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OmnepalmoHHasg ceMaHTUKA BbIPaXKeHUit

B a3bIKe Rust na a3nike ABML

Bodun E.B. (Hnemumym cucmem ungopmamury CO PAH)
Anypees U.C. (Hnecmumym cucmem ungopmamuru CO PAH)

B crarpe paccmaTpuBaercst (popMaJibHOE ONKMCAHUE OIMEPAIMOHHON CEMaHTUKN BhIParke-
HUU s13bIKa MporpaMMmupoBaHus Rust ¢ mcroJsib30BaHUEM MpPEIMETHO-OPUEHTUPOBAHHOTO
st3bika MojienpoBanust ABML. OcHoBHOe BHUMaHWE YIEISI€TCS TUHAMUIECKAM acIeKTaM
BBIYUCJICHUH, BKITIOYAsT YIPABICHNE TTAMSTHIO, BIaJICHNE, 3aNMCTBOBAHNE U MTPOBEPKY KOH-
(IIMKTOB JOCTYIIA HA STAIlE BBITOJTHEHMUSI.

[Ipemraraembrit TOX01, OUPAETCST HA OHTOJIOTTICCKOE TIPEICTAB/IEHNE CHHTAKCUIECKITX
U CEMaHTUYIECKUX CYITHOCTel Rust, 4To 1mo3BoJisieT einHo00pa3Ho OIUCHIBATH BhIPAYKEHUS,
OJIOKH ¥ CTPYKTYPBI JAHHBIX KaK 3JIeMEeHThI €JINHOM BBIYUC/INTEBHON Moenu. B orymane
OT TPAIUIMOHHBIX (POPMAJU3AIUN, MOJE/b SIBHO BKJIIOUYaeT MeTaJaHHbIE 0e30IMacHOCTH,
HEOOXO/IMMBIE JIJIsT BOCIIPOU3BeIcHNS MexXxaHu3MoB ownership u borrow checking.

OcobeHHoCTHIO PABOTHI SBJISETCST UCTTOTH30BAHNE HEPAPXUICCKON MOJIETN TTAMSITH, TTO3-
BOJISIFOITIEfl KOPPEKTHO ONKMCHIBATH YACTUIHOE 3aMMCTBOBAHHUE CTPYKTYP WU JOCTYIl K WX
OJIIM. DTO obecrieunBaeT 60j1ee TOUYHYIO JIMHAMUIECKY 0 CEMaHTUKY 110 CPABHEHUIO C TLI0C-
KUMU MOJIEJISIMU TIAMSITH ¥ JIEMOHCTPUPYET COOTBETCTBHE (POPMATHLHBIX TPABUIT PEATHHOMY
MIOBeJIEHNIO TTporpaMM Ha Rust.

[Tonyuyennasi onepannoHHasi CEMAHTHKA, SIBJISIETCST UCIOJTHSIEMO U MOXKET CJIY?KUTb OC-
HOBOI1 JIjIsf aHAJIM3a ITPOrPAMM, IPOTOTUIIUPOBAHUSI UHTEPIIPETATOPOB U JAAJbHEHINNX UC-
cJreloBaHmil B 0b1acTu (hopMaIbHON BepUPUKAIINY sI3bIKOB € YIIPABJIsieMOil 6€30IaCHOCTHIO
TAMSITH.

Karouesvie caosa: onepaluoHHBIE CEMAHTUKH, OHTOJIOIUHU S3BIKOB ITPOTPAMMUPOBAHUSI,
MOJIEJTN SI3BIKOB MTPOrPAMMUPOBaHNsI, arpudbyTHBIE 3aMmbikanust, ABML, Rust, ynpasienne

IIaMATbhIO, OHTOJIOTTIECCKOEe MOJE/IMPOBaHNe

1. BBegenue

CoBpeMeHHBbIE SI3BIKH ITPOIPAMMUPOBaHUsI CUCTEMHOI'O YPOBHSI BCe dYallle OPUEHTUPYIOTCs
Ha CTporue rapaHnTumn 6Q3OHaCHOCTI/I IHaMsATU, KOTOPbIE MJOJIZKHBI O6€CHe‘{I/IBaTbCH 6@3 SHa4YU-
TeJIbHOTO CHUXKEHUsI Ipou3BoauTebHocTh. ZI3bik Rust mpepcrasiisger coboit oaun n3 Hanbosiee

VCITETITHBIX ITPUMEPOB TAKOT'O I0/IX0/Ia, COUeTass HU3KOYPOBHEBBIM KOHTPOJIb HAJI PECypcaMu C
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d)OpMaJIbHO 3aJlaHHbIMUA IIpaBUJ/JIaMM BJIQJ€HUA WM 3aMMCTBOBaHMII. Ot IIpaBuJia TPaJUIIIOH-
HO IIPOBEPAIOTCA Ha IdTalle KOMIIMJIAIINU, OJHaKO HMX TOYHasdA CEMaHTHUYECKasd HMHTEePIIpeTallrd

TpebyeT aKKypaTHOro (POPMATHLHOIO OIHUCAHUA.

QopmasibHas ONEpPAIMOHHAsl CEMAHTUKaA UIPaeT KJYEBYIO POJIb B IIOHUMAaHUU IOBEJIEHUS
[IpOrpaMM, aHAJIM3e KOPPEKTHOCTH U ITOCTPOEHUU WHCTPYMEHTOB Bepudukanuu. J[s sa3b1koB
C HETPUBUAJBLHONW MOJIETIBLIO TAMATH, TaKUX KakK Rust, crammapTHbie MOIX0/bI, OCHOBaHHbIE Ha
IIPOCTBIX COCTOSHUSAX BHJIA «TIaMATh—OKPYKEHHe», OKa3bIBAIOTCHA HEJOCTATOYHBIME. B dact-
HOCTH, OHM He II03BOJIAIOT HAIPAMYIO BbIDA3UTh OI'DAHUYEHUd, CBA3aHHBIE C OJIHOBPEMEHHBIM
JIOCTYIIOM K JIAHHBIM, YKU3HEHHBIM IUKJIOM 3HAYeHUN U YaCTUYHBIM 3aMMCTBOBAHUEM COCTAB-

HBIX OOBLEKTOB.

B mannoit pabore mpejjiaraeTcs MUCIOJIb30BATH OHTOJOIMIECKUI MMOJIX0/I K 3a[aHUI0 Ollepa-
[MOHHON CeMaHTHKHU, peaan30BaHHblil ¢ momorbio s3bika ABML [21]. B pamkax sToro mosxo;ia
BBIUUC/IUTEIbHOE COCTOSTHUE PACCMATPUBAETCS KaK COBOKYITHOCTH OObEKTOB U UX aTPUOYTOB, a
JIMTHAMUKA WCIIOJIHEHUS OIMCBhIBACTCS Uepe3 BhIUUCIEHUE U OOHOB/IeHNE 3TUX aTprOyToB. Takoit
B3TJIsA/T I03BOJISIET €CTECTBEHHBIM 00PAa30M MHTEIPUPOBATH B MOJEJb JIONOJHUTEIbHbIE CeMaH-

TUY9eCKHue CJjaou, B TOM 4YHucCJjie MeTaJdaHHble, OTBECYalOIIue 3a 0e30I1aCHOCTD ITAMATH.

ABML panee nmpumensiicst it pOPMAJIBHOTO OIMMCAHUS CEMAHTUKHU SI3BIKOBBIX KOHCTPYK-
Ui, BKJIIOYas onepaTopsl nepejadn yupasienns B a3bike C [20]. D1u nccsenoBanus nokasasm,
YTO OHTOJIOIMYECKOE MOJIETUPOBAHNE 00ECIIEINBAECT MOIYIbHOCTD, PACIIUPAEMOCTb U UCIIOJTHSI-
€MOCTh ceMaHTHKU. Hacrosdmasa craThbs pa3BUBaeT JAHHBIN TOIXO0J TIPUMEHUTEIHHO K A3BIKY
Rust, dokycnpysich He Ha yIpaBIIMdIONIX KOHCTPYKIINAX, & Ha BBIPAYKEHUAX W CBI3aHHBIX C

HUMHA MeXaHU3MaxX pa6OTI:>I C IIaMATDbIO.

