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VJIK 004.432.4

AHaJIN3 THIIOB B TPAHCJIATOPE C A3bIKA IIPCAUNKATHOI'O

NporpaMMHUpPOBaAHUSA

3yoapes A.FO. (Mucmumym cucmem unghopmamuxu CO PAH, Hoeocubupckuii

20CY0apCcmeeHHbll YHUgepcumen,)

CemaHTHKa $3bIKa MPEIUKATHOTO MpOrpaMMHupoBaHusi P ¢opmann3oBaHa ¢ HCIOJIB30BaHUEM
TpeX BUAOB OTHOIICHUN: COBMECTUMOCTH, COIVIACOBAHHOCTU M TOXKAECTBA. PEKypCHBHBIC THUIIBI
Ollpe/ieJIeHbl  Yepe3  ammapar HauMeHbIed HemoJBMXKHONH Toukd. OOO0OIIEHHbIE TUIIBI
IIPE/ICTAaBICHbl TUIOBBIMU OrpaHUuYEHUsMU (KOHUenTaMu). Jlas KOHCTPYKIMI C HEsIBHOU
TUNU3anuen chopMysIMpoBaHbl IpaBUJIa BOCCTAHOBJICHHUS THUIIOB IEpeMEHHbIX. Pa3paboTaHbl
QJITOPUTMBI IPOBEPKU KOPPEKTHOCTH PEKYPCUH, OIIPEIEIICHNs TUIIOB JUIS S3bIKOBBIX KOHCTPYKLIUH,
IIPOBEPKU CEMAHTUUECKON KOPPEKTHOCTU KOHCTPYKLUH.

Knwueevie cnosa: mun aaHHblx, cemManmudecKuil aHatus, ookazamenvHoe npocpammupoearnue,

NPeOUKAmHOe NPOSPAMMUPOSAHUe, 0000UEeHHOe NPOZPAMMUPOBAHILE.

1. BBenenue

SI3BIK  TpEIMKATHOTO mporpammupoBaHus P [2] sBiseTcs sA3bIKOM  JIOKA3aTeNbHOIO
HOPOrpaMMHPOBAHUS CO CTATUYECKOM THIU3auuel. B si3pIkax 0Ka3aTelbHOTO MPOrpaMMHPOBAHUS
nporpamMma 3aJaeTcsi BMecTe ¢ ee creruduKkanieii: NpeaycIoBUsIMH H TTOCTYCIOBUSMHU JUISL BCEX
nonporpamMM. [ToCKoJIbKY TOYTH BCE CHCTEMBI aBTOMATHYECKOTO JI0KA3aTeNIbCTBa 0a3UPYIOTCS Ha
TOTAJIBbHBIX q)YHKIII/IﬂX, TUIIBI JAaHHBIX JOJIXKHBI OBITH TOYHO OIIPCACIICHBI. B cucreme thmoB
CTaHOBUTCS HEOOXOJUMBIM HCIIOJIB30BATh 1OOMUN KaK MHOXECTBO HCTHHHOCTH HEKOTOPOTO
npeankata. CecTBUEM ITOTO SBIISIETCS MapaMeTpU3alHsi THIIOB TEPEMEHHBIMHU.

B s3pIKax joKa3aTenbHOrO MPOTrpaMMHPOBAHMS HET yKaszaTened. BmecTo HHX HCIONB3YIOTCS
PEKYPCHUBHO ONPCACIACMBIC aJ'Il"e6paI/I‘-IeCKI/I€ TUIIBI; BO MHOTHUX A3bIKax OIPCACIIACMBIC
koHCcTpyKuueii datatype.

Jlpyrass 0COOCHHOCTh — WCIIOJIb30BaHUE IIPOM3BOJBHBIX THIIOB KaK IapaMeTpoB, € THII
NpPE/ACTaBICH TOJNBKO HMeHeM. [lapaMeTpu3amnus TUIIAMU XapakTepHa Ui  0000WeHHO20
npocpamMmuposanus, 00eCIeYrBaIoIIero TOBTOPHYIO MCIIOIB3YEMOCTh MPOIPAMMHBIX KOMITOHEHT

3a CY€T OT/ACJICHUS PeATH3allUK AITOPUTMOB OT KOHKPETHBIX OMpEICICHUI THITOB TaHHBIX [9].
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B s13bIke peIMKaTHOTO MPOrpaMMUpPOBaHUs P UMEIOTCS KOHCTPYKIUU C HesA8HOU munuzayuetl —
TUOBl TIEPEMEHHBIX B TaKUX KOHCTPYKIMSX SBHO HE 3aJaHbl W TPU  TPAHCISALUH
BOCCTaHABIIMBAIOTCS U3 KOHTEKCTA.

AHanu3 TUNOB C Y4YETOM YKa3aHHBIX OCOOEHHOCTEH CHCTEMbl THIIOB CTaHOBUTCS
MPUHIMITUATIBHO CI0XHEE, YeM ISl I3bIKOB UMIIEPATUBHOTO MTPOrPAMMUPOBAHHUS .

O030p padoT. AHANK3 THIIOB SBIISICTCS MOMYJISIPHOIN MPOOJIEMATUKON B T€OpUU TpaHCIAIMH. B
paborax [11],[7] ommcaHbl OCHOBHBIC KOHIEHIIMM CHCTEMbl THIIOB pa3HBIX S3bIKOB
nporpammupoBanus. OOBEKT HaHHBIX ompenensercs kak yerBepka (L,N,V,T), rne L — mecro
HaxoXxaeHusa oobekTa, N — ero ums, V — ero 3Hauenue u T — tun oobekTa. [IpoBepka TUIIOB — 3TO
IpoIecC ONpeACTCHUS TUIA YKa3aHHOTO OOBEKTa JAaHHBIX. SI3bIK IMPOrpaMMHUpPOBAHHS SIBIISETCS
CTPOTO TUMU3UPOBAHHBIM, €CIIM IPOBEPKA TUIIOB NMPOUCXOAUT BO BpeMs KoMmwisanuu. OmHoW w3
3aTparMBaeMbIX mpobieM B pabore [7] siBiseTcss crnocobbl mpeoOpa3oBaHusi OOBEKTOB JaHHBIX
OJIHOTO THMAa B JAPYroil. BeIAeNndioT 1Be cTpareruu mpeoOpa3oBaHUs TUIIOB — SIBHOE U HESBHOE
(mpuBenenue TMNoOB). PaccMaTpuBaroTCs 1Ba BO3MOXKHBIX OIPEICIICHUS SKBUBAJICHTHOCTH THITOB!

1. JIBa oObeKkTa MAHHBIX WMEIOT OSKBHBAJCHTHBIA THUI, €CIM WX THIIBI ONHCHIBAIOT OJHO
MHO>KECTBO 3HAUCHUH (CTPYKTYpHAsi SKBUBAJICHTHOCTH).

2. IBa o0beKTa NaHHBIX MMEIOT SKBUBAJCHTHBIN THUII, €CIM OHU UMEIOT OJHO UMS (MMEHHas
SKBHUBAJIEHTHOCTB ).

OTHOIIEHUE BJIOKEHHOCTH THUIIOB M OCHOBAaHHBIE Ha HEM IMIPaBHJA CEMAaHTHUKU S3BIKOB
aHamu3upytorcs B pabore [10]. Ilapamerpusamusi THUIIOB B KOHTEKCTE OOOOIIEHHOTO
IpOrpaMMHpPOBaHUs paccMarpuBaercs B padote [4]. B C++ cBoOony ncnonab3oBaHus 0000IIEHHOTO
IPOTPaMMHUPOBAHUS JAl0T HEOTPaHWYEHHBIE MTa0IOHBI. OTHAKO TPU MX MUCTIOIH30BAHUU BO3HHKAET
psia mpoOIieM, TaKUX Kak CI0KHOCTB ITOMCKA M UCTIPABJICHUS OITHOOK, HEOCTYITHOCTh Pa3/IebHOM
TPAHCIAIMU 11a0JI0HOB KiaccoB U pynkmuii. Otauune noaxonoB C++ u Java/C# cnenyromiee: B
mabnonax C++ paspelieHo Bce, YTO HE 3allpelleHo, a B 0000meHHbIX Thnax Java/C#, HaoOopor,
3allpeleHo Bce, 4TO He paspeuieHo. B s3bike Scala mpuCyTCTBYIOT aOCTpakTHBIE THIIBI-UJICHBI.
Taxue TUITBI MOTYT OBITH OTPaHUYEHBI, TIPH 3TOM CYIIECTBYET HECKOJIBKO CIIOCOOOB OMUCAHUS ITHX
orpanudeHuil. OrpaHHYeHUS HA THITBI UCTIOIB3YIOTCS KOMITWIISITOPOM JUIS JOKa3aTelbCTBA TOTO,
YTO KOJ| YIOBJIETBOPSET CUCTEME TUIIOB.

Heasbto nanHoM padoThl sBIseTCs pa3paboTKa AITOPUTMOB aHANIM3a THUIOB NPEAUKATHOU
MpOTrpaMMbl KaK YacTH CEMaHTHYECKOTO aHalM3a B SKCIIEPHUMEHTAILHOW CHCTEME MPETUKATHOTO
IPOTPaMMHUPOBAHUSI.

B paszoene 2 onuceiBaeTCsl CUHTaKCHC si3bIKa P, CBA3HBIN ¢ oNMMcaHMEM THUIIOBBIX TEPMOB, UX

napamMeTpusalv U 3alaHUCM UMCHU THIIA. PaCCManI/IBaIOTCH KOHCTPYKIHUU A3bIKA, OIMUCBIBAIOIIUC
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SKBUBAJICHTHBIE THUIIbl JAHHBIX. B pazdene 3 ONUCBHIBAETCS MOHSATHE SI3IKOBOM KOHCTPYKLMH, €€
MIOJIKOHCTPYKLIMH M no3unuil. BBoasgTcs BcioMorartenbHble TEPMUHBL U 0003HaUYeHUsl. B pasodene 4
ONMCaHbl PEKYpCUBHBIC THIIBI JAaHHBIX. BBOIATCS OrpaHMYeHUs HA PEKYpCUBHBIC THIIBI, C
UCIOJIb30BAaHUEM alapaTa HEMOJBM)KHOM TOYKHM, JOKa3bIBA€TCsl UX KOPPEKTHOCThb. B pasdene 5
BBOJUTCSI TOHATUE BIIOKCHHOCTU THIIOB; Ha €ro OCHOBE CTPOSTCS TPU BHJA OTHOLICHMM:
COTJIACOBAaHHOCTh, COBMECTUMOCTH M TOKIECTBO THUIIOB. B paszodene 6 GopManu3yroTcs OrpaHudeHUs
Ha TUIIBI S3BIKOBBIX KOHCTPYKLUH B TEPMHHAaX TpeX OTHOUIEHMH. B paszodene [ paccMaTpuBaeTcs
napaMeTpu3anysl TUIOB M BBOJIUTCS IOHATUS OOOOIIEHHBIX TUIOB. BBoJsATCS oOrpaHuYeHus
(KOHLENThl) ISl TakuX TUIOB. B pazdene 8 paccmaTpuBaroTCsl KOHCTPYKLUUH C HESIBHOM
TUNM3AIMEH, TPUBOIITCS MPaBUJIa BOCCTAHOBIICHHS THIIOB JUIS 3TUX KOHCTPYKUUH. B paszoene 9
OIMCBHIBAIOTCSl JTallbl CEMAHTUYECKOTO aHaju3a MPEAUKATHOW mporpamMmbl. B pazdene 10

chopMyIUPOBAHBI OCHOBHBIE PE3YIbTAThl PAOOTHI.

2. CHHTaKCHC TUIIOBBIX TEPMOB

[IpenukaTtHas mporpamMma onpejesiser npeaukar B (gopme Beluucaumoro omeparopa. Ilonnas
IpeluKaTHas Iporpamma ssbplka P cOCTOMT W3 Habopa PEeKypCHUBHBIX MPEAMKATHBIX IMPOrPaMM,
KOTOPBIE ONPEACIISIIOTCS CIEAYIOIIEN KOHCTPYKIIUEH:

A (x: y) pre P(x) post Q(x, ) { S}
rie A — uMms mpeaMkara, X M Y — Helepecekaroluecs: HaOopbl NEpeMEHHbBIX (apryMeHThl U
pe3yiabTatel), P 1 Q — nornueckue Gopmyisl (IpeaycioBrue U MOCTYCIOBHE), S — oneparop.

B skcniepuMeHTanbHOM cUCTEME MPEINKAaTHOTO NPOrPaMMHUPOBAaHUSI IPOrpaMMa TPAHCIUPYETCs
BO BHYTpPEHHEE NPECTaBICHNE, H3 KOTOPOTO TeHepupyeTcs Ko Ha si3bikax PVS u C++.

Tunel s3pika P SBISAIOTCS TPUMHUTHUBHBIMH WM COCTAaBHBIMH. [IpumumusHvie munoi:
narypanbubiii (nat), uensii (int), semecrsennsii (real), cumsonsueni (Char) u noruueckuit
(bool). Cocmaenvie munei crpositcs Ha 6ase apyrux TummoB. CHHTAKCHYECKH pa3jinYHbBIE
KOHCTPYKLUU S3bIKa MOTYT ONMCHIBATh YKBUBAJICHTHBIE THIIbI.

IIpon3BOJBHBIM THUN B NPEJUKATHOM MPOrpaMME€ OIPENEISAETCS  MUNOBbIM — MePMOM,
MIpe/ICTaBIsIeMbIM Jlajiee KOHCTpyKuued <TERM>. 3amanue MMeHW Tuma JJisi TUIIOBOTO TepMa
OCYUIECTBIISIETCS OnUCAHUemM muna B BUAE KOHCTpyKIuu <DT>.

CuHTaKCcHC S3BIKOBBIX KOHCTPYKLMI Oy/eT OMMCHIBATHCS HA PACHIMPEHHOM si3bIKe BaKycoBCKuX
HopMaibHBIX hopm (BH®D) [8] co cnexyronumu 0cCOOEHHOCTAMMU:

o 7KupHbIM mIpUPTOM BbII€TICHBI TEPMUHAIbHBIE CUMBOJIBI

o [ ¢ppacmenm ] - onpenensier BO3MOKHOE OTCYTCTBHE (hparmeHTa
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o (¢gpazmenm )* - onpenenseT MOBTOpeHUE pparMeHTa HYJIb WK OoJiee pa3; KPyribie CKOOKH
MOTYT OBbITh OIYIIEHBI, €CITH (PparMeHT COCTOUT U3 OJTHOTO CUMBOJIA
o (¢gpacmenm )+ - onpenensier moBTopeHUe GpparMeHTa OJUH UK OoJiee pas
o ( @ppaecmenm )™ - onpenenser CUCcoK Buaa: ¢ppaemenm (, ppacmenm )*
Hwxe npuBeicHO ONMCaHNEe CHHTAKCHCa KOHCTPYKIIUH SI3bIKa P OMMCHIBAIOIINX THII.
Onucanue muna:
DT ::= type IT [(PARAM)] = TERM | type IT
Ilapamempor muna:
PARAM ::= TERM ID~ [, PARAM] | type ID” [ , PARAM]
2oe ID - uoenmughuxamop
Tunoeoit mepm:
TERM ::= PRIM |
[ID .] IT [(CARGM)] |
EXPR..EXPR |
subtype (TERM ID: EXPR | var ID: EXPR) |
predicate DP |
struct ((TERM ID™MAN) |
union ((ID [(TERM ID™MADAN) |
enum (ID") |
set (TERM) |
array (TERM, TERM (, TERM)*) |
class [extends ID] { DC (; DC)* } |
list (TERM) |
string
2o0e IT — ums muna, DC — onucanue knacca, EXPR — gvipasicenue
Ilpumumuensiit mun:
PRIM ::= nat [DIGI] |int [DIGI] |real [DIG]| bool |char
Paszpaonocmo:
DIGI ::=1]2]...| 64
DIG ::=32| 64| 128
Ilpeouxkamnan npozpamma:.
DP ::= (([ARG]:RES) [pre F][post F]) |
(([ARG]:[RES][#M](: [RES][#M])+)[pre F] [(pre M : F)*] [(post M : F)*]

20e M — memxa
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Apzymenmul u pe3yiomamol:
ARG ::= TERM ID['] (, ID['] )* [, ARG] | type ID [, ARG]
RES ::= TERM ID['] (, ID[*] )* [, RES]
Apzaymenm gvizoea:
CARG := EXPR | TERM
Dopmyna:
F:=EXPR| (F) | ID(EXPR™) | IF | F&F|ForF|F=>F|F<=>F|
(Q (TERM ID)M)+ . F

Q ::= forall | exists

MHOXEeCTBOM 3HAYEHHI THIIA subtype ABJIETCA IIOAMHOXKCCTBO OCHOBHOI'O YKAa3bIBA€MOI'O
THUIIA, IOJIs1 KOTOPOI'O BbBIIIOJHACTCA HCEKOTOPOC JIOTHYCCKOC BBIPAKCHHUC. B YaCTHOCTH, THII

HaTypaJIbHBIX YUCEIl ONpeIelsieTcs cieayomum oopazom: subtype (int i: i>=0).

3HaueHHEeM THIIA UNION SBIISICTCS 3HAYECHHE OOHOIro M3 KOHCTPYKTOPOB, INCPCUMCICHHLIX B
CIIMCKEC OIpCACICHUA union. KOHCTp}’KTOp OIPCACIICTCA HMMCEHEM KOHCTPYKTOpa H Ha60pOM

oJiei.

H300paskeHne OTIACIBHBIX THIOB s3bIKa P mpeacraBieHo B ocoOoM cuHTakcuce. OHH
OTIPEIENIAIOTCS uepe3 0a3uCHBIE TUITOBBIE TEPMBI CIEAYIOIIUM 00pa3oM:
¢ Tun auamnasoHa a..b skBuBasienTeH Tumy subtype (T i: i>=a & i<=b).
e Tun enum(A) >xBuBasieHTeH TUily union(A).
o Tum list(T) BBOAMTCS OmpeeneHuem:
type list(T) = union (nil, cons (T car, list (T) cdr)).
e Tun string s>xBuBanentex tuny list(char)
e Tumsl UNION C Pa3HBIMU MOPSIIKAMY OJMHAKOBBIX KOHCTPYKTOPOB CJIEYEeT CUUTATH

OKBHUBAJICHTHBIMU.
3. Uepapxusi KOHCTPYKUUI B sA3bIKe P

A3viko6as KoncmpyKyus — He3aBUCUMAas 4acTb nporpamMMmbl. CHHTakCUC M CEMaHTHKa s3bIKa
ONPEIEIAI0T MHOXECTBO JONYCTUMBIX TEKCTOB JIaHHOW KOHCTpykuuu. Hampumep, omepatop u
BBIPQ)XKEHUE — 3TO KOHCTPYKIMHU. THUI MOXKET ObITh aTpuOyTOM KOHCTPYKLIUH.

KoHcTpykiins 0OBIYHO COCTaBISIETCS U3 NOOKOHCMpYKyuti. MecTo MOJKOHCTPYKIIMU B COCTaBe
oOBbeMITIONIEeN KOHCTPYKIMU Ha3blBaeTCAd nosuyueti MOAKOHCTPYKUUHU. [lo3unys MOXeT uUMeTh
OTpaHWYEHUs] Ha THUII COOTBETCTBYIOIIEW €l KOHCTpyKUMU. B mpocrelimeM ciydae MTO3HLMS

JIONIYCKAeT OINpEACIEHHbIM THUIl KOHCTpYKUMH. Hampumep, yciloBHBIM omneparop HMeEET TpuU
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no3unur. [1o3uIus ycIoBUsl TOMYCKAET TOJIBKO JOTHYSCKUN THUTT KOHCTPYKIMH. Ecim KOHCTpyKIHs
COCTaBJICHA U3 HECKOJBKUX MOAKOHCTPYKIIMH, TO UX MO3HUIIUU SBIISIOTCS COCCOHUMU.

O6o3nauenue A<B> o3navaer, uro B sBisercs nmogkoHcTpyKiuei koncTpykun A. Pasymeercs,
KOHCTPYKIIUS A MOXET CojAepaTh APYrHe IOAKOHCTPYKIIMH, HO MbI BBIACIISAEM TOJBKO B.
O6o3nauenue A[B] o3Hauaer, 4yTOo KOHCTpPYyKIUsA B 6xooum B xoHcTpykmuio A, T.e. A[B]
skBuBasieHTHO A<B> v 3C. A<C> & C[B]; unaue roBops, B siBisiercs dacTpio A U HaXOIUTCS Ha
HEKOTOPOM YPOBHE MepapXuu B CTPYKType koHcTpykiuu A. O6o3nauenue A[B;...B,] o3nagaer, uto

KOHCTPYKIMHU By...B, BXOAAT B KOHCTPYKIHIO A.

[TycTp S[X] HekoTOpas KoHCTpYKIWs, Toraa moa S[X] Oyaem moapasyMmeBaTh KOHCTPYKIIHIO S[X],
rie X = X; mox S*[X] xoncrpykmmio S[x], tme x = S[X]; mox S*[X] xomcrpykumio S[x], rie
x = S“1[X]; mox S°[X] xoHCTpYyKIMIO X.

4. PekypCUBHbIE THIIbI

CoBokynHocTh ompenenenuid tunoB Buaa type IT [(PARAM)] = TERM wmoxer okazaTbcs
pexypcuBHO. Tun A Henocpedcmeenno 3asucum OT Tuna B mpu Hanuuuu ompeneneHus Buia
type A = T[B], rne T HEKOTOPHBI cOCTaBHOM THUTL. A onpedensiemcs depe3 TUN B, ecnu CyliecTByOT
tanbl Xp,...,Xm (M > 1) takwe, uto A =X;, B=X, u X| HENOCPEACTBCHHO 3aBUCUT OT Xi4q VIS
i = 1..m-1. Tun B sBnsercs pexypcusnvim, eciiu B onpenensercs yepes B.

Pexypcuenvim konvyom tumna A sBISE€TCS COBOKYMHOCTh THIOB B, Takux uto A ompexaensercs
yepe3 B u B onpenensercs uepe3 A. Ilo3unus B onpeneneHnn tvuna A Ha3bIBACTCS peKypCUBHOL,
€CJIM B ITOW TO3UIMU HAXOAUTCS PEKYPCHUBHBIN THUII M STOT THUI MPUHAJICKUT PEKYPCUBHOMY
KOJIbLly THHA A.

KoppeKkTHOCTh peKypCHBHBIX OMpPENEICHU TUIOB MOXET OBITh O0ECleYeHHa ammnapaTom
HAaMMEHBIIICH HEMOABMKHON TOYKH, KOTOPBIH paccMaTpuBaeTcs B padote [5].

Habop onpenenenuii TUIIOB peKypCUBHOIO Kojbla Xy, ..., Xy MOXKHO IPEICTaBUTh B BUJIE:

type X = fi[X;..Xy]; k=1..n,
rae fy — TumoBo# Tepm. OTHOIIIEHUE BKIIFOUEHUST S ONpeAeIsseT HIKHIOK MOJypEIIeTKy Ha THUTIaX,
OTMCHIBAIONINX MHOXECTBA JAHHBIX, C IYCTBIM THIOM, O0O3HauaeMbiM Kak @. Ilepenuriem
CUCTEMY B BEKTOPHOH (opme:

X = f[X],
rae X=(X;...Xn) — BekTop tunos, f=(f;...f,) BekTop THTIOBBIX TepMOB.

BBeneMm oTHoIIeHne = Ha TUMOBBIX BekTopax: X E Y = vk=1..n (X(&Y). Bekrop © = (9, 9,...,0)

ABJIICTCA MUHUMAJIBHBIM 3JICMCHTOM ITOJTYPCIICTKH OHpC)ICJ'IHCMOﬁ OTHOILICHUEM E.
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IIycte (D, &, 1) mosHas pemieTka ¢ HaUMEHBIIMM 3jieMeHToM L. [IpuBeaem HeKOTOpbIe
OTIpeICTICHUS] MATEMAaTUICCKUX MTOHATHI, UCTIONB3YEMBIX B TaJbHEHIIIEM U3I0KESHUH.

[TocnenoBarenbHOCTh {Am}m>0 SBISCTCS 603pacmaiowjell yenvio, €Clii g = a; & ... E an & ... .
JIy1st HauMeHbIIeH BEpXHEH IpaHu e  {am fm>0 OyeM HCIIOJIb30BaTh 0003HAYEHUE: Um>0@m.

Jlemma. ITycte  {Am}m>0 — BO3pactaromas memb, A~ = UpsoAn. Ilycth a e A", Torma
Jk vm>k. a € A",

ToranpHast Gynkuus F:D—D Ha3zbIBaeTCs HenpepvlHOoll, €CH IS T000M BO3pacTArOIIeH e
{@m}m>0 BBIMOTHSAETCS paBEHCTBO F(Um»08m) = UmzoF(am).

Henoosuoicnou mouxou pyaxiuu F HazpiBaeTcs pemienue ypaBHeHus X = F(X).

[Tycte F mpousBoabHas GyHKIMS, 17151 HaTypaiabHOTO N ompenenuM Fo(X)=X, Fni1(X)=Fn(F(X))

Jlemma. {F,(L)}n>o 7151 HEMpepbIBHOM QyHKIMH F ompenensier BO3pacTarollyto [eb.

Teopema Kiunu. [Tycts F — HenpepsiBHas ¢ynkuus. Torna Unso{Fn(L)} sBiIsIETCS HanmMeHbIIeH
HETOBMKHOU TouKoM F. [3]

PaccMOTpHM IMOCIIEI0BATEIBHOCTh THIIOBBIX BEKTOPOB {X"}m>0 ONpENEIAEMYIO PEKYPPEHTHO
clenymuM o0pa3om: X0 = o, XM = f[X™], m=0. EcTecTBEHHO OXHIATh, YTO MpPEHEI
nocienoBarebHOCTH {X™ }m>o (€CIHM OH CYIECTBYET) JACT HAM HEMOJBIKHYIO TOYKY — PEIIEHHE
cuctemsl X = f[X].

Jlemma. Bekrop-dyskmus f cucremsr X = f[X] onpeneneHuii peKypCHBHBIX THIIOB SIBJISICTCSI
HEenpepbsIBHON OTHOCUTENBHO Struct u union.

Jloka3aTebCTBO.

ITycte TumoBoir Tepm f wmmeer Bum struct (X; g;, X; gz, ..., Xy Gn), dJIEMEHTaMHU
COOTBETCTBYIOIIETO €My THIa OyJeM CUMUTATh KOPTEXH BHUIA (X;...Xn), TAE X; JIIEMEHT MHOKECTBa X;.
JlokaxkeM, uto f HempepbIBHA OTHOCUTENBHO TUTIOB X, Xy, ..., Xn.

Tpebyercs nokaszarb, 4TO

Umzo(struct (Xi™ gy, ..., Xa™ gn)) = struct (Unmxo(Xi™) 91, -, Um20(Xa™) Gn)

JlokaxkeM CHadaJia, 4TO THII JIEBOM YaCTHU PaBEHCTBA COACPKUTCA B THUIlE NpaBod yacTu. [IycTs
(X1...Xn) € Umszo(struct (X;" gy, ..., X" gn)). Toraa, corlacHO paCCMOTPEHHOM JIEMME, CYILECTBYET
takoe K, uro (Xi..Xn) € struct (X;" gy, ..., Xa," o) s Bcex m2k. Jlanee, Xi € UmsoX" W,
CIIe0BaTENLHO, (X;...X,) € struct (Umso(Xi™) g1, ..., Um=o(Xa™) Gn).

JlomycTuM Tenepb, 4To (X1..X,) € struct (Umso(Xi™) g1, ..., Umso(Xa™) Gn) M X € UnsoX™.
CymectByror Takue ki, uro X e€X™ mms m2k. Ilycte k = max(ky,...k,), Torma
(X1...Xn) € struct (X;" g, ey Xn"9n) IS m=k u, CIEI0BATEILHO,

(X]_...Xn) E Umzo(struct (X]_m g]_, eay Xnm gn)).
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[Tycte tumoBoit Tepm f umeer Bux union (C;, G, ..., C,). Heobxoaumo noka3ath, 4ro TepMm f
HEINPEPBIBEH OTHOCUTEIBHO THUIIOB IIOJEH KOHCTpyKTOpa Xi, Xy, ..., Xm. HENPEPBIBHOCTH
koHcTpykTOpoB Ci, C;, ..., C, oTHOCHUTENBHO THUNOB Xj, Xy, ..., Xm JOKa3bIBAETCS AHAJOTUYHO
HenpepeiBHOCTH Sstruct. Jlokakem, uyto Tepm f HenmpephIBEH OTHOCHUTEIIBHO KOHCTPYKTOPOB
G, G, ..., G

Tpebyercs nokaszarb, 4TO

Umso(union (C;", ..., C,™)) = union (Un>0(Ci™), ..., Um=0(Ci™))

Iyctb X € Umso(union (C,;", ..., C™). Torma cymectByer Ttakoe K, d9TO
X € (union (C;", ..., C,™)) mus Bcex m=k. Tak kak, 3HaueHHEM THIIAa UNION SBJISETCS 3HAYCHHE
OJJHOT'O U3 KOHCTPYKTOPOB, TO X € Um>oC™ 1, ciiemoBarensHo, X € union (Unso(Cy), ..., Um=0(Ch)).

JlormycTuM Terepk, 4to X € union (Um>o(Cy), ..., Um=0(Cn)) 1 X € Up»oG™. CymiectByer Takoe K,
yro X€C™ mis m2k, torma x € union (C;, .., C) i m2k wu, -ciegoBareiLHO,
X € Upso(union (Cy, ..., C)). [

B cootBerctBum ¢ Teopemoirt KimmHM 0 HemonBmkHOW Touke pemeHueM cuctembl X = f[X]
SIBJIICTCSI HETIOJIBMKHAS TOYKa QyHKIwH f.

JlJis TOCTpOEHHs] CHHCKOB M JEPEBbEB JIOCTATOYHO PEKYPCHH C HCIOJIb30BaHHMEM Union u
struct. Bo3moxkHbl apyrue, 3k30THUecKHe (OpPMBI PEKYpPCHH, OJAHAKO OHHU OECIOJIe3HBI IPH
pa3paboTKe peaTbHBIX AITOPUTMOB.

[Tycts type A(x) = T[x] pexypcusnsiii tum. [lo3unus K tepma T donyckaem pexkypcuto, ecnu
BBITIOJTHEHO OJTHO M3 CIIEAYIOIUX YCIOBUH:

o T aBysIeTCS CTPYKTYpOU U K ABJISIETCS MO3UIMEN TUIIA TTOJIS;

o T sBisieTcst oObeguHeHueM U K sBIIIeTCs MO3UITMEN TUTIA TIOJIST KOHCTPYKTOPA;

o K sSIBIISI€TCS MO3HMIIMEH THUTIA ITOJISI KOHCTPYKTOPa OOBEAMHCHHUS, CTOSIIETO B JIOMYCKAIOIICH
PEKYPCHIO TTO3UIINN;

e K siBIII€TCSl O3MIIMEN THUIIA MOJIA CTPYKTYPBI, CTOSIIIEN B TONYCKAKOLIEH PEKYPCHIO
MTO3HIIHH.

PexypcuBHas mo3unus J0DKHA OBITH MO3UIMEH, MomycKaromied pekypcuto. Jlis HemycTtoro
pelIeHUs PEKyPCUBHOTO YpaBHEHHS HEOOXOAMMO MPUCYTCTBHE B PEKYPCHBHOM KOJIblIe THIIA Union

C KOHCTPYKTOPOM, HE IMEIOIIUM PEKYPCHUBHBIX O3ULIAMN.

5. OTHOIIEHUS HA THIIAX

Hpemﬂe 4eM ONpCACINTE OTHOIICHUEC Ha THUIIaX BBCACM BCIIOMOT'AaTCIIBHBIC 0003HaUCHHUSA H

ITOHATHA.
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[Mozummro K tuma T Oymem Ha3bIBaTh KOBAPUAHMHOU, €CIIH BBITOJTHEHO OJHO W3 CIEAYIOIIHNX
YCJIOBUA:
o T ABIIAETCS CTPYKTYPHBIM TUIIOM U K — O3UIIMA TUIIA TIOJIS;
o T sBisieTCsl TUIIOM 00BbeMHEHHS M K — MTO3UIIMSI THUIIA TTOJIST KOHCTPYKTOPA;
o T sgBiIsieTCsT TUIIOM MaccuBa 1 K — ITO3MINS THIIA DJIEMEHTOB;
o T SBJIIETCS TUIIOM MHOKECTBA ITOAMHOKECTB U K 1mo3uiust 0a3uCHOro TUIIA;
o K ABJISIETCS. KOBAPUAHTHOM MO3ULMEN HEKOTOPOIO TUIIA, CTOSILET0 B KOBAPUAHTHOMU
HO3UIMU TUIIA T.
[Tocnennee ycioBue 03Ha4aeT, YTO B UEPAPXUUECKHU ONPEILIIEMOM THUIIE BCE MOTYPOBHHU BBEPX
OT KOBapUAHTHOW MO3UIIMH JIOJKHBI ObITh KOBAPUAHTHBI.

Ornpenenum npeonopsiook Ha TUTIOBBIX TepMax. buHapHOe OTHOIIIEHHE BIOKEHHOCTH THUIIOB <:
onpeenseT MOJIMHOXKECTBO ekapToBa mpousBeaeHus TERMXTERM. Ecim (tg,t,)€ <: 1o Tun t; He
MPEBOCXOIUT THUI tp; B 3TOM ciydae OyneM HCHOJb30BaTh TPAAULIMOHHYIO 3amuch Buaa t; <: t,.
Ecimn t; <: tyu t, <! t;, To Oynem nucats ty ~ t.

[To ompenenenuro mpeanopsiAka 3TO OTHOUIEHUWE JIOJDKHO YIOBJIETBOPSTH  CIEAYIOLIUM
YCIIOBHSIM:
e PepniexcuBHOCTB: VE. t <! t
e TpansutuBHOCTE: Vi, bl i<t L &L <itz =24 <it3
Jlnst cucteMbl TUIIOB si3bIKa P omnpefennM OTHOIICHHWE BJIOKEHHOCTH THIOB <: CJEAYIOIIUM
HabOpOM IMpaBHII:
[IpuMUTHUBHBIE TUIIBL:

1.int <: real
.nat <: int
.int ~int 32
. real ~ real 64
. hat ~ nat 32
. int d1 <: int dz, €CIIn d1 < d2
.natd; <: intd,,ecud; +1<d,

. int d1 <: real 32, €CJIin dl <24

O© 00 N O O A WO DN

.int d; <: real 64, ecnmu d; < 53
10. int d, <: real 128, Vv d,

11. natd, <: natd,, ecru d; < d,
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real d; <: real d,, eciu d; < d,

CocTaBHBIE THUIIHI:

13.

14,
15.
16.

17.
18.

19.
20.
21.

Ecnu Py, P, — nornueckue Boipakenus u Pi(X) = Py(X) VXeTy, T;<:T,, Torma
subtype(T; x: Py(x)) <: subtype(T, x: Py(x)).

subtype(T x: P(x)) <: T VTETERM.

T ~ subtype(T x: true) VTETERM.

[Tyctes m mapametp, Tuma T;. Eciu Py, P, — nornueckue Beipaskenus, Pi(x,m) = P,(x,m)
vm (meTy, XeT,) u T,<:Ts, Trorna subtype(T, x: Py(x, m)) <: subtype(T; x: P,(x,m)).
[Tycts type A = class {...}, type B = class extends A {...}, torna A <: B.

Tun predicate ((A;: Ry) pre S; post F;) <: predicate ((A;: R,) pre S, post F,), eciu
KOJIMYECTBO apPI'yMEHTOB M PE3YyJIbTaTOB COBMAAAIOT, THUIBI U3 Ry TOXKIECTBEHHBI THUIIAM U3
R,, Tumsl u3 A; HEe TPEBOCXOAAT COOTBETCTBYIONINE TUIIBI U3 Ay, S;=S; 1 F1=F,.

[Tycte Ty = struct (...) u T, nonyden u3 T; nepecTaHOBKOM mosiei, Toraa T ~ Ta.
[Tycte Ty = struct (...) u T, nonyuden u3 T; go6aBieHHEM HOBBIX MoJei, Toraa Ty <: T,.

[TycTh TUTIOBOM TEPM X HAXOJATCS B KOBapUAHTHOU MO3UIMH TUIIOBOro Tepma T[X]. Toraa

ecou X <:Y, o T[X] <: T[Y].

Tunel 10 UMEHU U PEKYPCHUBHBIC THUIIBI.

22,

23.

24,

25,

[Tycte type A;(x) = Ty[x] u type Ay(y) = T,[y]. Torna ecimm T,[X] <: T,[Y], T0
Ai(X) <: Ax(Y).
ITycts type Ai(X) = Si[x] u type Ax(y) = Sy[y]. Ti[A«(X)] <: To[Ax(Y)], ecin
T1[S1[X]] <: T2[Sa[Y]]
[Tycte type A(Xx) = T, [x], rae T, HekoTopsIit TuoBoi TepM. Torma eciu T1[X] <: T,, TO
A(X) <: Ty, aeciu T, <: T{[X], To T, <: A(X).
[Tycte nmanbl aBa pekypcuBHbIx Tuma type A;(x) = Ti[x] u type Ay(y) = T.lyl,
ob6o3nauenue A;(X) =: Ay(Y) o3nauaer, 4ro:
@) TUTIBI COBITAIAIOT 32 BO3MOYHBIM MCKIIOYCHUEM KOBAPHAHTHBIX ITO3UITHIA
b)Tunel, crosiue B HEPEKYPCUBHBIX KOBAPHAHTHBIX MO3UIHAX T1[X], MEeHbIIIE 100
paBHBI COOTBETCTBYIOIIUM TUTIAM U3 T,[Y].
[Tycts type A;(x) = T[x, A;(S[x])] u type Ax(y) = Ty, A,(L[y])] nBa pekypcHUBHBIX THUIIA.
Ecmu vk>0. A;(S[X]) =: Ay(L[Y]), To Ay(X) <: Ax(Y).

3ameruM, gto ecnu X = S[X] my = L[y], To u3 A;(S[X]) =: Ay(LLY]) cneayet A;(X) <: Ax(Y).

HNuaue OrpaHU4YuMCs CICAYIOIIUMU CIIydasaiMu:
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e Ha mecTo mapamerpa TUIa WK MapamMeTpa MepPEMEHHON B PEKYPCUBHOM BBI30BE OBLIO
MIOCTABJICHO 3HAYCHHE WJIM THITIOBOW TEPM HE 3aBUCSINUHN OT ITapamMeTpoB, TOTa U3
Ai(X) = A(Y) n AL(SIX]) =: Ax(LLY]) crienyet Ai(X) <: Ax(Y).

e B S umeer Mecto npeobOpa3oBanue nmapamerpa nepemernsoro (n = f(n)). Bee Tumsl

subtype u3 T;, B KOTOpPBIX HCIIONB3YETCS 3TOT MAapaMeTp, CPABHUBAIOTCS C TUTIAMH U3 T,

otnuaHbIM OT subtype, Torna u3z A;(X) =: Ay (Y) cnenyet A;(X) <: Ay(Y).

Ha ocHOBe ommcaHHOrO HaMH YaCTUYHOI'O ImopsAAKa OomnmpeacinuM TpUu BHA OTHOIIICHUH MCXKOY

THIIAMH.
1. CoBMecTHMOCTE
2. CormacoBaHHOCTb
3. ToxnecTBo
Cosmecmumocms — OTHOIICHHE MEXAY TUIAMH TIpaBOM W JIEBOM 4YacTH omeparopa

NPUCBAaWBaHMs, a TakKe MEXKAY THIAMH (OPMANBHBIX MapaMeTpPOB M COOTBETCTBYIOIIMX

apryMeHToOB BbI30Ba. Tur t; coemecmum ¢ munom ty, ecnu t; <: t,.

CoenacosanHocms — OTHOIICHUE MEXAY ajJbTEPHATUBAMHU YCIOBHOTO BBIPAXKEHHS, TO3UIUSIMHU
OonpiMHCTBa OWHApHBIX omepanuid. Twumbl t; w t, coeracosamei, ecn OHM HMMEIOT OOIIYIO

madxcopanmy, .. 3TN bt <1t &t <: t.

Toowcoecmeo — OTHOIIEHUE MCXKAY THUIIAMH PE3YJIbTATOB BbI30OBA U COOTBCTCTBYIOUIMMU

dbopManpHBIMU pe3yabTaTamMu. Tun ty ToxxaecTBeHeH Tumy b, ecmu ty <: tuty <: ty.

6. lerajbHasi ceMaHTHKA si3bIka P

I[eTaano PACCMOTPHUM KOHCTPYKIUU SA3BIKA P, MO3UIIMHU KOTOPBIX UMCIOT OIrpaHUYCHUA Ha THIIBI

COOTBETCTBYIOIIMX MTOAKOHCTPYKIIHIA.

6.1. BbI30B npeaukara
Hccnenyem BbI30B MpeauKaTa Ha IpUMeEpe BbI30Ba NpeaukaTa-QpyHKuu. s Bei3oBa QyHKINN
1 BbI30Ba NpeAuKaTa-runepyHKINN pacCcyXIeHus OyAyT aHATOTHYHBIMHU.
Cunmaxcuc: CALL := ID ( [CARG"] : CRES™ )
Apaymenm evi306a: CARG := EXPR | TERM
ApryMeHTHI BbI30Ba IIPEANKATA MPEACTABICHBI B BUJIE CITUCKA BBIPAKEHUN. THUIBI KOHCTPYKIHN B
MO3UIUAX DJIEMEHTOB CIHCKA JOJKHBI OBITh COBMECTHMBI C COOTBETCTBYIOUIUMH (HOpMaIbHBIMU

napamMmeTpamH.

Peszynomam eviz06a: CRES :=ID | TERM ID | var ID
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Pe3ynbrarel BhI30Ba MpEACTaBIEHBI B BHJE CIUCKA MEPEMEHHBIX (JOKAJIbHBIX U TJ00aTbHBIX).
Tunpl KOHCTPYKIUN B TO3UIUSAX PE3Y/IbTATOB BBI30BA MPEAUKATA JOJKHBI OBITh TOXKIECTBEHHBI

COOTBCTCTBYIOLIIUM THUIIAM, YKa3aHHBIM IIPU OIIPCACICHUU ITPCANKATA.

6.2. YHapHble BbIpaKeHUs1
Cunmaxcuc: UE := O1 EXPR2
Yuapnas onepayus: Ol =+ |- | 1| ~
[Tosumus Beipakenus (EXPR2) mosker ObITh noaumopgroti T.€. B 3aBUCUMOCTH OT peau3allvH,
KOHCTPYKIIMU B 3TOW IMO3WIMK MOTYT MMETh pa3Hble TUIBL. Tak, Hampumep, KOHCTPYKIHS C
YHApHOH orepanueil «+» B MO3UIUU BBIPAKEHUS MOXKET COAEPKATh KOHCTPYKIMH THHa int mim
real. Tumbl KOHCTPYKIIMM B TIO3UIIMHM BBIPAXKCHHS IOJDKHBI OBITH COBMECTHMBI C THITAMH,

MpeACTaBICHHBIMH B TabOu1e 5.1.

Tabnuya 6.1
Onepayus Tunwl nozuyuii Hasnauenue
+, - int, real VHapHBIi IUTI0C U MUHYC
bool Jloruueckoe OTpHIaHKE
!
Set(T) [To3/1IeMEHTHOE JOTIOTHEHUE
~ int [To6uTOBOE OTIOHEHHE
6.3. BuHapHble BbIpa:KeHUs
Cunmaxcuc: BE := EXPR O2 EXPR
bunapnas onepayusi: 02 :=* | [ | % |+ |- | << | >>]|in|<|>|<=|>=|=|1=| &

| M lor|xor|=>]|<=>

[TonoOHO yHapHBIM BBIp@XEHHUSM BO MHOTMX OWHapHBIX BbIpakeHMsX mno3unuu (EXPR)
SBIISIIOTCS] IOJTMMOP(HBIMHU.
Tunel KOHCTPYKIUH B O3UIMSIX BbIPAXKEHHUM TOJKHBI OBITH COBMECTHUMBI C TUIIAMHU, YKa3aHHBIMU

B Ta0muIte 5.2.
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Tabauya 6.2
Ne | Onepayus | Tunet nosuyuii Hasnauenue
1 <, >, (nat, nat) (int, int) (real, real) apudMeTHYECKOEe CPAaBHEHUE
<=, >=

2 o (nat, nat) (int, int) (real, real) MPOBEPKA HA PABEHCTBO U

. (list, list) HEPABEHCTBO
3 (nat, nat) (int, int) 1e1asi 9acTh OT JECHHUS
4 / (real, real) JieNIeHHE
5 % (nat, nat) (int, int) OCTATOK OT LIEJIOYHCIEHHOrO IeIeHUs
6 (nat,nat) (int, int) (real, real) apupMeTHIECKOE CIIOKEHHE
7 (list(T), list(T)) KOHKATEHAIMS CIIUCKOB
8 (list(T), T) (T, list(T))
9 + (Set(T), Set(T)) 00beIMHEHNE MHOKECTB
10 (array(T, Ty, T>...) 00bEIMHEHNE MACCHBOB C

array(T, Ty, Tz...)) HETIEPECEKAOIINMUCS TUITAMU
UHJIEKCOB

11 (int, int) (real, real) apu(METUYECKOE BHIYMTAHUE
12 ] (Set(T), Set(T)) Pa3HOCTh MHOYKECTB
13 * (nat, nat) (int, int) (real, real) apupMeTHUECKOE YMHOKEHHE
14 => (bool, bool) MUMIUTUKALHS
15 <=> (bool, bool) JIOTUYECKOE TOXKIECTBO
16 (Set(T), Set(T)) nepeceueHne
17 & (nat, nat) (int, int) OGUTOBOE U
18 (bool, bool) KOHBIOHKIIHS
19 (Set(T), Set(T)) CHMMeTpHUecKas pasHoCTh
20 xor (nat, nat) (int, int) IOGUTOBOE MCKITIOUMTENBHOE MU
21 (bool, bool) MCKJIFOUHMTENBHOE UITH
22 (Set(T), Set(T)) 00beIMHEHNE
23 or (nat, nat) (int, int) OOMTOBOE WK
24 (bool, bool) JIU3BIOHKIHS
25 A (nat, int) (int, int) (real, int) BO3BEJICHHE B CTENEHb
26 ) (T, Set(T)) MPOBEPKA BXOXKJICHUS DJIIEMEHTA B

n MHOKECTBO
27 <<,>> | (int, int), (nat, nat) NOOHUTOBBIN CIBUT BJIEBO U BIIPABO
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B onepammsax 1-7, 9-25, 27 Tunbsl TOIKOHCTPYKIIUA B COCETHUX TO3HUIUAX TOJDKHBI OBITH
coryiacoBanbl. bunapHoe Beipaxkenue (omepauuu 1, 2, 26) umeer Tun bool, B ocTanbHBIX cirydasx

— THUII IEPBOU ITO3ULINH.

6.4. Yca0BHOe BbIpaKeHHe
Cunmaxcuc: IFE ::= EXPR ? EXPR : EXPR
KoHcTpykius, crosiasi B MEepBOM MO3UIMM JIOJDKHA OBITh TOMAecTBeHHa Tumy bool. J[Be
MOCJICTHUE TTO3UIUHA TTOJUMOPGHBI 110 BCEM THMaM. THIIBI KOHCTPYKIUNA ITHUX MO3WULUN JAOJKHBI
OBITH COTJIACOBAHBbI. YCIIOBHOE BBIPAXKCHHE SBJISETCS €IUHCTBECHHBIM TEPHAPHBIM BBIPAKECHUEM B

s3bIKe P.

6.5. Yci10BHBII onepaTop
Cunmaxcuc: IFOP := if (EXPR) OP [MOVE] else OP [MOVE]
rae MOVE — oneparop nepexona, OP — onepatop.
B ycrnoBHOM omepaTope KOHCTPYKIHMS, CTOAIIAs B TMO3ULMU YCIOBHS, JOJKHA OBITh

ToKAecTBeHHa Tuiy bool.

6.6. OnepaTop nNpucBauBaHUSA
Cunumaxkcuc: ASSIGN ::= R =1L
B oreparope IpucBanBaHUA THII KOHCTPYKIUU npaBoﬁ qaCTu OOJIXKCH OBITh COBMECTHM C

TUIIOM JIEBOU.

6.7. MHMuuaan3amnus nepeMeHHO’
Cunmaxcuc: INI ::= TERM (ID = EXPR)"
HpI/I HHULUAJIM3alluy TUIT KOHCTPYKIHWH BBIPpAXKXCHUA JOJIKCH 6I)ITI) COBMECTUM C THIIOM

KOHCTPYKIIUU nepeMeHHoﬁ.

6.8. Oneparop npucBauBanus aJs struct

Cunmaxcuc: ASSIGN ::= R = ((EXPR)")

IlepemenHas B npaBoi yacTu uMeeT Tunl Struct. Tumbl KOHCTpYKIUN BBIpDaXKCHUH CIIMCKAa B
JIEBOW YacCTH JIOJKHBI OBITH COBMECTUMBI C COOTBETCTBYIOIIMMHU THUIIAMU T0JIEH B TUIIOBOM TE€pMeE
struct.

Hecmotpst Ha TO, uro TNl Struct ¢ pasHbIMM TIOpSAKaMU TMOJIEd SKBUBAJICHTHBI, B JAHHOU
KOHCTPYKIIMH TOPSAJOK, 3aJaHHbIi B onucanuu Tuna sStruct, Baxen. Ilomsim CcTpyKTypsI

MPUCBANBAOTCA COOTBCTCTBYIOIICC MTOPAAKY 3HAYCHHUA U3 CIIMCKaA BLIpa)KeHHﬁ.
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6.9. OnepaTtop BbIGOpa
Cunmaxkcuc: switch (EXPR) {
case EXPR” : OP [MOVE]
[default : OP [MOVE]]
be

[lo3ummu  BeIpakeHWH B omeparope  BbIOOpa  SBISAIOTCS — MOMUMOPGHBIMH.  THIIBI
COOTBETCTBYIOIINX KOHCTPYKUIUH JOJKHBI OBITh COBMECTHMBI C OIHUMH M3 CIEAYIOIIUX THUIIOB!
(nat, nat,...) (int, int,...) (real, real,...).

Nwmeercs BapuaHT KoHCTpYKImu SWitch 11t o6bennnenmii:

switch (EXPR) {

case ID [([TP] ID)~]: OP [MOVE]
[default : OP [MOVE]]
¥

Tun nepemennoti:. TP ::= TERM | var
B 3TOM ciiydyae 3HaueHHEM allbTEpHATHBBI OyIeT SIBISATbCS KOHCTpYKTOp. KoOHCTpykums B

IMMO3UIIMH BBIPAKCHUA NOJIKHA OBITH THIIA UNion.

6.10. TunoBbie TEPMBI

Tun no umenu: [ID.] ID [(CARGN)]

[TpaBuia moacTaHOBKHM (PaKTHUYSCKHX MAapaMETPOB Ha MECTO (DOPMANIbHBIX B CITUCKE apryMEHTOB
T€ K€ CaMble, YTO U JJIS BBI30BA MPEIUKATa.
Iloomun: subtype (TERM ID: EXPR | var ID: EXPR)

KoHcTpykiinu, cTosiiye B MO3UIIMU BBIPAKEHHH, TOJDKHBI OBITh TOXKACCTBEHHBI THUITY bool.
Jluanazon: EXPR..EXPR

[To3unuu BbIpakeHUN SBISAIOTCA MNOIUMOPGHBIMU. THIIBI COOTBETCTBYIOIIMX KOHCTPYKLUMN
JIOJDKHBI OBITHh COBMECTHMBI C OJHUMH U3 cienyronmx turnos: (int, int), (enum, enum), (char,

char). [lepBas u BTOpast KOHCTPYKLIUU JTOJIKHBI OBITH COIJIACOBAHBI MEXKIY COOOM

6.11. UmnopTt moayJisi
Cunmaxcuc: INM::= import ID [(CARG")] [as ID]
[IpaBmia moAcTaHOBKM (DAKTUUECKHX IMAapaMeTpoB Ha MecTO (POpPMaJbHBIX TE€ K€, YTO M IS

BbI30BaA IMpEaAKaTa.

6.12. Be13oB hopmy.ibl
Cunmaxcuc: CALLF ::= ID (EXPR")
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Twumer KOHCTPYKHHI;'I B IMO3MIUAX DJICMCHTOB CIIMCKa BBIpa}KCHI/Iﬁ JOJIXKHBI OBITE COBMECTHMBI C

COOTBETCTBYIOUIMMHU ()OPMAIbHBIMU TTApaMETPaMHU.

6.13. Bbi3oB npouecca
Cunmaxcuc: CALLPROC ::=IPROC ( [CARG”"] (:[CRES”™] [MOVE])* ),
rae IPROC — ums nportecca
[Ipu BBI30BE mpoliecca OTpaHUYEHUSI Ha THITBI KOHCTPYKLUH apryMEHTOB M PE3YJIbTaTOB T€ XKe,

4UTO U I IPCAUKATOB.

6.14. OTnpaBKa co00IIEHUsT
Cunmaxcuc: SENDMES ::= send IM [( EXPRN)]
rae IM — uMs coolOLeHus
Turbl KOHCTPYKIUK B MO3UIMSX 3JEMEHTOB CIIMCKA BBIPAXKEHUH JOJDKHBI OBITh COBMECTHMBI C

COOTBETCTBYIOUIMMH (hOPMAITbHBIMU TTapaMETPaMH.

6.15. JIutepanbl

HI/ITepaJ'IH, npeaACTaBIAOT coboit (bHKCHpOBaHHOG 3HAUYCHHUC, OIIPCACICHHOI'O THUIIA JaHHBbIX.

KoHncTpykuuu, sBistonyecs IUTepataMy, UMEIOT CIIEIYIOINNA CUHTAKCUC!

Tabauya 6.3
Koncmpyxyus Tun
SIGN (DIG)+ subtype (int x: x = X)
SIGN Ox(XDIG)+ subtype (int x: x = X)
[SIGN] (DIG)+ [. (DIG)+] [DEG] subtype (real x: x = X)
[SIGN] inf real
nan real
‘SYMB' char
" (SsymB)* string
true | false bool
nil string

DIG::=0]1]2|3|4|5|6|7|8]|9
XDIG::=DIG|A|B|C|D|E]|F

SIGN ::= + | -
DEG ::= e [SIGN] (DIG)+ | E [SIGN] (DIG)+
SYMB::=...|\"|\"|\\|\O]\n|\r|\t| \xXDIG [XDIG [XDIG [XDIG]]]

REG ::= (EXPR)A
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6.16. Arperartnbl

Arperar ompenensieT KOHCTPYKTOpP COCTaBHOrO o0Obekta. KoHcTpykuuu, —sBisomuecs

arperaraMu, MMCIOT CJ'IGI[}IIOH_II/II‘/’I CHHTaKCHUC:

Tabauya 6.4
Koncmpyxyus Tun
[TERM] [ REG ] array (1..n, T)
(n paBHO KONMYeCTBY BblpaxkeHnii B REG)
[TERM] { REG } set (T)
[TERM] [[ REG]] list (T)

REG ::= (EXPR)A

7. O0001IeHHbIE TUIIBI

O6oowennvimu munamu 6yaeM Ha3bIBaTh:
e Ilapamerpsl-Tuinsl [type T]
e Tumnsl subtype, B Beipaxkenue p(X, N) KOTOPBIX SBHO WK HESIBHO OyIyT BXOJAUTH
napameTpsl-niepeMmeHnsie N [subtype (T x: p(x, n))]

B mpomiecce cemanTHYeCKOT0 aHaIM3a AJisi 0000IEHHOTO THITA HAKAILTUBAIOTCS OTPAHHYCHUS Ha
aCCOIMUPOBAHHBIN ¢ HUM THII. OTpaHUYeHHUS OYIyT MPEICTABICHBI KaK COBOKYITHOCTh BEPXHUX U
HIUKHHUX TpaHel B TEPMHMHAX PACCMOTPEHHOTO BbIlIe mpeamnopsaka tunoB. CumBomamu "\" " /"
OyzneM ompenensTh COOTBETCTBEHHO OrpaHumueHue ceepxy M cHuzy. lamee, MAX nu MIN Oynyt
0003HauaTh, COOTBETCTBEHHO, cyrep-Tun (V1. T <: MAX) u mycroit tun (VT. MIN <: T). Kaxmoe
orpaHHYeHHUE OYyJeM 3aKII0UuaTh B KpyTibie ckoOku. Eciu TpeOyercs: 0THOBPEMEHHOE BBITIOJTHEHHUE
orpannuenuii (A) u (B) Oynmem mnucate (A) A (B). Ecnu TpeOyeTcss BBINOTHEHHE OJHOTO H3
orpannuenuii (A) wmu (B) Oymem mucats (A)V(B). [lpu ompenenenuu Tuma mo wMeHH Oe3
WHUIMAIM3AIMA €My  aBTOMATHYeCKH  OyJmeT  3aJaHbl  CICOYIOIIHNEe  OTPAaHHYCHUS
{(\MAX) A (/MIN)}. IIpm omnpenenennu tuna subtype (T x: p(x,n)) — orpanuveHUs
{(/MIN) A (\T)}. Ilpu kaxxaoM HCHOJB30BAHUM IK3EMIUIIPOB JaHHOTO THIA €r0 OTpaHHYEHUS
Oyner wu3MeHsThcs. CaMM OTpaHMYEHHUs TaKKe MOTYT CoJepKaTh OOOOIICHHBIC THIIHI.
OrpaHuveHHs B 3TOM ciiydae OyIyT HACIeI0BaThCs, M MPH U3MEHEHUHU OTPaHUICHHH 0000IIEHHOTO
THTIAa OYIYT MEHATHCS BCE OTPAaHUYCHHUS, B KOTOPBIX OH UCTIOJB3YETCS.

COBOKYIMHOCTh OTpaHMUYEHUN aiisi TUna OyneM Ha3biBaTh Koxyenmom. KOHIENTHI MO3BOJISIOT
BBISBJISITH OIIMOKM B XOJ€ CTAaTUYECKOTO aHamu3a THIA [0 WHHIMAIU3AIUUd HEKOTOPBIX

MEPEMEHHbIX U THUIOB-TIepeMeHHbIX. Hampumep, Tun-mapamerp OyIeT HEKOPPEKTHBIM IpH
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cienyromeM orpanndeHuu {(/real) A (\nat)}, a Tun ¢ orpannuenuem {(\MIN)} Oyzaer mycTbim, O
9eM UMMEET CMBICH MpeaynpeanTh pa3padorunka. KOHIENTH YIPOMIAIOT HCHOJIB30BaHUE
OTIENBHBIX MOJYJEH mporpaMMmbl. Pa3paboTumky BO3MOXHO TMPEAOCTaBUTH (POpPMaAIbHBIE
OTPaHHYCHHUS HA THUIIBI, KOTOPBIC €My pa3peIieHO HCIOJb30BaTh B MapameTpax MOAYJs. AHaiIu3
KOPPEKTHOCTH (DAKTHUECKHUX THIIOB BIIOCJICACTBHU OYAET CBEICH K MPOBEPKE COOTBETCTBYIOIIHUX
OrpaHWYeHUI Ha 0000IIEHHBIC TUIIBL.

OO0o0O01IeHHBIC THITBI 00ECTIEYHBAIOT SI3bIKY P moaepxky 0000mEHHOr0 nporpamMmmupoBanus [9],
KOTOpOE, HE OTPAHMYNBASCH ONPE/CIICHHBIMH TUIIAMH JaHHBIX, TO3BOJISET IIOBTOPHO MCIIOJIB30BATh
KOJI, pCJIU3YIONTUI HEKOTOPBIN aJITOPUTM.

IIyctb T — HekoTopwlld 0000IICHHBIM THUI C TekymuM Kouuentom {(P)}, paccmorpum

OrpaHMYCHUS HA THUIL T AJi1 BBCACHHBIX HAMU paHECC OTHOIIICHUH Ha THUITaX.

Tabnuya 7.1
Omnowenue na munax Konyenm
Tun A coBmectum ¢ T {(P) A (JA)}
T coBmectum ¢ Tumom A {(P)A (\A)}
T cormacosan ¢ tuom A ¢ o0eii Maxxopautoi B {(P)A (\B)}
T toxnecTBeneH Tuiy A {(P)A (\A) A (/A)}

Ecnu mocneqauii KOHIIENT HE MPOTUBOPEYUB OH OYET OIMYCKATh SAMHCTBCHHBIN THIT A.

B omnpeneneHum KOHIIENTA Yalmle BCErO HCIOJB3YIOTCS ITU3BIOHKIMH, HO B CIIyYasx
MONMMOP(HBIX MO3UIKUNA MOTYT MCIOJIb30BaThCS M KOHBIOHKIMU. Hampumep, 11 nmonumopdHOTO
omepaTopa  «MHHYC»  THUII ~ omepaHga  OyAer  HUMeTh  CIeAyIollee  OrpaHHYeHUE:
{(\int) v (\real) v (\Set(MAX))}, koropoe, B CBOIO Ouepelb, OSKBUBAJICHTHO OTPAaHUYCHUIO:
{(\real) v (\Set(MAX))}.

[Tpy u3MeHEeHNH OTpaHWYEeHM VISl THIA CIelyeT MPOBEPUTh WX HEMPOTHUBOPEUHMBOCTH. B 3THX
HensiX mpeamnonaraercs wucnonb3doBanue SMT-pemarenss [6]. ns KOppeKTHOTO MOCTPOCHUS
KOHIIENTOB HCKIIIOUAETCSl HMCIOIb30BAaHUE OTPAaHUYCHHM, CBS3aHHBIX C PEKYPCHUBHBIMH THIIAMU,

CJIeI0BAaTEIbHO, 0000IEHHBIE TUIIBI HE MOTYT OBITh ACCOLIMUPOBAHBI C PEKYPCUBHBIMH THUIIAMHU.

8. HessBHAs THNIM3ALNA

SI3pik P uMeeT »JIeMEHTHI HESBHOM TUIMW3alluKU, KOTOpasA, B YAaCTHOCTHU, XapaKTCPHU3YCTCA
KIJIIFOUCBBIM CJIOBOM Var. CYH_ICCTByeT YCTBIPC BUOA KOHCTI)YKL[I/Iﬁ C HESBHOM TUIIM3allMEH. I[J'I}I
KaXJol Takoi KOHCTPYKIHUH CICAYCT BOCCTAHOBUTH COOTBETCTBYIOIIINEC THUIIBI.

1. KoHcTpyKkuusiX onpeaejieHusl MacCHBa

Onpeoenenue maccusa: DM ::= for (([TP] ID)") EXPR
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KuntoueBoe cioBo var B TP 3ameHs€TCS TUIOBBIM TEPMOM, KOTOPBIH COOTBETCTBYET THUITY
MHJIEKCOB KOHCTpyKIMu DM Tuna maccus.
IIpumep:
array (int, 1..5) a;
a = for (var i) i*i;
2. KoHCcTpyKIus J10KAJIbHBIX IIepeMEHHbIX-Pe3y/JbTATOB
CRES := 1D | TERM ID | var ID
Tunosoi TepM B TaHHOM Clly4dae ONPEACIIAETCS COOTBETCTBYIOIIMUM TUIIOM, YKa3aHHBIM IIPU
OTIpe/IeTICHUH BBI3BIBAEMOTO OOBEKTA.
3. Konerpykuuu case ajs union
switch (EXPR)
{case ID [([TP] ID)"] : OP [MOVE]
[default : OP [MOVE]
by
Tunel napamMeTpoB BOCCTaHABIMBAKOTCS 110 TUITY IIOJIEH COOTBETCTBYIOIIUX KOHCTPYKTOPOB
B ture union (EXPR B switch).
4. KoHCTpyKUUS ONIMCAHMSA NepeMeHHbIX
Tun nepeMeHHON onpenensercs U3 KOHTEKCTa JAIBHEUIIEr0 UCIOJIb30BaHMs IIEPEMEHHOM.
Jlist Takoit mepeMeHHOM B 3TOM ciiydae OyAeT CO3/1aH HOBBIA OOOOIIECHHBIM THUII, KOTOPBIN
IIPU UCTIOJIb30BAaHUM 3TON NEpEeMEHHOM OyJeT cTpouTh cBOoM KoHIenT. [1o BeIxoy u3 6i0ka,
IJI€ UCIIOIb30BANIaCh 3Ta IEPEMEHHas, Var IpUMET 3HA4CHHWE OJHOW M3 BEPXHUX I'paHew,
ONMCAHHBIX KOHLIETITOM.

B nepBbIX TpEX ciydasx THUII BOCCTAHABIIMBAECTCS HEMOCPEICTBEHHO U3 KOHTEKCTa KOHCTPYKIIMH.
Jl1si BOCCTAaHOBJIEHUSI HESIBHOTO THUIA B KOHCTPYKLUH 4, HCIIOJIb3YEeTCS MHCTPYMEHT 0OOOIIEeHHBIX
tunoB. Ilpm oOHapy)XeHMHM COOTBETCTBYIOIIEH IEpeMEHHOW el mpucBauBaeTCs HOBBIM
00001IEHHBIN TUI, KOTOPBII M0 MEPE UCIIOIB30BaHUS IEpEMEHHON cTpouT KoHIenT. [1o Beixony U3
COOTBETCTBYIOILIIErO OJIOKA NMEPEMEHHON MPHUCBaUBAETCs TUII, KOTOPBIN SBJISETCS BEPXHEH T'paHbIO
KOHIIeNTa. 3aMeTHM, 4YTO KOHLENT JOJDKEH OBITh HENpPOTHBOPEYMB M HMMETh €IMHCTBEHHYIO
BEPXHIOIO TpaHb, kotopas oranyHa or MIN 1 MAX.

Onucarens var B HEKOTOPBIX KOHCTPYKIMSIX MOJKET OTCYTCTBOBATb, B JIIOOOM ciy4yae THII

CJICAYET BOCCTAHOBUTD.
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9. 3amaya aHaju3a THIIOB

B mpornecce TpaHCHAUK U1l HEKOTOPO CHHTAKCUUYECKH KOPPEKTHOW KOHCTPYKLUH TpeOyercs
YCT@HOBHTB, SIBISICTCS JIM ATa KOHCTPYKIMS CEMAaHTHUECKH MPaBUIbHOH. [ 3TOro HE0OX0IMMO
IIPOBECTU CeMAHMUYeCcKUll aHaiu3, B YaCTHOCTU ONPEIAEIMUTb THUIIBI JJI1 BCEX IOAKOHCTPYKIIHM,
BBIIIOJHUTH MPOBEPKY, AOIYCTUMBI JIX 3T KOHCTPYKLHMH B JAHHBIX MO3HULHUAX, ONPEACIUTH THII
JAHHOU KOHCTPYKLMH.

CemanTuueckuii aHainu3 si3bika P uMeer yeTsipe cTaauu:

1. BeaBieHue HESBHOHN TUNH3ALMK U BOCCTAHOBJIEHHUE TUIIOB.

2. Ompenenenue TUIIOB [T UACHTU(PHUKATOPOB, IUTEPAJIOB U arperaTos.

3. TlpoBepka KOPPEKTHOCTH PEKYPCUBHBIX THUIIOB

4. HWepapxuueckas IpoBepKa KOPPEKTHOCTH BCEX MOJKOHCTPYKIUI Ha COOTBETCTBYIOIINE
THUIIOBBIEC OTPAHUYECHUS NTO3ULIAHN.

Bropas cragus, HasbiBaeMas MJCHTU(UKALMEH, OCYILECTBJIAETCS NpPU IHOMOIIM TaOJIHUIL
UACHTUPUKATOPOB. {5 KakJ0ro HOBOro OJIOKa WMJIM ONpEIeNCHHs INpeauKaTa cOo3[aeTcsi HOBas
TabIuIa, Ky/la 3aHOCSATCS JAaHHBIE O BCTPEUYAIOIIUXCSI OTPEICTICHUN TIEPEMEHHBIX 1 THUIIOB.

Jns  aHanM3a  KOPPEKTHOCTH  PEKYpPCHMH  MMapajulebHO  HMICHTU(UKAIUM  CTPOUTHCS
OpHEHTUPOBaHHbIN rpad. Bepumnnsl rpada nomeueHsl UMEHAMU TUIIOB, YT TUIIOBBIMHU TEPMaMHU.
CymectBoBanue 1yru (AB) B 3ToM rpade 3KBUBaJIGHTHO TOMY, YTO A HEIOCPEACTBEHHO 3aBUCUT OT
B. Eciu n3 BepmmHb! A cymecTByeT nyTh K A, TO TUIT A — peKypCUBHBIN. J{11 peKypCHUBHOIO THIIA
HE00X0IMMO HalTH PEKYPCUBHOE KOJIBIIO U MPOBEPUTH €r0 KOPPEKTHOCTD.

[Tocnennss cragus — IpoBEpKa TUIIOB. AJITOPUTM IIPOBEPKU TUIIOB CIIEAYIOLINI:
1. Ecnu KOHCTpYKLHUS UMEET MOAKOHCTPYKIIMHU, TO 3aITyCKAaeM IIPOBEPKY THIIOB JJIS 3TUX
MOJKOHCTPYKIUM.
2. Ecnm KOHCTPYKIHS UMEET OTpaHUYEHUS Ha THII, TO TIPOBEPSIEM 3TH OTpaHHYCHHS
3. JI71st KOHCTPYKIIMHU OTIpeielisieM €€ THIT C UCTIOIb30BaHHEM THITOB TIOJJKOHCTPYKITHH.
Bce koHCTpyKIIMM, UMEIOLIME OTPAHUYEHMS Ha THIL, ONIMCaHbl Bolle. [IpoBepka orpanndeHuit
BO3MOYKHA, TaK KaK BCE MMOJKOHCTPYKIHHU Oy1yT MPOBEPEHBI HA KOPPEKTHOCTh U Ui HUX OyneT

YCTaHOBJIEH THIL.

