OcHoBbl
MaTemMaTuyecko
JIOTUKU N JIOTNYHECKOro
nporpaMmmMmupoBaHung

JIEKTOP: B.A. 3axapos



Jlekunsa 22.

3apaya Bepudnkaunm moaenei
nporpamMmm.
Moadopmynbl Puwepa-JlagHepa.
TabnuyuHbiii meTon Bepudmnkauum
Mozesneil NnporpamMmm.
Anroputm Bepudukauum mogeneii
nporpamMm.



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

3agaya model checking ana PLTL

[Ons 3apannoin popmynsl PLTL ¢ n koneunoii LTS M nposepnts M = .

Mouemy 3agayva model checking nenpocta? MoTomy uto

> BbINOAHNMOCTL hopmyn PLTL npoeepsieTcs Ha GeCckoHeUHbIX
WHTEpNpeTaLusix,

» B LTS M umeetca beckoHeuHO MHOrO MHTepnpeTauunii (Tpacc).

Mouemy 3agayva model checking umeer scpdpekTurHoEe pelwenne?
MoTtomy uTo

> BCe 3TO BeCKOHEYHOE MHOXKECTBO BECKOHEYHbBIX MHTEPNPETAL Ui
«YyNakoBaHO» B KOHEYHYH cTpykTypy — LTS M.



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

3ambicen TabnuyHoro meropa

1. BmecTo npoBepki BbINMOJHUMOCTY © BO BCEX MHTEPNpPETALMsiX
NyYyLUE 3aHATHCA NOWCKOM KOHTPMOZENN — uHtepnpeTtauun /,
B KOTOPOI He BbINOJHSETCA ©.

2. BoeinonHumocTts Besikoli hopMybl Y NOAHOCTLIO ONPELENseTCs
BbINONIHUMOCTbIO ee nogopmys. MMosTomy (He)BbINONHUMOCTL
chopMyn MOXKHO NPOBEPSITb UHAYKTUBHO.

3. (He)BbinonHumocts dopmynsl Ha ogHoli us tpacc LTS M,
HAYMHAKOLWENACA B COCTOAHNMN S, — 3TO CBOMCTBO COCTOSAHUSA S.
3HaunT, nposepsis (HE)BLINOIHUMOCTL BCEX NOAGOPMYJ
opmynbl ¢ aas Bcex coctosHmii LTS M, MoxHO BblumncInTb
MHOXeCTBO S, BCEX Tex COCTOSIHUNA, B KOTOPbIX He
BbINONHsAETC dopmyna . Ecnn SoN'S, # @, To M £ .



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

BcnomorartenbHble onpegeneHna v obo3HaveHus

Nns sagannoii LTS M = (AP, S, So, —, p), Tpaccsl
tr = Sig,Siys -+ -3 Sips Sipy1r - - - B LTS M n cbopmyner PLTL ¢ bynem
NCNOAbL30BaTh 3aNUCh

> tr = ¢ anst 0603HaYEHNST OTHOLLEHNS BbIMOJIHNMOCTH
I(tr),0 = ¢
> tr[j] ans obosnayenms j-ro cocTosHms s; B Tpacce tr;

! . ) ~
> tr|J- ansi obosHaveHus Tpaccel tr' = Siis Sijpys - - - » ABNAIOLLENCA
cychchMKCOM Tpacchl tr, Ha4MHAIOLEHCs COCTOSHMEM ;.



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

VT1BepxaeHue 1.
Ona nwoboii LTS M u dopmyna PLTL ¢ sepHo

M £ ¢ <= cywecTByeT Takas HavasbHas Tpacca tr, tr € Tro(M),
AN KOTOPOIA tr [~ .

JdokazatenbcTBo.
CamocToaTensHo.

Takum obpasom, BmecTo 3agaqin M = ¢ mbl byaem paccmaTpusaTh
APYryto 3agavy:
HaliTn B LTS M nadanbhyto Tpaccy tr, ans kotopoii tr f& .

Ecnn Takoii Tpaccel HaiiTu He ygacTtes, To BepHo M = .



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

MpuseaerHue dpopmynbl K No3nTusHom cdopme
MpumeHsas paBHOCUNbHBIE NpeobpazoBaHus, ynpocTum hopmyny .

d1an 1. YganeHne nMnavkaumm — N TEMNOPaibHbIX ONEPATOPOB
G, F Ha ocHOBaHMM 3aKOHOB B3aWMHOI 3aBUCUMOCTY

FYv—=9v==9Vyx
E Fy = true Uy); = Gy = false Ry.

STan 2. lMpogeuxeHne — Braybb hopmysibl Ha OCHOBaHWM 3aKOHOB

OBOWCTBEHHOCTN
F o(W&x) =¥V oy F (Y Vvx) = &-x;
= = Xy =X

E —(¥Ux) = ¢YR-x; = —(¥Rx) = pU-x.



