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Ââåäåíèå

Ëàáîðàòîðíàÿ �5 çàêëþ÷àåòñÿ â ñëåäóþùåì. Äëÿ çàäàííîé âàðèàíòîì ãðàììà-
òèêè íåîáõîäèìî:

� Ïîñòðîèòü ìíîæåñòâà FIRST è FOLLOW äëÿ êàæäîãî íåòåðìèíàëà.

� Ïîñòðîèòü òàáëèöó âûáîðà (lookup table).

� Ðåàëèçîâàòü äåòåðìèíèðîâàííûé ëåâûé àíàëèçàòîð (ïðîâåðêà ïðèíàäëåæíî-
ñòè öåïî÷êè ãðàììàòèêå).

� Íàçíà÷èòü ñåìàíòè÷åñêèå äåéñòâèÿ ÷àñòè çàäàííûõ ïðîäóêöèé (íàïðèìåð, ãå-
íåðàöèÿ ìàøèííîîðèåíòèðîâàííîãî êîäà).

Èñõîäíàÿ ãðàììàòèêà â âàðèàíòå 15 ñîñòîÿëà èç ñëåäóþùèõ ïðîäóêöèé:

S -> B A b
A -> a A B C | b B | a
B -> b
C -> c A

Îäíàêî, êàê áóäåò ïîêàçàíî â ðàçäåëå ìàòåìàòè÷åñêîãî îïèñàíèÿ, äàííàÿ ãðàì-
ìàòèêà íå ÿâëÿåòñÿ LL(1)-ãðàììàòèêîé èç-çà íåîäíîçíà÷íîñòè â âûáîðå ïðîäóêöèé
äëÿ íåòåðìèíàëà A. Ïîýòîìó â ðàáîòå èñïîëüçóåòñÿ ìîäèôèöèðîâàííàÿ âåðñèÿ ãðàì-
ìàòèêè ñ óäàëåííîé ïðîäóêöèåé A → a.
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1 Ìàòåìàòè÷åñêîå îïèñàíèå

1.1 Àíàëèç èñõîäíîé ãðàììàòèêè è å¼ ìîäèôèêàöèÿ

Èñõîäíàÿ ãðàììàòèêà âàðèàíòà 15 ñîäåðæàëà ñëåäóþùèå ïðîäóêöèè:

S -> B A b
A -> a A B C | b B | a
B -> b
C -> c A

Ïðè ïîïûòêå ïîñòðîåíèÿ LL(1)-àíàëèçàòîðà äëÿ äàííîé ãðàììàòèêè îáíàðó-
æèâàåòñÿ íåîäíîçíà÷íîñòü â òàáëèöå ñèíòàêñè÷åñêîãî àíàëèçà. Êîíêðåòíî, ïðè ðàñ-
ñìîòðåíèè íåòåðìèíàëà A è âõîäíîãî òåðìèíàëà a âîçíèêàåò êîíôëèêò ìåæäó äâóìÿ
ïðîäóêöèÿìè:

� A → a

� A → aABC

Îáå ïðîäóêöèè íà÷èíàþòñÿ ñ òåðìèíàëà a, ÷òî îçíà÷àåò, ÷òî a ∈ FIRST(a) è a ∈
FIRST(aABC). Ñëåäîâàòåëüíî, àíàëèçàòîð íå ìîæåò îäíîçíà÷íî îïðåäåëèòü, êàêóþ
ïðîäóêöèþ ïðèìåíèòü ïðè âñòðå÷å ñèìâîëà a íà âõîäå è íåòåðìèíàëà A íà âåðøèíå
ñòåêà.

Äëÿ ïîëó÷åíèÿ êîððåêòíîé LL(1)-ãðàììàòèêè áûëà âûïîëíåíà ìîäèôèêàöèÿ:
óäàëåíà ïðîäóêöèÿ A → a. Òàêèì îáðàçîì, èòîãîâàÿ ãðàììàòèêà, èñïîëüçóåìàÿ â
äàííîé ðàáîòå, èìååò âèä:

S -> B A b
A -> a A B C | b B
B -> b
C -> c A

Äàííàÿ ìîäèôèêàöèÿ óñòðàíÿåò íåîäíîçíà÷íîñòü è ïîçâîëÿåò ïîñòðîèòü êîð-
ðåêòíóþ òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà äëÿ LL(1)-àíàëèçàòîðà. ßçûê, ïîðîæäàå-
ìûé ìîäèôèöèðîâàííîé ãðàììàòèêîé, îñòàåòñÿ äîñòàòî÷íî âûðàçèòåëüíûì äëÿ äå-
ìîíñòðàöèè ïðèíöèïîâ ðàáîòû LL(1)-àíàëèçàòîðà.

1.2 Èåðàðõèÿ ãðàììàòèê Õîìñêîãî

Èåðàðõèÿ Õîìñêîãî � êëàññèôèêàöèÿ ôîðìàëüíûõ ÿçûêîâ è ôîðìàëüíûõ ãðàì-
ìàòèê, ñîãëàñíî êîòîðîé îíè äåëÿòñÿ íà 4 òèïà ïî èõ óñëîâíîé ñëîæíîñòè. Íà Ðèñ. 1
ïðåäñòàâëåíû âñå ÷åòûðå òèïà ãðàììàòèê (ïî òèïó ïðîäóêöèé, èç êîòîðûõ îíè ñî-
ñòîÿò) è îòíîøåíèÿ ìåæäó íèìè.

Ëþáàÿ àâòîìàòíàÿ ãðàììàòèêà ÿâëÿåòñÿ êîíòåêñòíî-ñâîáîäíîé, ëþáàÿ êîíòåêñòíî-
ñâîáîäíàÿ ãðàììàòèêà ÿâëÿåòñÿ êîíòåêñòíî-çàâèñèìîé, ëþáàÿ êîíòåêñòíî-çàâèñèìàÿ
ãðàììàòèêà ÿâëÿåòñÿ íåîãðàíè÷åííîé.
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Ðèñ. 1. Èåðàðõèÿ ãðàììàòèê Õîìñêîãî

1.3 Êîíòåêñòíî-ñâîáîäíûå ãðàììàòèêè

Êîíòåêñòíî-ñâîáîäíûå ãðàììàòèêè ÿâëÿþòñÿ ÷àñòíûì ñëó÷àåì ôîðìàëüíûõ
ãðàììàòèê, â êîòîðûõ ëåâûå ÷àñòè âñåõ ïðîäóêöèé ñîäåðæàò òîëüêî îäèí íåòåð-
ìèíàëüíûé ñèìâîë. Ýòî îçíà÷àåò, ÷òî âñå ïðîäóêöèè èìåþò âèä A → β, ãäå A �
íåòåðìèíàëüíûé ñèìâîë, à β � ïðîèçâîëüíàÿ öåïî÷êà òåðìèíàëîâ è íåòåðìèíàëîâ.

Ìîäèôèöèðîâàííàÿ ãðàììàòèêà ýòîãî âàðèàíòà ëàáîðàòîðíîé ðàáîòû çàäà¼òñÿ
â âèäå ñëåäóþùåãî ñïèñêà ïðîäóêöèé:

S -> B A b
A -> a A B C | b B
B -> b
C -> c A

Îíà, î÷åâèäíî, ÿâëÿåòñÿ êîíòåêñòíî-ñâîáîäíîé, òàê êàê â ëåâûõ ÷àñòÿõ âñåõ ïðî-
äóêöèé ïðèñóòñòâóåò òîëüêî îäèí íåòåðìèíàëüíûé ñèìâîë. Òàêæå ìîæíî ñðàçó çà-
ìåòèòü, ÷òî ãðàììàòèêà íå ÿâëÿåòñÿ àâòîìàòíîé, òàê êàê â ñïèñêå åñòü ïðîäóêöèè,
â ïðàâûõ ÷àñòÿõ êîòîðûõ ïðèñóòñòâóþò íåñêîëüêî íåòåðìèíàëîâ.

ßçûê, ïîðîæäàåìûé ãðàììàòèêîé, î÷åâèäíî, íå ñëîæíåå êîíòåêñòíî-ñâîáîäíîãî.
Òàêæå, ïî ïðîäóêöèè A -> a A B C, ìîæíî ñäåëàòü âûâîä, ÷òî ÿçûê íå ÿâëÿåòñÿ àâ-
òîìàòíûì. Ýòà ïðîäóêöèÿ ÿâëÿåòñÿ ðåêóðñèâíîé è ïîðîæäàåò âëîæåííóþ ñòðóêòóðó,
êîòîðàÿ íå ìîæåò áûòü îïèñàíà êîíå÷íûì àâòîìàòîì.

Ïðèìåð äåðåâà âûâîäà äëÿ öåïî÷êè ÿçûêà, ïîðîæäàåìîãî ãðàììàòèêîé, ïðåä-
ñòàâëåí íà Ðèñ. 2.

