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Ãëàâà 1

Ôóíêöèîíàëüíîå

ïðîãðàììèðîâàíèå

Ïåðâûé ÿçûê ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ LISP ïîÿâèëñÿ â
êîíöå 1950, â òîò æå ìîìåíò, ÷òî è Fortran � îäèí èç ïåðâûõ èìïåðàòèâ�
íûõ ÿçûêîâ. Îáà ýòè ÿçûêà ñóùåñòâóþò è ïî ñåé äåíü, õîòÿ îíè íåìàëî
èçìåíèëèñü. Îáëàñòü èõ ïðèìåíåíèÿ: âû÷èñëèòåëüíûå çàäà÷è äëÿ Ôîð�
òðàíà è ñèìâîëüíûå (symbolic) äëÿ Lisp. Èíòåðåñ ê ôóíêöèîíàëüíîìó
ïðîãðàììèðîâàíèþ ñîñòîèò â ïðîñòîòå íàïèñàíèÿ ïðîãðàìì, ãäå ïîä ïðî�
ãðàììîé ïîäðàçóìåâàåòñÿ ôóíêöèÿ, ïðèìåíåííàÿ ê àðãóìåíòàì. Îíà âû�
÷èñëÿåò ðåçóëüòàò, êîòîðûé âîçâðàùàåòñÿ êàê âûâîä ïðîãðàììû. Òàêèì
îáðàçîì ìîæíî ñ ëåãêîñòüþ êîìáèíèðîâàòü ïðîãðàììû: âûâîä îäíîé ñòà�
íîâèòñÿ 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, íàçûâàå�
ìàÿ λ�èñ÷èñëåíèå, áûëà ââåäåíà Alonzo Church â 1932, åùå äî ïîÿâëåíèÿ
ïåðâûõ êîìïüþòåðîâ. Â λ�èñ÷èñëåíèè ëþáàÿ ôóíêöèÿ ÿâëÿåòñÿ ïåðå�
ìåííîé, òàê îíà ìîæåò áûòü èñïîëüçîâàíà êàê âõîäíîé ïàðàìåòð äðóãîé
ôóíêöèè èëè âîçâðàùåíà êàê ðåçóëüòàò äðóãîé. Òåîðèÿ λ�èñ÷èñëåíèÿ
óòâåðæäàåò, ÷òî âñå òî, ÷òî âû÷èñëÿåìî, ìîæåò áûòü ïðåäñòàâëåíî ýòèì
ôîðìàëèçìîì. Îäíàêî, ñèíòàêñèñ ýòîé òåîðèè ñëèøêîì îãðàíè÷åí, ÷òî�
áû åãî ìîæíî áûëî èñïîëüçîâàòü êàê ÿçûê ïðîãðàììèðîâàíèÿ. Â ñâÿçè ñ
ýòèì áûëè äîáàâëåíû áàçîâûå òèïû (íàïðèìåð, öåëûå ÷èñëà èëè ñòðîêè
ñèìâîëîâ), îïåðàòîðû äëÿ ýòèõ òèïîâ, óïðàâëÿþùèå ñòðóêòóðû è îáúÿâ�
ëåíèÿ ïîçâîëÿþùèå èìåíîâàòü ïåðåìåííûå èëè ôóíêöèè, è, â ÷àñòíîñòè,
ðåêóðñèâíûå ôóíêöèè.
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Ñóùåñòâóåò ðàçíûå êëàññèôèêàöèè ÿçûêîâ ôóíêöèîíàëüíîãî ïðîãðàì�
ìèðîâàíèÿ. Ìû áóäåì ðàçëè÷àòü èõ ïî äâóì õàðàêòåðèñòèêàì, êîòîðûå
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 ïðèñâîåíèÿ íå ñóùåñòâóåò. Âñå åñòü âû÷èñëåíèå, è êàê îíî
ïðîèñõîäèò, íàñ íå èíòåðåñóåò. Íå ÷èñòûå ÿçûêè, òàêèå êàê Caml
èëè ML, èìåþò èìïåðàòèâíûå îñîáåííîñòè òàêèå êàê ïðèñâîåíèå.
Îíè ïîçâîëÿþò ïèñàòü ïðîãðàììû â ñòèëå áëèçêîìó ê Ôîðòðàíó, â
êîòîðîì âàæåí ïîðÿäîê âû÷èñëåíèÿ âûðàæåíèé.

• òèïèçàöèÿ äèíàìè÷åñêàÿ èëè ñòàòè÷åñêàÿ: òèïèçàöèÿ íåîáõîäèìà
äëÿ ïðîâåðêè ñîîòâåòñòâèÿ àðãóìåíòà, ïåðåäàííîãî ôóíêöèè, òèïó
ôîðìàëüíîãî ïàðàìåòðà. Ýòà ïðîâåðêà ìîæåò áûòü âûïîëíåíà âî
âðåìÿ âûïîëíåíèÿ ïðîãðàììû. Â ýòîì ñëó÷àå òèïèçàöèÿ íàçûâàåò�
ñÿ äèíàìè÷åñêîé. Â ñëó÷àå îøèáêè ïðîãðàììà áóäåò îñòàíîâëåíà,
êàê ýòî ïðîèñõîäèò â Lisp. Â ñëó÷àå ñòàòè÷åñêîé òèïèçàöèè ïðîâåð�
êà îñóùåñòâëÿåòñÿ âî âðåìÿ êîìïèëÿöèè, òî åñòü äî âûïîëíåíèÿ
ïðîãðàììû. Òàêèì îáðàçîì îíà (ïðîâåðêà) íå çàìåäëèò ïðîãðàì�
ìó âî âðåìÿ âûïîëíåíèÿ. Ýòà òèïèçàöèÿ èñïîëüçóåòñÿ â ML è â
åãî äèàëåêòàõ, òàêèõ êàê Objective CAML. Òîëüêî ïðàâèëüíî òè�
ïèçèðîâàííûå 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÷å�
íèé. Ïîñëå ýòîãî ââîäíîãî êóðñà ìû ñìîæåì ðåàëèçîâàòü íàøó ïåðâóþ
ïðîãðàììó.

Â ïåðâîì ðàçäåëå îïèñàíû îñíîâû ÿçûêà, íà÷èíàÿ ñ áàçîâûõ òèïîâ è
ôóíêöèé. Çàòåì ìû ðàññìîòðèì ñòðóêòóðíûå è ôóíêöèîíàëüíûå òèïû.
Ïîñëå ýòîãî çàéìåìñÿ óïðàâëÿþùèìè ñòðóêòóðàìè , à òàêæå ëîêàëüíû�
ìè è ãëîáàëüíûìè îáúÿâëåíèÿìè. Âî âòîðîì ðàçäåëå ìû îáñóäèì îïðå�
äåëåíèå 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 ïðèìåíå�
íèÿ, ïîñëå ÷åãî ñëåäóåò îïèñàíèå ìåõàíèçìà èñêëþ÷åíèé. ×åòâåðòûé ðàç�
äåë îáúåäèíÿåò ââåäåííûå ïîíÿòèÿ â ïðîñòîé ïðèìåð ïðîãðàììû-êàëü�
êóëÿòîðà.
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1.1 Ôóíêöèîíàëüíîå ÿäðî Objective CAML

Êàê ëþáîé äðóãîé ÿçûê ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ, Objec�
tive 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 öåëûå1 int è ÷èñëà ñ ïëàâàþùåé çàïÿòîé float. Objective
CAML ñëåäóåò ñïåöèôèêàöèè IEEE 754 äëÿ ïðåäñòàâëåíèÿ ÷èñåë ñ ïëà�
âàþùåé çàïÿòîé äâîéíîé òî÷íîñòè2. 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.

Ðàçíèöà ìåæäó öåëûìè ÷èñëàìè è ÷èñëàìè ñ ïëàâàþùåé çà�
ïÿòîé. Çíà÷åíèÿ ðàçíûõ òèïîâ, òàêèõ êàê �oat è int, íå ìîãóò ñðàâíè�
âàòüñÿ ìåæäó ñîáîé íàïðÿìóþ. Äëÿ ýòîãî ñóùåñòâóåò ôóíêöèè ïåðåâîäà
îäíîãî òèïà â äðóãîé (�oat_of_int è int_of_�oat).

# 2 = 2.0 ;;

This expression has type float 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:

1Íà 32-õ áèòíûõ ïðîöåññîðàõ â èíòåðâàëå [−230, 230 − 1] è íà 64-õ áèòíûõ ïðîöåñ�
ñîðàõ â èíòåðâàëå [−262, 262 − 1].

2×èñëà ñ ïëàâàþùåé çàïÿòîé m ∗ 10n ïðåäñòàâëåíû â âèäå 53-õ áèòíîé ìàíòèññû
m è ýêñïîíåíòû n â èíòåðâàëå [−1022, 1023].
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öåëûå ñ ïëàâàþùåé çàïÿòîé
+ ñëîæåíèå +. ñëîæåíèå
- âû÷èòàíèå è óíàðíûé ìèíóñ -. âû÷èòàíèå è óíàðíûé ìèíóñ
* óìíîæåíèå *. óìíîæåíèå
/ äåëåíèå /. äåëåíèå
mod îñòàòîê öåëî÷èñëåííîãî äåëå�

íèÿ
** âîçâåäåíèå â ñòåïåíü

# 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 *) (* ÷èñåë ñ *)

(* ïëàâàþùåé çàïÿòîé *)

2147483650 ;; 222222222222.11111 ;;

- : int = 2 - : float = 222222222222.

Òàáëèöà 1.1: Îïåðàöèè íàä ÷èñëàìè

# 3 + 2 ;;

- : int = 5

# 3.0 +. 2.0 ;;

- : float = 5.

# 3.0 + 2.0 ;;

This expression has type float but is here used with type int

# sin 3.14159 ;;

- : float = 2.65358979335e-06

Íåîïðåäåëåííûé ðåçóëüòàò, íàïðèìåð ïîëó÷àåìûé ïðè äåëåíèè íà
íîëü, ïðèâåäåò ê âîçíèêíîâåíèþ èñêëþ÷åíèÿ (ñì. 1.3, ñòð. 57), êîòîðîå
îñòàíîâèò âû÷èñëåíèå. ×èñëà ñ ïëàâàþùåé çàïÿòîé èìåþò ñïåöèàëüíûå
çíà÷åíèÿ äëÿ áåñêîíå÷íûõ âåëè÷èí (Inf) è äëÿ íå îïðåäåëåííîãî ðåçóëü�
òàòà (NaN3). Îñíîâíûå îïåðàöèè íàä ýòèìè ÷èñëàìè ïðèâåäåíû â òàáëèöå
1.2.

3Not 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 àðê êîñèíóñ
log íàòóðàëüíûé ëîãàðèôì asin àðê ñèíóñ
log10ëîãàðèôì ïî áàçå 10 atan àðê òàíãåíñ
# ceil 3.4 ;; # sin 1.57078 ;;

- : float = 4. - : float = 0.999999999867

# �oor 3.4 ;; # sin (asin 0.707) ;;

- : float = 3. - : float = 0.707

# ceil (-.3.4) ;; # acos 0.0 ;;

- : float = -3 - : float = 1.57079632679

# �oor (-.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 êîäàì ASCII. 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 `�'. Ñëå�
äóþùèå ôóíêöèè íåîáõîäèìû äëÿ ïðåîáðàçîâàíèÿ òèïîâ int_of_string ,
string_of_int, string_of_�oat è �oat_of_string .
# 'B' ;;

- : char = 'B'

# int_of_char 'B' ;;

- : int = 66

# "is a string" ;;

- : string = "is a string"

# (string_of_int 1987) ^ " is the year Caml was created" ;;

- : string = "1987 is the year Caml was created"

Åñëè ñòðîêà ñîñòîèò èç öèôð, òî ìû íå ñìîæåì èñïîëüçîâàòü åå â
÷èñëåííûõ îïåðàöèÿõ, íå âûïîëíèâ ÿâíîãî ïðåîáðàçîâàíèÿ.
# "1999" + 1 ;;
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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. ??).

Áóëåâûé òèï

Çíà÷åíèå òèïà bool ïðèíàäëåæèò ìíîæåñòâó ñîñòîÿùåìó èç äâóõ ýëå�
ìåíòîâ: true è false. Îñíîâíûå îïåðàòîðû îïèñàíû â òàáëèöå 1.3. Ïî
èñòîðè÷åñêèì ïðè÷èíàì îïåðàòîðû ¾è¿ è ¾èëè¿ 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. 16).

= 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. 28).
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# 1<=118 && (1=2 || not(1=2)) ;;

- : bool = true

# 1.0 <= 118.0 && (1.0 = 2.0 || not(1.0 = 2.0)) ;;

- : bool = true

# "one" < "two" ;;

- : bool = true

# 0 < '0' ;;

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: bool, char, int
è êîíñòàíòíûå êîíñòðóêòîðû (ñì. 1.2.4 ñòð. 47).

Âíèìàíèå ×èñëà ñ ïëàâàþùåé çàïÿòîé è ñòðîêè ðàññìàòðèâà�
þòñÿ êàê ñòðóêòóðíûå òèïû.

Unit

Òèï unit îïðåäåëÿåò ìíîæåñòâî èç âñåãî îäíîãî ýëåìåíòà, çíà÷åíèå
êîòîðîãî: `()'.
# () ;;

- : unit = ()

Ýòî çíà÷åíèå áóäåò øèðîêî èñïîëüçîâàòüñÿ â èìïåðàòèâíûõ ïðîãðàì�
ìàõ (ñì. 2 ñòð. 69) â ôóíêöèÿõ ñ ïîáî÷íûì ýôôåêòîì. Ôóíêöèè, ðåçóëü�
òàò êîòîðûõ (), 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÷å�
íèÿ èç êîòîðûõ ñîñòîèò êîðòåæ ðàçäåëÿþòñÿ çàïÿòîé. Êîíñòðóêòîð òèïà
`*' îçíà÷àåò êîðòåæ. int*string åñòü êîðòåæ, â êîòîðîì ïåðâûé ýëåìåíò
öåëîå ÷èñëî è âòîðîé ñòðîêà.
# (12, "October") ;;

- : int * string = (12, "October")
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Èíîãäà ìû ìîæåì èñïîëüçîâàòü áîëåå ïðîñòóþ ôîðìó çàïèñè.
# 12, "October" ;;

- : int * string = (12, "October")

Ôóíêöèè fst è snd äàþò äîñòóï ïåðâîìó è âòîðîìó ýëåìåíòó ñîîòâåò�
ñòâåííî.
# fst (12, "October") ;;

- : int = 12

# snd (12, "October") ;;

- : string = "October"

Ýòè îáå ôóíêöèè ïîëèìîðôíûå, âõîäíîé àðãóìåíò ìîæåò áûòü ëþáî�
ãî òèïà.
# fst ;;

- : 'a * 'b -> 'a = <fun>

# fst ("October", 12) ;;

- : string = "October"

Òèï int*char*string � ýòî òðèïëåò â êîòîðîì ïåðâûé ýëåìåíò òèïà
int, âòîðîé char è òðåòèé � string.
# (65, 'B', "ascii") ;;

- : int * char * string = (65, 'B', "ascii")

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

# snd (65, 'B', "ascii") ;;

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).
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Ñïèñêè

Çíà÷åíèÿ îäíîãî è òîãî æå òèïà ìîãóò áûòü îáúåäèíåíû â ñïèñêè.
Ñïèñîê ìîæåò áûòü ëèáî ïóñòûì, ëèáî ñîäåðæàòü îäíîòèïíûå ýëåìåíòû.

# [] ;;

- : 'a list = []

# [ 1; 2; 3 ] ;;

- : int list = [1; 2; 3]

# [ 1; "two"; 3 ] ;;

This expression has type string but is here used with type int

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

# 1 :: 2 :: 3 :: [] ;;

- : int list = [1; 2; 3]

Äëÿ êîíêàòåíàöèè ñïèñêîâ ñóùåñòâóåò èíôèêñíûé îïåðàòîð: `@'.

# [ 1 ] @ [ 2; 3 ] ;;

- : int list = [1; 2; 3]

# [ 1; 2 ] @ [ 3 ] ;;

- : int list = [1; 2; 3]

Îñòàëüíûå ôóíêöèè ìàíèïóëÿöèè ñïèñêàìè îïðåäåëåíû â áèáëèîòå�
êå List. Ôóíêöèè hd è tl èç ýòîé áèáëèîòåêè äàþò äîñòóï ê ïåðâîìó
è ïîñëåäíåìó ýëåìåíòó ñïèñêà. Ýòè ôóíêöèè îáîçíà÷àþòñÿ List.hd è
List.tl äëÿ óêàçàíèÿ ÷òî èõ íóæíî èñêàòü â ìîäóëå List4.

# List.hd [ 1; 2; 3 ] ;;

- : int = 1

# List.hd [] ;;

Exception: Failure "hd".

