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PED®EPAT

Junnomua po6ota: 42 c., 15 mkepen, 4 101aTKH.

O06'ekT aocaigKeHHsi: mporpaMHi 3acobu ais (GOopMaJbHOTO JOBEIACHHS

MPaBUWJIBHOCTI IIPOTPaM.

Meta po60OTH: CTBOPEHHS MPOTrPaAaMHOTO MPOAYKTY [UJISi JOBEACHHS JESKHX

Iporpam, HalMCAHUX y IMIEPATUBHOMY CTHJI1, HA TIPUKIIaal MOBH Javascript.

Onep:xaHi BUCHOBKHM Ta iX HOBU3HA: pO3pOOJIEHO MOYJIbHY NIPOTPAMHY CUCTEMY
Ha MOBI (QyHKIIOHaTbHOTO TmporpamyBaHHs Clojure s ¢GopMynatoBaHHS Ta
JIOBEICHHSI yYMOBHM NPAaBWJIBHOCTI MNporpaM Ha IMIJMOBI Javascript, a Takox

MIEPETBOPEHHS Ta JIOBEJICHHS JIOT1YHO-JITeOpaidHuX BUCIOBIIOBAHb.

Pe3yabraTn 10CaIIKeHb MOXKYTH OyTH 3aCTOCOBAHI 711 JOBEJACHHS IPOrpaM Ha
MOBI Javascript, s peamizaiii HOBUX MPOTPaMHHX 3aco0iB, IO MPAIIOIOTH 3
JIOTIYHUMH BHCJIOBIIIOBAHHSAMH Ta IX MPABUJIBHICTIO, JUIS JOPOOKH CHCTEMH

MOJIYJISIMU MIATPUMKH 1HIIUX MOB IPOTPaMyBaHHS.

IHepeaik kawuoBux cai: IIEPEBIPKA IIPABUJIBHOCTI ITPOI'PAM,
®OPMAJIBHA TIPABUJIBHICTH ITPOTPAM, MOBA HAWCJIABKIIIOT
INEPEAYMOBHU, JIOTIKA BUCIIOBJIIOBAHB, ®YHKIIOHAJIBHE
I[TPOT'PAMYBAHHS, CLOJURE, JAVASCRIPT.



ABSTRACT

The graduation research of the 4-year student L. Shevtsov (DNU, Center of Corre-
spondence Education and Evening School, Department of Computer Technologies)
deals with providing a formal proof of programs written in an imperative subset of
the Javascript programming language, by developing a framework to process and

prove logical expressions in the Clojure programming language.

The work is interesting to programmers in environments that demand high-quality
code that is formally proven to be correct, to students studying formal proofs, to

programmers working with logical expressions.

42 pages, 15 references, 4 supplements.
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BCTYII

[lono mnporpamyBaHHS KaXyTb, YTO MH 3HAXOAUMOCHh Ha «MHUCIMBCHKO-
30MpaIbHUILKOMY» eTamll Woro po3BUTKy [8]. HesBakaroum Ha BEIUYE3HUI,
HeOaueHUW y IHIIUX Taldy3sSX MPOMHCIOBOCTI POCT MPOAYKTHUBHOCTI 3ac00iB
pPOrpaMyBaHHs, SKICTh THUIIOBOTO MPOTPAMHOIO MPOJIyKTa HabaraTo ripiia HiX
SKICTh IHIIMX MPOAYKTIB, 110 TAKOK HAa3UBAIOTh 1H)KEHEPHUMU: OyliBelsib, MOCTIB,
aBTOMOOUTIB TOIIO. KibKICTh MOMUIIOK, IO TPAIUIAIOTHCS Y TUIIOBOMY BBEIAECHOMY
y eKCIJyaTallil0 MpOTrpaMHOMY TMPOAYKTY, y TakuX Mpoaykrax Oyma ©

HEMPUITYCTUMA.

VY mam yac Bce OuIbllle KepyBaJIbHUX BIAMOBINATBHOCTEH MEPEKIAAAIOThCA 3
amapaTHuX cucteM Ha mporpamii. [8, 10, 12, 13] Konu nporpama kepye IBUTYHOM
aBToMO001J1s1 abo JiTaka abo HaBITh paKeTH, MEIUYHUM OOJaJHAHHSM,
CHEPreTUYHUMHU CTAHIISIMH, SKICTh TMPOTPAMHOTO MPOAYKTY € KPUTUYHHM
MOKa3HUKOM. TOMy TiepeBipKa MPaBWJIBHOCTI MPOTpPaM € HEBIJ EMHOIO YACTHHOIO
PO3pOOKH, Ha MEHIII BaXKJIMBOIO, SIK BIACHO 3a0e3neyeHHs1 PyHKIIOHATY, 00 SKHii

CeHC y (yHKIIIOHaTY, TPAaBWIBHICTh SKOTO HIYUM He 3a0e3neueHa?

dopmanbHe JOBENCHHS MPAaBUIBLHOCTI MpoOrpaMm - 1€ HalOUIbIl HAAIMHUK CrOCiO
noBeleHHsT 3 BimoMux. OOHAK 10 TOro K, Il croci0 HaWOUIBII BaKKWH, Ta
notpedye He TUIBKM MaTeMaTH4YHOi NIArOTOBKM 3 OOKy mporpamicra, aje u
nporpaMHux 3aco0iB. Jlms Oararbox MOB HE icCHYe 3aco0iB (opmMambHOTO

JOBEJICHHS, a00 BOHU IPAIIOIOTh HAJITO TMOBLIBHO.

s pobGora HamaraeTbcsi po3B’si3aTH OOM[BI MPOOIEMHU. 3aBASKH BHUKOPHUCTAHHIO
(GYHKIIIOHATBHOTO CTHJIIO TPOTpaMyBaHHS Ta MOBH 3 JOOPOI MiATPUMKOIO
naparnenizalii HaBeJCHUH MPOIYKT Oyae MBUAKUM. 3aBISKH MOIYTHBHOMY TiIXOMy

IPOAYKT MOKHA MPUCTOCYBATH 10 Oy/Ib-SIKOi IMIIEPATUBHOT MOBHU IPOIPaMyBaHHS.



1. HOCTAHOBKA 3AJJAYI

BuBuutu TeopeTrnyHi 3acHOBU (HOPMAJIBHOI MPABMIIBHOCTI MPOTpaM, JOBEIEHHS
BUCJOBIIOBAHb MNPOMO3UIINHOT JOTiKM, CHHTAKCHYHOTO po30ipy MOB

IIPOrpaMyBaHHS.

OOparu KOpuCHY, aje OOMEXKEHYy HiIMHOXHHY MOBH Javascript, sIKy MOXHa
BUKOPUCTATU IS JOBEACHHS alTOPUTMIB. 3aJaTH CTPYKTYypy aHOTAI[IHHUX
KOMEHTAapiB, IO 33/1aBaTUMYTh TIEPE/I- Ta MiCITYMOBY IIPOrpaMH, a TAKOXK BapiaHTH

Ta IHBapiaHTU HUKIIB. L{e cTaBuTHME BXiHY MOBY IIPOTPaAMH.

Onucaru rpamMartvKy BXiJHOT MOBM Ta peali3yBaTH Mapcep 3 BXIJHOI MOBH.
Hamnucatu Tpancnarop 3 BXiIHOI MOBM J0 MOBU HaWcCIaOKIIIOi MEepeayMOBH.
3agatu Te3y O MPaBUJIBHOCTI MPOrpamMu y BUIVISII JIOTIYHOTO BHCIOBIIOBAHHS.
PeanizyBatu 10BeNEHHS JIOTIYHUX BHUCJOBIIOBaHb 3a JOINOMOTOI0 METONA

pesomrortii. [Iporpamuy yactuny BukonyBatu Ha moBi Clojure.

[TepeBipuTH TPABUIBHICT TPOTPAMHOTO TMPOAYKTY, BUKOPUCTOBYIOUHM MOIYJBHI
tectd. HaBecTu maker TeCTOB, IO 3aJ0BOJIbHSE BHUMOTH TPABUIBHOCTI 0

IPOAYKTY, 1110 CaM NEePEeBIpsi€ MPAaBUIIbHICTD 1HIIUX TPOrpam

3a0e3neunTy MONANBIIUN PO3BUTOK CUCTEMU. [IMiabHYBaTuch Mpo MOIYIBHICTH
IPOAYKTY 3apajid pO3LIMPIOBAHOCTI, Ta MPO (YHKIIOHAIBHICTh 3apajid MOAAIbIIOT

napaJenizaiii.

OOparu JeKkibKa aJrOpUTMIB IS JEMOHCTpaIlii MPOAYKTY, PO3POOUTH JO HHUX

aHoTaIlli, Ta moKa3aTH JOBEICHHS.



2. TEOPETUYHA BA3A

2.1. IToHATTS MPO NPABUJILHICTH MPOrpam

[Ilo B3arasi 3HaYMTh TBEPIKEHHS, 10 Mporpama “npaBuiibHa”? be3 ynaBaHHs 10
¢inocodii Ta e30TepikH, y MNPAKTUIYHOMY CEHCI MporpamMa Ha3UBAETHCS
IPaBWIBHOIO, AKIIIO BOHA MPU3BOAUTH 0 O4IKOBAHOTO pe3ynbTary. [lomitumo, 1o
Oynb-sKa IMporpamMa Moxke OyTH NpPaBUJIBHOIO TUIBKM B MeXaX ii KOHTPAakKTy, B

MeXax BUMOT, 1110 TOCTaBUB JI0 HEl mporpamict. [1]

KonTpakT mporpamu icHye NpakTUYHO 10 Oyab-sikoi mporpamu. € pi3HI HUISXU

3a1aHHS LbOTO KOHTPAKTY.

HesdBHUI KOHTpAKT. ¥ TakoMy BHIIQJKy NporpaMa IpaBWIbHA, SIKIIO KOPHUCTyBad
BBa)Ka€ MOro MpaBUJILHOIO. 3BICHO, MEPEBIPKa MPABUIBHOCTI TAKOX MPOXOIUTH Y

HEsIBHIN opMI.

Kontpakr y ¢opmi tectiB. TecTH - 11e BUKOHAHHS MPOrpaMu Ha MEBHOMY HaOopi
BXIIHUX JaHHUX Ta IMepeBIpKa pe3ylbTaTiB BUKOHAHHSA. TeCTH MOXYTh
BUKOHYBaTHCh y aBTOMaTHUYHOMY PEXHUMi, Ta MEPEBIPATH NMPABUIBHICTh MPOrpaMu

IMICJIST KOYKHUX 3MIH.

OcCHOBHUI HEJOJIK TECTIB - BOHU MEPEBIPSAIOTH MPOTpaMy Ha TiIMHOKHHI BX1THUX
JAHUX, YacTO IIsI MIIMHOXKHHA HE TEpeBIpsS€ BCl MOMJIIMBI NUISXH BUKOHAHHS
nporpamMu. ICHye MOHATTA «KpaloBUX BHUMNAAKIBY» - BXIIHMX JaHUX, Ha SKHX
nporpamMa CyTTEBO 3MIHIOE TIOBEIIHKY. SKICTh TECTIB 3aJeXUTh BiJ TOrO,
HACKIIbKK J00pe mporpamicT mepeadadyuB Il KpaioBi BUMAIKdA. ToMy HaBiTh y
MPOrpaMHUX TaKeTax 3 JOOPHUM MOKPUTTAM MOIYJABHUMU TECTaMH 3HAXOISATh

NOMHJKH. Y OI1JbIIOCTI BHIAJAKIB MPAaKTUYHO HEMOXJIHMBO TMEPEBIpUTH
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MPABUWIBHICTh MPOTPAMU HA BCIX BXIJHUX 3HAYEHHSX, TAa YACTO II€ HEMOXKIJIMBO

HaBITh TCOPCTUYIHO.

Jlo Toro K, TECTH MarOTh Ty * AJITOPUTMIYHY CKJIAJIHICTh, IO W Tporpama, Iio

TCCTYETHCA. HKHIO IIporpaMa HaaAToO HOBiJII)Ha, TECTH TAKOK IMOBLJIbHI.

dopmanbHUN KOHTPAKT 3a/1a€ OOMEXKECHHS Ha BUXIJIHI 3HAYEHHS MPOTPaMU Ta Ha

3aJICKHICTh BUX1THUX IMApaMETPiB Bl BXIAHUX, Y BUIVISIAL JIOTIYHUX (HOPMYII.

[TepeBipka (opMalbHOTO KOHTpPAKTy He MoTpedye 3amycky mporpamu. Bona
BiITHOCHUTBCS J0 METOJIB CTATUYHOTO aHali3y mporpaM. @opMaabHIM KOHTPAKTOM
MOYKHA JIMCHO TIOKPHTH BCIO MHOXKHHY BXIJIHUX JaHUX Tporpamu. dopmanbHe

JOBEJICHHSI aBTOMaTHYHO MOKPHUBA€E KPaiioB1 BUNIAAKHU Ta BCI TUIKK IPOTPAMH.

lonoBHUM HemomikoM (QOpMaTbHOTO MOBEJEHHS MPAaBHWIHLHOCTI € HEOOX1THICTH
JIOAATKOBOTO TporpamyBaHHs ¢dopManbHOTO KOHTpakTy. lle morpelye Bia

mporpamicTa MaTeMaTUYHOT MiATOTOBKH.

Jlo Toro , Ha BIAMIHY BiJl MOJYJIbHUX TECTIB, (POpMaIbHUN KOHTPAKT MOTpelye

JIOJJTATKOBOTO TIPOTPAMHOTO anapary JJis epeBIpKH Mporpam, Ta TEOPETUIHOI Oa3H.

®dopmanbHe AOBENECHHS MNPABHIBHOCTI KOPUCHE y CUCTEMAax 3 HAJATO BEIUKOIO

LIHOIO TIOMHUJIKH.

Y Mmexax 1i€i poboTH po3mIsiAaeTbhes (popmanbHE TOBEACHHS I1MIEPATHBHHUX

porpam.



11

2.2. ®opmMajibHUI METO/ 10BeIeHHSA

dopmanbHUl METOJ| JOBEACHHS MPAaBWIBHOCTI IMPOTrpaM BUKOPUCTOBYETHCA Y
rajy3ssx 3 BHCOKMMHM BHUMOTaMH JO SKOCTI mporpamHoro 3abe3neuenHs. Lle
AepOKOCMIYHA TPOMHCIIOBICTh, MEIUIIMHA, aBTOMOOLIbHA MPOMHCIIOBICTD,
eHepreruka, Ttomo. dopmManbHUI METOJ 3aCTOCOBYIOTh I1HXEHEpPU Yy TaKHUX

xoMIaHisgx, sk NASA, Airbus Too.

Jnst opMaibHOrO JOBEACHHS IMIIEPATUBHOI MPOTrpaMu 10 HEi BUCTABISAETHCA
mapa yMoB - 1€ TiepeyMoBa Ta micisiymoBa. [lepeaymoBa Haknaae OOMEXEHHS Ha
BXIJIHI [JaHl NporpamMH; BOHa 3a3Haya€ MHOXXHHY MOXJIMBUX BXIJHUX JaHUX.
[TicnssymoBa Haknaznae oOMEXEHHS Ha BUXIJHUWA pe3yiabTaT NMporpamu mnpu Oyab-

AKHUX MOXIINBUX BXiI[HI/IX JaHUX.

3anadero GopMaIbHOTO METOMY € JIOTIYHE JOBEIAEHHS TOro, L0 IS OyIb-sSKHX
BXIIHUX JaHUX, M0 3aJ0BOJIHHSIIOTH MNEPEAYMOBY, BHUXIJHI JaHi OyayThb

3aJ0BOJIBHATD HiCJ'I}IYMOBy.

