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Ââåäåíèå

Ëàáîðàòîðíàÿ �4 çàêëþ÷àåòñÿ â äîðàáîòêå êîìïèëÿòîðà ÿçûêà MiLan ñîãëàñíî
âàðèàíòó ðàáîòû.

Âàðèàíò 8 : Â êîìïèëÿòîð íåîáõîäèìî äîáàâèòü ïîääåðæêó îïåðàöèé èíêðåìåí-
òà è äåêðåìåíòà, êàê ïîñòôèêñíûõ, òàê è ïðåôèêñíûõ: ++i, ==i, i++, i==. Ñ òî÷êè
çðåíèÿ äåéñòâèÿ íà îïåðàíä i ìåæäó ïðåôèêñíûìè è ïîñòôèêñíûìè îïåðàöèÿìè
ðàçíèöû íåò. Åñëè ýòè âûðàæåíèÿ ÿâëÿþòñÿ ÷àñòüþ áîëåå ñëîæíîãî âûðàæåíèÿ, òî
ïðè ïðåôèêñíîé ôîðìå ñíà÷àëà èçìåíÿåòñÿ îïåðàíä i, è óæå èçìåíåííûé ðåçóëü-
òàò èñïîëüçóåòñÿ â âûðàæåíèè. Ïðè ïîñòôèêñíîé ôîðìå îïåðàòîðîâ èíêðåìåíòà èëè
äåêðåìåíòà ñíà÷àëà îïåðàíä i èñïîëüçóåòñÿ â âûðàæåíèè, à ïîòîì óæå èçìåíÿåòñÿ.
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1 Ìàòåìàòè÷åñêîå îïèñàíèå

1.1 Îáçîð ÿçûêà MiLan

ßçûê Ìèëàí � ó÷åáíûé ÿçûê ïðîãðàììèðîâàíèÿ, îïèñàííûé â ó÷åáíèêå [3].

Ïðîãðàììà íà Ìèëàíå ïðåäñòàâëÿåò ñîáîé ïîñëåäîâàòåëüíîñòü îïåðàòîðîâ, çà-
êëþ÷åííûõ ìåæäó êëþ÷åâûìè ñëîâàìè begin è end. Îïåðàòîðû îòäåëÿþòñÿ äðóã
îò äðóãà òî÷êîé ñ çàïÿòîé. Ïîñëå ïîñëåäíåãî îïåðàòîðà â áëîêå òî÷êà ñ çàïÿòîé íå
ñòàâèòñÿ. Êîìïèëÿòîð CMilan íå ó÷èòûâàåò ðåãèñòð ñèìâîëîâ â èìåíàõ ïåðåìåííûõ
è êëþ÷åâûõ ñëîâàõ.

Â áàçîâóþ âåðñèþ ÿçûêà Ìèëàí âõîäÿò ñëåäóþùèå êîíñòðóêöèè: êîíñòàíòû,
èäåíòèôèêàòîðû, àðèôìåòè÷åñêèå îïåðàöèè íàä öåëûìè ÷èñëàìè, îïåðàòîðû ÷òå-
íèÿ ÷èñåë ñî ñòàíäàðòíîãî ââîäà è ïå÷àòè ÷èñåë íà ñòàíäàðòíûé âûâîä, îïåðàòîð
ïðèñâàèâàíèÿ, óñëîâíûé îïåðàòîð, îïåðàòîð öèêëà ñ ïðåäóñëîâèåì.

Ïðîãðàììà ìîæåò ñîäåðæàòü êîììåíòàðèè, êîòîðûå ìîãóò áûòü ìíîãîñòðî÷íû-
ìè. Êîììåíòàðèé íà÷èíàåòñÿ ñèìâîëàìè /* è çàêàí÷èâàåòñÿ ñèìâîëàìè */. Âëîæåí-
íûå êîììåíòàðèè íå äîïóñêàþòñÿ.

Â äàííîé ëàáîðàòîðíîé ðàññìàòðèâàåòñÿ äîáàâëåíèå ïîääåðæêè îïåðàöèé èí-
êðåìåíòà è äåêðåìåíòà, êàê ïîñòôèêñíûõ, òàê è ïðåôèêñíûõ: ++i, ==i, i++, i==. Ñ
òî÷êè çðåíèÿ äåéñòâèÿ íà îïåðàíä i ìåæäó ïðåôèêñíûìè è ïîñòôèêñíûìè îïåðàöè-
ÿìè ðàçíèöû íåò. Åñëè ýòè âûðàæåíèÿ ÿâëÿþòñÿ ÷àñòüþ áîëåå ñëîæíîãî âûðàæåíèÿ,
òî ïðè ïðåôèêñíîé ôîðìå ñíà÷àëà èçìåíÿåòñÿ îïåðàíä i, è óæå èçìåíåííûé ðåçóëü-
òàò èñïîëüçóåòñÿ â âûðàæåíèè. Ïðè ïîñòôèêñíîé ôîðìå îïåðàòîðîâ èíêðåìåíòà èëè
äåêðåìåíòà ñíà÷àëà îïåðàíä i èñïîëüçóåòñÿ â âûðàæåíèè, à ïîòîì óæå èçìåíÿåòñÿ.

1.2 Ëåêñè÷åñêèé àíàëèç

Â ðåàëüíûõ òðàíñëÿòîðàõ ÿçûêîâ ïðîãðàììèðîâàíèÿ (ßÏ) ïåðâîé ôàçîé ÿâëÿ-
åòñÿ òàê íàçûâàåìûé ëåêñè÷åñêèé àíàëèç âõîäíîé ïðîãðàììû � ïðåäâàðèòåëüíàÿ
îáðàáîòêà âõîäíîãî òåêñòà ñ âûäåëåíèåì â íåì ñòðóêòóðíî çíà÷èìûõ åäèíèö � ëåê-
ñåì. Íà Ðèñ. 1 ïðåäñòàâëåíà ñõåìà òðàíñëÿòîðà.

Ðèñ. 1. Ñõåìà òðàíñëÿòîðà.

Ëåêñåìû � ìèíèìàëüíûå åäèíèöû ÿçûêà, êîòîðûå èìåþò ñìûñë.

