Hampumep, BOT MajieHbKasi IMporpaMMmka, OTKpbIBatomiast (aia M MmojacumThiBa-
I0IIasl KOJIMUECTBO 6aiiTOB, pasmeleHHbIX MpobeaMu «CJIOB» U CTPOK, UCIIONb3YS
<stdio.h>:

struct LWC {
int lines, words, chars;

s

LWC word_count(FILE *fp)

{
LWC r {3};

bool in_space = true;
while (true) {
int ch = getc(fp);
if (ch == EOF) break;
r.lines += (ch == '"\n');
r.words += (in_space && !isspace(ch));
r.chars += 1;
in_space = isspace(ch);

}

return r;

by

int main(int argc, const char **argv)

{
FILE *fp = (argc < 2) ? stdin : fopen(argv[1l], "r");
auto [lines, words, chars] = word_count(fp);
printf("%8d %7d %7d\n", lines, words, chars);

}

(Y3Hanmmu? 9To yTuamuTa KOMaHIHOM CTPOKM wc.)

JTa IporpamMmma JeMOHCTPUPYeT JiBe HOBbIe Maeu (KpoMe TOro UTO CTaHJapT ra-
PaHTUPYET HEeSIBHOE 3aKPhITHE BCeX 00beKTOB FILE ITO 3aBeplIeHNM MPOrpaMMBbl,
6raromaps ueMy MOKHO 6e30ITacHO 3aBepIlaTh IPOrpaMMy, He BbI3biBas fclose u
9KOHOMSI HECKOJIbKO CTPOK Koza). [lepBoe — mporpamMmma UCIIONIb3yeT CmaHdapmHoie
nomoxu 8800a/evie00a. B C u C++ nmoaaepskmMBaeTCs TPY CTaHIAPTHBIX ITOTOKA BBOIa/
BbIBOJA: stdin, stdout U stderr. B cBOeli mporpamme IofcyeTa CJI0B MbI CliegyeM
TIpaBWIIY: €CJTM TI0Tb30BaTeb He YKa3aJl SBHO MMSI (pajiia st uTeHusI, BBOA, JaHHbIX
MPOU3BOANUTCS U3 stdin, CTAHAAPTHOTO MOTOKA BBOAA, KOTOPbI OOBIUHO SIBJISIETCS
CUMHOHVMOM KOHCOJIb (MJIM TEpMMHAJA, UM KJIaBUaTypbl). B oriepannoHHOI cucre-
Me ¥ KOMaHJHOM 060/I0UKe MMEIOTCSI pa3HOOOpa3Hble MeXaHM3Mbl, KOTOPbIE MOXK-
HO MCIOJIb30BaTh JISI TlepeHarpaBaeHns IPYyIUX UCTOUHMKOB BXONHBIX NAHHbBIX B
MTOTOK BBOZA; MbI He 6yeM paccMaTpMUBATh 3TU MeXaHM3MbI (TaKkye Kak we <myfile.
txt), MOTOMY UTO UX 06CYsK/IeHMe BBIXOOUT 3a paMKM KHUTHU. [J1TaBHOe, YTO HY)KHO
TIOMHUTB O Tpex CTaHAAapPTHBIX ITOTOKAxX BBOMA/BbIBOMA, — OHM aBTOMAaTUYeCKHU 10-
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CTYIIHBI TIO CBOMM MMEHAaM, JIJISl HUX He TPeOyeTCs BhI3bIBATh fopen, U MOMbITKA 3a-
KPBITh JI060T 13 HUX BBI30BOM fclose BCerma MPUBOIUT K OIIMOKeE.

Bropast HoBast upest, mpecTaBjieHHas B MporpaMMe TojcUeTa CJ10B, — QYHKIIUS
getc. OyHKIUSA getc( £p) UnTaeT oguH 6aiiT U3 yKasaHHOTO FILE * ¥ BO3BpallaeT
ero. Ein Bo3HMKkiIa oumbka mian (4To 6osiee BEPOSITHO) TOCTUTHYT KOHel] daiina,
OHa BO3BpalllaeT ClielaibHOe 3HaUeHue ¢ uMeHeM EOF. O6bp1yHO EOF MMeeT 4uc-
JIOBO€e 3HaueHMe -1, HO IPU 3TOM rapaHTUPYyeTCsi, YTO OHO BCErga OTAMYAETCS OT
JII0O0TO 3HAUeHMs, TOITYCTUMOTO AJIsS IeliCTBUTENbHOro OaiiTa. [To 3TOi mpuuMHe
BO3BpaliaeMoe 3HaueHne QyHKUUM getc(fp) MMeeT TUI int, a He char, TO eCTh
IOCTATOYHO OOJTBINO, YUTOOBI XPAHUTH BCE BO3MOXKHbIE 3HAUEHMSI char, a TAKXKe OT-
JMyaloleecs OT HuX 3HaueHue EOF (ecu B Balleii cucTeMe TUII char o epKMBa-
eT 3HaK — KaK Ha MHOTMX IIaTopMax, — TOrza getc rmpeodpasyer char B unsigned
char mepen BO3BPaTOM BbI3bIBAMOIIEl MporpamMMe; 6arogapst aToMy OainT OxFF
OymeT npeicTaBIeH YucIoM 255, KOTOpoe IBHO OTVIMYAETCS OT 3HAUeHusT —1, Tipe-
crasistouiero EOF).

Tenepb OTMeTUM CyllleCTBEHHbIE OT/IMUMS MeXIy fread/fwrite u read/write.
HanomHro, uto POSIX API He npemycMaTpuBaeT HUKAKOI TOMOTHUTENbHON O6yde-
puU3anuy HU JjisT BBOAA, HU JIJIST BBIBOJIA; BI3bIBAsl read, BbI HAIPSIMYIO obOpaiiae-
TeCh K OIMepaIMoHHOI cucTeMe ¢ Tpoch60it BEPHYTH CieAyronuii 610K 6aiiToB. Ec-
nu 66 getc(fp) 6blIa peanu3oBaHa Kak fread(&ch, 1, 1, fp), a fread(buf, 1,
count, fp) —Kakread(fileno(fp), buf, count), Hallla IIporpaMma IiozicueTa cJioB
oKa3aiach ObI UyJOBUIIHO He3(DPEKTUBHOI — [IJIS1 UTEHUS COIEPKMMOTO daiiia, co-
JepsKallero MWIIMOH 6aiiT, MOTpe6oBaIoCh Obl BBIMOJIHUTD MUUTMOH CUCTEMHBIX
BbI30BOB! [ToaTOMY, 06€pThIBast (haitioBbIi JeCKPUIITOP 00beKTOM FILE, 6ubamoTe-
Ka C mo6aBJisieT elle OMHY 0COGEHHOCTh: Oydepusayuio.

[ToToku FILE MoryT ObITh «HEOGYy(hepu30BaHHBIMU» (B TOM CMBbICTIE, UTO KaX-
Ibli BbI3OB fread HeiCTBUTENBHO COOTBETCTBYET BbI3OBY read, a KakKAblii BbI30B
fwrite — BBI3OBY write); «IIOTHOCTHIO Oy(hepr30BaHHBIMW», WK «OJI0YHO-6yhepu-
30BaHHBIMU» (KOTZA 3aIMChIBaeMbIe TaHHbIE HAKATUTMBAIOTCS B CKPbITOM Gydepe u
MOCBUIAIOTCS B AeCKpUNTOp (haiisia mocie 3armosHeHns 3Toro 6ydepa; aHaJIOTMYHO
YTeHUe TTPOU3BOAUTCS U3 CKPBITOTO Gydepa, KOTOPHIii 3aMOTHSIETCSI HOBBIMU JTaH-
HBIMU U3 IECKPUIITOPA TTOC/Ie OMYCTOIIEHMS); MM «IIOCTPOUYHO 6yhepr30BaHHbI-
MU» (KOTZIa TAKKe MMEEeTCSI CKPBIThIN 6ydep, HO OH BBITAIKMBAETCS B AECKPUIITOD
He TOJIbKO IO 3aIlIOJIHEHNUY, HO TaKke IIpy 3amucy cuMBoia '\n'). Korga nporpam-
Ma 3aIlyCKaeTcs M OTKPbIBaeT CTaHIapTHbIe TIOTOKM BBOLA/BbIBOLA, stdin U stdout
TepeBOISITCS B PEKMM IOCTPOUHOM 6Gydepusaruu, a mas stderr OGydepusains
MOJTHOCTBIO OTKI/TI0YaeTcs. JIlo6ble (aiiyibl, KOTOPbIE BbI OTKPHIBAETE CAMU BHI30BOM
fopen, 0OBIYHO TIOTYUAIOT PEKUM TIOTHOI 6ydepusaium, Mpu 3TOM OrepanuoHHast
CUCTEMA MOXET U3MEHUTb PeXXUM Oydepusannun; HampuMep, ey OTKPhIBAEMbIii
Bamu «daityi» GaKTUUeCK! SIBJISIeTCs] yCTPOCTBOM TepMIMHAIa, CUCTeMa MOXKeT OT-
KPBITh €TO B PEXKMME MTOCTPOUHOI Gydepusanyiu.

B penkux crydyasix GpIBaeT KeaaTelbHO SIBHO YKa3aTh peXuM Oydepusanum s
noToka FILE. [I7s1 9TO 1ieu CyliecTByeT cTaHaapTHas pyHkuus setvbuf. C ee mmo-
MOIIBIO TAKKE MOKHO OTIPEIETUTh CBOM Gydep, KaK IOKa3aHO HIDKE:
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FILE *fp = fopen("myfile.txt", "w");
int fd = fileno(fp);
char buffer[1507;
setvbuf(fp, buffer, _IOFBF, 150);
// setvbuf BosBpawaeTr O B cnyyae ycnexa u EOF B cnyyae ownbku.

std: :string AAAA(160, ‘A’);

int bytes written = fwrite(AAAA.data(), 1, 160, fp);
// 3ToT BbI30B 3anuweT B H6ydpep 150 GalT, BLITONKHET ero
// v 3anvwer B bydep ewe 10 GanT

assert(bytes_written == 160);
assert(lseek(fd, @, SEEK_CUR) == 150);
assert(ftell(fp) == 160);

O6paruTe BHMMaHME Ha HECOOTBETCTBMEe Mexay ftell(fp) u lseek(fd, O,
SEEK_CUR) B JIBYX ITOUJIEIHMX CTPOKAX IpuMepa. JlecsiTh 6aiiT MPOIOIKAIOT OCTa-
BaThCs B 6ydepe buffer, mosTomy FILE COOOIIUT, UTO B JAHHBII MOMEHT KYypPCOp
uMeet cmelienne 160, HO B IeliCTBUTENIBLHOCTU Kypcop B geckpunitope POSIX Bce
erre umeet cMmeleHue 150, M TPOAOKUT OCTABATHCS C ITUM CMellleHreM, rToka 6y-
(ep buffer He 3aMOMHUTCS U He OyIeT BHITOIKHYT BO BTOPOii pa3 — B 9TOT MOMEHT
Kypcop B pgeckpunrtope POSIX nepemectutcst B mo3unuio co cmelnenmem 300. 3to
HECKOJIbKO HeyJI00HO, HO Ha CaMOM JieJie 3TO MMEHHO TO, YTO HaM HY>KHO! Ham Hyk-
Ha 3 PeKTUBHOCTD, KOTOpAst JOCTUTAETCS 3a CUET 3aMyUCH JAHHBIX B AECKPUIITOP
6ompiMMu 6;10Kamu. (O6paTuTe BHMMAaHME, UTO HA camoM fenne 150 6aiitT — 3To He
«bospI0¥» 6710K. O6BIYHO Oydep nmeeT pasmep 4096 6aiiT, ecyii HEe USMEHUTD €TI0
C TIOMOILBIO setvbuf.)

Ha HekoTopbIxX maaTdopmax BbI30B ftell BhITAIKMBAET Oydep, Kak MOOOYHBIN
3¢ deKT, TOTOMY UTO 3TO YIIPOIIAET YUET JaHHBIX B OMOIMOTEKE ; OMOIMOTEKM HE JTI0-
01T, KOT/Ia UX JIOBSIT Ha JiKM. (BbI30B fseek Takke, CKOpee BCETo, BBITOJIKHET Oydep.)
OpnHako ecTh I1aTGopMbl, B KOTOPBIX ftell u gaxe fseek HUKOTA He BBITAIKMBA-
10T 6ydep. UToObI rapaHTMPOBATh 3ammch Oydepa 1moroka FILE B COOTBETCTBYIONIMIA
daiin, ucrionbayiite fflush. IIpomoIKMM TpeAbIAYIIIA TPUMep:

// TpuHyAMTEeNnbHO BLITONKHYTHL Oybep obvekTa FILE
fflush(fp);

// Tenepb fd n fp coobuwaklT oAMHAKOBOE COCTOsSHME Oaitna
assert(lseek(fd, @, SEEK_CUR) == 160);

C y4yeTOM BCero BbllIeCKa3aHHOTO, HAIIly TPOCTYI0 mporpaMmmy u3 pasgena «POSIX
API» MOXXHO TepenucaTh ¢ MCIOIb30BaHMeM <stdio.h>, KaK I0OKa3aHO HIKe:

#include <cassert>
#include <cstdio>
#include <string>

int main()

{
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FILE *fpw = fopen("myfile.txt", "w");

FILE *fpr = fopen("myfile.txt", "r");

if (fpw == nullptr || fpr == nullptr)
return EXIT_FAILURE;

fwrite("hello world", 1, 11, fpw);
fseek(fpw, 6, SEEK_SET);
fwrite("neighbor", 1, 8, fpw);
fflush(fpw);

std::string buffer(14, '\0');
int b = fread(buffer.data(), 1, 14, fpr);
assert(b == 14 && buffer == "hello neighbor");
fclose(fpr);
fclose(fpw);

3

Ha sToM MbI 3aBepliiaeM Mcc/ieJoBaHMe BO3MOKHOCTeN Oydepusanuu B cTaH-
IapTHOW 6MbMMoTeKe <stdio.h> M MepexonauM K Irognepxkke GopMaTUPOBaHUS B
Hel1 Ke.

®PopmaTtuposaHue ¢ nomowbto printf n snprintf

Ha sTamne ¢popmaTtupoBaHus y HaC M3HAUAIbHO MMEIOTCSI BBICOKOYPOBHEBbIE AH-
Hble, KOTOpbIe TPeOyeTCs HarevyaTaThb; Halpumep, HaM MOKeT ITOHaJ00UThCS Harle-
YaTaTh KOJIMYECTBO HACTPOMUIMKOB IMaHNHO B UnKaro, KOTOpoe Halla Iporpamma
ompenenuia Kak 225. HareuaTaTb (TO €CTb BBIBECTH) mpex0atimHyo cmpoky "225"
MIPOCTO; MbI yyKe PelIvIv 3Ty 3a[lauy B MPeIbIAyIINX pasaenax. 3ajaua ke gpopma-
MupoeaHus 3aKII0UaeTcs B TOM, KaK U3 uncia 225 (Hampumep, THIIA int) IOAYIUTh
3Ty CamMylo Tpex6aiTHYIO CTPOKY "225".

[Ipu BbIBOME UMCEIT MBI CTATKMBAEMCSI CO MHOXKeCTBOM ITpobeM: B KaKOi cucTe-
Me CUMCJIeHMSI IO/KHO ObITh IIPe/ICTaB/IeHO BhIBOAMMOe uncio? Eciau uncio oTpu-
1[aTeabHOe, Mbl JOJDKHBI JOOABUTH 3HAK - TTepel] HUM, a eCJTM YUCIIO TIOTOXKUTEIbHOE,
HYKHO /1 006aBJITh 3HAK +? JJOJKHBI JIM MbI MCIIOIb30BATh Pa3deIuTeNy TPy
paspsnoB, U ecau 14, KaKOoi 3HaK MCIO0/Ib30BaTh B 3TOM KauecTBe — 3alsiThble, TOU-
KU WM TIPO6esTbI? A Kak ObITh € TecITUUHbIMMU ToukaMu? CKOMbKO Uubp mevyaTaThb
TOCJIe JeCSITUYHO TOUKM? VIii, MOSKET ObITh, MbI JTOJIKHBI MCIIOTb30BaTh HAYUHYIO
dhopMmy 3amucu, 1 e 1a, CKOAbKO 3HAYAIIMX Pa3psifoB BbIBOIUTH?

BriBOA, HEUMCIIOBBIX JAHHBIX TOXKE COIPSIKEH CO MHOXKECTBOM BOIIPOCOB. 10K~
HbI T Mbl BBIBOIUTH 3HAUEHMe B Toie GUKCUPOBAHHON LMIMPUHBI, U €CIN Aa, KaKk
€ro BbIpaBHMBATh — I10 JIEBOMY Kpalo, IO IPaBOMy WM Kak-To MHaue? (M kakue
CUMBOJIbI UCIIO/Ib30BATh JJIS1 3aTIOJTHEHMST ITYCThIX 3HAKOMecCT?) A Kak ObITh CO 3Ha-
YeHMSIMU, He YKJIaIbIBAIIVIMUCS B OTBELEHHYIO IMPUHY, — TO/DKHBI JIM MBI yCeUb
3HAueHMe CeBa WM CIIpaBa Win, MOXKeT ObITh, CIe[lyeT BbIBECTY 3HAUEHME I[e/H-
KOM, HeB3MPasl Ha YCTaHOBJIEHHbIe OrpaHUYeHUs?

AHANOTMYHO TPU YTeHUM (HOPMaTUPOBAHHBIX UMCeN (TO €CTh BBIMONHSIS Tap-
CUHT) MBI JOJIKHBI OTBETUTH IIPAKTUUYECKM HA Te JKe caMble BOIIPOCHI: MOYXKHO JIU
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OKMIATh BCTPETUTH pasfeuTenu Tpymil pa3psanos? Hayunyio dopmy 3anucu? Be-
Iyuiye 3Haky +? B Kakoi cucreMe CUMC/IeHMs 3alMCaHbl aHaIU3MpyeMble uynuciaa?
U 111 HeUYMCIOBBIX JAHHBIX: MOTYT JIM TIPUCYTCTBOBAThH BeAylue mpobessi? [pu
UTEHUM «CTPOKOBBIX 3HAUEHMII» KaKOi ellle 3HAK MOXXeT OTMeuaTb KOHel] CTPOKY,
Kpome EOF?

Cranpaptbiii C API BriIlouaeT 1eoe ceMeitcTBO GyHKIMIT hopMaTUPOBaHUS C
YMeHaMy, OKAaHUMBAIOIIMMMCS Ha printf, M COOTBETCTBYIOIIee ceMeiicTBO hyHK-
1[Mii TapCUHTa C MMeHaMM, OKaHYMBAOIMUMUCST Ha scanf. O6uIeit uepToii Bcex
GyHKUMIE B KasKOOM CeMeliCTBe SIBJSIeTCSI CMMCOK apryMeHTOB [epeMeHHO -
HbI U eIMHCTBEHHAsI «CTpoKa GopMaTUPOBAHUS», TPEILIeCTBYIONIAsI STOMY CIIUCKY,
KOTOpasl OTBeYaeT Ha MHOTMe U3 BOIIPOCOB, ITIOCTaB/IEHHbIX Bblllle (HO He Ha BCe), B
OTHOIIeHUM GopMaTHPOBaHMS KaKA0r0 apryMeHTa, a Takke IIpefocTaBiseT «hop-
My>» IJIsI COOOIIEHNSI, B KOTOPYIO 6MG/IMOTEKA BCTAaBUT OTGOPMAaTUPOBAHHBIE apry-
MEHTBI:

int tuners = 225;
const char *where = "Chicago";
printf("There are %d piano tuners in %s.\n", tuners, where);

CyiecTByIOT Takke QyHKIMK: fprintf(fp, "format", args...) — IJi BbIBOA
B IIPOM3BOJIbHBIN ITOTOK (He 00s13aTesIbHO stdout); snprintf(buf, n, "format",
args...) — i BeIBojA B 6ydep buf, 0 Heil paccKa3bIBAE€TCS UYTh HIKE; I COOTBET-
CTBYIOIIIEe ceMeiicTBO QYyHKIMIA vprintf, vEprintf u vsnprintf, KOTOpbIe MOTYT
MIPUTOIUTBCS IJIST CO3AaHMUS CBOUX printf-momo6HbIx GyHKIMI. Kak Bbl, yke Bepo-
SITHO, TIOHMMAeTe, MOJIHOLIeHHOe 06CyskaeHMe CTpoK dhopmaTtupoBanus B cruie C
BBIXOOUT AajIeKO 3a PaMKMU 3TON KHUTU. TeM He MeHee OTMeUy, UTO «SI3bIK CTPOK
dbopmatupoBanus» B ctusie C pacripoCTPaHWIICS laske Ha SI3bIKM, He SIBJISIIOIIMECS
MpssMbIMM TTIoTOMKaMu C; HaripuMep, Ha Python 2 MOKHO HamucaThb TaKoi KOJI:

tuners = 225
where = "Chicago"
print "There are %d piano tuners in %s." % (tuners, where)

Opuako mexmy npoucxogsuiym B C v B Python 6onbmias pasuuial

Camoe 60JIbIIIOE OTINYME COCTOUT B TOM, UTO Python — A3bIK ¢ AMHaAMMUUYECKO
TUTIM3AIMel, TO3TOMY, eCIM 3anucaTh "%s tuners" % (tuners), MUHCTPYKLIVS BCE
PaBHO BBITIOJIHUTCS IPAaBWIBHO. B CMMCKax apryMeHTOB epeMeHHO IMHBI B CTU -
sie C MCXOmHBIN TUIT type TEPSIETCs; eCiM yKasaTh crenudukatop Gopmara "%s"
(KOTOPBIV COOTBETCTBYET aPTYMEHTY const char ¥) [Jjiss apryMeHTa TUIIa int, BbI B
JIy4dIlIeM CIy4yae MoyudunTe npeaynpexaeHne KOMOUIITOPa, a B XyAlIeM — HeoIpee-
JieHHOe ToBefeHne. To ecTh KOrJa Bbl UCHOIb3yeTe MYHKIMM (GOpMaTUPOBAHMS U3
<stdio.h>, cTpoKa (popMaTa BBITIOTHSIET JBOSIKYIO POJIb: OHA OTIPENesIsieT He MoJlb-
KO (hopmam Ka>Kmoro 3HAUEHMUsI, HO MAakKyce e20 mun, Vi eCiy IOMbITaThCS IepenaTh
3HaueHle C TUIIOM, HECOBMECTMMBIM CO cIielipuKaTopom popmara, Harpumep uc-
TI0JIb30BAaTh "%s" BMeECTO "%d", B Ballleii IporpaMme mosiBUTCS omnbka. K cuacTsio,
OOJIBIIMHCTBO COBPEMEHHBIX KOMITUJISITOPOB CBOEBPEMEHHO OOHAPYKMBAIOT TaKye
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HeCOOTBeTCTBUSI, IIPU YCJIOBUM UTO CTpoka popmaTa rnepeaeTcsi HermocpeaCcTBEHHO
B printf win QyHKIMIO, OTMEUEHHYIO (HECTaHAAPTHBIM) aTpubyToM format, Kak
OymeT 1MokaszaHo B mpuMepe Huke. K coxaneHuo, 3Ta UMarHOCTMKA paboTaeT He
BCerga Ha/leskHO, KOT/Ia B [ieJI0 BCTYTAIOT TUIIhI, 3aBUCSIIME OT IIaThOPMbI; HATIPU-
Mep, HEKOTOpbIe 64-pa3psiIHble KOMIMJIITOPBI MOTYT He OOHAPYKUBATh MOIBITKY
oTdopmaTMpOBaTh 3HaAUEHMe TUIIA size_t € MoMollbio creluduraropa Gopmara
"%llu", Jasxke IPUTOM, UYTO MTepPeHOCUMBbIii crieindMUKaTOp MMeeT BUA, "%zu".

Ipyroe ominune: GpyHKuUS printf B s3bike C pakTHUeckyu MUILET HeoCpen-
CTBEHHO B CTaHIapTHBIN MOTOK BbIBOAA, stdout; opMaTHMpoBaHMe HAHHBIX CO-
BMelaeTcst ¢ 6ydepusanmeii BHIBOIUMbBIX 6aiiTOB. B si3bike Python KoHCTpyKIMs
"There are %d piano tuners in %s." % (tuners, where) B OelCTBUTEIbHOCTU
SIBJISIETCSI 8bIpaxeHueM TUTA str (string — cTpoka); co6cTBEHHO popmMaTupoBaHue
TIPOVUCXOAUT HEIIOCPeCTBEHHO B HEM, M CO3/JaeTCsl 3aKOHUYEHHOe CTPOKOBOe 3Haue-
HMe, KOTOpOoe 3aTeM MbI PelIiiy BbIBeCT! B stdout.

YTOoO6BI MOMYYUTh OTHOPMATUPOBAHHYIO CTPOKY C IPUMEHEHMEM <stdio.h>, MbI
IOJDKHBI UCIIONb30BaTh snprintf:

char buf[13];
int needed = snprintf(
buf, sizeof buf,
"There are %d piano tuners in %s'", tuners, where

Js

assert(needed == 37);
assert(std::string_view(buf) == "There are 22");

O6paruTe BHUMAaHMe, UTO snprintf Bcerga mo0aBisieT HY/IE€BOI CMMBOI B KO-
Hel 6ydepa, mJaxke ey [Py 3TOM COOOIIeHe OKayKeTCsI HEITOJIHbIM; ¥ BO3BpallaeT
IJIIHY COOOBIIEeHMsI, KOTOPOe OHAa M02/1d Obl 3am1caTh. [I03TOMY /151 ToTyueHust pop-
MAaTUPOBAHHOIO COOOIEHMsI C IIPOM3BOJIbHOM IIMHO YaCTO CHava/Ia BbI3bIBAETCS
snprintf ¢ MyCTBHIM yKasaTejeM Ha Oydep, YTO6bI y3HATD IIMHY OYyIyIIero coooie-
HMSI; @ 3aTeM BbI3bIBaeTcs ¢ 6ydepoM TpebyeMoro pasmepa:

template<class... Args>
std::string format(const char *fmt, const Args&... args)
{
int needed = snprintf(nullptr, 0, fmt, args...);
std::string s(needed + 1, '"\@');
snprintf(s.data(), s.size(), fmt, args...);
s.pop_back(); // yhanuTb 3anucaHHbin '\0O'

return s;

3

void test()

{
std::string s = format("There are %d piano tuners in %s", tuners, where);
assert(s == "There are 225 piano tuners in Chicago");

}
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[Mpenpiaymas peanusanusi GyHKIUM format MCIOMb3YyeT MAGIOH QYHKIUU CO
CIIMCKOM apryMeHTOB IepeMeHHO IJIMHbI, KOTOPbI CTpagaeT CKIOHHOCTBIO MPOo-
U3BOIUTD GOJBIIIOE KOTMYECTBO IMOXOXKMX KOmuit kopa. dddekTuBHee (B TEPMUHAX
BpeMeHM KOMIIWISIIUY Y 00beMa BBITIOTHSIEMOTO KO/ia) ObII0 CO3AAaTh eMHCTBEH-
HYIO (HemabyIoHHYI0) GYHKINWIO B CTUIE s13bIKa C ¢ IepeMEeHHBIM KOJTMYECTBOM ap-
TYMEHTOB U UCIOJIb30BaTh vsnprintf myis dopmaTtupoBanus. K cokanennto, 6oiee
MofIpo6HOe 06CyKIeHNe va_list U vsnprintf BBIXOAUT AAJIEKO 38 PAMKM KHUTU.

std::string better_format(const char *fmt, ...)

{
va_list ap;
va_start(ap, fmt);
int needed = vsnprintf(nullptr, @, fmt, ap);
va_end(ap);
std::string s(needed + 1, '\0');
va_start(ap, fmt);
vsnprintf(s.data(), s.size(), fmt, ap);
va_end(ap);
s.pop_back(); // ymanuTb 3anucaHHbii '\0'
return s;

}

Crpoxu popmata st scanf Mbl paCCMOTPUM HEMHOTO TTO33Ke, B 9TOJ Ke TJIaBe.
A monHoe onucaHue scanf Bbl HaliJieTe Ha caiiTe cppreference.com UIM B KHUTaX,
TTOCBSIIIIEHHBIX CTAHAAPTHOI OMbIMoTeKe si3pika C.

PaccMmoTpeB BKparTIie, KaK OCYIIECTBIISIIOTCS 6ydepusaius 1 GopmaTupoBaHme
(o KpaitHeit mepe, opmMaTuMpoBaHMe BbIBOAA) B <stdio.h>, mepeiiieM K CTaH-
mapTHomy C++ <iostream> API.

Knaccuueckas mepapxus notokos
BBOAA/BbIBOAA

<stdio.h> API cTpagaer, 110 MeHbIIIeil Mepe, OT Tpex ImpobsieM. Bo-1epBsIx, GyHK-
1y HopMaTUPOBAHUS He SIBJSIOTCS TUIT06e30TacHbIMM. BO-BTOpBIX, QYHKINM
6ydepusaiy He COBCEM YIAUHO pa3OouUThI HA «pyHKIMM Oydepusanyum B aiibi»
(FILE *u fprintf) u «pyHKIMM 6ydhepnsaium B CMUMBOIbHBIE Oydepbl» (snprintf).
(JTamnHo, nagHo. Texunuyecku 6mo6aoreka GNU C nmommepskuBaeT fopencookie IS
KOHCTpyMpoBaHus FILE * KOTOPBI BBITTOMHSIET Oydhepu3alyio re yrogHo 1o Bale-
MYy BBIOOPY; HO 9TO OUeHb MAJIOTIOHSITHAS ¥ HeCTaHAAPTHAs GPyHKIMS.) B-TpeThux,
HET ITPOCTOTO CITOCO6a PaCIIMPUTD MTOALEPKKY (POpMaTUPOBAHMS B ITOTH30BATENTbC-
KMX Kjlaccax; s He MOry IepenaTth B printf maske std: :string, He TOBOpPS yKe O
my: :Widget!

Korga C++ ToibpKO paspabaTteiBayics B cepenyiHe 1980-X, MPOEKTUPOBIIVKN 0CO3-
HaJM HeOoOXOOMMOCTh MMETh TUIM3UPOBAHHYIO, COOPHYIO M paciImpsieMyto 6m6-
JIMOTEKY BBOJA/BbIBOIA. Tak poawiach 6mOMMOTEKa, M3BECTHAST KAk «iostreams»,
WIN TPOCTO «IMOTOKM C++» (He myTaiiTe ¢ moToKaMu <stdio.h>, KOTOpbIE MBI
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TOJILKO UTO 3aKOHUMIM OOCYKHATh). PyHIaMeHTaabHas apXUTEeKTypa 6MOIMoTe-
K1 iostreams He M3MeHUIaCh ¢ cepenrubl 1980-X, UTO OUeHb OT/INYAET ee OT BCelt
OCTaJIbHOJI CTaHAAPTHOI 6GMOIMOTEKM, 32 UCKIIOUeHMeM (3TO He KajaaMOyp) mepap-
Xumn std: :exception.

Bubnnoreka C++ iostreams IeauTCsS Ha JABe OCHOBHBIE YAaCTU: NOMOKU OAHHBIX
(streams) — moaepskKy GOpMaTUPOBaHUS, — U streambuf — MOAIEPKKY 6ydepu-
3a1uu. BOMbIIMHCTBY MPOTpaMMUCTOB Ha C++ HUKOTIa He MPUETCS B3aMMOAEeiCT-
BOBaTh C streambuf, TOMBKO C TIOTOKaMu AAHHbIX. TeM He MeHee JlaBaliTe KPaTKO
TMO3HAKOMMMCS C TIOHSITMEM streambuf.

Mexauusm streambuf oueHb HartoMuHaeT FILE B C APIL. OH coo6ImiaeT mporpam-
Me, Tlle HaXONSITCS BXOJHbIE JaHHbIe (B popMe OObIYHBIX 6aifTOB) U KyIda JO/IKHbBI
3aIMChIBAThCS BBIXOOHbBIE maHHble. OH Takke IomaaepskuBaer 6ydep 6aitToB mjis
YMeHBIIIeHUsT 0OpallleHnii K COOTBETCTBYIOIIMM anapecatam (Takum kak POSIX-
dbyHKIIMM read M write). [ TOAAEPIKKM Pa3HbIX peanam3alnii streambuf ¢ OMHUM
M TeM Xe MHTepdecoM MCIONb3yeTcsl Kaaccuueckuii monumopdusm. [TomHuUTe,
KaK B HavaJjie [JIaBbl s 06elI[aI, YTO MbI eIl BCTPETUMCS C KJIacCUYeCKUM OIMMOP-
dbuzmom? Mbl HaKOHeII TOAOILIN K 3TOMY!

std: :streambuf (B OeiCTBUTEIbHOCTU ICEBIOHUM i1 std::basic_stream-
buf<char, char_traits<char>>, HO JaBaiiTe He OyIeM YCJIOXKHSATh) — 3TO 06a30-
BBIN KJ1acC Mepapxuu, KOTOPbIil HaclenywT std: :filebuf u std: :stringbuf. UH-
Tepdeiic streambuf COOEPKUT CIUIIKOM MHOIO BMPTYaJbHBIX METOMIOB, YTOOBI
IIepeuncaInTh UX BCe, II0O3TOMY OTMEUy JIMIIb ciaenyioniyre: sb.setbuf(buf, n)
(coorBeTcTBYeT GyHKIMK setvbuf(fp, buf, _I0_FBF, n)), sb.overflow() (cooT-
BeTcTBYeT PyHKIMK fflush(fp)) 1 sb.seekpos(offset, whence) (COOTBETCTBYET
dyukiun fseek(fp, offset, whence)). [oBOps 0 COOTBETCTBUM, SI, KOHEUHO Ke,
nofpasyMmenalo std: : filebuf. 9T MeTOAbI UMEIOT B std: : stringbuf MHYIO peanu-
3a1MI0 (M OOBIYHO HEIepPeHOCHMYIO).

JT1060i1 Kacc, MpoM3BOAHbIN OT streambuf, JOKEH TaKKe MOAIEPKUBATh HEKO-
TOpbIE 3/IeMeHTapHbIe OIlepalyu s B3aMMOAeCTBUII ero ¢ 6ydepoM (mobaBIstio-
e ¥ M3BJeKalomye 6aiiTol). ITM dJIeMeHTapHbIe onepaluy MpegHa3sHaueHbl He
IJIS1 OGBIUHBIX IPOTPAMMICTOB, a AJIsSI MCIIOTb30BaHMsI B 0ObEeKTe TTOTOKA, KOTOPbIi
obepThIBaeT streambuf M peanusyeTr 6ojiee APYKECTBEHHbINI BbICOKOYPOBHEBBIN
uHTepderic.

[Motoku ganHbix B C++ MHKATICYJUPYIOT MeXaHU3M streambuf M OrpaHUUMBAIOT
MHOKECTBO ollepanuii ¢ HuM. Hampumep, o6paTuTe BHMMAaHMe, YTO streambuf He
MIMeeT MOHSITUS «PEKUM TOCTYIIa»: Bbl MOKeTe N06aBIIITh OaliThl B HETO («3aIMChI-
BaTb») U U3BJIEKATDb 6AlThI («anTaTh»). OMHAKO €C/iv TOBOPUTD O streambuf, 3aBep-
HYTOM B std: :ostream, 06BEKT ostream SKCIIOPTUPYET TOJIBKO METOM write — OH
He UMeeT MeTofia read.

Ha puc. 9.1 usobpaskeHa AyarpamMMma Mepapxuy KIacCcoB IOTOKOB U streambuf
B C++17, Kak OHa ompefeneHa B CTAHIAPTHBIX 3arojioBKax <iostream>, <fstream>
U/ <sstream>. ba3oBble Kiacchl streambuf, istream, ostream 1 iostream sIB-
JITIOTCST «abCTparupoOBaHHBIMI»: OHY He MMEIOT YMCTO BUPTYaJIbHBIX METOHOB U
BKJIIOUAIOT TOJbKO OHY MepeMeHHYI0-UjIeH streambuf¥, yHac/leJOBaHHYIO U3 ios.
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YT0o6BI HE JaTh BaM BO3MOKHOCTH I10 OIMIMOKE CO3/1aTh SK3E€MILISIPBI 3TUX «abCTpa-
TMPOBAHHBIX» TUIIOB, CTAHIAPTHAsI 6MOIMOTEKA OMIPEENsIeT UX KOHCTPYKTOPHI KaK
3auuineHHble (protected). HampoTus, Ki1accol ¢ UMeHaMU, COepsKaluMu string-
streamu fstream, akKTMYECKM BKIIOYAIOT 3K3eMIUISIPBI stringbuf u filebuf coOT-
BETCTBEHHO, KOHCTPYKTOPbI KOTOPBIX MHMIMAIU3UPYIOT YHACAeLOBAaHHBIN WieH
streambuf*. [laysee B 3TOIi I7aBe, B pasjene «PerieHne mpobiemMbl MaHUITYIISTO-
POB», BbI yBUAUTE, KAK CKOHCTPYUPOBATb OOBEKT 0stream, B KOTOPOM UIeH stream-
buf* ykasblBaeT Ha 9K3eMIUISIP streambuf, He MpUHaAIeXaluii *this:

istringstream

stringbuf

stringstream

stringbuf
~Stringouf _

fstream

<iostream>
<fstream>

<sstream>

Puc. 9.1. Mepapxms knaccoB notokoB U streambuf B C++17

Ksacchbl TOTOKOB TaHHBIX SKCIIOPTUPYIOT TECTPYIO KOJJIEKIIMIO METOMOB, Oosiee
MY MeHee COOTBETCTBYIOIMX (PYHKLIMSIM, KOTOpPbIe Mbl YoKe IBaKIbI BUIEIN BbI-
mre. B yacTHOCTH, KiMacc fstream ob6epThiBaeT filebuf, M BMeCTe OHU AECTBYIOT
momo6Ho FILE 3 C API: filebuf uMeeT «Kypcop», KOTOPbIM MOXHO YIIPaBJISITh C
IomMoubl0 MeTona seekp kinacca fstream. (MMs seekp yHaciaenoBaHO OT Kijacca
ostream. B ifstream Noxoxuii MeTON UMeeT UM seekg, TAe «g» B UMEHU — OT CJI0-
Ba «get» (TTOJIYYUTh, IPOYUTATH), 8 GYKBa «P» — OT CJI0BA «put» (BCTaBUTb, 3aIIMCATh).
B mosHOIIeHHOM ITOTOKe fstream MOXKHO MCIIOTb30BATh JIIOOOI U3 METOMIOB — seekg
U seekp — B 3TOM C/Iyuyae OHMU SIBJISIIOTCSI CMHOHMMaMu. Kak 0ObIYHO, TOMHUTE,
YTO eCThb TOJILKO OJMH Kypcop, Jaske IPUTOM, 4TO B iostreams API cymiecTByeT nBa
MeTo[a [j1s yIIpaBiaeHus um!)

KoHCTpykTOp fstream NpMHMMAaeT OGUTOBYIO MAacKy, COCTOSIIIYIO U3 (Jiaros
std: :ios_base: :in, out, app (OT aHI/I. «<append mode» — peXkum q06aBIeHNs B KO-
Hell), trunc, ate U binary, 06benuHeHHbIX 110 WJIM; ogHaKo, Kak Mbl BUIeIM Ha
npumMepe fopen, OHM JIMIIb OMOCPEIOBaHHO CBs3aHbl ¢ duaramyu POSIX-byHRuMMN
open:

O in: skBuBajeHT fopen("r"), mnu POSIX-cdsara O_RDONLY;
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O out: skBUBaJNIeHT fopen("w" ), wiu komouHauyy POSIX-dmaros O_WRONLY |
O_CREAT | O_TRUNC (o6paTuTe BHMMaHMe Ha Hajauuue ¢uiara O_TRUNC, maxke
MIPUTOM, UTO (p1ar trunc He mepefaeTcs sIBHO!);

O in]out: skBuBaneHT fopen("r+"), uau POSIX-dbmaros O_RDWR | O_CREAT;

O inlout|trunc: 3kBuBadeHT fopen("w+"), win POSIX-dmnaroB O_RDWR |
0_CREAT | O_TRUNC (o6paTuTe BHMMAaHMe, YTO B JAHHOM C/Tydae CMHTAKCUC
iostreams 6ostee Moc/IeAOBaTENbHbIN, YeM CMHTAKCKC fopen);

O out|app: sxkBUBaNeHT fopen("a"), miyu POSIX-dmaroB 0_WRONLY | O_CRE-

AT | O_APPEND;
O in|out|app: skBUBaJeHT fopen("a+"), wm POSIX-¢aroB O_RDWR | O_CRE-
AT | O_APPEND.

Iob6asneHue duiara binary B GUTOBYI0 MacKy CpOIHM JOOABIEHNIO CUMBOJIA "b"
B CTPOKY pexxuma pyHKIiMu fopen. dyar ate coobIIAET MOTOKY JaHHBIX, UTO U3Me-
HEHMe TeKYIel MO3UIMNK GyIeT MPOU3BOAUTHCS OTHOCUTETBHO KOHIIA (aiiia, Taxke
ecsiu Gailyt OTKPBIT B pexkume O_APPEND.

Ecu repefaTh HeNOAIePsKMBaeMblii Ha6op ¢uiaros, HaIIpUMeDp app | trunc, 06b-
€KT [0TOKa BCe PaBHO GYAET CO3[laH, HO TTOMEIEH B «Hepabouee» COCTOSIHUE, KO-
TOpOEe MbI BCKOpe o6cyaum. B o6ieM ciyyae ciemyeT MPOEKTUPOBATh KOHCTPYK-
TOPbI COGCTBEHHBIX KJIACCOB TaK, YTOOBI OHU COOOINAIM 06 OIIMOKAaX TOCPEICTBOM
UCKJIIOUEeHMIA. 3[4,eCh 3TO IPaBWIO HapylIeHOo, OTYaCTU [IOTOMY, UYTO JaHHas uepap-
XMS KJIACCOB IPOEKTUPOBaach OUTH COPOK JIET HAa3az, a OTYaCTU ITOTOMY, YTO HaM
HY)XeH HEKOTOPBII MeXaHM3M «CO0eB», UTOObI 06pabaThIBaTh BECbMa BEPOSITHBIE
CUTYyaIUU, KOTa TpebyeMblIit (haiil He MOXKET ObITh OTKPBIT (HAIIPUMED, TOTOMY UTO
He CYILEeCTBYeT).

CoBMecTMB BCe BMeCTe, Hallly IIPOCTyI0 mporpaMmy u3 pasgena «POSIX API»
MOYKHO IepernmcaTh C UCII0Jb30BaHueM <fstream> API, Kak TOKa3aHO HILKe:

#include <cassert>
#include <fstream>
#include <string>

int main()
{
std::fstream fsw("myfile.txt", std::ios_base::out);
std::fstream fsr("myfile.txt", std::ios_base::in);
if (fsw.fail() || fsr.fail())
return EXIT_FAILURE;

fsw.write("hello world", 11);
fsw.seekp(6, std::ios_base::beg);
fsw.write("neighbor", 8);
fsw.flush();

std::string buffer(14, '\0');
fsr.read(buffer.data(), 14);
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assert(fsr.gcount() == 14 && buffer == "hello neighbor");
3

B mpepnpigyiieM npuMepe ecTb OfHA CTPaHHOCTh: fsr.read(buffer.data(),
14) He BO3BpalllaeT HUYETO, UTO MOIVIO ObI MOACKA3aTh, CKOJIBKO 0AiiTOB OBUIO
MpoynTaHo! BMeCTO 3TOro 4mMc/I0 MPOUMUTAHHBIX 6AiTOB COXPAHSIETCSI B TI€PEMEH-
HOIt-ujIeHe U er0 MOKHO MOJYYUTh OTAeNbHbIM BbI30BOM (GYHKIIMM £sr.gcount().
AHajIOTMYHO MEeTON write He JaeT BO3MOXKHOCTY Y3HATh, CKOJIbKO 6aiiTOB ObLIO
(hakTHUeCKM 3amMCcaHO. DTO MOXKET BBITVISIIETh KakK MpobyieMa, HO BOOOIIIe, eCJ TI0-
TOK JIaHHBIX CTAJIKMBAETCS C OIIMOKOII B IPOIIECCe UTEHMUS UV 3aMVICH, 3Ta OIIUO-
Ka 9acCTO OKa3bIBAETCSI «<HEMCITPABUMOI» 13-3a HEM3BECTHOTO KOJIMYECTBa 6aiTOB,
Gaxmuuecku TTPOYNUTAHHBIX MM 3aMMCAHHBIX B (ailyioBbIil TeCKPUIITOD, U U3-3a
HaJIM4Ms HECKOIbKUX YPOBHEI 6ydepusanyy Mexay MPUKIagHO! TporpaMmMoii 1
arnmnapaTypoii. CTOMKHYBIIUCH C OLIMOKOM UTeHUS MU 3aIIUCH, IPeIIoUTUTe/IbHee
BOOOIIle 0TKA3aThCSI OT TOMbBITKM MOHSITh, B KAKOM COCTOSTHMM OKa3aJiCsl TIOTOK, —
Kpome 0cob0ro ciyvas, Korja Inpu YTeHuM OJOCTUTHYT «KoHel daitia». Ecnu npen-
rmosarajioch mpountatb 100 6aiiT 1 B Mpoliecce YTEHUS JOCTUTHYT «KOHeI] (aiiiar,
OTIPEIEJIEHHO €CTh CMBICI CIIPOCUTD: «CKOJIBKO 6aiiTOB 6bIIIO TPOUMTaHO?» OFHAKO
ecau TIpefronaraaock 3amucarb 100 6aifT u B mporiecce 6blyia MOMyUYeHa ceTeBas
ommbka Iy onmmbKa JMCKa, 6eCCMBICIEHHO TbITaThCSI Y3HATDh, «CKOJIBKO 0OAiTOB
ObUIO 6JIATOTIOYUHO 3aIMMCAHO», [IOTOMY YTO MbI HE CMOXXEM C MTOJTHOM YBEPEHHOC-
TBhIO YTBEPKIATh, UTO «6JIaTOIIOTYYHO 3aITMCaHHbIe» OAThI JEMICTBUTENIBHO TOCTUT-
JIY MeCTa Ha3HaueHMsl.

Eciu mbl 3aTpe6oBanmy 100 6aiit, a monyumian 99 (Miu MeHblIe), 13-3a TOTO, UTO
IOCTUTHYT KOHelI (aiiia, Torma He TOMbKO fs. gcount() BepHeT uncio MmeHbIie 100,
HO TakKe COCTOSIHMe 00beKTa MOTOKA MOMYUUT 3HAUeHUe — NPU3HAK KoOHYa ¢atina.
OmnpenenuThb TeKyIee COCTOSIHME TTOTOKA MOXKHO C ITOMOIbI0 QYHKIIMI £s.good()
(Bce 3ameuaTenbHO?), fs.bad() (IIOTOK CTOJKHYJICS C HEMCIIPaBUMOIi OLIMOKO?),
fs.eof () (TMowIemHsIa orepaiyus UTeHUs JOoCTuriaa KoHua ¢aina?) u fs.fail()
(TocyteqHsIS orepanys MpuBesia IOTOK B «Hepabouee» COCTOSTHME 110 KaKOM-TO MpHu-
uynHe?). O6paTuUTe BHUMAaHMe, UTO fs.good() He ABJseTCs MHBepcueit fs.bad();
TIOTOK MOJKET, HallpMMep, HaXOAUTbCS B COCTOSIHUM eof, KOr[a BBIMOIHSETCS YCI0-
Bue !good() && !bad().

