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1 Ââåäåíèå

Ïðèìåíåíèå ïðîãðàììèðóåìûõ ëîãè÷åñêèõ êîíòðîëëåðîâ (ÏËÊ) â ñèñòåìàõ

óïðàâëåíèÿ ñëîæíûìè ïðîèçâîäñòâåííûìè ïðîöåññàìè ïðåäúÿâëÿåò ñòðî-

ãèå òðåáîâàíèÿ êîððåêòíîñòè ê ïðîãðàììàì ÏËÊ. Ëþáàÿ îøèáêà â ÏËÊ-

ïðîãðàììå ñ÷èòàåòñÿ íåäîïóñòèìîé. Íåñìîòðÿ íà ýòî ñóùåñòâóþùèå ñðåä-

ñòâà ðàçðàáîòêè ïðîãðàìì äëÿ ÏËÊ, íàïðèìåð øèðîêî èçâåñòíûé êîìïëåêñ

CoDeSys (Controller Development System) [8℄, ïðåäîñòàâëÿþò ëèøü îáû÷íûå

âîçìîæíîñòè îòëàäêè ïðîãðàìì ÷åðåç òåñòèðîâàíèå ïîñðåäñòâîì âèçóàëèçà-

öèè îáúåêòîâ óïðàâëåíèÿ ÏËÊ. Âìåñòå ñ òåì â íàñòîÿùåå âðåìÿ íàêîïëåíû

îïðåäåëåííûå òåîðåòè÷åñêèå çíàíèÿ è îïûò èñïîëüçîâàíèÿ ñóùåñòâóþùèõ

ðàçðàáîòîê â îáëàñòè �îðìàëüíûõ ìåòîäîâ ìîäåëèðîâàíèÿ è àíàëèçà ïðî-

ãðàììíûõ ñèñòåì. Ïðîãðàììèðîâàíèå ëîãè÷åñêèõ êîíòðîëëåðîâ ïðåäñòàâ-

ëÿåò ñîáîé ïðèêëàäíóþ îáëàñòü, â êîòîðîé ñóùåñòâóþùèå íàðàáîòêè ìîãëè

áû èìåòü óñïåøíîå ïðèìåíåíèå � âíåäðåíèå �îðìàëüíûõ ìåòîäîâ â ïðîöåññ

ñîçäàíèÿ ïðîãðàìì íà óðîâíå îòëàæåííîé òåõíîëîãèè.

ÏËÊ � êëàññè÷åñêàÿ ¾ðåàãèðóþùàÿ¿ ñèñòåìà, èìåþùàÿ íåêîòîðîå ìíî-

æåñòâî âõîäîâ, ïîäêëþ÷åííûõ ïîñðåäñòâîì äàò÷èêîâ ê îáúåêòó óïðàâëåíèÿ,

è ìíîæåñòâî âûõîäîâ, ïîäêëþ÷åííûõ ê èñïîëíèòåëüíûì óñòðîéñòâàì [10,6℄.

Ïðîãðàììà ÏËÊ âûïîëíÿåòñÿ â ðàáî÷åì öèêëå: ñ÷èòûâàíèå âõîäîâ, âûïîë-

íåíèå ïðîãðàììû è âûñòàâëåíèå âûõîäîâ.

ßçûêè ïðîãðàììèðîâàíèÿ ÏËÊ îïðåäåëÿþòñÿ ñòàíäàðòîì ÌÝÊ 61131,

âêëþ÷àþùèì â ñåáÿ îïèñàíèå ïÿòè ÿçûêîâ: SFC, IL, ST, LD è FBD. Ýòè ÿçû-

êè ïîçâîëÿþò ïðèìåíÿòü äëÿ ÏËÊ-ïðîãðàìì ñóùåñòâóþùèå ìåòîäû àíàëè-

çà êîððåêòíîñòè � òåñòèðîâàíèå, äåäóêòèâíûé àíàëèçà (theorem proving) [1℄
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è àâòîìàòè÷åñêèé ìåòîä ïðîâåðêè ìîäåëè (model 
he
king) [2℄. Äåäóêòèâíûé

àíàëèç â áîëüøåé ñòåïåíè ïðèìåíèì ê ¾íåïðåðûâíûì¿ çàäà÷àì îáåñïå÷å-

íèÿ óñòîé÷èâîñòè è êà÷åñòâà ðåãóëèðîâàíèÿ (èç îáëàñòè òåîðèè óïðàâëå-

íèÿ), ðåàëèçàöèÿ êîòîðûõ íà ÏËÊ ñîïðÿæåíà ñ ïðîãðàììèðîâàíèåì ñîîò-

âåòñòâóþùåé ñèñòåìû �îðìóë. Ìåòîä ïðîâåðêè ìîäåëè íàèáîëåå ïîäõîäèò

äëÿ ¾äèñêðåòíûõ¿ çàäà÷ ëîãè÷åñêîãî óïðàâëåíèÿ, äëÿ ðåàëèçàöèè êîòîðûõ

òðåáóåòñÿ ÏËÊ ñ áèíàðíûìè âõîäàìè è âûõîäàìè, ÷òî îáåñïå÷èâàåò êîíå÷-

íîå ïðîñòðàíñòâî âîçìîæíûõ ñîñòîÿíèé ïðîãðàììû ÏËÊ.

�àíåå â ñòàòüå [4℄ ïðîâîäèëñÿ îáçîð ìåòîäîâ è ïîäõîäîâ ê ïðîãðàììèðî-

âàíèþ ¾äèñêðåòíûõ¿ çàäà÷ ÏËÊ íà ïðèìåðå çàäà÷è ïîñòðîåíèÿ ïðîãðàììû

óïðàâëåíèÿ êîäîâûì çàìêîì íà ÿçûêàõ LD, SFC è ST. Äëÿ ýòèõ ïîäõîäîâ

îöåíèâàëîñü óäîáñòâî àíàëèçà ïðîãðàììíîé êîððåêòíîñòè ìåòîäîì ïðîâåð-

êè ìîäåëè. Áûëè âûÿâëåíû âîçìîæíûå óÿçâèìîñòè ÏËÊ-ïðîãðàìì è òðóä-

íîñòè àíàëèçà ïðîãðàììíîé êîððåêòíîñòè, âîçíèêàþùèå ïðè òðàäèöèîííûõ

ïîäõîäàõ ê ïðîãðàììèðîâàíèþ. Â ÷àñòíîñòè, ñóùåñòâóþùèå ðàáîòû ïî òåìå

àíàëèçà êîððåêòíîñòè ïðîãðàìì ÏËÊ [7,11,12℄ ãëàâíûì îáðàçîì ïîñâÿùå-

íû ïîñòðîåíèþ òðàíñëÿòîðîâ ñî ñòàíäàðòíûõ ÿçûêîâ ÌÝÊ 61131-3 [9℄ â èí-

òåð�åéñíûå ÿçûêè ïðîãðàììíûõ ñðåäñòâ âåðè�èêàöèè ìåòîäîì ïðîâåðêè

ìîäåëè. Äåìîíñòðàöèÿ ðåçóëüòàòîâ ïðîâîäèòñÿ íà òðèâèàëüíûõ ïðèìåðàõ.

Îäíàêî îïûò ðàáîòû ñ ïðàêòè÷åñêèì çàäà÷àìè ëîãè÷åñêîãî óïðàâëåíèÿ ïî-

êàçàë, ÷òî òàêîãî ðîäà ïðÿìàÿ òðàíñëÿöèÿ íè÷åãî íå äàåò äëÿ ïîñëåäóþùåãî

àíàëèçà ïðîãðàììíûõ ñâîéñòâ, ïîñêîëüêó çà÷àñòóþ íå ïðåäñòàâëÿåòñÿ âîç-

ìîæíûì âûðàçèòü òðåáóåìûå ñâîéñòâà íà ÿçûêå òåìïîðàëüíîé ëîãèêè.

Â ýòîé ñòàòüå ïðåäëàãàåòñÿ ïîäõîä ê ïîñòðîåíèþ ¾äèñêðåòíûõ¿ ÏËÊ-

ïðîãðàìì, îáåñïå÷èâàþùèé âîçìîæíîñòü àíàëèçà èõ êîððåêòíîñòè ñ ïîìî-

ùüþ ìåòîäà ïðîâåðêè ìîäåëè, � ïðîãðàììèðîâàíèå èñõîäÿ èç çàäà÷ ñïå-

öè�èêàöèè è âåðè�èêàöèè. Â êà÷åñòâå ÿçûêà ñïåöè�èêàöèè ïðîãðàììíîãî

ïîâåäåíèÿ ïðåäëàãàåòñÿ èñïîëüçîâàòü ÿçûê òåìïîðàëüíîé ëîãèêè LTL. Ïðî-

ãðàììèðîâàíèå îñóùåñòâëÿåòñÿ íà ÿçûêå ST ïî LTL-ñïåöè�èêàöèè. Àíàëèç

êîððåêòíîñòè LTL-ñïåöè�èêàöèè ïðîèçâîäèòñÿ ñ ïîìîùüþ ïðîãðàììíîãî

ñðåäñòâà ñèìâîëüíîé ïðîâåðêè ìîäåëè Caden
e SMV [13℄.

2 Ìåòîä ïðîâåðêè ìîäåëè. Ìîäåëü ïðîãðàììû ÏËÊ

Çàäà÷à ïðîâåðêè ìîäåëè (Model Che
king) ñîñòîèò â îïðåäåëåíèè âûïîëíè-

ìîñòè äëÿ êîíå÷íîé ìîäåëè ïðîãðàììû (â âèäå ñòðóêòóðû Êðèïêå) ñâîé-

ñòâà, âûðàæåííîãî �îðìóëîé òåìïîðàëüíîé ëîãèêè.

Ñòðóêòóðîé Êðèïêå íàä ìíîæåñòâîì ýëåìåíòàðíûõ âûñêàçûâàíèé P íà-

çûâàåòñÿ ñèñòåìà ïåðåõîäîâ S = (S, s0,→, L), ãäå S � êîíå÷íîå ìíîæåñòâî

ñîñòîÿíèé (ìîäåëè ïðîãðàììû), s0 ∈ S � íà÷àëüíîå ñîñòîÿíèå, →⊆ S×S �

îòíîøåíèå ïåðåõîäîâ, L : S → 2P � �óíêöèÿ, ïîìå÷àþùàÿ êàæäîå ñîñòîÿ-

íèå ìíîæåñòâîì ýëåìåíòàðíûõ âûñêàçûâàíèé, èñòèííûõ â ýòîì ñîñòîÿíèè.

Ïóòü â ñòðóêòóðå Êðèïêå èç ñîñòîÿíèÿ s0 � ýòî áåñêîíå÷íàÿ ïîñëåäîâà-

òåëüíîñòü ñîñòîÿíèé π = s0s1s2 . . . òàêàÿ, ÷òî ∀ i ≥ 0 âûïîëíÿåòñÿ si → si+1.
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Â êà÷åñòâå ÿçûêà ñïåöè�èêàöèè ïîâåäåí÷åñêèõ ñâîéñòâ ïðîãðàììíîé ìî-

äåëè ðàññìàòðèâàåòñÿ ÿçûê òåìïîðàëüíîé ëîãèêè ëèíåéíîãî âðåìåíè LTL

(Linear-Time Temporal Logi
). Âûáîð ëîãèêè LTL ñâÿçûâàåòñÿ ñ òåì, ÷òî

ïðîãðàììà ÏËÊ ÿâëÿåòñÿ êëàññè÷åñêîé ðåàêòèâíîé (ðåàãèðóþùåé) óïðàâ-

ëÿþùåé ñèñòåìîé, êîòîðàÿ áóäó÷è îäíàæäû çàïóùåííîé äîëæíà èìåòü êîð-

ðåêòíîå áåñêîíå÷íîå ïîâåäåíèå. Óñëîâèÿ êîððåêòíîñòè óäîáíî çàäàâàòü â

âèäå øàáëîíîâ ñâîéñòâ, êîòîðûì äîëæíû ñîîòâåòñòâîâàòü êîððåêòíûå èñ-

ïîëíåíèÿ ïðîãðàììû. Â òåìïîðàëüíîé ëîãèêå LTL êàæäàÿ �îðìóëà ïî ñóòè

ïðåäñòàâëÿåò ñîáîé òàêîé øàáëîí.

