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LIst poboTa IPOAOBIKYE LHUKI MOMEPEAHIX TOCIIHKEHb, TOJOBHOI0 METOIO SIKHX OYJI0 CTBOPEHHsI e(pEKTUBHUX MOB, ITiXOMIB Ta POrPAMHUX
3ac00iB PO3pOOKM SIKICHUX NPOTpaMHHUX CHCTEM 3 BHKOPHCTaHHAM (opmanbHuX MeroxiB. Ha ocHOBI moOynoBaHHX paHillle MOB
crenuikarii, mporpaMyBaHHS Ta MaTEMAaTHYHOTO arapara HPEACTABISIOThCS HPAKTHYHI ITJXOMM aBTOMATHU30BaHOI MOOYHOBH Ta
Bepuikanii mporpaM Ha OCHOBI crerugikariif. 30kpeMa, MeTOOW NepeTBOpeHHs crenudikamiii y KoX Iporpamu, BHKOPHCTAHHS
CIelialbHIX 3aC00iB MOBHM IJI1 aBTOMaTHYHOIO CTBOPEHHS TECTOBHX IPHKIANIB Ta MOXJIMBOCTEH MOBH IO 3aCTOCYBaHHIO METOJIB
BepHdikamii ] Yac BUKOHAHHS.

This work continues the series of previous studies whose primary purpose was creating efficient languages, approaches and software tools
for development of quality software systems using formal methods. On the basis of developed specification and programming languages we
present new practical approaches for automated construction and verification of programs based on formal specifications. In particular,
methods of conversion specifications in the program code, the use of special means of language to automatically create test cases and
language capabilities for the application of run-time verification.

Beryn

[pomec Bepuikamii — 1€ BaXIMBUE eTam po3poOKH IMPOrpaMHHUX CHCTeM. MeTa mporecy Bepudikamii —
BCTaHOBJICHHS TOTO, IO TOBEAIHKA IMpOrpamMu 30iraeThCsi 3 OUIKYBaHOI MOBeHiHKOM. e iHTYITHBHO 3po3yMmine
BU3HAYCHHS HE YTOYHIOE, 1[0 TaKe BUKOHAHHS NPOTPaMH, i OBEIiHKA — peaNbHa Ta OYiKyBaHa, 1 K BIIEBHUTHUCH, IO
BOHM 30iraroTbcs. B 3aneskHOCTI Bil 00paHMX BH3HAuYeHb mpouec Bepudikalii Oyne cyrTeBo pisHUM. Tak, npu pyuHii
Bepuikamii (TecTyBaHHi), IiJl MOBEAIHKOIO HalUacTilIe po3yMilOTh Te, IO KOPHUCTYBa4 0adUTh Ha e€KpaHi IMpH POOOTI
NporpamMH pa3oM 3 pe3yibTaTaMu, sKi BOHa BHpOOJsie: Qailiin, IpyKoBaHI JOKYMEHTH Tomo. Yacto odviKyBaHy
TIOBE/IIHKY NPOTPaMH OMUCYIOTH JIMIIE He(OPMAIFHO Y BUIIIAAI PE3yabTaTiB ii BUKOHAHHS Ta MPOMIKHHUX CTaHIB.

Ha mpakrtuiii Bukopuctanas GopMalbHUX, TOOTO 3aCHOBAHMX Ha MaTeMaTHYHHX METOJaxX, 3ac00iB Bepudikarlil
€ JocuTb cknagHuM [1]. OnHi€ro 3 MPUYMH TaKOrO CTaHy CIIPaB — € HEJOCTATHIN piBeHb aBTOMaTH3alil GopMabHUX
METO/IIB, CKJIaIHICTh iX IHTEerpailii B ICHYIOYi MPOIECH.

s poboTa MpOIOBKYE MK JOCTIIHKEHB [2 — 4], TOIOBHOIO METOIO SIKUX OYJIO CTBOPEHHS ¢()eKTHBHHUX MOB,
IIX0/1iB Ta NPOrPaMHUX 3aC001B PO3POOKH SIKICHUX MPOTrPaMHHUX CUCTEM 3 BUKOPHCTaHHSAM (opManbHUX MeToxiB. Ha
OCHOBI MOOYOBaHUX Yy MOTMEPEHiX podotax MoB crenudikanii [2, 4], mporpamyBaHHs Ta MaTeMaTHYHOIO arapara
MPE/ICTABISIFOTHCS MPAKTHYHI T1IX0M aBTOMAaTH30BaHOI o0y10oBH Ta BepH(ikallil mporpamM Ha OCHOBI crenudikaii.
30KkpemMa, METOOW NEPEeTBOPEHHsS crenudikamidi y Koa HporpamMH, BHKOPHCTaHHS CIEIialbHUX 3ac00iB MOBH IS
aBTOMAaTHYHOTO CTBOPEHHS TECTOBMX IPHUKJIAIIB Ta MOXJIMBOCTEH MOBH IO 3aCTOCYBaHHIO METOJIB BepHdikamii iz
Yac BUKOHAHHSL.

VY mpoBeseHHUX MOCHTIHKEHHAX MIMPOKO 3aCTOCOBYIOTHCS NPHHIMIT Ta MaTeMaTHYHUH anapaT KOMIIO3MIiIHO-
HOMIHATHBHOTO miaxomy [5]. BusHaueHHs BUKOPUCTAHUX Y JaHii poOOTi MOHATH B3STI 3 poboTH [6].

Crnenndikanis nporpam

Bepudixkarii mporpaMHHX CHCTEMH HE MOXKIIHBA 0€3 iTKOTO OIHCY OYiKyBaHOI MMOBEIIHKA CHCTEMH, [0 BUTIKA€E
3 METH 1IbOro mporecy. Takuil Onuc MOBEAIHKH MOXKE BHUKOHYBATHUCh PI3HUMH Croco0amMH — 3a JIONOMOTOK0 BHUMOT,
TECTOBHX clieHapiiB (test cases), popmanbaux crenudikariii Tomo.

Y koHTEKCTI naHoi poboty mis crienudikaiii moBeaiHku OyJie BUKOPUCTOBYBATUCH MiJIXij, IO TPYHTYETHCS HA
BUKOpHUcTaHHI MoBH Z-Notation [7] Ta koMno3uwLiiiHO-HOMIHATHBHOI CEMAHTHKH, SIKi 3alPOIOHOBaHI y poboTax [3, 4].
VY pamMkax mOpOTO MiJXOAYy CHCTEMa OMNHCYETHCS B TepMiHaX CTaHIB Ta MNEPeXOdiB 3 OIHOTO CTaHy B 1HIIHH.
@DyHKIIOHYBaHHS CHCTEMH IOYMHAETHCS 3 JESKOTO MOYATKOBOT'O CTaHy Ta MPOAOBKYETHCS (MOXKIMBO, HECKIHUCHHO
JIOBr0), TOKH ICHYE MOXJIMBICTH IEpeXoxy B IHIIMKA CTaH. [HOAI BUAUIAIOTH MHOXXHHY CTaHIB, SIKy Ha3HBaIOTh
3aKJIFOYHOIO, 1 ITPU TIEPEXO0i CUCTEMH B OJIUH 3 TAKUX CTaHIB 11 BUKOHAHHS MpUNHHAEThCS. KoXHa nporpamHa cucteMa
NOBUHHA MaTH Xo4a O OJMH IMo4yaTKoBMH cTaH. Tomy At KOXHOI crnenudikanii Mae BHKOHYBaTHUCh HACTYITHE
TBEPKSHHS

JStateSpace e InitialState .
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Creundikamis nporpamuoi cucremu y Z-Notation — e HaGip cxeM pa3oM 3 TECTOBHMH IOSCHEHHAMH. CxeMu
OIKCYIOTh MOBEAIHKY Ta BiacTuBoCTi cuctemu. Cxema y Z-Notation — e 3acid cTpykTypyBanHs crneundikarmii. Cxema
CKIIQAEThCA 3 JEKJIapaTUBHOI Ta MPEAWKATHBHOI YacTHH. Y JACKJIapaTHBHIA YacTHHI OINWCYIOTHCS 3MiHHI, SKi
NpUIAMArOTh ydacTb y cxeMi. [IpemukaTHBHa YacTHHA HAaKJIAZae HAa 3MiHHI OOMEXCHHS, OIHCY€ IX BIIACTHBOCTI,
BCTAHOBJIIOE B3a€MOBITHOLICHHS MK HUMH Y (popMi IpenKaTiB JIOTIKM NEpIIOro MopsKy. ICHye Tpu THIM 3MIHHUX
BXi/IHi, BUXimHI Ta 3MiHHI cTaHy cucTemu. CHHTaKCHYHO cxema Mae Takuit Bursr: [ Declaration | Predicates].