Â ïîñëåäíåì ïðèìåðå ïîëó÷èòü ïîñëåäíèé ýëåìåíò ïóñòîãî ñïèñêà
äåéñòâèòåëüíî ¾ñëîæíî¿, ïîýòîìó âîçáóæäàåòñÿ èñêëþ÷åíèå (ñì. 1.3.1).

4Ìîäóëü List îïèñàí íà ñòð. ??
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1.1.2 Ñòðóêòóðû óñëîâíîãî êîíòðîëÿ

Îäíà èç ñòðóêòóð êîíòðîëÿ íåîáõîäèìàÿ â êàæäîì ÿçûêà ïðîãðàì�
ìèðîâàíèÿ � óñëîâíûé îïåðàòîð (èëè àëüòåðíàòèâíûé).

Ñèíòàêñèñ if expr1 then expr2 else expr3

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

# if 3=4 then 0 else 4 ;;

- : int = 4

# if 3=4 then "0" else "4" ;;

- : string = "4"

# if 3=4 then 0 else "4" ;;

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

Ïðèìå÷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. 83).

1.1.3 Îáúÿâëåíèå çíà÷åíèé

Îïðåäåëåíèå ñâÿçûâàåò èìÿ ñî çíà÷åíèåì. Ðàçëè÷àþò ãëîáàëüíûå è
ëîêàëüíûå 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.
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Ãëîáàëüíûå îáúÿâëåíèÿ

Ñèíòàêñèñ let name = expr ;;

Ãëîáàëüíîå îáúÿâëåíèå îïðåäåëÿåò ñâÿçü èìåíè name ñî çíà÷åíèåì
âûðàæåíèÿ expr, êîòîðîÿ áóäåò äîñòóïíî âñåì ñëåäóþùèì âûðàæåíèÿì.
# let yr = "1999" ;;

val yr : string = "1999"

# let x = int_of_string (yr) ;;

val x : int = 1999

# x ;;

- : int = 1999

# x + 1 ;;

- : int = 2000

# let new_yr = string_of_int (x + 1) ;;

val new_yr : string = "2000"

Îäíîâðåìåííîå ãëîáàëüíîå îáúÿâëåíèå

Ñèíòàêñèñ

let name1 = expr1

and name2 = expr2
...

and namen = 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 ;;

Unbound value z

Ìîæíî ñãðóïïèðîâàòü íåñêîëüêî ãëîáàëüíûõ îáúÿâëåíèé â îäíîé ôðà�
çå, âûâîä òèïîâ è çíà÷åíèé ïðîèçîéäåò ê êîíöó ôðàçû, îòìå÷åííûì äâîé�
íîé òî÷êîé ñ çàïÿòîé `;;'. Â äàííîì ñëó÷àå îáúÿâëåíèÿ áóäóò âû÷èñëåíû
ïî ïîðÿäêó.
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# 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. 25).

Ëîêàëüíîå îáúÿâëåíèå

Ñèíòàêñèñ let name = expr1 in expr2 ;;

Èìÿ name 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.

# xl ;;

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
áûòü èñïîëüçîâàíî äëÿ ïîñòðîåíèÿ äðóãèõ âûðàæåíèé.

# (let x = 3 in x * x) + 1 ;;

- : int = 10
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Ëîêàëüíûå îáúÿâëåíèÿ òàê æå ìîãóò áûòü îäíîâðåìåííûìè.

Ñèíòàêñèñ

let name1 = expr1

and name2 = expr2
...

and namen = exprn

in expr ;;

# let a = 3.0 and b = 4.0 in sqrt (a*.a +. b*.b) ;;

- : float = 5.

# b ;;

Unbound value b

1.1.4 Ôóíêöèîíàëüíîå âûðàæåíèå, ôóíêöèè

Ôóíêöèîíàëüíîå âûðàæåíèå ñîñòîèò èç ïàðàìåòðà è òåëà. Ôîðìàëü�
íûé ïàðàìåòð � ýòî èìÿ ïåðåìåííîé, à òåëî � ýòî âûðàæåíèå. Îáû÷íî
ãîâîðÿò ÷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:

# 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 (ýôôåêòèâíûé
ïàðàìåòð), çäåñü îí ðàâåí 5.

Ïðè êîíñòðóêöèè ôóíêöèîíàëüíîãî âûðàæåíèÿ expr ìîæåò áûòü ëþ�
áûì âûðàæåíèåì, â ÷àñòíîñòè ôóíêöèîíàëüíûì.
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# 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 àðãóìåíòà
öåëîãî òèïà íà âõîäå è âîçâðàùàåò çíà÷åíèå öåëîãî òèïà. Íî êîãäà ðå÷ü
èäåò î ôóíêöèîíàëüíîì ÿçûêå, òàêîì êàê Objective Caml , ñêîðåå ýòî
ñîîòâåòñòâóåò òèïó ôóíêöèè ñ âõîäíûì àðãóìåíòîì òèïà int è âîçâðà�
ùàþùàÿ 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

÷òî åñòü ôóíêöèîíàëüíîå âûðàæåíèå ðàâíîå
function y -> 3*4 + y

â êîòîðîì x çàìåíåí íà 4 â 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
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Àðíîñòü ôóíêöèè

Àðíîñòüþ ôóíêöèè íàçûâàåòñÿ ÷èñëî àðãóìåíòîâ ôóíêöèè. Ïî ïðà�
âèëàì, óíàñëåäîâàííûì èç ìàòåìàòèêè, àðãóìåíòû ôóíêöèè çàäàþòñÿ â
ñêîáêàõ ïîñëå èìåíè ôóíêöèè. Ìû ïèøåì : f(4,5). Êàê áûëî óêàçàíî ðà�
íåå, â Objective Caml ìû ÷àùå èñïîëüçóåì ñëåäóþùèé ñèíòàêñèñ: f 4 5.
Åñòåñòâåííî, ìîæíî íàïèñàòü ôóíêöèîíàëüíîå âûðàæåíèå ïðèìåíèìîå
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 ôóíêöèè îæè�
äàþùåé ïàðó èëè íàîáîðîò, ïåðåäàòü ïàðó ôóíêöèè äëÿ äâóõ àðãóìåíòîâ
ïðèâåäåò ê îøèáêå:

# (function (x,y) -> 3*x + y) 4 5 ;;

This function is applied to too many arguments

# (function x -> function y -> 3*x + y) (4, 5) ;;

This expression has type int * int but is here used with type int

Àëüòåðíàòèâíûé ñèíòàêñèñ

Ñóùåñòâóåò áîëåå êîìïàêòíàÿ ôîðìà çàïèñè ôóíêöèé ñ íåñêîëüêèìè
àðãóìåíòàìè, 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:

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.
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Çàìûêàíèå

Objective CAML ðàññìàòðèâàåò ôóíêöèîíàëüíîå âûðàæåíèå òàêæå
êàê ëþáîå äðóãîå. Çíà÷åíèå âîçâðàùàåìîå ôóíêöèîíàëüíûì âûðàæåíè�
åì íàçûâàåòñÿ çàìûêàíèåì. Êàæäîå âûðàæåíèå Objective Caml âû÷èñ�
ëÿåòñÿ â îêðóæåíèè ñîñòîÿùåì èç ñîîòâåòñòâèé èìÿ�çíà÷åíèå, êîòîðûå
áûëè îáúÿâëåíû äî âû÷èñëÿåìîãî âûðàæåíèÿ. Çàìûêàíèå ìîæåò áûòü
îïèñàíî 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. Ýòè ïåðåìåííûå íàçûâàþòñÿ ¾ñâî�
áîäíûìè¿ â ôóíêöèîíàëüíîì âûðàæåíèè, íàì ïîíàäîáèòñÿ èõ çíà÷åíèå
â ìîìåíò 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 íîâîå
çàìûêàíèå, îíî (íîâîå çàìûêàíèå) ïîëó÷àåò â ñâîå îêðóæåíèå âñå íåîá�
õîäèìûå ñâÿçè äëÿ ñëåäóþùåãî ïðèìåíåíèÿ. Ïàðàãðàô 1.1.4 ïîäðîáíî
ðàññìàòðèâàåò ýòè ïîíÿòèÿ. Â ãëàâå 3, à òàê æå â ãëàâå ?? ìû âåðíåìñÿ
ê òîìó êàê çàìûêàíèå ïðåäñòàâëÿåòñÿ â ïàìÿòè.

Äî ñèõ ïîð ðàññìîòðåííûå ôóíêöèîíàëüíûå âûðàæåíèÿ áûëè àíîíèì�
íûìè, îäíàêî ìû ìîæåì äàòü èì èìÿ.

Îáúÿâëåíèå ôóíêöèîíàëüíûõ çíà÷åíèé

Ôóíêöèîíàëüíîå çíà÷åíèå îáúÿâëÿåòñÿ òàê æå êàê è äðóãèå, ïðè ïî�
ìîùè êîíñòðóêòîðà let
# 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
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Äëÿ óïðîùåíèÿ çàïèñè, ìîæíî èñïîëüçîâàòü ñëåäóþùèé ñèíòàêñèñ:

Ñèíòàêñèñ let name p1 ... pn = expr

÷òî ýêâèâàëåíòíî:
let name = 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 èíôèêñ�
íîé ôîðìå. Íàïðèìåð ïðè ñëîæåíèè äâóõ öåëûõ ìû ïèøåì 3 + 5 äëÿ
ïðèìåíåíèÿ + ê 3 è 5. Äëÿ òîãî ÷òîáû èñïîëüçîâàòü ñèìâîë + êàê êëàñ�
ñè÷åñêîå ôóíêöèîíàëüíîå çíà÷åíèå, íåîáõîäèìî óêàçàòü ýòî, îêðóæàÿ
ñèìâîë ñêîáêàìè.

Ñèíòàêñèñ ( op )

Â ñëåäóþùåì ïðèìåðå îïðåäåëÿåòñÿ ôóíêöèÿ succ èñïîëüçóÿ (+):
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# (+) ;;

- : 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 `*', `+', `@', è ò.ä.),
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
ðåçóëüòàò, à òàê æå ïåðåäàíî êàê àðãóìåíò ôóíêöèè. Òàêèå ôóíêöèè,
áåðóùèå íà âõîäå èëè âîçâðàùàþùèå ôóíêöèîíàëüíûå çíà÷åíèÿ, íàçû�
âàþòñÿ ôóíêöèÿìè âûñøåãî ïîðÿäêà.
# let h = function f -> function y -> (f y) + y ;;

val h : (int -> int) -> int -> int = <fun>

Ïðèìå÷àíèå
Âûðàæåíèÿ ãðóïïèðóþòñÿ ñïðàâà íàëåâî, íî ôóíêöè�
îíàëüíûå òèïû îáúåäèíÿþòñÿ ñëåâà íàïðàâî. Òàêèì
îáðàçîì òèï ôóíêöèè h ìîæåò áûòü íàïèñàí:
(int -> int) -> int -> int

èëè
(int -> int) -> (int -> int)
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Ïðè ïîìîùè ôóíêöèé âûñøåãî ïîðÿäêà ìîæíî ýëåãàíòíî îáðàáàòû�
âàòü ñïèñêè. Ê ïðèìåðó ôóíêöèÿ List.map ïðèìåíÿåò êàêóþ-íèáóäü ôóíê�
öèþ 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
ïåðåìåííûå áûëè îïðåäåëåíû, êàê, íàïðèìåð, âûðàæåíèå e â îïðåäåëå�
íèè let p=e ïåðåìåííàÿ p íå èçâåñòíà â ýòîì âûðàæåíèè, îíà ìîæåò áûòü
èñïîëüçîâàíà òîëüêî â ñëó÷àå åñëè p áûëà îáúÿâëåíà ðàíåå.
# let p = p ^ "-suffix" ;;

Unbound value p

# let p = "prefix" ;;

val p : string = "prefix"

# let p = p ^ "-suffix" ;;

val p : string = "prefix-suffix"

Â Objective Caml ïåðåìåííûå ñâÿçàíû ñòàòè÷åñêè. Ïðè ïðèìåíåíèè
çàìûêàíèÿ èñïîëüçóåòñÿ îêðóæåíèå â ìîìåíò åå (çàìûêàíèÿ) îáúÿâëåíè�
ÿè (ñòàòè÷åñêàÿ âèäèìîñòü), à íå â ìîìåíò åå ïðèìåíåíèÿ (äèíàìè÷åñêàÿ
âèäèìîñòü)
# let p = 10 ;;

val p : int = 10
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# 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 îïðåäå�
ëåíà 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 èñïîëüçó�
åò ñâîé ñîáñòâåííûé èäåíòèôèêàòîð â ñâîåì îïðåäåëåíèè. Ýòà âîçìîæ�
íîñòü ÷àñòî èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ ðåêóðñèâíûõ ôóíêöèé. Êàê
ìû âèäåëè ðàíåå, let íå ïîçâîëÿåò ýòîãî, ïîýòîìó íåîáõîäèìî èñïîëüçî�
âàòü ñïåöèàëüíûé ñèíòàêñèñ.

Ñèíòàêñèñ let rec name = expr ;;

Äðóãîé ñïîñîá çàïèñè äëÿ ôóíêöèè ñ àðãóìåíòàìè:

Ñèíòàêñèñ let rec name 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 ¾íå çàêîí÷èòüñÿ¿ åñëè
âõîäíîé àðãóìåíò ìåíüøå 0.

Îáû÷íî, ðåêóðñèâíîå çíà÷åíèå ýòî ôóíêöèÿ, êîìïèëÿòîð íå ïðèíè�
ìàåò íåêîòîðûå ðåêóðñèâíûå îáúÿâëåíèÿ, çíà÷åíèÿ êîòîðûõ íå ôóíêöè�
îíàëüíûå.
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# let rec x = x + 1 ;;

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. 56).

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 even n = (n<>1) && ((n=0) or (odd(n-1)))

and odd n = (n<>0) && ((n=1) or (even(n-1))) ;;

val even : int -> bool = <fun>

val odd : int -> bool = <fun>

# even 4 ;;

- : bool = true

# odd 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 "error: negative argument"

else "sigma = " ^ (string_of_int (sigma_rec x)) ;;

val sigma : int -> string = <fun>

Ïðèìå÷àíèå
Ìû âûíóæäåííû áûëè îïðåäåëèòü âîçâðàùàåìûé
òèï êàê string, ïîñêîëüêó íåîáõîäèìî ÷òîáû îí áûë
îäèí è òîò æå, íåçàâèñèìî îò âõîäíîãî àðãóìåíòà, îò�
ðèöàòåëüíîãî èëè ïîëîæèòåëüíîãî. Êàêîå çíà÷åíèå
äîëæíà âåðíóòü sigma åñëè àðãóìåíò áîëüøå íóëÿ?
Äàëåå, ìû óâèäèì ïðàâèëüíûé ñïîñîá ðåøåíèÿ ýòîé
ïðîáëåìû (ñì. 1.3 ñòð. 57).
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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 òèïà5. Äðóãîé
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 "paper" 451 ;;

val p : string * int = "paper", 451

# let a = make_pair 'B' 65 ;;

val a : char * int = 'B', 65

# fst p ;;

- : string = "paper"

# 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_pair ïîëèìîðôíàÿ, çíà÷åíèå ñîçäàííîå (make_pair '6' 65)
èìååò ñòðîãî îïðåäåëåííûé òèï, êîòîðûé îòëè÷åí îò (make_pair "pair" 451).
Ïðîâåðêà òèïîâ ðåàëèçóåòñÿ â ìîìåíò êîìïèëÿöèè, òàêèì îáðàçîì óíè�
âåðñàëüíîñòü êîäà íèêàê íå ñêàçûâàåòñÿ íà ýôôåêòèâíîñòè ïðîãðàììû.

Ïðèìåð ôóíêöèé è ïîëèìîðôíûõ çíà÷åíèé

Â ñëåäóþùåì ïðèìåðå ïðèâåäåíà ïîëèìîðôíàÿ ôóíêöèÿ ñ âõîäíûì
ïàðàìåòðîì ôóíêöèîíàëüíîãî òèïà.
# let app = function f -> function x -> f x ;;

val app : ('a -> 'b) -> 'a -> 'b = <fun>

5×èñëî òèïîâ îãðàíè÷èâàåòñÿ ëèøü ðàçìåðîì äîñòóïíîé ïàìÿòè.
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Ìû ìîæåì ïðèìåíèòü åå ê ôóíêöèè odd, êîòîðàÿ áûëà îïðåäåëåíà
ðàíåå.
# app odd 2;;

- : bool = false

Ôóíêöèÿ òîæäåñòâà (id) âîçâðàùàåò ïîëó÷åííûé àðãóìåíò.
# 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 è âîçâðàùàåò ðåçóëüòàò ïðèìåíåíèÿ äâóõ ôóíêöèé ê
ýòîìó àðãóìåíòó.
# 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 îñíî�
âûâàåòñÿ íà ðàçðåøåíèè îãðàíè÷åíèé, íàêëàäûâàåìûõ ïðèìåíåíèåì ôóíê�
öèé, 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 ïðè�
ìåíÿåòñÿ 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 ïîëèìîðôèçìîì6.