10. 3akar0ueHue

B nacrosmieil pabore npencraBieHa MOJENb THIOB sI3bIKa MPEIUKATHOTO MPOrpaMMHUPOBAHUSA,

KOTOpas BKIIIOYACT B ceos:
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1. OmnpenencHus peKypCUBHBIX THIIOB Ha 0a3e anmapara HauMEHbIIEH HETIOIBUKHON TOYKH
PEKYPCUBHBIX TUTIOBBIX YPABHCHHIA,

2. Tlpeamopsiiok Ha TUMax si3bIka P;

3. O0001IeHHbIE TUIIBI, TOCTPOSHHBIE Ha 0a3¢ KOHIENTOB — HAOOPOB OTPAHUYCHUM JIJIS1 THUIIOB;

4. KOHCTPYKIIMH C HESBHOM THIM3AIMEH U IIPAaBHJIa BOCCTAHOBJICHUS HESBHBIX THIIOB.

OmnpeneneHsl TPU BHIa OTHOIICHUH: COTJIACOBAHHOCTh, COBMECTUMOCTh M TOXKJIECTBO IS TIAphI
TunoB. C MOMONIBIO TaHHBIX OTHOIICHUH OblIa (hopMaln30BaHa CEMAaHTHKA KOHCTPYKIIUHU S3bIKA
MPEIMKATHOTO MPOrPaMMHUPOBAHUS M pa3padOoTaHbl MPaBUIIa ONPEICIICHUS THUIIOB BBIPAKCHUH H
arperaroB. B COOTBETCTBMM ¢ OTHUMH TIpaBWJIaMH pa3pa0dOTaHbl aJTOPUTMBI ITPOBEPKHU
KOPPEKTHOCTH PEKYpCHH, YCTAHOBKHM THIIOB JUJIsi  S3BIKOBBIX KOHCTPYKIIMH, MPOBEPKU

CEMaHTUYECKOW KOPPEKTHOCTH KOHCTpYyKuuit [1].

B nacrosmee BpEMA BEACTCA pa60Ta 110 3aBCPIICHUIO nporpaMMHoﬁ pcajin3anu aHajinu3a TUIIOB

B 3KCHCpHMeHTaHLHOﬁ CUCTCMC MMPCAUKATHOT'O IIPOrpaMMUPOBAHUS.
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VJIK 004.43

IIpenukaTHas nporpamma BctaBku B ABJI-nepeBo

lllenexos B.U. (Mncmumym cucmem ungpopmamuxu CO PAH, Hosocubupckuii

20CY0apCcmeeHHblll YHUgepcumen)

Onepauuun ¢ ABJI-nepeBbsIMH KOMIAKTHO M JJIETAHTHO TMPEJCTABIAIOTCA B S3BIKAaX
(YHKIMOHANBHOTO MporpaMMupoBanus. OgHako GYHKIMOHAIBHBIE TPOTPaMMBI JJIsl OTIepaluit
BCTaBKM WJIM YyJIAJCHUs BEpPIIMHBI 3aBeJOMO HEI(P(PEKTHBHBI, IOCKOIBKY OINPEIEINISIOT

MMOCTPOCHUE HOBOI'O ICPEBA, a HC MOI{I/I(bI/IKaIII/IIO HUCXOOHOTIO.

OnuceiBaeTcsl MOCTPOEHUE JIBYX BEPCHI MpeauKaTHhIX Mporpamm BcTaBku B ABJI-nepeBo,
JOMYCKAIOIMIMX  aBTOMAaTH4YecKylo TpaHchopMmanuio B S(QEKTUBHBIE HWMIIEPATUBHBIC
nporpaMMel. B si3pIke MpeauKaTHOrO MPOrpaMMHUpPOBaHUs BBeJeHa d(Q(PEKTHBHO peannzyemas

oTepawysi JOCTyIa BEPIIUHBI 110 IIyTH B JIEPEBE.

Kntroueeswie cnosa: ABJI-0epeso, (hyHKyUOHAIbHOE NPOSPAMMUPOBAHUE, MPAHCHOPpMAYUL

npozpamm, aieedpaudeckuil mun OaHHbIX.
1. BBenenue

[TpuHIMNMATBHAS CIOXKHOCTh UMIIEPATUBHOTO MIPOrpaMMHUPOBAHUS OOHAPYKHUBAETCS OCOOCHHO
npu pabote ¢ ykazarensMu. IlokaszareneM Takoil CIOKHOCTH SIBISIETCS 4Upe3BbluaiiHas TPYIHOCTD
JeNYKTUBHON BepU(PHUKAMU IPOrpaMM, ONEPUPYIOUIMX YKa3aTeasiMH, HalpuMep, B allOPUTME
peBepcupoBanus criucka [14].

B mpeankatHOM mporpammupoBanuu [6, 7, 16] HET TakuX sI3BIKOBBIX KOHCTPYKIU, KaK IIUKIIbI
U yKa3aTellH, CEPbE3HO YCIOXKHAIOIINE TPOrpaMMy. BMECTO IMKIIOB UCHOJIB3YHOTCS PEKYPCUBHBIE
MpOrpaMMbl, @ BMECTO YyKa3zaTejled — OOBeKThl anreOpanyeckux THUIOB (CIHMCKU M JIEPEBbS).
[IpeaukarHass mporpaMma CYHIECTBEHHO IIPOILIE B CPaBHEHHHM C HMIIEPATUBHOW IPOTpaMMON,
peanu3yromeil ToT ke anroput™M. O(PEKTHBHOCTh NPEAMKATHBIX MPOrpamMM JOCTHraeTcs
MPUMEHEHHEM CIIeTYIOIUX ONTUMHU3UPYIOIUX MpeoOpa3oBaHuil [3], mepeBoAIIUX IpOrpaMMmy Ha
UMIIepaTUBHOE pacimpenue s3pika P [4]:

® 3aMEHA XBOCTOBOM PEKYPCHHU LIUKIIOM,;
® [10/ICTAaHOBKA TeJIa IPOrpaMMbl Ha MECTO €€ BBI30Ba;
® CKJICMBAaHME IIEPEMEHHBIX: 3aME€Ha BCEX BXOXKICHUM OJHOM NEPEMEHHOM Ha JPYryro

HEPEMEHHYIO;
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® KOJMPOBAaHUE AITeOpPanYeCKUX THUIOB (CHHCKOB M JIEPEBHEB) C IMOMOIIBIO MAacCUBOB U
yKasareJei Ui BceX BUJIOB orepalinii ¢ oObektamu anredpandeckux Tunos [9]. OTMeTrM, uTo AIst
aJITOpUTMa PEBEPCUPOBAHUS CIKCKA UCIIONB3YETCs OJIHA HETPUBUAJIbHAs TpaHCHOpMaIusl.

Takast cTpykTypa JaHHBIX Kak rpag HempeacTaBUMa ajareOpanuyecKuMHu THUIIAaMH JaHHBIX. B
MPEJUKATHOM MPOrPaMMHPOBAHUU Tpad MPeaCcTaBIseTCss MAacCCUBOM BepIInH. MHIEKC BEpIIMHBI B
MacCHBE SIBJISIETCS aHAJIOTOM yKa3aTeJsl.

Onepaiun ¢ ABJI-nepeBbsiMM  KOMIAKTHO UM 3JIETAHTHO TPEJICTABISIOTCS B S3bIKAX
¢dynkroHansHoro mnporpammupoBanust [10, 13]. Mmeercs Oonee necstka pasHbIX paboT (CM.
Hanpumep [16]) mo nmemykTuBHOW BepH(UKAUH M JOKa3aTEIbHOMY MOCTPOCHHUIO MPOCTEHIIUX
(GYHKIMOHATBHBIX — TIporpamm, peanusytonux  omeparuu ¢ ABJI-mepeBbsimu.  OmHako
(GyHKIIMOHATBHBIE TMPOTPaMMBI Ui OIEpaluii BCTaBKA WU yJIaJCHHUs BEPIIMHBI 3aBEIOMO
Hed(PPEKTHBHBI, MOCKOJIBKY OIPENENAIOT MOCTPOSCHHE HOBOTO JepeBa, a HE MOIU(DUKAIUIO
HCXOJHOTO.

B nannoii pabote nenaercs MOMbITKA MOCTPOSHUS TaKUX MPEIUKATHBIX MPOrPaMM BCTaBKU B
ABJI-gepeBo, 4T0OBI IPUMEHEHHEM ONTUMU3UPYIOUINX TpaHcPopMaIil MOTyIUTh 3PPEKTUBHBIE
UMIIEPATUBHBIC POTPaMMBbI, TIOA00HBIE TpecTaBieHHbIM B [1, 2, 15]. [lo cux mop B TEXHOJIOTUH
IIPEIMKATHOTO MPOrpaMMHUPOBAHUS YAaBaJIOCh BOCIIPOU3BECTH JHOOYIO peaan3aluio, IPOBOIUMYIO
B HMMIIEPATUBHOM IPOTPAMMHPOBAHHUH, A OOLUIMPHOrO Habopa aJIrOpuTMOB M3 Kiacca 3ajad
JUCKPETHON W BBIYMCIUTENbHON MaTemMaTuku. OJHAKO MpHU peaiu3aludl alropuTMOB pabOTHI ¢
ABJI-nepeBbsiMH, OCOOEHHO HEPEKYpCHUBHOTO  alrOpUTMa BCTaBKM HOBOTO  3JIEMEHTA,
00OHapYKMBACTCsI HEJOCTATOK CYILECTBYIOIINX CpeACTB. B Hacrosieil padore B si3bike P BBOASTCS
HOBBIE KOHCTPYKIIMH, B YACTHOCTH, CPEACTBA JOCTyIa BEPLUINHBI IO HEKOTOPOMY IIyTH B JIEpEBE.

B pasgene 2 onpenensieTcs S3bIKOBbIE U TEXHOJIOTMYECKHE OCOOCHHOCTH MPEIUKATHOIO
nporpamMmmupoBanus. lIpencrasnenne ABJI-nepeBreB omnuceiBaetcs B paspene 3. Bsoxdarcd
JOTIOTHUTEIIbHBIC KOHCTPYKIMHK si3bika P i addexTuBHO# paboThl ¢ aepeBbsiMu. B pasmene 4
MIPUBE/IEHBI NMPEAUKATHBIE MPOrpaMMBbl JUJIsl KJIACCUYECKOTO PEKYPCHUBHOTO aJrOpUTMa BCTAaBKH B
ABJI-nepeBo, a Taxke 3(pPEeKTUBHOTO HEPEKYPCUBHOTO airoputma. B pasnmene 5 omuceiBaroTcs
METOAbl NPUMEHEHHsS ONTUMHU3HPYIOIIMX TpaHchopMmauuil ¢ mnoixydeHueM 3(QeKTUBHBIX
MMIIEPATUBHBIX IPOrpaMM Uil ABYX BepcHuil anroputMa BcraBku B ABJI-nepeBo. B 3akmroueHun

OTMEYAIOTCsl 0COOCHHOCTH Peali3allii i IPUBOISATCS CPABHEHUS ¢ peann3ausamMu Ha Gpopyme [1].
2. IlpequkaTHOE MPOrPpaMMHUPOBaHME

Ilonnasa npeduxammuas npoecpamma COCTOUT U3 HaOOpa PEKYPCUBHBIX APEOUKAMHBIX TIPOTPaAMM

Ha si3p1ke P [4] ciemyromero Buja:
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<MMS$ NpOrpamMMmbl>(<OMNMUCaHNs apryMeHTOB>: <OMWCaHWsl pe3ynbTaToB>)

pre <npeaycnosue>
post <noctycnosue>
{ <onepaTtop> }

HeoOs3arenpHble KOHCTPYKIMH MPEAYCIOBUS U MOCTYCIOBHS SBJISAIOTCSA (DOpMynaMu Ha sI3bIKE
UCYMCIICHUSI TPEJUKATOB, OHU HCIONB3YIOTCS IS YIYyYIlIeHUsS MOHMMAaHHSA MPOrpaMM U s
JeTyKTUBHOM Bepudukamuu [6, 7, 16].

OddexTuBHOCTE  TpOrpaMMbl  TakKe  OOCCICUMBACTCS  ONTUMHU3ALMEH, peaTn3yeMoi
MIPOrpaMMHUCTOM, Ha YPOBHE MPEIUKATHOMN MporpaMMebl. J{Jisi mpuBeeHHs] PEKyPCUU K XBOCTOBOMY
BUJy TpUMEHSETCS MeToJ o0000meHnss ucxoaHou 3amaud. Jlanee OOBIYHO OTKpBIBAETCS
BO3MOXXHOCTh TIPOBEJICHHSI CEPUU TOCIEAYIONINX YIyYIIeHUuH anroputMa. Mtorosas nporpamMma mno
3¢ (GEKTUBHOCTH HE YCTYIMAeT HAMCAHHOW BPYUYHYIO M, KakK MpaBuiio, kopoue [6, 7, 16]. Ormerum,
970 B (DYHKIIMOHAILHOM MPOTPaMMHUPOBAaHUU (IIPH OOIICH3BECTHOW OPHECHTAIIMU HA TPEICIIbHYIO
KOMIIAaKTHOCTh M JIeKJIapaTUBHOCTH [12]) onmTummu3anus mporpaMMbl MOJTHOCTHIO BO3JIaraercs Ha
TPAHCIATOP, B YACTHOCTH, OOECIIEUNBACTCS aBTOMAaTUYECKOE MPUBEJCHIE PEKYPCHUH K XBOCTOBOMY
Buny. Pasymeercs, (QyHKIMOHATIbHOE MPOrPpaMMHUPOBAHHE  CYIIECTBEHHO  yCTYNaeT B
3¢ (HEeKTHBHOCTH, TIOCKOJIBKY JaK€ MPUMCHCHHEM H3OMPCHHBIX METOJOB  ONTHUMH3AIUU
HEBO3MOXXHO  aBTOMATUYECKHM  BOCIPOHM3BECTH  CEPUI0  ONTUMH3AIUH,  COBEpILAEMbIX
MIPOrPaMMHUCTOM BPYUHYIO.

Tunepgynkyuu. Beizo porpammel A(X, Y) ¢ apryMeHTaMH X U Pe3yJIbTaTaMH Y 3aIHChIBACTCSI
B Buge A(x:y). [lunepgynxyus — mnporpamMma ¢ HECKOJIBKHUMH 6emesimMu PE3yTbTaTOB.
lunepdynukus A(X: y: Z) uMeeT JBE BETBH pe3ynbTaroB Y U z. McmonHeHuwe rumnepyHKIHH
3aBepIIaeTcs OAHOW M3 BETBEH C BBIYUCICHHWEM PE3YIbTATOB IO 3TOM BETBH; PE3yIbTaThl APYTUX
BETBEW HE BBIYHUCIISIIOTCS.

PaccmoTpuM mpenrkaTHYIO IporpamMmy CIIEIYIONIEro BUA:

A(x:y, z, C)

pre P(x)

post c = C(x) & (C(x) = S(x, y)) & (=C(x) = R(x, z))
{.. X

31ech X, Y ¥ Z — HeTlepeceKaronmecs BO3MOXKHO IycThie Habopsl iepeMeHHbIX; P(x), C(x), S(X, y)
u R(X, z) — nornyeckue yrBepkaeHHs. [Ipearnonoxxum, 4To BCe MpHCBaWBaHUS BHIa C = true u
¢ = false — mocnenHue ucnoNHIEMbIE ONEPaTOPhI B Tesne mporpamMmel. [Iporpamma A MOKeT OBITH

3aMEeHeHa CJIEYIoUIel MporpaMMoil B BUJE eunep@dyHKyuu:
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hyper A(x: y #1: z #2)

pre P(x) pre 1: C(x)

post 1: S(x, y) post 2: R(X, 2)
{..}

B tene runepdyHkimm kaxaoe npucBanBanue C = true zameHeHo omneparopom nepexonaa #1, a
c = false — na #2.

l'unepdynkus A UMeeT J1Be 6emau pe3ynbTaToB: MepBas BETBb BKIOYACT HAOOP MEePEMEHHbBIX
Y, BTOpas BeTBb — Z. Memku 1 1 2 — 1ONOJHUTENbHbBIE TapaMeTPhI, ONPEAEIAIONINE 1Ba PA3TUYHbBIX
gvixooa runeppyHkun. Cneyugurxayua cunep@yHkyuu COCTOUT W3 JBYX yYacTed. Y TBEp)KACHUE
nocie “‘pre 1” ectb mpeayclioBUE IMEPBOM BETBH; MNPEAYCIOBHE BTOPOMl BETBU — OTpPHUIIAHUE
MPEAYCIOBHUS MEPBOM BETBU. YTBepxkacHHUS mocie “post 1”7 u “post 2” ectb moCTyCIOBHS ISt
MEePBOM U BTOPOI BETBEM, COOTBETCTBEHHO.

BetBu 6vi306a cunepgynkyuu BBIXOAST B pa3Hble MeCTa IPOrpaMMBbl, COJEp)Kalleil BBI3OB.
Be13oB runepdyHkiuu 3anuceiBaercs B Buue A(x:y #M1:z #M2). 3gece M1 u M2 — merkm
MPOrpaMMBbI; oreparopsl nepexona #M1 u #M2 BcTpoeHbl B BETBU BbI3oBa. VcrojiHEHUE BBI30BA
00 3aBepIIaeTCs MEePBOM BETBHIO C BBHIYMCICHUEM Y U IMepexoaoM Ha mMeTky M1, nuGo BTOpOi
BETBBIO C BBIYUCIICHHUEM Z M TIepexojoM Ha MeTKy M2. BeizoB Buma A(x: y #M1: z #M2); M1: ...
MOJKET OBITh TIPEICTaBIICH B Buae A(X: y: z #M2).

Anmapar eunepgynkyuii sBnasercs Oojee OOMMM M THOKMM IO CPaBHEHHUIO C H3BECTHBIM
MEXaHU3MOM O00pabOTKM UCKJIIOYCHHI, HampuMep, B TakuX s3blkaX, kak Java u CH++.

Hcnons3oBanue runepGyHKIUN emaeT mporpaMmy Kopode, ObICTpee U MpoIe )i TOHUMaHus [ 7,

8].

Hmnepamuenvie roucmpyxkuyuu. Moouguyupyemoii sSBISETCS TEpPEMEHHas, SBISIOLIAsCS
apryMEHTOM M PE3yJbTaTOM HEKOTOPOM NpeauKaTHOM mporpammsl. Hapsany ¢ omepatopoM BHIa
X'=X+ 1, rme mompasymeBaercs, 4ro X CKJEUBAaeTCs C X, B MPEAUKATHOW MpPOrpamme

JoIycKaeTcs ornepaTop Buaa X = X + 1, a taxoke nmpuBbIlYHAas ero popma B Buae X++.

Ha 6ase onepaiyuu Moaudukanuu [4] a1 3HaUEHUH CTPYKTYPHBIX THIIOB CTPOMTCS ONEpamop
moougpuxayuu. Oneparop A[i] = X sBusercs sxsuBanenrom A’ = A with [i: x]. Ananornuno,
oneparop B.f = X skuBanenren B’ = B with (f: X). Tomonuurensro, mons KOHCTpYKTOpa THIA
00bEIMHEHHS TIOJ00HBI HOJAM CTPYKTYPhI, M Ui HUX TaKXKe CIEIyeT Pa3pelluTh OINEepaLUio
MOAU(BHUKALMK M SKBUBAJIEHTHBIN orepaTop Moaudukanuu. CleIyromuii mar — 5T0 BO3MOKHOCTh
ucnosip3oBanus nepemennbx Buga A[i] u B.f B kadyecTBe pe3ynpraToB B BLI30BaX MpeavKara:

HO,Z[O6HLIC BBI3OBbI HCTPYAHO 3aMCHHUTD JICTAJIBHBIMHU KOHCTPYKIUAMU BCTaBKOH JOIOJHUTEILHOTO
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omeparopa  Moaudukaruu  3a  BboBoM.  Hanpumep, G(...: A[i]) 3amensiercs  Ha
G(...: Xx); A" = A with [i: x].

Crieyer mpenoCTaBUTh BO3MOKHOCTH 3aMEHHUTH oriepatop Buaa b’ = b mycteim omeparopom.
BcenencrBue 3amensl omeparopa Buga b’ = b mycTeiM ormepaTtopoM MOSBISETCS YKOPOYEHHBIH
yenosubii oneparop if (E(x)) A(x: y).

B (QyHKIHOHAIBHOM MPOrpaMMHUPOBAHHH BHECEHHUE B IPOIPAMMY MMIIEPATHBHBIX KOHCTPYKIIUIA
peanu3yeTcsi HEBHO 4epe3 armmapar MoHal. be3 MoHaa (QyHKIHOHAIbHbBIE TPOrPAMMBI TIOTEPSUTH
Obl CBOIO KOMIIAKTHOCTH U  IIPHUBJIEKATEIBHOCTh. B NpEAUKaTHOM MPOrPaMMHPOBAHUH
MMIIEpaTHBHbIE KOHCTPYKIIMK OMpEIENIeHbI iBHO. [[porpaMma ¢ HMIIEPATUBHBIMU KOHCTPYKIIUSIMHE
JIETKO TIPUBOIMMA K TIPABHIILHON MPEIMKATHON IPOrpamMmMe.

JlononHuTEIbHBIE KOHCTPYKIUHU JIJIs1 pa0OTHI ¢ IEPEBBMHU MPEICTaBIEHBI B pa3zzeie 3.
3. ABJI-nepeBbsi

Jleouunoe oepeso — nepeBo, B KOTOPOM KakJasi BEpIIMHA MMeEET He OoJjiee JBYX MOTOMKOB.
JIBOoMYHOE J€PEBO UCTOIB3YETCS AJIs MPEACTABICHUS mabauysl A XpaHEHUS MHOXECTBA JaHHBIX
BMECTE C UX KIOYAMU, UCTIONb3YEeMBbIMH JUIs Torcka. OCHOBHBIC OMEpaIiy: BKIOYEHHE HOBOTO
JAHHOTO, MCKIIIOYEHHE JAaHHOTO M MOUCK JaHHOro B Tabnuie. Kitoun u gaHHBIE MpeCTaBICHBI

CJICAYIOIUMHU TUIIAMU:

type Tkey;
type Tinfo;

Jlns tuna kirodeit TKeY onpeneneno otHoueHne TuHeinoro nopsaaka «<». Tumnbsl Tkey u Tinfo
— MPOU3BOJIbHBI U SIBISIFOTCS TapaMeTpaMu MOy, peanu3yromiero ABJI-nepeBbs.
DneMeHT TaONUIIbI SIBISETCS CTPYKTYPOU U3 IBYX IOJICH:
type ElTab = struct(Tkey key, Tinfo info);
JIBOMUYHOE JIEPEBO MPEICTABISCTCS CTPYKTYpOii THMa |ree:

type BAL = -2..2;
type Tree = union (
leaf,
node (Tkey key, Tinfo info, BAL balance, Tree left, right)

)i

Jluct mepeBa coorBeTcTBYeT KOHCTpYKTOpPY leaf. Bepiuna gepeBa, cOOTBETCTBYIOIIAS JIMCTY, HE
XpaHUT HUKakod uHpopMmanuu. KoHCTpyKTOp node OIIPCACILICT BCPIIMHY, HE SBIIAIOMIYIOCS

muctoM. [lonsiMu KOHCTpyKTOpa SIBISIOTCA KIIFOY key M aCCOIMUPOBAHHOC C HHUM JJaHHOC info.
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JleBoe W TIpaBOE MOIJIECPEBbsI, UCXOJSIINEC U3 JAHHOM BEPIIHMHBI, Ompenessitorcs moisiMu left u
right. Hasnauenue nons balance 6yuner onpeneneno nmxe.
Bricora heigh nepesa N onpenensercs cnenyromeii popmyioi:
formula heigh(Tree N: nat) = (N == leaf)? 0 : max(heigh(N.left), heigh(N.right);
COBOKYIIHOCTb JJIEMEHTOB TAaOJMIBI, XPAHAIIUXCA B JBOMYHOM JepeBe N, xapakrepusyercs
[pPEIUKATOM ISiN, OnpeIessIoIiM pUHaIIeKHOCTh dieMenTa (K, X) Tabnuie:
formula isin(Tkey k, Tinfo x, Tree N) =
(N == leaf)? false : N.key == k & N.info == x v isin(N.left) v isin(N.right);
B cootBercTBHHM ¢ JaHHOM GopMyIIoii s HemycToro aepesa snement (K, X) auGo xpaHuTcs B
KOPHEBOM BEPLIMHE, IMOO IPHHAIIEKUT OJHOMY U3 IOIEPEBHEB.
Jlsouunoe 0epe6o noucka — JBOMYHOE JEPEBO CO CIEAYIOLUIUMU CBONCTBAMMU:

e 00a mojaepeBa — JICBOE M MPABOE, SBIISIOTCS TBOMYHBIME JICPEBBSIMU ITOMCKA;
e Yy BCEX BEPIIUH JIEBOTO IMOJJIEPEBA MPOU3BOJIBHON BEPIIMHBI X 3HAYEHUS KIIFOUEH JaHHBIX
MEHBIIE, HEXKEIU 3HAUCHUE KIIF0Ya JaHHBIX CAMOM BEPIIUHBI X;
e Yy BCEX BEpIIMH MPABOr0 MOJAEpEBa TOM K€ BEPIIMHBbI X 3HAYCHHUS KIHOYEH JaHHBIX
OoJibllie, HEXKEJIM 3HAaUCHHUE KIIF0Ya JIAHHBIX BEPIIUHBI X.
JIBoruHoe aepeBo moucka N yaoBIETBOpSET CIACAYIONIEMY OTHOIICHHIO YHOPSI0YCHHOCTH

isord:

formula isord(Tree N) =
(N == leaf)? true : isord(N.left) & isord(N.left) &
(V Tkey k, Tinfo x. isin(k, x, N.left) = k < N.key) &
(Vv Tkey k, Tinfo x. isin(k, x, N.right) = N.key < k);
ABJI-0epeso — cOalaHCUPOBAaHHOE 110 BBICOTE JIBOMYHOE JIEPEBO IOMCKA: AN KaXJOW ero
BEPIIMHBI BBICOTA JIBYX TOJIEPEBbEB BEPIIUHBI pa3nuyaetcst He OGonee yem Ha 1. Ceoiictso isbal

cbanancupoBanHocTu nepea N onpenensiercs crnenyroreit Gopmyoii:

formula isbal(Tree N) =
(N == leaf)? true : isbal(N.left) & isbal(N.left) &
(heigh(N.left) == heigh(N.right) v
heigh(N.left) + 1 == heigh(N.right) v
heigh(N.left) == heigh(N.right) +1 );

[Mone balance — pasuuna BeicoT mpasoro u nesoro momiepeBbe Bepumubl N: N.balance =
heigh(N.right) - heigh(N.left). Jlepeso, B kotopom mone balance B xaxmoil BepiinHe paBHO
pa3sHUIIE BBICOT MOIEPEBLEB, YIOBIETBOPAET NPEAUKATY, TIPEACTABIEHHOMY (HOPMYJIOii:

formula withbal(Tree N) =
(N == leaf)? true : N.balance == heigh(N.right) - heigh(N.left) &
withbal(N.left) & withbal(N.right);

Tun ABJI-gepeBa omnpeaensieTcs CleayronmumM o0pa3oMm:
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formula isAVL(Tree N) = isord(N) & isbal(N) & withbal(N)
type AVLtree = subtype (Tree N: isAVL(N)};

Jononnumensuvie onepayuu c Oepeevamu. C anreOpanvyeckuM THUIIOM [F€€ CUYHUTAIOTCS
ACCOLMHUPOBAHHBIMU CJICAYIOIINEC THUIIbI:
type _ Tree = enum (left, right);
type _Tree = list(__Tree);
HepeMeHHa;I THUIIA _Tree HA3bIBAETCA OUHAMUYECKUM nojem. 3HAYeHHWE THIla _Tree
OMpeaciACT nyms B ACPCBC B BUAC IMOCIICAOBATCIBHOCTHU HOHefI, BCAyHIUX OT KOpHA ACpCBaA B
HEKOTOpYI0 ero BepiiuHy. Jnsg muHamudeckoro mnons f, npunamnexamero tumy _Tree,

KOHCTPYKIHUA N.f OIIPECACIICT JOCTYII 11O YTCHUIO U 3aIllMCH OIIPEACIACTCA CICAYIOIIUM 06p330M2

N.f= f == left? N.left : N.right;
N.f = x = if (f == left) N.left = x else N.right = x;

Joctym K BepiuHe, uaeHTubuIupyemoii myrem p B aepese N, peanusyercs koncrpykuueit N.p.

N.p= p ==nil? N : N.(p.car).(p.cdr);
N.p = x= if (p == nil) N = x else N.(p.car).(p.cdr) = x;

Koncrpykuus N.p onpezesnena numb npu ycinoBuu KoppektHoctu mytu P. [Iyte p B nepee N
SBISICTCSl KOppekmHbiM, eciu oH cyuiectByeT B jaepeBe N. KoppekTHOCTh myTu ompepaensercs
npeaukarom valid:

formula valid(_Tree p, Tree N) = p == nil ? true : N != leaf & valid(p.cdr, N.(p.car));

Jnst mytu p onepanus p.left oznagaer npucoenuuenue monst left xk myru p. Mnaue rosops,
sHauenwue p.left ects p + left, rue «+» monmmaercs kak oneparys KOHKATEHAIIMH CITUCKOB.

B Ttpanchopmaimu omnepauuit ¢ jgepeBbsMH KOHCTpyKIms N.p 0OBIYHO mpejacTaBiseTCs
yKasarelleM Ha I[EPEMEHHYI0, COOTBETCTBYIOUIYIO IIOCIEAHEMY IO, CCBUIAKOIIEMYCS Ha

TpeOyeMyto BEpILUHY.
4. Ilporpammbl BctaBku B ABJI-1epeBo

OnuceiBaroTcsl 1Ba anropurMma BCTaBKU dneMeHTa B ABJI-nepeBo. IlepBelii pexkypcHBHBIN
QITOPUTM SIBJISIETCSI KlacCUYeCKUM. BTOpoil, HepeKypCHUBHBIN aJIrOPUTM, paHee ObUI MpeACTaBlIeH

JIMIIIb B BUJIC MMIIEPATUBHON Mporpammer [2, 15].
4.1. PekypCcUBHBIH aJrOPUTM

Tunepdyukims AVLinsert peanusyer BcraBky 3Hauenus ainfo ¢ kimogom akey B ABJI-mepeBo

tree. Beixon runepdynkunu #plusl peanusyercst B ciaydae, KOrja 1mocjie BCTaBKH BBICOTA JiepeBa
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tree yBenmuuuBaercs Ha 1; BbIxoq #SAaME COOTBETCTBYET CIIydalo, KOTAa BBICOTA JAEpPEBa OCTACTCS
npexneit. Hamnune «*» y aprymenra tree osmauaer, uro tree smisiercs Mopuduimpyemoit
[IEPEMCHHOM, T.€. SIBJISCTCS PE3yJIbTATOM, IpUueM Ha 00enx BerBsx runepdynkiuu AVLinsert.

formula Q_insert(Tree tree, tree’, Tkey akey, Tinfo ainfo) =
Vv Tkey k, Tinfo x. (isin(k, x, tree’) = k = akey & x = ainfo v isin(k, x, tree));
hyper AVLinsert(AVLtree tree*, Tkey akey, Tinfo ainfo: #plusl : #same)
pre plusl: heigh(tree’) == heigh(tree) +1
pre same: heigh(tree’) == heigh(tree)
post Q_insert(tree, tree’, akey, ainfo)
{ if (tree == leaf) { tree’ = node(akey, ainfo, 0, leaf, leaf) #plusl }
elsif (tree.key > akey) {
AVLinsert(tree.left*, akey, ainfo: : #same);
switch (tree.balance) {
case 1: tree.balance = 0
case 0: tree.balance = -1 #plusl
case -1: RotateRight(tree*)

}
} elseif (tree.key < akey) {

AVLinsert(tree.right*, akey, ainfo: : #same);
switch (tree.balance) {

case -1: tree.balance = 0

case 0: tree.balance = 1 #plusl

case 1: Rotateleft(tree*)

}

} else tree.info = ainfo;
#same

b

[MosicauM HEKOTOpbIe MpaBmia s runepdyHKIME. Ecin ucnoiHeHne peKypcuBHOTO BBI30BA
AVLinsert 3aBepinaercsi BTOpoit BeTBbIO, TO 1 nporpamma AVLinsert 3aBepiaercsi BTOpoii BETBBIO.
Ecnu wucnonnenune BbizoBa AVLinsert 3asepiraercs mepBoii BeTBbIO, TO Jajiee HCIOJHACTCS
CIIEYIOLINI OIEepaTop MOCJE BBI30BA, IOCKOJBKY B IO3UIMU PE3yIbTATOB TIEPBOH BETBU HET

oreparopa rnepexo/a.

Ecnu BbICOTa JI€BOTO MOAJEpPEBA YBEIMUUBACTCS TOCIE CpabaThIBaHUs MEPBOTO PEKYPCHBHOTO
BezoBa AVLinsert (uro coorBercTByeT mepBoMy Bhixoay rumepdyHkuum), none tree.balance
ClelyeT yMEHbIIMTh Ha equuuny. Ecmu mpu stom moiyumm tree.balance=-2, peamusyercs
poTaius JiepeBa BIPaBo, MoKazaHHas Ha puc.la u 16. B pesynbrare momyuum npasuisHoe ABJI-

ACPEBO, COACPIKAIICC TO K€ MHOXKCCTBO BEPIINH, UYTO U ACPCBO 10 pOTAIUH.
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Puc 16

Poranus Ha pucl.a peanusyercs npu ycloBUH, YTO BbicOoTa nojiepesa L Oosnbilie, yeM BbIcOTa

noanepesa C. B mpoTuBHOM cilydae mpOBOAMTCA pOTalus, TOKa3aHHas Ha puc 16.

Peanuzanus poTanuu IMpeaACTaBJICHA ITPCAUKATOM:

formula eq(Tree tree, tree’) =V Tkey k, Tinfo x. isin(k, x, tree) = isin(k, x, tree’);
pred RotateRight(Tree tree: AVLtree tree’)
pre tree != |eaf & isAVL(tree.left) & isAVL(tree.right) &
heigh(tree.left) +2 = heigh(tree.right)
post eq(tree, tree’) & isAVL(tree")
{ AVLltree L = tree.left;
if (L.balance == -1)
tree’ = L with (right: tree with (balance: 0, left: L.right))
else {
AVLtree LR = L.right;
tree’ = LR with ( left: L with (balance: (LR.balance=-1)?1: 0,
right: LR.left),
right: tree with (balance: (LR.balance=1)?-1:0,
left: LR.right));
o
tree.balance = 0
o
AJIFOpI/ITM poTanun il Cirydasi, Korjga 3HA4YCHUC ainfO C KIKHYOM akey BCTaBJIACTCA B

ImpaBoC MNMOAACPEBO, AHAJIOTMYCH IMPCACTABJICHHOMY BBIIIC AJITOPUTMY JId JICBOI'O IMOAACPEBA.

CooTBeTCTBYIOIIME POTALIMH MTOKa3aHbI Ha puc.2a u 20.
a
~, .
NN

Puc 2a
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pred RotatelLeft(Tree tree: AVLtree tree’)
pre tree != leaf & isAVL(tree.left) & isAVL(tree.right) &
heigh(tree.left) = heigh(tree.right) +2
post eq(tree, tree’) & isAVL(tree")
{ AVLtree R = tree.right;
if (R.balance == 1)
tree’ = R with (left: tree with (balance: 0, right: R.left))
else {
AVLtree RL = R.left;
tree’ = RL with ( left: tree with (balance: (RL.balance=1)?-1: 0,
right: RL.left),
right: R with (balance: (RL.balance=-1)?1: 0,
left: RL.right));

¥

tree.balance = 0

4.2. HepexkypCcHUBHBIii aJITOPUTM

Anroputm peanusyer BcTaBKy aemenTta ainfo ¢ kmouom akey B mepeso N. Eciu B nepese
IPHUCYTCTBYET BEPIINHA ¢ KIF04oM AKEY, TO CYIIeCTBYIOIIHIA 3JeMEHT 3aMmeHsieTcst Ha ainfo, mpu
3TOM peau3yeTcs BbIxoa runepdynkiun #replace. B mpotuBHOM ciiydae B I€PEBO BCTABISACTCSI
HOBBII 2JIEMEHT C BBIXOI0M #NEW.

AJITOpUTM peaym3yercst ciieayromum oopazom. Haxonutes myts g o ymcra nepeBa N, kyna
Ha/I0 BCTABUTh HOBYIO BEpIIMHY, YTOOBI COXPAHUTh YHOPSJIOYEHHOCTh MO KJI04aM (OTHOIIEHUE
iSOI‘d). JlonmoTHUTENBPHO oOmpenenseTcss NyTh Y, ABJISIOMIMICA Ha4daJdbHOM 4YacThiO MyTH (, 110
BCPIIMHEI C HCHYJICBBIM 3HAYCHUEM I1OJISA balance IIpU YCJIOBHH, YTO BCC BEPIIMHBI JAJICC 110 IIYTH
g umeroT HyseBoi balance. HerpyaHo mokasars, 4TO JOCTATOYHO MPOBECTH M3MEHEHHUS JIUIID Ha
OTpe3Ke IyTH OT KOHIA Y J0 KOHIa (, a OCTaJbHas 4acTh JEpeBa OCTaHETCd HeM3MeHHoW. Ha
BTOPOM IIIare KoppekTupyercs mosie balance na naiinennom ortpeske mytu. HakoHern, B ciydae,
KOrJa JUIs BEPIIMHBI, WICHTHQHUIMPYEMOM MyTeM Y, CKOppeKTUpoBaHHOe mosie balance mmeer

3Ha4YEHHE -2 WIK +2, IPOBOJUTCSA COOTBETCTBYIOLIAS POTALIMS IEPEBA B ITO3UIIMH Y.
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hyper AVLinsert1(AVLtree N*, Tkey akey, Tinfo ainfo: #new : #replace)
pre new: V Tinfo x. — isin(akey, x, tree)
post Q_insert(tree, tree’, akey, ainfo)
{ Search(N, akey, ainfo: _Tree y, q: N’ #replace);
N.g = node(akey, ainfo, 0, leaf, leaf);
updateBalance(N*, y, q);
if (N.y.balance == -2) RotateRight (N.y*)
elseif (N.y.balance == 2) RotateLeft(N.y*);
#new

o
Iuneppynkuus Search onpexpenser myrb ( A0 JIMCTa Ui BCTaBKM HOBOM BEPLIMHBI U
noAlyThb y A0 MUHUMAaJIbHOT'O IMOAACPEBA, B KOTOPOM HAaAO ITPOBECTU 6aJ'IaHCI/IpOBKy, €CJIM TOJIBKO
He 0OHapyXHTC BeplrHa ¢ KiarodoM akey, B ciryuae dero peanusyercs Beixon #replace.
hyper Search(AVLtree N, Tkey akey, Tinfo ainfo: _Tree y, q #new : N’ #replace)
pre new: V Tinfo x. — isin(akey, x, tree)
post new: Qsearch(N, akey, y, q)

post replace: 3 _Tree r. N.r.key = akey & N’ = N with (r: N.r with (info: ainfo))
{ Search1(N, akey, ainfo, nil, nil: y, q #new: N'#replace) }

[IpuBeneHHOE ONpEEIEHUE €CTh CBEAEHHE K Ooee obeit nmporpamme Searchl, B koTopoi
JOTIOJTHUTENBHBIC JIBA TMapamMeTpa (PUKCUPYIOT HadalbHBIE 3HAYEHUs MYCTHIX MyTeW it Y u d.
Ormerum, uto mipu Y = Nil mose balance nis kopuesoii Bepummusr N MoXKeET 0Ka3aThCs HYJIEBBIM.

[ToctycnoBue st BbIXOAa replace ¢bukcupyer, uto B aepeBe N ecTh BepiIMHA C KIIOYOM
akey u B utorosom aepese N’ orimuaercs or N 3amenoit moss info.

[TocTycnoBue uist BeIxoga NEW onpenensieT yclIoBUs Ha yTu q U Y.

formula Qsearch(Tree N, Tkey akey, _Treey, q) =
PSearch(N, akey, y, q) & N.q == leaf;

IMpemukar PSearch ucnons3yercs B kayectBe npeayciaosus ais nporpammel Searchl. Bropoii
KOHBIOHKT MOCTYJIUPYET, UTO MyTh ( JocTuraet jimcta aepesa N.

formula Psearch(Tree N, Tkey akey, _Treey, q) =
valid(g, N) & valid(y, N) &
(N.y.balance '=0 v y == nil) & ordered(N, akey, q) &
3 _Treer.q ==y + r & ZeroBal(N.y, r);

VYTBepkaaercs, 4To NyTH ( U Y SBJISIIOTCS KOPPEKTHBIMM, NyTh (] COOTBETCTBYET IMOPSIKY
woueii (mpexukar ordered), myTeb Y 6o mycToid, 1100 3aKaHINBACTCS HA BEPIIMHE C HEHYJIEBBIM
nosiem balance, nyts Y siBisieTcst HauaTBHOM YACThIO MyTH (], IPUYEM HUKE HAXOATCS BEPIINHBI C

HyJIeBbIM mosieM balance.
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formula ordered(Tree N, Tkey akey, _Tree q) =
g == nil? true : fiord(qg.car, N.key, akey) & ordered(N.(q.car), akey, g.cdr)’
formula fiord(__Tree d, Tkey k, akey) = d == left? akey < k : k < akey;

B mpenukare ordered yrBepkmaercsi, 4To myTh  peaim3yeTcs ABikeHHeM 1o nepeBy N B
COOTBETCTBHHU C MOPSAAKOM KIIFOUEH, YTO rapaHTUPYET IIPaBUIIbHYIO IIO3ULIUIO B JIEPEBE JUUIsl BCTaBKU
HOBOH BEPILMHBI.

formula ZeroBal(Tree B, _Tree r) = B == leaf v ZeroBal1(B.(r.car), r.cdr);
formula ZeroBall(Tree B, _Treer) =
== leaf v r = nil v 3 Tree B1 == B.(r.car). Bl.balance == 0 & ZeroBal1(B1, r.cdr);

B npenuxare ZeroBal YTBECPXKIACTCA, YTO BCC BCPIIMHBI HAa IOYyTH [, KPOME, BO3MOXKHO,
HauanbHOM, umerot nose balance = 0.
[Mporpamma Searchl crpour mytu Q' 1 Yy’ B IPEAIOIOKEHUH, YTO MX HAYaIbHas 4acThb (q U Y)

yIKe IMOCTPOCHBL. AJITOPUTM peantu3yeTcs pa3oopom cirydae uis BepiunHbl N.q Ha myTH (.

hyper Search1(AVLtree N, Tkey akey, Tinfo ainfo, _Treey, q:
_Treey’, q’ #new : N’ #replace)

pre PSearch(N, akey, vy, q)

pre new: V Tinfo x. — isin(akey, X, tree)

post new: Qsearch(N, akey, y, q)
{ if (N.q == leaf) #new;
if (N.g.balance '=0)y =q;
if (N.q.key > akey) Search1(N, akey, ainfo, y, g.left: y’, q" #new: N’ #replace)
elsif (N.q.key < akey) Search1(N, akey, ainfo, y, g.right: y’, q" #new: N’ #replace)
else { N.q.info = ainfo #replace}
o

IMporpamma updateBalance momudunupyer mone balance nnst Bcex Bepuna Ha mytu ot y

a0 C| HUCKJIIO4Yas JIMCT B KOHIC IIYTHU q B utorosom ACPEBEC II0JIC balance SABJISICTCA KOPPCKTHBIM,

T.e. COOTBETCTBYET mpenukary Withbal.

pred updateBalance(Tree N, Tkey akey, _Treey, q : Tree N')
pre isAVL(N with (g: leaf)) & isord(N)
post withbal(N")

{if(y!=g){
if (N.y.key > akey) {N.y.balance--; updateBalance(N, akey, y.left, q)}
else { N.y.balance++; updateBalance(N, akey, y.right, q)}

5. Tpanchopmanus onepamnuii ¢ 1epeBbLAMHA

OnpenenuM cHauvana TpaHcopMmalMio peKypcuBHOro anroputMa. CHaudana MPOBOASTCS

OYEBH/IHBIC CKJIEWBaHHs MepeMeHHbIX Thma tree’ — tree. B mporpammax RotateRight u
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Rotateleft nexkommosupyrorcs wepapxuueckue ornepanud MOAU(DUKALUK: KakIas BIIOXKEHHAs
orepanus MoaupHKaMu BeiHOCHTCs Tiepen orneparopom B ¢opme X = X with (...). TTogo6uoe
BBIHECEHHE KOPPEKTHO, eciu X Jajiee HUIJIC HE HCIOJb3yeTcs, T.e. He sBisgeTcs xuBoi [3]; B
NPOTUBHOM Cllydyae HEOOXOJMMO OyIeT COXpaHUTh 3HaueHHEe X B JOIOJHUTEIbHOW padoueii

nepeMeHHOM. JlekommosupyeM Moaudukaimu aj1s nporpammel RotateRight.

pred RotateRight(Tree tree: AVLtree tree)
{ Treel = tree.left;
if (L.balance == -1){
tree = tree with (balance: 0, left: L.right);
L = L with (right: tree);
tree = L
}else {
Tree LR = L.right;
tree = tree with (balance: (LR.balance=1)? -1 : 0, left: LR.right);
L = L with (balance: (LR.balance=-1)? 1 : 0, right: LR.left);
LR = LR with ( left: L, right: tree);
tree = LR;
b
tree.balance = 0
o

Jlanee peanusyercs 3ameHa omepatopoB Buaa X = X With (...) na mnpucBauBanus
OT/IENILHBIM TIOJISIM.

pred RotateRight(Tree tree: AVLtree tree)
{ Treel = tree.left;
if (L.balance == -1){
tree.balance = 0; tree.left = L.right;
L.right = tree;
tree = L
} else {
Tree LR = L.right;
tree.balance = (LR.balance=1)? -1 : 0; tree.left = LR.right;
L.balance = (LR.balance=-1)? 1: 0; L.right = LR.left;
LR.left = L; LR.right = tree;
tree = LR;
o
tree.balance = 0
b
KoaupoBanue anredpanveckoro THma |re€e peaqu3yercsi CIeAYyIONUM 00pa3oM. 3HaueHHEM
THUNa JepeBo sBisiercs ykaszarenab (tuma [TREE) ma kopueByro Bepmmuy mepeBa. Jluct mepeBa
KOJIUPYETCSl HYJIEBBIM YyKa3zaTeleM. THI BEpUIMHBI KOIUPYETCS CTPYKTypod Tuma [ree,
onpenensomed 1mons KoHcTpyktopa hode. IlpaBoe U JI€BO€  IONNEPEBbS  BEPIIUHEI

MPpEACTABJIAIOTCA YKA3aTCIAMU HA ITOAICPCBbA.
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type TREE = Tree*;
type Tree = struct (Tkey key, Tinfo info, BAL balance, TREE left, right);

Onpenenum TpanchopMmally TUIOB U KOHCTPYKUIUH B COOTBETCTBHM C JIaHHBIM CIIOCOOOM

KOIHUPOBAHUA anre6pa1/1qec1<oro TUIIa ACpEBa:

Tree — TREE
leaf — null

== leaf > N == null;
N.right - N->right

Ilepemennas tree B mporpamme AVLinsert ssasiercs aprymeHTOM M pesyinbraTroM. Bmecto
MOJICTAHOBKU PE3yJIbTATOM HCIIOJIB3YETCsl TOJCTAHOBKA Yepe3 yKas3arelb. [[03TOMY UCIOIb3YeTCst
nepemennas trEE tuma TREE*. Ilpemnomaraercs, uro mporpammel RotateRight u Rotateleft
OTKPBITO IMOJICTABISIOTCS Ha MECTO BBI30BOB. IIpu 5TOM mprcBauBanus tree = L u tree = LR B

RotateRight nomxkue! ObiTh 3amenens Ha trEE = &L u trEE = &LR.

hyper AVLinsert(TREE* trEE, Tkey akey, Tinfo ainfo: #plusl : #same)
{ TREE tree = trEE*;
if (tree == null) { tree = node(akey, ainfo, 0, null, null) #plusl }
elseif (tree->key > akey) {
AVLinsert(&(tree->left), akey, ainfo: : #same);
switch (tree->balance) {
case 1: tree->balance =0
case 0: tree->balance = -1 #plusl
case -1: RotateRight(tree)
by
} elseif (tree->key < akey) {
AVLinsert(&(tree->right), akey, ainfo: : #same);
switch (tree->balance) {
case -1: tree->balance = 0
case 0: tree->balance = 1 #plusl
case 1: Rotateleft(tree)
by
} else tree->info = ainfo;
#same

b

IMockonbky BbI30BBI AVLiNSert Henb3st moacTaBUTH OTKPBITO, MPUMEHSETCS 00N crnocos
peanu3alii BBIXOJOB TUIEPQYHKIUH uyepe3 apryMeHT — mepemenunyto tuna LABEL. Omun u3
BBIXOJIOB THIIEP(YHKIINY, B HAILIEM CiTydae, 9T0 BbIxoa #Plusl, MoxHO peann3oBaTh Kak OOBIYHBII
Bo3Bpar w3 npouenypsl. Cameiii Buemnuii  Bbi3oB  Bupa AVLinsert(N, ke, inf : Nz N'),
OTIPEIENSIONIHMI BBIXO/I HA CIIEYIOIIHIA OMIEpaTop MOCIE BBI30Ba JJIsk 00eUX BeTBel runepdyHKINH,

pealIn3yeCTCd CICAYIOIIUM 06pa30M:
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AVLinsert(&N, ke, inf , SAME); SAME: ;

OTMeTHM, YTO OMEpaTop mepexoia #SAMe peanus3yer Mmepexoj] HEMOCPEACTBEHHO Ha METKY
SAME, wmuHyst BCIO HepapXHi0 pPEKYPCHBHBIX BBI30BOB. (OUYEBHIHO, 4YTO HCIOJIb30BAHHE
runepyHKIMM BMeCTO pesynbrata Tuia BOOl maer Bemrpsinn B sddextuBHOCTH. TIporenypa

AVLinsert, peanusyroriast BIX0OAbI TUIEPGYHKIIMHU, IPEACTABICHA HIXKE.

AVLinsert(TREE* trEE, Tkey akey, Tinfo ainfo, LABEL same)
{ TREE tree = trEE*;
if (tree == null) { tree = node(akey, ainfo, 0, null, null); return }
elseif (tree->key > akey) {
AVLinsert(&(tree->left), akey, ainfo, same);
switch (tree->balance) {
case 1: tree->balance = 0
case 0: { tree->balance = -1 ; return }
case -1: RotateRight(tree)
by
} elseif (tree->key < akey) {
AVLinsert(&(tree->right), akey, ainfo, same);
switch (tree->balance) {
case -1: tree->balance = 0
case 0: { tree->balance =1 ; return }
case 1: Rotateleft(tree)
by
} else tree->info = ainfo;
#same

o

Tpancdopmarus nporpammel RotateRight, moxacrasnsiemoii 8 AVLinsert, npencrasnena Huxke.

pred RotateRight(TREE tree: TREE tree)
{ TREEL = tree->left;
if (L->balance == -1) {
tree->balance = 0; tree->left = L->right;
L->right = tree;
trEE = &L
} else {
AVLtree LR = L->right;
tree->balance = (LR->balance=1)? -1 : 0; tree->left = LR->right;
L->balance = (LR->balance=-1)?1:0; L->right = LR->left;
LR->left = L; LR->right = tree;
trEE = &LR;
¥
tree->balance = 0
b

Jlanee mpeacraBuM TpaHchopmanuioo HepekypcuBHoro anroputma AVLinsertl. Crauana

3aMEHHUM XBOCTOBYIO PEKYPCHIO IIMKIOM B mporpammax Searchl u updateBalance.



38 Lllenexoe B.U. TlpenukatHas nmporpamMMa BctaBku B ABJI-nepeBo

hyper Search1(AVLtree N, Tkey akey, Tinfo ainfo, _Treey, q:
_Treey’, q’ #new : N’ #replace) {
for(;;) {
if (N.qg == leaf) #new;
if (N.g.balance '=0)y = q;
if (N.g.key > akey) q = q.left
elsif (N.g.key < akey) q = q.right
else { N.q.info = ainfo #replace}

by
b
pred updateBalance(Tree N, Tkey akey, _Treey, q : Tree N') {
for(;;) {
if (y!=q){

if (N.y.key > akey) {N.y.balance--; y = y.left}
else { N.y.balance++; y = y.right}
by
by
b
[MoxcraBum nporpammy Searchl s Search.
hyper Search(AVLtree N, Tkey akey, Tinfo ainfo: _Tree y, q #new : N’ #replace)
{ _Treey =nil, q=nil
for(;;) {
if (N.q == leaf) #new;
if (N.g.balance '=0)y = q;
if (N.g.key > akey) q = q.left
elsif (N.g.key < akey) q = g.right
else { N.qg.info = ainfo #replace}

¥

IMoxcraBum nporpammel Search u updateBalance s AVLinsertl.

¥
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hyper AVLinsert1(AVLtree N*, Tkey akey, Tinfo ainfo: #new : #replace)
{ _Treey =nil, g =nil;
for(;;) {
if (N.q == leaf) #newl;
if (N.g.balance '=0)y =q;
if (N.g.key > akey) q = q.left
elsif (N.q.key < akey) q = q.right
else { N.q.info = ainfo #replace}
}o
newl:
N.g = node(akey, ainfo, 0, leaf, leaf);
for(;y!=q;){
if (N.y.key > akey) {N.y.balance--; y = y.left}
else { N.y.balance++; y = y.right}
b
if (N.y.balance == -2) RotateRight (N.y*)
elsif (N.y.balance == 2) RotateLeft(N.y*);
#new
b

IMepexon o meTke #newl moxuo 3amennts Ha break.

ByneMm cuurarh, 4To J11000i MyTh, 3HAYEHHE TUIIA _ | F€E, CTPOMTCS TOJIBKO Ul OJHOrO 00bEKTa
tuna Tree. Iyt KoaupyeTcs yKasaTelleM Ha II0JI€ BEPUIMHBI JepPeBa. JTO I0JE COOTBETCTBYET
KOHIly IyTd B jepeBe. IlycToil IyTh KOJMPYETCSA YKasarelleM Ha IEPEMEHHYIO, 3HaYeHHEM
KOTOpPOTo siByisieTcst aepeBo. [1yTs komupyerces 3nauenuem tuna PTREE.

type PTREE = TREE*; // tumn nepemennsix q uy
Peanuzyrorcst TpaHC(OPMALIUH:

_Tree — PTREE;

N.g — g%

Ny — y*;

N.q == leaf —» g* == null
N.g.key — g*->key;

q = q.left » q = &(g*->left);

[Tpumenenue Tpanchopmanuii JaeT CAeAyONIYIO IPOTPAMMY.
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hyper AVLinsert1(AVLtree N*, Tkey akey, Tinfo ainfo: #new : #replace)
{ PTREEy = &N, q = &N;
for(;;) {
if (g* == null) break;
if (g*->balance '=0)y = q;
if (g*->key > akey) q = &(g*->left)
elsif (g*->key < akey) q = &(g*->right)
else { g*->info = ainfo #replace}
o
g* = node(akey, ainfo, 0, leaf, leaf);
for(;y'!'=q;){
if (y*->key > akey) {y*->balance--; y = &(y*->left) }
else { y*->balance++; y = &(y*->right }
b
if (y*->balance == -2) RotateRight (y*)
elsif (y*->balance == 2) RotateLeft(y*);
#new

¥

Bmecro aBoitHoro ykasarens (( wid Y) MOXKHO HCHOJb30BaTh OJAWHApHBIA. B ucnombp3yrommx

MO3UIUAX MEPEMEHHBIX ( U Y IPUMEHUM TpaHCHOpMaIiH:

g* — Ng;
y* — Ny,

Opnako mocie MpUCBaUBaHUS IMEPEMEHHOW ( WM Y HEoOXOJUM CHHXPOHHBIH Iepecuer

3Ha4YCHUA nepeMeHHoﬁ. Htorosas [mporpamma 1nmpeacTaBjiCcHa HHXKE.

hyper AVLinsert1(AVLtree N*, Tkey akey, Tinfo ainfo: #new : #replace)
{ PTREEy = &N, q = &N;
TREENg =N; // = g*
for(;;) {
if (Ng == null) break;
if (Ng->balance !1=0)y =q;
if (Ng->key > akey) q = &(Ng->left)
elsif (Ng->key < akey) q = &(Nqg ->right)
else { Ng->info = ainfo #replace};
Ng = g*;
Jo
g* = node(akey, ainfo, 0, leaf, leaf);
TREE Ny = y*;
for(;y !=q; ){
if (Ny->key > akey) { Ny->balance--; y = &(Ny->left) }
else { Ny->balance++; y = &(Ny->right };
Ny = y*;
by
if (Ny->balance == -2) RotateRight (y*)
elsif (Ny->balance == 2) RotateLeft(y*);
#new

h
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3aK/JII0YeHne

[IpeanoceuIKol MOSABICHUS TaHHON paboOTHI cTana Auckyccus Ha Gopyme [1] o Tom, kakas u3
nporpamm BctaBku B ABJI-nepeBo nyurire: Ha si3bike OOepon win rpadudeckom si3bike JIpakon [5].
OProHOMHUYECKUE METObI, IPUMEHSIEMBIE B SI3bIKE J[paKOH, CYIIECTBEHHO YJIyYIIAIOT BOCIIPUSATHE
nporpamMMbl. Tem He MeHee, mporpamMma He BBITISAUT mpoile. [IpuunHa — ucxoaHas CI0KHOCTD
UMIIEPAaTUBHON MporpaMMmbl. MeTonbl NPEeIUKaTHOrO MPOTPaMMHUPOBAHUS:  HCIOJIB30BAHUE
PEKYPCHBHBIX MpPOTpaMM BMECTO IIMKJIOB, alreOpanvyeckux THUIIOB BMECTO yKazaTelned u np.
MIO3BOJISIFOT CYHIECTBEHHO CHHU3MTH CJIOKHOCTh IMPOTrpamMMbl [0 CPaBHEHHMIO C aHAJIOTWYHOU
UMIIEPATUBHO MIPOTPaMMOi, B YaCTHOCTH ¢ TIporpamMmamu Ha (opyme [1].

JlocTyn K BeplUIMHE JepeBa pealn30BaH uyepe3 yKas3aTellb Ha 1oje (B HEKOTOpPOM BepIIUHE), B
KOTOPOM XpaHUTCS CChLJIKa Ha TpeOyeMmyro BepuiuHy. [Ipu nepenaue uepe3 napaMmeTp nporpaMmbl
BO3HHKACT JBONHOI yka3arenb. B onmucanuu 6ubmmorexu libavl [15] ucrnonb3yeTrcs oHOKpATHBIH
yKa3arenib, OJHAKO TMPU STOM JOMOJIHHUTEIBHO TMOAJEPKUBACTCA YKazaTeldb Ha MPEIbIIYIIYIO
BepIIMHYy-0TIa. Kak crieacTBue, alropuTM noiydaercs: 6ojaee TpOMO3IKUM U MeHee 3 (EeKTUBHBIM
B CPAaBHEHUU C MIPUBEACHHBIM B HacTosIel padore. B Hamell Bepcuu, TeM HE MEHeEe, ISl KaX10Ir0
JBOMHOIO yKa3aTeysl 3aBOJMTCS COOTBETCTBYIOIIMK OAWHApPHBIN. Peanu3anus Takod TEXHUKH B
TpaHcQopMaIisIX MOMKET OKa3aThCsl HeTpuBHAIbHOW. [l0oATOMY B HadaabHOM peln3€ CleqyeT
OTPAaHUYUTHCS TOJIBKO IBOMHBIM yKa3aTEJIEM.

Paboma evinonnena npu noooepcxe PODU, epanm Ne 16-01-00498.
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VJIK 004.43, 004.27

BbruunciieHust HA ceTaAX CJICHHOBEI

3aiiyes /].A. (Mexcoynapoonulii cymanumaphwiii ynueepcumem, Ooecca, Ykpauna)

BrimonmaeH 0030p paboT, (GOpMUPYIOMINX TEOPETHYECKHE OCHOBHI BBIUYMCICHHN Ha CETIX
CrnenmoBa W TPEICTABISAIONINX OCOOCHHOCTH PHCOBAaHUS, KOMIWISIMM W KOMITIOHOBKH
mporpaMM Ha s3bike ceTeid CremmoBa, a TakXKe MacCOBO IapajlIeNIbHBIE apXHUTEKTYPHI
BBIYUCIIIONICH MMaMATH I peanu3anum  nporieccopoB cerert CremoBa. Cetp Iletpum
BEITIONHSETCS JKCIIOHEHIIMAIHHO MEIJIEHHEe M SBISIETCS YacTHBIM ciiydaeM ceTu Cremnmosa.
Paccmotpena yHuBepcanbHas cetb CneninoBa, cogepskamas 13 mo3unmii U 26 mepexoaos,
MIPEeCTaBISIIOIMAs Co0OW TPOTOTHN Tporeccopa cereilt Cmenmosa. llpuBenensl mpumepbl
mporpaMM Ha sa3pike  cereit  CruemmoBa ans 3dexTuBHOro  yMHOXeHHs, RSA
mbpoBanust/ nenpoBaHust, BEIMUCICHHUS QYHKIIMHA HEYETKOM JIOTUKU M PELICHHS YPaBHEHUS
Jlarumaca. IlpeumymiecTBamu BBIUMCICHUM Ha ceTsx CremnmoBa SBISIOTCS  HArJsIHBINA
rpadUUecKuil S3bIK, COXpaHEHNE €CTECTBEHHOTO Mapajlieii3Ma MPeIMETHOW 00IacTH, MenKas
TpaHyJISALMUS MapajuIeIbHBIX BBIUYMCICHUH, (JOpMabHbIe METOBI Bepu(UKauK NapaieabHbIX
porpaMM, OBICTpBIE  MacCOBO-TIApAJUIETbHBIE  apXUTEKTYpPbl, pealu3ylole MOJENb

BBIYHCJICHUMN.

Knrouegwie cnosa: cemv Cnenyosa, cems Ilempu, mawuna Teropunea, kiemounuwiil

asmomam, napaﬂﬂeﬂbele 6blyuUcCierHu, yHueepca/szbze evlyuciumelsibHvle Moéeﬂu
1. BBenenue

B nocneanee Bpemsi MHOTHE HCCIIEOBATENU MpEAJiaraloT HOBbIE MOJIEIN THIEpP-BbIYHUCICHUM,
TaKMe KaK KBAHTOBBIC BBIYMCICHUS, BBIYMCICHHS Ha MeMOpaHaX KJIETOK, Ha HMIYJIbCHBIX
Heifponax u JIHK [10], cnocoOHbIe mpeoposieTs npensTcTBre Henoanatommxcs 3aaad. Cetu [lerpu
U3BECTHBI OoJiee TIOyBeKa Kak MOJEb MapajuIeIbHBIX CHCTEeM W Bbluucienuil [1,4], omHako ux
YHUBCPCAJIBHBIC PACIIUPCHHA BBIITOJHAIOTCA SKCIIOHCHUOHWAJIBHO MCJICHHCC MalllWHbI TBIOpI/IHFa,
ocoO0eHHO Tmpu peanu3anuu apudmernueckux omnepauuit. Konmenuus ceru Creniosa,
IpeJ/UIo’KEHHasi YeTBEpTh BEKa HasaJl, HelaBHO oOpena cBoé Bropoe poxkaeHue [13] Omaromaps
CBOEH CIIOCOOHOCTH K OBICTpON pealn3allMi OCHOBHBIX apU(pMETHYECKHX orepanuil. 3amyck
Iepexoia B HECKOIBKUX JdK3EMIUIIpax Ha Iare MpUBOIUT K YHUBEPCAIBHBIM CTPYKTYpaM, KOTOPEIE
BBITIOJIHSIFOTCS 32 MOJMHOMUANIbHOE BpeMs [16]. B Beramcnenusx Ha cersix CrenmoBa mporpaMma,

HaIlMCaHHas Ha SI3BIKE CeTel CJ'IeHLIOBa C COXPAaHCHHUECM €CTCCTBCHHOT'O MapaJljiC/In3Ma HpCHMCTHOﬁ
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o0JyacTH, BBITIOJNHAETCS Ha Tporeccope ceTeil CremnioBa, KOTOPBIA pean3yeT NapajyiebHOe
cpabaThIBaHUE TIEPEXO/I0B B HECKOJIBKUX IK3EMIUIIpax, o0ecreurnBast yabTpa-ObICTpoieiicTBHIE.
Konnenmus anroputma Obiia BrepBele (opmannzoBaHa AnanoMm Teropunrom B 1936 romy B
¢dopme aOCTpakTHOW MAaIMHBL, KOTOPYIO TpPAaJUIMOHHO Ha3blBalOT MamuHOW ThropuHra.
VYHuBepcanpHyl0 MaluHy TBIOpHMHIA, KOTOpass BBIIOJHAET 3aJaHHYI0 MaluHy ThIOpUHTa,
paccMaTpuBalOT Kak MPOTOTHN TPaJuLMOHHOro Kommbiorepa. Kpome wmammubl ThropuHra
MOSIBUJIUCH JAPYrH€ YHUBEPCAJIbHBIE MOJEIH BBIYHCICHHNA: pEeKypcuBHbIE (QyHKUuU KiuHw,
HOpMaJlbHble aropu@mbl MapkoBa, cucteMsl nepesanucu TeroB llocta, perucTpoBble MalIMHbBI
Munckoro u gapyrue. PasHooOpasue Mmonenel oObsiCHAETCS crneun(pUUIecKUMU TpeOOBaHUSIMU
pa3nuYHBIX oOnacTedl mpumMeHeHus. HoBble Monmenw 3aJeiCTBYIOT BO3MOXHOCTH MAaCCHUBHO-
NapajuleJbHBIX BBIYMCIEHUM, HNPUCYIIME TaKUM HPOCTBIM CTPYKTypaM KakK 3JIEMEHTapHbIe
KJICTOYHbIE aBTOMAThl, YHUBEPCAJILHOCTh KOTOPBIX Obula nokazaHa M»ateio Kykom B 2004 rony.
Kpome Toro, Typnok Hupu u Jlemuem Byn3 moctpounu B 2008 roay yHHBEpCalbHbIE MalIUHBI
ThropuHra mMajaoro pasmepa, KOTOpPbI€ BBINOIHSIIOTCS B MOJMHOMHUAIbHOE BpeMs. OnHako crnocod
IIPOrpaMMHUPOBAHUs KIETOYHBIX aBTOMAaTOB, ONMCAHHBIA M)aThi0 KyKkoM, HE 3a1€HCTBYET MacCOBO-
napaenbHble Beruuciaenus. Konnennus cern Crnennosa [13] BblnpaBisieT OCHOBHOM HEJOCTATOK
cetu [lerpu [4] cocTosiuii B MHKPEMEHTHOM XapaKTepe BBIYMCICHUH, YTO /I€7aeT BHIUMCICHUS Ha
cersax CrnernmoBa [13,14] mepcrneKTUBHBIM MOIXOAOM JUIS TOCTHIKEHUS YIbTPa-OBICTPOJACHCTBUS
napajuleNbHBIX BhIYKCIeHU. B crartbe [13] mpepcraBiner 0030p paboT, KOTOPHIE UCIIOJIB3YIOT CETH
CrenuoBa (ceTd MO3MLMI/IEPEX0J0B C MHOTOKaHAJIbHBIMH TEpeX0JaMd WM MHOXKECTBEHHOM

CTpaTeruei 3armycka rnepexo/oB).

2. Onpenenenue cetu Ciaenuosa

Cemv Cnenyosa — 93TO JBYAOJBHBIA OPUEHTUPOBAHHBIM MYyJIbTUTPAd, TOTMOTHCHHBIN
nuHamuyeckuM nporeccoM [13]. Obo3naunm cets Crennosa kak N =(P,T,W,R, 1), tie Pu T
ATO HEMEePEeCeKaIoIecss MHOKECTBAa BEPIIUH HA3bIBAEMBIX NO3UYUU U Nepexo0bl COOTBETCTBEHHO,
otoOpaxenne F ommchiBaeT Oyeu COEAHMHSIIONIME BEPIIUHBI, OTHONICHHE R Tmpencrariser
HPHOPHUTETHI IIEPEXOJIOB, U OTOOPAKEHUE £, 331aET HAYaJIbHOE COCTOSTHUE (MAPKUPOBKY).

Oro6paxkernue W : (PxT) - NU{—1},(T xP) — N 3amaér ayru, ux THI U KPaTHOCTh; HYJIEBOE
3HaYEHUE COOTBETCTBYET OTCYTCTBHUIO JYTH, IOJIOKUTEIBHOE 3HAUCHHUE — peVaspHOU Oyee C

yKa3aHHON KpaTHOCTBIO, @ MHUHYC OJMH — UHSUOUMOPHOU Oy2e KOTOpas MpOBEpsieT MapKUPOBKY

MO3UIMM Ha HOJIb. N 0003HaYaeT MHOKECTBO HCOTPULATCIIbHBIX LCJIbIX YUCCII. YTo0ObI M30€KATh
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BJIOKEHHBIX MHJIEKCOB, obo3zHauum W, =W(p;,t;) u W, =w(t;, p;). Orobpaxenne x:P—>N

IPEACTaBISET MAPKUPOBKY TTO3UIIHIA.