VY cnenudikamisx Mo)KHa BHKOPHCTOBYBATH CXEMH B HACTYIHUX BHIIAQAKaX: A 3aBIaHHA THIIB JaHUX,
y BU3HAUCHHSIX, Y TIPEMKATaX.

V 3aranbHOMY BUNAAKY CXe€Ma Ma€ TaKy CTPYKTYpY:

Scheme =[Xy:S1, ..., xn:Sh;
XSt ... 5x " Sp;

1?2 T s in? T

0l :Ug;. .50 0 Up |

Preg (in, .oy imy X1 5eees Xn );

Inv; (Xg, ..., X0 )5 IV (X1, oeey X70);

Op] (ils- . ~9imixls- . ~9Xnix’la~ s X ,n 101, -5op)]|

Ie
X1:S1; ... Xy - Sy — 3MiHHI CTaHy 10 BUKOHAHHS OIepaliii,
X’1:S1; ... 5%’y 1 Sy — 3MiHHI CTaHy TiCIIl BUKOHAHHS Omeparii,
112:Tqy; ... ip? : Ty — BXigHi 3MiHHI,

01! :Uy; ... 05! 1 Uy — BuXigHi 3MiHHI,

Pre, — mpemukaty, siki 3a1at0Th TIEPSIyMOBH OMepaIlii,

Inv), Inv, — iEBapiaHTHI BiTHOIICHHS, IKi HAKJIAaJaIOThCS Ha 3MiHHI,

Op; — npenuKkaty, sIKi 33al0Th OTNEPAaIlit0, TOOTO OB’ A3yI0Th MOTOYHMI Ta HACTYITHUH CTaH CHCTEMH.

Ha mpakTuiii BUKOPHUCTOBYIOTBCA Pi3HI PiBHI JAeTaizamii MOHATTSA CTaHy Ta Iepexomy. bymemo mpeacTaBiIsaTH
CTaHM CHCTEMH 3a JOIMOMOTOK HOMIHATHBHOI MHOXHHH [5,6]. BoHa CkiagaeTbcss 3 KOMIIOHEHTIB BHIVISIIY

im’si—3nauenna. Tlepexoan ToymMadaThCs SK HOMIHATHUBHI oIeparii, O BigqoOpa)karoTh OIHI CTAaHU CHCTEMH B iHIIII.
CxeMHu NOIUAIOTECS HA TPU THITH: CXEMH CTaHIB, iHiMiami3arii Ta onepartiii.

SchemaText = StateSchemaText | InitSchemaText | OpSchemaText;

StateSchemaText = [ Xy, ..., xn | P(X¢, ..., xn) 1;

InitSchemaText =[x, ..., x," | Init(x", ..., xx) 1;

OpSchemaText = [Xq, ..., Xn, X1 ... Xn' | Pre(Xe, ..., X0);0p(X1 , ..., Xny X175 .0y Xp'); POSE(X1 ', ..., X)) ]
3ahikcyeMO MHOXHHY JIOCTYITHHUX IMEH

Names == {Xi, ..., Xm}.

3a HeoOXiZHOCTI MHOXHMHY IMEH MOXKHa Oy/e TOIOBHIOBATH. AJle BOHA 3aBXAM OyJie MICTUTH JIMILIE CKIHYEHY
KIJIbKICTh eJleMeHTIB. JloCTaTHBO PO3IJIsiIaTH CXeMH Y Takiii CHHTaKCH4HIN (opmi:

S = [Xg, XXt oo Xn | P(X2 5 es Xn)y QX1 50 e Xy X1 5eeey Xn')y RO S0y X))

Toxi BBeiemMo Taki mosnadenus: Names(S) = { X,...,X, } ra Names'(S) = { X',...,X," }, Bianosigno.

Tenep Moxemo Hajmatu ¢GopmaibHe Bu3Ha4YeHHs crneuudikanii. OTKe, CHHTAKCHYHOIO creuudikauiero
NpOrpaMHoOi CHCTeMH y Z Ha3BEeMO BIOPSIKOBAHMI TEKCT, IIO0 CKJIANAETHCS 3 JNOBUIBHOIO CKiHUYCHOI'O YHCNIA CXEM
craniB STy,...,STy, omHiel abo AekimpkoxX cxeM iHimiamzamii lq,...,ln, JOBUIBHOTO CKIHYEHOTO YHCIa CXEM Oleparliit
Opy,...,Op, Ta 1OBiNBHOTO uHCIAa MOMOMDKHUX cXeM-Bu3HadeHb Ci,...C,. CxeMu BH3HA4YeHHS BBOAATBCA 5K
CHHTaKCH4HI CKOopodeHHs. [Ipu 1iboMy, pu nepexoai 10 CEMaHTHKH, BOHU 00’ €JHYIOTBCS] 3 CEMaHTHKOIO CXEMH, B SIKiH
BOHH BUKOPHCTOBYIOThCS. CXeMHM MOXKHa CHHTAKCHYHO O0’€THYBaTH 3a JIONIOMOTOI0 OIepalii CHHTAaKCHYHOTO
00’€THAHHS CXeM.

Sk Gymo mokazano y [4], koxxHa cxema Sch Oyne BU3Ha4aTH Kiac HOMIHATMBHHMX MHOXHH S(SCh) Takuii, 1m0
KO’KeH €JIEMEHT LIbOT0 Kiacy Oy/e 3aJ0BOJIbHATH yMOBaM crieliM()ikOBaHUM Y BIIOBiIHIHM cxemi. [leTalbHi BUKIaAKA
CeMaHTHKH cXxeM Oyiu tipesctasieni B [3, 4].

BpaxoByroun momnepeaHi MipKyBaHHs, crerudikariieo mporpamHoi cucremu y Z-Notation 6ynemo HasuBatu
HacTynHy 4eTBipKy Spec=(ST,l,OP,C), ne ST={ STy,...,STx } — mHOxuHa cxem ctaHiB; I={ I;,...,|, } — MHOXHHA cxem
ininianizanii; OP={Opy,...,0p, } — MHOXuHa cxem onepaniit; C={ C,,...C, } — MHOXHHA TONOMIXKHUX CXEM.
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Mopemmo Z-crienmikarii, (abo Momemto, AKy iHAyKye crnenudikaiis) OyaemMo Ha3WBaTH TPIHKy, IO
BU3HAYAETHCS HACTYITHUM YHHOM:

S(ST,UST, U...uST,);
Model =| S(l, ul,U..Ul.); =(ST,1,0P).
S(Op,) uS(Op,)u...uS(Op,)

3a3naunmo, mo OP ¢akTn4HO 3a7a€ 4acTKOBY OaraTto3HauHy (yHKIiIO 3 MHOKHMHU BCIX HOMIHATHBHUX JAHHX
ND y ND.