6Íåêîòîðûå 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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Îãðàíè÷åíèå òèïà

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

Ñèíòàêñèñ îãðàíè÷åíèÿ òèïà ñëåäóþùèé:

Ñèíòàêñèñ ( 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. 71).

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 ;;

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]]
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llint ÿâëÿåòñÿ ñïèñêîì ñïèñêîâ ëþáîãî òèïà.
Â äàííîì ñëó÷àå ïîäðàçóìåâàåòñÿ îãðàíè÷åíèå òèïà, à íå ÿâíàÿ òèïè�

çàöèÿ çàìåíÿþùàÿ òèï, êîòîðûé îïðåäåëèë Objective Caml. Â ÷àñòíîñòè,
ìû íå ìîæåì îáîáùèòü òèï, áîëåå ÷åì ýòî ïîçâîëÿåò âûâîä òèïîâ Objec�
tive Caml.
# 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 (ñì. ??),
à òàê æå â äåêëàðàöèè êëàññîâ (ñì. ??).

1.1.6 Ïðèìåðû

Â ýòîì ïàðàãðàôå ìû ïðèâåäåì íåñêîëüêî ïðèìåðîâ ôóíêöèé. Áîëü�
øèíñòâî èç íèõ óæå îïðåäåëåíû â Objective Caml, ìû äåëàåì ýòî òîëüêî
â ¾ïåäàãîãè÷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. 34).

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.
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Èòåðàöèÿ êîìïîçèöèé
(Iteration of composition)

Âûðàæåíèå iterate n f âû÷èñëÿåò fn, ÷òî ñîîòâåòñòâóåò ïðèìåíå�
íèþ ôóíêöèè f n ðàç.

# let rec iterate n f =

if n = 0 then (function x -> x)

else compose f (iterate (n-1) f) ;;

val iterate : int -> (('a -> 'a) * 'a -> 'a) -> 'a -> 'a = <fun>

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 rec 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 óìíîæå�
íèÿ 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]
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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 mmfl_aux p =

if p = n then [ ( * ) n ]

else (( * ) p) :: (mmfl_aux (p+1))

in (mmfl_aux 1) ;;

val mk_mult_fun_list : int -> (int -> int) list = <fun>

Ïîäñ÷èòàåì ðÿä äëÿ 7

# 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 "; "word"; "!"] ;;

- : string = "Hello word!"
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1.2 Îáúÿâëåíèÿ òèïîâ è ñîïîñòàâëåíèå ñ îá�

ðàçöîì

Ñ ïîìîùüþ òèïîâ îïðåäåëåííûõ â Objective Caml ìû ìîæåì îïðåäå�
ëÿòü ñòðóêòóðíûå òèïû, ïðè ïîìîùè êîðòåæåé èëè ñïèñêîâ. Íî â íåêî�
òîðûõ ñëó÷àÿõ áûâàåò íåîáõîäèìî îïðåäåëèòü íîâûå òèïû äëÿ îïèñàíèÿ
ñïåöèàëüíûõ ñòðóêòóð. Â Objective Caml, îáúÿâëåíèÿ òèïîâ ðåêóðñèâ�
íû è ìîãóò áûòü ïàðàìåòðèçîâàííûìè ïåðåìåííûìè òèïà, êàê â ñëó÷àå
'a list êîòîðûé ìû óæå îáñóæäàëè. Âûâîä òèïîâ ïðèíèìàåò âî âíèìà�
íèå íîâûå îáúÿâëåíèÿ äëÿ îïðåäåëåíèÿ òèïîâ âûðàæåíèé. Êîíñòðóêöèÿ
çíà÷åíèé íîâûõ òèïîâ èñïîëüçóåò êîíñòðóêòîð îïèñàííûé îïðåäåëåíèåì
òèïà. Îñîáîé îñîáåííîñòüþ ÿçûêîâ ñåìåéñòâà ML ÿâëÿåòñÿ ñîïîñòàâëåíèå
ñ îáðàçöîì, êîòîðîå îáåñïå÷èâàåò ïðîñòîé ìåòîä äîñòóïà ê êîìïîíåíòàì
(ïîëÿì) ñòðóêòóð äàííûõ. Îïðåäåëåíèå ôóíêöèè ñîîòâåòñòâóåò ÷àùå âñå�
ãî 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
Objective 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 îáðàçöîì7. 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

7Wildcard pattern
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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. Âåðòèêàëüíàÿ
÷åðòà ïåðåä ïåðâûì îáðàçöîì íå îáÿçàòåëüíà.

Ïðèìåðû

Ïðèâåäåì äâà ñïîñîáà, ïðè ïîìîùè ñîïîñòàâëåíèÿ ñ îáðàçöîì, îïðå�
äåëåíèÿ ôóíêöèè imply òèïà (bool * bool)->bool, ðåàëèçóþùóþ ëîãè�
÷åñêóþ èìïëèêàöèþ. Îáðàçåö äëÿ ïàð � ( , ).

Ïåðâàÿ âåðñèÿ ïåðå÷èñëÿåò âñå âîçìîæíîñòè, êàê òàáëèöà èñòèííî�
ñòè.
# let imply v = match v with

(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
ïåðåìåííàÿ íå ìîæåò áûòü èñïîëüçîâàíà äâàæäû. Ìû ìîãëè áû íàïè�
ñàòü:
# let equal c = match c with

(x, x) -> true
|(x, y) -> false ;;

This variable is bound several times in this matching
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Íî äëÿ ýòîãî êîìïèëÿòîð äîëæåí óìåòü ðåàëèçîâûâàòü òåñòû íà ðà�
âåíñòâî, ÷òî ïðèâîäèò ê ìíîæåñòâó ïðîáëåì. Åñëè ìû îãðàíè÷èìñÿ ôèçè�
÷åñêèì çíà÷åíèåì ïåðåìåííûõ, òî ìû ïîëó÷èì ñëèøêîì ¾ñëàáóþ¿ ñèñòå�
ìó, íå â ñîñòîÿíèè, íàïðèìåð, ðàñïîçíàòü ðàâåíñòâî ìåæäó äâóìÿ ñïèñ�
êàìè [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. 56).

Óíèâåðñàëüíûé îáðàçåö

Ñèìâîë `_' ñîâïàäàåò ñî âñåìè âîçìîæíûìè çíà÷åíèÿìè � îí íàçû�
âàåòñÿ óíèâåðñàëüíûì. Ýòîò îáðàçåö ìîæåò áûòü èñïîëüçîâàí äëÿ ñîïî�
ñòàâëåíèÿ ñëîæíûõ òèïîâ. Âîñïîëüçóåìñÿ èì äëÿ îïðåäåëåíèÿ åùå îäíîé
âåðñèè ôóíêöèè imply:
# 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 in_zero n = match n with 0 -> true ;;

Warning: this pattern-matching is not exhaustive.

Here is an example of a value that is not matched:

1

val in_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:
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# let f x = match x with 1 -> 3 ;;

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 ;;

Exception: Match_failure ("", 46, -32).

Èñêëþ÷åíèå Match_Failure âîçáóæäåíî ïðè âûçîâå f 4 è åñëè îíî
íå îáðàáîòàíî, òî âû÷èñëåíèå îñòàíàâëèâàåòñÿ (ñì. 1.3 ñòð. 57).

Êîìáèíàöèÿ îáðàçöîâ

Êîìáèíàöèÿ îáðàçöîâ ïîçâîëÿåò ïîëó÷èòü íîâûé îáðàçåö, êîòîðûé
ìîæåò ðàçëîæèòü çíà÷åíèå â ñîîòâåòñòâèè ñ îäíèì èëè äðóãèì èç íà�
÷àëüíûõ øàáëîíîâ.

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 is_a_vowel c = match c with

'a' | 'e' | 'i' | 'o' | 'u' | 'y' -> true
| _ -> false ;;

val is_a_vowel : char -> bool = <fun>

# is_a_vowel 'i' ;;

- : bool = true

# is_a_vowel 'j' ;;

- : bool = false

Ïàðàìåòðèçîâàííîå ñîïîñòàâëåíèå

Ïàðàìåòðèçîâàííîå ñîïîñòàâëåíèå èñïîëüçóåòñÿ â îñíîâíîì äëÿ îïðå�
äåëåíèÿ ôóíêöèé âûáîðà. Äëÿ îáëåã÷åíèÿ çàïèñè ïîäîáíûõ îïðåäåëå�
íèé, êîíñòðóêòîð function ðàçðåøàåò ñëåäóþùåå ñîïîñòàâëåíèå îäíîãî
ïàðàìåòðà.
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Ñèíòàêñèñ

function | p1 -> expr1

| p2 -> expr2
...

| pn -> 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

ýêâèâàëåíòíà

function expr -> match expr with p1 -> expr1 | ... | pn ->

exprn

Èñïîëüçóÿ ñõîæåñòü îïðåäåëåíèÿ íà (ñì. 1.1.4 ñòð. 23), ìû áû íàïèñàëè:

# 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 ;;

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>
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Ïðèñâîåíèå èìåíè ôèëüòðóåìîìó çíà÷åíèþ

Èíîãäà ïðè ñîïîñòàâëåíèè ñ îáðàçöîì, áûâàåò íåîáõîäèìî äàòü èìÿ
âñåìó îáðàçöó èëè ëèøü åãî ÷àñòè. Ñëåäóþùàÿ ñèíòàêñè÷åñêàÿ ôîðìà
ââîäèò êëþ÷åâîå ñëîâî as, êîòîðîå àññîöèèðóåò èìÿ îáðàçöó.

Ñèíòàêñèñ ( p as name )

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

# let min_rat pr = match pr with
((_, 0), p2) -> p2

|(p1, (_, 0)) -> p1

|(((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
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
âûðàæåíèÿ ñðàçó ïîñëå ñîïîñòàâëåíèÿ ñ îáðàçöîì. Åñëè ýòî âûðàæåíèå
âîçâðàùàåò 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.
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# 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.

Âíèìàíèå

Ïðè ïðîâåðêå èñ÷åðïûâàåìîñòè ñîïîñòàâëåíèÿ Ob�
jective Caml ïðåäïîëàãàåò ÷òî óñëîâíîå âûðàæåíèå
ìîæåò áûòü ëîæíûì. Â ñëåäñòâèè, âåðèôèêàòîð íå
ó÷èòûâàåò ýòîò îáðàçåö, òàê êàê íå âîçìîæíî çíàòü
äî âûïîëíåíèÿ ñðàáîòàåò îãðàíè÷åíèå èëè íåò. Èñ�
÷åðïûâàåìîñòü ñëåäóþùåãî ôèëüòðà íå ìîæåò áûòü
îïðåäåëåíà.

# let f = function x when x = x -> true ;;

Warning: Bad style, all clauses in this pattern-matching are guarded.

val f : 'a -> bool = <fun>

Îáðàçåö èíòåðâàëà ñèìâîëîâ

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

Ñèíòàêñèñ ′c′1 .. ′c′n

÷òî ñîîòâåòñòâóåò 'c1' | 'c2' | . . . | 'cn'
Ê ïðèìåðó îáðàçåö '0' .. '9' ñîîòâåòñòâóåò îáðàçó '0' | '1' |

'2' | '3' | '4' | '5' | '6' | '7' | '8' | '9'. Ïåðâàÿ ôîðìà áû�
ñòðåå è ïðîùå âîñïðèíèìàåòñÿ ïðè ÷òåíèè.
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Âíèìàíèå Ýòî îñîáåííîñòü ÿâëÿåòñÿ ðàñøèðåíèåì ÿçûêà è ìî�
æåò èçìåíèòüñÿ â ñëåäóþùèõ 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' -> "Vowel"

| 'a'..'z' | 'A'..'Z' -> "Consonant"

| '0'..'9' -> "Digit"

| _ -> "Other" ;;

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:
• 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

| _::tail_x -> 1 + (size tail_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. 31) èñïîëüçóÿ
ñîïîñòàâëåíèå ñ îáðàçîì äëÿ èòåðàöèè ñïèñêîâ.
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# let rec fold_left f a = function
[] -> a

| head::tail -> fold_left f (f a head) tail ;;

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÷åíè�
ÿìè 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

Êàê è ëþáîé ôèëüòð, îïðåäåëåíèå çíà÷åíèÿ ìîæåò áûòü íå èñ÷åðïû�
âàþùèì.
# let [x; y; z] = [1; 2; 3] ;;

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] ;;

Warning: this pattern-matching is not exhaustive.

Here is an example of a value that is not matched:

[]

Exception: Match_failure ("", 72, -41).
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Ïðèíèìàåòñÿ ëþáîé îáðàçåö, âêëþ÷àÿ êîíñòðóêòîð, óíèâåðñàëüíûé
è êîìáèíèðîâàííûé.

# let head :: 2 :: _ = [1; 2; 3] ;;

Warning: this pattern-matching is not exhaustive.

Here is an example of a value that is not matched:

[]

val head : 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
Objective Caml. Îíà ïîçâîëÿåò îïðåäåëèòü íîâûå òèïû ñîîòâåòñòâóþùèå
îáû÷íûì ñòðóêòóðàì äàííûõ èñïîëüçóåìûì â ïðîãðàììàõ. Ñóùåñòâóåò
äâà áîëüøèõ ñåìåéñòâà òèïîâ: òèï�ïðîèçâåäåíèå äëÿ êîðòåæåé èëè çàïè�
ñåé èëè òèï�ñóììà äëÿ union.

Ñèíòàêñèñ type name = typedef ;;

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 name1 = typedef1

and name2 = typedef2
...

and namen = typedefn ;;

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

Ñèíòàêñèñ type 'a name = typedef ;;

Â ñëó÷àå êîãäà òàêèõ ïåðåìåííûõ íåñêîëüêî, ïàðàìåòðû òèïà äåêëà�
ðèðóþòñÿ êàê êîðòåæ ïåðåä èìåíåì òèïà.
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Ñèíòàêñèñ type ('a1 ... 'an) name = typedef ;;

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

Ïðèìå÷àíèå
Âî âðåìÿ âûâîäà íà ýêðàí Objective Caml ïåðåèìåíó�
åò ïàðàìåòðû òèïà, ïåðâûé â 'a, âòîðîé â 'b è òàê
äàëåå.

Ìû âñåãäà ìîæåì îáúÿâèòü íîâûé òèï èñïîëüçóÿ ðàíåå îáúÿâëåííûå
òèïû.

Ñèíòàêñèñ type name = typeexpression

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

# type 'param paired_with_integer = int * 'param ;;

type 'a paired_with_integer = int * 'a

# type specific_pair = float paired_with_integer ;;

type specific_pair = float paired_with_integer

Áåç îãðàíè÷åíèÿ, âûâîäèòñÿ íàèáîëåå îáùèé òèï:

# let x = (3, 3.14) ;;

val x : int * float = (3, 3.14)

Íî ìû ìîæåì èñïîëüçîâàòü îãðàíè÷èòåëü òèïà äëÿ òîãî, ÷òîáû ïîëó�
÷èòü æåëàåìîå èìÿ:

# let (x: specific_pair) = (3, 3.14) ;;

val x : specific_pair = (3, 3.14)
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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 name = { name1: t1; ... ; namen: tn } ;;

Îïðåäåëèì òèï êîìïëåêñíîãî ÷èñëà ñëåäóþùèì îáðàçîì.
# type complex = { re: float; im: float } ;;

type complex = { re : float; im : float; }

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

Ñèíòàêñèñ { namei1 = expri1; ... ; namein = exprin } ;;

Â ñëåäóþùåì ïðèìåðå ìû ñîçäàäèì êîìïëåêñíîå ÷èñëî, â êîòîðîì
äåéñòâèòåëüíàÿ ÷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. } ;;

Some record field labels are undefined: re

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

Ñèíòàêñèñ ñ òî÷êîé çàêëþ÷àåòñÿ â ñëåäóþùåì:
Ñèíòàêñèñ expr.name

Âûðàæåíèå expr äîëæíî èìåòü òèï ¾çàïèñü ñ ïîëåì name¿.
Ñîïîñòàâëåíèå çàïèñè ïîçâîëÿåò ïîëó÷èòü çíà÷åíèå ñâÿçàííîå ñ îïðå�

äåëåííûì ïîëÿì. Ñèíòàêñèñ îáðàçöà äëÿ çàïèñè ñëåäóþùèé.
Ñèíòàêñèñ { namei = pi ; ... ; namej = pj }

Îáðàçöû íàõîäÿòñÿ ñïðàâà îò ñèìâîëà `=' (pi,..., pj). Íåîáÿçàòåëü�
íî ïåðå÷èñëÿòü âñå ïîëÿ çàïèñè â îáðàçöå.

