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Ãëàâà 1

Ôóíêöèîíàëüíîå

ïðîãðàììèðîâàíèå

Ââåäåíèå

Ïåðâûé ÿçûê ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ LISP ïîÿâèëñÿ â êîí-
öå 1950, â òîò æå ìîìåíò, ÷òî è Fortran � îäèí èç ïåðâûõ èìïåðàòèâíûõ
ÿçûêîâ. Îáà ýòèõ ÿçûêà ñóùåñòâóþò è ïî ñåé äåíü, õîòÿ îíè íåìàëî èçìå-
íèëèñü. Îáëàñòü èõ ïðèìåíåíèÿ: âû÷èñëèòåëüíûå çàäà÷è äëÿ Ôîðòðàíà
è ñèìâîëüíûå (symbolic) äëÿ Lisp. Èíòåðåñ ê ôóíêöèîíàëüíîìó ïðîãðàì-
ìèðîâàíèþ ñîñòîèò â ïðîñòîòå íàïèñàíèÿ ïðîãðàìì, ãäå ïîä ïðîãðàììîé
ïîäðàçóìåâàåòñÿ ôóíêöèÿ, ïðèìåíåííàÿ ê àðãóìåíòàì. Îíà âû÷èñëÿåò
ðåçóëüòàò, êîòîðûé âîçâðàùàåòñÿ êàê âûâîä ïðîãðàììû. Òàêèì îáðàçîì
ìîæíî ñ ëåãêîñòüþ êîìáèíèðîâàòü ïðîãðàììû: âûâîä îäíîé, ñòàíîâèòñÿ
âõîäíûì àðãóìåíòîì äëÿ äðóãîé.

Ôóíêöèîíàëüíîå ïðîãðàììèðîâàíèå îñíîâûâàåòñÿ íà ïðîñòîé ìîäåëè
âû÷èñëåíèé, ñîñòîÿùåé èç òðåõ êîíñòðóêöèé: ïåðåìåííûå, îïðåäåëåíèå
ôóíêöèè è åå ïðèìåíåíèå ê êàêîìó�ëèáî àðãóìåíòó. Ýòà ìîäåëü, íàçû-
âàåìàÿ λ�èñ÷èñëåíèå, áûëà ââåäåíà Alonzo Church â 1932, åùå äî ïî-
ÿâëåíèÿ ïåðâûõ êîìïüþòåðîâ. Â λ�èñ÷èñëåíèè ëþáàÿ ôóíêöèÿ ÿâëÿåòñÿ
ïåðåìåííîé, òàê ÷òî îíà ìîæåò áûòü èñïîëüçîâàíà êàê âõîäíîé ïàðà-
ìåòð äðóãîé ôóíêöèè, èëè âîçâðàùåíà êàê ðåçóëüòàò äðóãîé. Òåîðèÿ
λ-èñ÷èñëåíèÿ óòâåðæäàåò ÷òî âñå òî, ÷òî âû÷èñëÿåìî ìîæåò áûòü ïðåä-
ñòàâëåíî ýòèì ôîðìàëèçìîì. Îäíàêî, ñèíòàêñèñ ýòîé òåîðèè ñëèøêîì
îãðàíè÷åí, ÷òîáû åãî ìîæíî áûëî èñïîëüçîâàòü åãî êàê ÿçûê ïðîãðàì-
ìèðîâàíèÿ. Â ñâÿçè ñ ýòèì ê λ-èñ÷èñëåíèþ áûëè äîáàâëåíû áàçîâûå òè-
ïû (íàïðèìåð, öåëûå ÷èñëà èëè ñòðîêè ñèìâîëîâ), îïåðàòîðû äëÿ ýòèõ
òèïîâ, óïðàâëÿþùèå ñòðóêòóðû è îáúÿâëåíèå ïîçâîëÿþùèå èìåíîâàòü
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ïåðåìåííûå èëè ôóíêöèè, è â ÷àñòíîñòè ðåêóðñèâíûå ôóíêöèè.
Ñóùåñòâóåò ðàçíûå êëàññèôèêàöèè ÿçûêîâ ôóíêöèîíàëüíîãî ïðî-

ãðàììèðîâàíèÿ. Ìû áóäåì ðàçëè÷àòü èõ ïî äâóì õàðàêòåðèñòèêàì, êî-
òîðûå íàì êàæóòñÿ íàèáîëåå âàæíûìè:

� áåç ïîáî÷íûõ ýôôåêòîâ (÷èñòûå, èëè ïðàâèëüíûå), èëè ñ ïîáî÷íûì
ýôôåêòîì (ñîîòâåòñòâåííî, íå ÷èñòûå): ÷èñòûé ÿçûê � ýòî òîò, â
êîòîðîì íå ñóùåñòâóåò èçìåíåíèÿ ñîñòîÿíèÿ. Âñå åñòü âû÷èñëåíèå,
è êàê îíî ïðîèñõîäèò, íàñ íå èíòåðåñóåò. Íå ÷èñòûå ÿçûêè, òàêèå
êàê Caml èëè ML, èìåþò èìïåðàòèâíûå îñîáåííîñòè, òàêèå êàê
èçìåíåíèå ñîñòîÿíèÿ. Îíè ïîçâîëÿþò ïèñàòü ïðîãðàììû â ñòèëå
áëèçêîìó ê Ôîðòðàíó, â êîòîðîì âàæåí ïîðÿäîê âû÷èñëåíèÿ âûðà-
æåíèé.

� ÿçûê òèïèçèðîâàí äèíàìè÷åñêè èëè ñòàòè÷åñêè: òèïèçàöèÿ íåîáõî-
äèìà äëÿ ïðîâåðêè ñîîòâåòñòâèÿ àðãóìåíòà, ïåðåäàííîãî ôóíêöèè,
òèïó ôîðìàëüíîãî ïàðàìåòðà. Ýòî ïðîâåðêà ìîæåò áûòü âûïîë-
íåíà âî âðåìÿ âûïîëíåíèÿ ïðîãðàììû. Â ýòîì ñëó÷àå òèïèçàöèÿ
íàçûâàåòñÿ äèíàìè÷åñêîé. Â ñëó÷àå îøèáêè ïðîãðàììà áóäåò îñòà-
íîâëåíà, êàê ýòî ïðîèñõîäèò â Lisp. Â ñëó÷àå ñòàòè÷åñêîé òèïè-
çàöèè ïðîâåðêà îñóùåñòâëÿåòñÿ âî âðåìÿ êîìïèëÿöèè, òî åñòü äî
âûïîëíåíèÿ ïðîãðàììû. Òàêèì îáðàçîì îíà (ïðîâåðêà) íå çàìåä-
ëèò ïðîãðàììó âî âðåìÿ âûïîëíåíèÿ. Ýòà òèïèçàöèÿ èñïîëüçóåòñÿ
â ML è â åãî äèàëåêòàõ, òàêèõ êàê Objective CAML. Òîëüêî ïðà-
âèëüíî òèïèçèðîâàííûå ïðîãðàììû, òî åñòü óñïåøíî ïðîøåäøèå
ïðîâåðêó òèïîâ, ìîãóò áûòü ñêîìïèëèðîâàíû è çàòåì âûïîëíåíû.

Ïëàí ãëàâû

Â ýòîé ãëàâå ïðåäñòàâëåíû áàçîâûå ýëåìåíòû ôóíêöèîíàëüíîé ÷àñòè
ÿçûêà Objective CAML, à èìåííî: ñèíòàêñèñ, òèïû è ìåõàíèçì èñêëþ-
÷åíèé. Ïîñëå ýòîãî ââîäíîãî êóðñà ìû ñìîæåì íàïèñàòü íàøó ïåðâóþ
ïðîãðàììó.

Â ïåðâîm ðàçäåëå îïèñàíû îñíîâû ÿçûêà, íà÷èíàÿ ñ áàçîâûõ òèïîâ è
ôóíêöèé. Çàòåì ìû ðàññìîòðèì ñòðóêòóðíûå è ôóíêöèîíàëüíûå òèïû.
Ïîñëå ýòîãî ìû ðàññìîòðèì óïðàâëÿþùèå ñòðóêòóðû, à òàêæå ëîêàëü-
íûå è ãëîáàëüíûå îáúÿâëåíèÿ. Âî âòîðîì ðàçäåëå ìû îáñóäèì îïðåäå-
ëåíèå òèïîâ äëÿ ñîçäàíèÿ ñòðóêòóð è ìåõàíèçì ñîïîñòàâëåíèÿ ñ îáðàç-
öîì, êîòîðûé èñïîëüçóåòñÿ äëÿ äîñòóïà ê ýòèì ñòðóêòóðàì. Â òðåòüåì
ðàçäåëå ðàññìàòðèâàåòñÿ âûâîäèìûé òèï ôóíêöèé è îáëàñòü èõ ïðèìå-
íåíèÿ, ïîñëå ÷åãî ñëåäóåò îïèñàíèå ìåõàíèçìà èñêëþ÷åíèé. ×åòâåðòûé
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ðàçäåë îáúåäèíÿåò ââåäåííûå ïîíÿòèÿ â ïðîñòîé ïðèìåð ïðîãðàììû-
êàëüêóëÿòîðà.

1.1 Ôóíêöèîíàëüíîå ÿäðî Objective CAML

Êàê ëþáîé äðóãîé ÿçûê ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ, Objecti-
ve CAML � ýòî ÿçûê âûðàæåíèé, ñîñòîÿùèé â îñíîâíîì èç ñîçäàíèÿ
ôóíêöèé è èõ ïðèìåíåíèÿ. Ðåçóëüòàòîì âû÷èñëåíèÿ îäíîãî èç òàêèõ
âûðàæåíèé ÿâëÿåòñÿ çíà÷åíèå äàííîãî ÿçûêà (value in the language) è
âûïîëíåíèå ïðîãðàììû çàêëþ÷àåòñÿ â âû÷èñëåíèè âñåõ âûðàæåíèé èç
êîòîðûõ îíà ñîñòîèò.

1.1.1 Çíà÷åíèÿ, ôóíêöèè è áàçîâûå òèïû

Â Objective CAML îïðåäåëåíû ñëåäóþùèå òèïû: öåëûå ÷èñëà, ÷èñëà ñ
ïëàâàþùåé çàïÿòîé, ñèìâîëüíûé, ñòðîêîâûé è ëîãè÷åñêèé.

×èñëà

Ðàçëè÷àþò öåëûå int è ÷èñëà ñ ïëàâàþùåé çàïÿòîé float. Objective
CAML ñëåäóåò ñïåöèôèêàöèè IEEE 754 äëÿ ïðåäñòàâëåíèÿ ÷èñåë ñ ïëà-
âàþùåé çàïÿòîé äâîéíîé òî÷íîñòè. Îïåðàöèè ñ ýòèìè ÷èñëàìè îïèñàíû
â òàáëèöå 1.1. Åñëè ðåçóëüòàò öåëî÷èñëåííîé îïåðàöèè âûõîäèò çà èí-
òåðâàë çíà÷åíèé òèïà int, òî ýòî íå ïðèâåäåò ê îøèáêå. Ðåçóëüòàò áóäåò
íàõîäèòüñÿ â èíòåðâàëå öåëûõ ÷èñåë, òî åñòü âñå äåéñòâèÿ íàä öåëûìè
îãðàíè÷åííû îïåðàöèåé modulo ñ ãðàíèöàìè èíòåðâàëà.

öåëûå ïëàâàþùèå
+ ñëîæåíèå +. ñëîæåíèå
- âû÷èòàíèå è óíàðíûé ìèíóñ -. âû÷èòàíèå è óíàðíûé ìèíóñ
* óìíîæåíèå *. óìíîæåíèå
/ äåëåíèå /. äåëåíèå
mod îñòàòîê öåëî÷èñëåííîãî äåëåíèÿ ** exponentiation

Ðàçíèöà ìåæäó öåëûìè ÷èñëàìè è ÷èñëàìè ñ ïëàâàþùåé çàïÿ-
òîé. Çíà÷åíèÿ ðàçíûõ òèïîâ, òàêèõ êàê float è int, íå ìîãóò ñðàâíè-
âàòüñÿ ìåæäó ñîáîé íàïðÿìóþ. Äëÿ ýòîãî ñóùåñòâóåò ôóíêöèè ïåðåâîäà
îäíîãî òèïà â äðóãîé (float_of_int è int_of_float).
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# 1 ;; # 2.0 ;;
- : int = 1 - : float = 2
# 1 + 2 ;; # 1.1 +. 2.2 ;;
- : int = 3 - : float = 3.3
# 9 / 2 ;; # 9.1 /. 2.2 ;;
- : int = 4 - : float = 4.13636363636
# 11 mod 3 ;; # 1. /. 0. ;;
- : int = 2 - : float = Inf
(* ëèìèò ïðåäñòàâëåíèÿ *) (* ëèìèò ïðåäñòàâëåíèÿ *)
(* öåëûõ ÷èñåë *) (* ñ ïëàâàþùåé çàïÿòîé *)
# 2147483650 ;; # 222222222222.11111 ;;
- : int = 2 - : float = 222222222222

Òàáëèöà 1.1: Îïåðàöèè íàä ÷èñëàìè

# 2=2.0;;
This expression has type �oat but is here used with type int
# 3.0=�oat_of_int 3;;
− : bool = true

Àíàëîãè÷íî, îïåðàöèè íàä öåëûìè ÷èñëàìè è ÷èñëàìè ñ ïëàâàþùåé
çàïÿòîé ðàçëè÷íû:

# 3+2;;
− : int = 5
# 3.0+.2.0;;
− : �oat = 5
# 3.0+2.0;;
Characters 0-3:
This expression has type �oat but is here used with type int
# sin 3.14159;;
− : �oat = 2.65358979335e−06

Íåîïðåäåëåííûé ðåçóëüòàò, íàïðèìåð ïîëó÷àåìûé ïðè äåëåíèè íà
íîëü, ïðèâåäåò ê âîçíèêíîâåíèþ èñêëþ÷åíèÿ (ñì. 1.3, ñòð. 63), êîòîðîå
îñòàíîâèò âû÷èñëåíèå. ×èñëà ñ ïëàâàþùåé çàïÿòîé èìåþò ñïåöèàëüíûå
çíà÷åíèÿ äëÿ áåñêîíå÷íûõ âåëè÷èí (Inf) è äëÿ íå îïðåäåëåííîãî ðåçóëü-
òàòà (NaN1). Îñíîâíûå îïåðàöèè íàä ýòèìè ÷èñëàìè ïðèâåäåíû â òàáëèöå
1.2

1Not a Number
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ô-èè íàä ÷èñëàìè ñ ïëàâàþùåé çàïÿòîé òðèãîíîìåòðè÷åñêèå ôóíêöèè:
ceil cos êîñèíóñ
floor sin ñèíóñ
sqrt - êâàäðàòíûé êîðåíü tan òàíãåíñ
exp - ýêñïîíåíòà acos àðêêîñèíóñ
log - íàòóðàëüíûé ëîãàðèôì asin àðêñèíóñ
log10 - ëîãàðèôì ïî áàçå 10 atan àðêòàíãåíñ

# ceil 3.4 ;; # sin 1.57078 ;;
- : float = 4 - : float = 0.999999999867
# floor 3.4 ;; # sin (asin 0.707) ;;
- : float = 3 - : float = 0.707
# ceil (-.3.4) ;; # acos 0.0 ;;
- : float = -3 - : float = 1.57079632679
# floor (-.3.4) ;; # asin 3.14 ;;
- : float = -4 - : float = NaN

Òàáëèöà 1.2: Ôóíêöèè íàä ÷èñëàìè ñ ïëàâàþùåé çàïÿòîé

Ñèìâîëû è ñòðîêè

Ñèìâîëû, òèï char, ñîîòâåòñòâóþò öåëûì ÷èñëàì â èíòåðâàëå îò 0 äî
255, ïåðâûå 128 çíà÷åíèé ñîîòâåòñòâóþò êîäàìASCII. Ôóíêöèÿ char_of_int
è int_of_char ïðåîáðàçóþò îäèí òèï â äðóãîé. Ñòðîêè, òèï string � ýòî
ïîñëåäîâàòåëüíîñòü ñèìâîëîâ îïðåäåëåííîé äëèííû (íå äëèííåå 224 −
6). Îïåðàòîðîì îáúåäèíåíèÿ ñòðîê (êîíêàòåíàöèè) ÿâëÿåòñÿ øàïêà ��''.
Ñëåäóþùèå ôóíêöèè íåîáõîäèìû äëÿ ïåðåâîäà òèïîâ int_of_string,
string_of_int, string_of_float è float_of_string.

# 'B' ;;
− : char = 'B'
# int_of_char 'B' ;;
− : int = 66
# "est une cha��ne" ;;
− : string = "est une cha\\238ne"
# (string_of_int 1987) ^ "est l'ann�ee de la cr�eation de CAML" ;;
− : string = "1987 est l'ann\233e de la cr\233ation de CAML"

Åñëè ñòðîêà ñîñòîèò èç öèôð, òî ìû íå ñìîæåì èñïîëüçîâàòü åå â
÷èñëåííûõ îïåðàöèÿõ, íå âûïîëíèâ ÿâíîãî ïðåîáðàçîâàíèÿ.

# "1999" + 1 ;;
Characters 1-7:
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This expression has type string but is here used with type int
# (int_of_string "1999") + 1 ;;
− : int = 2000

Â ìîäóëå String ñîáðàíî ìíîãî ôóíêöèé äëÿ ðàáîòû ñî ñòðîêàìè (ñòð. 7.3.2)

Áóëåâûé òèï

Çíà÷åíèå òèïà boolean ïðèíàäëåæèò ìíîæåñòâó ñîñòîÿùåìó èç äâóõ ýëå-
ìåíòîâ: true è false. Îñíîâíûå îïåðàòîðû îïèñàíû â òàáëèöå 1.3. Ïî
èñòîðè÷åñêèì ïðè÷èíàì îïåðàòîðû and è or èìåþò äâå ôîðìû.

not - îòðèöàíèå
&& ïîñëåäîâàòåëüíîå è & ñèíîíèì &&
|| ïîñëåäîâàòåëüíîå èëè or ñèíîíèì |

Òàáëèöà 1.3: Áóëåâû îïåðàòîðû

# true ;;
− : bool = true
# not true ;;
− : bool = false
# true && false ;;
− : bool = false

Îïåðàòîðû && è || èëè èõ ñèíîíèìû, âû÷èñëÿþò àðãóìåíò ñëåâà è
â çàâèñèìîñòè îò åãî çíà÷åíèÿ, âû÷èñëÿþò ïðàâûé àðãóìåíò. Îíè ìîãóò
áûòü ïåðåïèñàíû â âèäå óñëîâíîé ñòðóêòóðû (ñì. 1.1.2 ñòð. 23).

= ðàâåíñòâî ñòðóêòóðíîå < ìåíüøå
== ðàâåíñòâî ôèçè÷åñêîå > áîëüøå
<> îòðèöàíèå = <= ìåíüøå èëè ðàâíî
!= îòðèöàíèå == >= áîëüøå èëè ðàâíî

Òàáëèöà 1.4: Îïåðàòîðû ñðàâíåíèÿ è ðàâåíñòâà

Îïåðàòîðû ñðàâíåíèÿ è ðàâåíñòâà îïèñàíû â òàáëèöå 1.4. Ýòî ïîëè-
ìîðôíûå îïåðàòîðû, òî åñòü îíè ïðèìåíèìû êàê äëÿ ñðàâíåíèÿ äâóõ
öåëûõ, òàê è äâóõ ñòðîê. Åäèíñòâåííî îãðàíè÷åíèå ýòî òî ÷òî îïåðàíäû
äîëæíû áûòü îäíîãî òèïà (ñì. 1.1.5 ñòð. 34).

# 1<=118 && (1=2 || not(1=2)) ;;
− : bool = true
# 1.0 <= 118.0 && (1.0 = 2.0 || not (1.0 = 2.0)) ;;
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− : bool = true
# "un" < "deux" ;;
− : bool = false
# 0 < '0' ;;
Characters 4-7:
This expression has type char but is here used with type int

Ñòðóêòóðíîå ðàâåíñòâî, ïðè ïðîâåðêå äâóõ ïåðåìåííûõ, ñðàâíèâàåò
çíà÷åíèå ïîëåé ñòðóêòóðû, òîãäà êàê ôèçè÷åñêîå ðàâåíñòâî ïðîâåðÿåò
çàíèìàþò ëè ýòè ïåðåìåííûå îäíî è òî æå ìåñòî â ïàìÿòè. Îáà îïåðàòîðà
âîçâðàùàþò îäèíàêîâûé ðåçóëüòàò äëÿ ïðîñòûõ òèïîâ: boolean, char,
int è êîíñòàíòíûå êîíñòðóêòîðû (ñì. 1.2.4 ñòð. 53).

Warning

÷èñëà ñ ïëàâàþùåé çàïÿòîé è ñòðîêè ðàññìàòðèâàþòñÿ êàê ñòðóêòóðíûå
òèïû.

Unit

Òèï unit îïðåäåëÿåò ìíîæåñòâî èç âñåãî îäíîãî ýëåìåíòà, çíà÷åíèå êî-
òîðîãî: ()

# () ;;
− : unit = ()

Ýòî çíà÷åíèå áóäåò øèðîêî èñïîëüçîâàòüñÿ â èìïåðàòèâíûõ ïðîãðàì-
ìàõ (ñì. 2 ñòð. 73), â ôóíêöèÿõ ñ ïîáî÷íûì ýôôåêòîì. Ôóíêöèè, ðå-
çóëüòàò êîòîðûõ ðàâåí (), ñîîòâåòñòâóþò ïîíÿòèþ ïðîöåäóðû, êîòîðîå
îòñóòñòâóåò â Objective CAML, òàê æå êàê è àíàëîã òèïà void â ÿçûêå
C.

Äåêàðòîâî ïðîèçâåäåíèå, êîðòåæè

Çíà÷åíèÿ ðàçíûõ òèïîâ ìîãóò áûòü ñãðóïïèðîâàíû â êîðòåæè. Çíà÷åíèÿ
èç êîòîðûõ ñîñòîèò êîðòåæ ðàçäåëÿþòñÿ çàïÿòîé. Äëÿ êîíñòðóêöèè êîð-
òåæà, èñïîëüçóåòñÿ ñèìâîë *. int*string åñòü êîðòåæ, â êîòîðîì ïåðâûé
ýëåìåíò öåëîå ÷èñëî è âòîðîé ñòðîêà.

v

# ( 12 ,"octobre" ) ;;
− : int * string = 12, "octobre"

Èíîãäà ìû ìîæåì èñïîëüçîâàòü áîëåå ïðîñòóþ ôîðìó çàïèñè.
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# 12 , "octobre" ;;
− : int * string = 12, "octobre"

Ôóíêöèè fst è snd äàþò äîñòóï ïåðâîìó è âòîðîìó ýëåìåíòó ñîîò-
âåòñòâåííî.

# fst ( 12 , "octobre" ) ;;
− : int = 12
# snd ( 12 , "octobre" ) ;;
− : string = "octobre"

Ýòè îáå ôóíêöèè ïîëèìîðôíûå, âõîäíîé àðãóìåíò ìîæåò áûòü ëþ-
áîãî òèïà.

# fst ;;
− : 'a * 'b −> 'a = <fun>
# fst ( "octobre", 12 ) ;;
− : string = "octobre"

Òèï int*char*string � ýòî òðèïëåò, â êîòîðîì ïåðâûé ýëåìåíò òèïà
int, âòîðîé char, à òðåòèé � string.

# ( 65 , 'B' , " ascii " ) ;;
− : int * char * string = 65, 'B', " ascii "

Warning

Åñëè àðãóìåíò ôóíêöèé fst è snd íå ïàðà, à äðóãîé n�êîðòåæ, òî ìû
ïîëó÷èì îøèáêó.

# snd ( 65 , 'B' , " ascii " ) ;;
Characters 7-25:
This expression has type int * char * string but is here used with type
'a * 'b

Ñóùåñòâóåò ðàçíèöà ìåæäó ïàðîé è òðèïëåòîì: òèï int*int*int îò-
ëè÷åí îò (int*int)*int è int*(int*int). Ìåòîäû äîñòóïà ê ýëåìåíòàì
òðèïëåòà (è äðóãèõ êîðòåæåé) íå îïðåäåëåíû â ñòàíäàðòíîé áèáëèîòå-
êå. Â ñëó÷àå íåîáõîäèìîñòè ìû èñïîëüçóåì ñîïîñòàâëåíèå ñ îáðàçöîì
(ñì. 1.2.1).

Ñïèñêè

Çíà÷åíèÿ îäíîãî è òîãî æå òèïà ìîãóò áûòü îáúåäèíåíû â ñïèñêè. Ñïèñîê
ìîæåò áûòü ëèáî ïóñòûì, ëèáî ñîäåðæàòü îäíîòèïíûå ýëåìåíòû.
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# [] ;;
− : 'a list = []
# [ 1 ; 2 ; 3 ] ;;
− : int list = [1; 2; 3]
# [ 1 ; "deux" ; 3 ] ;;
Characters 15-18:
This expression has type int list but is here used with type string list

Äëÿ òîãî ÷òîáû äîáàâèòü ýëåìåíò â íà÷àëî ñïèñêà ñóùåñòâóåò ñëåäó-
þùàÿ ôóíêöèÿ â âèäå èíôèêñíîãî îïåðàòîðà :: � àíàëîã cons â Caml.

# 1 :: 2 :: 3 :: [] ;;
− : int list = [1; 2; 3]

Äëÿ îáúåäèíåíèÿ (êîíêàòåíàöèè) ñïèñêîâ ñóùåñòâóåò èíôèêñíûé îïå-
ðàòîð: @.

# [ 1 ] @ [ 2 ; 3 ] ;;
− : int list = [1; 2; 3]
# [ 1 ; 2 ] @ [ 3 ] ;;
− : int list = [1; 2; 3]

Îñòàëüíûå ôóíêöèè ìàíèïóëÿöèè ñïèñêàìè îïðåäåëåíû â áèáëèîòåêå
List. Ôóíêöèè hd è tl äàþò äîñòóï ê ïåðâîìó è ïîñëåäíåìó ýëåìåíòó
ñïèñêà.

# List.hd [ 1 ; 2 ; 3 ] ;;
− : int = 1
# List.hd [] ;;
Uncaught exception: Failure("hd")

Â ïîñëåäíåì ïðèìåðå ïîëó÷èòü ïåðâûé ýëåìåíò ïóñòîãî ñïèñêà äåé-
ñòâèòåëüíî �ñëîæíî�, ïîýòîìó âîçáóæäàåòñÿ èñêëþ÷åíèå (ñì. 1.3.1).

1.1.2 Ñòðóêòóðû óñëîâíîãî êîíòðîëÿ

Îäíà èç ñòðóêòóð êîíòðîëÿ íåîáõîäèìàÿ â êàæäîì ÿçûêà ïðîãðàììèðî-
âàíèÿ � óñëîâíûé îïåðàòîð.

Ñèíòàêñèñ:

if expr1 then expr2 else expr3

Òèï âûðàæåíèÿ expr1 ðàâåí bool. Âûðàæåíèÿ expr2 è expr3 äîëæíû
áûòü îäíîãî è òîãî æå òèïà.

# if 3=4 then 0 else 4 ;;
− : int = 4
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# if 3=4 then "0" else "4" ;;
− : string = "4"
# if 3=4 then 0 else "4";;
Characters 20-23:
This expression has type string but is here used with type int

Óñëîâíîå âûðàæåíèå, êàê è ëþáîå äðóãîå, âîçâðàùàåò çíà÷åíèå.

# (if 3=5 then 8 else 10) + 5 ;;
− : int = 15

Çàìå÷àíèå
Âåòêà else ìîæåò áûòü îïóùåíà, â ýòîì ñëó÷àå áóäåò ïîäñòàâëåíî çíà-
÷åíèå ïî óìîë÷àíèþ ðàâíîå else (), â ñîîòâåòñòâèè ñ ýòèì âûðàæåíèå
expr2 äîëæíî áûòü òèïà unit (ñì. 2.3 ñòð. 87).

1.1.3 Îáúÿâëåíèå çíà÷åíèé

Îïðåäåëåíèå ñâÿçûâàåò èìÿ ñî çíà÷åíèåì. Ðàçëè÷àþò ãëîáàëüíûå è ëî-
êàëüíûå îïðåäåëåíèÿ. Â ïåðâîì ñëó÷àå, îáúÿâëåííûå èìåíà âèäíû âî
âñåõ âûðàæåíèÿõ, ñëåäóþò çà íèì, âî âòîðîì � èìåíà äîñòóïíû òîëüêî â
òåêóùåì âûðàæåíèè. Ìû òàêæå ìîæåì îäíîâðåìåííî îáúÿâèòü íåñêîëü-
êî ïàð èìÿ-çíà÷åíèå.

Ãëîáàëüíûå îáúÿâëåíèÿ

Ñèíòàêñèñ:

let nom = expr;

Ãëîáàëüíîå îáúÿâëåíèå îïðåäåëÿåò ñâÿçü èìåíè nom ñî çíà÷åíèåì âû-
ðàæåíèÿ expr, êîòîðîå áóäåò äîñòóïíî âñåì ñëåäóþùèì âûðàæåíèÿì.

# let an = "1999" ;;
val an : string = "1999"
# let x = int_of_string(an) ;;
val x : int = 1999
# x ;;
− : int = 1999
# x + 1 ;;
− : int = 2000
# let nouvel_an = string_of_int (x + 1) ;;
val nouvel_an : string = "2000"



1.1. Ôóíêöèîíàëüíîå ÿäðî OBJECTIVE CAML 25

Îäíîâðåìåííîå ãëîáàëüíîå îáúÿâëåíèå

Ñèíòàêñèñ:

let nom1 = expr1
and nom2 = expr2
:
and nomn = exprn}

Ïðè îäíîâðåìåííîì îáúÿâëåíèè ïåðåìåííûå áóäóò èçâåñòíû òîëüêî
ê êîíöó âñåõ îáúÿâëåíèé.

# let x = 1 and y = 2 ;;
val x : int = 1
val y : int = 2
# x + y ;;
− : int = 3
# let z = 3 and t = z + 2 ;;
Characters 18-19:
Unbound value z

Ìîæíî ñãðóïïèðîâàòü íåñêîëüêî ãëîáàëüíûõ îáúÿâëåíèé â îäíîé ôðà-
çå, âûâîä òèïîâ è çíà÷åíèé ïðîèçîéäåò ê êîíöó ôðàçû, îòìå÷åííîé �;;�.
Â äàííîì ñëó÷àå îáúÿâëåíèÿ áóäóò âû÷èñëåíû ïî ïîðÿäêó.

# let x = 2
let y = x + 3 ;;
val x : int = 2
val y : int = 5

Ãëîáàëüíîå îáúÿâëåíèå ìîæåò áûòü ñêðûòî ëîêàëüíûì ñ òåì æå èìå-
íåì (ñì. 1.1.4 ñòð. 32).

Ëîêàëüíîå îáúÿâëåíèå

Ñèíòàêñèñ:

let nom = expr1 in expr2};;

Èìÿ nom ñâÿçàííîå ñ âûðàæåíèåì expr1 èçâåñòíî òîëüêî äëÿ âû÷èñ-
ëåíèÿ expr2.

# let xl = 3 in xl * xl ;;
− : int = 9

Ëîêàëüíîå îáúÿâëåíèå, êîòîðîå ñâÿçûâàåò xl ñî çíà÷åíèåì 3, ñóùå-
ñòâóåò òîëüêî â õîäå âû÷èñëåíèÿ xl*xl.
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# xl ;;
Characters 1-3:
Unbound value xl

Ëîêàëüíîå îáúÿâëåíèå ñêðûâàåò ëþáîå ãëîáàëüíûå ñ òåì æå èìåíåì,
íî êàê òîëüêî ìû âûõîäèì èç áëîêà â êîòîðîì áûëà îíî îïðåäåëåíî, ìû
íàõîäèì ñòàðîå çíà÷åíèå ñâÿçàííîå ñ ýòèì èìåíåì.

# let x = 2 ;;
val x : int = 2
# let x = 3 in x * x ;;
− : int = 9
# x * x ;;
− : int = 4

Ëîêàëüíîå îáúÿâëåíèå � ýòî îáû÷íîå âûðàæåíèå, ñîîòâåòñòâåííî îíî
ìîæåò áûòü èñïîëüçîâàíî äëÿ ïîñòðîåíèÿ äðóãèõ âûðàæåíèé.

# (let x = 3 in x * x) + 1 ;;
− : int = 10

Ëîêàëüíûå îáúÿâëåíèÿ òàê æå ìîãóò áûòü îäíîâðåìåííûìè.

let nom1 = expr1
and nom2 = expr2
:
and nomn = exprn
in expr ;;

# let a = 3.0 and b = 4.0 in sqrt (a*.a +. b*.b) ;;
− : �oat = 5
# b ;;
Characters 0-1:
Unbound value b

1.1.4 Ôóíêöèîíàëüíîå âûðàæåíèå, ôóíêöèè

Ôóíêöèîíàëüíîå âûðàæåíèå ñîñòîèò èç ïàðàìåòðà è òåëà. Ôîðìàëüíûé
ïàðàìåòð � ýòî èìÿ ïåðåìåííîé, à òåëî � ýòî âûðàæåíèå. Îáû÷íî ãîâî-
ðÿò ÷òî ôîðìàëüíûé ïàðàìåòð ÿâëÿåòñÿ àáñòðàêòíûì, ïî ýòîé ïðè÷èíå
ôóíêöèîíàëüíîå âûðàæåíèå òîæå íàçûâàåòñÿ àáñòðàêöèåé.

Ñèíòàêñèñ:

function p −> expr

Òàêèì îáðàçîì ôóíêöèÿ âîçâåäåíèÿ â êâàäðàò áóäåò âûãëÿäåòü òàê:
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# function x −> x*x ;;
− : int −> int = <fun>

Objective CAML ñàì îïðåäåëÿåò òèï. Ôóíêöèîíàëüíûé òèï int->int

ýòî ôóíêöèÿ ñ ïàðàìåòðîì òèïà int, âîçâðàùàþùàÿ çíà÷åíèå òèïà int.
Ôóíêöèÿ ñ îäíèì àðãóìåíòîì ïèøåòñÿ êàê ôóíêöèÿ è àðãóìåíò ñëå-

äóþùèé çà íåé.

# (function x −> x * x) 5 ;;
− : int = 25

Âû÷èñëåíèå ôóíêöèè ñîñòîèò â âû÷èñëåíèå åå òåëà, â äàííîì ñëó÷àå
x*x, ãäå ôîðìàëüíûé ïàðàìåòð x, çàìåíåí çíà÷åíèåì àðãóìåíòà (ýôôåê-
òèâíûì ïàðàìåòðîì), çäåñü îí ðàâåí 5.

Ïðè êîíñòðóêöèè ôóíêöèîíàëüíîãî âûðàæåíèÿ expr ìîæåò áûòü ëþ-
áûì âûðàæåíèåì, â ÷àñòíîñòè ôóíêöèîíàëüíûì.

# function x −> (function y −> 3*x + y) ;;
− : int −> int −> int = <fun>

Ñêîáêè íå îáÿçàòåëüíû, ìû ìîæåì ïèñàòü ïðîñòî:

# function x −> function y −> 3*x + y ;;
− : int −> int −> int = <fun>

Â ïðîñòîì ñëó÷àå ìû ñêàæåì, ÷òî ôóíêöèÿ îæèäàåò äâà àðãóìåí-
òà öåëîãî òèïà íà âõîäå è âîçâðàùàåò çíà÷åíèå öåëîãî òèïà. Íî êîãäà
ðå÷ü èäåò î ôóíêöèîíàëüíîì ÿçûêå, òàêîì êàê Objective CAML, òî ñêî-
ðåå ýòî ñîîòâåòñòâóåò òèïó ôóíêöèè ñ âõîäíûì àðãóìåíòîì òèïà int è
âîçâðàùàþùàÿ ôóíêöèîíàëüíîå çíà÷åíèå òèïà int->int:

# (function x −> function y −> 3*x + y) 5 ;;
− : int −> int = <fun>

Åñòåñòâåííî, ìû ìîæåì ïðèìåíèòü ýòî ôóíêöèîíàëüíîå âûðàæåíèå
ê äâóì àðãóìåíòàì. Äëÿ ýòîãî íàïèøåì:

# (function x −> function y −> 3*x + y) 4 5 ;;
− : int = 17

Êîãäà ìû ïèøåì f a b, ïîäðàçóìåâàåòñÿ ïðèìåíåíèå (f a) ê b.
Äàâàéòå ïîäðîáíî ðàññìîòðèì âûðàæåíèå

(function x −> function y −> 3*x + y) 4 5

Äëÿ òîãî ÷òîáû âû÷èñëèòü ýòî âûðàæåíèå, íåîáõîäèìî ñíà÷àëà âû-
÷èñëèòü çíà÷åíèå

(function x −> function y −> 3*x + y) 4
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÷òî åñòü ôóíêöèîíàëüíîå âûðàæåíèå ðàâíîå

function y −> 3*4 + y

â êîòîðîì x çàìåíåí íà 4 â âûðàæåíèè 3*x+y. Ïðèìåíÿÿ ýòî çíà÷åíèå
(ÿâëÿþùååñÿ ôóíêöèåé) ê 5, ìû ïîëó÷àåì êîíå÷íîå çíà÷åíèå 3*4+5=17:

# (function x −> function y −> 3*x + y) 4 5 ;;
− : int = 17

Àðíîñòü ôóíêöèè

Àðíîñòüþ ôóíêöèè íàçûâàåòñÿ ÷èñëî àðãóìåíòîâ ôóíêöèè. Ïî ïðàâè-
ëàì, óíàñëåäîâàííûì èç ìàòåìàòèêè, àðãóìåíòû ôóíêöèè çàäàþòñÿ â
ñêîáêàõ ïîñëå èìåíè ôóíêöèè. Ìû ïèøåì: f(4,5). Êàê áûëî óêàçàííî
ðàíåå, â Objective CAML ìû ÷àùå èñïîëüçóåì ñëåäóþùèé ñèíòàêñèñ: f
4 5. Åñòåñòâåííî, ìîæíî íàïèñàòü ôóíêöèîíàëüíîå âûðàæåíèå ïðèìåíè-
ìîå ê (4,5):

# function (x,y) −> 3*x + y ;;
− : int * int −> int = <fun>

Íî â äàííîì ñëó÷àå, ôóíêöèÿ îæèäàåò íå äâà àðãóìåíòà, à îäèí;
òèï êîòîðîãî ïàðà öåëûõ. Ïîïûòêà ïðèìåíèòü äâà àðãóìåíòà ê ôóíê-
öèè îæèäàþùåé ïàðó èëè íàîáîðîò, ïåðåäàòü ïàðó ôóíêöèè äëÿ äâóõ
àðãóìåíòîâ ïðèâåäåò ê îøèáêå:

# (function (x,y) −> 3*x + y) 4 5 ;;
Characters 29-30:
This expression has type int but is here used with type int * int
# (function x −> function y −> 3*x + y) (4, 5) ;;
Characters 39-43:
This expression has type int * int but is here used with type int

Àëüòåðíàòèâíûé ñèíòàêñèñ

Ñóùåñòâóåò áîëåå êîìïàêòíàÿ ôîðìà çàïèñè ôóíêöèé ñ íåñêîëüêèìè àð-
ãóìåíòàìè, êîòîðàÿ äîøëà ê íàì èç ñòàðûõ âåðñèé Caml. Âûãëÿäèò îíà
òàê:

Ñèíòàêñèñ

fun p1 ... pn −> expr

Ýòî ïîçâîëÿåò íå ïîâòîðÿòü ñëîâî function è ñòðåëêè. Äàííàÿ çàïèñü
ýêâèâàëåíòíà
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function p1 −> −> function pn −> expr

# fun x y −> 3*x + y ;;
− : int −> int −> int = <fun>
# (fun x y −> 3*x + y) 4 5 ;;
− : int = 17

Ýòó ôîðìó ìîæíî ÷àñòî âñòðåòèòü â áèáëèîòåêàõ èäóùèõ â ïîñòàâêó
ñ Objective CAML.

Çàìûêàíèå

Objective CAML ðàññìàòðèâàåò ôóíêöèîíàëüíîå âûðàæåíèå òàêæå êàê
ëþáîå äðóãîå. Çíà÷åíèå âîçâðàùàåìîå ôóíêöèîíàëüíûì âûðàæåíèåì íà-
çûâàåòñÿ çàìûêàíèåì. Êàæäîå âûðàæåíèå Objective CAML âû÷èñëÿåò-
ñÿ â îêðóæåíèè ñîñòîÿùåì èç ñîîòâåòñòâèé èìÿ�çíà÷åíèå, êîòîðûå áûëè
îáúÿâëåíû äî âû÷èñëÿåìîãî âûðàæåíèÿ. Çàìûêàíèå ìîæåò áûòü îïè-
ñàíî êàê òðèïëåò, ñîñòîÿùèé èç èìåíè ôîðìàëüíîãî ïàðàìåòðà, òåëà
ôóíêöèè è îêðóæåíèÿ âûðàæåíèÿ. Íàì íåîáõîäèìî õðàíèòü ýòî îêðó-
æåíèå, ïîñêîëüêó â òåëå ôóíêöèè êðîìå ôîðìàëüíûõ ïàðàìåòðîâ ìîãóò
èñïîëüçîâàòüñÿ äðóãèå ïåðåìåííûå. Â ôóíêöèîíàëüíîì âûðàæåíèè ýòè
ïåðåìåííûå íàçûâàþòñÿ ñâîáîäíûìè, íàì ïîíàäîáèòñÿ èõ çíà÷åíèå â ìî-
ìåíò ïðèìåíåíèÿ ôóíêöèîíàëüíîãî âûðàæåíèÿ.

# let m = 3 ;;
val m : int = 3
# function x −> x + m ;;
− : int −> int = <fun>
# (function x −> x + m) 5 ;;
− : int = 8

Â ñëó÷àå êîãäà ïðèìåíåíèå çàìûêàíèÿ ê àðãóìåíòó âîçâðàùàåò íî-
âîå çàìûêàíèå, îíî (íîâîå çàìûêàíèå) ïîëó÷àåò â ñâîå îêðóæåíèå âñå
íåîáõîäèìûå ñâÿçè äëÿ ñëåäóþùåãî ïðèìåíåíèÿ. Ðàçäåë 1.1.4 ïîäðîáíî
ðàññìàòðèâàåò ýòè ïîíÿòèÿ. Â ãëàâå 3, à òàê æå â ãëàâå 11 ìû âåðíåìñÿ
ê òîìó êàê çàìûêàíèå ïðåäñòàâëÿåòñÿ â ïàìÿòè.

Äî ñèõ ïîð ðàññìîòðåííûå ôóíêöèîíàëüíûå âûðàæåíèÿ áûëè àíî-
íèìíûìè, îäíàêî ìû ìîæåì äàòü èì èìÿ.

Îáúÿâëåíèå ôóíêöèîíàëüíûõ çíà÷åíèé

Ôóíêöèîíàëüíîå çíà÷åíèå îáúÿâëÿåòñÿ òàê æå êàê è äðóãèå, ïðè ïîìîùè
êîíñòðóêòîðà let
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# let succ = function x −> x + 1 ;;
val succ : int −> int = <fun>
# succ 420 ;;
− : int = 421
# let g = function x −> function y −> 2*x + 3*y ;;
val g : int −> int −> int = <fun>
# g 1 2;;
− : int = 8

Äëÿ óïðîùåíèÿ çàïèñè, ìîæíî èñïîëüçîâàòü ñëåäóþùèé ñèíòàêñèñ:
Ñèíòàêñèñ:

let nom p1...pn=expr

÷òî ýêâèâàëåíòíî:

let nom=function p1−>−>function pn−> expr

Ñëåäóþùèå îáúÿâëåíèÿ succ è g ýêâèâàëåíòíû ïðåäûäóùèì:

# let succ x = x + 1 ;;
val succ : int −> int = <fun>
# let g x y = 2*x + 3*y ;;
val g : int −> int −> int = <fun>

Â ñëåäóþùåì ïðèìåðå äåìîíñòðèðóåòñÿ ôóíêöèîíàëüíàÿ ñòîðîíà Ob-
jective CAML, ãäå ôóíêöèÿ h1 ïîëó÷åíà ïðèìåíåíèåì g ê àðãóìåíòó. Â
äàííîì ñëó÷àå ìû èìååì äåëî ñ ÷àñòè÷íûì ïðèìåíåíèåì.

# let h1 = g 1 ;;
val h1 : int −> int = <fun>
# h1 2 ;;
− : int = 8

Ñ ïîìîùüþ g ìû ìîæåì îïðåäåëèòü äðóãóþ ôóíêöèþ h2 ôèêñèðóÿ
çíà÷åíèå âòîðîãî ïàðàìåòðà (y):

# let h2 = function x −> g x 2 ;;
val h2 : int −> int = <fun>
# h2 1 ;;
− : int = 8

Îáúÿâëåíèå èíôèêñíûõ ôóíêöèé

Íåêîòîðûå áèíàðíûå ôóíêöèè ìîãóò áûòü èñïîëüçîâàíû â èíôèêñíîé
ôîðìå. Íàïðèìåð ïðè ñëîæåíèè äâóõ öåëûõ ìû ïèøåì 3+5 äëÿ ïðèìå-
íåíèÿ + ê 3 è 5. Äëÿ òîãî ÷òîáû èñïîëüçîâàòü ñèìâîë + êàê êëàññè÷å-
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ñêîå ôóíêöèîíàëüíîå çíà÷åíèå, íåîáõîäèìî óêàçàòü ýòî, îêðóæàÿ ñèìâîë
ñêîáêàìè (op).

Â ñëåäóþùåì ïðèìåðå îïðåäåëÿåòñÿ ôóíêöèÿ succ èñïîëüçóÿ (+):

# (+) ;;
− : int −> int −> int = <fun>
# let succ = (+) 1 ;;
val succ : int −> int = <fun>
# succ 3 ;;
− : int = 4

Òàêèì îáðàçîì ìû ìîæåì îïðåäåëèòü íîâûå îïåðàòîðû, ÷òî ìû è
ñäåëàåì îïðåäåëèâ ++ äëÿ ñëîæåíèÿ äâóõ ïàð öåëûõ.

# let (++) c1 c2 = (fst c1)+(fst c2), (snd c1)+(snd c2) ;;
val ++ : int * int −> int * int −> int * int = <fun>
# let c = (2,3) ;;
val c : int * int = 2, 3
# c ++ c ;;
− : int * int = 4, 6

Ñóùåñòâóþò îäíàêî îãðàíè÷åíèÿ íà îïðåäåëåíèå íîâûõ îïåðàòîðîâ,
îíè äîëæíû ñîäåðæàòü òîëüêî ñèìâîëû (òàêèå êàê *,+,$, etc.), èñêëþ÷àÿ
áóêâû è öèôðû. Ñëåäóþùèå ôóíêöèè ÿâëÿþòñÿ èñêëþ÷åíèåì:

or mod land lor lxor lsr asr

Ôóíêöèè âûñøåãî ïîðÿäêà

Ôóíêöèîíàëüíîå çíà÷åíèå (çàìûêàíèå) ìîæåò áûòü âîçâðàùåíî êàê ðå-
çóëüòàò, à òàê æå ïåðåäàíî êàê àðãóìåíò ôóíêöèè. Òàêèå ôóíêöèè, áåðó-
ùèå íà âõîäå èëè âîçâðàùàþùèå ôóíêöèîíàëüíûå çíà÷åíèÿ, íàçûâàþòñÿ
ôóíêöèÿìè âûñøåãî ïîðÿäêà.

# let h = function f −> function y −> (f y) + y ;;
val h : ( int −> int) −> int −> int = <fun>

Çàìå÷àíèå
Âûðàæåíèÿ ãðóïïèðóþòñÿ ñïðàâà íàëåâî, íî ôóíêöèîíàëüíûå òèïû îáú-
åäèíÿþòñÿ ñëåâà íàïðàâî. Òàêèì îáðàçîì òèï ôóíêöèè h ìîæåò áûòü
íàïèñàí:

( int −> int) −> int −> int
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èëè
(int −> int) −> (int −> int)

Ïðè ïîìîùè ôóíêöèé âûñøåãî ïîðÿäêà ìîæíî ýëåãàíòíî îáðàáà-
òûâàòü ñïèñêè. Ê ïðèìåðó ôóíêöèÿ List.map ïðèìåíÿåò êàêóþ-íèáóäü
ôóíêöèþ êî âñåì ýëåìåíòàì ñïèñêà è âîçâðàùàåò ñïèñîê ðåçóëüòàòîâ.

# List.map ;;
− : ('a −> 'b) −> 'a list −> 'b list = <fun>
# let square x = string_of_int (x*x) ;;
val square : int −> string = <fun>
# List.map square [1; 2; 3; 4] ;;
− : string list = ["1"; "4"; "9"; "16"]

Äðóãîé ïðèìåð � ôóíêöèÿ List.for_all ïðîâåðÿåò ñîîòâåòñòâóþò
ëè ýëåìåíòû ñïèñêà îïðåäåëåííîìó êðèòåðèþ.

# List.for_all ;;
− : ('a −> bool) −> 'a list −> bool = <fun>
# List.for_all (function n −> n<>0) [−3; −2; −1; 1; 2; 3] ;;
− : bool = true
# List.for_all (function n −> n<>0) [−3; −2; 0; 1; 2; 3] ;;
− : bool = false

Âèäèìîñòü ïåðåìåííûõ

Äëÿ âû÷èñëåíèÿ âûðàæåíèÿ, íåîáõîäèìî ÷òîáû âñå èñïîëüçóåìûå èì ïå-
ðåìåííûå áûëè îïðåäåëåíû, êàê, íàïðèìåð, âûðàæåíèå e â îïðåäåëåíèè

let p=e

Ïåðåìåííàÿ p íå èçâåñòíà â ýòîì âûðàæåíèè, îíà ìîæåò áûòü èñïîëü-
çîâàíà òîëüêî â ñëó÷àå åñëè p áûëà îáúÿâëåíà ðàíåå.

# let p = p ^ "−su�xe" ;;
Characters 9-10:
Unbound value p
# let p = "pr�e�xe" ;;
val p : string = "pr\233�xe"
# let p = p ^ "−su�xe" ;;
val p : string = "pr\233�xe−su�xe"

Â Objective CAML ïåðåìåííûå ñâÿçàíû ñòàòè÷åñêè. Ïðè ïðèìåíåíèè
çàìûêàíèÿ èñïîëüçóåòñÿ îêðóæåíèå â ìîìåíò åå (çàìûêàíèÿ) îáúÿâëå-
íèÿ (ñòàòè÷åñêàÿ âèäèìîñòü), à íå â ìîìåíò åå ïðèìåíåíèÿ (äèíàìè÷å-
ñêàÿ âèäèìîñòü)
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# let p = 10 ;;
val p : int = 10
# let k x = (x, p, x+p) ;;
val k : int −> int * int * int = <fun>
# k p ;;
− : int * int * int = 10, 10, 20
# let p = 1000 ;;
val p : int = 1000
# k p ;;
− : int * int * int = 1000, 10, 1010

Â ôóíêöèè k èìååòñÿ ñâîáîäíàÿ ïåðåìåííàÿ p, êîòîðàÿ áûëà îïðå-
äåëåíà â ãëîáàëüíîì îêðóæåíèè, ïîýòîìó îïðåäåëåíèå k ïðèíÿòî. Ñâÿçü
ìåæäó èìåíåì p è çíà÷åíèåì 10 â îêðóæåíèè çàìûêàíèÿ k ñòàòè÷åñêàÿ,
òî åñòü íå çàâèñèò îò ïîñëåäíåãî îïðåäåëåíèÿ p.

Ðåêóðñèâíîå îáúÿâëåíèå

Îáúÿâëåíèå ïåðåìåííîé íàçûâàåòñÿ ðåêóðñèâíûì, åñëè îíî èñïîëüçóåò
ñâîé ñîáñòâåííûé èäåíòèôèêàòîð â ñâîåì îïðåäåëåíèè. Ýòà âîçìîæíîñòü
÷àñòî èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ ðåêóðñèâíûõ ôóíêöèé. Êàê ìû âè-
äåëè ðàíåå, let íå ïîçâîëÿåò äåëàòü ýòî, ïîýòîìó íåîáõîäèìî èñïîëüçî-
âàòü ñïåöèàëüíûé ñèíòàêñèñ:

let rec nom = expr ;;

Äðóãîé ñïîñîá çàïèñè äëÿ ôóíêöèè ñ àðãóìåíòàìè:

let rec nom p1 ... pn = expr ;;

Îïðåäåëèì ôóíêöèþ sigma âû÷èñëÿþùóþ ñóììó öåëûõ îò 0 äî çíà-
÷åíèÿ óêàçàííîãî àðãóìåíòîì:

# let rec sigma x = if x = 0 then 0 else x + sigma (x−1) ;;
val sigma : int −> int = <fun>
# sigma 10 ;;
− : int = 55

Êàê çàìåòèë ÷èòàòåëü, ýòà ôóíêöèÿ ðèñêóåò �íå çàêîí÷èòüñÿ� åñëè
âõîäíîé àðãóìåíò ìåíüøå 0.

Îáû÷íî, ðåêóðñèâíîå çíà÷åíèå � ýòî ôóíêöèÿ, êîìïèëÿòîð íå ïðè-
íèìàåò íåêîòîðûå ðåêóðñèâíûå îáúÿâëåíèÿ, çíà÷åíèÿ êîòîðûõ íå ôóíê-
öèîíàëüíûå.

# let rec x = x + 1 ;;
Characters 13-18:
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This kind of expression is not allowed as right-hand side of `let rec'

Êàê ìû óâèäèì ïîçäíåå, òàêèå îïðåäåëåíèÿ âñå òàêè âîçìîæíû â
íåêîòîðûõ ñëó÷àÿõ (ñì. 1.2.10 ñòð. 61).

Îáúÿâëåíèå let rec ìîæåò áûòü ñêîìáèíèðîâàíî ñ and. Â ýòîì ñëó-
÷àå ôóíêöèè îïðåäåëåííûå íà îäíîì è òîì æå óðîâíå, âèäíû âñåì îñòàëü-
íûì. Ýòî ìîæåò áûòü ïîëåçíî ïðè äåêëàðàöèè âçàèìíî ðåêóðñèâíûõ
ôóíêöèé.

# let rec pair n = (n<>1) && ((n=0) or (impair (n−1)))
and impair n = (n<>0) && ((n=1) or (pair (n−1)));;
val pair : int −> bool = <fun>
val impair : int −> bool = <fun>
# pair 4 ;;
− : bool = true
# impair 5 ;;
− : bool = true

Ïî òîìó æå ïðèíöèïó, ëîêàëüíûå ôóíêöèè ìîãóò áûòü ðåêóðñèâíû-
ìè. Íîâîå îïðåäåëåíèå ôóíêöèè sigma ïðîâåðÿåò êîððåêòíîñòü âõîä-
íîãî àðãóìåíòà, ïåðåä òåì êàê ïîñ÷èòàòü ñóììó ëîêàëüíîé ôóíêöèåé
sigma_rec.

# let sigma x =
let rec sigma_rec x =
if x = 0 then 0 else x + sigma_rec (x−1) in
if (x<0) then "erreur : argument negatif"
else "sigma = " ^ (string_of_int (sigma_rec x)) ;;

val sigma : int −> string = <fun>

Çàìå÷àíèå
Ìû âûíóæäåííû áûëè îïðåäåëèòü âîçâðàùàåìûé òèï êàê string, ïî-
ñêîëüêó íåîáõîäèìî ÷òîáû îí áûë îäèí è òîò æå, íåçàâèñèìî îò âõîä-
íîãî àðãóìåíòà, îòðèöàòåëüíîãî èëè ïîëîæèòåëüíîãî. Êàêîå çíà÷åíèå
äîëæíà âåðíóòü sigma åñëè àðãóìåíò áîëüøå íóëÿ? Äàëåå, ìû óâèäèì
ïðàâèëüíûé ñïîñîá ðåøåíèÿ ýòîé ïðîáëåìû (ñì. 1.3 ñòð. 63).

1.1.5 Ïîëèìîðôèçì è îãðàíè÷åíèå òèïà

Íåêîòîðûå ôóíêöèè âûïîëíÿþò îäíè è òå æå èíñòðóêöèè íåçàâèñèìî
îò òèïà àðãóìåíòîâ. Ê ïðèìåðó, äëÿ ñîçäàíèå ïàðû èç äâóõ çíà÷åíèé
íåò ñìûñëà îïðåäåëÿòü ôóíêöèè äëÿ êàæäîãî èçâåñòíîãî òèïà. Äðóãîé
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ïðèìåð, äîñòóï ê ïåðâîìó ïîëþ ïàðû íå çàâèñèò îò òîãî, êàêîãî òèïà
ýòî ïîëå.

# let make_pair a b = (a,b) ;;
val make_pair : 'a −> 'b −> 'a * 'b = <fun>
# let p = make_pair "papier" 451 ;;
val p : string * int = "papier", 451
# let a = make_pair 'B' 65 ;;
val a : char * int = 'B', 65
# fst p ;;
− : string = "papier"
# fst a ;;
− : char = 'B'

Ôóíêöèÿ, äëÿ êîòîðîé íå íóæíî óêàçûâàòü òèï âõîäíîãî àðãóìåíòà
èëè âîçâðàùàåìîãî çíà÷åíèÿ íàçûâàåòñÿ ïîëèìîðôíîé. Ñèíòåçàòîð òè-
ïîâ, âêëþ÷åííûé â êîìïèëÿòîð Objective CAML íàõîäèò íàèáîëåå îáùèé
òèï äëÿ êàæäîãî âûðàæåíèÿ. Â ýòîì ñëó÷àå Objective CAML èñïîëüçó-
åò ïåðåìåííûå, çäåñü îíè îáîçíà÷åíû êàê 'a è 'b, äëÿ óêàçàíèÿ îáùèõ
òèïîâ. Ýòè ïåðåìåííûå êîíêðåòèçèðóþòñÿ òèïîì àðãóìåíòà â ìîìåíò
ïðèìåíåíèÿ ôóíêöèè.

Ïðè ïîìîùè ïîëèìîðôíûõ ôóíêöèé, ìû ïîëó÷àåì âîçìîæíîñòü íà-
ïèñàíèÿ óíèâåðñàëüíîãî êîäà äëÿ ëþáîãî òèïà ïåðåìåííûõ, ñîõðàíÿÿ
ïðè ýòîì íàäåæíîñòü ñòàòè÷åñêîé òèïèçàöèè. Äåéñòâèòåëüíî, íåñìîòðÿ
íà òî ÷òî make_paire ïîëèìîðôíàÿ, çíà÷åíèå ñîçäàííîå (make_paire '6'
65) èìååò ñòðîãî îïðåäåëåííûé òèï, êîòîðûé îòëè÷åí îò (make_paire
"paire"451). Ïðîâåðêà òèïîâ ðåàëèçóåòñÿ â ìîìåíò êîìïèëÿöèè, òàêèì
îáðàçîì óíèâåðñàëüíîñòü êîäà íèêàê íå ñêàçûâàåòñÿ íà ýôôåêòèâíîñòè
ïðîãðàììû.

Ïðèìåð ôóíêöèé è ïîëèìîðôíûõ çíà÷åíèé

Â ñëåäóþùåì ïðèìåðå ïðèâåäåíà ïîëèìîðôíàÿ ôóíêöèÿ ñ âõîäíûì ïà-
ðàìåòðîì ôóíêöèîíàëüíîãî òèïà.

# let app = function f −> function x −> f x ;;
val app : ('a −> 'b) −> 'a −> 'b = <fun>

Ìû ìîæåì ïðèìåíèòü åå ê ôóíêöèè impaire, êîòîðàÿ áûëà îïðåäå-
ëåíà ðàíåå.

# app impair 2;;
− : bool = false

Ôóíêöèÿ òîæäåñòâà (id) âîçâðàùàåò ïîëó÷åííûé àðãóìåíò.
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# let id x = x ;;
val id : 'a −> 'a = <fun>
# app id 1 ;;
− : int = 1

Ñëåäóþùàÿ ôóíêöèÿ, compose ïðèíèìàåò íà âõîäå äâå ôóíêöèè è
åùå îäèí àðãóìåíò, ê êîòîðîìó ïðèìåíÿåò äâå ïåðâûå.

# let compose f g x = f (g x) ;;
val compose :
('a −> 'b) −> ('c −> 'a) −> 'c −> 'b = <fun>
# let add1 x = x+1 and mul5 x = x*5 in
compose mul5 add1 9 ;;
− : int = 50

Êàê ìû âèäèì, òèï ðåçóëüòàòà âîçâðàùàåìîãî g äîëæåí áûòü òàêèì
æå êàê è òèï âõîäíîãî àðãóìåíòà f.

Íå òîëüêî ôóíêöèîíàëüíûå çíà÷åíèÿ ìîãóò áûòü ïîëèìîðôíûìè,
ïðîèëëþñòðèðóåì ýòî íà ïðèìåðå ïóñòîãî ñïèñêà.

# let l = [] ;;
val l : 'a list = []

Ñëåäóþùèé ïðèìåð èëëþñòðèðóåò òîò ôàêò, ÷òî ñîçäàíèå òèïîâ îñ-
íîâûâàåòñÿ íà ðàçðåøåíèè îãðàíè÷åíèé, íàêëàäûâàåìûõ ïðèìåíåíèåì
ôóíêöèé, à âîâñå íå íà çíà÷åíèÿõ, ïîëó÷åííûõ â ïðîöåññå âûïîëíåíèÿ.

# let q = List.tl [2] ;;
val q : int list = []

Çäåñü òèï ðàâåí List.tl 'a list->'a list, òî åñòü ýòà ôóíêöèÿ
ïðèìåíÿåòñÿ ê ñïèñêó öåëûõ è âîçâðàùàåò ñïèñîê öåëûõ. Òîò ôàêò ÷òî
â ìîìåíò âûïîëíåíèÿ âîçâðàùåí ïóñòîé ñïèñîê, íå âëèÿåò íà åãî òèï.

Objective CAML ñîçäàåò ïàðàìåòðèçîâàííûå òèïû äëÿ êàæäîé ôóíê-
öèè, êîòîðûå íå çàâèñÿò îò åå àðãóìåíòîâ. Ýòîò âèä ïîëèìîðôèçìà íà-
çûâàåòñÿ ïàðàìåòðè÷åñêèì ïîëèìîðôèçìîì.2

Îãðàíè÷åíèå òèïà

Ñèíòåçàòîð òèïà Objective CAML îáðàçóåò ñàìûé îáùèé òèï è èíîãäà
áûâàåò íåîáõîäèìî óòî÷íèòü òèï âûðàæåíèÿ.

Ñèíòàêñèñ îãðàíè÷åíèÿ òèïà ñëåäóþùèé:

2Íåêîòîðûå âñòðîåííûå ôóíêöèè íå ïîä÷èíÿþòñÿ ýòîìó ïðàâèëó, îñîáåííî ôóíê-
öèÿ ñòðóêòóðíîãî ðàâåíñòâà (=), êîòîðàÿ ÿâëÿåòñÿ ïîëèìîðôíîé (åå òèï 'a -> 'a

-> bool), íî îíà èññëåäóåò ñòðóêòóðó ñâîèõ àðãóìåíòîâ äëÿ ïðîâåðêè ðàâåíñòâà.
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(expr:t)

Â ýòîì ñëó÷àå ñèíòåçàòîð òèïà âîñïîëüçóåòñÿ ýòèì îãðàíè÷åíèåì ïðè
êîíñòðóêöèè òèïà âûðàæåíèÿ. Èñïîëüçîâàíèå îãðàíè÷åíèÿ òèïà ïîçâî-
ëÿåò

� ñäåëàòü âèäèìûì òèï ïàðàìåòðà ôóíêöèè

� çàïðåòèòü èñïîëüçîâàíèå ôóíêöèè âíå ñâîé îáëàñòè ïðèìåíåíèÿ

� óòî÷íèòü òèï âûðàæåíèÿ, ýòî îêàæåòñÿ íåîáõîäèìûì â ñëó÷àå ôè-
çè÷åñêè èçìåíÿåìûõ çíà÷åíèé (ñì. 2.1 ñòð. 75).

Ðàññìîòðèì èñïîëüçîâàíèå îãðàíè÷åíèÿ òèïà.

# let add (x:int) (y: int) = x + y ;;
val add : int −> int −> int = <fun>
# let make_pair_int (x:int) (y:int) = x,y;;
val make_pair_int :
int −> int −> int * int = <fun>
# let compose_fn_int (f : int −> int)
(g : int −> int) (x:int) = compose f g x ;;

val compose_fn_int : (int −> int) −>
(int −> int) −> int −> int = <fun>

# let nil = ([] : string list ) ;;
val nil : string list = []
# 'H'::nil ;;
Characters 5-8:
This expression has type string list but is here used with type char list

Ýòî îãðàíè÷åíèå ïîëèìîðôèçìà ïîçâîëÿåò ëó÷øå êîíòðîëèðîâàòü òèï
âûðàæåíèé, òåì ñàìûì îãðàíè÷èâàÿ òèï îïðåäåëåííûé ñèñòåìîé. Â òà-
êèõ âûðàæåíèÿõ ìîæíî èñïîëüçîâàòü ëþáîé îïðåäåëåííûé òèï.

# let llnil = ([] : 'a list list ) ;;
val llnil : 'a list list = []
# [1;2;3]:: llnil ;;
− : int list list = [[1; 2; 3]]

llint ÿâëÿåòñÿ ñïèñêîì ñïèñêîâ ëþáîãî òèïà.
Â äàííîì ñëó÷àå ïîäðàçóìåâàåòñÿ îãðàíè÷åíèå òèïà, à íå ÿâíàÿ òè-

ïèçàöèÿ çàìåíÿþùàÿ òèï, êîòîðûé îïðåäåëèë Objective CAML. Â ÷àñò-
íîñòè, ìû íå ìîæåì îáîáùèòü òèï, áîëåå ÷åì ýòî ïîçâîëÿåò âûâîä òèïîâ
Objective CAML.
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# let add_general (x:'a) (y:'b) = add x y ;;
val add_general : int −> int −> int = <fun>

Îãðàíè÷åíèÿ òèïà áóäóò èñïîëüçîâàíû â èíòåðôåéñàõ ìîäóëåé 13, à
òàê æå â äåêëàðàöèè êëàññîâ 14

1.1.6 Ïðèìåðû

Â ýòîì ïàðàãðàôå ìû ïðèâåäåì íåñêîëüêî ïðèìåðîâ ôóíêöèé. Áîëüøèí-
ñòâî èç íèõ óæå îïðåäåëåíû â Objective CAML, ìû äåëàåì ýòî òîëüêî â
�ïåäàãîãè÷åñêèõ� öåëÿõ.

Òåñò îñòàíîâêè ðåêóðñèâíûõ ôóíêöèé ðåàëèçîâàí ïðè ïîìîùè ïðî-
âåðêè, èìåþùåé ñòèëü áîëåå áëèçêèé ê Lisp. Ìû óâèäèì êàê ýòî ñäåëàòü
â ñòèëå ML (ñì. 1.2.1 ñòð. 41).

Ðàçìåð ñïèñêà

Íà÷íåì ñ ôóíêöèè ïðîâåðÿþùåé ïóñòîé ñïèñîê èëè íåò.

# let null l = (l=[]) ;;
val null : 'a list −> bool = <fun>

Îïðåäåëèì ôóíêöèþ size âû÷èñëåíèÿ ðàçìåðà ñïèñêà (ò.å. ÷èñëî ýëå-
ìåíòîâ).

# let rec size l =
if null l then 0
else 1+(size(List . tl l )) ;;
val size : 'a list −> int = <fun>
# size [] ;;
− : int = 0
# size [1;2;18;22] ;;
− : int = 4

Ôóíêöèÿ size ïðîâåðÿåò ñïèñîê: åñëè îí ïóñò âîçâðàùàåò 0, èíà÷å
ïðèáàâëÿåò 1 ê äëèíå îñòàòêà ñïèñêà.

Èòåðàöèÿ êîìïîçèöèé (Iteration of composition)

Âûðàæåíèå iterate n f âû÷èñëÿåò fn, ñîîòâåòñòâóþùåå ïðèìåíåíèå ôóíê-
öèè f n ðàç.

# let iterate n f =
if n=0 then (function x−>x)
else compose f ( iterate (n−1) f) ;;
val iterate : int −> ('a −> 'a) −> 'a −> 'a = <fun>
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Ôóíêöèÿ iterate ïðîâåðÿåò àðãóìåíò n íà ðàâåíñòâî íóëþ, åñëè àð-
ãóìåíò ðàâåí, òî âîçâðàùàåì ôóíêöèþ èäåíòè÷íîñòè, èíà÷å âîçâðàùàåì
êîìïîçèöèþ f ñ èòåðàöèåé f n-1 ðàç.

Èñïîëüçóÿ iterate ìîæíî îïðåäåëèòü îïåðàöèþ âîçâåäåíèÿ â ñòå-
ïåíü, êàê èòåðàöèþ óìíîæåíèÿ.

# let power i n =

let i_times = (*) i in

iterate n i_times 1;;

val power : int -> int -> int = <fun>

# power 2 8 ;;

- : int = 256

Ôóíêöèÿ power ïîâòîðÿåò n ðàç ôóíêöèîíàëüíîå âûðàæåíèå i_times,
çàòåì ïðèìåíÿåò ýòîò ðåçóëüòàò ê 1, òàêèì îáðàçîì ìû ïîëó÷àåì n-þ
ñòåïåíü öåëîãî ÷èñëà.

Òàáëèöà óìíîæåíèÿ

Íàïèøåì ôóíêöèþ multab, êîòîðàÿ âû÷èñëÿåò ðÿä òàáëèöû óìíîæåíèÿ
ñîîòâåòñòâóþùóþ öåëîìó ÷èñëó ïåðåäàííîìó â àðãóìåíòå.

Äëÿ íà÷àëà îïðåäåëèì ôóíêöèþ apply_fun_list. Ïóñòü f_list ñïè-
ñîê ôóíêöèé, òîãäà âûçîâ apply_fun_list x f_list âîçâðàùàåò ñïèñîê
ðåçóëüòàòîâ ïðèìåíåíèÿ êàæäîãî ýëåìåíòà ñïèñêà f_list ê x.

# let rec apply_fun_list x f_list =
if null f_list then []
else ((List .hd f_list ) x) ::( apply_fun_list x (List. tl f_list )) ;;

val apply_fun_list : 'a −> ('a −> 'b) list −> 'b list = <fun>
# apply_fun_list 1 [(+) 1;(+) 2;(+) 3] ;;
− : int list = [2; 3; 4]

Ôóíêöèÿ mk_mult_fun_list âîçâðàùàåò ñïèñîê ôóíêöèé óìíîæàþ-
ùèõ èõ àðãóìåíò íà i, 0<=i<=n.

# let mk_mult_fun_list n =
let rec mm�_aux p =
if p = n then [ ( * ) n ]
else (( * ) p) :: (mm�_aux (p+1))

in (mm�_aux 1) ;;
val mk_mult_fun_list : int −> (int −> int) list = <fun>

Ïîäñ÷èòàåì ðÿä äëÿ 7
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# let multab n = apply_fun_list n (mk_mult_fun_list 10) ;;
val multab : int −> int list = <fun>
# multab 7 ;;
− : int list = [7; 14; 21; 28; 35; 42; 49; 56; 63; 70]

Èòåðàöèÿ â ñïèñêå

Âûçîâ ôóíêöèè fold_left f a[e1;e2;...;en] âîçâðàùàåò f...(f (f a

e1) e2) ...en, çíà÷èò ïîëó÷àåì n ïðèìåíåíèé.

# let rec fold_left f a l =
if null l then a
else fold_left f ( f a (List .hd l)) (List . tl l ) ;;

val fold_left : ('a −> 'b −> 'a) −> 'a −> 'b list −> 'a = <fun>

Ñ ïîìîùüþ ôóíêöèè fold_left ìîæíî êîìïàêòíî îïðåäåëèòü ôóíê-
öèþ âû÷èñëåíèÿ ñóììû ýëåìåíòîâ ñïèñêà öåëûõ ÷èñåë.

# let sum_list = fold_left (+) 0 ;;
val sum_list : int list −> int = <fun>
# sum_list [2;4;7] ;;
− : int = 13

Èëè, íàïðèìåð êîíêàòåíàöèÿ ýëåìåíòîâ ñïèñêà ñòðîê.

# let concat_list = fold_left (^) "" ;;
val concat_list : string list −> string = <fun>
# concat_list ["Hello "; "world" ; " "; "!"] ;;
− : string = "Hello world !"

1.2 Îáúÿâëåíèÿ òèïîâ è ñîïîñòàâëåíèå ñ îá-

ðàçöîì

Ñ ïîìîùüþ òèïîâ îïðåäåëåíûõ â Objective CAML ìû ìîæåì îïðåäåëÿòü
ñòðóêòóðíûå òèïû, ïðè ïîìîùè êîðòåæåé èëè ñïèñêîâ. Íî â íåêîòîðûõ
ñëó÷àÿõ áûâàåò íåîáõîäèìî îïðåäåëèòü íîâûå òèïû äëÿ îïèñàíèÿ ñïå-
öèàëüíûõ ñòðóêòóð. Â Objective CAML, îáúÿâëåíèÿ òèïîâ ðåêóðñèâíû è
ìîãóò áûòü ïàðàìåòðèçîâàíû ïåðåìåííûìè òèïà, êàê â ñëó÷àå 'a list

êîòîðûé ìû óæå îáñóæäàëè. Âûâîä òèïîâ ïðèíèìàåò âî âíèìàíèå íî-
âûå îáúÿâëåíèÿ äëÿ îïðåäåëåíèÿ òèïîâ âûðàæåíèé. Êîíñòðóêöèÿ çíà÷å-
íèé íîâûõ òèïîâ èñïîëüçóåò êîíñòðóêòîð îïèñàííûé îïðåäåëåíèåì òèïà.
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Îñîáîé îñîáåííîñòüþ ÿçûêîâ ñåìåéñòâà ML ÿâëÿåòñÿ ñîïîñòàâëåíèå ñ îá-
ðàçöîì, êîòîðîå îáåñïå÷èâàåò ïðîñòîé ìåòîä äîñòóïà ê êîìïîíåíòàì (ïî-
ëÿì) ñòðóêòóð äàííûõ. Îïðåäåëåíèå ôóíêöèè ñîîòâåòñòâóåò ÷àùå âñåãî
ñîïîñòàâëåíèþ ñ îáðàçöîì ïî îäíîìó èç åå ïàðàìåòðîâ, ÷òî ïîçâîëÿåò
îïðåäåëÿòü ôóíêöèè äëÿ ðàçëè÷íûõ ñëó÷àåâ.

Äëÿ íà÷àëà, ïðîäåìîíñòðèðóåì ìåõàíèçì ñîïîñòàâëåíèÿ íà ñóùåñòâó-
þùèõ òèïàõ è çàòåì îïèøåì ðàçëè÷íûå îáúÿâëåíèÿ ñòðóêòóðíûõ òèïîâ,
êîíñòðóêöèé òàêèõ ïåðåìåííûõ è äîñòóï ê êîìïîíåíòàì ïî ñîïîñòàâëå-
íèþ ñ îáðàçöîì.

1.2.1 Ñîïîñòàâëåíèå ñ îáðàçöîì

Îáðàçåö (ïî àíãëèéñêè pattern) ñòðîãî ãîâîðÿ íå ñîâñåì âûðàæåíèå Ob-
jective CAML. Ðå÷ü ñêîðåå èäåò î êîððåêòíîé êîìïîíîâêå (ñèíòàêñè÷å-
ñêîé è ñ òî÷êè çðåíèÿ òèïîâ) ýëåìåíòîâ, òàêèõ êàê êîíñòàíòû áàçîâûõ
òèïîâ (int, bool, char. . . ), ïåðåìåííûå, êîíñòðóêòîðû è ñèìâîë _, íà-
çûâàåìûé óíèâåðñàëüíûì îáðàçöîì. Äðóãèå ñèìâîëû ñëóæàò äëÿ çàïèñè
øàáëîíà, êîòîðûå ìû îïèøåì ïî õîäó.

Ñîïîñòàâëåíèå ñ îáðàçöîì ïðèìåíÿåòñÿ ê çíà÷åíèÿì, îíî ñëóæèò äëÿ
ðàñïîçíàíèÿ ôîðìû ýòèõ çíà÷åíèé è ïîçâîëÿåò îïðåäåëÿòü ïîðÿäîê âû-
÷èñëåíèé. Ñ êàæäûì îáðàçöîì ñâÿçàíî âûðàæåíèå äëÿ âû÷èñëåíèÿ.

Ñèíòàêñèñ:

match expr with
| p1 −> expr1
:
| pn −> exprn

Âûðàæåíèå expr ïîñëåäîâàòåëüíî ñîïîñòàâëÿåòñÿ (ôèëüòðóåòñÿ) ñ ðàç-
íûìè îáðàçöàìè p1...,pn. Åñëè îäèí èç îáðàçöîâ (íàïðèìåð pi) ñîîòâåò-
ñòâóåò çíà÷åíèþ expr, òî ñîîòâåòñòâóþùåå îòâåòâëåíèå áóäåò âû÷èñëåíî
(expri). Îáðàçöû pi îäèíàêîâîãî òèïà, òàê æå êàê è expri. Âåðòèêàëü-
íàÿ ÷åðòà ïåðåä ïåðâûì îáðàçöîì íå îáÿçàòåëüíà.

Ïðèìåð

Ïðèâåäåì äâà ñïîñîáà, ïðè ïîìîùè ñîïîñòàâëåíèÿ ñ îáðàçöîì, îïðåäå-
ëåíèÿ ôóíêöèè imply òèïà (bool * bool)->bool, ðåàëèçóþùóþ ëîãè÷å-
ñêóþ èìïëèêàöèþ. Îáðàçåö äëÿ ïàð � (,).

Ïåðâàÿ âåðñèÿ ïåðå÷èñëÿåò âñå âîçìîæíîñòè, êàê òàáëèöà èñòèííî-
ñòè.

# let imply v = match v with
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(true,true) −> true
| (true,false) −> false
| (false ,true) −> true
| (false , false) −> true;;

val imply : bool * bool −> bool = <fun>

Èñïîëüçóÿ ïåðåìåííûå ãðóïïèðóþùèå íåñêîëüêî ñëó÷àåâ, ìû ïîëó-
÷àåì áîëåå êîìïàêòíîå îïðåäåëåíèå.

# let imply v = match v with
(true,x) −> x

| (false ,x) −> true;;
val imply : bool * bool −> bool = <fun>

Îáå âåðñèè imply âûïîëíÿþò îäíó è òó æå ôóíêöèþ, òî åñòü îíè
âîçâðàùàþò îäèíàêîâûå çíà÷åíèÿ, äëÿ îäèíàêîâûõ âõîäíûõ àðãóìåíòîâ.

Ëèíåéíûé îáðàçåö

Îáðàçåö îáÿçàòåëüíî äîëæåí áûòü ëèíåéíûì, òî åñòü îïðåäåëåííàÿ ïå-
ðåìåííàÿ íå ìîæåò áûòü èñïîëüçîâàíà äâàæäû. Ìû ìîãëè áû íàïèñàòü:

# let equal c = match c with
(x,x) −> true

| (x,y) −> false;;
Characters 35-36:
This variable is bound several times in this matching

Íî äëÿ ýòîãî êîìïèëÿòîð äîëæåí óìåòü ðåàëèçîâûâàòü òåñòû íà ðà-
âåíñòâî, ÷òî ïðèâîäèò ê ìíîæåñòâó ïðîáëåì. Åñëè ìû îãðàíè÷èìñÿ ôè-
çè÷åñêèì çíà÷åíèåì ïåðåìåííûõ, òî ìû ïîëó÷èì ñëèøêîì �ñëàáóþ� ñè-
ñòåìó, íå â ñîñòîÿíèè, íàïðèìåð, ðàñïîçíàòü ðàâåíñòâî ìåæäó äâóìÿ
ñïèñêàìè [1; 2]. Åñëè æå ìû áóäåò ïðîâåðÿòü íà ñòðóêòóðíîå ðàâåíñòâî,
òî ðèñêóåì áåñêîíå÷íî ïðîâåðÿòü öèêëè÷åñêèå ñòðóêòóðû. Ðåêóðñèâíûå
ôóíêöèè, íàïðèìåð, ýòî öèêëè÷åñêèå ñòðóêòóðû, íî ìû òàê æå ìîæåì
îïðåäåëèòü ðåêóðñèâíûå çíà÷åíèÿ íå ÿâëÿþùèåñÿ ôóíêöèÿìè (ñì. 1.2.10
ñòð. 61).

Óíèâåðñàëüíûé îáðàçåö

Ñèìâîë _ ñîâïàäàåò ñî âñåìè âîçìîæíûìè çíà÷åíèÿìè � îí íàçûâàåòñÿ
óíèâåðñàëüíûì. Ýòîò îáðàçåö ìîæåò áûòü èñïîëüçîâàí äëÿ ñîïîñòàâ-
ëåíèÿ ñëîæíûõ òèïîâ. Âîñïîëüçóåìñÿ èì äëÿ îïðåäåëåíèÿ åùå îäíîé
âåðñèè ôóíêöèè imply:
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# let imply v = match v with
(true,false) −> false

| _ −> true;;
val imply : bool * bool −> bool = <fun>

Ñîïîñòàâëåíèå äîëæíî îáðàáàòûâàòü âñå ñëó÷àè, èíà÷å êîìïèëÿòîð
âûâîäèò ñîîáùåíèå:

# let is_zero n = match n with 0 −> true ;;
Characters 17-40:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
1
val is_zero : int −> bool = <fun>

Â ñëó÷àå åñëè àðãóìåíò íå ðàâåí 0, ôóíêöèÿ íå çíàåò êàêîå çíà÷å-
íèå äîëæíî áûòü âîçâðàùåíî. Äëÿ èñïðàâëåíèÿ äîáàâèì óíèâåðñàëüíûé
îáðàçåö:

# let is_zero n = match n with
0 −> true

| _ −> false ;;
val is_zero : int −> bool = <fun>

Åñëè âî âðåìÿ âûïîëíåíèÿ íè îäèí îáðàçåö íå âûáðàí, âîçáóæäàåòñÿ
èñêëþ÷åíèå:

# let f x = match x with 1 −> 3 ;;
Characters 11-30:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
0
val f : int −> int = <fun>
# f 1 ;;
− : int = 3
# f 4 ;;
Uncaught exception: Match_failure(, 11, 30)

Èñêëþ÷åíèå Match_Failure âîçáóæäåíî ïðè âûçîâå f 4 è åñëè îíî íå
îáðàáîòàíî, òî âû÷èñëåíèå îñòàíàâëèâàåòñÿ (ñì. 1.3 ñòð. 63).

Êîìáèíàöèÿ îáðàçöîâ

Êîìáèíàöèÿ îáðàçöîâ ïîçâîëÿåò ïîëó÷èòü íîâûé îáðàçåö, êîòîðûé ìî-
æåò ðàçëîæèòü çíà÷åíèå â ñîîòâåòñòâèè ñ îäíèì èëè äðóãèì èç íà÷àëü-
íûõ øàáëîíîâ.
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Ñèíòàêñèñ

p1 | ...| pn

Ýòà ôîðìà ñîçäàåò íîâûé îáðàçåö èç êîìáèíàöèè ìîòèâîâ p1,. . . ,pn,
ñ åäèíñòâåííûì îãðàíè÷åíèåì � êàæäûé èç ýòèõ îáðàçöîâ äîëæåí ñî-
äåðæàòü êîíñòàíòíûå çíà÷åíèÿ ëèáî óíèâåðñàëüíûé îáðàçåö.

Ñëåäóþùèé ïðèìåð ïîêàçûâàåò êàê ïðîâåðèòü ÿâëÿåòñÿ ëè âõîäíîé
ñèìâîë ãëàñíîé áóêâîé.

# let est_une_voyelle c = match c with
'a' | 'e' | ' i ' | 'o' | 'u' | 'y' −> true

| _ −> false ;;
val est_une_voyelle : char −> bool = <fun>
# est_une_voyelle 'i' ;;
− : bool = true
# est_une_voyelle 'j' ;;
− : bool = false

Ïàðàìåòðèçîâàííîå ñîïîñòàâëåíèå

Ïàðàìåòðèçîâàííîå ñîïîñòàâëåíèå èñïîëüçóåòñÿ â îñíîâíîì äëÿ îïðåäå-
ëåíèÿ ôóíêöèé âûáîðà. Äëÿ îáëåã÷åíèÿ çàïèñè ïîäîáíûõ îïðåäåëåíèé,
êîíñòðóêòîð function ðàçðåøàåò ñëåäóþùåå ñîïîñòàâëåíèå îäíîãî ïàðà-
ìåòðà.

Ñèíòàêñèñ

function | p1 −> expr1
| p_2 −> expr2
:
| p_n −> exprn

Âåðòèêàëüíàÿ ÷åðòà ïåðåä ïåðâûì îáðàçöîì íå îáÿçàòåëüíà. Êàæäûé
ðàç ïðè îïðåäåëåíèè ôóíêöèè, ìû èñïîëüçóåì ñîïîñòàâëåíèå ñ îáðàç-
öîì. Äåéñòâèòåëüíî, êîíñòðóêöèÿ function x -> expression ÿâëÿåòñÿ
îïðåäåëåíèåì ñîïîñòàâëåíèÿ ïî óíèêàëüíîìó îáðàçöó îäíîé ïåðåìåííîé.
Ìîæíî èñïîëüçîâàòü ýòó îñîáåííîñòü â ïðîñòûõ øàáëîíàõ:

# let f = function (x,y) −> 2*x + 3*y + 4 ;;
val f : int * int −> int = <fun>

Ôîðìà

function p1 −> expr1 | ...| pn −> exprn
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ýêâèâàëåíòíà

function expr −> match expr with p1 −> expr1 | ...| pn −> exprn

Èñïîëüçóÿ ñõîæåñòü îïðåäåëåíèÿ íà (ñì. 1.1.4 ñòð. 30), ìû áû íàïè-
ñàëè:

# let f (x,y) = 2*x + 3*y + 4 ;;
val f : int * int −> int = <fun>

Íî ïîäîáíàÿ çàïèñü âîçìîæíà ëèøü â ñëó÷àå åñëè ôèëüòðóåìîå çíà-
÷åíèå ïðèíàäëåæèò ê òèïó ñ åäèíñòâåííûì êîíñòðóêòîðîì, èíà÷å ñîïî-
ñòàâëåíèå íå ÿâëÿåòñÿ èñ÷åðïûâàþùèì:

# let is_zero 0 = true ;;
Characters 13-21:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
1
val is_zero : int −> bool = <fun>

Ïðèñâîåíèå èìåíè ôèëüòðóåìîìó çíà÷åíèþ

Èíîãäà ïðè ñîïîñòàâëåíèè ñ îáðàçöîì, áûâàåò íåîáõîäèìî äàòü èìÿ âñå-
ìó îáðàçöó èëè ëèøü åãî ÷àñòè. Ñëåäóþùàÿ ñèíòàêñè÷åñêàÿ ôîðìà ââî-
äèò êëþ÷åâîå ñëîâî as, êîòîðîå àññîöèèðóåò èìÿ îáðàçöó.

Ñèíòàêñèñ

(p as nom)

Ýòî áûâàåò ïîëåçíî êîãäà íåîáõîäèìî ðàçáèòü çíà÷åíèå íà ÷àñòè, ñî-
õðàíÿÿ ïðè ýòîì åãî öåëîñòíîñòü. Â ñëåäóþùåì ïðèìåðå ôóíêöèÿ âîç-
âðàùàåò íàèìåíüøåå ðàöèîíàëüíîå ÷èñëî èç ïàðû. Êàæäîå ðàöèîíàëü-
íîå ÷èñëî ïðåäñòàâëåíî ÷èñëèòåëåì è çíàìåíàòåëåì.

# let min_rat cr = match cr with
((_,0),c2) −> c2
|(c1,(_,0)) −> c1
|((( n1,d1) as r1) , ((n2,d2) as r2)) −>

if (n1 * d2 ) < (n2 * d1) then r1 else r2;;
val min_rat : (int * int) * ( int * int) −> int * int = <fun>

Äëÿ ñðàâíåíèÿ äâóõ ðàöèîíàëüíûõ ÷èñåë, íåîáõîäèìî ðàçáèòü èõ äëÿ
èìåíîâàíèÿ ÷èñëèòåëÿ è çíàìåíàòåëÿ (n1, n2, d1 è d2), íî òàê æå äëÿ
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ñîáèðàíèÿ â îäíî öåëîå íà÷àëüíûå ïàðû (r1 èëè r2). Êîíñòðóêöèÿ ïîç-
âîëÿåò äàòü èìåíà ÷àñòÿì çíà÷åíèÿ � ýòî èçáàâëÿåò îò ðåêîíñòðóêöèè
ðàöèîíàëüíîãî ÷èñëà ïðè âîçâðàùåíèè ðåçóëüòàòà.

Ñîïîñòàâëåíèå ñ îãðàíè÷åíèåì

Ñîïîñòàâëåíèå ñ îãðàíè÷åíèåì ñîîòâåòñòâóåò âû÷èñëåíèþ óñëîâíîãî âû-
ðàæåíèÿ ñðàçó ïîñëå ñîïîñòàâëåíèÿ ñ îáðàçöîì. Åñëè ýòî âûðàæåíèå âîç-
âðàùàåò çíà÷åíèå true, òî âûðàæåíèå ñîîòâåòñòâóþùåå ýòîìó îáðàçöó
áóäåò âû÷èñëåíî, èíà÷å ñîïîñòàâëåíèå áóäåò ïðîäîëæàòüñÿ äàëüøå.

Ñèíòàêñèñ:

match expr with
:
| pi when condi −> expri
:

Â ñëåäóþùåì ïðèìåðå èñïîëüçóåòñÿ äâà îãðàíè÷åíèÿ äëÿ ïðîâåðêè
ðàâåíñòâà äâóõ ðàöèîíàëüíûõ ÷èñåë.

# let eq_rat cr = match cr with
((_,0),(_,0)) −> true
| ((_,0),_) −> false
| (_,(_,0)) −> false
| ((n1,1), (n2,1)) when n1 = n2 −> true
| ((n1,d1), (n2,d2)) when ((n1 * d2) = (n2 * d1)) −> true
| _ −> false;;

val eq_rat : ( int * int) * ( int * int) −> bool = <fun>

Åñëè ïðè ôèëüòðàöèè ÷åòâåðòîãî îáðàçöà îãðàíè÷åíèå íå âûïîëíèò-
ñÿ, òî ñîïîñòàâëåíèå ïðîäîëæèòñÿ ïî ïÿòîìó îáðàçöó.

Warning

Ïðè ïðîâåðêå èñ÷åðïûâàåìîñòè ñîïîñòàâëåíèÿ Objective CAML ïðåäïî-
ëàãàåò ÷òî óñëîâíîå âûðàæåíèå ìîæåò áûòü ëîæíûì. Â ñëåäñòâèè, âå-
ðèôèêàòîð íå ó÷èòûâàåò ýòîò îáðàçåö, òàê êàê íå âîçìîæíî çíàòü äî
âûïîëíåíèÿ ñðàáîòàåò îãðàíè÷åíèå èëè íåò. Èñ÷åðïûâàåìîñòü ñëåäóþ-
ùåãî ôèëüòðà íå ìîæåò áûòü îïðåäåëåíà.

# let f = function x when x = x −> true;;
Characters 10-40:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
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_
val f : 'a −> bool = <fun>

Îáðàçåö èíòåðâàëà ñèìâîëîâ

Ïðè ñîïîñòàâëåíèè ñèìâîëîâ, íåóäîáíî îïèñûâàòü êîìáèíàöèþ âñåõ îá-
ðàçöîâ, êîòîðàÿ ñîîòâåòñòâóåò èíòåðâàëó ñèìâîëîâ. Äåéñòâèòåëüíî, äëÿ
òîãî ÷òîáû ïðîâåðèòü ÿâëÿåòñÿ ëè ñèìâîë áóêâîé, íåîáõîäèìî íàïèñàòü
êàê ìèíèìóì 26 îáðàçöîâ è ñêîìáèíèðîâàòü èõ. Äëÿ ñèìâîëüíîãî òèïà
ðàçðåøàåòñÿ çàïèñü ñëåäóþùåãî øàáëîíà:

Ñèíòàêñèñ

'c1' .. 'cn'

÷òî ñîîòâåòñòâóåò 'c1' | 'c2' | ...| 'cn'
Ê ïðèìåðó îáðàçåö

'0' .. '9'

ñîîòâåòñòâóåò îáðàçó

'0' | '1' | '2' | '3' | '4' | '5' | '6' | '7' | '8' | '9'.

Ïåðâàÿ ôîðìà áûñòðåå è ïðîùå âîñïðèíèìàåòñÿ ïðè ÷òåíèè.

Warning

Ýòî îñîáåííîñòü ÿâëÿåòñÿ ðàñøèðåíèåì ÿçûêà è ìîæåò èçìåíèòüñÿ â ñëå-
äóþùèõ âåðñèÿõ.

Èñïîëüçóÿ êîìáèíèðîâàííûå îáðàçöû è èíòåðâàëû, íàïèøåì ôóíê-
öèþ ïî îïðåäåëåíèþ ñèìâîëà ïî íåñêîëüêèì êðèòåðèÿì.

# let char_discriminate c = match c with
'a' | 'e' | ' i ' | 'o' | 'u' | 'y'
| 'A' | 'E' | ' I ' | 'O' | 'U' | 'Y' −> "Voyelle"
| 'a '..' z' | 'A '..' Z' −> "Consonne"
| '0'..'9' −> "Chi�re"
| _ −> "Autre" ;;

val char_discriminate : char −> string = <fun>

Çàìåòèì, ÷òî ïîðÿäîê îáðàçöîâ âàæåí, âòîðîå ìíîæåñòâî ñîäåðæèò
ïåðâîå, íî îíî ïðîâåðÿåòñÿ òîëüêî ïîñëå íåóäà÷è ïåðâîãî òåñòà.

Îáðàçöû ñïèñêîâ

Êàê ìû óæå âèäåëè ñïèñîê ìîæåò áûòü:
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� ëèáî ïóñò (â ôîðìå [])

� ëèáî ñîñòîÿòü èç ïåðâîãî ýëåìåíòà (çàãîëîâîê) è ïîä�ñïèñêà (õâîñò).
Â ýòîì ñëó÷àå îí èìååò ôîðìó t::q.

Îáå ýòè çàïèñè ìîãóò áûòü èñïîëüçîâàíû â îáðàçöå ïðè ôèëüòðàöèè
ñïèñêà.

# let rec size x = match x with
[] −> 0
| _::queue_x −> 1 + (size queue_x) ;;

val size : 'a list −> int = <fun>
# size [];;
− : int = 0
# size [7;9;2;6];;
− : int = 4

Ïåðåïèøåì ðàííåå ïîêàçàííûé ïðèìåð (ñì. 1.1.6 ñòð. 38) èñïîëüçóÿ
ñîïîñòàâëåíèå ñ îáðàçîì äëÿ èòåðàöèè ñïèñêîâ.

# let rec fold_left f a = function
[] −> a
| tete :: queue −> fold_left f (f a tete) queue ;;

val fold_left : ('a −> 'b −> 'a) −> 'a −> 'b list −> 'a = <fun>
# fold_left (+) 0 [8;4;10];;
− : int = 22

Îáúÿâëåíèå çíà÷åíèÿ ÷åðåç ñîïîñòàâëåíèåì ñ îáðàçöîì

Îáúÿâëåíèå çíà÷åíèé ñàìî ïî ñåáå èñïîëüçóåò ñîïîñòàâëåíèå. let x=18

ñîïîñòàâëÿåò îáðàçöû x ñî çíà÷åíèåì 18. Ëþáîé îáðàçåö ïðèíèìàåòñÿ êàê
ôèëüòð îáúÿâëåíèÿ, ïåðåìåííûå îáðàçöà àññîöèèðóþòñÿ ñî çíà÷åíèÿìè
êîòîðûå îíè ñîïîñòàâëÿþò.

# let (a,b,c) = (1, true, 'A') ;;
val a : int = 1
val b : bool = true
val c : char = 'A'
# let (d,c) = 8, 3 in d + c;;
− : int = 11

Âèäèìîñòü ïåðåìåííûõ ôèëüòðà òà æå ñàìàÿ ÷òî ó ëîêàëüíûõ ïåðå-
ìåííûõ. Çäåñü c àññîöèèðîâàíî ñ 'A'.

# a + (int_of_char c);;
− : int = 66
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Êàê è ëþáîé ôèëüòð, îïðåäåëåíèå çíà÷åíèÿ ìîæåò áûòü íå èñ÷åðïû-
âàþùèì.

# let [x;y;z] = [1;2;3];;
Characters 5-12:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[]
val x : int = 1
val y : int = 2
val z : int = 3
# let [x;y;z] = [1;2;3;4];;
Characters 4-11:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[]
Uncaught exception: Match_failure(, 4, 11)

Ïðèíèìàåòñÿ ëþáîé îáðàçåö, âêëþ÷àÿ êîíñòðóêòîð, óíèâåðñàëüíûé
è êîìáèíèðîâàííûé.

# let tete :: 2 :: _ = [1; 2; 3] ;;
Characters 5-19:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[]
val tete : int = 1
# let _ = 3. +. 0.14 in "PI" ;;
− : string = "PI"

Ïîñëåäíèé ïðèìåð ìàëî èíòåðåñåí äëÿ ôóíêöèîíàëüíîãî ïðîãðàììè-
ðîâàíèÿ, ïîñêîëüêó çíà÷åíèå 3.14 íå èìåíîâàíî, è ñîîòâåòñòâåííî áóäåò
ïîòåðÿííî.

1.2.2 Äåêëàðàöèÿ òèïîâ

Îáúÿâëåíèå òèïà � ýòî îäíà èç äðóãèõ âîçìîæíûõ ôðàç ñèíòàêñèñà Ob-
jective CAML. Îíà ïîçâîëÿåò îïðåäåëèòü íîâûå òèïû ñîîòâåòñòâóþùèå
îáû÷íûì ñòðóêòóðàì äàííûõ èñïîëüçóåìûì â ïðîãðàììàõ. Ñóùåñòâó-
åò äâà áîëüøèõ ñåìåéñòâà òèïîâ: òèï�ïðîèçâåäåíèå äëÿ êîðòåæåé èëè
çàïèñåé èëè òèï�ñóììà äëÿ union.

Ñèíòàêñèñ:

type nom = typedef ;;
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Â îòëè÷èè îò îáúÿâëåíèÿ ïåðåìåííûõ, îáúÿâëåíèå òèïîâ ïî óìîë÷à-
íèþ ðåêóðñèâíî. Òî åñòü îáúÿâëåíèÿ òèïîâ, êîãäà îíè ñêîìáèíèðîâàíû,
ìîãóò îáúÿâëÿòü âçàèìíî ðåêóðñèâíûå òèïû.

Ñèíòàêñèñ:

type nom1 = typedef1
and nom2 = typedef2
:
and nomn = typedefn ;;

Îáúÿâëåíèÿ òèïîâ ìîãóò áûòü ïàðàìåòðèçîâàíû ïåðåìåííîé òèïà.
Èìÿ ïåðåìåííîé òèïà íà÷èíàåòñÿ âñåãäà ñ àïîñòðîôà (ñèìâîë ').

Ñèíòàêñèñ

type 'a nom = typedef ;;

Â ñëó÷àå êîãäà òàêèõ ïåðåìåííûõ íåñêîëüêî, ïàðàìåòðû òèïà äåêëà-
ðèðóþòñÿ êàê êîðòåæ ïåðåä èìåíåì òèïà.

Ñèíòàêñèñ

type ('a1 ...' an) nom = typedef ;;

Òîëüêî òå ïàðàìåòðû, êîòîðûå îïðåäåëåíû â ëåâîé ÷àñòè äåêëàðàöèè,
ìîãóò ïîÿâèòñÿ â åå ïðàâîé ÷àñòè.

Çàìå÷àíèå
Âî âðåìÿ âûâîäà íà ýêðàí Objective CAML ïåðåèìåíóåò ïàðàìåòðû òè-
ïà, ïåðâûé â 'a, âòîðîé â 'b è òàê äàëåå.

Ìû âñåãäà ìîæåì îáúÿâèòü íîâûé òèï èñïîëüçóÿ ðàíåå îáúÿâëåííûå
òèïû.

Ñèíòàêñèñ:

type name = type expression

Ýòî ïîëåçíî â òîì ñëó÷àå, êîãäà ìû õîòèì îãðàíè÷èòü ñëèøêîì îá-
ùèé òèï:

# type 'param couple_entier = int * 'param ;;
type 'a couple_entier = int * 'a
# type couple_precis = �oat couple_entier ;;
type couple_precis = �oat couple_entier

Áåç îãðàíè÷åíèÿ, âûâîäèòñÿ íàèáîëåå îáùèé òèï:

# let x = (3, 3.14) ;;
val x : int * �oat = 3, 3.14
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Íî ìû ìîæåì èñïîëüçîâàòü îãðàíè÷èòåëü òèïà äëÿ òîãî, ÷òîáû ïî-
ëó÷èòü æåëàåìîå èìÿ:

# let (x:couple_precis) = (3, 3.14) ;;
val x : couple_precis = 3, 3.14

1.2.3 Çàïèñè

Çàïèñü � ýòî êîðòåæ, â êîòîðîì êàæäîìó ïîëþ ïðèñâàèâàåòñÿ èìÿ íà
ïîäîáèè record â Pascal èëè struct â C. Çàïèñü âñåãäà ñîîòâåòñòâóåò
îáúÿâëåíèþ íîâîãî òèïà. Äëÿ îïðåäåëåíèÿ çàïèñè íåîáõîäèìî óêàçàòü
åå èìÿ, à òàê æå èìÿ è òèï äëÿ êàæäîãî ïîëÿ çàïèñè.

Ñèíòàêñèñ:

type nom = { nom1 : t1; ...; nomn : tn } ;;

Îïðåäåëèì òèï êîìïëåêñíîãî ÷èñëà ñëåäóþùèì îáðàçîì.

# type complex = { re:�oat; im:�oat } ;;
type complex = { re: �oat; im: �oat }

Äëÿ òîãî ÷òîáû ñîçäàòü çíà÷åíèå òèïà çàïèñü, íóæíî ïðèñâîèòü êàæ-
äîìó ïîëþ çíà÷åíèå (â êàêîì óãîäíî ïîðÿäêå).

Ñèíòàêñèñ:

{ nomi1 = expri1; ...; nomin = exprin } ;;

Â ñëåäóþùåì ïðèìåðå ìû ñîçäàäèì êîìïëåêñíîå ÷èñëî, â êîòîðîì
ðåàëüíàÿ ÷àñòü ðàâíà 2 è ìíèìàÿ 3:

# let c = {re=2.;im=3.} ;;
val c : complex = {re=2; im=3}
# c = {im=3.;re=2.} ;;
− : bool = true

Â ñëó÷àå åñëè íå õâàòàåò íåêîòîðûõ ïîëåé, ïðîèçîéäåò ñëåäóþùàÿ
îøèáêà:

# let d = { im=4. } ;;
Characters 9-18:
Some labels are unde�ned

Äîñòóï ê ïîëÿì âîçìîæåí äâóìÿ ñïîñîáàìè: ñèíòàêñèñ ñ òî÷êîé, ëèáî
ñîïîñòàâëåíèåì íåêîòîðûõ ïîëåé.

Ñèíòàêñèñ ñ òî÷êîé çàêëþ÷àåòñÿ â ñëåäóþùåì:
Ñèíòàêñèñ:

expr.nom
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Âûðàæåíèå expr äîëæíî èìåòü òèï �çàïèñü ñ ïîëåì nom�.
Ñîïîñòàâëåíèå çàïèñè ïîçâîëÿåò ïîëó÷èòü çíà÷åíèå ñâÿçàííîå ñ îïðå-

äåëåííûì ïîëÿì. Ñèíòàêñèñ îáðàçöà äëÿ çàïèñè ñëåäóþùèé.
Ñèíòàêñèñ

{ nomi = pi ; ...; nomj = pj }

Îáðàçöû íàõîäÿòñÿ ñïðàâà îò ñèìâîëà = (pi, ..., pj). Íåîáÿçà-
òåëüíî ïåðå÷èñëÿòü âñå ïîëÿ çàïèñè â îáðàçöå.

Ôóíêöèÿ add_complex îáðàùàåòñÿ ê ïîëÿì ñ ïîìîùüþ �òî÷êè�, òîãäà
êàê ôóíêöèÿ mult_complex îáðàùàåòñÿ ïðè ïîìîùè ôèëüòðà.

# let add_complex c1 c2 = {re=c1.re+.c2.re; im=c1.im+.c2.im};;
val add_complex : complex −> complex −> complex = <fun>
# add_complex c c ;;
− : complex = {re=4; im=6}
# let mult_complex c1 c2 = match (c1,c2) with

({re=x1;im=y1},{re=x2;im=y2}) −> {re=x1*.x2−.y1*.y2;im=x1*.y2
+.x2*.y1} ;;

val mult_complex : complex −> complex −> complex = <fun>
# mult_complex c c ;;
− : complex = {re=−5; im=12}

Ïðåèìóùåñòâî çàïèñåé, ïî ñðàâíåíèþ ñ êîðòåæàìè êàê ìèíèìóì äâîé-
íîå:

� áîëåå èíôîðìàòèâíîå îïèñàíèå, áëàãîäàðÿ èìåíàì ïîëåé � ýòî â
÷àñòíîñòè ïîçâîëÿåò îáëåã÷èòü îáðàçöû ôèëüòðà;

� èäåíòè÷íîå îáðàùåíèå ïî èìåíè, ïîðÿäîê çíà÷åíèÿ íå èìååò �
ãëàâíîå óêàçàòü èìÿ.

# let a = (1,2,3) ;;
val a : int * int * int = 1, 2, 3
# let f tr = match tr with x,_,_ −> x ;;
val f : 'a * 'b * 'c −> 'a = <fun>
# f a ;;
− : int = 1
# type triplet = {x1:int; x2: int ; x3: int} ;;
type triplet = { x1: int ; x2: int ; x3: int }
# let b = {x1=1; x2=2; x3=3} ;;
val b : triplet = {x1=1; x2=2; x3=3}
# let g tr = tr.x1 ;;
val g : triplet −> int = <fun>
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# g b ;;
− : int = 1

Ïðè ñîïîñòàâëåíèåì ñ îáðàçöîì íå îáÿçàòåëüíî ïåðå÷èñëÿòü âñå ïî-
ëÿ çàïèñè, òèï áóäåò âû÷èñëåí ïî ïîñëåäíåé îïèñàííîé çàïèñè, êîòîðàÿ
ñîäåðæèò óêàçàííûå ïîëÿ.

# let h tr = match tr with {x1=x} −> x;;
val h : triplet −> int = <fun>
# h b;;
− : int = 1

Ñóùåñòâóåò êîíñòðóêöèÿ ïîçâîëÿþùàÿ ñîçäàòü èäåíòè÷íóþ çàïèñü,
ñ ðàçíèöåé â íåñêîëüêî ïîëåé, ÷òî óäîáíî äëÿ çàïèñåé ñ áîëüøèì ÷èñëîì
ïîëåé.

Ñèíòàêñèñ:

{ name with namei= expri ; ...; namej=expr_j}

# let c = {b with x1=0} ;;
val c : triplet = {x1=0; x2=2; x3=3}

Íîâàÿ êîïèÿ çíà÷åíèÿ b îòëè÷àåòñÿ òîëüêî ëèøü çíà÷åíèåì ïîëÿ x1.

Warning

Ýòî îñîáåííîñòü ÿâëÿåòñÿ ðàñøèðåíèåì ÿçûêà è ìîæåò èçìåíèòüñÿ â ñëå-
äóþùèõ âåðñèÿõ.

1.2.4 Òèï ñóììà (sum)

Â îòëè÷èè îò êîðòåæåé èëè çàïèñåé, êîòîðûå ñîîòâåòñòâóþò äåêàðòîâîìó
ïðîèçâåäåíèþ, òèï ñóììà ñîîòâåòñòâóåò îáúåäèíåíèþ ìíîæåñòâ (union).
Â îäèí òèï ìû ãðóïïèðóåì íåñêîëüêî ðàçíûõ òèïîâ (íàïðèìåð, öåëûå
÷èñëà è ñòðîêè). Ðàçëè÷íûå ÷ëåíû ñóììû îïðåäåëÿþòñÿ êîíñòðóêòîðà-
ìè, êîòîðûå ñ îäíîé ñòîðîíû ïîçâîëÿþò ñêîíñòðóèðîâàòü çíà÷åíèå ýòîãî
òèïà è ñ äðóãîé ïîëó÷èòü äîñòóï ê êîìïîíåíòàì ýòèõ çíà÷åíèé ïðè ïî-
ìîùè ñîïîñòàâëåíèÿ ñ îáðàçöîì. Ïðèìåíèòü êîíñòðóêòîð ê àðãóìåíòó,
çíà÷èò óêàçàòü ÷òî âîçâðàùàåìîå çíà÷åíèå áóäåò ýòîãî íîâîãî òèïà.

Òèï ñóììà îïèñûâàåòñÿ óêàçûâàíèåì èìåíè êîíñòðóêòîðîâ è òèïà èõ
âîçìîæíîãî àðãóìåíòà.

Ñèíòàêñèñ:

type nom = ...
| Nomi ...
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| Nomj of tj ...
| Nomk of tk * ...* tl ...;;

Èìÿ êîíñòðóêòîðà ýòî ñïåöèàëüíûé èäåíòèôèêàòîð.

Çàìå÷àíèå
Èìÿ êîíñòðóêòîðà äîëæíà âñåãäà íà÷èíàòüñÿ ñ çàãëàâíîé áóêâû.

Êîíñòàíòíûé êîíñòðóêòîð

Ìû íàçûâàåì êîíñòàíòíûì, êîíñòðóêòîð áåç àðãóìåíòîâ. Òàêèå êîí-
ñòðóêòîðà ìîãóò çàòåì èñïîëüçîâàòüñÿ êàê çíà÷åíèÿ ÿçûêà, â êà÷åñòâå
êîíñòàíò.

(Îðåë Ðåøêà)

# type piece = Pile | Face;;
type piece = | Pile | Face
# Pile;;
− : piece = Pile

Òèï ìîæåò áûòü îïðåäåëåí ïîäîáíûì îáðàçîì.

Êîíñòðóêòîð ñ àðãóìåíòàìè

Êîíñòðóêòîðà ìîãóò èìåòü àðãóìåíòû, êëþ÷åâîå ñëîâî of óêàçûâàåò òèï
àðãóìåíòà. Ýòî ïîçâîëÿåò ñãðóïïèðîâàòü ïîä îäíèì òèïîì îáúåêòû ðàç-
íûõ òèïîâ, èìåþùèõ ðàçíûå êîíñòðóêòîðà. Îïðåäåëèì òèïû couleur è
carte ñëåäóþùèì îáðàçîì.

N.B.

� òèï couleur îïðåäåëÿåò ìàñòü êàðòû � ïèêà, ñåðäöå, êèðïè÷ è òðå-
ôà

� òèï carte îïðåäåëÿåò äîñòîèíñòâî êàðòû (êîðîëü, äàìà. . . )

# type couleur = Pique | Coeur | Carreau | Tre�e ;;
# type carte =

Roi of couleur
| Dame of couleur
| Cavalier of couleur
| Valet of couleur
| Petite_carte of couleur * int
| Atout of int
| Excuse ;;
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Ñîçäàíèå çíà÷åíèÿ òèïà carte ïîëó÷àåòñÿ ïðèìåíåíèåì êîíñòðóêòî-
ðà ê çíà÷åíèþ ñ íóæíûì òèïîì.

# Roi Pique ;;
− : carte = Roi Pique
# Petite_carte(Coeur, 10) ;;
− : carte = Petite_carte (Coeur, 10)
# Atout 21 ;;
− : carte = Atout 21

Ñëåäóþùàÿ ôóíêöèÿ, toutes_les_cartes, ñîçäàåò ñïèñîê âñåõ êàðò
öâåòà óêàçàííîãî àðãóìåíòîì.

# let rec interval a b =
if a = b then [b] else a ::( interval (a+1) b) ;;

val interval : int −> int −> int list = <fun>
# let toutes_les_cartes s =

let les_�gures = [ Valet s ; Cavalier s ; Dame s; Roi s ]
and les_autres = List.map (function n −> Petite_carte(s,n)) (

interval 1 10)
in les_�gures @ les_autres ;;

val toutes_les_cartes : couleur −> carte list = <fun>
# toutes_les_cartes Coeur ;;
− : carte list =
[Valet Coeur; Cavalier Coeur; Dame Coeur; Roi Coeur; Petite_carte (

Coeur, 1);
Petite_carte (Coeur, 2); Petite_carte (Coeur, 3); Petite_carte (Coeur,

...) ; ...]

Äëÿ ìàíèïóëÿöèè çíà÷åíèé òèïà ñóììà, ìû èñïîëüçóåì ñîïîñòàâëå-
íèå ñ îáðàçöîì. Â ñëåäóþùåì ïðèìåðå îïèøåì ôóíêöèþ ïðåîáðàçóþùóþ
çíà÷åíèÿ òèïà couleur è òèïà carte â ñòðîêó (òèï string):

# let string_of_couleur = function
Pique −> "pique"

| Carreau −> "carreau"
| Coeur −> "coeur"
| Tre�e −> "tre�e" ;;

val string_of_couleur : couleur −> string = <fun>
# let string_of_carte = function

Roi c −> "roi de " ^ (string_of_couleur c)
| Dame c −> "dame de " ^ (string_of_couleur c)
| Valet c −> "valet de " ^ (string_of_couleur c)
| Cavalier c −> "cavalier de " ^ (string_of_couleur c)
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| Petite_carte (c, n) −> (string_of_int n) ^ " de "^(
string_of_couleur c)

| Atout n −> (string_of_int n) ^ " d'atout"
| Excuse −> "excuse" ;;

val string_of_carte : carte −> string = <fun>

Êîíñòðóêòîð Petite_carte áèíàðíûé, äëÿ ñîïîñòàâëåíèÿ òàêîãî çíà-
÷åíèÿ ìû äîëæíû äàòü èìÿ îáîèì êîìïîíåíòàì.

# let est_petite_carte c = match c with
Petite_carte v −> true

| _ −> false;;
%Characters 45−59:%
%The constructor Petite_carte expects 2 argument(s),%
%but is here applied to 1 argument(s)%

×òîáû íå äàâàòü èìÿ êàæäîé êîìïîíåíòå êîíñòðóêòîðà, îáüÿâèì åãî
ñ îäíèì àðãóìåíòîì, çàêëþ÷èâ â ñêîáêè òèï àññîöèèðîâàííîãî êîðòåæà.
Ñîïîñòàâëåíèå äâóõ ñëåäóþùèõ êîíñòðóêòîðîâ îòëè÷àåòñÿ.

# type t =
C of int * bool

| D of (int * bool) ;;
# let acces v = match v with

C (i , b) −> i,b
| D x −> x;;

val acces : t −> int * bool = <fun>

1.2.5 Ðåêóðñèâíûé òèï

Îïðåäåëåíèå ðåêóðñèâíîãî òèïà íåîáõîäèìî â ëþáîì ÿçûêå ïðîãðàììè-
ðîâàíèÿ, ñ åãî ïîìîùüþ ìû ìîæåì îïðåäåëèòü òàêèå òèïû êàê ñïèñîê,
ñòåê, äåðåâî è òàê äàëåå. Â îòëè÷èè îò îáúÿâëåíèÿ let, type âñåãäà ðå-
êóðñèâíûé â Objective CAML.

Òèïó ñïèñîê, îïðåäåëåííîìó â Objective CAML, íåîáõîäèì îäèí åäèí-
ñòâåííûé àðãóìåíò. Äëÿ òîãî ÷òîáû õðàíèòü çíà÷åíèÿ äâóõ ðàçíûõ òè-
ïîâ, êàê íàïðèìåð int èëè char ìû íàïèøåì:

# type int_or_char_list =
Nil

| Int_cons of int * int_or_char_list
| Char_cons of char * int_or_char_list ;;
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# let l1 = Char_cons ( '=', Int_cons(5, Nil) )
in Int_cons ( 2, Char_cons ( '+', Int_cons(3, l1) ) ) ;;
− : int_or_char_list =
Int_cons (2, Char_cons ('+', Int_cons (3, Char_cons ('=', Int_cons (...))

)))

1.2.6 Ïàðàìåòðèçîâàííûé òèï

Ìû òàêæå ìîæåì îïðåäåëèòü òèï ñ ïàðàìåòðàìè, ÷òî ïîçâîëèò íàì îáîá-
ùèòü ïðåäûäóùèé ñïèñîê äëÿ äâóõ ëþáûõ òèïîâ.

# type ('a, 'b) list2 =
Nil

| Acons of 'a * ('a, 'b) list2
| Bcons of 'b * ('a, 'b) list2 ;;

# Acons(2, Bcons('+', Acons(3, Bcons('=', Acons(5, Nil))))) ;;
− : ( int , char) list2 =
Acons (2, Bcons ('+', Acons (3, Bcons ('=', Acons (...) ))))

Åñòåñòâåííî, îáà ïàðàìåòðà 'a è 'b ìîãóò áûòü îäíîãî òèïà:

# Acons(1, Bcons(2, Acons(3, Bcons(4, Nil)))) ;;
− : ( int , int) list2 = Acons (1, Bcons (2, Acons (3, Bcons (4, Nil))))

Êàê â ïðåäûäóùåì ïðèìåðå, ìû ìîæåì èñïîëüçîâàòü òèï list2 ÷òî-
áû ïîìåòèòü ÷åòíûå è íå÷åòíûå ÷èñëà. ×òî áû ñîçäàòü îáû÷íûé ñïèñîê,
äîñòàòî÷íî èçâëå÷ü ïîä�ñïèñîê ÷åòíûõ ÷èñåë.

# let rec extract_odd = function
Nil −> []

| Acons(_, x) −> extract_odd x
| Bcons(n, x) −> n::(extract_odd x) ;;

val extract_odd : ('a, 'b) list2 −> 'b list = <fun>

Îïðåäåëåíèå ýòîé ôóíêöèè íè÷åãî íå ãîâîðèò î ñâîéñòâå çíà÷åíèé
õðàíÿùèõñÿ â ñòðóêòóðå, ïî ýòîé ïðè÷èíå åå òèï ïàðàìåòðèçîâàí.

1.2.7 Âèäèìîñòü îïèñàíèÿ

Íà èìåíà êîíñòðóêòîðîâ ðàñïðîñòðàíÿþòñÿ òå æå ïðàâèëà, ÷òî è íà ãëî-
áàëüíûå îáúÿâëåíèÿ. Ïåðåîïðåäåëåíèå ñêðûâàåò ñâîåãî ïðåäøåñòâåííè-
êà. Ñêðûòûå çíà÷åíèÿ âñåãäà ñóùåñòâóþò, îíè íèêóäà íå äåëèñü. Îäíàêî
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öèêë íå ñìîæåò ðàçëè÷èòü ýòè îáà òèïà, ïîýòîìó ìû ïîëó÷èì íå ñîâñåì
ïîíÿòíîå ñîîáùåíèå îá îøèáêå.

Â ñëåäóþùåì ïðèìåðå, êîíñòàíòíûé êîíñòðóêòîð Nil òèïà int_of_char
ñêðûâàåòñÿ îáúÿâëåíèåì êîíñòðóêòîðà ('a, 'b) list2.

# Int_cons(0, Nil) ;;
Characters 13-16:
This expression has type ('a, 'b) list2 but is here used with type
int_or_char_list

Âî âòîðîì ïðèìåðå ìû ïîëó÷èì ñîâñåì áåñòîëêîâîå ñîîáùåíèå, ïî
êðàéíåé ìåðå íà ïåðâûé âçãëÿä. Ïóñòü ìû èìååì ñëåäóþùóþ ïðîãðàììó:

# type t1 = Vide | Plein;;
type t1 = | Vide | Plein
# let vide_t1 x = match x with

Vide −> true
| Plein −> false ;;

val vide_t1 : t1 −> bool = <fun>
# vide_t1 Vide;;
− : bool = true

Çàòåì ïåðåîïðåäåëèì òèï t1:

# type t1 = {u : int; v : int} ;;
type t1 = { u: int; v: int }
# let y = { u=2; v=3 } ;;
val y : t1 = {u=2; v=3}

Òåïåðü åñëè ìû ïðèìåíèì ôóíêöèþ empty_t1 ê çíà÷åíèþ ñ íîâûì
òèïîì t1, òî ïîëó÷èì ñëåäóþùåå ñîîáùåíèå.

# empty_t1 y;;
Characters 9-10:
This expression has type t1 but is here used with type t1

Ïåðâîå óïîìèíàíèå òèïà t1 ñîîòâåòñòâóåò ðàíåå îïðåäåëåííîìó òèïó,
òîãäà êàê âòîðîå � ïîñëåäíåìó.

1.2.8 Ôóíêöèîíàëüíûå òèïû

Òèï àðãóìåíòà êîíñòðóêòîðà ìîæåò áûòü êàêèì óãîäíî, è â ÷àñòíîñòè
îí ìîæåò áûòü ôóíêöèîíàëüíûì. Ñëåäóþùèé òèï ñîçäàåò ñïèñîê ñîñòî-
ÿùèé èç ôóíêöèîíàëüíûõ çíà÷åíèé, êðîìå ïîñëåäíåãî ýëåìåíòà.

# type 'a listf =
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Val of 'a
| Fun of ('a −> 'a) * 'a listf ;;

type 'a listf = | Val of 'a | Fun of ('a −> 'a) * 'a listf

Ïîñêîëüêó ôóíêöèîíàëüíûå çíà÷åíèÿ âõîäÿò âî ìíîæåñòâî çíà÷åíèé
êîòîðûå îáðàáàòûâàþòñÿ ÿçûêîì, òî ìû ìîæåì ñîçäàòü çíà÷åíèÿ òèïà
listf:

# let huit_div = (/) 8 ;;
val huit_div : int −> int = <fun>
# let gl = Fun (succ, (Fun (huit_div, Val 4))) ;;
val gl : int listf = Fun (<fun>, Fun (<fun>, Val 4))

ôóíêöèÿ ñîïîñòàâëÿþùàÿ ïîäîáíûå çíà÷åíèÿ:

# let rec compute = function
Val v −> v

| Fun(f, x) −> f (compute x) ;;
val compute : 'a listf −> 'a = <fun>
# compute gl;;
− : int = 3

1.2.9 Ïðèìåð: ðåàëèçàöèÿ äåðåâüåâ

Äåðåâüÿ � îäíà èç ÷àñòî âñòðå÷àþùèõñÿ ñòðóêòóð â ïðîãðàììèðîâàíèè.
Ðåêóðñèâíûå òèïû ïîçâîëÿþò ñ ëåãêîñòüþ îïðåäåëÿòü ïîäîáíûå âåùè.
Â ýòîé ÷àñòè ìû ïðèâåäåì äâà ïðèìåðà ñ òàêèìè ñòðóêòóðàìè.

Áèíàðíûå äåðåâüÿ Îïðåäåëèì äåðåâî, â êîòîðîì óçëû îáîçíà÷åíû
çíà÷åíèÿìè îäíîãî è òîãî æå òèïà:

# type 'a arbre_bin =
Empty

| Node of 'a arbre_bin * 'a * 'a arbre_bin ;;

Ýòîé ñòðóêòóðîé ìû âîñïîëüçóåìñÿ â ïðîãðàììå ñîðòèðîâêè áèíàð-
íûõ äåðåâüåâ. Áèíàðíîå äåðåâî èìååò ñëåäóþùåå ñâîéñòâî: çíà÷åíèå ëå-
âîãî äî÷åðíåãî óçëà ìåíüøå êîðíåâîãî è âñåõ çíà÷åíèé ïðàâûõ äî÷åðíèõ
óçëîâ.

Èçâëå÷åì çíà÷åíèÿ óçëîâ â âèäå ñîðòèðîâàííîãî ñïèñêà ïðè ïîìîùè
èíôèêñíîãî ïðîñìîòðà ñëåäóþùåé ôóíêöèåé:

# let rec list_of_arbre = function
Empty −> []
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| Node(fg, r , fd) −> (list_of_arbre fg) @ (r :: (list_of_arbre fd)) ;;
val list_of_arbre : 'a arbre_bin −> 'a list = <fun>

Äëÿ òîãî ÷òîáû ïîëó÷èòü èç ñïèñêà áèíàðíîå äåðåâî, îïðåäåëèì ôóíê-
öèþ:

# let rec ajout x = function
Empty −> Node(Empty, x, Empty)

| Node(fg, r , fd) −> if x < r then Node(ajout x fg, r, fd)
else Node(fg, r , ajout x fd) ;;

val ajout : 'a −> 'a arbre_bin −> 'a arbre_bin = <fun>

Ôóíêöèÿ òðàíñôîðìèðóþùàÿ ñïèñîê â áèíàðíîå äåðåâî ìîæåò áûòü
ïîëó÷åíà èñïîëüçîâàíèåì ôóíêöèè ajout

# let rec arbre_of_list = function
[] −> Empty

| t :: q −> ajout t (arbre_of_list q) ;;
val arbre_of_list : 'a list −> 'a arbre_bin = <fun>

Òîãäà ôóíêöèÿ ñîðòèðîâêè ýòî âñåãî�íàâñåãî êîìïîçèöèÿ ôóíêöèé
arbre_of_list è list_of_arbre.

# let tri x = list_of_arbre (arbre_of_list x) ;;
val tri : 'a list −> 'a list = <fun>
# tri [5; 8; 2; 7; 1; 0; 3; 6; 9; 4] ;;
− : int list = [0; 1; 2; 3; 4; 5; 6; 7; 8; 9]

3

Îáùèå ïëàíàðíûå äåðåâüÿ Âîñïîëüçóåìñÿ ôóíêöèåé îïðåäåëåííîé
â ìîäóëå List (ñì. 7 ñòð. 235):

� List.map: êîòîðàÿ ïðèìåíÿåò îäíó ôóíêöèþ êî âñåì ýëåìåíòàì
ñïèñêà è âîçâðàùàåò ñïèñîê ðåçóëüòàòîâ.

� List.fold_left: ýêâèâàëåíò ôóíêöèè fold_left îïðåäåëåííîé íà
ñòð. 40

� List.exists ïðèìåíÿåò ôóíêöèþ áóëåâîãî çíà÷åíèÿ êî âñåì ýëå-
ìåíòàì è åñëè îäíî èç ïðèìåíåíèé âîçâðàùàåò true, òî ðåçóëüòàò
true, èíà÷å false

Îáùåå ïëàíàðíîå äåðåâî � ýòî äåðåâî â êîòîðîì íåò îãðàíè÷åíèå
íà ÷èñëî äî÷åðíèõ óçëîâ: êàæäîìó óçëó àññîöèèðóåì ñïèñîê äî÷åðíèõ
óçëîâ è äëèíà ýòîãî ñïèñêà íå îãðàíè÷åíà.
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# type 'a arbre =
Empty

| Node of 'a * 'a arbre list ;;

Ïóñòîå äåðåâî ïðåäñòàâëåíî çíà÷åíèåì Empty, ëèñò � ýòî óçåë áåç äî-
÷åðíèõ óçëîâ ôîðìû Node(õ,[]) èëè Node(x, [Empty;Empty;..]). Òà-
êèì îáðàçîì äîñòàòî÷íî ïðîñòî íàïèñàòü ôóíêöèè, ìàíèïóëèðóþùèå ïî-
äîáíûìè äåðåâüÿìè òàêèå êàê ïðèíàäëåæíîñòü ýëåìåíòà äåðåâó èëè âû-
÷èñëåíèå âûñîòû äåðåâà.

Äëÿ ïðîâåðêè ïðèíàäëåæíîñòè ýëåìåíòà e âîñïîëüçóåìñÿ ñëåäóþùèì
àëãîðèòìîì: åñëè äåðåâî ïóñòîå, òîãäà ýëåìåíò e íå ïðèíàäëåæèò ýòîìó
äåðåâó, â ïðîòèâíîì ñëó÷àå e ïðèíàäëåæèò äåðåâó òîëüêî åñëè îí ðàâåí
çíà÷åíèþ êîðíÿ äåðåâà èëè ïðèíàäëåæèò äî÷åðíèì óçëàì.

# let rec appartient e = function
Empty −> false

| Node(v, fs) −> (e=v) or (List.exists (appartient e) fs ) ;;
val appartient : 'a −> 'a arbre −> bool = <fun>

Äëÿ âû÷èñëåíèÿ âûñîòû äåðåâà, íàïèøåì ñëåäóþùóþ ôóíêöèþ: âû-
ñîòà ïóñòîãî äåðåâà ðàâíà 0, â ïðîòèâíîì ñëó÷àå åãî âûñîòà ðàâíà âûñîòå
ñàìîãî áîëüøîãî ïîä�äåðåâà ïëþñ 1.

# let rec hauteur =
let max_list l = List. fold_left max 0 l in
function
Empty −> 0

| Node (_, fs) −> 1 + (max_list (List.map hauteur fs)) ;;
val hauteur : 'a arbre −> int = <fun>

1.2.10 Íå ôóíêöèîíàëüíûå ðåêóðñèâíûå çíà÷åíèÿ

Ðåêóðñèâíîå îáúÿâëåíèå íå ôóíêöèîíàëüíûõ çíà÷åíèé ïîçâîëÿåò êîí-
ñòðóèðîâàòü öèêëè÷åñêèå ñòðóêòóðû äàííûõ.

Ñëåäóþùåå îáúÿâëåíèå ñîçäàåò öèêëè÷åñêèé ñïèñîê îäíîãî ýëåìåíòà.

