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1.1 00000 ML O Objective CamlU [

000000000 MLOOOOEdinburgh LCFOOO0OD0O0OOO0OODOOO0ODOOOOOOOODOO
0000000o00o0O00000ooooO0O0000oooOO00D0ODoOOOODOOO (OO
00000000000000000000)000000000000000000OO—object
language—0 0000000000 —meta language—O0 OO0 OML OOOOO0OOO0OO0OOOO (O
000000 ML)OOOOOODOOOOOOOOOO0OOOOOOOOO0O0OOOOOOOOOO
goooooooooobooMLOODODODOOOOOOOOOOOUOOODODOOODOODOO
0000000000 00U00o00oo00O00o0oOO0UOo0o0DLOO0ODOOoUOOOooOO (O
O00000000oQooo0O0O0)oDoO0ooOoOoooMLOODOOOOOO AODOODOOOODOOOO
0000000000000 00000000000000OD0ODO (D000 U00DOoooooOOD)O
0000000000000 000O000000D000000000 Standard ML OOOO0OOO
000000 4000000 (@0o0o0oooooO0) 00000 ooOO00D0DooOoOoODDOOOn
OO000O00oDboOOoooOOoobboOoood

000000000 MLOOOOODO Objective Caml 0000 OO OO O Objective Caml O
INRIAOOCOOOOOOOOOOOO0O0O0ooooooooooooOOOOODDDOStandard ML O
OO000O000O00DOO0DOO000O00DO00DOOOO0ObOOOO0OoOODoObjective Caml O
0 Standard ML OO0 0000O0O0OOODOOOCOOO0O0OO0O0O00OOCCOOOOOOOOOOOOO
oobooooooooooooOoOoboooooOooOooobooOooooDOo0obOoooboDoOooo
oooooo

1.1.1 MLO Objective Caml 0O 00O
MLODOOODOODODOODODOUOobOOobOobOoboo

e IO DOOODDOODLDOODLOUODLDOODODOODDOODLDbOOOOOODDOOnOD
0000000 (higher-order function) 00 0000000000000 OOOOO

gbooooboobooooboobooobobooaoo

000000000 (pattern matching) 00 0000000000000 0O0O0OOOOOO

e 0 ODODODODO (static type system) 0000000000 0ODODO (DO0O0OO0)00O0OOOO
oon

0000000 (polymorphic type system) D0 0000000000000 0OOOOODOOO
gooooooooobooobooooooogogog



ug1g oOo4oo )

e 00U (type inference) OO DD ODDOOODODOOOOOOO

e J00O0O0OOOOOOOO (module system) 00000000000 OOOOOOOOOO
0000 (separate compilation) 00 0 0 00O O (abstract data type) 0000000000
goooobobobbotbodooooooobbobbobddooooooobooboboobooogoo
0000000 (functor) DOOODOD0OU0O0OO0O00OO0OOODOOO (parameterized module) O
gdbdodoooooouobobbobobbtboddoooooooo

e 0000 (garbage collection) 00 0000000000000 000O0 COODO malloc/free
godooobobobobobbtodooooooooboooooo

00 O Objective Caml D 000000000
e 000D0O0D0DOODDOONDOODDODDOO
e Tk, GTK, OpenGL 0O O0OOOO0O GUIOOOODOO
e 000D0O0O0D0O0ODOOOOODO
e 00000000000 ODOOOODOOOOOOO

ogooboobogn

1.2 ODO0OOO0Ooobooogd

Objective Caml 000000 [3] (00 )0 http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/
class/isled4/ocamlman/ 000000000000 O0OO0OOCOOODOODO http://caml.inria.
fr/OO0OFAQOOODDDOOOODOOOO0OO0OOOOO0DOOODDOOOObjective Caml 00000
00000000 00000dODbjective Caml O0Caml OO0 O000O0O0OO0OODOODODOO
0000000000000 0000000000000D CamlOOOOOODO)ODOOOOO
O00O0D0OD000000O0 Objective Caml D00 OReilly 00O DOODOODOODOODODOO
U000000O0b00O000bDOlnO nttp://caml.inria.fr/oreilly-book/ DO DO OODOOODO
O00000O0Standard MLOOOOOOOOOOOOOOOOOOOOO [5, 6,7 00O0Objective
Caml 0000000000 ODOOOO MLOODODODOODOODODOODOODOOD

20000/000000000000C0000000O000DO0OO0DODOUOO0OOOOO
ogoooobobobobbbodoooooouooonooa

1.3 0OO0O0d

O0000O0OEmacs 0000000000000 /00000000O0O0ODOO
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Emacs 00O

Emacs (Mule) 00 Objective Caml 00000000000 000O00OO tuareg-mode (http:
//www-rocq.inria.fr/~acohen/tuareg/mode/) 0 ~igarashi/lib/elisp 0000000000
Oo0o0oOgd “/.emacs DO OOO0OOOOO

;; append-tuareg.el - Tuareg quick installation: Append this file to .emacs.
(setq load-path (cons "“igarashi/lib/elisp/tuareg-mode" load-path))

(setq auto-mode-alist (cons ’("\.ml\w?" . tuareg-mode) auto-mode-alist))
(autoload ’tuareg-mode "tuareg" "Major mode for editing Caml code" t)
(autoload ’camldebug "camldebug" "Run the Caml debugger" t)

(if (and (boundp ’window-system) window-system)
(when (string-match "XEmacs" emacs-version)
(if (not (and (boundp ’mule-x-win-initted) mule-x-win-initted))
(require ’sym-lock))
(require ’font-lock)))

Emacs 0000000 0O.nl O00D00O0O0OOOODOO0ODODO0OO0ODOO0OO0ODOOOO (Tuareg)
goooooooooooooon

000000000000 wwwioOoooooOooooooooOooOoO (http://www.sato.
kuis.kyoto-u.ac.jp/~igarashi/class/isle4/configure.txt) 000 00000000000
gooooooooooooooooon



20 UO4OoUOUbotdbbotbbootdbotdtd

uooboooboodoo. boooooobooobooboboobboobooooooboooooobooboooa, oboo
RN

2.1 JUoooboooooobbod

Objective Caml 00000 2000000000000 00O0O0O0CO0O0O0OO gee O javac OO
ubobooooooooooooobogbobobob0obob0obobOobob ocamlcO OO
ubobodbboobboobboobboobbooibD ccaml DUOUODODOOOOOOO0OOOOO
00000(@U0o0o0o0)0b0000000 - 00000 - 00000D00O0ODOOOODOOOO
0'0000000000000000000000000000000000000000000
ubogboobobbooboobuooboboboboobooboboboobooboaooobo
gobobooboobobboobooboboooboooboobboboobooboobonbobo
gooogo

goboboboooobobobooooboboboooobobooobooboboooooobobboooon
goo

000000000 ccam1 JOUODOODOODODOOO

2.1.1 000000

00000 Emacs O M-x tuareg-run-caml (M-x 000000000000 x0OOO0OOOO)O
OO0 (0000 Tuaregmode 00000000 C-c C-sO00000D0)D0O0D0O0ODOMCOOOODO)
0 Caml toplevel torun: 00 0000000000000 00000OO0OO0O0OOOO (OO ocaml
O000000000000) 00000 Enter 0000000000000 O0O0OOOODODOOOO
gboobooboboobo

Objective Caml version 3.08.1
#

#0o0o0o0oboooboooooboobooobbooonooo
gboogobooboobbooboobobooobooa

#1+1;;
- : int = 2

00000 read-eval-print 0000000000000
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0 21: 0000000000 (Tuareg Interactive mode) 0000000000

C-c C-c |0000D0O0OODODOODOOODOO

C-c TAB | Caml OO ODOOODOOO

C-c C-k | CamlO OO

M-p o0o00oooooooooon

M-n O0o000o0oooooooooooooo

0000000000000 000000#«000000000000 (abc)DOOODOODOOO
000000000000 (abc)0D0OD0OOODODO ;; 0000000000000 OOOODOOO
0000000000000 00O0(@MUoooo0o0ooOo0o00)0O00o0D0ooDOoOooDoOO
00000000 (0000000000000 00OU0O0O0O0DU0oOOOO00oUbOoOOO -)oOoO
00000000 (int)00000O (2)0D0000OOO
gooooobooboobooooooooooobooobobooboobboUobbOUoDOooDObOD
ooooOooboooboboooooooooboooo

#
#

OO0OoooD ;;, 0000000 Control-CO 200000000000 DOOOODOOOOOO
gboobooboooboobon

gooooooooooooooboooobooobobooboboobobbobd0 M-p,Mn OO0
O0000000000000000000000O(D 2100000000000 00OODOONO)

gboogobooboobboobuooboonooDn

2+3-3;

~a

Syntax error
# 5 + "abc";;
5 + "abc";;

Anaaaan

This expression has type string but is here used with type int
#4 /055
Exception: Division_by_zero.

(000000000000000000000)1000000000000000000000
00000000000000000000CO Jwa0O00OO0OO000O0000(000?)00000
002000000000000000000000000000000000 (typechecking) 000
0000000000 O0bjective Caml 000+ 000000000000000000000000
0000 0000 "abe" 00000000000 000000000000O00O00000000
00000000 (0000000000)00000 (string) 00000000000 (int) 00
0000 (000 +000)000000000000000000 (type) 0000000 Objective
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CamlOO0ODOOOODOOOODOOOOOOODOOOODOOODOOODOOODOOODOO
O0000000000000000000000000 (exception)—0 000 00000—0000
voogoboobooobooobobooobooboboooooboboboobooboboooobobo
ubobgooboan

goooobooboobbOodb C-cCc-d00O0ODDOO #quit;; UODOODODOOOODO

Objective Caml version 3.08.3

# #quit;;
Process inferior-caml finished

2.1.2 UJ0d.00000000O0OOO000O0bbOO00n

ocaml 0000000000000 D0O0000O0O0OO0O0OONONDNO00OOONOOO00O0
D000000000000000 #quit00000000000000000000000000
D000D0000000000000000000000000 #use, #d00000000000
0000 (30000000

#use 00 0000000000000000O0O0O000000000000O0OO0

two.ml OO 0O

1+ 1;;

#tuse O OO

Objective Caml version 3.08.3

# #use "two.ml";;
- : int = 2

gboboobooboobboobooboooboobooobooboobboobooobon

# 1 + #use "two.ml";;
1 + #use "two.ml";;

Syntax error

#cd D0#use O O0O0DO0OO0ODOOO0OOOODOODOO cab0O0DOODOODOODOOODO
OO00000DO0oO0ooOooooooo
ogooooooobooooooobooooooooooobOooobooobo0ooDbooooDboOo
OO000OO#wse0000DOODOOOOOOO0ODOODOOOOOOODOUODDOOOOOODDOO
000 .ml 000000000 0D00O0O00 Tuareg mode 00O Objective CamlOD OO0 O0OOO0
oooooobooooboooooOoUoooobooOo0ooboobboOo0oDo 220000000D
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0 2.2: Tuareg mode O OO ODOOOO

TAB ugboobooobgoaoo

C-c C-p |0000O0O0 (DOOOOOODOD)OOO
C-c C-n | 00O0OO0ODODOODO

ESC C-h | ODOUOOODOOO

ESC q gbooooboooo

C-c . t|tryOQOODO
C-c . m|match OO OO
C-c . 1|let 0000
C-c . 1 |if000OO
C-c . while 0O OO

W

C-c . £ | for 00

C-c . b|beginOOODO

C-c C-s |ocaml DO O0ODOO0OOOOOOOOODOODODODO
C-c C-k | ocaml J 0O

C-c C-b 0000000 (ocaml DOOODODOO)

C-c C-r |0O0O0Q0OQOOon

C-c C-e | OOOOOONO

oboogboobooobdo oboobobobobooboobobooboooobooooboobbobo
ooobboooboo «O0x Dbooobbooobooooooobboooobooooobbooooon
ubobgobooboboooo

EUCO0000000000O0O00O00O0O0O0O0O0O000OOO0D0oooOOo0UooO (0o
00)ooooo0oo0o0oUo0o00oo0U0oO0U00O0O0 (bOoboUoO00oOoOoU)oooooOoo
ubboobooboobbooboobooay

22 JO00O0O0O0OO0O0OOO

Objective Caml 0000000 (expression) 000000000 (value)(DOOOO 1 + 2000 3
000)000000000000000000000000O000O0000000000 (evaluation)
dgoobobboogaobbooodobobboubooboooonobbbooboboooonn
ugdoboooobobtbooobobobouoooobbbooooubooub + 20000 bboOOO
O (subexpression) 1 0 20 + 000000000000 OO0OOOO

O0000000000000000OObjective Caml 00000000000 0ODO (DODOOQOODO
00000)000000000 (0000000000 0O0)D0D0O00D00OO0OO0D0OOLOOOO
ooooooooooboboon

OO0000D0O0 0000 O0OObjective Caml OO0O0O0D0O0OO00OO:+y0000000000O0
OO00000DO0O00DO0OO000O0000O00D00O+ 000 Objective Caml DOOOOOOO
0o0oooo0o0ooo0oOd, j0 (000000 0D0D)000O00OO0O0ODOOO0ODOOUOOOOn
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000000000000 Objective CamlO 1 + 20 0 1,0 200000000000
0000000000000000000000000000000000000 (metavariable)
00000000000000000(0000000)0000000000000000000
0000000000000 00000000000000000000000000000 4,
y00OOODDO000O0O00O0D00000000000000z+ 1000000000a + 1,
pi + 1,hoge + 1,x + 1 000a, pi,hoge, x 0000000000000 00000O0O
oDoooo

2.2.1 unit0
unit 00 O (unitvalueDDD)DDDDDDDDDDDDDDDDDDDDDDDDDD

# Os;

- : unit = ()
ODo0do0odooooooooooooobooboooooooooooooooooooooon
oo oooooooououooboon
wmit 100000000 00CO0000OO VoidDDDDDDQDDDDDDDDDDD(DDDD
0)00D000000000wmit0000000000000O0O0O0OO

2.2.2 int[

oooooogd...,—-2,-1,0,1,2,...00000000000000000 +,-, %/, 00000
Omd 000000000000 O000O000O000O0000000000

e iland j,ilor j,ilxor j,lnot+: D000 ODOO0D/000/000000/000000000
eilsly: i000000 ;000000 (=ix%20med32)g
eilsrj:+000000,j000 (0D0)0000(0OO00ODODODOOOODOO)

eiasrj: 000000000 (00)0000(00000000 00000000000
0ooo)

2.2.3 floatd

(00000000)000000003.1415 000000000 31.415e-1 000 100000
000000 (=31415x107°H)0000000000000000 000000000

gbogboboobbobboobogbuooboobobobboobobboobuooboog +.,
-.,*../.000000000000000O0O0O00O00ODOO0OO+. 000O00O0ODOODOODOO0
0/00000000 int_of_float, float_of_int 10000 DO0OO0OO0OOO(MOOOCO
0000000000000 0o0oooooD)

D00 COvwid0DOODOOOOO0ODOO0D0O0
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# 2.1 +. 5.9;;
- : float = 8.
#1+. 3.4;;

1 +. 3.4;;

This expression has type int but is here used with type float
# float_of_int (1) +. 3.4;;

- : float = 4.4

# float_of_int 1 +. 3.4;;

- : float = 4.4

# 1 + (int_of_float 3.4);;

- : int = 4

oooooooooo ooooobooooboooboOoobooboobooboooobboOoooD
obooboboobobobuob +2)«3 00000 oboobobobobuobUobo
0000000000000 0000040000000000000000 (float_of_int 1) 0
+.00odbobooodobbooobbooobboobb 1+2000000000000000O0
f1+20 (f LL2O00000000000000 £f1+2) 00000O0OooO

U000000000Db000 sin,cos, tan, 00 sqrt OO0 000000000 ODODOOOO
ugbboobooboobon

2.2.4 charl

ASCIIODODOD0OO0O0OO0O0OODOOD » 0000000000000 230000000000
ON'000)0D000nt0000000 char_of_int, int_of_char 0000000 DOO
’\120°; ;

: char = ’x’

int_of_char ’Z’;;
: int = 90

[ S I -

2.2.5 string[

ooooooboogooobogoooooo bbb ooboobooboobDOooDOooow
Oof0oOobD 2300000000000 0O000O0O00O0OO0OCOODbDOOONoOOOOoDoOnO
oooooo

s1 s 0000000 s, 0000000000000D000DODOs.(10O sOO0 <0000
oboobooooooooon

# "Hello," =~ " World!";;
- : string = "Hello, World!"
# ("Hello," = " World!").[10];;

: char = ’1°



020 0OO00O00OO0OOO0ODODODbODbOODO 13

023 0000000000

\\ |oooooooo()

\’ ooo (),>’000000
\" ooooog (v),"ooooog
\n oad

\r (0ooo)oo

\t ooood

\b googood
\ddd | ddd O 1000 ASCIIOOCOOOOOO0

2.2.6 booll
00000000000 true (0), false (0)000O0OO0OOO0OODOODODO
enotb: IO DOOOO

e by && b OO b1 &by: b1, DO DDOOOON DODOODOO falseDDODOO b ODOODO
ooooo

e by |1 b 000 byorbe: by, bo UODODOUODOOON DODOODODO true0 00O b ODOODO
ooooo

gboogoobooboobbooboobbooboobbooboobobooobooobDoo
eci=exUe,eoUOOOODODOOOOOO
e c;<>exUe,eoUUOOOOOOOOOOOOAQOY

e ci<eg,e1>e9,e1<=eg,e1>=¢: e, OO0 OOOOOOONO

# (not (1 <2)) |l CO = 0O);;
- : bool = true
# 3.2 >5.1;;
- : bool = false
# ’a’ >= )ZJ;;
- : bool = true
#t2<4.1;;
2<4.1;;

