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Anureev I.S. Towards technology of development of operational semantics

of computer languages: uni�ed format of labelled transition systems.

Abstract. A formalism for description of labelled transition systems, which uni�es
the format of states of the systems, the format of computer language instructions
represented by labels of the systems and the format and semantics of transition
rules, and thus makes the development of operational semantics of computer
languages more technological, is proposed.
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1. Ââåäåíèå. Ôîðìàëüíàÿ ñïåöèôèêàöèÿ êîìïüþòåðíîãî ÿçû-
êà (Êß) � âàæíûé øàã íà ïóòè ðàáîòû ñ íèì êàê ñ ìàòåìàòè-
÷åñêèì îáúåêòîì. Ñàìûì ðàñïðîñòðàíåííûì âèäîì ôîðìàëüíîé
ñïåöèôèêàöèè Êß ÿâëÿåòñÿ îïåðàöèîííàÿ ñåìàíòèêà Êß, ïðåä-
ñòàâëÿþùàÿ ñîáîé îïèñàíèå íåêîòîðîãî àáñòðàêòíîãî âû÷èñëèòå-
ëÿ, îáðàáàòûâàþùåãî èíñòðóêöèè Êß. Ýòî îïèñàíèå, êàê ïðàâè-
ëî, áîëåå áëèçêî ê íåôîðìàëüíîé ñïåöèôèêàöèè Êß, çàäàâàåìîé
ñòàíäàðòîì Êß, ïî ñðàâíåíèþ ñ îïèñàíèÿìè, îñíîâàííûìè íà äðó-
ãèõ âèäàõ ñåìàíòèêè (íàïðèìåð, àêñèîìàòè÷åñêîé èëè äåíîòàöèîí-
íîé).

Îïåðàöèîííàÿ ñåìàíòèêà îáû÷íî èñïîëüçóåò èçâåñòíûé óíè-
âåðñàëüíûé ôîðìàëèçì � ïîìå÷åííûå ñèñòåìû ïåðåõîäîâ. Îáùèé
ìåòîä ïðèìåíåíèÿ ñèñòåì ïåðåõîäîâ ê ðàçðàáîòêå ôîðìàëüíîé ñå-
ìàíòèêè Êß � ìåòîä ñòðóêòóðíîé îïåðàöèîííîé ñåìàíòèêè � áûë
ïðåäëîæåí Ãîðäîíîì Ïëîòêèíûì â åãî ðàáîòå [21].
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Àíàëèç ñîâðåìåííûõ ôîðìàëüíûõ ñïåöèôèêàöèé Êß, îñíîâàí-
íûõ íà îïåðàöèîííîé ñåìàíòèêå [6, 15, 17�20, 23], ïîêàçûâàåò, ÷òî
îíè îáúåäèíåíû òîëüêî îáùåé êîíöåïöèåé èñïîëüçîâàíèÿ ñèñòåì
ïåðåõîäîâ, â òî âðåìÿ êàê âèä ñèñòåì ïåðåõîäîâ, ñèñòåìà îáîçíà-
÷åíèé, ïîíÿòèéíûé àïïàðàò, ìåòîäîëîãèÿ è òåõíèêè ðàçðàáîòêè
îïåðàöèîííîé ñåìàíòèêè íà îñíîâå ñèñòåì ïåðåõîäîâ, ñïåöèôè÷íû
äëÿ êàæäîé îòäåëüíîé ñïåöèôèêàöèè.

Ïîíÿòèéíî-òåðìèíîëîãè÷åñêèé àïïàðàò è ìåòîäîëîãèÿ ðàçðà-
áîòêè îïåðàöèîííîé ñåìàíòèêè ÷àñòè÷íî óíèôèöèðóþòñÿ íà áàçå
ëîãèêî-àëãåáðàè÷åñêîãî ïîäõîäà, ïðåäëîæåííîãî Þðèåì Ãóðåâè-
÷åì. Îí îñíîâûâàåòñÿ íà ìàøèíàõ àáñòðàêòíûõ ñîñòîÿíèé [13, 14]
� îáîáùåíèè ñèñòåì ïåðåõîäîâ çà ñ÷åò èñïîëüçîâàíèÿ â êà÷åñòâå
ñîñòîÿíèé àëãåáðàè÷åñêèõ ñòðóêòóð. ×àñòè÷íàÿ óíèôèêàöèÿ ïðè
ýòîì äîñòèãàåòñÿ çà ñ÷åò âûáîðà ïðè ñïåöèôèêàöèè Êß ïîäõîäÿ-
ùåé àëãåáðàè÷åñêîé ñòðóêòóðû. Ïðèìåðû ïðèìåíåíèÿ ýòîãî ôîð-
ìàëèçìà ê ðàçðàáîòêå îïåðàöèîííîé ñåìàíòèêè Êß ìîãóò áûòü
íàéäåíû â [16]. Ýòîò ïîäõîä ðåàëèçîâàí â ÿçûêàõ ASML [12] è
XASM [22].

Äëÿ óíèôèêàöèè ïîíÿòèéíîãî àïïàðàòà Êß íà áàçå åãî îíòîëî-
ãèè â ðàáîòå [1] ðàçðàáîòàí îïåðàöèîííî-îíòîëîãè÷åñêèé ïîäõîä ê
ðàçðàáîòêå îïåðàöèîííîé ñåìàíòèêè Êß, îñíîâàííûé íà ñïåöèàëü-
íîì âèäå ñèñòåì ïåðåõîäîâ � îíòîëîãè÷åñêèõ ñèñòåìàõ ïåðåõîäîâ,
êîòîðûå êîìáèíèðóþò ñèñòåìû ïåðåõîäîâ ñ îíòîëîãè÷åñêèìè ìî-
äåëÿìè. Íà áàçå ýòèõ ñèñòåì ïðåäëîæåí íîâûé âèä îïåðàöèîííîé
ñåìàíòèêè � îïåðàöèîííî-îíòîëîãè÷åñêàÿ ñåìàíòèêà.

Â ýòîé ñòàòüå ïðåäëàãàåòñÿ ôîðìàëèçì äëÿ îïèñàíèÿ ïîìå÷åí-
íûõ ñèñòåì ïåðåõîäîâ, êîòîðûé óíèôèöèðóþò ôîðìàò ñîñòîÿíèé
ñèñòåìû ïåðåõîäîâ, ôîðìàò èíñòðóêöèé Êß, ïðåäñòàâëÿåìûõ ìåò-
êàìè ñèñòåìû ïåðåõîäîâ, è ôîðìàò è ñåìàíòèêó ïðàâèë ïåðåõîäà
è, òåì ñàìûì, äåëàåò ïðîöåññ ðàçðàáîòêè îïåðàöèîííîé ñåìàíòèêè
Êß áîëåå òåõíîëîãè÷íûì.

Ôàêòè÷åñêè ýòîò ôîðìàëèçì ïðåäñòàâëÿåò ñîáîé ïðåäìåòíî-
îðèåíòèðîâàííûé ÿçûê (domain-speci�c language) ñ çàäàííûìè ñèí-
òàêñèñîì è ñåìàíòèêîé, êîòîðûé îïèñûâàåò ïîìå÷åííûå ñèñòåìû
ïåðåõîäîâ è îáëàñòüþ ïðèìåíåíèÿ êîòîðîãî ÿâëÿåòñÿ ðàçðàáîòêà
îïåðàöèîííîé ñåìàíòèêè Êß. Ïîýòîìó, îïèñàíèÿ ñèñòåì ïåðåõî-
äîâ íà ýòîì ÿçûêå íàçûâàþòñÿ îðèåíòèðîâàííûìè íà îïåðàöèîí-
íóþ ñåìàíòèêó ñèñòåìàìè ïåðåõîäîâ (operational semantics speci�c
transition systems).
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Íàø ïîäõîä ÿâëÿåòñÿ äàëüíåéøèì ðàçâèòèåì ëîãèêî-àëãåáðà-
è÷åñêîãî è îïåðàöèîííî-îíòîëîãè÷åñêîãî ïîäõîäîâ â êîíòåêñòå ðå-
øåíèÿ çàäà÷è ðàçðàáîòêè îïåðàöèîííîé ñåìàíòèêè Êß (ìàøèíû
àáñòðàêòíûõ ñîñòîÿíèé èìåþò áîëåå øèðîêóþ îáëàñòü ïðèìåíå-
íèÿ, òàêæå îíè èñïîëüçóþòñÿ äëÿ ñïåöèôèêàöèè ïðîèçâîëüíûõ
ïðîãðàììíûõ ìîäåëåé è ñèñòåì).

