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Ïðèìåð 1. Ãðàììàòèêà

Ðàññìîòðèì ãðàììàòèêó

S → aA | b
A→ bSA | a

èç ëåêöèè 13 è ðàññìîòðèì ñîîòâåòñòâóþùèé ÄÌÏÀ, ïîñòðîåííûé â òîé æå
ëåêöèè (ñì. ñëåä. ñëàéä).
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Ïðèìåð 1

a b a
S (aA,_), (b,_) (aA,_), (b,_) (aA,_), (b,_)
A (bSA,_), (a,_) (bSA,_), (a,_) (bSA,_), (a,_)
a (ε,→)
b (ε,→)
∇ ∨

Â äàëüíåéøåì áóäåì çàïèñûâàòü ïðîòîêîë (ïîñëåäîâàòåëüíîñòü êîíôèãóðàöèé
àâòîìàòà) â âèäå òàáëèöû áåç äîïîëíèòåëüíûõ ñèìâîëîâ ∇ è a, âåðøèíà
ñòåêà íàõîäèòñÿ ñëåâà, è âìåñòî ïîçèöèé óêàçàòåëÿ áóäåì ïðèâîäèòü òîëüêî
íåîáðàáîòàííóþ ÷àòü âõîäíîé öåïî÷êè. Íàøà öåëü � ïîïûòàòüñÿ ïîñòðîèòü
äåòåðìèíèðîâàííûé àâòîìàò, êîòîðûé ðàñïîçíàåò òîò æå ÿçûê.
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Ïðèìåð 1 (ïðîäîëæåíèå)

ñòåê íåîáðàáîòàííàÿ ÷àñòü
öåïî÷êè

1 S abba
2 aA abba
3 A bba
4 bSA bba
5 SA ba
6 bA ba
7 A a
8 a a
9 ∇ a
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Ïðèìåð 1 (ïðîäîëæåíèå)

Ïðàâèëà âûâîäà ïðèìåíÿþòñÿ íà 1,3,5,7 øàãàõ. Ìîæíî ëè íà 7 øàãå
ïðèìåíèòü âìåñòî A→ a ïðàâèëî âûâîäà A→ bSA?

×òî áóäåò, åñëè â ñòåêå îñòàëñÿ õîòÿ áû îäèí ñèìâîë (òåðìèíàë èëè
íåòåðìèíàë), à âõîäíàÿ öåïî÷êà çàêîí÷èëàñü?

Îáðàòèòå âíèìàíèå, ÷òî åñëè íà íåêîòîðîì øàãå â ñòåêå íàõîäèòñÿ α, à u
� íåîáðàáîòàííàÿ ÷àñòü öåïî÷êè, òî α⇒∗ u (ñì. ëåêöèþ �13).

Êàê ïîñòðîèòü äåòåðìèíèðîâàííûé ÌÏ-àâòîìàò, ðàñïîçíàþùèé òîò æå
ÿçûê, ÷òî è èñõîäíûé ÌÏ-àâòîìàò?
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Ðàçäåëåííûå ãðàììàòèêè

ÊÑ ãðàììàòèêè, â êîòîðûõ êàæäîå ïðàâèëî èìååò âèä A→ aβ, ãäå a ∈ Σ,
β ∈ (Σ ∪ Γ)∗, íàçûâàþòñÿ ðàçäåëåííûìè.

Ëåììà 1 î ðàçäåëåííûõ ãðàììàòèêàõ

Ïî ÍÌÏÀM, ïîñòðîåííîìó ïî ðàçäåëåííîé ãðàììàòèêå G , ìîæíî ïîñòðîèòü
ÄÌÏÀM′, ðàñïîçíàþùèé òîò æå ÿçûê, òîãäà è òîëüêî òîãäà, êîãäà äëÿ
ëþáûõ ïðàâèë A→ aβ, A→ bγ, ãäå a, b ∈ Σ, β, γ ∈ (Σ ∪ Γ)∗, âûïîëíÿåòñÿ
a 6= b (èëè, ÷òî òîæå ñàìîå, íè äëÿ êàêèõ äâóõ ïðàâèë ïðàâûå ÷àñòè íå èìåþò
íåòðèâèàëüíîãî îáùåãî ïðåôèêñà).
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Ëåììà 2

Äëÿ òîãî, ÷òîáû äîêàçàòü ëåììó 1, ñôîðìóëèðóåì è äîêàæåì (óïð.) ëåììó 2.

Ëåììà 2

Â ÍÌÏÀ (â ÷àñòíîñòè, â ÄÌÏÀ), ïîñòðîåííîìó ïî ãðàììàòèêå G (íå
îáÿçàòåëüíî ðàçäåëåííîé) ìîæíî óäàëèòü ïåðåõîäû âèäà δ(A, a) = (bα,_), ãäå
a, b ∈ Σ, α ∈ (Σ ∪ Γ)∗ è a 6= b. Ïîëó÷åííûé ÍÌÏÀ (ÄÌÏÀ) áóäåò
ðàñïîçíàâàòü òîò æå ÿçûê, ÷òî è èñõîäíûé ÍÌÏÀ (ÄÌÏÀ).