Çíà÷åíèå ëåêñåìû, îïðåäåëÿþùåå ïîäñòðîêó ñèìâîëîâ âõîäíîé öåïî÷êè, ñîîò-
âåòñòâóþùèõ ðàñïîçíàííîìó êëàññó ëåêñåìû. Â çàâèñèìîñòè îò êëàññà, çíà÷åíèå
ëåêñåìû ìîæåò áûòü ïðåîáðàçîâàíî âî âíóòðåííåå ïðåäñòàâëåíèå óæå íà ýòàïå ëåê-
ñè÷åñêîãî àíàëèçà.
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Êëàññ ëåêñåìû, îïðåäåëÿþùèé îáùåå íàçâàíèå äëÿ êàòåãîðèè ýëåìåíòîâ, îáëà-
äàþùèõ îáùèìè ñâîéñòâàìè (èäåíòèôèêàòîð, öåëîå ÷èñëî, ñòðîêà ñèìâîëîâ...).

Ëåêñè÷åñêèé àíàëèçàòîð îáðàáàòûâàåò âõîäíóþ öåïî÷êó, à íà åãî âõîä ïîäàþòñÿ
ñèìâîëû, ñãðóïïèðîâàííûå ïî êàòåãîðèÿì. Ïîýòîìó ïåðåä ëåêñè÷åñêèì àíàëèçîì
îñóùåñòâëÿåòñÿ äîïîëíèòåëüíàÿ îáðàáîòêà, ñîïîñòàâëÿþùàÿ ñ êàæäûì ñèìâîëîì åãî
êëàññ, ÷òî ïîçâîëÿåò ñêàíåðó ìàíèïóëèðîâàòü åäèíûì ïîíÿòèåì äëÿ öåëîé ãðóïïû
ñèìâîëîâ.

Ëåêñè÷åñêèé àíàëèçàòîð (ëåêñåð) � ýòî êîíå÷íûé àâòîìàò, êîòîðûé ïðåîáðàçó-
åò âõîäíóþ ñòðîêó ñèìâîëîâ â ïîñëåäîâàòåëüíîñòü òîêåíîâ. Ôîðìàëüíî åãî ìîæíî
îïèñàòü ñëåäóþùèì îáðàçîì:

Ïóñòü çàäàíû:

� Σ � âõîäíîé àëôàâèò (ìíîæåñòâî äîïóñòèìûõ ñèìâîëîâ)

� T � ìíîæåñòâî òèïîâ òîêåíîâ

� D � ìíîæåñòâî äîïóñòèìûõ çíà÷åíèé òîêåíîâ

Òîãäà ëåêñè÷åñêèé àíàëèçàòîð ðåàëèçóåò îòîáðàæåíèå:

Flexer : Σ
∗ → (T ×D)∗

ãäå:

� Σ∗ � ìíîæåñòâî âñåõ âîçìîæíûõ ñòðîê íàä àëôàâèòîì Σ

� (T ×D)∗ � ìíîæåñòâî ïîñëåäîâàòåëüíîñòåé ïàð (òèï òîêåíà, çíà÷åíèå)

Ïðîöåññ ëåêñè÷åñêîãî àíàëèçà ìîæíî ïðåäñòàâèòü êàê äåòåðìèíèðîâàííûé
êîíå÷íûé àâòîìàò (ÄÊÀ):

M = (Q,Σ, δ, q0, F ),

ãäå:

� Q � ìíîæåñòâî ñîñòîÿíèé àâòîìàòà

� δ : Q× Σ → Q � ôóíêöèÿ ïåðåõîäîâ

� q0 ∈ Q � íà÷àëüíîå ñîñòîÿíèå

� F ⊆ Q � ìíîæåñòâî êîíå÷íûõ ñîñòîÿíèé

Äëÿ êàæäîãî ðàñïîçíàííîãî òîêåíà ti âûïîëíÿåòñÿ:

ti = (type, value), ãäå type ∈ T, value ∈ D
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1.3 Ñèíòàêñè÷åñêèé àíàëèç

Ñèíòàêñè÷åñêèé àíàëèç � ïðîöåññ ñîïîñòàâëåíèÿ ëèíåéíîé ïîñëåäîâàòåëüíîñòè
ëåêñåì åñòåñòâåííîãî èëè ôîðìàëüíîãî ÿçûêà ñ åãî ôîðìàëüíîé ãðàììàòèêîé. Ðå-
çóëüòàòîì îáû÷íî ÿâëÿåòñÿ äåðåâî ðàçáîðà. Îáû÷íî ïðèìåíÿåòñÿ ñîâìåñòíî ñ ëåêñè-
÷åñêèì àíàëèçîì.

Ñèíòàêñè÷åñêèé àíàëèçàòîð âûðàæåíèé (ïàðñåð) � ÷àñòü ïðîãðàììû, âûïîëíÿ-
þùàÿ ÷òåíèå è àíàëèç âûðàæåíèÿ.

Ñóùåñòâóåò äâà òèïà àëãîðèòìîâ ñèíòàêñè÷åñêîãî àíàëèçà: íèñõîäÿùèé è âîñ-
õîäÿùèé:

� Íèñõîäÿùèé ïàðñåð � ïðîäóêöèè ãðàììàòèêè ðàñêðûâàþòñÿ, íà÷èíàÿ ñî ñòàð-
òîâîãî ñèìâîëà, äî ïîëó÷åíèÿ òðåáóåìîé ïîñëåäîâàòåëüíîñòè òîêåíîâ.

� Âîñõîäÿùèé ïàðñåð � ïðîäóêöèè âîññòàíàâëèâàþòñÿ èç ïðàâûõ ÷àñòåé, íà÷è-
íàÿ ñ òîêåíîâ è êîí÷àÿ ñòàðòîâûì ñèìâîëîì.