# let rec l = 1:: l ;;
val l : int list =
[1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1; ...]

Ïðèìåíåíèå ðåêóðñèâíîé ôóíêöèè ê ïîäîáíîìó ñïèñêó ïðèâåäåò ê
ïåðåïîëíåíèþ ïàìÿòè.

# size l ;;
Stack over�ow during evaluation (looping recursion?).
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Ñòðóêòóðíîå ðàâåíñòâî òàêèõ ñïèñêîâ ìîæåò áûòü ïðîâåðåííî ëèøü
â ñëó÷àå, êîãäà ôèçè÷åñêîå ðàâåíñòâî âåðíî.

# l=l ;;
− : bool = true

Â ñëó÷àå, åñëè ìû îïðåäåëèì òàêîé æå íîâûé ñïèñîê, íå ñòîèò èñïîëü-
çîâàòü ïðîâåðêó íà ñòðóêòóðíîå ðàâåíñòâî, ïîä óãðîçîé çàöèêëèâàíèÿ
ïðîãðàììû. Òàêèì îáðàçîì ñëåäóþùàÿ èíñòðóêöèÿ íå ðåêîìåíäóåòñÿ.

let rec l2 = 1:: l2 in l=l2 ;;

Îäíàêî, ôèçè÷åñêîå ðàâåíñòâî îñòàåòñÿ âîçìîæíûì.

# let rec l2 = 1:: l2 in l==l2 ;;
− : bool = false

Ïðåäèêàò == ñðàâíèâàåò íåïîñðåäñòâåííî çíà÷åíèå èëè ðàçäåëåíèÿ
ñòðóêòóðíîãî îáúåêòà (îäíèì ñëîâîì ðàâåíñòâî ïî àäðåñó). Ìû âîñïîëü-
çóåìñÿ ýòèì òåñòîì äëÿ òîãî ÷òîáû ïðè ïðîñìîòðå ñïèñêà, íå ïðîâåðÿòü
óæå ïðîñìîòðåííûå ïîä-ñïèñêè. Ñíà÷àëà, îïðåäåëèì ôóíêöèþ memq êî-
òîðàÿ ïðîâåðÿåò ïðèñóòñòâèå ýëåìåíòà â ñïèñêå ïðè ïîìîùè ôèçè÷åñêîãî
ðàâåíñòâà. Â ýòî æå âðåìÿ ôóíêöèÿ mem ïðîâåðÿåò ðàâåíñòâî ñòðóêòóð-
íîå. Îáå ôóíêöèè ïðèíàäëåæàò ìîäóëþ List.

# let rec memq a l = match l with
[] −> false

| b :: l −> (a==b) or (memq a l) ;;
val memq : 'a −> 'a list −> bool = <fun>

Ôóíêöèÿ âû÷èñëÿþùàÿ ðàçìåðà ñïèñêà îïðåäåëåíà ïðè ïîìîùè ñïèñ-
êà óæå ïðîâåðåííûõ ñïèñêîâ è îñòàíàâëèâàåòñÿ ïðè âñòðå÷å ñïèñêà âòî-
ðîé ðàç.

# let special_size l =
let rec size_aux previous l = match l with

[] −> 0
| _::l1 −> if memq l previous then 0

else 1 + (size_aux (l ::previous) l1)
in size_aux [] l ;;

val special_size : 'a list −> int = <fun>
# special_size [1;2;3;4] ;;
− : int = 4
# special_size l ;;
− : int = 1
# let rec l1 = 1::2:: l2 and l2 = 1::2:: l1 in special_size l1 ;;
− : int = 4
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1.3 Òèïèçàöèÿ, îáëàñòü îïðåäåëåíèÿ è èñêëþ-

÷åíèÿ

Âû÷èñëåííûé òèï ôóíêöèè ïðèíàäëåæèò ïîäìíîæåñòâó ìíîæåñòâà â êî-
òîðîì îíà îïðåäåëåíà. Åñëè âõîäíîé àðãóìåíò ôóíêöèè òèïà int, ýòî íå
çíà÷èò ÷òî îíà ñìîæåò áûòü âûïîëíåíà äëÿ ëþáîãî ïåðåäàííîãî åé öåëî-
ãî ÷èñëà. Òàêèõ ñëó÷àÿõ ìû èñïîëüçóåì ìåõàíèçì èñêëþ÷åíèé Objective
CAML. Çàïóñê èñêëþ÷åíèÿ ïðîâîöèðóåò îñòàíîâêó âû÷èñëåíèé, êîòîðîå
ìîæåò áûòü âûÿâëåíî è îáðàáîòàíî. Äëÿ ýòîãî íåîáõîäèìî óñòàíîâèòü
îáðàáîò÷èê èñêëþ÷åíèÿ, äî òîãî êàê èñêëþ÷åíèå ìîæåò áûòü âîçáóæäå-
íî.

1.3.1 ×àñòè÷íûå ôóíêöèè è èñêëþ÷åíèÿ

Îáëàñòü îïðåäåëåíèÿ ôóíêöèè ñîîòâåòñòâóåò ìíîæåñòâó çíà÷åíèé êîòî-
ðûìè ôóíêöèÿ ìàíèïóëèðóåò. Ñóùåñòâóåò ìíîæåñòâî ìàòåìàòè÷åñêèõ
÷àñòè÷íûõ ôóíêöèé, òàêèõ êàê íàïðèìåð, äåëåíèå èëè íàòóðàëüíûé ëî-
ãàðèôì. Ïðîáëåìû âîçíèêàþò â òîì ñëó÷àå, êîãäà ôóíêöèÿ ìàíèïóëè-
ðóåò áîëåå ñëîæíûìè ñòðóêòóðàìè äàííûõ. Äåéñòâèòåëüíî, êàêîâ áóäåò
ðåçóëüòàò ôóíêöèè îïðåäåëÿþùåé ïåðâûé ýëåìåíò ñïèñêà, åñëè ñïèñîê
ïóñò. Àíàëîãè÷íî, âû÷èñëåíèå ôàêòîðèàëà äëÿ îòðèöàòåëüíîãî ÷èñëà
ïðèâîäèò ê áåñêîíå÷íîìó âû÷èñëåíèþ.

Îïðåäåëåííîå ÷èñëî èñêëþ÷èòåëüíûõ ñèòóàöèé ìîæåò ïðîèçîéòè âî
âðåìÿ âûïîëíåíèÿ ïðîãðàììû, êàê íàïðèìåð äåëåíèå íà íîëü. Ïîïûò-
êà äåëåíèÿ íà íîëü ìîæåò ïðèâåñòè â ëó÷øåì ñëó÷àå ê îñòàíîâêå ïðî-
ãðàììû è â õóäøåì ê íåïðàâèëüíîìó (íåêîýðàíòíîìó) ñîñòîÿíèþ ìà-
øèíû. Áåçîïàñíîñòü ÿçûêà ïðîãðàììèðîâàíèÿ çàêëþ÷àåòñÿ â ãàðàíòèè
òîãî, ÷òî òàêèå ñëó÷àè íå âîçíèêíóò. Èñêëþ÷åíèå åñòü îäèí èç ñïîñîáîâ
òàêîé ãàðàíòèè.

Äåëåíèå 1 íà 0 ïðîâîöèðóåò çàïóñê ñïåöèàëüíîãî èñêëþ÷åíèÿ:

# 1/0;;
Uncaught exception: Division_by_zero

Ñîîáùåíèå Uncaught exception: Division_by_zero óêàçûâàåò âî ïåð-
âûõ íà òî, ÷òî èñêëþ÷åíèå Division_by_zero âîçáóæäåíî è âî âòîðûõ,
÷òî îíî íå áûëî îáðàáîòàíî.

×àñòî, òèï ôóíêöèè íå ñîîòâåòñòâóåò îáëàñòè åå îïðåäåëåíèÿ â òîì
ñëó÷àå êîãäà ñîïîñòàâëåíèå ñ îáðàçöîì íå ÿâëÿåòñÿ ïîëíûì, òî åñòü êî-
ãäà îí íå îòñëåæèâàåò âñå âîçìîæíûå ñëó÷àè. ×òîáû èçáåæàòü òàêîé
ñèòóàöèè, Objective CAML âûâîäèò ñëåäóþùåå ñîîáùåíèå.
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# let tete l = match l with t::q −> t ;;
Characters 14-36:
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[]
val tete : 'a list −> 'a = <fun>

Îäíàêî, åñëè ïðîãðàììèñò âñå òàêè íàñòàèâàåò íà ñâîåé âåðñèè, òî
Objective CAML âîñïîëüçóåòñÿ ìåõàíèçìîì èñêëþ÷åíèÿ â ñëó÷àå íåïðà-
âèëüíîãî âûçîâà ÷àñòè÷íîé ôóíêöèè.

# tete [] ;;
Uncaught exception: Match_failure("", 14, 36)

Ìû óæå âñòðå÷àëè äðóãîå èñêëþ÷åíèå îïðåäåëåííîå â Objective CAML:
Failure, ñ âõîäíûì àðãóìåíòîì òèïà string. Çàïóñòèòü ýòî èñêëþ÷åíèå
ìîæíî ôóíêöèåé failwith. Âîñïîëüçóåìñÿ ýòèì è äîïîëíèì îïðåäåëåíèå
ôóíêöèè tete.

# let tete = function
[] −> failwith "List is empty"

| h :: t −> h;;
val tete : 'a list −> 'a = <fun>
# tete [] ;;
Uncaught exception: Failure("List is empty")

1.3.2 Îïðåäåëåíèÿ èñêëþ÷åíèÿ

Â Objective CAML, òèï èñêëþ÷åíèé � exn. Ýòî îñîáåííûé òèï � ðàñ-
øèðÿåìàÿ ñóììà: ìû ìîæåì óâåëè÷èòü ìíîæåñòâî çíà÷åíèé ýòîãî òèïà
îáúÿâëÿÿ íîâûå êîíñòðóêòîðû. Òàêàÿ îñîáåííîñòü ïîçâîëÿåò ïðîãðàì-
ìèñòó îïðåäåëÿòü ñâîè ñîáñòâåííûå èñêëþ÷åíèÿ.

Ñèíòàêñèñ îáúÿâëåíèÿ ñëåäóþùèé:
Ñèíòàêñèñ:

exception Nom ;;

Ñèíòàêñèñ:

exception Nom of t ;;

Âîò íåñêîëüêî ïðèìåðîâ îáúÿâëåíèÿ èñêëþ÷åíèé.

# exception A_MOI;;
exception A_MOI
# A_MOI;;
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− : exn = A_MOI
# exception Depth of int;;
exception Depth of int
# Depth 4;;
− : exn = Depth(4)

Èìåíà èñêëþ÷åíèé ÿâëÿþòñÿ êîíñòðóêòîðàìè � ýòî çíà÷èò îíè äîëæ-
íû íà÷èíàòüñÿ ñ çàãëàâíîé áóêâû.

# exception minuscule ;;
Characters 11-20:
Syntax error

Warning

Èñêëþ÷åíèÿ ìîíîìîðôíû, ïðè îáúÿâëåíèè òèïà àðãóìåíòà ìû íå ìîæåì
óêàçàòü ïàðàìåòðèçóþùèé òèï.

# exception Value of 'a ;;
Characters 20-22:
Unbound type parameter 'a

Ïîëèìîðôíîå èñêëþ÷åíèå ïîçâîëèëî áû îïðåäåëåíèå ôóíêöèé, âîç-
âðàùàþùèõ ðåçóëüòàò ëþáîãî òèïà. Ïîäîáíûé ïðèìåð ìû ðàññìîòðèì
äàëåå íà ñòð. 67.

1.3.3 Âîçáóæäåíèå èñêëþ÷åíèÿ

raise � ôóíêöèîíàëüíûé ïðèìèòèâ ÿçûêà Objective CAML, åå âõîäíîé
àðãóìåíò åñòü èñêëþ÷åíèå, à âîçâðàùàåò îí ïîëèìîðôíûé òèï.

# raise ;;
− : exn −> 'a = <fun>
# raise A_MOI;;
Uncaught exception: A_MOI
# 1+(raise IS_Mine);;
Uncaught exception: A_MOI
# raise (Depth 4);;
Uncaught exception: Depth(4)

Â Objective CAML íåò âîçìîæíîñòè íàïèñàòü ôóíêöèþ raise, îíà
äîëæíà áûòü îïðåäåëåíà ñèñòåìîé.
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1.3.4 Ïåðåõâàò èñêëþ÷åíèÿ

Âåñü èíòåðåñ âîçáóæäåíèÿ èñêëþ÷åíèé ñîäåðæèòñÿ â âîçìîæíîñòè èõ
îáðàáîòàòü è èçìåíèòü âûïîëíåíèå ïðîãðàììû â çàâèñèìîñòè îò ýòîãî
èñêëþ÷åíèÿ. Â ýòîì ñëó÷àå, ïîðÿäîê âû÷èñëåíèÿ âûðàæåíèÿ èìååò çíà-
÷åíèå äëÿ òîãî ÷òîáû îïðåäåëèòü êàêîå èñêëþ÷åíèÿ áûëî çàïóùåííî.
Òàêèì îáðàçîì ìû âûõîäèì èç ðàìîê ÷èñòî ôóíêöèîíàëüíîãî ïðîãðàì-
ìèðîâàíèÿ, ïîòîìó êàê ïîðÿäîê âû÷èñëåíèÿ àðãóìåíòîâ ìîæåò èçìåíèòü
ðåçóëüòàò. Îá ýòîì ìû ïîãîâîðèì â ñëåäóþùåé ãëàâå (ñòð. 94)

Ñëåäóþùàÿ êîíñòðóêöèÿ, âû÷èñëÿþùàÿ çíà÷åíèå êàêîãî�òî âûðàæå-
íèÿ, îòëàâëèâàåò èñêëþ÷åíèå, âîçáóæäåíîãî âî âðåìÿ ýòîãî âû÷èñëåíèÿ.

Ñèíòàêñèñ:

try expr with
|p_1 −>expr_1
:
| pn −> expr_n

Åñëè âû÷èñëåíèå expr íå âîçáóäèò èñêëþ÷åíèÿ, òî òèï ðåçóëüòàòà
áóäåò òèïîì ïîäñ÷èòûâàåìûì ýòèì âûðàæåíèåì. Èíà÷å, â ïðèâåäåííîì
âûøå ñîïîñòàâëåíèè áóäåò èñêàòüñÿ îòâåòâëåíèå ñîîòâåòñòâóþùåå ýòîìó
èñêëþ÷åíèþ è áóäåò âîçâðàùåíî çíà÷åíèå ñëåäóþùåãî çà íèì âûðàæå-
íèÿ.

Åñëè íè îäíî îòâåòâëåíèå íå ñîîòâåòñòâóåò èñêëþ÷åíèþ, òî îíî áó-
äåò ïåðåïðàâëåíî äî ñëåäóþùåãî îáðàáîò÷èêà try�with óñòàíîâëåííîãî
â ïðîãðàììå. Òàêèì îáðàçîì ñîïîñòàâëåíèå èñêëþ÷åíèÿ âñåãäà èñ÷åðïû-
âàþùèé. Ïîäðàçóìåâàåòñÿ ÷òî ïîñëåäíèé ôèëüòð |e->raise e. Åñëè íè
îäíîãî îáðàáîò÷èêà íå íàéäåíî â ïðîãðàììå, ñèñòåìà ñàìà çàéìåòñÿ îá-
ðàáîòêîé ýòîãî èñêëþ÷åíèÿ è îñòàíîâèò ïðîãðàììó ñ âûâîäîì ñîîáùåíèÿ
îá îøèáêå.

Âàæíî ïîíèìàòü ðàçíèöó ìåæäó âû÷èñëåíèåì èñêëþ÷åíèÿ (òî åñòü
çíà÷åíèå òèïà exn) è åãî îáðàáîòêîé, êîòîðîå ïðèîñòàíàâëèâàåò âû÷èñ-
ëåíèÿ. Èñêëþ÷åíèå, êàê è ëþáîé äðóãîé òèï, ìîæåò áûòü âîçâðàùåíî
ôóíêöèåé.

# let rendre x = Failure x ;;
val rendre : string −> exn = <fun>
# rendre "test" ;;
− : exn = Failure("test")
# let declencher x = raise (Failure x) ;;
val declencher : string −> 'a = <fun>
# declencher "test" ;;
Uncaught exception: Failure("test")
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Êàê âû íàâåðíî çàìåòèëè, ôóíêöèÿ declencher (çàïóñòèòü) íå âîç-
âðàùàåò çíà÷åíèå òèïà exn, òîãäà êàê rendre (âåðíóòü) âîçâðàùàåò.

Âû÷èñëåíèÿ ñ èñêëþ÷åíèÿìè

Êðîìå îáðàáîòêè íå æåëàåìûõ çíà÷åíèé, èñêëþ÷åíèÿ ìîæíî èñïîëü-
çîâàòü äëÿ îïòèìèçàöèè. Ñëåäóþùèé ïðèìåð ðåàëèçóåò ïðîèçâåäåíèå
âñåõ ýëåìåíòîâ ñïèñêà öåëûõ ÷èñåë. Ìû âîñïîëüçóåìñÿ èñêëþ÷åíèåì äëÿ
îñòàíîâêè ïðîñìîòðà ñïèñêà åñëè îáíàðóæèì 0, êîòîðûé ìû âåðíåì êàê
ðåçóëüòàò ôóíêöèè.

# exception Found_zero ;;
exception Found_zero
# let rec mult_rec l = match l with

[] −> 1
| 0 :: _ −> raise Found_zero
| n :: x −> n * (mult_rec x) ;;

val mult_rec : int list −> int = <fun>
# let mult_list l =

try mult_rec l with Found_zero −> 0 ;;
val mult_list : int list −> int = <fun>
# mult_list [1;2;3;0;5;6] ;;
− : int = 0

Îñòàâøèåñÿ âû÷èñëåíèÿ, òî åñòü ïðîèçâåäåíèÿ ýëåìåíòîâ ïîñëå âñòðå-
÷åííîãî íóëÿ, íå âûïîëíÿþòñÿ. Ïîñëå âñòðå÷è raise, âû÷èñëåíèå âíîâü
ïðîäîëæèòñÿ ñ with.

1.4 Ïîëèìîðôèçì è çíà÷åíèÿ âîçâðàùàåìûå

ôóíêöèÿìè

Ïîëèìîðôèçì Objective CAML ïîçâîëÿåò îïðåäåëèòü ôóíêöèè, òèï âîç-
âðàùàåìîãî âûðàæåíèÿ êîòîðûõ êîíêðåòíî íå îïðåäåëåí. Íàïðèìåð:

# let id x = x ;;
val id : 'a −> 'a = <fun>

Îäíàêî, âîçâðàùàåìûé òèï id çàâèñèò îò òèïà àðãóìåíòà. Òàêèì îá-
ðàçîì, åñëè ìû ïðèìåíèì ôóíêöèþ id ê êàêîìó-íèáóäü àðãóìåíòó, òî
ìåõàíèçì âûâîäà (îïðåäåëåíèÿ) òèïà ñìîæåò ðåàëèçîâàòü ïåðåìåííóþ
òèïà 'a. Äëÿ êàæäîãî ÷àñòíîãî èñïîëüçîâàíèÿ òèï ôóíêöèè id ìîæåò
áûòü îïðåäåëåí.
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Èíà÷å, èñïîëüçîâàíèå æåñòêîé ñòàòè÷åñêîé òèïèçàöèè, êîòîðàÿ îáåñ-
ïå÷èâàåò ïðàâèëüíîñòü âûïîëíåíèÿ, íå áóäåò èìåòü ñìûñëà. Ôóíêöèÿ
ñ ïîëíîñòüþ íåîïðåäåëåííûì òèïîì êàê 'a->'b, ðàçðåøèò êàêîå ïîïà-
ëî ïðåîáðàçîâàíèå òèïà, ÷òî ïðèâåëî áû ê îøèáêå âûïîëíåíèÿ, òàê êàê
ôèçè÷åñêîå ïðåäñòàâëåíèå çíà÷åíèé íå îäíî è òî æå.

Î÷åâèäíîå ïðîòèâîðå÷èå

Ìû ìîæåì îïðåäåëèòü ôóíêöèè, êîòîðûå âîçâðàùàþò çíà÷åíèå, òèï êî-
òîðîãî íå ñîîòâåòñòâóåò òèïó àðãóìåíòîâ. Ðàññìîòðèì íåñêîëüêî ïðèìå-
ðîâ è ïðîàíàëèçèðóåì ïî÷åìó ýòî íå ïðîòèâîðå÷èò æåñòêîé ñòàòè÷åñêîé
òèïèçàöèè.

Âîò ïåðâûé ïðèìåð:

# let f x = [] ;;
val f : 'a −> 'b list = <fun>

Ýòà ôóíêöèÿ êîíñòðóèðóåò ïîëèìîðôíûå çíà÷åíèÿ èç ëþáîãî òèïà.

# f () ;;
− : '_a list = []
# f "n'importe quoi" ;;
− : '_a list = []

Îäíàêî, ïîëó÷åííîå çíà÷åíèå íå ñîâñåì ÿâëÿåòñÿ íå îïðåäåëåííûì �
ïîäðàçóìåâàåòñÿ ñïèñîê. Òàêèì îáðàçîì îíà íå ìîæåò èñïîëüçîâàòüñÿ
ãäå ïîïàëî.

Âîò òðè ïðèìåðà ôóíêöèé òèïà 'a -> 'b :

# let rec f1 x = f1 x ;;
val f1 : 'a −> 'b = <fun>
# let f2 x = failwith "n'importe quoi" ;;
val f2 : 'a −> 'b = <fun>
# let f3 x = List.hd [] ;;
val f3 : 'a −> 'b = <fun>

Ýòè ôóíêöèè íå ÿâëÿþòñÿ �îïàñíûìè� â îòíîøåíèè ïðàâèëüíîñòè
âûïîëíåíèÿ ïðîãðàììû, òàê êàê èõ íåâîçìîæíî èñïîëüçîâàòü äëÿ êîí-
ñòðóêöèè çíà÷åíèé: ïåðâàÿ çàöèêëèâàåòñÿ, äâå ïîñëåäíèå çàïóñêàþò èñ-
êëþ÷åíèå, êîòîðûå îñòàíàâëèâàþò âûïîëíåíèå ïðîãðàììû.

×òîáû íå áûëî âîçìîæíîñòè îïðåäåëèòü ôóíêöèè òèïà 'a -> 'b, íî-
âûå êîíñòðóêòîðû èñêëþ÷åíèé íå äîëæíû èìåòü àðãóìåíòû òèïû êîòî-
ðûõ ñîäåðæàò ïåðåìåííóþ.

Åñëè áû ìîãëè îáúÿâèòü ïîëèìîðôíîå èñêëþ÷åíèå Poly_exn òèïà 'a
-> exn, òî òîãäà ñëåäóþùàÿ ôóíêöèÿ áûëà áû âîçìîæíà:



1.5. Êàëüêóëÿòîð 69

let f = function
0 −> raise (Poly_exn false)

| n −> n+1 ;;

Òàêèì îáðàçîì, òèï ôóíêöèè f ýòî int->int è òèï Poly_exn ýòî 'a

-> exn, òåïåðü íàïèøåì ñëåäóþùåå:

let g n = try f n with Poly_exn x −> x+1 ;;

Ýòî ïðàâèëüíî òèïèçèðîâàííàÿ ôóíêöèÿ (ïîñêîëüêó àðãóìåíò Poly_exn
ìîæåò áûòü êàêèì óãîäíî) è âûçîâ g 0 ïîïûòàåòñÿ ñëîæèòü öåëîå ñ áó-
ëåâûì çíà÷åíèåì!

1.5 Êàëüêóëÿòîð

Äëÿ òîãî ÷òîáû ïîíÿòü êàê îðãàíèçóþòñÿ ïðîãðàììû íà Objective CAML,
íåîáõîäèìî ñàìèì ðåàëèçîâàòü òàêóþ ïðîãðàììó. Íàïèøåì êàëüêóëÿòîð
ìàíèïóëèðóþùèé öåëûìè ÷èñëàìè ïðè ïîìîùè 4 ñòàíäàðòíûõ îïåðàöèé.

Äëÿ íà÷àëà, îïðåäåëèì òèï key, äëÿ ïðåäñòàâëåíèÿ êíîïêè êàëüêó-
ëÿòîðà. Âñåãî òàêèõ êíîïîê áóäåò 15: ïî îäíîé äëÿ êàæäîé îïåðàöèè,
äëÿ êàæäîé öèôðû è äëÿ êíîïêè ðàâíî.

# type key = Plus | Minus | Times | Div | Equals | Digit of int ;;

Çàìåòèì, ÷òî öèôðîâûå êíîïêè ñãðóïïèðîâàíû ïîä îäíèì êîíñòðóê-
òîðîì Digit ñ àðãóìåíòîì öåëîãî òèïà. Òàêèì îáðàçîì, íåêîòîðûå çíà-
÷åíèÿ òèïà key íå ÿâëÿþòñÿ íà ñàìîì äåëå êíîïêîé. Íàïðèìåð, (Digit
32) åñòü çíà÷åíèå òèïà key, íî íå ïðåäñòàâëÿåò íè îäíó êíîïêó êàëüêó-
ëÿòîðà.

Íàïèøåì ôóíêöèþ valid êîòîðàÿ ïðîâåðÿåò âõîäíîé àðãóìåíò íà
ïðèíàäëåæíîñòü ê òèïó key. Òèï ôóíêöèè key->bool.

Íà ïåðâûé ýòàïå îïðåäåëèì ôóíêöèþ ïðîâåðÿþùóþ ÷òî ÷èñëî ïðè-
íàäëåæèò èíòåðâàëó 0-9. Îáúÿâèì åå ñ èìåíåì is_digit.

# let is_digit = function x −> (x>=0) && (x<=9) ;;
val is_digit : int −> bool = <fun>

Òåïåðü ôóíêöèÿ valid ôèëüòðóþùàÿ ñâîé àðãóìåíò òèï êîòîðîãî
key:

# let valid ky = match ky with
Digit n −> is_digit n

| _ −> true ;;
val valid : key −> bool = <fun>
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Ïåðâûé ôèëüòð ïðèìåíÿåòñÿ â ñëó÷àå åñëè âõîäíîé àðãóìåíò ïî-
ñòðîåí êîíñòðóêòîðîì Digit, â ýòîì ñëó÷àå îí ïðîâåðÿåòñÿ ôóíêöèåé
is_digit. Âòîðîé ôèëüòð ïðèìåíÿåòñÿ â ëþáîì äðóãîì ñëó÷àå. Íàïîì-
íèì, ÷òî áëàãîäàðÿ ôèëüòðó, òèï ôèëüòðóåìîãî çíà÷åíèÿ îáÿçàòåëüíî
áóäåò key.

Ïåðåä òåì êàê íà÷àòü ðåàëèçîâûâàòü àëãîðèòì êàëüêóëÿòîðà, îïðåäå-
ëèì ìîäåëü ôîðìàëüíî îïèñûâàþùóþ ðåàêöèþ íà íàæàòèå êíîïîê. Ìû
ïîäðàçóìåâàåì ÷òî êàëüêóëÿòîð ðàñïîëàãàåò ïàìÿòüþ â êîòîðîé õðàíèò-
ñÿ ðåçóëüòàò ïîñëåäíåé îïåðàöèè, ïîñëåäíÿÿ íàæàòàÿ êíîïêà, ïîñëåäíèé
èñïîëüçîâàííûé îïåðàòîð è ÷èñëî âûâåäåííîå íà ýêðàí. Âñå ýòè 4 çíà÷å-
íèÿ íàçîâåì ñîñòîÿíèåì êàëüêóëÿòîðà, îíî èçìåíÿåòñÿ êàæäûé ðàç ïðè
íàæàòèè íà îäíó èç êíîïîê. Ýòî èçìåíåíèå íàçûâàåòñÿ òðàíçèöèåé, à
òåîðèÿ óïðàâëÿþùàÿ ïîäîáíûì ìåõàíèçìîì åñòü òåîðèÿ àâòîìàòîâ.

Ñîñòîÿíèå ïðåäñòàâëåíî ñëåäóþùèì òèïîì:

# type state = {
lcd : int ; (* last computation done *)
lka : key; (* last key activated *)
loa : key; (* last operator activated *)
vpr : int (* value printed *)

} ;;

Â òàáëèöå 1.5 ïðèâåäåí ïðèìåð ñîñòîÿíèé êàëüêóëÿòîðà.

state key
(0,=,=,0) 3

3/4 (0,3,=,3) +
3/4 (3,+,+,3) 2
3/4 (3,2,+,2) 1
3/4 (3,1,+,21) x
3/4 (24,*,*,24) 2
3/4 (24,2,*,2) =
3/4 (48,=,=,48)

Òàáëèöà 1.5: Òðàíçèöèè äëÿ 3+21*2=

Íàì íóæíà ôóíêöèÿ evaluate ñ òðåìÿ àðãóìåíòàìè: äâóìÿ îïåðàíäà-
ìè è îïåðàòîðîì, îíà âîçâðàùàåò ðåçóëüòàò îïåðàöèè. Äëÿ ýòîãî ôóíê-
öèÿ ôèëüòðóåò âõîäíîé àðãóìåíò òèïà key:

# let evaluate x y ky = match ky with
Plus −> x + y

| Minus −> x − y
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| Times −> x * y
| Div −> x / y
| Equals −> y
| Digit _ −> failwith "evaluate : no op";;

val evaluate : int −> int −> key −> int = <fun>

Äàäèì îïðåäåëåíèå òðàíçèöèé, ïåðå÷èñëÿÿ âñå âîçìîæíûå ñëó÷àè.
Ïðåäïîëîæèì, ÷òî òåêóùåå ñîñòîÿíèå åñòü êâàäðè-ïëåò (a,b,A,d):

� êíîïêà ñ öèôðîé x íàæàòà, åñòü äâà âîçìîæíûõ ñëó÷àÿ:

* ïðåäûäóùàÿ íàæàòàÿ êíîïêà òîæå öèôðà, çíà÷èò ïîëüçîâà-
òåëü ïðîäîëæàåò íàáèðàòü ÷èñëî è íåîáõîäèìî äîáàâèòü x ê
çíà÷åíèþ âûâîäèìîìó íà ýêðàí òî åñòü èçìåíèòü åãî íà d*10+x.
Íîâîå ñîñòîÿíèå áóäåò: (a,(Digit x),A,d*10+x)

* ïðåäûäóùàÿ íàæàòàÿ êíîïêà íå öèôðà, òîãäà ìû òîëüêî íà÷è-
íàåì ïèñàòü íîâîå ÷èñëî. Íîâîå ñîñòîÿíèå: (a,(Digit x),A,x)

� êíîïêà ñ îïåðàòîðîì B áûëà íàæàòà, çíà÷èò âòîðîé îïåðàíä áûë
ïîëíîñòüþ ââåäåí è òåïåðü ìû õîòèì �÷òî-òî� ñäåëàòü ñ äâóìÿ îïå-
ðàíäàìè. Äëÿ ýòîãî ñîõðàíåíà ïîñëåäíÿÿ îïåðàöèÿ (À). Íîâîå ñî-
ñòîÿíèå: (A d,B,B,a A d)

Äëÿ òîãî ÷òîáû íàïèñàòü ôóíêöèþ transition, äîñòàòî÷íî äîñëîâíî
ïåðåâåñòè â Objective CAML ïðåäûäóùåå îïèñàíèå ïðè ïîìîùè ñîïî-
ñòàâëåíèÿ âõîäíîãî àðãóìåíòà. Êíîïêó ñ äâóìÿ ñíà÷åíèÿìè îáðàáîòàåì
ëîêàëüíîé ôóíêöèåé digit_transition ïðè ïîìîùè ñîïîñòàâëåíèÿ.

# let transition st ky =
let digit_transition n = function

Digit _ −> { st with lka=ky; vpr=st.vpr*10+n }
| _ −> { st with lka=ky; vpr=n }

in
match ky with

Digit p −> digit_transition p st . lka
| _ −> let res = evaluate st . lcd st .vpr st . loa

in { lcd=res; lka=ky; loa=ky; vpr=res } ;;
val transition : state −> key −> state = <fun>

Ýòà ôóíêöèÿ èç state è key ñ÷èòàåò íîâîå ñîñòîÿíèå state.
Ïðîòåñòèðóåì òåïåðü ïðîãðàììó:

# let initial_state = { lcd=0; lka=Equals; loa=Equals; vpr=0 } ;;
val initial_state : state = {lcd=0; lka=Equals; loa=Equals; vpr=0}



72 Ãëàâà 1. Ôóíêöèîíàëüíîå ïðîãðàììèðîâàíèå

# let state2 = transition initial_state (Digit 3) ;;
val state2 : state = {lcd=0; lka=Digit 3; loa=Equals; vpr=3}
# let state3 = transition state2 Plus ;;
val state3 : state = {lcd=3; lka=Plus; loa=Plus; vpr=3}
# let state4 = transition state3 (Digit 2) ;;
val state4 : state = {lcd=3; lka=Digit 2; loa=Plus; vpr=2}
# let state5 = transition state4 (Digit 1) ;;
val state5 : state = {lcd=3; lka=Digit 1; loa=Plus; vpr=21}
# let state6 = transition state5 Times ;;
val state6 : state = {lcd=24; lka=Times; loa=Times; vpr=24}
# let state7 = transition state6 (Digit 2) ;;
val state7 : state = {lcd=24; lka=Digit 2; loa=Times; vpr=2}
# let state8 = transition state7 Equals ;;
val state8 : state = {lcd=48; lka=Equals; loa=Equals; vpr=48}

Ìû ìîæåì ñäåëàòü òîæå ñàìîå, ïåðåäàâ ñïèñîê òðàíçèöèé.

# let transition_list st ls = List. fold_left transition st ls ;;
val transition_list : state −> key list −> state = <fun>
# let example = [ Digit 3; Plus; Digit 2; Digit 1; Times; Digit 2; Equals

]
in transition_list initial_state example ;;
− : state = {lcd=48; lka=Equals; loa=Equals; vpr=48}

1.6 Ðåçþìå

Â ýòîé ãëàâå ìû èçó÷èëè îñíîâû ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ
è ïàðàìåòðèçîâàííûé ïîëèìîðôèçì, ÷òî âìåñòå ÿâëÿþòñÿ îñíîâíûìè
õàðàêòåðèñòèêàìè Objective CAML. Òàêæå ìû îïèñàëè ñèíòàêñèñ ôóíê-
öèîíàëüíîé ÷àñòè ÿäðà è òèïîâ. Ýòî äàëî íàì âîçìîæíîñòü íàïèñàòü
ïåðâûå ïðîãðàììû. Òàê æå ìû ïîä÷åðêíóëè ãëóáîêóþ ðàçíèöó ìåæäó
òèïîì ôóíêöèè è îáëàñòüþ åå ïðèìåíåíèÿ. Ìåõàíèçì èñêëþ÷åíèé ïîç-
âîëÿåò ðåøèòü ýòó ïðîáëåìó, è â òî æå âðåìÿ ââîäèò íîâûé ñòèëü ïðî-
ãðàììèðîâàíèÿ, ãäå ìû ÿâíî óêàçûâàåì ìàíåðó âû÷èñëåíèÿ.



Ãëàâà 2

Èìïåðàòèâíîå

ïðîãðàììèðîâàíèå

Ââåäåíèå

Â îòëè÷èå îò ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ, ãäå çíà÷åíèå âû÷èñ-
ëÿåòñÿ ïîñðåäñòâîì ïðèìåíåíèÿ ôóíêöèè ê àðãóìåíòàì, íå çàáîòÿñü î
òîì êàê ýòî ïðîèñõîäèò, èìïåðàòèâíîå ïðîãðàììèðîâàíèå áëèæå ê ìà-
øèííîìó ïðåäñòàâëåíèþ, òàê êàê îíî ââîäèò ïîíÿòèå ñîñòîÿíèÿ ïàìÿ-
òè, êîòîðîå èçìåíÿåòñÿ ïîä âîçäåéñòâèåì ïðîãðàììû. Êàæäîå òàêîå âîç-
äåéñòâèå íàçûâàåòñÿ èíñòðóêöèåé è èìïåðàòèâíàÿ ïðîãðàììà åñòü íà-
áîð óïîðÿäî÷åííûõ èíñòðóêöèé. Ñîñòîÿíèå ïàìÿòè ìîæåò áûòü èçìåíå-
íî ïðè âûïîëíåíèè êàæäîé èíñòðóêöèè. Îïåðàöèè ââîäà/âûâîäà ìîæíî
ðàññìàòðèâàòü êàê èçìåíåíèå îïåðàòèâíîé ïàìÿòè, âèäåî ïàìÿòè èëè
ôàéëîâ.

Ïîäîáíûé ñòèëü ïðîãðàììèðîâàíèÿ íàïðÿìóþ ïðîèñõîäèò îò ïðî-
ãðàììèðîâàíèÿ íà àññåìáëåðå. Ìû âñòðå÷àåì ýòîò ñòèëü â ÿçûêàõ ïðî-
ãðàììèðîâàíèÿ ïåðâîãî ïîêîëåíèÿ (Fortran, C, Pascal, etc). Ñëåäóþùèå
ýëåìåíòû Objective CAML ñîîòâåòñòâóþò ïðèâåäåííîé ìîäåëè:

� ôèçè÷åñêè èçìåíÿåìûå1 ñòðóêòóðû äàííûõ, òàêèå êàê ìàññèâ èëè
çàïèñü ñ èçìåíÿåìûìè (mutable) ïîëÿìè

� îïåðàöèè ââîäà/âûâîäà

� ñòðóêòóðû êîíòðîëÿ âûïîëíåíèÿ ïðîãðàììû êàê öèêë è èñêëþ÷å-
íèÿ.

1â îðèãèíàëüíîì èçäàíèè (ôðàíöóçñêîì) èñïîëüçóåòñÿ âûðàæåíèå ôèçè÷åñêè èç-

ìåíÿåìûå, òîãäà êàê â àíãëèéñêîì ïåðåâîäå ëèøü èçìåíÿåìûå
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Íåêîòîðûå àëãîðèòìû ðåàëèçóþòñÿ ïðîùå òàêèì ñòèëåì ïðîãðàììè-
ðîâàíèÿ. Ïðèìåðîì ìîæåò ïîñëóæèòü ïðîèçâåäåíèå äâóõ ìàòðèö. Íåñìîò-
ðÿ íà òî ÷òî ýòó îïåðàöèþ ìîæíî ðåàëèçîâàòü ÷èñòî ôóíêöèîíàëüíûì
ñïîñîáîì, ïðè ýòîì ñïèñêè çàìåíÿò ìàññèâû, ýòî íå áóäåò íè ýôôåêòèâ-
íåå, íè åñòåñòâåííåé ïî îòíîøåíèþ ê èìïåðàòèâíîìó ñòèëþ.

Èíòåðåñ èíòåãðàöèè èìïåðàòèâíîé ìîäåëè â ôóíêöèîíàëüíûé ÿçûê
ñîñòîèò â íàïèñàíèè ïðè íåîáõîäèìîñòè ïîäîáíûõ àëãîðèòìîâ â ýòîì
ñòèëå ïðîãðàììèðîâàíèÿ. Äâà ãëàâíûõ íåäîñòàòêà èìïåðàòèâíîãî ïðî-
ãðàììèðîâàíèÿ ïî îòíîøåíèþ ê ôóíêöèîíàëüíîìó ýòî:

� óñëîæíåíèå ñèñòåìû òèïîâ ÿçûêà è îòêëîíåíèå (rejecting) íåêîòî-
ðûõ ïðîãðàìì, êîòîðûå áû áåç ýòîãî ðàññìàòðèâàëèñü áû êàê �êîð-
ðåêòíûå�,

� íåîáõîäèìîñòü ó÷èòûâàòü ñîñòîÿíèåì ïàìÿòè è ïîðÿäîê âû÷èñëå-
íèÿ.

Îäíàêî, ïðè ñîáëþäåíèè íåêîòîðûõ ïðàâèë íàïèñàíèÿ ïðîãðàìì, âûáîð
ñòèëÿ ïðîãðàììèðîâàíèÿ ïðåäîñòàâëÿåò áîëüøèå âîçìîæíîñòè â íàïèñà-
íèè àëãîðèòìîâ, ÷òî ÿâëÿåòñÿ ãëàâíîé öåëüþ ÿçûêîâ ïðîãðàììèðîâàíèÿ.
Ê òîìó æå, ïðîãðàììà íàïèñàííàÿ â ñòèëå áëèçêîìó ê ñòèëþ àëãîðèòìà,
èìååò áîëüøå øàíñîâ áûòü êîððåêòíîé (èëè ïî êðàéíåé ìåðå áûñòðåå
ðåàëèçîâàíà).

Ïî ýòèì ïðè÷èíàì â Objective CAML èìåþòñÿ òèïû äàííûõ, çíà÷å-
íèÿ êîòîðûõ ôèçè÷åñêè èçìåíÿåìûå, ñòðóêòóðû êîíòðîëÿ âûïîëíåíèÿ
ïðîãðàìì è áèáëèîòåêà ââîäà/âûâîäà â èìïåðàòèâíîì ñòèëå.

Ïëàí ãëàâû

Â äàííîé ãëàâå ïðîäîëæàåòñÿ ïðåäñòàâëåíèå áàçîâûõ ýëåìåíòîâ Objecti-
ve CAML çàòðîíóòûõ â ïðåäûäóùåé ãëàâå, íî òåïåðü ìû çàèíòåðåñóåìñÿ
èìïåðàòèâíûìè êîíñòðóêöèÿìè. Ãëàâà ðàçáèòà íà 5 ðàçäåëîâ. Ïåðâûé,
íàèáîëåå âàæíûé, ðàñêðûâàåò ðàçëè÷íûå ôèçè÷åñêè èçìåíÿåìûå ñòðóê-
òóðû äàííûõ è îïèñûâàåò èõ ïðåäñòàâëåíèå â ïàìÿòè. Âî âòîðîì ðàçäå-
ëå êðàòêî èçëàãàþòñÿ áàçîâûå îïåðàöèè ââîäà/âûâîäà. Òðåòüé çíàêîìèò
ñ íîâûìè èòåðàòèâíûìè ñòðóêòóðàìè êîíòðîëÿ. Â ÷åòâåðòîì ðàçäåëå
ðàññêàçûâàåòñÿ îá îñîáåííîñòÿõ âûïîëíåíèÿ èìïåðàòèâíûõ ïðîãðàìì,
â ÷àñòíîñòè î ïîðÿäêå âû÷èñëåíèÿ àðãóìåíòîâ ôóíêöèè. Â ïîñëåäíåì
ðàçäåëå ìû ïåðåäåëàåì êàëüêóëÿòîð ïðåäûäóùåé ãëàâû â êàëüêóëÿòîð
ñ ïàìÿòüþ.
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2.1 Ôèçè÷åñêè èçìåíÿåìûå ñòðóêòóðû äàí-

íûõ

Çíà÷åíèÿ ñëåäóþùèõ òèïîâ: ìàññèâû, ñòðîêè, çàïèñè ñ ìîäèôèöèðóåìû-
ìè ïîëÿìè è óêàçàòåëè åñòü ñòðóêòóðèðîâàííûå çíà÷åíèÿ, êîìïîíåíòû
êîòîðûõ ìîãóò áûòü ôèçè÷åñêè èçìåíåíû.

Ìû óæå âèäåëè, ÷òî ïåðåìåííàÿ â Objective CAML ïðèâÿçàíà ê çíà-
÷åíèþ è õðàíèò ýòó ñâÿçêó äî êîíöà åå ñóùåñòâîâàíèÿ. Ìû ìîæåì èçìå-
íèòü ñâÿçêó ëèøü ïåðåîïðåäåëåíèåì, íî è â ýòîì ñëó÷àå ðå÷ü íå áóäåò
èäòè î òîé æå ñàìîé ïåðåìåííîé. Íîâàÿ ïåðåìåííàÿ ñ òåì æå èìåíåì
ñêðîåò ïðåäûäóùóþ, êîòîðàÿ ïåðåñòàíåò áûòü äîñòóïíîé íàïðÿìóþ è
îñòàíåòñÿ íåèçìåííîé. Â ñëó÷àå ñ èçìåíÿåìûìè ïåðåìåííûìè, ìû ìî-
æåì àññîöèèðîâàòü íîâîå çíà÷åíèå ïåðåìåííîé áåç åå ïåðåîïðåäåëåíèÿ.
Çíà÷åíèå ïåðåìåííîé äîñòóïíî â ðåæèìå ÷òåíèå/çàïèñü.

2.1.1 Âåêòîðû

Âåêòîðû èëè îäíîìåðíûå ìàññèâû ãðóïïèðóþò îïðåäåëåííîå ÷èñëî îä-
íîòèïíûõ ýëåìåíòîâ. Ñóùåñòâóåò íåñêîëüêî ñïîñîáîâ ñîçäàíèÿ âåêòîðîâ,
ïåðâûé � ïåðå÷èñëåíèå ýëåìåíòîâ, ðàçäåëåííûõ çàïÿòîé è çàêëþ÷åííûõ
ìåæäó ñèìâîëàìè [| è |] .

# let v = [| 3.14; 6.28; 9.42 |] ;;
val v : �oat array = [|3.14; 6.28; 9.42|]

Ôóíêöèÿ Array.creat ñ äâóìÿ àðãóìåíòàìè íà âõîäå: ðàçìåð âåêòîðà
è íà÷àëüíîå çíà÷åíèå, âîçâðàùàåò íîâûé âåêòîð.

# let v = Array.create 3 3.14;;
val v : �oat array = [|3.14; 3.14; 3.14|]

Äëÿ òîãî ÷òîáû èçìåíèòü èëè ïðîñòî ïðîñìîòðåòü çíà÷åíèå ýëåìåíòà
íåîáõîäèìî óêàçàòü åãî íîìåð.

Ñèíòàêñèñ

expr1 . ( expr2 )}

Ñèíòàêñèñ

expr1 . ( expr2 ) <− expr3

expr1 äîëæåí áûòü âåêòîðîì (òèï array) ñ ýëåìåíòàìè òèïà expr3.
Êîíå÷íî, âûðàæåíèå expr2 äîëæíî áûòü òèïà int. Ðåçóëüòàò ìîäèôè-
êàöèè åñòü âûðàæåíèå òèïà unit. Íîìåð ïåðâîãî ýëåìåíòà âåêòîðà 0 è
ïîñëåäíåãî � ðàçìåð âåêòîðà ìèíóñ 1. Ñêîáêè âîêðóã âûðàæåíèÿ îáÿçà-
òåëüíû.
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# v.(1) ;;
− : �oat = 3.14
# v.(0) <− 100.0 ;;
− : unit = ()
# v ;;
− : �oat array = [|100; 3.14; 3.14|]

Åñëè èíäåêñ ýëåìåíòà íå ïðèíàäëåæèò èíòåðâàëó èíäåêñîâ âåêòîðà,
òî âîçáóæäàåòñÿ èñêëþ÷åíèÿ â ìîìåíò äîñòóïà.

# v.(−1) +. 4.0;;
Uncaught exception: Invalid_argument("Array.get")

Ýòà ïðîâåðêà îñóùåñòâëÿåòñÿ â ìîìåíò âûïîëíåíèÿ ïðîãðàììû, ÷òî
ìîæåò ñêàçàòüñÿ íà åå áûñòðîòå. Îäíàêî, ýòî íåîáõîäèìî äëÿ èçáåæàíèÿ
çàïîëíåíèÿ çîíû ïàìÿòè âíå âåêòîðà, ÷òî ìîæåò ïðèâåñòè ê ñåðüåçíûì
îøèáêàì.

Ôóíêöèè ìàíèïóëÿöèè âåêòîðàìè ÿâëÿþòñÿ ÷àñòüþ ìîäóëÿ Array

ñòàíäàðòíîé áèáëèîòåêè, îïèñàíèå êîòîðîãî äàíî â ãëàâå 7 íà ñòð. 235.
Â ñëåäóþùèõ ïðèìåðàõ ìû âîñïîëüçóåìñÿ òðåìÿ ôóíêöèÿìè èç ýòîãî
ìîäóëÿ:

create ñîçäàþùàÿ âåêòîð çàäàííîãî ðàçìåðà è íà÷àëüíûì çíà÷åíèåì

length âîçâðàùàþùàÿ ðàçìåð âåêòîðà

append äëÿ êîíêàòåíàöèè äâóõ âåêòîðîâ

Ñîâìåñòíîå èñïîëüçîâàíèå çíà÷åíèé âåêòîðà

Âñå ýëåìåíòû âåêòîðà ñîäåðæàò çíà÷åíèå, ïåðåäàííîå âî âðåìÿ ñîçäàíèÿ
âåêòîðà. Â ñëó÷àå, åñëè ýòî çíà÷åíèå ñòðóêòóðíîå, îíî áóäåò ñîâìåñòíî
èñïîëüçîâàòüñÿ (sharing). Ñîçäàäèì, äëÿ ïðèìåðà, ìàòðèöó êàê âåêòîð
âåêòîðîâ ïðè ïîìîùè ôóíêöèè Array.create:

# let v = Array.create 3 0;;
val v : int array = [|0; 0; 0|]
# let m = Array.create 3 v;;
val m : int array array = [|[|0; 0; 0|]; [|0; 0; 0|]; [|0; 0; 0|]|]

Åñëè ïîìåíÿòü îäíî èç ïîëåé âåêòîðà v, êîòîðûé ìû èñïîëüçîâàëè
äëÿ ñîçäàíèÿ m, ìû èçìåíèì âñå ñòðîêè ìàòðèöû (ñì. ðèñóíêè 2.1 è 2.2).

# v.(0) <− 1;;
− : unit = ()
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0 0 0

m

v

Ðèñ. 2.1: Ïðåäñòàâëåíèå â ïàìÿòè âåêòîðà ñ ðàçäåëåíèåì ýëåìåíòîâ

# m;;
− : int array array = [|[|1; 0; 0|]; [|1; 0; 0|]; [|1; 0; 0|]|]

0 0

m

v 1

Ðèñ. 2.2: Èçìåíåíèå ýëåìåíòà ðàçäåëÿåìîãî âåêòîðà

Åñëè çíà÷åíèå èíèöèàëèçàöèè âåêòîðà (âòîðîé àðãóìåíò ôóíêöèè
Array.create) ïðîñòîå, àòîìàðíîå, òî îíî êîïèðóåòñÿ êàæäûé ðàç è ñîâ-
ìåñòíî èñïîëüçóåòñÿ åñëè ýòî çíà÷åíèå ñòðóêòóðíîå.

Ìû íàçûâàåì àòîìàðíûì çíà÷åíèåì òî, ðàçìåð êîòîðîãî íå ïðåâûøà-
åò ñòàíäàðòíûé ðàçìåð çíà÷åíèé Objective CAML, òî åñòü memory word�
öåëîå, ñèìâîë, áóëåâûé è êîíñòðóêòîðû êîíñòàíò. Äðóãèå çíà÷åíèÿ, íà-
çûâàåìûå ñòðóêòóðíûå, ïðåäñòàâëåíû óêàçàòåëåì íà çîíó ïàìÿòè. Ýòà
ðàçíèöà îáúÿñíåíà áîëåå äåòàëüíî â ãëàâå 8 ñòð. 273.

Âåêòîðû ÷èñåë ñ ïëàâàþùåé çàïÿòîé åñòü îñîáûé ñëó÷àé. Íåñìîò-
ðÿ íà òî ÷òî ýòè ÷èñëà (float) � ñòðóêòóðíûå çíà÷åíèÿ, ïðè ñîçäàíèè
âåêòîðà íà÷àëüíîå çíà÷åíèå êîïèðóåòñÿ. Äåëàåòñÿ ýòî äëÿ îïòèìèçàöèè.
Â ãëàâå 11 ñòð. 349, â êîòîðîé îáñóæäàåòñÿ èíòåðôåéñ ñ ÿçûêîì C ìû
îáñóäèì ýòó ïðîáëåìó.
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Íå êâàäðàòíàÿ ìàòðèöà

Ìàòðèöà, âåêòîð âåêòîðîâ, íå îáÿçàòåëüíî äîëæíà áûòü êâàäðàòíîé.
Äåéñòâèòåëüíî, ìû ìîæåì çàìåíèòü âåêòîð íà äðóãîé âåêòîð ñ èíûì
ðàçìåðîì, ÷òî óäîáíî äëÿ îãðàíè÷åíèÿ ðàçìåðà ìàòðèöû. Ñëåäóþùåå
çíà÷åíèå t ñîçäàåò òðåóãîëüíóþ ìàòðèöó äëÿ êîýôôèöèåíòîâ òðåóãîëü-
íèêà Ïàñêàëÿ.

# let t = [|
[|1|];
[|1; 1|];
[|1; 2; 1|];
[|1; 3; 3; 1|];
[|1; 4; 6; 4; 1|];
[|1; 5; 10; 10; 5; 1|]
|] ;;

val t : int array array =
[|[|1|]; [|1; 1|]; [|1; 2; 1|];
[|1; 3; 3; 1|]; [|1; 4; 6; 4; ...|]; ...|]

# t.(3) ;;
− : int array = [|1; 3; 3; 1|]

Â ýòîì ïðèìåðå ýëåìåíò âåêòîðà t ïî èíäåêñó i åñòü âåêòîð öåëûõ
÷èñåë ðàçìåðîì i+1. Äëÿ ìàíèïóëÿöèè òàêîé ìàòðèöåé íåîáõîäèìî çíàòü
ðàçìåð êàæäîãî ýëåìåíòà âåêòîðà.

Êîïèÿ âåêòîðîâ

Ïðè êîïèðîâàíèè âåêòîðà èëè êîíêàòåíàöèè äâóõ âåêòîðîâ ìû ïîëó÷àåì
íîâûé âåêòîð. Ìîäèôèêàöèÿ èñõîäíûõ âåêòîðîâ íå ïîâëèÿåò íà çíà÷åíèå
êîïèé, êðîìå ñëó÷àÿ ðàçäåëåíèÿ çíà÷åíèé ðàññìîòðåííîãî ðàíåå.

# let v2 = Array.copy v ;;
val v2 : int array = [|1; 0; 0|]
# let m2 = Array.copy m ;;
val m2 : int array array = [|[|1; 0; 0|]; [|1; 0; 0|]; [|1; 0; 0|]|]
# v.(1)<− 352;;
− : unit = ()
# v2;; − : int array = [|1; 0; 0|]
# m2 ;;
− : int array array = [|[|1; 352; 0|]; [|1; 352; 0|]; [|1; 352; 0|]|]

Â ïðèâåäåííîì ïðèìåðå âèäíî ÷òî êîïèÿ m ñîäåðæèò ëèøü óêàçàòåëè
íà v, åñëè îäèí èç ýëåìåíòîâ v èçìåíåí, òî m2 òîæå áóäåò èçìåíåí. Êîí-
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êàòåíàöèÿ ñîçäàåò íîâûé âåêòîð äëèíà êîòîðîãî ðàâíà ñóììå äëèí äâóõ
äðóãèõ.

# let mm = Array.append m m ;;
val mm : int array array =

[|[|1; 352; 0|]; [|1; 352; 0|]; [|1; 352; 0|]; [|1; 352; 0|];
[|1; 352; ...|]; ...|]

# Array.length mm ;;
− : int = 6
# m.(0) <− Array.create 3 0 ;;
− : unit = ()
# m ;;
− : int array array =
[|[|0; 0; 0|]; [|1; 352; 0|]; [|1; 352; 0|]|]
# mm ;;
− : int array array =[|[|1; 352; 0|]; [|1; 352; 0|]; [|1; 352; 0|]; [|1;

352; 0|];
[|1; 352; ...|]; ...|]

Îäíàêî, èçìåíåíèå v, ðàçäåëÿåìîãî m è mm, ïðèâåäåò ê èçìåíåíèþ
îáîèõ ìàòðèö:

# v.(1) <− 18 ;;
− : unit = ()
# mm;;
− : int array array =
[|[|1; 18; 0|]; [|1; 18; 0|]; [|1; 18; 0|];
[|1; 18; 0|]; [|1; 18; ...|]; ...|]

2.1.2 Ñòðîêè

Ñòðîêè ìîæíî ðàññìàòðèâàòü êàê ÷àñòíûé ñëó÷àé ìàññèâà ñèìâîëîâ.
Îäíàêî, ïî ïðè÷èíàì èñïîëüçîâàíèÿ ïàìÿòè ýòîò òèï ñïåöèàëèçèðîâàí
è ñèíòàêñèñ äîñòóïà ê ýëåìåíòàì èçìåíåí.

Ñèíòàêñèñ

expr1 . [expr2]

Ýëåìåíòû ñòðîêè ìîãóò áûòü ôèçè÷åñêè èçìåíåíû.

Ñèíòàêñèñ

expr1 . [expr2] <− expr3
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# let s = "hello";;
val s : string = "hello"
# s .[2];;
− : char = 'l '
# s.[2]<−'Z';;
− : unit = ()
# s;;
− : string = "heZlo"

2.1.3 Èçìåíÿåìûå ïîëÿ çàïèñåé

Ïîëÿ çàïèñè ìîãóò áûòü îáúÿâëåíû èçìåíÿåìûìè. Äëÿ ýòîãî äîñòàòî÷íî
óêàçàòü ïðè äåêëàðàöèè òèïà ïîëÿ êëþ÷åâîå ñëîâî mutable

Ñèíòàêñèñ

type name = { ...; mutable name : t ; ...}

Ïðèìåð îïðåäåëåíèÿ òî÷êè ïëîñêîñòè.

# type point = { mutable xc : �oat; mutable yc : �oat } ;;
type point = { mutable xc: �oat; mutable yc: �oat }
# let p = { xc = 1.0; yc = 0.0 } ;;
val p : point = {xc=1; yc=0}

Äëÿ èçìåíåíèÿ çíà÷åíèå ïîëÿ îáúÿâëåííîãî mutable èñïîëüçóéòå ñëå-
äóþùèé ñèíòàêñèñ.

Ñèíòàêñèñ

expr1.nom <− expr2

Âûðàæåíèå expr1 äîëæíî áûòü òèïà çàïèñü ñîäåðæàùåå ïîëå nom.
Îïåðàöèÿ ìîäèôèêàöèè âîçâðàùàåò çíà÷åíèå òèïà unit.

# p.xc <− 3.0 ;;
− : unit = ()
# p ;;
− : point = {xc=3; yc=0}

Íàïèøåì ôóíêöèþ ïåðåìåùåíèÿ òî÷êè, êîòîðàÿ èçìåíÿåò åå êîîðäè-
íàòû. Çäåñü ìû èñïîëüçóåì ëîêàëüíóþ äåêëàðàöèþ ñ ôèëüòðàæîì, äëÿ
óïîðÿäî÷åíèÿ ïîáî÷íûõ ýôôåêòîâ.

# let moveto p dx dy =
let () = p.xc <− p.xc +. dx
in p.yc <− p.yc +. dy ;;

val moveto : point −> �oat −> �oat −> unit = <fun>
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# moveto p 1.1 2.2 ;;
− : unit = ()
# p ;;
− : point = {xc=4.1; yc=2.2}

Ìû ìîæåì îïðåäåëèòü èçìåíÿåìûå èëè íå èçìåíÿåìûå ïîëÿ, òîëüêî
ïîëÿ, ïîìå÷åííûå êëþ÷åâûì ñëîâîì mutable, áóäóò èçìåíÿåìûå.

# type t = { c1 : int; mutable c2 : int } ;;
type t = { c1: int ; mutable c2: int }
# let r = { c1 = 0; c2 = 0 } ;;
val r : t = {c1=0; c2=0}
# r.c1 <− 1 ;;
Characters 0-9:
The label c1 is not mutable
# r.c2 <− 1 ;;
− : unit = ()
# r ;;
− : t = {c1=0; c2=1}

Äàëåå, ìû ïðèâîäèì ïðèìåð èñïîëüçîâàíèå çàïèñåé ñ èçìåíÿåìûìè
ïîëÿìè è ìàññèâîâ äëÿ òîãî ÷òîáû ðåàëèçîâàòü ñòðóêòóðó ñòåêà (ñì 2.3.3
ñòð. 91).

2.1.4 Óêàçàòåëè

Objective CAML ïðåäëàãàåò ïîëèìîðôíûé òèï ref, ðàññìàòðèâàåìûé
êàê óêàçàòåëü íà ëþáîå çíà÷åíèå. Â Objective CAML óêàçàòåëü òî÷íåå
áóäåò íàçâàòü óêàçàòåëü íà çíà÷åíèå. Óêàçûâàåìîå çíà÷åíèå ìîæåò áûòü
èçìåíåíî. Òèï ref îïðåäåëåí êàê çàïèñü ñ èçìåíÿåìûì ïîëåì.

type 'a ref = {mutable contents:'a}

Ñîçäàòü ññûëêó íà çíà÷åíèå ìîæíî ôóíêöèåé ref. Óêàçûâàåìîå çíà-
÷åíèå ìîæåò áûòü ïîëó÷åíî èñïîëüçîâàíèåì ïðåôèêñà !. Äëÿ ìîäèôèêà-
öèè çíà÷åíèÿ èñïîëüçóåì èíôèêñíóþ ôóíêöèþ (:=).

# let x = ref 3 ;;
val x : int ref = {contents=3}
# x ;;
− : int ref = {contents=3}
# !x ;;
− : int = 3
# x := 4 ;;
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− : unit = ()
# !x ;;
− : int = 4
# x := !x+1 ;;
− : unit = ()
# !x ;;
− : int = 5

2.1.5 Ïîëèìîðôèçì è èçìåíÿåìûå çíà÷åíèÿ

Òèï ref ïàðàìåòðèçîâàííûé (1.2.6), ÷òî ïîçâîëÿåò ñîçäàâàòü óêàçàòåëè
íà ëþáîé òèï. Îäíàêî, ñóùåñòâóåò íåñêîëüêî îãðàíè÷åíèé. Ïðåäñòàâèì,
÷òî íåò íèêàêèõ îãðàíè÷åíèé è ìû ìîæåì îáúÿâèòü

let x = ref [] ;;

Â ýòîì ñëó÷àå òèï ïåðåìåííîé õ áóäåò 'a list ref è ìîæåì èçìåíèòü
çíà÷åíèå ñïîñîáîì íå ñîîòâåòñòâóþùèì ñòàòè÷åñêîé òèïèçàöèè Objective
CAML.

x := 1 :: !x ;;
x := true :: !x ;;

Ïðè ýòîì ïîëó÷àåì îäíó è òó æå ïåðåìåííóþ òèïà int list â îäèí
ìîìåíò è bool list â äðóãîé.

Âî èçáåæàíèè ïîäîáíîé ñèòóàöèè, ñèñòåìà òèïîâ Objective CAML èñ-
ïîëüçóåò íîâóþ êàòåãîðèþ òèïà ïåðåìåííîé � ñëàáî òèïèçèðîâàííûå ïå-
ðåìåííûå. Ñèíòàêñè÷åñêè, îíè îòëè÷àþòñÿ ïðåäøåñòâóþùèì ñèìâîëîì
ïîä÷åðêèâàíèÿ.

# let x = ref [] ;;
val x : '_a list ref = {contents=[]}

Ïåðåìåííàÿ òèïà '_a íå ÿâëÿåòñÿ ïàðàìåòðîì òèïà, òî åñòü åå òèï íå
èçâåñòåí äî ìîìåíòà åå ðåàëèçàöèè. Ëèøü â ìîìåíò ïåðâîãî èñïîëüçîâà-
íèÿ x, ïîñëå îáúÿâëåíèÿ, òèï áóäåò îêîí÷àòåëüíî çàôèêñèðîâàí.

# x := 0::!x ;;
− : unit = ()
# x ;;
− : int list ref = {contents=[0]}

Òàêèì îáðàçîì òèï ïåðåìåííîé x int list ref.
Òèï, ñîäåðæàùèé íåèçâåñòíóþ, ÿâëÿåòñÿ ìîíîìîðôíûì, íå ñìîòðÿ

íà òî ÷òî åãî òèï åùå íå áûë óêàçàí è íåâîçìîæíî ðåàëèçîâàòü òî ÷òî
íåèçâåñòíî ïîëèìîðôíûì òèïîì.
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# let x = ref [] ;;
val x : '_a list ref = {contents=[]}
# x := (function y −> ())::!x ;;
− : unit = ()
# x ;;
− : ('_a −> unit) list ref = {contents=[<fun>]}

Â ýòîì ïðèìåðå, íå ñìîòðÿ íà òî ÷òî ìû ðåàëèçóåì íåèçâåñòíóþ òèïîì
a priori ïîëèìîðôíûì ('a->unit), òèï îñòàëñÿ ìîíîìîðôíûì ñ íîâîé
íåèçâåñòíîé òèïà.

Ýòî îãðàíè÷åíèå ïîëèìîðôèçìà ðàñïðîñòðàíÿåòñÿ íå òîëüêî íà óêà-
çàòåëè, íî è íà ëþáîå çíà÷åíèå ñîäåðæàùåå èçìåíÿåìóþ ÷àñòü: ìàññèâû,
çàïèñè ñ ïîëÿìè îáúÿâëåííûå mutable, è òàê äàëåå. Âñå ïàðàìåòðû òèïà,
äàæå íå èìåþùèå íèêàêîãî îòíîøåíèÿ ê ìîäèôèöèðóåìûì àòðèáóòàì,
åñòü ïåðåìåííûå ñëàáîãî (weak) òèïà.

# type ('a,'b) t = { ch1 :'a list ; mutable ch2 : 'b list } ;;
type ('a, 'b) t = { ch1: 'a list ; mutable ch2: 'b list }
# let x = { ch1 = [] ; ch2 = [] } ;;
val x : ('_a, '_b) t = {ch1=[]; ch2=[]}

Warning

Ýòà ìîäèôèêàöèÿ òèïà ïîâëèÿåò íà ÷èñòî ôóíêöèîíàëüíûå ïðîãðàììû.

Åñëè ê ïîëèìîðôíîé ïåðåìåííîé ïðèìåíåíà ïîëèìîðôíàÿ ôóíêöèÿ,
òî â ðåçóëüòàòå ìû ïîëó÷èì ïåðåìåííóþ ñëàáîãî òèïà, òàê êàê íåëüçÿ íå
ó÷èòûâàòü ÷òî ôóíêöèÿ ìîæåò ñîçäàòü ôèçè÷åñêè èçìåíÿåìîå çíà÷åíèå.
Èíûìè ñëîâàìè, ðåçóëüòàò áóäåò âñåãäà ìîíîìîðôíûé.

# (function x −> x) [] ;;
− : '_a list = []

Òîò æå ðåçóëüòàò ìû ïîëó÷èì äëÿ ÷àñòè÷íûõ ôóíêöèé.

# let f a b = a ;;
val f : 'a −> 'b −> 'a = <fun>
# let g = f 1 ;;
val g : '_a −> int = <fun>

Äëÿ ïîëó÷åíèÿ ïîëèìîðôíîãî òèïà íåîáõîäèìî âû÷åñòü âòîðîé àð-
ãóìåíò f è ïðèìåíèòü åå:

# let h x = f 1 x ;;
val h : 'a −> int = <fun>
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Äåéñòâèòåëüíî, âûðàæåíèÿ îïðåäåëÿþùåå x åñòü ôóíêöèîíàëüíîå âû-
ðàæåíèå function x -> f 1 x. Åãî âû÷èñëåíèå äàñò çàìûêàíèå, êîòîðîå
íå ðèñêóåò ïðîèçâåñòè ïîáî÷íûé ýôôåêò, òàê êàê òåëî ôóíêöèè íå âû-
÷èñëåíî.

Â îáùåì ñëó÷àå, ìû ðàçëè÷àåì âûðàæåíèå íå ðàñøèðÿåìîå, ðàñ÷åò
êîòîðîãî íå ïðèâåäåò ê ïîáî÷íîìó ýôôåêòû è äðóãèå ðàñøèðÿåìûå. Ñè-
ñòåìà òèïîâ Objective CAML êëàññèôèöèðóåò âûðàæåíèÿ â ñîîòâåòñòâèè
ñ ñèíòàêñèñîì:

� âûðàæåíèÿ íå ðàñøèðÿåìûå ñîñòîÿò â îñíîâíîì èç ïåðåìåííûõ,
êîíñòðóêòîðîâ íå èçìåíÿåìûõ çíà÷åíèé è àáñòðàêöèé

� âûðàæåíèÿ ðàñøèðÿåìûå ñîñòîÿò èç ïðèìåíåíèé, êîíñòðóêòîðîâ
èçìåíÿåìûõ çíà÷åíèé. Òàê æå ê íèì íåîáõîäèìî äîáàâèòü ñòðóê-
òóðû êîíòðîëÿ: óñëîâíûé (conditional) èëè ôèëüòðàæ.

2.2 Ââîä/Âûâîä

Ôóíêöèè â/â âû÷èñëÿþò çíà÷åíèå (÷àøå âñåãî òèïà unit), îäíàêî â õîäå
âû÷èñëåíèÿ, îíè èçìåíÿþò ñîñòîÿíèå óñòðîéñòâ â/â: èçìåíåíèå áóôåðà
êëàâèàòóðû, ïåðåðèñîâêà ýêðàíà, çàïèñü â ôàéë è òàê äàëåå. Äëÿ êà-
íàëîâ ââîäà è âûâîäà îïðåäåëåíû äëÿ òèïà: in_channel è out_channel.
Ïðè îáíàðóæåíèè êîíöà ôàéëà âîçáóæäàåòñÿ èñêëþ÷åíèå End_of_file.
Ñëåäóþùèå êîíñòàíòû ñîîòâåòñòâóþò ñòàíäàðòíûì êàíàëàì ââîäà, âû-
âîäà è îøèáîê a la Unix: stdin, stdout è stderr.

2.2.1 Êàíàëû

Ôóíêöèè ââîäà/âûâîäà ñòàíäàðòíîé áèáëèîòåêè Objective CAML, ìà-
íèïóëèðóþò êàíàëàìè òèïà in_channel è out_channel ñîîòâåòñòâåííî.
Äëÿ ñîçäàíèÿ ïîäîáíûõ êàíàëîâ èñïîëüçóåòñÿ ôóíêöèÿ:

# open_in;;
− : string −> in_channel = <fun>
# open_out;;
− : string −> out_channel = <fun>

open_in îòêðûâàåò ôàéë2, åñëè îí íå ñóùåñòâóåò, âîçáóæäàåòñÿ èñ-
êëþ÷åíèå Sys_error.

open_out ñîçäàåò óêàçàííûé ôàéë åñëè òàêîé íå ñóùåñòâóåò, åñëè æå
îí ñóùåñòâóåò òî åãî ñîäåðæèìîå óíè÷òîæàåòñÿ.

2ñ ïðàâîì íà ÷òåíèå, ïðè íåîáõîäèìîñòè
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# let ic = open_in "koala";;
val ic : in_channel = <abstr>
# let oc = open_out "koala";;
val oc : out_channel = <abstr>

Ôóíêöèè çàêðûâàíèÿ êàíàëîâ:

# close_in ;;
− : in_channel −> unit = <fun>
# close_out ;;
− : out_channel −> unit = <fun>

2.2.2 ×òåíèå/çàïèñü

Ñòàíäàðòíûå ôóíêöèè ÷òåíèÿ/çàïèñè:

# input_line ;;
− : in_channel −> string = <fun>
# input ;;
− : in_channel −> string −> int −> int −> int = <fun>
# output ;;
− : out_channel −> string −> int −> int −> unit = <fun>

� input_line ic: ÷èòàåò èç âõîäíîãî êàíàëà ic ñèìâîëû äî îáíàðó-
æåíèÿ âîçâðàòà êàðåòêè èëè êîíöà ôàéëà è âîçâðàùàåò â ôîðìå
ñòðîêè (íå âêëþ÷àÿ âîçâðàò êàðåòêè).

� input ic s p l: ñ÷èòûâàåò l ñèìâîëîâ èç êàíàëà ic è ïîìåøàåò
èõ â ñòðîêó c ñî ñìåøåíèåì p. Ôóíêöèÿ âîçâðàùàåò ÷èñëî ïðî÷è-
òàííûõ ñèìâîëîâ.

� output oc s p l: çàïèñûâàåò â âûõîäíîé êàíàë oc ÷àñòü ñòðîêè s

íà÷èíàÿ ñ ñèìâîëà p äëèííîé l.

Ñëåäóþùèå ôóíêöèè ÷òåíèÿ (çàïèñè) èç (â) ñòàíäàðòíîãî âõîäà:

# read_line ;;
− : unit −> string = <fun>
# print_string ;;
− : string −> unit = <fun>
# print_newline ;;
− : unit −> unit = <fun>

Äðóãèå çíà÷åíèÿ ïðîñòûõ òèïîâ äàííûõ ìîãóò áûòü ïðî÷òåíû/çàïè-
ñàíû, çíà÷åíèÿ òàêèõ òèïîâ ìîãóò áûòü ïåðåâåäåíû â òèï ñïèñîê ñèìâî-
ëîâ.
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Ëîêàëüíîå îáúÿâëåíèå è ïîðÿäîê âûïîëíåíèÿ Ïîïðîáóåì âûâå-
ñòè íà ýêðàí âûðàæåíèå ôîðìû let x=e1 in e2. Çíàÿ, ÷òî â îáùåì ñëó-
÷àå ëîêàëüíàÿ ïåðåìåííàÿ x ìîæåò áûòü èñïîëüçîâàíà â e2, âûðàæåíèå
e1 âû÷èñëåíî ïåðâûì è òîëüêî çàòåì e2. Åñëè ýòè îáà âûðàæåíèÿ åñòü
èìïåðàòèâíûå ôóíêöèè ñ ïîáî÷íûì ýôôåêòîì ðåçóëüòàò êîòîðûõ (), ìû
âûïîëíèëè èõ â ïðàâèëüíîì ïîðÿäêå. Â ÷àñòíîñòè, òàê êàê íàì èçâåñòåí
òèï âîçâðàùàåìîãî ðåçóëüòàòà e1: êîíñòàíòà () òèïà unit, ìû ïîëó÷èì
ïîñëåäîâàòåëüíûé âûâîä íà ýêðàí èñïîëüçóÿ ñîïîñòàâëåíèå ñ îáòàçöîì
().

# let () = print_string "and one," in
let () = print_string " and two," in
let () = print_string " and three" in

print_string " zero" ;;
and one, and two, and three zero− : unit = ()

2.2.3 Ïðèìåð Áîëüøå/Ìåíüøå

Â ñëåäóþùåì ïðèìåðå ìû ïðèâîäèì èãðó Áîëüøå/Ìåíüøå, ñîñòîÿùóþ
â ïîèñêå ÷èñëà, ïîñëå êàæäîãî îòâåòà ïðîãðàììà âûâîäèò íà ýêðàí ñîîá-
ùåíèå â ñîîòâåòñòâèè ñ òåì ÷òî ïðåäëîæåííîå ÷èñëî áîëüøå èëè ìåíüøå
çàãàäàííîãî.

# let rec hilo n =
let () = print_string "type a number: " in
let i = read_int ()
in
if i = n then
let () = print_string "BRAVO" in
let () = print_newline ()
in print_newline ()

else
let () =
if i < n then
let () = print_string "Higher"
in print_newline ()

else
let () = print_string "Lower"
in print_newline ()

in hilo n ;;
val hilo : int −> unit = <fun>
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Ðåçóëüòàò çàïóñêà

# hilo 64;;
type a number: 88
Lower
type a number: 44
Higher
type a number: 64
BRAVO

− : unit = ()

2.3 Ñòðóêòóðû êîíòðîëÿ

Îïåðàöèè ââîäà/âûâîäà è èçìåíÿåìûå çíà÷åíèÿ èìåþò ïîáî÷íûé ýô-
ôåêò. Èõ èñïîëüçîâàíèå óïðîùåíî èìïåðàòèâíûì ñòèëåì ïðîãðàììèðî-
âàíèÿ ñ íîâûìè ñòðóêòóðàìè êîíòðîëÿ. Â ýòîì ïàðàãðàôå ìû ïîãîâîðèì
î ïîñëåäîâàòåëüíûõ è èòåðàòèâíûõ ñòðóêòóðàõ.

Íàì óæå ïðèõîäèëîñü âñòðå÷àòü (ñì. 1.1.2 ñòð. 23) óñëîâíóþ ñòðóê-
òóðó êîíòðîëÿ if then ñìûñë êîòîðîé òàêîé æå êàê è â èìïåðàòèâíûõ
ÿçûêàõ ïðîãðàììèðîâàíèÿ.

Ïðèìåð

# let n = ref 1 ;;
val n : int ref = {contents=1}
# if !n > 0 then n := n−1 ;;
Characters 20-21:
This expression has type int ref but is here used with type int

2.3.1 Ïîñëåäîâàòåëüíîñòü

Ñàìàÿ òèïè÷íàÿ èìïåðàòèâíàÿ ñòðóêòóðà � ïîñëåäîâàòåëüíîñòü, êîòî-
ðàÿ ïîçâîëÿåò âû÷èñëÿòü âûðàæåíèÿ ðàçäåëåííûå òî÷êîé ñ çàïÿòîé â
ïîðÿäêå ñëåâà íàïðàâî.

Ñèíòàêñèñ

expr1 ;...; exprn

Ïîñëåäîâàòåëüíîñòü � ýòî âûðàæåíèå, ðåçóëüòàò êîòîðîãî åñòü ðå-
çóëüòàò ïîñëåäíåãî âûðàæåíèÿ (çäåñü exprn). Âñå âûðàæåíèÿ âû÷èñëåíû
è ïîáî÷íûé ýôôåêò êàæäîé ó÷òåí.
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# print_string "2 = "; 1+1 ;;
2 = − : int = 2

Ñ ïîáî÷íûì ýôôåêòîì, ìû ïîëó÷àåì îáû÷íûå êîíñòðóêöèè èìïåðà-
òèâíîãî ïðîãðàììèðîâàíèÿ.

# let x = ref 1 ;;
val x : int ref = {contents=1}
# x:=!x+1 ; x:=!x*4 ; !x ;;
− : int = 8

Â ñâÿçè ñ òåì ÷òî çíà÷åíèÿ ïðåäøåñòâóþùèå òî÷êå çàïÿòîé íå ñîõðà-
íåíû, Objective CAML âûâîäèò ïðåäóïðåæäåíèå â ñëó÷àå åñëè èõ òèï
îòëè÷åí îò òèïà unit.

# print_int 1; 2 ; 3 ;;
Characters 14-15:
Warning: this expression should have type unit.
1− : int = 3

×òîáû èçáåæàòü ýòîãî ñîîáùåíèÿ, ìîæíî âîñïîëüçîâàòüñÿ ôóíêöèåé
ignore.

# print_int 1; ignore 2; 3 ;;
1− : int = 3

Äðóãîå ñîîáùåíèå áóäåò âûâåäåíî â ñëó÷àå åñëè çàáûò àðãóìåíò ôóíê-
öèè

# let g x y = x := y ;;
val g : 'a ref −> 'a −> unit = <fun>
# let a = ref 10;;
val a : int ref = {contents=10}
# let u = 1 in g a ; g a u ;;
Characters 13-16:
Warning: this function application is partial,
maybe some arguments are missing.
− : unit = ()
# let u = !a in ignore (g a) ; g a u ;;
− : unit = ()

×àøå âñåãî ìû èñïîëüçóåì ñêîáêè äëÿ îïðåäåëåíèÿ çîíû âèäèìîñòè.
Ñèíòàêñèñ

(expr)

Ñèíòàêñèñ
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begin expr end

Òåïåðü ìû ìîæåì íàïèñàòü Áîëüøå/Ìåíüøå ïðîñòûì ñòèëåì (ñòð.
86).

# let rec hilo n =
print_string "type a number: ";
let i = read_int () in
if i = n then print_string "BRAVO\n\n"
else
begin
if i < n then print_string "Higher\n" else print_string "Lower\

n" ;
hilo n

end ;;
val hilo : int −> unit = <fun>

2.3.2 Öèêëû

Ñòðóêòóðû èòåðàòèâíîãî êîíòðîëÿ òîæå íå ïðèíàäëåæàò �ìèðó� ôóíê-
öèîíàëüíîãî ïðîãðàììèðîâàíèÿ. Óñëîâèå ïîâòîðåíèÿ öèêëà èëè âûõîäà
èç íåãî èìååò ñìûñë â ñëó÷àå êîãäà åñòü ôèçè÷åñêîå èçìåíåíèå ïàìÿòè.
Ñóùåñòâóåò äâå ñòðóêòóðû èòåðàòèâíîãî êîíòðîëÿ: öèêë for äëÿ îãðàíè-
÷åííîãî êîëè÷åñòâà èòåðàöèé è while äëÿ íåîãðàíè÷åííîãî. Ñòðóêòóðû
öèêëà âîçâðàùàþò êîíñòàíòó () òèïà unit.

Öèêë for ìîæåò áûòü âîçðàñòàþùèì (to) èëè óáûâàþùèì (downto)
ñ øàãîì â îäíó åäèíèöó.

Ñèíòàêñèñ

for nom = expr1 to expr2 do expr3 done
for nom = expr1 downto expr2 do expr3 done

Òèï âûðàæåíèé expr1 è expr2 � int. Åñëè òèï expr3 íå unit, êîìïè-
ëÿòîð âûäàñò ïðåäóïðåæäåíèå.

# for i=1 to 10 do
print_int i ;
print_string " "

done;
print_newline() ;;

1 2 3 4 5 6 7 8 9 10
− : unit = ()
# for i=10 downto 1 do
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print_int i ;
print_string " "

done;
print_newline() ;;

10 9 8 7 6 5 4 3 2 1
− : unit = ()

Íåîãðàíè÷åííûé öèêë while èìååò ñëåäóþùèé ñèíòàêñèñ

while expr1 do expr2 done

Òèï âûðàæåíèÿ expr1 äîëæåí áûòü bool. È, êàê â ñëó÷àå for, åñëè
òèï expr2 íå unit, êîìïèëÿòîð âûäàñò ïðåäóïðåæäåíèå.

# let r = ref 1
in while !r < 11 do

print_int ! r ;
print_string " " ;
r := !r+1

done ;;
1 2 3 4 5 6 7 8 9 10 − : unit = ()

Íåîáõîäèìî ïîìíèòü, ÷òî öèêëû � ýòî òàêèå æå âûðàæåíèÿ êàê è
ëþáûå äðóãèå, îíè âû÷èñëÿþò çíà÷åíèå () òèïà unit.

# let f () = print_string "−− end\n" ;;
val f : unit −> unit = <fun>
# f (for i=1 to 10 do print_int i ; print_string " " done) ;;
1 2 3 4 5 6 7 8 9 10 −− end
− : unit = ()

Îáðàòèòå âíèìàíèå íà òî, ÷òî ñòðîêà �- end\n� âûâîäèòñÿ ïîñëå öèôð
1. . . 10: ïîäòâåðæäåíèå òîãî ÷òî àðãóìåíòû (â äàííîì ñëó÷àå öèêë) âû-
÷èñëÿþòñÿ ïåðåä ïåðåäà÷åé ôóíêöèè.

Â èìïåðàòèâíîì ñòèëå òåëî öèêëà (âûðàæåíèå expr) íå âîçâðàùàåò
ðåçóëüòàòà, à ïðîèçâîäèò ïîáî÷íûé ýôôåêò. Â Objective CAML, åñëè òèï
òåëà öèêëà íå unit, òî êîìïèëÿòîð âûäàåò ñîîáùåíèå :

# let s = [5; 4; 3; 2; 1; 0] ;;
val s : int list = [5; 4; 3; 2; 1; 0]
# for i=0 to 5 do List.tl s done ;;
Characters 17-26:
Warning: this expression should have type unit.
− : unit = ()
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2.3.3 Ïðèìåð: ðåàëèçàöèÿ ñòåêà

Â íàøåì ïðèìåðå ñòðóêòóðà äàííûõ stack áóäåò çàïèñü ñ äâóìÿ ïîëÿìè:
ìàññèâ ýëåìåíòîâ è èíäåêñ ïåðâîé ñâîáîäíîé ïîçèöèè â ìàññèâå.

# type 'a stack = { mutable ind:int; size:int; mutable elts : 'a array }
;;

Â ïîëå size áóäåò õðàíèòñÿ ìàêñèìàëüíûé ðàçìåð ñòåêà.
Îïåðàöèè íàä ñòåêîì áóäóò init_stack äëÿ èíèöèàëèçàöèè, push äëÿ

äîáàâëåíèÿ è pop äëÿ óäàëåíèÿ ýëåìåíòà.

# let init_stack n = {ind=0; size=n; elts =[||]} ;;
val init_stack : int −> 'a stack = <fun>

Ýòà ôóíêöèÿ íå ìîæåò ñîçäàâàòü íå ïóñòîé ìàññèâ, òàê äëÿ ñîçäà-
íèÿ ìàññèâà íåîáõîäèìî ïåðåäàòü ýëåìåíò. Ïîýòîìó ïîëå elts ïîëó÷àåò
ïóñòîé ìàññèâ.

Äâà èñêëþ÷åíèÿ äîáàâëåíû íà ñëó÷àé ïîïûòêè óäàëèòü ýëåìåíò èç
ïóñòîãî ñòåêà è äîáàâèòü ýëåìåíò â ïîëíûé. Îíè èñïîëüçóþòñÿ â ôóíê-
öèÿõ pop è push.

# exception Stack_empty ;;
# exception Stack_full ;;

# let pop p =
if p.ind = 0 then raise Stack_empty
else (p.ind <− p.ind − 1; p.elts.(p.ind)) ;;

val pop : 'a stack −> 'a = <fun>
# let push e p =

if p. elts = [||] then
(p. elts <− Array.create p.size e;
p.ind <− 1)

else if p.ind >= p.size then raise Stack_full
else (p. elts .(p.ind) <− e; p.ind <− p.ind + 1) ;;

val push : 'a −> 'a stack −> unit = <fun>

Íåáîëüøîé ïðèìåð èñïîëüçîâàíèÿ:

# let p = init_stack 4 ;;
val p : '_a stack = {ind=0; size=4; elts=[||]}
# push 1 p ;;
− : unit = ()
# for i = 2 to 5 do push i p done ;;
Uncaught exception: Stack_full
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# p ;;
− : int stack = {ind=4; size=4; elts=[|1; 2; 3; 4|]}
# pop p ;;
− : int = 4
# pop p ;;
− : int = 3

×òîáû èçáåæàòü èñêëþ÷åíèÿ Stack_full ïðè ïåðåïîëíåíèè ñòåêà, ìû
ìîæåì êàæäûé ðàç óâåëè÷èâàòü åãî ðàçìåð. Äëÿ ýòîãî íóæíî ÷òîáû ïîëå
size áûëî ìîäèôèöèðóåìûì.

# type 'a stack =
{mutable ind:int ; mutable size:int ; mutable elts : 'a array} ;;

# let init_stack n = {ind=0; size=max n 1; elts = [||]} ;;
# let n_push e p =

if p. elts = [||]
then
begin
p. elts <− Array.create p.size e;
p.ind <− 1

end
else if p.ind >= p.size then
begin
let nt = 2 * p.size in
let nv = Array.create nt e in
for j=0 to p.size−1 do nv.(j) <− p.elts.(j) done ;
p. elts <− nv;
p. size <− nt;
p.ind <− p.ind + 1

end
else
begin
p. elts .(p.ind) <− e ;
p.ind <− p.ind + 1

end ;;
val n_push : 'a −> 'a stack −> unit = <fun>

Îäíàêî íåîáõîäèìî áûòü îñòîðîæíûì ñî ñòðóêòóðàìè êîòîðûå ìîãóò
áåñïðåäåëüíî óâåëè÷èâàòüñÿ. Âîò íåáîëüøîé ïðèìåð ñòåêà, óâåëè÷èâàþ-
ùåãîñÿ ïî íåîáõîäèìîñòè.

# let p = init_stack 4 ;;
val p : '_a stack = {ind=0; size=4; elts=[||]}
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# for i = 1 to 5 do n_push i p done ;;
− : unit = ()
# p ;;
− : int stack = {ind=5; size=8; elts=[|1; 2; 3; 4; 5; 5; 5; 5|]}
# p.size ;;
− : int = 8

Â ôóíêöèè pop æåëàòåëüíî äîáàâèòü âîçìîæíîñòü óìåíüøåíèÿ ðàç-
ìåðà ñòåêà, ýòî ïîçâîëèò ñýêîíîìèòü ïàìÿòü.

2.3.4 Ïðèìåð: ðàñ÷åò ìàòðèö

Â ýòîì ïðèìåðå ìû îïðåäåëèì òèï �ìàòðèöà� � äâóìåðíûé ìàññèâ ÷èñåë
ñ ïëàâàþùåé çàïÿòîé è íåñêîëüêî ôóíêöèé. Ìîíîìîðôíûé òèï mat ýòî
çàïèñü, ñîñòîÿùàÿ èç ðàçìåðîâ è ýëåìåíòîâ ìàòðèöû. Ôóíêöèè creat_mat,
acces_mat è mod_mat ñëóæàò äëÿ ñîçäàíèÿ, äîñòóïà è èçìåíåíèÿ ýëåìåí-
òîâ ìàòðèöû.

# type mat = { n:int; m:int; t: �oat array array };;
type mat = { n: int; m: int; t : �oat array array }
# let create_mat n m = { n=n; m=m; t = Array.create_matrix n m 0.0

} ;;
val create_mat : int −> int −> mat = <fun>
# let access_mat m i j = m.t.(i).(j) ;;
val access_mat : mat −> int −> int −> �oat = <fun>
# let mod_mat m i j e = m.t.(i).(j) <− e ;;
val mod_mat : mat −> int −> int −> �oat −> unit = <fun>
# let a = create_mat 3 3 ;;
val a : mat = {n=3; m=3; t=[|[|0; 0; 0|]; [|0; 0; 0|]; [|0; 0; 0|]|]}
# mod_mat a 1 1 2.0; mod_mat a 1 2 1.0; mod_mat a 2 1 1.0 ;;
− : unit = ()
# a ;;
− : mat = {n=3; m=3; t=[|[|0; 0; 0|]; [|0; 2; 1|]; [|0; 1; 0|]|]}

Ñóììà äâóõ ìàòðèö a è b åñòü ìàòðèöà c, òàêàÿ ÷òî
cij = aij + bij

# let add_mat p q =
if p.n = q.n && p.m = q.m then
let r = create_mat p.n p.m in
for i = 0 to p.n−1 do
for j = 0 to p.m−1 do
mod_mat r i j (p.t .( i ) .( j) +. q.t .( i ) .( j))
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done
done ;
r

else failwith "add_mat : dimensions incompatible";;
val add_mat : mat −> mat −> mat = <fun>
# add_mat a a ;;
− : mat = {n=3; m=3; t=[|[|0; 0; 0|]; [|0; 4; 2|]; [|0; 2; 0|]|]}

Ïðîèçâåäåíèå äâóõ ìàòðèö a è b åñòü ìàòðèöà c, òàêàÿ ÷òî cij =∑m
k=1 aik ∗ bki

# let mul_mat p q =
if p.m = q.n then
let r = create_mat p.n q.m in
for i = 0 to p.n−1 do
for j = 0 to q.m−1 do
let c = ref 0.0 in
for k = 0 to p.m−1 do

c := !c +. (p.t .( i ) .(k) *. q.t .(k) .( j))
done;
mod_mat r i j !c

done
done;
r

else failwith "mul_mat : dimensions incompatible" ;;
val mul_mat : mat −> mat −> mat = <fun>
# mul_mat a a;;
− : mat = {n=3; m=3; t=[|[|0; 0; 0|]; [|0; 5; 2|]; [|0; 2; 1|]|]}

2.4 Ïîðÿäîê âû÷èñëåíèÿ àðãóìåíòîâ

Â ôóíêöèîíàëüíîì ÿçûêå ïðîãðàììèðîâàíèÿ ïîðÿäîê âû÷èñëåíèÿ àðãó-
ìåíòîâ íå èìååò çíà÷åíèÿ. Èç�çà òîãî ÷òî íåò íè èçìåíåíèÿ ïàìÿòè, íè
ïðèîñòàíîâêè âû÷èñëåíèÿ, ðàñ÷åò îäíîãî àðãóìåíòà íå âëèÿåò íà âû÷èñ-
ëåíèå äðóãîãî. Objective CAML ïîääåðæèâàåò ôèçè÷åñêè èçìåíÿåìûå
çíà÷åíèÿ è èñêëþ÷åíèÿ, ïîýòîìó ïðåíåáðå÷ü ïîðÿäêîì âû÷èñëåíèÿ àð-
ãóìåíòîâ íåëüçÿ. Ñëåäóþùèé ïðèìåð ñïåöèôè÷åí äëÿ Objective CAML
2.04 ÎÑ Linux íà ïëàòôîðìå Intel:

# let new_print_string s = print_string s; String.length s ;;
val new_print_string : string −> int = <fun>
# (+) (new_print_string "Hello ") (new_print_string "World!") ;;
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World!Hello − : int = 12

Ïî âûâîäó íà ýêðàí ìû âèäèì ÷òî âòîðàÿ ñòðîêà ïå÷àòàåòñÿ ïîñëå
ïåðâîé.

Òàêîâ æå ðåçóëüòàò äëÿ èñêëþ÷åíèé:

# try (failwith "function") ( failwith "argument") with Failure s −> s;;
− : string = "argument"

Åñëè íåîáõîäèìî óêàçàòü ïîðÿäîê âû÷èñëåíèÿ àðãóìåíòîâ, íåîáõîäè-
ìî èñïîëüçîâàòü ëîêàëüíûå äåêëàðàöèè, ôîðñèðóÿ òàêèì îáðàçîì ïîðÿ-
äîê ïåðåä âûçîâîì ôóíêöèè. Ïðåäûäóùèé ïðèìåð ìîæåò áûòü ïåðåïè-
ñàí ñëåäóþùèì ñïîñîáîì:

# let e1 = (new_print_string "Hello ")
in let e2 = (new_print_string "World!")
in (+) e1 e2 ;;

Hello World!− : int = 12

Â Objective CAML ïîðÿäîê âû÷èñëåíèÿ íå óêàçàí, íà ñåãîäíÿøíèé
äåíü âñå ðåàëèçàöèè caml äåëàþò ýòî ñëåâà íàïðàâî. Îäíàêî ðàññ÷èòû-
âàòü íà ýòî ìîæåò áûòü ðèñêîâàííî, â ñëó÷àå åñëè â áóäóùåì ÿçûê áóäåò
ðåàëèçîâàí èíà÷å.

Ýòî âå÷íûé ñþæåò äåáàòîâ ïðè êîíöåïöèè ÿçûêà. Íóæíî ëè ñïåöè-
àëüíî íå óêàçûâàòü íåêîòîðûå îñîáåííîñòè ÿçûêà è ïðåäëîæèòü ïðî-
ãðàììèñòàì íå ïîëüçîâàòüñÿ èìè, èíà÷å îíè ðèñêóþò ïîëó÷èòü ðàçíûå
ðåçóëüòàòû äëÿ ðàçíûõ êîìïèëÿòîðîâ. Èëè æå íåîáõîäèìî èõ óêàçàòü è,
ñëåäîâàòåëüíî, ðàçðåøèòü ïðîãðàììèñòàì èìè ïîëüçîâàòüñÿ, ÷òî óñëîæ-
íèò êîìïèëÿòîð è ñäåëàåò íåâîçìîæíûì íåêîòîðûå îïòèìèçàöèè?

2.5 Êàëüêóëÿòîð ñ ïàìÿòüþ

Âåðíåìñÿ ê íàøåìó ïðèìåðó ñ êàëüêóëÿòîðîì îïèñàííûì â ïðåäûäóùåé
ãëàâå è äîáàâèì åìó ïîëüçîâàòåëüñêèé èíòåðôåéñ. Òåïåðü ìû áóäåì ââî-
äèòü îïåðàöèè íàïðÿìóþ è ïîëó÷àòü ðåçóëüòàò ñðàçó áåç âûçîâà ôóíê-
öèè òðàíçèöèé (èç îäíîãî ñîñòîÿíèÿ â äðóãîå) ïðè êàæäîì íàæàòèè íà
êíîïêó.

Äîáàâèì 4 íîâûå êíîïêè: C êîòîðàÿ î÷èùàåò ýêðàí, M äëÿ ñîõðàíåíèÿ
ðåçóëüòàòà â ïàìÿòè, m äëÿ åãî âûçîâà èç ïàìÿòè è OFF äëÿ âûêëþ÷åíèÿ
êàëüêóëÿòîðà. ×òî ñîîòâåòñòâóåò ñëåäóþùåìó òèïó:

# type key = Plus | Minus | Times | Div | Equals | Digit of int
| Store | Recall | Clear | O� ;;
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Òåïåðü îïðåäåëèì ôóíêöèþ, ïåðåâîäÿùóþ ââåäåííûå ñèìâîëû â çíà-
÷åíèå òèïà key. Èñêëþ÷åíèå Invalid_key îòëàâëèâàåò âñå ñèìâîëû, êî-
òîðûå íå ñîîòâåòñòâóþò êíîïêàì êàëüêóëÿòîðà. Ôóíêöèÿ code ìîäóëÿ
Char ïåðåâîäèò ñèìâîë â êîä ASCII.

# exception Invalid_key ;;
exception Invalid_key
# let translation c = match c with

'+' −> Plus
| '−' −> Minus
| '*' −> Times
| '/' −> Div
| '=' −> Equals
| 'C' | 'c' −> Clear
| 'M' −> Store
| 'm' −> Recall
| 'o' | 'O' −> O�
| '0'..'9' as c −> Digit ((Char.code c) − (Char.code '0'))
| _ −> raise Invalid_key ;;

val translation : char −> key = <fun>

Â èìïåðàòèâíîì ñòèëå, ôóíêöèÿ ïåðåõîäà (transition) íå ïðèâåäåò
ê íîâîìó ñîñòîÿíèþ, à ôèçè÷åñêè èçìåíèò òåêóùåå ñîñòîÿíèå êàëüêó-
ëÿòîðà. Òàêèì îáðàçîì íåîáõîäèìî èçìåíèòü òèï state òàê, ÷òîáû åãî
ïîëÿ áûëè ìîäèôèöèðóåìûå. Íàêîíåö, îïðåäåëèì èñêëþ÷åíèå Key_off

äëÿ îáðàáîòêè íàæàòèÿ íà êíîïêó OFF.

# type state = {
mutable lcd : int; (* last computation done *)
mutable lka : bool; (* last key activated *)
mutable loa : key; (* last operator activated *)
mutable vpr : int; (* value printed *)
mutable mem : int (* memory of calculator *)
};;

# exception Key_o� ;;
exception Key_o�
# let transition s key = match key with

Clear −> s.vpr <− 0
| Digit n −> s.vpr <− ( if s.lka then s.vpr*10+n else n );

s . lka <− true
| Store −> s. lka <− false ;

s .mem <− s.vpr
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| Recall −> s. lka <− false ;
s .vpr <− s.mem

| O� −> raise Key_o�
| _ −> let lcd = match s.loa with

Plus −> s.lcd + s.vpr
| Minus −> s.lcd − s.vpr
| Times −> s.lcd * s.vpr
| Div −> s.lcd / s.vpr
| Equals −> s.vpr
| _ −> failwith "transition: impossible match"

in
s . lcd <− lcd ;
s . lka <− false ;
s . loa <− key ;
s .vpr <− s.lcd;;

val transition : state −> key −> unit = <fun>

Îïðåäåëèì ôóíêöèþ çàïóñêà êàëüêóëÿòîðà go, êîòîðàÿ âîçâðàùàåò
(), òàê êàê íàñ èíòåðåñóåò òîëüêî åå ýôôåêò íà îêðóæåíèå (ââîä/âû-
âîä, èçìåíåíèå ñîñòîÿíèÿ). Åå àðãóìåíò åñòü êîíñòàíòà (), òàê êàê íàø
êàëüêóëÿòîð àâòîíîìåí (îí ñàì îïðåäåëÿåò ñâîå íà÷àëüíîå ñîñòîÿíèå) è
èíòåðàêòèâåí (äàííûå íåîáõîäèìûå äëÿ ðàñ÷åòà ââîäÿòñÿ ñ êëàâèàòóðû
ïî ìåðå íåîáõîäèìîñòè). Òðàíçèöèè ðåàëèçóþòñÿ â áåñêîíå÷íîì öèêëå
(while true do) èç êîòîðîãî ìû ìîæåì âûéòè ïðè ïîìîùè èñêëþ÷åíèÿ
Key_off.

# let go () =
let state = { lcd=0; lka=false; loa=Equals; vpr=0; mem=0 }
in try

while true do
try
let input = translation (input_char stdin)
in transition state input ;

print_newline () ;
print_string "result : " ;
print_int state .vpr ;
print_newline ()

with
Invalid_key −> () (* no e�ect *)

done
with
Key_o� −> () ;;
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val go : unit −> unit = <fun>

Çàìåòèì, ÷òî íà÷àëüíîå ñîñòîÿíèå äîëæíî áûòü ëèáî ïåðåäàíî â ïà-
ðàìåòðå, ëèáî îáúÿâëåíî ëîêàëüíî âíóòðè ôóíêöèè go, äëÿ òîãî ÷òîáû
îíî êàæäûé ðàç èíèöèàëèçèðîâàëîñü ïðè çàïóñêå ýòîé ôóíêöèè. Åñëè
áû ìû èñïîëüçîâàëè çíà÷åíèå initial_state â ôóíêöèîíàëüíîì ñòè-
ëå, êàëüêóëÿòîð íà÷èíàë áû ðàáîòàòü ñî ñòàðûì ñîñòîÿíèåì, êîòîðîå îí
èìåë ïåðåä âûêëþ÷åíèåì. Òàêèì îáðàçîì áûëî áû íå ïðîñòî èñïîëüçî-
âàòü äâà êàëüêóëÿòîðà â îäíîé ïðîãðàììå.

2.6 Ðåçþìå

Â ýòîé ãëàâå âû âèäåëè ïðèìåíåíèå ñòèëåé èìïåðàòèâíîãî ïðîãðàììèðî-
âàíèÿ (ôèçè÷åñêè èçìåíÿåìûå çíà÷åíèÿ, ââîä�âûâîä, ñòðóêòóðû èòåðà-
òèâíîãî êîíòðîëÿ) â ôóíêöèîíàëüíîì ÿçûêå. Òîëüêî mutable çíà÷åíèÿ,
òàêèå êàê ñòðîêè, âåêòîðû è çàïèñè ñ èçìåíÿåìûìè ïîëÿìè ìîãóò áûòü
ôèçè÷åñêè èçìåíåíû. Äðóãèå çíà÷åíèÿ íå ìîãóò ìåíÿòüñÿ ïîñëå èõ ñîçäà-
íèÿ. Òàêèì îáðàçîì ìû èìååì çíà÷åíèÿ read�only äëÿ ôóíêöèîíàëüíîé
÷àñòè è çíà÷åíèÿ read�write äëÿ èìïåðàòèâíîé.

Íóæíî îòìåòèòü, ÷òî â ñëó÷àå îòêàçà îò èñïîëüçîâàíèÿ èìïåðàòèâ-
íûõ âîçìîæíîñòåé ÿçûêà, ýòî ðàñøèðåíèå ôóíêöèîíàëüíîãî �ÿäðà� ÿçû-
êà íå ìåíÿþò åãî âîçìîæíîñòåé ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ, çà
èñêëþ÷åíèåì íåêîòîðûõ, ëåãêî ðåøàåìûõ ïðîáëåì ñ òèïàìè.



Ãëàâà 3

Ôóíêöèîíàëüíûé è

èìïåðàòèâíûé ñòèëü

Ââåäåíèå

ßçûêè ôóíêöèîíàëüíîãî è èìïåðàòèâíîãî ïðîãðàììèðîâàíèÿ ðàçëè÷à-
þòñÿ êîíòðîëåì âûïîëíåíèÿ ïðîãðàììû è óïðàâëåíèåì ïàìÿòüþ.

� ôóíêöèîíàëüíàÿ ïðîãðàììà âû÷èñëÿåò âûðàæåíèå, â ñëåäñòâèè ÷å-
ãî ìû ïîëó÷àåì íåêîòîðûé ðåçóëüòàò. Ïîðÿäîê â êîòîðîì âûïîëíå-
íû îïåðàöèè ðàñ÷åòà è ôèçè÷åñêîå ïðåäñòàâëåíèå äàííûõ íå âëèÿ-
þò íà ðåçóëüòàò, îí îäèíàêîâ âî âñåõ ñëó÷àÿõ. Ïðè òàêîì ïîðÿäêå
âû÷èñëåíèé, ñáîð ïàìÿòè â Objective CAML íåÿâíî îñóùåñòâëÿåòñÿ
âûçîâîì àâòîìàòè÷åñêîãî ñáîðùèêà ìóñîðà èëè Garbage Collector
(GC) (ñì. ãëàâó 8).

� èìïåðàòèâíàÿ ïðîãðàììà ýòî ñïèñîê èíñòðóêöèé èçìåíÿþùèõ ñî-
ñòîÿíèå ïàìÿòè. Êàæäûé ýòàï âûïîëíåíèÿ ñòðîãî îïðåäåëåí ñòðóê-
òóðàìè êîíòðîëÿ, óêàçûâàþùèìè íà ñëåäóþùóþ èíñòðóêöèþ. Òà-
êèå ïðîãðàììû ÷àùå âñåãî ìàíèïóëèðóþò óêàçàòåëÿìè íà çíà÷å-
íèå, ÷åì ñàìèìè çíà÷åíèÿìè. Îòñþäà íåîáõîäèìîñòü ÿâíîãî âûäå-
ëåíèÿ è îñâîáîæäåíèÿ ïàìÿòè, ÷òî ìîæåò ïîðîé ïðèâîäèòü ê îøèá-
êàì äîñòóïà ê ïàìÿòè, îäíàêî íè÷òî íå çàïðåùàåò èñïîëüçîâàíèå
GC.

Èìïåðàòèâíûå ÿçûêè ïðåäîñòàâëÿþò áîëüøèé êîíòðîëü íàä âûïîë-
íåíèåì ïðîãðàììû è ïàìÿòüþ. Íàõîäÿñü áëèæå ê ðåàëüíîé ìàøèíå, òà-
êîé êîä ìîæåò áûòü ýôôåêòèâíåå, íî ïðè ýòîì êîä òåðÿåò â óñòîé÷è-
âîñòè âûïîëíåíèÿ. Ôóíêöèîíàëüíîå ïðîãðàììèðîâàíèå ïðåäîñòàâëÿåò
áîëåå âûñîêèé óðîâåíü àáñòðàêöèè è òàêèì îáðàçîì ëó÷øèé óðîâåíü
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óñòîé÷èâîñòè âûïîëíåíèÿ: òèïèçàöèÿ (äèíàìè÷åñêàÿ èëè ñòàòè÷åñêàÿ)
ïîìîãàåò èçáåæàòü íåêîððåêòíûõ çíà÷åíèé, àâòîìàòè÷åñêàÿ ñáîðêà ìó-
ñîðà, õîòÿ è çàìåäëÿåò ñêîðîñòü âûïîëíåíèÿ, îáåñïå÷èâàåò ïðàâèëüíîå
ìàíèïóëèðîâàíèå îáëàñòÿìè ïàìÿòè.

Èñòîðè÷åñêè îáå ýòè ïàðàäèãìû ïðîãðàììèðîâàíèÿ ñóùåñòâîâàëè â
ðàçíûõ ñôåðàõ: ñèìâîëüíûå ïðîãðàììû äëÿ ïåðâîãî ñëó÷àÿ è ÷èñëî-
âûå äëÿ âòîðîãî. Îäíàêî, ñ òåõ âðåìåí êîå�÷òî èçìåíèëîñü, â ÷àñòíî-
ñòè ïîÿâèëàñü òåõíèêà êîìïèëÿöèè ôóíêöèîíàëüíûõ ÿçûêîâ è âûðîñëà
ýôôåêòèâíîñòü GC. Ñ äðóãîé ñòîðîíû, óñòîé÷èâîñòü âûïîëíåíèÿ ñòà-
ëà âàæíûì êðèòåðèåì, èíîãäà äàæå âàæíåéøèì êðèòåðèåì êà÷åñòâà
ïðîãðàììíîãî îáåñïå÷åíèÿ. Â ïîäòâåðæäåíèå ýòîìó �êîììåð÷åñêèé àðãó-
ìåíò� ÿçûêà Java: ýôôåêòèâíîñòü íå äîëæíà ïðåîáëàäàòü íàä ïðàâèëü-
íîñòüþ, îñòàâàÿñü ïðè ýòîì áëàãîðàçóìíî õîðîøåé. Ýòà èäåÿ ïðèîáðåòà-
åò ñ êàæäûì äíåì íîâûõ ñòîðîííèêîâ â ìèðå ïðîèçâîäèòåëåé ïðîãðàìì-
íîãî îáåñïå÷åíèÿ.

Objective CAML ïðèäåðæèâàåòñÿ ýòîé ïîçèöèè: îí îáúåäèíÿåò îáå
ïàðàäèãìû, ðàñøèðÿÿ òàêèì îáðàçîì îáëàñòü ñâîåãî ïðèìåíåíèÿ è îá-
ëåã÷àÿ íàïèñàíèå àëãîðèòìîâ â òîì èëè èíîì ñòèëå. Îí ñîõðàíÿåò, îä-
íàêî, õîðîøèå ñâîéñòâà ïðàâèëüíîñòè âûïîëíåíèÿ áëàãîäàðÿ ñòàòè÷å-
ñêîé òèïèçàöèè, GC è ìåõàíèçìó èñêëþ÷åíèé. Èñêëþ÷åíèÿ � ýòî ïåðâàÿ
ñòðóêòóðà êîíòðîëÿ âûïîëíåíèÿ ïîçâîëÿþùàÿ ïðèîñòàíîâèòü/ïðîäîë-
æèòü ðàñ÷åò ïðè âîçíèêíîâåíèè îïðåäåëåííûõ óñëîâèé. Ýòà îñîáåííîñòü
íàõîäèòñÿ íà ãðàíèöå äâóõ ñòèëåé ïðîãðàììèðîâàíèÿ, õîòü îíà è íå èç-
ìåíÿåò ðåçóëüòàò, íî ìîæåò èçìåíèòü ïîðÿäîê âû÷èñëåíèé. Ââåäåíèå ôè-
çè÷åñêè èçìåíÿåìûõ çíà÷åíèé ìîæåò ïîâëèÿòü íà ÷èñòî ôóíêöèîíàëü-
íóþ ÷àñòü ÿçûêà. Ïîðÿäîê âû÷èñëåíèÿ àðãóìåíòîâ ôóíêöèè ñòàíîâèò-
ñÿ îïðåäåëèìûì åñëè ýòî âû÷èñëåíèå ïðîèçâîäèò ïîáî÷íûé ýôôåêò. Ïî
ýòèì ïðè÷èíàì ïîäîáíûå ÿçûêè íàçûâàþòñÿ �íå ÷èñòûå ôóíêöèîíàëüíûå
ÿçûêè�. Ìû òåðÿåì ÷àñòü àáñòðàêöèè, òàê êàê ïðîãðàììèñò äîëæåí ó÷è-
òûâàòü ìîäåëü ïàìÿòè è âûïîëíåíèå ïðîãðàììû. Ýòî íå âñåãäà ïëîõî,
â ÷àñòíîñòè äëÿ ÷èòàåìîñòè êîäà. Îäíàêî, èìïåðàòèâíûå îñîáåííîñòè
èçìåíÿþò ñèñòåìó òèïîâ ÿçûêà: íåêîòîðûå ôóíêöèîíàëüíûå ïðîãðàì-
ìû, ñ òåîðåòè÷åñêè ïðàâèëüíûìè òèïàìè, íå ÿâëÿþòñÿ ïðàâèëüíûìè íà
ïðàêòèêå èç-çà ââåäåíèÿ ññûëîê (reference). Õîòÿ òàêèå ïðîãðàììû ìîãóò
áûòü ëåãêî ïåðåïèñàíû.

Ïëàí ãëàâû

Â ýòîé ãëàâå ìû ñðàâíèì ôóíêöèîíàëüíóþ è èìïåðàòèâíóþ ìîäåëü Ob-
jective CAML ïî êðèòåðèþ êîíòðîëÿ âûïîëíåíèÿ ïðîãðàììû è ïðåä-
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ñòàâëåíèÿ çíà÷åíèé â ïàìÿòè. Ñìåñü îáîèõ ñòèëåé ïîçâîëÿåò êîíñòðóè-
ðîâàòü íîâûå ñòðóêòóðû äàííûõ. Ýòî áóäåò ðàññìîòðåíî â ïåðâîì ðàç-
äåëå. Âî âòîðîì ðàçäåëå ìû îáñóäèì âûáîð ìåæäó êîìïîçèöèåé ôóíê-
öèé (composition of functions) èëè ïîñëåäîâàòåëüíîñòè (sequencing) ñ îä-
íîé ñòîðîíû è ðàçäåëåíèå (sharing) èëè êîïèðîâàíèå çíà÷åíèé ñ äðóãîé.
Òðåòèé ðàçäåë âûÿâëÿåò èíòåðåñ ñìåøèâàíèå äâóõ ñòèëåé äëÿ ñîçäàíèÿ
ôóíêöèîíàëüíûõ èçìåíÿåìûõ äàííûõ (mutable functional data), ÷òî ïîç-
âîëèò ñîçäàâàòü íå ïîëíîñòüþ âû÷èñëåííûå (evaluated) äàííûå. Â ÷åò-
âåðòîì ðàçäåëå ðàññìîòðåíû streams, ïîòåíöèàëüíî áåñêîíå÷íûå ïîòîêè
äàííûõ è èõ èíòåãðàöèÿ, ïîñðåäñòâîì ñîïîñòàâëåíèÿ ñ îáðàçöîì.

3.1 Ñðàâíåíèå ìåæäó ôóíêöèîíàëüíûì è èì-

ïåðàòèâíûì ñòèëÿìè

Âîñïîëüçóåìñÿ ñòðîêàìè (string) è ñïèñêàìè ('a list) äëÿ èëëþñòðà-
öèè ðàçíèöû ìåæäó äâóìÿ ñòèëÿìè.

3.1.1 Ñ ôóíêöèîíàëüíîé ñòîðîíû

map ýòî îäíà èç êëàññè÷åñêèõ ôóíêöèé â ñðåäå ôóíêöèîíàëüíûõ ÿçûêîâ.
Â ÷èñòîì ôóíêöèîíàëüíîì ñòèëå îíà ïèøåòñÿ òàê:

# let rec map f l = match l with
[] −> []

| t :: q −> (f t) :: (map f q) ;;
val map : ('a −> 'b) −> 'a list −> 'b list = <fun>

Êîíå÷íûé ñïèñîê ñîñòîèò èç ðåçóëüòàòîâ ïðèìåíåíèÿ ôóíêöèè f ê
ýëåìåíòàì ñïèñêà ïåðåäàííîãî â àðãóìåíòå. Îí ðåêóðñèâíî ñîçäàåòñÿ
óêàçûâàÿ íà÷àëüíûé ýëåìåíò (çàãîëîâîê) (f t) è ïîñëåäóþùóþ ÷àñòü
(õâîñò) (map f q). Â ÷àñòíîñòè, ïðîãðàììà íå óêàçûâàåò êàêîé èç íèõ
áóäåò âû÷èñëåí ïåðâûì.

Ïðè ýòîì, äëÿ íàïèñàíèÿ òàêîé ôóíêöèè ïðîãðàììèñòó íå íóæíî
çíàòü ôèçè÷åñêîå ïðåäñòàâëåíèå äàííûõ. Ïðîáëåìû âûäåëåíèÿ ïàìÿòè
è ðàçäåëåíèÿ äàííûõ ðåøàþòñÿ Objective CAML áåç âíåøíåãî âìåøà-
òåëüñòâà ïðîãðàììèñòà. Ñëåäóþùèé ïðèìåð èëëþñòðèðóåò ýòî:

# let example = [ "one" ; "two" ; "three" ] ;;
val example : string list = ["one"; "two"; "three"]
# let result = map (function x −> x) example ;;
val result : string list = ["one"; "two"; "three"]
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Îáà ñïèñêà example è result ñîäåðæàò îäèíàêîâûå çíà÷åíèÿ:

# example = result ;;
− : bool = true

Îáà çíà÷åíèÿ èìåþò îäèíàêîâóþ ñòðóêòóðó, õîòü îíè è ïðåäñòàâëåíû
â ïàìÿòè ïî ðàçíîìó. Óáåäèìñÿ â ýòîì ïðè ïîìîùè ïðîâåðêè íà ôèçè-
÷åñêîå ðàâåíñòâî:

# example == result ;;
− : bool = false
# (List.tl example) == (List.tl result) ;;
− : bool = false

3.1.2 Èìïåðàòèâíàÿ ñòîðîíà

Âåðíåìñÿ ê ïðåäûäóùåìó ïðèìåðó è èçìåíèì ñòðîêó ñïèñêà result.

# (List.hd result) .[1] <− 's' ;;
− : unit = ()
# result ;;
− : string list = ["ose"; "two"; "three"]
# example ;;
− : string list = ["ose"; "two"; "three"]

Îïðåäåëåíî, èçìåíèâ ñïèñîê result, ìû èçìåíèëè ñïèñîê example.
Òî åñòü çíàíèå ôèçè÷åñêîé ñòðóêòóðû íåîáõîäèìî êàê òîëüêî ìû ïîëü-
çóåìñÿ èìïåðàòèâíûìè îñîáåííîñòÿìè.

Ðàññìîòðèì òåïåðü êàê ïîðÿäîê âû÷èñëåíèÿ àðãóìåíòîâ ôóíêöèè
ìîæåò ñòàòü ëîâóøêîé â èìïåðàòèâíîì ïðîãðàììèðîâàíèè. Îïðåäåëèì
ñòðóêòóðó èçìåíÿåìîãî ñïèñêà, à òàê æå ôóíêöèè ñîçäàíèÿ, äîáàâëåíèÿ
è äîñòóïà:

# type 'a ilist = { mutable c : 'a list } ;;
type 'a ilist = { mutable c: 'a list }
# let icreate () = { c = [] }
let iempty l = (l.c = [])
let icons x y = y.c <− x::y.c ; y
let ihd x = List.hd x.c
let itl x = x.c <− List.tl x.c ; x ;;
val icreate : unit −> 'a ilist = <fun>
val iempty : 'a ilist −> bool = <fun>
val icons : 'a −> 'a ilist −> 'a ilist = <fun>
val ihd : 'a ilist −> 'a = <fun>
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val itl : 'a ilist −> 'a ilist = <fun>
# let rec imap f l =

if iempty l then icreate()
else icons (f (ihd l)) (imap f ( itl l )) ;;

val imap : ('a −> 'b) −> 'a ilist −> 'b ilist = <fun>

Íåñìîòðÿ íà òî ÷òî ìû ïåðåíÿëè îáùóþ ñòðóêòóðó ôóíêöèè map

ïðåäûäóùåãî ïàðàãðàôà, ñ imap ìû ïîëó÷èì äðóãîé ðåçóëüòàò:

# let example = icons "one" (icons "two" (icons "three" (icreate()))) ;;
val example : string ilist = {c=["one"; "two"; "three"]}
# imap (function x −> x) example ;;
Uncaught exception: Failure("hd")

Â ÷åì òóò äåëî? Âû÷èñëåíèå (itl l) ïðîèçîøëî ðàíüøå ÷åì (ihd l)
è â ïîñëåäíåé èòåðàöèè imap, ñïèñîê l ïóñòîé â ìîìåíò îáðàùåíèÿ ê åãî
çàãîëîâêó. Ñïèñîê example òåïåðü ïóñò, õîòü ìû è íå ïîëó÷èëè íèêàêîãî
ðåçóëüòàòà:

# example ;;
− : string ilist = {c=[]}

Ïðîáëåìà ôóíêöèè imap â íåäîñòàòî÷íîì êîíòðîëå ñìåñè ñòèëåé ïðî-
ãðàììèðîâàíèÿ: ìû ïðåäîñòàâèëè ñèñòåìå âûáîð ïîðÿäêà âû÷èñëåíèÿ.
Ïåðåôîðìóëèðóåì ôóíêöèþ imap ÿâíî óêàçàâ ïîðÿäîê ïðè ïîìîùè êîí-
ñòðóêöèè let .. in ..

# let rec imap f l =
if iempty l then icreate()
else let h = ihd l in icons (f h) (imap f ( itl l )) ;;

val imap : ('a −> 'b) −> 'a ilist −> 'b ilist = <fun>
# let example = icons "one" (icons "two" (icons "three" (icreate()))) ;;
val example : string ilist = {c=["one"; "two"; "three"]}
# imap (function x −> x) example ;;
− : string ilist = {c=["one"; "two"; "three"]}

Îäíàêî, íà÷àëüíûé ñïèñîê îïÿòü óòåðÿí:

# example ;;
− : string ilist = {c=[]}

Èñïîëüçîâàíèå îïåðàòîðà ïîñëåäîâàòåëüíîñòè (sequencing operator) è
öèêëà åñòü äðóãîé ñïîñîá ÿâíîãî óêàçàíèÿ ïîðÿäêà.

# let imap f l =
let l_res = icreate ()
in while not (iempty l) do
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ignore (icons (f (ihd l)) l_res) ;
ignore ( itl l )

done ;
{ l_res with c = List.rev l_res.c } ;;

val imap : ('a −> 'b) −> 'a ilist −> 'b ilist = <fun>
# let example = icons "one" (icons "two" (icons "three" (icreate()))) ;;
val example : string ilist = {c=["one"; "two"; "three"]}
# imap (function x −> x) example ;;
− : string ilist = {c=["one"; "two"; "three"]}

Ïðèñóòñòâèå ignore � ýòî ôàêò òîãî ÷òî íàñ èíòåðåñóåò ïîáî÷íûé
ýôôåêò ôóíêöèé íàä åå àðãóìåíòàìè, à íå èõ (ôóíêöèé) ðåçóëüòàò. Òàê
æå áûëî íåîáõîäèìî âûñòðîèòü â ïðàâèëüíîì ïîðÿäêå ýëåìåíòû ðåçóëü-
òàòà (ôóíêöèåé List.rev).

3.1.3 Ðåêóðñèÿ èëè èòåðàöèÿ

×àñòî îøèáî÷íî àññîöèèðóþò ðåêóðñèþ ñ ôóíêöèîíàëüíûì ñòèëåì è
èìïåðàòèâíûé ñ èòåðàöèåé. ×èñòî ôóíêöèîíàëüíàÿ ïðîãðàììà íå ìîæåò
áûòü èòåðàòèâíîé, òàê êàê çíà÷åíèå óñëîâèÿ öèêëà íå ìåíÿåòñÿ íèêîãäà.
Òîãäà êàê èìïåðàòèâíàÿ ïðîãðàììà ìîæåò áûòü ðåêóðñèâíîé: ôóíêöèÿ
imap òîìó ïðèìåð.

Çíà÷åíèÿ àðãóìåíòîâ ôóíêöèè õðàíÿòñÿ âî âðåìÿ åå âûïîëíåíèÿ. Åñ-
ëè îíà (ôóíêöèÿ) âûçîâåò äðóãóþ ôóíêöèþ, òî ýòà ïîñëåäíÿÿ ñîõðàíèò è
ñâîè àðãóìåíòû. Ýòè çíà÷åíèÿ õðàíÿòñÿ â ñòåêå âûïîëíåíèÿ. Ïðè âîçâðà-
òå èç ôóíêöèè ýòè çíà÷åíèÿ èçâëå÷åíû èç ñòåêà. Çíàÿ ÷òî ïðîñòðàíñòâî
ïàìÿòè îãðàíè÷åíî, ìû ìîæåì äîéòè äî åå ïðåäåëà, èñïîëüçóÿ ôóíê-
öèþ ñ î÷åíü áîëüøîé ãëóáèíîé ðåêóðñèè. Â ïîäîáíûõ ñëó÷àÿõ Objective
CAML âîçáóæäàåò èñêëþ÷åíèå Stack_overflow.

# let rec succ n = if n = 0 then 1 else 1 + succ (n−1) ;;
val succ : int −> int = <fun>
# succ 100000 ;;
Stack over�ow during evaluation (looping recursion?).

Â èòåðàòèâíîé âåðñèè ìåñòî çàíèìàåìîå ôóíêöèåé succ_iter â ñòåêå
íå çàâèñèò îò âåëè÷èíû àðãóìåíòà.

# let succ_iter n =
let i = ref 0 in
for j=0 to n do incr i done ; ! i ;;

val succ_iter : int −> int = <fun>
# succ_iter 100000 ;;
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− : int = 100001

Ó ñëåäóþùåé âåðñèè ôóíêöèè a priori àíàëîãè÷íàÿ ãëóáèíà ðåêóð-
ñèè, îäíàêî îíà óñïåøíî âûïîëíÿåòñÿ ñ òåì æå àðãóìåíòîì.

# let succ_rt n =
let rec succ_aux n accu =
if n = 0 then accu else succ_aux (n−1) (accu+1)

in
succ_aux 1 n ;;

val succ_rt : int −> int = <fun>
# succ_rt 100000 ;;
− : int = 100001

Äàííàÿ ôóíêöèÿ èìååò ñïåöèàëüíóþ ôîðìó ðåêóðñèâíîãî âûçîâà,
òàê íàçûâàåìóþ êîíå÷íóþ ðåêóðñèþ ïðè êîòîðîé ðåçóëüòàò âûçîâà ôóíê-
öèè áóäåò ðåçóëüòàòîì ôóíêöèè áåç äîïîëíèòåëüíûõ âû÷èñëåíèé. Òàêèì
îáðàçîì îòïàäàåò íåîáõîäèìîñòü õðàíèòü àðãóìåíòû ôóíêöèè âî âðåìÿ
âû÷èñëåíèÿ ðåêóðñèâíîãî âûçîâà. Åñëè Objective CAML ðàñïîçíàë êî-
íå÷íóþ ðåêóðñèâíóþ ôóíêöèþ, òî ïåðåä åå âûçîâîì àðãóìåíòû èçâëå-
êàþòñÿ èç ñòåêà.

Ðàñïîçíàíèå êîíå÷íîé ðåêóðñèè ñóùåñòâóåò âî ìíîãèõ ÿçûêàõ, îäíà-
êî ýòî ñâîéñòâî ïðîñòî íåîáõîäèìî ôóíêöèîíàëüíûì ÿçûêàì, ãäå îíà
åñòåñòâåííî ìíîãî èñïîëüçóåòñÿ.

3.2 Êàêîé ñòèëü âûáðàòü?

Åñòåñòâåííî, ðå÷ü íå èäåò î �ñâÿùåííûõ� ëèáî ýñòåòè÷åñêèõ äëÿ êàæäîãî
ïîíÿòèÿõ, a priori íå ñóùåñòâóåò ñòèëÿ êðàñèâåå èëè ëó÷øå ÷åì äðóãîé.
Îäíàêî, â çàâèñèìîñòè îò ðåøàåìîé ïðîáëåìû, îäèí ñòèëü ìîæåò áûòü
áîëåå ïîäõîäÿùèì èëè áîëåå àäàïòèðîâàííûì ÷åì äðóãîé.

Ïåðâîå ïðàâèëî � ïðîñòîòà. Æåëàåìûé àëãîðèòì (áóäü òî â êíè-
ãå èëè ëèøü â ãîëîâå ïðîãðàììèñòà) óæå îïðåäåëåí â êàêîì-òî ñòèëå,
âïîëíå åñòåñòâåííî åãî è èñïîëüçîâàòü ïðè ðåàëèçàöèè.

Âòîðîé êðèòåðèé � ýôôåêòèâíîñòü ïðîãðàììû. Ìîæíî ñêàçàòü ÷òî
èìïåðàòèâíàÿ ïðîãðàììà (õîðîøî íàïèñàííàÿ) áîëåå ýôôåêòèâíà ÷åì åå
ôóíêöèîíàëüíûé àíàëîã, íî â î÷åíü ìíîãèõ ñëó÷àÿõ ðàçíèöà ìåæäó íè-
ìè íå äîñòàòî÷íî ñóùåñòâåííà äëÿ îïðàâäàíèÿ ñëîæíîñòè êîäà èìïåðà-
òèâíîãî ñòèëÿ, òàì ãäå ôóíêöèîíàëüíûé áûë áû åñòåñòâåíåí. Ôóíêöèÿ
map åñòü õîðîøèé ïðèìåð íàòóðàëüíî âûðàæåííîé â ôóíêöèîíàëüíîì
ñòèëå ïðîáëåìû è ìû íè â ÷åì íå âûèãðàåì íàïèñàâ åå â èìïåðàòèâíîì
ñòèëå.
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3.2.1 Ïîñëåäîâàòåëüíîñòü èëè êîìïîçèöèÿ ôóíêöèé

Ìû óæå âèäåëè, ÷òî êàê òîëüêî â ïðîãðàììå ïîÿâëÿþòñÿ ïîáî÷íûå ýô-
ôåêòû, íåîáõîäèìî ÿâíî óêàçûâàòü ïîðÿäîê âûïîëíåíèÿ ýëåìåíòîâ ïðî-
ãðàììû. Ýòî ìîæåò áûòü ñäåëàíî äâóìÿ ñïîñîáàìè:

ôóíêöèîíàëüíûì îïèðàÿñü íà òî ÷òî Objective CAML ñòðîãèé ÿçûê,
òî åñòü àðãóìåíò âû÷èñëåí äî òîãî êàê îí áóäåò ïåðåäàí ôóíê-
öèè. Â âûðàæåíèå (f (g x)) ñíà÷àëà âû÷èñëÿåòñÿ (g x) è çàòåì
ïåðåäà÷à ýòîãî ðåçóëüòàò ôóíêöèè f. Â áîëåå ñëîæíûõ âûðàæåíè-
ÿõ, ïðîìåæóòî÷íûé ðåçóëüòàò ìîæåò áûòü èìåíîâàí êîíñòðóêöèåé
let in, íî ïðèíöèï îñòàåòñÿ òåì æå: let aux=(g x) in (f aux).