Ôóíêöèÿ add_complex îáðàùàåòñÿ ê ïîëÿì ñ ïîìîùüþ ¾òî÷êè¿, òîãäà
êàê ôóíêöèÿ mult_complex îáðàùàåòñÿ ïðè ïîìîùè ôèëüòðà.
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# 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 � ãëàâ�
íîå 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>

# 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
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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 = exprj}

# 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.

Âíèìàíèå Ýòî îñîáåííîñòü ÿâëÿåòñÿ ðàñøèðåíèåì ÿçûêà è ìî�
æåò èçìåíèòüñÿ â ñëåäóþùèõ âåðñèÿõ.

1.2.4 Òèï ñóììà

Â îòëè÷èè îò êîðòåæåé èëè çàïèñåé, êîòîðûå ñîîòâåòñòâóþò äåêàð�
òîâîìó ïðîèçâåäåíèþ, òèï ñóììà8 ñîîòâåòñòâóåò îáúåäèíåíèþ ìíîæåñòâ
(union). Â îäèí òèï ìû ãðóïïèðóåì íåñêîëüêî ðàçíûõ òèïîâ (íàïðèìåð,
öåëûå ÷èñëà è ñòðîêè). Ðàçëè÷íûå ÷ëåíû ñóììû îïðåäåëÿþòñÿ êîíñòðóê�
òîðàìè, êîòîðûå ñ îäíîé ñòîðîíû ïîçâîëÿþò ñêîíñòðóèðîâàòü çíà÷åíèå
ýòîãî òèïà è ñ äðóãîé ïîëó÷èòü äîñòóï ê êîìïîíåíòàì ýòèõ çíà÷åíèé ïðè
ïîìîùè 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 name = ...

| Namei ...

| Namej of tj ...

| Namek of tk * ... * tl ... ;;

Èìÿ êîíñòðóêòîðà ýòî ñïåöèàëüíûé èäåíòèôèêàòîð.

Âíèìàíèå Èìÿ êîíñòðóêòîðà äîëæíà âñåãäà íà÷èíàòüñÿ ñ çà�
ãëàâíîé áóêâû.

8Sum type
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Êîíñòàíòíûé êîíñòðóêòîð

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

(Îðåë Ðåøêà)
# type coin = Heads | Tails ;;

type coin = Heads | Tails

# Tails ;;

- : coin = Tails

Òèï bool 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
ðàçíûõ òèïîâ, èìåþùèõ ðàçíûå êîíñòðóêòîðû.

Ýòîò êëàññè÷åñêèé ïðèìåð îïðåäåëÿåò òèï äëÿ êàðòû â èãðå Tarot9.
Îïðåäåëèì òèïû suit è card ñëåäóþùèì îáðàçîì.

• òèï suit îïðåäåëÿåò ìàñòü êàðòû � ïèêà, ÷åðâà, áóáíà è òðåôà
• òèï card îïðåäåëÿåò äîñòîèíñòâî êàðòû (êîðîëü, äàìà. . . )

# type suit = Spades | Hearts | Diamonds | Clubs ;;

# type card =

King of suit

| Queen of suit

| Knight of suit

| Knave of suit

| Minor_card of suit * int

| Trump of int

| Joker ;;

Ñîçäàíèå çíà÷åíèÿ òèïà card ïîëó÷àåòñÿ ïðèìåíåíèåì êîíñòðóêòîðà
ê çíà÷åíèþ ñ íóæíûì òèïîì.

9Ïðàâèëà èãðû Tarot ìîæíî íàéòè íàïðèìåð íà
http://www.pagat.com/tarot/frtarot.thml.

http://www.pagat.com/tarot/frtarot.thml
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# King Spades ;;

- : card = King Spades

# Minor_card(Hearts, 10) ;;

- : card = Minor_card (Hearts, 10)

# Trump 21 ;;

- : card = Trump 21

Ñëåäóþùàÿ ôóíêöèÿ, all_cards ñîçäàåò ñïèñîê âñåõ êàðò öâåòà óêà�
çàííîãî 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 all_cards s =

let face_cards = [ Knave s; Knight s; Queen s; King s ]

and other_cards = List.map (function n -> Minor_card(s, ➥

n)) (interval 1 10)

in face_cards @ other_cards ;;

val all_cards : suit -> card list = <fun>

# all_cards Hearts ;;

- : card list =

[Knave Hearts; Knight Hearts; Queen Hearts; King Hearts;

Minor_card (Hearts, 1); Minor_card (Hearts, 2); Minor_card ➥

(Hearts, 3);

Minor_card (Hearts, 4); Minor_card (Hearts, 5); Minor_card ➥

(Hearts, 6);

Minor_card (Hearts, 7); Minor_card (Hearts, 8); Minor_card ➥

(Hearts, 9);

Minor_card (Hearts, 10)]

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

# let string_of_suit = function
Spades -> "spades"

| Diamonds -> "diamonds"

| Hearts -> "hearts"

| Clubs -> "clubs" ;;

val string_of_suit : suit -> string = <fun>

# let string_of_card = function
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King c -> "king of " ^ (string_of_suit c)

| Queen c -> "queen of " ^ (string_of_suit c)

| Knave c -> "knave of " ^ (string_of_suit c)

| Knight c -> "knight of " ^ (string_of_suit c)

| Minor_card (c, n) -> (string_of_int n) ^ " of " ^ ➥

(string_of_suit c)

| Trump n -> (string_of_int n) ^ " of trumps"

| Joker -> "joker" ;;

val string_of_card : card -> string = <fun>

Êîíñòðóêòîð Minor_card áèíàðíûé, äëÿ ñîïîñòàâëåíèÿ òàêîãî çíà÷å�
íèÿ ìû äîëæíû äàòü èìÿ îáîèì êîìïîíåíòàì.

# let is_minor_card c = match c with
Minor_card v -> true

| _ -> false ;;

The constructor Minor_card 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) ;;

type t = C of int * bool | D of (int * bool)

# let access v = match v with
C (i, b) -> i, b

| D x -> x ;;

val access : t -> int * bool = <fun>

1.2.5 Ðåêóðñèâíûé òèï

Îïðåäåëåíèå ðåêóðñèâíîãî òèïà íåîáõîäèìî â ëþáîì ÿçûêå ïðîãðàì�
ìèðîâàíèÿ, 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:
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# type int_of_char_list =

Nil

| Int_cons of int * int_of_char_list

| Char_cons of char * int_of_char_list ;;

# let l1 = Char_cons ('=', Int_cons(5, Nil)) in
Int_cons (2, Char_cons('+', Int_cons(3, l1))) ;;

- : int_of_char_list =

Int_cons (2,

Char_cons ('+', Int_cons (3, Char_cons ('=', Int_cons (5, ➥

Nil)))))

1.2.6 Ïàðàìåòðèçîâàííûé òèï

Ìû òàêæå ìîæåì îïðåäåëèòü òèï ñ ïàðàìåòðàìè, ÷òî ïîçâîëèò íàì
îáîáùèòü 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 (5, Nil)))))

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 ïîäñïèñîê ÷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.
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1.2.7 Âèäèìîñòü îïèñàíèÿ

Íà èìåíà êîíñòðóêòîðîâ ðàñïðîñòðàíÿþòñÿ òå æå ïðàâèëà, ÷òî è íà
ãëîáàëüíûå îáúÿâëåíèÿ. Ïåðåîïðåäåëåíèå ñêðûâàåò ñâîåãî ïðåäøåñòâåí�
íèêà. Ñêðûòûå çíà÷åíèÿ âñåãäà ñóùåñòâóþò, îíè íèêóäà íå äåëèñü. Îä�
íàêî 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) ;;

This expression has type ('a, 'b) list2 but is here used with ➥

type int_of_char_list

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

# type t1 = Empty | Full ;;

type t1 = Empty | Full

# let empty_t1 x = match x with Empty -> true | Full -> false ;;

val empty_t1 : t1 -> bool = <fun>

# empty_t1 Empty ;;

- : 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 ;;

This expression has type t1 but is here used with type t1

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

Òèï àðãóìåíòà êîíñòðóêòîðà ìîæåò áûòü êàêèì óãîäíî, è â ÷àñòíî�
ñòè îí ìîæåò áûòü ôóíêöèîíàëüíûì. Ñëåäóþùèé òèï ñîçäàåò ñïèñîê
ñîñòîÿùèé èç ôóíêöèîíàëüíûõ çíà÷åíèé, êðîìå ïîñëåäíåãî ýëåìåíòà.
# type 'a listf =

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 eight_div = (/) 8 ;;

val eight_div : int -> int = <fun>

# let gl = Fun (succ, (Fun (eight_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 ïðîãðàììèðî�
âàíèè. 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 bin_tree =

Empty

| Node of 'a bin_tree * 'a * 'a bin_tree ;;

type 'a bin_tree = Empty | Node of 'a bin_tree * 'a * 'a bin_tree
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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. Íà ðèñóíêå 1.1 èçîáðàæåí ïðèìåð áèíàðíîãî äåðåâà äëÿ öåëûõ
÷èñåë. Ïóñòîé óçåë (êîíñòðóêòîð Empty) îáîçíà÷åí ïðÿìîóãîëüíèêîì, à
îñòàëüíûå óçëû (êîíñòðóêòîð Node) � êðóæêîì ñ õðàíèìûì çíà÷åíèåì.

Ðèñ. 1.1: Áèíàðíîå äåðåâî ïîèñêà

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

# let rec list_of_tree = function
Empty -> []

| Node(lb, r, rb) -> (list_of_tree lb) @ (r :: (list_of_tree ➥

rb)) ;;

val list_of_tree : 'a bin_tree -> 'a list = <fun>

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

# let rec insert x = function
Empty -> Node(Empty, x, Empty)

| Node(lb, r, rb) -> if x < r then Node(insert x lb, r, rb)

else Node(lb, r, insert x rb) ;;

val insert : 'a -> 'a bin_tree -> 'a bin_tree = <fun>
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Ôóíêöèÿ òðàíñôîðìèðóþùàÿ ñïèñîê â áèíàðíîå äåðåâî ìîæåò áûòü
ïîëó÷åíà èñïîëüçîâàíèåì ôóíêöèè insert

# let rec tree_of_list = function

[] -> Empty

| h::t -> insert h (tree_of_list t) ;;

val tree_of_list : 'a list -> 'a bin_tree = <fun>

Òîãäà ôóíêöèÿ ñîðòèðîâêè ýòî âñåãî-íàâñåãî êîìïîçèöèÿ ôóíêöèé
tree_of_list è list_of_tree.
# let sort x = list_of_tree (tree_of_list x) ;;

val sort : 'a list -> 'a list = <fun>

# sort [5; 8; 2; 7; 1; 0; 3; 6; 9; 4] ;;

- : int list = [0; 1; 2; 3; 4; 5; 6; 7; 8; 9]

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

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

• List.fold_left: ýêâèâàëåíò ôóíêöèè fold_left îïðåäåëåííîé íà ñòð. 33
• List.exists ïðèìåíÿåò ôóíêöèþ âîçâðàùàþùóþ áóëåâîå çíà÷åíèå êî
âñåì ýëåìåíòàì 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.
# type 'a tree = Empty

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

type 'a tree = Empty | Node of 'a * 'a tree list

Ïóñòîå äåðåâî ïðåäñòàâëåíî çíà÷åíèåì Empty, ëèñò � ýòî óçåë áåç
äî÷åðíèõ óçëîâ ôîðìû Node(õ,[]) èëè Node(x, [Empty; Empty;..]).
Òàêèì îáðàçîì äîñòàòî÷íî ïðîñòî íàïèñàòü ôóíêöèè, ìàíèïóëèðóþùèå
ïîäîáíûìè 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.
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# let rec belongs e = function
Empty -> false

| Node(v, bs) -> (e=v) or (List.exists (belongs e) bs) ;;

val belongs : 'a -> 'a tree -> 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 ïîääåðåâà ïëþñ 1.
# let rec height =

let max_list l = List.fold_left max 0 l in
function

Empty -> 0

| Node (_, bs) -> 1 + (max_list (List.map height bs)) ;;

val height : 'a tree -> 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; ...]

Ïðèìåíåíèå ðåêóðñèâíîé ôóíêöèè ê ïîäîáíîìó ñïèñêó ïðèâåäåò ê
ïåðåïîëíåíèþ ïàìÿòè.
# size l ;;

Stack overflow during evaluation (looping recursion?).

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 ;;
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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 ïîäñïèñêè. Ñíà÷àëà, îïðåäåëèì ôóíêöèþ memq êîòî�
ðàÿ 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

1.3 Òèïèçàöèÿ, îáëàñòü îïðåäåëåíèÿ è èñêëþ�

÷åíèÿ

Âû÷èñëåííûé òèï ôóíêöèè ïðèíàäëåæèò ïîäìíîæåñòâó ìíîæåñòâà
â êîòîðîì îíà îïðåäåëåíà. Åñëè âõîäíîé àðãóìåíò ôóíêöèè òèïà int,
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ýòî íå çíà÷èò ÷òî îíà ñìîæåò áûòü âûïîëíåíà äëÿ ëþáîãî ïåðåäàííîãî
åé öåëîãî ÷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 óñòà�
íîâèòü îáðàáîò÷èê èñêëþ÷åíèÿ, äî òîãî êàê èñêëþ÷åíèå ìîæåò áûòü
âîçáóæäåíî.

1.3.1 ×àñòè÷íûå ôóíêöèè è èñêëþ÷åíèÿ

Îáëàñòü îïðåäåëåíèÿ ôóíêöèè ñîîòâåòñòâóåò ìíîæåñòâó çíà÷åíèé êî�
òîðûìè ôóíêöèÿ ìàíèïóëèðóåò. Ñóùåñòâóåò ìíîæåñòâî ìàòåìàòè÷åñêèõ
÷àñòè÷íûé 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. Ïîïûòêà
äåëåíèÿ íà íîëü ìîæåò ïðèâåñòè â ëó÷øåì ñëó÷àå ê îñòàíîâêå ïðîãðàì�
ìû è â õóäøåì ê íåïðàâèëüíîìó (íåêîýðàíòíîìó) ñîñòîÿíèþ ìàøèíû.
Áåçîïàñíîñòü ÿçûêà ïðîãðàììèðîâàíèÿ çàêëþ÷àåòñÿ â ãàðàíòèè òîãî,
÷òî òàêèå ñëó÷àè íå âîçíèêíóò. Èñêëþ÷åíèå åñòü îäèí èç ñïîñîáîâ òà�
êîé ãàðàíòèè.

Äåëåíèå 1 íà 0 ïðîâîöèðóåò çàïóñê ñïåöèàëüíîãî èñêëþ÷åíèÿ:
# 1/0 ;;

Exception: Division_by_zero.

Ñîîáùåíèå Exception: Division_by_zero. óêàçûâàåò âî ïåðâûõ 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.
# let head l = match l with h :: t -> h ;;

Warning: this pattern-matching is not exhaustive.

Here is an example of a value that is not matched:

[]

val head : 'a list -> 'a = <fun>
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Îäíàêî, åñëè ïðîãðàììèñò âñå òàêè íàñòàèâàåò íà ñâîåé âåðñèè, Ob�
jective Caml âîñïîëüçóåòñÿ ìåõàíèçìîì èñêëþ÷åíèÿ â ñëó÷àå íåïðàâèëü�
íîãî âûçîâà ÷àñòè÷íîé ôóíêöèè.
# head [] ;;

Exception: Match_failure ("", 8, -164).

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 head.
# let head = function

[] -> failwith "Empty list"

| h :: t -> h ;;

val head : 'a list -> 'a = <fun>

# head [] ;;

Exception: Failure "Empty list".

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 êîíñòðóêòîðû10. Òàêàÿ îñîáåííîñòü ïîçâîëÿåò ïðîãðàì�
ìèñòó îïðåäåëÿòü ñâîè ñîáñòâåííûå èñêëþ÷åíèÿ.

Ñèíòàêñèñ îáúÿâëåíèÿ ñëåäóþùèé:
Ñèíòàêñèñ exception Name ;;

èëè
Ñèíòàêñèñ exception Name of t ;;

Âîò íåñêîëüêî ïðèìåðîâ îáúÿâëåíèÿ èñêëþ÷åíèé.
# exception MY_EXN ;;

exception MY_EXN

# MY_EXN ;;

- : exn = MY_EXN

# exception Depth of int ;;

exception Depth of int

# Depth 4 ;;

- : exn = Depth 4

10Áëàãîäàðÿ íîâîé âîçìîæíîñòè Objective Caml 3.0 ¾ïîëèìîðôíûå âàðèàíòû¿ íåêî�
òîðûå òèïû ñóììû òåïåðü ìîãóò ðàñøèðÿþòñÿ.
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Âíèìàíèå Èìåíà èñêëþ÷åíèé ÿâëÿþòñÿ êîíñòðóêòîðàìè � ýòî
çíà÷èò îíè äîëæíû íà÷èíàòüñÿ ñ çàãëàâíîé áóêâû.