Ôîðìóëû ëîãèêè LTL ñòðîÿòñÿ ïî ñëåäóþùåé ãðàììàòèêå ïðè pi ∈ P :

ϕ, ψ ::= true | p0 | p1 | . . . | pn | ¬ϕ | ψ ∧ ϕ | Xϕ | ψ U ϕ | F ϕ | Gϕ.
Ôîðìóëà ëîãèêè LTL îïèñûâàåò ñâîéñòâî îäíîãî ïóòè ñòðóêòóðû Êðèï-

êå, âûõîäÿùåãî èç íåêîòîðîãî âûäåëåííîãî òåêóùåãî ñîñòîÿíèÿ. Òåìïîðàëü-

íûå îïåðàòîðû X , F , G è U èìåþò ñëåäóþùóþ èíòåðïðåòàöèþ: Xϕ îçíà-

÷àåò, ÷òî �îðìóëà ϕ äîëæíà âûïîëíÿòüñÿ â ñëåäóþùåì ñîñòîÿíèè, Fϕ � ϕ

äîëæíà âûïîëíÿòüñÿ â íåêîòîðîì áóäóùåì ñîñòîÿíèè ïóòè, Gϕ � ϕ äîëæíà

âûïîëíÿòüñÿ â òåêóùåì ñîñòîÿíèè è âî âñåõ áóäóùèõ ñîñòîÿíèÿõ ïóòè, ψ U ϕ

� ϕ äîëæíà âûïîëíÿåòñÿ â òåêóùåì èëè áóäóùåì ñîñòîÿíèè ïðè òîì, ÷òî

âî âñåõ ñîñòîÿíèÿõ (íà÷èíàÿ ñ òåêóùåãî) äî ýòîãî ìîìåíòà äîëæíà âûïîë-

íÿòüñÿ �îðìóëà ψ. Îïåðàòîðû F è G ÿâëÿþòñÿ ïðîèçâîäíûìè è ââîäÿòñÿ

äëÿ óäîáñòâà ñïåöè�èêàöèè ñâîéñòâ: F ϕ = true Uϕ, Gϕ = ¬F¬ϕ. Êðîìå
òîãî, äàëåå áóäóò èñïîëüçîâàòüñÿ êëàññè÷åñêèå ëîãè÷åñêèå ñâÿçêè ∨ è ⇒.

Ñòðóêòóðà Êðèïêå óäîâëåòâîðÿåò �îðìóëå (ñâîéñòâó) ϕ ëîãèêè LTL, åñ-

ëè ϕ âûïîëíÿåòñÿ äëÿ âñåõ ïóòåé, âûõîäÿùèõ èç íà÷àëüíîãî ñîñòîÿíèÿ s0.

Ìîäåëü Êðèïêå äëÿ ïðîãðàììû ÏËÊ ìîæåò áûòü ïîñòðîåíà âïîëíå åñòå-

ñòâåííûì îáðàçîì. Ñîñòîÿíèå ìîäåëè � ýòî ñîñòîÿíèå ïðîãðàììû (âåêòîð

çíà÷åíèé âñåõ ïåðåìåííûõ) ÏËÊ ïîñëå îäíîãî ïîëíîãî ïðîõîäà ðàáî÷åãî

öèêëà. Íà÷àëüíîå ñîñòîÿíèå ìîäåëè � ñîñòîÿíèå ïðîãðàììû ïîñëå èíèöèà-

ëèçàöèè çíà÷åíèé ïåðåìåííûõ. Òàêèì îáðàçîì, â êà÷åñòâå ïåðåõîäà èç îä-

íîãî ñîñòîÿíèÿ ìîäåëè â äðóãîå (èëè òî æå ñàìîå) ìîæåò áûòü ðàññìîòðåíî

ïîëíîå èñïîëíåíèå ïðîãðàììû çà îäèí ïðîõîä ðàáî÷åãî öèêëà ÏËÊ.

Â êà÷åñòâå ýëåìåíòàðíûõ âûñêàçûâàíèé ìîäåëè áóäóò ðàññìàòðèâàòüñÿ

ëîãè÷åñêèå (ñ ïðèìåíåíèåì àðè�ìåòè÷åñêèõ îïåðàòîðîâ è îïåðàòîðîâ ñðàâ-

íåíèÿ) âûðàæåíèÿ íàä ïåðåìåííûìè ÏËÊ-ïðîãðàììû.

3 Êîíöåïöèÿ ïðîãðàììèðîâàíèÿ

Öåëüþ ñòàòüè ÿâëÿåòñÿ îïèñàíèå ïîäõîäà ê ïðîãðàììèðîâàíèþ ÏËÊ, êî-

òîðûé áû îáåñïå÷èâàë âîçìîæíîñòü àíàëèçà êîððåêòíîñòè ÏËÊ-ïðîãðàìì

ñ ïîìîùüþ ìåòîäà ïðîâåðêè ìîäåëè. Ïðè îïèñàíèè ïîäõîäà ê ïðîãðàììèðî-

âàíèþ áóäåì èñõîäèòü èç ñîîáðàæåíèé óäîáñòâà è ïðîñòîòû ïðèìåíåíèÿ ìå-

òîäà ïðîâåðêè ìîäåëè. Ïðîçðà÷íîå è íàãëÿäíîå ïðåäñòàâëåíèå î òîì, êàêèì

îáðàçîì ïðîèñõîäèò èçìåíåíèå çíà÷åíèÿ òîé èëè èíîé ïðîãðàììíîé ïåðå-

ìåííîé çà îäèí ïåðåõîä èç ñîñòîÿíèÿ â ñîñòîÿíèå ìîäåëè ÏËÊ-ïðîãðàììû,

ïîòðåáóåò ïðè ïðîãðàììèðîâàíèè ñîáëþäåíèÿ ñëåäóþùèõ äâóõ óñëîâèé.
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Óñëîâèå 1. Çíà÷åíèå êàæäîé ïåðåìåííîé äîëæíî èçìåíÿòüñÿ íå áîëåå îä-

íîãî ðàçà çà îäíî ïîëíîå âûïîëíåíèå ïðîãðàììû ïðè ïðîõîæäåíèè ðàáî÷åãî

öèêëà ÏËÊ.

Óñëîâèå 2. Çíà÷åíèå êàæäîé ïåðåìåííîé äîëæíî èçìåíÿòüñÿ òîëüêî â îä-

íîì ìåñòå ïðîãðàììû.

Î÷åâèäíî, ÷òî çà îäèí ïðîõîä ðàáî÷åãî öèêëà çíà÷åíèå ëþáîé ïåðåìåí-

íîé âîçðàñòàåò, óáûâàåò èëè îñòàåòñÿ áåç èçìåíåíèÿ (åñëè, íàïðèìåð, íå

îáðàùàòüñÿ ê íåé ïî ïðèñâàèâàíèþ) ïî îòíîøåíèþ ê åå çíà÷åíèþ, ïîëó÷åí-

íîìó íà ïðåäûäóùåì ïðîõîäå ðàáî÷åãî öèêëà. Ïîòðåáóåì ïðîâîäèòü èçìå-

íåíèå çíà÷åíèÿ ïåðåìåííîé òîëüêî â òîì ñëó÷àå, êîãäà ýòî äåéñòâèòåëüíî

íåîáõîäèìî, ò. å. çàïðåòèì îáðàùåíèå ê ïåðåìåííîé ïî ïðèñâàèâàíèþ, åñ-

ëè íå áóäóò âûïîëíåíû óñëîâèÿ îáÿçàòåëüíîãî èçìåíåíèÿ åå çíà÷åíèÿ. Ïðè

òàêîì ïîäõîäå òðåáîâàíèå òîãî, êàêèì îáðàçîì äîëæíî èçìåíÿòüñÿ çíà÷å-

íèå íåêîòîðîé ïåðåìåííîé V çà îäèí ïðîõîä ðàáî÷åãî öèêëà ÏËÊ, óäîáíî

çàïèñûâàòü â âèäå �îðìóë òåìïîðàëüíîé ëîãèêè LTL ñëåäóþùèì îáðàçîì.

Äëÿ îïèñàíèÿ ñèòóàöèé, êîòîðûå ïðèâîäÿò ê óâåëè÷åíèþ çíà÷åíèÿ ïå-

ðåìåííîé V ïðåäëàãàåòñÿ èñïîëüçîâàòü LTL-�îðìóëó âèäà

GX(V >_V ⇒ OldValCond ∧ FiringCond ∧ V =NewValExpr), (1)

êîòîðàÿ îçíà÷àåò, ÷òî âñÿêèé ðàç, êîãäà íîâîå çíà÷åíèå ïåðåìåííîé V îêà-

çûâàåòñÿ áîëüøå åå ïðåäûäóùåãî çíà÷åíèÿ, çàïèñàííîãî â ïåðåìåííîé _V ,

èç ýòîãî ñëåäóåò, ÷òî ñòàðîå çíà÷åíèå ïåðåìåíîé V óäîâëåòâîðÿëî óñëîâèþ

OldValCond , áûëî âûïîëíåíî óñëîâèå ñîîòâåòñòâóþùåãî âíåøíåãî âîçäåé-

ñòâèÿ FiringCond , à íîâîå çíà÷åíèå ïåðåìåííîé V ÿâëÿåòñÿ çíà÷åíèåì âû-

ðàæåíèÿ NewValExpr .

Ñèìâîë ëèäèðóþùåãî ïîä÷åðêèâàíèÿ ¾_¿ â îáîçíà÷åíèè ïåðåìåííîé _V

óäîáíî âîñïðèíèìàòü êàê ïñåâäîîïåðàòîð, ïîçâîëÿþùèé îáðàòèòüñÿ ê çíà-

÷åíèþ ïåðåìåííîé V , êîòîðîå îíà èìåëà â ïðåäûäóùåì ñîñòîÿíèè. Ïðè ýòîì

íåîáõîäèìî íàëîæèòü îáÿçàòåëüíîå óñëîâèå, ÷òî ýòîò ïñåâäîîïåðàòîð ìîæåò

èñïîëüçîâàòüñÿ òîëüêî ïîä äåéñòâèåì òåìïîðàëüíîãî îïåðàòîðà X.

Óñëîâèÿ FiringCond è OldValCond ÿâëÿþòñÿ ëîãè÷åñêèìè âûðàæåíèåì

íàä ïðîãðàììíûìè ïåðåìåííûìè è êîíñòàíòàìè, êîòîðûå ñòðîÿòñÿ ñ ïðèìå-

íåíèåì îïåðàòîðîâ ñðàâíåíèÿ, ëîãè÷åñêèõ è àðè�ìåòè÷åñêèõ îïåðàòîðîâ è

ïñåâäîîïåðàòîðà ¾_¿ (êîòîðûé ïî îïðåäåëåíèþ ìîæåò áûòü ïðèìåíèì òîëü-

êî ê ïåðåìåííûì). Âûðàæåíèå FiringCond îïèñûâàåò ñèòóàöèè, ïðè êîòî-

ðûõ âîçíèêàåò íåîáõîäèìîñòü èçìåíåíèÿ çíà÷åíèÿ ïåðåìåííîé V , åñëè ýòî,

êîíå÷íî, äîïóñêàåòñÿ óñëîâèåì OldValCond . Âûðàæåíèå NewValExpr ñòðî-

èòñÿ ñ ïîìîùüþ ïåðåìåííûõ è êîíñòàíò, îïåðàòîðîâ ñðàâíåíèÿ, ëîãè÷åñêèõ,

àðè�ìåòè÷åñêèõ îïåðàòîðîâ è ïñåâäîîïåðàòîðà ¾_¿.

