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Â ðàáîòå îïèñàí êîíöåïòóàëüíûé áàçèñ óëó÷øåííîãî òðåõóðîâíåâîãî
ìåòîäà âåðèôèêàöèè C# ïðîãðàìì. ßçûê C#-light ðàñøèðåí íà íåáåç-
îïàñíûé êîä. Îïðåäåëåíà ôîðìàëüíàÿ îïåðàöèîííàÿ ñåìàíòèêà ÿçûêîâ
C#-light è C#-kernel íà îñíîâå ïðåäìåòíî-îðèåíòèðîâàííûõ ñèñòåì ïå-
ðåõîäîâ. Ïðåäëîæåí ïîäõîä ê ãåíåðàöèè óñëîâèé êîððåêòíîñòè, áàçè-
ðóþùèéñÿ íà ëîãèêå áåçîïàñíîñòè ÿçûêà C#-kernel. Íîâàÿ êîíöåïöèÿ
ÿçûêà C#-kernel ðàññìàòðèâàåò åãî êàê îáúåäèíåíèå ÿçûêà C#-light ñ
âûäåëåííûìè ýëåìåíòàìè ÿçûêà Atoment. Òðàíñëÿöèÿ C#-light ïðî-
ãðàììû â C#-kernel ñâåäåíà ê ïðåîáðàçîâàíèþ ñîñòîÿíèÿ ïðîãðàììû
íà îñíîâå ìåòîäà àòðèáóòíûõ àííîòàöèé è ïðåäâû÷èñëåíèþ êîíñòàíò-
íûõ âûðàæåíèé ÿçûêà C#.
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In this paper a conceptual basis of the improved three-level method of
C# program verification is described. The C#-light language is expanded
upon unsafe code. Formal operational semantics of the languages C#-light
and C#-kernel, based on domain-specific transition systems, is defined. The
approach to verification conditions generation, based on safety logic of C#-
kernel, is suggested. A new conception of the C#-kernel language considers
it as a union of the C#-light language with the selected elements of the
Atoment language. Translation of a C#-light program into C#-kernel is
reduced to transformation of the program state based on the attributive
annotation method and precomputation of C# constant expressions.

c© A. P. Ershov Institute of Informatics Systems, 2013



1. ÂÂÅÄÅÍÈÅ

Öåëüþ ðàáîòû ÿâëÿåòñÿ óòî÷íåíèå è ôîðìàëèçàöèÿ òðåõóðîâíåâîãî
ìåòîäà âåðèôèêàöèè C# ïðîãðàìì [5, 8] íà áàçå ïðåäìåòíî-îðèåíòèðî-
âàííûõ ñèñòåì ïåðåõîäîâ (ÏÎÑÏ) [1] è ÿçûêà îïèñàíèÿ òàêèõ ñèñòåì
Atoment. Äëÿ êðàòêîñòè áóäåì íàçûâàòü â ýòîé ðàáîòå ñóùåñòâóþùèé
âàðèàíò ìåòîäà 3-ìåòîäîì, à åãî óòî÷íåííûé âàðèàíò � 3M-ìåòîäîì.

3-ìåòîä ïðèìåíÿåòñÿ ê ÿçûêó C#-light (ïîäìíîæåñòâó ÿçûêà C# [7])
è ñîñòîèò èç òðåõ ýòàïîâ. Íà ïåðâîì ýòàïå C#-light ïðîãðàììà òðàíñ-
ëèðóåòñÿ â ïðîãðàììó íà ÿçûêå C#-kernel. Íà âòîðîì ýòàïå äëÿ C#-
kernel ïðîãðàììû ãåíåðèðóþòñÿ ëåíèâûå óñëîâèÿ êîððåêòíîñòè. Ãåíå-
ðàöèÿ óñëîâèé êîððåêòíîñòè âûïîëíÿåòñÿ íà áàçå àêñèîìàòè÷åñêîé ñå-
ìàíòèêè (ëîãèêè Õîàðà) ÿçûêà C#-kernel. Óñëîâèÿ íàçûâàþòñÿ ëåíè-
âûìè, ò.ê. âêëþ÷àþò èíòåðïðåòèðîâàííûå ôóíêöèè, èíòåðïðåòàöèÿ êî-
òîðûõ çàäàåòñÿ â òåðìèíàõ îïåðàöèîííîé ñåìàíòèêè ÿçûêà C#-light, è
ñèìâîëè÷åñêèå (ëåíèâûå) èíâàðèàíòû ìåòîê ïîìå÷åííûõ îïåðàòîðîâ.
Ýòè èíâàðèàíòû ïðèïèñûâàþòñÿ íîâûì ìåòêàì, êîòîðûå ïîÿâëÿþòñÿ â
ïðîãðàììå íà ÿçûêå C#-kernel íà ýòàïå òðàíñëÿöèè. Íà òðåòüåì ýòàïå
óòî÷íÿþòñÿ ëåíèâûå óñëîâèÿ êîððåêòíîñòè. Ðàçðåøàþòñÿ ëåíèâûå èí-
âàðèàíòû ìåòîê. Èíòåðïðåòèðîâàííûå ôóíêöèè ðàññìàòðèâàþòñÿ êàê
íåèíòåðïðåòèðîâàííûå ôóíêöèîíàëüíûå ñèìâîëû, è äëÿ íèõ çàäàþòñÿ
àêñèîìû, îïèñûâàþùèå â äåêëàðàòèâíîì âèäå ñîîòâåòñòâóþùèå àëãî-
ðèòìû îïåðàöèîííîé ñåìàíòèêè. Êàê ïðàâèëî, òàêàÿ àêñèîìàòèçàöèÿ
ÿâëÿåòñÿ íåïîëíîé èç-çà ñëîæíîñòè àëãîðèòìîâ îïåðàöèîííîé ñåìàíòè-
êè.

Â îòëè÷èå îò äâóõóðîâíåâîãî ìåòîäà âåðèôèêàöèè C ïðîãðàìì [3, 4],
ãäå òàêæå âûäåëÿþòñÿ ÿçûêè C-light è C-kernel, ÿçûê C#-kernel íå ÿâ-
ëÿåòñÿ ïîäìíîæåñòâîì ÿçûêà C#-light. Îí âêëþ÷àåò äîïîëíèòåëüíûå
êîíñòðóêöèè, íàçûâàåìûå ìåòàèíñòðóêöèÿìè. Îíè ïîçâîëÿþò íàïðÿ-
ìóþ îáðàùàòüñÿ ê àáñòðàêòíîé ìàøèíå ÿçûêà C#-light, îïèñûâàþùåé
îïåðàöèîííóþ ñåìàíòèêó ýòîãî ÿçûêà.

3-ìåòîä ïðåäëàãàåò îáùóþ ñõåìó âåðèôèêàöèè C# ïðîãðàìì. Ðåà-
ëèçàöèÿ åãî íà ïðàêòèêå òðåáóåò äàëüíåéøåãî óòî÷íåíèÿ ýòîé ñõåìû.
Â ýòîé ñòàòüå ðåøàþòñÿ äâå çàäà÷è. Âî-ïåðâûõ, ïðåäëàãàþòñÿ ñðåäñòâà
óòî÷íåíèÿ ñõåìû. Âî-âòîðûõ, ïðåäëàãàåòñÿ ñóùåñòâåííàÿ ðåâèçèÿ ñàìî-
ãî ìåòîäà.

Îïèøåì èçìåíåíèÿ, êîòîðûå âíåñåíû â 3-ìåòîä.
Âî-ïåðâûõ, 3M-ìåòîä îïåðèðóåò ìîäåëÿìè C#-light è C#-kernel ïðî-

ãðàìì, ïðåäñòàâëåííûìè íà ÿçûêå Atoment, à íå ñàìèìè ïðîãðàììàìè.



Âî-âòîðûõ, äëÿ ÿçûêà C#-light îïðåäåëåíà ôîðìàëüíàÿ îïåðàöèîí-
íàÿ ñåìàíòèêà, áàçèðóþùàÿñÿ íà ÏÎÑÏ. Òåì ñàìûì, ìû ïîëó÷àåì òî÷-
íîå ìàòåìàòè÷åñêîå îïðåäåëåíèå ÿçûêà C#-light. Êðîìå òîãî, îïåðàöè-
îííàÿ ñåìàíòèêà ÿçûêà C#-light â êîìáèíàöèè ñ îïåðàöèîííîé ñåìàí-
òèêîé ìåòàèíñòðóêöèé ÿçûêà C#-kernel ìîæåò áûòü èñïîëüçîâàíà äëÿ
äîêàçàòåëüñòâà êîððåêòíîñòè àêñèîìàòè÷åñêîé ñåìàíòèêè ÿçûêà C#-
kernel.

Â-òðåòüèõ, àêñèîìàòè÷åñêàÿ ñåìàíòèêà ÿçûêà C#-kernel çàìåíåíà
ëîãèêîé áåçîïàñíîñòè [6] (ðàñøèðåíèåì ëîãèêè Õîàðà äëÿ ïðîâåðêè
ñâîéñòâ áåçîïàñíîñòè). Ýòà ëîãèêà îïèñûâàåòñÿ ñ ïîìîùüþ äåäóêòèâ-
íûõ ÏÎÑÏ [1].

Â-÷åòâåðòûõ, èçìåíÿåòñÿ ïðîìåæóòî÷íûé ÿçûê C#-kernel. Ïîñêîëü-
êó ëîãèêà áåçîïàñíîñòè ïîçâîëÿåò ðàáîòàòü ñ ïîáî÷íûìè ýôôåêòàìè è
êîíñòðóêöèÿìè ñ ïåðåìåííûì ÷èñëîì ïàðàìåòðîâ íàïðÿìóþ, òî íå òðå-
áóåòñÿ ïðåäâàðèòåëüíûõ ïðåîáðàçîâàíèé C#-light êîíñòðóêöèé, íåîáõî-
äèìûõ äëÿ ëîãèêè Õîàðà. Ïîýòîìó íîâàÿ âåðñèÿ ÿçûêà C#-kernel ñî-
äåðæèò âñå C#-light êîíñòðóêöèè (íåêîòîðûå èç íèõ â íîðìàëèçîâàí-
íîì âèäå, íàïðèìåð, êîíñòàíòíîå âûðàæåíèå A â îïåðàòîðå goto case

A äîëæíî áûòü âû÷èñëåíî) è äîïîëíèòåëüíî ýëåìåíòû ÿçûêà Atoment
(â ÷àñòíîñòè, ýëåìåíòû, ìîäåëèðóþùèå ìåòàèíñòðóêöèè).

Â-ïÿòûõ, èñïîëüçîâàíèå ëîãèêè áåçîïàñíîñòè ïîçâîëèëî ñíÿòü ðÿä
îãðàíè÷åíèé íà ÿçûê C#-light, òåì ñàìûì ðàñøèðèâ ýòîò ÿçûê. Òàê,
3M-ìåòîä ìîæåò ïðèìåíÿòüñÿ ê ïðîãðàììàì ñ íåáåçîïàñíûì êîäîì.

Òðåòèé ýòàï 3-ìåòîäà ìîäèôèöèðóåòñÿ ñëåäóþùèì îáðàçîì. Ðàçðå-
øåíèå ëåíèâûõ èíâàðèàíòîâ ìåòîê íå òðåáóåòñÿ, ïîñêîëüêó íîâûõ ìå-
òîê ïðè òðàíñëÿöèè C#-light ïðîãðàììû â C#-kernel íå ïîÿâëÿåòñÿ.
Ëåíèâûå òåðìû ÷àñòè÷íî ðàçðåøàþòñÿ íà ýòàïå äåäóêòèâíîãî âûâîäà
óñëîâèé êîððåêòíîñòè çà ñ÷åò âñòðàèâàíèÿ àëãîðèòìîâ îïåðàöèîííîé
ñåìàíòèêè â ýòîò âûâîä. Ñ ýòîé öåëüþ ëîãèêà áåçîïàñíîñòè ðåàëèçóåòñÿ
êàê êîìáèíàöèÿ îïåðàöèîííûõ è äåäóêòèâíûõ ÏÎÑÏ, ãäå îïåðàöèîí-
íûå ÏÎÑÏ îïðåäåëÿþò ñåìàíòèêó èíòåðïðåòèðîâàííûõ ñèìâîëîâ.

Ðàáîòà èìååò ñëåäóþùóþ ñòðóêòóðó. Â ðàçä. 2 äàíû êðàòêèå ñïåöè-
ôèêàöèè ÿçûêîâ C#-light è C#-kernel. Ïîäðîáíûå ñïåöèôèêàöèè ýòèõ
ÿçûêîâ è äðóãèõ ñîñòàâëÿþùèõ 3-ìåòîäà ìîãóò áûòü íàéäåíû â [5]. Â
ðàçä. 3 îïèñûâàþòñÿ ìîäåëè ÿçûêîâ C#-light è C#-kernel. Â ðàçä. 4
ïðåäñòàâëåíà îïåðàöèîííàÿ ñåìàíòèêà ýòèõ ÿçûêîâ. Â ðàçä. 5 îïðåäå-
ëÿåòñÿ ëîãèêà áåçîïàñíîñòè äëÿ ÿçûêà C#-kernel. Â ðàçä. 6 ðàññìîòðåíî
ðàñøèðåíèå C#-light íà íåáåçîïàñíûé êîä [7]. Ïðèìåð, èëëþñòðèðóþ-
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ùèé ïðèìåíåíèå 3M-ìåòîäà, ïðåäñòàâëåí â ðàçä. 7. Â çàêëþ÷åíèå ïîäû-
òîæèâàþòñÿ ðåçóëüòàòû ðàáîòû, è äàþòñÿ áóäóùèå ïëàíû.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ãðàíòà ÐÔÔÈ �11-
01-00028-à.