B crarbe bopmasmzytorcs 6a30Bble CUHTaKCHUeCKUe CyHoCT Rust, BKiio9ast BbIpazKeHusl,
OObSABJICHHUS TTEPEMEHHBIX 1 OJIOKH, & TaKKe BBOJUTCS MepapXudecKasi MOJIETb JTOKAIA TTaMsI-
. Ocoboe BHUMAHME YJIEIAeTCs ONEPAIMOHHON CeMaHTUKe 3aMMCTBOBaHUS, Pa3bIMEHOBAHUS 1
[PUCBANBAHUS, 8 TAKXKE AJITOPUTMY JTUHAMUYECKON MPOBEPKU KOHMJIMKTOB, MOJEIUPYIOMIEMY
nosejienne borrow checker. PaccmarpuBaembie mpuMeps! JIEMOHCTPUPYIOT, KaK IIPEII0KEHHAS
MOJIEJIb BOCIIPOU3BOIUT KAaK KOPPEKTHBIE CIIEHAPUU JIOCTYIIA K JIAHHBIM, TaK U CUTYAIUH, TIPU-
BOJISAIINE K OIMOKAM BBITIOJTHEHUS.

Takum obpazom, 11e/1bI0 pabOThI SBJISIETCs ITOCTPOCHUE UCIIOJIHAEMO OlepaIrmoHHoil ceMaH-
Tuky BeIpakeHuii Rust ma ocaoBe ABML, koTopast He TOIBKO OTpazkaeT KJIF0UYeBble CBOWCTBA

sI3bIKA, HO U MOXKET CJIYKUTh (PYHJIAMEHTOM JIJIsi JAJIbHEHINNX UCC/Ie/IOBaHN B 00acTu dop-
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MaJIbHBIX METOJIOB, aHAJIM3a [IPOrPpaMM U Pa3pabOTKM MHCTPYMEHTOB MojiiepKku Rust.
Crarbsa oprannzoBana ceytonmm oopazom. B paszjesne 2 BBOIUTCA OHTOJIOTHS BbIPAXKEHUIT
U TUIIOB JIAHHBIX si3bIKa Rust, onmcbiBaioTcs 6a30Bble CHHTAKCHYECKUE CYITHOCTU U UX CEMAaH-
TUYEeCKNe POJIM B BBIMHUC/IATEIHHON Mojenn. B pazjene 3 paccMaTpuBaiOTCs MOJE/IN areHTOB
U OKPY2KEHHS, MCIOJIbL3YyeMbIe JIJId IPEJICTABICHUsI COCTOSHUs BBIYUC/ICHUN, BK/IIOYas nepap-
XUYIECKYIO MOJIeJIb IMaMsaTH U MeTaJlanHbie Oe3oracuoctu. Paszen 4 mocssiner hopMaabHOMY
3aIaHUIO OIEPAIMOHHON ceMaHTHKHU BhIpaxkennit Rust Ha s3bike ABML, BKIto4gast oObsIBIIeHNS
[IEPEMEHHBIX, BBIYUC/IEHUE 0A30BBIX BhIPAXKEHUI, ITPUCBANBAHNE U JIOCTYII K TOJISIM CTPYKTYP.
Tak>ke B HEM IOAPOOHO PaccMaTPUBAETCS OIEPAIMOHHAS CEMAaHTHUKA 3auMCTBOBaHUs, pa3bl-
MEHOBAHWs W YHUBEPCAJBHOE MPABUJIO MIPOBEPKHU 3aMMCTBOBAHUI, MOJIE/JUPYIOIIEE TOBEICHIE
borrow checker. B pazniene 5 npuBoggaTcd WITIOCTPATUBHBIC U KOMILJIEKCHBIC IIPUMEPDLI BBITIOJ-
HEHUA IPOTPAMM, JIEMOHCTPHUPYIOMAE PabOTy MepapXudecKOoil IMPOBEPKU KOHMJIUKTOB U da-
CTUYHOI'O 3aMMCTBOBaHUA CTPYKTYP. asee ciemnyer pazjen «PojcrBentbie paboThl», B KOTO-
POM TIPOBOJIUTCS COTIOCTABJIEHHE ITPEJIOKEHHOTO TOIX0a ¢ CYIIECTBYIOMUME (hOpMaJTA3aInsi-
MHI CeMaHTHKHN Rust u apyrux s3bIKOB MporpaMMUpoOBaHus. B 3aKII0UeHNN TOABOIATCS HTOTH

pa6OTbI n O6cy}K,ZLaIOTCH HallpaBJIEHUA ,IL&JIbHefIIHI/IX I/ICCJIe,ZLOBaHHfl.
2. Owntosiorusi BhIpa*keHUii W TUIIOB JTJAHHBIX A3bIKa Rust

B nmanHOM pa3sjiesie BBOJMTCSI OHTOJIOTHS BhIParKeHU, KOHCTAHT W THUIIOB JIAHHBIX. B OHTO-
JIOTHYIECKOM TIOJIXOJIE K CITEIM(PUKAIIIN ONEPAIMOHHON CEMAHTUKH SA3BIKOB ITPOrPaMMUPOBAHUS
[20] onrosorus kKoncTpykIwmit si3bika Rust onmcsiBaercs Habopom Tumos sizbika ABML, nosmoe

ommcaHue KOTOpOro Moxkuo Haiitu B [21].
2.1. Nwmena

B stom mojipazsiesie onuchBalOTCA TUIIBI JIId Pa3HBbIX BHJIOB UMEH, UCHOJIb3yeMbIx B Rust-

mporpaMMax:

(typedef "mname" (uniont symbol string))
(typedef "variable'" "name'
(typedef "field name" "name"

(typedef "struct name" "name"

Takum 0OpazoM, Bce UMEHa MOJIEJIMPYIOTCS JTUCIIOBCKUMK CTPOKAMHU.
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2.2. KoHcTaHnTbl 1 3HaYEeHUA

B sTom mnospasiese onnuchIBaOTCS TUIIBL /I Pa3HbIX BUJIOB KOHCTAHT A3bika Rust, a Takxke

SHaquHfI, KOTOpPbIE MOI'YT BO3BPpallaTb BbIpaK€HUA Ha 3TOM A3bIKE:

(typedef "constant" (uniont "i32 value" "bool value"))

(typedef "i32 value" int)
(typedef "bool value" (enumt "true" "false'"))

(typedef " ()" (enumt "()"))

(typedef "value" (uniont "constant" "()" "reference"))

(mot "reference" :at "location" "location"
cat "lifetime" "lifetime")

(typedef "location" (uniont "simple location" "struct location'
yp p

"field location"))
(mot "simple location")
(mot "struct location" :amap "field name" "location")

(mot "field location')

(mot "lifetime™)

OK3eMILIApbl THIOB "132 value" m "bool value' SBIAIOTCS MOJEISIMHA 3HAYEHHI TUIIOB
i32 u bool ga3wika Rust. 3wk Rust mmeer m jpyrue mpuMUTHUBHBIE THUIBI, HO MBI JIJIsI TIPO-
CTOTBI B 9TOH CTAThe OrPAHUINBAEMCS TOJIBKO STUMU JABYyMs. OcTalbHbIE TUIIBI MOJIETUDPYIOTCS
AHAJIOTTIHBIM 00Pa30M.

Tun " ()" monenmmpyer 3uadenue () B sa3bike Rust Tuna unit.

Tun "location" MojenupyeT JOKaIuu (aﬂpeca, AYEUKN H&MHTI/I) B si3biKe Rust. MbI BbIIe-
JIsieM 3 TIOJTUIIA JIOKAIUI — JIOKAITNHU, CBI3aHHbIE C TTEPEMEHHBIMIA TPUMUATUBHBIX THUIIOB; JIOKa-
[N, CBA3aHHbBIE C IIEPEMEHHBIMU TUIIA CTPYKTYPHI U JIOKAIIUN, CBA3aHHBIE C IIOJISIMU CTPYKTYPHI.
B a3bike Rust umerorcs u Jipyrue cocTaBHbIE TUIIBI IOMUMO CTPYKTYP, HAIIPUMED, KOPTEXKH, HO

MBI JIJI IIPOCTOTHI O'paHUYNBaeMCid TOJIBKO CTPYKTYpaMU, IIOCKOJIbKY MO/E/JINPpOBaHUE 3Ha4e-
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HUIl JPYTUX COCTABHBIX TUIIOB JIEJIAETCH aHAJOTMIHBIM 00PA30M.
Tun "lifetime" MOJEIUPYET CCBLIKU, KOTOPBIE CBA3AHBI C JIOKAIUAMHU W UMEIOT BpPEMS
KU3HU.

Tun "lifetime" omnpeneliger 3HAYEHUsI, KOTOPbIE OIIUCHIBAIOT BPEMsl >KU3HU JJIF CCHLIIOK.