Äëÿ îïèñàíèÿ âñåõ âîçìîæíûõ ñèòóàöèé, ïðè êîòîðûõ ïðîèñõîäèò âîç-

ðàñòàíèå çíà÷åíèÿ ïåðåìåííîé V , â �îðìóëå (1) ïîñëå îïåðàòîðà ⇒ ìîæåò

ïîòðåáîâàòüñÿ íåñêîëüêî íàáîðîâ ðàññìîòðåííûõ êîíúþíêòèâíûõ ÷ëåíîâ

OldValCond i∧FiringCond
i
∧V =NewValExpr

i
îáúåäèíåííûõ â äèçúþíêöèþ.

Àíàëîãè÷íûì îáðàçîì îïèñûâàþòñÿ ñèòóàöèè, ïðèâîäÿùèå ê óìåíüøå-

íèþ çíà÷åíèÿ ïåðåìåííîé V :

GX(V <_V ⇒ OldValCond ′
∧ FiringCond ′

∧ V =NewValExpr ′ ). (1′)
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Òåìïîðàëüíûå �îðìóëû âèäà (1) è (1′) îïèñûâàþò æåëàåìîå ïîâåäåíèå
íåêîòîðîé öåëî÷èñëåííîé ïåðåìåííîé. Â ñëó÷àå ñ ïåðåìåííîé ëîãè÷åñêî-

ãî (äâîè÷íîãî) òèïà äàííûõ äëÿ ñïåöè�èêàöèè åå ïîâåäåíèÿ ïðåäëàãàåòñÿ

èñïîëüçîâàòü áîëåå ïðîñòûå LTL-�îðìóëû. Äëÿ îïèñàíèÿ ñèòóàöèé, ïðè êî-

òîðûõ çíà÷åíèå ëîãè÷åñêîé ïåðåìåííîé V âîçðàñòàåò, ìîæíî èñïîëüçîâàòü

ñëåäóþùóþ �îðìóëó:

GX(¬_V ∧ V ⇒ FiringCond ). (2)

Àíàëîãè÷íûì îáðàçîì îïèñûâàþòñÿ ñèòóàöèè, ïðèâîäÿùèå ê óìåíüøåíèþ

çíà÷åíèÿ ëîãè÷åñêîé ïåðåìåííîé V :

GX(_V ∧ ¬V ⇒ FiringCond ′ ). (2′)

�àññìîòðèì îñîáûé ñëó÷àé ñïåöè�èêàöèé âèäà (1) è (1′), ïðè êîòîðîì

äëÿ V èìååì FiringCond = FiringCond ′ = 1, NewValExpr = NewValExpr ′,

OldValCond = (_V <NewValExpr) è OldValCond ′ = (_V >NewValExpr ):

GX(V >_V ⇒ _V <NewValExpr ∧ V =NewValExpr );

GX(V <_V ⇒ _V >NewValExpr ∧ V =NewValExpr ).

Òàêàÿ ñïåöè�èêàöèÿ ìîæåò áûòü çàìåíåíà íà îäíó LTL-�îðìóëó âèäà

GX(V =NewValExpr ). (3)

Ïåðåìåííóþ V , äëÿ êîòîðîé ñòðîèòñÿ ñïåöè�èêàöèÿ âèäà (1) è (1′), à
òàêæå (2) è (2′), áóäåì íàçûâàòü ïåðåìåííîé-ðåãèñòðîì. Åñëè äëÿ ïåðåìåí-

íîé V ñòðîèòñÿ ñïåöè�èêàöèÿ âèäà (3), íàçîâåì åå ïåðåìåííîé-�óíêöèåé.

Â îñîáîì ñëó÷àå ñïåöè�èêàöèè (3), ïðè êîòîðîì âûðàæåíèå NewValExpr íå

ñîäåðæèò ïñåâäîîïåðàòîðà ëèäèðóþùåãî ïîä÷åðêèâàíèÿ ¾_¿, ïåðåìåííóþ

V áóäåì íàçûâàòü ïåðåìåííîé-ïîäñòàíîâêîé.

Âàæíî îòìåòèòü, ÷òî êàæäûé èç ðàññìîòðåííûõ øàáëîíîâ LTL-�îðìóë

ñïåöè�èêàöèè ïîâåäåíèÿ ïåðåìåííîé ÿâëÿåòñÿ êîíñòðóêòèâíûì, ò. å. ïî ñïå-

öè�èêàöèè ìîæíî ëåãêî ïîñòðîèòü ïðîãðàììó, êîòîðàÿ áû ñîîòâåòñòâîâàëà

òåìïîðàëüíûì ñâîéñòâàì, âûðàæåííûì ýòèìè �îðìóëàìè. (�åàëèçàöèÿ ýòî-

ãî áóäåò ïîêàçàíà äàëåå.) Òàêèì îáðàçîì, ìîæíî ñêàçàòü, ÷òî ïî ñóòè âñå

ïðîãðàììèðîâàíèå ÏËÊ ñâîäèòñÿ ê ïîñòðîåíèþ ñïåöè�èêàöèè ïîâåäåíèÿ

êàæäîé ïðîãðàììíîé ïåðåìåííîé, ÿâëÿþùåéñÿ âûõîäîì èëè âñïîìîãàòåëü-

íîé âíóòðåííåé ïåðåìåííîé. Ïðè ýòîì ñàì ïðîöåññ (ñòàäèÿ) íàïèñàíèÿ êîäà

ïðîãðàììû çàêàí÷èâàåòñÿ, êàê òîëüêî äëÿ êàæäîé òàêîé ïåðåìåííîé ñîçäà-

íà ñïåöè�èêàöèÿ. Îòìåòèì, ÷òî êîëè÷åñòâî è ñìûñë âûõîäíûõ ïåðåìåííûõ

îïðåäåëÿþòñÿ èíòåð�åéñîì ÏËÊ èñõîäÿ èç ïîñòàíîâêè çàäà÷è.

Òàêîé ïîäõîä ê ïðîãðàììèðîâàíèþ ÏËÊ â îïðåäåëåííîì ñìûñëå ðåøàåò

ïðîáëåìó ïîëíîòû ñïåöè�èêàöèè. Â äàííîì ñëó÷àå ñïåöè�èêàöèÿ ïðîãðàì-

ìû äåëèòñÿ íà äâå ÷àñòè: 1) ñïåöè�èêàöèþ ïîâåäåíèÿ âñåõ ïðîãðàììíûõ

ïåðåìåííûõ (êðîìå âõîäîâ), 2) ñïåöè�èêàöèþ îáùåïðîãðàììíûõ ñâîéñòâ.

Ïðè ýòîì âòîðàÿ ñîñòàâëÿþùàÿ ñïåöè�èêàöèè îêàçûâàåò âëèÿíèå íà êîëè-

÷åñòâî è ñìûñë âíóòðåííèõ âñïîìîãàòåëüíûõ ïåðåìåííûõ ÏËÊ-ïðîãðàììû.

Ïðè ïîñòðîåíèè ñïåöè�èêàöèè âàæíî ó÷èòûâàòü òî, â êàêîì ïîðÿäêå

ðàñïîëàãàþòñÿ òåìïîðàëüíûå �îðìóëû, îïèñûâàþùèå ïîâåäåíèå ïåðåìåí-

íûõ. Íåêîòîðàÿ ïåðåìåííàÿ áåç ïñåâäîîïåðàòîðà ¾_¿ ìîæåò áûòü çàäåé-
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ñòâîâàíà â ñïåöè�èêàöèè ïîâåäåíèÿ äðóãîé ïåðåìåííîé, òîëüêî åñëè ñïåöè-

�èêàöèÿ åå ïîâåäåíèÿ óæå ïðîèçâåäåíà è íàõîäèòñÿ âûøå ïî òåêñòó.

Â ñïåöè�èêàöèè áëîê òåìïîðàëüíûõ �îðìóë, îïèñûâàþùèé ïîâåäåíèå

íåêîòîðîé ïåðåìåííîé, áóäåì ïî íåîáõîäèìîñòè ñîïðîâîæäàòü óêàçàíèåì

íà÷àëüíîãî çíà÷åíèÿ ýòîé ïåðåìåííîé, êîòîðîå îíà ïîëó÷àåò ïðè èíèöèàëè-

çàöèè. Äëÿ ýòîãî çàäåéñòâóåòñÿ êëþ÷åâîå ñëîâî Init. Íàïðèìåð, Init(V ) = 1
îçíà÷àåò, ÷òî ïðè èíèöèàëèçàöèè ïåðåìåííàÿ V ïîëó÷àåò çíà÷åíèå 1. Åñ-

ëè â ñïåöè�èêàöèè ÿâíî íå óêàçûâàåòñÿ íà÷àëüíîå çíà÷åíèå äëÿ íåêîòîðîé

ïåðåìåííîé, òî ñ÷èòàåòñÿ, ÷òî ýòî çíà÷åíèå ðàâíÿåòñÿ íóëþ.

4 Ïðîãðàììèðîâàíèå ïî ñïåöè�èêàöèè

Â ýòîì ðàçäåëå ìû ðàññìîòðèì ñïîñîá ïîñòðîåíèÿ ïðîãðàììíîãî ST-êîäà ïî

êîíñòðóêòèâíîé LTL-ñïåöè�èêàöèè ïîâåäåíèÿ ïðîãðàììíûõ ïåðåìåííûõ. Â

îáùåì âèäå ñõåìà òðàíñëÿöèè LTL-�îðìóë â ïðîãðàììíûé êîä íà ÿçûêå

ST ñëåäóþùàÿ. Äâóì òåìïîðàëüíûì �îðìóëàì ïåðåìåííîé V , ïîìå÷åííûì

V+ (âîçðàñòàíèå çíà÷åíèÿ, (1)) è V− (óáûâàíèå çíà÷åíèÿ, (1′)), ñòàâèòñÿ â
ñîîòâåòñòâèå òåêñòîâûé áëîê IF-ELSIF íà ÿçûêå ST

IF OldValCond AND FiringCond THEN V :=NewValExpr ; (* V+ *)

ELSIF OldValCond ′
AND FiringCond ′

THEN V :=NewValExpr ′
; (* V− *)

END_IF.

Åñëè â LTL-�îðìóëàõ ñïåöè�èêàöèè ïîâåäåíèÿ ïåðåìåííîé V êîëè÷å-

ñòâî êîíúþíêòèâíûõ áëîêîâ OldValCond i ∧ FiringCond i ∧ V =NewValExpr i
áóäåò áîëüøå ðàññìîòðåííûõ äâóõ, òî âîçðàñòåò ÷èñëî àëüòåðíàòèâíûõ âå-

òîê ELSIF (ïî îäíî âåòêå äëÿ êàæäîãî íîâîãî áëîêà).

Îòìåòèì, ÷òî ïî ïîñòðîåíèþ ïîâåäåíèå ïîëó÷åííîé ïðîãðàììû áóäåò

ïîëíîñòüþ óäîâëåòâîðÿòü �îðìóëàì LTL-ñïåöè�èêàöèè.

Ïðè òðàíñëÿöèè óïðîùåííûõ LTL-�îðìóë ñïåöè�èêàöèè ïîâåäåíèÿ ëî-

ãè÷åñêîé ïåðåìåííîé V â �îðìàõ V+ (2) è V− (2′) ïîëó÷àåì áëîê

IF NOT _V AND FiringCond THEN V := 1 ; (* V+ *)

ELSIF _V AND FiringCond ′
THEN V := 0; (* V− *) END_IF.

Â ñëó÷àå ñî ñïåöè�èêàöèåé ïîâåäåíèÿ ïåðåìåííîé-�óíêöèè V (3) èìååì
ïðîñòîå ïðèñâàèâàíèå âèäà

V :=NewValExpr . (* V *)

Êàæäàÿ ïðîãðàììíàÿ ïåðåìåííàÿ äîëæíà áûòü îïðåäåëåíà â ðàçäåëå

(ëîêàëüíîì èëè ãëîáàëüíîì) îïèñàíèÿ ïåðåìåííûõ è ïðîèíèöèàëèçèðîâàíà

â ñîîòâåòñòâèè ñî ñïåöè�èêàöèåé. Îòìåòèì, ÷òî, íàïðèìåð, â ñðåäå ðàçðà-

áîòêè CoDeSys [8℄ ïî óìîë÷àíèþ âñå ïåðåìåííûå èíèöèàëèçèðóþòñÿ íóëåì.