1.4 LL(k)-àíàëèçàòîðû è LL(k)-ãðàììàòèêè

Ñèíòàêñè÷åñêèé LL-àíàëèçàòîð � ýòî íèñõîäÿùèé ñèíòàêñè÷åñêèé àíàëèçàòîð
äëÿ íåêîòîðîãî ïîäìíîæåñòâà êîíòåêñòíî-ñâîáîäíûõ ãðàììàòèê, èçâåñòíûõ êàê LL-
ãðàììàòèêè. Ïðè ýòîì íå âñå êîíòåêñòíî-ñâîáîäíûå ãðàììàòèêè ÿâëÿþòñÿ LL-
ãðàììàòèêàìè.
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Ðèñ. 2. Äåðåâî âûâîäà äëÿ öåïî÷êè babbbcbbb.

Áóêâû L â âûðàæåíèè ¾LL-àíàëèçàòîð¿ îçíà÷àþò, ÷òî âõîäíàÿ ñòðîêà àíàëè-
çèðóåòñÿ ñëåâà íàïðàâî (left to right), è ïðè ýòîì ñòðîèòñÿ å¼ ëåâîñòîðîííèé âûâîä
(leftmost derivation).

LL-àíàëèçàòîð íàçûâàåòñÿ LL(k)-àíàëèçàòîðîì, åñëè äàííûé àíàëèçàòîð èñ-
ïîëüçóåò ïðåäïðîñìîòð íà k òîêåíîâ (ëåêñåì) ïðè ðàçáîðå âõîäíîãî ïîòîêà. Ãðàììà-
òèêà, êîòîðàÿ ìîæåò áûòü ðàñïîçíàíà LL(k)-àíàëèçàòîðîì áåç âîçâðàòîâ ê ïðåäû-
äóùèì ñèìâîëàì, íàçûâàåòñÿ LL(k)-ãðàììàòèêîé. ßçûê, êîòîðûé ìîæåò áûòü ïðåä-
ñòàâëåí â âèäå LL(k)-ãðàììàòèêè, íàçûâàåòñÿ LL(k)-ÿçûêîì.

Êàê áóäåò ïîêàçàíî äàëåå, ãðàììàòèêà, ðàññìàòðèâàåìàÿ â ýòîì âàðèàíòå ëàáî-
ðàòîðíîé ðàáîòû ÿâëÿåòñÿ LL(1)-ãðàììàòèêîé, òàê êàê äëÿ íå¼ ìîæíî îäíîçíà÷íî
çàïîëíèòü òàáëèöó LL(1) ñèíòàêñè÷åñêîãî àíàëèçà. Ýòî îçíà÷àåò, ÷òî äëÿ ðàñïîçíà-
âàíèÿ ëþáîé öåïî÷êè ãðàììàòèêè, àíàëèçàòîðó äîñòàòî÷íî ïðîñìàòðèâàòü âõîäíîé
ïîòîê òîëüêî íà îäèí ñèìâîë âïåð¼ä äëÿ ïðèíÿòèÿ ðåøåíèÿ î òîì, êàêîå ïðàâèëî
ãðàììàòèêè íåîáõîäèìî ïðèìåíèòü.
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1.5 Àëãîðèòì ïîñòðîåíèÿ LL(1) òàáëèöû ñèíòàêñè-

÷åñêîãî àíàëèçà

×òîáû çàïîëíèòü òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà, íåîáõîäèìî óñòàíîâèòü, êà-
êîå ïðàâèëî ãðàììàòèêè ñèíòàêñè÷åñêèé àíàëèçàòîð äîëæåí âûáðàòü, åñëè íåòåðìè-
íàëüíîå A íàõîäèòñÿ íà âåðøèíå åãî ñòåêà è ñèìâîë a � âî âõîäíîì ïîòîêå. Ëåãêî
çàìåòèòü, ÷òî òàêîå ïðàâèëî äîëæíî èìåòü ôîðìó A → w è ÷òî ó ÿçûêà, ñîîòâåò-
ñòâóþùåãî w, äîëæíà áûòü ïî êðàéíåé ìåðå îäíà ñòðîêà, íà÷èíàþùàÿñÿ ñ a.

Ñ ýòîé öåëüþ ìû îïðåäåëÿåì ìíîæåñòâî FIRST() äëÿ w, îáîçíà÷åííîå êàê
FIRST(w), êàê ìíîæåñòâî òåðìèíàëîâ, êîòîðûå ìîãóò áûòü íàéäåíû â íà÷àëå ëþáîé
ñòðîêè â w, è ε, åñëè ïóñòàÿ ñòðîêà òàêæå ïðèíàäëåæèò w.

Ó÷èòûâàÿ ãðàììàòèêó ñ ïðàâèëàìè A1 → w1, . . . , An → wn, ìîæíî âû÷èñëèòü
FIRST(wi) è FIRST(Ai) äëÿ êàæäîãî ïðàâèëà ñëåäóþùèì îáðàçîì:

1. Èíèöèàëèçèðîâàòü êàæäîå ìíîæåñòâî FIRST(Ai) ïóñòûì ìíîæåñòâîì.

2. Äîáàâèòü FIRST(wi) ê FIRST(Ai) äëÿ êàæäîãî ïðàâèëà Ai → wi, ãäå FIRST(wi)
îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

� FIRST(aw′) = {a} äëÿ êàæäîãî òåðìèíàëà a

� FIRST(Aw′) = FIRST(A) äëÿ êàæäîãî íåòåðìèíàëüíîãî A ñ ε /∈ FIRST(A)

� FIRST(Aw′) = (FIRST(A) \ {ε})∪ FIRST(w′) äëÿ êàæäîãî íåòåðìèíàëüíî-
ãî A ñ ε ∈ FIRST(A), âêëþ÷àÿ ñëó÷àé Ai → A, òî åñòü w′ = ε, â ýòîì
ñëó÷àå FIRST(Aw′) = FIRST(A)

� FIRST(ε) = {ε}

3. Ïîâòîðÿòü øàã 2, ïîêà â ìíîæåñòâàõ FIRST ïðîèñõîäÿò èçìåíåíèÿ.

Îäíàêî ìíîæåñòâ FIRST() íåäîñòàòî÷íî, ÷òîáû ïîñòðîèòü òàáëèöó ñèíòàêñè-
÷åñêîãî àíàëèçà. Òàê ïðîèñõîäèò, ïîòîìó ÷òî ïðàâàÿ ñòîðîíà w ïðàâèëà ìîãëà áû â
êîíå÷íîì ñ÷¼òå áûòü ïðèâåäåíà ê ïóñòîé ñòðîêå. Òàêèì îáðàçîì ñèíòàêñè÷åñêèé àíà-
ëèçàòîð äîëæåí òàêæå èñïîëüçîâàòü ïðàâèëî A → w, åñëè ε ∈ FIRST(w) è âî âõîäíîì
ïîòîêå ñèìâîë, êîòîðûé ìîæåò ñëåäîâàòü çà A. Ïîýòîìó òàêæå íåîáõîäèìî ïîñòðî-
èòü ìíîæåñòâî FOLLOW() äëÿ A, êîòîðîå îïðåäåëÿåòñÿ êàê ìíîæåñòâî òåðìèíàëîâ
a, òàêèõ ÷òî ñóùåñòâóåò ñòðîêà ñèìâîëîâ αAaβ, êîòîðàÿ ìîæåò áûòü ïîëó÷åíà èç
íà÷àëüíîãî ñèìâîëà.

Âû÷èñëåíèå ìíîæåñòâ FOLLOW() äëÿ íåòåðìèíàëîâ â ãðàììàòèêå âûïîëíÿåòñÿ
ñëåäóþùèì îáðàçîì:

1. Èíèöèàëèçèðîâàòü FOLLOW(S) = {$}, à âñå îñòàëüíûå ìíîæåñòâà FOLLOW(Ai)
ïóñòûìè, ãäå $ � ñïåöèàëüíûé òåðìèíàë, ñëóæàùèé äëÿ óêàçàíèÿ êîíöà âõîä-
íîé öåïî÷êè.

2. Åñëè åñòü ïðàâèëî ôîðìû Aj → wAiw
′, òîãäà:

� Åñëè òåðìèíàë a ∈ FIRST(w′), òî äîáàâèòü a â FOLLOW(Ai)
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� Åñëè ε ∈ FIRST(w′), òî äîáàâèòü FOLLOW(Aj) â FOLLOW(Ai)

� Åñëè w′ èìååò äëèíó 0, òî äîáàâèòü FOLLOW(Aj) â FOLLOW(Ai)

3. Ïîâòîðÿòü øàã 2, ïîêà â ìíîæåñòâàõ FOLLOW() ïðîèñõîäÿò èçìåíåíèÿ.