Ãðàììàòèêà ÿçûêà MiLan èñïîëüçóåò íèñõîäÿùèé ïàðñåð. Ïðè âîññòàíîâëåíèè
ñèíòàêñè÷åñêîãî äåðåâà ïðè íèñõîäÿùåì ðàçáîðå ñëåâà íàïðàâî ïîñëåäîâàòåëüíî àíà-
ëèçèðóåò âñå ïîääåðåâüÿ, ïðèíàäëåæàùèå ñàìîìó ëåâîìó íåòåðìèíàëó. Êîãäà ñàìûì
ëåâûì ñòàíîâèòñÿ äðóãîé íåòåðìèíàë, àíàëèçèðóåòñÿ óæå îí.

Êîìïèëÿòîð CMilan âêëþ÷àåò òðè êîìïîíåíòà (Ðèñ. 2):

1. ëåêñè÷åñêèé àíàëèçàòîð;

2. ñèíòàêñè÷åñêèé àíàëèçàòîð;

3. ãåíåðàòîð êîìàíä âèðòóàëüíîé ìàøèíû Ìèëàíà.

Ðèñ. 2. Êîìïîíåíòû êîìïèëÿòîðà CMilan.

1.4 Ãðàììàòèêà ÿçûêà MiLan

Ãðàììàòèêà ÿçûêà Ìèëàí ÿâëÿåòñÿ êîíòåêñòíî-ñâîáîäíîé, òàê êàê óäîâëåòâîðÿ-
åò îïðåäåëåíèþ ÊÑ-ãðàììàòèêè, ò.å. ïðîäóêöèè ãðàììàòèêè èìåþò âèä A → β, ãäå
A � îäèíî÷íûé íåòåðìèíàë, à β � ïðîèçâîëüíàÿ öåïî÷êà èç òåðìèíàëîâ è íåòåðìè-
íàëîâ. Áîëåå òîãî, ãðàììàòèêà ÿçûêà Ìèëàí ÿâëÿåòñÿ LL(1) ãðàììàòèêîé, òàê êàê
íåîáõîäèìî ïðîñìîòðåòü ïîòîê âñåãî íà îäèí ñèìâîë âïåðåä ïðè ïðèíÿòèè ðåøåíèÿ
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î òîì, êàêîå ïðàâèëî ãðàììàòèêè íåîáõîäèìî ïðèìåíèòü. Â äàííîé ðàáîòå â ãðàì-
ìàòèêó áûëè äîáàâëåíû îïåðàöèè èíêðåìåíòà è äåêðåìåíòà, îäíàêî ýòî íå ïîâëèÿëî
íà LL(1) ñâîéñòâî ãðàììàòèêè.

Ãðàììàòèêà ÿçûêà Ìèëàí, ðàñøèðåííàÿ îïåðàöèåé èíêðåìåíòà è äåêðåìåíòà, â
ôîðìå Áýêóñà-Íàóðà ïðèâåäåíà íèæå:

<program> ::= `begin' <statementList> `end'
<statementList> ::= <statement> `;' <statementList>

| epsilon
<statement> ::= <ident> `:=' <expression>

| `if' <relation> `then'
<statementList> [`else' <statementList>] `fi'

| `while' <relation> `do' <statementList> `od'
| `write' `(' <expression> `)'

<expression> ::= <term> <addop> <term>
<term> ::= <factor> <mulop> <factor>
<factor> ::= <ident>

| <number>
| `(' <expression> `)'
| `read'
| `-' <factor>
| <ident> `++'
| <ident> `--'
| `++' <ident>
| `--' <ident>

<relation> ::= <expression> <cmpi> <expression>
<addop> ::= `+'|`-'
<mulop> ::= `*'|`/'
<cmpi> ::= `='|`!='|`<'|`<='|`>'|`>='
<number> ::= <digit> <digit>
<ident> ::= <letter> <letter> | <digit>
<letter> ::= `a'|`b'|`c' | ...| `z'|`A'|`B'|`C' | ...| `Z'
<digit> ::= `0'|`1'|`2'|`3'|`4'|`5'|`6'|`7'|`8'|`9'

Èçìåíåíèÿ êîñíóëèñü òîëüêî ïðàâèëà <factor>, â êîòîðîì áûëè äîáàâëåíû 4
íîâûå ïðîäóêöèè, îïèñûâàþùèå îïåðàöèè ïîñòôèêñíîãî è ïðåôèêñíîãî èíêðåìåíòà
è äåêðåìåíòà.

Ñèíòàêñè÷åñêèå äèàãðàììû äëÿ âñåõ íåòåðìèíàëîâ ãðàììàòèêè ïðèâåäåíû íà
Ðèñ. 3 � Ðèñ. 14. Îáíîâë¼ííàÿ ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <factor>
ïðèâåäåíà íà Ðèñ. 10.

Ðèñ. 3. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <program>.
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Ðèñ. 4. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <statementList>.

Ðèñ. 5. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <statement>.

Ðèñ. 6. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <expression>.

Ðèñ. 7. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <relation>.

Ðèñ. 8. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <addop>.

Ðèñ. 9. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <mulop>.
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Ðèñ. 10. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <factor>, äîïîëíåííàÿ
îïåðàöèÿìè èíêðåìåíòà è äåêðåìåíòà (îòìå÷åíû çåëåíûì öâåòîì).

Ðèñ. 11. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <number>.

Ðèñ. 12. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <ident>.
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Ðèñ. 13. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <letter>.

Ðèñ. 14. Ñèíòàêñè÷åñêàÿ äèàãðàììà äëÿ íåòåðìèíàëà <digit>.
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2 Îñîáåííîñòè ðåàëèçàöèè

2.1 Èçìåíåíèÿ â ëåêñè÷åñêîì àíàëèçàòîðå

2.1.1 Ôàéë Scanner.h

Â ïåðå÷èñëåíèå Token â ôàéëå Scanner.h áûëè äîáàâëåíû íîâûå òîêåíû: INC,
DEC. Êîä îáíîâë¼ííîãî ïåðå÷èñëåíèÿ ïðåäñòàâëåí â ëèñòèíãå 1, äîáàâëåíû ñòðîêè
24-25.