Äîêàçàòåëüñòâî. � óïð.
Óêàçàíèå: ïîêàæèòå, ÷òî â ïðîöåññå ðàáîòû äàííîãî ÍÌÏÀM íè â îäíîì
âûâîäå öåïî÷êè w ∈ L(M) íå ìîæåò áûòü êîíôèãóðàöèè [bu, av ], ãäå
u, v ∈ (Σ ∪ Γ)∗.
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Äîêàçàòåëüñòâî ëåììû 2 î ðàçäåëåííûõ ãðàììàòèêàõ

Äîêàçàòåëüñòâî ëåììû 2.

Ïóñòü ãðàììàòèêà G � ðàçäåëåííàÿ. Ïîñòðîèì ÄÌÏÀM′ êàê â òåîðåìå
2 ëåêöèè 13.

Äëÿ ëþáûõ A ∈ Γ, a ∈ Σ èç ìíîæåñòâà δ(A, a) ýòîãî ÄÌÏÀ (íàïîìíèì,
÷òî äëÿ ÄÌÏÀM′ áèíàðíîå îòíîøåíèå δ âîîáùå íå ÿâëÿåòñÿ ÷àñòè÷íî
ðåêóðñèâíîé ôóíêöèåé) óäàëèì âñå ïðàâèëà A→ bβ, b ∈ Σ\a.
Òîãäà äëÿ ëþáûõ A ∈ Γ, a ∈ Σ ìíîæåñòâî δ(A, a) ñòàíåò íå áîëåå, ÷åì
îäíîýëåìåíòíûì, è ïîëó÷åííûé ÌÏ-àâòîìàò ñòàíåò äåòåðìèíèðîâàííûì.

Ïîêàæèòå, ÷òî L(M′) = L(M), îïèðàÿñü íà ëåììó 1.

Ãðàììàòèêà èç ïðèìåðà 1, î÷åâèäíî, ÿâëÿåòñÿ ðàçäåëåííîé, è óäîâëåòâîðÿåò
óñëîâèþ ëåììû. Ñëåäîâàòåëüíî, ïî íåé ìîæíî ïîñòðîèòü ÄÌÏÀ ïî òîëüêî
÷òî ïðèâåäåííîìó äîêàçàòåëüñòâó (ñì. ñëåä. ñëàéä).
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Äîêàçàòåëüñòâî ëåììû 2 î ðàçäåëåííûõ ãðàììàòèêàõ
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Ïîêàæèòå, ÷òî L(M′) = L(M), îïèðàÿñü íà ëåììó 1.
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îäíîýëåìåíòíûì, è ïîëó÷åííûé ÌÏ-àâòîìàò ñòàíåò äåòåðìèíèðîâàííûì.

Ïîêàæèòå, ÷òî L(M′) = L(M), îïèðàÿñü íà ëåììó 1.

Ãðàììàòèêà èç ïðèìåðà 1, î÷åâèäíî, ÿâëÿåòñÿ ðàçäåëåííîé, è óäîâëåòâîðÿåò
óñëîâèþ ëåììû. Ñëåäîâàòåëüíî, ïî íåé ìîæíî ïîñòðîèòü ÄÌÏÀ ïî òîëüêî
÷òî ïðèâåäåííîìó äîêàçàòåëüñòâó (ñì. ñëåä. ñëàéä).

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Äîêàçàòåëüñòâî ëåììû 2 î ðàçäåëåííûõ ãðàììàòèêàõ

Äîêàçàòåëüñòâî ëåììû 2.

Ïóñòü ãðàììàòèêà G � ðàçäåëåííàÿ. Ïîñòðîèì ÄÌÏÀM′ êàê â òåîðåìå
2 ëåêöèè 13.
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óñëîâèþ ëåììû. Ñëåäîâàòåëüíî, ïî íåé ìîæíî ïîñòðîèòü ÄÌÏÀ ïî òîëüêî
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ÄÌÏÀ äëÿ ïðèìåðà 1

a b a
S (aA,_) (b,_)
A (a,_) (bSA,_)
a (ε,→)
b (ε,→)
∇ ∨

ñòåê íåîáðàáîòàííàÿ ÷àñòü
öåïî÷êè

1 S abba
2 aA abba
3 A bba
4 bSA bba
5 SA ba
6 bA ba
7 A a
8 a a
9 ∇ a
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Óïðîùåíèå ÄÌÏÀM′ èç ïðèìåðà 1

Ïîñòðîåííûé â ïðèìåðå 1 ÄÌÏÀM′ ìîæíî óïðîñòèòü: ïîñìîòðèòå
íàïðèìåð íà øàãè 1-3. Íà øàãå 1 íåòåðìèíàë S çàìåíÿåòñÿ íà aA (ïðè÷åì
a îêàæåòñÿ íà âåðøèíå ñòåêà), à çàòåì íà øàãå 2 ýòîò òåðìèíàë óäàëÿåòñÿ
èç ñòåêà è ïðîèñõîäèò ñäâèã âî âõîäíîé öåïî÷êå.

Øàã 2 ìîæíî ïðîïóñòèòü, åñëè èçìåíèòü êîìàíäó δ(S , a): âìåñòî öåïî÷êè
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ìîäèôèöèðîâàòü óïðàâëÿþùóþ òàáëèöó.