K HacTosieMy MOMEHTY Mbl YBUZ M IIPOCTENIINIi criocob 6ydepusaium BBoIa
" BBIBOJIA C MCITOJIb30BaHMEM TIOTOKOB fstream. OmHaKO ecy 651 TOTOKM C++ MOJI-
JIep>KMBAIM TOMBKO TaKOW CIIOCOO MCIONIb30BAHMS, Mbl C PABHBIM YCIIEXOM MOT/INU
6b1 orpaHmMunThCS FILE * wau naxke POSIX API. HoBble 1 (BepOSITHO) YAYUIIEHHBIE
BO3MOXKHOCTH MOTOKOB C++ 3aK/II0YAIOTCSI B 0COG@HHOCTSIX paboThl ¢ hopmamupo-
8aHUEM.

MoToKK AaHHbIX U MaHUNYNATOPbLI

Kak BbI HaBepHSIKA MOMHNUTE, B QYHKIMM printf MCXOMHbIE TUITBI APTYMEHTOB
TEPSIIOTCS, TIO3TOMY CTpOKa (opMara MO/DKHA BBIMONHATH ABOMHYI0 (QYHKIMIO,
KOAMPOBATh HE TOJMBKO (popmam BbIBOJA KAXKAOTO 3HAYEHMs, HO TAKXKe ero mun.
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B iostreams 3TOT HeAOCTATOK OTCYTCTBYeT. BOT Kak BHIIMISIAUT (hopMaTUpOBaHMe C
iostreams:

int tuners = 225;
const char *where = "Chicago";
std::cout << "There are " << tuners << " piano tuners in " << where << "\n";

3mech std: :cout — 9TO IIOOaNbHAS TepeMeHHas TUITA ostream, COOTBETCTBYIO-
masi CTaHAAPTHOMY ITOTOKY BbIBOfAA stdout wim meckpunrtopy daivia 1 B POSIX.
CylecTByeT Takke mepeMeHHas std::cerr, COOTBETCTBYIOIIAs HeOydepn3oBaH-
HOMY IIOTOKY stderr wim geckpurrropy daiina 2 B POSIX; std: : clog, TakKe CO-
OTBETCTBYIOIIAS IeCKpUIITOPY (aiina 2, Ho ¢ ImomHoi 6ydepusaiyeit; n std: :cin —
robasibHas MepeMeHHas TUIIA istream, COOTBETCTBYIONIAS CTAHAAPTHOMY MTOTOKY
BBIBOZIA stdin mau meckpunTopy daiina 0 B POSIX.

CraHgapTHBIN KaacC ostream (KOTOPBIN, OMSTh XKe, B AeCTBUTEIbHOCTU SIBJISI-
eTcs basic_ostream<char, char_traits<char>>, HO JaBajiTe He OyIeM aKIeH-
TUPOBATh CBOE BHMMAaHME HAa 3TOM) MMeeT MHOI'O, OUeHb MHOTO Ileperpy>keHHbIX
HeuJIeHOB operator<<. Hampumep, BOT IpOCTENMILNII Ieperpy>kKeHHbIN operator<<:

namespace std {
ostream& operator<< (ostream& os, const string& s)

{

os.write(s.data(), s.size());
return os;

b

} // namespace std

Tak Kax 9Ta GyHKIIVMS BO3BPAIllaeT CChIIKY Ha TOT ke 0OBEKT 0s, KOTOPbIii OHA I10-
JIy4niia, Mbl MOSKEM COCTABJISITh 1IETIOUKM M3 OTIepaTopoB <<, Kak MTOKa3aHo B Mpe-
IObIYIIEeM MpyMepe. DTO MO03BoJIsIeT GOPMATUPOBATh CJIOKHBIE COOOIIEHMST.

K coskaneHunto, Halero npocToro operator<<(ostream&, const string&) He-
IOCTaTOYHO JJIsI pelIeHNs pa3IMUHbIX 3a1a4 HOpMaTUPOBaHMS, OMIMCAHHBIX B pa3-
nene «dopMaTupoBaHue ¢ moMoIibio printf u snprintf». I[IpeacraBbTe, UTO HAM HYK-
HO BBIBECTU CTPOKY B T0JIe HMIMPUHON 7 CMMBOJIOB C BIpDAaBHMBAHMEM I10 JIEBOMY
Kpal; Kak caenaTh 3T0? CMHTAKCUC operator<< He MpeaycMaTpuUBaeT Iepenavy
IIOTTOJTHUTEJIbHBIX «ITapaMeTpoB (opMaTupoBaHusi». TO eCTb MbI IIPOCTO HE MOKEM
BBITIOJTHSITH CJIOKHOE (popMaTHpoBaHMe, eC/IM He ONpenenTh ITapaMeTpbl popma-
TUPOBAHMSI MO0 CJIeBa OT orepaTopa << (B caMOM 0ObeKTe ostream), TMOO CIIpaBa
(B bopmatupyemMom o6bekTe). CTaHmapTHast 6MOIMOTeKa UCITONIb3yeT KOMOVHALIIO
IBYX ITOAX0I0B. Boob1e roBopst, PyHKIIMOHATbHOCTb, co3gaHHast B 1980-x 1 1990-x,
MpegycMaTpMBasa mapaMeTpbl popMaTMpPOBaHMS B CAMOM 00BEKTe ostream; U BCe,
YTO ObIIO L,00aBIEHO TO34Hee, — BCIEICTBIE HeBO3MOKHOCTY JOOaBUTDb B ostream
repeMeHHbIe-UJIeHbl, He HapylIMB IBOMYHYI0 COBMECTMMOCTD — MIPUIIIOCH peasn-
30BbIBATh CIIpaBa OT omepaTopa <<. JlaBajiTe TOCMOTPUM HPUMEDP BbIpaBHUBAHMUS
B I10jIe Ha OCHOBe MmoaxomoB 1980-x. BoT HeMHOro 6osiee ImoJiHAs BEPCHsT HAIllero
operator<< [jig std: :string:
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void pad(std::ostream& os, size_t from, size_t to)

{
char ch = os.fill();

for (auto i = from; i < to; ++i) {
os.write(&ch, 1);
1
3

std::ostream& operator<< (std::ostream& os, const std::string& s)

{

auto column_width = os.width();
auto padding = os.flags() & std::ios_base::adjustfield;

if (padding == std::ios_base::right) {
pad(os, s.size(), column_width);

b

os.write(s.data(), s.size());
if (padding == std::ios_base::left) {
pad(os, s.size(), column_width);

os.width(@); // cbpocuTb "wmpuHy nons" B @
return os;
}

3nech os.width(), os.flags() " 0s.fill() — 3TO BCTpPOEHHbIE WIEHbI Kjacca
std: :ostream. CyliecTByeT Takxke ujieH os.precision() mjis popmaTupoBaHus
BellleCTBeHHBIX Uyces, ¥ C [IOMOIIBIO 0s . flags () MOXKHO [1J1S1 HEKOTOPBIX UMCIOBBIX
TUIIOB 3aJaTh CUCTEMY CUMCJIEHUSI TI0 ocHOBaHMIO 10, 16 mnu 8. lllupuHay moss B mo-
TOKE MOXXHO YCTAHOBUTH BBI30BOM 0S.width(n), OGHAKO 6bLIO OBl CIUIIKOM YTO-
MUTEIBHO (M TITYTIO!), eciy Obl epe[ KaxkIoit orepariyeii BbIBOZA Mbl ObLITV BBIHYK-
IeHbI BBITIOJHSTh HACTPOMKM std: :cout.width(10), std: :cout.setfill('.') u
npyrue. [ToaTroMy 6MGaMOTEKA iostreams BKIIIOYAET CTaHAAPTHBIE MAHUNYISMOPbI
NOMoKoM, TIO3BOJISIOIIVE TIOYUUTH TOT Ke 3D eKT, UTO JAI0T 3TU PYHKINN-UTEHBI,
HO 6oJiee «II0TOKOO6pasHbIM» CII0CO60M. BONBIIMHCTBO MaHUITYISITOPOB OIpee-
JIEHO B CTaHJAPTHOM 3arojioBke <iomanip>, a He B <iostream>. Hampumep, BOT Ma-
HUIIYJISITOP, YIIPABJSION M IIVMPUHOT TIOJISI B IOTOKE:

struct WidthSetter { int n; };
auto& operator<< (std::ostream& os, WidthSetter w)

os.width(w.n);
return os;

}
auto setw(int n) { return WidthSetter{n}; }

A BOT el11e 1Ba CTaHIAPTHBIX MaHUITYJISITOPA, OOVH U3 KOTOPBIX BBIIVISIAUT OU€Hb
3HaKOMO. MaHUITYJIITOp std: :endl m06aBJSET CMMBOJ IIEPEBO/IA CTPOKM B MOTOK
Y 3aTe€M BbITQJIKMBAeET €ro:
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using Manip = std::ostream& (*)(std::ostream&);

auto& operator<< (std::ostream& os, Manip f) {
return f(os);

3

std::ostream& flush(std::ostream& os) {
return os.flush();

3

std::ostream& endl(std::ostream& os) {
return os << '\n' << flush;

3

Taxke MMEIOTCS MaHMITYIATOPBI std::setw UM POACTBEHHble eMy std::left,
std: :right, std: :hex, std: :dec, std: :oct, std: : setfill, std: :precision 1 Bce
OCTaJibHbIe, TTIO3BOJISIIOIIME TIMCATh KOJ, iostreams, KOTOPBIi BBITJISIAUT OUeHb ecTe-
CTBEHHO, XOTsI ¥ M306bITOUHO MoApo6bHo. CpaBHUTE Cyienyionie (parMeHTs ¢ <st-
dio.h>u <iostream>:

printf("%-10s.%6x\n", where, tuners);
// "Chicago . el"

std::cout << std::setw(8) << std::left << where << "."
<< std::setw(4) << std::right << std::hex
<< tuners << "\n";
// "Chicago . el"

VimeiiTe B BUIY, UTO, MCITOJb3Ysl OTY MaHUITYISTOPbI, Mbl HEM36€KHO OKa3bIBaeM
BJIMSIHME Ha COCTOSIHME CaMOr0 OObEKTa II0TOKA; 5TO BAMUSIHNE MOXKET COXPaHSIThCS
IOJbIlle, UeM TeKYIIMi1 BbIBOJ. Hampumep, mpeabIayIinii IpuMep MOKHO ITPOA0I-
SKUTH CJIEIYIONIMM KOTOM:

printf("%d\n", 42); /] 42"
std: :cout << 42 << "\n"; // "2a" -- oi!

ManuyngaTop std: :hex U3 OpeablLyIlero NpyuMepa HaCTpauBaeT MOTOK Ha «BbI-
BOJI, UMCeJT B IIeCTHAAIaTEPMUHOM opMaTe», U 110 3aBepIlieHN M BbIBOA ITIOTOK He
BO3BpAalllaeTcsl B ECITUUHbBIN PEKUM «I10 YMOJSUYaHMIO». TO €CTh C 3TOT0 MOMEH-
Ta BCe MOC/IeayIoN/e Yycia IporpaMmMa OyeT BhIBOAUTH B IIECTHAAIATEPUUHOM
dbopmare! ITO cepbe3HbIi HEIOCTATOK GMOIMOTEKM iostreams (M MMITEpaTUBHOTO
MPOTPaMMUPOBAHNS B LI€JIOM).

MoToKU AaHHbIX U OﬁepTKM

[TapameTpsl, nopgepkuBaeMble KjaaccoM std::ios_base (left, right, hex,
width, precision U T. [I.), MPEACTAB/SIIOT OTPAaHUYEHHOE MHOKECTBO, KOTOPOE ObI-
JIO ompenienieHO B cepenuHe 1980-X 1 ¢ Tex mOp OCTaBaJIOCh B HEIIPUKOCHOBEHHO-
cTu. Tak KaK KaskIblii MAaHUITYJISITOP M3MEHSIeT CBOI mapaMeTp B COCTOSSHUM TTIOTOKA,
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MHOKEeCTBO MaHUITY/ISITOPOB TaKyKe OCTaeTCsl, [0 CYTU, OTpaHMUYeHHbIM. B HacTOsI-
I1ee BpeMs IIPUHSITO OPraHM30BbIBaTh GOPMaTUPOBaHMEe KOHKPETHBIX TaHHbBIX, 3a-
BOpauMBas ux B o0epmku. Haripumep, peaCcTaBbTe, YTO Y HAC UMEETCSI 0600IIeH-
HBIIt QJITOPUTM JJIS1 3aK/II0UeHMST 3HAaUeHU I B KaBbIUKU:

template<class InputIt, class OutputIt>
OutputIt do_quote(InputIt begin, InputIt end, OutputIt dest)
{

*dest++ = ‘"7,
while (begin != end) {
auto ch = *begin++;
if (ch == """) {
*dest++ = “\\’;

}

*dest++ = ch;

1
*dest++ = "7,
return dest;

by

(OTOT a/ITOPUTM He SIBJISIETCS YaCThIO CTAaHIAPTHON 616MMoTeKN.) ViMest 9TOT aj-
TOPUTM, JIETKO MOKHO CKOHCTPYMPOBATD KJIacC 06epTKY, OTlepaTop operator<< KO-
TOPOTO MOT GbI BHI3bIBATD CAEMYIOIINIT aITOPUTM:

struct quoted {

std: :string_view m_view;

quoted(const char *s) : m_view(s) {}
quoted(const std::string& s) : m_view(s) {}

IR

std: :ostream& operator<< (std::ostream& os, const quoted& q)

{

do_quote(
g.m_view.begin(),
g.m_view.end(),
std::ostreambuf_iterator<char>(os)
);
return os;

}

(Tum std: :ostreambuf_iterator<char> SIBJISIETCS YaCThIO CTaHIAPTHO 6MO-
JIMOTEKM U OTIpeJieNisieTCsl B 3aro/loBKe <iterator>. [lasee B 3TOJi I11aBe MbI IO3HAa-
KOMMMCS C OPYXKeCTBEHHBIM eMy UTepaTopom istream_iterator.) Hanee, umes
KJ1acc 06epTKM, MOSKHO IMMCATh BeCbMa BbIPa3UTENbHbIN KOJ, 1JIS BbIBOA 3HAUEHMIT
B KaBbIUKax:

std::cout << quoted("I said \"hello\".");

O6epTKa, KOTOPYI0 MbI TOJIBKO YTO MPUIyMay, MIpeJHaMepeHHO caejiaHa Io-
XO)Keil Ha QYHKIMIO-06epTKy std: : quoted, KOTOpast 0OBSIBISIETCS B CTAHIAPTHOM
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3arojioBke <iomanip>. ImaBHOe oTimMuMe: std::quoted He UCIOAb3YeT aJrOPUT-
MOB C UTEPATOpPaMM; OHa KOHCTPYMUPYET BECh BLIBOJ, B JIOKAJTbHOI MEpPeMEeHHO
std::string U 3aTeM BBITIOIHSIET 0S << str, UTOOBI BLIBECTM PE3Y/IbTaTa OIHUM
MaxoM. TO 03HAYAeT, YTo std: :quoted He TOAAEP)KUBAET BOSMOKHOCTY CMEHBI
IoucreTdepa mamstTi (CM. IaBy 8 «J[ucreTyepsl IaMsITh») Y TIOTOMY He TIOAXOIUT
IUTSI OKPY>KEHMIA, TAe BbIJIeJIeHVe TIaMSTI B Kyde HeBO3MOKHO. HecMOTpsI Ha Mesikue
IIEPOX0OBATOCTM, B I[€JIOM MJies UCTIONb30BaHMsI QYHKIMM-00ePTKM WM Kiacca IJist
HaCTpOVikM (popMaTUpPOBaHMST 3HAUEHNS TAHHBIX BBINISIIUT JOBOIBHO MPUBJIEKA-
TelbHO. B Takux 6ubMmMoTekax, Kak Boost.Format, oHa monyumia CUJIbHOE pa3BUTHE
" TOTTyCKAaeT BO3MOXKHOCTb MCTIOTb30BaTh TAKOM CUHTAKCHC:

std::cout << boost::format("There are %d piano tuners in %s.") % tuners % where
<< std::endl;

O6epTKu, OTpeaensiollyie aBTOHOMHbIE orepaiuu GopMaTUpOBaHus, TIPeaoy-
TUTeJbHEe, UeM MaHMITY/ISITOPbI, KOTOPbIe M3MEHSIOT COCTOsIHME MMOTOKa. B rmpu-
Mepe BbIllie Mbl BUIEIN, KAK MAaHUITY/SITOP std: :hex MOKeT CKa3bIBaThCSI Ha BCEX
MOUIeIYIOMIMX ONepanusix BbiBofa urces. Termepb pacCMOTPUM [IBa pelieHus 3TOoi
Mpo6IeMbI — 1 IB€ HOBBIE MTPO6IeMbI, BOSHMKAIOIIME Ha ee MecTe!

PeweHune npo6aeMbl MaHUNYNATOPOB

Hamry «mpobiemMy MaHMITYISITOpa std::hex» MOXHO DElIUTh 3aKII0YeHueM
CJIOXKHBIX OTepaluii BbIBOAA B OIlepaluy COXPaHEeHMsI ¥ BOCCTAHOBJIEHUSI COCTOSI-
HUS TOTOKA ostream MM CO3[IaHMEM COBEPIIEHHO HOBOTO 3K3eMILIsIpa ostream
repe[ KaXkIbIM BbIBOIOM. [IpMMep mepBoOro perieHms:

void test() {
std::ios old_state(nullptr);
old_state.copyfmt(std::cout);
std::cout << std::hex << 225; // "el"
std: :cout.copyfmt(old_state);

std::cout << 42; // "42"
b

U BTOpOTO:

void test() {
std::ostream os(std::cout.rdbuf());
0s << std::hex << 225; // "el"

std::cout << 42; // "42"
}

O6parnTe BHMMaHMe, HACKOIbKO yI06HBIM 0Ka3aJI0Ch OTAeIeHe uaen «stream-
buf» or ugen «oToK JAHHBIX» B OMOIMOTEKE iostreams; B IpeIbIAYIEM IIpUMepe
MBI JIETKO OTIEe/IM/IM BCe II0JIsI, CBI3aHHbIe ¢ (opMaTMpOBaHMEM, OT ITOTOKA, M3-
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BJIeKasl TOJIbKO ero streambuf: std::cout.rdbuf() M HakJagbIBass COBepIIEHHO
HOBBIIT TTOTOK (C COOCTBEHHBIMM TTONSIMU AJisT GOpMATHUPOBAHMS) ITIOBEPX TOTO Ke
streambuf.

OnHako dopMaTMpoOBaHMe B iostreams MMeeT ellle OAVH CYIIeCTBEeHHbIV Helo-
cTaToK. Kaskmast 4acTh COOOIIEHMS BRIBOIUTCS «HEMeIIeHHO», TI0 JOCTUKEHUN CO-
OTBETCTBYIOLIEr0 operator<<, WK, eCly XOTUTE, BBIUUCIEeHMEe KaXI0i 4acTu COo-
OOIIeHMs] «OTKIAAbIBAETCSI» IO MOCTVOKEHMSI COOTBETCTBYIOIIETO operator<<, TO
eCThb wlenylouuii parMeHT Koja:

void test() {

try {
std: :cout << "There are "
<< computation_that_may_throw()
<< "piano tuners here.\n";
} cateh (...) {
std::cout << "An exception was thrown";

b
by

BbiBe[eT: There are An exception was thrown.

Kpome Toro, dopmatupoBaHue B iostreams cuibHO 3aTpyqHSIET MHTEepPHALIMOHA-
Jm3anuio («il8ny»), moromy 4To «opMar» BCETO COOOIIEHMS OTCYTCTBYET B MICXOIHOM
Koze. BMecTo eIHCTBEHHOTO CTPOKOBOTO inTepana "There are %d piano tuners
here.\n", IPeACTaBJISIOLIETO TIOMHYIO (Dpasy [j1st BbIBOZA, KOTOPbIi YEIOBEK MOT ObI
repeBecTy Ha JPYTroif SI3bIK M COXPAHUTH BO BHellTHeM (aiiie ¢ epeBefeHHbIMI CO-
00IIeHNSIMM Y HaC MMeIOTCs IBa hparMeHTa mpenaoxkenusi: "There are " U "piano
tuners here.\n",— HM OOMH U3 KOTOPbIX HEJIb3S IEPEBECTY M0 OTAEIbHOCTH.

[lo BceM 3TMM IpMUMHAM $I HACTOSITEIbHO He PEKOMEHIYI0 MCII0/Ib30BaTh
iostreams Kak ocHogy. <stdio.h> 1 CTOpOHHMEe OMOAMOTeKM (PopMaTUpPOBaAHMS, Ta-
KMe Kak £mt, B 9TOM OTHOIIEHMM BBIIISIAAT NpefnouTuTenbHee. Takoke MOXKHO MC-
MOJIb30BaTh Boost . Format, XOTS 3Ta 6MGIMOTEKA CYIIECTBEHHO YBEINUMBAET Bpe-
M$SI KOMIIWISILIUYM Y MMeeT NOCPeCTBEHHYIO NTPOM3BOIUTENIbHOCTh B CPAaBHEHUMU C
IBYMS IIpeAbIAyIIMMY BapyaHTaMu. Eciii Bbl 3aMeTUTe, YTO BBOOUTE <<, std: :hex
unn os.rdbuf () yalle, yeM OAMH-[IBA pasa B HeeI0, 3HAYUT, YTO-TO BbI JiejlaeTe
HeIpaBWIbHO.

U BMecTe c TeM 6GMOIMOTEKA iostreams MMeeT psifi YAOOHBIX U Jaxke MOe3HbIX
ocobenHocreii! PaccMoTpuM OIHY U3 HUX.

®PopmartupoBaHme c ostringstream

Ilo cux 1op MbI TOBOPWJIM B OCHOBHOM O Kjacce fstream, KOTOPbIV MPUOIN3U-
TeJIbHO COOTBETCTBYET QYHKIMSIM opMaTupoBanus fprintf u vEprintf us C APL.
OIHaKO CYIIEeCTBYET TaKKe KJIacC ostringstream, KOTOPbIN COOTBETCTBYET (DYHK-
oM snprintf u vsnprintf.

Kiacc ostringstream, Tak ke Kak ostream, IIOAAEPKMBAET BCe OObIUHBIE (PYHK-
MY operator<<; OJHAKO 3aIMCh BBITIONIHIETCSI He B AeCKPUIITOp daiiia, a B CUM-
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BOJIbHBII Oydep M3MeHsIeMOro pasMepa — Ha MpakTuke std: : string! C MOMOIIIbIO
MeTofa o0ss.str() Bbl MOXeTe IMOJYYUTh KOMUIO 3Toro 6ydepa u UCIONb30BATh
ee 1151 cBOMX HYXK[. Takast opraHu3aiys feaaeT BO3MOXKHOI CIeIyIoNyi0 UANOMY
«Ipeobpa3oBaHysI B CTPOKY» 0ObEKTa IMPOM3BOILHOTO THIIA T:

template<class T>
std::string to_string(T&& t)
{
std::ostringstream oss;
0ss << std::forward<T>(t);
return oss.str();

}

B C++17 MOXHO Aaxke peann3oBaTh BEPCUIO to_string ¢ MPOMU3BOJbHBIM KOJU-
YeCTBOM apryMeHTOB:

template<class... Ts>
std::string to_string(Ts&&... ts)
{
std::ostringstream oss;
(oss << ... << std::forward<Ts>(ts));
return oss.str();
Y
C oTOli Bepcuelt BbI30OB, Takoi Kak to_string(a, " ", b) win to_

string(std: :hex, 42),06yaeT MMeTh COOTBETCTBYIONIYI0 CEMaHTUKY.

MNpumeuaHune o perMoHanbHbIX HACTPOMKaX

CylllecTByeT ellle OJHA JIOBYIIIKA, KOTOPOIt C/iefyeT oCcTeperaTbCsl Mpu UCIOJb-
30BaHMM printf MM ostream Ay GopMaTMpPOBaHMs (MJIM MAPCUMHTa) CTPOK. DTa
JIOBYILIKA — JI0Ka1U. TToHOe 06CysKIeHMe JTOKaIeil BBIXOAUT AAJeKO 32 PaMKM 3TOV
KHUTH, HO, €CJIi TOBOPUTH KPATKO, J0KAIb (U Pe2UOHAIbHblE HACMPOUKU) — 3TO
«TIOIMHOKECTBO OKPY>KeHMSI TT0JIb30BaTeIsl, 3aBUCSIIIee OT eCTeCTBEHHOTIO SI3bIKa U
KYJbTYPHBIX 0COOEHHOCTE». PeroHambHble HACTPOVIKM, TOCTYITHbIE TIPOTPAMMHO
yepe3 CITyKObI OTIEPAI[MOHHOV CUCTEMbI, TIO3BOJISTIOT IIPOrpaMMe KOPPEKTMPOBATD
CBOe TTOBeIeHE B 3aBMUCMMOCTHM OT HaCTPOEK, BbIOPAHHBIX ITOIb30BaTeneM. Hampu-
MeD, C UX TTIOMOIIbI0O MOSKHO OTIPEIeIUTD, SIBIISIETCS TN «&» andaBUTHBIM CYMBOJIOM,
C KakKoro JHSI HauMHAeTCsl Hefessl — C BOCKpeCeHbsl MM C TOHeHeTbHMKA, KaKoit
dbopmar ucmonap30BaTh OJisg BbhiBoAa AaT — «23-01-2017» mmm «01-23-2017» 1 Kak
revaTaThb BellleCTBeHHbIe ulMcia — Kak «1234.56» umn «1.234,56». [IporpaMMucT 13
XXI BeKa, MPOYMTAB ITU CTPOKM, MOKET BOCK/IMKHYTh: «JTO ke 6e3ymue! Bol xoTuTe
CKa3aTb, YTO HUUETrO U3 ITOTO He olpenesseTcs crangaprom? [lonarato, 4To Takoe
TOJIOKEeHMe Bellleil Her36exKHO0 OyIeT MPUBOAUTD K TOHKMM ¥ 601e3HeHHbIM OIIN6-
KaM!» U oH Gyzert npas!

std::setlocale(LC_ALL, "C.UTF-8");
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std::locale::global(std::locale("C.UTF-8"));

auto json = to_string('[', 3.14, ']');
assert(json == "[3.14]"); // Ycnex!

std: :setlocale(LC_ALL, "en DK.UTF-8");
std::locale::global(std::locale("en_DK.UTF-8"));

json = to_string('[', 3.14, ']1");
assert(json == "[3,14]"); // Ownbka 6e3 npepbiBaHWS MpOrpammbi!

Bbi6paB r7106a1bHY0 JIOKab "en_DK.UTF-8", MbI TIOTYUM/IM HEMTPABWIbHBIA BbI-
BoZ B JSON. I'ope HecuaCcTHOMY I10/Ib30BaTe/0, KOTOPbIN IOMBITAETCS 3aIyCTUTD
Beb6-cepBep Wiy 6a3y JaHHBIX C 060 TOKaIbI0, OTIMYHON OT "C.UTF-8"!

[Ipy TporpaMMUPOBAaHNUY, IOMUMO IOTEPb M3-3a COOMIOMEHUS] TIPAaBUJI, AUK-
TYeMbIX PETMOHAJbHBIMM HACTPOIKAMM, MbI OJDKHBI TaKKe GOPOTHCS C MOTeps-
MU Tpou3BoauTenbHOCTU. OOpaTUTe BHUMaHMe, UTO «TeKYIIas TOKaab» SIBISETCS
I06aIbHOI TIepeMEeHHO, @ 9TO 03HAYAEeT, UTO KaXIoe obpalleHye K Heii JOIKHO
0 OPMIISITHCS KaK aTOMapHasi OTiepaLyst Miin, XysKe TOTO, 3aIlUIIAThCS TI06aTbHbIM
MbIOTEKCOM. VI KaXKAplil BbI3OB snprintf uiam operator<<(ostream&, double)
JOJDKEH MCIIO/Ib30BaTh TEKYIILYIO JIOKaJIb. JTO BJieUeT XyTKMe MOTepU MPOU3BOLU-
TEJIbHOCTU U, B HEKOTOPBIX Cy4asiX, MOXEeT IIPeBPATUTHCS B Y3KOE MeCTO B MHOT0-
IIOTOYHOM KOJ€.

Kak npukiagHoil mporpaMMUCT IIPUIOKEHUI CO CJIOKHOCTBIO BbIIlIEe OIllpere-
JIEHHOTO YPOBHS Bbl JO/DKHBI B3SITh B IIPUBBIUKY IMCATh std::locale::global
(std::locale("C")) B mepBoit cTpoke GyHKIMMU main(). (Ecimu HanmmcaTh mpoc-
TO setlocale(LC_ALL, "C"), Kak 3To JenaeTcs B mporpammax Ha C, 6ubimoreka
<stdio.h> 6ygeT paboTaTh MPaBUJIbHO, HO 3TO HMKAK He TOBIMSIET Ha UCIOIb30-
BaHMe JIoKaiu 6MOIMOTEKON <iostream>. VIHaue TOBOPSI, HACTPOIIKa «IJI06aIbHOIA
JloKa» B 6uGaoTeke C++ TakKe M3MEHSIET «ITI00IbHYIO JIOKaIb» B OMOIMOTEKE
C, HO He Ha0bOPOT.)

Ecnv BMecTo nokanu "C" Bbl pelmnTe ncnonb3osaTb "C.UTF-8",
uMeiTe B BUAY, YTO MMs "C.UTF-8" 6bl0 YTBEPXKAEHO TOMBKO B
2015 roay M MOXeT He MOALEpPXMBATLCA HA CTApbIX CUCTEMAX.
DaKTUYeCcKn AOCTYNHOCTb Nt06OW Nokanu, kpome "C", 3aBUCUT OT
TOro, Kak Monib30BaTeNb HACTPOWMA CUCTeMy. B 3TOM OTHOLWeHuK
Nokanu nopo6Hbl YacoBbIM NOSCAM: HA BCeX Nnatdopmax B Mupe
rapaHTUpyeTcs HanM4ume ToNbKO OAHOW JIOKaNM U OLHOIo YacoBo-
ro nosica, U UMEHHO MX Bbl LOMXKHbI UCNONb30BATb.

V Bac Kak y pa3paboTunKa CTOPOHHUX OMOIMOTEK Ha BbIOOP ecTh aBa myTn. Ca-
MbIi1 ITPOCTOJA: MPEANOoI0KUTh, YTO Ballla 616/11M0TeKa Bcerma OyaeT MCI0Ib30BaTh-
CS1 TOJIbKO B IIPWJIOSKEHMSIX, KOTOPbIE YCTaHABIMBAIOT INTIO6ATBHYTO JIOKab "C", ¥ TTO-
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TOMY Y Bac HeT MPUYMH JJ1s 6eCITOKOIICTBA; CIeaTh IIar BIIEPe, U B3SITh 38 OCHOBY
IJIS1 BBIBOJA snprintf 1 operator<<. (OmMHAKO 9TO He pellaeT MPo6IeMbl ITPOU3-
BOIMUTEIbHOCTY IIPU UCIIOAb30BaHUM JIOKAIU. BbI BCe elle TOIKHBI MICII0Ib30BaTh
I06aTbHBIN MBIOTEKC, PACXOAysl AParolleHHbIe TaKThl Mpolieccopa.) boree cioxk-
HBII ITyTh, TIOTOMY UTO TpebGyeT HEYKOCHUTEIbHOTO C/IeOBAHNS BCEM IpaBUIaM:
BOOOIIe M36eraTh QyHKIMIT GOpMaTUPOBAHUS, KOTOPble OOPALIAIOTCS K PEruo-
HaJIbHBIM HaCTpO¥KaM. DTOT OYThb CTaJl OCYLI€CTBMMBIM TOJIBKO C IOSIBJIEHUMEM B
6ubnmoteke C++17 HEKOTOPHIX HOBENIINX 0COOGEHHOCTEI, C KOTOPBIMY MBI Cceifuac
IT03HAaKOMMMCSI.

Mpeo6pazoBaHue uucen B CTPOKM
Bo3bmem 3a OCHOBY Cj1enymoline OOBSIBIICHMS

std::ostringstream oss;
std::string str;

char buffer[1007;

int intvalue = 42;

float floatvalue = 3.14;

std::to_chars_result r;

[nst mpeo6pa3oBaHus 1eJI0T0 UKcIa intvalue B CTPOKY 1ubp 6ubmoreka C++17
mpeJiaraet CJieAyiolye BapUaHThI:

snprintf(buffer, sizeof buffer, "%d", intvalue);
// BoctynHa B <stdio.h>
// He 3aBucut otr nokanu (%d penctByeT 6e3 yyeTa Nokanu)
// He UCnonb3yeT AWHAMMYECKYI0 NaMATb
// NOLLEPKMBAET CUCTEMbI CYMUC/IEHUS C OCHOBaHuem 8, 10 u 16

0ss << intvalue;

str = o0ss.str();
// BocTynHa B <sstream>
// 3aBUCWT OT nokanu (MOXeT BCTaBNATb pPas3feNUTenn Cpynn pas3psanos)
// VCnonb3yeT AMHAMMYecKylw MNaMATb; MNOALEPKMBAET AMCMETYEPbl NaAMATK
// nNoLLBEpPKMBAET CUCTEMbl CUMCNEHMS C OCHOBaHveM 8, 10 n 16

str = std::to_string(intvalue);
// pocTynHa B <string> HaumHaa c Bepcunm C++11
// He 3aBUCUT OT nokann (3kBMBaneHT %d)
// vcnonb3yeT AMHammyeckyw namaTb; HE noppepxuBaeT aucneTyepbl naMaTy
// nNoLLEpPKMBAET TONbKO CUCTEMY CYMC/EHMS C OCHOBaHueMm 10

r = std::to_chars(buffer, std::end(buffer), intvalue, 10);
*r.ptr = '\@';

// BocTynHa B <charconv> HauuHas c Bepcum C++17

// He 3aBUCUT OT NoKanu

// He UCnonb3yeT AWHAMMYECKYI0 NaMATb

// NOLLEPKMBAET CUCTEMbI CYMUC/IEHUS C OCHOBaHWeM OT 2 [0 36
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Bce ueThIpe aJqbTepHATUBBI MMEIOT CBOU IMPEUMYINECTBA. [JaBHOE MpPeumy-
MeCTBO std::to_string B yIOOCTBe KOHCTPYMPOBAHMUS GOJBIINX COOOIIEHWUIT B
BbICOKOYPOBHEBOM KOJIE:

std::string response =
"Content-Length: " + std::to_string(body.size()) + "\r\n" +
"\r\n" + body;

[maBHOe mpeMMyIIecTBO std: :to_chars — B HE3aBUCUMOCTU OT JIOKAJIU U IIPO-
CTOTE VMCII0/Ib30BaHMs B HY3KOYPOBHEBOM KOZE:

char *write_string(char *p, char *end, const char *from)

while (p != end && *from != '"\@') *p++ = *from++;
return p;

}

char *write_response_headers(char *p, char *end, std::string body)

{

p = write_string(p, end, "Content-Length: ");
p = std::to_chars(p, end, body.size(), 10).ptr;
p = write_string(p, end, "\r\n\r\n");
return p;
}

[aBHBIN HEAOCTATOK std: :to_chars — 3TO CJIUIIKOM HOBast QYHKIINSI, TTOSIBUB-
mrasicst TonbKo B C++17; HAa MOMEHT HaIMCaHMsI STUX CTPOK 3arojI0BOK <charconv>
OTCYTCTBOBAJI BO BCEX OCHOBHBIX pean3alysIX CTaHAAPTHO! OMOIMOTEKN.

Inst mpeo6pa3oBaHysl BENIECTBEHHOTO uncia floatvalue B CTPOKy nubp 6mubamo-
Teka C++17 mpeqiaraeT caeqyiomiie BApUaHThI:

snprintf(buffer, sizeof buffer, "%.6e", floatvalue);
snprintf(buffer, sizeof buffer, "%.6f", floatvalue);
snprintf(buffer, sizeof buffer, "%.6g", floatvalue);

// pocTtynHa B <stdio.h>

// 3aBUMCUT OT nokann ([AecATUYHas To4vka)

// He ncnonb3yeT AMHAMUYEeCKYW NaMATb

oss << floatvalue;
str = oss.str();
// pocTynHa B <sstream>
// 3aBUCUT OT nokann ([AecATUYHas To4vka)
// vcnonb3yeT AMHaMMYecKyw MNaMATb; MNOALEPKMBAET AMCMETYEpbl NaMaTy

str = std::to_string(floatvalue);
// pocTynHa B <string> HaumHaa c Bepcunm C++11
// 3aBucuT oT nokanu (aksuBaneHT %f)
// vcnonb3yeT AMHamMyeckyw namaTb; HE noppepxuBaeT aucneTyepbl naMaTu
// He nos3BongeT HacTpouTb (GopmaT

r = std::to_chars(buffer, std::end(buffer), floatvalue,
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std::chars_format::scientific, 6);

r = std::to_chars(buffer, std::end(buffer), floatvalue,
std::chars_format: :fixed, 6);

r = std::to_chars(buffer, std::end(buffer), floatvalue,
std::chars_format::general, 6);

*r.ptr = '\@';
// BocTynHa B <charconv> HauuHas ¢ sepcun C++17
// He 3aBUCWT OT nOKaun
// He ncnonb3yeT AMHAMUYECKYKW MNaMATb

[IpymeyaTe/ibHO, UTO BCe METOAbl BbIBOZA BEIIECTBEHHbIX 4YNCeN, Kpome
std: :to_string, JalOT BO3MOKHOCTh HACTPOUTh (DOPMATUPOBAHME; ¥ BCE METOIbI,
KpoMe std: :to_chars, 3aBUCST OT JIOKAJIV ¥ TIOTOMY YCIIOKHSTIOT pa3paboTKy mepe-
Hocumoro koga. Kpome float, Bce 9T MeTOAbI OANEPKUBAIOT TAKKe TUIIbI double
u long double. Bo Bcex ciayvasix 3TUM MeTO[IaM CBOVICTBEHHBI IOCTOMHCTBA U He-
IOCTaTKM, MPUCYIIMe MeTogaM (opMaTPOBAHMS 1I€TbIX UMCET.

MNpeobpasoBaHue CTPOK B UMcna

O6paTHOVI (OpMaTUPOBAHUIO UMCENT SIBJISIETCS 3a/iaua NapcuHed 4uUCeNl U3 BBOAA
MoJIb30BaTeIsl. [TapcuHT, — 0 CBOEIi MPUPOJie HAMHOTO 6ojiee CJIOKHAsSI M TOHKast
3a/1aua, MOTOMY UTO JOJ/KHA YUMUTHIBATh BEPOSITHOCTD OIMIMOKM. JIF060€e U1CIo MOK-
HO MPEBPATUTD B CTPOKY 1[M(DP, HO HE BCSIKYIO CTPOKY (¥ Iaske CTPOKY LU(P) MOXK-
HO TIPEeBPaTUTh B UmMCiI0. [TosTomy /06ast GYHKIMS, BHITOMHAIONAS TApPCUHT Ui-
ces, NOJDKHA MpeaycMaTpUBaTh BO3MOXKHOCTb 06pabOTKY CTPOK, HE SIBJSIOIIMXCS
IOITYCTUMbBIMM TIPEICTaBIEHMUSIMM YMCET.
Bo3bMeM 3a OCHOBY C/IeyIOIIME OObSIBIEHMS

std::istringstream iss;
std::string str = "42";
char buffer[] = "42";

int intvalue;

float floatvalue;

int rc;

char *endptr;

size_t endidx;

std: :from_chars_result r;

IJis mpeo6pa3oBaHmsI CTPOKM B buffer wiu str B Liesioe uncio intvalue C++17
rpearaeT caenyoliye BapUaHThI:

intvalue = strtol(buffer, &endptr, 10);
// BO3MOXHO MepenofiHeHue
// ycTaHaBnvBaeT rnobanbHyw nepeMeHHyk "errno" ans 6GonbwMHCTBA OWMOOK
// ycTaHaBnueaeT endptr==buffer, korga He MOXET BbINOJHUTb MAPCWHT
// BocTtynHa B <stdlib.h>
// 3aBUCUT OT NOKanu, TEOPETUYeCKu
// He nCcnonb3yeT AMHAMUYECKYHW NaMATb
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// NOLLEPXMBAET CUCTEMbl CYUC/IEHUS C OCHOBaHWeM @ u oT 2 o 36

// Bcerpa nponyckaeT HadvalibHble npobens

// nponyckaeT HadvanbHylW napy CWMMBONOB OX ANf CUCTEMbl CUYMCNEHMS C OCHOBaHWeM 16
// PpacnosHaeT perucTp CUMBO/IOB

rc = sscanf(buffer, "%d", &intvalue);
// 3aBepwaeTcs C OwMOKOW Mpu OBHapyXeHWU nepenonHeHus
// Bo3BpauwaeT @ (BMecTo 1), KOrga He MOXET BbIMOMHUTb MAPCUHT
// poctynHa B <stdio.h>
// 3aBucUT OT nokanu (3KkBMBaneHT strtol)
// He ncnonb3yeT AMHAMUYECKYKW MNaMATb
// NoLLEPKMBAET CUCTEMbl CYMC/IEHUS C OCHOBaHuem 0, 8, 10 u 16
// BCerpa nponyckaeT HauvasnbHble Mpobenbl
// NponyckaeT HadvalbHyl Napy CWMMBONOB OX [ANf CUCTEMbl CYMC/IEHUS C OCHOBaHWeM 16
// PpacnosHaeT perucTp CUMBOJIOB

intvalue = std::stoi(str, &endidx, 10);
// 3aBepwaeTcsi ¢ OwWMOKOW Mpu OBHAPYXKEHWU NepernonHeHus
// BocTynHa B <string> HauuHas c C++11
// 3aBucuT OT nokanu (3KkBMBaneHT strtol)
// HE nopnepxvBaeT AMcCneTyYepbl NaMsaTH
// NoALEPKMBAET CUCTEMbl CYUMUC/IEHUS C OCHOBaHWeM @ u oT 2 o 36
// Bcerpa nponyckaeT HauvasbHble Mpobensl
// NponycKaeT HayafbHyW Napy CUMMBONIOB OX ANS CUCTEMbl CUMUC/IEHMS C OCHOBaHueM 16
// PpacnosHaeT perucTp CUMBOJIOB

iss.str("42");
iss >> intvalue;
// BO3MOXHO MNepenofiHeHue
// no nwboi ownbke ycTaHaBnuBaeT iss.fail()
// pocTynHa B <sstream>
// 3aBUCUT OT NoKanu
// vcnonb3yeT AMHaMMYecKyw MNaMATb; MNOALEPKMBAET LMCMETYepbl NaMaTu
// NOLLEPKMBAET CUCTEMbI CYMUC/EHUS C OCHOBaHuem 8, 10 u 16
// nponyckaeT HadvanbHylW napy CWMMBONOB OX [ANf CUCTEMbl CUYMCNEHMS C OCHOBaHWeM 16
// no yMonyaHwio nponyckaeTt npobensl

r = std::from_chars(buffer, buffer + 2, intvalue, 10);
// no nwbon ownbke ycTaHaBnueaeT r.ec != 0
// pocTtynHa B <charconv> HayunHasa c C++17
// He 3aBUCWT OT nOKanu
// He wcnonb3yeT AMHAMUYECKYKW NaMATb
// NOLLEPXMBAET CUCTEMbl CYMUC/EHUS C OCHOBAaHWEM OT 2 [0 36
// BCerpa nponyckaeT HadvalibHble npobens
// PpacnosHaeT perucTp CUMBOJIOB

MeTomoB mapcuHra oKasajoch GoJblle, UeM MeTOHOB (GOPMAaTUPOBAHMS, OIM-
CaHHBIX B TPEABIOYIIEM paslesie; 3TO OOBSCHSIETCS TeM, UTO TOIbKO OHA CTaH-
nmaptHas 6ubnuoreka C mpeajiaraeT Tpy pasHbIX MeTOAA: atoi, CaMblii CTApbIil U
eIVHCTBEHHbI, TOBeIeHVe KOTOPOT'O He OIpeie/IeHO B OTHONIEHUY HeIOITyCTUMO
MICXOMTHOVi CTPOKM, TIO9TOMY €r'0 JIyUIlle He MCIIOb30BaTh; strtol, CTaHAapTHAas 3a-
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MeHa i atoi, coobuaiast 06 ommbKe MepenoTHeHNS Yepe3 II00aIbHYI0 Tepe-
MEHHYIO errno (43-3a 4ero He MOAXOOUT [JISl MCIIOAb30BaHMS B MHOTOIIOTOYHOM
VTV BBICOKOTIPOM3BOAUTENBHOM Kofie); U sscanf — QyHKIIMS 13 TOTO e ceMeliCTBa,
4To U snprintf.

std: :stoi — OueHb XOpoIlas 3aMeHa AJIsl atoi B CLIeHapusIxX O4HOKPATHOTO Iap-
CUHTa U OUeHb IIoXas IJis1 BBICOKOIIPOU3BOAUTENbHOTO Kojia. Ta QyHKUMS TIpe-
KPaCHO CITPABJISIETCS C OTIpe/ie/IeHMeM OIIMOOK — BbI30B std: : stoi("2147483648")
BO30YIOUT MCKIIOUEHMe std: :out_of_range, a BbI30OB std: :stoi("abc") BO36YIUT
UcKIoueHre std: :invalid_argument. (M xoTs std::stoi("42abc") BepHeT 42
6e3 oIIMOKM, BbI30B std: :stoi("42abc", &endidx) s3amuiueT B endidx YKMCIO 2
BMECTO 5, YKa3bIBasi Ha BEPOSITHYIO OIMIMOKY.) [MIaBHbIN HEJOCTaTOK std: :stoi —
OHa paboTaeT TOJMILKO CO CTPOKAMM TUIA std: : string — HET Ieperpy>kKeHHOoIi Bep-
cun std: :stoi st string_view, std: :pmr: :string 1 gaxe ojisi const char *!

std::from_chars — Haubolee COBPEMEHHBI ¥ TTPOU3BONUTETbHBIN WHCTPY-
MEHT J1s1 IapCUHTA LeJIbIX yices. [JlaBHOe JOCTOMHCTBO, OTInvamlee 3Ty QyHK-
I[MI0 OT OCTAJbHBIX KOHKYPEHTOB: from_chars He TpebyeT, uTo6bI BXOAHOII 6ydep
3aBeplIajICs HyJIeBbIM CMMBOJIOM, — OHa IIPMHMMAeT I1apy yKasaresel begin u end,
OIpeneNgIIyX AMana3oH CMMBOJIOB [J151 TapCUHTa, ¥ HUKOI[A He Y/TaeT CUMBO-
JIBl, crepyolye 3a end. Ho MMeeT HenpusATHbIe OTpaHNYEeHMs — HAalIpMMep, He TIPOo-
MTyCKaeT MpobebHbIe CMMBOJIBI M HE PAaCIO3HAET LIeCTHAIIaTepuyHbie UMPHI B
BepxHeM peructpe. VimnoMa mpoBepKH r.ec Ha HaJaM4Ke OMMOKM TTOKa3aHa B Ha-
yasie riaBbl 12 «DaitoBasi cucreMar.

s yHKUMit strtol, sscanf U stoi B IpuMepax Bblllle YKa3bIBA€TCs, UTO OHU
MO IEPKUBAIOT «CUCTEMY CUMCIIEHMS ¢ OCHOBaHMEM O». ITOT 0COObINl CUHTAaKCUC,
Korza 6ubnnoTeKe mepenaeTcss OCHOBaHMe CUCTeMbI cumcienust 0 (May, B cIydae
¢ sscanf, crienMdukatop gopmarta "%i"), COOOLIAET, YTO MAPCUHT CTPOKU ITOJIKEH
MIPOU3BOANUTHCS, KaK eyl ObI OHA COMEpsKaia JUTepasl 1eJoro yncia Ha s3bike C:
0123 6yeT MHTEPIIPETUPOBATHCS KK BOCbMEPUUYHOE MTPe/ICTaBIeHNe IeCITUUHOTO
yncia 83, 0x123 GymeT MHTEePIPETUPOBATHCSI KaK MIECTHAIIATEPUYHOE MPEeCTaB-
JIeHUe TeCSITUYHOTO uncia 291, 1 019 6yeT MHTePIIPEeTUPOBATHCS KaK BOCbMepUY-
HOe TIPeJICTaBJIeHMeE 1IeJIOT0 Yncia 1, rme cuMBos 9 GyIeT MPOUTHOPUPOBAH, TOTOMY
YTO He SIBJISIeTCSI BOCbMepuuHoit 1iudpoii. «OcHoBaHue 0» HUKOIJA He ClIeyeT UC-
MOJTb30BaTh B KOMITBIOTEPHBIX MPOTpaMMax, U from_chars 6/1aropasyMHO OTBep-
raer ero.