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

VYT1BepxaeHue 2.

B pesynbTaTe npumeHeHuns paBHoCUAbHLIX NnpeobpasosaHuili 3Tanos
1 n 2 mobas dopmyna PLTL ¢ npusogutcs kK paBHOCUNLHOIA
cbopmyne ¢/, npeacTaBneHHoR B N03nTNEHON hopme, B KOTOPOIA

> NCMNONL3YIOTCS TOBbKO Norudeckne ceasku V, &, - un
TemnopansHble onepaTtopsl X, F, G,

> CBA3Ka 1 MPUMEHAETCA TONbKO K aTOMAapPHbIM BbICKa3bliBaHNAM

p, p € AP.

Jdoka3atenbcTBo.

CamocToaTensHo.



3AJAYA BEPUDUKALMN MOOEJIEN
MPOrPAMM

MpusepeHue dopmynbl K NO3MTUBHON hopme

Mpumep.

© = G(free & Xbusy — XF(pri V pr)).

Jran 1.

¢’ = false R (—(free & Xbusy) Vv X(true U(pry V pr2))).
STan 2.

1 = false R (—free v X-busy V X(true U(pri V pr))).



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

Myctb 1 — popmyna PLTL B nosutmueHoii copme. Torga
MHOXKeCTBOM noacopmyn @uwepa—SlagHepa Ha3biBaeTcs
HauMeHbluee MHOXeCTBO popmyn PLTL FLSub,,, conepxatuee
popmyny (1 1 YAOBIETBOPSIIOLLEE CAEAYIOLMM YCNOBNSM:

» ecim p € FLSub,, v p € AP, To ~p € FLSub,,,

ecnn Y& x € FLSub,,, To {1, x} C FLSub,,,

» ecam ¢ V x € FLSuby,,, To {1, x} C FLSub,,,

» ecnu ) € FLSub,,, T0 ¢ € FLSub,,,

» ecnu X € FLSub,,, To ¢ € FLSub,,,

» ecam YUx € FLSub,,, 1o {1, x, X(¥Ux)} C FLSub,,,
ecnn YRy € FLSub,,, To {1, x, X(1)Rx)} C FLSub,, .

v

v

V1BepxaeHue 3.

Ecan 1 cogepxut n aormyHecknx CBA30K U TEMNOPaNbHbIX
onepatopos, To |FLSub,, | < 3n.



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

Mpumep.

MycTb
1 = false R (—free V X—busy V X(true U(pr1 V pr))).

Torpa

FLSub,, = {1,
false, X1, —free V X—busy V X(true U(pri V pr)).
—free, X—busy, X(true U(pri V pn)),
free, —busy, true U(pr1 V pr),
busy,true, pri V pr,
pri, pr2, =pri, —pr2}.



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

Next-noadcgopmynbl

MycTe 1 — copmyna PLTL 8 nosutusHoii chopme n FLSub,, —
MHOXxecTBOM nogdopmyn Puwwepa—SlagHepa dhopmynbl ¢1.

Torpa 3anuce XSub,, bynet obosHauaTb MHOXECTBO BCeX Tex
nogcdopmyn Puwepa—SlagHepa, KOTOpbIE HAYMHAKOTCA ONEPATOPOM
X (neXttime), T. e.

XSuby, = { : ¢ =Xx, ¢ € FLSub,, }.

Mpuwmep.
MycTe
1 = false R (—free V X—busy V X(true U(pri V pr))).

Torpa
XSub,, = {Xp1, X—busy,
X(true U(pr1 VvV pr2))}.



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

(Until-Release)-noadopmysnbi

MycTe 1 — cbopmyna PLTL 8 nosutusHoii chopme n FLSub,, —
mMHoxecTBoM nogdopmyn Puwwepa—SlagHepa copmynbl ¢1.
Torpa 3anuce URSub,, byaeT 0bo3HauaTb MHOXECTBO BCEX Tex

noacopmyn Puwepa—SlagHepa, KOTOpbIE HAYMHAKOTCS ONEPATOPOM
U (Until) unn R (Release), T. e.

USuby, = {¢ : ¢ =xaUxe, ¢ € FLSub,, }U
{ : ¥ =x1Rx2, ¢ € FLSub,,}.

Mpumep.
MycTo
1 = false R (—free v X—busy V X(true U(pr1 V pr))).

Torpa
USub,, = {p1,true U(pri V pr)}.



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

CornacoBaHHble MHOXecTBa noadopmyn

MycTb 1 — cbopmyna PLTL B nosutueHoii chopme, n FLSub,, —
MHoxecTBO nogdopmyn Puwepa—SlagHepa gns 1.