2. ßÇÛÊÈ C#-LIGHT È C#-KERNEL

Â ýòîì ðàçäåëå êðàòêî îïèñûâàþòñÿ ÿçûêè C#-light è C#-kernel.
Ïîëíîå îïèñàíèå ýòèõ ÿçûêîâ ìîæåò áûòü íàéäåíî â [5].

2.1. ßçûê C#-light

ßçûê C#-light ïîääåðæèâàåò áîëüøèíñòâî êîíñòðóêöèé ïîñëåäîâà-
òåëüíîãî ïîäìíîæåñòâà ÿçûêà Ñ# 1.0, çà èñêëþ÷åíèåì àòðèáóòîâ, äå-
ñòðóêòîðîâ, îïåðàòîðà using, êîíñòðóêöèé checked è unchecked, íåáåç-
îïàñíîãî êîäà è äèðåêòèâ ïðåïðîöåññîðà. Òàêèì îáðàçîì, ÿçûê C#-
light ÿâëÿåòñÿ äîñòàòî÷íî ïðåäñòàâèòåëüíûì ïîäìíîæåñòâîì ÿçûêà C#,
âêëþ÷àþùèì, â ÷àñòíîñòè, ñâîéñòâà, ñîáûòèÿ, äåëåãàòû è èíäåêñàòî-
ðû. Â ÿçûêå C#-light ÿâíûì îáðàçîì çàôèêñèðîâàí ñïîñîá àííîòèðîâà-
íèÿ ïðîãðàìì ïîñðåäñòâîì êîììåíòàðèåâ âèäà /// <a> R </a>, ãäå R

� ôîðìóëà ÿçûêà àííîòàöèé.

2.2. ßçûê C#-kernel

ßçûê C#-kernel ñòðîèòñÿ íà îñíîâå íåêîòîðîãî ïîäìíîæåñòâà M
ÿçûêà C#-light, óäîâëåòâîðÿþùåãî ñëåäóþùèì îãðàíè÷åíèÿì:

• M íå ñîäåðæèò ïðîñòðàíñòâ èìåí è using-äèðåêòèâ;
• M íå ñîäåðæèò ñîáûòèé;
• M íå ñîäåðæèò îïåðàòîðîâ ïåðåõîäà break, continue, return,
goto case, goto default è throw, îïåðàòîðà try, îïåðàòîðà âû-
áîðà switch, îïåðàòîðîâ öèêëîâ, îïåðàòîðîâ-îáúÿâëåíèé;
• M ñîäåðæèò òîëüêî îïåðàòîðû if, â êîòîðûõ èìååòñÿ âåòâü else,
à óñëîâíîå âûðàæåíèå ÿâëÿåòñÿ ïåðåìåííîé òèïà boolean;
• âñå ìåòêè, èìåíà ëîêàëüíûõ ïåðåìåííûõ è èìåíà ëîêàëüíûõ êîí-
ñòàíò äîëæíû áûòü óíèêàëüíû â ïðîãðàììàõ èç M ;
• ìíîæåñòâà ìåòîê, èìåí òèïîâ, èìåí ëîêàëüíûõ ïåðåìåííûõ è
èìåí ëîêàëüíûõ êîíñòàíò íå ïåðåñåêàþòñÿ.

Êðîìå òîãî, ÿçûê C#-kernel ñîäåðæèò ìåòàèíñòðóêöèè è èìååò îãðà-
íè÷åíèÿ íà îïåðàòîðû-âûðàæåíèÿ è îáúÿâëåíèÿ êëàññîâ è ñòðóêòóð.
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Ìåòàèíñòðóêöèè èñïîëüçóþòñÿ äëÿ ðàáîòû ñ ìåòàïåðåìåííûìè, îïè-
ñûâàþùèìè ñîñòîÿíèå àáñòðàêòíîé ìàøèíû ÿçûêà C#-light. Àáñòðàêò-
íàÿ ìàøèíà âêëþ÷àåò 6 ìåòàïåðåìåííûõ:

• ìåòàïåðåìåííàÿ L ñîïîñòàâëÿåò ëîêàëüíûì ïåðåìåííûì
ïðîãðàììû ÿ÷åéêè ïàìÿòè;
• ìåòàïåðåìåííàÿ L ñîïîñòàâëÿåò ÿ÷åéêàì ïàìÿòè õðàíÿùèåñÿ â
íèõ çíà÷åíèÿ;
• ìåòàïåðåìåííàÿ T ñîïîñòàâëÿåò ëîêàëüíûì ïåðåìåííûì è ÿ÷åé-
êàì ïàìÿòè àáñòðàêòíûå èìåíà òèïîâ;
• ìåòàïåðåìåííàÿ L2 ñîïîñòàâëÿåò ÿ÷åéêå ïàìÿòè, ñîîòâåòñòâóþ-
ùåé ñòðóêòóðå, è èìåíè ïîëÿ ýòîé ñòðóêòóðû, ÿ÷åéêó ïàìÿòè,
ñîîòâåòñòâóþùóþ ïîëþ ñòðóêòóðû, à ÿ÷åéêè ïàìÿòè, ñîîòâåò-
ñòâóþùåé ìàññèâó, è èíäåêñó, � ÿ÷åéêó ïàìÿòè äëÿ ýëåìåíòà
ìàññèâà ñ ýòèì èíäåêñîì;
• ìåòàïåðåìåííàÿ V0 ñîäåðæèò çíà÷åíèå ïîñëåäíåãî âû÷èñëåííîãî
âûðàæåíèÿ;
• ìåòàïåðåìåííàÿ E ñîäåðæèò çíà÷åíèå ïîñëåäíåãî ïîðîæäåííîãî
èñêëþ÷åíèÿ.

Â C#-kernel ñóùåñòâóåò ïÿòü ìåòàèíñòðóêöèé:
• A := B ïðèñâàèâàåò ìåòàïåðåìåííîé A çíà÷åíèå âûðàæåíèÿ B

ÿçûêà àííîòàöèé;
• new_instance() âûäåëÿåò íîâóþ ÿ÷åéêó ïàìÿòè è ïîìåùàåò åå â
V0;
• Init(A) âûïîëíÿåò ñòàòè÷åñêóþ èíèöèàëèçàöèþ êëàññà èëè
ñòðóêòóðû A, åñëè òèï A íå èíèöèàëèçèðîâàí;
• catch(A, B) âîçâðàùàåò true, åñëè Å ñîäåðæèò çíà÷åíèå òèïà A,
à èíà÷å âîçâðàùàåò false. Êðîìå òîãî, â ïåðâîì ñëó÷àå îáúåêò-
èñêëþ÷åíèå, íàõîäÿùèéñÿ â Å, ñòàíîâèòñÿ çíà÷åíèåì ïåðåìåííîé
B, à íåîïðåäåëåííîå çíà÷åíèå ω ñòàíîâèòñÿ çíà÷åíèåì ìåòàïåðå-
ìåííîé Å, ÷òîáû ïîêàçàòü, ÷òî èñêëþ÷åíèå ïåðåõâà÷åíî. Ýòà ìå-
òàèíñòðóêöèÿ ìîæåò èñïîëüçîâàòüñÿ òîëüêî êàê óñëîâíîå âûðà-
æåíèå â îïåðàòîðå if;
• catch(A) âîçâðàùàåò true, åñëè âûïîëíåíî Å 6= ω, èíà÷å âîç-
âðàùàåò false. Êðîìå òîãî, â ïåðâîì ñëó÷àå îáúåêò-èñêëþ÷åíèå,
íàõîäÿùèéñÿ â Å, ñòàíîâèòñÿ çíà÷åíèåì ïåðåìåííîé A, à ω ñòà-
íîâèòñÿ çíà÷åíèåì ìåòàïåðåìåííîé Å. Ýòà ìåòàèíñòðóêöèÿ èñ-
ïîëüçóåòñÿ êàê óñëîâíîå âûðàæåíèå â îïåðàòîðå if, ìîäåëèðóÿ
îáùóþ catch-ñåêöèþ îïåðàòîðà try.
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3. ÌÎÄÅËÈ ßÇÛÊÎÂ C#-LIGHT È C#-KERNEL

Â ñîîòâåòñòâèè ñ ìåòîäîëîãèåé ïðèìåíåíèÿ ÏÎÑÏ ê ðàçðàáîòêå ðàç-
ëè÷íûõ âèäîâ ñåìàíòèêè ÿçûêîâ ïðîãðàììèðîâàíèÿ (îïåðàöèîííîé, àê-
ñèîìàòè÷åñêîé, òðàíñôîðìàöèîííîé), ñåìàíòèêà çàäàåòñÿ íå äëÿ ñàìèõ
ýòèõ ÿçûêîâ, à äëÿ èõ ïðåäñòàâëåíèé (ìîäåëåé) íà ÿçûêå îïèñàíèÿ ÏÎ-
ÑÏ Atoment. Ìîäåëü ÿçûêà ïðîãðàììèðîâàíèÿ âêëþ÷àåò îïèñàíèå ñîð-
òîâ, ñîñòîÿíèé è êîíñòðóêöèé ÿçûêà. Ñîðòà èñïîëüçóþòñÿ äëÿ êàòåãî-
ðèçàöèè ýëåìåíòîâ ÿçûêà. Â 3-ìåòîäå èñïîëüçóþòñÿ àííîòèðîâàííûå
ïðîãðàììû ÿçûêîâ C#-light è C#-kernel, ïîýòîìó â ìîäåëü âêëþ÷åíî
òàêæå îïèñàíèå êîíñòðóêöèé ÿçûêà àííîòàöèé.

3.1. Ñîðòà

Â äîïîëíåíèå ê ïðåäîïðåäåëåííûì ñîðòàì ÿçûêà Atoment ìîäåëü
ÿçûêîâ C#-light è C#-kernel âêëþ÷àåò ñëåäóþùèå áàçîâûå ñîðòà.

Ýëåìåíòàìè ñîðòà identifier ÿâëÿþòñÿ èäåíòèôèêàòîðû ÿçûêà
C#. Ñîðò identifier ÿâëÿåòñÿ ïîäñîðòîì ïðåäîïðåäåëåííîãî ñîðòà
atom ÿçûêà Atoment.

Ýëåìåíòàìè ñîðòà literal ÿâëÿþòñÿ ïðåäñòàâëåíèÿ âñåõ ëèòåðàëîâ
ÿçûêà C#-kernel çà èñêëþ÷åíèåì ëèòåðàëîâ true è false. Ýòè ëèòå-
ðàëû ÿâëÿþòñÿ ýëåìåíòàìè ïðåäîïðåäåëåííîãî ñîðòà bool. Îíè èìå-
þò âèä {literal A}, ãäå A � ýëåìåíò. Íàïðèìåð, ëèòåðàëû 2, 2u è
2.3 ïðåäñòàâëÿþòñÿ êàê {literal 2}, {literal 2u} è {literal 2.3}

è {literal true}, ãäå A ïðèíàäëåæèò ïðåäîïðåäåëåííîìó ñîðòó int,
atom è real, ñîîòâåòñòâåííî.

Ñîðò literal ðàçáèâàåòñÿ íà ïîïàðíî íåïåðåñåêàþùèåñÿ ïîäñîðòà,
ñîîòâåòñòâóþùèå òèïàì ÿçûêà C#, çíà÷åíèÿ êîòîðûõ ïðåäñòàâëÿþòñÿ
ëèòåðàëàìè. Èìåíà ýòèõ ïîäñîðòîâ îáðàçóþòñÿ êàê èìåíà ñîîòâåòñòâó-
þùèõ òèïîâ ñ ïîñòôèêñîì C#. Íàïðèìåð, ïîäñîðò intC# ñîîòâåòñòâóåò
òèïó int ÿçûêà C#.

Ýëåìåíòàìè ñîðòà namespace ÿâëÿþòñÿ ïðîñòðàíñòâà èìåí, èñïîëü-
çóåìûå â C#-light ïðîãðàììå. Ýëåìåíòàìè ñîðòà type ÿâëÿþòñÿ òèïû,
èñïîëüçóåìûå â C#-light ïðîãðàììå. Ýëåìåíòàìè ñîðòà funMem ÿâëÿþò-
ñÿ ôóíêöèîíàëüíûå ÷ëåíû, èñïîëüçóåìûå â C#-light ïðîãðàììå. Ýëå-
ìåíòàìè ñîðòà value ÿâëÿþòñÿ çíà÷åíèÿ value-òèïîâ ÿçûêà C# çà èñ-
êëþ÷åíèåì ëèòåðàëîâ. Ýëåìåíòàìè ñîðòà object ÿâëÿþòñÿ çíà÷åíèÿ
reference-òèïîâ ÿçûêà C#.

Ýëåìåíòû ñîðòà δ ∈ {namespace,type,funMem,value,object} îïðåäå-
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ëÿþòñÿ êîíñòðóêòîðîì ñî ñïåöèôèêàöèåé (fun {δ A} par (A nat0)).
Òàêîé ñîðò íàçûâàåòñÿ íóìåðîâàííûì.