Òàêæå êàê è â ëîãèêî-àëãåáðàè÷åñêîì ïîäõîäå, ñîñòîÿíèÿìè
îðèåíòèðîâàííûõ íà îïåðàöèîííóþ ñåìàíòèêó ñèñòåì ïåðåõîäîâ
ÿâëÿþòñÿ àëãåáðàè÷åñêèå ñòðóêòóðû. Îäíàêî, âñëåäñòâèå óíèôè-
êàöèè ôîðìàòà ñîñòîÿíèé, ñèìâîëû ñèãíàòóðû àëãåáðàè÷åñêèõ
ñòðóêòóð ïðåäñòàâëÿþò ñîáîé íå ýëåìåíòû íåêîòîðîãî íåêîíêðå-
òèçèðóåìîãî ìíîæåñòâà, à øàáëîíû äëÿ âûçîâîâ ôóíêöèé ñ ïðåä-
îïðåäåëåííûìè ìåñòàìè äëÿ àðãóìåíòîâ. Ðàçáèåíèå àðãóìåíòîâ
ôóíêöèé íà äâà êëàññà � âû÷èñëÿåìûå è íåâû÷èñëÿåìûå � ïîçâî-
ëÿåò íå îãðàíè÷èâàòüñÿ ôóíêöèîíàëüíûìè è ïðåäèêàòíûìè ñèì-
âîëàìè, à òàêæå ìîäåëèðîâàòü ñóùíîñòè áîëåå âûñîêîãî ïîðÿäêà,
íàïðèìåð ëîãè÷åñêèå êâàíòîðû. Êðîìå òîãî, íàø ïîäõîä ôèêñèðó-
åò òàêæå ôîðìàò ïðàâèë ïåðåõîäîâ è èõ ñåìàíòèêó.

×òî êàñàåòñÿ îïåðàöèîííî-îíòîëîãè÷åñêîãî ïîäõîäà, òî îðèåí-
òèðîâàííûå íà îïåðàöèîííóþ ñåìàíòèêó ñèñòåìû ïåðåõîäîâ ïîçâî-
ëÿþò ðåàëèçîâûâàòü îïåðàöèîííî-îíòîëîãè÷åñêóþ ñåìàíòèêó ïî-
ñðåäñòâîì ââåäåíèÿ ñïåöèàëüíûõ îíòîëîãè÷åñêèõ ñèìâîëîâ â ñèã-
íàòóðó, ÷òî äåëàåò ýòîò ïîäõîä ïðèìåíèìûì íà ïðàêòèêå.

2. Ïðåäâàðèòåëüíûå ïîíÿòèÿ è îáîçíà÷åíèÿ. Îïèøåì íî-
òàöèþ îñíîâíûõ ñòðóêòóð äàííûõ, èñïîëüçóåìûõ â ýòîé ñòàòüå êàê
íà óðîâíå îáúåêòíîãî îïèñàíèÿ, òàê è íà óðîâíå ìåòàîïèñàíèÿ, �
ñïèñêîâ, ïîñëåäîâàòåëüíîñòåé è ôóíêöèé.

Ñïèñêè èìåþò âèä (a1 ... an), ãäå ýëåìåíòû ai ñïèñêà ðàçäå-
ëåíû ïðîáåëàìè. Ïóñòü (lists of x) îáîçíà÷àåò ìíîæåñòâî âñåõ
ñïèñêîâ èç ýëåìåíòîâ ìíîæåñòâà x, (lists of x of length n) �
ìíîæåñòâî âñåõ ñïèñêîâ èç ýëåìåíòîâ ìíîæåñòâà x äëèíû n,
(length of a) � ÷èñëî ýëåìåíòîâ â ñïèñêå a.

Êîíå÷íûå ïîñëåäîâàòåëüíîñòè ýëåìåíòîâ èìåþò âèä a1 ... an,
ãäå ai ðàçäåëåíû ïðîáåëàìè. Ïóñòü (sequences of x) îáîçíà÷àåò
ìíîæåñòâî âñåõ êîíå÷íûõ ïîñëåäîâàòåëüíîñòåé ýëåìåíòîâ ìíîæå-
ñòâà x è (sequences of x of length n) � ìíîæåñòâî âñåõ ïîñëå-
äîâàòåëüíîñòåé ýëåìåíòîâ ìíîæåñòâà x äëèíû n.

Ïóñòü bool îáîçíà÷àåò ìíîæåñòâî {true, false} è nat � ìíî-
æåñòâî íàòóðàëüíûõ ÷èñåë ñ íóëåì. Ïóñòü (union of An where (n
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∈ x)) îáîçíà÷àåò îáúåäèíåíèå âñåõ ìíîæåñòâ An äëÿ âñåõ (n ∈ x).
Ïóñòü (f x) îáîçíà÷àåò ïðèìåíåíèå ôóíêöèè f ê ïîñëåäîâà-

òåëüíîñòè àðãóìåíòîâ x (âûçîâ ôóíêöèè f íà àðãóìåíòàõ x).
Ïóñòü undef îáîçíà÷àåò òîò ôàêò, ÷òî íåêîòîðàÿ ôóíêöèÿ íå

èìååò çíà÷åíèÿ äëÿ íåêîòîðîãî àðãóìåíòà è ((domain of f) = {x

| ((f x) 6= undef))} � îáëàñòü îïðåäåëåíèÿ ôóíêöèè f. Ïóñòü f
è g � ôóíêöèè òàêèå, ÷òî (((domain of f) ∩ (domain of g)) =

∅). Òîãäà îáúåäèíåíèåì (f ∪ g) ôóíêöèé f è g íàçûâàåòñÿ ôóíê-
öèÿ h òàêàÿ, ÷òî ((domain of h) = (domain of f) ∪ (domain of

g)), ((h x) = (f x)) äëÿ (x ∈ (domain of f)) è ((h x) = (g

x)) äëÿ (x ∈ (domain of g)).
Äëÿ ôóíêöèé (êàê ïðàâèëî, êîíå÷íûõ) ìû áóäåì òàêæå èñïîëü-

çîâàòü àëüòåðíàòèâíóþ àòðèáóòíóþ íîòàöèþ. Ïóñòü f � ôóíêöèÿ.
Â ýòîì ñëó÷àå, ôóíêöèÿ f íàçûâàåòñÿ àòðèáóòíîé ñòðóêòóðîé, ýëå-
ìåíòû îáëàñòè îïðåäåëåíèÿ f � àòðèáóòàìè, à îáúåêò (f a) (îáî-
çíà÷àåìûé f.a) � çíà÷åíèåì àòðèáóòà a ñòðóêòóðû f.

Îïðåäåëèì îïåðàöèè äîñòóïà . è ìîäèôèêàöèè upd íà ôóíê-
öèÿõ ñëåäóþùèì îáðàçîì:

� (f.x = (f x));

� åñëè (y 6= x), òî (((upd f x e) y) = (f y));

� (((upd f x e) x) = e).

Îïåðàöèè . è upd ïåðåíîñÿòñÿ íà ïîñëåäîâàòåëüíîñòè è ñïèñêè,
åñëè èõ ðàññìàòðèâàòü êàê ôóíêöèè, îáëàñòüþ îïðåäåëåíèÿ êîòî-
ðûõ ÿâëÿåòñÿ öåëî÷èñëåííûé îòðåçîê.

Áóäåì ãîâîðèòü, ÷òî ôóíêöèÿ f ìîæåò îòëè÷àòüñÿ îò ôóíêöèè
g òîëüêî íà ìíîæåñòâå x è îáîçíà÷àòü ýòî ôàêò (f can differ

from g only on x), åñëè ((f a) = (g a)) äëÿ ëþáîãî (a /∈ x).
Ïîìå÷åííàÿ ñèñòåìà ïåðåõîäîâ lts � ýòî òðîéêà (states

labels tr), ãäå states è labels � ìíîæåñòâà, ýëåìåíòû êîòîðûõ
íàçûâàþòñÿ ñîñòîÿíèÿìè è ìåòêàìè, ñîîòâåòñòâåííî, ëîãè÷åñêàÿ
ôóíêöèÿ (tr ∈ ((states × labels × states) → bool)) íàçû-
âàåòñÿ îòíîøåíèåì ïåðåõîäà. Ãîâîðÿò, ÷òî èç ñîñòîÿíèÿ s ìîæíî
ïåðåéòè â ñîñòîÿíèå ss ïî ìåòêå lab, åñëè (tr s lab ss).

3. Ñèñòåìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà ïðîãðàì-

ìû. Ïðåæäå ÷åì îïðåäåëÿòü îðèåíòèðîâàííûå íà îïåðàöèîííóþ
ñåìàíòèêó ñèñòåìû ïåðåõîäîâ, ââåäåì áîëåå îáùèé âèä ñèñòåì
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ïåðåõîäîâ � îðèåíòèðîâàííûå íà ïðîãðàììû ñèñòåìû ïåðåõîäîâ
(Program Speci�c Transition Systems, P-STS). Ýòè ñèñòåìû èñïîëü-
çóþòñÿ äëÿ ôîðìàëèçàöèè ðàçëè÷íûõ àñïåêòîâ ðàáîòû ñ ïðîãðàì-
ìàìè (îïðåäåëåíèå ñåìàíòèêè, çàäàíèå ñòðàòåãèé âåðèôèêàöèè
ïðîãðàìì è ò.ï.).

Ñîñòîÿíèÿìè â P-STS ÿâëÿþòñÿ àëãåáðàè÷åñêèå ñèñòåìû ñïå-
öèàëüíîãî âèäà.