Torga cornacoBaHHbIM MHOXECTBOM noachopmMys popMysbl (1
Ha3bIBaeTCs BCsikoe nogmHoxectso B, B C FLSubwl,
YLOBNETBOPSAIOLLEE CNEAYIOLUNM YCAOBUSIM:

1. true € B, false ¢ B,

2. onsa noboro aToMapHOro BbICKa3biBaHUS
p, p € AP N FLSub,,, BbinonHseTcs B TOYHOCTN OHO U3
OBYX BKJIOYeHMii: nbo p € B, nubo —p € B;

YVyeB < ¢YeBwuwmyeB,

Y&y € B < Y e BunyxesB,

YUx € B < x € Bun {¢,X(v¥Ux)} C B,

YRy € B < x € Bunpuatom ¢ € Buan X(¢)Ry) € B.

ok w



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

CornacoBaHHble MHOXecTBa noadopmyn

CornacoBaHHble MHOXXeCTBa NOAOPMY/T — 3TO MaKCUMaJlbHble
MHOXeCTBa (POPMYJI, KOTOPbIE HE COAEPXKAT K SABHBLIXY
NPOTMBOpPEYMNiA, T. €. TaKUX NPOTUBOPEYUIA, KOTOPble MOXHO
0bHapyXNTb B TEKYLLUMIA MOMEHT BPEMEHN.

Hanpumep, MHOXecTBO, cocTosiwee U3 Aeyx opmyn
Xp — 3aBTpa s NolAy Ha fekuuto,
X-p — 3aBTpa A He Nolizy Ha NeKUuto,

MOXET ObiTb COFIAaCOBAHHbBIM (XOTS 1 MPOTUBOPEHNBbLIM),
NOCKOJIbKY CErofHsa BO3MOXHOE NPOTUBOpEYNE, CoAepKalleecs B
3TUX BbICKA3bIBaHWSAX, HE MPOSBISETCS.

CornacoBaHHOe MHOXECTBO NOAMOPMYS SIBASETCS aHaNorom
CeEMaHTMNYeCKon Ta6J'II/ILI,bI — OHO BbIPAa>XAE€T HalUe noXkenaHme
CAENATb BCE YTBEPXAEHUA, COAEPXKALLNECA B 3TOM MHOXECTBE,
NCTUHHBIMW, @ BCE YTBEPXKAEHNA, HE COOAEPXKALLNECA B HEM, —
JIOXKHbIMW.



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

CornacoBaHHble MHOXecTBa noadopmyn
Mpumep.
MycTe

FLSub,, = {free, busy, pri, pro, —free, —~busy, —pri, —pra,
pri vV pra,
true U(pry V pn),
X=busy, X(true U(pry V pr)),
—free V. X—busy V X(true U(pri V pn)),

<P1;X<P1}-

Toraa ofHUM K3 COrNACOBaHHLIX MHOXECTE nogdopmMyn hopmMysbl
(p1 ABASIETCA MHOXECTBO

B = {true,pry, —pry, —free, busy, X—busy,
true U(pry VvV pr2), X(true U(pri V pr2)), 1}



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

YTBepxaeHune 4.

MycTb | — Npou3BoNbHASA TEMMNOpasbHas UHTEPNPETALNS, U O] —
nponseoibHas hopMyna B NO3NTUBHOR dhopMme.
Torga ans Mmoboro MOMEHTa BPEMEHN N1 MHOXKECTBO popMyI

Bn={¢ : € FLSub,, v l,n}=1}
SIBNISIETCS COMNACOBAHHbBIM.

JokazatenbcTBoO.

CamocTosTensHo. HenocpeacTeeHHo n3 onpeaeneHuns
COr/IacoOBaHHOIO MHOXECTBA.

A BepHO N1 0OpaTHOE YTBEPXKAEHNE: KAXKA0E COrNAaCOBAHHOE
MHOXeCTBO (pOPMY/ BbIMOJHWMO B HEKOTOPOA MHTEPMpPETALNN B
HaYaNbHbIA MOMEHT BpeMeHU?



noA®OPMVYJIbl ®PULLEPA-JTIAOHEPA

VTBepxaeHue 5.
Myctb 1 — dhopmyna PLTL B nozutueHoii dopme. Toraa
1. pns moboit napsl B C AP N FLSub,,, B” C XSub,,,

CYLLLECTBYET TaKoe COrlacoBaHHOe MHOXeCTBO nogcopmyn B,
Ansi kotoporo BepHo BN AP = B', BN XSub,, = B”;

2. pas noboii napsl By v By cornacosaHHbIX MHOXECTE
noacopmyn Ouwepa-SlagHepa 1 BEpHBI COOTHOLLEHUS
Bi=B, < BiNAP=B,NAP n

B1 N XSub,, =By N XSub,, .

JokazatenbcTBoO.

CamocToaTensHo.

V1BepxaeHue 6.