èìïåðàòèâíûé èñïîëüçóÿ ïîñëåäîâàòåëüíîñòü èëè äðóãóþ ñòðóêòóðó
êîíòðîëÿ (öèêë). Â ýòîì ñëó÷àå, ðåçóëüòàòîì áóäåò ïîáî÷íûé ýô-
ôåêò íàä ïàìÿòüþ, à íå çíà÷åíèå âîçâðàùåííîå ôóíêöèåé : aux:=(g
x) ; (f!aux).

Äàâàéòå ðàññìîòðèì äàííóþ ïðîáëåìó âûáîðà ñòèëÿ íà ñëåäóþùåì
ïðèìåðå. Ðåêóðñèâíûé àëãîðèòì áûñòðîé ñîðòèðîâêè âåêòîðà îïèñûâà-
åòñÿ ñëåäóþùèì îáðàçîì:

1. âûáðàòü îïîðíóþ òî÷êó: âûáðàòü èíäåêñ ýëåìåíòà â âåêòîðå

2. ïåðåñòàâèòü ýëåìåíòû âîêðóã ýòîé òî÷êè: ïåðåñòàâèòü ýëåìåíòû
âåêòîðà òàê ÷òîáû çíà÷åíèÿ ìåíüøå çíà÷åíèÿ â îïîðíîé òî÷êå áûëè
ñëåâà îò íåå, à áîëüøèå çíà÷åíèÿ ñïðàâà

3. îòñîðòèðîâàòü (òåì æå àëãîðèòìîì) äâà ïîëó÷åííûõ âåêòîðà: ýëå-
ìåíòû ïîñëå îïîðíîé òî÷êè è äî íåå

Ñîðòèðîâêà âåêòîðà � îçíà÷àåò èçìåíåíèå åãî ñîñòîÿíèÿ, ïîýòîìó ìû
äîëæíû èñïîëüçîâàòü èìïåðàòèâíûé ñòèëü, êàê ìèíèìóì äëÿ ìàíèïó-
ëÿöèè äàííûìè.

Íà÷íåì ñ îïðåäåëåíèÿ ôóíêöèè ïåðåñòàâëÿþùåé ýëåìåíòû âåêòîðà.

# let permute_element vec n p =
let aux = vec.(n) in vec.(n) <− vec.(p) ; vec.(p) <− aux ;;

val permute_element : 'a array −> int −> int −> unit = <fun>

Âûáîð ïðàâèëüíîé òî÷êè îïîðû âàæåí äëÿ ýôôåêòèâíîñòè àëãîðèò-
ìà, íî ìû îãðàíè÷èìñÿ ñàìûì ïðîñòûì ñïîñîáîì: âåðíåì èíäåêñ ïåðâîãî
ýëåìåíòà âåêòîðà.

# let choose_pivot vec start �nish = start ;;
val choose_pivot : 'a −> 'b −> 'c −> 'b = <fun>
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Íàïèøåì òåïåðü æåëàåìûé àëãîðèòì ïåðåñòàâëÿþùèé ýëåìåíòû âåê-
òîðà âîêðóã âûáðàííîé òî÷êè.

� óñòàíîâèòü îïîðíóþ òî÷êó â íà÷àëî âåêòîðà

� i èíäåêñ âòîðîãî ýëåìåíòà âåêòîðà

� j èíäåêñ ïîñëåäíåãî ýëåìåíòà âåêòîðà

� åñëè ýëåìåíò ñ èíäåêñîì j áîëüøå ÷åì çíà÷åíèå â îïîðíîé òî÷êå,
ïîìåíÿåì ìåñòàìè èõ çíà÷åíèÿ è óâåëè÷èì i íà åäèíèöó, èíà÷å
óìåíüøèì j íà åäèíèöó

� äî òåõ ïîð ïîêà i ìåíüøå ÷åì j ïîâòîðèòü ïðåäûäóùóþ îïåðàöèþ

� ê ýòîìó ýòàïó êàæäûé ýëåìåíò ñ èíäåêñîì ìåíüøèì ÷åì i (èëè j)
ìåíüøå çíà÷åíèÿ â îïîðíîé òî÷êå, à îñòàëüíûå ýëåìåíòû áîëüøå:
åñëè ýëåìåíò ñ èíäåêñîì i ìåíüøå ÷åì îïîðíîå çíà÷åíèå ìû ìåíÿåì
èõ ìåñòàìè, èíà÷å ìåíÿåì ñ ïðåäûäóùèì ýëåìåíòîì.

Ïðè ðåàëèçàöèè àëãîðèòìà ìû åñòåñòâåííî âîñïîëüçóåìñÿ èìïåðà-
òèâíûìè óïðàâëÿþùèìè ñòðóêòóðàìè.

# let permute_pivot vec start �nish ind_pivot =
permute_element vec start ind_pivot ;
let i = ref (start+1) and j = ref �nish and pivot = vec.(start) in
while !i < !j do
if vec .(! j) >= pivot then decr j
else
begin
permute_element vec !i !j ;
incr i

end
done ;
if vec .(! i ) > pivot then decr i ;
permute_element vec start !i ;
! i

;;
val permute_pivot : 'a array −> int −> int −> int −> int = <fun>

Êðîìå ýôôåêòà íàä âåêòîðîì, ôóíêöèÿ âîçâðàùàåò èíäåêñ îïîðíîé
òî÷êè.

Íàì îñòàåòñÿ ëèøü ñîáðàòü âîåäèíî ðàçëè÷íûå ýòàïû è íàïèñàòü ðå-
êóðñèâíûé âûçîâ äëÿ ïîäâåêòîðîâ.
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# let rec quick vec start �nish =
if start < �nish
then
let pivot = choose_pivot vec start �nish in
let place_pivot = permute_pivot vec start �nish pivot in
quick (quick vec start (place_pivot−1)) (place_pivot+1) �nish

else vec ;;
val quick : 'a array −> int −> int −> 'a array = <fun>

Çäåñü ìû âîñïîëüçîâàëèñü äâóìÿ ñòèëÿìè. Âûáðàííàÿ îïîðíàÿ òî÷êà
ñëóæèò àðãóìåíòîì ïðè ïåðåñòàíîâêå âîêðóã íåå è åå ïîðÿäîê â âåêòî-
ðå ïîñëå ýòîé ïðîöåäóðû ñëóæèò àðãóìåíòîì ðåêóðñèâíîãî âûçîâà. Çàòî,
ïîëó÷åííûé ïîñëå ïåðåñòàíîâêè âåêòîð ìû ïîëó÷àåì â ðåçóëüòàòå ïîáî÷-
íîãî ýôôåêòà, à íå êàê âîçâðàùåííîå çíà÷åíèå ôóíêöèè permute_pivot.
Òîãäà êàê ôóíêöèÿ quick âîçâðàùàåò âåêòîð è ñîðòèðîâêà ïîäâåêòîðîâ
ðåàëèçóåòñÿ êîìïîçèöèåé ðåêóðñèâíûõ âûçîâîâ.

Òåïåðü ãëàâíàÿ ôóíêöèÿ:

# let quicksort tab = quick tab 0 ((Array.length tab)−1) ;;
val quicksort : 'a array −> 'a array = <fun>

Ýòî ïîëèìîðôíàÿ ôóíêöèÿ, òàê êàê îòíîøåíèå ïîðÿäêà < ïîëèìîðô-
íîå.

# let t1 = [|4;8;1;12;7;3;1;9|] ;;
val t1 : int array = [|4; 8; 1; 12; 7; 3; 1; 9|]
# quicksort t1 ;;
− : int array = [|1; 1; 3; 4; 7; 8; 9; 12|]
# t1 ;;
− : int array = [|1; 1; 3; 4; 7; 8; 9; 12|]
# let t2 = [|"the"; " little "; "cat"; "is"; "dead"|] ;;
val t2 : string array = [|"the"; " little "; "cat"; "is"; "dead"|]
# quicksort t2 ;;
− : string array = [|"cat"; "dead"; "is"; " little "; "the"|]
# t2 ;;
− : string array = [|"cat"; "dead"; "is"; " little "; "the"|]

3.2.2 Îáùåå èñïîëüçîâàíèå èëè êîïèè çíà÷åíèé

Äî òåõ ïîð ïîêà íàøè äàííûå íå èçìåíÿåìûå, íåò íåîáõîäèìîñòè çíàòü
èñïîëüçóþòñÿ îíè ñîâìåñòíî èëè íåò.

# let id x = x ;;
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val id : 'a −> 'a = <fun>
# let a = [ 1; 2; 3 ] ;;
val a : int list = [1; 2; 3]
# let b = id a ;;
val b : int list = [1; 2; 3]

ßâëÿåòñÿ ëè b êîïèåé a èëè æå ýòî îäèí è òîò æå ñïèñîê íå èìååò
çíà÷åíèÿ, òàê êàê ïî ëþáîìó ýòî �íåîñÿçàåìûå� çíà÷åíèÿ. Îäíàêî, åñëè
íà ìåñòî öåëûõ ÷èñåë, ìû ïîìåñòèì èçìåíÿåìûå çíà÷åíèÿ, íåîáõîäèìî
áóäåò çíàòü ñêàæåòñÿ ëè èçìåíåíèå îäíîãî çíà÷åíèÿ íà äðóãîå.

Ðåàëèçàöèÿ ïîëèìîðôèçìà Objective CAML âûçûâàåò (causes) êîïèþ
íåïîñðåäñòâåííûõ çíà÷åíèé (immediate values) è ðàçäåëåíèå (sharing)
ñòðóêòóðíûõ çíà÷åíèé. Õîòü ïåðåäà÷à àðãóìåíòîâ îñóùåñòâëÿåòñÿ êîïè-
ðîâàíèåì, â ñëó÷àå ñòðóêòóðíûõ çíà÷åíèé ïåðåäàåòñÿ ëèøü óêàçàòåëü.
Êàê â ñëó÷àå ñ ôóíêöèåé id.

# let a = [| 1 ; 2 ; 3 |] ;;
val a : int array = [|1; 2; 3|]
# let b = id a ;;
val b : int array = [|1; 2; 3|]
# a.(1) <− 4 ;;
− : unit = ()
# a ;;
− : int array = [|1; 4; 3|]
# b ;;
− : int array = [|1; 4; 3|]

Çäåñü ìû äåéñòâèòåëüíî èìååì ñëó÷àé âûáîðà ñòèëÿ ïðîãðàììèðîâà-
íèÿ, îò êîòîðîãî çàâèñèò ýôôåêòèâíîñòü ïðåäñòàâëåíèÿ äàííûõ. Ñ îä-
íîé ñòîðîíû, èñïîëüçîâàíèå èçìåíÿåìûõ çíà÷åíèé ïîçâîëÿåò íåìåäëåí-
íîå ìàíèïóëèðîâàíèå äàííûìè (áåç äîïîëíèòåëüíîãî âûäåëåíèÿ ïàìÿ-
òè). Îäíàêî ýòî âûíóæäàåò, â íåêîòîðûõ ñëó÷àÿõ, äåëàòü êîïèè òàì, ãäå
èñïîëüçîâàíèå íåèçìåíÿåìîãî çíà÷åíèÿ ïîçâîëèëî áû ðàçäåëåíèå. Ïðî-
èëëþñòðèðóåì ýòî äâóìÿ ñïîñîáàìè ðåàëèçàöèè ñïèñêîâ.

# type 'a list_immutable = LInil | LIcons of 'a * 'a list_immutable ;;
# type 'a list_mutable = LMnil | LMcons of 'a * 'a list_mutable ref ;;

Ôèêñèðîâàííûå ñïèñêè ñòðîãî ýêâèâàëåíòíû ñïèñêàì Objective CAML,
òîãäà êàê èçìåíÿåìûå áîëüøå â ñòèëå C, ãäå ÿ÷åéêà ñîñòîèò èç çíà÷åíèÿ
è ññûëêè íà ñëåäóþùóþ ÿ÷åéêó.

Ñ ôèêñèðîâàííûìè ñïèñêàìè ñóùåñòâóåò åäèíñòâåííûé ñïîñîá ðåà-
ëèçîâàòü êîíêàòåíàöèþ è îí âûíóæäàåò êîïèðîâàíèå ñòðóêòóðû ïåðâîãî
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ñïèñêà, òîãäà êàê âòîðîé ñïèñîê ìîæåò áûòü ðàçäåëåí ñ êîíå÷íûì ñïèñ-
êîì.

# let rec concat l1 l2 = match l1 with
LInil −> l2

| LIcons (a,l11) −> LIcons(a, (concat l11 l2)) ;;
val concat : 'a list_immutable −> 'a list_immutable −> 'a

list_immutable = <fun>

# let li1 = LIcons(1, LIcons(2, LInil))
and li2 = LIcons(3, LIcons(4, LInil)) ;;
val li1 : int list_immutable = LIcons (1, LIcons (2, LInil))
val li2 : int list_immutable = LIcons (3, LIcons (4, LInil))
# let li3 = concat li1 li2 ;;
val li3 : int list_immutable =
LIcons (1, LIcons (2, LIcons (3, LIcons (4, LInil))))

# li1==li3 ;;
− : bool = false
# let tlLI l = match l with

LInil −> failwith "Liste vide"
| LIcons(_,x) −> x ;;
val tlLI : 'a list_immutable −> 'a list_immutable = <fun>
# tlLI(tlLI( li3 )) == li2 ;;
− : bool = true

Â ýòîì ïðèìåðå ìû âèäèì ÷òî ïåðâûå ÿ÷åéêè li1 è li3 ðàçëè÷íû,
òîãäà êàê âòîðàÿ ÷àñòü li3 åñòü èìåííî li2.

Ñ èçìåíÿåìûìè ñïèñêàìè ìîæíî èçìåíèòü àðãóìåíòû (ôóíêöèÿ concat_share)
èëè ñîçäàòü íîâîå çíà÷åíèå (ôóíêöèÿ concat_copy)

# let rec concat_copy l1 l2 = match l1 with
LMnil −> l2

| LMcons (x,l11) −> LMcons(x, ref (concat_copy !l11 l2)) ;;
val concat_copy : 'a list_mutable −> 'a list_mutable −> 'a list_mutable

= <fun>

Ýòî ðåøåíèå, concat_copy, àíàëîãè÷íî ïðåäûäóùåé ôóíêöèè concat.
Âîò âòîðîå âàðèàíò, ñ îáùèì èñïîëüçîâàíèåì.

# let concat_share l1 l2 =
match l1 with
LMnil −> l2

| _ −> let rec set_last = function
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LMnil −> failwith "concat_share : impossible case!!
"

| LMcons(_,l) −> if !l=LMnil then l:=l2 else set_last !l
in
set_last l1 ;
l1 ;;

val concat_share : 'a list_mutable −> 'a list_mutable −> 'a
list_mutable =

<fun>

Êîíêàòåíàöèÿ ñ îáùèì èñïîëüçîâàíèåì íå íóæäàåòñÿ â âûäåëåíèè
ïàìÿòè (ìû íå èñïîëüçóåì êîíñòðóêòîð LMcons), ìû ëèøü îãðàíè÷è-
âàåìñÿ òåì ÷òî ïîñëåäíÿÿ ÿ÷åéêà ïåðâîãî ñïèñêà òåïåðü óêàçûâàåò íà
âòîðîé ñïèñîê. Ïðè ýòîì, êîíêàòåíàöèÿ ñïîñîáíà èçìåíèòü àðãóìåíòû
ïåðåäàííûå ôóíêöèè.

# let lm1 = LMcons(1, ref (LMcons(2, ref LMnil)))
and lm2 = LMcons(3, ref (LMcons(4, ref LMnil))) ;;
val lm1 : int list_mutable =
LMcons (1, {contents=LMcons (2, {contents=LMnil})})

val lm2 : int list_mutable =
LMcons (3, {contents=LMcons (4, {contents=LMnil})})

# let lm3 = concat_share lm1 lm2 ;;
val lm3 : int list_mutable =
LMcons (1, {contents=LMcons (2, {contents=LMcons (...)})})

Ìû ïîëó÷èëè îæèäàåìûé ðåçóëüòàò äëÿ lm3, îäíàêî çíà÷åíèå lm1

èçìåíåíî.

# lm1 ;;
− : int list_mutable =
LMcons (1, {contents=LMcons (2, {contents=LMcons (...)})})

Òàêèì îáðàçîì ýòî ìîæåò ïîâëèÿòü íà îñòàâøóþñÿ ÷àñòü ïðîãðàììû.

3.2.3 Êðèòåðèè âûáîðà

Â ÷èñòî ôóíêöèîíàëüíîé ïðîãðàììå ïîáî÷íûõ ýôôåêòîâ íå ñóùåñòâóåò,
ýòî ñâîéñòâî ëèøàåò íàñ îïåðàöèé ââîäà/âûâîäà, èñêëþ÷åíèé è èçìåíÿå-
ìûõ ñòðóêòóð äàííûõ. Íàøå îïðåäåëåíèå ôóíêöèîíàëüíîãî ñòèëÿ ÿâëÿ-
åòñÿ ìåíåå îãðàíè÷åííûì, òî åñòü ôóíêöèÿ íå èçìåíÿþùàÿ ñâîå ãëîáàëü-
íîå îêðóæåíèå ìîæåò áûòü èñïîëüçîâàíà â ôóíêöèîíàëüíîì ñòèëå. Ïî-
äîáíàÿ ôóíêöèÿ ìîæåò èìåòü ëîêàëüíûå èçìåíÿåìûå çíà÷åíèÿ (è çíà÷èò
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ñëåäîâàòü èìïåðàòèâíîìó ñòèëþ), íî íå äîëæíà èçìåíÿòü íè ãëîáàëü-
íûå ïåðåìåííûå íè ñâîè àðãóìåíòû. Ñ âíåøíåé ñòîðîíû, òàêèå ôóíêöèè
ìîæíî ðàññìàòðèâàòü êàê �÷åðíûé ÿùèê�, ÷üå ïîâåäåíèå ñðàâíèìî ñ ïî-
âåäåíèåì ÷èñòî ôóíêöèîíàëüíîé ôóíêöèè, ñ ðàçíèöåé ÷òî âûïîëíåíèå
ïåðâîé ìîæåò áûòü ïðèîñòàíîâëåí âîçáóæäåíèåì èñêëþ÷åíèÿ. Â òîì æå
äóõå, èçìåíÿåìîå çíà÷åíèå, êîòîðîå áîëüøå íå èçìåíÿåòñÿ ïîñëå èíèöè-
àëèçàöèè, ìîæåò áûòü èñïîëüçîâàíî â ôóíêöèîíàëüíîì ñòèëå.

Ñ äðóãîé ñòîðîíû, ïðîãðàììà íàïèñàííàÿ â èìïåðàòèâíîì ñòèëå, óíà-
ñëåäóåò ñëåäóþùèå äîñòîèíñòâà Objective CAML: ïðàâèëüíîñòü ñòàòè÷å-
ñêîé òèïèçàöèè, àâòîìàòè÷åñêîå óïðàâëåíèå ïàìÿòüþ, ìåõàíèçì èñêëþ-
÷åíèé, ïàðàìåòðèçîâàííûé ïîëèìîðôèçì è âûâîä òèïîâ.

Âûáîð ìåæäó ñòèëåì ôóíêöèîíàëüíûì è èìïåðàòèâíûì çàâèñèò îò
ïðîãðàììíîãî îáåñïå÷åíèÿ êîòîðîå âû õîòèòå ðåàëèçîâàòü. Âûáîð ìîæåò
áûòü ñäåëàí â ñîîòâåòñòâèè ñî ñëåäóþùèìè õàðàêòåðèñòèêàìè:

âûáîð ñòðóêòóð äàííûõ: îò èñïîëüçîâàíèÿ èëè íåò èçìåíÿåìûõ ñòðóê-
òóð äàííûõ áóäåò çàâèñåòü âûáîð ñòèëÿ ïðîãðàììèðîâàíèÿ. Äåé-
ñòâèòåëüíî, ôóíêöèîíàëüíûé ñòèëü ïî ñâîåé ïðèðîäå íå ñîâìåñòèì
ñ èçìåíåíèåì çíà÷åíèé. Îäíàêî, ñîçäàíèå è ïðîñìîòð çíà÷åíèÿ íå
çàâèñÿò îò åå ñâîéñòâ. Òàêèì îáðàçîì ìû âîçâðàùàåìñÿ ê äèñêóñ-
ñèè �èçìåíåíèå íà ìåñòå vs êîïèÿ� â 3.2.2 íà ñòð. 108, ê êîòîðîé
ìû âåðíåìñÿ äëÿ îáñóæäåíèÿ êðèòåðèÿ ýôôåêòèâíîñòè.

ñòðóêòóðà äàííûõ ñóùåñòâóåò: åñëè â ïðîãðàììå íåîáõîäèìî ìåíÿòü
èçìåíÿåìûå ñòðóêòóðû äàííûõ (modify mutable data structures), òî
èìïåðàòèâíûé ñòèëü ÿâëÿåòñÿ åäèíñòâåííî âîçìîæíûì. Îäíàêî,
åñëè íåîáõîäèìî ëèøü ÷èòàòü çíà÷åíèÿ, òî ïðèìåíåíèå ôóíêöèî-
íàëüíîãî ñòèëÿ ãàðàíòèðóåò öåëîñòíîñòü äàííûõ. Èñïîëüçîâàíèå
ðåêóðñèâíûõ ñòðóêòóð äàííûõ ïîäðàçóìåâàåò ðåêóðñèâíûå ôóíê-
öèè, êîòîðûå ìîãóò áûòü îïðåäåëåíû èñïîëüçóÿ îñîáåííîñòè òîãî
èëè èíîãî ñòèëÿ ïðîãðàììèðîâàíèÿ. Îäíàêî â îáùåì ñëó÷àå áûâà-
åò ïðîùå èñòîëêîâûâàòü ñîçäàíèå çíà÷åíèÿ ñëåäóÿ ðåêóððåíòíîìó
îïðåäåëåíèþ. Ýòîò ïîäõîä áîëåå áëèçîê ê ôóíêöèîíàëüíîìó ñòè-
ëþ, ÷åì ïîâòîðÿþùàÿñÿ îáðàáîòêà ýòîãî çíà÷åíèÿ ðåêóðñèåé.

êðèòåðèé ýôôåêòèâíîñòè: íåìåäëåííîå èçìåíåíèå áåç ñîìíåíèÿ ëó÷-
øå ÷åì ñîçäàíèå çíà÷åíèÿ. Â ñëó÷àå êîãäà ýôôåêòèâíîñòü êîäà
ÿâëÿåòñÿ ãëàâåíñòâóþùèì êðèòåðèåì, ÷àøà âåñîâ ïåðåâåøèâàåò â
ñòîðîíó èìïåðàòèâíîãî ñòèëÿ. Îäíàêî îòìåòèì ÷òî ñîâìåñòíîå èñ-
ïîëüçîâàíèå çíà÷åíèé ìîæåò îêàçàòüñÿ íåëåãêîé çàäà÷åé è â êîíöå
êîíöîâ áîëåå äîðîãîñòîÿùåé, ÷åì êîïèðîâàíèå çíà÷åíèé ñ ñàìîãî
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íà÷àëà. ×èñòàÿ ôóíêöèîíàëüíîñòü èìååò îïðåäåëåííóþ öåíó: ÷à-
ñòè÷íîå ïðèìåíåíèå (partial application) è èñïîëüçîâàíèå ôóíêöèé
ïåðåäàííûõ â âèäå àðãóìåíòà äðóãîé ôóíêöèè íåñåò áîëåå ñåðüåç-
íûå íàêëàäíûå ðàñõîäû â ïðîöåññå âûïîëíåíèÿ ïðîãðàììû, ÷åì
ÿâíîå ïðèìåíåíèå âèäèìîé ôóíêöèè. Ñòîèò èçáåãàòü èñïîëüçîâà-
íèÿ ýòîé ôóíêöèîíàëüíîé îñîáåííîñòè â òåõ ìåñòàõ, ãäå êðèòåðèé
ïðîèçâîäèòåëüíîñòè ÿâëÿåòñÿ ðåøàþùèì.

êðèòåðèé ðàçðàáîòêè: áîëåå âûñîêèé óðîâåíü àáñòðàêöèè ôóíêöèî-
íàëüíîãî ñòèëÿ ïðîãðàììèðîâàíèÿ ïîçâîëÿåò áîëåå áûñòðîå íàïè-
ñàíèå êîìïàêòíîãî êîäà, ñîäåðæàùåãî ìåíüøå îøèáîê ÷åì èìïå-
ðàòèâíûé âàðèàíò, êîòîðûé ïî ñâîåé ïðèðîäå ÿâëÿåòñÿ áîëåå �ìíî-
ãîñëîâíûì�. Òàêèì îáðàçîì, ôóíêöèîíàëüíûé ñòèëü ÿâëÿåòñÿ âû-
ãîäíûì ïðè ðàçðàáîòêå çíà÷èòåëüíûõ ïðîãðàìì. Íåçàâèñèìîñòü
ôóíêöèè ê ñâîåìó êîíòåêñòó îêðóæåíèÿ ïîçâîëÿåò ðàçäåëèòü êîä
íà áîëåå ìàëåíüêèå ÷àñòè è òåì ñàìûì îáëåã÷èòü åãî ïðîâåðêó è
÷èòàåìîñòü. Áîëåå âûñîêàÿ ìîäóëüíîñòü ôóíêöèîíàëüíîãî ñòèëÿ
ïëþñ âîçìîæíîñòü ïåðåäàâàòü ôóíêöèè (à çíà÷èò è îáðàáîòêó) â
àðãóìåíò äðóãèì ôóíêöèÿì ïîâûøàåò âåðîÿòíîñòü ïîâòîðíîãî èñ-
ïîëüçîâàíèÿ ïðîãðàìì.

Ýòè íåñêîëüêî çàìå÷àíèé ïîäòâåðæäàþò òîò ôàêò, ÷òî ÷àñòî ñìåøàííîå
èñïîëüçîâàíèå îáîèõ ñòèëåé ÿâëÿåòñÿ ðàöèîíàëüíûì âûáîðîì. Ôóíêöè-
îíàëüíûé ñòèëü áûñòðåå â ðàçðàáîòêå è îáåñïå÷èâàåò áîëåå ïðîñòóþ îð-
ãàíèçàöèþ ïðîãðàììû, îäíàêî ÷àñòè êîäà ãäå íåîáõîäèìî ïîâûñèòü ñêî-
ðîñòü âûïîëíåíèÿ ëó÷øå íàïèñàòü â èìïåðàòèâíîì ñòèëå.

3.3 Ñìåñü ñòèëåé

Êàê ìû óæå çàìåòèëè, ÿçûê ïðîãðàììèðîâàíèÿ èìåþùèé ôóíêöèîíàëü-
íûå è èìïåðàòèâíûå îñîáåííîñòè äàåò ñâîáîäó âûáîðà íàèáîëåå ïîäõî-
äÿùåãî ñòèëÿ äëÿ ðåàëèçàöèè òîãî èëè èíîãî àëãîðèòìà. Êîíå÷íî, ìû
ìîæåì èñïîëüçîâàòü îáà àñïåêòà Objective CAML ñîâìåñòíî â îäíîé è
òîé æå ôóíêöèè. Èìåííî ýòèì ìû ñåé÷àñ è çàéìåìñÿ.

3.3.1 Çàìûêàíèå è ïîáî÷íûå ýôôåêòû

Îáû÷íî ôóíêöèÿ ñ ïîáî÷íûì ýôôåêòîì ðàññìàòðèâàåòñÿ êàê ïðîöåäóðà
è îíà âîçâðàùàåò çíà÷åíèå () òèïà unit. Îäíàêî, èíîãäà áûâàåò ïîëåçíî
ïðîèçâåñòè ïîáî÷íûé ýôôåêò âíóòðè ôóíêöèè è âåðíóòü îïðåäåëåííîå
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çíà÷åíèå. Ìû óæå èñïîëüçîâàëè ïîäîáíûé êîêòåéëü ñòèëåé â ôóíêöèè
permute_pivot â áûñòðîé ñîðòèðîâêå.

Â ñëåäóþùåì ïðèìåðå ðåàëèçóåì ãåíåðàòîð ñèìâîëîâ, êîòîðûé ñîçäà-
åò íîâûé ñèìâîë ïðè êàæäîì âûçîâå ôóíêöèè. Ìû èñïîëüçóåì ñ÷åò÷èê,
çíà÷åíèå êîòîðîãî óâåëè÷èâàåòñÿ ñ êàæäûì âûçîâîì.

# let c = ref 0;;
val c : int ref = {contents=0}
# let reset_symb = function () −> c:=0 ;;
val reset_symb : unit −> unit = <fun>
# let new_symb = function s −> c:=!c+1 ; s^(string_of_int !c) ;;
val new_symb : string −> string = <fun>
# new_symb "VAR" ;;
− : string = "VAR1"
# new_symb "VAR" ;;
− : string = "VAR2"
# reset_symb () ;;
− : unit = ()
# new_symb "WAR" ;;
− : string = "WAR1"
# new_symb "WAR" ;;
− : string = "WAR2"

À òåïåðü ñïðÿ÷åì ññûëêó íà c îò âñåé ïðîãðàììû ñëåäóþùèì îáðà-
çîì:

# let (reset_s , new_s) =
let c = ref 0
in let f1 () = c := 0

and f2 s = c := !c+1 ; s^(string_of_int !c)
in (f1 , f2) ;;

val reset_s : unit −> unit = <fun>
val new_s : string −> string = <fun>

Òàêèì îáðàçîì ìû îáúÿâèëè ïàðó ôóíêöèé, ðàçäåëÿþùèå ëîêàëüíóþ
(äëÿ äåêëàðàöèè) ïåðåìåííóþ c. Èñïîëüçîâàíèå îáåèõ ôóíêöèé ïðîèç-
âîäèò òîò æå ðåçóëüòàò ÷òî è ðàíüøå.

# new_s "VAR";;
− : string = "VAR1"
# new_s "VAR";;
− : string = "VAR2"
# reset_s();;
− : unit = ()
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# new_s "WAR";;
− : string = "WAR1"
# new_s "WAR";;
− : string = "WAR2"

Ýòîò ïðèìåð èëëþñòðèðóåò ñïîñîá ïðåäñòàâëåíèÿ çàìûêàíèÿ. Çàìû-
êàíèå ìîæíî ðàññìàòðèâàòü êàê ïàðó, ñîñòîÿùóþ èç êîäà (òî åñòü ÷àñòü
function) è ëîêàëüíîå îêðóæåíèå, ñîäåðæàùåå çíà÷åíèÿ ñâîáîäíûõ ïå-
ðåìåííûõ çàìûêàíèÿ ñ äðóãîé ñòîðîíû. Íà äèàãðàììå 3.1 ìû ìîæåì
óâèäåòü ïðåäñòàâëåíèå â ïàìÿòè çàìûêàíèé reset_s è new_s.

codeenvironment

codeenvironment

newt_s

reset_s

|contents=0|

c

c fun () −> c:=0;

fun s −> ...

Ðèñ. 3.1: Ïðåäñòàâëåíèå â ïàìÿòè çàìûêàíèé

Îáà ýòè çàìûêàíèÿ ðàçäåëÿþò îäíî è òîæå îêðóæåíèå (çíà÷åíèå c).
Êîãäà îäíî èç íèõ ìåíÿåò ññûëêó c, òî îíî ìåíÿåò ñîäåðæèìîå ïàìÿòè
ðàçäåëÿåìîå ñ äðóãèì îêðóæåíèåì.

3.3.2 Ôèçè÷åñêîå èçìåíåíèå è èñêëþ÷åíèÿ

Èñêëþ÷åíèÿ ïîçâîëÿåò îòñëåæèâàòü ñèòóàöèþ, ïðè êîòîðîé äàëüíåéøåå
ïðîäîëæåíèå ïðîãðàììû íåâîçìîæíî. Â ïîäîáíîì ñëó÷àå ñáîðùèê èñ-
êëþ÷åíèé ïîçâîëèò ïðîäîëæèòü âû÷èñëåíèå, çíàÿ ÷òî ïðîèçîøëà îøèá-
êà. Â ìîìåíò âîçáóæäåíèÿ èñêëþ÷åíèÿ ìîæåò âîçíèêíóòü ïðîáëåìà ïî-
áî÷íîãî ýôôåêòà ñ ñîñòîÿíèåì ìîäèôèöèðóåìûõ äàííûõ. Ýòî ñîñòîÿíèå
íå ìîæåò áûòü ãàðàíòèðîâàííî åñëè ïðîèçîøëè ôèçè÷åñêèå èçìåíåíèÿ
â îòâåòâëåíèè íåóäàâøåãîñÿ âû÷èñëåíèÿ.

Îïðåäåëèì ôóíêöèþ óâåëè÷åíèÿ (++), ñ àíàëîãè÷íûì ðåçóëüòàòîì
÷òî è â C:
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# let (++) x = x:=!x+1; x;;
val ++ : int ref −> int ref = <fun>

Ñëåäóþùèé ïðèìåð, èëëþñòðèðóåò íåáîëüøîé ðàñ÷åò â êîòîðîì äå-
ëåíèå íà íîëü ñîâïàäàåò ñ ïîáî÷íûì ýôôåêòîì:

# let x = ref 2;;
val x : int ref = {contents=2}
(* 1 *)
# !((++) x) * (1/0) ;;
Uncaught exception: Division_by_zero
# x;;
− : int ref = {contents=2}
(* 2 *)
# (1/0) * !((++) x) ;;
Uncaught exception: Division_by_zero
# x;;
− : int ref = {contents=3}

Ïåðåìåííàÿ x íå èçìåíÿåòñÿ âî âðåìÿ âû÷èñëåíèÿ âûðàæåíèÿ (*1*),
òîãäà êàê îíà èçìåíÿåòñÿ âî âðåìÿ (*2*). Åñëè çàðàíåå íå ñîõðàíèòü
íà÷àëüíûå çíà÷åíèÿ, êîíñòðóêöèÿ try .. with .. íå äîëæíà (â ÷àñòè
with ..) çàâèñåòü îò èçìåíÿåìûõ ïåðåìåííûõ, êîòîðûå ó÷àñòâóþò â âû-
÷èñëåíèè âîçáóäèâøåì èñêëþ÷åíèå.

3.3.3 Èçìåíÿåìûå ôóíêöèîíàëüíûå ñòðóêòóðû äàí-
íûõ

Â ôóíêöèîíàëüíîì ïðîãðàììèðîâàíèå ïðîãðàììà, êàê ôóíêöèîíàëüíîå
âûðàæåíèå, ÿâëÿåòñÿ â òî æå âðåìÿ äàííûìè � ÷òîáû óÿñíèòü ýòîò ìî-
ìåíò íàïèøåì ñïèñîê àññîöèèðîâàííûõ çíà÷åíèé â âèäå ôóíêöèîíàëü-
íîãî âûðàæåíèÿ. Ýòîò ñïèñîê àññîöèàöèé ('a * 'b) list ìîæíî ðàñ-
ñìàòðèâàòü êàê ÷àñòè÷íóþ ôóíêöèþ èç 'a (ìíîæåñòâî êëþ÷åé) â 'b

(ìíîæåñòâî ñîîòâåòñòâóþùèõ çíà÷åíèé). Äðóãèìè ñëîâàìè, ôóíêöèÿ 'a

-> 'b.
Ïóñòîé ñïèñîê ýòî íåîïðåäåëåííàÿ ôóíêöèÿ, êîòîðóþ ìû áóäåì ìî-

äåëèðîâàòü âîçáóæäåíèåì èñêëþ÷åíèÿ:

# let nil_assoc = function x −> raise Not_found ;;
val nil_assoc : 'a −> 'b = <fun>

Òåïåðü íàïèøåì ôóíêöèþ add_assoc äîáàâëÿþùóþ ýëåìåíò â ñïèñîê
èëè äðóãèìè ñëîâàìè ðàñøèðèì ôóíêöèþ íîâûìè çíà÷åíèÿìè.
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# let add_assoc (k,v) l = function x −> if x = k then v else l x ;;
val add_assoc : 'a * 'b −> ('a −> 'b) −> 'a −> 'b = <fun>
# let l = add_assoc ('1', 1) (add_assoc ('2', 2) nil_assoc) ;;
val l : char −> int = <fun>
# l '2' ;;
− : int = 2
# l 'x' ;;
Uncaught exception: Not_found

Ïåðåïèøåì ôóíêöèþ mem_assoc:

# let mem_assoc k l = try (l k) ; true with Not_found −> false ;;
val mem_assoc : 'a −> ('a −> 'b) −> bool = <fun>
# mem_assoc '2' l ;;
− : bool = true
# mem_assoc 'x' l ;;
− : bool = false

Îäíàêî, íàïèñàíèå ôóíêöèè óäàëÿþùåé ýëåìåíòû èç ñïèñêà, íå ñî-
âñåì ïðîñòîå äåëî. Ó íàñ áîëüøå íåò äîñòóïà ê çíà÷åíèÿì âõîäÿùèì â
çàìûêàíèå. Äëÿ ýòîãî ìû ñïðÿ÷åì ñòàðîå çíà÷åíèå âîçáóäèâ èñêëþ÷åíèÿ
Not_found.

# let rem_assoc k l = function x −> if x=k then raise Not_found else
l x ;;

val rem_assoc : 'a −> ('a −> 'b) −> 'a −> 'b = <fun>
# let l = rem_assoc '2' l ;;
val l : char −> int = <fun>
# l '2' ;;
Uncaught exception: Not_found

Åñòåñòâåííî, ìîæíî âîñïîëüçîâàòüñÿ ññûëêàìè è ïîáî÷íûì ýôôåê-
òîì äëÿ èñïîëüçîâàíèÿ òàêèõ çíà÷åíèé, îäíàêî ñóùåñòâóåò íåñêîëüêî
ïðåäîñòåðåæåíèé.

# let add_assoc_again (k,v) l = l := (function x −> if x=k then v
else !l x) ;;

val add_assoc_again : 'a * 'b −> ('a −> 'b) ref −> unit = <fun>

Ìû ïîëó÷èëè ôóíêöèþ l êîòîðàÿ óêàçûâàåò ñàìà íà ñàìó ñåáÿ è çíà-
÷èò áóäåò çàöèêëèâàòüñÿ. Ýòîò äîñàäíûé ïîáî÷íûõ ýôôåêò åñòü ðåçóëü-
òàò òîãî ÷òî ðàçûìåíîâàíèå !l íàõîäèòñÿ âíóòðè çàìûêàíèÿ function x

->. Çíà÷åíèå !l âû÷èñëåíî ïðè âûïîëíåíèè, à íå êîìïèëÿöèè. Â ýòîò ìî-
ìåíò, l óêàçûâàåò íà çíà÷åíèå èçìåíåííîå add_assoc. Íåîáõîäèìî èñïðà-
âèòü íàøå îïðåäåëåíèå èñïîëüçóÿ çàìûêàíèå ïîëó÷åííîå îïðåäåëåíèåì
add_assoc:
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# let add_assoc_again (k, v) l = l := add_assoc (k, v) ! l ;;
val add_assoc_again : 'a * 'b −> ('a −> 'b) ref −> unit = <fun>
# let l = ref nil_assoc ;;
val l : ('_a −> '_b) ref = {contents=<fun>}
# add_assoc_again ('1',1) l ;;
− : unit = ()
# add_assoc_again ('2',2) l ;;
− : unit = ()
# !l '1' ;;
− : int = 1
# !l 'x' ;;
Uncaught exception: Not_found

3.3.4 Ïàññèâíûå èçìåíÿåìûå ñòðóêòóðû

Ñìåñü èìïåðàòèâíûõ îñîáåííîñòåé ñ ôóíêöèîíàëüíûì ÿçûêîì îáðàçó-
åò õîðîøèå ñðåäñòâà ðåàëèçàöèè ÿçûêîâ ïðîãðàììèðîâàíèÿ. Â äàííîì
ïàðàãðàôå ìû ïðîèëëþñòðèðóåì ýòó îñîáåííîñòü â ðåàëèçàöèè ñòðóê-
òóð äàííûõ ñ îòñðî÷åííûì âû÷èñëåíèåì. Òàêàÿ ñòðóêòóðà äàííûõ íå
âû÷èñëÿåòñÿ ïîëíîñòüþ, âû÷èñëåíèå ïðîäâèãàåòñÿ â çàâèñèìîñòè îò èñ-
ïîëüçîâàíèÿ ñòðóêòóðû.

Îòëîæåííîå âû÷èñëåíèå, ÷àñòî èñïîëüçóåìîå â ÷èñòûõ ôóíêöèîíàëü-
íûõ ÿçûêàõ, ìîæíî ìîäåëèðîâàòü èñïîëüçîâàíèåì ôóíêöèîíàëüíûõ çíà-
÷åíèé (âîçìîæíî, èçìåíÿåìûõ). Âûãîäà îò èñïîëüçîâàíèÿ äàííûõ ñ îò-
ëîæåííûì âûïîëíåíèåì äâîéíàÿ; âî ïåðâûõ âû÷èñëÿåòñÿ ëèøü òî ÷òî
íåîáõîäèìî äëÿ ðàñ÷åòà, âî âòîðûõ èñïîëüçîâàíèå ïîòåíöèàëüíî áåñêî-
íå÷íûõ äàííûõ.

Îïðåäåëèì òèï vm ýëåìåíòû êîòîðîãî ëèáî óæå âû÷èñëåííîå çíà÷åíèå
(êîíñòðóêòîð Imm) ëèáî çíà÷åíèå êîòîðîå áóäåò âû÷èñëåíî (êîíñòðóêòîð
Deferred).

# type 'a v =
Imm of 'a

| Deferred of (unit −> 'a);;
# type 'a vm = {mutable c : 'a v };;

Îòêëàäûâàíèå âû÷èñëåíèé ìîæåò áûòü ïîëó÷åíî èíêàïñóëÿöèåé â
çàìûêàíèå. Ôóíêöèÿ âû÷èñëÿþùàÿ òàêîå çíà÷åíèå äîëæíà èëè âåðíóòü
çíà÷åíèå åñëè îíî óæå âû÷èñëåíî èëè, â ïðîòèâíîì ñëó÷àå, âû÷èñëèòü
è ñîõðàíèòü ðåçóëüòàò.

# let eval e = match e.c with
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Imm a −> a
| Deferred f −> let u = f () in e.c <− Imm u ; u ;;
val eval : 'a vm −> 'a = <fun>

Îïåðàöèè çàäåðæêè è àêòèâàöèè âû÷èñëåíèÿ òàêæå íàçûâàþò çàìî-
ðàæèâàíèåì è ðàçìîðàæèâàíèåì çíà÷åíèÿ.

Íàïèøåì óñëîâíûé êîíòðîëü â âèäå ôóíêöèè:

# let if_deferred c e1 e2 =
if eval c then eval e1 else eval e2 ;;

val if_deferred : bool vm −> 'a vm −> 'a vm −> 'a = <fun>

À òåïåðü âîñïîëüçóåìñÿ ýòèì â ðåêóðñèâíîé ôóíêöèè ïîäñ÷åòà ôàê-
òîðèàëà.

# let rec facr n =
si_ret {c=Ret(fun () −> n = 0)}

{c=Ret(fun () −> 1)}
{c=Ret(fun () −> n*(facr(n−1)))};;

val facr : int −> int = <fun>
# facr 5;;
− : int = 120

Çàìåòèì, ÷òî êëàññè÷åñêèé if íå ìîæåò áûòü çàïèñàí â âèäå ôóíê-
öèè. Äåéñòâèòåëüíî, îïðåäåëèì ôóíêöèþ if_function ñëåäóþùèì îá-
ðàçîì:

# let if_function c e1 e2 = if c then e1 else e2;;
val if_function : bool −> 'a −> 'a −> 'a = <fun>

Äåëî â òîì ÷òî âñå òðè àðãóìåíòà âû÷èñëÿþòñÿ, ýòî ïðèâîäèò ê çà-
öèêëèâàíèþ, òàê êàê ðåêóðñèâíûé âûçîâ fact(n-1) âñåãäà âû÷èñëÿåòñÿ,
äàæå â ñëó÷àå êîãäà n=0.

# let rec fact n = if_function (n=0) 1 (n*fact(n−1)) ;;
val fact : int −> int = <fun>
# fact 5 ;;
Stack over�ow during evaluation (looping recursion?).

Ìîäóëü Lazy

Òðóäíîñòè âî âíåäðåíèè çàìîðîæåííûõ çíà÷åíèé ïðîèñõîäÿò îò êîí-
ñòðóêöèè âûðàæåíèé ñ îòëîæåííûì âû÷èñëåíèåì â êîíòåêñòå íåìåäëåí-
íîãî âû÷èñëåíèÿ Objective CAML. Ìû ýòî óâèäåëè ïðè ïîïûòêå ïåðå-
îïðåäåëèòü óñëîâíîå âûðàæåíèå. Íåëüçÿ íàïèñàòü ôóíêöèþ çàìîðàæè-
âàþùóþ çíà÷åíèå ïðè êîíñòðóêöèè îáúåêòà òèïà vm.
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# let gele e = { c = Ret (fun () −> e) };;
val gele : 'a −> 'a vm = <fun>

Ýòà ôóíêöèÿ ñëåäóåò ñòðàòåãèè âû÷èñëåíèÿ Objective CAML, òî åñòü
âûðàæåíèå e âû÷èñëÿåòñÿ ïåðåä òåì êàê ñîçäàòü çàìûêàíèå fun () ->e.
Ïðîèëëþñòðèðóåì ýòî â ñëåäóþùåì ïðèìåðå:

# freeze (print_string "trace"; print_newline(); 4*5) ;;
trace
− : int vm = {c=Deferred <fun>}

Ïî ýòîé ïðè÷èíå áûëà ââåäåíà ñëåäóþùàÿ ñèíòàêñè÷åñêàÿ ôîðìà:

Ñèíòàêñèñ

lazy expr

Warning

Ýòî îñîáåííîñòü ÿâëÿåòñÿ ðàñøèðåíèåì ÿçûêà è ìîæåò èçìåíèòüñÿ â ñëå-
äóþùèõ âåðñèÿõ.

Êîãäà ê âûðàæåíèþ ïðèìåíÿåòñÿ êëþ÷åâîå ñëîâî lazy òî ñîçäàåòñÿ
çíà÷åíèå îñîáîãî òèïà, êîòîðûé îïðåäåëåí â ìîäóëå Lazy:

# let x = lazy (print_string "Hello"; 3*4) ;;
val x : int Lazy.status ref = {contents=Lazy.Delayed <fun>}

Âûðàæåíèå (print_string �Hello�) íå âû÷èñëåíî, òàê êàê íå áûëî
íèêàêîãî âûâîäà íà ýêðàí. Ïðè ïîìîùè ôóíêöèè Lazy.force ìû ìîæåì
âûíóäèòü âû÷èñëåíèå âûðàæåíèÿ.

# Lazy.force x ;;
Hello− : int = 12

Òóò ìû çàìå÷àåì, ÷òî çíà÷åíèå x èçìåíèëîñü:

# x ;;
− : int Lazy.t = {contents=Lazy.Value 12}

Òåïåðü ýòî çíà÷åíèå çàìîðîæåííîãî âûðàæåíèÿ, â äàííîì ñëó÷àå 12.

Íîâûé âûçîâ ôóíêöèè force ïðîñòî âîçâðàùàåò âû÷èñëåííîå çíà÷å-
íèå:

# Lazy.force x ;;
− : int = 12

Ñòðîêà �Hello� áîëüøå íå âûâîäèòñÿ íà ýêðàí.
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�Áåñêîíå÷íûå� ñòðóêòóðû äàííûõ

Äðóãîé èíòåðåñ èñïîëüçîâàíèÿ îòëîæåííîãî âû÷èñëåíèÿ ñîñòîèò â âîç-
ìîæíîñòè ïîñòðîåíèÿ ïîòåíöèàëüíî áåñêîíå÷íûõ ñòðóêòóð äàííûõ, êàê
íà ïðèìåð ìíîæåñòâî íàòóðàëüíûõ ÷èñåë. Âìåñòî òîãî ÷òîáû êîíñòðó-
èðîâàòü êàæäîå ÷èñëî, ìû îïðåäåëèì ëèøü ïåðâûé ýëåìåíò è ñïîñîá
ïîëó÷åíèÿ ñëåäóþùåãî.

Îïðåäåëèì íàñòðàèâàåìóþ (generic) ñòðóêòóðó 'a enum ñ ïîìîùüþ
êîòîðîé ìû áóäåì îïðåäåëÿòü ýëåìåíòû ìíîæåñòâà.

# type 'a enum = { mutable i : 'a; f :'a −> 'a } ;;
type 'a enum = { mutable i: 'a; f: 'a −> 'a }
# let next e = let x = e.i in e. i <− (e.f e. i ) ; x ;;
val next : 'a enum −> 'a = <fun>

Äëÿ òîãî, ÷òîáû ïîëó÷èòü ìíîæåñòâî íàòóðàëüíûõ äîñòàòî÷íî êîí-
êðåòèçèðîâàòü (instanciating) ïîëÿ ýòîé ñòðóêòóðû.

# let nat = { i=0; f=fun x −> x + 1 };;
val nat : int enum = {i=0; f=<fun>}
# next nat;;
− : int = 0
# next nat;;
− : int = 1
# next nat;;
− : int = 2

Äðóãîé ïðèìåð � ðÿä ÷èñåë Ôèáîíà÷÷è, êîòîðûé îïðåäåëåí êàê:
u0 = 1
u1 = 1
un+2 = un + un+1;

Ôóíêöèÿ, âû÷èñëÿþùàÿ òåêóùåå çíà÷åíèå, äîëæíà èñïîëüçîâàòü çíà-
÷åíèÿ un−1 è un−2. Äëÿ ýòîãî âîñïîëüçóåìñÿ ñîñòîÿíèåì c â ñëåäóþùåì
çàìûêàíèè.

# let �b = let fx = let c = ref 0 in fun v −> let r = !c + v in c:=v ; r
in { i=1 ; f=fx } ;;

val �b : int enum = {i=1; f=<fun>}
# for i=0 to 10 do print_int (next �b) ; print_string " " done ;;
1 1 2 3 5 8 13 21 34 55 89 − : unit = ()



122 Ãëàâà 3. Ôóíêöèîíàëüíûé è èìïåðàòèâíûé ñòèëü

3.4 Ïîòîê äàííûõ

Ïîòîêè ýòî ïîòåíöèàëüíî áåñêîíå÷íàÿ ïîñëåäîâàòåëüíîñòü äàííûõ îïðå-
äåëåííîãî ðîäà. Âû÷èñëåíèå ÷àñòè ïîòîêà âûïîëíÿåòñÿ ïî íåîáõîäèìî-
ñòè äëÿ òåêóùåãî âû÷èñëåíèÿ � ïàññèâíûå ñòðóêòóðû äàííûõ.

stream àáñòðàêòíûé òèï äàííûõ, ðåàëèçàöèÿ êîòîðîãî íåèçâåñòíà.
Ìû ìàíèïóëèðóåì îáúåêòàìè ýòîãî òèïà ïðè ïîìîùè ôóíêöèé êîíñòðóê-
öèè è äåñòðóêöèè. Äëÿ óäîáñòâà ïîëüçîâàòåëÿ, Objective CAML ïðåäî-
ñòàâëÿåò ïîëüçîâàòåëþ ïðîñòûå ñèíòàêñè÷åñêèå êîíñòðóêöèè äëÿ ñîçäà-
íèÿ è äîñòóïà ê ýëåìåíòàì ïîòîêà.

Warning

Ýòî îñîáåííîñòü ÿâëÿåòñÿ ðàñøèðåíèåì ÿçûêà è ìîæåò èçìåíèòüñÿ â ñëå-
äóþùèõ âåðñèÿõ.

3.4.1 Êîíñòðóêöèÿ

Óïðîùåííûé ñèíòàêñèñ êîíñòðóêöèè ïîòîêîâ ïîõîæ íà ñèíòàêñèñ êîí-
ñòðóêöèè ñïèñêîâ èëè âåêòîðîâ. Ïóñòîé ïîòîê ñîçäàåòñÿ ñëåäóþùèì ñïî-
ñîáîì:

# [< >] ;;
− : 'a Stream.t = <abstr>

Äðóãîé ñïîñîá êîíñòðóêöèè ïîòîêà ñîñòîèò â ïåðå÷èñëåíèè ýëåìåíòîâ
ýòîãî ïîòîêà, ãäå ïåðåä êàæäûì èç íèõ ñòàâèòñÿ àïîñòðîô.

# [< '0; '2; '4 >] ;;
− : int Stream.t = <abstr>

Âûðàæåíèÿ, ïåðåä êîòîðûìè íå ñòîèò àïîñòðîô, ðàññìàòðèâàþòñÿ
êàê ïîä�ïîòîêè.

# [< '0; [< '1; '2; '3 >]; '4 >] ;;
− : int Stream.t = <abstr>
# let s1 = [< '1; '2; '3 >] in [< s1; '4 >] ;;
− : int Stream.t = <abstr>
# let concat_stream a b = [< a ; b >] ;;
val concat_stream : 'a Stream.t −> 'a Stream.t −> 'a Stream.t = <fun>
# concat_stream [< '"if"; '"c";'"then";'"1" >] [< '"else" ;' "2" >] ;;
− : string Stream.t = <abstr>
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Îñòàëüíûå ôóíêöèè ñãðóïïèðîâàíû â ìîäóëå Stream. Íà ïðèìåð,
ôóíêöèè of_channel è of_string âîçâðàùàþò ïîòîê ñîñòîÿùèé èç ñèì-
âîëîâ ïîëó÷åííûõ èç âõîäíîãî ïîòîêà èëè ñòðîêè ñèìâîëîâ.

# Stream.of_channel ;;
− : in_channel −> char Stream.t = <fun>
# Stream.of_string ;;
− : string −> char Stream.t = <fun>

Îòëîæåííîå âû÷èñëåíèå ïîòîêîâ ïîçâîëÿåò èñïîëüçîâàòü áåñêîíå÷-
íûå ñòðóêòóðû äàííûõ, êàê ýòî áûëî â ñëó÷àå ñ òèïîì 'a enum íà ñòð.
121. Îïðåäåëèì ïîòîê íàòóðàëüíûõ ÷èñåë ïðè ïîìîùè ïåðâîãî ýëåìåíòà
è ôóíêöèè âû÷èñëÿþùåé ïîòîê èç ñëåäóþùèõ ýëåìåíòîâ.

# let rec nat_stream n = [< 'n ; nat_stream (n+1) >] ;;
val nat_stream : int −> int Stream.t = <fun>
# let nat = nat_stream 0 ;;
val nat : int Stream.t = <abstr>

3.4.2 Äåñòðóêöèÿ è ñîïîñòàâëåíèå ïîòîêà

Ýëåìåíòàðíàÿ îïåðàöèÿ next îäíîâðåìåííî âû÷èñëÿåò, âîçâðàùàåò è èç-
âëåêàåò ïåðâûé ýëåìåíò ïîòîêà.

# for i=0 to 10 do
print_int (Stream.next nat) ;
print_string " "
done ;;

0 1 2 3 4 5 6 7 8 9 10 − : unit = ()
# Stream.next nat ;;
− : int = 11

Êîãäà äàííûå â ïîòîêå çàêîí÷èëèñü âîçáóæäàåòñÿ èñêëþ÷åíèå.

# Stream.next [< >] ;;
Uncaught exception: Stream.Failure

Äëÿ èñïîëüçîâàíèÿ ïîòîêîâ Objective CAML ïðåäîñòàâëÿåò ñïåöè-
àëüíîå ñîïîñòàâëåíèå äëÿ ïîòîêîâ � óíè÷òîæàþùåå ñîïîñòàâëåíèå (destructive
matching). Ñîïîñòàâëÿåìîå çíà÷åíèå âû÷èñëÿåòñÿ è óäàëÿåòñÿ èç ïîòî-
êà. Ïîíÿòèå èñ÷åðïûâàåìîñòè ñîïîñòàâëåíèÿ (exhaustive match) íå ñóùå-
ñòâóåò äëÿ ïîòîêîâ, òàê êàê ìû èñïîëüçóåì ïàññèâíûå è ïîòåíöèàëüíî
áåñêîíå÷íûå ñòðóêòóðû äàííûõ. Ñèíòàêñèñ ñîïîñòàâëåíèÿ ñëåäóþùèé:

Ñèíòàêñèñ
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match expr with parser [< 'p1 ...>] −> expr1 | ...

Ôóíêöèÿ next ìîæåò áûòü ïåðåïèñàíà â ñëåäóþùåé ôîðìå:

# let next s = match s with parser [< 'x >] −> x ;;
val next : 'a Stream.t −> 'a = <fun>
# next nat;;
− : int = 12

Çàìåòüòå, ÷òî ïåðå÷èñëåíèå ÷èñåë íà÷àëîñü ñ òîãî ìåñòà ãäå ìû îñòà-
íîâèëèñü.

Ñóùåñòâóåò äðóãàÿ ôîðìà ñèíòàêñèñà äëÿ ôèëüòðàöèè ôóíêöèîíàëü-
íîãî ïàðàìåòðà òèïà Stream.t.

Ñèíòàêñèñ

parser p −> ...

Ïåðåïèøåì ôóíêöèþ next èñïîëüçóÿ íîâûé ñèíòàêñèñ.

# let next = parser [<'x>] −> x ;;
val next : 'a Stream.t −> 'a = <fun>
# next nat ;;
− : int = 13

Ìû ìîæåì ñîïîñòàâëÿòü ïóñòîé ïîòîê, íî íåîáõîäèìî ïîìíèòü î ñëå-
äóþùåì: îáðàçåö ïîòîêà [<>] ñîïîñòàâëÿåòñÿ ñ êàêèì óãîäíî ïîòîêîì.
Òî åñòü, ïîòîê s âñåãäà ðàâåí ïîòîêó [< [<>]; s >]. Ïîýòîìó íóæíî
ïîìåíÿòü îáû÷íûé ïîðÿäîê ñîïîñòàâëåíèÿ.

# let rec it_stream f s =
match s with parser
[< 'x ; ss >] −> f x ; it_stream f ss

| [<>] −> () ;;
val it_stream : ('a −> 'b) −> 'a Stream.t −> unit = <fun>
# let print_int1 n = print_int n ; print_string" " ;;
val print_int1 : int −> unit = <fun>
# it_stream print_int1 [<'1; '2; '3>] ;;
1 2 3 − : unit = ()

Èñïîëüçóÿ òîò ôàêò ÷òî ñîïîñòàâëåíèå óíè÷òîæàþùåå, ïåðåïèøåì
ïðåäûäóùóþ ôóíêöèþ.

# let rec it_stream f s =
match s with parser
[< 'x >] −> f x ; it_stream f s

| [<>] −> () ;;
val it_stream : ('a −> 'b) −> 'a Stream.t −> unit = <fun>
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# it_stream print_int1 [<'1; '2; '3>] ;;
1 2 3 − : unit = ()

Íåñìîòðÿ íà òî ÷òî ïîòîêè ïàññèâíûå, îíè äîáðîâîëüíî è ñ �âîñòîð-
ãîì� îòäàþò ñâîé ïåðâûé ýëåìåíò, êîòîðûé ïîñëå ýòîãî áóäåò óòåðÿí
äëÿ ïîòîêà. Ýòà îñîáåííîñòü îòîáðàæàåòñÿ íà ñîïîñòàâëåíèè. Ñëåäóþ-
ùàÿ ôóíêöèÿ åñòü ïîïûòêà (îáðå÷åííàÿ íà íåóäà÷ó) âûâîäà íà ýêðàí
äâóõ ÷èñåë èç ïîòîêà, â êîíöå ïîòîêà ìîæåò îñòàòüñÿ îäèí ýëåìåíò.

# let print_int2 n1
n2 =
print_string "(" ; print_int n1 ; print_string "," ;
print_int n2 ; print_string ")" ;;

val print_int2 : int −> int −> unit = <fun>
# let rec print_stream s =
match s with parser
[< 'x; 'y >] −> print_int2 x y; print_stream s

| [< 'z >] −> print_int1 z; print_stream s
| [<>] −> print_newline() ;;

val print_stream : int Stream.t −> unit = <fun>
# print_stream [<'1; '2; '3>];;
(1,2)Uncaught exception: Stream.Error("")

Äâà ïåðâûõ ýëåìåíòà ïîòîêà áûëè âûâåäåíû íà ýêðàí áåç ïðîáëåì,
îäíàêî âî âðåìÿ âû÷èñëåíèÿ ðåêóðñèâíîãî âûçîâà (print_stream [< 3

>]) îáðàçåö îáíàðóæèë x, êîòîðûé áûë �óïîòðåáëåí�, íî äëÿ y â ïîòîêå
íè÷åãî íåò. Ýòî è ïðèâåëî ê îøèáêå. Äåëî â òîì ÷òî âòîðîé îáðàçåö
àáñîëþòíî áåñïîëåçíûé, åñëè ïîòîê íå ïóñòîé òî ïåðâûé îáðàçåö âñåãäà
ñîâïàäåò.

Äëÿ òîãî, ÷òîáû ïîëó÷èòü îæèäàåìûé ðåçóëüòàò íåîáõîäèìî óïîðÿ-
äî÷èòü ñîïîñòàâëåíèå.

# let rec print_stream s =
match s with parser
[< 'x >]
−> (match s with parser

[< 'y >] −> print_int2 x y; print_stream s
| [<>] −> print_int1 x; print_stream s)

| [<>] −> print_newline() ;;
val print_stream : int Stream.t −> unit = <fun>
# print_stream [<'1; '2; '3>];;
(1,2)3
− : unit = ()
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Åñëè ñîïîñòàâëåíèå íå ñðàáàòûâàåò íà ïåðâîì ýëåìåíòå îáðàçöà, òî
ôèëüòð ðàáîòàåò êàê îáû÷íî.

# let rec print_stream s =
match s with parser
[< '1; 'y >] −> print_int2 1 y; print_stream s

| [< 'z >] −> print_int1 z; print_stream s
| [<>] −> print_newline() ;;

val print_stream : int Stream.t −> unit = <fun>
# print_stream [<'1; '2; '3>] ;;
(1,2)3
− : unit = ()

Ïðåäåëû ñîïîñòàâëåíèÿ

Èç�çà ñâîåãî ñâîéñòâà óíè÷òîæåíèÿ ñîïîñòàâëåíèå ïîòîêîâ îòëè÷àåòñÿ
îò ñîïîñòàâëåíèÿ òèïîâ ñóììà. Äàâàéòå ðàññìîòðèì íà ñêîëüêî ãëóáîêî
îíè îòëè÷àþòñÿ.

Âîò ïðîñòåéøàÿ ôóíêöèÿ ñêëàäûâàþùàÿ äâà ýëåìåíòà ïîòîêà.

# let rec sum s =
match s with parser
[< 'n; ss >] −> n+(sum ss)

| [<>] −> 0 ;;
val sum : int Stream.t −> int = <fun>
# sum [<'1; '2; '3; '4>] ;;
− : int = 10

Îäíàêî, ìû ìîæåì ïîãëîòèòü ïîòîê �èçíóòðè� ïðèäàâ èìÿ ïîëó÷åí-
íîìó ðåçóëüòàòó.

# let rec sum s =
match s with parser
[< 'n; r = sum >] −> n+r

| [<>] −> 0 ;;
val sum : int Stream.t −> int = <fun>
# sum [<'1; '2; '3; '4>] ;;
− : int = 10

Â ãëàâå 10, ïîñâÿùåííîé ëåêñè÷åñêîìó è ñèíòàêñè÷åñêîìó àíàëèçó,
ìû ðàññìîòðèì äðóãèå ïðèìåðû èñïîëüçîâàíèÿ ïîòîêîâ. Â ÷àñòíîñòè, ìû
óâèäèì êàê �ïîãëîùåíèå� ïîòîêà èçíóòðè ìîæíî ñ âûãîäîé èñïîëüçîâàòü.
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3.5 Ðåçþìå

Â ýòîé ãëàâå ìû ñðàâíèëè ôóíêöèîíàëüíûé è èìïåðàòèâíûé ñòèëè ïðî-
ãðàììèðîâàíèÿ. Îñíîâíûå ðàçëè÷èÿ ñîñòîÿò â êîíòðîëå âûïîëíåíèÿ (íåÿâ-
íûé â ôóíêöèîíàëüíîì è ÿâíûé â èìïåðàòèâíîì ñòèëå) è ïðåäñòàâëåíèè
â ïàìÿòè äàííûõ (ÿâíîå ðàçäåëåíèå èëè êîïèðîâàíèÿ â èìïåðàòèâíîì
ñòèëå, íå èìåþùåå òàêîé âàæíîñòè â ôóíêöèîíàëüíîì). Ðåàëèçàöèÿ àë-
ãîðèòìîâ â ôóíêöèîíàëüíîì è èìïåðàòèâíîì ñòèëÿõ ïîäðàçóìåâàåò ýòè
ðàçëè÷èÿ. Âûáîð ìåæäó îáîèìè ñòèëÿìè íà ñàìîì äåëå ïðèâîäèò ê èõ
îäíîâðåìåííîìó èñïîëüçîâàíèþ. Ýòî ïîçâîëÿåò ÿâíî âûðàçèòü ïðåäñòàâ-
ëåíèå çàìûêàíèÿ, îïòèìèçèðîâàòü êðèòè÷åñêèå ÷àñòè ïðîãðàììû è ñî-
çäàòü èçìåíÿåìûå ôóíêöèîíàëüíûå äàííûå. Ôèçè÷åñêîå èçìåíåíèå çíà-
÷åíèé â îêðóæåíèè çàìûêàíèÿ ïîìîãàåò íàì ëó÷øå ïîíÿòü ÷òî òàêîå
ôóíêöèîíàëüíîå çíà÷åíèå. Îäíîâðåìåííîå èñïîëüçîâàíèå îáîèõ ñòèëåé
ïðåäîñòàâëÿåò ìîùíûå ñðåäñòâà äëÿ ðåàëèçàöèè. Ìû âîñïîëüçîâàëèñü
ýòèì ïðè ñîçäàíèè ïîòåíöèàëüíî áåñêîíå÷íûõ äàííûõ.
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Ãëàâà 4

Ãðàôè÷åñêèé èíòåðôåéñ

Ââåäåíèå

Â ýòîé ãëàâå ïðåäñòàâëåíà áèáëèîòåêà Graphics, îíà âõîäèò ÿâëÿåòñÿ
÷àñòüþ äèñòðèáóòèâà ÿçûêà Objective CAML. Ýòà áèáëèîòåêà îäèíàêî-
âî ðàáîòàåò â ãðàôè÷åñêèõ èíòåðôåéñàõ îñíîâíûõ ïëàòôîðì: Windows,
MacOS, Unix ñ îáîëî÷êîé X-Windows. Ñ ïîìîùüþ Graphics ìû ìîæåì ðå-
àëèçîâàòü ãðàôè÷åñêèå ðèñóíêè ñ òåêñòîì, êàðòèíêàìè, óïðàâëÿòü ðàç-
ëè÷íûìè áàçîâûìè ñîáûòèÿìè êàê íàæàòèå íà êíîïêó ìûøè èëè êëà-
âèàòóðû.

Ìîäåëü ïðîãðàììèðîâàíèÿ ãðàôè÷åñêèõ ðèñóíêîâ � �ìîäåëü õóäîæ-
íèêà�: ïîñëåäíèé íàðèñîâàííûé ñëîé ñòèðàåò ïðåäûäóùèé. Ýòî èìïå-
ðàòèâíàÿ ìîäåëü, ãðàôè÷åñêîå îêíî â íåé ïðåäñòàâëÿåòñÿ êàê âåêòîð
ïèêñåëåé, êîòîðûå ôèçè÷åñêè èçìåíÿþòñÿ ðàçëè÷íûìè ãðàôè÷åñêèìè
ôóíêöèÿìè. Âçàèìîäåéñòâèå ñ ìûøüþ è êëàâèàòóðîé ïîä÷èíÿåòñÿ ìî-
äåëè ïðîãðàììèðîâàíèÿ ñîáûòèÿìè: ãëàâíàÿ ôóíêöèÿ ïðîãðàììû ýòî
áåñêîíå÷íûé öèêë, â êîòîðîì ìû îæèäàåì äåéñòâèå ïîëüçîâàòåëÿ.

Íåñìîòðÿ íà ïðîñòîòó áèáëèîòåêè Graphics, îíà âïîëíå äîñòàòî÷íà
äëÿ ââåäåíèÿ êîíöåïöèé ïðîãðàììèðîâàíèÿ ãðàôè÷åñêèõ èíòåðôåéñîâ
ñ îäíîé ñòîðîíû è ñ äðóãîé ñòîðîíû ñîäåðæèò áàçîâûå ýëåìåíòû ïðî-
ñòûå â èñïîëüçîâàíèè ïðîãðàììèñòîì, ïðè ïîìîùè êîòîðûõ ìû ìîæåì
ðåàëèçîâàòü áîëåå ñëîæíûå èíòåðôåéñû.

Ïëàí ãëàâû

Â ïåðâîì ðàçäåëå ìû îáúÿñíèì êàê ïîëüçîâàòüñÿ ýòîé áèáëèîòåêîé íà
ðàçëè÷íûõ ñèñòåìàõ. Âî âòîðîì èçó÷èì îñíîâû ãðàôè÷åñêîãî ïðîãðàì-
ìèðîâàíèÿ: òî÷êà, ðèñóíîê, çàïîëíåíèå, öâåò, bitmap. Äëÿ òîãî ÷òîáû
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ïðîèëëþñòðèðîâàòü ýòè êîíöåïöèè, â òðåòüåì ðàçäåëå îïèøåì è ðåàëè-
çóåì ôóíêöèè ðèñîâàíèÿ �áëîêîâ� (boxes). Â ÷åòâåðòîì ðàçäåëå óâèäèì
àíèìàöèþ ãðàôè÷åñêèõ îáúåêòîâ è èõ âçàèìîäåéñòâèå ñ ôîíîì ýêðàíà
èëè äðóãèìè àíèìàöèîííûìè îáúåêòàìè. Â ïÿòîì ðàçäåëå ïðåäñòàâëåí
ñòèëü ïðîãðàììèðîâàíèÿ ñîáûòèÿìè, à òàê æå ñêåëåò ëþáîãî ãðàôè÷å-
ñêîãî ïðèëîæåíèÿ. È íàêîíåö, â ïîñëåäíåì ðàçäåëå ìû âîñïîëüçóåìñÿ
áèáëèîòåêîé Graphics äëÿ ðåàëèçàöèè èíòåðôåéñà êàëüêóëÿòîðà ïðèâå-
äåííîãî íà ñòð. 95.

4.1 Èñïîëüçîâàíèå áèáëèîòåêè Graphics

Èñïîëüçîâàíèå áèáëèîòåêè çàâèñèò îò îïåðàöèîííîé ñèñòåìû è ñïîñîáà
êîìïèëÿöèè. Çäåñü ìû ðàññìîòðèì òîëüêî ïðîãðàììû èñïîëüçóåìûå â
èíòåðàêòèâíîì öèêëå Objective CAML. Â îïåðàöèîííûõ ñèñòåì Windows
è MacOS èíòåðàêòèâíîå ðàáî÷åå îêðóæåíèå ñàìî çàãðóæàåò áèáëèîòåêó.
Äëÿ ñèñòåì Unix íåîáõîäèìî ñîçäàòü íîâûé toplevel1, êîòîðûé çàâèñèò
îò òîãî ãäå íàõîäèòñÿ áèáëèîòåêà X11. Åñëè îíà íàõîäèòñÿ â îäíîì èç
êàòàëîãîâ ïî óìîë÷àíèþ, ãäå èùóòñÿ áèáëèîòåêè C, òî êîìàíäíàÿ ñòðîêà
áóäåò âûãëÿäåòü òàê:

ocamlmktop −custom −o mytoplevel graphics.cma −cclib −lX11
Ýòèì ìû ñîçäàåì êîìàíäó mytoplevel ñ âêëþ÷åííîé áèáëèîòåêîé X11.

Çàïóñê ýòîé êîììàíäû îñóùåñòâëÿåòñÿ òàê:

./mytoplevel

Åñëè æå áèáëèîòåêà ðàñïîëîæåíà â äðóãîì êàòàëîãå, êàê â Linux,
íåîáõîäèìî åãî ÿâíî óêàçàòü:

ocamlmktop −custom −o montoplevel graphics.cma −cclib \
−L/usr/X11/lib −cclib −lX11

Â ýòîì ïðèìåðå ôàéë libX11.a èùåòñÿ â êàòàëîãå /usr/X11/lib.
Áîëåå ïîäðîáíûé ïðèìåð êîìàíäû ocamlmktop ïðèâåäåí â ãëàâå 6.

4.2 Îñíîâíûå ïîíÿòèÿ

Ïðîãðàììèðîâàíèå ãðàôè÷åñêèõ èíòåðôåéñîâ èçíà÷àëüíî ñâÿçàíî ñ ðàç-
âèòèåì àïïàðàòíûõ ñðåäñòâ, â ÷àñòíîñòè ìîíèòîðîâ è ãðàôè÷åñêèõ êàðò.
Äëÿ òîãî ÷òîáû èçîáðàæåíè èìåëî õîðîøåå êà÷åñòâî, íåîáõîäèìî ÷òîáû
îíî ðåãóëÿðíî è ÷àñòî îáíîâëÿëîñü (ïåðåðèñîâûâàëîñü), êàê â êèíî. Äëÿ

1â îðèãèíàëå íà àíãëèéñêîì, ïðèì. ïåð.
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ðèñîâàíèÿ íà ýêðàíå ñóùåñòâóåò äâà îñíîâíûõ ìåòîäà: ëèáî èñïîëüçóÿ
ñïèñîê âèäèìûõ ñåãìåíòîâ, ïðè ýòîì òîëüêî íóæíàÿ ÷àñòü èçîáðàæå-
íèÿ ðèñóåòñÿ íà ýêðàíå, ëèáî ðèñóÿ âñå òî÷êè ýêðàíà (ýêðàí bitmap). Íà
îáû÷íûõ êîìïüþòåðàõ èñïîëüçóåòñÿ ïîñëåäíèé ñïîñîá.

Ýêðàí bitmap ìîæíî ðàññìàòðèâàòü êàê ïðÿìîóãîëüíèê òî÷åê, íàçû-
âàåìûå ïèêñåë îò àíãëèéñêîãî picture element. Îíè ÿâëÿþòñÿ áàçîâûìè
ýëåìåíòàìè èçîáðàæåíèÿ. Âûñîòà è øèðèíà ýêðàíà íàçûâàåòñÿ ðàçðåøå-
íèåì îñíîâíîãî bitmap. Ðàçìåð ýòîãî bitmap çàâèñèò îò ïàìÿòè çàíèìà-
åìîé ïèêñåëîì. Äëÿ ÷åðíî�áåëîãî èçîáðàæåíèÿ ïèêñåë ìîæåò çàíèìàòü
îäèí áèò. Äëÿ öâåòíûõ èëè ñåðûõ èçîáðàæåíèé ðàçìåð ïèêñåëà çàâè-
ñèò îò ÷èñëà îòòåíêîâ àññîöèèðîâàííûõ ïèêñåëó. Äëÿ bitmap 320x640
ïèêñåëåé ïî 256 öâåòîâ â êàæäîì, íàì ïîíàäîáèòñÿ 8 áèòîâ íà êàæäûé
ïèêñåë, ñîîòâåòñòâåííî ðàçìåð âèäåî�ïàìÿòè äîëæåí áûòü 480*640 áàé-
òîâ = 307200 áàéòîâ ' 300 ko. Ýòî ðàçðåøåíèÿ äî ñèõ ïîð èñïîëüçóåòñÿ
íåêîòîðûìè ïðîãðàììàìè â MS-DOS.

Â ñëåäóþùåì ñïèñêå ïðèâåäåíû áàçîâûå îïåðàöèè íàä bitmap èç áèá-
ëèîòåêè Graphics:

� çàêðàøèâàíèå ïèêñåëà

� ðèñîâàíèå ñåãìåíòà

� ðèñîâàíèå ôîðìû: ïðÿìîóãîëüíèê, ýëëèïñ

� çàëèâêà çàìêíóòîé ôîðìû: ïðÿìîóãîëüíèê, ýëëèïñ, ìíîãîóãîëüíèê

� ðèñîâàíèå òåêñòà

� ìàíèïóëÿöèÿ è ïåðåìåùåíèå ÷àñòè èçîáðàæåíèÿ

Êàæäàÿ èç ýòèõ îïåðàöèé èñïîëüçóåò êîîðäèíàòû òî÷êè èçîáðàæåíèÿ
äëÿ çàäàíèÿ ìåñòà ðèñîâàíèÿ. Íåêîòîðûå õàðàêòåðèñòèêè ãðàôè÷åñêèõ
îïåðàöèé îáðàçóþò ãðàôè÷åñêèé êîíòåêñò: òîëùèíà ëèíèè, ñîåäèíåíèå
ëèíèé, âûáîð øðèôòà è åãî ðàçìåð, ñòèëü çàëèâêè. Ãðàôè÷åñêàÿ îïå-
ðàöèÿ âñåãäà âûïîëíÿåòñÿ â îïðåäåëåííîì êîíòåêñòå è åå ðåçóëüòàò çà-
âèñèò îò ýòîãî êîíòåêñòà. Ãðàôè÷åñêèé êîíòåêñò áèáëèîòåêè Graphics
ñîäåðæèò ëèøü òåêóùèå òî÷êó, öâåò, øðèôò è åãî ðàçìåð.

4.3 Ãðàôè÷åñêèé âûâîä

Ïðè ãðàôè÷åñêîì âûâîäå ñëåäóþùèå ýëåìåíòû ÿâëÿþòñÿ áàçîâûìè: îðè-
åíòèð (íà÷àëüíàÿ òî÷êà?) (reference point), ãðàôè÷åñêèé êîíòåêñò, öâåò,
èçîáðàæåíèå, çàïîëíåíèå çàìêíóòûõ ôèãóð, òåêñòû è bitmap�û.
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4.3.1 Îðèåíòèð è ãðàôè÷åñêèé êîíòåêñò

Áèáëèîòåêà Graphics óïðàâëÿåò åäèíñòâåííûì è ãëàâíûì îêíîì. Êîîð-
äèíàòû îðèåíòèðà îêíà ìîãóò ìåíÿòüñÿ îò íèæíåé ëåâîé òî÷êè (0,0) äî
âåðõíåãî ïðàâîãî óãëà. Âîò îñíîâíûå îïåðàöèè íàä ýòèì îêíîì:

� open_graph, òèï êîòîðîé string -> unit, îòêðûâàåò îêíî

� close_graph, òèï êîòîðîé unit -> unit, çàêðûâàåò

� clear_graph, òèï êîòîðîé unit -> unit, è î÷èùàåò

Ðàçìåð îêíà îïðåäåëÿåòñÿ ôóíêöèÿìè size_x è size_y.
Ñòðîêà, êîòîðóþ ìû ïåðåäàåì ôóíêöèè open_graph, çàâèñèò îò ãðà-

ôè÷åñêîé îáîëî÷êè ìàøèíû ãäå çàïóñêàåòñÿ ïðîãðàììà, òî åñòü îíà ïëàò-
ôîðìåííî�çàâèñèìàÿ. Åñëè ñòðîêà ïóñòàÿ, òî ïîëó÷åííîå îêíî áóäåò èìåòü
ñâîéñòâà ïî óìîë÷àíèþ. Ìû ìîæåì ÿâíî óêàçàòü ðàçìåð îêíà; â X-
Windows ñòðîêà � 200x300� ñîçäàñò îêíî ðàçìåðîì 200 ïèñêåëåé ïî øè-
ðèíå è 300 ïî âûñîòå. Çàìåòüòå, ïðîáåë � ïåðâûé ñèìâîë ñòðîêè � 200x300�,
îáÿçàòåëåí.

Â ãðàôè÷åñêîì êîíòåêñòå åñòü íåñêîëüêî êîìïîíåíòîâ êîòîðûå ìîæ-
íî ïðîñìîòðåòü/èçìåíèòü:

òåêóùàÿ òî÷êà: current_point : unit -> int * int
moveto : int -> int -> unit

òåêóùèé öâåò : set_color : color -> unit
øèðèíà òåêóùåé ëèíèè : set_line_width : int -> unit

òåêóùèé øðèôò : set_font : string -> unit
ðàçìåð ýòîãî øðèôòà : set_text_size : int -> unit

4.3.2 Öâåòà

Öâåò ïðåäñòàâëåí òðåìÿ áàéòàìè, êàæäûé èç êîòîðûõ õðàíèò ÿðêîñòü
îñíîâíîãî öâåòà â ìîäåëè RGB (red, green, blue) â èíòåðâàëå îò 0 äî
255. Ôóíêöèÿ rgb (ñ òèïîì int -> int -> int -> color) ñîçäàåò öâåò ñ
òðåìÿ óêàçàííûìè çíà÷åíèÿìè. Åñëè âñå òðè çíà÷åíèÿ ðàâíû, òî ìû ïî-
ëó÷èì ñåðûé öâåò áîëåå èëè ìåíåå ñâåòëûé, â çàâèñèìîñòè îò çíà÷åíèé.
×åðíûé ñîîòâåòñòâóåò ìèíèìóìó ÿðêîñòè äëÿ êàæäîé êîìïîíåíòû öâåòà
rgb(0,0,0), áåëûé öâåò � rgb(255,255,255). Åñòü íåêîòîðûå ïðåäîïðåäåëåí-
íûå öâåòà: black, white, red, green, blue, yellow, cyan, magenta.

Ïåðåìåííûå foreground è background ñîîòâåòñòâóþò òåêóùåìó öâåòó
è öâåòó ôîíà. Ïðè ñòèðàíèè ýêðàíà, îñóùåñòâëÿåòñÿ çàïîëíåíèå öâåòîì
ôîíà.
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Öâåò (çíà÷åíèå òèïà color) ýòî íà ñàìîì äåëå öåëîå ÷èñëî, êîòîðîå ìû
ìîæåì ðàçáèòü íà òðè ÷àñòè (from_rgb) èëè èíâåðòèðîâàòü (inv_color).

(* color == R * 256 * 256 + G * 256 + B *)
# let from_rgb (c : Graphics.color) =

let r = c / 65536 and g = c / 256 mod 256 and b = c mod 256
in (r ,g,b) ;;

val from_rgb : Graphics.color −> int * int * int = <fun>
# let inv_color (c : Graphics.color) =

let (r ,g,b) = from_rgb c
in Graphics.rgb (255−r) (255−g) (255−b) ;;

val inv_color : Graphics.color −> Graphics.color = <fun>

Ôóíêöèÿ point_color, òèïà int -> int -> color, âîçâðàùàåò öâåò òî÷êè,
êîîðäèíàòû êîòîðîé óêàçàíû íà âõîäå.

4.3.3 Ðèñóíîê è çàëèâêà

Ôóíêöèÿ ðèñîâàíèÿ âûâîäèò ëèíèþ íà ýêðàí, ïðè ýòîì äëÿ òîëùèíû è
öâåòà èñïîëüçóþòñÿ òåêóùèå çíà÷åíèÿ. Ôóíêöèÿ çàëèâêè çàêðàøèâàåò
çàìêíóòóþ ôîðìó òåêóùèì öâåòîì. Ðàçëè÷íûå ôóíêöèè ðèñîâàíèÿ è
çàëèâêè ïðèâåäåíû â òàáëèöå 4.1.

ðèñóíîê çàïîëíåíèå òèï
plot int -> int -> unit
lineto int -> int -> unit

�ll_rect int -> int -> int -> int -> unit
�ll_poly ( int * int) array -> unit

draw_arc �ll_arc int -> int -> int -> int -> int -> unit
draw_ellipse �ll_ellipse int -> int -> int -> int -> unit
draw_circle �ll_circle int -> int -> int -> unit

Òàáëèöà 4.1: Ôóíêöèè ðèñîâàíèÿ è çàëèâêè

Çàìåòüòå, ÷òî ôóíêöèÿ lineto èìååò ïîáî÷íûé ýôôåêò: îíà èçìåíÿåò
ïîëîæåíèå òåêóùåé òî÷êè.

Ðèñîâàíèå ìíîãîóãîëüíèêîâ Â ñëåäóþùåì ïðèìåðå, ìû äîáàâèì
íåêîòîðûå ôóíêöèè ðèñîâàíèÿ, êîòîðûå íå ñóùåñòâóþò â áèáëèîòåêå.
Ìíîãîóãîëüíèê îïðåäåëÿåòñÿ âåêòîðîì åãî âåðøèí.

# let draw_rect x0 y0 w h =
let (a,b) = Graphics.current_point()
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and x1 = x0+w and y1 = y0+h
in
Graphics.moveto x0 y0;
Graphics.lineto x0 y1; Graphics.lineto x1 y1;
Graphics.lineto x1 y0; Graphics.lineto x0 y0;
Graphics.moveto a b;;

val draw_rect : int −> int −> int −> int −> unit = <fun>

# let draw_poly r =
let (a,b) = Graphics.current_point () in
let (x0,y0) = r.(0) in Graphics.moveto x0 y0;
for i = 1 to (Array.length r)−1 do
let (x,y) = r.( i ) in Graphics.lineto x y

done;
Graphics.lineto x0 y0;
Graphics.moveto a b;;

val draw_poly : (int * int) array −> unit = <fun>

Îáðàòèòå âíèìàíèå íà òî ÷òî ýòè ôóíêöèè áåðóò òàêèå æå àðãóìåíòû
÷òî è ñóùåñòâóþùèå ôóíêöèè çàëèâêè. Òàê îíè íå èçìåíÿþò ñîñòîÿíèå
òåêóùåé òî÷êè.

Ìîäåëü õóäîæíèêà Ñëåäóþùèé ïðèìåð èëëþñòðèðóåò ñåòü ýñòàôåò-
íîãî êîëüöà (token ring) (ðèñ. 4.1). Êàæäûé êîìïüþòåð ïðåäñòàâëåí â
âèäå íåáîëüøîãî êðóãà, âñå êîìïüþòåðû ñîåäèíåíû ìåæäó ñîáîé è ñåòü
îáðàçóåò êîëüöî. Òåêóùåå ïîëîæåíèå ìàðêåðà â ñåòè èçîáðàæåíî ÷åðíûì
êðóãîì.

Ôóíêöèÿ net_points ñîçäàåò êîîðäèíàòû âñåõ êîìïüþòåðîâ ñåòè, ýòè
äàííûå áóäóò õðàíèòüñÿ â âåêòîðå.

# let pi = 3.1415927;;
val pi : �oat = 3.1415927
# let net_points (x,y) l n =

let a = 2. *. pi /. ( �oat n) in
let rec aux (xa,ya) i =
if i > n then []
else
let na = (�oat i ) *. a in
let x1 = xa + (int_of_�oat ( cos(na) *. l ))
and y1 = ya + (int_of_�oat ( sin(na) *. l)) in
let np = (x1,y1) in
np::(aux np (i+1))
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in Array.of_list (aux (x,y) 1) ;;
val net_points : int * int −> �oat −> int −> (int * int) array = <fun

>

Ôóíêöèÿ draw_net âûâîäèò ñîåäèíåíèÿ, êîìïüþòåðû è ìàðêåð.

# let draw_net (x,y) l n sc st =
let r = net_points (x,y) l n in
draw_poly r;
let draw_machine (x,y) =
Graphics.set_color Graphics.background;
Graphics. �ll_circle x y sc ;
Graphics.set_color Graphics.foreground;
Graphics.draw_circle x y sc

in
Array.iter draw_machine r;
Graphics. �ll_circle x y st ;;

val draw_net : int * int −> �oat −> int −> int −> int −> unit = <
fun>

Ïðè ñëåäóþùåì âûçîâå ïîëó÷èì ëåâóþ êàðòèíêó íà ðèñóíêå 4.1.

# draw_net (140,20) 60.0 10 10 3;;
− : unit = ()

# save_screen "IMAGES/tokenring.caa";;
− : unit = ()

Ðèñ. 4.1: Ñåòü ýñòàôåòíîå êîëüöî

Çàìåòèì ÷òî ïîðÿäîê âûâîäà íà ýêðàí âàæåí � ñíà÷àëà ñîåäèíåíèÿ,
à çàòåì óçëû. Èçîáðàæåíèå óçëîâ ñåòè ñêðûâàåò (â òåêñòå ñòèðàåò, ïðèì.
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ïåð.) ÷àñòü îòðåçêîâ ñîåäèíåíèé. Òàêèì îáðàçîì íåò íàäîáíîñòè âû÷èñ-
ëÿòü òî÷êè ïåðåñå÷åíèÿ îòðåçêîâ è êðóãîâ. Íà ïðàâîé êàðòèíêå ðèñóí-
êà 4.1 ðåçóëüòàò îáðàòíîãî ïîðÿäêà âûâîäà íà ýêðàí, ãäå ìû âèäèì ïå-
ðåñå÷åíèÿ îòðåçêîâ âíóòðè êðóãîâ, ïðåäñòàâëÿþùèõ óçëû.

4.3.4 Òåêñò

Äâå ñëåäóþùèå ôóíêöèè âûâîäà òåêñòà íà ýêðàí ÷ðåçâû÷àéíî ïðîñòû:
draw_char (ñ òèïîì char -> unit) è draw_string (ñ òèïîì string -> unit)
âûâîäÿò íà ýêðàí îäèí ñèìâîë è ñòðîêó ñîîòâåòñòâåííî. Âûâîä îñóùåñòâ-
ëÿåòñÿ íà òåêóùóþ ïîçèöèþ ýêðàíà, òàêæå ýòè îáå ôóíêöèè ó÷èòûâàþò
çíà÷åíèå òåêóùåãî øðèôòà è åãî ðàçìåð.

Çàìå÷àíèå
Âûâîä òåêñòà íà ýêðàí ìîæåò çàâèñåòü îò ãðàôè÷åñêîé îáîëî÷êè.

Äëÿ ïåðåäàíîé â àðãóìåíòå ñòðîêè, ôóíêöèÿ text_size âîçâðàùàåò
ïàðó öåëûõ ÷èñåë, êîòîðûå ñîîòâåòñòâóþò ðàçìåðàì âûâåäåííîé ñòðîêè
ñ òåêóùèì øðèôòîì è ðàçìåðîì.

Âåðòèêàëüíûé âûâîä òåêñòà Â ñëåäóþùåì ïðèìåðå ôóíêöèÿ draw_string_v
âåðòèêàëüíî âûâîäèò íà ýêðàí ñòðîêó íà÷èíàÿ ñ òåêóùåé ïîçèöèè. Ðå-
çóëüòàò èçîáðàæåí íà ðèñóíêå 4.2, êàæäàÿ áóêâà âûâîäèòñÿ îòäåëüíî,
ìåíÿÿ âåðòèêàëüíûå êîîðäèíàòû.

# let draw_string_v s =
let (xi , yi) = Graphics.current_point()
and l = String.length s
and (_,h) = Graphics.text_size s
in

Graphics.draw_char s.[0];
for i=1 to l−1 do
let (_,b) = Graphics.current_point()
in Graphics.moveto xi (b−h);

Graphics.draw_char s.[i]
done;

let (a,_) = Graphics.current_point() in Graphics.moveto a yi;;
val draw_string_v : string −> unit = <fun>

Ýòà ôóíêöèÿ èçìåíÿåò òåêóùóþ ïîçèöèþ, ïîñëå âûâîäà ïîçèöèÿ ïå-
ðåìåùàåòñÿ íà ðàññòîÿíèå ðàâíîå øèðèíå ñèìâîëà.
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Ñëåäóþùàÿ ïðîãðàììà âûâîäèò ëåãåíäó âäîëü êîîðäèíàòíûõ îñåé
(ðèñ. 4.2).

#
Graphics.moveto 0 150 ; Graphics.lineto 300 150 ;
Graphics.moveto 2 130 ; Graphics.draw_string "absciss" ;
Graphics.moveto 150 0 ; Graphics.lineto 150 300 ;
Graphics.moveto 135 280 ; draw_string_v "ordinate" ;;
− : unit = ()

о
р
д
и
н
а
т
а

а б с ц и с с а

Ðèñ. 4.2: Ëåãåíäà êîîðäèíàòíûõ îñåé

Äëÿ òîãî ÷òîáû âûâåñòè âåðòèêàëüíûé òåêñò, íåîáõîäèìî ïîìíèòü
÷òî ôóíêöèÿ draw_string_v èçìåíÿåò òåêóùóþ ïîçèöèþ. Äëÿ ýòîãî îïðå-
äåëèì ôóíêöèþ draw_text_v ñ äâóìÿ àðãóìåíòàìè: ðàññòîÿíèå ìåæäó
ñòîëáöàìè è ñïèñîê ñëîâ.

# let draw_text_v n l =
let f s = let (a,b) = Graphics.current_point()

in draw_string_v s ;
Graphics.moveto (a+n) b

in List . iter f l ;;
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val draw_text_v : int −> string list −> unit = <fun>

Åñëè íåîáõîäèìî ðåàëèçîâàòü äðóãèå ìàíèïóëÿöèè ñ òåêñòîì, òàêèå,
êàê âðàùåíèå, ìû äîëæíû èñïîëüçîâàòü bitmap êàæäîé áóêâû è ïðîèç-
âåñòè âðàùåíèå âñåõ ïèêñåëåé.

4.3.5 Bitmaps

Bitmap ìîæåò áûòü ïðåäñòàâëåí ëèáî êàê ìàòðèöà öâåòîâ (color array
array), ëèáî êàê çíà÷åíèå àáñòðàêòíîãî òèïà2 image èç áèáëèîòåêè Graphics.
Èìåíà è òèïû ôóíêöèé ïðèâåäåíû â òàáëèöå 4.2.

fonction type
make_image color array array -> image
dump_image image -> color array array
draw_image image -> int -> int -> unit
get_image int -> int -> int -> int -> image
blit_image image -> int -> int -> unit

create_image int -> int -> image

Òàáëèöà 4.2: Ôóíêöèè ìàíèïóëÿöèè bitmaps

Ôóíêöèè make_image è dump_image êîíâåðòèðóþò èç îäíîãî òèïà
â äðóãîé � image è color array array. Ôóíêöèÿ draw_image âûâîäèò íà
ýêðàí bitmap íà÷èíàÿ ñ êîîðäèíàò åãî íèæíåãî ëåâîãî óãëà.

Ïðè ïîìîùè ôóíêöèè get_image ìû ìîæåì çàõâàòèòü ïðÿìîóãîëü-
íóþ ÷àñòü ýêðàíà è ñîçäàòü òàêèì îáðàçîì èçîáðàæåíèå, äëÿ ýòîãî íåîá-
õîäèìî óêàçàòü íèæíþþ ëåâóþ è ïðàâóþ âåðõíþþ óãëû çîíû çàõâàòà.
Ôóíêöèÿ blit_image çàõâàòûâàåò ýêðàí ÷àñòü ýêðàíà è ñîõðàíÿåò èçîá-
ðàæåíèå êîòîðîå ìû ïåðåäàëè â âèäå àðãóìåíòà (òèï image), âòîðîé àð-
ãóìåíò óêàçûâàåò íèæíèé ëåâûé óãîë ÷àñòè ýêðàíà, êîòîðóþ ìû æåëà-
åì çàõâàòèòü. Ðàçìåð çàõâàòûâàåìîé ÷àñòè çàâèñèò îò ðàçìåðîâ èçîáðà-
æåíèÿ, ïåðåäàíîãî â àðãóìåíòå. Ôóíêöèÿ create_image èíèöèàëèçèðóåò
èçîáðàæåíèå, äëÿ ýòîãî íåîáõîäèìî óêàçàòü åãî áóäóùèé ðàçìåð. Ïîçä-
íåå, ýòî èçîáðàæåíèå ìû ìîæåì èçìåíèòü ôóíêöèåé blit_image.

Ïðåäîïðåäåëåííûé öâåò transp ïîçâîëÿåò ñäåëàòü òî÷êè èçîáðàæåíèÿ
ïðîçðà÷íûìè. Ýòî ïîçâîëÿåò íàì âûâåñòè èçîáðàæåíèå ëèøü íà ÷àñòè
ïðÿìîóãîëüíèêà, ïðîçðà÷íûå òî÷êè íå èçìåíÿþò íà÷àëüíûé ýêðàí.

2àáñòðàêòíûì íàçûâàåòñÿ òèï ïðåäñòàâëåíèå êîòîðîãî íå èçâåñòíî. Îáüÿâëåíèå
ïîäîáíûõ òèïîâ ðàññìàòðèâàåòñÿ â ãëàâå 13
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Ïîëÿðèçàöèÿ jussieu 3

Â ñëåäóþùåì ïðèìåðå ìû èíâåðòèðóåì öâåò òî÷åê bitmap-à, äëÿ ÷åãî
áóäåì èñïîëüçîâàòü ôóíêöèþ, êîòîðàÿ áûëà ïðåäñòàâëåíà íà 132, äëÿ
êàæäîãî ïèêñåëà bitmap-à.

# let inv_image i =
let inv_vec = Array.map (fun c −> inv_color c) in
let inv_mat = Array.map inv_vec in
let matrice_inversee = inv_mat (Graphics.dump_image i) in
Graphics.make_image matrice_inversee ;;

val inv_image : Graphics.image −> Graphics.image = <fun>

Íà ðèñóíêå 4.3, êàðòèíêà ñëåâà � íà÷àëüíîå èçîáðàæåíèå è ïðàâîå �
íîâîå, �îñâåùåííîå ñîëíöåì�, ïîñëå èñïîëüçîâàíèå ôóíêöèè inv_image.

# let f_jussieu2 () = inv_image jussieu1;;
val f_jussieu2 : unit −> Graphics.image = <fun>

Ðèñ. 4.3: Èíâåðñèÿ Jussieu

4.3.6 Ðèñîâàíèå ðåëüåôíûõ áëîêîâ

Â ýòîì ïðèìåðå ìû ïîïûòàåìñÿ îïðåäåëèòü íåñêîëüêî ïîëåçíûõ ôóíê-
öèé âûâîäà ðåëüåôíûõ áëîêîâ. Áëîêîì ìû íàçûâàåì îáùèé îáúåêò, êî-
òîðûé ïîñëóæèò â äàëüíåéøåì. Áëîê âïèñûâàåòñÿ â ïðÿìîóãîëüíèê, êî-
òîðûé çàäàí íà÷àëüíîé òî÷êîé, âûñîòîé è øèðèíîé.

Äëÿ òîãî ÷òîáû ïðèäàòü áëîêó ðåëüåôíûé âèä, äîñòàòî÷íî äîáàâèòü
äâå òðàïåöèè ñâåòëûõ òîíîâ è äâå áîëåå òåìíûõ.

Color 3

Color 2

Color 1

Èíâåðòèðóÿ öâåòà ìîæíî ñîçäàòü âïå÷àòëåíèå âîãíóòîãî èëè âûïóê-
ëîãî áëîêà.

3Jussieu - çäàíèå ïàðèæñêîãî óíèâåðñèòåòà. Òàì â ÷àñòíîñòè íàõîäèòñÿ èçâåñòíàÿ
Ëàáîðàòîðèÿ Èíôîðìàòèêè Ïàðèæ-6 (lip6), ãäå ðàáîòàþò àâòîðû êíèãè, ïðèì. ïåð.
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Ðåàëèçàöèÿ Äîáàâèì íîâûå ñâîéñòâà áëîêà: òîëùèíà îêàíòîâêè, òèï
âûâîäà íà ýêðàí (âûïóêëûé, âîãíóòûé èëè ïëîñêèé), öâåòà îêàíòîâêè è
ôîíà. Âñÿ ýòà èíôîðìàöèÿ ñãðóïïèðîâàíà â çàïèñè.

# type relief = Top | Bot | Flat ;;
# type box_con�g =
{ x: int ; y: int ; w:int ; h: int ; bw:int; mutable r:relief;
b1_col : Graphics.color;
b2_col : Graphics.color;
b_col : Graphics.color };;

Òîëüêî ïîëå r ìîæåò áûòü èçìåíåíî. Äëÿ âûâîäà íà ýêðàí ìû èñ-
ïîëüçóåì ôóíêöèþ ðèñóþùóþ ïðÿìîóãîëüíèê draw_rect, êîòîðóþ ìû
îïðåäåëèëè íà 133.

Äëÿ óäîáñòâà, îïðåäåëèì ôóíêöèþ ðèñóþùóþ êîíòóð áëîêà.

# let draw_box_outline bcf col =
Graphics.set_color col ;
draw_rect bcf.x bcf.y bcf.w bcf.h ;;

val draw_box_outline : box_con�g −> Graphics.color −> unit = <fun>

Ôóíêöèÿ âûâîäà íà ýêðàí ñîñòîèò èç òðåõ ÷àñòåé: ðèñîâàíèå ïåðâîé
îêàíòîâêè, çàòåì âòîðîé è âíóòðåííåé ÷àñòè áëîêà.

# let draw_box bcf =
let x1 = bcf.x and y1 = bcf.y in
let x2 = x1+bcf.w and y2 = y1+bcf.h in
let ix1 = x1+bcf.bw and ix2 = x2−bcf.bw
and iy1 = y1+bcf.bw and iy2 = y2−bcf.bw in
let border1 g =
Graphics.set_color g;
Graphics.�ll_poly
[| (x1,y1);( ix1, iy1) ;( ix2, iy1) ;( ix2, iy2) ;(x2,y2);(x2,y1) |]

in
let border2 g =



4.3. Ãðàôè÷åñêèé âûâîä 141

Graphics.set_color g;
Graphics.�ll_poly
[| (x1,y1);( ix1, iy1) ;( ix1, iy2) ;( ix2, iy2) ;(x2,y2);(x1,y2) |]

in
Graphics.set_color bcf.b_col;
( match bcf.r with

Top −>
Graphics. �ll_rect ix1 iy1 (ix2−ix1) (iy2−iy1);
border1 bcf.b1_col;
border2 bcf.b2_col

| Bot −>
Graphics. �ll_rect ix1 iy1 (ix2−ix1) (iy2−iy1);
border1 bcf.b2_col;
border2 bcf.b1_col

| Flat −>
Graphics. �ll_rect x1 y1 bcf.w bcf.h ) ;

draw_box_outline bcf Graphics.black;;
val draw_box : box_con�g −> unit = <fun>

Êîíòóð áëîêà ïîäñâå÷åí ÷åðíûì öâåòîì. Äëÿ òîãî ÷òîáû ñòåðåòü
áëîê, äîñòàòî÷íî çàïîëíèòü ïðîñòðàíñòâî ôîíîâûì öâåòîì.

# let erase_box bcf =
Graphics.set_color bcf.b_col;
Graphics. �ll_rect (bcf.x+bcf.bw) (bcf.y+bcf.bw)

(bcf.w−(2*bcf.bw)) (bcf.h−(2*bcf.bw));;
val erase_box : box_con�g −> unit = <fun>

È íàêîíåö, îïðåäåëèì ôóíêöèþ âûâîäÿùóþ òåêñò âûðîâíåííûé ñëå-
âà, ñïðàâà èëè ïî öåíòðó áëîêà. Äëÿ îïèñàíèÿ ïîçèöèè òåêñòà â áëîêå
îïðåäåëèì òèï position.

# type position = Left | Center | Right;;
type position = | Left | Center | Right
# let draw_string_in_box pos str bcf col =

let (w, h) = Graphics.text_size str in
let ty = bcf.y + (bcf.h−h)/2 in
( match pos with

Center −> Graphics.moveto (bcf.x + (bcf.w−w)/2) ty
| Right −> let tx = bcf.x + bcf.w − w − bcf.bw − 1 in

Graphics.moveto tx ty
| Left −> let tx = bcf.x + bcf.bw + 1 in Graphics.moveto tx

ty );
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Graphics.set_color col ;
Graphics.draw_string str;;

val draw_string_in_box :
position −> string −> box_con�g −> Graphics.color −> unit = <fun

>

Ïðèìåð: ðèñîâàíèå èãðû ×òîáû ïðîäåìîíñòðèðîâàòü èñïîëüçîâà-
íèå áëîêîâ, âûâåäåì íà ýêðàí ïîëå èãðû �êðåñòèêè�íîëèêè�, êàê íà ðè-
ñóíêå 4.4. Äëÿ óïðîùåíèÿ çàäà÷è, îïðåäåëèì öâåòà äëÿ èãðû.

# let set_gray x = (Graphics.rgb x x x) ;;
val set_gray : int −> Graphics.color = <fun>
# let gray1= set_gray 100 and gray2= set_gray 170 and gray3=

set_gray 240;;
val gray1 : Graphics.color = 6579300
val gray2 : Graphics.color = 11184810
val gray3 : Graphics.color = 15790320

Òåïåðü, íàïèøåì ôóíêöèþ ðèñóþùóþ ìàòðèöó áëîêîâ îäíîãî ðàçìå-
ðà.

# let rec create_grid nb_col n sep b =
if n < 0 then []
else
let px = n mod nb_col and py = n / nb_col in
let nx = b.x +sep + px*(b.w+sep)
and ny = b.y +sep + py*(b.h+sep) in
let b1 = {b with x=nx; y=ny} in
b1 ::( create_grid nb_col (n−1) sep b);;

val create_grid : int −> int −> int −> box_con�g −> box_con�g list
= <fun>

Ñîçäàäèì ñïèñîê áëîêîâ.

# let vb =
let b = {x=0; y=0; w=20;h=20; bw=2;

b1_col=grey1; b2_col=grey3; b_col=grey2; r=Top} in
Array.of_list (create_grid 5 24 2 b) ;;

val vb : box_con�g array =
[|{ x=90; y=90; w=20; h=20; bw=2; r=Top; b1_col=6579300; b2_col

=15790320;
b_col=11184810};
{x=68; y=90; w=20; h=20; bw=2; r=Top; b1_col=6579300; b2_col

=15790320;
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b_col=...};
...|]

Èçîáðàæåíèå 4.4 ñîîòâåòñòâóåò ðåçóëüòàòó ñëåäóþùèõ âûçîâîâ:

# Array.iter draw_box vb ;
draw_string_in_box Center "X" vb.(5) Graphics.black ;
draw_string_in_box Center "X" vb.(8) Graphics.black ;
draw_string_in_box Center "O" vb.(12) Graphics.yellow ;
draw_string_in_box Center "O" vb.(11) Graphics.yellow ;;
− : unit = ()

Ðèñ. 4.4: Âûâîä áëîêîâ ñ òåêñòîì

4.4 Àíèìàöèÿ

Àíèìàöèÿ íà ýêðàíå êîìïüþòåðà èñïîëüçóåò òó æå òåõíèêó ÷òî è ìóëüòè-
ïëèêàöèîííûå ôèëüìû. Áîëüøàÿ ÷àñòü èçîáðàæåíèÿ íå ìåíÿåòñÿ, òîëü-
êî ïîäâèæíàÿ ÷àñòü èçìåíÿåò öâåò ñâîèõ ïèêñåëåé. Ïðè ðàáîòå ñ àíèìà-
öèåé, ñðàçó æå âîçíèêàåò ïðîáëåìà ñêîðîñòè ðèñîâàíèÿ. Îíà çàâèñèò îò
ñëîæíîñòè âû÷èñëåíèé è ïðîèçâîäèòåëüíîñòè ïðîöåññîðà. Ïîýòîìó, ÷òî-
áû àíèìàöèÿ áûëà ïåðåíîñèìà è èìåëà îäèíàêîâûé ýôôåêò, íåîáõîäè-
ìî ó÷èòûâàòü ïðîèçâîäèòåëüíîñòü ïðîöåññîðà. ×òîáû ïîëó÷èòü ïëàâíóþ
àíèìàöèþ, æåëàòåëüíî âûâåñòè íà ýêðàí íà íîâîå ïîëîæåíèå àíèìàöè-
îííûé îáúåêò, çàòåì ñòåðåòü ñòàðûé, ó÷èòûâàÿ ïðè ýòîì ïåðåñå÷åíèå
îáëàñòåé îáîèõ îáúåêòîâ.

Ïåðåìåùåíèå îáúåêòà Äëÿ óïðîùåíèÿ çàäà÷è, ìû áóäåì ïåðåìå-
ùàòü îáúåêòû ïðîñòîé ôîðìû, êàê ïðÿìîóãîëüíèê. Îñòàåòñÿ ïðîáëåìà
çàïîëíåíèÿ ýêðàíà çà ïåðåìåùåííûì îáúåêòîì.

Ìû õîòèì ïåðåìåùàòü ïðÿìîóãîëüíèê â çàìêíóòîì ïðîñòðàíñòâå.
Îáúåêò ïåðåìåùàåòñÿ ñ îïðåäåëåííîé ñêîðîñòüþ â íàïðàâëåíèè X è Y.
Åñëè îí äîéäåò äî ãðàíèöû ãðàôè÷åñêîãî îêíà, îáúåêò îòñêî÷èò îí íåãî
íà îïðåäåëåííûé óãîë îòðàæåíèÿ. Îáúåêò ïåðåìåùàåòñÿ èç îäíîãî ïî-
ëîæåíèÿ â äðóãîå áåç ïåðåêðûâàíèÿ ìåæäó íîâîé è ñòàðîé ïîçèöèåé. Â
çàâèñèìîñòè îò òåêóùåãî ïîëîæåíèÿ (x,y), ðàçìåðà îáúåêòà (sx,sy) è åãî
ñêîðîñòè (dx,dy) ôóíêöèÿ calc_pv âû÷èñëÿåò, ó÷èòûâàÿ ãðàíèöû îêíà,
íîâîå ïîëîæåíèå è íîâóþ ñêîðîñòü.

# let calc_pv (x,y) (sx,sy) (dx,dy) =
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let nx1 = x+dx and ny1 = y + dy
and nx2 = x+sx+dx and ny2 = y+sy+dy
and ndx = ref dx and ndy = ref dy
in
( if (nx1 < 0) || (nx2 >= Graphics.size_x()) then ndx := −dx );
( if (ny1 < 0) || (ny2 >= Graphics.size_y()) then ndy := −dy );
((x+ !ndx, y+ !ndy), (!ndx, !ndy));;

val calc_pv :
int * int −> int * int −> int * int −> (int * int) * ( int * int) = <

fun>

Ôóíêöèÿ ïåðåìåùàÿ ïðÿìîóãîëüíèê, óêàçàííûé ïîëîæåíèåì pos è
ðàçìåðîì size, n ðàç, ïîëó÷åííàÿ òðàåêòîðèÿ ó÷èòûâàåò ñêîðîñòü speed
è ãðàíèöû îêíà. Ïóòü ïåðåìåùåíèÿ, èçîáðàæåííûé íà ðèñóíîê 4.5, ïî-
ëó÷åí èíâåðñèåé bitmap�à, êîòîðûé ñîîòâåòñòâóåò ïåðåìåùåííîìó ïðÿ-
ìîóãîëüíèêó.

# let move_rect pos size speed n =
let (x, y) = pos and (sx,sy) = size in
let mem = ref (Graphics.get_image x y sx sy) in
let rec move_aux x y speed n =
if n = 0 then Graphics.moveto x y
else
let ((nx,ny),n_speed) = calc_pv (x,y) (sx,sy) speed
and old_mem = !mem in
mem := Graphics.get_image nx ny sx sy;
Graphics.set_color Graphics.blue;
Graphics. �ll_rect nx ny sx sy;
Graphics.draw_image (inv_image old_mem) x y;
move_aux nx ny n_speed (n−1)

in move_aux x y speed n;;
val move_rect : int * int −> int * int −> int * int −> int −> unit = <

fun>

Ñëåäóþùèé êîä ñîîòâåòñòâóåò èçîáðàæåíèÿì íà ðèñóíêå 4.5, ïåðâîå
ïîëó÷åíî íà êðàñíîì ôîíå, âòîðîå � ïåðåìåùåíèåì îáúåêòà ïî êàðòèíêå
Jussieu.

# let anim_rect () =
Graphics.moveto 105 120;
Graphics.set_color Graphics.white;
Graphics.draw_string "Start";
move_rect (140,120) (8,8) (8,4) 150;
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let (x,y) = Graphics.current_point() in
Graphics.moveto (x+13) y;
Graphics.set_color Graphics.white;
Graphics.draw_string "End";;

val anim_rect : unit −> unit = <fun>
# anim_rect();;
− : unit = ()

Ðèñ. 4.5: Ïåðåìåùåíèå îáúåêòà

Íàøà çàäà÷à áûëà óïðîùåíà òåì, ÷òî íå áûëî ïåðåñå÷åíèé ìåæäó
íîâûì è ñòàðûì ïîëîæåíèåì îáúåêòà. Â ïðîòèâíîì ñëó÷àå, íåîáõîäèìî
íàïèñàòü ôóíêöèþ âû÷èñëÿþùóþ ýòî ïåðåñå÷åíèå, ÷òî ìîæåò áûòü áîëåå
èëè ìåíåå ñëîæíî â çàâèñèìîñòè îò ôîðìû îáúåêòà. Â íàñòîÿùåì ïðèìå-
ðå ñ êâàäðàòîì, ïðè ïåðåñå÷åíèè êâàäðàòîâ ïîëó÷àåòñÿ ïðÿìîóãîëüíèê,
êîòîðûé íåîáõîäèìî ñòåðåòü.

4.5 Îáðàáîòêà ñîáûòèé

Äëÿ òîãî ÷òîáû ñîçäàòü ïðîãðàììó âçàèìîäåéñòâóþùóþ ñ ïîëüçîâàòåëåì
íåîáõîäèìî îáðàáàòûâàòü ñîáûòèÿ ïðîèçîøåäøèå â ãðàôè÷åñêîì îêíå.
Ñëåäóþùèå ñîáûòèÿ îáðàáàòûâàþòñÿ áèáëèîòåêîé Graphics: íàæàòèå íà
êëàâèøó êëàâèàòóðû, íà êíîïêó ìûøè è åå ïåðåìåùåíèå.

Ñòèëü è óñòðîéñòâî ïðîãðàììû èçìåíÿþòñÿ: ïðîãðàììà ïðåâðàùà-
åòñÿ â áåñêîíå÷íûé öèêë îæèäàþùèé ñîáûòèÿ. Ïîñëå îáðàáîòêè íîâîãî
ñîáûòèÿ, ïðîãðàììà âíîâü âîçâðàùàåòñÿ â áåñêîíå÷íûé öèêë, åñëè òîëü-
êî ýòî îí íå áûëî ïðåäâèäåííî äëÿ îñòàíîâêè ïðîãðàììû.

4.5.1 Òèï è ôóíêöèè ñîáûòèé

Ñóùåñòâóåò ñëåäóþùàÿ ãëàâíàÿ ôóíêöèÿ îæèäàíèÿ ñîáûòèÿ: wait_next_event
ñ òèïîì list -> status.

Ðàçëè÷íûå ñîáûòèÿ îïðåäåëåíû òèïîì ñóììà event:

type event = Button_down | Button_up | Key_pressed | Mouse_motion
| Poll ;;

Ïåðâûå ÷åòûðå çíà÷åíèÿ ñîîòâåòñòâóþò íàæàòèþ è îòïóñêàíèþ êíîï-
êè ìûøè, íàæàòèå íà êëàâèøó êëàâèàòóðû è ïåðåìåùåíèå ìûøè. Åñëè
êîíñòðóêòîð Poll äîáàâèòü â ñïèñîê ñîáûòèé, òî îæèäàíèå íå áóäåò áëî-
êèðóþùèì. Ôóíêöèÿ âîçâðàùàåò çíà÷åíèå òèïà status.
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type status =
{ mouse_x : int;
mouse_y : int;
button : bool;
keypressed : bool;
key : char};;

Ïîëÿ ýòîé çàïèñè ñîäåðæàò êîîðäèíàòû êóðñîðà ìûøè, áóëåâî çíà-
÷åíèå ðàâíîå èñòèíå åñëè êíîïêà ìûøè áûëà íàæàòà, òàêîå æå çíà÷åíèå
äëÿ êëàâèàòóðû è ïîñëåäíåå çíà÷åíèå ñîäåðæèò ñèìâîë íàæàòîé êëàâè-
øè. Ñëåäóþùèå ôóíêöèè èñïîëüçóþò çíà÷åíèÿ ýòîé çàïèñè.

� mouse_pos : unit -> int * int : âîçâðàùàåò ïîëîæåíèå êóðñîðà íà
ýêðàíå, åñëè êóðñîâ âíå ãðàôè÷åñêîãî îêíà, òî êîîðäèíàòû íàõî-
äÿòñÿ âíå îêíà.

� button_down : unit -> bool : óêàçûâàåò íà íàæàòèå êíîïêè ìûøè

� read_key : unit -> char : âîçâðàùàåò ñèìâîë íàæàòîé êëàâèøè

� key_pressed : unit -> bool : óêàçûâàåò íà íàæàòèå êëàâèøè êëàâè-
àòóðû, îæèäàíèå íå áëîêèðóþùåå

Áèáëèîòåêà Graphics îáðàáàòûâàåò ñîáûòèÿ íà ìèíèìàëüíîì óðîâíå,
îäíàêî ïîëó÷åííûé êîä ïåðåíîñèì íà ðàçëè÷íûå ïëàòôîðìû: Windows,
MacOS èëè X-Windows. Èìåííî ïî ýòîé ïðè÷èíå äàííàÿ áèáëèîòåêà íå
ðàçëè÷àåò êíîïêè ìûøè. Íà êîìïüþòåðàõ Mac ñóùåñòâóåò âñåãî îäíà
êíîïêà. Äðóãèå ñîáûòèÿ, êàê exposing a window èëè èçìåíåíèå ðàçìåðîâ
îêíà íå äîñòóïíû è îñòàâëåíû íà îáðàáîòêó áèáëèîòåêîé.

4.5.2 Ñêåëåò ïðîãðàììû

Âñå ïðîãðàììû ñ ïîëüçîâàòåëüñêèì èíòåðôåéñîì ñîäåðæàò öèêë, ïîòåí-
öèàëüíî áåñêîíå÷íûé, îñóùåñòâëÿþùèé îæèäàíèå ñîáûòèé îò ïîëüçîâà-
òåëÿ. Êàê òîëüêî îíî âîçíèêàåò, ïðîãðàììà âûïîëíÿåò ñâÿçàííîå ñ íèì
äåéñòâèå. Ó ñëåäóþùåé ôóíêöèè 5 ôóíêöèîíàëüíûõ àðãóìåíòîâ. Ïåð-
âûé è âòîðîé ñëóæàò äëÿ çàïóñêà è îñòàíîâêè ïðîãðàììû, äâà ñëåäó-
þùèå ýòî ôóíêöèè îáðàáàòûâàþùèå ñîáûòèÿ ñâÿçàííûå ñ êëàâèàòóðîé
è ìûøüþ. Ïîñëåäíèé àðãóìåíò ñëóæèò äëÿ óïðàâëåíèÿ èñêëþ÷åíèÿìè,
êîòîðûå ìîãóò âîçíèêíóòü âî âðåìÿ âû÷èñëåíèé. Ñîáûòèÿ, çàêàí÷èâàþ-
ùèå ïðîãðàììó, âîçáóæäàþò èñêëþ÷åíèå End.
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# exception End;;
exception End
# let skel f_init f_end f_key f_mouse f_except =
f_init () ;
try

while true do
try
let s = Graphics.wait_next_event

[Graphics.Button_down; Graphics.Key_pressed]
in if s .Graphics.keypressed then f_key s.Graphics.key

else if s .Graphics.button
then f_mouse s.Graphics.mouse_x s.Graphics.mouse_y

with
End −> raise End

| e −> f_except e
done

with
End −> f_end ();;

val skel :
(unit −> 'a) −>
(unit −> unit) −>
(char −> unit) −> (int −> int −> unit) −> (exn −> unit) −> unit =

<fun>

Ýòîò ñêåëåò ìû èñïîëüçóåì â ïðîãðàììå ìîäåëèðóþùåé ïå÷àòíóþ
ìèíè�ìàøèíó. Íàæàòèå íà êëàâèøó âûâîäèò ñîîòâåòñòâóþùèé ñèìâîë,
íàæàòèå íà êíîïêó ìûøè ìåíÿåò òåêóùóþ ïîçèöèþ, à êëàâèøà ñ ñèì-
âîëîì § çàêàí÷èâàåò ïðîãðàììó. Åäèíñòâåííàÿ òðóäíîñòü çàêëþ÷àåòñÿ
â ïåðåõîäå íà íîâóþ ñòðîêó. Äëÿ óïðîùåíèÿ, ïðåäïîëîæèì ÷òî âûñîòà
ñèìâîëà íå ïðåâûøàåò 12 ïèêñåëåé.

# let next_line () =
let (x,y) = Graphics.current_point()
in if y>12 then Graphics.moveto 0 (y−12)

else Graphics.moveto 0 y;;
val next_line : unit −> unit = <fun>
# let handle_char c = match c with

'&' −> raise End
| '\n' −> next_line ()
| '\r ' −> next_line ()
| _ −> Graphics.draw_char c;;

val handle_char : char −> unit = <fun>
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# let go () = skel
(fun () −> Graphics.clear_graph ();

Graphics.moveto 0 (Graphics.size_y() −12) )
(fun () −> Graphics.clear_graph())
handle_char
(fun x y −> Graphics.moveto x y)
(fun e −> ());;

val go : unit −> unit = <fun>

Êëàâèøà DEL, ñòèðàþùàÿ ïðåäûäóùèé ñèìâîë, íå îáðàáàòûâàåòñÿ
ýòîé ïðîãðàììîé.

4.5.3 Ïðèìåð: telecran

Telecran íåáîëüøàÿ èãðà ðèñîâàíèÿ äëÿ òðåíèðîâêè êîîðäèíàöèè. Ïðè
ïîìîùè êëàâèø êîíòðîëÿ òî÷êà íà ïëàíøåòå ìîæåò ïåðåäâèãàòüñÿ ïî X
è Y íå îòðûâàÿ ïåðà îò ïëàíøåòà. Ïðè ïîìîùè äàííîé ìîäåëè, ìû ïðî-
èëëþñòðèðóåì âçàèìîäåéñòâèå ïðîãðàììû è ïîëüçîâàòåëÿ. Äëÿ ýòîãî,
ïðèìåíèì ïðåäûäóùèé ñêåëåò, à òàêæå íåêîòîðûå êëàâèøè êëàâèàòóðû
äëÿ óêàçàíèÿ äâèæåíèÿ.

Îïðåäåëèì òèï state � çàïèñü â êîòîðîé áóäåò õðàíèòüñÿ ðàçìåð
ïëàíøåòà âûðàæåííûé â êîëè÷åñòâå ïîçèöèé ïî X è Y, òåêóùàÿ ïîçèöèÿ
ïåðà, ìàñøòàá äëÿ ïðîñìîòðà, öâåò êîòîðûì ðèñóåò ïåðî, öâåò ýêðàíà è
öâåò äëÿ îïðåäåëåíèÿ ïîëîæåíèÿ ïåðà íà ýêðàíå.

# type state = {maxx:int; maxy:int; mutable x : int; mutable y :int;
scale : int ;
bc : Graphics.color;
fc : Graphics.color; pc : Graphics.color };;

Ôóíêöèÿ draw_point ðèñóåò òî÷êó ïî óêàçàííûì êîîðäèíàòàì, ìàñ-
øòàáó è öâåòó.

# let draw_point x y s c =
Graphics.set_color c;
Graphics. �ll_rect (s*x) (s*y) s s ;;

val draw_point : int −> int −> int −> Graphics.color −> unit = <fun>

Âñå ôóíêöèè èíèöèàëèçàöèè, îáðàáîòêè ñîáûòèé è âûõîäà èç ïðî-
ãðàììû ïîëó÷àþò ïàðàìåòð ñîîòâåòñòâóþùèé ñîñòîÿíèþ (state). Âîò êàê
îïðåäåëåíû ïåðâûå ÷åòûðå ôóíêöèè.

# let t_init s () =
Graphics.open_graph (" " ^ (string_of_int (s.scale*s.maxx)) ^
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"x" ^ (string_of_int (s. scale*s.maxy)));
Graphics.set_color s.bc;
Graphics. �ll_rect 0 0 (s . scale*s.maxx+1) (s.scale*s.maxy+1);
draw_point s.x s.y s. scale s .pc;;

val t_init : state −> unit −> unit = <fun>
# let t_end s () =

Graphics.close_graph();
print_string "Good bye..."; print_newline();;

val t_end : 'a −> unit −> unit = <fun>
# let t_mouse s x y = ();;
val t_mouse : 'a −> 'b −> 'c −> unit = <fun>
# let t_except s ex = ();;
val t_except : 'a −> 'b −> unit = <fun>

Ôóíêöèÿ t_init îòêðûâàåò îêíî è âûâîäèò ïåðî íà òåêóùóþ ïîçèöèþ,
t_end çàêðûâàåò ýòî îêíî è âûâîäèò ñîîáùåíèå, t_mouse è t_except íè-
÷åãî íå äåëàþò. Â ýòîé ïðîãðàììå äåéñòâèÿ ìûøè, òàê æå êàê è èñêëþ÷å-
íèÿ, íå îáðàáàòûâàþòñÿ. Ïîñëåäíèå ìîãóò âîçíèêíóòü âî âðåìÿ çàïóñêà
ïðîãðàììû. Ôóíêöèÿ t_key � ãëàâíàÿ, îíà îòâå÷àåò çà îáðàáîòêó íàæà-
òèé íà êëàâèàòóðó.

# let t_key s c =
draw_point s.x s.y s. scale s . fc ;
(match c with
'8' −> if s.y < s.maxy then s.y <− s.y + 1;

| '2' −> if s.y > 0 then s.y <− s.y − 1
| '4' −> if s.x > 0 then s.x <− s.x − 1
| '6' −> if s.x < s.maxx then s.x <− s.x + 1
| 'c' −> Graphics.set_color s.bc;

Graphics. �ll_rect 0 0 (s . scale*s.maxx+1) (s.scale*s.maxy
+1);

Graphics.clear_graph()
| 'e' −> raise End
| _ −> ());
draw_point s.x s.y s. scale s .pc;;

val t_key : state −> char −> unit = <fun>

Îíà çàêðàøèâàåò òåêóùóþ òî÷êó öâåòîì ïåðà. Â çàâèñèìîñòè îò ïåðå-
äàíîãî ñèìâîëà èçìåíÿåò, åñëè âîçìîæíî, òåêóùóþ ïîçèöèþ ïåðà (ñèìâî-
ëû '2','4','6','8'), î÷èùàåò ýêðàí (ñèìâîë 'c') èëè âîçáóæäàåò èñêëþ÷åíèå
End (ñèìâîë 'å'), çàòåì âûâîäèò íîâîå ïîëîæåíèå ïåðà. Âñå îñòàëüíûå
ñèìâîëû ïðîèãíîðèðîâàíû. Âûáîð êëàâèø äëÿ ïåðåìåùåíèå ïåðà îñíî-
âûâàåòñÿ íà ðàñïîëîæåíèè êëàâèø ìàëîé öèôðîâîé êëàâèàòóðû.
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È íàêîíåö, îïðåäåëèì ñîñòîÿíèå, à òàêæå âîñïîëüçóåìñÿ ñêåëåòîì
ñëåäóþùèì îáðàçîì:

# let stel = {maxx=120; maxy=120; x=60; y=60;
scale=4; bc=Graphics.rgb 130 130 130;
fc=Graphics.black; pc=Graphics.red};;

val stel : state =
{maxx=120; maxy=120; x=60; y=60; scale=4; bc=8553090; fc=0; pc

=16711680}
# let slate () =

skel (t_init stel ) (t_end stel) (t_key stel)
(t_mouse stel) (t_except stel) ;;

val slate : unit −> unit = <fun>

Âûçîâ ôóíêöèè slate âûâîäèò íà ýêðàí îêíî è îæèäàåò äåéñòâèé ñ
êëàâèàòóðû. Íà ðèñóíêå 4.6 ïðèâåäåíî èçîáðàæåíèå, ðåàëèçîâàííîå ýòîé
ïðîãðàììîé.

Ðèñ. 4.6: Telecran

4.6 Ãðàôè÷åñêèé êàëüêóëÿòîð

Âåðíåìñÿ ê íàøåìó ïðèìåðó ñ êàëüêóëÿòîðîì, îïèñàííûì â ïðåäûäó-
ùåé ãëàâå î èìïåðàòèâíîì ïðîãðàììèðîâàíèè (95). Ñîçäàäèì äëÿ íåãî
ãðàôè÷åñêèé èíòåðôåéñ, îáëåã÷àþùèé èñïîëüçîâàíèå.

Èíòåðôåéñ ðåàëèçóåò êíîïêè (öèôðû è ôóíêöèè) è ýêðàí äëÿ ïðî-
ñìîòðà ðåçóëüòàòà. Êíîïêà ìîæåò áûòü íàæàòà ëèáî ñ èñïîëüçîâàíèåì
ìûøè, ëèáî ñ êëàâèàòóðû. Íà ðèñóíêå 4.7 èçîáðàæåí áóäóùèé èíòåð-
ôåéñ.