Ïóñòü atoms � íåêîòîðîå ìíîæåñòâî îáúåêòîâ, íàçûâàåìûõ
àòîìàìè. Âûðàæåíèå � ýòî ëèáî ñïèñîê âûðàæåíèé, ëèáî àòîì.
Ïóñòü expressions îáîçíà÷àåò ìíîæåñòâî âñåõ âûðàæåíèé. Â êîí-
òåêñòå ïîñëåäóþùåãî èçëîæåíèÿ áóäåì íàçûâàòü ýëåìåíòû ìíî-
æåñòâ (sequences of expressions) è (lists of atoms) ïðîãðàì-
ìàìè è ñèìâîëàìè, ñîîòâåòñòâåííî, è èñïîëüçîâàòü îáîçíà÷åíèÿ
programs è symbols äëÿ ýòèõ ìíîæåñòâ. Ïóñòü elements � ìíîæå-
ñòâî îáúåêòîâ, íàçûâàåìûõ ýëåìåíòàìè, òàêîå, ÷òî (expressions

⊆ elements).
Ñîñòîÿíèå s îòíîñèòåëüíî (atoms elements) îïðåäåëÿåòñÿ êàê

òîòàëüíàÿ ôóíêöèÿ èç (symbols → ((union of (elementsn →
elements) where (n ∈ nat)) ∪ {undef})). Ìíîæåñòâî elements
íàçûâàåòñÿ íîñèòåëåì s, à åãî ýëåìåíòû � ýëåìåíòàìè s.

Ìíîæåñòâî {(f ∈ symbols) | ((s f) 6= undef)} íàçûâàåòñÿ
ñèãíàòóðîé s è îáîçíà÷àåòñÿ (symbols of s), à ýëåìåíòû ýòîãî
ìíîæåñòâà � ñèìâîëàìè s. Ôóíêöèÿ (s f) íàçûâàåòñÿ èíòåðïðå-
òàöèåé ñèìâîëà f â ñîñòîÿíèè s. Â îòëè÷èå îò ñòàíäàðòíîé àëãåá-
ðàè÷åñêîé ñèñòåìû, â êîòîðîé ñèìâîëû ñèãíàòóðû � àòîìû, ñèì-
âîëû ñîñòîÿíèÿ � ñïèñêè àòîìîâ. Èñïîëüçîâàíèå ñïèñêîâ àòîìîâ â
êà÷åñòâå ñèìâîëîâ ñîñòîÿíèÿ ïîçâîëÿåò ïðèáëèçèòü îïèñàíèå âû-
çîâîâ ôóíêöèé, îáîçíà÷àåìûõ ýòèìè ñèìâîëàìè, ê îïèñàíèþ íà
åñòåñòâåííîì ÿçûêå. Äðóãîé âàæíîé îñîáåííîñòüþ ñèìâîëîâ ñî-
ñòîÿíèÿ ÿâëÿåòñÿ èñïîëüçîâàíèå â íèõ ñïåöèàëüíûõ àòîìîâ _ è __,
êîòîðûå äåëàþò òàêèå ñèìâîëû øàáëîíàìè äëÿ âûçîâîâ ôóíêöèé,
îáîçíà÷àåìûõ ýòèìè ñèìâîëàìè. Ýòè àòîìû, íàçûâàåìûå ñïåöèôè-
êàòîðàìè àðãóìåíòîâ, îáîçíà÷àþò ìåñòà äëÿ àðãóìåíòîâ ôóíêöèé.
Ïóñòü (f ∈ (symbols of s)). Àòîì _, âõîäÿùèé â f, äîïîëíèòåëü-
íî óêàçûâàåò íà òî, ÷òî àðãóìåíò ïðè âûçîâå ôóíêöèè (s f) íóæ-
íî ñíà÷àëà âû÷èñëèòü, à àòîì __, âõîäÿùèé â f, � ÷òî âû÷èñëÿòü
àðãóìåíò íå íóæíî. ×èñëî âõîæäåíèé ñïåöèôèêàòîðîâ àðãóìåíòîâ
â f íàçûâàåòñÿ ìåñòíîñòüþ f è îáîçíà÷àåòñÿ (arity of f). Äëÿ s

äîëæíî âûïîëíÿòüñÿ ñâîéñòâî: åñëè (n = (arity of f)), òî ((s
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f) ∈ (elementsn → elements)).
Ïóñòü (u, w ∈ (sequences of expressions)). Ïóñòü

typed-args � ñïèñîê ñòðóêòóð ñ àòðèáóòàìè arg è type ñî çíà-
÷åíèÿìè èç expressions è {value, itself}, íàçûâàåìûõ òèïèçè-
ðîâàííûìè àðãóìåíòàìè. Âûðàæåíèå e � ïðèìåð f îòíîñèòåëüíî
typed-args, òîãäà è òîëüêî òîãäà, êîãäà (ïðèìåíÿåòñÿ ïåðâîå ïîä-
õîäÿùåå ïðàâèëî)

� åñëè (e = ()) è (f = ()), òî (typed-args = ());

� åñëè (e = (typed-args.1.arg u)) è (f = (_ w)), òî
(typed-args.1.type = value) è (u) � ïðèìåð (w) îòíîñè-
òåëüíî (typed-args.2 ... typed-args.n);

� åñëè (e = (typed-args.1.arg u)) è (f = (__ w)), òî
(typed-args.1.type = itself) è (u) � ïðèìåð (w) îòíîñè-
òåëüíî (typed-args.2 ... typed-args.n);

� åñëè (e = (b u)) è (f = (b w)), òî (u) � ïðèìåð (w) îòíî-
ñèòåëüíî typed-args;

� false.

Âûðàæåíèå e íàçûâàåòñÿ ïðèìåðîì f, åñëè e � ïðèìåð f îòíî-
ñèòåëüíî íåêîòîðîãî typed-args. Îäíî è òî æå âûðàæåíèå ìîæåò
áûòü ïðèìåðîì äëÿ ðàçíûõ ñèìâîëîâ ñîñòîÿíèÿ, ïîýòîìó âîçìîæåí
êîíôëèêò ïðè âûáîðå ñèìâîëà ñîñòîÿíèÿ äëÿ ýòîãî âûðàæåíèÿ.
Ìû ñ÷èòàåì, ÷òî îïðåäåëåíà ôóíêöèÿ (match ∈ ((expressions

× states) → ((symbols × expressions) ∪ {undef}))), ðàçðå-
øàþùàÿ ýòîò êîíôëèêò, òàêàÿ, ÷òî

� åñëè ((match e s) = (f typed-args)), òî (f ∈ (symbols

of s)) è e � ïðèìåð f îòíîñèòåëüíî typed-args;

� åñëè ((match e s) = undef), òî íå ñóùåñòâóþò (f ∈
(symbols of s)) è typed-args òàêèõ, ÷òî e � ïðèìåð f îò-
íîñèòåëüíî typed-args.

Çíà÷åíèå (value of e in s) âûðàæåíèÿ e â ñîñòîÿíèè s îïðå-
äåëÿåòñÿ ñëåäóþùèì îáðàçîì (ïðèìåíÿåòñÿ ïåðâîå ïîäõîäÿùåå
ïðàâèëî):
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� åñëè e � àòîì, òî ((value of e in s) = e);

� åñëè e = ((ee)) è (ee ∈ (sequences of expressions)), òî
((value of e in s) = ((value of (ee) in s)));

� åñëè (e ∈ (symbols of s)), òî ((value of e in s) =

(s e));

� åñëè ((match e) = (f typed-args)), òî ((value of e in

s) = ((s f) arg-values));

� ((value of e in s) = undef).

Ñïèñîê (arg-values ∈ (lists of elements of length n)), ãäå
(n = (arity of f)), â âûøåïðèâåäåííîì îïðåäåëåíèè çàäàåòñÿ
ñëåäóþùèì îáðàçîì:

� åñëè (typed-args.i.type = value), òî (arg-values.i =

(value of typed-args.i.arg in s));

� åñëè (typed-args.i.type = itself), òî (arg-values.i =

typed-args.i.arg).

Ôóíêöèÿ (σ ∈ (atoms → (sequences of expressions))) íà-
çûâàåòñÿ ïîäñòàíîâêîé. Åñëè (domain of σ) = {x1, ..., xn}, òî
σ ìîæåò çàïèñûâàòüñÿ êàê ((x1 (σ x1)) ... (xn (σ xn))).
Ôóíêöèÿ ïîäñòàíîâêè subst îòíîñèòåëüíî σ îïðåäåëÿåòñÿ ñëåäó-
þùèì îáðàçîì (ïðèìåíÿåòñÿ ïåðâîå ïîäõîäÿùåå ïðàâèëî):

� åñëè (e ∈ (domain of σ)), òî ((subst e σ) = (σ e));

� åñëè (e ∈ atoms), òî ((subst e σ) = e);

� ((subst (e1 ... en) σ) = ((subst e1 σ) ... (subst en
σ))).

Îïèøåì òåïåðü êîìïîíåíòû, èç êîòîðûõ ñòðîèòñÿ P-STS
(p-sts = (states labels tr)).