Ëèñòèíã 1. Îáíîâë¼ííîå ïåðå÷èñëåíèå Token

1 enum Token {
2 T_EOF, // Êîíåö òåêñòîâîãî ïîòîêà
3 T_ILLEGAL, // Ïðèçíàê íåäîïóñòèìîãî ñèìâîëà
4 T_IDENTIFIER, // Èäåíòèôèêàòîð
5 T_NUMBER, // Öåëî÷èñëåííûé ëèòåðàë
6 T_BEGIN, // Êëþ÷åâîå ñëîâî "begin"
7 T_END, // Êëþ÷åâîå ñëîâî "end"
8 T_IF, // Êëþ÷åâîå ñëîâî "if"
9 T_THEN, // Êëþ÷åâîå ñëîâî "then"
10 T_ELSE, // Êëþ÷åâîå ñëîâî "else"
11 T_FI, // Êëþ÷åâîå ñëîâî "�"
12 T_WHILE, // Êëþ÷åâîå ñëîâî "while"
13 T_DO, // Êëþ÷åâîå ñëîâî "do"
14 T_OD, // Êëþ÷åâîå ñëîâî "od"
15 T_WRITE, // Êëþ÷åâîå ñëîâî "write"
16 T_READ, // Êëþ÷åâîå ñëîâî "read"
17 T_ASSIGN, // Îïåðàòîð ":="
18 T_ADDOP, // Ñâîäíàÿ ëåêñåìà äëÿ "+" è "=" îïåðàöèÿ( òèïà ñëîæåíèÿ)
19 T_MULOP, // Ñâîäíàÿ ëåêñåìà äëÿ "*" è "/" îïåðàöèÿ( òèïà óìíîæåíèÿ)
20 T_CMP, // Ñâîäíàÿ ëåêñåìà äëÿ îïåðàòîðîâ îòíîøåíèÿ
21 T_LPAREN, // Îòêðûâàþùàÿ ñêîáêà
22 T_RPAREN, // Çàêðûâàþùàÿ ñêîáêà
23 T_SEMICOLON, // ";"
24 T_INC, // Îïåðàòîð èíêðåìåíòà
25 T_DEC // Îïåðàòîð äåêðåìåíòà
26 };

2.1.2 Ôàéë Scanner.cpp

Â ìàññèâ íàçâàíèé òîêåíîâ tokenNames_ áûëè äîáàâëåíû íîâûå ñòðîêè, ñîîòâåò-
ñòâóþùèå èíêðåìåíòó è äåêðåìåíòó: "++" è "==", ñîîòâåòñòâåííî. Êîä îáíîâë¼ííîãî
ìàññèâà ïðåäñòàâëåí â ëèñòèíãå 2, äîáàâëåíû ñòðîêè 24-25.

Ëèñòèíã 2. Îáíîâë¼ííûé ìàññèâ tokenNames_

1 static const char * tokenNames_[] = {
2 "end of �le",
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3 "illegal token",
4 "identi�er",
5 "number",
6 "'BEGIN'",
7 "'END'",
8 "'IF'",
9 "'THEN'",
10 "'ELSE'",
11 "'FI'",
12 "'WHILE'",
13 "'DO'",
14 "'OD'",
15 "'WRITE'",
16 "'READ'",
17 "':='",
18 "'+' or '='",
19 "'*' or '/'",
20 "comparison operator",
21 "'('",
22 "')'",
23 "';'",
24 "'++'",
25 "'=='",
26 };

Òàêæå áûëà îáíîâëåíà ôóíêöèÿ nextToken(). Â íåé áûëè äîáàâëåíû íîâûå óñëî-
âèÿ äëÿ ðàñïîçíàâàíèÿ èíêðåìåíòà è äåêðåìåíòà. Êîä îáíîâë¼ííîé ôóíêöèè ïðåä-
ñòàâëåí â ëèñòèíãå 3, èçìåíåíèÿ êîñíóëèñü ñòðîê 158-181.

Ëèñòèíã 3. Îáíîâë¼ííàÿ ôóíêöèÿ nextToken()

1 void Scanner::nextToken()
2 {
3 skipSpace();
4
5 // Ïðîïóñêàåì êîììåíòàðèè
6 // Åñëè âñòðå÷àåì "/", òî çà íèì äîëæíà èäòè "*". Åñëè "*" íå âñòðå÷åíà, ñ÷èòàåì, ÷òî

âñòðåòèëè îïåðàöèþ äåëåíèÿ
7 // è ëåêñåìó = îïåðàöèÿ òèïà óìíîæåíèÿ. Äàëüøå ñìîòðèì âñå ñèìâîëû, ïîêà íå íàõîäèì

çâåçäî÷êó èëè ñèìâîë êîíöà ôàéëà.
8 // Åñëè íàøëè * = ïðîâåðÿåì íà íàëè÷èå "/" ïîñëå íåå. Åñëè "/" íå íàéäåí = èùåì

ñëåäóþùóþ "*".
9 while(ch_ == '/') {
10 nextChar();
11 if(ch_ == '*') {
12 nextChar();
13 bool inside = true;
14 while(inside) {
15 while(ch_ != '*' && !input_.eof()) {
16 nextChar();
17 }
18
19 if(input_.eof()) {
20 token_ = T_EOF;
21 return;
22 }
23
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24 nextChar();
25 if(ch_ == '/') {
26 inside = false;
27 nextChar();
28 }
29 }
30 }
31 else {
32 token_ = T_MULOP;
33 arithmeticValue_ = A_DIVIDE;
34 return;
35 }
36
37 skipSpace();
38 }
39
40 //Åñëè âñòðå÷åí êîíåö ôàéëà, ñ÷èòàåì çà ëåêñåìó êîíöà ôàéëà.
41 if(input_.eof()) {
42 token_ = T_EOF;
43 return;
44 }
45 //Åñëè âñòðåòèëè öèôðó, òî äî òåõ ïîêà äàëüøå èäóò öèôðû = ñ÷èòàåì êàê ïðîäîëæåíèå

÷èñëà.
46 //Çàïîìèíàåì ïîëó÷åííîå öåëîå, à çà ëåêñåìó ñ÷èòàåì öåëî÷èñëåííûé ëèòåðàë
47
48 if(isdigit(ch_)) {
49 int value = 0;
50 while(isdigit(ch_)) {
51 value = value * 10 + (ch_ = '0'); //ïîðàçðÿäíîå ñ÷èòûâàíèå, ïðåîáðàçóåì ñèìâîëüíîå

çíà÷åíèå ê ÷èñëó.
52 nextChar();
53 }
54 token_ = T_NUMBER;
55 intValue_ = value;
56 }
57 //Åñëè æå ñëåäóþùèé ñèìâîë = áóêâà ËÀ = òîãäà ñ÷èòûâàåì äî òåõ ïîð, ïîêà äàëüøå áóêâû

ËÀ èëè öèôðû.
58 //Êàê òîëüêî ñ÷èòàëè èìÿ ïåðåìåííîé, ñðàâíèâàåì åå ñî ñïèñêîì çàðåçåðâèðîâàííûõ ñëîâ.