Ðèñ. 4.7: Ãðàôè÷åñêèé êàëüêóëÿòîð

Çäåñü ìû âíîâü âîñïîëüçóåìñÿ ôóíêöèåé ðèñîâàíèÿ áëîêîâ, îïèñàí-
íîé íà ñòðàíèöå 139. Îïðåäåëèì ñëåäóþùèé òèï:

# type calc_state =
{ s : state ; k : (box_con�g * key * string ) list ; v : box_con�g } ;;

Â íåì õðàíèòñÿ ñîñòîÿíèå êàëüêóëÿòîðà, ñïèñîê áëîêîâ äëÿ êàæäîé
êíîïêè è áëîê äëÿ âûâîäà ðåçóëüòàòà. Òàê êàê ìû õîòèì ïîñòðîèòü ëåãêî
èçìåíÿåìûé êàëüêóëÿòîð, ïîýòîìó ñîçäàíèå èíòåðôåéñà ïàðàìåòðèçîâà-
íî ñïèñêîì èç àññîöèàöèé:
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# let descr_calc =
[ (Digit 0,"0"); (Digit 1,"1"); (Digit 2,"2"); (Equals, "=");

(Digit 3,"3"); (Digit 4,"4"); (Digit 5,"5"); (Plus, "+");
(Digit 6,"6"); (Digit 7,"7"); (Digit 8,"8"); (Minus, "−");
(Digit 9,"9"); (Recall ,"RCL"); (Div, "/"); (Times, "*");
(O�,"AC"); (Store, "STO"); (Clear,"CE/C")

] ;;

Ñîçäàíèå áëîêîâ êíîïîê Ñ ïîìîùüþ ýòîãî îïèñàíèÿ ìû ñîçäàåì
ñïèñîê áëîêîâ. Ó ôóíêöèè gen_boxes 5 ïàðàìåòðîâ: îïèñàíèå (descr),
÷èñëî êîëîíîê (n), ðàññòîÿíèå ìåæäó êíîïêàìè (wsep), ðàññòîÿíèå ìåæ-
äó òåêñòîì è ãðàíèöàìè áëîêà (wsepint), ðàçìåð îêàíòîâêè (wbord). Îíà
âîçâðàùàåò ñïèñîê áëîêîâ êíîïîê è áëîê äëÿ âûâîäà ðåçóëüòàòà. Äëÿ
âû÷èñëåíèÿ ðàñïîëîæåíèÿ ýëåìåíòîâ, âîñïîëüçóåìñÿ ôóíêöèåé max_xy
âû÷èñëÿþùåé ìàêñèìàëüíûå ðàçìåðû ñïèñêà ïàð öåëûõ ÷èñåë, à òàê-
æå ôóíêöèþ max_lbox âû÷èñëÿþùóþ ìàêñèìàëüíîå ïîëîæåíèå ñïèñêà
áëîêîâ.

# let gen_xy vals comp o =
List . fold_left (fun a (x,y) −> comp (fst a) x,comp (snd a) y) o vals

;;
val gen_xy : ('a * 'a) list −> ('b −> 'a −> 'b) −> 'b * 'b −> 'b * 'b

= <fun>
# let max_xy vals = gen_xy vals max (min_int,min_int);;
val max_xy : (int * int) list −> int * int = <fun>
# let max_boxl l =

let bmax (mx,my) b = max mx b.x, max my b.y
in List . fold_left bmax (min_int,min_int) l ;;

val max_boxl : box_con�g list −> int * int = <fun>

Íèæå ïðåäñòàâëåíà ãëàâíàÿ ôóíêöèÿ gen_boxes, ñîçäàþùàÿ èíòåð-
ôåéñ.

# let gen_boxes descr n wsep wsepint wbord =
let l_l = List.length descr in
let nb_lig = if l_l mod n = 0 then l_l / n else l_l / n + 1 in
let ls = List.map (fun (x,y) −> Graphics.text_size y) descr in
let sx,sy = max_xy ls in
let sx,sy= sx+wsepint ,sy+wsepint in
let r = ref [] in
for i=0 to l_l−1 do
let px = i mod n and py = i / n in
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let b = { x = wsep * (px+1) + (sx+2*wbord) * px ;
y = wsep * (py+1) + (sy+2*wbord) * py ;
w = sx; h = sy ; bw = wbord;
r=Top;
b1_col = gray1; b2_col = gray3; b_col =gray2}

in r:= b ::! r
done;
let mpx,mpy = max_boxl !r in
let upx,upy = mpx+sx+wbord+wsep,mpy+sy+wbord+wsep in
let (wa,ha) = Graphics.text_size " 0" in
let v = { x=(upx−(wa+wsepint +wbord))/2 ; y= upy+ wsep;

w=wa+wsepint; h = ha +wsepint; bw = wbord *2; r=
Flat ;

b1_col = gray1; b2_col = gray3; b_col =Graphics.
black}

in
upx,(upy+wsep+ha+wsepint+wsep+2*wbord),v,
List .map2 (fun b (x,y) −> b,x,y ) (List.rev !r) descr ;;

val gen_boxes :
('a * string) list −>
int −>
int −>
int −> int −> int * int * box_con�g * (box_con�g * 'a * string) list

=
<fun>

Âçàèìîäåéñòâèå Ìû õîòèì âîñïîëüçîâàòüñÿ ñêåëåòîì îïðåäåëåííûì
íà ñòðàíèöå 146, äëÿ ýòîãî îïðåäåëèì ôóíêöèè îáðàáîòêè êëàâèàòóðû
è ìûøè. Ôóíêöèÿ îáðàáîòêè íàæàòèé íà êëàâèøè êëàâèàòóðû î÷åíü
ïðîñòà; îíà ïåðåäàåò ñèìâîë, ïåðåâåäåííûé â òèï key, ôóíêöèè êàëüêó-
ëÿòîðà transition, çàòåì âûâîäèò òåêñò î ñîñòîÿíèè êàëüêóëÿòîðà.

# let f_key cs c =
transition cs . s ( translation c) ;
erase_box cs.v;
draw_string_in_box Right (string_of_int cs.s.vpr) cs.v Graphics.white

;;
val f_key : calc_state −> char −> unit = <fun>

Îáðàáîòêà ìûøèíûõ ñîáûòèé íåìíîãî ñëîæíåé. Íåîáõîäèìî óäîñòî-
âåðèòñÿ, ÷òî íàæàòèå áûëî ïðîèçâåäåíî íà îäíó èç êíîïîê êàëüêóëÿòî-
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ðà. Äëÿ ýòîãî, îïðåäåëèì ôóíêöèþ, êîòîðàÿ ïðîâåðÿþùóþ ïîëîæåíèå
íà ïðèíàäëåæíîñòü áëîêó.

# let mem (x,y) (x0,y0,w,h) =
(x >= x0) && (x< x0+w) && (y>=y0) && ( y<y0+h);;

val mem : int * int −> int * int * int * int −> bool = <fun>
# let f_mouse cs x y =

try
let b,t , s =
List . �nd (fun (b,_,_) −>

mem (x,y) (b.x+b.bw,b.y+b.bw,b.w,b.h)) cs.k
in
transition cs . s t ;
erase_box cs.v;
draw_string_in_box Right (string_of_int cs.s.vpr ) cs.v Graphics.

white
with Not_found −> ();;

val f_mouse : calc_state −> int −> int −> unit = <fun>

Åñëè ôóíêöèÿ f_mouse íàøëà áëîê, êîòîðîìó ñîîòâåòñòâóþò êîîðäè-
íàòû íàæàòèÿ, îíà ïåðåäàåò ñîîòâåòñòâóþùóþ êíîïêó ôóíêöèè òðàíçè-
öèè, çàòåì âûâîäèò ðåçóëüòàò. Â ïðîòèâíîì ñëó÷àå ýòà ôóíêöèÿ íè÷åãî
íå äåëàåò.

Ôóíêöèÿ f_exc îáðàáàòûâàåò èñêëþ÷åíèÿ êîòîðûå ìîãóò âîçíèêíóòü
âî âðåìÿ âûïîëíåíèÿ ïðîãðàììû.

# let f_exc cs ex =
match ex with
Division_by_zero −>
transition cs . s Clear;
erase_box cs.v;
draw_string_in_box Right "Div 0" cs.v (Graphics.red)

| Invalid_key −> ()
| Key_o� −> raise End
| _ −> raise ex;;
val f_exc : calc_state −> exn −> unit = <fun>

Â ñëó÷àå äåëåíèÿ íà íîëü, ýòà ôóíêöèÿ îáíóëÿåò ñîñòîÿíèå êàëüêó-
ëÿòîðà è âûâîäèò ñîîáùåíèå îá îøèáêå. Íåïðàâèëüíàÿ êëàâèøà ïðîñòî�
íàïðîñòî èãíîðèðóåòñÿ. È íàêîíåö, èñêëþ÷åíèå Key_o� âîçáóæäàåò èñ-
êëþ÷åíèå End âûõîäà èç öèêëà ñêåëåòà ïðîãðàììû.
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Èíèöèàëèçàöèÿ è âûõîä Ïðè èíèöèàëèçàöèè êàëüêóëÿòîðà íåîáõî-
äèìî âû÷èñëèòü ðàçìåð îêíà. Ñëåäóþùàÿ ôóíêöèÿ ãåíåðèðóåò íóæíóþ
ãðàôè÷åñêóþ èíôîðìàöèþ, äëÿ ýòîãî îíà èñïîëüçóåò ñïèñîê êíîïêà-
òåêñò è âîçâðàùàåò ðàçìåð ãëàâíîãî îêíà.

# let create_e k =
Graphics.close_graph ();
Graphics.open_graph " 10x10";
let mx,my,v,lb = gen_boxes k 4 4 5 2 in
let s = {lcd=0; lka = false; loa = Equals; vpr = 0; mem = 0} in
mx,my,{s=s; k=lb;v=v};;

val create_e : (key * string) list −> int * int * calc_state = <fun>

Ôóíêöèÿ èíèöèàëèçàöèè èñïîëüçóåò ðåçóëüòàò ïðåäûäóùåé ôóíê-
öèþ.

# let f_init mx my cs () =
Graphics.close_graph();
Graphics.open_graph (" "^(string_of_int mx)^"x"^(string_of_int

my));
Graphics.set_color gray2;
Graphics. �ll_rect 0 0 (mx+1) (my+1);
List . iter (fun (b,_,_) −> draw_box b) cs.k;
List . iter
(fun (b,_,s) −> draw_string_in_box Center s b Graphics.black

) cs.k ;
draw_box cs.v;
erase_box cs.v;
draw_string_in_box Right "hello" cs.v (Graphics.white);;

val f_init : int −> int −> calc_state −> unit −> unit = <fun>

Ôóíêöèÿ âûõîäà çàêðûâàåò îêíî.

# let f_end e () = Graphics.close_graph();;
val f_end : 'a −> unit −> unit = <fun>

Ôóíêöèÿ go, ïàðàìåòðèçîâàííàÿ îïèñàíèåì, çàïóñêàåò öèêë îæèäà-
íèÿ ñîáûòèé.

# let go descr =
let mx,my,e = create_e descr in
skel (f_init mx my e) (f_end e) (f_key e) (f_mouse e) (f_exc e);;

val go : (key * string) list −> unit = <fun>

Âûçîâ go descr_calc ñîîòâåòñòâóåò èçîáðàæåíèþ 4.7.
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4.7 Ðåçþìå

Â ýòîé ãëàâå ìû ïðåäñòàâèëè îñíîâû ãðàôè÷åñêîãî ïðîãðàììèðîâàíèÿ è
ïðîãðàììèðîâàíèå ñîáûòèÿìè, èñïîëüçóÿ áèáëèîòåêó Graphics äèñòðè-
áóòèâà Objective CAML. Ñíà÷àëà ìû ðàññìîòðåëè áàçîâûå ýëåìåíòû
(öâåò, ðèñóíîê, çàëèâêà, òåêñò è bitmap), çàòåì èçó÷èëè àíèìàöèþ ýòèõ
ýëåìåíòîâ. Ïîñëå ââåäåíèÿ ìåõàíèçìà îáðàáîòêè ñîáûòèé áèáëèîòåêè
Graphics, ìû óâèäåëè îáùèé ìåòîä óïðàâëåíèÿ äåéñòâèÿìè ïîëüçîâàòå-
ëÿ èñïîëüçóÿ ïðîãðàììèðîâàíèå ñîáûòèÿìè. Äëÿ òîãî ÷òîáû óëó÷øèòü
èíòåðàêòèâíîñòü è ïðåäëîæèòü ðàçðàáîò÷èêó èíòåðàêòèâíûå ãðàôè÷å-
ñêèå êîìïîíåíòû áûëà ðàçðàáîòàíà áèáëèîòåêà, óïðîùàþùàÿ ñîçäàíèå
ãðàôè÷åñêèõ èíòåðôåéñîâ, Awi. Ýòî áèáëèîòåêà áûëà èñïîëüçîâàíà ïðè
íàïèñàíèè èíòåðôåéñà èìïåðàòèâíîãî êàëüêóëÿòîðà.
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Ãëàâà 5

Ïðîãðàììû

Ââåäåíèå

Ïðåèìóùåñòâî îäíîãî ÿçûêà ïðîãðàììèðîâàíèÿ íàä äðóãèì çàêëþ÷àåò-
ñÿ â ïðîñòîòå ðàçðàáîòêè êà÷åñòâåííûõ ïðîãðàìì è ëåãêîì ñîïðîâîæäå-
íèè ïðîãðàììíîãî îáåñïå÷åíèÿ. Ïåðâàÿ ÷àñòü êíèãè, ïîñâÿùåííàÿ ïðåä-
ñòàâëåíèþ ÿçûêà Objective CAML, âïîëíå åñòåñòâåííî çàâåðøèòñÿ ðåà-
ëèçàöèåé íåñêîëüêèõ ïðîãðàìì.

Â ïåðâîé ïðîãðàììå ìû ðåàëèçóåì íåñêîëüêî ôóíêöèé çàïðàøèâàþ-
ùèõ èíôîðìàöèþ èç áàçû äàííûõ. Íàøå âíèìàíèå áóäåò àêöåíòèðîâàíî
íà ôóíêöèîíàëüíîì ñòèëå ïðîãðàììèðîâàíèÿ è èñïîëüçîâàíèå ñïèñêîâ.
Òàêèì îáðàçîì ïîëüçîâàòåëü áóäåò èìåòü íàáîð ôóíêöèé äëÿ ôîðìóëè-
ðîâàíèÿ è âûïîëíåíèÿ çàïðîñîâ ïðÿìî â ÿçûêå Objective CAML. Â ýòîì
ïðèìåðå ìû ïîêàæåì ðàçðàáîò÷èêó êàê îí ìîæåò ñ ëåãêîñòüþ ïðåäîñòà-
âèòü íàáîð ôóíêöèé íåîáõîäèìûõ ïîëüçîâàòåëþ.

Âòîðàÿ ïðîãðàììà ýòî èíòåðïðåòàòîð BASIC1. Íàïîìíèì, ÷òî ïî-
äîáíûå èìïåðàòèâíûå ÿçûêè ïðèíåñëè íåìàëûé óñïåõ ïåðâûì ìèêðî-
êîìïüþòåðàì. Äâàäöàòü ëåò ñïóñòÿ, ðåàëèçàöèÿ òàêèõ ÿçûêîâ ÿâëÿåòñÿ
ïðîñòîé çàäà÷åé. Íåñìîòðÿ íà òî ÷òî BASIC èìïåðàòèâíûé ÿçûê, äëÿ
íàïèñàíèÿ èíòåðïðåòàòîðà ìû âîñïîëüçóåìñÿ ôóíêöèîíàëüíîé ÷àñòüþ
Objective CAML, â ÷àñòíîñòè äëÿ âû÷èñëåíèÿ èíñòðóêöèé. Îäíàêî, äëÿ
ëåêñè÷åñêîãî è ñèíòàêñè÷åñêîãî àíàëèçà ìû èñïîëüçóåì ôèçè÷åñêè èç-
ìåíÿåìóþ ñòðóêòóðó äàííûõ.

Òðåòüÿ ïðîãðàììà � âñåì èçâåñòíàÿ èãðà Minesweeper, êîòîðàÿ âõî-
äèò â ñòàíäàðòíûé äèñòðèáóòèâ Windows. Öåëü èãðû � íàéòè âñå ñïðÿ-
òàííûå ìèíû, èññëåäóÿ ðÿäîì ðàñïîëîæåííûå ÿ÷åéêè. Äëÿ ðåàëèçàöèè
ìû âîñïîëüçóåìñÿ èìïåðàòèâíîé ÷àñòüþ ÿçûêà, òàê êàê ïîëå èãðû ïðåä-

1ñîêðàùåíèå Beginner's All purpose Symbolic Instruction Code
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ñòàâëåíî â âèäå ìàòðèöû, êîòîðàÿ áóäåò èçìåíÿòñÿ ïîñëå êàæäîãî õîäà
èãðîêà. Ìû, òàêæå èñïîëüçóåì ìîäóëü Graphics äëÿ ðåàëèçàöèè èíòåð-
ôåéñà èãðû è îáðàáîòêè ñîáûòèé. Âû÷èñëåíèå àâòîìàòè÷åñêè îòêðûâà-
þùèõñÿ ÿ÷ååê áóäåò ñäåëàíî â ôóíêöèîíàëüíîì ñòèëå.

Äàííàÿ ïðîãðàììà èñïîëüçóåò ìîäóëü Graphics îïèñàííûé â 4 ãëàâå
(ñì. ñòð. 129) è íåñêîëüêî ôóíêöèé èç ìîäóëåé Random è Sys èç ãëàâû 7
(ñì. ñòð. 239 è 261).

5.1 Çàïðîñû áàçû äàííûõ

Ðåàëèçàöèÿ áàçû äàííûõ, åå èíòåðôåéñà è ÿçûêà çàïðîñîâ � ñëèøêîì
àìáèöèîçíûé ïðîåêò äëÿ äàííîé êíèãè è äëÿ çíàíèé ÷èòàòåëÿ â Objecti-
ve CAML íà äàííûé ìîìåíò. Òåì íå ìåíåå, îãðàíè÷èâ çàäà÷ó è èñïîëüçóÿ
ëó÷øèå âîçìîæíîñòè ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ, ìîæíî ðåà-
ëèçîâàòü äîñòàòî÷íî èíòåðåñíîå ñðåäñòâî äëÿ îáðàáîòêè çàïðîñîâ. Ìû
èçó÷èì êàê èñïîëüçîâàòü èòåðàòîðû è ÷àñòè÷íîå ïðèìåíåíèå äëÿ íàïè-
ñàíèÿ è âûïîëíåíèÿ çàïðîñîâ. Òàêæå, ìû óâèäèì èñïîëüçîâàíèå òèïà
äàííûõ èíêàïñóëèðóþùèõ ôóíêöèîíàëüíûå çíà÷åíèÿ.

Â ýòîì ïðèìåðå ìû áóäåì ðàáîòàòü íàä áàçîé äàííûõ ñîäåðæàùåé èí-
ôîðìàöèþ î ÷ëåíàõ àññîöèàöèè. Áàçà õðàíèòüñÿ â ôàéëå association.dat.

5.1.1 Ôîðìàò äàííûõ

Äëÿ õðàíåíèÿ äàííûõ, áîëüøèíñòâî áàç äàííûõ èñïîëüçóþò ñâîé ñîá-
ñòâåííûé, òàê íàçûâàåìûé �ïðîïðèåòàðíûé� ôîðìàò. ×àùå âñåãî, åñòü
âîçìîæíîñòü ýêñïîðòèðîâàòü ýòè äàííûå â òåêñòîâûé ôîðìàò. Âîò îäíà
èç âîçìîæíûõ ñòðóêòóð:

� áàçà äàííûõ åñòü íàáîð êàðòî÷åê, ðàçäåëåííûõ âîçâðàòîì êàðåòêè;

� êàæäàÿ êàðòî÷êà åñòü íàáîð ïîëåé, ðàçäåëåííûõ îïðåäåëåííûì ñå-
ïàðàòîðîì, ':' â äàííîì ñëó÷àå;

� ïîëå åñòü ñòðîêà, íå ñîäåðæàùàÿ íè ñåïàðàòîð ':', íè âîçâðàò êà-
ðåòêè;

� ïåðâàÿ êàðòî÷êà åñòü èìåíà ïîëåé, ðàçäåëåííûå ñèìâîëîì '|'.

Ôàéë àññîöèàöèè íà÷èíàåòñÿ òàê:

Num|Lastname|Firstname|Address|Tel|Email|Pref|Date|Amount

0:Chailloux:Emmanuel:Universite P6:0144274427:ec@lip6.fr:email:25.12.1998:100.00
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1:Manoury:Pascal:Laboratoire PPS::pm@lip6.fr:mail:03.03.1997:150.00

2:Pagano:Bruno:Cristal:0139633963::mail:25.12.1998:150.00

3:Baro:Sylvain::0144274427:baro@pps.fr:email:01.03.1999:50.00

� Num íîìåð ÷ëåíà àññîöèàöèè

� Lastname, Firstname, Address, Tel è Email ãîâîðÿò ñàìè çà ñåáÿ

� Pref óêàçûâàåò êàê ÷ëåí ïðåäïî÷èòàåò ïîëó÷àòü èíôîðìàöèþ: ïî
ïî÷òå (mail), ïî åìàéëó (email) èëè ïî òåëåôîíó (tel).

� Date è Amoun ñîîòâåòñòâåííî äàòà è ñóììà ïîñëåäíåãî âçíîñà.

Òåïåðü íåîáõîäèìî âûáðàòü ôîðìàò â êîòîðîì ïðîãðàììà áóäåò õðà-
íèòü äàííûå áàçû. Ó íàñ åñòü âûáîð: ñïèñîê èëè âåêòîð êàðòî÷åê. Ñïèñ-
êîì ëåã÷å ìàíèïóëèðîâàòü; äîáàâëåíèå è óäàëåíèå êàðòî÷åê ÿâëÿþòñÿ
ïðîñòûìè îïåðàöèÿìè. Çàòî âåêòîðû ïðåäîñòàâëÿþò îäèíàêîâîå âðåìÿ
äîñòóïà ê ëþáîé êàðòî÷êå. Òàê êàê ìû æåëàåì èñïîëüçîâàòü âñå êàðòî÷-
êè, à íå êàêèå-òî êîíêðåòíî, êàæäûé çàïðîñ îáðàáàòûâàåò âñå ìíîæåñòâî
êàðòî÷åê. Ïî ýòîé ïðè÷èíå ìû âûáèðàåì ñïèñêè. Äëÿ êàðòî÷åê ó íàñ òîò
æå ñàìûé âûáîð: ñïèñîê èëè âåêòîð ñòðîê? Â ýòîì ñëó÷àå ñèòóàöèÿ îá-
ðàòíàÿ; ñ îäíîé ñòîðîíû ôîðìàò êàðòî÷êè çàôèêñèðîâàí äëÿ âñåé áàçû
äàííûõ è ìû íå ìîæåì äîáàâèòü íîâûå ïîëÿ. Ñ äðóãîé ñòîðîíû, â çà-
âèñèìîñòè îò áóäóùèõ îïåðàöèè, ìû èñïîëüçóåì ëèøü íåêîòîðûå ïîëÿ
êàðòî÷åê, ñîîòâåòñòâåííî íåîáõîäèìî áûñòðî ïîëó÷èòü ê íèì äîñòóï.

Âïîëíå åñòåñòâåííûì ðåøåíèåì äàííîé çàäà÷è áóäåò èñïîëüçîâàíèå
âåêòîðà ïðîèíäåêñèðîâàííîãî èìåíàìè ïîëåé. Îäíàêî ïîäîáíûé òèï íå
âîçìîæåí â Objective CAML, ìû âîñïîëüçóåìñÿ îáû÷íûì âåêòîðîì (ïðî-
èíäåêñèðîâàííûé öåëûìè ÷èñëàìè) è ôóíêöèåé, êîòîðàÿ âîçâðàùàåò
èìÿ ïîëÿ â çàâèñèìîñòè îò èíäåêñà.

# type data_card = string array ;;
# type data_base = { card_index : string −> int ; data : data_card list

} ;;

Ðåàëèçóåì äîñòóï ê ïîëþ ïî èìåíè n êàðòî÷êè dc áàçû äàííûõ db
ïðè ïîìîùè ñëåäóþùåé ôóíêöèè:

# let �eld db n (dc:data_card) = dc.(db.card_index n) ;;
val �eld : data_base −> string −> data_card −> string = <fun>

Ìû ïðèíóäèòåëüíî ïðèâåëè òèï ïåðåìåííîé dc ê data_card, òåì ñà-
ìûì íàøà ôóíêöèÿ �eld ïðèíèìàåò ëèøü âåêòîð ñòðîê, à íå êàêîé ïî-
ïàëî.

Ïðîèëëþñòðèðóåì íà íåáîëüøîì ïðèìåðå.
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# let base_ex =
{ data = [ [| "Chailloux"; "Emmanuel"|] ; [|"Manoury"; "Pascal"|] ] ;
card_index = function "Lastname"−>0 | "Firstname"−>1

| _−>raise Not_found } ;;
val base_ex : data_base =
{card_index=<fun>;
data=[[|"Chailloux"; "Emmanuel"|]; [|"Manoury"; "Pascal"|]]}

# List.map (�eld base_ex "Lastname") base_ex.data ;;
− : string list = ["Chailloux"; "Manoury"]

Âûðàæåíèå �eld base_ex �Lastname� âû÷èñëÿåòñÿ êàê ôóíêöèÿ, êî-
òîðàÿ áåðåò íà âõîä êàðòî÷êó è âîçâðàùàåò ïîëå �Lastname�. Èñïîëüçóÿ
List.map, ìû ïðèìåíÿåì ýòó ôóíêöèþ ê êàæäîé êàðòî÷êå áàçû äàííûõ
base_ex è â ðåçóëüòàòå ïîëó÷àåì ñïèñîê ïîëåé �Lastname�.

Íà ýòîì ïðèìåðå ïîêàçàíî, êàê ìû ñîáèðàåìñÿ èñïîëüçîâàòü ôóíêöè-
îíàëüíûé ñòèëü ïðîãðàììèðîâàíèÿ. Â äàííîì ñëó÷àå ÷àñòè÷íîå ïðèìå-
íåíèå ôóíêöèè �eld îïðåäåëÿåò ôóíêöèþ äîñòóïà ê êîíêðåòíîìó ïîëþ,
íåçàâèñèìî îò ÷èñëà êàðòî÷åê â áàçå äàííûõ. Â òî æå âðåìÿ, â ðåàëèçà-
öèè ôóíêöèè �eld åñòü íåäîñòàòîê: åñëè ìû îáðàùàåìñÿ êàæäûé ðàç ê
îäíîìó è òîìó æå ïîëþ, èíäåêñ âû÷èñëÿåòñÿ êàæäûé ðàç. Ìû ïðåäïî-
÷èòàåì ñëåäóþùóþ ðåàëèçàöèþ.

# let �eld base name =
let i = base.card_index name in fun (card : data_card) −> card.(i) ;;

val �eld : data_base −> string −> data_card −> string = <fun>

Çäåñü, ïîñëå ïðèìåíåíèÿ ôóíêöèè ê àðãóìåíòó, âû÷èñëÿåòñÿ èíäåêñ
ïîëÿ è èñïîëüçóåòñÿ â ïîñëåäóþùèõ âû÷èñëåíèÿõ.

5.1.2 ×òåíèå áàçû èç ôàéëà

Äëÿ Objective CAML, ôàéë ñ áàçîé äàííûõ ýòî ìíîæåñòâî ëèíèé. Íàøà
çàäà÷à ñîñòîèò â òîì ÷òîáû ïðî÷èòàòü êàæäóþ ëèíèþ, êàê ñòðîêó, çàòåì
â ðàçáèòü åå íà ÷àñòè ïðè ïîìîùè ñåïàðàòîðîâ è òàêèì îáðàçîì èçâëå÷ü
äàííûå, à òàêæå äàííûå äëÿ ôóíêöèè èíäåêñàöèè ïîëåé.

Óòèëèòà äëÿ îáðàáîòêè ëèíèé

Íàì íóæíà ôóíêöèÿ split, êîòîðàÿ áóäåò ðàçáèâàòü ñòðîêó â ñîîòâåò-
ñòâèè ñ îïðåäåëåííûì ðàçäåëèòåëåì. Äëÿ ýòîãî ìû âîñïîëüçóåìñÿ ôóíê-
öèåé su�x, âîçâðàùàþùàÿ ñóôôèêñ ñòðîêè s íà÷èíàÿ ñ ïîçèöèè i. Â ýòîì
íàì ïîìîãóò òðè ïðåäîïðåäåëåííûå ôóíêöèè:
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� String.length âîçâðàùàåò äëèíó ñòðîêè;

� String.sub âîçâðàùàåò ïîäñòðîêó ñòðîêè s íà÷èíàÿ ñ ïîçèöèè i è
äëèííîé l;

� String.index_from äëÿ ñòðîêè s âû÷èñëÿåò íà÷èíàÿ ñ ïîçèöèè n,
ïîçèöèþ ïåðâîãî âñòðå÷åííîãî ñèìâîëà c.

# let su�x s i = try String.sub s i ((String.length s)−i)
with Invalid_argument("String.sub") −> "" ;;

val su�x : string −> int −> string = <fun>
# let split c s =

let rec split_from n =
try let p = String.index_from s n c

in (String.sub s n (p−n)) :: (split_from (p+1))
with Not_found −> [ su�x s n ]

in if s="" then [] else split_from 0 ;;
val split : char −> string −> string list = <fun>

Îáðàòèòå âíèìàíèå íà îáðàáîòêó èñêëþ÷åíèé â ýòîé ôóíêöèè, â îñî-
áåííîñòè èñêëþ÷åíèå Not_found.

Âû÷èñëåíèå ñòðóêòóðû data_base Äëÿ òîãî ÷òîáû ïîëó÷èòü èç
ñïèñêà âåêòîð, äîñòàòî÷íî âîñïîëüçîâàòüñÿ ñîîòâåòñòâóþùåé ôóíêöèåé
èç ìîäóëÿ Array (of_list). Âû÷èñëåíèå ôóíêöèè èíäåêñà èç ñïèñêà èìå-
íè ïîëåé ìîæåò ïîêàçàòüñÿ ñëîæíîé çàäà÷åé, íî ê ñ÷àñòüþ ìîäóëü List
ïðåäîñòàâëÿåò íàì âñå íåîáõîäèìûå äëÿ ýòîãî ñðåäñòâà.

Ó íàñ èìååòñÿ ñïèñîê ñòðîê, çíà÷èò íàì íóæíà ôóíêöèÿ, êîòîðàÿ
àññîöèèðóåò ñòðîêå èíäåêñ, òî åñòü åå ïîëîæåíèå èëè íîìåð â ñïèñêå.

# let mk_index list_names =
let rec make_enum a b = if a > b then [] else a::(make_enum (a+1)

b) in
let list_index = (make_enum 0 ((List.length list_names) − 1)) in
let assoc_index_name = List.combine list_names list_index in
function name −> List.assoc name assoc_index_name ;;

val mk_index : 'a list −> 'a −> int = <fun>

Äëÿ ðåàëèçàöèè ýòîé ôóíêöèè, ìû ñîçäàåì ñïèñîê èíäåêñîâ, êîòîðûé
ìû êîìáèíèðóåì ñî ñïèñêîì èìåí ïîëåé. Òàêèì îáðàçîì âû ïîëó÷àåì íî-
âûé ñïèñîê àññîöèàöèé ñ òèïîì string * int list. Äëÿ òîãî, ÷òîáû íàéòè
èíäåêñ ñâÿçàííûé ñ èìåíåì, âîñïîëüçóåìñÿ ñïåöèàëüíî ñîçäàííîé íà ïî-
äîáíûé ñëó÷àé ôóíêöèåé assoc èç áèáëèîòåêè List. Ôóíêöèÿ mk_index
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âîçâðàùàåò ôóíêöèþ êîòîðàÿ áåðåò íà âõîäå èìÿ è âûçûâàåò assoc ñ
ýòèì èìåíåì è ñïèñêîì ïîñòðîåííûì ðàíåå.

Òåïåðü ìû ãîòîâû, ê òîìó ÷òîáû íàïèñàòü ôóíêöèþ ÷èòàþùóþ ôàé-
ëû áàçû äàííûõ â óêàçàííîì ôîðìàòå.

# let read_base �lename =
let channel = open_in �lename in
let split_line = split ':' in
let list_names = split '|' (input_line channel) in
let rec read_�le () =
try
let data = Array.of_list ( split_line (input_line channel )) in
data :: (read_�le ())

with End_of_�le −> close_in channel ; []
in
{ card_index = mk_index list_names ; data = read_�le () } ;;

val read_base : string −> data_base = <fun>

Ñ÷èòûâàíèå çàïèñåé èç ôàéë îñóùåñòâëÿåòñÿ ôóíêöèåé read_�le, êî-
òîðàÿ ðåêóðñèâíî îïåðèðóåò âõîäíûì êàíàëîì. Êîíåö ôàéëà îïîâåùàåò-
ñÿ èñêëþ÷åíèåì End_of_�le. Â ýòîì ñëó÷àå ìû çàêðîåì êàíàë è âåðíåì
ïóñòîé ñïèñîê.

Ñ÷èòàåì ôàéë àññîöèàöèè.

# let base_ex = read_base "association.dat" ;;
val base_ex : data_base =
{card_index=<fun>;
data=
[[| "0"; "Chailloux"; "Emmanuel"; "Universit\233 P6"; "0144274427";
"ec@lip6.fr"; "email"; "25.12.1998"; "100.00" |];

[| "1"; "Manoury"; "Pascal"; "Laboratoire PPS"; ...|]; ...]}

5.1.3 Îáùèå ïðèíöèïû ðàáîòû ñ áàçîé äàííûõ

Áîãàòñòâî è ñëîæíîñòü îáðàáîòêè ìíîæåñòâà äàííûõ áàçû ïðîïîðöèî-
íàëüíû áîãàòñòâó è ñëîæíîñòè èñïîëüçóåìîãî ÿçûêà çàïðîñîâ. Òàê êàê
â äàííîì ñëó÷àå ìû ðåøèëè èñïîëüçîâàòü Objective CAML â êà÷åñòâå
ÿçûêà çàïðîñîâ, a priori îãðàíè÷åíèé íà âûðàæåíèå çàïðîñîâ íåò! Ìû
òàê æå õîòèì ïðåäîñòàâèòü íåñêîëüêî ïðîñòûõ ñðåäñòâ ìàíèïóëÿöèè êàð-
òî÷êàìè è èõ äàííûìè. Äëÿ ïîëó÷åíèÿ æåëàííîé ïðîñòîòû, íåîáõîäèìî
îãðàíè÷èòü ìîùü Objective CAML, äëÿ ýòîãî îïðåäåëèì íåñêîëüêî öåëåé
è ïðèíöèïîâ îáðàáîòêè.
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Öåëü îáðàáîòêè äàííûõ çàêëþ÷àåòñÿ â ïîëó÷åíèè òàê íàçûâàåìîãî
ñîñòîÿíèÿ áàçû. Ñîçäàíèå òàêîãî ñîñòîÿíèÿ áàçû ìîæíî ðàçáèòü íà òðè
ýòàïà:

� âûáîðêà ïî êàêîìó�íèáóäü êðèòåðèþ ìíîæåñòâà êàðòî÷åê

� èíäèâèäóàëüíàÿ îáðàáîòêà êàæäîé èç âûáðàííûõ êàðòî÷åê

� îáðàáîòêà ìíîæåñòâà äàííûõ ïîëó÷åííûõ èç ýòèõ êàðòî÷åê

×òî ìû è èçîáðàçèëè íà ðèñóíêå 5.1.

Обработка результатов

Обработка карточки

Выборка карточки

Ðèñ. 5.1: Ýòàïû çàïðîñà

Â ñîîòâåòñòâèè ñ ýòèì, íàì íóæíî 3 ôóíêöèè ñëåäóþùèõ òèïîâ:

� (data_card -> bool) -> data_card list -> data_card list

� (data_card -> 'a) -> data_card list -> 'a list

� ('a -> 'b -> 'b) -> 'a list -> 'b -> 'b

Objective CAML ïðåäîñòàâëÿåò òðè ôóíêöèè âûñøåãî ïîðÿäêà, èç-
âåñòíûå êàê èòåðàòîðû, ïðåäñòàâëåííûå íà ñòðàíèöå 242. Îíè ñîîòâåò-
ñòâóþò íàøåé ñïåöèôèêàöèè.

# List.�nd_all ;;
− : ('a −> bool) −> 'a list −> 'a list = <fun>
# List.map ;;
− : ('a −> 'b) −> 'a list −> 'b list = <fun>
# List.fold_right ;;
− : ('a −> 'b −> 'b) −> 'a list −> 'b −> 'b = <fun>
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Ïîñëå òîãî êàê ìû îïðåäåëèì ôóíêöèîíàëüíûå àðãóìåíòû, ìû ñìî-
æåì âîñïîëüçîâàòüñÿ ýòèìè ôóíêöèÿìè äëÿ ðåàëèçàöèè ñîñòîÿíèÿ â òðè
ýòàïà.

Äëÿ íåêîòîðûõ çàïðîñîâ íàì ïîíàäîáèòñÿ ñëåäóþùàÿ ôóíêöèÿ.

# List. iter ;;
− : ('a −> unit) −> 'a list −> unit = <fun>

Â ñëó÷àå, êîãäà îáðàáîòêà äàííûõ îãðàíè÷èâàåòñÿ âûâîäîì íà ýêðàí,
âû÷èñëÿòü íå÷åãî.

Â ñëåäóþùèõ ïàðàãðàôàõ, ìû óâèäèì íåñêîëüêî ïðîñòûõ ìåòîäîâ îá-
ðàáîòêè äàííûõ, à òàê æå îïðåäåëåíèå ôóíêöèé âûðàæàþùèõ êðèòåðèè
âûáîðêè. Íåáîëüøîé ïðèìåð â çàêëþ÷åíèè ýòîé ãëàâû èñïîëüçóåò ýòè
ôóíêöèè â ñîîòâåòñòâèè ñ ïðèâåäåííûìè âûøå ïðèíöèïàìè.

5.1.4 Êðèòåðèè âûáîðêè

Â êîíêðåòíîì ñëó÷àå, ëîãè÷åñêàÿ ôóíêöèÿ, êîòîðàÿ îïðåäåëÿåò êðèòå-
ðèè âûáîðêè êàðòî÷êè, åñòü ëîãè÷åñêàÿ êîìáèíàöèÿ ñâîéñòâ äàííûõ âñåõ
èëè ÷àñòè ïîëåé êàðòî÷êè. Êàæäîå ïîëå êàðòî÷êè, ïðåäñòàâëåíîå ñòðî-
êîé, ìîæåò íåñòè â ñåáå èíôîðìàöèþ äðóãîãî òèïà: öåëîå ÷èñëî, ÷èñëî
ñ ïëàâàþùåé çàïÿòîé, etc.

Êðèòåðèè âûáîðêè ïî îäíîìó ïîëþ

Âûáîðêà îïðåäåëåííîãî ïîëÿ ïî êîíêðåòíîìó êðèòåðèþ áóäåò îñóùåñòâ-
ëÿåòñÿ ïðè ïîìîùè ñëåäóþùåé ôóíêöèè data_base -> 'a -> string ->
data_card -> bool. Ïàðàìåòð òèïîì 'a ñîîòâåòñòâóåò òèïó èíôîðìàöèè
õðàíèìîé â ïîëå. Èìÿ ýòîãî ïîëÿ óêàçàííî àðãóìåíòîì ñ òèïîì string.

Ïîëÿ ñî ñòðîêîâûì òèïîì äàííûõ Îïðåäåëèì äâà ïðîñòûõ òåñòà
äëÿ ðàáîòû ñ ýòèì òèïîì äàííûõ: òåñò íà ðàâåíñòâî ñ äðóãîé ñòðîêîé è
òåñò íà �íå ïóñòîòó� ñòðîêè.

# let eq_s�eld db s n dc = (s = (�eld db n dc)) ;;
val eq_s�eld : data_base −> string −> string −> data_card −> bool

= <fun>
# let nonempty_s�eld db n dc = ("" <> (�eld db n dc)) ;;
val nonempty_s�eld : data_base −> string −> data_card −> bool = <

fun>
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Ïîëÿ ñî òèïîì äàííûõ ÷èñëî ñ ïëàâàþùåé çàïÿòîé Äëÿ ïðî-
âåðêè èíôîðìàöèè ñîäåðæàùåé ÷èñëà ñ ïëàâàþùåé çàïÿòîé äîñòàòî÷íî
ïåðåâåñòè çíà÷åíèå ñòðîêè ñîäåðæàùåé äåñÿòè÷íîå ÷èñëî â òèï �oat. Âîò
íåñêîëüêî ïðèìåðîâ ïîëó÷åííûõ èñïîëüçîâàíèåì íàñòðàèâàåìîé ôóíê-
öèè tst_�eld :

# let tst_�eld r db v n dc = r v (�oat_of_string ( �eld db n dc)) ;;
val tst_�eld :
('a −> �oat −> 'b) −> data_base −> 'a −> string −> data_card
−> 'b = <fun>

# let eq_�eld = tst_�eld (=) ;;
# let lt_�eld = tst_�eld (<) ;;
# let le_�eld = tst_�eld (<=) ;;
(* etc . *)

Òèï ó äàííûõ ôóíêöèé:

data_base −> �oat −> string −> data_card −> bool.

Ýòîò òèï èíôîðìàöèè íåìíîãî ñëîæíåé, îí çàâèñèò îò ïðåäñòàâëåíèÿ
äàòû â áàçå äàííûõ è òðåáóåò îïðåäåëåíèÿ ñïîñîáà ñðàâíåíèÿ äàò.

Óñòàíîâèì ôîðìàò äàòû êàðòî÷êè êàê ñòðîêó ää.ìì.ãããã. Äëÿ òî-
ãî ÷òîáû ïîëó÷èòü äîïîëíèòåëüíûå âîçìîæíîñòè ñðàâíåíèÿ, äîáàâèì â
ôîðìàò äàòû ñèìâîë '_', çàìåíÿþùèé äåíü, ìåñÿö èëè ãîä. Äàòû ñðàâíè-
âàþòñÿ â ëåêñèêîãðàôè÷åñêîì ïîðÿäêå â ôîðìàòå (ãîä, ìåñÿö, äåíü). Äëÿ
òîãî ÷òîáû ìû ìîãëè ïîëüçîâàòüñÿ âûðàæåíèÿìè êàê �äî èþëÿ 1998�,
áóäåì èñïîëüçîâàòü ñîïîñòàâëåíèå ñ îáðàçöîì äàòû: �_.07.1998 �. Ñðàâ-
íåíèå äàòû ñ îáðàçöîì ðåàëèçóåòñÿ ôóíêöèåé tst_d�eld, êîòîðàÿ àíà-
ëèçèðóåò îáðàçåö è ñîçäàåò ad hoc ñðàâíèâàþùóþ ôóíêöèþ. Äëÿ òîãî
÷òîáû îïðåäåëèòü ýòó óíèâåðñàëüíóþ ôóíêöèþ ïðîâåðêè äàòû, íàì ïî-
íàäîáÿòñÿ íåñêîëüêî äîïîëíèòåëüíûõ ôóíêöèé.

Íàïèøåì äâå ôóíêöèè ïðåîáðàçóþùèå äàòó (ints_of_string) è îáðàç-
öû äàòû (ints_of_dpat) â òðèïëåò öåëûõ ÷èñåë. Ìû çàìåíèì ñèìâîë '_'
îáðàçöà íà öåëîå ÷èñëî 0.

# let split_date = split '.' ;;
val split_date : string −> string list = <fun>
# let ints_of_string d =

try match split_date d with
[d;m;y] −> [int_of_string y; int_of_string m; int_of_string d

]
| _ −> failwith "Bad date format"

with Failure("int_of_string") −> failwith "Bad date format" ;;
val ints_of_string : string −> int list = <fun>
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# let ints_of_dpat d =
let int_of_stringpat = function "_" −> 0 | s −> int_of_string s
in try match split_date d with

[d;m;y] −> [ int_of_stringpat y; int_of_stringpat m;
int_of_stringpat d ]

| _ −> failwith "Bad date format"
with Failure("int_of_string") −> failwith "Bad date pattern" ;;

val ints_of_dpat : string −> int list = <fun>

Íàïèøåì ôóíêöèþ òåñòà, êîòîðàÿ èñïîëüçóåò îòíîøåíèå öåëûõ r.
Çäåñü ìû ðåàëèçóåì ëåêñèêîãðàôè÷åñêèé ïîðÿäîê, ïðè ýòîì ìû îáðà-
áàòûâàåì ñïåöèàëüíûé ñëó÷àé ñ íóëåì.

# let rec app_dtst r d1 d2 = match d1, d2 with
[] , [] −> false

| (0:: d1) , (_::d2) −> app_dtst r d1 d2
| (n1::d1) , (n2::d2) −> (r n1 n2) || ((n1 = n2) && (app_dtst r d1 d2

))
| _, _ −> failwith "Bad date pattern or format" ;;

val app_dtst : (int −> int −> bool) −> int list −> int list −> bool = <
fun>

Íàêîíåö, îïðåäåëèì óíèâåðñàëüíóþ ôóíêöèþ tst_d�eld ñî ñëåäóþ-
ùèìè àðãóìåíòàìè: îòíîøåíèå r, áàçà äàííûõ db, îáðàçåö dp, èìÿ ïîëÿ
nm è êàðòî÷êà dc. Ýòà ôóíêöèÿ ïðîâåðÿåò, ÷òî îáðàçåö è èçâëå÷åííîå
ïîëå óäîâëåòâîðÿþò îòíîøåíèå.

# let tst_d�eld r db dp nm dc =
r (ints_of_dpat dp) (ints_of_string (�eld db nm dc)) ;;

val tst_d�eld :
( int list −> int list −> 'a) −>
data_base −> string −> string −> data_card −> 'a = <fun>

Òåïåðü ïðèìåíèì ôóíêöèþ ê òðåì îòíîøåíèÿì.

# let eq_d�eld = tst_d�eld (=) ;;
# let le_d�eld = tst_d�eld (<=) ;;
# let ge_d�eld = tst_d�eld (>=) ;;

Òèï ýòèõ ôóíêöèé ñëåäóþùèé:

data_base -> string -> string -> data_card -> bool.
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Êîìïîçèöèÿ êðèòåðèåâ

Òðè ïåðâûå àðãóìåíòà ïðîâåðîê, êîòîðûå ìû îïðåäåëèëè � áàçà äàííûõ,
çíà÷åíèå è èìÿ ïîëÿ. Êîãäà ìû ïèøåì çàïðîñû áàçû äàííûõ, çíà÷åíèÿ
ýòèõ àðãóìåíòîâ èçâåñòíû. Äëÿ áàçû base_ex ïðîâåðêà ¾äî èþëÿ 1998¿
ïèøåòñÿ ñëåäóþùèì îáðàçîì.

# ge_d�eld base_ex "_.07.1998" "Date" ;;
− : data_card −> bool = <fun>

Ïîëó÷àåòñÿ, ÷òî ïðîâåðêà ýòî ôóíêöèÿ èìåþùàÿ òèï data_card ->
bool. Òåïåðü íàì íóæíî ïîëó÷èòü ëîãè÷åñêèå êîìáèíàöèè ðåçóëüòàòîâ
ïîäîáíûõ ôóíêöèé, ïðèìåíåííûõ ê îäíîé è òîé æå êàðòî÷êå. Äëÿ ýòîãî
âîñïîëüçóåìñÿ ñëåäóþùèì èòåðàòîðîì.

# let fold_funs b c fs dc =
List .fold_right (fun f −> fun r −> c (f dc) r) fs b ;;

val fold_funs : 'a −> ('b −> 'a −> 'a) −> ('c −> 'b) list −> 'c −> 'a
= <fun>

Çäåñü b � çíà÷åíèå áàçû, ôóíêöèÿ c � ëîãè÷åñêèé îïåðàòîð, fs �
ñïèñîê ôóíêöèé ïðîâåðêè ïî ïîëþ è dc � êàðòî÷êà.

Â ñëåäóþùåì ïðèìåðå ïîëó÷àåì êîíúþíêöèþ (ëîãè÷åñêîå ïðîèçâå-
äåíèå) è äèçúþíêöèþ (ëîãè÷åñêàÿ ñóììà) ñïèñêà ïðîâåðîê.

# let and_fold fs = fold_funs true (&) fs ;;
val and_fold : ('a −> bool) list −> 'a −> bool = <fun>
# let or_fold fs = fold_funs false (or) fs ;;
val or_fold : ('a −> bool) list −> 'a −> bool = <fun>

Äëÿ óäîáñòâà îïðåäåëèì îòðèöàíèå ôóíêöèè ïðîâåðêè.

# let not_fun f dc = not (f dc) ;;
val not_fun : ('a −> bool) −> 'a −> bool = <fun>

Äëÿ òîãî, ÷òîáû âûáðàòü êàðòî÷êó, äàòà êîòîðîé íàõîäèòñÿ â îïðå-
äåëåííîì èíòåðâàëå, âîñïîëüçóåìñÿ êîìáèíàòîðíûìè îïåðàòîðàìè.

# let date_interval db d1 d2 =
and_fold [(le_d�eld db d1 "Date"); (ge_d�eld db d2 "Date")] ;;

val date_interval : data_base −> string −> string −> data_card −>
bool = <fun>

5.1.5 Îáðàáîòêà è âû÷èñëåíèå

Òðóäíî ïðåäñòàâèòü ñåáå âñå âîçìîæíûå îáðàáîòêè êàðòî÷åê èëè ìíî-
æåñòâî äàííûõ ïîëó÷åííûõ ïîñëå ýòîé îáðàáîòêè. Òåì íå ìåíåå ìîæíî



168 Ãëàâà 5. Ïðîãðàììû

ñ óâåðåííîñòüþ îïðåäåëèòü äâà êëàññà òàêèõ îáðàáîòîê: ÷èñëåííîå âû-
÷èñëåíèå è ôîðìàòèðîâàíèå äàííûõ äëÿ ïå÷àòè. Ðàññìîòðèì êàæäûé
êàæäûé ñëó÷àé íà ïðèìåðå.

Ôîðìàòèðîâàíèå

Ïîäãîòîâèì ê ïå÷àòè ñòðîêó, ñîäåðæàùóþ èìÿ ÷ëåíà àññîöèàöèè è êîå-
êàêóþ èíôîðìàöèþ.

Íà÷íåì ñ îïðåäåëåíèÿ ôóíêöèè, êîòîðàÿ èç ñïèñêà ñòðîê è ðàçäåëè-
òåëÿ ñîçäàåò ñòðîêó ñîñòîÿùóþ èç ýëåìåíò ñïèñêà ðàçäåëåííûõ ñåïàðà-
òîðîì.

# let format_list c =
let s = String.make 1 c in
List . fold_left (fun x y −> if x="" then y else x^s^y) "" ;;

val format_list : char −> string list −> string = <fun>

Îïðåäåëèì ôóíêöèþ extract, êîòîðàÿ ñîçäàåò ñïèñîê èç ïîëåé ñ èí-
ôîðìàöèåé, îíà èçâëåêàåò èç êàæäîé êàðòî÷êè äàííûå ïîëåé, èìåíà êî-
òîðûõ ïåðåäàíû â ñïèñêå.

# let extract db ns dc =
List .map (fun n −> �eld db n dc) ns ;;

val extract : data_base −> string list −> data_card −> string list = <
fun>

Ôóíêöèÿ ôîðìàòèðîâàíèÿ äëÿ ïå÷àòè âûãëÿäèò ñëåäóþùèì îáðàçîì.

# let format_line db ns dc =
(String.uppercase ( �eld db "Lastname" dc))
^" "^(�eld db "Firstname" dc)
^"\t"^(format_list '\t' (extract db ns dc))
^"\n" ;;

val format_line : data_base −> string list −> data_card −> string = <
fun>

Àðãóìåíò ns ÿâëÿåòñÿ ñïèñêîì ñ èìåíàìè ïîëåé, êîòîðûå íàñ èíòåðå-
ñóþò. Ïîëÿ ðàçäåëåíû ñèìâîëîì òàáóëÿöèè ('�'), à ñòðîêà çàêàí÷èâàåòñÿ
âîçâðàòîì êàðåòêè.

Âîò êàê ìîæíî âûâåñòè íà ýêðàí èìåíà è ôàìèëèè ÷ëåíîâ àññîöèà-
öèè.

# List. iter print_string (List .map (format_line base_ex []) base_ex.
data) ;;

CHAILLOUX Emmanuel
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MANOURY Pascal
PAGANO Bruno
BARO Sylvain
− : unit = ()

×èñëîâîå âû÷èñëåíèå

Äàâàéòå âû÷èñëèì ñóììó ÷ëåíñêèõ âçíîñîâ äëÿ îïðåäåëåííîãî ìíîæå-
ñòâà êàðòî÷åê. Äëÿ ýòîãî äîñòàòî÷íî èçâëå÷ü íóæíîå ïîëå, ïðèâåñòè ê
öåëîìó òèïó è âû÷èñëèòü ñóììó. Íóæíûé ðåçóëüòàò ìîæåò áûòü ïîëó÷åí
êîìïîçèöèåé ýòèõ ôóíêöèé. Äëÿ óïðîùåíèÿ çàïèñè, îïðåäåëèì èíôèêñ-
íûé îïåðàòîð êîìïîçèöèè.

# let (++) f g x = g (f x) ;;
val ++ : ('a −> 'b) −> ('b −> 'c) −> 'a −> 'c = <fun>

Âîñïîëüçóåìñÿ ýòèì îïåðàòîðîì â ñëåäóþùåì îïðåäåëåíèè.

# let total db dcs =
List .fold_right (( �eld db "Amount") ++ �oat_of_string ++ (+.))

dcs 0.0 ;;
val total : data_base −> data_card list −> �oat = <fun>

Àíàëîãè÷íûì îáðàçîì ìîæíî ïðèìåíèòü ýòó ôóíêöèþ êî âñåé áàçå
äåííûõ.

# total base_ex base_ex.data ;;
− : �oat = 450

5.1.6 Ïðèìåð

Â çàêëþ÷åíèè, ïðîèëëþñòðèðóåì íà ïðèìåðå ïðèíöèïû, êîòîðûå ìû
ïðåäñòàâèëè ðàíåå â ýòîé ãëàâå.

Ðàññìîòðèì äâà òèïà çàïðîñà áàçû äàííûõ:

� çàïðîñ, âîçâðàùàþùèé äâà ñïèñêà, êàæäûé èç íèõ ñîäåðæèò èìÿ
÷ëåíà àññîöèàöèè, à òàê æå ýëåêòðîííûé àäðåñ äëÿ ïåðâîãî ñïèñêà
è ïî÷òîâûé àäðåñ äëÿ âòîðîãî, â çàâèñèìîñòè îò ïðåäïî÷òåíèé.

� çàïðîñ, âîçâðàùàþùèé ñîñòîÿíèå âçíîñîâ íà óêàçàííûé ïåðèîä âðå-
ìåíè. Ýòî ñîñòîÿíèå áóäåò õðàíèòü èìåíà, ôàìèëèè, äàòó, âçíîñ è
ñóììó âñåõ âçíîñîâ.
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Ñïèñêè àäðåñîâ

Äëÿ ñîçäàíèÿ ýòèõ ñïèñêîâ ìû ñíà÷àëà âûáèðàåì â ñîîòâåòñòâèè ñî çíà-
÷åíèåì ïîëÿ �Pref� ðåëåâàíòíûå êàðòî÷êè, çàòåì èñïîëüçóåì ôóíêöèþ
format_line.

# let mail_addresses db =
let dcs = List.�nd_all (eq_s�eld db "mail" "Pref") db.data in
List .map (format_line db ["Mail"]) dcs ;;

val mail_addresses : data_base −> string list = <fun>

# let email_addresses db =
let dcs = List.�nd_all (eq_s�eld db "email" "Pref") db.data in
List .map (format_line db ["Email"]) dcs ;;

val email_addresses : data_base −> string list = <fun>

Ñîñòîÿíèå âçíîñîâ

Âû÷èñëåíèå ñîñòîÿíèÿ âçíîñîâ âûïîëíÿåòñÿ ïî îáû÷íîìó ïðèíöèïû: âû-
áîðêà, çàòåì îáðàáîòêà. Â äàííîì ñëó÷àå îáðàáîòêà ñîñòîèò èç äâóõ ÷à-
ñòåé: ôîðìàòèðîâàíèå è âû÷èñëåíèå îáùåé ñóììû âçíîñîâ.

# let fees_state db d1 d2 =
let dcs = List.�nd_all (date_interval db d1 d2) db.data in
let ls = List.map (format_line db ["Date";"Amount"]) dcs in
let t = total db dcs in
ls , t ;;

val fees_state : data_base −> string −> string −> string list * �oat =
<fun>

Â ðåçóëüòàòå ýòîé ôóíêöèè ìû ïîëó÷èì ïàðó ñîñòîÿùóþ èç ñïèñêà
ñòðîê ñ èíôîðìàöèåé è ñóììû âçíîñîâ.

Îñíîâíàÿ ïðîãðàììà

Îñíîâíàÿ ïðîãðàììà ñîñòîèò èç èíòåðàêòèâíîãî öèêëà, âûâîäÿùåãî ðå-
çóëüòàò çàïðîñà, êîòîðûé ïîëüçîâàòåëü âûáðàë èç ìåíþ. Çäåñü ìû èñ-
ïîëüçóåì èìïåðàòèâíûé ñòèëü ïðîãðàììèðîâàíèÿ, çà èñêëþ÷åíèåì âû-
âîäà ðåçóëüòàòà ïðè ïîìîùè èòåðàòîðà.

# let main() =
let db = read_base "association.dat" in
let �nished = ref false in
while not !�nished do
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print_string" 1: List of mail addresses\n";
print_string" 2: List of email addresses\n";
print_string" 3: Received fees\n";
print_string" 0: Exit\n";
print_string"Your choice: ";
match read_int() with
0 −> �nished := true

| 1 −> (List.iter print_string (mail_addresses db))
| 2 −> (List.iter print_string (email_addresses db))
| 3
−> (let d1 = print_string"Start date: "; read_line() in

let d2 = print_string"End date: "; read_line() in
let ls , t = fees_state db d1 d2 in
List . iter print_string ls ;
print_string"Total: "; print_�oat t ; print_newline())

| _ −> ()
done;
print_string"bye\n" ;;

val main : unit −> unit = <fun>

Ìû âåðíåìñÿ ê ýòîìó ïðèìåðó â ãëàâå 20, ÷òîáû äîáàâèòü ê íåìó
èíòåðôåéñ ïðè ïîìîùè web íàâèãàòîðà.

5.1.7 Äîïîëíèòåëüíûå âîçìîæíîñòè

Âïîëíå åñòåñòâåííûì áóäåò äîáàâèòü â áàçó äàííûõ íàøåãî ïðèìåðà èí-
ôîðìàöèþ î òèïå êàæäîãî ïîëÿ. Ýòà èíôîðìàöèÿ ïðèãîäèòñÿ â ñëó÷àå
åñëè ìû õîòèì îïðåäåëèòü óíèâåðñàëüíûå (generic) îïåðàòîðû ñðàâíå-
íèÿ ñî ñëåäóþùèì òèïîì data_base -> 'a -> string -> data_card -> bool.
Èìÿ ïîëÿ (òðåòèé àðãóìåíò) ïîçâîëÿåò ïåðåäåâàòü óïðàâëåíèå ñîîòâåò-
ñòâóþùåé ôóíêöèè ñðàâíåíèÿ è ïðîâåðêè.

5.2 Èíòåðïðåòàòîð ÿçûêà BASIC

Â äàííîì ðàçäåëå ìû ðàññìîòðèì èíòåðïðåòàòîð ÿçûêà Basic. Ýòî ïðî-
ãðàììà, êîòîðàÿ âûïîëíÿåò äðóãèå ïðîãðàììû íàïèñàííûå íà ÿçûêå
Basic. Êîíå÷íî, ìû îãðàíè÷èìñÿ ëèøü ÷àñòüþ êîìàíä ýòîãî ÿçûêà, íàø
èíòåðïðåòàòîð áóäåò ðàñïîçíàâàòü ñëåäóþùèå êîìàíäû:

� PRINT âûðàæåíèå Âûâîäèò ðåçóëüòàò âû÷èñëåíèÿ âûðàæåíèÿ.
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� INPUT ïåðåìåííàÿ Âûâîäèò ïðèãëàøåíèå íà ýêðàí (?), îæèäàåò
ââîä öåëîãî ÷èñëà ñ êëàâèàòóðû è çàòåì ïðèñâàèâàåò ýòî ÷èñëî
ïåðåìåííîé.

� LET ïåðåìåííàÿ=âûðàæåíèå Ïðèñâàèâàåò ïåðåìåííîé ðåçóëüòàò
âû÷èñëåíèÿ âûðàæåíèÿ.

� GOTO íîìåð ñòðîêè Âûïîëíåíèå ïðîäîëæèòñÿ ñ óêàçàííîé ñòðî-
êè.

� IF óñëîâèå THEN íîìåð ñòðîêè Âûïîëíåíèå ïðîäîëæèòñÿ ñ óêà-
çàííîé ñòðîêè åñëè óñëîâèå âåðíî.

� REM ñòðîêà ñèìâîëîâ Êîììåíòàðèè.

Êàæäàÿ ñòðîêà ïðîãðàììû Basic ïîìå÷åíà íîìåðîì è ñîäåðæèò ëèøü
îäíó èíñòðóêöèþ. Ïðîãðàììà, âû÷èñëÿþùàÿ ôàêòîðèàë äëÿ ÷èñëà ââå-
äåííîãî ñ êëàâèàòóðû, âûãëÿäèò ñëåäóþùèì îáðàçîì:

5 REM inputting the argument
10 PRINT " factorial of:"
20 INPUT A
30 LET B = 1
35 REM beginning of the loop
40 IF A <= 1 THEN 80
50 LET B = B * A
60 LET A = A − 1
70 GOTO 40
75 REM prints the result
80 PRINT B

Ðåàëèçóåì òàêæå ìèíè�ðåäàêòîð ïî ïðèíöèïó èíòåðàêòèâíîãî öèê-
ëà. Ó íàñ äîëæíà áûòü âîçìîæíîñòü äîáàâëÿòü íîâûå ñòðîêè, âûâîä
ïðîãðàììû è åå âû÷èñëåíèå. Çàïóñê ïðåäûäóùåé ïðîãðàììû îñóùåñòâ-
ëÿåòñÿ êîìàíäîé RUN. Ïðèìåð âû÷èñëåíèÿ ýòîé ïðîãðàììû.

> RUN
factorial of : ? 5

120

Ýòî âû÷èñëåíèå ìîæíî ðàçáèòü íà íåñêîëüêî ðàçíûõ ýòàïîâ.

Îïèñàíèå àáñòðàêòíîãî ñèíòàêñèñà íåîáõîäèìî îïðåäåëèòü òèïû äàí-
íûõ äëÿ îïèñàíèÿ ïðîãðàìì íà Basic, à òàê æå äðóãèå êîìïîíåíòû
(ñòðîêè, êîììåíòàðèè, âûðàæåíèÿ, è ò.ä.)
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Âûâîä ïðîãðàììû ýòà ÷àñòü ñîñòîèò â ïåðåâîäå ïðîãðàììû íà Basic
èç âíóòðåííåãî ôîðìàòà â ñòðîêè, äëÿ òîãî ÷òîáû âûâåñòè åå íà
ýêðàí.

Ëåêñè÷åñêèé è ñèíòàêñè÷åñêèé àíàëèç îáå ýòè ÷àñòè ïðîäåëûâàþò
îáðàòíóþ îïåðàöèþ, òî åñòü ïåðåâîä ñòðîêè âî âíóòðåííèé ôîðìàò
ïðîãðàììû íà Basic (àáñòðàêòíûé ñèíòàêñèñ)

Âû÷èñëåíèå ýòî îñíîâà èíòåðïðåòàòîðà. Äàëåå ìû óâèäèì ÷òî ôóíê-
öèîíàëüíûé ÿçûê êàê Objective CAML îñîáåííî õîðîøî ïîäõîäèò
äëÿ ðåøåíèÿ ïîäîáíûõ ïðîáëåì.

Èíòåðàêòèâíûé öèêë çäåñü ðåàëèçóåòñÿ âñå âûøåñêàçàííîå.

5.2.1 Àáñòðàêòíûé ñèíòàêñèñ

Â òàáëèöå ïðåäñòàâëåí êîíêðåòíûé ñèíòàêñèñ â ôîðìå BNF ïðîãðàììû
íà Basic. Ìû âåðíåìñÿ ê äàííîìó ñïîñîáó îïèñàíèÿ ÿçûêà â ãëàâå 10 íà
ñòðàíèöå 319.

Unary_Op ::= - | !

Binary_Op ::= + | - | * | / | %

| = | < | > | <= | >= | <>

| & | ' | '

Expression ::= integer

| variable

| "string"

| Unary_Op Expression

| Expression Binary_Op Expression

| ( Expression )

Command ::= REM string

| GOTO integer

| LET variable = Expression

| PRINT Expression

| INPUT variable

| IF Expression THEN integer

Line ::= integer Command

Program ::= Line

| Line Program
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Phrase ::= Line | RUN | LIST | END

Çàìåòèì, ÷òî ïðàâèëüíîñòü âûðàæåíèÿ ñ òî÷êè çðåíèÿ ãðàììàòèêè
íå îçíà÷àåò âîçìîæíîñòü åãî âû÷èñëåíèÿ. Íàïðèìåð, 1+"hello"åñòü âû-
ðàæåíèå, îäíàêî åãî íåâîçìîæíî âû÷èñëèòü. Ýòî ñäåëàíî ñ öåëüþ îáëåã-
÷èòü àáñòðàêòíûé ñèíòàêñèñ ÿçûêà Basic. Ðàñïëàòà çà ýòî � ïðîãðàì-
ìû íà Basic, ñèíòàêñè÷åñêè ïðàâèëüíûå, ìîãóò ïðèâåñòè ê îøèáêå èç�çà
íåñîîòâåòñòâèÿ òèïîâ.

Òåïåðü îïðåäåëèòü òèïû äàííûõ Objective CAML ïðîñòî, äîñòàòî÷íî
ïåðåâåñòè àáñòðàêòíûé ñèíòàêñèñ â òèï ñóììà.

# type unr_op = UMINUS | NOT ;;
# type bin_op = PLUS | MINUS | MULT | DIV | MOD | EQUAL |

LESS | LESSEQ | GREAT | GREATEQ | DIFF | AND | OR ;;
# type expression =

ExpInt of int
| ExpVar of string
| ExpStr of string
| ExpUnr of unr_op * expression
| ExpBin of expression * bin_op * expression ;;

# type command =
Rem of string

| Goto of int
| Print of expression
| Input of string
| If of expression * int
| Let of string * expression ;;

# type line = { num : int ; cmd : command } ;;
# type program = line list ;;

Îïðåäåëèì ñèíòàêñèñ êîìàíä äëÿ ìèíè�ðåäàêòîðà.

# type phrase = Line of line | List | Run | PEnd ;;

Îáû÷íî, ÷òîáû îáëåã÷èòü ñèíòàêñèñ, ïðîãðàììèñòàì ðàçðåøàåòñÿ íå
óêàçûâàòü âñå ñêîáêè. Íàïðèìåð, ïîä âûðàæåíèåì 1+3*4 ïîäðàçóìåâà-
åòñÿ 1+(3*4). Äëÿ ýòîãî, êàæäîìó îïåðàòîðó ÿçûêà ïðèñâàèâàåòñÿ öåëîå
÷èñëî � ïðèîðèòåò:

# let priority_uop = function NOT −> 1 | UMINUS −> 7
let priority_binop = function

MULT | DIV −> 6
| PLUS | MINUS −> 5
| MOD −> 4
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| EQUAL | LESS | LESSEQ | GREAT | GREATEQ | DIFF −> 3
| AND | OR −> 2 ;;

val priority_uop : unr_op −> int = <fun>
val priority_binop : bin_op −> int = <fun>

Öåëûå ÷èñëà îçíà÷àþò, òàê íàçûâàåìûé, ïðèîðèòåò îïåðàòîðîâ. Äà-
ëåå ìû óâèäèì êàê îíè èñïîëüçóþòñÿ ïðè ñèíòàêñè÷åñêîì àíàëèçå èëè
âûâîäå ïðîãðàìì íà ýêðàí.

5.2.2 Âûâîä ïðîãðàììû íà ýêðàí

Äëÿ òîãî, ÷òîáû âûâåñòè ïðîãðàììó õðàíÿùóþñÿ â ïàìÿòè, íåîáõîäèìî
óìåòü ïåðåâåñòè ñòðîêó ïðîãðàììû èç àáñòðàêòíîãî ñèíòàêñèñà â ñòðîêó
ñèìâîëîâ.

Ïåðåâîä îïåðàòîðîâ ìîæåò áûòü ïîëó÷åí ëåãêî è ïðîñòî:

# let pp_binop = function
PLUS −> "+" | MULT −> "*" | MOD −> "%" | MINUS −> "−"

| DIV −> "/" | EQUAL −> " = " | LESS −> " < "
| LESSEQ −> " <= " | GREAT −> " > "
| GREATEQ −> " >= " | DIFF −> " <> " | AND −> " & " | OR
−> " | "

let pp_unrop = function UMINUS −> "−" | NOT −> "!" ;;
val pp_binop : bin_op −> string = <fun>
val pp_unrop : unr_op −> string = <fun>

Âûâîä âûðàæåíèé ñîáëþäàåò ïðèîðèòåò îïåðàòîðîâ äëÿ òîãî ÷òîáû
ïîëó÷èòü âûðàæåíèå ñ ìèíèìóìîì ñêîáîê. Ìû èñïîëüçóåì ñêîáêè ëèøü
â ñëó÷àå åñëè îïåðàòîð â ïîä�âûðàæåíèè ñïðàâà îò îïåðàòîðà ìåíåå ïðè-
îðèòåòíûé âñåãî îïåðàòîð öåëîãî âûðàæåíèÿ. Ê òîìó æå, àðèôìåòè÷å-
ñêèå îïåðàòîðû àññîöèàòèâíûå ñëåâà, ýòî çíà÷èò ÷òî âûðàæåíèå 1-2-3
ýêâèâàëåíòíî (1-2)-3.

×òîáû ïîëó÷èòü äàííûé ðåçóëüòàò, ñîçäàäèì äâå ôóíêöèè ppl è ppr,
êîòîðûå áóäóò îáðàáàòûâàòü ëåâûå è ïðàâûå ïîä�äåðåâüÿ ñîîòâåòñòâåí-
íî. Ó ýòèõ ôóíêöèé äâà àðãóìåíòà: äåðåâî âûðàæåíèé è ïðèîðèòåò îïå-
ðàòîðà â êîðíå äåðåâà, îñíîâûâàÿñü íà çíà÷åíèè ïîñëåäíåãî ìû ðåøèì
íóæíû�ëè ñêîáêè â âûðàæåíèè èëè íåò. ×òîáû ó÷èòûâàòü àññîöèàòèâ-
íîñòü îïåðàòîðîâ ìû ðàçëè÷àåì ëåâîå ïîä�äåðåâî îò ïðàâîãî. Åñëè ïðè-
îðèòåò òåêóùåãî îïåðàòîðà îäèíàêîâ ñ êîðíåâûì, òî ñòàâèòü ñêîáêè äëÿ
ëåâîãî ïîä�äåðåâà íå íóæíî. Äëÿ ïðàâîãî ïîä�äåðåâà ñêîáêè ìîãóò ïî-
íàäîáèòüñÿ, êàê â ñëåäóþùèõ ñëó÷àÿõ: 1-(2-3) or 1-(2+3).

Íà÷àëüíîå äåðåâî ðàññìàòðèâàåòñÿ êàê ëåâîå ïîä�äåðåâî îïåðàòîðà ñ
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ìèíèìàëüíûì ïðèîðèòåòîì (0). Âîò êàê ðàáîòàåò ôóíêöèÿ âûâîäà âû-
ðàæåíèé pp_expression:

# let parenthesis x = "(" ^ x ^ ")";;
val parenthesis : string −> string = <fun>
# let pp_expression =
let rec ppl pr = function

ExpInt n −> (string_of_int n)
| ExpVar v −> v
| ExpStr s −> "\"" ^ s ^ "\""
| ExpUnr (op,e) −>

let res = (pp_unrop op)^(ppl (priority_uop op) e)
in if pr=0 then res else parenthesis res

| ExpBin (e1,op,e2) −>
let pr2 = priority_binop op
in let res = (ppl pr2 e1)^(pp_binop op)^(ppr pr2 e2)
(* parenthesis if priority is not greater *)
in if pr2 >= pr then res else parenthesis res

and ppr pr exp = match exp with
(* right subtrees only di�er for binary operators *)
ExpBin (e1,op,e2) −>
let pr2 = priority_binop op
in let res = (ppl pr2 e1)^(pp_binop op)^(ppr pr2 e2)
in if pr2 > pr then res else parenthesis res

| _ −> ppl pr exp
in ppl 0 ;;

val pp_expression : expression −> string = <fun>

Äëÿ âûâîäà èíñòðóêöèé, âîñïîëüçóåìñÿ ïðåäûäóùåé ôóíêöèåé. Ïðè
ýòîì äîáàâèì íîìåð ïåðåä êàæäîé èíñòðóêöèåé.

# let pp_command = function
Rem s −> "REM " ^ s

| Goto n −> "GOTO " ^ (string_of_int n)
| Print e −> "PRINT " ^ (pp_expression e)
| Input v −> "INPUT " ^ v
| If (e,n) −> "IF "^(pp_expression e)^" THEN "^(string_of_int n)
| Let (v,e) −> "LET " ^ v ^ " = " ^ (pp_expression e) ;;

val pp_command : command −> string = <fun>
# let pp_line l = (string_of_int l.num) ^ " " ^ (pp_command l.cmd) ;;
val pp_line : line −> string = <fun>
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5.2.3 Ëåêñè÷åñêèé àíàëèç

Ñèíòàêñè÷åñêèé è ëåêñè÷åñêèé àíàëèç ðåàëèçóþò ïðîòèâîïîëîæíóþ âû-
âîäó íà ýêðàí îïåðàöèþ. Äëÿ ïîëó÷åííîé ñòðîêè ñîçäàåòñÿ ñèíòàêñè÷å-
ñêîå äåðåâî. Ëåêñè÷åñêèé àíàëèç ðàçáèâàåò ñòðîêó èíñòðóêöèè íà íåçà-
âèñèìûå ëåêñè÷åñêèå ÷àñòè, íàçûâàåìûå ëåêñåìàìè. Äëÿ ýòîãî äîáàâèì
ñëåäóþùèé òèï â Objective CAML:

# type lexeme = Lint of int
| Lident of string
| Lsymbol of string
| Lstring of string
| Lend ;;

Äëÿ îáîçíà÷åíèÿ êîíöà âûðàæåíèÿ ìû äîáàâèëè ñïåöèàëüíóþ ëåêñå-
ìó Lend. Îíà íå ÿâëÿåòñÿ ÷àñòüþ àíàëèçèðóåìîé ñòðîêè, à äîáàâëÿåòñÿ
ôóíêöèåé ëåêñè÷åñêîãî àíàëèçà (ñì. ñòð. 179).

Äëÿ àíàëèçà ñòðîêè ìû èñïîëüçóåì òèï çàïèñü ñîäåðæàùóþ èçìåíÿ-
åìîå ïîëå, çíà÷åíèå êîòîðîãî óêàçûâàåò íà ÷àñòü ñòðîêè, êîòîðóþ îñòà-
ëîñü îáðàáîòàòü. Ðàçìåð ñòðîêè áóäåò íåîáõîäèì âî ìíîãèõ ñëó÷àÿõ, ïî-
ýòîìó ìû õðàíèì ýòî êîíñòàíòíîå çíà÷åíèå â çàïèñè.

# type string_lexer = {string:string; mutable current:int; size : int } ;;

Òàêîé ñïîñîá îïðåäåëåíèÿ ëåêñè÷åñêîãî àíàëèçà ìîæíî ðàññìàòðè-
âàòü êàê ïðèìåíåíèå ôóíêöèè ê çíà÷åíèþ ñ òèïîì string_lexer, â ðå-
çóëüòàòå ÷åãî ïîëó÷èì çíà÷åíèå òèïà lexeme. Èçìåíåíèå èíäåêñà ñòðîêè,
êîòîðóþ îñòàëîñü ïðîàíàëèçèðîâàòü, ïîëó÷àåòñÿ â ðåçóëüòàòå ïîáî÷íîãî
ýôôåêòà.

# let init_lex s = { string=s; current=0 ; size=String.length s } ;;
val init_lex : string −> string_lexer = <fun>
# let forward cl = cl.current <− cl.current+1 ;;
val forward : string_lexer −> unit = <fun>
# let forward_n cl n = cl.current <− cl.current+n ;;
val forward_n : string_lexer −> int −> unit = <fun>
# let extract pred cl =

let st = cl. string and pos = cl.current in
let rec ext n = if n<cl.size && (pred st.[n]) then ext (n+1) else n

in
let res = ext pos
in cl .current <− res ; String.sub cl . string pos (res−pos) ;;

val extract : (char −> bool) −> string_lexer −> string = <fun>
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Ñëåäóþùèå ôóíêöèè èçâëåêàþò ëåêñåìó èç ñòðîêè è èçìåíÿþò ìàð-
êåð òåêóùåé ïîçèöèè. Ôóíêöèè extract_int è extract_ident èçâëåêàþò
öåëîå ÷èñëî è èäåíòèôèêàòîð ñîîòâåòñòâåííî.

# let extract_int =
let is_int = function '0'..'9' −> true | _ −> false
in function cl −> int_of_string (extract is_int cl)

let extract_ident =
let is_alpha_num = function
'a '..' z' | 'A '..' Z' | '0' .. '9' | '_' −> true

| _ −> false
in extract is_alpha_num ;;

val extract_int : string_lexer −> int = <fun>
val extract_ident : string_lexer −> string = <fun>

Ôóíêöèÿ lexer èñïîëüçóåò îáå ïðåäûäóùèå ôóíêöèè äëÿ èçâëå÷åíèÿ
ëåêñåì.

# exception LexerError ;;
exception LexerError
# let rec lexer cl =

let lexer_char c = match c with
' '

| '\t ' −> forward cl ; lexer cl
| 'a '..' z'
| 'A '..' Z' −> Lident (extract_ident cl)
| '0'..'9' −> Lint (extract_int cl)
| '"' −> forward cl ;

let res = Lstring (extract ((<>) '"') cl )
in forward cl ; res

| '+' | '−' | '*' | '/' | '%' | '&' | '|' | '!' | '=' | '(' | ') '
−>

forward cl ; Lsymbol (String.make 1 c)
| '<'
| '>' −> forward cl;

if cl .current >= cl.size then Lsymbol (String.make 1
c)

else let cs = cl. string .[ cl .current]
in ( match (c,cs) with

('<','=') −> forward cl; Lsymbol "<="
| ('>','=') −> forward cl; Lsymbol ">="
| ('<','>') −> forward cl; Lsymbol "<>"
| _ −> Lsymbol (String.make 1 c) )
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| _ −> raise LexerError
in

if cl .current >= cl.size then Lend
else lexer_char cl . string .[ cl .current] ;;

val lexer : string_lexer −> lexeme = <fun>

Ïðèíöèï äåéñòâèÿ ôóíêöèè lexer î÷åíü ïðîñòîé: çäåñü àíàëèçèðóåò-
ñÿ òåêóùèé ñèìâîë ñòðîêè, â çàâèñèìîñòè îò åãî çíà÷åíèÿ âîçâðàùàåòñÿ
ñîîòâåòñòâóþùàÿ ëåêñåìà è òåêóùàÿ ïîçèöèÿ ïåðåìåùàåòñÿ íà íà÷àëî
ñëåäóþùåé ëåêñåìû. Ýòî î÷åíü ïðîñòîé è ýôôåêòèâíûé ïîäõîä, äâå ëåê-
ñåìû ìîãóò ðàçëè÷àòüñÿ ïî ïåðâîìó æå ñèìâîëó. Äëÿ ñèìâîëà `<' íåîá-
õîäèìî ïðîâåðèòü ñëåäóþùèé ñèìâîë, çà íèì ìîæåò ñëåäîâàòü `=' èëè
`>' è ÿâëÿåòñÿ äðóãîé ëåêñåìîé. Òî æå ñàìîå êàñàåòñÿ ñèìâîëà `>'.

5.2.4 Ñèíòàêñè÷åñêèé àíàëèç

Ïðè àíàëèçå âûðàæåíèé ÿçûêà âîçíèêàþò íåêîòîðûå ïðîáëåìû; çíàíèå
íà÷àëà âûðàæåíèÿ íå äîñòàòî÷íî äëÿ òîãî, ÷òîáû îïðåäåëèòü âñþ åãî
ñòðóêòóðó. Ïóñòü ìû àíàëèçèðóåì ÷àñòü ñòðîêè 1+2+3. Â çàâèñèìîñòè
îò òîãî, ÷òî çà ýòèì ñëåäóåò +4 èëè *4, ïîëó÷åííûå äåðåâüÿ äëÿ ÷àñòè
1+2+3 ðàçëè÷àþòñÿ (ñì. ðèñ. 5.2).
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+ +
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Ðèñ. 5.2: Äåðåâüÿ àáñòðàêòíîãî ñèíòàêñèñà

Îäíàêî, ñòðóêòóðà äåðåâà äëÿ 1+2 îäèíàêîâà â îáîèõ ñëó÷àÿõ, ïîýòî-
ìó ìû ìîæåì åãî ïîñòðîèòü. Â ñâÿçè ñ òåì ÷òî ó íàñ îòñóòñòâóåò èíôîð-
ìàöèÿ î ÷àñòè +3, ìû âðåìåííî ñîõðàíèì ýòî èíôîðìàöèþ äî íóæíîãî
ìîìåíòà.

Ïðè ïîñòðîåíèè äåðåâà àáñòðàêòíîãî ñèíòàêñèñà ìû âîñïîëüçóåì-
ñÿ ñòåêîâûì àâòîìàòîì, ñõîæèé ñ òåì, êîòîðûé èñïîëüçóåòñÿ yacc (ñì.
ñòð. 338). Ëåêñåìó ÷èòàþòñÿ îäíà çà äðóãîé è ïîìåùàþòñÿ â ñòåê äî
òåõ ïîð, ïîêà ó íàñ íå áóäåò äîñòàòî÷íî èíôîðìàöèè, ÷òîáû ïîñòðîèòü
âûðàæåíèå. Ïîñëå ýòîãî, ëåêñåìû óäàëÿþòñÿ èç ñòåêà è çàìåíÿþòñÿ ïî-
ñòðîåííûì âûðàæåíèåì. Ýòà îïåðàöèÿ íàçûâàåòñÿ ðåäóêöèåé.
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Òèï ïîìåùàåìûõ â ñòåê ýëåìåíòîâ ñëåäóþùèé:

# type exp_elem =
Texp of expression (* expression *)

| Tbin of bin_op (* binary operator *)
| Tunr of unr_op (* unary operator *)
| Tlp (* left parenthesis *) ;;

Çàìåòèì, ÷òî ïðàâûå ñêîáêè íå ñîõðàíÿþòñÿ, òàê êàê ëèøü ëåâûå
ñêîáêè âàæíû ïðè îïåðàöèè ðåäóêöèè.

Íà ðèñóíêå 5.3 ïðîèëëþñòðèðîâàíî èçìåíåíèå ñòåêà ïðè àíàëèçå âû-
ðàæåíèÿ (1+2∗3)∗4. Ñèìâîë íàä ñòðåëêîé åñòü òåêóùèé ñèìâîë ñòðîêè.

(

( + 2 * 3 )

(
1

1

(
1

+

(
1

+

2

(

3

(1+2*3)

+

2

*

2

*

1

+

(
1

(1+2*3)

end

(1+2*3)*4(1+2*3) (1+2*3)
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* *

*

Ðèñ. 5.3: Basic: Ïðèìåð ñîçäàíèÿ äåðåâà àáñòðàêòíîãî ñèíòàêñèñà

Îïðåäåëèì èñêëþ÷åíèå äëÿ ñèíòàêñè÷åñêèõ îøèáîê.

# exception ParseError ;;

Ñíà÷àëà îïðåäåëèì îïåðàòîðû ïðè ïîìîùè ñèìâîëîâ.

# let unr_symb = function
"!" −> NOT | "−" −> UMINUS | _ −> raise ParseError

let bin_symb = function
"+" −> PLUS | "−" −> MINUS | "*" −> MULT | "/" −> DIV | "

%" −> MOD
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| "=" −> EQUAL | "<" −> LESS | "<=" −> LESSEQ | ">" −>
GREAT

| ">=" −> GREATEQ | "<>" −> DIFF | "&" −> AND | "|" −>
OR

| _ −> raise ParseError
let tsymb s = try Tbin (bin_symb s) with ParseError −> Tunr (

unr_symb s) ;;
val unr_symb : string −> unr_op = <fun>
val bin_symb : string −> bin_op = <fun>
val tsymb : string −> exp_elem = <fun>

Ôóíêöèÿ reduce ðåàëèçóåò ðåäóêöèþ ñòåêà. Ñóùåñòâóåò äâà ñëó÷àÿ,
â êîòîðûõ ñòåê íà÷èíàåòñÿ:

� âûðàæåíèå, ñ ïîñëåäóþùèì óíàðíûì îïåðàòîðîì

� âûðàæåíèå, çàòåì áèíàðíûé îïåðàòîð è äðóãîå âûðàæåíèå.

Êðîìå òîãî, äðóãîé àðãóìåíò ôóíêöèè reduce � ýòî ìèíèìàëüíûé
ïðèîðèòåò, êîòîðûé äîëæåí èìåòü îïåðàòîð, ÷òîáû ðåäóêöèÿ èìåëà ìå-
ñòî. Äëÿ ïðèâåäåíèÿ áåç óñëîâèé äîñòàòî÷íî óêàçàòü ìèíèìàëüíûé íó-
ëåâîé ïðèîðèòåò.

# let reduce pr = function
(Texp e) ::(Tunr op)::st when (priority_uop op) >= pr
−> (Texp (ExpUnr (op,e)))::st

| (Texp e1)::(Tbin op)::(Texp e2):: st when (priority_binop op) >=
pr
−> (Texp (ExpBin (e2,op,e1)))::st

| _ −> raise ParseError ;;
val reduce : int −> exp_elem list −> exp_elem list = <fun>

Çàìåòèì, ÷òî ýëåìåíòû âûðàæåíèÿ ïîìåùàþòñÿ â ñòåê â ïîðÿäêå ÷òå-
íèÿ, èç�çà ÷åãî íåîáõîäèìî ïîìåíÿòü ìåñòàìè îïåðàíäû áèíàðíîé îïå-
ðàöèè.

stack_or_reduce ýòî ãëàâíàÿ ôóíêöèÿ ñèíòàêñè÷åñêîãî àíàëèçà, â ñî-
îòâåòñòâèè ñ ïåðåäàííîé åé ëåêñåìîé îíà ëèáî ïîìåùàåò íîâûé ýëåìåíò
â ñòåê ëèáî âûïîëíÿåò ðåäóêöèþ.

# let rec stack_or_reduce lex stack = match lex , stack with
Lint n , _ −> (Texp (ExpInt n))::stack

| Lident v , _ −> (Texp (ExpVar v))::stack
| Lstring s , _ −> (Texp (ExpStr s))::stack
| Lsymbol "(" , _ −> Tlp::stack
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| Lsymbol ")" , (Texp e)::Tlp:: st −> (Texp e):: st
| Lsymbol ")" , _ −> stack_or_reduce lex (reduce 0 stack)
| Lsymbol s , _

−> let symbol =
if s<>"−" then tsymb s
(* remove the ambiguity of the ``−'' symbol *)
(* according to the last exp element put on the stack *)
else match stack

with (Texp _)::_ −> Tbin MINUS
| _ −> Tunr UMINUS

in ( match symbol with
Tunr op −> (Tunr op)::stack

| Tbin op −>
( try stack_or_reduce lex (reduce (priority_binop op

)
stack )

with ParseError −> (Tbin op)::stack )
| _ −> raise ParseError )

| _ , _ −> raise ParseError ;;
val stack_or_reduce : lexeme −> exp_elem list −> exp_elem list = <

fun>

Ïîñëå òîãî êàê âñå ëåêñåìû èçâëå÷åíû è ïîìåùåíû â ñòåê, äåðåâî àá-
ñòðàêòíîãî ñèíòàêñèñà ìîæåò áûòü ïîñòðîåíî èç ýëåìåíòîâ îñòàâøèõñÿ â
ñòåêå � ýòî çàäà÷à ôóíêöèè reduce_all. Åñëè àíàëèçèðóåìîå âûðàæåíèå
áûëî ïðàâèëüíî ñôîðìèðîâàíî, òî â ñòåêå äîëæåí îñòàòüñÿ ëèøü îäèí
ýëåìåíò, ñîäåðæàùèé äåðåâî ýòîãî âûðàæåíèÿ.

# let rec reduce_all = function
| [] −> raise ParseError
| [Texp x] −> x
| st −> reduce_all (reduce 0 st) ;;

val reduce_all : exp_elem list −> expression = <fun>

Îñíîâíîé ôóíêöèåé àíàëèçà âûðàæåíèé ÿâëÿåòñÿ parse_exp. Îíà
ïðîñìàòðèâàåò ñòðîêó, èçâëåêàåò ðàçëè÷íûå ëåêñåìû è ïåðåäàåò èõ ôóíê-
öèè stack_or_reduce. Àíàëèç ïðåêðàùàåòñÿ, êîãäà òåêóùàÿ ëåêñåìà ñî-
îòâåòñòâóåò ïðåäèêàòó ïåðåäàííîìó â àðãóìåíòå.

# let parse_exp stop cl =
let p = ref 0 in
let rec parse_one stack =
let l = ( p:=cl.current ; lexer cl )



5.2. Èíòåðïðåòàòîð ÿçûêà BASIC 183

in if not (stop l) then parse_one (stack_or_reduce l stack)
else ( cl .current <− !p ; reduce_all stack )

in parse_one [] ;;
val parse_exp : (lexeme −> bool) −> string_lexer −> expression = <

fun>

Çàìåòèì, ÷òî ëåêñåìà, êîòîðàÿ îïðåäåëÿåò êîíåö àíàëèçà, íå èñïîëü-
çóåòñÿ ïðè ïîñòðîåíèè âûðàæåíèÿ. Äëÿ òîãî ÷òîáû ïðîàíàëèçèðîâàòü
ýòó ëåêñåìó ïîçäíåå, íåîáõîäèìî óñòàíîâèòü òåêóùóþ ïîçèöèþ íà åå íà-
÷àëî (ïåðåìåííàÿ p).

Ïåðåéäåì òåïåðü ê àíàëèçó ñòðîêè ñ èíñòðóêöèåé.

# let parse_cmd cl = match lexer cl with
Lident s −> ( match s with

"REM" −> Rem (extract (fun _ −> true) cl)
| "GOTO" −> Goto (match lexer cl with

Lint p −> p
| _ −> raise ParseError)

| "INPUT" −> Input (match lexer cl with
Lident v −> v

| _ −> raise ParseError)
| "PRINT" −> Print (parse_exp ((=) Lend) cl)
| "LET" −>

let l2 = lexer cl and l3 = lexer cl
in ( match l2 ,l3 with

(Lident v,Lsymbol "=") −> Let (v,parse_exp ((=)
Lend) cl)

| _ −> raise ParseError )
| "IF" −>

let test = parse_exp ((=) (Lident "THEN")) cl
in ( match ignore (lexer cl) ; lexer cl with

Lint n −> If ( test ,n)
| _ −> raise ParseError )

| _ −> raise ParseError )
| _ −> raise ParseError ;;

val parse_cmd : string_lexer −> command = <fun>

È íàêîíåö, ãëàâíàÿ ôóíêöèÿ ñèíòàêñè÷åñêîãî àíàëèçà êîìàíä ââå-
äåííûõ ïîëüçîâàòåëåì â èíòåðàêòèâíîì öèêëå.

# let parse str =
let cl = init_lex str
in match lexer cl with



184 Ãëàâà 5. Ïðîãðàììû

Lint n −> Line { num=n ; cmd=parse_cmd cl }
| Lident "LIST" −> List
| Lident "RUN" −> Run
| Lident "END" −> PEnd
| _ −> raise ParseError ;;

val parse : string −> phrase = <fun>

5.2.5 Âû÷èñëåíèå

Ïðîãðàììà íà Basic ñîñòîèò èç íàáîðà ñòðîê è âûïîëíåíèå íà÷èíàåò-
ñÿ ñ ïåðâîé ñòðîêè. Èíòåðïðåòàöèÿ ñòðîêè ïðîãðàììû çàêëþ÷àåòñÿ â
èñïîëíåíèè çàäà÷è èíñòðóêöèè, êîòîðàÿ íàõîäèòñÿ íà ýòîé ñòðîêå. Ñó-
ùåñòâóåò òðè ìíîæåñòâà èíñòðóêöèé: ââîä/âûâîä (PRINT è INPUT),
äåêëàðàöèÿ ïåðåìåííûõ èëè ïðèñâîåíèå (LET) è ïåðåõîä (GOTO è
THEN). Èíñòðóêöèè ââîäà/âûâîäà ðåàëèçóþò âçàèìîäåéñòâèå ñ ïîëü-
çîâàòåëåì, äëÿ ýòîãî áóäóò èñïîëüçîâàíû ñîîòâåòñòâóþùèå êîìàíäû Ob-
jective CAML.

Äëÿ îáúÿâëåíèÿ è ïðèñâîåíèÿ ïåðåìåííûõ, íåîáõîäèìî óìåòü âû÷èñ-
ëèòü çíà÷åíèå àðèôìåòè÷åñêîãî âûðàæåíèå è çíàòü ðàñïîëîæåíèå â ïà-
ìÿòè ýòîé ïåðåìåííîé. Ðåçóëüòàò âû÷èñëåíèå âûðàæåíèÿ ìîæåò áûòü
ëèáî öåëûì ÷èñëîì, ëèáî áóëåâûì çíà÷åíèåì, ëèáî ñòðîêîé. Ñãðóïïèðó-
åì èõ â òèïå value.

# type value = Vint of int | Vstr of string | Vbool of bool ;;

Ïðè îáúÿâëåíèè ïåðåìåííîé, íóæíî âûäåëèòü ïàìÿòü, ÷òîáû õðàíèòü
çíà÷åíèå àññîöèèðîâàííîå ýòîé ïåðåìåííîé. Äëÿ èçìåíåíèè ïåðåìåííîé
íåîáõîäèìî ïîìåíÿòü çíà÷åíèå ñâÿçàííî ñ èìåíåì ïåðåìåííîé. Ñîîòâåò-
ñòâåííî, ïðîãðàììà Basic èñïîëüçóåò îêðóæåíèå, êîòîðîå õðàíèò ñâÿçêè
èìÿ ïåðåìåííîé�çíà÷åíèå. Äàííîå îêðóæåíèå ïðåäñòàâëåíî â âèäå ñïèñ-
êà èç ïàð (èìÿ, çíà÷åíèå).

# type environment = (string * value) list ;;

Äëÿ òîãî ÷òîáû ïîëó÷èòü ñîäåðæèìîå ïåðåìåííîé ìû èñïîëüçóåì åå
èìÿ. Ïðè èçìåíåíèè çíà÷åíèÿ ïåðåìåííîé, ìåíÿåòñÿ ñîîòâåòñòâóþùàÿ
ïàðà.

Â èíñòðóêöèÿõ ïåðåõîäà, óñëîâíîãî èëè áåçóñëîâíîãî, óêàçûâàåòñÿ
íîìåð ñòðîêè íà êîòîðîé äîëæíî ïðîäîëæèòñÿ âûïîëíåíèå ïðîãðàììû.
Ïî óìîë÷àíèþ � ýòî ñëåäóþùàÿ ñòðîêà. Â ñâÿçè ñ ýòèì, íåîáõîäèìî
çàïîìíèòü íîìåð òåêóùåé ñòðîêè.

Ñïèñîê èíñòðóêöèé èç êîòîðûõ ñîñòîèò ïðîãðàììà, ðåäàêòèðóåìàÿ â
èíòåðàêòèâíîì öèêëå, íå ïîäõîäèò äëÿ ýôôåêòèâíîãî âûïîëíåíèÿ ïðî-
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ãðàììû. Äåéñòâèòåëüíî, äëÿ òîãî ÷òîáû ðåàëèçîâàòü ïåðåõîä (If è Goto)
íåîáõîäèìî ïåðåñìîòðåòü âåñü ñïèñîê èíñòðóêöèé, ÷òîáû íàéòè ñòðîêó
ñ íóæíûì íîìåðîì. Äëÿ òîãî ÷òîáû ìîæíî áûëî íàïðÿìóþ ïåðåéòè íà
íóæíóþ ñòðîêó, äîñòàòî÷íî çàìåíèòü ñòðóêòóðó ñïèñêà íà âåêòîð. Â äàí-
íîì ñëó÷àå ïðè ïåðåõîäå áóäåò èñïîëüçîâàòüñÿ íå íîìåð ñòðîêè, à åå
èíäåêñ â âåêòîðå. Â ýòîì ñëó÷àå, ïåðåä çàïóñêîì ïðîãðàììû êîìàíäîé
RUN, ïðîäåëàåì ïðå�îáðàáîòêó èíñòðóêöèé, íàçûâàåìóþ êîìïîíîâêîé
(assembly). Ïî íåêîòîðûì ïðè÷èíàì, êîòîðûå áóäóò îáúÿñíåíû â ñëå-
äóþùåì ïàðàãðàôå, ñêîìïîíîâàííàÿ ïðîãðàììà ïðåäñòàâëåíà âåêòîðîì
ñòðîê, à íå èíñòðóêöèé.

# type code = line array ;;

Êàê è äëÿ êàëüêóëÿòîðà èç ïðîøëûõ ãëàâ, âû÷èñëèòåëü èñïîëüçóåò
ñîñòîÿíèå, êîòîðîå èçìåíÿåòñÿ ïðè êàæäîì âû÷èñëåíèè. Èíôîðìàöèÿ,
êîòîðóþ íåîáõîäèìî çíàòü â êàæäûé ìîìåíò � ýòî ïðîãðàììà â öåëîì,
ñëåäóþùàÿ ñòðîêà íà âûïîëíåíèå è çíà÷åíèÿ ïåðåìåííûõ. Âûïîëíÿåìàÿ
ïðîãðàììà îòëè÷àåòñÿ îò ïðîãðàììû íàáðàííîé â èíòåðàêòèâíîì öèê-
ëå. Âìåñòî òîãî ñïèñêà èíñòðóêöèé, ìû èñïîëüçóåì âåêòîð èíñòðóêöèé.
Òàêèì îáðàçîì ñîñòîÿíèå ïðîãðàììû îïèñûâàåòñÿ ñëåäóþùèì òèïîì.

# type state_exec = { line:int ; xprog:code ; xenv:environment } ;;

Îøèáêè ìîãóò âîçíèêíóòü â äâóõ ñëåäóþùèõ ñëó÷àÿõ: âû÷èñëåíèå
âûðàæåíèÿ è ïåðåõîä íà íåñóùåñòâóþùóþ ñòðîêó. Ñîîòâåòñòâåííî, íóæ-
íî îáðàáîòàòü ýòè îáà ñëó÷àÿ, ÷òîáû èíòåðïðåòàòîð êîððåêòíî îñòàíàâ-
ëèâàëñÿ è âûâîäèë ñîîáùåíèå îá îøèáêå. Îïðåäåëèì èñêëþ÷åíèå, à òàê-
æå ôóíêöèþ, êîòîðàÿ áóäåò åãî âîçáóæäàòü è óêàçûâàòü íîìåð ñòðîêè
íà êîòîðîé îíî ïðîèçîøëî.

# exception RunError of int
let runerr n = raise (RunError n) ;;
exception RunError of int
val runerr : int −> 'a = <fun>

Êîìïîíîâêà Êîìïîíîâêà ïðîãðàììû, ñîñòîÿùåé èç ñïèñêà íóìåðî-
âàííûõ ñòðîê (òèï program), çàêëþ÷àåòñÿ â ïåðåâîäå ñïèñêà â âåêòîð
è êîððåêòèðîâêè èíñòðóêöèé ïåðåõîäà. Ýòà êîððåêòèðîâêà ðåàëèçóåòñÿ
ñâÿçêîé íîìåðà ñòðîêè è ñîîòâåòñòâóþùåãî åé èíäåêñà âåêòîðà. Äëÿ îá-
ëåã÷åíèÿ çàäà÷è, ìû ñîçäàåì âåêòîð íóìåðîâàííûõ ñòðîêè. Äàííûé âåê-
òîð áóäåò ïðîñìàòðèâàòüñÿ êàæäûé ðàç, êîãäà íåîáõîäèìî íàéòè èíäåêñ
ñâÿçàííûé ñî ñòðîêîé. Åñëè íîìåð ñòðîêè íå íàéäåí, áóäåò âîçâðàùåíî
çíà÷åíèå -1.
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# exception Result_lookup_index of int ;;
exception Result_lookup_index of int
# let lookup_index tprog num_line =

try
for i=0 to (Array.length tprog)−1 do
let num_i = tprog.(i).num
in if num_i=num_line then raise (Result_lookup_index i)

else if num_i>num_line then raise (Result_lookup_index
(−1))

done ;
(−1 )

with Result_lookup_index i −> i ;;
val lookup_index : line array −> int −> int = <fun>

# let assemble prog =
let tprog = Array.of_list prog in
for i=0 to (Array.length tprog)−1 do
match tprog.(i).cmd with

Goto n −> let index = lookup_index tprog n
in tprog.( i ) <− { tprog.(i) with cmd = Goto index

}
| If (c,n) −> let index = lookup_index tprog n

in tprog.( i ) <− { tprog.(i) with cmd = If (c,index
) }

| _ −> ()
done ;

tprog ;;
val assemble : line list −> line array = <fun>

Âû÷èñëåíèå âûðàæåíèé Ôóíêöèÿ âû÷èñëåíèÿ âûðàæåíèé îáõîäèò
äåðåâî àáñòðàêòíîãî ñèíòàêñèñà è âûïîëíÿåò îïåðàöèè, óêàçàííûå â êàæ-
äîì óçëå äåðåâà.

Â ñëåäóþùèõ ñëó÷àÿõ âîçáóæäàåòñÿ èñêëþ÷åíèå RunError: íåñîîò-
âåòñòâèå òèïîâ, äåëåíèå íà íîëü è íåîáúÿâëåííàÿ ïåðåìåííàÿ.

# let rec eval_exp n envt expr = match expr with
ExpInt p −> Vint p

| ExpVar v −> ( try List.assoc v envt with Not_found −> runerr n )
| ExpUnr (UMINUS,e) −>

( match eval_exp n envt e with
Vint p −> Vint (−p)
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| _ −> runerr n )
| ExpUnr (NOT,e) −>

( match eval_exp n envt e with
Vbool p −> Vbool (not p)

| _ −> runerr n )
| ExpStr s −> Vstr s
| ExpBin (e1,op,e2)
−> match eval_exp n envt e1 , op , eval_exp n envt e2 with

Vint v1 , PLUS , Vint v2 −> Vint (v1 + v2)
| Vint v1 , MINUS , Vint v2 −> Vint (v1 − v2)
| Vint v1 , MULT , Vint v2 −> Vint (v1 * v2)
| Vint v1 , DIV , Vint v2 when v2<>0 −> Vint (v1 /

v2)
| Vint v1 , MOD , Vint v2 when v2<>0 −> Vint (v1

mod v2)

| Vint v1 , EQUAL , Vint v2 −> Vbool (v1 = v2)
| Vint v1 , DIFF , Vint v2 −> Vbool (v1 <> v2)
| Vint v1 , LESS , Vint v2 −> Vbool (v1 < v2)
| Vint v1 , GREAT , Vint v2 −> Vbool (v1 > v2)
| Vint v1 , LESSEQ , Vint v2 −> Vbool (v1 <= v2)
| Vint v1 , GREATEQ , Vint v2 −> Vbool (v1 >= v2)

| Vbool v1 , AND , Vbool v2 −> Vbool (v1 && v2)
| Vbool v1 , OR , Vbool v2 −> Vbool (v1 || v2)

| Vstr v1 , PLUS , Vstr v2 −> Vstr (v1 ^ v2)
| _ , _ , _ −> runerr n ;;

val eval_exp : int −> (string * value) list −> expression −> value = <
fun>

Âû÷èñëåíèå èíñòðóêöèé Äëÿ òîãî, ÷òîáû ðåàëèçîâàòü âû÷èñëåíèå
ñòðîêè èíñòðóêöèé, íàì ïîíàäîáÿòñÿ íåñêîëüêî äîïîëíèòåëüíûõ ôóíê-
öèé.

Äîáàâëåíèå íîâîé ñâÿçêè (èìÿ ïåðåìåííîé�çíà÷åíèå) â îêðóæåíèå,
çàìåíÿåò ñòàðóþ, ñ òàêèì æå èìåíåì, åñëè îíà ñóùåñòâóåò.

# let rec add v e env = match env with
[] −> [v,e]

| (w,f) :: l −> if w=v then (v,e)::l else (w,f) ::( add v e l ) ;;
val add : 'a −> 'b −> ('a * 'b) list −> ('a * 'b) list = <fun>
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Äðóãàÿ ôóíêöèÿ, äëÿ âûâîäà öåëûõ ÷èñåë èëè ñòðîê, ïðèãîäèòñÿ ïðè
âû÷èñëåíèè êîìàíäû PRINT.

# let print_value v = match v with
Vint n −> print_int n

| Vbool true −> print_string "true"
| Vbool false −> print_string "false"
| Vstr s −> print_string s ;;

val print_value : value −> unit = <fun>

Âû÷èñëåíèå èíñòðóêöèè åñòü ïåðåõîä èç îäíîãî ñîñòîÿíèÿ â äðóãîå.
Â ÷àñòíîñòè, îêðóæåíèå áóäåò èçìåíåíî, åñëè èíñòðóêöèÿ ýòî ïðèñâîå-
íèå. Çíà÷åíèå ñëåäóþùåé ñòðîêè íà âûïîëíåíèå èçìåíÿåòñÿ êàæäûé ðàç.
Åñëè ñòðîêà íå ñóùåñòâóåò, âåðíåì çíà÷åíèå -1.

# let next_line state =
let n = state. line+1 in
if n < Array.length state.xprog then n else −1 ;;

val next_line : state_exec −> int = <fun>
# let eval_cmd state =

match state.xprog.(state.line) .cmd with
Rem _ −> { state with line = next_line state }

| Print e −> print_value (eval_exp state.line state .xenv e) ;
print_newline () ;
{ state with line = next_line state }

| Let(v,e) −> let ev = eval_exp state.line state .xenv e
in { state with line = next_line state ;

xenv = add v ev state.xenv }
| Goto n −> { state with line = n }
| Input v −> let x = try read_int ()

with Failure "int_of_string" −> 0
in { state with line = next_line state;

xenv = add v (Vint x) state.xenv }
| If (t ,n) −> match eval_exp state.line state.xenv t with

Vbool true −> { state with line = n }
| Vbool false −> { state with line = next_line state }
| _ −> runerr state.line ;;

val eval_cmd : state_exec −> state_exec = <fun>

Ïðè êàæäîì âûçîâå ôóíêöèÿ ïåðåõîäà èç îäíîãî ñîñòîÿíèå â äðóãîå
eval_cmd èùåò òåêóùóþ ñòðîêó, âûïîëíÿåò åå è çàòåì óñòàíàâëèâàåò íî-
ìåð ñëåäóþùåé ñòðîêè êàê òåêóùóþ ñòðîêó. Åñëè ìû äîñòèãëè ïîñëåäíåé
ñòðîêè ïðîãðàììû, òî íîìåðó òåêóùåé ñòðîêè ïðèñâàèâàåòñÿ çíà÷åíèå
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-1, ÷òî ïîçâîëèò íàì îñòàíîâèòü ïðîãðàììó.

Âû÷èñëåíèå ïðîãðàììû Áóäåò ðåêóðñèâíî ïðèìåíÿòü ôóíêöèþ ïå-
ðåõîäà, äî òåõ ïîð, ïîêà íå ïîëó÷èì ñîñòîÿíèå, â êîòîðîì íîìåð òåêóùåé
ñòðîêè ðàâåí -1.

# let rec run state =
if state . line = −1 then state else run (eval_cmd state) ;;

val run : state_exec −> state_exec = <fun>

5.2.6 Ïîñëåäíèå øòðèõè

Îñòàëîñü ëèøü ðåàëèçîâàòü ìèíè�ðåäàêòîð è ñîáðàòü âîåäèíî âñå ÷àñòè
ïðîãðàììû, ðåàëèçîâàííûå ðàíåå.

Ôóíêöèÿ insert âñòàâëÿåò íîâóþ ñòðîêó â ñîîòâåòñòâóþùåå ìåñòî â
ïðîãðàììå.

# let rec insert line p = match p with
[] −> [line]

| l :: prog −>
if l .num < line.num then l::(insert line prog)
else if l .num=line.num then line::prog
else line :: l :: prog ;;

val insert : line −> line list −> line list = <fun>

Ôóíêöèÿ print_prog âûâîäèò íà ýêðàí êîä ïðîãðàììû.

# let print_prog prog =
let print_line x = print_string (pp_line x) ; print_newline () in
print_newline () ;
List . iter print_line prog ;
print_newline () ;;

val print_prog : line list −> unit = <fun>

Ôóíêöèÿ one_command ëèáî äîáàâëÿåò ñòðîêó, ëèáî âûïîëíÿåò êîìàí-
äó. Îíà óïðàâëÿåò ñîñòîÿíèåì èíòåðàêòèâíîãî öèêëà, ñîñòîÿùåãî èç ïðî-
ãðàììû è îêðóæåíèÿ. Ýòî ñîñòîÿíèå, ïðåäñòàâëåííîå òèïîì loop_state,
îòëè÷àåòñÿ îò ñîñòîÿíèå âûïîëíåíèÿ ïðîãðàììû.

# type loop_state = { prog:program; env:environment } ;;
# exception End ;;

# let one_command state =
print_string "> " ; �ush stdout ;
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try
match parse (input_line stdin) with

Line l −> { state with prog = insert l state.prog }
| List −> (print_prog state.prog ; state )
| Run
−> let tprog = assemble state.prog in

let xstate = run { line = 0; xprog = tprog; xenv = state.env }
in

{state with env = xstate.xenv }
| PEnd −> raise End

with
LexerError −> print_string "Illegal character\n"; state

| ParseError −> print_string "syntax error\n"; state
| RunError n −>

print_string "runtime error at line ";
print_int n ;
print_string "\n";
state ;;

val one_command : loop_state −> loop_state = <fun>

Ãëàâíîé ôóíêöèåé ÿâëÿåòñÿ go, îíà çàïóñêàåò èíòåðàêòèâíûé öèêë
Basic.

# let go () =
try
print_string "Mini−BASIC version 0.1\n\n";
let rec loop state = loop (one_command state) in
loop { prog = []; env = [] }

with End −> print_string "See you later...\n";;
val go : unit −> unit = <fun>

Öèêë ðåàëèçóåòñÿ ëîêàëüíîé ôóíêöèåé loop. Öèêë çàêàí÷èâàåòñÿ
ïðè âîçáóæäåíèè èñêëþ÷åíèÿ End ôóíêöèåé one_command.

Ïðèìåð C+/C-

Âåðíåìñÿ ê èãðå C+/C-, îïèñàííîé â ãëàâå 2 íà ñòðàíèöå 86. Âîò åå
ýêâèâàëåíò, íàïèñàííûé íà Basic.

10 PRINT "Give the hidden number: "
20 INPUT N
30 PRINT "Give a number: "
40 INPUT R
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50 IF R = N THEN 110
60 IF R < N THEN 90
70 PRINT "C−"
80 GOTO 30
90 PRINT "C+"
100 GOTO 30
110 PRINT "CONGRATULATIONS"

Ïðèìåð çàïóñêà äàííîé ïðîãðàììû.

> RUN

Give the hidden number:

64

Give a number:

88

C-

Give a number:

44

C+

Give a number:

64

CONGRATULATIONS

5.2.7 ×òî äàëüøå?

Äàííûé èíòåðïðåòàòîð Basic îáëàäàåò ìèíèìóìîì âîçìîæíîñòåé. Òåì,
êòî æåëàåò åãî îáîãàòèòü, ìû ïðåäëàãàåì ñëåäóþùèå ðàñøèðåíèÿ:

1. ÷èñëà ñ ïëàâàþùåé çàïÿòîé: íàø èíòåðïðåòàòîð ðàñïîçíàåò ëèøü
öåëûå ÷èñëà, áóëåâû çíà÷åíèÿ è ñòðîêè. Äîáàâüòå ÷èñëà ñ ïëàâà-
þùåé çàïÿòîé, à òàê æå ñîîòâåòñòâóþùèå îïåðàöèè â ãðàììàòèêó
ÿçûêà. Êðîìå ëåêñè÷åñêîãî àíàëèçà, íåîáõîäèìî èçìåíèòü âû÷èñëå-
íèå ñ ó÷åòîì ïðèâåäåíèÿ òèïîâ ìåæäó öåëûìè ÷èñëàìè è ÷èñëàìè
ñ ïëàâàþùåé çàïÿòîé.

2. âåêòîðû: òî åñòü äîáàâèòü ê ñèíòàêñèñó èíñòðóêöèþ DIM var[x],
ïðè ïîìîùè êîòîðûé îáúÿâëÿåòñÿ âåêòîð var ðàçìåðîì x. À òàê
æå âûðàæåíèå var[i], êîòîðîå ññûëàåòñÿ íà i�ûé ýëåìåíò âåêòîðà
var.

3. äèðåêòèâû: äîáàâèòü äèðåêòèâû SAVE "file_name" è LOAD "file_name"

äëÿ çàïèñè ôàéëà íà äèñê è çàãðóçêè ñ äèñêà ñîîòâåòñòâåííî.
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4. ïîäïðîãðàììû: âûçîâ ïîäïðîãðàììû îñóùåñòâëÿåòñÿ èíñòðóêöèåé
GOSUB íîìåð ñòðîêè. Ýòà èíñòðóêöèÿ ðåàëèçóåò ïåðåõîä íà ýòîò
íîìåð è ñîõðàíÿåò ïðè ýòîì íîìåð ñòðîêè èç êîòîðîé ïðîèçîøåë
âûçîâ. Èíñòðóêöèÿ RETURN ïðîäîëæàåò âûïîëíåíèå ïðîãðàì-
ìû ñî ñòðîêè, êîòîðàÿ ñëåäóåò çà ïîñëåäíèì âûçîâîì GOSUB,
åñëè îíà ñóùåñòâóåò, èëè âûõîäèò èç ïðîãðàììû. Äëÿ ýòîãî, âû-
÷èñëåíèå äîëæíî êîíòðîëèðîâàòü íå òîëüêî îêðóæåíèå, íî è ñòåê,
â êîòîðîì õðàíÿòñÿ àäðåñà âîçâðàòà ðàçëè÷íûõ âûçîâîâ GOSUB.
Ïðè ïîìîùè èíñòðóêöèè GOSUB ìîæíî îáúÿâëÿòü ðåêóðñèâíûå
ïîäïðîãðàììû.

5.3 Minesweeper

Íàïîìíèì âêðàòöå ïðàâèëà èãðû: íåîáõîäèìî èññëåäîâàòü ìèííîå ïîëå,
íå ïîïàâ ïðè ýòîì íè íà îäíó èç íèõ. Ìèííîå ïîëå � ýòî äâóìåðíûé ìàñ-
ñèâ, íåñêîëüêî ýëåìåíòîâ êîòîðîãî ñîäåðæàò ñêðûòûå ìèíû, à îñòàëüíûå
ïóñòû. Â íà÷àëå èãðû, êëåòêè ïîëÿ çàêðûòû è èãðîê äîëæåí èõ èññëå-
äîâàòü îäíó çà îäíîé. Èãðîê ïîáåæäàåò, åñëè îí èññëåäîâàë âñå êëåòêè
ïîëÿ, íå ñîäåðæàùèå ìèí.

Íà êàæäîì ýòàïå èãðû èãðîê ìîæåò ëèáî �îòêðûòü� êëåòêó ëèáî ïî-
ìåòèòü åå êàê �çàìèíèðîâàííîé�. Åñëè îí îòêðûë êëåòêó ñ ìèíîé, òî
èãðîê ïðîèãðûâàåò. Èíà÷å êëåòêà ìåíÿåò ñâîé âèä è â íåé âûâîäèòñÿ
÷èñëî çàìèíèðîâàííûõ êëåòîê âîêðóã (ìàêñèìóì 8). Åñëè èãðîê ïîìå-
òèë êëåòêó êàê çàìèíèðîâàííóþ, òî îí íå ìîæåò åå îòêðûòü, íå óáðàâ
ìåòêó.

Ðàçäåëèì ðåàëèçàöèþ ïðîãðàììû íà òðè ÷àñòè.

1. îïèñàíèå àáñòðàêòíîé èãðû, ñîñòîÿùåé èç âíóòðåííåãî ïðåäñòàâëå-
íèÿ ìèííîãî ïîëÿ è ôóíêöèé óïðàâëÿþùèõ ýòèì ïðåäñòàâëåíèåì.

2. ãðàôè÷åñêîå îïèñàíèå èãðû ñ ñîîòâåòñòâóþùèìè ôóíêöèÿìè ðèñî-
âàíèÿ êëåòîê.

3. ÷àñòü, îòâå÷àþùàÿ çà âçàèìîäåéñòâèå ìåæäó äâóìÿ ïðåäûäóùèìè
÷àñòÿìè.

5.3.1 Àáñòðàêòíîå ìèííîå ïîëå

Â ýòîé ÷àñòè ìû ðàññìîòðèì ìèííîå ïîëå êàê àáñòðàêòíóþ ñóùíîñòü, íå
óäåëÿÿ âíèìàíèÿ ñïîñîáàì âûâîäà íà ýêðàí.
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Ðèñ. 5.4: Êîïèÿ ýêðàíà
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Êîíôèãóðàöèÿ Ìèííîå ïîëå õàðàêòåðèçóåòñÿ ñâîèìè ðàçìåðàìè è
÷èñëîì çàìèíèðîâàííûõ êëåòîê. Ñãðóïïèðóåì ýòè òðè ïàðàìåòðà â îä-
íîé çàïèñè è îïðåäåëèì êîíôèãóðàöèþ ïî óìîë÷àíèþ: ðàçìåð 10x10 è
15 ìèí.

# type con�g = {
nbcols : int ;
nbrows : int ;
nbmines : int };;

# let default_con�g = { nbcols=10; nbrows=10; nbmines=15 } ;;

Ìèííîå ïîëå Âïîëíå åñòåñòâåííî áóäåò îïðåäåëèòü ìèííîå ïîëå êàê
äâóìåðíûé ìàññèâ. Òàê æå íóæíî óòî÷íèòü íàòóðó ýëåìåíòîâ ìàññèâà è
èíôîðìàöèþ, êîòîðóþ íåîáõîäèìî çíàòü äëÿ êàæäîãî èç íèõ. Ñîñòîÿíèå
êëåòêè ìîæåò áûòü:

� êëåòêà çàìèíèðîâàíà?

� êëåòêà îòêðûòà?

� êëåòêà ïîìå÷åíà?

� ñêîëüêî èç îêðóæàþùèõ ÿ÷ååê çàìèíèðîâàíî?

Ïîñëåäíÿÿ èíôîðìàöèÿ íå òàê âàæíà, ýòî çíà÷åíèå ìîæíî âû÷èñëèòü
â íóæíûé ìîìåíò. Íî áóäåò ïðîùå ñäåëàòü äàííûé ðàñ÷åò ðàç è íàâñåãäà
â íà÷àëå èãðû.

Êëåòêà ïðåäñòàâëåíà çàïèñüþ ñ ÷åòûðüìÿ ïîëÿìè, õðàíÿùèìè âûøå-
óêàçàííóþ èíôîðìàöèþ.

# type cell = {
mutable mined : bool ;
mutable seen : bool ;
mutable �ag : bool ;
mutable nbm : int

} ;;

Äâóìåðíûé ìàññèâ åñòü âåêòîð âåêòîðîâ êëåòîê.

# type board = cell array array ;;
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Èòåðàòîð Äàëåå â ïðîãðàììå íàì ïîíàäîáèòñÿ ïðèìåíÿòü ôóíêöèþ
ê êàæäîé êëåòêå ïîëÿ. Ðåàëèçóåì óíèâåðñàëüíûé èòåðàòîð iter_cells,
êîòîðûé ïðèìåíÿåò óêàçàííóþ ôóíêöèþ f ê êàæäîìó ýëåìåíòó ìàññèâà
êîíôèãóðàöèè cf.

# let iter_cells cf f =
for i=0 to cf.nbcols−1 do for j=0 to cf.nbrows−1 do f (i,j) done

done ;;
val iter_cells : con�g −> (int * int −> 'a) −> unit = <fun>

Çäåñü ìû ïîëó÷èëè õîðîøåå ñî÷åòàíèå ôóíêöèîíàëüíîãî è èìïåðà-
òèâíîãî ñòèëåé. Äëÿ èòåðàòèâíîãî ïðèìåíåíèÿ ôóíêöèè ñ ïîáî÷íûì ýô-
ôåêòîì (îíà íå âîçâðàùàåò ðåçóëüòàò) êî âñåì ýëåìåíòàì ìàññèâà, èñ-
ïîëüçóåòñÿ ôóíêöèÿ âûñøåãî ïîðÿäêà (ôóíêöèÿ, àðãóìåíò êîòîðîé åñòü
äðóãàÿ ôóíêöèÿ).

Èíèöèàëèçàöèÿ Ðàñïîëîæåíèå çàìèíèðîâàííûõ êëåòîê áóäåò îïðå-
äåëÿòüñÿ ñëó÷àéíî. Äëÿ r è c, ÷èñëî ëèíèé è êîëîíîê çàìèíèðîâàííîãî
ïîëÿ, è m ÷èñëî ìèí, íåîáõîäèìî ïîëó÷èòü ñïèñîê ñîñòîÿùèé èç m ÷èñåë
â èíòåðâàëå îò 1 äî r ∗ c. Â àëãîðèòìå ïîäðàçóìåâàåòñÿ, ÷òî m < r ∗ c,
îäíàêî íåîáõîäèìî ñäåëàòü ýòó ïðîâåðêó â ïðîãðàììå.

Ïðîñòûì ðåøåíèåì ýòîé çàäà÷è áóäåò ñîçäàíèå ïóñòîãî ñïèñêà. Çà-
òåì ìû ãåíåðèðóåì ñëó÷àéíîå ÷èñëî è ðàçìåùàåì åãî â ñïèñîê, åñëè îíî
óæå íå ïðèíàäëåæèò ñïèñêó. Ïîâòîðèì ýòó îïåðàöèþ äî òåõ ïîð, ïîêà
â ñïèñêå íå áóäåò m ÷èñåë. Äëÿ ýòèõ öåëåé, âîñïîëüçóåìñÿ ñëåäóþùèìè
ôóíêöèÿìè èç ìîäóëåé Random è Sys:

Random.int :int->int äëÿ âõîäíîãî àðãóìåíòà n âîçâðàùàåò ñëó÷àéíîå
÷èñëî â äèàïàçîíå îò 0 äî n− 1.

Random.init : int->unit èíèöèàëèçàöèÿ ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë.

Sys.time : unit->float âîçâðàùàåò âðåìÿ èñïîëüçîâàíèÿ ïðîöåññîðà â
ìèëëèñåêóíäàõ ñ íà÷àëà çàïóñêà ïðîãðàììû. Ýòà ôóíêöèÿ èñïîëü-
çóåòñÿ ïðè èíèöèàëèçàöèè ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë ïðè êàæ-
äîé íîâîé èãðå.

Ìîäóëè, ñîäåðæàùèå ýòè ôóíêöèè, îïèñàíû â ãëàâå 7 íà ñòðàíèöàõ
239 è 261 ñîîòâåòñòâåííî.

Ó ôóíêöèè, ñëó÷àéíî âûáèðàþùåé çàìèíèðîâàííûå êëåòêè, äâà àð-
ãóìåíòà: îáùåå ÷èñëî êëåòîê (cr) è ÷èñëî ìèí(m). Îíà âîçâðàùàåò ñïèñîê
èç m ëèíåéíûõ êîîðäèíàò.
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# let random_list_mines cr m =
let cell_list = ref []
in while (List.length ! cell_list ) < m do

let n = Random.int cr in
if not (List .mem n !cell_list) then cell_list := n :: ! cell_list

done ;
! cell_list ;;

val random_list_mines : int −> int −> int list = <fun>

Ìû íå ìîæåì çàÿâèòü ÷òî ýòà ôóíêöèÿ, òàê îíà íàïèñàíà, çàêîí÷èò-
ñÿ ÷åðåç îïðåäåëåííîå ÷èñëî èòåðàöèé. Åñëè ãåíåðàòîð ñëó÷àéíûõ ÷èñåë
äîñòàòî÷íî õîðîøèé, òî ìîæíî ëèøü ñ óâåðåííîñòüþ ñêàçàòü, ÷òî âåðî-
ÿòíîñòü òîãî ÷òî ýòà ôóíêöèÿ íå çàêîí÷èòñÿ ðàâíà íóëþ. Îòêóäà ìû
ïîëó÷àåì ïàðàäîêñàëüíîå ñóæäåíèå: ¾ôóíêöèÿ çàêîí÷èòñÿ åñëè îíà âû-
ïîëíÿåòñÿ áåñêîíå÷íî¿. Îäíàêî, íà ïðàêòèêå ýòà ôóíêöèÿ íèêîãäà íàñ íå
ïîäâîäèëà, ïîýòîìó óäîâîëüñòâóåìñÿ äàííûì íåãàðàíòèðîâàííûì îïðå-
äåëåíèåì äëÿ ãåíåðàöèè ñïèñêà çàìèíèðîâàííûõ êëåòîê.

Äëÿ òîãî, ÷òîáû ïðè êàæäîé íîâîé èãðå ïîëó÷èòü ðàçíûå çàìèíè-
ðîâàííûå êëåòêè, íóæíî èíèöèàëèçèðîâàòü ãåíåðàòîð ñëó÷àéíûõ ÷èñåë.
Èíèöèàëèçèðîâàòü áóäåì ïðè ïîìîùè ïðîöåññîðíîãî âðåìåíè â ìèëëè-
ñåêóíäàõ, êîòîðîå èñòåêëî ñ ìîìåíòà çàïóñêà ïðîãðàììû.

# let generate_seed () =
let t = Sys.time () in
let n = int_of_�oat (t*.1000.0)
in Random.init(n mod 100000) ;;

val generate_seed : unit −> unit = <fun>

Ïðàêòèêà ïîêàçûâàåò, ÷òî îäíà è òà æå ïðîãðàììà çàòðà÷èâàåò â
ñðåäíåì îäèíàêîâîå âðåìÿ, èç�çà ÷åãî ìû ïîëó÷àåì ñõîæèé ðåçóëüòàò
ôóíêöèè generate_seed. Â ñâÿçè ñ ýòèì, ôóíêöèÿ Unix.time ïðåäïî-
÷òèòåëüíåé (ñì. ãë. 17).

Âî âðåìÿ èíèöèàëèçàöèè ìèííîãî ïîëÿ, à òàê æå â õîäå èãðû, íåîá-
õîäèìî çíàòü äëÿ äàííîé êëåòêè ÷èñëî îêðóæàþùèõ çàìèíèðîâàííûõ
êëåòîê (ôóíêöèÿ neighbors). Ïðè âû÷èñëåíèè ìíîæåñòâà ñîñåäíèõ êëå-
òîê, ìû ó÷èòûâàåì êðàéíèå êëåòêè, ó êîòîðûõ ìåíüøå ñîñåäåé, ÷åì ó
òåõ ÷òî íàõîäÿòñÿ â ñåðåäèíå ïîëÿ (ôóíêöèÿ valid).

# let valid cf ( i , j) = i>=0 && i<cf.nbcols && j>=0 && j<cf.nbrows ;;
val valid : con�g −> int * int −> bool = <fun>
# let neighbors cf (x,y) =

let ngb = [x−1,y−1; x−1,y; x−1,y+1; x,y−1; x,y+1; x+1,y−1; x+1,y;
x+1,y+1]
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in List . �lter (valid cf) ngb ;;
val neighbors : con�g −> int * int −> (int * int) list = <fun>

Èíèöèàëèçàöèÿ ìèííîãî ïîëÿ ðåàëèçóåòñÿ ôóíêöèåé initialize_board,
îíà âûïîëíÿåò ÷åòûðå çàäà÷è:

1. ãåíåðàöèÿ ñïèñêà çàìèíèðîâàííûõ êëåòîê

2. ñîçäàíèå äâóìåðíîãî ìàññèâà ñîñòîÿùåãî èç ðàçíûõ êëåòîê

3. ïîìåòêà çàìèíèðîâàííûõ êëåòîê

4. âû÷èñëåíèå êîëè÷åñòâà çàìèíèðîâàííûõ ñîñåäíèõ êëåòîê äëÿ êàæ-
äîé íåçàìèíèðîâàíîé êëåòêè

Â ýòîé ôóíêöèè èñïîëüçóåòñÿ íåñêîëüêî ëîêàëüíûõ ôóíêöèé, êîòî-
ðûå ìû âêðàòöå îïèøåì.

� cell_init: ïîëó÷èòü íà÷àëüíûå çíà÷åíèÿ êëåòêè.

� copy_cell_init: èíèöèàëèçàöèÿ êëåòêè.

� set_mined: çàìèíèðîâàòü êëåòêó.

� count_mined_adj: äëÿ êîíêðåòíîé êëåòêè âû÷èñëèòü êîëè÷åñòâî
ñîñåäíèõ çàìèíèðîâàííûõ êëåòîê.

� set_count: äëÿ êîíêðåòíîé íåçàìèíèðîâàíîé êëåòêè îáíîâèòü êî-
ëè÷åñòâî çàìèíèðîâàííûõ ñîñåäíèõ êëåòîê.