# exception lowercase ;;

Syntax error

Âíèìàíèå
Èñêëþ÷åíèÿ ìîíîìîðôíû, ïðè îáúÿâëåíèè òèïà àð�
ãóìåíòà ìû íå ìîæåì óêàçàòü ïàðàìåòðèçóþùèé
òèï.

# exception Value of 'a ;;

Unbound type parameter 'a

Ïîëèìîðôíîå èñêëþ÷åíèå ïîçâîëèëî áû îïðåäåëåíèå ôóíêöèé, âîç�
âðàùàþùèõ ðåçóëüòàò ëþáîãî òèïà. Ïîäîáíûé ïðèìåð ìû ðàññìîòðèì
äàëåå íà ñòð. 62.

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 MY_EXN ;;

Exception: MY_EXN.

# 1 + (raise MY_EXN) ;;

Exception: MY_EXN.

# raise (Depth 4) ;;

Exception: Depth 4.

Â Objective Caml íåò âîçìîæíîñòè íàïèñàòü ôóíêöèþ raise, îíà äîëæ�
íà 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. 91)

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

Ñèíòàêñèñ

try expr with
| p1 -> expr1
...

| pn -> exprn

Åñëè âû÷èñëåíèå expr íå âîçáóäèò èñêëþ÷åíèÿ, òî òèï ðåçóëüòàòà
áóäåò òèïîì âû÷èñëåííûì ýòèì âûðàæåíèåì. Èíà÷å, â ïðèâåäåííîì âû�
øå 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�
âàþùåå. Ïîäðàçóìåâàåòñÿ ÷òî ïîñëåäíèé ôèëüòð | e -> raise e. Åñëè
íè îäíîãî îáðàáîò÷èêà íå íàéäåíî â ïðîãðàììå, ñèñòåìà ñàìà çàéìåòñÿ
îáðàáîòêîé ýòîãî èñêëþ÷åíèÿ è îñòàíîâèò ïðîãðàììó ñ âûâîäîì ñîîáùå�
íèÿ 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 return x = Failure x ;;

val return : string -> exn = <fun>

# return "test" ;;

- : exn = Failure "test"

# let my_raise x = raise (Failure x) ;;

val my_raise : string -> 'a = <fun>

# my_raise "test" ;;

Exception: Failure "test".
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Êàê âû íàâåðíî, çàìåòèëè, ôóíêöèÿ my_raise íå âîçâðàùàåò íèêà�
êîãî çíà÷åíèå, òîãäà êàê ïðèìåíåíèå return âîçâðàùàåò îäèí èç òèïîâ
exn.

Âû÷èñëåíèÿ ñ èñêëþ÷åíèÿìè

Êðîìå îáðàáîòêè íå æåëàåìûõ çíà÷åíèé, èñêëþ÷åíèÿ ìîæíî èñïîëü�
çîâàòü äëÿ îïòèìèçàöèè. Ñëåäóþùèé ïðèìåð ðåàëèçóåò âû÷èñëåíèå ïðî�
èçâåäåíèÿ 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
âîçâðàùàåìîãî 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
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òèïà 'a. Äëÿ êàæäîãî ÷àñòíîãî èñïîëüçîâàíèÿ òèï ôóíêöèè id ìîæåò
áûòü îïðåäåëåí.

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
êîòîðîãî íå ñîîòâåòñòâóåò òèïó àðãóìåíòîâ. Ðàññìîòðèì íåñêîëüêî ïðè�
ìåðîâ è ïðîàíàëèçèðóåì ïî÷åìó ýòî íå ïðîòèâîðå÷èò æåñòêîé ñòàòè÷å�
ñêîé 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 "anything at all" ;;

- : 'a list = []

Îäíàêî, ïîëó÷åííîå çíà÷åíèå íå ñîâñåì ÿâëÿåòñÿ íåîïðåäåëåííûì �
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 "anything at all" ;;

val f2 : 'a -> 'b = <fun>

# let f3 x = List.hd [] ;;

val f3 : 'a -> 'b = <fun>

Ýòè ôóíêöèè íå ÿâëÿþòñÿ ¾îïàñíûìè¿ 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.
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×òîáû íå áûëî âîçìîæíîñòè îïðåäåëèòü ôóíêöèè òèïà 'a -> 'b, íî�
âûå êîíñòðóêòîðû èñêëþ÷åíèé íå äîëæíû èìåòü àðãóìåíòû òèïû êîòî�
ðîãî ñîäåðæèò ïåðåìåííóþ.

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

Ýòà 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 êàëü�
êóëÿòîð 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) ÿâëÿåòñÿ çíà÷åíèå òèïà key, íî íå ïðåäñòàâëÿåò íè îäíó êíîïêó êàëü�
êóëÿòîðà.

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.
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# let is_digit = function x -> (x >= 0) && (x <= 9) ;;

val is_digit : int -> bool = <fun>

Òåïåðü îïðåäåëèì ôóíêöèþ valid ïðîâåðÿþùóþ ñâîé àðãóìåíò òèï
êîòîðîãî key:
# let valid ky = match ky with

Digit n -> is_digit n

| _ -> true ;;

val valid : key -> bool = <fun>

Ïåðâûé ôèëüòð ïðèìåíÿåòñÿ â ñëó÷àå åñëè âõîäíîé àðãóìåíò ïîñòðî�
åí êîíñòðóêòîðîì Digit, â ýòîì ñëó÷àå îí ïðîâåðÿåòñÿ ôóíêöèåé is_digit.
Âòîðîé ôèëüòð ïðèìåíÿåòñÿ â ëþáîì äðóãîì ñëó÷àå. Íàïîìíèì, ÷òî áëà�
ãîäàðÿ ôèëüòðó, òèï ïðîâåðÿåìîãî 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 ïåðåõîäîì, à òå�
îðèÿ óïðàâëÿþùàÿ ïîäîáíûì ìåõàíèçìîì åñòü òåîðèÿ àâòîìàòîâ.

Ñîñòîÿíèå ïðåäñòàâëåíî ñëåäóþùèì òèïîì:
# type state = {

lcd : int; (* ðåçóëüòàò ïîñëåäíåé îïåðàöèè *)

lka : key; (* ïîñëåäíÿÿ íàæàòàÿ êíîïêà *)

loa : key; (* ïîñëåäíèé îïåðàòîð *)

vpr : int (* ÷èñëî âûâåäåííîå íà ýêðàí *)

} ;;

Â òàáëèöå 1.5 ïðèâåäåí ïðèìåð ñîñòîÿíèé êàëüêóëÿòîðà.
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

| Times -> x * y

| Div -> x / y
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ñîñòîÿíèå êíîïêà
(0,=,=,0) 3

−→ (0,3,=,3) +
−→ (3,+,+,3) 2
−→ (3,2,+,2) 1
−→ (3,1,+,21) ×
−→ (24,*,*,24) 2
−→ (24,2,*,2) =
−→ (48,=,=,48)

Òàáëèöà 1.5: Ïåðåõîäû äëÿ 3+21*2=

| Equals -> y

| Digit _ -> failwith "evaluate : no op" ;;

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

Äàäèì îïðåäåëåíèå ïåðåõîäîâ, ïåðå÷èñëÿÿ âñå âîçìîæíûå ñëó÷àè.
Ïðåäïîëîæèì, ÷òî òåêóùåå ñîñòîÿíèå åñòü êâàäðèïëåò (a, b,⊕, 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),⊕, d× 10 + x)

· ïðåäûäóùàÿ íàæàòàÿ êíîïêà íå öèôðà, òîãäà ìû òîëüêî íà�
÷èíàåì ïèñàòü íîâîå ÷èñëî. Íîâîå ñîñòîÿíèå:

(a, (Digit x),⊕, x)

• êíîïêà ñ îïåðàòîðîì ⊗ áûëà íàæàòà, çíà÷èò âòîðîé îïåðàíä áûë
ïîëíîñòüþ ââåäåí è òåïåðü ìû õîòèì ¾÷òî-òî¿ ñäåëàòü ñ äâóìÿ
îïåðàíäàìè. Äëÿ ýòîãî ñîõðàíåíà ïîñëåäíÿÿ îïåðàöèÿ (⊕). Íîâîå
ñîñòîÿíèå:

(⊕d,⊗,⊗, a⊕ d)

Äëÿ òîãî ÷òîáû íàïèñàòü ôóíêöèþ transition, äîñòàòî÷íî äîñëîâ�
íî ïåðåâåñòè â Objective Caml ïðåäûäóùåå îïèñàíèå ïðè ïîìîùè ñîïî�
ñòàâëåíèÿ âõîäíîãî àðãóìåíòà. Êíîïêó ñ äâóìÿ çíà÷åíèÿìè îáðàáîòàåì
ëîêàëüíîé ôóíêöèåé digit_transition ïðè ïîìîùè ñîïîñòàâëåíèÿ.
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# 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

# 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 ïåðåõîäîâ.

# let transition_list st ls = List.fold_left transition st ls ;;
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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 ïðîãðàììèðîâà�
íèÿ è ïàðàìåòðèçîâàííûé ïîëèìîðôèçì, ÷òî âìåñòå ÿâëÿþòñÿ îñíîâ�
íûìè õàðàêòåðèñòèêàìè Objective Caml. Òàêæå ìû îïèñàëè ñèíòàêñèñ
ôóíêöèîíàëüíîé ÷àñòè ÿäðà è òèïîâ. Ýòî äàëî íàì âîçìîæíîñòü íàïè�
ñàòü ïåðâûå ïðîãðàììû. Òàê æå ìû ïîä÷åðêíóëè ãëóáîêóþ ðàçíèöó ìåæ�
äó òèïîì ôóíêöèè è îáëàñòüþ åå ïðèìåíåíèÿ. Ìåõàíèçì èñêëþ÷åíèé
ïîçâîëÿåò ðåøèòü ýòó ïðîáëåìó, è â òî æå âðåìÿ ââîäèò íîâûé ñòèëü
ïðîãðàììèðîâàíèÿ, ãäå ìû ÿâíî óêàçûâàåì ìàíåðó âû÷èñëåíèÿ.



Ãëàâà 2

Èìïåðàòèâíîå

ïðîãðàììèðîâàíèå

Ââåäåíèå

Â îòëè÷èå îò ôóíêöèîíàëüíîãî ïðîãðàììèðîâàíèÿ, ãäå çíà÷åíèå âû�
÷èñëÿåòñÿ 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 ïàìÿòè,
êîòîðîå èçìåíÿåòñÿ ïîä âîçäåéñòâèåì ïðîãðàììû. Êàæäîå òàêîå âîçäåé�
ñòâèå íàçûâàåòñÿ èíñòðóêöèåé è èìïåðàòèâíàÿ ïðîãðàììà åñòü ïîñëåäî�
âàòåëüíîñòü óïîðÿäî÷åííûõ èíñòðóêöèé. Ñîñòîÿíèå ïàìÿòè ìîæåò áûòü
èçìåíåíî 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,. . . ). 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

69
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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 ¾êîð�
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 Ob�
jective Caml çàòðîíóòûõ â ïðåäûäóùåé ãëàâå, íî òåïåðü ìû çàèíòåðåñó�
åìñÿ èìïåðàòèâíûìè êîíñòðóêöèÿìè. Ãëàâà ðàçáèòà íà 5 ðàçäåëîâ. Ïåð�
âûé, íàèáîëåå âàæíûé, ðàñêðûâàåò ðàçëè÷íûå ôèçè÷åñêè èçìåíÿåìûå
ñòðóêòóðû äàííûõ è îïèñûâàåò èõ ïðåäñòàâëåíèå â ïàìÿòè. Âî âòîðîì
ðàçäåëå êðàòêî èçëàãàþòñÿ áàçîâûå îïåðàöèè ââîäà/âûâîäà. Òðåòèé çíà�
êîìèò ñ íîâûìè èòåðàòèâíûìè óïðàâëÿþùèìè îïåðàòîðàìè. Â ÷åòâåð�
òîì ðàçäåëå ðàññêàçûâàåòñÿ îá îñîáåííîñòÿõ âûïîëíåíèÿ èìïåðàòèâíûõ
ïðîãðàìì, â ÷àñòíîñòè î ïîðÿäêå âû÷èñëåíèÿ àðãóìåíòîâ ôóíêöèè. Â ïî�
ñëåäíåì ðàçäåëå ìû ïåðåäåëàåì êàëüêóëÿòîð ïðåäûäóùåé ãëàâû â êàëü�
êóëÿòîð ñ ïàìÿòüþ.
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2.1 Ôèçè÷åñêè èçìåíÿåìûå ñòðóêòóðû äàí�

íûõ

Çíà÷åíèÿ ñëåäóþùèõ òèïîâ: ìàññèâû, ñòðîêè, çàïèñè ñ ìîäèôèöèðóå�
ìûìè ïîëÿìè è óêàçàòåëè åñòü ñòðóêòóðèðîâàííûå çíà÷åíèÿ, êîìïîíåí�
òû êîòîðûõ ìîãóò áûòü ôèçè÷åñêè èçìåíåíû.

Ìû óæå âèäåëè, ÷òî ïåðåìåííàÿ â Objective Caml ïðèâÿçàíà ê çíà÷å�
íèþ è õðàíèò ýòó ñâÿçêó äî êîíöà åå ñóùåñòâîâàíèÿ. Ìû ìîæåì èçìåíèòü
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 ìîæåì àññîöè�
èðîâàòü 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
îäíîòèïíûõ ýëåìåíòîâ. Ñóùåñòâóåò íåñêîëüêî ñïîñîáîâ ñîçäàíèÿ âåêòî�
ðîâ, ïåðâûé � ïåðå÷èñëåíèå ýëåìåíòîâ, ðàçäåëåííûõ çàïÿòîé è çàêëþ�
÷åííûõ ìåæäó ñèìâîëàìè `[|' è `|]' .
# let v = [| 3.14; 6.28; 9.42 |] ;;

val v : float array = [|3.14; 6.28; 9.42|]

Ôóíêöèÿ Array.create ñ äâóìÿ àðãóìåíòàìè íà âõîäå: ðàçìåð âåêòîðà
è íà÷àëüíîå çíà÷åíèå, âîçâðàùàåò íîâûé âåêòîð.
# let v = Array.create 3 3.14 ;;

val v : float 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) ;;

- : float = 3.14

# v.(0) <- 100.0 ;;

- : unit = ()

# v ;;

- : float 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 ;;

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 ?? íà ñòð. ??.
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 ñî�
çäàíèÿ âåêòîðà. Â ñëó÷àå, åñëè ýòî çíà÷åíèå ñòðóêòóðíîå, îíî áóäåò ñîâ�
ìåñòíî 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).
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Ðèñ. 2.1: Ïðåäñòàâëåíèå â ïàìÿòè âåêòîðà ñ ðàçäåëåíèåì ýëåìåíòîâ

# v.(0) <- 1 ;;

- : unit = ()

# m ;;

- : int array array = [|[|1; 0; 0|]; [|1; 0; 0|]; [|1; 0; 0|]|]

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 ?? ñòð. ??.

Âåêòîðû ÷èñåë ñ ïëàâàþùåé çàïÿòîé åñòü îñîáûé ñëó÷àé. Íåñìîòðÿ
íà òî ÷òî ýòè ÷èñëà (float) � ñòðóêòóðíûå çíà÷åíèÿ, ïðè ñîçäàíèè âåê�
òîðà íà÷àëüíîå çíà÷åíèå êîïèðóåòñÿ. Äåëàåòñÿ ýòî äëÿ îïòèìèçàöèè. Â
ãëàâå ?? ñòð. ??, â êîòîðîé îáñóæäàåòñÿ èíòåðôåéñ ñ ÿçûêîì C ìû îáñó�
äèì ýòó ïðîáëåìó.
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Íå ïðÿìîóãîëüíàÿ ìàòðèöà

Ìàòðèöà, âåêòîð âåêòîðîâ, íå îáÿçàòåëüíî äîëæíà áûòü ïðÿìîóãîëü�
íîé. 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; 1|];

[|1; 5; 10; 10; 5; 1|]|]

# 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.

Êîïèðîâàíèå âåêòîðîâ

Ïðè êîïèðîâàíèè âåêòîðà èëè êîíêàòåíàöèè äâóõ âåêòîðîâ ìû ïî�
ëó÷àåì íîâûé âåêòîð. Ìîäèôèêàöèÿ èñõîäíûõ âåêòîðîâ íå ïîâëèÿåò íà
çíà÷åíèå êîïèé, êðîìå ñëó÷àÿ ðàçäåëåíèÿ çíà÷åíèé ðàññìîòðåííîãî ðà�
íåå.
# 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 ;;



2.1. ÔÈÇÈ×ÅÑÊÈ ÈÇÌÅÍßÅÌÛÅ ÑÒÐÓÊÒÓÐÛ ÄÀÍÍÛÕ 75

- : 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�
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; 0|]; [|1; 352; 0|]|]

# 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; 0|];

[|1; 352; 0|]|]

Îäíàêî, èçìåíåíèå v, ðàçäåëÿåìîãî m è mm, ïðèâåäåò ê èçìåíåíèþ
îáîèõ ìàòðèö:
# v.(1) <- 18 ;;

- : unit = ()

- : int array array =

[|[|1; 18; 0|]; [|1; 18; 0|]; [|1; 18; 0|]; [|1; 18; 0|]; [|1; ➥

18; 0|];

[|1; 18; 0|]|]

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.
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Ñèíòàêñèñ expr1 . [expr2]

Ýëåìåíòû ñòðîêè ìîãóò áûòü ôèçè÷åñêè èçìåíåíû.