Ñîñòîÿíèå predefined-interpretation îïðåäåëÿåò èíòåðïðå-
òàöèþ ïðåäîïðåäåëåííûõ ñèìâîëîâ. Èíòåðïðåòàöèÿ ýòèõ ñèìâî-
ëîâ íå ìåíÿåòñÿ, êîãäà p-sts ïåðåõîäèò èç ñîñòîÿíèÿ â ñîñòîÿ-
íèå. Ïóñòü predefined-symbols îáîçíà÷àåò ìíîæåñòâî (symbols

of predefined-interpretation).
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Ìíîæåñòâî modifiable-symbols âêëþ÷àåò ìîäèôèöèðóåìûå
ñèìâîëû. Èõ èíòåðïðåòàöèÿ ìîæåò ìåíÿòüñÿ, êîãäà p-sts ïåðå-
õîäèò èç ñîñòîÿíèÿ â ñîñòîÿíèå. Ìíîæåñòâà predefined-symbols

è modifiable-symbols ìîãóò ïåðåñåêàòüñÿ. Ñîñòîÿíèå s ñèñòåìû
p-sts ðàñøèðÿåòñÿ íà predefined-symbols òàêèì îáðàçîì, ÷òî
(((s f) a) = ((predefined-interpretation f) a)) äëÿ ëþáîãî
(a /∈ (domain of (s f))).

Ìíîæåñòâî modifiable-symbols âêëþ÷àåò ñïåöèàëüíûå ñèìâî-
ëû (value _), (history length) è (_ is new-element). Ñèìâîë
(value _) èñïîëüçóåòñÿ äëÿ õðàíåíèÿ ïðîìåæóòî÷íûõ çíà÷åíèé,
ïîÿâëÿþùèõñÿ ïðè ôóíêöèîíèðîâàíèè P-STS. Äëÿ êàæäîãî ñîñòî-
ÿíèÿ s ïðîìåæóòî÷íûå çíà÷åíèÿ ñóòü çíà÷åíèÿ âûðàæåíèé (value

1), ..., (value k) â s, ãäå (k = (value of (history length) in

s)). Ïóñòü ((new elements of s) = {(a ∈ elements) | (((s (_

is new-element)) a) = true)}). Ýòî ìíîæåñòâî õàðàêòåðèçóåò
ýëåìåíòû èç elements, êîòîðûå ¾íå èñïîëüçóþòñÿ¿ â ñîñòîÿíèè
s è ñîñòîÿíèÿõ, êîòîðûå ïðåäøåñòâîâàëè s îòíîñèòåëüíî tr. Ýëå-
ìåíòû ýòîãî ìíîæåñòâà áóäåì íàçûâàòü íîâûìè ýëåìåíòàìè â s.
Äëÿ ëþáîãî (s ∈ states) ñèìâîë (_ is new-element) îáëàäàåò
ñëåäóþùèìè ñâîéñòâàìè:

� (((s (is new-element)) a) ∈ bool) äëÿ ëþáîãî (a ∈
elements). Ýòî ñâîéñòâî îçíà÷àåò òîòàëüíîñòü ñèìâîëà (_ is

new-element);

� åñëè (tr s lab ss), òî ((new elements of ss) ⊆ (new

elements of s)). Ýòî ñâîéñòâî îçíà÷àåò ìîíîòîííîå íåâîç-
ðàñòàíèå ìíîæåñòâà (new elements of s) îòíîñèòåëüíî tr;

� åñëè (tr s lab ss), òî ((new elements of s) \ (new

elements of ss)) êîíå÷íî. Ýòî ñâîéñòâî îçíà÷àåò, ÷òî ïðè
êàæäîì ïåðåõîäå ¾èñïîëüçóåòñÿ¿ òîëüêî êîíå÷íîå ÷èñëî íî-
âûõ ýëåìåíòîâ;

� (new elements of s) áåñêîíå÷íî. Ýòî ñâîéñòâî îçíà÷àåò, ÷òî
÷èñëî íîâûõ ýëåìåíòîâ âñåãäà ¾äîñòàòî÷íî¿ äëÿ ¾èñïîëüçî-
âàíèÿ¿ â ëþáîì ÷èñëå ïåðåõîäîâ;

� ((value of e in s) ∈ (new elements of s) äëÿ ëþáîãî (e
∈ expressions) è (((new elements of s) ∩ expressions)

= ∅). Ýòè ñâîéñòâà ôîðìàëèçóþò ïîíÿòèå ¾íå èñïîëüçóåòñÿ¿.
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Ïîìå÷åííàÿ ñèñòåìà ïåðåõîäîâ p-sts = (states labels tr)

íàçûâàåòñÿ P-STS îòíîñèòåëüíî (atoms elements predefined-

interpretation modifiable-symbols), åñëè lab = (p | pp) äëÿ
íåêîòîðûõ (p, pp ∈ programs) è äëÿ ëþáîãî (s ∈ states) âû-
ïîëíåíû ñëåäóþùèå óñëîâèÿ:

� s � ñîñòîÿíèå îòíîñèòåëüíî (atoms elements);

� ((symbols of s) = (predefined-symbols ∪ modifiable-

symbols)). Ýòî ñâîéñòâî îçíà÷àåò, ÷òî ñèãíàòóðà ëþáîãî ñî-
ñòîÿíèÿ ñîäåðæèò â òî÷íîñòè ñèìâîëû èç predefined-

symbols è modifiable-symbols;

� ((s (history length)) ∈ nat);

� åñëè (tr s lab ss), òî ((s (history length)) ≤ (ss

(history length))) äëÿ ëþáîãî (ss ∈ states). Ýòî ñâîé-
ñòâî îçíà÷àåò, ÷òî ìíîæåñòâî ïðîìåæóòî÷íûõ çíà÷åíèé ìî-
æåò òîëüêî ïîïîëíÿòüñÿ;

� ((value of (value i) in s) = undef) äëÿ ëþáîãî (i ≥ (s

(history length))). Ýòî ñâîéñòâî îçíà÷àåò, ÷òî ìíîæåñòâî
ïðîìåæóòî÷íûõ çíà÷åíèé îãðàíè÷åíî êîíñòàíòîé (history

length).

Åñëè (tr s (p | pp) ss), òî ãîâîðÿò, ÷òî p ïðåîáðàçóåò s â
ss îòíîñèòåëüíî pp. Òàêèì îáðàçîì, ïðîãðàììû ìîæíî ðàññìàò-
ðèâàòü êàê ïðåîáðàçîâàòåëè ñîñòîÿíèé. Ñïèñîê (p s) íàçûâàåòñÿ
êîíôèãóðàöèåé. Êîíôèãóðàöèÿ äîëæíà óäîâëåòâîðÿòü ñëåäóþùå-
ìó îãðàíè÷åíèþ: åñëè p ñîäåðæèò âûðàæåíèå âèäà (value a), òî
(a ∈ nat) è (a ≤ (s (history length))). Åñëè (tr s (p | pp)

ss), òî ãîâîðÿò, ÷òî èç (p s) ìîæíî ïåðåéòè â (pp ss). Êîíôèãó-
ðàöèÿ (p s) íàçûâàåòñÿ çàêëþ÷èòåëüíîé, åñëè íå ñóùåñòâóåò êîí-
ôèãóðàöèè (pp ss) òàêîé, ÷òî (tr s (p | pp) ss). Ñîñòîÿíèå s

íàçûâàåòñÿ çàêëþ÷èòåëüíûì, åñëè (p s) � çàêëþ÷èòåëüíàÿ êîí-
ôèãóðàöèÿ äëÿ ëþáîé ïðîãðàììû p. Êîíôèãóðàöèÿ íàçûâàåòñÿ
òî÷êîé âåòâëåíèÿ, åñëè èç íåå ìîæíî ïåðåéòè áîëåå ÷åì â îäíó
êîíôèãóðàöèþ.

Òðàññîé íàçûâàåòñÿ êîíå÷íàÿ èëè áåñêîíå÷íàÿ ïîñëåäîâàòåëü-
íîñòü êîíôèãóðàöèé (p1 s1) (p2 s2) ... òàêàÿ, ÷òî èç (pi si)
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ìîæíî ïåðåéòè â (pi+1 si+1). Ñïåöèàëüíûé àòîì backtrack ñïå-
öèôèöèðóåò ôèêòèâíóþ òðàññó èñïîëíåíèÿ ïðîãðàììû. Êîíôè-
ãóðàöèÿ (p s) íàçûâàåòñÿ êîíôèãóðàöèåé îòêàòà, åñëè (p.1 =

(backtrack)). Îòíîøåíèå tr äîëæíî óäîâëåòâîðÿòü ñëåäóþùåìó
ñâîéñòâó: åñëè (p s) � êîíôèãóðàöèÿ îòêàòà, òî (p s) � çàêëþ-
÷èòåëüíàÿ êîíôèãóðàöèÿ. Êîíå÷íàÿ òðàññà, ïîñëåäíèé ýëåìåíò êî-
òîðîé � êîíôèãóðàöèÿ îòêàòà, íàçûâàåòñÿ ôèêòèâíîé. Îòêàò çà-
êëþ÷àåòñÿ â òîì, ÷òî ïðè äîñòèæåíèè êîíôèãóðàöèè îòêàòà (p

s) ñèñòåìà p-sts âîçâðàùàåòñÿ (îòêàòûâàåòñÿ) â áëèæàéøóþ èç
òî÷åê âåòâëåíèÿ, èç êîòîðîé p-sts ïåðåøëà â (p s), è âûáèðàåò
äðóãóþ òðàññó äëÿ âûïîëíåíèÿ. Åñëè òàêèõ òðàññ íåò, òî p-sts îò-
êàòûâàåòñÿ â ïðåäûäóùóþ òî÷êó âåòâëåíèÿ. Åñëè òàêèõ òî÷åê íåò,
òî âñå òðàññû ôèêòèâíû (âîçìîæíî çà èñêëþ÷åíèåì òðàññû, ñîñòî-
ÿùåé èç åäèíñòâåííîãî ýëåìåíòà � íà÷àëüíîé êîíôèãóðàöèè).