Îáðàòèòå âíèìàíèå, ÷òî â ïîëó÷åííîì àâòîìàòå òåðìèíàëû íèêîãäà íå
ïîïàäàþò â ñòåê, ïîýòîìó òàáëèöà ñòàíîâèòñÿ åùå áîëåå êîìïàêòíîé.
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Ðàçäåëåííûå ãðàììàòèêè

a b a
S (aA,_) (b,_)
A (a,_) (bSA,_)
a (ε,→)
b (ε,→)
∇ ∨

ñòåê íåîáðàáîòàííàÿ ÷àñòü
öåïî÷êè

1 S abba
2 aA abba
3 A bba
4 bSA bba
5 SA ba
6 bA ba
7 A a
8 a a
9 ∇ a

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Ðàçäåëåííûå ãðàììàòèêè
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7 A a
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Ðàçäåëåííûå ãðàììàòèêè

a b a
S (A,→) (ε,→)
A (ε,→) (SA,→)
∇ ∨

ñòåê íåîáðàáîòàííàÿ ÷àñòü
öåïî÷êè

1 S abba
3 A bba
5 SA ba
7 A a
9 ∇ a
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Óïðîùåíèå ÄÌÏÀ â îáùåì ñëó÷àå

ÄÌÏÀ, ïîñòðîåííûé ïî ãðàììàòèêå G ìîæíî óïðîñòèòü òàêèì æå îáðàçîì è â
îáùåì ñëó÷àå.

Ëåììà 3 îá óïðîùåíèèè ÄÌÏÀ

ÏóñòüM � ÍÌÏÀ, ïîñòðîåííûé ïî ãðàììàòèêå G (íå îáÿçàòåëüíî
ðàçäåëåííîé). È ïóñòüM′ � ÄÌÏÀ, ïîëó÷åííûé èç ÍÌÏÀM óäàëåíèåì
íåêîòîðûõ ýëåìåíòîâ èç ìíîæåñòâ δ(A, a), è ïðè ýòîì L(M′) = L(M). Òîãäà
ñóùåñòâóåò ÄÌÏÀM′′ ïîðîæäàþùèé òîò æå ÿçûê, ÷òî è ÄÌÏÀM′, ïðè
ýòîì òåðìèíàëû íèêîãäà íå ïîïàäàþò â åãî ñòåê.
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Ëåììà 3 îá óïðîùåíèèè ÄÌÏÀ. Äîêàçàòåëüñòâî

Äîêàçàòåëüñòâî.

Ïî ëåììå 2 ìîæíî ñ÷èòàòü, â àâòîìàòåM′ ìîãóò áûòü òîëüêî ïåðåõîäû
δ(A, a) = (aα,_), ãäå a ∈ Σ, α ∈ (Σ ∪ Γ)∗. Äëÿ êàæäîãî a ∈ Σ áóäåì
óäàëÿòü èç òàáëèöû ïåðåõîäîâ àâòîìàòàM′ êîìàíäó δ(A, a) = (aα,_),
ïîêà òàêàÿ åñòü, çàìåíÿÿ åå êîìàíäîé δ(A, a) = (α,→). À çàòåì óäàëèì
êîìàíäó δ(a, a) = (ε,→).

Ëåãêî ïîíÿòü, ÷òî ïîëó÷åííûé â ðeçóëüòàòå ÄÌÏÀM′′ ïîðîæäàåò òîò æå
ÿçûê, ÷òî è ÄÌÏÀM′, ò.å. ÿçûê L(G ).

Â ïîëó÷åííîì àâòîìàòåM′′ òåðìèíàëû íèêîãäà íå ïîïàäàþò â ñòåê.
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Îïðåäåëåíèå ìíîæåñòâ FIRST è FOLLOW

Ïóñòü G = (Σ, Γ,P,S) � ÊÑ ãðàììàòèêà è γ ∈ (Σ ∪ Γ)∗.
Ìíîæåñòâîì FIRST (γ) íàçîâåì òàêîå ïîäìíîæåñòâî ìíîæåñòâà Σ ∪ {ε},
÷òî

1 òåðìèíàë a ∈ Σ ïðèíàäëåæèò ìíîæåñòâó FIRST (γ), åñëè è òîëüêî åñëè

γ ⇒∗ aγ′ äëÿ íåêîòîðîãî γ′ ∈ (Σ ∪ Γ)∗.
2 ε ∈ FIRST (γ), åñëè è òîëüêî åñëè γ ⇒∗ ε.

Ïðåäïîëîæèì òåïåðü, ÷òî Aβ ⇒∗ av , è â ýòîì âûâîäå ïðèìåíÿþòñÿ ïðàâèëà
A→ γ, γ ⇒∗ ε. Òîãäà Aβ ⇒ γβ ⇒∗ β ⇒ av . Ïîìåíÿåì ïîðÿäîê âûâîäà è
ïîëó÷èì Aβ ⇒∗ Aav . Ñèìâîë a ñòîèò ïîñëå A.