# let initialize_board cf =
let cell_init () = { mined=false; seen=false; �ag=false; nbm=0 } in
let copy_cell_init b (i , j) = b.(i) .( j) <− cell_init() in
let set_mined b n = b.(n / cf.nbrows).(n mod cf.nbrows).mined <−

true
in
let count_mined_adj b (i,j) =
let x = ref 0 in
let inc_if_mined (i,j) = if b.( i ) .( j) .mined then incr x
in List . iter inc_if_mined (neighbors cf (i, j)) ;

!x
in
let set_count b (i, j) =
if not b.( i ) .( j) .mined
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then b.(i) .( j) .nbm <− count_mined_adj b (i,j)
in
let list_mined = random_list_mines (cf.nbcols*cf.nbrows) cf.nbmines

in
let board = Array.make_matrix cf.nbcols cf.nbrows (cell_init ())
in iter_cells cf (copy_cell_init board) ;

List . iter (set_mined board) list_mined ;
iter_cells cf (set_count board) ;
board ;;

val initialize_board : con�g −> cell array array = <fun>

Îòêðûòèå êëåòêè Åñëè âî âðåìÿ èãðû èãðîê îòêðûâàåò êëåòêó ó êî-
òîðîé íåò íè îäíîãî çàìèíèðîâàííîãî ñîñåäà, îí ñ óâåðåííîñòüþ ìîæåò
îòêðûòü ñîñåäíèå êëåòêè, äî òåõ ïîð ïîêà åñòü òàêèå êëåòêè. Äëÿ òîãî,
÷òîáû èçáàâèòü èãðîêà îò ýòîé íóäíîãî ìîìåíòà èãðû, íå òðåáóþùåãî
ðàçìûøëåíèÿ, èãðà ñàìà îòêðîåò íóæíûå êëåòêè â ýòîì ñëó÷àå. Ïðè
îòêðûòèè êëåòêè ôóíêöèÿ cells_to_see âîçâðàùàåò ñïèñîê êëåòîê êî-
òîðûå ìîæíî îòêðûòü.

Èäåÿ àëãîðèòìà äîñòàòî÷íî ïðîñòî èçëàãàåòñÿ: åñëè ó îòêðûòîé êëåò-
êè åñòü çàìèíèðîâàííûå ñîñåäè, òî ñïèñîê îãðàíè÷èâàåòñÿ ëèøü ýòîé ñà-
ìîé êëåòêîé, èíà÷å ñïèñîê ñîñòîèò èç åå ñîñåäåé, à òàê æå èç ñîñåäåé åå
ñîñåäåé. Òðóäíîñòü ñîñòîèò â òîì, ÷òîáû íàïèñàòü íåçàöèêëèâàþùóþñÿ
ïðîãðàììó, òàê êàê êëåòêà ÿâëÿåòñÿ ñîñåäîì ñàìîé ñåáå. Íàäî èçáåæàòü
ïðîâåðêè ïî íåñêîëüêî ðàç îäíîé è òîé æå êëåòêè ïîëÿ. Äëÿ òîãî, ÷òî-
áû çíàòü êàêàÿ êëåòêà áûëà îòêðûòà, ñîçäàäèì âåêòîð visited áóëåâûõ
çíà÷åíèé. Ðàçìåð âåêòîðà ñîîòâåòñòâóåò êîëè÷åñòâó êëåòîê. Åñëè ýëå-
ìåíò âåêòîðà ðàâåí true, ýòî çíà÷èò ÷òî ñîîòâåòñòâóþùàÿ êëåòêà áûëà
èññëåäîâàíà. Ðåêóðñèâíûé ïîèñê êëåòîê îñóùåñòâëÿåòñÿ òîëüêî ñðåäè
íåïîìå÷åííûõ êëåòîê.

Èñïîëüçóÿ ñïèñîê ñîñåäíèõ êëåòîê, ôóíêöèÿ relevant, âû÷èñëÿåò
äâà ïîä�ñïèñêà. Êàæäûé ïîä�ñïèñîê ñîñòîèò èç íåçàìèíèðîâàííûõ, íåîò-
êðûòûõ, íåïîìå÷åííûõ èãðîêîì è íåïðîâåðåííûõ êëåòîê (êîòîðûì ñî-
îòâåòñòâóåò çíà÷åíèå false â âåêòîðå visited, ïðèì. ïåð.). Ïåðâûé ïîä�
ñïèñîê âêëþ÷àåò ñîñåäåé, ó êîòîðûõ åñòü êàê ìèíèìóì îäèí çàìèíèðî-
âàííûõ ñîñåä, âòîðîé ñîñòîèò èç ñîñåäíèõ êëåòîê áåç çàìèíèðîâàííûõ
ñîñåäåé. Ýòè êëåòêè ïîìå÷àþòñÿ êàê ïðîâåðåííûå. Çàìåòèì, ÷òî ïîìå-
÷åííûå èãðîêîì êëåòêè, äàæå åñëè îíè íà ñàìîì äåëå íåçàìèíèðîâàíû,
èñêëþ÷àþòñÿ èç ñïèñêîâ. Ñìûñë ìåòêè çàêëþ÷àåòñÿ êàê ðàç â òîì, ÷òîáû
èçáåæàòü îòêðûòèÿ êëåòêè.

Ôóíêöèÿ cells_to_see_rec ðåêóðñèâíî ðåàëèçóåò öèêë ïîèñêà. Èñ-



5.3. MINESWEEPER 199

õîäÿ èç îáíîâëÿåìîãî ñïèñêà êëåòîê, êîòîðûå íåîáõîäèìî ïðîâåðèòü, îíà
âîçâðàùàåò ñïèñîê êëåòîê, êîòîðûå áóäóò îòêðûòû. Íà÷àëüíûé ñïèñîê
ñîäåðæèò ëèøü ïîñëåäíþþ îòêðûòóþ êëåòêó, êîòîðàÿ ïîìå÷åíà êàê ïðî-
âåðåííàÿ.

# let cells_to_see bd cf (i , j) =
let visited = Array.make_matrix cf.nbcols cf.nbrows false in
let rec relevant = function

[] −> ([],[])
| ((x,y) as c) :: t −>

let cell =bd.(x).(y)
in if cell .mined || cell . �ag || cell .seen || visited .(x) .(y)

then relevant t
else let (l1 , l2) = relevant t

in visited .(x) .(y) <− true ;
if cell .nbm=0 then (l1,c::l2) else (c :: l1 , l2)

in
let rec cells_to_see_rec = function

[] −> []
| ((x,y) as c) :: t −>

if bd.(x).(y).nbm<>0 then c :: (cells_to_see_rec t)
else let (l1 , l2) = relevant (neighbors cf c)

in (c :: l1) @ (cells_to_see_rec (l2 @ t))
in visited .( i ) .( j) <− true ;

cells_to_see_rec [(i , j) ] ;;
val cells_to_see :
cell array array −> con�g −> int * int −> (int * int) list = <fun>

Ñ ïåðâîãî âçãëÿäà, àðãóìåíò cells_to_see_rec óâåëè÷èâàåòñÿ ìåæäó
äâóìÿ ïîñëåäîâàòåëüíûìè âûçîâàìè ôóíêöèè, òîãäà êàê ðåêóððåíòíîå
îòíîøåíèå îñíîâûâàåòñÿ íà ýòîì àðãóìåíòå. Ñîîòâåòñòâåííî, ìîæåò âîç-
íèêíóòü âîïðîñ � çàêàí÷èâàåòñÿ ëè ýòà ôóíêöèÿ? Èñïîëüçîâàíèå âåêòî-
ðà visited ãàðàíòèðóåò, ÷òî óæå ïðîâåðåííàÿ êëåòêà íå áóäåò âêëþ÷åíà
â ðåçóëüòàò relevant. Â òî æå âðåìÿ, êëåòêè, êîòîðûå äîáàâëÿþòñÿ â
ñïèñîê ïðîâåðÿåìûõ êëåòîê, ïðîèñõîäÿò èç relevant. Ýòèì ãàðàíòèðó-
åòñÿ, ÷òî îïðåäåëåííàÿ êëåòêà áóäåò âîçâðàùåíà relevant âñåãî îäèí
ðàç è â ñëåäñòâèè îíà áóäåò ïðåäñòàâëåíà â åäèíñòâåííîì ýêçåìïëÿðå â
ñïèñêå ïðîâåðÿåìûõ êëåòîê. Ðàç êîëè÷åñòâî êëåòîê îãðàíè÷åíî, çíà÷èò
íàøà ôóíêöèÿ òîæå çàêîí÷èòñÿ.

Íà ýòîì íåãðàôè÷åñêàÿ ÷àñòü èãðû çàêàí÷èâàåòñÿ. Ðàññìîòðèì ñòèëü
ïðîãðàììèðîâàíèÿ, êîòîðûì ìû âîñïîëüçîâàëèñü. Âûáîð èçìåíÿåìûõ
ñòðóêòóð äàííûõ âûíóæäàåò èñïîëüçîâàòü èìïåðàòèâíûé ñòèëü ñ öèê-
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ëàìè è ïðèñâîåíèåì. Îäíàêî, äëÿ ðåøåíèÿ äîïîëíèòåëüíûõ çàäà÷ ìû
ïðèìåíèëè ñïèñêè è ôóíêöèè îáðàáîòêè â ôóíêöèîíàëüíîì ñòèëå. Ñòèëü
ïðîãðàììèðîâàíèÿ ïðåäïèñûâàåòñÿ ñòðóêòóðàìè äàííûõ, êîòîðûìè ìû
ìàíèïóëèðóåì. Ôóíêöèÿ cells_to_see òîìó õîðîøèé ïðèìåð: îíà èñ-
ïîëüçóåò ñïèñêè è, âïîëíå åñòåñòâåííî, ýòà ôóíêöèÿ íàïèñàíà â ôóíê-
öèîíàëüíîì ñòèëå. Äëÿ õðàíåíèÿ èíôîðìàöèè î ïðîâåðåííûõ êëåòêàõ
ìû èñïîëüçóåì âåêòîð, îáíîâëåíèå âåêòîðà îñóùåñòâëÿåòñÿ èìïåðàòèâ-
íî. Êîíå÷íî, ìû ìîãëè áû ñäåëàòü òîæå ñàìîå â ÷èñòî ôóíêöèîíàëüíîì
ñòèëå, èñïîëüçóÿ ñïèñîê. Îäíàêî, öåíà ýòîãî ðåøåíèÿ âûøå, ÷åì äëÿ
ïðåäûäóùåãî (ïîèñê ýëåìåíòà â ñïèñêå íàïðÿìóþ çàâèñèò îò ðàçìåðà
ñïèñêà, òîãäà êàê äëÿ âåêòîðà âðåìÿ ïîèñê åñòü êîíñòàíòíàÿ âåëè÷èíà)
è îíî íå ÿâëÿåòñÿ áîëåå ïðîñòûì.

5.3.2 Èãðîâîé èíòåðôåéñ

Ýòà ÷àñòü èãðû çàâèñèò îò ñòðóêòóð äàííûõ, êîòîðûå ïðåäñòàâëÿþò ñî-
ñòîÿíèå èãðû (ñì. ñòð. 192). Öåëü ýòîé ÷àñòè � èçîáðàçèòü íà ýêðàíå
ðàçëè÷íûå êîìïîíåíòû èãðû, êàê íà ðèñóíêå 5.5. Äëÿ ýòîãî âîñïîëüçó-
åìñÿ ôóíêöèÿìè ðèñîâàíèÿ áëîêîâ, îïèñàííûìè ðàíåå íà ñòð. 139.

Ñâîéñòâà ðàçëè÷íûõ êîìïîíåíòîâ èãðû îïèñûâàþòñÿ ñëåäóþùèìè
ïàðàìåòðàìè.

# let b0 = 3 ;;
# let w1 = 15 ;;
# let w2 = w1 ;;
# let w4 = 20 + 2*b0 ;;
# let w3 = w4*default_con�g.nbcols + 2*b0 ;;
# let w5 = 40 + 2*b0 ;;

# let h1 = w1 ;;
# let h2 = 30 ;;
# let h3 = w5+20 + 2*b0 ;;
# let h4 = h2 ;;
# let h5 = 20 + 2*b0 ;;
# let h6 = w5 + 2*b0 ;;

Ïðè ïîìîùè ýòèõ ïàðàìåòðîâ ìû ðàñøèðèì áàçîâóþ êîíôèãóðàöèþ
èãðû (çíà÷åíèÿ ñ òèïîì config) è îïðåäåëèì íîâóþ çàïèñü window_config.
Â ïîëå cf ñîäåðæèòñÿ ìèíèìàëüíàÿ êîíôèãóðàöèÿ. Êàæäîé êîìïîíåíòå,
èçîáðàæåííîé íà ýêðàíå, àññîöèèðóåì áëîê: îñíîâíîå îêíî (ïîëå main_box),
ìèííîå ïîëå (ïîëå field_box), äèàëîãîâîå îêíî (ïîëå dialog_box) èç
äâóõ áëîêîâ (ïîëÿ d1_box è d2_box), êíîïêà äëÿ ïîìåòêè (ïîëå flag_box)
è òåêóùàÿ êëåòêà (ïîëå current_box).

# type window_con�g = {
cf : con�g ;
main_box : box_con�g ;
�eld_box : box_con�g ;
dialog_box : box_con�g ;
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Ðèñ. 5.5: Îñíîâíîå îêíî èãðû
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d1_box : box_con�g ;
d2_box : box_con�g ;
�ag_box : box_con�g ;
mutable current_box : box_con�g ;
cell : int*int −> (int*int) ;
coor : int*int −> (int*int)

} ;;

Êðîìå ýòîãî, çíà÷åíèå ñ òèïîì window_config ñîäåðæèò äâå ôóíêöèè:

� cell: äëÿ êîîðäèíàò äàííîé êëåòêè âîçâðàùàåò êîîðäèíàòû åå áëî-
êà

� coor: äëÿ êîîðäèíàò ïèêñåëÿ îêíà âîçâðàùàåò êîîðäèíàòû ñîîòâåò-
ñòâóþùåé êëåòêè.

Êîíôèãóðàöèÿ Îïðåäåëèì ôóíêöèþ, êîòîðàÿ ñîçäàåò ãðàôè÷åñêóþ
êîíôèãóðàöèþ (ñ òèïîì window_config) â ñîîòâåòñòâèè ñ ìèíèìàëüíîé
êîíôèãóðàöèåé (ñ òèïîì config) è âûøåîïèñàííûõ ïàðàìåòðîâ. Çíà÷å-
íèÿ ïàðàìåòðîâ íåêîòîðûõ êîìïîíåíò çàâèñÿò äðóã îò äðóãà. Íàïðèìåð,
øèðèíà îñíîâíîãî áëîêà çàâèñèò îò øèðèíû áëîêà ìèííîãî ïîëÿ, êîòî-
ðûõ â ñâîþ î÷åðåäü çàâèñèò îò êîëè÷åñòâà ñòîëáöîâ. ×òîáû íå âû÷èñëÿòü
îäíî è òî æå ïî íåñêîëüêî ðàç, ìû áóäåì ïîñòåïåííî èíèöèàëèçèðîâàòü
ýòè ïîëÿ. Â îòñóòñòâèè ñïåöèàëüíûõ ôóíêöèé äàííûé ýòàï èíèöèàëèçà-
öèè íåìíîãî íóäíûé.

# let make_box x y w h bw r =
{ x=x; y=y; w=w; h=h; bw=bw; r=r; b1_col=gray1; b2_col=gray3;

b_col=gray2 } ;;
val make_box : int −> int −> int −> int −> int −> relief −>

box_con�g =
<fun>

# let make_wcf cf =
let wcols = b0 + cf.nbcols*w4 + b0
and hrows = b0 + cf.nbrows*h5 + b0 in
let main_box = let gw = (b0 + w1 + wcols + w2 + b0)

and gh = (b0 + h1 + hrows + h2 + h3 + h4 + b0)
in make_box 0 0 gw gh b0 Top

and �eld_box = make_box w1 h1 wcols hrows b0 Bot in
let dialog_box = make_box ((main_box.w − w3) / 2)

(b0+h1+hrows+h2)
w3 h3 b0 Bot

in
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let d1_box = make_box (dialog_box.x + b0) (b0 + h1 + hrows + h2)
((w3−w5)/2−(2*b0)) (h3−(2*b0)) 5 Flat in

let �ag_box = make_box (d1_box.x + d1_box.w)
(d1_box.y + (h3−h6) / 2) w5 h6 b0 Top in

let d2_box = make_box (�ag_box.x + �ag_box.w)
d1_box.y d1_box.w d1_box.h 5 Flat in

let current_box = make_box 0 0 w4 h5 b0 Top
in { cf = cf;

main_box = main_box; �eld_box=�eld_box; dialog_box=
dialog_box;

d1_box=d1_box;
�ag_box=�ag_box; d2_box=d2_box; current_box =

current_box;
cell = (fun (i, j) −> ( w1+b0+w4*i , h1+b0+h5*j)) ;
coor = (fun (x,y) −> ( (x−w1)/w4 , (y−h1)/h5 )) } ;;

val make_wcf : con�g −> window_con�g = <fun>

Âûâîä êëåòîê Òåïåðü íàì ïðåäñòîèò îïðåäåëèòü ôóíêöèè âûâîäà
êëåòîê â ðàçëè÷íûõ ñëó÷àÿõ: êëåòêà ìîæåò áûòü îòêðûòà èëè çàêðûòà,
ñîäåðæàòü èëè íåò èíôîðìàöèþ. Âûâîä (áëîêà) òåêóùåé êëåòêè âñåãäà
áóäåò îñóùåñòâëÿòüñÿ (ïîëå cc_bcf).

Îïðåäåëèì äâå ôóíêöèè èçìåíÿþùèå êîíôèãóðàöèþ òåêóùåé êëåò-
êè; îäíà çàêðûâàåò êëåòêó, äðóãàÿ îòêðûâàåò åå.

# let close_ccell wcf i j =
let x,y = wcf.cell ( i , j)
in wcf.current_box <− {wcf.current_box with x=x; y=y; r=Top} ;;

val close_ccell : window_con�g −> int −> int −> unit = <fun>
# let open_ccell wcf i j =

let x,y = wcf.cell ( i , j)
in wcf.current_box <− {wcf.current_box with x=x; y=y; r=Flat} ;;

val open_ccell : window_con�g −> int −> int −> unit = <fun>

Â çàâèñèìîñòè îò ñèòóàöèè, íåîáõîäèìî âûâîäèòü èíôîðìàöèþ íà
êëåòêàõ. Äëÿ êàæäîãî ñëó÷àÿ ìû îïðåäåëÿåì ôóíêöèþ.

Âûâîä çàêðûòîé êëåòêè:

# let draw_closed_cc wcf i j =
close_ccell wcf i j ;
draw_box wcf.current_box ;;

val draw_closed_cc : window_con�g −> int −> int −> unit = <fun>

Âûâåñòè îòêðûòóþ êëåòêó ñ ÷èñëîì ìèí:
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# let draw_num_cc wcf i j n =
open_ccell wcf i j ;
draw_box wcf.current_box ;
if n<>0 then draw_string_in_box Center (string_of_int n)

wcf.current_box Graphics.white ;;
val draw_num_cc : window_con�g −> int −> int −> int −> unit = <

fun>

Âûâîä êëåòêè, ñîäåðæàùåé ìèíó:

# let draw_mine_cc wcf i j =
open_ccell wcf i j ;
let cc = wcf.current_box
in draw_box wcf.current_box ;

Graphics.set_color Graphics.black ;
Graphics. �ll_circle (cc.x+cc.w/2) (cc.y+cc.h/2) (cc.h/3) ;;

val draw_mine_cc : window_con�g −> int −> int −> unit = <fun>

Âûâîä çàìèíèðîâàííîé è ïîìå÷åííîé êëåòêè:

# let draw_�ag_cc wcf i j =
close_ccell wcf i j ;
draw_box wcf.current_box ;
draw_string_in_box Center "!" wcf.current_box Graphics.blue ;;

val draw_�ag_cc : window_con�g −> int −> int −> unit = <fun>

Âûâîä îøèáî÷íî ïîìå÷åííîé êëåòêè:

# let draw_cross_cc wcf i j =
let x,y = wcf.cell ( i , j)
and w,h = wcf.current_box.w, wcf.current_box.h in
let a=x+w/4 and b=x+3*w/4
and c=y+h/4 and d=y+3*h/4
in Graphics.set_color Graphics.red ;

Graphics.set_line_width 3 ;
Graphics.moveto a d ; Graphics.lineto b c ;
Graphics.moveto a c ; Graphics.lineto b d ;
Graphics.set_line_width 1 ;;

val draw_cross_cc : window_con�g −> int −> int −> unit = <fun>

Â õîäå èãðû, âûáîð ñîîòâåòñòâóþùåé ôóíêöèè âûâîäà êëåòêè îñó-
ùåñòâëÿåòñÿ ñëåäóþùèì:

# let draw_cell wcf bd i j =
let cell = bd.(i) .( j)
in match (cell.�ag , cell .seen , cell .mined ) with
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(true,_,_) −> draw_�ag_cc wcf i j
| (_,false,_) −> draw_closed_cc wcf i j
| (_,_,true) −> draw_mine_cc wcf i j
| _ −> draw_num_cc wcf i j cell.nbm ;;

val draw_cell : window_con�g −> cell array array −> int −> int −>
unit = <fun>

Äëÿ âûâîäà êëåòîê â êîíöå èãðû, âîñïîëüçóåìñÿ ñïåöèàëüíîé ôóíê-
öèåé. Îíà íåìíîãî îòëè÷àåòñÿ îò ïðåäûäóùèõ òåì, ÷òî ê êîíöó âñå êëåò-
êè äîëæíû áûòü îòêðûòû. Ê òîìó æå, íà îøèáî÷íî ïîìå÷åííûõ êëåòêàõ
âûâîäèòñÿ êðàñíûé êðåñò.

# let draw_cell_end wcf bd i j =
let cell = bd.(i) .( j)
in match (cell.�ag , cell .mined ) with

(true,true) −> draw_�ag_cc wcf i j
| (true,false) −> draw_num_cc wcf i j cell.nbm; draw_cross_cc

wcf i j
| (false ,true) −> draw_mine_cc wcf i j
| (false , false) −> draw_num_cc wcf i j cell.nbm ;;

val draw_cell_end : window_con�g −> cell array array −> int −> int
−> unit = <fun>

Âûâîä îñòàëüíûõ êîìïîíåíòîâ Ñîñòîÿíèå ðåæèìà îòìåòêè êëåòîê
îòîáðàæàåòñÿ âûïóêëûì èëè âîãíóòûì áëîêîì ñ íàäïèñüþ ON èëè OFF:

# let draw_�ag_switch wcf on =
if on then wcf.�ag_box.r <− Bot else wcf.�ag_box.r <− Top ;
draw_box wcf.�ag_box ;
if on then draw_string_in_box Center "ON" wcf.�ag_box Graphics.

red
else draw_string_in_box Center "OFF" wcf.�ag_box Graphics.blue ;;

val draw_�ag_switch : window_con�g −> bool −> unit = <fun>

Âûâåäåì íàäïèñü î ïðåäíàçíà÷åíèè ïîìå÷àþùåé êíîïêè.

# let draw_�ag_title wcf =
let m = "Flagging" in
let w,h = Graphics.text_size m in
let x = (wcf.main_box.w−w)/2
and y0 = wcf.dialog_box.y+wcf.dialog_box.h in
let y = y0+(wcf.main_box.h−(y0+h))/2
in Graphics.moveto x y ;
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Graphics.draw_string m ;;
val draw_�ag_title : window_con�g −> unit = <fun>

Íà ïðîòÿæåíèè âñåé èãðû ÷èñëî êëåòîê, êîòîðûå îñòàëîñü îòêðûòü è
÷èñëî ïîìå÷åííûõ êëåòîê âûâîäèòñÿ â äèàëîãîâîì îêíå ñ îáåèõ ñòîðîí
ïîìå÷àþùåé êíîïêè.

# let print_score wcf nbcto nbfc =
erase_box wcf.d1_box ;
draw_string_in_box Center (string_of_int nbcto) wcf.d1_box

Graphics.blue ;
erase_box wcf.d2_box ;
draw_string_in_box Center (string_of_int (wcf.cf.nbmines−nbfc)) wcf

.d2_box
( if nbfc>wcf.cf.nbmines then Graphics.red else Graphics.blue ) ;;

val print_score : window_con�g −> int −> int −> unit = <fun>

×òîáû íàðèñîâàòü íà÷àëüíîå ìèííîå ïîëå, íóæíî âûâåñòè (÷èñëî
ëèíèé)×(÷èñëî ñòîëáöîâ) ðàç çàêðûòóþ êëåòêó. Õîòü ýòî è îäèí è òîò æå
ðèñóíîê êàæäûé ðàç íåîáõîäèìî íàðèñîâàòü è çàïîëíèòü ïðÿìîóãîëüíûé
è ÷åòûðå òðàïåöèè, íà ýòî ìîæåò óéòè íåìàëî âðåìåíè. Äëÿ óñêîðåíèÿ
ýòîãî ïðîöåññà, âîñïîëüçóåìñÿ ñëåäóþùåé òåõíèêîé: íàðèñóåì îäèí ðàç
êëåòêó, çàõâàòèì åå â âèäå ðàñòðîâîãî èçîáðàæåíèÿ (bitmap) è çàòåì
ñêîïèðóåì ýòó êíîïêó â íóæíûõ ìåñòàõ.

# let draw_�eld_initial wcf =
draw_closed_cc wcf 0 0 ;
let cc = wcf.current_box in
let bitmap = draw_box cc ; Graphics.get_image cc.x cc.y cc.w cc.h in
let draw_bitmap (i,j) = let x,y=wcf.cell ( i , j)

in Graphics.draw_image bitmap x y
in iter_cells wcf.cf draw_bitmap ;;

val draw_�eld_initial : window_con�g −> unit = <fun>

Â êîíöå èãðû, âñå ìèííîå ïîëå îòêðûâàåòñÿ è íà íåïðàâèëüíî ïîìå-
÷åííûõ êëåòêàõ ñòàâèòñÿ êðàñíûé êðåñò.

# let draw_�eld_end wcf bd =
iter_cells wcf.cf (fun (i , j) −> draw_cell_end wcf bd i j) ;;

val draw_�eld_end : window_con�g −> cell array array −> unit = <
fun>

È íàêîíåö, îñíîâíàÿ ôóíêöèÿ âûâîäà íà ýêðàí îòêðûâàåò ãðàôè÷å-
ñêèé êîíòåêñò è âûâîäèò íà÷àëüíîå ñîñòîÿíèå ðàçëè÷íûõ êîìïîíåíò.

# let open_wcf wcf =
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Graphics.open_graph ( " " ^ (string_of_int wcf.main_box.w) ^ "x" ^
(string_of_int wcf.main_box.h) ) ;

draw_box wcf.main_box ;
draw_box wcf.dialog_box ;
draw_�ag_switch wcf false ;
draw_box wcf.�eld_box ;
draw_�eld_initial wcf ;
draw_�ag_title wcf ;
print_score wcf ((wcf.cf .nbrows*wcf.cf.nbcols)−wcf.cf.nbmines) 0 ;;

val open_wcf : window_con�g −> unit = <fun>

Çàìåòèì, ÷òî âñå ãðàôè÷åñêèå ôóíêöèè èñïîëüçóþò êîíôèãóðàöèþ
ñ òèïîì window_config. Ýòî äåëàåò èõ íåçàâèñèìûìè îò ðàñïîëîæåíèÿ
êîìïîíåíò èãðû. Åñëè ìû ïîæåëàåì èçìåíèòü ýòî ðàñïîëîæåíèå, êîä
ôóíêöèé îñòàíåòñÿ íåèçìåííûì, íåîáõîäèìî áóäåò ëèøü îáíîâèòü êîí-
ôèãóðàöèþ.

5.3.3 Âçàèìîäåéñòâèå ìåæäó ïðîãðàììîé è èãðîêîì

Îïðåäåëèì âîçìîæíûå äåéñòâèÿ èãðîêà:

� âûáðàòü, íàæàòèåì êíîïêè, ðåæèì ïîìåòêè èëè îòêðûòèÿ êëåòêè.

� íàæàòü íà îäíó èç êëåòîê, äëÿ òîãî ÷òîáû åå îòêðûòü èëè ïîìåòèòü.

� íàæàòü íà êëàâèøó 'q', äëÿ òîãî ÷òîáû ïîêèíóòü èãðó.

Íàïîìíèì, ÷òî ñîáûòèå Graphics äîëæíî áûòü ñâÿçàííî ñ çàïèñüþ
(Graphics.status), â êîòîðîé õðàíèòñÿ èíôîðìàöèÿ î òåêóùåì ñîñòîÿ-
íèè êëàâèàòóðû è ìûøè â ìîìåíò âîçíèêíîâåíèÿ ñîáûòèÿ. Âñå ñîáûòèÿ
ìûøè, êðîìå íàæàòèÿ íà êíîïêó ïîìåòêè èëè íà êëåòêó ìèííîãî ïîëÿ,
èãíîðèðóþòñÿ. ×òîáû ðàçëè÷àòü îáà ñîáûòèÿ, ñîçäàäèì ñîîòâåòñòâóþ-
ùèé òèï.

# type clickon = Out | Cell of (int*int) | SelectBox ;;

Äåéñòâèÿ íàæàòèÿ è îòïóñêàíèÿ êíîïêè ìûøè ñîîòâåòñòâóþò äâóì
ðàçíûì ñîáûòèÿì. Åñëè îáà ñîáûòèÿ ïðîèçîøëè íà îäíîé è òîé æå êîì-
ïîíåíòå (êëåòêà ìèííîãî ïîëÿ èëè êíîïêà ïîìåòêè), òî òàêîé êëèê ñ÷è-
òàåòñÿ ïðàâèëüíûì î îáðàáàòûâàåòñÿ.

# let locate_click wcf st1 st2 =
let clickon_of st =
let x = st.Graphics.mouse_x and y = st.Graphics.mouse_y
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in if x>=wcf.�ag_box.x && x<=wcf.�ag_box.x+wcf.�ag_box.w
&&
y>=wcf.�ag_box.y && y<=wcf.�ag_box.y+wcf.�ag_box.h

then SelectBox
else let (x2,y2) = wcf.coor (x,y)

in if x2>=0 && x2<wcf.cf.nbcols && y2>=0 && y2<wcf.cf
.nbrows
then Cell (x2,y2) else Out

in
let r1=clickon_of st1 and r2=clickon_of st2
in if r1=r2 then r1 else Out ;;

val locate_click :
window_con�g −> Graphics.status −> Graphics.status −> clickon = <

fun>

Ñåðäöå ïðîãðàììû íàõîäèòñÿ â ôóíêöèè loop è çàêëþ÷àåòñÿ â îæè-
äàíèè è îáðàáîòêå ñîáûòèé. Ýòà ôóíêöèÿ ïîõîæà íà skel, îïèñàííîé íà
ñòðàíèöå 146, îäíàêî çäåñü ìû òî÷íåå îïðåäåëÿåì òèï ñîáûòèÿ ìûøè.
Óñëîâèÿ îñòàíîâêè öèêëà ñëåäóþùèå:

� íàæàòèå íà êëàâèøó q (èëè Q), ÷òî ðàññìàòðèâàåòñÿ êàê æåëàíèå
îñòàíîâèòü ïðîãðàììó.

� â ñëó÷àå åñëè èãðîê îòêðûë çàìèíèðîâàííóþ êëåòêó, òîãäà ïàðòèÿ
ïðîèãðàíà.

� â ñëó÷àå åñëè èãðîê îòêðûë âñå íåçàìèíèðîâàííûå êëåòêè, òîãäà
ïàðòèÿ. âûèãðàíà.

Îáúåäèíèì äàííûå, íåîáõîäèìûå ôóíêöèÿì îáðàáàòûâàþùèì âçàè-
ìîäåéñòâèå ñ èãðîêîì, â çàïèñè minesw_cf.

# type minesw_cf =
{ wcf : window_con�g; bd : cell array array;
mutable nb_�agged_cells : int;
mutable nb_hidden_cells : int;
mutable �ag_switch_on : bool } ;;

Ýòè ïîëÿ ñîîòâåòñòâóþò:

� wcf: ãðàôè÷åñêàÿ êîíôèãóðàöèÿ.

� bd: ìàòðèöà êëåòîê.
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� nb_flagged_cells: áóëåâî çíà÷åíèå, îçíà÷àþùåå ÷òî èãðà íàõîäèò-
ñÿ èëè íåò â ðåæèìå ïîìåòêè.

� nb_hidden_cells: ÷èñëî ïîìå÷åííûõ êëåòîê

� flag_switch_on: ÷èñëî íåçàìèíèðîâàííûõ è íåîòêðûòûõ êëåòîê

Òåïåðü ìû ãîòîâû, ê òîìó ÷òîáû íàïèñàòü îñíîâíîé öèêë.

# let loop d f_init f_key f_mouse f_end =
f_init () ;
try
while true do
let st = Graphics.wait_next_event

[Graphics.Button_down;Graphics.Key_pressed]
in if st .Graphics.keypressed then f_key st.Graphics.key

else let st2 = Graphics.wait_next_event [Graphics.Button_up
]
in f_mouse (locate_click d.wcf st st2)

done
with End −> f_end ();;

val loop :
minesw_cf −>
(unit −> 'a) −> (char −> 'b) −> (clickon −> 'b) −> (unit −> unit)
−> unit = <fun>

Ôóíêöèè èíèöèàëèçàöèè, îêîí÷àíèÿ è îáðàáîòêè êëàâèàòóðû äîñòà-
òî÷íî áàíàëüíû.

# let d_init d () = open_wcf d.wcf
let d_end () = Graphics.close_graph()
let d_key c = if c='q' || c='Q' then raise End;;
val d_init : minesw_cf −> unit −> unit = <fun>
val d_end : unit −> unit = <fun>
val d_key : char −> unit = <fun>

Äëÿ îáðàáîòêè ñîáûòèé ìûøè íàì ïîíàäîáèòñÿ íåñêîëüêî äîïîëíè-
òåëüíûõ ôóíêöèé.

� flag_cell: ðåàêöèÿ íà êëèê íà êëåòêó â ðåæèìå ïîìåòêè.

� ending: êîíåö èãðû. Â ýòîì ñëó÷àå îòêðûòü âñå çàìèíèðîâàííûå
êëåòêè, âûâåñòè ñîîáùåíèå î ïîáåäå èëè ïðîèãðûøå è îæèäàòü
äåéñòâèÿ ñ êëàâèàòóðû èëè ìûøè äëÿ òîãî, ÷òîáû çàêðûòü ïðî-
ãðàììó.
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� reveal: ðåàêöèÿ íà êëèê íà êëåòêó â ðåæèìå îòêðûòèÿ (ðåæèì
ïîìåòêè îòêëþ÷åí).

# let �ag_cell d i j =
if d.bd.(i ) .( j) . �ag
then ( d.nb_�agged_cells <− d.nb_�agged_cells −1;

d.bd.(i ) .( j) . �ag <− false )
else ( d.nb_�agged_cells <− d.nb_�agged_cells +1;

d.bd.(i ) .( j) . �ag <− true );
draw_cell d.wcf d.bd i j ;
print_score d.wcf d.nb_hidden_cells d.nb_�agged_cells;;

val �ag_cell : minesw_cf −> int −> int −> unit = <fun>

# let ending d str =
draw_�eld_end d.wcf d.bd;
erase_box d.wcf.�ag_box;
draw_string_in_box Center str d.wcf.�ag_box Graphics.black;
ignore(Graphics.wait_next_event

[Graphics.Button_down;Graphics.Key_pressed]);
raise End;;

val ending : minesw_cf −> string −> 'a = <fun>

# let reveal d i j =
let reveal_cell ( i , j) =
d.bd.(i ) .( j) .seen <− true;
draw_cell d.wcf d.bd i j ;
d.nb_hidden_cells <− d.nb_hidden_cells −1

in
List . iter reveal_cell (cells_to_see d.bd d.wcf.cf ( i , j)) ;
print_score d.wcf d.nb_hidden_cells d.nb_�agged_cells;
if d.nb_hidden_cells = 0 then ending d "WON";;

val reveal : minesw_cf −> int −> int −> unit = <fun>

Ôóíêöèÿ, îáðàáàòûâàþùàÿ ñîáûòèÿ ìûøè, ñîïîñòàâëÿåò çíà÷åíèå
òèïà clickon.

# let d_mouse d click = match click with
Cell ( i , j) −>
if d.bd.(i ) .( j) .seen then ()
else if d.�ag_switch_on then �ag_cell d i j
else if d.bd.(i ) .( j) . �ag then ()
else if d.bd.(i ) .( j) .mined then ending d "LOST"
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else reveal d i j
| SelectBox −>

d.�ag_switch_on <− not d.�ag_switch_on;
draw_�ag_switch d.wcf d.�ag_switch_on

| Out −> () ;;
val d_mouse : minesw_cf −> clickon −> unit = <fun>

Ïðè ñîçäàíèè êîíôèãóðàöèè èãðû, íàì íåîáõîäèìî òðè ïàðàìåòðà:
÷èñëî ëèíèé, ÷èñëî êîëîíîê è ÷èñëî ìèí.

# let create_minesw nb_c nb_r nb_m =
let nbc = max default_con�g.nbcols nb_c
and nbr = max default_con�g.nbrows nb_r in
let nbm = min (nbc*nbr) (max 1 nb_m) in
let cf = { nbcols=nbc ; nbrows=nbr ; nbmines=nbm } in
generate_seed () ;
let wcf = make_wcf cf in
{ wcf = wcf ;

bd = initialize_board wcf.cf ;
nb_�agged_cells = 0;
nb_hidden_cells = cf.nbrows*cf.nbcols−cf.nbmines;
�ag_switch_on = false } ;;

val create_minesw : int −> int −> int −> minesw_cf = <fun>

Ôóíêöèÿ, çàïóñêàþùàÿ èãðó, ñíà÷àëà ñîçäàåò êîíôèãóðàöèþ èãðû ñ
ïîìîùüþ òðåõ âûøå óêàçàííûõ ïàðàìåòðîâ è çàïóñêàåò öèêë îáðàáîòêè
ñîáûòèé.

# let go nbc nbr nbm =
let d = create_minesw nbc nbr nbm in
loop d (d_init d) d_key (d_mouse d) (d_end);;

val go : int −> int −> int −> unit = <fun>

Âûçîâ go 10 10 10 çàïóñêàåò èãðó, ïîêàçíóþ íà èçîáðàæåíèè 5.4.

×òî äàëüøå?

Èç äàííîé ïðîãðàììû ìîæíî ñäåëàòü ñàìîñòîÿòåëüíûé èñïîëíÿåìûé
ôàéë. Â ãëàâå 6 îáúÿñíåíî êàê ýòî ñäåëàòü. Ïîñëå ýòîãî, ìîæíî ñäå-
ëàòü èãðó áîëåå óäîáíîé, ïåðåäàâàÿ ðàçìåð ìèííîãî ïîëÿ â êîìàíäíîé
ñòðîêå. Ïåðåäà÷à àðãóìåíòîâ ðàññìàòðèâàåòñÿ â ãëàâå 7, ãäå ïðèâîäèòñÿ
ïðèìåð äëÿ äàííîé èãðû (ñì. ñòð. 263).

Äðóãîå èíòåðåñíîå ðàñøèðåíèå � íàó÷èòü ìàøèíó ñàìó îòêðûâàòü
êëåòêè. Äëÿ ýòîãî íåîáõîäèìî óìåòü îïðåäåëÿòü ñëåäóþùèé ïðàâèëüíûé
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õîä è èãðàòü åãî ïåðâûì â ýòîì ñëó÷àå. Çàòåì âû÷èñëèòü âåðîÿòíîñòü
ïðèñóòñòâèÿ ìèíû äëÿ êàæäîé êëåòêè è èãðàòü êëåòêó, äëÿ êîòîðîé ýòî
çíà÷åíèå ìèíèìàëüíî.



×àñòü II

Ñðåäñòâà ðàçðàáîòêè
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Ñîäåðæèìîå âòîðîé ÷àñòè

Ïðåäñòàâëåííûå çäåñü êîìïîíåíòû îêðóæåíèÿ ÿâëÿþòñÿ ÷àñòüþ äèñòðè-
áóòèâà Objective CAML. Ýòî ðàçëè÷íûå êîìïèëÿòîðû, ìíîãî÷èñëåííûå
áèáëèîòåêè, ñðåäñòâà àíàëèçà ïðîãðàììû, ñðåäñòâà ëåêñè÷åñêîãî è ñèí-
òàêñè÷åñêîãî àíàëèçà è èíòåðôåéñà ñ ÿçûêîì C.

Objective CAML ÿâëÿåòñÿ êîìïèëèðóåìûì ÿçûêîì, ñ äâóìÿ ñïîñîáà-
ìè ãåíåðàöèè êîäà:

� byte-code âûïîëíÿåìûé âèðòóàëüíîé ìàøèíîé

� íàòèâíûé êîä, âûïîëíÿåìûé íàïðÿìóþ ïðîöåññîðîì

Èíòåðàêòèâíûé öèêë Objective CAML èñïîëüçóåò byte-code äëÿ âû-
ïîëíåíèÿ ââåäåííûõ ôðàç. Îí ÿâëÿåòñÿ ïåðâåéøèì ñðåäñòâîì ïîìîùè
ïðè ðàçðàáîòêå. Èíòåðàêòèâíûé öèêë ïîçâîëÿåò òèïèçèðîâàòü, êîìïèëè-
ðîâàòü è áûñòðî ïðîâåðÿòü îïðåäåëåíèÿ ôóíêöèé. Ê òîìó æå îí âûäàåò
çíà÷åíèÿ âõîäíûõ àðãóìåíòîâ è âîçâðàòà ôóíêöèé.

Äðóãèå ïðèâû÷íûå ñðåäñòâà ðàçðàáîòêè âõîäÿò â äèñòðèáóòèâ: âû-
÷èñëåíèå çàâèñèìîñòåé ìåæäó ôàéëàìè, îòêëàäêà è àíàëèç (pro�ling).
Ïðè ïîìîùè ñðåäñòâ îòêëàäêè ïðîãðàììû ìû ìîæåì ïîøàãîâî âûïîë-
íÿòü ïðîãðàììû, óñòàíàâëèâàòü ìåòêè îñòàíîâêè è ïðîñìîòðåòü çíà÷å-
íèÿ ïåðåìåííûõ. Ñðåäñòâî àíàëèçà âûäàåò ÷èñëî âûçîâîâ ôóíêöèé, âðå-
ìÿ çàòðà÷åííîå íà âûçîâ ôóíêöèè èëè íà âûïîëíåíèå îïðåäåëåííîé ÷à-
ñòè êîäà. Ïîñëåäíèå äâå òóëçû äîñòóïíû òîëüêî íà ïëàòôîðìàõ Unix.

Áîãàòñòâî ÿçûêà ïðîèñõîäèò íå òîëüêî èç åãî core (?), íî è èç ðàçëè÷-
íûõ áèáëèîòåê; ìíîæåñòâî ïîâòîðíîèñïîëüçóåìûõ ïðîãðàìì, âõîäÿùèõ
â äèñòðèáóòèâ ÿçûêà. Objective CAML òîìó ïðèìåð. Ãðàôè÷åñêàÿ áèá-
ëèîòåêà, âêëþ÷åííàÿ â äèñòðèáóòèâ, óæå íå ðàç óïîìèíàëàñü. Äàëåå â
êíèãå, ìû îïèøåì íåìàëî íîâûõ áèáëèîòåê. Îíè âíîñÿò áîëüøîå ÷èñëî
íîâûõ âîçìîæíîñòåé, îäíàêî îáðàòíîé ñòîðîíîé ìåäàëè ÿâëÿþòñÿ íåêî-
òîðûå òðóäíîñòè, â îñîáåííîñòè â ñòðîãîñòè òèïîâ.

Êàêîé áû íå áûëà áîãàòîé áèáëèîòåêà, âñåãäà íåîáõîäèìî óìåòü ñâÿ-
çûâàåòñÿ ñ äðóãèì ÿçûêîì ïðîãðàììèðîâàíèÿ. Äèñòðèáóòèâ ÿçûêà Ob-
jective CAML ñîäåðæèò âñå íåîáõîäèìîe äëÿ èíòåðôåéñà ñ ÿçûêîì C. Òî
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åñòü ìû ìîæåì âûçûâàòü ôóíêöèè C â êîäå Objective CAML è íàîáî-
ðîò. Ðàçíèöà â óïðàâëåíèè ïàìÿòüþ â Objective CAML è C ìîæåò ñòàòü
ïðåïÿòñòâèåì â ïîíèìàíèè è èñïîëüçîâàíèè ýòîãî èíòåðôåéñà. Ýòà ðàç-
íèöà çàêëþ÷àåòñÿ â òîì, ÷òî â Objective CAML èìååòñÿ àâòîìàòè÷åñêèé
ñáîðùèê ìóñîðà.

È â C è â Objective CAML ìû ìîæåì äèíàìè÷åñêè âûäåëÿòü ïàìÿòü
è òàêèì îáðàçîì äîñòàòî÷íî ãèáêî óïðàâëÿòü ïðîñòðàíñòâîì â ñîîòâåò-
ñòâèè ñ íóæäàìè ïðîãðàììû. Åñòåñòâåííî, ýòî èìååò ñìûñë ëèøü åñëè
ìû ìîæåì çàòåì âûñâîáîäèòü ïàìÿòü äëÿ äðóãèõ íóæä âûïîëíåíèÿ ïðî-
ãðàììû. Àâòîìàòè÷åñêèé ñáîðùèê îñâîáîæäàåò ïðîãðàììèñòà îò ýòîé
çàäà÷è, êîòîðàÿ ÿâëÿåòñÿ ÷àñòûì èñòî÷íèêîì îøèáîê è áåðåò íà ñåáÿ
óïðàâëåíèå ñáîðêîé ïàìÿòè. Ýòà îñîáåííîñòü ÿâëÿåòñÿ îäíèì èç ýëåìåí-
òîâ íàäåæíîñòè ÿçûêà Objective CAML.

Îäíàêî, äàííûé ìåõàíèçì îòðàæàåòñÿ (âëèÿåò?) íà ïðåäñòàâëåíèå
äàííûõ. Òî åñòü äëÿ òîãî, ÷òîáû ïðàâèëüíî ñâÿçûâàòü êîä íà Objective
CAML è C, íåîáõîäèìî ÷åòêî ïðåäñòàâëÿòü ñåáå ïðèíöèïû óïðàâëåíèÿ
ïàìÿòüþ.

Â 6 ãëàâå ìû ðàññìîòðèì áàçîâûå ýëåìåíòû ñèñòåìû Objective CAML:
âèðòóàëüíàÿ ìàøèíà, êîìïèëÿòîðû è áèáëèîòåêè. Çäåñü ìû òàê æå çà-
òðîíåì ðàçëè÷íûå ìåòîäû êîìïèëÿöèè è ñðàâíèì ïåðåíîñèìîñòü ñ ýô-
ôåêòèâíîñòüþ.

Â 7 äàåòñÿ ãëîáàëüíûé îáçîð ìíîæåñòâà òèïîâ, ôóíêöèé è èñêëþ÷å-
íèé, ïîñòàâëÿåìûõ ñ äèñòðèáóòèâîì. Îäíàêî, îíà íå çàìåíÿåò îôèöèàëü-
íîãî ðóêîâîäñòâà, â êîòîðîì ïîäðîáíî îïèñàíû ýòè áèáëèîòåêè. Íî çäåñü
ìû ðàññìàòðèâàþòñÿ íîâûå âîçìîæíîñòè ïðåäîñòàâëÿåìûå íåêîòîðûìè
ìîäóëÿ áèáëèîòåê. Â ÷àñòíîñòè, ìîæíî ïðèâåñòè ïðèìåð ôîðìàòèðîâàí-
íîãî âûâîäà, ñèñòåìíûé èíòåðôåéñ è persistence of values

Â 8 ïðåäñòàâëåíû ðàçëè÷íûå ìåòîäû àâòîìàòè÷åñêîé ñáîðêè ìóñîðà,
à çàòåì îïèñàí ïðèíöèï, èñïîëüçóåìûé ñáîðùèêîì Objective CAML.

Â 9 ìû ðàññìîòðèì ñïîñîáû îòêëàäêè ïðîãðàìì Objective CAML. Íå
ñìîòðÿ íà íåêîòîðûå íåäîñòàòêè, ïðè ïîìîùè ýòèõ ñðåäñòâ ìîæíî ëåãêî
îáíàðóæèòü ïðîáëåìíîå ìåñòî ïðîãðàììû.

Â 10 îïèñûâàþòñÿ íåêîòîðûå ïðîáëåìû ëåêñè÷åñêîãî è ñèíòàêñè÷å-
ñêîãî àíàëèçà ÿçûêà: áèáëèîòåêà ðåãóëÿðíûé âûðàæåíèé, ñðåäñòâà ocamlex
è ocamlyacc, èñïîëüçîâàíèå ïîòîêîâ (stream).

Ñþæåò 11 ãëàâû � èíòåðôåéñ ñ ÿçûêîì C. Íà ñåãîäíÿ, ÿçûê ïðî-
ãðàììèðîâàíèÿ íå ìîæåò áûòü ïîëíîñòüþ èçîëèðîâàííûì îò äðóãèõ.
Ïðè ïîìîùè äàííîãî èíòåðôåéñà, ïðîãðàììû íà Objective CAML ìî-
ãóò âûçâàòü ôóíêöèþ íà C è ïåðåäàòü åé çíà÷åíèÿ Objective CAML è
íàîáîðîò. Îñíîâíîå çàòðóäíåíèå èíòåðôåéñà çàêëþ÷àåòñÿ â ìîäåëè ïà-
ìÿòè. Ïî ýòîé ïðè÷èíå, æåëàòåëüíî ïðî÷èòàòü ãëàâó 8.
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Â 12 ïðåäñòàâëåíû äâà ïðèëîæåíèÿ: îáîãàùåííàÿ ãðàôè÷åñêàÿ áèá-
ëèîòåêà, îñíîâàííàÿ íà èåðàðõè÷åñêîé ñòðóêòóðå, êàê AWT2 JAVA, êëàñ-
ñè÷åñêàÿ ïðîãðàììà ïîèñêà ïóòè â ãðàôå ñ íàèìåíüøåé ñòîèìîñòüþ ñ
íîâûì ãðàôè÷åñêèì èíòåðôåéñîì è êýø�ïàìÿòüþ.

2Abstract Windowing Toolkit
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Ãëàâà 6

Êîìïèëÿöèÿ è ïåðåíîñèìîñòü

Ââåäåíèå

Äëÿ òîãî, ÷òîáû òåêñò ïðîãðàììû ïðåâðàòèëñÿ â èñïîëíÿåìûé ìîäóëü,
íåîáõîäèìî âûïîëíèòü íåñêîëüêî îïåðàöèé. Ýòè îïåðàöèè ñãðóïïèðîâà-
íû â ïðîöåññå êîìïèëÿöèè. Â õîäå ýòîãî ïðîöåññà, ñòðîèòñÿ àáñòðàêò-
íîå ñèíòàêñè÷åñêîå äåðåâî (êàê äëÿ èíòåðïðåòàòîðà Basic, ñòð. 171), çà-
òåì îíî ïðåâðàùàåòñÿ â ïîñëåäîâàòåëüíîñòü èíñòðóêöèé äëÿ ðåàëüíîãî
ïðîöåññîðà èëè äëÿ âèðòóàëüíîé ìàøèíû. Â ïîñëåäíåì ñëó÷àå, äëÿ òî-
ãî ÷òîáû âûïîëíèòü ïðîãðàììó, íåîáõîäèì èíòåðïðåòàòîð èíñòðóêöèé
âèðòóàëüíîé ìàøèíû. Â êàæäîì ñëó÷àå, ðåçóëüòàò êîìïèëÿöèè äîëæåí
áûòü ñâÿçàí ñ áèáëèîòåêîé âðåìåíè âûïîëíåíèÿ, âõîäÿùåé â äèñòðèáó-
òèâ. Îíà ìîæåò ìåíÿòüñÿ â çàâèñèìîñòè îò ïðîöåññîðà è îïåðàöèîííîé
ñèñòåìû. Â íåå âõîäÿò ïðèìèòèâíûå ôóíêöèè (òàêèå êàê îïåðàöèè íàä
÷èñëàìè, ñèñòåìíûé èíòåðôåéñ) è àäìèíèñòðàòîð ïàìÿòè.

Â Objective CAML ñóùåñòâóåò äâà êîìïèëÿòîðà. Ïåðâûé èç íèõ �
ýòî êîìïèëÿòîð äëÿ âèðòóàëüíîé ìàøèíû, â ðåçóëüòàòå êîòîðîãî ìû
ïîëó÷àåì áàéò�êîä. Âòîðîé êîìïèëÿòîð ñîçäàåò ïðîãðàììó, ñîñòîÿùóþ
èç ìàøèííîãî êîäà (native code), âûïîëíÿåìîãî ðåàëüíûì ïðîöåññîðîì,
êàê Intel, Motorola, SPARC, PA�RISC, Power�PC èëè Alpha. Êîìïèëÿòîð
áàéò�êîäà îòäàåò ïðåäïî÷òåíèå ïåðåíîñèìîñòè êîäà, òîãäà êàê êîìïèëÿ-
òîð â ìàøèííûé êîä óâåëè÷èâàåò ñêîðîñòü âûïîëíåíèÿ. Èíòåðàêòèâíûé
èíòåðïðåòàòîð, êîòîðûé ìû âèäåëè â ïåðâîé ÷àñòè, èñïîëüçóåò áàéò�êîä.
Êàæäàÿ ââåäåííàÿ ôðàçà êîìïèëèðóåòñÿ è çàòåì âûïîëíÿåòñÿ â îêðó-
æåíèè ñèìâîëîâ, îïðåäåëåííûõ â òå÷åíèè èíòåðàêòèâíîé ñåññèè.
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Ïëàí ãëàâû

Â ýòîé ãëàâå ïðåäñòàâëåíû ðàçëè÷íûå ñïîñîáû êîìïèëÿöèè ïðîãðàìì
íà Objective CAML è ïðîâîäèòñÿ ñðàâíåíèå ïî ïåðåíîñèìîñòè è ýôôåê-
òèâíîñòè ýòèõ ñïîñîáîâ. Â ïåðâîì ðàçäåëå ìû îáñóäèì ðàçëè÷íûå ýòàïû
êîìïèëÿòîðîâ Objective CAML. Âî âòîðîì � ðàçëè÷íûå ñïîñîáû êîìïè-
ëÿöèè è ñèíòàêñèñ, íåîáõîäèìûé äëÿ ïîëó÷åíèÿ èñïîëíÿåìûõ ôàéëîâ.
Â òðåòüåì ðàçäåëå, ìû óâèäèì êàê ñîçäàòü àâòîíîìíûé èñïîëíÿåìûé
ôàéë, êîòîðûé ìîæåò áûòü âûïîëíåí íåçàâèñèìî îò óñòàíîâëåííîãî äèñ-
òðèáóòèâà Objective CAML. È, íàêîíåö, ÷åòâåðòûé ðàçäåë ñðàâíèâàåò
ðàçëè÷íûå ñïîñîáû êîìïèëÿöèè â ðàêóðñå ïåðåíîñèìîñòè è ýôôåêòèâ-
íîñòè âûïîëíåíèÿ.

6.1 Ýòàïû êîìïèëÿöèè

Èñïîëíÿåìûé ôàéë ïîëó÷àåòñÿ â ðåçóëüòàòå ýòàïîâ òðàíñëÿöèè è êîì-
ïîíîâêè, èçîáðàæåííûõ â òàáëèöå 6.1.

Èñõîäíûé òåêñò ïðîãðàììû
ìàêðîïîäñòàíîâêà

Èñõîäíûé òåêñò ïðîãðàììû
êîìïèëÿöèÿ

Ïðîãðàììà íà àññåìáëåðå
êîìïîíîâêà

Ìàøèííûå èíñòðóêöèè
ðåäàêòèðîâàíèå ñâÿçåé

Èñïîëíÿåìûé êîä

Òàáëèöà 6.1: Ïîðÿäîê ñîçäàíèÿ èñïîëíÿåìîãî ôàéëà

Ìàêðîïîäñòàíîâêà çàêëþ÷àåòñÿ â ïîäñòàíîâêå îäíèõ ÷àñòåé òåêñòà
âìåñòî äðóãèõ ïðè ïîìîùè ñèñòåìû ìàêðîñîâ. Ïðè êîìïèëÿöèè èñõîä-
íûé êîä ïðîãðàììû òðàíñëèðóåòñÿ â êîìàíäû àññåìáëåðà. Ïîñëå êîìïî-
íîâêè ìû ïîëó÷èì ôàéë, ñîñòîÿùèé èç ìàøèííûõ èíñòðóêöèé. È, íà-
êîíåö, ïðè ðåäàêòèðîâàíèè ñâÿçåé äîáàâëÿåòñÿ áèáëèîòåêà, â îñíîâíîì
ñîñòîÿùàÿ èç àäìèíèñòðàòîðà ïàìÿòè, à òàê æå ñâÿçü ñ îñíîâíûìè îáú-
åêòàìè îïåðàöèîííîé ñèñòåìû (òàêèå êàê ôàéëû, êàòàëîãè, ïðîöåññû è
ò.ä.)
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6.1.1 Êîìïèëÿòîðû Objective CAML

Äåòàëè ðàçëè÷íûõ ýòàïîâ ãåíåðàöèè êîäà êîìïèëÿòîðîâ Objective CAML
ïðåäñòàâëåíû òàáëèöå 6.2. Âíóòðåííåå ïðåäñòàâëåíèå êîäà ïðîãðàììû,
ñãåíåðèðîâàííîîãî êîìïèëÿòîðîì, íàçûâàåòñÿ ïðîìåæóòî÷íûì ÿçûêîì
(Ïß).

Ïîñëåäîâàòåëüíîñòü ñèìâîëîâ
ëåêñè÷åñêèé àíàëèç

Ïîñëåäîâàòåëüíîñòü ëåêñåì
ñèíòàêñè÷åñêèé àíàëèç

Ñèíòàêñè÷åñêîå äåðåâî
ñåìàíòè÷åñêèé àíàëèç

Ìàðêèðîâàííîå ñèíòàêñè÷åñêîå äåðåâî
ãåíåðàöèÿ ïðîìåæóòî÷íîãî êîäà

Ïîñëåäîâàòåëüíîñòü êîäà â Ïß
îïòèìèçàöèÿ ïðîìåæóòî÷íîãî êîäà

Ïîñëåäîâàòåëüíîñòü êîäà â Ïß
ãåíåðàöèÿ ïñåâäîêîäà

Ïðîãðàììà íà àññåìáëåðå

Òàáëèöà 6.2: Ýòàïû êîìïèëÿöèè

Ïðè ïîìîùè ëåêñè÷åñêîãî àíàëèçà èç ïîñëåäîâàòåëüíîñòè ñèìâîëîâ,
ìû ïîëó÷àåì ïîñëåäîâàòåëüíîñòü ëåêñè÷åñêèõ ýëåìåíòîâ (ëåêñåì). Â îñ-
íîâíîì ëåêñåìû ñîîòâåòñòâóþò öåëûì ÷èñëàì, ÷èñëàì ñ ïëàâàþùåé çà-
ïÿòîé, ñòðîêàì è èäåíòèôèêàòîðàì. Ñîîáùåíèå Illegal character ãåíå-
ðèðóåòñÿ íà ýòîì ýòàïå àíàëèçà.

Ñèíòàêñè÷åñêèé àíàëèç ñîçäàåò ñèíòàêñè÷åñêîå äåðåâî, ïðîâåðÿÿ ïðè
ýòîì ïîñëåäîâàòåëüíîñòü ëåêñåì ñ òî÷êè çðåíèÿ ïðàâèë ãðàììàòèêè ÿçû-
êà. Ñîîáùåíèå Syntax error óêàçûâàåò íà òî, ÷òî àíàëèçèðóåìàÿ ÷àñòü
êîäà íå ñîîòâåòñòâóåò ïðàâèëàì ãðàììàòèêè.

Ïðè ñåìàíòè÷åñêîì àíàëèçå ïðîñìàòðèâàåòñÿ ñèíòàêñè÷åñêîå äåðåâî,
çäåñü íàñ èíòåðåñóåò äðóãîé àñïåêò êîððåêòíîñòè ïðîãðàììû. Íà ýòîì
ýòàïå, â Objective CAML ïðîèñõîäèò âûâîä òèïà è, åñëè îí ïðîøåë óäà÷-
íî, òî âûâîäèìûé òèï ÿâëÿåòñÿ ñàìûì îáùèì òèïîì äëÿ âûðàæåíèÿ
èëè îáúÿâëåíèÿ. Ñîîáùåíèÿ îá îøèáêå òèïà ãåíåðèðóþòñÿ íà äàííîì
ýòàïå. Â ýòîò æå ìîìåíò âûÿâëÿþòñÿ ñëó÷àè, â êîòîðûõ òèï ÷ëåíà ïî-
ñëåäîâàòåëüíîñòè îòëè÷åí îò unit. Çäåñü òàêæå ãåíåðèðóþòñÿ äðóãèå
ïðåäóïðåæäåíèÿ, âîçíèêøèå íà ïðèìåð ïðè ñîïîñòàâëåíèè (íå èñ÷åðïà-
åìîñòü, íåèñïîëüçóåìûå âåòâè ñîïîñòàâëåíèÿ).

Ïðè ãåíåðàöèè è îïòèìèçàöèè ïðîìåæóòî÷íîãî êîäà íå âûâîäèòñÿ
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íèêàêèõ ñîîáùåíèé îá îøèáêàõ èëè ïðåäóïðåæäåíèé. Ýòè ýòàïû ìàíè-
ïóëÿöèè ïðîìåæóòî÷íûìè ñòðóêòóðàìè ïîçâîëÿþò ôàêòîðèçîâàòü ðàç-
ðàáîòêó ðàçëè÷íûõ êîìïèëÿòîðîâ Objective CAML.

Ãåíåðàöèÿ èñïîëíÿåìîãî ìîäóëÿ � ýòî ôèíàëüíûé ýòàï êîìïèëÿöèè,
êîòîðûé çàâèñèò îò êîìïèëÿòîðà.

6.1.2 Îïèñàíèå áàéò�êîä êîìïèëÿòîðà

Âèðòóàëüíàÿ ìàøèíà Objective CAML íàçûâàåòñÿ Zinc (îò ¾ Zinc Is Not
Caml ¿). Îíà áûëà ñîçäàíà Ãçàâüå Ëåðóà (Xavier Leroy) è îïèñàíà â
([Ler90]). Ýòî èìÿ áûëî âûáðàíî, äëÿ òîãî ÷òîáû ïîä÷åðêíóòü ðàçíèöó
ìåæäó ïåðâûìè ðåàëèçàöèÿìè ÿçûêà Caml, îñíîâàííîãî íà âèðòóàëüíîé
ìàøèíå CAM (îò Categorical Abstract Machine, ñì. [CCM87]).

Íà ðèñóíêå 6.1 èçîáðàæåíà âèðòóàëüíàÿ ìàøèíà Zinc. Â ïåðâîé ÷à-
ñòè ïðåäñòàâëåí èíòåðïðåòàòîð ñâÿçàííûé ñ áèáëèîòåêîé. Âòîðàÿ ÷àñòü
ñîîòâåòñòâóåò êîìïèëÿòîðó, êîòîðûé ãåíåðèðóåò áàéò�êîä äëÿ ìàøèíû
Zinc. Òðåòüÿ ÷àñòü ñîäåðæèò áèáëèîòåêè, èäóùèå âìåñòå ñ êîìïèëÿòî-
ðîì. Îíè áîëåå ïîäðîáíî îïèñàíû â ãëàâå 7.

Ãðàôè÷åñêèå ñèìâîëû, èñïîëüçóåìûå íà ðèñóíêå 6.1, ÿâëÿþòñÿ ñòàí-
äàðòíûìè äëÿ êîìïèëÿöèè. Ïðîñòîé áëîê ñèìâîëèçèðóåò ôàéë, íàïèñàí-
íûé íà ÿçûêå, êîòîðûé óêàçàí âíóòðè áëîêà. Äâîéíîé áëîê ïðåäñòàâëÿåò
èíòåðïðåòàöèþ îäíîãî ÿçûêà ïðîãðàììîé, íàïèñàííîé íà äðóãîì ÿçûêå.
Òðîéíîé áëîê � èñõîäíûé ÿçûê êîìïèëèðóåòñÿ â ìàøèííûé ïðè ïîìîùè
êîìïèëÿòîðà, íàïèñàííîì íà òðåòüåì ÿçûêå. Ñèìâîëû, ñîîòâåòñòâóþùèå
èíòåðïðåòàòîðàì è êîìïèëÿòîðàì, èçîáðàæåíû íà ðèñóíêå 6.2.

Ïîÿñíåíèå ê ðèñóíêó 6.1:

� BC: áàéò�êîä ìàøèíû Zinc

� C: êîä C

� .o: îáúåêòíûé�ôàéë, çàâèñÿùèé îò èñïîëüçóåìîé àðõèòåêòóðû

� µ: ìèêðîïðîöåññîð

� OC (v1 èëè v2): êîä Objective CAML

Çàìå÷àíèå
Îñíîâíàÿ ÷àñòü êîìïèëÿòîðà Objective CAML íàïèñàíà íà ÿçûêå Objec-
tive CAML. Ïåðåõîä ñ âåðñèè v1 íà âåðñèþ v2 èçîáðàæåí íà âòîðîé ÷àñòè
ðèñóíêà 6.1.
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C .olibrary
runtime

Zinc

ocamlrun

OC−v2 BC

OC−v1

O’CAML
compiler
v1−>v2
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library
of modules

ocamlc

BC

.cmo

Ðèñ. 6.1: Âèðòóàëüíàÿ ìàøèíà Zinc

IL

SL TL

SL

IL

SL

compilation of source language towards target language TL written in the implementation language IL

program written in source language (SL)

interpreter of source language SL written in the implementation language IL

Ðèñ. 6.2: Ñèìâîëû èíòåðïðåòàòîðîâ è êîìïèëÿòîðîâ.
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6.2 Òèïû êîìïèëÿöèè

Äèñòðèáóòèâ ÿçûêà çàâèñèò îò òèïà ïðîöåññîðà è îïåðàöèîííîé ñèñòå-
ìû. Â äèñòðèáóòèâ Objective CAML äëÿ êàæäîé àðõèòåêòóðû (ïàðà:
ïðîöåññîð, îïåðàöèîííàÿ ñèñòåìà) âõîäèò èíòåðàêòèâíàÿ ñðåäà èíòåð-
ïðåòàòîðà, áàéò�êîä êîìïèëÿòîð, è, â áîëüøèíñòâå ñëó÷àåâ, êîìïèëÿòîð
ìàøèííîãî êîäà äëÿ äàííîé àðõèòåêòóðû.

6.2.1 Íàçâàíèÿ êîìàíä

Â òàáëèöå 6.3 ïðèâîäÿòñÿ íàçâàíèÿ ðàçëè÷íûõ êîìïèëÿòîðîâ, âõîäÿùèõ
â äèñòðèáóòèâ Objective CAML. Ïåðâûå ÷åòûðå èç íèõ ÿâëÿþòñÿ ÷àñòüþ
êàæäîãî äèñòðèáóòèâà.

ocaml èíòåðàêòèâíàÿ ñðåäà èíòåðïðåòàòîðà
ocamlrun èíòåðïðåòàòîð áàéò�êîäà
ocamlc êîìïèëÿòîð â áàéò�êîäà
ocamlopt êîìïèëÿòîð ìàøèííîãî êîäà
ocamlc.opt îïòèìèçèðîâàííûé êîìïèëÿòîð áàéò�êîäà
ocamlopt.opt îïòèìèçèðîâàííûé êîìïèëÿòîð ìàøèííîãî êîäà
ocamlmktop êîíñòðóêòîð íîâûõ ñðåä èíòåðïðåòàòîðà

Òàáëèöà 6.3: Êîìàíäû êîìïèëÿöèè

Îïòèìèçèðîâàííûå êîìïèëÿòîðû áûëè ñàìè ñêîìïèëèðîâàíû êîìïè-
ëÿòîðîì ìàøèííîãî êîäà, ïðè ýòîì ïîëó÷àåòñÿ áîëåå áûñòðûé èñïîëíÿ-
åìûé ôàéë.

6.2.2 Ýëåìåíòû êîìïèëÿöèè

Ýëåìåíò êîìïèëÿöèè ñîîòâåòñòâóåò íàèìåíüøåé ÷àñòè ïðîãðàììû íà
Objective CAML, êîòîðàÿ ìîæåò áûòü ñêîìïèëèðîâàíà. Äëÿ èíòåðàê-
òèâíîãî èíòåðïðåòàòîðà òàêèì ýëåìåíòîì ÿâëÿåòñÿ ôðàçà íà ÿçûêå Ob-
jective CAML, òîãäà êàê äëÿ ïàêåòíûõ êîìïèëÿòîðîâ òàêèì ýëåìåíòîì
ÿâëÿåòñÿ ïàðà ôàéëîâ: èñõîäíûé êîä è ôàéë èíòåðôåéñîâ, ãäå ôàéë èí-
òåðôåéñîâ íå îáÿçàòåëåí. Åñëè îí îòñóòñòâóåò, òî âñå ãëîáàëüíûå îáú-
ÿâëåíèÿ ôàéëà�èñõîäíèêà áóäóò âèäíû äðóãèì ýëåìåíòàì êîìïèëÿöèè.
Ñîçäàíèå èíòåðôåéñíûõ ôàéëîâ áóäåò ðàññìîòðåíî â ãëàâå 13 ïîñâÿ-
ùåííîé ìîäóëüíîìó ïðîãðàììèðîâàíèþ. Ýòè ôàéëû îòëè÷àþòñÿ äðóã
îò äðóãà ðàñøèðåíèåì èìåíè ôàéëà.
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6.2.3 Ðàñøèðåíèÿ ôàéëîâ Objective CAML

Â òàáëèöå 6.4 ïðåäñòàâëåíû ðàñøèðåíèÿ ôàéëîâ èñïîëüçóåìûå äëÿ ïðî-
ãðàìì Objective CAML è C.

ðàñøèðåíèå çíà÷åíèå
.ml èñõîäíèê
.mli èíòåðôåéñíûé ôàéë
.cmo îáúåêòíûé ôàéë (áàéò�êîä)
.cma îáúåêòíûé ôàéë áèáëèîòåêè
.cmi ñêîìïèëèðîâàííûé èíòåðôåéñíûé ôàéë
.cmx îáúåêòíûé ôàéë (íàòèâíûé)
.cmxa îáúåêòíûé ôàéë áèáëèîòåêè (íàòèâíûé)
.c èñõîäíèê íà C
.o îáúåêòíûé ôàéë C (íàòèâíûé)
.a îáúåêòíûé ôàéë áèáëèîòåêè C (íàòèâíûé)

Òàáëèöà 6.4: Ðàñøèðåíèÿ ôàéëîâ

Ôàéëû example.ml è example.mli ôîðìèðóþò ýëåìåíò êîìïèëÿöèè.
Ñêîìïèëèðîâàííûé èíòåðôåéñíûé ôàéë (example.cmi) ìîæåò áûòü èñ-
ïîëüçîâàí íàòèâíûì è áàéò�êîä êîìïèëÿòîðîì. Ôàéëû íà C èñïîëüçó-
þòñÿ äëÿ èíòåðôåéñà ìåæäó Objective CAML è áèáëèîòåêàìè, íàïèñàí-
íûìè íà ÿçûêå C ( 11).

6.2.4 Áàéò�êîä êîìïèëÿòîð

Îáùàÿ ôîðìà êîìàíäû êîìïèëÿöèè ñëåäóþùàÿ:

command options file_name

Objective CAML ïîä÷èíÿåòñÿ òîìó æå ïðàâèëó.

ocamlc −c example.ml

Ïåðåä ïàðàìåòðàìè êîìïèëÿòîðà ñòàâèòñÿ ñèìâîë `�', êàê ýòî ïðèíÿ-
òî â ñèñòåìå Unix. Ðàñøèðåíèÿ ôàéëîâ èíòåðïðåòèðóþòñÿ â ñîîòâåòñòâèè
ñ òàáëèöåé 6.4. Â ïðèâåäåííîì ïðèìåðå, ôàéë exemple.ml ðàññìàòðèâàåò-
ñÿ êàê èñõîäíèê íà Objective CAML è ïîñëå åãî êîìïèëÿöèè áóäåò ñãåíå-
ðèðîâàííî äâà ôàéëà exemple.cmo è exemple.cmi. Îïöèÿ `�c' óêàçûâàåò
êîìïèëÿòîðó, ÷òî íåîáõîäèìî ñêîìïèëèðîâàòü òîëüêî îáúåêòíûé ôàéë.
Áåç ýòîé îïöèè êîìïèëÿòîð ocamlc ñîçäàñò èñïîëíÿåìûé ôàéë a.out, òî
åñòü â äàííîì ñëó÷àå îí ðåàëèçóåò ðåäàêòèðîâàíèå ñâÿçåé.
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-a ñîçäàòü áèáëèîòåêó
-c êîìïèëÿöèÿ, áåç ðåäàêòèðîâàíèÿ ñâÿçåé
-o èìÿ_ôàéëà óêàçûâàåò èìÿ èñïîëíÿåìîãî ôàéëà
-linkall ñâÿçàòü ñî âñåìè èñïîëüçóåìûìè áèáëèîòåêàìè
-i âûâåñòè âñå ñêîìïèëèðîâàííûå ãëîáàëüíûå îáúÿâëåíèÿ
-pp êîìàíäà èñïîëüçîâàòü êîìàíäó êàê ïðåïðîöåññîð
-unsafe îòêëþ÷èòü ïðîâåðêó èíäåêñîâ
-v âûâåñòè âåðñèþ êîìïèëÿòîðà
-w ñïèñîê âûáðàòü, â ñîîòâåòñòâèè ñî ñïèñêîì, óðîâåíü ïðåäóïðåæäåíèé
-impl ôàéë óêàçûâàåò, ÷òî ôàéë ýòî èñõîäíèê íà Caml (ñì. òàá. 6.7)
-intf ôàéë óêàçûâàåò, ÷òî ôàéë åñòü èíòåðôåéñíûé ôàéë íà Caml (.mli)
-I êàòàëîã äîáàâèòü êàòàëîã â ñïèñîê êàòàëîãîâ

Òàáëèöà 6.5: Îñíîâíûå îïöèè áàéò�êîä êîìïèëÿòîðà

íèòè -thread (18, ñòð. 387)
îòëàäêà -g, -noassert (9, ñòð. 301)
àâòîíîìíûé èñïîëíÿåìûé ôàéë -custom, -cclib, -ccopt, -cc (ñì. ñòð. 6.3)
runtime -make-runtime , -use-runtime
C interface -output-obj (11, ñòð. 349)

Òàáëèöà 6.6: Äðóãèå îïöèè áàéò�êîä êîìïèëÿòîðà
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Â òàáëèöå 6.5 îïèñàíû îñíîâíûå îïöèè áàéò�êîä êîìïèëÿòîðà. Îñòàëü-
íûå îïöèè ïðèâåäåíû â òàáëèöå 6.6.

×òîáû ïîëó÷èòü âîçìîæíûå îïöèè áàéò�êîä êîìïèëÿòîðà, èñïîëü-
çóéòå ïàðàìåòð �help.

Â òàáëèöå 6.7 îïèñàíû ðàçëè÷íûå óðîâíè ïðåäóïðåæäåíèé. Óðîâåíü �
ýòî ïåðåêëþ÷àòåëü (âêëþ÷åíî/âûêëþ÷åíî), êîòîðûé ñèìâîëèçèðóåòñÿ
áóêâîé. Çàãëàâíàÿ áóêâà âêëþ÷àåò äàííûé óðîâåíü, à ïðîïèñíàÿ âûêëþ-
÷àåò.

Principal levels
A/a âêëþ÷èòü/âûêëþ÷èòü âñå ñîîáùåíèÿ
F/f ÷àñòè÷íîå ïðèìåíåíèå â ïîñëåäîâàòåëüíîñòè
P/p äëÿ íåïîëíîãî ñîïîñòàâëåíèÿ
U/u äëÿ ëèøíèõ ñëó÷àåâ â ñîïîñòàâëåíèè
X/x âêëþ÷èòü/âûêëþ÷èòü âñå îñòàëüíûå ñîîáùåíèÿ
M/m è V/v for hidden object (ñì. ãëàâó 14)

Òàáëèöà 6.7: Îïèñàíèå ïðåäóïðåæäåíèé êîìïèëÿòîðà

Ïî óìîë÷àíèþ óñòàíîâëåí ìàêñèìàëüíûé óðîâåíü ïðåäóïðåæäåíèé
(A).

Ïðèìåð èñïîëüçîâàíèÿ áàéò�êîäà êîìïèëÿòîðà èçîáðàæåí íà ðèñóí-
êå 6.3.

Ðèñ. 6.3: Ïðèìåð ðàáîòû ñ áàéò�êîä êîìïèëÿòîðîì

6.2.5 Íàòèâíûé êîìïèëÿòîð

Ïðèíöèï äåéñòâèÿ êîìïèëÿòîðà ìàøèííîãî êîäà òàêîé æå ÷òî è áàéò�
êîä êîìïèëÿòîðà, ñ ðàçíèöåé â ñãåíåðèðîâàííûõ ôàéëàõ. Áîëüøèíñòâî
îïöèè êîìïèëÿöèè òå æå ÷òî ïðîâåäåíû â òàáëèöàõ 6.5 è 6.6. Îäíàêî, â
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òàáëèöå 6.6 íåîáõîäèìî óäàëèòü îïöèè ñâÿçàííûå ñ runtime. Ñïåöèôè÷å-
ñêèå îïöèè äëÿ íàòèâíîãî êîìïèëÿòîðà ïðèâåäåíû â òàáëèöå 6.8. Óðîâíè
ïðåäóïðåæäåíèé îñòàþòñÿ òåìè æå.

-compact îïòèìèçàöèÿ ðàçìåðà êîäà
-S ñîõðàíèòü êîä íà àññåìáëåðå â ôàéëå
-inline óðîâåíü óñòàíîâèòü óðîâåíü �àãðåññèâíîñòè� ðàçëîæåíèÿ ôóíêöèé

Òàáëèöà 6.8: Ñïåöèàëüíûå îïöèè äëÿ íàòèâíîãî êîìïèëÿòîðà

Ðàçëîæåíèå åñòü ðàñøèðåííûé ñëó÷àé ìàêðîïîäñòàíîâêè. Äëÿ ôóíê-
öèé ñ ôèêñèðîâàííûì ÷èñëîì àðãóìåíòîâ, íà ìåñòå èõ âûçîâà ïîäñòàâ-
ëÿåòñÿ òåëî ñàìèõ ôóíêöèé. Òàêèì îáðàçîì íåñêîëüêî âûçîâîâ ôóíê-
öèè ñîîòâåòñòâóþò íîâûì êîïèÿì åå òåëà. Ðàçëîæåíèåì ìû èçáàâëÿåìñÿ
îò çàòðàò, âîçíèêàþùèõ ïðè èíèöèàëèçàöèè âûçîâà è âîçâðàòà ôóíê-
öèè. Îäíàêî, ðàñïëàòîé çà ýòî áóäåò óâåëè÷åíèå ðàçìåðà êîäà. Îñíîâíûå
óðîâíè ðàçëîæåíèÿ ôóíêöèè ñëåäóþùèå:

� 0: ðàçëîæåíèå ðàçðåøåíî, â ñëó÷àå åñëè îíî íå óâåëè÷èâàåò ðàçìåð
êîäà

� 1: çíà÷åíèå ïî óìîë÷àíèþ, ïðè ýòîì äîïóñêàåòñÿ íåáîëüøîå óâåëè-
÷åíèå êîäà

� n>1: óâåëè÷èâàåò òåðïèìîñòü ê óâåëè÷åíèþ êîäà

6.2.6 Èíòåðàêòèâíûé èíòåðïðåòàòîð

Ó èíòåðàêòèâíîãî èíòåðïðåòàòîðà âñåãî äâå îïöèè:

� -I êàòàëîã: äîáàâèòü êàòàëîã â íà÷àëî ñïèñêà êàòàëîãîâ, ãäå íàõî-
äÿòñÿ ñêîìïèëèðîâàííûå ôàéëû èëè èñõîäíèêè.

� -unsafe: íå ïðîâåðÿòü âûõîä èíäåêñà çà ïðåäåëû äëÿ âåêòîðîâ è
ñòðîê

Èíòåðàêòèâíûé èíòåðïðåòàòîð ðàñïîçíàåò íåñêîëüêî äèðåêòèâ, ïîç-
âîëÿþùèõ èíòåðàêòèâíî èçìåíèòü åãî ôóíêöèîíèðîâàíèå. Âñå ýòè äè-
ðåêòèâû îïèñàíû â òàáëèöå 6.9, îíè íà÷èíàåòñÿ ñ ñèìâîëà `#' è çàêàí÷è-
âàþòñÿ ïðèâû÷íûì `;;'.

Äèðåêòèâû, îòíîñÿùèåñÿ ê êàòàëîãàì, ïîä÷èíÿþòñÿ ïðàâèëàì èñïîëü-
çóåìîé îïåðàöèîííîé ñèñòåìû.

Äèðåêòèâû çàãðóçêè èìåþò îòëè÷íîå îò äðóãèõ äèðåêòèâ ôóíêöèî-
íèðîâàíèå. Äèðåêòèâà#use ñ÷èòûâàåò óêàçàííûé ôàéë, êàê åñëè áû îí
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#quit;; âûéòè èç èíòåðïðåòàòîðà
#directory êàòàëîã ;; äîáàâèòü êàòàëîã â ñïèñîê ïóòåé
#cd êàòàëîã ;; ñìåíèòü òåêóùèé êàòàëîã
#load îáúåêòíûé_ôàéë ;; çàãðóçèòü ôàéë .cmo
#use èñõîäíûé_ôàéë ;; ñêîìïèëèðîâàòü è çàãðóçèòü èñõîäíûõ ôàéë
#print_depth ãëóáèíà ;; èçìåíèòü ãëóáèíó âûâîäà íà ýêðàí
#print_length øèðèíà ;; àíàëîãè÷íî äëÿ øèðèíû
#install_printer ôóíêöèÿ ;; óêàçàòü ôóíêöèþ âûâîäà íà ýêðàí
#remove_printer ôóíêöèÿ ;; ïåðåêëþ÷èòñÿ íà ñòàíäàðòíûé âûâîä íà ýêðàí
#trace ôóíêöèÿ ;; òðàññèðîâêà àðãóìåíòîâ ôóíêöèè
#untrace ôóíêöèÿ ;; îòìåíèòü òðàññèðîâêó
#untrace_all ;; îòìåíèòü âñå òðàññèðîâêè

Òàáëèöà 6.9: Äèðåêòèâû èíòåðïðåòàòîðà.

áûë ââåäåí èíòåðàêòèâíî. Äèðåêòèâà#load çàãðóæàåò ôàéë ñ ðàñøèðå-
íèåì .cmo. Â ýòîì ïîñëåäíåì ñëó÷àå, ãëîáàëüíûå äåêëàðàöèè ýòîãî ôàé-
ëà íåäîñòóïíû íàïðÿìóþ. Äëÿ ýòîãî íåîáõîäèìî èñïîëüçîâàòü ñèíòàêñèñ
ñ òî÷êîé. Åñëè â ôàéëå exemple.ml ñîäåðæèòñÿ ãëîáàëüíîå îáúÿâëåíèå
f , òî ïîñëå çàãðóçêè áàéò�êîä (#load "example.cmo";;), çíà÷åíèå f äî-
ñòóïíî êàê Example.f . Îáðàòèòå âíèìàíèå, ÷òî ïåðâàÿ áóêâà ôàéëà �
çàãëàâíàÿ. Ýòîò ñèíòàêñèñ ïðîèñõîäèò èç ìîäóëüíîé ñèñòåìû Objective
CAML (ñì. ãëàâó 13, ñòð. 375). Äèðåêòèâû íàñòðîéêè ãëóáèíû è øè-
ðèíû âûâîäà íà ýêðàí ïîçâîëÿþò êîíòðîëèðîâàòü ôîðìàò âûâîäèìûõ
çíà÷åíèé, ÷òî óäîáíî, êîãäà ìû èìååì äåëî ñ áîëüøèìè äàííûìè.

Äèðåêòèâû òðàññèðîâêè àðãóìåíòîâ è ðåçóëüòàòà ôóíêöèè îñîáåííî
ïîëåçíû ïðè îòëàäêå ïðîãðàìì. Ýòîò âàðèàíò èñïîëüçîâàíèÿ èíòåðàê-
òèâíîãî èíòåðïðåòàòîðà ðàññìàòðèâàåòñÿ áîëåå ïîäðîáíî â ãëàâå îá àíà-
ëèçå ïðîãðàìì ( 9).

Íà ðèñóíêå 6.4 èçîáðàæåí ñåàíñ ðàáîòû â èíòåðïðåòàòîðå.

6.2.7 Ñîçäàíèå èíòåðïðåòàòîðà

Ïðè ïîìîùè êîìàíäû ocamlmktop ìû ìîæåì ñîçäàòü íîâûé öèêë èí-
òåðïðåòàòîðà, â êîòîðûé çàãðóæåíû îïðåäåëåííûå áèáëèîòåêè èëè ìî-
äóëè. Êðîìå òîãî, ÷òî ìû èçáàâëÿåìñÿ îò #load â íà÷àëå ñåàíñà ðàáîòû,
ýòî òàê æå íåîáõîäèìî äëÿ ïîäêëþ÷åíèÿ áèáëèîòåê íà C.

Îïöèè ýòîé êîìàíäû ÿâëÿþòñÿ ÷àñòüþ îïöèé áàéò�êîä êîìïèëÿòîðà
(ocamlc):

-cclib èìÿ_áèáëèîòåêè, -ccopt îïöèè, -custom, -I êàòàëîã -o èìÿ_ôàéëà
Â ãëàâå î ãðàôè÷åñêîì èíòåðôåéñå (4 ñòð. 129) èñïîëüçóåòñÿ ýòà êî-
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Ðèñ. 6.4: Ñåàíñ ðàáîòû â èíòåðïðåòàòîðå.

ìàíäà äëÿ ñîçäàíèÿ öèêëà ñîäåðæàùåãî áèáëèîòåêó Graphics ñëåäóþ-
ùèì ñïîñîáîì:

ocamlmktop −custom −o mytoplevel graphics.cma −cclib \
−I/usr/X11/lib −cclib −lX11

Ýòà êîìàíäà ñîçäàåò èñïîëíÿåìûé ôàéë mytoplevel, ñîäåðæàùèé
áàéò�êîä áèáëèîòåêè graphics.cma. Ýòîò ôàéë ÿâëÿåòñÿ àâòîíîìíûì
(-custom, ñìîòðèòå ñëåäóþùèé ðàçäåë) è îí ñâÿçàí ñ áèáëèîòåêîé X11
(libX11.a), êîòîðàÿ ðàñïîëàãàåòñÿ â êàòàëîãå /usr/X11/lib.

6.3 Àâòîíîìíûé èñïîëíÿåìûé ôàéë

Àâòîíîìíûé èñïîëíÿåìûé ôàéë (standalone) åñòü èñïîëíÿåìûé ôàéë,
íåçàâèñÿùèé îò äèñòðèáóòèâà Objective CAML íà èñïîëüçóåìîé ìàøèíå.
Ñ îäíîé ñòîðîíû, áèíàðíûé ôàéë óïðîùàåò ðàñïðîñòðàíåíèå ïðîãðàìì,
ñ äðóãîé ñòîðîíû, îí íå çàâèñèò îò ðàñïîëîæåíèÿ äèñòðèáóòèâà Objec-
tive CAML íà êîìïüþòåðå.

Êîìïèëÿòîð ìàøèííîãî êîäà âñåãäà ãåíåðèðóåò àâòîíîìíûé èñïîëíÿ-
åìûé ôàéë. Òîãäà êàê áåç îïöèè -custom, áàéò�êîä êîìïèëÿòîð ñîçäàñò
èñïîëíÿåìûé ôàéë, êîòîðûé íóæäàåòñÿ â èíòåðïðåòàòîðå ocamlrun. Ïóñòü
ôàéë example.ml ñîäåðæèò ñëåäóþùåå:

let f x = x + 1;;
print_int (f 18) ;;
print_newline();;

Ñëåäóþùàÿ êîìàíäà ñîçäàåò ôàéë example.exe:

ocamlc −o example.exe example.ml
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Ïîëó÷åííûé ôàéë, ðàçìåðîì îêîëî 8Kb, ìîæåò áûòü âûïîëíåí ïðè
ïîìîùè ñëåäóþùåé êîìàíäû:

\$ ocamlrun example.exe
19

Èíòåðïðåòàòîð âûïîëíÿåò êîìàíäû âèðòóàëüíîé ìàøèíû Zinc, õðà-
íÿùèåñÿ â ôàéëå example.exe

Äëÿ îïåðàöèîííîé ñèñòåìû Unix, â ïåðâîé ñòðîêå òàêîãî ôàéëà íà-
õîäèòñÿ ïóòü ê áàéò�êîä èíòåðïðåòàòîðó, íàïðèìåð:

#!/usr/local/bin/ocamlrun

Ïðè ïîìîùè ýòîé ñòðîêè, ôàéë ìîæåò áûòü íàïðÿìóþ çàïóùåí èí-
òåðïðåòàòîðîì. Òàêèì îáðàçîì, âûïîëíåíèå ôàéëà example.exe çàïóñêàåò
ôàéë, ïóòü ê êîòîðîìó íàõîäèòñÿ â ïåðâîé ñòðîêå. Åñëè èíòåðïðåòàòîð
íå íàéäåò ïî ýòîìó ïóòè ïðîãðàììó�èíòåðïðåòàòîð, ñîîáùåíèå Command
not found áóäåò âûâåäåíî íà ýêðàí è âûïîëíåíèå îñòàíîâèòñÿ.

Òà æå êîìïèëÿöèÿ ñ îïöèåé -custom ñîçäàñò àâòîíîìíûé ôàéë ñ èìå-
íåì exauto.exe:

ocamlc −custom −o exauto.exe example.ml

Òåïåðü ðàçìåð ôàéëà îêîëî 85Kb, òàê êàê îí ñîäåðæèò íå òîëüêî
áàéò�êîä, íî è èíòåðïðåòàòîð. Ýòîò ôàéë ìîæåò áûòü ñàìîñòîÿòåëüíî
çàïóùåí èëè ñêîìïèëèðîâàí íà äðóãóþ ìàøèíó (òîé æå àðõèòåêòóðû è
òîé æå îïåðàöèîííîé ñèñòåìû) äëÿ çàïóñêà.

Warning

Ðàçìåð èñïîëíÿåìîãî ôàéëà íå ñîîòâåòñòâóåò ðàçìåðó ïðîöåññà âî âðåìÿ
âûïîëíåíèÿ. Ðàçìåð ñòàòè÷åñêîãî ôàéëà íà äèñêå íå ó÷èòûâàåò ðàçìåð
äèíàìè÷åñêè âûäåëÿåìîé ïàìÿòè ( 8).

6.4 Ïåðåíîñèìîñòü è ýôôåêòèâíîñòü

Èíòåðåñ êîìïèëÿöèè äëÿ àáñòðàêòíîé ìàøèíû çàêëþ÷àåòñÿ â òîì ÷òî,
ìû ïîëó÷èì êîä êîòîðûé ìîæåò áûòü çàïóùåí íà êàêîé óãîäíî ðåàëü-
íîé àðõèòåêòóðå. Îñíîâíûì íåóäîáñòâîì ÿâëÿåòñÿ èíòåðïðåòàöèÿ âèðòó-
àëüíûõ èíñòðóêöèé. Íàòèâíûé êîìïèëÿòîð ñîçäàåò áîëåå ýôôåêòèâíûé
êîä, îäíàêî îí ïðåäíàçíà÷åí ëèøü äëÿ îäíîé îïðåäåëåííîé àðõèòåêòó-
ðû. Ïîýòîìó, æåëàòåëüíî ÷òîáû ó íàñ áûë âûáîð òèïà êîìïèëÿöèè â
çàâèñèìîñòè îò ðàçðàáàòûâàåìîãî ïðîãðàììíîãî îáåñïå÷åíèÿ. Àâòîíî-
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ìèÿ èñïîëíÿåìîãî ôàéëà, òî åñòü åãî íåçàâèñèìîñòü îò óñòàíîâëåííîãî
äèñòðèáóòèâà Objective CAML, ëèøàåò ïðèëîæåíèå ïåðåíîñèìîñòè.

6.4.1 Àâòîíîìíîñòü è ïåðåíîñèìîñòü

Äëÿ òîãî ÷òîáû ïîëó÷èòü àâòîíîìíûé èñïîëíÿåìûé ôàéë, êîìïèëÿòîð
îòðåäàêòèðîâàë ñâÿçè áàéò�êîä ôàéëà t.cmo ñ runtime áèáëèîòåêîé, èí-
òåðïðåòàòîðîì áàéò�êîäà è íåêîòîðûì êîäîì íà C. Ïðåäïîëàãàåòñÿ, ÷òî
â ñèñòåìå óñòàíîâëåí êîìïèëÿòîð C. Âñòàâêà ìàøèííîãî êîäà îçíà÷àåò,
÷òî ôàéë íå ìîæåò áûòü âûïîëíåí íà äðóãîé àðõèòåêòóðå èëè ñèñòåìå.

Äåëî îáñòîèò ïî äðóãîìó â ñëó÷àå áàéò�êîä ôàéëà. Òàê êàê âèðòó-
àëüíûå èíñòðóêöèè îäíè è òå æå äëÿ âñåõ àðõèòåêòóð, ëèøü ïðèñóò-
ñòâèå èíòåðïðåòàòîðà èìååò çíà÷åíèå. Òàêîé ôàéë ìîæåò áûòü çàïóùåí
íà ëþáîé ñèñòåìå, ãäå ïðèñóòñòâóåò êîìàíäà ocamlrun, ÿâëÿþùàÿñÿ ÷à-
ñòüþ äèñòðèáóòèâà Objective CAML äëÿ Sparc è Solaris, Intel è Windows
è ò.ä. Âñåãäà æåëàòåëüíî èñïîëüçîâàòü îäíè è òå æå âåðñèè êîìïèëÿòîðà
è èíòåðïðåòàòîðà.

Ïåðåíîñèìîñòü ôàéëîâ â áàéò�êîä ôîðìàòå ïîçâîëÿåò íàïðÿìóþ ðàñ-
ïðîñòðàíÿòü è ñðàçó æå èñïîëüçîâàòü áèáëèîòåêè â ïîäîáíîé ôîðìå, íà
ìàøèíå ñ èíòåðïðåòàòîðîì Objective CAML.

6.4.2 Ýôôåêòèâíîñòü âûïîëíåíèÿ

Êîìïèëÿòîð áàéò�êîäà ãåíåðèðóåò èíñòðóêöèè ìàøèíû Zinc, îíè áóäóò
èíòåðïðåòèðîâàííû ocamlrun. Ýòà ôàçà èíòåðïðåòàöèè êîäà íåãàòèâíî
âëèÿåò íà ñêîðîñòü âûïîëíåíèÿ. Ìû ìîæåì ïðåäñòàâèòü ñåáå èíòåðïðå-
òàòîð Zinc â äåéñòâèè êàê áîëüøîå ñîïîñòàâëåíèå ñ îáðàçöîì (ñîïîñòàâ-
ëåíèå match ... with), ãäå êàæäàÿ èíñòðóêöèÿ åñòü îáðàçåö è îòâåòâ-
ëåíèÿ ðàñ÷åòà èçìåíÿþ ñîñòîÿíèå ñòåêà è ñ÷åò÷èêà (àäðåñ ñëåäóþùåé
èíñòðóêöèè). Íåñìîòðÿ íà òî, ÷òî äàííîå ñîïîñòàâëåíèå îïòèìèçèðîâà-
íî, îíî âñå æå ñíèæàåò ýôôåêòèâíîñòü âûïîëíåíèÿ.

Ñëåäóþùèé ïðèìåð, õîòü îí è íå òåñòèðóåò âñå ñîñòàâíûå ÷àñòè ÿçû-
êà, èëëþñòðèðóåò ðàçíèöó âî âðåìåíè âûïîëíåíèÿ ìåæäó áàéò�êîä è
àâòîíîìíûì âàðèàíòîì ðàñ÷åòà ÷èñåë Fibonnacci. Ïóñòü ó íàñ åñòü ñëå-
äóþùàÿ ïðîãðàììà fib.ml:

let rec �b n =
if n < 2 then 1
else ( �b (n−1)) + (�b(n−2));;

è ãëàâíàÿ ïðîãðàììà main.ml:
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for i = 1 to 10 do
print_int (Fib.�b 30);
print_newline()

done;;

Îòêîìïèëèðóåì èõ ñëåäóþùèì îáðàçîì:

$ ocamlc −o �b.exe �b .ml main.ml
$ ocamlopt −o �bopt.exe �b.ml main.ml

Ìû ïîëó÷èì äâà ôàéëà fib.exe è fibopt.exe. Ïðè ïîìîùè êîìàíäû
time ñèñòåìû Unix íà ïðîöåññîðå Pentium 350 ñ óñòàíîâëåííîé îïåðàöè-
îííîé ñèñòåìîé Linux, ïîëó÷èì ñëåäóþùèå çíà÷åíèÿ:

�b.exe (áàéò�êîä) �bopt.exe (ìàøèííûé)
7 ñåê. 1 ñåê.

Òî åñòü äëÿ îäíîé è òîé æå ïðîãðàììû ñêîðîñòü åå äâóõ âåðñèé îò-
ëè÷àåòñÿ â 7 ðàç. Äàííàÿ ïðîãðàììà íå ïðîâåðÿåò âñå ñâîéñòâà ÿçûêà,
ïîëó÷åíàÿ âûãîäà çíà÷èòåëüíî çàâèñèò îò òèïà ïðèëîæåíèÿ.

Ðåçþìå

Â ýòîé ãëàâð ìû óâèäåëè ðàçëè÷íûå ýòàïû êîìïèëÿöèè Objective CAML.
Byte�code êîìïèëÿòîð ñîçäàåò ïåðåíîñèìûé äâîè÷íûé êîä è òàêèì îáðà-
çîì ïîçâîëÿåò ðàñïðîñòðàíÿòü áèáèîòåêè â ïîäîáíîì ôîðìàòå. Àâòîíîì-
íûå èñïîëíÿåìû ôàéëû òåðÿþò ýòó îñîáåíîñòü. Íàòèâíûé êîìïèëÿòîð
îòäàåò ïðåäïî÷òåíèå ýôôåêòèâíîñòè ïîëó÷åííîãî êîäà â óùåðá ïåðåíî-
ñèìîñòè.
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Ãëàâà 7

Áèáëèîòåêè

Ââåäåíèå

Â íàáîðå ñ êàæäûì ÿçûêîì ïðîãðàììèðîâàíèÿ èäóò ïðîãðàììû, êîòî-
ðûå ìîãóò áûòü èñïîëüçîâàíû ïðîãðàììèñòîì � îíè íàçûâàþòñÿ áèáëèî-
òåêàìè. Êîëè÷åñòâî è êà÷åñòâî áèáëèîòåê ÿâëÿåòñÿ îäíèì èç îñíîâíûõ
êðèòåðèåâ óäîáñòâà èñïîëüçîâàíèÿ ÿçûêà. Áèáëèîòåêè ìîæíî ðàçáèòü íà
äâà òèïà. Â ïåðâûé òèï áèáëèîòåê ïðåäîñòàâëÿåò òèïû è ôóíêöèè ÷àñòî-
ãî èñïîëüçîâàíèÿ è êîòîðûå ìîãóò áûòü îïðåäåëåíû ÿçûêîì. Âòîðîé �
ïðåäîñòàâëÿþùèé âîçìîæíîñòè, êîòîðûå íå ìîãóò áûòü îïðåäåëåíû ÿçû-
êîì. Èíà÷å ãîâîðÿ, ïðè ïîìîùè ïåðâîãî òèïà áèáëèîòåê, ìû èçáàâëÿåìñÿ
îò ïåðåîïðåäåëåíèé òàêèõ âåùåé êàê ñòåêè, î÷åðåäü, è ò.ä., à âòîðîé òèï
ðàñøèðÿåò âîçìîæíîñòè ÿçûêà.

Áîëüøîå êîëè÷åñòâî áèáëèîòåê ïîñòàâëÿåòñÿ â äèñòðèáóòèâå Objec-
tive CAML. Îíè ðàñïðîñòðàíÿþòñÿ â âèäå ñêîìïèëèðîâàííûõ ôàéëîâ.
Îäíàêî, ëþáîçíàòåëüíûé ÷èòàòåëü ìîæåò íàéòè èñõîäíûå ôàéëû áèá-
ëèîòåê â äèñòðèáóòèâå èñõîäíèêîâ ÿçûêà.

Áèáëèîòåêè Objective CAML îðãàíèçîâàíû ïî ìîäóëÿì, êîòîðûå â
ñâîþ î÷åðåäü ÿâëÿþòñÿ ýëåìåíòàìè êîìïèëÿöèè. Êàæäûé èç íèõ ñîäåð-
æèò ãëîáàëüíûå îïðåäåëåíèÿ òèïîâ, èñêëþ÷åíèé è çíà÷åíèé, êîòîðûå
ìîãóò áûòü èñïîëüçîâàíû â ïðîãðàììå. Â äàííîé ãëàâå, ìû íå áóäåì
ðàññìàòðèâàòü ïîñòðîåíèå ïîäîáíûõ ìîäóëåé, à ëèøü èñïîëüçîâàíèå ñó-
ùåñòâóþùèõ. Â 13 ãëàâå ìû âåðíåìñÿ ê êîíöåïöèè ìîäóëÿ (ëîãè÷åñêèé
ýëåìåíò) è ýëåìåíòà êîìïèëÿöèè è îïèøåì ÿçûê îïèñàíèÿ ìîäóëåé â Ob-
jective CAML. À â 11 ìû îáñóäèì âêëþ÷åíèå êîäà íàïèñàííîãî íà äðóãîì
ÿçûêå â áèáëèîòåêè Objective CAML, â ÷àñòíîñòè èíòåãðàöèÿ êîäà íà C
â Objective CAML.

Â äèñòðèáóòèâ Objective CAML âõîäèò preloaded áèáëèîòåêà (ìîäóëü
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Pervasives), íàáîð áàçîâûõ ìîäóëåé, íàçûâàåìûõ ñòàíäàðòíîé áèáëèîòå-
êîé è ìíîãî äðóãèõ áèáëèîòåê, äîáàâëÿþùèõ äîïîëíèòåëüíûå âîçìîæ-
íîñòè. Íåêîòîðûå áèáëèîòåêè ëèøü óïîìèíàþòñÿ â äàííîé ãëàâå èëè îíè
îïèñûâàþòñÿ â ñëåäóþùèõ ãëàâàõ.

Ïëàí ãëàâû

Â ýòîé ãëàâå ìû îïèøåì áèáëèîòåêè âõîäÿùèå â äèñòðèáóòèâ Objective
CAML. Íåêîòîðûå èç íèõ óæå áûëè ïðåäñòàâëåíû â ïðåäûäóùèõ ãëàâàõ,
íàïðèìåð Graphics (ñì. ãëàâó 4) èëè ëèøü óïîìÿíóòû, êàê áèáëèîòåêà
Array. Â ïåðâîì ðàçäåëå îïèñàíà îðãàíèçàöèÿ ðàçëè÷íûõ áèáëèîòåê. Âî
âòîðîì ðàçäåëå ìû ðàññìîòðèì preloaded ìîäóëü Pervasives. Â òðåòüåì
ðàçäåëå ìû ñäåëàåì êëàññèôèêàöèþ ìíîæåñòâà ìîäóëåé, ñãðóïïèðîâàí-
íûõ â ñòàíäàðòíîé áèáëèîòåêè. È íàêîíåö â ÷åòâåðòîì ðàçäåëå ïîäðîáíî
ðàññìîòðèì áèáëèîòåêè òî÷íîé àðèôìåòèêè è äèíàìè÷åñêîé çàãðóçêè
êîäà.

7.1 Êëàññèôèêàöèÿ è èñïîëüçîâàíèå áèáëèî-

òåê

Áèáëèîòåêè äèñòðèáóòèâà Objective CAML ìîãóò áûòü ðàçäåëåíû íà òðè
÷àñòè. Â ïåðâîé ñîäåðæàòñÿ preloaded ãëîáàëüíûå îáúÿâëåíèÿ. Âòîðàÿ,
òàê íàçûâàåìàÿ ñòàíäàðòíàÿ áèáëèîòåêà, èìååò äîñòàòî÷íî âûñîêèé óðî-
âåíü ñòàáèëüíîñòè. Îíà ðàçäåëåíà íà 4 ÷àñòè:

� ñòðóêòóðû äàííûõ

� input/output

� ñèñòåìíûé èíòåðôåéñ

� ñèíòàêñè÷åñêèé è ëåêñè÷åñêèé àíàëèç

Â òðåòüåé ÷àñòè áèáëèîòåê íàõîäÿòñÿ ìîäóëè ðàñøèðÿþùèå âîçìîæ-
íîñòè ÿçûêà, êàê íàïðèìåð áèáëèîòåêà Graphics (ñì. ãëàâó 4). Â ýòîé
÷àñòè ìû ìîæåì íàéòè áèáëèîòåêè äëÿ îáðàáîòêè ðåãóëÿðíûõ âûðàæå-
íèé (Str), òî÷íîé àðèôìåòèêè (Num), ñèñòåìíûõ âûçîâîâ Unix (Unix),
íèòåé (Threads) è äèíàìè÷åñêîé çàãðóçêè byte�code (Dynlink).

Îïåðàöèè ââîäà/âûâîäà è ñèñòåìíûé èíòåðôåéñ ñòàíäàðòíîé áèáëèî-
òåêè ñîâìåñòèìû ñ ðàçëè÷íûìè îïåðàöèîííûìè ñèñòåìàìè: Unix, Windows,
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MacOS. Íå âñå áèáëèîòåêè òðåòüåé ãðóïïû îáëàäàþò òàêîé îñîáåííî-
ñòüþ. Òàêæå ñóùåñòâóåò ìíîæåñòâî áèáëèîòåê ïîñòàâëÿåìûõ íåçàâèñèìî
îò äèñòðèáóòèâà Objective CAML.

Èñïîëüçîâàíèå Äëÿ òîãî, ÷òîáû èñïîëüçîâàòü ìîäóëü èëè áèáëèîòå-
êó â ïðîãðàììå, èñïîëüçóþò ñèíòàêñèñ ñ òî÷êîé, óêàçàâ èìÿ ìîäóëÿ, à
çàòåì èìÿ îáúåêòà. Ê ïðèìåðó, åñëè íåîáõîäèì îáúåêò f èç ìîäóëÿ Name,
òî ìû ïèøåì Name.f. ×òîáû ïîñòîÿííî íå äîáàâëÿòü ïðåôèêñ èç èìåíè
ìîäóëÿ, ìîæíî îòêðûòü ìîäóëü è âûçûâàòü f íàïðÿìóþ.

Ñèíòàêñèñ open Name

Ñ ýòîãî ìîìåíòà, âñå îáúÿâëåíèÿ ìîäóëÿ Name áóäóò ðàññìàòðèâàþòñÿ
êàê ãëîáàëüíûå â òåêóùåì îêðóæåíèè. Åñëè êàêîå-òî îáúÿâëåíèå èìååò
îäíî è òî æå èìÿ â äâóõ áèáëèîòåêàõ, òî èìÿ ïîñëåäíåé çàãðóæåííîé
áèáëèîòåêè ïåðåêðûâàåò ïðåäûäóùåå îáúÿâëåíèå. ×òîáû âûçâàòü ïåðâîå
îáúÿâëåíèå, íåîáõîäèìî èñïîëüçîâàòü ñèíòàêñèñ ñ òî÷êîé.

7.2 Àâòîìàòè÷åñêè çàãðóæåííûå áèáëèîòåêè

Áèáëèîòåêà Pervasives âñåãäà àâòîìàòè÷åñêè ïîäãðóæàåòñÿ, êàê â èí-
òåðàêòèâíîé ñðåäå, òàê è ïðè êîìïèëÿöèè íàòèâíûì êîìïèëÿòîðîì. Ýòà
áèáëèîòåêà âñåãäà ñâÿçûâàåòñÿ (linked) è ÿâëÿåòñÿ íà÷àëüíûì îêðóæå-
íèåì ÿçûêà. Â íåé ñîäåðæàòñÿ ñëåäóþùèå îáúÿâëåíèÿ:

òèïû : áàçîâûå òèïû (int, char, string, float, bool, unit, exn,

'a array, 'a list) è òèïû 'a option (ñì. ñòð. 248) è ('a, 'b, 'c)
format (ñì. ñòð. 295).

èñêëþ÷åíèÿ : îêîëî äåñÿòêà èñêëþ÷åíèé, âîçáóæäàåìûõ execution library.
Âîò íàèáîëåå îáùèå èç íèõ:

� Failure of string, âîçáóæäàåìîå ôóíêöèåé failwith, ïðèìå-
íåííîé ê ñòðîêå.

� Invalid_argument of string óêàçûâàþùåé ÷òî àðãóìåíò íå
ìîæåò áûòü îáðàáîòàí ôóíêöèåé, êîòîðàÿ âîçáóäèëà èñêëþ-
÷åíèå.

� Sys_error of string âîçáóæäàåòñÿ â îñíîâíîì ïðè îïåðàöè-
ÿõ ââîäà/âûâîäà, íàïðèìåð ïðèïîïûòêå îòêðûòü íåñóùåñòâó-
þùèé ôàéë.
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� End_of_file âîçáóæäàåòñÿ ïðè äîñòèæåíèè êîíöà ôàéëà.

� Division_by_zero âîçáóæäàåòñÿ ïðè öåëî÷èñìåííîì äåëåíèè.

À òàê æå ñèñòåìíûå èñêëþ÷åíèÿ:

� Out_of_memory è Stack_overflow âîçíèêàþùèõ ïðè ïåðåïîë-
íåíèè êó÷è è ñòåêà. Çàìåòèì, ÷òî èñêëþ÷åíèå Out_of_memory
íå ìîæåò áûòü îòëîâëåíî ïðîãðàììîé, òàê êàê â ýòîé ñèòóà-
öèè óæå íåâîçìîæíî âûäåëèòü íîâîå ïðîñòðàíñòâî ïàìÿòè äëÿ
ïðîäîëæåíèÿ ðàñ÷åòà.

Îòñëåæèâàíèå èñêëþ÷åíèÿ Stack_overflow ìåíÿåòñÿ â çàâè-
ñèìîñòè îò òîãî êàê áûëà ñêîìïèëèðîâàíà ïðîãðàììà: íàòèâíî
èëè â byte�code. Â ïåðâîì ñëó÷àå ýòî íå âîçìîæíî.

ôóíêöèè : îêîëî 140, ïîëîâèíà èç íèõ ñîîòâåòñòâóåò ôóíêöèÿì C èç
execution library. Ñðåäè íèõ ìû ìîæåì íàéòè àðèôìåòè÷åñêèå îïå-
ðàòîðû è îïåðàòîðû ñðàâíåíèÿ, öåëî÷èñëåííûå ôóíêöèè è ôóíê-
öèè íàä ÷èñëàìè ñ ïëàâàþùåé çàïÿòîé, ñòðîêîâûå ôóíêöèè, ôóíê-
öèè íàä óêàçàòåëÿìè (references) è ââîäà/âûâîäà. Íåîáõîäèìî çà-
ìåòèòü, ÷òî íåêîòîðûå èç ýòèõ îáúÿâëåíèé íà ñàìîì äåëå ëèøü
ñèíîíèìû îáúÿâëåíèé èç äðóãèõ ìîäóëåé, íî çäåñü îíè íàõîäÿòñÿ
ïî èñòîðè÷åñêèì è implementation reasons.

7.3 Ñòàíäàðòíàÿ áèáëèîòåêà

Â ñòàíäàðòíîé áèáëèîòåêå ñãðóïïèðîâàíû ñòàáèëüíûå, ïëàòôîðìîíåçà-
âèñèìûå ìîäóëè. Íà äàííûé ìîìåíò áèáëèîòåêà ñîäåðæèò 29 ìîäóëåé,
êîòîðûå â ñâîþ î÷åðåäü ñîñòîÿò èç 400 ôóíêöèé, 30 òèïîâ, ïîëîâèíà èç
êîòîðûõ àáñòðàêòíûå, 8 èñêëþ÷åíèé, 10 ïîä�ìîäóëåé è 3 ïàðàìåòðèçî-
âàííûõ ìîäóëÿ. Êîíå÷íî, ìû íå áóäåì äåòàëüíî ðàññìàòðèâàòü âñå îáú-
ÿâëåíèÿ ìîäóëåé, äëÿ ýòîãî ñóùåñòâóåò ñïðàâî÷íîå ðóêîâîäñòâî [LRVD99].
Ïðåäñòàâèì ëèøü ìîäóëè ââîäÿùèå íîâûå êîíöåïöèè èëè ñëîæíûå â èñ-
ïîëüçîâàíèè.

Ñòàíäàðòíàÿ áèáëèîòåêà ìîæåò áûòü ðàçáèòà íà 4 áîëüøèå ÷àñòè:

ëèíåéíûå ñòðóêòóðû äàííûõ (15 ìîäóëåé), íåêîòîðûå èç íèõ ìû óæå
âèäåëè â ïåðâîé ÷àñòè.

ââîä/âûâîä (4 ìîäóëÿ), äëÿ ôîðìàòèðîâàíèÿ âûâîäà, ñîõðàíÿåìîñòü è
ñîçäàíèå êðèïòîãðàôè÷åñêèõ êëþ÷åé.

ñèíòàêñè÷åñêèé è ëåêñè÷åñêèé àíàëèç (4 ìîäóëÿ), èõ îïèñàíèå äà-
íî â ãëàâå 10 íà ñòð. 319.
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ñèñòåìíûé èíòåðôåéñ ïðè ïîìîùè êîòîðîãî ìû ìîæåì ïåðåäàâàòü,
àíàëèçèðîâàòü ïàðàìåòðû ïåðåäàíå êîìàíäå, ïåðåìåùàòüñÿ â êàòà-
ëîãàõ è îáðàùàòüñÿ ê ôàéëàì.

Ê ýòèì ÷åòûðåì ÷àñòÿì äîáàâèì ïÿòóþ, â êîòîðîé ñîäåðæàòñÿ ïî-
ëåçíûå ôóíêöèè ìàíèïóëÿöèè èëè ñîçäàíèÿ ñòðóêòóð äàííûõ, êàê íà-
ïðèìåð ôóíêöèÿ òåêñòîâîé îáðàáîòêè èëè ãåíåðàöèè ïñåâäî�ñëó÷àéíûõ
÷èñåë è ò.ä.

7.3.1 Óòèëèòû

Ìîäóëè, êîòîðûå ìû íàçîâåì ¾ïîëåçíûìè¿, ñîäåðæàò:

� ñèìâîëû: ìîäóëü Char ñîñòîèò â îñíîâíîì èç ôóíêöèé ïåðåâîäà
(conversion);

� êëîíèðîâàíèå îáúåêòîâ: ÎÏ áóäåò ïðåäñòàâëåíî â ãëàâå 14 íà ñòð. 377;

� îòëîæåííîå âû÷èñëåíèå: ìîäóëü Lazy ðàññìîòðåí â ïåðâîé ÷àñòè
êíèãè íà ñòð. 118;

� ãåíåðàòîð ñëó÷àéíûõ ÷èñåë: ìîäóëü Random, îïèñàíèå êîòîðîãî ïðî-
âåäåíî íèæå.

Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë

Ïðè ïîìîùè ìîäóëÿ Random ìîæíî ãåíåðèðîâàòü ñëó÷àéíûå ÷èñëà. Îí
ðåàëèçóåò ôóíêöèþ ãåíåðàöèè ÷èñåë, êîòîðàÿ ïðîèçâîäèò íà÷àëüíóþ
óñòàíîâêó ñ÷åò÷èêà ïðè ïîìîùè ñïèñêà ÷èñåë èëè îäíîãî ÷èñëà. Äëÿ
òîãî ÷òîáû ýòà ôóíêöèÿ íå âûäàâàëà îäíî è òîæå ÷èñëî, ïðîãðàììèñò
äîëæåí èíèöèàëèçèðîâàòü åå ðàçíûìè ÷èñëàìè. Îñíîâûâàÿñü íà ýòîì
÷èñëå, ôóíêöèÿ âû÷èñëÿåò ñïèñîê ñëó÷àéíûõ ÷èñåë. Îäíàêî ôóíêöèÿ,
èíèöèàëèçèðîâàííàÿ îäíèì è òåì æå ÷èñëîì, âûäàñò îäèíàêîâûé ñïèñîê.
Ïîýòîìó, äëÿ êîððåêòíîé óñòàíîâêè ñ÷åò÷èêà, íàì ïîíàäîáèòñÿ âíåøíèé
èñòî÷íèê, êàê íàïðèìåð êîìïüþòåðíîå âðåìÿ èëè âðåìÿ ïðîøåäøåå ñ
ìîìåíòà çàïóñêà ïðîãàììû.

Íèæå ïðèâåäåíû ôóíêöèè ìîäóëÿ:

� èíèöèàëèçàöèÿ: init ñ òèïîì int -> unit è full_init ñ òèïîì int

array -> unit èíèöèàëèçèðóþùèå ãåíåðàòîð. Âòîðàÿ ôóíêöèÿ îæè-
äàåò íà âõîäå âåêòîð.
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� ãåíåðèðîâàòü ñëó÷àéíîå ÷èñëî: bits ñ òèïîì unit -> int âîçâðà-
ùàåò ïîçèòèâíîå öåëîå ÷èñëî, int ñ òèïîì int -> int âîçâðàùàåò
öåëîå ÷èñëî ìåæäó 0 è ïðåäåëîì, ïåðåäàííûì â àðãóìåíòå è �oat,
êîòîðàÿ âîçâðàùàåò ÷èñëî ñ ïëàâàþùåé çàïÿòîé ìåæäó 0 è ïðåäå-
ëîì, ïåðåäàííûì â àðãóìåíòå.

7.3.2 Ëèíåéíûå ñòðóêòóðû äàííûõ

Â ñëåäóþùåì ñïèñêå ïðåäñòàâëåíû ìîäóëè ëèíåéíûõ ñòðóêòóð äàííûõ:

� ïðîñòûå ìîäóëè: Array, String, List, Sort, Stack, Queue, Buffer,

Hashtbl (ïàðàìåòðèçîâàí) è Weak;

� ïàðàìåòðèçîâàííûå ìîäóëè: Hashtbl (ñ ïàðàìåòðîì HashedType),
Map è Set (ñ ïàðàìåòðîì OrderedType).

Ïàðàìåòðèçîâàííûå ìîäóëè ïîñòðîåíû íà îñíîâå äðóãèõ ìîäóëåé,
áëàãîäàðÿ ÷åìó îíè ñòàíîâÿòñÿ åùå áîëåå îáùèìè (generic). Ñîçäàíèå
ïàðàìåòðèçîâàííûõ ìîäóëåé áóäåò ïðåäñòàâëåíî â ãëàâå 13 íà ñòð. 375.

Ëèíåéíûå ñòðóêòóðû ïðîñòûõ äàííûõ

Èìÿ ìîäóëÿ óêàçûâàåò íà ñòðóêòóðó äàííûõ, êîòîðûìè îí óìååò ìàíè-
ïóëèðîâàòü. Åñëè òèï àáñòðàêòíûé, òî åñòü ïðåäñòàâëåíèå òèïà ñïðÿòà-
íî, òî â ñîîòâåòñòâèè ñ ïðèíÿòûì ñîãëàøåíèåì, ïîäîáíûé òèï èìåíóåòñÿ
t âíóòðè ìîäóëÿ. Òàêèå ìîäóëè ðåàëèçóþò ñëåäóþùèå ñòðóêòóðû:

� ìîäóëü Array: âåêòîðû

� ìîäóëü List: ñïèñêè

� ìîäóëü String: ñèìâîëüíûå ñòðîêè

� ìîäóëü Hashtbl: õýø-òàáëèöû (àáñòðàêòíûé òèï)

� ìîäóëü Buffer: ðàñøèðÿåìûå ñèìâîëüíûå ñòðîêè (àáñòðàêòíûé òèï)

� ìîäóëü Stack: ñòåê (àáñòðàêòíûé òèï)

� ìîäóëü Queue: î÷åðåäè èëè FIFO (àáñòðàêòíûé òèï)

� ìîäóëü Weak: âåêòîð weak óêàçàòåëåé.

Óêàæåì òàê æå ïîñëåäíèé ìîäóëü ìàíèïóëèðóþùèé ëèíåéíûìè ñòðóê-
òóðàìè äàííûõ:

� ìîäóëü Sort: ñîðòèðîâêà ñïèñêîâ è âåêòîðîâ, îáúåäèíåíèå ñïèñêîâ
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Ñåìåéñòâî îáùèõ ôóíêöèé Çà èñêëþ÷åíèåì ìîäóëÿ Sort, âñå îñòàëü-
íûå ìîäóëè îïðåäåëÿþò ñòðóêòóðû äàííûõ, ôóíêöèè ñîçäàíèÿ òàêèõ
ñòðóêòóð è äîñòóïà ê ýëåìåíòàì ýòèõ ñòðóêòóð, à òàê æå ôóíêöèè ìà-
íèïóëÿöèè, âêëþ÷àÿ ôóíêöèþ ïåðåâîäà â äðóãèå òèïû äàííûõ. Òîëü-
êî ìîäóëü List îáõîäèòñÿ áåç ôèçè÷åñêîãî èçìåíåíèÿ äàííûõ. Ìû íå
ñòàíåì äàâàòü ïîëíîå îïèñàíèå âñåõ ôóíêöèé, îãðàíè÷èìñÿ ëèøü ñåìåé-
ñòâîì ôóíêöèé, èñïîëüçóåìûõ ýòèìè ìîäóëÿìè. Ìîäóëè List è Array

áóäóò ðàññìîòðåíû â äåòàëÿõ, òàê êàê ýòî íàèáîëåå ÷àñòî âñòðå÷àþùèå-
ñÿ ñòðóêòóðû â èìïåðàòèâíîì è ôóíêöèîíàëüíîì ïðîãðàììèðîâàíèè.

Ñëåäóþùèå ôóíêöèè ìîæíî íàéòè âî âñåõ èëè ïî÷òè âñåõ ìîäóëÿõ:

� ôóíêöèÿ lenght, êîòîðàÿ âû÷èñëÿåò ðàçìåð òèïà ïåðåäàíîãî â àð-
ãóìåíòå

� ôóíêöèÿ clear î÷èùàåò ñòðóêòóðû, åñëè îíà èçìåíÿåìàÿ

� ôóíêöèÿ add äëÿ äîáàâëåíèÿ ýëåìåíòà, îíà ìîæåò èìåòü äðóãîå
èìÿ, â çàâèñèìîñòè îò �îáû÷àåâ� (êàê íàïðèìåð push äëÿ ñòåêà)

� ôóíêöèÿ äîñòóïà ê i-òîìó ýëåìåíòó, îáû÷íî íàçûâàåìîé get

� ôóíêöèÿ óäàëåíèÿ ýëåìåíòà (÷àñòî ïåðâîãî) remove èëè take

Ïî òîìó æå ïðèíöèïó, â íåñêîëüêèõ ìîäóëÿõ ìîæíî âñòðåòèòü ôóíê-
öèè ïðîñìîòðà è îáðàáîòêè ýëåìåíòîâ:

� map: ïðèìåíÿåò ôóíêöèþ êî âñåì ýëåìåíòàì ñòðóêòóðû è âîçâðà-
ùàåò íîâóþ ñòðóêòóðó ñ ðåçóëüòàòàìè.

� iter: ñõîæà ñ map, íî âîçâðàùàåò ().

Äëÿ ñòðóêòóð ñ èíäåêñèðîâàííûìè ýëåìåíòàìè ñóùåñòâóþò ñëåäóþ-
ùèå ôóíêöèè.

� fill: èçìåíÿåò ÷àñòü ñòðóêòóðû íà íîâîå çíà÷åíèå;

� blit: êîïèðóåò ÷àñòü ñòðóêòóðû â äðóãóþ òîãî æå òèïà;

� sub: êîïèðóåò ÷àñòü ñòðóêòóðû è ñîçäàåò íîâóþ.

Ìîäóëè List è Array

Îïèñûâàÿ ôóíêöèè ýòèõ áèáëèîòåê, ìû ñàêöåíòèðóåì âíèìàíèå íà îñî-
áåííîñòè è îáùèå ÷åðòû êàæäîé èç íèõ. Äëÿ ôóíêöèé îäèíàêîâûõ äëÿ
îáîèõ ìîäóëåé òèï t îçíà÷àåò 'a list èëè a' array. Äëÿ ôóíêöèé ñïå-
öèôè÷íûõ îäíîìó ìîäóëþ âîñïîëüçóåìñÿ ñèíòàêñèñîì ñ òî÷êîé.
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Ñõîæèå èëè àíàëîãè÷íûå ôóíêöèè Ïåðâàÿ èç íèõ - ïîäñ÷åò äëèí-
íû.

lenght : 'a t-> int

Äâå ôóíêöèè äëÿ êîíêàòåíàöèè äâóõ ñòðóêòóð èëè âñåõ ñòðóêòóð
ñïèñêà.

append : 'a t-> 'a t-> 'a t

concat : 'a t list -> 'a t

Êàæäûé ìîäóëü âêëþ÷àåò ôóíêöèþ äîñòóïà ê ýëåìåíòó ñòðóêòóðû
ïî ïîçèöèè.

List.nth : 'a list -> int -> 'a

Array.get : 'a array -> int -> 'a

Â ñâÿçè ñ òåì ÷òî Ôóíêöèÿ äëÿ äîñòóïà ê i-òîìó ýëåìåíòó âåêòîðà t

÷àñòî èñïîëüçóåòñÿ ó íåå åñòü óêîðî÷åííûé ñèíòàêñèñ: t.(i).

Äâå ôóíêöèè, ïîçâîëÿþùèå âûïîëíèòü îïðåäåëåííîå äåéñòâèå (ôóíê-
öèþ) íàä âñåìè ýëåìåíòàìè ñòðóêòóðû.

iter : ('a -> unit) -> 'a t -> unit

map : ('a -> 'b) -> 'a t -> 'b t

×òîáû âûâåñòè âñå ýëåìåíòû ñïèñêà èëè âåêòîðà, âîñïîëüçóåìñÿ iter.

# let print_content iter print_item xs =
iter (fun x −> print_string"("; print_item x; print_string")") xs;
print_newline() ;;

val print_content : ((' a −> unit) −> 'b −> 'c) −> ('a −> 'd) −> 'b
−> unit =

<fun>
# print_content List.iter print_int [1;2;3;4;5] ;;
(1)(2)(3)(4)(5)
− : unit = ()
# print_content Array.iter print_int [|1;2;3;4;5|] ;;
(1)(2)(3)(4)(5)
− : unit = ()

Ôóíêöèÿ map ñîçäàåò íîâóþ ñòðóêòóðó, êîòîðàÿ ñîäåðæèò ðåçóëüòà-
òû ïðèìåíåíèÿ ôóíêöèè ê ýëåìåíòàì ñïèñêà èëè âåêòîðà. Ïðîâåðèì ýòî
íà âåêòîðå ñ èçìåíÿåìûì ñîäåðæèìûì:
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# let a = [|1;2;3;4|] ;;
val a : int array = [|1; 2; 3; 4|]
# let b = Array.map succ a ;;
val b : int array = [|2; 3; 4; 5|]
# a, b;;
− : int array * int array = [|1; 2; 3; 4|], [|2; 3; 4; 5|]

Ïðè ïîìîùè ñëåäóþùèõ èòåðàòîðîâ ìîæíî ñîçäàòü ÷àñòè÷íîå ïðè-
ìåíåíèå ôóíêöèè äëÿ êàæäîãî ýëåìåíòà âåêòîðà:

fold_left : (('a -> 'b -> 'a) -> 'a -> 'b t -> 'a

fold_right : (('a -> 'b -> 'b) -> 'a t -> 'b -> 'b

Ýòèì èòåðàòîðàì íåîáõîäèìî óêàçàòü áàçîâûé ñëó÷àé ñî çíà÷åíèåì
ïî óìîë÷àíèþ, êîòîðîå áóäåò âîçâðàùåíî â ñëó÷àå åñëè ñòðóêòóðà ïó-
ñòàÿ.

fold_left f r [v1; v2; ...; vn] = f ... ( f (f r v1) v2 ) ... vn fold_right f [v1;
v2; ...; vn] r = f v1 ( f v2 ... (f vn r) ... )

Ïðè ïîìîùè ýòèõ ôóíêöèé ìîæíî ëåãêî ïðåâðàòèòü áèíàðíóþ ôóíê-
öèþ â n�àðíóþ. Äëÿ êîììóòàòèâíîé è àññîöèàòèâíîé îïåðàöèè èòåðàöèÿ
ñëåâà íà ïðàâî èëè ñïðàâà íàëåâî îäèíàêîâà:

# List.fold_left (+) 0 [1;2;3;4] ;;
− : int = 10
# List.fold_right (+) [1;2;3;4] 0 ;;
− : int = 10
# List.fold_left List .append [0] [[1];[2];[3];[4]] ;;
− : int list = [0; 1; 2; 3; 4]
# List.fold_right List .append [[1];[2];[3];[4]] [0] ;;
− : int list = [1; 2; 3; 4; 0]

Îòìåòèì, ÷òî ïóñòîé ëèñò ÿâëÿåòñÿ íåéòðàëüíûì ýëåìåíòîì ñëåâà è
ñïðàâà äëÿ äâîè÷íîãî ñëîæåíèÿ. Äëÿ ýòîãî ÷àñòíîãî ñëó÷àÿ ñëåäóþùèå
âûðàæåíèÿ ýêâèâàëåíòíû:

# List.fold_left List .append [] [[1];[2];[3];[4]] ;;
− : int list = [1; 2; 3; 4]
# List.fold_right List .append [[1];[2];[3];[4]] [] ;;
− : int list = [1; 2; 3; 4]

Òàêèì îáðàçîì ìû �ñîçäàëè� ôóíêöèþ List.concat.