This expression has type float but is here used with type int
O00if-0: if bthenejelsee DD UOOODOODOODOOOOODO true00D0ODOODOO
Ue U0O0Ofalse U000 eo DOODODOODOODODO

# (if 3 + 4 > 6 then "foo" else "bar") ~ "baz";;
- : string = "foobaz"
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UbboobogibDD e,ee DOOUOOOODODOODOOOO0ODOOOLf-00 else-000O0OO0O
000000000 else O UO0O0ODUODOO0OODOOMOOODOOOOO then-000 unitd
00oo0oooooooon)

227 ODO0O0OOOOOOO

Objective Caml 000 (type) 000 000000000000 OOOODOOOOOODOOOOO
odbooboobboobbooboobobogoo10 im0 DoDo o
000000000000 U00000true 00000000000 ODOO (type error) 0000
0000000000000000000000000000000000000d (type system) O
0000000000000 00D00 (typecheck)yDODOD0OODO0O0O0ODOOODOOOODOOOOOO
oo0odboooo0Oo0oo0obOobOooobOO0oobOobOobOooDOooDooOOoobOOobOobOOobDOobDOn
0000000000000 0000000O0DO00000O00Oo0oDoDooDOoooooDOOnooag
obobobooboboboboboob

Lisp, Perl, Postscript 00 0000000000000 O0OO0OODOOOODOOOOOOODOOOO
000000000000 00O0DO0O0bOO00O0O0D0DODO0bOO0OOO0DO0DOoDODOoDOODbOO0n
0000000000000 00000000000000 (dynamically typed language) 00 0 O

O00O0oooG C++,Java 000000000 O0OOODOODOOODOODOODOOOOODOODO
0000000000000 0O00D000O000D00DO00DO0oDOoO0DoDO0O00oOo0ooDOooOoooDag
00000000000 (statically typed language) 0 0 O 30 Objective Caml 0000 OO0 000
oooooo

0o0o0ooOoOodoboooocCcOo C++000000DbOO0000Dgoooogoooogo
000o00000O000oo0O00oOoO00bOO0O000oOO0o0DoOO0o0ODO (DoboDOoO0)o
0040000CO0000000000000000000000O000 Objective Caml OO0
o0oOoo00o0o0o0oo0oOo0oOo0o0oUoOoo(obooO)DooU0ooUoDoDOoooO
0000000000000 0000D000000 (strongly typed) DO0O0OO0O0O0O0DO0DODO

0000000o0ooooOdbOOobOO0bO0bOOobO0oooOo0o0oooOooDooooooDooooooag
0000000 unsafe-dynamically typed D00 O00O0ODO

’ H statically typed ‘ dynamically typed

unsafe | C, C++, etc. —
safe Java, ML, Haskell, etc. | Lisp, Scheme, Perl, PostScript, etc.

gboobobooooboboobuoobobobooboboobooboboobobobo
ugbboobuogbobooobboooouoobboobuoobbooboooo

if (0000 ) then 1 else "foo"

0U0DUDUDU000U0OU000000000DLsp D00D0D0D0UD0U0O00O00D00DO0D0ODOOOOOoO
gobooooooobobodoooboooboooooboooobooooooa

‘0000 00000000000000000000 (ObjectiveCaml00)00000000000000000
o0oo0oo0oUoU0o0ooOoUOoUO0OO0OLOU0UOUOO0DO0OLDOUDUOO(COO OSUULULDOLUoLDOooDO
O0o0ooo0ooooooooooon)
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O00(0000)000 true0 0000000000000 OOelse-00000000O0ODDOOO
ubooboobobboboobooboobobobooboooboboboobooboooboooDo
googooogooboobooogobobooooboboboobooboboboboooobobooooon
ubogbooboobboboboobbobboobooboboboobbooboobobobooobg
gbooobobooboooboobooboboobooboobooboooobooboboo
obooboobooboooooooooon

gbooobooboobooboobuoobooboobooboooboobooobooaonog
gboboobobooobooboobboobooobooboobooboobobooboon
oood

2.2.8 0O00O0OO

Exercise 2.1 000000000007
1. float_of_int 3 +. 2.5
2. int_of_float 0.7
3. if "11" > "100" then "foo" else "bar"
4. char_of_int ((int_of_char ’A’) + 20)
5. int_of_string "Oxff"
6. 5.0 *x 2.0

Exercise 2.2 00000000 (0000000000000 OOOOO)0D0O0O0DOOOOOOO
ggboobooooooboooooboobboooobooooobooboobooobooboooaoon
gbobooboobbooboobooobooboooboobobooon

1. if true&&false then 2
2. 8%-2

3. int_of_string "Oxfg"
4. int_of_float -0.7

Exercise 2.3 D0 0000000000000 O0O0O0OOODOOOOOOO0OOOOOOOOOD
gbboobobooboboobboobbooboboobbuoobbibdd=0000000000
ogbooboobogn

1. not true && false = true

2. float_of_int int_of_float 5.0 = 5.0

3. sin 3.14 /. 2.0 ** 2.0 +. cos 3.14 /. 2.0 **x 2.0= 1.0
4. sqrt 3 * 3 +4 *x 4=5(00)

Exercise 2.4 U b && by O U if-00 true, false, b, 0o OO0 O O0O0OO0DOOOOOOOOODOO
ooood o Il OOoOoDOOoOOOOO
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23 0UO0Oon

oboooooboooboobooboobobobobooboobboboobooboobooboboon
ubobogobooobboobbuoobbooobooobboobboobbod 1let 00
goo

2.3.1 1let OO

db00dletd0bOOo0oooonOO

# let pi = 3.1415926535;;
val pi : float = 3.1415926535

U000 pi000O00OO0OD0O0O0OO0O0ODODO0ODO 3.1416926635 U O UOOOODOOOOOOO
UillddddddUdddU0U0UUUUUUUUUU valUb DD pibbbbbbbbbObDOO
(0000 3.1415926535) 0 0 0 000 000000O0O0O0O0O0O0O0O pi 000000 DOOOOOO
U0D0piO0OO0O0OO0ODO0DOS.1415926535 OO UOUOODOODODOOODOOOO

# pi;;

- : float = 3.1415926535

# let area_circle2 = 2.0 *. 2.0 *. pi;;
val area_circle2 : float = 12.566370614

ogoooo
let = = e;;
gooooooooooon «. 000 ed00ooocoooOboO0oO0o0oOooooooooooon

e JJIUUDOODDDOODODODOOOOOODODO (abstraction) 00000000 OOODODOOOO
googoobooboobbooboobbooo

e IO DOO0ODLOUOODLODODDOUODLOODDOODLDOODLOOODDOObOOODDOOn
gooooobogn

gboobooobooboboboobooboobobobooboobooboboobooong
gooooobooboboooobobooogbobooooboboooboobobobooooooboon
gboboooboooboboooboboobboooboooboboobooobobooboboonon
U0D0Opi 000DO0ODOS3.1415926535 DU OO OO0 DOOODOOODODO0ODOOODODOOO
00000000000 000000O0000000000ooooO(CoOoOoooooooOO
0000000)000000000000000O0OoOoOOOO

Objective Caml 000000000 0OO0ODOOOODOOODOOC,C++ 00000000000
goooboboboooobooogoboobobooooboooooboboobooooobooboobob
ugbobooboobooobobooobooo

# let one = 1;;

val one : int =1

# let two = one + one;;
val two : int = 2
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# let one = "One";;

val one : string = "One"

# let three = one ~ one ~ one;;
val three : string = "OneOneOne"

Udd0OOone 00O 100 "One" UUUOUOOODOOOODOOODODOODODODOOUOOOUOUOOOO
000000000000000000000(@M0D000000000O0O0O00000o00UOo
O00000oooooooon)

O000000000000O(scope) DOOD0ODOOOODO0DOOOOOODOODOOOOOOOOO
00000000000 01let000D0OOO (scope) D0 0DDOOOOODO (ccamlO00O0ODO)0OO0
0000000000000 00000 (00000000000 (variable reference) 00 00) O
0000@O00000O000oo00)000000O00000000O0O0O0UUO0DUOoooDOoOO
0000000000 (Doo0o00Oo0o00oO0OO0)0000O00D0DO00D0OO0O0O0OoOO0O
0000000 (static scopell lezical scope) 0000000000

OO00O0OObjective Caml OO OOOOO0O0OOODOODOOOCOOOOOODOOODOODOO
oo ooooonoboonbobboogn
O000000000000000o0o0O «(0)Y 0000000000000 0DO0o0OO0OO0 1et-
O0000000000000000 (D0 let00D0OO0OOOOODO)DODOODO ;; 00000000
gooooon

# let pi : float = 3.1415926535
let e = 2.718281828;;

val pi : float = 3.1415926535

val e : float = 2.718281828

gobooboobbooboobbooboobbooboobbooboooboobo

00000 00000000000000000000
1. 0000000000000000000 (L)00
2. 0000000000 (A...Z,a...2,0...9)000000000000000 (?)

0000000000 00000000 240 Objective Caml OO 0000000 _O000O0O0O
ubbggboobobodaoo

23.2 000000000

0o0do0oooooooooooooooooooooooooooooboooooooooon
0000000000000 000000000000ODO (00000 L)DoDoDooooooo
000000000000 0000O000000000000 (environment) 100000000
0000000000000 000000000AO0 (top-level environment)0 00 000 OO (global
environment) 0 0 00

O00O0ocaml 000000000 Osin, max_int D000 0O0O00OOOOOOOOOOOO0O
0o0ooo (O 2.1)0
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and
closed
end
function
land
1xor

new

rec

try
with

as
constraint
exception
functor
lazy
match

of

sig

type

assert asr

do done
external false
if in

let lor
method mod
open or
struct then
val virtual

begin
downto
for
include
1sl
module
parser
to

when

0 2.4: Objective Caml 00000

ooo OJ
sin gooo
max_int | 1073741823

U 21:ccaml O ODOODOODO

18

class
else
fun
inherit
1sr
mutable
private
true
while

let000000O0DOO0O0ODOODODODOOODDOODOOODOOODOODODODODOODDOn
0(022)0000000000000000000000000000000000% 00000
ubooboboobooboboooobobooboboboboobobooboobooboboo
UoooogboobobooboobobiodbobbooobOletdoboboobonDObO
obooooooooooooooog

IEEER 0
one 1
two 2
one "One"
three | "OneOneOne"

0 22: let0000000O00O0O

0000000000000 O0OnO
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233 0000

Exercise 2.5 00000000000 DOOO0OO0O0ODOO0ODO let00DO0OOOOODO

a_2’ Cat 2 Televen ’ab2_

24 0O00O0O0O

OO000OD0DODDODOOOOOOO000000OCOOOObOOOODODODDDDDOODbjective Caml
0000000 (function) 0D OO
gooboobb pib0O00OO0O0OO0OOO0OOOO0ODOOOOOOODOOOOOOODOOOO

(00 ) *. (00O ) *. pi

ubooobooboobooobooboobobooboboooboboobooboobooooong
gboobooooooboobooboobobooobobobobobobo0omooboobooDbo
0000000000000 000O0000ODO(DO000D)000D0D0DOOO0 (parameterization) O
oboboobooboboobooboooboobooobooboo

Objective Caml OO0 000000000 ODOOCOOOOO0OOODOCDOOO

# let circle_area r = (* area of circle with radius r *)
r *. r *. pij;;
val circle_area : float -> float = <fun>

000000 letO0O0O0OO0ODODOOOO0DOO circle_area 00000000 ODODO0OOOOOOOO
00 r 000000000000 0OOOO0ODODODOOO0DODOO0D0O00000000000=00000
OO0 r*. r*x. pi000000(bedy) DODOOODOODOODOODOOOOOOOOOOOOOOO
0000(;; 00000000000 0O0O0O0O0OO000OO0DOOOOOOOO0)ODDOOO0O0O0O0O0O0
OO000000000 circle_areall 00O 0 float—>floatO O OO <fun> 00 O000OOOOO0O
O0->00(0000000)>(0000)00000000 circle_carea0 0000000000
o000 o> 00o0ooooobooooon
00000000000 (type constructor) D000 D000 00000 O0O0OO0O0OOOOOOO
O000<fuwn> 0000000 OOOOOOODODODODOOO00000000000000O00O00O0OO
O00000000oooooo (<3 00)oooood
00000000000000 int_of_float DO D OOOOOODOOOOOOOOOO

# circle_area 2.0;;
- : float = 12.566370614

000000 (0000 (function application) D0 00)000000000000O0OOO0OOOO
0000 rg0ob 2.0000000002.0*. 2.0 . piJ00000O0OO0OOOOOODOOO
gooooo

Objective Caml 0000 0O0O0DO0OOCOOO00O0ODOODOOOO0OODOOCOOOOOOODDOO
00000000000 0000000000O0AO0 (type inference) 0000000000000
gbooooobooobooboboboobooboobobooboobooobooobooboDboo
gboboooobooboooooooooooooooooooooooooooog
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# let circle_area(r : float) : float = (* area of circle with radius r *)
r *. r *. pi;;
val circle_area : float -> float = <fun>

00000 =0000000000000000000 (00000000 000000000
0 0O00000000000000000000000000000000 (000000000
ooo)

0000000000000000000

let f (parameter) [: t] = e
000 (parameter) == x | (x: t)

000%0[)000000000000f0000000000O0D0+000000000O0O0OO0
000000000o00o0o0oO0o0O000000D0o0D0D0oooOoOoO(ooooODoOooOoOoOOO
000000000000000)00000000000000000DO00D00UDO0ODOOO0
gboobooooboooooooooooooooooooboooooDo

oobo0oooooOo0ooo obOoodob pibO0O0OO0O0O0OO0CODOOODOOOOOOOOOO0O
0ob000O0oO0o0boO0O00000Ocircle_area 0000 piO0000O0OOcircle_area
oooooocooooo

# let pi = 1.0;;

val pi : float = 1.

# circle_area 2.0;;
- : float = 12.566370614

00000000000 0000000 pi0000DO dynamicscoping 00O0000O0O00OO
0000 (D00 Emacs Lisp) 000 O dynamic scoping 0000 O00000004.0 (000
2.0 *. 2.0 *. 1.0)0000

241 0000
Exercise 2.6 00000000000 DOOCO0ODOOODODOOO fleorOOOQOOoOoDO

1. USOO (00)0000000 (00)0000000 (00010000000)0(00000
000200000000000000)0000 1$=111.1200000

2.0 ((@00O)boooooOoUSO00 (0000000000 0OD)000000O0 (D00 10
O00000000)ooo0o0o 1$=111.1200000

3. USOOD (0D)0O0ooo0ooO0Od (00 ) dollars are (0O ) yen."OOODOOO

4. J0oboobooobooboobbooboobbooboobbooboobbuoobo
capitalizel (O: capitalize ’h’ = ’H’, capitalize ’1’ = ’1°)

‘00000000000 00000D0000DO0O0gn
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30 bbbt

uboboobooob: bogboobooboobooobboooog

gogbogobooboooboobooobobooobooboooobobooboboooobooo
uboobobobooobobboboboboobuoobooobooboboboboobooooobo
gbobooboobooboobooboooboobooobbooboooobooboooboboobo

gogbobooogooooboboooboboobooooboooboobobbobobOoboDbo
000000000000 (local variable) 00000000000 O0OO0OOOOOOOOODOOOO
00 (tupley 00D OO0

3.1 UUO0O0O0 letl

gboobobooboooboooobobboboobobooboobobboboobooo
ubboobogbooban

Objective Caml00 letJ (00OJO0OD0)00000000O0O0O0OO0OO0OODOOOOOOOOO
goboobogn

gbooobobooboobbodo

# let vol_cone = (x 00O 200 5000000 =)
let base = pi *. 2.0 *. 2.0 in
base *. 5.0 /. 3.0;;

val vol_cone : float = 20.9439510233333337

“let base = 7 000 let JO00O0O0Obase DOOODOOODOOOODOOODOOOODOOOOOO
O0000000000@O000 vol_cone JODODO)
U000 1let00O0OO

let x = e; in e9
UOe,eo U let 00000000000 noOoOO
1. 00000
2.x0000000000
3. e 0O0O0O0OOOOOO

ubbodbboubboiob 2000000 eo 0000000 vol_cone UUODOUOODN base
gbooooboobon
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# base;;
base; ;

Unbound value base

U00e, O z0D0O0O0DOODOOODODO
gbtbdblecdboobuodbooobbobbobobdbletdboonbooooobog
0000000000o00300000000 (00UDUOUD)UOooOoo

# let cone_of_heightTwo r =
let base = r *. r *. pi in
base *. 2.0 /. 3.0;;
val cone_of_heightTwo : float -> float
# let f x = (x £(x)
let x3 = x * x * x in
let x3_1 = x3 + 1 in