Åñëè íå ñîâïàäàåò íè ñ îäíèì èç íèõ,
59 //ñ÷èòàåì, ÷òî ïîëó÷èëè ïåðåìåííóþ, èìÿ êîòîðîé çàïîìèíàåì, à çà òåêóùóþ ëåêñåìó

ñ÷èòàåì ëåêñåìó èäåíòèôèêàòîðà.
60 //Åñëè ñîâïàäàåò ñ êàêèìëèáî= ñëîâîì èç ñïèñêà = ñ÷èòàåì ÷òî ïîëó÷èëè ëåêñåìó,

ñîîòâåòñòâóþùóþ ýòîìó ñëîâó.
61 else if(isIdenti�erStart(ch_)) {
62 string bu�er;
63 while(isIdenti�erBody(ch_)) {
64 bu�er += ch_;
65 nextChar();
66 }
67
68 transform(bu�er.begin(), bu�er.end(), bu�er.begin(), ::tolower);
69
70 map<string, Token>::iterator kwd = keywords_.�nd(bu�er);
71 if(kwd == keywords_.end()) {
72 token_ = T_IDENTIFIER;
73 stringValue_ = bu�er;
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74 }
75 else {
76 token_ = kwd=>second;
77 }
78 }
79 //Ñèìâîë íå ÿâëÿåòñÿ áóêâîé, öèôðîé, "/" èëè ïðèçíàêîì êîíöà ôàéëà
80 else {
81 switch(ch_) {
82 //Ïðèçíàê ëåêñåìû îòêðûâàþùåé ñêîáêè = âñòðåòèëè "("
83 case '(':
84 token_ = T_LPAREN;
85 nextChar();
86 break;
87 //Ïðèçíàê ëåêñåìû çàêðûâàþùåé ñêîáêè = âñòðåòèëè ")"
88 case ')':
89 token_ = T_RPAREN;
90 nextChar();
91 break;
92 //Ïðèçíàê ëåêñåìû ";" = âñòðåòèëè ";"
93 case ';':
94 token_ = T_SEMICOLON;
95 nextChar();
96 break;
97 //Åñëè âñòðå÷àåì ":", òî äàëüøå ñìîòðèì íàëè÷èå ñèìâîëà "=". Åñëè íàõîäèì, òî ñ÷èòàåì

÷òî íàøëè ëåêñåìó ïðèñâàèâàíèÿ
98 //Èíà÷å = ëåêñåìà îøèáêè.
99 case ':':
100 nextChar();
101 if(ch_ == '=') {
102 token_ = T_ASSIGN;
103 nextChar();
104
105 }
106 else {
107 token_ = T_ILLEGAL;
108 }
109 break;
110 //Åñëè âñòðåòèëè ñèìâîë "<", òî ëèáî ñëåäóþùèé ñèìâîë "=", òîãäà ëåêñåìà íåñòðîãîãî

ñðàâíåíèÿ. Èíà÷å = ñòðîãîãî.
111 case '<':
112 token_ = T_CMP;
113 nextChar();
114 if(ch_ == '=') {
115 cmpValue_ = C_LE;
116 nextChar();
117 }
118 else {
119 cmpValue_ = C_LT;
120 }
121 break;
122 //Àíàëîãè÷íî ïðåäûäóùåìó ñëó÷àþ
123 case '>':
124 token_ = T_CMP;
125 nextChar();
126 if(ch_ == '=') {
127 cmpValue_ = C_GE;
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128 nextChar();
129 }
130 else {
131 cmpValue_ = C_GT;
132 }
133 break;
134 //Åñëè âñòðåòèì "!", òî äàëüøå äîëæíî áûòü "=", òîãäà ñ÷èòàåì, ÷òî ïîëó÷èëè ëåêñåìó

ñðàâíåíèÿ
135 //è çíàê "!=" èíà÷å ñ÷èòàåì, ÷òî ó íàñ ëåêñåìà îøèáêè
136 case '!':
137 nextChar();
138 if(ch_ == '=') {
139 nextChar();
140 token_ = T_CMP;
141 cmpValue_ = C_NE;
142 }
143 else {
144 token_ = T_ILLEGAL;
145 }
146 break;
147 //Åñëè âñòðåòèì "=" = ëåêñåìà ñðàâíåíèÿ è çíàê "="
148 case '=':
149 token_ = T_CMP;
150 cmpValue_ = C_EQ;
151 nextChar();
152 break;
153 //Çíàêè îïåðàöèé. Äëÿ "+"/"=" ïîëó÷èì ëåêñåìó îïåðàöèè òèïà ñëîæíåíèÿ, è

ñîîòâåòñòâóþùóþ îïåðàöèþ.
154 //äëÿ "*" = ëåêñåìó îïåðàöèè òèïà óìíîæåíèÿ
155 case '+':
156 nextChar();
157
158 // Èùåì îïåðàòîð èíêðåìåíòà
159 if(ch_ == '+') {
160 token_ = T_INC;
161 nextChar();
162 }
163 else {
164 token_ = T_ADDOP;
165 arithmeticValue_ = A_PLUS;
166 }
167 break;
168
169 case '=':
170 nextChar();
171
172 // Èùåì îïåðàòîð äåêðåìåíòà
173 if(ch_ == '=') {
174 token_ = T_DEC;
175 nextChar();
176 }
177 else {
178 token_ = T_ADDOP;
179 arithmeticValue_ = A_MINUS;
180 }
181 break;
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182
183 case '*':
184 token_ = T_MULOP;
185 arithmeticValue_ = A_MULTIPLY;
186 nextChar();
187 break;
188 //Èíà÷å ëåêñåìà îøèáêè.
189 default:
190 token_ = T_ILLEGAL;
191 nextChar();
192 break;
193 }
194 }
195 }