3po3yMino, mo He KoKHa crenugikarlis BU3HaYae MPOrpaMHy CUCTEMY 3AaTHY IOCh oO0uucoBaTH. s 1IbOro
HEOOXiHO (aJe He TOCTaTHBO), 00 OTpIMaHa MOAETHh CHCTEMH 33/I0BOJIbHSIIA HACTYITHUM YMOBaM:

1. ST #O, 106T0 mpoCTip CTaHiB HE BUPOIKEHHIA;
2. |1 < STral#d, 10610 icHye X0ua 6 0MH MOYATKOBHIT CTAH;

3. VsteST :0P(st) = Op(st) = ST, 1060 onepaii cucTeMn He BIXOAATH 3 MeXKi IPOCTOPY CTAHIB.

Cran St cuctemn nasusaethes saxmourny, sxmo OP(st) T .

3 HaBeleHMX BHM3HAUCHb BHIUIMBA€E, II0 KOXKHA KopekTHa Z crienmdikaiis 3agae TpaH3HWLiHHY cuctemy. Ll
TpaH3ULiliHa cucTeMa i Oyle ONMCyBaTd MOBEIIHKY JOCIHiKyBaHOI mporpamHoi cuctemu. Ilpu 4omy, Ha KOXKHOMY
KpOILil BUKOHAHHS BOHA OYy/ie 3a/I0BOJILHSTH YMOBaM crierudikarii.

OTKe, HacTYITHMM KpPOKOM, Y poOoTi Oyne IOCiiKyBaTHCh Hepexia Bin wiel GopManbHOI Mojeni A0 KOOy
nporpamu Ta nooyoBi 3aco0iB ii Bepudikarii.

Martemaruunuii incrpymenTtapiit mou CNLS

[MepeiinemMo 10 po3riIsAy MOBH NpOTpaMyBaHHs, sika Oyle BHKOPHUCTOBYBATHCH JUIS JIOCATHEHHS ITOCTaBICHOT
metu. Lst MmoBa Gyna Brepiie npencraeieHa y po6oti [2] i 3 Toro yacy 3a3Hajia akTHBHOTO PO3BHTKY. 3rojioM ii Ha3Ba
Oyna 3MiHEHa Ha «KOMITO3MIIHHO-HOMIHATUBHY MOBY cneuudikamnii nporpamuux cuctem» (Composition-Nominative
Language for program Specification) a6o ckopouero CNLS.

Haii0Oinpmmit iHTepec mis gaHoi podoTn Oyae SBIATH TaK 3BaHHN MaTeMaTHYHUH iHCTpyMeHTapiit MoBu. ToOTO
(dbopmani3Mu, 3aro3udeHi 3 MAaTEMaTHKH Ta PO3BUHYTI, BpaXOBYIOUH MOTpeOH mporpamyBanHs [5].

MHoxuHA

[ToHATTS MHOXHHU IIHPOKO BUKOPHCTOBYEThCs ¥ MOBI CNLS. OcHOBHMIA THI ITaHUX y MOBI — HOMIHATUBHHMA
00’€KT, KU HA CEMaHTHYHOMY PiBHI MOJETIOETHCS HOMIHATHBHOIO MHOXHHOK. OKpIM map «iM’s»-«3HadeHH»,
HOMIHATHBHHN 00’€KT MICTUTh HapH CIEUIATEHOTO BUTILILY — «iM’S»-«(QYHKIIS», 0 HE CYINEePEUUTh 3arajlbHOMY
BU3HAUCHHIO HOMIHATHBHOI MHOXXHHH, alle CYTTEBO PO3IIMPIOE CEMAaHTHKY MOBH. Y MOBi KOXXHa OOYMCIIOBaHa
(GYHKIIS MOXKE pO3TILIIATHCh K AaHe i K (yHKIiS. MOXIHBICT TIIYMadeHHS (QYHKIIT SK JaHOTO BaXKJIHMBA LIS
no0ynoBH epeKTUBHUX METOJIIB BepHudiKarlii.

Maremarnynuii iHcTpyMeHTapii MoBu CNLS nae MOXIMBICTH OIEpyBaTh HACTYIHHMMH, JEI0 yYMOBHHUMH,
KJIacaMH MHOXXHH:

- muoxxuuu uucein: N, Z, D;

- MOBHI MHOKHHH — 11€ MHOXXHHH CJIiB JIESIKOT0 ali(haBiTy, MHOKHHH, 110 33JAI0THCS PErYJISIPHUMH BHpa3aMHu;
HOMIHATHBHI MHOKHHHU — [Ie MHOXWHHM map im’s-3Hauenns ND = [v—>1, y—>[z—>4]];
CKIHYEHI MHOKHHH JIESIKUX 00’ €KTIB;
- MHOKMHH, IO 331af0ThCA NMpeanKaToM HanexHocTi, Hanpukiaan, Odd ={xe N |x=2k +Lk=0Ak € N};

- THITH JAaHUX: KOXKCH TUII JaHUX 3a]1a€ MHOXHUHY 00 €KTIB (KIac).
JIyist MHOKHMH BU3HAYCHI KJTACHYHI TEOPETHKO-MHOXKHHHI Orepailii — 00’ € JHaHHs, IEPETUHY, PI3HHUII TOIIO.

DyHKuii

Ha cemanTrmunOMYy piBHI iporpama y MoBi CNLS TpakTyeTbes sk QpyHKITS Ha HOMIHATHBHUM JaHUM (CTaHOM),
moOy/oBaHa 3 OLTBIN MPOCTHX (DYHKIIIH 3a JTOTIOMOTOI0 KOMITO3UIIIH, Ta BioOpakae BXiJHI JaHi MPOTpaMH Y BUXIIHI.
PesynpTaT BHKOHAHHS MPOrpaMH MOXe OyTH HeBH3HaueHHM abo cumBomiuHo — 1. Tomy, KOKHa mporpama B
3araJbHOMY BHIIQJIKY 33/1a€ YaCTKOBY (DYHKIIIFO HaJ MHOKHHOIO HOMIHATHBHUX JaHUX.

KokHa cMHTaKCHMYHA KOHCTPYKIIiSl BH3HAYa€ HOMIHATHBHY (YHKIIIIO IIEBHOTO PiBHS, II[0 HAJIIEKHUTH KJIACy BCiX
BinoOpaxens Burisimy ND — ND.

3po3ymino, mo Bei GyHKUii Ha piBHI ceMaHTHMKH — KBasiaphi [6], mis 3pydHocTi OynemMo OOmMycKaTH Taki
CHHTAKCHYHI CKOPOYCHHS JUIsl MO3HAYEHHs 3acTOCyBaHHs (yHKIIT 10 BiANMOBiIHOrO HOMiHaTHBHOTO AaHoro [8]. AGo,
IO Te came, ajie OLIbII 3BUYHO JUIS IPOrpaMyBaHHs — BUKIMKY Tu1a QyHKUil 3 mapamerpoM. TyT cHMBOJBHUH 3ammc
t;~t; o3Hauae, mo «TepM t; € CKOPOUEHHM 3aIMCOM CEMaHTHYHOTO TEpMY [r»:

- () ~ f(st);

- fsi(vi)~f(stV [Vi— X4]), 101 neskoro 3HaueHHs MapameTpy Xi;

- fs(Va,.., V) ~ f(StV [vi— Xy ..., Vo — Xp]), JUIS NESAKUX 3HAYEHD APAMETPIB X1 ,..., Xn.
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Haiinpocrinmumu € KOHCTaHTHI QyHKITIT

- Bigcyrre 3aagenns — Null ~ null() = null;

- xoHcTaHTa Hy1b — 0 ~ =0 =0;

- YHCIIOBI KOHCTAaHTH — N~ =n =n, VN €N, abo Z, abo R.