<fun>
x"3 + (x°3 + 1) %)

x3 + x3_1;;
val £ : int -> int = <fun>
# let g x = (* g(x) = x"3 + (x+1)73 *)

let power3 x = x * x * X in
(power3 x) + (power3 (x + 1));;
val g : int -> int = <fun>

letO 0000000 OO0obOOO0OOODOObDOODOOODOOODOO0ObOO0ObOO0O0bOO000O0n
bobobobooooboboboobooobooboboobooboobOob 10bobboobOoDbo
gbobodbbuooboboooobooobooobboobobooboboooboooboboooo
gbobooboooboobbooboobbooobooonboo

0000000 let00/00000and000000O0DOO0OO0OOOOOOOOOOOOOO
ogoogn

# let x = 2 and
val x : int = 2
val y : int = 1
# (% swap x and y;

the use of x is bound to the previous declaration! *)

let x =y and y = x;;

val x : int =1
val y : int = 2
# let z =

let x "foo"

and y = 3.1 in

x ~ (string_of_float y);;
val z : string = "foo3.1"

obobooboobbooboobboobooobo

letU0U00oboonOoonO OO0O0OO00O0OO0O0O0Oletdb00O00O0DOOOOOOOODOODOOOOO
Ub0b0o0bo0boobbo0obddbidlet z =e; in e U000 0000000D00O0
Ubdetdboboboboboboboboboboboboboboboboboboboob



030 0ODO00OgoDooo 23

]DDD 0 \
000 0 \ ]DDD 0
: DDED sin Jooo : DDﬁD
sif max_int | 1073741823 sin
max_int | 1073741823 - - max_int | 1073741823
be 5 ‘
3+2 0000000 x+7 0000000 00 (s+7)000000

O31l:01letx=3+2inx+700000000000000000000000OO

600 | . | | 000 | O
(000 | O |
~ 3 1415926535 : : pi 3.1415926535
P : pi | 3.1415926535 | | c_area <fun>
c_area <fun> ’ ‘ 2 0 - 1
r . pi

i 1

P area | 12.566370614
c_area 2.0 00000000 0OOO0OOO0OOO 00000000

0 3.2: 0 let area = c_area 2.0 00 00000DO0OOODODOODOOODODOOO

gboobobooboobooboboboobooboboobooboooboobooobo
gboboooboobooooooooooooooooooooooobooooooooooonoo

let pi = 3.1415926535;;

let c_area(r) = r *. r *. pi;;
let pi = 1;;

let area = c_area 2.0;;

U let area = c_area 2.0 0000000000 320000000000000000000O
obooboooo

3.1.1 0000

Exercise 3.1 0000000000000 O0ODOO0OOODOOO0OOODODOOOOOOOOODOO
oboobooboobooooooooooooooooooooon

Xx + 2 in x * X

1 in let x = 3 in let x

1. let x

2.let x =2and y=3in (let y=xand x =y +2inx *xy) +y

3. let x = 2 in let y = 3 in let x inlet z=y + 2 in x * y * z

<
]
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Exercise 3.2 00000000000 2000000000000(000: e, 02000000
oooo)

e let x =¢1 and y = e2;;

o let x =¢1 let y=e2;;

3.2 UOOoooooob: O

gbooboboboobobobooboboboobooboooboooboboboboobo
gbobooboobbooboobboobooo

3.2.1 00000

gbgobobobbobboobooboboobuoobobobuobobobboobooboobg
0000000000000 (o000 0000 (D0D0L0)0)DooDoooooooooooOOd
0000 Objective Caml OO0 00000000 DODOO0ODOOO0ODOOO0ODOOOODODOOOOO
O000O(tuple)DOODOtuple 00 O OO0OOO ,000000000000O

# (1.0, 2.0);;
- : float * float = (1., 2.)

0000 float * float 00OOOMO 100 (1.0) O float 000 200 (2.0)0 float OO

000000000000000+«00000000000
0000000000000000(00000000)000000000000000000

0000000000000000000 let000 00000000000

# let bigtuple = (1, true, "Objective Caml", 4.0);;
val bigtuple : int * bool * string * float = (1, true, "Objective Caml", 4.)
# let igarashi = ("Atsushi", "Igarashi", 10, 142)
(* Igarashi’s office is at room #142 in 10th build. :-) *);;
val igarashi : string * string * int * int = ("Atsushi", "Igarashi", 10, 142)

3.22 0O000OO0OOOOOO0OOOO

O000000000000000000000d (pattern matching) 00 000000000000
U000 UNIXO grep0000000O00O0DOOODOOOODOODOO

1. 0000000000 O0o0ooOO0OO0O0oD(OooO)oo
2. 00000000000 bbooboan

. 0gboobooboooboooooooobooooboooo
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0000000000000000'00000(G, y, z, w0ODOOOOOOO40000000
000000x001000,y002000,z0030000w004000000000000
00000000000000000 (let, 10000000)0000000000000000
O Obigtuple 00000

# let (i, b, s, f) = bigtuple;;
val i : int = 1

val b : bool = true

val s : string = "Objective Caml"
val £ : float = 4.

ubogboooboobooobobobooboobobbooboobooboboobooono
ubobooboobobooboobobooobooboooboobooon

# let (i, b, s, f) = igarashi;;
val i : string = "Atsushi"

val b : string = "Igarashi'"
val s : int = 10

val £ : int = 142

goboobooboobo400000000Db00O0O0DOODOO0ODbOOODODOODOODbOOO
ubooboobooboiggboooboboboobobonoobobobooboigoooonoon
0000000000O0O0?00000000000,),...,(0000,))0000000000
0000000000000 O00000ooO0o000o0A0O0DODOOOO0OOOOOO(ODO0OO
/0000000000000 0000000000000ODODO000D0DUDUOOOODODODOOO
googodoboboobooboobooboi1oboobooboboboboboboobobobo
ugbboobuoobboobuooboooboobooon

# (* matching against a person whose first and family names are the same *)
let (s, s, b, r) = igarashi;;
let (s, s, b, r) = igarashij;;

-~

This variable is bound several times in this matching

gboooobooboboboboboobooboooboboobobooboobooboobbonbo
voogbobooobooooboooooboobooooboboobooooooboobooooooon
0000 _(000o0000)00o0 0000000000 O0ODO0DO0OO0DOoOoOOoDoOoLOOOO
00000 (wildeard pattern) 0000000000000 00O0OOO

# let (i, _, s, _) = bigtuple;;
val i : int = 1
val s : string = "Objective Caml"

'0000D00000000 retrieve 0000000000000 0000000UNIX O egrep0000000()
0000000000000000000000000 \100D0000D0O0oOOooOoooOO

D00D00D000DO let x = ... 0x00000000000000 let 000000000 OOODOO
goood
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3.23 0O00OO0OOOO

OO00Ofleat 000 (20000)0000000D0O0O0OO0OCOOOOODOOOOOOOOODOO
ubobooboobbooboobobooboooboo

# let average (x, y) = (x +. y) /. 2.0;;
val average : float * float -> float = <fun>

Ubo0b0b0obO0b0DOaverage 00 float * float -> float U DO UODO OO float * float
00o000000oo00oo0000o000(O00 «s000 0000000000 DOO0
00 (float * float) -> float D0 DD 0OO0OD0O0)00000D0O0OO0O0OOODOOOOO

# average (5.7, -2.1);;
- : float = 1.8

ubboooboo bbuoooboooboooboboobboobbooobooobboab
UoboboooobooobobobonDooboobdD averageUOOOOOO0OO0OO0 100000
0000000000000 Objective Caml OO0 00000 1000000000000 average
g

# let pair = (0.34, 1.2);;

val pair : float * float = (0.34, 1.2)
# average pair;;

- : float = 0.77

ugbbobobogboobboobooboo

# let average pair =
let (x, y) = pair in (x +. y) /. 2.0;;
val average : float * float -> float = <fun>

O0o0o0o0oooooos3o
000000000000000000000000((RO0)0000000000000000

# let add_vec ((x1, y1), (x2, y2)) = (x1 +. x2, yl +. y2);;
val add_vec : (float * float) * (float * float) -> float * float = <fun>

obooboooooooooooooooonog

# add_vec ((1.0, 2.0), (3.0, 4.0));;

- : float * float = (4., 6.)

# let (x, y) = add_vec (pair, (-2.0, 1.0));;
val x : float = -1.66

val y : float = 2.2

0000000000000 0000oo0oDO (0000000 DO0OOOO0OOoDOoUooooO 10
00000020000)000000000000OO0O0UO0O0OOO0UOOODODOOUOOO
ugbboobogboobobooboboobuoobbobobuooboobobod

‘oooO000D00D0000DO0DO0OOODOOODg..
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3.24 0000

Exercise 3.3 2000000000000 geomean DO O OO0

Exercise 3.4 20 20000000 20000000000000000 prodMatvecOOOODODO
gbooboobooboobbooboooboo

Exercise 3.5 00 O0O0OO0O
e float * float * float * float
e (float * float) * (float * float)

vboobooooboooobooooboooooooobooboobooboobboooo

Exercise 3.6 let (x : int) = ... 000 (x : int) O0O0O00OO00O0DOOOODOOOOO
00000000000 (DO0O000DU0DU00OOoOO0O0D0oUOoO)0DOoooo

3.3 oo

gbooboboobobooboboobooboobobooboboobobooboog
00000000 (recursive function) 1000 00000000000000000000000O
ugboogn

3.3.1 O0O0O0ooooo

OO00000000O0O00000000 nO0O00n=1x2x---xn 000000000000
obooboooobooooon

e 000000 OODOOOOOOODODOD (D00 10000 100040
en!l=n-1!n0000 nO00O00 n—10000000000

uboobooooobooboobobooobooboobobooobooboobooobooboooonog
gboogoboooboobooboobobobolbooobooooboobooboobooboo
O000OO0O0000o0oOoooDoOOCOO0O0O0OOoooOoOoDoDOOCOOODOOOO0 Objective
Caml ODOODOOODO

# let rec fact n = (* factorial of positive n *)
if n = 1 then 1 else fact (n-1) * n;;
val fact : int -> int = <fun>

O000@-10000000000000)000000 factO0O0OO0OOODOOOOOOOOOOO
ubooboooboobooboobooboobuoobuodbuodbol fact OO0 oobOO
gbooooobooooon

‘Y0000 10000000000000000000
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# fact 4;;
- : int = 24

U0o0gobo0bbo0obo0obbo0biod0 recUlet000booboooboonoODO
0000000000000000000000rec0000000000000O00ODO5O

# let rec x =x xx + 1;;
let rec x = x * x + 1;;

This kind of expression is not allowed as right-hand side of ‘let rec’

0000000 (0O0000000000000000000000000z=2%2-100000
O00000oooon)

gboobobooobobobobooobobobobooooboobooobooobobooooboonooo
goboogoobooobooo

e J00IDOODOODOODOO
o ‘O000ODLO”DLOULODLOODOOUOLDDO

voogboboooboooobooooobooboobooooobobooooooboobooooon
uboobooboobooboooboobobooboobooooobooboobboboono
goboobooooboooo

3.3.2 O0OO0OOOOOOd

ooooobbooooooooooooooobooooOoOoDooOooOoDOo0obDoOooOooDon
00000000 00000000000Osquare(square(2)) 000000000000000
ooobooooooboooooboooooooooboobooooboboobbbooooobDbooobbooooo
ooooooooooobobooooooOooobOoooobbooobooooDbooobooDoOooo
O000000000000000000000000000000000000 (evaluation strategy)
oooobooooboooooobooobooooboobboooDooon

oooooooooooooooooooooooOoOooOoOoboooOooooDooooobDooOoo
00000000000 (call-by-value) 00D 000000000000 square 0000

# let square x = X * X;;
val square : int -> int = <fun>

ugboogon

square (square(2)) square(2 * 2)
square (4)
4 x 4

— 16

Ll

000 Objective Caml 0000000000000 D0000DOOOOOOOOOODOOOOODDOOO
0000000000000 000000DU00D00D000000D00000D00DUO0DO0DooUoog
gobooooooooogoo
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O000000D0000QC0O square JOOO0O0O square(2) 0ODOOODODODODOODbjective Caml
0o0ooooooouoooooooooooooooooooo
000000000000 00000D0O0fact 400000000000000000O
fact 4 — if 4 = 1 then 1 else fact(4-1) * 4
— fact (4 - 1) * 4
— fact 3 * 4
(fact (3-1) * 3) * 4
(fact 2 * 3)* 4
((fact (2-1) * 2) * 3) x 4
((fact 1 * 2) * 3) x 4
(1 % 2) *3) x4
(2 x3) x4
6
24

Lovrn
Ll

!

g00db0oobOobOoooobOoooOoboobooobOoboooOobDbobooooOOoooOobo
0000000000000 00000(ooooooooon)
# let zero (x : int) = 0;;
val zero : int -> int = <fun>
OO000ooooooDOoODO0o000oboObObo0ooODO0o0O0OgObDnDzero(square(square(2)))
0000000000000 0o0odooooooobooo0o0ooDooooooooooooagon
O0000000oooO (booooo)o
O00000000000000000000000 (00000 eagerness, strictness 00 0 0 O
000)000000000000000000O00000000D00lazy OODODOODOOOOOO
oo0o0ooooooooooonoog
O00lzyOOODODOOOOOOOOOODODOODOODOOOOOOOOOOOODODOODOODODODOOO
00 (call-by-name) D0 0000000000000 0O0O square(square(2)) 000 Ozero(square(square(2)))
ooooooo

square (square(2)) square(2) * square(2)
(2 * 2) x square(2)

4 x square(2)

4 % (2 % 2)

4 x 4

16

0

e bbbl

zero(square(square(2)))

gbogboboboobobooboboobuooboboobooboboobuobooobonbobo
obooooooooooooooooooooobDonoonoonouDOD square(2) DOOOOO
oboooooo
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O00000000000000000 (call-by-need) 0000000000 DOOOOOOOOO
gbooboobobbobooboobooobbobobooboooooboboobooobooobo
vooboooooboobooogobobooooboboboooobobooooboboooDooD
ubooooobod

square(square(2)) — — x — x — 16

)

call-by-need D OO0 OODOOOOOO Haskell, Miranda OO0 ODOOOO0OO0O0OODOOOOODO
OUOlzyOOQOOoooOoOoooooOOoOoooobooooobbooooooboooobbooooooo
OO00O0O00O0O000OO0O0OOo00oO0bOO00oOo00obO0oOo0ooOoOoOooOg call-by-value 0 0O
0000000000000 000O0000000ooO00oO graph reduction 000000
O0000oooon)

*
()
‘W

square(2) *

P2 P S

2

#trace JU0O0OD0O0O0 UOOO0OO0OOOOOOOOOOOOOOOODOODDODODODOODOD
#trace (U U0 );; 0000O0OO0OOUOU0ODODOOOOUOOOOOOOOODODODOOOOOOOO
googono

# #trace fact;;

fact is now traced.
# fact 4;;
fact <-—-
fact <--
fact <—-
fact <--
fact -—>
fact -->
fact -—>
fact -—>
- : int = 24

DAON = PN WD

N
=

U0DO#untrace DO OO0O0O0O0O0OOOOO0DOOOOOOODOO

# #untrace fact;;

fact is no longer traced.
# fact 5;;

- : int = 120

3.3.3 UUgboooood

Ubodibd fact D0 ooooobooooooboooobooobooboobooaobooonoo
oooooooboodt...)y = 3) x4000000oobboooobooobooooboooboo
Udn000000O0D0OOOODOODOOOOOOOOOODOODOODOODOODOOODOOO
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00000000000000000(n—-2)!-(n—1)-n)=0n-2)!-((n—1)-n)000000
0 (n-2)! 000000000000 -(n—-1)0000000000000000000000
000000000000000000000000000000O0O0O00O0OOOO0000OO
0 n000000D0000000000000000000000000000

# let rec facti (n, res) = (* iterative version of fact *)
if n = 1 then res (x equal to res * 1 x)
else facti (n - 1, n * res);;

val facti : int * int -> int = <fun>

Uboodboodgbodibod resO0fact D00 ODOODOOOOOOOOOOOOOOOOOOOO0
OO00000D0OODOOO0Ofacti (n,m) OOn!-mDOOOO0O0O

# facti (4, 1);;
- : int = 24

O00OOfacti (4, 1) ODOOOODOODOOO

facti (4, 1) — if 4 = 1 then 1 else facti(4 - 1, 4 *x 1)
—  facti (3, 4)

— if 3 = 1 then 4 else facti(3 - 1, 4 * 3)
— facti (2, 12)

— if 2 = 1 then 12 else facti(2 - 1, 12 *x 2)
— facti (1, 24)

— if 1 = 1 then 24 else facti(l - 1, 24 * 1)
— 24

fact 4000000000000 00COOO(DOO0DO0OCOOOOOOO)ODODODOOOOOOOO
uboboobogboiDg facti DOO n,m O00000

n!-m =120 = 4!