Êðîìå òîãî, íåîáõîäèìî ðåàëèçîâàòü èäåþ ïñåâäîîïåðàòîðà ëèäèðóþùå-

ãî ïîä÷åðêèâàíèÿ ¾_¿. Äëÿ ýòîãî â ñàìîì êîíöå ïðîãðàììû âûäåëÿåòñÿ

ìåñòî äëÿ ïñåâäîîïåðàòîðíîãî ðàçäåëà, êóäà ïîñëå çàäàíèÿ ïîâåäåíèÿ âñåõ

ïåðåìåííûõ ñïåöè�èêàöèè äëÿ êàæäîé òàêîé ïåðåìåííîé V , ê ïðîøëîìó

çíà÷åíèþ êîòîðîé îáðàùàëèñü êàê _V , äîáàâëÿåòñÿ ïðèñâàèâàíèå _V :=V .
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Ïðè ýòîì ïåðåìåííóþ _V òàêæå íåîáõîäèìî îïðåäåëèòü â ðàçäåëå îïèñàíèÿ

ïåðåìåííûõ ñ òàêîé æå èíèöèàëèçàöèåé, êàê è äëÿ ïåðåìåííîé V .

Îòìåòèì, ÷òî ïîäõîä ê ïðîãðàììèðîâàíèþ ïî ñïåöè�èêàöèè, êîòîðàÿ,

ïî ñóòè, îïèñûâàåò ïðè÷èíó èçìåíåíèÿ çíà÷åíèÿ êàæäîé ïðîãðàììíîé ïåðå-

ìåííîé, âûãëÿäèò åñòåñòâåííûì è îïðàâäàííûì, ïîñêîëüêó âûõîäíîé ñèã-

íàë ÏËÊ ÿâëÿåòñÿ óïðàâëÿþùèì, à ñìåíà çíà÷åíèÿ ýòîãî óïðàâëÿþùåãî

ñèãíàëà îáû÷íî íåñåò â ñåáå äîïîëíèòåëüíóþ ñìûñëîâóþ íàãðóçêó. Íàïðè-

ìåð, âàæíî ÷åòêî ïðåäñòàâëÿòü ñåáå, ïî÷åìó äâèãàòåëü äîëæåí áûòü çàïó-

ùåí/âûêëþ÷åí, à íåêîòîðàÿ ëàìïà çàææåíà/ïîãàøåíà. Ïîýòîìó, êàæåòñÿ

âïîëíå î÷åâèäíûì, ÷òî êàæäàÿ ïåðåìåííàÿ äîëæíà ñîïðîâîæäàòüñÿ äâóìÿ

ñâîéñòâàìè, ïî îäíîìó íà êàæäîå íàïðàâëåíèå èçìåíåíèé. Ïðè ýòîì ïðåä-

ïîëàãàåòñÿ, ÷òî åñëè óñëîâèÿ èçìåíåíèé íå âûïîëíåíû, òî ïåðåìåííàÿ ñî-

õðàíÿåò ñâîå ïðåæíåå ñîñòîÿíèå.

5 Ïîñòðîåíèå SMV-ìîäåëè ïî ñïåöè�èêàöèè

Â êà÷åñòâå ïðîãðàììíîãî ñðåäñòâà àíàëèçà êîððåêòíîñòè ìåòîäîì ïðîâåð-

êè ìîäåëè ìû ðàññìàòðèâàåì âåðè�èêàòîð Caden
e SMV [13℄. Ïîñëå ñîçäà-

íèÿ ñïåöè�èêàöèè ïðåäëàãàåòñÿ îñóùåñòâëÿòü ïîñòðîåíèå ìîäåëè Êðèïêå

íà ÿçûêå SMV ñ ïîñëåäóþùåé ïðîâåðêîé âûïîëíèìîñòè äëÿ ýòîé ìîäåëè îá-

ùåïðîãðàììíûõ ñâîéñòâ. Åñëè íåêîòîðîå îáùåïðîãðàììíîå ñâîéñòâî íå âû-

ïîëíÿåòñÿ äëÿ ìîäåëè, òî âåðè�èêàòîð ñòðîèò ïðèìåð íåêîððåêòíîãî ïó-

òè â ìîäåëè Êðèïêå, ïî êîòîðîìó ââîäÿòñÿ èñïðàâëåíèÿ â ñïåöè�èêàöèþ.

È òîëüêî ïîñëå òîãî, êàê âñå ïðîãðàììíûå ñâîéñòâà áûëè ïðîâåðåíû ñ ïî-

ëîæèòåëüíûì ðåçóëüòàòîì, ïî ñïåöè�èêàöèè ñòðîèòñÿ ST-ïðîãðàììà ÏËÊ.

Ñðåäñòâà ÿçûêà SMV ïîçâîëÿþò ñ ïîìîùüþ îïåðàòîðà next çàäàâàòü çíà-

÷åíèå ïåðåìåííîé â ñëåäóþùåì ñîñòîÿíèè ìîäåëè Êðèïêå, ò. å. íà ñëåäóþ-

ùåì øàãå (ïîñëå ðàçîâîãî ïðîõîæäåíèÿ ðàáî÷åãî öèêëà ÏËÊ), îòíîñèòåëü-

íî íîâûõ âõîäíûõ ñèãíàëîâ è ïîñëåäíèõ çíà÷åíèé âûõîäîâ è âíóòðåííèõ

ïåðåìåííûõ. Îïåðàòîð next ïîçâîëÿåò òàêæå îáðàùàòüñÿ ê çíà÷åíèþ ïåðå-

ìåííîé, êîòîðîå óæå áûëî âû÷èñëåíî äëÿ íîâîãî (ñëåäóþùåãî) ñîñòîÿíèÿ

ìîäåëè. Âåòâëåíèå îòíîøåíèÿ ïåðåõîäîâ îáåñïå÷èâàåòñÿ ¾íåäåòåðìèíèðî-

âàííûì¿ ïðèñâàèâàíèåì. Íàïðèìåð, ïðèñâàèâàíèå next(V ) := {0, 1} îçíà-

÷àåò, ÷òî áóäóò ïîðîæäåíû ñîñòîÿíèÿ è ïåðåõîäû â íèõ êàê ñî çíà÷åíèåì

âõîäà V =0, òàê è ñî çíà÷åíèåì V =1. Íà ÿçûêå SMV ñèìâîëû ¾&¿, ¾|¿, ¾∼¿
è ¾->¿ îçíà÷àþò ëîãè÷åñêèå ¾è¿, ¾èëè¿, ¾íå¿ è èìïëèêàöèþ ñîîòâåòñòâåííî.

ßçûê SMV îðèåíòèðîâàí íà ïîñòðîåíèå ñëåäóþùèõ ñîñòîÿíèé ìîäåëè

Êðèïêå èç òåêóùåãî ñîñòîÿíèÿ. Ïðè ýòîì íà÷àëüíûì òåêóùèì ñîñòîÿíèåì

ìîäåëè ÿâëÿåòñÿ ñîñòîÿíèå ïðîãðàììû ïîñëå èíèöèàëèçàöèè. Ïîýòîìó ñïå-

öè�èêàöèþ ïîâåäåíèÿ ïåðåìåííîé V (1) è (1′) áóäåò óäîáíåå (íàãëÿäíåå)

ïåðåïèñàòü â ñëåäóþùåì ðàâíîçíà÷íîì âèäå

V+: G(X(V >_V ) ⇒ X(OldValCond ) ∧X(FiringCond ) ∧X(V =NewValExpr )),

V−: G(X(V <_V ) ⇒ X(OldValCond ′)∧X(FiringCond ′)∧X(V =NewValExpr ′)).

È óæå çàòåì, ñòàâÿ â ñîîòâåòñòâèå òåìïîðàëüíîìó îïåðàòîðó X îïåðàòîð

next, ïîëó÷àåì SMV-ìîäåëü ïîâåäåíèÿ ïåðåìåííîé V :
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ase{ next(OldValCond ) & next(FiringCond ) : next(V ) :=next(NewValExpr );

next(OldValCond ′
) & next(FiringCond ′

) : next(V ) := next(NewValExpr ′);

default : next(V ) := V ; }.

Çäåñü êëþ÷åâîå ñëîâî default ñîîòâåòñòâóåò òîìó, ÷òî äîëæíî ïðîèñõîäèòü,

åñëè íå âûïîëíÿþòñÿ óñëîâèÿ ñðàáàòûâàíèÿ ïåðâûõ äâóõ âåòîê îïåðàòîð-

íîãî áëîêà 
ase.

Â ñëó÷àå ñ ëîãè÷åñêîé ïåðåìåííîé V ñïåöè�èêàöèÿ (2) è (2′) ïðåîáðàçó-
åòñÿ â ñëåäóþùóþ SMV-ìîäåëü ïîâåäåíèÿ ïåðåìåííîé


ase{ ∼V & next(FiringCond ) : next(V ) := 1;

V & next(FiringCond ′
) : next(V ) := 0;

default : next(V ) :=V ; }.

Â ñëó÷àå ñ ïåðåìåííîé-�óíêöèåé V ïðè ñïåöè�èêàöèè (3) SMV-ìîäåëü

åå ïîâåäåíèÿ çàäàåòñÿ ïðîñòî êàê next(V ) := next(NewValExpr).

�àññìîòðèì òåïåðü ñïåöè�èêàöèþ ïîâåäåíèÿ äëÿ ïåðåìåííîé-ïîäñòàíîâ-

êè V . Íàïîìíèì, ÷òî â ýòîì ñëó÷àå NewValExpr íå ñîäåðæèò ïñåâäîîïåðàòî-

ðà ¾_¿. Ýòî ïîçâîëÿåò ïåðåïèñàòü ñïåöè�èêàöèþ â ñëåäóþùåì ðàâíîçíà÷-

íîì âèäå:

V : XG(V =NewValExpr ).

Ôàêòè÷åñêè, ýòà �îðìóëà îçíà÷àåò, ÷òî åñëè íå ó÷èòûâàòü íà÷àëüíîå ñî-

ñòîÿíèå ìîäåëè, êîòîðîå �îðìèðóåòñÿ èíèöèàëèçàöèåé (ñ ïîìîùüþ êëþ÷å-

âîãî ñëîâà init), òî âî âñåõ îñòàëüíûõ ñîñòîÿíèÿõ ìîäåëè äîëæíî âûïîë-

íÿòüñÿ ðàâåíñòâî V =NewValExpr . À ïîñêîëüêó èç ñïðàâåäëèâîñòè ÷óòü áî-

ëåå îáùåé �îðìóëû G(V =NewValExpr ) ñëåäóåò ñïðàâåäëèâîñòü �îðìóëû
XG(V =NewValExpr ), òî â êà÷åñòâå êîíñòðóêòèâíîé ñïåöè�èêàöèè äëÿ ïî-
ñòðîåíèÿ SMV-ìîäåëè ïîâåäåíèÿ ïåðåìåííîé-ïîäñòàíîâêè V ìîæíî èñïîëü-

çîâàòü ïåðâóþ áîëåå îáùóþ �îðìóëó. Ïî ýòîé ñïåöè�èêàöèè SMV-ìîäåëü

ñòðîèòñÿ ïðîñòî â âèäå ïðèñâàèâàíèÿ

V :=NewValExpr .