Îòíîøåíèå ïåðåõîäà tr îïðåäåëÿåòñÿ êàê îáúåäèíåíèå îòíîøå-
íèé ïåðåõîäà, êàæäîå èç êîòîðûõ õàðàêòåðèçóåòñÿ âèäîì âûðàæå-
íèÿ p.1. Â ñâîþ î÷åðåäü, ýòè âûðàæåíèÿ äåëÿòñÿ íà ðåãóëÿðíûå
âûðàæåíèÿ è íåðåãóëÿðíûå âûðàæåíèÿ. Íåðåãóëÿðíûå âûðàæåíèÿ
èçìåíÿþò ñîñòîÿíèå p-sts ñïåöèôè÷íûì îáðàçîì è äëÿ êàæäîãî
âèäà òàêèõ âûðàæåíèé äàåòñÿ ñâîå îïðåäåëåíèå ñåìàíòèêè. Ðåãó-
ëÿðíîå âûðàæåíèå p.1 èçìåíÿåò ñîñòîÿíèå íåêîòîðûì óíèôèöèðî-
âàííûì îáðàçîì, çàäàâàåìûì ïðàâèëàìè ïåðåõîäà (èëè ïðàâèëàìè
îïåðàöèîííîé ñåìàíòèêè) äëÿ p.1. Ïðàâèëî ïåðåõîäà r èìååò âèä
(if sam var x hvar w then c), ãäå (sam ∈ expressions), (x ∈
(sequences of expressions)),
(w ∈ symbols) è (c ∈ programs). Â ñëó÷àå ((length of x) = 0)

èëè ((length of w) = 0), ñîîòâåòñòâóþùèå êîìïîíåíòû var x è
hvar w ìîãóò îïóñêàòüñÿ.

Âûðàæåíèå sam íàçûâàåòñÿ îáðàçöîì ïðàâèëà r. Îáðàçåö sam

îïðåäåëÿåò ìíîæåñòâî âûðàæåíèé p.1, ê êîòîðûì ïðèìåíèìî ïðà-
âèëî r. Ýëåìåíòû x íàçûâàþòñÿ ñïåöèôèêàòîðàìè ïåðåìåííûõ îá-
ðàçöà. Åñëè ñïåöèôèêàòîð u ÿâëÿåòñÿ àòîìîì, òî îí ñïåöèôèöè-
ðóåò ïåðåìåííóþ îáðàçöà u òèïà exp. Åñëè u èìååò âèä (seq v),
ãäå (v ∈ atoms), òî îí ñïåöèôèöèðóåò ïåðåìåííóþ îáðàçöà v òèïà
seq. Â ïåðåìåííûõ îáðàçöà ñîõðàíÿþòñÿ çíà÷åíèÿ, ïîëó÷åííûå ïðè
ñîïîñòàâëåíèè ñ îáðàçöîì âûðàæåíèÿ p.1. Â ïåðåìåííûõ òèïà exp
õðàíÿòñÿ âûðàæåíèÿ, à â ïåðåìåííûõ òèïà seq � ïîñëåäîâàòåëü-
íîñòè âûðàæåíèé. Ïóñòü u.var îáîçíà÷àåò ïåðåìåííóþ, êîòîðóþ
ñïåöèôèöèðóåò u, à u.type � òèï u.var. Ýëåìåíòû w íàçûâàþòñÿ
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ïåðåìåííûå èñòîðèè ïðàâèëà r. Îíè èñïîëüçóþòñÿ äëÿ ñîõðàíåíèÿ
ïðîìåæóòî÷íûõ çíà÷åíèé â ñèìâîëå (value _). Çíà÷åíèå ñèìâîëà
(history length) ïðè ïåðåõîäå ñ ïîìîùüþ ïðàâèëà r óâåëè÷èâà-
åòñÿ íà (length of w). Ïðîãðàììà c íàçûâàåòñÿ òåëîì ïðàâèëà r.
Ðåçóëüòàò cc ìîäèôèêàöèè òåëà c â ñîîòâåòñòâèè ñî çíà÷åíèÿìè
ïåðåìåííûõ îáðàçöà è ïåðåìåííûõ èñòîðèè ïîäñòàâëÿåòñÿ â p âìå-
ñòî p.1. Â ðåçóëüòàòå ïîëó÷àåòñÿ pp. Òåëî c íå äîëæíî âêëþ÷àòü
ïðèìåðû ñèìâîëîâ (value _) è (history length).

Äëÿ ðàçíûõ âèäîâ P-SPS ìíîæåñòâà ìîäèôèöèðóåìûõ ñèìâî-
ëîâ, âèäû íåðåãóëÿðíûõ âûðàæåíèé, èõ ñåìàíòèêà è ñåìàíòèêà
âûïîëíåíèÿ ïðàâèë ïåðåõîäà ìîæåò îòëè÷àòüñÿ.

4. Ñèñòåìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà îïåðàöè-

îííóþ ñåìàíòèêó. Îðèåíòèðîâàííûå íà îïåðàöèîííóþ ñåìàí-
òèêó ñèñòåìû ïåðåõîäîâ (Operational Semantics Speci�c Transition
Systems, OS-STS) � ýòî ñïåöèàëüíûé ñëó÷àé P-STS, èñïîëüçóåìûé
äëÿ îïèñàíèÿ îïåðàöèîííîé ñåìàíòèêè ïðîãðàìì.

Ìíîæåñòâî modifiable-symbols âêëþ÷àåò ñèìâîë (value), êî-
òîðûé èñïîëüçóåòñÿ ÷òîáû ìîäåëèðîâàòü âîçâðàùåíèå çíà÷åíèé
ïðè ôóíêöèîíèðîâàíèè P-STS è õðàíèò ïîñëåäíåå âîçâðàùåííîå
çíà÷åíèå. Ãîâîðÿò, ÷òî p âîçâðàùàåò çíà÷åíèå v îòíîñèòåëüíî pp,
åñëè (tr s (p | pp) ss) äëÿ íåêîòîðîãî ss è ((ss (value)) =

v). Ãîâîðÿò, ÷òî p âîçâðàùàåò çíà÷åíèå v, åñëè p âîçâðàùàåò çíà-
÷åíèå v îòíîñèòåëüíî íåêîòîðîé pp.

Íåðåãóëÿðíûå âûðàæåíèÿ â OS-STS áûâàþò ÷åòûðåõ âèäîâ.
Íåðåãóëÿðíîå âûðàæåíèå (stop) íàçûâàåòñÿ îñòàíîâîì è èìååò

ñëåäóþùóþ ñåìàíòèêó: (tr s ((stop) p | pp) ss) òîãäà è òîëü-
êî òîãäà, êîãäà (ss = s) è pp � ïóñòàÿ ïîñëåäîâàòåëüíîñòü.

Íåðåãóëÿðíîå âûðàæåíèå (assume a) íàçûâàåòñÿ óñëîâèåì
ïðîäîëæåíèÿ è èìååò ñëåäóþùóþ ñåìàíòèêó: (tr s ((assume a)

p | pp) ss) òîãäà è òîëüêî òîãäà, êîãäà (ss = s) è (ïðèìåíÿåòñÿ
ïåðâîå ïîäõîäÿùåå ïðàâèëî)

� åñëè ((value of a in s) = true), òî (pp = p);

� (pp = (backtrack) p).

Íåðåãóëÿðíîå âûðàæåíèå (modify a) íàçûâàåòñÿ óñëîâèåì ìî-
äèôèêàöèè è èìååò ñëåäóþùóþ ñåìàíòèêó: (tr s ((modify a) p

| pp) ss) òîãäà è òîëüêî òîãäà, êîãäà (ïðèìåíÿåòñÿ ïåðâîå ïîäõî-
äÿùåå ïðàâèëî)
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� åñëè ((value of a in s wrt ss) = true), òî (pp = p) è
(ss can differ from s only on x), ãäå x � ìíîæåñòâî ìî-
äèôèöèðóåìûõ ñèìâîëîâ, äëÿ êîòîðûõ ñóùåñòâóåò ïðèìåð
(e) òàêîé, ÷òî (: e) âõîäèò â a;

� (ss = s) è (pp = (backtrack) p).