2.2 Èçìåíåíèÿ â êîìïèëÿòîðå

2.2.1 Ôàéë Parser.cpp

Â ìåòîä factor() îáúåêòà Parser áûëà äîáàâëåíà ëîãèêà ãåíåðàöèè êîìàíä äëÿ
ïðåôèêñíîãî è ïîñòôèêñíîãî èíêðåìåíòà è äåêðåìåíòà. Êîä îáíîâë¼ííîãî ìåòîäà
ïðåäñòàâëåí â ëèñòèíãå 4, èçìåíåíèÿ êîñíóëèñü ñòðîê 20-27 (ïîñòôèêñíûé èíêðåìåíò
è äåêðåìåíò) è ñòðîê 29-41 (ïðåôèêñíûé èíêðåìåíò è äåêðåìåíò).

Äëÿ ïîñòôèêñíîãî èíêðåìåíòà è äåêðåìåíòà ãåíåðèðóåòñÿ ñëåäóþùàÿ ïîñëåäî-
âàòåëüíîñòü êîìàíä âèðòóàëüíîé ìàøèíû ÿçûêà MiLan:

� LOAD <àäðåñ ïåðåìåííîé> - çàãðóçêà çíà÷åíèÿ ïåðåìåííîé íà âåðøèíó ñòåêà.

� DUP - äóáëèðîâàíèå çíà÷åíèÿ íà âåðøèíå ñòåêà äî âûïîëíåíèÿ îïåðàöèè èí-
êðåìåíòà èëè äåêðåìåíòà, òàê êàê ïîñòôèêñíàÿ îïåðàöèÿ âîçâðàùàåò ñòàðîå
çíà÷åíèå ïåðåìåííîé.

� PUSH 1 - çàãðóçêà êîíñòàíòû 1 íà âåðøèíó ñòåêà

� ADD èëè SUB - ñëîæåíèå èëè âû÷èòàíèå çíà÷åíèÿ íà âåðøèíå ñòåêà ñ êîíñòàíòîé
1.

� STORE <àäðåñ ïåðåìåííîé> - ñîõðàíåíèå ðåçóëüòàòà íà âåðøèíå ñòåêà ïî àä-
ðåñó ïåðåìåííîé.

Äëÿ ïðåôèêñíîãî èíêðåìåíòà è äåêðåìåíòà ãåíåðèðóåòñÿ ñëåäóþùàÿ ïîñëåäîâà-
òåëüíîñòü êîìàíä âèðòóàëüíîé ìàøèíû ÿçûêà MiLan:

� LOAD <àäðåñ ïåðåìåííîé> - çàãðóçêà çíà÷åíèÿ ïåðåìåííîé íà âåðøèíó ñòåêà.

� PUSH 1 - çàãðóçêà êîíñòàíòû 1 íà âåðøèíó ñòåêà

� ADD èëè SUB - ñëîæåíèå èëè âû÷èòàíèå çíà÷åíèÿ íà âåðøèíå ñòåêà ñ êîíñòàíòîé
1.

16



� DUP - äóáëèðîâàíèå çíà÷åíèÿ íà âåðøèíå ñòåêà ïîñëå âûïîëíåíèÿ îïåðàöèè
èíêðåìåíòà èëè äåêðåìåíòà, òàê êàê ïðåôèêñíàÿ îïåðàöèÿ âîçâðàùàåò íîâîå
çíà÷åíèå ïåðåìåííîé.

� STORE <àäðåñ ïåðåìåííîé> - ñîõðàíåíèå ðåçóëüòàòà íà âåðøèíå ñòåêà ïî àä-
ðåñó ïåðåìåííîé.

Ëèñòèíã 4. Îáíîâë¼ííûé ìåòîä factor()

1 void Parser::factor()
2 {
3 /*
4 Ìíîæèòåëü îïèñûâàåòñÿ ñëåäóþùèìè ïðàâèëàìè:
5 <factor> => number | identi�er | =<factor> | (<expression>) | READ
6 | ++ identi�er | == identi�er | identi�er++ | identi�er==
7 */
8 if(see(T_NUMBER)) {
9 int value = scanner_=>getIntValue();
10 next();
11 codegen_=>emit(PUSH, value);
12 //Åñëè âñòðåòèëè ÷èñëî, òî ïðåîáðàçóåì åãî â öåëîå è çàïèñûâàåì íà âåðøèíó ñòåêà
13 }
14 else if(see(T_IDENTIFIER)) {
15 int varAddress = �ndOrAddVariable(scanner_=>getStringValue());
16 next();
17 codegen_=>emit(LOAD, varAddress);
18 //Åñëè âñòðåòèëè ïåðåìåííóþ, òî âûãðóæàåì çíà÷åíèå, ëåæàùåå ïî åå àäðåñó, íà âåðøèíó

ñòåêà
19
20 // Ïîñòôèêñíûé èíêðåìåíò èëè äåêðåìåíò
21 if(see(T_INC) || see(T_DEC)) {
22 codegen_=>emit(DUP);
23 codegen_=>emit(PUSH, 1);
24 codegen_=>emit(see(T_INC) ? ADD : SUB);
25 codegen_=>emit(STORE, varAddress);
26 next();
27 }
28 }
29 // Ïðåôèêñíûé èíêðåìåíò èëè äåêðåìåíò
30 else if(see(T_INC) || see(T_DEC)) {
31 bool isIncrement = see(T_INC);
32 next();
33 mustBe(T_IDENTIFIER);
34 int varAddress = �ndOrAddVariable(scanner_=>getStringValue());
35
36 codegen_=>emit(LOAD, varAddress);
37 codegen_=>emit(PUSH, 1);
38 codegen_=>emit(isIncrement ? ADD : SUB);
39 codegen_=>emit(DUP);
40 codegen_=>emit(STORE, varAddress);
41 }
42 else if(see(T_ADDOP) && scanner_=>getArithmeticValue() == A_MINUS) {
43 next();
44 factor();
45 codegen_=>emit(INVERT);
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46 //Åñëè âñòðåòèëè çíàê "=", è çà íèì <factor> òî èíâåðòèðóåì çíà÷åíèå, ëåæàùåå íà
âåðøèíå ñòåêà