Òåïåðü ìîæíî òî÷íî îïðåäåëèòü, êàêèå ïðàâèëà áóäóò ñîäåðæàòüñÿ â òàáëèöå
ñèíòàêñè÷åñêîãî àíàëèçà. Åñëè T [A, a] îáîçíà÷àåò ÿ÷åéêó â òàáëèöå äëÿ íåòåðìè-
íàëüíîãî A è òåðìèíàëà a, òî:

� T [A, a] ñîäåðæèò ïðàâèëî A → w òîãäà è òîëüêî òîãäà, êîãäà:

� a ∈ FIRST(w) ïðè ïðîõîäå ïðàâèëà A → w, èëè

� ε ∈ FIRST(w) è a ∈ FOLLOW(A)

Åñëè òàáëèöà áóäåò ñîäåðæàòü íå áîëåå îäíîãî ïðàâèëà â êàæäîé ÿ÷åéêå, òî ñèí-
òàêñè÷åñêèé àíàëèçàòîð ñìîæåò îäíîçíà÷íî îïðåäåëèòü, êàêîå ïðàâèëî íåîáõîäèìî
ïðèìåíèòü íà êàæäîì øàãå ðàçáîðà. Â ýòîì ñëó÷àå ãðàììàòèêó ÿâëÿåòñÿ LL(1)
ãðàììàòèêîé.

1.6 Ìíîæåñòâà FIRST è FOLLOW äëÿ çàäàííîé

ãðàììàòèêè

Ïðèâåä¼ì ìíîæåñòâà FIRST è FOLLOW äëÿ âñåõ íåòåðìèíàëîâ çàäàííîé ãðàì-
ìàòèêè.

Ìíîæåñòâà FIRST:

FIRST(S) = {b}
FIRST(A) = {a, b}
FIRST(B) = {b}
FIRST(C) = {c}

Ìíîæåñòâà FOLLOW:

FOLLOW(S) = {$}
FOLLOW(A) = {b}
FOLLOW(B) = {a, b, c}
FOLLOW(C) = {b}

1.7 Òàáëèöà ñèíòàêñè÷åñêîãî àíàëèçà äëÿ çàäàííîé

ãðàììàòèêè

Òàáëèöà ñèíòàêñè÷åñêîãî àíàëèçà äëÿ çàäàííîé ãðàììàòèêè ïðåäñòàâëåíà â òàá-
ëèöå 1.
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Òàáëèöà 1. Òàáëèöà ñèíòàêñè÷åñêîãî àíàëèçà äëÿ çàäàííîé ãðàììàòèêè.

a b c $

S - B A b - -

A a A B C b B - -

B - b - -

C - - c A -

Åñëè ïðè ðàñïîçíàâàíèè öåïî÷êè ñèíòàêñè÷åñêèé àíàëèçàòîð âñòðå÷àåò ÿ÷åéêó
ñ ïðî÷åðêîì, òî ýòî îçíà÷àåò, ÷òî âõîäíàÿ öåïî÷êà íå ïðèíàäëåæèò ÿçûêó, ïîðîæäà-
åìîìó ãðàììàòèêîé. Â òàêîì ñëó÷àå ñèíòàêñè÷åñêèé àíàëèçàòîð çàâåðøàåò ðàáîòó è
âîçâðàùàåò ñîîáùåíèå îá îøèáêå.

1.8 Àëãîðèòì ðàçáîðà ïðåäëîæåíèé

Ïåðåä çàïóñêîì àëãîðèòìà ðàçáîðà â ñòåê ïîìåùàþòñÿ äâà ñèìâîëà:

� Ñïåöèàëüíûé ñèìâîë $ � ïðèçíàê êîíöà âõîäíîé öåïî÷êè.

� Íà÷àëüíûé ñèìâîë ãðàììàòèêè (íà âåðøèíó ñòåêà).

Cèíòàêñè÷åñêèé àíàëèçàòîð âûïîëíÿåò òðè ðàçëè÷íûõ âèäà äåéñòâèé â çàâèñè-
ìîñòè îò òîãî, íàõîäèòñÿ ëè íà âåðøèíå ñòåêà íåòåðìèíàë, òåðìèíàë èëè ñïåöèàëü-
íûé ñèìâîë $.

1. Åñëè íà âåðøèíå ñòåêà � íåòåðìèíàë, òî â òàáëèöå ñèíòàêñè÷åñêîãî
àíàëèçà èùåòñÿ ïðàâèëî ãðàììàòèêè, íàõîäÿùååñÿ íà ïåðåñå÷åíèè ñòðîêè è
ñòîëáöà, ñîîòâåòñòâóþùèõ ýòîìó íåòåðìèíàëó íà âåðøèíå ñòåêà è òåêóùåìó
âõîäíîìó ñèìâîëó. Åñëè æå â óêàçàííîé ÿ÷åéêå òàáëèöû ïðàâèëî îòñóòñòâóåò
� ñèíòàêñè÷åñêèé àíàëèçàòîð îñòàíàâëèâàåòñÿ è ñîîáùàåò îá îøèáêå.

2. Åñëè íà âåðøèíå ñòåêà � òåðìèíàë, òî ñèíòàêñè÷åñêèé àíàëèçàòîð ñðàâ-
íèâàåò åãî ñ òåêóùèì âõîäíûì ñèìâîëîì. Åñëè îíè ðàâíû, òî âõîäíîé ñèìâîë
ñ÷èòûâàåòñÿ, à ñîîòâåòñòâóþùèé ñèìâîë èç âåðøèíû ñòåêà � óäàëÿåòñÿ.

3. Åñëè íà âåðøèíå ñòåêà � ñïåöèàëüíûé ñèìâîë $, è òåêóùèé ñèìâîë
íà ëåíòå òàêæå ðàâåí $, òî ñèíòàêñè÷åñêèé àíàëèçàòîð ñîîáùàåò îá óñïåøíîì
ðàñïîçíàâàíèè öåïî÷êè. Â ïðîòèâíîì ñëó÷àå � ñîîáùàåò îá îøèáêå. Â îáîèõ
ñëó÷àÿõ ïðîèñõîäèò îñòàíîâ àíàëèçàòîðà.

Ýòè øàãè ïîâòîðÿþòñÿ äî òåõ ïîð, ïîêà íå ïðîèçîéä¼ò îñòàíîâ. Ïîñëå îñòàíîâà
ìû ïîëó÷àåì ëèáî ñîîáùåíèå îá îøèáêå, ëèáî ñîîáùåíèå îá óñïåøíîì ðàñïîçíàâàíèè
öåïî÷êè.

1.9 Àëãîðèòì ãåíåðàöèè öåïî÷åê

Ãåíåðàöèÿ öåïî÷åê ïðîèñõîäèò ñëåäóþùèì îáðàçîì:
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1. Â ñïèñîê ïîìåùàåòñÿ íà÷àëüíûé ñèìâîë ãðàììàòèêè.

2. Îñóùåñòâëÿåòñÿ ïðîõîä ïî ñïèñêó. Ïåðâûé âñòðå÷åííûé íåòåðìèíàë çàìåíÿ-
åòñÿ íà åãî ñëó÷àéíî âûáðàííóþ ïðîäóêöèþ, ïîñëå ÷åãî ïðîõîä íà÷èíàåòñÿ
çàíîâî.

3. Àëãîðèòì çàâåðøàåòñÿ, êîãäà â ñïèñêå íå îñòàëîñü íåòåðìèíàëîâ.

Ýòîò àëãîðèòì íå ïîçâîëÿåò êîíòðîëèðîâàòü äëèíó ïðåäëîæåíèÿ. Òàêæå àëãî-
ðèòì ìîæåò íå ñõîäèòüñÿ â îáùåì ñëó÷àå. Íî âåðîÿòíîñòü òîãî, ÷òî àëãîðèòì ïîïàäåò
â ïåòëþ óáûâàåò ãåîìåòðè÷åñêè ñ ðîñòîì äëèíû öåïî÷êè, òàê ÷òî íà ïðàêòèêå ýòîò
ìåòîä ðàáîòàåò.

1.10 Ñåìàíòè÷åñêèå äåéñòâèÿ

Êàæäîé ïðîäóêöèè ìîæíî ñîïîñòàâèòü íåêîòîðîå ñåìàíòè÷åñêîå äåéñòâèå, êî-
òîðîå áóäåò âûïîëíÿòüñÿ ïðè ïðèìåíåíèè ýòîé ïðîäóêöèè, âî âðåìÿ ðàñïîçíàâàíèÿ
öåïî÷êè. Òàêèì îáðàçîì, ìîæíî, íàïðèìåð, ãåíåðèðîâàòü ìàøèííûé êîä.

Â äàííîé ëàáîðàòîðíîé ðàáîòå â êà÷åñòâå ñåìàíòè÷åñêèõ äåéñòâèé ðåøåíî áû-
ëî èñïîëüçîâàòü ãåíåðàöèþ èíñòðóêöèé äëÿ Java Virtual Machine. JVM ýòî ñòåêîâàÿ
âèðòóàëüíàÿ ìàøèíà, å¼ èíñòðóêöèè èçìåíÿþò ñîäåðæèìîå ñòåêà. Ïðèìåðû èíñòðóê-
öèé:

� iconst_1 � ïîëîæèòü öåëî÷èñëåííîå çíà÷åíèå 1 íà âåðøèíó ñòåêà.

� isub � âû÷åñòü âåðõíåå öåëî÷èñëåííîå çíà÷åíèå ñòåêà èç ïðåäûäóùåãî è ïî-
ëîæèòü ðåçóëüòàò íà âåðøèíó ñòåêà.