Ïóñòü A ∈ Γ. Ìíîæåñòâîì FOLLOW (A) íàçîâåì òàêîå ïîäìíîæåñòâî
ìíîæåñòâà Σ ∪ {a}, ÷òî

1 òåðìèíàë a ∈ Σ ïðèíàäëåæèò ìíîæåñòâó FOLLOW (A), åñëè è òîëüêî åñëè

S ⇒∗ αAaβ äëÿ íåêîòîðûõ α, β ∈ (Σ ∪ Γ)∗.
2 a∈ FOLLOW (A), åñëè è òîëüêî åñëè S ⇒∗ αA.
3 a∈ FOLLOW (S), ïîñêîëüêó ìîæíî ñ÷èòàòü, ÷òî S ⇒∗ S .
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Ïðèìåð 1. Ìíîæåñòâî FIRST

Ðàññìîòðèì ãðàììàòèêó

S → CA | CB
A→ bBC | cb

B → b

C → dC | ε

Òîãäà

FIRST (a) = {a} (òàê êàê a⇒ a)

FIRST (ε) = {ε} (òàê êàê ε⇒ ε)

FIRST (C ) = {d , ε} (òàê êàê C ⇒ dC )

FIRST (BC ) = {b} (òàê êàê BC ⇒ bC )

FIRST (AC ) = {b, c} (òàê êàê AC ⇒ bBCC è AC ⇒ cbC )
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Ïðèìåð 1. Ìíîæåñòâî FOLLOW

FOLLOW (S) = {a}

a∈ FOLLOW (A), a∈ FOLLOW (B), a∈ FOLLOW (C )
(òàê êàê S ⇒ CA, S ⇒ CB, A⇒ aBC )

d ∈ FOLLOW (B)
(òàê êàê S ⇒ CA⇒ aBC ⇒ aBdC )
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Ïîñòðîåíèå ìíîæåñòâà FIRST

Âíà÷àëå ïðèâåäåì àëãîðèòì âû÷èñëåíèÿ ìíîæåñòâ FIRST äëÿ âñåõ ñèìâîëîâ
ãðàììàòèêè (òåðìèíàëîâ è íåòåðìèíàëîâ). Îí îñíîâàí íà ñëåäóþùåì
çàìå÷àíèè, âûòåêàþùåì íåïîñðåäñòâåííî èç îïðåäåëåíèÿ ìíîæåñòâà FIRST.

Çàìå÷àíèå 1 î ìíîæåñòâå FIRST äëÿ òåðìèíàëîâ è íåòåðìèíàëîâ

Åñëè a � òåðìèíàë, òî FIRST (a) = {a}. Åñëè A � íåòåðìèíàë, òî

FIRST (A) =
⋃
A→β

FIRST (β)

Ïóñòü β = X1X2 . . .Xn.
Òîãäà òåðìèíàëû èç FIRST (X1) âõîäÿò â FIRST (β),
òåðìèíàëû èç FIRST (X2) âõîäÿò â FIRST (β) ïðè óñëîâèè ε ∈ FIRST (X1),
òåðìèíàëû èç FIRST (X3) âõîäÿò â FIRST (β) ïðè óñëîâèè
ε ∈ FIRST (X1) ∩ FIRST (X2) è ò. ä.
Íàêîíåö, åñëè ε ∈ FIRST (X1) ∩ FIRST (X2) ∩ . . . ∩ FIRST (Xn), òî
ε ∈ FIRST (β).

Ìíîæåñòâî FIRST ñîñòîèò òîëüêî èç òåðìèíàëîâ!

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Ïîñòðîåíèå ìíîæåñòâà FIRST

Âíà÷àëå ïðèâåäåì àëãîðèòì âû÷èñëåíèÿ ìíîæåñòâ FIRST äëÿ âñåõ ñèìâîëîâ
ãðàììàòèêè (òåðìèíàëîâ è íåòåðìèíàëîâ). Îí îñíîâàí íà ñëåäóþùåì
çàìå÷àíèè, âûòåêàþùåì íåïîñðåäñòâåííî èç îïðåäåëåíèÿ ìíîæåñòâà FIRST.

Çàìå÷àíèå 1 î ìíîæåñòâå FIRST äëÿ òåðìèíàëîâ è íåòåðìèíàëîâ

Åñëè a � òåðìèíàë, òî FIRST (a) = {a}. Åñëè A � íåòåðìèíàë, òî

FIRST (A) =
⋃
A→β

FIRST (β)

Ïóñòü β = X1X2 . . .Xn.
Òîãäà òåðìèíàëû èç FIRST (X1) âõîäÿò â FIRST (β),
òåðìèíàëû èç FIRST (X2) âõîäÿò â FIRST (β) ïðè óñëîâèè ε ∈ FIRST (X1),
òåðìèíàëû èç FIRST (X3) âõîäÿò â FIRST (β) ïðè óñëîâèè
ε ∈ FIRST (X1) ∩ FIRST (X2) è ò. ä.
Íàêîíåö, åñëè ε ∈ FIRST (X1) ∩ FIRST (X2) ∩ . . . ∩ FIRST (Xn), òî
ε ∈ FIRST (β).

Ìíîæåñòâî FIRST ñîñòîèò òîëüêî èç òåðìèíàëîâ!

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Ïîñòðîåíèå ìíîæåñòâà FIRST

Âíà÷àëå ïðèâåäåì àëãîðèòì âû÷èñëåíèÿ ìíîæåñòâ FIRST äëÿ âñåõ ñèìâîëîâ
ãðàììàòèêè (òåðìèíàëîâ è íåòåðìèíàëîâ). Îí îñíîâàí íà ñëåäóþùåì
çàìå÷àíèè, âûòåêàþùåì íåïîñðåäñòâåííî èç îïðåäåëåíèÿ ìíîæåñòâà FIRST.