B rpaduueckoii ¢dopme mo3ummMM H300paXKArOT B BHAE KPYroB, a IEPEeXoJbl — B BUJC
NPSIMOYTOJIBHUKOB (KBaApaToB). MHrHOUTOPHYIO Iyry NPEACTaBISIOT HEOOIBIIUM IMOJIBIM KPYroM
Ha e KOHIle, a MaJCHbKHMH 3allOJIHCHHBIH Kpyr oOo3HayaeT abOpeBumaTypy nukia. Kparnocts
PETYIApHBIX AYT OOiblias, 4eM eIWHHIA, TOAMUCHIBACTCS HAJ Jyrod, ¥ MapKHPOBKA MO3HMILUH
Oonpliasi HyJsl 3amuchiBaeTCsi BHYTpH no3unuu. [lpumepst cereit CnemnmoBa, peann3yOLINX
OCHOBHBIE apuU(METHUECKUE W JIOTHUECKHE OIepaluu, NMpuBelneHbl Ha Puc. 6, KoTopblii Oymer
00CYKAaThCsl B HOCJICAYIOIIUX pa3/esax.

YToOBl OLIEHUTH KpaAmHOCMb 6030)JicOeHuss Ha KKIOH BXOAALICH Oyre IO3WIHMH, BBEAEM

CJIEYIOIYIO BCIIOMOTaTeJIbHYIO OIIEPALINIO

xly,if y>0
X>y=<0,ify=-1 x>0,
o, ify=-1, x=0.

Bo unsbexanue aHoManuil ¢ OECKOHEUHBIM YMCIOM OJK3EMIULIPOB IEPEX0Ja, 3alpeTHM B
JalbHENIIeM UCIIOIb30BAHUE IIEPEXOI0B, HE COAEPKALIUX BXOAAIIUX PETYIIAPHBIX AYT.

[ToBenenue (quHamuka) cetu CIenioBa MOXKET OBITh ONUCAaHA COOTBETCTBYIOLIMM ypaBHEHHEM
cocTosiHUM ananoruuHo [6]. HacTosimas pabora paccMaTpHBaeT MOBEJICHHE CETU KaK pe3ylbTar
IPHMEHEHUS CIEYIOLIETO NPAguia 3anycKa nepexood.

—  KOJMYECTBO HK3EMIUIIPOB Nepexosa t;, Bo30yKIEHHBIX Ha TEKYILIEM IIare paBHAETCA
v, =v(t)= mjin(yj W), 1< j<smw; =0
— xorna nepexon t,,V, >0 cpabaTbiBaeT, ipu U; <V,, OH
v’ u3BJeKaet U -Wj,; (duIlek U3 Kax1oi cBOEH BXOIHOH MO3UIMK P; IS PETyISPHBIX TyT
w;; >0;
V' nobGasnser U, - W, (UIIEK B KakKTyI0 CBOKO BRIXOIHYIO IO3HIMIO P, W, >0;
— CEeTb OCTAHABIIMBAETCS, €CIH OTCYTCTBYIOT BO30YKIECHHbIE IIEPEXOIbI.
Korzma mepexon, MMeronuii €IMHCTBEHHYIO PETYIAPHYIO BXOJAIIYI0O OYTy KpaTHOCTH @ M3

MO3HITUK P U SIMHCTBEHHYIO MCXOMSIIYIO ATy KpaTHOCTH b B mosuiuio p’, cpabaTbiBaeT, MpH
u, =V, OH OCYIIECTBIISET CIICYIOIIHE BBIUUCIICHUS: w1(p)=p(p) mod a;
1(p)=u(p)+b-(u(p)diva). A umeHHO, OH peaTU3yeT JeIeHHE Ha & C OCTATKOM U YMHOXEHHE

Ha b. BeiOupast mubo a, mubo b paBHBIMH €IMHUIIE, MOIYYaeM YUCTOC YMHOXKEHHE OO YUCTOe

JCICHHUEC COOTBCTCTBCHHO.
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B cetu Ilerpu TonbKko ofuH mepexoi cpabaThIBacT HA IIare, B TO BpeMs Kak B ceTh CalBUIKH
[8] (vim cuHXpOHHOI ceTH B COOTBETCTBHH ¢ [4]) Ha mare cpabaThiBaeT MAaKCUMAIbHOE MHOXKECTBO
BO30YKIeHHBIX TepexoqoB. OnHako B ooeunx cersax ([lerpu m CanBUIKK) JIUITL OJUH SK3EMILIIP
KaXKI0ro repexo/ia cpadaThiBaeT Ha IIare.

[lepexon MOXKET BOCHPHUHUMATBHCS KakK HEKOTOpOE BHUPTyallbHOE COObITHE (IeicTBHE).
KonuyecTBO peasibHO 3amyIIeHHBIX JEHCTBUM 3aBUCHUT JIMIIb OT KOJIMYECTBA JOCTYIHBIX PECYPCOB,
MPEACTABICHHBIX BXOJHBIMU TO3ULHUAMH Iepexoja. 3adeM K€ HeoO0XOIUMO OrpaHUYUBaTh
KOJMYECTBO HK3EMIUIAPOB IE€pexojJa A0 €IHWHHUIbI, KOTJa HMEIONIMecs B HAJIUYUH PECYPChI
MO3BOJISIIOT 3allyCTUTh ACUCTBUS OJHOBpeMeHHO? boree Toro, kiaccuyeckuil mocieoBaTeabHbIN
MOPSZIOK 3aITyCKa MEePEX00B MOXKET OBITh IMONYYCH KaK YaCTHBIA CIydail MyTeM NMPHUCOSIUHCHUS K
KKJOMY IEPEX0,y TOCPEACTBOM ITUKJIA OTACIBLHON IMO3UIINH, COJIEPKAIICH OHY (UIIIKY.

W3BectHbl pazHooOpasHbie pacmupenus cereil  Ilerpu, Takue Kak NPUOPUTETHBIE,
MHTHOUTOpPHBIE, BpEMEHHbBIE, HArpYXKEHHbIE (PaCKpaIIeHHbIE), HePAPXUUECKUE U BIIOKEHHBIE CETU
[Terpu [4,5,9,11]. NHorna OHM JHIIB YCIOXKHSIOT BOCIPHUATHE OCHOBHOW Mojenu. Hama 1enb
COCTOWT B TOJIYYCHUH THIIEP-TIPOU3BOJUTEILHOCTH 3a CYET MHHUMAIBLHOW MOAM(PUKAIINN, KOTOpas
COCTOMT BO MHOKECTBEHHOW cCTpaTeruu 3amycka mnepexona. UTo kacaercss Opyrux Mojenen
O6nmu3kux K cersaM lletpu, ciaenyer OTMETUTh CHCTEMBI IEpe3anucu MHOXKECTB, 4 TAKK€ CHCTEMBI
CIIOKEHUS M 3aMelleHUus BEKTOpoB. Kpome TOro, misg H3y4eHHs] TPOTOKOJIOB HCIHOJIb3YIOTCS
MOCJIeIOBAaTEIbHBIC B3aMMOJICUCTBYIOIINUE Tpolecchl Xoapa, Omm3kue Kk cersMm lletpu u
MO3BOJIAIONINE B3auMHbIe mpeobOpasoBanus [11]. CyiiecTBeHHBIM MNPEHUMYIIECTBOM —CETEH
CrnenmoBa (u certeit Iletpu) siBnsercs rpaduueckoe MpeACTaBIEHUE CTPYKTYpbl U TOBEICHUS

CUCTEM.

3. YuuBepcajabHas ceTb CiienuoBa Kak npoueccop

Jns mporpammupoBanusi Ha s3bike cetet CrenmoBa (Iletpu, CanBuiiku) HCHIOIB3yeEM
KOHIICTIIINIO BBIJICTICHHBIX KOHTAKTHBIX mo3unuil. [lepen 3amyckoM ceTu 3arpykaeM HCXOJHBIE
JTAaHHbIE B KOHTAKTHBIE MO3UIIMH, a KOT/1a C€Th OCTAHOBUTHCS, MU3BJIEKAEM BBIXOJHBIC JAHHBIE U3
KOHTaKTHBIX mo3unuid. MHorma Oosiee aeTanbHasl CHEIUANM3AIMS, pPa3IdYyaronias OT/elIbHbIC
MMOJAMHO’KECTBA BXOJIHBIX M BBIXOJHBIX TMO3HIINH, SIBISETCS yA0OHOH. B 3TOM ciiydae ucmonb3yem
JIEKOMITO3MIINIO CEeTH Ha KiaHbl (dyHKIMOHambHBIE Toacetn) [11]. 3amerum, d9TO JgaHHBIE
pa3IMYHBIX THIIOB CJEAYET 3aKOAMPOBATH IEJIBIMA HEOTPUUATEIbHBIMU YHUCIAMH IS UX

nocienyomueil 00paboTKH CeThIO.
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[Tonnota mo TeiopuHry pacmmpeHHsix cereid IleTpu monapasymeBaeT CylIECTBOBaHUE
YHUBEPCAIBHON CETH, KOTOpasi BHIMOJIHSIECT MPOU3BOJBHYIO 33/IaHHYIO CeTh. B mocienHee Bpemst
ObLTa TIOCTPOCHA CepUsl YHUBEPCAIBHBIX ceTeil manoro pasmepa [10,12,16], kaxaas U3 KOTOPBIX
MOXET PacCMaTpUBAThCsA KaK MPOTOTHII MpOIeccopa B BhIUMCICHUsAX Ha cersix Cremmosa [13].
[IporpaMMa Takoro KOMIbIOTEpa, MpeAcTaBieHHas B popMe (MHIMOUTOPHOM, IPUOPUTETHON) CETU
CHGHHOBa MU 3aKOAWpOBAaHHAd B MLCJIbIX YHCIIAX, HO[[aéTCSI B Ka4eCTBC HCXOAHBIX AAaHHBIX Ha
MIPOLIECCOpP, KOTOPHIH MpeCcTaBiIsieT co00i anmapaTHyro peann3aluio YHUBepcanbHoi ceTu. Puc. 1

HUIUIIOCTPUPYET OITMCAaHHBIN IoaAxXo.

Bxonmsle . BxonHas . | Beixoaubie
AHHBIC R oo
A N ——on CeThb ——on JTaHHBIC
(Bxommoii cetn) (BxoxHOit ceTn)

4 4 i

‘VHuBepcanbpHas ceTbh

Puc. 1. YHuBepcanabHas ceTh Kak IpoIeccop

['maBHBIM TMPENATCTBHEM Ha MYTH HIMPOKOW peau3alli MapaJurMbl BBHIYMCICHUN Ha CETSIX
Iletrpu [7] sBasercs TOT (hakT, 4YTO BCE M3BECTHBIE YHHMBEpCAJIbHBIE CETH Majoro pasmepa
BBINOJIHSAIOTCS B DKCIIOHEHIIMAIBbHOE BpeMs (B 3aBUCHMMOCTH OT YHCJa IIaroB 3a/JaHHON ceTH). B
cratbe [16] mocTpoeHa yHuBepcanbHas ceth CIlenioBa Majoro pa3mepa, KOTopasi BBITIOIHSIETCS B
MMOJIMHOMHAJIBHOE BPEMsi; CETh COAEPKUT 13 mo3umuit u 26 mepexonoB. TexHUKa KOMITO3UIIMH
yHuBepcaibHOi cetn CrenmoBa [16] umcmonb3yeT oOpaTHBI MOTOK YINpaBJIEHUS U MOJCETH
YMHOKEHUS U JISJIEHUS] Ha KOHCTAHTY, KOTOpPbIE B MOCIEAYIOIEM SBISIOTCA YIOOHBIM CPEICTBOM
pa3paboTKK TEXHOJOTHU IporpaMMmupoBaHus Ha cersax Crenmosa [14]. CymecTBeHHas pa3Hulla B
BBIUUCIIUTENILHONW CIIO)KHOCTH MEXAYy YHUBepcalbHbIMH ceTssmMu CrermoBa u [lerpu mocraTtodno
JIETKO OOBSICHMMA: BO BpeMsi 00OpabOTKH KOJa JICHTHI MAlIMHBI THIOPUHTA, KOTOPBIA MPEICTABISIET
COOON HKCIOHEHTY OT IIMPUHBI pabouell 30HBI, yHUBepcalbHas ceThb lleTpu u3BIEKaeT OAHY
¢umky Ha mare, B TO BpeMsi Kak yHHMBepcaibHas ceTh CriemnioBa H3BIIeKaeT Bce ¢(umku. B
pe3yabTaTe MBI MPUXOAUM K OBICTPBIM apU(METHUECKHM OTepaIisIM, a UMEHHO YMHOXCHHIO W

ACJICHUIO, KOTOPLBIC ABJISAIOTCA OCHOBHBIMU JIA KO)II/IpOBaHI/ISI/ JACKOAUPOBAHUSA SaHaHHOfI CCTH.
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N3BecTHBIM TIpuMEpOM rpaduyuecKOr TEXHOJIOTHH POTPAMMHUPOBAHUS SBIISETCS P-TEXHOJIOTHS
[2], onnako e€ cpenctBa He coaepkaT (OpPMaTbHBIC MOJENIU MAPAIUICIBHBIX BBIYHCICHUH, YTO
3aTpyaHSET BepU(PUKAINIO TapasieIbHBIX IPOTPAMM.

B crartee [7] mpemnoskeHa KOHICTIIMS BBIYMCIISIFONICH MaMATH JI MAacCOBO IapajuIeIbHOM
peanu3aluM  anmapaTHbIX —MporieccopoB cered  CremnmoBa, Kotopas 00eClneuuT yIbTpa-
MIPOM3BOIUTEIILHOCTh TP BBIIIOJIHEHWW MPOTPaMM HAMKMCAaHHBIX Ha s3bIke cereid Cremiosa.
OtnenbHO OT TpoOieMbl APPEKTUBHON anmmapaTHOH peaju3alMd CTOST BOMPOCHI pa3paboOTKU
TEXHOJIOTHH TIporpaMMHUpoBaHusl Ha ceTsx CremnioBa COXpaHsIONIEH eCTECTBEHHBIN Mapauiein3M
npeAMETHOW o0siactTi. HecOMHEHHBIM MPEUMYIIECTBOM TaKUX MPOTpaMM SIBIISICTCS MeEJIKas
TpaHyJISAUs MapaJuIebHBIX MPOIECCOB, & TAKKE BO3MOKHOCTD MMPUMEHEHHS (POPMAITBHBIX METOJIOB

BepuduKkanuu napawieabHbix mporpamm [1,4,11] B mporiecce yrpaBisieMoi MOJICIBIO Pa3paboOTKH.

4. YauBepcajibHas ceTb CienumoBa BbINOJHAKINANACH 32

IOJINHOMHAJ/ILHOC BPpEMH

[IpencraBnennass B cratbe [16] yHuBepcanpHas cerb CrnenmoBa MOJyY€Ha MYTEM
MOJIETTUPOBAHUS Cla00-yHUBEPCAIbHON MamuHbl ThIOpHUHTa C 2 COCTOSHUSMU M 4 CHMBOJAMH
neHTsl, noctpoenno Hupu u Byas u o6osznauennoit CYMT(2,4). Tak kak moOBEACHUE MAIIMHbBI
ThropuHra AeTEpMUHUPOBAHO, UCIIOJIb3yEM JETEPMUHUPOBaHHbIE ceTu ClienioBa, B KOTOPbIX BCE
Mepexo/bl 3aHyMEpOBaHbl W Ha IIare cpabaThiBaeT MEPEeXoJ C HAWMEHBIINM HHICKCOM B
MaKCUMaJbHOM YHCIE 3K3eMIULIpoB. i BHU3yanbHOro OTOOpakeHUsS MOpsiaka (MPUOPUTETA)
MO3UIUI HCIIONIBb3YyEeM JYTH, COCTUHSIOLINE MEePEXObl; €Cl CYIIECTBYEeT Jyra u3 mepexoja t B
nepexoA t’', 3To O3HavaeT, yTO MHAEKC mepexoja t JomKeH ObITh MEHblIe MHJeKca mepexoja t’
(MeHbIIUMIT MHAEKC 0003Ha4YaeT Oosee BBICOKHUI mpuoputeT). OCOOEHHOCTBIO MPOrPaMMHUPOBAHUS
Ha ceTrsax ClemnuoBa sBJISETCS MCIOJIb30BaHHE OOPATHOIO MOTOKA YIPABIEHUS, MPEACTABIEHHOTO
JBUKEHHEM HYJIEBOW MAapKHUPOBKHM; TaKUM 00pa3oM, HayallbHas MAapKHUpOBKa IMO3UIUI MOTOKa
ynpaBieHus paBHa 1. [Ins mpoBepku HyIEBOM MapKHUPOBKH HCIOIB3YeTCS MHTUOWTOPHAS AyTa,
KOTOpasi HE OTPaHUYMBAET KPAaTHOCTh cpabaThIBaHUs IepeEXoa.

Wcxonnoit undopmarnuein ains MoaenupoBaHus ssisercs Gynkuusa nepexogoB CYMT(2,4) u
KOJIMPOBAaHUE COCTOSIHUM W CHMBOJIOB JIeHTHI [16], 3amannpie TaGmn. 1. VM3HaganpHO Ha JIEHTE

CYMT(2,4) 3anmcano OeckoHeyHOe MOBTOpeHHE IycThiXx cioB: b =0001 BineBo m b =010001

BIIpaBO OT paboueir 30HB. B cooTrBercTBUM ¢  (QyHKUMEH  KOOUPOBAaHUS  JICHTHI



System Informatics (Cucremuas unpopmaruka), No. 9 (2017) 49

S(Xk—lxk—Z“'XO):ZS(Xi)'ri’ KOJBI JIEBOTO M TIPaBOro IMyCTHIX cioB paBHsorcs: S(b) =167 wu
i=0

s(b,) =13596 .

[TocTpoennas yauBepcanbHas cetb CremnioBa o6o3HaueHa kak YCC(13,26) B COOTBETCTBHH C
KOJIMYECTBOM €€ TO3MLIMH H TepexoJoB cooTBercTBeHHO. OOmas cxema  YCC(13,26)
npencrasicHa Ha Puc. 2 a). [loaceTn n300paXkeHbl Kak KBaJIpaThl ¢ ABOWHON JuHHEH TpaHul. Jlis
HEKOTOPBIX BEPIIMH KPOME UX HOMEPOB YKa3aHbl TAaKK€ MHEMOHHWYECKHe UMeHa. Mcnoab30BaHHbIe
noacet TF u HM mnpencraBnensr Ha Puc. 2 6), B) COOTBETCTBEHHO. BepIuHbl ¢ 0JMHAKOBBIMH
UMeHaMHu (HOMepamH) JIOTMYECKH O00O03HAuYaloT OJHY M TY K€ BEpIIMHY U MPU OKOHYATEIHHOU
KOMITOHOBKE OOBEAMHSAIOTCS TI0 BCEM KOMITOHEHTaM ceTH. M300paskeHne moiy4yeHHOH B pe3yabTare
CEeTH BBITTISAUT JOBOJBHO 3amyTaHHO [16] u mig e€ GpopmanbHOTO MpeAcTaBIeHUsI pEKOMEHIYETCs
MCIOJIb30BaTh MapaMeTPUUECKHUE BbIPAKEHUS, UCTIOJIb30BaHHbBIC /I OMUCAHHs OECKOHEUHBIX ceTei
[15], B 9acTHOCTH, YHUBEPCAIBHBIX CETEH, MOIYUYEHHBIX B PE3yIbTaTe MOJACTUPOBAHUS KIETOUHBIX

aBTOMATOB.

Tabmuua 1. Cnabo yausepcanpHast mamaa Teropuara CYTM (2,4) u ee koaupoBaHue

>\Q u, u,
s(X) \s(Q?) 0 1

0 1 3,left,0 4,right,0

1 2 4,left,1 3,left,1

0 3 4left,0 1,right,1

1 4 4,left,0 2,right,1

[Mosumms U comepkut kon coctosiHus S(U), mo3umust X COAEPKHUT KOJ TEKYIIEro CHMBOJIA
neHtel S(X), a mosunuu L u R comepkaT KOJbI JIEBOW W MpaBOi vacTei paboueil 30HBI JICHTHI
COOTBETCTBEHHO II0 OTHOILIEHUIO K TeKylleW sdeiike. llpu MoaennpoBaHuMM TeKyllero Iara
Mammmebl, no3unus STEP 3amyckaer moacers TF, koropas MoaenupyeT (GyHKIUIO MEPEX0/I0B
CYMT(2,4). lloacerp TF mosyuaeT KOAbl HOBOTO COCTOsIHHS rojioBkH S(U') W HOBOTO CHMBOJIA
Tekymied sueriku JeHtsl S(X') B mosuimsx U u X cootBercTBeHHO. [loncets TF Takxke momeniaer
¢umky B mo3unuo RIGHT wmm mosunmro LEFT ans ykasanus mpaBoro Jgu00 JIEBOTO TBHKCHUS
TOJIOBKM COOTBETCTBeHHO. Puinka u3Biekaercs u3 nosuiuun MOVE npu 3aBepuienun paboThl
nojcetru TF u 3amyckaer noacetrs HM, kotopast Moaenupyet TpedyemMoe IBMKEHUE YIPABISIOIeH

TOJIOBKHM BAOJIb JICHTBHI. B KOHIIC MOACIUPOBAHWA TCKYIIETO IHara, (bana BO3BpalacTcsa B
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nosunmio STEP, 4To mo3BoiseT HayaTh MOAEIUPOBATH CIACAYIOMNNA mIar. 3aMEeTHM, YTO MO3UIIHH

LEFT u RIGHT ouninaroTcst 3aK1r04UTENbHBIMU NTepexoiaMu noacetu HM.

LEFT

B) MOJICETh IBMYKEHHI yIpaBistoiiei rososku HM.

Puc. 2. [TokommonenTtHoe npescraienne Y CC(13,26)

JlenTa MamuHbI pecTaBieHa no3uisMu L, X, u R cofepkaiiuMu KOJIbl JIEBOM YacTu paboueit
30HBI, CHMBOJIA TEKYIIEH sYEeHKH W MpaBoOil 4acTW paboueil 30HBI COOTBETCTBEHHO. J[BHXKEHHE
roiioBku BiieBo Mmojenupyercs kak (@) R"=5-R'+ X', (b) X"=L'%5, (c) L"=L'/5 a nBwkenwue
roioBku BrpaBo, Kak () L"=5-L"+ X', (b) X" =R'%5, (¢) R"=R'/5; daxTruecKku BBITOIHIIOTCS

OJMHAKOBBIC IIOCIICAOBATCIbHOCTHU BBI‘-II/ICJ'ICHI/II\/'I, B KOTOPBIX L u R menstorcs mectamu. HM
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MpeACTaBIsIeT  coOoW  oObeaMHEHWE  TPEX  YacTe, HHIYIUPOBAHHBIX  CICAYIOIIUMH

[IOCJIE0BATENBHOCTAMU NIEpeXo0B: mepexonsl t,t,,t,,t,,t,; MOJEIUPYIOT IBMIKEHUE BIIEBO;
nepexonasl t,,t.,t,,1,,,t,, Momemupyror aBmxeHue BHpaBo, nepexonbl .t 1o, 1,1 T
IPEACTAaBISAIOT MHBEPCHBIM NOTOK ympasieHus. Hampumep, mpu OBIKEHMH BJIEBO: mepexon t,
peanu3yeT yMHOXKEHHE Ha KOHCTaHTy 5: u(py) =5-R, R:=0; nepexon t,, nepemenaer pe3ynprar
o0paTHO W3 Mo3uLMK P, B mosuuuio R: R:=5-R, u(p,) :=0; nepexon t, nodasmser X k R ¢
ounctkoi X : R:=5-R+ X, X =0; nepexong t,, moaroraBauBaeT ONEpaH] Ml ACICHHUS,
nepememas L B X : X =L, L:=0; nepexon t,; peanusyer AejIeHUE C OCTATKOM Ha KOHCTaHTY 5:
X =L%5L=L/5.

B cratbe [16] mokaszano, uro YCC(13,26) momenupyer CYMT(2,4) 3a Bpems O(12-k) =~ O(k).
EMKOCTHas CJIOKHOCTH omeHmBaeTcsi kak log, 5 =k-log,5~O(k), rae K — 370 umcno maros

CYMT(2,4). Ilpunumas BO BHHUMaHHE IOJMHOMHAIBHYIO CJOXXHOCTH BBIIIOJIHEHUS 33JaHHOMN
MammHbl Teropunra Ha YCC(13,26) 1 mOIMHOMHANIBHYIO CIOXKHOCTh BBINOJIHEHUs ceTu CremniioBa
Ha MamuHe TbhropuHra, mnosiydyaeM oOOLIYI0 ITOJIMHOMHUAIBHYIO CIIOKHOCTh IIPEJCTaBIECHHOM
yHHUBepcaiabHOU ceTn Creniosa.

3ametuM, uto YCC(13,26) Momenupyer 3leMEeHTapHBbIA KJIeTo4dHbId aBTOMarT Homep 110. B
crathbe [15] mocTpoeHa cepust ceTeil, HEMOCPEACTBEHHO MOJICTUPYIOIINX KJICTOYHBIC aBTOMATBI, JIJIs

MOJIYYCHH YHUBCPCAJIbHBIX KOHCTPYKIII/II\/JI C MAaCCOBBIM MAPAJUICIIN3MOM BBITTOJTHCHH.

5. lIpyHIUNIBI MPpOorpaMMupoBanus Ha ceTsix CiienmoBa

[TporpammupoBanue Ha cersax CrnenmoBa [14] mpeactaBisieT coO0W KOMITO3MIIMIO JaHHBIX U
MIOTOKOB YIIPABJICHMs, JOMOJHEHHYIO IMOACTAaHOBKOW Iepexoja i ONHMCAHUS HepapXHyecKon
CTPYKTYphI mporpammsl (cetn). Ilpeanonaraem, 4rto aias KOMOMHHPOBAHUS MOTOKA YIPABIEHUS C
MIOJICEThIO, KOTOpasi MOJACTaBISETCS] BMECTO MEPEX0/ia, UCIOJIb3YEeTCs CclielnaibHasl rnapa Mno3ului:
Start — yToOBI 3amycTUTh MO/CeTh U FiNiSh — 4TOOBI MHAUIIMPOBATH €€ 3aBEpILCHHE.

IToToku ynpaBiieHUs! IPEICTABICHBI B MHBEPCHOM (popMe «C ABMXKYIIUMCS HYIEM» MOTOMY UTO
HyJeBas MapKUPOBKa JIETKO MPOBEPSETCS] MHIMOUTOPHOW Jyro M HE OTPaHUYMBAET KOJIMYECTBO
BO30YKICHHBIX JK3EMIUIIPOB TNepexoja. TakuM o0pa3oM, H3HAYaIbHO BCE MO3UIMH MOTOKa
yIpaBJieHUs couepkaT QUIIKY.

Jns  MOJEeNUpOBaHMsS  CTAHAAPTHBIX  IOTOKOB  YIPAaBJIEHUS  KJIACCHYECKHUX  SI3BIKOB
IPOrpaMMHUPOBAHUS NPEIOKEHBI IIa0JIOHBI, TpeACcTaBIeHHbIe Ha Puc. 3 as mociae10BaTenbHOCTH

a), BETBJICHUS 0), IIUKJIA B), U TTApaJUIEIHLHOTO BBIOJIHEHUS T). KpoMe Toro, mponu3BosibHAs TTO/ICETh
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¢ mapkupoBkamu, npunayiekammmu {0,1}", cHaGkeHHas mapoil MO3WINIA 3aIyCcKa/3aBepIIeHus,

MOXKET paCcCMaTpHUBATHECA KaK IIOTOK yIIpaBJICHUS.

p ) p2 p3 o4 M- gy oM
T . [ - | P T %:._@

a) IOCJIE0BATEIbHOCTD;

F) mapajjyiCJIibHOC BBIIIOJIHCHHUEC
(split t, and join t,).

B) nuki (“while”);

Puc. 3. CrangapTable mabI0HbBI OTOKA YIIPABICHUS

Kaxnet u3 mnepexomoB Ha Puc.3 wmoxer ObiThb 3aMeméH (TOJCTaBIEH) TMOJCETHIO,
MCTIOJB3YIONIeH BXOAHYIO TO3UIUIO JJIS 3aIyCKa W BBIXOJHYIO TO3UIIMIO s 3aBepiieHus. Kpome
TOr0, JONOJHUTEIbHbIE MHUUACHTHBIE @epexojaM MO3MIHUU MOTYT ObIThb J10OABIEHBI IS
IpeJCTaBICHUs TPeOyeMBbIX BXO/IHbIE U BBIXOJHBIX IEPEMEHHBIX. B 111a06/10Hax ¢ anbTepHATUBHBIMU
nepexonamu (Puc. 3 6, B) npeanonaraercst 1100 BHEUIHEE YIPABICHUE TOCPEICTBOM MEPEMEHHBIX,
COJZIep KalINX YCIIOBHSI B Cllydae JETEPMHUHHUPOBAHHOTO BHIOOpa, JIMOO HEIETEPMHHHUPOBAHHBIN
BBIOOD.

JUis BBIYUCIEHUS BBIPAKEHWM IOJAXOJ] YHIpaBJIeHHUS IMOTOKAMHU JaHHBIX MOXET ObITh Ooiiee
3¢ GEKTUBHBIM, U COOTBETCTBYIOLIAs MOJICETh 3aIyCKAeTCs U 3aBEPIIAETCS C MOMOILBIO BHEIIHEro
MOTOKA YNPABICHHUS. OJTO BOINPOC TPAHYISALWW BBIUYUCICHUI: JIMOO WCIONB30BaTh CTPOTYIO
KOMITO3UIIMIO TIO/ICETEH, 3aIlyCKaeMbIX IIOTOKOM YIIpaBJICHHUs, JHOO PHCOBATH 3aHOBO CHIIBHO
B3aMMOCBSI3aHHOE IEpEeIUIeTeHHE MOTOKOB JAaHHBIX M YIPABIECHUS KaKIbIH M3 KOTOPHIX MOXKET
OBITh YETKO HEPa3IMUMM.

[Iporpamma, HapucoBaHHas Ha s3bIke ceTeid CrenoBa, MOMydaeTcs MYTEM KOMIIO3HIIUU
MTOTOKOB YIPAaBJICHUS U JAHHBIX C UCTIOJIh30BAHUEM MOAYIBHOTO Toaxoaa. [loacraHoBKa mepexona
MOJIyJIEeM OIpEeJeseTcs] YKa3aHHeM UMEHHM MOAYIs (IIOJICETH) U COeAMHEHUs (OTOOpaKeHHs) ero
BXOJHBIX M BBIXOJHBIX MO3MLIMH C TO3MLUAMU HCXOJHOW CETH KOTOpbIE MPEICTABISIOT
MepEeMEHHbIE U (WIN) IOTOK yIpaBICHHUS.

Taxoke npezmonaraercs, 9To mepe; 3aIyckoM MOAYJIS BCE €ro BXO/HBIC TaHHBIE CKOITUPOBAHBI B

€ro BXOAHBIC IMO3UIHHU, a ITOCJIC 3aBCPIICHUS pa6OTLI MOAYJIA WK IIpea €ro CJICAYIOMUM 3aIlyCKOM
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BCE BBIXOJHBIC JIaHHBIC IEPEMEIICHbl M3 €Tr0 BBIXOJHBIX MO3WUIMNA. [[1s 3TOTrO mpemioxkeHo
WCIIOJIb30BaTh MYHKTUPHBIC JYTH, BBEACHHBIC B [6] mis 00O3HAYEHUs KPAaTKOro M YAOOHOTO
croco6a paboThI C TaHHBIMH.

[tpuxoBas Bxomsmas myra Moayias obOo3HadaeT mnoaceTb COPY wucnons3yemyro s
KOIMPOBAHHUS 3HAYEHHUS BXOJHOW MEPEMEHHOW B COOTBETCTBYIOIIYIO BXOJHYIO MO3UIIUIO MOJYJIS
nepest 3aImyckoM ero padoThl mocpeAcTBOM no3unuu Start. A mrpuxoBast UCXOIAIIas Ayra MOTYJIIs
obo3Hauaer mociaenoBarensHocTh mmoxcereii CLEAN, MOVE mia 3aMemenus 3HaYeHHS
MEPEMEHHON PE3yJIbTaTOM, IOJTYYEHHBIM B COOTBETCTBYIOIIEH BBIXOJHOW IMO3MIIMH MOIyss. B
Cllydae €ClId MOJYJIb UMEET HECKOJIbKO BXOIHBIX (BBIXOAHBIX) mo3unuii, moacetu COPY (CLEAN,
MOVE) BcTaBisIOTCS C HCIIOIB30BaHMEM MapallIeNbHOrO MIa0JIOHa BhIMONHEHUs. B mpumepe,
npenacraBieHHoM Ha Puc. 4 a) u 6), moaceTs a), cogeprailias IITPUXOBBIE TYyTU pacLIMpsETCcs B

COOTBETCTBYIOLIYIO HU3KOYPOBHEBYIO CETh 0).

"
=z

B) a=ADD(a,b); r) pacmpenue Of B).

Puc. 4. IIpumeps! paciinpeHnss IyHKTUPHBIX YT

BBeneHHbIE AN COKpallleHHsT pa3Mepa BCIIOMOTATENIBHBIX TIOJCETEH IIyHKTHpHBIE JyTU
ob6o3navaror MOVE kak ans BXOMHBIX, TaKk W s BBIXOAHBIX IepeMeHHbIX; moacetb MOVE
SBJIIETCSl COKPAILLEHHOW U 00ecreuynBaeT OYUCTKY 3HAUE€HUs CBOEH BXOJHOW mepemeHHOW. Takum
o0pa3oM, 3Hau€HUE BXOJHOW MEepeMEHHOW HE COXpaHSEeTCs] M 3HAUEHHE BBIXOJAHOW IMEepEeMEHHOM
nobasnsercs. Korga mnepemeHHas SBIseTCs Kak BXOAHOM, Tak M BBIXOJHOHM, HCIHOJB3YeTCs

NYHKTUpPHAs JABYHAMpaBJieHHas ayra, kotopas pacimupsercs kak MOVE nepen 3amyckom Moayins U
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MOVE mnocne 3aBepuienust Mmoayisi. COOTBETCTBYIOIIMIM TIpUMEpP TIpeAcTaBiieH Ha Puc. 4 B) u 1),
IJIe TIOICETh B) COJEpKAIIas IyHKTUPHYIO AYTY PaCIIUpPsIETCs B HU3KOYPOBHEBYIO CETh T).

Takum o0Opa3oM, MOIyldb CETH MOXET paccMaTpUBaTbCs KakK IpoLeaypa  s3bIKa
POrpaMMHUPOBAHUs, YbM KOHTAKTHBIC TIO3HUIMH COOTBETCTBYIOT (DOPMAIBHBIM ITapaMeTPaM.
KonupoBaHue mepeMeHHBIX IMTPUXOBBIMH M IMYHKTUPHBIMU JIyTaMH COOTBETCTBYET IOJCTaHOBKE
(aKkTHYECKUX BXOJHBIX IAPAMETPOB M HU3BICYECHUIO (PAKTHUECKUX BBIXOJHBIX IapaMeTPOB.
OcTaeTcst OTKPBITBIM BOIIPOC O CIIOCO0E peanu3anuy oopameHust K MOAYII0, KOTOPOE€ MOXKET OBITh
BBIIOJIHEHO JMOO B CTWJIC BCTaBKM MOJHOW KOIHMH IOJICETH, JHOO B CTWJIC BBI30B-BO3BpaT C
€IMHCTBCHHOM KOMHMEH MOJIYISI U MEPEKITFOUEHIEM TTOTOKOB YIIPABJICHUS TIPU BBI30BE-BO3BpATE U3
pa3nuyHbIX MecT. PasHuia Mexay IByMsl YKa3aHHBIMH MOJXOJaMHU IPOUJUIIOCTpHUpoBaHa Puc. 5
Ui IByX obOpamienuid k moxyinro ADD (6e3 paccMoTpeHHs Tepeaadd UCIOIb3YeMbIX JIaHHBIX). B
TO BpeMs KaK CTHJIb BBI30Ba-BO3Bpara sIBIsICTCS 00Jiee KOMIAKTHBIM U3-3a HAIWYKS ¢IMHCTBCHHOM
KOIIMM MOJYJIS, CTHIIb BCTABKH SIBJISICTCSL 0OJIee MPHUBIICKATEIILHBIM C TOUKU 3PEHHS MTapaJIeITbHOTO

ucroyHeHus [14].

a) BCTaBKa 0) BBI30B-BO3BpAT

Puc. 5. TIpumMeps! peanusariu moacTaHOBKH nepexona mist zZ1=ADD(x1,y2); z2=ADD(x2,y2)

[Iporpamma, mpeacTaBistomas Cco0OM  KOMIIO3MIIMIO MOAYJEH, B KOHEYHOM CuéTe
KOMITUJIMPYETCS B MPOCTYIO («ILTOCKYI0») HHTMOUTOPHYIO PUOPUTETHYIO ceTh CleniioBa, KoTopas
3arpyaercd Ha komnbrotep cereir Cnenuosa. Hawnydimias npou3BOJUTENBHOCTh AOCTUTAETCS B
cllydyae, KOrJa BCE MEpeXoibl 3alyCKaroTCsl HE3aBUCMMO Ha OCHOBE HX JIOKAJIbHBIX YCIOBUMI
BO3OYXKICHHS;, I pPa3pelieHus KOH(IMKTOB TMPEUIOKEHO HCIOIB30BaTh apOUTpa, KOTOPHIi
OOKMPYET MHIMICHTHBIE MO3UIIMU cpabaThIBaroiero nepexoaa. OmMucaHHbIi Cioco0 MCTOTHEHUS

TpeOyeT pUCOBaHUS MPOTPaMM MHBAPHAHTHBIX K MOPSKY 3aIlycKa Mepexo/I0B.
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6. DdppexTuBHAA peannzanusa apuMeTHIECKUX U JJOTHUYECKUX
onepauui

JInst popmanbHOTO OmMMCaHMS ONEpAIMU TOJCTAHOBKH Mepexoja ¢ y4€TOM BHELIHEro MOTOKa
YIIPaBICHUS. U BXOJHBIX/BBIXOHBIX IEPEMEHHBIX BBE/ICHA KOHIENIMs mooyis [6,13,14]. Monynb
Ipe/ICTaBIseT cOOOW MOJCETh C KOHTAKTHBIMU (BXOJHBIMU M BBIXOJHBIMH) MO3HIUSIMH, KOTOPBIC
NPEACTAaBISAIOT COOOM EIMHCTBEHHBI CHOCOO B3aMMOJCHCTBUS C OKPY)KAIOIMIMM MHUPOM  JUIS
3aMKHYTOTO MOAYJSl JTHOO KOMOMHHMPYETCS C HCIIOJIb30BAaHHEM TIJIOO0AJNbHBIX HNEPEeMEHHBIX IS
OTKpPBITOr0 MoyJIst. PaboTa MOyist KOHTPOIMPYETCsl TAPOM BBIZCICHHBIX MO3UIMN: mo3uIms Start
(S) 3ammyckaer moayinb u o3unus Finish (f) unauuupyer 3aBepiuenue padotel Moxnysist. M3pneuenue
¢GUIIKK U3 MepBOi MO3UIMYU NOTOKA yrpaBieHus Start 3amyckaeT ABMKEHUE HYJIEBOW MapKHPOBKH
10 TeX MOp MOKa HOJIb HU HPUOYAET B MOCICIHIOK MTO3UILIUIO TOTOKA yripasieHus Finish.

Ha rpadbl MOTOKOB yIpaBieHUs] HAJIOKEHBI CICIYIONINE OrpaHrueHus. [Ipeamnonoxkum, 94ro Bee
JICUCTBHS MOJYJsSE KOHTPOJMPYIOTCS €ro IOTOKOM YIPaBIICHHS, W HWHTHOUTOPHBIC IIyT'H
UCTIOJNIB3YIOTCS IS 3aIycKa MepexooB. TakuM o0pa3oM, KOTAa BCE MO3UIMU TTOTOKA YIPABICHUS
coziepkar (UILIKY, Iepexopl MOAYIS OTKIIOYEHBL. B pesynbrare, mepes u3BicueHHEM (QUIIKH U3
no3uiuu Start, a Taxke mociie npuObITHS HYJICBOH MapKUPOBKU B mo3uiuio Finish Bce mepexob
MOJIyJIsl HCAaKTUBHBI.

Jlns obecriedeHus peeHTepaOMIIbHOCTH (TIOBTOPHOTO BX0/1a) MOIYJISI IPEAIIONAracTcsi, YTo Korjaa
MOJIYJb 3aITyCKaeTCs, BCE €ro IMO3WIMU JaHHBIX, 332 HCKIIOYCHHEM BXOJIHBIX TO3WIHMHA, HMEIOT
HYJIEBYIO MapKUPOBKY, a KOTJ[a MOJIYJIb 3aBEPIIACTCs, BCE €ro MO3UIMH JTAHHBIX, 338 UCKITIOYCHUEM
BBIXOJHBIX MO3UIIMH, UMEIOT HYJIeBYI0 MapkupoBKy. Ha Puc. 6 mpeacTaBieHsl ceTH, peaau3yromme
OCHOBHBIE OIEpalMy: KOMPOBaHUE, JIOTHYECKHE U apudmernyeckue. [1o cpaBHEHUIO CO CTaThEN
[6] moncern cokpalieHbl Ha OJIHY MO3UILIUIO U OJIMH MEPEX0/] B MPEAMNOIOKEHUH, YTO HE Pa3pelIeHO
UCTIONIF30BATh BXOJMHYIO MO3MIMIO Start mis ympaBieHus TepexoJaMyu BHYTPH TIOACETH, HO
no3uist Finish He ucnonb3yercs Uist ypaBieHUs] BHYTPH MOJICETH.

Wcrmonp3yst MeTOx aHamu3a M KJIACCU(HKAIMU BCEX Ppa3peIlCHHBIX II0CIEeI0BATEIFHOCTEH
HEePEeX0/I0B, MCHONB30BaHHYI0 B [13], moka3aHo, 4TO Kaxaas U3 MOJCETeH, MPEACTaBICHHBIX Ha
Puc. 6 peanu3yeT COOTBETCTBYIOLIYIO ONEPALIHIO.

Jna (uaruOutopHbix) ceredt IleTpu omepanuu yMHOXEHUS U J€JIEHUs SIBISIOTCA HamOosee
CIIOHBIMU C TOYKH 3PCHHUSI BPEMEHHU BBIYHCIICHHS, COOTBETCTBYIOIIUE MOJCETH OBUTH M3YYCHBI B
cratbe [13]. HIMEHHO WX CIOXKHOCTH OOYCIAaBIMBAET AKCIIOHCHIHAIBHYIO METUTEIBHOCTh
BeruncieHnit Ha cersx Ilerpu. IlpencraBnenHeie B [16] KOMIIOHEHTHI YHHBEPCAIbHOW CETH

CrnennoBa 3 (peKTUBHO pean3yloT YMHOKEHHUE U JIeJIeHHEe Ha KOHCTAHTY (paBHYIo 5). PaccmoTpum
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YMHOXXEHHE M JEJIEHHE Il NPOU3BOJIBHBIX Nap 3aJaHHBIX LEJIbIX HEOTPULATENBHBIX YHCET,
UCIIOJIb3Ys YMHOXKCHHUE U JICIICHHE Ha KOHCTAHTY (paBHYIO 2).

MpI BBIOMpaAEM MPOCTHIE IIKOJIbHBIE AITOPUTMBI YMHOXKEHHSI U JICTICHUS «B CTOIOMK». Jlydmime
U3BECTHBIC QITOPUTMBI YMHOXXEHHUSI M JICJICHUS MOTYT Takke OBbITh 3aKOJAUPOBAHBI CETHIO
CrnennoBa. B anroputmMe yMHOKEHUS U1 HAXOXKICHUS TEKYIIEH HUPPbI MHOXKUTEIS UCIOJIb3YEeTCs

ocTaTtok OT aeieHus Ha nBa: d =Yy % 2; 3aTeM MHOXKHTENb NEpEeBbIUMCIsACTCS Kak Y/ =2 s

paboTel co cienyromieil mUGpold Ha CIEAYIONEM MPOXOJE OCHOBHOTO IMKIA. MHOXUMOE
YMHOXAETCS Ha J[Ba: X*=2, 4TO MPEACTaBIseT co0oii ero casur BieBo. Korma Tekymas nudpa d
MHOKUTENS paBHa 1, CIBUHYTOE MHOXHMOE N00aBisieTcsl K pe3yiabTaTry. AJTOPUTM MOXET ObITh
ONTUMHU3HPOBAH, YTOOBI N30€XKaTh MMEPEBBIYUCIICHHUS, KOT/Ia HOBOE 3HAYEHHE Y paBHO HYJIIO, HO 3TO
MPUBOJUT K YCIOXKHEHHUIO CETHU. AJTOPUTM 3aKoIWpoBaH ceThio ClenioBa M TMPEACTaBICH Ha

Puc. 7.

X

a.f 1

CLEAN:x~0  MOVE: COPY: NOT®):  OR(y) AND(xy):

y=xx=0 y=X y=—Xx=0 z=Xvy,x=0,y=0 2=XAY,x=0,y:=0
L’\\ ,»;[ * O—a@ g
r;??_ff PIII.' -F-
r:]fw_e;}f\ /;I_I \ h o .J. *L%}s
-i:%‘;x{?:l (—":i ‘1
og _}“b @ I o
ADD(x,y): SUB(X,y): GTO(x):
z:=X+Y,x=0,y=0 z2:=x-Y,x=0,y=0 y=(x>0),z:=(x=0) z:=(x>Yy),x=0,y=0

Puc. 6. MO,HYJ'II/I, pCaAIN3yOIINEC OCHOBHBIC OIICpallu: KOITUPOBAHUC, JIOTUICCKUEC U

apupMeTHIECKHe

Jns ceteit CnemniioBa n3o0paxkeHHbix Ha Puc. 6, 7 nokazano [13] uto:

— CLEAN, MOVE, COPY, NOT, OR, AND, ADD, SUB, GTO0, GT peanusytor
COOTBETCTBYIOIIIHME ONEpAMU C BpEMEHHON M eMKOCTHOM CII0)KHOCTBIO paBHOW KOHCTAHTE;

— MUL peanusyeT yMHOXEHHE HEOTPHIATEIBHBIX IETBIX YHUCEd X U Y C BpEMEHHOU

cinoxxHocthio O(11-10g, Y +3) M MOCTOSHHOW €MKOCTHOI CIIOKHOCTBIO paBHO# 15 (10 JIMHEHHOM

IKae);
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— DIV [13] peamu3yer neneHHe HEOTPUIATEIBHBIX LEIBIX YUCET X M Y C BPEMEHHOH

cnoxHoctbio 39-(log, Xx—10g, ¥) +19 1 nOCTOSHHOM €MKOCTHOM CIIOKHOCTBIO PaBHOIT 48.

pé
...::‘.z:x'r

L.
P

13
G

Ll
e

MUL(X,y): z=x-y,x=0,y=0;

Puc. 7. Moaynp yMHOXKEHHUS 3@ IOJTMHOMUAJIBHOE BPEMS

Hanpumep, 4T00BI BBIYUCIUTE 3-2 =6 MHOXHUTEINb 3 3arpyxaercs B mo3uimio X ( p,) u uncio 2
3arpykaercs B mosunuio Y (p,). Juid 3amycka BBIYMCICHUH (HIIKA W3BIEKACTCS M3 IO3HLIUH S

(p;). Torma enuHCTBeHHas pa3pemIEHHAS IIOCIENOBATEIBHOCT CpabaThIBAHHUSA IEPEXOJIOB

bl tetatiotitio st bistte o it tist,ts ™, mpHBOAMT K MOMyUenHIO pesynbTata 6 B nosuimn Z (p,)
YTO MHIUIUPYETCS U3bsTHeM GuInky u3 nosuunu F (p;).

3ameTuM, 4yTo MoAynb cetu ClenuoBa I YMHOMKEHUs, NOKa3aHHbIM Ha Puc. 7, yMHOXaer
3aJlaHHble HaTypajbHble yucia X W Y, UCIONb3ys AN ITUX IleJiedl YMHOXKEHUE U JeJIeHHE Ha
KOHCTaHTY 2 BBINOJIHAEMbIE OAHMM TIepexoioM ceTu ClenioBa; yMHOXKEHUE M JIeJIeHHE Ha
KOHCTAaHTY 2 O0OBbIYHO A(P(PEKTHUBHO peamu3yroT KaK CABHUI JBOWYHOIO KOJA BJIEBO U BIIPABO
COOTBETCTBEHHO.

B peanbnbix peanuzanmsx cetu Crenmoa (Takxke kak ceTu llerpum), mporpammHbIX HIN
anmapaTHBIX, Mbl JIOJDKHBI paccMaTpUBaTh CIOXKHOCTh YKa3aHHbBIX mpouenyp. Ilpenmonoxkenue

MOCJIEIOBATEIBHOTO BBIYHCIUTENBHOTO ycTpoiictBa [12,13], mpocMaTpuBaromero mepexoasl H

MMO3UIIMN B IUKJIE JaéT MHOXHUTEID O(|P|-|T| -log, I) nns cereii Iletpu, rue | — 3T0 MakcuManbHOE

YHUCJIO HIIarosB. I[J'Iﬂ ceTei CJ'ICHI_[OBa AOMOJIHUTCIIbHAA CJIO)KHOCTH YMHOXKCHUA H JCJICHUA Ha
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KOHCTaHTYy paBHYyIO cTeneHH 2 Takxke oueHuBaercsa kak O(log,l); mis npon3BoiabHON KOHCTaHTHI
cnoxHOCTh cyOnuueiiHa [13]. Ecnim Mbl mpenmonaraeM yCTpOMCTBO BBIYMCILIFOLICH HaMSTH,

KOTOPOE HE3aBHCHUMO peausyer Kakblii nepexon [7], mbl usGaBisiemces ot Muoxutens |P|-[T| u

HoJTy4aeT yabTpa-TapauienbHblil mpoteccop cereit Crenmosa co cioxnoctsio mara O(log, I) .
PaccMOTpeHHBIE OIEHKH CITUIIKOM CKPYMYJIE3HBI JUIS OOBIYHOTO CPaBHEHHs apH()METHUCCKUX
anroputMoB. [Ipeamnonaras, 94to X U Y COAEpKAT OKOJIO N ABOMUYHBIX HUPP X~ Y < 2" U UCIIOIB3Ys

JorapuGMUUEcKyro mKany ¢ MHoxHTeneM 10g,(X-y)~2-n, nmomydaeM CIO0XHOCTb YMHOKEHHS

O(22'”) st ceret [letpu n O(nz) st cetet CrnenoBa. [ onepanuu AeIeHUs MPEIIOI0KIM,
9TO X COACPIKUT 2-N JBOMYHBIX HU(PP U Y COAECPKUT N ABOMYHBIX mu(p. Torma Mbl HoIydaem
aHATOTHYHYIO CIOKHOCTH Aenenus O(2°") mns cereit I[lerpu u O(n*) ans cereit Crnenmona. Takum

obpazom, cetr CiieniioBa BhIMOJIHAIOTCS SKCIIOHEHIIUAIBHO ObICTpee B CpaBHEHUH ¢ ceTsiMu [letpu.
Jliig onepanuii yMHOKEHHUS U AesieHus ceTd CIIeniioBa BBIIOJIHAIOTCS 3a IIOJIMHOMUAJIBHOE BPEMS, B
TO BpeMms Kak ceTH [leTpu TpeOyIOT SKCIIOHEHIIMAIEHOE BPEMSI.

3ameTuM, 4yTO HeKoTopble ceTu ClienuoBa MOTYT HHTEpIpeTHpoBaThcs Kak cetu lletpwu,
JAolye TOT K€ CaMbld pe3yJbTar, HO C OIPEACICHHBIM 3aMEIJIECHUEM BBIYMCIICHUMN.

Hccnenosanue YKa3aHHOI'O TUIIa 5KBUBAJICHTHOCTH SBJISICTCS HAIIPABJICHUCM JadbHEUIITNX pa60T.

/. IlepcrieKTUBBI MPAKTHYECKOH peajin3annu

Ha ocHOBe onucaHHBIX paHee YHUBEPCAJIbHOI CETH U ceTel, BBIMOIHSAIOMNX apudmMeTnyeckue
orepalu, CcellaH OCHOBHOW BbIBOJ, u4TO ceTu CrenioBa BBIMOIHIIOTCS SKCHOHEHLIHUAIbHO
osicTpee cereit [lerpu [13], uTO MO3BOMSIET PEKOMEHIOBATh UX B KQUECTBE MOJICIH MapaslieIbHBIX

BBIYMCICHUI I HOCJ'IC,ZLYIOH_ICI\/’I HpaKTHHGCKOﬁ pcaj3anuu.

Boruncnenus Ha cetsx CrienioBa oOpeTaloT Bce HOBbIE 00JaCTH MPUMEHEHUS, TPE/ICTaBICHHbIE
B paborax [13,14]. MsI 3aBepiiaeM HacTOSIIYI pabOTy TpeMs MpPUMEpPaMHU MPOrpaMM Ha SI3bIKE
cereit CremnioBa /s JOCTATOYHO pa3HOOOpa3HbIX 00JacTel MPUIIOKEHMS, TAKUX KaK IU(ppoBaHUE
JAHHBIX C OTKPBITBIM KJIIOYOM, MSTKHE BBIYHMCICHHMS HAa OCHOBE HEUETKOHN JIOTMKM W pEIICHHE
ypaBHeHU# MatemaTtuuyeckoil ¢usuku (Puc. 8 a—B). IlepBas u3 cereil HCHONB3YeT H3YYCHHBIC
nmoAceTH s apudmMeTnueckux omneparui u moxacetb REV  mus wHBepcMHM MOOMTOBOTO
NPEJCTAaBICHUA Z B TO BpeMs Kak BTOpas M TPETbs CETH PeaU3yloT TpeOyemble JOTHYecKHe U

apI/I(I)MeTI/I‘-ICCKI/IC onepanr HEMMOCPECACTBCHHO COOTBCTCTBYIOIIMMU MEPCXOAaMU CCTU CJ'ICHI_IOBa.
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B nepByo ouepenb Mbl pEKOMEHYEM HCII0JIb30BAaTh BHIYMCICHUS Ha ceTsx CiennoBa s TexX
obyacTeil MPUMEHEHUs, B KOTOPBHIX MapaUICIbHBIA CTHIIb MPOrPAaMMHPOBAHUS MOKET MPUHECTH
3HAYUTEIIBHBIC YCKOPEHUS BBIYACICHUM.

D¢ dexTuBHAS IpaKTUYECKas peaau3alus BIYMCIeHUH Ha ceTsx CrueniuoBa TpedyeT pa3paboTku
COOTBETCTBYIOIIMX  CHELUUAIM3UPOBAHHBIX CHUCTEM aBTOMATH3alMU IPOrpaMMHUPOBAHUS U
anmapaTHOW peanu3anuu mpoueccopoB cereil Cremnmoa. Kpome Toro, Heo0XoauMo JanbpHeEiee
pa3BUTHE TEOPETHYECKUX METONOB [10Ka3aTelIbCTBA KOPPEKTHOCTH IPOrpaMM Ha S3BIKE ceTel
CrenuoBa u pa3paboTKa yHUBEPCATIBHBIX CETEH, KOTOPbIE UCIIOIb3YIOT MAaCCOBBIN MapalIeIn3M.

[IpeumymiecTBaMu BeIYMCICHUN HA ceTsax ClenmoBa SBISIOTCS HArSAHBIA rpadUuecKuil s3bIK,
COXPAaHEHHME €CTECTBEHHOI0 Iapajieiu3Ma IpeIMETHOH o0nacTu, Meskas TIpaHyJsanus
napajyiesIbHbIX BBIUYMCIEHUH, (opMalbHble METOJbl BEpU(PHUKALMM MapajUIeIbHBIX IPOTrPAMM,

6BICTpI>Ie MacCCOBO-IIApaJJICIIbHBIC apXUTCKTYPhI, pCaJIn3yromue MOJACIIb BBIYMCIICHHI.
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OnTuMusupyoInme TpaHC(hPopManun CIUCKOB U JIepeBbeB B

CHCTeMeE MPeTUKATHOr0 MPOrpaMMHPOBAHMS

byneakoe K.B. (Hosocubupckuii 20cy0apcmeeHHblil yHusepcument),

Kabnyrxoe U.B., Tymypog D.I". (Mncmumym cucmem ungpopmamuxu CO PAH),

lllenexos B.U. (Mncmumym cucmem ungpopmamuxu CO PAH, Hosocubupckuii

20CY0apCcmeeH bl YHU8epcument)

OnwuchIBalOTCS  ONTUMHU3UPYIONIKE TpaHchopMalMu JUIlsl ONepanuil Haja CIHCKaMH |
JepeBbIMU B CHCTeME€ NpeJuKaTHOro mporpammupoBanus. KoaupoBanue —omeparuii
MPEACTABICHO HA0OPOM TMpaBHJI, ONPEACISIIONMX 3aMEHY MCXOJIHON orepanuu Ha ee oOpa3 B
HUMIIEPaTUBHOM s3bIKe. Pe3ynbraToM TpanchopMmanmii sIBISICTCS UMIIEpaTUBHAS IPOrpaMmMa 110

3¢ PEKTUBHOCTH CPaBHUMAS C HAMCAHHOW BPYYHYIO.

Knwueswie cnosa: pynxyuonanvroe npozpammuposatie, mpancopmayuu npoepamm,

aneebpauyeckutl mun OaHHLIX.

1. BBeaenue

OnepupoBaHHe yKa3zaTeIsIMH SIBJISIETCS BECbMa CIIOXHOW U ONAcHOM Mpouexypoin

B

MMIIEPaTUBHOM ITporpammupoBaHuu. [lokazarenemM TakoN CII0OKHOCTH SIBJIIETCS 4Ype3BblYaiiHas

TPYAHOCTh AE€TYKTUBHOM Bepu(UKaLUK MNPOrpaMM, ONEPUPYIOLIUX yKa3aTelIsIMH, HapUMep, Ui

aJIropuTMa peBepcupoBaHus crucka [15].

B s3pike mpemukaTHOro mporpammupoBanus P [12] HeT ykasateneil, Cepbe3HO YCIOKHSIFOIINX

nporpamMmMmy. BMecTo ykazaTenei HCHOJIb3YIOTCSI OOBEKTHI alreOpandecKuX THUIIOB: CIUCKH H

JIePEBbSI.

[IpequkaTtHas nporpaMMa CyIIECTBEHHO IIpOIIE B CPABHEHWHW C HMIIEPATUBHOU

MPOrpaMMoOM, peaau3ymoled TOT Xe alroputM. O¢P(GEeKTUBHOCTh MPEIUKATHBIX MPOrpaMM

JOCTUTACTCS] IPUMEHEHUEM ONTHUMM3UPYIOMIUX TpaHchopmauuil. OHU ONpenesitoT ONTUMU3ALINIO

CPEIHEr0 YpPOBHSI C MEpPEeBOJOM NPEIUKATHOM mporpaMMbl B 3(P(GEKTUBHYIO HMIEPATUBHYIO

porpaMmy. OTa ONTUMHU3ALUS OTIMYHA OT KJIACCUYECKOH.

bazoBbiMu TpaHchOpMaLUSIMHU SBIISIOTCS:

CKJIEMBaHUE IEPEMEHHBIX, pEAIN3YIOLIee 3aMEHY HECKOJIbKUX MIEPEMEHHBIX OJHOM [2, 7];

3aM€Ha XBOCTOBOW PEKYPCHUH LIMKJIOM;
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® [I0JICTAaHOBKA ONPEAEICHUS IPEUKATa HA MECTO €r0 BbI30BA;

® KOJMPOBAHUE CIHUCKOB U JEPEBHEB TP MIOMOIIM MAaCCUBOB U yKa3aTeleH.

Lenp nanHOM paboThl — omnpeaenuTb 3(PQPeKTUBHbIE CIOCOObI KOJIUPOBAHUS SA3BIKOBBIX
KOHCTPYKUUH Cc oO0bekTamMH anreOpanueckux TumoB. MToromas mporpamma mno 3QQeKTUBHOCTH
J0JIKHA OBITH CpaBHUMA C [TPOrpaMMaMu Ha UMIIepaTUBHBIX s3bikax C wim CH++.

Bo BropoMm paznene pgaercss omnMcaHue anreOpaudyecKux THUIIOB B CHUCTEME IPEIUKATHOIO
nporpaMMmupoBanus. B Tperbem paszzgene mpoBoAUTCS 0030p HCIOJIb30BAHUS alredpandeckux
TUIOB B JPYIUX s3bIKax MPOrpaMMHUPOBaHUs. B ueTBepTOM pasjesne OMHCHIBAETCS pean3alius
TpaHcpopMauy KOHCTPYKIHI ¢ alredpandecKuMu TUIIAMU B MMIIEPATUBHOE PACIIUPEHHE SI3bIKA
npenukatHoro nporpammupoBanus P [9]. B marom pasnene omucansl mpaBmiia TpaHchopmanuu
JUIs KOHCTPYKLUMH C anredpanyeckuMu TuUnamu. B 1iectom pasnene NpuBeNeHbl NPUMEPHI
KOJUPOBaHUsS alreOpandyeckux CTPYKTYp U aHaJU3 MPOU3BOAUTEIBHOCTH CT€HEPUPOBAHHOTO KOJa

10 CPABHEHUIO C KOJIOM, HAITUCAHHBIM BPYYHYIO.
2. HpemeaTnoe IporpaMMHupoOBaHue

llonnasa npeduxamuas npozpamma COCTOUT U3 HAOOpa PEKYPCUBHBIX NPEOUKAMHBIX NPOSPAMM
Ha s3bIKke P cnenyroniero Bua:

<UMS$ NporpamMmbl>(<OMNMCaHNS apryMeHTOB>: <OMMCaHUs1 pe3yibTaToB>)
pre <npeaycnosue>

post <noctycnosue>

{ <onepatop> }

HeoOs3aTenbHble KOHCTPYKIMK MPEAYCIOBHUS U MOCTYCIOBUS SBISAIOTCA (POpMyIamMHu Ha sI3bIKE
VCUYUCIICHUS TPEIUKATOB; OHU MCHOJIB3YIOTCS I YIYYIIEHUS HOHUMaHUsA IPOrpaMM U I
nenyktuBHoM Bepudukauuu [8, 10, 18]. Huxe npencraBieHbl OCHOBHbIE KOHCTPYKUUHU s3bIKa P:
omepaTop IpHUCBauBaHusA, OJOK (omeparop CynepHo3uluH), YCIOBHBIH OIEpaTop, BHI3OB
IIPOrpaMMBbI U ONMCAHUE NIEPEMEHHBIX, UCIOJIb3YEMOE Il APIYMEHTOB, PE3yIbTaTOB M JIOKAJIBHBIX

IIEPEMEHHBIX.

<MnepeMeHHas> = <BblpaXeHne>
{<onepatopl>; <onepartop2>}

if (<nornyeckoe BblpaxeHne>) <onepatopl> else <onepaTtop2>
<UM$ NporpamMmbl>(<CNMCOK apryMeHTOB>: <CMMCOK pe3ysibTaToB>)
<Tun> <npoben> <CnMcoK MMeH nepeMeHHbIX>

O¢ddexTUBHOCTH  MpOrpaMMbl  Takke oOecnedyuBaeTcs  ONTHUMM3AIMEl, peanuzyeMoin
IIPOrpaMMHUCTOM, Ha YPOBHE MPEAUKATHON mporpaMmbl. i npuBeieHUsl peKypCcuu K XBOCTOBOMY
BUJly TpUMEHSETCS MeToJl 0000meHuss ucXoqHoW 3aaaun. Jlagee OOBIYHO OTKphIBaeTcs

BO3MOKHOCTb ITPOBEJCHUS CEPUN MOCIEAYIOIMX YIAy4IIEHNH alroputMa. Mtorosas nmporpamma 1o
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3¢ (eKTUBHOCTM  HE  YCTYNaeT HANMMCAaHHOW  BPYYHYH0 M, Kak TMpaBWIoO, KOpoue
[1, 8, 10, 18]. OrmeTum, 9TO B (DYHKIIHMOHAIBHOM MPOTPAMMHPOBAHMH (MPU OOIIEU3BECTHOM
OPHMEHTAIIMH Ha MPEJCIbHYI0 KOMITAKTHOCTh U JICKJIAPATUBHOCTH [14]) onTuMH3anius mporpaMmbl
MOJTHOCTBIO BO3JIAaraeTcsi Ha TPAHCIATOpP, B YAaCTHOCTH, OOECIEUMBACTCS ABTOMAaTUUYECKOE
MIPUBEJICHUE PEKYPCHUU K XBOCTOBOMY BHAY. Pa3zymeercs, QpyHKIMOHAIBLHOE MPOrpaMMHPOBAHUE
CYIIIECTBEHHO ycTymnaeT B 3PPEeKTUBHOCTH, MOCKOJIBKY JIa)Ke MPUMEHECHUEM H3OIIPEHHBIX METOOB
ONTHUMU3AIMN HEBO3MOXKHO aBTOMATHYECKHA BOCIPOM3BECTU CEPHUIO ONTHMH3AINNA, COBEPIIAEMBIX
MIPOTPaMMHUCTOM BPYUYHYIO.

Omnucanne THIMA CBS3bIBAET UWMs THUNA C €ro wu3o0paxxeHueM. Tum MoXeT OBITh

MapaMeTPU30BaHHBIM.

<onucaHue Tmna> ::=
type <vmsa Tvna> [( <napameTpbl TMNa> )] =
<u3obpakeHune Tuna> | <npeaonucaHue Tuna>

B s3p1ke P anrebpanyeckue TUIIBI OTIPEIETSIOTCS CAEAYIOMEeH KOHCTPYKIIHEH:

<ornucaHue Tuna> ::= union ( <onMcaHue KOHCTPYKTOpOB> )
<OrnucaHne KOHCTPYKTOPOB> ::= <OMWUCaHWe KOHCTPYKTOopa>

[, <onucaHne KOHCTPYKTOpOB>]*
<OMnucaHMe KOHCTpYKTopa> ::= <uaeHTudukatop> [( <onucaHue nonen> )]
<onucaHue nonen> ::= <msobpaxeHue TMna> <naeHTudmKaTop>

[, <onucaHue nonen>]

3HayeHnEeM THIA 06’B€I[I/IH€HI/I${ ABJICTCA 3HAYCHHUC OJJHOTO M3 KOHCTPYKTOPOB, MEPCUHUCIICHHBIX
B CIIMCKE ONHCAaHUN KOHCTPYKTOPOB, BMECTE ¢ HAOOPOM IoOJiell KOHCTpyKTopa. AnreOpanyeckuit

THUII MOXKET OBITH PEKYPCUBHO ONIPCACIACMBIM.

2.1. Cnucku

Tun «cnucok» — BCTpOEHHBIHN alredpandeckuil TUI co CiIeyomuM onpeaenenueM [11]:
type list (type T) = union (
nil,
cons(T car, list(T) cdr)
)i

3neck T — Tum semenTa corcka, Nil u cons — koucrpykropsl. Kanouuueckuit croco6 paboTsl co

CIIUCKAMH OTIPEISIISICTCS ONIEPaTOPOM BhIOOPA:

switch (s) {
case nil: <onepatop1>
case cons(head, tail): <onepaTtop2>

o
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Bxoxnenus nepemennnix head u tail ssisrorest onpenenstromnmu, npuyem head — navanbHbIi
sneMenT crucka S, a tail — «xBoct» crnmcka s. Onepatop BEIOOpPa SKBUBAIEHTEH CIEAYIOLIEMY
oreparopy:

if (nil?(s)) <onepatopl> else { { T c = s.car || list(T) y = s.cdr}; <onepatop2> };
OnpeiesieHbl CIIELYIONIHE OTEPALUH CO CIIUCKAMH:

S.Car — epBbIM JJIEMEHT CIIHCKA

s.cdr — criucox 6e3 IIEPBOTO 3JIEMEHTA

last(s) — mocennuii snemenT crnmcka

S[M] — sneMenT nox HOMEpPOM M

len(s) — una cnmcka

nil?(s) — mpoBepka Ha mMycTOTY CIIMCKA

S == nil — npoBepka Ha MyCTOTY CHKCKA
CONs?(S) — mpoBepKa Ha HEMYCTOTY CIUCKA

S = nil — mpoBepka Ha HEMYCTOTY CIIKCKA
prec(s) — cnucok 0e3 MoCcaeHEro >JIeMeHTa

S + t — KoHKaTeHaIUs CIHCKOB

S + e — n00aBIIeHKE DIIEMEHTA B KOHEI] CIIMCKA
S[M..N] — BeIpe3Ka crucKa 0T HOMeEpa m JI0 HOMepa n
S[M..] — BeIpe3Ka cnmcKa OT m [0 KOHIA

31ech S — BBIpAKCHHE THIIA CIHUCOK, £ — TepMm THIIa CIMCOK, € —BBIpOKEHUE THITA JJICMCHTA
crImcka, M, N — BeIpakeHue tuma NAt. DneMeHTs circka HyMEepyIOTCs ¢ HYJIS.
KonctpykTops! crincka:
nil
cons(head, tail)
consLeft (list, m) |

consRight (list) |
consRight (list, n)

3necy nil u cons(head, tail), rne head — snemenr cnmcka u tail — coucok, sBasroTcs
CTaHJAPTHBIMH KOHCTPYKTOpDAMH B COOTBETCTBMM ¢ ompeneneaueM tuma list. Onmcanne
crenuanbsHeIX Koncrpykropos consLeft u consRight nano B pasnene 4.2.