� iadd � ñëîæèòü äâà âåðõíèõ öåëî÷èñëåííûõ çíà÷åíèÿ ñòåêà è ïîëîæèòü ðå-
çóëüòàò íà âåðøèíó ñòåêà.

Ïðè ðàñïîçíàâàíèè öåïî÷êè ìîæíî, íàïðèìåð, ãåíåðèðîâàòü èíñòðóêöèè, â ðå-
çóëüòàòå âûïîëíåíèÿ êîòîðûõ íà âåðøèíå ñòåêà îêàæåòñÿ ñëåäóþùåå öåëî÷èñëåííîå
çíà÷åíèå:

#b− 2×#a+ 3×#c

ãäå #a, #b, #c � ýòî êîëè÷åñòâà âõîæäåíèé ñèìâîëîâ a, b, c â öåïî÷êó ñîîòâåò-
ñòâåííî.

Äëÿ ýòîãî ïðîäóêöèè áûëè ñîïîñòàâëåíû ñî ñëåäóþùèìè èíñòðóêöèÿìè:

� S → BAb ; iconst_1

� A → aABC ; iconst_2 isub

� A → bB ; iconst_1 iadd

� B → b ; iconst_3 iadd

� C → cA ; iconst_3 iadd
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Òîãäà ïðè ëåâîì âûâîäå öåïî÷êè babbbcbbb, áóäåò ñãåíåðèðîâàíà ñëåäóþùàÿ
ïîñëåäîâàòåëüíîñòü èíñòðóêöèé:

iconst_1 # [1] - çíà÷åíèå íà âåðøèíå ñòåêà
iconst_1 iadd # [2]
iconst_2 isub # [0]
iconst_1 iadd # [1]
iconst_1 iadd # [2]
iconst_1 iadd # [3]
iconst_3 iadd # [6]
iconst_1 iadd # [7]
iconst_1 iadd # [8]

Çíà÷åíèå íà âåðøèíå ñòåêà â êîíöå âûïîëíåíèÿ âñåõ èíñòðóêöèé ðàâíî 8. Ïî-
ñêîëüêó â öåïî÷êå babbbcbbb 7 ñèìâîëîâ b, 1 ñèìâîë a è 1 ñèìâîë c, òî è çíà÷åíèå
âûðàæåíèÿ #b− 2×#a+ 3×#c äëÿ ýòîé öåïî÷êè ðàâíî 8.
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2 Îñîáåííîñòè ðåàëèçàöèè

2.1 Çàäàíèå ïðàâèë ãðàììàòèêè

Ãðàììàòèêà çàäà¼òñÿ â âèäå òåêñòîâîãî ôàéëà, â êîòîðîì êàæäàÿ ñòðîêà ñîîò-
âåòñòâóåò îäíîé ïðîäóêöèè. Ñèíòàêñèñ çàäàíèÿ ïðîäóêöèé ñîîòâåòñòâóåò îáùåïðè-
íÿòîìó, çà èñêëþ÷åíèåì òîãî, ÷òî âìåñòî ε èñïîëüçóåòñÿ ñëîâî ¾epsilon¿ è ëþáûå
ñèìâîëû ãðàììàòèêè äîëæíû áûòü ðàçäåëåíû ïðîáåëàìè.

2.2 Êëàññ Grammar

Êëàññ Grammar ñîäåðæèò â ñåáå âñþ èíôîðìàöèþ î ãðàììàòèêå, à òàêæå ìåòîäû
äëÿ ðàáîòû ñ íåé. Êîä êîíñòðóêòîðà êëàññà ïðåäñòàâëåí â ëèñòèíãå 1. Êîíñòðóêòîð
êëàññà ïðèíèìàåò íà âõîä ñòðîêó, ñîäåðæàùóþ îïèñàíèå ãðàììàòèêè è îáúåêò òèïà
Callable[[int, tuple[str, list[str]]], None] � ôóíêöèþ-êîëáýê, êîòîðàÿ áóäåò
âûçûâàòüñÿ ïðè ïðèìåíåíèè ïðîäóêöèè. Ýòà ôóíêöèÿ äîëæíà ïðèíèìàòü äâà àðãó-
ìåíòà: íîìåð ïðîäóêöèè è êîðòåæ, ñîäåðæàùèé ëåâóþ è ïðàâóþ ÷àñòè ïðîäóêöèè.
Äàëåå êîíñòðóêòîð âûçûâàåò ìåòîäû äëÿ ïàðñèíãà ïðîäóêöèé, íàõîæäåíèÿ òåðìèíà-
ëîâ, âû÷èñëåíèÿ ìíîæåñòâ FIRST è FOLLOW, çàïîëíåíèÿ òàáëèöû ñèíòàêñè÷åñêîãî
àíàëèçà.

Ëèñòèíã 1. Êîä êîíñòðóêòîðà êëàññà Grammar.

1 class Grammar:
2 EPSILON: str = "epsilon"
3
4 def __init__(
5 self,
6 text: str,
7 semantic_action: Callable[[int, tuple[str, list[str]]], None] | None = None,
8 ):
9 self.productions: OrderedDict[str, list[list[str]]] = OrderedDict()
10 self.start_symbol: str = ""
11 self._parse_productions(text)
12
13 self.terminals: set[str] = set()
14 self._�nd_terminals()
15
16 self.�rst_sets: dict[str, set[str]] = {}
17 self._calculate_�rst_sets()
18
19 self.follow_sets: dict[str, set[str]] = {}
20 self._calculate_follow_sets()
21
22 self.lookup_table: dict[str, dict[str, list[str]]] = {}
23 self._�ll_lookup_table()
24
25 # Ñîïîñòîâëÿåì óíèêàëüíûé íîìåð ñ êàæäûì ïðàâèëîì
26 self.rule_numbers = {}
27 rule_idx = 1
28 for nt, rules in self.productions.items():
29 for rule in rules:
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30 self.rule_numbers[(nt, tuple(rule))] = rule_idx
31 rule_idx += 1
32
33 # Semantic action callback
34 self.semantic_action = semantic_action

2.2.1 Ìåòîä _parse_productions

Ìåòîä _parse_productions âûïîëíÿåò ðàçáîð òåêñòîâîãî îïèñàíèÿ ãðàììàòèêè
è ñîçäà¼ò âíóòðåííåå ïðåäñòàâëåíèå ïðîäóêöèé. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèí-
ãå 2.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar è ñòðîêó text òèïà str,
ñîäåðæàùóþ òåêñòîâîå ïðåäñòàâëåíèå ãðàììàòèêè.

Ìåòîä íå âîçâðàùàåò çíà÷åíèé ÿâíî, íî çàïîëíÿåò ñëîâàðü productions è óñòà-
íàâëèâàåò ïåðåìåííóþ start_symbol â îáúåêòå êëàññà.

Ëèñòèíã 2. Êîä ìåòîäà _parse_productions.

1 def _parse_productions(self, text: str):
2 for line in text.splitlines():
3 line = line.strip()
4 if not line:
5 continue
6
7 non_terminal, rule = line.split("=>")
8 if self.start_symbol == "":
9 self.start_symbol = non_terminal.strip()
10
11 non_terminal = non_terminal.strip()
12 rules = [
13 [
14 symbol.strip('"')
15 for symbol in re.�ndall(r"\".*?\"|\S+", rule.strip())
16 if symbol.strip('"') != self.EPSILON
17 ]
18 for rule in rule.split("|")
19 ]
20
21 if non_terminal not in self.productions:
22 self.productions[non_terminal] = []
23
24 self.productions[non_terminal].extend(rules)

2.2.2 Ìåòîä _calculate_first_sets

Ìåòîä _calculate_first_sets âû÷èñëÿåò ìíîæåñòâà FIRST äëÿ âñåõ ñèìâîëîâ
ãðàììàòèêè. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 3.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä íå âîçâðàùàåò çíà÷åíèé ÿâíî, íî çàïîëíÿåò ñëîâàðü �rst_sets â îáúåêòå
êëàññà.
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Ëèñòèíã 3. Êîä ìåòîäà _calculate_first_sets.