Çàìå÷àíèå 1 î ìíîæåñòâå FIRST äëÿ òåðìèíàëîâ è íåòåðìèíàëîâ

Åñëè a � òåðìèíàë, òî FIRST (a) = {a}. Åñëè A � íåòåðìèíàë, òî

FIRST (A) =
⋃
A→β

FIRST (β)

Ïóñòü β = X1X2 . . .Xn.
Òîãäà òåðìèíàëû èç FIRST (X1) âõîäÿò â FIRST (β),
òåðìèíàëû èç FIRST (X2) âõîäÿò â FIRST (β) ïðè óñëîâèè ε ∈ FIRST (X1),
òåðìèíàëû èç FIRST (X3) âõîäÿò â FIRST (β) ïðè óñëîâèè
ε ∈ FIRST (X1) ∩ FIRST (X2) è ò. ä.
Íàêîíåö, åñëè ε ∈ FIRST (X1) ∩ FIRST (X2) ∩ . . . ∩ FIRST (Xn), òî
ε ∈ FIRST (β).

Ìíîæåñòâî FIRST ñîñòîèò òîëüêî èç òåðìèíàëîâ!

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Àëãîðèòì ïîñòðîåíèÿ ìíîæåñòâ FIRST äëÿ íåòåðìèí.

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Íàáîð ìíîæåñòâ FIRST (A) äëÿ âñåõ òåðìèíàëîâ è íåòåðìèíàëîâ A ∈ Γ

for a ∈ Σ:
FIRST (a) = {a}

for (A→ γ) ∈ P:
if (A→ ε) ∈ P:
FIRST (A) = FIRST (A) ∪ {ε}
else:
FIRST (A) = ∅

while (âñå ìíîæåñòâà FIRST (A) äëÿ âñåõ A ∈ Γ íå ñòàáèëèçèðîâàëèñü):
for (A→ X1X2 . . .Xn) ∈ P:
1 X0 = ε
2 i = 0
3 while (ε ∈ FIRST (Xi )) and (i < n):

1 i+=1

2 FIRST (A) = FIRST (A) ∪ (FIRST (Xi )\{ε})
4 if (ε ∈ FIRST (Xn)) and (i = n):

FIRST (A) = FIRST (A) ∪ {ε}
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Ïîñòðîåíèå ìíîæåñòâ FIRST â ïðèìåðå 1 äëÿ
òåðìèíàëîâ è íåòåðìèíàëîâ

Ïåðåíóìåðóåì ïðàâèëà â ïðèìåðå 1.

S→CA (1)

S→CB (2)

A→ bBC (3)

A→ cb (4)

B → b (5)

C → dC (6)

C → ε (7)

È íàïèøåì ïðîòîêîë ïîñòðîåíèÿ ìíîæåñòâà FIRST äëÿ âñåõ íåòåðìèíàëîâ.
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Ïðîòîêîë ïîñòð. FIRST äëÿ òåðì. è íåòåðìèí. â ïðèì. 1

� òàêòà FIRST (S) FIRST (A) FIRST (B) FIRST (C )
1 ∅ ∅ ∅ {ε}
2 (1) : ∅ ∅ ∅ {ε}
3 (2) : ∅ ∅ ∅ {ε}
4 ∅ (3) : {b} ∅ {ε}
5 ∅ (4) : {b, c} ∅ {ε}
6 ∅ {b, c} (5) : {b} {ε}
7 ∅ {b, c} {b} (6) : {d , ε}
8 ∅ {b, c} {b} (7) : {d , ε}
9 (1) : {b, c , d} {b, c} {b} {d , ε}
10 (2) : {b, c , d} {b, c} {b} {d , ε}
11 {b, c , d} (3) : {b, c} {b} {d , ε}
12 {b, c , d} (4) : {b, c} {b} {d , ε}
13 {b, c , d} {b, c} (5) : {b} {d , ε}
14 {b, c , d} {b, c} {b} (6) : {d , ε}
15 {b, c , d} {b, c} {b} (7) : {d , ε}
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Ïîñòðîåíèå ìíîæåñòâà FIRST äëÿ öåïî÷åê èç
ãðàììàòè÷åñêèõ ñèìâîëîâ

Òåïåðü ìîäèôèöèðóåì àëãîðèòì äëÿ âû÷èñëåíèÿ ìíîæåñòâà FIRST (α)
äëÿ ïðîèçâîëüíîãî α ∈ (Σ ∪ Γ)∗.

Ïðè ýòîì ñ÷èòàåòñÿ, ÷òî ìíîæåñòâà FIRST äëÿ òåðìèíàëîâ è òåðìèíàëîâ
óæå ïîñòðîåíû.
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Àëãîðèòì ïîñòðîåíèÿ ìíîæåñòâà FIRST äëÿ öåïî÷åê èç
ãðàììàòè÷åñêèõ ñèìâîëîâ
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Âûõîä: Ìíîæåñòâî FIRST (α)

FIRST (α) = ∅
α0 = ε

i = 0
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Ïðèìåð 1 ïîñòðîåíèÿ ìíîæåñòâà FIRST äëÿ öåïî÷åê

Íàïîìíèì, ÷òî ìû óæå âû÷èñëèëè
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FIRST (S) = {b, c , d}, FIRST (A) = {b, c}, FIRST (B) = {b},
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Ëåììà 4 î ìíîæåñòâå FOLLOW

Ëåììà 4 î ìíîæåñòâå FOLLOW

Äëÿ ëþáîãî X ∈ Γ åñëè S ⇒∗ αXβ äëÿ íåêîòîðûõ α, β ∈ (Σ ∪ Γ)∗, òî
(FIRST (β)\{ε}) ⊆ FOLLOW (X )

Äîêàçàòåëüñòâî. Ïóñòü òåðìèíàë a ∈ Σ ïðèíàäëåæèò ìíîæåñòâó FIRST (β).
Òîãäà β ⇒∗ aγ äëÿ íåêîòîðîãî γ ∈ (Σ ∪ Γ)∗. Ñëåäîâàòåëüíî, S ⇒∗ αXaγ, à
çíà÷èò, a ∈ FOLLOW (X ).