ILJ'I?I I/I306pa)KCHI/15[ THUIIA CITMCKA JOITYCKACTCA NUCITIOJIb30BAaHUC CIICAYIOIMNX TUITIOBBIX TCPMOB:

list(T)
list(T, L)

3nmech T — THI 3J€eMeHTa CrucKa, L — MakcuManbHas JjiMHa ciiucka. Pasmep mamsiTv, OTBO MO

nis nepemennoi tuna list(T, L), Oyaer mocrarounsiM s pasmenienus L onemMenTos cnmcka.
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JIns 3HaYeHUs CIUMCKOBOM MEPEMEHHOM HE JIONYCKAETCS BBIXOJ 3HAYECHUS 3a TPAHUIBI MTAMSTH,
OTBEACHHOU s iepeMeHHoN. COOTBETCTBYIONINN KOHTPOJIb BO3JIaraeTcs Ha mporpammucta. s
9TOM LEJIH TPEAYCMOTPEHBI CIEAYIOIINE KOHCTPYKIIMH.

max_len(s)
store(s)
left_store(s)
resize(s, n)

31ech S — IepeMeHHas TMIIA CIMCOK. 3HayenreM GyHkiuu Max_len(s) seisercs MakcuMalbHOE
YHCIIO JIEMEHTOB CITMCKA, KOTOPOE MOKHO PA3MECTHTh B MACCHBE JUIsS HepeMEHHOU S. DYyHKIHs
store(S) ompenensieT YKMCIIO DIEMEHTOB, KOTOPOE MOXHO Pa3MECTUTh CIIpaBa OT 3HAYEHHA S B
cBo0OoaHo# uactu namaru. Oyukuus left_store(s) onpenenser uncno snemMeHToB, KOTOPOE MOKHO
pasMeCTUTh CJeBa OT 3HauyeHuss S B mamstd. Onepartop resize(s, N) OTBOAUT HOBYIO IaMSTh
pasmepa N 3JIEMEHTOB, TIEPENUCHIBAET TY/IA 3HAUCHHUE TIEPEMEHHOM S, 0CBOOOXKIast CTAPYIO MAMSITh.

B jomosiHEHHE K OCHOBHOMY PEXKHMY, B KOTOPOM IMPOIPAMMHUCT IMOJIHOCTBEO KOHTPOJIUPYET
pacrpejie/ieHie MaMATH JUIS CIIUCKOBBIX IIEPEMEHHBIX, CIEAYET TAKXKe IMPELYCMOTPETh PEKHM,
3a/IlaBaeMbIil [IPArMoif, B KOTOPOM KOHTpOJIb BBIXOJA 32 I'PAHUII M 3aKa3 IaMsTH OOJBIIEro

pa3Mepa pearn3yeTcsi aBTOMaTHICCKH.
2.2. CTPOKOBBI THII

CrpokoBbiii  Tun  String  siBisieTcss  MPENONpPEACTICHHBIM B sI3bIKE  MPEAMKATHOIO
nporpammupoBanusi P [11]. Ero onpenenenue umeer BUI:

type string = list(char);

HaGop koHCTpyKIui, ompeneneHHBIA UIsi CIHUCKOB, MNPUMEHHM TaKXe M IS CTPOK C
HEKOTOPBIMM OTpaHUYeHUsAMU. B nononHeHMM k 3TOMy B s3bIke P omnpeneneHsl CTpOKOBBIE
KOHCTAHTBI.

OCHOBHBIM  TpPEACTAaBIEHUEM  CTPOKOBOTO  OOBEKTa  SBISETCS  MAacCUB  JIMTEPAJIOB,
3aBEPIIAIOIINICA TEPMHUHAIBHBIM HYJIEM, IIPUYEM HYJIb HE BXOJWUT B 3HaueHHE CTPOKHU. VHaue
rOBOPS, JUIsl CTPOKOBOI'O THIA (PaKTUUECKH JIEHCTBYET ClIEYIOlIee OIpeesICHUE:

type string = subtype( list(char) s: s !'= nil & last(s) == 0);

IIpoBepka CTPOKH S Ha IIyCTOTy peanusyercs omeparopom S.car == 0, a me S == nil. B
NPHUHIMIE, BO3MOXKHA pealu3anus, B KOTOpod KoHcTpykrop Nil kommpyercs 3HaueHuneMm wus3
€IMHCTBEHHOT'O HYJIEBOTO JIEMEHTA, OJJHAKO TAKOE PEIleHHE MPUBENET K MoTepe 3PPEeKTUBHOCTH.

B wurore, tumsl list u String HecoBMecTHMBI: €O CTPOKOBBIM OOBEKTOM HENB3sI paboTaTh Kak CO
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CIIACKOM, B YaCTHOCTH, HEb3s IMOJCTABJIATH CTPOKOBBIA 00BeKkT mapamerpom tuma list. Kak
CIIeICTBUE, OMOIIMOTEKHU AJISi CHUCKOB HEIPUMEHUMBI JUIS CTPOKOBBIX 0OBEKTOB.

Jlji CTPOKOBOTO THMA, KaK U Ui CIIUCKOB, CYIIECTBYET BO3MOXKHOCTh YKa3aTh pazMep MaMsTH
BBIJIECNISAEMOM ISl CTPOKOBBIX 00BEKTOB. [[i1s1 aTOro mcmosb3yercst koHcTpykuus string(L), rae L
KOJIMYECTBO JIUTEP, KOTOpble BMELIAeT NaMmsTh 3HaueHus tuma string(L). Jlns cTtpokoBoro tumna
TaK)K€ BO3MOKHO MCIOJIb30BaHUE CIEAYIOUIUX KOHCTPYKLIUMA:

max_len(s)
store(s)
resize(s, n)

HckiaroyaeTcss BOSMOXHOCTh CIBHIAa BIPABO 3HAYECHHsI CTPOKM OTHOCHTENILHO Hayajia IMaMsITH,
T.€ 3HAYCHHE CTPOKHU BCET/Ia Pa3MEIASTCsI C Havaa MaMsITH.

BBosITCS TOTIOTHUTEBHBIE KOHCTPYKIIMU JUTSi CTPOKOBBIX 00BEKTOB. [IJIsl OTpeesieH s Jnciia
3JIEMEHTOB CTpoku S BMecto ¢ynkuuu len(s) wucmomssyercs length(s). Koucrpykrop nil,
pacnio3nasaress Nil?(S), a Takxke otHorrenus S == Nil u S = nil He ucmoONB3YIOTCS I CTPOKOBBIX
00BEeKTOB. B KadecTBe IMycTO CTPOKH HCIIOJB3YeTCs KOHCTPYKTOp €MPpty, 3HaueHHeM KOTOPOTO

ABJISICTCA CTPOKaA U3 CAUHCTBECHHOT'O HYJICBOI'O 3JICMCHTA.
2.3. /IBOon4YHBbIE 1epeBbs

JIBoMuHOE N1IepeBO — JEPEBO, B KOTOPOM KakJas BEpIIMHA MMeeT He 0ojee IBYX MOTOMKOB.
JIBOM4YHOE JIEPEBO MCIIOIB3YETCS IS MPECTABICHUS TAOMMYHBIX JAHHBIX U XpaHEHUS MHOKECTBA
JAHHBIX BMECTE C WX KJIIIOYaMH, MCIOJIb3YEeMBbIMU i Morcka. OCHOBHBIE OTIEPAIMH JIBOMYHOTO
JiepeBa 3To 100aBJIeHHE HOBOTO 3JIEMEHTA, yIAJIEHHUE CYIIECTBYIOIIETO 3JIEMEHTA U MOUCK dJIeMEHTa

I10 KJIIOYY. Kiroun u JaHHBIC IPCACTABJICHBI CICAYIOIUMHU TUIIAMU:

type Tkey(<);
type Tinfo;

Jlns tuna kimodeii TKey onpeneneno oTHoIEH e TMHEHHOro nopsaaka «<». Tumsl Tkey u Tinfo
— TIPOU3BOJIHHBI U ABJISIFOTCS TapaMeTpaMu Moy, peanusyromiero ABJI-nepesss. [5, 6, 16].

ABJI-nepeBbss BbIOpaHbl B SI3bIK€ IPEIUKATHOTO IMporpaMMmupoBaHusi P ans peanuzauuu
cOaTaHCUPOBAaHHBIX  JIGPEBHEB, XOTS B OOJIBIIMHCTBE  COBPEMEHHBIX  pealn3anuit
cOaTaHCUPOBAaHHBIX JEPEBHEB HCIOJB3YIOTCS KpAacHO-YepHBIE JepeBbs. JlaHHBINH BBIOOP OBLI
OCHOBaH Ha pe3ynbratax padotsl Performance Analysis of BSTs in System Software [17]

JIBOMYHOE JIepeBO MPEACTABIIACTCS AllreOpanyecKuM TUIIOM | Fee:

type Tree = union (
leaf,
node (Tkey key, Tinfo info, Tree left, right)

)i
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Jluct nepeBa cooTBETCTBYET KOHCTpyKTOpY leaf. Bepiunna nepesa, COOTBETCTBYIOIIAS JIUCTY, HE
XpaHUT HHUKakod uHpopmauuu. KoHcTpykTop node OIIPCACILICT BEPIIMHY, HEC SBIISIFOITYIOCS
auctoM. [lonsiMu KOHCTPYKTOpa SIBISIOTCS KIIXOY key u aCCOLIMMPOBAHHOC C HHM JAaHHOC info.
JleBoe W TIpaBOE TOJUIEPEBBS, UCXOJMAIIME M3 JAHHON BEPIIMHBI, onpenesstorcs noismu left u

right.
3. O030p peanmu3anyy CIUCKOB U CTPOK

Jna s3pikoB mporpammupoBanus C++, Java, Lisp u napyrux uMeroTcss OMOIMOTEKH JUIs
MOJJIEP’KKH OIepaluil coO CHUCKOBBIMU M CTPOKOBBIMH OOBbekTaMu. CTaHIapTHBIMH CHOCOOaMHU
pealin3alyy CIMCKOB SBIISIOTCS UX pealn3aliysi B BUIE OJHOCBS3HBIX U JBYCBSI3HBIX CIIMCKOB.

B C++ cymecTtByeT HECKOIBKO CrOcoO0B paboThl co cTpokamu. OWH U3 HHUX, 3TO CHOCOO
yHaCJIeI0BaHHBIN OT si3bika C, KOTa CTPOKH MPEACTABIISIIOTCS Kak char-MaccuBbI ¢ TEPMUHAIIBHBIM
HyJdeM B KoHme. J[ist paboThl ¢ TakuM TMpEACTaBICHHEM HCIOJB3yeTcss OmbOamoTeka CString.
CrangaptHas Oubnuorexka C++ mpenoctaBisier 6osiee yaoOHBINH (opMar pabOThl CO CTPOKaMH B
00BEKTHO-OPHEHTHPOBAaHHOM cTHie — kimace String. Tum string mpencraBmser coGoi
MIOCJIEJOBATEIbHOCTh CUMBOJIOB, TJI€ KaX/blii CUMBOJI MOKET OBbITh MOJYYEH IO €ro MO3HUIHU B
nocyenoBareabHOCTU. OOBIYHO peaau3yercss MpU MOMOILIM JUHAMHYECKOIO MAacCHBa, KOTOPBII
MIO3BOJISIET TPOU3BOJILHBINA JOCTYII K 3JIEMEHTaM I10 UHJIEKCY.

B Java xmacc mus pabotel co crpokamm — String. Crmcok omepanuii ¥ BHYTpEeHHee
Ipe/ICTaBICHUE 3TOTO Kilacca 04eHb CX0Xk ¢ Kiaccom String B C++, HO eCTh OJTHO BaKHOE OTIINYHE.
Crpoku B Java Heusmensiemble. Takue onepaiuy, Kak MOJy4eHHE MOJICTPOKU WM KOHKaTeHalMsl,
Bcerga OyayT BoO3Bpamiath HOBBIA 00bekT Kiacca String. s Toro, utoObl 3((hEKTHBHO
peayin3oBaTh KOMOMHAIMU M MOJU(UKALUU YK€ CYLIECTBYIOIIMX CTPOK, CJIEIYET HCIOJIb30BaTh
kinaccel StringBuilder u StringBuffer.

B cucreme npenukatHOro IMpOrpaMMHUPOBAHMSI CTPOKHM KOJUPYIOTCSI MAacCHUBamMu C
TEPMHUHAIBHBIM HYJIEM, YTO aHAJOTUYHO peaau3alusM B uUMMepaTuBHbIX si3bikax C u C++. g
CIIMCKOB MMEETCS JIBa CIoco0a peanu3aluy: yepe3 MAacCHBBI M 4Yepe3 OJHOCBS3HbIE crucKu. Jlis
CIUCKOB M CTPOK, MPEACTaBISEMbIX MAacCCUBaMH, HCIOJb3YIOTCS pa3Hble CIOCOObI peanu3aliu B

3aBHUCHMOCTHU OT KOHTCKCTA, OIIPCACIACMOTO C IOMOIIBIO IIOTOKOBOT'O aHAJIn3a.
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4. Peasim3anus TpancGopManvii KOAMPOBAHUSA OINEPALUN C

ajredOpanyecKuMM THIIAMM

[Ipu npeoOpa3zoBaHUU CIIOKHOUW HEPAPXUUYECKON KOHCTPYKIMH C OOBEKTaMHU alredpanvdecKux
THTIOB NMPe0oOpa30BaHNE HAYMHACTCS C BIOKEHHBIX MOAKOHCTPYKIIUM.

Jlnst omepaTopa TpPUCBAWBAaHUS CIUCKOBOW TEPEMEHHOW BBIMOIHSIETCS OMPEICICHHE 6uUdd
npuceaueéanus i CIHUCKOBOM TEPEMEHHOW, M Ha OCHOBAaHUM J3THUX JaHHBIX BBIOMpAETCS

npeoOpa3oBaHHUe.
4.1. OnpenesieHre BHAA NPUCBAUBAHUA VISl CIMCKOBOM MepeMeHHOi

B cooTtBeTcTBHU ¢ hopMaTbHON CEMaHTHKOM s13bIKa P BRIUKCIIEHHE HOBOTO 3HAYCHUS CITMCKA KaK
pe3yJibTaTa HEKOTOPOW OINEpali COMPOBOXKAACTCS BBIACICHUEM IMAMSATH JIA 3TOrO0 3HAYCHUS.
bykBanpHas peanmzanmsi 3TOTO TMOJOXKEHUsI OKaszajachk Obl BechMa pacTroumTesbHOW. Hampumep,
MpY UCTIOJIHEHUU omepaTopa S = X + Y + Z npeamnonaraercs OTBEACHUE MAMATH ISl PE3YJIbTAaTOB
Belpakennii X + Y u (X +Y) + Z, a taxke 119 HOBOIO 3HayeHus NepeMeHHoi S. Eciu 3apanee
MOJICYMTATh JUIMHY CNHCKa X + Y + Z U OTBECTH NOCTATOYHYIO MaMATh JJIA NEPEeMEHHOH S, TO
UCXONHBIA  OIEpPaTop  3aMEHSETCS  IOCIENOBATENBHOCTEIO 'S =X;S=S+Y;s=5+ 2",
HCIIOJIHEHUE KOTOPOU He TpeOyeT TOMOJHUTEIBHON NaMsITH.

B menmsax »¢dekTuBHOrO KOIWPOBaHUS CIMCKOB pa3IMYalOTCsl TPU BUJA TPHCBAUBAHMS
CIIUCKOBBIM NEPEMEHHBIM
— IlpucBauBaHMe BHIAa KONMUPOBAHME PECAIM3YETCS KOMUPOBAHHEM pe3yJbTaTa CIHUCKOBOIO

BBIPAKECHUS B IEPEMEHHYIO CJIEBA OT 3HaKa paBeHCTBA. [Ipy 3TOM nepeMeHHas S He y4acTBYET B

BBIPAXXCHUU €.

— [IlpucBauBanue Buaa MoauGpuKauMus U3MEHICT 3HAUCHHUE CITUCKOBOW MEPEMEHHOM, 100aBsis

K M3HAYaJIbHBIM JAHHBIM CJIEBA WJIM CIIPaBa JIOMOJIHUTEIbHBIC 3JIEMEHTBI CITUCKA.

— CkaHupoBaHHe HE MOJUPHUIUPYET 3HAUCHUE CITUCKOBOW MEPEMEHHOM, OCYIIECTBIISS TOJBKO
aHaJIU3 CIMCKA C MIPOJBUKEHUEM 10 HeMY 0e3 MOIU(pUKaLUH.

Ilpuceausanue euoa xonuposanus JUisl oNepaTopa S = € peajlu3yercs KONUPOBAaHUEM CIIHCKa,
BBIUHCIICHHOTO BBIPA)KEHUEM €, B MTaMSATh Ui 3HAYCHUs IepeMeHHoit S. Jiig oneparopa s = € + d
B MAacCUB JUIsl XpaHCHHUS MEPEMEHHON S KOMMUPYETCs 3HAYEHHE € W BCJEJ 3a HUM KOMHUPYETCA

3Hauenue d.
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Ilpuceausanue 6uda Moduqbukauuul peanu3yeT U3MEHEHHUE 3HAYECHHS, PAa3MEIIAEMOI0O IMaMsiTH
g nepeMeHHoi S. MToroBoe 3HaueHHWe MOMeEIIaeTcs B TOT K€ ydacTok mnamsatu. Omeparop
S = S + € KomupyeT CNHCOK (3HAYCHHE BBHIPAXCHHS €) BCIIE] 3a 3HAYCHHEM CITMCKAa S B TAMSATH.
Omnepatop S = € + S KOMUPYET CINHCOK (3HAYCHUE BHIPAKCHUS €) Tepe]l 3HAUYCHHUEM CIMCKAa S B
namsaTi. Omnepatop S = S.Car peanu3yeT OTCEYCHHE XBOCTa cmucka. Omepatopel S = sim..n] u
S = s[m..] peanu3yloT CY)KEHHWE 3HA4Y€HHUs CIHCKA K BBIPE3KE HMCXOJHOro 3HaueHus S. Bmecto
CIBUIa 3HAYEHHUSA S B HAYAJI0O MACCHBA IPOBOJMTCA COOTBETCTBYIOIIAsi KOPPEKTHUPOBKA MMO3ULIMU
3HAQYECHHS CIHCKAa BHYTPU TaMSITH [UIs CHUCKOBOWM TmiepemMeHHou. Omeparopsl S = s.cdr u
S = prec(s) Takke pealn3yroTCs KOPPEKIUEN MO3UIUK B TAMSTH.

CriuckoBasi mepeMeHHasi, BC€ JEWCTBUS C KOTOpPOM peanu3yloT JHIIb AaHalu3 CIUCKa C
NPOABIDKCHHEM TI0 HEMy 03 ero MOoAu(uKAIMi® B TNaMSTH, HA3BIBACTCA NepeMeHHOll
cKanupoganus. JlId TEpEeMEHHON CKaHUPOBAHMS S NPHUCBAWBAHME BUJA S =Y pealn3yercs He
KOIMPOBAHUEM 3HAueHus Y, a Co3JaHUe o00beKma CKAHUpO8AaHUs, ACCOLMHUPOBAHHOTO C
MIEpEeMEHHON Y, M MPHUCBaUBaHUIO €ro mnepemMeHou S. OmneparopamMu CKaHUPOBAHMS SBIISAIOTCS
s = s.cdr, s = prec(s), s = sS[m..n] u s = s[M..]. x oTau4Ke 0T COOTBETCTBYIOLIUX OIIEPATOPOB
MIPUCBaUBaHUsl B PEeXUME MOIAU(PHUKAIUU B TOM, YTO OHU HE MOAUPUIMPYIOT MEPEMEHHYIO Y.

OnepaTopLI CKaHHUPOBAHUA ABJIAIOTCA aHAJIOTaMH UTECPATOPOB B UMIICPATUBHBIX SA3bIKAX.
4.2. IlpeacraBiaeHue ajJred0pan4ecKux TUIOB

OCHOBHBIM CITIOCOOOM TIPEICTABJICHUS CITUCKA SBIISICTCSI MACCHUB.
Jns npencrasienus sHadenus tuna list(T) B uMmeparuBHOM paclIMpeHHM HUCIOJB3YETCS

clenyromias CTpyKTypa.

struct list {
T *data;

int max_len;
int m;

int n;

by

3nech T — THI djeMeHTa CIIMCKa, max_Ien — MakCUMaJIbHAas OJIMHA COHUCKa, M, N — HHAOEKCHI

Hayaja ¥ KOHILA TeKylel Beipesku Maccua, 0 < m < n < max_len, data — maccuB nanHbIX.

1 o o

MOI[I/I(l)I/IKaHI/IH NEPEMEHHBIX BO3MOKHA KaK B UICXOAHOU NNPCAUKATHOU IMPOrpaMMe, TaK U B PE3YJIbTATC CKIICUBAHUA
NIEPEMECHHBIX ITOCJIC TPOBCACHUSA TpaHC(l)OpMaLII/II/I CKJICUBaHUA IICPEMCHHDBIX.
2

TO‘IHCC, JOITYyCKacTCA MOI[I/I(l)I/IKaHI/IH OTACIBHBIX 3JICMCHTOB CITMCKa 0e3 U3MEHEHHUS UX COCTaBa.
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JpyruMyu BO3MO>KHBIMHU aJIbTEPHATUBAMU KOJMPOBAHMS CIIMCKA SIBJSIOTCS: OJHOCBSI3HBIN
CIIMUCOK, JBYHAIIPABJICHHBIN CIIHUCOK, KOJbLEBON cnucok. lIpeacrtaBiieHre B BHUAE KOJBLIEBOTO
O0ydepa crnemyer cuntath MOAUPUKANEH MPECTABICHUS B BUJIEC MacCHBA.

[IpencraBienue crucka 4yepe3 0 JHOCBS3HBINA CIIUCOK.

struct list {
list *next;
T data;

¥

3neck T — Tum sneMeHTa criircka, NeXt — ykasarenb Ha CIEAYIOLINIA JIEMEHT.

Jyig m00BIX BUJOB CIIMCKOBBIX BBIPAKEHUI BO3MOXKEH TaKoi criocod peanusanuu, npu KOTOPOM
ylaercs OTJIOKHUTh OTBEICHUS MNaMATH 1O MOMEHTa MPUCBAUBAHUS CIIMCKOBOW IEPEMEHHOM,
HaxoJdILIEHCcs B JIEBOM YacTU oleparopa INpucBauBaHusA. [[03TOMy OTBeneHHME MaMATH JAajiee
paccMaTpuBaeTcs 0 OTHOUIEHHUIO K CIIMCKOBBIM IIEPEMEHHBIM.

OnTumanbHOM peanu3anuei sBISETCS HCIOJIb30BaHHWE OJHOIO SK3EMIUIApa MaMsATH Uil BCEX
IIPUCBANBAHUN OJHOW CIMCKOBOM IIEpEMEHHOW. Takoe BO3MOXHO, €CIIH W3BECTHO BEPXHEE
orpanuuenue L yncna snementos cnmcka: list(a, L).

JlomyctuM, OTBEJCHHAs Uil CIIUCKOBOM MEPEMEHHOW MaMsATh €CTh MacCUB A ¢ MHICKCAMHU B
muamazone 0..N. Torma 3HaueHwWe CIUCKOBOM MEPEMEHHOW MOKHO TPEJACTABUTH BBIPE3KOM
A[m..n], rie 0 £ m < n < N, oaHako B cilydae IMycToro cruucka M > N. B GOJILIIMHCTBE Cilydaes
m = 0 u cBOGOmHOE MeCTO B maMsTH ocrtaercs cieBa B auana3zoHe M+1..N. Oxnako ObBaroT
cllydau, Korja cBOOOJHYIO YacTh MaMSATH Hal0 OCTAaBUTh CIpaBa JUIsl TOTO, YTOObI peanu30BaTh
MpucBavBaHue BUjma S =Y + S, Kak, Hanmpumep, B padbore [2], T/1e MUCIOIB3YyeTCsl MPUCBAWBAHUE
buf = stf + buf.

Jis  ¢dopMHpoBaHHS HECTAHAAPTHOTO  pa3MEUICHMs] 3HAUYEHUs CHUCKAa  HCIOJb3yeTcs
crenuansieie kKoHcTpykTophl consLeft, consRight. Koucrpykrop consLeft(list, m), rne m —
HOMEp 3JeMeHTa, (OpPMUPYET MpeACTaBIECHUE CIIUCKa S B MAacCUBE, CABUHYTOE HAa M 3JIEMEHTOB
OTHOCHTENBHO Hayana maccuBa. Koncrpykrop Buaa consRight(list) ¢opmupyer npencrasnenue
CIHUCKa S B MAacCHUBE INPHXKATbIM BIPaBO, T.€. MOCIEIHUN 3JIEMEHT CIHCKAa HAaXOJUTCS B KOHIIE
maccuBa. Koncrpykrop Buga consRight(list, n) ¢popmupyer npencrasnenue crnucka S B Maccuse
JUIMHBI N TpmkaThiM BrpaBo. Ilpu ucnonHenuu omneparopa S = consRight(list, n) orsomurcs
HOBAasi MaMATh JIJIsl CTPOKOBOM MEPEMEHHOMN S; €Clu 10 NMPUCBAWBaHUS MEpEMEHHas S y)Ke UMelna
HEKOTOpOE 3HA4Y€HHE, TO TPAHCIATOP C s3bika P oipkeH oOecrednTh BO3BpAT CTApOil MaMsTH

IIEPEMEHHOM S.
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B s3m1Ke P HCT OIICpaTOpOB OTBCACHUA U OCBO60)I()I€HI/I€ naMATH OJid CIIMCKOBBIX ICPEMCHHBIX.
BceraBka B KOJI COOTBETCTBYIOIIMX JEMCTBHI peanusyercs TpaHCIITopoM. OTBeleHUE NaMsITH
peanu3yeTrcss NpU TNEPBOM MNPHUCBAMBAHUM TIEPEMEHHOW. Pasmep maMmsaTu omnpenensercs 1o
3HAa4YCHUIO HpaBOI\/II 4acCTH OII€paTopa nNpucBanBaHus, €CJIM OH ABHO HC YKa3aH OIMMCAaHUEM THIIA.

Jlaee paccMaTpHUBaeTCs JIMIIb IPEICTABICHNE CIIMCKA B BUJIC MAaCCHBA.

[pencraBnenue 3HaueHuil Tumna String.

struct string {
char *data;
int max_len;
int len;

}

3neck max_len — makcumanbHas MHA CTPOKH, len — wunmexc xoHma TEKylIEeHd CTPOKH,
len < max_len, no unznekcy len snauenune nons, data — maccus ganHbIX.

JUis CTpPOKOBOrO THUIIA HCIHOJB3YyEeTCS JBa BHUJA OOBEKTOB CKAaHUPOBAHUSA: OIUH — IS
CKaHUPOBAaHUS C Hayaja CTPOKH, BTOpPOM — c KoHUA. B mepBom ciydyae oOBEKT CKaHMpPOBAHUS
MOXXET OBITh TIPEJCTABICH YyKa3aTeJleM Ha HayalbHBIH JJIEMEHT CTPOKH, BO BTOPOM —
JOTIOJTHUTENBHO TpeOyeTcs JUIMHA CTPOKH, IMpPU 3ITOM CTpOKa, IpeACTaBlIeHHAas OOBEKTOM
CKaHUPOBaHUs, HYJIEM HE 3aBEPIIAECTCS.

[IpencraBneHue 3HaYeHUI THIa | €€ Yepe3 yKa3aTellu.

struct Tree {
Tree *|eft;
Tree *right;
Tkey key;
Tinfo info;

}

3necs left, right — ykasarenu na nesoe n npasoe nomnepesns, key — kmou tuna Tkey, info —
3nauenue tuna Tinfo.
[IpencraBnenue 3HaYeHUi THIa | € yepes3 uepe3 MacCuBsI [3].

struct TreeValue {
Tkey key;
Tinfo info;

b

struct Tree {

TreeValue *data;

int left;

int right;

b
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3necr data — ykasarens Ha Maccus, rae pasmemaercs aepeso, left, right — unpexcer nesoro

U IIPpaBoOro nogacpceBbLEB B MaCCHUBE.
4.3 I1oTOoKOBBIIi AaHAJIN3 POTrPAMMBI

[Ipu KoaMpPOBaHUM PEKYPCUBHBIX CTPYKTYpP HMCIIOJIb3YEeTCsl OTOKOBBIM aHAIU3 MPOrpaMMsl [4],
KOTOpBIM BKJIIOYAET IOCTpoeHHEe Tpada BHI30BOB, HAXOXKJIEHHUE AapryMEHTOB U pPE3yJIbTaTOB
OIIEPATOPOB M HAXOXKJIECHHE KUBBIX IEPEMEHHBIX omneparopoB. 1I0TOKOBBINM aHanu3 omnpenenser
BpeMsl KU3HU MEPEMEHHBIX: JIJIS KaXXJ0r0 BXOXK/IEHUS IEPEMEHHON onpenensercs, OyaeT 3HaueHue
9TOM NEPEMEHHOW HCIIOIb30BATHCS INPU JAIBHEMIIEM MCIOJHEHUH Iporpammel win Her. Ha
OCHOBAHUHU JTUX JaHHBIX OINpeAesstoTcss 3(PQGEeKTUBHBIE CIOCOOBI MPeoOpa3oBaHMs OIEpaluii
anreOpanvecKux THIIOB.

ANropuT™M OIpesieNeHNsl BpeMEHU KU3HU NEPEMEHHBIX pealu3yercs cleayoumm oopazom. s
Ka)KIOTO OIlepaTopa ONpPEACIAIOTC IPEEMHUKH — ONIEPATOPHI, UCTIOIHSIIOUIMECS CPa3y MOCIE HETO.
CrposiTcs LIeOYKH IPEEMHUKOB JUIsl KaXa0ro oneparopa. [lepemenHast xuBa mocie MCIOIHEHUS
OIepaTopa, €CIIM €€ TEKyIllee 3HAYEHUE HUCIOJb3yeTCAd B OJHOM U3 LEMNOYEK NPEEMHHUKOB JTOTO
oreparopa.

[Mpenukar isAlive(variable_name) mno orHomienuo K TeKylleMy ONepaTopy WCTHHEH, €CIH
nepeMeHHasd C HMCHEM variable_name sBiusercs kuBOiA IIEPEMEHHOM TIOCIE MCIOJHEHUS
orepaTopa. DTOT MpeIuKaT HCHOJb3yeTcs B MpaBuiiaXx TpaHchopmauuu, 4yToObl M30aBUTHCA OT
M30bITOYHOTO KOMHMPOBAHMSI JAHHBIX HEXUBBIX IEpeMEeHHbIX. CuMTaercsi, 4YTO pe3yJbTaThl
IIPOTpaMMBI SIBIISIFOTCS. KUBBIMH JUISL KaXJOTO OIEpaTopa €ro Tela, TaK Kak IPEeANOoJIOKUTEIBHO

OyAyT UCIOJIb30BATHCA MOCIIE 3aBEPILEHNS UCIIOJHEHHS IPOTrPaMMBbl.
5. IIpaBuia TpancopmManmuu

5.1. Onucanue npaBua TpaicGpopmMannu

[IpaBuna TpancGopmali UMEIOT CIAEAYIOIIYIO0 CTPYKTYPY:

if(<ycnoBus npuMeHUMOCTH>)

<KOHCTPYKLHS Ha NPEAUKATHOM SA3bIKa> - <KOJ B UMIICPAaTUBHOM PaCcIIMPCHUN>

VYcioBusi IpUMEHUMOCTH 3TO JIOTHUECKOE BhIpakeHue. TpaHchopMmanus npuMeHuMa JIUIIb IpU
VMCTHHHOM 3Ha4eHUH ycinoBus. [lepeMeHHbIe, BCTpedyaroniuecs B JICBOW YaCTH MPABWIIA, SBIISIFOTCS
napamempamu tnpasuna. [Ilpy wucnosb30BaHMM TMpaBUiia BMECTO IMapaMeTpa MOXET ObITh

IIoACTaBJICHA JII00as nepeMEHHasd COOTBCTCTBYIOLIECTO THUIIA.
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5.2. IIpaBuia TpancopManum CUCKA NPU KOAUPOBAHUM Yepe3 MACCUB

HamoMuanm MMpEACTaBJICHUEC CIITMCKA Y€PE3 MACCHUB!

struct list {
T *data;
nat max_len;
nat m;
nat n;
b

[IpuBenem npasuiia TpaHCHOPMALMH 1JI1 OCHOBHBIX ONEpaluii CIUCKA MPU KOJUPOBAHUH Yepes

MacCCHB.

list(T) I; — list *I = new list();
[-max_len = DEFAULT_MAX_LEN;
|—-data = new T[l-max_len];
[-m = 0;
[—n = 0;
list(T, L), — list *I = new list();
[—max_len = L;
|—-data = new T[l-max_len];
[-m = 0;
[—n = 0;
| = consLeft(y, m); —  delete[] I—data;
[->max_len = y—max_len + m;
|—-data = new T[l-max_len];
[-m =m;
[—-n = len(y) + m;
<KONHUpPOBAaHMUE MacCHUBa U3 Y B | co cnurom na m
OTHOCUTEIIFHO HaJaia>
| = consRight(y); — delete[] |—data;
[—max_len = y—max_len;
|—-data = new T[l-max_len];
[—-n = l-max_len;
[-m = |—-n —len(y);
<KONUPOBaHKE M3 MaccuBa Y B | mprkaTeiM
BIIPpaBO>
| = consRight(y, L); — delete[] |—data;
[—max_len = L;
|—-data = new T[l-max_len];
[—-n = l-max_len;
[-m = |—-n —len(y);
<KONUPOBaHKE M3 MaccuBa Y B | mprkaTeiM
BIIPpaBO>
max_len(s); — s—max_len;
store(s); —  Ss—max_len — s—n;
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left_store(s); » s—m;
resize(s, n); — T *new_data = new T[n];
<komnupyeMm nannsle u3 S—data 8 new_data>
delete[] s—data;
s—data = new_data;
s—max_len = n;
len(s); — S—n —s—m;
nil?(s); - s—data == NULL;
cons?(s); — s—data !'= NULL;

Jlist mprcBanBaHMsI BUa KOMTUPOBAHUS MCIIOJIB3YIOTCS CICAYIONIME MTPaBUJIa.

s=sl+..+sn — nat result_len = len(sl) + ... + len(sn);
if (s—max_len < result_len) {
list(T, result_len) new_list;

delete s;

s = new._list;
b
nat shift = 0;

<konmposanue S1 B S co casurom Ha shift
OTHOCHUTECJIbHO Haydajia>

shift += len(s1);

<komupoBaHue SN B S co casurom Ha Shift
OTHOCHUTECJIbHO Hayajia>

Jlist mprcBanBaHMsl BUAA MOIU(DHUKAIINS UCTIOIB3YIOTCS CIICTYIOIINE MPaBUiIa.

s=s+e¢e > if (store(s) >= len(e)) {
<KOIIMpOBAaTh € BCJIC] 3a 3HAUCHUEM S>
}else {
resize(s, len(s) + len(e));
<KOIIMpOBAaTh € BCJIC] 3a 3HAUCHUEM S>
¥
s=e+s - if (left_store(s) >= len(e)) {
<KOIIMPOBATh € nepe]i 3HauCHUueM S>
}else {
s = consRight(s, len(s) + len(e));
<KOIIMpPOBAaTh € nepe]i 3HauCHUueM S>

b
S = s.car; - S—n =s—-m+ 1;
s =s[m..n]; - S—m=m;

S—n =n,
s=s[m.]; — S—m=m;
s=s.cdr;, — s—m=s-m+1;
s = prec(s); — s—»n=s-n-1;

s = last(s); — s—m=s—-n-1;
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Jlyist mprcBaMBaHMsI BUAa CKAHWUPOBAHUE UCTIOJIB3YIOTCS CIICAYIONINE MPaBUJIA.

s=s.cdr;, — s—m=s-m+1;

s = prec(s); — s—»n=s-n-1;

s =s[m..n]; - S—m=m;
S—Nn=0n,

s=s[m.];, — S—m=m;

5.3. IIpaBuia TpancopManum CIUCKA NPH KOAMPOBAHNH Yepe3 yKa3aTeu

HanomHum npezicraBiieHue Cucka 4epe3 yKa3aTellu:

struct list {
list *next;
T data;

b

[IpuBenem npaBuiia TpaHcPOpPMALMK AJIE OCHOBHBIX OIEpaliil CIUCKa MPU KOAUPOBAHUH Yepes
CITUCOK.

list(T) I; — list *I = new list();
[—next = NULL;
max_len(s); — sizeof(nat);
store(s); — max_len(s) — len(s);
left_store(s); — max_len(s) — len(s);
len(s); — nat len = 0;
list *tmp = s;
while (tmp !'= NULL) {
++len;
tmp = tmp—next;
by
nil?(s); — s == NULL;
cons?(s); — s I= NULL;

Jlyst mprcBanBaHMsI BUa KOMTUPOBAHUS MCIIOJIB3YIOTCS CICAYIONIHE MTPaBUJIa.

if(lisAlive(sl) && ... && lisAlive(sn))
s=sl+..+sn, — s =5sl;
while (s1—next = NULL) {
sl = sl—next;
by
sl—next = s2;
while (s2—next = NULL) {
s2 = s2—next;

}
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Jliist mpucBamBaHusI BUAA MOIU(DHUKAIINS UCTIONB3YIOTCS CIEAYIOIIHNE MPaBiIa.
if(lisAlive(e))
s=s+e - list *tmp = s;
while (tmp—next = NULL) {
tmp = tmp—next;
b
tmp—next = g;
if(lisAlive(e))
s=e+s - list *tmp = ¢;
while (tmp—next '= NULL) {
tmp = tmp—next;

by
tmp—next = s;
s=e¢;

S = s.car; - <0CBOOOIMUTHL IAMSITh HaunHas ¢ S—Nnext>
s—next = NULL;
s =s[m..n]; - list *tmp;
for(natj=0;j<m; ++j) {
tmp = s—next;
delete s;
s = tmp;
b
natsize=n-m+1;
for (natj = 0; j < size; ++4j) {
tmp = tmp—next
b

<yaaJuTh 3JIEMEHTHI rmocie tmp>
tmp—next = NULL;
s=s[m.]; — list *tmp;
for(natj=0;j<m; ++j) {
tmp = s—next;
delete s;
s = tmp;
b
s=s.cdr; — list *tmp = s;
s = s—next;
delete tmp;
s = prec(s); — list *tmp = s;
while (tmp—next—next != NULL) {
tmp = tmp—next;
by
delete tmp—next;
tmp—next = NULL;
s = last(s); — list *tmp = s;
while (tmp—next '= NULL) {
tmp = tmp—next;
delete s;
s = tmp;
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}

Jliist mprcBaMBaHMsI BUa CKAaHWUPOBAHWE UCIIOJIB3YIOTCS CIIEAYIONINE MPaBUJIA.

s=s[m.]; — for(natj=0; j<m; ++j) {
s = s—next;
by

s=s.cdr; — S = s—next;
[Ipy KoaMpoBaHMM CHOMCKA Yepe3 YyKazaTeldu CYIIECTBYIOT JIONOJHUTEIbHBIE MpaBUiia
TpaHcpopMaluu AJsl HapHbIX oreparuil.

s =u.car + s; u = u.cdr;, — list *a = u—next;
u—next =s;
s =u;
u=a;

5.4. IIpaBuia Tpancpopmanum AJsi CTPOKOBOI0 THIIA

HamomHMM npencraBieHne CTpOKu:

struct string {
char *data;
nat max_len;
nat len;

}

[IpuBenem npaBuia TpaHcGopMaIUH JUIsl CTPOKOBOTO TUIIA.

string(L) s; — string *s = new string();
s—max_len = L;
s—data = new char[s—max_len];
s—len = 0;
s—data[s—len] = 0;

s =empty; — string *s = new string();
s—max_len = 1;
s—data = new char[s—max_len];

s—len = 0;

s—data[s—len] = 0;
max_len(s); — s—max_len;
store(s); — max_len(s) — len(s) - 1;
length(s); — s—len;
resize(s, n); — char *new_data = new char[n];

<komnupyeMm nannsle u3 S—data 8 new_data>
delete[] s—data;
s—data = new_data;
s—max_len = n;
s.car ==0;, — s—data[0] == 0;
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Jiist mpucBanBaHUsI BUAA KOTTMPOBAHKUE MCTIOIB3YETCS CICAYIONIEe MPABUIIO.

s=s1+..

+sn, -

nat result_len = length(sl) + ... + length(sn);
if (s—max_len < result_len) {

string(result_len) new_string;

delete s;

S = new_string;
by
nat shift = 0;
<kommpoBanue S1 B S co cusurom Ha Shift
OTHOCUTEIIPHO Hayalia>

shift += length(s1);

<komupoBaHue SN B S co casurom Ha shift
OTHOCHUTECJIbHO Haydajia>

Jlist mpucBamBaHus BUAA MOIA(DHUKAIINS UCTIONB3YIOTCS CIEAYIOIIHNE MPaBHIa.

s+e -
s.car;, —
prec(s); —

if (store(s) >= len(e)) {
<KOIIMpOBAaTh € BCJIC]] 3a 3HAUCHUEM S>
}else {
resize(s, len(s) + len(e));
<KOIIMpOBAaTh € BCJIC] 3a 3HAUCHUEM S>
by
s—len = 1;
s—data[s—len] = 0;
s—len = s—len - 1;
s—data[s—len] = 0;

5.5. IlpaBuia Tpancopmanuu s aepesa

Hanomuum npezicraBieHue aepeBa 4epe3 yKa3aTellu:

struct Tree {
Tree *|eft;
Tree *right;
BAL balance;
Tkey key;
Tinfo info;
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[IpuBenem npasuia TpaHcGoOpMaIUK ISl IEPEBHEB IPU KOJUPOBAHUY JIEpEBA Uepe3 yKa3aTelu.

Tree tree(leaf); — Tree *tree = NULL;
Tree tree(key, info, bal, leaf, leaf);
— Tree *tree = new Tree();
tree—key = key;
tree—info = info;
tree—balance = bal;
tree—left = NULL;
tree—right = NULL;
if(lisAlive(subtreel) && lisAlive(subtree2))
Tree tree(key, info, bal, subtreel, subtree2);
— Tree *tree = new Tree();
tree—key = key;
tree—info = info;
tree—balance = bal;
tree—left = subtreel;
tree—right = subtree2;
if(lisAlive(subtreel) && isAlive(subtree?))
Tree tree(key, info, bal, subtreel, subtree2);
— Tree *tree = new Tree();
tree—key = key;
tree—info = info;
tree—balance = bal;
tree—left = subtreel;
tree—right = copy_tree(subtree2);
if(isAlive(subtreel) && lisAlive(subtree2))
Tree tree(key, info, bal, subtreel, subtree2);
— Tree *tree = new Tree();
tree—key = key;
tree—info = info;
tree—balance = bal;
tree—left = copy_tree(subtreel);
tree—right = subtree2;
if(isAlive(subtreel) && isAlive(subtree2))
Tree tree(key, info, bal, subtreel, subtree2);
— Tree *tree = new Tree();
tree—key = key;
tree—info = info;
tree—balance = bal;
tree—left = copy_tree(subtreel);
tree—right = copy_tree(subtree2);
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6. IlpumMepsbl KOAMPOBAHUS PEKYPCUBHBIX CTPYKTYP

6.1. KonupoBanue cnucka 4epe3 ykazaTejan

6.1.1. BoruuciieHue CyMMbI 3HAYEHUI BCeX 3JIEMEHTOB CIIUCKA

I[aH CIIMCOK J3JIEMCHTOB, I KOTOPBIX OIMPEACICHA OoIcpanus CIIOXCHUS. HY)KHO BBIYUCJIIUTH
CYMMy 3Ha‘{eHI/II71 BCECX DJICMCHTOB CITMCKA. KOIL HpOl"paMMI)I Ha NCXOAHOM SI3BIKEC:
type T;
type ListT = list(T);
addItems(ListT |, Tt: Ts){
if (1=nil)
s=t;
else
addItems(l.cdr, t + l.car : s);

Kox mocne 3ameHbl XBOCTOBOM PEKYpCHHM LIMKIOM, OTKPBITOM MOJCTAHOBKM M CKJICHUBAHUS
NIEepEMEHHBIX:
addItems(ListT | : T s) {
s=0;
while (1= nil ) {

s =s + l.car;
| = l.cdr;

}

[Ipouecc mnpeoOpa3oBaHusi MpPEIWKATHOM MPOrpaMMbl B HUMIIEPATUBHOE  pacIIUpEeHHE
OCYILIECTBJISIETCS IYTEM I1OCIEI0BATEIbHOTO 00X0/1a MHCTPYKIUH B UCXOJIHOM TEKCTE MPOTrpaMMbI
U UX MpeoOpa3oBaHUU B UMIIEPATUBHOE paclIupeHue. PaccMoTpuM 3TOT mpouecc NpUMEHUTENbHO

K TEKYIIEMY IPUMEDY.

B mporpamme BbIAENSAIOTCS Tpu KOHCTpyknuu co crmckamu: | = nil, l.car, | = lcdr. dus
IEPBBIX JBYX KOHCTPYKIHMH IIPOIECC KOJMPOBAHUS DPEAIU3YETCA €IMHCTBEHHBIM 00pasoM 6e3
KaKMX-1M00 YCIOBUI MPUMEHMMOCTH. Bosee moapoOHo paccmorpum korctpykuuio | = l.cdr. Ilo
pe3ynbTaTtaM IOTOKOBOTO aHaIn3a BCE JEWCTBHS C MEPEMEHHOM | peanusyroT nuib anaans crnucka
C NMPOIBWKEHHEM IO HEMY, 03 €ro Moau(pUKaMu B MAMATH, TOYHEE M3MEHSETCS yKa3aTelb Ha
TEKYIMH JJIEMEHT, HO HE U3MEHSIOTCS 3HAYEHMs DJIEMEHTOB CIHUCKa. [109TOMy B JaHHOM Cllydae

IpUMEHsieTCsl TpeoOpa3oBaHKe Il IPUCBAUBAHUS BUA CKAHUPOBAHHE.
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B pesynbTare npuMeHeHHs] HalJEHHbIX IPE0O0pa30BaHNi MOJYYUM CJIEAYIOIIYI0 IPOrpaMMy Ha
VMMIIEPaTUBHOM PACHIMPEHUH.
addItems (ListT *I: T s) {
s=0;
while (I 1= NULL ) {

s = s + |—data;
| = [->next;

}

Kon, HanmcaHHBIN Bpy4YHYIO:

int64_t calc_sum_manuall(List *list) {
inté4_t result = 0;
while (list '= nullptr) {
result += list—value;
list = list—next;

}

return result;

6.1.2. O0pameHue cnucka

JlaH crucok, He0OX0IMMO €ro MHBEPTHUPOBaTh, T.€. OOpPaTUTh MOPSIAOK AIEMEHTOB TaK, YTOObI
NEpBBIM DJIEMEHT CTal NOCIEAHUM, a nocieAHuid nepBbIM. [lycThb CHHCOK mpencTaBieH
MIOCJIEI0BATEIbHOCTBIO AIEMEHTOB: S1,S),...,Sn. Torna pes3ynbratoM MHBEPTUPOBAHUS OylEeT CIHUCOK
Sns..-S2,S1. IlpoGnema gnenykTUBHOW BepUPHUKALMM POrpaMMbl HMHBEPTHUPOBAHUS  CIIMCKA
Ype3BBIYAHHO CcJoXkHA M oTHOcuTcs K kKareropum Verification Grand Challenges. ['padmyecku

3a/1a4y MO>KHO MPEACTaBUTh CIEAYIONUM 00pa3oM (puc. 3).
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Pucynox 1

Kon mporpamMbl Ha KICXOTHOM SI3BIKE:

type T;

type ListT = list(T);

reverse(ListT s : ListT s") pre s !'=nil {
reverseln([s.car], s.cdr : s');

by

reverseln(ListT s, u : s') {
if (u = nil)
s'=s;
else
reverseln(u.car + s, u.cdr : s");

¥

B nporpamme reverse apryMeHT S — HCXOJHBIM CIHMCOK, PE3yabTar S' — HWHBEPTHPOBAHHBIN
criucok. [Iporpamma reverseln sisisiercst 0000IeHHEM TIporpaMMbl Feverse. McxoaHblil CIucoK
npezactaBieH B reverseln wu3 nByx wacreil. ApryMeHT S eCTh HadalibHas dYacTh CIIMCKA B
MHBEPTUPOBAHHOM BHUJE, apryMeHT U — OCTaBIIAsCA 4YacTh CIHCKA.. ['paduuecku apryMeHTHI

nmporpammel Feverseln MoxHo npeacTaBuTh Claeayonmm oopasom (puc. 4).

Pucynok 2

Kox mocne 3ameHbl XBOCTOBOM PEKYpCHHM LIMKIOM, OTKPBITOM MOJCTAHOBKM M CKJICHUBAHUS

IIEPEMEHHBIX:
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reverse(ListT s : ListT s) {
ListT u = s.cdr;
s = [s.car];
while (u !'=nil ) {
S =u.car + s;
u = u.cdr;
by
by

B nporpamme BBIIENSAIOTCS MATh KOHCTPYKIHIA co crimckamu: U = S.cdr, s = [s.car], u != nil,
S = u.car + s, U = u.cdr. [Ina xoucrpykuuii S = [S.car] u U !'= nil mpouecc komupoBanus
peanu3yercsi eJIMHCTBEHHBIM 00pa3oM 0e3 Kakux-JU0O YCIOBHH NPHUMEHHUMOCTH. PaccMoTpum
ListT u = s.cdr. ITo pesynbTaTaM MOTOKOBOIO aHAIM3a BCE ACHCTBUS C IEPEMEHHOM U PEATM3YIOT
JMIIb AaHAIW3 CHUCKA C MPOJBWKEHHEM 10 HeMy, 0e3 ero MOIU(HKAIUK B MaMATH, TOYHEE
U3MEHSIETCSI yKa3aTellb Ha TEKYIIUH 3JIEMEHT, HO HE W3MEHSIOTCS 3HAYCHHs JJIEMCHTOB CITHCKA.
[TosTOMY B TaHHOM CiTydae MPUMEHSETCS TpeoOpa3oBaHue ISl IPUCBAMBAHUS BUIa CKAHUPOBAHHE.
JIOTIOTHUTENBHBIX YCIIOBUN IPUMEHUMOCTH He Tpedyercs. PaccMoTpum KoHCTpyKuuio S = U.car +
S; B maHHOM ciiyuae M3MEHSETCs 3HaYCHUE, pa3Men[aeMoe B IAMSTH S, TIO3TOMY VIl KOJMPOBaAHHSI
JaHHOW KOHCTPYKIIMM MCIOJb3YyeTCsl NpUCcBaMBaHWe BuIa Momudukaius. [lepemennas U.car He
SBJIIETCS JKUBOM, MO3TOMY BbIOMpaercs mnpeoOpazoBaHue Oe3 KONMMpPOBaHUS NEepeMEeHHOW U.Car.
PaccMorpuM KoHCTpyKMio U = U.cdr. Kak roBopwjoch paHee, MO pe3yjbTaraM [OTOKOBOIO
aHajM3a BCE JCUCTBHS C MEPEMEHHOW U PEaNM3yIOT JIUIIb aHAIN3 CIHCKA C MPOJBUKCHUEM IO
HEMY, MIO3TOMY B JaHHOM Cllydae MMEET MECTO NMpHCBauBaHHUE BUJAa CKaHUpOBaHUE. B pesynbrare,
JUISl TAHHBIX KOHCTPYKIMH HCIIOJIb3YETCs MPAaBUIIO TPaHCHOPMAIMH IS TAPHOTO KOJIUPOBAHUSL.

T.e. npumeHsieTcs ciieayrolee IpaBuiIoM

s = u.car + s; u = u.cdr; - list *a = u—next;

u—next =s;
S=u;
u=a;

B pesynbTare npuMeHEeHHsI COOTBETCTBYIOIIMX MPABUII TpaHCHOPMALUU MOTY4aeM CIIeTyIOIUI
KO.
reverse(list *s) {
list *u = s—next;
s—next = NULL;
while (u !'= NULL ) {
list *a = u—next;

u—next =s;
S=u;
u=a;
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Kon, HanmcaHHBIN Bpy4YHYIO:

List *revert_manuall(List *list) {
List *result = nullptr;
while (list '= nullptr) {
List *tmp = list;
list = list—next;
tmp—next = result;
result = tmp;

}

return result;

6.2. KonupoBanue cnucka yepe3 MaccuB

6.2.1. BoiuucjieHue CyMMbI 3HAYeHHUI BCeX 3JIEMEHTOB CIMCKA

HaH CIIMCOK J3JICMCHTOB, I KOTOPBIX OIMPCACICHHBI OICpanus CIIOXKCHUA. HY)KHO BBIYUCIIUTDH

CyMMY 3HAUYCHUI BCEX DJICMCHTOB CITHCKA. KO}I MMporpaMMbl Ha HCXOAHOM A3bIKC:

type T;
type ListT = list(T);
addItems(ListT |, Tt: Ts){
if (len(l) = 0)
s=t;
else
addItems(l.cdr, t + l.car : s);

}

Kox mocne 3ameHbl XBOCTOBOM PEKYpCHM LHMKJIOM, OTKPBITOM IOJICTAHOBKH W CKJICHMBAHMS

IIEPEMEHHBIX:

addItems(ListT | : T s) {

s=0;

while (len(l) '= 0) {
s =s + l.car;
| = l.cdr;

b

}

[Ipouecc mnpeoOpa3oBaHusi MpPEIWKATHOM MPOrpaMMbl B HUMIIEPATHBHOE pacIIUpEeHHE
OCYILIECTBJISIETCS ITYTEM IOCJIEI0BATEILHOTO 00X0/1a MHCTPYKIUI B HCXOJHOM TEKCTE MPOrpamMMbl
U UX MpeoOpa3oBaHUU B UMIIEPATUBHOE paclIupeHue. PaccMoTpuM 3TOT mpouecc NpUMEHUTENbHO

K TEKYIIEMY IPUMEDY.
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B nporpamme BoizensioTcest Tpu KoHeTpykuuu co cnmckamu: len(l), l.car, | = L.edr. [Tns nepeix
JBYX KOHCTPYKLUH IpPOLECC KOAUPOBAHUS PEaTU3yeTcss €IUHCTBEHHBIM 00pa3oM 0e3 KakuX-TuOo
YCIIOBHI IPUMEHUMOCTH. Boiee moapobHo paccMorpum kouctpykuuto | = l.cdr. ITo pesyasraTam
[IOTOKOBOTO aHAllM3a BCE JEHCTBHS C IEPEMEHHON | peanuMsyloT JHINL aHAIW3 CHHCKA C
HPOJIBUKEHUEM 110 HEMY, 03 ero Moau(UKalMU B IaMsTH, TOYHEE M3MEHSETCS yKasarelb Ha
TEKYIIUI DJIEMEHT, HO HE U3MEHSIOTCS 3HAUEHUS DIIEMEHTOB CricKa. [103TOMy B JaHHOM Ciydae
HPUMEHAETCS TIpeoOpasoBaHKe IS IPUCBAUBAHKS BU/a CKAHUPOBAHHE.

addItems (ListT *| : T's) {

s=0;,
while ( (I-n = I-m) '=0) {

s = s + |—data[l-m];
[-m +=1;

}

Konx, HanmcaHHBIN Bpy4YHYIO:

int64_t calc_sum_manuall(ArrayList *list) {
inté4_t result = 0;
for (inté4_t i = list—m; i < list—n; ++i) {
result += list—data[i];
by

return result;

6.3. AHa/IM3 NPOU3BOAUTEILHOCTH NPUMEPOB

B npuBeneHHBIX BBIIIE MPUMEpax MOKa3zaHbl KOJBI MPOTpaMM Ha HMIIEPATUBHOM pacIIupEHHbIE,
KOTOPBIE TIOTYYEHBI TPH MTOMOIIH ONITUMHU3UPYIOIIHX ITPE00pa30BaHuii, B TOM YHCIIE IPUMEHEHUEM
npaBun Tpanchopmarmn. HeoOXoanMo OICHHTH MPOWU3BOAMTEIBHOCTH MPOTPAMM, KOTOPBIC
MOJTyJaroTCsT B pe3yjbTaTe KOMITWIISIIMM HCXOJHBIX KOJOB, TIOJYYEHHBIX TIPU ITOMOIIH
ONITUMU3UPYIOIIUX MTPEoOpa30BaHMid. A TaKKe CPaBHUTH MX MPOU3BOIUTEIHLHOCTD, C IPOrpaMMaMHU
MOJIyYCHHBIMH TIPH TIOMOIIM KOMITWJISIIIUK TIPOTPaMM, KOTOpBIE M3HAYAIBHO OBUIM HAIHMCaHBl Ha
UMIIEpaTUBHOM si3bIke C++.

Jlnst aHanmM3a ¥ CpaBHEHHSI POU3BOIUTEIHLHOCTH CTCHEPHPOBAHHOTO M HAIMCAHHOTO BPYYHYIO
Koja ucnoJib3oBanach Oubnnoreka Celero [13]. IlporpamMmmbl KOMOMJIMPOBAIUCH MPU HOMOIIH
crannaptHoro xommnuistopa IDE Visual Studio 2013 co cranmaptHbiMu HacTpoiikamu. B xone
TECTHPOBAHUS BBINOJIHSUIOCH HECKOJIBKO HWTEpalMii NpOTrpaMM C pPa3HBIM Pa3MEpOM BXOJHBIX
naHHbBIX. PesynbpTaTel TecTupoBanus crnenyromue (Tadmumna 1):

Ta6muma 1. TecT mporu3BOAUTEIHHOCTH



88 Byneaxos K.B., Kabnykos U.B., Tymypos D.I"., [llenexoe B.U. Onmumusupyiowjue mpancgopmayuu CRuUcKo8 u 0epesbes ...

Timer resolution: 0.410529 us

Group | Experiment | Prob. Space | Baseline | us/Iteration | Iterations/sec |
ElemSumList | Manual | 16| 1.00000 | 0.03337| 29964451.05 |
ElemSumList | Manual | 128 | 1.00000 | 0.25748 | 3883852.16 |
ElemSumList | Manual | 1024 | 1.00000 | 1.92963 | 518235.21 |
Revert | Manual | 16 | 1.00000 | 0.02475| 40408331.57 |
Revert | Manual | 128 | 1.00000 | 0.21030|  4755128.63 |
Revert | Manual | 1024 | 1.00000 | 1.58906 | 629301.42 |
ElemSumArrayLis | Manual | 16| 1.00000 | 0.04778 | 20929556.24 |
ElemSumArrayLis | Manual | 128 | 1.00000 | 0.25167 | 3973508.08 |
ElemSumArrayLis | Manual | 1024 | 1.00000 | 1.72695 | 579054.14 |
ElemSumList | Generated | 16 | 0.99491 | 0.03320| 30117863.32 |
ElemSumList | Generated | 128 | 0.99054 | 0.25504 | 3920961.98 |
ElemSumList | Generated | 1024 | 1.02137 | 1.97086 | 507391.48 |
Revert | Generated | 16 | 1.23557 | 0.03058 | 32704124.76 |
Revert | Generated | 128] 1.23033 | 0.25874 | 3864920.05 |
Revert | Generated | 1024 | 1.25464 | 1.99371 | 501578.47 |
ElemSumArrayLis | Generated | 16| 0.99901 | 0.04773| 20950360.14 |
ElemSumArrayLis | Generated | 128 | 1.00148 | 0.25204 | 3967648.13 |
ElemSumArrayLis | Generated | 1024 | 1.00366 | 1.73328 | 576939.74 |
Cronb6enr Group coAep)KWT Ha3BaHHS pemiaeMbix 3anad, rae ElemSumList — waxoxaenue

CYMMBI 2JIEMEHTOB TIPH KOJWPOBAHHMH CIIMCKA 4epe3 ykaszarenw, Revert — oOpaieHue crmcka,

ElemSumArrayLis - HaxoXJeHHE CYMMBbI 3JIEMEHTOB IpPU KOJUPOBAHUHU CIIMCKA Y€pPE3 MACCHUB.
Cronbeny Experiment coaepkuT obo3HaueHue crnocoba, KakuM OblI1 mojydeH koxa: Manual —
HamyWcaH BpPYYHYI0O Ha WMIIEpaTUBHOM s3bike, Generated — TONy4eH TIpU TTOMOIIH
ONTUMU3HPYIONUX mpeodpazoBanmii. Ctonben Prob. Space comepkut wHbOpMAMIO O pasmepe
BXOJIHBIX JaHHBIX, HAa KOTOPBIX MpoBoAWJOCh TectupoBaHue. Cronbern Baseline oTtoOpaxkaer
COOTHOIIIEHHUE BPEMEHH, 3aTPadyeHHOTO Ha BBIOJHEHHUS KOJA, IS MPOTpaMMbl HAIMCAHHOM
BPYYHYIO U JIJISl IPOTPAMMBI CTEHEPUPOBAHHOHN MPH MOMOIIX ONTHMH3HPYIOMIMX TpaHCHOpMAIHii.
us/Iteration — BpeMs OJIHOM WTEpalMK MPOTPpaMMbl B MIIIHMCEKyHAaX. Iterations/sec —
KOJIMYECTBO UTEPALUM B CEKYH]TY.

Jlnst TOoro 4toObl CpPaBHUTH MPOW3BOIUTEIBHOCTh TIPOTPaMM, HAIMCAHHBIX BPYYHYIO H
CTEHEPUPOBAaHHBIX TPH MOMOIIM ONTHMH3HPYIOIIMX TpaHCchHOpMaIii, pacCMOTPHUM CTOJIOEI
Baseline. 1o pesymbraTamMm H3MepeHHIA MPOWU3BOAUTEIBHOCTH MOXHO YBHJIETh, YTO B OIHHX
citydasix ObICTpee BBITIOHSETCS KOJ, HAMCAHHBI B PYYHYIO, @ B JPYIrUX — CTE€HEPUPOBAHHBIN
KOJ, TIpU 3TOM KOJICOaHUS TPOHM3BOIUTEIBHOCTH JOCTATOYHO MAJbl. JTO TOBOPUT O TOM, YTO
MIPOU3BOIUTEIIEHOCT  KOJIa, HANMMCAHHOTO BPYYHYIO W CTE€HEPUPOBAHHOTO TIPU ITOMOIIH

ONTUMM3HUPYIOIIUX MPeoOpa30BaHUil NPAKTUUECKU UIACHTUYHA.
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[lo pesynpraTaM TECTHUpPOBAHHS MOXHO CKa3aThb, YTO IIOCTaBJIEHHAs B Hauyane paOOThl 3ajgayda
BbINoJIHEHA. Omnpenenenbl  3QQEKTUBHBIE CHOCOOBI KOJUPOBAaHUS A3BIKOBBIX KOHCTPYKLIMM
UCIOJIb3YIOUIUX  aireOpaudeckue  CTPYKTYpbl,  KOTOpbI€  IO3BOJSIOT  JOOUTBCS  JUId
OTTPAHCIMPOBAHHOW MpOTrpaMMbl Ha S3bIKE P IPOU3BOAMTENBHOCTH, CPABHHUMOW C KOJOM,

M3HAYaJIbHO HAMCAHHBIM Ha UMIIEPAaTUBHOM $I3bIKE IPOIPaMMUPOBAHUs, TaKOM Kak C++.
7. 3akjoueHue

B nmannoit paboTe ommchiBaeTCcs TpaHchoOpMamus KOJUPOBAHUS OOBEKTOB alreOpamdecKux
TUTIOB 4Yepe3 MacCUBBI M ykazarenu. KomupoBanwe omeparnuil Haa oOBEKTaMHU alreOpanydecKux
TUIIOB MPEJICTaBICHO HAOOPOM MpaBUII, ONIPEACIAIONUINX 3aMEHY UCXOAHON olepaluy Ha ee 00pa3 B
SI3bIKE UMIIEpaTUBHOTO pacmupenus. KogupoBanue 3hPEeKTUBHO 151 MPOCTHIX TUIIOBBIX CIY4aeB U
MO3BOJIACT TMOJYYUTh MpOrpamMmbl 1m0 3()(PEKTUBHOCTH CPaBHHMBIC C HANMCAaHHBIMU BpydHyl0. C
9TOM IEJbI0 MPOBOJMUTCS IMOTOKOBBIM aHAIW3 MPOrpamMMbl, B YaCTHOCTHU OTPEIEISAETCS BpeMs

KU3HHU ICPECMECHHBIX.

B npanpHeiimem 1aHupyeTcss peanu3oBaTh IOJIHBIM HAaOOp KOOUPOBAaHUS CIHMCKOB: 4Yepes
OJIHOCBSI3HBIM CIIMCOK, JIBYCBSI3HBII CIHCOK, odepeab, MaccuB M Jeky. Ilo HaGopy omeparuii,
UCIIOJIb3YEMBIX B IporpamMme, s KOHKPETHOrO OOBEKTa MOXKHO ObLIO Obl aBTOMAaTHUYECKH
ONpEENATh OJUH M3 YKa3aHHBIX CHOCOOOB KOOUpPOBaHUS, HauboJiee MOAXOASIIMN a1 Habopa

HCIIOJIb3YEMBIX OIlEepanuil.
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V]IK 81°33, 004.8

IHoaxoa K U3BJIeYeHUI0 HH(POPMALINHT
U3 NPOTOKOJIOB KIUHUYECKUX UCIIBITAHUNA HA OCHOBE

MEINIUHCKOM OHTOJIOI UM

Kononenxo U.C. (Mncmumym cucmem ungpopmamuxu CO PAH),
Cuooposa E.A. (Mncmumym cucmem ungpopmamuxu CO PAH),
boposuxosa O.U. (Uucmumym cucmem ungpopmamuxu CO PAH)

B cratee ommcan mnoaxod K opranuvsanuyu I1pouecca M3BJICUCHUA I/IH(bOpMaHI/II/I nus3
IIPOTOKOJIOB  KIIMHUYECKUX HWCHBITAHUN  I10]1 YIIpaBJICHUEM  OHTOJIOTHU. PaCCMOTpeHLI
OTACIBbHBIC KOMIIOHCHTBI MOJICIN 3HaHHﬁ, BKIIFOYass CEMaHTHYCCKHUU CJIOBapb, XaHPOBYIO
MOJICIb TCEKCTA, OHTOJOIHIO KIMHHYCCKUX HCHBITaHHﬁ, 1 NPUBEACHBI NMPUMEPHI U3BJICUCHUA

KOHKPETHBIX CUTYyaLuil.

Knwouesvie cnoea: useneuenue ungopmayuy, OHMONO2US NPeOMemHOU  obaacmu,
npeoMemHblll  COBAPL,  HCAHP  MEKCMA, MOO0enb  (hakma, KIUHUYecKue UCHbIMAHUS,

M@()ML!MHCK(JE OHMOJI02UA .
1. BBenenue

B mocneanee Bpems HaOmrogaeTcs pe3kUid POCT YUCIIAa MEAMIIMHCKHX TEKCTOB, MOCBSIIIEHHBIX
MPOBOJAMMBIM BO BCEM MHpe KIMHHYeCKUM wuccienoBanusm (KI) iekapcTBEHHBIX CpEICTB U
MEIWIIMHCKUX TEXHOJIOTHHA. EXerogHo B MeIMIIMHCKOW JiTeparype nossisercs nopsaka 10 000
OTYETOB O HOBBIX 3aBEPIICHHBIX PAaHIOMU3HPOBAHHBIX KIMHUYECKHX HcciemoBanusx [15]. s
MOJIyYEHUsI TIPEJCTABICHUS O METOJMKE W pe3ylbTaTax OTACNbHBIX KIMHHUYECKUX HMCCIeIOBAaHUMN
HE00X0IMMO OOpaleHre K pa3IndHbIM HCTOYHUKAM, HAaIpuMep, K 0a3e MEAUIMHCKUX MTyOInKanui
MEDLINE. Mudopmarus o IpoBOJUMBIX UCIIBITAHUSAX (PUKCUPYETCS B BUJIE IPOTOKOJIOB, KOTOPHIE
XpaHATCS B CHENHATU3UPOBAHHBIX 0a3aXx, TaKUX KaK MEXKIYHAPOJIHBINH peecTp KIMHUYECKHX
uccnenoBannii HamumonansHoro wunctutyra 310poBbs CIIA  www.clinicaltrials.gov, peectp
MunzapaBa Poccunm www.grls.rosminzdrav.ru. HecmoTps Ha cBOOOJHBIN J0oCTynm K 3TUM 0azawm,
MOUCK HeoOXonuMoW WH(OpManuu 3aTPyJHEH, IIOCKOJIBKY OTCYTCTBYET HEOOXOauMast
CTPYKTYpHU3allis JTaHHBIX, & 00bEMbI BBIJIAYH MCUUCISIOTCS COTHSIMH JOKYMEHTOB. C 3TOW TOYKH
3peHHs TPEACTABISIIOT UHTEPEC CUCTEMBI, KOTOphIe, padoTtas ¢ 6a3oii mpoTokonoB KU, obecneyar:

a) aBTOMATHYECKYI0 HWHJIEKCAIIMIO TEKCTOB IPOTOKOJIOB HAa OCHOBE OHTOJIOTHH, O) aHaau3 Hu
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CTPYKTYPUPOBAHHE OINMCAHWW WCCIENOBaHUM B BHAE HaOopa (akToB, B) CoJepKaTCIbHBIN
MH(OPMALMOHHBIA MOUCK B 6a3e Ha OCHOBE CEMAHTUYECKOI0 aHaJIM3a 3arpoca MoJib30BaTellsl.