Ñèíòàêñèñ expr1 . [expr2] <- expr3

# 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 äîñòà�
òî÷íî óêàçàòü ïðè äåêëàðàöèè òèïà ïîëÿ êëþ÷åâîå ñëîâî mutable

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

Ïðèìåð îïðåäåëåíèÿ òî÷êè ïëîñêîñòè.

# type point = { mutable xc : float; mutable yc : float } ;;

type point = { mutable xc : float; mutable yc : float; }

# let p = { xc = 1.0; yc = 0.0 } ;;

val p : point = {xc = 1.; yc = 0.}

Äëÿ èçìåíåíèÿ çíà÷åíèå ïîëÿ îáúÿâëåííîãî mutable èñïîëüçóéòå
ñëåäóþùèé ñèíòàêñèñ.

Ñèíòàêñèñ expr1 . name <- expr2

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

# p.xc <- 3.0 ;;

- : unit = ()

# p ;;

- : point = {xc = 3.; yc = 0.}
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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 -> float -> float -> unit = <fun>

# 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 ;;

The record field 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. 87).

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 ìîäèôè�
êàöèè çíà÷åíèÿ èñïîëüçóåì èíôèêñíóþ ôóíêöèþ `:='.
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# let x = ref 3 ;;

val x : int ref = {contents = 3}

# x ;;

- : int ref = {contents = 3}

# !x ;;

- : int = 3

# x := 4 ;;

- : unit = ()

# !x ;;

- : int = 4

# x := !x + 1 ;;

- : unit = ()

# !x ;;

- : int = 5

2.1.5 Ïîëèìîðôèçì è èçìåíÿåìûå çíà÷åíèÿ

Òèï ref ïàðàìåòðèçîâàííûé (ñì. 1.2.6), ÷òî ïîçâîëÿåò ñîçäàâàòü óêà�
çàòåëè íà ëþáîé òèï. Îäíàêî, ñóùåñòâóåò íåñêîëüêî îãðàíè÷åíèé. Ïðåä�
ñòàâèì, ÷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 ïåðâîé
ñòðîêå 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.
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# 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.
# 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 òè�
ïà, äàæå íå èìåþùèå íèêàêîãî îòíîøåíèÿ ê ìîäèôèöèðóåìûì àòðèáó�
òàì, 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 = []}

Âíèìàíèå Ýòà ìîäèôèêàöèÿ òèïà ïîâëèÿåò íà ÷èñòî ôóíêöèî�
íàëüíûå ïðîãðàììû.

Åñëè ê ïîëèìîðôíîé ïåðåìåííîé ïðèìåíåíà ïîëèìîðôíàÿ ôóíêöèÿ,
òî â ðåçóëüòàòå ìû ïîëó÷èì ïåðåìåííóþ ñëàáîãî òèïà, òàê êàê íåëüçÿ íå
ó÷èòûâàòü òî ÷òî ôóíêöèÿ ìîæåò ñîçäàòü ôèçè÷åñêè èçìåíÿåìîå çíà÷å�
íèå. Èíûìè ñëîâàìè, ðåçóëüòàò áóäåò âñåãäà ìîíîìîðôíûé.
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# (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 àðãó�
ìåíò f è ïðèìåíèòü åå:

# let h x = f 1 x ;;

val h : 'a -> int = <fun>

Äåéñòâèòåëüíî, âûðàæåíèÿ îïðåäåëÿþùåå h 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, êîí�
ñòðóêòîðîâ íå èçìåíÿåìûõ çíà÷åíèé è àáñòðàêöèé

• âûðàæåíèÿ ðàñøèðÿåìûå ñîñòîÿò èç ïðèìåíåíèé, êîíñòðóêòîðîâ èç�
ìåíÿåìûõ çíà÷åíèé. Òàê æå ê íèì íåîáõîäèìî äîáàâèòü ñòðóêòóðû
êîíòðîëÿ: óñëîâíûé (conditional) èëè ôèëüòðàæ.

2.2 Ââîä-âûâîä

Ôóíêöèè ââîäà-âûâîäà âû÷èñëÿþò çíà÷åíèå (÷àùå âñåãî òèïà unit),
îäíàêî â õîäå âû÷èñëåíèÿ, îíè èçìåíÿþò ñîñòîÿíèå óñòðîéñòâ ââîäà�
âûâîäà: èçìåíåíèå áóôåðà êëàâèàòóðû, ïåðåðèñîâêà ýêðàíà, çàïèñü â
ôàéë è òàê äàëåå. Äëÿ êàíàëîâ ââîäà è âûâîäà îïðåäåëåíû äëÿ òèïà:
in_channel è out_channel. Ïðè îáíàðóæåíèè êîíöà ôàéëà âîçáóæäàåò�
ñÿ èñêëþ÷åíèå End_of_file. Ñëåäóþùèå êîíñòàíòû ñîîòâåòñòâóþò ñòàí�
äàðòíûì êàíàëàì ââîäà, âûâîäà è îøèáîê UNIX: stdin, stdout è stderr.
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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.
# let ic = open_in "koala" ;;

val ic : in_channel = <abstr>

# let oc = open_out "koala" ;;

val oc : out_channel = <abstr>

Ôóíêöèè çàêðûâàþùèå êàíàëû:
# close_in ;;

- : in_channel -> unit = <fun>

# close_out ;;

- : out_channel -> unit = <fun>

2.2.2 ×òåíèå è çàïèñü

Ñòàíäàðòíûå ôóíêöèè ÷òåíèÿ è 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).

2ñ ïðàâîì íà ÷òåíèå, ïðè íåîáõîäèìîñòè



82 ÃËÀÂÀ 2. ÈÌÏÅÐÀÒÈÂÍÎÅ ÏÐÎÃÐÀÌÌÈÐÎÂÀÍÈÅ

• 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÷èòàí�
íûõ ñèìâîëîâ.

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

íà÷èíàÿ ñ ñèìâîëà p äëèííîé l.
Ñëåäóþùèå ôóíêöèè ÷òåíèÿ èç ñòàíäàðòíîãî ââîäà è çàïèñè â ñòàí�

äàðòíûé âûâîä:
# 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 èëè
çàïèñàíû, çíà÷åíèÿ òàêèõ òèïîâ ìîãóò áûòü ïåðåâåäåíû â òèï ñïèñîê
ñèìâîëîâ.

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, âûðàæå�
íèå 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
îáðàçöîì `()'.
# 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 ¾Áîëüøå/Ìåíüøå¿

Â ñëåäóþùåì ïðèìåðå ìû ïðèâîäèì èãðó ¾Áîëüøå/Ìåíüøå¿, ñîñòîÿ�
ùóþ â ïîèñêå ÷èñëà, ïîñëå êàæäîãî îòâåòà ïðîãðàììà âûâîäèò íà ýêðàí
ñîîáùåíèå â ñîîòâåòñòâèè ñ òåì ÷òî ïðåäëîæåííîå ÷èñëî áîëüøå èëè
ìåíüøå çàãàäàííîãî.
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# 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>

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. 16) óñëîâíóþ ñòðóê�
òóðó êîíòðîëÿ if then ñìûñë êîòîðîé òàêîé æå êàê è â èìïåðàòèâíûõ
ÿçûêàõ ïðîãðàììèðîâàíèÿ. Íàïðèìåð:
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# let n = ref 1 ;;

val n : int ref = {contents = 1}

# if !n > 0 then n := !n -1 ;;

- : unit = ()

2.3.1 Ïîñëåäîâàòåëüíîñòü

Ñàìàÿ òèïè÷íàÿ èìïåðàòèâíàÿ ñòðóêòóðà � ïîñëåäîâàòåëüíîñòü, êî�
òîðàÿ 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.

# 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 ñî�
õðàíåíû, Objective Caml âûâîäèò ïðåäóïðåæäåíèå â ñëó÷àå åñëè èõ òèï
îòëè÷åí îò òèïà unit.

# print_int 1; 2; 3 ;;

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
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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 ;;

Warning: this function application is partial,

maybe some arguments are missing.

- : unit = ()

# let u = !a in ignore (g a) ; g a u ;;

Warning: this function application is partial,

maybe some arguments are missing.

- : unit = ()

×àøå âñåãî ìû èñïîëüçóåì ñêîáêè äëÿ îïðåäåëåíèÿ çîíû âèäèìîñòè.

Ñèíòàêñèñ ( expr )

Ñèíòàêñèñ begin expr end

Òåïåðü ìû ìîæåì íàïèñàòü Áîëüøå/Ìåíüøå ïðîñòûì ñòèëåì (ñòð.
82).

# 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>



86 ÃËÀÂÀ 2. ÈÌÏÅÐÀÒÈÂÍÎÅ ÏÐÎÃÐÀÌÌÈÐÎÂÀÍÈÅ

2.3.2 Öèêëû

Ñòðóêòóðû èòåðàòèâíîãî êîíòðîëÿ òîæå íå ïðèíàäëåæàò ¾ìèðó¿ 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 name = expr1 to expr2 do expr3 done
for name = 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 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

Ñèíòàêñèñ while expr1 do expr2 done

Òèï âûðàæåíèÿ expr1 äîëæåí áûòü bool. È, êàê â ñëó÷àå öèêëà 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.
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# 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: â 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 ;;

Warning: this expression should have type unit.

- : unit = ()

2.3.3 Ïðèìåð: ðåàëèçàöèÿ ñòåêà

Â íàøåì ïðèìåðå ñòðóêòóðà äàííûõ 'a 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.
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# exception Stack_empty ;;

exception Stack_empty

# exception Stack_full ;;

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 ;;

Exception: Stack_full.

# 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} ;;

type 'a stack = {

mutable ind : int;

mutable size : int;

mutable elts : 'a array;
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}

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

val init_stack : int -> 'a stack = <fun>

# 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 = [||]}

# 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.stack ;;

Unbound record field label stack

Â ôóíêöèè pop æåëàòåëüíî äîáàâèòü âîçìîæíîñòü óìåíüøåíèÿ ðàç�
ìåðà ñòåêà, ýòî ïîçâîëèò ñýêîíîìèòü ïàìÿòü.
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2.3.4 Ïðèìåð: ðàñ÷åò ìàòðèö

Â ýòîì ïðèìåðå ìû îïðåäåëèì òèï ¾ìàòðèöà¿ � 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 èçìå�
íåíèÿ ýëåìåíòîâ ìàòðèöû.
# type mat = {n:int; m:int; t:float array array} ;;

type mat = { n : int; m : int; t : float 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 -> float = <fun>

# let mod_mat m i j e = m.t.(i).(j) <- e ;;

val mod_mat : mat -> int -> int -> float -> 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))

done
done;

r

else failwith "add_mat : dimensions incompatible" ;;

val add_mat : mat -> mat -> mat = <fun>
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# 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 =∑k=ma
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 àð�
ãóìåíòîâ íå èìååò çíà÷åíèÿ. Èç-çà òîãî ÷òî íåò íè èçìåíåíèÿ ïàìÿòè,
íè ïðèîñòàíîâêè âû÷èñëåíèÿ, ðàñ÷åò îäíîãî àðãóìåíòà íå âëèÿåò íà âû�
÷èñëåíèå äðóãîãî. Objective Caml ïîääåðæèâàåò ôèçè÷åñêè èçìåíÿåìûå
çíà÷åíèÿ è èñêëþ÷åíèÿ, ïîýòîìó ïðåíåáðå÷ü ïîðÿäêîì âû÷èñëåíèÿ àðãó�
ìåíòîâ 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>
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# (+) (new_print_string "Hello ") (new_print_string "World!") ➥

;;

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 îïðåäåëåíèÿ, 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 ñïåöèàëü�
íî íå óêàçûâàòü íåêîòîðûå îñîáåííîñòè ÿçûêà è ïðåäëîæèòü ïðîãðàììè�
ñòàì íå ïîëüçîâàòüñÿ èìè, èíà÷å îíè ðèñêóþò ïîëó÷èòü ðàçíûå ðåçóëü�
òàòû äëÿ ðàçíûõ êîìïèëÿòîðîâ. Èëè æå íåîáõîäèìî èõ óêàçàòü è, ñëå�
äîâàòåëüíî, ðàçðåøèòü ïðîãðàììèñòàì èìè ïîëüçîâàòüñÿ, ÷òî óñëîæíèò
êîìïèëÿòîð è ñäåëàåò íåâîçìîæíûì íåêîòîðûå îïòèìèçàöèè?

2.5 Êàëüêóëÿòîð ñ ïàìÿòüþ

Âåðíåìñÿ ê íàøåìó ïðèìåðó ñ êàëüêóëÿòîðîì îïèñàííûì â ïðåäû�
äóùåé ãëàâå è äîáàâèì åìó ïîëüçîâàòåëüñêèé èíòåðôåéñ. Òåïåðü ìû áó�
äåì ââîäèòü îïåðàöèè íàïðÿìóþ è ïîëó÷àòü ðåçóëüòàò ñðàçó áåç âûçîâà
ôóíêöèè ïåðåõîäà (èç îäíîãî ñîñòîÿíèÿ â äðóãîå) ïðè êàæäîì íàæàòèè
íà êíîïêó.

Äîáàâèì 4 íîâûå êíîïêè: `C' êîòîðàÿ î÷èùàåò ýêðàí, `M' äëÿ ñîõðà�
íåíèÿ ðåçóëüòàòà â ïàìÿòè, `m' äëÿ åãî âûçîâà èç ïàìÿòè è `OFF' äëÿ
âûêëþ÷åíèÿ êàëüêóëÿòîðà. ×òî ñîîòâåòñòâóåò ñëåäóþùåìó òèïó:
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type key = Plus | Minus | Times | Div | Equals | Digit of int

| Store | Recall | Clear | Off ;;

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' -> Off

| '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_off ;;

exception Key_off

# let transition s key = match key with
Clear -> s.vpr <- 0
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| 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

| Recall -> s.lka <- false;

s.vpr <- s.mem

| Off -> raise Key_off

| _ -> 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/âûâîä,
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 êëàâèàòó�
ðû ïî ìåðå íåîáõîäèìîñòè). Ïåðåõîäû 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 ;
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print_newline ()

with
Invalid_key -> () (* no effect *)

done
with
Key_off -> () ;;

val go : unit -> unit = <fun>

Çàìåòèì, ÷òî íà÷àëüíîå ñîñòîÿíèå äîëæíî áûòü ëèáî ïåðåäàíî â ïàðà�
ìåòðå, 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 ñòèëå, êàëüêó�
ëÿòîð íà÷èíàë áû ðàáîòàòü ñî ñòàðûì ñîñòîÿíèåì, êîòîðîå îí èìåë ïåðåä
âûêëþ÷åíèåì. Òàêèì îáðàçîì áûëî áû íå ïðîñòî èñïîëüçîâàòü äâà êàëü�
êóëÿòîðà â îäíîé ïðîãðàììå.

2.6 Óïðàæíåíèÿ

2.6.1 Äâóñâÿçíûé ñïèñîê

Â ôóíêöèîíàëüíîì ïðîãðàììèðîâàíèè ìîæíî ñ ëåãêîñòüþ ìàíèïó�
ëèðîâàòü íå öèêëè÷åñêèìè ñòðóêòóðàìè äàííûõ, òàêèìè êàê íàïðèìåð
ñïèñêè. Îäíàêî, öèêëè÷åñêèå ñòðóêòóðû äîñòàâëÿþò äåéñòâèòåëüíûå òðóä�
íîñòè. Çäåñü ìû îïðåäåëèì äâóñâÿçíûé ñïèñîê, òî åñòü êàæäîìó ýëåìåí�
òó ñïèñêà èçâåñòåí ïðåäûäóùèé è ïîñëåäóþùèé ýëåìåíò:

1. Îïðåäåëèòü òèï äëÿ òàêîãî ñïèñêà ñ ïàðàìåòðîì, èñïîëüçóÿ õîòÿ
áû îäíó çàïèñü ñ èçìåíÿåìûìè ïîëÿìè.