1 def _calculate_�rst_sets(self):
2 # Èíèöèàëèçàöèÿ FIRST äëÿ âñåõ ñèìâîëîâ
3 for non_terminal in self.productions:
4 self.�rst_sets[non_terminal] = set()
5
6 # Äëÿ òåðìèíàëîâ FIRST ñîäåðæèò òîëüêî ñàì òåðìèíàë
7 for terminal in self.terminals:
8 self.�rst_sets[terminal] = {terminal}
9
10 # Âû÷èñëåíèå FIRST äëÿ íåòåðìèíàëîâ
11 changed = True
12 while changed:
13 changed = False
14 for non_terminal, rules in self.productions.items():
15 for rule in rules:
16 if not rule: # Ïóñòîå ïðàâèëî ýïñèëîí()
17 if "" not in self.�rst_sets[non_terminal]:
18 self.�rst_sets[non_terminal].add("")
19 changed = True
20 else:
21 all_can_derive_epsilon = True
22 for i, symbol in enumerate(rule):
23 # Äîáàâëÿåì âñå ñèìâîëû èç FIRST(symbol) êðîìå ýïñèëîí
24 �rst_without_epsilon = self.�rst_sets[symbol] = {""}
25 old_size = len(self.�rst_sets[non_terminal])
26 self.�rst_sets[non_terminal].update(�rst_without_epsilon)
27 if len(self.�rst_sets[non_terminal]) > old_size:
28 changed = True
29
30 # Åñëè symbol íå ìîæåò ïîðîæäàòü ýïñèëîí, ïðåðûâàåì
31 if "" not in self.�rst_sets[symbol]:
32 all_can_derive_epsilon = False
33 break
34
35 # Åñëè âñå ñèìâîëû â ïðàâèëå ìîãóò ïîðîæäàòü ýïñèëîí,
36 # òî è íåòåðìèíàë ìîæåò ïîðîæäàòü ýïñèëîí
37 if (
38 all_can_derive_epsilon
39 and "" not in self.�rst_sets[non_terminal]
40 ):
41 self.�rst_sets[non_terminal].add("")
42 changed = True

2.2.3 Ìåòîä _calculate_follow_sets

Ìåòîä _calculate_follow_sets âû÷èñëÿåò ìíîæåñòâà FOLLOW äëÿ íåòåðìè-
íàëüíûõ ñèìâîëîâ ãðàììàòèêè. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 4.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä íå âîçâðàùàåò çíà÷åíèé ÿâíî, íî çàïîëíÿåò ñëîâàðü follow_sets â îáúåêòå
êëàññà.

Ëèñòèíã 4. Êîä ìåòîäà _calculate_follow_sets.
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1 def _calculate_follow_sets(self):
2 # èíèöèàëèçèðîâàòü Fo(S) = { $ }, à âñå îñòàëüíûå Fo(Ai) ïóñòûìè ìíîæåñòâàìè
3 for non_terminal in self.productions:
4 self.follow_sets[non_terminal] = set()
5
6 # Äîáàâëÿåì ñèìâîë êîíöà ñòðîêè $ äëÿ íà÷àëüíîãî ñèìâîëà
7 self.follow_sets[self.start_symbol].add("$")
8
9 # Ïîâòîðÿåì, ïîêà â íàáîðàõ Follow ïðîèñõîäÿò èçìåíåíèÿ
10 changed = True
11 while changed:
12 changed = False
13
14 # Äëÿ êàæäîãî íåòåðìèíàëà Aj â ãðàììàòèêå
15 for non_terminal_j, rules in self.productions.items():
16
17 # Äëÿ êàæäîãî ïðàâèëà Aj � w
18 for rule in rules:
19
20 # Äëÿ êàæäîãî ñèìâîëà â ïðàâèëå
21 for i, symbol in enumerate(rule):
22
23 # Åñëè ñèìâîë = íåòåðìèíàë Ai
24 if symbol in self.productions:
25 # w' = îñòàòîê ïðàâèëà ïîñëå Ai
26 remainder = rule[i + 1 :] if i + 1 < len(rule) else []
27
28 # Åñëè åñòü òåðìèíàëû ïîñëå Ai (w' íå ïóñòî)
29 if remainder:
30 # Âû÷èñëÿåì First(w')
31 �rst_of_remainder = self._�rst_of_sequence(remainder)
32
33 # Åñëè òåðìèíàë a íàõîäèòñÿ â First(w'), òî äîáàâëÿåì a ê Follow(Ai)
34 for terminal in �rst_of_remainder = {""}:
35 if terminal not in self.follow_sets[symbol]:
36 self.follow_sets[symbol].add(terminal)
37 changed = True
38
39 # Åñëè epsilon íàõîäèòñÿ â First(w'), òî äîáàâëÿåì Follow(Aj) ê Follow(Ai)
40 if "" in �rst_of_remainder:
41 old_size = len(self.follow_sets[symbol])
42 self.follow_sets[symbol].update(
43 self.follow_sets[non_terminal_j]
44 )
45 if len(self.follow_sets[symbol]) > old_size:
46 changed = True
47
48 # Åñëè w' ïóñòî (Ai â êîíöå ïðàâèëà), òî äîáàâëÿåì Follow(Aj) ê Follow(Ai)
49 else:
50 old_size = len(self.follow_sets[symbol])
51 self.follow_sets[symbol].update(
52 self.follow_sets[non_terminal_j]
53 )
54 if len(self.follow_sets[symbol]) > old_size:
55 changed = True
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2.2.4 Ìåòîä _first_of_sequence

Ìåòîä _first_of_sequence âû÷èñëÿåò ìíîæåñòâî FIRST äëÿ ïîñëåäîâàòåëüíî-
ñòè ñèìâîëîâ. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 5.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar è ñïèñîê ñèìâîëîâ sequence.

Ìåòîä âîçâðàùàåò ìíîæåñòâî (set) ñòðîê, ïðåäñòàâëÿþùèõ FIRST äëÿ çàäàííîé
ïîñëåäîâàòåëüíîñòè.

Ëèñòèíã 5. Êîä ìåòîäà _first_of_sequence.

1 def _�rst_of_sequence(self, sequence):
2 """Âû÷èñëÿåò ìíîæåñòâî FIRST äëÿ ïîñëåäîâàòåëüíîñòè ñèìâîëîâ"""
3 if not sequence:
4 return {""}
5
6 result = set()
7 all_can_derive_epsilon = True
8
9 for symbol in sequence:
10 # Äîáàâëÿåì First(symbol) áåç ýïñèëîí ê ðåçóëüòàòó
11 result.update(self.�rst_sets[symbol] = {""})
12
13 # Åñëè symbol íå ìîæåò ïîðîæäàòü ýïñèëîí, îñòàíàâëèâàåìñÿ
14 if "" not in self.�rst_sets[symbol]:
15 all_can_derive_epsilon = False
16 break
17
18 # Åñëè âñå ñèìâîëû ìîãóò ïîðîæäàòü ýïñèëîí, äîáàâëÿåì ýïñèëîí ê ðåçóëüòàòó
19 if all_can_derive_epsilon:
20 result.add("")
21
22 return result

2.2.5 Ìåòîä _fill_lookup_table

Ìåòîä _fill_lookup_table çàïîëíÿåò òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà äëÿ
LL(1)-ãðàììàòèêè. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 6.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä íå âîçâðàùàåò çíà÷åíèé ÿâíî, íî çàïîëíÿåò ñëîâàðü lookup_table â îáú-
åêòå êëàññà èëè âûçûâàåò èñêëþ÷åíèå, åñëè ãðàììàòèêà íå ÿâëÿåòñÿ LL(1).

Ëèñòèíã 6. Êîä ìåòîäà _fill_lookup_table.

1 def _�ll_lookup_table(self):
2 # Äëÿ êàæäîãî íåòåðìèíàëà A
3 for non_terminal, rules in self.productions.items():
4 # Ôîðìèðóåì òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà
5 self.lookup_table[non_terminal] = {}
6
7 # Äëÿ êàæäîãî ïðàâèëà A � w
8 for rule in rules:
9 # Âû÷èñëÿåì First(w)
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10 �rst_of_rule = self._�rst_of_sequence(rule)
11
12 # Äëÿ êàæäîãî òåðìèíàëà a â First(w)
13 for terminal in �rst_of_rule = {""}:
14 # Åñëè T[A,a] óæå ñîäåðæèò ïðàâèëî, ãðàììàòèêà íå LL(1)
15 if terminal in self.lookup_table[non_terminal]:
16 raise ValueError(
17 "Ãðàììàòèêà íå ÿâëÿåòñÿ LL(1)ãðàììàòèêîé=.\n"
18 f"Êîíôëèêò â ÿ÷åéêå [{non_terminal}, {terminal}]\n"
19 f"Íîâîå ïðàâèëî: {non_terminal} => {' '.join(rule)};\n"
20 f"Ñóùåñòâóþùåå ïðàâèëî: {non_terminal} => {self.lookup_table[non_terminal][

terminal]}"
21 )
22
23 # Äîáàâëÿåì ïðàâèëî â òàáëèöó
24 self.lookup_table[non_terminal][terminal] = rule
25
26 # Åñëè ýïñèëîí â First(w), òî äëÿ êàæäîãî b â Follow(A)
27 if "" in �rst_of_rule:
28 for terminal in self.follow_sets[non_terminal]:
29 # Åñëè T[A,b] óæå ñîäåðæèò ïðàâèëî, ãðàììàòèêà íå LL(1)
30 if terminal in self.lookup_table[non_terminal]:
31 raise ValueError(
32 "Ãðàììàòèêà íå ÿâëÿåòñÿ LL(1)ãðàììàòèêîé=.\n"
33 f"Êîíôëèêò â ÿ÷åéêå [{non_terminal}, {terminal}]\n"
34 f"Íîâîå ïðàâèëî: {non_terminal} => {' '.join(rule)};\n"
35 f"Ñóùåñòâóþùåå ïðàâèëî: {non_terminal} => {self.lookup_table[

non_terminal][terminal]}"
36 )
37
38 # Äîáàâëÿåì ïðàâèëî â òàáëèöó
39 self.lookup_table[non_terminal][terminal] = rule

2.2.6 Ìåòîä format_rules

Ìåòîä format_rules ôîðìàòèðóåò âñå ïðàâèëà ãðàììàòèêè äëÿ óäîáíîãî ïðåä-
ñòàâëåíèÿ. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 7.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä âîçâðàùàåò ñòðîêó (str), ñîäåðæàùóþ âñå ïðàâèëà ãðàììàòèêè ñ èõ íî-
ìåðàìè.