Ñëåäóþùåå çàìå÷àíèå (äîêàçàòåëüñòâî.-óïð.) ïîìîæåò íàì ïîñòðîèòü
àëãîðèòì äëÿ ïîèñêà ìíîæåñòâ FOLLOW äëÿ âñåõ íåòåðìèíàëîâ.

Çàìå÷àíèå 2

Ïóñòü A→ X1X2 . . .Xn. Òîãäà

1 Åñëè Xn ∈ Γ, òî FOLLOW (A) ⊆ FOLLOW (Xn).

2 Åñëè Xi ∈ Γ è ε ∈ FOLLOW (Xi+1) ∩ . . . ∩ FOLLOW (Xn), òî
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3 Åñëè Xi ∈ Γ, òî FIRST (Xi+1 . . .Xn) ⊆ FOLLOW (Xi )
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Àëãîðèòì ïîñòðîåíèÿ ìíîæåñòâà FOLLOW

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Íàáîð ìíîæåñòâ FOLLOW (A) äëÿ âñåõ íåòåðìèíàëîâ A ∈ Γ

for A ∈ Γ:

FOLLOW (A) = ∅
FOLLOW (S) = {a}
P = P ∪ (Xn+1 → ε)

while (âñå ìíîæåñòâà FOLLOW (A) äëÿ âñåõ A ∈ Γ íå ñòàáèëèçèðîâàëèñü):
for (A→ X1X2 . . .Xn) ∈ P:
1 i = n
2 ann = true
3 while (Xi ∈ Γ) and (i > 1):

1 FOLLOW (Xi ) = FOLLOW (Xi ) ∪ (FIRST (Xi+1 . . .Xn+1)\{ε})
2 if ann:

FOLLOW (Xi ) = FOLLOW (Xi ) ∪ FOLLOW (A)
3 ann = ann ∧ (ε ∈ FIRST (Xi ))
4 i=i-1

Ìíîæåñòâî FOLLOW ñòðîèòñÿ òîëüêî äëÿ íåòåðìèíàëîâ!
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Ïîñòðîåíèå ìíîæåñòâà FÎLLOW â ïðèìåðå 1 äëÿ
òåðìèíàëîâ è íåòåðìèíàëîâ

Ñíîâà ðàññìîòðèì ãðàììàòèêó èç ïðèìåðà 1.

S→CA (1)

S→CB (2)

A→ bBC (3)

A→ cb (4)

B → b (5)

C → dC (6)

C → ε (7)

Âñïîìíèì, ÷òî
FIRST (S) = {b, c , d}, FIRST (A) = {b, c}, FIRST (B) = {b}, FIRST (C ) = {d , ε}

È íàïèøåì ïðîòîêîë ïîñòðîåíèÿ ìíîæåñòâà FOLLOW äëÿ âñåõ íåòåðìèíàëîâ.
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Ïðîòîêîë ïîñòð. FOLLOW äëÿ íåòåðìèí. â ïðèìåðå 1

� òàêòà FOLLOW (S) FOLLOW (A) FOLLOW (B) FOLLOW (C )
1 {a} ∅ ∅ ∅
2 {a} (1) : {a} ∅ (1) : {b, c}
3 {a} {a} (2) : {a} (2) : {b, c}
4 {a} {a} (3) : {a, d} (3) : {a, b, c}
5 {a} {a} (3) : {a, d} (3) : {a, b, c}
6 {a} (1) : {a} {a, d} (1) : {a, b, c}
7 {a} {a} (2) : {a} (2) : {a, b, c}
8 {a} {a} (3) : {a, d} (3) : {a, b, c}

Òàêèì îáðàçîì,
FOLLOW (S) = {a}, FOLLOW (A) = {a}, FOLLOW (B) = {a, d},
FOLLOW (C ) = {a, b, c}
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Îïðåäåëåíèå ìíîæåñòâà SELECT è LL(1)-ãðàììàòèêè

Ïóñòü G = (Σ, Γ,P,S) � ÊÑ ãðàììàòèêà è (A→ γ) ∈ P.
Ìíîæåñòâîì SELECT (A→ γ) (ïðàâèëîì âûáîðà äëÿ ïðàâèëà A→ γ)
íàçûâàåòñÿ ìíîæåñòâî{

FIRST (β), åñëè ε 6∈ FIRST (β)
(FIRST (β)\{ε}) ∪ FOLLOW (A), èíà÷å

Ãðàììàòèêà G íàçûâàåòñÿ LL(1)-ãðàììàòèêîé, åñëè äëÿ ëþáûõ äâóõ
ïðàâèë A→ γ1, A→ γ2 ∈ P èç òîãî, ÷òî γ1 6= γ2 ñëåäóåò, ÷òî
SELECT (A→ γ1) ∩ SELECT (A→ γ2) = ∅
(ò.å. ìíîæåñòâî ïðàâèë âûáîðà äëÿ àëüòåðíàòèâ A→ γ1 | γ2 íå
ïåðåñåêàþòñÿ).