Ilnst mpeo6Gpa3oBaHus CTPOKM B BellleCTBEHHOe UKo floatvalue C++17 mpen-
JlaraeT Caeyrollyie BapMaHThI:

floatvalue = strtof(buffer, &endptr);
// BO3MOXHO MepenosiHeHue
// ycTaHaBnvBaeT rnobanbHyl nepemMeHHyk "errno" ans 6GonbwvMHCTBA OWMOOK
// ycraHaBnvBaetr endptr==buffer, korpa He MOXET BbINOAHUTb MAPCUHT
// poctynHa B <stdlib.h>
// 3aBUCUT OT NoKanu
// He ncnonb3yeT AMHAMUYECKYKW MaMATb
// NOALEPKMBAET CUCTEMbI CYWUC/IEHMA C OCHOBaHueM 10 u 16,
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// ~ OonNpeLensuTCs aBTOMATMYECKM
// Bcerpa nponyckaeT HadvalibHble npobens

rc = sscanf(buffer, "%f", &floatvalue);
// 3aBepwaeTcs C OwWMOKOW Mpu OBHapyXeHWU nepenonHeHus
// Bo3BpauwaeT @ (BMecTo 1), KOrga He MOXET BbIMOMHUTb MAPCUHT
// pocTtynHa B <stdio.h>
// 3aBucUT OT nokanu (3KkBMBaneHT strtof)
// He ncnonb3yeT AMHAMUYECKYKW MNaMATb
// NoLLEPKMBAET CUCTEMbl CYUMUC/IEHUS C OCHOBaHuem 10 un 16,
// ~ OonNpeLensnTCs aBTOMATMYECKM
// Bcerpa nponyckaeT HadvalibHble npobenb

floatvalue = std::stof(str, &endidx);
// 3aBepwaeTcs C OwWMOKOW Mpu OBHapyXeHWU nepenonHeHus
// BocTynHa B <string> HauuHas c C++11
// 3aBucuT OT nokann (3kBMBaneHT strtof)
// HE nopnepxvBaeT AMcneTyepbl NaMaTH
// NOALEPKMBAET CUCTEMbI CYMCNEHMA C OCHOBaHueM 10 un 16,
//  onpenenswTcs aBTOMAaTUYECKM
// Bcerpa nponyckaeT HauvaslbHble Mpobensl

iss.str("3.14");
iss >> floatvalue;
// BO3MOXHO MepenofiHeHue
// no nwboin ownbke ycTaHaBnmBaeT iss.fail()
// pocTynHa B <sstream>
// 3aBUCUT OT NOKann
// vcnonb3yeT AMHaMMYecKyw MNaMATb; MNOALEPKMBAET AMCMETYepbl NaMaTu
// NoLLEPKMBAET CUCTEMbl CYUMUC/IEHUS C OCHOBaHuem 10 un 16,
// ~ OonpeLensuTCs aBTOMATMYECKM
// nponyckaeT HayanbHble NPobenbl MO YMOMYAHMK
// HenepeHoCUMOEe MOBELEHME B OTHOWEHWM 3aBEpWaKWero TeKcTa

r = std::from_chars(buffer, buffer + 2, floatvalue,
std: :chars_format::general);
// no nwbon ownbke ycTaHaBnuMBaeT r.ec != @
// pocTtynHa B <charconv> HayunHasa c C++17
// He 3aBUCWT OT nOKanu
// He ncnonb3yeT AMHAMUYECKYKW NaMATb
// NOALEPKMBAET CUCTEMbl CYMCNEHMA C OCHOBaHueM 10 un 16,
//  onpenenswTcs aBTOMAaTUYECKM
// BCerpa nponyckaeT HauvaslbHble Mpobenbl

Bce ot QyHKUMM — Jaske std: : from_chars — paclo3HawT CTPOKK "Infinity" u
"Nan" (6e3 yueTa perucTpa CMMBOJIOB), @ TAK’KE PACIO3HAIOT «IIeCTHAIIIATePUIHbIE
BeIlleCTBEHHbIE» UMCJIa, HAIIPMMeEp CTpoKa "@x1.c" 6ymeT mpeobpasoBaHa B Belle-
cTBeHHOe uncio 1.75. Bce pyHKImM, KpoMe std: : from_chars, yYUTHIBAIOT PETHO-
HaJIbHbIE HACTPOVIKM U OTOMY YCIOKHSIIOT pa3paboTKy mepeHoCuMoro koaa. Eciam
MPO6IEMBI C JIOKAJIBIO ITPU TTAPCUHTE IeIbIX YMCeT HOCSIT B OCHOBHOM TeopeTnye-
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CKMi1 XapaKTep, To pa3sHooOpasiie JIoKajieli, rae ToUKa (. ) He SBISIeTCS TeCITUIHBIM
pasmenuTeseM, JIeTKO MOXKET CTaTh MCTOUHMKOM IMpOO6jaeM MpU MCIIOAb30BaHUM
std::stof M std: :stod:

std::setlocale(LC_ALL, "C.UTF-8");

assert(std::stod("3.14") == 3.14); // Ycnex!

std::setlocale(LC_ALL, "en_DK.UTF-8");
assert(std::stod("3.14") == 3.00); // Oumbka 6e3 npepbiBaHUS MNPOrpPaMMbl!

OGpaTI/ITe BHMMaHMe Ha IIpMMeUYaHle «HeIllepeHOCMOoe I1I0BeeHVe B OTHOIIe-
HUM 3aBeplIarollero TeKCTa» B IIpuMepe UCII0JAb30BaHM istringstream. PasHbie
MMPpOU3BOOUTEIN 616/IMOTEeKA I10-pa3HoOMY IIOCTYIIAIOT B 3TOM cuTyanumum, u He BCer-
Oa O4YeBUIHO, KaKoe IToBeaeHMe MOXHO Ha3BaThb «IIPaBMJIbHBIM»

double d = 17;
std::istringstream iss("42abc");
iss >> d;

if (iss.good() && d == 42) {
puts("Your library vendor is libstdc++");
} else if (iss.fail() & d == 0) {
puts("Your library vendor is libc++");

}

V3-3a aTX Mpo6sIeM C IEPEHOCUMOCTHIO, KOTOPbIE MOTYT IPUBOAUTH K TPYIHO-
YJIOBMMBIM OIIMOKAaM, sI COBETYIO He MCII0JIb30BaTh istringstream ISl MapCUHTa
BBOZa, ake MPUTOM, UTO B HEKOTOPBIX CUTYAIUSIX ostringstream SIBJSETCS HAU-
60J1e€ TTOAXOISIIIMM BapuaHTOM 151 GOPMAaTUPOBAHMS BBIBOAA.

Eiie ogHO X0Opoliiee npaBuiIo: OTAESATE MPOBEPKY BBOA (pasaeneHne Ha JIeKCce-
MbI) OT HapcuHra. Ecii ecTh BO3MOXKHOCTD 3apaHee yOenuThCsl, YTO CTPOKa Comep-
SKUT TOJIBKO V(P PBI MJTM COOTBETCTBYET PETY/ISIPHOMY BHIPasKEHUIO, OIMCHIBAIOIIEMY
BEIlleCTBEHHOE UMCJIO, TOT/Ia BaM Ipolie OyAeT BhIOpaTh MeTO, ITapCcuHra, ooHa-
PYKMBAIOIINII TTIeperoiHeHe W/MUaM 3aBepliamlyii TeKCT; Hanpumep, std: : stof
mmu std: : from_chars. [Togpo6Hee 0 BbiIeIeHNUM JIEKCEM C TIOMOIIBIO PETYISIPHBIX
BbIpaKeHMI1 pacckasbiBaeTcs B iaBe 10 «PerynsipHbie BbIpaskeHUSI».

YTeHue no oaHOM CTPOKE MU NO OAHOMY CNIOBY

YTeHye M0 OAHOI CTPOKe U3 CTAHJAPTHOIO BBOAA — PacIpOCTpaHEHHAs 3a/ava, 1
MHOTMe€ SI3bIKM CLieHapyeB MOAAEePKUBAIOT [JISI STOT0 OJHOCTPOYHbIE MHCTPYKLIMM
liner. Hampumep, Ha Python:

for line in sys.stdin:
# COXpaHseT 3aBeplawwue CUMBOMbI NEpPeBOAa CTPOKM
process(line)
M Ha Perl:
while (<>) {
# COXpaHfeT 3aBepuwaklime CUMBOJbI NEPEBOAA CTPOKU
process($_);

}
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Ha C++ ara 3ajava pelraeTcsl MOYTH TaK ke mpocto. O6paTuTe BHUMaHKE, YTO
dbyHKkums std: :getline B C++, B OmIMUMe OT APYTUX SI3bIKOB, yAaNsIeT 3aBepliaio-
IIyie CMMBOJIbI TIepeBOjia CTPOKU (€C/IU MMEIOTCS) U3 MMPOUUTAHHBIX CTPOK:

std::string line;

while (std::getline(std::cin, line)) {
// aBTOMATWMYeCKU YyAANWUT 3aBepuwaklie CUMBOMbI NEPEBOAA CTPOKM
process(line);

}

B KaxkmoM 13 3TUX CiTydaeB BeCb BBOJ, H/KOITIA HEe OKAXXETCS B TIaMSITH LIeJIUKOM
MbI (PaKTUUECKM ITPOITyCKaeM Uepes MporpaMmy «IIOTOK» CTpoK. (M ma,std: : getline
Mo IeP>KUBAET AUCIIeTUEPBI ITAMSITH ; €CIIV TTOHAL00MTCS 136e5KaTh CIIOIb30BaHMS
IVHAMMYECKO maMsIT!, MOKHO 3aMeHUThb std: :string Ha std::pmr::string.)
@OYHKUMS process MOXeT [IPUMEHSITh PeTy/IsipHOe BhIpaskeHMe K [10/Iy4aeMOii CTPO-
Ke (cm. rnaBy 10 «PerynasipHble BbIpaKeHMSI») OIS ee MMPOBEPKM M pasfeeHus] Ha
T10J151 [7151 AajIbHeIero napCcmHra.

1151 yTeHUsI OT[IeNIbHBIX CJI0B BMECTO CTPOK MOYKHO B3SITh 32 OCHOBY (JIEAYIOILIUIA
(bparmeHT Kofa (€C/M BbI YBEPEHBI, UTO OTIpefieseHe isspace B TEKyIIel JTOKaau
IeVICTBUTENIbHO CJIYXKUT pa3fe/IuTeNeM CJIOB):

template<class T>
struct streamer {
std::istream& m_in;
explicit streamer(std::istream& in) : m_in(in) {}
auto begin() const
{ return std::istream_iterator<T>(m_in); }
auto end() const
{ return std::istream_iterator<T>{}; }

s

int main()

{

for (auto word : streamer<std::string>(std::cin)) {
process(word);

b
by

std: :istream_iterator<T> — TUII U3 CTAHOAPTHOM OGMOIMOTEKM, OObIBIEHHBIN
B 3aroJIOBKe <iterator>, KOTOPbIi 00epThIBAET yKa3aTelb Ha istream. OYHKIIMS
operator++ yKasaTessl UMTaeT 3HaueHue tuna T U3 istream, MOIOOHO operator>>,
M 3aTeM 3TO 3HaueHMe Bo3Bpaiaetcs GyHKUMel operator* urepatopa. O6bvenu-
HMB BCe 3TO, MO’KHO IIPOYMTATD BCIO [TOC/IeN0BAaTE/IbHOCTD C/I0B, Pa3Je/leHHbIX I1PO-
6esamm, U3 std: : cin, TOJIOXKUBIIMCH HA TOT (DAKT, UTO std: : istream: :operator>>
(std: :string&) YyMTaeT eIMHCTBEHHOE CJIOBO, OTpaHMYeHHOe ITpobenamu.

Hampumep, BOT Kak MOKHO BOCIIOJIb30BAaThCSl HAIIMM INAGIOHHBIM KJIACCOM
streamer, YTOOBI TPOYUTATD IIOC/IEIOBATEbHOCTD I€JIBIX UMCeN U3 std: : cin U BbI-
IIOJIHUTD KaKye-TO Olepauyy ¢ KaKIbIM U3 HUX:
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// YABOUTb Kaxpoe 4MCNo, BBELEHHOE MONb30BaTesNeM

for (auto value : streamer<int>(std::cin)) {
printf("%d\n", 2*value);

3

HecMoTpsi Ha BBICOKYIO CJIOKHOCTb CPeACTB BBOHA/BbiBOAA B C++, Kak U MOAO-
6aeT SI3IKY CHMCTEMHOTO ITPOTPpaMMMPOBaHMsI, yXoasaieMy KopHsimu B 1980-e, u3
TOCeHUX HECKOIbKIMX ITPUMEPOB BUIHO, UTO 3TY CJIOKHOCTh MOSKHO CITPSITATh IO,
CJI0eM abCTpaKUyM U B KOHEYHOM MTOTE IOJTYUUTh KO/, KOTOPbIN BBIIJISIAUT TaK Ke
IPOCTO, KaK Kof, Ha Python.

Utoru

BbIBOI, JAHHBIX MOKHO pa3AenTb Ha (popmamuposarue v 6ygepusauuro. BBog qaH-
HBbIX MOKHO pasfenunThb Ha Oydepusayuro i napcuHe; Ipy 3TOM 3Tarl MapCuHTa MOXK-
HO YIIPOCTUTb, €C/IV TIepes HUM M06aBUTb 3Tar Jiekcemudayuu. (bomee moapobHo o
JIeKCeMM3alyy Mbl IIOTOBOPUM B ClIeAyIoIiel rinase!l)

Knaccuueckuit iostreams API mocTpoeH moBepx <stdio.h>, KOTOPbIi, B CBOIO
ouepenb, ocHOBaH Ha API daitnoBbix meckpunTopo POSIX. Henb3sl MOHATh Bepx-
HMe YPOBHM, He TIOHMMasl, KaK JeCTBYIOT HMKHME. B yacTHOCTH, pa3obpaTbCs B
MeIllaHMHe CTPOK PEKMMOB fopen U (1aroB KOHCTPYKTOpA £stream MOXKHO, TOTTBKO
00paTUBINNCH K TAOIUIIE, ONMMCHIBAIONIE COOTBETCTBUSI MEKIY HUMM M daaraMmu
POSIX-dyHKIiMM open.

POSIX API nomgmepskuBaeT TOJAbKO MepeMelneHye 6JI0KOB JaHHbIX B (aiioBbie
JIeCKPUIITOPBI U U3 (HailyIOBbIX JeCKPUIITOPOB; OH He IIpearonaaraeT BO3MOKHOCTb
«Oydepusanuy» B 00bIYHOM ITOHMMAHMM 3TOTO CJIOBA. <stdio.h> API moGaBiser
roBepx POSIX API cioit 6ydepusaunm; o6beKkT FILE MoOXkeT paboTaTh B pexkuMe
TOJTHO¥ Oydepusauyy, IOCTPOUHOIi O6ydepusanuu mam 6e3 6ydepusannmu. Kpome
TOro, <stdio.h> mpemocrasiseT 3(pbeKTUBHbIE (HO 3aBUCSIINE OT JIOKAIN) MPO-
nenypbl hbopMaTUPOBaHUS, HauboIee BasKHBIMM M3 KOTOPBIX SBISIOTCS fprintf,
snprintf u sscanf.

<iostream> API otgensier «streambuf» (onpemensieT MCTOUHUK WM MPUEMHUK
6aiiTOB U peskuM 6ydepu3alyi) OT «ITI0TOKA JaHHBIX» (KOTOPbI XpaHUT HACTPOIIKN
dbopmatupoBaumst). PasHbie BUIbI ITIOTOKOB JAHHBIX (BBOZAA/BbIBOAA, (aiiy/cTpoO-
Ka) 06pa3yroT KIACCMUYECKYI0 MOMMMOPOHYI0 MepapXuio CO CJIOKHBIMM W TIOPOi
MAaJIOTIOHSITHBIMM OTHOILIEHUSIMM HacjaefoBaHMs. B MpoOMBbILIZIEHHOM Kofe Jyuliie
n3berathb <iostream>, 13-3a MEHbIIE) MPOM3BOAUTEIBHOCTH U MPO3PAYHOCTH, B
cpaBHeHUM C MHTepdeiicamu <stdio.h> n POSIX. B nro60M ciydae, ocTeperairech
nporeayp popMaTupoBaHys, 3aBUCIIIMX OT PETMOHATbHBIX HACTPOEK (JIOKAJIN).

[Ijis1 OMHOKPATHBIX U KOPOTKUX 3ajJlau MapcUHra MpeArouTUuTelIbHee UCI0/Ib30-
BaTh aITOPUTM std: :Sstoi, KOTOPBIN OIpeAesseT MMPOKMIi A1Marna3oH OUMooK, a
st popmaTupoBaHmst — std: :to_string uiau snprintf. [IJig clieHapueB, TOe Tpe-
OyeTcsl BBICOKAsI IMPOM3BOAUTENbHOCTDb, TTAPCHUHT JIyUIlle BBITOIHITD C ITOMOIIBIO
std::from_chars, a opmMaTupoBaHue — ¢ MOMOIIBIO std::to_chars, eI OHU
MIPUCYTCTBYIOT B BaIlleil CTaHJapTHOI O6MOIMOTEKe, B 3ar0JIOBKe <charconv>.
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PerynapHbie Bbipa)keHus

B npenpiayieir rmaBe Mbl TO3HAKOMMIIUCH ¢ (OPMAaTUMPOBAHMEM BBOJA U BbIBOZA
B C++. MbI yBUIEJIN, UTO CYIIECTBYIOT XOPOIIMe pelieHus] GOpMaTUPOBAHUS BbI-
BOJA — IIPY YCIOBUM MCITOIb30BaHMsI Jiokaau C, — U, HECMOTPS Ha GOJIbIIIOE KOJIM-
YyeCcTBO MHCTPYMEHTOB MapCHUHra BBO/IA, ayke MPOCTasl 3a7jauya rmapcuMHra CTpoKu B
1IeJI0€ UMCJIO MOXKET OBbITh COMPSIKEHA C GONMbIIMMU CI0KHOCTSIMU. (HarmomHIo, 4To
U3 IBYX HamboJiee HAIEKHBIX METOMIOB std: : stoi(x) TpebyeT mpeobpasoBaHUs X
B 3HaueHMe TuUIa std::string, KOTOPBI MUCIIOAb3YeT AMHAMMUUYECKYIO MaMITh, a
std::from_chars(x.begin(), x.end(), &value, 10) 1oka INpUCYTCTBYeT He BO
BCEX peanm3anysx cTaHgapTHOI 6ubamoTeku C++17.) Camoe CIOKHOE B ITApPCUHTe
Yycesl — BbIICHUTD, UTO JleJIaThb C OCTa/IbHOI UacTbhl0 BBOZA, KOTOpasl He SIBJISIETCS
yucaom!

[TapcyHT MOXKHO YIIPOCTUTD, €CJIY Pa30UThb €ro Ha JIBe MTOA3aJauli: BBIICHUTD TOU-
HO, KaKast 4aCTb BBOZA COOTBETCTBYET «OJJHOMY JIEMEHTY» (3Ty ITOA3a0auy OOBIYHO
Ha3bIBAIOT JieKkceMu3auuelii), Vi BBITIOJIHUTb apCUHT 3TOTO 3JIeMeHTa, TpeyCMOTpeB
HEKOTOPYIO 00pabOTKY OMMOOK, eC/IM 3HaUEeHMe JIEMEeHTa OKaXKeTCs 3a IpeferaMm
HEKOTOPOro AManasoHa WK KaK-TO MHaue OYAyT JUIIEHO CMbICIA. B OTHOIIEHUM
BBOJIA LIEJIBIX YVCEJT JIEKCEMM3ALIMSI COOTBETCTBYET ITOMCKY HaMOOJbIIE TOCIen0-
BaTEIbHOCTY 1IM(P BO BBOAE U €e IapCUHTY B UMCIOBOE 3HAUEHME.

PezynsapHsle 8bipaxceHus — 3TO UHCTPYMEHT, MO AeP>kKMBaeMblii MHOTMMMU SI3bIKa-
MM IPOTPaMMMPOBaHMSI, KOTOPbIN pellaeT 3ajauy JieKceMu3aluy He TOAbKO JIJIst
MocJIeloBaTeIbHOCTEN P, HO U JIJIS JI0OBIX IPYrUMX BXOOHBIX (opmMaToB. ITom-
Ilep>kKKa PEeryJisipHbIX BbIpaKeHMi1 CTaja 4yacThi0 CTAaHAAPTHON 6ubamoreku C++
B 2011 romy u omipeesisieTcsl B 3aT0JIOBKe <regex>. B 9TOi1 I/IaBe Mbl ITOKaskeM BaM,
KaK MCIT0JIb30BaTh PETY/ISIPHBIE BBIPAKEHMS JJIsT YITPOIEHMSI Hanbojiee TUITMIHBIX
3a/la4 MapCyUHra.

HwmeviTe B BUAY, UYTO NPUMMEHEHME PerysipHbIX BbIPAXKEHUI MOXKEeT OKa3aTbCs
M36BITOUHBIM [IIJIST MHOZUX 3a[ay MapCUMHTa. Bo MHOTMX C/yyasX OHU AEMCTBYIOT
CJIMIIKOM MeJIEHHO M Hen30eKHO TPeOyIoT pacipenesieHus maMsITy U3 Kyuu (TO
€CTb TUTIbI JaHHbIX, IIPe/ICTaBJISIONINEe PeryIsipHble BbIpaskeHMsl, He MO Ie P>KUBAIOT
BO3MOKHOCTb BbIOOpA AMCIIETYEPOB MAMSITH, O KOTOPBIX PAaCcCKa3bIBaIOCh B IIaBe 8
«[lucrieTuepsbl TaMsITU»). BMecTe ¢ TeM perysnsipHble BbIpaskeHMsI He3aMeHMMbI B 3a-
Jlavyax MapCUHTa, TIe PYKOIMMCHBIN KOJ, CMHTAaKCUMYECKOT0 aHa/Ii3a B JIIDOOM ciTyJyae
OyIeT BBIMOJHSTHCS MEIJIEHHO; ¥ B OUEHb ITPOCTHIX 3a1avax, IIe yao00unuTaeMoCThb
U HaJIeXKHOCTDb PEry/sSpHbIX BbIpaskeHU MepeBelnBaloT UX HeIOCTATOYHO BbICO-
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KYI0 TTPOU3BOAUTENBbHOCTD. [Ipoiiie roBopsi, MoAAepskKa PeryisipHbIX BbIpaskeHUit
ere 6ombiie commsmia C++ ¢ TakuMu si3bIkamu, Kak Python u Perl, B ymo6cTBe uc-
MOJIb30BaHMSI.

B 571011 I1aBe BhI:

O mo3HakoMuUTECh ¢ «MomubuupoBaHHbIM ECMAScript», muanekTom pery-
JIIPHBIX BbIpakeHMi1 B C++;

O y3Haere, KaK COMOCTABSATh, UCKATh U 3aMEeHSITh MMOACTPOKM C TIOMOIIbIO pe-
TYJISIPHBIX BbIPasKeHUIA;

QO yBUAMUTE OOMOJIHUTEIbHbIE OMTACHOCTM HEIEICTBUTEIbHBIX UTEPATOPOB;
QO ysHaeTe, KaKMX 0COGEHHOCTE PEry/sIPHbIX BhIPaKEeHMI CiemyeT 136erarh.

Urto Takoe perynsipHoe BbipaxeHue?

PezynapHoe evipaxceHue — 3TO CIIOCOO 3aImicy MPaBWI pPaclio3HABaHMSI CTPOK OaiiTOB
WIM CMMBOJIOB KaK IIpUHAJIEKAIIMX (MM He TMPUHALJIeXAlUX) OIpele/IeHHOMY
«S13bIKY». [Tl «SI3bIKOM» MOMKET IOApa3yMeBaThbCs BCe, UYTO YTOAHO, OT «MHOXKeCTBA
BCeX MocIenoBaTelbHOCTEN IUMP» M0 «MHOXKECTBA BCEX KITOUEBBIX CJIOB C++». ITo cy-
TU, «SI3BIK» — 3TO JINIIIb IIPABUJIO JeJIeHMSI MMUPaA CTPOK Ha ABa MHOXKECTBA — MHOXKECTBO
CTPOK, COOTBETCTBYIOLLMX SI3bIKY, U MHOXKECTBO CTPOK, HE COOTBETCTBYIOIIVX €MY.

HexoTtopble S3bIKM CJIEAYIOT OTHOCUTENBHO IIPOCTHIM IIPpaBUIaM, KOTOPbIe MOXKHO
OIpenennTb KaK KOHeUHbIl aémomanm, KOMIIbIOTEPHYIO ITPOTpaMMy, BOOOIIe He MC-
MOJIb3YIOLIYIO MIaMSTh — IPOTPAMMHbIN CUETUMK U YKa3aTeslb, KOTOPBI CKAHUPYET
BBO/I, BBITIOITHSISI TOJTBKO OJVH IPOXO[. SI3BIK «IOCIeA0BATEIbHOCTD LM(p» ompe-
JIeJIeHHO OTHOCUTCS K KaTeropuu SI3bIKOB, KOTOPbIle MOXKHO BBIPA3UTh C IIOMOIIbIO
KOHEYHbIX aBTOMATOB. TaKkue I3bIKM MBI Ha3bIBa€M pPe2yIspPHbIMU.

CylLIeCcTBYIOT TaKKe HeperyysipHble S3bIKU. TUMIMUHBIM IIPUMEPOM Heperyiisip-
HOTO SI3bIKa SIBJISIETCS «IOITyCTMMOE apu(pMeTHUeCcKoe BBhIPaKeHME», VI, eCIn
CBECTU €ro K CyTU: «IIPAaBUJIbHOE COOTHOILIEHNME OTKPBIBAIOIIMX U 3aKPbIBAIOLINX
KPYIJIBIX CKOOOK». JIlo6ast mporpaMma, CIioco6Hasi OTIMUUTh TIPaBUIbHOE COOTHO-
IIeHMe OTKPBIBAIOIIVX M 3aKPbIBAIOLIMX KPYIIIBIX CKOGOK (((()))) OT HelmpaBUiIb-
Horo (((())) M (((())))), B CBOEI OCHOBE IO/IKHA BBITIOIHSITH «ITOACUET», UTOODI
BBISIBUTDH HEITapHOCTh. [TofcueT Helb3s BHITIOTHUTD 0€3 IpUMeHeHMsT 3MeHsIeMOoit
repeMeHHO! UK CTeKa; IO3TOMY «[IpaBUJIbHOE COOTHOILLEHMEe OTKPbIBAOIIMX U 3a-
KPBIBAIOLIMX KPYIJIIX CKOOOK» He SIBJISIETCSI PETY/ISIPHBIM SI3bIKOM.

Kak okasbIBaeTcs, [jIs1 JTI060TO PEryIsipHOTO SI3bIKa MOKHO HAIMCaTh IIPOCTOE
U SICHOE TIpefCTaB/ieH)e KOHEeUHOr0 aBTOMara, paclio3Halollero ero, KOTopoe, Ko-
HEYHO Xe, ONHOBPEMEHHO SIBJISIETCS MIPeCTaBJIeHMeM IIPaBUJI CaMOro s3bika. Mbl
Ha3bIBaeM TaKoe IIpefCTaB/IeHNEe pezyasapHbiM evipaxceHuem. CTaHmapTHas dopma
3aIMCY PETYISIPHBIX BhIpaskeHUi O6buta paspaboraHa emie B 1950-X ¥ OKOHYATE/Tb-
HO yCTaHOBMJIACh B KOHIle 1970-x, B Takux mporpaMmmax fjisg Unix, Kak grep U sed,
KOTOpBIE CJIeAyeT M3y4daTh M B HAIIM THU, HO O KOTOPBIX He OyJeT paccKas3bhIBaThCs
B 9TOV KHUTe.
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CranpaptHas 6ubmmnoreka C++ NopmepsKMBaeT HECKOIbKO Pa3HBIX «IMaJeKTOB»
peryyisipHbIX BbIPaKeHMIA, HO 10 YMOTYaHMIO (M IIO9TOMY BbI JOJIKHBI MUCIIOIb30BATh
ero BCera) UCIOIb3yeTCs JMUaleKT, 3aMMCTBOBaHHbIN 13 crangapra ECMAScript —
sI3bIKa, OOJIbIIIE M3BECTHOTO Kak JavaScript, — ¢ He3HAUUTENTbHBIMU U3MEHEHUSIMM,
KacalMMMUCS KOHCTPYKIMIT B KBaIPATHBIX CKOOKax. OnucaHmue CMHTAKCUCA Pery-
JIIpHBIX BblpakeHnit ECMAScript Bbl HajifeTe B KOHIe 9TOV I7IaBbl; HO €C/IM BaM
MIPVUXOIMIIOCH ITOJIb30BAThCS IPOrPAaMMOIi grep, BbI 6€3 TpyZa CMOKeTe CIe0BaTh
3a MpUMepaMi, He 06panasich K ONMCaHUIO.

3aMeuaHue 06 KpaHUpoBaHUu OﬁpaTHbIMM cnewamm

B 3T0i1 IMaBe yacTo GYOYT BCTPeUYaThCsl CTPOKU U pPery/asipHble BbIpasKeHMs, CO-
Iepskaliue CMMBOJIbI 06paTHoTo cieina (\). Kak Bbl HaBepHsIKa 3HaeTe, YTOObI B C++
3amucaTh CTPOKOBBIN JUTEPA C OGPATHBIM CJIEIIEeM, Bbl JODKHBI 3KPaHMPOBATh
ero emre OJHUM OOpaTHBIM C/ellleM: TO eCTh CTpoKa "\n' IMpeacTaBjsieT CUMBOJ
MepeBoJia CTPOKM, a "\\n" — CTPOKY C ABYMSI CMMBOJIaMM, «OOPATHBINA ClIell», 3a
KOTOPBIM CJIEYEeT CUMBOJ «n». OOBIYHO TaKyue BEIM JIETKO OTC/IEXMBAKOTCS, HO B
3TOJ I71aBe MbI OyIeM YAeIsiTh 0OpaTHBIM cjieliaM ocob6oe BHUMaHMe. Peannsaiys
pery/sipHbIX BhIpaXKeHU BCTpOeHa HeroCcpeCcTBeHHO B 6MOIMOTeKY; TO eCTh ey
BbI 3aMuilieTe BbI30OB std: :regex("\n"), 6UMOIMOTEKA YBUAUT «PETYISIPHOE BbIpa-
SKeHMe», cofepsKallee eIVMHCTBEHHbIN TTPOOETbHbI CMMBOJI, & €CTY BbI 3aMMIIETE
BbI30OB std: :regex("\\n"), 6ubIMOTEKA YBUIUT CTPOKY U3 ABYX CMMBOJIOB, HAUM-
HAIOIIYIOCSI C 06paTHOTO CJiella, KoTopasi 6ydem uHmepnpemuposamauscs oubauome-
Koll KaK IBYXCUMMBOJIbHAsI SKpaHMPOBAHHAs TIOC/I€N0BATEbHOCTb, 0603HAYAIOIIAS
«TepeBO/] CTPOKM». ECTM BaM MOTpe6yeTcst riepefaTh B 6MOIMOTEKY MpeiCTaBIeHe
0603HaueHNs TIEPEBOJIA, BbI JO/KHBI BBECTY TPEXCUMBOJIbHYIO CTPOKY \\ \ \n, KOTO-
past B UCXOAHOM Kojie Ha C++ 3amiChIBaeTCs Kak NATUCUMBOIbHASA CTpoKa "\\\\n".

B03MOKHO, B IIpebIAYIIEeM a63alie Bbl 3aMETUIIN PeIlleHe, KOTOPOE s COGMPaioCh
MCIO/Ib30BaTh B 3TOM m1aBe. Korza st ToBOpIo0 0 CMpoK08oM iumepasie IVt 3HaUeHUU
B C++, 4 3aK/II04Yal0 ero B JBOJHbIE KaBbIUKM, Haripumep: "cat", "a\\.b". Korga s
TOBOPIO O pezyJIiPHOM 8blpaxceHUU, KOTOPOe BBOAUTCS B TEKCTOBOM pefakTope Ui
B KJIMEHTE 3JIEKTPOHHO MOUTHI, WK BPYUYHYIO MTepeaeTcst 6MGIMOoTeKe IJisl BBITTOJ-
HEeHMsI, s 3aTTMChIBaI0 eTo 6e3 KaBbIUeK: cat, a\ .b. [IpOCTO 3aTIOMHUTE: €CJIN BbI BU-
IUTe CTPOKY 6e3 KaBblUeK, MPeCTaBSIONYI0 JUTePaIbHYIO MOC/TIeN0BaTeTbHOCTD
CUMBOJIOB, I XOTUTE [IOMECTUTH ee B CTPOKOBBLIN jiuTepas C++, BbI JO/DKHBI IBOUTD
obpaTHbIe CyIelln, HallpuMep MpeBpaTuB a\ .b B std: :regex("a\\.b").

51 yKe CIIbllly Balll BOIIPOC: «A KaK HacueT HM3KOYPOBHEBBIX CTPOKOBBIX JINTepa-
JI0B?» HU3KOYpOBHEBBIE CTPOKOBBIE TUTEPAJIbI MOSIBUANUCH B C++11 M O3BONSIOT 3a-
IMcaTh I10CIe0BATEeIbHOCTb CMMBOJIOB a\ . b, «<9KpaHMPOBAB» BCIO CTPOKY Le/I/IKOM
CHMMBOJIOM R ¥ HEKOTOPBIMU CKOOKaMu, Harpumep R"(a\.b)", BMECTO 9KpaHUPO-
BaHMS KaX0ro o6paTHOTrO ciema. Ecim Balia cTpoka COmEPKUT KPYIibie CKOOKH,
MOXXHO TIPOSIBUTH M306PEeTaTeIbHOCTb U 3aIMCaTh JIIOOYI0 TPOU3BOIBHYIO CTPOKY
repeq, OTKPBIBAIOIIE 1 Moc/ie 3aKphiBaolleii CkooKM, Hampumep: R"fancy(a\.b)
fancy". Hu3KoypoBHeBbIe CTPOKOBbIE TUTEPaAJIbl, TAKME KaK 3TOT, MOTYT BK/IOUaTh
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JII00BIE CUMBOJIBI — 0OpaTHBIE CJIeIIN, KABBIYKM U Taske ITepeBOIbI CTPOK — IPH YCIIO-
BUM, UTO B HUX OTCYTCTBYET 3aKpbIBAIOLIAs I10CIeL0BaTeIbHOCTh )fancy" (M eciau
BbI CYMTAETE, UTO TaKasl MOCIe0BATEebHOCTb MOXET COAEPKaThCSl B CTPOKE, TOTAA
MIPOCTO BhIOEPUTE HOBYIO IPOM3BOJILHYIO CTPOKY, TaKYIO KaK )supercalifragilis-
ticexpialidocious").

CHHTaKCUC HU3KOYPOBHEBBIX CTPOKOBBIX JUTEpPasoB B C++, HAUMHAIOIIUXCS C
CMMBOJIA R, HATIOMMHAET CMHTAKCHUC aHAJIOTUUHBIX JTUTepasioB B Python (HaunHato-
muxcsi ¢ cuMmBona r). B Python crpoka r"a\ .b" npencrasisieT CTPOKOBBI TuUTepan
a\.b; U ABIIeTCSA paCIPOCTPAHEHHBIM U UAMOMATUYECKUM CPEICTBOM IIpeLCTaB-
JIEHUS Pery/spHbIX BbIPa’KeHUI B UCXOIHOM KOJle B BUJIe CTPOK, TAKMX KaK r'"abc",
Iake He ComepsKallMX CIielMaabHbIX CMMBOJIOB. Ho 06paTiTe BHMMaHKe Ha BaXKHOe
oTmuye r"a\.b" or R"(a\.b)" — Bepcust B C++ MMeeT JOIMOJHUTETbHbI CKOOKM!
A CKOOKM — BayKHbIi CITeIMaIbHbIN CMMBOJI B TPAMMAaTHKe Pery/IsipHbIX BhIPasKeHUIA.
B C++ cTpokoBble auTepasbl "(cat)" u R"(cat)" OoTAMUalOTCa Kak JeHb M HOUb —
TepBLIl TIpeACTaBJIsgeT MITUCUMBOJIbHOE DeryaspHoe BbIpakeHue (cat), a BTO-
pOoi1 — TpexCMMBOJIbHOe cat. Eciiu BbI 3amuuiete R"(cat)", uMesd B BULy "(cat)"
(9KBMBaIeHTHO R"((cat))"), B Ballleif mporpaMmMe IOSIBUTCSI OUe€Hb TOHKasI OIIO-
Ka. Eme 6ojee caguCTCKuit IpumMep: R"a*(b*)a*" — 9TO HOMYCTUMOE PETyIsIpHOE
BBIpa)KeHME C YIUBUTEIbHBIM CMbICIOM! TI03TOMY I COBETYIO C GOJIBIIIOI OCTOPOK-
HOCTBIO UCIIOJIb30BaTh HU3KOYPOBHEBbIE CTPOKOBbIE JIUTEPAJIbl [J1s1 3allUCU pery-
JISPHBIX BhIpa)KeHMIT; 06BIYHO TpoIlle 1 6e30IacHee YIBOUTh 8Ce 0OpaTHBIE CIIEIIN,
yeM 3a00TUThCS 00 YIBOEHMM BHEUWIHUX CKOOOK.

Hu3koypoBHEBbIE CTPOKOBbIE IUTEPAIbl YI0GHO MUCIIOIb30BATD IJISI CO3AaHMS TO-
0, UTO B IPYTUX SI3bIKAX HA3bIBAIOT «BJIOKEHHBIMM JOKyMeHTamm» (heredocs):

void print_help() {
puts(R"(CneunanbHble CUMBONbI PETYAAPHLIX BbIPAKEHWIA
\ - 3KpaHupoBaHue
| - paspgeneHve anbTepHaTUB
- COOTBETCTBYET J/I6OMY CMMBONY
[1 - knacc unm MHOXECTBO CWUMBOJOB
() - coxpaHsiwne Kpyrnble ckobku wnu onepexawwas nposepka
?*+ - "Honb wan oauH ", "Honb wunu Gonbwe", "oauH wunu Gonbue"
{} - "TouHo N" mam "oT M po N" nosTOpeHui
A$ - Hauvano u KoHew "CTpOKM"
\b - rpaHuua cnoea
\d \s \w - umdpa, npoben u cnoso (word)
(?=foo) (?!foo) - onepexawwas NpoBepka; HeraTUBHas oOnepexawwas npoBepka

)");

To ecTb HM3KOYPOBHEBbBIE JIUTEPAJbI CTPOK SIBISIIOTCS €AMHCTBEHHBIM TUIIOM
CTPOKOBBIX JIUTEPasoB B C++, B KOTOPOM MOXKHO MCITO/Ib30BaTh IIEPEBO/IBI CTPOK 6e3
BCSIKOTO 3KpaHMPOBAHMS. DTO yAOOHO IJ1s1 BRIBOAA IJIMHHBIX COOOIIEHMIT MM, Ha-
pumep, A1 rnpencrapiaeHus 3aroioBkoB HTTP; HO mpuMeHeHe HU3KOYPOBHEBBIX
JIUTEPAIOB CTPOK C X OCOOBIM OTHOIIIEHMEM K KPYIJIbIM CKOOKAaM JiesiaeT UX Orac-
HBIMM JIJISI PETY/ISIPHBIX BbIpaskeHMit. [I03TOMY s He Oyy MCITONIb30BaTh UX B KHUTE.
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BonnouweHue perynsipHbiX BblpaXKeHU
B o6beKkTax std::regex

YT06BI BOCIIOIH30BATHCSI PETYISIPHBIM BbIpaskeHeM B C++, HeJOCTaTOYHO ITPOC-
TO yKa3aThb CTPOKY, TaKyl0 KakK "c[a-z]¥*t", — U3 3TONM CTPOKU HYKHO CKOHCTPYU-
pOBaTb 00BeKM pezyisipHO20 8bipaxceHus TUMa std: :regex, a IIOTOM IepeIaTh ero
(yHKYUU conocmaeJieHusl, TaKOi Kak std: :regex_match, std: :regex_search mwim
std: :regex_replace. Kakaplii 00beKT TuIa std: :regex (GOpMUPYET KOHEUHBDIN
aBTOMAT JJIs1 JAHHOTO BBIPAKEHMS, a I €Tr0 KOHCTPYMPOBaHUs TpebyeTcss 60b-
1071 06beM BBIUMCIEHMIA U ITaMSITU B Kyue. To eCTb eIy OHO U TO K€ PeryJspHoe
BbIpaKeHMe IpernoiaraeTcs UCIoab30BaTh MHOTO pa3 [Jisl CONTOCTaBIeHMS C BXOJ -
HBIM TEKCTOM, OMOIMOTEeKa JaeT HaM YIO0OHYI0 BO3MOXKHOCTD BBIITOJIHUTD JOPOTO-
CTOsIILIME OTlepaluu TOJIbKO OAMH pa3. C Ipyrovi CTOPOHBI, 3TO 03HAYAeT, YTO CO31a-
HMe ¥ KOMMPOBaHME 0ObEKTOB std: :regex 0O6XOOUTCS NOBOJBHO JOPOTO, TO €CTh
KOHCTPYMpPOBaHMe 00BbeKTa PErylIsipHOTO BBIPAKeHMUS BHYTPU IITyOOKOTO IMKIA —
BEPHBIIT CTI0CO6 YOUTH IMPOM3BOAUTEIBHOCTD ITPOTPAMMBbI :

std: :regex rx("(left|right) ([0-9]+)");
// 06beKT perynapHoro BblpaxeHus "rx" KOHCTPyMpyeTcCs 3a npefenamu uukKna.
std::string line;
while (std::getline(std::cin, line)) {
// BHYTpWM UMKNa MHOTOKPATHO WMCMOMb3YeTCS OAWMH M TOT Xe obbekT "rx".
if (std::regex_match(line, rx)) {
process_command(line);
} else {
puts("Unrecognized command.");

3
b

VimeiiTe B BUAY, UYTO OOBEKTHI regex MMEIOT CEMaHTUKY 3HAUEHMII; «COITOCTaB-
JIsIsT» BXOIHYIO CTPOKY C PETYISIPHBIM BbIpakeHMeM, Mbl He M3MeHsIeM caM O00beKT
regex. PeryyisipHoe BhIpakeHMe He 3alIOMUHAaeT HalileHHbIX COBIIafgeHnii. [IoaTomy,
YTOOBI M3BJI€UDb PE3Y/IbTAT COMOCTABJIEHNSI, HAIIPUMeD: «KaKas Oblia JaHa KOMaH/1a,
BJIEBO MJIM BIIPABO? Ha CKOJIBLKO LIATOB MIPEeNIMCAHO TTIePeMECTUTHCS?», — MBI OJIK-
HbI BBECTY HOBYIO CYIIIHOCTb, KOTOPYIO MOXKHO U3MEHSITh.

OO6beKT regex MpejjaraeT CJeAyOIIe MeTOIbI:

std: :regex(str, flags) KOHCTpYMPYET HOBBI OOBEKT std: : regex, TPAHCIN-
pys (MU «<KOMIIWIUPYS») 3aaHHYI0 CTPOKY Str B KOHEUHbIV aBToMaT. [lapameTpsl,
BIMSIOIIME Ha IIPOLecC KOMITWIISIINHA, TIepeaioTcs B 6UTOBOI Macke flags, B KOTO-
POl MOXKHO TlepenaTh cenyoliue daaru:

O std::regex::icase: MHTEPIPETUPOBATh Bce ajaBUTHbIE CUMBOJIbI
6e3 yueTa perucrpa;

O std::regex::nosubs: MHTEPNPETUPOBATh BCE TPYINbl B KPYIJIBbIX
CKOOKaxX KaK HeCOXpaHSIOIIeE;
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O std::regex::multiline: SKOpHBII MeTacuMBOa A (1 $) IODKEH Ha-
XOIWUTDb COBIIaZleHMe HelloCPeACTBEHHO [1ociIe (M Iepen) cumBaoiia "\n'"
BO BXOJHOJ CTPOKE, a He TOJIbKO B Hauasle (M B KOHIIe) BXOLHOI'O TeKCTa.

CymIecTBYIOT Takke Apyrue ¢uiaru, KOTopble MOKHO m06aBuTh 1o WJIN B apry-
MeHT flags. HO OHU WJIM M3MEHSIIOT «IVaJIeKT» PETY/ISIPHBIX BbIPAXKEHUI, les1ast ero
oTmuHbIM 0T ECMAScript, 3a cueT qo6aBiieHUsT HEIOCTATOUHO XOPOIIO JOKYMeH-
TUPOBAHHBIX U IIPOBEPEHHBIX 0cobeHHOCTel (basic, extended, awk, grep, egrep),
WJIVi BHOCSIT 3aBUCUMOCTbD OT JIOKa/u (collate), WM IIPOCTO HUYETrO He [lenaroT (op-
timize). [I03TOMY B POMBIIIJIEHHOM KOZI€ UX JIydIlle M36eraTh.