Tpeba 3a3HaunTH, 110 GOpPMATBLHUN METOH Ja€ SIKICHUM pEe3yNbTaT TUIbKU SKIIO
AKICHO Oynu 3a7aHi TMepen- Ta MICAAyMOBa; y TPUBIAJLHOMY BHMAJKY SKIIO
MICISyMOBH Ta TMEPEAyMOBH HeMae, (popMaIbHUN METON MOXKE MEPEeBIPUTH, IO

ImporpamMa 33KiH‘1y€TBC}I Ha 6y,Z[I>-5IKI/IX BXi,IIHI/IX JaHUX, Ta B HIM HEeMae 3allUKJICHHA.

2.3. MoBa wP - MoBa HalicJ1a0KIIIMX NepexyMOB

SKUM YUHOM MOXJIMBO JOBECTH, IO MICISYyMOBa 3aJ0BONBHIETHCA? JIJIs 1IbOTO Y
1969 pomi Xoap [14] chopmymoBaB Habip TEpPEeTBOPEHb, MO POOIATH 3
IMIIEpaTUBHOI MporpaMu JOTiYHE TBepkeHHsA. llelt HaOip mepeTBOpeHb

Ha3MBAETHCSI MOBOIO HAMCIIAOKIIITNIX MepecaAyMoOB.
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Y MOBI HalcnaOKIMUX TEPEeayMOB TINMOTe3a MPO MPABHIBHICTh MPOTPAMHU Ma€e

BUIIIAL

{Q} S {R}
ne Q - mpeaMkar nepenymMoBH, R - mpeaukar miciasiymoBH, Ta S - komaHzaa. Llei
3alMC O03HAYa€ «IKIIO CTaH Ha MOYaTKy KOMaHIM 3aJ0BOJIbHSE Q, TO KOMaHAa S
3aKIHUYETHCS Y KIHEUHMH Yac y CTaHi, 110 33aJI0BOJIbHSE Ry.
Moga Haiica0KiIoi mepeyMOBH MEPETBOPIOE T BUPa3 y BUTIIS]

Q=>wp(S, R)

ne wp(S, R) - nie Bupa3 mist naticrabkiwoi nepedymosu ajist R micns S, T00TO 11€
HalOUIbII crabka yMOBa HA IOYATKOBUM CTaH MEpea KOMaHAOK S Taka, 1100

KIHIIEBHH CTaH rapaHTOBAHO 3aJ0BOJILHSB R.

Hagenemo ¢QyHKIIT Wp i1 BUpa3iB HAIIOI IMIIEPaTUBHOT MOBH.

I[.]Iﬂ IMYCTOr0 TBEPIKCHHHA

wp(<noop>, R) =R

ToOTo mycTa KOMaH/Ia Ma€ TaKy K MEPETyMOBY, K ITICITyMOBY.

JJis npucBO€EHHA

wp(<var> = <expr>, R) = R/<var>/<expr>/
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ToOto HaiicmaOkima nepeayMoBa oreparopa MPUCBOIOBAHHS - II€ MICIAyMOBa, Y
SKI KOXXKHE TIOCWJIAaHHS Ha 3MiHHY 3aMiHS€ThCS Ha 3HA4YCHHsS BHUpa3zy, IO

IIPHUCBOIOETHLCA.

J1J1st moCJIiIOBHOCTI

wp(S1; S2; ... Sn, R) = wp(S1, wp(S2, wp(S3, ..., wp(Sn, R)...)))

ToOGToO mepeaymMoBa sl MOCTIAOBHOCTI KOMaHJ - 11€ PeKypCHBHA MepeIyMoBa AJis
KOXKHOI 3 KOMaHJ Ta IEpPEeAyMOBH IOINEPEAHbOI KOMaHAM (IIpU YOMY KOMAHIU

PO3MIISAIAIOTHCSA 3 KIHIIA).

st ymoBHOro oneparopy (rijiku)

wp(IF P THEN S1 ELSE S2, R) =
P = wp(S1, R) AND (NOT P) => wp(S2, R)

ToOTo 1151 000X MOXKJIMBUX 3HAYEHb YMOBU Ta 000X TiJIOK MOTPIOHO MEpeBipUTH

BIJIMOBIJIHY MEPETyMOBY

dasa uukay

[{uki - e mepima KOHCTPYKIliS HAIIO! IMIIEPaTUBHOI MOBH, 110 MOXKE MPU3BECTH
70 HECKIHYEHHOI pOOOTH MpOTpamMu, TOOTO 3aIUKIICHHS, Ta IS UKy MOTPiIOHO
JIOJTATKOBO JIOBECTH, 110 BiH 3aKiHuyeThcs. HalicmaOkima nepeaymMoBa i [UKITY

JIEII0 CKJIaHIIIA Ta MOTPedye AEKUIBKOX T0AaTKOBUX O3HAYCHb.
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[HBapiaHT UKy - 1€ TBEP/PKCHHS, IO € BIPHUM Ha TMOYaTKy Ta HANpPUKIHII
KOXKHOI iTepamii nukiy. [HBapiaHT CHIpoIye MOBEIEHHS THM, IO 3a3BUYail came 3

HbOT'O BUIUIMBAE TICISTyMOBA.

BapianTt ab6o obmexxyBanbHa GYHKIIIS - 1€ YMCIOBa (PYHKIIIA, KA € JOJATHBOIO Ta

3MEHIIYETHCS TMICIs KOXKHOI 1Tepariii MUKIiy.

Takum uynHOM, HalcnaOKilia MepeayMoBa Mae 3aJOBOJBHATH 1HBApIaHT Ta

3MEIICHHS BapiaHTYy:

wp(INV, BOUND, WHILE(P) S, R) =
INV AND
(P AND INV) => wp(S, INV) AND
(P AND INV) => BOUND(n-1) > BOUND(n) > 0 AND
(NOT P AND INV) => R

Tyt BOUND(i) - me 3HaueHHs oOMeXyBajabHOI (PyHKIT micis i-i iteparii; Ha

MPAKTHUIll TOPIBHIOETHCS 3HAYEHHS HA TIOYATKY Ta KIHIN iTeparii.
MoxHa mo0auyuTH, MO IS KOKHOTO MHKJIAa y Tporpami, IO TOBOIUTHCA,

POrpaMiCT Ma€ BKa3aTy HAJCKHHUM 1HBApiaHT Ta 0OMEXYBaJIbHY (YHKIIIIO.

s BU30BY nmpoueaypu

wp({Qf}F{Rf}, R) = Qf AND (Rf => R)

Koxxna mnpoueaypa, 1o BHUKJIMKAETHCS, MAa€ Yy CBOK UEpry Maru Nepel- Ta
nicasymoBy. Toni nepen- Ta miciIsiyMOBU IPOLENYPU PO3IIAIAIOTHCS SIK TPOMIXKHI

YMOBH IJIs1 3araJIbHOTO BUpPaA3y.
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2.4. JloBeieHHS TBEPAKEHbD JIOTIKM BHCJIOBJIIOBAHD

[Ticns TpaHcHAIii MporpamMu A0 HaMCIAO0KINIOT IEPETYMOBH OTPUMYEMO TIMOTE3Y O

PaBUIBLHOCTI MPOTPaMHU, a CaMe

Q => wp(nmporpama, R)

ne Q - nepenymoBa, R - micisiymona.

Bce, o nmummiock - 1e goBecTu 1o rinoresy. OOpaHuii ajis 1miei poOOTH METO
JIOBEJICHHSI TIPAITlO€ 3 TBEPDKCHHSIMHU JIOTUKW BHCIIOBIIOBaHb. [T JOBemeHHS

TBEP/KEHb JIOTUKH BUCJIOBIIOBaHL OOPAHO J1BA TT1IXO/IH.

[To-nepiue, TBEpAKEHHA MOXKHA JOBOAUTH NEPEOOPOM BCIX MOMKIMBUX KOMOIHAIIN
daxkriB. et miaxig qoOpe mpalltoe Mpu HEBENWKil KuUTbKOCTi ¢akriB, g0 15-20 -
CKJIaJIHICTh METOAY Iepedopy eKCIOHEHIIMHA BiJl KUILKOCTI (akTiB. Merton

nepedopy TaKoK Ha3WBAKOTh METOIOM TaOJIHIll ICTUHHOCTI.

Axmio x dakTiB OiabIe HXK 15-20, TBEpKEHHS JOBOIUTHCS METOIOM PE30JIIONII.

Merton pe3odtollii - 1€ BiJIOMUN METOJ JIOBEJICHHS BiJl 3BOPOTHBHOTO.

Jlns meTonma pe3oronii TBEPJKEHHS 3BOJAUTHCS JI0 Kjay3aJdbHOI HOPMaJIbHOI
dopmu. KnayzanprHa HOpMasibHa ¢dopMa - 1€ €KBIBaJICHTHE TBEPDKCHHS, IO €

KOH FOHKIII€0 113 IOHKIIIHN (hakTiB a0o iX 3anepedcHsb.

Jlisi mepeTBOpeHHsS A0 Kiay3ajdbHOI HOPMAJIbHOI (OpMU Haa TBEPIKEHHSIM

pOOIATH TaKi MEPETBOPEHHS:
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1. 3aMiHIOIOTH EKBIBAJIEHTHICTH

A<=>B == A=>B AND B=>A

2. 3aminoroTs iMmikamiro A=>B == (NOT A) OR B

3. CnyckaroTh 3amnepedyeHHs 10 (akTiB 3akoHamH Ji¢ MopraHa Ta MoOJABIHHOIO
3anepeyeHHs:
NOT (A OR B) == (NOT A) AND (NOT B)
NOT (A AND B) == (NOT 3actocoByethcsiA) OR (NOT B)
NOTNOTA==A

4. ChnyckaroTbh 13 FOHKIIII0 3aKOHOM JTUCTPUOYTUBHOCTI:

A OR (BAND C)==(AORB)AND (AOR C)

[Ticns 1pOro TpynyBaHHSM KOH IOHKTIB Ta JU3’IOHKTIB OTPUMYEMO KIlay3aJbHY

HOpMAaJIbHY (opMy.

Merton pe3osrollii oJisira€ B HAaCTYITHOMY:

1. Bssaru knay3ansHy Gpopmy TBEpIKEHHSI, 00EPHEHOTO B1J] TOTO, 110 JOBOAUTHCS.

2. [TepebuparoThCs BC1 Tapy KOH IOHKTIB Ta 0 HUX 3aCTOCOBYETHLCS MTPABUIIO
PE30JTIOIIII:
AT ORA2OR ... ORAn OR BI OR ... OR Bn) AND
(NOT A1 ORNOTA2O0ORC1OR ... OR Ck) ==
B1ORBnOR...ORCIOR ... OR Ck

HoBi KOH YOHKTH TaKOXK JOJAKTHCS JI0 3arajbHOI MHOKHUHU

3. Skmo cepen KOHIOHKTIB € JIBa, L0 MOBHICTIO 3all€pPeuylOTh OJWH OAHOTO, TO

BCs (popma exBiBaJIeHTHA XUOHOCTI.
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4. XuOHICTh 00EPHEHOTO TBEP/KEHHS TOBOJUTH ICTUHHICTH TBEPIKEHHS, IO

JIOBOJINUTHCS.

2.5. Orsin moBu nporpamyBanHs Clojure

Clojure - e HOBITHSI MOBa MporpaMyBaHHs, 110 Oyna crBopeHa y 2007 poui Piuem
XiK1, 32 BIUIMBOM Takux MoB, sk Common Lisp, Erlang, Haskell, ML, Prolog,
Scheme, Java, Ruby Tomo. Mosa Clojure Oyna oOpana /j1si BUKOHaHHS ITi€1 poOOTH
TOMY, 1110 BOHA CTOiTh Ha NEPETUHI JEKIIbKOX I'JIOK PO3BUTKY MOB IPOrpaMyBaHHs
Ta MOEAHYE LIKaBl JTOCATHEHHS 3 JiCIy, (YHKI[IOHAJIbHMX MOB MpPOrpaMyBaHHS,
CBITy KOPIIOPATMBHMX IUIATPOPM, Ta AaKTyaJbHOTO Yy HAall Yac MapajiesibHOro

nporpaMmyBaHHs. [9]

[Iepmie, yto noTpidHo 3HaTu npo Clojure - 1e mic.

(print "Hello, world!")

Bin nicniB Clojure ycnaakyBaia MOTyKHHM anapaT MakpOCiB, CTUCIMNA CUHTAKCHC

Ta €JMHE YSIBIICHHS KOIY Ta JaHUX.

Mogwu poaunau Jlicn 4acTo BBOXKAOTHCS MIKABUMU JIUIIIE B aKaJIEMI9YHOMY CEHC1, 00
BOHU € TIOBIJIbHUMHU Y BUKOHAHH1 a00 HE MAaIOTh BEJIMKUH Ta PI3HOMAHITHUN B1A0OIp
616m10oTek. [lo po6ute MoBy Clojure )UTT€31aTHOIO - 11€ T€, 1110 BOHA CIIUPAETHCS
Ha BIpTyajpHy MammHy Java, ToOT0 JVM, Ta mmMOOKa IHTErpyeTbcs 3 HEI0 -
Hanpukiaa, BUkiuk QyHkuii Clojure He € eMynboBaHMM a00 IHTEPIPETOBAHUM, a
IpsIMO TIEPEKITAIA€ThCA Y BUKIUK MeToAy Java. 3a OakaHHsAM y mporpamax Ha
MoBi Clojure MOXHa TOCATTH TI€T K CaMoOl IIBUIKOJII, sIKa JIOCTYITHA Mporpamam

Ha MOBI Java.
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Ax y tunoBomy imicny, y Clojure ¢yHKIT - 11e¢ 00’€KTH MEPIIOTO MOPSAKY, iX
MOXXKHAa JIMHAMIYHO CTBOPIOBATH, TEpeaaBaTH MapaMmeTpaMu y 1HII (QYHKIIi, Ta
iHme. Clojure - 1e MoBa kiacy Jjicn-1, To0To mpocTip IMEH (PyHKIIM Ta JaHuX y
Clojure onuH i1 TO ke, TOOTO (DyHKIIIT Ta JaH1 B3aeMo3aMiHHi. Y 1ibomy ceHcl Clo-

jure € hyHKIIIOHATHEHOK MOBOIO ITPOTPAMYBaHHSI.

; MHOXMHA y poni ¢yHKkuii

(#{1 2 3} x)

Ane ¢ynkuionansHicTh Clojure mnexuts mie mmubme. PDyHAaMEHTaIbHUM
pilIEHHSIM apXiTeKTopa MOBH OyB ()OKyC Ha poOOTI 3 IMMYTAaOEIbHUMHU TUIIAMU
nanux. Tomy Bci 6a3oBi Tunu ganux y Clojure € immyradensaumu. Lle: crucku,
BEKTOPH, BIiJOOpakeHHsI (CIOBHUKHM), MHOXMHHU. baszoBi ¢yskiii Clojure He
3MIHIOIOTh IIi CTPYKTYpPH, a TIOBEPTAIOTh pEe3yJbTal y HOBHUX EK3eMILIApax.
(ITomitumo, 1o, K OyJIO CKa3zaHO paHille, 3a OaXaHHSAM Ta MOTPEeOOK MOXKHA
MpAIfOBaTH i 31 3BUYaHUMH, MyTaOETbHUMU MacUBaMU Ta 1HITUMHU CTPYKTypaMu
MOBH Java). Takok 3amiCTh KJIACHYHMX Ha3B (PYHKIIH JIICI, SIKI B1JIOMi 32 CBOIO
HEOUEBUHICTh, cTaHjaapTHa 0i6mioTeka Clojure 3acTOCOBy€ Ha3BH 3 JIGKCUKOHY

(dyHKIIOHANBHUX MOB - map, reduce, filter Tomo.