2.3. Tunbl naHHBIX

B srom nogpasmene cobpansr Tunbl sa3eika ABML, mogemmpytomume tunbl g3bika Rust. s
IIPOCTOTHI MbI OTPAHUIHBAEMCS HEOOJIBIIMM HaOOPOM THIIOB, HO 9TO HaOOP HECJIOXKHO PacCIIu-

PUThH:

(typedef "type" (uniont "i32" "bool" "unit" "struct name"
"struct type"

"gT1" "&mutT1"))

(typedef "i32" (enumt "i32"))

(typedef "bool" (enumt "bool"))

(typedef "unit" (enumt "unit"))

(cot "struct type" :amap "field name" "type')
(cot "&T" :at "type" "type'")

(cot "&mutT" :at "type" "type'")

Tumer "132" u "bool" MomenmpyioT Tunbl 132 n bool a3bika Rust.
Tun "unit" momenupyer Tun unit asbika Rust.
Twun "struct type' MomesupyeT THUIBI CTPYKTYD, 3a/1aBasl UX IOJIS W THITBI STUX IOJIEN.

Tuner "&T1" w "&mutT1" MOAETIUPYIOT TUIIBI JIJIA OOBIYHBIX U MyTaOEIbHBIX CCHLIOK.

2.4. BrpipakeHusi

Mogenu BeIpazkenmii s13bika Rust, paccmarpuBaeMble B 910 craThe, Ha si3bike ABML ompe-

JEJIAIOTCA CJICAYIOIINM Ha60pOM THUIIOB:

(typedef "expression" (uniont "variable'" "constant" "1.2" "g1"

"&mutl" ||*1n n1+2u))

(mot "1.2" :at 1 "expression" :at 2 "field name')

(mot "&1" :at 1 "expression")
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(mot "&mutl" :at 1 "expression")

(mot "*1" :at 1 "expression")

(mot "1+2" :at 1 "expression" :at 2 "expression')
(mot "1=2" :at 1 "identifier" :at 2 "expression'

rat "type" "type")

(mot "letl:=2" :at 1 "identifier" :at 2 "expression"
rat "type" "type")

(mot "let mutl:=2" :at 1 "identifier" :at 2 "expression"
rat "type" "type")

(mot "{1}" :at 1 (listt "expression'"))

OHE MOAEIUPYIOT HEDOJIBINON, HO JOCTATOYHBI HaOOP BBIPAXKEHHI /I OIMUCAHUA OCHOBHBIX
KOHIIEIINI OIEePAIMOHHON CeMaHTUKNU sa3blka Rust. 3amMernm, 910 I MOje/ell BhIparKeHni
assign, let u let mut sa3bika Rust, Mbl cunTaem, uTo Tun arpudyTa 1 U3BECTEH M XPAHUTCA B

arpudbyre "type'.
3. Mopenn areHToB U OKPYKEeHUs

Cocrostare iporpammbl B ABML Mojieinpyercst areHToM, KOTOPBI# OlepupyeT 3HaAHUAME O

naMaT 1 okpyxkerun. /s s3pika Rust MHOXKeCTBO areHTOB OIPeIe/IseTCsI CAEIY IOIIIUM TUITOM:

(mot "agent'
rat "location" (cot :amap "variable" "location')
rat "mutability" (cot :amap "variable"
(enumt "mutable" "immutable"))
rat "location value" (cot :amap "location" "value")
rat "location type" (cot :amap "location" "type")
rat "borrows" (cot :amap "location" (listt "borrow"))
rat "lifetimes" (cot :amap "lifetime" (listt "location"))

:at "value" "value"

Arpubyr "location" cBa3bIBAET MEPEMEHHBIE POTPAMMBI C JIOKAITASIMHU.
Arpubyr "mutability" ompejessier, siBJISIETCs JI 9Ta CBA3b MyTabeIbHOM WU HET

ArpubyTsr "location value" u "location type' 3aJal0T 3HAYEHUS, XPAHSAIINECS B JIOKA-
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IIUAX U TUIBI 9TUX 3HAYCHU, COOTBETCTBEHHO.
Arpubyr "borrows' ompeessierT CTeKN 3aUMCTBOBAHUI JJIsT JIOKAITUIA.
ATpubyT "lifetimes' onmchIBaeT, KaK JIOKAIUN PACIPEIIAIOTCSA IO BPDEMEH! YKU3HU.
ATpubyT "value" — 310 craHmapTHBIN arpudyT a3bika ABML, KOTOpBIil XpaHuUT mocjegHee
BBIUNCJICHHOE 3HaYEHUE.

3anMCcTBOBaHUS M BPEMsI YKU3HU OMPEJIETISTIOTCS CJIETYOIIIM 00pa30M:

(mo "borrow" :at "lifetime" "lifetime"

rat "kind" (enumt "free", "shared", "unique"))

(mo "lifetime')

4. OnepanuoHHasi CEMAaHTUKa Mojejieii BbIpa kKeHu’ii

B nannom pa3zjene 3ajiaeTcsd UCIHOMHIEMas ceMaHTHKa KoHCTpyKiuit Rust B Buje arpudy-
HbIX 3ambikanuii [21]. B ormimmdame or TpaJMIMOHHBIX HWHTEPIIPETATOPOB, CEMAHTHKA HA SI3bIKE
ABML omnmceiBaeT He MpOCTO M3MeHEHHe 3HAUYeHMil, a TpaHcdopMalnio Oa3bl 3HAHUI areHTa,
BKJIIOYas OOHOBJICHUE METAIAHHBIX OE30IIACHOCTH.

Cemanruka Rust pasbuBaercss Ha ceMaHTHKY MecT (BO3BpAIAeT JIOKAIUIO), CEMAHTHUKY I-
3HavYeHNil (BO3BpAIllaeT 3HAYCHUE) W CEMAHTHKY OIepaTopoB (M3MEHSET COIEPXKUMOe areH-
TaL KOTOpBIE 3aJIal0TCs aTPUOYTHBIMU 3aMBIKAHUAMU JJIsi aTpubyToB "place', "rvalue'" n

"statement", COOTBETCTBEHHO.

4.1. CemMaHTUKA MeCT

CeMaHTHKA MECT OIPEIENIsIeTcs I BhIpaykKeHnii TuIoB "variable', "1.2" ;u "*1",

,HJIH MO,ZLGJICIZ IIEPEMEHHbIX CEMaHTUKa OIIPpEAE/IAeTCA CJIE1YIOINM O6p&30MI

(aclosure ac :attribute "place'" :type "variable'" :do
(update-push-aclosure ac :av "stage" "returning value')
(update-push-aclosure ac :av "stage" "checking location'"))

(aclosure ac :attribute "place" :type "variable"

:stage '"checking location" :instance 1 :agent a

:ap a (aseq "location" i) loc :match

:v (not (null loc)) T
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:do loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac))

(aclosure ac :attribute "place'" :type "variable"

:stage "returning value" :value loc :do loc)

Takum 0Opa3oM, BO3BpAIAeTCsl JIOKAINs, CBI3aHHAs C IIEPEMEHHOI, B TOM CJIydae, ecJii Ta-
Kas CBA3b €CTh. B IIPOTUBHOM cCJlydae, BBIIIOJHEHUE ITPOrPaAMMbl OCTAHABIUBACTCS U BBIIAECTCS
omuodKa.

CemanTuka orepalnum JOoCTyIla K IIOJIIO CTPYKTYDPbI 3a/1al0TCA aHaAJIOTTIHbIM o6pa30M:

(aclosure ac :attribute "place" :type "1.2" :do
(update-push-aclosure ac :av "stage" "returning value')
(update-push-aclosure ac :av "stage" "checking field location')
(update-push-aclosure ac :av "stage'" "evaluating 1")

(aclosure ac :attribute "place" :type "1.2" :stage "evaluating 1"

:instance 1 :ap i 1 vl :do
(clear-update-eval-aclosure ac :attribute "place'

:instance v1)))

(aclosure ac :attribute "place" :type "1.2"
:stage '"checking field location" :value vl :agent a :instance i
rap 1 2 v2 :ap vl (aseq "fields" v2) loc :match
:v (not (null loc)) T
:do loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac))

(aclosure ac :attribute "place" :type "1.2"

:stage "returning value" :value loc :do loc)

CemanTuka olepaliiu * OIpeeIsdeTcsa CAeIYIONMUA 3aMbIKaHUAMMU:
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(aclosure ac :attribute "place" :type "*1" :do
(update-push-aclosure ac :av "stage'" "returning value')
(update-push-aclosure ac :av "stage'" "evaluating 1"))

(aclosure ac :attribute "place" :type "*1" :stage "evaluating 1"

p yp g g

:instance 1 :ap i 1 vl :do

(clear-update-eval-aclosure ac :attribute "rvalue'

tinstance v1))
(aclosure ac :attribute "place'" :type "*1"

:stage "returning value" :agent a :value ref
tap ref "location" loc :ap a (aseq "location value'" loc) v :do

v)

4.2. CemaHTUKA r-3HaYeHUA

CemaHTHKa T-3HAYEHUN OINpEEIsIeTcs it BbIpakeHuit turoB "value', "place", "&1",

Il&mut]_”’ II&*1II7 Il&mut*lll’ Il*lll "u I|1+2ll.