3ayBakuMO, M0 YHUCIOBI MPOMDKKH, SIKi € OOJACTIO 3HAUCHHS YHCIOBUX KOHCTAHT €, SIK MPaBUJI0, OOMEKECHIMHA
1 CKIHYCHHUMH (HABITh I MIMCHUX 4YHCEI) B CWIy OO €KTHBHUX MPHYUH, IO HAKIAJAIOTBCS MOXIIUBOCTIMU
00YHCITIOBAIEHUX IPUCTPOIB.

3anuc sem(t) Oyae mo3HavyaTH CeMaHTHYHUI 00 €KT, IO BiAMOBIAAE CHHTAKCHYHOMY TepMy 1.

PosrnsiHemMo cMHTaKcH4HE BU3HA4YCHHS (yHKIi{, ocHOBHOTO 00’exTy MoBH CNLS, 32 momomororo ¢opm bexyca-
Haypa:

functionDefinition := f(vy,..., v,) global(a,..., am){functionBody}
functionBody := functionCall ’;’ functionBody | empty
functionCall :=id ¢(‘ functionCall ..., functionCall ¢).

Sk 6aunMo, BU3HAUYCHHSI CKIIAIAETHCS 3

- imeHi — f;

- CIHCKY 000B’SI3KOBHX IMCH-apTyMEHTIB — Vi, ..., Vp;

- CIHCKY 3MIHHHX CTaHy, AKi QyHKIIiS MOXKe 3MIHUTH — ay,. .., 8n;

- Bu3HaueHHs Tina ¢pyukuii functionBody, mio sBisie 06010 MOCTIIOBHICTS BUKIHUKIB QyHKITIH.

CrouaTKy BH3HAYMMO CEMAaHTUKY M BUKINKY Tina (oO4YMcleHHI 3HaueHHA) (YHKIII Hax 3amaHUMHA
3HAYeHHAMH napametpiB. Hexall icHye BuzHaueHHs QyHKil y ¢opmi f(vs,..., v,) global(ay,..., an) { functionBody }.
Tonui Tep™ f(Xy, ...,X,) TTO3HAUAE pe3yabTaT obuncieHHs GyHkiii f Ha maHomy StV [vi — Xy, ..., Vo — Xg]. Lle#t pesynbrar
OTPUMYETHCSI OCIIi IOBHIM BUKOHAHHAM 00O4MciIeHb 3ananux tepmom functionBody

f(vi,..., Vi)

global(ay,..., an) {
91(Vi,..., Vi, @1,..., @n);
02(Vis-- -5 Vi, 8, -, 8m);

gk(vl Vp, 81,.-., an);
t=1(Xq,...,Xn).
Toani sem(t) = stateV[result — (result = body),a, — (a, = body),...,a,, — (a,, = body)]
npu body = sem(g, (state')) o...o sem(g, (state')) ta state'=stateV[v, —> x,,...,V, > X,].

PosrisiHeMo npecTaBiaeHHs 6a30BUX HOMIHATHBHO oOuuciaroBanux ¢GyHnkuid y CNLS:
koHcTaHTH Hynb =0, — 0, omur =1, — 1 Ta iHmmi;

noposkue nawe [| p— empty;
(byHKIis1 BHOOPY IMEHOBAHOT KOMIIOHEHTH — My — d.V;
npeaukat HanesxkHocti — (eWp)(a, d) — (d;.Has(a));
icuyBanns imeni — (v)(d) — (d.HasName(v));
GinapHa KomIto3uilist mpucBotoBanus (imenysanns) — asp(f,g)(d) — (empty.[ f (d)— g(d)]);
B34TTsI 3HaueHHs (po3’imenyBanns) — cnp(f,g)(d) — (g(d)[f(d)]);
- mepeiimMenyBanust (perominarii) — Rp(a,b)(d) — ([b—d.a]+(d — [a—d.a])).
CHHTaKCHYHUH CIIeKTp (PYHKIIH MOBH 3HAYHO IMTUPIIHA, HiX Habip 0a30BHUX, alle HA CEMAaHTUIHOMY PiBHI BOHH
MOXYTh OyTH 3BEJICHUMH JI0 BKa3aHUX 0a30BHX.

®DyHKUil 3 nepeBipkaMu

Moga BOJIOfi€ MMOTY)KHUM MEXaHI3MOM, SIKHH JJO3BOJISAE B IEKJIapaTHBHINA (HopMi HAKIagaTH YMOBH Ha (DYHKIIIT i
Ha nporpamy. Lli cneundikauii Marots GpopMy nepen-, micis- Ta iHBapiaHTHUX YMOB.

Kpim TOTO, iCHy€ MOXIIMBICTH BHKOPHCTOBYBATH OYJeBi BHpa3H (IpeIUKaTH), AKi OYIyTh OOYMCIIOBATUCH ITiJ
Yyac BUKOHAHHS INPOTrpaMH, L0 3a0e3NeyYuTh JOJATKOBHI KOHTPOJb IPH PO3pOOIL, TECTyBaHHI Ta BHUKOPUCTaHHI
MPOTPaMH.

CurHTakcHYHO (YHKIIS 3 IepeBipKaMH 33Ja€THCSI HACTYITHIM YHHOM

function name(...) global (...)

[ pre(boolExpry); post(boolExpr,); inv(boolExprs);]

Body;

Bupas, 3ajanuii sk nepeaymoBa (Pre), 00UUCIIOETHCS HAJl CTAHOM GE3II0CEPENHBO MEPEJT TOYATKOM O0UMCIIEHHS
tina ¢yHkuii. BinnosinHo Bupa3, 3aganuil y micnsymoBi (Post), o0unciaroeTses oxpasy micis Tina ¢pyHkuii. [HBapiaHTHI
ymoBH (iNV) 0GUHUCITIOIOTECS KOKEH pa3 MpH 3MiHi 3HAYCHB y CTaHi Ta 0/pa3y MiCIsi OGYHUCIICHHs BUPa3y MeperyMOBH.
OOuuncieHHs YMOB HE Ma€ 3MIiHIOBATH 3HAYCHb CTaHY.
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VY pobori [8] moaibHi MexaHi3MH HaKJIaJaHHS YMOB Ha (DYHKLIIO HOCATh Ha3BY KOHTPAakTy. [CHYIOTH MOBH,
B SIKMX Y Till 4 iHIUi# Mipi peanizyeTbest neit mexaniszm Eiffel [9], Spec# [10] ta inmi.

3BUYAHO, 1[0 TPH HANKWCAHHI TPOrpaMH, y KOHTPAKTI MOKHAa BUKOPHCTOBYBATH TUIBKH OOYMCIIOBaHI
npenukatu. Y CNLS no Hux Hanmexats Taki:

- IIpeIuKaTH HOMIHATUBHOI HAJISKHOCTI;

- MpeUKaT ICHYBaHHS IMEHI Y JaHOMY;

- JIOTiKO-(PYHKITIOHATBbHI IPEIUKATH: TIOPIBHAHHS, PIBHOCTI, TOPOKHOCTI JJAHOTO;

- arperartHi npegukary: any(d,p) — xoua 6 omxun, all(d,p) — koskeH, Ta ix mOXiHi;

- yci Gynesi yHkiii MoBu (GyHKIIT, 10 MarOTh 06IacTIO 3HaYeHs MHOKHHY {T,F}).

KoHuenuisi KOHTPaKTy, OKpIM CYTO MPAaKTUYHOI KOPHUCTI, BiAIrpae CyTTEBY METOJOJIOTIYHY POJb Yy Cy4acHOMY
nporpamysanHi [8—10]. 3a 10MOMOTO0 KOHTPAKTIB MOKHA ICKIAPATHBHO

- (ixcyBaTH mpuIyIIeHHS pO3pOOHHUKA IILOTO KOJY, IOA0 BXIJIHUX, BUXIJHUX JAaHUX Ta IIEPETBOPEHHSAX CTaHY B
mporieci 004YHCIeHHS;

- (opmyBaTH 6a3zuc TBEpAKEHB PO Mporpamy At GOpMaIbHOrO aHamizy ii HOBEIIHKH ITijl YaC BUKOHAHHS;

- YTBOPIOBATH 3B 30K MK IPOTPAMOI0 Ta ii crierudikariero.