Y IOCBiT4EHOTO Mporpamicra MOXKYTh BHHHKHYTH CYMHIBH IIOAO MPAKTUYHOCTI
KOIIIOBaHHS CTPYKTYyp JMJaHUX, SK [0 Yacy BHUKOHAHHS, TaK 1 IO BUTparaMm
omepatuBHOi mam atu. [li mpoOmemu Oynau BioMi apXiTEKTOPYy MOBH, Ta iM
POTUCTOITh JEKIIbKa ocobmuBocTed peanizaii. [lo-mepie, OCKUIbKK XKoaHA 31
CTPYKTYp HE MOxke OyTH 3MiHEHA, TO MPU CTBOPEHHI HOBHX CTPYKTYp MOXHA
BUKOPUCTATH YacTHUHU cTapux (Tak 3BaHuM structural sharing). Hampukman:
JOJaBaHHSI €JIEMEHTY JI0 CIIUCKY He Oydye CyLIbHO HOBHM CIHCOK, a Oyaye AesKy
CTPYKTYpY, ILIO MICTUTh HOBHH €JeMEHT Ta NOCHJIaHHS Ha CTapuil CIIHCOK,
30epiraloun CTapuil CIUCOK Uil TUX (YHKIN, [0 MamTh Ha HBOTO IIPsIME
nocuinanHs. [lo-gpyre, OUIbIIICTh CTaHAAPTHUX (YHKUIA € JIHUBUMHU, Ta HOBI
€JIEMEHTH CTBOPIOIOTHCS TUIBKM TOAl, KOJM BOHHM MOTPiOHI, 1m0 30epirae i yac

OOUYMCIICHHS, 1 1aM’SITh.
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; NiH1BA BepcCis WBUAKOrO COpTYBAHHS Xoapd
(defn sort-parts [work]
(lazy-seq
(loop [[part & parts] work]
(if-let [[pivot & xs] (seq part)]
(let [smaller? #(< % pivot)]
(recur (listx
(filter smaller? xs)
pivot
(remove smaller? xs)

parts)))
(when-let [[x & parts] parts]
(cons x (sort-parts parts)))))))

CyKyIHICTh IMMyTa0eIbHUX CTPYKTYp Ta 3py4HOI CTaHAApTHOI O1010TEeKH s
poOOTH 3 HUMHU Ja€ MOXJIMBICTH 3aHOTYBATHU AJTOPUTMH 3 JIAKOHIYHICTIO Ta

€KCIIPECUBHICTIO, HEBIJOMUMH MOBaM 3 poauHu C.

3minH1 y MoBI Clojure Takox € iMMyTabenbHUMH, TOOTO BOHU € MOCUJIAHHSAMHU Ha
3HAYEHHS, Ta TaKe IMOCWJIAaHHS MO)XXe OyTH 3MIHEHO, CHOpSIMOBAaHE Ha 1HIIE
iMMyTabenbHe 3Ha4eHHs. B3aram y mporpamax Ha MoBi Clojure 3miHHI He €

000B’SI3KOBUMH, YaCTIIIIE 3aCTOCOBYIOTh KOHCTAHTHI IMTOCUJIAHHS Y MeKaX (PyHKITI].

3aBnsku iMMyTabenbHUM CTpyKTypam, Clojure Mae 3pydHy cUCTEMY MiATPUMKH
napalelbHUX O0UMCIICHb, IO peaTi30BaHa Ha piBHI camoi MoBH. [l mapayiebHIX

obuuciens y Clojure nepeadaueHo amomu, azenmu, ma mpaH3axkyii.

ATOM - 11€ 3MiHHA, 3HAYCHHS SKO1 PO3/IIJIEHO MK IMOTOKaMH 00unciaeHb. OCKITbKH
€JIMHA OTIepAaIlisl 3MiHM HaJ[ aTOMOM - II¢ TTOBHA MOTO 3aMiHa HOBUM 3HAY€HHSM, TO

LUTICHICTh JaHUX Y MEXKaX aroMa rapaHTOBaHa.
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AreHT - 1e (yHKIS 3 Yeprorw 3ajad, M0 BUKOHYETHCS I KOKHOTO HaOOpy
apryMEHTIB 3 4epru. TakuM YHMHOM MOXKHO JIETKO BiJJBAHTQ)KYBaTH JESKI YaCTHHU

00YHCIIEHb 1O ACHHXPOHHOTO MOTOKY.

TpaHzakiliss - 1€ BiJIOKpeMJICHAa YacTHHA KOAY, IO YHTa€ Ta 3MIHIOE JEesKl
CHeIiaJbHO 3a3HA4YCHI MOCHJIAHHS. 3HAYCHHS 3YMTYIOTHCS Ha TMOYaTKy TPa3aKilii.
SKI110 HAMPUKIHII TPaH3aKIlil BUSABISETHCS, 1[0 TTOKA TpaH3aKIlis Oyjia BIIKpUTA,
3HAYEHHS MMOCUJIaHb OyJId 3MiHEHI 1HIIIUM MTOTOKOM, TPaH3aKIIis Mepe3amyCKaeThCs,
BK€ 3 HOBUMHU 3HaueHHAMH nocuiadb. ([lomiTumo, 110 11e crupaeThes Ha TeE, 110
KOJl y TpaH3akuli Ha Mae moOlyHuX Aii.) TpaH3akuii AUPUTYIOTh ACUHXPOHHI il

HaJ[ CIIIJILHUM PECYPCOM.

2.6. CuHTakcMYHMUA Po30ip mporpam

3amaya CHHTAKCUYHOTO PO300pY pI3HOMAHITHHMX MOB IpOrpamMyBaHHS € J100pe
pPO3B’S3aHOI0 HA HAIll 4Yac, Ta 3a3BUYail i po30opy MOTPIOHO JMINE 3aaTH

paBUIbHY IPAMATUKY JI0 ICHYIOYOTO CUHTAKCHYHOI'O aHali3aTopa.

Jnst miei pabotu Oyn obpano cunTakcuuHui anamizarop ANTLR. ANTLR
npuiiMae Ha BXiJ OMUC TpaMaTWKH Ta TeHepye Halip KiaciB Java, 1o MokHa
3aCTOCYBaTU Ji po30ipy MporpaMm Ha 3aJaHiid MOBI. 3aBISKU 3pYy4HOI 1HTerparii
Clojure ta Java Ti % cami KJacu MOXKHa OyJiO0 MiJKIIOYUTH IO OCHOBHOTO KOMY

npoxaykry Ha moBi Clojure.

I'pamaruka - 1ie HabOip TpaBWII, MO OMUCYIOTh BCl MOXJIMBI peueHHS MOBHU. J[is
notped 1iei poOoTH 3arajbHa CTPYKTypa MPOTPaMU OIMMCYETHCS uYepe3 Habop
KOMaH]I, sIKi B CBOIO YepTy OMHCYIOThCS depe3 anreOpaiuHi BUpas3H, KITFOUOBi CI0Ba

Ta IPUMUTHUBU (AMB. 101aTOK).
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3. 0UIA 1 ICHYIOYHUX 3ACOBIB TOBEJIEHHSA
IHPABUJIBHOCTI ITPOI'PAM

dopmanbHI METOIU JOBEICHHS PABMWIIHBHOCTI MPOTpaM 3aCTOCOBYIOThCS Oaratbma
KOMMaHIIMHU. ICHYIOTh SIK CHCTEMH, IO TEPEeBIPSIOTh MPABWIHHICTh BUKOHAHHS
MaIIMHHOTO KOy, CIUPAIOYMCh HA MOJENb IEHTPAJbLHOTO IPOIECOpy. TakK 1
CUCTEMH, IO MEPEBIPAIOTH KO BUCOKOIO PiBHA. € CUCTEMHU, IO MEPEBIPAIOTH KOJ
Ha HAsIBHICTh CEMAaHTHUYHHUX IIOMUJIOK TaKUX, SIK HE3BUILHEHI ITOCHJIAHHSA, 1HIEKCH
MacHBIB 1032 MEXaMH, Ta HIKOJIM HE BIJBIJyBaHI TUIKM - HaBiTh 0€3 SBHO

3a3HAUYEHUX aHOTAIllil 10 IPOrPaAMH.

3 poO3mIsSHYyTUX 3aco0iB JOBEIEHHS MOXY Buaiautu Frama-C - cucremy
CTaTUYHOTO aHamizy nporpam Ha C, mo BKIIOYae 10 cebe 1 cucteMmy NepeBipKd
nepen- Ta MmiciIsTyMOBHU; BOyIOBaH1 3aco0M mnepeBipkH npaBuiibHOCTI MOBU ACL2;
cuctemu Microsoft SLAM ta Microsoft Z3, 1110 BAKOPUCTOBYIOTHCS JIJIsl IEPEBIPKU
anaparnux japarisepi; cuctemy CAVEAT, mo po3pobnena y ®paniii 1 ssaepHux
peaktopiB; cuctemy Astree s TEpPEeBIPKM Ha BIACYTHICTb MOMWIOK 4Yacy

BUKOHAHHA.

Moga Javascript He 3BepTae BeJIUKYy yBary 3 OOKy cCIeIiajiicTiB 3 (opMalbHOTIO
JOBEICHHsSI TpPaBWJIBHOCTI mporpam. lle MoXHAa NOACHUTH BIACYTHICTIO YITKO
3a3HAYCHOTO CTaHIAPTy MOBH [12], a Takox i1 AMHAMIYHIM PO3BUTKOM - HACTYITHA
Bepcis Javascript, ECMAScript 6, MicTUTh CyTTEBI BIIMIHHOCT1 HaBiTh y 6a30BOMY

CHHTAKCHC1 MOBH.

[Ilomo 3aco6iB crarMyHOrO aHamizy - JUIE MOBH Javascript icHye mapcep Ta
iHTepriperatop Ha MoBi Haskell, mo nHasuBaethcs LambdalS [12], ase BiH Ha

3aUIITIO€ MTUTAHHS JIOBEJICHHS IPABUIBLHOCTI.
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OT1xe, Ipu PO3pOOIIl MPOAYKTY JOBEIOCH CIIMPATHUCh HA MOAI0H1 3aCO0M JIJIs 1HIIHMX
MoB, Hampukiaaax MoBi ACL2 [15], a Takox aHOTaIliii 0 TICEBIOMOBH,

BUKOpHUCTaHIN y [1].

Jlnst noBeleHHs JIOTIYHHUX BHCIIOBIOBaHb Ha MOBI Clojure icHye mnporpamHui
naket core.logic [5]. Llei naker 1o0pe MiAXOAUTH JJIsl JIOTTYHOTO MPOrpaMyBaHHS,
pPO3B’SA3KYy JIOTIYHMX PIBHAHb Ta 3aJ0BOJBHSHHS pEISUIMHUX CXeM. Aje mnpu
JIOBEJICHHI MpOrpaM BiH BUABUBCSA He3pydHHM. Jlo Toro , Ha BXin core.logic mae
OyTH ToJjaHa KJiay3ajibHa HOpMalibHa (opma BHUCIOBIIOBaHHA. [lig yac po3poOku
MPOAYKTY BUSIBUJIOCH, 1110 TIEPETBOPEHHS TIMOTE3H O MPAaBUIBHOCTI 10 KJIay3aJIbHOI
HOpMaJIbHOT (OpMU - 1Ie OUIbIIAa YaCTHUHA JOBEACHHS, TOMY 3aMICTh HaIllUCaHHS

ananrtepy a0 core.logic Oyno HamucaHo CBii anapar JOBEICHHS.

[Iono HEoOX1AHOCTI CTBOPEHHSI HOBOI CUCTEMHU MOKHA 3a3HauuTU HactymnHe. [lo-
nepiie, HamwcaHHS cucteMu (opmanpHOoro poBeneHHs Ha MoBi Clojure 13
3aCTOCYBaHHSM (PYHKIIIOHAJILHOTO CTHJIIO TMPOTpaMyBaHHS, Ja€ MOXIHUBICTh Y
MalOyTHBOMY JIETKO 3pOOUTH MPOLIEC JOBEIEHHS MYJIBTUIIOTOKOBUM a00 HaBITh
posnonnenuM. LlIBuakoais noBeAEHHS € OAHMM 3 CIIa0KHX Micb (popManbHUX
CUCTEM, Ta PO3MOALUICHHS Tpaili Ha nekiipbka EOM € momninpHuM Ta akTyaJaIbHUM Ha

Hatr 4ac.

[lo-mpyre, MogynbHUN MiAXiA POOUTH OKPEMi YACTUHH MPOAYKTY KOPUCHUMH Ha
caMoTi. AmapaTr JOBEJCHHS BHpa3iB MOXKHA 3aCTOCOBYBATH JUIS JIOBEICHHS Oyib-
yoro. Amapar MNepeTBOpeHHs aireOpaidyHuX BHUpPa3iB CTaHE [0 HArogu y

MPUKJIAIHIN MaTeMaTHIli.

[To-Tpete, me Ha paHHBOMY eTami PO3pOOKH OyJI0 BHUPIIMIEHO POOUTH CHUCTEMY
SKHAWMEHII 3aJIeXKHOK BiJI MOBM BXIJHOI Nporpamu. HanmucaHHAM [101aTKOBOTO

CUHTAKCUYHOTO MOJYJISI MOYKHA IMIIKJIIOYUTH 10 CUCTEMHU 1HIII IMIEPATUBHI MOBH.
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4. PO3POBKA CUCTEMU NOBEJAEHHA ITPOI'PAM

[IporpamMHuii NPOAYKT HA BX1J OTPUMY€ BXIJIHUM TEKCT HOPOrpaMH, IO
JIOBOJUTHCS, a HA BUXOJl BUAAE OJHE 3 TpboX mnoBigomieHs - “PROVED”, konu
nporpama noseneHa, “FAILED TO PROVE”, skimo npoayKT HE MOXE JI0BECTH
nmporpaMy 3a Hecradero oomexeHb, ado “ERROR”, sxmio BXimHa mporpama He

BIJINOB1Ja€ BUMOTaM JI0 CTPYKTYPH Ta CUHTAKCHUCY.

Kpim Toro, mporpamHuii TpOAYKT BHUBOJUTH MOBIJIOMJIEHHA WIOJ0 pPOOOTH

anropuTMy y Qaiii sxypHaiy abo 10 TepMiHamy.

4.1. CTpyKTYypa NporpamMu, 1o J0BOANThCH

VY Mexax 1i€i poOOTH PO3MISAAIOTECS MPOTrPaMu, HAITMCaH1 Ha AESKIM MAMHOXKUHI
MOBH Javascript - KOKHa Iporpama, o MoXe OyTH JTOBEIECHOIO, € KOPEKTHOIO

nmporpamoro Javascript, aje He HaBIaKH.

OcHoBHE OOMEXEHHsI - TporpamMa HE MOKE€ BHU3HAYaTH aHI BUKJIMKATH (DYHKITI,
BKJIIOUatoun BOymoBaHi ¢yHkili Javascript. Bce Tino mporpamm BBaXKaeThCs
€IMHOIO IMIIEPATUBHOIO MOCIIIIOBHICTIO KoMaH . Ha BXia nmporpama oTpuMye Aesiki
3MIHHI, BU3HAU€HI MI00AIbHO, a PE3yJAbTAaTOM BUKOHAHHS MPOTpamMu BBaKArOTHCS

3HA4YCHHI JCAKHNX IHIIUX T7100aJbHUX 3MIHHHX.

Jlo Toro %, 3 TUIIB JaHUX Javascript mporpaMu MOXYyTb BUKOPUCTATH TUIBKH LI
YUCiia - YWCia 3 IUIaBalOdOK0 KOMOIO, O0’€KTH, MAacWBH, CHMBOJBHI PSAKA HE

ATPUMYIOTHCSI.
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[Ipukian nporpamu i 1OBEACHHS:

// TNporpama oBbunciie Liay 4YAaCTUHY TdA 3aJMWOK Bif AifieHHS X Ha Y

/*
PRE:
X >= 03
y >0
POST:
X ==q*xy+tr;
r <y;
q >= 0;
r >= 0;
*/
r = x;
q = 0;

/* INV: x == q *y + r
BOUND: r+1

x/

while (y<=r) {
r=r-y;

q = 1+q;

4.2. Jloriuni anorauii

I[JISI YMOKIIMBJIICHHA OTOBCIACHHS IIpOrpaMa Maec 6YTI/I JOITIOBHCHA aHOTaHiSIMI/I, 10

3a3Ha4ar0Tb YMOBHU Ha 3MIHHI Y KPUTHYHHUX TOYKAX BUKOHAHHSI.