gboogoooobobboboobooooboboobooboobobooobooooboooooon
00 (tail-recursive) 0000000000000 0O0O0O0O0OOO0OOOOOOOOOOOOOOO
0000000000000 00000000 (D00D0)ooOoOoOOoO00o0DO0oO0o0oOoOooooo
goooo0oo0o0oooOobOoOobOodoo0ooDOO0o0oDoUbOoOO0bOoOOoooOOooDoO coo
000000 for000000000DO0O00OUDOODO0O0UOODOOOOOOOOO (iterative) 00
gbogboobobobooboobooboboboobooboobobbobooooobooobo
gbooogobobooobooobobooobooboobbooobobooboboobooobonobo
O00000@O00) fact 00 facti 0000000000000 O0DOO0OOOOOOO (OO
0000000000000 000oooOD)00000000OOOOO00D0D0DODOOODOOOO
ogoogon

Ub00b00b0bO facti JOO0O0OOO0ODOODODODODOOOODOOOOOOODODOD
ubbooil10bb10b00booboboobtddfacti DOOOOOOOOOO
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# let fact n = (x facti is localized *)
let rec facti (n, res) =
if n = 1 then res else facti (n - 1, res * n)
in facti (n, 1);;
val fact : int -> int = <fun>

gooboobooboooboobod

# let rec fact (n, res) = if n = 1 then res else fact (n - 1, res * n);;
val fact : int * int -> int = <fun>

# let fact n = fact (n, 1);;

val fact : int -> int = <fun>

0000000000000 0D000D00O0Objective CiamlDODOD0O0D0O0O0D0OOODOOODODOO
gbooaoo

3.3.4 0U040OO0oOOO

gboobobooboobooboobooboobobboob1o0oboobobobobbo
googboobooobooboooooboobboobobooboobobo200b0b0000bObOOODOD
gboobooooboogoon

oboobob0o 00oooooobo pooboobooooooooooooogoog

R =1
R =1
Fn — Fn—1+Fn—2

nO000000000000000000

# let rec fib n = (* nth Fibonacci number x*)
if n=1|] n=2 then 1 else fib(n - 1) + fib(n - 2);;
val fib : int -> int = <fun>

Ubbo0obddbelsedd0OOoonog 200000000
goboogoboouoorF, 0000 F, oO0O0OOobOUObOoobOobobOobbOoboobDUuDbO
000000000000 (fiv 300000000000)00000O0OOOOOOOOOOOO

# let rec fib_pair n =
if n = 1 then (0, 1)
else
let (prev, curr) = fib_pair (n - 1) in (curr, curr + prev);;
val fib_pair : int -> int * int = <fun>

oooboobdnbO F, 0000 F,,000000000000000O0O0O0OO0OO0OOO

Euclid 0000 EudidOOOOOOOOO mO n (000 m<n)OOOOOO0O0OOn+m0O
b0 mO00O00O0D0O0D0O0D0O0DOO0ODOO0DOO0DOO0DO0O000O00O00O000O000O0000OD0
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ogoooob 000000000 mnO0000000O00D0DOO0ODOO0O0OO ( " > oo
m

( n > nx---x(n—m+1)

m mx---x1

O00oo0oooooooon
n B no\
0 N n |
m m m—1

ugbbogobodgbooban

3.3.5 0000

0000000000000 00000000000 (mutual recursion) 000000000000
goog

let rec f1 (0O0O0;) = e
and f2 <[||:||:||:|2> = €2

and f, (O000O0O,) = e,

OO000O00DbO0O0bOO00DO0oO0 s 00000DOOD f;,0D0000000D00O0ODOD f1, ...,

fO0O0O0O0DOCOOOOO
gbbooobodaboobbuodbtbdnfn even, odd O

e (DD ODODDDOODLOODO

l1000000ooooooon

en—100000 n0O0OD00OD0OODO
en—100000 n0O0D0ODOODO

ubboobuogbboobobuodoboobobuooboobbooboobobooboan

# let rec even n = (* works for positive integers *)

if n = 0 then true else odd(n - 1)
and odd n =

if n = 0 then false else even(n - 1);;

val even : int -> bool = <fun>

val odd : int -> bool = <fun>

# even 6;;

: bool = true

odd 14;;

: bool = false

[ |
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gbboobobodbodgbibOUarctanl 0OOUO

T, 1+1 1 N 1 1
4 3 5 7 Ak +1 4k+3

uboogooooboobooobobobooooboooboboboobooobooobooboobooooDo
oood

# let rec pos n =
neg (n-1) +. 1.0 /. (float_of_int (4 * n + 1))
and neg n =
if n < 0 then 0.0
else pos n -. 1.0 /. (float_of_int (4 * n + 3));;
val pos : int -> float = <fun>
val neg : int -> float = <fun>
# 4.0 x. pos 200;;
- : float = 3.14408641529876087
# 4.0 x. pos 800;;
- : float = 3.14221726314786043

ugboogn %DDDDDDD(I]DDDDDDDDDDDDDDDDDDDDDDDDDD)D

3.3.6 U000

Exercise 3.7 t U000 U0 0000000000 ,"00D0000OO pow (x,n) UOODO 200
ooooo

l.powO (OD0)000OO0 nOOOOO

2. pow 1 (00)00000 logyan 00000 O0O0(0O0: 22" = ()" 0000000z =?)

Exercise 3.8 U000 pow 000000000 DODOO powi 000000 (DOOODODOOOODO
O00000oooooooon)

Exercise 3.9 if OO Objective Caml OO0 0000000 DOOO0OO0DOOODOOOOODOOOO
Ubb0o0b00fact 4000000000000 0O0O00DO0O0OOO0ODODO0OOOODODOO

# let cond (b, el, e2) : int = if b then el else e2;;
val cond : bool * int * int -> int = <fun>

# let rec fact n = cond ((n = 1), 1, n * fact (n-1));;
val fact : int -> int = <fun>

# fact 4;;
7777

Exercise 3.10 fib 4 0000000000000 OO0OO0OOOOOOOOO

Exercise 3.11 00 O0O0O0OO00OOO00OO

1. Eucid OO0 OD0OOD0OODOODOODOODODODOODO gedd
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2. 000000000000 <n>DDDDDD comb[]
m

3. 0000000000000 000000U0DOD fib_iterO(fib_pair00000000O0O)

4. 00000000D0DOC ASCIIOOO0O00O00O0oO0DO0O0D max_ascii JO0OOO0OO
0000000000 22500000000(00O0000000O0O00OO0OOOOOOOO
gooooboobobooobodbboobboooboobboooobboobbooon
O0ooooo)

Exercise 3.12 neg 00000000000 COOODOpos d negOO00OODODOOOOOODODOO
gooooboogbooboobod
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40 UOOLoO0Uootdboutobotdd

ubobooboodgb:. booobooboooobooboon

4.1 0O0O0OO

Objective Caml 0 00O O0OO0O0ODOOOODOCOOOOODOOOOOODOOOOOODOO
ubooobooooboooobooboboobobobobooboooboobobboboo
0000000000000000000 Objective Caml D0O00000O00D0ODO (first-class value) O
0000000000000 0/000000000000000AO (higher-order function) 000 O

4.1.1 DOOO0OO0OOOOOO

000000000000012+4+22+.-. 4020000000 sqgeun 0013 +234+...4+0300
O0000 cbsum 000000000

# let rec sqsum n =
if n = 0 then O
let rec cbsum n =
if n = 0 then O else n *n *n + cbsum (n - 1);;
val sqsum : int -> int = <fun>
val cbsum : int -> int = <fun>

elsen * n + sqsum (n - 1)

gooobooboobboboobooboobooboobobbobboobobooboobo
ubodgbgobobboooobooboboboboobobooboobooobobooboobg
ubobooboobooboobboobooobobooooo
O0o000000oo0ooooo0()n0 0000 O0OUOOOO(2)DUO0O0OOOODO nO
ugboboogobbuooobobuoobobooobbuoobbd ngobbooobobooobboan
ubobooobooooboooboboobooboboobooooooooboobobooboooboobon
gobobooobbooobboooomoboooobbooobboobobbooobbooon
gbboobogboobbooboobooon

# let rec sigma (f, n) =
if n = 0 then O else f n + sigma (f, n-1);;
val sigma : (int -> int) * int -> int = <fun>

U000 signa00000o0oooobooooboob0 ft000 n00bobouoboogbabon
(00000: 0000 0 >0 «+0000000000)0000000sqsum 0 cbsum 00

# let square x = X * X
let sqsum n = sigma (square, n)
let cbsum n =
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let cube x = x * x * x in sigma (cube, n);;
val square : int -> int = <fun>
val sqsum : int -> int = <fun>
val cbsum : int -> int <fun>

0000000000000 ooo0oo0oooooooooodo0ddcbsum OO
0000 let-00000000O000O00OO000O0O0OO0O0OO0O0OO00O0O00O000O

sqsum 5;;

: int = 55

cbsum 5;;

: int = 225

[ S -

4.1.2 0O0O0O0O

n
goooo sigmaDDZf(i)DDDDDDDDDD fO00000ODOOOO00OO0ODOOOOoon
1=0
O000OD00ODOO0O0O0 1let00000000O0O0O0ODDOODODODOD fOOOCODODODDOOOO

00000000000000000000000000000000' 000000000000
O00000000000000000000 (anonymous function) 0000000000000
00000Objective Caml OO0 O0O000OOOOObjective Caml OO0 O0O0OO0O

fun (0OOO) > e

000000000000 )ODDODOOUOOUOOO0O0O0OO e000000000fun 000000
0000000000 00000000000

# let cbsum n = sigma ((fun x -> x * X * x), n);;

val cbsum : int -> int = <fun>

# let sq9b = ((fun x -> x * x), 5) in

sigma sq5;;

- : int = 55

# (fun x > x *x xX) 7;;

- : int = 49
230000000000000000000O0ODOUOD (DOODUODUDOUOODOOOOO)OOOO
000o000o0o00oo0o0oo0UD fun 00000 OOOOOODO(OODODOOOY, o
0000000000 boOoObObOb0O00x*x*x0n000000O0C0O0OOOOOOOOODOO
O00000fn 000000000 O000O0O0O00O00OOO00O00O0OO0O0O0 QOoobOOoOoooon
O0000o00oo0oooooon)

O001let0O00O0OOO

let f x = e

let £ = fun x -> e

O000000000000000000000000 (fun)000000O0O0O0O0OOOO (let)OO
gobooboobbooboobbooboobobon

'DoooD0O000000000DO0ooon
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4.1.3 DOO0OO0OO0O0OOOOO0OO0O0

Objective Caml 0000000000 OOODOOOO0O0OO0OO0OOOODO0ODOODODODODOO
gooooooobobbbbbhumooddodyuuuobobobbbbobobLoo
0000000000000 00000000D000000 Haskell Carry DOO0O0O0OOOOOOO
O (curried function) 0 0 O 20

bbbtz 0 yOODOUOO edO00O00O0O0O0O0Oz0D0D0O00DO0yOO0DDOOO
ed0000000OODODODODODODOOOOOOOODOODODODODODODO sy,
s 00 sy OO OUOUOUOOOooobObOoodoodoobbboobobbbobbboooooonn
ogooon

# let concat (sl1l, s2) = s1 =~ s2 ;;
val concat : string * string —-> string = <fun>

000000000000000000 (D00O0)00000O00000O0D0O0O0oDU0oOoOODOoOo
OU00000D0O0bOo00DO0n concat ("abe", "def") DOODOOOOODO
gboooboo oobbooboobboobooad

# let concat_curry sl = fun s2 -> sl = s2;;
val concat_curry : string -> string -> string = <fun>

concat_curry 0 fun 000 000s2000000 (0000000 0)s1 00000000000
O00000ODOconcat_curry OO string -> (string -> string) DO0OO0OOO0OODOOO
cooooobobooooooboo20000000000

# (Concat_curry "abc") “def";;
- : string = "abcdef"

oooopooDcG.H)ooooopoooraber DOODOODOOOODOOODODOOOOOOOD

OOo0oooooooog ¢...) mef"O0poOOO0OO0OODOOO
gobooboobooooboobobooobboobobooboboobooboobboooDobobLbooobDo

0000000000000 00000D0 Mr.OOD (COD)DODODOOOOOO

# let add_title = concat_curry "Mr. ";;
val add_title : string -> string = <fun>
# add_title "Igarashi";;

- : string = "Mr. Igarashi'

00000000000 DOadd_title0O00O0D0DO00000O00O0O00OO00Ofun s2 -> "Mr. " ~ s2
00000000000 00Doo00oooo0oooDoo0o0ooDoDO0ooooooooooon
0000000000000 D00000000 (partial application) 00 00O

00000000000000000000000000000000000000OO0000™
oooooooo

00000 Schonfinkel 0000000000000 000 Cury J0ODOOOOODOO
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ubobodobobdod obbooboboobboobb+s+wem ODOO0OO0OO0OOOODOOOOOOOOO
ubobooboobbooboboobooboboobooo

00O Objective Caml D0 Ofun OO0 O0O000000O0D0letd fun O0000O0O0O0O0O0OO
ubboobooboobbooboobboobooobbooboobobooboaonoo

# let concat_curry sl s2 = sl = s2;;
val concat_curry : string -> string -> string

<fun>

uboboobooan

# let concat_curry = fun sl s2 -> sl = s2;;
val concat_curry : string -> string -> string = <fun>

00000000000000000000
fun (0000;) -> fun (0000,) -> ... fun (00D00,) -> e

fun (0O000O,) (0000, ... (0000,) > e

0000000 ((let000000O0O0OOO0OOOOOOOOODODOOOOOOOOOD)

00000000 ((Ex)y) =z O00OD0OOD £fxy=z0OOODODOODODOODODOOODOO
(OooU000O0OQoOOO00000DOO000b0)DOO0D0D0DDDOOOOODU0ODODODOODOOO
tl —> t2 > t3 > t4 0 t1 —> (t2 -> (¢3 —> t4)) UO0OOOO

00/00000 00O0000O00000000O0OO0OoOUOOO+,-00000000 (anfiz operator)
O000000000000000 (int->int->int 0000000)0000000O0O00O0OOOOO
000000o00o0o0o0o0o0U00o0oUoOLo(Do00oUD0L)+0000000UO0O0ODOOOOO
goog

000000 (0 )0000000000000000O00O (COoDOO)ODDOO0ODOoDOoOoOO

# (+);;

- : int -> int -> int = <fun>
# (x) 2 3;;

- : int = 6

+*x0000000000000000000000O/0000000D0OUooOoOO
000000000 00b0000DOmed, lor,or UOO0OD0OO0OO0ODOOO0DOODOOODODO
uboobobgooodg

e 10000 =,<,>0, ", 1,&+ -, % /,$,%0000000
e 2000000 1, $,% %+ - .,/,:,<=>7@" |, ~00000
00000000000

0000000 (00000 p)oooooooooooooao

#let ("-") xy=x % 2+ 7y * 3;;

val ( "=~ ) : int -> int -> int = <fun>
#9 °-" 6;;

- : int = 36
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gooooooooooooboOoOooboOoO0OoDoDoOoOooOOoOoboOoOoOobOboO0 ooboooooo
gboobooboobooboobod

# let (1) x=x+ 1;;
val ( !! ) : int -> int = <fun>
# 11,
Characters 2-4:
!'l;;Syntax error

# (15

- : int -> int = <fun>

# 11 3;;

- : int = 4
gooooo -, -.0000

o 1000ODO 'Y, 7,"OOOOODOO

e 2000000 1,8, % *+ - .,/,:,<=>7¢" |~00000

ubodgbooboobobuooooboobooboobobbooboobuooooboobooong
goboooobooobboooboooboboobboooobooboboooobobooboboon
f 1 o x0O00f (1Y x0000000((F gx0 (fg x0000000O00O0OOODO)
gbobooobooboooboboobobooo410b00b0ob00oboboboobobooD
gbooboobooboobbooboobobooboobobooobooboobooobooonoo

041: 00000000000

goo 0d
goooo -
ooon 0
gooooooon -
goooooooo -, -. -
> 000000 0
* /, % 000000000 mod 0
+, -00o0oon 0
- a
e, " uuonon a
=s0<go0oboooo,onooooooono | o
not -
&, && t
or, || O
<-, := g
if -
5 O
let, match, fun, function, try -
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4.1.4 Case Study: Newton-Raphson [

OU00000D0o0DOo0bO00O00DOO0DO Newton-Raphson DODOOOOOOODOO
0 ONewton-Raphson 0 000000000 fO00000000O f(x)=0000000000000

f(x)
g(x) = —
f(z)
0000 (ga)=a 00 @) 000000000000 2 =2n_1 — f(@n1)/f(zn) 00000
0oo)
D0000000000000000000000000000000000N0N0N0Nnonona
00000 de 0000

1oy 9l +dx) —g(z)
g (x) = o

ubobooobobooooboooboboooboobboobooboobooobooooo

# let deriv f =
let dx = 0.1e-10 in
fun x > (f(x +. dx) -. f(x)) /. dx;;
val deriv : (float -> float) -> float -> float = <fun>

000 f(z)=20 30000000000

# deriv (fun x -> x *. x *. x) 3.0;;
- : float = 26.999913416148047

ugboogood
0000000000000 000000000O000000 fO0000 2000 f(x), f(f(x)),
...00000000 fY(x) = f”‘l(x) 0000000 ) 0000000000 OO0OOOOO
uboboobooood |f"_1(x)——f”(x)|D ubobooboooboboobooboobon
# let fixpoint f init =
(* computes a fixed-point of f, i.e., r such that f(r)=r *)
let threshold = 0.1e-10 in
let rec loop x =
let next = f x in
if abs_float (x -. next) < threshold then x
else loop next
in loop init;;
val fixpoint : (float -> float) -> float -> float = <fun>

O000000000Newton-Raphson D OO OO OO0OOOOOOOOOOOOO0OO

# let newton_transform f = fun x -> x -. f(x) /. (deriv f x);;
val newton_transform : (float -> float) -> float -> float = <fun>

ooogoog
00 000Newton-Raphson 00 f(z)=0000000000000 fO00000O00O0OOO
guess U OO OONO

# let newton_method f guess = fixpoint (newton_transform f) guess;;
val newton_method : (float -> float) -> float -> float = <fun>
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ugboogood

# let square_root x = newton_method (fun y -> y *. y -. x) 1.0;;
val square_root : float -> float = <fun>

# square_root 5.0;;

- : float = 2.23606797750364272

4.1.5 0000

b
Exercise 4.1 000000 fO00O0O /f(:c)deDDDDDD integral f a bUUOUDOOO

DDDDDDDDD/ sinzde OO0 0000
goobooooooooboooooboooobOOooboboOooOOooobDoOoOooOoOoOoDOoOobOOoOg b—a
On00000000O0OO0J0OO0OOO0ODOODOOO ODOODLsO00DOODOOOODO

(fla+(@—1)0)+ f(a+1id))-0
2

goboobogn

Exercise 4.2 0000 3.70 pow OO0 O0ODOOODOO0OOO ODOOOOOOODOODO
(pow n x) 00000300000 cube J00O0O0O0OOOOOOOOOOOODOOOOOOOOO
0000000 (pow x n)0Ocube 0 pow DD O0O0O0OO0 OOODOODODOOY?