Jns obecnieueHWs] aJ€KBAaTHOTO IIOMCKAa HEOOXOAMMOW HH(OpPMAanuM B TEKCTaxX CTaTew,
aHHoTauui u oryetoB o KM ucnonb3yroTcss METOAbl MAIIMHHOTO OOydeHHUsI M aBTOMAaTHYeCKOM
00paboTKu TekcTa. B aHriosA3pIYHON JUTEpaType MpelcTaBieHbl paboThl 3TOrO HaIpaBIICHUSA,
OpUEHTHPOBAHHBIC HA W3BJIeUCHHE KIFOUeBBIX AnmeMmeHToB KU: [6-12,19]. Co3maBaeMble CUCTEMBI
OIMPAIOTCS HA CYLIECTBYIOIINE MEIUIIMHCKUE JIEKCUKOHBI U Te3aypychl, Takue kak UMLS u MeSH
(cm., Hanpumep, [10,19]). KonkpeTHbIii HA0Op U3BIEKAEMBIX KIIFOUEBBIX AJIEMEHTOB BapbUPYETCS U
BO MHOTOM OIpeeNsieT MNpuMeHsemMble MeToibl 00paboTku Tekcra. Tak, B [10] paccmarpuBaercs
3ajava u3BleueHus nHpopmaruu u3 pedeparor 6azst MEDLINE. Monynu u3BiedeHHs OMMUCAHUN
MAIMEHTOB, 3a00J€BaHUI, OCHOBHBIX M CpPAaBHUTEIbHBIX BMELIATENBLCTB MCIOJIb3YIOT IpaBUia,
CO3/IaHHbIE BPYYHYIO, B TO BpeMsi KaKk MOJYJIb H3BICUYECHHS MCXOJIOB OCHOBAaH Ha METOJax
MalIMHHOTO OO0y4eHHsA. ABTOPHl MOTHBHPYIOT 3TO TE€M, 4YTO 3a0O0JeBaHUS U BMEIIATEIhCTBA
ONMCBHIBAIOTCS B TEKCT€ HAUMEHOBAaHUSIMHU, KOTOPbIE HANpPSIMYIO COOTBETCTBYIOT KOHLENTaM
MeAUIMHCKOro mMerarezaypyca UMLS, onucanusi malMeHTOB NPEACTABISAIOTCS B BUAE 1IA0JIOHOB,
BKJIIOUAIOIUX COOTBETCTBYIOIIME KOHIIENTHI, B TO BpeMs KaK OIMUCAHUS MCXOJIOB HE HUMEIOT
Mpe/ICKa3yeMoil CTPYKTYpbI U BBIXOAST 332 PAaMKH MMEHHBIX TPYIMIH, MpeACTaBisis co0oii Oonbiine
(hparMeHThI TEKCTa IJTMHOM OT OJHOTO JI0 BOCHMU MIPEITIOKECHHI.

Pabora [7] mocBsmieHa moucky B Tekctax aHHoTamuii KW KIrO4eBBIX MpesioKEeHUH,
coliepKalmx HH(POpPMAIMIO O BMEIIATENbCTBE, MapaMeTpax HMCXOAOB M YYAaCTHUKAX, C IENbI0
O0JIErYuTh TOJb30BATENI0 MOMCK pEeNeBaHTHBIX (PAKTOB 00 sKcrepuMeHTanbHOM ausaiine KMU.
Krnaccugukanusa ocymectsiena ¢ nomouisio CRF-MeTona, ans 00ydeHHs HCIONIb30BaJICS KOPIYC
CTPYKTYpPUPOBaHHBIX pedeparoB. OnrcaHHas aBTOMaTHYECKas pa3MeTKa JOKYMEHTOB MOKET Jajiee
HCIIOJIb30BAaThCA HE TOJIBKO JJIsi TMOMCKAa W AHHOTUPOBAHMS, HO W KakK MEpBBIM IIar [yis
UICHTU(DHUKAIIMN U CTPYKTYPUPOBaHMS HHPOPMAIINH B paMKax BRIOPAHHBIX MpeanokeHuit. iIMeHHo
Takas JIBYXCTyIEHUaTass apXUTEKTypa XapakTepu3yeT CHCTeMbl U3BIeUYeHUs WHpopmanuu,
ormmcannbie B [8,11,19]. B [8] neneBas nadopmanus oxsateiBaeT 23 WHOOPMAIMOHHBIX JIEMEHTA
(kputepun oTOOpa TAIMEHTOB, pa3Mep BHIOOPKH, MapaMeTpbl BMENIATENbCTBA, 3HAYCHHS
MapaMeTpoB KCXOJAOB U T.I.), TMPEACTABICHHBIX B IOJHOTEKCTOBBIX MYyOJUKAIMSIX O
PaHIOMU3UPOBAHHBIX KIMHUYECKUX HCCIEIOBaHMUIX. APXUTEKTYpa CHCTEMbI COYeTaeT B cebe
TEKCTOBBIN SVM-kunaccudukarop, KOTOPBIN OCYILECTBIISAET ot0op MIPEIIOKEHUH,
MPENIOJIOKUTEHFHO COAEPKAIIUX HMCKOMYI0 HH(GOpMallMI0, U TMOHCK M M3BJICUYEHHE LEIEBBIX

(parMeHTOB TEKCTa, MIA0JIOHBI KOTOPBIX OMUCAHBI B BUJE MPOCTHIX PETYIISPHBIX BBIPAKCHHIA.
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OC0OCHHOCTBIO COJIEPIKAHMS MPOTOKOJIOB paHIOMU3HpOBaHHBIX KU siBIsieTcst cormocTaBieHne
IBYX (wiu 0oJiee) BMEIIATENLCTB — SKCIIEPUMEHTAILHOTO Tpernapara U mperapara CpaBHEHUS — U
COOTBETCTBYIOIIUX T'PYMI YYaCTHUKOB. DTa MHPOPMAIIHUS MPEACTABISETCS B TEKCTaX MOCPEICTBOM
CPaBHUTEJIbHBIX U OJHOPOJHBIX KOHCTPYKLM, TpeOyroumx 6onee riyboKoro JMHIBUCTHUECKOTO
aHanuza. B [11] mis KOHCTpYKUMiA, MPEACTABISIONIMX CPAaBHEHHUE BUAOB MPUMEHIEMOMN Tepanuu u
CpPaBHEHHUE CYIIHOCTEH, XapaKTEpHOE ISl ONHUCAHWM MapaMeTpOB HCXOJIOB, IPUMEHSETCS
CeMaHTHUYeCKUM aHanu3. B [6] mpou3BoAMTCA MOJMHBIM CHUHTAKCUYECKUM aHAIM3 OJHOPOJIHBIX
KOHCTPYKUHUH, KOTOpPBIE YacCTO OIHUCHIBAIOT COIOCTaBliieMble THUIbI JeueHus. [lomyueHHsie B
pe3yNbTaTe CHHTAKCHUECKHUE MPU3HAKU UCTIOIB3YIOTCS CTATUCTUYECKUM KIIacCU(DUKATOPOM.

UccnenoBatenbckass  pabora, TpeOyromas  aHanu3a  nporokonoB KU,  3arpynnena
Pa3HOPOAHOCTHIO (HOPMATBLHOTO TMPEACTABICHUS WHPOPMAIMK B Pa3IUYHBIX KIMHAYCCKUX
obnactsax. BapuaHToM pelieHust 3Toi MpoOIeMBbl ABJISIETCS UCIOJIb30BaHUE TEXHOJIOrMH Semantic
Web a1 wHTErpanuu pa3sHOPOIHBIX MPHIOKEHUH Ha ocHoBe oHTosormu KU, ompexaessromieit
obmue cioBaps 1 ceManTuky [14]. Enqunoe pemenre mpooaemMpl MPeioKeHO B paMKaxX MPOEKTa 10
co3manuto Oanka ganHbix KU (Trial Bank Project, http://rctbank.ucsf.edu/), koTopomy mocpsimieHa
cepus myoOnukanwmii: [8,15-18]. B [17] kiIMHUYEeCKHE UCCIEOBAHUS PACCMATPUBAIOTCS Kak
Pa3HOBUAHOCTh HAYYHOH JeATedbHOCTH ueloBeka. COOTBETCTBYIOUIMM 00pa3oM BBICTPOCHA
orntonorus OCRe, paspaboranHas kak OWL-oHTONOrUS CYIIHOCTEH W  OTHOIICHUH,
npeAcTaBieHHBIX B poTokonax K. OHTonorMs He 3aBUCHUT OT JAM3aiiHa M KIMHUYECKOW o0iacTu
WCCJIETIOBAHMS ¥ OPUEHTHPOBAaHA HA MHTEIUIEKTYaIbHYIO MOAAEPKKY TUIaHHpoBaHus U ananu3a KU,
BKJIIOYAs MOMCK IPOTOKOJIOB U OLEHKY YK€ IPOBEACHHBIX HCCIEAOBAHUI IO KOHKPETHOU
npobieme.

B nanHoil pabote mpeanaraercs MoaxoJ K U3BIEYEHHIO MHpopManuu u3 nporokosoB KU B
paMKax OHTOJIOTUYECKOTO HampaBieHUs: HHGOpMAIUs CIOBapel, CEMaHTHKO-CHHTAKCHUYECKHX
MoJieTiell ¥ TIpaBHJI U3BIICUCHUSI CYIIIECTBEHHBIM 00pa3oM omupaeTcst Ha CTpyKTypy oHTojoruu KU.
BTopoit 0cOOEHHOCTBIO MpEeAaraeMoro MoJXoja SBISETCS OPUEHTAIMS aHalku3a Ha CIenu(uKy
YKAHPOBOU CTPYKTYPHI MPOTOKOJIOB, KOTOPHIE HAIMMCAHBI HA €CTECTBEHHOM SI3BIKE, HO TIOTUYUHSIOTCS
CTPOTUM TpeOOBaHUSIM HE TOJIBKO K HCIOJBb3yeMbIM HAaWMEHOBAHHSIM TPEMapaToB, HO U K
CTPYKTYpPE M3JIOKEHUS MPU ONMHCAHUU MPOIecca UCTIBITAaHUI. DTO JTa€T BO3MOXKHOCTb 3HAYUTEIBHO
OTPaHUYUTH 00JaCTh TTOMCKa MHPOPMAIIUHU ITyTEM HCIIOJIH30BAHUS YCIOBUI Ha KaHPOBBIM CETMEHT
B MpaBWJIaX W3BJICUYCHHs, OJaroapsi 4eMy BBICOKAash TOYHOCTh M3BIIEKAEMBIX JAHHBIX JIOCTHUTACTCS
0e3 MmpeaBapuUTENBHOTO OJTama KIACCH(PUKAIMKA JJII TIOMCKA PEIeBAHTHBIX TMPEJIOKECHUMN.

CtpykTypa u3BiIeKkaeMoil HHPOpMAIUH, a TAKXKE CBA3b C JKAHPOBBIMH OCOOCHHOCTSMH MTPOTOKOJIOB
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3a/1al0TCsl MPOOJIEMHONW OHTOJIOTHEH, KOoTopas ¢ukcupyer cxemy bJ[ m crmocod ee HamoigHEHUs

AAaHHBIMHU, TOJTYUYCHHBIMU B PE3YJILTATC aHAJIN3a TCKCTA.
2. AndopmannoHHble NOTPEOHOCTH MOJIb30BaTEJIS

LeneByto mH(pOpMAINIO, OTBEYAIONIYID HAa OCHOBHBIC BOIPOCHI JOKAa3aTeIbHOW MEIUIIUHBI,
MIPUHATO TIpeACTaBisATh B BUjae ¢peitma PICO [9]: patient/problem (XapakTepuCTUKH CyOBEKTOB,
OTOOpaHHBIX MJIs MCCIEIOBaHUs/3a00yieBaHue), intervention (BMEIMIATEIbCTBO: JHATHOCTUYCCKUN
TECT, JIGKAPCTBEHHBIN IpemapaT, TepaneBTHIECKas MpoIeaypa), comparison (¢ 4eM CpaBHHBACTCS
HCCIIelyeMOe BMEIIATEIhCTBO: OTCYTCTBHE BMEIIATEILCTBA, APYrOW MpermapaT WU TPOIeaypa,
wiane6o), outcome (KUCXOA BMEIIATEIBLCTBA — COBOKYITHOCTh KOHTPOJIHMPYEMBIX IapaMeTpoOB
ucxoqoB). K 6aze MEDLINE o6Gecnieuen mMuorosssikoBoit PICO-untepdeiic [13]. Onnako maxe
npu QopmynupoBke 3ampoca B (opmare PICO pesymbraTsl MOHWCKa HE YIOBIETBOPSIOT
KIIMHUIIUCTOB BBHU]Iy OTPOMHBEIX OOBEMOB BBIIABAEMBIX CCBIJIOK W HEBO3MOXKHOCTH (DOPMYIUPOBKHU
OoJiee IeTalM3uPOBaHHBIX HH(OPMAIIMOHHBIX 3aIIPOCOB.

Pa3zpabOatriBacmasi MHQOpPMAIMOHHAs CUCTEMa OpPUEHTHPOBaHA HA TIOUCK IPOTOKOJIOB
MPOMISAINX KIMHUYCCKUX HCIBITAHUN, YIOBICTBOPSIONMIMX TIOWCKOBBIM 3ampocaM pPa3IuIHON
CIIOKHOCTH. JIJIT pPYCCKOSI3BIUHBIX HCCIICIOBATENICd AaKTyaJleH JIBYS3bIUYHBIA TOWCK — Kak Ha
PYCCKOM, TaK M Ha aHTJIMHCKOM SI3bIKaX.

[TouckoBsie 3amaun:

— Tlouck mo KiIH0YEBBIM TEPMUHAM U Te€raM € Y4eTOM CHHOHHUMOB IO BCEH CTPYKType
IPOTOKOJIA;
— Ilouck o coueranuto nmapameTpoB/PpaKTos;
— Ilouck c yueToM poOJIO-BUJOBBIX OTHOLIEHMH M JAPYTrMX OTHOLIEHHH MeX1y
CYIIHOCTSIMH (HarpuMep, mpemnapar — 3a00j1eBaHue).
AHanuTHYecKue 3a/1a4u:

— OO0paboTka KOJMYECTBEHHBIX 3allPOCOB IO KOHTPOJIMPYEMBIM Iapamerpam
(OmocraTucTHYECKHE TTOKA3ATENN);

— AHanmu3 YCHENIHOCTH UCHBITaHUN (JOKAa3aHHOCTh OCHOBHOM CTaTUCTHYECKOM
TUTIOTE3bI).

3. Moaean 3HAHUI

3HaHMS O MPEAMETHOM 00J1acTH, UCHOJb3yeMble B IpeAsiaraeMoOM MOJXOJe, ONMUPATCi Ha
MOJIeTb MPEeAMETHOM 00macTu, KoTopas (UKCHUpPYET MOHATUS M OTHOIICHHS MEXJIy HUMHU B BUJE
ontronoruu. Onronorus KU (cm. Puc.l) comepxkut knaccel noHstuil Kiunuueckoe ucnvimanue,

Ilpenapam, 3abonesanue, [pynna, I[lenv, Pesynbmamuvl, ONPEAETSIONINE COCTaB W yCIOBHS



System Informatics (Cucremuas unpopmarika), No. 9 (2017) 97
MPOBEJCHUSI HWCIBITAHUN W CIy)Xallue JUid TMpPeACTaBICHUS YYaCTHUKOB, OOBEKTOB, Iesied U
pesynbratoB KUM. [[nst oTpakeHUS ClENHUAIbHBIX 3HAHUA K3 OOJIACTH MEIUIIMHBI, aHATOMUHU H
(hapMaKkoJIOTuH, HESIBHO 33/IaHHBIX B OMHCAHUSX MPOTOKOJIOB, B OHTOJIOTHIO BKJIFOUEHBI HEPAPXUU
NOHATUH JlekapcmeenHnvix cpedcms, Anamomuyeckux ob6vekmogs W Xumuyeckux eeuecms,
CBSI3aHHbIE C 3a00JeBaHMSMM M MEXIy co00il acconuaTUBHBIMU OTHOUIEHHsIMH. B coctaB
OHTOJIOTMM BXOJAT TAKXKE IIOHATHS, OTHOCSIIMECS HEMOCPEACTBEHHO K NPOBEACHUIO U

opranm3anuu HaydHou nestenpHOocTH KU, Takme kak Opeanusayuu, Ilepconvl, I'eocpaguueckue

obowvexmot, Coovimust, /loxymenmoi, Memoowsl ucciedo8arusl.

Opranusauus | . epcoHa ) | Co6bitne ' ' [lOKyMeHT Metop reorpacduueckmi
v ® : nccnepoBaHus 06BbeKT
A
4§ e
4 TUN UCNbITaHUA Iv KpuTepui
flokanusaums UCKIIOYEHUs
»| daza 13 UccneaoBaHus
R | =
__w|naeHtTudukaTop KpUTEpUA
O6bekT |—nMeeTATpUEYT nMeeTATpubyT »|  BKAOUEHUA
~——»{onucaHue B uccneaoBaHue
KnuHunuyeckoe crasutllens
ucnbiTaHue
AHaTOMMUYECKUI n3yyaetBaunaHue c
o6next Mpenapata umeetPesynptar  COOTHOCMTCA
nceneayer v nMeeTATpubyT
3TO Pesynbrar TUN UCCNeaoBaHUS
napameTp
JlekapcTBeHHOe npodunakTuka NccnenoBaHus
cpeacTBo BO3HUKHOBEHMWE
AVarHocTuKa napameTp
noaknacc
2 n3MepeHus
- neyexHve p
aBNseTcs yucnosoe
[JeincTeytowem 3T0 Mo6o4HbIN 3HayeHue
BellecTsom oTHocUTCsAK apdexr
1S nonyyaer
; nmeeTATpnbyT
BXoAuT nposoauTcsHa of |
BCocras — -
| Tvn peakuuu | [kaTeropus |
KOMIMYECTBO
3a6oneBaHue YYaCTHUKOB
XuMmunueckoe C peakuuei
BeLwecTso npumexseTcsallpn 4
nmeeTcs3abofieBaHne napameTp
nccneaoBaHus
Mpenapar «___mmeerﬁ/as,gau‘,:..w Fpynna napamerp
7 N\ n3MepeHuns
[_vn || I nMeeTATpUbYT v
! cnocob I‘BBGAZHMQ D y eoE0E
- — BO3pacT
[pasmep posei]  |[kpatHocTs] KONMUecTBo | Looab 3Hauenue
- - Y4aCTHUKOB
g
BpemMs | | npoAoKUTEeNbHOCTL
[epema] [npoa | IcrpaHa/nOKanmaaumﬂl

Puc. 1. Dpaemenm onmonocuu npeomemuou oonacmu "Kiunuuecxue ucnoimarnus’.

[lonstus ontonorun KW cBs3annl MCKIAY co0oif CJICAYIOIUMHU OCHOBHBIMU OTHOIICHUSAMMU:

CUCCICAYCT» — CBA3BIBACT HCIIOCPECACTBCHHO JAHHOC KU n I/ICCJ'ICI[yeMHﬁ npenapar,

«m3ydaerBmusauel Ipenapara» — 3amaet cBsi3b mexay KW u 3a0oneBanueM ¢ ykazaHWeM THUTIA

BMEIIAaTCIIbCTBA.: HpO(bI/IJ'IaKTI/IKa, JUarHoCTHuKa, JJICYCHUE, UCCIICAOBAHUE KaueCTBa )XU3HHU U T.II.
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«mpoBogutcsiHay — cBsi3piBaeT KU 1 rpynny yyacTHUKOB, BKJIIOYEHHBIX B HCCIIEIOBAHUE;

«umeeTHazHaueHue» — omnpenenseT aTpuOyTUPOBAHHYIO CBSI3b MEXKIY TPYIION Y4aCTHUKOB-
MalUeHTOB W HCCIEAYyeMbIM IIpernaparoM C 3aJaHUEeM XapaKTePUCTUK U YCJIOBHH IpuemMa
npernapara;

«umeeTPe3ynbpTary — 3amaer cBa3b Mexay KW u momyueHHBIME pe3ynbTaTaMHu (MCXOJIaMU)
WCIIBITAaHUS;

«cooTHOoCcUTCSIC» — TMO3BOJIAET 3aJaTh CBS3b MEXKIY 3aJaHHBIMU LIEJISAMH U pe3yJbTaTaMu,
IUTAHUPYEMBIMH U TOJTYYSHHBIMU B XOJI€ UCIIBITAHUH.

Ha ocHOBe oOHTONOTMU ONpeAensioTcs XapaKTepUCTUKU HH(OpMALMHM A7 W3BICYCHHS U3
JIOCTYITHBIX MCTOYHMKOB M croco0 ((opmar) ee mpencraBiieHUs sl OpraHU3alldu XpaHEHUs |
MIOMCKA.

Mopnens 3HaHUH O TOABA3BIKE TMPEIMETHOW OONACTH TMpEICTaBlIeHa CEMAHTUYECKUMU
cloBapsiMH (CJIOBaph MPEIMETHOM IEKCHUKH, CIOBAapH JIGKCHUECKUX IIAa0JIOHOB M CEMaHTHKO-
CUHTAaKCHUYECKUX MOJIeJIeH  YIpaBJICHHS), MOJEISIMU (PAKTOB, OMHUCHIBAIOIIUMHU  CIOCOOBI
BEIpXEHUS MH(DOpMAIHK, MPUHATHIC B pacCMaTpUBaeMOU 00JacTH 3HAHUH, a TaKKe 3HAHUSIMU 00

OCO6€HHOCT$IX >KaHpa paCCManI/IBaCMLIX TCKCTOBBIX UCTOYHHKOB.
3.1. TekcToBas KOJLIEKIIMA

Kopmyc TtekctoB comepxkutr Oonee 200 Thic. Xml-TOKyMEHTOB, HW3BJICUECHHBIX W3 0a3bl
npotokonoB KU, nocrynHoit Ha onnaita-pecypce ClinicalTrials.gov. B 6a3e npencraBineHsl JaHHbIE
0 KIMHMYECKUX HCCIENIOBaHMAX IIMPOKOro IUara3oHa IMPernapaTroB MO pa3iIMYHbIM IOKA3aHUSM.
dopmat u coaepKaHWe MPOTOKOJIA COOTBETCTBYIOT MPUHATHIM cTaHaapTram u nonoxenusm [CH
GCP. B kaxaoM MpOTOKOJIE TPEACTABICHBI MPEonpeaeieHHbIe (opMaToM CoepKaTEIbHBIC
Onmoku (uenb, 3a1a4yM, OU3aiH, METOJOJIOTHS, CTAaTUCTUYECKHE IOKa3aTelid MCXOAOB M JIp.),
pasMeueHHbIE TEeraMH W paClOJIOKEHHbIE B CTPOTOM HepapXHUYeCKOW IOCIIe0BaTEIEHOCTH.
[TpuBenem parMeHT TEKCTa MPOTOKOJIA, OMMCHIBAIOIIMNA JH3aiH UCCIICTOBAHMS:

<study_design_info>
<allocation>Randomized</allocation>
<intervention_model>Parallel Assignment</intervention_model>
<primary_purpose>Prevention</primary_purpose>
<masking>Double Blind (Participant, Care Provider, Investigator, Outcomes Assessor)</masking>
</study_design_info>
Takas (GopMmanbHas cxemMa pa3METKH IIO3BOJISIET IOCTPOUThH JKaHPOBYK wmojens [1,5]

paccMaTpruBaACMbIX TCKCTOB B BUJIC cnenyromeﬁ ynpomeHHoﬁ CXCMBI.
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PageGenre

Block genre_segment
Block genre_segment

Block genre_segment
Block genre_segment

MO,I[GJ'IB BKJIIOYACT XAaHPOBBIC CCIMCHTBI, MAPKHWPOBAHHBIC >XAHPOBBIMHU TEraMu, Ha OCHOBC

KOTOPBIX U3BJIEKAIOTCS (hparMeHThI TEKCTa JUIA MOMCKA TOW MM MHON MH(OpMAIIHH.

Hepe‘-II/ICJII/IM OCHOBHBIC THUIIBI JKaHPOBLIX TCI'OB paCCMAaTPpUBACMbIX IIPOTOKOJIOB!

<brief _title>,<official_title>,<brief_summary>,<detailed_description> — onucanus Tuma, meei

" COACPIKAHUA IIPOBOAUMBIX KJIIMHUYECKUM I/ICHBITaHPlﬁ;

<primary_outcome> — oxwuaeMbie (I1eJIEBbIC) PE3y/IbTaThl HCCIICTIOBAHUS;

<arm_group> — onuMcaHue rpymni,

<intervention> — onucanue BMeIIaTEILCTBA;

<clinical_results>, <outcome> — onucanue pe3yabTaToB;

<reported_events>, <event> — nmo6ouHbie 3PPEKTHI U T.JI.

>KaHpOBI)Ie 0COOCHHOCTU AHAIIM3UPYCMBIX TCKCTOB MOKHO IPEACTAaBUTL KaK COBOKYIIHOCTH

CJICAYIOIIUX IMPU3HAKOB.

CTpyKTypHBIE OCOOEHHOCTH:

Onucanue MMPEACTABJICHO UCPAPXUUCCKU OPTraHU30BAHHBIMU TCKCTOBLIMU 6J'IOK8.MI/I;
CeMaHTHYECKHE CANHUIBI TPUBA3AHBI K CTPYKTYPHBIM (I)paFMeHTaM TCKCTA.

Jlekcuyeckre 0COOEHHOCTH

OnHO3HAYHOCTP W €IMHOOOpa3We TEPMHUHOB  Onarofaps  MCIOJIb30BAaHUIO
HOMEHKJIATYPHOI JIEKCUKH — HAUMEHOBAHUI MIPenapaToB, 3a00JeBaHUM;

Hcnonp3oBanue MpUHATHIX abOpeBuatyp u cokpamieaunii ACAM200, US., PFU/ml,
PRNT50.

I'pammaTHUeckrie 0COOEHHOCTHU:

LleneBass wH(OpMaIMs TNpeACTaBICHA MPEUMYIIECTBEHHO PpEAYIUPOBAaHHBIMUA U
NOJHBIMA ~ MMEHHBIMH  TPYIIaMH, [apaMETPUYECKUMH U OJHOPOTHBIMH
KOHCTPYKIIUSMH;

Anadopuueckre OTCBUIKHA HCIOJIb3YIOTCS PEAKO, MPECTaBICHbl OTHOCUTEIbHBIMU
mecroumenusmu Which, who, that u He BEIXOIST 32 paMKH IPEATIOKEHUSL.

Hcnonws3oBaHne 3HAHHI O JKaHPOBBIX O0COOEHHOCTSAX TEKCTa II03BOJIICT 3HAYMTECILHO

OIrpaHHU4UTH pa3Hoo6pa3I/Ie CII0CO00B nepcaadun I/IH(I)OpMaI_[I/II/I, YYUTBIBACMbBIX B MOACIIAX (I)aKTOB.

3.2. CroBapb

CJ'IOBapL CUCTCMBbI CO3AaCTCA IIYTEM O6y‘{eHI/I${ Ha TPCACTABUTCIBHOM KOPITyCC KI/I, HO AApO

cioBapst coctaBaT TepmuHBl Te3aypyca MeSH (https://www.nlm.nih.gov/mesh/), koropsrii B
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Bepcun 2016 1. cogepxkut 27 883 neckpuntopos, Oosiee 87 THIC. BXOJAHBIX TEPMHUHOB-CHHOHUMOB H
232 ThIC. TOTIOTHUTEIHHBIX KOHIENT-3aICe — HAMMEHOBAHU KOHKPETHBIX XHMHKATOB, OOJIe3HEH
U MEIMKaMCHTOB.

CrnoBapb COCTOMT M3 OCHOBHOTO CJIOBAps M CIIOBaps JICKCHYECKHUX IA0JIOHOB. B 3THX cioBapsax
(bUKCHpyeTCs CEeMaHTHYECKHM 3HAaYyuMas JICKCHUKA, IMPEJCTaBIAIONIas JJIEMEHTHI  I[CJICBOM
nHpopmanuu. CucrtemMa ceMaHTHIECKUX MTPU3HAKOB B CIIOBAPSIX OCHOBAHA HA CTPYKTYPE OHTOJIOTUU
KIIMHUYECKUX HCIBITAHUN, OTpaXkast HepapXxuio ee 00BEKTOB U OTHOIIECHUH. OOBEKTHBIE TEPMUHBI
MPEJICTABICHBl PEUMYIIECTBEHHO CYIICCTBUTEIbHBIMA (HAPHUIATEIBHBIMH W COOCTBECHHBIMU
MMEHAMH), UMCHHBIMH TPYIIIAMH, JICKCHYECKUMHU KOHCTPYKIMsIMH (aOOpeBuatypamu u Ooiee
CJIOKHBIMU OYKBEHHO-CUMBOJIbHBIMH KOHCTPYKIHSAMH). C IMOMOIIBI0 CEMAaHTHYECCKHX IMPH3HAKOB
O0BEKTHBIC TEPMHHBI PACIIPEICIICHBI TI0O OCHOBHBIM KJIacCaM:

— JlesTenbHOCTD
* Bwmemarensctio (intervention)
» Jleuenue (therapeutics, acupuncture therapy, radiation treatment)
» IIpodunakruka (prophylaxis, preventive therapy, preventive procedure, vaccination,
vaccinate)
» Jlnarnoctuka/O6¢nenosanue (diagnostic procedure, diagnostic test, investigative
techniques, blood chemical analysis)
— Kimnanueckoe_ucneitanue (Clinical trial, clinical study)
— TIlpemapar (drug, organic chemicals, pharmaceutical, insulin lente, biological product,
vaccine, herpesvirus vaccine, smallpox vaccine, ACAM2000, gD-Alum/MPL vaccine)
— bonesns
* Bupycnas_6one3ns (herpes henitalis, smallpox, hepatitis A)
— Tlaronorumueckoe_cocrossuue/mpusnak/cumnrom (asthenia, cyanosis, swelling, papule, pain,
burning, itching, tingling, dysuria)
— Cocrosiaue 3moposbs (healthy)
— AHATOMHUYECKUN OOBEKT
* Cucrema (Cardiovascular System)
* Opran (Heart, Miocardium)
» Jloxamuzanus (head, ear)
— VYuacthuk (participant, population)
» Ilepcona (patient, subject)
* TI'pymma (arm, cohort)
— Opraunuzanus
— Teorpaduueckuit 00BEKT
* Peruon (region, Europe)
* Crpana (Japan)
* Topon (city, New York, Moscow)

— BpemeHnHoii 00BEKT


http://bioportal.bioontology.org/ontologies/MESH/?p=classes&conceptid=http%3A%2F%2Fpurl.bioontology.org%2Fontology%2FMESH%2FD008919
http://bioportal.bioontology.org/ontologies/MESH/?p=classes&conceptid=http%3A%2F%2Fpurl.bioontology.org%2Fontology%2FMESH%2FD008919
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* Jlara (March 31, 2003)
* Ilepuon (from 10 January 2003 to 14 April 2003)
OtnenpHBll  cemaHTHyeckui  kiacc Ilapamerp  cOCTaBisIOT — JIEKCMUECKHE  €IUHUIBL,

OIIMCBIBAKOIHE TIMApaMCTPHUUYCCKUEC XapaKTECPHUCTHUKU 00BEKTOB: 1034, KpaTHOCTb, BpPECMA U Jp.
OOBEKTHI KJIacca YYAaCTHHK OIMCHIBAIOTCS C TIOMOIIBIO XapaKTEPUCTHUK ‘‘dTHHYECKas rpymmna’
(african american, arab), “mon” (male, female, woman), “Bo3pact” (age, aged, adult, adolescent,
child, baby, 28 years, 50-59 years). I'pynna u KiuHHueckoe HUCHIBITAHHE XapaKTCPU3YIOTCS
npusHakoMm “turr’” (experimental, active comparator, placebo comparator). Hasnauenue npemapara
xapaktepusyor “mosza” (1.0x10-8th plaque-forming units/mL), “Bpems” (on Day 0), “cmoco6”
(orally, parenteral, intramuscular), “xparaocts” (Single, twice) u “npoaoKUTETBHOCTD .

Bonee nerambHas kimaccMpUKAUSg TEPMHHOB OOYCIIOBJICHA TAaKWMH OHTOJIOTHUYECKUMU
CBOMCTBaMH 06’bCKTOB, KOTOPBIC THPOABIIIFOTCA Ha YPOBHE PCHPE3CHTAMA B SA3BIKOBBIX
KOHCTpYKUUAX. Tak, JIONOJHUTENbHBIA CEMAaHTUYECKUH MPU3HAK “KOJIMY~  XapaKTepU3yeT
IapaMeTpsl, 3HAa4EHUSI KOTOPBIX MOTYT IPEACTABIATHCS HyMEpPAaTUBHOW KOHCTpyKumeu. IIpusnax
“3TaJIOH” XapakTEepU3YyeT JIEKCEMbl, MPEACTABIISIONINE CTAHIAPTHBIC OLIEHKH KOJWYECTBEHHBIX
napametpoB (adult vs. 24 to 34 years old, standard-dose, high dose vs. 0.5 mL). CnenunanbHbie
INPpU3HAKU BBIACIIAKOT 3JICMCHTBI SA3BIKOBBIX KOHCTpYKI_[I/Iﬁ napaMeTqueCKoﬁ CEMAHTHUKH: ‘‘Yucio”
(five), “dynxuus” (more, equal, above, to), “mepa” (milli-International Units, milliliter, microgram,
mL). Kpome Toro, oTnienbHbIMU NMPU3HAKAMU BBIACNSIOTCS MOKA3aTelIM BPEMEHHBIX OTHOIIEHUHN
(between <months 2 and 3>, preceeding, after), omaopoasoctu (0r, and) u orpuranue (free <of>,
without, not).

2

Jlekcuueckne mnpu3Hakd “‘Tair’, ‘“‘3HAY”
b b

13

uMs”  (UKCUPYIOT OCOOEHHOCTH COUYETaeMOCTH
TEPMHHOB B SI3BIKOBBIX KOHCTPYKIMSX. Tak, MPU3HAKOM “THI” BBIACICHBI CYIICCTBUTEIbHbIC-
KJIacCH(HUKATOPHI, Ha3bIBAIONIME OOBEKTHI TOTO WJIM WHOTO Kiacca B oOmieM Buzae (Vaccine).
[Mpu3nak “mms” XapakTepu3yeT HMMEHa COOCTBEHHBIC (HAmpHMep, HAUMEHOBAHUS IpErapaToB
qHPV, Dryvax®, ACAM2000).

JInst u3BJIeYCHUS AT U BPEMEHHBIX WHTEPBAJIOB, COKPALICHHBIX M CTaHJAapPTHBIX HAMMEHOBAHUMN
npenaparoB  (QHPV, ACAMZ2000), 3HadeHuii mmapaMeTpOB, MPEACTABICHHBIX YHUCIOBBIMU
KOHCTpyKuusMu (<temperature> above 99.0°F, <dose:> 2.0x10-7th PFU/ml), ucnoms3yercs
CIIOBaph JIEKCHYeCKUX 11a0noHoB. [11a00HBI MO3BOJSIOT 3aJaTh NOPSIOK CIEAOBAHUS DIIEMEHTOB
KOHCTPYKIIMH, ONHCHIBAIOIIMX HAUMEHOBAaHHsS OOBEKTOB, M YYECTh MX HAIKMCAHHE C 3arjaBHOU
OyKBBI, KypCHUBOM, JIATHHHUIICH, Yepe3 neduc /TUpe WU B KaBblYKax. Tak, THIHMYHAS KOHCTPYKIIUS

AJI JO3bI IMperiapaTta NpCACTABIISCTCS C IOMOIIBIO CICAYIOMINX 1a0JI0HOB:
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[kpaTtHoe umcao] = [umcmo]( )X( )10( )-( ) [men umcmo] () (th)
[mepa] =

plague( )(-)( )forming unit...( )(/)( )ml

PFUQ)((Om
[n03a] = [kpaTHOe 4uciio] [Mepa]

2.0x10-7th plague-forming units/mL

[ToMrMO CeMaHTHYECKH 3HAYMMOM JIEKCHUKH, CIOBApPh JIGKCHYECKHUX IIA0JI0OHOB COJCPKHUT KIIacc
XKaupoBoii 1ekcHKU. DTO TErH, coAepKallue clIoBa U CIOBOCOYETaHUS (B TOM YHCIIE KOHCTPYKIIUU
C MOJYEPKOM), KOTOpBhIE MOTYT paccMaTpuBaThCi KaK HMHIUKATOpPHI IesneBod uHpopmanuu. B
mpolrecce aHajau3a HCIOIb3YETCS CTPYKTYPUPOBAHHOCTH OJIOKOB COJEP)KaHHS C TOMOIIBIO
pa3meTku. M3BieueHre KOHKPETHBIX SJIEMEHTOB ILIEJI€BOH MH(OpMAIMH MPOMCXOJUT B Mpeaeax

BBIACJICHHBIX MHAWUKATOPAMH KaHPOBbIX CCIMCHTOB.
5. [Touck nupopmaunu

[Ipu wu3BieYCeHUH WHPOPMALUU MBI, TIOMHMO OHTOJIOTHM KJIMHUYECKUX HCIIBITAHUH, Oynem
OIMMPATHCS HA TUIMYHBIC HH()OPMAIIMOHHBIC TOTPEOHOCTH TOJIb30BaTems-uccienonares. OcoObrit
HHTCPCC MPEACTABIIAIOT «COACPIKATCIILHBIC) CUTYyallMH, OIMMChIBAIOIIUE HpOBOI[HMBIﬁ OKCIICPUMCHT
U ero pe3yibTarhl. Ha TeKyluit MOMEHT Mbl BBIJICITWIIA YEThIPE TUIIA 3AIIPOCOB:

1) 3anpocm, O6CCHC‘{I/IB8.IOH_[I/IC MNOUCK TII0 XapaKTCPpUCTUKaM Y4YaCTHUKOB (HaHI/IeHTOB)
HCCIICAO0BaHUA, T.C. 3alIPOCHI Ha YCJIOBUS, IPUMCHACMBIC K I'PYIIIIAM HJIA KOT'OPTaM.

Haiimu ucnvlmaHusd, Konmopbsle l’lpOBOOZ/UZZ/le HAO yuacmHuxkamu

— ¢ 3abonesaruem D,
— ¢ pacosoii npunaoaexcHocmoio R,
— go3pacmom 0o A nem,
—  orcusywux 6 cmpate C,
— 8 KOMOPBIX NpuMensiiacy mepanusi muna 1.
2) 3anpockl, 00eCreunBaIOIINe TTOUCK TI0 0COOCHHOCTSIM ITPUMEHEHHS ITperapara.
Havimu ucneimanus, npu Komopuvix RpUMeHsAcs cnocob neyenus npenapamom P

—  paszmep 003b1 menvute X | 6orvue X, 6 unmepeane om X1 0o X2,
— 6sooumcs Y paz | oonokpamno | mnocokpammno,
— 6 meuerue epemenu T | menvwe T | 6onvue T,
— cnocob6 docmasxku W.
3) 3amnpockl, 00eCIIeUNBAIOIIME TOUCK TI0 COYCTAHUIO KITFOUEBBIX 3JICMEHTOB.
Havimu ucneimanus, komopwie npo8oounucs

— ona neuenus 3a6onesanusi DIons npogunakmuxu zabonesanus D/3aboresanuss muna
TD,
— ucnoavsys npenapam Pl npenapam muna TP,

— C NpUMeHeRuem mepanuu muna T.
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4) 3ampocsl, 00eCIeYnBaIOIINE MOMCK [0 PE3yIbTaTaM MCCIICOBAHHUI.
Haiimu ycnewmnvie uccneoosanus / ¢ cepveswvimu nobounsvimu d¢hghexmamu

— ¢ npumenenuem mepanuu muna T | npenapama P,
—  Ona aevenus 3ab6oneséanus D | ons npogunaxmuku 3abonesanus D / 3abonesanuu muna
TD,
— ¢ Haauvuem s¢hghexma X.
Takum 00pa3oM, B COOTBETCTBHHM C MPEICTABICHHBIMH THUIIHYHBIMHU 3alpOCaMHU, MBI Oynem

paccMaTpuBaTh CIEAYIOIINE THITBI CUTYaIUii: 3TO, BO-TIEPBHIX, ONMCAHUE YYACTHUKOB UCIIBITAHUHN U
UX JEJIEHUE M0 TpyNnaM (Mydcuunsl NOJNCUNO20 603pacma, epynna niayedo), BO-BTOPBIX,
uH(popMalus 0 Tpernaparax, crnocodax ux MpUMEHEHUs, XapaKTepe U 0COOCHHOCTSIX MPOBOAUMOTO
nedeHus (npumeHnenue npenapama 6 meuyeHue mecaya 2 paza 8 OeHbv), B-TPETbHUX, CUTYaIUH,
XapaKTepU3yIOIIUEe L[EIH MPOBOJUMBIX HUCHBITAaHUN (uccredosanue 0OezonacHocmu  003bl
npenapama), W, HaKOHEI], ONMUCAHKE IOJTYYCHHBIX PE3YJIbTATOB (10102CcUmenbHblll 3ppexm Obin
docmuznym 6 85% ciyyaeg) 1 ©X COOTBETCTBUE IMMOCTABICHHBIM LIEIISIM.

B cootBeTcTBHM C MpeACTaBIEHHBIMH CHUTyallsIMH C(HOPMUPOBAHA CXeMa YHHUBEPCAIbHON
CHUTYyallld, B KOTOPOW UMEHA KJIaCCOB BBICTYIAIOT B KAYECTBE apaMETPOB MOMCKOBOTO 3arpoca:

Ipynna  ydactBoBana B Mcneimanuu ¢ ucnonb3oBaHueM  [lpenapama s
neueHus/npopunakTuku  3aboneeanuss ¢ pe3ynbraToM Pezyrbmam U TOO00YHBIM 3¢ (heKToM
Ohdpexm.

Haiinennsle u pacro3HaHHbIE CUTYallMd MOYKHO TIPEACTAaBUTh B BHJE HaOoOpa (hakToOB, KOTOPHIE
(GopMaTbHO OMMCHIBAIOTCS SK3EMIUISIPAMU KJIACCOB OHTOJIOTHH, 3HAYEHUSMH HX aTpUOYyTOB M
cBs3siMH. J[71s1 oucka U u3BIedeHus Qakrorpaduueckoil nHGOpMaIUK MPUMEHSETCS TeXHOJIOTHUS
aHanmmza Tekcta FATON [4], wucnome3yromas psa  JHUHTBUCTUYECKHX  PECYpPCOB  —
TEPMUHOJIOTHYECKUE CJIOBApH, CHA0)KEHHBIE CHCTEMOW CEMaHTHYECKHMX IIPU3HAKOB, a TaKXKe
JIUHTBUCTUYECKYIO MojzeNb mpenMetrHor obmactu KU, comepskaimiyro HaOOp Mmodeneu gaxkmos,
MO3BOJISIIOIIUX B TEPMHHAX CEMAHTUUYECKUX U TPaMMATHYECKHX MPU3HAKOB OMHUCHIBATH CIOCOOBI
BBIpXEHUS TPEeOYEeMOU OHTOIOTHYECKOM HH(OPMAIIUH.

Kaxnas wmopens ¢akra ommchIBaeTCsl cXeMmoil (TpaBUIIOM), KOTOpas BKIIOYaeT Habop
apryMeHTOB CTPYKTyphl (akta (argl, arg2, ...), UX ceMaHTHYECKHE/TpaMMaTUYECKHE TPHU3HAKH,
YCIIOBHSI Ha CEMaHTHKO-CHHTAKCHYECKYIO0 COYETaeMOCTh XapaKTEPUCTHK apryMEHTOB, W HaOOp
00BEKTOB, KOTOPBII (PUKCUPYET CTPYKTYPY (hakTa B OHTOJIOTHUYECKOM MpECTaBIeHUU. PaccMoTpum
HECKOJIbKO MPHMEPOB M HAOOp HEOOXOAMMBIX MOJENeH Ui M3BJICUCHHsS W3 HUX IleNeBOU

nH(pOpMaLINH.
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4.1. Hnuyuanuzayua odvekmos. Kax moka3aHO BbIII€, CUCTEMA CEMAHTUYECKUX IMPU3HAKOB
cioBapst popMUPYETCS HA OCHOBE OHTOJIOTUYECKUX CYIIHOCTEH, YTO MO3BOJISIET MHUITUATH3UPOBATH
HavabHOE (POpMHUpPOBAHUE OOBEKTOB HEITOCPEACTBEHHO HA OCHOBAHHH CJIOBAPHBIX MIPU3HAKOB.

OO0bexT kiacca [lpenapam MOXKET OBITh TPEACTABICH B TEKCTE aIMO3UTHBHON WMEHHOU
TPYIIOH, B KOTOPOI OMOPHBIM CJIOBOM SIBJIIETCS POJIOBOE CIIOBO MUIM CJIOBOKOMILICKC (THII), @ UMS
HpI/IMBIKaeT K HeMy B IIOCTIIO3UIINHU. HaHpI/IMep,

Baxyuna <Ilpenapat, SemClass: Turr> "ACAM2000" <IIpenapar, SemClass: nms> 1
W3BJIEKAETCA C TOMOIIBIO MOJIEIIHN:

Scheme Ipenapat3 : segment Kraysza 1)
argl: Term::IIpemapat(SemClass: tum)
arg2: Term:: IIpenapat(SemClass: nwmst)
Condition PrePos(argl,arg2), Contact(argl,arg2)
= Object :: ITpenapat(Twum: argl.Class & arg2.Class, Haumenosanue: arg2.Norm)
B ,I[aHHofI CXEMC TCPpMHUHBI JOJDKHBI HMMCETh CCMAHTHYCCKHUX KJIACC Hpenapam, C YUCTOM

HepapXuM HAacleJJOBaHUs IPU3HAKOB B CIIOBape, a TaKXe IEpBbIH TEPMUH JOJDKEH 00JIajarh
CEMaHTUYECKUM NpPU3HAKOM mun, a BTOpOoH — ums. Ha ocHOBe cxembl co3/1aeTcsi OOBEKT —
9K3eMIUIIp MOHATUS oHTosoruu Ilpemapar, Tunm mnpenapata (Hampumep, (apmaxkojgoruyeckas
IpyIIa) MOKET YTOYHUTHCSA B COOTBETCTBUM C CEMAHTHYECKHUM IPU3HAKOM I1E€PBOIO WJIK BTOPOIO
TepMHHa, aTpulyT Haumenosanue y oOBEKTa 3aMOJHAETCS MPEINOYTUTEIbHBIM HaMEHOBaHUEM
Broporo tepmuHa (NOrm), 3agaHHBIM B Te3aypyce s JaHHOIO JecKpunTopa (Mpu HaIUuuu
JAPYTUX BXOJHBIX TEPMHHOB, CHHOHUMHYHBIX JaHHOMY). AHQJIOTUYHBIM 0O0pa3oM MOTYT
U3BIIEKATbCsl O0BEKTHI 3abonesanuii, Opeanuzayuii M T.1., €CIM UX Ha3BaHUS INPHUCYTCTBYIOT B
clIoBape.

Wuunmanuszanuss oO0beKTOB TuUna [pynna BO3MOKHA HE TOJBKO [0 Ha3BaHUIO, HO U IO
IIPUCBOCHHOMY MHJIEKCY, Hanpumep, u3 pparmenta Buaa “‘<group group id="P5">".

Ocob0 cieayeT OTMETHTHh CJIydYad, KOrJa Ha OCHOBE Jiekcudyeckoro mabmona (LexTerm)
BbIJIeNIAETCS (PparMEeHT TEKCTa B KaBbIUKaX M (POPMHUPYETCs TUIIOTE3a O TOM, YTO 3TO UMs 00BEKTa,
HO YTOYHEHHE €ro Kjlacca BO3MOXKHO TOJIbKO MPH HAIWYUU TE€pMUHa-KJIaccupukaropa, 1100 mpu
nocneayroliei coopke cutyaluu (HapuMep, Ha OCHOBE CEMaHTHUECKOM pOJId B CUTYallUN ).

Scheme Hoseiii_o0bexT : segment Kraysa (2
argl: Term:: (SemClass: tum)
arg2: LexTerm::MimeHOBaHHBIN 00BEKT()
Condition PrePos(argl,arg2), Contact(argl,arg2)
= Object :: Object (Tum: argl.Class, Haumenosanue: arg2.Name)
[TosiBnieHne Takux OOBEKTOB OOBSCHSETCS MO0 HEMOJIHOTOM 0a3bl 3HAHWUU (HAMpUMeEp, HpU

ynoTpeOJeHNN HOBBIX HAUMEHOBAHMM MIpemapaTtoB, KOTOpble emle He 3aUKCHUpOBaHBI B

! B npumepax B ckoOKaxX yKa3blBAIOTCS NPU3HAKKM TEPMUHOB, 3a/JaHHbIE B CJIOBApeE.
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OHTOJIOTHSX), TMOO HATMYHEM OIIMOOK B TEKCTE (B 3TOM ciydae OOBEKT MOXKHO COIOCTaBUTH C
APYTUMH OOBEKTaMH TOTO YK€ THIIa, BCTPEYAIOUIMMHUCS B TEKCTE paCCMAaTPUBAEMOTO MTPOTOKOJA).

4.2. H36neuenue gpakmos. llpu moncKe U BBHISIBICHUU XaPaKTEPUCTUK OOBEKTOB M UX CBA3CH,
KaK IpaBWiIo, TpeOyeTcs MPOBEPUTh COYETAEMOCTb CEMAHTHUYECKUX MW/MIM TIpaMMaTHYECKHX
IIPU3HAKOB 00BEKTOB. [l omumcaHus codeTaeMOCTH IPEAMKATHBIX JIEKCEM pa3padaTbiBaeTcs
CIIOBapb CEMAaHTUKO-CUHTAKCUYECKUX KOHCTPYKLMUH (aHajmor Mojeneil ynpaBiaeHHs), KOTOPBII
(buKcUpyeT ceMaHTUYECKHE BaJICHTHOCTH MPEINKATOB, OMKCHIBAsl UX B TEPMHUHAX I'PAMMATHYECKUX
U CEeMaHTHYECKUX IPU3HAKOB AKTAHTOB. OJTO IO3BOJISIET IPOBEPATh HAJIWYME YIIPaBICHUS B
aHAJTM3UPyeMOM (parMeHTe TEKCTa, T.€. COIJIACOBAaHHOCTh CEMAHTHMYECKHUX U CHUHTAKCHYECKHX
MPU3HAKOB NPEANKaTa U aKTaHTOB.

PaccmoTtpum mpumepsl (OpMHUpPOBaHHS C TOMOIIBIO Mojenel (akToB ()parMeHTa OHTOJIOTHH,
OIUCBIBAIOLIETO XapaKTEPUCTUKN OOBEKTOB B PAMKaX CUTYallUU KIMHUYECKOTO UCIIBITaHUS.

N3BieyeHne XapakTepucTHK 00beKTOB. PaccMoTpuM IpuMepbl CXeM, HCHONb3YeMbIX JUIs
U3BJICYEHUS] AaTPUOYTOB OOBEKTOB.

Scheme TunKHWccrnenoranus: genre_segment <brief_title> or <official_title> 3
argl: Term::ITapamerp(SemClass: mens uccae oBaHuUs)
arg2: Object::IIpenapar()
Condition PrePos (argl,arg2), Contact(argl,arg2), Yop(argl,arg2)
= Relation::u3yuaerBnusauellpenapata (uccnenosanue: $this_CT, TIpemapar: arg2)
$obj1 = Object::Ilens (Tum: argl.Name)
Relation::crasurlens(uccnenosanue: $this CT, mens: $objl)
JlanHasi cxema TO3BOJISIET W3BJEKaTh WHOOPMAIMIO O IEIM IPOBOJMMOTO HCCIIECTOBAHUS,

3a)UKCUPOBAaHHYIO B JKaHPOBBIX MoJisix mportokona <brief title> wnm <official_title>. Tak, u3

dparmenta “Dose Study of ACAM2000 Smallpox Vaccine in Previously Vaccinated Adults ...~

6y,£[eT HU3BJICUCH (I)aKT 0 TOM, 4YTO UCCICAOBAHNC ITOCBAIIACTCA U3YUYCHNUIO NO3bI BAKIIUHBI OT OCIIBI.
Crnenyronasi cxema MO3BOJUT YTOYHHUTH THI TPYMIbI MAMEHTOB, MPUHUMAIONINX Y4acTUE B

HUCCICIOBAaHUAX.

Scheme TunKoroptsl: genre_segment <arm_group> 4
argl: Object:: I'pynma(), genre_segment <arm_group_label>
arg2: Term::ITapamerp(), genre_segment <arm_group_type>

= argl: I'pymma (tum: arg2.Name)

I[aHHaH CXEMa IMPUMCHACTCA IJIA (I)paFMCHTOB BUJa:

<arm_group>
<arm_group label>Group 5: Dryvax®</arm_group label>
<arm_group_type>Active Comparator</arm_group_type>
</arm_group>

Co3nanne oTHOLIEeHHIT. PaccMOTpuM npuMep cxemMbl TOCTPOCHUS OTHOLIECHHS] B COOTBETCTBHHU C

paccMaTpuBaeMoOU CUTyalue.
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Scheme VYcnosusllpumenenuslIpemapara: genre_segment <group> (5)
argl: Object::I'pymma()
arg2: Object::IIpenapar()
arg3: Term::ITapamerp(SemClass: kpaTHOCTB)
arg4: LexTerm::/1o3a()
arg5*: Term::ITapameTtp(SemClass: Bpems)
Condition genre_segment (arg2, arg3, arg4, arg5) <description>,
Contact(arg2, arg3), Contact_weak(arg2, arg4), Contact_weak(arg2, args)
= Relation::umeerHa3nauenue (rpymma: argl, mpenapar: arg2, TuIr: «mpemnapar,
pa3mep no3bl: argd.value, kpatHocts: arg3.value, Bpems: args.value)
VYcinoBus KIMHUYECKUX HCHBITAHUW JJIsI KOHKPETHOW TPYIIbl YYACTHUKOB HCIBITAHUN TMpU

HA3HAYEHUH Iperapara ONMUCHIBACTCS TAKUMHU XapaKTePUCTUKaMH, KaKk HAaMMEHOBAaHHUE TpernapaTta,
€ro J03upoOBKa, KPAaTHOCTb IIPUMCHCHHA U BPCMs IIpHUEMaA. I[aHHaﬂ I/IH(l)OpMaIII/Iﬂ B COOTBETCTBHU C
NPUHATHIM CTaHJAPTOM COJIEPIKUTCS CTPOTO B OINPECICHHBIX JKaHPOBBIX (PparMeHTax, OJHAKO B
pamkax (parmenra <description> omucanue napaMeTpoB pa3BOpauMBACTCS B BHAC TEKCTa M3
OJIHOTO-JIBYX IIpEIJIOXKEHUH, 4YTO TpeOyeT NpPUMEHEHHUs Oo0Jee CIO0KHOTO JIMHIBUCTUYECKOTO
aHayin3a (0COOEHHO B CllydasiX KOMIUIEKCHOTO IPUMEHEHHUS [IPEnapaToB).

JlanHast cxema MOKpBIBaeT (parMeHThl BUAA:

<group group_id="P5">
<title>Dryvax® Vaccine</title>
<description> Participants received a single dose of Dryvax® smallpox vaccine,
1.0x10-8th plaque-forming units/mL on Day O
</description>
</group>

B pesynbTate nmpuMeHeHUs cxeMbl K JJaHHOMY (pparMeHTy Tekcra OylIeT CO3[JaHO OIHCaHue
CUTYallMy TEPANIEBTUYECKOIO0 BMEIIATENbCTBA AJI1 KOHKPETHON I'PYIIbl YYaCTHUKOB.

ITpuBenenHsIit Habop Mojenelt (pakTOB AEMOHCTPUPYET MOAXO0J K M3BJICUCHUIO HH(pOpPMALUU O
MIPOBOAMMOM KJIMHUYECKOM HCCIIEJOBAHUN HA OCHOBE CTPYKTYpPBI IPOTOKOJIA.

Paspemienne kopedepennun o00bekTOB. BaxkHol mnpoOireMoil aHanmm3a TEKCTa SBISETCS
yCTaHOBJICHHE KOpPe(EepEeHTHOCTH OOBEKTOB NMPH WX MOBTOPHOM YNOMHUHaHMU. B obmem ciydae
OHTOJIOTHUECKHUI MOJX0/1 MO3BOJIET PA3pEIIUTh KOpe(epeHInIo Mociie OCHOBHOT'O aHAIN3a TeKCTa
B Ipolecce CpaBHEHUS] U  HWACHTU(UKAUUU  OOBEKTOB  (OTHOCHUTENBHO  OHTOJOTHH).
OKBUBAJICHTHBIMH C TOYKHM 3pPEHUS OHTOJOTHUU CYHUTAIOTCS OOBEKTHI C HENPOTUBOPEUHMBHIMU
KJaccamu 1 Habopamu atpuOyToB [2].

Ocob6ennoctu npotokonoB KU, copepkamx OJHO3HAYHYI0 HOMEHKJIATYpHYIO JIEKCHKY,
pacrlpesieieHHyI0 10 pa3HbIM CTPYKTYpHBIM  OJIOKaM, YIOpPOUIAIOT MpoOILenypy IOHCKa

OKBHUBAJICHTHBIX C TOUKHU 3PpCHUA OHTOJIOTUA 00BEKTOB.
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3aKJII0YeHne

B craThe onucan moaxo/ K OpraHu3aiy npoiecca u3BjiedeHus: HHPOpMAaIUK M0 YIPaBJIeHUEM
OHTOJIOTMU. PacCMOTpEHBI OTAENIbHbIE KOMIIOHEHTBI CUCTEMBI U IIPUBEJIEHBI IPUMEPHI U3BJICUEHUS
KOHKPETHBIX CUTYallUi{, ONUCHIBAIOIIUX KIMHUYECKUE UCTIBITAaHUSI.

B Hameit naboparopuu co3fiad psJi MHCTPYMEHTOB, MOACPKUBAIOLIUX BCE ATAMbl Pa3pabOTKU U
SKCIUTyaTalliyd CUCTEM H3BJIeueHUs MH(pOpMaluu ¢ onopoil Ha oHTosoruto [3]. s pa3paboTku
MH(POPMAIMOHHON 0a3bl KIMHUYECKUX HCHBITAHUN HMCIOJB3YIOTCS CIIEAYIONIMEe MHCTPYMEHTHI: a)
TEXHOJIOTUS MocTpoeHus npeameTHbix cinoBapeil KLAN, nmoanepskuaromias METOAbl MAIIUHHOTO
oOyueHusi, TEeMaTHYECKON M >KaHPOBOW KiacCHU(PHUKAUU, MOPHOIOTHYECKOTO W TOBEPXHOCTHO-
CUHTAKCUYECKOI'0 aHallu3a TEKCTOB M OOecIleyrBaromias dKCrnepTa-TMHIBUCTA IMIMPOKUM HAaObOpOM
HMHCTPYMEHTOB JIJIsl OTJIaIKU CJIOBapsi; 0) TEXHOJIOTHS MOCTPOCHHSI JIEKCH4ecKux 1mabdinonos Diglex,
o0ecrieunBaroIas TOMCK B TEKCTE HECIOBAPHBIX KOHCTPYKIMH, TAKUX KaK COKpAIIeHUs, OyKBEHHO-
YHCIIOBBIE 0003HAYEHUS MPenapaToB, XMMUUECKHUE HA3BaHUS BEILIECTB U T.II.; B) CHCTEMa KaHPOBOM
CEerMCHTAIIMM TEKCTOB;, T) cucTema Qakrorpaduieckoro anaimza TekctoB FATON, kortopas
peanu3yer 00pabOTKy TEKCTa Ha OCHOBE cxeM (pakToB M obOecrneunBaeT nonoigHenue b/l cucremsr;
J) TEXHOJIOTHS TIOCTPOCHHUSl TopTaja 3HAaHWUW, OOECIeYMBAIOIIAsl JIOCTYN IOJb30BaTENEH K
MH(OPMAIIMOHHOMY HAMOJHEHHUIO 0a3bl JaHHBIX, CO/IEP KATEIbHBIN MOUCK U HABUTALIMIO HA OCHOBE
OHTOJIOTHH.

[Tnanupyercs anpoOupoBaTh MPEITIOKEHHBINA MOAXO0 ] HAa MyOJUYHOM 0a3e aHTIMICKUX TEKCTOB
KIMHAYECKUX MCIBITaHU#M, mnpenacraBaeHubix Ha caiite ClinicalTrials.gov, u B nmanbHeiiem

HaIllpaBUTL YCHUJIMA HA CO3/JaHUC AQHAJOTUYHON CUCTEMBI IJIS PYCCKOA3BIYHOTI'O KOHTCHTA.
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OHToMIOTMYeCcKUil MO IX0d K OPTraHU3aIuN I1aO0JIOHOB
TpeboBaHUii B paMKaxX CHCTeMbI IoAdepkK1 (pbopMaIbHOI

BepuUKaIum paciipejieJIeHHbIX ITPOrPaAaMMHBIX CUCTEM

H.O. Tapanuna (Unemumym cucmem ungopmamuru um. A. 1l Epwosa),
B.E. 3woun (Mncmumym asmomamury U dAeKmpomempu),

T.B. Jlaxz (Mncmumym asmomamuky, U 2AeKmpomempuu)

B crarpe ommceiBaeTcsl CTPYKTypa OHTOJIOTHHU IMAOJIOHOB TpPeOOBAaHUM, U3BJIEKAEMBIX
U3 TEKCTOB TEXHUYECKON JOKYMEHTAIlUW.  IDTa OHTOJIOIHsl KOMOMHHUpYeT IIabJIOHbI
M3BECTHBIX KJACCUPUKAINI TpeOOBaHMII C HOBBIMHU IMabJioOHAMH.  ZI3BIK OHTOJIOTHN
JIOITYCKAET 3aIUCh OYJIEeBbIX KOMOWHAIUHN I1A0JIOHOB CJIEIYIONINX THUIIOB: KAYECTBEHHBIX,
peaIbHOIO U BETBAIIErOCd BpEMEHU, ¢ KOMOMHUPOBAHHBIMU COOBITUSIME, KOJIMIECTBEHHBIMU
XapaKTEePUCTUKAMEI COOBITUI M IMPOCTBHIMU YTBEPXKACHUSMHU O JaHHBIX. lIpuBeneHbl
IpuMepbl TpPeOOBaHUN K PeaJIbHOW CHCTeMe yIpaBJIeHHs BaKyyMUpPOBaHHEM BoJbIoro
COJIHEYHOT'O BAKyyMHOIO TeJjiecKoma.  V3jiokeHa cxemMa WHTEJJIEKTYyaJbHON CHCTEMBI
MOAJEPKKU POPMAJILHOM BepUPHUKAIINK IPOIPAMMHBIX PaCIpeIe/IeHHBIX CUCTEM.

Karouesvie cnosa: 1mabiIoHbI TpeOOBaHUIl, WHXKeHepus TPeOOBAHMI, TeMIOpaJIbHBIE

JIOTUKHU, OHTOJIOT'UA

1. BBenenme

Jlannast pabora BBIIOJIHSIETCA B paMKax IIpoekTa ‘MeTomsl n3Biaedennst (popMaIbHBIX CIIEIN-
pukarmit mporpaMMHBIX CUCTEM U3 TEKCTOB TEXHUIECKUX 3a/1anuil u ux sepudukarus . [Ipoekt
MOCBSIIEH TIPODJIeMe 0DecIieveHns KavuecTBa MPOrPAMMHBIX CUCTEM C MOMOIIBI0 (POPMATBHBIX
MeTO/IOB. B paMKax MpoeKTa MJIaHUPYeTCH pa3padoTaTh KOMILIEKCHBIH MOIXO0J K N3BJIEYEHUIO
dopMabHBIX MOJIeIEll U CBOMICTB PACIIPE/IEIEHHBIX TPOrPAMMHBIX CUCTEM U3 TEKCTOB TEXHUIEC-
KO JIOKyMEHTAIlU! ¢ Iocjeyioneit nx sepudukanueii. [loa pacnpe/iesieHHO TTpOrpaMMHOI
cucremoit (PIIC) 31ech MBI MOHEMAEM CHCTEMY, COCTOAILYIO U3 MHOYKECTBA MapaJIIeIbHO NCIIOJI-
HsIEMBIX B3aUMOJIEHCTBYIOMNX KOMIIOHEHT.

Komrutekcublit 110/1X0/1 110/Ipa3yMeBaeT CO3J[aHue CUCTEMbI IMOJJIEPKKU (hOopMaIbHON Bepu-
dukanym pacrpe ie/IeHHbIX TPOIPAMMHBIX CHCTeM. VI3BECTHBI CHCTEMBI MOJIJIEPKKU Pa3padoT-

K1 TpeboBaHuil Ha ocHoBe mabsionos |1, 13, 16, 18-20|, HO OHHU MO3BOJISIIOT TOJBKO PyUYHOE



112 Tapanuna H.O., B06un B.E., JIax T.B. OHTONIOrM49ecKuil mMoAX0 K OPraHu3aIuu mabI0HOB

dopmynupoBanne TpeboBaHUil ¢ TOC/IEIYIONIEH BU3yaJIU3aleil 1 onpejeeHneM TOUHOi (op-
MaJIbHOA CEMaHTUKU. Pa3pa6aTblBaeMaﬂ HaMM CUCTEeMa IIpe/IIiojiaracT aBToMaTuIeCKoe IIOPO2K-
Jienre TpebOBaHUIl K CUCTEMeE ¢ TToc/IeayIoIieil pyaHoit koppekimeit. [Topoxtaembre TpeboBanus
TakKe UMeIOT (DOPMAIbHYIO CEMAHTHUKY, BhIPAKEHHYIO (DOPMYyIaMU HEKOTOPOU TEeMIIOPAJIHHON
WM MOJIAJILHON JIOTUKH, OITpejie/IeHNe Ha eCTeCTBEHHOM S3bIKE W BU3yaJIM3aIuio. B HacTosdIeit
pabore paspaboTaHa OHTOJIOTHS TPeOOBAHUI 1 onpeeeHa ux popMaibHas ceManTuka. OHTO-
Jorus TpebGOBaHMII coveTaeT U3BECTHBIE MAOJIOHBI TPEOOBAHUI, aJAIITHPOBAHHBIE U PACITHPEH-

HbIe HOBBIMH IIaOJI0HAMU JJIA boJtee BbIPpa3UTEJIbHOI'O 1 e,ILI/IHOO6pa3HOI‘O peacTaBJICHUA.

CucremaTusupoBannoe 3ajianue TpeOoBaHuil U nx (GopMaabHOW CEMAHTHKHA KakK (hopmyit
TEMIIOPAJILHBIX JIOTUK SBJISIETCS XOPOIIO UCCIe0BAHHOM 3a/1atueil. I3BecTHbI pa3mmanbie Krac-
cudurarmu GopMyJT TeMIIOpaIbHBIX Joruk. Hanbosee pannss kinaccudukarms [12| apiagercs
CUHTAKCUIECKON M Kacaercss caMbIX OOINUX CBOWCTB MPOrPDAMMHBIX CHCTeM (JKHBOCTH, Ge30-
[ACHOCTD, CIPABEJIMBOCTD, GJOKUpOBKa). CraBinas KJIaCCHIecKoii cucreMa mabioHoB u3 [4]
oTpaxKkaeT HamboJjiee XapaKTepHbIe KaueCTBeHHbIE TPeOOBaHUS K CUCTEMaM PA3JIMIHOI'O HA3HA-
venud. [Ipm aToM KarkJIblii m1abJIoH ONMCAH Ha €CTECTBEHHOM A3bIKE M JaHa ero (popMau3aliis
Ha s3pikax CTL, LTL [3|, kxBanTuduUIUpoBaHHBIX PEryJspHBIX BbIpaxKeHUHd U rpaduaeckoro
npejicrasienns GIL. B paborax [8, 11| 1u mabaoHbl ObLIM PACHIMPEHbI Ha CJIyYail cHCTeM
PeaIbHOrO BPEMEH! U BEPOSITHOCTHBIX CHCTEM COOTBETCTBeHHO. B paborax [13, 16| mpemmoxe-
HBI BADHAHTHI MAbJI0HOB COCTABHBIX COOBITHIL. B [2] aBTOpBI MOMOIHSIOT KaueCTBEHHBbIE U Bpe-
MeHHbIe TTabJIOHBI TTabJIOHAMU, OTPaYKAIONUMU KOJIMYEeCTBEHHbIE XapAKTEPUCTUKU MOsIBJICHUS
COOBITHIA, & TaKzKe MIabJIOHOM JIaHHBIX, BIEPBbIe yIOMsHYTHIM B [9]. Bee yrnomsnyTeie paboThr
OTIEPUPYIOT TOJILKO IMA0IOHAME, BHIPA3UMBIMU B JIOrHKe jJuHeitnoro Bpemenu LTL u e€ peanbHO-
BPEMEHHBIX U BEPOATHOCTHBIX PACIIUPEHUSIX, OJIHAKO B cTaThe [14] oTMedaercss HeoGXOAUMOCTD
B HEKOTOPBIX CJIydasiX HCIOJIb30BaTh BeTBsieecss BpeMs u jioruky CTL ¢ coorBercrBytorim-
mu pacimupernsMu. Henasasass pabora [1| koMOuHEUpYyeT onmmcaHusi KIacCHIeCKUX IMabI0HOB
C BEPOSITHOCTHBIMI U IMA0JIOHAMHU PEAJbHOIO BPEMEHH M JAET WX ONMCaHNe Ha OrpaHMIeHHOM
AHITUICKOM s3bIKe. Takue onucanus MOXKHO HCIIOIB30BATE JIJIs TeHePAIUU ITPABIIT NU3BJIEUEHUsT
TpeGOBaHMIl 13 TEKCTOB TEXHUIECKOI JToKyMenTarmu. B pabore [20] kiaccudukanus mabioHoB
TaKKe IpeJICTaBIeHa B BUJE OHTOJIOIUU, OJHAKO HAOOP ITab/IOHOB CBONCTB CHCTEM BeChbMa

orpaHuveH, a (popMau3aIsd CEMAHTUKN CAMHUX ITaTTEPHOB BOBCE OTCYTCTBYET.