PosrnsHeMo peanizaiiiro koHIenmii kouTpakty y MoBi CNLS. Ilpu mepexomi 10 ceMaHTHKH (QYHKIIT OymemMo
BHUKOPUCTOBYBATH TaKi BU3HAYCHHS:

sem(f (..., X,)) =
B {statev[result — (result = body)], SIKIII0 BUKOHYIOTBCSI CITIBBIHOIICHHST

HesU3HAYeHo, IHAKIIIC,
result = sem(boolExpr, (state)) = true,
body(state) {; (1)
state'= stateV[result — (result = body(state))];
result = sem(boolExpr, (state')) =true.

Ipu 1bOMY, CEMaHTHKA OTIepallii MPUCBOECHHS 3MIHUTHCS HACTYITHUM YHHOM
sem(v=f(x,..., X,)) =
_ {state 'V[v — (result = state")], sKI10 BUKOHYIOTHCS CITIBBIIHOIIECHHS

HEBHU3HAYEHO, IHAKIIIE.
state'= stateVsem(f (x,..., X,));
sem(f (X, X)) ¥; @)
state''= state' V[v — (result = state")];

boolExpr,(state) = boolExpr,(state'") = true.

BpaxoByroun nipeacrapneHy cemantuky Z-Notation, Mo)xHa MpOBECTH aHATOTII0 MiX BU3HAYEHHSAM OTIepalliil 3a
JIOTIOMOTOI0 cxeM Ta ¢yHKmisMu 3 mepeBipkamu y CNLS: y pamkax cemantukm Xoapa/Meiiepa cxeMu orepariii
BU3HAYAIOTh KOHTPAKT METOLY.

B 1mpoMy KOHTEKCTI LJIKOM NPHPOAHOIO 1 MPAKTUYHO OOYMOBJICHOIO MOCTA€ 3ahada MoOyJOBH HPOLERypH
neperBopennst crenudikarii 3 Z-Notation y ma6mon BukonyBaHoro mporpamu CNLS. Tlpu mpoMy, 3a paxyHOK
KOHTPAKTIB TOCATAETHCS Y3TODKEHICTh MIPOTpaMH 3 cenu(ikaIliero.

IpeaukaTu

[MpeaukaT — 1ie BUpas3y, sKi NPUAMAIOTh 3HAYECHHs 3 JBO3HAYHOI MHOXHHH, HANpPHKIAJ, {iCTHHA, (aJibi}.
VY BHIaAKY YaCTKOBHX IMPEIUKATIB BPAXOBYETHCS TAKOK MOXIHMBICTH HEBU3HAYEHOTO 3HA4YeHHsA. Y cBOii crarti [11]
A. MapTiH oKpeciTioe ipobaeMy HEBH3HAUCHOCTI B KOHTEKCTI cemantuku Z-Notation, sik oxHy i3 ckiagHux mpobiem, 3
SKOK CTHUKAKOThCA NOCHiTHUKM. TyT Oyne po3DiIsgaTHCh BHIANOK, KOJHM HEBH3HAUCHICTH BBOJAUTHCS SIK JISSKE
crenianbHe 3HaYeHHs, ckaximo undef.

Y CNLS e taxki onepatopu 0yneBoi anredpu: and (&), or (]), not (1). OnepaTopu NpHHAIEKHOCTI 10 MHOXKUHH —
in, 1o tumy — iS. Kpim Toro, mpeankarom Oyme Takox (GyHKIIisI, sika oBepTae 3HaueHHs true (icruna) ado false(dansin).
DyHKIiI0 MOXHA J0JATKOBO ITO3HAYATH 5K MPEIUKAT 32 JOIIOMOIO TAKOTO KOHTPAKTY: function pred(x,y,...) [ pre();
post(result is Boolean); invariant(unchanged(state, Xx,y...,)) ] {...}. Tyr unchanged(...) — cucTreMHHU# MpeAUKAT, AKUHA
BKa3ye Ha Te, 0 004KCciIeHHs Tia GyHKuii He TPU3BOAMTH 10 3MiH y CTaHI 3MIHHHX.

Sxmo npu oOuYMCICHHI TpenuKaTy BHHUKAE HEBU3HAUCHA CHTYAIlisl, HAMpPHWKIAJ, OAWH 3 apryMEHTIB €
HEBM3HAYEHHUM, TO 3HAYCHHS NPEIUKaTy aBTOMaTHIHO MPUHMAEThCSl HeBU3HauYeHNM. Kpim Toro, pe3ynpTaT BUKOHAHHS
pOrpamMH y TAKOMY BHIQJIKY TeX Oy/ie HEBU3HAUEHHM.

IleperBopenns cneuudikanii y CNLS nporpamy

[Ipu BHUKOpHCTaHHI TPaIWIIITHUX MOB TNPOTpaMyBaHHS pPO3B’S3aHHS 3a/adi IMEPEeTBOPEHHA crerudikamii y
BUKOHYBaHHMH KOJI € HETpUBiaJibHOIO Hpobiiemoro. KpiMm Toro, pesyibTyrouuii Koj Hporpamu ciaOKo 3B’S3aHUH 3
MTOYaTKOBOIO CIIEIU(IKAI€0 1 MOXIMBICTH BiACHIAKOBYBAaTH OOEpHEHi 3B’S3KM Ta BHKOHYBAaTH B3a€EMHI KOPEKTHBHU
(cnennikanii-koy) BTpadyaeThesl.
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IIpore icHyIOTH cIeliani3oBaHi MOBM IporpamyBaHHs, Taki sk Spec#, Eiffel ta immi, sxi 3a paxyHox
PO3LIMPEHNX MOBHUX KOHCTPYKILIH J03BOJIAIOTH 30epiraTv 3B’S30K MK KOJOM IpOrpaMu Ta cneuudikamiero i pani
BUKOPHMCTOBYBaTH Ii 3B’s3kM IpH (opMajbHOMY aHamizi nporpamu. Hanpuxmam, y po6Gori [12] npencraBiena
nporexypa mo0ymoBu mporpamu SPECH# Ha ocHOBI crierudikarii. Jlo MoB Takoro kinacy Hamexatb i CNLS.

Ommiemo mporec, SKHH J03BOJSE aBTOMAaTH30BAHO IEPETBOPIOBATH KOPEKTHI cremudikamii y ¢opmi
(ST,1,OP,C) B mporpamu na mMoBi CNSL. Crenndikariii Moxe BimmoBimaté 6arato CHMHTAKCHYHO Di3HHX MPOTpam,
MIPOTE MOBEiHKA KOXKHOI 3 HAX Oyze 30iraTrcs 3 BIACTHBOCTSIM, 3aJaHUMH Y crierdikarmii.

[Ipouec nepeTBOpPEeHHs y BUKOHYBAaHUH KOJI BiI0OYBA€ETHCS MMOCTYIOBO, IIUIIXOM ITOCTIJOBHUX KPOKIB YTOUHEHHS.
[lepmmit KPOK — CTBOPEHHS MOYATKOBOI MPOrpaMH MOe BHKOHYBAaTHUCh aBTOMaTH4HO. [Ipu 11boMy, 3MiHHI omucaHi y
cxemax ctaHiB (ST), mepeTBOPATHCSA y 3MiHHI CTaHy mporpaMd. BXimHi maHi Ta MOYaTKOBHE CTaH MPOTpaMH MarOTh
3aJI0BOJIBHATH yMOBaM cxeM iHimiamizamii (). Be3 BTpatu 3aranbHOCTI MOXHa BBaxkaTH, 0 MHOXHHH ST Ta | €
OJTHOEJIEMEHTHUMH. SIKIIO Ile HE Tak, TO IX MOYKHa OTPHMAaTH HIIIXOM 3aCTOCYBaHHS oreparii 00’eJHaHHS CXeM 3a
BciMa eneMeHTaMu MHOXHH. KoxkHa cxema 3 MHOkuHH OP Bu3Hauae QyHKINIO Ha CTaHAX CUCTEMH.