Îïåðàöèè íàä ñïèñêàìè Ñëåäóþùèå ïîëåçíûå ôóíêöèè íàõîäÿòñÿ
â ìîäóëå List.
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List.hd : 'a list -> 'a

ïåðâûé ýëåìåíò ñïèñêà
List.tl : 'a list -> 'a

ñïèñîê, áåç ïåðâîãî ýëåìåíòà
List.rev : 'a list -> 'a list

ñïèñîê â îáðàòíîì ïîðÿäêå
List.mem : 'a -> 'a list -> bool

òåñò íà ïðèíàäëåæíîñòü ñïèñêó
List.flatten : 'a list list -> 'a list

�ðàçëîæèòü� ñïèñîê ñïèñêîâ
List.rev_append : 'a list -> 'a list -> 'a list

òî æå ÷òî è append (rev l1) l2

Ïåðâûå äâå ôóíêöèè ÿâëÿþòñÿ ÷àñòè÷íûìè, åñëè èì ïåðåäàòü ïóñòîé
ñïèñîê, òî èñêëþ÷åíèå Failure áóäåò âîçáóæäåíî. Ñóùåñòâóåò âàðèàíò
mem: memq, èñïîëüçóþùèé ôèçè÷åñêîå ðàâåíñòâî.

# let c = (1,2) ;;
val c : int * int = 1, 2
# let l = [c] ;;
val l : ( int * int) list = [1, 2]
# List.memq (1,2) l ;;
− : bool = false
# List.memq c l ;;
− : bool = true

Â ìîäóëå List èìååòñÿ äâà îñîáåííûõ èòåðàòîðà, îáîáùàþùèõ áóëåâó
êîíúþíêöèþ è äèçúþíêöèþ (and/or): List.for_all è List.exists îïðåäåëÿ-
þòñÿ ñëåäóþùèì îáðàçîì.

# let for_all f xs = List.fold_right (fun x −> fun b −> (f x) & b) xs
true ;;

val for_all : ('a −> bool) −> 'a list −> bool = <fun>
# let exists f xs = List.fold_right (fun x −> fun b −> (f x) or b) xs

false ;;
val exists : ('a −> bool) −> 'a list −> bool = <fun>

Â ìîäóëå List èìååòñÿ ðàçëè÷íûå âàðèàíòû èòåðàòîðîâ (iter2, map2,
etc.), êîòîðûå ïðèíèìàþò íà âõîäå äâà ëèñòà è îáõîäÿò èõ ïàðàëëåëüíî.
Â ñëó÷àå åñëè ëèñòû èìåþò ðàçíóþ äëèíó, âîçáóæäàåòñÿ èñêëþ÷åíèå
Invalid_argument.

Ñëåäóþùèå ôóíêöèè ïîçâîëÿþò îñóùåñòâëÿòü ïîèñê ýëåìåíòà â ñïèñ-
êå ïðè ïîìîùè êðèòåðèÿ â âèäå áóëåâîé ôóíêöèè:
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List.find : ('a -> bool) -> 'a list -> 'a

List.find_all : ('a -> bool) -> 'a list -> 'a list

Ó ôóíêöèè find_all ñóùåñòâóåò ïñåâäîíèì filter.
A variant of the general search function is the partitioning of a list:

List.partition : ('a -> bool) -> 'a list -> 'a list * 'a list

×àñòî èñïîëüçóåìûå ôóíêöèè èç ìîäóëÿ List äëÿ ðàçáèåíèÿ èëè ñî-
çäàíèÿ ñïèñêà èç ñïèñêà ïàð:

List.split : ('a * 'b) list -> 'a list * 'b list

List.combine : 'a list -> 'b list -> ('a * 'b) list

È íàêîíåö, ÷àñòî èñïîëüçóåìàÿ ñòðóêòóðà, ñîâìåùàþùàÿ ñïèñîê ñ ïà-
ðîé: ñïèñîê àññîöèàöèé. Òàêàÿ ñòðóêòóðà óäîáíà êîãäà íåîáõîäèìî õðà-
íèòü äàííûå àññîöèèðîâàííûå êëþ÷ó. Îíà ñîñòîèò èç ñïèñêà ïàð, ïåðâûé
ýëåìåíò êîòîðîé êëþ÷, à âòîðîé - ñâÿçàííîå ñ ýòèì êëþ÷îì çíà÷åíèå.
Äëÿ ïîäîáíûõ ñïèñêîâ èìåþòñÿ ñëåäóþùèå ôóíêöèè:

List.assoc : 'a -> ('a * 'b) list -> 'b

èçâëåêàåò èíôîðìàöèþ ñâÿçàííóþ ñ êëþ÷îì
List.mem_assoc : 'a -> ('a * 'b) list -> bool

ïðîâåðÿåò ñóùåñòâîâàíèå êëþ÷à
List.remove_assoc : 'a -> ('a * 'b) list -> ('a * 'b) list

óäàëÿåò ýëåìåíò ñâÿçàííûé ñ êëþ÷îì

Ó êàæäîé èç ýòèõ ôóíêöèé ñóùåñòâóåò àíàëîã, èñïîëüçóþùèé ôèçè-
÷åñêîå ðàâåíñòâî âìåñòî ñòðóêòóðíîãî: List.assq, List.mem_assq è List.remove_assq

Ìàíèïóëÿöèè íàä âåêòîðàìè Âåêòîðû, òàê ÷àñòî èñïîëüçóåìûå â
èìïåðàòèâíîì ïðîãðàììèðîâàíèè, ÿâëÿþòñÿ ôèçè÷åñêè èçìåíÿåìûìè
ñòðóêòóðàìè. Â ìîäóëå Array èìååòñÿ ôóíêöèÿ äëÿ èçìåíåíèÿ çíà÷åíèÿ
ýëåìåíòà:

Array.set : 'a array -> int -> 'a -> unit

Êàê è ôóíêöèÿ get, ó ôóíêöèè set èìååòñÿ óêîðî÷åííàÿ çàïèñü: t.(i)
<- a

Ñóùåñòâóåò 3 ôóíêöèè âûäåëåíèÿ ïàìÿòè ïîä âåêòîð:
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Array.create : int -> 'a -> 'a array

ñîçäàòü âåêòîð çàäàííîãî ðàçìåðà, âñå ýëåìåíòû êîòîðîãî èíèöèàëèçèðîâàíû îäèíàêîâûì çíà÷åíèåì
Array.make : int -> 'a -> 'a array

óêîðî÷åííàÿ çàïèñü äëÿ create

Array.init : int -> (int -> 'a) -> 'a array

ñîçäàòü âåêòîð çàäàííîãî ðàçìåðà, âñå ýëåìåíòû êîòîðîãî èíèöèàëèçèðîâàíû ðåçóëüòàòîì ôóíêöèè îò èíäåêñà èíèöèàëèçèðóåìîãî ýëåìåíòà

Òàê êàê ìàòðèöû ýòî ÷àñòî âñòðå÷àþùàÿñÿ ñòðóêòóðà, â ìîäóëå Array
èìååòñÿ äâå ôóíêöèè ñîçäàíèÿ ìàòðèö:

Array.create_matrix : int -> int -> 'a -> 'a array array

Array.make_matrix : int -> int -> 'a -> 'a array array

Ôóíêöèÿ set ïðåâðàùàåòñÿ â ôóíêöèþ èçìåíÿþùóþ çíà÷åíèÿ èíòåð-
âàëà, êîòîðûé óêàçàí èíäåêñîì íà÷àëîì è äëèíîé:

Array.fill : 'a array -> int -> int -> 'a -> unit

Ïðè ïîìîùè ñëåäóþùèõ ôóíêöèé ìîæíî ñêîïèðîâàòü öåëûé âåêòîð
èëè ÷àñòü âåêòîðà, óêàçàííîãî íà÷àëîì è äëèíîé. Ïðè ýòîì ìû ïîëó÷àåì
íîâóþ ñòðóêòóðó:

Array.copy : 'a array -> 'a array

Array.sub : 'a array -> int -> int -> 'a array

Êîïèÿ èëè âûðåçêà ìîãóò ðåàëèçîâûâàòüñÿ è â ñóùåñòâóþùèé âåêòîð:

Array.blit : 'a array -> int -> 'a array -> int -> int -> unit

Ïåðâûé öåëî÷èñëåííûõ àðãóìåíò ÿâëÿåòñÿ èíäåêñîì â ïåðâîì âåêòî-
ðå, âòîðîé àðãóìåíò - èíäåêñ âòîðîãî âåêòîðà è òðåòèé ÷èñëî êîïèðóåìûõ
ýëåìåíòîâ. Ôóíêöèè blit, sub è �ll âîçáóæäàþò èñêëþ÷åíèÿ Invalid_argument.

Â ñâÿçè ñ òåì ÷òî ê ýëåìåíòàì ìàññèâà îáû÷íî äîñòóïàþòñÿ ïðè ïî-
ìîùè èíäåêñà, áûëè îïðåäåëåíû ñëåäóþùèå äâà èòåðàòîðà:

Array.iteri : (int -> 'a -> unit) -> 'a array -> unit

Array.mapi : (int -> 'a -> 'b) -> 'a array -> 'b array

Îíè ïðèìåíÿþò ôóíêöèþ, ïåðâûé àðãóìåíò êîòîðîé ÿâëÿåòñÿ èíäåêñ
æåëàåìîãî ýëåìåíòà.

# let f i a = (string_of_int i) ^ ":" ^ (string_of_int a) in
Array.mapi f [| 4; 3; 2; 1; 0 |] ;;
− : string array = [|"0:4"; "1:3"; "2:2"; "3:1"; "4:0" |]
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Â ìîäóëå Array íå èìååòñÿ ôóíêöèè�àíàëîãà map äëÿ ñïèñêîâ, êîòî-
ðàÿ áû ìîãëà èçìåíèòü ñîäåðæèìîå êàæäîé ÿ÷åéêè âåêòîðà íà ðåçóëüòàò
ôóíêöèè îò çíà÷åíèÿ ýòîé ÿ÷åéêè. Íî ìû ìîæåì ïîëó÷èòü òîæå ñàìîå
ïðè ïîìîùè ôóíêöèè iteri:

# let iter_and_set f t =
Array. iteri (fun i −> fun x −> t.(i) <− f x) t ;;

val iter_and_set : ('a −> 'a) −> 'a array −> unit = <fun>
# let v = [|0;1;2;3;4|] ;;
val v : int array = [|0; 1; 2; 3; 4|]
# iter_and_set succ v ;;
− : unit = ()
# v ;;
− : int array = [|1; 2; 3; 4; 5|]

È íàêîíåö, ìîäóëü Array ïðåäîñòàâëÿåò äâå ôóíêöèè äëÿ ñîçäàíèÿ
ñïèñêà èç âåêòîðà è íàîáîðîò.

Array.of_list : a list -> 'a array

Array.to_list : a array -> 'a list

7.3.3 Ââîä/Âûâîä

Â ñòàíäàðòîé áèáëèîòåêå èìååòñÿ ÷åòûðå ìîäóëÿ ââîäà�âûâîäà

� Printf: äëÿ ôîðìàòèðîâàííîãî âûâîäà

� Format: äëÿ ôîðìàòèðîâàíèÿ áëîêàìè ñ àâòîìàòè÷åñêîé ïîääåðæ-
êîé ïåðåíîñà ñòðîêè

� Marshal: ðåàëèçóåò ìåõàíèçì ïîñòîÿííûõ (persistent) çíà÷åíèé

� Digest: äëÿ ñîçäàíèÿ óíèêàëüíûõ êëþ÷åé

Äåòàëè ìîäóëÿ Marshal áóäóò ïðèâåäåíû ïîçæå â ýòîé ãëàâå, êîãäà
ìû çàéìåìñÿ îáðàáîòêîé ïîñòîÿííûõ äàííûõ (persistent data structures)
(ñì. ñòð. 252).

Ìîäóëü Printf

Ïðè ïîìîùè ìîäóëÿ Printf ìû ìîæåì ôîðìàòèðîâàòü òåêñò íà ìàíåð
ôóíêöèè printf èç ñòàíäàðòíîé áèáëèîòåêè ÿçûêà C. Æåëàåìûé ôîðìàò
ïðåäñòàâëåí ñòðîêîé, êîòîðàÿ áóäåò îáðàáîòàíà â ñîîòâåòñòâèè ñî ñòàí-
äàðòàìè ôóíêöèè printf, òî åñòü èñïîëüçóÿ ñèìâîë %. Ýòîò ñèìâîë, åñëè
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Òèï Ñèìâîë Ðåçóëüòàò
öåëîå d èëè i äåñÿòè÷íîå ñî çíàêîì

u äåñÿòè÷íîå áåç çíàêà
x øåñòíàäöàòåðè÷íîå áåç çíàêà â íèæíåì ðåãèñòðå
X òî æå ñàìîå â âåðõíåì ðåãèñòðå

ñèìâîë c ñèìâîë
ñòðîêà s ñòðîêà
äåéñòâèòåëüíîå f äåñÿòè÷íîå

e èëè E ýêñïîíåíöèàëüíàÿ çàïèñü
g èëè G òî æå ñàìîå

ëîãè÷åñêèé b true èëè false
ñïåöèàëüíûé a èëè t ôóíêöèîíàëüíûé ïàðàìåòð

òèïà (out_channel -> 'a -> unit) -> 'a -> unit

èëè out_channel -> unit

Òàáëèöà 7.1: Ñèìâîëû ïðåîáðàçîâàíèÿ òèïîâ

çà íèì ñëåäóåò áóêâà, îïðåäåëÿåò òèï äàííûõ íà äàííîé ïîçèöèè. Ñëå-
äóþùàÿ çàïèñü �(x=%d, y=%d)� îçíà÷àåò ÷òî âìåñòî %d íóæíî âûâåñòè
äâà öåëûõ ÷èñëà.

Ñïåöèôèêàöèÿ ôîðìàòà Ôîðìàò óêàçûâàåò ïàðàìåòðû äëÿ âûâîäè-
ìîé ñòðîêè. Áàçîâûå òèïû: int, �oat, char è string áóäóò ïðåîáðàçîâàíû â
ñòðîêè è ïîäñòàâëåíû íà èõ ìåñòà â ðàñïå÷àòûâàåìîé ñòðîêå. Â ðåçóëüòà-
òå ïåðåäà÷è çíà÷åíèé 77 è 43 ôîðìàòó �(x=%d, y=%d)� ïîëó÷èì ñòðîêó
�(x=77, y=43)�. Îñíîâíûå ñèìâîëû, îïðåäåëÿþùèå òèï ïðåîáðàçîâàíèÿ
ïðèâåäåíû â òàáëèöå 7.1.

Â ôîðìàòå ìîæíî òàê æå óñòàíîâèòü âûðàâíèâàíèå âûâîäèìûõ ñòðîê.
Äëÿ ýòîãî íåîáõîäèìî óêàçàòü ðàçìåð â ñèìâîëàõ ïðåîáðàçîâàíèÿ òèïà.
Äåëàåòñÿ ýòî òàê: ìåæäó ñèìâîëîì % è òèïîì ïðåîáðàçîâàíèÿ âñòàâ-
ëÿåòñÿ ÷èñëî, íàïðèìåð %10d, ïîñëå ÷åãî ìû ïîëó÷àåì âûðàâíèâàíèå
ñïðàâà ïî äåñÿòè ñèìâîëàì. Åñëè ðàçìåð ðåçóëüòàòà ïðåâîñõîäèò ðàçìåð
îãðàíè÷åíèÿ, òî ýòî îãðàíè÷åíèå áóäåò ïðîèãíîðèðîâàíî. Îòðèöàòåëüíîå
çíà÷åíèå ðåàëèçóåò âûðàâíèâàíèå ñëåâà. Äëÿ ïåðåâîäà äåéñòâèòåëüíûõ
÷èñåë ñòîèò óêàçàòü òî÷íîñòü ðåçóëüòàòà. Â ýòîì ñëó÷àå ïîñëå % âñòàâèì
òî÷êó è öåëîå ÷èñëî. Ñëåäóþùàÿ çàïèñü %.5f óêàçûâàåò, ÷òî ìû æåëàåì
ïÿòü ÷èñåë ïîñëå çàïÿòîé.

Ñóùåñòâóåò äâà ñïåöèàëüíûõ ôîðìàòà: a è t, îíè óêàçûâàþò ôóíê-
öèîíàëüíûé àðãóìåíò. Typically, a print function de�ned by the user. Â
ýòîì çàêëþ÷àåòñÿ ñïåöèôè÷íîñòü Objective CAML.
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Ôóíêöèè ìîäóëÿ Òèï ïÿòè ôóíêöèé ìîäóëÿ Printf ïðèâåäåí â òàá-
ëèöå 7.2.

fprintf : out_channel -> ('a, out_channel, unit) format -> 'a

printf : ('a, out_channel, unit) format -> 'a

eprintf : ('a, out_channel, unit) format -> 'a

sprintf : ('a, unit, string) format -> 'a

bprintf : Buffer.t -> ('a, Buffer.t, string) format -> 'a

Òàáëèöà 7.2: Ôóíêöèè ôîðìàòèðîâàíèÿ printf

Ôóíêöèè fprintf îæèäàåò òðè ïàðàìåòðà: èìÿ êàíàëà, ôîðìàò è àðãó-
ìåíòû ñ òèïàìè, îïèñàííûìè ôîðìàòîì. Ôóíêöèè åprintf è printf åñòü
ñïåöèàëèçèðîâàííûå âåðñèè äëÿ ñòàíäàðòíîãî âûõîäà è ñòàíäàðòíîãî
âûõîäà îøèáîê. È íàêîíåö, sprintf è bprintf íå âûâîäÿò ðåçóëüòàò íà
ýêðàí, à çàïèñûâàþò åãî â ñòðîêó.

Âîò íåñêîëüêî ïðèìåðîâ èñïîëüçîâàíèÿ ðàçëè÷íûõ ôîðìàòîâ:

# Printf.printf "(x=%d, y=%d)" 34 78 ;;
(x=34, y=78)− : unit = ()
# Printf.printf "name = %s, age = %d" "Patricia" 18 ;;
name = Patricia, age = 18− : unit = ()
# let s = Printf. sprintf "%10.5f\n%10.5f\n" (−.12.24) (2.30000008) ;;
val s : string = " −12.24000\n 2.30000\n"
# print_string s ;;
−12.24000

2.30000
− : unit = ()

Â ñëåäóþùåì ïðèìåðå, ñîçäàäèì ôóíêöèþ äëÿ ðàñïå÷àòêè ìàòðèöû
âåùåñòâåííûõ ÷èñåë â çàäàííîì ôîðìàòå:

# let print_mat m =
Printf . printf "\n" ;
for i=0 to (Array.length m)−1 do
for j=0 to (Array.length m.(0))−1 do
Printf . printf "%10.3f" m.(i).( j)

done ;
Printf . printf "\n"

done ;;
val print_mat : �oat array array −> unit = <fun>
# print_mat (Array.create 4 [| 1.2; −.44.22; 35.2 |]) ;;
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1.200 −44.220 35.200
1.200 −44.220 35.200
1.200 −44.220 35.200
1.200 −44.220 35.200

− : unit = ()

Çàìå÷àíèÿ ïî òèïó ôîðìàòà Îïèñàíèå ôîðìàòà çàäàåòñÿ â âèäå
ñèìâîëüíîé ñòðîêè, íî îíî íå ÿâëÿåòñÿ òèïîì string. Ïðè ðàñïîçíàâà-
íèè ôîðìàòà ñîçäàåòñÿ çíà÷åíèå ñ òèïîì format, â êîòîðîì ïàðàìåòð 'a
ðåàëèçóåòñÿ ëèáî â unit, åñëè ôîðìàò íå óêàçûâàåò ïàðàìåòð, ëèáî â
ôóíêöèîíàëüíûé òèï, êîòîðûé ñîîòâåòñòâóåò ôóíêöèè ñ íóæíûì êîëè-
÷åñòâîì àðãóìåíòîâ è âîçâðàùàþøåé çíà÷åíèå unit.

Ïðîèëëþñòðèðóåì ýòî íà ïðèìåðå, ÷àñòè÷íî ïðèìåíèâ ôóíêöèþ ê
ôîðìàòó.

# let p3 =
Printf . printf "begin\n%d is val1\n%s is val2\n%f is val3\n" ;;

begin
val p3 : int −> string −> �oat −> unit = <fun>

Òàêèì îáðàçîì ìû ïîëó÷èëè ôóíêöèþ îæèäàþùóþ òðè àðãóìåíòà.
Çàìåòüòå, ÷òî ñëîâî �begin� óæå áûëî âûâåäåíî. Äðóãîé ôîðìàò ïðèâî-
äèò ê ñîçäàíèþ ôóíêöèè äðóãîãî òèïà.

# let p2 =
Printf . printf "begin\n%f is val1\n%s is val2\n";;

begin
val p2 : �oat −> string −> unit = <fun>

Ïåðåäàâàÿ àðãóìåíòû, îäíè çà îäíèì ôóíêöèè p3 ïîëó÷èì ïîñòåïåí-
íûé ðåçóëüòàò:

# let p31 = p3 45 ;;
45 est val1
val p31 : string −> �oat −> unit = <fun>
# let p32 = p31 "hello" ;;
hello est val2
val p32 : �oat −> unit = <fun>
# let p33 = p32 3.14 ;;
3.140000 est val3
val p33 : unit = ()
# p33 ;;
− : unit = ()
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Ïîñëåäíåå ïîëó÷åíî çíà÷åíèå íè÷åãî íå âûâîäèò, îíî âîçâðàùàåò çíà-
÷åíèå () òèïà unit.

Ìû íå ñìîæåì ñîçäàòü çíà÷åíèå format èñïîëüçóÿ çíà÷åíèÿ òèïà
string:

# let f d =
Printf . printf (d^d);;

Characters 27−30:
This expression has type string but is here used with type
('a, out_channel, unit) format

Êîìïèëÿòîð íå çíàåò çíà÷åíèå ñòðîêè, ïåðåäàííîé â àðãóìåíòå, â
ñëåäñòâèè ÷åãî îí íå çíàåò òèï êîòîðûé ðåàëèçóåò ïàðàìåòð 'a òèïà
format.

Ñ äðóãîé ñòîðîíû, ñòðîêè ñèìâîëîâ ÿâëÿþòñÿ ôèçè÷åñêè èçìåíÿå-
ìûì òèïîì, òî åñòü ìû ìîæåì ïîìåíÿòü %d íà äðóãóþ áóêâó, òàêèì
îáðàçîì äèíàìè÷åñêè èçìåíèòü ôîðìàò âûâîäà. Ýòî íå ñîâìåñòèìî ñî
ñòàòè÷åñêîé ãåíåðàöèåé ôóíêöèè ïåðåâîäà.

Ìîäóëü Digest

Èç ñèìâîëüíîé ñòðîêè, êàêîãî óãîäíî ðàçìåðà, õýø ôóíêöèè âîçâðàùàåò
ñòðîêó ôèêñèðîâàííîãî ðàçìåðà, ÷àùå âñåãî ìåíüøåãî ðàçìåðà. Òàêèå
ôóíêöèè âîçâðàùàþò îòïå÷àòîê (digest).

Òàêèå ôóíêöèè èñïîëüçóþòñÿ äëÿ ñîçäàíèÿ õýø òàáëèö, êàê íà ïðè-
ìåð ìîäóëü Hashtbl, ïîçâîëÿþùèé ïðîâåðèòü ïðèñóòñòâóåò ëè îïðåäå-
ëåííûé ýëåìåíò â òàáëèöå ïðÿìûì äîñòóïîì (direct access) èñïîëüçóÿ îò-
ïå÷àòîê. Íàïðèìåð, ôóíêöèÿ f_mod_n ïîäñ÷èòûâàåò îñòàòîê îò äåëåíèÿ
ñóììû êîäîâ ñîìâîëîâ ASCII ñòðîêè íà n è ÿâëÿåòñÿ õýø ôóíêöèÿ. Åñ-
ëè ìû ñîçäàäèì òàáëèöó ðàçìåðîì n, òî áëàãîäàðÿ îòïå÷àòêàì ïîëó÷èì
ïðÿìîé äîñòóï ê ýëåìåíòàì. Îäíàêî, äâå ñòðîêè ìîãóò èìåòü îäèíàêîâûé
îòïå÷àòîê. Â ñëó÷àå ïîäîáíûõ êîëëèçèé, â õýø òàáëèöó äîáàâëÿåòñÿ äî-
ïîëíèòåëüíîå �õðàíèëèùå� äëÿ õðàíåíèÿ òàêèõ ýëåìåíòîâ. Êîãäà òàêèõ
êîëëèçèé ñòàíîâèòñÿ ìíîãî, äîñòóï ê òàáëèöå ñòàíîâèòñÿ ìàëîýôôåê-
òèâíûì. Åñëè n � ðàçìåð îòïå÷àòêà a, òîãäà âåðîÿòíîñòü âîçíèêíîâåíèÿ
êîëëèçèé ìåæäó äâóìÿ ðàçíûìè ñòðîêà ðàâíà 1/2n.

Âåðîÿòíîñòü âîçíèêíîâåíèÿ êîëëèçèé ó non�reversible õýø ôóíêöèè
î÷åíü ìàëà, òàêèì îáðàçîì òðóäíî ïîäîáðàòü ñòðîêó ê êîíêðåòíîìó îò-
ïå÷àòêó. Êîíå÷íî, ôóíêöèÿ f_mod_n òàêîâîé íå ÿâëÿåòñÿ. Òàêèì îáðàçîì
non-reversible õýø ôóíêöèè ïîçâîëÿþò èäåíòèôèöèðîâàòü (authenti�cation)
ñèìâîëüíóþ ñòðîêó ïîëó÷åííóþ ïî Èíòåðíåòó, ôàéë, è ò.ä.

Ìîäóëü Digest èñïîëüçóåò àëãîðèòì MD5, êàê àááðåâèàòóðà Message
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Digest 5. Ðàçìåð âîçâðàùàåìîãî îòïå÷àòêà 128 áèò. Íåñìîòðÿ íà òî, ÷òî
àëãîðèòì ñâîáîäíî äîñòóïåí, íà ñåãîäíÿøíèé äåíü íåâîçìîæíî ñîçäàòü
ñòðîêó èìåÿ îòïå÷àòîê. Â ýòîì ìîäóëå îïðåäåëåí òèï Digest.t êàê àá-
áðåâèàòóðà string. Â òàáëèöå 7.3 ïðèâåäåíû îñíîâíûå ôóíêöèè ýòîãî
ìîäóëÿ.

string : string -> t

âîçâðàùàåò îòïå÷àòîê ñòðîêè
�le : string -> t

âîçâðàùàåò îòïå÷àòîê ôàéëà

Òàáëèöà 7.3: Ôóíêöèè ìîäóëÿ Digest

Â ñëåäóþùåì ïðèìåðå ìû èñïîëüçóåì ôóíêöèþ string íà íåáîëüøîé
ñòðîêå è íà áîëüøîé ñòðîêå, ïîñòðîåííîé èç ïåðâîé. Çàìåòüòå, ÷òî ðàçìåð
îòïå÷àòêà îñòàåòñÿ òàêîé æå:

# let s = "The small cat is dead ... " ;;
val s : string = "The small cat is dead ... "
# Digest.string s ;;
− : Digest.t = "xr6\127\171(\134=\238`\252F\028\t\210$"

# let r = ref s in
for i=1 to 100 do r:= s^ !r done;
Digest. string ! r ;;

− : Digest.t = "\232\197|C]\137\180{>\224QX\155\131D\225"

Ïðèìåíÿÿ îòïå÷àòêè ïðîãðàìì, ìû òåì ñàìûì ãàðàíòèðóåì, ÷òî âåðñèÿ
èñïîëüçóåìîé ïðîãðàììû ïðàâèëüíàÿ. Ê ïðèìåðó, âî âðåìÿ äèíàìè÷å-
ñêîé çàãðóçêè êîäà (ñì. ñòð. 269), èñïîëüçóþòñÿ îòïå÷àòêè äëÿ çàãðóçêè
ôàéëà ñ áàéò�êîäîì.

# Digest.�le "basic.ml" ;;
− : Digest.t = "\179\026\191\137\157Ly|^w7\183\164:\167q"

7.3.4 Persistence

Ñîõðàíÿåìîñòü ýòî ñïîñîáíîñòü ñîõðàíÿòü çíà÷åíèÿ ïåðåìåííûõ êîãäà
ïðîãðàììà íå âûïîëíÿåòñÿ. Ïðèìåðîì ìîæåò ñëóæèòü ñîõðàíåíèå ïåðå-
ìåííûõ â ôàéëå. 3òà ïåðåìåííàÿ äîñòóïíàÿ ëþáîé ïðîãðàììå, êîòîðàÿ
ìîæåò ÷èòàòü ýòîò ôàéë. ×òåíèå è çàïèñü ñîõðàíÿåìîãî çíà÷åíèÿ òðå-
áóåò îïðåäåëåííûé ôîðìàò äàííûõ. Íåîáõîäèìî îïðåäåëèòü ñïîñîá ñî-
õðàíåíèÿ ñëîæíîé ñòðóêòóðû â ïàìÿòè êîìïüþòåðà, íàïðèìåð äåðåâà,



7.3. Ñòàíäàðòíàÿ áèáëèîòåêà 253

â ëèíåéíóþ ñòðóêòóðó � ïîñëåäîâàòåëüíîñòü áàéòîâ â ôàéëå. Ïî ýòîé
ïðè÷èíå êîäèðîâêà ñîõðàíÿåìûõ çíà÷åíèé íàçûâàåòñÿ ëèíåàðèçàöèåé 1.

Ðåàëèçàöèÿ è òðóäíîñòè ëèíåàðèçàöèè

Ïðè ðåàëèçàöèè ìåõàíèçìà ëèíåàðèçàöèè äàííûõ íåîáõîäèìî ñäåëàòü
îïðåäåëåííûé âûáîð è âñòðå÷àþòñÿ ñëåäóþùèå òðóäíîñòè:

÷òåíèå çàïèñü ñòðóêòóð äàííûõ Ïàìÿòü êîìïüþòåðà ìîæåò áûòü ðàñ-
ñìîòðåíà êàê âåêòîð áàéòîâ, òîãäà çíà÷åíèå ìîæíî ïðåäñòàâèòü êàê
÷àñòü ïàìÿòè êîòîðîå îíî çàíèìàåò. Â ýòîì ñëó÷àå ìû ìîæåì ñæàòü
çíà÷åíèå, ñîõðàíèâ ëèøü ïîëåçíóþ ÷àñòü.

ðàçäåëåíèå èëè êîïèÿ Ïðè ëèíåàðèçàöèè äàííûõ íóæíî ëè ñîõðà-
íÿòü ðàçäåëåíèå (sharing). Òèïè÷íûé ñëó÷àé - áèíàðíîå äåðåâî,
ó êîòîðîãî èìååòñÿ äâà îäèíàêîâûõ (â ôèçè÷åñêîì ñìûñëå) óçëà,
çäåñü ìû ìîæåì óêàçàòü äëÿ âòîðîãî óçëà, ÷òî îí óæå ñîõðàíåí.
Ýòî ñâîéñòâî âëèÿåò íà ðàçìåð ñîõðàíÿåìûõ äàííûõ è íà çàòðà÷åí-
íîå âðåìÿ. On the other hand, in the presence of physically modi�able
values, this could change the behavior of this value after a recovery
depending on whether or not sharing was conserved.

öèêëè÷åñêèå ñòðóêòóðû Â ïîäîáíîì ñëó÷àå, ëèíåàðèçàöèÿ áåç ðàçäå-
ëåíèÿ ðèñêóåò çàöèêëèòüñÿ. Òàêèì îáðàçîì íåîáõîäèìî ñîõðàíèòü
ýòî ðàçäåëåíèå.

ôóíêöèîíàëüíûå çíà÷åíèÿ Ôóíêöèîíàëüíûå çíà÷åíèÿ, èëè çàìûêà-
íèÿ, ñîñòîÿò èç äâóõ ÷àñòåé: îêðóæåíèÿ è êîäà. ×àñòü êîäà ñîñòîèò
èç àäðåñà ïî êîòîðîìó íàõîäèòñÿ êîä. ×òî â äàííîì ñëó÷àå ïðîèñ-
õîäèò ñ êîäîì? Ìû êîíå÷íî ìîæåì ñîõðàíèòü ýòîò àäðåñ, íî â ýòîì
ñëó÷àå òîëüêî òà æå ïðîãðàììà ñìîæåò ïðàâèëüíî ðàñïîçíàòü ýòîò
àäðåñ. Ìû òàê æå ìîæåì ñîõðàíèòü ïîñëåäîâàòåëüíîñòü èíñòðóê-
öèé ýòîé ôóíêöèè, îäíàêî íàì áóäåò íåîáõîäèì ìåõàíèçì äèíàìè-
÷åñêîé çàãðóçêè êîäà.

ãàðàíòèÿ òèïà ïðè çàãðóçêå Â ýòîì çàêëþ÷àåòñÿ îñíîâíàÿ òðóäíîñòü
äàííîãî ìåõàíèçìà. Ñòàòè÷åñêàÿ òèïèçàöèÿ ãàðàíòèðóåò ÷òî çíà÷å-
íèÿ íå ñîçäàäóò îøèáîê òèïà âî âðåìÿ âûïîëíåíèÿ, íî ýòî êàñàåòñÿ
ëèøü çíà÷åíèé ïðèíàäëåæàùèõ èñïîëíÿþùåéñÿ ïðîãðàììå. Êàêîé
òèï íóæíî äàòü âíåøíåìó, ïî îòíîøåíèþ ê ïðîãðàììå, çíà÷åíèþ,
êîòîðîå íå áûëî ïðîâåðåíî àíàëèçàòîðîì òèïîâ. Ëèøü òîëüêî äëÿ

1Â JAVA èñïîëüçóåòñÿ òåðìèí ñåðèàëèçàöèÿ (serialization)
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òîãî ÷òîáû, ïðî÷èòàíîå çíà÷åíèå èìåëî ìîíîìîðôíûé òèï ñãåíå-
ðèðîâàííûé êîìïèëÿòîðîì, íåîáõîäèìà ïåðåäà÷à ýòîãî çíà÷åíèÿ â
ìîìåíò ñîõðàíåíèÿ è ïðîâåðêà â ìîìåíò ÷òåíèÿ.

Ìîäóëü Marshal

Ìåõàíèçì ëèíåàðèçàöèè ìîäóëÿ Marshal ïðåäîñòàâëÿåò íàì âûáîð: ñî-
õðàíèòü èëè íåò ðàçäåëåíèå äëÿ îáðàáàòûâàåìûõ çíà÷åíèé. Îí òàê æå
óìååò îáðàùàòüñÿ ñ çàìûêàíèÿìè, íî çäåñü ñîõðàíÿåòñÿ ëèøü óêàçàòåëü
íà àäðåñ ïî êîòîðîìó íàõîäèòñÿ êîä.

Ýòîò ìîäóëü ñîñòîèò â îñíîâíîì èç ôóíêöèé ëèíåàðèçàöèè â êàêîé�
íèáóäü êàíàë ëèáî ñòðîêó (string) è ôóíêöèè ïîëó÷àþùèå äàííûå èç
êàíàëà èëè ñòðîêè. Ôóíêöèè ëèíåàðèçàöèè ïàðàìåòðèçóþòñÿ. Ó ñëåäó-
þùåãî òèïà ìîæåò áûòü äâà âîçìîæíûõ ñëó÷àÿ:

type external_�ag =
No_sharing

| Closures ;;

Êîíñòàíòíûé êîíñòðóêòîð No_sharing óêàçûâàåò ÷òî ðàçäåëåíèå çíà-
÷åíèé íå äîëæíî áûòü ñîõðàíåíî, òàê êàê ïî óìîë÷àíèþ ðàçäåëåíèå
ñîõðàíÿåòñÿ. Êîíñòðóêòîð Closures íåîáõîäèì êîãäà ìû èìååì äåëî ñ
çàìûêàíèÿìè, â ýòîì ñëó÷àå ñîõðàíÿåòñÿ óêàçàòåëü íà êîä. Åñëè ýòîò
êîíñòðóêòîð îòñóòñòâóåò è ìû ïîïûòàåìñÿ ñîõðàíèòü ôóíêöèîíàëüíîå
çíà÷åíèå, òî áóäåò âîçáóæäåíî èñêëþ÷åíèå.

Warning

Êîíñòðóêòîð Closures íå ìîæåò èñïîëüçîâàòüñÿ â èíòåðàêòèâíîì ðåæè-
ìå, à ëèøü â êîìàíäíîé ñòðîêå.

Ôóíêöèè çàïèñè è ÷òåíèÿ äàííîãî ìîäóëÿ ïðèâåäåííûå â òàáëèöå 7.4.

to_channel : out_channel -> 'a -> extern_flag list -> unit

to_string : 'a -> extern_flag list -> string

to_buffer : string -> int -> int -> 'a -> extern_flag list -> unit

from_channel : in_channel -> 'a

from_string : string -> int -> 'a

Òàáëèöà 7.4: Ôóíêöèè ìîäóëÿ Marshal

Ó ôóíêöèè to_channel òðè àðãóìåíòà: âûõîäíîé êàíàë, çíà÷åíèå è
ñïèñîê îïöèé, îíà çàïèñûâàåò ïåðåäàííîå çíà÷åíèå â óêàçàííûé êàíàë.
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Ôóíêöèÿ to_string ñîçäàåò ñòðîêó, êîòîðàÿ ñîîòâåòñòâóåò ëèíåàðèçà-
öèè óêàçàííîãî çíà÷åíèÿ, òîãäà êàê to_buffer äåëàåò òî æå ñàìîå, èç-
ìåíÿÿ ÷àñòü ñòðîêè ïåðåäàííîé â àðãóìåíòå. Ôóíêöèÿ from_channel âîç-
âðàùàåò ïðî÷èòàííîå èç êàíàëà ëèíåàðèçîâàííîå çíà÷åíèå. Ó ôóíêöèè
from_string äâà àðãóìåíòà: ñòðîêà èç êîòîðîé íåîáõîäèìî ïðî÷èòàòü
çíà÷åíèå è ïîçèöèÿ â ñòðîêå ñ êîòîðîãî íà÷èíàåòñÿ ýòî çíà÷åíèå. Â ôàé-
ëå èëè ñòðîêå ìîæíî ñîõðàíèòü Íåñêîëüêî ëèíåàðèçîâàííûõ çíà÷åíèé. Â
ïåðâîì ñëó÷àå òàêèå çíà÷åíèÿ ÷èòàþòñÿ ïîñëåäîâàòåëüíî,âî âòîðîì äî-
ñòàòî÷íî óêàçàòü ïðàâèëüíûé îòñòóï îò íà÷àëà ñòðîêè, ÷òîáû ïðî÷èòàòü
íåîáõîäèìîå çíà÷åíèå.

# let s = Marshal.to_string [1;2;3;4] [] in String.sub s 0 10;;
− : string = "\132\149\166\190\000\000\000\t\000\000"

Warning

Èñïîëüçîâàíèå äàííîãî ìîäóëÿ ïðèâîäèò ê ïîòåðå ãàðàíòèè ñòàòè÷åñêîé
òèïèçàöèè (ñì. ñòð. 260)

Ïðè ïåðå÷èòûâàíèè ñîõðàíÿåìîãî îáúåêòà ïîëó÷àåì çíà÷åíèå íåîïðå-
äåëåííîãî òèïà:

# let x = Marshal.from_string (Marshal.to_string [1; 2; 3; 4] []) 0;;
val x : '_a = <poly>

Ýòà íåîïðåäåëåííîñòü îòìå÷åíà â Objective CAML ïåðåìåííîé íåñòðî-
ãî òèïà 'a. Ïîýòîìó æåëàòåëüíî óêàçàòü îæèäàåìûé òèï:

# let l =
let s = (Marshal.to_string [1; 2; 3; 4] []) in
(Marshal.from_string s 0 : int list ) ;;

val l : int list = [1; 2; 3; 4]

Íà ñòðàíèöå 260 ìû âåðíåìñÿ ê ýòîìó ìîìåíòó.

Çàìå÷àíèå
Ôóíêöèÿ output_value ïîäãðóæàåìîé áèáëèîòåêè ñîîòâåòñòâóåò âûçî-
âó to_channel ñ ïóñòûì ñïèñêîì îïöèé. Ôóíêöèÿ input_value ìîäóëÿ
Pervasives âûçûâàåò ôóíêöèþ from_channel. Îíè ñîõðàíåíû äëÿ ñîâìå-
ñòèìîñòè ñî ñòàðûìè ïðîãðàììàìè.



256 Ãëàâà 7. Áèáëèîòåêè

Ïðèìåð: ñîõðàíåíèå ýêðàíà

Íàøà çàäà÷à � ñîõðàíèòü bitmap âñåãî ýêðàíà â âèäå ìàòðèöû öâåòîâ.
Ôóíêöèÿ save_screen çàáèðàåò bitmap, êîíâåðòèðóåò åãî â âåêòîð öâåòîâ
è ñîõðàíÿåò â ôàéëå, èìÿ êîòîðîãî ïðåäàííî ôóíêöèè.

# let save_screen name =
let i = Graphics.get_image 0 0 (Graphics.size_x ())

(Graphics.size_y ()) in
let j = Graphics.dump_image i in
let oc = open_out name in
output_value oc j;
close_out oc;;

val save_screen : string −> unit = <fun>

Ôóíêöèÿ load_screen âûïîëíÿåò îáðàòíóþ îïåðàöèþ; îòêðûâàåò ôàéë,
èìÿ êîòîðîãî óêàçàííî, ñ÷èòûâàåò ñîõðàíåííûå äàííûå, êîíâåðòèðóåò
ïîëó÷åííóþ ìàòðèöó öâåòîâ â bitmap è çàòåì ðèñóåò íà ýêðàíå.

# let load_screen name =
let ic = open_in name in
let image = ((input_value ic) : Graphics.color array array) in
close_in ic ;
Graphics.close_graph();
Graphics.open_graph (" "^(string_of_int(Array.length image.(0)))

^"x"^(string_of_int(Array.length image)));
let image2 = Graphics.make_image image in
Graphics.draw_image image2 0 0; image2 ;;

val load_screen : string −> Graphics.image = <fun>

Warning

Çíà÷åíèÿ àáñòðàêòíûõ òèïîâ íå ìîãóò áûòü ñîõðàíÿåìûìè.

Ïî ýòîé ïðè÷èíå â ïðåäûäóùåì ïðèìåðå íå èñïîëüçóåòñÿ àáñòðàêò-
íûé òèï Graphics.image, à êîíêðåòíûé òèï color array array. Àá-
ñòðàêöèÿ òèïîâ îáñóæäàåòñÿ â ãëàâå 13.

Ðàçäåëåíèå

Ïîòåðÿ äàííîãî ñâîéñòâà äëÿ çíà÷åíèÿ ìîæåò ïîðîé ïðèâåñòè ê òîìó
÷òî îíî ñòàíåò íåèñïîëüçóåìûì. Âåðíåìñÿ ê ïðèìåðó ãåíåðàòîðà ñèìâî-
ëîâ íà ñòð. 113. Ïóñòü íàì íåîáõîäèìî ñîõðàíèòü ôóíêöèîíàëüíûå çíà-
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÷åíèÿ new_s è reset_s, äëÿ òîãî ÷òîáû ñíîâà ïîëó÷èòü çíà÷åíèÿ ýòèõ
ñ÷åò÷èêîâ. Íàïèøåì ñëåäóþùèé êîä:

# let reset_s,new_s =
let c = ref 0 in
( function () −> c := 0 ) ,
( function s −> c:=!c+1; s^(string_of_int !c) ) ;;

# let save =
Marshal.to_string (new_s,reset_s) [Marshal.Closures;Marshal.

No_sharing] ;;

# let (new_s1,reset_s1) =
(Marshal.from_string save 0 : (( string −> string ) * (unit −> unit)))

;;

# (* 1 *)
Printf . printf "new_s : \%s\n" (new_s "X");
Printf . printf "new_s : \%s\n" (new_s "X");
(* 2 *)
Printf . printf "new_s1 : \%s\n" (new_s1 "X");
(* 3 *)
reset_s1();
Printf . printf "new_s1 (after reset_s1) : \%s\n" (new_s1 "X") ;;
Characters 148−154:
Unbound value new_s1

Ïåðâûå äâà âûâîäà (* 1 *) âûâîäÿò ïðàâèëüíûé ðåçóëüòàò. Âûâîä
(* 2 *), ïîñëå ïðî÷òåíèÿ çàìûêàíèÿ òîæå êàæåòñÿ êîððåêòíûì (ïîñëå
X2 ñëåäóåò X3). Íî íà ñàìîì äåëå ðàçäåëåíèå ñ÷åò÷èêà c ìåæäó ôóíê-
öèÿìè new_s1 reset_s1 óòåðÿíî. Îá ýòîì ìû ìîæåì ñóäèòü ïî âûâîäó
X4, íåñìîòðÿ íà òî ÷òî ìû îáíóëèëè ïåðåä ýòèì ñ÷åò÷èê. Êàæäîå èç
çàìûêàíèé èìååò ñâîé ñîáñòâåííûé ñ÷åò÷èê è âûçîâ reset_s1 íå èíèöè-
àëèçèðóåò ñ÷åò÷èê new_s1. Òî åñòü ìû íå äîëæíû áûëè óêàçûâàòü îïöèþ
No_sharing âî âðåìÿ ëèíåàðèçàöèè.

Äàííûé ïðèìåð íå ðàáîòàåò, êîä ñîîòâåòñòâóþùèé ïðèâåäåííîìó
âûøå òåêñòó ñëåäóþùèé (ïðèì. ïåð.):

let reset_s,new_s =
let c = ref 0 in
( function () −> c := 0 ) ,
( function s −> c:=!c+1; s^(string_of_int !c) ) ;;
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(* 1 *)
Printf . printf "new_s : %s\n" (new_s "X");;
(* 2 *)
Printf . printf "new_s : %s\n" (new_s "X");;

let save =
Marshal.to_string (new_s,reset_s) [Marshal.Closures;Marshal.

No_sharing] ;;

let (new_s1,reset_s1) =
(Marshal.from_string save 0 : (( string −> string ) * (unit −> unit)))

;;

(* 3 *)
Printf . printf "new_s1 : %s\n" (new_s1 "X");;
reset_s1() ;;
Printf . printf "new_s1 (after reset_s1) : %s\n" (new_s1 "X") ;;

×àùå âñåãî íåîáõîäèìî ñîõðàíÿòü ðàçäåëåíèå. Îäíàêî, òàì ãäå âàæíà
ñêîðîñòü âûïîëíåíèÿ îòñóòñòâèå ðàçäåëåíèÿ óñêîðÿåò ñîõðàíåíèå çíà÷å-
íèé. Â ñëåäóþùåì ïðèìåðå ôóíêöèÿ êîïèðóåò ìàòðèöó. Â äàííîì ñëó÷àå
æåëàòåëüíî èçáàâèòñÿ îò ðàçäåëåíèÿ.

# let copy_mat_f (m : �oat array array) =
let s = Marshal.to_string m [Marshal.No_sharing] in
(Marshal.from_string s 0 : �oat array array) ;;

val copy_mat_f : �oat array array −> �oat array array = <fun>

Ìû ìîæåì âîñïîëüçîâàòüñÿ ýòîé ôóíêöèåé äëÿ ñîçäàíèÿ ìàòðèöû
áåç ðàçäåëåíèÿ:

# let create_mat_f n m v =
let m = Array.create n (Array.create m v) in
copie_mat_f m;;

val create_mat_f : int −> int −> �oat −> �oat array array = <fun>
# let a = create_mat_f 3 4 3.14;;
val a : �oat array array =

[|[|3.14; 3.14; 3.14; 3.14|]; [|3.14; 3.14; 3.14; 3.14|];
[|3.14; 3.14; 3.14; 3.14|]|]

# a.(1).(2) <− 6.28;;
− : unit = ()
# a;;
− : �oat array array =
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[|[|3.14; 3.14; 3.14; 3.14|]; [|3.14; 3.14; 6.28; 3.14|];
[|3.14; 3.14; 3.14; 3.14|]|]

Ïîâåäåíèå ýòîé ôóíêöèè áîëüøå ñõîäèò íà Array.create_matrix ÷åì
Array.create.

Ðàçìåð çíà÷åíèé

Ïîðîé íåîáõîäèìî áûâàåò çíàòü ðàçìåð ñîõðàíÿåìîãî çíà÷åíèÿ. Åñëè
ðàçäåëåíèå ñîõðàíåíî, òî óêàçàííûé ðàçìåð äîñòàòî÷íî òî÷íî îòîáðà-
æàåò èíôîðìàöèþ. Õîòü êîäèðîâêà ïîðîé îïòèìèçèðóåò ðàçìåð íåïî-
ñðåäñòâåííûõ 2 (èëè ýëåìåíòàðíûõ) çíà÷åíèé, èíôîðìàöèÿ î ðàçìåðå èõ
êîäèðîâêè ïîçâîëÿåò íàì ñðàâíèòü ðàçëè÷íûå ðåàëèçàöèè ñòðóêòóð äàí-
íûõ. Ñ äðóãîé ñòîðîíû, äëÿ ïðîãðàìì, êîòîðûå âûïîëíÿþòñÿ áåç îñòà-
íîâêè, êàê âî âñòðîåííûõ ñèñòåìàõ èëè äàæå ñåðâåðàõ, ïðîñìîòð ðàçìåð
ñòðóêòóð äàííûõ ïîìîãàåò îòëîâèòü óòå÷êè ïàìÿòè. Äâå ôóíêöèè äëÿ
âû÷èñëåíèÿ ðàçìåðà è êîíñòàíòà ìîäóëÿ Marshal îïèñàíû â òàáëèöå 7.5.

header_size : int

data_size : string -> int -> int

total_size : string -> int -> int

Òàáëèöà 7.5: Ôóíêöèè ìîäóëÿ Marshal

Ðàçìåð ñîõðàíÿåìîãî çíà÷åíèÿ åñòü ñóììà ðàçìåðà åãî äàííûõ è ðàç-
ìåð çàãîëîâêà.

Â ñëåäóþùåì ïðèìåðå ìû ïðèâîäèì ñðàâíåíèå äâóõ áèíàðíûõ äåðå-
âüåâ ïðè ïîìîùè ôóíêöèè MD5:

# let size x = Marshal.data_size (Marshal.to_string x []) 0;;
val size : 'a −> int = <fun>
# type 'a bintree1 = Empty1 | Node1 of 'a * 'a bintree1 * 'a bintree1 ;;
type 'a bintree1 = | Empty1 | Node1 of 'a * 'a bintree1 * 'a bintree1
# let s1 =
Node1(2, Node1(1, Node1(0, Empty1, Empty1), Empty1),

Node1(3, Empty1, Empty1)) ;;
val s1 : int bintree1 =
Node1
(2, Node1 (1, Node1 (0, Empty1, Empty1), Empty1),
Node1 (3, Empty1, Empty1))

# type 'a bintree2 =

2Íàïðèìåð âåêòîð ñèìâîëîâ
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Empty2 | Leaf2 of 'a | Node2 of 'a * 'a bintree2 * 'a bintree2 ;;
type 'a bintree2 =
| Empty2
| Leaf2 of 'a
| Node2 of 'a * 'a bintree2 * 'a bintree2

# let s2 =
Node2(2, Node2(1, Leaf2 0, Empty2), Leaf2 3) ;;

val s2 : int bintree2 = Node2 (2, Node2 (1, Leaf2 0, Empty2), Leaf2 3)
# let s1, s2 = size s1, size s2 ;;
val s1 : int = 13
val s2 : int = 9

Ïîëó÷åíûå ïðè ïîìîùè ôóíêöèè size çíà÷åíèÿ ñîâïàäàþò ñ ïðåäïî-
ëàãàåìûì ðàçìåðîì äåðåâüåâ s1 è s2.

Ïðîáëåìû òèïèçàöèè

Äåéñòâèòåëüíîé ïðîáëåìîé ñîõðàíÿåìûõ çíà÷åíèé ÿâëÿåòñÿ âîçìîæíîñòü
íàðóøèòü ìåõàíèçì òèïèçàöèè Objective CAML. Ôóíêöèè çàïèñè ñîçäà-
þò ïðàâèëüíûé ìîíîìîðôíûé òèï: unit è string. Òîãäà êàê ôóíêöèè
÷òåíèÿ âîçâðàùàþò ïîëèìîðôíûé òèï 'a. Ñ òàêèì ñîõðàíÿíåìûì çíà-
÷åíèåì ìû ìîæåì ñäåëàòü ÷òî óãîäíî. Âîò ñàìûé õóäøèé âàðèàíò (ñì.
ãë. 1 íà ñòð. 67): ñîçäàíèå ôóíêöèè magic_copy ñ òèïîì 'a -> 'b.

# let magic_copy a =
let s = Marshal.to_string a [Marshal.Closures] in
Marshal.from_string s 0;;

val magic_copy : 'a −> 'b = <fun>

Èñïîëüçîâàíèå ïîäîáíîé ôóíêöèè ïðèâåäåò ê àâàðèéíîé îñòàíîâêå
ïðîãðàììû:

# (magic_copy 3 : �oat) +. 3.1;;
Segmentation fault

Â èíòåðàêòèâíîé ñðåäå (â Ëèíóêñå) òåêóùàÿ ñåññèÿ çàêàí÷èâàåòñÿ ñ
ñîîáùåíèåì îá îøèáêå ïàìÿòè.

7.3.5 Ñèñòåìíûé èíòåðôåéñ

Â ñòàíäàðòíîé áèáëèîòåêå ñîäåðæèòñÿ 6 ìîäóëåé ñèñòåìíîãî èíòåðôåé-
ñà:

� ìîäóëü Sys: äëÿ âçàèìîäåéñòâèÿ ïðîãðàììû ñ ñèñòåìîé
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� ìîäóëü Arg: äëÿ àíàëèçà ïåðåäàííûõ ïðîãðàììå àðãóìåíòîâ

� ìîäóëü Filename: äëÿ ïåðåìåùåíèÿ ïî êàòàëîãàì (íåçàâèñèìî îò
îïåðàöèîííîé ñèñòåìû)

� ìîäóëü Printexc: äëÿ ïåðåõâàòà è âûâîäà èñêëþ÷åíèé

� ìîäóëü Gc: äëÿ êîíòðîëÿ àâòîìàòè÷åñêîãî ñáîðùèêà ïàìÿòè, êîòî-
ðûé áóäåò îïèñàí â ãëàâå 8

� ìîäóëü Callback: äëÿ âûçîâà ôóíêöèé Objective CAML â ïðîãðàì-
ìå íà C, îá ýòîì ÷èòàéòå â ãëàâå 11.

Îïèñàíèå ÷åòûðåõ ïåðâûõ ìîäóëåé ïðèâåäåíî íèæå.

Ìîäóëü Sys

Äàííûé ìîäóëü ñîäåðæèò ïîëåçíûå ôóíêöèè äëÿ âçàèìîäåéñòâèÿ ñ îïå-
ðàöèîííîé ñèñòåìîé, à òàê æå äëÿ îáðàáîòêè ñèãíàëîâ, ïîëó÷åííûõ ïðî-
ãðàììîé. Â òàáëèöå 7.6 ïðèâåäåíû çíà÷åíèÿ ñîäåðæàùèå èíôîðìàöèþ î
ñèñòåìå.

OS_type : string

: òèï ñèñòåìû
interactive : bool ref

: èñòèíà, åñëè èíòåðàêòèâíûé ðåæèì
word_size : string

: ðàçìåð ñëîâà (32 èëè 64 áèòà)
max_string_length : int

: ìàêñèìàëüíûé ðàçìåð ñèìâîëüíîé ñòðîêè
max_array_length : int

: ìàêñèìàëüíûé ðàçìåð âåêòîðà
time : unit -> float

: âðåìÿ â ñåêóíäàõ, èñòåêøåå ñ íà÷àëà âûïîëíåíèÿ ïðîãðàììû

Òàáëèöà 7.6: Äàííûå îá îïåðàöèîííîé ñèñòåìå

Ñâÿçü ìåæäó ïðîãðàììîé è îïåðàöèîííîé ñèñòåìîé îñóùåñòâëÿåòñÿ
÷åðåç êîìàíäíóþ ñòðîêó, ïåðåìåííóþ îêðóæåíèÿ è çàïóñêîì äðóãîé ïðî-
ãðàììû. Ýòè ôóíêöèè îïèñàíû â òàáëèöå 7.7.

Ïðè ïîìîùè Ôóíêöèè â òàáëèöå 7.8 ìîæíî �èñïîëüçîâàòü� ôàéëîâóþ
ñèñòåìó.
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argv : string array

: ñîäåðæèò âåêòîð ïàðàìåòðîâ
getenv : string -> string

: ïîëó÷èòü çíà÷åíèå ïåðåìåííîé îêðóæåíèÿ
command : string -> int

: âûïîëíåíèÿ êîììàíäû ñ óêàçàííûì èìåíåì

Òàáëèöà 7.7: Ñâÿçü ñ îïåðàöèîííîé ñèñòåìîé

file_exists : string -> bool

: âîçâðàùàåò èñòèíà, åñëè ôàéë ñóùåñòâóåò
remove : string -> unit

: óäàëèòü ôàéë
rename : string -> string -> unit

: ïåðåèìåíîâàòü ôàéë
chdir : string -> unit

: ñìåíèòü òåêóùèé êàòàëîã
getcwd : unit -> string

: âåðíóòü èìÿ òåêóùåãî êàòàëîãà

Òàáëèöà 7.8: Îïåðàöèè ñ ôàéëîâîé ñèñòåìîé

Îáðàáîòêà ñèãíàëîâ áóäåò îïèñàíî â ñïåöèàëüíîé ãëàâå î ñèñòåìíîì
ïðîãðàììèðîâàíèè (17).

Íàïèøåì ñëåäóþùóþ ïðîãðàììó, â íåé ìû âíîâü âåðíåìñÿ ê ïðèìåðó
ñ ñîõðàíåíèåì ãðàôè÷åñêîãî îêíà â âèäå âåêòîðà öâåòîâ. Ôóíêöèÿ main

ïðîâåðÿåò íå çàïóùåíà ëè îíà â èíòåðàêòèâíîì ðåæèìå, çàòåì ñ÷èòûâàåò
èìåíà ôàéëîâ â êîìàíäíîé ñòðîêå, ïðîâåðÿåò ñóùåñòâóþò ëè îíè è çàòåì
âûâîäèò èõ íà ýêðàí (ïðè ïîìîùè ôóíêöèè load_screen). Ìåæäó äâóìÿ
âûâîäàìè, ìû âñòàâëÿåì îæèäàíèå íàæàòèÿ íà êëàâèøó.

# let main () =
if not (!Sys. interactive ) then
for i = 0 to Array.length(Sys.argv) −1 do
let name = Sys.argv.(i) in
if Sys. �le_exists name then
begin
ignore(load_screen name);
ignore(Graphics.read_key)

end
done;;

val main : unit −> unit = <fun>
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Ìîäóëü Arg

Ìîäóëü Arg îïðåäåëÿåò ñèíòàêñèñ äëÿ àíàëèçà àðãóìåíòîâ êîìàíäíîé
ñòðîêè. Â íåì èìååòñÿ ôóíêöèÿ äëÿ ñèíòàêñè÷åñêîãî àíàëèçà, à òàê æå
îïðåäåëåíèå äåéñòâèÿ, êîòîðîå áóäåò ñâÿçàíî ñ àíàëèçèðóåìûì ýëåìåí-
òîì.

Ýëåìåíòû êîìàíäîé ñòðîêè ðàçäåëåíû ìåæäó ñîáîé îäíèì èëè íåñêîëü-
êèìè ïðîáåëàìè. Âñå îíè õðàíÿòñÿ â âåêòîðå Sys.argv. Â ñèíòàêñèñå
îïðåäåëåííîì Sys.argv íåêîòîðûå ýëåìåíòû íà÷èíàþòñÿ çíàêîì ìèíóñ
('-'). Òàêèå ýëåìåíòû íàçûâàþòñÿ êëþ÷åâûìè ñëîâàìè êîìàíäíîé ñòðî-
êè. Êëþ÷åâûì ñëîâàì ìîæíî ïðèâÿçàòü îïðåäåëåííîå äåéñòâèå, êîòî-
ðîå îæèäàåò àðãóìåíò ñ òèïîì string, int èëè float. Çíà÷åíèÿ àðãó-
ìåíòîâ èíèöèàëèçèðóþòñÿ çíà÷åíèÿìè êîìàíäíîé ñòðîêè, êîòîðûå íåïî-
ñðåäñòâåííî ñëåäóþò çà êëþ÷åâûì ñëîâîì. Â òàêîì ñëó÷àå âûçûâàåòñÿ
ôóíêöèÿ ïåðåâîäà çíà÷åíèÿ èç ñòðîêè â îæèäàåìûé òèï äàííûõ. Äðóãèå
àðãóìåíòû êîìàíäíîé ñòðîêè íàçûâàþòñÿ àíîíèìíûìè. Èì àññîöèèðó-
åòñÿ îáùåå äåéñòâèå, êîòîðîå ïðèíèìàåò èõ çíà÷åíèå â âèäå àðãóìåíòà.
Åñëè óêàçàíà íåîïðåäåëåííàÿ îïöèÿ, òî íà ýêðàí âûâîäèòñÿ íåáîëüøàÿ
ïîìîùü, êîòîðàÿ îïðåäåëÿåòñÿ ïîëüçîâàòåëåì.

Äåéñòâèÿ, ñâÿçàííûå ñ êëþ÷åâûìè ñëîâàìè îïðåäåëåíû ñëåäóþùèì
òèïîì:

type spec =
| Unit of (unit −> unit) (* Call the function with unit argument*)
| Set of bool ref (* Set the reference to true*)
| Clear of bool ref (* Set the reference to false *)
| String of ( string −> unit) (* Call the function with a string

argument *)
| Int of ( int −> unit) (* Call the function with an int

argument *)
| Float of ( �oat −> unit) (* Call the function with a �oat

argument *)
| Rest of ( string −> unit) (* Stop interpreting keywords and call the

function with each remaining argument*)

Äëÿ àíàëèçà êîìàíäíîé ñòðîêè ñóùåñòâóåò ñëåäóþùàÿ ôóíêöèÿ:

# Arg.parse ;;
− : ( string * Arg.spec * string) list −> (string −> unit) −> string −>

unit =
<fun>

Ïåðâûì àðãóìåíòîì ÿâëÿåòñÿ ñïèñîê êîðòåæåé ôîðìû (key, spec,

doc), ãäå:
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� key åñòü ñòðîêà ñîîòâåòñòâóþùàÿ êëþ÷åâîìó ñëîâó. 3òà ñòîêà íà-
÷èíàåòñÿ ñî ñïåöèàëüíîãî ñèìâîëà '_'

� spec åñòü çíà÷åíèå òèïà spec, êîòîðîå àññîöèèðóåò äåéñòâèå êëþ÷ó
key

� doc åñòü ñèìâîëüíàÿ ñòðîêà, ñîäåðæàùàÿ îïèñàíèå îïöèè key. Îíà
âûâîäèòñÿ â ñëó÷àå ñèíòàêñè÷åñêîé îøèáêè.

âòîðûì àðãóìåíòîì ïåðåäàåòñÿ ôóíêöèÿ îáðàáîòêè àíîíèìíûõ àð-
ãóìåíòîâ êîìàíäíîé ñòðîêè. Ïîñëåäíèì àðãóìåíòîì ÿâëÿåòñÿ ñòðîêà,
êîòîðàÿ âûâîäèòñÿ â çàãîëîâêå ïîìîùè.

Â ìîäóëå Arg èìååòñÿ òàê æå:

� Bad: èñêëþ÷åíèå ñ âõîäíûì àðãóìåíòîì òèïà ñòðîêà. Îíî ìîæåò
áûòü èñïîëüçîâàíî îáðàáàòûâàþùèìè ôóíêöèÿìè.

� usage : òèïà (string * Arg.spec * string) list -> string ->.
3òà ôóíêöèÿ âûâîäèò ïîäñêàçêó îá èñïîëüçîâàíèè ïðîãðàììû.Æå-
ëàòåëüíî åé ïåðåäàâàòü òå æå ñàìûå àðãóìåíòû ÷òî è äëÿ parse

� current: òèïà int ref. Ñîäåðæèò ññûëêó íà òåêóùåå çíà÷åíèå èí-
äåêñà âåêòîðà Sys.argv. 3òî çíà÷åíèå ìîæåò áûòü èçìåíåíî ïðè
íåîáõîäèìîñòè.

Ïðèìåðà ðàäè, íàïèøåì ôóíêöèþ read_args, êîòîðàÿ èíèöèàëèçè-
ðóåò èãðó Minesweeper, ïðåäñòàâëåíóþ â ãëàâå 5, ñòðàíèöà 192. Âîçìîæ-
íûå îïöèè áóäóò ñëåäóþùèìè: -col, -lin è -min. Çà íèìè áóäó ñëåäî-
âàòü öåëûå ÷èñëà, óêàçûâàþùèå ÷èñëî ñòîëáöîâ, ÷èñëî ëèíèé è ÷èñëî
ìèí ñîîòâåòñòâåííî. Ýòè çíà÷åíèÿ íå äîëæíû áûòü ìåíüøå çíà÷åíèé ïî
óìîë÷àíèþ: 10,10 è 15.

Äëÿ ýòîãî ñîçäàäèì òðè ôóíêöèè îáðàáîòêè:

# let set_nbcols cf n = cf := {!cf with nbcols = n} ;;
# let set_nbrows cf n = cf := {!cf with nbrows = n} ;;
# let set_nbmines cf n = cf := {!cf with nbmines = n} ;;

Ó âñåõ ýòèõ ôóíêöèé îäèíàêîâûé òèï: config ref -> int -> unit.
Ôóíêöèè àíàëèçà êîìàíäíîé ñòðîêè ìîæíî íàïèñàòü ñëåäóþùèìîáðà-
çîì:

# let read_args() =
let cf = ref default_con�g in
let speclist =
[("−col", Arg.Int (set_nbcols cf) , "number of columns (>=10)");
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("−lin", Arg.Int (set_nbrows cf), "number of lines (>=10)");
("−min", Arg.Int (set_nbmines cf), "number of mines (>=15)")]

in
let usage_msg = "usage : minesweep [−col n] [−lin n] [−min n]" in
Arg.parse speclist (fun s −> ()) usage_msg; !cf ;;

val read_args : unit −> con�g = <fun>

Ïðè ïîìîùè ïåðåäàííûõ ïàðàìåòðîâ ýòà ôóíêöèÿ âû÷èñëÿåò êîíôè-
ãóðàöèþ, êîòîðàÿ çàòåì áóäåò ïåðåäàíà ôóíêöèè îòêðûâàþùåé ãðàôè-
÷åñêîå îêíî open_wcf ïðè çàïóñêå èãðû. Êàæäàÿ èç îïöèé, íå ÿâëÿåòñÿ
îáÿçàòåëüíîé, êàê íà òî óêàçûâàåò ñàìî ñëîâî îïöèÿ. Åñëè îäíà èç íèõ
îòñóòñòâóåò â êîìàíäíîé ñòðîêè, òî áóäåò èñïîëüçîâàòüñÿ çíà÷åíèå ïî
óìîë÷àíèþ. Ïîðÿäîê îïöèé íå èìååò çíà÷åíèé.

Ìîäóëü Filename

Â ìîäóëå Filename ðåàëèçîâàíû îïåðàöèè ïî äîñòóïó ê ôàéëîâîé ñèñòå-
ìå, íåçàâèñèìî îò îïåðàöèîííîé ñèñòåìû. Ïðàâèëà ïî êîòîðûì íàçûâà-
þòñÿ èìåíà â Windows, Unix è MacOS ñèëüíî ðàçëè÷àþòñÿ.

Ìîäóëü Printexc

3òîì ñîâñåì íåáîëüøîé ìîäóëå èç òðåõ ôóíêöèé (òàáëèöà 7.9) ïðåäîñòàâ-
ëÿåò íàì ñáîðùèê èñêëþ÷åíèé. Îí î÷åíü óäîáåí, îñîáåííî äëÿ ïðîãðàìì
çàïóñêàåìûõ ñ êîìàíäíîé ñòðîêè3, ÷òîáû áûòü óâåðåííûì â òîì ÷òî íè
îäíî èñêëþ÷åíèå íå áóäåò óïóùåíî è ýòî íå ïðèâåäåò ê îñòàíîâêå ïðî-
ãðàììû.

catch : ('a -> 'b) -> 'a -> 'b

: ñáîðùèê èñêëþ÷åíèé
print : ('a -> 'b) -> 'a -> 'b

: âûâåñòè è ïåðå�âîçáóäèòü èñêëþ÷åíèå
to_string : exn -> string

: ïåðåâåñòè èñêëþ÷åíèå â ñòðîêó

Òàáëèöà 7.9: Ñáîðùèê èñêëþ÷åíèé

Ôóíêöèÿ catch ïðèìåíÿåò ñâîé ïåðâûé àðãóìåíò êî âòîðîìó, ýòî ïðè-
âåäåò ê çàïóñêó îñíîâíîé ôóíêöèè ïðîãðàììû. Åñëè èñêëþ÷åíèå áóäåò
âîçáóæäåíî íà óðîâíå catch, òî åñòü íå âûëîâëåííîå âíóòðè ïðîãðàììû,

3Â èíòåðàêòèâíîì ðåæèìå åñòü ñâîé ñáîðùèê, êîòîðûé âûâîäèò ñîîáùåíèå î íåîò-
ëîâëåíîì èñêëþ÷åíèè
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òî catch âûâåäåò ñâîå èìÿ è ïðåêðàòèò ïðîãðàììó. Ôóíêöèÿ print âåäåò
ñåáÿ ñõîæèì îáðàçîì, ñ ðàçíèöåé â òîì ÷òî ïîñëå âûâîäà íà ýêðàí îíà
ñíîâà âîçáóæäàåò èñêëþ÷åíèå. È íàêîíåö ôóíêöèÿ to_string ïåðåâîäèò
èñêëþ÷åíèå â ñòðîêó ñèìâîëîâ. Îíà èñïîëüçóåòñÿ äâóìÿ ïðåäûäóùèìè
ôóíêöèÿìè. Åñëè áû ìû ïåðåïèñûâàëè ïðîãðàììó ïðîñìîòðà bitmap, òî
ìû áû ñêðûëè ôóíêöèþ main âíóòðè ôóíêöèè go:

# let go () =
Printexc.catch main () ;;

val go : unit −> unit = <fun>

Ýòî ïîçâîëèò íîðìàëüíî çàêîí÷èòü ïðîãðàììó è âûâåñòè ïðè ýòîì
çíà÷åíèå íåîòëîâëåííîãî èñêëþ÷åíèÿ.

7.4 Äðóãèå áèáëèîòåêè äèñòðèáóòèâà

Äðóãèå áèáëèîòåêè, âõîäÿùèå â äèñòðèáóòèâ Objective CAML, çàòðàãè-
âàþò ñëåäóþùèå ðàñøèðåíèÿ:

ãðàôèêà ñîñòîÿùèé èç íåçàâèñÿùåãî îò ïëàòôîðìû ìîäóëÿ Graphics,
êîòîðûé áûë îïèñàí â ãëàâå 4.

òî÷íàÿ àðèôìåòèêà íåñêîëüêî ìîäóëåé äëÿ âûïîëíåíèÿ òî÷íûõ ðàñ-
÷åòîâ ñ öåëûìè è ðàöèîíàëüíûìè ÷èñëàìè. ×èñëà ïðåäñòàâëåíû â
âèäå öåëûõ Objective CAML êîãäà ýòî âîçìîæíî.

ôèëüòðàöèÿ ðåãóëÿðíûõ âûðàæåíèé îáëåã÷àåò àíàëèç ñòðîê è òåê-
ñòà. Ìîäóëü Str áóäåò îïèñàí â ãëàâå 10.

ñèñòåìíûå âûçîâû Unix ïðè ïîìîùè ìîäóëÿ Unix ýòîé áèáëèîòåêè
ìîæíî âûçûâàòü èç Objective CAML ñèñòåìíûå âûçîâû Unix. Áîëü-
øàÿ ÷àñòü ýòîé áèáëèîòåêè ñîâìåñòèìà ñ ñèñòåìîé Windows. Ìû
âîñïîëüçóåñÿ ýòîé áèáëèîòåêîé â ãëàâàõ 17 è 19

�ëåãêîâåñíûé� ïðîöåññ íåñêîëüêî ìîäóëåé, êîòîðûå áóäóò ïîäðîáíî
îïèñàíû â ãëàâå 18.

äîñòóï ê áàçàì äàííûõ NDBD ðàáîòàåò òîëüêî â Unix è íå áóäåò
îïèñàí.

äèíàìè÷åñêàÿ çàãðóçêà êîäà ñîñòîèò èç îäíîãî ìîäóëÿ Dynlink.

Ïðè ïîìîùè ïðèâåäåííûõ ïðèìåðîâ ìû îïèøåì áèáèáëèîòåêè äëÿ
ðàáîòû ñ áîëüøèìè ÷èñëàìè è äèíàìè÷åñêîé çàãðóçêè.
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7.4.1 Òî÷íàÿ àðèôìåòèêà

Äàííàÿ áèáëèîòåêà îáåñïå÷èâàåò òî÷íóþ àðèôìåòèêó ïðè ðàáîòå ñ áîëü-
øèìè ÷èñëàìè; öåëûëè èëè ðàöèîíàëüíûìè. Ó çíà÷åíèé òèïà int è
float ñóùåñòâóåò ïðåäåë. Âû÷èñëåíèÿ öåëûõ ÷èñåë ðåàëèçóþòñÿ ïî ìî-
äóëþ ñàìîãî áîëüøîãî ïîëîæèòåëüíîãî ÷èñëà, ÷òî ìîæåò ïðèâåñòè ê
íåçàìå÷åííîìó ïåðåïîëíåíèþ. Ðåçóëüò âû÷èñëåíèÿ ÷èñåë ñ ïëàâàþùåé
çàïÿòîé îêðóãëÿåòñÿ, ïðè ðàñïðîñòðàíåíèè ýòîò ôåíîìåí òàêæå ìîæåò
ïðèâåñòè ê îøèáêàì. Äàííàÿ áèáëèîòåêà ñìÿã÷àåò âûøå óêàçàííûå íåäî-
ñòàòêè.

Ýòà áèáëèîòåêà íàïèñàíà íà ÿçûêå C, ïîýòîìó íàì íåîáõîäèìî ñî-
çäàòü íîâóþ èíòåðàêòèâíóþ ñðåäó, â êîòîðóþ âêëþ÷åí ñëåäóþùèé êîä:

ocamlmktop −custom −o top nums.cma −cclib −lnums
Áèëèîòåêà ñîñòîèò èç íåñêîëüêîõ ìîäóëåé, äâà íàèáîëåå âàæíûõ èç

íèõ ýòî Num äëÿ âñåõ îïåðàöèé è Arith_status äëÿ êîíòðîëÿ îïöèé ðàñ-
÷åòà. Îáùèé òèï num ÿâëÿåòñÿ òèï ñóììà ãðóïïèðóþùàÿ òðè ñëåäóþùèõ
òèïà:

type num = Int of int
| Big_int of big_int
| Ratio of ratio

Òèïû big_int è ratio ÿâëÿþòñÿ àáñòðàêòíûìè.
Ïîñëå îïåðàöèé ñî çíà÷åíèÿìè òèïà num ñòàâèòñÿ ñèìâîë '/'. Íàïðè-

ìåð ñëîæåíèå äâóõ çíà÷åíèé num çàïèøåòñÿ êàê +/, òèï ýòîé îïåðàöèè
num -> num -> num. Äëÿ îïåðàöèé ñðàâíåíèÿ ïðèìåíÿåòñÿ àíàëîãè÷íîå
ïðàâèëî. Âñëåóþùåì ïðèìåðå, ìû âû÷èñëÿåì ôàêòîðèàë:

# let rec fact_num n =
if Num.(<=/) n (Num.Int 0) then (Num.Int 1)
else Num.( */ ) n (fact_num ( Num.(−/) n (Num.Int 1)));;

val fact_num : Num.num −> Num.num = <fun>
# let r = fact_num (Num.Int 100);;
val r : Num.num = Num.Big_int <abstr>
# let n = Num.string_of_num r in (String.sub n 0 50) ^ "..." ;;
− : string = "93326215443944152681699238856266700490715968264381..."

Ïðåäâàðèòåëüíàÿ çàãðóçêà ìîäóëÿ Num îáëåã÷àåò ÷èòàåìîñòü êîäà:

# open Num ;;
# let rec fact_num n =

if n <=/ (Int 0) then (Int 1)
else n */ (fact_num ( n −/ (Int 1))) ;;

val fact_num : Num.num −> Num.num = <fun>
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Âû÷èñëåíèå ðàöèîíàëüíûõ ÷èñåë òàê æå ÿâëÿåòñÿ òî÷íûì. Äëÿ òîãî
÷òîáû âû÷èñëèòü ÷èñëî ïî ñëåäóþùåé ôîðìóëå:

e = lim
m→∞

(1 +
1

m
)m

íàïèøåì òàêóþ ôóíêöèþ:

# let calc_e m =
let a = Num.(+/) (Num.Int 1) ( Num.(//) (Num.Int 1) m) in
Num.( **/ ) a m;;

val calc_e : Num.num −> Num.num = <fun>
# let r = calc_e (Num.Int 100);;
val r : Num.num = Ratio <abstr>
# let n = Num.string_of_num r in (String.sub n 0 50) ^ "..." ;;
− : string = "27048138294215260932671947108075308336779383827810..."

Ïðè ïîìîùè ìîäóëÿ Arith_status ìû ìîæåì êîíòðîëèðîâàòü âû÷èñ-
ëåíèå: îêðóãëåíèå ðåçóëüòàòà äëÿ âûâîäà, íîðìàëèçàöèÿ ðàöèîíàëüíûõ
÷èñåë è îáðàáîòêà íóëåâîãî çíàìåíàòåëÿ äðîáè. Ïðè ïîìîùè ôóíêöèè
arith_status ìû ìîæåì çíàòü ñîñòîÿíèå óêàçàííûõ îïöèé.

# Arith_status.arith_status();;

Normalization during computation −−> OFF
(returned by get_normalize_ratio ())
(modi�able with set_normalize_ratio <your choice>)

Normalization when printing −−> ON
(returned by get_normalize_ratio_when_printing ())
(modi�able with set_normalize_ratio_when_printing <your choice

>)

Floating point approximation when printing rational numbers −−> OFF
(returned by get_approx_printing ())
(modi�able with set_approx_printing <your choice>)

Error when a rational denominator is null −−> ON
(returned by get_error_when_null_denominator ())
(modi�able with set_error_when_null_denominator <your choice

>)
− : unit = ()
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Â çàâèñèìîñòè îò íåîáõîäèìîñòè, ýòè îïöèè ìîãóò áûòü èçìåíåíû.
Ê ïðèìåðó åñëè ìû æåëàåì âûâîäèòü íà ýêðàí ïðèáëèæåííîå çíà÷åíèå
ïðåäûäóùåãî ðàñ÷åòà:

# Arith_status.set_approx_printing true;;
− : unit = ()
# Num.string_of_num (calc_e (Num.Int 100));;
− : string = "0.270481382942e1"

Âû÷èñëåíèå áîëüøèõ ÷èñåë çàíèìàåò áîëüøå âðåìåíè ÷åì äëÿ îáû÷-
íûõ öåëûõ, à òàê æå çíà÷åíèÿ çàíèìàþò áîëüøå ìåñòà â ïàìÿòè. Îä-
íàêî, äàííàÿ áèáëèîòåêà ñòàðàåòñÿ äåëàòü ïðåäñòàâëåíèå äàííûõ íàèáî-
ëåå ýêîíîìè÷íûì. Â ëþáîì ñëó÷àå, íàøà öåëü, èçáåæàòü ðàñïðîñòðàíå-
íèå îøèáîê èç-çà îêðóãëåíèÿ è âîçìîæíîñòü ïðîâîäèòü âû÷èñëåíèÿ íàä
áîëüøèìè ÷èñëàìè, îïðàâäûâàåò ïîòåðþ ýôôåêòèâíîñòè.

7.4.2 Äèíàìè÷åñêàÿ çàãðóçêà êîäà

Äëÿ äèíàìè÷åñêîé çàãðóçêè ïðîãðàìì, â âèäå áàéò�êîäà, ñóùåñòâóåò
áèáëèîòåêà Dynlink. Ïðåèìóùåñòâà ó äèíàìè÷åñêîé çàãðóçêè êîäà ñëå-
äóþùèå:

� óìåíüøåíèå ðàçåðà êîäà ïðîãðàììû. Åñëè îïðåäåëåííûå ìîäóëè íå
èñïîëüçóþòñÿ, òî îíè íå áóäóò çàãðóæåíû.

� âîçìîæíîñòü âûáîðà ìîäóëÿ äëÿ çàãðóçêè âî âðåìÿ âûïîëíåíèÿ
ïðîãðàììû. Â çàâèñèìîñòè îò óñëîâèé âûïîëíåíèÿ ïðîãðàììû, ìîæ-
íî âûáðàòü òîò èëè èíîé ìîäóëü äëÿ çàãðóçêè.

� âîçìîæíîñòü èçìåíèòü ïîâåäåíèå ìîäóëÿ âî âðåìÿ âûïîëíåíèÿ. Îïÿòü
æå, ïðè îïðåäåëåííûõ óñëîâèÿõ ïðîãðàììà ìîæåò çàãðóçèòü íîâûé
ìîäóëü è ñêðûòü êîä ïðåäûäóùåãî.

Èíòåðàêòèâíàÿ ñðåäà Objective CAML èñïîëüçóåò ïîäîáíûé ìåõà-
íèçì, ïî÷åìó áû è ðàçðàáîò÷èê íà Objective CAML íå èìåë ïîäîáíûõ
óäîáñòâ.

Âî âðåìÿ çàãðóçêè îáúåêòíîãî ôàéëà (ñ ðàñøèðåíèåì .cmo), âû÷èñ-
ëÿþòñÿ ðàçëè÷íûå âûðàæåíèÿ. Ïðîãðàììà, êîòîðàÿ çàãðóæàåò ìîäóëü,
íå èìååò äîñòóïà ê èìåíàì ìîäóëÿ, ïîýòîìó îáíîâëåíèå òàáëèöû èìåí
îñíîâíîé ïðîãðàììû ëåæèò íà îòâåòñòâåííîñòè çàãðóæàåìîãî ìîäóëÿ.

Warning

Äèíàìè÷åñêàÿ çàãðóçêà êîäà ìîæåò áûòü äåéñòâóåò ëèøü äëÿ áàéò�êîä
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îáúåêòîâ.

Îïèñàíèå ìîäóëÿ

Äëÿ òîãî ÷òîáû çàãðóçèòü ôàéë f.cmo, ñîäåðæàùèé áàéò�êîä, íåîáõî-
äèìî ñ îäíîé ñòîðîíû çíàòü ïóòü ïî êîòîðîìó íàõîäèòñÿ äàííûé ôàéë,
è èìåíà ìîäóëåé êîòîðûå îí èñïîëüçóåò ñ äðóãîé ñòîðîíû. Äèíàìè÷å-
ñêèå çàãðóæàåìûå áàéò�êîä ôàéëû íå çíàþò ïóòü ïî êîòîðîìó íàõîäÿòñÿ
ìîäóëè ñòàíäàðòíîé áèáëèîòåêè è èìåíà ìîäóëåé. Ïîýòîìó íåîáõîäèìî
ïðåäîñòàâèòü èì ýòó èíôîðìàöèþ.

init : unit -> unit

: èíèöèàëèçàöèÿ äèíàìè÷åñêîé çàãðóçêè
add_interfaces : string list -> string list -> unit

: äîáàâëåíèå èìåí ìîäóëåé è ïóòü ïî êîòîðîìó íàõîäèòñÿ ñòàíäàðòíàÿ áèáëèîòåêà
loadfile : string -> unit

: çàãðóçêà áàéò�êîä ôàéëà
clear_avalaible_units : unit -> unit

: óäàëÿåò èìåíà ìîäóëåé è ïóòü ïî êîòîðîìó íàõîäèòñÿ ñòàíäàðòíàÿ áèáëèîòåêà
add_avalaibl_units : (string * Digest.t) list -> unit

: äîáàâèòü èìÿ ìîäóëÿ è îòïå÷àòîê äëÿ çàãðóçêè, áåç èíòåðôåéñíîãî ôàéëà
allow_unsafe_modules : bool -> unit

: çàãðóæàòü ôàéëû ñîäåðæàùèå âíåøíèå îáúÿâëåíèÿ
loadfile_private : string -> unit

: çàãðóæåííûé ìîäóëü íå áóäåò äîñòóïåí äëÿ ñëåäóþùèõ çàãðóæåííûõ ìîäóëåé

Òàáëèöà 7.10: Ôóíêöèè ìîäóëÿ Dynlink

Â ìîìåíò äèíàìè÷åñêîé çàãðóçêè, ìîæåò âîçíèêíóòü ìíîæåñòâî îøè-
áîê. Êðîìå òîãî, ÷òî çàãðóæàåìûé ôàéë è èíòåðôåéñíûé ôàéëû äîëæíû
ñóùåñòâîâàòü ïî èñêîìûì êàòàëîãàì, áàéò�êîä äîëæåí áûòü êîððåêòíûì
è çàãðóæàåìûì. Ïîäîáíûå îøèáêè ñãðóïïèðîâàíû â òèïå error, êîòî-
ðûé èñïîëüçóåòñÿ êàê àðãóìåíò èñêëþ÷åíèÿ Error è ôóíêöèè error ñ
òèïîì varnameerror -> string. Ïðè ïîìîùè äàííîé ôóíêöèè ìû ïîëó÷à-
åì ïîíÿòíûå ñîîáùåíèÿ îá îøèáêàõ.

Ïðèìåð

Äëÿ òîãî, ÷òîáû ïðîèëëþñòðèðîâàòü äèíàìè÷åñêîþ çàãðóçêó, ñîçäàäèì
òðè ìîäóëÿ:
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� F â êîòîðîì îïðåäåëåíà ññûëêà íà ôóíêöèþ g

� Mod1 è Mod2 â êîòîðûõ èçìåíÿåòñÿ ïîâåäåíèå ôóíêöèè íà êîòîðóþ
óêàçûâàåò F.f

Ìîäóëü F îïðåäåëåí â ôàéëå f.ml:

let g () =
print_string "I am the 'f ' function by default\n" ; �ush stdout ;;

let f = ref g ;;

Ìîäóëü Mod1 îïðåäåëåí â ôàéëå mod1.ml:

print_string "The 'Mod1' module modi�es the value of 'F.f'\n" ; �ush
stdout ;;

let g () =
print_string "I am the 'f ' function of module 'Mod1'\n" ;
�ush stdout ;;

F.f := g ;;

Ìîäóëü Mod2 îïðåäåëåí â ôàéëå mod1.m2:

print_string "The 'Mod2' module modi�es the value of 'F.f'\n" ; �ush
stdout ;;

let g () =
print_string "I am the 'f ' function of module 'Mod2'\n" ;
�ush stdout ;;

F.f := g ;;

È íàêîíåö îïðåäåëèì îñíîâíóþ ïðîãðàììó â ôàéëå main.ml, â êîòî-
ðîé âûçîâåì ôóíêöèþ íà êîòîðóþ óêàçûâàåò F.f, çàòåì çàãðóçèì ìîäóëü
Mod1, ñíîâà âûçîâåì ôóíêöèþ F.f, çàãðóçèì ìîäóëü Mod2 è âûçîâåì â
ïîñëåäíèé ðàç F.f.

let main () =
try
Dynlink.init () ;
Dynlink.add_interfaces [ "Pervasives"; "F" ; "Mod1" ; "Mod2" ]

[ Sys.getcwd() ; "/usr/local/lib/ocaml/" ] ;
!(F.f) () ;
Dynlink. load�le "mod1.cmo" ; !(F.f) () ;
Dynlink. load�le "mod2.cmo" ; !(F.f) ()

with
Dynlink.Error e −> print_endline (Dynlink.error_message e) ; exit 1

;;



272 Ãëàâà 7. Áèáëèîòåêè

main () ;;

Êðîìå óêàçàííûõ äåéñòâèé, èíèöèàëèçàöèè äèíàìè÷åñêîé çàãðóçêè,
ïðîãðàììà äîëæíà îáúÿâèòü èñïîëüçóåìûå èíòåðôåéñû âûçîâîì Dynlink.add_interfaces.

Ñêîìïèëèðóåì ñîçäàííûå ôàéëû.

\begin{ lstlisting }
$ ocamlc −c f.ml
$ ocamlc −o main dynlink.cma f.cmo main.ml
$ ocamlc −c f.cmo mod1.ml
$ ocamlc −c f.cmo mod2.ml

Âûçîâ ïðîãðàììû main äàñò ñëåäóþùèé ðåçóëüòàò:

$ main
I am the 'f ' function by default
The 'Mod1' module modi�es the value of 'F.f'
I am the 'f ' function of module 'Mod1'
The 'Mod2' module modi�es the value of 'F.f'
I am the 'f ' function of module 'Mod2'

Âî âðåìÿ äèíàìè÷åñêîé çàãðóçêè, ïðîèñõîäèò âûïîëíåíèÿ êîäà. Ýòî
ïðîèëëþñòðèðîâàííî âûâîäîì íà ýêðàí ñòðîê íà÷èíàþùèõñÿ íà �The
'Mod. . . �. Âîçìîæíûå ïîáî÷íûå ýôôåêòû äàííîãî ìîäóëÿ íàñëåäóþòñÿ
îñíîâíîé ïðîãðàììîé. Ïî ýòîé ïðè÷èíå ðàçëè÷íûå âûçîâû ôóíêöèè F.f

ïðèâîäÿò ê ðàçíûì âûçîâàì ôóíêöèé.
Áèáëèîòåêà Dynlink ïðåäîñòàâëÿåò áàçîâûé ìåõàíèçì äèíìàè÷åñêîé

çàãðóçêè áàéò�êîäà. Ïðîãðàììèñò äîëæåí ñàìîñòîÿòåëüíî ïîçàáîòèòñÿ
îá óïðàâëåíèè òàáëèöà, äëÿ òîãî ÷òîáû çàãðóçêà èìåëà ìåñòî.

7.5 Óïðàæíåíèÿ

7.6 Ðåçþìå

Â ýòîé ãëàâå ìû îçíàêîìèëèñü ñ ðàçëè÷íûìè áèáëèîòåêàìè ñòàíäàðò-
íîé áèáëèòåêè Objective CAML. Áèáëèîòåêè ïðåäñòàâëÿþò èç ñåáÿ ìíî-
æåñòâî ïðîñòûõ ìîäóëåé (èëè îòäåëüíûõ ýëåìåíòîâ êîìïèëÿöèè). Çäåñü
ìû äåòàëüíî ðàññìîòðåëè ìîäóëè ôîðìàòèðîâàííîãî âûâîäà (Printf),
ñîõðàíÿåìîñòè çíà÷åíèé (Marshal), ñèñòåìíîãî èíòåðôåéñà (Sys) è îò-
ëàâëèâàíèÿ èñêëþ÷åíèé (Printexc). Ìîäóëè ñèñòàêñè÷åñêîãî àíàëèçà,
óïðàâëåíèÿ ïàìÿòüþ, ñèñòåìíîå è ñåòåâîå ïðîãðàìèðîâàíèå, ëåãêîâåñ-
íûå ïðîöåññû áóäóò ðàññìîòðåíû â ñëåäóþùèõ ãëàâàõ.
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Àâòîìàòè÷åñêèé ñáîðùèê

ìóñîðà

8.1 Ââåäåíèå

Ìîäåëü, ïî êîòîðîé ïðîöåññîð âûïîëíÿåò ïðîãðàììó, ñîîòâåòñòâóåò èì-
ïåðàòèâíîìó ïðîãðàììèðîâàíèþ. Ïðîãðàììà � ýòî íàáîð ìàøèííûõ èí-
ñòðóêöèé, âûïîëíåíèå êîòîðûõ ïðèâîäèò ê èçìåíåíèþ ïàìÿòè êîìïüþ-
òåðà. Ïàìÿòü ñîñòîèò â îñíîâíîì èç çíà÷åíèé ñîçäàííûõ èëè ìàíèïó-
ëèðóåìûõ ïðîãðàììîé. Êàê è ëþáîé äðóãîé ðåñóðñ êîìïüþòåðà, ïàìÿòü
èìååò ñâîé ïðåäåë. Ïîýòîìó ïðîãðàììà, ïûòàþùàÿñÿ çàïîëó÷èòü áîëüøå
ïàìÿòè, ÷åì êîëè÷åñòâî êîòîðîå ìîæåò åé âûäåëèòü ñèñòåìà, îêàæåòñÿ
â íåâåðíîì ñîñòîÿíèè. Ïî ýòîé ïðè÷èíå íåîáõîäèìî îïòèìèçèðîâàòü èñ-
ïîëüçîâàíèå ïàìÿòè. Äëÿ ýòîãî íóæíî îñâîáîäèòü â ïàìÿòè ìåñòî, çàíè-
ìàåìîå çíà÷åíèÿìè, â êîòîðûõ ïðîãðàììà áîëüøå íå íóæäàåòñÿ. Òàêîå
óïðàâëåíèå ïàìÿòüþ ñåðüåçíî ñêàçûâàåòñÿ íà âûïîëíåíèè è ýôôåêòèâ-
íîñòè ïðîãðàììû.

Äåéñòâèå ïî ðåçåðâèðîâàíèþ ïàìÿòè, äëÿ åå ïîñëåäóþùåãî èñïîëü-
çîâàíèÿ, íàçûâàåòñÿ âûäåëåíèåì ïàìÿòè. Ðàçëè÷àþò ñòàòè÷åñêîå âûäå-
ëåíèå, êîòîðîå ðåàëèçóåòñÿ â ìîìåíò çàãðóçêè ïðîãðàììû, äî åå âûïîë-
íåíèÿ, è äèíàìè÷åñêîå âûäåëåíèå, ïðîèñõîäÿùåå âî âðåìÿ âûïîëíåíèÿ
ïðîãðàììû. Ïàìÿòü, âûäåëåííàÿ ñòàòè÷åñêè, îñòàåòñÿ çàðåçåðâèðîâàí-
íîé äî êîíöà âûïîëíåíèÿ ïðîãðàììû, à äèíàìè÷åñêè âûäåëåííàÿ ïàìÿòü
ìîæåò áûòü îñâîáîæäåíà è èñïîëüçîâàíà çàòåì äëÿ äðóãèõ öåëåé.

Ïîäîáíîå óïðàâëåíèå ïàìÿòüþ ìîæåò ïðèâåñòè ê ñëåäóþùèì òðóä-
íîñòÿì:

� åñëè ïàìÿòü áûëà âûñâîáîæäåíà, â òî âðåìÿ êàê â íåé íàõîäèëîñü
èñïîëüçóåìîå ïðîãðàììîé çíà÷åíèå, òî îíî (çíà÷åíèå) ìîæåò áûòü

273
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óòåðÿíî. Ïîäîáíûå óêàçàòåëè íà íåñóùåñòâóþùèå äàííûå íàçûâà-
þòñÿ �ïîâèñøèìè ññûëêà� (dangling pointer).

� åñëè àäðåñ âûäåëåííîé ïàìÿòè áîëüøå íå èçâåñòåí (óòåðÿí), òî ìû
íå ñìîæåì åå âûñâîáîäèòü äî êîíöà âûïîëíåíèÿ ïðîãðàììû. Ýòîò
ôåíîìåí íàçûâàåòñÿ óòå÷êîé ïàìÿòè (leak).

×òîáû èçáåæàòü ïîäîáíûå ïðîáëåìû, óïðàâëåíèå ïàìÿòüþ òðåáóåò
îò ïðîãðàììèñòà îñòîðîæíîñòè è âíèìàíèÿ. Äàííàÿ çàäà÷à ìîæåò îêà-
çàòüñÿ íåëåãêîé, åñëè â ïðîãðàììå èìåþòñÿ ñëîæíûå ñòðóêòóðû äàííûõ,
â îñîáåííîñòè åñëè îíè ñîâìåñòíî èñïîëüçóþò ó÷àñòêè ïàìÿòè.

Íà ñåãîäíÿøíèé äåíü âî ìíîãèõ ÿçûêàõ ïðîãðàììèðîâàíèÿ ñóùåñòâó-
þò ìåõàíèçìû àâòîìàòè÷åñêîé ñáîðêè ïàìÿòè, îáëåã÷àþùèå çàäà÷ó ïðî-
ãðàììèñòà. Îñíîâíàÿ èäåÿ çàêëþ÷àåòñÿ â òîì, ÷òî ïðîãðàììå íåîáõîäè-
ìû òîëüêî òå äèíàìè÷åñêè âûäåëåííûå ó÷àñòêè ïàìÿòè, íà êîòîðûå îíà
óêàçûâàåò íàïðÿìóþ èëè êîñâåííî. Âñå äðóãèå çíà÷åíèÿ â ïàìÿòè, àä-
ðåñ êîòîðûõ áîëüøå íå äîñòóïåí, ìîãóò áûòü âûñâîáîæäåíû. Ïîäîáíîå
âûñâîáîæäåíèå ïàìÿòè ìîæåò ïðîèçîéòè ñðàçó ïîñëå òîãî êàê çíà÷åíèå
áîëüøå íå èñïîëüçóåòñÿ èëè ïîçæå, êîãäà ïðîãðàììå ïîíàäîáèòñÿ áîëüøå
ïàìÿòè, ÷åì îíà ðàñïîëàãàåò.

Â Objective CAML ñóùåñòâóåò ïîäîáíûé ìåõàíèçì, íàçûâàåìûé GC
(îò àíãëèéñêîãî Garbage Collector èëè ñáîðùèê ìóñîðà). Ïàìÿòü âûäåëÿ-
åòñÿ â ìîìåíò ñîçäàíèÿ çíà÷åíèÿ (òî åñòü ïðè èñïîëüçîâàíèè êîíñòðóêòî-
ðà) è íå ÿâíî îñâîáîæäàåòñÿ. Áîëüøèíñòâó ïðîãðàìì íåò íåîáõîäèìîñòè
äàæå çíàòü î ñóùåñòâîâàíèè GC. Îäíàêî ïîäîáíûé ìåõàíèçì ìîæåò ñå-
ðüåçíî ïîâëèÿòü íà ýôôåêòèâíîñòü ïðîãðàìì, â êîòîðîé î÷åíü ÷àñòî ñî-
çäàþòñÿ íîâûå çíà÷åíèÿ. Â ïîäîáíûõ ñëó÷àÿõ áûâàåò íåîáõîäèìî çíàòü
ïàðàìåòðû GC èëè äàæå ÿâíî âûçûâàòü ñáîðùèê ìóñîðà. Äëÿ òîãî ÷òî-
áû ïðàâèëüíî ñîçäàòü èíòåðôåéñ ìåæäó Objective CAML è äðóãèì ÿçû-
êîì ïðîãðàììèðîâàíèÿ (ñì. ãë. 11), íóæíî êîíêðåòíî ïðåäñòàâëÿòü ñåáå
êàêèì îáðàçîì GC âëèÿåò íà ïðåäñòàâëåíèå äàííûõ.

8.2 Ïëàí ãëàâû

Â äàííîé ãëàâå ìû ðàñìîòðèì äèíàìè÷åñêîå âûäåëåíèå è ðàçëè÷íûå
àëãîðèòìû îñâîáîæäåíèÿ ïàìÿòè. Â îñîáåííîñòè áóäåò ðàññìîòðåí ñáîð-
ùèê ìóñîðà Objective CAML, êîòîðûé ÿâëÿåòñÿ ñî÷åòàíèåì ýòèõ àëãî-
ðèòìîâ. Â íà÷àëå ïðîäåëàåì îáçîð ðàçëè÷íûõ êëàññîâ ïàìÿòè è èõ îñî-
áåííîñòåé. Çàòåì îïèøåì âûäåëåíèå ïàìÿòè, à òàê æå ñðàâíèì åå ÿâíîå
è íå ÿâíîå îñâîáîæäåíèå. Â òðåòüåé ÷àñòè ïðåäñòàâëåíû îñíîâíûå àëãî-
ðèòìû âûñâîáîæäåíèÿ ïàìÿòè, à â ÷åòâåðòîé ìû äåòàëüíî ðàññìîòðèì
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ñáîðùèê Objective CAML. Â ñëåäóþùåé ÷àñòè áóäåò ïðèâåäåí ïðèìåð
èñïîëüçîâàíèÿ GC äëÿ êîíòðîëÿ îáëàñòè äèíàìè÷åñêè ðàñïðåäåëÿåìîé
ïàìÿòè (êó÷à). Â ïîñëåäíåé ÷àñòè ïðåäñòàâëÿþòñÿ äîñòîèíñòâà ñëàáûõ
óêàçàòåëåé èç îäíîèìåííîãî ìîäóëÿ Weak ïðè ñîçäàíèè êýøà ïàìÿòè.

8.3 Ïðîãðàììà è ïàìÿòü

Ïðîãðàììà íà ìàøèííîì ÿçûêå ýòî ïîñëåäîâàòåëüíîñòü èíñòðóêöèé, êî-
òîðûå èçìåíÿþò ïàìÿòü. Ïàìÿòü îáû÷íî ñîñòîèò èç ñëåäóþùèõ ÷àñòåé:

� ðåãèñòðû (çîíà ïàìÿòè äîñòóïíàÿ íàïðÿìóþ è áûñòðî)

� ñòåê

� ñòàòè÷åñêè âûäåëåííàÿ çîíà ïàìÿòè (ñåãìåíò äàííûõ èëè data segment)

� äèíàìè÷åñêè âûäåëåííàÿ çîíà ïàìÿòè (êó÷à èëè heap)

Òîëüêî ñòåê è êó÷à ìîãóò äèíàìè÷åñêè ìåíÿòü ñâîé ðàçìåð âî âðå-
ìÿ èñïîëíåíèÿ ïðîãðàììû. Â çàâèñèìîñòè îò ÿçûêà ïðîãðàììèðîâàíèÿ,
ìîæåò ñóùåñòâîâàòü èëè íåò îïðåäåëåííûé êîíòðîëü óêàçàííûõ ýëåìåí-
òîâ ïàìÿòè. Ïðè äèíàìè÷åñêîé çàãðóçêå (ñì. ñòð. 269) êîä ðàçìåùàåòñÿ
â äèíàìè÷åñêîé çîíå ïàìÿòè.

8.4 Âûäåëåíèå è îñâîáîæäåíèå ïàìÿòè

Áîëüøèíñòâî ÿçûêîâ ïîçâîëÿþò äèíàìè÷åñêè âûäåëÿòü ïàìÿòü. Äëÿ ïðè-
ìåðà ìîæíî ïðèâåñòè C, Pascal, Lisp, ML, SmallTalk, C++, Java, Ada.

8.4.1 ßâíîå âûäåëåíèå ïàìÿòè

Ðàçëè÷àþò äâà òèïà âûäåëåíèÿ ïàìÿòè:

� ïðîñòîå, ïðè êîòîðîì ìû ïîëó÷àåì çîíó ïàìÿòè óêàçàííîãî ðàçìå-
ðà, íå çàáîòÿñü î ñîäåðæèìîì ýòîé çîíû;

� âûäåëåíèå, ïðè êîòîðîì â äîïîëíåíèå ê ïðåäûäóùåìó ïðîöåññó,
ðåàëèçóåòñÿ èíèöèàëèçàöèÿ.

Âûçîâû new â Pascal èëè malloc â C ñîîòâåòñòâóþò ïåðâîìó ñëó÷àþ.
Îíè âîçâðàùàþò óêàçàòåëü íà çîíó ïàìÿòè (òî åñòü àäðåñ), ïðè ïîìîùè
êîòîðîãî ìîæíî ïðî÷èòàòü èëè èçìåíèòü çíà÷åíèå õðàíèìîå â ýòîé ïà-
ìÿòè. Âòîðîé ñëó÷àé ñîîòâåòñòâóåò ôóíêöèÿì ñîçäàíèÿ (êîíñòðóêöèè)
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çíà÷åíèé â Objective CAML èëè îáúåêòíî�îðèåíòèðîâàííûõ ÿçûêîâ. Â
ÎÎ ÿçûêàõ ýêçåìïëÿðû êëàññà ñîçäàþòñÿ ïðè ïîìîùè îïåðàòîðà new,
êîòîðîìó ïåðåäàåòñÿ êîíñòðóêòîð êëàññà. Êîíñòðóêòîðó â ñâîþ î÷åðåäü
ìîæíî ïåðåäàòü ïàðàìåòðû. Â ôóíêöèîíàëüíûõ ÿçûêàõ ïðè îïðåäåëå-
íèè ñòðóêòóðíûõ çíà÷åíèé (ïàðà, ñïèñîê, çàïèñü, âåêòîð, çàìûêàíèå)
âûçûâàåòñÿ êîíñòðóêòîð.

Ðàññìîòðèì êîíñòðóêöèþ çíà÷åíèÿ â Objective CAML íà ïðèìåðå.
Íà ðèñóíêå 8.1 èçîáðàæåíî ïðåäñòàâëåíèå çíà÷åíèÿ â ïàìÿòè.

Ðèñ. 8.1: Ïðåäñòàâëåíèå çíà÷åíèÿ â ïàìÿòè

# let u = let l = ['c '; 'a '; 'm'] in List . tl l ;;
val u : char list = ['a '; 'm']
# let v = let r = ( [' z '] , u )

in match r with p −> (fst p) @ (snd p) ;;
val v : char list = ['z '; 'a '; 'm']

Íà ðèñóíêå ýëåìåíò ñïèñêà ïðåäñòàâëåí êàê êîðòåæ èç äâóõ ñëîâ, â
ïåðâîì õðàíèòñÿ ñèìâîë, à âî âòîðîì óêàçàòåëü íà ñëåäóþùèé ýëåìåíò
ñïèñêà. Íà ñàìîì äåëå âñå îáñòîèò íåìíîãî èíà÷å, äåòàëè áóäóò ðàññìîò-
ðåíû â ãëàâå î ñâÿçêå ñ ÿçûêîì C (ñì. ñòð. 349).

Ñíà÷àëà ñîçäàåòñÿ çíà÷åíèå l, äëÿ êàæäîé ÿ÷åéêè ñïèñêà `['c';'a';'m']'
âûçûâàåòñÿ êîíñòðóêòîð (::). Ãëîáàëüíîå îáúÿâëåíèå u ñîîòâåòñòâóåò õâî-
ñòó ñïèñêà l. Â äàííîì ïðèìåðå çíà÷åíèÿ ðàçäåëÿþòñÿ ìåæäó l è u, òî
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åñòü ìåæäó àðãóìåíòîì ôóíêöèè List.tl è åå ðåçóëüòàòîì. Ïîñëå âû÷èñëå-
íèÿ äàííîãî âûðàæåíèÿ ëèøü u ïðîäîëæàåò ñóùåñòâîâàòü (l ïðåêðàùàåò
ñóùåñòâîâàòü).

Çàòåì ñîçäàåòñÿ ñïèñîê èç îäíîãî ýëåìåíòà, ïîòîì ïàðà r â êîòîðîé
ñîäåðæèòñÿ ýòîò ñïèñîê è ñïèñîê u. Ýòà ïàðà ñîïîñòàâëÿåòñÿ ñ îáðàçîì,
ïðè ýòîì îíà ïåðåèìåíóåòñÿ ñîïîñòàâëåíèåì â p. Ïîñëå ýòîãî ïåðâûé ýëå-
ìåíò p îáúåäèíÿåòñÿ ñ åãî âòîðûì ýëåìåíòîì, îòêóäà ïîëó÷àåì ñïèñîê
`['z';'a';'m']' ñâÿçàííûé ñ ãëîáàëüíûì èäåíòèôèêàòîðîì v. Çàìåòèì,
÷òî ðåçóëüòàò snd (ñïèñîê `['a';'m']') ðàçäåëÿåòñÿ ñ p, òîãäà êàê ðå-
çóëüòàò fst (ñèìâîë ``z`') êîïèðóåòñÿ.

Âî âñåõ ýòèõ ñëó÷àÿõ, ïðîèñõîäèò ÿâíîå âûäåëåíèå ïàìÿòè, òî åñòü
çàïðîøåííîå ïðîãðàììèñòîì (â âèäå èíñòðóêöèè èëè âûðàæåíèÿ ÿçûêà).

Çàìå÷àíèå
Ïðè âûäåëåíèè ïàìÿòè, ñîõðàíÿåòñÿ èíôîðìàöèÿ î ðàçìåðå âûäåëåíîãî
îáúåêòà. Ýòî íåîáõîäèìî äëÿ ïîñëåäóþùåãî âûñâîáîæäåíèÿ.

8.4.2 ßâíîå îñâîáîæäåíèå ïàìÿòè

Â ÿçûêàõ ïðîãðàììèðîâàíèÿ, ñ ÿâíûì îñâîáîæäåíèåì ïàìÿòè, ñóùåñòâó-
åò ñïåöèàëüíûé îïåðàòîð îñâîáîæäåíèÿ (free â C èëè dispose â Pascal),
êîòîðîìó ïåðåäàåòñÿ àäðåñ (óêàçàòåëü) îáúåêòà, êîòîðûé íóæíî îñâî-
áîäèòü. ïóòíûå ñèíîíèìû Èñïîëüçóÿ ñîõðàíåííóþ âî âðåìÿ âûäåëåíèÿ
ïàìÿòè èíôîðìàöèþ, ïðîãðàììà âûñâîáîæäàåò ó÷àñòîê ïàìÿòè è îí ìî-
æåò áûòü èñïîëüçîâàí â ïîñëåäñòâèè.

Äèíàìè÷åñêîå âûäåëåíèå ïàìÿòè îáû÷íî èñïîëüçóåòñÿ äëÿ ìåíÿþ-
ùèõñÿ ñòðóêòóð äàííûõ, íàïðèìåð ñïèñêè, äåðåâüÿ è ò.ä. Îñâîáîæäå-
íèÿ ïàìÿòè çàíèìàåìîãî òàêèìè ñòðóêòóðàìè íå äåëàåòñÿ �îäíèì äâè-
æåíèåì�, à ïðè ïîìîùè ôóíêöèè, êîòîðàÿ ïðîõîäèòñÿ ïî âñåì ýëåìåíòàì
ñòðóêòóðû. Òàêèå ôóíêöèè íàçûâàþòñÿ äåñêòðóêòîðàìè.

Íå òðóäíî êîððåêòíî îïðåäåëèòü ïîäîáíóþ ôóíêöèþ, îäíàêî åå èñ-
ïîëüçîâàíèå ìîæåò îêàçàòüñÿ ñëîæíîé çàäà÷åé. Äåéñòâèòåëüíî, äëÿ òîãî
÷òîáû îñâîáîäèòü ïàìÿòü çàíèìàåìóþ ñòðóêòóðîé, íóæíî ïðîéòèñü ïî
âñåì åå óêàçàòåëÿì è ïðèìåíèòü ê íèì îïåðàòîð îñâîáîæäåíèÿ ïàìÿ-
òè. Ìîæåò îêàçàòüñÿ ïðàâèëüíûì ïðåäîñòàâèòü ýòó çàäà÷ó ïðîãðàììè-
ñòó, òàê êàê îí ëó÷øå çíàåò ñâîè äàííûå è êàê èõ îñâîáîæäàòü. Îäíà-
êî íåïðàâèëüíîå èñïîëüçîâàíèå óêàçàííûõ îïåðàòîðîâ ìîæíî ïðèâåñòè
ê îøèáêå âûïîëíåíèÿ ïðîãðàììû. Îñíîâíûå òðóäíîñòè çàêëþ÷àþòñÿ â
ñëåäóþùåì:
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� ïîâèñøèå óêàçàòåëè: ïàìÿòü óæå áûëà âûñâîáîæäåíà, íî ñóùåñòâó-
þò óêàçàòåëè êîòîðûå ïðîäîëæàþò ññûëàòüñÿ íà ýòó îáëàñòü ïàìÿ-
òè. Ïðè ïîïûòêå èõ èñïîëüçîâàòü, ìû ðèñêóåì ïîëó÷èòü íåêîððåêò-
íûå äàííûå.

� íåäîñòóïíûå îáëàñòè ïàìÿòè (óòå÷êè ïàìÿòè èëè leak). Âûäåëåí-
íûé ó÷àñòîê ïàìÿòè, íà êîòîðûé íå ññûëàåòñÿ íè îäèí óêàçàòåëü.
Òàêèì îáðàçîì, ìû ïîëó÷àåì óòå÷êè ïàìÿòè, òàê êàê ó íàñ íåò
âîçìîæíîñòè åå îñâîáîäèòü.

Çíàòü äëèòåëüíîñòü ñóùåñòâîâàíèÿ âñåãî ìíîæåñòâà çíà÷åíèé ïðî-
ãðàììû åñòü îñíîâíàÿ òðóäíîñòü ÿâíîãî âûñâîáîæäåíèÿ ïàìÿòè.

8.4.3 Íåÿâíîå îñâîáîæäåíèå ïàìÿòè

Â ÿçûêàõ ïðîãðàììèðîâàíèÿ ñ íåÿâíûì îñâîáîæäåíèåì ïàìÿòè íå ñóùå-
ñòâóåò îïåðàòîðîâ îñâîáîæäåíèÿ ïàìÿòè. Ïðîãðàììèñò íå ìîæåò âûñâî-
áîäèòü ïàìÿòü çàíÿòóþ çíà÷åíèåì. Âìåñòî ýòîãî, ñðàáàòûâàåò ñáîðùèê
ïàìÿòè äëÿ íåèñïîëüçóåìîãî çíà÷åíèÿ, òî åñòü íà êîòîðîå áîëüøå íè-
êòî íå ññûëàåòñÿ. Ñáîðùèê òàê ìîæåò áûòü çàïóùåí â ñëó÷àå íåõâàòêè
ïàìÿòè.

Àëãîðèòì àâòîìàòè÷åñêîãî âûñâîáîæäåíèÿ ïàìÿòè ÿâëÿåòñÿ â êàêîé�
òî ìåðå ãëîáàëüíûì äåñòðóêòîðîì. Èç�çà ýòîé îñîáåííîñòè êîíöåïöèÿ è
ðåàëèçàöèÿ òàêîãî äåñòðóêòîðà íàìíîãî ñëîæíåé, ÷åì äåñòðóêòîðà ñïå-
öèôè÷íîãî äëÿ îïðåäåëåííîé ñòðóêòóðû äàííûõ. Îäíàêî, åñëè äàííàÿ
òðóäíîñòü ïðåîäîëåíà, àâòîìàòè÷åñêàÿ ñáîðêà ïàìÿòè çíà÷èòåëüíî ïî-
âûøàåò íàäåæíîñòü óïðàâëåíèÿ ïàìÿòè. Â ÷àñòíîñòè, èñ÷åçàåò ðèñê ïî-
ÿâëåíèÿ ïîâèñøèõ óêàçàòåëåé.

Àâòîìàòè÷åñêàÿ ñáîðêà ïîìÿòè âíîñèò ñëåäóþùèå óëó÷øåíèÿ îáëàñòü
äèíàìè÷åñêè ðàñïðåäåëÿåìîé ïàìÿòè (êó÷à):

� ñæàòèå: âñÿ ñîáðàííàÿ ïàìÿòü ñîñòîèò èç îäíîãî áëîêà, ÷òî ïîç-
âîëÿåò èçáåæàòü ôðàãìåíòàöèè è ñîîòâåòñòâåííî âûäåëèòü ïàìÿòü
ðàçìåðîì êó÷è

� ëîêàëèçàöèÿ: ðàçëè÷íûå ñîñòàâëÿþùèå îäíîãî çíà÷åíèÿ áëèçêè äðóã
ê äðóãó â àäðåñíîì ïðîñòðàíñòâå. Ýòà îñîáåííîñòü ïîçâîëÿåò îñòàòü-
ñÿ â îäíèõ è òåõ æå ñòðàíèöàõ ïàìÿòè (memory pages) ïðè ïðîñìîò-
ðå ýòîãî çíà÷åíèÿ è èçáåæàòü âûõîäà èç êýø.

Ïðè âûáîðå àðõèòåêòóðû GC íåîáõîäèìî ó÷èòûâàòü îïðåäåëåííûå
êðèòåðèè è îãðàíè÷åíèÿ:



8.5. Àâòîìàòè÷åñêàÿ ñáîðêà ïàìÿòè 279

� ôàêòîð ñáîðêè (ðåãåíåðàöèè) ïàìÿòè: êàêîé ïðîöåíò íåèñïîëüçóå-
ìîé ïàìÿòè äîñòóïåí?

� ôðàãìåíòàöèÿ ïàìÿòè: ìîæíî ëè âûäåëèòü áëîê ðàâíûé ðàçìåðó
ñâîáîäíîé ïàìÿòè?

� çàìåäëåíèå âûäåëåíèÿ è ñáîðêè ïàìÿòè

� compilation: ïðåäñòàâëåíèå çíà÷åíèé äåéñòâèòåëüíî ïîëíîñòüþ ñâî-
áîäíî?

Â ðåàëüíîñòè, ãëàâíûì êðèòåðèåì ÿâëÿåòñÿ íàäåæíîñòü, â ñâÿçè ñ
÷åì GC íàõîäÿò êîìïðîìèññ ìåæäó îñòàëüíûìè îãðàíè÷åíèÿìè.

8.5 Àâòîìàòè÷åñêàÿ ñáîðêà ïàìÿòè

Ðàçëè÷àþò äâà êëàññà àëãîðèòìîâ àâòîìàòè÷åñêîé ñáîðêè ïàìÿòè:

� ñ÷åò÷èêè ññûëîê: êàæäûé âûäåëåííûé áëîê ïàìÿòè çíàåò êîëè÷å-
ñòâî ññûëîê, êîòîðûå íà íåãî óêàçûâàþò. Áëîê âûñâîáîæäàåòñÿ,
êîãäà ñ÷åò÷èê ñòàíîâèòñÿ ðàâåí íóëþ.

� àëãîðèòìû�ðàçâåä÷èêè: íà÷èíàÿ ñ îïðåäåëåííîãî ìíîæåñòâà êîð-
íåé (óêàçàòåëåé), ïðîñìàòðèâàåòñÿ ìíîæåñòâî äîñòóïíûõ çíà÷åíèé
íà ïîäîáèå ïðîñìîòðà îðèåíòèðîâàííîãî ãðàôà.

Àëãîðèòìû�ðàçâåä÷èêè áîëåå ÷àñòî èñïîëüçóþòñÿ â ÿçûêàõ ïðîãðàì-
ìèðîâàíèÿ. Ñ÷åò÷èê ññûëîê çàãðóæàåò ñèñòåìó (îáíîâëåíèå ññûëîê) äà-
æå êîãäà íå÷åãî âûñâîáîæäàòü.

8.5.1 Ñ÷åò÷èêè ññûëîê

Êàæäîé âûäåëåííîé çîíå ïàìÿòè àññîöèèðóåòñÿ ñ÷åò÷èê, êîòîðûé õðà-
íèò ÷èñëî óêàçàòåëåé íà äàííûé îáúåêò. Îí óâåëè÷èâàåòñÿ ïðè êàæäîì
íîâîì óêàçàòåëå è óìåíüøàåòñÿ êîãäà óêàçàòåëü èñ÷åçàåò. Çîíà ïàìÿòè
âûñâîáîæäàåòñÿ, êîãäà ñ÷åò÷èê ðàâåí 0.

Âûãîäà òàêîé ñèñòåìû çàêëþ÷àåòñÿ, â òîì ÷òî çîíà ïàìÿòè âûñâî-
áîæäàåòñÿ ñðàçó æå ïîñëå òîãî êàê îíà ïåðåñòàëà èñïîëüçîâàòüñÿ. Êðî-
ìå òîãî, ÷òî òàêîé ñáîðùèê çàãðóæàåò ñèñòåìó, îí íå óìååò îáðàùàòü-
ñÿ ñ êðóãîâûìè (öèêëè÷åñêèìè) îáúåêòàìè. Ïðåäïîëîæèì ÷òî Objective
CAML îáëàäàåò òàêèì ñáîðùèêîì. Â ñëåäóþùåì ïðèìåðå ñîçäàåòñÿ âðå-
ìåííîå çíà÷åíèå l � ñïèñîê ñèìâîëîâ, ãäå ïîñëåäíåå çâåíî óêàçûâàåò íà
ÿ÷åéêó ñ 'c'. Äàííûé ñïèñîê ÿâëÿåòñÿ öèêëè÷åñêèì (èçá. 8.2).
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# let rec l = 'c '::' a '::' m':: l in List .hd l ;;
− : char = 'c'

Ðèñ. 8.2: Ïðåäñòàâëåíèå â ïàìÿòè öèêëè÷åñêîãî ñïèñêà

Ê êîíöó âû÷èñëåíèÿ äàííîãî âûðàæåíèÿ, ó êàæäîãî ýëåìåíòà ñïèñêà
l ñ÷åò÷èê áóäåò ðàâåí 1 (äàæå ó ïåðâîãî, òàê êàê ñïèñîê öèêëè÷åñêèé).
Îäíàêî äàííîå çíà÷åíèå áîëüøå íå äîñòóïíî è íå ñìîæåò áûòü âûñâîáîæ-
äåíî, òàê êàê åãî ñ÷åò÷èê íå ðàâåí íóëþ. Â ÿçûêàõ ïðîãðàììèðîâàíèÿ
èñïîëüçóþùèõ ñáîðùèê ñ àëãîðèòìîì ñ÷åò÷èêà ññûëîê, êàê íàïðèìåð
Python, è ðàçðåøàþùèõ öèêëè÷åñêèå çíà÷åíèÿ íåîáõîäèìî ïðåäóñìîò-
ðåòü äîïîëíèòåëüíûé àëãîðèòì�ðàçâåä÷èê ïàìÿòè.

8.5.2 Àëãîðèòì�ðàçâåä÷èê

Àëãîðèòì�ðàçâåä÷èê îáñëåäóåò ãðàô äîñòóïíûõ çíà÷åíèé êó÷è. Äëÿ ýòî-
ãî îí èñïîëüçóåò ìíîæåñòâî êîðíåé, êîòîðûå óêàçûâàþò íà íà÷àëî ïîèñ-
êà. Äàííûå êîðíè íàõîäÿòñÿ âíå êó÷è, ÷àùå âñåãî îíè õðàíÿòñÿ â ñòåêå.
Ïðåäïîëîæèì, ÷òî â ïðèâåäåííîì âûøå ïðèìåðå èçá. 8.1, çíà÷åíèÿ u è
v ÿâëÿþòñÿ ÷àñòüþ êîðíåé. Åñëè íà÷àòü îáõîä, íà÷èíàÿ ñ ýòèõ çíà÷å-
íèé, òî ïîëó÷èì ãðàô çíà÷åíèé, êîòîðûå íåîáõîäèìî ñîõðàíèòü: çâåíüÿ
è óêàçàòåëè îáâåäåííûå æèðíîé ëèíèåé íà èçá. 8.3.

Ïðè îáõîäå ãðàôà íåîáõîäèìî óìåòü ðàçëè÷àòü íåïîñðåäñòâåííûå çíà-
÷åíèå îò óêàçàòåëåé. Åñëè êîðåíü óêàçûâàåò íà öåëîå ÷èñëî, òî íå ñòîèò
åãî ðàññìàòðèâàòü êàê àäðåñ äðóãîé ÿ÷åéêè â ïàìÿòè. Â ôóíêöèîíàëü-
íûõ ÿçûêàõ äëÿ ýòîãî èñïîëüçóþòñÿ íåñêîëüêî áèòîâ êàæäîé ÿ÷åéêè
êó÷è � áèòû ìàðêèðîâêè (tag bits). Ïî ýòîé ïðè÷èíå â öåëûõ ÷èñëàõ
Objective CAML èñïîëüçóåòñÿ ëèøü 31 áèò. Ýòà îñîáåííîñòü îáñóæäà-
åòñÿ â ãëàâå 11, ñòð. 349. Ñóùåñòâóþò äðóãèå ðåøåíèÿ ÷òîáû ðàçëè÷èòü
óêàçàòåëü îò íåïîñðåäñòâåííîãî çíà÷åíèÿ, îíè áóäóò îïèñàíû íà ñòð. 288.

Ïðèâåäåì äâà ñëåäóþùèõ íàèáîëåå èñïîëüçóåìûõ àëãîðèòìà:Mark&Sweep
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Ðèñ. 8.3: Âûñâîáîæäåíèå ïàìÿòè ñáîðùèêîì

è Stop&Copy. Ïåðâûé ñîçäàåò ñïèñîê ñâîáîäíûõ ÿ÷ååê êó÷è, à âòîðîé êî-
ïèðóåò åùå �æèâûå� ÿ÷åéêè âî âòîðè÷íóþ çîíó ïàìÿòè.

Íåîáõîäèìî ïðåäñòàâèòü ñåáå êó÷ó êàê âåêòîð ÿ÷ååê ïàìÿòè. Ñîñòî-
ÿíèå êó÷è ïðèìåðà 8.1 èçîáðàæåíî íà 8.4.

Ðèñ. 8.4: Ñîñòîÿíèå êó÷è

Êà÷åñòâà àëãîðèòìà�ðàçâåä÷èêà îïðåäåëÿþòñÿ ñëåäóþùèìè ñâîéñòâà-
ìè:

� ýôôåêòèâíîñòü: îò ÷åãî çàâèñèò âðåìåííàÿ ñëîæíîñòü: îò ðàçìåðà
êó÷è èëè ðàçìåðà àêòèâíûõ ÿ÷ååê?
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� ôàêòîð ñáîðêè: äîñòóïíà ëè âñÿ ñâîáîäíàÿ ïàìÿòü?

� êîìïàêòíîñòü: âñÿ ñâîáîäíàÿ ïàìÿòü äîñòóïíà â âèäå îäíîãî áëîêà?

� ëîêàëèçàöèÿ: íàõîäÿòñÿ ëè ðÿäîì ðàçëè÷íûå ÿ÷åéêè îäíîé ñòðóê-
òóðû?

� ïîòðåáíîñòè â ðåñóðñàõ: ñêîëüêî ïàìÿòè íåîáõîäèìî ñàìîìó àëãî-
ðèòìó äëÿ âûïîëíåíèÿ?

� ïåðåìåùåíèå çíà÷åíèé: ìåíÿþò ëè çíà÷åíèÿ ñâîå ðàñïîëîæåíèå â
ïàìÿòè ïîñëå �ñáîðêè ìóñîðà�?

Ñâîéñòâî ëîêàëèçàöèè, ïðè ïðîñìîòðå ñòðóêòóðèðîâàííîãî çíà÷åíèÿ,
ïîçâîëÿåò èçáåæàòü ïåðåõîäà íà äðóãóþ ñòðàíèöó ïàìÿòè. Êîìïàêòíîñòü
ïðåäíàçíà÷åíà äëÿ òîãî ÷òîáû èçáåæàòü ôðàãìåíòàöèÿ ïàìÿòè, è â òî æå
âðåìÿ âûäåëèòü áëîê ïàìÿòè ðàçìåðîì âî âñþ äîñòóïíóþ ïàìÿòü. Ýô-
ôåêòèâíîñòü, ôàêòîð ñáîðêè ïàìÿòè è íåîáõîäèìîñòü â äîïîëíèòåëüíîé
ïàìÿòè òåñíî ñâÿçàíû ñ âðåìåííîé è ïðîñòðàíñòâåííîé ñëîæíîñòüþ àë-
ãîðèòìà.

8.5.3 Mark&Sweep

Îñíîâíàÿ èäåÿ àëãîðèòìà Mark&Sweep çàêëþ÷àåòñÿ â òîì, ÷òî îí ïîä-
äåðæèâàåò ñïèñîê ñâîáîäíûõ ÿ÷ååê ïàìÿòè êó÷è, íàçûâàåìûé freelist.
Ýòîò ñïèñîê ïðîâåðÿåòñÿ äëÿ êàæäîãî çàïðîñà âûäåëåíèÿ ïàìÿòè. Åñëè
îí ïóñò èëè êîëè÷åñòâî ñâîáîäíûõ ÿ÷ååê íåäîñòàòî÷íî, òî âûïîëíÿåòñÿ
Mark&Sweep.

Àëãîðèòì äåéñòâóåò â äâà ýòàïà:

� íà÷èíàÿ îò êîðíåé ïîìåòèòü èñïîëüçóåìûå ÿ÷åéêè ïàìÿòè (Mark),

� ïîñëåäîâàòåëüíûé ïðîñìîòð âñåé êó÷è è âîññòàíîâëåíèå íå ïîìå-
÷åííûõ ÿ÷ååê (Sweep).

Ïðîèëëþñòðèðóåì óïðàâëåíèå ïàìÿòüþ àëãîðèòìîìMark&Sweep èçîá-
ðàæåíèåì, íà êîòîðîì âîñïîëüçóåìñÿ ÷åòûðüìÿ öâåòàìè: áåëûé, ñåðûé 1,
÷åðíûé è çàøòðèõîâàííûé. Äëÿ ýòàïà ìàðêèðîâêè ïðèìåíÿåòñÿ ÷åðíûé
è ñåðûé öâåò, äëÿ âîññòàíîâëåíèÿ çàøòðèõîâàííûé è äëÿ âûäåëåíèÿ ïà-
ìÿòè áåëûé.

Ñìûñë öâåòîâ âî âðåìÿ ìàðêèðîâêè ñëåäóþùèé:

� ñåðûé: ÿ÷åéêà ïîìå÷åíà, åå ïîòîìêè íå ïîìå÷åíû;

1â on-line âåðñèè êíèãè ñåðûé öâåò èìååò ãîëóáîé îòòåíîê
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� ÷åðíûé: ÿ÷åéêà ïîìå÷åíà, åå ïðÿìûå ïîòîìêè òîæå ïîìå÷åíû.