B pamkax paszpaboTku oHToJIOrnN TPeOOBAHUIT MOJIE3HO OPraHU30BATh YK€ U3BECTHDLIE CUC-

TeMbI Ia0JIOHOB B €JIMHYI0 OHTOJIOIMYIECKYIO KIacCU(PUKAIINIO, JT0OaBUB HEKOTOPHIE IMTA0IOHBI
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u obyracT JeficTBUs, W BbIPAOOTATh COOTBETCTBYIOIILYIO OHTOJIOTHIO COOCTBEHHO TpPeOOBAHMIA
(KJIaCChl, OTHOIIEHWsI, JOMEHbBI), HAIOJHEHNE KOTOPON YHUKAJIHHO IS KaxKJOrO OTJIEJIBHOIO
KOMILJIEKTa, TEXHUYIECKON JIOKyMEHTaIun. TaKoil KOMIIJIEKCHBIN CHCTeMaTH3MPOBAHHBIN ITOIXO0.T
K IIPeJICTaBICHHIO MIabI0HOB crieliunduKaInii II03BOJIsIeT ¢ IIOMOIIBLI0 HEOOJILIITOr0 Habopa aTpu-
6yTOB ONUCHIBATH IMUPOKUIl CIIEKTP CBOMCTB (TpeboBaHmUil) B3aMMOJIEHCTBYOMUX TapaJLIe/b-
HBIX CHCTEM. DTa IMHUPOTa BaykKHa IIOTOMY, ITO JJIsI OJHOI 1 TOI »Ke CHCTEeMbI ObIBAET HEOOXOIN-
MO 3a/IaBaTh KaK IPOCTHIE, JIEFKO BePUMUIUPYyEMbIE CBOMCTBA THUIIA JTOCTUZKIUMOCTHU BbIJICJICHHO-
IO COCTOSHHUSI CHCTEMbI, TaK U CJIOYKHbIE CBOMCTBA, 3aBHUCAIINE OT PEaJTbHOI0 BPEMEHHN PabOThI
KOMIIOHEHT CHCTeMBbI. B03MOXKHOCTH (DOPMYJIMPOBATH TaKKHe PasHOOOpasHbIe CBOIICTBA B paM-
Kax 0JHOro (hopMa/n3Ma IMOBBIIIAeT KAYeCTBO MOJIEPKKHU IIPOoIlecca pa3pabOTKU TAKUX CUCTEM,
ITOCKOJIBKY ITO3BOJIET MEJTUKOM OXBATHIBATH BCIO KapTHHY TpeboBaHuil K cucreme. OHTOIOTHSA

TpeboBanuit Oyier npejcrasieHa Ha s3bike OWL.

[[Taboub! TpeboBaHMil HaIlIel OHTOJIOTUHA UMEIOT CTPOTYIO CEMAHTHKY, BBIParKEHHYIO (pOpMYy-
jgamu temropasibibix jjoruk CTL, LTL u ux pacmmpenuii peajbHOr0 BPEMEHH, & TAKXKE MIO-
ucuucsernst (MuC), aro mo3BoJIsieT, ¢ OJJHON CTOPOHBI, YETKO BbIPAYKaTh TPEeOOBAHMUS, a C JIPY-
roff — OJTHOBHAYHO OIPEIE/SATh MOAXOIAIIHII MeTos Bepudukanuu. OHTOIOrUS TpeOOBAHMIA
JIOITyCKAeT PacIIupeHne CBOMCTBAMU CUCTEM, KOTOPbIE€ He OIUCHIBAIOTCS TEMIIOPAJIbHBIMU JIOTU-
KaMU, OJTHAKO OIycKaroT 3 dexkTuBnyio Bepudukamnmio. Kiaccudukanmsa mpakTHIeCKn-3Ha1-
MBIX TOBEJIEHYECKUX CBONCTB PACIPEIeJCHHBIX ITPOIPAMMHBIX CUCTEM, UCIOJb3YEeMbIX B TEX-
HUYECKON JOKYMEHTAIMN, KOTOpble MOTYT OBITh 3((MEKTUBHO BepUMOUINPOBAHBI B MOJIEAX,
[IO3BOJIUT YIPOCTUTH MPOIEAYpPy 1poBepku coorBercTBus Mojgenu PIIC u TpeboBanuit Kk Heii.
Ownrostorust TpeOOBaHMIT TIOMIOJTHSAETCS U3 TEKCTOB TEXHUIECKON JIOKyMeHTarmu. Ha macrosiuit
MOMEHT OH& COep:KUT 13 KitaccoB TpeboBanmii M 15 OTHOIIEHNT MeXK Ty HIMU C ITapaMeTPaMU,

KOHKPETHBIC 3HAYCHNA KOTOPBIX M3BJICKAIOTCA U3 TEXHUYECKO JOKYMEHTaIIUN.

B mannoii pabote npejicraBieHa OHTOJIOTHS TPeOOBaHUIl, KOTOPbIE MOT'YT 33/IaBaThCA OyIe-
BOIl KOMOUMHAaIMEH 1MA0JOHOB CJIEIYIONIUX TUIIOB: KAYECTBEHHBIX; PEAJILHOIO BPEMEHU; BETBsI-
IIETOCd BPEMEHU; JIOMYCKAIONNX KOMOMHUPOBAHHBIE COOBITHA; TTO3BOJIAIONINX YIUTHIBATD KOJIU-
YeCTBEHHbIE XapPaKTEPUCTUKI COOBITHI, & TaKyKe IIPOCThIe yTBEPK/IeHNs O JaHHBIX. JloOaBieHb!
MabJIOHBI, 33/IAI0IIUe CBOMCTBA ONTUMAIHLHOCTH U YCTOWYUBOCTH PAa3padaThIBAEMON CUCTEMBI K
HEXKeJIaTeJILbHOMY ToBeieHuIo cpeibl. Cireryromuit pa3aest 2 ONUChIBAET KJIACChl U OTHONICHUSA
oHTOJIOTMK TpeboBaHuUil ¢ nMpuMepamu ux GopMayibHON ceMaHTuku. B pa3zjerne 3 npuBejeHbI

npuMepbl TpebOBaHU K peasbHOll cucTeMe YIIPaBJIeHUs BaKyyMUPOBaHUEM BoJIbIIoro cosiHed-
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HOT'O BaKyyMHOTO TeJjlecKora. B ciresryromem pa3zjesie 4 m3/0KeHa cXeMa MHTeJIEKTYaJbHOM
CUCTEMBI TO/JIEPKKU Pa3pabOTKN MPOrPAMMHBIX PACIIPE/IEJIEHHBIX cucTeM. B 3aximodenun 5

MBI 00CY?KJIaeM JaJIbHENIINe TIIAHbI.

Baaromapaoctu. Nccienosanue mnojiepxkano Poccniickum @onjiom PyHtaMeHTaIbHBIX

Uccaenoanmit (rpamnt Ne 17-07-01600).

2. Omntojorust TpedboBaHM

Mpr canTaeM owmosozuel CTPYKTYDY, BKJIFOUAIONLYIO CIeIyomne sjaeMenTol: (1) KoHed-
HOe HeIyCTOe MHOYKECTBO K.Aacco8, (2) KOHEUHOEe HEIyCTOe MHOXKECTBO ampubymos-0aHHuT U
ampubymos-ommnowenud, u (3) KOHEUHOE HEIyCTOE MHOMXKECTBO JOMEN0E ampubymos-0aHHvLL.
Kaxkpiit kj1ace ornpejiesnsgercs HaOOpoM aTpudyToB. ATpUOYTHI-JTaHHbIE IPUHIMAIOT 3HATECHUST
u3 JIOMEHa, a 3HaYeHWsIMH aTPUOYTOB-OTHOIIEHUN SIBIAIOTCA IK3EMILISIPBI KJIACCOB. K3eM-
NAAP KAACCAG ONIPEJIeIsgeTcss HabOpOM 3HAUeHU aTpudyTOB 9TOro Kiacca. Kiacc co sBjseTcs
NOJKAACCOM €1 €CJIU U TOJIBKO €CJIN BCE SK3EMILISIPBI KJIacca Coy SABJISIOTCA TAKXKe SK3EMILIAPa-
MH Kjacca ¢;. llogkiacc Hacemayer Bce aTpuOyThI POMUTENIBCKOrO Kjaacca. Hupopmayuon-
Mol KOHMENM OHTOJIOTUU — 9TO HADOP IK3EMILIAPOB €€ KJIACCOB. 3ajada IMOMOJTHEHI 3a,/IaH-
HOIl OHTOJIOTMU COCTOUT B M3BJICUEHUHN MH(MOPMAIMOHHOI'O KOHTEHTA ITON OHTOJIOTUU U3 BXOJI-
HBIX JIAHHBIX. B HalreMm ciiydae TaKUMU JAHHBIME JIjIsl TIOMOJIHEHUsT OHTOJIOIMH TPOTPAMMHOMN
CUCTEMBI W OHTOJIOTUN TPeOOBAHUIT SIBJIT€TCS TeXHUUIecKas JTOKyMeHTarus. /[l momostHenns
00enx OHTOJIOTUI MBI IJIAHUDPYEM HUCIOIH30BATh HAIY CHUCTEMY CEMAHTHYECKOTO U3BJICUCHUS
na(OpMAINE U3 TEKCTOB Ha ecrTecTBeHHOM s3bike [5-7|. Kpome Toro, konTeHT OHTOIOTUH
TpebOBaHUil TaKyKe MOYKET IOIOJHIATHCA W3 OHTOJOTUHA ITPOTPAMMHON CHCTEMBI C MOMOIIBIO

CIIENUAIbHOIO TPAHCIATOPA, pa3paboTKa KOTOPOI'o 3allJIaHUPOBaHa Ha OJIMKaiiliee BpeMs.

B cremyromnux mojpassiesnax JaHO M0JIpOOHOE OlMcaHue KJIacCOB U JIOMEHOB Hallleil OHTOJIO-
run TpeboBanuii. B Tabimnax, mepeducssioniux arpuOyThl KJIaccOB, UMEHa KJIaCCOB BbIJIe/Ie-
HbI KYPCHBOM, MMEHa JOMEHOB W WX 3Ha4YeHHs — TejeraiinioMm. JIs 1mosicHeHus ceMaHTUKH
TpeboBaHUil OIpee/ MM Cjeayonue MoHATus. MBI paccMaTpuBaeM Modesb cucmemv, B JIyxe
CSP [10] kak nmapaJuiesibHOe UCIIOJHEHNE TOCIeI0BATEIbHBIX TIPOIECCOB, KaXKbIil U3 KOTOPHIX
3a/1a6Tcst CMeHOi cBoux cocrosguuit. Cocmoanus 06seKMa-npouecca ONPEEITIOTCs HaAbOPOM
3HAYEHU ero IepeMeHHbIX. B3anmoieiicTBue 00beKTOB-TIPOIECCOB TPOUCXOUT IIyTEM OOMEHa
COODITIEHUSIMU U Uepe3 M3MEHEHNE PA3/Ie/IsieMbIX TlepeMeHHBIX. COCmoAHUEM CUCTEMDb STBJISET-

¢ HADOP COCTOSIHUI OOBLEKTOB-IIPOIECCOB, T.€. MI'HOBEHHOE OITMCAHUe 3HAYEHUI UX IepeMeH-
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Table 1
Croenudukanmum
Operation S1 S2
StmSpec Proposition | Proposition

{—,\,V,—=, <} | SimSpec SimSpec

Pattern Pattern

Spec Spec Spec

HbiX. Jlamee Mbl OyjieM HCIOJIB30BATH MOHATHE COOBIMUA-YMEePIHcIenus (I TPOCTO COOb-
MuA), KOTOPOe MOZXKET MMEeTh MECTO B ONPEIEIEHHBIX COCTOSTHUSX CHCTeMbl. B JaHHOI cTarbe
MBI pacCMaTpPUBAEM ITPUMeEPhI (DOPMATHLHON CeMAaHTUKH ITaO/I0HOB, a 3a/1a4a IMOJTHOTO OTTUCAHWS

CEMAHTUKHN NMeET TeXHUIECKUIA XapaKTep.

2.1. Cnemmdukammmn

Crenudukarnun mpejcTaBieHnbe B Tad.2.1, 3a/1ai0T TpeboBanus K cucreMe. [Ipocreie cremm-
dukanun TpeboBaHUil, 3ajaBaeMble KjaaccoM StmSpec, ABIAIOTCA Oy/IeBbIMU KOMOUHAIUSIME
COOBITHI-YTBEPKIEHNI, TIPEJICTABIEHHBIX KJIaccoM Proposition, KOTOpBI OnucaH HUXKE. DTH
KOMOMHAIINK CTPOATCS ¢ IMOMOIIBIO aTpubyTa-mganaoro “Operation”, mcmoab3yemMoro st OyJie-
BBIX OIIEPATOPOB, U MMaphl aTpubyToB-oTHOIIeHWH “S1”7 1 “S2” 115 aByx onepanaoB. Hampumep,
B Kjacce SimSpec sxzemmap ss = (Operation: —, S1: prsgare, 920 Prauready), TH€ pro—
9K3eMILIAPHI Kaacca Proposition, obo3Hauaer crenndukamnmio TpedboBanus Start — All Ready.
Taxue mpocThie crermudUKaIII HCIOAb3YIOTC IPU 33 aHUN CJIOKHBIX CHEIn(UKAIINA, BKIIIO-
Jalonux IMab/JOHbl, ¥ OTPAHUYEHHI Ha HUCIOJHEHUE IPOCTBIX COOBITHil Kjacca Proposition.
Knace Spec sBnsiercsa nonkiaaccom StmSpec. OH mpecTaBisgeT CrenupUKaIug, sBISIONTe-
cs OyneBoil KoMOWHAIMEN TMPOCTBIX crenudukaruii SimSpec n MabJIOHOB, MPEICTABICHHBIX
kiaccom Pattern. Hanpuwmep, B kiacce Spec sx3emiuisip s = (Operation: —, S1: progar, S2:
ptU ay Right), rIe pr — SK3eMILIAp Kjacca Proposition, a pty — sk3eMIisgp Kiacca Pattern,

obo3HauaeT cueruduKaInio TpeboBaHmus, KoTopasi Bbipaxkaercsa B Jjoruke LTL kak Start —

GAIllRight.
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Table 2

ITTabiioHBI

Pattern | Kind S1 S2 Space | T.Type | Fr.Sco | Fr.Time | Fr.Qnt | Cstr

Univ
Occurence | Exist

Abs | Prop linear | Scope | Bound | Bound | Prop

Novlap | branch
Order Prec Prop | Rovlap
Resp Lovlap

2.2. HlTabsoubI

[[Tabsonbl, mpejcraB/ieHHble B Ta0.2.2 OCHOBAHBI HA KJ/IACCHYECKUX IMIAOIOHAX IOsIBJICHUS
Occurence n nopsinka Order w3 [4]. Onu cHaGXKeHBI PAJIOM ATPHOYTOB-CIENUMUKATOPOB,
MIO3BOJISIIONINX 33/IaBATh PA3JIMYHbBIE JIOTIOJHATEIbHbIE OIPDAHNYEHNs], TAaKIe KaK BpeMs MOsIBJIe-
HIsI OTHOCUTEIHHO OIIPEJIETIEHHBIX COObITHI-yTBep2KIeHuil (“FrameScope”), Bpems BbITIOTHEHUST
KaK caMoro mabJioHa, Tak U ero coObITHit, 1o jsormdecknM dacaMm (“FrameTime”) n kosmaectso
[OBTOPEHUI BBLINOIHEHHU caMoro mabiona, jnbo ero coberruii (“FrameQuantity”). [abmonsr
TakyKe MOryT ObITb cHaOxkeHbI aTpuOyToM “TimeType” jjsg omnpejenennss JUHEHHOIO, JIMOO
BETBSIIErOCs BpeMeHU T1abJ/IoHa. Y TBEPKJICHUSI, KOTOPbIe He JIOJI?KHBI BBITIOJIHIATHCS OJTHOBPE-
MEHHO C JAHHBIM TIabJIOHOM, 3a1al0TCs 3HadeHneM arpudyTa “Constraint”

IITabrorv, noscaeHUA ONACHIBAIOT TOSABIEHNE HEKOTOPOTO COOBITHS B IpoIiecce pabOTHI CHC-
TeMbI C TIOMOINBIO Kjacca (Occurence, KOTOPBIN sBJIsIeTCH HACJETHUKOM Kjacca Pattern u
MOXKET MCIIOJIb30BaTh Bee ero arpudyTel. CobbiTue 3aaércs arpubyTomM-oTHOIIeHneM “S17 co
3HavYeHueM B Kjacce Proposition, a tun nosiBienns coobitus — arpudyrom “Kind”€{Absence,
Existence, Universality}. Cemanrtnka 5Tux ImabJOHOB IS JIMHEHOIO BPEMEHU W I[PH
OTCYTCTBHUM OTPAHUYCHUIT OIUCHIBACTCS CJIELYIONUM 00pa30M:

e Universality: S; uMeeT MeCcTO BCerjia.
- LTL: GS;.

e Existence: S] Korja-HUOY/Ib CJIyIUTCH.
- LTL: FS;.

e Absence: S| HUKOT/Ia HE CJIyIaeTCs.

- LTL: G—5;.
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C nomMotpio waba0n06 nopAdka MOXKHO BHIPA3UTH OTHOCUTEILHOE TOSBJIEHNE JIBYX COOBITHUI
B IIpOIiecce pabOThl CUCTEMbBI UCHOJIB3Ys Kiacc Order, KOTOPbIil SABJISIeTCs HACIEIHUKOM KJIacca
Pattern. Tlepsoe cobbiTre mab/iona 3aaéTcst aTpudbyToM-oTHOIIeHeM “S1”; a Bropoe — arpu-
oyrom-orHOmeHneM “S2” co 3HaveHusMU B Kjacce Proposition. Tun nopsiaka 3agaércs c
nomorpio arpubyra “Kind” € {Precedence, Response}. CemanTuka 3THX IMaGJOHOB JIIst

JIMHETHOT'O BPEMEHU U TIPU OTCYTCTBUU OTPAHUYCHUIN ONUCHIBACTCA CJIEYIONIUM 0Opa30M:

e Precedence: ecyim CIydusioch S1, TO JIO 9TOIO KOTIa~-TO CJIYIMIOCH So.
— LTL: FSl — _\SlU<SQ VAN _\Sl).
e Response: eC/iu BBIIIOJIHEHO S, TO IIOTOM KOTJIa-HUOY/b BBITOJTHUTCS So.
- LTL: G(S; — FSs).
Kpowme Toro ms mabmoros u3 Order #a cobbiTus “S17 1 “S2” MoryT HaK/1a1bIBaThCsT OTpaHITIe-

HUsI OJJHOBPeMeHHocTH BhinoHerus “Space”: {NonOverlap, RightOverlap, LeftOverlap}:

e NonOverlap: S; u Sy HUKOIJIA HE CIYIAIOTCS OTHOBPEMEHHO.
- LTL: G_'(Sl A SQ)

e RightQOverlap: S) Bcerja ciiy4aeTcss paHbliie Sy U HEKOTOPOE KOHETHOE BPEMsT OHU MMEOT
MECTO OJIHOBPEMEHHO.
— LTL: G(Sl A _‘S2U(Sl N SQU_|51 VAN 82))

e LeftOverlap: Sy Bcerjia ciydaeTcs paHblie S U HEKOTOPOE KOHEYHOE BPEMsi OHM MMEIOT
MECTO OJTHOBPEMEHHO.
— LTL: G(SQ A _\SlU(SQ A SlU_\SQ A Sl)))

CeMaHTHKa BCEX MPEIBLIYIIUX MTAOJIOHOB OIUCHIBAIACH (DOPMYIAMHU JIOTHKH JIMHEITHOTO Bpe-
venn LTL, ¢ ucnosbzoBanuem 3uadenus linear crneruduraropa “TimeType”. Omanako ObI-
BaeT IO0JIE3HO MCIIOJIB30BATH IMTAOJIOHBI CEMaHTUKA KOTOPBIX ONUCHIBACTCA (hOPMyJIaMU JIOTUKA
serpsrerocs: sBpemenn CTL, vo we dopmymamu LTL [14]. Illabnonsr eemeswezoca epemenu
3aJIAI0TCA ¢ MOMOIBIO 3HadYeHusa branch crnenudukaropa “TimeType”. HWx cemanTuka rpwu

OTCYTCTBUU OI‘paHI/I‘IeHI/IfI OIIMCBbIBACTCs CJIEYIOIITUM 06pa30M:

e Universality+branch: Bceryma, paHO WM MO3/HO, €CTh XOTs Obl OJINH BapruaHT PaOOTHI
CHCTEMBI, B KOTOPOM S7 MMEET MECTO BCErJA.
— CTL: AFEGS,.

e Existence+branch: Bcerja ectb XoTs ObI OJUH BapuaHT PAbOTHI CUCTEMBI, B KOTOPOM S
KOTJIa-HUOY/Ib ©MEET MeCTO.

- CTL: AGEFS;.
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YV TBep>KaAeHUsI-COOBITUS

Variable Name Domain
string Dom
Data Varl Var2 Opr Quantifier
Variable | Variable | {=,<,>} =
Kind Name Condition
Case state string | StmpleSpec
event
Kind Type Cases
one strict
Complex | parallel free Data
serial hold Case
eventual

e Absence+branch: Bcerya, paHO WU TO3/IHO, €CTh XOTd ObI OJIMH BAPUAHT PAOOTHI CUCTE-
MBI, B KOTOPOM S| HHKOI/Ia HE UMEET MeCTa.
- CTL: AFEG—S;.

e Precedencetbranch: eciau ciayamioch Sp, TOTJA €CTh XOTd Obl OJIMH BapuaHT PabOTHI
CUCTEMBI, TP KOTOPOM S CJIYIUIOCH PAHbIIE Ss.
— CTL: AFS2 — (ﬁSQEU<Sl A ﬁSQ)).

e Response+branch: ec/i CJIydmyioch Sy, TOI/Ia €CTh XOTs ObI OJIMH BapUAHT PAOOTHI CHCTe-

MBI, IIPA KOTOPOM CJIyIUTCA So.

2.3. YTBepxKaeHUd

DK3eMIUTAPBL Kiacca Proposition (tab. 2.3) ONUCBIBAIOT BBIJIEIEHHBIE COCTOSHUS CHCTE-
Mbl. CeMaHTHKON 9THX 9K3EeMILISAPOB SABJISETCSH TO, YTO YTBEPXKIACHNS 0 MaHHbIX (Kitace Data),
cobbiTus (kimace Case), 6o cocrasuble cobbiTus (Kiaace Compler) UMEIOT MECTO B HEKOTO-
PBIX COCTOAHUSX CHCTEMBI. Bce 3T KJlacchl dABJISIOTCA TMOJKIaccaMu Kjacca Proposition.

O'Z[‘I/IHaKOBbIX HacCJIelyeMbIX anI/I6yTOB JaHHBIX 39THU KJIaCCbl HE HMMEIOT, HO HaCJIEJYIOT BCeE

OTHOIIEHUA POAUTEILCKOI'O KJlaccCa.
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C momoribio cayKeOHOTo KJtacca Var 3a1al0Tcsd mepeMeHHbIe CUCTEeMbI, 3HAUEHUsT KOTOPBIX
MOT'YT OIIPEJIEISATh COCTOSIHUS WIH COObITUs. KOHCTaHTAMU SIBISIOTCS TIEPEMEHHBIE C OJTHOIJIe-
MEHTHOI 00/1acThIO omnpejenenns. Data — 9TO yTBEPKIEHUS O TMePeMEeHHBIX CUCTEMBI, TPeJI-
cTaBJIeHHbIME aTpubyTamu otHomeHusiMu “Varl” u “Var2”. Onu 3aaf0T cpaBHEHUe UX 3HATEHU
¢ iomortbio arpudyra “Opr’, BO3MOXKHO, C y4€TOM KBaHTOPa U3 3Ha4YeHuit aTpudyTa “Quantifier”.
YVTBepKIeHnsT 00 UMEHOBAHHBIX COCTOSHUAX U COOBITHSAX CUCTEMBI C TIOMOIBIO Kiacca Case,
rie arpubyTh “Kind” u “Name” ompeesitor TUII 1 CTPOKOBOE UM, a aTpudyT-oTHOIIeHHE “Con-
dition” coryzKuT 151 33/1aHUS YCIIOBUS IyCKa, ITPEJICTABJIEHHOT0 9K3eMILIAPOM Kjacca SimSpec.
CocraBHbIe COOBITHS OIPEIEIAIOTCS ¢ TOMOIIBI0 Kiacca C'omplexr, KOTOPBI UCIOIb3yeT 3HaUe-
nus arpudyTa “Kind”, 3a1atomero Bu i kombunanuu coobiThii, n arpudyTa “T'ype”, 3a1atomiero eé
THII, a TakxKe arpudyra-orHOmeHns “Cases”, 3a/1a10Iero COOCTBEHHO MHOYKECTBO KOMOUHHUPYe-
MBIX cOObITHi. CeMaHTHKY KOMOUHAINH COOBITUIT MOYKHO OITHCATH CJIEIYIOMIIM 00pa30M, OCHO-
BeIBasich Ha paborax [13, 16]. Ilycro G = {ey,...e,} — 9TO MHOXKECTBO yTBEp:KIEHHUiT O

IIepeMEHHBIX U COOBITHAX, IPeCTaBIeHHbIe dK3eMILIsspamu KiaccoB Data n Case.

e one(G):
— strict: xoTs O6bI OAHO U3 COOLITHII MHOXKeCTBa (G UMEET MECTO.
~LTL: orE=e; V... Ve,.
— free: xoTs Obl 0jiHO U3 cOObITHI MHOXKecTBa G OyJIeT UMETh MECTO.
— LTL: notE A notEUorE, tne notE = —e; A ... A —e,.
e parallel(G):
— strict: Bce cobbiTust MHOXKeCTBA (G UMEIOT MECTO.
— LTL: andE =e1 A ... Ne,,.
— free: Bce coObITHS MHOXKeCTBa, (G OYIyT UMETh MECTO.
— LTL: notE AnotEUandFE.
e serial(G):
—strict: cobbiTus MHOXKecTBa (G MMEIOT MECTO B 3aJaHHOM IOPSIIKE, IO OJHOMY B
IIOCJIE/IOBATEIbHBIX COCTOTHUSIX.
— LTL: 2F = e; A (Xea A (Xes ... A Xey)).
—hold: cobbiTusi MHOXKecTBa (G UMEIOT MECTO B 3aJlaHHOM IOPsSIJKE, 10 OJIHOMY B
IIOCJIE/IOBATEILHBIX COCTOSTHUSIX, U BCE CJICIYIONINE COOBITHS HE MMEIOT MEeCTa B TOT
MOMEHT.

— LTL: xhE = e; AnotEY A (Xea AnotEY A (Xez AnotE} ... A Xey,)), rie notEl =
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Ni—i—e;.

— free: cobbiTust MHOKecTBa G GyjIyT MMETb MECTO 10 OJIHOMY B 3aJIAHHOM TIOPSIJIKE.

— LTL: notEZ A notEUxhE.
e eventual(G):

— strict: cobbiTus MHOKeCTBa G UMEIOT MECTO B 33J[AHHOM IOPSIJIKE, B PA3JINIHBIX U
BO3MOXKHO HE TI0CJIEI0BATE/ILHBIX COCTOSHUSIX.

— LTL: fE = e; A X(me2Uey A X(—e3Ues ... A X(—e,Ue,))).

—hold: cobbiTust MuOXKecTBa G Oy/IyT HMETH MECTO B 3a/[aHHOM TIOPSIJIKE, B PA3JINIHBIX
1 BO3MOYKHO He [I0CJIeI0BATEIbHBIX COCTOSIHUSIX, U BCE CJIEJLYIOIIHE COOBITUS HE UMEIOT
MeCTa B 9TOT MOMEHT.

—LTL: fhE = e; AnotES A (notEyUey Anot EY A (not EYUes AnotEY ... A—e,Ue,)).

— free: cobbiTust MHOXKecTBa G Oy/IyT UMETH MECTO B 3a/[aHHOM TIOPsIJIKE, B PA3JINIHBIX

11 BO3MOZKHO HE€ II0C/JIeJOBATC/IbHBIX COCTOAHUAX.

~ LTL: notE AnotEUfhE).

[IpecTaBieHHOe MHOYKECTBO IMAOJOHOB COCTABHBIX COOBITHI MBI IJIAHUPYEM PACIIUPUTH T1a0-

JIOHaMM, KOTOPbIE€ YYUTLIBaIOT BBLIIIOJIHUMOCTD COOBITHUH TOCJEe UX OJHOKPATHOI'O BbIIIOJTHCHMNA.

2.4. T'paHunmel

DK3eMILISAPHI KJIACCOB, IPUBEJIEHHBIX B Tabymie 2.4, 3a/1af0T OrpaHUYeHUs] HA BBIOJTHEHIE
mabJIOHOB OTHOCHTEIBHO COOBITHI (Kitace Scope), BpeMeHHBIX paMoK (Kiacc T'ime) u KoJmaec-
TBa BBINOJHeHWH (Quantity).

Kacc Scope onpenensier obactsb feiicTBus 1ab/I0HOB, UCIOIB3Ys aTPUOYTHI-OTHOIIICHUS
“S1” u “S2” nna cnenudukanun COOBITURHBIX TPAHUIL, & TAII OIPAHNYIEHU 33/1a€TC aTprOyTOM
“Kind”€ Scopes ={globally, before, after, between, after-until, start, regular,
final}. CemaHTHKa COOBITUHHBIX T'DAHUIL BBIMOJTHEHUS MAOJOHOB OTHOCUTEIILHO COOBITHUIL
ocHoBaHa Ha paborax [4, 17]. IIpuseném ceMaHTHKY COOBITHITHBIX TPAHMUIL JJIs1 TA0IOHA YHUBED-

CaJIbHOCTHU, KOTJIa cOObITHE S BBIIIOJIHAETCS BCEr/a:

e globally: maOJIOH BBITOTHSAETCSA B TEUEHUU BCETO BPpEMEHU PabOTHI CHCTEMBI.
- LTL: GS.
e before: mabJI0OH BBINOJIHAETCS B T€UEHUU BCEIO BPpeMEHU PabOThI CUCTEMBI JIO IIEPBOIO

[OABJICHUA COOBITUA S .

- LTL: FS; — SUS;.
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Table 4

I'panunbr

Scope Kind Space S1 S1

Scopes Overlapping | Props Props
Kind Bound1 Bound2 | Bound3

Bound | Situation Quantity Quantity | Quantity

Time Time Time
Kind Num1 Num?2
point
Quantity | minimum Integer Integer
maximum
interval
Time Duration Periodic

Quantity Quantity

e after: 1MIabJIOH BBIIIOJIHSIETCS BBIIOJIHAECTCA B TEUEHHH BCEIO BPEMEHH PAOOTHI CUCTEMBI
IIOCJIe TIEPBOTO TOSIBJIEHUSI COOBITHsT ST .

- LTL: =SU(S; A GS).

e between: 1MabJ/IOH BBIMOJIHAECTCA MEXKIY HEPBBIM MOSIBJIEHHEM COOBITUS S U CJIELYIOIIAM
[IOCJIE 9TOIO MOABJIEHUEM COOLITUS S5.

- LTL: ﬁSU(Sl A _'SQ N (SUSQ))

e after-until: mabJ/IOH BBIIOJIHAETCS BBIIOJTHSIETCS MEXK/LY TIEPBBIM HOsIBJICHUEM COOBITHS
S1 1 CJIeAYIONUM TIOC/Ie 3TOrO MOABIEHNEM COOBITHS Sy JIMOO0 B TEUEHUN BCETO OCJIELYI0-
IIer0 BpeMeH!u pabOThl CUCTEMBI.

— LTL: ﬁSU(Sl VAN _'SQ N (SWSQ))

e start: mabJIOH BBIIOJJIHSIETCSI, ITIOKa COOBITHE S He 0003HAYUT KOHEI HadaIbHOU (ha3sbl
pabOThI CUCTEMBI
— LTL: =57 — SWS;.

e regular mabJIOH BCET/Ia BBIOJTHSIETC BBIMOTHIETCS MEXKJTy MOsABJIECHHEM COOBITHS S U
CJIEJIYIOIINM ITOCJIE ITOrO MOSIBJIEHHEM COOBITHUS So JIMOO B TEUEHUU BCErO MOCIEIYIOIETO

BpeMeHH PabOThI CUCTEMBI.

— LTL: G(Sl A _|SQ — (SWSQ))
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e final mabJIOH BBIIOJIHSIETCS MIOCJIE TOro, KaK coObITHE S; 0003HAYNT HAYaI0 (PUHAILHOM

das3bl pabOTHI CUCTEMBI.

~ LTL: (FGS; AFS) = =SUS,).

JI71s1 TOTIOJTHUTE TBHBIX OTPAHUYIEHN Ha OHOBPEMEHHOE UCIIOTHEeHNEe COOBITHITHBIN rparuty “S17,
“S2” u cobbiTuil mabaoHa ucnob3yercst arpudyT “Space”’€ Overlapping = {NonOverlap(i, j),
RightOverlap(i, j), LeftOverlap(i, j) | 4, ) € {Sis, Sos, S1p, Sow } }, D€ Sis 1 Sas — coObITHIIHBIE
rpaHuipl, a Sip U Sy — cOObITHS IMAOJIOHA, U CeMaHTHUKa KOHCTPYKIWil n3 Overlapping
AHAJOTUYIHA CeMAHTHKE OIPAHMYEeHUI OJHOBPEMEHHOCTH BBINTOJTHEHHUS MIabJIoHOB “Space” mu3
HPEJIBIIYINErO PA3/Iesa.

B ornuume oT cOOBITUIHBIX TpaHUIl, KOTOPbIE HAaKJ/IAbIBAIOTCS Ha HCIOJHEHHE Ia0/I0Ha
B II€JIOM, BpPEMEHHbIE U KOJUYECTBEHHDbIE I'DAHUIILI MOTYT OIPEEIAThCA KaK JiId IMab/IoHa
B II€JIOM, TaK U Jijig ero coobrtuii. s cnermudukamnum sToro ucnosb3yercs kiaace Bound,
rie arpudyT “Kind”€ Situation = {whole, S1,S82, whole+S1, whole+S2, S1+S2, whole+S1+S2}
ompeJiesisieT coueTaHne HaKJ/Ia/IbIBaeMbIX OI'PDAHMYEHUI, & cCAMI OrpaHUIEHUs 3a/1aI0TC aTPUOY-
ramu-oTHomreHussMu “Bound1”, “Bound2” u “Bound3”, u mMoryT ObITh KaK KOJUYIECTBEHHBIMH
(kmacc Quantity), Tak u BpeMeHHbIMEU (Kitacc Time).

Yucsio nosiBeHuit madoHa Win COOBITUS 3a/IaéTCs SK3EMILIIPOM Kiacca Quantity ¢ 1o-
MoIIbio aTpubyTa-crenuduraropa “Kind” m HaTypagbHbIX YucaoBbIX arpubyTroB “Numl” u
“Num?2”. IlpuBesém cemMaHTUKy orpaHudeHuil Ha qucjio mnogsienuit npu Numl=2 n Num2=3
(;ierko 0606IIaeTCST HA TPOU3BOJIbHBIE HATYpPAJIbHBIE YUCJA) I IMabJOHa CYIIeCTBOBAHUS,
Korja coObITHE S BBITOJIHUTCA KOIJIa-HUOY/Ib:

e point (posrHo Numl pa3):
— S BBIMIOJTHUTCSI KOTJIa-HUOY/Ih POBHO 2 pa3a.
— LTL: Pty = Nowy V (-SUNow,), tne Nowy = S A XPty u Pty = Now; V -SUNowy,
a Now, = S A XG—S,
e minimum (xors 661 Numl pas):
— S BBITIOJTHUTCST KOTJIa-HUOYIh XOTs OBl 2 pasa.
— LTL: Miny = F(S A XFS);
e maximum (e Gosee Numl pa3):
— S BBINIOJIHUTCS KOIJa-HUOY b He OoJiee 2 pas.
— LTL: MCLQ?Q = G_|S\/Pt1 \/Ptg,

e interval (or Numl mo Num?2 pas):
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— S BBINOJIHUTCS KOTJIa-HUOY/L He OoJiee 3 1 He MeHee 2 pas.
— LTL: Inty3 = Miny A\ Maxs.

Kiace Time nossosisier 3aj1aBaTh BpeMeHHbIe TpaHullbl (arpubyr-orHomienue ‘Duration” ¢
KjaccoM Quantity) u BpeMeHHYIO mepuojndHocTh (arpubyr-oroirenue “Periodic” ¢ kiaccom
Period) nosiBiienns mabsona uan codbitust. [IpuBeéM ceMaHTHKY BPEMEHHBIX ONDaHUYEHUIT,
BeipazkenHyto dopmyaavu jgoruku MTL [15], myst mabiona cytecTBoBaHusi, Korja coobitue S

BBITIOJIHUTCS KOTIa-HUOY/Ib:

e Duration:

— point (posHO 4Yepe3 Numl):
— S BeinosHuTCs Yepe3 Numy eIMHUIL BpEMEHH.
~ MTL: =SU yum, S:

—minimum (MuHEMYM 9epe3 Numl):
— S BBINOJTHUTCS He paHbie Num eMHUIL BPEMEHH.
~ MTL: Min%,,,, (S) = 7SUyum, (=S — FS),

—maximum (MakcumyM depe3 Numl):
— S BBINOJIHUTCST HEe 1037Ke Num; eJUHHI] BDEMEHN.
~ MTL: Maz%,, (S) = Fnum, S.

— interval (mexay Numl u Num?2):
— S BeinosHUTCs He paHbie Num, u nosxe Numsy €TMHUIL BPDEMEHH.
- MTL: Min,,, (S) A Maz%,,,.(S).

e Periodic:

— point (poBHO Kaxble Numl):
— S BBIOJIHSIETCS KazKable Num, €HUIL BPEMEHN.
— MTL: G(=SUnym, (S A XS5)).

—minimum (MuHEMYM Kaxaeie Numl):
— S BBINOJIHSIETCS He pezke KaxKIpIX Num, eIMHUI] BDEMEHH.
- MTL: Min%,, (S) = GFyum,S,

—maximum (MakcuMyM Kaxkple Numl):
— S BBINOJIHSETCS He [alle KazkKabiX Numy eUHIIl BpEMEHN.
-~ MTL: Max¥,,,, (5) = G(=SUnum, (S = F(S A X=5))).

—interval (mexxay Numl n Num2):

— S BeIosHsieTcsd He pexke Nums u He daine Num, eIUHUI] BDeMeHH.



124 Tapanuna H.O., B06un B.E., JIax T.B. OHTONIOrM49ecKuil mMoAX0 K OPraHu3aIuu mabI0HOB

Table 5

Cpena

Environment Kind Env | Sys

{BadBeh,0pt} | Spec | Spec

~ MTL: G(MinY,,,,(S) A Mazl,,..(S))-

OtmeTnM, 9TO MOTYT OBITH OJHOBPEMEHHO 3a/[aHbI BCE OIPDAHMIEHNs, KAK COOBITUIHBIE, TAK

1 KOJIMYeCTBEHHbIEC C BpeMEHHbIMMU.

2.5. OkpykeHune

Knace Environment mo3BojisieT MOIeIMPOBaTh OTHOIIEHUSI TOBEJIEHUIN CUCTEMBI U €€ OKPY-
xkennsi. ArpubyT “Kind” 3a7aét Bus 9mux orHorenuit, a arpubytol “Env’ u “Sys” — nosejierue
OKPYZKEHUS U CUCTEMBbI, COOTBETCTBEHHO, CO CJIEJIYIOIICH CEMAaHTUKOI:

e BadBeh (Hnoxoe HOBe,ILeHI/Ie)i €CJIN OKPYZKEHUE BCeria MOXKET CJIeI0BaTh ILJIOXOM crienundu-
kanuu Env, To cucrema BCE paBHO ciiejlyeT xopoiieii crernudukanun Sys.

— CTL: EFEnv A AGSys.

e Opt (ONTUMAILHOCTB): KakK Obl HU BeJIo cebsl OKPYKeHHe, CUCTeMa MOYKET PearnpoBaTh
TaK, YTO ONTHMaJIbHOEe crenudukanmms Sys Ay cUcTeMbl u crenudukanus Env s
OKPY2KeHUsI OYyT JOCTUTHYTHI
— CsoiictBo HeBbipazumo B jorukax CTL wmmm LTL, HO BRIpazuMo B j—UCIUCTICHUH.
JlokazaTebeTBO 3TOro (haKThl BHIXOIUT 38 PAMKU JAHHON pabOTHI.

Hedopmabno roBopsi, IepBbIil TUIT OTHOIIEHUI OKPYYKEHUS U CHUCTEMBI 10JIe3€H, 9TOObI yOe-
JIUTHCS, ITO OIPEJICTEHHBIN (HeyKeTaTe IbHBIN) ClleHAPHH OBEIeHIsT OKPYKEeHUsT JefCTBUTE b
HO CMOJIEJIMPOBaH, HO OMIMOOK CHCTEMbI IIPU TOM He BO3HUKAeT. BTopoil Tuil, BhIpazKaromuii
CBOMICTBO ONTUMAJILHOI'O TIOBEJICHUS] CUCTEMBbI 3aK/II0YAETCS B TOM, ITO HPU JIOOOM TIOBEICHUN
OKPY2KEHUsI CUCTEeMa MOYKET JIOCTUTHYTb HY?KHOTO COCTOSTHUSI.

3aMeTuM, UTO He BCAKas KOMOMHAIINS 3HAYEHUI aTPUOYTOB KJIACCOB TIOCTPOEHHON OHTOJIOTUN
nmeeT cMbicy. Harnpumep, mabdiaon oepanuvennoti ynusepcasvrocmu BU cobbituss P Mor Obl
ObiTh crerudurnmposan ciaenyomum obpazom: BU = Occurrence(Kind : universality, S1 :
P, TimeType : linear, FrameQuantity : (Kind : whole, Bound3 : (Kind : point, Numl =
5))), HO 9TO TOHSATHE HE UMEET OCMBICICHHONW CEMAHTHUKH.

Omnrostorust TpeboBaHmii MOXKeT OBITH IIpejicTaB/ieHa B rpadudeckom Bujie. Ha puc.1 Kimacchb



Cucremnuas undopmaruka, Ne 9 (2017) 125

o Simplespec
Opr: — A, v, —>, &3 [+ { iy

( Spec )
e

— v

{!Envirq_nmen@

VRO

I
’3’2\ \

. ¥
Kind. BadBeh, Opt

: [Name: string|
Vs Pattern

{Domain: pom |

;Kind: absence, existence, * -—\\
juniversality I OCCUrenCe_, H
; Variable)
|Kind: precedence, responce —_— N J
\Space: Overlapping = \ Orde ) ;
[opace: Overlapping \ \ =

\\“

Kind: globally,before,after,
until,start,regular,final
Space: Overlapping ¥

I
|
- . T
Proposition | AN
I

Y \

X
FAR
/ \
/4—_ -—l—\
[( Case \ ’,f Data )|
\ .y :

— : |
\ ( ™ i |
{ } I\ i " f
\\ i - /ﬂ
S e 4 ) : Complex )
{Kind: vhole, s1, s2, — ""f\_ Bound_) AN Lomplex ) ,/
iwhole+S1, whole+s2, ™ ] I
{51452, whole+S1+52 v
e, T T [Kind: state, event| [0pr: <, », =
{Name: string | Qnt: v, 3
. 5 Y
- - - . i Kind: one,parallel,serial,eventual
s - Quantity E r—— : :
P \7 — A i Type. strict, free, hold

. {Duration’—="
< Periodic ;== i
el 1 )
Kind: point, min, max, intervalj
_Numl [ NumZ

rd . \‘
(L Time -

Puc. 1. Ourosorus TpeboBanmii

IIPEeJICTaBJIeHbl B BUJE OEJIbIX OBAJOB M MX IOJKJIACCHI HAXOJAATCH BHYTPU HEUX. OTHOIIEHU
MeXKJ1y KJacCaMU MOMEYEHBI ITPUXOBBIMHU CTPEJIKAMM, & HA3BAHUdA OTHOIICHUNA ITOMEICHbI
BHYTPH CEPBIX OBaJOB. ATpPHOyTHI KJIACCOB PACIOJIATAIOTCS B MPAMOYTOJbHUKAX U CBA3AHBI

C COOTBETCTBYIOHNIMMHU KJIaCCaMU ITPUXITYHKTUPHBIMHU CTPEIKaMU.
3. Ilpumepsn TpeboBanmit

[Ipuseém npumepbl TpeGOBaHUIT K aBTOMATHYECKOI CHCTEME YIIPABJICHUS BAKYyMHUDPOBa-
HreM Boutbinoro cosnednoro Bakyymuoro reseckona (BCBT)|[21].

Cucrema Bakyymuposanus BCBT (puc. 2) comeput ciiemyromue KOMIOHEHTHE: 1) Tpyba
TEJIECKOIIA, 2) MHEBMOYCTPONCTBO, 3) JaTYNK JaBJeHus B TPyOe TesaecKona, 4) KialaH MO K0
YeHUsI BAKyyMHOIO Hacoca K TpyOe Tejeckora, 5) JaTduK JaBjeHus B MaTpyOKe BaKyyMHOIO
Hacoca, 6) OTCedHOI KTallaH CoeIMHEHUs BAaKyyMHOIO Hacoca ¢ armocdepoii (camyn), 7) gaTank
TeMIlepaTypbl BOJbI B pyballike OXJIayKJeHHsi BaKyyMHOIO HACOCa, 8) BEHTUIATOD, 9) BaKyyM-

HbIi Hacoc, 10) gaTduk TeMiepaTypbl BOJbI B CHCTEMe KJINMAT-KOHTPOJIst, 11) Hacoc oxsazx/ie-
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Puc. 2. Tlopcucrema Bakyymupoanuss bCBT

HUs, 12) JaTIUKE YPOBHs BOJBI B CHCTEME KIMMAT-KOHTPOJIsA, 13) cucremMa KJINMAT-KOHTPOJIS,
14) marpeBaTesib BOJBI B CHCTEMe KJIMMAT-KOHTPOJIS.

Onmcanne TpeboBaHuil B Hallleil padore BK/I0YaeT B ceOs (hOpMyIMPOBAHNIE UX HA €CTECTBEH-
HoMm si3bike (RUS), ¢ momormmpio temmopasbhbix jioruk (LTL, MTL) u B Buie sK3eMiuisipa
onrosiornu mabsionoB tpeboBanuii (ONT). Eciau obracts jeiicTBust mabioHa sIBHO He 3a/1aHa,
TO MBI CYUTAEM, YTO IabJ/IOH BBIIOJIHAETCS BCETJIA.

ITpumep 1. TpebGoBanue oTCYyTCTBUS COCTABHOTO COOBITHSI.
RUS: S§1 = Huxozda odnospemenno ne skarovaemces nacoc P9 u ne omxpwsaemcs 3amseoproid
rxaanarn V4.
[IycTh cocTostHUSI CUCTEMBI, B KOTOPBIX BKJIFOUEH HACOC, 0003HATAIOTCS C ITOMOIIBIO COOBITHS
Pump, BBITIOIHSIIOIETOCS B HUX, & OTKPhIBAHIE 3aTBOPHOIO KJIAIlaHA OIMMCHIBACTCS UCIIOJTHEHH-
€M OJIHOT'O U3 COOBITHIT: BbI30Ba OTKPBITUA V4.in 1 coOCTBEHHO OTKpbITUA V 4.0ut.
LTL: S1p = G=(Pump A V4.in A V4.out).
ONT: S1p = Occurrence(Kind: Absence,S1: Ej, TimeType: linear), rue
e coctaBHoe cobuiTe Fy = Complex
(Kind: strict, Type: parallel, Cases: {Pump,V4.in,V4.out}), npu smom
— KaKJ10e U3 npocThix cobbituii e € { Pump, V4.in, V4.out} — 910 9K3eMIuIsap
e = Case(Kind: event, Name: e).

B stux samnmcsax 9K3EeMIIAPOB U JJaJiee OIIyHIeHbl MMeEHa anI/I6YTOB, SHa4YeHud KOTOPLIX He
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3a/1aHbI. ,Z[ajlee 6y,ILeM 0003HAYATD IKI3EMILJIAPDBI IIPOCTBLIX COOBITHII UMEHAMU 9TUX COOBLITHUI.

ITpumep 2. TpeboBanue MosiBICHUS COOBITUS MEXKJTY JBYMs IPYTUME COOBITUSIMU.
RUS: Meotcoy cuenaramu damuura yposnsa 6odv, S12 "Bodw, nedocmamouro” u "Bodw docma-
mouno" ecezda nocwvaaemea cuenan omrsouerus nazpesamens H14.
[Tycrh cocTosiHUSI CHUCTEMBI, B KOTOPBIX JAaTIUK S12 00HApPYKUBAET, ITO BOJBI HEJIOCTATOUIHO,
0003HAYAIOTCS C MOMOIIBI0 coOBITHsA S12.low, ecim Ke BOABI JOCTATOYHO, TO S12.norm, a
curnaJj oTkjodenus narpesaresa H14 onmcosiBaercsa ncnosnenueM codbitust H 14.tooff.
LTL: S2p = G(—H14.tooff —

(mH14.tooff U(S12.low A =S12.norm — (=S12.normU H 14.tooff A=S12.norm)))).
ONT: S2p = Occurrence

(Kind: Existence,S1: H14.tooff , TimeType: linear, FrameScope: Scy), rue

e obsiacTh JeiictBus Sco = Scope(Kind: after-until, S1: S12.Jow, S2: S12.norm).

ITpumep 3. Tpebosanue peakiyuu Ha COOBITHE B TEUCHUE 3aJJAHHOINO BPEMEHU.
RUS: Ecau npuwéna cueran wa xaanarw V5, mo on omxpoemcesa do ucmevenus madmayma TV5.
[IycTh cocTOsTHUS CHCTEMBI, B KOTOPBIX IPHUXOJIUT CHUTHAJ Ha KJjanaH V), o003Ha4YarTCs C
IOMOIIBIO0 coObITHA V' 5.toOpen, a B KOTOPBIX 9TOT KJjalaH OTKPLIT — V' 5.0pen.
MTL: S3p = G(V5.toOpen — F<7y5V5.0pen).
ONT: S3p = Order

(Kind: Response, S1: V5.toOpen,S2: V5.0pen, TimeType: linear, FrameTime: Bs), rie

e OrpaHUYeHNE 10 BPEMEHHU, B TEYEHHH KOTOPOTO JIOJI?KHO BBIIOJHUTHCS BTOPOE COOBITHE

mabiaona By = Bound(Kind: 82, Bound2: T3), rie
— Bpems orpanndenns T3 = Time(Duration: Q3) ¢
* KOJIMIECTBEHHBIMI XapaKTEPUCTUKAMI BPEMEHH
Q3 = Quantity(Kind: maximum, Numl: T'V5).

IIpumep 4. TpeboBanne OJHOKpPATHON peakIny HA COCTABHOE COOBITHE B TeUeHHE 3aJaHHOIO
BPEMEHN.
RUS: Bcezda npu nopmanvroti pabome saxyymmnozo nacoca P9, ecau nadenue dasaenusn 6 mpybe
cudepocmama (S4) menvwe yposua D04 3a epemsa ToutDJ, u npu smom dasaenue 6 mpybe
cudepocmama (S4) ece ewe Goavwe kpumuueckoz2o yposus daeaerus P04, ne Goaee, wem 3a
spemsa ToutM/ 2enepupyemcs coobwernue 0o owubke. Imo coobulenue 2eHepupyemcsa mosbKo
o0dun pas.

O0603HAYNM COCTOSIHUSI CHCTEMBI, B KOTOPBIX Hacoc paboraeT HOpMaJibHO, Kak PumpNorm,
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U3MeHeHHne JIaBJIeHUsI U 3HAUEHHe JaBJieHus B TpyOe cujepocrata S4 3a1aéTCst YCIOBHO-IEIOTUC-
JIEHHBIMU 1IepeMeHHbIMUu D4 1 P4, JIOKaJIbHBIN CIETYNK BPpEMEHU — TEJTOYUCTIEHHO ITepeMeHHOi
T4, a cobbITHE TeHEPUPOBaHUs COOOIIEeHnsT 00 ommOKe obo3HaqdaeTcsa kKak AlarmPS4.
MTL: S4p = G(PumpNormAT4 > Tout DAND4 < DOAAP > P04 — F <rounra AlarmPS4N
—AlarmPS4U(PumpNorm A T4 > ToutD4 A D4 < D04 N P > P04)).
ONT: S4p = Order(Kind: Response, S1: FEy,S2: AlarmPS4,
TimeType: linear, FrameTime: Bt,, FrameQuantity: Bgqy), rie
e coctaBHoe cobwbiTne Fy = Complex
(Kind: strict, Type: parallel, Cases: { PumpNorm, Dy, Do, D3}), rae
— YTBEPKJIEHUsI O JIAHHBIX:
Dy = Data(Varl: T4, Var2: ToutD4,Opr: >),
Dy = Data(Varl: D4, Var2: D04, Opr: <), D3 = Data(Varl: P,Var2: P04,0Opr: >),
rJie TIepeMeHHbIEe U KOHCTAHTHI:
T4 = Variable(Name: T4, Domain: int),
ToutD4 = Variable(Name: Tout D4, Domain: {ToutD4}),
D4 = Variable(Name: D4, Domain: int),
D04 = Variable(Name: D04, Domain: {D04}),
P = Variable(Name: P,Domain: int),
P04 = Variable(Name: P04, Domain: {P04});
® OrpaHUYEHNE 10 BPEMEHH, B TEUEHUN KOTOPOTO JIOJIZKHO BBIIIOJHUTHCSA BTOPOE COOBITHE
mabiona, Bty = Bound(Kind: $2, Bound2: T}), rae
— spems orpanndenust Ty = Time(Duration: Qty) ¢
* KOJIMIECTBEHHBIMU XapaKTEPUCTUKAMHU BPEMEHU
Qty = Quantity(Kind: maximum, Numl: ToutM4),
® KOJTMIECTBEHHbIE XapPAKTEPUCTUKH UCIIOJTHEHNsT BTOPOTO COOBITHUS ITab/IoOHa,

Bgqy = Bound(Kind: S2, Bound2: Qqs) ¢ Qq4 = Quantity(Kind: point, Numl: 1).

4. KoHnenmms mMHTEIEKTYaJIbHON CHUCTEMBI MOAAEP>KKIN Pa3padoTKN

paciipeZeJIEHHbIX IIPpOTrpaMMHbIX CHACTEM.

WNurennekTyasibHast cucTeMa MOJIep:KKu (hopMasibHON BepuduKaIum pacipeie/ e HHbIX TIPO-
IPaMMHBIX CUCTEM BKJIOYAET CJICIYIONNE KOMIIOHEHTHI.

1. Cucremsl cemanTudeckoro ussiedenus nadopmannu (CUN).
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. Onrosorus nporpammuoit cucremst (OTIC).

. Onrosnorus Tpebosanuit (OT).

. Penmaxrop onrosornit OIIC u OT.

. Tpancisarop cogepxkanus OIIC B a3bIK MOJAXOAIIET0 HHCTPYMEHTA, BepU(DUKAIIAN.
. Moysib uzBnievenus: tpedbosanuit uz OIIC.

. Tpancssrop conepxkannst OT B BoicKasbiBanus Ha ecTrecTBeHHOM si3bike (T).

. Tpancysitop conepxanus OT B rpadudeckoe npejcrasierue (TT).

© 00 N O Ot ke W N

. Tpancysitop conepxkanusg OT B dbopmysist jorukn crenudukanuii (TJT).

—_
e}

. Onrosnorusg soruk crerudurarmit (OJIC).

11. Uncrpyment Bepudukannu mabiaonos Tpebosanuii (BILI).

Hama cucrema cemaHTH4YecKoro ussjedenusi nadopmanuu (1) mM03BoJIsSET U3BIEKATH JIAHHbBIE
U3 TEKCTOB Ha €CTECTBEHHOM sI3bIKE B BUJIE SK3EMILIPOB OHTOJIOTUH IIPEIMeTHON obaacTu [H—
7]. Omrosiorust TPOrpaMMHON CHCTEMbI (2) COMEPKUT OIMCAHWME MPOIPAMMHO CHCTEMBI Kak
apaJsyieTbHO B3aUMOJEUCTBYIONIIX ITOCJIEI0BATETLHBIX IIPOIECCOB, BPEMEHHBIX U MPUINHHO-
CJIEJICTBEHHBIX OTHOIIEeHMT MexKry HuMmu. Onrosiorusi TpeboBaHmii (3) COMEPIKUT ONUCAHUE
TpebOBaHUl, OTHOCAIINXCA K KOPPEKTHOCTH IIPOrpaMMHOl cucteMbl. CojiepKaHue OHTOJIOTUN
OIIC wu3BekaeTcs M3 TEXHUYIECKOH JTOoKyMeHTarmumu ¢ ucrojb3oBanmem CUN, a comeprkanne
ourosiorun OT — ¢ momoribio Moy ussiedenns TpeboBanuit 3 OIIC u u3 TexHmvueckoi
nokyMentaiuu ¢ ucnosbzoparuem CUU. Tpanciasarop comepxkanust OIIC (5) B s3bIK nHCTPY-
MEeHTa BEPUMPUKAINY CJIYKUT JIJIs 33/ aHUsT TPOTPAMMHO¥ CUCTEMbI Ha, BXOHOM sI3bIKE BBIODAH-
HOTO mHCTpYyMeHTa Bepudukarnuu. Momuynb ussiedenust rpebosanuii (6) nz OIIC, ocHOBBIBasICH
HA [PUYUHHO-CJIEJICTBEHHBIX U BPEMEHHBIX OTHOIIEHUSX IMporeccos, onucanubix B OIIC, n
outosiorun OT, u3Bjiekaer TunmaHbIe TPEOOBAHNSA KOPPEKTHOCTH. TpaHC/IATOPbI TpeOoBaHMIA
Td u TT (7,8), npeacrasistomue sk3eMiuisippl OT Kak BbICKa3blBaHUsT Ha OrPAHIMIEHHOM
[IOJIMHOKECTBE €CTECTBEHHOI'O S3bIKa M B I'PAUIECKOM BUJIE, CIIyXKaT I O0JIerYeHns 3a/1aun
nounManus u crenudukanuun trpebosanunit. [lnanupyercs takxke pas3paboTKa peaKTOPOB Pe-
3yJbTaTa TpaHcasnun 1 ooparHeix TpaHcasaTopoB B OT. Tpanciaarop tpebosanuit TJI (9) B
dopMyIbl JIOruKHU crienuduKaiuit onpejensier (popMabHYI0 ceMaHTHKY TpeboBaHuit. Pop-
MaJjibHAs CEMAHTHKA [MO3BOJIAET BBIOPATH CIIOCOD M MHCTPYMEHT BepuduKaiuu TpeboBaHUil K
pOTrpaMMHO#l cucTeMe, HHMOPMAIU O KOTOPBIX COJCPKUTCS B OHTOJOTUU JIOTUK CIEIn(pUKA-
it OJIC (10). B ormmane ot apyrux ontosoruii Hameit cucrembr, orrosorust OJIC momosasier-

Cd BPYYHYIO U COJECP2KUT CBEACHUA O TEMIIOPaJIbHBIX U MOJJaJIbHBIX JIOTMKaX CHGHH(bHK&HHﬁ,
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OTHOIIEHUSIX MEXKY HUMU U U3BECTHBIX MHCTpyMeHTax Bepudukaiuu. VHCTpyMeHT BepuduKa-
i 1mabsionoB Tpebosanuit BIIL (11) ncmosb3yer asroputmbl BepuduKaImn mabiIoHoB, 00J1a-
JTAIOIIIe MEHbIIEH TPY/I0EMKOCTBIO, YeM CTaHIaPTHBIE AJITOPUTMbI BEpU(UKAIIUN OOIIErO BUJIA.
B cuity HEOIHO3HAYHOCTH €CTECTBEHHOIO SI3bIKa U TPYI0EMKOCTH TOYHOIO 3aJaHus TpeOOBAHUI
KOPPEKTHOCTH IPOrPAMMHBIX CHCTEM BCe MHCTPYMEHTBHI CHCTEMbBI IOJJIEPKKU (POPMAJIbHOM
BepuduKaIuu, KpoMe BepuduKaTropa MmadI0HOB, He ABJISIOTCS [TOJHOCTHIO aBTOMATHIECKUMHI,

T.€. pe3yJjibTaT Uux pa6OTbI MOZKeT Tpe6OBaTB JOIIOJIHUTEJIbHOT'O PYYHOI'O aHaJIA3a.

5. 3akJiroueHue

B pabore mnpejjioxken HavYaJbHBIN BapuaHT OHTOJIOTMU TPeOOBaHUi, KOTOpas JOIMYCKAaeT
omcaHne TpeOOBaHUI CJIEIYIOMEro TUIA: KadeCTBeHHbBIE; peabHO-BpEMEHHBIE, KOJIMIeCTBeH-
HbI€; YUUTBIBAIOIINE COCTABHBIE COOLITHUS, a TaK¥Ke YTBEP:KJCHUS O JaHHBIX. DTa OHTOJIOTHS
MOXKET OBITbH PaCIIUPeHa HECKOJbKUME criocobamu. HezaBucuMmbiM OT TpeIMETHOH ob1acTu
cIrocoO0M SBJIETCSI ONMCAHNEe He TOJBKO IabJIOHOB KOMOWHAINN COOBITHI, HO 1 00OOIEeHMe
STUX KoMOuHarmit 710 nosesenust B ayxe CSP, npeoxkentoe B [19]. Kpowme roro, cnennasmsu-
pOBaHHBIE IIPEJIMETHBIE 00JIaCTH, TaKhe KaK 0e3011acHOCTb, areHTHBIE MOJEIN, MOI'YT IOTPebO-
BaThb CBOM IIA0JIOHBI CIIEIU(pUKAITHIA.

OueBHTHBIM CJICTYIOIIAM IIANOM sIBJISETCs 3a/IaHKe TI0JTHOH (hbopMaIbHOM CeMaHTUKH 111a0,10-
HoB. Ocoboro BHUMaHus TpedyeT hopMaIbHas CEMaHTHKA MTAa0JI0HOB, COMEPKAIIUX B TOM MJIN
nnoM Bujie oneparop Until u ero BapuaHThbl, T.K. MOYXKHO IOJIYIUTh HEKOPPEKTHYIO clenduKa-
IO 38 CYET HECOOTBETCTBUS MPABBIX I'DAHUI] BPEMEH IMOSBJICHUS COOBITHIT. DTa CeMaHTUKA
OyIeT MCIoIB30BaThca B TpaHcasTope cojepxkanusg OT B GopMysibl JTOrUKN crernmuKaImii.
TpancagaTopbl B BBICKA3bIBaHUs Ha €CTECTBEHHOM si3bIKe€ U B IpadUUecKoe IPeJICTaB/IeHIe
3aBUCAT OT (pOpMaIbHON CEMAHTUKU 1 JOJIXKHBI pa3padaThbiBAThCA OC/IE €€ ITOJTHOTO OIIpe/ie/ie-
Hust. OTMeTuM, 9TO 38 CIET HEOHO3ZHAYHOCTH €CTECTBEHHOTO S3bIKA BO3MOXKHO HEOTHO3HATHOE
COOTBETCTBHE MabJIOHOB U PE3Y/ILTATOB UX TPAHC/IAIMI B €CTEeCTBEHHBIH A3bIK. [Ipe/icraBienue
11120 IOHOB TPeOOBaHMIA € TOMOIIBIO Ipadudeckux popMaIbHbIX A3bIK0B, Hanpumep GIL, moxer
[IOMOYb BBISIBUTH U UCIPABUTH HEKOPPEKTHBIE TpeboBaHUsA. Pa3paboTKa MO/ U3BJIEICHUS
TpebOBaHUil U3 OHTOJOTUM MPOIPAMMHON CHUCTEMBI U WHCTPYMEHTa BepUpUKAIUM MabI0HOB
TpebOBaHUIT TaKKe 3aBUCUT OT (hopMasibHOI ceMaHTHKHU Iraba0HOB. HesaBucumoir 3agatdeii

ABJIAETCA IIOCTPpOEeHUE OHTOJIOI'NU JIOTUK CHGHI/ICI)I/IKaHI/Iﬁ.
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Conceptual transition systems and their application to

development of conceptual models of programming languages”

Anureev I.S. (Institute of Informatics Systems),

Promsky A.V. (Institute of Informatics Systems)

In the paper the notion of the conceptual model of a programming language is proposed. This
formalism represents types of the programming language, values, exceptions, states and
executable constructs of the abstract machine of the language, and the constraints for these entities
at the conceptual level. The new definition of conceptual transition systems oriented to
specification of conceptual models of programming languages is presented, the language of
redefined conceptual transition systems CTSL is described, and the technique of the use of CTSL
as a domain-specific language of specification of conceptual models of programming languages
is proposed. The conceptual models for the family of sample programming languages illustrate

this technique.

Keywords: operational semantics, conceptual transition system, programming language,

conceptual model, domain-specific language
1. Introduction

This paper relates to the development of operational semantics of programming languages.
Following [1], we distinguish two parts of the operational semantics of a programming language. The
structural part defines how the elements of the language relate to runtime elements that an abstract
machine of the programming language can use at runtime. The structural part is called instantiation
semantics or structure-only semantics [2]. The dynamic part describes the actual state changes that
take place at runtime.

In traditional operational semantics approaches [3-6], the main focus is on state changes, while
the structural part is defined ad-hoc. The modern programming languages becomes more complex.
Therefore, development of formalisms, languages and frameworks to describe the instantiation

semantics is very important problem.

* Partially supported by RFBR under grants 15-01-05974 and 17-01-00789 and SB RAS interdisciplinary integration
project No.15/10.
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The meta-model-based object-oriented approach [1] to description of the instantiation semantics
uses MOF (EMF) [7]. The algebraic approach [8] is based on abstract state machines. Abstract state
machines are the special kind of transition systems in which states are algebraic systems. The
structural part of the operational semantics is flexibly modelled by the appropriate choice of the
symbols of the signature of an algebraic system. Rewrite-based approach is implemented in the
frameworks K [9] and Maude [10].

These approaches do not take into account the natural conceptual nature of instantiation semantics
which is easier to describe in the ontological terms of concepts, their instances and attributes.

In this paper, we introduce the notion of the conceptual model of a programming language. This
formalism describes the instantiation semantics at the conceptual level. The conceptual model is
specified in terms of conceptual transition systems (CTSs) [11] in the language of conceptual
transition systems CTSL [12]. Thus, CTSL acts as a domain-specific language oriented to
specification of conceptual models of programming languages.

The paper has the following structure. The preliminary concepts and notation are given in section
2. The new definition of CTSs is presented in section 3. The basic definitions of the theory of CTSs
are given in sections 4 and 5. The language CTSL for redefined CTSs is described in section 6. The
definition of the conceptual model of a programming language is introduced, and the technique of
development of conceptual models of programming languages is illustrated by the sample

programming language examples in section 7.
2. Preliminaries
The preliminary concepts and notation are given in this section.

2.1. Sets and sequences

Let $w, $w1l, $w2, ... denote elements of the sort w, where w is a word, and $$w denote the set
of all elements of the sort w. For example, if n is a sort of natural numbers, then $n, $n1, ... are
natural numbers, and $$n is the set of all natural numbers.

Let $$0 and $$set be sets of objects and sets considered in this paper. Let $$i, $$n, and $$bo be
sets of integers, natural numbers (with zero), and boolean values true and false.

Let $$se denote the set of finite sequences of the form $o1 ... $o$n. Let $$w™* denote the set of
finite sequences of the form $w1 ... $w$n, and $w*, $w*1, $w*2, and so on denote the elements of
the set $$w*. Let [es] denote the empty sequence. Let $$w* denote the set of finite nonempty
sequences of the form $w1 ... $w$n, and $w*, $w*1, $w*2, and so on denote the elements of the

set $$w.
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Let [repeat $o $n] denote the sequence consisting of $n-th occurrences of the object $o.

Let [$o € $se] and [$sel = $se2] denote $o € {$se} and {$sel} C {$se2}. Let [len $se] denote
the length of $se. Let und denote the undefined value. Let [$se .. $n] denote the $n-th element of
$se. If [len $se] < $n, then [$se.. $n] = und. Let [$se.. $n:= $o] denote the result $sel of
replacement of $n-th element in $se by $o. If $n>[len$se], then $sel =
$se [repeat und [[len $se] — $n — 1]] $o.

Let [$o € $se] and [$sel = $se2] denote $o € {$se} and {$sel} C {$se2}. Let [len $se] denote
the length of $se. Let und denote the undefined value. Let [$se .. $n] denote the $n-th element of
$se. If [len $se] < $n, then [$se.. $n] = und. Let [$se.. $n:= $o] denote the result $sel of
replacement of $n-th element in $se by $o. If $n = [len $se] + 1, then $sel = $se $o. If $n >
[len $se] + 1, then $sel = und.

Let [$01 <[sse7 $02] denote the fact that there exist $0*1, $0*2 and $0*3 such that $se =
$0*1 $01 $0*2 $02 $073.

Let [$o $01 <« $02] denote the result of replacement of all occurrences of $o1 in $o by $02. Let
[$se $o «=* $01] denote the result of replacement of each element $02 in $se by [$01 $o < $02].
For example, [a b x «* (f x)] denotes (f a) (f b).

Let $01, $02 € $$se U $$set. Then [$o01 =,,; $02] denote that the sets of elements of $01 and
$02 coincide, and [$01 =,,,,; $02] denote that the multisets of elements of $01 and $02 coincide.

The above defined operations on the set $$se are also applied to the set {($se) | $se € $$se}. The
results of [($se) .. $n], [$0 € ($se)], [($sel) E ($se2)], [$01 <[sseyy $02], [($5€) $0 <" $01],
[len ($se)], [($se).. $n :=$0] and [and ($se)] are [$se.. $n], [$o € $se], [$sel C $se2],
[$01 <[gse7 $02], [$se S0 <~ $01], [len $se], [$se.. $n = $o0] and [and $se].

Let [(0*) + ($071)], [$0.+(0™)] and [(0™) +. $o] denote ($0 $071), ($0 $0*) and ($0™ $0).

2.2. Contexts

The terms used in the paper can be context-dependent. A context has the form [$0*]. The elements
of $o™ are called embedded contexts. The context in which some embedded contexts are omitted is
called a partial context. All omitted embedded contexts are considered bound by the existential
quantifier, unless otherwise specified.