O6paTuTe BHMMAaHMeE: : faske IIPUTOM, UTO IIPOLIECC TpeoO6pa30BaHMsI CTPOKU B 00b-
eKT regex 4YaCTO Ha3bIBAIOT «KOMIIWIISILIMEN PETYISIPHOTO BBIPAKEHMSI», OH OCTAeTC ST
IVHAMMWYECK/M M TIPOTEKaeT BO BPEMS BBIMIOJHEHMS IMPOTPAMMBbl, KOT/Ia BbI3bIBa-
eTCsl KOHCTPYKTOP regex, a He BO BpeMs KOMOUJISIIny porpaMmmbl Ha C++. Eciv BbI
IOITYCTUTE CUHTAKCUMUYECKYIO OIIMOKY B PETYISIPHOM BhIpaskeHMM, OHA OOHAPYKUTCS
TOJIBKO BO BPEMSI BbITTOJTHEHMST — KOHCTPYKTOP regex BO3OYAUT UCK/ITIOUEHNE TUTIA
std: :regex_error, KOTOPOE SBJISETCS MOAKIACCOM std: : runtime_error. Hagex-
HBII KO TAKKe JODKEH ObITh TOTOB MOTYUMUTDb OT KOHCTPYKTOPA Tregex UCKITIOUeHe
std: :bad_alloc; HAIIOMHIO, UTO std: : regex He IIOALePXMBAeT BO3MOKHOCTHY BbI-
60pa AucrieTyepa maMsTu.

rx.mark_count() BO3BpallaeT KOJIMYECTBO COXPAHSIOLIMX TPYII B KPYIJIbIX
cKoOKax. MiMs aToro Meroma ImpoucxoguT ot ¢pasbl «marked subexpression» (BbI-
IelleHHOe TIOABbIpasKeHNe), CMHOHMMA «capturing group» (COXpaHsIoIIas TPyIIa).

rx.flags() Bo3BpalaeT 6UTOBYIO MACKy, KOTopast Oblia IepejaHa KOHCTPYKTODY.

ConocTtaBneHue U NoOMUCK

Y3HaTbh, COOTBETCTBYET JIM 3aJaHHAsl CTPOKa haystack 3aJaHHOMY DPeryaspHOMY
BbIpa’KeHUIO rneedle, MOXHO C IIOMOIIIBIO BbI30Ba std: :regex_match(haystack,
rneedle). OGBEKT PEryaspHOrO BbIpasKeHMS BCerjga IepemaeTcsl KaK MOCIemHMt
apryMeHT, II0 aHaJIOTMM C CUMHTAKCMCOM BbI30Ba haystack.match(rneedle) B
JavaScript u haystack =~ rneedle B Perl, HO B IPOTUBOMONIOKHOCTh CUHTAKCUCY
BbI30Ba re.match(rneedle, haystack) B Python. ®yHkuust regex_match Bo3Bpa-
LIaeT true, €CayU PeryyisipHOMY BbIPA)KeHUIO COOTBETCTBYeT BCSI CTPOKa, U false B
IIPOTMBHOM C/Iy4dae:

std::regex rx("(left|right) ([0-9]+)");
std::string line;
while (std::getline(std::cin, line)) {
if (std::regex_match(line, rx)) {
process_command(line);
} else {
printf("Unrecognized command '%s'.\n", line.c_str());
3
3
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DyHKIUS regex_search BO3BpalIaeT true, €C/IM PEryISIPHOMY BHIPAKEHUIO COOT-
BETCTBYET JII00ast YaCTh BXOJHOI CTPOKM. DaKTUUECKM OHA KaK ObI OOABJISIET . * ¢ 00e-
UX CTOPOH PETyJISIPHOTO BHIPAKEHUST M 3aTE€M BBITIONHSIET AITOPUTM regex_match; HO
06BIYHO peann3alyy regex_search JeiCTBYIOT HAMHOTO ObICTpee, UeM eciu Obl B HUX
BBITTOJTHSIIACH KOMITUJISIIIVISI COBEPIIIEHHO HOBOTO PETY/ISIPHOTO BhIPAXKEHMSI.

YTOOBI BBHITIOTHUTH COTIOCTABJIEHNE TOJNBKO C YaCThI0 CMMBOJIOB B Gydepe (Ha-
MpuMep, KOr[ja UCXOHbIE TaHHbIE M3BJIEKAIOTCSI M3 CETEBOTO COAVHEHUS VI U3
(aiina), B regex_match U regex_search MOXHO IepeiaTh Mapy UTEPATOPOB, KaK
OTIVICBIBAJIOCH B TVIaBe 3 «AJITOPUTMBI C ITapaMy UTePaTOPOBy». ClIeAyIONnii TpPUMeED
IIpoCMaTpMBaeT 6aiiThl TOIBKO B IIpeIeax quarnas3oHa [p, end) U He TpebyeT, UTo-
ObI «CTPOKa» p 3aBepIIaIach HYJIEBHIM CMBOJIOM:

void parse(const char *p, const char *end)

{
static std::regex rx("(left|right) ([0-9]+)");
if (std::regex_match(p, end, rx)) {
process_command(p, end);
} else {
printf("Unrecognized command '%.*s'.\n",
int(end - p), P);
3
Y

9toT uHTepdeiic HamoMuHaeT QyHKIMIO std: : from_chars, BUIeHHYI0 HAMU B
rnaBe 9 «IIoTOKM BBOAa/BbIBOAY.

N3BneueHune coBnapeHunii ¢ NoABbIPAYKEHUSIMU

YTOOBI UCTIONH30BATh PETY/ISIPHbIE BbIPAKEHMS [IJIST Pa3[eNeHNs] BXOIHOTO TI0-
TOKa Ha JIeKCeMbl, Hy>KHa BO3MOXXHOCTb M3BJI€U€HUS IMTOACTPOK, COOTBETCTBYIOIINX
BCEM COXPaHSIIOIIMM rpyrmnaM. Takyilo BOSMOXHOCTb B C++ nmaeTt o6sekm cognade-
Husa (match object) Tuma std: : smatch. la, 970 He omeuaTtka! OGbEKT COBIAIEHMS
Ne/iCTBUTENIbHO Ha3bIBaeTCs smatch. OTO MMSI IPOUCXOIUT OT std: : string match;
CYILIECTBYET TaKKe 00BEKT cmatch, OT const char * match. O6beKTbl smatch u
cmatch OTIMYAIOTCS TUIIAMMU IOAAeP>KMBaeMbIX UTE€PATOPOB: smatch MoAmepsKuBa-
eT string::const_iterator,a cmatch — const char *.

Co31aB MycTo# 06BEKT std: : smatch, ero HY>KHO IepeiaTh BTOPLIM [1apaMeTPOM
B BBI30B regex_match My regex_search. DTU QYHKIINU «3aTIOTHIT» 0OBEKT smatch
nHdopMalMeii 0 COBIaIeHMSIX, eC/lU TAKOBbIe OYIYT HaliieHbl. Ec/iu comocTaBienne
MOTEPITUT Heyaauy, 06beKT smatch OIMyCTOLINTCS MY OCTAHETCS ITYCThIM.

Bor npumep ucnonb3oBaHus std: : smatch s ony4eHus NOoACTPOK, ONMUChIBA-
IOIIVX HATIpaBJIeHNe M PacCTOsIHME B Hallleli «KOMaHIe AJis po6oTax:

std::pair<std::string, std::string>
parse_command(const std::string& line)

{
static std::regex rx("(left|right) ([0-9]+)");
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std: :smatch m;

if (std::regex_match(line, m, rx)) {
return { m[1], m[2] };

} else {
throw "Unrecognized command!";

b
b

void test() {
auto [dir, dist] = parse_command("right 4");
assert(dir == "right" && dist == "4");

)

O6paruTe BHUMaHME: 3[1eCh, YTOOI M30€XKaTh CO3aHNs («KKOMITUIISIIVIV») HOBO-
ro 06beKTa PeryIsipHOTO BbIPasKeHMSI B KaXkIOM BbI30Be (YHKIIMM, UCIIONb30BaH
CTaTUUECKMii 06bEKT regex. [IJIsi CpaBHEHUS MIPUBOAUTCS TOT Ke KO, HO YyKe UC-
MONB3YIOIUI const char * 1 std: :cmatch:

std::pair<std::string, std::string>
parse_command(const char *p, const char *end)

{
static std::regex rx("(left|right) ([0-9]+)");
std::cmatch m;
if (std::regex_match(p, end, m, rx)) {
return { m[1], m[2] };
} else {
throw "Unrecognized command!";

b
3

void test() {
char buf[] = "left 20";
auto [dir, dist] = parse_command(buf, buf + 7);
assert(dir == "left" && dist == "20");

3

B o60ux ciryuasx camoe MHTepeCcHOe MPOVICXOOUT B CTPOKe C MHCTPYKIIME return.
OGHapykMB COBIAEHMS C PETYISIPHBIM BbIpakeHMEM BO BXOIHOI CTPOKE, MOKHO
MoTpeboBaTh OT OObEKTA COBMAAEHMSI M OThICKATh (DparMeHThl, COBIIABIINE C CO-
XPaHSOIIVMU TPYIIIaMU B PErylsipHOM BbIpaskeHUN. [lepBast coxpaHstonias rpyrrmna
(B manHOM npumepe (left|right)) COOTBETCTBYET 3jieMeHTy m[ 1], BTOpas rpyrima
(B maHHOM IIpuMepe ([@-9]+)) COOTBETCTBYET 37eMeHTy m[ 2] u T. . ObpaieHye K
HeCyIIeCTBYIOIEN TpyIine, TaKOi Kak m[ 3] B 9TOM IIpuUMepe, BEpHET MYCTYI0 CTPO-
Ky; obpaleHus K 00beKTY COBIaZeHMsSI HUKOTIA He BO30OYKIAIOT UCKITIOUEHUIA.

I'pyrima m[@] — 0CcOOBI C/Tyuaii: OHA CChIJIAETCS Ha BCIO COBMIABINYIO ITOC/IEIOBA-
TETbHOCTbh. EC/iu 06beKT coBIaieHNs 3aroTHeH GyHKIMel std: : regex_match, ero
2JIeMeHT m[ @] Bcerma OyIeT comepsKaTh ITOJIHYIO BXOAHYIO CTPOKY; €C/IY OObEKT COB-
MajeHus 3arolHeH QYHKUMel std: :regex_search, ero sjgeMeHT m[@] GymeT co-
JlepskaTb TOJIBKO YaCThb CTPOKM, COBIIABIIIYIO C PErYISIPHBIM BbIPaskKeHMEM.
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CyIecTBYIOT TaKKe [IB€ MMEHOBAHHbIe IPYIIbI: m.prefix() U m.suffix(). OHU
CCBUIAIOTCSI HA TIOC/IEI0BATEILHOCTH, He SIBJISIIOIMECS] YAaCThI0 COBITAJIEHUSI — IO U
TOC/Ie COBIIABIIEN TOACTPOKY COOTBETCTBEHHO. EC/IM coBma/ieHne B CTPOKe 0OHA-
PY>KeHO, Tora cymma m. prefix() + m[@] + m. suffix() GyHeT MpeaCcTaBIsITh MOTHYIO
BXOJIHYIO CTPOKY.

Bce 3T «TpyIIibl» MpeICcTaBieHbl He 06beKTaMu std: :string — 3TO GbLIO GbI
CJTUIIKOM JIOPOTO, — a JIETKOBECHBIMM OOBeKTamMu Tuma std::sub_match<It>
(rme It — 6o std: :string::const_iterator, 60 const char *, Kak OTMeva-
JIOCh BbIIIE). Bce 06beKTHI sub_match HESIBHO MpeobpasyroTes B std: :string, a B
MHBIX CJTy4Yasix BeOyT cebst Kak std: :string_view: MX MOXKHO CPaBHMBATh CO CTPO-
KOBBIMU JIUTEPAJIAMMU, OTIPEIENSITh UX IJIMHY U JaXe BbIBOAUTH B TOTOKM C++ C TI0-
MOIIBI0 operator<<, He BBIMOJIHSS SIBHOTO MPeoOpa3oBaHus B std: :string. DTO
pellleH/ e UMEET TOT JKe HeIOCTAaTOK, UYTO U UTEPATOPbI, CChIIAIOIMECS] Ha KOHTEl-
Hep, HO He BJIAZIEIONIMEe VIM: €CTh PUCK MTOYYUTh HEIeICTBUTETbHbIE UTEPATOPBI:

static std::regex rx("(left|right) ([0-9]+)");
std::string line = "left 20";
std::smatch m;
std: :regex_match(line, m, rx);
// m[1] Tenepb XpaHWT uTepaTopbl Ha line

line = "hello world";
// nna line BbiaenseTcs HOBbIM Oyhep B namaTu

std::string oops = m[1];
// pesynbTaT 3TOrO Bbl30Ba HEOMpeAeneH, MNOTOMY 4TO
// WTepaTop HeneicTBUTENEH

PaccmatrpuBast mpenbIoyInyii hparMeHT KOZAa, Y BaC MOXKET IMOSIBUTHCS OTIaceHue,
YTO HesIBHOE ITpeobpa3oBaHue (HalpumMep, U3 const char * B std: : string) MOXeT
MOPOIUTD OIIMOKY HEIeiCTBUTEIbHOCTY UTEpPATopa B Kasajoch Obl 6€300MIHOM
Kofe. B3misHuTe Ha ciienyoomuii hparMeHT:

static std::regex rx("(left|right) ([0-9]+)");

std::smatch m;

std::regex_match("left 20", m, rx);
// no noruvke m[1] [OMKEH COXPaHWTb UTEPaTOPbl Ha BPEMEHHVI
// cTpoky, To ecTb oHu WM3HAYANIbHO HepeicTBUTENbHDI
// K cuyacTbi, 3Ta neperpyxeHHas Bepcus yhaneHa

K cuacTbio, pa3paboOTUMKU CTAHJAPTHOI GUOIMOTEKM TTPEIBUAEIN ITY CKPBITYIO
Mpo6seMy UM YCTPaHWIM €e, ONPEeAEIUB CIElMaIbHYI0 MEePETPY>KEHHYIO0 BEPCUI0
regex_match(std: :string&&, std::smatch&, const std::regex&) KaK SIBHO
yIaJeHHYIO (C IOMOIIBIO TOTO JKe CMHTaKcuca =delete, KOTOPBIM BbI MOJIb3yeTeCh
IS yoaneHus HeskenaTebHbIX QYHKITMI-UIeHOB). DTO rapaHTUPYeT, YTO ITPebIay-
IV HEBUHHBIN KOJ, HE CKOMITWJIMPYETCS M He CTAaHEeT MCTOYHMKOM OLIMOKY TIOMTY-
YyeHUS HeleICTBUTeIbHOTO UTepaTopa.
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U BCe 5ke uTEpaTOp MOXKET CTaTh HeJlelICTBUTENbHBIM, KaK B IPMMepe BbIIlIe; UYTO-
Obl He MOMACTb B 3Ty JIOBYIIKY, Bbl JO/DKHBI PACCMAaTPUBATh OOBEKTHI smatch Kak
BpEMEeHHbIE CYIIHOCTH, TOI06HO JITMOa-BbIPAKEHUIO [ &], COXPaHSIOUIEMY CChUIKY
Ha MUP. 3aOIHUB 0OBEKT smatch, BbI He JOKHBI MPUKACATHCS HY K YEMY U3 €ro
OKPY’KeHMSI, TOKa He U3BJIeueTe HeOOXOAMMbIe 3/IEMEHTHI |

A Terepsb nepeuncaM METOABI, ITpeiaraeMble 00beKTaMy smatch U cmatch:

O m.ready(): true, eciu m GBI 3aIIOJTHEH TTOCTIE €T0 CO3MAHMS;

O m.empty(): true, e m MPEeACTABISIET CONOCTABI€HNE, HE YBEHUABIIEeC s
ycrexom (TO eCTb €CJIV OH ObUT 3aII0THEH ITOCIEHMM BhI30BOM regex_match
WU regex_search, IOTepIeBIIMM Heynauy); false, e m IpencraBiiseT
yCIIeIIHOe COIIOCTaBJIeHME;

O m.prefix(), m[@], m.suffix(): 06bEKThl sub_match, MpeacTaBIsIOLIe Ha-
4aJio CTPOKM, He [I0NaBlllee B COBIIaZleHNe, COBIIaleHye ¥ KOHell CTPOKM, He
MOMAaBIUINIT B COBNAaZeHMe (ec/u m MpeaCcTaBsieT COMOCTaBAeHe, He YBEeH-
yaBIeecs yCIeXoM, HY OIVH U3 3TUX 06BEKTOB He MMeeT CMbIC/IA);

O m[k]: 06beKT sub_match, peaCTaBISIONIMIA YaCTb MCXOMHOM CTPOKU, CO-
BIABIIYIO C K-71 COXpaHSIONIEei IpymnIoit; m. str(k) — yoo6HOe COKpalleHue,
SKBUBaJIeHTHOe m[k].str();

O m.size(): HOMb, €CIM M MPEACTABISIET COMOCTAaBAeHMEe, He YBeHUaBIIeecs
YCITIEXOM; MHAYe YMCIo, Ha eIMHUITY OOJIbIlle Uycaa COXPaHSIOMMX TPYIIN B
PeryisipHOM BbIpasKeH! M, YCIIeIIHOe COBITafeHye C KOTOPbIM IIPeLCTaBIIsIeT m.
O6paTtuTe BHMMAaHME, YTO m.size() BCerma COMIacyeTcs ¢ operator[]; Aua-
IMa30H 3HAUMMBbIX 06BEKTOB sub_match Bcerga or m[@] mom[m.size()-17;

O m.begin(), m.end(): uTepaTopsl 4js1 06X01a COOEPKMMOTro 0ObeKTa COBIIa-
neHus B for.

O6beKT sub_match npenjaraert cjienyrolnye MeToAbl:

O sm.first: UTepaTop, yKa3bIBaIoOMii HA HAYaJIO COBNAAEHMS BO BXOIHOI CTPOKE;

O sm.second: utepaTop, yKa3blBaloONMii Ha KOHeEI COBHAJleHNsI BO BXOTHOM
CTpOKe;

O sm.matched: true, ecjin sm MOJy4eH B pe3ylbTaTe yCHEITHOTO COTTOCTaBIIe-
HUs; false, ecu sm SIBJISIETCST YaCThIO aIbTePHATUBHON BETBU, KOTOpas He
y4acTBOBaja B COIMOCTABJIeHUN; HAIIpUMep, OIS PerylIsipHOIO BbIpaskeHUS
(a)l(b) u cTpok; "a" MbI HonyuMM: m[1].matched && !m[2].matched;
a I CTpOKM "b" mojmyunM: m[ 2] .matched && !m[1].matched;

O sm.str(): coBnaBiiasi NOACTPOKA, U3BI€UEHHAs U3 BXOJHOM CTPOKU U Mpe-
obpasoBaHHas B std: :string;

O sm.length(): AjiMHa cOBIaBIlel MOACTPOKM (second - first); SKBUBAJIEHT
BBI30BA sm.str().length(), HO BBITIOJHSIETCS HAMHOTO GBICTpEE;

O sm == "foo":cpaBHeHMe C std: :string,const char * UIM eIMHCTBEHHBIM
CMMBOJIOM; DKBMBAJIEHT BbI30Ba sm.str() == "fo00", HO BBIIIO/JIHSIETCS Ha-
MHOrO 6bIcTpee. K coskaieHuIo, B cTaHAapTHOI 6ubnamoTeke C++17 Het mepe-
I'PYy>KeHHO QYyHKIMM operator==, IpMHUMAaIOIIel std: :string_view.
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¢ Tnaea 10. PerynsgpHbie BblpaxKeHUsi

Bo3MOXXHO, BAM HUKOTZAA He MPUAETCS MCIIOAb30BaTh 3TO Ha MPaKTUKe, TEM He
MeHee eCTh BO3MOKHOCTh CO31aTh OOBEKT smatch Uiy sub_match, XpaHsIuit ute-
paTopbl Ha KOHTEHEPHI, OTVIMYHBIE OT std: : string mau 6ydepos cumBosoB. Ha-
MIpUMeD, HYsKe IPUBOIUTCS BCe Ta ke Halla QYHKIMS, BBITIOTHSIIONIAS TIOUCK COBIIA-
DEHUS C PETY/ISIPHBIM BbIpaXKEHMEM B std: : list<char> — IJIyIo, HO OHa paboraer!

template<class Iter>
std::pair<std::string, std::string>
parse_command(Iter begin, Iter end)

{

by

static std::regex rx("(left|right) ([0-9]+)");
std: :match_results<Iter> m;
if (std::regex_match(begin, end, m, rx)) {
return { m.str(1l), m.str(2) };
} else {
throw "Unrecognized command!";

3

void test() {

char buf[] = "left 20";

std::list<char> lst(buf, buf + 7);

auto [dir, dist] = parse_command(lst.begin(), lst.end());
assert(dir == "left" && dist == "20");

MNpeobpasoBaHne coBnapeHuii B 3HaUE€HUA AAHHbIX

[TpocTo, YTOOBI 3aKPBITh TEMY ITAPCUHTA, HUKE ITPUBOAUTCS IIPUMED U3BIeUeHNUS
CTPOKOBBIX U IIEJIOUNCIEHHBIX 3HAUEHNI M3 COBMAAEHMIA, YTOOBI 3aTEM MCITONb30-
BaTh MX JJIs IepeMeleHus Hallero pobora:

int main()

{

std: :regex rx("(left|right) ([0-9]+)");
int pos = 0;
std::string line;
while (std::getline(std::cin, line)) {
try {
std: :smatch m;
if (!std::regex_match(line, m, rx)) {
throw std::runtime_error("Failed to lex");

}
int how_far = std::stoi(m.str(2));
int direction = (m[1] == "left") ? -1 : 1;

pos += how_far * direction;
printf("Robot is now at %d.\n", pos);

} catch (const std::exception& e) {
puts(e.what());
printf("Robot is still at %d.\n", pos);
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b
b
b

JTto6ast ommMboUHAs MM HEeIOIYCTUMAas CTPOKa IMMOPOUT Hallle COOCTBEHHOE UC-
KJIIOUeHMe ¢ coobIeHeM "Failed to lex" MaM UCKIIOUEHMe std: :out_of_range,
KOTOpoe BO30OymuT std::stoi(). Eu mo6aBuUTh IPOBEPKY Ha IEIOUMCIEHHOE
TeperoHeHre mnepes U3MeHEeHUEM pos, MOTYYUTCS HAJEXKHbBI mapcep BXOTHBIX
CTPOK.

YT06bI 06ECIIeUNTh BO3MOXKHOCTD M3BJIEUEHMSI OTPULIATEIbHbIX UMCeJT Y HallpaB-
JleHuit 6e3 yueTa perucrpa CMMBOJIOB, JOCTATOYHO M3MEHUTh KO, KaK ITOKa3aHO
HIVDKe:

int main()
{
std: :regex rx("((left)|right) (-?[0-9]+)", std::regex::icase);
int pos = 0;
std::string line;
while (std::getline(std::cin, line)) {
try {
std: :smatch m;
if (!std::regex_match(line, m, rx)) {
throw std::runtime_error("Failed to lex");

}
int how_far = std::stoi(m.str(3));
int direction = m[2].matched ? -1 : 1;
pos += how_far * direction;
printf("Robot is now at %d.\n", pos);

} catch (const std::exception& e) {
puts(e.what());
printf("Robot is still at %d.\n", pos);

MTeanMM MO HECKOJIbKMUM COBMNMaAeHUAM

PaccmoTtpum perynsipHoe BbipakeHMe (?!\d)\w+, KOTOPOMY COOTBETCTBYET OOUH
JI00607i MaeHTUhMUKATOP Ha s13bIKe C++. MbI y3ke 3HaeM, Kak C TOMOIIbIO std: : regex_
match y3HaTb, 18/15emcs I BXOAHAsI CTpoKa maeHTudukatopom C++, 1 Kak C IM0-
MOIIBIO std: :regex_search HaTU nepeslii AeHTUGUKATOP B 3aJaHHOI CTPOKE.
Ho kak 6bITh, ey IOTPeOYeTCsT OTHICKATh 8Ce UAEHTUMUKATOPBI, MMEIOINecs B
CTpoOKe?

nmest cocTOUT B TOM, UTOOBI BbI3BIBATh std: : regex_search B 1ukie. Ho 3mech
BO3HMKAET IIPOoO/IeMa 13-3a SKOPHBIX METACMMBOJIOB B «OITepesKaroIeil HeraTUBHOM
MIPOBEPKe», TAKMX Kak A 1 \b. UTOOBI IPaBMUIbLHO pPeaan30BaTh LYK C std: :regex
search, Mbl JO/DKHBI COXPAaHUTb COCTOSIHMSI 3TUX SIKOpeil. std::regex_search
(1 std::regex_match) MOOOepPKMBAET TaKyl0 BO3MOXXHOCTH ITOCpencTBOM duia-
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roB — (1aroB, OMpemesIIoNINX HA4dlbHOe COCMOosIHUEe KOHEYHOTO aBTOMAaTa JIJisl JaH-
HOJi KOHKPETHOI oTepalyu COIMOoCTaBieHusl. B maHHOM ciy4yae HaM HykeH d¢uiar
std: :regex: :match_prev_avail, KOTOPBIf coob6IaeT 616IMOTEKE, UTO UTEPATOP
begin, mpencTaBsOLIMIT HAUa/I0 BXOLHOM CTPOKM, B IeJiICTBUTEILHOCTU He SIBJISIeT-
s ee «<HavYayIoM» (TO eCTh MOKET He COBIIAZATh C A), U, UTOObI Y3HATD MIPeIbIAYIINi1
CMMBOJI ITPU TTOMCKe COBHaAeHMs ¢ \b, 6€301acHO MOXKHO ITPOBEPUTDb begin[-1]:

auto get_all_matches(
const char *begin, const char *end,
const std::regex& rx,
bool be_correct)

auto flags = be_correct ?
std::regex_constants::match_prev_avail
std::regex_constants: :match_default;
std: :vector<std::string> result;
std::cmatch m;
std: :regex_search(begin, end, m, rx);
while (!m.empty()) ¢
result.push_back(m[0]);
begin = m[0@].second;
std::regex_search(begin, end, m, rx, flags);
}

return result;

by

void test() {
char buf[] = "baby";
std: :regex rx("\\bb.");
// nonyynTb nepsble ABe OYKBbl B KawAoM CloBe, HauyuHawwemcs c "b"
auto v = get_all_matches(buf, buf+4, rx, false);
assert(v.size() == 2);
// on, cnor "by" pacnosHaeTcs Kak HaxoAsdwuica B Havane cnosa!
v = get_all_matches(buf, buf+4, rx, true);
assert(v.size() == 1);
// cnor "by" npaBuNbHO pacno3HaeTca Kak 4acTb cnosa "baby"

by

B mpepnpigyiiieM npumepe, KOTAA BBITIOIHSIETCS YCJIOBUE !be_correct, KaXKAbIi
BBI3OB regex_search MHTePOpeTUPYyeTCs] KaK He3aBUCUMBbIN, TO3TOMY MOUCK TI0
peryaspHOMY BbhIpakeHUIO \bb. He OTJIMYaeT IepByIo OYKBY B CIOBe "by'" OT TPeTh-
eii OyKBBI B CJIOBe "baby'. Ho Korga motoM (GYHKIIMM regex_search mepemaeTcs
¢dnar match_prev_avail, OHa OTCTYIIaeT Ha IIar Ha3aj, — OYKBaJIbHO — YTOOBI MTPO-
BEPUTbD, SIBJISIETCSI JI CMMBOJ miepe], «by» CMMBOJIOM «CI0Ba». [I0CKONbKY Mpeibi-
YV CUMBOM "a" SIBJISIETCSI CMMBOJIOM CJIOBA, BTOPOIA BBI3OB regex_search Mpa-
BMJIBHO OTBepraeT COBIIaJieHMe CO CJIoroM "by".

Ncnonb3oBaHue regex_search B LIMKJIe, Kak B JaHHOM IIpUMepe, — IpOoCcTas 3aza-
Ya.., eCJIM perysipHOe BhIpaskeHMe He COBITaJaeT C ITyCTol cTpokoii! Eciu conmocTas-
JIeHVe C PeryiaspHbIM BbIpaskeHMeM 3aBepIaeTcs ycrnexoM M m[@]. length() ==0,
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BO3HMKAET 6€CKOHEUHbIN IIMKII. [I09TOMY BHYTPEeHHMIT IUKII B get_all_matches()
B I€/ICTBUTEIbHOCTHY JOJIKEH BBILJISIAETh TaK:

while (!m.empty()) {
result.push_back(m[@]);
begin = m[0].second;
if (begin == end) break;
if (m[@].length() == @) ++begin;
if (begin == end) break;
std: :regex_search(begin, end, m, rx, flags);

by

CranpmaptHast 6uOMIMOTEKa BK/IIOYAET YOOOHBIN «BCIIOMOTAaTENbHbBI» TUII
std: :regex_iterator, MHKaICYJIUPYIONIMii JIOTUKY Mpenbiayunx ¢GparMeHTOB
KOJIa; MCII0/Ib30BaHMe regex_iterator MOKeT IpPeJOXPaHUTh BaC OT TOSIBJIEHMS
HEKOTOPBIX TOHKMUX OINMOOK, CBSI3AHHBIX C COBIANEHMSIMM, UMEIOIMIVIMM HYJIEBYIO
nvHy. K coskaleHu1o, OH He 130aBjsieT OT He0OXOAMOCTY BBOAUTD KO/ 1 HEMHO-
rO YBEeJIMYMBAET BEPOSITHOCTb CTOJKHYTHCS C HEIEiCTBUTENIbHBIM MUTEPATOPOM.
regex_iterator ITapaMeTpU3yeTcs TUIIOM 6a30BOTO UTEpaTOpa, TaK ke Kak match_
results, IO3TOMY, €C/IM COTIOCTaB/IeHMe TTPOU3BOAUTCS CO CTPOKO¥ std: : string,
BBI IOJIKHBI MCITOb30BaTh std: : sregex_iterator, ey COMOCTaBIeHe ITPOU3BO-
IATCSI C const char *, BbI JO/DKHBI MCITONb30BaTh std: : cregex_iterator. BoT Kak
MOSKHO TIepenucaTh MpeabIayIii IpyuMep B TepMMHAX sregex_iterator:

auto get_all_matches(
const char *begin, const char *end,
const std::regex& rx)

{

std: :vector<std::string> result;

using It = std::cregex_iterator;

for (It it(begin, end, rx); it != It{}; ++it) {
auto m = *it;
result.push_back(m[0]);

}

return result;

b

[TomymaiiTe, Kak B 3TOM HEYKITIOKEM IMKJIe MOKHO ObLIO ObI M3BJI€UDb ITPEUMY-
1IIeCTBa BCIIOMOraTe/JIbHOTIO Kilacca streamer<T> U3 IpuMepa B KOHIIe r71aBbl 9 «I1o-
TOKM BBOJIa/BbIBOAA».

TOYHO TaK ke MOKHO OpraHM30BaTh 06XO/I COBITAIEHNIT C COXPAHSIOMIVIMMA I'PYTI-
MaMu B KaKIOM COBITa[IEHNY C PETYISIPHBIM BbIpakeHMeM, BPYUHYIO UV C VICTIOb-
30BaHMEM «BCIIOMOTATEIbHOTO» 6M6IMOTeUHOTOo T!Ia. O6X0/ BPYUHYIO MOT ObI BbI-
IJISIIeTh IPUMEPHO TaK:

auto get_tokens(const char *begin, const char *end,
const std::regex& rx)

{

std: :vector<std::string> result;
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using It = std::cregex_iterator;

std: :optional<std::csub_match> opt_suffix;

for (It it(begin, end, rx); it != It{}; ++it) {
auto m = *it;
std: :csub_match nonmatching_part = m.prefix();
result.push_back(nonmatching part);
std: :csub_match matching_part = m[@];
result.push_back(matching part);
opt_suffix = m.suffix();

3

if (opt_suffix.has_value()) {
result.push_back(opt_suffix.value());

}

return result;

3

HamomHIo, YTO regex_iterator — 39TO BCEro JIMIIb 0OepPTKa BOKPYT regex_
search, TO eCTb B 3TOM ciy4yae m.prefix() rapaHTMPOBAHHO XPAHUT YaCTh BXOAHOMN
CTPOKM, ITPEIIeCTBYIOLIYIO TeKYIIeMy COBIIaJeHNI0, BIUIOTH O KOHIIA ITPeabIayIe-
ro coBnageHus. [TociemoBaTebHO BhIAEISIS TPedUKChI, TPeIIecTBYIOIINe COBIa-
JeHMI0, CaMy COBIIaJeHMs M 3aKaHuyMBasl CIIeLVajbHbIM CJIyyaeM HeCOBIIaBIIero
cybdukca, BXOOHYIO CTPOKY MOXKHO Pa3buTh Ha BEKTOP «CJIOB», UEPETYIOUIMUXCS C
«pasmenuTeNsIMU CI10B». Takoii KOf, J1eTrKO BULOM3MEHUTD U COXPAHSITh TOJBKO «CJI0-
Ba» WIU TOJIBKO «pa3aeauTenn», Ui Jaxke COXpPaHsATb m[ 1] BMeCTO m[O] U T. A.

Bcio 3Ty JIOTMKY IEIMKOM MHKAIICYAMpPyeT OMOIMOTEUHbIN TUI std: :sregex_
token_iterator, HO MHTepdeiiC ero KOHCTPYKTOPA MOXKET ITOKa3aThCs 3aITyTaH-
HBbIM, €eC/I He 3HaTh, KaK 3Ta 3aJava pellaeTcs BpyuyHYI0. KOHCTPYKTOp sregex_
token_iterator HpMHMMAET [1apy UTEPaTOPOB, PErY/ISIDHOE BhIpakeHNe U 8eKmop
UHOEKCO8 COXPAaHSIOWUX 2pynn, TIe UHAEKC -1 COOTBETCTBYET CIIEIMaJbHOMY CTyJaio
«1peduKCsI (a Takke CyhPUKC)».

auto get_tokens(const char *begin, const char *end,
const std::regex& rx)

{

std: :vector<std::string> result;

using TokIt = std::cregex_token_iterator;

for (TokIt it(begin, end, rx, {-1, 0}); it != TokIt{}; ++it) {
std::csub_match some_part = *it;
result.push_back(some_part);

}

return result;

by

Ecmut maccus {-1, 0} 3aMeHUTb MacCUBOM {0}, TOTHA B BEKTOP result MOManyT
TOJIKO (pparMeHThl U3 BXOLHOI CTPOKM, COBIafawliue ¢ rx. ECiu 3aMeHUTh ero
maccuBoMm {1, 2, 33}, Halll UMK YBUAUT TOJIBKO COBIIALEHMS C COXPAHSIOLIVMU
rpynmamu (m[1], m[2] M m[3]) B KaXXA0M COBIIafieHu m ¢ rx. HarmomH1o, 4To n3-3a
orepaTopa ajJbTepHATMBBI | COMOCTAaBJIEHME C TPYNIIaMy MOXKET He BBIIIOIHATHCS,
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nm[k].matched monyuntT 3HaueHue false. regex_token_iterator He IIpoIyckaeT
9TU pe3ynbTaThl. Hanpumep:

std::string input = "abcl23...456...";
std: :vector<std::ssub_match> v;
std::regex rx("([0-9]+)I([a-z]+)");

using TokIt = std::sregex_token_iterator;

std: :copy(
TokIt(input.begin(), input.end(), rx, {1, 2}),
TokIt(),
std: :back_inserter(v)
);
assert(!v[@].matched); assert(v[1] == "abc");
assert(v[2] == "123"); assert(!v[3].matched);
assert(v[4] == "456"); assert(!v[5].matched);

OpHuM 13 Hanbosee MPUBJIEKATETbHBIX CJIyYaeB VCIIONb30BAHUS regex_token_
iterator mMomIO 6bI CTaTh pa3bMeHNe CTPOKU Ha «CIO0Ba» IO MPOOETbHBIM CUM-
BosaM. K coskasieH)10, 3T0O HEHaMHOI'O IIpOle MPUBBIYHBIX IMOAXONO0B, TAKMUX KakK
istream_iterator<string> (cm. rmaBy 9 «[1oTOKu BBO#a/BbIBOLA») UK strtok_r.

Ucnonb3oBaHKe perynsipHbiX BblpaXKeHUH
ANS 3aMeHbl CTPOK

[TporpaMMMCTBI C OTIBITOM ITpOrpaMMupoBaHus Ha Perl wim monb3oBaTenyn yTuim-
Thl KOMAHJIHOM CTPOKM sed HaBepHSKA MpPeICTaB/SIOT peryjisipHble BbIpaskeHUs B
TepBYIO ouepeib Kak CPefCTBO I/ M3MeHeHUsI CTPOK — HaIpumep, IJIs «ygajeHust
BCeX IOACTPOK, COBITABIIMX C PEryJIsipHbIM BbIpaxkeHMeM» UM IJIs1 «3aMeHbl BCex
BXOKAEHMIi TaHHOTO CJI0BA IPYTUM cI0BOM». CTraHmapTHas 6ubamoreka C++ mop-
Ilep>kKMBaeT MOJ00HYI0 3aMeHy B Buae QYHKIMM std: : regex_replace. OHa OCHO-
BaHa Ha JavaScript-merofe String.prototype.replace U MOAIEPKUBAET COOCT-
BEHHBII MMHM-SI3bIK (DOPMAaTHUPOBAHMS.

std: :regex_replace(str, rx, "replacement") BO3BpalllaeT CTPOKY std: :st-
ring, SIBJISIIONIYIOCS Pe3y/bTAaTOM IOMCKA BCEX COBIIAZEHMUI C rx B CTPOKe str u
X 3aMeHbl MOJICTPOKOI, KOTOpasi B JaHHOM IIpuMepe IpeficTaB/ieHa JUTepaJomM
"replacement". Hanpumep:

std::string s = "apples and bananas";

std::string t = std::regex_replace(s, std::regex("a"), "e");
assert(t == "epples end benenes");

std::string u = std::regex_replace(s, std::regex("[ae]"), "u");
assert(u == "upplus und bununus");

Kpome Toro, Kom6MHaIIMM C CMMBOJIOM '$' B CTpOKe 3amMeHbI ("replacement™)
MMEIOT 0COOBIN CMBIC!
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O "$&" 3amelaeTcs BCeil COBMaBIEN MOACTPOKOM, m[@]. O6e 6ubIMOTERM,
libstdc++ u libc++, mogmepskMBalOT KOMOMHALIMIO "$0" KaK HeCTaHIapTHbIN
CUMHOHUM IJ1s " $&";

QO "$1" s3amewaeTcsl mepBbIM cOBHajgeHuem, m[17]; "$2" 3amellaeTcs BTO-
pBIM COBIafeHueM m[2] U T. A., BIUIOTb 10 "$99". BO3MOXHOCTb COC/IaTh-
cs1 Ha 100-e coBIameHme OTcyTcTBYeT. KomOuHanus "$100" coOOTBETCTBYeET
«COBIaJIeHNI0 M[ 107, 32 KOTOPBIM CJIefyeT JuTepan '@'». YToObl BBIPA3UTh
«m[1], 3a KOTOPBIM CJIeAyeT AuTepal '@’ », Hy>KHO 3amnucaTh "$010";

QO "$ " (o6paTHBIit artocTpod) 3aMellaeTcs pe3ylIbTaToM m. prefix();

Q "$'" (onMHOYHAS KaBblUKa) 3aMelaeTcs pe3yabTaToM m. suffix();

O "$$" 3amenraeTcs CMMBOJIOM JoJjIapa.

O6patuTte BHMMaHMEe Ha HECMMMETPUUYHOCTb KOMOMHamumii "$°" u "$'". 310
0OBSICHSIETCS T€M, UTO m. prefix() CChIAETCS HA YaCTh CTPOKY MEKIY KOHIIOM IIpe-
IBITYIEro COBNAaZeHMs M HauaaoM Tekylero, a m.suffix() Bceraa ccbljiaeTcsl Ha
YacTb CTPOKYM MEX[y KOHIIOM TeKyIero COBIajieHus 1 KOHIIOM cTpoku! Bam enBa
JIV TIPUIETCS MCIIOb30BaTh KOMOMHALMM "$ ™" 1 "$' " B CBOeJi ITpaKkTHUKe.

Bot mpumep ncrionb3oBaHus regex_replace IJis yOaJeHMsT U3 KOIA BCEX BXOXK-
JEeHMI std: : MM X 3aMeHbl Hamy : : :

auto s = "std::sort(std::begin(v), std::end(v))";
auto t = std::regex_replace(s, std::regex("\\bstd::(\\w+)"), "$1");

assert(t == "sort(begin(v), end(v))");
auto u = std::regex_replace(s, std::regex("\\bstd::(\\w+)"), "my::$1");
assert(u == "my::sort(my::begin(v), my::end(v))");

JavaScript-dyHKIMs String.prototype.replace IMO3BOJSIET TlepeaaBaTh MIPo-
13BOJIbHBIE (DYHKIIMY BMECTO KOMOMHALIMI cO 3HAKOM Joyiapa. OYHKIMS regex_
replace B C++ MIOKa He MOAIePXMBaeT TaK0il BO3SMOKHOCTM, HO BbI JIETKO CMOKETe
HamnucaTh CBOIO BepCHIO:

template<class F>
std::string regex_replace(std::string_view haystack,
const std::regex& rx, const F& f)
{
std::string result;
const char *begin = haystack.data();
const char *end = begin + haystack.size();
std::cmatch m, lastm;
if (!std::regex_search(begin, end, m, rx)) {
return std::string(haystack);
3
do {
lastm = m;
result.append(m.prefix());
result.append(£(m));
begin = m[0@].second;
begin += (begin != end && m[@].length() == 0);
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if (begin == end) break;
} while (std::regex_search(begin, end, m, rx,
std::regex_constants::match_prev_avail));
result.append(lastm.suffix());
return result;

3

void test()

{
auto s = "std::sort(std::begin(v), std::end(v))";
auto t = regex_replace(s, std::regex("\\bstd::(\\w+)"),
[JCauto&& m) {

std::string result = m[1].str();
std::transform(m[1].first, m[1].second,
begin(result), ::toupper);
return result;

s
assert(t == "SORT(BEGIN(v), END(V))");

3

C MoMoIIbI0 3TOJ YCOBEPIIEHCTBOBAHHONM BepCcuy regex_replace MOXHO BbI-
TTOJTHSITh BEChMa CJIOKHBIE OIlepalyy, TaKue Kak «Ipeobpa3oBaHye BCeX UIEHTU-
(bukaTOPOB U3 3MEMHON_HoTaluu B BepoiokbioHoTaiumo».

Ha aToM Mbl 3aBepiiiaeM KpaTKuii Typ 110 MHCTPYMEHTaM B 3arojioBke <regex>.
B ocraBmieiicst 4acTy IJ1aBbl MbI Oy/IeM 3HAKOMMUTBCS C JUAIEKTOM PETY/ISIPHBIX BbI-
paxkennit ECMAScript. I Hafieroch, 3Ta 4acTh Oy[IeT MMoe3Ha YNMTATENSIM, KOTOPbIM
Tpeskze He MPUXOINIOCh UCTI0Ab30BaTh PeryyisipHbie BbIPaKeHMsI, ¥ TOMOSKeT OCBe-
SKUTH MaMSITh OCTa/IbHbBIM.

[pammaTuka perynsipHbix BbipaxkeHnii ECMAScript

HOuanexktr ECMAScript nmeeT IpocTbie TIpaBuia YTeHMS U 3alMCU PEryIsIPHBIX BbI-
pakeHwUIt. PerynsipHoe BoIpakeHNe — 3TO BCETO JIUILIb CTPOKA CMMBOJIOB (TaKasl KaKk
a[bc].d*e), KOTOPYIO C/IeAyeT YUTATh (JieBa HAaMpaBO. BOJIBIIMHCTBO CMMBOJIOB B
TaKMX CTPOKAX MPEICTaBIISIOT CaMUX CebsI, TO eCTb cat — 3TO IOMYCTUMOE PeTysip-
HOEe BbhIpa’keHue, KOTOPOMY COOTBETCTBYET CTpoKa "cat". CnemnuaabHble CUMBOJIBI,
KOTOpbIe He MPEeICTaB/SIOT CaMUX ce0s U TTO3BOJISIIOT CO3[aBaTh PEryJIsSpHbIE BbI-
paskeHwus1, 6ojiee MHTEpPeCHbIE, YeM "cat", — 9TO 3HAKU IPEeNMHAHKS :

ASN L FH2 (DL T{ I

\ — ecsIu BbI COOMpaeTech UCIOMb30BaTh PErY/ISIPHbIE BbIPAKEHUS JIJIST OTIMCAHMS
MHOXeCTBa CTPOK, BKIIOUAIOIINMX 3HAKM IIpeNMHaHMs, Bbl MOXKeTe MCII0JIb30BaTh
06paTHBIN C/Tell ST 9KpaHMPOBAHMS ITUX CIElMaTbHBIX CMMBOIOB. Hampumep,
\$42\ .00 — 3TO peryasspHOe BbIpakKeHNe, COBMANA0IIee C eqMHCTBEHHO CTPOKOI
"$42.00". Ho camoe MHTepeCcHOe 0OpaTHbIN CIelll MOKHO MCIIOb30BaTh JJIs IIpe-
BpalleHMs] 0OBIYHBIX CMMBOJIOB B CIIeIla/ibHbIe! n — 3TO peryiaspHoe BbIpaskeHle,
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COBITaatolee ¢ 6YKBOit "n", a \n — peryjsipHOe BbIpakeHKe, COBIAAAIOIIee C CHUM-
BOJIOM ITepEeBO/Ia CTPOKU. d — PETY/ISIPHOE BhIPAXKEHME, COBIaiatolee ¢ 6ykBoii "d",
a\d - peryJasipHOe BbIpaskeHMe, COBIIjalolee ¢ JIr000ii ndpPOii, TO eCTh SKBUBA-
JIeHT [0-9].

BOT MOMHBIN CITMCOK KOMOGMHAIMIT C CMMBOJIOM 06PaTHOTO CjIellla, oA IepyK1Ba-
€MbIX TPAMMAaTUKO PeryisipHbIX BbipaskeHU B C++:

\1,\2,...\10, ... — o6paTHbIe CChIIKM (3KeJIaTeJIbHO U36eraTh);

\b — rpaHuiia cji0Ba, a \B MOKHO MCITI0/1b30BaTh B3aMeH (?!\b);

\d —aHasnor [[:digit:]],a \D —aHanor [~[:digit:]];

\s —3aMeHa s [[ :space:]],a \S — g [A[ :space:]];

\w — a”HaJior [@-9A-Za-z_],a \W — aHanor ["0-9A-Za-z_];

\CX — pa3HbIe «YIIPaBJISIONI/Ee CUMBOJIbI» (KeJIATeIbHO M36€eraTh);
\XXX — IIeCTHaAIlaTe PUUHBII KO CMMBOJIa B IPUBBIYHOM IMOHUMMaHUN;
\u@0xx — kof, cumBosia FOHMKOIa B IPMBBIYHOM ITOHMMAaHWHA;

\0, \f, \n, \r, \t, \v — MMeIOT IPMBbIUHOE 3HAUECHME.