2. Íàïèñàòü ôóíêöèè add è remove äîáàâëÿþùèå è óäàëÿþùèå ýëå�
ìåíò èç ñïèñêà.

2.7 Ðåçþìå

Â ýòîé ãëàâå âû âèäåëè ïðèìåíåíèå ñòèëåé èìïåðàòèâíîãî ïðîãðàììè�
ðîâàíèÿ (ôèçè÷åñêè èçìåíÿåìûå çíà÷åíèÿ, ââîä�âûâîä, ñòðóêòóðû èòå�
ðàòèâíîãî êîíòðîëÿ) â ôóíêöèîíàëüíîì ÿçûêå. Òîëüêî mutable çíà÷å�
íèÿ, òàêèå êàê ñòðîêè, âåêòîðû è çàïèñè ñ èçìåíÿåìûìè ïîëÿìè ìîãóò
áûòü ôèçè÷åñêè èçìåíåíû. Äðóãèå çíà÷åíèÿ íå ìîãóò ìåíÿòüñÿ ïîñëå
èõ ñîçäàíèÿ. Òàêèì îáðàçîì ìû èìååì çíà÷åíèÿ read�only äëÿ ôóíêöèî�
íàëüíîé ÷àñòè è çíà÷åíèÿ read�write äëÿ èìïåðàòèâíîé.
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Íóæíî îòìåòèòü, ÷òî â ñëó÷àå îòêàçà îò èñïîëüçîâàíèÿ èìïåðàòèâ�
íûõ âîçìîæíîñòåé ÿçûêà, ýòî ðàñøèðåíèå ôóíêöèîíàëüíîãî ¾ÿäðà¿ 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�
÷àþòñÿ 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, îñâîáîæäåíèå ïàìÿòè â Objective Caml íåÿâíî îñóùå�
ñòâëÿåòñÿ âûçîâîì àâòîìàòè÷åñêîãî ñáîðùèêà ìóñîðà èëè Garbage
Collector (GC) (ñì. ãëàâó ??).

• 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 âûïîëíå�
íèåì ïðîãðàììû è ïàìÿòüþ. Íàõîäÿñü áëèæå ê ðåàëüíîé ìàøèíå, òàêîé
êîä ìîæåò áûòü ýôôåêòèâíåå, íî ïðè ýòîì êîä òåðÿåò â óñòîé÷èâîñòè âû�
ïîëíåíèÿ. Ôóíêöèîíàëüíîå ïðîãðàììèðîâàíèå ïðåäîñòàâëÿåò áîëåå âû�
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ñîêèé óðîâåíü àáñòðàêöèè è òàêèì îáðàçîì ëó÷øèé óðîâåíü óñòîé÷èâî�
ñòè âûïîëíåíèÿ: òèïèçàöèÿ (äèíàìè÷åñêàÿ èëè ñòàòè÷åñêàÿ) ïîìîãàåò
èçáåæàòü íåêîððåêòíûõ çíà÷åíèé, àâòîìàòè÷åñêàÿ ñáîðêà ìóñîðà, õîòÿ
è çàìåäëÿåò ñêîðîñòü âûïîëíåíèÿ, îáåñïå÷èâàåò ïðàâèëüíîå ìàíèïóëè�
ðîâàíèå îáëàñòÿìè ïàìÿòè.

Èñòîðè÷åñêè îáå ýòè ïàðàäèãìû ïðîãðàììèðîâàíèÿ ñóùåñòâîâàëè â
ðàçíûõ ñôåðàõ: ñèìâîëüíûå ïðîãðàììû äëÿ ïåðâîãî ñëó÷àÿ è ÷èñëîâûå
äëÿ âòîðîãî. Îäíàêî, ñ òåõ âðåìåí êîå-÷òî èçìåíèëîñü, â ÷àñòíîñòè ïîÿâè�
ëàñü òåõíèêà êîìïèëÿöèè ôóíêöèîíàëüíûõ ÿçûêîâ è âûðîñëà ýôôåêòèâ�
íîñòü GC. Ñ äðóãîé ñòîðîíû, óñòîé÷èâîñòü âûïîëíåíèÿ ñòàëà âàæíûì
êðèòåðèåì, èíîãäà äàæå âàæíåéøèì êðèòåðèåì êà÷åñòâà ïðîãðàììíîãî
îáåñïå÷åíèÿ. Â ïîäòâåðæäåíèå ýòîìó ¾êîììåð÷åñêèé àðãóìåíò¿ ÿçûêà
Java: ýôôåêòèâíîñòü íå äîëæíà ïðåîáëàäàòü íàä ïðàâèëüíîñòüþ, îñòà�
âàÿñü ïðè ýòîì áëàãîðàçóìíî õîðîøåé. Ýòà èäåÿ ïðèîáðåòàåò ñ êàæäûì
äíåì íîâûõ ñòîðîííèêîâ â ìèðå ïðîèçâîäèòåëåé ïðîãðàììíîãî îáåñïå÷å�
íèÿ.

Objective Caml ïðèäåðæèâàåòñÿ ýòîé ïîçèöèè: îí îáúåäèíÿåò îáå ïà�
ðàäèãìû, ðàñøèðÿÿ òàêèì îáðàçîì îáëàñòü ñâîåãî ïðèìåíåíèÿ è îáëåã�
÷àÿ íàïèñàíèå àëãîðèòìîâ â òîì èëè èíîì ñòèëå. Îí ñîõðàíÿåò, îäíà�
êî, õîðîøèå ñâîéñòâà ïðàâèëüíîñòè âûïîëíåíèÿ áëàãîäàðÿ ñòàòè÷åñêîé
òèïèçàöèè, GC è ìåõàíèçìó èñêëþ÷åíèé. Èñêëþ÷åíèÿ � ýòî ïåðâàÿ
ñòðóêòóðà êîíòðîëÿ âûïîëíåíèÿ ïîçâîëÿþùàÿ ïðèîñòàíîâèòü èëè ïðî�
äîëæèòü ðàñ÷åò ïðè âîçíèêíîâåíèè îïðåäåëåííûõ óñëîâèé. Ýòà îñîáåí�
íîñòü íàõîäèòñÿ íà ãðàíèöå äâóõ ñòèëåé ïðîãðàììèðîâàíèÿ, õîòü îíà è
íå èçìåíÿåò ðåçóëüòàò, íî ìîæåò èçìåíèòü ïîðÿäîê âû÷èñëåíèé. Ââåäå�
íèå ôèçè÷åñêè èçìåíÿåìûõ çíà÷åíèé ìîæåò ïîâëèÿòü íà ÷èñòî ôóíêöè�
îíàëüíóþ ÷àñòü ÿçûêà. Ïîðÿäîê âû÷èñëåíèÿ àðãóìåíòîâ ôóíêöèè ñòàíî�
âèòñÿ îïðåäåëèìûì åñëè ýòî âû÷èñëåíèå ïðîèçâîäèò ïîáî÷íûé ýôôåêò.
Ïî ýòèì ïðè÷èíàì ïîäîáíûå ÿçûêè íàçûâàþòñÿ ¾íå ÷èñòûå ôóíêöèî�
íàëüíûå ÿçûêè¿. Ìû òåðÿåì ÷àñòü àáñòðàêöèè, òàê êàê ïðîãðàììèñò
äîëæåí ó÷èòûâàòü ìîäåëü ïàìÿòè è âûïîëíåíèå ïðîãðàììû. Ýòî íå âñå�
ãäà ïëîõî, â ÷àñòíîñòè äëÿ ÷èòàåìîñòè êîäà. Îäíàêî, èìïåðàòèâíûå îñî�
áåííîñòè èçìåíÿþò ñèñòåìó òèïîâ ÿçûêà: íåêîòîðûå ôóíêöèîíàëüíûå
ïðîãðàììû, ñ òåîðåòè÷åñêè ïðàâèëüíûìè òèïàìè, íå ÿâëÿþòñÿ ïðàâèëü�
íûìè íà ïðàêòèêå èç-çà ââåäåíèÿ ññûëîê (reference). Õîòÿ òàêèå ïðîãðàì�
ìû ìîãóò áûòü ëåãêî ïåðåïèñàíû.
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Ïëàí ãëàâû

Â ýòîé ãëàâå ìû ñðàâíèì ôóíêöèîíàëüíóþ è èìïåðàòèâíóþ ìîäåëü
Objective Caml ïî êðèòåðèþ êîíòðîëÿ âûïîëíåíèÿ ïðîãðàììû è ïðåä�
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 èëëþ�
ñòðàöèè ðàçíèöû ìåæäó äâóìÿ ñòèëÿìè.

3.1.1 Ñ ôóíêöèîíàëüíîé ñòîðîíû

map ýòî îäíà èç êëàññè÷åñêèõ ôóíêöèé â ñðåäå ôóíêöèîíàëüíûõ ÿçû�
êîâ (ñìîòðèì ñòðàíèöó 25). Â ÷èñòîì ôóíêöèîíàëüíîì ñòèëå îíà ïèøåò�
ñÿ òàê:
# let rec map f l = match l with

[] -> []

| h::q -> (f h) :: (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 óêà�
çûâàÿ íà÷àëüíûé ýëåìåíò (ãîëîâó) (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 âìåøàòåëü�
ñòâà ïðîãðàììèñòà. Ñëåäóþùèé ïðèìåð èëëþñòðèðóåò ýòî:
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# 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"]

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÷å�
ñêîå 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 = [])
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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>

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 ïðå�
äûäóùåãî 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 ;;

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"]}
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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
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 ðåçóëüòàò. Òàê æå áû�
ëî íåîáõîäèìî âûñòðîèòü â ïðàâèëüíîì ïîðÿäêå ýëåìåíòû ðåçóëüòàòà
(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 âûçîâåò äðóãóþ ôóíêöèþ, òî ýòà ïîñëåäíÿÿ ñîõðàíèò è ñâîè àð�
ãóìåíòû. Ýòè çíà÷åíèÿ õðàíÿòñÿ â ñòåêå âûïîëíåíèÿ. Ïðè âîçâðàòå èç
ôóíêöèè ýòè çíà÷åíèÿ èçâëå÷åíû èç ñòåêà. Çíàÿ ÷òî ïðîñòðàíñòâî ïà�
ìÿòè îãðàíè÷åíî, ìû ìîæåì äîéòè äî åå ïðåäåëà, èñïîëüçóÿ ôóíêöèþ ñ
î÷åíü áîëüøîé ãëóáèíîé ðåêóðñèè. Â ïîäîáíûõ ñëó÷àÿõ Objective Caml
âîçáóæäàåò èñêëþ÷åíèå Stack_overflow.
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# let rec succ n = if n=0 then 1 else 1 + succ (n-1) ;;

val succ : int -> int = <fun>

# succ 100000 ;;

Stack overflow 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 ;;

- : int = 100001

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

# let succ_tr 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_tr : int -> int = <fun>

# succ_tr 100000 ;;

- : int = 100001

Äàííàÿ ôóíêöèÿ èìååò ñïåöèàëüíóþ ôîðìó ðåêóðñèâíîãî âûçîâà,
òàê íàçûâàåìóþ õâîñòîâóþ 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 õâîñòî�
âóþ ðåêóðñèâíóþ ôóíêöèþ, òî ïåðåä åå âûçîâîì àðãóìåíòû èçâëåêàþòñÿ
èç ñòåêà.

Ðàñïîçíàíèå õâîñòîâîé ðåêóðñèè ñóùåñòâóåò âî ìíîãèõ ÿçûêàõ, îä�
íàêî ýòî ñâîéñòâî ïðîñòî íåîáõîäèìî ôóíêöèîíàëüíûì ÿçûêàì, ãäå îíà
î÷åíü ÷àñòî èñïîëüçóåòñÿ.
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3.2 Êàêîé ñòèëü âûáðàòü?

Åñòåñòâåííî, ðå÷ü íå èäåò î ¾ñâÿùåííûõ¿ ëèáî ýñòåòè÷åñêèõ äëÿ êàæ�
äîãî ïîíÿòèÿõ, a priori íå ñóùåñòâóåò ñòèëÿ êðàñèâåå èëè ëó÷øå ÷åì äðó�
ãîé. 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.

3.2.1 Ïîñëåäîâàòåëüíîñòü èëè êîìïîçèöèÿ ôóíêöèé

Ìû óæå âèäåëè, ÷òî êàê òîëüêî â ïðîãðàììå ïîÿâëÿþòñÿ ïîáî÷íûå
ýôôåêòû, íåîáõîäèìî ÿâíî óêàçûâàòü ïîðÿäîê âûïîëíåíèÿ ýëåìåíòîâ
ïðîãðàììû. 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 ôóíêöèè. Â
âûðàæåíèå (f (g x)) ñíà÷àëà âû÷èñëÿåòñÿ (g x) è çàòåì ïåðåäà÷à
ýòîãî ðåçóëüòàò ôóíêöèè f. Â áîëåå ñëîæíûõ âûðàæåíèÿõ, ïðîìå�
æóòî÷íûé ðåçóëüòàò ìîæåò áûòü íàèìåíîâàí 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;



3.2. ÊÀÊÎÉ ÑÒÈËÜ ÂÛÁÐÀÒÜ? 105

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 ìàíèïóëÿ�
öèè 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 finish = start ;;

val choose_pivot : 'a -> 'b -> 'c -> 'b = <fun>

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.
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Ïðè ðåàëèçàöèè àëãîðèòìà ìû åñòåñòâåííî âîñïîëüçóåìñÿ èìïåðàòèâ�
íûìè óïðàâëÿþùèìè ñòðóêòóðàìè.

# let permute_pivot vec start finish ind_pivot =

permute_element vec start ind_pivot ;

let i = ref (start+1) and j = ref finish 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.

# let rec quick vec start finish =

if start < finish

then
let pivot = choose_pivot vec start finish in
let place_pivot = permute_pivot vec start finish pivot ➥

in
quick (quick vec start (place_pivot-1)) (place_pivot+1) ➥

finish

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,
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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 vec = quick vec 0 ((Array.length vec)-1) ;;

val quicksort : 'a array -> 'a array = <fun>

Ýòî ïîëèìîðôíàÿ ôóíêöèÿ òàê êàê ïîðÿäêîâîå îòíîøåíèå `<' ýëåìåí�
òîâ âåêòîðà ñàìî ïîëèìîðôíî.
# 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 ;;

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 ¾íåîñÿçàåìûå¿ çíà÷åíèÿ. Îäíàêî, åñëè
íà ìåñòî öåëûõ ÷èñåë, ìû ïîìåñòèì èçìåíÿåìûå çíà÷åíèÿ, íåîáõîäèìî
áóäåò çíàòü ñêàæåòñÿ ëè èçìåíåíèå îäíîãî çíà÷åíèÿ íà äðóãîå.
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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_muttable = LMnil | LMcons of 'a * 'a ➥

list_muttable 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 ðåàëè�
çîâàòü êîíêàòåíàöèþ è îí âûíóæäàåò êîïèðîâàíèå ñòðóêòóðû ïåðâîãî
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)) ;;
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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_muttable -> 'a list_muttable -> 'a ➥

list_muttable = <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
LMnil -> failwith "concat_share : ➥

imposible case!!"

| LMcons (_, l) -> if !l=LMnil then l:=l2 ➥

else set_last !l

in
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set_last l1 ;

l1 ;;

val concat_share : 'a list_muttable -> 'a list_muttable -> 'a ➥

list_muttable = <fun>

Êîíêàòåíàöèÿ ñ îáùèì èñïîëüçîâàíèåì íå íóæäàåòñÿ â âûäåëåíèè ïà�
ìÿòè (ìû íå èñïîëüçóåì êîíñòðóêòîð LMcons), ìû ëèøü îãðàíè÷èâàåìñÿ
òåì ÷òî ïîñëåäíÿÿ ÿ÷åéêà ïåðâîãî ñïèñêà òåïåðü óêàçûâàåò íà âòîðîé
ñïèñîê. Ïðè ýòîì, êîíêàòåíàöèÿ ñïîñîáíà èçìåíèòü àðãóìåíòû ïåðåäàí�
íûå ôóíêöèè.

# let lm1 = LMcons (1, ref (LMcons (2, ref LMnil)))

and lm2 = LMcons (3, ref (LMcons (4, ref LMnil))) ;;

val lm1 : int list_muttable =

LMcons (1, {contents = LMcons (2, {contents = LMnil})})

val lm2 : int list_muttable =

LMcons (3, {contents = LMcons (4, {contents = LMnil})})

# let lm3 = concat_share lm1 lm2 ;;

val lm3 : int list_muttable =

LMcons (1,

{contents =

LMcons (2,

{contents = LMcons (3, {contents = LMcons (4, {contents ➥

= LMnil})})})})

Ìû ïîëó÷èëè îæèäàåìûé ðåçóëüòàò äëÿ lm3, îäíàêî çíà÷åíèå lm1

èçìåíåíî.