Tun "place" onpejesnsercs Kak 00be/IMHEHNE CJIEIYIONUX THIIOB:

(typedef "place" (uniont "variable'" "1.2"))

CemaHTHKa 3HAYEHUI 3a/1a€TCsI CJIELYIONIM 00Pa30M:

(aclosure ac :attribute "rvalue'" :type "value" :do
(update-push-aclosure ac :av "stage" "returning value')
(aclosure ac :attribute "rvalue'" :type "value'
:stage "returning value" :instance i :do i)

Crenyromme aTrpuOyTHbBIE 3aMBIKAHUS 3a/1al0T CEMAaHTUKY THIla "place':

(aclosure ac :attribute "rvalue'" :type "place" :do
(update-push-aclosure ac :av "stage" "returning value')
(update-push-aclosure ac :av "stage'" "checking location')

(update-push-aclosure ac :av "stage'" "evaluating location"))
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(aclosure ac :attribute "rvalue'" :type "place'

:stage "evaluating location" :do

(update-eval-aclosure ac :attribute "place'"))

(aclosure ac :attribute "rvalue'" :type "place"

:stage '"checking location" :agent a :value loc

tap a (aseq "borrows" loc) st :ap (car st) "kind" kd :match

rav (or (equal kd "free") (equal kd "shared")
(equal kd "unique"))
:do loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac))

(aclosure ac :attribute "rvalue'" :type "place'

:stage "returning value" :agent a :value loc

tap a (aseq "location value'" loc) v :do V)

ZLJIH orepanuunu &p CeMaHTHKa OIIpeae/IdeTcd CJAedyIOIMnM 06pa30M:

(aclosure ac :attribute "rvalue" :type "&1" :do
yp
(update-push-aclosure ac :av "stage" "returning value')
(update-push-aclosure ac :av "stage'" '"checkin location")
P P g g
(update-push-aclosure ac :av "stage'" "evaluatin location™")
P P g g
(aclosure ac :attribute "rvalue'" :type "&1"
:stage "evaluating location" :instance i :ap i1 1 v :do

(clear-update-eval-aclosure ac :attribute "place'

:instance v)))

(aclosure ac :attribute "rvalue'" :type "&1"

:stage '"checking location" :agent a :value loc

tap a (aseq "borrows" loc) st :ap (car st) "kind" kd :match
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rav (or (equal kd "free") (equal kd "shared"))
:do 1loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac)))

(aclosure ac :attribute "rvalue'" :type "&1"
:stage "returning value" :agent a :value loc
:v (mo "lifetime") 1t :ap a (aseq "borrows" loc) bor :do
(aset a
rav (aseq "borrows" loc)
(cons (mo "borrow" :av "lifetime" 1t :av "kind" "shared")
(aseq a "borrows" loc))

rav (aseq "lifetimes" 1t) (list loc))

(co "reference" :av "location" loc :av "lifetime" 1t))

Yc10BueM BBITIOJIHUMOCTU 9TOW ONEPAINH SBJISIETCS TOT (PAKT, UTO JIOKAIUS JIJIsi MecTa p He
JIOJIKHA OBITh 9KCKJIFO3UBHON. 3aMETHM, 9TO Mbl HE YTBEPIKJIAEM, UTO OHA JIOJIKHA OBITH CBO-

0O/THOM WJIH pas/ie/IsieMOil, TOCKOJIbKY XOTHM UMETh PACIIUPAEMYIO MOJIED

CemanTuka /i1 Ollepanuy &mut p ONpee/IAaeTcs aHAJIOTTIHBIM 00PA30M:

(aclosure ac :attribute "rvalue'" :type "&mutl" :do

(update-push-aclosure ac :av "stage" "returning value')

(update-push-aclosure ac :av "stage'" "checking location')

(update-push-aclosure ac :av "stage" "evaluating location')
(aclosure ac :attribute "rvalue'" :type "&mutl'

:stage "evaluating location" :instance i :ap i1 1 v :do

(clear-update-eval-aclosure ac :attribute "place'

:instance v)))

(aclosure ac :attribute "rvalue'" :type "&mutl"
:stage '"checking location" :agent a :value loc :instance i

tap a (aseq "borrows" loc) st :ap (car st) "kind" kd :match
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rav (and (or (equal kd "free") (equal kd "unique'))
(clear-update-eval-aclosure ac :attribute "mutable"
tinstance (aget i 1))

:do loc

rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac)))

(aclosure ac :attribute "rvalue" :type "&mutl"
:stage "returning value" :agent a :value loc
v (mo "lifetime") 1t :ap a (aseq "borrows" loc) bor :do
(aset a
rav (aseq "borrows" loc)
(cons (mo "borrow" :av "lifetime" 1t :av "kind" "unique')
(aseq a "borrows" loc))

rav (aseq "lifetimes" 1t) (list loc))

(co "reference" :av "location" loc :av "lifetime" 1t))

Tonbko yCJ10BUA BBIIIOJIHUMOCTH JIPpYyTHUE: JIOKallud JIjid MeCTa p JO0JIZKHa OBITD SKCKHIOSHBHOﬁ,
a CaMO MeCTO MyTa6e.J'H)HI>IM. MyTa6eIIbHOCTI> MeCTa OlIIpe/iesideTrcsd Ha60pOM aTI/I6yTHbIX 3aMbI-

KaHuil g arpubyra "mutable".

ZLJIH orepanuun &*p CEMaHTUKa OIIpeae/ideTcd CJIeyI0InM o6pa30M:

(aclosure ac :attribute "rvalue" :type "&*1" :do
(update-push-aclosure ac :av "stage" "returning value')
(update-push-aclosure ac :av "stage'" "checking location')
(update-push-aclosure ac :av "stage'" "evaluating location")

(aclosure ac :attribute "rvalue'" :type "&x1"

yp
:stage "evaluating location" :instance i :ap i 1 v :do

(clear-update-eval-aclosure ac :attribute "place'

:instance v)))

(aclosure ac :attribute "rvalue'" :type "&x1"
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:stage '"checking location" :agent a :value loc :instance 1
rap a (aseq "borrows" loc) st :ap (car st) "kind" kd :match
rav (is-instance (aget i 1) "&mutT1")
:do loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac)))

(aclosure ac :attribute "rvalue" :type "&x1"
:stage "returning value" :agent a :value loc
v (mo "lifetime") 1t :ap a (aseq "borrows" loc) bor :do
(aset a

rav (aseq "borrows" loc)

201

(cons (mo "borrow" :av "lifetime" 1t :av "kind" "shared")

(aseq a "borrows" loc))
rav (aseq "lifetimes" 1t) (list loc))

(co "reference" :av "location" loc :av "lifetime" 1t))

st omeparuu &mut*p ceMaHTUKa ONpPEJEIIeTCd AaHAJOTHIHBIM 00Pa30M:

(aclosure ac :attribute "rvalue'" :type "&mut*1" :do
(update-push-aclosure ac :av "stage'" "returning value')

% % g g
(update-push-aclosure ac :av "stage'" "checking location')
(update-push-aclosure ac :av "stage" "evaluating location')

(aclosure ac :attribute "rvalue'" :type "&mutx1"
:stage "evaluating location" :instance i :ap i 1 v :do

(clear-update-eval-aclosure ac :attribute "place'

:instance v)))

(aclosure ac :attribute "rvalue" :type "&mutx*1"
:stage '"checking location" :agent a :value loc :instance 1
rap a (aseq "borrows" loc) st :ap (car st) "kind" kd :match

rav (and (equal kd "unique')
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(is-instance (aget i 1) "&mutT1"))
:do 1loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac)))