3BicHO, Oyab-fika Tporpama, IO JOBOAUTHLCS, MOBUHHA MaTH IEpea- Ta

MICIITyMOBY, 110 3alMUCYIOThCS y CHEIIaIbHOMY KOMEHTapl Ha MOYaTKy MpOorpamu.

Kpim nepen- ta micissyMoB AJI KOKHOTO 3 HUKIIIB IPOrpaMu Ma€ OyTy BU3HAYCHUN

iHBapiaHT (yMOBa, ILI0 HE3MIHHO HaOyBa€ 3HAUEHHs ‘‘ICTMHA” TICJA KOXKHOI
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iTeparii) Ta BapiaHT, a00 oOMexyBaJbHA (yHKIS (HEBIT €MHA QYHKIS, IO

MOHOTOHHO 3MEHIITYEThCS TICIS KOXKHOI 1Tepartii).

Bci i yMoBM 3amucyroThCsi y BUIISII anreOpaiunux BupasiB Javascript. Jlms
3py4YHOCTI OKpIM oreparopiB Javascript MokHa BUKOPUCTATH TaKi ONEpaToOpH, SK:

oreparop IMIUTIKallii =>, orepaTop JIOTTYHOI €KBIBAJIEGHTHOCTI <=>.

4.3 Po3riisiy aaropuTmy A0BeICHHS

OTxe, BU3HAUMBIIM CTPYKTYPY BXIJHUX JTaHUX, PO3IISHEMO IUISAX B BX1JIHOTO

TEKCTY J10 pe3yJbTaTy JOBEIACHHS.

JloBeleHHsI IPOrpaMHy € JIAHLIOTOM MEPETBOPEHb, 1110 BUKOHYIOTHCS HaJl BXITHUM
TekcToM. KokHuil 3 ertamiB, y CBOIO Uepry, NEpEeTBOPIOE AaHi 3 OAHOI (GOpPMHU J0

IHIIIO]T.

« CuHTaKCUYHHI pO30ip TEKCTa

o CeMaHTHUYHUI aHaJ13, IEPETBOPEHHS 10 BHYTPILIHbOI CTPYKTYPH

(defn parse-program-from-filename [filename]
(try
(=> filename
slurp
parse
parse-tree->program)
(catch FileNotFoundException _
(log/errorf "File not found: %s" filename))
(catch ParseCancellationException _

(log/errorf "Failed to parse: %s" filename))))

« Ilepekitag nmporpamu 0 JOTIYHOTO BUCJIOBIIIOBAHHS Ha MOBI WP



« JloBeneHHS BUCIIOBIIFOBAHHS 32 BUKOPUCTAHHSIM METO/A PE3OTFOIIIT

(defn prove-program [program]

(let [correctness-hypothesis (program-correctness-hypothesis program)

_ (log/spyf "Program correctness hypothesis:\n%s"

correctness-hypothesis)

[comparison-axioms factualized-hypothesis]

(factualize-comparisons correctness—hypothesis)

_ (log/spyf "After reducing comparisons into facts:\n%s"
(simplify-expression factualized-hypothesis))
_ (log/spyf "Axioms about comparisons:\n%s"

(s/join "\n" (map str comparison-axioms)))]
(resolution-prover comparison-axioms factualized-hypothesis)))
(defn -main [filename & args]
(if-let [program (parse-program-from-filename filename)]

(println (if (prove-program program) "Proved" "Disproved"))

(println "Error")))

4.4 CuHTaKCMYHUH PO30ip TekcTa

26

JInst cuHTaKkcuyHOTO Po300py OyIio 3acTocoBaHO reHeparop kommiisitopiB ANTLR.

byna Hanmcana BXijgHa rpaMaThKa JJis MOBH JOBeJeHb (IIIMHOXUHU Javascript,

JIOTIOBHEHOI aHoTalisiMu) (IuB. gogatok A, ta 3a gqonomororo ANTLR rpamaruka

NepeTBOpEHa J0 CUCTEMU KJaciB Java, siki B CBOIO Yepry MepeTBOPIOIOTh BXIJTHUN

KO IIporpam 10 JICKCUYIHOIO JACpCBa.

OTxe, Ha BUXOAl CHHTAaKCUYHOTO pO300py MaeMO JEKCHYHE JEpEeBO, IO

BIJIITOBIJIA€ BXITHOMY TEKCTY. Y BUIAJIKY, SIKIIO TEKCT HE CHIBMAJAE 3 IPAMATUKOIO

MOBH, p030ip TTOBepTa€ OMMUOKY Ta MOJAIBIIN €Ty JOBEACHHSI HE BUKOHYIOTHCS.
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4.5. CemanTHYHUHT PO30ip

CemMaHTHYHMIA aHATI3 - 11€ MEPETBOPEHHS JIGKCUYHOTO JiepeBa M0 OUIBII 3pydHOl
Ta HAOYHOI CTPYKTypH. Y TIpormeci po3poOKH s BHUSBHB, [0 0€3 eramy
CEMaHTUYHOTO aHaJi3y po0oTa 3 JCKCUYHHM JCPEBOM HANPSIMKUA TPHU3BOIUTH JI0

CKJIaJIHOTO Ta KPUXKOTO KOJY.

[Iporpama y BHyTpIIIHBOMY YSBIJIEHHI MAa€ BUIJISAL:

{:precondition expression, :postcondition expression, :commands sequence-command}

[lin yac ceMaHTHYHOrO aHamizy y mporpami (QOopMyrOThCA Mepill anredpaiuHi

BUpPA3H, y TOMY YUCJII TIEPE/I- Ta MICISTyMOBH.

4.6. Ilepexkyaag mporpamMu 10 JIOTiYHOT0 BUpPa3y HA MOBi wP

JUis TepeTBOpEeHHs HpOorpaMM J0 JIOTIYHOTO BHUpPA3y AQJIrOPUTM IOYMHAE 3
niciasymMOBH (IIO € JIOTIYHMM BHpa3oM) Ta ‘‘3aroprae” ii SK MarpboUIKy Yy

BIJIIIOBIJIHY CTPYKTYPY JUIsl KOXKHOI 3 KOMaH] IPOTPAMH.

(defn command-wp [postcondition command]
(let [c-type (:type command)
c-params (:params command) ]
(case c-type

:noop postcondition

:sequence (reduce command-wp postcondition (reverse c-params))
tassign (let [[identifier value] c-params]

(replace-identifier-in-expression identifier
value

postcondition))

if
(let [[predicate if-command else-command] c-params]

(conditional-wp predicate if-command else-command postcondition))



twhile
(let [[predicate loop-command invariant bound] c-params]
(loop-wp (hash command)
predicate
loop-command
invariant
bound

postcondition)))))

i1 mpucBO€EHb:

(defn replace-identifier-in-expression
[identifier value construct]
(cond
(expr? construct)
(expr-map

(partial replace-identifier-in-expression 1identifier value) construct)

(identifier? construct)
(if (= construct identifier)
value

construct)

:else construct))

JInst yMOBHOTO oneparopy:

(defn conditional-wp [predicate if-command else-command postcondition]
(expr :and
(expr :implies
predicate
(command-wp postcondition if-command))
(expr :implies
(expr :not predicate)

(command-wp postcondition else-command))))

Jns nukay:

(defn loop-wp
[loop-id loop-condition loop-command -invariant bound postcondition]

(let [bound-variable (str "bound_" loop-id)]
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(log/spyf "Loop condition %s"
(reduce (partial expr :and)
[invariant
[:implies [:and loop-condition dinvariant]
(command-wp invariant loop-command) ]
[:implies [:and loop-condition dinvariant]
[:> bound 0]]
[:implies [:and loop-condition dinvariant]
(replace-identifier-in-expression
bound-variable
bound
(command-wp (expr :< bound bound-variable)
loop-command) )]
[:implies [:and [:not loop-condition] dinvariant]

postcondition]]))))

[Ticns mepebopy BCiX KOMaHJ 3 OCTaHHBOI MO TEPIILy, OTPUMYEMO HaNCIAOKIITy
nepeayMoBy nporpamu. 1106 3anucary TBEpAKEHHS PO NPABUIBHICT IIPOrPaMH,
Tenep AOCTAaTHbO MOEJAHATH BXIJHY MEPEAyMOBY Ta HaiciaOKilly MepeayMOBY

3HAKOM IMILTIKAIII].

4.7. IlpuBeaeHHA TBEPAKEHHS 10 JIOTIKM BHCJIOBJIIOBAHD

Ha ocTtannboMy eTami TBEpIKEHHS Ma€ BUIIISA] J€pEBa, KOKHOIO BEPILIMHOIO SKOTO
€ OIeparop, a crnajgkaMu - onepanau. Haropi gepeBa MICTATBCS JIOTIYHI ONIEpaTopH,
aje aroMaMHM JUIsl JIOTIYHUX OIeparopiB € anreOpaiyHi BIAHOILIEHHS: PIBHOCTI Ta
HEPIBHOCTI. Y CBOI 4Yepry pIBHOCTI Ta HEPIBHOCTI 3BEPTAKOTHCA 0
apupMeTHYHUX BUpa3iB. Y Mexax I1iel poOOTH BHUpPa3H MOXYTh BHUKOPHUCTATH

orepartii Jo/1aBaHHs, BiIHIMAHHS, Ta MHOYKEHHS.

(AND (== X 1) IMPLIES (> Y 0) (> (+ X Y) 1))

€ nexinbKa MIAXOAIB 10 JOBEIEHHS BUpa3iB, NPEIMKATaMH SIKMX € aireOpaiuHi

BiHOMmEeHHs. OOpaHMil MiAXiJ 3BOJUTH BIAHOIICHHS JO JOTIYHHMX (DAKTIB IIE 10
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I[MIO4YaTKy IIpoHeCy MOOBCIACHHA. I[J'Iﬂ ObOTO0 KOXHC Bi,Z[HOHIeHHﬂ IMPpUBOAUTHCA OO0

06paH0r0 KaHOHIYHOTO BHUAY, 4 CaMC:

1. BCl IOAAHKW MEPEHOCATHCS B JIIBY YaCTUHY BHpa3a, BUPA3 MPUBOIUTHCS 10

OararousieHy;

2. JIOJIaHKH BIIOPSJIKOBYIOTHCS MO CTYMEHIO;

3. J0JaHKH HOPMAaII3YIOThCS: AUISTHCS HA MHOYKHUK IPU HAUNIEPIIOMY JTO/IaHKY;

4. CcKaJIApHHM JOJIAHOK, SIKIIO TAKUH €, IEPEHOCUTHCS 10 MTPABOI YACTUHH.

5. HEpIBHOCTI 31 3HaKamMu >=, <= Ta != BHUpaXalwTbcsI dYepe3 >, <, = s
CIIOIICHHSI TOMAJBIIUX €TamiB (Hampukiaa, x>=y nepeknamaerbcs a0 NOT

(x<y)).

6. TmicIs KaHOHI3aIlll BUpa3 3aMIHIOEThCS Ha JIOTIYHY 3MIHHY.

Kanownizaris 3abe3nedye Te, 1110 €KBIBAJICHTI BUPA3U 3aMIHIOIOTHCS HA OJIHY U Ty XK

3MiHHY, HAIPUKIa/I:

x-y>0
X>y

y+1 <x+1

TOILIO 3aMIHIOIOThCA Ha 3MIHHY «-y+Xx>0». CeMaHTHUUHUI 3MICT BUPA3Y MPHU L[LOMY
BTPAYA€THCS, TOOTO MOAATBIINI METO/I JOBEACHHS PO3IIISAIA€ 3MIHHY K
HE3aJIeKHY, 1110 Ha0yBa€ 3HaAUYEHHA «iCTUHAY» a00 «xuOHIcThY». Hanpukian, 3 Touku

30py J0BeNeHHS 3MiHH1 «X>0» Ta «x<0» MOXXyTbh BOAHOYAC OYTH 1CTHHHI.
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4.8. JloOynoBa (pakTiB 0 HEPIBHOCTSX

VY OuIbIIOCTI BUMAJKIB BTpaTa I[LOTO 3MICTY POOUTH MOBEJACHHS HEMOXKIMBUM.
Tomy mijg yac 3amMiHM HEPIBHOCTEW Ha 3MiHHI BHUCJIOBJIIOBaHHS J10OYIOBYETHCS

3aJIC)KHOCTSIMU MK BCIMH MOYKJTUBUMHU HEPIBHOCTSIMU.

Hampuknazn, gxmo y BHCIOBIIOBaHHS Tpanmwinch Bupazu x>0 ta x<0, Bupas

TO0OYy€ETHCS IMILTIKAIISIMU

«x>0» => NOT «x<0»

«x<0» => NOT «x>0»

(Haramaro, 1110 Ha IIbOMY €TaIll HEPIBHOCTI BXKE MAIOTh BUIJISIT JIOTTYHUX 3MIHHHX )

Jlo TOoro K, SKIIO TAaKOX TPAMUBCS BHPA3 «X>5», 3alIEKHICTh 3 HHUM TaKOX

JIOAAE€THCS 10 IMIUTIKALI:

NOT «x>0» => NOT «x>5»
«x<0» => NOT «x>5»
«x>5» => «x>0»

«x>5» => NOT «x<0»

PazoM 3 1muMu IMIDTIKAIisIMA METOJ MOXKE TEepeBIpATH CKIQJHI mpoliaeMi

1HTEepBaIbHOTO Xapakrepy. Hanpukian, 0e3 iMrutikamniid Bupas

«x<0» AND «x>5»

HE € XMOHUM, ajie 3 J0OyI0BOIO

«x<0» AND «x>5» AND («x<0» => NOT «x>5») AND («x>5» => NOT «x<0»)
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BHPA3 JIETKO JOBOJIUTHCS 3BUYANHUM METOAOM PE30JIIOIii a00 OyIb-SIKUM 1HIIIHAM.

Toit camuii migxig MOXXHA BHUKOPUCTATM Ta W B I1HIIMX BUINAJKax s

BIIPOBADKEHHS JIOAATKOBOTO 3MICTY JIO METO/Ia PE30JIHOITi.

v BUIIAAKY, AKIIO AJId JOBCACHHS BHCJIOBJIIOBAHHA HC BUCTA4da€ 3aJIEKHOCT1 MIXK

JESTKUMH 3MIHHUMH, iX MOXKHA BPYUYHY JIOIaBaTH JI0 MEPEAYMOBHU MIPOTPaMH.