Exercise 4.3 OO0 3000
e int -> int -> int -> int
e (int -> int) -> int -> int
e (int -> int -> int) -> int

gbobooboobbooboobbooboobbooboo

4.2 000

gobooobobooboobobobobbobooboboboboobuoboboboobooo
gbogboobobobobobooboboobobodbobuoooubidint * int 0000
gboboooogn

# let fstint ((x, y) : int * int) = x;;
val fstint : int * int -> int = <fun>

UbooDoooooobobooooobU0bunoDoob0obOoDbDU (dnt * float) * string OO
gboooooooooooooooogoooogooDg

# let fst_ifs ((x, y) : (int * float) * string) = x;;
val fst_ifs : (int * float) * string -> int * float = <fun>
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ubogboobobobooboobuooboboboobooobooboboobooboooono
oo0oodO0oo0o0oobOoOoobOoOoOoodooooo»xwooOoobooobooobooOooooooDooo
voogbooboooboboobooobooooobooooboboooboobooboboooDooD
ocoooooobr»oOO0O0ooOoOoOo0oO0obDoOoboo00oDooboOoooooo?
00000000000000000000000O00000D0D0D0D0D0D0DD0D0DO0O0O00 (int
0 int0000 int * float 0 string) 00 0000000000000 O0O0DOOOOOCODOOODO
gooooobobooobobooooboboooboboooboboooboooboooobooo
gbobgoobooboobboobooboooboobooonobo

# let fst ((x, y) : ’a * ’b) = x;;
val fst : ’a * ’b -> ’a = <fun>

’al b 0000 (type variable) D0 0000000000000 0O0DO0O0O0O0OOOOOOOOOO
000000 (polymorphic function) 00000 fst OO ’a * ’b -> 2000000 T1, T2 0
O000TL *+ T2 > TIO00000000000(@QO0O0O000000 V’aY’b.(’a *x ’b => ’a)
000000000000 00)000Objective Caml 0000000000000 OOOOOO
goooooooooooooooooooooooo

# let fst (x, y) = x;;
val fst : ’a * ’b -> ’a = <fun>

0000000000000 ooooo0b0b 000000000 UooLOLO L0 bODoOoooo
000000000000 0000U0Uo0L0U0L0L0L0bL0 0000000 UULLOLOLOUUoDoUoOQ
0000000000000 00(oooooOoOooooooboobooDoOon)

fst (2, 3);;

: int = 2

fst ((4, 5.2), "foo");;

: int * float = (4, 5.2)

[ S

Uuboooubodgioid ’a,’b0d int 0000000 ?al int * floatl’b U string 0000
gooooubbooobbobb0oobb0gsst 00000000000 0000 int * int -> int
O (int * float) * string -> int *x float OO OO OD0OODOODOO0OOOOOOOOOO
000000000000 000000000Od (polymorphism) 0000000000 OOOO
000000000000000000000000000000000000000 (parametric
polymorphism) 0 0 0000000000000 000O0OOO0O0OODOOOOOOOOOOODOOO
000000000000000000o00oo0D0O (O)oboooOOoOooDUUUObDOOoDoOO
0000000000000 00000000000 ida 00000 (identity function) 00 00O

Ubobobobobobobobo0oo0obob0obU0obOoD «eply 00O ODODODOODO
ubobooboooobooobooo

# let id x = x;;

val id : ’a -> ’a = <fun>

# let apply f x = f x;;

val apply : (’a -> ’b) -> ’a -> ’b = <fun>

apply DODOUODOCa > b)) 0 f0000’al xO0000000O0O0O a000D00ODOD £0O
xgoboboboobo f0 x0b0obooboooobooobooboooobboobooooobDooDoon
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abs;;

: int -> int = <fun>
apply abs (-5);;

: int = 6

apply abs "baz";;
apply abs "baz";;

H I H

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

gobobooboobooooboobobooooY fsstpoobOo0ooooDOoOn G, O O
uobobooobbooobobooobobtbooooobooobbooobboooobobooooon
googbooobbobooobboobuooboob oo x,yOoobboobooboob oo
bdogbobooboobuoibbotbdlbepply D000 UOD f000000OO00OxUO0b0OO0OOOO0
O0000000O0000o00000O00000O000oO0DO000OO0O0U0DUDOODO0O0 (Doooo
00o0000)b00oo000boo000o0o0oOo0oUOo0O0LOO0oUOO0DLOOOUOOoOOoOO
gbogboooboobooboobooboobbobd ’ax b > al0b00obooood
ubbooboooboboobooboobooobooboooboonbooo

oooooo ooooooooooboooboDbObObOO00oobobO +00ooDbDO0b0Ob0O0oOoOooooo
0000000000000 00O00000000O000O0O0OOOO (ad-hoc polymorphism)
000000000000000000000000000000DO0O0DOD0O000O0ODO0O000
O000000000000000000000 (subtyping polymorphism) 0000000000

4.2.1 let000O00O0O0

Objective Caml 00000000000 0let(00000O0OO0)0000OO0O0OODOOOODOOO
0000000000000 0000000000000000000 x0 (id00000000
00D0)00ODDoOoODOOO0O000oOooDooOD

# (fun x > (x 1, x 2.0)) id;;
(fun x -> (x 1, x 2.0)) id;;

~aa

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

ddodoodoudbodx 1000000000 x0dbodod int doddooooouoon
O00flecat D0 OOO0O0OOOOOOOOOOOOOO
000000 let00/00000C0C0O0O0O0DOOOOOOODO (OO)0O00O0OOOODOOOO

00000003M000000000000000000000000000000000000
ODodoobodoooooooooooooooooooooooooooooooooooooog
U000 f0 x0O0000000 double O OODON

# let double f x = f (f x);;

val double : (’a -> ’a) -> ’a -> ’a = <fun>

# double (fun x -> x + 1) 3;;

- : int =5
# double (fun s _> II<|I -~ s -~ ll>ll) “abC";;
- : string = "<<abc>>"

0000000000000 D0000D 3.081000000000000000000O0U00O0DOO0ODOOO
gobooooooobodooobooooooooboooooooooa
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gooboooobooooooooboooooob40b0bO0bO0obO0ObO0ODbODbDODODOD

# double double (fun x —> x + 1) 3;;

- : int =7
# double double (fun s -> "<" ~ s = ">") "abc";;
- : string = "<<<KLabc>>>>"

000000 double double I let DO UODOO0ODOODOOOO0OOOOO0OOODOOO0DOOODOO
gboooooooooooooooon

# let fourtimes = double double in
(fourtimes (fun x -> x+1) 3,
fourtimes (fun s -> "<" ~ g ~ ">") "abc");;
fourtimes (fun s -> "<" ~ s = ">") "abc");;

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

Ubb let00O0O0O00O letOUO0OOODOOOOOOOOOOOOO

# let fourtimes = double double;;
val fourtimes : (’_a -> ’_a) -> ’_a -> ’_a = <fun>

oboobooobooboobob »_abi0b0b0000bOobDo0obO0obo0bobooooogoog
goboobooboobboobuoobbo0obo0obbOo0oDbOdn fourtimes OO OO0
ugboooood

# fourtimes (fun x -> x + 1) 3;;

- : int =7

# fourtimes;;

- (int -> int) -> int -> int = <fun>

# fourtimes (fun s -> "<" ~ s = ">") "abc";;
fourtimes (fun s -> "<" ~ s = ">") "abc";;

-~

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

fourtimes 000000000000 int 0OO0O0000O0O0O0O0OO

00000000 (value polymorphism) D0 0000000000000 0DO00O0O0ODOOOO (7
000)0000000000000000000O00000000OOfourtimes000000O00
O00000ooooooo

# let fourtimes’ f = double double f
(* equivalent to "let fourtimes’ = fun f -> double double f" *) ;;
val fourtimes’ : (’a -> ’a) -> ’a -> ’a = <fun>

0000000000000 00000LOO00C0DO00D (D00 funO00O0OD0)00D0OOODOOODOO

# fourtimes’ (fun x -> x + 1) 3;;
- : int =7
# fourtimes’ (fun s -> "<" =~ g =~ ">") "abc";;
- : string = "<<<KLabc>>>>"
O00000000000000000 (D000 double double)d fun x -> ... x0 00000

00000 (@o0o00o0)o0d »-00 (n-expansion) 0000
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4.2.2 0000000

OO0O00D0O00 Objective Caml DO O OOOOOOOOOOOOOODOOOODOOOODOOO
oboooboboooboooboboobobobboobooboboobooooboooboboo
goboobodboobobooboobbooboobboon

bdbooobobuobuoobbfun x > x + 1000000000 int -> int00000O0O
ubobooboobboobboobooobbooobooo

e +[] int —> int —> int 0000000 int 00OO0D0OO0ODOOOO

e xJOUI0DDOOUDODODOO+U0000DODLODxO int D0O0DODODOOODOOD1Y
O0O0D int OO0O000O0O0O00ODOOOOOOKODO

e x] int JOOODDO0OD0Ox + 10 int 0000

ex + 10 int0000D00D0OD xODOODODODODODOD int > int 0000

OO0000O00ODOODOObjective Caml OOODOOOOOOOOODOOOOOOODOOODOOO
gbobobooboooobobooouoo100b0obo0obobooobooobooooboboong
oooooooooooogooooboobobobobobo ifgboboboooooboooooo
0000000000000 (Ox00 a0l int00000000O000O0)00000O0OO0OOO
gbooboobooboobboobooboboooboobooobooboobbooboooboo

fun x -> if x then 1 else x

OO000000004f000000 if00000 bool DOOOOthendOelseO0O0OOOOOO
O0000000000x0000D00O0000D00 "a000004nt = ’a =Dbool OOODODO
oooooooooooboboOoOoooooooobooOoOoOooooobooboOoOoOono

000000000000 0000000000DO00000 1etO000O0O0OO0OOOOODOODO
000000000000 (000O0)0o00OoO0DDO00b00000 apply0 0000, x000
0000000 ’a,’p0000 £ xO0OO0O0OO00f xO000 ’cO0000’a ="b —> ’cO0000O
Ofun £ x > £ x0000 ’a -> ’b > ’c00000D000O0OO00O0OO0OCD => ’c) => ’b => ’c
oooO

0000000 (@Ooo0obo0o0oooo0)0ooo0o0ooo0oo0ob0o0o0oooo0o
oob0oOoOoooooooooooooooooooooooooOoOboOOoboOsst00noooon
U0int * int -> intOfloat * int -> floatU ’a * ’a -> ’al 0000000000000
000 ’ax*’b->a000(000000000000000DOO0)000000B0O0O0OO0OO
O’ax’a->al0l0000000000CODOOO0CODOOOODOOOODOOOOOOOO
0000000000000 00000a* ’p > al0000000000ODODOOCOCODOOOO
00000000000000 (00000000 00)000D00000 (principal type) 0000
Objective Caml (O Standard ML, Haskell) 0000 0000000000000 0O00O000OOO
oo0OOOOOO000000ooooooooooooooooooDooOooOOoOoOobODOOODODODOO
oooooooooooooooooobobon

ugbodabdgbodab obobooboaobuodgbobbooboobobuoobaoboobobod
00000000000000oO000o0oU0o0O0U0Oo0UOo0O0O/O00000UoUooOn

O000oO00oo00Oo0oo0/Oo0oo0oUo0o0oOo0ooUoOoUoOOooDUoOooooOO
000000000000 Newton-Raphson 00 0O
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let square_root x = newton_method (fun y -> y *. y -. x) 1.0;;

00000000 newton_method UOOOODOOOOOOOOnewton_method DOOOOONO
0000000 yOOO float 0000000000 0DODOO0O0OOO fun (y : float) -> ...
doodooobOoOoooooooooboooooao

000000000000 00O00000000O000000O000000000 £st O

# let fst ((x, y) : ’a * ’a) = x;;
val fst : ’a * ’a -> ’a = <fun>

gboboooobobboboboboooobobobobobooobooboboboooobo
gobooboobooboog

# fst (true, 3.2);;
fst (true, 3.2);;

This expression has type bool * float but is here used with type bool * bool

oooooMLOOODOOOOOOO0OOOO0OOOO0OOO0O0OO0O0OO0O0bOO0O00O000b000
gboooooboooooooo

# fun x > (x 1, x true);;
fun x -> (x 1, x true);;

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

O0x trueJ0000000DOOOO0DODOOOO0ODx 10100000000000O
oboboboobooboooooobodD x 10D x trued0000D0O0OO0OOODODODO
goooboooboooobooboboooboooboobooobooooboo MLOODODODOODOO
000000000000 O000 Objective Caml 000000000 O0OOOOOOOOOO
boooooooOobobooooboooobobobooooooobobooboooooooobo
O0)0000oo0x0O0O0OoooOOo

# fun (x: bool -> ’a) -> (x 1, x true);;
fun (x: bool -> ’a) -> (x 1, x true);;

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

oooooOxOo0ooobobobooooboooobobox 1goooooobooboooobooo

4.2.3 Case Study: 0O OO O0O

000000000000000000000000000000000000000000000
CPUOOOODOOOOOOOOOODOOOONOOOONONONONONONONONONONNONO0ONONNONONnDO
00000000000000000000000 ADOOOODOOO0OO0O0D0O000000000
A0D000000000000000000000000000000000000000000
000 (Objective Caml 0 fun 0)00000000000000000000000000000
0000ADO0OOO0OO0DO0OO0OO0D0O000O00000000000000000000000000
000000000000000000000000000000000000000000000
00000000000000000

0000000000000000000000000000 fog(DOO(fog)(z)=f(g9(z))
000)000 0000000000 f,¢000000000000000000000000
000000000000 ¢$000000000000

let ($) fgx=1f (g x);;
val ( $) : (’a => ’b) => (’c -> ’a) -> ’c -> ’b = <fun>
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ubboobuoobboobooboooboobooon

fun x -> “-. (sqrt x)
o0
# let £ = ( "-. ) $ sqrt;;
val £ : float -> float = <fun>
#f 2.0;;

- : float = -1.41421356237309515

000o00o0ooo0o(--.00000000O00O00oOO0oOoUOO0UD)0bDOOobLOoOUooOd
goboooooobbbooogoooobooooooooboooooboobobobogo
goooooooon
00o000000O0000O0000O0U ia0000(@ULODO0O0D0O0O0 I00DO0O0OOO

O0000)id £f0 f0000000000000 /000000000000 OOOOODOOOO
goood

# (sqrt $ id) 3.0

(* Without (), it would be equivalent to sqrt $ (id 3.0) *)

- : float = 1.73205080756887719

# (id $ sqrt) 3.0;;

- : float = 1.73205080756887719

KOooooooooooooooooooooooooooooooboooooooooo

# let k x y = x;;
val k : ’a -> ’b -> ’a = <fun>

kxOOODOOOOO xO000000000

# let constl7 = k 17 in constl7 4.0;;
- : int = 17

OO0 SO00O000DO00000 oOOODOODOODOODOODO

# let sxyz=x2z (y 2);;
val s : (’a -> ’b -> ’¢c) -> (’a -> ’b) -> ’a -> ’c = <fun>

Objective Caml 0 fun 0000000000000 0ODO0O0OOOOOOO (fun x => x,fun x y -> x (x y)
00)0 SO KOOOOODOO0OOOOO0OOoooo0oooooooooooooooo aooo
oooooooboooooooboobobooob IgooooDo SKKOOOoOooo

# s k k 5;;
- : int =5

(O0O0O000oO0O000oOoO)00000bOO0(CooO) A ADDODOOO0DOOOOOODOODOOO
ugbboobooboobboobooobooon
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4.2.4 0000