Íåîáõîäèìî õðàíèòü ìíîæåñòâî ñåðûõ ÿ÷ååê, äëÿ òîãî ÷òîáû óäîñòî-
âåðèòñÿ â òîì ÷òî âñå ïðîâåðåíî. Ïî îêîí÷àíèè ìàðêèðîâêè âñå ÿ÷åéêè
ëèáî áåëûå ëèáî ÷åðíûå. ß÷åéêè, êîòîðûå áûëè äîñòèãíóòû íà÷èíàÿ îò
êîðíåé, ïîìå÷åíû ÷åðíûì öâåòîì. Íà ðèñóíêå 8.5 èçîáðàæåí ïðîìåæó-
òî÷íûé ýòàï ìàðêèðîâêè ïðåäûäóùåãî ïðèìåðà 8.4: êîðåíü u áûë óæå
îáðàáîòàí, à v åùå íåò.

Ðèñ. 8.5: Ýòàï ìàðêèðîâêè

Ñïèñîê ñâîáîäíûõ ÿ÷ååê ñîçäàåòñÿ â òå÷åíèè ýòàïà âîññòàíîâëåíèÿ.
Äëÿ òîãî ýòàïà èñïîëüçóþòñÿ ñëåäóþùèå ñâåòà:

� ÷åðíûé ñòàíîâèòñÿ áåëûì, ÿ÷åéêà èñïîëüçóåòñÿ

� áåëûé ñòàíîâèòñÿ çàøòðèõîâàííûì, ÿ÷åéêà äîáàâëÿåòñÿ â freelist.

Íà ðèñóíêå 8.6 èçîáðàæåíî èçìåíåíèå êó÷è è ñîçäàíèå freelist.
Ïåðå÷èñëèì õàðàêòåðèñòèêè àëãîðèòìà Mark&Sweep:

� çàâèñèìîñòü îò ðàçìåðà êó÷è (ýòàï Sweep)

� âîññòàíàâëèâàåò âñþ ñâîáîäíóþ ïàìÿòü

� íå ñæèìàåò ïàìÿòü

� íå ãàðàíòèðóåò ëîêàëèçàöèþ

� íå ïåðåìåùàåò äàííûå



284 Ãëàâà 8. Àâòîìàòè÷åñêèé ñáîðùèê ìóñîðà

Ðèñ. 8.6: Ýòàï âîññòàíîâëåíèÿ

Ýòàï ìàðêèðîâêè ÷àùå âñåãî ðåàëèçîâàí ðåêóðñèâíîé ôóíêöèåé è êàê
ñëåäñòâèå îíà èñïîëüçóåò ÷àñòü ñòåêà âûïîëíåíèÿ. Ìû ìîãëè áû ïðîâå-
ñòè ïîëíîñòüþ èòåðàòèâíóþ âåðñèþ àëãîðèòìà Mark&Sweep, êîòîðàÿ áû
íå èñïîëüçîâàëà ñòåê íåèçâåñòíîé ãëóáèíû, íî â èòîãå ðåêóðñèâíàÿ âåð-
ñèÿ îêàçûâàåòñÿ áîëåå ýôôåêòèâíîé.

Äëÿ ôóíêöèîíèðîâàíèÿ àëãîðèòìó Mark&Sweep íåîáõîäèìî çíàòü
ðàçìåð çíà÷åíèé. Îí õðàíèòñÿ ëèáî â ñàìèõ çíà÷åíèÿõ, ëèáî âû÷òåí èç
àäðåñîâ ïàìÿòè, ðàçäåëåíèåì êó÷è íà çîíó îáúåêòîâ ñ îãðàíè÷åííûì ðàç-
ìåðîì. Ýòîò àëãîðèòì, èñïîëüçóåìûé ñ ïåðâûõ âåðñèé Lisp, äî ñèõ ïîð
øèðîêî ïðèìåíÿåòñÿ. ×àñòü GC Objective CAML èñïîëüçóåò ïîäîáíûé
àëãîðèòì.

8.5.4 Stop&Copy

Îñíîâíûì ïðèíöèïîì àëãîðèòìà Stop&Copy ÿâëÿåòñÿ èñïîëüçîâàíèå âòî-
ðè÷íîé ïàìÿòè äëÿ êîïèðîâàíèÿ è ñæàòèÿ äàííûõ. Êó÷à ðàçáèòà íà äâå
÷àñòè: èñïîëüçóåìàÿ çîíà (íàçûâàåìàÿ from�space) è çîíà êîïèðîâàíèÿ
(to�space).

Ïðèíöèï äåéñòâèÿ ñëåäóþùèé. Íà÷èíàÿ îò êîðíåé ñêîïèðîâàòü âñå
çíà÷åíèÿ èç from�space â to�space. Ïðè ýòîì ñîõðàíÿåì íîâûé àäðåñ ïåðå-
íåñåííîãî çíà÷åíèÿ (÷àùå âñå íîâûé àäðåñ ñîõðàíÿåòñÿ íà ñòàðîì ìåñòå
çíà÷åíèÿ), äëÿ òîãî ÷òîáû îáíîâèòü âñå äðóãèå çíà÷åíèÿ óêàçûâàþùèå
íà òåêóùåå.

Ñîäåðæèìîå ñêîïèðîâàííûõ ÿ÷ååê ôîðìèðóåò íîâûå êîðíè. Äî òåõ
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Ðèñ. 8.7: Íà÷àëî Stop&Copy

Ðèñ. 8.8: Êîïèðîâàíèå èç from�space â to�space
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ïîð ïîêà âñå êîðíè íå áóäóò îáðàáîòàíû, àëãîðèòì ïðîäîëæàåò âûïîë-
íÿòñÿ.

Ðèñ. 8.9: Íîâûå êîðíè

Â ñëó÷àå ðàçäåëåíèÿ, òî åñòü êîãäà êîïèðóåìîå çíà÷åíèå óæå ñêîïè-
ðîâàíî, ìû ëèøü óêàçûâàåì íîâûé àäðåñ çíà÷åíèÿ.

Ðèñ. 8.10: Ðàçäåëåíèå çíà÷åíèÿ

Ïî îêîí÷àíèþ ðàáîòû GC âñå êîðíè îáíîâëåíû è óêàçûâàþò íà íîâûå
àäðåñà. Îáå çîíû ìåíÿþòñÿ ðîëÿìè äëÿ áóäóùåãî GC.

Ïåðå÷èñëèì îñíîâíûå õàðàêòåðèñòèêè àëãîðèòìà Stop&Copy:

� çàâèñèìîñòü ëèøü îò ðàçìåðà ïåðåíîñèìûõ îáúåêòîâ

� òîëüêî ïîëîâèíà ïàìÿòè äîñòóïíà
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Ðèñ. 8.11: Ñìåíà ðîëåé çîí ïàìÿòè

� ñæèìàåò ïàìÿòü

� âîçìîæíîñòü ëîêàëèçàöèè (îáõîä â øèðèíó)

� íå èñïîëüçóåò äîïîëíèòåëüíóþ ïàìÿòü (from�space + to�space)

� íå ðåêóðñèâíûé àëãîðèòì

� ïåðåìåùàåò äàííûå íà íîâîå ìåñòî

8.5.5 Äðóãèå GC

Ñóùåñòâóåò íåìàëî äðóãèõ àëãîðèòìîâ GC, ìíîãèå èç íèõ îñíîâûâàþòñÿ
íà äâóõ ïðåäûäóùèõ àëãîðèòìîâ. ×àñòî òàêèå àëãîðèòìû ñîçäàííûé ñïå-
öèàëüíî äëÿ îïðåäåëåííûõ ïðîáëåì, êàê íàïðèìåð äëÿ âû÷èñëåíèÿ áîëü-
øèõ ìàòðèö, èëè æå îíè çàâèñÿò îò òèïà êîìïèëÿöèè. Â Generational GC
âîçìîæíû îïòèìèçàöèè îñíîâàííûå íà �âîçðàñòå� çíà÷åíèÿ. Conservative
GC èñïîëüçóåòñÿ â òåõ ñëó÷àÿõ, êîãäà íåò ÿâíîé ðàçíèöû ìåæäó óêàçà-
òåëÿìè è íåïîñðåäñòâåííûìè çíà÷åíèÿìè (íàïðèìåð êîãäà êîìïèëèðóåì
â êîä C). È íàêîíåö Incremental GC ïîçâîëÿåò èçáåæàòü çàìåäëåíèÿ âû-
çâàííîãî ðàáîòîé GC.

Generational Garbage Collection

Ôóíêöèîíàëüíûå ïðîãðàììû èñïîëüçóþò áîëüøîå êîëè÷åñòâî ïàìÿòè è
çàìå÷åíî, ÷òî î÷åíü ìíîãî çíà÷åíèé èìåþò î÷åíü êîðîòêîå ñóùåñòâî-
âàíèå2. Ñ äðóãîé ñòîðîíû, åñëè êàêîå-òî çíà÷åíèå âûæèëî íåñêîëüêî

2Áîëüøèíñòâî íå âûæèâàþò ïîñëå GC
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GC, òî âïîëíå âîçìîæíî ÷òî ýòî çíà÷åíèå áóäåò åùå äîëãî ñóùåñòâî-
âàòü. ×òîáû íå îáõîäèòü êàæäûé ðàç âñþ êó÷ó, êàê ýòî äåëàåò àëãîðèòì
Mark&Sweep, âî âðåìÿ âûñâîáîæäåíèÿ ïàìÿòè, æåëàòåëüíî ÷òîáû GC
ïðîâåðÿë ëèøü çíà÷åíèÿ �âûæèâøèå� ïîñëå îäíîãî èëè íåñêîëüêèõ GC
(òî åñòü íîâûå çíà÷åíèÿ). ×àùå âñåãî â ýòîé îáëàñòè ïàìÿòè ìû âû-
ñâîáîæäàåì áîëüøå ìåñòà. Ñ ýòîé öåëüþ îáúåêòû ïîìå÷àþòñÿ ëèáî âðå-
ìåíåì ëèáî ÷èñëîì GC êîòîðûå îíè �ïåðåæèëè�. Äëÿ îïòèìèçàöèè GC
èñïîëüçóþòñÿ ðàçëè÷íûå àëãîðèòìû â çàâèñèìîñòè îò âîçðàñòà çíà÷å-
íèé:

� GC íîâûõ çíà÷åíèé äîëæíû áûòü áûñòðûìè è ïðîõîäèòü ëèøü
�ìîëîäûå� çíà÷åíèÿ

� GC ñòàðûõ çíà÷åíèé äîëæíû áûòü ðåäêèìè è âûñâîáîæäàòü âñþ
çàíÿòóþ èìè ïàìÿòü.

Ñòàðåþùåå çíà÷åíèå áóäåò âñå ìåíüøå è ìåíüøå îáñëåäîâàòüñÿ ÷à-
ñòûìè GC. Òðóäíîñòü çàêëþ÷àåòñÿ â òîì ÷òîáû àíàëèçèðîâàòü ÷àñòü
ïàìÿòè ñîäåðæàùóþ ëèøü ìîëîäûå îáúåêòû. Â ÷èñòûõ ôóíêöèîíàëüíûõ
ÿçûêàõ, òî åñòü ãäå íåò ôèçè÷åñêîãî èçìåíåíèÿ, ìîëîäûå îáúåêòû ìîãóò
óêàçûâàòü íà ñòàðûå, íî ñòàðûå íå ìîãóò óêàçûâàòü íà ìîëîäûå, òàê êàê
òå ïîÿâèëèñü ïîçæå. Òàêèì îáðàçîì ïîäîáíûé ìåõàíèçì õîðîøî ïîäõî-
äèò ôóíêöèîíàëüíûì ÿçûêàì, çà èñêëþ÷åíèåì òåõ, ãäå èìååò ìåñòî îòëî-
æåííîå âû÷èñëåíèå, êîòîðîå ïîçâîëÿåò ðàñ÷èòàòü ýëåìåíòû ñòðóêòóðû,
ïîñëå ðàñ÷åòà ýòîé ñàìîé ñòðóêòóðû. Îäíàêî â íå÷èñòûõ ôóíêöèîíàëü-
íûõ ÿçûêàõ âñåãäà ìîæíî èçìåíèòü ÷àñòü çíà÷åíèÿ ñòàðîãî îáúåêòà, ÷òî
áû îíà ññûëàëàñü íà áîëåå ìîëîäîé. Òåïåðü æå ïðîáëåìà çàêëþ÷àåòñÿ
â òîì, ÷òîáû îïðåäåëèòü çîíó ïàìÿòè òîëüêî ñ ìîëîäûìè îáúåêòàìè íà
êîòîðûå óêàçûâàþò ñòàðûå. Äëÿ ýòîãî íóæíî ñîçäàòü òàáëèöó ññûëîê
ñòàðûõ îáúåêòîâ íà ìîëîäûå, ÷òî ïîçâîëèò íàì ïîëó÷èòü ïðàâèëüíûå
GC. Â ñëåäóþùåé ÷àñòè, ìû ðàññìîòðèì GC Objective CAML.

Conservative Garbage Collectors

Äî ñèõ ïîð ïðåäïîëàãàëîñü ÷òî ìû ìîæåì îòëè÷èòü óêàçàòåëü îò íåìå-
äåëåííîãî (àòîìàðíîãî) çíà÷åíèÿ. Íåîáõîäèìî îòìåòèòü, ÷òî â ôóíêöèî-
íàëüíûõ ÿçûêàõ ñ ïàðàìåòðèçóåìûì ïîëèìîðôèçìîì âñå çíà÷åíèÿ çàíè-
ìàþò îäíî ñëîâî ïàìÿòè3. Ýòî ñâîéñòâî ïîçâîëÿåò èìåòü îáùèé (generic)
êîä ïîëèìîðôíûõ ôóíêöèé.

3Ñ åäèíñòâåííûì èñêëþ÷åíèåì äëÿ Objective CAML êàñàþùèìñÿ âåêòîðîâ ÷èñåë
ñ ïëàâàþùåé çàïÿòîé (ñì. ãë. 11) íà 367.
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Îäíàêî, îãðàíè÷åíèå ìíîæåñòâà öåëûõ ÷èñåë ìîæåò áûòü íåäîïóñòè-
ìûì. Â ýòîì ñëó÷àå, conservative garbage collectors ïîçâîëÿþò èçáåæàòü
ìàðêèðîâêè íåìåäåëåííûõ çíà÷åíèé êàê öåëûõ è çíà÷åíèÿ èñïîëüçóþò
öåëîå ñëîâî ïàìÿòè áåç âñÿêèõ ìåòîê. ×òîáû íå îáõîäèòü çîíû ïàìÿòè
ñ êîðíÿ ñîäåðæàùåãî öåëîå ÷èñëî, èñïîëüçóåòñÿ àëãîðèòì ðàçëè÷àþùèé
íåìåäëåííûå çíà÷åíèÿ è êîððåêòíûå óêàçàòåëè. Ýòîò àëãîðèòì îñíîâû-
âàåòñÿ íà äâóõ ïðåäïîëîæåíèÿõ:

� ëþáîå çíà÷åíèå âûõîäÿùåå çà íà÷àëüíûé è êîíå÷íûé àäðåñ êó÷è
ñ÷èòàåòñÿ íåìåäëåííûì;

� âûäåëåííûå îáúåêòû âûðîâíåíû ïî àäðåñó ïàìÿòè ñëîâà. Ëþáîå
çíà÷åíèå íå ñîîòâåòñòâóþùåå êîððåêòíîìó âûðàâíèâàíèþ ðàññìàò-
ðèâàåòñÿ êàê íåìåäëåííîå çíà÷åíèå.

Òàêèì îáðàç ëþáîå ïðàâèëüíîå, ïî îòíîøåíèþ ê àäðåñàì êó÷è, çíà-
÷åíèå áóäåò ðàññìîòðåíî êàê óêàçàòåëü è áóäåò ñîõðàíåíî GC, äàæå åñëè
íà ñàìîì äåëå ýòî íåìåäëåííîå çíà÷åíèå. Ñ èñïîëüçîâàíèåì ñïåöèàëüíûõ
ñòðàíèö ïàìÿòè ïîä îáúåêòû ðàçíîãî ðàçìåðà òàêèå ñëó÷àè ìîãóò ñòàòü
î÷åíü ðåäêèìè. Íåäîñòàòêîì äàííîãî àëãîðèòìà ÿâëÿåòñÿ îòñóòñòâèå ãà-
ðàíòèè, ÷òî âñÿ íåèñïîëüçóåìàÿ ïàìÿòü áóäåò âîññòàíîâëåíà. Îäíàêî,
ìû óâåðåíû, ÷òî âîññòàíàâëèâàåòñÿ ëèøü íåèñïîëüçóåìàÿ ïàìÿòü.

×àùå âñåãî, conservative garbage collectors íå ïåðåìåùàþò çíà÷åíèÿ
(îòñþäà íàçâàíèå � êîíñåðâàòèâíûé). Äåéñòâèòåëüíî, â ñâÿçè ñ òåì ÷òî
GC ðàññìàòðèâàåò íåêîòîðûå íåìåäëåííûå çíà÷åíèÿ êàê óêàçàòåëè, áû-
ëî áû óùåðáíî åãî ïåðåíîñèòü. Îäíàêî, â ñîçäàíèå ìíîæåñòâà êîðíåé
ìîãóò áûòü âíåñåíû îñîáåííîñòè, ïîçâîëÿþùèå ñ óâåðåííîñòüþ ïåðåíå-
ñòè ÷àñòü ïàìÿòè, êîòîðàÿ ñîîòâåòñòâóåò �ïðàâèëüíûì� êîðíÿì.

Òàêàÿ ñõåìà äåéñòâèÿ GC ÷àñòî èñïîëüçóåòñÿ ïðè êîìïèëÿöèè ôóíê-
öèîíàëüíîãî ÿçûêà â ÿçûê C, êîòîðûé ðàññìàòðèâàåòñÿ êàê ïåðåíîñèìûé
àññåìáëåð. Ïðè ýòîì íåìåäëåííûå çíà÷åíèÿ C çàíèìàþò öåëîå ñëîâî ïà-
ìÿòè.

Incremental Garbage Collection

Îäíèì èç ÷àñòî óïîìèíàåìûõ íåäîñòàòêîâ GC ÿâëÿåòñÿ çàìåòíàÿ ïîëü-
çîâàòåëþ îñòàíîâêà âûïîëíÿþùåéñÿ ïðîãðàììû è ïðè ÷åì íà íåîïðåäå-
ëåííîå âðåìÿ. Ïåðâûé ñëó÷àé ìîæåò âûçûâàòü íåóäîáñòâî äëÿ îïðåäå-
ëåííîãî êðóãà ïðîãðàìì. Íàïðèìåð, èãðû â ñòèëå action. Åå îñòàíîâêà íà
íåñêîëüêî ñåêóíä áóäåò ïëîõî âîñïðèíÿòà èãðîêîì, òàê êàê èãðà ïðîäîë-
æèòñÿ òàê æå íåîæèäàííî êàê è áûëà ïðèîñòàíîâëåíà. Âòîðîé ñëó÷àé
ïðèâîäèò ê ïîòåðå êîíòðîëÿ íàä ïðîãðàììàìè, êîòîðûå îáðàáàòûâàþò
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îïðåäåëåííûå ñîáûòèÿ â ðåàëüíîì âðåìåíè. Òèïè÷íûé ïðèìåð � âñòðî-
åííûå ïðîãðàììû êîíòðîëèðóþùèå àâòîìîáèëü èëè ñòàíîê. Ïîäîáíûå
ïðîãðàììû ðåàëüíîãî âðåìåíè, êîòîðûå äîëæíû ðåàãèðîâàòü â îãðàíè-
÷åííûé ïåðèîä âðåìåíè, èçáåãàþò èñïîëüçîâàíèå GC.

Incremental Garbage Collection äîëæíû îáëàäàòü ñïîñîáíîñòüþ îñòà-
íîâèòâñÿ â ëþáîé ìîìåíò è çàòåì ïðîäîëæèòü ñâîþ ðàáîòó, ãàðàíòèðóÿ
áåçîïàñíîñòü âûñâîáîæäåíèÿ ïàìÿòè. Òàêèå ñáîðùèêè äàþò íåïëîõèå ðå-
çóëüòàòû äëÿ ïåðâîãî ñëó÷àÿ. Îíè òàê æå ìîãóò áûòü èñïîëüçîâàíû âî
âòîðîì ñëó÷àå, åñëè ñîáëþäàòü ñëåäóþùóþ äèñöèïëèíó ïðîãðàììèðîâà-
íèÿ: ÷åòêî ðàçäåëÿòü êîä íà ÷àñòè êîòîðûå èñïîëüçóþò äèíàìè÷åñêîå
âûäåëåíèÿ ïàìÿòè è òå êîòîðûå íå èñïîëüçóþò.

Âåðíåìñÿ ê ïðèìåðó Mark&Sweep è ðàññìîòðèì òå èçìåíåíèÿ, êîòî-
ðûå íåîáõîäèìî ñäåëàòü, ÷òî ýòîò àëãîðèòì ñòàë èíêðåìåíòàëüíûé. Â
ïðèíöèïå, òàêèõ èçìåíåíèé âñåãî äâà:

� êàê óäîñòîâåðèòñÿ, ÷òî âñå ÷òî íåîáõîäèìî, áûëî ïîìå÷åíî âî âðåìÿ
ýòàïà ìàðêèðîâêè?

� êàê âûäåëÿòü ïàìÿòü, âî âðåìÿ ïðîöåññà ìàðêèðîâêè èëè ñáîðà
ïàìÿòè?

Åñëè àëãîðèòì Mark&Sweep ïðèîñòàíîâëåí âî âðåìÿ ïðîöåññà Mark,
íåîáõîäèìî îáåñïå÷èòü ÷òîáû ïàìÿòü âûäåëåííàÿ ìåæäó îñòàíîâêîé ìàð-
êèðîâêîé è çàòåì âîçîáíîâëåíèåì íå áûëà âûñâîáîæäåíà âî âðåìÿ Sweep.
Äëÿ ýòîãî, ÿ÷åéêè ïàìÿòè âûäåëåííûå â ïîäîáíûé ïðîìåæóòîê, çàðàíåå
ïîìå÷àþòñÿ ÷åðíûì èëè ñåðûì öâåòîì.

Åñëè àëãîðèòì Mark&Sweep ïðèîñòàíîâëåí â ìîìåíò Sweep, òî îí
ìîæåò áûòü çàòåì ïðîäîëæåí êàê îáû÷íî �ïåðåêðàøèâàÿ� âûäåëåííûå
ÿ÷åéêè ïàìÿòè áåëûì öâåòîì. Äåéñòâèòåëüíî, âî âðåìÿ ýòàïà Sweep âñÿ
êó÷à ïîñëåäîâàòåëüíî ïðîñìàòðèâàåòñÿ è ïàìÿòü, âûäåëåííàÿ âî âðåìÿ
ïðèîñòàíîâêè ñáîðùèêà, íàõîäèòñÿ âïåðåäè òî÷êè, ñ êîòîðîé àëãîðèòì
ïðîäîëæèò ñâîþ ðàáîòó. Òàêèì îáðàçîì ýòà ïàìÿòü íå áóäåò ïðîâåðåíà
äî ñëåäóþùåãî öèêëà GC.

Íà ðèñóíêå 8.12 èçîáðàæåíî âûäåëåíèå ïàìÿòè âî âðåìÿ ýòàïà âû-
ñâîáîæäåíèÿ ïàìÿòè. Êîðåíü w ñîçäàí ñëåäóþùèì êîäîì:

# let w = 'f ':: v ;;
val w : char list = [' f '; 'z '; 'a '; 'm']
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Ðèñ. 8.12: Âûäåëåíèå âî âðåìÿ âûñâîáîæäåíèÿ ïàìÿòè

8.6 Óïðàâëåíèå ïàìÿòüþ â Objective Caml

Ñáîðùèê ìóñîðà Objective CAML èñïîëüçóåò ðàçëè÷íûå ìåòîäû, êîòî-
ðûå ìû ïðèâåëè â ïðåäûäóùåé ÷àñòè. Ñáîðùèê OCaml ÿâëÿåòñÿ ñáîð-
ùèêîì ñ äâóìÿ ïîêîëåíèÿìè: íîâîå è ñòàðîå. Äëÿ ìîëîäûõ ïîêîëåíèé
èñïîëüçóåòñÿ â îñíîâíîì àëãîðèòì Stop&Copy (minor garbage collection)
è èíêðåìåíòàëüíûé Mark&Sweep äëÿ ñòàðûõ ïîêîëåíèé (major garbage
collection).

Îáúåêò ìîëîäîãî ïîêîëåíèÿ, êîòîðûé ïðîäîëæàåò ñóùåñòâîâàòü ïî-
ñëå ìèíîðíîãî GC ïåðåìåùàåòñÿ â ñòàðîå ïîêîëåíèå. Ïðîñòðàíñòâî to�space
èñïîëüçóåòñÿ àëãîðèòìîì Stop&Copy êàê ïðîñòðàíñòâî ñòàðîãî ïîêîëå-
íèÿ. Ïî îêîí÷àíèþ ýòîãî ïðîöåññà, ïðîñòðàíñòâî from�space ïîëíîñòüþ
ñâîáîäíî.

Êîãäà ìû çàòðîíóëè òåìó ñáîðùèêîâ ñ ïîêîëåíèÿìè, ìû îòìåòèëè
ïðîáëåìó íå÷èñòûõ ôóíêöèîíàëüíûõ ÿçûêîâ: çíà÷åíèå ñòàðîãî ïîêîëå-
íèÿ ìîæåò ññûëàòüñÿ íà îáúåêò èç íîâîãî ïîêîëåíèÿ. Íåáîëüøîé ïðèìåð:

# let older = ref [1] ;;
val older : int list ref = {contents=[1]}
(* ... *)
# let newer = [2;5;8] in

older := newer ;;
− : unit = ()

Ïðåäïîëàãàåòñÿ ÷òî íà ìåñòå êîììåíòàðèåâ èìååòñÿ áîëüøàÿ ïîñëå-
äîâàòåëüíîñòü êîäà, âî âðåìÿ êîòîðîé çíà÷åíèå older ïåðåõîäèò â ñòàðîå
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ïîêîëåíèå. Ìèíîðíûé GC äîëæåí ó÷èòûâàòü íåêîòîðûå çíà÷åíèÿ ñòàðî-
ãî ïîêîëåíèÿ. Òî åñòü íåîáõîäèìî ïîääåðæèâàòü òàáëèöó ññûëîê îáúåê-
òîâ ñòàðîãî ïîêîëåíèÿ íà îáúåêòû íîâîãî, êîòîðûå ñòàíîâÿòñÿ ÷àñòüþ
êîðíåé ìèíîðíîãî GC. Ýòà òàáëèöà ïî÷òè íå óâåëè÷èâàåòñÿ è ê êîíöó
ìèíîðíîãî GC îíà ñòàíîâèòñÿ ïóñòîé.

Íàïîìíèì, ÷òî Mark&Sweep ñòàðîãî ïîêîëåíèÿ � èíêðåìåíòàëüíûé,
òî åñòü ÷àñòü ìàæîðíîãî GC âûïîëíÿåòñÿ âî âðåìÿ êàæäîãî ìèíîðíîãî
GC. Ìàæîðíûé GC � ýòî Mark&Sweep, êîòîðûé ñëåäóåò àëãîðèòìó îïè-
ñàííîìó íà ñòð. 287. Âûãîäà â ïîäîáíîì ïîäõîäå çàêëþ÷àåòñÿ â óìåíü-
øåíèè âðåìåíè îæèäàíèÿ ìàæîðíîãî GC, ïðåäâàðèòåëüíîì âûïîëíåíèè
ôàçû ìàðêèðîâêè âî âðåìÿ êàæäîãî ìèíîðíîãî GC. Êîãäà çàïóñêàåòñÿ
ìàæîðíûé GC, ïðîöåññ ìàðêèðîâêè íåîáðàáîòàííûõ îáëàñòåé óæå çàêî-
íåí è ýòàï ñáîðêè ïàìÿòè çàïóùåí. Òàê êàê àëãîðèòì Mark&Sweep ìî-
æåò ïðèâåñòè ñ ñèëüíîé ôðàãìåíòàöèè ïàìÿòè, ïî ýòîé ïðè÷èíå ïðîöåññ
ñæàòèÿ ïàìÿòè ìîæåò áûòü çàïóùåí ïîñëå ìàæîðíîãî GC.

Â ñóììå, ìû ïîëó÷àåì ñëåäóþùèå ýòàïû:

� ìèíîðíûé GC: âûïîëíÿåò Stop&Copy íà ìîëîäîì ïîêîëåíèè, �óñòà-
ðÿåò� âûæèâøèå îáúåêòû, ïåðåìåñòèâ èõ èç îäíîé çîíû â äðóãóþ è
çàòåì âûïîëíÿåò ÷àñòüMark&Sweep ñòàðîãî ïîêîëåíèÿ. Åñëè ñìåíà
çîíû ïàìÿòè íå óäàëàñü, òî ñàì ïðîöåññ íå óäàëñÿ. Â ýòîì ñëó÷àå
ïåðåõîäèì ê ýòàïó 2.

� Êîíåö öèêëà ìàæîðíîãî GC Â ñëó÷àå îøèáêè ïåðåõîäèì ê ýòàïó
3.

� Ñíîâà ìàæîðíûé GC, ÷òîáû ïðîâåðèòü ñòàëè ëè îáúåêòû îòìå÷åí-
íûå êàê èñïîëüçóåìûå âî âðåìÿ èíêðåìåíòàëüíîãî ýòàïà îñâîáîäè-
ëèñü Â ñëó÷àå îøèáêè ïåðåõîäèì ê ýòàïó 4.

� Ñæàòèå çîíû ñòàðîãî ïîêîëåíèÿ, ñ öåëüþ ïîëó÷èòü êàê ìîæíî áîëü-
øåå íåïðåðûâíîå ïðîñòðàíñòâî ïàìÿòè. Â ñëó÷àå îøèáêè íà ïîñëåä-
íåì ýòàïå ïðîãðàììà îñòàíàâëèâàåòñÿ.

Ìîäóëü GC ïîçâîëÿåò çàïóñòèòü îäèí èç ýòàïîâ GC.
Îñîáåííîñòü ñáîðùèêà Objective CAML â òîì ÷òî ðàçìåð êó÷è íå

ôèêñèðîâàí â íà÷àëå ïðîãðàììû, îí ìîæåò óâåëè÷èâàòüñÿ èëè óìåíü-
øàòñÿ ïî ìåðå íåîáõîäèìîñòè ïðîãðàììû.

8.7 Ìîäóëü GC

Ïðè ïîìîùè ýòîãî ìîäóëÿ ìû ìîæåì êîíòðîëèðîâàòü êó÷ó, ïîëó÷èòü
ðàçëè÷íóþ èíôîðìàöèþ î åå èñïîëüçîâàíèè, à òàê æå çàïóñòèòü ðàçëè÷-
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stat unit -> stat

print_stat out_channel -> unit

get unit control

set control -> unit

Òàáëèöà 8.1: Ôóíêöèè êîíòðîëÿ è èíôîðìàöèè î êó÷å.

íûå ýòàïû ñáîðùèêà. Â äàííîì ìîäóëå îïðåäåëåíû äâå çàïèñè: stat è
control. Òèï ïîëåé çàïèñè control ìîäèôèöèðóåìûé è ïðè èõ ïîìîùè
ìîæíî êîíòðîëèðîâàòü ïîâåäåíèå ñáîðùèêà. Ïîëÿ çàïèñè stat íåëüçÿ
èçìåíèòü, îíè ëè)ü îòðàæàþò ñîñòîÿíèå ñáîðùèêà äàííûé ìîìåíò.

Ïîëÿ çàïèñè stat ñîäåðæàò ñëåäóþùèå ñ÷åò÷èêè:

� ÷èñëî GC: minor_collections, major_collections è compactions

� ÷èñëî ñëîâ, êîòîðûå áûëè ïåðåìåùåíû ñ ìîìåíòà çàïóñêà ïðîãðàì-
ìû minor_words, promoted_words, major_words.

Â çàïèñè control èìåþòñÿ ñëåäóþùèå çàïèñè:

� minor_heap_size îïðåäåëÿåò ðàçìåð çîíû äëÿ ìîëîäîãî ïîêîëåíèÿ.

� major_heap_increment îïðåäåëÿåò ïðèðîñò çîíû ïàìÿòè ñòàðîãî
ïîêîëåíèÿ.

� space_overhead îïðåäåëÿåò ïîðîã ïàìÿòè â ïðîöåíòàõ. Ïðè åãî
ïðèâûøåíèè çàïóñêàåòñÿ ìàæîðíûé GC (ïî óìîë÷àíèþ ýòî çíà-
÷åíèå ðàâíî 42).

� max_overhead îïðåäåëÿåò îòíîøåíèå ìåæäó ðàçìåðîì çàíÿòîé è
ñâîáîäíîé ïàìÿòè, íà÷èíàÿ ñ êîòîðîãî çàïóñêàåòñÿ ñæàòèå ïàìÿòè.
Ïðè çíà÷åíèè 0 ñæàòèå çàïóñêàåòñÿ ïîñëå êàæäîãî ìàæîðíîãî GC.
Ìàêñèìàëüíîå çíà÷åíèå 1000000 ïîäàâëÿåò çàïóñê ñæàòèÿ.

Ïðèâåäåì ñëåäóþùèå ôóíêöèè ìàíèïóëèðóþùèå òèïàìè stat è control
â òàáëèöå 8.1.

Ïðè ïîìîùè ñëåäóþùèõ ôóíêöèé òèïà unit -> unit ìîæíî ïðè-
íóäèòåëüíî âûïîëíèòü îïðåäåëåííûå ýòàïû GC: minor (ïåðâûé ýòàï),
major (ïåðâûé è âòîðîé ýòàïû), full_major (ïåðâûé, âòîðîé è òðåòèé
ýòàïû), compact (ïåðâûé, âòîðîé, òðåòèé è ÷åòâåðòûé ýòàïû).
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Ïðèìåðû

# Gc.stat();;
− : Gc.stat =
{Gc.minor_words=549290; Gc.promoted_words=60620; Gc.major_words

=204615;
Gc.minor_collections=17; Gc.major_collections=2; Gc.heap_words

=190464;
Gc.heap_chunks=3; Gc.live_words=52727; Gc.live_blocks=12959;
Gc.free_words=31155; Gc.free_blocks=84; Gc.largest_free=17899;
Gc.fragments=3; Gc.compactions=0}

Çäåñü ìû âèäèì ÷èñëî çàïóñêîâ ðàçëè÷íûõ ýòàïîâ: ìèíîðíûé GC,
ìàæîðíûé GC è ñæàòèå, à òàê æå ÷èñëî ñëîâ îáðàáîòàííûõ ðàçëè÷íûìè
÷àñòÿìè ïàìÿòè. Âûçîâ compact ïðèíóäèòåëüíî âûïîëíÿåò âñå ÷åòûðå
ýòàïà GC è èçìåíÿåò ñòàòèñòè÷åñêóþ èíôîðìàöèþ î êó÷å (ñì. âûçîâ
Gc.stat).

# Gc.compact();;
− : unit = ()
# Gc.stat();;
− : Gc.stat =
{Gc.minor_words=555758; Gc.promoted_words=61651; Gc.major_words

=205646;
Gc.minor_collections=18; Gc.major_collections=4; Gc.heap_words

=190464;
Gc.heap_chunks=3; Gc.live_words=130637; Gc.live_blocks=30770;
Gc.free_words=59827; Gc.free_blocks=1; Gc.largest_free=59827;
Gc.fragments=0; Gc.compactions=1}

Ïîëÿ GC.minor_collections è compactions óâåëè÷åíû íà 1, òîãäà
êàê ïîëå Gc.major_collections óâåëè÷åíî íà 2. Âñå ïîëÿ òèïà GC.control
ÿâëÿåòñÿ èçìåíÿåìûìè. Äëÿ òîãî ÷òîáû èçìåíåíèÿ âîøëè â ñèëó, íåîá-
õîäèìî èñïîëüçîâàòü ôóíêöèþ Gc.set. Ýòà ôóíêöèÿ îæèäàåò íà âõîäå
çíà÷åíèå òèïà control è èçìåíÿåò ïîâåäåíèå GC.

Ïîëå verbose ìîæåò èìåòü çíà÷åíèÿ îò 0 äî 127, àêòèâèðóÿ 7 ðàç-
ëè÷íûõ èíäèêàòîðîâ.

# c.Gc.verbose <− 31;;
Characters 1−2:
This expression has type int * int but is here used with type Gc.control
# Gc.set c;;
Characters 7−8:
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This expression has type int * int but is here used with type Gc.control
# Gc.compact();;
− : unit = ()

È ïîëó÷èì ñëåäóþùèé âûâîä íà ýêðàíå:

<>Starting new major GC cycle
allocated_words = 329
extra_heap_memory = 0u
amount of work to do = 3285u
Marking 1274 words
!Starting new major GC cycle
Compacting heap...
done.

Çäåñü âûâîäÿòñÿ ðàçëè÷íûå ýòàïû GC è ÷èñëî îáðàáîòàííûõ îáúåê-
òîâ.

8.8 Ìîäóëü Weak

Ñëàáûé óêàçàòåëü (weak pointer) ýòî óêàçàòåëü, ïàìÿòü êîòîðîãî ìîæåò
áûòü âûñâîáîæäåíà GC â ëþáîé ìîìåíò. Ýòî ìîæåò çâó÷àòü ñòðàííî, ÷òî
çíà÷åíèå ìîæåò èñ÷åçíóòü â ëþáîé ìîìåíò. Â äåéñòâèòåëüíîñòè íåîáõî-
äèìî ðàññìàòðèâàòü ýòè óêàçàòåëè êàê õðàíèëèùå åùå ïîêà äîñòóïíûõ
çíà÷åíèé. Ïîäîáíîå ñâîéñòâî ìîæåò îêàçàòüñÿ î÷åíü ïîëåçíûì â ñëó÷àå
åñëè ìû ðàñïîëàãàåì íå áîëüøîé ïî ñðàâíåíèþ ñ ñîõðàíÿåìûìè ýëå-
ìåíòàìè ïàìÿòüþ. Êëàññè÷åñêèé ïðèìåðîì ÿâëÿåòñÿ óïðàâëåíèå êýøåì:
çíà÷åíèå ìîæåò áûòü óòåðÿíî, íî îíî îñòàåòñÿ äîñòóïíûõ, äî òåõ ïîêà
îíî ñóùåñòâóåò.

Â Objective CAML íåò âîçìîæíîñòè óïðàâëÿòü åäèíè÷íûì ñëàáûì
óêàçàòåëåì, à ëèøü âåêòîðîì óêàçàòåëåé. Â ìîäóëå Weak îïðåäåëåí àá-
ñòðàêòíûé òèï 'a Weak.t, êîòîðûé ñîîòâåòñòâóåò àáñòðàêòíîìó òèïó 'a

option array, âåêòîð ñëàáûõ óêàçàòåëåé òèïà 'a. Êîíêðåòíûé òèï 'a

option îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

type 'a option = None | Some of 'a;;

Â òàáëèöå 8.2 ïðåäñòàâëåíû îñíîâíûå ôóíêöèè äàííîãî ìîäóëÿ.
Ôóíêöèÿ create âûäåëÿåò ïðîñòðàíñòâî äëÿ âåêòîðà ñëàáûõ óêàçàòå-

ëåé, êàæäûé ýëåìåíò âåêòîðà èíèöèàëèçèðîâàí çíà÷åíèåì None. Ôóíê-
öèÿ set óñòàíàâëèâàåò çíà÷åíèå òèïà 'a Option ïî óêàçàííîìó èíäåêñó
âåêòîðà. Ôóíêöèÿ get âîçâðàùàåò çíà÷åíèå ðàñïîëîæåííîå ïî óêàçàííî-
ìó èíäåêñó â âåêòîðå. Ïîëó÷åííîå çíà÷åíèå âíîñèòñÿ â ìíîæåñòâî êîðíåé
GC è íå ìîæåò áûòü âûñâîáîæäåíî äî òåõ ïîð ïîêà íå íåãî ñóùåñòâóþò
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ôóíêöèÿ òèï
create int -> 'a t

set 'a t -> int -> 'a option -> unit

get 'a t -> int -> 'a option

check 'a t -> int -> bool

Òàáëèöà 8.2: Îñíîâíûå ôóíêöèè ìîäóëÿ Weak.

ññûëêè. Äëÿ òîãî ÷òîáû ïðîâåðèòü ñóùåñòâóåò ëè æåëàåìîå çíà÷åíèå,
ìîæíî èñïîëüçîâàòü ëèáî ôóíêöèþ check, ëèáî ñîïîñòàâëåíèåì ñ îá-
ðàçöîì òèïà 'a Option. Ïåðâûé âàðèàíò íå çàâèñèò îò ïðåäñòàâëåíèÿ
ñëàáûõ óêàçàòåëåé â ïàìÿòè.

Òàê æå ñóùåñòâóþò îáû÷íûå ôóíêöèè äëÿ ëèíåéíûõ äàííûõ: length
äëÿ îïðåäåëåíèÿ äëèííû, fill è blit äëÿ êîïèðîâàíèÿ ÷àñòåé âåêòîðà.

Ïðèìåð: êýø èçîáðàæåíèé

Äîâîëüíî ÷àñòî â ãðàôè÷åñêèõ ïðîãðàììàõ îòêðûòî ñðàçó íåñêîëüêî
èçîáðàæåíèé. Êîãäà ìû ïåðåêëþ÷àåìñÿ ñ îäíîãî èçîáðàæåíèÿ íà äðó-
ãîå, ïåðâîå ñîõðàíÿåòñÿ íà äèñê, à âòîðîå çàãðóæàåòñÿ èç äðóãîãî ôàéëà.
Îáû÷íî, ïðîãðàììà õðàíèò èìåíà ïîñëåíèõ îáðàáîòàííûõ èçîáðàæåíèé.
Âî èçáåæàíèå ïîñòîÿííîãî äîñòóïà ê äèñêó è ýôôåêòèâíîãî èñïîëüçîâà-
íèÿ ïàìÿòè, èñïîëüçóåòñÿ êýø õðàíÿùèé ïîñëåäíèå çàãðóæåííûå èçîáðà-
æåíèÿ. Ñîäåðæèìîå êýøà èçîáðàæåíèé ìîæåò áûòü î÷èùåííîé â ëþáîé
ìîìåíò ïî íåîáõîäèìîñòè. Òàêîé êýø ðåàëèçóåòñÿ â âèäå âåêòîðà ñëà-
áûõ óêàçàòåëåé è óïðàâëåíèå êýøåì äîâåðÿåòñÿ GC. Âî âðåìÿ çàãðóçêè
èçîáðàæåíèÿ, ñíà÷àëà ïðîâåðÿåòñÿ ïðèñóòñòâóåò ëè îíî óæå â êýøå, åñëè
äà, òî îíî ñòàíîâèòñÿ òåêóùèì èçîáðàæåíèåì, èíà÷å îíî çàãðóæàåòñÿ ñ
äèñêà.

Âåêòîð èçîáðàæåíèé ðåàëèçóåòñÿ ñëåäóèùèì ñïîñîáîì:

# type table_of_images = {
size : int ;
mutable ind : int;
mutable name : string;
mutable current : Graphics.color array array;
cache : ( string * Graphics.color array array) Weak.t } ;;

Â ïîëå size õðàíèòñÿ ðàçìåð âåêòîðà, ind ÿâëÿåòñÿ èíäåêñîì òåêó-
ùåãî èçîáðàæåíèÿ, â name õðàíèòñÿ èìÿ òåêóùåãî èçîáðàæåíèÿ, â ïîëå
current ñîäåðæèòñÿ òåêóùåå èçîáðàæåíèå,à âåêòîð cache õðàíèò ñëà-
áûå óêàçàòåëè íà èçîáðàæåíèÿ. Â ýòîì âåêòîðå ñîäåðæàòñÿ ïîñëåäíèå
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çàãðóæåííûå èçîáðàæåíèÿ è èõ èìåíà.
Ôóíêöèÿ init_table èíèöèàëèçèðóåò âåêòîð íà÷àëüíûìè èçîáðàæå-

íèÿìè.

# let open_image �lename =
let ic = open_in �lename
in let i = ((input_value ic) : Graphics.color array array)
in ( close_in ic ; i ) ;;

val open_image : string −> Graphics.color array array = <fun>

# let init_table n �lename =
let i = open_image �lename
in let c = Weak.create n
in Weak.set c 0 (Some (�lename,i)) ;

{ size=n; ind=0; name = �lename; current = i; cache = c } ;;
val init_table : int −> string −> table_of_images = <fun>

Ïðè çàãðóçêå íîâîãî èçîáðàæåíèÿ, òåêóùåå ñîõðàíÿåòñÿ â âåêòîðå è
çàòåì çàãðóæàåòñÿ íîâîå èçîáðàæåíèå. Ïåðåä ýòèì, íåîáõîäèìî ïðîñìîò-
ðåòü êýø, íà ñëó÷àé åñëè èñêîìîå èçîáðàæåíèå óæå çàãðóæåíî.

# exception Found of int * Graphics.color array array ;;
# let search_table �lename table =

try
for i=0 to table. size−1 do
if i<>table.ind then match Weak.get table.cache i with

Some (n,img) when n=�lename −> raise (Found (i,img))
| _ −> ()

done ;
None

with Found (i,img) −> Some (i,img) ;;

# let load_table �lename table =
if table .name = �lename then () (* the image is the current image *)
else
match search_table �lename table with
Some (i,img) −>
(* the image found becomes the current image *)
table .current <− img ;
table .name <− �lename ;
table .ind <− i

| None −>
(* the image isn't in the cache, need to load it *)
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(* �nd an empty spot in the cache *)
let i = ref 0 in
while (!i<table.size && Weak.check table.cache !i) do incr i

done ;
(* if none are free , take a full slot *)
( if ! i=table.size then i:=(table.ind+1) mod table.size ) ;
(* load the image here and make it the current one *)
table .current <− open_image �lename ;
table .ind <− !i ;
table .name <− �lename ;
Weak.set table.cache table .ind (Some (�lename,table.current

)) ;;
val load_table : string −> table_of_images −> unit = <fun>

Ôóíêöèÿ load_table ïðîâåðÿåò ÿâëÿåòñÿ ëè çàïðàøèâàåìîå èçîáðà-
æåíèå òåêóùèì, åñëè íåò, òî ïðîâåðêà ïðîäîëæàåòñÿ â êýøå è â êîíå÷íîì
èòîãå çàãðóæàåòñÿ ñ äèñêà åñëè ïîèñê â êýøå íè÷åãî íå äàë. Â ïîñëåäíèõ
äâóõ ñëó÷àÿõ ýòî èçîáðàæåíèå ñòàíîâèòñÿ òåêóùèì.

Äëÿ òîãî ÷òîáû ïðîâåðèòü ýòó ôóíêöèþ, âîñïîëüçóåìñÿ ñëåäóþùèì
êîäîì, âûâîäÿùèé ñîäåðæèìîå êýøà:

# let print_table table =
for i = 0 to table. size−1 do
match Weak.get table.cache ((i+table.ind) mod table.size) with
None −> print_string "[] "

| Some (n,_) −> print_string n ; print_string " "
done ;;

val print_table : table_of_images −> unit = <fun>

Ïðîòåñòèðóåì êîíå÷íóþ ïðîãðàììó:

# let t = init_table 10 "IMAGES/animfond.caa" ;;
val t : table_of_images =
{size=10; ind=0; name="IMAGES/animfond.caa";
current=
[|[|7372452; 7372452; 7372452; 7372452; 7372452; 7372452; 7372452;

7372452; 7372452; 7372452; 7372452; 7372452; 7505571; 7505571;
...|];

...|];
cache=...}

# load_table "IMAGES/anim.caa" t ;;
− : unit = ()
# print_table t ;;
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IMAGES/anim.caa [] [] [] [] [] [] [] [] [] − : unit = ()

Ýòîò ìåõàíèçì êýøà ìîæåò áûòü èñïîëüçîâàí â ðàçëè÷íûõ ñëó÷àÿõ.

8.9 Ðåçþìå

Â äàííîé ãëàâå áûëè ïðèâåäåíû ðàçëè÷íûå àëãîðèòìû âûñâîáîæäåíèÿ
ïàìÿòè. Ýòî áûëî ñäåëàíî ñ öåëüþ ïðåäñòàâèòü àëãîðèòì èñïîëüçóåìûé
Objective CAML. GC Objective CAML ÿâëÿåòñÿ èíêðåìåíòàëüíûì GC, ñ
äâóìÿ ïîêîëåíèÿìè çíà÷åíèé. Îí èñïîëüçóåò àëãîðèòì Mark&Sweep äëÿ
ñòàðîãî ïîêîëåíèÿ è Stop&Copy äëÿ ìîëîäîãî. Äâà ìîäóëÿ, íàïðÿìóþ
ñâÿçàííûå ñ GC, ïîçâîëÿþò êîíòðîëèðîâàòü ñîñòîÿíèå êó÷è. Ïðè ïîìî-
ùè ìîäóëÿ Gc ìû ìîæåì ïðîàíàëèçèðîâàòü ïîâåäåíèå êó÷è è èçìåíèòü
íåêîòîðûå åå ïàðàìåòðû, ÷òîáû îïòèìèçèðîâàòü åå äëÿ îïðåäåëåííûõ
ïðèëîæåíèé. Ïðè ïîìîùè ìîäóëÿ Weak ìû ìîæåì ñîõðàíèòü â âåêòîðå
ïîòåíöèàëüíî âûñâîáîæäàåìûå, íî åùå äîñòóïíûå çíà÷åíèÿ. Ýòî ñâîé-
ñòâî áûâàåò ïîëåçíûì äëÿ ðåàëèçàöèè êýøà ïàìÿòè.
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Ãëàâà 9

Ñðåäñòâà àíàëèçà ïðîãðàìì

9.1 Ââåäåíèå

Ñðåäñòâà àíàëèçà ïðîãðàìì ïðåäîñòàâëÿþò äîïîëíèòåëüíóþ èíôîðìà-
öèþ, ïî ñðàâíåíèþ ñ êîìïèëÿòîðîì èëè êîìïîíîâùèêîì. ×àñòü ýòèõ
ñðåäñòâ ðåàëèçóþò ñòàòè÷åñêèé àíàëèç. Òî åñòü îíè àíàëèçèðóþ (â âè-
äå èñõîäíîãî êîäà èëè ñèíòàêñè÷åñêîãî äåðåâà) è îïðåäåëÿþò ðàçëè÷íûå
ñâîéñòâà êîäà, òàêèå êàê çàâèñèìîñòè ìåæäó ìîäóëÿìè èëè âîçìîæíûå
èñêëþ÷åíèÿ. Äðóãèå ñðåäñòâà ïðîâîäÿò äèíàìè÷åñêèé àíàëèç, òî åñòü
èçó÷àþò ïðîãðàììû âî âðåìÿ åå âûïîëíåíèÿ. Òàêèå ñðåäñòâà ïîëåçíû, â
ñëó÷àå êîãäà íåîáõîäèìî çíàòü ñêîëüêî ðàç áûëà âûçâàíà îïðåäåëåííàÿ
ôóíêöèÿ, êàêèå àðãóìåíòû áûëè åé ïåðåäàíû èëè âðåìÿ, çàòðà÷åííîå
íà âûïîëíåíèå ÷àñòè êîäà ïðîãðàììû. Òàêèå ñðåäñòâà àíàëèçà ìîãóò
áûòü èíòåðàêòèâíûìè, êàê íàïðèìåð îòëàä÷èê ïðîãðàìì. Â ýòîì ñëó-
÷àå âûïîëíåíèå ïðîãðàììû èçìåíÿåòñÿ, äëÿ òîãî ÷òîáû ðåàãèðîâàòü íà
êîìàíäû ïîëüçîâàòåëÿ, êîòîðûé ìîæåò óñòàíîâèòü êîíòðîëüíûå òî÷êè
÷òîáû ïðîñìîòðåòü çíà÷åíèÿ èëè ïåðåçàïóñòèòü ïðîãðàììó ñ íîâûìè àð-
ãóìåíòàìè.

Â äèñòðèáóòèâ Objective CAML âõîäÿò ïîäîáíûå ñðåäñòâà. Íåêîòî-
ðûå èç íèõ èìåþò íå ÷àñòî âñòðå÷àþùèåñÿ õàðàêòåðèñòèêè, ñâÿçàííûå
ñî ñòàòè÷åñêîé òèïèçàöèåé. Òàêàÿ òèïèçàöèÿ ãàðàíòèðóåò, ÷òî âî âðåìÿ
âûïîëíåíèÿ êîäà, íå ïðîèçîéäåò îøèáîê òèïà è èñïîëüçóåòñÿ êîìïèëÿòî-
ðîì äëÿ òîãî ÷òîáû ãåíåðèðîâàòü ýôôåêòèâíûé êîä íåáîëüøîãî ðàçìå-
ðà. ×àñòü èíôîðìàöèè î òèïå ñîçäàííûõ çíà÷åíèé òåðÿåòñÿ è èç�çà ýòîé
îñîáåííîñòè íåëüçÿ ïðîñìîòðåòü àðãóìåíòû ïîëèìîðôíûõ ôóíêöèé.
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9.2 Ïëàí ãëàâû

Â ýòîé êîðîòêîé ãëàâå ïðåäñòàâëÿþòñÿ ñðåäñòâà àíàëèçà âõîäÿùèå â äèñ-
òðèáóòèâ Objective CAML. Â ïåðâîé ÷àñòè îïèñûâàåòñÿ êîìàíäà ocamldep,
êîòîðàÿ îïðåäåëÿåò çàâèñèìîñòè ìíîæåñòâà ôàéëîâ Objective CAML ïðè-
íàäëåæàùèõ îäíîé è òîé æå ïðîãðàììå. Âî âòîðîé ÷àñòè ïðåäñòàâëÿ-
þòñÿ ñðåäñòâà îòëàäêè, êàê íàïðèìåð ðåçóëüòàòû ïðèìåíåíèÿ ôóíêöèé
èëè ñòàíäàðòíîå ñðåäñòâî îòëàäêè � ocamldebug äëÿ îïåðàöèîííûõ ñè-
ñòåì Unix. Â òðåòüåé ÷àñòè ìû ðàññìîòðèì ïðîôàéëåð. Îí àíàëèçèðóåò
ïðîãðàììû è ðåçóëüòàò ýòîãî àíàëèçà ìîæåò áûòü èñïîëüçîâàí äëÿ îï-
òèìèçàöèè ýòîé ïðîãðàììû.

Âû÷èñëåíèå çàâèñèìîñòåé ìåæäó ôàéëàìè èíòåðôåéñà è ðåàëèçàöèè
èìååò äâîéíóþ öåëü. Ïåðâàÿ � ïîëó÷èòü ãëîáàëüíîå âèäåíèå çàâèñèìî-
ñòåé ìåæäó ìîäóëÿìè? Âòîðàÿ � èñïîëüçîâàòü äàííóþ èíôîðìàöèþ äëÿ
òîãî ÷òîáû êîìïèëèðîâàòü ëèøü íåîáõîäèìûé ìèíèìóì ïðè èçìåíåíèè
íåêîòîðûõ ôàéëîâ.

Êîìàíäà ocamldep àíàëèçèðóåò ôàéëû .ml è .mli è âûâîäèò çàâèñè-
ìîñòè ôàéëîâ â ôîðìàòå Makefile1.

Çàâèñèìîñòè ïîÿâëÿþòñÿ ïðè ãëîáàëüíîé äåêëàðàöèè äðóãèõ ìîäó-
ëåé, ëèáî èñïîëüçóÿ ñèíòàêñèñ ñ òî÷êîé (ïðèìåð: M1.f), ëèáî îòêðûâàÿ
ìîäóëü (ïðèìåð: open M1).

Ïðåäïîëîæèì, ÷òî èìåþòñÿ ôàéëû dp.ml:

let print_vect v =
for i = 0 to Array.length v do
Printf . printf "%f " v.( i )

done;
print_newline();;

è d1.ml:

let init n e =
let v = Array.create 4 3.14 in
Dp.print_vect v;
v ;;

Ïðè âûçîâå êîìàíäû ocamldep ñ óêàçàíèåì ôàéëîâ, ïîëó÷èì ñëåäó-
þùèé ðåçóëüòàò:

$ ocamldep dp.ml d1.ml array.ml array.mli printf.ml printf .mli
dp.cmo: array.cmi printf .cmi
dp.cmx: array.cmx printf.cmx

1Ôàéëû Makefile èñïîëüçóþòñÿ êîìàíäîé make ÷òîáû îáíîâëÿòü ïðè íåîáõîäèìî-
ñòè ôàéëû èëè ïðîãðàììû
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d1.cmo: array.cmi dp.cmo
d1.cmx: array.cmx dp.cmx
array.cmo: array.cmi
array.cmx: array.cmi
printf .cmo: printf .cmi
printf .cmx: printf .cmi

Çàâèñèìîñòè âû÷èñëÿþòñÿ äëÿ áàéò�êîä è íàòèâíûõ êîìïèëÿòîðîâ.
Ïîÿñíèì ïîëó÷åííûé ðåçóëüòàò: êîìïèëÿöèÿ ôàéëà dp.cmo çàâèñèò îò
ôàéëîâ array.cmi è printf.cmi. Ôàéëû ñ ðàñøèðåíèåì .cmi çàâèñÿò
îò ôàéëîâ ñ òàêèì æå èìåíåì, íî ñ ðàñøèðåíèåì .mli. Àíàëîãè÷íîå
ïðàâèëî ðàñïîðîñòðàíÿåòñÿ íà ôàéëû .ml ñ .cmo è .cmx.

Îáúêåòíûå ôàéëû äèñòèðáèòóâà îòñóòñòâóþò â ñïèñêå çàâèñèìîñòåé.
Â äåéñòâèòåëüíîñòè, åñëè êîìàíäà ocamldep íå íàéäåò èõ â òåêóùåì
êàòàëîãå, òî îíè áóäóò íàéäåíû â êàòàëîãå áèáëèîòåê äèñòðèáóòèâà è
âûäàñò ñëåäóþùèé ðåçóëüòàò:

$ ocamldep dp.ml d1.ml
d1.cmo: dp.cmo
d1.cmx: dp.cmx

Äëÿ òîãî, ÷òîáû óêàçàòü êîìàíäe ocamldep äîïîëíèòåëüíûå êàòàëîãè
äëÿ ïîèñêà ôàéëîâ, èñïîëüçóéòå îïöèþ -I êàòàëîã.

9.3 Ñðåäñòâà îòëàäêè

Ñóùåñòâóåò äâà òèïà ñðåäñòâ äëÿ îòëàäêè ïðîãðàìì. Ïåðâûé òèï ýòî
òðàññèðîâêà ãëîáàëüíûõ ôóíêöèé, èíòåðàêòèâíîãî èíòåðïðåòàòîðà. Âòî-
ðîå ñðåäñòâî ýòî îòëàä÷èê, êîòîðûé íå èñïîëüçóåòñÿ â íîðìàëüíîì èí-
òåðàêòèâíîì èíòåðïðåòàòîðå. Ïîñëå ïåðâè÷íîãî âûïîëíåíèÿ ïðîãðàì-
ìû, îòëàä÷èê ïîçâîëÿåò âåðíóòüñÿ ê êîíòðîëüíûì òî÷êàì, ïðîñìîòðåòü
îïðåäåëåííûå çíà÷åíèÿ èëè ïåðåçàïóñòèòü ôóíêöèè ñ íîâûìè ïàðàìåò-
ðàìè. Äàííûé îòëàä÷èê äîñòóïåí ëèøü â ñðåäå Unix, ïîòîìó ÷òî îí èñ-
ïîëüçóåò âûçîâ fork äëÿ ñîçäàíèÿ ïðîöåññà ïðîãðàììû.

9.3.1 Trace

Òðàññèðîâêîé íàçûâàåòñÿ âûâîä âõîäíûõ àðãóìåíòîâ ôóíêöèè è åå ðå-
çóëüòàòà â ìîìåíò âûïîëíåíèÿ ïðîãðàììû. Êîìàíäû òðàññèðîâêè ýòî
äèðåêòèâû èíòåðàêòèâíîãî èíòåðïðåòàòîðà. Ïðè ïîìîùè äèðåêòèâ ìîæ-
íî íà÷àòü òðàññèðîâêó ôóíêöèè, îñòàíîâèòü òðàññèðîâêó ôóíêöèè è
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îñòàíîâèòü âñå óñòàíîâëåííûå òðàññèðîâêè. Ýòè òðè äèðåêòèâû ïðåä-
ñòàâëåíû â ñëåäóþùåé òàáëèöå:

#trace èìÿ_ôóíêöèè òðàññèðîâàòü óêàçàííóþ ôóíêöèþ
#untrace èìÿ_ôóíêöèè ïðåêðàòèòü òðàññèðîâêó óêàçàííîé ôóíêöèè
#untrace_all ïðåêðàòèòü âñå òðàññèðîâêè

Â ñëåäóþùåì ïðèìåðå, îïðåäåëèì ôóíêöèþ:

# let f x = x + 1;;
val f : int −> int = <fun>
# f 4;;
− : int = 5

Òåïåðü çàäàäèì äèðåêòèâó òðàññèðîâêè äàííîé ôóíêöèè, ïîñëå ÷åãî
ïåðåäàííûå àðãóìåíòû è ðåçóëüòàò áóäó âûâåäåíû íà ýêðàí.

# #trace f ;;
f is now traced.
# f 4;;
f <−− 4
f −−> 5
− : int = 5

Ïåðåäà÷à àðãóìåíòà 4 ôóíêöèè f âûâîäèòñÿ íà ýêðàí, ôóíêöèÿ ðåà-
ëèçóåò âû÷èñëåíèå è çàòåì ðåçóëüòàò òàê æå âûâîäèòñÿ íà ýêðàí. Çíà-
÷åíèÿ ïàðàìåòðîâ âûçîâà ôóíêöèè óêàçûâàþòñÿ ñòðåëêîé âëåâî, à âîç-
âðàùàåìîå çíà÷åíèå ñòðåëêîé âïðàâî.

Ôóíêöèè ñ íåñêîëüêèìè ïàðàìåòðàìè

Òàêèì æå îáðàçîì ìîæíî òðàññèðîâàòü ôóíêöèè ñ íåñêîëüêèìè àðãó-
ìåíòàìè (èëè âîçâðàùàþùèìè çàìûêàíèå). Êàæäàÿ ïåðåäà÷à àðãóìåíòà
âûâîäèòñÿ íà ýêðàí. Äëÿ òîãî ÷òîáû ðàçëè÷èòü çàìûêàíèÿ, ñèìâîëîì '*'
ïîìå÷àåòñÿ ÷èñëî óæå ïåðåäàííûõ çàìûêàíèþ àðãóìåíòîâ. Ïóñòü èìå-
åòñÿ ôóíêöèÿ verif_div ñ ÷åòûðüìÿ àðãóìåíòàìè a b c d, ñîîòâåòñòâó-
þùèå öåëî÷èñëåííîìó äåëåíèþ: a = bq + r.

# let verif_div a b q r =
a = b*q + r;;

val verif_div : int −> int −> int −> int −> bool = <fun>
# verif_div 11 5 2 1;;
− : bool = true

Òðàññèðîâêà äàííîé ôóíêöèè âûâîäèò íà ýêðàí ïåðåäà÷ó 4 àðãóìåí-
òà:
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# #trace verif_div;;
verif_div is now traced.
# verif_div 11 5 2 1;;
verif_div <−− 11
verif_div −−> <fun>
verif_div* <−− 5
verif_div* −−> <fun>
verif_div** <−− 2
verif_div** −−> <fun>
verif_div*** <−− 1
verif_div*** −−> true
− : bool = true

Ðåêóðñèâíûå ôóíêöèè

Òðàññèðîâêà äàåò öåííóþ èíôîðìàöèþ î ðåêóðñèâíûõ ôóíêöèÿõ. Ìîæ-
íî ñ ëåãêîñòüþ îïðåäåëèòü íåâåðíûé êðèòåðèé îñòàíîâêè ðåêóðñèè.

Îïðåäåëèì ôóíêöèþ belongs_to, êîòîðàÿ ïðîâåðÿåò ïðèíàäëåæèò
ëè ÷èñëî ñïèñêó öåëûõ ÷èñåë:

# let rec belongs_to (e : int) l = match l with
[] −> false

| t :: q −> (e = t) || belongs_to e q ;;
val belongs_to : int −> int list −> bool = <fun>
# belongs_to 4 [3;5;7] ;;
− : bool = false
# belongs_to 4 [1; 2; 3; 4; 5; 6; 7; 8] ;;
− : bool = true

Òðàññèðîâêà âûçîâà ôóíêöèè belongs_to 4 [3;5;7] âûâåäåò íà ýêðàí
ïåðåäà÷ó ÷åòûðåõ àðãóìåíòîâ è âîçâðàùåííûå ðåçóëüòàòû.

# #trace belongs_to ;;
belongs_to is now traced.
# belongs_to 4 [3;5;7] ;;
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− [3; 5; 7]
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− [5; 7]
belongs_to <−− 4
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belongs_to −−> <fun>
belongs_to* <−− [7]
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− []
belongs_to* −−> false
belongs_to* −−> false
belongs_to* −−> false
belongs_to* −−> false
− : bool = false

Ïðè êàæäîì âûçîâå ôóíêöèè belongs_to åé ïåðåäàåòñÿ àðãóìåíò 4 è
òåñòèðóåìûé ñïèñîê. Êîãäà ïåðåäàåòñÿ ïóñòîé ñïèñîê, òî ôóíêöèÿ âîç-
âðàùàåò false. Ýòî çíà÷åíèå ïåðåäàåòñÿ êàæäîìó îæèäàþùåìó ðåêóð-
ñèâíîìó âûçîâó.

Â ñëåäóþùåì ïðèìåðå ñïèñîê ïðîéäåí ëèøü ÷àñòè÷íî, äî òîãî ìåñòà
ãäå íàõîäèòñÿ íóæíûé ýëåìåíò:

# belongs_to 4 [1; 2; 3; 4; 5; 6; 7; 8] ;;
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− [1; 2; 3; 4; 5; 6; 7; 8]
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− [2; 3; 4; 5; 6; 7; 8]
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− [3; 4; 5; 6; 7; 8]
belongs_to <−− 4
belongs_to −−> <fun>
belongs_to* <−− [4; 5; 6; 7; 8]
belongs_to* −−> true
belongs_to* −−> true
belongs_to* −−> true
belongs_to* −−> true
− : bool = true

Êàê òîëüêî 4 îêàçûâàåòñÿ â çàãîëîâêå ñïèñêà, ôóíêöèÿ âîçâðàùàåò
çíà÷åíèå true è îíî âîçâðàùàåòñÿ âñåì îæèäàþùèì ðåêóðñèâíûì âûçî-
âàì.

Åñëè â ôóíêöèè belongs_to ïîìåíÿòü ïîðÿäîê '||', òî ôóíêöèÿ âñå
òàê æå áóäåò âîçâðàùàòü ïðàâèëüíûé ðåçóëüòàò, íî ïðè ýòîì îíà áóäåò
ïðîâåðÿòü ñïèñîê äî êîíöà.
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# let rec belongs_to (e : int) = function
[] −> false

| t :: q −> belongs_to e q || (e = t) ;;
val belongs_to : int −> int list −> bool = <fun>
# #trace belongs_to ;;
belongs_to is now traced.
# belongs_to 3 [3;5;7] ;;
belongs_to <−− 3
belongs_to −−> <fun>
belongs_to* <−− [3; 5; 7]
belongs_to <−− 3
belongs_to −−> <fun>
belongs_to* <−− [5; 7]
belongs_to <−− 3
belongs_to −−> <fun>
belongs_to* <−− [7]
belongs_to <−− 3
belongs_to −−> <fun>
belongs_to* <−− []
belongs_to* −−> false
belongs_to* −−> false
belongs_to* −−> false
belongs_to* −−> true
− : bool = true

Íåñìîòðÿ íà òî, ÷òî ÷èñëî 3 íàõîäèòñÿ â íà÷àëå ñïèñêà, îí, ñïèñîê,
ïðîâåðÿåòñÿ äî êîíöà. Òàêèì îáðàçîì òðàññèðîâêà ïîìîãàåò àíàëèçèðî-
âàòü ýôôåêòèâíîñòü ðåêóðñèâíûõ ôóíêöèé.

Ïîëèìîðôíûå ôóíêöèè

Òðàññèðîâêà àðãóìåíòîâ ïîëèìîðôíîé ôóíêöèè íå âûâîäèò íà ýêðàí
çíà÷åíèå ïàðàìåòðèçîâàííîãî òèïà. Ïóñòü ôóíêöèÿ belongs_to íàïèñà-
íà áåç ÿâíîãî óêàçàíèÿ òèïà.

# let rec belongs_to e l = match l with
[] −> false

| t :: q −> (e = t) || belongs_to e q ;;
val belongs_to : 'a −> 'a list −> bool = <fun>

Òåïåðü, ôóíêöèÿ belongs_to ñòàëà ïîëèìîðôíàÿ è â åå òðàññèðîâêå
âûâîä çíà÷åíèé àðãóìåíòîâ çàìåíåí íà <poly>.

# #trace belongs_to ;;
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belongs_to is now traced.
# belongs_to 3 [2;3;4] ;;
belongs_to <−− <poly>
belongs_to −−> <fun>
belongs_to* <−− [<poly>; <poly>; <poly>]
belongs_to <−− <poly>
belongs_to −−> <fun>
belongs_to* <−− [<poly>; <poly>]
belongs_to* −−> true
belongs_to* −−> true
− : bool = true

Èíòåðàêòèâíûé èíòåðïðåòàòîð óìååò âûâîäèòü íà ýêðàí òîëüêî çíà-
÷åíèÿ ìîíîìîðôíûõ òèïîâ. Ê òîìó æå îí ñîõðàíÿåò ëèøü âûâåäåí-
íûé òèï ãëîáàëüíûõ äåêëàðàöèé. Òî åñòü ïîñëå êîìïèëÿöèè âûðàæå-
íèÿ belongs_to 3 [2;3;4], èíòåðàêòèâíûé èíòåðïðåòàòîð íå ðàñïîëàãà-
åò äðóãîé èíôîðìàöèåé î òèïå, êðîìå òîãî, ÷òî òèï ôóíêöèè belongs_to

åñòü a -> 'a list -> bool. Òèïû (ìîíîìîðôíûå) 3 è [2;3;4] óòåðÿíû,
òàê êàê ïðè ñòàòè÷åñêîé òèïèçàöèè çíà÷åíèÿ íå õðàíÿò èíôîðìàöèþ î
òèïå. Ïîýòîìó, òðàññèðîâêà ïðîãðàììû àññîöèèðóåò çíà÷åíèÿì ôóíêöèè
belongs_to ïîëèìîðôíûå òèïû 'a è 'a list.

Èç�çà òîãî ÷òî çíà÷åíèÿ íå ñîõðàíÿþò èíôîðìàöèþ î òèïå, ìû íå
ìîæåì ñîçäàòü îáùóþ ôóíêöèþ print ñ òèïîì a -> unit.

Ëîêàëüíûå ôóíêöèè

Ëîêàëüíûå ôóíêöèè íå òðàññèðóþòñÿ ïî àíàëîãè÷íûì ïðè÷èíàì, êîòî-
ðûå ñâÿçàííû ñî ñòàòè÷åñêîé òèïèçàöèåé. Â îêðóæåíèè èíòåðàêòèâíîãî
èíòåðïðåòàòîð ñîõðàíÿþòñÿ òîëüêî òèïû ãëîáàëüíûõ äåêëàðàöèé. Îä-
íàêî, íå ñìîòðÿ íà ýòî, ñëåäóþùèé ñòèëü ïðîãðàììèðîâàíèÿ äîñòàòî÷íî
ðàñïðîñòðàíåí:

# let belongs_to e l =
let rec bel_aux l = match l with
[] −> false

| t :: q −> (e = t) || (bel_aux q)
in
bel_aux l;;

val belongs_to : 'a −> 'a list −> bool = <fun>

Ãëîáàëüíàÿ ôóíêöèÿ ëèøü âûçûâàåò ëîêàëüíóþ, ÷òîáû îíà âûïîë-
íèëà íåîáõîäèìóþ çàäà÷ó.
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Çàìå÷àíèÿ î òðàññèðîâêå

Íà äàííûé ìîìåíò, òðàññèðîâêà ÿâëÿåòñÿ åäèíñòâåííûì ìóëüòèïëàò-
ôîðìåííûì ñðåäñòâîì îòëàäêè. Åãî íåäîñòàòêàìè ÿâëÿþòñÿ îòñóòñòâèå
âûâîäà äëÿ ëîêàëüíûõ îáúÿâëåíèé è ïîëèìîðôíûõ ïàðàìåòðîâ ôóíê-
öèé. Ïî ýòîé ïðè÷èíå òðàññèðîâêà ìàëî èñïîëüçóåòñÿ, îñîáåííî íà ïåð-
âûõ ýòàïàõ çíàêîìñòâà ñ ÿçûêîì.

9.3.2 Îòëàäêà ïðîãðàìì

Ñðåäñòâîì îòëàäêè ïðîãðàìì èëè îòëàä÷èê â Objective CAML ÿâëÿåòñÿ
ocamldeb. Îí ïîçâîëÿåò ïîøàãîâîå âûïîëíåíèå ïðîãðàììû, âñòàâëÿòü
êîíòðîëüíûå òî÷êè, ïðîñìîòðåòü èëè èçìåíèòü çíà÷åíèÿ îêðóæåíèÿ.

Ñêàçàòü ïîøàãîâîå âûïîëíåíèÿ, çíà÷èòü îñîçíàâàòü ÷òî òàêîå â ïðî-
ãðàììå øàã. Â èìïåðàòèâíîì ïðîãðàììèðîâàíèè ýòî ïîíÿòèå ñîîòâåò-
ñòâóåò èíñòðóêöèè ÿçûêà. Îäíàêî ïîäîáíîå îïðåäåëåíèå íå èìååò ñìûñëà
â ôóíêöèîíàëüíîì ïðîãðàììèðîâàíèè. Çäåñü ñêîðåå ãîâîðÿò î ñîáûòèè
(event) ïðîãðàììû. Ñîáûòèåì ìîæåò áûòü ïðèìåíåíèÿ, âõîä ôóíêöèè,
ñîïîñòàâëåíèå ñ îáðàçöîì, óñëîâèå, öèêë, ýëåìåíò ïîñëåäîâàòåëüíîñòè.

Warning

Îòëàä÷èê äîñòóïåí òîëüêî äëÿ ñèñòåì Unix.

Êîìïèëÿöèÿ äëÿ îòëàä÷èêà

Ïðè êîìïèëÿöèè ñ îïöèåé -g ñîçäàåòñÿ ôàéë ñ ðàñøèðåíèåì .cmo, ÷òî
ïîçâîëÿåò ñîçäàòü èíñòðóêöèè íåîáõîäèìûå äëÿ îòëàäêè. Äàííàÿ îïöèÿ
ñóùåñòâóåò òîëüêî äëÿ áàéò�êîä êîìïèëÿòîðà. Ïðè êîìïèëÿöèè ðàçëè÷-
íûõ ôàéëîâ ïðîãðàììû, íåîáõîäèìî óêàçàòü äàííóþ îïöèþ. Ïîñëå òîãî
êàê ïîëó÷åí èñïîëíÿåìûé ôàéë, íåîáõîäèìî çàïóñòèòü ocamldebug ñëå-
äóþùèì îáðàçîì:

ocamldebug [options] executable [arguments]

Ïóñòü åñòü ôàéë fact.ml ñî ñëåäóþùèì êîäîì äëÿ âû÷èñëåíèÿ ôàê-
òîðèàëà:

let fact n =
let rec fact_aux p q n =
if n = 0 then p
else fact_aux (p+q) p (n−1)

in
fact_aux 1 1 n;;
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Îñíîâíàÿ ïðîãðàììà íàõîäèòñÿ â ôàéëå main.ml, îíà çàïóñêàåò äîë-
ãóþ ðåêóðñèþ âûçîâîì Fact.fact íà -1.

let x = ref 4;;
let go () =
x := −1;
Fact. fact !x ;;

go() ;;

Îáà ôàéëà êîìïèëèðóþòñÿ ñ îïöèåé -g:

$ ocamlc −g −i −o fact.exe fact.ml main.ml
val fact : int −> int
val x : int ref
val go : unit −> int

Çàïóñê îòëàä÷èêà

Ïîñëå òîãî êàê ïðîãðàììà ñêîìïèëèðîâàíà ïîäîáíûì îáðàçîì, åå çàïóñê
â ðåæèìå îòëàä÷èêà ïðîèñõîäèò ñëåäóþùèì îáðàçîì:

$ ocamldebug fact.exe
Objective Caml Debugger version 3.00

(ocd)

9.3.3 Êîíòðîëü íàä âûïîëíåíèå ïðîãðàììû

Êîíòðîëü íàä âûïîëíåíèåì ðåàëèçóåòñÿ ïðè ïîìîùè ñîáûòèé ïðîãðàì-
ìû. Ìîæíî ëèáî ïðîäâèíóòñÿ âïåðåä èëè íàçàä íà n ýëåìåíòîâ ïðî-
ãðàììû, ëèáî ïðîäâèíóòñÿ âïåðåä èëè íàçàä äî ïåðâîé òî÷êè êîíòðîëÿ
(èëè íà n òî÷åê). Òî÷êó êîíòðîëÿ ìîæíî óñòàíîâèòü íà ôóíêöèþ èëè
ýëåìåíò ïðîãðàììû. Ýëåìåíò ÿçûêà ìîæíî âûáðàòü ïî íîìåðó ëèíèè,
ñòîëáöà èëè íîìåðà ñèìâîëà. Ýòè êîîðäèíàòû ìîãóò áûòü îïðåäåëåíû
ïî îòíîøåíèþ ê ìîäóëþ.

Â ïðèâåäåííîì íèæå ïðèìåðå, ìû óñòàíàâëèâàåì òî÷êó íà ÷åòâåðòîé
ñòðîêå ìîäóëÿ Main:

(ocd) step 0
Loading program... done.
Time : 0
Beginning of program.



9.3. Ñðåäñòâà îòëàäêè 311

(ocd) break @ Main 4
Breakpoint 1 at 4964 : �le Main, line 4 column 3

Èíèöèàëèçàöèÿ ìîäóëÿ ïðîèñõîäèò äî ñàìîé ïðîãðàììû. È ïî ýòîé
ïðè÷èíå êîíòðîëüíàÿ òî÷êà 4 íàõîäèòñÿ ïîñëå 4964 èíñòðóêöèé.

Ïåðåìåùàòüñÿ ïî ïðîãðàììå ìîæíî ëèáî ïî îòíîøåíèþ ê ýëåìåíòàì
ïðîãðàììû ëèáî ïî îòíîøåíèþ ê êîíòðîëüíûì òî÷êàì. run è reverse
âûïîëíÿþò ïðîãðàììó äî ïåðâîé âñòðåòèâøåéñÿ òî÷êè. Â ïåðâîì ñëó-
÷àå âûïîëíåíèå ïðîèñõîäèò â íîðìàëüíîì íàïðàâëåíèè, à âî âòîðîì â
îáðàòíîì ïîðÿäêå. Ïî êîìàíäå step âûïîëíÿåòñÿ îäèí èëè n ýëåìåíòîâ
ïðîãðàììû âõîäÿ â ôóíêöèè, à next íå âõîäÿ â ôóíêöèè. Ñîîòâåòñòâåííî
êîìàíäû backstep è previous âûïîëíÿþò ïðîãðàììó â îáðàòíîì ïîðÿä-
êå. È íàêîíåö êîìàíäà �nish çàâåðøàåò âûçîâ òåêóùåé ôóíêöèè, à start
âîçâðàùàåòñÿ ê ýëåìåíòó ñòîÿùåìó ïåðåä âûçîâîì ôóíêöèè.

Â ïðîäîëæåíèè ïðèìåðà, ïðîäâèíåìñÿ äî êîíòðîëüíîé òî÷êè, à çàòåì
âûïîëíèì òðè ýëåìåíòà ïðîãðàììû.

(ocd) run
Time : 6 − pc : 4964 − module Main
Breakpoint : 1
4 <|b|>Fact.fact !x ;;
(ocd) step
Time : 7 − pc : 4860 − module Fact
2 <|b|>let rec fact_aux p q n =
(ocd) step
Time : 8 − pc : 4876 − module Fact
6 <|b|>fact_aux 1 1 n;;
(ocd) step
Time : 9 − pc : 4788 − module Fact
3 <|b|>if n = 0 then p

Ïðîñìîòð çíà÷åíèé

Â êîíòðîëüíîé òî÷êå ìîæíî ïðîñìîòðåòü çíà÷åíèÿ ñâÿçàííûå ñ àêòèâ-
íûì áëîêîì. Êîìàíäû print è display âûâîäÿò â çàâèñèìîñòè îò ãëóáè-
íû çíà÷åíèÿ.

Âûâåäåì çíà÷åíèå n, çàòåì âåðíåìñÿ íà òðè ýëåìåíòà íàçàä è âûâåäåì
çíà÷åíèå x.

(ocd) print n
n : int = −1
(ocd) backstep 3
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Time : 6 − pc : 4964 − module Main
Breakpoint : 1
4 <|b|>Fact.fact !x ;;
(ocd) print x
x : int ref = {contents=−1}

Ýòè æå êîìàíäû ïîçâîëÿþò âûâåñòè ñîäåðæèìîå âåêòîðà èëè ïîëå
çàïèñè.

(ocd) print x.contents
$1 : int = −1

Ñòåê âûïîëíåíèÿ

Âëîæåííûå âûçîâû ôóíêöèé ìîæíî ïðîñìîòðåòü â ñòåêå âûïîëíåíèÿ.
Äëÿ ýòîãî ñóùåñòâóåò êîìàíäà backtrace èëè bt, êîòîðàÿ âûâîäèò ïî-
ðÿäîê â êîòîðîì âûçûâàëèñü ôóíêöèè. Ïðè ïîìîùè êîìàíä up down
âûáèðàåòñÿ ñëåäóþùèé èëè ïðåäûäóùèõ àêòèâíûé áëîê. Äëÿ îïèñàíèÿ
òåêóùåãî áëîêà èñïîëüçóåòñÿ êîìàíäà frame.

9.4 Ïðîôàéëåð

Ñ ïîìîùüþ ïðîôàéëåðà ìîæíî ïîëó÷èòü îïðåäåëåíóþ èíôîðìàöèþ î
âûïîëåíèè ïðîãðàììû: ñêîëüêî ðàç áûëà âûïîëíåíÿ ôóíêöèÿ èëè ñòðóê-
òóðà êîíòðîëÿ (óñëîâíûé, öèêë èëè ñîïîñòàâëåíèå ñ îáðàçöîì). Ýòà èí-
ôîðìàöèÿ ñîõðàíÿåòñÿ â ôàéëå, àíàëèçèðóÿ êîòîðûé, ìîæíî îáíàðó-
æèòü àëãîðèòìè÷åñêèå îøèáêè èëè êðèòè÷åñêèå ìîìåíòû, êîòîðûå ìîæ-
íî îïòèìèçèðîâàòü.

Äëÿ òîãî, ÷òîáû ïðîôàéëåð ñìîã ðåàëèçîâàòü àíàëèç, íåîáõîäèìî
ñêîìïèëèðîâàòü êîä ñî ñïåöèàëüíûìè îïöèÿìè. Ýòè îïöèè äîáàâëÿþò
â êîä èíñòðóêöèè, íåîáõîäèìûå äëÿ ñáîðà äàííûõ. Ñóùåñòâóåò äâå ìå-
òîäèêè ïðîôàéëèíãà: îäíà � äëÿ áàéò�êîä êîìïèëÿòîðà è äðóãàÿ � äëÿ
íàòèâíîãî êîìïèëÿòîðà, ïëþñ äâå êîììàíäû äëÿ ïðåäñòàâëåíèÿ ðåçóëü-
òàòà. Ïðè àíàëèçå ìàùèííîãî êîäà ìû ïîëó÷èì òàê æå âðåìÿ çàòðà÷åííî
íà âûïîëíåíèå êàæäîé ôóíêöèè.

Ïðîôàéëèíã ïðîãðàììû ñîñòîèò èç òðåõ ýòàïîâ:

� êîìïèëÿöèÿ ñ îïöèÿìè äëÿ ïðîôàéëèíãà

� âûïîëíåíèå ïðîãðàììû

� ïðåäñòàâëåíèå ðåçóëüòàòîâ
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f âûçîâ ôóíêöèè
i îòâåòâëåíèÿ if

l öèêë while è for

m îòâåòâëåíèÿ match

t îòâåòâëåíèÿ try

a âñå îïöèè

Òàáëèöà 9.1: Îïöèè êîìàíä ïðîôàéëèíãà.

9.4.1 Êîììàíäû êîìïèëÿöèè

Íèæå ïðèâîäÿòñÿ êîììàíäû êîìïèëÿöèè ñ îïöèÿìè äëÿ ïðîôàéëèíãà

� ocamlcp -p îïöèè äëÿ áàéò�êîä êîìïèëÿòîðà

� ocamlopt -p îïöèè äëÿ íàòèâíîãî êîìïèëÿòîðà

Óêàçàííûå êîìïèëÿòîðû ñîçäàþò òàêèå æå òèïû ôàéëîâ, ÷òî è îáû÷-
íûå êîìììàíäû êîìïèëÿöèè (6). Â òàáëèöå 9.1 ïðèâåäåíû ðàçëè÷íûå
îïöèè êîìïèëÿöèè.

Äàííûå êîììàíäû óêàçûâàþò, êàêèå ñòðóêòóðû êîíòðîëÿ äîëæíû
ó÷èòûâàòñÿ ïðîôàéëåðîì. Ïî óìîë÷àíèþ èñïîëüçóþòñÿ îïöèè fm.

9.4.2 Âûïîëíåíèå ïðîãðàììû

Áàéò�êîä êîìïèëÿòîð

Ïðó óñïåøíîì âûïîëåíèíèå ïðîãðàììû, êîòîðàÿ áûëà ñêîìïèëèðîâàííà
ñî ñïåöèàëüíûìè äëÿ ïðîôàéëåðà îïöèÿìè, ìû ïîëó÷èì ôàéë ocamlprof.dump,
êîòîðûé ñîäåðæèò æåëàåìóþ èíôîðìàöèþ.

Âåðíåìñÿ ê íàøåìó ïðèìåðó ïðîèçâåäåíèÿ ýëåìåíòîâ öåëî÷èñëåííîãî
ñïèñêà. Ïóñòü ôàéë f1.ml ñîäåðæèò ñëåäóþùèé êîä:

let rec interval a b =
if b < a then []
else a ::( interval (a+1) b);;

exception Found_zero ;;

let mult_list l =
let rec mult_rec l = match l with

[] −> 1
| 0::_ −> raise Found_zero
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| n ::x −> n * (mult_rec x)
in
try mult_rec l with Found_zero −> 0

;;

À òàê æå ôàéë f2.ml, â êîòîðîì âûçûâàþòñÿ ôóíêöèè èç f1.ml:

let l1 = F1.interval 1 30;;
let l2 = F1.interval 31 60;;
let l3 = l1 @ (0:: l2) ;;

print_int (F1.mult_list l1) ;;
print_newline();;

print_int (F1.mult_list l3) ;;
print_newline();;

Êîìïèëÿöèÿ ôàéëîâ äëÿ ïðîôàéëåðà îñóùåñòâëÿåòñÿ òàê:

ocamlcp −i −p a −c f1.ml
val pro�le_f1_ : int array
val interval : int −> int −> int list
exception Found_zero
val mult_list : int list −> int

Ñ îïöèåé -p, êîìïèëÿòîð äîáàâëÿåò íîâóþ ôóíêöèþ (profile_f1_)
äëÿ èíèöèàëèçàöèè ñ÷åò÷èêîâ ìîäóëÿ F1.Ýòî êàñàåòñÿ è ôàéëà f2.ml:

ocamlcp −i −p a −o f2.exe f1.cmo f2.ml
val pro�le_f2_ : int array
val l1 : int list
val l2 : int list
val l3 : int list

Íàòèâíûé êîìïèëÿòîð

Êîìïèëÿöèÿ â ìàøèííûé êîä âûãëÿäèò ñëåäóþùèì îáðàçîì:

$ ocamlopt −i −p −c f1.ml
val interval : int −> int −> int list
exception Found_zero
val mult_list : int list −> int
$ ocamlopt −i −p −o f2nat.exe f1.cmx f2.ml
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Çäåñü èñïîëüçóåòñÿ ëèøü îïöèÿ -p áåç àðãóìåíòîâ. Ïîñëå âûïîëåíèÿ
f2.exe ìû ïîëó÷èì ôàéë gmon.out. Ôîðìàò äàííîãî ôàéëà ðàñïîçíàåòñÿ
îáû÷íûìè ñðåäñòâàìè Unix (ñì. ñòð. 9.4.3).

9.4.3 Ïðåäñòàâëåíèå ðåçóëüòàòà

Òàê êàê ñïîñîáû àíàëèçà ïðîãðàìì îòëè÷àþòñÿ â çàâèñèìîñòè îò âèäà
êîìïèëÿöèè, ïðåäñòàâëåíèå ðåçóëüòàòà ñîîòâåòñòâåííî òîæå îòëè÷àåòñÿ.
Â ñëó÷àå êîìïèëÿöèè â áàéò�êîä â èñõîäíûé êîä ïðîãðàììû äîáàâëÿ-
åòñÿ ÷èñëî âûïîëíåíèé äëÿ ñòðóêòóð êîíòðîëÿ. Ïðè êîìïèëÿöèè â ìà-
øèííûé êîä äëÿ êàæäîé ôóíêöèè äîáàâëÿåòñÿ âðåìÿ çàòðà÷åííîå íà åå
âûïîëíåíèå è ÷èñëî âûïîëíåíèé.

Áàéò�êîä êîìïèëÿòîð

Êîìàíäà ocamlprof ïðåäñòàâëÿåò àíàëèç ðåçóëüòàòà èçìåðåíèé ïðîôàé-
ëåðà. Äëÿ ýòîãî èñïîëüçóåòñÿ èíôîðìàöèÿ ñîäåðæàùàÿñÿ â ôàéëå camlprof.dump.
Äàííàÿ êîìàíäà ÷èòàåò ïðèâåäåíûé ôàéë è çàòåì, ïðè ïîìîùè èñõîäíî-
ãî êîäà, ñîçäàåò íîâûé èñõîäíûé êîä ïðîãðàììû, ñîäåðæàùèé æåëàåìûå
äàííûå â âèäå êîììåíòàðèåâ.

Äëÿ íàøåãî ïðèìåðà ïîëó÷èì ñëåäóþùåå:

$ ocamlprof f1.ml

let rec interval a b =
(* 62 *) if b < a then (* 2 *) []
else (* 60 *) a ::( interval (a+1) b);;

exception Found_zero ;;

let mult_list l =
(* 2 *) let rec mult_rec l = (* 62 *) match l with

[] −> (* 1 *) 1
| 0::_ −> (* 1 *) raise Found_zero
| n ::x −> (* 60 *) n * (mult_rec x)
in
try mult_rec l with Found_zero −> (* 1 *) 0

;;

Ïîëó÷åííûå ñ÷åò÷èêè îòðàæàþò çàïðîøåííûå â ìîäóëå F2 âû÷èñëå-
íèÿ. Ìû ïîëó÷èëè 2 âûçîâà äëÿ list_mult è 62 äëÿ âñïîìîãàòåëüíîé
ôóíêöèè mult_rec. Àíàëèç îòâåòâëåíèé match ïîêàçûâàåò ÷òî îáðàçåö
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ïî óìîë÷àíèþ âûïîëíÿëñÿ 60 ðàç, îáðàçåö [] âûïîëíÿëñÿ îäèí ðàç â ñà-
ìîì íà÷àëå è îáðàçåö ñ íóëåì â íà÷àëå ñïèñêà òàê æå âûïîëíÿëñÿ îäèí
ðàç, âîçáóæäàÿ èñêëþ÷åíèå. Â ñòðîêå ñ try óêàçûâàåòñÿ çíà÷åíèå îáðàç-
öà âûçâàâøåå èñêëþ÷åíèå.

Ó êîìàíäû camlprof èìååòñÿ äâå îïöèè. Ïðè ïîìîùè îïöèè -f ôàéë

ìîæíî óêàçàòü ôàéë, â êîòîðîì ñîäåðæàòñÿ èçìåðåíèÿ. Îïöèåé -F ñòðîêà

ìîæíî äîáàâèòü ñòðîêó â êîììåíòàðèè ñòðóêòóðàì êîíòðîëÿ.

Íàòèâíûé êîìïèëÿòîð

×òîáû ïîëó÷èòü âðåìÿ, çàòðà÷åííîå íà âûçîâ ôóíêöèè óìíîæåíèÿ ýëå-
ìåíòîâ ñïèñêà, íàïèøåì ñëåäóþùèé ôàéë f3.ml:

let l1 = F1.interval 1 30;;
let l2 = F1.interval 31 60;;
let l3 = l1 @ (0:: l2) ;;

for i=0 to 100000 do
F1.mult_list l1 ;
F1.mult_list l3

done;;

print_int (F1.mult_list l1) ;;
print_newline();;

print_int (F1.mult_list l3) ;;
print_newline();;

Ýòî òàêîé æå ôàéë êàê è f3.ml ñ 100000 èòåðàöèÿìè.
Ïîñëå âûïîëíåíèÿ ïðîãðàììû ïîëó÷èì ôàéë gmon.out. Ôîðìàò äàí-

íîãî ôàéëà ðàñïîçíàåòñÿ êîìàíäîé gprof, ïðèñóòñòâóþùåé â ñèñòåìå
Unix. Âûçîâ ýòîé êîìàíäû âûâåäåò íà ýêðàí çàòðà÷åííîå âðåìÿ è ãðàô
âûçîâîâ. Â ñâÿçè ñ òåì, ÷òî âûâîä ïîëó÷àåòñÿ äîñòàòî÷íî áîëüøîé, ìû
ïîêàæåì ëèøü íà÷àëî, ãäå ñîäåðæèòñÿ èìåíà ôóíêöèé, êîòîðûå áûëè
âûçâàíû ìèíèìóì îäèí ðàç è âðåìÿ çàòðà÷åííîå íà èõ èñïîëíåíèå.

$ gprof f3nat.exe
Flat pro�le :

Each sample counts as 0.01 seconds.
% cumulative self self total
time seconds seconds calls us/call us/call name
92.31 0.36 0.36 200004 1.80 1.80 F1_mult_rec_45
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7.69 0.39 0.03 200004 0.15 1.95 F1_mult_list_43
0.00 0.39 0.00 2690 0.00 0.00 oldify
0.00 0.39 0.00 302 0.00 0.00 darken
0.00 0.39 0.00 188 0.00 0.00 gc_message
0.00 0.39 0.00 174 0.00 0.00 aligned_malloc
0.00 0.39 0.00 173 0.00 0.00 alloc_shr
0.00 0.39 0.00 173 0.00 0.00 �_allocate
0.00 0.39 0.00 34 0.00 0.00 caml_alloc3
0.00 0.39 0.00 30 0.00 0.00 caml_call_gc
0.00 0.39 0.00 30 0.00 0.00 garbage_collectio

Çäåñü íàãëÿäíî âèäíî, ÷òî ïî÷òè âñå âðåìÿ âûïîëíåíèÿ çàòðà÷åíî íà
èñïîëíåíèå ôóíêöèè F1_mult_rec_45, êîòîðàÿ ñîîòâåòñòâóåò ôóíêöèè
F1.mult_rec èç ôàéëà f1.ml. Ìû òàê æå âèäèì, ÷òî âûçûâàåòñÿ ìíî-
ãî äðóãèõ ôóíêöèé. Ïåðâûå èç íèõ, ÿâëÿþòñÿ ôóíêöèÿìè ñòàíäàðòíîé
áèáëèîòåêè ïî óïðàâëåíèþ ïàìÿòüþ(8).

9.5 Ðåçþìå

Â äàííîé ãëàâå ìû îçíàêîìèëèñü ñ ðàçëè÷íûìè âñïîìîãàòåëüíûìè èí-
ñòðóìåíòàìè ðàçðàáîòêè ïðîãðàìì, êîòîðûå âõîäÿò â äèñòðèáóòèâ Ob-
jective CAML.

Ïåðâîå èç ýòèõ ñðåäñòâ ðåàëèçóåò ñòàòè÷åñêèé àíàëèç è îïðåäåëÿåò
çàâèñèìîñòè ìåæäó ìíîæåñòâîì ýëåìåíòîâ êîìïèëÿöèè. Ýòà èíôîðìà-
öèÿ çàòåì èíòåãðèðóþòñÿ â ôàéë Makefile, ÷òî ïîçâîëÿåò êîìïèëèðî-
âàòü òîëüêî íåîáõîäèìûå ôàéëû. Òî åñòü, åñëè âû èçìåíèëè êàêîé�òî
ôàéë èñõîäíèê, òî íåîáõîäèìî ïåðåêîìïèëèðîâàòü ëèøü ñàì ôàéë è çà-
âèñÿùèå îò íåãî ôàéëû, à íå âñþ ïðîãðàììû.

Äðóãèå ñðåäñòâà ïðåäîñòàâëÿþò èíôîðìàöèþ î âûïîëíåíèè ïðîãðàì-
ìû. Èíòåðàêòèâíàÿ ñðåäà ïðåäëàãàåò òðàññèðîâêó âûïîëíåíèÿ, íî, êàê
ìû âèäåëè, ïîëèìîðôèçì óñòàíàâëèâàåò äîñòàòî÷íî ñåðüåçíûå îãðàíè-
÷åíèÿ íà èññëåäóåìûå çíà÷åíèÿ. Íàì �âèäíû� ëèøü ìîíîìîðôíûå ãëî-
áàëüíûå îáüÿâëåíèÿ, à òàê æå ìîìîðôíûå ïàðàìåòðû ôóíêöèè. Ñ ïî-
ìîùüþ ýòîãî ìû âñå òàêèå ìîæåì îñòëåæèâàòü âûïîëíåíè ðåêóðñèâíûõ
ôóíêöèé.

È ïîñëåäíèé èíñòðóìåíò ÿâëÿåòñÿ òðàäèöèîííûì â îêðóæåíèè Unix,
i.e. îòëàä÷èê è ïðîôàéëåð. Ïðè ïîìîùè îòëàä÷èêà ìîæíî ïîøàãîâî âû-
ïîëíÿòü ïðîãðàììó, à ïðîôàéëåð âûäàåò èíôîðìàöèþ î ïðîèçâîäèòå-
ëüñòè ïðîãðàìû. Îáà ýòèõ ñðåäñòâà ìîãóò áûòü èñïîëüçîâàííû â ïîëíîé
ìåðå ëèøü â ñðåäå Unix. /
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Ãëàâà 10

Ñðåäñòâà ëåêñè÷åñêîãî è

ñèíòàêñè÷åñêîãî àíàëèçà

10.1 Ââåäåíèå

Îïðåäåëåíèå è ðåàëèçàöèÿ ñðåäñòâ ëåêñè÷åñêîãî è ñèíòàêñè÷åñêîãî àíà-
ëèçà ÿâëÿëèñü âàæíûì äîìåíîì èññëåäîâàíèÿ â èíôîðìàòèêå. Ýòà ðàáî-
òà ïðèâåëà ê ñîçäàíèþ ãåíåðàòîðîâ ëåêñè÷åñêîãî è ñèíòàêñè÷åñêîãî àíà-
ëèçà lex è yacc. Êîìàíäû camllex camlyacc, êîòîðûå ìû ïðåäñòàâèì
â ýòîé ãëàâå, ÿâëÿþòñÿ èõ äîñòîéíûìè íàñëåäíèêàìè. Äâà óêàçàííûõ
èíñòðóìåíòà ñòàëè de�facto ñòàíäàðòíûìè, îäíàêî ñóùåñòâóþò äðóãèå
ñðåäñòâà, êàê íàïðèìåð ïîòîêè èëè ðàöèîíàëüíûå (ðåãóëÿðíûå) âûðà-
æåíèÿ èç áèáëèîòåêè Str, êîòîðûå ìîãóò áûòü äîñòàòî÷íû äëÿ ïðîñòûõ
ñëó÷àåâ, òàì ãäå íå íóæåí ìîùíûé àíàëèç.

Íåîáõîäèìîñòü ïîäîáíûõ èíñòðóìåíòîâ îñîáåííî ÷óâñòâîâàëàñü â òà-
êèõ äîìåíàõ, êàê êîìïèëÿöèÿ ÿçûêîâ ïðîãðàììèðîâàíèÿ. Îäíàêî è äðó-
ãèå ïðîãðàììû ìîãóò ñ óñïåõîì èñïîëüçîâàòü äàííûå ñðåäñòâà: áàçû äàí-
íûõ, ïîçâîëÿþùèå îïðåäåëÿòü çàïðîñû èëè ýëåêòðîííàÿ òàáëèöà, ãäå ñî-
äåðæèìîå ÿ÷åéêè ìîæíî îïðåäåëèòü êàê ðåçóëüòàò êàêîé�íèáóäü ôîðìó-
ëû. Ïðîùå ãîâîðÿ, ëþáàÿ ïðîãðàììà, â êîòîðîé âçàèìîäåéñòâèå ñ ïîëü-
çîâàòåëåì îñóùåñòâëÿåòñÿ ïðè ïîìîùè ÿçûêà, èñïîëüçóåò ëåêñè÷åñêèé è
ñèíòàêñè÷åñêèé àíàëèç.

Âîçüìåì ïðîñòîé ñëó÷àé. ASCII ôîðìàò ÷àñòî èñïîëüçóåòñÿ äëÿ õðà-
íåíèÿ äàííûõ, áóäü òî êîíôèãóðàöèîííûé ñèñòåìíûé ôàéë èëè äàííûå
òàáëè÷íîãî ôàéëà. Çäåñü, äëÿ èñïîëüçîâàíèÿ äàííûõ, íåîáõîäèì ëåêñè-
÷åñêèé è ñèíòàêñè÷åñêèé àíàëèç.

Îáîáùàÿ, ñêàæåì ÷òî ëåêñè÷åñêèé è ñèíòàêñè÷åñêèé àíàëèç ïðåîá-
ðàçóåò ëèíåéíûé ïîòîê ñèìâîëîâ â äàííûå ñ áîëåå áîãàòîé ñòðóêòóðîé:

319
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ïîñëåäîâàòåëüíîñòü ñëîâ, ñòðóêòóðà çàïèñè, àáñòðàêòíîå ñèíòàêñè÷åñêîå
äåðåâî ïðîãðàììû è ò.ä.

Ó êàæäîãî ÿçûêà åñòü ñëîâàðíûé ñîñòàâ (ëåêñèêà) è ãðàììàòèêà, êî-
òîðàÿ îïèñûâàåò êàêèì îáðàçîì ýòè ñîñòàâíûå îáúåäèíÿþòñÿ (ñèíòàê-
ñèñ). Äëÿ òîãî, ÷òîáû ìàøèíà èëè ïðîãðàììà ìîãëè êîððåêòíî îáðàáà-
òûâàòü ÿçûê, ýòîò ÿçûê äîëæåí èìåòü òî÷íûå ëåêñè÷åñêèå è ñèíòàêñè÷å-
ñêèå ïðàâèëà. Ó ìàøèíû íåò �òîíêîãî ÷óâñòâà� äëÿ òîãî ÷òîáû ïðàâèëü-
íî îöåíèòü äâóñìûñëåííîñòü íàòóðàëüíûõ ÿçûêîâ. Ïî ýòîé ïðè÷èíå, ê
ìàøèíå íåîáõîäèìî îáðàùàòüñÿ â ñîîòâåòñòâèè ñ ÷åòêèìè ïðàâèëàìè,
â êîòîðûõ íåò èñêëþ÷åíèé. Â ñîîòâåòñòâèè ñ ýòèì, ïîíÿòèÿ ëåêñèêè è
ñåìàíòèêè ïîëó÷èëè ôîðìàëüíûå îïðåäåëåíèÿ, êîòîðûå áóäóò êðàòêî
ïðåäñòàâëåíû â äàííîé ãëàâå.

10.2 Ïëàí ãëàâû

Äàííàÿ ãëàâà çíàêîìèò íàñ ñî ñðåäñòâàìè ëåêñè÷åñêîãî è ñèíòàêñè÷å-
ñêîãî àíàëèçà, êîòîðûå âõîäÿò â äèñòðèáóòèâ Objective CAML. Îáû÷-
íî, ñèíòàêñè÷åñêèé àíàëèç ñëåäóåò çà ëåêñè÷åñêèì. Â ïåðâîé ÷àñòè ìû
óçíàåì î ïðîñòîì èíñòðóìåíòå ëåêñè÷åñêîãî àíàëèçà èç ìîäóëÿ Genlex.
Ïîñëå ýòîãî îçíàêîìèìñÿ ñ ôîðìàëèçìîì ðàöèîíàëüíûõ âûðàæåíèé è
òåì ñàìûì ðàññìîòðèì áîëåå äåòàëüíî îïðåäåëåíèå ìíîæåñòâà ëåêñè÷å-
ñêèõ åäèíèö. À òàê æå ïðîèëëþñòðèðóåì èõ ðåàëèçàöèþ â ìîäóëå Str è
èíñòðóìåíòå ocamllex. Âî âòîðîé ÷àñòè ìû îïðåäåëèì ãðàììàòèêó è ðàñ-
ñìîòðèì ïðàâèëà ñîçäàíèÿ ôðàç ÿçûêà. Ïîñëå ýòîãî ðàññìîòðèì äâà àíà-
ëèçà ôðàç: âîñõîäÿùèé è íèñõîäÿùèé. Îíè áóäóò ïðîèëëþñòðèðîâàíû
èñïîëüçîâàíèåì Stream è ocamlyacc. Â ïðèâåäåííûõ ïðèìåðàõ èñïîëü-
çóåòñÿ êîíòåêñòíî�íåçàâèñèìàÿ ãðàììàòèêà. Çäåñü ìû óçíàåì êàê ðåà-
ëèçîâàòü êîíòåêñòíûé àíàëèç ïðè ïîìîùè Stream. Â òðåòüåé ÷àñòè ìû
âåðíåìñÿ ê èíòåðïðåòàòîðó BASIC (ñì. ñòð 171) è ïðè ïîìîùè ocamllex

è ocamlyacc äîáàâèì ëåêñè÷åñêèå è ñèíòàêñè÷åñêèå ôóíêöèè àíàëèçà
ÿçûêà.

10.3 Ëåêñèêà

Ñèíòàêñè÷åñêèé àíàëèç ýòî ïðåäâàðèòåëüíûé è íåîáõîäèìûé ýòàï îáðà-
áîòêè ïîñëåäîâàòåëüíîñòåé ñèìâîëîâ: îí ðàçäåëÿåò ýòîò ïîòîê â ïîñëå-
äîâàòåëüíîñòü ñëîâ, òàê íàçûâàåìûõ ëåêñè÷åñêèå åäèíèöû èëè ëåêñåìû.
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10.3.1 Ìîäóëü Genlex

Â äàííîì ìîäóëå èìååòñÿ ýëåìåíòàðíîå ñðåäñòâî äëÿ àíàëèçà ñèìâîëü-
íîãî ïîòîêà. Äëÿ ýòîãî èñïîëüçóþòñÿ íåñêîëüêî êàòåãîðèé ïðåäîïðåäå-
ëåííûõ ëåêñè÷åñêèõ åäèíèö. Ýòè êàòåãîðèè ðàçëè÷àþòñÿ ïî òèïó:

# type token =
Kwd of string

| Ident of string
| Int of int
| Float of �oat
| String of string
| Char of char ;;

Òàêèì îáðàçîì ìû ìîæåì ðàçóçíàòü â ïîòîêå ñèìâîëîâ öåëîå ÷èñëî
(êîíñòðóêòîð Int) è ïîëó÷èòü åãî çíà÷åíèå (àðãóìåíò êîíñòðóêòîðà int).
Ðàñïîçíàâàåìûå ñèìâîëû è ñòðîêè ïîä÷èíÿþòñÿ ñëåäóþùèì îáùåïðèíÿ-
òûì ñîãëàøåíèåì: ñòðîêà îêðóæåíà ñèìâîëàìè (�), à ñèìâîë îêðóæåí (').
Äåñÿòè÷íîå ÷èñëî ïðåäñòàâëåíî ëèáî èñïîëüçóÿ çàïèñü ñ òî÷êîé (íàïðè-
ìåð 0.01), ëèáî ñ ìàíòèññîé è ýêñïîíåíòîé (íà ïðèìåð 1E-2). Êðîìå ýòîãî
îñòàëèñü êîíñòðóêòîðû Kwd è Ident.

Êîíñòðóêòîð Ident ïðåäíàçíà÷åí äëÿ îïðåäåëåíèÿ èäåíòèôèêàòîðîâ.
Èäåíòèôèêàòîðîì ìîæåò áûòü èìÿ ïåðåìåííîé èëè ôóíêöèè ÿçûêà ïðî-
ãðàììèðîâàíèÿ. Îíè ñîñòîÿò èç êàêîé óãîäíî ïîñëåäîâàòåëüíîñòè áóêâ è
öèôð, ìîãóò âêëþ÷àòü ñèìâîë ïîä÷åðêèâàíèÿ (_) èëè àïîñòðîô ('). Äàí-
íàÿ ïîñëåäîâàòåëüíîñòü íå äîëæíà íà÷èíàòüñÿ ñ öèôðû. Ëþáàÿ ïîñëå-
äîâàòåëüíîñòü ñëåäóþùèõ îïåðàíäîâ òîæå áóäåò ñ÷èòàòüñÿ èäåíòèôèêà-
òîðîì: +, ∗, > èëè −. È íàêîíåö, êîíñòðóêòîð Kwd îïðåäåëÿåò êàòåãîðèþ
ñïåöèàëüíûõ èäåíòèôèêàòîðîâ èëè ñèìâîëîâ.

Êàòåãîðèÿ êëþ÷åâûõ ñëîâà � åäèíñòâåííàÿ èç ýòîãî ìíîæåñòâà, êî-
òîðóþ ìîæíî ñêîíôèãóðèðîâàòü. Äëÿ òîãî, ÷òîáû ñîçäàòü ëåêñè÷åñêèé
àíàëèçàòîð, âîñïîëüçóåìñÿ ñëåäóþùåé êîíñòðóêöèåé, êîòîðîé íåîáõîäè-
ìî ïåðåäàòü ñïèñîê êëþ÷åâûõ ñëîâ íà ìåñòî ïåðâîãî àðãóìåíòà.

# Genlex.make_lexer ;;
− : string list −> char Stream.t −> Genlex.token Stream.t = <fun>

Òåì ñàìûì ïîëó÷àåì ôóíêöèþ, êîòîðàÿ ïðèíèìàåò íà âõîä ïîòîê
ñèìâîëîâ è âîçâðàùàåò ïîòîê ëåêñè÷åñêèõ åäèíèö (ñ òèïîì token).

Òàêèì îáðàçîì, ìû áåç òðóäà ðåàëèçóåì ëåêñè÷åñêèé àíàëèçàòîð äëÿ
èíòåðïðåòàòîðà BASIC. Îáúÿâèì ìíîæåñòâî êëþ÷åâûõ ñëîâ:

# let keywords =
[ "REM"; "GOTO"; "LET"; "PRINT"; "INPUT"; "IF"; "THEN";
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"−"; "!"; "+"; "−"; "*"; "/"; "%";
"="; "<"; ">"; "<="; ">="; "<>";
"&"; "|" ] ;;

Ïðè ïîìîùè äàííîãî ìíîæåñòâà, îïðåäåëèì ôóíêöèþ ëåêñè÷åñêîãî
àíàëèçà:

# let line_lexer l = Genlex.make_lexer keywords (Stream.of_string l) ;;
val line_lexer : string −> Genlex.token Stream.t = <fun>
# line_lexer "LET x = x + y * 3" ;;
− : Genlex.token Stream.t = <abstr>

Ïðèâåäåííàÿ ôóíêöèÿ line_lexer, èç âõîäÿùåãî ïîòîêà ñèìâîëîâ ñî-
çäàåò ïîòîê ñîîòâåòñòâóþùèõ ëåêñåì.

10.3.2 Èñïîëüçîâàíèå ïîòîêîâ

Ìû òàêæå ìîæåì ðåàëèçîâàòü ëåêñè÷åñêèé àíàëèç �â ðó÷íóþ� èñïîëüçóÿ
ïîòîêè.

Â ñëåäóþùåì ïðèìåðå îïðåäåëåí ëåêñè÷åñêèé àíàëèçàòîð àðèôìåòè-
÷åñêèõ âûðàæåíèé. Ôóíêöèè lexer ïåðåäàåòñÿ ïîòîê ñèìâîëîâ èç êîòî-
ðîãî îíà ñîçäàåò ïîòîê ëåêñè÷åñêèõ åäèíèö ñ òèïîì lexeme Stream.t1.
Ñèìâîëû ïðîáåë, òàáóëÿöèÿ è ïåðåõîä íà íîâóþ ñòðîêó óäàëÿþòñÿ. Äëÿ
óïðîùåíèÿ, ìû íå áóäåì îáðàáàòûâàòü ïåðåìåííûå è îòðèöàòåëüíû öå-
ëûå ÷èñëà.

# let rec spaces s =
match s with parser
[<'' ' ; rest >] −> spaces rest

| [<''\t ' ; rest >] −> spaces rest
| [<''\n' ; rest >] −> spaces rest
| [<>] −> ();;

val spaces : char Stream.t −> unit = <fun>
# let rec lexer s =

spaces s ;
match s with parser
[< ''(' >] −> [< 'Lsymbol "(" ; lexer s >]

| [< '') ' >] −> [< 'Lsymbol ")" ; lexer s >]
| [< ''+' >] −> [< 'Lsymbol "+" ; lexer s >]
| [< ''−' >] −> [< 'Lsymbol "−" ; lexer s >]
| [< ''*' >] −> [< 'Lsymbol "*" ; lexer s >]
| [< ''/' >] −> [< 'Lsymbol "/" ; lexer s >]

1òèï lexeme îïðåäåëåí íà ñòð. 177.
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| [< ''0'..'9' as c;
i ,v = lexint (Char.code c − Char.code('0')) >]
−> [<'Lint i ; lexer v>]

and lexint r s =
match s with parser
[< ''0'..'9' as c >]
−> let u = (Char.code c) − (Char.code '0') in lexint (10*r + u) s

| [<>] −> r,s
;;
val lexer : char Stream.t −> lexeme Stream.t = <fun>
val lexint : int −> char Stream.t −> int * char Stream.t = <fun>

Ôóíêöèÿ lexint ïðåäíàçíà÷åíà äëÿ àíàëèçà òîé ÷àñòè ïîòîêà ñèìâî-
ëîâ, êîòîðàÿ ñîîòâåòñòâóåò ÷èñëîâîé ïîñòîÿííîé. Îíà âûçûâàåòñÿ, êîãäà
ôóíêöèÿ lexer âñòðå÷àåò öèôðû. Â ýòîì ñëó÷àå ôóíêöèÿ lexint ïîãëî-
ùàåò âñå ïîñëåäîâàòåëüíûå öèôðû è âûäàåò ñîîòâåòñòâóþùåå çíà÷åíèå
ïîëó÷åííîãî ÷èñëà.

10.3.3 Ðàöèîíàëüíûå âûðàæåíèÿ

Îñòàâèì íåíàäîëãî ïðàêòèêó è ðàññìîòðèì ïðîáëåìó ëåêñè÷åñêèõ åäè-
íèö ñ òåîðåòè÷åñêîé òî÷êè çðåíèÿ.

Ëåêñè÷åñêàÿ åäèíèöà ÿâëÿåòñÿ ñëîâîì. Ñëîâî îáðàçóåòñÿ ïðè êîíêà-
òåíàöèè ýëåìåíòîâ àëôàâèòà. Â íàøåì ñëó÷àå àëôàâèòîì ÿâëÿåòñÿ ìíî-
æåñòâî ñèìâîëîâ ASCII.

Òåîðåòè÷åñêè, ñëîâî ìîæåò âîîáùå íå ñîäåðæàòü ñèìâîëîâ (ïóñòîå
ñëîâî2) èëè ñîñòîÿòü èç îäíîãî ñèìâîëà.

Òåîðåòè÷åñêèå èññëåäîâàíèÿ êîíêàòåíàöèè ýëåìåíòîâ àëôàâèòà äëÿ
îáðàçîâàíèÿ ëåêñè÷åñêèõ ýëåìåíòîâ (ëåêñåì) ïðèâåëè ê ñîçäàíèþ ïðî-
ñòîãî ôîðìàëèçìà, èçâåñòíîãî êàê ðàöèîíàëüíûå âûðàæåíèÿ.

Îïðåäåëåíèå

Ðàöèîíàëüíûå âûðàæåíèÿ ïîçâîëÿþò îïðåäåëèòü ìíîæåñòâà ñëîâ. Ïðè-
ìåð òàêîãî ìíîæåñòâà: èäåíòèôèêàòîðû. Ïðèíöèï îïðåäåëåíèÿ îñíîâàí
íà íåêîòîðûõ òåîðåòèêî�ìíîæåñòâåííûé îïåðàöèÿõ. Ïóñòü M è N äâà
ìíîæåñòâà ñëîâ, òîãäà ìû ìîæåì îïðåäåëèòü:

1. îáúåäèíåíèå M è N , çàïèñûâàåìîå M | N .

2òðàäèöèîííî, òàêîå ñëîâî îáîçíà÷àåòñÿ ãðå÷åñêîé áóêâîé ýïñèëîí: ε
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2. äîïîëíåíèå , çàïèñûâàåìîå ˆM : ìíîæåñòâî âñåõ ñëîâ, êðîìå òåõ,
êîòîðûå âõîäÿò â M .

3. êîíêàòåíàöèÿ M è N : ìíîæåñòâî âñåõ ñëîâ ñîçäàííûõ êîíêàòåíà-
öèåé ñëîâà èç M è ñëîâà èç N . Çàïèñûâàåòñÿ ïðîñòî MN .

4. ìû ìîæåì ïîâòîðèòü îïåðàöèþ êîíêàòåíàöèè ñëîâ ìíîæåñòâà M
è òåì ñàìûì ïîëó÷èòü ìíîæåñòâî ñëîâ îáðàçîâàííûõ èç êîíå÷íîé
ïîñëåäîâàòåëüíîñòè ñëîâ ìíîæåñòâ M . Òàêîå ìíîæåñòâî çàïèñûâà-
åòñÿ M+. Îí ñîäåðæèò âñå ñëîâà ìíîæåñòâà M , âñå ñëîâà ïîëó-
÷åííûå êîíêàòåíàöèåé äâóõ ñëîâ ìíîæåñòâà M , òðåõ ñëîâ, è ò.ä.
Åñëè ìû æåëàåì ÷òîáû äàííîå ìíîæåñòâî ñîäåðæàëî ïóñòîå ñëîâî,
íåîáõîäèìî ïèñàòü M∗.

5. äëÿ óäîáñòâà, ñóùåñòâóåò äîïîëíèòåëüíàÿ êîíñòðóêöèÿ M?, êîòî-
ðàÿ âêëþ÷àåò âñå ñëîâà ìíîæåñòâà M, à òàê æå ïóñòîå ñëîâî.

Îäèí åäèíñòâåííûé ñèìâîë àññîöèèðóåòñÿ ñ îäíîýëåìåíòíûì ìíîæå-
ñòâîì. Â òàêîì ñëó÷àå âûðàæåíèå a | b | c îïèñûâàåò ìíîæåñòâî ñîñòîÿ-
ùåå èç òðåõ ñëîâ a, b è c. Ñóùåñòâóåò áîëåå êîìïàêòíàÿ çàïèñü: [abc]. Òàê
êàê íàø àëôàâèò ÿâëÿåòñÿ óïîðÿäî÷åííûì (ïî ïîðÿäêó êîäîâ ASCII),
ìîæíî îïðåäåëèòü èíòåðâàë. Íàïðèìåð, ìíîæåñòâî öèôð çàïèøåòñÿ êàê
[0− 9]. Äëÿ ãðóïïèðîâêè âûðàæåíèé ìîæíî èñïîëüçîâàòü ñêîáêè.

Äëÿ òîãî, ÷òîáû èñïîëüçîâàòü â çàïèñè ñàìè ñèìâîëû�îïåðàòîðû,
êàê îáû÷íûå ñèìâîëû, íåîáõîäèìî ñòàâèòü ïåðåä íèìè îáðàòíóþ êîñóþ
÷åðòó: \. Íàïðèìåð ìíîæåñòâî (\∗)∗ îáîçíà÷àåò ìíîæåñòâî ïîñëåäîâà-
òåëüíîñòåé çâåçäî÷åê.

Ïðèìåð

Ïóñòü ñóùåñòâóåò ìíîæåñòâî èç öèôð (0, 1, 2, 3, 4, 5, 6, 7, 8, 9), ñèìâîëû
ïëþñ (+) è ìèíóñ (−), òî÷êè (.) è áóêâû E. Òåïåðü ìû ìîæåì îïðåäå-
ëèòü ìíîæåñòâî ÷èñåë num. Íàçîâåì integers ìíîæåñòâî îïðåäåëåííîå
âûðàæåíèåì [0− 9]+. Ìíîæåñòâî íåîòðèöàòåëüíûõ ÷èñåë unum îïðåäå-
ëÿåòñÿ òàê:

integers?(.integers)?(E(\+ |−)?integers)?

Ìíîæåñòâî îòðèöàòåëüíûõ è ïîëîæèòåëüíûõ ÷èñåë çàïèñûâàåòñÿ:

unum| − unum èëè−?unum
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. ëþáîé ñèìâîë, êðîìå \
∗ íîëü èëè íåñêîëüêî ýêçåìïëÿðîâ ïðåäûäóùåãî âûðàæåíèÿ
+ õîòÿ áû îäèí ýêçåìïëÿð ïðåäûäóùåãî âûðàæåíèÿ
? íîëü èëè îäèí ýêçåìïëÿð ïðåäûäóùåãî âûðàæåíèÿ
[..] ìíîæåñòâî ñèìâîëîâ

èíòåðâàë çàïèñûâàåòñÿ ïðè ïîìîùè − (ïðèìåð [0− 9])
äîïîëíåíèå çàïèñûâàåòñÿ ïðè ïîìîùè ˆ (ïðèìåð [ˆA− Z])

ˆ íà÷àëî ñòðîêè
íå ïóòàòü ñ äîïîëíåíèåì ˆ

$ êîíåö ñòðîêè
| âàðèàíò
(..) ãðóïïèðîâêà â îäíî âûðàæåíèå

ìîæíî ññûëàòüñÿ íà ýòî âûðàæåíèå
i ÷èñëîâàÿ êîíñòàíòà i ññûëàåòñÿ íà i�ûé ýëåìåíò ãðóïïèðîâàí-

íîãî âûðàæåíèÿ
\ çàáîé, èñïîëüçóåòñÿ äëÿ ñîïîñòàâëåíèÿ çàðåçåðâèðîâàííûõ ñèì-

âîëîâ â ðàöèîíàëüíûõ âûðàæåíèÿõ

Òàáëèöà 10.1: Ðàöèîíàëüíûå âûðàæåíèÿ.

Ðàñïîçíàâàíèå

Òåïåðü, ïîñëå òîãî êàê ìíîæåñòâî âûðàæåíèé îïðåäåëåíî, îñòàåòñÿ ïðî-
áëåìà ðàñïîçíàâàíèÿ ïðèíàäëåæíîñòè ñòðîêè ñèìâîëîâ èëè îäíîé èç åå
ïîäñòðîê ýòîìó ìíîæåñòâó. Äëÿ ðåøåíèÿ äàííîé çàäà÷è íåîáõîäèìî ðåà-
ëèçîâàòü ïðîãðàììó îáðàáîòêè âûðàæåíèé, êîòîðàÿ ñîîòâåòñòâóåò ôîð-
ìàëüíûì îïðåäåëåíèÿì ìíîæåñòâà. Äëÿ ðàöèîíàëüíûõ âûðàæåíèé òà-
êàÿ îáðàáîòêà ìîæåò áûòü àâòîìàòèçèðîâàííà. Ïîäîáíàÿ àâòîìàòèçà-
öèÿ ðåàëèçîâàíà â ìîäóëå Genlex èç áèáëèîòåêè Str è èíñòðóìåíòîì
ocamllex, êîòîðûå áóäóò ïðåäñòàâëåíû â ñëåäóþùèõ äâóõ ïàðàãðàôàõ.

10.3.4 Áèáëèîòåêà Str

Â äàííîì ìîäóëå èìååòñÿ àáñòðàêòíûé òèï regexp è ôóíêöèÿ regexp.
Óêàçàííûé òèï ïðåäñòàâëÿåò ðàöèîíàëüíûå âûðàæåíèÿ, à ôóíêöèÿ òðàíñ-
ôîðìèðóåò ðàöèîíàëüíîå âûðàæåíèå, ïðåäñòàâëåííîå â âèäå ñòðîêè ñèì-
âîëîâ, â àáñòðàêòíîå âûðàæåíèå.

Ìîäóëü Str ñîäåðæèò íåñêîëüêî ôóíêöèé, êîòîðûå èñïîëüçóþò ðàöè-
îíàëüíûå âûðàæåíèÿ è ìàíèïóëèðóþò ñèìâîëüíûìè ñòðîêàìè. Ñèíòàê-
ñèñ ðàöèîíàëüíûõ âûðàæåíèé áèáëèîòåêè Str ïðèâåäåí â òàáëèöå 10.1.
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Ïðèìåð

Â ñëåäóþùåì ïðèìåðå íàïèøåì ôóíêöèþ, êîòîðàÿ ïåðåâîäèò äàòó èç àí-
ãëèéñêîãî ôîðìàòà âî ôðàíöóçñêèé. Ïðåäïîëàãàåòñÿ, ÷òî âõîäíîé ôàéë
ñîñòîèò èç ñòðîê, ðàçáèòûõ íà ïîëÿ äàííûõ è ýëåìåíòû äàòû ðàçäåëÿþò-
ñÿ òî÷êîé. Îïðåäåëèì ôóíêöèþ, êîòîðàÿ èç ïîëó÷åííîé ñòðîêè (ëèíèÿ
ôàéëà), âûäåëÿåò äàòó, ðàçáèâàåò åå íà ÷àñòè, ïåðåâîäèò âî ôðàíöóçñêèõ
ôîðìàò è òåì ñàìûì çàìåíÿåò ñòàðóþ äàòó íà íîâóþ.

# let french_date_of d =
match d with
[mm; dd; yy] −> dd^"/"^mm^"/"^yy
| _ −> failwith "Bad date format" ;;

val french_date_of : string list −> string = <fun>

# let english_date_format = Str.regexp "[0−9]+\.[0−9]+\.[0−9]+" ;;
val english_date_format : Str.regexp = <abstr>

# let trans_date l =
try
let i=Str.search_forward english_date_format l 0 in
let d1 = Str.matched_string l in
let d2 = french_date_of (Str.split (Str.regexp "\.") d1) in
Str.global_replace english_date_format d2 l

with Not_found −> l ;;
val trans_date : string −> string = <fun>

# trans_date " ..............06.13.99............ " ;;
− : string = " ..............13/06/99............ "

10.3.5 Èíñòðóìåíò Ocamllex

ocamllex � ýòî ëåêñè÷åñêèé ãåíåðàòîð ñîçäàííûé äëÿ Objective CAML
ïî ìîäåëè lex, íàïèñàííîì íà ÿçûêå C. Ïðè ïîìîùè ôàéëà, îïèñûâà-
þùåãî ýëåìåíòû ëåêñèêè â âèäå ìíîæåñòâà ðàöèîíàëüíûõ âûðàæåíèé,
êîòîðûå íåîáõîäèìî ðàñïîçíàòü, îí ñîçäàåò ôàéë�èñõîäíèê íà Objective
CAML. Ê îïèñàíèþ êàæäîãî ëåêñè÷åñêîãî ýëåìåíòà ìîæíî ïðèâÿçàòü
êàêîå�íèáóäü äåéñòâèå, íàçûâàåìîå ñåìàíòè÷åñêîå äåéñòâèå. Â ïîëó÷åí-
íîì êîäå èñïîëüçóåòñÿ àáñòðàêòíûé òèï lexbuf èç ìîäóëÿ Lexing. Â
äàííîì ìîäóëå òàêæå èìååòñÿ íåñêîëüêî ôóíêöèé óïðàâëåíèÿ ëåêñè÷å-
ñêèìè áóôåðàìè, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû ïðîãðàììèñòîì äëÿ
òîãî ÷òîáû îïðåäåëèòü íåîáõîäèìûå äåéñòâèÿ.
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Îáû÷íî, ôàéëû, îïèñûâàþùèå ëåêñèêó, èìåþò ðàñøèðåíèå .mll. Äëÿ
òîãî, ÷òîáû èç ôàéëà lex_file.mll ïîëó÷èòü ôàéë íà Objective CAML,
íåîáõîäèìî âûïîëíèòü ñëåäóþùóþ êîìàíäó:

ocamllex lex_�le .mll

Ïîñëå ýòîãî, ìû ïîëó÷èì ôàéë lex_file.ml, ñîäåðæàùèé êîä ëåêñè-
÷åñêîãî àíàëèçàòîðà. Òåïåðü, äàííûé ôàéë ìîæíî èñïîëüçîâàòü â ïðî-
ãðàììå íà Objective CAML. Êàæäîìó ìíîæåñòâó ïðàâèë àíàëèçà ñîîò-
âåòñòâóåò ôóíêöèÿ, êîòîðàÿ ïðèíèìàåò ëåêñè÷åñêèé áóôåð (òèïà Lexing.lexbuf)
è çàòåì âîçâðàùàåò çíà÷åíèå, îïðåäåëåííîå ñåìàíòè÷åñêèì äåéñòâèåì.
Çíà÷èò, âñå äåéñòâèÿ äëÿ îïðåäåëåííîãî ïðàâèëà äîëæíû ñîçäàâàòü çíà-
÷åíèå îäíîãî è òîãî æå òèïà.