(defn comparison-implications
"Input:
2 comparisons: lside ox x, and lside oy y, where ox,oy - one of [>, <],
X, y - scalars
Output:
if there 1is an dimplication from lside ox x being true or false,
to lside oy y being true or false, then
returns list of such dimplications, otherwise empty list
"
[lside [[ox x] [oy y]]]
(let [exprx (str lside (name ox) Xx)
expry (str lside (name oy) y)]
(remove false?
(case [ox oy]
[:> :<] [(and (>= x y) (expr :implies exprx [:not expry]))
(and (< x y) (expr :implies [:not exprx] expry))]
[:> :>] [(and (> x y) (expr :implies exprx expry))
(and (< x y) (expr :implies [:not exprx] [:not expry]))]
[:< :<] [(and (< x y) (expr :implies exprx expry))
(and (> x y) (expr :implies [:not exprx] [:not expry]))]
[:< :>] [(and (<= x y) (expr :implies exprx [:not expry]))
(and (> x y) (expr :implies [:not exprx] expry))]
[:> :==] [(and (>= x y) (expr :implies exprx [:not expry]))
(and (< x y) (expr :implies [:not exprx] [:not expry]l))]
[:< :==] [(and (<= x y) (expr :implies exprx [:not expry]l))
(and (> x y) (expr :implies [:not exprx] [:not expry]))]
[:== :==] [(and (not= x y) (expr :implies exprx [:not expry]))]
[:== :>] [(and (> x y) (expr :implies exprx expry))
(and (<= x y) (expr :implies exprx [:not expry]))]
[:== :<] [(and (< x y) (expr :implies exprx expry))
(and (>= x y) (expr :implies exprx [:not expry]l))]
))))
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4.9. JloBeieHHsI BUCJIOBJIIOBAHHSI METOI0M Tepedopy

(defn evaluation-method

([expression +ddentifiers bindings]
(if-let [identifier (first didentifiers)]
(every? true?
(map #(evaluation-method
(replace-identifier-in-expression identifier % expression)
(rest identifiers)
(assoc bindings didentifier %))
#{true falsel))
(or (false? (evaluate-constants expression))

(and (log/spyf "Counter-example: %s" bindings) false))))

([expression tddentifiers] (evaluation-method expression +identifiers {})))

4.10. /IoBeieHHSI BUCJIOBJIIOBAHHSA METOA0M Pe30JII0ii

Hapemiri, Maemo moriyHe TBEpIKEHHS MEPIIOrO MOPSAKY, SKE JJIOBOJIUMO

KJIACHYHHM METOJIOM PE30JIIOIlil, a came:

« (HOpPMYITIOEMO aHTUTEZY

 TIPUBOJMMO JI0 KJlay3aJibHOT HOpMaJIbHOI (hopMuU

e PO30MBAaEMO Ha KOH IOHKTH

e JIOKM HEMa€ IYCTOIO KOH IOHKTY, OOMpaeMO JIBa KOH IOHKTY Ta 3aCTOCYEMO

MIPaBUJIO PE3OTFOITIT

e SIKIIIO HEBUKOPHUCTAHUX KOH IOHKTIB HEMA€E - BUCHOBOK ‘‘HEMOKJIMBO JOBECTH

* SAKIIO OTPUMAJIA MYCTUN KOH FOHKT - BUCHOBOK “‘IOBEAEHO”
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(defn derive-resolutions [clauses]
(clause-set (for [cl clauses c2 clauses :when (not= cl c2)]
(let [[yesl nol] cl
[yes2 no2] c2
all-yes (set/union yesl yes2)
all-no (set/union nol no2)]
(with-meta
[(set/difference all-yes all-no) (set/difference all-no all-yes)]
{:parents [cl c2]})))))

(defn empty-clause? [[yes no]]
(and (empty? yes) (empty? no)))

(defn resolution-method [clauses -diteration]
(if (> diteration 1000)
:exceeded-iteration-Tlimit
(if-let [best-clause
(log-clause "Best derived clause"
(first (set/difference (derive-resolutions clauses)
clauses)))]
(if (empty-clause? best-clause)
:proved
(recur (conj clauses best-clause) (inc iteration)))
(do
(log/debug "Failed to disprove: " (clauses->str clauses))

:failed-to-prove))))

Y wMeronma pesononii € AyXe BaXXJIMBUW HEAONIK - MOro CKIAQJHICTh POCTE
EKCITIOHCHITIIHO 3 KokHUM omeparopoM AND, mo Bkiaaenuii y oneparop OR - 60

KOXKEH TaKkui oneparop Oyie po3KIaJeHH y ABa 32 3aKOHOM JIUCTPUOYTUBHOCTI.
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4.11. Anapar neperBopeHHs ajire0paiyHuX BUpasiB

JlonatkoBO X04uy pO3IISIHYTH armapar poOoTH 3 anreOpaiyHUMU BUpa3zaMu, 110 OyB
CTBOPEHUH MiJT 9ac po3pOOKH MPOrPaMHOTO MPOAYKTY Ta CYTTEBO CIIPOCTUB Oararto

€TaIliB AJITOPUTMY.

VY cucremi anrebpaiuHi BUpa3u MaroTh Gopmy

(omeparop [mapameTtpu])

JI€ TapaMeTpH - 11€ MacHUB 3 IHIIUX aJIreOpaiyHuX BUPa3iB, 11EHTU(DIKATOPIB, YHCEIL.

J1y1st 3py9HOCT1 HOB1 BUPa3u MOXKHA CTBOPIOBATH (DYHKITIEIO €XPr:
(expr :and [:> "x" 0] [:< "y" 3])

OT1xe, PyHKIIIST €Xpr MOXKE CTBOPIOBATH BUPa3 OyAb-sIKOTO CTYMIHIO BKJIAJIEHOCTI.

[Tim yac poboTH BUpaA3U AykKE 4acTO MOTPIOHO MEPETBOPIOBATU /IO €KBIBAJICHTHOI
dopmu. Hampukian, npuBeneHHS 10 KOH IOHKTHBHOT HOPMAJbHOI (OpMH - Iie

pe3yiabTar ABOX IIEPECTBOPCHDb:

« 3BegeHHss omnepairii NOT 1o noriyHux aToMiB 3a JOMOMOTOK 3aKOHIB €

Moprana:

NOT (A AND B) <=> NOT A OR NOT B
NOT (A OR B) <=> NOT A AND NOT B

e “posropranns’’ omnepaiiii OR 3a 3aKkOHOM TUCTPHUOYTUBHOCTI.

A OR (B AND C) <=> (A OR B) AND (A OR C)
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[Ile oguH pUKIIAJ - CIPOILICHHS BUPa3iB 3a JIOMIOMOT0I0 TaKUX TOTOXKHOCTEH, K

NOT (NOT A) <=> A

TOWIO.

Bunukna iest BUKopucTaTu NMoJiOHy MaTteMaTHuHy (OpMy 3allucy JJsi 3aBIaHHS
neperBopeHb. CucteMa QyHKIIIHI U1si IEPEeTBOPEHb BUSBUIIACH JyKE MOTY>KHOIO Ta
3aCTOCOBY€ETHCA CKpPI3b MPOAYKTY JJI CIPOIIECHHS Ta MPUBEACHHS SK JIOTTYHHX,

TakK 1 apipMeTHUHUX BUPA3iB.

(algebra/expr-match [:+ "x" 1] (algebra/expr :+ "a" 1))

=> {llxll ||a||}

(algebra/expr-match [:+ "x" 1] (algebra/expr :+ "a" 2))

=> false

(algebra/expr-match [:and "x" true] (algebra/expr :and "a" true))

=> {IIXII Ilall}

(algebra/expr-transform [:not [:and "x" "y"]]
[tor [:not "x"] [:not "y"]]
(algebra/expr :not [:and "a" "b"]))
=> (algebra/expr :or [:not "a"] [:not "b"])

(algebra/expr-transform [:not [:not "x"]]
IlXIl
(algebra/expr :not [:not [:not [:not "x"]]11))

=> "x"))

3aBAsSKH I1iM 3pydHid CUCTEMI peaji3oBaHa CUCTEeMa CHPOIIEHHS JIOTIYHUX BUPa3iB.
[Ipononyro 3BepHYTHM yBary Ha Te€, SK CTHUCIO Ta HAOYHO 3aJaHl IpaBUIIa

CHPOIIECHHS, Ta SIK JIETKO iX 3aCTOCyBaTH, ab0 J0/1aTH HOBI.

(defn- simplify-expression-once [expression]
(let [simplification-rules {; Logic rules
[:implies true "x"] "

[:implies "x" true] true



(reduce

(fn [expression [p-from p-to]] (expr-transform p-from p-to expression))

EXd —m —/ /A ™/ /@ M/ /@ s/ o/ /e

“~ m m /m mMmA @ ™A /s /s /s /s /e /e

:implies false "x"]
:implies "x" false]
:not [:not "x"]]

cor "x" false]

ror "x" true]

rand "x" false]

rand "x" true]

tor "x" "x"]

rand "x" "x"]

cor "x" [:not "x"]]
rand "x" [:not "x"]]
rand "x" [:or "x" "y"]]

tor llxll [:and llxll llyll]]

Arithmetic rules

:+ IIXII 0]
:* |lX|l 0]
13 ||X|| l]

:+ [:_ IIXII Ilyll] llyll]

= " "X"]
- X" 9]
/X" 1]
1/ 0 "x"]
HEE R S &

:<= llxll llxll]
:>= llxll IIX"]
:!: llxll llx"]
:< IIXII IIXII]

:> |lX|l |lX|l]

expression simplification-rules)))

true
[:not
IIXII
IIXII
true
false
IIXII
IIXII
llxll
true
false
IIXII

llxll

lIXll

llxll

llxll

llxll

llxll

true
true
true
false
false

false

llx"]
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J171s1 IOBHOIIIHHOTO CIPOIIEHHS HEOOX1HO TaKOXK 3aMIHATH KOHCTAHTHI BUpPa3u Ha

KOHCTaHTHU. [[7151 IbOrO BUKOHYETHCSI 00X11 iepeBa BUPa3y.

(defn evaluate-constants

"Find constant sub-expressions in expression and evaluate them"

[expression]

(let [expression-operators {:and

#(and %1 %2)

tor #(or %1 %2)

‘not not
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:implies #(or (not %1) %2)

o+ +

* *

/ /

I= not=
> >

< <

>= >=
<= <=}]

(if (expr? expression)
(let [with-evaluated-params (expr-map evaluate-constants expression)]
(if (every? primitive? (:params with-evaluated-params))
(let [operator-fn
(get expression-operators (:operator with-evaluated-params))
params (:params with-evaluated-params)]
(apply operator-fn params))

with-evaluated-params))

expression)))

O6’€I[H3BHII/I CIIpOIICHHS Ta BUKOHAHHS, MA€MO IMOBHUM AJITOPUTM CITPOIICHH.

(defn simplify-expression [expression]
(let [simplified (-> expression simplify-expression-once evaluate-constants)]
(if (not= expression simplified)
(recur simplified)
simplified)))
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5. PE3VJIBTATH

BuBueno Tteopito ¢GopManbHOI MPaBUIBHOCTI MPOrpam, JOTIKH BHCIIOBIIOBAHb,

CUHTAKCHUYHOTO pO300py Imporpam.

ChopmynboBaHO MiJIMHOXKHWHY MOBH Javascript JJisi JOBEJACHHS ACSKUX Mporpam,
Ta A0po0ieHOo aHoTawisiMu. [ MoBH po3poOieHa rpamMarvka Ta CUHTAKCHYHUN

aHajizarop.

PeanizoBaHo TpaHCHSATOp 3 BXIJAHOI MOBHM JI0 JIOTIYHOTO BHUCIIOBIIOBaHHS 4Yepes
MOBY HaicimabOkimoi nepeaymMoBu. PeanizoBaHO cHCTEMY TEpETBOPEHHS Ta

JOBCACHH JIOTIYHUX BHCJIOBIIIOBaHb.

Po3po0neHo TecToBWii MakeT, IO MEpeBIpsi€ MPaBUIBHICTh BHINE 3a3HAYCHHX
TpaHCISITOpa Ta CUCTEMHU. 3a HOro JOMOMOTO 3a0e3MeYeHO BUCOKY SIKICTb

MIPOTPAMHOI0 MPOIAYKTY.

CrnpoekToBaHO apxiTEKTypy MNPOAYKTY, L0 MOXKE pPO3MUPIOBATHUCH.
3anponoHOBaHO TOYKU JOJaBaHHS HOBUX MOB MpPOrpaMyBaHHS, HOBHUX
MOMJIMBOCTE MOB, Ta METOMIB JOBEICHHA. YBECh NPOAYKT pEasli30BaHO Yy

(GyHKIIOHATBLHOMY CTWII1 3apajiyl JIETKOI apajeni3aliii.

O6pano Ha0Op AEMOHCTpPAUIMHHUX AJTOPUTMIB Ta MPOAEMOHCTPOBAHO pPOOOTY

CUCTCMHU 3 HUMU AJITOPUTMAMMH.
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BUCHOBKHA

3anpornoHOBaHUN TMPOAYKT TIABKK TMOYHMHAE PO3KPUBATU MHUTAHHS (HOPMaIHLHOTO
JIOBEJICHHSI MPaBUJIBHOCTI Mporpam. bulblIicTh CydacHUX 1J10MaTUYHUX 3acO01B
nporpamyBaHHs Javascript He TIATPUMYIOTHCSI CUCTEMOIO JJOBECHHS - HAIIPUKIA,
byHKIIIT Ta 00’ €KTH. Y MOAATBIIIOMY XOTIJI0Ch OM TOPOOUTH MPOAYKT y HAMPSIMKY

MIITPUMKH IIUX 3aCO0I1B.

Jlo Toro x, mo0 mpoaykT OyB KOPUCHUM JJid MPAKTUYHUX 3a]a4 PSJOBOTO
nporpamicta, HoTpiOHO po3poOUTH aHOTaIlll sl QYHKIIIH CTaHAapTHOI 010110TeKH

Javascript.

[HIMII HaMpSAMOK PO3BUTKY - 1€ po3poOKa aHOTAaIlil Ta mapcepiB Ui 1HIIMX
NOMYJISIPHUX MOB MpOrpamMyBaHHS, Ta CTBOPEHHS MEPIIOro y CBITI (hOPMAIBHOIO

pyBepa-ToirioTa.

TpeTiii HAMPSMOK PO3BUTKY - 11€ €KCTPAKIIiS armapaTy MepeTBOPEHHS Ta JTOBEICHHS
JIOTIYHUX BHUPA3iB y BIACHUM MPOTPAMHHUMA TIAKET, KOPUCHHH Yy OBEICHHI

BUCJIOBJIIOBAHb y 1HIIMX TaJIy3sIX IPOrpamMyBaHHSI.

UeTBepTHii HAMPSMOK PO3BUTKY - PO3BUTOK PO3MOIICHOI CHCTEMH JOBECHHS, 110
MoriIa 0 JOBOAUTH ORI 32 PO3MIPOM ITPOrPaMH 3 BUKOPUCTAHHIM aKTyaJlbHOI Ha
Halll Yac XMapHOI apXiTeKTypH, aBTOMATUYHO BUAUIAIOYHM araparHi pecypcH AJis

CKJIAJTHUX OOYHCIIEHD.

OTtxe, po3poOiieHui TPOrpaMHUI MPOIYKT MOXKe OyTH BIANPABHOIO TOUKOIO IS

PI3HOMAHITHUX HACTYIHUX JOCIIKEHb Ta POOIT.