Ecnn @1 comepxut n nornyecknx CBA30K N TEMMOPASbHBIX
ONEPaTOPOB, TO YUCO PA3SINYHBLIX COMMACOBAHHBIX MHOXECTB
noadopmyn Puwepa-SlagHepa He NpeBOCXOANT BeANUMHBI 237,



TABJINYHbLIVN METO BEPN®UKALINN
MOOEJNEN NMPOrPAMM

MycTb 3agana dopmynbl PLTL ¢ n koneyHasi LTS
M = (AP, S, So, —, p).

Hy»Ho nposeputb BbinonHumocts M = .

Hna atoro

1. dopmyna ¢ NpUBOANTCS K NO3UTUBHONR hopme 1,

2. pas hopMyabl (1 CTPOSATCA
» MHoxecTBO noacbopmyn Puwepa—Slaguepa FLSub,,,
» mHoxecTeo Next-nogdopmyn XSub,,,
» muoxecto U-noadopmyn FLSub,,,
> COBOKYMNMHOCTb C‘Onw1 BCEX BO3MOX>XHbIX COrnaCoBaHHbIX

MHoxecTB noadopmyn Puwepa—SlagHepa.



TABJIMYHbLINN METO/ BEPUD®UKALNN

MOOEJNEN NMPOrPAMM

Cucremon Xuntukkn gns cdopmynsl PLTL o1 u LTS M
Ha3bIBAaETCA PaCKPaLUEHHbIi OPUEHTNPOBaHHLINA rpad

Goy,m = (V, E) ¢ MHOXecTBOM BeplunH V' 1 MHoxecTBoM ayr E,
KOTOpbIE YCTPOEHbI TaK:

V={(s,B) : seS5, Be Con,,, p(s)=BnNAP},

T. €. BepwMHamn rpada ABAAIOTCA BCEBO3MOXKHbIE Napbi
(cocTosiHme s, cornacosaHHoe MHOXeCTBO B),

A5t KOTOPbIX pa3meTka p(S) COCTOSHMA S NOATBEPXAAET
NCTMHHOCTb BCEX aTOMapHbIX BbICKa3blBaHUIi MHOXeCTBa B;

E = {{(,B),(s",B")) : & — 5"
n ans noboii Next-noadopmynel Xvp, Xtp € XSub,,,
BepHo Xy € B’ < ¢ € B"},

T. e. gyramu rpadpa siBAsIOTCA BCe Takue nepexoabl LTS M,
KOTOpblE NO3BONSIOT NoLgTBEPAUTL BCe obewanns Xi) BbINONHUTD
1) B CAeayolmnii MOMEHT BpEMEHU.



TABJIMYHbLINN METO/ BEPUD®UKALNN

Tenepe nposesem packpacky sepuwiund rpaca [, v = (V, E).
Paccmotpum mHoxectso (Until-Release)-noadopmyn

URSuby, = {x1UX7; - -, XikUXio X 1 RXei 15 -+ X mRX e m -
Kaxpoii dbopmyne 1; s mHoxectsa URSub,,, conoctasum
VHOWBUAYabHBI LBET .

Packpacum B uBeT i BCe BepwmHbl (s, B), A5 KOTOPbIX BbIMOJHEHO
XOTS Obl OAHO W3 ABYX YC/NOBMIA

B cnydae, korga ¢ = x;Ux?: | B cnyuae, korga ¢; = x'Rx”:
)1/ € B, 1)1/ ¢ B,
2) X(x;Uxi) ¢ B. 2) X(x;Rx7) € B.

BeckoHeuHbli MapwpyT

(Sf17 Bi1)7 (51'27 Bi2)7 SRR (Sin’ Bin)7 cee

B rpacpe [, p Ha30BeM pafy)xHbIM, eCn B HeM BeCKOHeYHO HacTo
BCTPEYalOTCS BEPLUNHbI Kaxkgoro ugeta 1,2, ... k.



TABJIMYHbLINN METO/ BEPUD®UKALNN

OcHoBHas Teopema

Ons moboii hopmynsl PLTL ¢1 B nosutueHoii dopme u LTS
M = <AP, Sa 507 —, p>

M = o1
(i

B rpacbe [y, v CyllecTByeT XOTs bbl OAUH pafy>XHbili MapLIpyT,
nexopawnii n3 sepwntbl Vo = (sp, Bp), B KoTOpOI S9 € Sp 1
v1 ¢ Bo.



TABJIMYHbLINN METO/ BEPUD®UKALNN

Joka3atenbcTBo.

(1) NMpeanonoxum, 4to 8 rpade Iy, v €CTb pady>kHblii MapLIpyT

(507 80)7 (517 81)7 ceey (Sm Bn)7 (5n+1a Bn-i-l)a L)

YKa3aHHOro Buja, B koTopom @1 ¢ By.
Torpa cornacHo onpeaenenuto cuctembl Xuntukku I, v 8 LTS M
eCTb HavanbHas Tpacca

trlo=Bo  trliEB1  trla= B2 trln =B trlns1 =Byt
tr:.—>.—>.—>...4>‘—>‘—>...
S0 S1 S2 Sn Sn+1

Mokaxem, 4To ans noboii bopmynel 1, ¥ € FLSub,,, v pgns
moboro n,n > 0, BepHo

trlh EY <= Y eB,.