Ôîðìàò ó ôàéëà äëÿ ocamllex ñëåäóþùèé:

{
header

}
let ident = regexp

...
rule ruleset1 = parse

regexp { action }
| ...
| regexp { action }

and ruleset2 = parse
...

and ...
{

trailer −and−end
}

×àñòè �çàãîëîâîê� è �ïðîäîëæåíèå�è�êîíåö� íå ÿâëÿþòñÿ îáÿçàòåëü-
íûìè. Çäåñü âñòàâëÿåòñÿ êîä Objective CAML, îïðåäåëÿþùèé òèïû äàí-
íûõ, ôóíêöèè è ò.ä. íåîáõîäèìûå äëÿ îáðàáîòêè äàííûõ. Â ïîñëåäíåé ÷à-
ñòè èñïîëüçóþòñÿ ôóíêöèè, êîòîðûå èñïîëüçóþò ïðàâèëà àíàëèçà ìíî-
æåñòâà ëåêñè÷åñêèõ äàííûõ èç ñðåäíåé ÷àñòè. Ñåðèÿ îáúÿâëåíèé, êîòî-
ðàÿ ïðåäøåñòâóåò îïðåäåëåíèþ ïðàâèë, ïîçâîëÿåò äàòü èìÿ íåêîòîðûì
ðàöèîíàëüíûì âûðàæåíèÿì. Ýòè èìåíà áóäóò èñïîëüçîâàòüñÿ â îïðåäå-
ëåíèè ïðàâèë.

Ïðèìåð

Âåðíåìñÿ ê íàøåìó èíòåðïðåòàòîðó BASIC è óñîâåðøåíñòâóåì òèï âîç-
âðàùàåìûõ ëåêñè÷åñêèõ åäèíèö. Òàêèì îáðàçîì, ìû ìîæåì âîñïîëüçî-
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âàòüñÿ ôóíêöèåé lexer, (ñì. ñòð. 177) êîòîðàÿ âîçâðàùàåò òàêîé æå òèï
ðåçóëüòàòà (lexeme), íî íà âõîäå îíà ïîëó÷àåò áóôåð òèïà Lexing.lexbuf.

{

let string_chars s =

String.sub s 1 ((String.length s)-2) ;;

}

let op_ar = ['-' '+' '*' '\%' '/']

let op_bool = ['!' '\&' '|']

let rel = ['=' '<' '>']

rule lexer = parse

[' '] { lexer lexbuf }

| op_ar { Lsymbol (Lexing.lexeme lexbuf) }

| op_bool { Lsymbol (Lexing.lexeme lexbuf) }

| "<=" { Lsymbol (Lexing.lexeme lexbuf) }

| ">=" { Lsymbol (Lexing.lexeme lexbuf) }

| "<>" { Lsymbol (Lexing.lexeme lexbuf) }

| rel { Lsymbol (Lexing.lexeme lexbuf) }

| "REM" { Lsymbol (Lexing.lexeme lexbuf) }

| "LET" { Lsymbol (Lexing.lexeme lexbuf) }

| "PRINT" { Lsymbol (Lexing.lexeme lexbuf) }

| "INPUT" { Lsymbol (Lexing.lexeme lexbuf) }

| "IF" { Lsymbol (Lexing.lexeme lexbuf) }

| "THEN" { Lsymbol (Lexing.lexeme lexbuf) }

| '-'? ['0'-'9']+ { Lint (int_of_string (Lexing.lexeme lexbuf)) }

| ['A'-'z']+ { Lident (Lexing.lexeme lexbuf) }

| '"' [^ '"']* '"' { Lstring (string_chars (Lexing.lexeme lexbuf)) }

Ïîñëå îáðàáîòêè äàííîãî ôàéëà êîìàíäîé ocamllex ïîëó÷èì ôóíê-
öèþ lexer òèïà Lexing.lexbuf -> lexeme. Äàëåå, ìû ðàññìîòðèì êàêèì
îáðàçîì ïîäîáíûå ôóíêöèè èñïîëüçóþòñÿ â ñèíòàêñè÷åñêîì àíàëèçå (ñì.
ñòð. 341).

10.4 Ñèíòàêñèñ

Áëàãîäàðÿ ëåêñè÷åñêîìó àíàëèçó, ìû â ñîñòîÿíèè ðàçáèòü ïîòîê ñèìâî-
ëîâ íà áîëåå ñòðóêòóðèðîâàííûå ýëåìåíòû: ëåêñè÷åñêèå ýëåìåíòû. Òå-
ïåðü íåîáõîäèìî çíàòü êàê ïðàâèëüíî îáúåäèíÿòü ýòè ýëåìåíòû â ñèí-
òàêñè÷åñêè êîððåêòíûå ôðàçû êàêîãî�íèáóäü ÿçûêà. Ïðàâèëà ñèíòàêñè-
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÷åñêîé ãðóïïèðîâêè îïðåäåëåíû ïîñðåäñòâîì ãðàììàòè÷åñêèõ ïðàâèë.
Ôîðìàëèçì, ïðîèçîøåäøèé èç ëèíãâèñòèêè, áûë ñ óñïåõîì ïåðåíÿò ìà-
òåìàòèêàìè, çàíèìàþùèìèñÿ òåîðèÿìè ÿçûêîâ, è ñïåöèàëèñòàìè ïî èí-
ôîðìàòèêå. Íà ñòðàíèöå 173 ìû óæå âèäåëè ïðèìåð ãðàììàòèêè äëÿ
ÿçûêà BASIC. Çäåñü ìû ñíîâà âåðíåìñÿ ê ýòîìó ïðèìåðó, ÷òîáû áîëåå
óãëóáëåííî îçíàêîìèòñÿ ñ áàçîâûìè êîíöåïöèÿìè ãðàììàòèêè.

10.4.1 Ãðàììàòèêà

Ãîâîðÿ ôîðìàëüíûì ÿçûêîì, ãðàììàòèêà îñíîâûâàåòñÿ íà ÷åòûðåõ ýëå-
ìåíòàõ:

1. Ìíîæåñòâî ñèìâîëîâ, íàçûâàåìûõ òåðìèíàëàìè. Ýòè ñèìâîëû ÿâ-
ëÿþòñÿ ëåêñè÷åñêèìè ýëåìåíòàìè ÿçûêà. Â Áýéñèêå ê íèì îòíî-
ñÿòñÿ ñèìâîëû îïåðàòîðîâ, àðèôìåòè÷åñêèõ îòíîøåíèé è ëîãè÷å-
ñêèå (+,&, <,<=, . . .), êëþ÷åâûå ñëîâà ÿçûêà (GOTO, PRINT,
IF, THEN, . . . ), öåëûå ÷èñëà (ýëåìåíò integer) è ïåðåìåííûå
(ýëåìåíò variable).

2. Ìíîæåñòâî íå òåðìèíàëüíûõ ñèìâîëîâ, êîòîðûå ïðåäñòàâëÿþò ñèí-
òàêñè÷åñêèå êîìïîíåíòû ÿçûêà. Íàïðèìåð, ïðîãðàììà íà ÿçûêå
Áýéñèê ñîñòîèò èç ëèíèé. Òàêèì îáðàçîì ìû èìååì êîìïîíåíòó
Line, êîòîðàÿ â ñâîþ î÷åðåäü ñîñòîèò èç âûðàæåíèé (Expression),
è ò.ä.

3. Ìíîæåñòâî òàê íàçûâàåìûõ ïîðîæäàþùèõ ïðàâèë. Îíè îïèñûâà-
þò êàêèì îáðàçîì êîìáèíèðóþòñÿ òåðìèíàëüíûå è íå òåðìèíàëü-
íûå ñèìâîëû, ÷òîáû ñîçäàòü ñèíòàêñè÷åñêóþ êîìïîíåíòó. Ñòðîêà
â Áýéñèêå íà÷èíàåòñÿ ñ íîìåðà, çà êîòîðîé ñëåäóåò èíñòðóêöèÿ.
Ñìûñë ïðàâèëà ñëåäóþùèé:

Line ::= integer Instruction

Îäíà è òà æå êîìïîíåíòà ìîæåò áûòü ïîðîæäåíà íåñêîëüêèìè ñïî-
ñîáàìè. Â ýòîì ñëó÷àå âàðèàíòû ðàçäåëÿþòñÿ ñèìâîëîì |:

Instruction ::= LET variable = Instruction
| GOTO integer
| PRINT Expression

etc

4. Ñðåäè âñåõ íåòåðìèíàëüíûõ ñèìâîëîâ ðàçëè÷àþò îäèí, íàçûâàå-
ìûé àêñèîìîé. Ïðàâèëî, êîòîðîå ïîðîæäàåò ýòó àêñèîìó ÿâëÿåòñÿ
ïîðîæäàþùèì ïðàâèëîì âñåãî ÿçûêà.
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10.4.2 Ïîðîæäåíèå è ðàñïîçíàâàíèå

Ñ ïîìîùüþ ïîðîæäàþùèõ ïðàâèë ìîæíî îïðåäåëèòü ïðèíàäëåæèò ëè
ïîñëåäîâàòåëüíîñòü ëåêñåì ÿçûêó.

Ðàññìîòðèì ïðîñòîé ÿçûê, îïèñûâàþùèé àðèôìåòè÷åñêèå âûðàæå-
íèÿ:

Exp ::= integer (R1)
| Exp + Exp (R2)
| Exp ∗ Exp (R3)
| (Exp) (R4)

çäåñü (R1) (R2) (R3) (R4) èìåíà ïðàâèë. Ïî îêîí÷àíèè ëåêñè÷åñêîãî
àíàëèçà âûðàæåíèå 1 ∗ (2 + 3) ñòàíîâèòñÿ ïîñëåäîâàòåëüíîñòüþ ñëåäóþ-
ùèõ ëåêñåì:

integer * (integer + integer)

Äëÿ òîãî, ÷òîáû ïðîàíàëèçèðîâàòü ýòó ôðàçó è óáåäèòüñÿ â òîì ÷òî
îíà ïðèíàäëåæèò ÿçûêó àðèôìåòè÷åñêèõ âûðàæåíèé, âîñïîëüçóåìñÿ ïðà-
âèëàìè ñïðàâà íàëåâî: åñëè ÷àñòü âûðàæåíèÿ ñîîòâåòñòâóåò ïðàâîìó ÷ëå-
íó êàêîãî�íèáóäü ïðàâèëà, ìû çàìåíÿåì ýòî âûðàæåíèå ñîîòâåòñòâóþ-
ùèì ëåâûì ÷ëåíîì. Ýòîò ïðîöåññ ïðîäîëæàåòñÿ äî òåõ ïîð, ïîêà âûðà-
æåíèå íå áóäåò ðåäóöèðîâàíî äî àêñèîìû. Íèæå ïðåäñòàâëåí ðåçóëüòàò
òàêîãî àíàëèçà3:

integer * (integer + integer) (R1)
←−−

Exp * (integer + integer)

(R1)
←−−

Exp * (Exp + integer)

(R1)
←−−

Exp * (Exp + Exp)

(R2)
←−−

Exp * (Exp)

(R4)
←−−

Exp * Exp

(R3)
←−−

Exp

Íà÷èíàÿ ñ ïîñëåäíåé ëèíèè, êîòîðàÿ ñîäåðæèò ëèøü Exp è ñëåäóÿ
ñòðåëêàì, ìîæíî îïðåäåëèòü êàêèì îáðàçîì áûëî ïîëó÷åííîå âûðàæå-
íèå èñõîäÿ èç àêñèîìû Exp. Ñîîòâåòñòâåííî äàííàÿ ôðàçà ÿâëÿåòñÿ
ïðàâèëüíî ñôîðìèðîâàííîé ôðàçîé ÿçûêà àðèôìåòè÷åñêèõ âûðàæåíèé,
îïðåäåëåííîãî ãðàììàòèêîé.

3àíàëèçèðóåìàÿ ÷àñòü âûðàæåíèÿ ïîä÷åðêíóòà, à òàê æå óêàçàíî èñïîëüçóåìîå
ïðàâèëî
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Ïðåîáðàçîâàíèå ãðàììàòèêè â ïðîãðàììó, ñïîñîáíóþ ðàñïîçíàòü ïðè-
íàäëåæíîñòü ïîñëåäîâàòåëüíîñòè ëåêñåì ÿçûêó, êîòîðûé îïðåäåëåí ãðàì-
ìàòèêîé, ÿâëÿåòñÿ áîëåå ñëîæíîé ïðîáëåìîé, ÷åì ïðîáëåìà èñïîëüçîâà-
íèÿ ðàöèîíàëüíûõ ïðèëîæåíèé. Äåéñòâèòåëüíî, â ñîîòâåòñòâèè ñ ìàòå-
ìàòè÷åñêèì ðåçóëüòàòîì ëþáîå ìíîæåñòâî (ñëîâ), îïðåäåëåííîå ôîðìà-
ëèçìîì ðàöèîíàëüíûõ âûðàæåíèé, ìîæåò áûòü îïðåäåëåíî äðóãèì ôîð-
ìàëèçìîì: äåòåðìèíèðîâàííûå êîíå÷íûå àâòîìàòû. Òàêèå àâòîìàòû ëåã-
êî ðåàëèçóþòñÿ ïðîãðàììàìè, ïðèíèìàþùèìè ïîòîê ñèìâîëîâ. Ïîäîá-
íûé ðåçóëüòàò äëÿ ãðàììàòèê â îáùåì íå ñóùåñòâóåò. Îäíàêî, èìåþò-
ñÿ ïðîáíûå (?) (weaker) ðåçóëüòàòû óñòàíàâëèâàþùèå ýêâèâàëåíòíîñòü
ìåæäó îïðåäåëåííûìè êëàññàìè ãðàììàòèê è áîëåå áîãàòûìè àâòîìàòà-
ìè: ñòåêîâûé àâòîìàò (pushdown automata). Çäåñü ìû íå ñòàíåì âäàâàòü-
ñÿ â äåòàëè ýòèõ ðåçóëüòàòîâ, íè â òî÷íîå îïðåäåëåíèå òàêèõ àâòîìàòîâ.
Îäíàêî, ìû ìîæåì îïðåäåëèòü êàêèå êëàññû ãðàììàòèêè ìîãóò èñïîëü-
çîâàòüñÿ â ñðåäñòâàõ ãåíåðàöèè ñèíòàêñè÷åñêèõ àíàëèçàòîðîâ èëè äëÿ
ðåàëèçàöèè íàïðÿìóþ àíàëèçàòîðà.

10.4.3 Íèñõîäÿùèé àíàëèç

Ðàñ÷ëåíåíèå âûðàæåíèÿ 1∗ (2+3) â ïðåäûäóùåì ïàðàãðàôå íå ÿâëÿåòñÿ
åäèíñòâåííûì: ìû ñ òàêèì æå óñïåõîì ìîãëè áû íà÷àòü ðåäóöèðîâà-
íèå integer, òî åñòü âîñïîëüçîâàòüñÿ ïðàâèëîì (R2) ðåäóöèðîâàíèÿ 2+3.
Ýòè äâà ñïîñîáà ðàñïîçíàâàíèÿ ÿâëÿþòñÿ äâóìÿ òèïàìè àíàëèçà: âîñõî-
äÿùèé àíàëèç (ñïðàâà íàëåâî) è íèñõîäÿùèé ñëåâà íàïðàâî. Ïîñëåäíèé
àíàëèç ëåãêî ðåàëèçóåòñÿ ïðè ïîìîùè ïîòîêîâ ëåêñåì ìîäóëÿ Stream.
Ñðåäñòâî ocamlyacc èñïîëüçóåò âîñõîäÿùèé àíàëèç, ïðè êîòîðîì ïðèìå-
íÿåòñÿ ñòåê, êàê ýòî óæå áûëî ïðîèëëþñòðèðîâàíî ñèíòàêñè÷åñêèì àíà-
ëèçàòîðîì ïðîãðàìì íà Áýéñèêå. Âûáîð àíàëèçà íå ïðîñòî äåëî âêóñà, â
çàâèñèìîñòè îò èñïîëüçóåìîé äëÿ ñïåöèôèêàöèè ÿçûêà ôîðìû ãðàììà-
òèêè, ìîæíî èëè íåò ïðèìåíÿòü íèñõîäÿùèé àíàëèç.

Ïðîñòîé ñëó÷àé

Êàíîíè÷åñêèì ïðèìåðîì íèñõîäÿùåãî àíàëèçà ÿâëÿåòñÿ ïðåôèêñíàÿ çà-
ïèñü àðèôìåòè÷åñêèõ âûðàæåíèé, îïðåäåëÿåìàÿ êàê:

Exp ::= integer
| + Exp Exp
| * Exp Exp

Â äàííîì ñëó÷àå äîñòàòî÷íî çíàòü ïåðâóþ ëåêñåìó, äëÿ òîãî ÷òîáû
îïðåäåëèòü êàêîå ïðàâèëî ìîæåò áûòü èñïîëüçîâàíî. Ïðè ïîìîùè ïî-
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äîáíîé ïðåäñêàçóåìîñòè íåò íåîáõîäèìîñòè ÿâíî óïðàâëÿòü ñòåêîì, äî-
ñòàòî÷íî ïîëîæèòüñÿ íà ðåêóðñèâíûé âûçîâ àíàëèçàòîðà. È òîãäà ïðè
ïîìîùè Genlex è Stream î÷åíü ïðîñòî íàïèñàòü ïðîãðàììó ðåàëèçóþ-
ùóþ íèñõîäÿùèé àíàëèç. Ôóíêöèÿ infix_of èç ïîëó÷åííîãî ïðåôèêñ-
íîãî âûðàæåíèÿ âîçâðàùàåò åãî èíôèêñíûé ýêâèâàëåíò:

# let lexer s =
let ll = Genlex.make_lexer ["+";"*"]
in ll (Stream.of_string s) ;;

val lexer : string −> Genlex.token Stream.t = <fun>
# let rec stream_parse s =

match s with parser
[<'Genlex.Ident x>] −> x

| [<'Genlex.Int n>] −> string_of_int n
| [<'Genlex.Kwd "+"; e1=stream_parse; e2=stream_parse>] −> "("^

e1^"+"^e2^")"
| [<'Genlex.Kwd "*"; e1=stream_parse; e2=stream_parse>] −> "("^

e1^"*"^e2^")"
| [<>] −> failwith "Parse error"

;;
val stream_parse : Genlex.token Stream.t −> string = <fun>
# let in�x_of s = stream_parse (lexer s) ;;
val in�x_of : string −> string = <fun>
# in�x_of "* +3 11 22";;
− : string = "((3+11)*22)"

Îäíàêî íå ñòîèò çàáûâàòü î íåêîòîðîé ïðèìèòèâíîñòè ëåêñè÷åñêîãî
àíàëèçà. Ñîâåòóåì ïåðèîäè÷åñêè äîáàâëÿòü ïðîáåëû ìåæäó ðàçëè÷íûìè
ëåêñè÷åñêèìè ýëåìåíòàìè.

# in�x_of "*+3 11 22";;
− : string = "*+"

Ñëó÷àé ïîñëîæíåé

Ñèíòàêñè÷åñêèé àíàëèç ïðè ïîìîùè ïîòîêîâ ïðåäñêàçóåì, îí îáëàãàåò
ãðàììàòèêó äâóìÿ óñëîâèÿìè:

1. Â ïðàâèëàõ ãðàììàòèêè íå äîëæíî áûòü ëåâîé ðåêóðñèè. Ïðàâèëî
íàçûâàåòñÿ ðåêóðñèâíûì ñëåâà, åñëè åãî ïðàâûé ÷ëåí íà÷èíàåòñÿ ñ
íåòåðìèíàëüíîãî ñèìâîëà, êîòîðûé ÿâëÿåòñÿ ëåâîé ÷àñòüþ ïðàâè-
ëà. Íàïðèìåð: Exp ::= Exp + Exp
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2. Íå äîëæíî ñóùåñòâîâàòü ïðàâèë íà÷èíàþùèõñÿ îäíèì è òåì æå
âûðàæåíèåì.

Ãðàììàòèêà àðèôìåòè÷åñêèõ âûðàæåíèé, ïðèâåäåííàÿ íà ñòð. 330,
íå ïîäõîäèò äëÿ íèñõîäÿùåãî àíàëèçà: îíè íå óäîâëåòâîðÿþò íè îäíîìó
èç óñëîâèé. Äëÿ òîãî, ÷òîáû ïðèìåíèòü íèñõîäÿùèé àíàëèç íåîáõîäèìî
ïåðåôîðìóëèðîâàòü ãðàììàòèêó òàêèì îáðàçîì, ÷òîáû óäàëèòü ëåâóþ
ðåêóðñèþ è íåîïðåäåëåííîñòü ïðàâèë. Âîò ïîëó÷åííûé ðåçóëüòàò:

Expr ::= Atom NextExpr
NextExpr ::= + Atom

| + Atom
| - Atom
| * Atom
| / Atom
| ε

Atom ::= integer
| (Expr)

Çàìåòüòå èñïîëüçîâàíèå ïóñòîãî ñëîâà ε â îïðåäåëåíèè NextExpr.
Îíî íåîáõîäèìî, åñëè ìû õîòèì ÷òîáû ïðîñòî öåëîå ÷èñëî ÿâëÿëîñü âû-
ðàæåíèåì.

Ñëåäóþùèé àíàëèçàòîð åñòü ïðîñòî ïåðåâîä âûøåóêàçàííîé ãðàììà-
òèêè â êîä. Îí ðåàëèçóåò àáñòðàêòíîå ñèíòàêñè÷åñêîå äåðåâî àðèôìåòè-
÷åñêèõ âûðàæåíèé.

# let rec rest = parser
[< 'Lsymbol "+"; e2 = atom >] −> Some (PLUS,e2)

| [< 'Lsymbol "−"; e2 = atom >] −> Some (MINUS,e2)
| [< 'Lsymbol "*"; e2 = atom >] −> Some (MULT,e2)
| [< 'Lsymbol "/"; e2 = atom >] −> Some (DIV,e2)
| [< >] −> None

and atom = parser
[< 'Lint i >] −> ExpInt i

| [< 'Lsymbol "("; e = expr ; 'Lsymbol ")" >] −> e
and expr s =
match s with parser
[< e1 = atom >] −>
match rest s with

None −> e1
| Some (op,e2) −> ExpBin(e1,op,e2) ;;

val rest : lexeme Stream.t −> (bin_op * expression) option = <fun>
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val atom : lexeme Stream.t −> expression = <fun>
val expr : lexeme Stream.t −> expression = <fun>

Ñëîæíîñòü èñïîëüçîâàíèÿ íèñõîäÿùåãî àíàëèçà çàêëþ÷àåòñÿ â òîì,
÷òî ãðàììàòèêà äîëæíà áûòü î÷åíü îãðàíè÷åííîé ôîðìû. Åñëè ÿçûê âû-
ðàæåí åñòåñòâåííî ñ èñïîëüçîâàíèåì ëåâîé ðåêóðñèè (êàê â èíôèêñíûõ
âûðàæåíèÿõ), òî íå âñåãäà ëåãêî îïðåäåëèòü ýêâèâàëåíòíóþ ãðàììàòè-
êó, òî åñòü îïðåäåëÿþùóþ òàêîé æå ÿçûê, êîòîðàÿ áû óäîâëåòâîðÿëà
òðåáîâàíèÿì íèñõîäÿùåãî àíàëèçà. Ïî ýòîé ïðè÷èíå, ñðåäñòâà yacc è
ocamlyacc ðåàëèçóþò âîñõîäÿùèé àíàëèç, êîòîðûé ðàçðåøàåò îïðåäåëå-
íèå áîëåå åñòåñòâåííûõ ãðàììàòèê. Îäíàêî, ìû óâèäèì, ÷òî äàæå â ýòîì
ñëó÷àå ñóùåñòâóþò îãðàíè÷åíèÿ.

10.4.4 Âîñõîäÿùèé àíàëèç

Ìû óæå âêðàòöå ïðåäñòàâèëè íà ñòðàíèöå 179 ïðèíöèïû âîñõîäÿùåãî
àíàëèçà: ïðîäâèíóòñÿ (shift) è ñîêðàòèòü (reduce). Ïîñëå êàæäîãî ïîäîá-
íîãî äåéñòâèÿ, ñîñòîÿíèå ñòåêà èçìåíÿåòñÿ. Èç ýòîé ïîñëåäîâàòåëüíîñòè
ìîæíî âûâåñòè ïðàâèëà ãðàììàòèêè, â ñëó÷àå åñëè ãðàììàòèêà ýòî ïîç-
âîëÿåò, êàê â ïðèìåðå ñ íèñõîäÿùèì àíàëèçîì. Îïÿòü æå, ñëîæíîñòè
âîçíèêàþò èç�çà íåîïðåäåëåííîñòè ïðàâèë, êîãäà íåâîçìîæíî âûáðàòü
ìåæäó ïðîäâèíóòñÿ èëè ñîêðàòèòü. Ïðîèëëþñòðèðóåì äåéñòâèå âîñõî-
äÿùåãî àíàëèçà è åãî íåäîñòàòêè íà âñå òåõ æå àðèôìåòè÷åñêèõ âûðà-
æåíèÿõ â ïîñòôèêñíîì è èíôèêñíîì íàïèñàíèè.

Ïîëîæèòåëüíàÿ ñòîðîíà Óïðîùåííàÿ ïîñòôèêñíàÿ ãðàììàòèêà àðèô-
ìåòè÷åñêèõ âûðàæåíèé âûãëÿäèò òàê:

Exp ::= integer (R1)
| Exp Exp + (R2)
| Exp Exp * (R3)

Äàííàÿ ãðàììàòèêà ÿâëÿåòñÿ äâîéñòâåííîé ïî îòíîøåíèþ ê ïðåôèêñ-
íîé: äëÿ òîãî ÷òîáû òî÷íî çíàòü êàêîå ïðàâèëî ñëåäóåò ïðèìåíèòü, íåîá-
õîäèìî äîæäàòüñÿ îêîí÷àíèÿ àíàëèçà. Â äåéñòâèòåëüíîñòè àíàëèç ïî-
äîáíûõ âûðàæåíèé ñõîæ ñ âû÷èñëåíèåì ïðè ïîìîùè ñòåêà. Òîëüêî âìå-
ñòî ïðîòàëêèâàíèÿ ðåçóëüòàòà âû÷èñëåíèÿ, ïðîòàëêèâàþòñÿ ãðàììàòè-
÷åñêèå ñèìâîëû. Åñëè â íà÷àëå ñòåê ïóñòîé, òî ïîñëå òîãî êàê ââîä çà-
êîí÷åí, íåîáõîäèìî ïîëó÷èòü ñòåê ñîäåðæàùèé ëèøü íåòåðìèíàëüíóþ
àêñèîìó. Ïðèâåäåì èçìåíåíèå ñòåêà: åñëè ìû ïðîäâèãàåìñÿ, òî ïðîòàë-
êèâàåòñÿ òåêóùèé íåòåðìèíàëüíûé ñèìâîë; åñëè ñîêðàùàåì, òî ïåðâûå
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Äåéñòâèå Âõîä Ñòåê
12 + 3 ∗ 4 + $ []

Ñäâèã
2 + 3 ∗ 4 + $ [1]

Ñîêðàòèòü (R1)
2 + 3 ∗ 4 + $ [Exp]

Ñäâèã
+3 ∗ 4 + $ [2 Exp]

Ñîêðàòèòü (R1)
+3 ∗ 4 + $ [Exp Exp]

Ñäâèã, Ñîêðàòèòü (R2)
3 ∗ 4 + $ [Exp]

Ñäâèã, Ñîêðàòèòü (R1)
∗4 + $ [Exp Exp]

Ñäâèã, Ñîêðàòèòü (R3)
4 + $ [Exp]

Ñäâèã, Ñîêðàòèòü (R1)
+$ [Exp Exp]

Ñäâèã, Ñîêðàòèòü (R2)
$ [Exp]

Òàáëèöà 10.2: Âîñõîäÿùèé àíàëèç.

ñèìâîëû ñòåêà ñîîòâåòñòâóþò ïðàâîìó ÷ëåíó (â îáðàòíîì ïîðÿäêå) ïðà-
âèëà è òîãäà ìû çàìåíÿåì ýòè ýëåìåíòû ñîîòâåòñòâóþùèìè íåòåðìè-
íàëüíûìè ýëåìåíòàìè.

Â òàáëèöå 10.2 ïðèâåäåí âîñõîäÿùèé àíàëèç âûðàæåíèÿ 1 2 + 3 ∗ 4+.
Ñ÷èòûâàåìàÿ ëåêñè÷åñêàÿ åäèíèöà ïîä÷åðêèâàåòñÿ äëÿ áîëåå óäîáíîãî
÷òåíèÿ. Êîíåö ïîòîêà ïîìå÷àåòñÿ ñèìâîëîì $.

Îòðèöàòåëüíàÿ ñòîðîíà Âñÿ òðóäíîñòü ïåðåõîäà îò ãðàììàòèêè ê
ïðîãðàììå ðàñïîçíàþùåé ÿçûê çàêëþ÷àåòñÿ â îïðåäåëåíèè äåéñòâèÿ, êî-
òîðîå íåîáõîäèìî ïðèìåíèòü. Ïðîèëëþñòðèðóåì ýòó ïðîáëåìó íà òðåõ
ïðèìåðàõ, ïðèâîäÿùèõ ê òðåì íåîïðåäåëåííîñòÿì.

Ïåðâûé ïðèìåð åñòü ãðàììàòèêà âûðàæåíèé èñïîëüçóþùèõ îïåðà-
öèþ ñëîæåíèÿ:

E0 ::= integer (R1)
| E0 + E0 (R2)
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Íåîïðåäåëåííîñòü äàííîé ãðàììàòèêè ïðîÿâëÿåòñÿ ïðè èñïîëüçîâà-
íèè ïðàâèëà R2. Ïðåäïîëîæèì ñëåäóþùóþ ñèòóàöèþ:

Äåéñòâèå Âõîä Ñòåê
:

+ E0 + E0. . .
:

Â ïîäîáíîì ñëó÷àå íåâîçìîæíî îïðåäåëèòü íåîáõîäèìî ñäâèíóòü è
ïðîòîëêíóòü â ñòåê + èëè ñîêðàòèòü â ñîîòâåòñòâèè ñ ïðàâèëîì (R2)
îáà E0 è ïðèñóòñòâóþùèé â ñòåêå + . Ïîäîáíàÿ ñèòóàöèÿ íàçûâàåòñÿ
êîíôëèêòîì ñäâèã�ñîêðàùåíèå (shift/reduce). Îíà ÿâëÿåòñÿ ñëåäñòâèåì
òîãî, ÷òî âûðàæåíèå integer + integer + integer ìîæåò áûòü ïîëó÷åíî
äåðèâàöèåé ñïðàâà äâóìÿ ñïîñîáàìè.

Ïåðâûé âàðèàíò:

E0 (R2)
−−→

E0+ E0

(R1)
−−→

E0 + integer

(R2)
−−→

E0 + E0 + integer

Âòîðîé âàðèàíò:

E0 (R2)
−−→

E0 + E0

(R2)
−−→

E0 + E0 + E0

(R1)
−−→

E0 + E0 + integer

Âûðàæåíèÿ, ïîëó÷åííûå äâóìÿ äåðèâàöèÿìè, ìîãóò ïîêàçàòüñÿ îäè-
íàêîâûìè ñ òî÷êè çðåíèÿ âû÷èñëåíèÿ âûðàæåíèÿ,

(integer + integer) + integer è integer + (integer + integer)
íî ðàçíûìè äëÿ êîíñòðóêöèè ñèíòàêñè÷åñêîãî äåðåâà (ñì. ðèñ. 5.2 íà

ñòð. 179)
Âòîðîé ïðèìåð ãðàììàòèêè, ïîðîæäàþùåé êîíôëèêò ìåæäó ñäâèã�

ñîêðàùåíèå, ñîäåðæèò òàêóþ æå íåîïðåäåëåííîñòü: ÿâíîå çàêëþ÷åíèå â
ñêîáêè. Íî â îòëè÷èè îò ïðåäûäóùåãî ñëó÷àÿ, âûáîð ñäâèã�ñîêðàùåíèå
èçìåíÿåò ñìûñë âûðàæåíèÿ. Ïóñòü åñòü ãðàììàòèêà:

E1 ::= integer (R1)
| E1 + E1 (R2)
| E1 * E1 (R3)
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Çäåñü ìû ñíîâà ïîëó÷àåì ïðåäûäóùèé êîíôëèêò êàê â ñëó÷àå ñ +
òàê è äëÿ *, íî ê ýòîìó äîáàâëÿåòñÿ äðóãîé, ìåæäó + è *. Îïÿòü æå,
îäíî è òî æå âûðàæåíèå ìîæåò áûòü ïîëó÷åíî äâóìÿ ñïîñîáàìè, òàê êàê
ó íåãî ñóùåñòâóåò äâå äåðèâàöèè ñïðàâà:

integer + integer * integer
Ïåðâûé âàðèàíò:

E1 (R3)
−−→

E1 * E1

(R1)
−−→

E1 * integer

(R2)
−−→

E1 + E1 * integer

Âòîðîé âàðèàíò:

E1 (R2)
−−→

E1 + E1

(R2)
−−→

E1 + E1 * E1

(R1)
−−→

E1 + E1 * integer

Â äàííîì âûðàæåíèè îáå ïàðû ñêîáîê èìåþò ðàçíûé ñìûñë:
(integer + integer) * integer 6= integer + (integer * integer)
Ïîäîáíóþ ïðîáëåìó, ìû óæå âñòðå÷àëè â âûðàæåíèÿõ Basic (ñì. ñòð. 179).

Îíà áûëà ðàçðåøåíà ïðè ïîìîùè ïðèîðèòåòîâ, êîòîðûå ïðèñâàèâàþòñÿ
îïåðàòîðàì: ñíà÷àëà ðåäóöèðóåòñÿ ïðàâèëî (R3), çàòåì (R2), ÷òî ñîîò-
âåòñòâóåò çàêëþ÷åíèþ â ñêîáêè ïðîèçâåäåíèÿ.

Äàííóþ ïðîáëåìó âûáîðà ìåæäó + è * ìîæíî ðåøèòü èçìåíèâ ãðàì-
ìàòèêó. Äëÿ òîãî, ââåäåì äâà íîâûõ òåðìèíàëüíûõ ñèìâîëà: ÷ëåí T
(term) è ìíîæèòåëü F (factor). Îòñþäà ïîëó÷àåì:

E ::= E + T (R1)
| T (R2)

T ::= T * F (R3)
| F (R4)

F ::= integer (R5)

Ïîñëå ýòîãî, åäèíñòâåííûé ñïîñîá ïîëó÷èòü integer + integer * integer :
ïîñðåäñòâîì ïðàâèëà (R1).

Òðåòèé è ïîñëåäíèé ñëó÷àé êàñàåòñÿ óñëîâíûõ êîíñòðóêöèé ÿçûêà
ïðîãðàììèðîâàíèÿ. Íà ïðèìåð â Pascal ñóùåñòâóåò äâå êîíñòðóêöèè: if
.. then è if .. then .. else. Ïóñòü ñóùåñòâóåò ñëåäóþùàÿ ãðàììà-
òèêà:
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Äåéñòâèå Âõîä Ñòåê
:

else. . . [Instr then Epx if . . . ]
:

Instr ::= if EXP then Instr (R1)
− if EXP then Instr else Instr (R2)
− etc. . .

È â ñëåäóþùåé ñèòóàöèè:

Íåâîçìîæíî îïðåäåëèòü ñîîòâåòñòâóþò ëè ýëåìåíòû ñòåêà ïðàâèëà
(R1) è â ýòîì ñëó÷àå íåîáõîäèìî ñîêðàòèòü èëè ñîîòâåòñòâóþò ïåðâîìó
Instr ïðàâèëà (R2) è òîãäà íåîáõîäèìî ñäâèíóòü.

Êðîìå êîíôëèêòîâ ñäâèã�ñîêðàùåíèå, âîñõîäÿùèé àíàëèç âûçûâàåò
êîíôëèêò ñîêðàùåíèå�ñîêðàùåíèå.

Ìû ïðåäñòàâèì çäåñü èíñòðóìåíò ocamlyacc, êîòîðûé èñïîëüçóåò ïî-
äîáíóþ òåõíèêó ìîæåò âñòðåòèòü óêàçàííûå êîíôëèêòû.

10.4.5 Èíñòðóìåíò ocamlyacc

Ïðèíöèï äåéñòâèÿ ocamlyacc ñõîæ ñ ocamlex: èç âõîäíîãî ôàéëà, ñîäåð-
æàùåãî ãðàììàòèêó, â êîòîðîé êàæäîå ïðàâèëî ñâÿçàííî ñ ñåìàíòè÷å-
ñêèì äåéñòâèåì, ãåíåðèðóåòñÿ äâà ôàéëà Objective CAML ñ ðàñøèðåíèåì
.ml è .mli. Ýòè ôàéëû ñîäåðæàò ôóíêöèè è èíòåðôåéñ ñèíòàêñè÷åñêîãî
àíàëèçà.

Îáùèé ôîðìàò Ôàéë äëÿ ocamlyacc ñ ñèíòàêñè÷åñêèì îïèñàíèåì çà-
êàí÷èâàåòñÿ ðàñøèðåíèåì .mly è èìååò ñëåäóþùèé ôîðìàò:

%{
çàãîëîâîê

%}
äåêëàðàöèè

%%
ïðàâèëà

%%
ïðîäîëæåíèå�è�êîíåö

Ôîðìàò ïðàâèë ñëåäóþùèé:
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íåòåðìèíàëüíûé ñèìâîë : ñèìâîë. . . ñèìâîë {ñåìàíòè÷åñêîå äåéñòâèå}
| . . .

íåòåðìèíàëüíûé ñèìâîë : ñèìâîë. . . ñèìâîë {ñåìàíòè÷åñêîå äåéñòâèå}
;

Ñèìâîë ìîæåò áûòü ëèáî òåðìèíàëüíûì ëèáî íåò. Ðîëü ÷àñòåé �çàãî-
ëîâîê� è �ïðîäîëæåíèå�è�êîíåö� òàêàÿ æå êàê è ó ocamllex, ñ ðàçíèöåé
â òîì, ÷òî çàãîëîâîê íå âèäåí ëèøü ïðàâèëàì, íî íå äåêëàðàöèÿì. Â
÷àñòíîñòè, ýòî îçíà÷àåò ÷òî çàãðóçêà ìîäóëåé (open) íå ó÷èòûâàåòñÿ â
äåêëàðàöèÿõ è ñëåäîâàòåëüíî òèïû äîëæíû áûòü èçâåñòíû.

Ñåìàíòè÷åñêîå äåéñòâèå Ñåìàíòè÷åñêîå äåéñòâèå ýòî êóñêè êîäà íà
Objective CAML, êîòîðûå âûïîëíÿþòñÿ ïðè ðåäóöèðîâàíèè ñâÿçàííîãî ñ
íèì ïðàâèëà. Â òåëå äåéñòâèÿ ìîæíî ññûëàòüñÿ íà êîìïîíåíòû ïðàâîãî
÷ëåíà ïðàâèëà. Îíè íóìåðóþòñÿ ñïðàâà íàëåâî íà÷èíàÿ ñ 1. Äëÿ òîãî,
÷òîáû ññûëàòüñÿ íà ïåðâûé êîìïîíåíò íóæíî èñïîëüçîâàòü $1, íà âòîðîé
$2 è òàê äàëåå.

Àêñèîìû Íåòåðìèíàëüíûå àêñèîìû ãðàììàòèêè îáúÿâëÿþòñÿ â äå-
êëàðàòèâíîé ÷àñòè âõîäíîãî ôàéëà:

\%start non−terminal .. non−terminal

Äëÿ êàæäîé èç íèõ áóäåò ñîçäàíà ñâîÿ ôóíêöèÿ àíàëèçà. Â äåêëàðà-
òèâíîé ÷àñòè âñåãäà íåîáõîäèìî óêàçûâàòü âîçâðàùàåìûé òèï ôóíêöèè.

\%type <output−type> non−terminal

Òèï output-type äîëæåí áûòü èçâåñòåí.

Warning

Íåòåðìèíàëüíûå ñèìâîëû ñòàíîâÿòñÿ èìåíåì ôóíêöèé àíàëèçà, ïîýòîìó
îíè íå äîëæíû íà÷èíàòüñÿ ñ çàãëàâíîé áóêâû, êîòîðàÿ çàðåçåðâèðîâàíà
äëÿ êîíñòðóêòîðîâ.

Ëåêñè÷åñêèå åäèíèöû Ãðàììàòè÷åñêèå ïðàâèëà ññûëàþòñÿ íà ëåê-
ñè÷åñêèå åäèíèöû, êîòîðûå â ÿâëÿþòñÿ òåðìèíàëüíûìè ñèìâîëàìè ïðà-
âèë.

Ëåêñåìà(û) îáúÿâëÿåòñÿ ñëåäóþùèì ñïîñîáîì:

\%token PLUS MINUS MULT DIV MOD
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Íåêîòîðûå ëåêñè÷åñêèå åäèíèöû, íàïðèìåð èäåíòèôèêàòîðû, ÿâëÿ-
þòñÿ ìíîæåñòâîì ñèìâîëüíûõ ñòðîê. Êîãäà îáíàðóæèâàåòñÿ ïîäîáíûé
èäåíòèôèêàòîð, ìû áû õîòåëè ïîëó÷èòü ýòó ñèìâîëüíóþ ñòðîêó. Äëÿ
ýòîãî íåîáõîäèìî óêàçàòü ëåêñè÷åñêîìó àíàëèçàòîðó, ÷òî ýòè ëåêñåìû
èìåþò ïðèâÿçàííîå çíà÷åíèå, îêðóæèâ òèï çíà÷åíèÿ < è >.

\%token <string> IDENT

Warning

Ïîñëå òîãî, êàê äàííûå îáúÿâëåíèÿ îáðàáîòàíû ocamlyacc, îíè ïðåâðà-
ùàþòñÿ â êîíñòðóêòîðû òèïà token. Îíè äîëæíû îáÿçàòåëüíî íà÷èíà-
åòñÿ ñ çàãëàâíîé áóêâû.

Ó íàñ åñòü âîçìîæíîñòü èñïîëüçîâàòü ñòðîêè ñèìâîëîâ êàê íåÿâíûå
òåðìèíàëüíûå ñèìâîëû.

expr : expr "+" expr { ... }
| expr "*" expr { ... }
| ...
;

È â äàííîì ñëó÷àå íåò íàäîáíîñòè îáúÿâëÿòü íåîáõîäèìûé ñèìâîë:
îíè íàïðÿìóþ îáðàáàòûâàþòñÿ ñèíòàêñè÷åñêèì àíàëèçàòîðîì, áåç ïðî-
õîäà ÷åðåç ëåêñè÷åñêèé. Îäíàêî, ìû íå ñîâåòóåì ïîäîáíûé ìåòîä, èç
ñîîáðàæåíèé åäèíîîáðàçèÿ îáúÿâëåíèé.

Ïðèîðèòåò, àññîöèàòèâíîñòü Ìû óæå âèäåëè, ÷òî íåìàëî êîíôëèê-
òîâ, âîçíèêàþùèõ ïðî íèñõîäÿùåì àíàëèçå, ïîÿâëÿþòñÿ èç íåÿâíûõ ïðà-
âèë àññîöèàòèâíîñòè êàêîãî�íèáóäü îïåðàòîðà èëè èç�çà êîíôëèêòà ïðè-
îðèòåòîâ ìåæäó îïåðàòîðàìè. Äëÿ ðàçðåøåíèÿ ïîäîáíûõ êîíôëèêòîâ,
ìîæíî îáúÿâèòü ïðàâèëà àññîöèàòèâíîñòè ïî óìîë÷àíèþ (ñëåâà íàïðàâî,
ñïðàâà íàëåâî èëè íèêàêîå) äëÿ îïåðàòîðîâ, à òàê æå ïðèîðèòåò. Â ïðè-
âåäåííîì íèæå îáúÿâëåíèè, óêàçàíî, ÷òî îïåðàòîðû + (ëåêñåìà PLUS)
è * (MULT) àññîöèàòèâíûå ñïðàâà è ÷òî ó îïåðàòîðà * ïðèîðèòåò âûøå,
÷åì ó +, ïîòîìó ÷òî MULT îáúÿâëåí ïîñëå PLUS.

%left PLUS
%left MULT

Îïåðàòîðû îáúÿâëåííûå íà îäíîé ëèíèè, èìåþò îäèíàêîâûå ïðèîðè-
òåòû.

Îïöèè êîìàíäíîé ñòðîêè Êîìàíäà ocamlyacc ðàñïîçíàåò äâå ñëå-
äóþùèå îïöèè:
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� -b name: áóäóò ñîçäàíû äâà ôàéëà name.ml name.mli

� -v: áóäåò ñîçäàí ôàéë ñ ðàñøèðåíèåì .output, êîòîðûé áóäåò ñî-
äåðæàòü íóìåðàöèþ ïðàâèë, ñîñòîÿíèå àâòîìàòà, ðàñïîçíàþùåãî
ãðàììàòèêó è êîíôëèêòíûå ñèòóàöèè

Ñîâìåñòíîå èñïîëüçîâàíèå ñ ocamllex

Ìîæíî ñâÿçàòü îáà èíñòðóìåíòà ocamllex è ocamlyacc òàêèì îáðàçîì,
÷òîáû ïîòîê ñèìâîëîâ, ïðåâðàùåííûé â ïîòîê ëåêñåì ñòàë âõîäíûìè
äàííûìè äëÿ ñèíòàêñè÷åñêîãî àíàëèçàòîðà. Äëÿ ýòîãî, òèï lexeme äîë-
æåí áûòü èçâåñòåí îáîèì èíñòðóìåíòàì. Ýòîò òèï îïðåäåëåí â ôàéëàõ
ñ ðàñøèðåíèåì .mli è .ml, ñîçäàííûõ ocamlyacc ïðè ïîìîùè äåêëà-
ðàöèé òîêåíîâ èç ñîîòâåòñòâóþùåãî ôàéëà ñ ðàñøèðåíèåì .mly. Ôàéë
.mll ââîäèò (import) óêàçàííûé òèï, ocamllex ïåðåâîäèò äàííûé ôàéë
â ôóíêöèþ Objective CAML ñ òèïîì Lexing.lexbuf -> lexeme. Â ïðèìå-
ðå íà ñòð. 342 èëëþñòðèðóåòñÿ óêàçàííîå âçàèìîäåéñòâèå è îïèñûâàþòñÿ
ðàçëè÷íûå ýòàïû êîìïèëÿöèè.

10.4.6 Êîíòåêñòíàÿ ãðàììàòèêà

Àíàëèçàòîðû, ãåíåðèðóåìûå ocamlyacc, îáðàáàòûâàþò ÿçûêè, ïîðîæäà-
åìûå êîíòåêñòíî�íåçàâèñèìîé ãðàììàòèêîé. Àíàëèç ïîòîêà ëåêñåì íå
çàâèñèò îò ñèíòàêñè÷åñêèõ çíà÷åíèé, êîòîðûå óæå áûëè ïðîàíàëèçèðî-
âàíû. Äàííîå óòâåðæäåíèå íåâåðíî äëÿ ÿçûêà L, ïðåäñòàâëåííîãî ñëå-
äóþùåé ôîðìóëîé:

L ::= wCw | w,w ∈ (A | B)∗

çäåñü A,B è C òåðìèíàëüíûå ñèìâîëû. Ìû çàïèñàëè wCw (ãäå w ∈
(A | B)∗), à íå ïðîñòî (A | B)∗C(A | B)∗, äëÿ òîãî ÷òîáû ïîëó÷èòü òàêîþ
æå ñëîâî ñëåâà è ñïðàâà îò C.

Äëÿ àíàëèçà ñëîâà èç ÿçûêà L, íåîáõîäèìî õðàíèòü â ïàìÿòè, òî ÷òî
áûëî äî ñèìâîëà C, ÷òîáû óáåäèòüñÿ, ÷òî ïîñëå ñëåäóåò òîæå ñàìîå.
Äàëåå ïðåäñòàâèì ðåøåíèå äàííîé ïðîáëåìû. Èäåÿ àëãîðèòìà ñîñòîèò â
ñîçäàíèè ôóíêöèè, êîòîðàÿ àíàëèçèðóåò ïîòîê è òî÷íî ðàñïîçíàåò ÷àñòü
ñëîâà, êîòîðîå íàõîäèòñÿ äî âîçìîæíîãî íàõîæäåíèÿ C.

Ñîçäàäèì òèï:

# type token = A | B | C ;;

Ôóíêöèÿ parse_w1 ñîçäàåò ôóíêöèþ çàïîìèíàþùóþ ïåðâîå w â âèäå
ñïèñêà ôóíêöèé àíàëèçèðóþùèõ íåäåëèìûé ïîòîê (òî åñòü äëÿ îäíîãî
òîêåíà):



342 Ãëàâà 10. Ñðåäñòâà ëåêñè÷åñêîãî è ñèíòàêñè÷åñêîãî àíàëèçà

# let rec parse_w1 s =
match s with parser
[<'A; l = parse_w1 >] −> (parser [<'A >] −> "a")::l

| [<'B; l = parse_w1 >] −> (parser [<'B >] −> "b")::l
| [< >] −> [] ;;

val parse_w1 : token Stream.t −> (token Stream.t −> string) list = <
fun>

Ðåçóëüòàòîì ôóíêöèé, ñîçäàííûõ parse_w1, ÿâëÿåòñÿ ñòðîêà ñèìâî-
ëîâ, ñîäåðæàùàÿ ïðîàíàëèçèðîâàííóþ ñèíòàêñè÷åñêóþ åäèíèöó.

Èç ñïèñêà, ñîçäàííîãî ïðåäûäóùåé ôóíêöèåé, ôóíêöèÿ parse_w2ôîð-
ìèðóåò â îäíó ôóíêöèþ àíàëèçà:

# let rec parse_w1 s =
match s with parser
[<'A; l = parse_w1 >] −> (parser [<'A >] −> "a")::l

| [<'B; l = parse_w1 >] −> (parser [<'B >] −> "b")::l
| [< >] −> [] ;;

val parse_w1 : token Stream.t −> (token Stream.t −> string) list = <
fun>

Ðåçóëüòàòîì ïðèìåíåíèÿ parse_w2 áóäåò ïîäñëîâî w. Ïî ñâîåé êîí-
ñòðóêöèè, ôóíêöèÿ parse_w2 ðàñïîçíàåò ëèøü ïîäñëîâà ïðîéäåííûå ôóíê-
öèåé parse_w1.

Âîñïîëüçóåìñÿ âîçìîæíîñòüþ íàçûâàòü ïðîìåæóòî÷íûå ðåçóëüòàòû
ïîòîêà è íàïèøåì ôóíêöèþ ðàñïîçíàâàíèÿ ñëîâ ÿçûêà L:

# let parse_L = parser [< l = parse_w1 ; 'C; r = (parse_w2 l) >] −> r
;;

val parse_L : token Stream.t −> string = <fun>

Íèæå ïðåäñòàâëåíû äâà ïðèìåðà, â ïåðâîì ìû ïîëó÷àåì ñëîâî âîêðóã
C, à âî âòîðîì ïîëó÷àåì îøèáêó, òàê êàê ñëîâà âîêðóã C ðàçíûå.

# parse_L [< 'A; 'B; 'B; 'C; 'A; 'B; 'B >];;
− : string = "abb"
# parse_L [< 'A; 'B; 'C; 'B; 'A >];;
Uncaught exception: Stream.Error("")

10.5 Ïåðåñìîòðåííûé Basic

Òåïåðü, èñïîëüçóÿ ñîâìåñòíî ocamllex è ocamlyacc, çàìåíèì ôóíêöèþ
parse äëÿ Áýéñèêà, ïðèâåäåííóþ íà ñòðàíèöå 183, íà ôóíêöèè ïîëó÷åí-
íûå ïðè ïîìîùè ôàéëîâ ñïåöèôèêàöèè ëåêñèêè è ñèíòàêñèñà ÿçûêà.
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Äëÿ ýòîãî, ìû íå ñìîæåì âîñïîëüçîâàòüñÿ òèïàìè ëåêñè÷åñêèõ åäè-
íèö, â òàêîì âèäå êàê îíè áûëè îïðåäåëåíû. Íåîáõîäèìî îïðåäåëèòü
áîëåå òî÷íûå òèïû, ÷òîáû ðàçëè÷àòü îïåðàòîðû, êîìàíäû è êëþ÷åâûå
ñëîâà.

Òàê æå, íàì ïîíàäîáèòñÿ èçîëèðîâàòü â îòäåëüíîì ôàéëå basic_types.mli
äåêëàðàöèè òèïîâ, îòíîñÿùèåñÿ ê àáñòðàêòíîìó ñèíòàêñèñó. Â íåì áóäóò
ñîäåðæàòñÿ äåêëàðàöèè òèïà sentences, à òàê æå äðóãèõ òèïû íåîáõî-
äèìûå ýòîìó.

10.5.1 Ôàéë basic_parser.mly

Çàãîëîâîê Äàííûé ôàéë ñîäåðæèò âûçîâû äåêëàðàöèé òèïîâ àáñòðàêò-
íîãî ñèíòàêñèñà è äâå ôóíêöèè ïåðåâîäà ñòðîê ñèìâîëîâ â èõ ýêâèâàëåíò
àáñòðàêòíîãî ñèíòàêñèñà.

%{
open Basic_types ;;

let phrase_of_cmd c =
match c with
"RUN" −> Run

| "LIST" −> List
| "END" −> End
| _ −> failwith "line : unexpected command"
;;

let bin_op_of_rel r =
match r with
"=" −> EQUAL

| "<" −> INF
| "<=" −> INFEQ
| ">" −> SUP
| ">=" −> SUPEQ
| "<>" −> DIFF
| _ −> failwith "line : unexpected relation symbol"
;;

%}

Äåêëàðàöèè Çäåñü ñîäåðæèòñÿ òðè ÷àñòè: äåêëàðàöèÿ ëåêñåì, äåêëà-
ðàöèÿ ïðàâèë àññîöèàòèâíîñòè è ïðèîðèòåòîâ, äåêëàðàöèÿ àêñèîìû line,
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êîòîðàÿ ñîîòâåòñòâóåò àíàëèçó ëèíèè ïðîãðàììû èëè êîìàíäû.

Íèæå ïðåäñòàâëåíû ëåêñè÷åñêèå åäèíèöû:

%token <int> Lint
%token <string> Lident
%token <string> Lstring
%token <string> Lcmd
%token Lplus Lminus Lmult Ldiv Lmod
%token <string> Lrel
%token Land Lor Lneg
%token Lpar Rpar
%token <string> Lrem
%token Lrem Llet Lprint Linput Lif Lthen Lgoto
%token Lequal
%token Leol

Èìåíà äåêëàðàöèé ãîâîðÿò ñàìè çà ñåáÿ è îíè îïèñàíû â ôàéëå basic_lexer.mll
(ñì. ñòð. 346).

Ïðàâèëà ïðèîðèòåòà îïåðàòîðîâ ñõîæè ñî çíà÷åíèÿìè, êîòîðûå îïðå-
äåëÿþòñÿ ôóíêöèÿìè priority_uop è priority_binop, êîòîðûå áûëè
îïðåäåëåííû ãðàììàòèêîé Áåéñèêà (ñì. ñòð. 173).

%right Lneg
%left Land Lor
%left Lequal Lrel
%left Lmod
%left Lplus Lminus
%left Lmult Ldiv
%nonassoc Lop

Ñèìâîë Lop íåîáõîäèì äëÿ îáðàáîòêè óíàðíûõ ìèíóñîâ. Îí íå ÿâ-
ëÿåòñÿ òåðìèíàëüíûì ñèìâîëîì, à �ïñåâäî�òåðìèíàëüíûì�. Áëàãîäàðÿ
ýòîìó, ïîëó÷àåì ïåðåãðóçêó îïåðàòîðîâ, êîãäà â äâóõ ñëó÷àÿõ èñïîëü-
çîâàíèÿ îäíîãî è òîãî æå îïåðàòîðà, ïðèîðèòåò ìåíÿåòñÿ â çàâèñèìîñòè
îò êîíòåêñòà. Ìû âåðíåìñÿ ê ýòîìó ñëó÷àþ, êîãäà áóäåì ðàññìàòðèâàòü
ïðàâèëà ãðàììàòèêè.

Çäåñü íåòåðìèíàëüíîé àêñèîìîé ÿâëÿåòñÿ line. Ïîëó÷åííàÿ ôóíê-
öèÿ âîçâðàùàåò äåðåâî àáñòðàêòíîãî ñèíòàêñèñà, êîòîðîå ñîîòâåòñòâóåò
ïðîàíàëèçèðîâàííîé ëèíèè.

%start line
%type <Basic_types.phrase> line
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Ïðàâèëà ãðàììàòèêè Ãðàììàòèêà äåëèòñÿ íà 3 íåòåðìèíàëüíûõ ýëå-
ìåíòà: line äëÿ ëèíèè, inst äëÿ èíñòðóêöèè è exp äëÿ âûðàæåíèé. Äåé-
ñòâèÿ, êîòîðûå ïðèâÿçàíû ê êàæäîìó ïðàâèëó ëèøü ñîçäàþò ñîîòâåò-
ñòâóþùóþ ÷àñòü àáñòðàêòíîãî ñèíòàêñèñà.

%%
line :

Lint inst Leol { Line {num=$1; inst=$2} }
| Lcmd Leol { phrase_of_cmd $1 }
;

inst :
Lrem { Rem $1 }

| Lgoto Lint { Goto $2 }
| Lprint exp { Print $2 }
| Linput Lident { Input $2 }
| Lif exp Lthen Lint { If ($2, $4) }
| Llet Lident Lequal exp { Let ($2, $4) }
;

exp :
Lint { ExpInt $1 }

| Lident { ExpVar $1 }
| Lstring { ExpStr $1 }
| Lneg exp { ExpUnr (NOT, $2) }
| exp Lplus exp { ExpBin ($1, PLUS, $3) }
| exp Lminus exp { ExpBin ($1, MINUS, $3) }
| exp Lmult exp { ExpBin ($1, MULT, $3) }
| exp Ldiv exp { ExpBin ($1, DIV, $3) }
| exp Lmod exp { ExpBin ($1, MOD, $3) }
| exp Lequal exp { ExpBin ($1, EQUAL, $3) }
| exp Lrel exp { ExpBin ($1, (bin_op_of_rel $2), $3) }
| exp Land exp { ExpBin ($1, AND, $3) }
| exp Lor exp { ExpBin ($1, OR, $3) }
| Lminus exp %prec Lop { ExpUnr(OPPOSITE, $2) }
| Lpar exp Rpar { $2 }
;
%%

Äàííûå ïðàâèëà íå íóæäàþñÿ â îñîáûõ êîììåíòàðèÿõ, êðîìå ñëåäó-
þùåãî:

exp :
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...
| Lminus exp %prec Lop { ExpUnr(OPPOSITE, $2) }

Ýòî ïðàâèëî êàñàåòñÿ èñïîëüçîâàíèÿ óíàðíîãî ìèíóñà -. Êëþ÷åâîå
ñëîâî %prec îçíà÷àåò, ÷òî óêàçàííàÿ êîíñòðóêöèÿ ïîëó÷àåò ïðèîðèòåò
îò Lop (â äàííîì ñëó÷àå íàèâûñøèé).

10.5.2 Ôàéë basic_lexer.mll

Ëåêñè÷åñêèé àíàëèç ñîäåðæèò ëèøü îäíî ìíîæåñòâî: lexer, êîòîðîå òî÷-
íî ñîîòâåòñòâóåò ñòàðîé ôóíêöèè lexer (ñì. ñòð. 179).

Ñåìàíòè÷åñêîå äåéñòâèå, êîòîðîå ñâÿçàíî ñ ðàñïîçíàâàíèåì ëåêñè-
÷åñêèõ åäèíèö, âîçâðàùàåò ðåçóëüòàò ñîîòâåòñòâóþùåãî êîíñòðóêòîðà.
Íåîáõîäèìî çàãðóçèòü ôàéë ñèíòàêñè÷åñêèõ ïðàâèë, òàê êàê â íåì äå-
êëàðèðóåòñÿ òèï ëåêñè÷åñêèõ åäèíèö. Äîáàâèì òàê æå ôóíêöèþ, êîòîðàÿ
óäàëÿåò êàâû÷êè âîêðóã ñòðîê.

{

open Basic_parser ;;

let string_chars s = String.sub s 1 ((String.length s)-2) ;;

}

rule lexer = parse

[' ' '\t'] { lexer lexbuf }

| '\n' { Leol }

| '!' { Lneg }

| '&' { Land }

| '|' { Lor }

| '=' { Lequal }

| '%' { Lmod }

| '+' { Lplus }

| '-' { Lminus }

| '*' { Lmult }

| '/' { Ldiv }

| ['<' '>'] { Lrel (Lexing.lexeme lexbuf) }

| "<=" { Lrel (Lexing.lexeme lexbuf) }

| ">=" { Lrel (Lexing.lexeme lexbuf) }
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| "REM" [^ '\n']* { Lrem (Lexing.lexeme lexbuf) }

| "LET" { Llet }

| "PRINT" { Lprint }

| "INPUT" { Linput }

| "IF" { Lif }

| "THEN" { Lthen }

| "GOTO" { Lgoto }

| "RUN" { Lcmd (Lexing.lexeme lexbuf) }

| "LIST" { Lcmd (Lexing.lexeme lexbuf) }

| "END" { Lcmd (Lexing.lexeme lexbuf) }

| ['0'-'9']+ { Lint (int_of_string (Lexing.lexeme lexbuf)) }

| ['A'-'z']+ { Lident (Lexing.lexeme lexbuf) }

| '"' [^ '"']* '"' { Lstring (string_chars (Lexing.lexeme lexbuf)) }

Çàìåòüòå, ÷òî íàì ïðèøëîñü èçîëèðîâàòü ñèìâîë =, êîòîðûé èñïîëü-
çóåòñÿ îäíîâðåìåííî â âûðàæåíèÿõ è ïðèðàâíèâàíèÿõ.

Äëÿ äâóõ ðàöèîíàëüíûõ âûðàæåíèé íåîáõîäèìî ïðèâåñòè îïðåäåëåí-
íûå îáúÿñíåíèÿ. Ëèíèÿ êîììåíòàðèåâ ñîîòâåòñòâóåò âûðàæåíèþ ("REM"[�'
n']*), ãäå çà êëþ÷åâûì ñëîâîì REM ñëåäóåò êàêîå óãîäíî êîëè÷åñòâî ñèì-
âîëîâ è çàòåì ïåðåâîä ñòðîêè. Ïðàâèëî, êîòîðîå ñîîòâåòñòâóåò ñèìâîëü-
íûì ñòðîêàì, ('\ [�'\]* '\), ïîäðàçóìåâàåò ïîñëåäîâàòåëüíîñòü ñèìâî-
ëîâ, îòëè÷íûõ îò � è çàêëþ÷åííûõ â êàâû÷êè �.

10.5.3 Êîìïèëÿöèÿ, êîìïîíîâêà

Êîìïèëÿöèÿ äîëæíà áûòü ðåàëèçîâàíà â îïðåäåëåííîì ïîðÿäêå. Ýòî
ñâÿçàíî ñ âçàèìîçàâèñèìîñòüþ äåêëàðàöèé ëåêñåì. Ïîýòîìó â íàøåì ñëó-
÷àå, íåîáõîäèìî âûïîëíèòü êîìàíäû â ñëåäóþùåì ïîðÿäêå:

ocamlc −c basic_types.mli
ocamlyacc basic_parser.mly
ocamllex basic_lexer.mll
ocamlc −c basic_parser.mli
ocamlc −c basic_lexer.ml
ocamlc −c basic_parser.ml

Ïîñëå ÷åãî ïîëó÷èì ôàéëû basic_lexer.cmo è basic_parser.cmo,
êîòîðûå ìîæíî èñïîëüçîâàòü â íàøåé ïðîãðàììå.

Òåïåðü, ó íàñ åñòü âåñü íåîáõîäèìûé àðñåíàë, äëÿ òîãî ÷òîáû ïåðåäå-
ëàòü ïðîãðàììó.
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Óäàëèì âñå òèïû è ôóíêöèè ïàðàãðàôîâ �ëåêñè÷åñêèé àíàëèç� (ñòð. 177)
è �ñèíòàêñè÷åñêèé àíàëèç� (ñòð. 179) äëÿ ïðîãðàììû Áýéñèê. Òàêæå â
ôóíêöèè one_command çàìåíèì âûðàæåíèå:

match parse (input_line stdin) with

íà

match line lexer (Lexing.from_string ((input_line stdin)^"\n")) with

Çàìåòüòå, ÷òî íåîáõîäèìî ïîìåñòèòü â êîíöå ëèíèè ñèìâîë êîíöà '

n', êîòîðûé áûë óäàëåí ôóíêöèåé input_line. Ýòî íåîáõîäèìî, ïîòîìó
÷òî äàííûé ñèìâîë èñïîëüçóåòñÿ äëÿ óêàçàíèÿ êîíöà êîìàíäíîé ëèíèè
(Leol).

10.6 Ðåçþìå

Â äàííîé ãëàâå áûëè îïèñàíû ðàçëè÷íûå ñðåäñòâà ëåêñè÷åñêîãî è ñèí-
òàêñè÷åñêîãî àíàëèçà Objective CAML. Ïî ïîðÿäêó îïèñàíèÿ:

� ìîäóëü Str äëÿ ôèëüòðîâàíèÿ ðàöèîíàëüíûõ âûðàæåíèé

� ìîäóëü Genlex äëÿ áûñòðîãî ñîçäàíèÿ ïðîñòûõ ëåêñè÷åñêèõ àíàëè-
çàòîðîâ

� ocamllex ïðåäñòàâèòåëü ñåìåéñòâà lex

� ocamlyacc ïðåäñòàâèòåëü ñåìåéñòâà yacc

� ïîòîêè, äëÿ ïîñòðîåíèÿ íèñõîäÿùèõ àíàëèçàòîðîâ, â òîì ÷èñëå è
êîíòåêñòíûõ

Ïðè ïîìîùè èíñòðóìåíòîâ ocamllex è ocamlyacc ìû ïåðåäåëàëè ñèí-
òàêñè÷åñêèé àíàëèç Áýéñèêà, êîòîðûé ïðîùå ïîääåðæèâàòü, ÷åì àíàëè-
çàòîð ïðåäñòàâëåííûé íà ñòð. 171.
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Âçàèìîäåéñòâèå ñ ÿçûêîì C

11.1 Ââåäåíèå

×àñòî, ïðè ðàçðàáîòêå ïðîãðàììíîãî îáåñïå÷åíèÿ íà êàêîì�íèáóäü ÿçû-
êå, áûâàåò íåîáõîäèìî èíòåãðèðîâàòü áèáëèîòåêè, êîòîðûå áûëè íàïè-
ñàííûå íà äðóãèõ ÿçûêàõ ïðîãðàììèðîâàíèÿ ïî ñëåäóþùèì äâóì ïðè-
÷èíàì:

� èñïîëüçîâàòü áèáëèîòåêè, êîòîðûå íå âîçìîæíî íàïèñàòü íà äàí-
íîì ÿçûêå, òî åñòü òàêèì îáðàçîì ðàñøèðèòü âîçìîæíîñòè ÿçûêà

� èñïîëüçîâàòü âûñîêîýôôåêòèâíûå áèáëèîòåêè, íàïèñàííûå íà äðó-
ãîì ÿçûêå

Â äàííîì ñëó÷àå ïîëó÷àåì ïðîãðàììó, êîòîðàÿ ñîáðàíà èç êóñêîâ íà
ðàçëè÷íûõ ÿçûêàõ è êàæäûé èç ýòèõ ñïåöèàëèçèðîâàííûõ êóñêîâ íàïè-
ñàí íà íàèáîëåå ïîäõîäÿùåì äëÿ ðåøåíèÿ äàííîé ïðîáëåìû ÿçûêå. Òà-
êèå ÷àñòè ïðîãðàììû âçàèìîäåéñòâóþò ìåæäó ñîáîé, ïåðåäàâàÿ äàííûå
è âûïîëíÿÿ ðàñ÷åò.

Â Objective CAML ñóùåñòâóåò ìåõàíèçì âçàèìîäåéñòâèÿ ñ ÿçûêîì
C. Èç êîäà Objective CAML ìîæíî âûçâàòü ôóíêöèþ íà C, ïåðåäàòü
àðãóìåíòû è ïîëó÷èòü ðåçóëüòàò ðàñ÷åòà. Îáðàòíîå òàê æå âîçìîæíî:
ïðîãðàììà íà C ìîæåò âûçâàòü ðàñ÷åò íà Objective CAML è çàòåì ïðî-
äîëæèòü îáðàáàòûâàòü ïîëó÷åííûé ðåçóëüòàò.

Âûáîð ÿçûêà C îïðàâäàí ñëåäóþùèìè ïðè÷èíàìè:

� C íîðìàëèçîâàííûé ÿçûê (C ANSI)

� îí èñïîëüçóåòñÿ äëÿ íàïèñàíèÿ îïåðàöèîííûõ ñèñòåì (Unix, Windows,
MacOS, è ò.ä.)

349
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� áîëüøîå êîëè÷åñòâî áèáëèîòåê íàïèñàíî íà C

� áîëüøèíñòâî ÿçûêîâ ïðîãðàììèðîâàíèÿ èìåþò ìåõàíèçì âçàèìî-
äåéñòâèÿ ñ C, ÷òî ïîçâîëÿåò óñòàíîâèòü âçàèìîñâÿçü ñ ýòèìè ÿçû-
êàìè ïîñðåäñòâîì C.

Â ïîñëåäíåì ñëó÷àå C âûñòóïàåò â ðîëè ýñïåðàíòî ÿçûêîâ ïðîãðàì-
ìèðîâàíèÿ.

Îäíàêî, âçàèìîäåéñòâèå ìåæäó Objective CAML è C ñîçäàåò îïðåäå-
ëåííûå òðóäíîñòè, êîòîðûå ïðåäñòàâëåíû íèæå:

ïðåäñòàâëåíèå çíà÷åíèé â ïàìÿòè Íàïðèìåð îñíîâíûå çíà÷åíèÿ (int,
char, �oat) â îáîèõ ÿçûêàõ ðàçëè÷àþòñÿ ïðåäñòàâëåíèåì â ïàìÿòè.
Íåîáõîäèìî ïåðåâîäèòü èõ ïðè îáìåíå äàííûìè â îáå ñòîðîíû. Òî
æå ñàìîå êàñàåòñÿ ñòðóêòóðèðîâàííûõ çíà÷åíèé: çàïèñè, òèï ñóììà
èëè ìàññèâû.

ñáîðùèê ìóñîðà Objective CAML Ðåàëèçîâàòü ñáîðùèê ìóñîðà â C
ìîæíî, íî ýòà îñîáåííîñòü íå îïðåäåëåíà íîðìîé ÿçûêà. Ïîýòîìó,
íåëüçÿ äîïóñòèòü, ÷òîáû âûçîâ ôóíêöèè íà C ïðîèçâåë íåñîâìå-
ñòèìûå ñ GC èçìåíåíèÿ â ïàìÿòè.

îñòàíîâêà ðàñ÷åòà Ìåõàíèçì èñêëþ÷åíèé â îáîèõ ÿçûêàõ ðàçëè÷àåò-
ñÿ, â ñëåäñòâèè ÷åãî âîçíèêàåò ïðîáëåìà ïåðåõâàòà èñêëþ÷åíèé.

ðàçäåëåíèå îáùèõ ðåñóðñîâ Áóôåðû Ââîäà/Âûâîäà, íàïðèìåð, íå ðàç-
äåëÿþòñÿ è íå îòîáðàæàþò ïîñëåäîâàòåëüíîñòü îïåðàöèé Ââîäà/-
Âûâîäà äâóõ ïðîãðàìì.

Ïðîãðàììû íà Objective CAML íàñëåäóþò íàäåæíîñòü ñòàòè÷åñêîé
òèïèçàöèè è àâòîìàòè÷åñêîå óïðàâëåíèå ïàìÿòüþ. Êîððåêòíîå èñïîëü-
çîâàíèå áèáëèîòåê íà C èëè âçàèìîäåéñòâèå ïîñðåäñòâîì C íå äîëæíî
ïîäâåðãíóòü ðèñêó ýòó íàäåæíîñòü. Ïîýòîìó, äëÿ ãàðìîíè÷íîãî âçàèìî-
äåéñòâèÿ îáîèõ ÿçûêîâ, íåîáõîäèìî ñëåäîâàòü ÷åòêèì ïðàâèëàì.

11.2 Ïëàí ãëàâû

Â äàííîé ãëàâå, ìû ðàññìîòðèì ñðåäñòâà, âõîäÿùèå â äèñòðèáóòèâ Objec-
tive CAML, äëÿ âçàèìîäåéñòâèÿ ñ C, êîòîðûå ïîçâîëÿò ñîçäàòü èñïîëíÿ-
åìûå ôàéëû, ñîñòîÿùèõ èç ÷àñòåé íà îáîèõ ÿçûêàõ ïðîãðàììèðîâàíèÿ.
Ýòè ñðåäñòâà ïðåäîñòàâëÿþò ôóíêöèè, ïðè ïîìîùè êîòîðûõ ìîæíî ïå-
ðåâåñòè çíà÷åíèå èç îäíîãî ÿçûêà â äðóãîé, íàäåæíî âûäåëèòü ïàìÿòü â
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C, èñïîëüçóÿ êó÷ó Objective CAML è GC, à òàê æå âîçáóäèòü èñêëþ÷åíèÿ
Objective CAML â C.

Â ïåðâîé ÷àñòè ãëàâû ìû ðàññìîòðèì èñïîëüçîâàíèå C ôóíêöèè â
Objective CAML, êàê ñîçäàòü èñïîëíèìûé ôàéë è èíòåðàêòèâíóþ ñðåäó,
êîòîðûå ñîäåðæàò ýòó ôóíêöèþ. Âî âòîðîé ÷àñòè ìû èçó÷èì êàêèì îá-
ðàçîì çíà÷åíèÿ Objective CAML ïðåäñòàâëåíû â C. Â ñëåäóþùåé ÷àñòè
óòî÷íÿåòñÿ êàê ñîçäàâàòü è ìåíÿòü çíà÷åíèÿ Objective CAML â C. Â íåé
òàê æå ðàññìàòðèâàþòñÿ ïðîáëåìû, âîçíèêàþùèå ïðè âûäåëåíèè ïàìÿ-
òè â C â �ïðèñóòñòâèè� GC Objective CAML, à òàê æå ñïîñîáû íàäåæíîãî
âûäåëåíèÿ ïàìÿòè â C. Â ïÿòîé ãëàâå îïèñàíî óïðàâëåíèå èñêëþ÷åíè-
ÿìè, êàê îíè âîçáóæäàþòñÿ è îòëàâëèâàþòñÿ â çàâèñèìîñòè îò ìåñòà
îñòàíîâêè ðàñ÷åòà. Â ïîñëåäíåé ÷àñòè ìû ðàññìîòðèì êàê èñïîëüçîâàòü
êîä Objective CAML â C.

Çàìå÷àíèå
Äëÿ èçó÷åíèÿ ñëåäóþùåãî ìàòåðèàëà, íåîáõîäèìû çíàíèÿ ÿçûêà C. Òàê
æå, æåëàòåëüíî ïðî÷åñòü ãëàâó 8, äëÿ ÷åòêîãî ïîíèìàíèÿ ïðîáëåì ñâÿ-
çàííûõ ñ àâòîìàòè÷åñêîé ñáîðêîé ïàìÿòè.

11.3 Ïåðåäà÷à èíôîðìàöèè ìåæäó Objective

CAML è C

Ïåðåäà÷à èíôîðìàöèè ìåæäó Objective CAML è C îñóùåñòâëÿåòñÿ ñî-
çäàíèåì èñïîëíÿåìîãî ôàéëà (èëè èíòåðàêòèâíîé ñðåäû), ñîñòîÿùåé èç
äâóõ ÷àñòåé, êîòîðûå ìîãóò áûòü ñêîìïèëèðîâàíû ðàçäåëüíî. È òîãäà,
äî ñîçäàíèÿ èñïîëíèìîãî ôàéëà, êîìïîíîâùèê äîëæåí óñòàíîâèòü ñâÿçü
ìåæäó èìåíàìè Objective CAML è C. Äëÿ ýòîãî ïðîãðàììà íà Objective
CAML äîëæíà ñîäåðæàòü âíåøíèå äåêëàðàöèè.

Íà ðèñóíêå 11.1 èçîáðàæåíà ïðîãðàììà, ñîñòîÿùàÿ èç îäíîãî êóñêà
íà C è äðóãîãî íà Objective CAML.

Ìîæíî ïðåäñòàâèòü êàæäóþ ÷àñòü, êàê ñîäåðæàùóþ êîä, èíñòðóê-
öèè, ñîîòâåòñòâóþùèå îïðåäåëåíèþ ôóíêöèé è âû÷èñëåíèþ âûðàæåíèé
Objective CAML, à òàê æå çîíû äèíàìè÷åñêîãî âûäåëåíèÿ ïàìÿòè. Ïðè-
ìåíåíèå ôóíêöèè f ê òðåì öåëûì ÷èñëàì Objective CAML ïðîâîöèðóåò
âû÷èñëåíèå ôóíêöèè f_c íà C. Òåëî ôóíêöèè ïåðåâîäèò öåëûå ÷èñëà
Objective CAML â öåëûå ÷èñëà C, âû÷èñëÿåò ñóììó è çàòåì âîçâðàùàåò
ðåçóëüòàò ïåðåâåäåííûé â öåëîå ÷èñëî Objective CAML.

Äàëåå áóäóò ïðåäñòàâëåíû ïåðâè÷íûå ýëåìåíòû âçàèìîäåéñòâèÿ Ob-
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return Val_long (Long_val(x) + 

value f_c (value x, value y, value z) {

Long_val(y) +

Long_val(z));

}
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external f: int-> int-> int-> int

="f_c"

let r = f 2 6 9 ;;

linking

return

call

dynamic allocation heap garbage collected heap

C part Objective Caml part

Ðèñ. 11.1: Ïåðåäà÷à èíôîðìàöèè ìåæäó Objective CAML è C

jective CAML è C: âíåøíèå äåêëàðàöèè, îãðàíè÷åíèÿ íàêëàäûâàåìûå íà
C ôóíêöèè, êîòîðûå ìîæíî âûçâàòü â Objective CAML è îïöèè ðåäàê-
òîðà ñâÿçåé. Çàòåì ìû ïðèâåäåì ïðèìåð èñïîëüçîâàíèÿ ââîäà/âûâîäà.

11.3.1 Âíåøíèå äåêëàðàöèè

Âíåøíèå äåêëàðàöèè ôóíêöèé â Objective CAML íåîáõîäèìû äëÿ óñòà-
íîâëåíèÿ ñâÿçè ìåæäó äåêëàðàöèåé ôóíêöèè C è èìåíåì â Objective
CAML, à òàê æå äëÿ óêàçàíèÿ òèïà ôóíêöèè.

Ñèíòàêñèñ äåêëàðàöèè ñëåäóþùèé:

Ñèíòàêñèñ external caml_name : type = "C_name"

Ýòà çàïèñü îçíà÷àåò, ÷òî âûçîâ ôóíêöèè caml_name â Objective CAML
ñïðîâîöèðóåò âûçîâ ôóíêöèè C C_name ñ ñîîòâåòñòâóþùèìè àðãóìåíòà-
ìè. Â ïðèìåðå íà èçîáðàæåíèè 11.1 äåêëàðèðóåòñÿ ôóíêöèÿ f , âûçîâ
êîòîðîé ñîîòâåòñòâóåò âûïîëíåíèþ ôóíêöèè f_c.

Ìîæíî îáúÿâèòü ôóíêöèþ, êàê âíåøíþþ â èíòåðôåéñå (ò.å. â ôàéëå
.mli), ëèáî ÿâíî óêàçûâàÿ íà òî, ÷òî îíà âíåøíÿÿ, ëèáî êàê îáû÷íîå
çíà÷åíèå:

Ñèíòàêñèñ
external caml_name : type = "C_name"val

caml_name : type
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Âî âòîðîì ñëó÷àå, âûçîâ C ôóíêöèè ïðîõîäèò ÷åðåç îáùèé ìåõàíèçì
ôóíêöèé Objective CAML. Ïîäîáíûé ïîäõîä ìåíåå ýôôåêòèâåí, íî îí
ñêðûâàåò ðåàëèçàöèþ ôóíêöèè êàê C ôóíêöèè.

11.3.2 Äåêëàðàöèÿ C ôóíêöèé

×èñëî àðãóìåíòîâ C ôóíêöèé, âûçûâàåìûõ â Objective CAML, äîëæíî
áûòü îäèíàêîâûì ñ âíåøíèì îáúÿâëåíèåì ôóíêöèè. Òèï çíà÷åíèé Ob-
jective CAML â C: value. Òàê êàê ïðåäñòàâëåíèå ýòèõ çíà÷åíèé ÿâëÿåòñÿ
îäíîðîäíûì (273), òî èõ ìîæíî ïðåäñòàâèòü îäíèì åäèíñòâåííûì òè-
ïîì C. Íà ñòð. 358 ìû ïîçíàêîìèìñÿ ñî ñðåäñòâàìè ïåðåâîäà çíà÷åíèé è
ïðîäåìîíñòðèðóåì ôóíêöèþ ýêñïîðòà çíà÷åíèé Objective CAML.

Ôóíêöèÿ íà èçîáðàæåíèè 11.1 ñîîòâåòñòâóåò ïðèâåäåííûì îãðàíè÷å-
íèÿì. Ôóíêöèÿ f_c ñâÿçàíà ñ ôóíêöèåé Objective CAML, òèï êîòîðîé
int -> int -> int -> int è ÿâëÿåòñÿ ôóíêöèåé ñ òðåìÿ àðãóìåíòàìè
è ðåçóëüòàòîì òèïà value.

Èíòåðïðåòàòîð áàéò�êîäà ïî ðàçíîìó âû÷èñëÿåò âûçîâû ôóíêöèè â
çàâèñèìîñòè îò ÷èñëà àðãóìåíòîâ1. Åñëè ÷èñëî àðãóìåíòîâ ìåíüøå èëè
ðàâíî ïÿòè, òî îíè ïîìåùàþòñÿ â ñòåê. Åñëè æå ÷èñëî àðãóìåíòîâ áîëü-
øå ïÿòè, òî â C ôóíêöèþ ïåðåäàåòñÿ âåêòîð, ñîäåðæàùèé âñå âõîäíûå
àðãóìåíòû è çàòåì ÷èñëî àðãóìåíòîâ. Íåîáõîäèìî ðàçäåëÿòü îáà ñëó÷àÿ,
òàê êàê C ôóíêöèÿ ìîæåò áûòü âûçâàíà èíòåðïðåòàòîðîì áàéò�êîäà. Ñ
äðóãîé ñòîðîíû, íàòèâíûé êîìïèëÿòîð âñåãäà âûçûâàåò âíåøíþþ ôóíê-
öèþ ïåðåäàâàÿ åé íàïðÿìóþ âñå âõîäíûå àðãóìåíòû.

Ôóíêöèÿ ñ áîëåå 5 àðãóìåíòîâ

Â äàííîì ñëó÷àå íóæíî íàïèñàòü äâå ôóíêöèè, îäíó äëÿ áàéò�êîä èí-
òåðïðåòàòîðà, à äðóãóþ äëÿ íàòèâíîãî. Ñèíòàêñèñ âíåøíèõ äåêëàðàöèé
ïîçâîëÿåò èñïîëüçîâàòü îäíó äåêëàðàöèþ äëÿ îáåèõ ôóíêöèé C:

Ñèíòàêñèñ
external caml_name : type = "C_name_bytecode

C_name_native"

Ó ôóíêöèè C_name_bytecode äâà àðãóìåíòà: âåêòîð çíà÷åíèé ñ òè-
ïîì value (C óêàçàòåëü íà òèï *value) è öåëîå ÷èñëî, êîòîðîå óêàçûâàåò
ðàçìåð âåêòîðà.

1Íàïîìíèì, ÷òî â ôóíêöèè fst ñ òèïîì 'a * 'b -> 'a èìååò îäèí àðãóìåíò �
ïàðà.
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Ïðèìåð

Ñëåäóþùàÿ ïðîãðàììà íà C îïðåäåëÿåò äâå ðàçíûå ôóíêöèè äëÿ ñëîæå-
íèÿ øåñòè öåëûõ ÷èñåë: plus_native äëÿ íàòèâíîãî êîäà è plus_bytecode
äëÿ âûçîâà èç áàéò�êîä èíòåðïðåòàòîðà. Íåîáõîäèìî óêàçàòü ôàéë mlvalues.h,
â êîòîðîì ñîäåðæèòñÿ îïðåäåëåíèå C òèïîâ çíà÷åíèé Objective CAML è
ìàêðîñû ïðåîáðàçîâàíèÿ.

#include <stdio.h>
#include <caml/mlvalues.h>

value plus_native (value x1,value x2,value x3,value x4,value x5,value x6)
{
printf ("<< NATIVE PLUS >>\n") ; �ush(stdout) ;
return Val_long ( Long_val(x1) + Long_val(x2) + Long_val(x3)

+ Long_val(x4) + Long_val(x5) + Long_val(x6)) ;
}

value plus_bytecode (value * tab_val, int num_val)
{
int i ;
long res;
printf ("<< BYTECODED PLUS >> : ") ; �ush(stdout) ;
for ( i=0,res=0;i<num_val;i++) res += Long_val(tab_val[i]) ;
return Val_long(res) ;

}

Ïðîãðàììà íà Objective CAML exOCAML.ml âûçûâàåò îáå C ôóíêöèè.

external plus : int −> int −> int −> int −> int −> int −> int
= "plus_bytecode" "plus_native" ;;

print_int (plus 1 2 3 4 5 6) ;;
print_newline () ;;

Òåïåðü ñêîìïèëèðóåì îáå ïðîãðàììû äâóìÿ êîìïèëÿòîðàìè Objecti-
ve CAML è êîìïèëÿòîðîì C, êîòîðûé íàçîâåì cc.

$ cc −c −I/usr/local/lib/ocaml exC.c

$ ocamlc −custom exC.o exOCAML.ml −o ex_byte_code.exe
$ ex_byte_code.exe
<< BYTECODED PLUS >> : 21

$ ocamlopt exC.o exOCAML.ml −o ex_native.exe
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$ ex_native.exe
<< NATIVE PLUS >> :
21

Äëÿ òîãî, ÷òîáû íå ïåðåïèñûâàòü äâà ðàçà ôóíêöèþ, ïðîñòåéøèì ðåøå-
íèåì ìîæåò áûòü èñïîëüçîâàíèå íàòèâíîé ôóíêöèè â òåëå ôóíêöèè äëÿ
áàéò�êîä èíòåðïðåòàòîðà, êàê óêàçàíî â ïðèìåðå:

value prim_nat (value x1, ..., value xn) { ... }
value prim_bc (value *tab, int n)
{ return prim_nat(tab[0],tab [1],..., tab[n−1]) ; }

11.3.3 Ðåäàêòèðîâàíèå ñâÿçåé ñ C

Èç ñêîìïèëèðîâàííûõ ôàéëîâ íà Objective CAML è C, êîìïîíîâùèê
ñîçäàåò èñïîëíÿåìûé ôàéë. Ðåçóëüòàò, ïîëó÷åííûé íàòèâíûì êîìïèëÿ-
òîðîì, èçîáðàæåí íà ðèñóíêå 11.2.
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void main (int argc,  ...

funtion x -> ...

C code

Objective Caml code

C static variables

Objective Caml heap (with GC)

C heap

runtime stack

static allocation

dynamic alocation
area

area

Ðèñ. 11.2: Ñìåøàííûé èñïîëíÿåìûé ôàéë

Èíñòðóêöèè ïðîãðàìì íà Objective CAML è C ðàçìåùåíû â ñòàòè÷å-
ñêîé çîíå ïàìÿòè. Â äèíàìè÷åñêîé çîíå íàõîäèòñÿ ñòåê âûïîëíåíèÿ (ãäå
ðàñïîëàãàþòñÿ òåêóùèå âûçîâû) è êó÷è Objective CAML è C.
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Runtime áèáëèîòåêà

Ôóíêöèè íà C, êîòîðûå ìîãóò áûòü âûçâàíû â ïðîãðàììå è èñïîëüçóþ-
ùèå ëèøü ñòàíäàðòíûå áèáëèîòåêè, ñîäåðæàòñÿ â execution áèáëèîòåêå
(ñì. ðèñ. 6.1 íà ñòð. 223). Òî åñòü íåò íåîáõîäèìîñòè ÷òî�ëèáî äîïîë-
íèòåëüíî óêàçûâàòü. Îäíàêî, â ñëó÷àå åñëè ìû èñïîëüçóåì áèáëèîòåêè
Graphics, Num è Str íåîáõîäèìî óêàçàòü êîìïîíîâùèêó ñâÿçåé áèáëèîòå-
êè, ñîîòâåòñòâóþùèå ïðèâåäåííûì ìîäóëÿì. Äëÿ ýòîãî ñóùåñòâóåò îï-
öèÿ êîìïèëÿòîðà -custom. Òîò æå ïðèíöèï ïðèìåíÿåòñÿ è ê ôóíêöèÿì C,
êîòîðûå ìû æåëàåì èñïîëüçîâàòü: íåîáõîäèìî óêàçàòü îáúåêòíûé ôàéë
ñîäåðæàùèé ýòè ôóíêöèè ïðè ðåäàêòèðîâàíèè ñâÿçåé êîìïîíîâùèêîì.
Ìû ïðîäåìîíñòðèðóåì ýòî íà ïðèìåðå.

Íåñêîëüêî ñëó÷àåâ ðåäàêòèðîâàíèÿ ñâÿçåé

Íåîáõîäèìî ðàçëè÷àòü êîìïèëÿöèþ íàòèâíîãî êîìïèëÿòîðà, áàéò�êîä
êîìïèëÿòîð è ñîçäàíèå èíòåðàêòèâíîé ñðåäû. Îïöèè äëÿ ðàçëè÷íûõ òè-
ïîâ êîìïèëÿöèé îïèñàíû â ãëàâå 6.

Âåðíåìñÿ ê èçîáðàæåíèþ 11.1, ÷òîáû ïðîèëëþñòðèðîâàòü òðè ðåæè-
ìà êîìïèëÿöèè. Äëÿ ýòîãî ïåðåèìåíóåì ôàéë Objective CAML â progocaml.ml.
Â ýòîì ôàéëå âûçûâàåòñÿ âíåøíÿÿ ôóíêöèÿ èç C ôàéëà progC.c, êîòî-
ðûé â ñâîþ î÷åðåäü èñïîëüçóåò C áèáëèîòåêó libC. Ïîñëå òîãî, êàê ýòè
ôàéëû ñêîìïèëèðîâàíû íåçàâèñèìî äðóã îò äðóãà, ðåäàêöèÿ ñâÿçåé îñó-
ùåñòâëÿåòñÿ ñëåäóþùèìè êîìàíäàìè:

� áàéò�êîä:

ocamlc −custom −o vbc.exe progC.o a_C_library.a progocaml.cmo

� íàòèâíûé êîä:

ocamlopt progC.o −o vn.exe a_C_library.a progocaml.cmx

Ïîñëå ýòîãî ïîëó÷èì äâà èñïîëíÿåìûõ ôàéëà: vbc.exe äëÿ áàéò�êîä
âåðñèè è äëÿ íàòèâíîé vn.exe.

Ñîçäàíèå íîâîé àáñòðàêòíîé ìàøèíû

Ìû ìîæåì îáîãàòèòü runtime áèáëèîòåêó, âêëþ÷èâ â íåå íîâûå C ôóíê-
öèè. Äëÿ ýòîãî ñóùåñòâóþò ñëåäóþùèå êîìàíäû:

ocamlc −make−runtime −o new_ocamlrun progC.o a_C_library.a

Òåïåðü ìîæíî ñîçäàòü áàéò�êîä ôàéë vbcnam.exe èñïîëüçóÿ íîâóþ
àáñòðàêòíóþ ìàøèíó:
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ocamlc −o vbcnam.exe −use−runtime new_ocamlrun progocaml.cmo

Äàííûé êîä ìîæíî çàïóñòèòü â âèäå àðãóìåíòà íîâîé àáñòðàêòíîé
ìàøèíå êîìàíäîé new_ocaml vbcnam.exe èëè íàïðÿìóþ vbcnam.exe.

Çàìå÷àíèå
Ðåäàêòèðîâàíèå ñâÿçåé â ðåæèìå -custom âûíóæäàåò êîìïèëÿòîð ñêà-
íèðîâàòü îáúåêòíûå ôàéëû .cmo äëÿ ñîçäàíèÿ òàáëèöû èñïîëüçóåìûõ
âíåøíèõ ôóíêöèé.

Ñîçäàíèå èíòåðàêòèâíîãî öèêëà

Äëÿ òîãî ÷òîáû èñïîëüçîâàòü âíåøíþþ ôóíêöèþ â èíòåðàêòèâíîì öèê-
ëå, íåîáõîäèìî ñîçäàòü íîâûé öèêë, ñîäåðæàùèé êîä C ôóíêöèè è ïðî-
ãðàììó íà Objective CAML ñ åå äåêëàðàöèåé.

Ïóñòü åñòü ñêîìïèëèðîâàííûé ôàéë progC.c ñ ôóíêöèåé f_c. Ñîçäà-
äèì íîâûé èíòåðàêòèâíûé öèêë ftop:

ocamlmktop −custom −o ftop progC.o a_C_library.a ex.ml

Â ôàéëå ex.ml ñîäåðæèòñÿ äåêëàðàöèÿ âíåøíåé ôóíêöèè f . Áëàãî-
äàðÿ ýòîìó óêàçàííàÿ ôóíêöèÿ èçâåñòíà èíòåðàêòèâíîìó öèêëó ftop, à
êîä ïðåäîñòàâëÿåòñÿ îáúåêòîì progC.o.

11.3.4 Ñìåøèâàíèå îïåðàöèé ââîäà/âûâîäà â C è Ob-
jective CAML

Ôóíêöèè C è Objective CAML íå ðàçäåëÿþò áóôåðà ôàéëîâîãî ââîäà è
âûâîäà. Ïóñòü åñòü ïðîãðàììà íà C:

#include <stdio.h>
#include <caml/mlvalues.h>
value hello_world (value v)
{ printf ("Hello World !!"); �ush (stdout); return v; }

Äëÿ òîãî, ÷òîáû çàïèñü íà ñòàíäàðòíûé âûõîä ïðîõîäèëà â ïðàâèëü-
íîì ïîðÿäêå, íåîáõîäèìî ÿâíî ñáðàñûâàòü ñîäåðæèìîå ôàéëîâûõ áóôå-
ðîâ (�ush).

# external caml_hello_world : unit −> unit = "hello_world" ;;
external caml_hello_world : unit −> unit = "hello_world"
# print_string "<< " ;
caml_hello_world () ;
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mlvalues.h îïðåäåëåíèå òèïà value è ìàêðîñîâ ïåðåâîäà òèïîâ
alloc.h ôóíêöèè âûäåëåíèÿ ïàìÿòè äëÿ çíà÷åíèé Objective CAML
memory.h ìàêðîñû, áîëåå âûñîêî óðîâíÿ, äëÿ ïåðåâîäà òèïîâ

Òàáëèöà 11.1: Ôàéëû, èñïîëüçóåìûå äëÿ èíòåðôåéñà ñ C

print_string " >>\n" ;
�ush stdout ;;
Hello World !!<< >>
− : unit = ()

Ïîëó÷åííûé âûâîä íå ñîâñåì óäîâëåòâîðèòåëüíûé. Ïåðåïèøåì ïðî-
ãðàììó Objective CAML ñëåäóþùèì îáðàçîì:

# print_string "<< " ; �ush stdout ;
caml_hello_world () ;
print_string " >>\n" ; �ush stdout ;;
<< Hello World !! >>
− : unit = ()

Ñèñòåìàòè÷åñêîå îñâîáîæäåíèå áóôåðà ïåðåä êàæäîé êîìàíäîé çàïè-
ñè ïîçâîëÿåò ñîáëþñòè ïîðÿäîê âûâîäà íà ýêðàí ìåæäó äâóìÿ ÿçûêàìè.

11.4 Àíàëèç çíà÷åíèé Objective CAML â C

Ìàøèííîå ïðåäñòàâëåíèå çíà÷åíèé â Objective CAML îòëè÷àåòñÿ îò C,
äàæå äëÿ òàêèõ ïðîñòûõ òèïîâ êàê öåëîå ÷èñëî. Ïðè÷èíîé ýòîìó ÿâëÿ-
åòñÿ íåîáõîäèìîñòü â ñîõðàíåíèè äîïîëíèòåëüíîé èíôîðìàöèè GC ïðè
ñáîðêå ïàìÿòè. Òàê êàê ïðåäñòàâëåíèå çíà÷åíèé Objective CAML â ïà-
ìÿòè îäíîðîäíî, îíè âèäíû â C êàê åäèíûé òèï value.

Êàæäûé ðàç êàê â Objective CAML âûçûâàåòñÿ C ôóíêöèÿ ñ àðãó-
ìåíòàìè, îíè äîëæíû áûòü ïåðåâåäåíû â ñîîòâåòñòâóþùèé òèï. Òî æå
ñàìîå êàñàåòñÿ ðåçóëüòàòà C ôóíêöèè, âûçûâàåìîé èç Objective CAML.

Äëÿ äàííîé öåëè ñóùåñòâóåò íåñêîëüêî ìàêðîñîâ è ôóíêöèé C. Îíè
íàõîäÿòñÿ â ôàéëàõ, ïðèâåäåííûõ â òàáëèöå 11.1, êîòîðûå ïðåäîñòàâëå-
íû äèñòðèáóòèâîì Objective CAML. Îíè íàõîäÿòñÿ â ïàïêå LIBOCAML/caml,
ãäå LIBOCAML ÿâëÿåòñÿ ïàïêîé, â êîòîðîé óñòàíîâëåíû áèáëèîòåêè Ob-
jective CAML2.

2Ïî óìîë÷àíèþ â Unix ýòî /usr/local/lib/ocaml. Â Windows C:
OCAML

LIB
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Is_long(v) v öåëîå ÷èñëî Objective CAML?
Is_block(v) v óêàçàòåëü Objective CAML?
Long_val(v) âîçâðàùàåò öåëîå ÷èñëî C long
Int_val(v) âîçâðàùàåò öåëîå ÷èñëî C
Bool_val(v) âîçâðàùàåò "áóëåâî"çíà÷åíèå C (çíà÷åíèå 0 äëÿ false)

Òàáëèöà 11.2: Ïåðåâîä íåïîñðåäñòâåííûõ çíà÷åíèé

11.4.1 Êëàññèôèêàöèÿ çíà÷åíèé value

Çíà÷åíèå, òèï êîòîðîãî value, ìîæåò áûòü:

� öåëîå ÷èñëî

� óêàçàòåëü íà êó÷ó Objective CAML

� óêàçàòåëü íà îáëàñòü ïàìÿòè âíå êó÷è Objective CAML

Êó÷à ÿâëÿåòñÿ çîíîé ïàìÿòè, âûäåëÿåìàÿ ïðîãðàììå äëÿ äèíàìè÷å-
ñêè ðàçìåùàåìûõ ñòðóêòóð äàííûõ. Â ïðîãðàììå íà Objective CAML
GC óïðàâëÿåò êó÷åé. Ïðîãðàììà íà C ìîæåò â ñâîþ î÷åðåäü ñîçäàòü
äàííûå â ñîáñòâåííîé êó÷å è çàòåì ïåðåäàòü óêàçàòåëü íà âûäåëåííîå
çíà÷åíèå Objective CAML.

Â òàáëèöå 11.2 ïðîâåäåíû ìàêðîñû ïðîâåðêè è ïåðåâîäà òèïîâ:
Íàïîìíèì, ÷òî â C ñóùåñòâóåò íåñêîëüêî òèïîâ äëÿ öåëîãî ÷èñëà:

short, int è long, òîãäà êàê â Objective CAML ñóùåñòâóåò îäèí åäèí-
ñòâåííûé òèï: int.

11.4.2 Äîñòóï ê íåïîñðåäñòâåííûì çíà÷åíèÿì

Äëÿ ïðåäñòàâëåíèÿ íåïîñðåäñòâåííûõ çíà÷åíèé Objective CAML èñïîëü-
çóþòñÿ öåëûå ÷èñëà:

� öåëûå ïðåäñòàâëåíû ñâîèì çíà÷åíèåì

� ñèìâîëû ïðåäñòàâëåíû êîäîì ASCII

� constant constructors are represented by an integer corresponding to
their position in the datatype declaration: the nth constant constructor
of a datatype is represented by the integer n-1.

Â ñëåäóþùåé C ïðîãðàììå îïðåäåëåíà ôóíêöèÿ inspect, êîòîðàÿ ïðî-
âåðÿåò çíà÷åíèå òèïà value:
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#include <stdio.h>
#include <caml/mlvalues.h>
value inspect (value v)
{
if (Is_long(v))
printf ("v is an integer (%ld) : %ld", (long) v, Long_val(v));

else if (Is_block(v))
printf ("v is a pointer");

else
printf ("v is neither an integer nor a pointer (???)");

printf (" ");
�ush (stdout) ;
return v ;

}

Äàííàÿ ôóíêöèÿ ïðîâåðÿåò ÿâëÿåòñÿ ëè àðãóìåíò öåëûì ÷èñëîì. Åñ-
ëè äà, òî ñíà÷àëà íà ýêðàí âûâîäèòñÿ çíà÷åíèå â âèäå int C, à çàòåì
çíà÷åíèå, ïåðåâåäåííîå ìàêðîñîì Long_val â öåëîå C (long).

Êàê âèäíî èç ñëåäóþùåãî ïðèìåðà, ïðåäñòàâëåíèå öåëûõ ÷èñëå â Ob-
jective CAML îòëè÷àåòñÿ îò öåëûõ C:

# external inspect : 'a −> 'a = "inspect" ;;
external inspect : 'a −> 'a = "inspect"
# inspect 123 ;;
v is an integer (247) : 123 − : int = 123
# inspect max_int;;
v is an integer (2147483647) : 1073741823 − : int = 1073741823

Äðóãèå ñòàíäàðòíûå òèïû, êàê íàïðèìåð char è char ïðåäñòàâëåííûå
íåïîñðåäñòâåííûìè çíà÷åíèÿìè.

# inspect 'A' ;;
v is an integer (131) : 65 − : char = 'A'
# inspect true ;;
v is an integer (3) : 1 − : bool = true
# inspect false ;;
v is an integer (1) : 0 − : bool = false
# inspect [] ;;
v is an integer (1) : 0 − : '_a list = []

Îïðåäåëèì òèï foo â Objective CAML:

# type foo = C1 | C2 of int | C3 | C4 ;;
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Ôóíêöèÿ inspect âûâîäèò ðàçëè÷íûé ðåçóëüòàò Â çàâèñèìîñòè îò êîí-
ñòðóêòîðà, ôóíêöèîíàëüíîãî èëè êîíñòàíòíîãî,

# inspect C1 ;;
v is an integer (1) : 0 − : foo = C1
# inspect C4 ;;
v is an integer (5) : 2 − : foo = C4
# inspect (C2 1) ;;
v is a pointer − : foo = C2 1

Êîãäà ôóíêöèÿ ðàñïîçíàåò íåïîñðåäñòâåííîå çíà÷åíèå, îíà âûâîäèò
"ôèçè÷åñêîå"ñîäåðæèìîå ýòîãî çíà÷åíèÿ â ñêîáêàõ (ò.å. çíà÷åíèå â âèäå
öåëîãî ÷èñëà ñî çíàêîì, çàíèìàþùåãî îäíî ìàøèííîå ñëîâî � int â C),
à çàòåì âûâîäèò "ëîãè÷åñêîå"ñîäåðæèìîå (çíà÷åíèå, ïîëó÷åííîå ìàêðî-
ñàìè ïåðåâîäà òèïîâ).

Â ïðèâåäåííûõ ïðèìåðàõ, ìû âèäèì ðàçíèöó ìåæäó "ôèçè÷åñêèì"è
"ëîãè÷åñêèì"ñîäåðæèìûì. Îíà îáóñëîâëåíà áèò�òåãîì3, êîòîðûé èñïîëü-
çóåòñÿ GC äëÿ òîãî, ÷òîáû ðàçëè÷èòü íåïîñðåäñòâåííîå çíà÷åíèå îò óêà-
çàòåëÿ (ñì. ãëàâó 8 íà ñòð. 273).

11.4.3 Äèñêðèìèíàöèÿ ñòðóêòóðíûõ çíà÷åíèé

Êðîìå íåïîñðåäñòâåííûõ, âñå îñòàëüíûå çíà÷åíèÿ ÿâëÿþòñÿ ñòðóêòóðíû-
ìè çíà÷åíèÿìè Objective CAML: n-óïëåòû, íåïóñòûå ñïèñêè, êîíñòðóê-
òîðû ñ îäíèì è áîëåå àðãóìåíòîâ, âåêòîðû, çàïèñè, çàìûêàíèÿ è àá-
ñòðàêòíûå çíà÷åíèÿ. Ïàìÿòü äëÿ íèõ âûäåëÿåòñÿ â êó÷å â âèäå áëîêîâ.
Ó êàæäîãî áëîêà èìååòñÿ çàãîëîâîê, ñîäåðæàùèé èíôîðìàöèþ î ñîäåð-
æèìîì áëîêà è ðàçìåðå áëîêà â ìàøèííûõ ñëîâàõ. Íà èçîáðàæåíèè 11.3
íàðèñîâàíà ñòðóêòóðà áëîêà äëÿ êîìïüþòåðà ñî ñëîâîì äëèííîé â 32
áèòà.

header

size tagcolor

10 9 8 731 0

array of value representation

Ðèñ. 11.3: Ñòðóêòóðà áëîêà â êó÷å Objective CAML

3Â ïðèâåäåííûõ ïðèìåðàõ áèò�òåã ÿâëÿåòñÿ ìëàäøèì áèòîì.
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Wosize_val(v) âîçâðàùàåò ðàçìåð áëîêà (áåç çàãîëîâêà)
Tag_val(v) âîçâðàùàåò òåã áëîêà

Òàáëèöà 11.3: Èíôîðìàöèÿ î áëîêàõ ïàìÿòè

from 0 to No_scan_tag-1 âåêòîð çíà÷åíèé value Objective CAML
Closure_tag çàìûêàíèå
String_tag ñòðîêà ñèìâîëîâ
Double_tag âåùåñòâåííîå ÷èñëî äâîéíîé òî÷íîñòè
Double_array_tag âåêòîð âåùåñòâåííûõ ÷èñåë
Abstract_tag àáñòðàêòíûé òèï äàííûõ
Final_tag àáñòðàêòíûé òèï äàííûõ ñ çàâåðøàþùåé ôóíêöèåé

Òàáëèöà 11.4: Îïèñàíèå òåãîâ áëîêîâ ïàìÿòè

Äâà "öâåòíûõ"áèòà èñïîëüçóþòñÿ GC ïðè ïðîõîæäåíèè ãðàôà çíà-
÷åíèé â êó÷å (ñì. 8, ñòð 273). Ïîëå "òåã"óêàçûâàåò íà "òèï"çíà÷åíèÿ,
êîòîðîå ñîäåðæèòñÿ â áëîêå. Â òàáëèöå 11.3 ïåðå÷èñëÿþòñÿ ôóíêöèè,
âîçâðàùàþùèå ýòó èíôîðìàöèþ.

Â òàáëèöå 11.4 óêàçàíû ðàçëè÷íûå çíà÷åíèÿ òåãîâ.

Â çàâèñèìîñòè îò çíà÷åíèÿ, êîòîðîå âîçâðàùàåòñÿ ôóíêöèåé Tag_val,
èñïîëüçóþòñÿ ðàçíûå ìàêðîñû äëÿ äîñòóïà ê áëîêó ïàìÿòè. Åñëè îíî
ìåíüøå ÷åì No_scan_tag, òî ñòðóêòóðà áëîêà ïàìÿòè ýòî ìàññèâ çíà÷å-
íèé value. Ìàêðîñû, äëÿ ïîëó÷åíèÿ çíà÷åíèé èç áëîêà ïàìÿòè îïèñàíû
â òàáëèöå 11.5. Â ñîîòâåòñòâèè ñ ÿçûêîì C è Objective CAML, ïåðâûé
ýëåìåíò ìàññèâà íàõîäèòñÿ ïî èíäåêñó 0.

Êàê è äëÿ íåïîñðåäñòâåííûõ çíà÷åíèé, îïðåäåëèì ôóíêöèþ ïðîñìîò-
ðà áëîêà ïàìÿòè. C ôóíêöèÿ print_block ïðîâåðÿåò âõîäíîé àðãóìåíò
(òèï value) ÿâëÿåòñÿ ëè îí íåïîñðåäñòâåííûì çíà÷åíèåì èëè áëîêîì ïà-
ìÿòè. Åñëè îí îêàçûâàåòñÿ áëîêîì ïàìÿòè, òî ôóíêöèÿ âûâåäåò òèï áëî-

Field(v,n) âîçâðàùàåò n-îå çíà÷åíèå âåêòîðà
Code_val(v) âîçâðàùàåò code pointer äëÿ çàìûêàíèÿ
string_length(v) âîçâðàùàåò äëèíó ñòðîêè
Byte(v,n) âîçâðàùàåò n-ûé ñèìâîë ñòðîêè, â âèäå òèïà char
Byte_u(v,n) òî æå ñàìîå, íî âîçâðàùàåò òèï unsigned char
String_val(v) âîçâðàùàåò ñòðîêó ñ òèïîì C (char *)
Double_val(v) âîçâðàùàåò âåùåñòâåííîå
Double_�eld(v,n) âîçâðàùàåò n-ûé ýëåìåíò âåêòîðà âåùåñòâåííûõ

Òàáëèöà 11.5: Äîñòóï ê ýëåìåíòàì áëîêà
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êà è åãî çíà÷åíèå. Äàííàÿ ôóíêöèÿ âûçûâàåòñÿ èç ôóíêöèè inspect_block,
êîòîðàÿ áóäåò âûçâàíà èç ïðîãðàììû Objective CAML.

#include <stdio.h>
#include <caml/mlvalues.h>

void margin (int n)
{ while (n−− > 0) printf("."); return; }

void print_block (value v,int m)
{
int size , i ;
margin(m);
if (Is_long(v))
{ printf ("immediate value (%d)\n", Long_val(v)); return; };

printf ("memory block: size=%d − ", size=Wosize_val(v));
switch (Tag_val(v))
{
case Closure_tag :

printf ("closure with %d free variables\n", size−1);
margin(m+4); printf("code pointer: %p\n",Code_val(v)) ;
for ( i=1;i<size; i++) print_block(Field(v,i) , m+4);
break;

case String_tag :
printf ("string : %s (%s)\n", String_val(v),(char *) v);
break;

case Double_tag:
printf ("�oat : %g\n", Double_val(v));
break;

case Double_array_tag :
printf ("�oat array: ");
for ( i=0;i<size/Double_wosize;i++) printf(" %g", Double_�eld(

v,i));
printf ("\n");
break;

case Abstract_tag : printf("abstract type\n"); break;
case Final_tag : printf("abstract �nalized type\n"); break;
default:

if (Tag_val(v)>=No_scan_tag) { printf("unknown tag"); break;
};

printf ("structured block (tag=%d):\n",Tag_val(v));
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for ( i=0;i<size; i++) print_block(Field(v,i) ,m+4);
}
return ;

}

value inspect_block (value v)
{ print_block(v,4); �ush (stdout); return v; }

Ðàçëè÷íûå çíà÷åíèÿ òèïîâ áëîêà îáðàáàòûâàþòñÿ îïåðàòîðîì switch.
Îïðåäåëèì ôóíêöèþ inspect.

# external inspect : 'a −> 'a = "inspect_block" ;;
external inspect : 'a −> 'a = "inspect_block"

Ýòà ôóíêöèÿ èñïîëüçóåòñÿ äëÿ îïèñàíèÿ ñòðóêòóðíûõ çíà÷åíèé Ob-
jective CAML. Âõîäíîé àðãóìåíò íå äîëæåí áûòü â âèäå çàìêíóòîé (êîëü-
öåâîé) ñòðóêòóðû, èíà÷å ôóíêöèÿ çàöèêëèòñÿ.

Ìàññèâû, n-óïëåòû è çàïèñè

Ìàññèâû è n-óïëåòû ïðåäñòàâëåíû â âèäå ìàññèâîâ value.

# inspect [| 1; 2; 3 |] ;;
.... memory block: size=3 − structured block (tag=0):
........ immediate value (1)
........ immediate value (2)
........ immediate value (3)
− : int array = [|1; 2; 3|]
# inspect ( 10 , true , () ) ;;
.... memory block: size=3 − structured block (tag=0):
........ immediate value (10)
........ immediate value (1)
........ immediate value (0)
− : int * bool * unit = 10, true, ()

Ìàññèâû òèïîâ value èñïîëüçóþòñÿ äëÿ ïðåäñòàâëåíèÿ çàïèñåé Ob-
jective CAML â òîì æå ïîðÿäêå ÷òî è äåêëàðàöèÿ òèïîâ. Òîò ôàêò, ÷òî
ïîëå ÿâëÿåòñÿ èçìåíÿåìûì èëè íåò, íå âëèÿåò íà åãî ôèçè÷åñêîå ïðåä-
ñòàâëåíèå.

# type foo = { �d1: int ; mutable �d2: int } ;;
type foo = { �d1: int ; mutable �d2: int }
# inspect { �d1=10 ; �d2=20 } ;;
.... memory block: size=2 − structured block (tag=0):
........ immediate value (10)
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........ immediate value (20)
− : foo = {�d1=10; �d2=20}

Warning

C ôóíêöèè ìîãóò áåñïðåïÿòñòâåííî ôèçè÷åñêè èçìåíèòü íåèçìåíÿåìûå
çíà÷åíèÿ Objective CAML. Êîíòðîëü çà ñîîòâåòñòâèåì èñïîëüçîâàíèÿ
ôóíêöèé C ëåæèò ïëå÷àõ ðàçðàáîò÷èêà.

Òèï ñóììà

Êàê ìû óæå âèäåëè, êîíñòàíòíûå êîíñòðóêòîðû ïðåäñòàâëåíû öåëûìè
÷èñëàìè. Äëÿ ïðåäñòàâëåíèÿ äðóãèõ êîíñòðóêòîðîâ èñïîëüçóåòñÿ âåê-
òîð, â êîòîðîì ñîäåðæàòñÿ àðãóìåíòû êîíñòðóêòîðà. Êîíñòðóêòîð ðàñïî-
çíàåòñÿ ïî çíà÷åíèþ òåãà. Ýòîò òåã ñîîòâåòñòâóåò ïîðÿäêó îïðåäåëåíèÿ
êîíñòðóêòîðà â òèïå: 0 ñîîòâåòñòâóåò ïåðâîìó êîíñòðóêòîðó, 1 âòîðîìó
è ò.ä.

# type foo = C1 of int * int * int | C2 of int | C3 | C4 of int * int ;;
type foo = | C1 of int * int * int | C2 of int | C3 | C4 of int * int
# inspect (C1 (1,2,3)) ;;
.... memory block: size=3 − structured block (tag=0):
........ immediate value (1)
........ immediate value (2)
........ immediate value (3)
− : foo = C1 (1, 2, 3)
# inspect (C4 (1,2)) ;;
.... memory block: size=2 − structured block (tag=2):
........ immediate value (1)
........ immediate value (2)
− : foo = C4 (1, 2)

Òèï list ýòî òèï ñóììà, êîòîðàÿ îïðåäåëåíà ñëåäóþùèì îáðàçîì:

type 'a list = [] | :: of 'a * 'a list

Ó äàííîãî òèïà âñåãî îäèí íåêîíñòàíòíûé êîíñòðóêòîð (::) ñ åäèíñòâåí-
íûì òåãîì 0.

Ñòðîêà ñèìâîëîâ

Êàæäûé ñèìâîë ñòðîêè çàíèìàåò îäèí áàéò. Òàêèì îáðàçîì áëîê ïàìÿòè,
ïðåäñòàâëÿþùèé ñòðîêó, õðàíèò 4 ñèìâîëà â îäíîì ìàøèííîì ñëîâå (íà
32 áèòíîé àðõèòåêòóðå).
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Warning

Â ñòðîêàõ Objective CAML ìîæåò ñîäåðæàòñÿ ñèìâîë ñ êîäîì ASCII 0,
÷òî ñîîòâåòñòâóåò ñèìâîëó êîíöà ñòðîêè â C.

#include <stdio.h>
#include <caml/mlvalues.h>

value explore_string (value v)
{
char *s;
int i , size ;
s = (char *) v;
size = Wosize_val(v) * sizeof(value);
for ( i=0;i<size; i++)
{
int p = (unsigned int) s[i] ;
if ((p>31) && (p<128)) printf("%c",s[i]); else printf("(#%u)",p);

}
printf ("\n");
�ush (stdout);
return v;

}

Êîíåö ñòðîêè â Objective CAML îïðåäåëÿåòñÿ ñ ïîìîùüþ ðàçìåðà
áëîêà, èç êîòîðîãî îíà ñîñòîèò, à òàêæå ñ ïîìîùüþ ïîñëåäíåãî áàéòà
ïîñëåäíåãî ñëîâà áëîêà, â êîòîðîì óêàçûâàåòñÿ ÷èñëî íåèñïîëüçîâàííûõ
áàéòîâ â ïîñëåäíåì ñëîâå. Íà ñëåäóþùåì ïðèìåðå ñòàíåò ïîíÿòíåé ðîëü
ïîñëåäíåãî áàéòà.

# external explore : string −> string = "explore_string" ;;
external explore : string −> string = "explore_string"
# ignore(explore "");
ignore(explore "a");
ignore(explore "ab");
ignore(explore "abc");
ignore(explore "abcd");
ignore(explore "abcd\000") ;;
(#0)(#0)(#0)(#3)
a(#0)(#0)(#2)
ab(#0)(#1)
abc(#0)
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abcd(#0)(#0)(#0)(#3)
abcd(#0)(#0)(#0)(#2)
− : unit = ()

Â äâóõ ïîñëåäíèõ ïðèìåðàõ (�abcd� et �abcd
000�) äëèíà ñòðîê ñîîòâåòñòâåííî 4 è 5 ñèìâîëîâ. Ïî ýòîé ïðè÷èíå ïî-
ñëåäíèé áàéò ìåíÿåò ñâîå çíà÷åíèå.

Âåùåñòâåííûå è âåêòîð âåùåñòâåííûõ çíà÷åíèé

Â Objective CAML èìååòñÿ âñåãî îäèí òèï äëÿ ÷èñåë ñ ïëàâàþùåé çàïÿ-
òîé: float. Çíà÷åíèÿ äëÿ òèïà float âûäåëÿþòñÿ â êó÷å è èìåþò ðàçìåð
â 2 ìàøèííûõ ñëîâà.

# inspect 1.5 ;;
.... memory block: size=2 − �oat : 1.5
− : �oat = 1.5
# inspect 0.0;;
.... memory block: size=2 − �oat : 0
− : �oat = 0

Âåêòîð âåùåñòâåííûõ çíà÷åíèé èìååò ñïåöèàëüíóþ ñòðóêòóðó, êîòî-
ðàÿ ïîçâîëÿåò îïòèìàëüíî èñïîëüçîâàòü ïàìÿòü. Ïî ýòîé ïðè÷èíå ó òà-
êîãî âåêòîðà èìååòñÿ ñïåöèàëüíûé, îòëè÷íûé îò äðóãèõ òåãîâ ìàêðîñ
äîñòóïà.

# inspect [| 1.5 ; 2.5 ; 3.5 |] ;;
.... memory block: size=6 − �oat array: 1.5 2.5 3.5
− : �oat array = [|1.5; 2.5; 3.5|]

Áëàãîäàðÿ äàííîé îïòèìèçàöèè Objective CAML ìîæåò âûïîëíÿòü
÷èñëîâûå ðàñ÷åòû ñ ïîäîáíûì òèïîì äàííûõ íàìíîãî áûñòðåå, ÷åì ïðè
èñïîëüçîâàíèè óêàçàòåëÿ íà êó÷ó.

Warning

Êîãäà â C íåîáõîäèìî âûäåëèòü âåêòîð äëÿ âåùåñòâåííûõ ÷èñåë Objec-
tive CAML, ðàçìåð âåêòîðà âû÷èñëÿåòñÿ ïî ñëåäóþùåé ôîðìóëå: ÷èñëî
ýëåìåíòîâ ïîìíîæåííîå íà Double_wosize. Äàííûé ìàêðîñ óêàçûâàåò
÷èñëî ñëîâ íåîáõîäèìûõ äëÿ âåùåñòâåííûõ ÷èñåë ñ äâîéíîé òî÷íîñòüþ.

Çà èñêëþ÷åíèåì float array, âåùåñòâåííûå ñîäåðæàùèåñÿ â äðóãèõ
ñòðóêòóðàõ äàííûõ ñîõðàíÿþò èõ îáû÷íóþ ïðåäñòàâëåíèå, òî åñòü êàê
ñòðóêòóðíîå çíà÷åíèå, âûäåëåííîå â êó÷å. Â ñëåäóþùåì ïðèìåðå àíàëè-
çèðóåòñÿ ñïèñîê âåùåñòâåííûõ.
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# inspect [ 3.14; 1.2; 7.6];;
.... memory block: size=2 − structured block (tag=0):
........ memory block: size=2 − �oat : 3.14
........ memory block: size=2 − structured block (tag=0):
............ memory block: size=2 − �oat : 1.2
............ memory block: size=2 − structured block (tag=0):
................ memory block: size=2 − �oat : 7.6
................ immediate value (0)

− : �oat list = [3.14; 1.2; 7.6]

Ñïèñîê âèäåí êàê áëîê ðàçìåðîì â äâà ñëîâà, â êîòîðûõ ñîäåðæèò-
ñÿ çàãîëîâîê è õâîñò ñïèñêà. Çàãîëîâîê ñïèñêà ýòî âåùåñòâåííîå, òàêæå
ðàçìåðîì â äâà ñëîâà.

Çàìûêàíèå

Ôóíêöèîíàëüíîå çíà÷åíèå õàðàêòåðèçóåòñÿ êîäîì ñ îäíîé ñòîðîíû è îêðó-
æåíèåì ñ äðóãîé (ñì. 1 íà ñòð. 15). Ñóùåñòâóåò äâà ñïîñîáà, ñ ïîìîùüþ
êîòîðûõ ìîæíî ïîëó÷èòü ôóíêöèîíàëüíîå çíà÷åíèå: ÿâíî èñïîëüçîâàòü
àáñòðàêöèþ (êàê íàïðèìåð â fun x -> x+1) èëè ÷àñòè÷íî ïðèìåíèòü
ôóíêöèþ ((fun x -> fun y -> x+y) 1).

Â îêðóæåíèè çàìûêàíèÿ ìîæåò íàõîäèòñÿ 3 òèïà ïåðåìåííûõ: ãëî-
áàëüíûå, ëîêàëüíûå è óíàñëåäîâàííûå ÷àñòè÷íûì ïðèìåíåíèåì. Ðåàëè-
çàöèÿ âñå òðåõ êàòåãîðèé ïåðåìåííûõ ðàçëè÷íà. Ãëîáàëüíûå ïåðåìåííûå
ÿâëÿþòñÿ ÷àñòüþ ãëîáàëüíîãî îêðóæåíèÿ è ÿâíî íå âèäíû â îêðóæåíèè
çàìûêàíèÿ. Êàê ìû óâèäèì äàëåå, ëîêàëüíûå è óíàñëåäîâàííûå ÷àñòè÷-
íûì ïðèìåíåíèåì ïàðàìåòðû ìîãóò íàõîäèòñÿ â çàìûêàíèè. Òàêèì îá-
ðàçîì, ñ òî÷êè çðåíèÿ ðåàëèçàöèè, îêðóæåíèå çàìûêàíèÿ êàñàåòñÿ ëèøü
ëîêàëüíûõ è àáñòðàêòíûõ ïàðàìåòðîâ.

Åñëè îêðóæåíèå çàìûêàíèÿ ïóñòî, òî â íåì èìååòñÿ ëèøü óêàçàòåëü
íà êîä.

# let f = fun x y z −> x+y+z ;;
val f : int −> int −> int −> int = <fun>
# inspect f ;;
.... memory block: size=1 − closure with 0 free variables
........ code pointer: 0x807308c
− : int −> int −> int −> int = <fun>

Åñëè îíà ïîëó÷åíà ÷àñòè÷íûì ïðèìåíåíèåì êàêîé�íèáóäü àáñòðàê-
öèè, áåç ëîêàëüíîãî îáúÿâëåíèÿ, ýòî çàìûêàíèå áóäåò ñîäåðæàòü ëèøü
çíà÷åíèÿ äëÿ êàæäîãî ïàðàìåòðà è çàìûêàíèå áåç îêðóæåíèÿ.
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# let a1 = f 1 ;;
val a1 : int −> int −> int = <fun>
# inspect (a1) ;;
.... memory block: size=3 − closure with 2 free variables
........ code pointer: 0x8073088
........ memory block: size=1 − closure with 0 free variables
............ code pointer: 0x807308c
........ immediate value (1)
− : int −> int −> int = <fun>
# let a2 = a1 2 ;;
val a2 : int −> int = <fun>
# inspect (a2) ;;
.... memory block: size=4 − closure with 3 free variables
........ code pointer: 0x8073088
........ memory block: size=1 − closure with 0 free variables
............ code pointer: 0x807308c
........ immediate value (1)
........ immediate value (2)
− : int −> int = <fun>

Íà ðèñ. 11.4 ãðàôè÷åñêè èçîáðàæåí ïðåäûäóùèé âûâîä.

header 1

code . . .

header

header 1 2

fun x y z -> . . .

a2

a1

f

Ðèñ. 11.4: Ïðåäñòàâëåíèå çàìûêàíèÿ

Â ôóíêöèè f îòñóòñòâóþò ñâîáîäíûå ïåðåìåííûå. Äëÿ çàìûêàíèÿ
áåç îêðóæåíèÿ, óêàçàòåëü êîäà óêàçûâàåò íà êîä, êîòîðûé íåîáõîäèìî
ïðèìåíèòü, êîãäà âñå íåîáõîäèìûå àðãóìåíòû áóäóò óêàçàíû, òî åñòü â
äàííîì ñëó÷àå ýòî x+y+z. Çàìûêàíèå ñ îêðóæåíèåì óêàçûâàåò íà îäèí
è òîò æå îáùèé êîä (çäåñü îäèí è òîò æå êîä äëÿ a1 è a2). Äàííûé êîä
ïðîâåðÿåò ÷òî âñå íåîáõîäèìûå àðãóìåíòû íà ìåñòå è â ýòîì ñëó÷àå îíè
ïðîòàëêèâàþòñÿ è êîä âûïîëíÿåòñÿ. Â ïðîòèâíîì ñëó÷àå áóäåò ñîçäàíî
íîâîå çàìûêàíèå, ñ îêðóæåíèåì â êîòîðîì êàê âñåãäà íà ïåðâîì ìåñòå
óêàçàòåëü íà çàìûêàíèå áåç îêðóæåíèÿ èç êîòîðîãî ÷àñòè÷íîå çàìûêà-



370 Ãëàâà 11. Âçàèìîäåéñòâèå ñ ÿçûêîì C

íèå ïîëó÷åíî. Ýòî ïîçâîëÿåò çàïóñòèòü ðåàëüíûé êîä ñ îäíîé ñòîðîíû è
õðàíèòü óêàçàòåëü íà ñàìîãî ñåáÿ äëÿ ðåêóðñèâíûõ ôóíêöèé.

Â ñëó÷àå êîãäà èñïîëüçóåòñÿ ëîêàëüíàÿ äåêëàðàöèÿ, ÷àñòè÷íîå ïðè-
ìåíåíèå âûãëÿäèò òàê:

# let g x = let y=2 in fun z −> x+y+z ;;
val g : int −> int −> int = <fun>
# let a1 = g 1 ;;
val a1 : int −> int = <fun>
# inspect a1 ;;
.... memory block: size=3 − closure with 2 free variables
........ code pointer: 0x8086548
........ immediate value (1)
........ immediate value (2)
− : int −> int = <fun>

Âûçîâ çàìûêàíèÿ Objective CAML èç C ðàññìîòðåí â ãë. 11.4.4.

Àáñòðàêòíûå òèïû

Çíà÷åíèå àáñòðàêòíîãî òèïà ïðåäñòàâëåíî âåêòîðîì çíà÷åíèé value. Íà
ñàìîì äåëå, èíôîðìàöèÿ î òèïå íóæíà ëèøü ñèíòåçàòîðó òèïîâ. Âî âðå-
ìÿ âûïîëíåíèÿ ïðîãðàììû èíôîðìàöèÿ î òèïå íå òðåáóåòñÿ, ëèøü òîëü-
êî GC íåîáõîäèìî çíàòü ïðåäñòàâëåíèå â ïàìÿòè è ðàçìåð çíà÷åíèé.

11.4.4 Âûçîâ çàìûêàíèÿ Objective CAML â C
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