3.2. Ñîñòîÿíèÿ

Ñîñòîÿíèå â 3-ìåòîäå îïðåäåëÿëîñü êàê îòîáðàæåíèå ìåòàïåðåìåí-
íûõ â èõ çíà÷åíèÿ. Â ÿçûêå Atoment ñîñòîÿíèå îïðåäåëÿåòñÿ êàê îòîá-
ðàæåíèå ïàðàìåòðè÷åñêèõ ïåðåìåííûõ â èõ çíà÷åíèÿ. Òàêèì îáðàçîì,
â 3M-ìåòîäå ìåòàïåðåìåííûå ÿâëÿþòñÿ ÷àñòíûì ñëó÷àåì ïàðàìåòðè÷å-
ñêèõ ïåðåìåííûõ ÿçûêà Atoment. Íàïðèìåð, ìåòàïåðåìåííîé V 0 ñîîò-
âåòñòâóåò ïðåäîïðåäåëåííàÿ ïåðåìåííàÿ (val) ÿçûêà Atoment. . Îïè-
øåì ïàðàìåòðè÷åñêèå ïåðåìåííûå, èñïîëüçóåìûå äëÿ îïèñàíèÿ ñîñòîÿ-
íèÿ C#-light è C#-kernel ïðîãðàìì.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (value of A) par (A

identifier) sort stack) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà,
êîãäà U � çíà÷åíèå ïåðåìåííîé A ïðîãðàììû.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (type of A) par (A

identifier) sort (stack type)) ïðèíèìàåò çíà÷åíèå U òîãäà è
òîëüêî òîãäà, êîãäà U � òèï ïåðåìåííîé A ïðîãðàììû.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A is variable) par (A

identifier) sort (stack bool)) ïðèíèìàåò çíà÷åíèå true òîãäà è
òîëüêî òîãäà, êîãäà A � ëîêàëüíàÿ ïåðåìåííàÿ.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (locVarDecType) sort

(stack type)) õðàíèò òèïû, îáúÿâëÿåìûå â äåêëàðàöèÿõ ëîêàëüíûõ
ïåðåìåííûõ, è èñïîëüçóåòñÿ äëÿ ïîëó÷åíèÿ èíôîðìàöèè î òèïå ëîêàëü-
íîé ïåðåìåííîé â äåêëàðàòîðàõ ëîêàëüíûõ ïåðåìåííûõ.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A of B) par (A

identifier) (B *) sort *) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òî-
ãäà, êîãäà U � çíà÷åíèå ïîëÿ A îáúåêòà èëè òèïà B.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A of B) par (A intC#) (B

*) sort *) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � çíà-
÷åíèå ýëåìåíòà ìàññèâà B ñ èíäåêñîì A.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (catchedException) sort

stack) õðàíèò èñêëþ÷åíèÿ, îáðàáîòàííûå ýëåìåíòàìè catch îïåðàòî-
ðîâ try, è èñïîëüçóåòñÿ äëÿ ïîðîæäåíèÿ âûðàæåíèÿ ïåðåõîäà îïåðàòî-
ðîì throw áåç àðãóìåíòîâ.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (entryPoint) sort funMem)

ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � ìåòîä, êîòîðûé
ÿâëÿåòñÿ òî÷êîé âõîäà â ïðîãðàììó.
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Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (progBody) sort exp) ïðèíè-
ìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � òåëî ïðîãðàììû.

Ñåìåéñòâî ïåðåìåííûõ ñî ñïåöèôèêàöèÿìè (var (name of A) par

(A δ) sort identifier), ãäå δ ∈ {namespace,type,funMem}, ïðèíèìàåò
çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � èìÿ ýëåìåíòà A.

Ñåìåéñòâî ïåðåìåííûõ ñî ñïåöèôèêàöèÿìè (var (declaration of

A) par (A δ) sort exp), ãäå δ ∈ {namespace,type,funMem}, ïðèíèìàåò
çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � äåêëàðàöèÿ ýëåìåíòà A.

Ñåìåéñòâî ïåðåìåííûõ ñî ñïåöèôèêàöèÿìè (var

(containingElement of A) par (A δ) sort *), ãäå δ ∈ {namespace,
type,funMem}, ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U
� ýëåìåíò, äåêëàðàöèÿ êîòîðîãî ñîäåðæèò äåêëàðàöèþ ýëåìåíòà A íà
âåðõíåì óðîâíå.

Ñåìåéñòâî ïåðåìåííûõ ñî ñïåöèôèêàöèÿìè (var (subElements of

A) par (A δ) sort exp), ãäå δ ∈ {namespace,type,funMem}, ïðèíèìàåò
çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � ýëåìåíò, äåêëàðàöèÿ êîòî-
ðîãî ñîäåðæèòñÿ â äåêëàðàöèè ýëåìåíòà A íà âåðõíåì óðîâíå.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A is initialized) par (A

type) sort bool) ïðèíèìàåò çíà÷åíèå true òîãäà è òîëüêî òîãäà, êîãäà
òèï A èíèöèàëèçèðîâàí.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A is literalType) par (A

type) sort bool) ïðèíèìàåò çíà÷åíèå true òîãäà è òîëüêî òîãäà, êîãäà
A � òèï, ýëåìåíòû êîòîðîãî ïðåäñòàâëÿþòñÿ ëèòåðàëàìè ÿçûêà C#.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A is valueType) par (A

type) sort bool) ïðèíèìàåò çíà÷åíèå true òîãäà è òîëüêî òîãäà, êî-
ãäà A � value-òèï, ýëåìåíòû êîòîðîãî íå ïðåäñòàâëÿþòñÿ ëèòåðàëàìè
ÿçûêà C#.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (A is referenceType) par (A

type) sort bool) ïðèíèìàåò çíà÷åíèå true òîãäà è òîëüêî òîãäà, êîãäà
A � reference-òèï.

3.3. ßçûê àííîòàöèé

Âûðàæåíèÿ ÿçûêà àííîòàöèé ïðåäñòàâëÿþòñÿ âûðàæåíèÿìè ÿçûêà
Atoment. ßçûê Atoment èìååò äîñòàòî÷íûé íàáîð ïðåäîïðåäåëåííûõ
ôóíêöèé äëÿ ïðåäñòàâëåíèÿ ôîðìóë.

Ëîãè÷åñêèå êîíñòàíòû ïðåäñòàâëÿþòñÿ ýëåìåíòàìè true è false

ñîðòà bool.
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Ïðîïîçèöèîíàëüíûå ñâÿçêè ïðåäñòàâëÿþòñÿ ôóíêöèÿìè ñî ñïåöè-
ôèêàöèÿìè:

• (fun (A and B) par (A bool) (B bool) sort bool),
• (fun (A or B) par (A bool) (B bool) sort bool),
• (fun (A => B) par (A bool) (B bool) sort bool),
• (fun (A <=> B) par (A bool) (B bool) sort bool),
• (fun (not A) par (A bool) sort bool).

Êâàíòîðû ïðåäñòàâëÿþòñÿ ôóíêöèÿìè ñî ñïåöèôèêàöèÿìè:
• (fun (forall A B) par (A atom) (B !!) sort bool),
• (fun (forall A B) par (A atom) (B !!) sort bool).

Ýëåìåíòû ñîðòà !! îïðåäåëÿþòñÿ êîíñòðóêòîðîì ñî ñïåöèôèêàöèåé
(fun {!! A} par (A *)). Îíè èãðàþò ðîëü quote-âûðàæåíèé, êîòîðûå
íå âû÷èñëÿþòñÿ, à ïîäñòàâëÿþòñÿ êàê åñòü.

Â îòëè÷èå îò 3-ìåòîäà â 3M-ìåòîäå λ-âûðàæåíèÿ íå èñïîëüçóþòñÿ.
Ïîýòîìó íå òðåáóåòñÿ ñðåäñòâ äëÿ èõ ïðåäñòàâëåíèÿ, õîòÿ, äëÿ òîãî
÷òîáû îõâàòèòü è λ-âûðàæåíèÿ, â ÿçûê Atoment äîñòàòî÷íî äîáàâèòü
ïðåäîïðåäåëåííóþ ôóíêöèþ ñî ñïåöèôèêàöèåé (fun (lambda A B) par

(- A exp) (- B *) sort *), ãäå âûðàæåíèå A ïðåäñòàâëÿåò ñïèñîê ïå-
ðåìåííûõ λ-âûðàæåíèÿ, à B ïðåäñòàâëÿåò ñàìî λ-âûðàæåíèå.

3.4. Êîíñòðóêöèè ÿçûêà C#-light

Ïðîèëëþñòðèðóåì ïðèíöèïû ïîñòðîåíèÿ ìîäåëè íà ïðèìåðå íåñ-
êîëüêèõ êîíñòðóêöèé ÿçûêà C#-light. Äëÿ îñòàëüíûõ êîíñòðóêöèé ìî-
äåëè ñòðîÿòñÿ àíàëîãè÷íûì îáðàçîì.

Ëèòåðàëû ÿçûêà C# ïðåäñòàâëÿþòñÿ ýëåìåíòàìè ñîðòîâ literal è
bool.

Ïåðåìåííûå ïðåäñòàâëÿþòñÿ ýëåìåíòàìè ñîðòà identifier.
Îïåðàòîð while (A) B ïðåäñòàâëÿåòñÿ ýëåìåíòîì (while A′ B′),

ãäå A′ è B′ � ìîäåëè óñëîâèÿ A è òåëà B ýòîãî îïåðàòîðà.
Âûðàæåíèå A + B ïðåäñòàâëÿåòñÿ ýëåìåíòîì (A′ + B′), ãäå A′ è B′

� ìîäåëè ïîäâûðàæåíèé A è B.
Âûðàæåíèå A.B(C1, ..., Cn) ïðåäñòàâëÿåòñÿ ýëåìåíòîì (call A′

on B′ args C′1 ... C′n), ãäå A
′, B′, C′1, ..., C

′
n � ìîäåëè ñîîòâåòñòâóþùèõ

êîíñòðóêöèé ÿçûêà C#-light.
Òàêèì îáðàçîì, òðàíñëÿöèÿ èç C#-light â Atoment îïðåäåëÿåòñÿ òàê,

÷òî ñóùåñòâóåò âçàèìíî-îäíîçíà÷íîå ñîîòâåòñòâèå ìåæäó êîíñòðóêöè-
ÿìè ÿçûêà C#-light (C#-kernel) è èõ ìîäåëÿìè íà ÿçûêå Atoment. Êàê
ñëåäñòâèå, îïèñàâ îïåðàöèîííóþ ñåìàíòèêó ìîäåëåé ïðîãðàìì ÿçûêà
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C#-light (C#-kernel), òåì ñàìûì ìû îïèøåì îïåðàöèîííóþ ñåìàíòèêó
ñàìîãî ÿçûêà C#-light (C#-kernel). Áîëåå òî÷íî, îïåðàöèîííàÿ ñåìàí-
òèêà ïðîãðàììû íà ÿçûêå C#-light (C#-kernel) ÿâëÿåòñÿ êîìáèíàöèåé
äåíîòàöèîííîé ñåìàíòèêè, îòîáðàæàþùåé ýòó ïðîãðàììó â åå ìîäåëü
íà ÿçûêå Atoment, è îïåðàöèîííîé ñåìàíòèêè ïîëó÷åííîé ìîäåëè.

3.5. Äîïîëíèòåëüíûå ýëåìåíòû ÿçûêà C#-kernel

Ìåòàèíñòðóêöèè, ñ îäíîé ñòîðîíû, ïðåäñòàâëÿþò áàçèñ (ìèíèìàëü-
íûé íàáîð), ê êîòîðûì ñâîäÿòñÿ êîíñòðóêöèè ÿçûêà C#-light ïðè òðàíñ-
ëÿöèè â C#-kernel. Ñ äðóãîé ñòîðîíû, îíè âûáðàíû òàêèì îáðàçîì, ÷òî-
áû äëÿ íèõ ïðàâèëà àêñèîìàòè÷åñêîé ñåìàíòèêè ìîæíî áûëî áû çàäàòü
îòíîñèòåëüíî ïðîñòî.

Ïîñêîëüêó â 3M-ìåòîäå êîíñòðóêöèè ÿçûêà C#-light îñòàþòñÿ òàêè-
ìè êàê åñòü, ÿçûê C#-kernel ñòàíîâèòñÿ íàäúÿçûêîì ÿçûêà C#-light, à
èìåííî, îí ñîäåðæèò âñå êîíñòðóêöèè ÿçûêà C#-light è äîïîëíèòåëüíî
ìåòàèíñòðóêöèè. Ìåòàèíñòðóêöèè â ýòîì ñëó÷àå ïðåäñòàâëÿþò ñîáîé
óäîáíîå ñðåäñòâî óïðîùåíèÿ ïðàâèë îïåðàöèîííîé ñåìàíòèêè.

Ìîäåëüþ ìåòàèíñòðóêöèè ïðèñâàèâàíèÿ A := B; ÿâëÿåòñÿ ïðåäîï-
ðåäåëåííûé ýëåìåíò (A′ ::= B′). Ïàðàìåòðè÷åñêàÿ ïåðåìåííàÿ A′ ÿçû-
êà Atoment ïðåäñòàâëÿåò ñîîòâåòñòâóþùóþ ìåòàïåðåìåííóþ A, ýëåìåíò
B′ � âûðàæåíèå B.

Ìåòàèíñòðóêöèÿ âûäåëåíèÿ ïàìÿòè new_instance() ìîäåëèðóåòñÿ
ïðåäîïðåäåëåííûì ýëåìåíòîì (newElemOfSort object).

Ìîäåëüþ ìåòàèíñòðóêöèè Init(C) ÿâëÿåòñÿ ýëåìåíò (initType C′),
ãäå ýëåìåíò C′ � ìîäåëü òèïà C.