(ONONONCRONONONORG,

Touxka (.) — crienasbHbIN CUMBOJI, UMEIOIIVIA CMBIC/ «TI000¥ OIH CMMBOJI». Ha-
TpuMep, a.c — 3TO JOIYCTUMOE peryisipHoe BbIpaskeHye, COBIaarliee ¢ TaKUMU
CTpOKaMu, Kak "aac", "a!c" u "a\@c". IIpu 3TOM TOUKa (.) HUKOTAA HEe COBIALaeT
C CMIMBOJIOM ITepeBOjia CTPOKM UM BO3BpAaTa KapeTKu; U, TaK KaK peryisipHble Bbl-
paxkenust B C++ paboTaloT Ha ypoBHe 6aifTOB, a He cMMBOJIOB IOHMKOMA, TOUKA (.)
6yIeT COBMaAATh TOJIBKO C OMHMUM 6aiiToM (KpoMe '\\n' 1 '\\r') 4 HMKOT/AA C T0-
CJIe0BaTeTbHOCThIO M3 HECKOIBKMX 6aiiTOB, Jaske eC/M OHA ITPeCTaBJIsIeT IOIyC-
TUMBIN KOZOBbIN IMyHKT UTF-8.

[] — rpyIina CMMBOJIOB B KBaIPATHBIX CKOOKAX MPeJCTaB/sIeT «TOYHO OAVH CUM-
BOJI U3 TaHHOTO Habopa», TO eCTh c[aou]t — 3TO JOIYCTUMOEe peryaspHoe BbIpa-
sKeHMe, COBIafalliee co CTpoKamu "cat", "cot" u "cut". KBampaTHble CKOOKM
MOYKHO MCITO/Ib30BaTh [JIS1 «9KPAHMPOBAHMSI» OOMBIIMHCTBA CMMBOJIOB; HAIIpUMeD,
[$1C.I0*I0+10?I0CI0OICCICLI0II0I] — perynsipHOe BbIpaskeHMe, COBMajarollee
C eAVMHCTBEHHO CTpoKoit "$ . *+? (Y[ {3 | ". OmHaKo KBaJgpaTHbIe CKOOKM HeNb3sI UC-
M0/Ib30BAaTh JJ151 9KPaHMPOBAHMS CUMBOJIOB |, \ U A,

[*] — rpymnma CMMBOJIOB B KBaJpaTHbBIX CKOOKax, HAUMHAIOLIASCS C CMMBOJA A,
MPEeJICTABIISIET «TOYHO OAVH CMMBOJI He M3 JAHHOTO Habopay», TO ecTh c[*aou]t CO-
BIIAJIeT C "cbt" mwin "cAt", HO He coBmazeT ¢ "cat". Inanekt ECMAScript nmogmep-
SKMBaeT TaksKe TpUBUa/IbHbIe ciaydan [ ] [A]; [] 03HaYaeT «TOYHO OAVH CMMBOJI U3
JAHHOTO ITyCTOTO Habopa» (TO eCTh He COBMAJET HU C 4UeM), a [A] 03HAUAeT «TOUHO
OIIMH CMMBOJI He U3 JAHHOTO ITyCTOTr0 Habopa» (TO eCTh COBIAET C JIIOOBIM OTHUM
CUMBOJIOM — TI0J0OHO TOYKe (. ), HO JIy4llle, TOTOMY UTO COBIAAET TaKkKe C CUMBO-
JIOM TIepeBOZia CTPOKY MJIX BO3BPATa KapeTKu).

Kpome Toro, kBaspaTHbie CKOOKM [ ] IPUAAIOT Cliel[MaabHOe 3HaUeHue elle He-
CKOJIBKMM cUMBoIam: feduc (-) BHYTPM KBaJpaTHBIX CKOOOK, eC/iv OH He TIePBbIi
U He MOoCIeTHMI, 0003HAYAEeT «IMaIla30H» MEKAY COCETHMMM CMMBOIAMM CJIeBa U
cripaBa OT Hero. To eCTb ro[s-v]e — 3TO peryjisipHOe BbIpaKeHMe, COBIIaallee
C YeTbIpbMS CTpOKaMu "rose", "rote", "roue" u "rove". [logmepxuBaeTcss BO3-
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MOYKHOCTD 3aIIMCY HECKOJIbKUX PaCIIpOCTPAaHEHHbIX AMaIlla30HOB — KOTOPbIe MOKHO
HATU B 3ar0JIOBKe <ctype.h> — C UCIIOJIb30BaHMeM CUHTaKcuca [ :foo: ]: [[:dig-
it:]]—aHanor [0-9], [[:upper:][:lower:]]—aHanor [[:alpha:]]u [A-Za-z],
UT.O.

[TopmepskuBaeTcsl TakKe BCTPOEHHBIN CMHTAKCUC BuAa [[.x.]] u [[=x=]]; OH
CJIYKUT LeJISIM CpaBHEHMS C Y4eTOM PervOHa/IbHbIX HACTPOEK, M UCIIOIb30BaTh €ro
B IIPOMBIIIZIEHHOM KOJle KpaliHe HeesaTe/lbHO. [IpoCcTo MMeiiTe B BUAY, UTO €CIu
KOT/Ia-HUOYIb BaM TIOHAJOOUTCST BKIIOUMUTD CUMBOJ [ B KJIACC B KBAaJIPATHBIX CKOO-
Kax, JIyullle BCEro 9KPaHMPOBATb €r0 0OPATHBIM CJIEIIeM: 06a Pery/sipHbIX BbIpake-
Hus, foo[=([;] ¥ foo[ (\[=; ], COOTBETCTBYIOT cCTpoKkaM "foo=", "foo(", "foo[" U
"foo;",Ho foo[ ([=;] — HEJOMyCTMMOeE peryasspHoe BbIpaskeHue, 1 MOIIbITKa CKOM-
MUIMPOBATD €r0 TIPU CO3aHUM 00BEKTa std: : regex MPUBEHET K UCKITIOYEHUIO BO
BpeMsI BbITIOJTHEHVS.

+ — BbIpa’KeHMe MJIY OOVHOUHBIN CYMMBOJI, HEIIOCPEACTBEHHO IIpeIleCTBYL U
3HaKy IUTIOC (+), HOJKHO HAXOUTh COOTBETCTBME BO BXOJHO CTPOKeE JIt060e T0JI0-
SKUTeNbHOe YnaIo pas. Hampumep, peryisipHoOMy BbIpayKeHUIO ba+ COOTBETCTBYIOT
CTpokM "ba", "baa", "baaa" U T. A.

* — BbIpaskeHMe UM OOMHOYHBIN CMMBOJI, HEIIOCPEICTBEHHO MpeLIeCTBYIOIINIA
3Be3/I0UKe (*), JO/KHO HAaXOIUTh COOTBETCTBIE BO BXOIHOI CTPOKeE JII060e UMCIIO —
Iake HU pasy! Hampumep, perynsipHOMyY BbIpaKeHUIO ba* COOTBETCTBYIOT CTPOKU
"ba", "baa" 1 "baaa", a Takxke "b".

? — BbIpa’keHMe UM OOMHOYHBIN CMMBOJI, HEIIOCPeICTBEHHO MpeLIeCTBYIOIINIA
3HaKy BoOIIpoca (?), JO/DKHO HaXOAUTDL COOTBETCTBYME BO BXOAHO CTPOKE HOMb U
onvH pas. Hampumep, peryisipHOMy BbIPaKEHUIO0 coo?t COOTBETCTBYIOT TOJIBKO
CTpOKM "cot" 1 "coot".

{n} — BbIpaKeHMe UM OLVHOYHBIN CUMBOJI, HEIIOCPEACTBEHHO IpeIleCTBYIO-
MW GUTYPHBIM CKOOKaM C OTHUM LIeJbIM UMCJIOM BHYTPU, TOJDKHO HAXOIUTDb CO-
OTBETCTBME BO BXOJHOI CTPOKe TOUHO yKa3zaHHOe uncIo pas. Hampumep, perymsip-
HOMY BbIpakeHMI0 b(an){2}a COOTBETCTBYET CTPOKa "banana"; BbIpaXKeHMIO b(an)
{3}a — cTpoKa "bananana".

{m,n} — BbIpakeHye I OOMHOYHBIN CMMBOJI, HEIIOCPEICTBEHHO IIpeIeCTBYIO-
Iyt GUTypHBIM CKOOGKAM C ABYMSI LI€TBIMM YMCIAMU M U N BHYTPH, Pa3/IeJIeHHbIMU
3aIsTOM, O/DKHO HAaXOOUTh COOTBETCTBYE BO BXOIHOM CTPOKE OT m 10 n pa3 (BKIII0-
uyTenbHo). Hampumep, peryisipHoMy BbIpakeHUIO0 b(an){2,3}a COOTBETCTBYIOT
TOJIBKO CTPOKM "banana" 1 "bananana'.

{m,} — OTCYyTCTBME BTOPOTO UMC/Ia PaKTUUECKM O3HAUAET OECKOHEYHOCTD; TO €CTh
peryisipHoe BbhIpakeHue x{42,} o3HauvaeT «42 u 6oyiee COBMAAEHUIT C x» U IKBUBA-
JIEHTHO BbIpakeHM10 x{42}x*. [Inanekr ECMAScript He TO3BOJISIET OIMYCKATh YMCJIO M.

| — ABa PEryASIPHBIX BHIPASKEHUST MOKHO «OObeAVHUTE» C TIOMOIIbI0 BEPTUKAIb-
HO¥1 4epThI (|), UTOOBI BBIPA3UTh UIEI0 «MIN-WIN». HarpuMep, peryispHOMY BbI-
pakeHUIO cat|dog COOTBETCTBYIOT TOJBKO CTPOKM "cat" 1 "dog"; a BbIpakeHUIO
(tor|shark)nado COOTBETCTBYIOT CTPOKM "tornado" U "sharknado". Oneparop |
peryasipHbIX BbIpKeHMI MMeeT OUeHb HU3KUI IIPUOPUTET, TaK Ke KaK U B BbIpaske-
HMSIX Ha s13bIKe C++.
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() — KpyI/Ible CKOOKM AEeCTBYIOT TaK K€, Kak B MaTeMaTuke, GopMupyst moaBbi-
pakeHusI, KOTOPbIE TOKHBI pACCMaTPUBATHCSI KaK OHO 1iesoe. Harpumep, ba* 03-
HavyaeT «CMMBOJI b ¥ HOJIb WK 60OJiee CMMBOJIOB a», HO (ba)* O3HAYaeT «HOJIb WK
6ostee map CMMBOJIOB ba». TO eCTh TePBOMY BbIPasKEHUIO COOTBETCTBYIOT CTPOKM "b",
"ba", "baa" UT.[I.,a BEPCUMU C KPYIJILIMU CKOOKAMY — CTPOKHU """, "ba", "baba" U T. [I.

KpyT/ibie CKOOKYM MMEIOT ellle ¥ BTOPOe Ha3HaUeHYe — OHU ITPUMEHSIIOTCS He TOITbKO
IUISL 2pyNNUpo8KU, HO TaKkKe IJIST COXpaHeHust (MY 3aXBaTa) 4acTeil COBIAEeHMs ISt
rocJeyoNIeit 06paboTKu. [t KaskIoil OTKPbIBAIOIIEH CKOOKM ( B PErYISIPHOM BbI-
paskeHMM CO3AETCSI CBOM OOBEKT sub_match B 06beKTe std: : smatch ¢ pe3y/bTaToM.

Ecu morpebyeTcst co3/1aTh MOABbIpaskeHMe 6e3 co3maHnst 00beKTa sub_match,
UCTIOTb3YIITe CUHTAKCUC HeCOXpaHsioujeli TpymmupoBKY (?:f00):

std::string s = "abcde";
std::smatch m;
std::regex_match(s, m, std::regex("(alb)*(.*)e"));

assert(m.size() == 3 && m[2] == "cd");
std::regex_match(s, m, std::regex("(?:alb)*(.*)e"));
assert(m.size() == 2 && m[1] == "cd");

HecoxpaHsioriasi rpynnupoBKa MOXKET IMIPUTOIUTHCS B HEKOTOPBIX KOHTEKCTAX;
HO TIOTEHI[MAJTbHOMY YMTATEJI0 Balllero Kozja O6ymeT 6osee MOHSTHO, €CU BBl UC-
OJIb3yeTe OObIYHbIE COXPAHSIONIMe CKOOKY () U GymeTe UTHOPUPOBATh HEHYKHbIE
06BEeKTHI sub_match, yeM eciu Bbl pa3dpocaeTe IO BCeMy KOy (?:) B IOIBITKE
YCTPaHUTh HEUCIOIb3yeMble OOBEKThI sub_match. M30bITOUHBIE (HEUCIIOIb3ye-
Mble) 00bEKTHI sub_match OUeHb JIeIleBbI C TOUKY 3PEHMS IPOM3BOANTETIHbHOCTHA.

Henornowarwowme KOHCTPYKUUU

(?=£00) HaxXOAUT COOTBETCTBYE 1IABIOHY f0oo BO BXO[HOI CTPOKE U 3aTeM «OTKa-
TBIBAE€TCSI» Ha3all, B Pe3yJibTaTe U3 BXOLHO CTPOKM He MOIVIOIIAeTCSI HU OAVH CUM-
BOJI (TO €CTb, TEKYILAs IO3UIIMS B CTPOKE OCTaeTCs Ha MecCTe). DTO Ha3bIBAETCS «OIle-
pexxaroieit mpoepkoii» (lookahead). Hammpumep, BbIpakeHMe c(?=a)(?=a)(?=a)
at COOTBETCTBYET CTPOKe "cat", a (?=.*[A-Za-z])(?=.%¥[0-9]).% COOTBETCTBYET
106071 CTpOKe, comepykalleit X0Ts 6b1 ofnyH andaBUTHBIN CUMBOJ 1 OGHY ITUDY.

(?!£00) — 9TO «HETaTUBHAS OTlepesKalolas mpoBepka» (negative lookahead). Ona
3arsablBaeT BIiepes, B IOMCKax COBNafeHus ¢ £0o BO BXOLHOI CTPOKe U cuumaemcs
coenasuieti, ecnyt coprasenue ¢ £oo He HaleHo, U Hecosnasulell — ey HaiaeHo.
To ecTb, HaTpuMep, (? ! \d) \w+ COOTBETCTBYET JII0O0OMY UAeHTUDUKATOPY WM KITIO-
YyeBOMY CJIOBY si3bika C++ — J110060¥ TOCIenoBaTeIbHOCTH al(aBUTHO-IIU(PPOBHIX
CHMMBOJIOB, He HauMHamwmeiics ¢ uudpel. ObpaTuTe BHUMAaHKe, UTO EPBBI CUM-
BOJI He JJOJKEH COOTBETCTBOBATh \d M OH He MOIIouiaeTcss KOHCTpyKuueii (?1\d);
OH OyZeT MOIJIoNeH MeTacCMMBOJIOM \w. BHellTHe TToxoskee peryjispHOe BbIpakeHue
[20-9]\w+ MOXKeT OIMOOYHO MTPUMHMUMATD TaKMe CTPOKMU, KaK "#xyzzy", 3a IOIYyC-
TUMbIe UIeHTU(PUKATOPDI, XOTSI OHM TAKOBBIMMU HE SIBJISTFOTCSI.

O6e KOHCTPYKUMH, (?=) 1 (?! ), He TOMbKO HMUETo He TIOTJIOIIAI0T, HO U He CoXpa-
HSIOT, B TOYHOCTH Kak (?: ). OgHaKo HMUTO He MellaeT UCII0Ib30BaTh KOHCTPYKIIMIO
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(?=(£00)), UTOOBI COXPAHUTH BCE WJIM YACTh COBIAZIEHNS C OMePEKAIOIIeli TpoBep-
KOJA.

AU $ — CMMBOJI KPBIIIKY () BHE KB PATHBIX CKOOOK COOTBETCTBYET HAYaTy CTPO-
KM, COTIOCTaBJISIEMOIi C PETYISIPHBIM BBIPAXKEHMEM; & $ COOTBETCTBYET €€ KOHILY.
VX yoo6HO MCIIONb30BaTh IS «[IPUBSI3KM» PEryIsSPHOrO BhIPAsKEHMST K Hadady u/
WJIY KOHITY CTPOKM B KOHTEKCTe std: :regex_search. B peryisipHbIX BbIPKEHUSIX
std: :regex: :multiline KpbImiKa (*) 1 gomiap ($) IefiCTBYIOT KaK «peTPOCIIeKTUB-
Has» (lookbehind) u «onepeskaromias» (lookahead) npoBepku cOOTBETCTBEHHO:

std::string s = "ab\ncd";
std: :regex rx("Aab$[*] cd$", std::regex::multiline);

assert(std::regex_match(s, rx));

O6bequHMB BCe BMeCTe, MOKHO HATMCATh PEry/sipHoe BeipakeHne fool[a-z_ ]+ (\
d|$) mns moucka «6ykB foo, 32 KOTOPBIMMU CJIEIyeT OfHA Uy 6oree APyrux GYKB u/
VIV CMMBOJIOB TIOAUEPKMBAHNS; 38 KOTOPBIMU c/lefyeT Hudpa min KOHel, CTPOKMU».

Ectu Bam TpebyeTcst 60siee IITyOOKOe OCBeIlleHMe CMHTAKCHCA PEryIsSpHbBIX BbI-
paKeHUI, 3aT/ISIHUTe Ha cppreference. com. A €CIM 3TOTO OKaXKeTCSI HeJJOCTaTOUHO —
6iaromaps Tomy, uto C++ dakTuuecku konupyeT avanaekT ECMAScript perynasipHbIx
BbIPasKeHUI, — BOCIIOIb3YITECH JIIOOBIM PYKOBOZCTBOM I10 PETYJISIPHBIM BbIpake-
HusM B JavaScript! Bel MokeTe faske MpOBEpSITb CBOM peryssipHble BbIpakeHUs B
KOHCOJIM CBoero O6pay3sepa. EmMHCTBEHHOE OT/INYME PeryIsIpHbIX BbIpakeHuit B C++
u JavaScript — B C++ nmopgep>kuBaeTcs: CMHTaKCUC OTIpefieIeH s KIIacCOB CMMBOJIOB €
IBOITHBIMM KBaZpaTHbIMM CKOOKaMu, Harmpumep [[:digit: 1], [[.x.1]1u [[=x=1],
a B JavaScript — HeT. B JavaScript Takue peryasipHble BbIpaXkeHUsI UHTePIPeTUPYIOT-
csaKak [\[:digt]\], [\[.x]\] 1 [\[=x]\] COOTBETCTBEHHO.

ManonoHsATHble 0CO6EeHHOCTU
n nosywku ECMAScript

Berllre B 9TOJ I1aBe s YIIOMMHAI O HEKOTOPBIX OCOGEHHOCTSX std: :regex, TAKUX
Kak std::regex::collate, std: :regex: :optimize u dnaru, u3MeHsIONIMe Aa-
ekt ECMAScript Ha KakoJi-TO Ipyroi, KOTOPbIMM JIy4llle He I10/b30BaThCsl B MPO-
MBIIIJIEHHOM Kofie. Ho rpaMMaTnKa InaneKkTa pery/isipHbix BoipaskeHnit ECMAScript
TOXE COIEPKUT HEeCKOTbKO MaJIOTIOHSITHBIX OCOGEHHOCTEN, KOTOPBIX SKeIaTeIbHO
u3berarb.

O6paTHBIN crel, MpeaIIecTBYIOIINI OOHOM MM HECKOMbKUM Idpam (Kpome
\0), cozmaet o6pamHyo ccoliky (backreference). O6paTHast ccblika \ 1 COOTBETCTBYET
«T0C/IeIOBATEIbHOCTY CMMBOJIOB, COBIIABIIMX C MEPBOI COXPAHSIONIEN TPYTIIO»;
HampuMep, PeryispHOMY BbIpaskeHuIo (cat|dog)\1 OYIyT COOTBETCTBOBATH CTPO-
KM "catcat" u "dogdog", HO He "catdog", a BbIpakeHMIO (a*)(b*)c\2\1 Oymer
COOTBETCTBOBATh CTPOKA "aabbbcbbbaa', HO He "aabbbcbbba'". O6paTHbIE CCHUIKYU
MOTYT MUMETb OYeHb CTPAHHYI0 CEMaHTVKY, 0COOEHHO B KOMOVHALIVY C HEITOIIONIa-
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IOIIVIMM KOHCTPYKIIUSIMM, TAKUMMU Kak ( ?=f00), TO9TOMY S COBETYIO M36eraTh ux 1o
Mepe BO3MOKHOCTU.

Ecnn y Bac Bo3HMKkNa npobaemMa ¢ 06paTHbIMM CCbIIKaMK, Npex-
[le BCEero npoBepbTe MpPaBWUIbHOCTb 3KPAHUMPOBAHMS 06PaTHbIX
cneweit. He 3abbiBaiTe, 4to std: :regex("\1") — 3T0 perynsp-
HOe Bblpa)KeHWe, KOTOPOMY COOTBETCTBYET YNpPaBAAOLLMIA CUMBON
ASCIl c kogom 1. ObpaTtHas cCbiika B MCXOAHOM KOAE A0JMKHA
UMEeTb BMA: std: :regex("\\1").

Vcrmonb3oBaHyue 0OPATHBIX CChIJIOK YBOAUT BaC M3 MUPA pezyNspHbIX A3bIKO8 B
60j1ee pasHOOOPA3HbINE MUP KOHIMEKCIMHO-3A8UCUMBIX S3bIKO8, @ 3TO 3HAUMUT, UTO
616MMOTeKa OYIEeT BhIHYKIEHA MOCTYIIUTHCS 3P (EKTUBHOCTbIO aJITOPUTMA COIO-
CTaBJIEHMsSI HA OCHOBE KOHEUHOIO aBTOMaTa B II0JIb3y O0jiee MOIIHOTO, HO MeHee
MMPOM3BOAUTEIBHOIO aJTOPUTMA «C BO3BpaTaMm». JTO ellle OfHa IIPUYMHA CTOPO-
HUTBHCST 0OPAaTHBIX CChIJIOK, €C/IM B HUX HET abCOJIOTHO He06XOIMMOCTH.

OpHaxko 110 coctosiHMio Ha 2017 rom MHOTMe TPOU3BOAUTENN Peain3alyii CTaH-
JapTHOV 6MOIMOTEKY B AEVICTBUTEIbHOCTH He TTePEeKIIYAIOT aITOPUTMbI, HE3aBU-
CMMO OT OTCYTCTBUSI MJIM HaJMUMSI OOPATHBIX CChUIOK B PErYJISIPHOM BbIPaskeHUN;
OHM BCerJa MCIIONb3YIOT MeIJIeHHbIVI aJlroOpMTM C Bo3BpaTamu. Kpome Toro, mo-
CKOJIbKY He HAIIUIOCh HM OHOTO MPOM3BOAMUTEIS, TIOXKe/IaBIlIero peajanu3oBaTb OT-
IeJbHBIV aNTOPUTM IJIST AMAJIEKTOB std: :regex: :awk M std: :regex: :extended,
He MMeRIIUX 00paTHBIX CChIIOK, OHM MCIIOIb3YIOT AJISI HUX BCE TOT K€ aJITOPUTM
¢ Bo3BpaTramu! AHAJIOIMYHO OOJIBIIMHCTBO IPOU3BOAMUTENIEN pealu3yeT regex
match(s, rx) B TepMMHAxX regex_match(s, m, rx) U 3aTeM IIPOCTO OTOPACHI-
BaeT M30bITOYHBIM m, BMECTO TOI'O YTOOBI CO3IATh MOTEHIIMAIBHO 60jIee GbICTPBII
aJITOPUTM IJIs1 regex_match(s, rx). BripoueM, rmogo6HbIe ONTUMMU3AIUA MOTYT
TIOSIBUTHCS B OUbIMoTeKe B Giyokaiiiime 10 jieT, Ho s ObI He 3aeP>KUBaJI IbIXaHNe B
OXXUIAHUM VX TTOSIBJIEHMUSI.

Ilpyrast MaJOIIOHSITHASI OCOOEHHOCTh: #AJOHOEe TIOBeIeHMEe 110 YMOIUaHMI0 KBaH-
TUGUKATOPOB *, + 1 ?, HAIIpUMeP BbIpaskeHMe (a* ) [0CTapaeTcs MOIJIOTUTb U3 CTPO-
KM KaK MOKHO O0JIbIlIe CMMBOJIOB a. YKaHbIii KBAHTU(UKATOP MOKHO ITPEBPATUTh
B HexcaoHslli', m0GAaBMB IIOC/IE HEr0 3HAK BOIpoca (?); TO ecTh BhIpaskeHue (a*?)
TTOIJIOTUT U3 CTPOKU MUHUMATbHOE KOJIMYECTBO CMMBOJIOB a. DTO MMeeT 3HauUeHue,
TOJIbKO €CJIM BbI MCIIOJIb3yeTe COXpaHsIolIe TPymIibl. Hampumep:

std::string s = "abcde";

std: :smatch m;

std: :regex_match(s, m, std::regex(".*([bcd].*)e"));
assert(m[1] == "d");

std: :regex_match(s, m, std::regex(".*?([bcd].*)e"));
assert(m[1] == "bcd");

! JKanHble 1 HeXXaaHbIe KBHHT]/IC]JI/IKE[TODI)I VIHOTOA Ha3bIBAKOT MaKCUMMAJIbHbBIMU U MUMHUMAJIbHBIMU. —

ITpum. nepes.
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B nmepBoM i1yyae moaBbIpaskeHue . * 5KaHO IIOITIOTUT CMMBOJIBI abc, OCTaBUB 111
COBIIAZleHMS C COXPaHSIOLIeli IPYINOoN TOMBKO CMMBOJI d. Bo BTOpOM CiTy4ae IO BbI-
pakeHMe . *¥? HeKaJHO MOIIOTUT TOIBKO CMMBOJI &, OCTaBUB bed [IJ1s1 COXpaHSoLIen
rpymiel. (B OeiiCTBUTENLHOCTM TIOJBbIPAsKEHUE .*? MOIJIO ObI yIOBJIETBOPUTHCS
IIyCTOM CTPOKOJA, He IOITIOTUB HY OGHOTO CMMBOJIA, HO He MOXKeT CLie/aTh 3TOro, I10-
TOMY YTO MHAUe CTPOKa Gy/IeT MpM3HaHa He COOTBETCTBYIOIIEI BCEMY PETryISIPHOMY
BBIPAKEHMUIO.)

O6paruTe BHUMaHMeE, UTO CUHTAKCUC HESKATHOCTY He CJIEAYeT «OOBIYHBIM» Mpa-
BUJIaM KOMITO3UIMHK oniepaTopoB. COMIacHO mpaBwmiaM B si3bike C++, MOXHO ObLIO
ObI OKUIaTh, YTO BHIPAKEHNME a+* PABHOILIEHHO BBIPAKEHUIO (a+)* (BIIPOYEM, TaK
OHO U eCTh), & BbIpaskeHMe a+? paBHOLIEHHO BbIPpasKeHUIO (a+)? (B Le/iCTBUTENbHOC-
TU 3TO He Tak). [losToMy, yBUIEB B PEryIsIpHOM BbIpaskeHUM I10CIe0BaTe/IbHOCTD
3HAKOB IIpenyVHaHus, 3alepPKUTeCh U PAaCCMOTPUTE ee BHMMATEeIbHO — OHa MOXeT
03HAYaTh COBCEM He TO, YTO MOIJVIO ObI [TOKA3aThCs C 1ePBOTo B3MIsAal

Utoru

PerynsipHble BbIpa)keHUSI — OTIIMUHOE CPeNCTBO pasfesieHus] BXOLHOM CTPOKM Ha
Jiekcemyl mepep, napcuHrom. [lo ymonuanmio B C++ MUCIIONb3YyeTCs TOT XKe IUaIEKT pe-
TYJISIPHBIX BbIpaXKeHMIA, uTo U B JavaScript. He 3a6bIBaiiTe 06 3TOM NMpPEUMYIIECTBE.
CrapaiiTech n36eraThb HU3KOYPOBHEBBIX CTPOKOBBIX JUTEPAJIOB TaM, IJ€ JOTIOTHN-
TelbHAs TIapa KPYIJIbIX CKOOOK MOKET BBeCTM B 3abiyskneHue. Bcerma, Korma 3To
BO3MOXKHO, 9KPaHUPYITE CIel[MaabHble CMMBOJIbI KBAPATHBIMM CKOOKaMU BMECTO
06paTHBIX CIIEIeN.

std: :regex rx SIBJISIETCS MPAKTUUECKU HEM3MEHSIEMbIM OOBEKTOM U MPELCTaB-
JISIeT KOHEYHbII aBTOMAT. std: : smatch m — MU3MeHsSIEMbIiT OGBEKT U XPAaHUT UHPOP-
MalMI0 O KOHKPETHOM COBIIAIEeHUM B MCXOOHOWM CTpPOKe. sub_match m[ @] mpen-
CTaBJIsIeT MOACTPOKY, COOTBETCTBYIOLIYI0O BCEMY PerylIsIpHOMY BbIpaskeHMI0; m[k]
MpeCTaBIsieT COBIaieHue ¢ k-it COXpaHsIoIel IpyToii.

std: :regex_match(s, m, rx) IpoBepsieT COOTBETCTBME PETyIIpHOMY BbIpayke-
HMIO BCEI UCXOOHOM CTPOKM; std: :regex_search(s, m, rx) OTbICKMBAET COBIIaJle-
HIE B MICXO[IHOV cTpoKe. He 3a6bIBaiiTe, UTO CTPOKA ME€PEIAETCS TIEPBOIA, @ PETYIISIp-
HOe BbIpaskeHNe MocaeHIUM, B TOUHOCTH Kak B JavaScript u Perl.

std::regex_iterator, std: :regex_token_iterator M std::regex_replace —
HECKOJIbKO HEYHO0OHbIe «BCIIOMOTATelbHbIe» (DYHKI[MM, OCHOBAHHBIE HA regex_
search. [Ipexxge yeM 3aqyMbIBaThCsl 06 MX MCIIO/NIb30BAaHUM, OBJIAZieliTe CHavasaa
BCeMM BO3MOXKHOCTSIMM regex_search.

OcreperaiiTech MOSBAEHNS HEAEVICTBUTENbHBIX UTepaTOpoB! Hukorna He nsme-
HSiTe U He YHUUTOXANTe 06BEKT PETYISIPHOTO BHIPAKEHNSI, €CJIM BCE €Ille MMEeTC s
regex_iterator, CCbUIAIOLIMIICSA HA HErO; M HUKOTAA He U3MeHsTe ¥ He YHUUTO-
>KaiiTe CTPOKY, Ha KOTOPYIO CChUIaeTcs smatch.



masa 1. 1

CnyyaitHble yucna

B mpenpimyiieit raBe Bbl TO3HAKOMUIIUCD C PETY/ISIPHBIMM BhIPasKeHUSIMM, BOIIIE]T-
MMM B CTaHAAPTHYIO 6M6mMoTeky C++ HaumHas ¢ C++11, HO Bce ele OCTalOIMIu-
MICSI MaJIOM3BECTHBIMM MHOTMM IIPOTrpaMMMCTaM. Bbl yBUIENM, UTO peryisipHbie
BBIpasKEHUST MOTYT MPUTOAUTHCS B IBYX CUTYalIMSIX: B CJIOSKHBIX ITPOrpaMmax, Tpe-
OYIOIIMX HAJIeXKHOTO IapCyHTa pa3HOOOpa3HbIX BXOTHBIX (POPMATOB, ¥ B TPMBUATb-
HBIX CIIeHapUSIX, KOTAa BaXKHbI YIOOOUMTAEMOCTDb ¥ CKOPOCTb Pa3pabOoTKIM.

E1tie omHa 0CO6eHHOCTD 6MOIMOTEKM, TTOJIe3HAS B 9TUX JKe CUTYaIMUSIX, — MEXaHU3-
MbI 2eHepayuu cayuatiHelx yuces. MHOTHMe TIPOCThbIE ITPOrpaMMBbl TPEGYIOT IIpUMeHe-
HUSI CTyYaliHbIX UMCeNT TO TYT, TO TaM, HO TIPOrpaMMMCTOB Ha C++ IecsITuiIeTUsIMu
ybesxkmainu, 4To Kaaccuueckas GyHkus rand( ) u3 libc — emMHCTBEHHO BEPHbIi BbI-
60p. C Ipyroit cTopoHbl, rand( ) aGCOMIOTHO He MOAXOIUT IS HY>KI, KpUITorpadumn
¥ CJIOKHOTO UMCIEHHOTO MogenupoBaHus. OgHako 61bamoTeke <random> yIanoch
YIOBJIETBOPUTD BCE TPY MOTPEOHOCTH.

B 3T0i1 I1aBe paccMaTpUBAIOTCS CJIEYIOIIVe TEMBbI:

O oTnnuns MeXXOy MICTUHHO CJ'Iy‘—IaI‘/)IHbIMI/I quciaamMm n HCEBHOCHW&ﬁHbIMH quc-
JIOBBIMU ITOC/IEA0BATE/IbHOCTSIMMU,

O oTMumst MeXIy 2eHepamopoM CIIydaifHbIX OUTOB M MEXaHM3MOM TeHeparun
3HAUYEHMII C OTIpefeIeHHbIM pacnpedeneHuem,

O Tpu cTpaTermu MHUIIMAAMU3ALUM TeHepaTopa CIyJYaiitHbIX UMCet;

O HecKOIbKO T€HEPATOPOB U paclpefesieHnii B CTaHAapTHO 6UOIMOTEKREe U
MpUMepbl UX UCTIOIb30BaHMSI;

O kak neperacoBaTb Koiony kapT B C++17.

Cny4yaitHble ¥ NceBAOCAYYaANHbIE YMCNA

T'oBOpSI O CIYYAHBIX YMCJIAX B KOHTEKCTE KOMITBIOTEPHOTO ITPOrPaMMMPOBAHMS,
BaKHO OTJIMYATh ITO-HACTOSIIIEMY CTydaifHble UMCIa, TTOydaeMble 13 huU3nuecKku
HeJeTepPMUHMPOBAHHOTO MCTOUHMKA, U NCedioCyyaiiHsle Uucad, morydyaeMmbie 13
aJITOPUTMOB, KOTOpbIE€ HETePMUHMPOBAHO IMPOM3BOASIT ITOTOK UMCENI, «IIOXOXKMUX
Ha oryvailiHble». Takue ajropuMTMbl Ha3bIBAIOT reHepaTopamMu IICeBAOCHydari-
Hbix umcen (Pseudo-Random Number Generator, PRNG). Bce reHepaTophbl IiceB-
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JOCTy4YaiHbIX YMCell NeCTBYIOT OOMHAKOBO — OHM MMEIOT HEKOTOPOe BHYTpeHHee
COCMOSsIHUE U BBITIOJHSIIOT HEKOTOpbIe NelCTBUS, KOTaa I0Ab30BaTelb 3alpaliBa-
eT credyoujee uucao. Kaskaplii pas, KOrma Mbl o6paiaemMcst 3a CIeOYIONIM UMCIOM,
PRNG kopupyeT cBOe BHYTpeHHee COCTOSTHME C IPUMMeHeHeM HeKOTOPOTO AeTep-
MMHMPOBAHHOIO &JITOPUTMA M BO3BpalllaeT HEKOTOPYIO ero yactb. Harpumep:

template<class T>

class SimplePRNG {
uint32_t state = 1;

public:
static constexpr T min() { return 0; }
static constexpr T max() { return Ox7FFF; }

T operator()() {
state = state * 1103515245 + 12345;
return (state >> 16) & Ox7FFF;

3
+

ITOT kiacc SimplePRNG peanu3yeT TMHEVHbIV KOHTPYSHTHbIN TeHepaTop, O4eHb
TTOXOKMIT Ha peanu3anuio rand() B CTaHOapTHON 6uGMMoTeke. O6paTuTe BHMUMA-
HMe, 4TO SimplePRNG: :operator() reHepupyeT Liejble unucia B 15-6uTHOM nIma-
nasoHe [0, 32767], HO BHYTpeHHee COCTOSTHVE XPAHUT B 32-0MTHOM Auamna3oHe. JTa
3aKOHOMEPHOCTh cobmIomaeTcs Takke B geiicTByionux PRNG. Hampumep, craH-
IapTHBI anroputm Mersenne Twister xpauut moutu 20 K6aitT BHYTpeHHEro co-
crossHus! Hamuume BHYTPEHHEro COCTOSIHUSI TAKOTO OOJIBIIOTO 06beMa O3HAvaer,
YTO B KOAMPOBAHUY MOXKHO MCITOIb30BaTh OTPOMHOE KOJIMUECTBO OUTOB U TOJIBKO
MaJiast YacTh BHYTpeHHero coctosiHust PRNG OymeT «yTeKaTb» C KaKIbIM CTeHepu-
POBaAHHBIM UKMCJIOM. DTO 3aTPYAHSET NpeficKa3aHue cienyioiiero Bbisoga PRNG ue-
JIOBEKOM (M1 KOMITBIOTEPOM) Ha OCHOBE HEeGOJIbIIOTO KOIMUYECTBA MPEeIbIIyIINX
pe3ynbTaTtoB. TpyIHOCTh MpeacKasaHMUsI pe3yJabTaTOB IMO3BOJISIET HAa3BaTh TaKOM
aJITOPUTM 2eHepamopoM ncesoocayuatiHolx uuces. Eciv 6b1 BBIBOJI, CJIeIOBaI HEKOTO-
pomy 11abI0HyY ¥ 6bUT JIETKO MpeacKasyeM, Mbl Ha3BalIy Obl TAKOW aJITOPUTM TeHe-
paTopoOM HecayuatiHulx uucen!

HecmoTps Ha miceBHocayvyaliHble KauecTBa, noBemeHne PRNG Bcerna naeaibHO
IleTepMUHUPOBAHO; OH TOUHO CJIeAyeT peaan30BaHHOMY anroputmy. Eciu BKIIIO-
YUTh OPOTPaMMYy, UCHOAb3YIONyI0 PRNG, 1 BBITIOTHUTh HECKOJBKO MOMBITOK, B
KaXkAol 3amyckasi MporpaMmmMy HeCKOJIbKO pa3 MOApPsA, Mbl OKMAAeMO MMOTyYuM B
KaXkAol MOTbITKE OAHY U Ty K€ MOC/IeIOBAaTeIbHOCTh TCEeBAOCTYJYaliHbIX UMCEe.
OTOT CTPOTUIi JeTEPMUHM3M BBIHYXKIaeT HaC Ha3BaTh 3TOT AJITOPUTM FeHepaTOpOM
ncesoocaydaHbIX UMcer.

Ipyrast 0cO6€HHOCTb TeHEepPaTOPOB NCcedioCyUaliHplx Uucesl — IBa reHepaTopa,
JeJiCTBYIOIIUX TI0 OAHOMY U TOMY K€ aJITOPUTMY, HO HEMHOTO OT/IMYAIOIINXCS Ha-
YaJIbHBIMMU COCTOSTHUSIMU, OYIYT OBICTPO pacx00umucsi Vi IPOU3BOIUTH COBEPIIEHHO
pa3Hble TOWIeA0BATEeIbHOCTY — TaK Ke, Kak JBe KAl BOJIbI, MOMAaBIIMe Ha ThlIb-
HYI0 CTOPOHY Balllei 1aJoHu, T0OeTyT B pa3Hble CTOPOHBI. TO eCTh UTOOBI ITporpaMma
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IIpY KaKOOM 3alycKe IIPOM3BOOMIIA pa3Hble MOCIeN0BaTeIbHOCTY IICeBAOCTyYa-
HBIX 4MCeJl, AOCTAaTOYHO NPOCTO MHMUIManu3upoBaTb PRNG pa3HbIMM HauabHbIMU
COCMOSIHUSIMU. YCTAaHOBKY HauajabHOro cocTosiHus PRNG Ha3bIBalOT ocemeHeHuem
(seeding) PRNG.

CyiecTByeT, 10 MeHblIel Mepe, Tpu crpaTerun nuuunanmsauuu PRNG.

O Ucronb3oBaHMe HAYATbHOTO COCTOSTHMS, TIOTYYEHHOTO M3BHE — OT BbI3bIBA-
IOIIet TPOrpaMMbl MM OT KOHEYHOTO IT0/Ib30BaTEISI. DTa CTPATErys JTydIle
BCETO IMOAXOIUT IJIsI CJTyYaeB, KOra TpeOyeTcst BOCIIPOU3BOAMMOCTD Pe3yiThb-
TaTOB, HAIIpUMeD P MOAEIMPOBaHMM MeTogoM MoHTe-Kapiio muian B mpo-
1ecce MOIY/IbHOTO TECTUPOBAHMS.

O Hcnonb3oBaHMe TpeacKa3yeMoro, HO M3MeHSIOUerocss HayaabHOT0 COCTO-
SIHMSI, KakK, HarpuMep, Tekyiiee Bpems. [Io C++11 3To 6buta camasi 4acTo
MCIIONIb3yeMasl CTpaTerusi, IOTOMY UYTO CTaHmapTHas 6ubmuoreka C rmop-
IepKMBaeT MepeHOCUMYIO U YIOOHYI0 QYHKIIMIO time U He TIPeIOCTaB/IsIeT
HUKAKUX APYTUX TIEPEHOCHMBIX CITIOCOOOB IMOTyUEeHMST IT0-HACTOSIIEMY CTy-
YyalfHbIX OMTOB. HUIIMANMM3aysI HA OCHOBE Yero-To IpecKka3yeMoro, Kak
BpeMsl, He TIOOXOAUT ISl 3a/1a4, CBSI3aHHBIX C 6e30IMacHOCThI0. HaunHas ¢
C++11 BbI He TOJIKHBI OOJIBIIIE MCIIOIb30BATh 3TY CTPATETUIO.

O Ncnonb3oBaHKe no-HAcCmMosujeMy cyuatiHozo HauaabHOTO COCTOSIHMSI, TTOJTY-
YaeMoro 13 HEKOTOPbIX TIaTHOPMEHHO-3aBUCUMbBIX UCTOUHUKOB «MCTUHHO
CJTyYaitHbIX» OUTOB.

HcmunHo cnyuatiHble GUTHI COOMPAIOTCS OTIePAIIMOHHOI CYCTEMOT1 IT0 BCEM BIIaM
CJTy4YaliHbIX COOBITUIT; KIaCCUUECKUI MpUMep: B KaXKIOM CUCTEMHOM BBI3OBE CO-
XPpaHITh MJIAJIIMe OUTHI U3 CUeTUMKA allapaTHbIX IUKIOB i KOMOMHMUPOBATD UX C
nomoibio onepauyu MCKITIOYAIOIIEE UJIN (XOR) ¢ cucTeMHBIM nyJ10M SHMponuu.
Tenepatop PRNG pasmeiniaeTcs Iiry6oKo B Hefpax sipa ¥ epuoguIeckyi TOBTOPHO
VHUIMAIU3UPYETCsT GMTaMM M3 MyJia SHTPOINMY; BBIXOZHAS ITOCIeI0BATEIbHOCTD
aroro PRNG nepenmaercsi mpukiaagHbiM mporpaMmmam. B Linux HM3KOypOBHEBbIN
MyJ1 SHTPONUM OOCTyTeH Kak /dev/random, a BbIXO/IHAS MOWIEA0BATEIbHOCTD Te-
Hepatopa PRNG - kak /dev/urandom. K cuacTbhlo, HET HUKAKO HEOOXOOAMMOCTH
HampsMy0 o6paIaThCs K 9TUM YCTPOICTBAM; CTaHmapTHast 6ubnnoreka C++ yke
1103a60THIacCh 06 STOM.

Mpo6nema ¢pyHKkumum rand()

B C 151 rTosryueHusT CITy4YaifHbIX UMCesT M3JaBHa MCIoIb3yeTcst GyHKIms rand( ). OHa
MIPUCYTCTBYET TAKKe B CTAHOAPTHOI 6ubamoreke C++, He MPUHMMAET apryMeHTOB
¥ BO3BpalllaeT eOMHCTBEHHOe 1iejioe YMCiIo U3 AuarnasoHa [0, RAND_MAX], momumu-
HSTIOIIeecs 3aKOHY PaBHOMEPHOTO pacnpefeneHus. BHyTpeHHee COCTOSTH/E MOYKHO
VHUIMAIU3UPOBATh BBI30BOM OMOIMOTEUHOI GYHKIINM srand(seed_value).

Kaccuueckuii crioco6 moaydeHns CTydaiiHbIX YMCes B Iuarna3oHe [0, x) He U3-
MeHmIcs ¢ 1980-x romos:
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#include <stdlib.h>

int randint@(int x) {
return rand() % x;

3

OmHaKo TaKkoii MOAX0Md MMeeT HeCKOIbKO Mpobiiem. IlepBast 1 camast oOueBUIHAS —
reHepupyeMble 3HAUEHUST X MUMEIOT HeOIMHAaKOBYI0 BepOSITHOCTD. [JomycTuMm, paau
MosieMMKH, YTO rand() BO3BpalljaeT paBHOMEPHO pacIripefieJieHHble 3HAUeHUs U3
nuamasoHna [0, 32767], Torga randint@(10) O6ymeT BO3BpallaTh 3HAUEHMS U3 IMa-
na3oHa [0, 7] Ha 1/ 3276 vame, uem 8 vim 9.

Bropas nmpobiema: rand() MCIIOAb3YET II00ATIbHOE COCTOSTHIE; BCE TTOTOKM BbI-
MOJIHEHMST B Tporpamme Ha C++ GYAyT MCIIOMb30BAaTh OAVH M TOT JKe TeHepaTop
CJTy4JaliHbIX YyCcesT. DTO He TIOPOXKIAeT IPo6ieMbl 6€30I1aCHOCTY B MHOTOITIOTOYHO
cpene — HaumHast ¢ C++11 rand() rapaHTUpyeT TaKywo 6e30I1acHOCTh. Ho 910 mpo6-
JileMa IIPOU3BOAUTETbHOCTH (TTOTOMY UTO KasKIblii BbI30B rand( ) 3amypaeT rJ106asb-
HbIi MbIOTEKC) ¥ BOCIIPOM3BOAMMOCTH (TIOTOMY UTO eciu rand( ) UCIIO/Ib3yeTCs He-
CKOJIbKMMM TTIOTOKaMM KOHKYPEHTHO, B Pa3HbIX CeaHcaX BbITIONIHEHMSI POrPaMMbl
OyIyT IPOV3BOAUTBCS Pa3HbIe Pe3yIbTaThI).