Exercise 4.4 00000 curry U0 00000000 OODOOOOOOODOO

# let curry £ xy = f (x, y);;

val curry : (’a * ’b -> ’c) -> ’a -> ’b -> ’c = <fun>
# let average (x, y) = (x +. y) /. 2.0;;

val average : float * float -> float = <fun>

# let curried_avg = curry average;;

val curried_avg : float -> float -> float = <fun>

# average (4.0, 5.3);;

- : float = 4.65

# curried_avg 4.0 5.3;;

- : float = 4.65

0000000 (2000)0000000000D0O0OO0OOOOO0OOOOOOO0 uncurry O
googoood
# let avg = uncurry curried_avg in

avg (4.0, 5.3);;
- : float = 4.65

Exercise 4.5 OO0 000 repeat [0 double, fourtimes 0000000 O0O0ODOOOf O nO0Ox
gboboobognoog
# let rec repeat f n x =

if n > O then repeat £ (n - 1) (f x) else x;;
val repeat : (’a -> ’a) -> int -> ’a -> ’a = <fun>

gboboobooboboobooboooobg fis0000boobbo ... 0ogoobooooo

let fib n =
let (fibn, _) = ...
in fibn;;

Exercise 4.6 0000 funny 000000000000 OO0O0O0O

# let rec funny f n =
if n = 0 then id
else if n mod 2 = 0 then funny (f $ £) (n / 2)
else funny (f $ £f) (n / 2) $ £f;;

val funny : (’a -> ’a) -> int -> ’a -> ’a = <fun>

Exercise 4.7 s k k 00000000 0D0OO0O0 sk k1 000000D0O00ODOO0ODOODO
googoood

O00Ofun xy > yO0OOOOOOOOOOODOOOO sO k00000000 (funO letO
O00000000000)0000000ooooooo

# ((xs, k0 O0OODOOOOOOOOO %) ) 1 2;;
- : int = 2

Exercise 4.8 double double f x 0O £ (f (f (f x))) DOOOO0OOOOOOCOOOOOOOOO
ooad
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50 bbb botdb: oo

0000000000000 000000D0000000000000000O000000A0 (lists)
00000000 (bo)00o0000O000000OOo0oUO0UO0OUO0O0DOOOoDUOOoUOoOO
ugbboobuodgboobboobouoobbooboobboobuoobboobuooboban

5.1 UOOOOOO

0000000000000 000000O0O0b000O0oO000o0oO0o0b00O ;00000000
oo0oooooooao
# [3; 9; 0; -10];;
- : int list = [3; 9; 0; -10]
# let week = ["Sun"; "Mon"; "Tue"; "Wed"; "Thu"; "Fri"; "Sat"];;
val week : string list = ["Sun"; "Mon"; "Tue"; "Wed"; "Thu"; "Fri"; "Sat"]

0000000 “0000) 1ist” 0000000000000 00D0000O00 (Objective Caml
00)0o00000oooOoO0o00o00oooooO0O0o0o0o0obooOO0o0ooooooooDDOO
gooodooodooboodooboduooooooonooooooouoooooooouon
oooooood
# [1; ’a’];;
[1; ’a’];;

This expression has type char but is here used with type int
# (% compare with the type of [3; 9; 0; -10] *)
[-31;;

- : int list = [-3]
gboobooobooobooboobobooboobooboboobobboobDoobOobDDbo
0000000000000 00O0O00000000OODO000C0O00U0DUODODOO00 (Doooo
00oo0o0oooooooooo)o

gobogboooobooooboooboboooooboobobooooooboboboobooDoDbo
ugbooboooboobooobooooo

e 1 000DOO (empty list, null list) 000000000000

e J00 /0000 (OOOOOOOOO)ODDeDODOODODODODO (e::!l0D0D)0DODODOO
o0

gbooboobobobooobooooboobobobooobogob:: 0000 cons 0000
000000 cons) 00000000000 O0DOOOOOOOOOODOOOODOOOO



Us50 0ODO0OOobOobOobob:-00b0 51

# let oddnums = [3; 9; 253];;

val oddnums : int list = [3; 9; 253]

# let more_oddnums = 99 :: oddnums;;

val more_oddnums : int list = [99; 3; 9; 253]

# (x :: is right associative, that is, el :: €2 :: 1 = el :: (e2 :: 1) %)
let evennums = 4 :: 10 :: [256; 12];;

val evennums : int list = [4; 10; 256; 12]

# [1;;

- : ’a list = []

oooboooood . 0000000000 bbb00000evennums DO ODOOOOOO:: O
00000 (el :: e2 :: 1 0el :: (e2 :: 1) 000)0 O0OO0D 1 0O0O0O0OO0DOOOOOO
Uodoooobbbbbiblb Jddoddibra list 0o
oooooboboobboooooooooooooooo

# let boollist = true :: false :: [];;
val boollist : bool list = [true; false]
# let campuslist = "Yoshida" :: "Uji" :: "Katsura" :: [];;

val campuslist : string list = ["Yoshida"; "Uji"; "Katsura"]

0000 Objective Caml 0 0000000000000 OO0OO)0000O00O0ODOO0OOOOO
ugooo

[e1; ea; -+ 5 el = €1 1t eg 11 --- 11 oe, :: [

goog
cons 00000 :: J000000O0O0OODO (COODO)00O0OOOOOODOOOOOOOOOO
00 ((@oO)bo0o00o000oooO0000U00DUOO0OODOO0O0D000OD ;000000

# [1; 2] :: [3; 4];;
[1;, 2] :: [3; 41;;

This expression has type int but is here used with type int list
# [1; 2; 3] :: 4;;
[1; 2; 3] :: 4;;

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

:goubobooooobodd.-:oboobuobbooubobooooboobobibdd ’a => ’a 1ist => ’a list
gbooooboooboooboooboobooboobooboboobooboboboobbobobo
gooooobogoo

[(fun x => x + 1); (fun x -> x * 2)];;

(int -> int) list = [<fun>; <fun>]

(1; 2; 31 :: [[4; 51; [1; [6; 7; 811;;

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

[ S -

2000b0oobboobooboboooboobb -cgobbooobo
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5.2 JUUUODDLDUOO0O0OLOD: mtchOUOUOLOO

000000000000000000000000000000000000000000
[(0000,); (0000g); ...; (0000,)

0000000 ®OOOOOOOO)DO0OO0OOO0OOOOOOOOOOOO:: 0000000
gooooboobooboo

(0000;) :: (0000,)

00000000000 (Dboobo0,) 00000000 D(0000yy00Db0ODOODUODOoUOLOoOO
gboobgoobooboobboobooboboooboobooonobo

# (x equivalent to
let sum_list3 (x :: y :: z :: [1) =x +y + z %)
let sum_list3 ([x; y; z]) =x +y + z;;
Warning P: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:

[1

val sum_1ist3 : int list -> int = <fun>

oooobooobodd&x; vy z] DODOOODOO :: 0 DOOODOOODOOODOOOD
ubobooobooboooboobobooboobobbooboooboooboobooboooono
O0O00O0OD0 “nonexhaustive pattern” D0 OO0 U0DOOOOOOOOOODOOOOODOOOOODO
gbobobooobooobogoboboooooboooobobobobooobobooboobooooboboo
uobobooooboboooobobooonbD int 1list O00OO0O0O0O0O0OO0O00O0O0OO000
gboobooobobooooooboobooboboobooboboobooboobonoobo
oono

# sum_list3 [4; 5; 6];;

- : int = 15

# sum_list3 [2; 4];;

Exception: Match_failure ("", 27, 14).

Ooo00ooooO0OooooO0OooooOooooooooooOoooboOooooooooo? O
ubooboobobboboobooooboboboboobooboobobooboobooooo
gbogoooobooboobooboboobobooboboobobooobobooboooDo
oooooOogo!'oooo0goooooooOoooOo0ooooooDooOOoooOOOooooooooO
uboooooooooobobbobooboobooooboooboooboooboooboboooboooboo
goboobogoobd

e OO DOODLOOODO OOODODO

e JO00OOO nOO0O0O00ODOO0ODODO!IODOOOODOOODO sOODOOORn ::lO00O0O0OOO
n+sdodong
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uddodoooooooobooboooodoooooddddododoooooLooUUUUUUU g
(fact 0000000000 0O0O)00OO Objective Caml 000000000000 OOOOOO
voogboobooboboobooobobooooboobobobooobobboboobooboobo
ugbooboooooao

# let rec sum_list 1 =
match 1 with
0 ->0
| n :: rest -=> n + (sum_list rest);;
val sum_list : int list -> int = <fun>

U00sum_list 000000000000 match OO0 10000000000000000O00O0O
00000000000 match 000000 Omatch 0000000000

match (Og) with (O0O0O00,) -> (O | ... | (0000, -> (O,)

o0o0ooO0oo0(0nwOOoOOooOOo0oOo(O0o0O,)O0boo0o0oooUoooo(ood
0,)00000000000(0;))00000000000(O,;)000000O000UOOO0OUOOO
000 (00000 n,rest) 000000000 O0DOOOOOOOO Objective Caml OO OO0
gbooobooobboboboobooboobboobobbo0ob0oobo0bibOdD sum_list
0000000000000 db0cons 0000000 matech OOODODOODODOODO

match OO0 0O00O000 match O0OO0OOO0O0O0O00O00O0ODOODODOODOOOOOOODODOO
gboboooboooobbooobboobboobboooboboooboooboooboban
gboogobooboooboooboboobooboobobboooboobobooooboboo
bobooboooooooboboobooboooooboboboboboooobobobobon
OO00000D00CO000O00DOO0O0oO0DOOd “this match case is unused.” OOOOOOODO

# let f x =

match x with (1, _) ->2 | (_, 1) >3 | (1, 1) >0 | _ -> 1;;
Warning U: this match case is unused.

match x with (1, _) ->2 | (., 1) -> 3| (1, 1) >0 | _ -> 1;;

val £ : int * int -> int = <fun>
# £ (1, 1);;
- : int = 2

1, vyObOoOoobOoooooooooDooDboosoobOoooooboobOoOobooDbooDboOoo
ogoog

00000000o000o00O0oOO0oOO0oO0o00O0oO0o0OoOoUOoOoUoOOo(ooO)oo
ubboobuodboobbddl max_list O

# let rec max_list 1 =
match 1 with

[x] -> x
| n1 :: n2 :: rest —>
if nl > n2 then max_list (nl :: rest) else max_list (n2 :: rest);;

Warning P: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
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]
..match 1 with
[x] -> x
| n1 :: n2 :: rest ->
if n1 > n2 then max_list (nl :: rest) else max_list (n2 :: rest)..
val max_1list : ’a 1list -> ’a = <fun>

uboobooooboogoo

5.3 UUuooobod

0000000000000 000(000000000)00000000000000000
googbobooooooogobobooooboboooooboobobooooooooooon
gbboobogboobboobooboboooboobobooobooboobbooboon

hd, tl, null OO0OO000000O0C00OO0O0O00O000000000O0 hd (head O0O), t1 (tail O
0)oooooooooooo

# let hd (x::rest) = x

let tl (x::rest) = rest;;
Warning P: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[
Characters 29-45:
Warning P: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[

let hd (x::rest) = x

val hd : ’a list -> ’a = <fun>
val tl : ’a 1list -> ’a 1list = <fun>

U000000000000 nonexhaustive UOUODOD0DOnull DO0OOOODOODOODOODOODO
gbooboobobobo

# let null = function [] -> true |
val null : ’a list -> bool = <fun>

-> false;;

function O OOODO fun U match DO UODOOOODOOOOOOODOOOOOO
function (O O0OO;) => (O4) | ... | (O00O00,) -> (O,)

fun x -> match x with (O000Oq) => (O4) | ... | (0000,) => (0O,)

ggoobobboogooobbooooobobboooobbooooooobobboooaann
ugoo
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nth, take, drop OOOn0O000000OD00OODO nth, nO0O000O000OO0OOCOOCODOOODO
takeUn 000000000000 00D0O0D0DO0D00O0 deop000OO00O0D0ODOOOOODOOOO
ooooon

# let rec nthnl =
if n = 1 then hd 1 else nth (n - 1) (t1 1)
let rec take n 1 =
if n = 0 then [] else (hd 1) :: (take (n - 1) (t1 1))
let rec dropn 1 =
if n = 0 then 1 else drop (n - 1) (t1l 1);;
val nth : int -> ’a list -> ’a = <fun>
val take : int -> ’a list -> ’a list = <fun>
val drop : int -> ’a list -> ’a list = <fun>

gbbooboobbobobuoobdnbbo0oboobboobooboo

3 b 3 ] b

# let ten_to_zero = [10; 9; 8; 7; 3; 2; 1; 0];;
0 ; 6; 5; 4; 3; 2; 1; 0]

. 4;
val ten_to_zero : int list = [10; 7

6; 5;
9; 8;
# nth 4 ten_to_zero;;

- : int =7

# take 8 ten_to_zero;;

- : int list = [10; 9; 8; 7; 6; 5; 4; 3]
# drop 7 ten_to_zero;;

- : int list = [3; 2; 1; 0]

# take 19 ten_to_zero;;

Exception: Match_failure ("", 48, 7).

length OO0O0OO0OO0O0OOO0DOOO lengthOOOO

# let rec length = function
(1 ->0
| _ :: rest -> 1 + length rest;;
val length : ’a list -> int = <fun>

length U000 _ 0000000000 OO0O0OOOOOOOOOOOODOOOOOOOODOOn
gbobooboobobooboobbooboobboobooboboooobooonooo

# length [1; 2; 3];;

- : int = 3
# length [[true; false]; [false; false; false;]];;
- : int = 2

U0 length DOOUOOO0ODOOO0OODOOOOOODOOOOOOODOOOOODODOOOOO0OO
(000 s0000)0

append, reverse O0O00 append 000000000 OO0OODOOODOOD append 11 12 O
oooooo
e JIDOU LODODOODDOOO ,OOODO

e 0D »0OD00OUDO J00U0O0OUOIOOOODOUOUDLOUY O IO0DD0OUOO vOOO
ooooooog
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ugbobooboaobood

# let rec append 11 12 =
match 11 with
1 -> 12
| x :: rest -> x :: (append rest 12);;
val append : ’a list -> ’a list -> ’a list = <fun>
# append [1; 2; 3] [4; 5; 6];;
- : int list = [1; 2; 3; 4; 5; 6]

U0 eppend DO 00011 00000000000 OODODOODODODODOOD1I200000000
0000000 append 0000000 Objective Caml 00000000000 e0O0O0ODOO
ugboogn

# [1; 2; 3] @ [4; 5; 6];;
- : int list = [1; 2; 3; 4; 5; 6]

U0 append DU UOUOOOOOOODODODO reverse OO DOOOOOO

# let rec reverse = function
1 -> 10
| x :: rest -> append (reverse rest) [x];;
val reverse : ’a list -> ’a list = <fun>

bgobobooobobobuoooobobobuoooobbobobuoiboibd append 0000

Uo0o00bDooboobooboobbobiO0bD0OOreverseJ0OOO0OOOOODLO append U

Ub00bO0bOob0obO0 append OO ODOOOODOOD0OO0OO0OO0OODODODOD -10000

append U0 OO0 0O0O0O000000000O000O0O0DOreverse 00O OOOOOOOO0OO

gbobooboobobooobooboobobooboooboobooooboon
gooooooooooooooon

# let rec revAppend 11 12 =
match 11 with

1 -—> 12
| x :: rest -> revAppend rest (x :: 12)
let rev x = revAppend x [];;
val revAppend : ’a list -> ’a list -> ’a list = <fun>
val rev : ’a list -> ’a list = <fun>

UO000000 revAppend DO O00O0000O00O0O0 12000000000000000000
gboboobodngobooboo120000000

# revAppend [1; 2; 3] [4; 5; 6];;
- : int list = [3; 2; 1; 4; 5; 6]

00000 append DO 000D OO0OO0OO0O0OODODOOO0O0DODO0O0O0ODODOO0OODODOO revAppend
boboboboobobooboboobo

# rev [’a’; ’b’; ’c’; d’];;
- : char list = [’d’; ’c’; ’b’; ’a’]
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map map UUO 00000000000 OOO00O0DOOO0OO0OOOO0OO0OOO0OO0OOO0000O4d

oo
# let rec map f = function
0 -> 1
| x :: rest -> £ x :: map f rest;;

val map : (’a -> ’b) -> ’a list -> ’b list = <fun>
OO00000DOOO000O00DbO 200000 mepOOO0OO

# map (fun x -> x * 2) [4; 91; 0; -34];;
- : int list = [8; 182; 0; -68]

U0b000000Dmep 0000000000 DO0O0OOO0O0ODOODOD’a > 0000000
uboboodoboooboobooooboboobobobooboobooboooooboooooooboong
gboogoboobobboboooobobooboobobobbobooboobooboono
ggooooboobobooobooboboboobooboobooboobooooboobooboobooboo

forall, exists forall 0000000000 0O0ODO(DODOO veol JOODO)0OODODODODODODO
Ub0bD00bo0boobbO0Obexists U0 0ODO0O0OO0OODOO0ODOO0OOOODODOOODOOO
gbooooooooboooob

# let rec forall p = function
[1 -> true
| x :: rest -> if p x then forall p rest else false
let rec exists p = function
[] -> false
| x :: rest -> (p x) or (exists p rest);;
val forall : (’a -> bool) -> ’a 1list -> bool = <fun>
val exists : (’a -> bool) -> ’a list -> bool = <fun>
# forall (fun c -> ’z’ > ¢c) [’A’; > 7; ’+°];;
: bool = true
exists (fun x -> (x mod 7) = 0) [23; -98; 19; 53];;
: bool = true

1 H

OO00000 fold U000 sum_list,append JO0O0000000000O0DOO0ODOOODOOO

0000000000000 00000000000000 Osum_14ist O [i1; i2; ...; in]l, O
ogd

il :: i2 ¢ ... ::oin o [1
og

il + (i2 + (... + (idn + 0)...))