Ëèñòèíã 7. Êîä ìåòîäà format_rules.

1 def format_rules(self) => str:
2 result = []
3 sorted_rules = sorted(self.rule_numbers.items(), key=lambda x: x[1])
4
5 for rule, number in sorted_rules:
6 non_terminal, symbols = rule
7 rule_text = f"{number}: {non_terminal} => {' '.join(symbols)}"
8 result.append(rule_text)
9
10 return "\n".join(result)
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2.2.7 Ìåòîä format_lookup_table

Ìåòîä format_lookup_tableôîðìàòèðóåò òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà äëÿ
óäîáíîãî ïðåäñòàâëåíèÿ. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 8.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä âîçâðàùàåò ñòðîêó (str), ñîäåðæàùóþ òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà
â âèäå òàáëèöû ñ èñïîëüçîâàíèåì áèáëèîòåêè PrettyTable.

Ëèñòèíã 8. Êîä ìåòîäà format_lookup_table.

1 def format_lookup_table(self) => str:
2 table = PrettyTable()
3 terminals = list(self.terminals)
4 table.�eld_names = [""] + terminals + ["$"]
5
6 for non_terminal in self.productions:
7 row = [non_terminal]
8 for terminal in terminals + ["$"]:
9 if terminal in self.lookup_table[non_terminal]:
10 rule = self.lookup_table[non_terminal][terminal]
11 rule_num = self.rule_numbers.get((non_terminal, tuple(rule)), "")
12 row.append(f"{rule_num}: {' '.join(rule)}")
13 else:
14 row.append(" = ")
15 table.add_row(row)
16 return str(table)

2.2.8 Ìåòîä format_first_sets

Ìåòîä format_first_sets ôîðìàòèðóåò ìíîæåñòâà FIRST äëÿ óäîáíîãî ïðåä-
ñòàâëåíèÿ. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 9.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä âîçâðàùàåò ñòðîêó (str), ñîäåðæàùóþ ìíîæåñòâà FIRST äëÿ âñåõ ñèìâî-
ëîâ ãðàììàòèêè.

Ëèñòèíã 9. Êîä ìåòîäà format_first_sets.

1 def format_�rst_sets(self) => str:
2 """Ôîðìàòèðóåò ìíîæåñòâà FIRST â ÷èòàåìûé âèä."""
3 result = []
4 result.append("Ìíîæåñòâà FIRST:")
5 result.append("=" * 40)
6
7 # Ñîðòèðóåì äëÿ ãàðàíòèè ïîðÿäêà âûâîäà
8 for symbol in sorted(self.�rst_sets.keys()):
9 # Çàìåíÿåì ïóñòóþ ñòðîêó íà ýïñèëîí äëÿ ëó÷øåé ÷èòàåìîñòè
10 �rst_set = {
11 self.EPSILON if item == "" else item for item in self.�rst_sets[symbol]
12 }
13 result.append(f"FIRST({symbol}) = {{{', '.join(sorted(�rst_set))}}}")
14
15 return "\n".join(result)
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2.2.9 Ìåòîä format_follow_sets

Ìåòîä format_follow_sets ôîðìàòèðóåò ìíîæåñòâà FOLLOW äëÿ óäîáíîãî
ïðåäñòàâëåíèÿ. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 10.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar.

Ìåòîä âîçâðàùàåò ñòðîêó (str), ñîäåðæàùóþ ìíîæåñòâà FOLLOW äëÿ âñåõ
íåòåðìèíàëîâ ãðàììàòèêè.

Ëèñòèíã 10. Êîä ìåòîäà format_follow_sets.

1 def format_follow_sets(self) => str:
2 """Ôîðìàòèðóåò ìíîæåñòâà FOLLOW â ÷èòàåìûé âèä."""
3 result = []
4 result.append("Ìíîæåñòâà FOLLOW:")
5 result.append("=" * 40)
6
7 # Îáðàáàòûâàåì òîëüêî íåòåðìèíàëû
8 for non_terminal in sorted(self.productions.keys()):
9 follow_set = self.follow_sets.get(non_terminal, set())
10 result.append(
11 f"FOLLOW({non_terminal}) = {{{', '.join(sorted(follow_set))}}}"
12 )
13
14 return "\n".join(result)

2.2.10 Ìåòîä analyze

Ìåòîä analyze âûïîëíÿåò ñèíòàêñè÷åñêèé àíàëèç âõîäíîé ïîñëåäîâàòåëüíîñòè
òîêåíîâ ñ èñïîëüçîâàíèåì LL(1)-àëãîðèòìà. Ïîñëå ïðèìåíåíèÿ ïðîäóêöèè ìåòîä âû-
çûâàåò ôóíêöèþ-êîëáýê, ïðåäñòàâëÿþùóþ ñåìàíòè÷åñêèå äåéñòâèÿ, åñëè îíà áûëà
çàäàíà ïðè ñîçäàíèè îáúåêòà êëàññà Grammar. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèí-
ãå 11.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar è ñïèñîê input_tokens òèïà
list[str], ïðåäñòàâëÿþùèé ïîñëåäîâàòåëüíîñòü âõîäíûõ òîêåíîâ.

Ìåòîä âîçâðàùàåò ñïèñîê (list) öåëûõ ÷èñåë, ñîäåðæàùèé íîìåðà ïðèìåí¼ííûõ
ïðàâèë â ïðîöåññå àíàëèçà.

Ëèñòèíã 11. Êîä ìåòîäà analyze.

1 def analyze(self, input_tokens: list[str]) => list[int]:
2 input_tokens = input_tokens.copy()
3 input_tokens += ["$"]
4 input_pos = 0
5
6 # Èíèöèàëèçèðóåì ñòåê ñ òåðìèíàëüíûì ñèìâîëîì è íà÷àëüíûì ñèìâîëîì
7 stack = ["$", self.start_symbol]
8
9 rules_applied = []
10
11 while stack:
12 top = stack[=1]
13

20



14 current_symbol = (
15 input_tokens[input_pos] if input_pos < len(input_tokens) else "$"
16 )
17
18 # Ñëó÷àé 1: Âåðõíèé ñèìâîë ñòåêà = íåòåðìèíàë
19 if top in self.productions:
20 # Èùåì ïðàâèëî â òàáëèöå ñèíòàêñè÷åñêîãî àíàëèçà
21 if current_symbol in self.lookup_table[top]:
22 # Ïîëó÷àåì ïðàâèëî
23 production = self.lookup_table[top][current_symbol]
24
25 # Óäàëÿåì íåòåðìèíàë èç ñòåêà
26 stack.pop()
27
28 # Äîáàâëÿåì ïðàâèëî â rules_applied
29 rule_number = self.rule_numbers[(top, tuple(production))]
30 rules_applied.append(rule_number)
31
32 # Execute semantic action if provided
33 if self.semantic_action:
34 self.semantic_action(rule_number, (top, production))
35
36 # Äîáàâëÿåì ïðàâèëî â ñòåê â îáðàòíîì ïîðÿäêå
37 for symbol in reversed(production):
38 stack.append(symbol)
39 else:
40 expected_symbols = list(self.lookup_table[top].keys())
41 raise ValueError(
42 f"Syntax error: expected one of {expected_symbols}, got '{current_symbol}'"
43 )
44
45 # Ñëó÷àé 2: Âåðõíèé ñèìâîë ñòåêà = òåðìèíàë
46 elif top != "$":
47 if top == current_symbol:
48 # Óäàëÿåì òåðìèíàë èç ñòåêà
49 stack.pop()
50 # Ïåðåõîäèì ê ñëåäóþùåìó ñèìâîëó ââîäà
51 input_pos += 1
52 else:
53 raise ValueError(
54 f"Syntax error: expected '{top}', got '{current_symbol}'"
55 )
56
57 # Ñëó÷àé 3: Âåðõíèé ñèìâîë ñòåêà = $
58 else: # top == "$"
59 if current_symbol == "$":
60 # Óñïåøíûé ñèíòàêñè÷åñêèé àíàëèç
61 stack.pop() # Óäàëÿåì $ èç ñòåêà
62 else:
63 raise ValueError(
64 f"Syntax error: unexpected symbols at end of input: '{current_symbol}'"
65 )
66
67 return rules_applied
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2.2.11 Ìåòîä generate

Ìåòîä generate ãåíåðèðóåò ñëó÷àéíîå ïðåäëîæåíèå ïî çàäàííîé ãðàììàòèêå.
Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 12.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar è íåîáÿçàòåëüíûé ïàðàìåòð
symbol òèïà str èëè None, óêàçûâàþùèé íà÷àëüíûé ñèìâîë äëÿ ãåíåðàöèè.