TABJIMYHbLINN METO/ BEPUD®UKALNN

JokazatenbcTBoO.

Ecan ypacrtcs nokasaTb, 4TO
trlp Ev <= ¢ eB, (*)

TO, yunTbiBas @1 ¢ By, npugem Kk 3akntodeHnto tr = .
[ns pokasaTenbCTBA COOTHOLWEHUS () BOCMOAB3YEMCS MHAYKLMEI]
no 4ncny ces3ok B hopmyne .

Basuc uuaykuumn. p € AP.
peEB, < pel(sy) < trlhf=p.

pEB, <= p¢ B, <= p¢l(sn) < tripEp < trln=—p.



TABJIMYHbLINN METO/ BEPUD®UKALNN

JokazatenbcTBoO.
NupykTusBHbIi nepexoa.

1. Jlornyeckne ceaskn & n V.

V1&p€By <= 1 EByni € By < tr|aE1ntr| s
— trln ):¢1&¢1 .

2. TemnopanbHblii onepatop X.
XYeEB, <= Y EBpi1 < trlnr1FEYEBpi1 < tr|n =X



TABJIMYHbLINN METO/ BEPUD®UKALNN

NHpaykTuBHbIA nepexop,.

3. TemnopansHeiii onepaTtop R.

3.1. Mokaxem 1Ry € B, = tr|, = ¥1R2.

3ameTuM, Y4TO COrNacHO ONpPeaeNeHnto COracoBaHHOrO MHOXKECTBa
1Ry € B <= 1€ B n npn atom 91 € B unun X(¢P1Ry») € B.
MNycte Y1RYy € B,. Torga Bo3amoxHbl 2 ciydasi.

Bapuant 1. X(¢1R2) € By ans noboro i, i > 0.

Torpa no onpegenenunto ', p B kaxaom muoxecTse B, j, i > 0,
cogepxunTcs popmyna Y1 Ro n, cnepgosatensHo, P € By .

Torpa no MHAYKTUBHOMY MPEANONOXKEHNIO tr|py; = 12 Ans noboro
i, i > 0. CnepoBatensHo, tr|, = 1¥1R,.

trln =2 trlnel = Y2 trlnti =12

n n+1 n+2 n4+1



TABJIMYHbLINN METO/ BEPUD®UKALNN

MHaykTuBHbLIA nepexog,.

Bapuant 2. X(¢¥1Rv) ¢ B,1k ons nekotoporo k, k > 0.

Torpa cywectsyet Takoe kg, 4to X(11Re2) ¢ Bk, HO

X(11Rv») € Bpyi ana nwboro i, 0 < i < ky.

Torpa no onpenenenuto rpacpa I,y B Kaxxaom mHoxecTse B,
0 < i < ko, conepxutcs popmyna 11 Rs.

Torga no onpeaeneHNto COrNacoOBaHHbIX MHOXECTB 2 € By ans
ntoboro i, 0 < i < kg, n, kpome TOrO, V1 € Bypy,.

Torpa no MHAYKTUBHOMY NPEANONOXKEHNIO tr|,yi = 12 ansa noboro
0<i<kym tr|n+k0 ): P1. 3HauuT, tr|,, ): 11 Rs.

trntko FE 1
trln = b2 trine1 42 trlniko—1FY2  trlnik E2
n n+1 n+2 n+ k

/iTak, B oboux cnyyasx 1Ry € B, = tr|, = ¥1Rs.



TABJIMYHbLINN METO/ BEPUD®UKALNN

NHpaykTuBHbIG nepexop,.

3.2. Mokaxxem 1)1 Ryn ¢ B, — tr]n I# P1RYy,.

Mycte Y1RY2 ¢ By, T. k. 1Ry € URSub,, sToii dopmyne
COOTBETCTBYET HEKOTOPLIN LBET J.
MockonbKy paccMaTpuBaemblii MapLipyT

(507 BO)) (517 B].)7 sty (5n7 Bn)7 (5n+17 Bn+l)7 LU

ABNSAETCA pafy>KHbIM, TO BEPLUMHbI, OKpalleHHble B LBET J,
BCTPEHAKOTCA B 3TOM MapLupyTe BeCKOHEYHO HacTo.

3HaunT, cywecTeyet Takoe k, k > 0, yto BepwmHa (Spik, Bpik) —
nepBas, OKpalLEHHas B UBET j BEPLUMHA, CIEAYIOWAs B 3TOM
pajy>HOM MapLupyTe BC/ied 3a BepLuHOl (s,, By).