# lm1 ;;

- : int list_muttable =

LMcons (1,

contents =

LMcons (2,

contents = LMcons (3, contents = LMcons (4, contents = LMnil))))

Òàêèì îáðàçîì ýòî ìîæåò ïîâëèÿòü íà îñòàâøóþñÿ ÷àñòü ïðîãðàììû.

3.2.3 Êðèòåðèè âûáîðà

Â ÷èñòî ôóíêöèîíàëüíîé ïðîãðàììå ïîáî÷íûõ ýôôåêòîâ íå ñóùå�
ñòâóåò, ýòî ñâîéñòâî ëèøàåò íàñ îïåðàöèé ââîäà/âûâîäà, èñêëþ÷åíèé è
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èçìåíÿåìûõ ñòðóêòóð äàííûõ. Íàøå îïðåäåëåíèå ôóíêöèîíàëüíîãî ñòè�
ëÿ ÿâëÿåòñÿ ìåíåå îãðàíè÷åííûì, òî åñòü ôóíêöèÿ íå èçìåíÿþùàÿ ñâîå
ãëîáàëüíîå îêðóæåíèå ìîæåò áûòü èñïîëüçîâàíà â ôóíêöèîíàëüíîì ñòè�
ëå. Ïîäîáíàÿ ôóíêöèÿ ìîæåò èìåòü ëîêàëüíûå èçìåíÿåìûå çíà÷åíèÿ
(è çíà÷èò ñëåäîâàòü èìïåðàòèâíîìó ñòèëþ), íî íå äîëæíà èçìåíÿòü íè
ãëîáàëüíûå ïåðåìåííûå íè ñâîè àðãóìåíòû. Ñ âíåøíåé ñòîðîíû, òàêèå
ôóíêöèè ìîæíî ðàññìàòðèâàòü êàê ¾÷åðíûé ÿùèê¿, ÷üå ïîâåäåíèå ñðàâ�
íèìî ñ ïîâåäåíèåì ÷èñòî ôóíêöèîíàëüíîé ôóíêöèè, ñ ðàçíèöåé ÷òî âû�
ïîëíåíèå ïåðâîé ìîæåò áûòü ïðèîñòàíîâëåí âîçáóæäåíèåì èñêëþ÷åíèÿ.
Â òîì æå äóõå, èçìåíÿåìîå çíà÷åíèå, êîòîðîå áîëüøå íå èçìåíÿåòñÿ ïî�
ñëå èíèöèàëèçàöèè, 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 ¾èçìåíåíèå íà ìåñòå vs êîïèÿ¿ â 3.2.2 íà ñòð. 107, 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 ðå�
êóðñèâíûå ôóíêöèè, êîòîðûå ìîãóò áûòü îïðåäåëåíû èñïîëüçóÿ
îñîáåííîñòè òîãî èëè èíîãî ñòèëÿ ïðîãðàììèðîâàíèÿ. Îäíàêî â îá�
ùåì ñëó÷àå áûâàåò ïðîùå èñòîëêîâûâàòü ñîçäàíèå çíà÷åíèÿ ñëåäóÿ
ðåêóðñèâíîìó îïðåäåëåíèþ. Ýòîò ïîäõîä áîëåå áëèçîê ê ôóíêöè�
îíàëüíîìó ñòèëþ, ÷åì ïîâòîðÿþùàÿñÿ îáðàáîòêà ýòîãî çíà÷åíèÿ
ðåêóðñèåé. Ôóíêöèîíàëüíûé ñòèëü ïîäðàçóìåâàåò îïðåäåëåíèå èí�
òåðàòîðà íàä ñòðóêòóðîé äàííûõ è ýòîò ôàêòîð óìåíüøàåò âðåìÿ
ðàçðàáîòêè è èñïîëíåíèÿ ïðîãðàììû.



112 ÃËÀÂÀ 3. ÔÓÍÊÖÈÎÍÀËÜÍÛÉ È ÈÌÏÅÐÀÒÈÂÍÛÉ ÑÒÈËÜ

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
íà÷àëà.
×èñòàÿ ôóíêöèîíàëüíîñòü èìååò îïðåäåëåííóþ öåíó: ÷àñòè÷íîå ïðè�
ìåíåíèå (partial application) è èñïîëüçîâàíèå ôóíêöèé ïåðåäàííûõ
â âèäå àðãóìåíòà äðóãîé ôóíêöèè íåñåò áîëåå ñåðüåçíûå íàêëàäíûå
ðàñõîäû â ïðîöåññå âûïîëíåíèÿ ïðîãðàììû, ÷åì ÿâíîå ïðèìåíåíèå
âèäèìîé ôóíêöèè. Ñòîèò èçáåãàòü èñïîëüçîâàíèÿ ýòîé ôóíêöèî�
íàëüíîé îñîáåííîñòè â òåõ ìåñòàõ, ãäå êðèòåðèé ïðîèçâîäèòåëüíî�
ñòè ÿâëÿåòñÿ ðåøàþùèì.

êðèòåðèé ðàçðàáîòêè: áîëåå âûñîêèé óðîâåíü àáñòðàêöèè ôóíêöèî�
íàëüíîãî ñòèëÿ ïðîãðàììèðîâàíèÿ ïîçâîëÿåò áîëåå áûñòðîå íàïèñà�
íèå êîìïàêòíîãî êîäà, ñîäåðæàùåãî ìåíüøå îøèáîê ÷åì èìïåðàòèâ�
íûé âàðèàíò, êîòîðûé ïî ñâîåé ïðèðîäå ÿâëÿåòñÿ áîëåå ¾ìíîãîñëîâ�
íûì¿. Òàêèì îáðàçîì, ôóíêöèîíàëüíûé ñòèëü ÿâëÿåòñÿ âûãîäíûì
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 âîçìîæ�
íîñòü ïåðåäàâàòü ôóíêöèè (à çíà÷èò è îáðàáîòêó) â àðãóìåíò äðó�
ãèì ôóíêöèÿì ïîâûøàåò âåðîÿòíîñòü ïîâòîðíîãî èñïîëüçîâàíèÿ
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 ôóíêöè�
îíàëüíûå è èìïåðàòèâíûå îñîáåííîñòè äàåò ñâîáîäó âûáîðà íàèáîëåå
ïîäõîäÿùåãî 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.
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3.3.1 Çàìûêàíèå è ïîáî÷íûå ýôôåêòû

Îáû÷íî ôóíêöèÿ ñ ïîáî÷íûì ýôôåêòîì ðàññìàòðèâàåòñÿ êàê ïðîöå�
äóðà è îíà âîçâðàùàåò çíà÷åíèå () òèïà unit. Îäíàêî, èíîãäà áûâàåò
ïîëåçíî ïðîèçâåñòè ïîáî÷íûé ýôôåêò âíóòðè ôóíêöèè è âåðíóòü îïðå�
äåëåííîå 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.
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# new_s "VAR" ;;

- : string = "VAR1"

# new_s "VAR" ;;

- : string = "VAR2"

# reset_s () ;;

- : unit = ()

# 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.

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 äàëüíåé�
øåå ïðîäîëæåíèå ïðîãðàììû íåâîçìîæíî. Â ïîäîáíîì ñëó÷àå ñáîðùèê
èñêëþ÷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
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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:
# 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) ;;

Exception: Division_by_zero.

# x ;;

- : int ref = {contents = 2}

# (* 2 *)

(1/0) * !((++) x) ;;

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 ôóíêöèîíàëü�
íîå âûðàæåíèå, ÿâëÿåòñÿ â òî æå âðåìÿ äàííûìè � ÷òîáû óÿñíèòü ýòîò
ìîìåíò 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:
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# 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.
# 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' ;;

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' ;;

Exception: Not_found.

Åñòåñòâåííî, ìîæíî âîñïîëüçîâàòüñÿ ññûëêàìè è ïîáî÷íûì ýôôåê�
òîì äëÿ èñïîëüçîâàíèÿ òàêèõ çíà÷åíèé, îäíàêî ñóùåñòâóåò íåñêîëüêî
ïðåäîñòåðåæåíèé.
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# 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:

# 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' ;;

Exception: Not_found.

3.3.4 Ëåíèâûå èçìåíÿåìûå ñòðóêòóðû

Ñìåñü èìïåðàòèâíûõ îñîáåííîñòåé ñ ôóíêöèîíàëüíûì ÿçûêîì îáðà�
çóåò 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.



118 ÃËÀÂÀ 3. ÔÓÍÊÖÈÎÍÀËÜÍÛÉ È ÈÌÏÅÐÀÒÈÂÍÛÉ ÑÒÈËÜ

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
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 =

if_deferred

{c=Deferred(fun () -> n = 0)}

{c=Deferred(fun () -> 1)}

{c=Deferred(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 ôóíêöèè.
Äåéñòâèòåëüíî, îïðåäåëèì ôóíêöèþ if_function ñëåäóþùèì îáðàçîì:
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# 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 overflow 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 ïåðåî�
ïðåäåëèòü óñëîâíîå âûðàæåíèå. Íåëüçÿ íàïèñàòü ôóíêöèþ çàìîðàæèâà�
þùóþ çíà÷åíèå ïðè êîíñòðóêöèè îáúåêòà òèïà vm.
# let freeze e = { c = Deferred (fun () -> e) } ;;

val freeze : '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

Âíèìàíèå Ýòà ñèíòàêñè÷åñêàÿ êîíñòðóêöèÿ ìîæåò èçìåíÿòüñÿ
â ñëåäóþùèõ âåðñèÿõ.

Êîãäà ê âûðàæåíèþ ïðèìåíÿåòñÿ êëþ÷åâîå ñëîâî lazy òî ñîçäàåòñÿ
çíà÷åíèå îñîáîãî òèïà, êîòîðûé îïðåäåëåí â ìîäóëå Lazy:
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# let x = lazy (print_string "Helo"; 3*4) ;;

val x : int lazy_t = <lazy>

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 ;;

Helo- : int = 12

Òóò ìû çàìå÷àåì, ÷òî çíà÷åíèå x èçìåíèëîñü:

# x ;;

- : int lazy_t = lazy 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.

¾Áåñêîíå÷íûå¿ ñòðóêòóðû äàííûõ

Äðóãîé èíòåðåñ èñïîëüçîâàíèÿ îòëîæåííîãî âû÷èñëåíèÿ ñîñòîèò â
âîçìîæíîñòè ïîñòðîåíèÿ ïîòåíöèàëüíî áåñêîíå÷íûõ ñòðóêòóð äàííûõ,
êàê íà ïðèìåð ìíîæåñòâî íàòóðàëüíûõ ÷èñåë. Âìåñòî òîãî ÷òîáû êîí�
ñòðóèðîâàòü 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 ÷èñåë äîñòàòî÷íî
êîíêðåòèçèðîâàòü (instanciating) ïîëÿ ýòîé ñòðóêòóðû.
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# 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 fib =

let fx =

let c = ref 0

in fun v -> let r = !c + v

in c := v ; r

in { i=1 ; f=fx } ;;

val fib : int enum = {i = 1; f = <fun>}

# for i=0 to 10 do
print_int (next fib); print_string " " done ;;

1 1 2 3 5 8 13 21 34 55 89 - : unit = ()

3.4 Ïîòîê äàííûõ

Ïîòîêè ýòî ïîòåíöèàëüíî áåñêîíå÷íàÿ ïîñëåäîâàòåëüíîñòü äàííûõ
îïðåäåëåííîãî ðîäà. Âû÷èñëåíèå ÷àñòè ïîòîêà âûïîëíÿåòñÿ ïî íåîáõî�
äèìîñòè äëÿ òåêóùåãî âû÷èñëåíèÿ � ëåíèâûå 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 ïðåäîñòàâ�
ëÿåò ïîëüçîâàòåëþ ïðîñòûå ñèíòàêñè÷åñêèå êîíñòðóêöèè äëÿ ñîçäàíèÿ
è äîñòóïà ê ýëåìåíòàì ïîòîêà.
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Âíèìàíèå Ïîòîêè ýòî ðàñøèðåíèå ÿçûêà íå ÿâëÿþùååñÿ ÷àñòüþ
ñòàáèëüíîãî ÿäðà Objective Caml.

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>

Ïðèìå÷àíèå
Äëÿ ðàáîòû ñ ïîòîêàìè íóæíî ñíà÷àëà çàãðóçèòü
camlp4 ïðåïðîöåññîð.
# #load "camlp4o.cma";;

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. 120.
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 ïîòîêîâ

Ýëåìåíòàðíàÿ îïåðàöèÿ next îäíîâðåìåííî âû÷èñëÿåò, âîçâðàùàåò è
èçâëåêàåò 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 [< >] ;;

Exception: Stream.Failure.

Äëÿ èñïîëüçîâàíèÿ ïîòîêîâ Objective Caml ïðåäîñòàâëÿåò ñïåöèàëü�
íîå ñîïîñòàâëåíèå äëÿ ïîòîêîâ � óíè÷òîæàþùåå ñîïîñòàâëåíèå (destructive
matching). Ñîïîñòàâëÿåìîå çíà÷åíèå âû÷èñëÿåòñÿ è óäàëÿåòñÿ èç ïîòîêà.
Ïîíÿòèå èñ÷åðïûâàåìîñòè ñîïîñòàâëåíèÿ (exhaustive match) íå ñóùåñòâó�
åò äëÿ ïîòîêîâ, òàê êàê ìû èñïîëüçóåì ëåíèâûå è ïîòåíöèàëüíî áåñêî�
íå÷íûå ñòðóêòóðû äàííûõ. Ñèíòàêñèñ ñîïîñòàâëåíèÿ ñëåäóþùèé:
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Ñèíòàêñèñ 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.
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# 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>

# it_stream print_int1 [< '1; '2; '3 >] ;;

1 2 3 - : unit = ()

Íåñìîòðÿ íà òî ÷òî ïîòîêè ëåíèâûå, îíè äîáðîâîëüíî è ñ ¾âîñòîð�
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 () ;;

Warning: this match case is unused.

val print_stream : int Stream.t -> unit = <fun>

# print_stream [< '1; '2; '3 >] ;;

(1,2)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 ¾óïîòðåáëåí¿, 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 >]
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-> (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 = ()

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÷àåò�
ñÿ îò ñîïîñòàâëåíèÿ òèïîâ ñóììà. Äàâàéòå ðàññìîòðèì íà ñêîëüêî ãëó�
áîêî 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 ¾èçíóòðè¿ ïðèäàâ èìÿ ïîëó÷åí�
íîìó ðåçóëüòàòó.
# let rec sum s =

match s with parser
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[< 'n; r = sum >] -> n+r

| [< >] -> 0 ;;

val sum : int Stream.t -> int = <fun>

# sum [< '1; '2; '3; '4 >] ;;

- : int = 10

Â ãëàâå ??, ïîñâÿùåííîé ëåêñè÷åñêîìó è ñèíòàêñè÷åñêîìó àíàëèçó,
ìû ðàññìîòðèì äðóãèå ïðèìåðû èñïîëüçîâàíèÿ ïîòîêîâ. Â ÷àñòíîñòè,
ìû óâèäèì êàê ¾ïîãëîùåíèå¿ ïîòîêà èçíóòðè ìîæíî ñ âûãîäîé èñïîëü�
çîâàòü.

3.5 Ðåçþìå

Â ýòîé ãëàâå ìû ñðàâíèëè ôóíêöèîíàëüíûé è èìïåðàòèâíûé ñòèëè
ïðîãðàììèðîâàíèÿ. Îñíîâíûå ðàçëè÷èÿ ñîñòîÿò â êîíòðîëå âûïîëíåíèÿ
(íåÿâíûé â ôóíêöèîíàëüíîì è ÿâíûé â èìïåðàòèâíîì ñòèëå) è ïðåäñòàâ�
ëåíèè â ïàìÿòè äàííûõ (ÿâíîå ðàçäåëåíèå èëè êîïèðîâàíèå â èìïåðàòèâ�
íîì ñòèëå, íå èìåþùåå òàêîé âàæíîñòè â ôóíêöèîíàëüíîì). Ðåàëèçàöèÿ
àëãîðèòìîâ 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 ïðåä�
ñòàâëåíèå çàìûêàíèÿ, îïòèìèçèðîâàòü êðèòè÷åñêèå ÷àñòè ïðîãðàììû
è ñîçäàòü 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. Ìè âîñïîëüçîâàëèñü
ýòèì ïðè ñîçäàíèè ïîòåíöèàëüíî áåñêîíå÷íûõ äàííûõ.
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