Y MaliOyTHbOMY IUIaHY€THCSI BUIYCK MPOAYKTY y (GOpMi 3 BIAKPUTHUM BXI1THUM

KOJIOM Ta MPOMOHYBAaHHS CIIBIPAILll 1HIIUM Ji4aM MPEeIMETHOI 00IacTI.
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I'pamaruka y popmari ANTLR v4:

grammar Imperativelanguage;

@header { package thesis; }

provingStructure: assertionComment commands EOF;
assertionComment: '/x' preconditions postconditions 'x/';
preconditions: 'PRE:' predicates;

postconditions: 'POST:' predicates;

predicates: predicate ( SEMICOLON predicate)* SEMICOLON?;
commands: command ( SEMICOLON command)* SEMICOLON?;
loopComment: '/*' dnvariant boundFunction '%/';

invariant: 'INV:' predicate;

boundFunction: 'BOUND:' expression;

command:
identifier '=' expression # assignmentCommand
'{' commands '}' # sequenceCommand
'if' '(' predicate ')' command # conditionalCommand

I
I
| "if' '(' predicate ')' command 'else' command # fullConditionalCommand
| loopComment 'while' '(' predicate ')' command # loopCommand

)

// Expression grammar

expression:
expression MULT_OPERATOR expression # multExpression
| expression SUM_OPERATOR expression # sumExpression

| atom # atomExpression

.
)



atom: negAtom | numericConstant | identifier | parensExpression;
negAtom: NEG_OPERATOR atom;
parensExpression: '(' expression ')';
// Predicate grammar
predicate:
predicate AND_OPERATOR predicate # andPredicate
| predicate OR_OPERATOR predicate # orPredicate

| predicate IMPLIES_OPERATOR predicate # orPredicate

| predicateAtom # atomPredicate

.
)

notAtom: NOT_OPERATOR predicateAtom;

predicateAtom: notAtom | booleanConstant | comparison | parensPredicate;

comparison:

expression COMPARISON_OPERATOR expression;
parensPredicate: '(' predicate ')';
// Primitives
booleanConstant: 'true' | 'false';
numericConstant: NUMBER;
identifier: ID;
COMPARISON_OPERATOR: '<' | '>' | '=="' '>=" '<="! R
MULT_OPERATOR: MULTIPLY | DIVIDE;
MULTIPLY: 'x';
DIVIDE: '/';
SUM_OPERATOR: PLUS | MINUS;
PLUS: '+';

MINUS: '-';

NEG_OPERATOR: MINUS;



AND_OPERATOR: '&&';
OR_OPERATOR: '|[|';
NOT_OPERATOR: '!';
IMPLIES_OPERATOR: '=>';

)

NUMBER: '-'?[0-9]+;

ID: [a-zA-Z_][a-zA-Z_0-9]*;

SEMICOLON: ';';

)

ws: ('//" ~C\r" | "\nt x| [\n\r\b\t\f J+)

-> skip;
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project.clj

(defproject thesis "0.1.0-SNAPSHOT"
:description "FIXME: write description"
:url "http://example.com/FIXME"
:license {:name "Eclipse Public License"
:url "http://www.eclipse.org/legal/epl-v10.html"}
:dependencies [[org.clojure/clojure "1.6.0"]
[org.antlr/antlr4 "4.5"]
[log4j/logd]j "1.2.17"]
[org.clojure/tools.logging "0.3.1"]]
:main A:skip-aot thesis.core
:target-path "target/%s"
:profiles {:uberjar {:aot :all}
:dev {:dependencies [[midje "1.6.3"]11}})

core.clj

(ns thesis.core

(:gen-class)

(:require [thesis.parser :refer [parse]]
[thesis.program-semantics :refer [parse-tree->program]]
[thesis.wp :refer [program-correctness—hypothesis]]
[thesis.comparison-semantics :refer [factualize-comparisons]]
[thesis.prover :refer [prover]]
[thesis.simplify :refer [simplify-expression]]
[clojure.tools.logging :as log]
[clojure.string :as s])

(:import (org.antlr.v4.runtime.misc ParseCancellationException)

(java.io FileNotFoundException)))

(defn parse-program-from-filename [filename]
(try
(if-let [parse-tree (-> filename slurp parse)]

(parse-tree->program parse-tree)
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(log/errorf "Failed to parse: %s" filename))
(catch FileNotFoundException _

(log/errorf "File not found: %s" filename))))

(defn prove-program [program]

(let [correctness-hypothesis (program-correctness-hypothesis program)

_ (log/spyf "Program correctness hypothesis:\n%s"

correctness-hypothesis)

[comparison-axioms factualized-hypothesis]

(factualize-comparisons correctness—hypothesis)

_ (log/spyf "After reducing comparisons into facts:\n%s"
factualized-hypothesis)
_ (log/spyf "Simplified:\n%s"
(simplify-expression factualized-hypothesis))
_ (log/spyf "Axioms about comparisons:\n%s"
(s/join "\n" (map str comparison-axioms)))]

(prover comparison-axioms factualized-hypothesis)))

(defn -main [filename & args]
(if-let [program (parse-program-from-filename filename)]
(println (prove-program program))

(println "Error")))

parser.clj

(ns thesis.parser
(:require [clojure.string :as s])
(zimport (org.antlr.v4.runtime ANTLRInputStream CommonTokenStream
BailErrorStrategy)
(org.antlr.v4.runtime.tree ParseTree)

(thesis ImperativelLanguagelLexer ImperativelLanguageParser)))

(defn- antlr-parse
"Invokes ANTLR parser to produce a raw parse structure from source code"
[source-code]
(let [lexer (ImperativelLanguagelexer. (ANTLRInputStream. source-code))

tokens (CommonTokenStream. lexer)
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parser (ImperativelLanguageParser. tokens)
proving-structure (.provingStructure parser)]
(if (zero? (.getNumberOfSyntaxErrors parser))
proving-structure

nil)))

(defn- context-keyword
"For object of class Something$SomeParseContext, return :some-parse"
[AParseTree context]
(keyword (.toLowerCase (s/replace (s/replace (str (.getClass context))
#"7 +\$(.+)Contexts" "s1M)
#"([a-z]) ([A-Z])" "$1-$2"))))

(defn zap-semicolons
"Remove all semicolons from context sequence"
[parse-seq]

(remove #{";"} parse-seq))

(defn- context->seq
"Convert a parse context into a nested list"
[AParseTree context]
(if (zero? (.getChildCount context))
(.getText context)

(cons (context-keyword context)

(zap-semicolons (for [child-index (range 0 (.getChildCount context))]

(context->seq (.getChild context child-index)))))))

(defn parse
"Produce a parse tree from source code"
[source-code]
(if-let [proving-structure (-> source-code antlr-parse)]
(context->seq proving-structure)
nil))

program-semantics.clj

(ns thesis.program-semantics

(:require [thesis.algebra :refer [expr]]))

(defrecord Command [type params])
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49
(defn- find-child

"Find a child seq with a given name -inside the context seq

For example: find (:plus 2 3) in (:multiply 4 (:plus 2 3))"
[parse-seq child-name]
(first (filter #(= (first %) child-name) (next parse-seq))))

(defn- conjoin-predicates

"Given a list of predicates, produce a conjunction of all of them"
[predicates]

(reduce (fn [& predicate-pair] (apply expr :and predicate-pair)) predicates))

(defn translate-expression

"Convert expression from the parse tree structure to a structure for further
processing"

[expression-tree]
(let [e-type (first expression-tree)
e-params (next expression-tree)

tr translate-expression]

(case e-type
:and-predicate
(let [[x _and y] e-params]
(expr :and (tr x) (tr y)))
:or-predicate
(let [[x _or y] e-params]
(expr :or (tr x) (tr y)))
:implies-predicate
(let [[x _implies y] e-params]
(expr :implies (tr x) (tr y)))
(:mult-expression :sum-expression :comparison)
(let [[x operator y] e-params]

(expr (keyword operator) (tr x) (tr y)))

:not-atom
(let [[_not x] e-params]
(expr :not (tr x)))
(:parens-predicate :parens-expression)

(let [[_paren expression _paren] e-params]

(tr expression))

identifier
(first e-params)
:numeric-constant

(Integer/parseInt (first e-params))
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:boolean-constant

(Boolean/parseBoolean (first e-params))

; pass—through nodes
(:atom-predicate :atom-expression :atom :predicate-atom)

(tr (first e-params)))))

(defn translate-command
[command-tree]
(let [c-type (first command-tree)
c-params (next command-tree)]
(case c-type

:empty-command (->Command :noop [])

rassignment-command
(let [[[_identifier didentifier] _equals expression] c-params]

(->Command :assign [identifier (translate-expression expression)]))

:sequence-command
(let [[_bracket [_commands & commands] _bracket] c-params]
(if (== 1 (count commands))
(translate-command (first commands))

(->Command :sequence (map translate-command commands))))

:conditional-command
(let [[_if _paren predicate _paren command] c-params]
(=>Command :if [(translate-expression predicate)
(translate-command command)

(->Command :noop []1)]))

:full-conditional-command
(let [[_if _paren predicate _paren if-command _else else-command]
c-params]
(=>Command :if [(translate-expression predicate)
(translate-command if-command)

(translate-command else-command)]))

: loop—-command
(let [[[_loop-comment
_star
[_invariant _inv 1dnvariant]
[_bound _bound bound-function] _star

]

_while



_paren
predicate
_paren
command]
c-params]
(->Command :while [(translate-expression predicate)
(translate-command command)
(translate-expression invariant)

(translate-expression bound-function)])))))

(defn- extract-annotation [assertion-comment key-name]
(=> (find-child (find-child assertion-comment key-name) :predicates)
next
(#(map translate-expression %))

conjoin-predicates))

(defn parse-tree->program
"Convert parse tree into a semantic structure"
[parse-tree]
(let [assertion-comment
(find-child parse-tree :assertion-comment)
[precondition postcondition]
(map (partial extract-annotation assertion-comment)
[:preconditions :postconditions])
commands
(next (find-child parse-tree :commands))]
{:precondition precondition,
:postcondition postcondition,

:commands (->Command :sequence (map translate-command commands))}))

wp.clj

(ns thesis.wp

(:require [thesis.algebra :refer [expr]]

[thesis.identifiers :refer [replace-identifier-in-expression]]

[clojure.tools.logging :as log]))

(declare command-wp)

(defn conditional-wp [predicate if-command else-command postcondition]

(expr :and
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(expr :implies

predicate

(command-wp postcondition if-command))
(expr :implies

(expr :not predicate)

(command-wp postcondition else-command))))

(defn loop-wp
[loop-id loop-condition loop-command -invariant bound postcondition]
(let [bound-variable (str "bound_" loop-id)]
(log/spyf "Loop condition %s"
(reduce (partial expr :and)
[invariant
[:implies [:and loop-condition dinvariant]
(command-wp invariant loop-command)]
[:implies [:and loop-condition dinvariant]
[:> bound 0]]
[:implies [:and loop-condition dinvariant]
(replace-identifier-in-expression
bound-variable
bound
(command-wp (expr :< bound bound-variable)
loop-command) )]
[:dimplies [:and [:not loop-condition] dinvariant]

postcondition]]))))

(defn command-wp [postcondition command]
(let [c-type (:type command)
c-params (:params command) ]
(case c-type

:noop postcondition

:sequence (reduce command-wp postcondition (reverse c-params))
rassign (let [[identifier value] c-params]

(replace-identifier-in-expression identifier
value

postcondition))

if
(let [[predicate if-command else-command] c-params]

(conditional-wp predicate if-command else-command postcondition))

:while
(let [[predicate loop-command invariant bound] c-params]

(loop-wp (hash command)
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predicate
loop-command
invariant
bound

postcondition)))))

(defn weakest-precondition [program]

(command-wp (:postcondition program) (:commands program)))

(defn program-correctness-hypothesis
"Returns hypothesis that the program is correct, that is:
precondition => weakest-predicate(commands, postcondition)"
[program]

(expr :implies (:precondition program) (weakest-precondition program)))

algebra.clj

(ns
thesis.algebra
"An Expression is any kind of logical expression, it consists of an operator
and 1its params, which in turn may be Expression, string identifiers, or
numeric and boolean primitive constants"

(:require [clojure.string :as s]))

(defrecord Expression

[operator params]

Object
(toString [this]
(str ll(ll

(=> this :operator name s/upper-case)

(s/join "™ " (map str (:params this)))
ll)ll)))

(defmethod print-method Expression [expr *java.io.Writer writer]

(.write writer (str expr)))
(defn expr? [expression] (isa? (class expression) Expression))

(defn expr
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"Simplified expression constructor. Accepts nested structure of

operatorl [operator2 paraml param2] param3 etc"

[operator & params]

{:pre [(keyword? operator) (not (empty? params))]}

(let [realize-param-fn (fn [param] (if (and (not (expr? param)) (coll? param))
(apply expr param)
param))

realized-params (map realize-param-fn params)]

(->Expression operator realized-params)))

(defn expr-map
"Apply fun to every parameter of expression"
[fun expression]

(apply expr (:operator expression) (map fun (:params expression))))

(defn expr-atom?
[expression]

(not (expr? expression)))

(defn logical-expr?
[predicate]

(and (expr? predicate) (#{:and :or :not :implies} (:operator predicate))))

(defn logical-atom?
[predicate]
(not (logical-expr? predicate)))

(defn tddentifier?
[identifier]

(string? -didentifier))

(defn primitive?
[predicate]

(or (number? predicate) (true? predicate) (false? predicate)))

(defn expr-commutative?
[expression]

(#{:and :or :+ :*x :==} (:operator expression)))
(defn merge-bindings [bindings-seq]
(let [merged-bindings (apply merge-with #(when (= %1 %2) %1) bindings-seq)]

(and (not-any? #(nil? (fnext %)) merged-bindings) merged-bindings)))

(defn expr-match



"Attempts to match expression by a pattern.
Pattern is a structure of [operator paraml [operator param2 param3]...
String params in pattern are matched against any sub-expression, identifier
or primitive
Boolean and numeric params 1in pattern are matched by equality.
Returns a map of string params to their values, or false if there is no match"
[pattern expression]
(if (identifier? pattern)
{pattern expression}
(if (primitive? pattern)
(and (= expression pattern) {})
(and (expr? expression)
(let [operator (first pattern) params (next pattern)]
(and (= operator (:operator expression))
(let [forward-param-bindings
(map expr-match params (:params expression))
forward-match
(not-any? false? forward-param-bindings)
reverse-param-bindings
(and (not forward-match)
(expr-commutative? expression)
(map expr-match
params
(reverse (:params expression))))
reverse-match
(and reverse-param-bindings
(not-any? false? reverse-param-bindings))
param-bindings
(or (and forward-match forward-param-bindings)
(and reverse-match reverse-param-bindings))]

(and param-bindings (merge-bindings param-bindings)))))))))

(defn expr-construct
"Constructs expression from a pattern. For pattern format see expr-match
String params in pattern are replaced by the values specified 1in
param-bindings"
[param-bindings pattern]
(cond
(primitive? pattern)
pattern
(identifier? pattern)
(or (get param-bindings pattern)
(throw (Exception. (str "Undefined expression param " pattern))))

(coll? pattern)
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(let [operator (first pattern)
params (map (partial expr-construct param-bindings) (next pattern))]

(apply expr operator params))))

(defn expr-transform
"Replaces parts of expression that match pattern-from, with expressions
constructed from pattern-to and the matched param bindings"
[pattern-from pattern-to expression]
(if (expr? expression)
(if-let [param-bindings (expr-match pattern-from expression)]
(recur pattern-from pattern-to (expr-construct param-bindings pattern-to))
(let [expr-with-transformed-params
(expr-map (partial expr-transform pattern-from pattern-to)
expression)]
(if-let [param-bindings
(expr-match pattern-from expr-with-transformed-params)]
(recur pattern-from pattern-to
(expr-construct param-bindings pattern-to))
expr-with-transformed-params)))

expression))

(defn expr-clauses
"Given expression subexpr-A <clause-operator> subexpr-B <clause-operator> ...,
produces a seq of (subexpr-A subexpr-B ... )"
[clause-operator expression]
(if (or (expr-atom? expression) (not= clause-operator (:operator expression)))
[expression]

(mapcat (partial expr-clauses clause-operator) (:params expression))))

polynomial.clj

(ns thesis.polynomial
(:require [thesis.algebra :refer [expr-transform expr-clauses identifier?]]