Âåðè�èêàòîð Caden
e SMV ïîçâîëÿåò ïðîâåðÿòü ïðîãðàììíûå ìîäåëè,

ñîäåðæàùèå äî 59 äâîè÷íûõ ïåðåìåííûõ (â SMV ïåðåìåííûå äðóãèõ òè-

ïîâ äàííûõ ïðåäñòàâëÿþòñÿ íàáîðàìè äâîè÷íûõ ïåðåìåííûõ). Ïðè ýòîì

ïåðåìåííûå-ïîäñòàíîâêè â ýòî ÷èñëî íå âêëþ÷àþòñÿ, ò. å. ñ÷èòàþòñÿ òîëüêî

ïåðåìåííûå-ðåãèñòðû è ïåðåìåííûå-�óíêöèè.

6 Çàêëþ÷åíèå

Ïðåäëîæåííûé ïîäõîä áûë óñïåøíî îïðîáîâàí íà ðÿäå (îêîëî äþæèíû)

¾äèñêðåòíûõ¿ çàäà÷ ëîãè÷åñêîãî óïðàâëåíèÿ ðàçíîãî òèïà ñî ñðåäíèì êîëè-

÷åñòâîì (áèíàðíûõ) âõîäîâ è âûõîäîâ ÏËÊ îêîëî 30 è îáùèì êîëè÷åñòâîì

(áèíàðíûõ) ïðîãðàììíûõ ïåðåìåííûõ äî 59. Äëÿ òàêèõ çàäà÷, êàê óïðàâ-

ëåíèå óñòàíîâêîé äëÿ ïðèãîòîâëåíèÿ ñìåñåé, óïðàâëåíèå ñèñòåìîé ãèäðàâ-

ëè÷åñêèõ íàñîñîâ, óïðàâëåíèå áèáëèîòå÷íûì ïîäúåìíèêîì è ðåàëèçàöèÿ íà
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ÏËÊ ëîãè÷åñêîé èãðû, áûëè ïðîâåðåíû ïðîãðàììíûå ñâîéñòâà, êàñàþùè-

åñÿ ñîáëþäåíèÿ òåõíîëîãè÷åñêîãî ïðîöåññà ïîäãîòîâêè ñìåñè (ñ öåëüþ èñ-

êëþ÷åíèÿ âîçìîæíîñòè âûõîäà íåêîíäèöèîííîãî ïðîäóêòà), áåñïåðåáîéíîé

ðàáîòû ãèäðàâëè÷åñêîé ñèñòåìû (ñâîåâðåìåííîñòè ïîäêëþ÷åíèÿ ðåçåðâíûõ

íàñîñîâ), îáÿçàòåëüíîãî âûïîëíåíèÿ ïîñòóïèâøèõ êîìàíä âûçîâà êàáèíû

ïîäúåìíèêà íà ýòàæè è ïðàâèëüíîñòè ðåàëèçàöèè ñòðàòåãèè ëîãè÷åñêîé èã-

ðû ñîîòâåòñòâåííî. �àáîòà ïðîâîäèëàñü íà ïåðñîíàëüíîì êîìïüþòåðå ñ ïðî-

öåññîðîì Intel Core i7-2600K 3.40GHz. Âðåìÿ, çàòðà÷åííîå âåðè�èêàòîðîì

Caden
e SMV íà ïðîâåðêó âûïîëíèìîñòè óêàçàííûõ ñâîéñòâ, îãðàíè÷èâà-

åòñÿ íåñêîëüêèìè ñåêóíäàìè.

Ïî ðåçóëüòàòàì äàëüíåéøèõ ðàáîò ïî äàííîé òåìàòèêå ïðåäïîëàãàåòñÿ

ñîçäàíèå ïðîãðàììíîãî êîìïëåêñà ñïåöè�èêàöèè, ïîñòðîåíèÿ, ìîäåëèðîâà-

íèÿ è âåðè�èêàöèè ïðîãðàìì ÏËÊ.
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Ïðèëîæåíèå A

Ëîãè÷åñêàÿ èãðà ¾31¿

�àññìîòðèì ëîãè÷åñêóþ èãðó ¾31¿, êîòîðàÿ �îðìóëèðóåòñÿ ñëåäóþùèì îá-

ðàçîì. Âûêëàäûâàþòñÿ íà ñòîë â øåñòü ðÿäîâ ðóáàøêîé âíèç 24 èãðàëüíûå

êàðòû. Â ïåðâîì ðÿäó íàõîäÿòñÿ 4 òóçà (4 åäèíèöû), âî âòîðîì � 4 äâîéêè,

â òðåòüåì � 4 òðîéêè, â ÷åòâåðòîì � 4 ÷åòâåðêè, â ïÿòîì � 4 ïÿòåðêè,

â øåñòîì � 4 øåñòåðêè. Èãðàþò äâà èãðîêà. Èãðîêè õîäÿò ïî î÷åðåäè. Ñíà-

÷àëà õîäèò ïåðâûé èãðîê, à çàòåì � âòîðîé. Çà îäèí õîä èãðîê ïåðåâîðà-

÷èâàåò îäíó êàðòó. Ïåðåâîðà÷èâàòü ìîæíî òîëüêî òå êàðòû, êîòîðûå ëåæàò

ðóáàøêîé âíèç. Ïðîèãðûâàåò òîò èãðîê, ïîñëå õîäà êîòîðîãî ñóììà öè�ð

ïåðåâåðíóòûõ êàðò ïðåâûñèò 31.

Çàäà÷à ñîñòîèò â ïðîãðàììèðîâàíèè ÏËÊ ñ 7 äèñêðåòíûìè âõîäàìè

è 18 äèñêðåòíûìè âûõîäàìè äëÿ ðåàëèçàöèè èãðû òàêèì îáðàçîì, ÷òîáû,

èãðàÿ çà âòîðîãî èãðîêà, ÏËÊ ãàðàíòèðîâàííî âûèãðûâàë âñÿêèé ðàç, êîãäà

ïåðâûé èãðîê íà÷èíàåò èãðó ñ ïåðåâîðà÷èâàíèÿ òðîéêè, ÷åòâåðêè èëè øå-

ñòåðêè. Êîãäà ïåðâûé èãðîê íà÷èíàåò èãðó ñ åäèíèöû, äâîéêè èëè ïÿòåðêè,

òî ÏËÊ äîëæåí ãàðàíòèðîâàííî âûèãðûâàòü, åñëè ïåðâûé èãðîê íå èñïîëü-

çóåò ñòðàòåãèé ïîëíîãî âûáîðà åäèíèö, äâîåê èëè ïÿòåðîê ñîîòâåòñòâåííî.

Старт 1 2 3 4 5 6

40 0 44444

Ход

Последний ход:

Игрок ПЛК

Победа

Игрок ПЛК

�èñ. 1. Ïàíåëü óïðàâëåíèÿ äëÿ ëîãè÷åñêîé èãðû ¾31¿

Íà ðèñ. 1 èçîáðàæåíà ñõåìà ïàíåëè óïðàâëåíèÿ èãðîé. Êíîïêè ¾1¿, ¾2¿,

¾3¿, ¾4¿, ¾5¿ è ¾6¿ èñïîëüçóþòñÿ äëÿ ¾ïåðåâîðà÷èâàíèÿ¿ ñîîòâåòñòâóþùåé

êàðòû. Íàæàòèå êíîïêè ÿâëÿåòñÿ íåêîððåêòíûì è íå çàñ÷èòûâàåòñÿ, åñëè

îíà áûëà íàæàòà îäíîâðåìåííî ñ äðóãîé êíîïêîé. Â ýòîì ñëó÷àå îíà äîëæ-

íà áûòü îòæàòà è çàòåì íàæàòà êîððåêòíî. Ïîñëå êîððåêòíîãî íàæàòèÿ

îäíîé èç ýòèõ êíîïîê ñîîòâåòñòâóþùåå çíà÷åíèå íà ¾Äèñïëåå êàðò¿ óìåíü-

øàåòñÿ íà åäèíèöó. Â èñõîäíîì ñîñòîÿíèè êàæäûé èç ýòèõ äèñïëååâ îòîá-

ðàæàåò öè�ðó 4. Ñíèçó çíà÷åíèÿ, îòîáðàæàåìûå äèñïëååì, îãðàíè÷åíû 0.

Ïîñëå êàæäîãî õîäà èãðîêà è/èëè ÏËÊ ñóììà çíà÷åíèé ¾ïåðåâåðíóòûõ¿

êàðò îòîáðàæàåòñÿ íà ¾Äèñïëåå ñóììû¿.

Êíîïêà ¾Ñòàðò¿ ïîçâîëÿþò íà÷àòü èãðó çàíîâî. Ïîñëåäíèé õîä ïîêà-

çûâàåòñÿ ñ ïîìîùüþ âêëþ÷åíèÿ îäíîé èç øåñòè ëàìï, ðàñïîëîæåííûõ íàä
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Лампы
Кнопки

ПЛК ВыходыВходы

Кнопка 1
PB1

выбрана цифра 1
ход по цифре 1 Лампа 1

Out1

ход по цифре 2
1

1

2
Лампа 2

Out2
Кнопка 2

PB2
выбрана цифра 2

2

Кнопка 3
PB3

выбрана цифра 3
3

Кнопка 4
PB4

выбрана цифра 4
4

Кнопка 5
PB5

выбрана цифра 5
5

Кнопка 6
PB6

выбрана цифра 6
6

Старт
PBStart

начать игру заново
7

ход по цифре 3
3

Лампа 3
Out3

ход по цифре 4
4

Лампа 4
Out4

ход по цифре 5
5

Лампа 5
Out5

ход по цифре 6
6

Лампа 6
Out6

право хода у игрока
7

Ход 
игрока

победил игрок
8

Игрок
ManWin

победил ПЛК
9

ПЛК
PLCWin

право хода у ПЛК
7

Ход ПЛК
Turn

�èñ. 2. Èíòåð�åéñ ÏËÊ óïðàâëåíèÿ èãðîé ¾31¿

ñîîòâåòñòâóþùåé öè�ðîé. Î÷åðåäíîñòü õîäà îáîçíà÷àåòñÿ âêëþ÷åíèåì ñî-

îòâåòñòâóþùåé ëàìïû ¾Õîä èãðîêà¿ èëè ¾Õîä ÏËÊ¿. Ïîáåäèòåëü â èãðå

âûäåëÿåòñÿ âêëþ÷åíèåì ñîîòâåòñòâåííî ëàìïû ¾Èãðîê¿ èëè ëàìïû ¾ÏËÊ¿.

Èíòåð�åéñ ÏËÊ óïðàâëåíèÿ èãðîé ïðåäñòàâëåí íà ðèñ. 2. Â öåëÿõ ýêî-

íîìèè ìåñòà íà èíòåð�åéñå íå èçîáðàæåíû âûõîäû, èäóùèå íà ¾Äèñïëåé

ñóììû¿ è ¾Äèñïëåé êàðò¿. Èç òåõ æå ñîîáðàæåíèé äàëåå ïðîãðàììíûé êîä,

îòâå÷àþùèé çà âûâîä èí�îðìàöèè íà äèñïëåè, áóäåò îïóñêàòüñÿ.

Îáùåïðîãðàììíûå ñâîéñòâà è âñïîìîãàòåëüíûå ïåðåìåííûå

�ëîáàëüíûå ïåðåìåííûå ÏËÊ-ïðîãðàììû îïðåäåëÿþòñÿ èíòåð�åéñîì ÏËÊ

çàäà÷è. Êðîìå íåîáõîäèìîñòè ðåàëèçàöèè àëãîðèòìà ðåøåíèÿ çàäà÷è ââåäå-

íèå âñïîìîãàòåëüíûõ âíóòðåííèõ ïåðåìåííûõ âî ìíîãîì äèêòóåòñÿ íåîáõî-

äèìîñòüþ âûðàæàòü íà ÿçûêå òåìïîðàëüíîé ëîãèêè LTL îáùåïðîãðàììíûå

ñâîéñòâà, âûòåêàþùèå èç ïîñòàíîâêè çàäà÷è.