TpeTbst mpob6IEMAa TECHO CBSI3aHA C ITI06aTbHBIM XapaKTePOM COCTOSTHMS rand () —
J1006ast QYHKIMS B IIPOrpaMMe MOSKET M3MEHUTD 3TO COCTOSIHIME TTPOCTBIM BbI30BOM
rand(). ITO JenaeT HEBO3MOXHbBIM MCIOAb30BaTh rand() B MOMYJIbHBIX TeCTax.
BsrisiHuTe Ha Cemyoonmii GparMeHT:

int heads(int n) {
DEBUG_LOG("heads");
int result = 0;
for (int 1 = 0; 1 < n; ++i) {
result += (rand() % 2);
3

return result;

}

void test_heads() {
srand(17); // 3abukcupoBaTb HayanbHOE 3HayeHue
int result = heads(42);
assert(result == 27);

}

OueBUIHO, YTO PabOTa MOIYJIBHOTO TeCTa test_heads HaPYIIUTCS, €CJIM MbI Hau-
HeM pacliapajie/iMBaTh MOAYJ/IbHbIE TeCThl (IIOTOMY YTO BbI3OBBI rand() B HEKO-
TOPOM JIPYTOM ITOTOKE BBITIOJTHEHMS OYAYT MeIIaTh TOYHOCTY BBIUMCIEHUI B 5TOM
Tecre). Bosee Toro, ero pabora MOXKET TaKKe HAPYLIIUTHCS, €CIIM KTO-TO U3MEHUT
peanusanyio DEBUG_LOG 1 m106aBUT Wiy yaaauT Bbi3oB rand()! ITomo6GHbIe Mpo6-
JIEMbI YaCTO BO3HMKAIOT, KOTA apXUTEKTypa MPOrpaMMbl 3aBUCUT OT INTIOOATbHBIX
repeMeHHbIX. Mbl HaAOMI0AAM aHAJOTMUYHYI0 OMACHOCTh C std::pmr::get_de-
fault_resource() B ImaBe 8 «JlycreTyepsl maMsITH». Bo BceX TakMX Caydasx s Ha-
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CTOSITESTLHO COBETYIO OJIHO ¥ TO 3K CPEMICTBO 3AIIUTHI — He UCN0JIb308AMb 27100AIbHBIX
nepemeHHbIX, He UCNOIb308aMb 2100a1bH020 COCINOSHUSL.

Utak, 6ubnmnoteka C CcTpasaet AByMs MpobieMaMy — OHa He 06eCcTieunBaeT 1mo-
HACTOSIIIEMY paBHOMEPHOE pacipee/ieHue MCeBI0CTyYaiiHbIX YMCEN U 3aBUCUT OT
[I00a/IbHBIX II€peMeHHbIX. [laBaiiTe TOCMOTPUM, KaK 3aroJIOBOK <random> 13 CTaH-
IapTHOI 616mmoTeku C++ pelnaeTt 06e 9T POGIeMBI.

PeweHue npobnem c <random>

3aroyoBOK <random> OIpeJensieT JBa OCHOBHBIX TIOHSITUS — 2eHepamop (generator)
u pacnpedenerue (distribution). I'enepamop (Knacc, MOIENIUPYIOIINI TTOHATHE Uni-
formRandomBitGenerator) MHKAICYIUPYeT BHyTpeHHee cocTosiHe PRNG B 06b-
ekt C++ 1 mpenocTasisieT QyHKUMIO-UIeH /i TOMyYeHUsl CJIeyIolero 3HaueHust
B dopme omepaTopa BbizoBa GyHKUMUM operator()(void). Pacnpedenerue (Kmacc,
MOAeNUpyoIuii moHsiTe RandomNumberDistribution) — 3TO CBOeoGpPasHbIN
(uUabTp, Yepe3 KOTOPbIN MPOIYCKAETCS BBIBOZ, TeHEPaTOPa, YTOObI BMECTO PaBHO-
MEepPHO PacIipe/iesIeHHbIX CTyUaifiHbIX OMTOB, KOTOPbIE BO3BpaliaeT rand( ), MOXHO
ObUIO MOMyYaTh 3HAYEHUSI, pACIIpele/IeHHbIe COTVIACHO 3aJaHHOMY MaTeMaTuUJec-
KOMY 3aKOHY, ¥ OTPAaHUYUTD UX OIpee/IeHHbIM IMana30HoM, Kak rand() % n, HO
MaTeMaTU4Yecky Oojiee TOUHO U B 11€JIOM 6osiee TM6KO.

3aroyioBOK <random> OIpefieJisieT CeMb TUIIOB 2eHepamopos U ABeHaA1laTh TUIIOB
pacnpedenenuii. MHOTVE U3 HUX SIBJISIIOTCS 1IabJIOHAMM CO MHOXKECTBOM Iapame-
TPOB. BOMBIIMHCTBO TeHepaTOpPOB IMpeNCTaB/sieT CKopee MCTOPUUECKUii MHTepec,
yeM MPaKTUUeCKUit, ¥ TOJaBsIollee KOJIMUECTBO pacIpee/ieHuit MHTepPeCHb
TOJILKO MaTeMaTuKaM. [109ToMy B 3TOJi I7laBe Mbl COCPeLOTOUMMCS JIUIIb Ha He-
CKOJIbKMX CTaHIaPTHBIX TeHepaTopax U pacipeeneHUsIX, MUTIOCTPUPYIOIINX UHTe-
peCcHbIe CTOPOHbBI CTAHJAPTHOI 6UOGIMOTEKN.

[eHepaTopbI
JI106071 06BEKT 2eHEpamopa g MoAaep>KUBaeT CIeAYIOIIMe OIlepain:

Q g(): mepekoAUpYeT BHYTPeHHee COCTOSTHYME reHepaTopa 1 BO3BpAIlaeT cie-
ayioliee 3HaUEHUE;

O g.min(): BO3BpallaeT HaMMeHbIllee 3HaUeHe, KOTOPOe MOKET BEPHYTh g( )
(06b1uHO 0);

O g.max(): Bo3BpamaeT HanbobIlIee 3HaUEHMEe, KOTOPOE MOKET BEPHYTH g( ),
TO eCThb AMala30H 3HaueHUI, KOTOPbIe MOKeT BepHYTb g( ), MPOCTUPAETCS OT
g.min() 00 g.max() BKIIOUNTEIbHO;

O g.discard(n): (akTMUECKM BBIOJTHSET N BI30BOB g( ) ¥ OTOpAChIBaeT pe-
3y/IbTAThI. B 6M6/IMOTEKe C XOPOoIIeii peaan3alyieil Bbl 3alIaTUTE BpeMeHeM,
HeOoOXOAMMbBIM Ha n M3MeHEHMI BHYTPeHHEro COCTOSIHUSI reHepaTopa, HO
COKOHOMMTE Ha BBIYMCIEHMUSX, CBSI3aHHBIX C IMOTyYeHUeM CJIeyIoIIuX 3Ha-
YEeHUI U3 ITOTO COCTOSTHUSI.
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UcTuHHO cnyyaliHble 6uTbl K std::random_device

std::random_device — 3TO 2eHepamop. OH MMeeT OueHb IIPOCTOi MHTepderic;
9TO Jajke He INabJIOHHBIM KJIacc, a caMblii MPOCTOM TpaaUIMOHHbBIN Kiaacc. [Tocie
CO3aHMA 3K3eMIUIsIpa std: : random_device € IIOMOIIbIO KOHCTPYKTOpPA 10 YMOJI-
YaHMIO MOKHO Cpasy ke UCIOIb30BaTh €ro NMeperpy>KeHHbIl orepaTop BbI30Ba IJIST
MOJTy4eHMsI 3HaUeHMl Tulla unsigned int, paBHOMEpPHO pacnpeeleHHbIX B Aua-
nasoHe [rd.min(), rd.max()].

bynbTre BHMMaTeENbHBI — std: :random_device He IOJHOCTbIO MOAEIUPYET MO-
HsTHe UniformRandomBitGenerator. CaMoe BaKHOE: OH HE MOXXeT KONMPOBAThCS
MY TepemMeIaThesi. OMHAKO Ha MPaKTHUKE 9TO He SIBIISIeTCS TPo61eMoit, TOTOMY UTO
0OBITHO He BO3HMKAeT HeOOXOOMMOCTH AOJITO XPAaHUTh reHepaToOP UCTUHHO CIydaii-
HBIX urcesl. Yanie MCIromab3y0TCs KOPOTKOKMUBYIIME SK3eMIUISIPBI std: : random_de-
vice, UTOObI CTeHEpUPOBATh HAUYAJIbHOE 3HAUEHME JIJIST AOJITOKMBYIIETO reHepaTopa
TICeBIOCTYYalHbIX YMCeI HEKOTOPOTO IPYTOro TUIIA, HAallpUMep:

std: :random_device rd;
unsigned int seed = rd();
assert(rd.min() <= seed && seed <= rd.max());

Tenepb nepeﬁ,ueM K €IVMHCTBEHHOMY Ir€HEepaTopy HCeB,E[OCJIY‘laVIHbIX uuces,
3HATb KOTOprﬁ BaM L[EVICTBI/ITEJ'HJHO HEO6XO,ILI/IMO.

MceBpocnyuaiiHble 6uThbl ¢ std::mt19937

EnmMHCTBEHHBIV reHepaTop ICeBAOCTYYaliHbIX YMCel, 0 KOTOPOM BaM [eJiCTBU-
TeJIbHO HY)KHO 3HaTh, Ha3bIBaeTcsi Mersenne Twister. OTOT aArOpUTM IMOSBUICS B
1997 romy, 1 ero BLICOKOKAUeCTBEHHbIE PeaTM3aly MOKHO HATYU B JIIOOOM SI3bIKE
nporpaMmupoBaHus. TexHuuecku anroputm Mersenne Twister onpenenser uenoe
CeMeNCTBO POJICTBEHHBIX reHepaTopoB PRNG — ajiropuTMmUyecku OH 1oo6eH mab-
JoHaM B C++, — HO B IIpaKTMKe Yallle JPYTMX YJIeHOB 3TOrO CeMeiiCTBa UCIIOIb3Y-
ercst MT19937. 3ta cTpoka uudp mnoxoska Ha JaTy, HO B IeICTBUTEIbHOCTU 3TO He
TaK; 3TO pa3Mep BHYTPEHHErO COCTOSIHMS aaroputma B 6uTax. [TocKoabKy (QyHK-
umsi anroputma Mersenne Twister, Bo3Bpamjarouias ciaeayoliee 3Ha4eHNe, U3Me-
HSIeT 9TO COCTOsIHMe, OHa (paKkTUUecKyu mepebepeT Bce BO3MOXKHbIE BAPUAHTHI CO-
CTOSTHUSI, TIpEXe YeM BepHeTCsl K Haualy IUK/Ia — repuom reHepatopa MT19937
paBeH 2!9%7 — 1. CpaBHMUTE 3TO C Halllel peanu3aiyeit SimplePRNG B Hauasie I71aBbl,
KOTOpasi uMeeT 32-6MTHOe BHYTPEHHEe COCTOsiHME U niepuop 25, (Ham reHeparop
SimplePRNG nmeeT 23? BO3MOKHBIX BHYTPEHHUX COCTOSIHUSI, HO TOJIbKO MTOJIOBMHA
"3 HUX OYIEeT JOCTUTHYTA, IPEKIe YeM VKT HauHeTcst cHoBa. Hampumep, state=3
HeJOCTVMKMMO [P HayaJbHOM 3HaUeHUM state=1.)

Ho xBaTut Teopuu. [laBaiite paccmorpum Mersenne Twister B gevictBuu! Ila6oH-
Homy anzopummy Mersenne Twister B si3pike C++ COOTBETCTBYET IIAGIOHHBIN K1ace
std: :mersenne_twister_engine<...>, HO BaM He HY>XHO MCIIOJIb30BaTh €ro He-
MOCPeACTBEHHO; BbI JO/DKHBI MCIIONIb30BaTh BCIIOMOTaTeNbHbIN TUIT std: :mt19937,
KakK [0Ka3aHo HIDKe:
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std::mt19937 g;
assert(g.min() == 0 && g.max() == 4294967295);

assert(g() == 3499211612);
assert(g() == 581869302);
assert(g() == 3890346734);

KoHcTpyKTOp 110 yMO/IUaHuIo AJ1sl std: :mt19937 MHULMaNM3UpPyeT BHYTPEHHee
COCTOSIHME M3BECTHBIM CTaHIAPTHBIM 3HaUeHMeM. DTO TapaHTUPYeT, YTO BBIXOJ-
Hasl MOCJIeJOBATEIbHOCTb, TeHepUpyeMast 06beKTOM mt 19937, CO3IaHHBIM KOHCT-
PYKTOPOM 10 YMOJTUaHUI0, OyeT uaeHTUUHA Ha BceX maTdhopMax — B OT/IMUMeE OT
rand(), KOTOpas Ha pasHbIX IIaTdhopMax YacTo reHepupyeT pasHble OCaen0Ba-
TeJIbHOCTH.

YTOO6BI OMYUUTD IPYTYIO BBIXOAHYIO ITOCIEI0BATENbHOCTD, HY)KHO IepenaTh Ha-
UabHOe 3HAUeHUe KOHCTPYKTOpY std: :mt19937. CaenaThb 3TO B C++17 MOXKHO IBYMSI
CII0CO6aMM — YTOMUTENIbHBIM M TTPOCTHIM. YTOMUTETbHBIN CITOCO6 COCTOUT B KOHCT-
PYMPOBaHMUM UCTUHHO CTy4aiiHOTO 19937-6MTHOTO HAYaIbHOTO 3HAUEHMSI U €T0 KO-
MMPOBAHUYU B OOBEKT std: :mt19937 B BUOE HAUAILHOU NOC/Ie008aMenbHOCMU, KaK
TI0Ka3aHO HIKe:

std: :random_device rd;

uint32_t numbers[624];
std: :generate(numbers, std::end(numbers), std::ref(rd));
// CreHepupoBaTb HayallbHOE COCTOSHUE.

SeedSeq sseq(numbers, std::end(numbers));
// CkonupoBaTb CO3[4aHHOE COCTOsSHME B '"HayalbHyl MOCNefOBATENbHOCTb'.

std::mt19937 g(sseq);
// WHnumanusuposaTb reHepaTop mtl9937 cCKONUPOBAaHHBIM COCTOSHUEM.

3mech TMI SeedSeq MOXKET ObITh std::seed_seq (B AeCTBUTENBHOCTU std: :
vector, MCIIOb3yeT MaMsTh B Kyde) WM BPYUYHYIO HaIlMCaHHBIM KJIaCCOM «HavaJlb-
HOI1 TTOC/IefOBaTeIbHOCTM», KaK B (JIEAYIOIeM IIpuMepe:

template<class It>
struct SeedSeq {
It begin_;
It end_;
public:
SeedSeq(It begin, It end) : begin_(begin), end_(end) {}

template<class It2>
void generate(It2 b, It2 e) {
assert((e - b) <= (end_ - begin_));
std::copy(begin_, begin_ + (e - b), b);
3
¥
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Kaxk BuauTe, A1 cO3gaHMs eQMHCTBEHHOTO 06bekTa PRNG mpuxonuTcs mucaTh
MHOTO Koma! (4 mpemympeskmas, YTO 3TO YTOMMUTENIbHBIN €11oco6.) TIpocToit cro-
€006, KOTOPbIiT 06BIYHO MCITONb3YeTCs B MPAKTUKe, 3aK/II0YaeTCs B MHUIMAIU3ALIIN
MT19937 npocThIM 32-GUTHBIM I€JTBIM UMCIIOM

std: :random_device rd;

std::mt19937 g(rd());
// 32 cnyyadHbix OUT AOCTATOYHO ANS NObIX MPUMEHEHWI !
// ...BepHo?

Bammanme! Ynoro 32 HamHOro MeHbine 19937! DTOT yIpoLeHHbI CIIocob MHM-
UMaau3alnyy Mo3BOsIeT MTPOM3BECTY TOJNBKO UeThipe MWIMApAa BBIXOLHBIX IO-
cnegoBaTenbHOCTEN. To eCTh, 3aImycKasi IporpaMmMy CHOBA ¥ CHOBA CO CJIyYaliHbIMU
HavyaJIbHBIMM 3HAYEHUSIMU, MOXKHO 3aMeTUTb HEKOTOPYI0 MOBTOPSIEMOCTb I1OCTIe
HECKOJIbKMX AECSITKOB ThICSU IIPOTOHOB. (JTO MPOSIBJIeEHNE 3HAMEHUTOTO Napadokca
dneli poxcdenuti.) Kpome TOro, ecyiu CcTeIeHb MpeacKasyeMOCTH BaskHa AJIs1 Bac, Bbl
IOJDKHBI TaKKe IIOHMMAaTh, UTo Mersenne Twister He sIBJisteTCsI KpUITorpaduaecku
6e3oracHbIM. TO eCTb Iaske eCy Bbl MHUIMATU3UPYETE €r0 UCTUHHO CIyYaifHbIM
19937-6UTHBIM HaYaJIbHBIM 3HAUEHMEM, 3JIOYMBIIIVIEHHVK CMOXET IepebpaTh Bce
BapuaHThl 19937 GUT U TOUHO IpeCKa3aTh BCe MOCIENYIOIIME Pe3YIbTAThI, MMest
BCEro JIMIIIb HECKOJIbKO COTEH WJIEeHOB Ballleil BbIXOAHOM ITocaeqoBaTe/bHOCTU. Ec-
1 BaM Tpebyercss Kpuntorpaduuecku 6e30MacHbIii TeHepaTop IMCeBIOCTY-
vaiiubix umcen (Cryptographically Secure Pseudo-Random Number Generator,
CSPRNG), ucnonb3yrite Takue anroputMmbl, Kak AES-CTR unn ISAAC, KoTopsle, O -
HAaKO, He peayin3yIoTCsl CTaHmapTHONM 6ubmmoTekoii C++. [Ipy 9TOM BaM HpPUIETCS
3aBepHYTh peanmsanyuio CSPRNG B kiacc, mogenupymomuii UniformRandomBit-
Generator, YTOObI €T0 MOXKHO OBLIIO UCIIOIH30BATh B CTAHJAPTHBIX aITOPUTMaX, O
KOTOPBIX PACcCKa3bIBAETCS Oyske K KOHITY 9TOJ T/IaBbl.

dunbTpauma BbIBOAA reHEPaTOPOB C NOMOLLbIO aJaNTepoB

Bblille yske YIIOMMHAIOCh, UYTO BBIBOJ, 2eHepamopa O6bIYHO GUIBTPYETCS C I0-
MOIIBIO pacrpemeseHus], YTOObI Tpeobpa3oBaTh OUTHI, BO3BpalllaeMble reHepaTo-
pOM, B 3HAUeHMsI, IPUTOAHbIE K UCTIONb30BaHNI0. CaMOe MHTepeCHOe, UTO BBIBOJ,
reHepaTopa MOXKHO HAINlpaBUTh B adanmep 2eHepamopd, KOTOPbIi MOKeT Impeobpa-
30BaTh OMTHI B pasHble MojIe3Hble 3HAUEHMS. B cTaHIapTHO 6MOIMOTeKe peann3o-
BaHO TpM ajamnTepa: std: :discard_block_engine, std: :shuffle_order_engine u
std: :independent_bits_engine. DTu ajanTepsl IeCTBYIOT IOAOGHO adanmepam
KoHmeliHeposé (TaKUM KakK std: : stack), 06Cy>KIaBIIMMCS B IIaBe 4 «300IMapK KOH-
TeifHEePOB», — OHU TIPEIOCTABJISIOT HEKOTOPBIN MHTepdeiic, HO 6ONBIIMHCTBO IeTa-
Jielt peanin3any JeeTUPYIOT IPYTUM KacCaM.

Ox3eMIUIsIp std: :discard_block_engine<Gen, p, r> XpaHUT 6HYMpPEHHUL] 2eHe-
pamop Tuna Gen U leJieTUPyeT eMy peann3aluio BCeX CBOMX OIepaliuii, Kpome ToTo,
discard_block_engine: :operator() BO3BpalllaeT TOJIbKO IIepBbie T 13 KaKIbIX p
BBIBOJIOB BHYTPEeHHero reHeparopa. Hampumep:
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std: :vector<uint32_t> raw(10), filtered(10);

std::discard_block_engine<std: :mt19937, 3, 2> g2;
std: :mt19937 gl = g2.base();

std: :generate(raw.begin(), raw.end(), gl);
std: :generate(filtered.begin(), filtered.end(), g2);

assert(raw[0] == filtered[0]);
assert(raw[1] == filtered[1]);
// raw[2] He nossuTca B filtered[]

assert(raw[3] == filtered[2]);
assert(raw[4] == filtered[3]);
// raw[5] He nossuTca B filtered[]

[TpmeuaTenbHO, UTO CCHIIKY Ha BHYTPEHHMI TeHepaTOpP MOXKHO MOIYYUTh BbI-
30BOM g2.base(). B npenpiayieM rnpumepe gl MHULMATU3UPYETCS KaK KOS
g2.base(); 3TO OOBSICHSIET, IOUEMY BbI3OB g1( ) He BIMSET Ha COCTOSIHME g2, U Ha-
060pOT.

OKk3eMILISIp std: : shuffle_order_engine<Gen, k>XpaHUT Oydep C MOCIeTHUMN
k BpIBOmaMu BHYTPEHHETO reHepaTopa 1 JOMOMHNUTENbHOE 11enoe uncio Y. Kakabri
BbI30B shuffle_order_engine: :operator() Berunciger Y = buffer[Y % k] u 3a-
TeM 3anucbiBaeT buffer[Y] = base()(). (B meiictBuTenbHOCTH (hopMysia BbIUMCIIE-
HUS MHIIeKca Y B 6ydepe HAMHOTO C/I05KHEe, HO CYTh ee Ta ke.) [IpMMeuaTenbHO, UTO
std: :shuffle_order_engine He wucronb3yer std::uniform_int_distribution
IJIST OTOOGpaskeHMst Y B IMarasoH [0, k).ITO He BIMSIET Ha C/IYUALIHOCMb 3HAYEHUIA,
BO3BpalllaeMbIX TeHEepPaTOPOM, — eC/I BHYTPEHHMI1 TeHepaTop yxKe ICceBAocIydani-
HBIi, IepeMellBaHle BbIBOZA He ClIeJIaeT ero 6ojiee M MeHee CJTydaiiHbIM, KaKoii
OBl AJITOPUTM HU UCITOIb30BAJICS /IS TIepeMenMBaHus. To eCTh aTOPUTM, UCIIOTb-
3yeMblIii B shuffle_order_engine, ObIJ1 BHIOPAH, CKOPEE, [0 MCTOPMUUECKUM ITPUUM-
HaM — OH CTY>KUT CTPOUTENIbHBIM OJIOKOM KIaCCUUeCKOT0 aJrTOPUTMa, OMMCAHHOTO B
kaure Jonanpaa Kayra (Donald Knuth) «MckyccTBO TpOrpaMMUpPOBaAHMSI»

using knuth_b = std::shuffle_order_engine<

std: :linear_congruential_engine<
uint_fast32_t, 16807, 0, 2147483647

>,

256

>

OK3eMIUISIp std: : independent_bits_engine<Gen, w, T> He XpaHUT HUKAKOTO
IPYroro COCTOSIHMSL, KpOMe BHYTPEHHEr O reHepaTopa Tuma Gen. ®yHKIMs indepen-
dent_bits_engine: :operator() BbI3bIBaeT base()() CTOIbKO pa3, CKOJIbBKO He-
06XOIVMO [IJISI BHIUMC/IEHNS He MeHee w CTydaifHbIX 6MTOB; 3aTeM 00beIMHSIET W 113
9TUX GUTOB (MCITOIb3Ys AITOPUTM, KOTOPBI MMeEeT CKOpee MCTOpUUeCKIi MHTepec,
yeM MPaKTUUYECKUii) M MHTepIIpeTUpPyeT UX Kak Iejoe O0e3 3Haka Tuma T. (Ecau T
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He SIBJISIETCS 11eJI0YMC/IEHHBIM 6€33HaKOBBIM TUTIOM WU COMEPKUT MEHbIIIe OUTOB,
YeM w, 3TO CIMTAETCST OIIMOKOIA.)

BoT mpumep o6beayHeHMsI GUTOB 13 HECKOIBKUX BbI30BOB base()() B indepen-
dent_bits_engine:

std::independent_bits_engine<std::mt19937, 40, uint64_t> g2;
std::mt19937 gl = g2.base();

assert(gl() == 0xd@9'1lbb5c); // MNonyuntb "1bb5c". ..
assert(gl() == 0x22a'e%f6); // wn "e%ef6". ..
assert(g2() == 0x1bb5c'e%ef6); // 06veanHWUTb U nepenaTh!

A BOT IMpuMep UCHOIb30BaHMs independent_bits_engine MIJIsT OTCeUEHMS BCEX,
KpoMe 3HauMMBbIX 1IIM]p 13 BbIBOma mt19937 (co3maHue reHepatopa Opocka MoHe-
mel) C TIOCTENYIOMYM O00beAVHEHMEM 32 BBIBOLOB 3TOrO TeHepaTopa sl CO0pKu
32-0UTHOTO reHepaTopa:

using coinflipper = std::independent_bits_engine<
std::mt19937, 1, uint8_t>;

coinflipper onecoin;
std::array<int, 64> results;
std: :generate(results.begin(), results.end(), onecoin);
assert((results == std::array<int, 64>{{
0,0,0,1, 0,1, 0,1,1,1, 0,0,1,0,
, 0,0,0,1, 0,1,0,1,
0,0,1,0, 1,0,1,0,
0,1,0,0, 1,1,0,0

’ )

PR s+

1,1
,0,1,0, 1,1,1,1
,0,0,1, 1,1,1,0,
0,0,1 0,0,0

’

SIS

sy Ly 1Y,y Uy s Y,ytY, 1,1,9,07,
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135
std: :independent_bits_engine<coinflipper, 32, uint32_t> manycoins;
assert(manycoins() == 0x1772af15);
assert(manycoins() == 0x9e2a%04c);

Ob6paTtuTe BHMMAaHMe, UTO independent_bits_engine He BBIMOJHSIET HUKAKUX
CJIOKHBIX OTIepalnii c 6MTaMu U3 BHYTPEHHEro reHepaTopa; B YaCTHOCTM, OH IIpei-
ToJiaraeT, YTO BHYTPEHHUI TeHepaTop AeliCTByeT HelpeaBs3sTo. Ecnu reHepaTtop
WeightedCoin 6ymeT oTmaBaTh MPENINOUTEHME YETHBIM YMCIaM, 3TO CMeNleHue
OymeT TakKe HaGTI0MAThCS B BBIBOZE independent_bits_engine<WeightedCoin,
w, T>.

HecMOTpsT Ha TO YTO MbI MOTPATUIM HECKOJIbKO CTPAHUII HA OOCYKIeHMe re-
HEpaToOpOB, Y BaC HET HUKAKUX MPUYMH MUCIIOAb30BATh 3T MAJOIOHSITHBIE
knaccel B cBoeM kome! Ecim Bam HyskeH PRNG, ucnonb3yiite std: :mt19937; ec-
JIM BaM HYKeH Kpunrtorpaduuecku 6e3omnacHbiii PRNG, ucrnonb3yiiTe Takue aj-
roputmbl, Kak AES-CTR mau ISAAC; a ecitu BaM HYKHO HeGOJIbIIIOe KOJIMYECTBO
MO-HACTOSIIIEMY CIYUYaifHbIX OMTOB, UTOOBI MHULIMAAMU3UPOBATh cBOIt PRNG, nc-
MOJb3yiTe std: :random_device. ITO BCe TeHEePaTOPbI, KOTOPbIE BaM JTIOBEIETCS
MIPUMEHSTh HAa MPaKTUKe.
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PacnpeneneHus

Terepb, y3HaB, KaK TeHEPUPYIOTCS CIydaiiHble OUTHI, TOCMOTPUM, KaK Ipeobpaso-
BaTh 3TU CIy4aiiHble OMTHI B YMCIOBbIe 3HAUEHMS, TOIUMHSIONIMECS ONpeeleHHO-
MYy 3aKOHY pacIipefiesieHus. DTOT MPOoILlece U3 ABYX TAIIOB — reHepalus 6MTOB U UX
roc/eayiollee mpeobpa3oBaHe B 3HAUEHUST JAHHBIX — OUeHb ITOXOXK Ha IIPOoliecc
O6ydepusanum 1 mapcuMHra, pacCMaTpMBaBinuiicst B miaBe 9 «[IoTOKM BBOZA/BbIBO-
na». CHauasa Hy>KHO TIOJTYIUThb OUTHI 1 6AiAThI, @ 3aT€M BBITIOTHUTb HEKOTOPYIO OTIe-
paruio i Ux peobpa3oBaHys B 3HAUEHUs OIIpe/ie/IeHHBIX TUIIOB.

JI106071 06beKT pacripeneneHus dist MO3BOJSIET BHIMOMHSITD CJIeAYIOlIye orepa-
VY C HUM.

O dist(g): BO3BpallaeT CIeIYyIOMNii Pe3ylIbTaT, COOTBETCTBYIONIMI 3afaH-
HOMY MaTeMaTU4eCKOMY pacIpeieleHui0. [IJist 3Toro MOKeT moTpe6oBaTh-
CS1 BBITTOJTHUTH HECKOJIBKO BHI3OBOB g( ) M/IM HU OFIHOTO, B 3aBUCUMOCTU OT
BHYTPEHHETO COCTOSIHUSI 00beKTa dist.

O dist.reset(): ouMIIaeT BHYTPeHHee COCTOsSIHME 00beKTa dist, eciu umMe-
eTcst. Bam HMKOra He IPUAETCS UCIOIb30BaTh 9Ty QYHKIINMIO-UIEH.

O dist.min() u dist.max(): BO3BpalllalOT HAaXMMeHbIlIee 1 Haubosblllee 3Ha-
YeHMsI, KOTOPOEe MOKHO ITOTyUYMUTh BhI30BOM dist(g) JJIsl TIOOOTO reHepaTo-
pa g. OGBIYHO 3TU UMIIa 16O CAaMOOUYEBUAHBI, 160 6eCCMbICIeHHBI ; HATTPY-
mep, std: :normal_distribution<float>().max() BepHeT INFINITY.

[TocmoTpuM, Kak AeiCTBYIOT paciipeneneHusl.

MmuTtaumna 6pocka urposoi koctu ¢ uniform_int_distribution

Merop std: :uniform_int_distribution — camblil IIPOCTOI TUII pacliperesie-
HUSI B CTaHAAPTHOI 6ubnmnoreke. OH BBITIOTHSIET Te K€ OINepaluy, KOTOpble MbI
TMIBITAIVCh BBITIOMHATD C randint® BhIIIe B 3TO I71aBe, — OTOOpaskeHe CyIaitHOTO
1[eJIOTO YMC/Ia B 3aJaHHbII IMaTa30H, — HO JIeJlaeT 3TO 6e3 KaKoro-ambo CMelleHusI.
[Ipocreiimas peanusauus uniform_int_distribution BBIISAUT IPUMEPHO TaK:

template<class Int>
class uniform_int_distribution {
using UInt = std::make_unsigned_t<Int>;
UInt m_min, m_max;
public:
uniform_int_distribution(Int a, Int b) :
m_min(a), m_max(b) {3

template<class Gen>
Int operator()(Gen& g) {
UInt range = (m_max - m_min);
assert(g.max() - g.min() >= range);
while (true) {
UInt © = g() - g.min();
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if (r <= range) {
return Int(m_min + r);
}

3
}
s

dakTMyecKass peaausalius B CTAHIAPTHON OMOIMOTEKe MOJKHA CHOeNaTh He-
YTO, UTOOBI M30ABUTHCS OT MPOBEPKU assert. Kak mpaBmio, ¢ 3TOi 1Liebi0 UC-
MOJIb3yeTCss UTO-TO Bpome independent_bits_engine, YTOGBI IMOMYUUTh TOYHO
ceil(log2(range)) CIydaitHbIX OMTOB, MMHUMMU3UPYS KOJIMIECTBO IIMKIOB while.

Kak mopgpasymeBaeT Impenpiayiiuii mpumep, uniform_int_distribution He
MMeeT COCTOSIHUS (XOTSI mexHUUeCcKU 3TO He TapaHTUPYeTCs) U II03TOMY yYallle Ipy-
T'MX UCIIOIb3YeTCs AJISI CO3TaHMsI HOBOTO 00beKTa pacrpezesieHus1, Korga TpedyeTcst
creHepuUpoBaTh UnciI0. To ecTb HalTY PYHKINIO randint® MOXHO peayn30BaTh, KaKk
IT0Ka3aHO HIDKe:

int randint@(int x) {
static std::mt19937 g;
return std::uniform_int_distribution<int>(0@, x-1)(g);

by

Teriepb camoe BpeMs OTMETUTb HEKOTOPble CTPAaHHOCTM MeXaHU3MOB U3
<random>. Kak mpaBuiio, Korzia Bbl OIpefensieTe yelouucieH bl 0uanasox Ojis of-
HOVi U3 9TUX (PYHKIMI MM KOHCTPYKTOPOB, OH MHTEPIIPETUPYETCS] KaK 3aKPblmblii.
OJTO pe3KOo KOHTPACTUPYeT C IPUBbIUHON MHTepIipeTanyeit auana3oHoB B C u C++;
MBI fjaske TOBOPWJIM B I71aBe 3 «AJITOPUTMBI C TapaMy UTE€PATOPOB», UTO OTKJIOHEHNEe
OT IIpaBWJIa MOMYOTKPBITHIX AMAMTa30HOB OOBIYHO CJTYKUT MPU3HAKOM OIIMOGO0UYHOTO
Kona. Ho B ciiyyae ¢ MexaHM3MaMU IIOYUYeHUS CIyYaliHbIX unMces OeliCTByeT MHOoe
MIPaBUJIO — IMANa30Hbl MHTEPIIPETUPYIOTCS KaK 3aKkpbiThie. [Touemy?

BakHeiiiee nmpeumymiecTBO MOMYOTKPBITHIX AMAINa30HOB 3aK/IIOYAETCS B IIPO-
CTOTe MpefcTaBAeHus nycmozo ouanasoxda. C Ipyroii CTOPOHBI, TOMTYOTKPBIThIE Ayia-
Ma30HbI HECTIOCOOHBI MPEICTABISIT NOJIHble JUANA30Hbl, TO €CTh TUATIa30HbI, OXBa-
ThIBAIOII}E BCIO 00/1aCTh 3HaUeHMIA. (B I71aBe 4 «300mapK KOHTeTHEPOB» MbI BUIENH,
KakKye (JIOKHOCTYM BO3HMKAIOT M3-3a 3TOT0 B peanusaumy std: : List<T>::end().)
[Ipenronoxmm, YTo HaM HY>KHO BBIPa3UTh UIEI0 PABHOMEPHOTO pacIipenesieHus 110
BCeMy [Malla3oHy 3HaueHuit Tuma long Llong. Y HacC He MOIYYUTCS CHOenaTh 3TO C
IIpMMeHeHMeM IIOIYOTKPBITOro amamnasoHa [LLONG_MIN, LLONG_MAX+1), MOTOMY
4TO LLONG_MAX+1 BbI30BeT IepernonHeHyue. Ho MoayunTcs ¢ UCIonb30BaHMeM 3a-
KpbITOrO myarnasoHa [ LLONG_MIN, LLONG_MAX] - MMEHHO TaK ITOCTyHaoT QyHKIUNI
U KJIacchl U3 6MbaMoTekn <random> (Takue Kak uniform_int_distribution). Me-
TOL uniform_int_distribution<int>(0,6) — 5TO pacmpeneieHue 110 guana3ony,
BKJIIOUAOIIIeMy ceMb uncen [0,6], a uniform_int_distribution<int>(42,42) —
JIOIyCTMMOeE paclipefiesieHye, KOTOPOe Bcerya Bo3Bpaiaer 42.

C npyroit cTropoHbl, std::uniform_real_distribution<double>(a, b) pa-
6oTaeT c nonyomkpsimelM pauamnazoHoM! Merton std::uniform_real_distri-
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bution<double>(0, 1) BO3BpalllaeT 3HaueHus Tuia double, paBHOMEPHO pac-
IpelejieHHble B AuarnasoHe [0, 1). B Mupe BellleCTBEHHBIX UMCel He CyLleCTByeT
mpo6eMbl TeperosHeHus — (GaKTUUeCKu eCTh BO3MOKHOCTh BBIPA3UTh IIOIY-
OTKPBITBIV OuanasoH [0, INFINITY), XOTS, KOHEYHO Xe, He CYILIEeCTByeT TaKOro
TIOHSITUSI, KaK pasHoMepHoe pacnpedeneHue 8 6eckoHeuHom duanasoHe. Kpome Toro,
IIPpU UCIIOIb30BaHNM BellleCTBeHHBIX UMCesl CTUPAETCS I'PaHb MEeXIY IMOTYOTKPbI-
TBIMM ¥ 3aKpBITBIMM [Aualria3oHaMy, Hampumep, std::uniform_real_distri-
bution<float>(0®, 1)(g) Ha BIIOJIHE 3aKOHHBIX OCHOBAHMUAX MOXXET BEpPHYTH
float(1.0), etn GymeT creHepMpPOBaHO YMCIO, TOCTATOUYHO OnM3Koe K 1, M3-3a
OKpYTJIeHMSI BBEPX IPUMEPHO Kaxkaoro 225-ro pesynbraTa. (Ha MOMeHT HamMcaHusI
9TUX CTPOK 6ubmnoTeka libc++ mgeitcTBoBasa, Kak onycaHo 3aeck. [Iyis GNU libstdc++
ObLIa BBIMYIIEHA «3alljlaTa», KOTopast OKPYIIsIa BHU3 UMC/Ia, 6/u3Kue K 1, YTo6bI
pe3ynbTat MeHbiie 1.0 MosBIIS/ICS Yalle, YeM MOXKHO 6bIIO ObI TTpencKas3aTh.)

leHepupoBaHue BbI6OpoK ¢ normal_distribution

Haubosee mpakTUYHBIM, TTOKAITYIA, SIBJISIETCSI HOPMAJIbHOE pachnpedeietue, TakxKe
M3BECTHOE KaK KOJIOKOJIOOOpa3Hasi KpuBasi. B peaibHOM Mype HOpMaJIbHOE pac-
TipefieJieHyie BCTPeUYaeTCsT MOBCIONY, B YACTHOCTM B pacIipemeeHnu huU3udecKux
MIPU3HAKOB B MOMy/suK. Hampumep, ructorpammMa pocTa B3pOC/IbIX JTIOJel UMeeT
BUJI KPMBOI HOPMAaJIbHOTO pacIipeneneHus — 60sblile BCero JIoeit cocpeoToueHO
OKOJIO CpeJHero 3Ha4eHus, U UX UMCIO YMEHbIIAeTCsl K KpasiM. DTO 03Ha4YaeT, YTO
HOpMaJIbHOE paclipezesieHye MOXHO VCIIONb30BaTh 151 IIPMCBaMBaHMs Beca, pocTa
U OIPYTUX IPU3HAKOB I[IePCOHa)kaM B UTpe.

Merog std: :normal_distribution<double>(m, sd) KOHCTpyUpPYyeT dK3eMILISIP
normal_distribution<double> ¢ 3amaHHBIM CpeqHUM (M) ¥ CTAaHAAPTHBIM OTKJIO-
HeHUsIMHA (sd). (IIo ymomuaHuio 3TU IMapaMeTpbl MOIy4YaloT 3HaUeHUsI m=0 U sd=1,
TaK YTO BHUMATEIbHO CIefuTe 3a oneyaTkaMu!) BoT mpumMep uCronb30BaHMs noT -
mal_distribution musa cosmanust Bbioopku n3 10 000 HOpMaTbHO pacIpeneneH-
HbIX 06PA3II0B C MOC/IeIYIONIeli TPOBEPKOIT TapaMeTPOB UX pacIpeeeHns:

double mean = 161.8;
double stddev = 6.8;
std: :normal_distribution<double> dist(mean, stddev);

// VHMUManM3npoBaTb reHepaTop.
std::mt19937 g(std::random_device{}());

// 3anonHuTb BekTOp 10 000 06pa3uoB.
std: :vector<double> v;
for (int i=0; i < 10000; ++i) {
v.push_back( dist(g) );

3
std: :sort(v.begin(), v.end());

// CpaBHUTb OXMAAHWA C PeasibHOCTbK.
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auto square = [](auto x) { return x*x; };
double mean_of values = std::accumulate(

v.begin(), v.end(), 0.0) / v.size();
double mean_of squares = std::inner_product(

v.begin(), v.end(), v.begin(), 0.0) / v.size();
double actual_stddev =

std::sqrt(mean_of_squares - square(mean_of_values));
printf("Expected mean and stddev: %g, %g\n", mean, stddev);
printf("Actual mean and stddev: %g, %g\n",

mean_of values, actual_stddev);

B omnuume or Apyrux pacripeneneHuii, KOTOpble Mbl YBUIMM B 3TOJ I7aBe,
std::normal_distribution MMeeT BHYTPEHHee COCTOsiHMe. [l KaXXAoro reHe-
pUpyeMoro sHaueHus (06pasiia) MOXXHO CO3aTh HOBBIN 9K3eMIUIAp std: :normal _
distribution, HO 3TO HaHeceT ymep6 3PPeKTUBHOCTY PaBOThI MPOTPaMMBbI. ITO
OOBSICHSIETCSI TEM, UTO Haubojee MOMYASIPHbIA aJrOPUTM HOPMAaJbHOTO pacipe-
JleJleH)sl 3HauUeHUl NPOM3BOAUT [1BA He3aBUCMMBIX 3HAUEHMS B KaXXJO0M Ilare;
std::normal_distribution He MOKET BepHYTb Cpa3y JOBa 3HaueHMs, IT0OITOMY
OJJHO M3 HUX 3aIlIOMMHAEeTCsl B [lepeMeHHOl-IeHe 1 BO3BpalllaeTcsl BaM IIpu ciie-
noytouieM obparneHun. I OUMCTKY XPAaHMMOTO COCTOSIHUS MOYXKHO MCITO/Ib30BaTh
dbyHKUMIO-wieH dist . reset(), HO BaM efBa Ji1 3TO MOTpebyeTcs.

B3BeweHHbI BbI6Op € discrete_distribution

Meton, std::discrete_distribution<int>(wbegin, wend) KOHCTpyuUpyeT
IVCKPETHOe, WM B3BellleHHOe, paclipelesieHne C ITONYOTKPBITBIM JIMala3oHOM
[0, wend - wbegin). [IpMHIUII ero AeiiCTBUS MPOIe OOBSICHUTD Ha ITPUMepE:

template<class Values, class Weights, class Gen>
auto weighted_choice(const Values& v, const Weights& w, Gen& g)
{
auto dist = std::discrete_distribution<int>(
std: :begin(w), std::end(w));
int index = dist(g);
return v[index];

3

void test() {
auto g = std::mt19937(std: :random_device{}());
std: :vector<std::string> choices =
{ "quick", "brown", "fox" };

std: :vector<int> weights = { 1, 7, 2 };
std::string word = weighted_choice(choices, weights, g);
// B 7 cnyyaax u3 10 oxmpaerca, yro word=="brown".

3

Meton, std::discrete_distribution<int> cO3[LaeT BHYTPEHHIOIO KOIIUIO
weights B CKPBITOI ITlepeMeHHO-uieHe T!IIa std: : vector<double> (1, KaK 0ObIY-
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HO i1 <random>, He TMOIIep>KUBAeT BbIOOp AycIieTuepa mamsTu). Kommio sToro
BEKTOpa MOKHO MOJTYYMUTh BBI3OBOM dist.probabilities():

intwl]=4{1,0, 2,17
std::discrete_distribution<int> dist(w, w+4);

std: :vector<double> v = dist.probabilities();
assert((v == std::vector{ 0.25, 0.0, 0.50, 0.25 }));

Bam penxko mpupetcsa ucnonb30BaTh discrete_distribution HemocpenCcTBEH-
HO; B JIy4llleM CJTydyae Bbl MHKAIICY/IMpyeTe ero B HEUTO Bpojie Mpeabiayieit QyHK-
uuyu weighted_choice. UToObl M36ekaTh MCIIONb30BAHMS AMHAMUYECKON HaMsi-
TU UJIM OTlepalyii ¢ BeIeCTBeHHbBIMY UMC/IaMM, MOKHO HaIMcaTh 60jiee IPOCTYIo
(yHKIMIO, HE MCITOMb3YIONTYI0 AMHAMUYECKYIO TaMsITh, KaK ITOKa3aHO HIKe:

template<class Values, class Gen>

auto weighted_choice(
const Values& v, const std::vector<int>& w,
Gen& g)

int sum = std::accumulate(w.begin(), w.end(), 9);
int cutoff = std::uniform_int_distribution<int>(@, sum - 1)(g);
auto vi = v.begin();
auto wi = w.begin();
while (cutoff > *wi) {
cutoff -= *wit++;
++vi;

3

return *vi;

}

OnHako BbIOOp BellleCTBEHHOV apudMeTHKY IJist 6M6IMOTEUHO peanusalyumn no
ymonuaHuto discrete_distribution MMeeT BeCKOe OCHOBaHMeE: OHA M30aBJIsSIET OT
6eCITOKOJCTBA O IeJ0YMCIAEHHOM MepernoaHeHnn. [Ipeapinymmii Koa HauHeT Mpo-
M3BOJINUTDH OIIMOOUYHbBIE PE3YIbTAThl, €CJIM 3HAUEHME CYMMBbI IPEBBICUT IMAIa30H
int.

Mepemewmsanue kapr c std::shuffle

3aBepuIuM 3Ty I7IaBy 3HAKOMCTBOM C std: : shuffle(a,b, g), CTaHOAPTHBIM aJIro-
PUTMOM, KOTOPBII IIPUHMMAET reHepaTop CAy4aiiHbIX yucena. DTO MepeCcTaHOBOY-
HbIV aJITOPUTM, KaK OIpeesieHo B IJ1aBe 3 «AJITOPUTMBI C ITapaMy UTEPaTOpoB». OH
IIpMHMMAaEeT Auara3oH 3JIEMEHTOB [a,b) U [epeMellBaeT X, COXpaHsIsI 3HaUeHNS,
HO He MeCTOIIOIOXKEeHMSI.

Mertop, std: :shuffle(a,b,g) nossuicsa B C++11 B3aMeH 6oJiee CTaporo ajaro-
putMa std: :random_shuffle(a,b). CTapblil alTOPUTM «CIy4aiiHO» IlepeMelInBal
IMarasoH [a,b), HO eMy HeJb3sl ObLIO MMEpefaTh MCTOUHMK CJIydaiiHbIX umcen. Ha
MPaKTKKE 5TO 03HAYAJIO MCIIOJIb30BaHMe IJI00abHOM QYHKIMM rand() CO BCeMU
COMYTCTBYIOIIMMM TTpobaemMamMu. Kak Toabko craHgapt C++11 mo6aBui 3arojioBok
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<random>, OIpeHeNsIomNii CTaHZAPTHBINA COCO6 TpencTaBieHus TeHepaTOpoB
CTy4YaliHbIX UMCeJI, TOSBUIACh BO3MOXHOCTH M36aBUTHCS OT CTApPOrO aJrOPMUT-
ma random_shuffle, o0cHOBaHHOr0O Ha rand(), 1 HauuHast ¢ C++17 std::random_
shuffle(a,b) 6oJbIlle He SIBJITETCS YaCThIO CTaHIapTHOI 6ubaoTeku C++.