[clojure.string :as s]))
;3 implementation of clausal-polynomial form
(defn differences-to-sums

"Convert expression A - B to A + (-1 * B) for further normalization"

[expression]
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(expr-transform [:- "a"™ "b"] [:+ "a" [:x -1 "b"]] expression))

(defn distribute-products
"Convert A x (B + C) to AxB + AxC"
[expression]
(let [transformed (expr-transform [:x "a" [:+ "b" "c"]]
[:+ [:x "a™ "b"] [:x "a" "c"]1]
expression)]
(if (not= expression transformed)
(recur transformed)

transformed)))

; TODO maybe (/ a const) = (x a 1/const)
(defn move-division-outward
[predicate]
(let [transformed
(=>> predicate
(expr-transform [:+ [:/ "a" "b"] [:/ "c" "d"]]
t/ [:+ [:x "a" "d"] [:x "c" "b"]] [:x "b" "d"]])
px Mat [3/ "B "c"1] [:/ [:x “a" "b"] "c"])
i+ Mat [:/ "B "c"]] [:/ [:+ [:x "a" "¢"] "b"] "c"])
:/ "a" [:/ "b" "c"]] [:/ "a" [:x "b" "c"]])
t/ L3/ "a" "b"] "e"] [:/ Ma" [:x "b" "c"]])

(expr-transform
(expr-transform

(expr-transform

/M M/ o/ o/ /M

(expr-transform
)]
(if (not= predicate transformed)
(recur transformed)

transformed)))

(defn polynomial-clauses [normalized-polynomial]

(map (partial expr-clauses :*) (expr-clauses :+ normalized-polynomial)))

(defn join-similar-clauses
"Returns a normalized hash of (sorted variable list) -> numeric factor"
[polynomial-terms]
(reduce (fn [term-factors new-term]
(let [factor-key
(s/join "x" (reverse (sort (filter +identifier? new-term))))
factor (reduce *x 1 (filter number? new-term))
existing-factor (get term-factors factor-key 0)]
(assoc term-factors factor-key (+ existing-factor factor))))

(sorted-map-by #(compare %2 %1)) polynomial-terms))

(defn remove-zeroes-from-cpf [terms]
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(into {} (remove (fn [[t-vars t-factor]] (zero? t-factor)) terms)))

(defn clausal-polynomial-form
"Given an algebraic expression, produce sorted map of
(variable multiplier) => (constant multiplier)"
[expression]
(=> expression
differences-to-sums
distribute-products
polynomial-clauses
join-similar-clauses

remove-zeroes-from-cpf))

;3 implementation of normalize-cpf

(defn multiply-cpf [factor terms]

(into {} (map (fn [[t-vars t-factor]] [t-vars (/ t-factor factor)]) terms)))

(defn normalize-cpf
"Given CPF, return
[factor-for-max-power-clause clauses-with-max-power-clause-equal-to-1]"
[clausal-polynomial-form]
(let [lex-first-factor (first (vals clausal-polynomial-form))]
[lex-first-factor (multiply-cpf lex-first-factor clausal-polynomial-form)]))

;3 implemetation of separate-scalar

(defn separate-scalar
"Given clausal polynomial form, returns
[cpf-without-scalar-factor scalar-factor-or-0]"
[cpf]
[(dissoc cpf "") (get cpf "" 0)])

;3 implementation of cpf->str

(defn addend->str [[addend-variables addend-factor]]
(if (= "" addend-variables)
(str addend-factor)
(case addend-factor
1 addend-variables
-1 (str "-" addend-variables)

(str addend-factor "x" addend-variables))))

(defn join-addends [addendl addend2]



(if (= \- (first addend2))
(str addendl addend2)
(str addendl "+" addend2)))

(defn cpf->str [clausal-polynomial-form]
(if (empty? clausal-polynomial-form)
Iloll

(reduce join-addends (map addend->str clausal-polynomial-form))))

comparison-semantics.clj

(ns thesis.comparison-semantics
(:require [clojure.string :as s]
[clojure.set :as set]
[thesis.algebra :refer [expr expr-transform expr-construct
expr-clauses expr? ddentifier?]]
[thesis.polynomial :refer [clausal-polynomial-form normalize-cpf
cpf->str separate-scalar]]

[clojure.tools.logging :as log]))
(defn comparison? [expr] (-> expr :operator #{:> :< :>= :<= :l= :==}))

(defn make-comparison-one-sided
"Convert A _sign_ B to (A - B) _sign_ 0"
[comparison]
(let [[lside rside] (:params comparison)]
(if (and (number? rside) (zero? rside))
comparison

(expr (:operator comparison) (expr :+ lside (expr :x -1 rside)) 0))))

(def flipped-operator

{:> <
>= <=
<o
<= >=

==}

(def operators-pattern
{:> [[ll>ll:| l|1>rll:|
:< [[ll(ll] ll1<r-l|:|



<= [[">"] [:not "1>r"]]
>= [["<"] [:not "1<r"]]
i== [["=="] "l==r"]

= [["=="] [:not "1l==r"]]
i)

(defn record-comparison [bindings comparison]
(let [one-sided (make-comparison-one-sided comparison)]
(if-let [cpf (-> one-sided :params first clausal-polynomial-form not-empty) ]
(let [[normalizing-factor normalized-clauses] (normalize-cpf cpf)
normalized-operator (if (pos? normalizing-factor)
(:operator one-sided)
(get flipped-operator (:operator one-sided)))
[non-scalar scalar] (separate-scalar normalized-clauses)
rside (x -1 scalar)]
(if (empty? non-scalar) ; if left side empty
[bindings (expr normalized-operator 0 rside)]
(let [string-lside (cpf->str non-scalar)
[operators pattern] (get operators-pattern normalized-operator)
expr-params
(into {} (map #(vector (str "1" % "r")
(str string-lside % rside))
operators))
new-expression (expr-construct expr-params pattern)
new-bindings
{non-scalar
(into #{} (map #(vector (keyword %) rside) operators))}]
[(merge-with set/union bindings new-bindings) new-expression])))
; if left side is empty (0), expression is true if operator allows
; equality (because right side is 0)

[bindings (expr (:operator one-sided) 0 0)])))

;5 Implementation of augment-hypothesis-with-comparison-implications

(defn comparison-implications
"Input:
2 comparisons: lside ox x, and lside oy y, where ox,oy - one of [>, <],
X, y - scalars
Output:
if there 1is an dimplication from lside ox x being true or false,
to lside oy y being true or false, then

returns list of such dimplications, otherwise empty list
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[lside [[ox x]
(let [exprx (st
expry (st
(remove false
(case

[:>

)))

(defn binding-imp
"Given one bind
axioms about th
[[clauses compa
(let [string-cl

(cpf->s
permutati

(for [c

61
Loy y11]

r lside (name ox) x)
r lside (name oy) y)]
?
[ox oy]
:<] [(and (>= x y) (expr :implies exprx [:not expry]))
(and (< x y) (expr :implies [:not exprx] expry))]

:>] [(and (> x y) (expr :implies exprx expry))

(and (< x y) (expr :implies [:not exprx] [:not expry]))]
:<] [(and (< x y) (expr :implies exprx expry))

(and (> x y) (expr :implies [:not exprx] [:not expry]))]
:>] [(and (<= x y) (expr :implies exprx [:not expry]))

(and (> x y) (expr :implies [:not exprx] expry))]
:==] [(and (>= x y) (expr :implies exprx [:not expry]))

(and (< x y) (expr :implies [:not exprx] [:not expry]l))]

:==] [(and (<= x y) (expr :implies exprx [:not expry]))

(and (> x y) (expr :implies [:not exprx] [:not expry]))]
== :==] [(and (not= x y) (expr :implies exprx [:not expry]))]
== :>] [(and (> x y) (expr :implies exprx expry))

(and (<= x y) (expr :implies exprx [:not expry]))]

:== :<] [(and (< x y) (expr :implies exprx expry))
(and (>= x y) (expr :implies exprx [:not expry]l))]
)

lications

ing produced by extract-comparisons, build a collection of
e comparisons mentioned in the binding"

risons]]

ause

tr clauses)

ons

1 comparisons c2 comparisons :when (not= cl c2)] [cl c2])]

(mapcat (partial comparison-implications string-clause) permutations)))

(defn extract-comparisons

[bindings expression]

(if (expr? expression)

(if (comparison? expression)

(record-comparison bindings expression)

(let [[bind

(redu

ings params]
ce (fn [[bindings params] param]
(let [[new-bindings new-param]
(extract-comparisons bindings param)]

[new-bindings (conj params new-param)]))
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[bindings [1]
(:params expression))]
[bindings (apply expr (:operator expression) params)]
)

[bindings expression]))

(defn factualize-comparisons [expression]
(let [[bindings expression] (extract-comparisons {} expression)]

[ (mapcat binding-implications bindings) expression]))

prover.clj

(ns thesis.prover
(:require [clojure.tools.logging :as log]
[clojure.string :as s]
[thesis.algebra :refer [expr]]
[thesis.clausal-normal-form :refer [clausal-normal-form clause-set]]
[thesis.simplify :refer [evaluate-constants simplify-expression]]
[thesis.identifiers :refer [replace-identifier-in-expression identifiers-
in-expression]]

[clojure.set :as set]))
;5 https://en.wikipedia.org/wiki/Resolution_(logic)
(def EVALUATION-METHOD-VARIABLE-LIMIT 20) ; up to 1000000 evaluations

(defn derive-resolutions [clauses]
(clause-set (for [cl clauses c2 clauses :when (not= cl c2)]
(let [[yesl nol] cl
[yes2 no2] c2
all-yes (set/union yesl yes2)
all-no (set/union nol no2)]
(with-meta
[(set/difference all-yes all-no) (set/difference all-no all-yes)]
{:parents [cl c2]})))))

(defn clause->str [[yes-disjuncts no-disjuncts]]
(if (every? empty? [yes-disjuncts no-disjuncts])
"FALSE"

(s/join " OR " (concat yes-disjuncts



(map (partial str "NOT ") no-disjuncts)))))

(defn clauses->str [cnf]

(s/join "\nAND\n" (map clause->str cnf)))

(defn empty-clause? [[yes no]]
(and (empty? yes) (empty? no)))

(defn log-clause [label clause]
(log/debugf (str label ": %s") (clause->str clause))
(when-let [[cl c2] (get (meta clause) :parents)]
(log/debugf "From: %s ~AND~ %s" (clause->str cl) (clause->str c2)))

clause)

(defn resolution-method [clauses -diteration]
(if (> dteration 1000)
:exceeded-iteration-limit
(if-let [best-clause
(log-clause "Best derived clause"
(first (set/difference (derive-resolutions clauses)
clauses)))]
(if (empty-clause? best-clause)
:proved
(recur (conj clauses best-clause) (inc 1iteration))
)
(do
(log/debug "Failed to disprove: " (clauses->str clauses))
:failed-to-prove)

)))

(defn trivial-solution [[yes no]]
(cond
; Take note - trivial solution deals with the counter example
(and (= yes #{true}) (empty? no)) :disproved
(and (= yes #{false}) (empty? no)) :proved
:default :failed-to-prove))

(defn evaluation-method

([expression 1identifiers bindings]

(if-let [identifier (first didentifiers)]
(every? true?
(map #(evaluation-method

(replace-identifier-in-expression identifier % expression)



64

(rest identifiers)
(assoc bindings -didentifier %))
#{true falsel))
(or (false? (evaluate-constants expression))

(and (log/spyf "Counter-example: %s" bindings) false))))
([expression +ddentifiers] (evaluation-method expression +identifiers {})))

(defn prover [facts hypothesis]
{:post (#{:proved :disproved :failed-to-provel} %)}
(let [counter-hypothesis (expr :not hypothesis)

_ (log/spyf "Simplified counter hypothesis: %s"

(simplify-expression counter-hypothesis))

provable-statement (simplify-expression
(reduce #(expr :and %1 %2)
counter-hypothesis
facts))
identifiers (identifiers-in-expression provable-statement)]
(if (< (count identifiers) EVALUATION-METHOD-VARIABLE-LIMIT)
(do
(log/spyf "Using evaluation method for %d variables"
(count identifiers))
(log/spyf "Provable statement %s"
provable-statement)
(if (evaluation-method provable-statement +identifiers)
:proved
:failed-to-prove))
(do
(log/spyf "Using resolution method for %d variables"
(count identifiers))
(let [enf (clausal-normal-form provable-statement)
_ (log/spyf "Initial clauses: %s" (clauses->str cnf))]
(if (= 1 (count cnf))
(trivial-solution (first cnf))

(resolution-method cnf 0)))))))



(ns thesis.simplify

simplify.clj

(:require [thesis.algebra :refer [expr expr-map expr-transform expr?

primitive?]]))

; Reduces a 500-char expression into a 120-char expression through the power

; of logic and arithmetic equalities and evaluation of constant expressions

3 (str

3 9))))

; (<y

3 (xy 0)))) (< xvy))) (OR (OR (< vy x)

; (Ky

3 (str

5 (AND
; (<y

(defn-
(let

(=> "division.js"

slurp parse parse-tree->program weakest-predicate

conjunctive-normal-form))
; (AND (== x (+ x (* y 0))) (AND (AND (AND (AND (OR (OR (>=y x) (!= x (+ x (* vy
(== x (+ (x (+ 10) y) (- xy)))) (OR (OR (>=y x) (!=x (+ x (*xy 0))))
;3 (K (= xy)y))) (OR (OR (>=y x) (I=x (+ x (x y 0)))) (>= (+ 1 0) 0))) (OR
; (OR (>=y x) (= x (+ x (xy 0)))) (>= (- xvy) 0))) (AND (AND (AND (OR (OR

x) (1= x (+ x (xy 0))))

(== x (+ (* 0 y) x))) (OR (OR (<

x) (1= x (+ x (xy 0)))) (>=x 0)))))

(=> "division.js"

(I=x (+ x (x y 0)))) (=

slurp parse parse-tree->program weakest-predicate

conjunctive-normal-form simplify-expression))
(AND (OR (>=y x) (< (= xvy) y)) (OR (>=y x) (>= (= x y)
x) (< xy)) (OR (<y x) (>= x 0))))

simplify-expression-once [expression]

[simplification-rules {;

rand "x"

cand "x"

Logic rules

:implies true "x"]
simplies "x" true]
:implies false "x"]
:implies "x" false]
tnot [:not "x"]1]
tor "x" false]

[
[
[
[
[
[
[:
[
[
[
[
[
[
[

or "x" true]

rand "x" false]
rand "x" true]
tor "x'" "x"]
rand "x" "x"]

ror "x" [:not "x"]]

[:not "x"]]

[:Or llxll llyll]]

My
true

true

[:not "x"]
My

My

true
false

My

My

nyn

true
false

llxll

y x) (I= x (+ x
® 0))) (OR (OR

0))) (AND (OR
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[

[:+ "x"
[:% "x"
[:x "x"
L:t [:-
[:- "x"
[:- "x"
L2/ "x"
[:/ 0 "x
[:== "x"
[:<= "x"
[:>= "x"
[:1= "x"
[:< "x"
[:> "x"
1]

(reduce

tor "X" [:and "X" "y"]]

Arithmetic rules

0]
0]
1]
"Xyt ]
]
0]
1]
"]
]
]
]
"]
]

|lX|l]

66

"X"

lIXll

"X"

llxll

llxll

"X"

true
true
true
false
false

false

(fn [expression [p-from p-to]] (expr-transform p-from p-to expression))

expression simplification-rules)

(defn evaluate-constants

))

"Find constant sub-expressions in expression and evaluate them"

[expression]

(let [expression-operators {:and
tor
‘nhot
:implies
ot

~

(if (expr? expression)

#(and %1 %2)
#(or %1 %2)

not

#(or (not %1) %2)

+

(let [with-evaluated-params (expr-map evaluate-constants expression)]

(if (every? primitive? (:params with-evaluated-params))

(let [operator-fn

(get expression-operators (:operator with-evaluated-params))

params (:params with-evaluated-params)]



(apply operator-fn params))
with-evaluated-params))

expression)))

(defn simplify-expression [expression]
(let [simplified (-> expression simplify-expression-once evaluate-constants)]
(if (not= expression simplified)
(recur simplified)
simplified)))

identifiers.clj

(ns thesis.identifiers

(:require [thesis.algebra :refer [expr? expr-map identifier?]]))