Åñëè ãðàììàòèêà G ÿâëÿåòñÿ ðàçäåëåííîé, òî îíà, ëåãêî ïîíÿòü, ÿâëÿåòñÿ
LL(1)-ãðàììàòèêîé (ïî÷åìó?).
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Ïîñòðîåíèå ìíîæåñòâ SELECT äëÿ ãðàìì. èç ïðèìåðà 1

Ñíîâà ðàññìîòðèì ãðàììàòèêó èç ïðèìåðà 1

S→CA (1)

S→B (2)

A→ bBC (3)

A→ cb (4)

B → b (5)

C → dC (6)

C → ε (7)

Ìíîæåñòâà FIRST, FOLLOW ìû óæå ïîñ÷èòàëè:

FIRST (S) = {b, c , d}, FIRST (A) = {b, c}, FIRST (B) = {b}, FIRST (C ) = {d , ε}
è

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

Íàéäåì ìíîæåñòâà SELECT (A→ γ) â ãðàììàòèêå G .
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Ïîñòðîåíèå ìíîæåñòâ SELECT äëÿ ïðèìåðà 1
(ïðîäîëæåíèå)

Äëÿ ýòîãî íàéäåì ñíà÷àëà ìíîæåñòâà FIRST äëÿ ïðàâûõ ÷àñòåé âñåõ
ãðàììàòèêè G :

FIRST (CA) = (FIRST (C )\{ε}) ∪ FIRST (A) = {b, c , d},

FIRST (CB) = (FIRST (C )\{ε}) ∪ (FIRST (B)) = {b, d}

FIRST (bBC ) = FIRST (b) = {b}

FIRST (cb) = FIRST (c) = {c}

FIRST (b) = FIRST (b) = {b}

FIRST (dC ) = FIRST (d) = {d}

FIRST (ε) = ε
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Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Óïðàâëÿþùàÿ òàáëèöà äëÿ δ íèñõîäÿùåãî àíàëèçàòîðà ñ îäíèì
ñîñòîÿíèåì ñî ñòåêîâûì àëôàâèòîì ∆ = Σ ∪ Γ è ñ íà÷àëüíûì ñîäåðæèìûì
ñòåêà S

1 for (A→ γ) ∈ P íàéäåì SELECT (A→ γ)

2 for A ∈ Γ:
for (A→ γ) ∈ P:
for a ∈ SELECT (A→ γ):
δ(A, a) = (γ,_)

3 for a ∈ Σ:
δ(a, a) = (ε,→)

4 Êîìàíäà äîïóñêà � δ(∇,a) = ∨

Åñëè ãðàììàòèêà ÿâëÿåòñÿ LL(1) ãðàììàòèêîé, òî òàêîé àâòîìàò áóäåò
äåòåðìèíèðîâàííûì (ïî÷åìó?).

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Óïðàâëÿþùàÿ òàáëèöà äëÿ δ íèñõîäÿùåãî àíàëèçàòîðà ñ îäíèì
ñîñòîÿíèåì ñî ñòåêîâûì àëôàâèòîì ∆ = Σ ∪ Γ è ñ íà÷àëüíûì ñîäåðæèìûì
ñòåêà S

1 for (A→ γ) ∈ P íàéäåì SELECT (A→ γ)

2 for A ∈ Γ:
for (A→ γ) ∈ P:
for a ∈ SELECT (A→ γ):
δ(A, a) = (γ,_)

3 for a ∈ Σ:
δ(a, a) = (ε,→)

4 Êîìàíäà äîïóñêà � δ(∇,a) = ∨

Åñëè ãðàììàòèêà ÿâëÿåòñÿ LL(1) ãðàììàòèêîé, òî òàêîé àâòîìàò áóäåò
äåòåðìèíèðîâàííûì (ïî÷åìó?).

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Óïðàâëÿþùàÿ òàáëèöà äëÿ δ íèñõîäÿùåãî àíàëèçàòîðà ñ îäíèì
ñîñòîÿíèåì ñî ñòåêîâûì àëôàâèòîì ∆ = Σ ∪ Γ è ñ íà÷àëüíûì ñîäåðæèìûì
ñòåêà S

1 for (A→ γ) ∈ P íàéäåì SELECT (A→ γ)

2 for A ∈ Γ:
for (A→ γ) ∈ P:
for a ∈ SELECT (A→ γ):
δ(A, a) = (γ,_)

3 for a ∈ Σ:
δ(a, a) = (ε,→)

4 Êîìàíäà äîïóñêà � δ(∇,a) = ∨

Åñëè ãðàììàòèêà ÿâëÿåòñÿ LL(1) ãðàììàòèêîé, òî òàêîé àâòîìàò áóäåò
äåòåðìèíèðîâàííûì (ïî÷åìó?).

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Óïðàâëÿþùàÿ òàáëèöà äëÿ δ íèñõîäÿùåãî àíàëèçàòîðà ñ îäíèì
ñîñòîÿíèåì ñî ñòåêîâûì àëôàâèòîì ∆ = Σ ∪ Γ è ñ íà÷àëüíûì ñîäåðæèìûì
ñòåêà S

1 for (A→ γ) ∈ P íàéäåì SELECT (A→ γ)

2 for A ∈ Γ:
for (A→ γ) ∈ P:
for a ∈ SELECT (A→ γ):
δ(A, a) = (γ,_)

3 for a ∈ Σ:
δ(a, a) = (ε,→)

4 Êîìàíäà äîïóñêà � δ(∇,a) = ∨

Åñëè ãðàììàòèêà ÿâëÿåòñÿ LL(1) ãðàììàòèêîé, òî òàêîé àâòîìàò áóäåò
äåòåðìèíèðîâàííûì (ïî÷åìó?).