Ìåòîä âîçâðàùàåò êîðòåæ (tuple), ñîäåðæàùèé ñïèñîê òåðìèíàëîâ è ñïèñîê íî-
ìåðîâ ïðèìåí¼ííûõ ïðàâèë.

Ëèñòèíã 12. Êîä ìåòîäà generate.

1 def generate(self, symbol: str | None = None) => tuple[list[str], list[int]]:
2 """Ãåíåðèðóåò ïðåäëîæåíèå ïî çàäàííîé ãðàììàòèêå. Âîçâðàùàåò ñïèñîê òåðìèíàëîâ
3 è ñïèñîê íîìåðîâ ïðèìåí¼ííûõ ïðàâèë."""
4
5 if symbol is None:
6 return self.generate(self.start_symbol)
7
8 # Åñëè ñèìâîë = òåðìèíàë, âîçâðàùàåì åãî
9 if symbol not in self.productions:
10 return [symbol], []
11
12 # Âûáèðàåì ñëó÷àéíîå ïðàâèëî äëÿ íåòåðìèíàëà
13 rules = self.productions[symbol]
14 chosen_rule = random.choice(rules)
15
16 # Ïîëó÷àåì íîìåð âûáðàííîãî ïðàâèëà
17 rule_number = self.rule_numbers[(symbol, tuple(chosen_rule))]
18
19 # Èíèöèàëèçèðóåì ðåçóëüòàòû
20 terminals = []
21 rule_numbers = [rule_number]
22
23 # Ðàçâîðà÷èâàåì êàæäûé ñèìâîë â ïðàâîé ÷àñòè ïðàâèëà
24 for s in chosen_rule:
25 sub_terminals, sub_rules = self.generate(s)
26 terminals.extend(sub_terminals)
27 rule_numbers.extend(sub_rules)
28
29 return terminals, rule_numbers

2.2.12 Ìåòîä generate_derivation_steps

Ìåòîä generate_derivation_steps ïðåîáðàçóåò ñïèñîê íîìåðîâ ïðàâèë â ïîñëå-
äîâàòåëüíîñòü øàãîâ âûâîäà. Êîä ìåòîäà ïðåäñòàâëåí â ëèñòèíãå 13.

Ìåòîä ïðèíèìàåò ññûëêó íà îáúåêò êëàññà Grammar è ñïèñîê rule_numbers òèïà
list[int], ñîäåðæàùèé íîìåðà ïðàâèë äëÿ ïðèìåíåíèÿ.

Ìåòîä âîçâðàùàåò ñïèñîê (list) ñòðîê, ïðåäñòàâëÿþùèé êàæäûé øàã âûâîäà
ïðåäëîæåíèÿ.

Ëèñòèíã 13. Êîä ìåòîäà generate_derivation_steps.
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1 def generate_derivation_steps(self, rule_numbers: list[int]) => list[str]:
2 """Ïðåîáðàçóåò ñïèñîê íîìåðîâ ïðàâèë â ïîñëåäîâàòåëüíîñòü øàãîâ âûâîäà.
3 Âîçâðàùàåò ñïèñîê ñòðîê, ïðåäñòàâëÿþùèõ êàæäûé øàã âûâîäà."""
4
5 # Ïîëó÷àåì ñîîòâåòñòâèå ìåæäó íîìåðàìè ïðàâèë è ñàìèìè ïðàâèëàìè
6 rule_details = {num: rule for rule, num in self.rule_numbers.items()}
7
8 # Íà÷èíàåì ñ íà÷àëüíîãî ñèìâîëà
9 current = self.start_symbol
10 steps = [current]
11
12 # Ïðèìåíÿåì êàæäîå ïðàâèëî ïî ïîðÿäêó
13 for rule_num in rule_numbers:
14 if rule_num in rule_details:
15 non_terminal, replacement = rule_details[rule_num]
16
17 # Íàõîäèì ïåðâîå âõîæäåíèå íåòåðìèíàëà è çàìåíÿåì åãî
18 words = current.split()
19 for i, word in enumerate(words):
20 if word == non_terminal:
21 words[i : i + 1] = replacement
22 break
23
24 current = " ".join(words)
25 steps.append(current)
26
27 return steps

2.3 Ôóíêöèÿ load_grammar

Ôóíêöèÿ load_grammar çàãðóæàåò ãðàììàòèêó èç ôàéëà è âîçâðàùàåò îáúåêò
êëàññà Grammar. Ôóíêöèÿ ïðèíèìàåò íåîáÿçàòåëüíûé ïàðàìåòð �lename òèïà str, óêà-
çûâàþùèé èìÿ ôàéëà ñ ãðàììàòèêîé. Ôóíêöèÿ âîçâðàùàåò None â ñëó÷àå îøèáêè
è îáúåêò êëàññà Grammar â ñëó÷àå óñïåøíîé çàãðóçêè ãðàììàòèêè. Êîä ôóíêöèè
ïðåäñòàâëåí â ëèñòèíãå 14. Òàêæå â íåé çàäàþòñÿ ñåìàíòè÷åñêèå äåéñòâèÿ, êîòîðûå
áóäóò âûïîëíÿòüñÿ ïðè ïðèìåíåíèè ïðîäóêöèé, è ñîõðàíÿþòñÿ â ôàéëû ìíîæåñòâà
FIRST è FOLLOW è òàáëèöà ñèíòàêñè÷åñêîãî àíàëèçà.

Ëèñòèíã 14. Êîä ôóíêöèè load_grammar.

1 def load_grammar(�lename: str = "grammar.txt") => Grammar | None:
2 try:
3 # #b = 2 * #a + 3 * #c
4 actions = [
5 lambda rule_number, applied_count, _: print(
6 f"Rule #{rule_number} (applied x{applied_count} times): iconst_1"
7 ),
8 lambda rule_number, applied_count, _: print(
9 f"Rule #{rule_number} (applied x{applied_count} times): iconst_2 isub"
10 ),
11 lambda rule_number, applied_count, _: print(
12 f"Rule #{rule_number} (applied x{applied_count} times): iconst_1 iadd"
13 ),
14 lambda rule_number, applied_count, _: print(
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15 f"Rule #{rule_number} (applied x{applied_count} times): iconst_1 iadd"
16 ),
17 lambda rule_number, applied_count, _: print(
18 f"Rule #{rule_number} (applied x{applied_count} times): iconst_3 iadd"
19 ),
20 ]
21
22 with open(�lename, "r", encoding="utf=8") as �le:
23 text = �le.read()
24 grammar = Grammar(text, ActionsListWithAppliedCount(actions))
25
26 # Ñîõðàíÿåì èíôîðìàöèþ î ãðàììàòèêå â ôàéëû
27 with open("grammar_rules.txt", "w", encoding="utf=8") as output_�le:
28 output_�le.write(grammar.format_rules())
29 print("Ïðàâèëà ãðàììàòèêè ñ íîìåðàìè ñîõðàíåíû â grammar_rules.txt")
30
31 with open("grammar_lookup_table.txt", "w", encoding="utf=8") as output_�le:
32 output_�le.write(grammar.format_lookup_table())
33 print(
34 "Òàáëèöà ñèíòàêñè÷åñêîãî àíàëèçà ñîõðàíåíà â grammar_lookup_table.txt"
35 )
36
37 with open("grammar_�rst.txt", "w", encoding="utf=8") as output_�le:
38 output_�le.write(grammar.format_�rst_sets())
39 print("Ìíîæåñòâà FIRST ñîõðàíåíû â grammar_�rst.txt")
40
41 with open("grammar_follow.txt", "w", encoding="utf=8") as output_�le:
42 output_�le.write(grammar.format_follow_sets())
43 print("Ìíîæåñòâà FOLLOW ñîõðàíåíû â grammar_follow.txt")
44
45 print(f"Ãðàììàòèêà óñïåøíî çàãðóæåíà èç ôàéëà {�lename}")
46 return grammar
47 except FileNotFoundError:
48 print(f"Îøèáêà: Ôàéë {�lename} íå íàéäåí")
49 return None
50 except ValueError as e:
51 print(f"Îøèáêà ïðè çàãðóçêå ãðàììàòèêè: {e}")
52 return None
53 except Exception as e:
54 print(f"Íåèçâåñòíàÿ îøèáêà: {e}")
55 return None

2.4 Ôóíêöèÿ main

Ôóíêöèÿ main ðåàëèçóåò èíòåðàêòèâíóþ êîíñîëüíóþ îáîëî÷êó äëÿ âçàèìîäåé-
ñòâèÿ ñ ïîëüçîâàòåëåì. Êîä ôóíêöèè ïðåäñòàâëåí â ëèñòèíãå 15.

Ëèñòèíã 15. Êîä ôóíêöèè main.