Çíà÷åíèå (value of e in s wrt ss) âûðàæåíèÿ e â ñîñòîÿíèè
s îòíîñèòåëüíî ss îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì (ïðèìåíÿåòñÿ
ïåðâîå ïîäõîäÿùåå ïðàâèëî):

� åñëè (e ∈ atoms), òî ((value of e in s wrt ss) = e);

� åñëè e = ((ee)) è (ee ∈ (sequences of expressions)), òî
((value of e in s wrt ss) = ((value of (ee) in s wrt

ss)));

� åñëè (e = (: ee)) è ((ee) ∈ (symbols of s)), òî ((value

of e in s wrt ss) = (ss (ee)));

� åñëè (e = (: ee)) è ((match (ee) ss) = (f typed-args)),
òî ((value of e in s wrt ss) = ((ss f) arg-values));

� åñëè (e.1 6= :) è (e ∈ (symbols of s)), òî ((value of e

in s wrt ss) = (s e));

� åñëè (e.1 6= :) è ((match e s) = (f typed-args)), òî
((value of e in s wrt ss) = ((s f) arg-values));

� ((value of e in s wrt ss) = undef).

Ñïèñîê (arg-values ∈ (lists of elements of length n)) â âû-
øåïðèâåäåííîì îïðåäåëåíèè çàäàåòñÿ òàêæå, êàê â îïðåäåëåíèè
äëÿ (value of e in s). Ñïåöèàëüíûé àòîì : â âûðàæåíèè (: ee)

îçíà÷àåò, ÷òî ñèìâîë, ïðèìåðîì êîòîðîãî ÿâëÿåòñÿ (ee), èíòåðïðå-
òèðóåòñÿ â ìîäèôèöèðîâàííîì ñîñòîÿíèè ss.

Íåðåãóëÿðíîå âûðàæåíèå (a ::= b) íàçûâàåòñÿ ìîäèôèêàöè-
åé ñèìâîëà è èìååò ñëåäóþùóþ ñåìàíòèêó: (tr s ((a ::= b) p |

pp) ss) òîãäà è òîëüêî òîãäà, êîãäà (ïðèìåíÿåòñÿ ïåðâîå ïîäõîäÿ-
ùåå ïðàâèëî)

� åñëè ((match a s) = (f typed-args)) è (f ∈ modifiable-

symbols), òî ss = s è (pp = (modify ((: f) = (updv f

args b))) p)
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� (ss = s) è (pp = (fail) p).

Ïðåäîïðåäåëåííûé ñèìâîë (updv _ _ _) èìååò ñëåäóþùóþ èíòåð-
ïðåòàöèþ: ((value of (updv g (x1 ... xn) y) in s) = (upd

(value of g in s) ((value of x1 in s) ... (value of xn in

s)) (value of y in s))).
Ñïèñîê args ∈ (lists of expressions of length (arity of

f)) îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

� åñëè (typed-args.i.type = itself), òî (args.i = (quote

typed-args.i.arg));

� åñëè (typed-args.i.type = value), òî (args.i =

typed-args.i.arg).

Ïðåäîïðåäåëåííûé ñèìâîë (quote __) èìååò ñëåäóþùóþ èí-
òåðïðåòàöèþ: ((value of (quote a) in s) = a).

Îïðåäåëèì ñåìàíòèêó ïðàâèëà r ñèñòåìû op-sts. Ïóñòü σ �
ïîäñòàíîâêà íà ìíîæåñòâå ïåðåìåííûõ îáðàçöà ïðàâèëà r òàêàÿ,
÷òî ((σ x.i.var) ∈ expressions), åñëè (x.i.type = exp) è ((σ
x.i.var) ∈ (sequences of expressions)), åñëè (x.i.type =

seq), δ � ïîäñòàíîâêà íà ïåðåìåííûõ èñòîðèè ïðàâèëà r òàêàÿ, ÷òî
(δ w.j) = (value ((value of (history length) in s) + j)) è
(γ = (σ ∪ δ)). Ïóñòü (cc ∈ programs) îïðåäåëÿåòñÿ ñëåäóþùèì
îáðàçîì: ((length of cc) = (length of c)) è (cc.k = (del*

(subst c.k γ) s)) äëÿ âñåõ (1 ≤ k ≤ (length of c)).
Ôóíêöèÿ del* âû÷èñëÿåò âûðàæåíèÿ, ïîìå÷åííûå ñïåöèàëü-

íûì àòîìîì * â òåëå ïðàâèëà r, è îïðåäåëÿåòñÿ ñëåäóþùèì îá-
ðàçîì (ïðèìåíÿåòñÿ ïåðâîå ïîäõîäÿùåå ïðàâèëî):

� ((del* (* a) s) = (value of (del* a) in s));

� ((del* (a1 ... an) s) = ((del* a1 s) ... (del* an
s)));

� ((del* a s) = a).

Ïóñòü ((length of w) = m) è ((length of p) = n). Îòíîøå-
íèå ïåðåõîäà tr äëÿ ðåãóëÿðíîãî âûðàæåíèÿ p.1 îïðåäåëÿåòñÿ ïðà-
âèëàìè ïåðåõîäà ñëåäóþùèì îáðàçîì: (tr s (p | pp) ss) òîãäà
è òîëüêî òîãäà, êîãäà ñóùåñòâóåò ïîäñòàíîâêà σ òàêàÿ, ÷òî
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� ((subst a σ) = p.1);

� (ss can differ from s only on {(history length)}) è
((ss (history length)) = ((ss (history length)) +

m));

� (pp = cc p.2 ... p.n).

Â êà÷åñòâå ïðèìåðà ïðèìåíåíèÿ ïðàâèë OP-STS îïðåäåëèì îïå-
ðàöèîííóþ ñåìàíòèêó âûðàæåíèé, ÷àñòî èñïîëüçóåìûõ â OP-STS.

Âûðàæåíèå (new element) íàçûâàåòñÿ ãåíåðàòîðîì íîâîãî ýëå-
ìåíòà è îïðåäåëÿåòñÿ ïðàâèëîì

(if (new element)

then (modify (((: value) is new-element) and

((: _ is new-element) =

(updv (_ is new-element) ((: value)) false)))))

Âûðàæåíèå (fail) îáîçíà÷àåò íåêîððåêòíîå çàâåðøåíèå ïðî-
ãðàììû è íàçûâàåòñÿ íåáåçîïàñíûì çàâåðøåíèåì. Êîíôèãóðàöèÿ
(p s) íàçûâàåòñÿ íåáåçîïàñíîé, åñëè (p.1 = (fail)). Â ïðîòèâ-
íîì ñëó÷àå, (p s) íàçûâàåòñÿ áåçîïàñíîé. Îòíîøåíèå tr äîëæíî
óäîâëåòâîðÿòü ñëåäóþùåìó ñâîéñòâó: åñëè (p s) � íåáåçîïàñíàÿ
êîíôèãóðàöèÿ, òî (p s) � çàêëþ÷èòåëüíàÿ êîíôèãóðàöèÿ. Êîíå÷-
íàÿ òðàññà, ïîñëåäíèé ýëåìåíò êîòîðîé � íåáåçîïàñíàÿ êîíôèãóðà-
öèÿ, íàçûâàåòñÿ íåáåçîïàñíîé. Âûðàæåíèå (assert a) íàçûâàåòñÿ
óñëîâèåì áåçîïàñíîñòè è îïðåäåëÿåòñÿ ïðàâèëàìè

(if (assert a) var a then (assume a))

(if (assert a) var a then (assume (not a)) (fail) (stop))

5. Ïðèìåð. Ðàññìîòðèì ðàçðàáîòêó îïåðàöèîííîé ñåìàíòèêè
íà ïðèìåðå ìîäåëüíîãî êîìïüþòåðíîãî ÿçûêà L. Ïóñòü s� òåêóùåå
ñîñòîÿíèå. ßçûê L äîïóñêàåò ñëåäóþùèå âèäû âûðàæåíèé:

� (block p) ïîñëåäîâàòåëüíî âû÷èñëÿåò âûðàæåíèÿ èç (p ∈
programs);

� x âîçâðàùàåò çíà÷åíèå ïåðåìåííîé (x ∈ atoms). Â ñëó÷àå,
åñëè ïåðåìåííîé ñ èìåíåì x íåò, ïðîãðàììà ïîðîæäàåò
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(fail). Ýòî âûðàæåíèå íàçûâàåòñÿ âûðàæåíèåì äîñòóïà ê
ïåðåìåííîé. Äëÿ ïðîñòîòû áóäåì ñ÷èòàòü, ÷òî âñå ïåðåìåí-
íûå öåëî÷èñëåííûå. Öåëûå ÷èñëà îïðåäåëÿþòñÿ ïðåäîïðåäå-
ëåííûì ñèìâîëîì (_ is integer);

� (x := e) ïðèñâàèâàåò ïåðåìåííîé x çíà÷åíèå âûðàæåíèÿ e.
Â ñëó÷àå åñëè (x := e) � ïåðâîå ïðèñâàèâàíèå àòîìó x, ýòî
ïðèñâàèâàíèå âûïîëíÿåò ðîëü äåêëàðàöèè ïåðåìåííîé x ñ
èíèöèàëèçàòîðîì e. Äëÿ ïðîñòîòû áóäåì ñ÷èòàòü, ÷òî e �
ëèáî âûðàæåíèå äîñòóïà ê ïåðåìåííîé, ëèáî öåëîå ÷èñëî;

� c âîçâðàùàåò c, åñëè ((value of (c is integer) in s) =

true).