[pu upoMy CTpYKTypHO mporpama Oyne cknagaticek 3 ¢yukuii Init(), Inv(st), Opy(st)...Opy(st). IIpunycrumo,
mwo S =Xy, Xo | P2 5oy X)) I 1= [Xe' 5o, X' | 1(X1' ..., X)) ]- Tomi dyrkuist Init(), mo 3amae moyaTKoBHil cTaH,
OyayeTbesl 3a cXeMoro | HacTyITHUM YHHOM:

function Init() [pre(empty(st)); post(pred_I(result)); invariant(Inv(st))] {

st=]
xi—null, X,—null, ... x,—null];

}

[penukart, 1110 3a7a€ Micis YMOBU y KOHTpakTi pred_l, 6yayerbes Ha ocHOBI BusHaueHHs (Xy' ,..., X,') y cxemi.
[Ipy yoMy MOXIIHMBI J1Ba BHIIAJKH, NEPIUUHA, Komu Bu3HadeHHS I(X;',..., X,') 3amae BUpa3, M0 MOXXHa aBTOMAaTHYHO
NEPETBOPUTH Y BHPa3 MOBH Ta OUTBII CKIAJHUH, KOJIHM aBTOMaTHYHE NEPETBOPCHHS HE MOXKIIMBE. Y APYTOMY BHUIQJIKY,
Oynyetbess mycta ¢yHkiis pred |, ska moBHHHA OOYMCIIOBATH 3HAYEHHS MpEauKary. Po3poOka anroputMmy
OOYHCIICHHS, B IbOMY BUIIAJIKY, BIITAEThCS HA PO3CY PO3POOHHKA, TAK caMo, 5K i Tima ¢pyHkmii Init.

OyHKIIIS, 0 00YHCITIOE 3HAYCHHS NpeauKkaTy Inv, OyayeThcs Ha OCHOBI BU3HAUCHHS CXEMHU S TAKUM YHHOM:

function Inv(st)[pre(); post(result is Boolean); inv(unchanged(st))|{

return (Names(st).Subset([Xs ,..., Xn])) && pred_P(st);

IIpu upomy, cutyanis 3 ¢yukuiero pred_P, ska oO0uuciIOe 3HAYCHHS MPEIUKATY, aHAIOTIYHA MOMEPEIHBOMY
Bumajky. Jyis koxHOI cxemH, 1m0 3amae onepaiito Op = [Xg, ..., Xn, X1’ ... Xn" | Pre(Xy ..., X0);Op(X1 ,..e, Xny X1' e Xn);

Post(xy’, ..., X,") ], Oyayerbest okpema QyHKILS TpOrpamMu:

function Op(st)[pre(pred_Pre(st)); post(pred_Post(result)&pred_Op(st, result)); invariant(inv(st))]{

throw NotImplementedException();

}

PosristHeMo THUITOBHI NPHUKIIAJ CXEMHU, 110 33Ja€ OIepaliio Ta GyHKIilo, sika MoXKe OyTH OTpHUMaHa 3a Helo

- cxema f = [x:Z, x”:Z| x>0; x"mod 2 == 0],

- ¢ynxkuis function f(st) [ pre(st(x)>0); post(result(x) % 2 == 0); invariant(st(x) is int); ] { o6uucrenns }.

Otpumana 3a crienudikaiiero mporpamMa He MICTHTh TEKCTY OOYHCIICHHs, BOHA € MIa0JIOHOM ISl TIOHAJBIIOTO
YTOYHEHHS PO3POOHUKOM. BaxIiBicTh 1bOrO 11A0JIOHY MOJISITAE B TOMY, IO BiH JIO3BOJISE B MOJAibIIOMY OyIayBaTtu
MpOTpaMH, sIKi 33JI0BOJIbHSIIOTh BUMOTaM, HaKJIaJIeHUM criennQikaliiero.

HactynHi kpokn yTouHeHHS! TBOpdi. BOHM BHKOHYIOTHCS PO3POOHHMKOM CHCTEMH Ta MOJATalOTh Yy peanizamii
BUKOHYBaHOT YaCTHHH MPOTPaMH, Ky HEMOXKIJIMBO OTPUMATH 3 JCKJIapaTUBHUX crienudikaniii Ha nepiiomy kpoui. Tax,
3a JJONIOMOT'OI0 TIPEeJIMKATIB, MOXKHA BUPA3UTH CKJIAJ(HI TBEP/PKEHHS PO BIaCTHBOCTI (YHKIII. 3a1aTn 0OUUCICHHS L€l
(hyHKII{ MOKHA pi3HUMHE crioco0aMu — I1e 1 € 3a7a9a po3poOHHKa.

CrBOpeHa TakMM YMHOM IIPOrpama, BiIKpHBAE PsiJi HOBUX MOXIIMBOCTEH Ut Bepudikarii, cepesn IKux

- 3aCTOCOBYBaHHS 3ac0o0iB Bepuikariii, xapaktepuux s Z-Notation, komu BmacTuBOCTI mporpamu OyayTh
BIJINIOBIZIATH BJIACTHBOCTAM crierudikamii 3a paXyHOK KOHTPAKTIB, 3 OJHUM OOMEXCHHSM, — KOHTPAKT MPOTPaMH €
ICTUHHHM,;

- aBTOMaTH30BaHa reHepallisi TECTOBUX MPHUKIIA/IIB Ta IX BUKOHAHHSI;

- BUKOPHCTaHHI METOJVK BepUQiKaIlii ImiJ] yac BHKOHAHHSI.

AsTomaTu3zoBane tectryBanHss CNLS nporpam
PosrasiHemMo mporiec moOyoBH TECTOBHX NPHKIAAIB Ta Bepudikauii mporpaM, CTBOPEHHX 3a MPEICTaBICHOIO
METOJIMKOI0. 3aBISIKM TICHOMY 3B’SI3Ky OTpHMaHoi nporpamu 3 (opMajibHOIO crenugikaliero, Leil npouec nodpe
mignaeTees apTomMarnzaiii. Lle poOuTs Horo Takok MOTY>KHUM 3aC000M TECTyBaHHS.
PosristHemMo QyHKIIIO 3 TONEPEeAHBOTO MPUKIIALY
function f(x) [ pre(x>0); post(x % 2 == 0); invariant(x is int); ] {
X=Xx*4;
return x;

}
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YMOBH, IO HAKIAJAIOTHCS 3a JOMOMOTOI0 KOHTPAKTy, MalOTh BUIIISATH Cepel YCiX MaHUX Ti, SKi HaJekaTb
obyacTi BW3HAYEHOCTI Ta obOmacti 3HadeHb (yHkmii. [0 iHpOpMaIlito MOXHA BHUKOPHCTOBYBATH [UIs MOOYIOBU
MIPUKIIAIB, SKi O 3aJOBOJILHSJIM HAKJIAJIEeHUM yMoOBaM. ICHye cremialbHUR Kiac TporpaMHUX 3aco0iB, 3MaTHUX
BHKOHYBaTH I1t0 3amaqy — re Satisfiability Modulo Theory (SMT) conepu, cepen sikux — Yices, Z3 [13, 14].

IMokaskeMo Ha TPHKIAI cosnBepy YiCES, SKAM YHHOM MOXKHA BHKOPHCTOBYBATH KOHTPaKTH Ui MOOYIOBH
TECTOBHX JaHUX. JIJIs HOTO MEPEeTBOPUMO YMOBHU KOHTPAKTY B MPEIUKATH, 3alIMCaHI HA MOBI colBepa

Konrpaxr CNLS
invariant(x is int)

pre(x>0);
post(x % 2 == 0);

OTpuMaeMo Takui BXiTHAN TEKCT:
(define x::int)
(define f::(-> int int))
(assert (> x 0))

(assert (= (mod (f x) 2) 0))

(check).