Ìåòàèíñòðóêöèè catch(A, B) è catch(A) íå íóæíû, ò.ê. C#-kernel
ñîäåðæèò îïåðàòîð try.

Ýëåìåíò (gotoStop A) îáðàáàòûâàåò âûðàæåíèÿ ïåðåõîäà âèäà
(jump goto B), ãäå B � ìåòêà, â ñëó÷àå, êîãäà òî÷êà íàçíà÷åíèÿ âû-
ðàæåíèÿ ïåðåõîäà íàõîäèòñÿ âíóòðè áëîêà.

Ýëåìåíò (switchJumpStop A) îáðàáàòûâàåò âûðàæåíèÿ ïåðåõîäà
âèäà (jump switch B), (jump goto default), (jump goto case C) è
(jump goto D) â ñëó÷àå, êîãäà òî÷êà íàçíà÷åíèÿ âûðàæåíèÿ ïåðåõîäà
íàõîäèòñÿ âíóòðè áëîêà îïåðàòîðà switch.

Ýëåìåíò (deleteVarScope A) óìåíüøàåò íà åäèíèöó ñòåêè (value

of B), (type of B) è (B is variable) äëÿ êàæäîé ïåðåìåííîé B, âõî-
äÿùåé â ñïèñîê ïåðåìåííûõ A. Îí èñïîëüçóåòñÿ ïðè îïèñàíèè ñåìàíòèêè
áëîêà.
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Ýëåìåíò (initiateObject A type B beforeConstructorCall) âû-
ïîëíÿåò èíèöèàëèçàöèþ ïîëåé îáúåêòà A òèïà B. Îí ñîîòâåòñòâóåò ìå-
òîäó IFI äëÿ ýòîãî òèïà, äåêëàðàöèÿ êîòîðîãî äîáàâëÿëàñü ê òèïó íà
ýòàïå ïåðåâîäà èç C#-light â C#-kernel â 3-ìåòîäå.

Ýëåìåíò (initiateType A beforeStaticConstructorCall) âûïîë-
íÿåò èíèöèàëèçàöèþ ñòàòè÷åñêèõ ïîëåé òèïà A. Îí ñîîòâåòñòâóåò ñòàòè-
÷åñêîìó ìåòîäó SFI äëÿ ýòîãî òèïà, äåêëàðàöèÿ êîòîðîãî äîáàâëÿëàñü
ê òèïó íà ýòàïå ïåðåâîäà èç C#-light â C#-kernel â 3-ìåòîäå.

Ýëåìåíò (breakStop) ÿâëÿåòñÿ îáðàáîò÷èêîì âûðàæåíèÿ ïåðåõîäà
(jump break).

Ýëåìåíò (SpecifyFunMemPars A B) îïðåäåëÿåò ïàðàìåòðû ôóíêöè-
îíàëüíîãî ÷ëåíà A êàê ëîêàëüíûå ïåðåìåííûå è ïðèñâàèâàåò èç çíà÷å-
íèÿ èç ñïèñêà çíà÷åíèé àðãóìåíòîâ B.

Ýëåìåíò (SpecifyThis type A val B) îïðåäåëÿåò this êàê ëîêàëü-
íóþ ïåðåìåííóþ òèïà A ñî çíà÷åíèåì B.

Ýëåìåíò (preprocess A) âûïîëíÿåò ïðåîáðàçîâàíèÿ òåëà A ïðîã-
ðàììû. Ýòè ïðåîáðàçîâàíèÿ áàçèðóþòñÿ íà ìåòîäå àòðèáóòíûõ àííî-
òàöèé [2], îñîáåííîñòü êîòîðîãî ñîñòîèò â òîì, ÷òî ïðåîáðàçîâàíèÿ íå
ìåíÿþò îïåðàöèîííóþ ñåìàíòèêó ïðîãðàììû, à òîëüêî äîáàâëÿþò äî-
ïîëíèòåëüíóþ èíôîðìàöèþ â íåå. Ýòîò ýëåìåíò âûïîëíÿåò ñëåäóþùèå
ïðåîáðàçîâàíèÿ:

• èíèöèàëèçèðóåò ïåðåìåííóþ (progBody) çíà÷åíèåì (A);
• âû÷èñëÿåò êîíñòàíòíûå âûðàæåíèÿ A â ýëåìåíòàõ (case A) è
(goto case A) îïåðàòîðîâ switch. Ýòè âûðàæåíèÿ â ðåçóëüòà-
òå ïðèíèìàþò âèä (case B) è (goto case B), ãäå B � çíà÷åíèå
âûðàæåíèÿ A;
• ïîðîæäàåò ôóíêöèîíàëüíûå ÷ëåíû (ýëåìåíòû ñîðòà funMem), òè-
ïû (ýëåìåíòû ñîðòà type) è ïðîñòðàíñòâà èìåí (ýëåìåíòû ñîðòà
namespace) äëÿ âñåõ òàêèõ ýëåìåíòîâ, èñïîëüçóåìûõ èëè äåêëà-
ðèðóåìûõ â A. Òèïû ïðè ýòîì ïðåîáðàçîâàíèè íå èíèöèàëèçèðó-
þòñÿ;
• âûïîëíÿåò àëãîðèòìû âðåìåíè êîìïèëÿöèè â ñîîòâåòñòâèå ñî
ñïåöèôèêàöèåé [7], êîòîðûå çàìåíÿþò ïðîñòûå è êâàëèôèöèðî-
âàííûå èìåíà ñîîòâåòñòâóþùèìè ýëåìåíòàìè èç ïðåäûäóùåãî
ïóíêòà;
• äîñòóï ê ñâîéñòâàì è èíäåêñàòîðàì, à òàêæå âûçîâû îïåðàöèé
ïðåîáðàçóþòñÿ â âûçîâû ìåòîäîâ â ñîîòâåòñòâèå ñ ïðàâèëàìè äëÿ
çàðåçåðâèðîâàííûõ èìåí ÷ëåíîâ. Íàïðèìåð, ïðèñâàèâàíèå ((A .
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B) = C) ñâîéñòâó B îáúåêòà A çíà÷åíèÿ C çàìåíÿåòñÿ âûçîâîì
(call set_B on A args C) ìåòîäà set_B;
• îçíà÷èâàåò ïåðåìåííûå (entryPoint), (name of (** δ)),
((** type) is literalType), ((** type) is valueType),
((** type) is referenceType), (declaration of (** δ)),
(containingElement of (** δ)) è (subElements of (** δ))
äëÿ δ ∈ {namespace,type,funMem}.

3.6. Ôóíêöèè

Â ýòîì ðàçäåëå îïèñûâàþòñÿ ôóíêöèè, äîáàâëÿåìûå â ÿçûê Atoment,
êîòîðûå èñïîëüçóþòñÿ ïðè ôîðìàëèçàöèè 3M-ìåòîäà.

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (varList of A) par (- A exp)

sort exp) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � ñïèñîê
ïåðåìåííûõ, îïðåäåëÿåìûõ â äåêëàðàöèÿõ, êîòîðûå âõîäÿò â âûðàæå-
íèå A ÿçûêà Atoment íà âåðõíåì óðîâíå. Ýòà ôóíêöèÿ îïðåäåëÿåòñÿ ñ
ïîìîùüþ ïðàâèëà ïåðåõîäà. Åå îïðåäåëåíèå çäåñü íå ïðèâîäèòñÿ.

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (A <=type B) par (A type) (B

type) sort bool) ïðèíèìàåò çíà÷åíèå true òîãäà è òîëüêî òîãäà, êîãäà
B � áàçîâûé òèï A, èëè B = A.

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (cast A B) par (A *) (B type)

sort *) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U� ðåçóëüòàò
ïðèâåäåíèÿ ýëåìåíòà A ê òèïó B.

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (defaultValue of A) par (A

type)) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � çíà÷å-
íèå ïî óìîë÷àíèþ äëÿ òèïà A.

Ñåìåéñòâî ïðåäîïðåäåëåííûõ ôóíêöèé ÿçûêà Atoment ñî ñïåöèôè-
êàöèÿìè (fun (A isOf δ) par (A *)) ïðèíèìàåò çíà÷åíèå true òîãäà
è òîëüêî òîãäà, êîãäà A � ýëåìåíò ñîðòà δ.

Ñåìåéñòâî ôóíêöèé ñî ñïåöèôèêàöèÿìè (fun (A �C# B) par (A

δ1) (B δ2) sort intC#) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êî-
ãäà U � ðåçóëüòàò âûïîëíåíèÿ îïåðàöèè � ÿçûêà C# äëÿ àðãóìåíòîâ A

è B ñîðòîâ δ1 è δ2. Íàïðèìåð, ôóíêöèÿ èç ýòîãî ñåìåéñòâà ñî ñïåöèôèêà-
öèåé (fun (A +C# B) par (A intC#) (B intC#) sort intC#) ïðèíè-
ìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � ðåçóëüòàò ñëîæåíèÿ
öåëûõ ÷èñåë A è B.

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (resolveName A) par (A *) sort

*) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � ýëåìåíò îäíîãî
èç ñîðòîâ funMem, type èëè namespace, ñîîòâåòñòâóþùèé ïðîñòîìó èëè
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êâàëèôèöèðîâàííîìó èìåíè A.
Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (resolveConstructor A arg B)

par (A type) (B exp) sort funMem) ïðèíèìàåò çíà÷åíèå U òîãäà è
òîëüêî òîãäà, êîãäà U� äèíàìè÷åñêèé êîíñòðóêòîð òèïà A îòíîñèòåëüíî
ñïèñêà àðãóìåíòîâ B.

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (resolveConstructor A) par (A

type) sort funMem) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà
U � ñòàòè÷åñêèé êîíñòðóêòîð òèïà A.

4. ÎÏÅÐÀÖÈÎÍÍÀß ÑÅÌÀÍÒÈÊÀ ßÇÛÊÎÂ C#-LIGHT È
C#-KERNEL

Îïåðàöèîííàÿ ñåìàíòèêà ýòèõ ÿçûêîâ îïèñûâàåòñÿ ïðàâèëàìè
ÏÎÑÏ. Â ðàçä. 4.1 îïèñàí ìåõàíèçì ïåðåäà÷è óïðàâëåíèÿ â ÿçûêå C#.
Â ðàçä. 4.2 ïðåäñòàâëåíû ïðàâèëà äëÿ C#-light êîíñòðóêöèé. Â ðàçä.
4.3 ïðåäñòàâëåíû ïðàâèëà äëÿ äîïîëíèòåëüíûõ ýëåìåíòîâ ÿçûêà C#-
kernel, îòñóòñòâóþùèõ â ÿçûêå C#-light.

4.1. Ìåõàíèçì ïåðåäà÷è óïðàâëåíèÿ

Ìåõàíèçì ïåðåäà÷è óïðàâëåíèÿ (â ÷àñòíîñòè, ïðîñà÷èâàíèÿ èñêëþ-
÷åíèé) â ÿçûêå C# îïèñûâàåòñÿ ñ ïîìîùüþ êîíöåïöèè âûðàæåíèÿ ïåðå-
õîäà. Âûðàæåíèå ïåðåõîäà � ýòî âûðàæåíèå âèäà (jump A), ãäå A � ïî-
ñëåäîâàòåëüíîñòü ýëåìåíòîâ, êîäèðóþùàÿ èíôîðìàöèþ ïåðåäàâàåìóþ
îïåðàòîðîì ïåðåõîäà (jump statement), êîòîðûé ïîðîäèë ýòî âûðàæåíèå
ïåðåõîäà. Íàïðèìåð, äëÿ îïåðàòîðà (goto A) ïîðîæäàåìîå âûðàæåíèå
ïåðåõîäà áóäåò èìåòü âèä (jump goto A), à äëÿ îïåðàòîðà (throw A) �
(jump A′), ãäå A′ � ðåçóëüòàò âû÷èñëåíèÿ âûðàæåíèÿ A.

Ïðàâèëà äëÿ âûðàæåíèÿ ïåðåõîäà îïèñûâàþò ñëó÷àè, êîãäà îòíîøå-
íèå ïåðåõîäà îáðàáàòûâàåòñÿ ýëåìåíòàìè ÿçûêîâ C#-light è C#-kernel,
è ñëó÷àè ïðîñà÷èâàíèÿ (propagation) âûðàæåíèÿ ïåðåõîäà. Ýëåìåíòû,
êîòîðûå îáðàáàòûâàþò âûðàæåíèå ïåðåõîäà, íàçûâàþòñÿ îáðàáîò÷èêà-
ìè îòíîøåíèÿ ïåðåõîäà. Ïðàâèëà äëÿ âûðàæåíèÿ ïåðåõîäà èìåþò âèä
(if (jump goto default) (default) then)

(if (jump goto case A) (case A) par A then)

(if (jump goto switch A) (case A) par A then)
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(if (jump goto default) (switchJumpStop U (default) V)

par (!s U) (!s V) then V (switchJumpStop U (default) V) )

(if (jump goto case A) (switchJumpStop U (case A) V)

par A (!s U) (!s V) then V (switchJumpStop U (case A) V) )

(if (jump switch A) (switchJumpStop U (default) V)

par A (!s U) (!s V) then V (switchJumpStop U (default) V) )

(if (jump switch A) (switchJumpStop B) par A (!s B) then)

(if (jump goto A) (gotoStop U (label A) V) par A (!s U) (!s V)

then V (gotoStop U (label A) V))

(if (jump break) (breakStop) var (!s A) then)

(if (jump continue) (while A thereWasIteration) var (!s A)

then (while A thereWasIteration) )

(if (jump goto A) (label A) par A B then)

(if (jump exc E) (catch A B C) par A B C E then (cases

(if ((type of E) <=type A) then

(add (catchedException)) ((catchedException) ::= E)

(add (value of B)) ((value of B) ::= E)

(add (type of B)) ((type of B) ::= A)

C

(finally (delete (value of B)) (delete (type of B))

(delete (catchedException)) ))

(else (jump exc E)) ))

(if (jump exc E) (catch A C) par A C then (cases

(if ((type of E) <=type A) then

(add (catchedException)) ((catchedException) ::= E)

C (finally (delete (catchedException)) ))

(else (jump exc E)) ))

(if (jump exc E) (catch C) par C then
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(add (catchedException)) ((catchedException) ::= E)

C (finally (delete (catchedException))) )

(if (jump E) (finally A) par (!s E) (!s A) then A (jump E))

(if (jump E) A par (!s E) A then (jump E))

Äëÿ ïðîñòîòû ðàññìîòðåíû òîëüêî òå îáðàáîò÷èêè âûðàæåíèÿ ïåðå-
õîäà ýëåìåíòàìè, äëÿ êîòîðûõ â ðàçä. 4 è 4.3 çàäàíû ïðàâèëà îïåðàöè-
îííîé ñåìàíòèêè. Íàïðèìåð, îïåðàòîð öèêëà do-while íå ðàññìîòðåí.