47 }
48 else if(match(T_LPAREN)) {
49 expression();
50 mustBe(T_RPAREN);
51 //Åñëè âñòðåòèëè îòêðûâàþùóþ ñêîáêó, òîãäà ñëåäîì ìîæåò èäòè ëþáîå àðèôìåòè÷åñêîå

âûðàæåíèå è îáÿçàòåëüíî
52 //çàêðûâàþùàÿ ñêîáêà.
53 }
54 else if(match(T_READ)) {
55 codegen_=>emit(INPUT);
56 //Åñëè âñòðåòèëè çàðåçåðâèðîâàííîå ñëîâî READ, òî çàïèñûâàåì íà âåðøèíó ñòåêà èäåò

çàïèñü ñî ñòàíäàðòíîãî ââîäà
57 }
58 else {
59 reportError("expression expected.");
60 }
61 }
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3 Ðåçóëüòàòû ðàáîòû ïðîãðàììû

Ïðîãðàììà �1

Èñõîäíûé êîä ïðîãðàììû ïðåäñòàâëåí â ëèñòèíãå 5.

Ëèñòèíã 5. Èñõîäíûé êîä ïðîãðàììû �1

1 BEGIN
2 x := 0;
3 write(x++);
4 write(x);
5 write(++x);
6 write(x)
7 END

Ïîñëåäîâàòåëüíîñòü êîìàíä, ñãåíåðèðîâàííàÿ êîìïèëÿòîðîì äëÿ äàííîé ïðî-
ãðàììû, ïðåäñòàâëåíà â ëèñòèíãå 6.

Ëèñòèíã 6. Ïîñëåäîâàòåëüíîñòü êîìàíä, ñãåíåðèðîâàííàÿ êîìïèëÿòîðîì äëÿ
ïðîãðàììû �1.

0: PUSH 0
1: STORE 0
2: LOAD 0
3: DUP
4: PUSH 1
5: ADD
6: STORE 0
7: PRINT
8: LOAD 0
9: PRINT
10: LOAD 0
11: PUSH 1
12: ADD
13: DUP
14: STORE 0
15: PRINT
16: LOAD 0
17: PRINT
18: STOP

Ðåçóëüòàòû ðàáîòû âèðòóàëüíîé ìàøèíû äëÿ ïðîãðàììû �1 ïðåäñòàâëåíû íà
Ðèñ. 15.

Ðèñ. 15. Ðåçóëüòàòû ðàáîòû âèðòóàëüíîé ìàøèíû äëÿ ïðîãðàììû �1.
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Ïðîãðàììà �2

Èñõîäíûé êîä ïðîãðàììû ïðåäñòàâëåí â ëèñòèíãå 7.

Ëèñòèíã 7. Èñõîäíûé êîä ïðîãðàììû �2

1 BEGIN
2 i := 1;
3 j := 2;
4
5 IF i < ==j THEN WRITE(100) ELSE WRITE(=100) FI
6 END

Ïîñëåäîâàòåëüíîñòü êîìàíä, ñãåíåðèðîâàííàÿ êîìïèëÿòîðîì äëÿ äàííîé ïðî-
ãðàììû, ïðåäñòàâëåíà â ëèñòèíãå 8.

Ëèñòèíã 8. Ïîñëåäîâàòåëüíîñòü êîìàíä, ñãåíåðèðîâàííàÿ êîìïèëÿòîðîì äëÿ
ïðîãðàììû �2.

0: PUSH 1
1: STORE 0
2: PUSH 2
3: STORE 1
4: LOAD 0
5: LOAD 1
6: PUSH 1
7: SUB
8: DUP
9: STORE 1
10: COMPARE 2
11: JUMP_NO 15
12: PUSH 100
13: PRINT
14: JUMP 18
15: PUSH 100
16: INVERT
17: PRINT
18: STOP

Ðåçóëüòàòû ðàáîòû âèðòóàëüíîé ìàøèíû äëÿ ïðîãðàììû �2 ïðåäñòàâëåíû íà
Ðèñ. 16.

Ðèñ. 16. Ðåçóëüòàòû ðàáîòû âèðòóàëüíîé ìàøèíû äëÿ ïðîãðàììû �2.

Ïðîãðàììà �3

Èñõîäíûé êîä ïðîãðàììû ïðåäñòàâëåí â ëèñòèíãå 9.

Ëèñòèíã 9. Èñõîäíûé êîä ïðîãðàììû �3

1 BEGIN
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2 y := x++;
3 write(y);
4 write(x);
5
6 y := 10 = ==x;
7 write(y);
8 write(x);
9
10 y := 10 =++x;
11 write(y);
12 write(x)
13 END

Ïîñëåäîâàòåëüíîñòü êîìàíä, ñãåíåðèðîâàííàÿ êîìïèëÿòîðîì äëÿ äàííîé ïðî-
ãðàììû, ïðåäñòàâëåíà â ëèñòèíãå 10.

Ëèñòèíã 10. Ïîñëåäîâàòåëüíîñòü êîìàíä, ñãåíåðèðîâàííàÿ êîìïèëÿòîðîì äëÿ
ïðîãðàììû �3.

0: LOAD 1
1: DUP
2: PUSH 1
3: ADD
4: STORE 1
5: STORE 0
6: LOAD 0
7: PRINT
8: LOAD 1
9: PRINT
10: PUSH 10
11: LOAD 1
12: PUSH 1
13: SUB
14: DUP
15: STORE 1
16: SUB
17: STORE 0
18: LOAD 0
19: PRINT
20: LOAD 1
21: PRINT
22: PUSH 10
23: LOAD 1
24: PUSH 1
25: ADD
26: DUP
27: STORE 1
28: SUB
29: STORE 0
30: LOAD 0
31: PRINT
32: LOAD 1
33: PRINT
34: STOP

Ðåçóëüòàòû ðàáîòû âèðòóàëüíîé ìàøèíû äëÿ ïðîãðàììû �3 ïðåäñòàâëåíû íà
Ðèñ. 17.
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Ðèñ. 17. Ðåçóëüòàòû ðàáîòû âèðòóàëüíîé ìàøèíû äëÿ ïðîãðàììû �3.