O00O0O0O append [el; e2; ...; en] 120

el :: (e2 :: ... :: (en :: 12)...)
O0000000o0ooooooooooooo

e OO DOO cons D0sum_1list U0 +O0append U0 :: DOOODOOO
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o UUUOUDOODODOsum 1list U0 0O UOappend U0 1200000
e 00O DOODOODLDODOODO

goboooooboboobbooboobbobboobbooobo0bibd fold_right O OO0O0O0O

000000000 fold_leftO00O0OOrevO fold_left 0000000000 Orev [el; e2; ...; enl
O1:::x0x::10000
(.. (] ::: el) ::: €2) ... ::: en)

oboooooooooog
U000 fold_right, fold_left OO ODODOO

fold_right f [el; e2; ...; en] e = f el (f €2 (... (f en e)...))
fold_left f e [el; e2; ...; en] — f (... (f (f e el) e2) ...) en
ooooog

# let rec fold_right £ 1 e =
match 1 with
0 ->e
| x :: rest -> f x (fold_right f rest e)
let rec fold_left f e 1 =
match 1 with
0 >e
| x :: rest -> fold_left f (f e x) rest;;
val fold_right : (’a -> ’b -> ’b) -> ’a list -> ’b -> ’b = <fun>
val fold_left : (’a -> ’b -> ’a) -> ’a -> ’b list -> ’a = <fun>
# fold_right (fun x y -> x + y) [3; 5; 7] 0;;
- : int = 15
# fold_left (fun xy ->y :: x) [1 [1; 2; 31;;
- : int list = [3; 2; 1]

fold_left, fold right DO ODOUODOOOO consUOOOOOOOOOODOOOO0OOODOOO
goooboobobobOmep 000000000 OODOOODOODLDOODOODOODOODLDOO
gbodgbuoobobobobboobobobbobboobodobdodbudl map O fold_left O
U0 fold right DO UDOO0DOOO0OO0OOO0O0D0OO00O0O0O1ength DOODOOOO map O
gbobi100b00boobbooboobbooobooboo

# let length 1 = fold_right (fun x y -> x + y) (map (fun x -> 1) 1) 0;;
val length : ’a list -> int = <fun>

goboobooooboooo

oboobd oboboooboboboboooooboboboobobobobooobobobn
000000000000 00000000 (association list) 000000000000 0O0OOOO
oooooooooooooooooOOoOoboOobD (e, OO0 a0 0O0O00PO000000O0RO
good

gbboobobooboobboobtoobbuooboobbodboobbooboo
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# let city_phone = [("Kyoto", "075"); ("Osaka", "06"); ("Tokyo", "03")];;
val city_phone : (string * string) list =
[(”Kyoto”, 11075::); ("Usaka", ”06"),' ("TOky'O”, 110311)]

gboboboboboboboobooooobob0ob0obobobOn assocO0OO0O0O
gooooo

# let rec assoc a = function
(a’, b) :: rest -> if a = a’ then b else assoc a rest;;
Warning P: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[1
.................. function
(a’, b) :: rest -> if a = a’ then b else assoc a rest..
val assoc : ’a -> (’a * ’b) list -> ’b = <fun>
# assoc "Osaka" city_phone;;
- : string = "06"
# assoc "Nara" city_phone;;
Exception: Match_failure ("", 124, 18).

gobogboboogobobooboobooobooobooooobooboooobobobobobooob
oboboobooboobobobo

54 Case Study: DO OO QOODOOO

00000000000000000000000000000000000<000000 (0
000000)0000000000000(MO000 <000000000000000000
ooooon)

gbooobbooboobboobuoobbobboobooobooboooboboobooon

# let nextrand seed =
let a 16807.0 and m = 2147483647.0 in
let t a *x. seed
in t -. m *. floor (t /. m)
let rec randlist n seed tail =
if n = 0 then (seed, tail)
else randlist (n - 1) (nextrand seed) (seed::tail);;
val nextrand : float -> float = <fun>
val randlist : int -> float -> float list -> float * float list = <fun>
# randlist 10 1.0 [1;;
- : float * float list =
(2007237709.,
[1458777923.; 1457850878.; 101027544.; 470211272.; 1144108930.; 984943658. ;
1622650073.; 282475249.; 16807.; 1.]1)

00000 (insertion sort) DOODO00O00O0O0O0O0O0OD0OOOOOOOOOOOOOOOOOOO
obobooboobobooboobbooboobbo0nd insert O

# let rec insert (x : float) = function
(* Assume the second argument is already sorted *)
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0 -> [x]
| (y :: rest) as 1 -> if x < y then x :: 1 else y :: (insert x rest);;
val insert : float -> float list -> float list = <fun>
# insert 4.5 [2.2; 9.1];;
- : float list = [2.2; 4.5; 9.1]

00000000000000000000
(0000 ) as (O0O)

0 2s0000000000C0OO0O0DOODOO0OOODOOOOO(OD)0O0DODOOOOOODOOO
o000 x ::y ::rest 00000 x :: 100000000 insert 0000000 O0O0O
oo

# let rec insertion_sort = function
1 -> 10
| x :: rest -> insert x (insertion_sort rest);;

val insertion_sort : float list -> float list = <fun>

oo0ooogo
000000 imsert, insertion_sort DO OO OOOOOOOOOOOOOOOOOOOOOO

0000000000000 000000O0000000000000000 (quick sort) D C.AR.
Hoare 00D 0DO00DOODOOOO0OO0DO0DOOOOOOO (divide and conquer) 0000000
O0o0oooooooooon

e HOUODOODLOUUODLDOODLUODLDOOODODO
e O UODLDOOUDLOUODLDOODLUODLOOODLOODLOOOn

e O UODLOOUOUDLODUOLDDOUUOLULODLDDOUODLOODLODOODLOO

# let rec quick = function

1 -> [
I [x] -> [x]
| x :: xs -> (% x is the pivot *)

let rec partition left right = function
[1 -> (quick left) @ (x :: quick right)
| vy :: ys => if x < y then partition left (y :: right) ys
else partition (y :: left) right ys
in partition [] [] xs;;
val quick : ’a list -> ’a list = <fun>

00 quick 0000 append 0000000000000 O0OOOOOOOOO (append 00O
O00000000o00O0)000000000O000000 nO0OD0OO0O0OO nlognOOOOOO
gbooboooobooobooooboood

insert_sort (snd (randlist 10000 1.0 []))

quick (snd (randlist 10000 1.0 []))

O000000O0(snda 00000000000 OOOO0OOOODODOOOO)
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5.5 UUUOO

Exercise 5.1 00 000000000000 DOO0OOOOOOOO0OOOO0OOODOOOODOO
gbbgoobuoobboboboobbooboboobboobobooboooboobooaonoobg

1.

2.

3.

4.

5.

6.

[l

[[1; 3]; ["hoge"l]
(3] :: 01

2 :: [3] :: 0[]

(1 :: 0

[(fun x -> x); (fun b -> not b)]

Exercise 5.2 sum_listOmax_list D0match D000 null, hd, t1 0000000 O0OO0O0OO
match OO0 000000000 0O0OODOO0OOOOOOOOOOOODOO

Exercise 5.3 00 00000O00DO0O

1.

2.

00000 0000000000000000000 downto0OU

O0o0000o00o00oo0o0ooo0(0oo0)bo00o00d romand (I=1,V =5, X =10,
L =50,C=100,D=500M=10000000)0000roman 0000000000 0OOO
gbooobboobooobooobooboobboobooboboobooboobobon
goooobooobooboobbon

roman [(1000, "M"); (500, "D"); (100, "C"); (50, "L");
(10, "X"); (5, "v"); (1, "I")] 1984
— "MDCCCCLXXXIIII"

4,9, 40,90, 400,900 000000000000
roman [(1000, "M"); (900, "CM"); (500, "D"); (400, "CD");
(100, "C"); (90, "XC"); (50, "L"); (40, "XL");

(10, "X"); (9, "IX"); (5, "V"); (4, "IV"); (1, "I")] 1984
—> "MCMLXXXIV"

gbooooboan
gbooboboobooboboobooboobboobboobboobOoobn concatd

concat [[0; 3; 4]1; [2]; [5; 0]; [1] = [0; 3; 4; 2; 5; 0]

000000 [a1; ...; an] O [b1; ...; bn] OOO0O0O0O0O([LCal, bl); ...; (an, bn)]
00000 zipO(OOOOODODOODODODOOODODOOOOOOOOO0O0O0OO0O0O0O0ooo
ooo)
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5. 00 0000000000000 (bool OODOOON)pU0OOOOpOOOOOOODOO
go0oo0obD00d filterd

# let positive x = (x > 0);;

val positive : int -> bool = <fun>

# filter positive [-9; 0; 2; 5; -3];;

: int list = [2; 5]

filter (fun 1 -> length 1 = 3) [[1; 2; 3]; [4; 5]; [6; 7; 81; [91]1;;
: int list list = [[1; 2; 3]; [6; 7; 8]]

[ |

6. bobooboobooboooboooboobooboboobobooboooo

O00000000000o0o0o000oooO0o0o0oooOOoooooo(obooooobooo
0000000000000 000oooooooon)

Exercise 5.4 £, g 00000000000 Omap £f (map g 1) U mep DO OOOOOODOODOO
O0o0o000o0O0O0O0Omap (fun x -> ...) 10 ...0007

Exercise 5.5 forall, exists 0 fold_right, map 000000000000

Exercise 5.6 quick 000 e 0000000000 0ODOOquicker 0O0OOOOOODO 100
sorted O UODO0OO0OOD0OO0ODOODOODOODO 1000000000 00DO0O0DOODOODOOODOODOO
oooooooon

let rec quicker 1 sorted = ...

Exercise 5.7 00000000 r0000 22+¢y*=r0000000(z,y) (000 2>y>0)
O00000000000000000 squares r000000@OO00O0O: r=48612265 00 32
o0o00ooooooog)

Exercise 5.8 map 10000 00000000000000000000000000OCO000
000000 (0000)0000000mep 00000000000000000000000 map2
000000(@O0: 00000 (iterative) 0000000)



63

060 O0O0O0O0OO/O0D000OD0O0ODOOO

goboobooobobooooobboooobboboboooooboobobooooooboboboooon
googbdooobooboooboobooboobooooboobobobobooboboboobo
gogbbobogoobobuoooobbbooooboobboooobobooooobuooooboon
goooooooooboOoooOobobo0oo0oooDOo0oDOoUobDoOobDoOoboOoooDoD cooo
000 (struct) 0000 (union) 0000000000000 O0DOOODOO0OOOODODOOOOO
ubodgbooboobooboobobobuoobobobbooboobuooobooboobooobg
0000000000000 0000000000000000000D0O0O0OO0O00g (Objective
Caml000O0)00000O000O0OO0ODOO0OODOOUOOOOOO

6.1 UOOOO

gbgobobboobobooboboobobbobooboobobobobobooboabg
ubooobooobobooboobobboobooboobobooboooboobobooboooono
00000000 (feld) 000000000000 ODOOOOOOOO

ggggbobobobobobobbboobobobobobobbobbbobbbbbbbbbbbbibbO0 name
uboboobooobbbo0 iabooobobuooobboobDboooboboodtwype OO0
goboobogoooboooo

# type student = {name : string; id : int};;
type student = { name : string; id : int; }

student OO0 00000000000 DOODOO0O0O0ODOO0ODOOOO0O0OOOOODOO0O0O0DOO
ooooooo{roooboobbooooooobo

type (00 ) = (000000, : (O4); ...; (000000,) : (O,)}
00000o0oooooooon

{(000000¢) =(0y); ...; (000000,) = (0,)}
oooooooooooot

# let stl = {name = "Taro Yamada'"; id = 123456};;
val stl : student = {name = "Taro Yamada"; id = 123456}

gbooboboooobooobobooboboobooboobobooobooboobooobo
vbobooooooooooooooooooooooooooobobonDo

(000000, =(0000,); ...; (000000,) = (0000,)}

'0Doo (o0,)0(0,)000 ;00000000



060 O0O0OOO/O000O0O0OOODOOO 64

ugboobooobooaoo

# let string_of_student {name = n; id = i} = n =~ "’s ID is " ~ string of_int i;;
val string_of_student : student -> string = <fun>

# string_of_student stil;;

- : string = "Taro Yamada’s ID is 123456"

000 (0000).(000000)00000(0000)00(000000)0000000
000000000000

# let string _of_student st = st.name ~ "’s ID is " ~ string_of_int st.id;;
val string_of_student : student -> string = <fun>

gboooobooboobbobobooboobbooboobooobooboonobo

{00000 ) with
(0000004) ={(04); ...; (000000, = (0,3}

gbobooboobbooboobooobooboboooboobobooon

# type teacher = {tname : string; room : string; ext : int};;
type teacher = { tname : string; room : string; ext : int; }
# let t1 = {tname = "Atsushi Igarashi"; room = "140"; ext = 4953};;

val t1 : teacher = {tname = "Atsushi Igarashi"; room = "140"; ext = 4953}
# let t2 = {t1 with room = "142"};;

val t2 : teacher = {tname = "Atsushi Igarashi"; room = "142"; ext

4953}

obooboooboboobobobobDOwithOODOODOOOOO0O0DOODOOOOOO00O0O00OO
UobooboobobooboboO0ty10b00b0obbdib0 reomJ0O00D0O0O0O0O t2000
ubbooboabbood

# tl;;
- : teacher = {tname = "Atsushi Igarashi"; room = "140"; ext = 4953}

t1 000 2000000000000

uobooboobooboooboob oobobooboboobooboobobOoobbooboo
uboooobobbobooboobobooboboboobooboboobooobonooo
gboogoooboboobobooboobobooboobooboboobobooobooobo
ocoooooobo{...y00o0o0oboUoobo00bO0 bOoooOOoUoDboDbDoOobbOoobo

let £ (x : {name : string; id : int}) = ...
O00o0o0ODoOOC0OOoOOO00OUoOoOooDoDoOoooOoOoOgo
type student_teacher =

{s : {name : string; id : int};
t : {tname : string; room : string; ext : int}};;

ugbbogobuoobboobuoobboobuoobboooboobobooon

# type student_teacher = {s : student; t : teacher};;
type student_teacher = { s : student; t : teacher; }
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ugbboboooboboooboobbooboobbooboobobooboan

# let st = {s = {name = "Taro Yamada"; id = 123456}; t = t1};;
val st : student_teacher =

{s = {name = "Taro Yamada"; id = 123456};

t {tname = "Atsushi Igarashi"; room = "140"; ext = 4953}}

00/00000000000000000O00000 000000000 00oooooooo
oobooboboboooboboobobooobob el o ooooboooooooD
bgbuobooobobobuoobuoouobobuooooboooboooobboboboooan
ubboobooboobboobooobbooobooobobooobooon

# type foo = {name : booll};;
type foo = { name : bool; }

U000 name DO O00OO0D0DOO0DO0OO00O0DOO0O0DOOO00OO0DOO0DO0DO student UODOOO0
U00Oname DO O0OD0OOO0OO0DOOO0DOODOOODOODODO

# {name
{name

"Ichiro Suzuki"; id = 51};;
"Ichiro Suzuki'"; id = 51};;

P e e e e R R R NN

This expression has type string but is here used with type bool
# stl.name;;
st1.name; ;

This expression has type student but is here used with type foo

0000000000000 0000000000O0 (name space) 0000000000000
boboobooboooooooooooooooooooooooooboooboooboonDo

6.2 UOOOOOO

gboboobobbobooboooboboboobuooboooboobooboobaoobo
ubbooobobooboo400b00bboobooboboobooboboooboobooon

e IO DOODLOODLDODDOODLOOO

e 000D OODODLDOOODOUOLDOUDOODODLODODLODLOOODOOD4, 9000 DO
gooooooooooooooooon

e 00O 0ODOODOODODOODODODODODO

e JOI0ODOODOODDOODOODDOODOODD
ugbboobooboobbooboooboooon

e (2, H)0D0OIO0OOODOOOO4000O00LDOODOOODOOD

e JOIDDOODLOYTDLUOOLOUODDOODLOODDODO
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000000000000 000000oO0O000D00O0OO0OO (bODOooD0DUD0oOoOoODODOOO
0000)000000000000000000000000O000O0000D0UOUOODOOOO
(2, 40 800)00000000OO0DOO0OOOUOOOD(DOODUDOODOOO)00UDOOOOO
ubobgooboan

gboogobooboobboobuooboonboDn

# type figure =
Point
| Circle of int
| Rectangle of int * int
| Square of int;;
type figure = Point | Circle of int | Rectangle of int * int | Square of int