(defn replace-identifier-in-expression
[identifier value construct]
(cond
(expr? construct)
(expr-map

(partial replace-identifier-in-expression identifier value) construct)

(identifier? construct)
(if (= construct identifier)
value

construct)
:else construct))

(defn +ddentifiers-in-expression
[expression]
(cond
(identifier? expression)

[expression]

(expr? expression)

(distinct (mapcat identifiers-in-expression (:params expression)))

relse

(1)
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JIOJIATOK B. TECTH

Tectn 111 ILOTO MPOTPaAaMHOrO MPOIYKTY BHKOHAHI 33 JOMIOMOTOIO CEpelOBHUILA

TectyBanHa Midje.

t algebra.clj

(ns thesis.t-algebra
(:use midje.sweet)

(:require [thesis.algebra :as algebra]))

(fact
"expr builds expressions"
(algebra/expr :+ 1 2)
=> (algebra/->Expression :+ [1 2])

(algebra/expr :+ 1 [:= 2 3])

=> (algebra/->Expression :+ [1 (algebra/->Expression :- [2 3])])

(algebra/expr :+ 1 (algebra/->Expression :- [2 3]))

=> (algebra/->Expression :+ [1 (algebra/->Expression :- [2 3])]))
(facts

"about expr-map"

(fact
"expr-map applies a function to all of an expression's parameters"

(algebra/expr-map #(+ 2 %) (algebra/expr :+ 1 2))
=> (algebra/expr :+ 3 4)))

(facts
"about expr-match"

(fact
"expr-match matches expressions and returns the map of matching values"

(algebra/expr-match [:not "x"] (algebra/expr :not 1))

=> {"x" 1}

(algebra/expr-match [:and "x" "y"] (algebra/expr :and "a" "b"))
:> {lell Ilall’ llyll llbll}



(algebra/expr-match [:not "x"] (algebra/expr :and "x" "y"))
=> falsey

(algebra/expr-match [:and "x" "y"] (algebra/expr :or "a" "b"))
=> falsey)

(fact
"expr-match matches nested expressions"
(algebra/expr-match [:not [:and "x" "y"]]
(algebra/expr :not '(:and "a" "b")))
=> {"x" "a", "y "b'})

(fact
"expr-match matches placeholders to non-primitive values"
(algebra/expr-match [:not "z"] (algebra/expr :not '(:and "a" "b")))
=> {"z" (algebra/->Expression :and ["a" "b"])})

(future-fact
"expr-match can handle commutative sub-expressions 1in different orientation"
;3 Right now each sub-expression is matched separately
; Need to search and back-track instead.
; For example - from x OR'y = a OR b we bind x=a, y=b,
; but we could also bind x=b, y=a
5 which would then let x => y = b => a
(algebra/expr-match [:and [:or "x" "y"] [:implies "x" "y"]]
(algebra/expr :and [:or "a" "b"] [:implies "b" "a"]))
=> {"x" "pb", "y" "a"}
)

(fact
"for commutative expressions, expr-match matches in reverse, too"
(algebra/expr-match [:and "x" [:not "y"]]
(algebra/expr :and [:not "a"] "b"))
=> {"x" "b", "y" "a"})

(fact
"for non-commutative expressions, expr-match does NOT match in reverse"
(algebra/expr-match [:implies "x" [:not "y"]]
(algebra/expr :implies [:not "a"] "b"))
=> falsey)

(fact

"expr-match matches booleans and numbers as their actual value"



(algebra/expr-match [:+ "x" 1] (algebra/expr :+ "a" 1))

=> {IIXII Ilall}

(algebra/expr-match [:+ "x" 1] (algebra/expr :+ "a" 2))
=> falsey

(algebra/expr-match [:and "x" true] (algebra/expr :and "a" true))

=> {llxll |la|l}

(algebra/expr-match [:and "x" true] (algebra/expr :and "a" false))
=> falsey))

(facts
"about expr-construct"
(fact
"expr-construct builds expressions from a pattern and a set of bindings"
(algebra/expr-construct {"x" "a", "y" "b"} [:and "x" [:not "y"]])
=> (algebra/expr :and "a" [:not "b"])))

(facts
"about expr-transform"
(fact
"transforms expressions"
(algebra/expr-transform [:not [:and "x" "y"]]
[tor [:not "x"] [:not "y"]1]
(algebra/expr :not [:and "a" "b"]))
=> (algebra/expr :or [:not "a"] [:not "b"])

(algebra/expr-transform [:not [:not "x"]]
llxll
(algebra/expr :not [:not "x"]))

=> "x")

(fact
"transforms parts of expressions"
(algebra/expr-transform [:not [:not "x"]]
My
(algebra/expr :and [:not [:not "x"]]
[:not [:not "y"]11))

=> (algebra/expr tand "x" "y")

(algebra/expr-transform [:not [:not "x"]]
IIXII

(algebra/expr :not [:not [:not "x"]1))
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=> (algebra/expr :not "x")

(algebra/expr-transform [:not [:not "x"]]
|lX|l
(algebra/expr :not [:not [:not [:not "x"]]1]))

=> "X"))

(fact
"expr-clauses groups expression by an operator"
(algebra/expr-clauses :x (algebra/expr :*x [:+ 1 2] [:*x [:+ 3 4] [:+ 5 6]]))
=> [(algebra/expr :+ 1 2) (algebra/expr :+ 3 4) (algebra/expr :+ 5 6)])

(fact
"expr-clauses with just one expression will return its params"
(algebra/expr-clauses :x (algebra/expr :*x 1 2))
=> [1 2]
)

(fact
"top-level expression for expr-clauses must match clause-operator, or the
result will have only one clause"
(algebra/expr-clauses :x (algebra/expr :+ [:+ 1 2] [:*x [:+ 3 4] [:+ 5 6]]))
=> [ (algebra/expr :+ [:+ 1 2] [:* [:+ 3 4] [:+ 5 6]]) 1)

t_simplify.clj

(ns thesis.t-simplify
(:use midje.sweet)
(:require [thesis.algebra :refer [expr]]

[thesis.simplify :as simplify]))

(facts

"about simplify-expression"

(fact
"simplify-expressions evaluates nested constant expressions and reduces
logical equalities"
(simplify/simplify-expression (expr :and "x" [:> [:+ 2 3] 1]))

=> "y

(fact
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"simplify-expressions can eliminate variable dependencies using
logical equalities"
(simplify/simplify-expression (expr :and true [:and true [:or true "y"]11))

=> true))

t polynomial.clj

(ns thesis.t-polynomial
(:use midje.sweet)
(:require [thesis.polynomial :as subj]

[thesis.algebra :refer [expr]]))

(fact
"clausal polynomial form produces CPF"
(subj/clausal-polynomial-form (expr :+ "x" [:x 2 [:= "x" "y"11))
=> {llyll _2 llxll 3}

(subj/clausal-polynomial-form (expr :x "x" [:x 2 [:= "x" "y"]]))

=> {lly*xll _2 "X*X" 2}

(subj/clausal-polynomial-form (expr :x [:+ "x" 1] [:+ "x" 1]))
:> {IIX*XII l’ lIXlI 2’ nn l}

)

(let [cpf (sorted-map-by #(compare %2 %1) "y*x" -2 "xxx" 2)]
(fact
"normalize-cpf normalizes CPF"
(subj/normalize-cpf cpf)
=> [-2 {"yxx" 1 "xxx" -1}]

))
(let [cpf (sorted-map-by #(compare %2 %1) "x*x" -1, "x" -2, "" 1)]
(fact

"separate-scalar separates scalar"
(subj/separate-scalar cpf)

=> [{"xxx" -1 "x" -2} 1]

)

(fact
"cpf->str stringifies CPF"
(subj/cpf->str cpf)



=> "oxkx-2%x+1"

))

(facts

"about addend->str"

(subj/addend->str ["xxx" 1])

=> Myxx"

(subj/addend->str ["xxx" -17)

=> Moyxxx"

(subj/addend->str ["xxx" 2])

=> MDxxxx"

(subj/addend->str ["xxx" -27)

=> "_xxxx"

(subj/addend->str ["" 1])
=> mqn

)

t _comparison_semantics.clj

ns esis.t-comparison-semantics
th t t
(:use midje.sweet)
(:require [thesis.comparison-semantics :as subj]

[thesis.algebra :refer [expr]l]l))

(fact
"make-comparisons-one-sided carries everything to one side of the comparison"
(subj/make-comparison-one-sided (expr :> "x" "y"))
=> (expr :> [:+ "x" [:x -1 "y"]] 0)
)

(facts

"about record-comparison"

(subj/record-comparison {} (expr :> "x" 1))

=> [{{"x" 1} #{[:> 1]}} "x>1"]
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(subj/record-comparison {} (expr :!= "x" 1))

=> [{{"x" 1} #{[:== 1]}} (expr :not "x==1")]

)

(facts
"about extract-comparisons"

(subj/extract-comparisons {} (expr :and [:> "x" 1] [:< [:x 2 "y"] 0]))
=> [{{"y" 1} #{[:< 0]} {"x" 1} #{[:> 11}} (expr :and "x>1" "y<0")]

)

t_prover.clj

(ns thesis.t-prover
(:use midje.sweet)
(:require [thesis.prover :as subj]
[thesis.algebra :refer [expr]l]l))

(fact
"prover can prove truth"

(subj/resolution-prover [] true)
=> :proved

)
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JOAJATOKTI. TIPUKJIAIM BUKOHAHHA ITPOT'PAMU

JloBeqeHHsI MyCTOI MporpamMu - empty.js

// noop

a = aj;

>java —-jar prover.jar empty.js

Program correctness hypothesis:
(IMPLIES (== a 1) (== a 1))

After reducing comparisons into facts:
(IMPLIES a==1 a==1)

Simplified:

(IMPLIES a==1 a==1)

Axioms about comparisons:

Simplified counter hypothesis: (NOT (IMPLIES a==1 a==1))
Using evaluation method for 1 variables
Provable statement (NOT (IMPLIES a==1 a==1))

:proved

JloBeeHHs MyCTOI MPOrpamMu, o € XuOHow - empty-fail.js
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>java -jar prover.jar empty-fail.js

Program correctness hypothesis:

(IMPLIES (== a 1) (== a 2))

After reducing comparisons into facts:

(IMPLIES a==1 a==2)

Simplified:

(IMPLIES a==1 a==2)

Axioms about comparisons:

(IMPLIES a==2 (NOT a==1))

(IMPLIES a==1 (NOT a==2))

Simplified counter hypothesis: (NOT (IMPLIES a==1 a==2))
Using evaluation method for 2 vardiables

Provable statement (AND (AND (NOT (IMPLIES a==1 a==2)) (IMPLIES a==2 (NOT a==1))) (IM-
PLIES a==1 (NOT a==2)))

Counter-example: {"a==2" false, "a==1" true}

:failed-to-prove

J/loBe1eHHSI MPUCBOEHHS - assignment.js

/*
PRE: a==1
POST: b==
*/

b = a;
>java -jar prover.jar assignment.js

Program correctness hypothesis:
(IMPLIES (== a 1) (== a 1))

After reducing comparisons into facts:
(IMPLIES a==1 a==1)

Simplified:

(IMPLIES a==1 a==1)

Axioms about comparisons:

Simplified counter hypothesis: (NOT (IMPLIES a==1 a==1))
Using evaluation method for 1 variables
Provable statement (NOT (IMPLIES a==1 a==1))

:proved
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J/loBeeHHsI MporpamMu ¢ rijikoro - branch.js

// Find abs(x)

/*
PRE: true
POST: abs >= 0; abs*abs == xx*x

*/

if (x >= @) {

abs = x
1 else {
abs = 0-x

>java —-jar prover.jar branch.js

Program correctness hypothesis:

(IMPLIES true (AND (IMPLIES (>= x 0) (AND (>= x 0) (== (* x x) (* x x)))) (IMPLIES
(NOT (>= x 0)) (AND (>= (- @ x) 0) (== (* (- @ x) (=0 x)) (* x x))))))

After reducing comparisons into facts:

(IMPLIES true (AND (IMPLIES (NOT x<0) (AND (NOT x<0) (== 0 0))) (IMPLIES (NOT (NOT
x<0)) (AND (NOT x>0) (== 0 0)))))

Simplified:

(AND (IMPLIES (NOT x<0) (NOT x<0)) (IMPLIES x<0 (NOT x>0)))

Axioms about comparisons:

(IMPLIES x<0 (NOT x>0))

(IMPLIES x>0 (NOT x<0))

Simplified counter hypothesis: (NOT (AND (IMPLIES (NOT x<@) (NOT x<@)) (IMPLIES x<0
(NOT x>0))))

Using evaluation method for 2 vardiables

Provable statement (AND (AND (NOT (AND (IMPLIES (NOT x<0) (NOT x<@0)) (IMPLIES x<0 (NOT
x>0)))) (IMPLIES x<0 (NOT x>8))) (IMPLIES x>0 (NOT x<0)))

:proved
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JloBeeHHsI MporpamMu 3 HUKJIOM - division.js

/*
PRE:
X >= 0
y >0
POST:
X ==q*xy+tr;
r <vys;
q >= 0;
r >= 0;
*/
r = x;
q = 0;

/* INV: x == q *xy + r
BOUND: r+1
*/
while (y<=r) {
r=r-y;

q = 1+q;

>java -jar prover.jar division.js

Loop condition (AND (AND (AND (AND (== x (+ (* q y) r)) (IMPLIES (AND (<= vy r) (== x
(+ (xaqy)r))) (==x (+ (x (+ 19 y) (- ry))))) (IMPLIES (AND (<= 1y r) (== x (+ (*
ay) r))) > (+r 1) 0))) (IMPLIES (AND (<= vy r) (== x (+ (* g y) r))) (< (+ (- ry)
1) (+ r 1)))) (IMPLIES (AND (NOT (<= y r)) (== x (+ (x g y) r))) (AND (AND (AND (== x
(+ (xaqy)r)) (<ry)) (>=q0)) (>=r 0))))

Program correctness hypothesis:

(IMPLIES (AND (>= x 0) (> y 0)) (AND (AND (AND (AND (== x (+ (* 0 y) x)) (IMPLIES (AND
(<=y x) (== x (+ (*x 0y) x))) (== x (+ (*x (+ 10) y) (- xvy))))) (IMPLIES (AND (<= y
X) (== x (+ (x 0 y) x))) (> (+ x 1) 0))) (IMPLIES (AND (<= y x) (== x (+ (¥ 0 y) x)))
(< (+ (= xy) 1) (+ x 1)))) (IMPLIES (AND (NOT (<= 'y x)) (== x (+ (x @ y) x))) (AND
(AND (AND (== x (+ (* 0 y) x)) (< xy)) (>=0 0)) (>= x 0)))))

After reducing comparisons into facts:

(IMPLIES (AND (NOT x<0) y>0) (AND (AND (AND (AND (== @ @) (IMPLIES (AND (NOT y-x>0)
(== 0 0)) (== 0 0))) (IMPLIES (AND (NOT y-x>0) (== 0 0)) x>-1)) (IMPLIES (AND (NOT y-
x>0) (== 0 0)) y>0)) (IMPLIES (AND (NOT (NOT y-x>0)) (== @ 0)) (AND (AND (AND (== 0 0)
y=x>0) (>= 0 0)) (NOT x<0)))))
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Simplified:
(IMPLIES (AND (NOT x<0) y>®) (AND (AND (IMPLIES (NOT y-x>0) x>-1) (IMPLIES (NOT y-x>0)
y>0)) (IMPLIES y-x>0 (AND y-x>8 (NOT x<0)))))
Axioms about comparisons:
(IMPLIES (NOT x<0) x>-1)
(IMPLIES (NOT x>-1) x<0)
Simplified counter hypothesis: (NOT (IMPLIES (AND (NOT x<@) y>®) (AND (AND (IMPLIES
(NOT y-x>0) x>-1) (IMPLIES (NOT y-x>0) y>0)) (IMPLIES y-x>0 (AND y-x>0 (NOT x<0))))))
Using evaluation method for 4 vardiables
Provable statement (AND (AND (NOT (IMPLIES (AND (NOT x<0) y>®) (AND (AND (IMPLIES (NOT
y-x>0) x>-1) (IMPLIES (NOT y-x>0) y>0)) (IMPLIES y-x>0 (AND y-x>0 (NOT x<0)))))) (IM-
PLIES (NOT x<@) x>-1)) (IMPLIES (NOT x>-1) x<0))

:proved