(aclosure ac :attribute "rvalue" :type "&mutx*1"
:stage "returning value" :agent a :value loc
:v (mo "lifetime") 1t :ap a (aseq "borrows" loc) bor :do
(aset a
rav (aseq "borrows" loc)
(cons (mo "borrow" :av "lifetime" 1t :av "kind" "unique')
(aseq a "borrows" loc))

rav (aseq "lifetimes" 1t) (list loc))

(co "reference" :av "location" loc :av "lifetime" 1t))

CemanTuka olepalidy * onpenesasieTcs CAeIYIOMUMU 3aMbIKaHUAMMU:

(aclosure ac :attribute "rvalue'" :type "*1" :do
update-push-aclosure ac :av '"stage returning value
( pd t p h 1 " t g n " t : g 1 " )
update-push-aclosure ac :av '"stage evaluatin
( pd t p h l n g n n 1 : g 1 " ) )

(aclosure ac :attribute "rvalue'" :type "*1" :stage "evaluating 1"

:instance 1 :ap i 1 vl :do
(clear-update-eval-aclosure ac :attribute "rvalue'

:instance v1))

(aclosure ac :attribute "rvalue" :type "*1"
:stage "returning value" :agent a :value ref
tap ref "location" loc :ap a (aseq "location value'" loc) v :do

v)

Oneparnust + ONpeIe/IgeTcs CAeIyoNnuM 00pa30M:

(aclosure ac :attribute "rvalue'" :type "1+2" :do

(update-push-aclosure ac :av "stage'" "returning value')
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(update-push-aclosure ac :av "stage'" "evaluating 2")

(update-push-aclosure ac :av "stage'" "evaluating 1")
(aclosure ac :attribute "rvalue'" :type "1+2"

:stage "evaluating 1" :instance i :ap i 1 vl :do

(clear-update-eval-aclosure ac :attribute "rvalue'

:instance v1)))

(aclosure ac :attribute "rvalue'" :type "1+2"
:stage "evaluating 2" :value vl :instance i :ap 1 2 v2 :do
(clear-update-eval-aclosure ac :attribute "rvalue'

sinstance v2 :av "v1" wv1)))

(aclosure ac :attribute "rvalue'" :type "1+2"

:stage "returning value" :ap "v1" vl :value v2 :do (+ vl v2))

[TomobubIM 06pa30oM OMPEIENIAIOTCA U JIPyrue ONHAPHBIE ONEPAIIHN.
4.3. CemaHTHUKAa OIIepaTOpPOB

CemaHTHKa OIEPATOPOB OIpejessercs JJjs BblpaxkeHuil tumop "1=2", "letl1=2",
"letmutl1=2" u "{1}". Ilpu omnpe/iesieHNN CEMAHTUKU JJI ITUX BBIPAKEHUN XapaKTePHBIMU
ABJIAIOTCA cTaauu "updating agent" m "checking location'. [lepBas onpenesnser, KaK MO-

JUPUIIIPYETCsT areHT, a BTOPasi — yYCJIOBHUS BBIITOJTHUMOCTU OTICPAITHH.

Omnepamus "1=2" onpeesisieTcst CJITyIONIM 00pa30M:

(aclosure ac :attribute "statement" :type "1=2" :do
(update-push-aclosure ac :av "stage'" "updating agent")
(update-push-aclosure ac :av "stage" "evaluating 2")
(update-push-aclosure ac :av "stage'" "checking location')
(update-push-aclosure ac :av "stage" "evaluating 1")

(aclosure ac :attribute "statement" :type "1=2"

:stage "evaluating 1" :instance i :ap i 1 vl :do
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(clear-update-eval-aclosure ac :attribute "place'

:instance v1)))

(aclosure ac :attribute "statement" :type "1=2"
:stage '"checking location" :value loc :agent a
tap a (aseq "borrows" loc) st :ap (car st) "kind" kd :match
rav (or (equal kd "free") (equal kd "unique'"))
:do loc
rexit (co "stop next aclosure" :av "type" "error" :av

"aclosure" ac))

(aclosure ac :attribute "statement" :type "1=2"
:stage "evaluating 2" :value vl :instance i :ap 1 2 v2 :do
(clear-update-eval-aclosure ac :attribute "rvalue'

sinstance v2 :av "v1'" v1)))

(aclosure ac :attribute "statement'" :type "1=2"
:stage "updating agent" :ap "v1" vl :value v2 :do

(aset a "location value'" vl v2))

YcoBue BBIIOTHAMOCTH ONEPAIANA TPeOYeT, UTOOBI JIOKAIWs, SABJISIONAACT Pe3yIbTaTOM BBI-
YucIeHns 3HadeHus arpudyTra 1, Oblaa wIm cBOOOJHOM, MM SKCKJIIO3UBHON, a MecTO 1 MyTa-

OEJIbHBIM.

CemanTuka omneparun "let1=2" umeer BU/I:

(aclosure ac :attribute "statement" :type "letl=2" :do
(update-push-aclosure ac :av "stage'" "updating agent")

(update-push-aclosure ac :av "stage'" "evaluating 2"))

(aclosure ac :attribute "statement" :type "letl=2"
:stage "evaluating 2" :value vl :instance 1 :ap 1 2 v2 :do
(clear-update-eval-aclosure ac :attribute "rvalue"

:instance v2))
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(aclosure ac :attribute '"statement"

:stage "updating agent" :instance

:v (mo "simple location") loc :do

(aset a :av (aseq "location'" x)

205

:type "letl=2"

i rap 1 1 x :value v2

loc

rav (aseq "mutability" x) "immutable"
rav (aseq "location value'" loc) v2
rav (aseq "borrows" loc)
(list (mo "borrow" :av "kind" "free'"))))

JL71st IpOCTOTHI, MBI PACCMOTPENIH TOJILKO CJIyvaii,

KOI'la IlepeMeHHad, ABJIAIoNIadaCd 3HaYCHU-

eM aTpudyra 1 mMmeer mpumMuTHBHBIN Tui. Ciiydail CTPYKTYDPBI OIpPeIe/saeTcss aHaJIOTHIHBIM

0Opa3oM.

Omnepanns "letmut1=2" onmpeaessieTcss aHAJOITIHBIM 00pa30M:

(aclosure ac :attribute "statement" :type "letmutl=2" :do
(update-push-aclosure ac :av '"stage'" "updating agent')
(update-push-aclosure ac :av "stage'" "evaluating 2"))

(aclosure ac :attribute "statement'" :type "letmutl=2"
:stage "evaluating 2" :value vl :instance i :ap 1 2 v2 :do
(clear-update-eval-aclosure ac :attribute "rvalue'
tinstance v2))

(aclosure ac :attribute "statement" :type "letmutl=2"
:stage "updating agent" :instance i :ap 1 1 x :value v2
:v (mo "simple location") loc :do

(aset a :av (aseq "location" x) 1loc
rav (aseq "mutability" x) "mutable"
rav (aseq "location value'" loc) v2
rav (aseq "borrows" loc)
(list (mo "borrow" :av "kind" "free'"))))

Ormaaercss TOJIBKO MOJAMMUKAIINS areHTa.
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OcobeHHOCTBIO CEMAHTUKH OJIOKA SBJIAETCA €r0 BO3MOXKHOCTH OlIpeaesIdThb JIOKaJIbHbIE Bpe-

M€Ha 2KN3HU U MCKJII0OYAaThb UX IIPU BbIXOE U3 OJI0KA!

(aclosure ac :attribute "statement" :type "{1}" :agent a
ap a "lifetimes" 1fs :do
(update-push-aclosure ac :av "stage'" "restoring lifetime"

cav "lifetime list" (attributes 1fs))

(update-push-aclosure ac :av "stage'" "evaluating 1"))
(aclosure ac :attribute "statement'" :type "{1}"
:stage "evaluating 1" :instance 1 :ap i1 1 stl :do

(update-eval-aclosure ac :stage "body iteration'
rav "current" O :av "statements" stl

rav "bound" (length stl)))

(aclosure ac :attribute "statement'" :type "{1}"
:stage "body iteration" :ap "current" k :ap "statements" stl
ap "bound" n :match
v (< kn) T
:do
(update-eval-aclosure ac :av "current'" (+ k 1))

(clear-update-eval-aclosure ac :instance (nth k stl)))

(aclosure ac :attribute "statement'" :type "{1}"
:stage "restoring lifetime" :agent a :ap "lifetime 1list" 1fl
:match :v (mo) 1fs
(dolist (1f 1f1) (aset 1lfs 1f (aget a "lifetimes" 1f)))

(aset a "lifetimes" 1fs)

5. Bepudukarusa npaBusi 6€30IIacCHOCTA Ha MIpUMepax

B nannom pasgesne paccmarpuBaercs pabora nnreprperaropa ABML na kiraccuieckux ciie-
Hapugax A3bIKa RUSt. OCO60€ BHUMaHUE yJae/deTcsd TOMY, KaK JUHaMUYeCKad CEMaHTHUKa areHTa

BOCIIPOU3BOIUT CTATHIECKHE ITPOBEPKU KOMIIUISATOPA, obecriednBasi 6€3011aCHOCTh PAOOTHI C T1a-
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MATDBIO.