4.2. Ïðàâèëà îïåðàöèîííîé ñåìàíòèêè ÿçûêà C#-light

Çàäà÷ó ðàçðàáîòêè îïåðàöèîííîé ñåìàíòèêè ìîäåëè ÿçûêà C#-light
ìû ïðîèëëþñòðèðóåì íà ïðèìåðå íåñêîëüêèõ êîíñòðóêöèé ýòîãî ÿçûêà.
Äëÿ îñòàëüíûõ êîíñòðóêöèé ïðàâèëà îïåðàöèîííîé ñåìàíòèêè îïèñû-
âàþòñÿ àíàëîãè÷íûì îáðàçîì.

4.2.1. Ïðàâèëî äëÿ ïðîãðàììû

Ïðàâèëî äëÿ ïðîãðàììû èìååò âèä
(if (prog A) var (!s A) then ((count) ::= 1) (preprocess A)

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args ))

Äëÿ ïðîñòîòû ìû îãðàíè÷èëèñü ñëó÷àåì, êîãäà ôóíêöèÿ Main íå
èìååò àðãóìåíòîâ è íå âîçâðàùàåò çíà÷åíèÿ. Îáùèé ñëó÷àé ïîëó÷àåòñÿ
íåêîòîðûì óñëîæíåíèåì ýòîãî ïðàâèëà.

4.2.2. Áëîê

Ïðàâèëî äëÿ áëîêà èìååò âèä
(if (block A) par (!s A) then A (gotoStop A)

(finally (deleteVarScope (!* (varList of (A))))) )

Íàïîìíèì, ÷òî ñîãëàñíî îïðåäåëåíèþ ïðàâèëà ïåðåõîäà, ïåðåä ñî-
ïîñòàâëåíèåì ýëåìåíòà ñ îáðàçöîì ïðàâèëà êàæäûé ïîäýëåìåíò ýòîãî
ýëåìåíòà âèäà (!* A) çàìåíÿåòñÿ çíà÷åíèåì ýëåìåíòà A.

4.2.3. Îïåðàòîð if

Ïðàâèëà äëÿ óñëîâíîãî îïåðàòîðà if èìåþò âèä
(if (if A then B else C) par A B C then B (cases
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(if ((val) = true) then B) (else C) ))

(if (if A then B) par A B then B (cases

(if ((val) = true) then B) (else) ))

4.2.4. Îïåðàòîð switch

Ïðàâèëà äëÿ îïåðàòîðà switch èìåþò âèä
(if (switch A (block B)) par A (!s B) hvar WA then

A (jump switch (!* (val))) B (switchJumpStop A) (breakStop)

(finally (deleteVarScope (!* (varList of (A))))) )

4.2.5. Öèêë while

Ïðàâèëî äëÿ îïåðàòîðà öèêëà while èìååò âèä
(if (while A B) var A B then A (cases

(if ((val) = true) then B (while A B thereWasIteration)

(breakStop) )

(else) ))

4.2.6. Îïåðàòîð-ìåòêà

Ïðàâèëî äëÿ îïåðàòîðà-ìåòêè èìååò âèä
(if (label A) par A then)

4.2.7. Îïåðàòîð try

Ïðàâèëî äëÿ îïåðàòîðà try èìååò âèä
(if (try A) par (!s A) then A)

Ïðàâèëà äëÿ ýëåìåíòîâ (catch A) è (finally A) èìåþò âèä
(if (catch A) par (!s A) then)

(if (finally A) par (!s A) then A)

4.2.8. Îïåðàòîðû ïåðåäà÷è óïðàâëåíèÿ

Ïðàâèëà äëÿ îïåðàòîðîâ ïåðåäà÷è óïðàâëåíèÿ èìåþò âèä
(if (goto default) then (jump goto default))

(if (goto case A) par A then A (jump goto case A))
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(if (goto A) par A then (jump goto A))

(if (break) then (jump break))

(if (continue) then (jump continue))

(if (return) then (jump return))

(if (return A) par A then A (jump return (!* (val))))

(if (throw A) par A hvar W then A (cases

(if ((val) = null) then

(new (!* resolveName (System . NullReferenceException)))

(jump exc (!* (val))))

(else (jump exc (!* (val)))) ))

(if (throw) then (jump exc (!* (catchedException))))

4.2.9. Äåêëàðàöèè ëîêàëüíûõ ïåðåìåííûõ

Ïðàâèëî äëÿ äåêëàðàöèè ëîêàëüíîé ïåðåìåííîé èìååò âèä
(if (locVarDec A B) par A (!s B) then (add (locVarDecType))

((locVarDecType) ::= A) B

(finally (delete (locVarDecType))) )

Ïðàâèëà äëÿ äåêëàðàòîðà ëîêàëüíîé ïåðåìåííîé èìåþò âèä
(if (locVarDec-r A) par A then ((A is variable) ::= true)

((type of A) ::= (locVarDecType))

((value of A) ::= (defaultValue of (locVarDecType))) )

(if (locVarDec-r A = B) par A B then

((A is variable) ::= true)

((type of A) ::= (locVarDecType))

((value of A) ::= (defaultValue of (locVarDecType)))

B ((value of A) ::= (val)) )

4.2.10. Îïåðàòîð âûðàæåíèÿ

Ïðàâèëî äëÿ îïåðàòîðà âûðàæåíèÿ èìååò âèä
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(if (A ;) par A then A)

4.2.11. Âûðàæåíèÿ

Ðàñìîòðèì òèïîâûå ñõåìû îïðåäåëåíèÿ ïðàâèë îïåðàöèîííîé ñåìàí-
òèêè íà ïðèìåðå íåñêîëüêèõ âèäîâ âûðàæåíèé. Äëÿ îñòàëüíûõ âûðà-
æåíèé ïðàâèëà îïðåäåëÿþòñÿ ïî îäíîé èç ýòèõ ñõåì.

Ïðàâèëî äëÿ îïåðàöèè ñëîæåíèÿ öåëûõ ÷èñåë èìååò âèä
(if (A + B) par A B where ((A isOf intC#) and (B isOf intC#))

hvar WA then A (WA ::= (val)) B ((val) ::= (WA +C# (val))) )

Ïðàâèëà äëÿ ëèòåðàëîâ ÿçûêà C# èìåþò âèä
(if true then ((val) ::= true))

(if false then ((val) ::= false))

(if A par A where (A isOf literal) then ((val) ::= A))

Ïðàâèëî äëÿ äîñòóïà ê çíà÷åíèþ ëîêàëüíîé ïåðåìåííîé èìååò âèä
(if A par A where (A is variable) then

((val) ::= (value of x)) )

Ïðàâèëî äëÿ âûçîâà ôóíêöèîíàëüíîãî ÷ëåíà (call ...) íà ýêçåì-
ïëÿðå òèïà èìååò âèä
(if (call A on B args C) par A B (!s C) hvar WA WB WC then

B (WB ::= (val)) (evaluateArgs C) (WC ::= (val))

(findFunMem A on WB args (!* WC)) (WA ::= (val))

(block (specifyFunMemPars WA WC)

(specifyThis type (!* (containingElement of WA)) val WB)

(insert body of (!* WA)) ))

Ïðàâèëî äëÿ âûçîâà ôóíêöèîíàëüíîãî ÷ëåíà (call ...) íà òèïå
èìååò âèä
(if (call A on type B args C) par A B (!s C) hvar WA WC then

(evaluateArgs C) (WC ::= (val))

(findFunMem A on B args (!* WC)) (WA ::= (val)) (initType B)

(block (specifyFunMemPars WA WC)

(insert body of (!* WA)) ))

Ïðàâèëà äëÿ îïåðàöèè (new ...) ñîçäàíèÿ ýëåìåíòà íåêîòîðîãî òè-
ïà èìåþò âèä
(if (new A B) par A (!s B) hvar W then

(InitType A) (cases

(if (A is literalType) then
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((val) ::= (default value of A)))

(if (A is valueType) then (newElemOfSort value)

(W ::= (val)) ((type of W) ::= A)

(initiateObject W type A args B) ((val) ::= W) )

(if (A is referenceType) then (newElemOfSort object)

(W ::= (val)) ((type of W) ::= A)

(initiateObject W type A args B) ((val) ::= W) )))

4.3. Îïåðàöèîííàÿ ñåìàíòèêà
äîïîëíèòåëüíûõ ýëåìåíòîâ ÿçûêà C#-kernel

Ïðàâèëî äëÿ ýëåìåíòà (initType A) èìååò âèä
(if (initType A) par A then (cases

(if (A is initialized) then)

(else ((A is initialized) ::= true)

(initType A beforeStaticConstructorCall)

(call (resolveConstructor A) on A args) )))

Ïðàâèëî äëÿ ýëåìåíòà (specifyAsLocalVariable A type B val C)

èìååò âèä
(if (specifyAsLocalVariable A type B val C) par A B C then

(add (type of A)) (add (value of A)) (add (A is variable))

((type of this) ::= B) ((value of this) ::= C)

((A is variable) ::= true) )

Ïðàâèëî äëÿ ýëåìåíòà (specifyThis type A val B) èìååò âèä
(if (specifyThis type A val B) par A B then

(add (type of this)) (add (value of this))

(add (this is variable))

((type of this) ::= A) ((value of this) ::= B)

((this is variable) ::= true) )

Ïðàâèëà äëÿ ýëåìåíòà (deleteVarScope x) èìåþò âèä
(if (deleteVarScope (A B)) par A (!s B) then

(delete (value of A)) (delete (type of A))

(delete (A is variable)) (deleteVarScope (B)) )

(if (deleteVarScope ()) then)

Ïðàâèëî äëÿ ýëåìåíòà (gotoStop A) èìååò âèä
(if (gotoStop A) par (!s A) then)

Ïðàâèëî äëÿ ýëåìåíòà (breakStop) èìååò âèä
(if (breakStop) then)
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Ïðàâèëî äëÿ ýëåìåíòà (initiateObject A type B args C) èìååò
âèä
(if (initiateObject A type B args C) par A B C then

(initiateObject A type B beforeConstructorCall)

(call (resolveConstructor A args C) on A args C) )

Ïðàâèëî äëÿ ýëåìåíòà (while A B thereWasIteration) èìååò âèä
(if (while A B thereWasIteration) var A B then A (cases

(if ((val) = true) then B (while A B thereWasIteration))

(else) ))

Ïðàâèëî äëÿ ýëåìåíòà (switchJumpStop A) èìååò âèä
(if (switchJumpStop A) par A then)

Ïðàâèëî äëÿ ýëåìåíòà (insert body of A) èìååò âèä
(if (insert body of A) par A then (!** (body of A)))

×òîáû óïðîñòèòü èçëîæåíèå, ìû íå ïðèâîäèì ïðàâèë îïåðàöèîííîé
ñåìàíòèêè äëÿ íåêîòîðûõ äîïîëíèòåëüíûõ ýëåìåíòîâ èç-çà èõ ãðîìîçä-
êîñòè, íàïðèìåð äëÿ ýëåìåíòà (initiateObject A type B

beforeConstructorCall). Ðàçðàáîòêà ýòèõ ïðàâèë ÿâëÿåòñÿ ðóòèííîé
ïðîöåäóðîé.

5. ËÎÃÈÊÀ ÁÅÇÎÏÀÑÍÎÑÒÈ ßÇÛÊÀ C#-KERNEL

Ëîãèêà áåçîïàñíîñòè ÿçûêà C#-kernel îïèñûâàåòñÿ ïðàâèëàìè äå-
äóêòèâíûõ ÏÎÑÏ. Â ðàçä. 5.1 ñïåöèôèöèðóþòñÿ âåðñèîííûå ïåðåìåí-
íûå ëîãèêè áåçîïàñíîñòè ÿçûêà C#-kernel. Â ðàçä. 5.2 ïåðå÷èñëåíû
ôóíêöèè, èñïîëüçóåìûå â ïðàâèëàõ ëîãèêè áåçîïàñíîñòè ÿçûêà C#-
kernel. Â ðàçä. 5.3 îïèñàíû ïðàâèëà ëîãèêè áåçîïàñíîñòè äëÿ âûðàæå-
íèÿ ïåðåõîäà. Â ðàçä. 5.4 ïðåäñòàâëåíû ïðàâèëà ëîãèêè áåçîïàñíîñòè
äëÿ C#-light êîíñòðóêöèé. Â ðàçä. 5.5 ïðåäñòàâëåíû ïðàâèëà ëîãèêè
áåçîïàñíîñòè äëÿ äîïîëíèòåëüíûõ ýëåìåíòîâ ÿçûêà C#-kernel, îòñóò-
ñòâóþùèõ â ÿçûêå C#-light.