1 def main():
2 print("Ïðîãðàììà äëÿ ðàáîòû ñ LL(1)ãðàììàòèêàìè=")
3 print("=" * 60)
4 print("Âàðèàíòû êîìàíä:")
5 print(" = load ôàéë<> = çàãðóçèòü ãðàììàòèêó èç ôàéëà ïî( óìîë÷àíèþ grammar.txt)")
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6 print(" = check ñòðîêà<> = ïðîâåðèòü, ñîîòâåòñòâóåò ëè ñòðîêà ãðàììàòèêå")
7 print(" = generate = ñãåíåðèðîâàòü ñëó÷àéíóþ ñòðîêó ïî ãðàììàòèêå")
8 print(" = exit = âûõîä èç ïðîãðàììû")
9 print("=" * 60)
10
11 # Çàãðóæàåì ãðàììàòèêó ïî óìîë÷àíèþ ïðè ñòàðòå
12 grammar = load_grammar()
13
14 while True:
15 command = input("\Ââåäèòån êîìàíäó: ").strip()
16
17 if not command:
18 continue
19
20 parts = command.split(maxsplit=1)
21 cmd = parts[0].lower()
22
23 if cmd == "exit":
24 print("Âûõîä èç ïðîãðàììû.")
25 break
26
27 elif cmd == "load":
28 �lename = "grammar.txt"
29 if len(parts) > 1:
30 �lename = parts[1].strip()
31 grammar = load_grammar(�lename)
32
33 elif cmd == "check":
34 input_string = ""
35 if len(parts) > 1:
36 input_string = parts[1].strip()
37 check_string(grammar, input_string)
38
39 elif cmd == "generate":
40 generate_string(grammar)
41
42 else:
43 print(f"Íåèçâåñòíàÿ êîìàíäà: {cmd}")
44 print("Äîñòóïíûå êîìàíäû: load, check, generate, exit")

25



3 Ðåçóëüòàòû ðàáîòû ïðîãðàììû

Ðåçóëüòàòû ðàáîòû ïðîãðàììû ïðåäñòàâëåíû íà Ðèñ. 3.

Ðèñ. 3. Ðåçóëüòàòû ðàáîòû ïðîãðàììû.
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Ðèñ. 4. Ðåàêöèÿ ïðîãðàììû íà íåêîððåêòíûé ïîëüçîâàòåëüñêèé ââîä.

Íà Ðèñ. 4 ïðåäñòàâëåíà ðåàêöèÿ ïðîãðàììû íà íåêîððåêòíûé ïîëüçîâàòåëüñêèé
ââîä.

Ëèñòèíã 16. Ñîäåðæèìîå ôàéëà grammar_first.txt.

1 Ìíîæåñòâà
2 FIRST:
3 ========================================
4 FIRST(A) = {a, b}
5 FIRST(B) = {b}
6 FIRST(C) = {c}
7 FIRST(S) = {b}
8 FIRST(a) = {a}
9 FIRST(b) = {b}
10 FIRST(c) = {c}

Ëèñòèíã 17. Ñîäåðæèìîå ôàéëà grammar_follow.txt.

1 Ìíîæåñòâà
2 FOLLOW:
3 ========================================
4 FOLLOW(A) = {b}
5 FOLLOW(B) = {a, b, c}
6 FOLLOW(C) = {b}
7 FOLLOW(S) = {$}

Ëèñòèíã 18. Ñîäåðæèìîå ôàéëà grammar_lookup_table.txt.

1 +---+------------+----------+--------+-----+
2 | | a | b | c | $ |
3 +---+------------+----------+--------+-----+
4 | S | - | 1: B A b | - | - |
5 | A | 2: a A B C | 3: b B | - | - |
6 | B | - | 4: b | - | - |
7 | C | - | - | 5: c A | - |
8 +---+------------+----------+--------+-----+

Â ëèñòèíãàõ 16, 17 è 18 ïðåäñòàâëåíî ñîäåðæèìîå ôàéëîâ grammar_first.txt,
grammar_follow.txt è grammar_lookup_table.txt ñîîòâåòñòâåííî.
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Çàêëþ÷åíèå

Â õîäå âûïîëíåíèÿ ëàáîðàòîðíîé ðàáîòû áûëà ðåàëèçîâàíà ïðîãðàììà � ñèíòàê-
ñè÷åñêèé àíàëèçàòîð äëÿ LL(1)-ãðàììàòèê. Ñ åãî ïîìîùüþ äëÿ çàäàííîé ãðàììàòè-
êè áûëè ïîñòðîåíû ìíîæåñòâà FIRST è FOLLOW äëÿ âñåõ íåòåðìèíàëîâ è òàáëèöà
ñèíòàêñè÷åñêîãî àíàëèçà. Ïðîãðàììà-àíàëèçàòîð òàêæå âêëþ÷àåò â ñåáÿ ôóíêöèè
äëÿ ïðîâåðêè ïðèíàäëåæíîñòè öåïî÷êè ÿçûêó, çàäàííîìó ãðàììàòèêîé, è ãåíåðàöèè
ñëó÷àéíûõ öåïî÷åê. Òàêæå ïðîãðàììà ïîçâîëÿåò çàäàòü ñåìàíòè÷åñêèå äåéñòâèÿ,
êîòîðûå áóäóò âûïîëíÿòüñÿ ïðè ïðèìåíåíèè ïðîäóêöèé. Äëÿ äåìîíñòðàöèè âîçìîæ-
íîñòåé ïðîãðàììû â êà÷åñòâå ñåìàíòè÷åñêèõ äåéñòâèé ðåøåíî áûëî èñïîëüçîâàòü
ãåíåðàöèþ èíñòðóêöèé äëÿ Java Virtual Machine.

Èç äîñòîèíñòâ âûïîëíåíèÿ ëàáîðàòîðíîé ðàáîòû ìîæíî âûäåëèòü, âî-ïåðâûõ,
âîçìîæíîñòü çàäàíèÿ ãðàììàòèêè â îòäåëüíîì òåêñòîâîì ôàéëå, ÷òî ïîçâîëÿåò
ëåãêî èçìåíÿòü è ðàñøèðÿòü å¼ áåç ìîäèôèêàöèè ïðîãðàììíîãî êîäà. Âî-âòîðûõ,
ïðîãðàììà àâòîìàòè÷åñêè ïðîâåðÿåò, ÷òî ââåäåííàÿ ãðàììàòèêà ÿâëÿåòñÿ LL(1)-
ãðàììàòèêîé, è âû÷èñëÿåò ìíîæåñòâà FIRST è FOLLOW äëÿ âñåõ íåòåðìèíàëîâ,
à òàêæå òàáëèöó ñèíòàêñè÷åñêîãî àíàëèçà. Â ïðîòèâíîì ñëó÷àå, ïðîãðàììà âûâîäèò
ñîîáùåíèå îá îøèáêå, â êîòîðîì óêàçûâàåòñÿ íà êîíêðåòíûå ïðàâèëà ãðàììàòèêè,
ìåæäó âûáîðîì êîòîðûõ âîçíèêàåò íåîäíîçíà÷íîñòü. Â òðåòüèõ, ïðîãðàììà ïîçâî-
ëÿåò ëåãêî çàäàâàòü ïðîèçâîëüíûå ñåìàíòè÷åñêèå äåéñòâèÿ â âèäå ôóíêöèé èëè îáú-
åêòîâ êîëáýêîâ, êîòîðûå áóäóò âûçûâàòüñÿ ïðè ïðèìåíåíèè ïðîäóêöèé.

Ê íåäîñòàòêàì òåêóùåé ðåàëèçàöèè ìîæíî îòíåñòè òî, ÷òî àëãîðèòì ãåíåðàöèè
íå êîíòðîëèðóåò äëèíó ïðåäëîæåíèé, ÷òî ìîæåò ïðèâîäèòü ê èçáûòî÷íî äëèííûì
èëè êîðîòêèì öåïî÷êàì.

Ôóíêöèîíàë ïðîãðàììû íåñëîæíî ìàñøòàáèðîâàòü. Íàïðèìåð, íåñëîæíî äîáà-
âèòü ôóíêöèþ äëÿ âèçóàëèçàöèè äåðåâà âûâîäà ðàñïîçíàâàåìîé öåïî÷êè, ïóñòü äàæå
â òåêñòîâîì âèäå, â êëàññå Grammar óæå åñòü âñå íåîáõîäèìûå äëÿ ýòîãî äàííûå. Êðî-
ìå òîãî, êëàññ Grammar ìîæåò ñëóæèòü õîðîøåé îñíîâîé äëÿ ñîçäàíèÿ ïîëíîöåííîãî
LL(k) àíàëèçàòîðà.

Íà âûïîëíåíèå ëàáîðàòîðíîé ðàáîòû óøëî îêîëî 4 ÷àñîâ, îñíîâíàÿ ÷àñòü êîäà
áûëà âçÿòà èç ëàáîðàòîðíîé ðàáîòû �3. Ðàáîòà áûëà âûïîëíåíà â ñðåäå ðàçðàáîòêè
Visual Studio Code. Ïðîãðàììà íàïèñàíà íà Python âåðñèè 3.13.
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