Â äàííîì ðàçäåëå â êà÷åñòâå ïðèìåðà ðàññìàòðèâàåòñÿ ðÿä îáùåïðî-

ãðàììíûõ ñâîéñòâ äëÿ çàäà÷è ¾Ëîãè÷åñêàÿ èãðà 31¿, êîòîðûå çàòåì çàäà-

þòñÿ â âèäå LTL-�îðìóë ñ îïîðîé íà ââîäèìûå ïî íåîáõîäèìîñòè âñïîìî-

ãàòåëüíûå ïåðåìåííûå.

Âàæíî îòìåòèòü, ÷òî îïèñàíèå íåêîòîðûõ âíóòðåííèõ ïåðåìåííûõ ñëå-

äóåò íåïîñðåäñòâåííî èç ïîñòàíîâêè çàäà÷è. Íàïðèìåð, äëÿ õðàíåíèÿ êîëè-

÷åñòâà ¾íåïåðåâåðíóòûõ¿ êàðò ðàçíîãî äîñòîèíñòâà ââåäåì ñîîòâåòñòâåííî
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ïåðåìåííûå V1 , V2 , V3 , V4 , V5 è V6 , à äëÿ õðàíåíèÿ ñóììàðíîãî çíà-

÷åíèÿ âñåõ ¾ïåðåâåðíóòûõ¿ êàðò � ïåðåìåííóþ Sum. Äðóãèå âíóòðåííèå

ïåðåìåííûå ìîãóò ïîÿâëÿòüñÿ èñõîäÿ èç óäîáñòâà ïðîãðàììèðîâàíèÿ.

ßâíûìè îáùåïðîãðàììíûìè ñâîéñòâàìè â ñëó÷àå ñ ëîãè÷åñêîé èãðîé

ÿâëÿþòñÿ òå ñâîéñòâà, êîòîðûå âûðàæàþò ñîîòâåòñòâèå ïîâåäåíèÿ ïðîãðàì-

ìû âûèãðûøíûì ñòðàòåãèÿì, ïðåäóñìîòðåííûì ïîñòàíîâêîé çàäà÷è. Îïè-

ñàíèå ñòðàòåãèè èãðû ïðåäïîëàãàåò îïåðèðîâàíèå ïîíÿòèåì õîäà (èãðîêà

èëè ÏËÊ) êàê òàêîâîãî, ò. å. ïîíÿòèåì õîäà âîîáùå, îçíà÷àþùåãî ïåðåâîðà-

÷èâàíèå êàðòû, à òàêæå ïîíÿòèåì êîíêðåòíîãî õîäà, ò. å. õîäà â ÷àñòíîñòè,

ñîîòâåòñòâóþùåãî ïåðåâîðà÷èâàíèþ êàðòû îïðåäåëåííîãî äîñòîèíñòâà. Äëÿ

ýòèõ öåëåé ââåäåì ïåðåìåííûå Mv1 , Mv2 , Mv3 , Mv4 , Mv5 è Mv6 , åäèíè÷-

íîå çíà÷åíèå êîòîðûõ áóäåò ñèãíàëèçèðîâàòü î òîì, ÷òî áûë ñîâåðøåí õîä,

ñîñòîÿùèé â ïåðåâîðà÷èâàíèè êàðòû äîñòîèíñòâîì 1, 2, 3, 4, 5 è 6 ñîîòâåò-

ñòâåííî. À åäèíè÷íîå çíà÷åíèå ïåðåìåííîé Mv áóäåò ïðîñòî óêàçûâàòü íà

ñîâåðøåíèå õîäà èãðû íà äàííîì ïðîõîäå ðàáî÷åãî öèêëà ÏËÊ. Ïîñêîëüêó

ñòðàòåãèÿ èãðû ÏËÊ ìîæåò ìåíÿòüñÿ â çàâèñèìîñòè îò íàëè÷èÿ ðåñóðñîâ,

íàëè÷èÿ ¾íåïåðåâåðíóòûõ¿ êàðò, íåâîçìîæíîñòü äëÿ ÏËÊ ñîâåðøèòü õîä

ñîãëàñíî ïðÿìîé ñòðàòåãèè èç-çà îòñóòñòâèÿ ¾íåïåðåâåðíóòûõ¿ êàðò íåîá-

õîäèìîãî äîñòîèíñòâà áóäåì îïðåäåëÿòü ñ ïîìîùüþ ïåðåìåííîé Lck .

Äëÿ óêàçàíèÿ íåîáõîäèìîñòè ñáðîñà èãðû â íà÷àëüíîå ñîñòîÿíèå ââåäåì

ïåðåìåííóþ Rst . Íåêîððåêòíîå íàæàòèå èãðîâûõ êíîïîê áóäåì âûÿâëÿòü ñ

ïîìîùüþ ïåðåìåííîé Skp.

Èòàê, ðàññìîòðèì íåñêîëüêî ïðèìåðîâ îáùåïðîãðàììíûõ ñâîéñòâ äëÿ

çàäà÷è ¾Ëîãè÷åñêàÿ èãðà 31¿.

1. Ñâîéñòâî G(¬PLCWin ∨ ¬ManWin) îçíà÷àåò, ÷òî íå ñóùåñòâóåò ñèòóà-

öèé, ïðè êîòîðûõ âûèãðàâøèìè ñ÷èòàëèñü áû ñðàçó îáà èãðîêà.

2. Çíà÷åíèå ïåðåìåííîé Sum âñåãäà îñòàåòñÿ â ïðåäåëàõ 37: G(Sum ≤ 37).

3. ÔîðìóëàG(Mv1+Mv2+Mv3+Mv4+Mv5+Mv6 ≤ 1) çàïðåùàåò ñîâåðøàòü

áîëåå îäíîãî èãðîâîãî õîäà çà îäèí ïðîõîä ðàáî÷åãî öèêëà ÏËÊ.

4. Íàæàòèå êíîïêè PBStart äîëæíî ïðèâîäèòü ê ñáðîñó èãðû â íà÷àëüíîå

ñîñòîÿíèå:G(PBStart ⇒ V1 =4∧V2 =4∧V3 =4∧V4 =4∧V5 =4∧V6 =4∧¬Mv∧

¬Turn ∧ ¬(PLCWin ∨ManWin) ∧ Sum=0).

5. Åñëè îãðàíè÷èòüñÿ ðàññìîòðåíèåì òîëüêî òàêîãî ïîâåäåíèÿ ïðîãðàì-

ìû, ïðè êîòîðîì èãðîâîé õîä ñîâåðøàåòñÿ áåñêîíå÷íî ÷àñòî, òî èç ëþáîãî

ñâîåãî äîñòèæèìîãî ñîñòîÿíèÿ ïðîãðàììà ðàíî èëè ïîçäíî ïîïàäàåò â ñî-

ñòîÿíèå âûèãðûøà ÏËÊ, ñîñòîÿíèå âûèãðûøà Èãðîêà èëè æå â ñîñòîÿíèå

ñáðîñà â íà÷àëüíîå ñîñòîÿíèå:G(F(Mv)) ⇒ G(F(PLCWin∨ManWin∨PBStart)).

6. Åñëè ðàññìîòðåòü òîëüêî òàêîå ïîâåäåíèå ïðîãðàììû, êîòîðîå ñîîò-

âåòñòâóåò íåïðåðûâíîé íîðìàëüíîé èãðå, ò. å. âðåìÿ îò âðåìåíè ñîâåðøà-

þòñÿ èãðîâûå õîäû, à êíîïêà ñáðîñà â íà÷àëüíîå ñîñòîÿíèå PBStart íàæè-

ìàåòñÿ òîëüêî òîãäà, êîãäà èãðà çàêîí÷èëàñü âûèãðûøåì îäíîãî èç èãðî-

êîâ, òî êàæäàÿ âíîâü íà÷àòàÿ èãðà âñåãäà áóäåò ïðèâîäèòü ê ïîáåäå îäíî-

ãî èç èãðîêîâ (ó÷èòûâàÿ ñïðàâåäëèâîñòü ïðåäûäóùèõ ñâîéñòâ): G(F(Mv)) ∧

G(¬PBStart∧X(PBStart) ⇒ (PLCWin∨ManWin)) ⇒ G(PBStart∧X(¬PBStart) ⇒

X(¬PBStart U (PLCWin ∨ManWin))).
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7. Ñëåäóþùèå òðè ñâîéñòâà ñîîòâåòñòâóþò âûèãðûøíûì ñòðàòåãèÿì äëÿ

ÏËÊ, åñëè Èãðîê íà÷èíàåò èãðó ñ ïåðåâîðà÷èâàíèÿ êàðòû ¾3¿, ¾4¿ èëè ¾6¿:

G(F(Mv)) ∧G(¬PBStart ∧X(PBStart) ⇒ (PLCWin ∨ManWin)) ⇒

G(Mv3 ∧ Sum =3 ⇒ ((¬ManWin ∧ ¬PLCWin)UPLCWin));

G(F(Mv)) ∧G(¬PBStart ∧X(PBStart) ⇒ (PLCWin ∨ManWin)) ⇒
G(Mv4 ∧ Sum =4 ⇒ ((¬ManWin ∧ ¬PLCWin)UPLCWin));

G(F(Mv)) ∧G(¬PBStart ∧X(PBStart) ⇒ (PLCWin ∨ManWin)) ⇒

G(Mv6 ∧ Sum =6 ⇒ ((¬ManWin ∧ ¬PLCWin)UPLCWin)).

8. Ôîðìóëà G(X(Mv1 ∧Sum =1∨Mv2 ∧Sum=2∨Mv3 ∧Sum =3∨Mv4 ∧
Sum=4 ∨ Mv5 ∧ Sum=5 ∨ Mv6 ∧ Sum =6) ⇒ ¬Turn) âûðàæàåò ñâîéñòâî,
÷òî ïåðâûé õîä âñåãäà ïðèíàäëåæèò Èãðîêó, à íå ÏËÊ.

Â ñëåäóþùåì ðàçäåëå ïðèâåäåíà ïîëíàÿ LTL-ñïåöè�èêàöèÿ ïîâåäåíèÿ

ýòèõ ïåðåìåííûõ, çà èñêëþ÷åíèåì ïåðåìåííûõ-âõîäîâ, òàê êàê ñïåöè�èêà-

öèÿ ïîâåäåíèÿ âõîäîâ íå ïðîèçâîäèòñÿ. Äàëåå èäóò ðàçäåëû, â êîòîðûõ ïî

ñïåöè�èêàöèè ñòðîÿòñÿ ST-ïðîãðàììà è SMV-ìîäåëü ýòîé ïðîãðàììû.