Let $0[$0*] denote the object $o in the context [$o*]. The expression 'in [$01, $0*]' can be

rewritten as 'in [$o1] in [$0*]', if this does not lead to ambiguity.
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2.3. Functions

Let $$/ be a set of functions. Let $$a and $$v be sets of objects called arguments and values. Let
[$f a*] denote the result of application of $f to $a*. Let [support $f] denote the supportin [$£], i.
e. [support $f] = {$a | [$f $a] # und}. Let [image $f $set] denote the image in [$f, $set], i. e.
[image $f $set] = {[$f $a] : $a € $set}. Let [image $f] denote the image in [$f, [support $f]].
Let [narrow $f $set] denote the function $f1 such that [support $f1] = [support $f] N $set,
and [$/1 $a] = [$f $a] for each $a € [support $f1]. The function $£1 is called a narrowing of $f
to $set. Let [support $f1] N [support $f2] = @. Let $f1 U $f2 denote the union $f of $f1 and
$/2 such that [$f $a] = [$/1 $a] for each $a € [support $f1], and [$f $a] = [$/2 $a] for each
$a € [support $f2]. Let $f1 < $f2 denote the fact that [support $f1] < [support $f2], and
[$/1 $a] = [$/2 $a] for each $a € [support $/1].

An object $u of the form $a:= $v is called an update. The objects $a and $v are called an
argument and values in [$u]. Let $$u be a set of updates.

Let [$f $u] denote the function $f1 such that [$f1$a] = [$f $a] if $a # $a[$u], and
[$f1 $a[$u]] = $v[$u]. Let [$fSu$u*] be a shortcut for [[$f Su]$u’]. Let
[$f $a.$al. .. .$a$n = $v]beashortcut for [$f $a = [[$f $a] $al. ... .$a$n = $v]]. Let [$u"]
be a shortcut for [$f $u*], where [support $f] = 0.

Let [if $con then $01 else $02] denote the object $o such that $o = $o1 for $con = true, and

$0 = $02 for $con = false.
3. Conceptual transition systems

The notion of conceptual transition systems (CTSs) is based on the notion of conceptual structures.
Let $$ato be a set of objects called atoms.

The set $$cs of conceptual structures in [$$ato] is defined as follows:

$ato € $$cs;

($cs™) € $%cs;

o if the elements of $cs™ are pairwise distinct, and $cs # und, then $cs: ($cst) € $$s;

o if the elements of $cs™ are pairwise distinct, and $cs # und, then ($cs™):: $cs € $$cs.

A structure $cs is atomic if $cs € $$ato.

A structure $ccs is a compound structure if $ccs has the form ($cs™). The operation (...) is called
a sequential composition. A structure $cs is an element in [$ccs] if $cs* = $cs*1 $es $es*2 for
some $cs*1 and $cs*2. The structure () is called an empty structure. Let $$ccs be a set of compound

structures.
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Let $$¢t and $$v be sets of objects called types and values. An object $mt is a multi-type if $mt =
(t1). Let $$mt be a set of multi-types. An object $muv is a multi-value if $§mv = (v*). Let $$mv be
a set of multi-values.

Asstructure $cs is an absolutely typed structure if $cs = $v: : $mt. The operation ...:: (...) is called
an absolute typification operation. Let $$atcs be a set of absolutely typed structures.

A structure $t is an absolute type in [$atcs] if $atcs = $v:: $mt, and $t € $mt for some $v and
$mt. A structure $atcs has an absolute type $t if $t is an absolute type in [$atcs]. A structure $v is
avalue in [atcs] if $atcs = $v:: $mt for some $mt.

A structure $mt is an absolute multi-type in [$atcs] if $atcs = $v:: $mt1, and $mt < $mt1 for
some $v and $mt1. A structure $atcs has an absolute multi-type $mt if $mt is an absolute multi-
type in [$atcs].

The absolute typification operation categorizes structures, using absolute types as category names
and absolute multi-types as category unions. It also models instance constructors for these categories.
For example, the structure "division by zero":: (exception) specifies the value (instance) of the
type (category) exception as the result of application of the instance constructor :: (exception) to
the argument "division by zero".

A structure $cs is a relatively typed structure if $cs = $v: $mt. The operation ...: (...) is called a
relative typification operation. Let $$rtcs be a set of relatively typed structures.

A structure $t is a relative type in [$v, ($cs*)] if $cs* = $cs*1 $v: $mt $cs*2, and $t € $mt for
some $cs*1, $cs*2 and $mt. A structure $t is a relative type in [$ccs] if $t is a relative type in
[$v, $ccs] for some $v. A structure $v has a relative type $t in [$ccs] if $t is a relative type in
[$v, $ccs]. A structure $ccs has a relative type $t if $t is a relative type in [$ccs]. A structure $v is
a value in [$rtcs] if $rtcs = $v: $mt for some $mt. A structure $v is a value in [$t, $rtes] if
$cs* = $cs*1 $v: $mt $cs*2, and $t € $mt for some $cs*1, $cs*2 and $mt.

A structure $mt is a relative multi-type in [$v, ($cs™)] if $cs* = $cs*1 $v: $mtl $cs*2, and
$mt < $mt1 for some $cs*1, $cs*2 and $mt. A structure $mt is a relative multi-type in [$ccs] if
$mt is a relative multi-type in [$v, $ccs] for some $v. A structure $v has a relative multi-type $mt
in [$ccs] if $mt is a relative multi-type in [$v, $ccs]. A structure $ccs has a relative multi-type $mt
if $mt is a relative multi-type in [$ccs]. A structure $v is a value in [$mt, $rtcs] if $cs* =
$cs*1 $v: $mtl $cs*2, and $mt < $mt1 for some $cs*1, $cs*2 and $mt.

The relative typification operation categorizes elements of compound structures using relative

types as category names and relative multi-types as category unions.
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A structure $cs is typed if $cs is relatively typed, or $cs is absolutely typed. Let $$tcs be a set of
typed structures.

Conceptual transition systems are transition systems that have elements, and in which elements
and states are conceptual structures.

Let $$s be a set of objects called states. A subset of the set $$s x $$s is called a transition relation.
Let $$tr be a set of transition relations. A pair ($$s, ©) is a transition system if o€ $$tr.

An object $cts of the form ($$ato, $$is, ©) is a conceptual transition system if ($$cs[$ato], ©)
is a transition system, and $$is € $$cs. The elements of $$ato and $$is are called atoms and initial
states in [$cts]. The relation < is called a transition relation in [$cts]. Let $$cts be a set of CTSs.
The sets $$s and $$e of states and elements in [$$cts] are defined as follows: $$s = $$e = $$cs.

Let [. $mt], [. $mt = $v] and [. $mt =] denote [$s. $mt], [$s. $mt = $v] and [$s. $mt =]

for the current state $s.
4. The CTSL language

Let $$sa be a set of syntactic constructs called special atoms.

The CTSL language is a basic language of CTSs. It only defines the syntax of conceptual structures
and does not concretize the set $$sa and the transition relation <. The extensions of CTSL for the
special kinds of CTSs use the CTSL syntax and concretize $$sa and ©.

The set $$ato of atoms in CTSL is defined as follows:

o if $0 is a sequence of Unicode symbols except for the whitespace symbols and the symbols ",

() { ), and:, then $o € $$ato;

e $%$sa c $S%ato;

e if$ohasthe form"$o1", $01 is asequence of Unicode symbols, each occurrence of the symbol
"in $o1 is preceded by the symbol \, and each occurrence of the symbol \ in $01 is doubled,
then $o € $$ato. In this case, the atom $o is called a string.

The set $$cs of conceptual structures in CTSL is defined as follows:

o $ato € $%cs;

o ($cs*) € $$cs;

o if the elements of $cs™ are pairwise distinct, and $cs # und, then $cs: ($cst) € $$s;

o if the elements of $cs™ are pairwise distinct, and $cs # und, then ($cs*):: $cs € $$cs.

The whitespace symbols, comma (,) and the semicolon (;) are interchangeable in compound

structures in CTSL. For example, ($cs1, $cs2), ($cs1; $cs2) and ($cs1 $cs2) represent the same

conceptual structure.
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The bracket pairs (, ) and {, } are interchangeable in compound structures in CTSL. For example,

($cs™) and {$cs*} represent the same compound conceptual structure.
5. The basic operations on conceptual structures

The conceptual structure access operation [$cs . $mt] makes selection of elements of a compound
structure in accordance with their relative types. It is defined as follows:

o if $cs = $v:$mtl, and $mt < $mt1, then [$cs. $mt] = $v;

o if$cs € $$ccs, and there exists only one element $cs1 of $cs such that $cs1 = $v: $mt1, and

$mt < $mt1, then [$cs. $mt] = $v;

o if$cs € $$ccs, $n > 1, $csl, ..., $cs$n are (ordered from left to right) elements of $cs such

that $cs$nl = $v$nl: $mt$nl, and $mt S $mt$n1 for each 1 < $nl < $n, then
[$cs. $mt] = ($vl...$v$n):: (multivalue);

o otherwise, [$cs. $mt] = und.

An element $v is a value in [$mt, $cs] if $v = [$cs. $mt]. The value of the form
$muv: : (multivalue) is called a multi-value. Let [support $cs] denote {$mt | [$cs . $mt] # und}.

A structure $t is an (single-valued) attribute in [$cs] if [$cs. ($t)] does not have the absolute
type multivalue. A structure $t is a multi-valued attribute in [$cs] if [$cs. ($t)] has the absolute
type multivalue. Let $$att and $$mwvatt be sets of attributes and multi-valued attributes.

A structure $cs is an (single-valued) attribute structure if $t is an attribute in [$cs] for each $t €
$$cs. A structure $ccs is a multi-valued attribute structure if $t is a multi-valued attribute in [$ccs]
for some $t € $$cs. Let $$as and $$muvas be sets of attribute structures and multi-valued attribute
structures.

For example, the conceptual structure

(x:{variable} int: {(type x)} 3: {(value x)} y: {variable} bool: {(type y)} true: {(value y)})
defines the variables x and y by the multi-attribute variable, the types int and bool of these variables
by the parametric attribute (type $va), where the values of the parameter $va are variables, and the
values 3 and true of these variables by the parametric attribute (value $va).

A structure $mt is a (single-valued) multi-attribute in [$cs] if [$cs. $mt] does not have the
absolute type multivalue. A structure $mt is a multi-valued multi-attribute in [$cs] if [$cs. $mt]
has the absolute type multivalue. Let $$matt and $$mvmatt be sets of multi-attributes and multi-
valued multi-attributes.

A structure $cs is an (single-valued) multi-attribute structure if $mt is a multi-attribute in [$cs]

for each $mt € {(t*)|t* € $$cs*}. A structure $ccs is a multi-valued multi-attribute structure if
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$mt is a multi-valued multi-attribute in [$ccs] for some $mt € {(t*)|t* € $$cs*}. Let $$mas and

$$muvmas be sets of mult-attribute structures and multi-valued multi-attribute structures.

The conceptual structure update operation [$cs . $mt := $v] replaces all values in [$mt, $cs] in

$cs by $v from left to right and deletes these values in case when $v = und. It is defined as follows

(the first proper rule is applied):

if $mt is not a relative multi-type in [($cs*)], and $v # und, then

[($cs™) . $mt == $v] = ($cs™ $v: $mt);

if $mt is not a relative multi-type in [$cs], and $v # und, then

[$cs. $mt == $v] = ($cs $v: $mt);

if $§mt = $mt1, and $v # und, then [$v1:$mtl. $mt = $v] = $v: $mt1;
if $§mt = $mt1, then [$v1: $mtl. $mt = und] = und;

[($cs™) . $mt == $v] = ([$cs™ .:: {seq} $mt = $v]);

[$cs. $mt == $v] = $cs.

The conceptual structure update operation [$cs™ .:: {seq} $mt = $v] is defined as follows (the

first proper rule is applied):

if $mt = $mt1, and $v # und, then

[$v1:$mtl $cs™.:: {seq} $mt = $v] = $v: $mtl [$cs™.:: {seq} $mt := $v];
if $§mt = $mt1, then

[$v1:$mtl $cs™.:: {seq} $mt = und] = [$cs*. :: {seq} $mt := und];

[$cs $cs™ . : {seq} $mt = $v] = $cs [$cs™ .:: {seq} $mt = $v];

[[es] .::{seq} $mt := $v] = [es].

The conceptual structure update operation [$cs . $mtl = $v1 ... $mt$n = $v$n] is defined as

follows:

[$cs. $mt == $v $se] = [[$cs . $mt = $v] $se];
[$cs . [es]] = $cs.

The conceptual structure update operation [$cs. $mt :=] is a shortcut for [$cs . $mt = und].

6. The properties of conceptual transition systems

An element $tra of the form ($s1, $s2) is called a transition. The states $s1 and $s2 are called

input and output states in [[tra]. Let $$tra be a set of transitions.
A state $s1 is final if there is no $s2 such that $s1 & $s2. Let $$fs be a set of final states in

[$cts]. A system $cts stops in [$s] if $s is final.
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A state $s is reachable if there exist $n > 0, $s1 , ..., $s$nsuch that $s1 € $is, $s$nl &
$s[$n1 + 1] foreach 1 < $n1 < $n, and $s = $s$n. Let $$rs be a set of reachable states in [$cts].

An element $t is an attribute in [$cts] if $t is an attribute in [$s] for each $s € $$rs[$cts]. An
element $t is a multi-valued attribute in [$cts] if there exists $s € $$rs[$cts] such that $t is a multi-
valued attribute in [$s]. An element $mt is a multi-attribute in [$cts] if $mt is a multi-attribute in
[$s] for each $s € $$rs[$cts]. An element $mt is a multi-valued multi-attribute in [$cts] if there
exists $s € $$rs[$cts] such that $mt is a multi-valued multi-attribute in [$s].

A system $cts is a CTS with return values if value is an attribute in [$cts]. An element $v is a
value in [$s] if $v = [$s. {value}]. Anelement $v isavalue in [tra] if [$tra.. 1] © [$tra.. 2],
and $v is avalue in [[$tra.. 2]]. A transition $tra returns a value $v if $v is a value in [$tra]. An
element $v is undefined if $v = und. The set $$v of (possible) values is defined as follows: $$v =
$Se.

A system $cts with return values can return exceptions. A value $v is an exception (an exceptional
value) if $v has the absolute type exception. Thus, exceptions are specified by the absolute type
exception. Let exc be a shortcut for exception. Let $$ex be a set of exceptions. An element $t is
called a type in [$ex] if $t = [$v. {type}], where $v is a value in [$ex].

A value $v is abnormal if $v is undefined, or $v is an exception. Let $$av be a set of abnormal
values. A value $v is normal if $v & $$av. Let $$nv be a set of normal values. A transition $tra
returns (generates) an exception $ex if $ex is a value in [$tra]. A transition $tra is normally
executed if $tra does not return exceptions.

A system $cts is a CTS with programs if program is an attribute in [$cts], and the value of this
attribute is a compound structure. A compound structure $p is a program in [$s] if
$p = [$s. {program}]. Let $$p be a set of programs. A program in [$s] is empty if
[$s. {program}] = (). A program in [$s] initiates transitions from $s.

The elements that initiate transitions are called executable elements. Let $$ee be a set of
executable elements. A program $p is an executable element, and the elements of [$p] are executable
elements.

A system $cts is a CTS with direct stop if stop is an attribute in [$cts], and $s is final for each
$s such that [$s. {stop}] # und. A state $s is a stop state if [$s. {stop}] # und. The value of
the attribute stop specifies why the system $cts stopped.

An attribute  $bi in  [$s] is a backtracking invariant in  [$s] if
[$s. {((backtracking invariant) $bi)}] # und. An attribute $bi is a backtracking invariant in



142 Anureev 1.S., Promsky A.V. Conceptual transition systems and their application to development of conceptual models

[$cts] if $bi is a backtracking invariant in [$s] for some $s € $$rs[o [$cts]]. Backtracking
invariants preserves their values after backtracking. Let $$bi be a set of backtracking invariants.

Let [(propagate backtracking invariants) $s1 $s2] denote the state $s such that
[$s. {$att}] = [$s1. {$att}] for each $att € $$bi[$s2], and [$s. {$att}] = [$s2. {$att}] for
each $att ¢ $$bi[$s2].

Let $e*#$v#$s and $e” #$s denote [$s. {program}:= ($e*), {value}:= $v] and
[$s. {program}:= ($e")].

A system $cts is a CTS with backtracking in [$$bi] if $cts is a CTS with return values with
programs, ((backtracking invariant) $bi) is a parametric attribute in [$cts], $bi is a backtracking
invariant in [$cts] for each $bi € $$bi, and & [$cts] satisfies the following properties:

o if $v[$s] # und, then (backtracking $s1 $e*1) $e* # $s < $e* # $s;

e if $v[$s] = und, then

(backtracking $s1 $e*1) $e* # $s ©
$e*1 $e* # [(propagate backtracking invariants) $s1 $s].
The element $e of the form (backtracking $s $e™) is called a backtracking point. The objects $s

and $e* are called a state and a program prefix in [$e].
7. Examples of conceptual models of programming languages

Let $$1 be a set of programming languages. Let [am $1] denotes an abstract machine executing
the constructs of $1. A tuple ($$¢t, $$v, $$ex, $$s, $$¢, $$ax) is a conceptual model of $1 in CTSL
if $$¢[$1] is a set of elements in CTSL representing the types of $1, $$v[$1] is a set of elements in
CTSL representing the values in [am $1] (in particular, the values of the types of $1), $$ex[$l] is a
set of exceptions in CTSL representing the exceptions in [am $1], $$ex[$!] = $$v[$1], $$s[$1] is a
set of states in CTSL representing the states of [am $1], $$c[[${] is a set of executable elements in
CTSL representing the executable constructs of [am $[] (in particular, the elements of programs in
$1), and $$ax is a set of axioms representing the constraints for the conceptual model of ${ (the other
elements of the tuple).

Let [content $t] denote the set of values in [$t]. The set [content $t] is called the content in
[$t]. The fact that $$¢ and $t depend on $s is denoted by $$¢[$s] and $t[$s].

Let Axiom: $ax denote that $ax is an axiom of the conceptual model of $1.

The family of model programming languages (MPLs) is described and their conceptual models

are defined in this section.
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7.1. MPL1: types, typed variables and basic statement

The MPL1 language is an extension of CTSL that adds types, typed variables, the variable access
operation, and the basic statements such as variable declarations, variable assignments, if statements,

while statements and block statements.
7.1.1. Types, values, states

For MPL1, $$t[MPL1] = {int, nat}, $$v[MPL1] = $$i U $$n, and $$ex[MPL1] = @, where
[content int] = $$i, and [content nat] = $$n.

An element $e is a name if $e is normal. Let $$na be a set of names.

The attribute (variable $na) specifies variables in MPL1. A name $na is a variable in [$s] if
[$s. {(variable $na)}] # und. Let $$va be a set of variables.

The attribute (type $va) specifies the type of the variable $va. A type $t is a type in [$va, $s]
if [$s. {(type $Sva)}] = $t.

Axiom: If [$s. {(variable $va)}] # und, then [$s. {(type $va)}] € $$t[$s].

The attribute (value $va) specifies the value of the variable $va. A value $v is a value in
[$va, $s] if [$s. {(value $va)}] = $v.

Axiom: If [$s. {(value $va)}] # und, then [$s. {(type $va)}] = $t, and
[$s. {(value $va)}] € [content $t] for some $t € $$¢[$s].

7.1.2. Constructs

The MPL1 program is represented by the element (program $na $c*). It specifies a program
with the name $na and the body $c*.

The variable declaration is represented by the element (var $va $t). It declares the variable $va
of the type $t.

Axiom: Variable declarations are elements of the program body.

The variable access operation is represented by $va. It returns the value of the variable $va.

The variable assignment is represented by the element ($va \:= $c¢). If $vis a value of $c, then
it assigns $v to the variable $va.

The block statement is represented by the element (block $c*). It specifies the block statement
with the body $c*.

The if statement is represented by the element (\if $c then $c*1 else $c*2). It specifies the if
statement with the condition $c, the then-branch $c*1and the else-branch $c*2. The element
(\if $c then $c*1) is a shortcut for (\if $c then $c*1 else).
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The while statement is represented by the element (\while $c do $c*). It specifies the while

statement with the condition $c and the body $c*.
7.2. MPL2: variable scopes

The MPL2 language is an extension of MPL1 that adds the variable scopes feature.

The relative scope of the variable $va occuring in the element $c is the number of blocks
surrounding this occurrence of $va in $c. The value and type of $va depend on its scope. The variable
$va can be global (with the scope 0) and local. The following example illustrates variable scopes:
(program scopes // x =und, y = und, scope = 0

(varxint) //x = und, y = und, scope = 0
(x:=0)//x =0,y = und, scope = 0
(var y bool) //x = 0, y = und, scope = 0
(y:= true) //x = 0, y = true, scope = 0
(block // x = 0, y = true, scope = 1

(var x bool) // x = und, y = true, scope = 1

(x:= false) //x = false, y = true, scope = 1

(block |/ x = false, y = true, scope = 2

(varxint) //x = und, y = true, scope = 2
(x:=2)//x = 2,y = true, scope = 2

)//x = false, y = true, scope = 1

(varyint) //x = false, y = und, scope = 1

(y:=1)//x = false,y = 1, scope = 1

)//x =0,y = true, scope = 0

).

7.2.1. Types, values, states

For MPL2, $$t[MPL2] = $$t[MPL1], $$v[MPL2] = $$v[MPL1], and $$ex[MPL2] = @.

Let $$sc be a set of (relative) variable scopes.

The attribute (variable $na $sc) specifies variables in [$sc]. A name $na is a variable in
[$s, $sc] if [$s. {(variable $na $sc)}] # und.

A variable $va[$s, $sc] is global if $sc = 0. A variable $va[$s, $sc] is local if $sc > 0.

The attribute (current scope) specifies the scope of the current block. A scope $sc is a current
scope in [$s] if [$s. {(current scope)}] = $sc. Aname $na isavariable in [$s] if $na is avariable

in [$s, $sc] for some 0 < $sc < [$s. {(current scope)}]. A scope $sc is a scope in [$va, $s] if
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$va is a variable in [$s,$sc], 0 < $sc < [$s. {(current scope)}], and $va is not a variable in
[$s, $sc1] for each $sc < $scl < [$s. {(current scope)}].

The attribute (type $va $sc) specifies the type of the variable $va in [$sc]. A type $t is a type in
[$va,$s, $sc] if [$s. {(type $va $sc)}] = $t. A type $t is a type in [$va, $s] if $t is a type in
[$va, $s, $sc]|, where $sc is a scope in [$va, $s].

Axiom: If [$s. {(variable $va $sc)}] # und, then [$s. {(type $va $sc)}] € $$t[$s].

The attribute (value $va $sc) specifies the value of the variable $va in [$sc]. A value $v is a
value in [$va, $s, $sc] if [$s. {(value $va $sc)}] = $v. A value $v is a value in [$va, $s] if $v is
avalue in [$va, $s, $sc], where $sc is a scope in [$va, $s].

Axiom: If [$s. {(value $va $sc)}] # und, then [$s. {(type $va $sc)}] = $t, and
[$s. {(value $va $sc)}] € [content $t] for some $t € $$t[$s].

7.2.2. Constructs

For MPL2, $$c[MPL2] = $$c[MPL1].

Axiom: Variable declarations are elements of the program body or of block bodies.
7.3. MPL3: functions

The MPL3 language is an extension of MPL2 that adds the functions feature: declarations and
calls of functions, and the return statement.

Axiom: Function overloading is prohibited.
7.3.1. Types, values, states

The exception (return:{type}, v:{value})::{exc} specifies the execution of the return
statement with the return value v. Let $$ex1 be a set of such exceptions.

For MPL2, $$t[MPL3] = $$t[MPL2], $$v[MPL3] = $$v[MPL2] U $$ex[MPL3], and
$$ex[MPL3] = $$ex1.

The attribute (function $na) specifies functions. A name $na is a function in [$s] if
[$s . {(function $na)}] # und. Let $$f be a set of functions.

The attribute (arity $f) specifies the arity of the function $f. A number $n is an arity in
[$f, $s1 if [$s. {(arity $£)}] = $n.

The attribute (argument $f $n) specifies the $n-th argument of the function $f. A name $na is
an argument in [$f, $n] if [$s. {(argument $f $n)}] = $na, and 1 < $n < [$s. {(arity $/)}].

Let $$a be a set of arguments.
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The attribute ((argument type) $f $n) specifies the type of the $n-th argument of the function
$f. A type $t is a type in [$f, $n] if [$s. {((argument type)} $f $n)] # und, and 1 < $n <
[$s. {(arity $/)}].

The attribute ((return type) $f) specifies the return type of the function $f. A type $t is a return
type in [$£1 if [$s. {((return type)$f)}] = $¢.

The attribute (body $f) specifies the body of the function $f. A sequence $c* isabody in [$f] if
[$s. {(body $f)}] = ($c7).

A call level is a number of embedded function calls. Let $$cl be a set of call levels. The attribute
(current call level) specifies the current call level. A level $cl is a current call level in [$s] if $cl =
[$s. {(current call level)}].

The (current return type) specifies the return type in the current function call. A type $t is a
current return type in [$s] if [$s. {(current return type)}] = $t.

The attribute (variable $na $sc $cl) specifies variables in [$sc, $cl]. A name $na is a variable
in [$s, $sc, $cl] if [$s. {(variable $na $sc $cl)}] # und, and $sc = 0 implies $cl = 0.

A variable $va[$s, $sc, $cl] is global if $sc = 0, and $cl = 0. A variable $va[$s, $sc, $cl] is
local if $sc > 0, and $cl > 0.

A name $na is a variable in [$s, $cl] if $na is a variable in [$s, $sc, $cl] for some 0 < $sc <
[$s. {(current scope)}]. A scope $sc is a scope in [$va,$s, $cl] if $va is a variable in
[$s,$sc, $cl], 0 < $sc < [$s. {(current scope)}], and $va is not a variable in [$s, $sc1, $cl] for
each $sc < $scl < [$s. {(current scope)}].

The attribute (type $va $sc $cl) specifies the type of the variable $va in [$sc, $cl]. A type $t is
atypein [$va, $s, $sc, $cl] if [$s. {(type $va $sc $cl)}] = $t.

Axiom: If [$s. {(variable $va $sc $cl)}] # und, then [$s. {(type $va $sc $cl)}] € $$t[$s].

A type $t is a type in [$va, $s, $cl] if $t is a type in [$va, $s, $sc, $cl], and $sc is a scope in
[$va, $cl] for some 0 < $sc < [$s. {(current scope)}]. A type $t is atype in [$va, $s, $cl] if $t
is atype in [$va, $s, $sc, $cl], where $sc is a scope in [$va, $s, $cl].

The attribute (value $va $sc $cl) specifies the value of the variable $va in [$sc, $cl]. A value
$v is a value in [$va,$s, $sc] if [$s. {(value $va $sc)}] = $v. A value $v is a value in
[$va, $s, $cl] if $visavalue in [$va, $s, $sc, $cl], where $sc is a scope in [$va, $s, $cl].

Axiom: If [$s. {(value $va $sc $cl)}] # und, then [$s. {(type $va $sc $cl)}] = $t, and
[$s. {(value $va $sc $cl)}] € [content $t] for some $t € $$t[$s].
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7.3.2. Constructs

An object $o is a typed name if $o = $na $t. Let $$tna be a set of typed names.

The function declaration is represented by the element (function $f ($tnal ... $tna$n) $t $c*).
It specifies the declaration of the function $f, the arguments $na[[$tnal], ..., $na[[$tna$n] of the
types $t[$tnal], ..., $t[$tna$n], the return type $t, and the body $c*.

Axiom: Function declarations are elements of the program body.

The return statement is represented by the element (return $c). It specifies the return statement
with the return element $c. If $v is a value of $c, then it returns $v.

The function call is represented by the element (call $f $c*). It specifies the call of the function

$f with the arguments $c*.
7.4. MPLA4: procedures

The MPL4 language is an extension of MPL3 that adds the procedures feature: declarations and
calls of procedures, and the exit statement.
Axiom: Procedure overloading is prohibited.

Axiom: The sets of function names and procedure names are disjoint.
7.4.1. Types, values, states

The exception (exit: {type}):: {exc} specifies the execution of the exit statement. Let $$ex1 be
a set of such exceptions.

For MPL4, $$t[MPL4] = $$t[MPL3], $$v[MPL4] = $$v[MPL3] U $$ex[MPL4], and
$$ex[MPL4] = $$ex[MPL3] U $$ex1.

The attribute (procedure $na) specifies procedures. A name $na is a procedure in [$s] if
[$s. {(procedure $na)}] # und. Let $$pr be a set of procedures.

The attribute (arity $pr) specifies the arity of the procedure $pr. A number $n is an arity in
[$pr, $s] if [$s. {(arity $pr)}] = $n.

The attribute (argument $pr $n) specifies the $n-th argument of the procedure $pr. A name
$na is an argument in [$pr,$n]if [$s. {(argument $pr $n)}] =%$na, and 1<$n <
[$s. {(arity $pr)}].

The attribute ((argument type) $t $pr $n) specifies the type of the $n-th argument of the
procedure $pr. A type $t is a type in [$pr, $n] if [$s. {((argument type) $t $pr $n)}] # und,
and 1 < $n < [$s. {(arity $pr)}].

The attribute (body $pr) specifies the body of the procedure $pr. A sequence $c* is a body in
[$pr] if [$s. {(body $pr)}] = ($c*).
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A call level is redefined in MPL4 as a number of embedded function and procedure calls.
7.4.2. Constructs

The procedure declaration IS represented by the element
(procedure $pr ($tnal ... $tna$n) $c*). It specifies the declaration of the procedure $pr, the
arguments $na[$tnall, ..., $Sna[$tna$n] of the types $t[$tnal], ..., $t[$tna$n], and the body $c*.

Axiom: Procedure declarations are elements of the program body.

The exit statement is represented by the element exit.

The procedure call is represented by the element (call $pr $c*). It specifies the call of the

procedure $pr with the arguments $c*.
7.5. MPL5: pointers

The MPL5 language is an extension of MPL4 that adds the pointers feature: the pointer types, the
operations of pointer content access, variable address access and pointer deletion, statements of

pointer content assignment and pointer deletion.
7.5.1. Types, values, states

An element (pointer $t) is called a pointer type in [$t]. An element $e is a pointer type if $e is
a pointer type in [$t] for some $t. Let $$pt be a set of pointer types.

The absolute type pointer specifies pointers in MPL5. An element $e € $$ats is a pointer if $e
has the absolute type pointer, and the value in [$e] belongs to $$n. Thus, pointers are represented
in MPL5 by natural numbers categorized by the type pointer. Let $$po be a set of pointers.

For MPL5, $$t[MPL5] = $$¢t[MPL4] U $$pt, $$v[MPL5] = $$v[MPL4] U $$po, and
$$ex[MPLS5] = $$ex[MPLA4].

The attribute (pointer $po) specifies pointers in states. A pointer $po is a pointer in [$s] if
[$s . {(pointer $po)}] # und.

The attribute ((content type) $po) specifies the content type of the pointer $po. A type $t is a
content type in [$po, $s] if [$s. {((content type)$po)}] = $t. It specifies the type of the content
to which the pointer $po refers.

Axiom: If [$s. {(pointer $po0)}] # und, then [$s. {((content type) $po)}] € $$t[$s].

The pointer $po has the type (pointer $t) in [$s] if $t is a content type in [$po, $s]. Thus, the
type (pointer $t) specifies pointers with the content type $t.

The attribute (content $po) specifies the content of the pointer $po. A value $v is a content in
[$po, $s] if [$s. {(content $po)}] = $v.
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Axiom: If [$s. {(content $po)}] # und, then [$s. {((content type) $po)}] = $t, and
[$s . {(content $po)}] € [content $t] for some $t[$s].

The attribute (pointer $va $sc $cl) specifies variables in [$sc, $cl] by the pointers referring to
their values. A name $na is a variable in [$p, $s,$sc, $cl] if [$s. {(pointer $na $sc $cl)}] = $p.
A variable $va represents $p in [$s, $sc, $cl] if $va is a variable in [$p, $s,$sc, $cl]. A name $na
is a variable in [$s, $sc, $cl] if $na is a variable in [$p, $s, $sc, $cl] for some $p € $$p[$s]. A
pointer $p is a pointer in [$va, $s, $sc, $cl] if $va is a variable in [$p, $s, $sc, $cl].

The content of the pointer $p[$va] coincides with the value of the variable $va. A type $t is a
type in [$va, $s,$sc, $cl] if [$s. {((content type) [$s. {(pointer $na $sc $c))}])}] = $t. A
value $v is a value in [$va, $s, $sc, $cl] if [$s. {(content [$s. {(pointer $va $sc $cl)}])}] = $v.

Axiom: If [$s. {(pointer $va $sc $cl)}] # und, then [$s. {(pointer $va $sc $cl)}] €
$$po[$s].

7.5.2. Constructs

Pointers are represented by elements of $$po.

The pointer content access operation is represented by the element (+ $¢). If $po is a value of $c,
then it returns the content in [$po].

The variable address access operation is represented by the element (& va). It returns the pointer
in [$s, $va, [$s. {(current scope)}], [$s . {(current call level)}]].

The pointer addition operation is represented by the element (new $pt). It adds a new pointer of
the type $pt.

The pointer content assignment statement is represented by the element (x $c1:= $c2). If $po
and $v are the values of $c1 and $c2, and they have the types (pointer $t) and $t for some $t, then
it assigns $v to the content of $po.

The pointer deletion operation is represented by the element (delete $¢). If $po is a value of $c,

then it specifies the deletion of the pointer $po.
7.6. MPL6: jump statements

The MPL6 language is an extension of MPL5 that adds the jump statements feature: break

statement, continue statement, goto statement and labelled statement.
7.6.1. Types, values, states

The exception (break: {type}):: {exc} specifies the execution of the break statement.

The exception (continue: {type}):: {exc} specifies the execution of the continue statement.
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The exception (goto: {type}, $L: {label}):: {exc} specifies the execution of the goto statement
with the label $1.

Let $$ex1 be a set of such exceptions.

For MPL6, $$t[MPL6] = $$t[MPL5], $$v[MPL6] = $$v[MPL5] U $$ex[MPL6], and
$$ex[MPL6] = $$ex[MPL5] U $$ex1.

An element $ is a label if $I is a name. Let $$! be a set of labels.
7.6.2. Constructs

The label statement with the label $1 is represented by the element (label $1). It specifies the
program point labelled by the label $I. The labelled statement is represented by the sequence
(label $1) $c. It specifies that the statement $c is labelled by the label $L.

The break statement is represented by the element break.

The continue statement is represented by the element continue.

The goto statement is represented by the element (goto $1).
7.7. MPLT7: dynamic arrays

The MPLY7 language is an extension of MPL6 that adds the dynamic arrays feature: dynamic array

types, the array element access operation and the array element assignment statement.
7.7.1. Types, values, states

An element (array $t) is called a dynamic array type in [$t]. An element $e is a dynamic array
type if $e is a dynamic array type in [$t] for some $t. Let $$dat be a set of dynamic array types.

An element $e is an array type if $e is a dynamic array type. Let $$at be a set of array types.

The absolute type (dynamic array) specifies dynamic arrays. An element $dar is a dynamic
array if $dar = (($e"): {content}, $t: {type}):: {(dynamic array)}, and $e* consists of the
elements of [content $t]. The elements $se and $t are called the content and the element type in
[$dar]. Let $$dar be a set of dynamic arrays.

An element $e is an array if $e is a dynamic array. Let $$ar be a set of arrays.

For MPL7, $$t[MPL7] = $$t[MPL6] U $$dat, $$v[MPL7] = $$v[MPL6] U $$dar, and
$$ex[MPL7] = $$ex[MPL6].

The dynamic array $dar has the type (array $t) if $t is an element type in [$dar, $s]. Thus, the
type (array $t) specifies dynamic arrays with the element type $t.

Avalue $v is avalue in [$ar, $n] if [[$ar . {content}].. $n] = $v. The element $v specifies the

value of $n-th element of $ar.
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7.7.2. Constructs

The array element access operation is represented by the element ($c1 [ $c2 ]). If $ar and $n are
the values of $c1 and $c2, then it returns the value in [$ar, $n, $s].

The array element assignment operation is represented by the element ($c1 [$c2] = $¢3). If
$dar, $n and $v are the values of $c1, $c2 and $c3, and 1 < $n < [len [$dar . {content}]], then
it replaces the value of the $n-th element of $dar by $v. If $dar, $n and $v are the values of $c1,
$c2 and $c3, and $n > [len [$dar . {content}]], then it replaces the value of the $n-th element of
$dar by $v and the values of the elements of $dar from [len [$dar . {content}]] + 1 to $n — 1 by
und.

The array element assignment operation is represented by the element ($c1 [$c2] := $c3) where
the expressions $c1, $c2 and $c3 have the types (array $t), nat and $t for some $t. It assigns $v to

the $n-th element of $ar where $ar, $n and $v are the values of $c1, $c2 and $c3 in [$s].
7.8. MPL8: static arrays

The MPLY7 language is an extension of MPL6 that adds the static arrays feature: static array types,

the array element access operation and the array element assignment statement.
7.8.1. Types, values, states

An element (array $t $n) is called a static array type in [$t]. An element $e is a static array type
if $e is a static array type in [$t] for some $t. Let $$sat be a set of static array types.

An element $e is an array type if $e is a dynamic array type, or $e is a static array type. Let $$at
be a set of array types.

The absolute type (static array) specifies arrays. An element $sar is a static array if $sar =
(($e*):{content}, $t:{type})::{(static array)}, and $e* consists of the elements of
[content $t]. The elements $se and $t are called the content and the element type in [$sar]. Let
$$sar be a set of arrays.

An element $e is an array if $e is a dynamic array, or $e is a static array. Let $$ar be a set of
arrays

For MPL7, $$t[MPL7] = $$t[MPL6] U $$sat, $$v[MPL7] = $$v[MPL6] U $$sar, and
$$ex[MPL7] = $$ex[MPL6].

The array $sar has the type (array $t$n) if $t is an element type in [$sar, $s], and
[len [$sar . {content}]] = $n. Thus, the type (array $t $n) specifies static arrays with the element

type $t and the content of the length $n.
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7.8.2. Constructs

The array element access operation does not depend on the specific features of dynamic arrays.
Therefore it is extended for static arrays by simple array redefinition.

The array element assignment operation is extended for static arrays as follows: if $sar, $n and
$v are the values of $c1, $c2 and $c3, and 1 < $n < [len [$sar . {content}]], then ($c1 [$c2] ==

$c3) replaces the value of the $n-th element of $sar by $v.
7.9. MPLJ9: structures

The MPL9 language is an extension of MPLS8 that adds the structures feature: the structure types,
the structure field access operation, structure declarations, and the structure field assignment

statement.
7.9.1. Types, values, states

The attribute ((structure type) $na) specifies structure types in states. A name $na is a structure
type in [$s] if [$s. {((structure type) $na)}] # und. Let $$st be a set of structure types.

For MPL9, $$t[MPLI] = $$t[MPL8] U $$st.

The attribute (field $na $st) specifies the fields of the structure type $st. A name $fi is a field
in [$st, $s] if [$s. {(field $fi $st)}] + und. Let $$fi be a set of fields.

The attribute (type $fi $st) specifies the type of the field $£i of the structure type $st. A type $t
isatypein [$fi, $st, $s] if [$s. {(type $fi $st)}] = $t.

Axiom: If $fi is a field in [$st, $s], then [$s. {(type $st $f1)}] € $$t[$s].

The absolute type structure specifies structures. An element $str is a structure in [$s] if
(($v1: {$fi1} ... $v$n: {$fi$n}): {content}, $st: {type}): {structure} = $str, $n >0, the
structure type $st has the fields $£i1, ..., $fi$n and no other fields in [$s], and the values $v1, ...,
$v$n in [$s] have the types of the fields $fi1, ..., $fi$n in [$st,$s]. The elements
[$str. {content}] and $st are called the content and the type in [$str]. The elements $fil, ...,
$fi$n are called the fields in [$str]. The elements $v1, ..., $v$n are called the values of these fields
in [$st]. Let $$str be a set of structures.

For MPL9, $$v[MPLI] = $$v[MPL8] U $$str, and $$ex[MPLI] = $$ex[MPLS].

7.9.2. Constructs

The structure declaration is represented by the element (structure $na ($tnal ... $tna$n)). It
specifies the declaration of the structure type with the name $na, and the fields $na[$tnal], ...,
$na[$tnas$n] of the types $t[$tnal], ..., $t[$tna$n].
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Axiom: structure declarations are elements of the program body.

The structure field access operation is represented by the element ($c \. $£7). If $str is the value
of $c, then it returns the value in [$fi, $str, $s].

The structure field assignment operation is represented by the element ($c1 \. $fi = $c2). If $str

and $v are the values of $c1 and $c2, then it assigns $v to the field $fi of $str.
8. Conclusion

In the paper the formalism of the conceptual model of a programming language has been proposed.
It represents types of the programming language, values (in particular, the values of the types the
programming language), exceptions (the special kind of values), states and executable constructs (in
particular, the elements of programs in the programming language) of the abstract machine of the
language, and the constraints (axioms) for these entities at the conceptual level. The new definition
of conceptual transition systems oriented to specification of conceptual models of programming
languages has been proposed, the language CTSL for redefined conceptual transition systems has
been described, and the technique of the use of CTSL as a domain-specific language for specification
of conceptual models of programming languages has been presented. We have conducted the
incremental development of the conceptual models for the family of sample programming languages
to illustrate this technique.

We plan to use the CTSL language as a domain specific language oriented to the development of
the conceptual operational semantics of programming languages defined as the operational semantics
of representations of executable constructs of the abstract machines of the programming languages in
CTSL.
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semantics of programming languages”
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In the paper the notion of the conceptual operational semantics of a programming language is
proposed. This formalism represents operational semantics of a programming language in terms
of its conceptual model based on conceptual transition systems. The special kind of conceptual
transition systems, operational conceptual transition systems, oriented to specification of
conceptual operational semantics of programming languages is defined, the extension of the
language of conceptual transition systems CTSL for operational conceptual transition systems is
described, and the technique of the use of the extended CTSL as a domain-specific language of
specification of conceptual operational semantics of programming languages is proposed. The
conceptual operational semantics for the family of sample programming languages illustrate this

technique.

Knroueswie cnoesa: operational semantics, conceptual transition system, programming

language, conceptual model, domain-specific language, conceptual operational semantics
1. Introduction

This paper relates to the development of operational semantics of programming languages.
Following [1], we distinguish two parts of the operational semantics of a programming language. The
structural part defines how the elements of the language relate to runtime elements that an abstract
machine of the programming language can use at runtime. The structural part is called instantiation
semantics or structure-only semantics [2]. The dynamic part describes the actual state changes that
take place at runtime.

The notion of the conceptual model of a programming language is proposed in [3]. This formalism
describes the instantiation semantics at the conceptual level. The conceptual model is specified in

terms of conceptual transition systems (CTSs) in the language of conceptual transition systems CTSL

[3].

* Partially supported by RFBR under grants 15-01-05974 and 17-07-01600 and SB RAS interdisciplinary integration
project No.15/10.
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In this paper, we introduce the notion of the conceptual operational semantics of a programming
language. This formalism describes the operational semantics of a programming language in terms
of its conceptual model. The dynamic part of the operational semantics is defined in terms of the
special kind of CTS, operational CTSs, in the extension of CTSL for operational CTSs. Thus, CTSL
acts as a domain-specific language oriented to specification of conceptual operational semantics of
programming languages.

The paper has the following structure. The preliminary concepts and notation are given in section
2. The concepts and definitions related to the pattern matching which operational CTSs are based on
is given in section 3. The operational CTSs is defined in section 4. The extension of the CTSL
language for operational CTSs is described in section 5. Semantics of basic executable elements in
CTSL is defined in section 6. The definition of the conceptual operational semantics of a
programming language is introduced, and the technique of development of conceptual operational
semantics of programming languages is illustrated by the sample programming language examples

in section 7.
2. Preliminaries
The preliminary concepts and notation are given in this section.
2.1. Sets and sequences

Let $w, $w1, $w2, ... denote elements of the sort w, where w is a word, and $$w denote the set
of all elements of the sort w. For example, if n is a sort of natural numbers, then $n, $nl, ... are
natural numbers, and $$n is the set of all natural numbers.

Let $$0 and $$set be sets of objects and sets considered in this paper. Let $$i, $$n, and $$bo be
sets of integers, natural numbers (with zero), and boolean values true and false.

Let $$se denote the set of finite sequences of the form $o1 ... $o$n. Let $$w* denote the set of
finite sequences of the form $w1 ... $w$n, and $w*, $w*1, $w*2, and so on denote the elements of
the set $$w™*. Let [es] denote the empty sequence. Let $$w™ denote the set of finite nonempty
sequences of the form $w1 ... $w$n, and $w™, $w*1, $w*2, and so on denote the elements of the
set $$w.

Let [repeat $o $n] denote the sequence consisting of $n-th occurrences of the object $o.

Let [$o € $se] and [$sel = $se2] denote $o € {$se} and {$sel} C {$se2}. Let [len $se] denote
the length of $se. Let und denote the undefined value. Let [$se .. $n] denote the $n-th element of

$se. If [len $se] < $n, then [$se.. $n] = und. Let [$se.. $n:= $o] denote the result $sel of
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replacement of $n-th element in $se by $o. If $n>[len$se], then $sel =
$se [repeat und [[len $se] — $n — 1]] $o.

Let [$o € $se] and [$sel = $se2] denote $o € {$se} and {$sel} C {$se2}. Let [len $se] denote
the length of $se. Let und denote the undefined value. Let [$se .. $n] denote the $n-th element of
$se. If [len $se] < $n, then [$se.. $n] = und. Let [$se.. $n:= $o] denote the result $sel of
replacement of $n-th element in $se by $o. If $n = [len $se] + 1, then $sel = $se $o. If $n >
[len $se] + 1, then $sel = und.

Let [$o1 <[sse7 $02] denote the fact that there exist $0*1, $0*2 and $0*3 such that $se =
$0*1 $01 $0*2 $02 $073.

Let [$o $01 <« $02] denote the result of replacement of all occurrences of $o1 in $o by $02. Let
[$se $o «=* $01] denote the result of replacement of each element $02 in $se by [$01 $0 < $02].
For example, [a b x «* (f x)] denotes (f a) (f b).

Let $01, $02 € $$se U $$set. Then [$o01 =,,; $02] denote that the sets of elements of $01 and
$02 coincide, and [$01 =,,,,; $02] denote that the multisets of elements of $01 and $02 coincide.

The above defined operations on the set $$se are also applied to the set {($se) | $se € $$se}. The
results of [($se).. $n], [$o € ($se)], [($sel) E ($se2)], [$01 <[sse)y $02], [($se) $o <™ $o1],
[len ($se)], [($se).. $n :=$0] and [and ($se)] are [$se.. $n], [$o € $se], [$sel C $se2],
[$01 <[gse7 $02], [$se S0 <~ $01], [len $se], [$se.. $n := $o0] and [and $se].

Let [(0*) + ($071)], [$0.+(0™)] and [(0™) +. $o] denote ($0 $071), ($0 $0*) and ($0™ $0).

2.2. Contexts

The terms used in the paper can be context-dependent. A context has the form [$0*]. The elements
of $o™ are called embedded contexts. The context in which some embedded contexts are omitted is
called a partial context. All omitted embedded contexts are considered bound by the existential
quantifier, unless otherwise specified.

Let $0[$0*] denote the object $o in the context [$o*]. The expression 'in [$01, $0*]' can be

rewritten as 'in [$o01] in [$0]', if this does not lead to ambiguity.
2.3. Functions

Let $$f be a set of functions. Let $$a and $$v be sets of objects called arguments and values. Let
[$f a*] denote the result of application of $f to $a*. Let [support $f] denote the support in [$£], i.
e. [support $f] = {$a | [$f $a] # und}. Let [image $f $set] denote the image in [$f, $set], i. e.
[image $f $set] = {[$f $a] : $a € $set}. Let [image $f] denote the image in [$f, [support $f]].
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Let [narrow $f $set] denote the function $f1 such that [support $f1] = [support $f] n $set,
and [$f1 $a] = [$f $a] for each $a € [support $f1]. The function $£1 is called a narrowing of $f
to $set. Let [support $f1] N [support $f2] = @. Let $f1 U $f2 denote the union $f of $f1 and
$f2 such that [$f $a] = [$f1 $a] for each $a € [support $f1], and [$f $a] = [$f2 $a] for each
$a € [support $f2]. Let $f1 < $f2 denote the fact that [support $f1] € [support $f2], and
[$f1 $a] = [$/2 $a] for each $a € [support $£1].

An object $u of the form $a:= $v is called an update. The objects $a and $v are called an
argument and values in [$u]. Let $$u be a set of updates.

Let [$f $u] denote the function $f1 such that [$f1 $a] = [$f $a] if $a # $a[$u], and
[$f1 $a[$u]] = $v[$u]. Let [$f%u$u*] be a shortcut for [[$f $u]$u*]. Let
[$f $a.$al. .. .$a$n = $v]beashortcut for [$f $a := [[$f $a] $al. .. .$a$n = $v]]. Let [$u~]
be a shortcut for [$f $u*], where [support $f] = .

Let [if $con then $01 else $02] denote the object $o such that $o = $o1 for $con = true, and

$0 = $02 for $con = false.
3. Pattern matching

General CTSs only defines the state structure. The special kinds of CTSs also refine the structure
of the transition relation. The refinement of operational CTSs is based on the pattern matching on the
state structure.

A function $su € $$cs - $$cs* is called a substituton. Let $$su be a set of substitutions. A
function sub € $$su x $$cs* —» $$cs* is a substitution function if it is defined by the following rules
(the first proper rule is applied):

o if $cs € [support $su], then [sub $su $cs] = [$su $cs];

o [sub $su $ato] = $ato;
sub $su $cs: {$t*}] = [sub $su $cs]: {[sub $su $t*]};
sub $su $cs:: {$t*}] = [sub $su $cs]:: {[sub $su $t*]};
sub $su ($cs™)] = ([sub $su $cs*));

o [sub $su$cs*] = [$cs* $e <" [sub $su $e]].
A structure $p is a patternin [$cs, $su] if [sub $su $p] = $cs. A structure $p is a pattern in [$cs]

[
° [
* |
* |
if $p is a pattern in [$cs, $su] for some $su. Let $$p be a set of patterns. A structure $in is an

instance in [$p, $su] if [sub $su $p] = $in. A structure $in is an instance in [$p] if $in is an

instance in [$p, $su] for some $su. Let $$in be a set of instances.
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A structure $cs1 is weakly equal to a structure $cs2 ($cs1 =,, $cs2) if the following properties
hold:

if $cs1 € $$ato, then $cs2 € $$ato, and $cs1 = $cs2;

o if $cs1 =wvl::{t*1}, then $cs2 = v2::{t*2}, vl =, v2, and {t*1} =, {t*2} for some

$va2 and $t*2;

o if$csl =vl:{tT1},then $cs2 = v2::{t*2}, vl =, v2,and {t*1} =, {t*2} for some $va2

and $t*2;

o if $cs1 € $$ccs, then $cs2 € $$ccs, [len $cs1] = [len $cs2], and

[$cs1.. $n] =, $cs2.. $n] foreach 1 < $n < [len $cs1].

A structure set $set1 is weakly equal to a structure set $set2 ($setl =,, $set2) if the following
properties hold:

o if $setl = @, then $set2 = @;

o if $cs1 € $setl, then there exists $cs2 € $set2 such that $csl =, $cs2, and $setl \

{$cs1} =, $set2 \ {$cs2}).

An element $e is linear in [$e*] if $el occurs in $e exactly once for each element $el of $e*. An
element $ps of the form ($p ($va™) ($sv™)) is a pattern specification if the elements of the sequence
$va* $sv* are pairwise distinct, and $p is linear in [$va* $sv*]. The elements $p, ($va*), and
($sv™) are called a pattern, state variable specification and sequence variable specification in [$ps].
The elements of $va* and $sv™* are called state variables and sequence variables in [$ps]. Let $$ps
be a set of pattern specifications. Let $$va and $$sv be sets of state and sequence variables.

A structure $in is an instance in [$ps, $su] if [support $su] = {$va*} U {$sv*}, [$su $va] €
$$s for $va € {$va*}, [$su$sv] € $$s* for $sv € {$sv*}, and $in = w [sub $p[$ps] $su]. A
structure $in is an instance in [$ps] if $in is an instance in [$ps, $su] for some $su.

A function $mt € $$s x $$ps — $$su is a matching tactic if [$mt $s $ps] = $su implies that $s
is an instance in [$ps, $su]. A structure $in is an instance in [$ps, $mt, $su] if [$mt $in $ps] =
$su. A structure $in is an instance in [$ps, $mt] if $in is an instance in [$ps, $mt, $su] for some
$su.

A substitution $su is a matching result in [$ps, $mt, $in] if $in is an instance in
[$ps, $mt, $su]. A substitution $su is a matching result in [$ps, $mt] if $su is a matching result
in [$ps, $mt, $in] for some $in. A value $v is a matching result in [$va, $ps, $mt, $su, $in] if $in
is an instance in [$ps, $mt, $su], and $v = [$su $va]. A value $v is a matching result in
[$va, $ps, $mt, $in] if $v is a matching result in [$va, $ps, $mt, $su, $in] for some $su. Let

$$mr be a set of matching results.
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4. Operational conceptual transition systems

Operational CTSs (OCTSs) are the special kind of CTSs used to describe operational semantics of
program systems and programming languages. Let $$octs be a set of OCTSs.

The structure of ©pg,.sp Is based on program transition relations, program transition rules and
atomic transition relations. Program transition relations and program transition rules include a
specification of a pattern and their application is based on the matching of the first element of a
program with the pattern. Atomic transition relations are applied in the case of the empty program.

An object $ptr of the form ($ps, $f) is a program transition relation in [$mt] if $f €
{$su U ({cstate}: $s, {cvalue}: $v[$s]) | $su € $$mr[$ps, $mt], and $s € $$s} — $$tr. Thus,
$ptr specifies a parametric transition relation, where the values of the parameter are the results of the
pattern matching. The special elements {cstate} and {cvalue} refer to the current state and the value
in the current state. Let $$ptr be a set of program transition relation. The objects $p[$ps],
($Sva*[$ps]), ($sv*[$ps]) and $f are called a pattern, state variable specification, sequence variable
specification and value in [$ptr]. The elements of $va* and $sv* are called state and sequence
variables in [$ptr]. If $su is the result of matching the first element $e of the program $p[$s] with
the pattern of $ptr, then a transition from $s to $s1 initiated by $ptr and denoted by
$s Osper, ssup $51 is defined as ($s, $s1) € [$f $su U ({cstate}: $s, {cvalue}: $v[$s])]. Let
$5 Srsrsperyy $51 denote $5 Spgper g5y $51 for some $su.

A partial function $ptrs € $e — $$ptr is a program transition relation specification if
[support $ptrs] is finite. A relation $ptr is a relation in [$ptrs] if [$ptrs $na] = $ptr for some
$na € $$e. An element $na is a name in [$ptr, $ptrs] if [$ptrs $na] = $atr. An element $na is
aname in [$ptrs] if $na is a name in [$ptr, $ptrs] for some $atr. Thus, $ptrs defines a finite set
of named program transition relations.

An element $r of the form ($ps $b) is called a (program) transition rule. The objects $p[$ps],
($Sva*[$ps]), ($sv*[$ps]) and $b are called a pattern, state variable specification, sequence variable
specification and body in [$r]. The elements of $va* and $sv™ are called state and sequence variables
in [$r]. Let $$r be a set of transition rules. If $su is the result of matching the first element $e of the
program $p[[$s] with the pattern of $r, then a transition from $s initiated by $r replaces $e in $p by
[sub $su U ({cstate}: $s, {cvalue}: $v[$s]) $b].

A structure $rs is a rule specification if [$rs . {$na}] € $$r U {und} for each $na € $$e. A rule

$r is a rule in [$rs] if [$rs. {$na}] = $r for some $na € $$e. An element $na is a name in
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[$r, $rs]if [$rs. {$na}] = $r. Anelement $na is a name in [$rs] if $na is a name in [$r, $7s]
for some $r. Thus, $rs defines a finite set of named transition rules.

A structure $rs is a rule specification in [$s] if $rs = [$s. {rules}], and [$rs. {$na}] € $$r U
{und} for each $na € $$e. It specifies the set of named transition rules in [$s].

Let [support $ptrs] N [support $rs] = @.

A structure $pto of the form ($na*) is a program transition order in [$ptrs, $rs] if {$na*} <
[support $ptrs] U [support $rs], and the elements of $na* are pairwise distinct. It specifies the
order of application of program transition relations and transition rules, i. e. the order of matching the
first element of the program with their patterns.

A structure ($na*) is a program transition order in [$s] if ($na*) =
[$s. {(program transition order)}], and the elements of $na* are pairwise distinct. It specifies
the order of application of program transition relations and transition rules in [$s].

A relation $atr € $$tr is called an atomic transition relation. Let $$atr be a set of atomic
transition relations. If $p[$s] = (), then a transition from $s to $s1 initiated by $atr and denoted by
$s Spsarry $51 is defined as ($s, $s1) € $atr.

A partial function $atrs € $$s — $$atr is an atomic transition relation specification if
[support $atrs] is finite. A relation $atr is a relation in [$atrs] if [$atrs $na] = $atr for some
$na € $$e. An element $na is a name in [$atr, $atrs] if [$atrs nm] = $atr. An element $na is a
name in [[$atrs] if $na is a name in [$atr, $atrs] for some $atr. Thus, $atrs defines a finite set
of named atomic transiton relations.

A structure $ator of the form ($na*) is an atomic transition order in [$atrs] if {$na*} <
[support $atrs], and the elements of $na* are pairwise distinct. It specifies the order of application
of atomic transition relations.

A structure ($na*) is an atomic transition order in [$s] if ($na*)=
[$s . {(atomic transition order)}], and the elements of $na™ are pairwise distinct. It specifies the
order of application of atomic transition relations in [$s].

Let $$bi be a set of elements called backtracking invariants.

Let S$ex #$v#$s denote [$sprogram:($e*) value:$v]. Let $e*#$s denote
[$s program: ($e*)].

A tuple $octs of the form (S$ato, $$is, $Sptrs, $rs, $pto, $atrs, $ator, $$bi, $mt) is an
operational CTS if the system $cts of the form ($$at, $$is, <) is a CTS with backtracking in
[$$bi] and with direct stop, [support $ptrs] N [support $rs] = @, $s is consistent for each
$s € $$rs[<], and < is defined by the following rules (the first proper rule is applied):
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if $ptr = [$ptrs $na], $e is an instance in [$ps[$ptr], $mt, $sull, and $s5 Spgper, s5ug $51,
then

((execute program element) $e ($na $na*)) $e*# $s -

(bactracking $s ((execute program element) $e ($na*))) $e* # $s1;

if $ptr = [$ptrs$na], and $e is not an instance in [$ps[$ptr], $mt], then
((execute program element) $e ($na $na*)) $e* # $s &

((execute program element) $e ($na*)) $e* # $s;

if ($r=[$rs . {$na}], or $r =[[$s. {rules}] . {$na}]), and $e is an instance in
[$ps[$r], $mt, $su], then

((execute program element) $e ($na $na*)) $e* # $s

 [sub $suu({cstate}:$s, {cvalue}:$v[$s]) $b[$7]]

(backtracking $s ((execute program element) $e ($na’x))) $e’x # $s;

if ($r =[$rs . {$na}], or $r = [[$s. {rules}] . {$na}]), and $e is not an instance in
[$ps[$r], $mt], then

((execute program element) $e ($na $na*)) $e* # $s &

((execute program element) $e ($na*)) $e* # $s;

((execute program element) $e () $e* # $s & $e* # und # $s;

if $atr = [$atrs $nal, $s © [$atr] $s1, and $p[$s1] = O, then
((execute atomic transition) ($na $na*)) # $s © $s1;

if  $atr = [$Satrs$na], $so [$atr]#Sv#%s1l, and $p[$s1] =(, then
((execute atomic transition) ($na $na*)) # $s &

(backtracking $s ((execute atomic transition) ($na*))) # $s1;

((execute atomic transition) () # $s & [$s true: {stop}];

fe$e* #$s o

((execute program element) $e [$s .. (program transition order)]) $e* # $s;

# $s © ((execute atomic transition), [$s.. (atomic transition order)]) # $s.

A state $s is consistent in [$cts] if the following properties hold:

the set of bactracking invariants in [$s] is finite;

[support $ptrs] N [support [$s. {rules}]] = @;

[support $rs] N [support [$s. {rules}]] = @;

if  $nal <ppeop $na2, $nal € [$s. {(program transition order)}], and $na2 €

[$s. {(program transition order)}], then $nal <yss. (program transition orderyy] $1a2;
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if  $nal <qaror] $na2, $nal € [$s. {(atomic transition order)}], and $na2 €

[$s. {(atomic transition order)}], then $nal <yss. atomic transition order)y})] SNA2.

5. The CTSL language

The CTSL language is extended for operational CTSs by adding transition rules and extended
transition rules.

The transition rule (($p, ($va*), ($sv*)), $b) with the name $na is represented in CTSL[o] by
the state (rule $p var ($va*) seq ($sv*) then $b):: {$na}.

Extended transition rules are transition rules enriched by the mechanisms of evaluation of pattern
variable matching results, imposition of constraints on pattern variable matching results and their
values and propagation of abnormal values (undefined values and exceptions) from pattern variable
matching results and the attribute value.

Let {$eva*} € {$va*}, the elements of the sequence $eva* are pairwise disjoint, $set = {$eva ::
{+}| $eva € $eva*}, {$va*1} U {$va*2} U {$va*3} < {$va*} U $set, the elements of the sequence
$va*1 $va*2 $va*3 are pairwise disjoint, and $se € {[se], und, exc, abn}. The state
(rule $p var ($va*) seq ($sv*) val ($eva*) abn ($va*1) und ($va*2) exc ($va*3) $se
where $co then $b)
is called an extended rule. It is defined as follows:

e If $co # true, then
(rule $p var ($va*) seq ($sv*) val ($eva*) und ($va*1) exc ($va*2) abn ($va*3) $se
where $co then $b)
is a shortcut for
(rule $p var ($va*) seq ($sv*) val ($eva*) und ($va*1) exc ($va*2) abn ($va*3) $se
where true then (if $co then $b else und)).
e Therule
(rule $p var ($va*) seq ($sv*) val ($eva™) und ($va*1) exc ($va*2)
abn ($va*31 $eva:: {x} $va*32) $se where true then $b)
is a shortcut for
(rule $p var ($va*) seq ($sv*) val ($eva™) und ($va*1) exc ($va*2)
abn ($va*31 $va*32) $se where true then (if ($eva :: {*} is abnormal)
then $eva:: {+} else $b)).
e If{$va*3}n $set = @, then
(rule $p var ($va*) seq ($sv*) val ($eva™) und ($va*1)
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exc ($va*21 Seva:: {*} $va*22) abn ($va*3) $se where true then $b)

is a shortcut for

(rule $p var ($va*) seq ($sv*) val ($eva™) und ($va*1) exc ($va*21 $va*22)

abn ($va*3) $se where true then (if ($eva:: {*} is exception) then $eva:: {*} else $b)).
If ({$va*2} U {$va*3}) N $set = @, then

(rule $p var ($va*) seq ($sv*) val ($eva*) und ($va*11 $eva :: {*} $va*12)

exc ($va*2) abn ($va*3) $se where true then $b)

is a shortcut for

(rule $p var ($va*) seq ($sv*) val ($eva™) und ($va*11 $va*12) exc ($va*2)

abn ($va*3) $se where true then (if ($eva::{*} is undefined) then $eva:: {*} else $b)).
If ({$va*1} U {$va*2} U {$va*3}) N $set = @, then

(rule $p var ($va*) seq ($sv*) val ($eva* $eva :: {x}) und ($va*1) exc ($va*2)
abn ($va*3) $se where true then $b)

is a shortcut for

(rule $p var ($va*) seq ($sv*) val ($eva*) und ($va*1) exc ($va*2)

abn ($va*3) $se where true then (let w be $eva in (subst ($eva :: {x}: w) $b))),
where w is a new state that does not occur in the initial form.

If ({$va*1} U {$va*2} U {$va*31, $va, $va*32}) N $set = @, then

(rule $p var ($va*) seq ($sv*) val () und ($va*1) exc ($va*2)

abn ($va*31 $va $va*32) $se where true then $b)

is a shortcut for

(rule $p var ($va*) seq ($sv*) val () und ($va*1) exc ($va*2)

abn ($va*31 $va*32) $se where true then (if ($va is abnormal) then $va else $b)).
If ({$va*1} U {$va*21, $va, $va*22}) N $set = @, then

(rule $p var ($va*) seq ($sv*) val () und ($va*1) exc ($va*21 $va $va*22)

abn () $se where true then $b)

is a shortcut for

(rule $p var ($va*) seq ($sv*) val () und ($va*1) exc ($va*21 $va*22) abn () $se
where true then (if ($va is exception) then $va else $b)).

If {$va*11, $va, $va*12} N $set = @, then

(rule $p var ($va*) seq ($sv*) val () und ($va*11 $va $va*12) exc () abn () $se
where true then $b)

is a shortcut for
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(rule $p var ($va*) seq ($sv*) val () und ($va*11 $va*12) exc () abn () $se
where true then (if ($va is undefined) then $va else $b)).
e Therule
(rule $p var ($va*) seq ($sv*) val () und () exc () abn () abn where true then $b) is a
shortcut for
(rule $p var ($va*) seq ($sv*) val () und () exc () abn () where true
then (if (cvalue is abnormal) then else $b).
e Therule
(rule $p var ($va*) seq ($sv*) val () und () exc () abn () exc where true then $b) is a
shortcut for
(rule $p var ($va*) seq ($sv*) val () und () exc () abn () where true
then (if (cvalue is exception) then else $b).
e Therule
(rule $p var ($va*) seq ($sv*) val () und () exc () abn () und where true then $b) is a
shortcut for
(rule $p var ($va*) seq ($sv*) val () und () exc () abn () where true
then (if (cvalue is undefined) then else $b).

A pattern variable $va is evaluated if the matching result for $va is evaluated. The sequence $eva*
contains evaluated pattern variables. The special variable $eva:: {*} references to the value of the
matching result for $va. A pattern variable $va is quoted if the matching result for $va is not
evaluated.

The state $co imposes of constraints on the values of the variables $va*, $sv*, $eva:: {*}".

The undefined value und is propagated through the variables $v*1. Exceptions are propagated
through the variables $v*2. Abnormal values are propagated through the variables $v*3.

The sequence $se specifies propagation of abnormal values through the attribute value. The
undefined value is propagated through the attribute value when $se = und. Exceptions are
propagated through the attribute value when $se = exc. Abnormal values are propagated through
the attribute value when $se = abn.

The executable elements (if $con then $e*1 else $e*2) and (let $va be $e*1 in $e*2) are
defined in section 6.7. The executable elements ($e is abnormal), ($eisexception) and
($e is undefined) are defined in section 7.4.

Let $$er be a set of extended transition rules.
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The objects var ($va*), seq ($sv*), val ($eva*), abn ($va*1), und ($va*2), exc ($va*3) and
where $co in extended transition rules can be omitted. The omitted objects correspond to var (),

seq (), val (), abn (), und (), exc () and where true.
6. Semantics of executable elements in CTSL

To define operational semantics of executable elements in CTSL the special denotations for
program and atomic transition relations are introduced.

Let (transition $p var ($va*) seq ($sv*) then $f):: {$na} denote the program transition
relation (($p, ($va®), ($sv™*)), $f) with the name $na. The objects var ($va*) and seq ($sv*) can
be omitted. The omitted objects correspond to var () and seq ().

Let (atomic transition $f)::{$na} denotes the atomic transition relation defined by the
characteristic function $f € $s x $s —» $b with the name $na.

For simplicity, we omit the names of transition relations and transition rules.
6.1. Values

The executable elements handling the transition value are defined in this section.
An element $e of the form $v:: {q} is called a quoted element. It is defined as follows:
(rulev::{q} var (v) abn thenv::{q}:: {transition}),
(transition v::{q}:: {transition} var (v) then $f),

where $v::{q}:: {transition}; $e* # $s 45 $Se” # $v # $s.
The value v is called a quoted value in [$e]. The element $e returns the quoted value v.
The element und is defined by the rule
(rule und abn thenund::{q}).
The element ex is defined by the rule
(rule v::{exc} var (v) abn thenv::{exc}::{q}).
The element ($e is undefined) specifies that $e equals und. It is defined by the rule
(rule (e is undefined) var (e) abn then (e::{q} = und)).
The element ($e is defined) specifies that $e does not equal und. It is defined by the rule
(rule (e is defined) var (e) abn then (e:: {q}! = und)).
The element ($e is exception) specifies that $e is an exception. It is defined by the rule
(rule (e is exception) var (e) abn then (e is exception): : {transition});
(transition (e is exception):: {transition} var (e) then $f),

where
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(e is exception) :: {transition}; $e* $s5 47
$e* # [if [$e € $$exc] then true else und] # $s.

The element ($e is abnormal) specifies that $e is abnormal. It is defined by the rule

(rule (e is abnormal) var (e) abn then ((e is undefined) or (e is exception)));

The element ($e is normal) specifying that $e is normal. It is defined by the rule

(rule (e is normal) var (e) abn then ((e is defined) and (not (e is exception))));

The element $e of the form (catch:: {und} $va $e*) is called a value handler. It is defined as
follows:

(transition (catch:: {und} va e_s) var (va) seq (e_s) then $f),
where (catch:: {und} $va $e”); $e*1 # $v # $s o551 (sub ($va: $v) $e*) e*1 # true # $s.

The elements $va and $e*1 are called a variable and body in [$e]. The element $e replaces all
occurences of the variable $va in the body $e*1 by the current value, resets the current value to true
and executes the modified body.

The element $e of the form (catch $va $e*) is called an exception handler. It is defined as
follows:

(rule (catch va e_s) var (va) seq (e_s) und then (catch:: {und} va e_s)),

The elements $va and $e* are called a variable and body in [$e]. If the current value is defined,
the element $e replaces all occurences of the variable $va in the body $e*1 by the current value,
resets the current value to true and executes the modified body. It propagates und.