Þ. Â. Íàãðåáåöêàÿ, È. À. Ìèõàéëîâà, Ëèíãâèñòè÷åñêèå îñíîâû èíôîðìàòèêè. Ëåêöèÿ 14



Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Àëãîðèòì ïîñòðîåíèÿ íèñõîäÿùåãî àíàëèçàòîðà

Âõîä: ÊÑ-ãðàììàòèêà G = (Σ, Γ,P,S).
Âûõîä: Óïðàâëÿþùàÿ òàáëèöà äëÿ δ íèñõîäÿùåãî àíàëèçàòîðà ñ îäíèì
ñîñòîÿíèåì ñî ñòåêîâûì àëôàâèòîì ∆ = Σ ∪ Γ è ñ íà÷àëüíûì ñîäåðæèìûì
ñòåêà S

1 for (A→ γ) ∈ P íàéäåì SELECT (A→ γ)

2 for A ∈ Γ:
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for a ∈ SELECT (A→ γ):
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Òåîðåìà î êîððåêòíîñòè ðàáîòû àëãîðèòìà íèñõîäÿùåãî
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àâòîìàò, ïîñòðîåííûé ïî ýòîìó àëãîðèòìó ðàñïîçíàåò ÿçûê L(G ).

Çàìåòèì, ÷òî ÌÏ-àâòîìàòM′, ïîñòðîåííûé ïî àëãîðèòìó, ñîäåðæèò
òîëüêî ÷àñòü ïåðåõîäîâ ÍÏÌÀM, êîòîðûé ñòðîèëñÿ ïî ÊÑ-ãðàììàòèêå
G ïðè äîêàçàòåëüñòâå òåîðåìû 2 â ëåêöèè 13 è êîòîðûé äîïóñêàë ÿçûê
L(G ). Ñëåäîâàòåëüíî, åñëè äëÿ êàæäîãî w ∈ L(G ) â àâòîìàòåM′ åñòü
ïîñëåäîâàòåëüíîñòü ïåðåõîäîâ [S ,w a] |=∗ [ε,a], òî, ýòà
ïîñëåäîâàòåëüíîñòü åñòü âM, è çíà÷èò, êàê ðàíåå áûëî äîêàçàíî â
òåîðåìå 2 ëåêöèè 13, w ∈ L(G ). Òàêèì îáðàçîì, L(M′) ⊆ L(G ).

Ïîêàæåì, ÷òî åñëè w ∈ L(G ), òî ñëîâî w ðàñïîçíàåòñÿ íèñõîäÿùèì
àíàëèçàòîðîìM′, ò.å. L(G ) ⊆ L(M′).
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Äîêàçàòåëüñòâî òåîðåìû î êîððåêòíîñòè ðàáîòû
àëãîðèòìà íèñõîäÿùåãî àíàëèçàòîðà

Ïóñòü S ⇒∗ uiAβi ⇒ uiγβi ⇒∗ uivi = w � ëåâîñòîðîííèé âûâîä â
ãðàììàòèêå G , ïîêàæåì ÷òî â àâòîìàòåM′ íàéäåòñÿ ïåðåõîä
δ(A, x) = (γ,_) äëÿ íåêîòîðîãî x ∈ Σ ∪ {a}, ò.å. íàéäåòñÿ x ∈ Σ ∪ {a},
÷òî x ∈ SELECT (A→ γ).

ßñíî, ÷òî Aβi ⇒ γβi ⇒∗ vi .
Ïóñòü â ýòîì âûâîäå γ 6⇒∗ ε, òîãäà, â ÷àñòíîñòè, vi 6= ε, è íàéäåòñÿ x ∈ Σ
� ïåðâûé ñèìâîë ñëîâà vi è ïðè ýòîì x ∈ FIRST (γ). Òàê êàê
ε 6∈ FIRST (γ), èìååì SELECT (A→ γ) = FIRST (γ). Çíà÷èò,
x ∈ SELECT (A→ γ).
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Äîêàçàòåëüñòâî òåîðåìû î êîððåêòíîñòè ðàáîòû
àëãîðèòìà íèñõîäÿùåãî àíàëèçàòîðà (ïðîäîëæåíèå)
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Ïóñòü â ýòîì âûâîäå γ ⇒∗ ε. Òîãäà ε ∈ FIRST (γ) è ïîòîìó
SELECT (A→ γ) = (FIRST (γ)\{ε}) ∪ FOLLOW (A) è βi ⇒∗ vi , îòêóäà
S ⇒∗ uiAβi ⇒∗ uiAvi .

1 Åñëè vi = xv ′i , òî S ⇒∗ uiAxv ′i è

x ∈ FIRST (vi ) ∩ FOLLOW (A) ⊆ SELECT (A→ γ).
2 Åñëè vi = ε, òî x =a, S ⇒∗ uiA è a∈ FOLLOW (A) ⊆ SELECT (A→ γ). È

ñëåäîâàòåëüíî, a∈ SELECT (A→ γ).
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