Ñïåöè�èêàöèÿ ÏËÊ-ïðîãðàììû ëîãè÷åñêîé èãðû ¾31¿

Rst: GX(Rst = PBStart);

Skp: GX(Skp = (PB1+PB2+PB3+PB4+PB5+PB6>1));

Mv1: GX(Mv1 = ~Rst & ~(_PLCWin | _ManWin) & (_V1>=1 & _V1<=4) &

(~_Turn & ~_PB1 & PB1 & ~Skp |

_Turn & ((31 - _Sum) MOD 7 = 1 | _L
k)));

V1+: GX(V1>_V1 -> _V1>=0 & _V1<=3 & Rst & V1=4);

V1-: GX(V1<_V1 -> _V1>=1 & _V1<=4 & Mv1 & V1=_V1-1); Init(V1)=4;

Mv2: GX(Mv2 = ~Rst & ~(_PLCWin | _ManWin) & (_V2>=1 & _V2<=4) &

(~_Turn & ~_PB2 & PB2 & ~Skp |

_Turn & ((31 - _Sum) MOD 7 = 2 | _L
k & ~Mv1)));

V2+: GX(V2>_V2 -> _V2>=0 & _V2<=3 & Rst & V2=4);

V2-: GX(V2<_V2 -> _V2>=1 & _V2<=4 & Mv2 & V2=_V2-1); Init(V2)=4;

Mv3: GX(Mv3 = ~Rst & ~(_PLCWin | _ManWin) & (_V3>=1 & _V3<=4) &

(~_Turn & ~_PB3 & PB3 & ~Skp |

_Turn & ((31 - _Sum) MOD 7 = 3 |

_L
k & ~(Mv1 | Mv2))));

V3+: GX(V3>_V3 -> _V3>=0 & _V3<=3 & Rst & V3=4);

V3-: GX(V3<_V3 -> _V3>=1 & _V3<=4 & Mv3 & V3=_V3-1); Init(V3)=4;

Mv4: GX(Mv4 = ~Rst & ~(_PLCWin | _ManWin) & (_V4>=1 & _V4<=4) &

(~_Turn & ~_PB4 & PB4 & ~Skp |

_Turn & ((31 - _Sum) MOD 7 = 4 | (31 - _Sum) MOD 7 = 0 |

_L
k & ~(Mv1 | Mv2 | Mv3))));

V4+: GX(V4>_V4 -> _V4>=0 & _V4<=3 & Rst & V4=4));

V4-: GX(V4<_V4 -> _V4>=1 & _V4<=4 & Mv4 & V4=_V4-1)); Init(V4)=4;

Mv5: GX(Mv5 = ~Rst & ~(_PLCWin | _ManWin) & (_V5>=1 & _V5<=4) &

(~_Turn & ~_PB5 & PB5 & ~Skp |

_Turn & ((31 - _Sum) MOD 7 = 5 |

_L
k & ~(Mv1 | Mv2 | Mv3 | Mv4))));

V5+: GX(V5>_V5 -> _V5>=0 & _V5<=3 & Rst & V5=4);
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V5-: GX(V5<_V5 -> _V5>=1 & _V5<=4 & Mv5 & V5=_V5-1); Init(V5)=4;

Mv6: GX(Mv6 = ~Rst & ~(_PLCWin | _ManWin) & (_V6>=1 & _V6<=4) &

(~_Turn & ~_PB6 & PB6 & ~Skp |

_Turn & ((31 - _Sum) MOD 7 = 6 |

_L
k & ~(Mv1 | Mv2 | Mv3 | Mv4 | Mv5))));

V6+: GX(V6>_V6 -> _V6>=0 & _V6<=3 & Rst & V6=4);

V6-: GX(V6<_V6 -> _V6>=1 & _V6<=4 & Mv6 & V6=_V6-1); Init(V6)=4;

Sum: GX(Sum = 84-V1-2*V2-3*V3-4*V4-5*V5-6*V6);

L
k: GX(L
k = (V1=0 & (31-Sum) mod 7 = 1) | (V2=0 & (31-Sum) mod 7 = 2) |

(V3=0 & (31-Sum) mod 7 = 3) | (V4=0 & (31-Sum) mod 7 = 4) |

(V5=0 & (31-Sum) mod 7 = 5) | (V6=0 & (31-Sum) mod 7 = 6) |

(V4=0 & (31-Sum) mod 7 = 0));

Mv : GX(Mv = (Mv1 | Mv2 | Mv3 | Mv4 | Mv5 | Mv6));

Turn+: GX(~_Turn & Turn -> Mv);

Turn-: GX( _Turn & ~Turn -> (Mv | Rst));

ManWin+: GX(~_ManWin & ManWin -> _Turn & Sum>31 & Mv);

ManWin-: GX( _ManWin & ~ManWin -> Rst);

PLCWin+: GX(~_PLCWin & PLCWin -> ~_Turn & Sum>31 & Mv);

PLCWin-: GX( _PLCWin & ~PLCWin -> Rst);

Out1+: GX(~_Out1 & Out1 -> (Mv1 | Rst)); Init(Out1)=1;

Out1-: GX( _Out1 & ~Out1 -> (_Rst & ~Rst & ~Mv | Mv & ~Mv1));

Out2+: GX(~_Out2 & Out2 -> (Mv2 | Rst)); Init(Out2)=1;

Out2-: GX( _Out2 & ~Out2 -> (_Rst & ~Rst & ~Mv | Mv & ~Mv2));

Out3+: GX(~_Out3 & Out3 -> (Mv3 | Rst)); Init(Out3)=1;

Out3-: GX( _Out3 & ~Out3 -> (_Rst & ~Rst & ~Mv | Mv & ~Mv3));

Out4+: GX(~_Out4 & Out4 -> (Mv4 | Rst)); Init(Out4)=1;

Out4-: GX( _Out4 & ~Out4 -> (_Rst & ~Rst & ~Mv | Mv & ~Mv4));

Out5+: GX(~_Out5 & Out5 -> (Mv5 | Rst)); Init(Out5)=1;

Out5-: GX( _Out5 & ~Out5 -> (_Rst & ~Rst & ~Mv | Mv & ~Mv5));

Out6+: GX(~_Out6 & Out6 -> (Mv6 | Rst)); Init(Out6)=1;

Out6-: GX( _Out6 & ~Out6 -> (_Rst & ~Rst & ~Mv | Mv & ~Mv6));

ST-ïðîãðàììà ëîãè÷åñêîé èãðû ¾31¿

VAR_GLOBAL

PB1, PB2, PB3, PB4, PB5, PB6, PBStart: BOOL; (* Âõîäû *)

Out1, Out2, Out3, Out4, Out5, Out6: BOOL:=1; (* Âûõîäû *)

PLCWin, ManWin, Turn: BOOL;

END_VAR

PROGRAM PLC_PRG

VAR

V1, V2, V3, V4, V5, V6, _V1, _V2, _V3, _V4, _V5, _V6: BYTE:=4;

Mv, Mv1, Mv2, Mv3, Mv4, Mv5, Mv6: BOOL; Sum, _Sum: BYTE;

Skp, L
k, _L
k, Rst, _Rst, _Turn, _PLCWin, _ManWin: BOOL;

_Out1, _Out2, _Out3, _Out4, _Out5, _Out6: BOOL:=1;

_PB1, _PB2, _PB3, _PB4, _PB5, _PB6: BOOL;

END_VAR

Rst := PBStart; (* Rst *)

Skp := BOOL_TO_BYTE(PB1)+BOOL_TO_BYTE(PB2)+BOOL_TO_BYTE(PB3)+

BOOL_TO_BYTE(PB4)+BOOL_TO_BYTE(PB5)+BOOL_TO_BYTE(PB6)>1; (* Skp *)
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Mv1 := NOT Rst AND NOT(_PLCWin OR _ManWin) AND (_V1>=1 AND _V1<=4) AND

(NOT _Turn AND NOT _PB1 AND PB1 AND NOT Skp OR

_Turn AND ((31 - _Sum) MOD 7 = 1 OR _L
k)); (* Mv1 *)

IF (_V1>=0 AND _V1<=3) AND Rst THEN V1:=4; (* V1+ *)

ELSIF (_V1>=1 AND _V1<=4) AND Mv1 THEN V1:=_V1-1; END_IF; (* V1- *)

Mv2 := NOT Rst AND NOT(_PLCWin OR _ManWin) AND (_V2>=1 AND _V2<=4) AND

(NOT _Turn AND NOT _PB2 AND PB2 AND NOT Skp OR

_Turn AND ((31 - _Sum) MOD 7 = 2 OR

_L
k AND NOT Mv1)); (* Mv2 *)

IF (_V2>=0 AND _V2<=3) AND Rst THEN V2:=4; (* V2+ *)

ELSIF (_V2>=1 AND _V2<=4) AND Mv2 THEN V2:=_V2-1; END_IF; (* V2- *)

Mv3 := NOT Rst AND NOT(_PLCWin OR _ManWin) AND (_V3>=1 AND _V3<=4) AND

(NOT _Turn AND NOT _PB3 AND PB3 AND NOT Skp OR

_Turn AND ((31 - _Sum) MOD 7 = 3 OR

_L
k AND NOT(Mv1 OR Mv2))); (* Mv3 *)

IF (_V3>=0 AND _V3<=3) AND Rst THEN V3:=4; (* V3+ *)

ELSIF (_V3>=1 AND _V3<=4) AND Mv3 THEN V3:=_V3-1; END_IF; (* V3- *)

Mv4 := NOT Rst AND NOT(_PLCWin OR _ManWin) AND (_V4>=1 AND _V4<=4) AND

(NOT _Turn AND NOT _PB4 AND PB4 AND NOT Skp OR

_Turn AND ((31 - _Sum) MOD 7 = 4 OR

(31 - _Sum) MOD 7 = 0 OR

_L
k AND NOT(Mv1 OR Mv2 OR Mv3))); (* Mv4 *)

IF (_V4>=0 AND _V4<=3) AND Rst THEN V4:=4; (* V4+ *)

ELSIF (_V4>=1 AND _V4<=4) AND Mv4 THEN V4:=_V4-1; END_IF; (* V4- *)

Mv5 := NOT Rst AND NOT(_PLCWin OR _ManWin) AND (_V5>=1 AND _V5<=4) AND

(NOT _Turn AND NOT _PB5 AND PB5 AND NOT Skp OR

_Turn AND ((31 - _Sum) MOD 7 = 5 OR (* Mv5 *)

_L
k AND NOT(Mv1 OR Mv2 OR Mv3 OR Mv4)));

IF (_V5>=0 AND _V5<=3) AND Rst THEN V5:=4; (* V5+ *)

ELSIF (_V5>=1 AND _V5<=4) AND Mv5 THEN V5:=_V5-1; END_IF; (* V5- *)

Mv6 := NOT Rst AND NOT(_PLCWin OR _ManWin) AND (_V6>=1 AND _V6<=4) AND

(NOT _Turn AND NOT _PB6 AND PB6 AND NOT Skp OR

_Turn AND ((31 - _Sum) MOD 7 = 6 OR (* Mv6 *)

_L
k AND NOT(Mv1 OR Mv2 OR Mv3 OR Mv4 OR Mv5)));

IF (_V6>=0 AND _V6<=3) AND Rst THEN V6:=4; (* V6+ *)

ELSIF (_V6>=1 AND _V6<=4) AND Mv6 THEN V6:=_V6-1; END_IF; (* V6- *)

Sum := 84-V1-2*V2-3*V3-4*V4-5*V5-6*V6; (* Sum *)

L
k := (V1=0 AND (31-Sum) MOD 7 = 1) OR (V2=0 AND (31-Sum) MOD 7 = 2) OR

(V3=0 AND (31-Sum) MOD 7 = 3) OR (V4=0 AND (31-Sum) MOD 7 = 4) OR

(V5=0 AND (31-Sum) MOD 7 = 5) OR (V6=0 AND (31-Sum) MOD 7 = 6) OR

(V4=0 AND (31-Sum) MOD 7 = 0); (* L
k *)

Mv := Mv1 OR Mv2 OR Mv3 OR Mv4 OR Mv5 OR Mv6; (* Mv *)

IF NOT _Turn AND Mv THEN Turn:=TRUE; (* Turn+ *)

ELSIF _Turn AND (Mv OR Rst) THEN Turn:=FALSE; END_IF; (* Turn- *)

IF NOT _ManWin AND _Turn AND Sum>31 AND Mv THEN ManWin:=TRUE;

ELSIF _ManWin AND Rst THEN ManWin:=FALSE;

END_IF; (* ManWin+, ManWin- *)

IF NOT _PLCWin AND NOT _Turn AND Sum>31 AND Mv THEN PLCWin:=TRUE;

ELSIF _PLCWin AND Rst THEN PLCWin:=FALSE;

END_IF; (* PLCWin+, PLCWin- *)
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IF NOT _Out1 AND (Mv1 OR Rst) THEN Out1:=TRUE; (* Out1+ *)

ELSIF _Out1 AND (_Rst AND NOT Rst AND NOT Mv OR

Mv AND NOT Mv1) THEN Out1:=FALSE;(* Out1- *)

END_IF;

IF NOT _Out2 AND (Mv2 OR Rst) THEN Out2:=TRUE; (* Out2+ *)

ELSIF _Out2 AND (_Rst AND NOT Rst AND NOT Mv OR

Mv AND NOT Mv2) THEN Out2:=FALSE;(* Out2- *)

END_IF;

IF NOT _Out3 AND (Mv3 OR Rst) THEN Out3:=TRUE; (* Out3+ *)