5.1. Âåðñèîííûå ïåðåìåííûå

Â êà÷åñòâå âåðñèîííûõ ïåðåìåííûõ ëîãèêà áåçîïàñíîñòè ÿçûêà C#-
kernel èñïîëüçóåò ïåðåìåííûå, îïðåäåëåííûå â ðàçä. 3.2. Äîïîëíèòåëüíî
îíà èñïîëüçóåò ñëåäóþùèå ïåðåìåííûå.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (exc) sort object) ïðèíèìà-
åò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � ïîðîæäåííîå èñêëþ÷å-
íèå. Îíà èñïîëüçóåòñÿ â ëîãèêå áåçîïàñíîñòè ÿçûêà C#-kernel. Ñâîéñòâî
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U = () îçíà÷àåò, ÷òî íèêàêîãî èñêëþ÷åíèÿ íå ïîðîæäåíî. Ïðè îïèñàíèè
îïåðàöèîííûõ ñåìàíòèê ÿçûêîâ C#-light è C#-kernel ýòà ïåðåìåííàÿ íå
èñïîëüçóåòñÿ, ò.ê. â ýòîì ñëó÷àå U õðàíèòñÿ â âûðàæåíèè ïåðåõîäà âèäà
(jump exc U).

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (assume of A) par (A

funMem) sort *) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U
� ïðåäóñëîâèå ôóíêöèîíàëüíîãî ÷ëåíà A. Ñâîéñòâî U = () îçíà÷àåò,
÷òî A íå èìååò ïðåäóñëîâèÿ.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (assert of A) par (A

funMem) sort *) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U
� ïîñòóñëîâèå ôóíêöèîíàëüíîãî ÷ëåíà A. Ñâîéñòâî U = () îçíà÷àåò, ÷òî
A íå èìååò ïîñòóñëîâèÿ.

Ïåðåìåííàÿ ((** type) is initialized) èñïîëüçóåòñÿ â ëîãèêå
áåçîïàñíîñòè ÿçûêà C#-kernel â äâóõ êîíòåêñòàõ. Â ïåðâîì êîíòåêñòå
îíà ÿâëÿåòñÿ îáû÷íîé ïåðåìåííîé è õðàíèò èíôîðìàöèþ îá èíèöèà-
ëèçèðîâàííûõ òèïàõ, èñïîëüçóåìóþ äëÿ îïòèìèçàöèè âûâîäà óñëîâèé
êîððåêòíîñòè. Âî âòîðîì êîíòåêñòå îíà ÿâëÿåòñÿ âåðñèîííîé ïåðåìåí-
íîé ëîãèêè áåçîïàñíîñòè.

5.2. Ôóíêöèè

Ôóíêöèÿ ñî ñïåöèôèêàöèåé (fun (pre of A) par (A funMem) sort

*) âîçâðàùàåò U òîãäà è òîëüêî òîãäà, êîãäà U èìååò âèä
(((value of this) != null) and ((value of this) != ()) and

((type of (value of this)) <=type

(containingElement of A)) and

((type of (value of this)) is initialized) and

((exc) = ()) and ((containingElement of A) is initialized) )

Îíà èñïîëüçóåòñÿ äëÿ ïîäñòàíîâêè ïðè âûçîâå ôóíêöèîíàëüíîãî ÷ëåíà
ïðåäóñëîâèÿ, èñòèííîãî äëÿ âñåõ ôóíêöèîíàëüíûõ ÷ëåíîâ.

5.3. Ìåõàíèçì ïåðåäà÷è óïðàâëåíèÿ

Ïðàâèëà ëîãèêè áåçîïàñíîñòè äëÿ âûðàæåíèÿ ïåðåõîäà èìåþò âèä
(if (jump goto default) (default) then)

(if (jump goto case A) (case A) par A then)

(if (jump goto switch A) (case B) par A B then
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(casesD (if (A = B) then) (else (jump goto switch A))) )

(if (jump goto default) (switchJumpStop U (default) V)

par (!s U) (!s V) then V (switchJumpStop U (default) V) )

(if (jump goto case A) (switchJumpStop U (case A) V)

par A (!s U) (!s V) then V (switchJumpStop U (case A) V) )

(if (jump switch A) (switchJumpStop U (default) V)

par A (!s U) (!s V) then V (switchJumpStop U (default) V) )

(if (jump switch A) (switchJumpStop B) par A (!s B) then)

(if (jump goto A) (gotoStop U (label A) V) par A (!s U) (!s V)

then V (gotoStop U (label A) V))

(if (jump break) (breakStop) var (!s A) then)

(if (jump continue) (while A thereWasIteration) var (!s A)

then (while A thereWasIteration) )

(if (jump goto A) (label A) par A B then)

(if (jump exc E) (catch A B C) par A B C E then (casesD

(if ((type of E) <=type A) then

(addD (catchedException)) ((catchedException) ::=D E)

(add (value of B)) ((value of B) ::=D E)

(addD (type of B)) ((type of B) ::=D A) C

(finally (deleteD (value of B)) (deleteD (type of B))

(deleteD (catchedException)) ))

(else (jump exc E)) ))

(if (jump exc E) (catch A C) par A C then (casesD

(if ((type of E) <=type A) then

(addD (catchedException)) ((catchedException) ::=D E)

C (finally (deleteD (catchedException)) ))

(else (jump exc E)) ))
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(if (jump exc E) (catch C) par C then

(addD (catchedException)) ((catchedException) ::=D E)

C (finally (deleteD (catchedException))) )

(if (jump E) (finally A) par (!s E) (!s A) then A (jump E))

(if (jump E) A par (!s E) A then (jump E))

5.4. Ëîãèêà áåçîïàñíîñòè C#-light êîíñòðóêöèé

5.4.1. Ïðàâèëî äëÿ ïðîãðàììû

Ïðàâèëî äëÿ ïðîãðàììû èìååò âèä
(if (prog A assume B assert C) var (!s A) B C then

((count) ::= 1) (initVer) (preprocess A)

(setPre B) ((catchedException) ::= ()) (assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args )

(assertD C) )

Äëÿ ïðîñòîòû, êàê è â ñëó÷àå îïåðàöèîííîé ñåìàíòèêè, ìû îãðà-
íè÷èâàåìñÿ ñëó÷àåì, êîãäà ôóíêöèÿ Main íå èìååò àðãóìåíòîâ è íå
âîçâðàùàåò çíà÷åíèÿ.

Ïðåäîïðåäåëåííûé ýëåìåíò (initVer) ÿçûêà Atoment óñòàíàâëèâà-
åò çíà÷åíèÿ âåðñèé âñåõ âåðñèîííûõ ïåðåìåííûõ ðàâíûìè çíà÷åíèþ
ïåðåìåííîé (count).

Ïî ñðàâíåíèþ ñ îïåðàöèîííîé ñåìàíòèêîé â ñëó÷àå ëîãèêè áåçîïàñ-
íîñòè ýëåìåíò (preprocess A) äîïîëíèòåëüíî îçíà÷èâàåò ïåðåìåííûå
(assume of (** funMem)) è (assert of (** funMem)).

5.4.2. Áëîê

Ïðàâèëî äëÿ áëîêà èìååò âèä
(if (block A) par (!s A) then A (gotoStop A)

(finally (deleteVarScope (!* (varList of (A))))) )

5.4.3. Îïåðàòîð if

Ïðàâèëà äëÿ îïåðàòîðà if èìåþò âèä

(if (if A then B else C) par A B C then B (casesD

(if ((val) = true) then B) (else C) ))
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(if (if A then B) par A B then B (casesD

(if ((val) = true) then B) (else) ))

5.4.4. Îïåðàòîð switch

Ïðàâèëà äëÿ îïåðàòîðà switch èìåþò âèä
(if (switch A (block B)) par A (!s B) hvar WA then

A (jump switch (val)) B (switchJumpStop A) (breakStop)

(finally (deleteVarScope (!* (varList of (A))))) )

5.4.5. Îïåðàòîð while

Ïðàâèëî äëÿ îïåðàòîðà öèêëà while èìååò âèä
(if (while A B) var A B then A (casesD

(if ((val) = true) then B (while A B thereWasIteration)

(breakStop) )

(else) ))

5.4.6. Îïåðàòîð-ìåòêà

Ïðàâèëî äëÿ îïåðàòîðà-ìåòêè èìååò âèä
(if (label A) par A then)

5.4.7. Îïåðàòîð try

Ïðàâèëî äëÿ îïåðàòîðà try èìååò âèä
(if (try A) par (!s A) then A)

Ïðàâèëà äëÿ ýëåìåíòîâ (catch A) è (finally A) èìåþò âèä
(if (catch A) par (!s A) then)

(if (finally A) par (!s A) then A)

5.4.8. Îïåðàòîðû ïåðåäà÷è óïðàâëåíèÿ

Ïðàâèëà äëÿ îïåðàòîðîâ ïåðåäà÷è óïðàâëåíèÿ èìåþò âèä
(if (goto default) then (jump goto default))

(if (goto case A) par A then A (jump goto case A))

27



(if (goto A) par A then (jump goto A))

(if (break) then (jump break))

(if (continue) then (jump continue))

(if (return) then (jump return))

(if (return A) par A then A (jump return (val)))

(if (throw A) par A hvar W then A (casesD

(if ((val) = null) then

(new (!* resolveName (System . NullReferenceException)))

(jump exc (val)) )

(else (jump exc (val))) ))

(if (throw) then (jump exc (catchedException)))

5.4.9. Äåêëàðàöèè ëîêàëüíûõ ïåðåìåííûõ

Ïðàâèëî äëÿ äåêëàðàöèè ëîêàëüíîé ïåðåìåííîé èìååò âèä
(if (locVarDec A B) par A (!s B) then (addD (locVarDecType))

((locVarDecType) ::=D A) B

(finally (deleteD (locVarDecType))) )

Ïðàâèëà äëÿ äåêëàðàòîðà ëîêàëüíîé ïåðåìåííîé èìåþò âèä
(if (locVarDec-r A) par A then ((A is variable) ::=D true)

((type of A) ::=D (locVarDecType))

((value of A) ::=D (defaultValue of (locVarDecType))) )

(if (locVarDec-r A = B) par A B then

((A is variable) ::=D true)

((type of A) ::=D (locVarDecType))

((value of A) ::=D (defaultValue of (locVarDecType)))

B ((value of A) ::=D (val)) )

5.4.10. Îïåðàòîð âûðàæåíèÿ

Ïðàâèëî äëÿ îïåðàòîðà âûðàæåíèÿ èìååò âèä
(if (A ;) par A then A)
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5.4.11. Âûðàæåíèÿ

Ðàñìîòðèì òèïîâûå ñõåìû îïðåäåëåíèÿ ïðàâèë ëîãèêè áåçîïàñíîñòè
íà ïðèìåðå íåñêîëüêèõ âèäîâ âûðàæåíèé. Äëÿ îñòàëüíûõ âûðàæåíèé
ïðàâèëà îïðåäåëÿþòñÿ ïî îäíîé èç ýòèõ ñõåì.

Ïðàâèëî äëÿ îïåðàöèè ñëîæåíèÿ öåëûõ ÷èñåë èìååò âèä
(if (A + B) par A B whereD ((A isOf intC#) and (B isOf intC#))

hvar WA then A (WA ::=D (val)) B

((val) ::=D (WA +C# (val))) )

Ïðàâèëà äëÿ ëèòåðàëîâ ÿçûêà C# èìåþò âèä
(if true then ((val) ::=D true))

(if false then ((val) ::=D false))

(if A par A where (A isOf literal) then ((val) ::=D A))

Ïðàâèëî äëÿ äîñòóïà ê çíà÷åíèþ ëîêàëüíîé ïåðåìåííîé èìååò âèä
(if A par A where (A is variable) then

((val) ::=D (value of x)) )

Ïðàâèëî äëÿ âûçîâà ôóíêöèîíàëüíîãî ÷ëåíà (call ...) íà ýêçåì-
ïëÿðå òèïà èìååò âèä
(if (call A on B args C) par A B (!s C) hvar WA WB WC then

B (WB ::= (val)) (evaluateArgs C) (WC ::= (val))

(findFunMem A on WB args (!* WC)) (WA ::= (val))

(block (specifyFunMemPars WA WC)

(specifyThis type (!* (containingElement of WA)) val WB)

(cases

(if ((assert of WA) != ()) then

(assumeD ((!* assume of WA) and (!* pre of WA)))

(modifyD (!* (assert of WA))) )

(else (insert body of (!* WA))) )))

Ïðàâèëî äëÿ âûçîâà ôóíêöèîíàëüíîãî ÷ëåíà (call ...) íà òèïå
èìååò âèä
(if (call A on type B args C) par A B (!s C) hvar WA WC then

(evaluateArgs C) (WC ::= (val))

(findFunMem A on B args (!* WC)) (WA ::= (val)) (initType B)

(block (specifyFunMemPars WA WC)

(cases

(if ((assert of WA) != ()) then

(assumeD ((!* assume of WA) and (!* pre of WA)))
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(modifyD (!* (assert of WA))) )

(else (insert body of (!* WA))) )))

Ýëåìåíò (findFunMem A B C) â ñëó÷àå ëîãèêè áåçîïàñíîñòè ðåàëè-
çóåò ýìïèðè÷åñêèé àëãîðèòì íàõîæäåíèÿ ôóíêöèîíàëüíîãî ÷ëåíà, êî-
òîðûé âûçûâàåòñÿ. Ýòîò àëãîðèòì êîìáèíèðóåò àëãîðèòìû îïåðàöèîí-
íîé ñåìàíòèêè ñ ëîãè÷åñêèì âûâîäîì, èíôîðìàöèÿ äëÿ êîòîðîãî èçâëå-
êàåòñÿ èç ïðåäóñëîâèÿ (pre). Åñëè àëãîðèòì òåðïèò íåóäà÷ó, îí âîçâðà-
ùàåò ýëåìåíò (no function member was found).