NmetoTcs aee npuumHbl, no koTopbiM BepwnHa (Spik, Bnik)
oKasaJsacb OKPaLUEHHOW B LBET J:

> 1/}2 ¢ Bn+k:
» X(¢1R2) € Bpik,

PaccmoTpum kaxaplii 3 3Tux CAyHaeB no OTAENLHOCTU.



TABJIMYHbLINN METO/ BEPUD®UKALNN

MNHpykTuBHbBIG nepexop,.

Bapuant 1. ¢ ¢ Bk

T. k. Bce BepwmHbl (Spyi, Bpyi), 0 < i < k He okpalueHbl B LBeT J,
0151 KaXKgoro ns MHoxecTs B i, 0 <7 < k, BepHbl COOTHOLLUEHUS

Y2 € Boyi " X(1Rvp2) ¢ Bnyi-
Torpa no onpenenenuto rpadpa I, A AN KaXKAOrO MHOXECTBA
Bn+i, 0 < i < k, BepHo cootHowenue 1Ry, ¢ B,y A oTcropa
cnepyer, 4To 11 ¢ By ans avoboro i, 0 < i < k.
Toraa no NHAYKTUBHOMY NPEANOAOKEHUIO
trinyi |E W2 n tringi & 1 gna noboro i, 0 < i < k,
tr‘n—i—k % ¢2-

trlnfEr  trlav EYn tr|nk—1 1
trln =2 trlni1 = 42 trlppk—1FEY2  trlapk Ee

n n+1 n+2 n+ k

A 370 03Hauaer, uTO tr|, = ¥1RY,.



TABJINYHbIN METOA BEPNOUNKALUNU
NHAayKTUBHLIA nepexog,.
Bapunant 2. X(¢1R2) € Bpik-

T. k. Bce BepwmHbl (Spti, Bpyi), 0 < i < k He okpalueHbl B LBeT J,
0151 KaXKgoro ns MHoxecTs B i, 0 <7 < k, BepHbl COOTHOLLUEHUS

Y2 € By " X(1Rvp2) ¢ By
Torpa no onpenenenuto rpadpa I, p AN KaXKAOrO MHOXECTBA
Bh+i, 0 < i < k, BepHo cootHowenue 1Ry, ¢ B,y A oTcropa
cnepyer, 4To 11 ¢ By ans avoboro i, 0 < i< k n iy ¢ Byig.
Torga no MHAYKTUBHOMY MPeANONOKEHNIO
trinyi |E W2 n tringi & 1 gna noboro i, 0 < i < k,
tr‘n—i—k % ¢2-

trlnfEr  trlav EYn tr|nk—1 1
trln =2 trlni1 = 42 trlppk—1FEY2  trlapk Ee

n n+1 n+42 n+ k
1 Bo BTOPOM Cnyuae tr|, i~ 11R;.



TABJIMYHbLINN METO/ BEPUD®UKALNN

MHaykTuBHbLIA nepexog,.

Takum obpasom, ecnn 1Ry & By, 10 tr|, = ¥1Ry.

B ntore, ansa nwoboii dopmynsl Buga 11 RYo n ana noboii
BepwnHbl (S,, B,) Hawero pafy>XHOro MapLupyTa BEpHO
COOTHOLUEHNE

¢1R1/)2 S Bn < tr\,, ): 1/)1R¢2 .

4. TemnopanbHbiii onepatop U.

,D'J'Iﬂ AOKa3aTENbCTBA COOTHOLLUEHNA

1/)1R1,Z)2 S Bn <= tl’|n ': @Z)1R¢2

MPUMEHATCA PaACCY>XKAEHNA, aHANOMM4YHbIE TEM, KOTOPbIE Bblan
NCnonb30BaHbl ANA NCCNeqoBaHnA onepaTopa R.

CamocToaTensHo.



TABJIMYHbLINN METO/ BEPUD®UKALNN

3aBeplune 060CHOBaHME MHOYKTUBHOMO NEPEXofa, Mbl TEM CaMbIM
3aBepPLUNAN [0KA3aTENbCTBO NEPBOM YaCTu TEOpPEMbI:

M ¥ 1
f

B rpade [, v CyLIecTBYeT XOTs Obl OAMH PafyXKHbIl MapLIpyT,
nexoaswmnii ns Bepntbl vo = (sp, Bp), B KoTOpoii so € S 1
v1 ¢ Bo.

MokaxeMm, 4TO B TOM Ciy4ae, Korga umeet mecto M (= ¢1, B
rpacbe [, A U3 HeKOTOPOI BepwMHbI Vo = (So, Bo), B koTopoii
S0 € So n @1 ¢ By, ncxonmt xoTs 6bl OAMH pagy>KHbI MapLUpyT.



TABJIMYHbLINN METO/ BEPUD®UKALNN

Mycte M B~ 1. Torpa B LTS M cywecTtByeT Takasi Ha4anbHas
Tpacca tr, ons KoTopon tr bé 1. PaccmoTtpum a1y Tpaccy tr.