5.1. KoHMauKThl 3aMMCTBOBaHUS

OcHoBHast KoHIenns Oe3omacHocT Rust 3ak/rovdaercss B 3ampere OJHOBPEMEHHOIO CYIIe-
CTBOBaHUS PA3JIEIISIEMOro J0CTYNa (YTEHUs ) 1 BO3MOKHOCTH MOUMUKAIMN JAHHBIX. DTO IPEIOT-
BpaIlaeT Heope/ie/IeHHOE ITOBEJIEHNe U TOHKHY JIAHHBIX. PaccMoTpuM IpuMep, Hapy Aol ST

IpaBuia;

let mut x = 5;

let = &x; // Shared borrow (pasmenseMoe 3amMMCTBOBaHHUE)
y p

xx = 10; // OLUBKA: X yXe 3auUMCTBOBAH IEepEeMeHHOH ¥y

BeimmosiauMm uaTEpripeTanuio srux onepanuit B Mmojesin Ha ABML.

HepBaH NHCTPYKIUA yCTaHaBJIMBaET CJICAYIOIIUE CBA3U B anI/I6yTaX areHTas:

locl := (mo "simple location')

(aget a "location" x) = locl

(aget a "mutability" x) = "mutable"

(aget a "location value" locl) = 5

(aget a "borrows" locl) = (list (mo "borrow'" :av "kind" "free'"))

rae locl — HOBad JIOKaIlU4.

Bropas nncTpyKIius MOu@UIIUPYeT areHTa CJIEIYIONIM 00Pa3oM:

locl := (mo "simple location')
loc2 := (mo "simple location')
1tl := (mo "lifetime")

(aget a "location" x) = locl
(aget a "location" y) = loc2
(aget a "mutability" x) = "mutable"

"immutable"

(aget a "mutability" y)

(aget a "location value'" locl) 5

(aget a "location value'" loc2)

(co "reference'" :av "location" locl :av "lifetime" 1t1)




12

13

14

15

16

208

Boaun E.B., Anypees U.C. Ouepanuontasi ceMaHTUKa BbIparKeHuil B #3bike Rust na sa3pike ABML

(aget a "borrows'" locl) =
(list (mo "borrow'" :av "lifetime" 1tl1 :av "kind" "shared")
(mo "borrow" :av "kind" "free'"))
(aget a "borrows" loc2) = (list (mo "borrow'" :av "kind" "free'"))
(aget a "lifetimes" 1t1) = (list locl)
rjae loc2 — HoBag Jiokalusl, 1 1t1l — HOBOe BpeMd »KU3HU.

TpeTbH MHCTPYKIIUA HAYUHAET C BbIYUCJ/IEHUA *X. B sTom CJIyda€ X BbIIUCJIACTCA KaK rvalue

U BO3BPAIIAET YUCJIO 5, & BBIYUC/ICHUE *X TpedyeT cchlIku. [loaToMy BhIYnCI€HNE OlTepaIrmoHHOM

CEMaHTUKIN

3aBePINAeTCs C OIMTNOKOIM.

5.2. HacTtu4aHOoe 3aMMCTBOBAHME CTPYKTYP

O,ZLHI/IM 13 KJIIOYEBLIX IIPEUMYIICCTB OHTOJIOINYIECKOI'O II0JX0Ja ABJIACTCA BOSMO2KHOCTDL TOY-

HOI'O MOJZeJIMPpOBaHUA 9YaCTHUYIHOI'O JOCTYIIa K KOMIIOHEHTaM CJIOXKHBIX JaHHBIX. B oryimume ot

CHCTEM C «ILJIOCKOI» MaMsThIO, OJIOKAPYIONINX OOBEKT IeJIMKOM, nepapxudeckast Mojaeas ABML

IIO3BOJIAET al'€HTY aHaJIM3UPOBaTh JOCTYII Ha YPOBHE OTIEJ/IbHBIX OoJIEN.

let mut point = Point { x: 1, y: 2 };
let r = &point.x; // 3auMCTByeM TOJBKO IOJE .X
point.y = 10; // OK: mome .y LOCTYNHO AN 3alUCH

B JaHHOM IIpUMeEpe I10JIe X 3auMMCTBOBAHO JId 9TEHUA, 9TO 3allpelliacT €ero uU3MEeHEHHUE. O,ZL—

HAKO I10JIe ¥ OCTaeTCsl CBOOOTHBIM U MOXKET OBITH M3MEHEHO.
BruimosmauM nHTEpIpeTanuo STuxX onepannii B mogean na ABML.

HepBaﬂ NMHCTPYKIUA YCTaHaBJ/JINBACT CJICAYIOIIUE CBA3U B anI/I6yTaX al'édTa:

locx := (mo "field location")

locy := (mo "field location')

locpoint := (mo "struct location" :av "x" locx :av "y" locy)
(aget a "location'" point) = locpoint

(aget a "mutability" point) = "mutable"

(aget a "location value" locx) = 1

(aget a "location value'" locy) = 2

(aget a "location value'" loc_point) =
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(mo "struct location" :av "x" locx :av "y" locy)
(aget a "borrows" locx) = (list (mo "borrow'" :av "kind" "free'"))
(aget a "borrows" locy) = (list (mo "borrow'" :av "kind" "free'"))
(aget a "borrows" locpoint) = (list (mo "borrow" :av "kind"

”free”))

Bropas unctpykius MoguduUIIpyeT areHTa CJIeIyIOINIM 00pas3oM:

locx := (mo "field location')
locy := (mo "field location")
loc_point := (mo "struct location" :av "x" locx :av "y" locy)
locr := (mo "field location')
1tl := (mo "lifetime')
(aget a "location'" point) = locpoint
(aget a "location" r) = locr
(aget a "mutability" point) = "mutable"
(aget a "mutability" r) = "immutable"
(aget a "location value" locx) = 1
(aget a "location value'" locy) = 2
(aget a "location value'" loc_point) =
(mo "struct location" :rav "x" locx :av "y" locy)
(aget a "location value" locr) =
(co "reference'" :av "location" locx :av "lifetime'" 1t1)
(aget a "borrows" locx) =
(1list (mo "borrow" :av "lifetime" 1tl :av "kind" "shared")
(mo "borrow" :av "kind" "free'))
(aget a "borrows" locy) = (list (mo "borrow'" :av "kind" "free'"))
(aget a "borrows" locpoint) = (list (mo "borrow" :av "kind"
"free"))
(aget a "lifetimes" 1t1) = (list locx)

TpeTbH MHCTPYKIUA TaK2KE€ BBIIIOJIHACTCA, TaK KaK 3auMCTBOBaHHE HaJIO2KEHO TOJIBKO Ha

locx, a He Ha locpoint IEJIMKOM:
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locx := (mo "field location')

locy := (mo "field location')

loc_point := (mo "struct location" :av "x" locx :av "y" locy)
locr := (mo "field location')

1tl := (mo "lifetime")

(aget a "location'" point) = locpoint
(aget a "location" r) = locr

(aget a "mutability" point) = "mutable"
(aget a "mutability" r) = "immutable"
(aget a "location value" locx) = 1
(aget a "location value" locy) = 10

(aget a "location value" loc_point) =
(mo "struct location" :rav "x" locx :av "y" locy)
(aget a "location value'" locr) =
(co "reference" :av "location" locx :av "lifetime" 1t1)

(aget a "borrows" locx) =

(list (mo "borrow" :av "lifetime" 1tl :av "kind" "shared")
(mo "borrow" :av "kind" "free'"))
(aget a "borrows" locy) = (list (mo "borrow'" :av "kind" "free'"))
(aget a "borrows" locpoint) = (list (mo "borrow" :av "kind"
"free"))
(aget a "lifetimes" 1t1) = (list locx)

DTOT IpUMep HAIJISAIHO JIEMOHCTPUPYET TOTHOCTH OHTOJIOTUYIECKOTO MOJACTUPOBAHUS: areHT
«IIOHUMAET», 9TO 3aUMCTBOBaHNE YaCTH 00bEKTa He SKBUBAJIEHTHO OJIOKMPOBKE BCEr0 00bEKTa,
YTO MOJIHOCTBIO COOTBETCTBYET CEMAHTHKE Da3JIeIeHHOro 3amMcTBoBaHus (split borrowing) B