Ïðàâèëà äëÿ îïåðàöèè (new ...) ñîçäàíèÿ ýëåìåíòà íåêîòîðîãî òè-
ïà èìåþò âèä
(if (new A B) par A (!s B) hvar W then

(InitType A)

(cases

(if (A is literalType) then

((val) ::=D (default value of A)) )

(if (A is valueType) then (newElemOfSort value)

(W ::=D (val)) ((type of W) ::=D A)

(initiateObject W type A args B) ((val) ::=D W) )

(if (A is referenceType) then (newElemOfSort object)

(W ::=D (val)) ((type of W) ::=D A)

(initiateObject W type A args B) ((val) ::=D W) )))

5.5. Ëîãèêà áåçîïàñíîñòè
äîïîëíèòåëüíûõ ýëåìåíòîâ C#-kernel

Ïðàâèëî äëÿ ýëåìåíòà (initType A) èìååò âèä
(if (initType A) par A then (cases

(if (A is initialized) then)

(else ((A is initialized) ::= true)

((A is initialized) ::=D true)

(initType A beforeStaticConstructorCall)

(call (resolveConstructor A) on A args) )))

Ïðàâèëî äëÿ ýëåìåíòà (specifyAsLocalVariable A type B val C)

èìååò âèä
(if (specifyAsLocalVariable A type B val C) par A B C then

(addD (type of A)) (addD (value of A)) (addD (A is variable))

((type of A) ::=D B) ((value of A) ::=D C)

((A is variable) ::=D true) )

Ïðàâèëî äëÿ ýëåìåíòà (specifyThis type A val B) èìååò âèä
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(if (specifyThis type A val B) par A B then

(addD (type of this)) (addD (value of this))

(addD (this is variable))

((type of this) ::=D A) ((value of this) ::=D B)

((this is variable) ::=D true) )

Ïðàâèëà äëÿ ýëåìåíòà (deleteVarScope A) èìåþò âèä
(if (deleteVarScope (A B)) par A (!s B) then

(deleteD (value of A)) (deleteD (type of A))

(deleteD (A is variable)) (deleteVarScope (B)) )

(if (deleteVarScope ()) then)

Ïðàâèëî äëÿ ýëåìåíòà (while A B thereWasIteration) èìååò âèä
(if (while A B thereWasIteration) var A B then A (casesD

(if ((val) = true) then B (while A B thereWasIteration))

(else) ))

Ïðàâèëî äëÿ ýëåìåíòà (gotoStop A) èìååò âèä
(if (gotoStop A) par (!s A) then)

Ïðàâèëî äëÿ ýëåìåíòà (breakStop) èìååò âèä
(if (breakStop) then)

Ïðàâèëî äëÿ ýëåìåíòà (switchJumpStop A) èìååò âèä
(if (switchJumpStop A) par A then)

Ïðàâèëî äëÿ ýëåìåíòà (insert body of A) èìååò âèä
(if (insert body of A) par A then (!** (body of A)))

Ïðàâèëî äëÿ ýëåìåíòà (initiateObject A type B args C) èìååò
âèä
(if (initiateObject A type B args C) par A B C then

(initiateObject A type B beforeConstructorCall)

(call (resolveConstructor B args C) on A args C) )

6. ÐÀÑØÈÐÅÍÈÅ ßÇÛÊÀ C#-LIGHT ÍÀ ÍÅÁÅÇÎÏÀÑÍÛÉ
ÊÎÄ

ßçûê C#-light ðàñøèðåí íà íåáåçîïàñíûé êîä, è äëÿ ðàñøèðåííîãî
ÿçûêà ðàçðàáîòàíà îïåðàöèîííàÿ ñåìàíòèêà íà áàçå ÎÑ-ñèñòåì.

Íàáîð ñîðòîâ, îïèñûâàþùèõ ñîñòîÿíèå ïðîãðàììû ñ íåáåçîïàñíûì
êîäîì, ðàñøèðÿåòñÿ ñîðòîì loc. Ýëåìåíòàìè ýòîãî ñîðòà ÿâëÿþòñÿ
ÿ÷åéêè ïàìÿòè, âûäåëÿåìûå ïðè ðàáîòå C# ïðîãðàììû. Ýëåìåíòû ñîð-
òà loc îïðåäåëÿþòñÿ êîíñòðóêòîðîì ñî ñïåöèôèêàöèåé (fun {loc A}

par (A nat0)).

31



Íàáîð ïåðåìåííûõ, îïèñûâàþùèõ ñîñòîÿíèå ïðîãðàììû ñ íåáåçîïàñ-
íûì êîäîì, ðàñøèðÿåòñÿ ñëåäóþùèìè ïåðåìåííûìè.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (loc of A) par (A

identifier) sort loc) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà,
êîãäà U � ÿ÷åéêà ïàìÿòè, âûäåëÿåìàÿ äëÿ ïåðåìåííîé A ïðîãðàììû.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (value of A) par (A loc)

sort *) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � çíà-
÷åíèå ÿ÷åéêè ïàìÿòè A.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (type of A) par (A loc)

sort type) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà, êîãäà U � òèï
ÿ÷åéêè ïàìÿòè A.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (loc of A of B) par (A

identifier) (B *) sort loc) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî
òîãäà, êîãäà U � ÿ÷åéêà ïàìÿòè, âûäåëåííàÿ ïîä ïîëå A ñòðóêòóðû B.

Ïåðåìåííàÿ ñî ñïåöèôèêàöèåé (var (loc of A of B) par (A

intC#) (B *) sort loc) ïðèíèìàåò çíà÷åíèå U òîãäà è òîëüêî òîãäà,
êîãäà U � ÿ÷åéêà ïàìÿòè, âûäåëåííàÿ ïîä ýëåìåíò ìàññèâà B ñ èíäåêñîì
A.

Ïðàâèëà îïåðàöèîííîé ñåìàíòèêè è ëîãèêè áåçîïàñíîñòè äëÿ êîí-
ñòðóêöèé ÿçûêîâ C#-light è C#-kernel, ïîïàäàþùèõ â ó÷àñòêè íåáåç-
îïàñíîãî êîäà, îïðåäåëÿþòñÿ àíàëîãè÷íî ïðàâèëàì äëÿ ÿçûêà C, îïè-
ñàííûì â ðàáîòå [6].

7. ÏÐÈÌÅÐ ÂÅÐÈÔÈÊÀÖÈÈ

Â êà÷åñòâå ïðèìåðà âåðèôèöèðóåìîé ïðîãðàììû âîçüìåì ïðèìåð
èç [5], êîòîðûé, â ñâîþ î÷åðåäü, ÿâëÿåòñÿ àäàïòèðîâàííûì äëÿ ÿçûêà
C# âàðèàíòîì Java ïðîãðàììû èç êîëëåêöèè òðóäíûõ äëÿ âåðèôèêà-
öèè ïðèìåðîâ [9]. Ýòîò ïðèìåð èëëþñòðèðóåò äèíàìè÷åñêîå ñâÿçûâà-
íèå, áëàãîäàðÿ êîòîðîìó íå ïðîèñõîäèò çàöèêëèâàíèå ïðè âûçîâå ìåòî-
äà C.m, õîòÿ ñîãëàñíî åãî îïðåäåëåíèþ ýòîò ìåòîä âûçûâàåò ñàì ñåáÿ.
Â [5] ñ ïîìîùüþ 3-ìåòîäà, èñïîëüçóþùåãî àêñèîìàòè÷åñêóþ ñåìàíòèêó
ÿçûêà C#-kernel, áûëà äîêàçàíà ÷àñòè÷íàÿ êîððåêòíîñòü ýòîé ïðîãðàì-
ìû, ò.å. ÷òî çàâåðøåíèå ýòîé ïðîãðàììû ïîðîæäàåò èñêëþ÷åíèå òèïà
System.Exception. Çäåñü ìû ïðèìåíÿåì 3M-ìåòîä, èñïîëüçóþùèé ëî-
ãèêó áåçîïàñíîñòè ÿçûêà C#-kernel, è äîêàçûâàåì òîòàëüíóþ êîððåêò-
íîñòü äàííîé ïðîãðàììû.

Èñõîäíàÿ ïðîãðàììà íà ÿçûêå C#-light èìååò âèä
class Ñ {
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virtual void m() {m();} }

class D:Ñ {

override void m() {

throw new System.Exception(); }

void Test() {base.m();}

static void Main() {D x = new D; x.Test();} }

Ðåçóëüòàòîì òðàíñëÿöèè ýòîé ïðîãðàììû â ìîäåëü íà ÿçûêå Atoment
ÿâëÿåòñÿ ýëåìåíò

(prog

(class Ñ body (

(methodDeclaration modifiers (virtual) void m ()

body (block ((mCallCount) ::=D (mCallCount) + 1)

(assertD ((mCallCount) <= 1)) (call m ()) ))))

(class D baseClass Ñ body (

(methodDeclaration modifiers (override) void m ()

body (block (throw (new (System . Exception) ())))

assert ((! type of (! exc)) = (System . Exception)) ))

(methodDeclaration void Test ()

body (block ((mCallCount) ::=D 0) (call m base ())) )

(methodDeclaration modifiers (static) void Main ()

body (block (locVarDec D (locVarDec-r x = (new D)))

(call Test x ()) )))

assume true

assert ((! type of (! exc)) = (System . Exception)) )

Íà ïåðâîì øàãå òðàíñëÿöèè êîíñòðóêöèè ÿçûêà C#-light òðàíñëèðó-
þòñÿ â ñîîòâåòñòâóþùèå èõ ìîäåëè. Íà âòîðîì øàãå â ðåçóëüòèðóþùóþ
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ïðîãðàììó íà ÿçûêå C#-kernel äîáàâëÿþòñÿ ïðåä- è ïîñòóñëîâèÿ ñ ïî-
ìîùüþ êëþ÷åâûõ ñëîâ assume è assert è íîâûå ýëåìåíòû (îíè çàêëþ÷å-
íû â ðàìêè), èñïîëüçóåìûå äëÿ äîêàçàòåëüñòâà çàâåðøèìîñòè âûïîëíå-
íèÿ ïðîãðàììû. Âûïîëíåíèå ñâîéñòâà áåçîïàñíîñòè ((mCallCount) <=

1) ãàðàíòèðóåò çàâåðøèìîñòü âûïîëíåíèÿ ïðîãðàììû, ò.ê. ïåðåìåííàÿ
(mCallCount), îáîçíà÷àþùàÿ ÷èñëî ñðàáàòûâàíèé ìåòîäà m êëàññà C,
ïîëó÷àåò íà÷àëüíîå çíà÷åíèå 0, è åå çíà÷åíèå ìåíÿåòñÿ òîëüêî ýëåìåí-
òîì ((mCallCount) ::= (mCallCount) + 1), ò. å. ìîæåò òîëüêî âîçðàñ-
òàòü. Äëÿ ìåòîäîâ êëàññîâ C è D íåò ñïåöèôèêàöèé, ïîýòîìó ïðè ïðè-
ìåíåíèè ïðàâèë ëîãèêè áåçîïàñíîñòè ïðè âûçîâå ýòèõ ìåòîäîâ áóäóò
ïîäñòàâëÿòüñÿ èõ òåëà.

Ïîêàæåì, ÷òî âûïîëíåíèå ïðîãðàììû áåçîïàñíî îòíîñèòåëüíî çà-
äàííûõ ñâîéñòâ áåçîïàñíîñòè. Â íàøåì ñëó÷àå ýòè ñâîéñòâà îçíà÷àþò,
÷òî ïðîãðàììà çàâåðøàåò ñâîþ ðàáîòó è âîçâðàùàåò â êà÷åñòâå ðåçóëü-
òàòà èñêëþ÷åíèå òèïà System.Exception.

Ïóñòü p0 � âåðèôèöèðóåìàÿ ïðîãðàììà, è s0 � íà÷àëüíîå ñîñòîÿ-
íèå ïðîãðàììû. Òðåáóåòñÿ ïðîâåðèòü áåçîïàñíîñòü êîíôèãóðàöèè (p0,

s0). Ïóñòü ProgBody è ProgPost îáîçíà÷àåò òåëî (ïîñëåäîâàòåëüíîñòü
äåêëàðàöèé) è ïîñòóñëîâèå ïðîãðàììû p0, ñîîòâåòñòâåííî.