Yices

(define f1::(-> int int))
(define x::int)

(assert (> x 0))

(assert (= (mod (f1 x) 2) 0)).

Po3rissHeMo pOTOKOJI pOOOTH MPOTpaMH ITiCIIs 3aIyCKy 3 TAKMMH MapaMeTpaMHu:

yices.exe -e 1.txt

Pe3yabTar

Sat

(=x1)
(=(fx)0)
(=(mod 02)0)

Onuc
TecToBuil MpUKIa] 3HARIAECHO
Mpux=1

stkro f(X) = 0 tomi
yMOBa KOHTpakTy X%2 ==

3aJOBOJIBHAETHCH.

Lleii pe3ysnprar Oya0 OTPUMAHO JIMIIE HA OCHOBI MPEIUKATIB 3 KOHTPAKTy, TOMy 3HadeHHs QyHkuii f(X) = 0
MOX€ BIJIPI3HATHCH BiJl pealbHOTO 3HayeHHs (QYHKIIT Ha oMY JaHOMY. [1OKH 1110 11e HE € BaXKIMBUM, OCKUJIbKH MeTa
KPOKY — OTPUMATH BXiJIHi [IaHi, ki O 3a0BOJHHUIM YMOBH KOHTpakTy. Jami BukoHyeThcs obuncnenHs ¢yHkmii f(X)
npu X=1. Otpumaemo takuii pesyinprar f([Xx—1]) = x=>*4 =4,

Tenep Moan(ikyeMo TEKCT IS CONIBEpa BPaxOBYIOUH HOBY iH(opMaIrito

(define x::int)

(define f1::(-> int int))
(assert (> x 0))

(assert (= (mod (f1 x) 2) 0))
(check)

(assert (=x 1))

(assert (= (f1 x) 4))
(check).

[Ticns 3amycky Oyzae ofepkaHo TaKHi pe3ybTaT:

sat

(=x1)
(=(f11)4)

(= (mod 4 2) 0).

Tob6to, orpumanHe B pe3yibTaTi oO4mcieHb (yHKUii 3HaueHHs (CTAaH CHUCTEMM) TEX 3aJI0BOJIbHSE YMOBaM
KOHTpakTy. A omxke, QyHKIisS Ha 1IbOMY KOHKPETHOMY JIJaHOMY 3aJ0BOJIbHSE YMOBH I104aTKOBOI crenudikarii, i ii
MOBE/IIHKY MOYKHA BBa)KaTH TAKOIO, 1110 HE CYNEPEYUTh BUMOTaM.

Metoa o0y 10BH TECTOBHUX MPHUKIIAIIB CKIIATAETHCS 3 TAKUX KPOKIB.

Kpok 1. BUKOpHCTOBYIOUH YMOBH KOHTPAKTY, MOOyMyBaTH HaGip qanux — 0y, mio Gyme HOro 3a10BOJIBHSITH.

Kpox 2. Otpumanunii Habip MaHWX MiACTAaBUTH Ha BXix (yHKIil, Ta oOumciawth il 3HaYeHHA — Y. SIKmio
3HaueHHs (YHKIII HeBU3HAa4YeHEe ((YHKIIS 3alMKINIACh, BUHUKIA BUKIIOYHA CHUTYAIlisl TOLIO), TOAI BBAKAEMO, IO
nporpama o04YHciIeHHs QYHKIIT MiCTUTh TOMHJIKY, 1 He0OXiJHO a00 IMOCWINTH YMOBH y crienugikaiii, abo BUIpaBUTH
MIOMUJIKY Ta HEPEHUTH JI0 TEPIIOTO KPOKY.

Kpok 3. lo ymoB, mo Oyiau moOynoBaHi Ha MepLIOMY KpoIi, HOAAaEMO HOBe TBepmkeHHs: f(d;) = vyi.
Ta mepeBipsgemMo, IO OTpHMaHa CHCTEMa TBEP/PKEHb HE MICTUTH CYyNEpEe4YHOCTeW. SIKIIO CyNepedyHicTh iCHYE,
Toai MoudiKyeMo Ko mporpamu ado ii cnenudikarii.

Kpoxk 4. Jlani npogoBxyeMo Mpoleaypy HOIIYyKY HOBUX TECTOBHUX JaHHUX, 10204l Ha KOXHOMY KpPOIli YMOBY
X # X, abo (assert (/= x xt)), ne Xt — 3HaueHHs 3MiHHOI OTpUMaHe Ha HONepeIHbOMY Kpoli. Ta mepexomuMo 10

JPYTOTo KPOKY.
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IIpu npoMy, KO Ha NEIKOMY KpOLU Ipolexypa IpU3Bele NO HEraTHBHOTO pe3yNbTaTy Ha eTall IepeBipKH
3HadeHHs (QYHKINI, e oApaly O3Hadae, Mo Mporpama, ska oOYHCIIIOE 3HAYeHHS (YHKINI HE BiAMOBIZaE yMOBaM
crienudikaiii, a OTKe MiCTHTh TOMIUIKY.

3a paxyHOK aBTOMAaTH3amii Iff0 IPOIENypy MOXXHA BHKOPHCTOBYBAaTH U1 MEPEBIPKM BIAMOBIAHOCTI pearizamii
MOYaTKOBIM crenudikanii Ha BENUKKX 00’ €Max JTaHUX, THM CaMUM CYTTEBO 3MEHILIYIOYH PH3HK MOSBU Ae(EKTIB Y KOJI.

Bepudikanis mix yac BUKOHAHHS

Bepudikariiss mporpamu B Tporeci BHKOHaHHS (a6o Run-time Bepudikamis) [15] — me mimxim, mpu skomy
TECTYBaHHS BXIJHOI IIPOTpaMH Ha BiOIOBIAHICTH crenn(ikamii BitOyBa€eThCs BIACHUMH 3aco0aMu IPOrpaMu Mix gac ii
BUKOHAHHS 3 BHKOPHCTaHHAM (OpMambHUX MimxoiiB. Run-time Bepudikallis BHCTymae sK JONATKOBHIA 3acif, mI0
rapaHTye KOpPEKTHICTb porpaMu. B okpemoMy Bumanky Bepugikarii mig yac BAKOHAHHS MOKHA PO3TJIsIaTH MOAYJIbHE
tectyBanHs (UnitTesting), sike monsrae y BUKOHAHHI TECTOBHX MPHUKIA/IB Ta MOPIBHSIHHI PE3yNIbTATiB 3 CTATOHHUMHU
JaHuMH. HemosikoM MOAyIBHOTO TECTyBaHHS € Te, IIO 1 TECTOBI NPHUKJIAAW, 1 €TAJOHHI Pe3yJbTaTH CTBOPIOIOTHCS
nporpamictaMy Ha OCHOBI BIIACHUX MIpKYBaHb, 5iKi He € hopManbHUMH. TOMY BBaXKa€eThCs, O Bepudikalis B Mporeci
BUKOHAHHS € OUIbII HaiHHUM 3aCO00M rapaHTyBaHHsI KOPEKTHOCTI MPOTPaMy HiXK TECTYBaHHS (BKJIFOYAIOYH MOJYJIbHE
TECTYBaHH), Ta MEHII HaIHHUM HiX GopMmaibHi MeToau [15].