Onsa kaxgoro i, i > 0, nonoxum

Bi ={¢ : ¢ € FLSub,,,tr|j =1 .}

CornacHo yTeepxaeHuto 4, BCe MOCTPOEHHbIE MHOXECTBA B;
SABJISIIOTCS COMNAaCOBAHHbIMU.

rlOKa)KEM, 4YTO NOCNenOoBaTENBLHOCTL Nap

(tr[0], Bo), (tr[1], Br), (tr[2], B), .. .. (tr[n], Ba), (tr[n+1], Bpr1), - ..

obpasyeT nckomblii paay>xHbili MapwpyT B rpadge Iy, .



TABJIMYHbLINN METO/ BEPUD®UKALNN

HelictentensHo,

1. s nwoboro n, n > 0, sepro tr[n] — tr[n+ 1], nockonbky tr
— mapwpyTt B LTS M.

2. ns noboro n, n > 0 u ans noboii bopmynel X € XSub,,,
BEpPHO
XpeB, <= ¢ € Bp1

NOCKOJIbKY
XpeB, <= trlp EX¢Y <= trlps1 E ¢ <= ¢ € Bhy1 .

3. tr[0] € Sp (7. k. tr — HauyanbHas Tpacca B M) un @1 ¢ By (1. k.
trlo = ¢1).
3Ha4YuT, NOCNeA0BaTENBHOCTh

(tr[0], Bo), (tr[1], B1), (tr[2], Bz), ..., (tr[n], Bn), (tr[n+1], Bpt1), .- .

ABNSeTCA MapwpyToM B rpace [, 7, NCXOASLLNM 13 HYXKHOI
BEPLUMHBI.



TABJIMYHbLINN METO/ BEPUD®UKALNN

4. Octanocb nMokasaTb, YTO MapLupyT

(r[0], Bo), (tr[1], B1), (tr[2], Ba), ..., (tr[n], Bn), (tr[n+1], Bas1), - ..

ABNAETCA pagy>XHbIM.

PaccmoTpum npouseonbHoe 4yncno n, n > 0 u Npon3BOALHYIO
copmyny ; € URSub,,. MNokaxem, 4TO CyliecTByeT Takoe
k,k > 0, 4to Bepwnna (tr[n + k], B,4+«) OKpaweHa B uBeT /.



TABJIMYHbLINN METO/ BEPUD®UKALNN

Orpanununmcs paccmotpenunem Until-cpopmynsi 9; = x'Uxea.
(Ons dopmyn uga v¥; = x'Rx2 fokasaTenscTeo nposegute
CaMOCTOATENBHO. )

1. Ecam tr|, = X(x1Uxz2), o X(x1Ux2) ¢ Bn, n,
cnepoBaTesnbHo, BeplnHa (tr[n], B,) okpalweHa B uBeT J.

2. A ecim tr|, E X(x1Uxz2), 10 tript1 = x1Ux2. Torga
cywecTtsyeT Takoe k, k > 1, uto tr|, ik = x2. MNoatomy
X2 € Bnik, v Bepwumna (tr[n + k], Byik) okpalieHa B LBET J.

Takum 0bpa3om, BepLUMHbI LBETa j BCTPEHAOTCA B HalUeM
MapLipyTe beckoHedHo 4acTo. [MockonbKy 1); bbina NPOU3BONLHON
(Until-Release)-dbopmynoid, 3To 03HauaeT, 4To Halw MapLupyT B
rpacbe [, v ABNSETCA pafyKHbIM. 0



ANTOPUTM BEPUDUKALUUN MOOEJIEN
MPOIrPAMM

Ho kak nposepuTb, 4TO n3 3ajaHHoli BepwuHbl B rpade [y, v
HE NCXOAUT HU OLHOrO pagy>XHoro mapiupyTa’?

OpuenTupoBaHHblii rpach [ Ha3bIBAETCA CUIIBHO CBSI3HBIM , €CIN
ans noboii napbl BepwmnH v 1 u B rpacpe I cywecTsyer mapwpyT
W3 V B U N MapLpyT U3 U B V.

Bcaknii makcumanbHblli cunbHO CBA3HLIA nogrpadd rpadpa I
Ha3bIBAETCSH KOMMOHEHTOW CUAbHON CBA3HOCTHU .

KomnoneHTy cunbHoli cesisHocTM rpacha (cuctembl XMHTUKKY)
[, m Byaem HasbiBaTb pajy»xHON, ecnn B Heli coaepkaTcs
BEPLUMHbI BCEX LBETOB.



ANTOPUTM BEPUDUKALUUN MOOEJIEN
MPOIrPAMM

Teopema.

N3 sepwmnel v B rpacbe ', p ncxoanT pagy>kHblii MappyT Toraa
W TONbKO TOrfa, KOrAa CyLecTByeT MapLlipyT , BeAyLmni 13
BEPLUMHBI V XOTs1 Obl B OAHY N3 BEPLUUH XOTS Dbl OAHOW pafy>XHOI
KOMTMOHEHTbI CUJIEHOW CBS3HOCTMU.