Ïðèìåíÿÿ ïðàâèëî äëÿ ïðîãðàììû, ïðåîáðàçóåì (p0, s0) â (p1,

s1), ãäå s1 = s0, è p1 èìååò âèä
((count) ::= 1) (initVer) (preprocess ProgBody)

(setPre true) ((catchedException) ::= ())

(assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)

Ïðèìåíÿÿ ïðàâèëî äëÿ ïðåäîïðåäåëåííîãî ýëåìåíòà (. ::= .) ÿçû-
êà Atoment, ïðåîáðàçóåì (p1, s1) â (p2, s2), ãäå p2 èìååò âèä
(initVer) (preprocess ProgBody)

(setPre true) ((catchedException) ::= ())

(assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)

Ñîñòîÿíèå s2 îòëè÷àåòñÿ îò s1 òîëüêî íà (count), è s2(count) = 1.
Ïðèìåíÿÿ ïðàâèëî äëÿ ïðåäîïðåäåëåííîãî ýëåìåíòà (initVer) ÿçû-

êà Atoment, ïðåîáðàçóåì (p2, s2) â (p3, s3), ãäå p3 èìååò âèä
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(preprocess ProgBody)

(setPre true) ((catchedException) ::= ())

(assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)

Ñîñòîÿíèå s3 îòëè÷àåòñÿ îò s2 òîëüêî íà (ver (** verVar)), è
s2(ver)(A) = s1(count) = 1 äëÿ ëþáîé âåðñèîííîé ïåðåìåííîé A.

Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (preprocess), ïðåîáðàçóåì (p3,

s3) â (p4, s4), ãäå p4 èìååò âèä
(setPre true) ((catchedException) ::= ())

(assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)

Ñîñòîÿíèå s4 îòëè÷àåòñÿ îò s3 òîëüêî íà ñëåäóþùèõ àðãóìåíòàõ:
• s4(progBody) âîçâðàùàåò òåëî ïðîãðàììû;
• s4(count) = 12. Ýëåìåíò preprocess ïîðîæäàåò ôóíêöèîíàëü-
íûå ÷ëåíû {funMem i} äëÿ 2 ≤ i ≤ 7, ñîîòâåòñòâóþùèå ìåòîäàì
C.m, D.m, D.Test, D.Main, C.C, D.D; òèïû {type j} äëÿ 8 ≤ j ≤
11, ñîîòâåòñòâóþùèå êëàññàì C, D, System.Exception, System.
NullReferenceException; ïðîñòðàíñòâî èìåí {namespace 12},
ñîîòâåòñòâóþùåå ïðîñòðàíñòâó èìåí System. Äëÿ ïðîñòîòû äàëåå
áóäåì ññûëàòüñÿ íà ïîðîæäåííûå ýëåìåíòû ïî èõ ñèìâîëè÷åñêèì
èìåíàì, íàïðèìåð, {C.m} äëÿ {funMem 2};
• s4(entryPoint) = {D.Main};
• s4(containingElement of {C.m}) âîçâðàùàåò {C}, ... ;
• s4({C} is referenceType) = true, ... ;
• s4(name of {C.m}) = m, ... ;
• s4(declaration of {C.m}) âîçâðàùàåò äåêëàðàöèþ ìåòîäà C.m,
... ;
• s4(subElements of {D}) = ({D.m} {D.Test} {D.Main}), ... .

Ïðèìåíÿÿ ïðàâèëî äëÿ ïðåäîïðåäåëåííîãî ýëåìåíòà (setPre .)

ÿçûêà Atoment, ïðåîáðàçóåì (p4, s4) â (p5, s5), ãäå p5 èìååò âèä
((catchedException) ::= ()) (assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)
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Ñîñòîÿíèå s5 îòëè÷àåòñÿ îò s4 òîëüêî íà (pre), è s5(pre) = true.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (. ::= .), ïðåîáðàçóåì (p5, s5)

â (p6, s6), ãäå p6 èìååò âèä
(assumeD ((exc) = ()))

(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)

Ñîñòîÿíèå s6 îòëè÷àåòñÿ îò s5 òîëüêî íà (catchedException), è
s6(catchedException) = ().

Ïðèìåíÿÿ ïðàâèëî äëÿ ïðåäîïðåäåëåííîãî ýëåìåíòà (assumeD .)

ÿçûêà Atoment, ïðåîáðàçóåì (p6, s6) â (p7, s7), ãäå p7 èìååò âèä
(call (!* entryPoint) on type

(!* containingElement of (entryPoint)) args)

(assertD ProgPost)

Ñîñòîÿíèå s7 îòëè÷àåòñÿ îò s6 òîëüêî íà (pre), è s7(pre) = (true and

((!1 exc) = ())).
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (call . on type . args .), ïðå-

îáðàçóåì (p7, s7) â (p8, s8), ãäå p8 èìååò âèä
(evaluateArgs) ((!h 9) ::= (val))

(findFunMem {D.Main} {D} (!h 9)) ((!h 8) ::= (val))

(initType {D})

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s8 îòëè÷àåòñÿ îò s7 òîëüêî íà (count), è s8(count) = 14.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (evaluateArgs), ïðåîáðàçóåì

(p8, s8) â (p9, s9), ãäå p9 èìååò âèä
((!h 9) ::= (val))

(findFunMem {D.Main} {D} (!h 9)) ((!h 8) ::= (val))

(initType {D})

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases
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(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s9 îòëè÷àåòñÿ îò s8 íà (val), è s9(val) = ().
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (. ::= .), ïðåîáðàçóåì

(p9, s9) â (p10, s10), ãäå p10 èìååò âèä
(findFunMem {D.Main} {D} (!h 9)) ((!h 8) ::= (val))

(initType {D})

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s10 îòëè÷àåòñÿ îò s9 òîëüêî íà (!h 9), è s10(!h 9) = ().
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (findFunMem), ïðåîáðàçóåì (p10,

s10) â (p11, s11), ãäå p11 èìååò âèä
((!h 8) ::= (val))

(initType {D})

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s11 îòëè÷àåòñÿ îò s10 òîëüêî íà (val), è s11(val) =

{D.Main}.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (. ::= .), ïðåîáðàçóåì

(p11, s11) â (p12, s12), ãäå p12 èìååò âèä
(initType {D})

(block

(SpecifyFunMemPars (!h 8) (!h 9))
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(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s12 îòëè÷àåòñÿ îò s11 òîëüêî íà (!h 8), è s12(!h 10) =

{D.Main}.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (initType .), ïðåîáðàçóåì (p12,

s12) â (p13, s13), ãäå p13 èìååò âèä
(cases

(if ({D} is initialized) then)

(else (({D} is initialized) ::= true)

(({D} is initialized) ::=D true)

(initType {D} beforeStaticConstructorCall)

(call (resolveConstructor {D}) on A args) ))

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s13 ñîâïàäàåò ñ s12.
Ïðèìåíÿÿ ïðàâèëî äëÿ ïðåäîïðåäåëåííîãî ýëåìåíòà (cases ...)

ÿçûêà Atoment, ïðåîáðàçóåì (p13, s13) â (p14, s14), ãäå p14 èìååò
âèä
(({D} is initialized) ::= true)

(({D} is initialized) ::=D true)

(initType {D} beforeStaticConstructorCall)

(call (resolveConstructor {D}) on A args)

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )
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(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s14 ñîâïàäàåò ñ s13.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (. ::= .), ïðåîáðàçóåì

(p14, s14) â (p15, s15), ãäå p15 èìååò âèä
(({D} is initialized) ::=D true)

(initType {D} beforeStaticConstructorCall)

(call (resolveConstructor {D}) on A args)

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s15 îòëè÷àåòñÿ îò s14 òîëüêî íà (D is initialized), è
s15(D is initialized) = true.

Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (. ::=D .), ïðåîáðàçóåì
(p15, s15) â (p16, s16), ãäå p16 èìååò âèä
(initType {D} beforeStaticConstructorCall)

(call (resolveConstructor {D}) on A args)

(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s16 îòëè÷àåòñÿ îò s15 íà ñëåäóþùèõ àðãóìåíòàõ:
• s16(count) = 15;
• s16(ver (** verVar))((** type) is initialized) = 15;
• s16(pre) = (s15(pre) and

((!15 (** type) is initialized) =

(upd (!1 (** type) is initialized) (D) true) )).
Ïðèìåíÿÿ ïðàâèëà äëÿ ýëåìåíòîâ (initType .

beforeStaticConstructorCall) è (call . on . args .), ïðåîáðàçóåì
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(p16, s16) â (p17, s17), ãäå p17 èìååò âèä
(block

(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) ))

(assertD ProgPost)

Ñîñòîÿíèå s17 ñîâïàäàåò ñ s16.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (block .), ïðåîáðàçóåì

(p17, s17) â (p18, s18), ãäå p18 èìååò âèä
(SpecifyFunMemPars (!h 8) (!h 9))

(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) )

(assertD ProgPost)

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

Ñîñòîÿíèå s18 ñîâïàäàåò ñ s17.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (SpecifyFunMemPars . .), ïðåîá-

ðàçóåì (p18, s18) â (p19, s19), ãäå p19 èìååò âèä
(cases

(if ((assert of (!h 8)) != ()) then

(assumeD ((!* assume of (!h 8)) and (!* pre of (!h 8))))

(modifyD (!* (assert of (!h 8)))) )

(else (insert body of (!* (!h 8)))) )

(assertD ProgPost)

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

Ñîñòîÿíèå s19 ñîâïàäàåò ñ s18.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (cases ...), ïðåîáðàçóåì (p19,

s19) â (p20, s20), ãäå p20 èìååò âèä
(insert body of (!* (!h 8)))

(assertD ProgPost)

(gotoStop ...)
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(finally (deleteVarScope (!* (varList of (...)))))

Ñîñòîÿíèå s20 ñîâïàäàåò ñ s19.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (insert body of .), ïðåîáðàçóåì

(p20, s20) â (p21, s21), ãäå p21 èìååò âèä
(block (locVarDec {D} (locVarDec-r x = (new {D})))

(call Test x ()) )

(assertD ProgPost)

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

Ñîñòîÿíèå s21 ñîâïàäàåò ñ s20.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (block .), ïðåîáðàçóåì

(p21, s21) â (p22, s22), ãäå p22 èìååò âèä
(locVarDec {D} (locVarDec-r x = (new {D})))

(call Test x ())

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

(assertD ProgPost)

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

Ñîñòîÿíèå s22 ñîâïàäàåò ñ s21.
Ïðèìåíÿÿ ïðàâèëî äëÿ ýëåìåíòà (locVarDec ...), ïðåîáðàçóåì

(p22, s22) â (p23, s23), ãäå p23 èìååò âèä
(addD (locVarDecType))

((locVarDecType) ::=D {D}) (locVarDec-r x = (new {D}))

(finally (deleteD (locVarDecType)))

(call Test x ())

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

(assertD ProgPost)

(gotoStop ...)

(finally (deleteVarScope (!* (varList of (...)))))

Ñîñòîÿíèå s23 ñîâïàäàåò ñ s22.
Ìû îïèñàëè íåñêîëüêî øàãîâ âûâîäà óñëîâèé êîððåêòíîñòè ïîñðåä-

ñòâîì ïðèìåíåíèÿ ïðàâèë ëîãèêè áåçîïàñíîñòè. Îñòàëüíûå øàãè ñòðî-
ÿòñÿ àíàëîãè÷íûì îáðàçîì. Ïîëó÷åííûå â ðåçóëüòàòå óñëîâèÿ êîððåêò-
íîñòè èñòèííû.

8. ÇÀÊËÞ×ÅÍÈÅ
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Â ðàáîòå îïèñàí êîíöåïòóàëüíûé áàçèñ óëó÷øåííîãî òðåõóðîâíåâîãî
ìåòîäà âåðèôèêàöèè C# ïðîãðàìì íà îñíîâå ÏÎÑÏ è ÿçûêà îïèñàíèÿ
ÏÎÑÏ Atoment. Ïðåäëîæåíû ñõåìû îïèñàíèÿ ìîäåëåé, îïåðàöèîííîé
ñåìàíòèêè è ëîãèêè áåçîïàñíîñòè äëÿ ÿçûêîâ C#-light è C#-kernel. Ñõå-
ìû ïðîèëëþñòðèðîâàíû íà ïðåäñòàâèòåëüíîì íàáîðå êîíñòðóêöèé ýòèõ
ÿçûêîâ. ßçûê C#-light ðàñøèðåí íà íåáåçîïàñíûé êîä, à ÿçûê C#-kernel
� êîíñòðóêöèè ÿçûêà C#-light è ýëåìåíòû ÿçûêà Atoment. Ïðåäñòàâëå-
íà íîâàÿ êîíöåïöèÿ òðàíñëÿöèè C#-light ïðîãðàììû â C#-kernel, áàçè-
ðóþùàÿñÿ íà ðåàëèçàöèè ìåòîäà àòðèáóòíûõ àííîòàöèé ÷åðåç ïàðàìåò-
ðè÷åñêèå ïåðåìåííûå è íóìåðàöèþ ôóíêöèîíàëüíûõ ÷ëåíîâ è òèïîâ,
èñïîëüçóåìûõ â ýòîé ïðîãðàììå.

Â äàëüíåéøåì íà îñíîâå ïðåäëîæåííûõ êîíöåïòóàëüíûõ ñõåì ïëà-
íèðóåòñÿ ðàçðàáîòàòü ïîëíûå îïåðàöèîííóþ ñåìàíòèêó è ëîãèêó áåç-
îïàñíîñòè äëÿ ÿçûêîâ C#-light è C#-kernel. Òàêæå ïðåäïîëàãàåòñÿ èñ-
ñëåäîâàòü âîçìîæíîñòü ðàñøèðåíèÿ ÿçûêà C#-light íà íåîõâà÷åííûå
êîíñòðóêöèè ÿçûêà C#.
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