� (if x then y else z)� óñëîâíûé îïåðàòîð ñ óñëîâèåì (x ∈
expressions), then-âåòâüþ (y ∈ programs) è else-âåòâüþ
(z ∈ programs);

� (while x do y) � öèêë ñ óñëîâèåì (x ∈ expressions) è òå-
ëîì (y ∈ programs);

� (random) âîçâðàùàåò ïðîèçâîëüíîå öåëîå ÷èñëî.

Â ïåðâóþ î÷åðåäü, ðàññìîòðèì ïðèìåíåíèå OS-STS äëÿ ðàçðà-
áîòêè îïåðàöèîííîé ñåìàíòèêè ÿçûêà L. Îïèøåì øàãè ýòîé ðàç-
ðàáîòêè.

Íà ïåðâîì øàãå îïðåäåëÿåòñÿ ìíîæåñòâî modifiable-

symbols äëÿ ÿçûêà L. Îíî âêëþ÷àåò ñèìâîëû (_ is variable)

è (value of _) â äîïîëíåíèå ê îáÿçàòåëüíûì ñèìâîëàì. Ñèìâîë
(_ is variable) îïðåäåëÿåò ìíîæåñòâî ïåðåìåííûõ ïðîãðàììû
íà ÿçûêå L. Ñèìâîë (value of _) õðàíèò çíà÷åíèÿ ïåðåìåííûõ
L-ïðîãðàììû.

Íà âòîðîì øàãå îïðåäåëÿþòñÿ ïðàâèëà ïåðåõîäà, çàäàþùèå ñå-
ìàíòèêó L-âûðàæåíèé:

(if (block a) var (seq a) then a)

(if a var a

then (assert (a is variable)) ((value) ::= (value of a)))

(if a var a then (assume (a is integer)) ((value) ::= a))
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(if (a := b) var a b then b ((a is variable) ::= true)

((value of a) ::= (value)))

(if (if a then b else c) var a (seq b) (seq c)

then a (assume ((value) = true)) b)

(if (if a then b else c) var a (seq b) (seq c)

then a (assume ((value) = false)) c)

(if (while a do b) var a (seq b)

then (assume a) b (while a do b))

(if (while a do b) var a (seq b) then (assume (not a)))

(if (random) then (modify ((: value) is integer)))

Íà òðåòüåì øàãå îïðåäåëÿåòñÿ ìíîæåñòâî predefined-symbols.
Îíî ñîñòîèò èç ñèìâîëîâ, êîòîðûå ââîäÿòñÿ ïðè îïèñàíèè îïåðàöè-
îííîé ñåìàíòèêè âûðàæåíèé Êß. Îïèñàíèå ýòèõ ñèìâîëîâ è èõ èí-
òåðïðåòàöèè çàâåðøàåò îïðåäåëåíèå ñîñòîÿíèÿ ïðîãðàììû íà ýòîì
ÿçûêå. Â íàøåì ñëó÷àå, predefined-symbols âêëþ÷àåò ñèìâîëû (_

= _), (not _) è (_ is integer) ñ îáû÷íîé èíòåðïðåòàöèåé (ðàâåí-
ñòâî, îòðèöàíèå è ¾áûòü öåëûì ÷èñëîì¿).

Çàìåòèì, ÷òî åñëè Êß èìååò ñèíòàêñèñ, îòëè÷íûé îò ñèíòàê-
ñèñà âûðàæåíèé, òî òðåáóåòñÿ ïðåäâàðèòåëüíûé øàã. Ýòîò øàã çà-
êëþ÷àåòñÿ â îïðåäåëåíèè îòíîøåíèÿ ýêâèâàëåíòíîñòè ìåæäó êîí-
ñòðóêöèÿìè ýòîãî ÿçûêà è âûðàæåíèÿìè è òðàíñëÿöèè åãî êîí-
ñòðóêöèé â ýêâèâàëåíòíûå èì âûðàæåíèÿ. Ïîñêîëüêó òàêóþ òðàíñ-
ëÿöèþ ìîæíî ðàññìàòðèâàòü êàê âèä äåíîòàöèîííîé ñåìàíòèêè,
ôîðìàëüíàÿ ñåìàíòèêà òàêîãî Êß îïðåäåëÿåòñÿ êàê êîìáèíèðî-
âàííàÿ äåíîòàöèîííî-îïåðàöèîííàÿ ñåìàíòèêà.

Ðàññìîòðèì íà ýòîì æå ïðèìåðå ïðèìåíåíèå OS-STS äëÿ ðàç-
ðàáîòêè îïåðàöèîííî-îíòîëîãè÷åñêîé ñåìàíòèêè.

Íà ïåðâîì øàãå ñòðîèòñÿ îíòîëîãèÿ Êß. Äëÿ ýòîãî ìíîæåñòâî
ñèìâîëîâ ïîïîëíÿåòñÿ ñëåäóþùèìè ñèìâîëàìè, ñïåöèôèöèðóþùè-
ìè ýëåìåíòû îíòîëîãèè Êß è ñâÿçè ýëåìåíòîâ îíòîëîãèè ñ ýêçåì-
ïëÿðàìè (Áóêâû a, b, c èñïîëüçóþòñÿ âìåñòî ñïåöèôèêàòîðîâ àðãó-
ìåíòîâ, ÷òîáû îïðåäåëèòü íåôîðìàëüíûé ñìûñë ýòèõ ñèìâîëîâ.):
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� (a is concept) îçíà÷àåò, ÷òî a � ïîíÿòèå;

� (a is attribute of b) îçíà÷àåò, ÷òî a � àòðèáóò ïîíÿòèÿ
b;

� (a is b) îçíà÷àåò, ÷òî a � ýêçåìïëÿð ïîíÿòèÿ b;

� (a of b) îçíà÷àåò çíà÷åíèå àòðèáóòà a ýêçåìïëÿðà b íåêîòî-
ðîãî ïîíÿòèÿ.

Îíòîëîãèÿ Êß ñòðîèòñÿ êàê ïîñëåäîâàòåëüíîñòü ìîäèôèêàöèé
ñèìâîëîâ. Íàïðèìåð, îíòîëîãèÿ îïåðàòîðà if ñòðîèòñÿ ñëåäóþùèì
îáðàçîì:

((if-statement is concept) ::= true)

((condition is attribute of if-statement)) ::= true)

((then is attribute of if-statement)) ::= true)

((else is attribute of if-statement)) ::= true)

Íà âòîðîì øàãå îïèñûâàþòñÿ ïðàâèëà OS-STS, ñïåöèôèöèðóþ-
ùåé îïåðàöèîííî-îíòîëîãè÷åñêóþ ñåìàíòèêó Êß. Íàïðèìåð, äëÿ
îïåðàòîðà if ïðàâèëà èìåþò âèä:

(if a var a then

(assume (a is if-statement)) (* condition of a)

(assume ((value) = true)) (* then of a))

(if a var a then

(assume (a is if-statement)) (* condition of a)

(assume ((value) = false)) (* else of a))

6. Çàêëþ÷åíèå. Â ðàáîòå îïðåäåëåíû äâà ïðåäìåòíî-îðèåí-
òèðîâàííûõ êëàññà ïîìå÷åííûõ ñèñòåì ïåðåõîäîâ � ñèñòåìû ïåðå-
õîäîâ, îðèåíòèðîâàííûå íà ïðîãðàììû, è åãî ïîäêëàññ � ñèñòåìû
ïåðåõîäîâ, îðèåíòèðîâàííûå íà îïåðàöèîííóþ ñåìàíòèêó. Ñèñòå-
ìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà ïðîãðàììû, èñïîëüçóþòñÿ äëÿ
ôîðìàëèçàöèè ðàçëè÷íûõ àñïåêòîâ ðàáîòû ñ ïðîãðàììàìè (îïðå-
äåëåíèå ñåìàíòèêè, çàäàíèå ñòðàòåãèé âåðèôèêàöèè ïðîãðàìì è
ò.ï.). Ñèñòåìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà îïåðàöèîííóþ ñå-
ìàíòèêó, ïîçâîëÿþò ñäåëàòü ïðîöåññ ðàçðàáîòêè îïåðàöèîííîé ñå-
ìàíòèêè êîìïüþòåðíûõ ÿçûêîâ áîëåå òåõíîëîãè÷íûì.
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Íà ïðèìåðå ìîäåëüíîãî ÿçûêà ïðîãðàììèðîâàíèÿ ïîêàçàíî,
êàê îðèåíòèðîâàííûå íà îïåðàöèîííóþ ñåìàíòèêó ñèñòåìû ïåðå-
õîäîâ ïðèìåíÿþòñÿ äëÿ ðàçðàáîòêè îïåðàöèîííîé ñåìàíòèêè ïðî-
öåäóðíûõ ÿçûêîâ ïðîãðàììèðîâàíèÿ. Ýòîò æå ïðèìåð èëëþñòðè-
ðóåò èõ ïðèìåíåíèå äëÿ ðàçðàáîòêè îïåðàöèîííî-îíòîëîãè÷åñêîé
ñåìàíòèêè. Ñïåöèôèêàöèÿ îïåðàöèîííî-îíòîëîãè÷åñêîé ñåìàíòè-
êè ïðè ïîìîùè òàêèõ ñèñòåì ïîçâîëÿåò ïðèìåíèòü ýòè ñèñòåìû
ê îáúåêòíî-îðèåíòèðîâàííûì ÿçûêàì ïðîãðàììèðîâàíèÿ, êîòîðûå
õàðàêòåðèçóþòñÿ áîãàòûì íàáîðîì ïîíÿòèé è êîíöåïöèé.