JokazatenbcTBoO.

CamocToaTensbHo. 3aeck BCE 04EBUAHO.



ANTOPUTM BEPUDUKALUUN MOOEJIEN

NMPOrPAMM
NcxoaHble gavubie: dopmyna PLTL ¢ n LTS

M =
1.

(AP, S, So, —, p).

MocTpouTh PaBHOCWIIbHYKO MO3UTMBHYIO (DOPMY 7.

2. MNoctpounts cuctemy Xuntukkn Iy, .

3. Beigenute muoxectso nogcbopmyn URSub,, n packpacuts

7.

BepwuHbl rpacpa [, .

BblgennTs pagy>Hble KOMNOHEHTHI CUABLHON CBA3HOCTY B
rpacpe I, m-

Boigenute mHoxecteo V' Bcex Bepwun rpacba [y a1, u3
KOTOPbIX AOCTUMXUMbI PadyXHbI€ KOMMOHEHTbI CUAbLHOA
CBA3HOCTW.

Boigenuts muoxectso V' scex Bepwunt (sp, By), anst koTopoi
BbINONIHAETCA Sp € Sp, p1 ¢ Bo.

Bouncante V =V N V",

Pesynbtam: M@ <— V =2.



ANTOPUTM BEPUDUKALUUN MOOEJIEN
MPOIrPAMM

Mpuwmep.

LTS M:




ANTOPUTM BEPUDUKALUUN MOOEJIEN
MPOIrPAMM

Mpuwmep.

¢ = F(pUq)

1. MNozutueHas cdhopma p; = pUqg
FLSub,, = {p,=p,q,~q, pUq, X(pUq)};
XSub,, = {X(pUq)}:

URSub,, = {pUq}.



AJITOPUTM BEPN®OUNKALUNN

2. Ctpoum cuctemy Xuntukkn Iy p

S0

{p,—q}

®1, X1}

-

{P7 —-q,

{p, g,
w1, X1}

{p,—q} {p,—q}
1, X1} ©1, X1}

{p,—q} {p7 -q}



AJITOPUTM BEPN®OUNKALUNN

3. Packpawmueaem seplintbl cuctembl Iy,

{p,—q,
Y1, X§01}

S0 S0
[

{p,—q} {p, g,
1, X1}

{p,—q} {p,—q}
o1, X1} o1, X1}

g en




AJITOPUTM BEPN®OUNKALUNN

4. Boigensiem pagy»Hble KOMMOHEHTbI CUJIbHOW CBAZHOCTM

S0

{p,—q}

{p7 —-q,
o1, X1}

{p,—q,
Y1, X§01}




AJITOPUTM BEPN®OUNKALUNN

5. Bbl,ﬂ,GﬂﬂEM BEPLUNHBI N3 KOTOPbLIX AOCTNXNMbI pagy>XHbl€ KOMMOHEHTDI

{p, a,
I o1, X1} w1, X1} |

0 50
{P, _‘q} {P, —-q,
o1, X1}

{p,—q} {p,—q}
o1, X1} o1, X1}




AJITOPUTM BEPN®OUNKALUNN

6. Nwem sepwnny (sp, B) Ha koTOpoii onposepraeTcs @1

{p, a,
I o1, X1} w1, X1} |

5 50
®
{P, _‘q} {p7_|q5
o1, X1}

{p,—q} {p,—q}
o1, X1} o1, X1}




ANTOPUTM BEPUDUKALUUN MOOEJIEN
MPOIrPAMM

OnucaHHblii 38eck NOAxoq K BepudnKaumum pacrnpeseneHHbix
nporpamMmm peann3oBaH B NPOrpaMMHO-UHCTPYMEHTAbHONR CucTeme
sepucpukauyuu SPIN .

Mogenu napannenbHbiX B3aMMOLEHCTBYIOLLMX MPOLECCOB
onucbiBatotcs Ha s3bike PROMELA  (Process Meta Language),
cHabxatoTcst TemnopansHbimu cneundukaumsimu (PLTL
cbopmynamm), a 3aTeM BbINOJAHUMOCTb 3TUX DOPMYN NPOBEPSETCS
cuctemoii Bepucpnkauunm SPIN .

B cucreme SPIN npumensietcs Tabnnynblii anroputm
BepudbnkaLmu Mmogeneii pacnpegenerteix nporpavm. dns
NOBbILLIEHNSI €ro 3PPEKTUBHOCTI UCMOBb3YETCS PsiZ NPUEMOB:

> NpPOBEPKa MOAENN KHA NIETY»,
> peaykunmm HaCTUYHbIX NOPAAKOB,

> CUMBOJNIBHOE NpPeACTAaBNEHNE OaHHbIX U 4p.
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