Bot kak MoskHO Mcmonb3oBaTh C++11-Bepcuio std: : shuffle mjis nepemeninBa-
HMS KOJIOAbI UTPAIbHBIX KapT:

std: :vector<int> deck(52);
std::iota(deck.begin(), deck.end(), 1);
// Tenepb deck comepxuT uenble yncna ot 1 pgo 52.

std::mt19937 g(std::random_device{}());
std: :shuffle(deck.begin(), deck.end(), g);
// Tenepb copepxmmoe deck nepemewaHo B Cly4YanHOM nopsake.

HanomHtIo, 4TO BCe 2eHepamopst B <random> IOJHOCTBIO NeTePMUHMPOBAHbI, TO
€CTb 9K3eMIUIAP std: :mt19937, HanpMUMep, MHULIMAIU3MPOBAHHbI (QUKCUPOBaH-
HbIM 3HaueHueM, Oy[eT MPOU3BOAUTb B TOUHOCTYU OHY U TY JKe IOC/IeN0BaTelb-
HOCTb Ha 1106071 aTdhopme. Ho 9TO He OTHOCUTCS K pacIipeiesieHnsIM, TAaKUM Kak
uniform_real_distribution, ¥ He OTHOCUTCS K aaroputmy shuffle. Ilepexioue-
Hue ¢ libc++ Ha libstdc++ mm maske mpocToe 06GHOBJIEHME BEPCUY KOMITUJISITOPA MO-
JKeT U3MEHUTH ImoBeJieHMe std: : shuffle.

O6paTuTe BHMMAaHMe, UTO B IPeAbIAYIIeM IIpUMepe MCIIOIb3YEeTCST <IIPOCTOI»
MeToH, MHUIIMaau3aum anroputma Mersenne Twister, a 9TO 3HAUUT, YTO OH OyHeT
TOAAEPKUBATH TOJIBKO 4 x 10° pa3HbIX BApMAHTOB nepemMenimBanus u3 8 x 1097 Bos-
MoxkHbIX! Eciu BBl coOOMpaeTech OpraHM30BaTh IMepeMellyBaHyue KapT [JIsS UTPbI
B HACTOSIILIEM Ka3MHO, BaM OIpele/IeHHO CTOUT UCIO0/Ib30BaTh «yTOMUTEIbHBIN»
MeTOJ, MHULIMAMM3aLMiK, OIIMCAaHHbIN BBIIIE B 3TOI [JIaBe, WIM — ellle MIPOolle, ecin
MIPOM3BOIUTEIBHOCTD HE SIBJISIETCST ITPO6IeMOii, — UCIOb3YiiTe std: : random_de-
vice HENOCpPeaCTBEHHO:

std::random_device rd;
std: :shuffle(deck.begin(), deck.end(), rd);
// Tenepb copepxumoe deck nepemewaHo B UCTWHHO cnyuaiiHoM nopspke.

BbI MOJKeTe UCIOTb30BaTh B std: : shuffle 1060 reHepaTOp M METOI MHUITMUAII -
3a1Mu. B 3TOM 3aK/II0YaeTCsI OTPOMHOE ITPEVMYIIeCTBO KOMOVMHMPYEMOTO MTOAX0Aa
K TeHepaluy CTy4aifHbIX YyCesl, peajq30BaHHOTO B CTAaHIapTHO 616moTeKe.

Utoru

CranmapTHasi 6UMOIMOTEeKa peajau3yeT OBa MeXaHM3Ma, MMEIOIINX OTHOIIEHUS K
reHepaluy CTyYaifHbIX UMCeNT, — 2eHepamopsl v pachpedeneHus. [eHepaTopsl MMe-
10T BHyTpPeHHEee COCTOSIHME, TO/KHBI MHUITMAIU3MPOBATbCS HaYaIbHbIM 3HAUEHU-
€M ¥ MPOU3BOIST 6e33HAKOBBIE IEIOUMCIeHHbIe 3HAaUeHUsT (6UTHI) TOCPEACTBOM
operator()(void). K Haubomee BaXXHBIM OTHOCSITCSI [IBa TUIIA TE€HEPATOPOB:
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std: :random_device, KOTOPBIii POM3BOAUT MO-HACTOSIIEMY C/TyUaifHble GUTHI, U
std: :mt19937, KOTOPBIi MPOM3BOAUT IICEBAOCTYUYAiHbIE OUTHI.

PacripeneneHust 00b/uHO He UMMEIOT CBOETO COCTOSIHMSI ¥ TIPOM3BOIST UMUCIIO-
Bble 3HaUEHWUS IOCPenCTBOM operator()(Gend&). YHallle ApyruxX B IPaKTUKE IIPO-
rpaMMMpPOBaHMS MCIIONb3YeTCs pacrnpeneneHme std::uniform_int_distribu-
tion<int>(a,b), KOTOpoe MPOMU3BONUT Iiejble uyMcjia B 3aKPBITOM [yarna3oHe
[a,b]. B cranmapTHOil 6MGIMOTEKE peasn30BaHbl TAKKe APyrue pacrpeneneHus,
Takye KakK std::uniform_real_distribution, std::normal_distribution u
std: :discrete_distribution, a Takke HECKOJIbKO J0BOJIbHO 3aMbICJIOBAThIX pac-
npefesieHnit, 6ojee MHTEPECHBIX MaTeMaTUKaM M CTaTUCTUKAM.

[TprMepomM MCIIONB30BAHUSA CIYUYAMHOCTU MOXKET CJIYKUTb CTaHLAPTHBIN ajaro-
put™m std: :shuffle, KOTOpbIit 3aMeHWT Gojee CTapbiit std::random_shuffle. He
UCIIONb3YiiTe random_shuffle B HOBOM KOJe.

[TomHMUTE, 4TO std: :mt19937 AeiicTBYET OAMHAKOBO Ha Bcex IaTdopmax, HO 3TO
He OTHOCUTCA K paciipeneneHmsaM u std: : shuffle.



rasa 1. 2

MdaiinoBas cucrtema

OmHMM 13 CaMbIX 3aMEeTHBIX HOBIIECTB, IossBuBLINXCcs B C++17, crana 6ubamnoreka
<filesystem>. OTa 6MOMMOTEKA, KaK 11 MHOTMeE APyT/ie BaXKHbIe 0COGEHHOCTY COBpe-
MeHHoro C++, 6blIa 3aMMCTBOBaHa 13 mpoekTa Boost. B 2015 1. oHa 6bl1a BKIIOUEHA
B TEXHMUECKYIO CITenGUKALNIO CTaHIapTa IJ1sT c6opa OT3hIBOB 1, HAKOHEII, BOIIIA
B cocTaB craHpapra C++17 ¢ HEKOTOPBIMYM M3MEHEeHMSIMI, BHECEHHBIMU T10 Pe3yJib-
TaTaM OT3bIBOB.

B 5T0I1 r/1aBe BbI TO3HAKOMUTECH:

O ¢ peanusaumeit B <filesystem> BO3BpaTa AMHAMMUUYECKU TUIIU3UPYEMBbIX
omM6oK 6e3 BO36YKIeHMsT VCKIIIOUEHM, U KaK TO K€ CaMOe MOXHO peasu-
30BaTh BPYUHYIO;

O ¢ dopmaToM nymu M TPUHIMUINATHLHO HEe COBMECTMMbBIMU TOJOKEHUSIMU
POSIX 1 Windows;

O c npuemamu ronyueHust uHGopManum o ¢aiiaax 1 06xoma KaTaJoroB Ha 0c-
HOBE MCII0JIb30BaHMSI TIePEeHOCUMBIX aJiTOpUTMOB U3 C++17;

O co crtocobamu CO34aHNs, KOIMMPOBAHMS, IIEPEMMEHOBAHMSA 1 YIAJICHUS d)aﬁ-
JIOB M KaTaJIOT'OB;

O ¢ meTomoMm ompeneneHus o6bemMa CBOGOSHOIO MPOCTPAHCTBA B (aiiioBOIA
cucreMme.

MpuMeyaHue o NPOCTPaHCTBaX UMEH

Bce ctaHmapTHbBIE MHCTPYMEHTSI [IJ1s1 paboThI ¢ GaitytoBbIMu cuctemamu B C++17 co-
CpeIoTOYeHbI B e AMHCTBEHHOM 3arojioBKke, <filesystem>, ¥ B @IMHCTBEHHOM ITPO-
CTPAHCTBE MMeH namespace std::filesystem. Takag opraHusauus cienyet Ipe-
LIeeHTY, CO3JaHHOMY 3arOIOBKOM <chrono> B C++11 ¢ ero mpoCcTpaHCTBOM MM€EH
std: :chrono. (B 9TOI1 KHUTe OTCYTCTBYeT IMOJHOE OMNUCaHue <chrono>. A UCIOb-
30BaHMe COOTBETCTBVYIOIIMX MHCTPYMEHTOB C std::thread u std::timed_mutex
KpaTKO ONMUCHIBAETCS B IMIaBe 7 «KOHKypeHIsI».)

Takas opraHmMsanusi IPOCTPAHCTB MMEH O3HAYAET, YTO MPU UCMIOIb30BAHUY UH-
CTPYMEHTOB U3 <filesystem> Tpe6GyeTCsT MCIOIb30BaTh TaKue UAEHTUDUKATOPBI,
Kak std::filesystem::directory_iterator u std::filesystem::temp_direc-
tory_path(). OTM NOJHbIE MUMEHA BBIIVISIAST AOBOIBHO rpoMo3aKo! Ho BHeIpeHne
BCEro MPOCTPAHCTBA MMEH B TEKYIIMIT KOHTEKCT C TTOMOIIbIO OObSIBIEHNUS using, —
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BEpOSITHO, ellle XYAInii Bbioop. [TociemHee mecsTUIeTHE HAC HACTOUMBO YUMIIU HE
MCITONIb30BaTh OObsIBIEHNME using namespace std, M 9TOT COBET PaCIIpOCTPaHsIeTCsI
Ha Bce IPOCTPaAHCTBA MMEH B CTaHAAPTHON 6MOIMOTEKe, KaK 6bI ITYOOKO OHU He
OBV BJIOKEHBI. B3IITHUTE Ha CJTeYIOIVI KO :

using namespace std::filesystem;

void foo(path p)
{

remove(p); // Kakas ¢yHKuUMS Bbi3biBaeTCA 34€Cb?

by

Topa3s[o aydiiie OnpenenuTb Nce800HUM NPOCMPAHCMBA UMeH B 06JIACTY BUAVIMOC-
™™ daiina (B daiise .cc) UaM B 067aCTV BUAMMOCTM MPOCTPAHCTBA MMeH (B daiire
.h). IlceBAOHMM TO3BOJIUT CChIIATHCS HA MPOCTPAHCTBO MMEH 110 HOBOMY MMEHH,
KakK MoKa3aHo HIKe:

namespace fs = std::filesystem;

void foo(fs::path p)
{

fs::remove(p); // HamHoro noHaTHee!

b

711 CChUIKM Ha IIPOCTPAHCTBO MMeEH std: :filesystem B OCTaBIIECS YaCTU TO
IJIaBbI S OYIy MCIIONMb30BaTh MCeBAOHUM fs. ITom cchUIKOM fs: :path s Gymy mop-
pasymeBarth std: :filesystem: :path. A mof cCbIIKOI fs: : remove s 6yay moapasy-
MeBaTh std: :filesystem: :remove.

Omnpepnenenyre rm06aabHOTO ICEBIOHMMA ITPOCTPAHCTBA MMEH fs Iae-TO ele
MMeeT TaKKe YMCTO ITparMmaTuieckoe IpermMylnectBo. Ha MOMeHT HammMcaHus 9TUX
CTPOK BCe TIPOM3BOIUTENN peannsanuii CTaHAAPTHON 6MOaMoTeKM, Kpome Micro-
soft Visual Studio, 3asgBunn o gobaBjaeHuy 3arojioBka <filesystem>. OgHAKO UH-
CTPYMEHTHI B <filesystem> OUeHb ITOXOXY Ha MHCTPyMeHTHI B libstdc++ m libc++
13 3arojioBKa <experimental/filesystem> 1 B Boost 113 <boost/filesystem.hpp>.
IMoaToMy, eciu TIOCIeIOBAaTENIbHO CChUIATHCSI HA HUX C MICIIOIb30BaHMEM IICEBIO-
HMMa TMPOCTPAHCTBA MMEH, TAKOTO KakK fs, BbI CMOXKeTe IMepeKITIouaThCsl C OTHOM
peanusauuy Ha IPYTyIo, TPOCTO M3MEHSIST OIIpe/ie/ieHNe TICEBAOHIMa, BMECTO TOTO
YTOOBI BBITTOJTHSITH ITOMCK C 3aMeHOI BO Bcelt 6a3e Koma. Crieayioniii pparMeHT MUi-
JIIOCTPUPYET MIPAaBOTY MOUX CJIOB:

#if USE_CXX17

#include <filesystem>

namespace fs = std::filesystem;
#elif USE_FILESYSTEM_TS

#include <experimental/filesystem>

namespace fs = std::experimental::filesystem;
#elif USE_BOOST

#include <boost/filesystem.hpp>
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namespace fs = boost::filesystem;
#endif

OueHb pIMHHOE NpuMeYaHue 06 yBeaAOMIEHUNX
00 owmnobKax

IporpammucTsl Ha C++ VUCIBITHIBAIOT JIIOOOBb M HEHABUCTH K YBELOMJIEHUSIM 06
ommbkax. B JTaHHOM ciTyuae Tof, «yBeJOMJIEHUSIMU 00 OIIMOKaxX» s MOpa3yMeBa:
«YTO JenaTh, eCIY HET BO3MOXXHOCTH BBIITOJIHUTD 3aIlIPOLIEHHYIO ollepaunio». Kinac-
CUYECKWI, TUTIMYHBIN U BCE ellle JIyYIInii BAPUAHT YBEOOMUTH O mpobieme B C++ —
BO30OYIUTH UCKITIOUEHME. B TpebIIylnX IJIaBax Mbl BUAEIU, YTO MHOTA VICKITIO-
YyeHMe — eIMHCTBEHHbI PA3yMHbIIT CTIOCO6 13-32 HEBO3MOKHOCTY BEPHYTH UYTO-TO
BbI3bIBaloleMy Koxy. Hampumep, ecnm Bamieit 3ajaveil 6bII0 KOHCTPYMPOBaHME
00beKTa, M Orepalus ero Co3JaHus MoTepriesia Heyauy, Bbl HUUET0 He CMOKeTe
BEPHYTb; KOIZIa KOHCTPYKTOP TEPIIUAT Hey[auy, OCTaeTCsl €fMHCTBEHHBIV IYTh — BO3-
6youTh uckIroueHne. Ho Mbl Takke Bumenn, 4To (B miaBe 9 «I10TOKM BBOA/BbIBO-
Ia»), 4TOo 6UOIMOTEKA <iostream> OTCTymaeT OT 3Toro mpaswia! Ecim omepauyst
co3maHusl o6bekTa std::fstream moTepriesia Heymauy (Hampumep, u3-3a HEBO3-
MOXXHOCTM OTKPBITb YKa3aHHbI (aiir), OHa He BO3OYIUT UCK/TIOUEHNST; BMECTO 3TO-
T'O BbI ITOJTYYMTE MTOJTHOIIEHHbBI 00BeKT fstreamc £f.fail() && !f.is_open().

[TpyuyHa TaKOro «IIOXOro» NMOBeLeHUs fstream 3aKI0YaeTCs] B OTHOCUTEIbHO
BBICOKOI1 BEPOSITHOCTH, UYTO YKA3aHHBIN (hail/l He MOXeT ObITh OTKPBIT. Bo36yxkme-
HIM€e UCKITIOUEHMSI KaXKIbIi1 Pa3, KOT[ja Helb3sl OTKPBITH (Paii, T0 CBOEMY HEYI0OCTBY
6/IM3KO K MCITO/Ib30BAHUIO UCKITIOUEHNI )11 YIIPaBJIE€HUS TIOPSITKOM BBITIOTHEHUSI,
U 3TOTO KeJaTeNbHO 136erathb. [I03TOMy, YTOOBI He 3aCTaBISITh MPOTPAMMMUCTA TI0-
BCEMECTHO MCITOIb30BaTh KOHCTPYKIMIO try/catch, 6MGIMOTEKA BO3BpAIlaeT TOT
>Ke pes3yJbTaT, YTO M IIPY YCIEeNIHOM olepanuy, HO JaeT BO3MOXHOCTb TPOBEPUTD
pes3ynbTaT (C MOMOIIbI0 0OBIYHOI MHCTPYKLIVY if, a He catch).

Brarogapst 5ToMy MOXXHO 130€KaTh TAKOTO 3aITyTAHHOTO KOJa:

try {

f.open("hello.txt");

// ®ain 6narononyyYHo OTKPLIT.

catch (const std::ios_base::failured) {
// Tlpn OTKpbITMM Npousowna ownbka.

3anucaTb TO Xe caMoe npole:
open("hello.txt");
if (f.is_open()) {
// ®ain 67aronofy4yHO OTKPHIT.
} else {
// Tlpn OTKpbLITMM Nponsowna ownbka.

b
b
"
f.

}

OTOT MOIXOJ, XOPOIIO paboTaeT TaM, I7ie pe3yabTaTOM Olepalyy SIBISIeTCS TsKe-
JIOBECHBIV 0OBEKT (HaIpumep, fstream B iostreams), MMeIOIINii MpU3HAK OWUUOOUHO-
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20 COCMOSIHUS, VI TOe TaKOM MpM3HaK MO>XHO ,ZLOGaBI/ITb Ha 3Tarie IIpOeKTPOBaHMA.
Ho oH umeeT cBOM HeJOCTATKU U HEIPpMMEHMM B CUTYalUAIX, I'le HET TaKOT'0 TsDKe-
JIOBECHOTrO Tuna. Mbl BUzenmn HO,HO6HY}O CUTyallMIO B IlaBe 9 «IToTOKM BBOIa/BbIBO-
noa», Korga pacCMaTpuBaIn CII0COOBI IMapCuHra IeJjblX 4mces U3 CTPOK. Ecmu ommbka
MaJIOBEPOSATHA MJIN «MCIIOJIb30OBaHME VUCKIIOUeHUI [IJ1s1 YIIpaBJJI€HUA ITIOPAIKOM BbI-
IIOJIHEHVSI» He yXyAlIaeT IIPOM3BOAUTEIbHOCTb, MbI MCIIO/Ib3yeM std: :stoi:

// MNoaxoa Ha OCHOBE WMCKJIOYEHWUNA .

try {

int i = std::stoi(s);

// TIapCUHT BbINOAHEH YCMEWHO.
} catch (...) {

// Oumnbka napcuHra.

}

A et Hy)kHa COBMeCTUMOCTb ¢ C++03, MBI UCIIONB3yeM strtol, KOTopas yBe-
JOMJISIET 00 OIIMOKeE uepes INI00aIbHYI0 IIepeMeHHYI0 (JIOKaJIbHYIO JIJISI TOTOKOB BbI-
MMOJIHEHNST) TIEPEMEHHYIO errno:

char *endptr = nullptr;
errno = 0;
long i = strtol(s, &endptr, 10);
if (endptr != s & lerrno) {
// TIapCUHT BbINOMHEH YCMEWHO .
} else {
// Ownbka napcuHra.

}

Cnepnys cynepcoBpeMeHHOMY cTuiato C++17, Mbl ucnoib3yeMm std: : from_chars,
KOTOpasi BO3BpalllaeT JIETKOBECHYIO CTPYKTYPY C yKasaTeleM Ha KOHel CTPOKU U
3HaueHMeM TUIIa [epeunciieHns std: : errc, onpefensoluM ycIex Uin Heyrady:

int 1 = 0;
auto [ptr, ec] = std::from_chars(s, end(s), 1i);
if (ec != std::errc{}) {
// TIapCUHT BbINONAHEH YCMEWHO.
} else {
// Owmnbka napcuHra.

}

Bubnnoreke <filesystem> TpebyeTCs] aHAOTUYHAS] BO3MOKHOCTb YBEIOMIIEHUS
006 ommbKax, Kak B std: : from_chars. [IpakTuuecku jobast ornepauusi ¢ ¢haiioBoit
CUCTEMOM MOXEeT 3aBepIIUThCS Heyaauei 13-3a NeiiCTBUM OPYTrUX Mpo1eccoB, Bbl-
TTOJTHSIIOIIMXCST B CUCTEME; TT03TOMY BO3OYKIeHMe UCKIIoUeHnit (a-yis std: : stoi)
110 CBOEMY Heym0OCTBY OIM3KO K MCITOMb30BAHUIO VICKITIOUEHUI AJIsSI YIIpaBIeHMS
MTOPSIAKOM BBITIOHEHMSI. Ho mepemavya ¥ mpoBepka «OIMMOOYHOTO pe3yibTaTar,
TaKOTO KaK ec, TOKe MOXXET CTaTh YTOMUTETbHBIM 3aHSITMEM, YPEBATHIM OIIMOKA-
vu. [TosTomy 6BIJIO peleHo peann30oBaTh 110 IBa MHTepderica MmouTH s KasKooit
(GyHKIMM B 3arojioBKe <filesystem>!
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Hampumep, BOT ABe GyHKIUM U3 <filesystem>, onpenensiomnie pasmep taitna
Ha JIMCKe:

uintmax_t file_size(const fs::path& p);

uintmax_t file_size(const fs::path& p,
std::error_code& ec) noexcept;

O6e mpMHUMAIOT fs: :path (0O6CYyKHmaeTcst Jajee B 9TOI IVIaBe) ¥ BO3BPAIAIOT
3HaUeHMe uintmax_t C pa3sMepoM yKasaHHOro (aiiia B 6aiitax. Ho uto cryumres,
eC/Iv yKa3aHHbI (aiia He cyllecTBYeT MM CYIeCTBYeT, HO TeKYIIuii TT0Jib30BaTeb
He MMeeT IIpaBa 3arpanmBaTh ero pasmep? IlepBas GYHKIINS B 9TOM CIydae 8030y-
dum uckaoueHue fs: :filesystem_error, a Bropas (KoTopas (akTuyecky OTMeueHa
crieniM(PUKaTOPOM noexcept) 3alOTHUT TTapamMeTp ThMa std: : error_code MHMOp-
Maifuei 06 ommbKe (M1 OUMUCTUT €T0, eCIU OTlepanyst BIITOTHMUIIACH YCITEITHO).

CpaBHUB curHatyphl fs: :file_size u std: :from_chars, MOXXHO 3aMeTUTb, UYTO
from_chars npuHMMaeT napamMeTp TuIa std: :errc, a file_size — mapameTp TuIiia
std: :error_code. TU iBa TUIIa, HECMOTPS Ha CXOJICTBO, JaJIeKO He OJTHO U TO 3ke!
YTo6bI TTOHSITh PA3HUILY — U CAMY apXUTEKTYpy <filesystem> API, He BO306yKna-
I0I[eTO UCKJIIOUEeHUI, — COBePIIMM KOPOTKMUII Typ MO APYroil 4acTu CTaHAAPTHOM
6ubmmorexku C++11.

Ucnonb3oBaHue <system_error>

Pasnanunst MeXXIy MexaHM3MaMM YBeIOM/IeHMi 06 olmMoKax B std: : from_chars
u fs: :file_size 006yCIOBIEHbI UX IPUPOTHOI CJIOKHOCTbIO. from_chars MOXeT IT0-
TepIieTh Heyaauy B IBYX CIyUastX — MO0 KOTIa CTPOKa He HauMHaeTCsI C MG PbI, MO0
Korzma 1nydp HaCTOIbKO MHOTO, UTO X HEBO3MOXKHO IIpeo6pa3oBaTh B 1IeJI0e UUCIO,
He BbI3BaB IepernoyiHeHMsI. B TlepBoM ciydae Kiaaccuueckuii (HO HeahGeKTUBHBIN 1
He6e30MacHbIi) crocob yBeZOMUTH 06 OIIMOKe 3aK/II0UaeTCs B TOM, YTOOBI ITPUCBO-
UTb IepeMeHHOIi errno 3HaueHue EINVAL (M BepHYTb HEKOTOPOe 6eCCMbICIEHHOe
3HaueHue, Takoe Kak 0). Bo BTopoM ciTyuae KiaacCUUeCKMil Crocob 3aKIovyaeTcs B
TOM, UTOOBI IIPUCBOUTH IIEPEMEHHOI errno 3HaueHne ERANGE (11 BepHYTb HEKOTO-
poe 6eccMbIC/IeHHOe 3HaueHue). [[pyMepHO TaKoii MOAX0, MCIIOIb3yeTcs B strtol.

CyTb B TOM, UTO from_chars MOXKET CTOJKHYThCSI TOJIbKO C ABYMSI, TOYHO OITpe-
IeeHHbIMM OIIMOKaMu. 1 UX JIeTKO OIMCcaTh eAMHBIM Hab0pOM KOMIOB, OIlpefesise-
MbIM B <errno.h>. To ecTb UYTOOBI HepeHecT strtol u3 1980-x B ABaaLIaTh IT€PBbIi
BeK, IOCTATOYHO IIPOCTO BEPHYTDb KO OMIMOKM HEIIOCPeICTBEHHO, a He KOCBEHHO,
yepe3 errno. IMeHHO 9TO 1 fejlaeT cTaHAapTHast 6ubnnoreka. Kimaccuueckue sHa-
YeHMs U3 <errno.h> Mo-TMpeKHeMY TOCTYITHbI KaK MaKpOChl, 0ObSIBJIEHHbIE B <cer-
rno>, HO HaumHasi ¢ C++11 oHM TaKKe OIpeIessIIoTCSl KaK CTPOro TUIM3MPOBAaHHOE
repeuncieHye B <system_error>, KaK IeMOHCTPUPYET CIemyIomuii GparMeHT:

namespace std {
enum class errc {
// "@" o3HayaeT "HeT owmnbkun"
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operation_not_permitted = EPERM,
no_such_file_or_directory = ENOENT,
no_such_process = ESRCH,

/] ...
value_too_large = EOVERFLOW

3 3/ namespace std

std::from_chars yBemomsiseT 06 ommMOKax, BO3Bpamias CTPYKTypy (struct
from_chars_result) c mepeMeHHOJ-4JIeHOM Tulla enum std: :errc, KOTopas Xpa-
HuT 0 B CJlyyae OTCYTCTBMS OIIMOOK, MM OHO M3 ABYX BO3MOXKHBIX 3HAUEHUIA,
OIpenesIoII X BU, OIIVOKIA.

A Temepb BepHeMCcs K fs: :file_size. KonmnuecTBo OMMOOK, C KOTOPBIMIM MOXKET
CTONKHYThCS file_size, HAMHOTO, HAMHOTI'O 60JIbIIIe — TOJBKO MTOAYMaiiTe O pa3HoO-
00pasuy onepauyioOHHbIX CUCTeM U (PaiiyIOBbIX CUCTEM, KOTOPbIE MMM ITOAAePXKIBA-
IOTCSI, YUTUTE TaKKe, UYTO HEKOTOpbIe (aiiyioBblie cucTeMbl (Takue Kak NFS) pacmpe-
JleJIeHbI B CETSIX Pa3HBIX TUIIOB, U BbI IIOJIMETE, YTO MHOKECTBO BO3MOKHBIX OIIMOOK
HeBOOOpa3syMO BeIUKO. IX MOKHO 6bIIO ObI OOBSIBUTH B BUZe 78 CTaHIAPTHBIX Ba-
PMaAHTOB B sys: :errc (M0 ogHOMY Ajs1 Kaxknoro POSIX-3HaueHus errno, Kpome
EDQUOT, EMULTIHOP 1 ESTALE), HO TOTrma moTepsuicst 6bI OTPOMHBIN 00beM MHMOpMa-
uyuu. Ilo KpaiiHeli Mepe, OAVH 13 BbINaBIIMX BapuaHTOB POSIX (ESTALE) siBasieTcst
IOITYCTMMBIM KOAOM OIIMOKY B fs: :file_size! U KOHeuHO, cama daiioBast cucTe-
Ma MoIvia 6bI BO3BPAIaTh CBOM KOAbI OIIMOOK; HAIIPMMEpP, HECMOTPS Ha HaJIUuMe B
POSIX cTaHmapTHOTO KOMA [JIsI OLIMOKM «CIMIIKOM IIMHHOe uMs daiina», B POSIX
HeT KOJIa OIIMOKM «HeAOIYCTUMbI CMBOJI B UMEHM» (II0 IIPUYMHAM, C KOTOPBIMU
MbI ITO3HAKOMMMCS B CJIeyIONIeM paszene). BosmMoskHo, daiiyioBas cucrema moske-
JIaeT COOOIIUTh MMEHHO 3Ty OIIMOKY, He 3a60TsICh O TOM, UTO fs: :file_size MOKeT
McUepraTh JOCTYITHBIN IMana3oH BapMaHTOB HEKOTOPOro (MKCUMPOBAHHOTO THUIIA
repeumciaeHnsl.

CymrecTBeHHas1 IpobeMa 3[ech B TOM, UTO He BCe OIIMOKM, BO3BpalllaeMble 13
fs::file_size, UMEIOT OOVH U TOT K€ UCMOUHUK, & 3HAUNUT, X HeIb34 IIPeaCTaBUTh
OIHMM (PUKCHMPOBAHHBIM TUIIOM (HampuMmep, std::errc). MexaHU3M MCKIIOUe-
HMit B C++ 3JIeTAaHTHO pelllaeT 9Ty MpoOaeMy; AJisI Pa3sHbIX YPOBHEN MPOrpaMMbl
HOPMAJIbHO ¥ €CTeCTBEHHO BO30YKAATh pasHbIe TUITbI UCKIIOUeHM. ECm cambiit
HIDKHUI YPOBEHB ITPOTPaMMbI BO3OYAUT MUCKIIOUeHMe myfs: :DisallowedCharac-
terInName, cCaMblli BEpPXHUI CMOKET IePEeXBATUTD €ro — M0 MMEeHH, [0 KIacCy Wi
1o . ... Eciu ciemoBaTh MpaBuily — JII060€e VCKITIOUeHMe MO/KHO ObITh TOTOMKOM
std: :exception, — Torma Jt060Jt GJIOK catch CMOXKeT BbI3BaTh e.what(), UTOOBI
BBIBECTM O0JjIee UM MeHee OCMBICJIEHHOe OMMcaHue MpobieMbl, He3aBUCUMO OT ee
MIPUPOIBI.

CrangapTHasi 6M0OaMMOTeKa BOILIOIIAeT MAeI0 PasHOPOMHBIX OIIMO0K B 6a30BOM
KJjlacce std: :error_category:

namespace std {

class error_category {
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public:
virtual const char *name() const noexcept = 0;
virtual std::string message(int err) const = 0;

// Opyrue BWPTyaNibHble METOpl HE MOKa3aHbl

bool operator==(const std::error_category& rhs) const {
return this == &rhs;
}

3
} // namespace std

Knacc error_category IeiCTBYeT IOUYTH TaK e, KAK memory_resource U3 Ia-
BbI 8 «/lucreTuepsl MaMsITU»; OH OIpefesieT KIacCuueckuii monuMopdHbIit UH-
Tepdeiic, a 6UGIMOTEKM, KAV VCTIONb30BaTh €r0, MOTYT OMPENeIUTh CBOU
nopkaccel it. O6¢cykmast memory_resource, Mbl BUAEIM, YTO HEKOTOPbIE €ro Mo -
KJIACChl SIBJISTIOTCS IJI0OA/JIbHBIMM CUHIJITOHAMM, a8 HEKOTOpble — HeT. B ciyuae c
error_category Kaxdblii ITOOKACC 0JIH(eH OBITh IJI00ATbHBIM CUMHIJITOHOM, MHAaUe
OH He OyzeT paboTaTh.

YT106bI M3BJI€Ub MPAKTUUECKYIO TTOJIb3Y U3 PECYPCOB MaMSITH, OMOIMOTeKa JaeT
HaM KOHmeliHeps! (CM. I71aBy 4 «300IapK KOHTEHepoB»). Ha camom IpoCcTOM ypOB-
He KOHTEfHep — 3TO yKas3aTesib, MPeICTaB/ISIoNMii HEKOTOPYI0 06JacTb MMaMsITH,
TUTIOC deckpunmop pecypca namsmu, KOTOpbIit 3HaeT, KaK 0CBOOOAUTD 3Ty MaMSITh.
(HarmoMHI0, UTO 3TOT AeCKPUIITOP Ha3bIBaeTCs ducnemuepom namsimu.)

YTOoObI M3BJIEYD IPAKTUUECKYIO MTOJTH3Y U3 MTOJIKJIACCOB error_category, 6M6IMO-
Teka JaeT HaMm std::error_code. Ha camoMm IpocTom (M egMHCTBEHHOM B JaH-
HOM CJy4yae) ypoBHe error_code — 3TO 3HaUeHMe TUIla int, IpeACTaBsIollee KOg,
OLIMOKY, TUTIOC JECKPUIITOP error_category, KOTOPbIii 3HAET, KaK MHTEPIIPETUPO-
BaTb 3TOT KOJ:

namespace std {

class error_code {
const std::error_category *m_cat;
int m_err;
public:
const auto& category() const { return m_cat; }
int value() const { return m_err; }
std: :string message() const { return m_cat->message(m_err); }
explicit operator bool() const { return m_err != 0; }

// apyrue BCNOMOraTe/ibHblE METOAbl HE MOKa3aHbl

IR
} // namespace std

BoT Kak MOXKHO CO3[1aTh OMOIMOTEUHYIO TTOACUCTEMY IJIST TIOAIEPSKKY (PUKTUB-
HOJi (baitIoBOJi CHUCTEMBI:
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namespace FinickyFS {

enum class Error :
success =
forbidden_character
forbidden_word = 2,
too_many_characters

}5

struct ErrorCategory :

{

03

int {

1,

3,

std: :error_category

const char *name() const noexcept override {
return "finicky filesystem";

b

std::string message(int err) const override {

switch
case
case
case
case

3

(err) {

@: return
1: return
2: return
3: return

"Success";

"Invalid filename";
"Bad word in filename";
"Filename too long";

throw Unreachable();

3

static ErrorCategory& instance() {
static ErrorCategory instance;
return instance;

}
s

std::error_code make_error_code(Error err) noexcept {
return std::error_code(int(err), ErrorCategory::instance());

3

} // namespace FinickyFS

[penpIayImii IpMMep onpeessieT HOBYIO 06/1acTh OIM60K, FinickyFS: :Error,
BOIUIOLLIEHHYIO KaK FinickyFS: :ErrorCategory: :instance( ). OH 0O3BOJISIET CO3-
JaBaTb 0OBEKTHI TUIIA std: :error_code, Kak make_error_code(FinickyFS: :Er-

ror::forbidden_word).

ObpatuTe BHMMaHWE, YTO MEXAHWU3M apryMeHT-3aBUCMMOrO Mo-
ncka (Argument-Dependent Lookup, ADL) npaBuibHO OTbilweT
neperpyxeHHyt0 Bepcuio make_error_code 6e3 Halel MOMO-
WM. make_error_code SBNSETCS TOYKOW HACTPOWMKM, TOYHO Tak
Xe KaK swap: MpOCTO onpenenute QyHKUMIO C 3TUM UMEHEM B
MPOCTPAHCTBE MMEH C BalUMM MepeyncieHneM, a BCce 0CTaNlbHOe
KOMNUASTOp CAenaeT CaMOCTOSTENbHO.
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// Oumnbka 6narononyyHo yknaablBAeTCS B CTATUMYECKM TUMU3UPOBAHHbIN

// 0ObEKT C ceMaHTUKOM 3HayeHusa std::error_code

std::error_code ec =
make_error_code(FinickyFS: :Error: :forbidden_word);

// ...n ero "cTpoka c onucaHueMm" ocTaeTcs

// LOCTYMHOW, Tak Xe Kak B Cly4yae AMHAMUYeCKM
// TUNU3UPOBAHHOTO WUCKIKYEHUS !
assert(ec.message() == "Bad word in filename");

Terepb y Hac eCTb BO3MOXKHOCTb IlepefaBaTh Koabl FinickyFS: :Error uepes
cucremMy 6e3 rmoTepu MHGOpPMAIMM — 3aBOPAYMBAS UX B TPUBMUAIBHO KOMMPyeMbIe
00BEKTHI std: :error_code — U U3BJIE€KATh MX 0OPATHO HA BepXHEM ypoBHe. Hamm-
CaB 3TU CJIOBA, S 3aAyMAJICS: 3BYUMT KaK BOJMIIEOCTBO, KaK 06paboTKa VCKITIOUEHMI
6e3 mckmoueHnit! Ho, Kak BbI TOJIBKO UTO BUAEIN, PeaiM30BaTh BCE 3TO HE COCTaB-
JITeT Tpyaa.

Koabl owin6b0K 1 ycnoBus owno60K

O6patuTe BHMMAaHMe, UTO FinickyFS::Error $SBHO IIpeoOpasyeTcs B
std: :error_code; B IIOCJIeLHEM IIPMMepe MbI MCIIOJIb30BaIN CMHTAKCHUC make_er-
ror_code(FinickyFS: :Error::forbidden_word), 4To6bl CKOHCTPYMPOBAThH Ha-
YaIbHbIN 06BEKT error_code. Mbl MOJKeM cienaTh FinickyFS: : Error 6oee ymo6-
HBIM JJISI ITIPOTPaMMMCTa, eCIM COOOIINM <system_error>,4To FinickyFS: :Error
MOSKHO HESIBHO MpeoOpa3oBaTh B std: :error_code, KaK MOKa3aHO HIDKE:

namespace std {

template<>

struct is_error_code_enum<::FinickyFS::Error> : true_type {};
} // namespace std

BynbTe BHMMaTeNbHbI, IOBTOPHO OTKPLIBAs IIPOCTPAHCTBO MMEH std, — IIOMHU-
Te, YTO 3TO AOJDKHO JIeNIaThCsT 3a IpeIesiaMy JII0O0Tro APYroro MpoCTPaHCTBa MMeH !
Vuaue 6ymeT co30aHO0 BIOKEHHOE IMTPOCTPAHCTBO MMEH, Takoe Kak FinickyFS: : std.
B m1aHHOM KOHKPETHOM C/Ty4ae, eI BbI OIIMOeTeCh, KOMITMIISITOP M3BECTUT Bac Ipu
IIOMBITKE CIIeLMaIN3MPOBATh HECYIIECTBYIOMIMM TUIIOM FinickyFS: :std::is_er-
ror_code_enum. EC/ii BbI IIOBTOPHO OTKPbIBaeTe MPOCTPAHCTBO MMEH std, TOJIbKO
YTOOBI CIIENIMATM3UPOBATH TOT UJIV MHO¥ IMIA6I0H (M He HapylllaeTe CMHTAKCHC CIie-
LIMaaM3anui mabJoHOB), MOKeTe He OeCIIOKOUThCS, UYTO OIINOKa OCTAHETCS He3d-
MeUeHHOI.

[Tocne crienuanusanum std: :is_error_code_enum BalllMM TUIIOM Ilepeyucie-
HMsI 060 BCEM OCTa/IbHOM 0MO/IMOTeKa [103a060TUTCS caMa:

class error_code {
/] ...
template<
class E,
class = enable_if t<is_error_code_enum_v<E>>
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error_code(E err) noexcept {
*this = make_error_code(err);
3
+s

HesiBHOe 1Tpeo6pa3oBaHme, TOKa3aHHOE B MPeIbIAYIIEM ITpuMepe, o6ecreunBa-
€T yIO06GHBI CMHTaKCIC, HATIPUMED IIPSIMOe CpaBHEHMe MOCPEeICTBOM ==, HO, TaK
KaK KaXXIblii 00beKT std: :error_code HeceT MHpOPMAaIi0 06 061acTy, KOTOPOit
MIPUHAJIEKAT OlI6Ka, CPaBHEHME BBITIOTHSIETCS C TIPOBEPKOI TUITOB. PaBEHCTBO
3HAUeHM 06HEKTOB error_code 3aBUCUT HE TOJIbKO OT UX YeJIOUUCIEHHBbIX 3HaAUe-
Hull, HO TaKKe OT adpecos, CBSI3aHHBIX C HUMU CUHIJITOHOB error-category.

std::error_code ec = FinickyFS::Error::forbidden_character;

// CpaBHEHUs BbLINONHAKNTCS C Y4ETOM TUMOB.
assert(ec == FinickyFS::Error::forbidden_character);
assert(ec != std::io_errc::stream);

Crieranusanuus is_error_code_enum<X> MOXKET IIPUTOAUTHCS, €CJIU BbI COOU-
paeTech 4acTO IPUCBAMBATh 3HAUEHMS TUTIA X IepeMeHHbIM TUIa std: : error_code
VTV BO3BPAIATh MX U3 (PYHKINIT C TUTIOM BO3BPAaIllaeMOT0 3HAaUeHMs std: :error_
code. VIHBIMM CJIOBaMU, CITeIMaIM3alus Mojie3Ha, eCy Ball TUI X IefiCTBUTEIbHO
MpeACTaB/IsIeT MCTOYHMK OIIMOOK — TaK CKa3aTh, CTOPOHY YpaBHEHMsI, BO30OYyKaa-
IONIYIO VICKTIOUEeHMSI. A KaK HacyeT IPYroii CTOPOHBI, ITepexBaThIBAIOIIEI 3TU UC-
KITI0YeHns? JTOMyCTUM, Bbl 3aMETU/IU, UTO HATIMCAIU CJIEAYIOIYI0 QYHKIIMIO U ele
HECKOJIbKO ITOXOKMX Ha Hee:

bool is_malformed_name(std::error_code ec) {

return (
ec == FinickyFS::Error::forbidden_character ||
ec == FinickyFS::Error::forbidden_word ||
ec == std::errc::illegal_byte_sequence);
}

OTa QYHKIMS OTIpenensieT YHapHolll npeduxkam Ajist BCeit BCeJIEHHO KOMIOB OIIN-
00K; OHa BO3BpallaeT true [Js JII060T0 Koga OIMOKM, C KOTOPbIM CBSI3aHO MOHSI-
THe HelpaBWIbHO COPMUPOBAHHOTO MMEHM, C TOUKM 3PEHMSI Hallleil 6ubaMoTeKku
FinickyFS. MbI MO’keM MTPOCTO ITOMECTUTD 3Ty QYHKIIMIO IIPSMO B HAIry 6M6aMoTe-
Ky, Kak FinickyFS: :is_malformed_name() — 1 aKTUUECKA I COBETYIO ITOCTYTIATh
MMEHHO TakK, — HO CTaHAapTHAas1 6M6IMoTeKa peaan3yeT IPyroii BOSMOKHBIN MTOA-
xo[. BMecTo error_code MOKHO OomnpenennTb error_condition, HampuMep:

namespace FinickyFS {

enum class Condition : int {
success = 0,
malformed_name = 1,
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¥

struct ConditionCategory : std::error_category {
const char *name() const noexcept override {
return "finicky filesystem";

b

std::string message(int cond) const override {
switch (cond) {
case 0: return "Success";
case 1: return "Malformed name";

)
throw Unreachable();

b

bool equivalent(const std::error_code& ec, int cond) const
noexcept override {
switch (cond) {
case 0: return lec;
case 1: return is_malformed_name(ec);

}

throw Unreachable();

3

static ConditionCategory& instance() {
static ConditionCategory instance;
return instance;

)
¥

std::error_condition make_error_condition(Condition cond) noexcept

{
return std::error_condition(int(cond),
ConditionCategory: :instance());

3

} // namespace FinickyFS

namespace std {
template<>
struct is_error_condition_enum<::FinickyFS::Condition> : true_type

{3

} // namespace std

[Tocne atoro BbI3OB FinickyFS::is _malformed_name(ec) MOXHO 3aMeHUTb
cpaBHeHMeM (ec == FinickyFS::Condition::malformed_name), KaK II0Ka3aHO
HIKe:

std::error_code ec = FinickyFS::Error::forbidden_word;

// TMpaBas cTOpoHa HeABHO npeobpasyerca B error_code



334 <« [naBa 12.®arnosas cucteMa

assert(ec == FinickyFS::Error::forbidden_word);

// TMpaBas cTOpoHa HeABHO npeobpasyerca B error_condition
assert(ec == FinickyFS::Condition::malformed_name);

OpgHako Tak Kak Mbl He peanu3oBaiu (YHKUMIO make_error_code(Finic-
kyFS: :Condition), Gy#eT HEIPOCTO CKOHCTPYMPOBATh OOBEKT std: :error_code,
XpaHALNIA OOHO U3 3TUX YUIOBMIL. HO 3TO HOpMa/IbHO; IepeunciieHus] yCI0BUi
TpefHa3HaueHbl 1151 IPOBePKM Ha CTOPOHE, IlepexXBaThIBalolllel UCKII0UeH!s, a He
IJ1s1 Tpeobpa3oBaHus B error_code Ha CTOPOHe, BO36OYKIaoMIell UX.

CranpmaprHasi 6MbMMOTeKa MPeNoCTaBsIeT ABa TUIA MepeuucjieHuit ¢ Komamu
ommMoOoK (std: : future_errc U std: :io_errc) ¥ OAVH TUII TIEPEUUCTEHUS C YCIO-
BUSAMHU (std: :errc). IMEHHO Tak — std: :errc B JeMiICTBUTEIbHOCTU I€PEYUCIISIeT
ycnosus, a He K00l omIMO0K! To ecTb 6bUIO Obl HEMTPABUIIBHO IBITATHCSI TPUCBOUTD
Kop, omn6ky POSIX 06bekTy std: :error_code; 3TO YCIOBUS, TIpeJHa3HAYEHHbIE
IJIST TPOBEPKM HA CTOPOHeE, TlepexBaThIBalolllelt UCKIIOUeHMs, a He BO30yKaatoliei
ux. K coxkaneHutio, cranmapTHasi 6ubIMoTeKa MPOSIBIISIET HEMOCIeI0BaTeTbHOCTh
B 3TOM OTHOLIEHMM, II0 MeHbllleil Mepe NBaXIbl. Bo-MepBbIX, KaK Mbl BULEIN,
std: :from_chars BO3BpallaeT 3HauUeHMe Tuma std: :errc (UTO BABOJiHE HeyH06-
HO; IIpaBMU/IbHEE ObIIO OBl BO3BpaIlaTh std: : error_code). BO-BTOPBIX, CYIIECTBYET
dyHKIMS std: :make_error_code(std: :errc), BHOCAIIAS ITyTaHUILy B CEMaHTM-
YyecKoe [IPOCTPaHCTBO, XOTS B IeViICTBUTEIbHOCTY O/KHA CYILeCTBOBATH (U CYLLeCT-
BYeT) TOJIbKO std: :make_error_condition(std::errc).