Îòìåòèì, ÷òî â ñèëó ñïåöèôèêè ïðàâèë ïåðåõîäîâ, èñïîëüçóå-
ìûõ â ýòèõ ñèñòåìàõ, èõ ìîæíî ïðèìåíÿòü òîëüêî äëÿ îïèñàíèÿ
òàêîãî âèäà îïåðàöèîííîé ñåìàíòèêè êàê ñåìàíòèêà ìàëîãî øàãà
(small-step semantics).

Â äàëüíåéøåì ïðåäïîëàãàåòñÿ ïðèìåíèòü ïîäõîä, îñíîâàííûé
íà òàêèõ ñèñòåìàõ, ê ôîðìàëüíîé ñïåöèôèêàöèè ïðîãðàììíûõ ñè-
ñòåì è èõ ìîäåëåé. Òàêæå ïðåäïîëàãàåòñÿ ðàçðàáîòàòü íîâûé ïîä-
êëàññ ñèñòåì ïåðåõîäîâ, îðèåíòèðîâàííûõ íà ïðîãðàììû, � ñèñòå-
ìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà àêñèîìàòè÷åñêóþ ñåìàíòèêó, è
èñïîëüçîâàòü èõ äëÿ óíèôèöèðîâàííîãî ïðåäñòàâëåíèÿ ðàçëè÷íûõ
âèäîâ àêñèîìàòè÷åñêîé ñåìàíòèêè [2�4,7�10] â ìóëüòèÿçûêîâîé ñè-
ñòåìå àíàëèçà è âåðèôèêàöèè ïðîãðàìì ÑÏÅÊÒÐ [5,11].
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ÐÅÔÅÐÀÒ

Àíóðååâ È.Ñ. Íà ïóòè ê òåõíîëîãèè ðàçðàáîòêè îïåðàöèîí-

íîé ñåìàíòèêè êîìïüþòåðíûõ ÿçûêîâ: óíèôèöèðîâàííûé

ôîðìàò ïîìå÷åííûõ ñèñòåì ïåðåõîäîâ.
Â ñòàòüå ïðåäëàãàåòñÿ íîâûé ïîäõîä ê ðàçðàáîòêå ôîðìàëüíûõ ñïå-

öèôèêàöèé êîìïüþòåðíûõ ÿçûêîâ. Îí áàçèðóåòñÿ íà íîâîì êëàññå ïî-
ìå÷åííûõ ñèñòåì ïåðåõîäîâ � ñèñòåì ïåðåõîäîâ, îðèåíòèðîâàííûõ íà
îïåðàöèîííóþ ñåìàíòèêó. Öåëü ââåäåíèÿ ýòîãî êëàññà ñèñòåì ïåðåõîäîâ
çàêëþ÷àåòñÿ, âî-ïåðâûõ, â óíèôèêàöèè ïðîöåññà ðàçðàáîòêè îïåðàöè-
îííîé ñåìàíòèêè, è âî-âòîðûõ, â óñêîðåíèè ýòîãî ïðîöåññà çà ñ÷åò âû-
äåëåíèÿ è ôîðìàëüíîãî îïèñàíèÿ îòäåëüíûõ åãî øàãîâ.

Â íà÷àëå ïðîâîäèòñÿ àíàëèç ñóùåñòâóþùèõ ôîðìàëüíûõ ñïåöèôè-
êàöèé êîìïüþòåðíûõ ÿçûêîâ, áàçèðóþùèõñÿ íà ñèñòåìàõ ïåðåõîäîâ.
Ôîðìóëèðóåòñÿ âàæíàÿ ïðîáëåìà ðàçíîðîäíîñòè ýòèõ ñïåöèôèêàöèé,
çàêëþ÷àþùàÿñÿ â òîì, ÷òî âèä ñèñòåì ïåðåõîäîâ, ñèñòåìà îáîçíà÷åíèé,
ïîíÿòèéíûé àïïàðàò, ìåòîäîëîãèÿ è òåõíèêè ðàçðàáîòêè îïåðàöèîííîé
ñåìàíòèêè íà îñíîâå ñèñòåì ïåðåõîäîâ, ñïåöèôè÷íû äëÿ êàæäîé îòäåëü-
íîé ñïåöèôèêàöèè. Â êà÷åñòâå ðåøåíèÿ ýòîé ïðîáëåìû ïðåäëàãàåòñÿ èñ-
ïîëüçîâàòü ïðåäìåòíî-îðèåíòèðîâàííûå ñèñòåìû ïåðåõîäîâ äëÿ îáëàñòè
ðàçðàáîòêè îïåðàöèîííîé ñåìàíòèêè, êîòîðûå óíèôèöèðóþò ôîðìàò ñî-
ñòîÿíèÿ, ôîðìàò èíñòðóêöèé êîìïüþòåðíîãî ÿçûêà è ôîðìàò è ñåìàí-
òèêó ïðàâèë ïåðåõîäà è, òåì ñàìûì, äåëàþò ðàçðàáîòêó îïåðàöèîííîé
ñåìàíòèêè êîìïüþòåðíûõ ÿçûêîâ áîëåå òåõíîëîãè÷íîé.

Çàòåì èññëåäóåòñÿ ìåñòî ñèñòåì ïåðåõîäîâ, îðèåíòèðîâàííûõ íà îïå-
ðàöèîííóþ ñåìàíòèêó, ñðåäè ñèñòåì ïåðåõîäîâ, êîòîðûå èñïîëüçóþòñÿ
äëÿ ôîðìàëèçàöèè ðàçëè÷íûõ àñïåêòîâ ðàáîòû ñ ïðîãðàììàìè (îïðå-
äåëåíèå ñåìàíòèêè, çàäàíèå ñòðàòåãèé âåðèôèêàöèè ïðîãðàìì è ò.ï.).
Ñ ýòîé öåëüþ âûäåëÿåòñÿ è îïðåäåëÿåòñÿ áîëåå îáùèé êëàññ ñèñòåì �
ñèñòåìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà ïðîãðàììû, êîòîðûå ïîêðûâà-
þò âûøåïåðå÷èñëåííûå àñïåêòû. Äëÿ ýòîãî êëàññà ñèñòåì îïèñûâàåòñÿ
îáùèé áàçèñ è íàáîð êëàññèôèöèðóþùèõ ïðèçíàêîâ, ñîãëàñíî êîòîðîìó
ìîæíî âûäåëÿòü ïîäêëàññû, îðèåíòèðîâàííûå íà òîò èëè èíîé àñïåêò
ðàáîòû ñ ïðîãðàììàìè.

Äàëåå îïðåäåëÿþòñÿ ñèñòåìû ïåðåõîäîâ, îðèåíòèðîâàííûå íà îïåðà-
öèîííóþ ñåìàíòèêó, çà ñ÷åò âûáîðà ïîäõîäÿùèõ çíà÷åíèé êëàññèôèöè-
ðóþùèõ ïðèçíàêîâ.

È íàêîíåö, ïðèìåíåíèå ñèñòåì ïåðåõîäîâ, îðèåíòèðîâàííûõ íà îïå-
ðàöèîííóþ ñåìàíòèêó, èëëþñòðèðóåòñÿ íà ïðèìåðå ìîäåëüíîãî êîìïüþ-
òåðíîãî ÿçûêà.
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SUMMARY

Anureev I.S. Towards technology of development of operational

semantics of computer languages: uni�ed format of labelled

transition systems.
A new approach to the development of formal speci�cations of computer

languages is suggested in this paper. It is based on a new class of labelled
transition systems � operational semantics speci�c transition systems. The
purpose of introducing this class of transition systems is, �rst, to unify the
development of operational semantics, and, second, to accelerate this process
by selection and formal description of its separate steps.

At �rst, analysis of current formal speci�cations of computer languages,
which are based on transition systems, is performed. An important problem
of heterogeneity of these speci�cations is stated. It consists in the fact that
the form of transition systems, the notation, the conceptual apparatus,
methodology and techniques of development of the operational semantics
based on transition systems are speci�c to each individual speci�cation. As
a solution to this problem, we propose to use domain-speci�c transition
systems for �eld of development of operational semantics which unify the
state format, the format of computer language instructions and the format
and semantics of the transition rules, and thus make the development of
operational semantics of computer languages more technological.

Then the place of operational semantics speci�c transition systems
among transition systems, which are used to formalize various aspects of the
program handling (de�ning semantics, development of program veri�cation
strategies, etc.), is studied. For this purpose, more general class of systems
� program speci�c transition systems that cover these aspects � is selected
and de�ned. A common basis and a set of classi�ers is described for this
class of systems. The classi�ers allow us to select the subclasses, focused on
a particular aspect of the program handling.

Further, operational semantics speci�c transition systems are de�ned by
choosing the appropriate values of classi�ers.

Finally, the application of operational semantics speci�c transition rules
is illustrated by an example of a toy computer language.
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