ELSIF _Out3 AND (_Rst AND NOT Rst AND NOT Mv OR

Mv AND NOT Mv3) THEN Out3:=FALSE;(* Out3- *)

END_IF;

IF NOT _Out4 AND (Mv4 OR Rst) THEN Out4:=TRUE; (* Out4+ *)

ELSIF _Out4 AND (_Rst AND NOT Rst AND NOT Mv OR

Mv AND NOT Mv4) THEN Out4:=FALSE;(* Out4- *)

END_IF;

IF NOT _Out5 AND (Mv5 OR Rst) THEN Out5:=TRUE; (* Out5+ *)

ELSIF _Out5 AND (_Rst AND NOT Rst AND NOT Mv OR

Mv AND NOT Mv5) THEN Out5:=FALSE;(* Out5- *)

END_IF;

IF NOT _Out6 AND (Mv6 OR Rst) THEN Out6:=TRUE; (* Out6+ *)

ELSIF _Out6 AND (_Rst AND NOT Rst AND NOT Mv OR

Mv AND NOT Mv6) THEN Out6:=FALSE;(* Out6- *)

END_IF;

(* ------ ïñåâäîîïåðàòîðíûé ðàçäåë ------- *)

_L
k:=L
k;_Rst:=Rst;_PLCWin:=PLCWin;_ManWin:=ManWin;

_Out1:=Out1;_Out2:=Out2;_Out3:=Out3;_Out4:=Out4;_Out5:=Out5;_Out6:=Out6;

_PB1:=PB1;_PB2:=PB2;_PB3:=PB3;_PB4:=PB4;_PB5:=PB5;_PB6:=PB6;

_V1:=V1;_V2:=V2;_V3:=V3;_V4:=V4;_V5:=V5;_V6:=V6;_Turn:=Turn;_Sum:=Sum;

SMV-ìîäåëü ïðîãðàììû ëîãè÷åñêîé èãðû ¾31¿

#define Rst PBStart

#define Skp (PB1+PB2+PB3+PB4+PB5+PB6>1)

#define Sum (84-V1-2*V2-3*V3-4*V4-5*V5-6*V6)

#define L
k ((V1=0 & (31-Sum) mod 7 = 1) | (V2=0 & (31-Sum) mod 7 = 2) |

(V3=0 & (31-Sum) mod 7 = 3) | (V4=0 & (31-Sum) mod 7 = 4) |

(V5=0 & (31-Sum) mod 7 = 5) | (V6=0 & (31-Sum) mod 7 = 6) |

(V4=0 & (31-Sum) MOD 7 = 0))

#define Mv (Mv1 | Mv2 | Mv3 | Mv4 | Mv5 | Mv6)

module main(){ /* �àçäåë îïèñàíèÿ ïåðåìåííûõ */

PB1, PB2, PB3, PB4, PB5, PB6, PBStart: 0..1; /* âõîäû */

ManWin, PLCWin, Turn, Out1,Out2,Out3,Out4,Out5,Out6: 0..1; /* âûõîäû */

V1, V2, V3, V4, V5, V6 : 0..4; /* ñ÷åò÷èêè */ /* âíóòðåííèå */

Mv1, Mv2, Mv3, Mv4, Mv5, Mv6: 0..1;

/* �àçäåë èíèöèàëèçàöèè */

init(PBStart):=0; init(Turn):=0; init(ManWin):=0; init(PLCWin):=0;

init(PB1):=0; init(PB2):=0; init(PB3):=0; init(PB4):=0; init(PB5):=0;

init(PB6):=0; init(Out1):=1; init(Out2):=1; init(Out3):=1;init(Out4):=1;

init(Out5):=1; init(Out6):=1; init(V1):=4; init(V2):=4; init(V3):=4;



Ïîñòðîåíèå è âåðè�èêàöèÿ ÏËÊ-ïðîãðàìì ïî LTL-ñïåöè�èêàöèè 17

init(V4):=4; init(V5):=4; init(V6):=4; init(Mv1):=0; init(Mv2):=0;

init(Mv3):=0; init(Mv4):=0; init(Mv5):=0; init(Mv6):=0;

/* Ñèñòåìà ïåðåõîäîâ */

next(PB1):={0,1}; next(PB2):={0,1}; next(PB3):={0,1}; next(PB4):={0,1};

next(PB5):={0,1}; next(PB6):={0,1}; next(PBStart):={0,1}; /* âõîäû */

/* âûõîäû è âíóòðåííèå ïåðåìåííûå */

next(Mv1) := ~next(Rst) & ~(PLCWin | ManWin) & (V1>=1 & V1<=4) &

(~Turn & ~PB1 & next(PB1) & ~next(Skp) |

Turn & ((31 - Sum) mod 7 = 1 | L
k)); /* Mv1 */


ase{ V1>=0 & V1<=3 & next(Rst) : next(V1):=4; /* V1+ */

V1>=1 & V1<=4 & next(Mv1) : next(V1):=V1-1; /* V1- */

default : next(V1):=V1; };

next(Mv2) := ~next(Rst) & ~(PLCWin | ManWin) & (V2>=1 & V2<=4) &

(~Turn & ~PB2 & next(PB2) & ~next(Skp) |

Turn & ((31 - Sum) mod 7 = 2 |

L
k & ~next(Mv1))); /* Mv2 */


ase{ V2>=0 & V2<=3 & next(Rst) : next(V2):=4; /* V2+ */

V2>=1 & V2<=4 & next(Mv2) : next(V2):=V2-1; /* V2- */

default : next(V2):=V2; };

next(Mv3) := ~next(Rst) & ~(PLCWin | ManWin) & (V3>=1 & V3<=4) &

(~Turn & ~PB3 & next(PB3) & ~next(Skp) |

Turn & ((31 - Sum) mod 7 = 3 |

L
k & ~next(Mv1 | Mv2))); /* Mv3 */


ase{ V3>=0 & V3<=3 & next(Rst) : next(V3):=4; /* V3+ */

V3>=1 & V3<=4 & next(Mv3) : next(V3):=V3-1; /* V3- */

default : next(V3):=V3; };

next(Mv4) := ~next(Rst) & ~(PLCWin | ManWin) & (V4>=1 & V4<=4) &

(~Turn & ~PB4 & next(PB4) & ~next(Skp) |

Turn & ((31 - Sum) mod 7 = 4 | (31 - Sum) mod 7 = 0 |

L
k & ~next(Mv1 | Mv2 | Mv3))); /* Mv4 */


ase{ V4>=0 & V4<=3 & next(Rst) : next(V4):=4; /* V4+ */

V4>=1 & V4<=4 & next(Mv4) : next(V4):=V4-1; /* V4- */

default : next(V4):=V4; };

next(Mv5) := ~next(Rst) & ~(PLCWin | ManWin) & (V5>=1 & V5<=4) &

(~Turn & ~PB5 & next(PB5) & ~next(Skp) |

Turn & ((31 - Sum) mod 7 = 5 |

L
k & ~next(Mv1 | Mv2 | Mv3 | Mv4))); /* Mv5 */


ase{ V5>=0 & V5<=3 & next(Rst) : next(V5):=4; /* V5+ */

V5>=1 & V5<=4 & next(Mv5) : next(V5):=V5-1; /* V5- */

default : next(V5):=V5; };

next(Mv6) := ~next(Rst) & ~(PLCWin | ManWin)&(V6>=1 & V6<=4) & /* Mv6 */

(~Turn & ~PB6 & next(PB6) & ~next(Skp) |

Turn & ((31 - Sum) mod 7 = 6 |

L
k & ~next(Mv1 | Mv2 | Mv3 | Mv4 | Mv5)));


ase{V6>=0 & V6<=3 & next(Rst) : next(V6):=4; /* V6+ */

V6>=1 & V6<=4 & next(Mv6) : next(V6):=V6-1; /* V6- */

default : next(V6):=V6;};


ase{~Turn & next(Mv) : next(Turn):=1; /* Turn+ */

Turn & next(Mv | Rst) : next(Turn):=0; /* Turn- */

default : next(Turn):=Turn;};
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ase{~ManWin & Turn & next(Sum>31) & next(Mv): next(ManWin):=1;

ManWin & next(Rst) : next(ManWin):=0;

default : next(ManWin):=ManWin;};


ase{~PLCWin & ~Turn & next(Sum>31) & next(Mv): next(PLCWin):=1;

PLCWin & next(Rst) : next(PLCWin):=0;

default : next(PLCWin):=PLCWin;};


ase{~Out1 & next(Mv1 | Rst) : next(Out1):=1;/* Out1+*/

Out1 & (Rst & next(~Rst) & next(~Mv) |

next(Mv & ~Mv1)) : next(Out1):=0;/* Out1- */

default : next(Out1):=Out1;};


ase{~Out2 & next(Mv2 | Rst) : next(Out2):=1;/* Out2+ */

Out2 & (Rst & next(~Rst) & next(~Mv) |

next(Mv & ~Mv2)) : next(Out2):=0;/* Out2- */

default : next(Out2):=Out2;};


ase{~Out3 & next(Mv3 | Rst) : next(Out3):=1;/* Out3+ */

Out3 & (Rst & next(~Rst) & next(~Mv) |

next(Mv & ~Mv3)) : next(Out3):=0;/* Out3- */

default : next(Out3):=Out3;};


ase{~Out4 & next(Mv4 | Rst) : next(Out4):=1;/* Out4+ */

Out4 & (Rst & next(~Rst) & next(~Mv) |

next(Mv & ~Mv4)) : next(Out4):=0;/* Out4- */

default : next(Out4):=Out4;};


ase{~Out5 & next(Mv5 | Rst) : next(Out5):=1;/* Out5+ */

Out5 & (Rst & next(~Rst) & next(~Mv) |

next(Mv & ~Mv5)) : next(Out5):=0;/* Out5- */

default : next(Out5):=Out5;};


ase{~Out6 & next(Mv6 | Rst) : next(Out6):=1;/* Out6+ */

Out6 & (Rst & next(~Rst) & next(~Mv) |

next(Mv & ~Mv6)) : next(Out6):=0;/* Out6- */

default : next(Out6):=Out6;};

Prp_notWinBoth: assert G(~PLCWin | ~ManWin); /* �àçäåë ñâîéñòâ */

Prp_Sum: assert G(Sum <= 37);

Prp_Mv: assert G(Mv1+Mv2+Mv3+Mv4+Mv5+Mv6 <= 1);

Prp_PBStart: assert G(PBStart -> V1=4 & V2=4 & V3=4 & V4=4 & V5=4 & V6=4

& ~Mv & ~Turn & ~(PLCWin | ManWin) & Sum=0);

Prp_Win_PBStart: assert G(F(Mv)) -> G(F(PLCWin | ManWin | PBStart));

Prp_Win: assert G(F(Mv)) & G(~PBStart & X(PBStart) -> (PLCWin | ManWin))

-> G(PBStart & X(~PBStart) -> X((~PBStart)U(PLCWin | ManWin)));

Prp_PLCWin3: assert

G(F(Mv)) & G(~PBStart & X(PBStart) -> (PLCWin | ManWin))

-> G(Mv3 & Sum=3 -> ((~ManWin & ~PLCWin)U(PLCWin)));

Prp_PLCWin4: assert

G(F(Mv)) & G(~PBStart & X(PBStart) -> (PLCWin | ManWin))

-> G(Mv4 & Sum=4 -> ((~ManWin & ~PLCWin)U(PLCWin)));

Prp_PLCWin6: assert

G(F(Mv)) & G(~PBStart & X(PBStart) -> (PLCWin | ManWin))

-> G(Mv6 & Sum=6 -> ((~ManWin & ~PLCWin)U(PLCWin)));

Prp_Turn: assert G(X(Mv1 & Sum=1 | Mv2 & Sum=2 | Mv3 & Sum=3 |

Mv4 & Sum=4 | Mv5 & Sum=5 | Mv6 & Sum=6) -> ~Turn);

}