Bo36yxaeHue ownb0K ¢ std::system_error

Ilo cux TOp MBI paccMaTpUBaIM std: :error_code — OTIMYHYIO aJIbTEPHATUBY
MCITOJIb30BaHMIO MexaHu3Ma 06paboTKu MckimoueHnii B C++. Ho mHorma mpuxoanuT-
€SI CMeIMBaTh OMOMMOTEKM, BO3OYKAAIONIME 1 He BO30YKIAIOIIVe VCKIIOUEHNST, Ha
PasHbBIX YPOBHSIX cucTeMbl. CTaHmapTHasi 6MOIMOTEKA TTOMOKET BaM PEIlNUTh, 10
KpailiHeil Mmepe, MOJIOBMHY 3TOM 3afauu. std: :system_error — KOHKPETHBIN TUII
MCKJTIOUEHMS, TPOM3BOIHBIN OT std: : runtime_error, KOTOPbI MMEET TOCTATOUYHO
MecTa AJIs1 XpaHeHUsI OGHOro error_code. To eCTb ety BbI IUIIIETe O6MOIMOTEKY, UC-
TTOJIb3YIOLIYIO0 MCK/IIOUEHMSI BMECTO error_code, KOTOPast MOXKET ITOJYUYUTh eTTor_
code, YKa3bIBAKOIINIT HA OMIMOKY Ha 60Jiee HM3KOM YPOBHE CUCTEMBbI, YIAUHbIM pe-
IieHyeM OyJIeT 3aBEpPHYTh 3TOT error_code B 0OBEKT system_error U BO3OYIUTH
UCKJIIOUeHNe.

// HwxHWA ypoBeHb BO3BpawaeT koapl owvbok B error_code.
uintmax_t file_size(const fs::path& p,
std::error_code& ec) noexcept;

// Mol ypoBeHb, BO3OYXKAANWMA WUCKIKYEHUS .
uintmax_t file_size(const fs::path& p)
{

std: :error_code ec;

uintmax_t size = file_size(p, ec);
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if (ec) {

throw std::system_error(ec);

3

return size;

3

[TpOTMBOITOMIOKHAST CUTYalVsT — KOT/Ia BbI ITUIIIETE OGMOIMOTEKY, He BO30OYKIaI0-
IIYI0 MICK/TIOUEH M, HO MCK/IIOUeHNsI MOTYT IIOPOKAATbCS Ha 6ojiee HM3KOM YPOBHE.
B stom ciiyuyae craHmapTHast 6M6/IMOTeKa MOUTH HMYEro He Ipejjaraer BaM B I10-
MoIb. Ho BbI JIerKO MOKeTe caMy HaIlCaTh KO/, pa3BOpauMBamoLInii error_code:

// HwxHWA ypoBeHb BO3OYXAAET WCKIKNYEHUS .
uintmax_t file_size(const fs::path& p);

// Mo ypoBeHb, Mcnonb3ywwmini error_code.
uintmax_t file_size(const fs::path& p,
std::error_code& ec) noexcept

{
uintmax_t size = -1;
try {
size = file_size(p);
} cateh (...) {
ec = current_exception_to_error_code();
1
return size;
3

[Mpenpiayiinit hparMeHT BbI3bIBaeT HECTAHIAPTHYIO (PYHKIIMIO current_excep-
tion_to_error_code( ), KOTOPYIO MOXHO HanucaTb CaMUM, HallpuMep:

namespace detail {

enum Error : int {
success = 0,
bad_alloc_thrown = 1,
unknown_exception_thrown = 2,

s

struct ErrorCategory : std::error_category {
const char *name() const noexcept override;
std::string message(int err) const override;
static ErrorCategory& instance();

s

std::error_code make_error_code(Error err) noexcept {
return std::error_code(int(err), ErrorCategory::instance());

}

} // namespace detail

std: :error_code current_exception_to_error_code()
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try {
throw;

} catch (const std::system_error& e) {
// Takxe nepexBaTbiBaeT std::ios_base::failure
// n fs::filesystem_error
return e.code();
} catch (const std::future_error& e) {
// HeobbluHble WCKIKYEHUS
return e.code();
} catch (const std::bad_alloc&) {
// bad_alloc uyacTo npeacTaBnseT ocobbli MHTEpeC
return detail::bad_alloc_thrown;
} cateh (...) {
return detail::unknown_exception_thrown;

b
b

Ha aToM MbI 3aBepIliaeM 3KCKypC B MUP <system_error> U IMPOIOIKUM 06CYK-
neHue <filesystem>.

dainoBble cUCTEMbBI U MYTHU

B rnaBe 9 «IToTOKM BBOZA/BbIBOZIA» Mbl OOCYIVIN UAELI0 (aiiIOBBIX JECKPUIITOPOB
POSIX. ®aiyioBblil OeCKPUIITOP MPEeACTaBIseT UCTOUHMK WIN IIPUEMHUK JaHHbIX,
KOTOPBII MOXXHO HACTPOUTDb HA YTE€HMe U/MUIN 3amnuch. YacTo, HO He BCeraa, OH COo-
OTBETCTBYeT (aiiry Ha aycke. (HarmoMHI0, 4To (HaitaoBbIii J1eCKPUIITOP C HOMepoMm 1
CChUTAETCS Ha CTAaHAAPTHBIV BBIBOJ, stdout, KOTOPbIV 0OBIYHO MOAK/IIOUEH K 9KPAHY
MoHUTOpa. @aitioBbie AeCKPUIITOPLI MOTYT Takke CChIIAThCSl HA CeTEBbIe COKETHI,
YCTPOJCTBA, TakKMe Kak /dev/random, 1 T. 1.)

Kpowme Toro, daiinosbie meckpunTopbl POSIX, <stdio.h> 1 <iostream> UMEIOT
HEeIoCpeICTBeHHOE OTHOIIIeHME K codepycumomy daiina Ha IycKe — IMOC/Ien0BATeTb-
HOCTM 6aiiTOB, COCTABJISIIONIEN codepxcumoe darina. daiin B mpencTaBieHnn gatino-
801i cucmemsl IMeeT MHOXKECTBO OoJiee CyIeCTBEHHBIX aTPUOyTOB, KOTOPbIe HEe0-
cTyIHbl yepe3 API uteHust/3anmcu B ¢aiiibl. ICIoab3yst MHCTPYMEHTBI, OIMCAHHbIE
B raBe 9 «[IoTOKM BBOIA/BBIBOMA», HETb3S OMPENeTUTb IIPUHAIEKHOCTD (aiiaa
WU AAaTy/BpeMsi TIOC/eqHer0 M3MeHeH!s; ¢ UX MOMOIIbI0 Takke Helb3sl oIpene-
JIUTh KOJTMUeCTBO (aiijioB B 3aJaHHOM KaTasore. [lenb <filesystem> — 1aTh HALTUM
nporpaMmmam Ha C++ BO3MOXKHOCTh 00paIaThbCs C STUMM aTpubyTaMy (GaiioBoit
CUCTEMBI IIePeHOCHMBIM CIIOCOOOM.

Haunem c¢ camoro Havasa. Uro takoe daiinosas cucrema? daiinoBas cucrema —
9TO abCTPaKILMSI COMTOCTABIEHMS MyTel ¢ daiiyiaMu ITOCPeACTBOM 3JIeMEHTOB KaTa-
Jjiora. Jlydiiie IOHSTh CyTh CKa3aHHOTO BaM IIOMOKeT AuarpaMmma Ha puc. 12.1.

BBepxy Ha guarpamme (puc. 12.1) nsobpaskeH abCTPaKTHbIN MUP «MMeH». Y Hac
MMeeTCsT OTOOpakeHye 3TUX MMeH (TaKuX Kak speech.txt) B KOHKPETHbIE CTPYK-
TYpbI, KOTOpbIe B TepMuHoioruy POSIX HasbIBaloTCs uHdekcHotMuU y3iamu (inode).
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TepMMUH «MHAEKCHBIN y3e/l» He UCIOoAb3yeTcs cTaHgapToM C++ — OH UCHOJb3yeT
06001IeHHbINT TepMUH «(aiia», — HO S OyIy MCIIOAb30BaTh TEPMUH «MHIEKCHBIN
y3es1» 1151 60sbIielt TOUHOCTH. KaskIbIil MHIEKCHBIN Y3e COmePsKUT MOTHbIN Habop
aTpuOYTOB, OMMCHIBAIONIMX €IMHCTBEHHBIN (ailn Ha mycKe: ero Biajgesblia, AaTy
ToceqHero u3sMeHeHusI, TUTI U T. . Ho camoe miaBHOe MHAEKCHbIN y3es onpenens-
eT pasMep ¢aiiyia ¥ COOepPKUT yKasaTeab Ha (akTMIeckoe comepskumoe (rmogo6Ho
TOMY, Kak std: :vector win std: :list XpaHUT yKa3aTejb Ha CBOE COMeP>KMMOe).
TouHoe TpeAcTaBieHe MHAEKCHbIX Y3JI0B ¥ 6JIOKOB TaHHBIX Ha OMCKe 3aBUCUT OT
tuna aitnoBoii cuctemsl. K Hanbosee pacrpocTpaHeHHbIM (GaiiIoBbIM CHCTEMaM
MOykHO oTHecTH ext4 (B Linux), HFS+ (8 OS X) u NTES (8 Windows).

WUmeHna "alices-speech.txt"

"speech.txt" / "My Documents"
‘ J
WHpekcHble / 4
HAEKCHbDI
y3nbl inode 17 @ Q 9
owner, date, 1989-082-06 @ Q
/

perms, size rw-r--r--
r A

y 4

/ /
( nok aaws / r »

speech.txt 17 My Documents 42

\

np96y1}16qac’ KorAa Kax- - 27 alices-speech.txt 17
AblH ,0BPONOPAAOUHbIH

rpaXAaHWH  [OMKeH test.o 31

NPHITH Ha NOMOLLb CBO- test.exe 23

W cTpaHe...

J

Puc. 12.1. ®arnosasa cuctema

O6paTuTe BHMMAaHKe, YTO HEKOTOPbIe 6JIOKM Ha 9TOJ AuarpaMme cofepskaT JaH-
Hble, KOTOPbIe SIBJISIIOTCST TAGMMYHBIM MTPeCTaBIeHeM MMEH U COOTBETCTBYIOIINX
MM HOMEePOB UHAEKCHBIX y3/10B. Kpyr 3amkHycs! ITak, kKamaioz — 3T0 UHAEKCHbBIN
y3eJ1 oIpeieJIeHHOT0 TUIIa, COIepsKalliii TabMMUHOe TpeCcTaBlIeHe ¢ UMeHaMM U
HOMepaMy MHIeKCHBIX Y3710B. B Kaskmoii ¢haitsioBoit cucreMe MMeeTCsl OMH CIeli-
aJIbHBIV MHIEKCHbBIN y3es1, KOTOPbI Ha3bIBAETCS KOPHEBHIM KAMAL020M.

HomycTuM, 4TO KOpPHEBO y3el ¢ MeTKOI «2» Ha Hallleii nuarpamMme SIBIsIeTCsI
KOpHEBbIM KaTajiorom. Torga Mbl MOSKEM OJJHO3HAUHO MAEHTU(UIIMPOBATh (aii ¢
TekcToM «ITpo6WIT Yac...» IeMOoYKOi MMeH, BeIylieii K HeMy OT KOpHEBOI'O KaTajora.
Hampumep, /My Documents/speech.txt: OHa HAUMHAETCS C KOPHEBOTO KaTajora,
M My Documents OTOOpaskaeTcsl B MHAEKCHBIN y3es1 42, KOTOPbIii TaKKe SIBJISIeTCS
KaTaJIoTOM U OTOOpaskaeT MMS speech.txt B MHAEKCHBIN y3en 17, mpencTaBisio-
Vi 06BIUHBIN (baiii, XpaHIIuit Ha JucKe TeKeT «[Ipo6ut vac...». [IJ1s1 pas3meneHnst
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MMEH B 3TOJ [IeTIOYKe MbI MCTIOIb3yeM CMMBOJIBI CJIenia (/) ¥ J0OaBIIsIeM OJIVH CJIeII
B HAyaso LIeMOYKY — OH COOTBETCTBYeT KOpHeBoMY KaTtasory. (B Windows Kaskabiit
paspen, Wi OUCK, MMeeT CBOV KOpHeBOM KaTaior. IlosTromy BMecTO /My Docu-
ments/speech.txt OyTh K ¢aiiry 3anmcbiBaeTCsi HEMHOTO MHaue — c: /My Docu-
ments/speech. txt, — YTOOBI TIOKA3aTh, UTO ITYTh HAUMHAETCSI B KOPHEBOM KaTajore
Ha nucke C.)

Hamporus, "/alices-speech.txt" — 3TO IyTb, BeAylIMit K Qaitay npsmo us
KOPHEeBOI'0 KaTajora K MHAEeKCHOMY Y3y 17. Mbl roBOpUM, 4TO 3TU IBa IyTH (" /My
Documents/speech.txt" u "/alicesspeech. txt") SABJISIOTCS JHECMKUMU CCbLI-
Kamu Ha OOVH U TOT JKe MHEeKCHBI y3ell, a 3HaUUT, COOTBETCTBYIOT OLHOMY U TOMY
ke daiiry. Hekotopble daitioBbie cucTeMbl (Takue Kak FAT,ucrionb3yemast Ha MHO-
rux USB-HakonuTesnsix) He MOAIEPKMBAIOT BO3MOXXHOCTY CO3LaHMSI HECKOJIBKUX
SKeCTKMX CChIJIOK Ha OIMH U TOT Xe (daiin. daityioBasi cucTeMa, MoaaepKuBaoras
MHOKeCTBeHHbIe XeCTKMe CCBIJIKY, JOJIKHA MTOACYUTHIBATh KOIMUYECTBO CChUIOK Ha
KasK[IbIl IHIEKCHBIN y3€eJ1, YTOObI 3HATh, KOT/Ia MOXXHO 6€30MacHO YIAJIUTb U OCBO-
60IUTHh MHAEKCHBII Y3671, TOI06HO TOMY, KaK BEeIEeTCs MOJCUeT CChUIOK B shared_
ptr (cM. maBy 6 «YMHBIe yKa3aTen»).

Korza mMbI BbI3bIBaeM OMOIMOTEUHYIO (PYHKITNIO, TAKYIO KaK open Wwin fopen, 4To-
ObI «<OTKPBITD (aii», OHA BBITIOTHSIET CIEAYIONIYIO MPOLIEYPY, CKPLITYIO IITy6OKO B
Hepax GaiioBoi CUCTEMBI: M3BIeKaeT UM aiiia, mepegaHHOe eif, ¥ TpeodpasyeT
€ro B MyTh — Pa30MBaET CTPOKY IO CUMBOJIAM CJIEIIA U CITYCKAEeTCS IO JIePeBY Ka-
TaJI0roB B (DailyIoBOII crcTeMe, ITOKA He JOCTUTHET MHIEKCHOTO y3Jj1a C TpeGyeMbIM
daiiiom (W1 He O6HAPYKUT, UTO Takoro daiiia Het). O6paTUTe BHUMAaHKE, UTO I10
IOCTVKEHUM MHIIEKCHOTO y3J/1a OTIaiaeT He06X0IMMOCTh B MUMeHU (aiiia, IoToMy
UTO OH MOJKeT MMeTb CTOJIbKO 3Ke ¥IMEH, CKOJIbKO MMeeTCs KeCTKMX CChIJIOK.

Mpencrasnenme nytei B C++

Bce dyHkuny, npeacrasiaeHHble B r1aBe 9 «II0TOKM BBOJA/BbIBOMA», C ITapaMeT-
poMm «uMsl daita» (To ecTb MyTh) GJATOMOIYYHO MPUHMUMAIOT STOT MYTh B BUAE
const char *.Ho B 6ubnnoreke <filesystem> KapTHHA YCIOXKHSIETCS, B OCHOBHOM
n3-3a Windows.

Bce ¢aitnoBsie cuctembl, cOOTBeTCTBYIOIIMe cTaHAapTy POSIX, xpaHsaT umeHa
(Takue Kak speech.txt) B BUie IIPOCTBIX CTPOK 6aiiToB. POSIX BbIIBUTAET €AUH-
CTBeHHOe TpeboBaHMe — MMeHa He JO/DKHbBI CoepyKaTh CMMBOJBL '\@' 1 '/' (I0-
TOMY UTO IOCIeNHUI UCIIONIb3yeTCsl KaK pa3fennuTeb KOMIIOHEHTOB IyTH). CTpoka
"\xC1.h" cuutaetcs B POSIX BmosHe IOMyCcTMMBIM MMeHeM daiiia, faxe MPUTOM,
4YTO OHA He sgBisieTcs pornyctumMoi crpokoit UTF-8 u ASCII, a Bup Takoro MMmeHu Ha
5KpaHe, KaK ero BbIBeleT KOMaHIa ls ., ITOJTHOCTbIO 3aBUCUT OT PErMOHAIbHbBIX
HacTpoek. B KOHIle KOHIIOB, 3TO BCEro JIMIIb CTPOKa U3 Tpex 6aiiToB, HU OOUH U3
KOTOPBIX HE COOTBETCTBYET CMMBOJY '/'.

B Window, HanpoTuB, BcTpoeHHble API moctyma K ¢aiiiam, Takme Kak Create-
FileW, Bcerma xpaHsT umeHa B KopupoBke UTF-16. To ects nytu B Windows 1o
OIlpefieIeHNI0 BCerna SIBISIIOTCS OONMYyCTUMbBbIMM cTpoKaMu FOHMKOIA. DTO BaskHOe
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dunocodckoe pasmmume meskay POSIX 1 NTFS! IToBTOp1IO eliie pas 1 momMe/ijieHHee:
nmMeHa ¢aitnoB B POSIX — ato cmpoku 6atimos. Vimena ¢aiinoB B8 Windows — aTo
CcmpoKu cumgoa08 KOHukooa.

Ecnut ciiemoBaTh OCHOBHOMY MMPUHIIUITY 13 I7IaBbl 9 «I10TOKM BBOZA/BbIBOMA», UTO
BCe B MMpe JOJ/DKHO OBITh ITpeicTaB/IeHo B KoaupoBke UTF-8, Torma pasanums Mex-
ny POSIX 1 Windows oKaskyTCsI BITOJTHE TIPEOIOIMMbIMM, BO3MOKHO, Take He3Ha-
yuTeabHbIMK. HO ec/tyi BaM JOBeAeTCs pelaTh Ipo6aeMbl C HeOOBIYHBIMIM MMEHaMMU
(daitnoB B TOIt WM B IPYTOIi cuUcTeMe, MMeliTe B Bumy: uMeHa daitios B POSIX - aTo
CTpOKM 6aiiToB, a B Windows — 3TO CTPOKM CHMBOJIOB.

[Tockonbky Windows API omepupyet ctpokamu UTF-16 (std::uléstring), a
POSIX API - cTpokamu 6aifToB (std::string), HM OIHO U3 IpeNCTaBIeHN He
MOKET B TOUHOCTM COOTBETCTBOBATh TPEOOBAHUSIM KpOCC-TIIaTGOPMEHHOCTH.
IMosTomy B <filesystem> mo6aBJieH HOBBIN Tui: fs: :path. (HalloMHIO, UTO MbI
UCIIONb3yeM TICEeBAOHMM MMeHM MPOCTPAHCTBA MUMEH, TO eCTh B JIeliCTBUTENbHO-
cTtu std: :filesystem: :path.) OnpeneneHue tuna £s: :path BeITSIOUT OIpUMep-
HO TaK:

class path {
public:
using value_type = std::conditional_t<
IsWindows, wchar_t, char
S

)

using string_type = std::basic_string<value_type>;

const auto& native() const { return m_path; }
operator string_type() const { return m_path; }
auto c_str() const { return m_path.c_str(); }

// Bpyrue KOHCTPYKTOPbl M METOApl OMylieHbl
private:
string_type m_path;

O6paruTte BHMMaHMe, UTO fs::path::value_type — 9TO Tum wchar_t B Win-
dows, maske TIPMUTOM, YTO Ha 3Ty POJIb OOJIbIe MOAXOAUT TUM charlé_t u3 C++11.
OTO BCero JIMIIb HacJaeAe UCTOPUUECKUX KOpHelt 6ubiamoTeky Boost. B 3T0i1 r1aBe,
Korjga Mbl OyeM TOBOPUTH O wchar_t, BbI MOXKETe CMeJIO IPerosiaraTh, YTo pedyb
upget 06 UTF-16, 1 Ha060pOT.

[TepeHOCHMMBINI KOI [IO/KEH IIpeoOpa3oBbIBATh BO3BpalllaeMble 3HAUYEHMUS
fs: :path Bcex GyHKIMIT B cTpoKu. Harpumep, o6paTtuTe BHUMaHNE, YTO (QYHKLIVS
path.c_str() BO3BpallaeT He const char * aconst value_type *!

fs::path p("/foo/bar");

const fs::path::value_type *a = p.c_str();
// TlepeHocumbli ans nwbON CUCTEMDI.

const char *b = p.c_str();
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// Donyctum B POSIX; owmbka komnunaumn B Windows.

std::string s = p.u8string();
const char *c = s.c_str();
// Donyctmum B POSIX n B Windows.
// B Windows BbinonHseTcs npeobpasoBaHne 16-to-8.

BapuaHT ¢ ¢ B ipenpiayiieM npuMepe rapaHTUPOBAHHO KOMIIMIMPYETCS, HO €T0
MoBeJleHNe OTVINYaeTCsl Ha pas3HbIX miatdgopmax: Ha maatgopmax POSIX BbI momy-
YlTe MPOCTYIO CTPOKY 0aitToB, a B Windows BBIIIOJTHUTCSI JOPOTOCTOSIIIEe Ipeod-
pasoBaHue path.native() u3 UTF-16 B UTF-8 (MMeHHO TO, YTO 3alpOLIEHO, HO
IporpaMmMa MOKET paboTaTh ObICTPee, ecIu HaliTy CIIoco0 130eskaTh 3apoca).

fs: :path MMeeT IaGIIOHHBIN KOHCTPYKTOP, KOTOPbIV MOXKET CO34aTh 9K3€MILISIP
path MpaKkTUYecKy 13 JII0O0ro apryMmeHTa. ApryMeHT MOKeT ObITh ITOC/Ieq0BaTeTh-
HOCTBIO CMMBOJIOB JII060T0 TuMa (char, wehar_t, charlé_t uiau char32_t), u 3Ta
IOC/Ie0BATEIbHOCTb MOXKET ObITh IIPeICTaB/AeHa yKa3aTelieM Ha CTPOKY, 3aBeplia-
IOLIYIOCST HYZIEBBIM CMMBOJIOM, UTE€PATOPOM Ha TaKyl XXe CTPOKY, basic_string,
basic_string_view WiIu mapoii uTepatopoB. Kak 06bIUHO, S YIIOMMHAI0 06 3TOM
pasHoO06pa3uy eperpy>keHHbIX BePCHil He IIOTOMY, UTO BbI JO/IKHBI MICTIOIb30BaTh
MX B CBOEJ IIPaKTUKe, HO 3aTeM, UYTOOBI BbI 3HAJI, KaK MX M30eraTh.

CraHgapT Takxke MpemoCcTaBisieT cBOOOMHYI0 GYyHKIMIO fs::u8path("path"),
KOTOpasi B [EICTBUTENbHOCTU SBJSETCS BCEro JIMIIb CUHOHUMOM ISl
fs::path("path"), HO MOXeT CIYKUTh HalIOMMHaHMEM, UTO IlepefaBaeMas CTpoka
IIOJKHA OBITH TIpefcTaBiieHa B KoaupoBke UTF-8. JIMUHO S1 COBETYIO HE MCITOIb30-
BaTh u8path.

Bce 3TO TONMBKO KaxkeTcsd myrawium. Vimente B BUAY, YTO €CIM UCIIOIb30BATh
uMeHa (aitnos B KogypoBke ASCII, Bam He npumeTcss 6eCIIOKOUThCS O IIPobaeMax
KOAVPOBaHMS; a eyl u3beraTb METOIOB path.native() u path.c_str() U HesIB-
HOro mpeo6pa3oBaHus B fs: :path::string_type, BaM IOUTK He mpumeTcs 6ec-
TIOKOUTBCS O IIEPEHOCUMOCTU.

Onepau.uu c nyTamu

[TosryuuB 0GBEKT MYTH, BbI ITOJTyYaeTe BO3MOXKHOCTb 06PaNIaThCSI KO MHOXKECTBY
€ro KOMITOHEHTOB C MCIIOJIb30BaHMEM pasfenuTens-ciema. B ciemyomiem dpar-
MEHTe KaXKIblil MAeHTUGUKATOP x (KpOME caMOro path) IMpeaCcTaBiseT 3HaUEHNME,
BO3BpamaeMoe QyHKIMei-ueHoM path. x():

assert(root_path == root_name / root_directory);
assert(path == root_name / root_directory / relative_path);
assert(path == root_path / relative_path);

assert(path == parent_path / filename);
assert(filename == stem + extension);

assert(is_absolute == lis_relative);
if (IsWindows) {
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assert(is_relative == (root_name.empty() ||
root_directory.empty()));
} else {
assert(is_relative == (root_name.empty() &&
root_directory.empty()));
3
Hampumep, o nytu p = "c:/foo/hello.txt" Mbl MOJYyYUM p.root_name()
== "c:" p.root_directory() == "/",p.relative_path() == "foo/hello.
txt", p.stem() == "hello" M p.extension() == ".txt".Ilo KpaliHell mepe,

Takue pe3yabTaThl Mbl noayuin B Windows! O6patute BHuMaHme, 4To B Windows
abCOTIOTHBI Iy Th TOJIKEH COMIEPXKATh HE TOHKO KOPHEBOIi KaTajior, HO TaKKe MM
nucka (Hu "c:foo/hello.txt", HU "/foo/hello.txt" He SIBJISIOTCS aOCOMIOTHBI-
MU MyTSIMM), Toraa Kak B POSIX, roe uMs AycKa OTCYTCTBYET, aGCOMIOTHBIN MyTh
IOJDKeH HAaUMHATBCS TOJIBKO € cMMBosa ciema (" /foo/hello.txt" — aBCOMOTHBIN
IyTh, a "c:foo/hello.txt" — OTHOCUTEIbHBIN, HAUMHAIOIIUIICS B KaTaJIOTe C He-
0OBIYHBIM MMeHEM "c: foo").

B mociegHeM mpuMepe MbI UCIIOITb30Ba/IM operator/ AJis 00beqMHEHMSI KOMITO-
HEeHTOB nyTu. 1151 310 1eyn fs: :path nogmepkuBaer operator/ u operator/=,u
MX TIOBeJleH}e ITOUTY B TOYHOCTY COOTBETCTBYET HaIllMM OKMIAHUSIM — OHU 00beIy-
HSIOT (pparMeHThI IyTH, 106aBIISISI CUMBOJI CJTela Mexkay HuMu. Eciu cumBont ctena
BaM He HPABUTCSI, 06 beIMHSIIITE KOMIIOHEHTHI C TIOMOIIbIO operator+=. K coxase-
HUIO, B CTAaHIAPTHOI 616mmoTeke C++17 OTCYTCTBYeT operator+ [JIs IyTeii, HO ero
JIETKO 06aBUTD B BUAIe CBOOOIHOM (DYHKIMM, KaK ITOKA3aHO HIIKE:

static fs::path operator+(fs::path a, const fs::path& b)
{

a += b;
return a;

}

[TyTy Takke MOAAEPKMBAIOT KOHKATEHAIMI0 ¢ ¥ 6e3 ciemeii B Buae QyHKIUIA-
YJeHOB C MMeHaMM path.concat("foo") (6e3 cremeil) 1 path.append("foo")
(co ciemamu), CIIOCOOHBIMM BBI3BATh IyTaHMILY. ByabTe BHMMATENbHBI, HE Tepe-
mmyTarite! JIMUHO S COBETYIO HUMKOIIA HE UCIIOb30BaTh 3TU (PYHKLIMM-UJIEHbI; BCErma
MIPUMEHSIIITe omepaTophl (BK/IOUass COOCTBEHHYIO peanus3aliio operator+, Mpe-
CTABJIEHHYIO BBIIIIE).

[TocnepHMIT MCTOYHMK BO3MOSKHOJ ITyTaHUIIBI B £5: : path — MmeTOAbI begin 1 end
JIeJICTBYIOT TOYHO TaK ke, KaK OMHOMMEHHbIe MeTOAbI TUMA std: : string. Ho, B OT-
Jinune oT std: :string, UTE€palMM BBIMIOIHSIIOTCS He M0 CMMBOJIAM, a 0 MMeHam!
B3misiHMTe Ha Cyieayrunui mpuMep:

fs::path p = "/foo/bar/baz.txt";
std: :vector<fs::path> v(p.begin(), p.end());
assert((v == std::vector<fs::path>{

ll/ll, llfooll’ Ilbarll, ”baZ.tXt”

N
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V Bac efBa v 6yIyT BECKMeE IPUYMHBI OPTaHKU30BATh 06X0]] 3JIEMEHTOB a6COMIOT-
Horo yTH fs: :path. OmHaKo uTepauu o p.relative_path().parent_path() -
IIe KaKOblii 9JIeMeHT rapaHTUPOBAHHO GyAeT MMeHeM KaTajora — MOTYT IPUTo-
IUThCS B HEKOTOPBIX HEOOBIUYHBIX CUTYAIMSIX.

Monyyenue uHdpopmauuu o painnax
c directory_entry

BHuMaHue! directory entry — camas ManonoHSATHas 4acTb
6ubnunotekmn <filesystem> B C++17. Bce, 0 yeM pacckasbiBaeTcs
fanee, He peann3oBaHO HKU B Boost, HM B <experimental/file-
system>.

Vi3BneyeHne MeTaJaHHBIX O (haiijie U3 ero MHAEKCHOTO y3Jia BBITIOIHSIETCS T10-
cpencTtBoM o6beKTa THIA fs: :directory_entry. EQiu Bbl 3HAKOMBI C MHCTPYMEH-
tamu POSIX 11 monydyeHust MeTafaHHbIX, BOOOpasuTe, 4To fs: :directory_entry
CONEPKUT WieHbl ¢ TullaMu fs::path u std::optional<struct stat>. Bbi30B
entry.refresh() (akTMuecku meiCTBYeT TOYHO Tak ke, Kak POSIX-dyHKIMS
stat(); a MeTOoAbl OOCTyIla, TakMe Kak entry.file_size(), HeIBHO BBI3BIBAIOT
stat(), TOJIbKO eCiu WieH optional Moka He moayuus 3HadyeHus. IIpocroe co3pa-
HMe 9K3eMIuIsipa fs: :directory_entry He MOChIJIAET 3aIIpoc B (aiiyIoBYIO CUCTe-
My; 6MOIMOTeKa KAET, KOTAa Bbl 3afauTe KOHKPETHBII Bopoc. KOHKpeTHbI BO-
MIPOC, TAKOJ KaK entry.file_size(), MOXET 3aCTaBUTh 6MOIMOTEKY IOC/IATh 3aIIPOC
B (hailyIOBYIO cMCcTeMY WM (eC/ UjieH optional yyKe TTOMyUMT 3SHAaUEHME) VCTIONb30-
BaTh KellMPOBAaHHOE 3HaUeHMe, OCTaBlIeecs OT IIpeabIayIiero 3amnpoca.

fs::path p = "/tmp/foo/bar.txt";
fs::directory_entry entry(p);
// 3becb ewe HeT obpaweHus k GannoBoi cucTeMe.

while (l!entry.exists()) {
std::cout << entry.path() << " does not exist yet\n";
std::this_thread::sleep_for(100ms);
entry.refresh();
// bes refresh() umkn OyaeT BLHIMONHATHLCA BEYHO.

// Ecnu dain ypanuTb B 3TOT MOMEHT, ChefylWas cTpoka
// MOXeT BblBECTM YCTapeBWME [aHHble U3 Kewa WAN MOXET
// nombiITaTbCA OBHOBUTHL Kew W BO3BYAUT UCKKH4YEHUE.
std::cout << entry.path() << " has size "
<< entry.file_size() << "\n";

[Ipeskme Ojsl OOCTVDKEHMSI 3TOM JKe IeNu BbI3bIBaJiaCch (QYHKUMSI fs::sta-
tus("path") mnmu fs::symlink_status("path"), KoTOopas BO3BpalllaeT 3K3eM-
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IIsip Kaacca £s: :file_status, M3 KOTOPOTO ITOTOM MOKHO ITOTYYUTb MHGPOPMAIKIO,
IIpMMEHSsI TPOMO3JKMe ollepauuy, Takue Kak status.type() == f£fs::file_
type: :directory. 5l He COBeTYIO MOJb30BaThCA fs: :file_status; Jgy4llle UCIO/Ib-
3yiiTe entry.is_directory(). BnpoueMm, Ma30X1CTbl MOIYT IIO-TIPEKHEMY U3BJIe-
KaThb 9Kk3eMIlIAp £s: :file_status HENIOCPEACTBEHHO U3 directory_entry: entry.
status() — 3TO 3KBMBAJIEHT OJis fs: :status(entry.path()), a entry.symlink_
status() — 9KBUBaJIEHT 4151 £s: :symlink_status(entry.path()), KOTOPbI TaK-
Ke SIBJISIETCS UyTh 60j1ee 6bICTPHIM SKBMBAJIEHTOM BbIpaskeHUS fs: : status(entry.
is_symlink() ? fs::read_symlink(entry.path()) : entry.path()).
KcraTu, cBo6omHast GyHKuMS fs: :equivalent(p, q) IIOMOXET BaM y3HATb, SIB-
JISIIOTCS JIM [IBa ITYTU KeCTKMMM CChIZIKAMM Ha OOVH U TOT ’Ke MHIEKCHBIN y3en; a
entry.hard_link_count() BepHeT 00lee KOJMYECTBO KECTKUX CChLJIOK Ha JIaH-
HBII KOHKPETHbIN MHIEKCHBIN y3en. (EAVMHCTBEHHBIN CrIoco6 Yy3HATh MMeHa 3TUX
SKECTKMX CChUIOK — BBITIOJIHUTb 0OXO/, BCelt paitioBoil CCTEMbI; HO UMeiTe B BULY,
UTO Ballla yYeTHas 3alyCh MOXeT MeTb HeJOCTaTOYHO IIPUBUJIETUIA IS 3TOTO.)

O6xopa katanoroB c directory_iterator

Wtepatop fs::directory_iterator OenaeT MMEHHO TO, UTO IIpPenIlojiaraeT ero
yMs1. OGBEKT 3TOTO THUIIA TTO3BOJISIET BBITIOJTHUTD 00X0[, COMEPKMMOTO eOMHCTBEH-
HOI'0 KaTaJjiora, [103JIeMeHTHO:

fs::path p = fs::current_path();
// 06xop Tekywero karanora.
for (fs::directory_entry entry : fs::directory_iterator(p)) {
std::cout << entry.path().string() << ": "
<< entry.file_size() << " bytes\n";

}

KcraTtu, o6patuTe BHMMaHMe Ha BbI30B (PYHKUMM entry.path().string() B
MpeIbIayIeM IpuMepe. ITO HEOOXOAMMO, MOTOMY UTO operator<< IPOSIBJISET
CTpaHHOE IMOBefieHNe B OTHOIIEHMM 0OBEeKTOB path — OH BCerma BbIBOAUT MX, KAaK
ety Obl BhI3bIBAJACh std: :quoted(path.string()). EiM BbI XOTUTE IOTYUUTH
IyTh 6€3 AOTOTHUTETbHBIX KaBbIUEK, BCETIA MPeobpasyiiTe ero B std: : string me-
per BBIBOOM. (AHAJIOTMYHO std: :cin >> path He MO3BOJNUT BaM ITOTYYUTB ITYTh OT
[10JIb30BaTeJsl, HO 3TO MeHbIIIast HeIIPUSATHOCTb, TaK KaK Bbl HUKOTA He NOJIKHbI M C-
MOJIb30BaTh operator>> B TAKMUX CIyJasx. Bosbine nHDOpMam o 1ekceMu3anmum
U IIapCUHTe BBOZA MO/b30BaTes Bl HalifieTe B riaBe 9 «[1oTOKM BBOLA/BbIBOA» U
B m1aBe 10 «PerynsipHbie BbIpaXkeHUSI».)

PekypcuBHbIii 06X0A KaTanoros

YToObI BBIMOJIHUTb PEKYPCUMBHBI OOXOA BCEro AepeBa KaTaJOrOB B CTUJIE
os.walk() B si3bIKe Python, MOXXHO BOCITOJIb30BaThCS CJIEAYIONIEI PEKYPCUBHOIM
(dbyHKIM€E1, 0CHOBAHHOI Ha MMPeabIayIeM IIpUMepe:
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template<class F>
void walk_down(const fs::path& p, const F& callback)

{

for (auto entry : fs::directory_iterator(p)) {
if (entry.is_directory()) {
walk_down(entry.path(), callback);
} else {
callback(entry);

b
b
b

Wnu npocTo ncronb3oBath £s: :recursive_directory_iterator:

template<class F>
void walk_down(const fs::path& p, const F& callback)

{

for (auto entry : fs::recursive_directory_iterator(p)) {
callback(entry);

b
}

KoHcTpykTOop fs::recursive_directory_iterator uMeeT Heo00s3aTeNb-
HbIMi aprymMeHT Tumna fs::directory_options, KOTOPBI/A BIMSIET HA TOYHBIN
xapakTep pekypcunu. Hampumep, MOXHO IiepenaTh 3HadyeHue fs::directory_
options::follow_directory_ symlink, YTOOBI 0OecCIIeUUTDb CIefOBaHMe IO CUM-
BOJIMUECKUM CChIJIKAM, HO MMeliTe B BMUIY, YTO 3TO OTIMUHBIN CIIOCOO TMOMACTh B
6eCKOHEeUHbI IIUKII, eC/TU 37I0HAaMepeHHbII MOJIb30BaTe b CO3LACT CMBOINYECKYIO
CCBUIKY 0OPATHO Ha POOUTENbCKMI KaTaor.

U3sMeHeHue dainnoBoit CUCTEMDI

BOnBIIMHCTBO MHCTPYMEHTOB B 3arojioBKe <filesystem> npeqHa3HaueHO /IS T0-
sydeHust uHGopmanuu o daiaoBoit cucteme, a He Jis ee uaMeHeHusi. Ho cpenn
YepernKoB CKPbITO HECKOJIBKO IParolieHHbIX KaMHeli. MHOT1e U3 cJieqyioinX QyHK-
LU, TIOXO3Ke, MPOeKTUPOBAJINCH KaK peanusainsl KIacCUuUueCcKuX yTUIUT KOMaH/I-
Hoit ctpoku POSIX Ha nepeHocumoM C++:

O fs::copy_file(old_path, new_path): KormpyeT aitn old_path B HOBBIA
(aiis (To ecTh B HOBBII MHIEKCHBIN y3€lI) new_path, IOJ0OHO KOMaHe cp -n;
3aBepIIaeTcs ¢ OIIMOKOI, eC/Iiv new_path yiKe CYIecTBYeT;

Q fs::copy_file(old_path, new_path, fs::copy_options::overwrite_
existing): Konupyet old_path B new_path, 3aTupaeT new_path, ecin BO3-
MOSKHO; 3aBepIIAeTCsI C OIIMOKOIA, eC/IV new_path CYIIeCTBYET U He SIBJISIETCS
0OBIYHBIM (aiiJIoM WJIK eCiu new_path U old_path CChUIAIOTCS HA OAVIH U
TOT 3Ke ¢aii;
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Q fs::copy_file(old_path, new_path, fs::copy_options::update_exis-
ting): KonupyeT old_path Bnew_path, 3aTupaer new_path, TOJIbKO €CJIM OH
crapiie, yeM old_path;

O fs::copy(old_path, new_path, fs::copy_options: :recursive | fs::co-
py_options: :copy_symlinks): KONMPYyeT BCe COOEpsKMMOe KaTajora old_
path B new_path, TOMOOHO KOMaHze cp -R;

O fs::create_directory(new_path): cOo3[aeT KaTaJor, MOJ00HO KOMaH[e

mkdir;
O fs::create_directories(new_path): cO3JaeT KaTaJjor, I0g00HO KOMaH/Ie
mkdir -p;

O fs::create_directory(new_path, old_path) (o6patuTe BHMMaHMue Ha
06paTHBII MTOPSITOK apTYMEHTOB!): CO3/IaeT KaTayioT, HO KOIMPYeT aTpuoOyThI
craporo karajnora old_path;

O fs::create_symlink(old_path, new_path): co3maeT CUMBOJUYECKYIO
CCBUIKY U3 new_path Ha old_path;

O fs::remove(path): ymansier Gaiil uin IyCcTOi KaTalor, MoJ00HO KOMaH/Ie
rm;

O fs::remove_all(path): ymanser daitan UaM MycToii KaTauor, oJ00HO KO-
MaHJe rm -r;

O fs::rename(old_path, new_path): IepeMMeHOBBIBaeT dhaiii MM KaTajor,
MoI06HO KOMaH/Ie mv;

O fs::resize_file(path, new_size): yBeIuMuMBaeT (OOIMOTHSIS HYISIMU) UIU
yceKaeT OObIYHbIN (aii.

MonyyeHune nudpopmauumm o aucke

B nponomskeHne pasroBopa 06 yTWINTaX KOMaHIHOJ CTPOKM XOTeNOCh Gbl Takke
OTMEeTUTh BO3MOXKHOCTb Y3HATh, HACKOJBKO 3alloHeHa (QaitnoBasi cucrema. Ty
dbyHKUMIO BeITONHSET yTwinTa df -h, a Takke POSIX-byHkius statvEs. B C++17
QHAJIOTMUYHYIO PONIb urpaer fs: :space("path"), KOTOpast BO3Bpaliaer (110 3Have-
HMIO) CTPYKTYypy Tuna fs: :space_info:

struct space_info {
uintmax_t capacity;
uintmax_t free;
uintmax_t available;

s

Kaskmoe 13 3TuX 1oneit copepkuT pasmep B 6aiiTax, 1 AJis1 HUX BbITIOTHSIETCS yC-
JIoBMe available <= free <= capacity.Pa3Huna mexay available (ZOCTYITHO)
u free (CBOOOZHO) COCTOUT B TOM, YTO B HEKOTOPbIX (ailIOBBIX CUCTEMAaX YacTh
CBOGOHOTO MPOCTPAHCTBA Pe3epBMUPYETCs IJIsSl HYK] CYIepIIoib30BaTess root, a
B IPYTUX JOCTYITHOE ITPOCTPAHCTBO MOXKET OTPaHMUMBATHCS JUCKOBBIMY KBOTAMMU.
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Utoru

Vcronb3yiiTe TCeBAOHMMBI ITPOCTPAHCTB MMEH, UTOOBI COKOHOMUTH Ha HAXKATUSIX
KJIQBUIII U MOYUYUTh BO3MOKHOCTD ITPO3PauHO ITepeK/IouaTh ajibTepHaTUBHbIE pe-
ayim3auum, Takue Kak Boost.

std::error_code JlaeT OYeHb YHOOHBIN CITIOCO6 Iepemaun LeJI0UMCIEHHbBIX KO-
JIOB OIIMOOK BBEPX I10 CTEKY 6€3 BO30YKAEHMST MCKITIOUEHWIT; BBl MOKETE VCITO/b-
30BaTh 3TOT TUIl B OKPYKEHUSIX, I[le UCKIIOUEeHUs] He MPUBETCTBYIOTCA. (B Takom
cJTyyae 9TO CaMblii IJIaBHBIV YPOK IaHHO¥ rmaBbl!) BubamoTeka <filesystem> mog-
nepskuBaeT aBa API — ¢ MCKITIOUEeHUSIMU U 6€3 MCKIIIOUeHMIA, — HO 00a UCIOJIb3YIOT
IVMHaMMYeCKylo IMaMsITh (M f£s: :path Kak CJI0BapHbIN TuI). ENMHCTBeHHAs npuun-
Ha 1Ccrnoab30BaTh API, He BO30YKIAIONIMI1 MCKITIOUEHUI, — HESKETaHUE «ITPUMEHSTh
MUCKJIIOUEeHMS IS YIIPaBJIeHUST TIOPSIAKOM BbITIOTHEHMSI».

std: :error_condition — 3TO JIMIIb CMHTAKCUUECKUI caxap O «IIepexBaTa»
KOJOB OIMOOK; CTapaiTech He MCIOIb30BAaTh 3TOT TUIL.

[TyTe path BKIIIOUAET 3/IeMEHTHI root_name, root_directory M relative_path;
MOCJIEAHUI COCTOUT U3 UMeH, pa3aeiieHHbIX ciemamu. B POSIX ums — 3T0 cTpoka
npocThix 6aitToB; B Windows — cTpoka cumBosioB OHMKoma. Turm fs: :path crpe-
MMTCSI MCIOJIb30BaTh TUII CTPOKM, Hanubosee TMTOAXOMSIINIA AjIsT Kaskaoii maaTdop-
MbIL. UTOOBI 36€KaTh ITPOOGIEM ITIEPEHOCUMOCTH, OCTeperaiTech PyHKIMM path.c_
str() 1 HeSIBHOTO mpeobpas3oBaHms B fs: :path: :string_type.

Kartayorn XpaHSIT OTOOpaskeHusI MMEH B MHJIEKCHbIe y3Jibl inode (KOTOpbIe B
cranpapre C++ HasbIBawTCs «daitammu»). O6xom comepskMMoro karajora B C++
MOSKHO BBIITOJTHUTH C TTIOMOIIbIO0 fs: :directory_iterator M IOJYYUTb OOBEKTHI
fs::directory_entry; MeTonpl fs: :directory_entry IO3BOJIAT BaM y3HaThb HO-
Mep COOTBETCTBYIOIETO MHIEKCHOTO y3Ja. YTo6bl 0OHOBUTH MH(POPMALIO 00 VH-
eKCHOM y3Jie, [OCTaTOYHO BbI3BaTh entry.refresh().

<filesystem> BKJIIOUAET TaKKe Iy KOJUIEKIMIO CBOOOIHBIX (DYHKIIMIA IJIs1
CO3JIaHMsI, KOIIMPOBAHMSI, TIeperMeHOBaHMS, yaanieHus (GaiijioB ¥ KaTaJoTroB U U3-
MeHeHMsI UX pa3MepoB. 1 HakoHell, uMeeTcsT GYHKIVS, TT03BOJISIONIAs OIPEIeIUTh
00IIYI0 eMKOCTD (haitIoOBOM CUCTEMBI.

MHoroe 13 TOro, 4To 006CYKIAJI0Ch B 3TOi IVIaBe (110 MEHbIIEil Mepe, B 4acTH,
OTHOCSIIIENCS K 3ar0/IOBKY <filesystem>), TOSIBUJIOCH TOJBKO B cTaHgapTte C++17, u
I10 3TOJ NIPUUYMHE Ha JaHHbIII MOMEHT MHOTOE€ €ellle He PeaJi30BaHO IMPOMU3BOAUTE-
JISMY KOMITUSTOPOB. VICIO/b3yiiTe 3TM HOBbIe BO3MOXHOCTY C OCTOPOSKHOCTbIO.
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