IIpu 3amponoHOBaHOMY MiAXOMAiI CTBOPEHHS Iporpamu i3 ¢opmanbHoi cnenn@ikamii, KOHTPAKTH BHCTYMAIOTh
OITHIM 3 KJTFOYOBHX €JeMeHTiB Bepuikamii mix gac BukoHaHHA. KoxeH pa3 mpu obumcieni ¢pyHKmii abo Moandikarii
3MIHHHX CTaHy IIporpama MepeBipse BaliAHICTh OUX Ol OUITXOM OOYHCICHHS 3HAa4eHb mpenukaTiB. Kpim 1poro,
CHCTeMa Bele IPOTOKOJ YCHOrO TMpolecy OOYHCICHHS, SKHH TP MOPYLICHHI YMOB KOHTPAaKTy MOXKHA
BHKOPHCTOBYBATH ISl QHANI3Y Ta HAJIATOPKSHHS PO PaMH.

PosrnsHemo HacTymHud mpukian. Hexait moTpi6HO po3poOutH (yHKIiFO, SKa 3 MacHBY HaTypaJbHUX YHCEI
BUJUIAE Ti, IIO HMOBTOPIOIOThCS. Lleli mpuKiIag HOCUTH JIHIE JEMOHCTpAIlifHUN XapakTep, aje BiH € JOCTaTHbO
MOKa30BHM.

Po3nounemo i3 Z cneuudikanii. [Ipoctip craniB Oyae ckiagaTich i3 JBOX MHOXXHH. MHOXXWHH YHCEl, IO HE
MOBTOPIOIOTECs — UNique, Ta Tux, 1o noBToprooThes — Repeated. OueBuHO, BOHU HE MAIOTh EPETHHATHCS.

StateSpace = [Unique: P(N), Repeated : P(N) |Unique n Repeated ={}].

[pu noxaBaHHI HOBOTO €JIEMEHTA JI0 CTaHy, BiH Oy/ie CrodYaTKy mosydarucs a0 MHOxuHU Unique eneMeHTiB, a
[PY IOBTOPHOMY JIOZIaBaHHI BUITYYaTHUCh 3 Ii€] MHOXHHH 1 JOJIy4aTUCh 10 MHOUHH Repeated:

Addltem(x)=[ Unique,Repeated : P(N);Unique’',Repeated ': P(N); x?: N |
x ¢ Unique = Unique'=Unique U{x};
X € Unique = Unique'=Unique \ {X} A Repeated '= Repeated L {x}]

BinmoBimHa mporpama Oyne CKIagaTHCh i3 JIBOX YaCTHH: OJIOKY iHimiami3amii Ta (yHKIIi JomaBaHHS HOBOTO
eJIEMEHTA.

Brok inimianizanii;

Unique = new Set();

Repeated = new Set();.

OyHKIIIS T01aBaHHS €JIEMEHTA!
function Addltem(x)
[ pre(Naturals.Contains(x)); // ionosioae X € N
post(Unique.Contains(x)|Repeated.Contains(x)); // sionosioac x € Unique A X € Re peated

invariant(Unique. Intersect(Repeated)==Sets.Empty); // sionosioac Unique M Re peated ={}

]{ if ("Unique.Contains(x)) Unique.Add(x);
else { Unique.Remove(x); Repeated.Add(x); }

}

3 mpuKkIaay BapTO 3BEPHYTH yBary Ha OJIOK iHBapiaHTa, A€ cHenH(iKyIOThCS YMOBH MOPOXHOCTI MEPETHHY
MHOXWH (3 YMOBHU cxeMu StateSpace), a Takox MiCIITyMOBY, SIKa TapaHTYe, 0 eIeMeHT Oye JOIy4eHo Xo4da O B OJHY
MHOXuHY. Ha puc. 1 nokazano o0po6ky onucaHoro npukiany B cucremi CNLS.

3a3HauMMO TAKOX, 1110 3MiHa TOPSAKY Ollepalliii BUIyYeHHs Ta JOJaBaHHS €IEMEHTa /10 MHOXXHHH TPU3BEE J10
MOPYIICHHST YMOBH iHBapiaHTa: 3MiHa Unique.Remove(x); Repeated.Add(x); ma Repeated.Add(x); Unique.Remove(x). Binx
MOMEHTY JI0J[aBaHHS elleMeHTa 0 MHOKHHH Repeated i 1o momeHTy #ioro BuiydenHs i3 MHOxuHH Unique, i aBi
MHOXWHHU OyTyTh MaTH HEMOPOXHIN mepeTuH. Pe3ympTar BHKOHAHHS (GYHKIIi Bif IIOTO HE 3MIHHUTBCS, TaKHHA CTaH
MIPOTPaMH MOXe MPU3BOAUTH 10 HEOAKAHUX CTOPOHHIX e(EeKTiB, HAPUKIIAJ, Y BUIAIKy 0araTormoTOYHOCTI.

Ie 3ayBakeHHS MOKa3ye, IO HABIiTh JOCTaTHRO TPHUBIAJIBHI MPUKIAIN IPOTPAM, MOXKYTh MICTUTH B cO0i BaXKKO
nepeadadyBaHi aCIEKTH, SIKi JIETKO 11eHTH(]IKYIOThCS MPH BUKOPUCTaHHI (OPMATBHUX MiaxoniB. Bee e ToBopuTh Ha
KOpPHCTh 3alpoOIIOHOBAHOTO METOJy, XO4Ya HOro BHKOPHCTaHHS 1 HE TapaHTye BiACYTHOCTI IHIIMX ITOMMJIOK.
3anpornoHOBaHMA MiAXiJ MOXKE 3aCTOCOBYBATHCH SIK JIOJATKOBHH 3aci0 MepeBipKH 4acTKOBOI KOPEKTHOCTI Iporpam, Ta
OyTH 10JJaTKOBHM «peMeHeM Oe3IeKH» MpU po3poO1li TporpaMHOro 3a0e3neyeHHs.
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File Edit Tools Hezlp

1 S/ Iminianisania -~
2 Unigue = new 3Jet();

3 Repeated = new 3eti):

4. //DonaBaHHA SIeMEHTY

5 function AddItem(x)

& [ pre(Naturals.Contains (x)]:

7 post (Unigue.Contains (x) | Repeated.Contains (x) ] ;

8 Einvar iant (Unigque. Intersect (Repeated) ==3eca.Empry) ;]

El i

1o if (!Unigque.Contains(x)] Unigue.idd(x):
11 else
12 { Unigue.Rewove (x]; Repeated.idd(x); }

13 *

15 AddItem{2):
16 AddItemi3)];
17 AddTtemi2):
15 AddItemii):

Unicque=(1,3]1;

Execution succeded, 00:00:00

PucyHok. YHiKanbHI Ta TOBTOPIOBaHI €IEMEHTH

BucHoBku

PesynpraToM poOOTH € PO3BUTOK MiAXOIIB aBTOMAaTH30BaHOI BepH(iKallii mporpamM, CTBOPEHUX 3a JOMOMOTOO
MoBH mporpamyBaHHs CNLS. 3ampomnoHOBaHI METOAM MEPETBOPEHHS (GOPMATbHHUX CIerudikamii y KOJ MpOorpamH.
Po3po6iieHo MeToim moOyJOBU TECTOBHUX MPHUKIIAIIB 3a TOIIOMOTOI0 conBepiB. [IpencraBieHo 3aco0u, o MiATPHUMAIOTh
MeTonu Bepudikalii mijx yac BUKOHAHHSI.

BaxnuBicTh OTpUMaHUX PE3yJbTATIB MOJISArae B IX MpakTU4HiM 3HaunMocTi. KoxeH 3 mpeacTaBiIeHUX METOIIB
Jo0pe mijuisirae aBToMaTH3alil Ta MOXKe BUKOPUCTOBYBATUCH ITPU Po3po0ii nmporpaMHux cucteM. Kpim Toro, B pamkax
uiei pobotu Oynu po3poOiieHi Ait04i NPOTOTUIH JJIsE 0OPOOKH MTPEACTABICHUX MOB clieliiiKallii Ta mporpaMmyBaHHsL.
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