The element (current value) returns the current value. It is defined by the rule

(rule (current value) abn then cvalue::{q}).

The element ((to value) $e) replaces the current value to $v, where $v is the value of $e. It is
defined as follows:

(rule ((to value) e) var (e) val (e) then ((to value) e:: {*}):: {transition}),

(transition ((to value) v):: {transition} var (v) then $f),
where ((to value) $v):: {transition}; $e* # $s 55 Se” # $v # $s.

The element ((catch exception) t) catches an exception of the type $t. It is defined by the rule

(rule ((catch exception) t) var (t) und

then (catch va (

if ((vaisexception) and ((va::{q}. {type}) =t::{q}))
then ((to value) true) else ((to value) va::{q})))).

6.2. Integers
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The executable elements handling integers are defined in this section.

The element ($e is nat) specifies that $e is a natural number. It is defined as follows:

(rule (e is nat) var (e) abn then (e is nat):: {transition});

(transition (e is nat):: {transition} var (e) then $f),
where

($e is nat) :: {transition} $e* $s Sgr) $e* # [if [$e € $$n] then true else und] # $s.

The element ($e is int) specifies that $e is an integer. It is defined as follows:

(rule (e is int) var (e) abn then (e is int):: {transition});

(transition (e is int):: {transition} var (e) then $f),
where

($e is int):: {transition} $e” # $s5 ogr) $e” # [if [$e € $$in] then true else und] # $s.

The element $i is defined by the rules

(rule ivar (i) abn where (i is int) then i:: {q}).

If $v1 and $v2 are values of $e1l and $e2, then the element ($el + $e2) returns [$v1 + $v2]. It
is defined as follows:

(rule (el + e2) var (el, e2) val (el, e2) abn

then (el:: {x} +:: {integer} e2:: {*}):: {transition});

(transition (il +:: {integer} i2):: {transition} var (i1, i2) then f),
where ($il +:: {integer} $i2):: {transition}; $e” # $s Sgp) $e™ # [$i1 + $i2] # $s.

The elements ($el $op $e2), where $op € {—, *, div, mod}, specifying the integer operations
—, *, div and mod, are defined in the similar way.

If $v1 and $v2 are values of $el and $e2, then the element ($el < $e2) specifies that [$v1 <
$v2]. It is defined as follows:

(rule (el < e2) var (el, e2) val (el, e2) abn

then (el:: {*} <::{integer} e2::{x}):: {transition});

(rule (el:: {*} <::{integer} e2:: {*}):: {transition} var (el, e2) then f),
where ($i1 <::{integer} $i2):: {transition}; $e" # $s ©gp S # [$i1 < $i2] # $s.

The elements ($el $op $e2), where $op € {<=, >, >=}, specifying the integer relations <, >

and >, are defined in the similar way.
6.3. Boolean values

The executable elements handling boolean values are defined in this section.

The element true is defined by the rule:



System Informatics (Cucremuas unpopmaruka), No. 9 (2017) 169

(rule true abn then true::{q}).

If $v1 and $v2 are values of $el and $e2, then the element ($el and $e2) specifies the
conjunction of $v1 and $v2. It is defined by the rule:

(rule (el and e2) var (el, e2) abn then (if el then e2 else und)).

If $v1 and $v2 are values of $e1 and $e2, then the elements ($el $op $e2), where $op € {or, =
>, <=>} specifying the disjunction, implication and equivalence of $v1 and $v2 are defined in the
similar way.

If $v1, $v2, .., $v$n are values of $el, $e2, .., $e$n, then the element
($el and $e2 and ... and $e$n) specifies the conjunction of $v1, $v2, ..., $v$n. It is defined by
the rule

(rule (el and e2 and e_s) var (el, e2) seq (e_s) abn then ((el and e2) and e_s).

If $v1, $v2, .., $v$n are values of $el, $e2, .., $e$n, then the element
($el or $e2 or ... or $e$n) specifying the disjunction of $v1, $v2, ..., $v$n is defined in the similar
way.

If $v is a value of $e, then the element (not $e) specifies the negation of $v. It is defined by the

rule (rule (not e) var (e) abn then (if e then und else true)).
6.4. Conceptual structures

The executable elements handling conceptual structures are defined in this section.

The element ($e is atom) specifies that $e is an atom. It is defined as follows:

(rule (e is atom) var (e) abn then (e is atom):: {transition});

(transition (e is atom):: {transition} var (e) then $f),
where

(e is atom):: {transition} $e” # $s <55y $e” # [if [e € $$ato] then true else und] # $s.

The element ($e is compound) specifies that $e is a compound structure. It is defined by the rule

(rule ((e_s) is compound) seq (e_s) abn then true).

The element ($e is (absolutely typed)) specifies that $e is an absolutely typed structure. It is
defined by the rule

(rule (e::{t_s} is (absolutely typed)) var (e) seq (e_s) abn then true).

The element ($e is (relatively typed)) specifies that $e is a relatively typed structure. It is
defined by the rule

(rule (e: {t_s} is (relatively typed)) var (e) seq (e_s) abn then true).

The element ($e is empty) specifies that $e is an empty structure. It is defined by the rule
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(rule (() is empty) abn then true).

The element ($e is nonempty) specifies that $e is not an empty structure. It is defined by the rule

(rule (e is empty) var(e) abn then (not (e is empty))).

The empty structure is defined by the rule

(rule () abn then ()::{q}).

The element ($ccs is ($t *)) specifies that the value of ($e is $t) does not equal und for each
element $e of $ccs. It is defined by the rule

(rule ((ee_s) is (t *)) var (e, t) seq (e_s) abn then ((e ist) and ((e_s) is (t *)));

(rule () is (t *)) var (t) abn then true).

If $cs is a value of $e, then the element (len $e) specifies the length of $cs. It is defined as
follows:

(rule (len e) var (e) val (e) abn then (len e :: {*x}) :: {transition});

(transition (len cs) :: {transition} var (cs) then $f),
where (len $cs) :: {transition}; $e” # $s ogp) $e™ # [len $cs] # $s.

If $cs1 and $cs2 are values of $el and $e2, then the element ($e1 = $e2) specifies the equality
of $cs1 and $cs2. It is defined as follows:

(rule (el = e2) var (el, e2) val (el, e2) abn then (el :: {*} = e2 :: {q}) :: {transition}),

(transition (cs1 = cs2) :: {transition} var (cs1, cs2) then $f),
where ($cs1 = $cs2) :: {transition}; $e” # $s Sgpp $e” # [$cs1 = $cs2] # $s.

If $cs1 and $cs2 are values of $el and $e2, then the element ($el! = $22) specifies the
inequality of the structures $cs1 and $cs2. It is defined by the rule

(rule (el! = e2) var (el, e2) val (el, e2) abn then (not (el = e2))).

If $cs is a value of $e, then the conceptual structure access operation ($e. $mt) returns
[$cs . $mt]. Itis defined as follows:

(rule (e. mt) var (e, t) val (e) abn then (e :: {x}. mt): {transition});

(transition (cs . mt) :: {transition} var (cs, mt) then $f),
where ($cs . $mt) :: {transition}; $Se* # $s ogpp $e™ # [$cs. $mt] # $s.

If $ccs and $n are values of $el and $e2, then the conceptual structure access operation
($el.. $e2) returns [$ccs .. $n]. It is defined as follows:

(rule (el.. e2) var (el, e2) val (el, e2) abn

where ((el :: {*} is compound) and (e2 :: {*} is nat) and (e2 :: {*} > 0))

then (el :: {x}.. e2 :: {*}): {transition}),

(transition (cs.. n) :: {transition} var (cs, n) then $f),
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where ($cs.. $n) :: {transition}; $e” # $s ogsp $e™ # [$cs.. $n] # $s.

If $cs and $v are values of $e and $el, then the conceptual structure update operation
($e. $mt:= $el) returns [$cs. $mt == $v]. It is defined as follows:

(rule (e. mtl :=el) var (e, mtl, el) val (e, el) abn)

then (e:: {*}. mtl = el::{x}):: {transition}));

(transition (cs. mt = v)::{transition} var (cs,mt,v) abn then $f),
where ($cs. $mt: = $v):: {transition}; $e” # $s ogs) $e* # [$cs. $mt = $v] # $s.

The conceptual structure update operation ($e. $mt : =) is a shortcut for ($e. $mt : = und).

The conceptual structure update operation ($e. $mtl:= $el, ..., $mt$n:= $e$n), where
$n > 1, is defined as follows:

(rule (e. mtl :=-elcs_s)var (e, mtl, el) seq (cs_s) abn then ((e. mtl :=el). cs_s)).

If $ccs, $n and $v are values of $el, $e2 and $e3, then the conceptual structure update operation
($el.. $e2:= $e3) returns [$ccs .. $n: = $v]. It is defined as follows:

(rule (el.. e2 :=e3) var (el, e2, e3) val (el, e2, e3) abn

where ((el :: {x} is compound) and (e2 :: {*} is nat) and (e2 :: {*} > 0))

then (el :: {x}.. e2 : {x} = e3 :: {x}) : {transition}),

(transition (ccs.. n = v) :: {transition} var (ccs,n,v) abn then $f),
where ($ccs .. $n:= $v) :: {transition}; $e* # $s 5p) $e* # [$ccs .. $n:= $v] # $s.

If $ccs1and $ccs2 are values of $eland $e2, then the element ($el + $e2) specifies the
concatenation of $ccs1 and $ccs2. It is defined by the rules

(rule (el + e2) var (el, e2) val (el, e2) abn then (el :: {*} +:: {q} e2 :: {x}));

(rule ((cs_s1) +:: {q} (cs_s2)) seq (cs_1, cs_2) then (cs_s1 cs_s2) :: {q}).

If $e and $ccs are values of $el and $e2, then the element ($el . + $e2) specifies the addition of
the element $e to the head of $ccs. It is defined by the rules

(rule (el.+ e2) var (el, e2) val (el, e2) abn then (el :: {*}.+:: {q} e2 :: {x}));

(rule (e .+:: {q} (cs_s)) var(e) seq (cs_s) then (e cs_s) :: {q}).

If $e and $ccs are values of $e2 and $el, then the element ($el +. $e2) specifies the addition of
the element $e to the tail of $ccs. It is defined by the rules

(rule (el + e2) var (el, e2) val (el, e2) abn then (el :: {x} +.:: {q} e2 :: {x}));

(rule ((cs_s) +.:: {q} e) var(e) seq (cs_s) then (cs_se) :: {q}).

If $e and $n are values of $el and $e2, then the element (repeat $el $e2) returns
([repeat $e $n]). It is defined by the rule

(rule (repeat e n) var (e, n) val (e, n) abn where (n :: {*} is nat)
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then (repeat::{q} e:: {*} n:: {x})).

The element (repeat::{q} $el $e2) is defined by the rules
(rule (repeat::{q} e 0) var (e) abn then ());

(rule (repeat :: {q} e n) var (e, n) abn

then (let nl be (n — 1) in ((repeat:: {q} enl) +. e:: {q})).
The element (unbracket $ccs) is defined by the rule

(rule (unbracket (cs_s)) seq (cs_s) abn then cs_s).

6.5. Sets

The element ($e is set) specifies that the elements of the compound structure $e are pairwise
distinct is defined as follows:
(rule (e is set) var (e) abn where (e is compound) then (e is set):: {transition});
(transition (e is set):: {transition} var (e) then $f),
where
(e is set):: {transition} $e” # $s 3¢
$e* # [if [the elements of $e are pairwise distinct] then true else und] # $s.
If $e and $ccs are values of $e2 and $el, then the element ($el +.:: {set} $e2) specifies the
addition of the element $e to the set $ccs. It is defined by the rule
(rule (el +.:: {set} e2) var (el, e2) val (el, e2) abn
then (if (e2  {+} :: {q} inel = (+} == {q}) thenel :: {+} :: {q)
else (e2 :: {*} +.:: {q} el :: {*})).
If $e and $ccs are values of $e2 and $el, then the element ($el —.:: {set} $e2) specifies the
deletion of the element $e from the set $ccs. It is defined by the rule
(rule (el —.:: {set} e2) var (el, e2) val (el, e2) abn where (el :: {*} is set)
then (el :: {x} —.:: {set} e2 :: {*}) :: {transition});
(transition (ccs —.:: {set} e) :: {transition} var (ccs, e) then $f),
where ($ccs —.:: {set} $e) :: {transition} $e* # $s ogr) $e” # $ccs1 # $s, $cesl is a set, and
[$ccsl =g,; $ccs $v].
If $e and $ccs are the values of $el and $e2, then the element ($el in $e2) specifies that $e is
an element of $ccs. It is defined as follows:
(rule (el in::{set} e2) var (el, e2) val (el, e2) abn where (e2 :: {*} is compound)
then (el :: {x} in:: {set} e2 :: {x}) :: {transition});

(transition (e in:: {set} ccs) :: {transition} var (e, ccs) abn then $f),
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where
($e in :: {set} $ccs) :: {transition}; $e* $s Sgpy
$e* # [if [$e € $ccs] then true else und] # $s.
If $ccs1 and $ccs2 are the values of $el and $e2, then the element ($el includes:: {set} $e2)
specifies that $ccs1 includes the elements of $ccs1. It is defined as follows:
(rule (el includes: : {set} e2) var (el, e2) val (el, e2) abn
where ((el :: {*} is compound) and (e2 :: {*} is compound))
then (el :: {x} includes: : {set} e2 :: {x}) :: {transition});
(transition (ccs1 includes:: {set} ccs2) :: {transition} var (ccs1, ccs2) abn then $f),
where
($ccsl includes :: {set} $ccs2) :: {transition}; $e* $s ©p4p)
$e* # [if [$ccs1 includes the elements of $ccs2] then true else und] # $s.
If $ccs1 and $ccs2 are the values of $el and $e2, then the element (disjoint:: {set} $el $e2)
specifies that $ccs1 and $ccs1 have no common elements. It is defined as follows:
(rule (disjoint: : {set} el e2) var (el, e2) val (el, e2) abn
where ((el :: {*} is compound) and (e2 :: {*} is compound))
then (disjoint:: {set} el :: {x} e2 :: {x}) :: {transition}),
(transition (disjoint:: {set} ccs1 ccs2) :: {transition} var (ccs1, ccs2) abn then $f),
where
(disjoint :: {set} $ccs1 $ccs2) :: {transition}; $e” $s ©p4p
$e* # [if [$ccs1 and $ccs2 have no common elements] then true else und] # $s.
The elements ($elin $e2), ($el includes $e2) and (disjoint $el $e2) are shortcuts for
($el in:: {set} $e2), ($el includes: : {set} $e2) and (disjoint:: {set} $el $e2).

6.6. States

The executable elements handling states are defined in this section.

The state access operation (current state) returns the current state is defined by the rule:

(rule (current state) abn then cstate::{q}).

If $cs is a value of $e, then the element ((to state) $e) replaces the current state to $cs. It is
defined as follows:

(rule ((to state) e) var (e) val (e) then ((to state) e:: {*}):: {transition});

(transition ((to state) cs):: {transition} var (cs) then $f),

where ((to state) $cs)::{transition}; $e* # $s g7 $cs.



174 Anureev L.S. Operational conceptual transition systems and their application to development of conceptual operational

The state access operation (. $mt) returns [. $mt]. It is defined by the rule

(rule (. mt) var (mt) abn then (cstate :: {q} . mt)).

If $v is a value of $e, then the state update operation (mt: = $e) replaces the current state by
[. $mt = $v]. It is defined by the rule

(rule (mt: = e) var (mt, e) abn then (to state (cstate :: {q} . mt = e))).

The state update operation (. mt : = $e) is an alias for (mt : = $e). It is defined by the rule

(rule (. mt:= e) var (mt, e) abn then (mt : = e)).

The state update operation (mt: =) and (. mt : =) are shortcuts for (mt : = und) and (. mt: =
und).

The state update operation ($mt1l:= $el, ..., $mt$n: = $e$n), where $n > 1, is defined by the
rule

(rule (mtl = el cs_s) var (mtl, el) seq (cs_s) abn) then (mtl = el); (cs_s)).

The state update operation (. $mtl:= $el, ..., $mt$n:= $e$n) is an alias for ($mtl:=
$el, ..., $mt$n: = $e$n). Itis defined by the rule

(rule (. mtl = el cs_s) var (mtl, el) seq (cs_s) abn) then (mtl := el cs_s)).

6.7. Statements

The executable elements called statements are defined in this section. They are similar to
statements in programming languages.

The element skip does nothing. It is defined as follows:

(rule skip abn then skip :: {transition});

(transition skip :: {transition} then $f),
where skip :: {transition}; $e* # $s ogrp e” # $s.

The element $e of the form (seq e*) is called a sequential composition. It is defined by the rule

(rule (seq e_s) var (e_s) seq (e_s) then e_s).

The elements of $e* are called elements in [[$e]], and $e* is called a body in [$e]. The element $e
executes its elements sequentially from left to right.

The element $e of the form (if $co then $e*1 else $e*2) is called a conditional element. It is
defined as follows:

(rule (if cothene_s1 else e_s2) var (co) seq (e_s1, e_s2) val (co) abn

then (if co :: {*} then e_s1 else e_s2) :: {transition});

(transition (if vthen e_s1 else e_s2) :: {transition} var (v) seq (e_s1, e_s2) then $f),

where
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(if $v then $e*1 else $e*2) :: {transition}; $e* $s S5
[if [$v # und] then $e*1 else $e*2] $e* # $s.
The objects $co, $e*1 and $e*2 are called a condition, then-branch and else-branch in [$e]. The
element (if $con then $e*) is a shortcut for (if $con then $e* else skip).
The conditional element (if :: {exc} $con then $e*1 else $e*2) is defined by the rule
(rule (if :: {exc} con then e_s1 else e_s2) var (con) seq (e_s1, e_s2) val (con)
exc (con, con :: {x}) abn then (if con :: {q} then e_s1 else e_s2)).
The element (if :: {exc} $con then $e*) is a shortcut for (if :: {exc} $con then $e* else skip).
The conditional element
(if $sel $col then $e*1 elseif $se2 $co2 then $e*2 ... elseif $se$n $co$n then $e*$n else $e*),
where $se$nl € {[es], exc} for each 1 < $n1 < $n, is defined by the rules
(rule (if cothen e_s1 elseif e_s2) var (co) seq (e_s1, e_s2) abn
then (if co then e_s1 else (if e_s2)));
(rule (if cothene_s1 elseif :: {exc} e_s2) var (co) seq (e_s1, e_s2) abn
then (if co then e_s1 else (if :: {exc} e_s2)));
(rule (if :: {exc} cothene_s1 elseif e_s2) var (co) seq (e_s1, e_s2) abn
then (if :: {exc} co thene_s1 else (if e_s2)));
(rule (if :: {exc} cothene_s1 elseif :: {exc} e_s2) var (co) seq (e_s1, e_s2) abn
then (if :: {exc} co thene_s1 else (if :: {exc} e_s2))).
The element $e of the form (let $va be $e*1 in $e*2) is defined as follows:
(rule (let va be e_s1 in e_s2) var (va) seq (e_s1,e_s2) abn
then e_s1; (let va be current value in e_s2) :: {transition});
(transition (let va be current value in e_s2) :: {transition} var (va) seq (e_s2) then $f),
where
(let $va be current value in $e2) :: {transition}; $e* # $v # $s S 44
[sub ($va: $v) $e*2]; $e* # $s.
The elements $va, $e*1 and $e*2 are called a variable, value specifier and body in [$e].
The element $e of the form (let :: {und} $va be $e*1 in $e*2) is defined by the rules
(rule (let :: {und} va be e_s1 in e_s2) var (va) seq (e_s1,e_s2) abn
then e_s1; (let :: {und} va be current value in e_s2));,
(rule (let :: {und} va be current value in e_s2) var (va) seq (e_s2) und
then (let va be current value in e_s2): {transition}).

The element $e of the form (let :: {abn} $va be $e*1 in $e*2) is defined by the rules
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(rule (let :: {abn} va be e_s1 in e_s2) var (va) seq (e_s1,e_s2) abn
then e_s1; (let :: {abn} va be current value in e_s2));
(rule (let :: {abn} va be current value in e_s2) var (va) seq (e_s2) abn
then (let va be current value in e_s2) :: {transition}).
The element $e of the form (let :: {exc} $va be $e*1 in $e*2) is defined by the rules
(rule (let :: {exc} va be e_s1 ine_s2) var (va) seq (e_s1,e_s2) abn
then e_s1; (let :: {exc} va be current value in e_s2));
(rule (let :: {exc} va be current value in e_s2) var (va) seq (e_s2) exc
then (let va be current value in e_s2) :: {transition}).
The element $e of the form (let :: {seq} $va* be $e*1 in $e*2), where [len va*] = [len e*1], is
defined by the rules
(rule (let :: {seq} va,va_s be el, e_s1 ine_s2) var (va, el) seq (va_s,e_s1,e_s2) abn
then (let va be el in (let :: {seq} va_s be e_s1 in e_s2)));
(rule (let :: {seq} be in e_s2) seq (e_s2) abn then e_s2).
The elements $va*, $e*1 and $e*2 are called a variable specification, value specification and body
in [$e]. The elements of $va* and $e*1 are called variables and value specifiers in [$e].
The element $e of the form (let :: {seq,und} $va* be $e*1in $e*2), where [lenva*] =
[len e*1], is defined by the rules
(rule (let :: {seq,und} va,va_s be el, e_s1 in e_s2) var (va, el) seq (va_s,e_s1,e_s2)
abn then (let :: {und} va be el in (let :: {seq,und} va_s be e_s1 in e_s2)));
(rule (let :: {seq,und} be in e_s2) seq (e_s2) abn then e_s2).
The element $e of the form (let :: {seq,abn} $va* be $e*1 in $e*2), where [lenva*] =
[len e*1], is defined by the rules
(rule (let :: {seq,abn} va,va_s be el, e_s1 in e_s2) var (va, el) seq (va_s,e_s1,e_s2)
abn then (let :: {abn} va be el in (let :: {seq,abn} va_s be e_s1 in e_s2)));
(rule (let :: {seq,abn} be in e_s2) seq (e_s2) abn then e_s2).
The element $e of the form (let: {seq, exc} $va* be $e*1 in $e*2), where [len va*] = [len e*1],
is defined by the rules
(rule (let :: {seq,exc}va,va_s be el, e_s1 ine_s2) var (va, el) seq (va_s,e_s1,e_s2) abn
then (let :: {exc} va be el in (let :: {seq, exc} va_s be e_s1 in e_s2)));
(rule (let :: {seq, exc} be in e_s2) seq (e_s2) abn then e_s2).
The element $e of the form (while $con do $e*1) is called a while statement. It is defined by the

rule
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(if (while condo e_s) var (con) seq (e_s) abn
then (if con then e_s; (while con do e_s))).

The objects $con and $e*1 are called a condition and body in [$e].

The element $e of the form (foreach $va in $el do $e*1) is called a foreach statement. It is
defined by the rule

(rule (foreach vain el do e_s) var (va, el) seq (e_s) val (el) abn

then (foreach::{q} vainel :: {x} do e_s)).

The objects $va, $el and $e*1 are called an iteration variable, iteration structure specifier and
body in [$e]. If ($v*) is a value of $el, then the element $e executes sequentially $e*1 for values
of $va from the structure ($v*).

The element (foreach:: {q} va in ($v*) do $e*) is defined by the rules

(rule (foreach::{q} va in (vv_s) do e_s) var (va, v) seq (v_s, e_s) abn

then (let va be v :: {q} ine_s); (foreach::{q}vain (v_s) do e_s));

(rule (foreach::{q} va in () do e_s) var (va) seq (e_s) abn then).

6.8. Countable concepts

The executable elements handling countable concepts are defined in this section.

A normal element $e is a countable concept in [$s] if [$s. ((countable concept) $e)] € $n >
0. Thus, the parametric attribute ((countable concept) $e) defines countable concepts. Let $$cc be
a set of countable concepts. A number $n is an order in [$cc, $s] if $n=
[$s5. ((countable concept) $cc)]. Let $$cco be a set of orders of countable concepts. An element
$n::{$cc} is called an instance in [$cc]. An element $n:: {$cc} is an instance in [$cc, $s] if 1 <
$n < $cco[[$cc].

The element ($e is (countable concept)) specifies that $e is a countable concept. it is defined
by the rule

(rule (e is (countable concept)) var (e) abn then ((. {((countable concept) e)}) > 0)).

The element ($e is $cc) specifies that $e is an instance of $cc. It is defined by the rule

(rule (n::{cc1} is cc2) var (n, ccl, cc2) abn where (cc2 is (countable concept))

then ((ccl::{q} = cc2::{q}) and (0 < n) and (n <= (. {((countable concept) cc2)})))).

The element ((new instance) $cc) generates a new instance of the countable concept $cc and
adds this concept if it was not. It is defined by the rule

(rule ((new instance) cc) var (cc) abn

then (let n be (. {(countable concept) cc}) in
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(if (n > 0) then (letnlbe(n+1)in
({((countable concept) cc)} == nl); nl::{cc}::{q})
else ({((countable concept) cc)} = 1); nl::{cc}::{q}).

6.9. Rules

The executable elements handling rules are defined in this section.
The element ($e is rule) specifies that $e is a rule. It is defined as follows:
(rule (e is rule) var (e) abn then (e is rule):: {transition});
(transition (e is rule): : {transition} var (e) then $f),
where
($e is rule):: {transition} $e* # $s Sgr) $e” # [if [e € $$r] then true else und] # $s.
The element ($e is (extended rule)) specifies that $e is an extended rule. It is defined as follows:
(rule (e is (extended rule)) var (e) abn then (e is (extended rule)):: {transition});
(transition (e is (extended rule)):: {transition} var (e) then $f),
where
($e is (extended rule)) :: {transition} $e* $s 4]
$e* # [if [e € $$er] then true else und] # $s.
An element $na is a name if $na is normal. Let $$n be a set of names.
The element ($e is name) specifies that $e is a name. It is defined by the rule
(rule (e is name) var (e) abn then (e is normal)).
The element $r: $na adds the rule $r with the name $n into [. {rules}]. It is defined by the rule
(rule e::{na} var (e, na) abn where ((e is rule) and (na is name))
then ({rules}:= ((.{rules}) . {na} :=e:: {q}))).
The element $er: $na adds the rule $r with the name $n into [. {rules}], where $er is a shortcut
for $r. It is defined as follows:
(rule e::{na} var (e, na) abn where ((e is (extended rule)) and (na is name))
then ({rules} := ((.{rules}) . {na} = (rulee)))).
The element (rule $er) returns $r, where $r is a shortcut for $er. It is defined as follows:
(transition (rule er):: {transition} var (er) then $f),

where (rule $er):: {transition} $e* # $s o g¢) $e* # $r # $s, where $r is a shortcut for $er.
6.10. The pattern matching

The executable elements handling the pattern matching are defined in this section.
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The conditional pattern matching element $e of the form

(if $el matches $p var ($va*) seq ($sv*) then $e*1 else $e*2),
where ($p ($va*) ($sv™*)) is a pattern specification, executes $e*1 if $e1 matches $p and executes
$e*2, otherwise. It is defined as follows:

(rule (if el matches p var (va_s) seq (sv_s) then e_s1 else e_s2) var (el, p)

seq (va_s, sv_s, e_s1, e_s2) abn where (disjoint (va_s)::{q} (sv_s)::{q})

then (if el matches p var (va_s) seq (sv_s) then e_s1 else e_s2):: {transition});

(transition (if el matches p var (va_s) seq (sv_s) then e_s1 else e_s2):: {transition}

var (el, p) seq (va_s, sv_s, e_s1, e_s2) then $f),
where

(if $el matches $p var ($va”) seq ($sv™) then $e*1 else e*2):: {transition}; $e* # $s o4

[if [$el is an instance in [($p ($va™) ($sv™)), $mt, $su] for some $su]
then [sub $su U (cstate: $s, cvalue: $v[$s]) $e*1]
else [sub (cstate: $s, cvalue: $v[$s]) $e*2]]; $e* # $s.

Thus, the semantics of the conditional pattern matching elements combines the semantics of the
conditional element with the semantics of transition rules. The elements $el, $p, $va*, $sv*, $e*1
and $e*2 are called a matched structure, pattern, state variable specification, sequence variable
specification, then-branch and else-branch in [$e]. The elements of $va* and $sv* are called state
and sequence variables in [$e].

Let {$eva*} € {$va*}, the elements of the sequence $eva* are pairwise disjoint, $set = {$eva ::
{x} | $eva € $eva*}, {$va*1} U {$va*2} U {$va*3} € {$va*} U $set, the elements of the sequence
$va*1 $va*2 $va*3 are pairwise disjoint, and $se € {[se], und, exc, abn}.

The semantics of the extension

(if $el matches $p var ($va*) seq ($sv*) val ($eva*) abn ($va*1) und ($va*2)

exc ($va*3) $se where $co then $e*1 else $e*2)
of the conditional pattern matching element is similar to the semantics of extended transition rules.

The objects var ($va*), seq ($sv*), val ($eva*), abn ($va*1), und ($va*2), exc ($va*3) and
where $co in conditional pattern matching elements can be omitted. The omitted objects correspond
to var (), seq (), val (), abn (), und (), exc () and where true.

The pattern matching element

($e1 matches $p var ($va*) seq ($sv*) val ($eva™) abn ($va*1) und ($va*2)

exc ($va*3) $se where $co then $e*1 else $e*2)

is a shortcut for
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(if $el matches $p var ($va*) seq ($sv*) val ($eva*) abn ($va*1) und ($va*2)

exc ($va*3) $se where $co then true else und).

The selection element $e of the form (select $va from $el wrt $p var ($va*) seq ($sv*)),
where ($p ($va*) ($sv™*)) is a pattern specification, and $va € $va*, or $va € $sv*, selects the
values of the variable $va such that an element of $e1 matches the pattern $p. It is defined by the
rule

(rule (select va from of el wrt p var (va_s) seq (sv_s))

var (va,el,p) seq (va_s,sv_s,t_s) abn
where ((disjoint (va_s) :: {q} (sv_s) :: {q}) and
((va::{q}in (va_s)::{q}) or (va::{q} in (sv_s)::{q})))
then (select:: {check} va from el wrt p var (va_s) seq (sv_s))).

The elements $va, $el, $p, $va* and $sv* are called a selection variable, matched structure,
pattern, state variable specification, sequence variable specification, then-branch and else-branch in
[$e]. The elements of $va* and $sv* are called state and sequence variables in [$e].

The element (select: : {check} $va from $el wrt $p var ($va*) seq ($sv*)) is defined by the
rules

(rule (select: :{check} va fromel::{t_s} wrt p var (va_s) seq (sv_s))

var (va,el, p) seq (va_s, sv_s, t_s) abn

then (select:: {check} va from (el:: {t_s}) wrt p var (va_s) seq (sv_s)));

(rule (select: :{check} va fromel:{t_s} wrt p var (va_s) seq (sv_s))

var (va, el, p) seq (va_s, sv_s, t_s) abn

then (select:: {check} va from (el:{t_s}) wrt p var (va_s) seq (sv_s)));

(rule (select::{check} va from () wrt p var (va_s) seq (sv_s))

var (va,p) seq (e_s,va_s,sv_s) abn then ());

(rule (select: :{check} va from (el e_s) wrt p var (va_s) seq (sv_s))

var (va,el,p) seq (e_s,va_s,sv_s) abn where (va::{q} in (va_s)::{q})

then (if el matches p var (va_s) seq (sv_s)

then (va_s::{q} .+ (select:: {check} va from (e_s) wrt p var (va_s) seq (sv_s)))
else (select::{check} va from (e_s) wrt p var (va_s) seq (sv_s))));

(rule (select: :{check} va from (el e_s) wrt p var (va_s) seq (sv_s))

var (va,el,p) seq (e_s,va_s,sv_s) abn where (va::{q} in (sv_s)::{q})

then (if el matches p var (va_s) seq (sv_s)

then ((va_s)::{q} .+ (select::{check} va from (e_s) wrt p var (va_s) seq (sv_s)))
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else (select::{check} va from (e_s) wrt p var (va_s) seq (sv_s)))).
The semantics of the extension
(select $va from $el wrt $p var ($va*) seq ($sv*) val ($eva*)
abn ($va*1) und ($va*2) exc ($va*3) $se where $co)
of the selection element is similar to the semantics of the extension of the conditional pattern
matching element.
The semantics of the extension
(select:: {seq} $val® from $el wrt $p var ($va*) seq ($sv*) val ($eva*)
abn ($va*1) und ($va*2) exc ($va*3) $se where $co)
of the selection element is similar to the semantics of the above selection element extension except
that the resulting sequence consists of the compound elements of the length [$va1*]. Each of these
elements contains the values of the selection variables in the order of their occurences in $val®.
The selection elements
(select $va wrt $p var ($va*) seq ($sv*) val ($eva™)
abn ($va*1) und ($va*2) exc ($va*3) $se where $co)
and
(select:: {seq} $val* wrt $p var ($va*) seq ($sv*) val ($eva*)
abn ($va*1) und ($va*2) exc ($va*3) $se where $co)
are shortcuts for
(let $s be (current state) in (select $va from $s wrt $p var ($va*) seq ($sv*) val ($eva™)
abn ($va*1) und ($va*2) exc ($va*3) $se where $co))
and
(let $s be (current state) in (select:: {seq} $val* from $swrt $p var ($va*) seq ($sv*)
val ($eva*) abn ($va*1) und ($va*2) exc ($va*3) $se where $co)).

7. Examples of conceptual operational semantics
of programming languages

An operational semantics of executable elements of $$c[$!] in CTSL[o] is called a conceptual
operational semantics of $1. Thus, the conceptual operational semantics of $1 is defined in terms of
the conceptual model of $1 in CTSL[o].

The conceptual operational semantics for the family of model programming languages (MPLS) is
defined in this section. These languages has been described and their conceptual models has been
defined in [1].
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7.1. MPL1: types, typed variables and basic statements

The MPLL1 language [1] is an extension of CTSL that adds types, typed variables, the variable
access operation, and the basic statements such as variable declarations, variable assignments, if
statements, while statements and block statements.

The element ($c is type) specifies types in MPL1. It is defined by the rules

(rule (t is type) var (t) abn then (t:: {q} = int::{q}));

(rule (t is type) var (t) abn then (t::{q} = nat::{q})).

The element (subtype $t1 $t2) checks that $t1 is a subtype of $t2. It is defined by the rule

(rule (subtype t1 t2) var (t1, t2) abn

then ((t1::{q} = nat::{q}) and (t2::{q} = int:: {q}))).

The element ($na is variable) specifies variables. It is defined by the rule

(rule (va is variable) var (va) abn where (va is name) then (. {(variable va)})).

The program is defined by the rule

(rule (programn c_s) var (n) seq (c_s) abn where (n is name)

then ((collect body membes) c_s) c_s).

Let $$m be a set of elements called body members.

The element ((collect body members) $c*) collects information about members of the body
$c*. It is defined by the rules

(rule ((collect body members) (var vat) c_s) var (va, t) seq (c_s) abn

where ((va is name) and (not (va is variable)) and (t is type))

then ({(typeva)} =t :: {q}); ({(variable va)} = true);

((collect body members) c_s));

(rule ((collect body members) (var c1 c2) c_s) var (c1, c2) seq (c_s) abn then und);

(rule ((collect body members) c c_s) var (c) seq (c_s) abn

then ((collect body members) c_s));

(rule ((collect variables)) then).

Thus, the body members in MPL1 are variables.

The variable declaration is defined by the rule

(rule (var c_s) seq (c_s) abn then).

The execution of the variable declaration does not collect information about the declared variable,
since the corresponding actions are performed by the element ((collect body members) $c*).

The variable access is defined by the rule

(rule va var (va) abn where (va is variable) then (. {(value va)}).
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The element (type $¢) returns the type of the variable or the constant $c. It is defined by the rules
(rule (type va) var (va) abn (va) abn where (va is variable) then (. {(type va)});
(rule (type n) var (n) abn (n) abn where (n is nat) then nat:: {q});
(rule (type i) var (i) abn (i) abn where (i is int) then int:: {q}).
The variable assignment is defined by the rule
(rule (va \= c) var (va, c) val (va) exc (c, c::{*}) abn

where ((va is variable) and

(let::{seq} t1, t2 be (type va), (type c::{x}) in (subtype t2 t1)))
then ({(value va)}:= c:: {*}::{q})).
The block statement is defined by the rule
(rule (block c_s) seq (c_s) abn then c_s).
The if statement is defined by the rule
(rule (\if cthenc_s1 else c_s2) var (c) seq (c_s1, c_s2) abn (c) abn
then (if::{exc} c then (block c_s1) else (block c_s2)));
The while statement is defined by the rule
(rule (\while c do c_s1) var (c) seq (c_s1) abn (c) abn
then (while:: {exc} c do (block c_s1))).
Thus, then- and else- branches of the if statement and the body of the while statement behaves as
blocks.

7.2. MPL2: variable scopes

The MPL2 language [1] is an extension of MPL1 that adds the variable scopes feature. The relative
scope of the variable $va occuring in the element $c is the number of blocks surrounding this
occurrence of $va in $c. The value and type of $va depend on its scope. The variable $va can be
global (with the scope 0) and local.

The element (scope) returns the current scope. It is defined by the rule

(rule (scope) abn then (. {(current scope)})).

The same name $na can refer to different program objects. For example, $va refers to the variables
with the name $va of the scopes from 0 to [. {(current scope)}]. To distinguish these program
objects, they are versioned. The pair ($na, $ve), where $ve is a version, refers to the only one
program object (with the version $ve). In the case of variables, the version coincides with the variable

scope.
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The element (version $va) returns the correct version of $va in the current context of program
execution. It is defined by the rule
(rule (version va) var (va) abn (va) abn where (va is name)
then (let sc be (scope) in (version sc w))).
The element (version $va $sc) is defined by the rule
(rule (version va sc) var (va, sc) abn (va, sc) abn
then (if (. {(variable va sc)}) then sc::{q} else (if (sc = 0) thenund
else (let scl be (sc — 1) in (version va scl))))).
The element ($na is variable) is defined by the rule
(rule (va is variable) var (va) abn then (version va)).
The element ((collect body members) $c*) is defined by the rule
(rule ((collect body members) c_s) seq (c_s) abn
then ((collect body members 1) () c_s).
The element ((collect body members):: {1} ($va™) $c*) is defined by the rules
(rule ((collect body members) :: {1} (va_s) (var vat) c_s) var (va, t)
seq (vag, c) abn (va, t) abn where ((va is name) and (t is type))
then (let sc be (scope) in
(if (. {(variable va sc)}) then und
else ({(typevasc)} =t :: {q}); ({(variable va sc)} := true);
((collect body members):: {1} (va_s va) c_s))));
(rule ((collect body members) :: {1} (va_s) (var c1 c2) c_s) var (c1, c2)
seq (va_s, c_s) abn then und);
(rule ((collect body members):: {1} (va_s) c c_s) var (c) seq (va_s, c_s) abn
then ((collect body members):: {1} (va_s) c_s));
(rule ((collect body members):: {1} (va_s)) seq (va_s) abn then (va_s)::{q}).
Thus, it returns the set of variables declared in the body $c*.
The variable access is defined by the rule
(rule va var (va) abn (va) abn
then (let:: {und} sc be (version va) in (. {(value va sc)}))).
In the case when $c is a variable, the rule for the element (type $c) is replaced by the rule
(rule (type va) var (va) abn (va) abn
then (let: {und} sc be (versionva) in (. {(type va sc)}))).

The element (scope + +) increases the value of the current scope by 1. It is defined by the rule
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(rule (scope + +) abn then ({(current scope)} : = ((. {(current scope)}) + 1))).
The element (scope — —) decreases the value of the current scope by 1. It is defined by the rule
(rule (scope — —) abn then ({(current scope)} : = ((. {(current scope)}) — 1))).
The variable assignment is defined by the rule
(rule (va \: = c) var (va, c) val (c¢) abn (va) exc (c,c::{*}) abn
then (let::{und} sc be (version va)
in (if (let::{und, seq} t1, t2 be (type va sc), (type c::{*}) in (subtype t2 t1))
then (((value va sc)) : = c:: {*}::{q}) else und))).
The block statement is defined by the rule
(rule (block c_s) seq (c_s) abn
then (enter block); (let v_s be ((collect body members) c_s)
in x (catch:: {und} v ((exit block) v_s); v::{q}))).
The element (enter block) specifies the actions executed when the current state enters the block.
It is defined by the rule
(rule (enter block) abn then (scope + +)).
The element ((exit block) ($va™)) specifies the actions executed when the current state exits the
block. It is defined by the rule
(rule ((exit block) (va_s)) seq (va_s) abn then ((delete variables) va_s); (scope — —)).
The element ((delete variables) $va*) deletes the local variables $va* with the current scope.
It is defined by the rules
(rule ((delete variables) va_s) seq (va_s) abn
then (let sc be (scope) in ((delete variables):: {1} sc va_s))).
The element ((delete variables):: {1} $sc $va™) is defined by the rules
(rule ((delete variables):: {1} sc va va_s) var (sc, va) seq (va_s) abn (sc, y) abn
then ({(variable va sc)} :=); ({(type va sc)} =); ({(value va sc)} :=);
((delete variables):: {1} sc va_s));
(rule ((delete variables):: {1} sc) var (sc) abn (sc) abn then).

7.3. MPL3: functions

The MPL3 language [1] is an extension of MPL2 that adds the functions feature: declarations and
calls of functions, and the return statement. For simplicity, function overloading is prohibited.
The element (call level) returns the current call level. It is defined by the rule

(rule (call level) abn then (. {(current call level)})).
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The element ($c is function) specifies functions. It is defined by the rule
(rule (f is function) var (f) abn where (f is name) then (. {(function f)})).
In the case when the first element of the body $c* is a variable declaration, the rule for the element
((collect body members):: {1} (va™) c*) is replaced by the rule
(rule ((collect body members) :: {1} (va_s) (var vat) c_s) var (va, t) seq (va_s, c_s)
abn (va, t) abn where ((va is name) and (t is type))
then (let::{seq} sc, cl be (scope), (if (sc = 0) then 0 else (call level))
in (if (.{(variable va sc cl)}) then und
else ({(type va sc)}: = t::{q}); ({(variable va sc)}: = true);
((collect body members):: {1} (va_s va) c_s)))).
The element ((collect body members):: {1} (va™) c*) is also redefined by the extra rules
(rule ((collect body members) :: {1} (function f (tna_s) t c_s1) c_s) var (f, t)
seq (tna_s, c_s1, c_s) abn (f, t) abn
where ((f is name) and (not (fis function)) and (t is type))
then ((collect member arguments) f tna_s); ({((returntype) )} = t::{q});
({(body )} = (c_s1) = {q}); ({((function f)} = true);
((collect body members)::{1} c_s));
(rule ((collect body members):: {1} (function c_s)) seq (c_s ) abn then und).
Thus, body members in MPL3 are variables and functions.
The element ((collect member arguments) $m $tna*) collects information about the typed
arguments $tna* of the body member $m. It is defined by the rule
(rule ((collect member arguments) m tna_s) var (m) seq (tna_s) abn
then ((collect member arguments 1) m 0 tna_s)).
The element ((collect member arguments 1) $m $n $tna™) is defined by the rules
(rule ((collect member arguments 1) mnnat tna_s) var (m, n, na, t) seq (tna_s)
abn where ((m is name) and (n is nat) and (na is name) and (t is type))
then (let nl be (n + 1) in ({((argument type) mnl)} = t::{q}));
({(argument mn1)} :=na::{q}; ((collect member arguments 1) m nl tna_s))));
(rule ((collect member arguments 1) mn) var (m, n) abn
where ((mis name) and (n is nat)) then ({(arity m)} = n)).
Thus, it collects information about function arguments.
The function declaration is defined by the rule:

(rule (function c_s) seq (c_s) abn then).
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The execution of the function declaration does not collect information about the declared function,
since the corresponding actions are performed by the element ((collect body members) $c*).
The return statement is defined by the rule
(rule (return c) var (c) val (c) exc (c,c:: {*}) abn
then (let:: {seq} t1, t2 be (. {(current return type)}), (type c::{*})
in (if (subtype t2 tl) then (return: {type}, c::{*}: {value}):: {exc} else und))).
The function call is defined by the rule
(rule (call f a_s) var (f) seq (a_s) abn (f) abn
where ((f is function) and ((len a_s::{q}) = (.{(arity )})))
then (let::{und, seq} av_s, b, cs, crt
be ((argument values) a_s), (body f av_s), (scope), (. {(current return type)})
in (call level + +); ({(current scope)} = 0); b;
(catch:: {und} v
(if (vis (not admissible function body value)) then und);
({(current return type)} = crt::{q}); (call level — —=); ({(current scope)} = cs);
(if vmatches (return: {type}, vl:{value})::{exc} var (v1) then ((to value) v1::{q})
else ((to value) v::{q}))))).
The element ($vis (notadmissible function body value)) specifies values that are not
admissible when a function body exits. It is defined by the rule
(rule v is (not admissible function body value)) var (v) abn
then (not (v is exception))).
Thus, the values that are not exceptions are not admissible in MPL3 when a function body exits.
The element ((argument values) $a*) returns the values of the arguments $a*. It is defined by
the rules
(rule ((argument values) a, a_s) var (a) seq (a_s) abn (a) abn
then (a .+ ((argument values) a_s)));
(rule ((argument values)) then ()).
The element (body $f ($v*)) creates the block with the body of the function $f followed the
declarations of the local variables corresponding to the arguments of $f and the assignment
statements assigning the values $v* to these variables.

(rule (body f (v_s)) var (f) seq (v_s) abn (f) abn
then (block::{q}.+ (((create local variables) f 0v_s) + (. {(block f)}))));
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The element ((create local variables) $f $n $v™) creates the declarations of the local variables
corresponding to the arguments of $f and the assignment statements assigning the values $v* to these
variables. It is defined by the rules

(rule ((create local variables) f nvv_s) var (f, n, v) seq (v_s) abn (f, n, v) abn

then (let :: {seq} nl, a, t

be (n+ 1), (. {(argument f nl)}), (. {((argument type) f nl1)}) in
((varat) .+ ((a\= v::{q}) .+ ((create local variables) f nlv_s)))));

(rule ((create local variables) f n) var (f, n) abn (f, n) abn then ()).

The element (call level + +) increases the value of the current call level by 1. It is defined by the
rule

(rule (call level + +) abn

then ({(current call level)} = ((. {(current call level)}) + 1))).

The element (call level — —) decreases the value of the current call level by 1. It is defined by
the rule

(rule (call level — —) abn

then ({(current call level)} .= ((. {(current call level)}) — 1))).

The element (version $na) is defined by the rules

(rule (version va) var (va) abn (va) abn where (va is name)

then (let:: {seq} sc, cl be (current scope), (current call level) in (version va sc cl)));

The element (version $na $sc $cl) is defined by the rules

(rule (versionvay z) var (va, sc, cl) abn (va, sc, cl) abn

then (if (. {(variable va sc cl)}) then sc

else (if (sc = 0) thenund
else (let scl be (sc — 1) in (version va sc1 cl))))).
The variable access is defined by the rule
(rule va var (va) abn (va) abn
then (let::{und, seq} sc, cl be (versionva), (if (sc::{q} = 0) then 0 else (call level))
in (. {(value va sc cl)}))).
In the case when $c is a variable, the rule for the element (type $c) is replaced by the rule
(rule (type va) var (va) abn (va) abn
then (let :: {und, seq} sc, cl
be (versionva), (if (sc::{q} = 0) then 0 else (call level))
in (. {(type va sc cl)}))).
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The variable assignment is defined by the rule
(rule (va \: = c) var (va, e) val (c) abn (v) exc (c, c::{*}) abn
then (let::{und} sc, cl, t1, t2
be (variant va), (if (sc::{q} = 0) then 0 else (current call level)),
(-{(type va sc cl)}), (type c::{*})
in (if (subtype t2 tl) then ({(value x sc cl)} = c::{*}::{q}) else und))).
The element ((delete variables) $va™) is defined by the rules
(rule ((delete variables) va_s) seq (va_s) abn
then (let:: {seq} sc, cl be (scope), (if (sc::{q} = 0) then 0 else (call level))
in ((delete variables):: {1} sc cl va_s))).
The element ((delete variables):: {1} $va* $sc $cl) is defined by the rules
(rule ((delete variables):: {1} sc clva va_s) var (sc, cl, va) seq (va_s) abn (sc, cl, va)
abn then ({(value va sc cl)} =); ({(type va sc cl)} =);
({(variable va sc cl)} =); ((delete variables):: {1} sc cl va_s));

(rule ((delete variables):: {1} sc cl) var (sc, cl) abn (sc, cl) abn then).
7.4. MPL4: procedures

The MPL4 language [1] is an extension of MPL3 that adds the procedures feature: declarations
and calls of procedures, and the exit statement. For simplicity, procedure overloading is prohibited.
The sets of function names and procedure names are disjoint.

The element ($c is procedure) specifies procedures. It is defined by the rule

(rule (pr is procedure) var (pr) abn where (pr is name) then (. {(procedure pr)})).

The element ((collect body members):: {1} (va*) c*) is redefined by the extra rules

(rule ((collect body members):: {1} (procedure pr (tna_s) c_s1) c_s)

var (pr) seq (tna_s, c_s1, c_s) abn (pr) abn

where ((pr is name) and (not (pr is procedure)))

then ((collect member arguments) pr tna_s);
({(body pr)} = (cs1) #: {q}); ({(procedure pr)} = true);
((collect body members)::{1} c_s));

(rule ((collect body members):: {1} (procedure c_s)) seq (c_s ) abn then und).

Thus, body members in MPL4 are variables, functions and procedures.

The element ((collect member arguments) $m $ta™) is extended to procedures. Its definition

is not changed.
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The procedure declaration is defined by the rule:
(rule (procedure c_s) seq (c_s) abn then).
The execution of the procedure declaration does not collect information about the declared procedure,
since the corresponding actions are performed by the element ((collect body members) $c*).
The exit statement is defined by the rule
(rule exit abn then (exit: {type}):: {exc}).
The element ($v is (not admissible function body value)) is redefined by the extra rule
(rule ((exit: {type}) :: {exc} is (not admissible function body value)) var (v) abn
then true).
Thus, exceptions initiated by exit statements are not admissible in MPL4 when a function body exits.
The procedure call is defined by the rule
(rule (call pr a_s) var (pr) seq (a_s) abn (pr) abn
where ((pr is procedure) and ((len a_s::{q}) = (.{(arity pr)})))
then (let::{und,seq} av_s, b, cs
be ((argument values) a_s), (body pr av_s), (scope)
in (call level + +); ({(current scope)} = 0); b;
(catch::{und} v
(if (vis (not admissible procedure body value)) then und);
(call level — =); ({(current scope)} = cs);
(if vmatches (exit: {type}): : {exc} then true else ((to value) v::{q}))))).
The element ($v is (not admissible procedure body value)) specifies exceptions that are not
admissible when a procedure call exits. It is defined by the rule
(rule ((return: {type}, v:{value}) :: {exc} is (not admissible procedure body value))
var (v) abn then true).
Thus, exceptions initiated by return statements are not admissible in MPL4 when a procedure body
exits.
The elements (body $f ($v*)) and ((create local variables) $f $n $v™*) are extended to

procedures. Their definitions are not changed.
7.5. MPL5: pointers

The MPLS5 language [1] is an extension of MPL4 that adds the pointers feature: the pointer types,
the operations of pointer content access, variable address access and pointer deletion, statements of

pointer content assignment and pointer deletion.
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The element ($c is (pointer value)) specifies pointers in MPL5. It is defined by the rule
(rule (n::{pointer} is (pointer value)) var (n) abn then (y is nat)).

The element (po is pointer) specifies pointers in states. It is defined by the rule

(rule (po is pointer) var (po) abn where (po is (pointer value)) then (. {(pointer po)})).
The element ($po is (pointer $t)) specifies pointers with the given content type. It is defined by

the rule

(rule (po is (pointer t)) var (po, t) abn where ((po is pointer) and (t is type))
then ((. {((content type) po)}) =t::{q})).

The element ($t is (pointer type)) specifies pointer types. It is defined by the rule
(rule ((pointer t) is (pointer type)) var (t) abn then (t is type)).
The element (c is type) is redefined by the extra rule

(rule (cis type) abn then (c is (pointer type))).
The element $$po is defined by the rule

(rule x::{pointer} var (x) abn where (x is nat) then x:: {pointer}:: {q}).
The element ((content type) $po) returns the content type of $po. It is defined by the rule
(rule ((content type) po) var (po) abn where (po is pointer)

then (. {((content type) po)})).
The element (type $po) is defined by the rule
(rule (type po) var (po) abn where (po is pointer)

then (let t be (. {((content type) po)}) in (pointer t)::{q})).
The pointer content access operation is defined by the rule
(rule (* c¢) var (c) val (c) abn (c, c :: {*}) abn

where (c:: {*} is pointer) then (. {(content c::{*})})).
The pointer content assignment statement is defined by the rule
(rule (* c1 == c2) var (cl, c2) val (c1, c2) abn (c1, c2, c1 :: {x}, c2 :: {*}) abn
where (c1::{*} is pointer)

then (let::{und, seq} t1, t2 be (. {((content type) cl::{x})}), (type c2::{*})

in (if (subtype t2 t1) then ({(content c1::{*})}:= c2::{x}::{q}) else und))).
The pointer addition operation is defined by the rule
(rule (new (pointer t)) var (t) abn (t) abn where (y is type)

then (let po be ((new instance) pointer)

in ({((content type) po)}:=t::{q}); ({(pointer po)}: = true); po)).

The pointer deletion operation is defined by the rule
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(rule (delete c) var (c) val (c) abn (c, c::{*}) abn where (c:: {*} is pointer)
then ({(content c:: {*})} :=); ({((content type) c::{*}}:=); ({(pointer c::{*})}:=)).
The element (version $na $sc $cl) is defined by the rules
(rule (versionvay z) var (va, sc, cl) abn (va, sc, cl) abn
then (if (. {(pointer va sc cl)}) then sc
else (if (sc = 0) thenund
else (let scl be (sc — 1) in (version va sc1 cl))))).
The variable address access operation is defined by the rule
(rule (& va) var (va) abn (va) abn
then (let :: {und, seq} sc, cl be (version va),
(if (sc::{q} = 0) then 0 else (current call level))
in (if sc::{q} then (let po be (. {(pointer va sc cl)}) in (. {(content po)}))
else und)).
The variable access is defined by the rule
(rule va var (va) abn (va) abn then (let:: {und} po be (& va) in (. {(content po)}))).
The element (type va) is defined by the rule
(rule va var (va) abn (va) abn
then (let: : {und} po be (& va) in (. {((content type) po)}))).
In the case when the first element of the body $c* is a variable declaration, the rule for the element
((collect body members):: {1} (va™) c*) is replaced by the rule
(rule ((collect body members) :: {1} (va_s) (var vat) c_s) var (va, t) seq (va_s, c_s)
abn (va, t) abn where ((va is name) and (t is type))
then (let:: {seq} sc, cl be (scope), (if (sc::{q} = 0) then 0 else (call level))
in (if (.{(pointer va sc cl)}) then und
else (let po be ((new instance) pointer)
in ({((content type) po)}:= t::{q}); ({(pointer po)}:= true);
((collect body members)::{1} (va_s va) c_s)))).
The variable assignment is defined by the rule
(rule (va\:= c¢) var (va, c) abn (va, c, c::{*}) abn
then (let:: {und, seq} sc, cl, po, t1, t2
be (versionva), (if (sc::{q} = 0) then 0 else (call level)), (. {(pointer va sc cl)}),
(- {((content type) po)}), (type c::{*})
in (if (subtype t2 tl) then ({(content po)}:= c::{*}::{q}) else und))).
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The element ((delete variables):: {1} $va* $sc $cl) is defined by the rules
(rule ((delete variables):: {1} sc cl va va_s) var (sc, cl, va) seq (va_s) abn (sc, cl, va)
abn then ({(pointer va sc cl)} :==); ((delete variables):: {1} sc cl va_s));

(rule ((delete variables):: {1} sc cl) var (sc, cl) abn (sc, cl) abn then).
7.6. MPLG6: jump statements

The MPL6 language [1] is an extension of MPL5 that adds the jump statements feature: break
statement, continue statement, goto statement and labelled statement.

The element (e is label) specifies labels. It is defined by the rule

(rule (e is label) var (e) abn then (x is normal)).

The break statement is defined by the rule

(rule break abn then (break: {type}):: {exc}).

The continue statement is defined by the rule

(rule continue abn then (continue: {type}):: {exc}).

The goto statement is defined by the rule

(rule (goto 1) var (1) abn where (lis label) then (goto: {type}, l: {label}):: {exc}).

The element ($v is (not admissible function body value)) is redefined by the extra rules

(rule ((break: {type})::{exc} is (not admissible function body value)) abn then true);

(rule ((continue: {type}) :: {exc} is (not admissible function body value)) abn

then true);

(rule ((goto: {type}, l:{label}) :: {exc} is (not admissible function body value))

var (l) abn then (lis label)).

The element ($v is (not admissible procedure body value)) is redefined by the extra rules

(rule ((break: {type})::{exc} is (not admissible procedure body value)) abn then true);

(rule ((continue: {type}) :: {exc} is (not admissible procedure body value)) abn

then true);
(rule ((goto: {type}, l: {label}) :: {exc} is (not admissible procedure body value))
var (l) abn then (L is label)).

Thus, exceptions initiated by break, continue and goto statements are not admissible in MPL6
when a function or procedure body exits.

The label statement is defined by the rule

(rule (label 1) var (I) abn where (lLis label)

then (catch v (if v matches (goto: {type}, [1:{label})::{exc} var (I11)
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where ((I1 is label) and (I11::{q} = l:: {q})) then else v::{q}))).
The block statement is defined by the rule
(rule (block c_s) seq (c_s) abn
then (enter block);
(let::{und, seq} va_s, l_s be ((collect body members) c_s), ((collect labels) c_s)
inc_s; ((catch goto) (I_s) c_s);
(catch:: {und} v ((exit block) va_s); v::{q}))).
The element ((collect labels) $c*) collects labels from the label statements occurring in $c*. It
is defined by the rules
(rule ((collect labels) (label l) c_s) var (1) seq (c_s) abn
where (lis label) then (I::{q} .+ ((collect labels) c_s)));
(rule ((collect labels) c c_s) var (c) seq (c_s) then ((collect labels) c_s));
(rule ((collect labels)) then ()).
The element ((catch goto) ($1%) $c*) catches the exceptions initiated by goto statements when
the current block exits. It is defined by the rule
(rule ((catch goto) (I_s) c_s) seq (I_s, c_s) abn
then (catch v
(if vmatches (goto: {type}, l: {label})::{exc} var (1) where (l:: {q} in:: {set} (I_s)::{q})
thenv::{q}; c_s; ((catch goto) (I_s) c_s) else v::{q}))).
The while statement is defined by the rules
(rule (\while con do c_s) var (con) seq (c_s) exc (con) abn
then (while :: {exc} con do (block c_s; ((delete exception) continue)));

((delete exception) break)).
7.7. MPL7: dynamic arrays

The MPL7 language [1] is an extension of MPL6 that adds the dynamic arrays feature: dynamic
array types, the array element access operation and the array element assignment statement.

The element ($t is (dynamic array type)) specifies dynamic array types. It is defined by the
rule

(rule ((arrayt) is (dynamic array type)) var (t) abn then (t is type)).

The element ($t is (array type)) specifies array types. It is defined by the rule

(rule (t is (array type)) var (t) abn then (t is (dynamic array type))).

The element (c is type) is redefined by the extra rule
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(rule (cis type) abn then (c is (array type))).

The element ($e is (dynamic array)) specifies dynamic arrays. It is defined by the rule

(rule ((v: {content}, t:{type}) :: {(dynamic array)} is (dynamic array)) var (v, t)

abn where (t is type) then (v is ((array content) t))).

The element ($e is array) specifies arrays. It is defined by the rule

(rule (e is array) var (e) abn then (e is (dynamic array))).

The element ($v is ((array content) $t)) is defined by the rules

(rule () is ((array content) t)) var (t) abn then true);

(rule ((vv_s) is ((array content) t)) var (v,t,v_s) abn where (vist)

then ((v_s) is ((array content) t))).

The element $ar is defined by the rule

(rule ar var (ar) abn where (ar is array) then ar::{q}).

The element ((element type) $ar) returns the element type of $ar. It is defined by the rule

(rule ((element type) ar) var (ar) abn where (ar is array) then (ar. {type})).

The element ($dar is (array $t)) specifies dynamic arrays with the given element type. It is
defined by the rule

(rule (dar is (array t)) var (dar, t) abn

where ((dar is (dynamic array)) and (t is type))

then (((element type) dar) = t:: {q})).

The element (type $dar) is defined by the rule

(rule (type dar) var (dar) abn where (ar is (dynamic array))

then (let t be ((element type) dar) in (array t)::{q})).

The array content access operation is defined by the rule

(rule (content c) var (c) val (c¢) abn (c, c :: {*}) abn where (c :: {*} is array)

then (c:: {*} . {content})).

The len operation for arrays is defined by the rule

(rule (len c) var (c) val (c) abn (c, c :: {*}) abn where (c :: {*} is array)

then (content c:: {x}::{q})).

The array element access operation is defined by the rule

(rule (c1[c2]) var (c1, c2) val (c1, c2) abn (c1, cl::{x}, c2, c2::{*}) abn

where ((cl::{*}is array) and (c2::{*} is nat)) then ((content c1::{*})..c2::{x})).

The array element assignment statement is defined by the rule

(rule (c1[c2] = c3) var (c1,c2,c3) val (c1,c2,c3)
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abn (c1,c2,c3,cl:: {x},c2:: {*},c3:: {*}) abn
where ((cl::{*} is (dynamic array)) and (c2:: {*} is nat))
then (let::{und, seq} tl, t2 be ((element type) c1::{*}), (type c3::{*})
in (if (subtypet2tl)
then (cl::{*}. {content}:= ((content cl::{}).. c2::{*} = c3::{x}::{q}))
else und))).

7.8. MPL8: static arrays

The MPLS8 language [1] is an extension of MPL?7 that adds the static arrays feature: static array
types, the array element access operation and the array element assignment statement.

The element ($t is (static array type)) specifies static array types. It is defined by the rule

(rule ((array t n) is (static array type)) var (t) abn then ((t is type) and (nis nat))).

The element ($t is (array type)) is redefined by the extra rule

(rule (t is (array type)) var (t) abn then (t is (static array type))).

The element ($e is (static array)) specifies dynamic arrays. It is defined by the rule

(rule ((v: {content}, t:{type}) :: {(static array)} is (static array)) var (v, t) abn

where (t is type) then (v is ((array content) t))).

The element ($e is array) is redefined by the extra rule

(rule (e is array) var (e) abn then (e is (static array))).

The element ($sar is (array $t $n)) specifies static arrays with the given element type and
length. It is defined by the rule

(rule (sar is (array tn)) var (sar, t) abn

where ((sar is (dynamic array)) and (t is type))

then ((((element type) sar) = t::{q}) and ((len (sar . {content})) = n))).

The element (type $sar) is defined by the rule

(rule (type sar) var (sar) abn where (sar is (static array))

then (let:: {seq} t, n be ((element type) sar), (lensar) in (array tn)::{q})).

The array element assignment statement is redefined by the extra rule

(rule (c1[c2] = c3) var (c1,c2,c3) val (c1,c2,c3)

abn (c1,c2,c3,c1 :: {x},c2 :: {x},¢c3 :: {x}) abn

where ((c1 :: {x}is (static array)) and (c2 :: {*} is nat) and

(c2::{x} <= (lencl::{x})))
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then (let:: {und, seq} tl, t2 be ((element type) c1::{*}), (type c3::{*})
in (if (subtypet2tl)
then (cl::{*}. {content}:= ((content cl::{}).. c2::{*} = c3::{x}::{q}))
else und))).

7.9. MPLO9: structures

The MPL9 language [1] is an extension of MPL8 that adds the structures feature: the structure
types, the structure field access operation, structure declarations, and the structure field assignment
statement.

The element ((collect body members 1) (va*) c*) is redefined by the extra rules

(rule ((collect body members 1) (structure st (tna_s)) var (st) seq (tna_s,c_s) abn (st)

abn where ((st is name) and (not (st is (structure type))))

then ((declare fields) st tfi_s); ({((structure type) st)} = true));
((collect body members 1) c_s));

(rule ((collect body members 1) (structure st (tna_s)) var (st) seq (tna_s, c_s)
abn (st) abn then und).

Thus, body members in MPLS8 are variables, functions, procedures and structure types.

The element ((declare fields) $st $tna*) declares the fields of $st. It is defined by the rules

(rule ((declare fields) st na t tna_s) var (st, na,t) seq (tna_s) abn

where ((na is name) and (t is type))

then ({(type na st)} := t:: {q}); {(fields na st)} := true); ((declare fields) $st tna_s);

(rule ((declare fields) st) var (st) abn then).

The structure declaration is defined by the rule

(rule (structure st (tna_s)) var (st) seq (tna_s) abn then).

The execution of the structure declaration does not collect information about the declared structure
type, since the corresponding actions are performed by the element ((collect body members) $c*).

The element ($na is (structure type)) specifies structure types. It is defined by the rule

(rule (na is (structure type)) var (na) abn where (na is normal)

then (. {((structure type) na)})).

The element (c is type) is redefined by the extra rule

(rule (cis type) abn then (c is (structure type))).

The element (fields $st) returns the sequence of fields of $st. It is defined by the rule

(rule (fields st) var (st) abn where (st is (structure type))
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then (select fiwrt (v. {(field fist)}) var (v, fi) abn)).
The element ($fi is (field $st)) checks that $fi is a field of $st. It is defined by the rule
(rule (fiis (field st)) var (fi, st) abn where (st is (structure type))

then (. {(field fist)})).
The element (type $fi $st) returns the type of the field $fi of $st. It is defined by the rule
(rule (type fist) var (fi,st) abn where (st is (structure type)) then (. {(type fist)})).
The element ($str is structure) specifies structures. It is defined by the rule
(rule ((co: {content}, st:{type}) :: {structure} is structure) var (co, st) abn
where (st is (structure type)) then (co is ((structure content) st))).
The element ($e is ((structure content) $st)) is defined by the rules

(rule (() is ((structure content) st)) var (st) abn then true);
(rule ((v:{fi} e_s) is ((structure content) st)) var (v, fi, st,e_s) abn

where ((fiis (field st)) and (let t be (type fist) in (vist)))

then ((e_s) is ((structure content) st))).
The element ($str is $st)) specifies structures with the given type. It is defined by the rule
(rule (str is st) var (str, st) abn

where ((str is structure) and (st is (structure type)))

then ((str. {type}) = st::{q})).
The element $str is defined by the rule

(rule str var (str) abn where (str is structure) then str:: {q}).
The element (type $str) is defined by the rule

(rule (type str) var (str) abn where (str is structure) then (str. {type})).
The element (fields $str) returns the sequence of fields of $str. It is defined by the rule
(rule (fields str) var (str) abn where (c:: {*} is structure)

then (let st be (type str) in (fields st))).
The element ($fi is (field $str)) checks that $£7i is a field of $str. It is defined by the rule
(rule (fiis (field str)) var (fi,str) abn where (str is structure)

then (let st be (type str) in (fiis (field st)))).
The element (type $fi $str) returns the type of the field $fi of $str. It is defined by the rule
(rule (type fistr) var (fi,str) abn where (str is structure)

then (let st be (type $str) in (type fi st))).
The structure field access operation is defined by the rule
(rule (c. fi) var (c, fi) val (c¢) abn (c, c :: {*}) abn
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where ((c :: {*} is structure) and (fiis (field c :: {*})))
then ((str.{content}) .{fi})).
The structure field assignment statement is defined by the rule
(rule (c1\. fi:= c2) var (c1, fi,c2) val (c1,c2) abn (c1,c2,cl::{*},c2::{*}) abn
where ((cl::{*} is structure) and (fiis (field c1::{*})))
then (let::{und, seq}tl, t2 be (type ficl::{*}), (type c2::{*})
in (if (subtypet2tl)
then (cl::{*}. {content} = ((cl::{*}. {content}). {fi} = c2::{*}::{q}))
else und))).

8. Conclusion

In the paper the notion of the conceptual operational semantics of a programming language has
been proposed. The conceptual operational semantics of a programming language is an operational
semantics of the programming language in terms of its conceptual model [3]. The special kind of
CTSs, operational CTSs, oriented to specification of conceptual operational semantics of
programming languages has been proposed, the language CTSL has been extended to this kind of
CTSs, and the technique of the use of the extended CTSL as a domain-specific language for
specification of conceptual operational semantics has been presented. We have conducted the
incremental development of the conceptual operational semantics for the family of sample
programming languages to illustrate this technigue.

There is only one more approach which, like our approach, can specify both the structural and
dynamic parts of the operational semantics of a programming language in quite general unified way.
This approach is based on abstract state machines (ASMs) [4]. ASMs are the special kind of transition
systems in which states are algebraic systems.

The key features of our approach in comparison with the approach based on ASMs are as follows.

The instantiation semantics and, in particular, states are directly described in CTSs in ontological
terms whereas its conceptual structure can be only modelled by the appropriate choice of symbols of
the signature of an algebraic system.

The transition relation in ASMs is built with the finite set of algebraic operations [5]. The
transition relation in operational CTSs is based on the pattern matching on the conceptual structure

of states.
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The set of predefined executable elements of the CTSL language have analogues for the algebraic
operations used in sequential ASMs, and also includes the elements for parsing the conceptual state
structure.

The languages of executable specifications of abstract state machines AsmL [6] and XasM [7] are
general-purpose languages of specification of discrete dynamic systems. They are not domain-
specific languages oriented to development of operational semantics of programming languages in
contrast to the CTSL language.

At present, our technique is applied to only the sequential fragments of programming languages.

We plan to extend it to the concurrent fragments of programming languages.
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