Ïðîãðàììà �4

Èñõîäíûé êîä ïðîãðàììû ïðåäñòàâëåí â ëèñòèíãå 11.

Ëèñòèíã 11. Èñõîäíûé êîä ïðîãðàììû �4

1 BEGIN
2 x := 10;
3 y := 10 = ==x; /* Êîððåêòíî: ìèíóñ è äåêðåìåíò ðàçäåëåíû ïðîáåëîì */
4 y := 10 ===x; /* Íåêîððåêòíî: òðè ìèíóñà ïîäðÿä */
5 END

Ðåçóëüòàò çàïóñêà êîìïèëÿòîðà äëÿ äàííîé ïðîãðàììû ïðåäñòàâëåí íà Ðèñ. 18.

Ðèñ. 18. Ðåçóëüòàò çàïóñêà êîìïèëÿòîðà äëÿ ïðîãðàììû �4.

Ïðîãðàììà �5

Èñõîäíûé êîä ïðîãðàììû ïðåäñòàâëåí â ëèñòèíãå 12.

Ëèñòèíã 12. Èñõîäíûé êîä ïðîãðàììû �5

1 BEGIN
2 x := ==x++
3 END

Ðåçóëüòàò çàïóñêà êîìïèëÿòîðà äëÿ äàííîé ïðîãðàììû ïðåäñòàâëåí íà Ðèñ. 19.

Ðèñ. 19. Ðåçóëüòàò çàïóñêà êîìïèëÿòîðà äëÿ ïðîãðàììû �5.
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Çàêëþ÷åíèå

Â õîäå âûïîëíåíèÿ ëàáîðàòîðíîé ðàáîòû áûëà óñïåøíî ðåàëèçîâàíà ïîääåðæêà
îïåðàöèé èíêðåìåíòà è äåêðåìåíòà â êîìïèëÿòîðå ÿçûêà MiLan. Áûëè äîáàâëåíû
êàê ïðåôèêñíûå (++i, ==i), òàê è ïîñòôèêñíûå (i++, i==) îïåðàòîðû ñ êîððåêòíîé
ñåìàíòèêîé èõ âûïîëíåíèÿ. Ìîäèôèêàöèè çàòðîíóëè êàê ëåêñè÷åñêèé àíàëèçàòîð
(äîáàâëåíèå íîâûõ òîêåíîâ T_INC è T_DEC), òàê è ñèíòàêñè÷åñêèé àíàëèçàòîð, èñ-
ïîëüçóþùèé ìåòîä ðåêóðñèâíîãî ñïóñêà (ðàñøèðåíèå ìåòîäà factor() äëÿ îáðàáîò-
êè íîâûõ êîíñòðóêöèé).

Ðàñøèðåííàÿ ãðàììàòèêà ÿçûêà MiLan îñòàëàñü êîíòåêñòíî-ñâîáîäíîé è ñîõðà-
íèëà ñâîéñòâî LL(1), ÷òî ïîçâîëèëî èçáåæàòü çíà÷èòåëüíûõ èçìåíåíèé â ñóùåñòâó-
þùåé àðõèòåêòóðå êîìïèëÿòîðà. Áûëî äîáàâëåíî ëèøü íåñêîëüêî íîâûõ ïðàâèë â
îïðåäåëåíèå íåòåðìèíàëà <factor>.

Èç äîñòîèíñòâ ðåàëèçàöèè ìîæíî îòìåòèòü ìèíèìàëüíîñòü âíîñèìûõ èçìåíåíèé
â ñóùåñòâóþùóþ àðõèòåêòóðó êîìïèëÿòîðà è ñîõðàíåíèå âñåõ ðàíåå ðåàëèçîâàííûõ
ôóíêöèé. Ïðè ýòîì ðåàëèçàöèÿ âûïîëíÿåò ïîñòàâëåííûå çàäà÷è, êîððåêòíî îáðàáà-
òûâàÿ âîçìîæíûå ñëó÷àè èñïîëüçîâàíèÿ îïåðàòîðîâ èíêðåìåíòà è äåêðåìåíòà.

Ê íåäîñòàòêàì òåêóùåé ðåàëèçàöèè ìîæíî îòíåñòè îòñóòñòâèå êàêèõ-ëèáî îïòè-
ìèçàöèé ïðè ãåíåðàöèè êîìàíä âèðòóàëüíîé ìàøèíû, ÷òî ìîæåò ïðèâîäèòü ê èçáû-
òî÷íîìó êîëè÷åñòâó èíñòðóêöèé. Òàêæå â êîäå íàáëþäàåòñÿ íåêîòîðîå äóáëèðîâàíèå
ëîãèêè ìåæäó îáðàáîòêîé èíêðåìåíòà è äåêðåìåíòà.

Â êà÷åñòâå íàïðàâëåíèé ìàñøòàáèðîâàíèÿ ìîæíî ïðåäëîæèòü äîáàâëåíèå ñî-
ñòàâíûõ îïåðàòîðîâ ïðèñâàèâàíèÿ (+=, -=, *=, /=), äëÿ êîòîðûõ ãåíåðèðóåòñÿ ñõîæàÿ
ïîñëåäîâàòåëüíîñòü íèçêîóðîâíåâûõ êîìàíä. Òàêæå âîçìîæíà ðåàëèçàöèÿ îïòèìè-
çàöèé ãåíåðèðóåìîãî êîäà, òàêèõ êàê óñòðàíåíèå èçáûòî÷íûõ êîìàíä â ïðîñòûõ ñëó-
÷àÿõ.

Íà âûïîëíåíèå ëàáîðàòîðíîé ðàáîòû óøëî îêîëî 6 ÷àñîâ. Ðàáîòà áûëà âûïîë-
íåíà â ñðåäå ðàçðàáîòêè Visual Studio Code.
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