Rust.
6. PoacrBenHble paboOThI

UccnenoBanus B obactu opMaibHON CEMAHTUKH S3bIKOB IIPOIPAMMUPOBAHUSA, U B OCOOECH-

HOCTHU 4d3bIKa RUSt, B IIocjieHue 1roAbl IIPUBJIEKAIOT 3HAYUTE/IbHOEC BHUMAaHHUE HAYYIHOI'O €000-
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mrecTBa. DTO CBA3AHO C HeTpHBHaJIbHOﬁ MOZIEJIBIO IIaMATH RUSt, OCHOBAQHHOIT Ha KOHIICHIINAX
BJIaJICHUA, 3aUMCTBOBaHUA W CTPOTUX I'apaHTUAX OTCYTCTBUA I'OHOK JaHHBIX. B pe3yJibTaTe
II0ABMJIOCH MHOZKECTBO pa60T, HallpaBJICHHBIX Ha cbopMaﬂusaumo KaK CTaTU4YeCKHX, TaK 1 JU-

HaMHWYECKUX aCIIEKTOB A3bIKa.

OpHOM U3 mepBBIX paboT, IeIeHAIIPABICHHO OIUCHIBAIOIINX JHHAMIYIECKOe 1moBegeHne Rust,
SIBJIsIeTCs WCTOJIHsIeMasi oneparmonnasi cemantnka RustSEM [3]. B mamnoit pabore aBropb
nperaraioT popMaIbHyI0 MOJIE/Ib UCIOJHeHUs TporpaMM Rust, B KoTopoil BHO mpejcTaB/ie-
HbI MEXaHMU3Mbl BJIaJCHNUA U 3aIMCTBOBaHUNA. CeMaHTI/IKa 3a/laeTCd B BHJI€ CUCTEMBbI 11€PEXO/ 0B
COCTOSIHUI 1 OpHuEeHTHUPOBaHa Ha BOCIIPOU3BE/ICHUE IIOBC/ICHUA PEAJIbHBIX IIPOrpaMM, BKJIIOYad
CUTYyaIlnd, IPUBOISINNE K omuOKaM JocTyia K naMaru. [loaxon RustSEM nemonctpupyer Bo3-
MOKHOCTb JIMHAMUYECKOH ITPOBEPKU KOPPEKTHOCTU PAbOTHI ¢ 3aMMCTBOBAHUSAME, OTHAKO MO-

JeJb B 3HAYUTEJBbHON CTEIIEHN OIMpaeTCd Ha IIJIOCKOE IIpeJCTaBJICHUE IIaMATH.

Cxoxyio 1enb npecyeayer pabora KRust [II], B xoropoit dopmanbhas cemantuka Rust
peasm3oBana B pamkax K-dpeiimpopka. VcnonabszoBanne K 1mo3BosiseT aBroMaTHIecKH IOJIY-
4aTh UCIHOJHAEMbI UHTEPIPETATOP U MHCTPYMEHTHI aHAIN3a Ha OCHOBE (hOPMAJILHOTO OITHCA-
HUsT CEMaHTUKNA. ABTOPBI TIOKA3bIBAIOT, UTO MPE/JIOKEHHAsT MOJIEb KOPPEKTHO BOCIIPOU3BOIUT
OCHOBHBIE 3JIEMEHTBI sI3bIKA, BKJIIOUAs [IEPEHOC BJIaJIeHust (IMove), 3aMMCTBOBAHUS 1 MyTabe b-
noctb. CemanTnka KRust 6bL1a comocrapieHa ¢ TecramMu opHUIMAIBHOIO KOMIIIITOpa Rust,

9TO IMOATBEP2KAAET €€ NPAKTUIECKYIO IIPUMEHUMOCTD.

OTaesbHOE HallpaB/IeHHE HCCJICIOBAHUI cBA3aHO ¢ (popMaau3anmeil 3aMMCTBOBAHUI Yepes
CUMBOJITYECKUE MoJiesin. B paborax 1o npoBepKe KOPPEKTHOCTH 3aUMCTBOBAHUI MTOCPEICTBOM
cumBosibHON cemanTuku [0, [7] mpenmaraerca dopmanmnsm LLBC (Low-Level Borrow Calculus),
KOTOpBII CIY?KAT IPOMEXKYTOYHBIM YPOBHEM MEXKly BBICOKOYPOBHEBLIM Rust m HH3KOYpOB-
HEBbIMU MOJICJIAMMN ITaMATH. ABTOpr JOKa3bIBalOT KOPPEKTHOCTDb CUMBOJIBHOII CeMaHTHUKU II0
OTHOIIEHUIO K OHepaHI/IOHHOf/I7 YTO ITIO3BOJIAET HMCIIOJIb30BaTb MOJIEJDL JIJId q)OpMaﬂbHOIU/I Bepu-

duKanuu CBOMCTB IPOTPaAMM, CBI3AHHBIX ¢ O€30TIACHOCTHIO TAMSITH.

JampHefmM pa3BUTHEM 9TOIO HAIIpaBJIeHUs sIBJIseTcst MHCTpyMeHT Aeneas [8|, opuenTn-
POBaHHBIN Ha BepuduKaryio mporpamMmM Rust myTem mepeBoma B hyHKITMOHATBHBIE TTPECTAB-
nenus. B nannoit pabore oneparmonnas ceManTuka Rust pejyrupyercss K 9ucToil ceMaHTHUKe,
B KOTOPOIl yIIpaBjeHUE MaMAThIO U aJIpecaMi 3aMeHdAeTCd a0CTPAKTHLIMU TOHATUIMU BJIa/le-
HUA U 3aiiMoB. Takoil 1moaxos1 obJjierdaeT JI0Ka3aTeIbCTBO (DYHKIIMOHAIBHON KOPPEKTHOCTH, HO

abcTparupyercsd OT MHOIUX JeTajieil peajJbHOIO UCIIOJTHEHUA.
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OyHamMeHTaaIbHON paboToit B obactu popmabHOro obocHoBanus Rust siBiasercs mpoekT
RustBelt [15]. B Hem aBTopbl BBOAT opmasibHbiil 36K ARust u 3a1ai0T ero omeparmoH-
HYIO CEMaHTHKY, YTO TI03BOJIAET CTPOTO JIOKA3aTh OE30ITacHOCTDb KJIIOYEBBIX MexaHm3MoB Rust,
BKJIIOYasi OTCYTCTBUE MCIIOJIBb30BaHUS [0CJIe 0CBOOOK ieHus (use-after-free) u ronok jgannbix. B
OTJINYNE OT UCIIOJIHsAEMBIX ceMaHTUK, RustBelt opuenTupoBan mnpexkie Bcero Ha g0Ka3aTeIbCTBO
TEOPETHUYCCKUX CBOMCTB A3bIKa, & HE Ha MOJCTUPOBAHUE KOHKPETHBIX CIICHAPUEB BBITIOJTHEHUS
nporpamMm. B RustBelt npemiaraercs jorudeckas ceMaHTHKa, Jiid oJiMHOXKecTBa Rust u j10-
Kas3bIBaIOTCs KJtoueBble cpoiictBa Gesonacuoctu namstu [10) 12, [15]. Xora ncexonnas Bepcus
RustBelt 6bL1a omyb/mmKoBaHa paHee, MOCIEAYIOINHE PabOThI CYIIECTBEHHO PACIIUPUIN TOT

HOJIXOJ1, BKJIFOUast oep:kKy relaxed memory u unsafe-koma [1I, 12, 13].

Pazsutue RustBelt npusesio k coznanuio RustHornBelt u RefinedRust, koTopsie 00beuHs-
10T JIOTUYECKUE U TUIIOBbIE METO bl BepubUKAIUN 1 00ECIIEYUBAIOT BBICOKYIO CTEIIEHb ABTOMATH-
sanun jokazaresbeTs [9, [14) [16]. Dtu paboTbl AeMOHCTPUPYIOT, KAK OlEpaIMOHHAsT CEMaHTHKA

Rust moxkeT OBITH cBA3aHa ¢ JJOrHYECKIMI MOJeJIAMM 1 JOKa3aTe/JIbHBIMU CUCTEMaMMU.

[TapaJuresIbHO Pa3BUBAIOTCA MPAKTUKO-OPUEHTHPOBAHHBIE CPEJICTBA BepudUKAIUU, TaKKe
kak Verus u Flux, ucnosb3syiomue pacimperubie TuiioBbie cucteMbl u SMT-pemrarenn s
Jokazaresbera ceoiicts mporpamm 5] (18, [19]. D1u uncTpymenTs onmparores Ha dhopMabHbe

ceMaHTHIecKre Mojiesin Rust, XoTd u He Beer/ia 3a/1al0T UX ABHO B OIEPAIMOHHON (hopMe.

Otne/bHBINN KJTAacC MCC/IeIOBAHMIT MTOCBIIeH aliasing-Mo/ie/iaM u JIMHAMUYIECKOI CeMaHTHUKe
3alMCTBOBaHMiA, BKIO4Yas Stacked Borrows u ero pacimpenust, KOTOpble YTOUHSIOT JIOIMYCTH-
Mble CIIeHApUH JIOCTyIa K mamaTd Bo Bpems BbimosHenus [4, [I7]. Dtu momenn okasbiBaror

CyILIEeCTBEHHOE BJIMAHUE Ha COBPEMEHHBIE CbOpMaJII/IBaHI/II/I Rust n nHTEepHIpeTalnuIo unsafe—KOAa.

CymiecTBy1oT Takke paboThl, (GOKYCUPYIOMIUECs Ha KOHIEITYyaIbHOM M KOTHUTUBHOM aHAJIH-
3e mogiesin BiaJienns Rust. Tak, B [2] npemiaraercs konmentyambaas MoJieb ownership-tumos,
KoTopas (popMaM3yeT WHTYUTHBHBIE MPEJICTABIEHUS O BJIAJEHUHM U 3aUMCTBOBAHUU U COIIO-
CTaBJIET UX C peabHbIMU IIPABUIAMU S3bIKa. XOTS JlaHHAs paboTa He 3a/1aeT OIePAIMOHHYIO
CEMaHTHKY HAITPAMYIO, OHA BHOCUT CYIIECTBEHHBII BKJIa/] B TOHUMAHUE CBA3M MEXKJTy CTaTU4e-
CKUMUI W IUHaAMUYecKUMU acnektamu Rust.

Ha stom ¢one mnpejioxkennass B HACTOAIIEHl CTaTbe ONEPAIMOHHAT CEMAHTHKA BbIPayKe-
uuit Rust wa a3pike ABML 3anuMaeT mpomeKyTodHOe IOJIOKEHHEe MEXKy TEOPEeTUIeCKUMU
U TPAKTUKO-OPUEHTUPOBAHHBIMU T10/IX0/IaMU. B oT/imydne oT OOJIBITUHCTBA CYIIECTBYIONIUX MO-

[Leneﬁ, OHa HUCIIOJIB3YyEeT OHTOJIOTHYECKOE IIpeJ/ICTaBJICHUE BbIYUC/IMTEJIbHOI'O COCTOAHUA U Uepap-
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XUYIECKYIO MOJIEIb IMaMsTH, YTO ITO3BOJISET €CTECTBEHHO BLIPDA3UTH YACTUIHOE 3aMMCTBOBAHUE
U JIMHAMUYECKYIO MPOBEPKY KOHMINKTOB jocTya. Takum obpaszom, paboTa JOMOJHSAET CyIIe-
CTBYIOIIUE UCCIEIOBAHUS, TIpe/iaras aJbTepHATUBHbBIN, OHTOJIOIUTYEeCKN OOOTaIeHHBIN CIIOCo0

dopmasnuzaun cemanTuku Rust.

7. 3akJrodeHue

B craTbe Oblia mpejicraBiieHa olepalioHHas ceMaHTHKa BbIpakeHuil si3bika Rust, dpopma-
JIN30BaHHAS C KCIIOJB30BAHUEM OHTOJIOTHIECKOIO U aTPHOyTHO-OPHEHTUPOBAHHOIO IIOIXO/IA,
peamuzoBanHoro B s3bike ABML. Ilpemiokennas Moaeab OprueHTHpOBaHA Ha TOYHOE BOCIIPO-
U3BeJIeHUE JIMTHAMUIECKOI'O TIOBEJICHUSI IIPOIPAMM C yUIETOM KJIIOUEBBIX rapaHTHil 6€30I1aCHOCTH
maMsITH, XapaKTepHbIX Jj1s Rust.

OHUM U3 OCHOBHBIX PE3YJILTATOB pabOThI ABJISAETCH BBEJICHHE UEPAPXUIECKON MOJE/H Ta-
MATH, B KOTOPOH JIOKAITUU MOI'YT IIPEJACTAB/ISTh KaK Ie/ble CTPYKTYPbI, TaK U UX OTIEIbHBIE
mosist. Takast opraHm3aIms IaMsITH IO3BOJIAET KOPPEKTHO MOJIEINPOBATH YaCTHIHOE 3aUMCTBO-
BaHUE U OTPaKaeT peasibHble NpaBHUja JIOCTyIa K JAHHBIM, NpUMeHseMble B a3bike Rust. B
COYETAHUN C METAJAHHBIMU KUBYUIECTH, MyTaOeJIbHOCTH U aKTHBHBIX 3aMMCTBOBAHUI 9Ta MO-
JIeJIb 00ecIIednBaeT CTPOryI0 IUHAMUYIECKYIO IIPOBEPKY KOH(MDJIMKTOB.

Paspaborannas onepanpuonnas ceMaHTHKa OIUCAHA B BUJE UCIOJHIEMBIX ITPABUJI, 9TO OT-
JITJIaeT ee OT YNUCTO JAEKJIAPATUBHBIX (pOpMaIu3aIuil. DTO Je/1aeT BO3MOXKHBIM HCIIOJIH30BAHIE
MOJIEJTN HE TOJIBKO JIJIsT TEOPETUIECKOTO aHaIn3a, HO W JIJIA IKCIePUMEHTAIbHOIO NCIIOTHEHUS
[IpOrpaMM, TPACCUPOBKHU BBIYMCIECHUN U MCCIeI0BaHUs T'PAHUYIHBIX CIydaeB IMOBEICHUS MeXa-
nu3moB ownership u borrow checking.

CpaBHeHne ¢ npeapIynmMn pabotamu, nctnosb3yomuvu ABML aj1s onrcanust ceMaHTUKT
JIPYTUX A3BIKOB M KOHCTPYKIIUiA, IIOKA3bIBAET YHUBEPCAILHOCTH BHIOPAHHOIO 10ax01a. OHTOI0-
IUYIECKOe MIPEJICTAaBIeHNEe CHHTAKCHIECKIX M CEMAaHTUIECKIX CYITHOCTEH IO3BOJIAET IIOCTEIIEHHO
pacIIpATh MOJIE/Ib, J00aBJIsisi HOBble KOHCTPYKIINK A3biKa Rust 6e3 pajimkaabHOro mepecMoTpa
y2Ke CYIIECTBYIOIIUX OIPE/ I/ ICHUIA.

B mepcriekTrBe mpe toxKeHHass CeMaHTUKa MOYKET OBITh PaCIIupeHa JIsi MOJIEPKKHI 0oJree
CJIO’KHBIX 9JIEMEHTOB sA3bIKa, TAKUX KaK (PYHKIUHU, 3aMbIKaHUsI, 00OOIIEHHbBIE TUIIBI U ITapaJi-
JIeJIbHBIE BbIUnC/IeHns. Kpome Toro, oHa MOXKET CJIYKUTh OCHOBOM ISl TIOCTPOEHMST (DOPMAJIh-
HBIX HHCTPYMEHTOB aHa/IM3a U BepuduKaruu mporpaMM Ha Rust, a Takzke 771 cormocTaBieHns

ILPIH&MH“IGCKOﬁ CEMaHTUKHN C pe3yJ/ibTaTaMi CTaTUYECKOI'0 aHaJ/n3a KOMIINJIATOPA.
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B nesiom, paboTa J1eMOHCTPHUPYET, 9TO OHTOJIOTUIECKHH 1 aTPUOY THO-OPUEHTUPOBAHHBIHN 1TOT-
xon B couerannu ¢ ABML sBisiercst 9 deKTUBHBIM CPeICTBOM (hOPMATU3AINHI SI3BIKOB PO~
rPaMMUPOBAHUA C PA3BUTON MOJIEIBIO O€30ITACHOCTU AMSITH U OTKPBIBACT HOBBIE BOZMOZKHOCTH

JUI MCcJieJioBaHnii B obsiactt (hOpMaJIbHbIX CEMAHTHUK.
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