UoboobooobooboonoonD typeUOOO00OD0O0D00Ofigure D0ODOOO0DOODOOUOOPoint,
Circle, Rectangle, Square D 0O 000 OO (constructor) 00000000000 O0OOOODO
Udodddooooobbbbbbbbbibboef Ul UULDLLbD
O00000of 000000 DDODOODODUIDOODDDODOOUDOODUOOOOO(@MOO
0000000000o00000oO00oo00o0U0O0OU0LOO0DUOOUOOOD)bOOoUOOO
ugoooooboobbotbododoooooooboobooboooodoooooubooobooboobooog

# let ¢ = Circle 3;;

val ¢ : figure = Circle 3

# let figs = [Point; Square 5; Rectangle (4, 5)1;;

val figs : figure list = [Point; Square 5; Rectangle (4, 5)]

gboboobobobobbobooboobooboboooobobooboobooobobo
goboooobooobooobboobbooobboobbidob matchODOOOO0ODOOOO
oboooooooboooooooooooDoog

(0000O000) (0oo0)

0000000000000 0O0000oDO0O0 (000D )000D0oDO0DU0O0oOOOoO(obooo)o-
gbobgoobooboobobooboobobooboobbooboon

# let area = function
Point -> O
| Circle r -=> r * r * 3 (* elementary school approximation :-) *)
| Rectangle (1x, ly) -> 1lx * ly
| Square 1 -> 1 * 1;;
val area : figure -> int = <fun>

O000000000000000000Ofunction 000000000 5000)

area c;;
: int = 27
map area figs;;

#
#
- : int list = [0; 25; 20]
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ubooobobto oobobooboobobooboboobooobobooboobooboboo
goobooobobooboboobbobooboboobobooboboob ordonD O
voogboobooboobobooobobooboooooboboboobooboboooboobobo
000000000 (@oOooooooooooooooon)

# let enclosing_square = function
Point -> Square 1
| Circle r -> Square (r * 2)
| Rectangle (_, 1) | Square 1 -> Square 1;;
val enclosing_square : figure —-> figure = <fun>

Rectangle (_, 1) | Square 10 or 000 0000000000000 00
(0000,) | (0000,

ubogboobobbobooboboobuoobobobobobobobobooboobobobo
00 ((O)0oo((@O000U00000O000U0d ->00000000000000)0000/00
oooooooon
gbboobboobobooboboobboobboooboobobooooboooobooooo
gbooboobooboobbooboobboo0borgboobbOo0obO0nbDbDOn

# let similar x y =
match (x, y) with

(Point, Point) | (Circle _, Circle _) | (Square _, Square _) -> true
| (Rectangle (11, 12), Rectangle (13, 14)) -> (13 * 12 - 14 * 11) = 0
| _ -> false;;

val similar : figure -> figure -> bool = <fun>
# similar (Rectangle (2, 4)) (Rectangle (1, 2));;
- : bool = true

goooobobooboobo 0obooboboobo0ooobooboooobobOoooboboobon
gbobooobooboobooboobooboob
1. 0go0booboooo

2. 0000000000 (A...Z,a...2,0...9)000000000000000 (?)

ugbbogobuoobbooboobobod
gboboboboooboboboooboboboboobooooboboboboobobo
goobgoobooboboobooboooboobbooobooboooboobbooobo

6.3 UUUOOogoooon

000 Pascal,C,C++ 0000 (enum 0)0000000000C00O0O0O0OO0OOOOOOO
obooboooooooooooog

# type color = Black | Blue | Red | Magenta | Green | Cyan | Yellow | White;;
type color = Black | Blue | Red | Magenta | Green | Cyan | Yellow | White
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enum 0O000000O0O0COO0 CcOOOOOOOOOOOODOOODOODOOOOOOODO
0000000000000 0D0)00000000 8OO0 UUUDOODODOODOnOO

# let reverse = function
Black -> White | Blue -> Yellow | Red -> Cyan | Magenta -> Green
| Green -> Magenta | Cyan -> Red | Yellow -> Blue | White -> Black;;
val reverse : color -> color = <fun>

boolODODOUODOODOODOODODODODOD

type bool = true | false

Ubb0ifd0 matchOOUOOOOOO0OOOOOOO

if (O4) then (O3) else (Oj3)
~ match (1) with true -> (03) | false -> (O3)

OooOoOoOoOoOooOoOoOoOoOoOoOOoODOODDbO typeOODDOOODOODOODODOODOOOODoOO!
ubboobooobobooboobbooboobboobooboobooon

gooogoboobd 0bo0obodb ofbibUobbOobbobbobbOobbobbOobbo
bobgoobooooooobobooboooooboboboobobobooobobobobobon
ubboobuooboboobobooboobboobooooboobooon

e J00OOOLODLODOO
e 0000 10DODODODODOD

obobmioooboobbooboobbooboobbooboobbooboobboOoon

# type nat = Zero | OneMoreThan of nat;;

type nat = Zero | OneMoreThan of nat

# let zero = Zero and two = OneMoreThan (OneMoreThan Zero);;
val zero : nat = Zero

val two : nat = OneMoreThan (OneMoreThan Zero)

gbboobooboobbooboobboobooaoboo
e J00ID0UD nUIDODODO nODOODO
em 0100000 nO0DO0DODODmOI nDOODLOODODO1000000O0O

goooood

# let rec add m n =
match m with Zero -> n | OneMoreThan m’ -> OneMoreThan (add m’ n);;
val add : nat -> nat -> nat = <fun>
# add two two;;
- : nat = OneMoreThan (OneMoreThan (OneMoreThan (OneMoreThan Zero)))

O0O0000ODOOOO0O0000bODOOo0Ooo0o0ODOCOO0OU0O00DDODD ZeroOOOOO DO
OneMoreThan U cons U OO OO0 OOO0ODOD0OOOO0D0OO0D0O0OO00O0O00DOOnat OO
boboooobooboooooooooooooooooooooooooooog
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# type intlist = INil | ICons of int * intlist;;
type intlist = INil | ICons of int * intlist

(O0O0OoO0oooooooooon)
gbboobboobbooobtboooblb and 0000000000 OO0OOOOODODOOO
gbooboobooboobbooboobobooboobboobooboboonoobg
# type fl_str_list = FNil | FCons of float * str_fl_list
and str_fl_list = SNil | SCons of string * fl_str_list;;
type fl_str_list = FNil | FCons of float * str_fl_list
and str_fl_list = SNil | SCons of string * fl_str_list

# let fslist = FCons (3.14, SCons ("foo", FCons (2.7, SNil)));;
val fslist : fl_str_list = FCons (3.14, SCons ("foo", FCons (2.7, SNil)))

000000000000000000000000000000000O0O00 2000000 (O
00000000o0oo0O0O00000ooooD)booooOoooOoooooo
# let rec length_fs = function
FNil -> O
| FCons (_, rest_sf) -> 1 + length_sf rest_sf
and length_sf = function
SNil -> 0
| SCons (_, rest_fs) -> 1 + length_fs rest_fs;;
val length_fs : fl_str_list -> int = <fun>
val length_sf : str_fl_list -> int = <fun>
# length_fs fslist;;
- : int = 3

Ubdogooboibb intlist OUO00O0OO0OOstringlist DO0O0O0O00O0000O0O0O00O00O0O
gbooooooobooooon

e JOODODOODOODODO

e 100 ...1list 00000 0OODODOOODOOO

000000000000 OC00DOCO000DOOO00DOO0ODOOO0n Objective Caml OO OO
0000oo(@ooo0)0000oo0o0o0oooO0O0D0oOoOOo00DOoOOOoDOOoOOOoOoObooOO
ubobooobooobobboboobooboobobooboboboboobooooobooooo
goboboboooobobobobooooooobobobobobobobobooooobon

# type ’a list = Nil | Cons of ’a * ’a list;;
type ’a list = Nil | Cons of ’a * ’a list

gobooboobb’abd0dbbooobOooboOon
gbobobobuoboooboboboobobobboboboboboooboobobobogobo

# type ’a option = None | Some of ’a;;
type ’a option = None | Some of ’a

Ubodld Nene UODOOOOOOODDODOOOOOODOOODOODLOODDODO Some vO OO
00 vOOOOOOOOOOOUava, CO0O00Onull OO0O0 NULLOOOOOOODOODOOOO
O000000000)0000000 ccaml JO0OODODOOOOOODODO
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0000000000000 COO0O0U0U00OO0OO0OU00OOOO0O0OD0OObOOOOOOOOoO(o
gboobooboobooboobod

type [<D|:||:|11> <DDD1k>] <|:|[|1> =

(000O0000q) [of (O] | -+ 1 (0O0000001,) [of (Oy)]
and [<|:|D|:|21> <DDD1m>]<DD2>=

(00000009) [of (Do) | -+ 1 (0000000a,) [of (O
and [(00O0s3) (00Og)) (O0O3) = -

6.4 Case Study: 00O

O(tree)0000000000OO0OOOO0OOOOOOOOOOODOOOOOOOOOOODOO
0000000000000 000000000D0DO(nede)J00000OD0OOOOOODOOOOOO
00000000 (childnode)y)DOODDOODODO0DOO0OOOOOOOOOOOODOOOOODODODODOO
O0(reot) D0 D0OU00O0OO00OO0DOOODOOO0ODOOOOUNXOOODODODDOOODOODDODOOODOO
0000000000000 00000 (00)0 nOO00D0OD0OD0ODO0O0OO0 nOOO0D0O0OR=10
ubboobooobobooboobbooboobboobooboobooon

googooobooboooboobbooboobobon

e (0D0OUDDOODL)ODO (DDDOUDOOD leaf000)DOOODODOOO
e JODDOODODO left 0 right 00 00O0DODOOOOO0ODDOODODOOODOO

OO0 Objective Caml OO OO0DOOODOOCOOOOODOOOO

# type ’a tree = Lf | Br of ’a * ’a tree * ’a tree;;
type ’a tree = Lf | Br of ’a * ’a tree * ’a tree

Lf 000Br (0 /branch) 0000000 0000000000000000 tree0000000
00000000000000000000000000000000000000000 (000
0o0)o

00000000000000000

a
b c
d e f
Oo0ooooooooooo

# let chartree = Br (’a’, Br (°b’, Br (°d’, Lf, Lf), Lf),
Br (°c’, Br (’e’, Lf, Lf), Br (°f’, Lf, Lf)));;
val chartree : char tree =
Br (’a’, Br (’b’, Br (’d’, Lf, Lf), Lf),
Br (’¢c’, Br (’e’, Lf, Lf), Br (°f’, Lf, Lf)))
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oooooobooooooooobo Br (.., LE, LE)ODOOOOOO
0000000000000 00(@O00D)000000000000000DO00DUOooOoDOO
gboobooooboooooooooooooooooon

# let rec size = function
Lf -=> 0
| Br (_, left, right) -> 1 + size left + size right;;
val size : ’a tree -> int = <fun>
# let rec depth = function
Lf >0
| Br (_, left, right) -> 1 + max (depth left) (depth right);;
val depth : ’a tree -> int = <fun>

O0000000¢t00000000size(t) <29Pht) 1000000000 size(t) = 2%PH0 — 1
0000000000 00000 (complete binary tree) 00 OO0

# let comptree = Br(1, Br(2, Br(4, Lf, Lf),
Br(5, Lf, Lf)),
Br(3, Br(6, Lf, Lf),
Br(7, Lf, Lf)));;
val comptree : int tree =
Br (1, Br (2, Br (4, Lf, Lf), Br (5, Lf, Lf)),
Br (3, Br (6, Lf, Lf), Br (7, Lf, Lf)))

gboogo3ugoboooobooooo

# size comptree;;
- : int =7
# depth comptree;;
- : int = 3

gboboobobobobboboobooboobbobooboobuoboobooobobo
0000000000000 000000000000000O00O0O0OO0OO0aO (preorder), 1000
O (inorder)D 000 OO (postorder) 0000000000000 OOOOOOOOOOOOOO
ubboobuoobbooboobbooboobboooboobboooboab

gbooboboboooboobobooboobobobbooboobooboboboboong
oo

# let rec preorder = function
Lf -> []
| Br (x, left, right) -> x :: (preorder left) @ (preorder right);;
val preorder : ’a tree -> ’a list = <fun>
# preorder comptree;;
- : int list = [1; 2; 4; 5; 3; 6; 7]

gbobooboobbooboobbooboobboobooboooooonooo

# let rec inorder = function
Lf -> []
| Br (x, left, right) -> (inorder left) @ (x :: inorder right);;
val inorder : ’a tree -> ’a list = <fun>
# inorder comptree;;
- : int list = [4; 2; 5; 1; 6; 3; 7]
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ugbboobooboobooboobobooboobboobooboobobon

# let rec postorder = function

Lf -> []
| Br (x, left, right) -> (postorder left) @ (postorder right) @ [x];;
val postorder : ’a tree -> ’a list = <fun>

# postorder comptree;;
- : int list = [4; 5; 2; 6; 7; 3; 1]

O0000000eU0O0O0U0U0ODOOOOUOOOODOOUOODOOOUODOO(DODODODODOO)O
gboogoooboboboooobooboobobboobooooboboboboboobooobooo
O0000000000000000 (eons)J0000OO0O0DOOOODOOOOOO(MOOOOOUDOO
gobooboooobobbooooobobooooobobooooboobooooboboobooon
O00000oooon)

# let rec preord t 1 =
match t with
Lf > 1
| Br(x, left, right) -> x :: (preord left (preord right 1));;
val preord : ’a tree -> ’a list -> ’a list = <fun>
# preord comptree [];;
- : int list = [1; 2; 4; 5; 3; 6; 7]

00000 00000 (binary searchtree) 0000000000000 0O00OO0OOOOOOO
ubogbooobobobooboobooooboobobooboobooboooboboboo
gboooboboobooboboobobobobooboooboobobobooobooboboo
pbobooboobooboobooboobob

Br (4, Br (2, Lf, Br (3, Lf, Lf)), Br (5, Lf, Lf))

gbooboobooboobobon
Br (3, Br (2, Br (4, Lf, Lf), Lf), Br (5, Lf, Lf))

ugboooboobod
gboboopoboobbooobbooobbuoobbidl mem00000000O00 add OO
goooooooobooob

# let rec mem t x =
match t with
Lf -> false
| Br (y, left, right) ->
if x = y then true
else if x < y then mem left x else mem right x
let rec add t x =
match t with
Lf -> Br (x, Lf, Lf)
| (Br (y, left, right) as whole) ->
if x = y then whole
else if x < y then Br(y, add left x, right) else Br(y, left, add right x);;
val mem : ’a tree -> ’a -> bool = <fun>
val add : ’a tree -> ’a -> ’a tree = <fun>
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ubboobuoobbooboobboobooobo

e 100000 0UDODODLOODODLO falselUOODODODOODODOOODDOOOOO
0oood

e J0UDOO0ODLDODOODOUDOLDODODLOODDODUDOLDtrved0OODOODOOO
whole OO 0OO0O0O0OO0OOODOOOO0ODOOOOOODOOOODOOOOOOOOOODOOOO
googoo

gboobooobooboboobobobobooboobooboooobooboobobbobooboo
gbobooboobbooboobobooobooboooboobobooon

6.5 Case Study: 00000

goboboobobooooooooboboooobobooboobooooboboobooboooDo
goooboboooboboooooobooooobobooboooboboooobbOoobDoDO
00 (00)000O00000O0000000000000000000000D0DOo00oUooOOo
Ub0000000wmit 000000000000 00000O0O0000000 typeOOOODOO

# type ’a seq = Cons of ’a * (unit -> ’a seq);;
type ’a seq = Cons of ’a * (unit -> ’a seq)

seqU 1list 0 tree U0 OD0DOD0OO00OO0OO0D0OO0O00ODO ConsO0OOD0OO0OOD0OODOOOODO

uboboogobobodd of 0bbuubbibdtbtail 000000 OOOO0DOOO0OODOO0

gbooogooobobobooboobooboboobobobobooboobooboboobooong

gobooboboobobobooooboobobobooooboboboooooboboooobobo

ubooboooboboboboobobbobooboooboooboobooboooboobonboo

gboboobuooboboooboobooobooboooboobooobooboooboobo
U000 from 0000 n 00 100000000000000O

# let rec from n = Cons (n, fun () -> from (n + 1));;
val from : int -> int seq = <fun>

fun ) >000000000000fun O -> ... 0000000000tail0DO00O0OOO0ODO
ubboobooboobbooboobooobooboooboobooobboobooobon

let rec list_fromn =n :: list_from (n + 1)

oboboooobobooblist_fromJ000000D0O0O0DO0ODOODOODODODODODO
from000O0O0O0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO (thunk) OO
ubooboooboobobooboobobooboobobobooboooboooboobooboooono
0 (0000000000000 0000000U0OO0)0000DO0OUO0O0UO0O0D lazyOOO
ubboobogbooboo
googobooboobboobuoobbog nOOOO0ODOO0ODDOOODOODO
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# let head (Cons (x, _)) = x;;

val head : ’a seq -> ’a = <fun>
# let tail (Cons (_, £)) =f O;;
val tail : ’a seq -> ’a seq = <fun>

# let rec take n s =
if n = 0 then [] else head s :: take (n - 1) (tail s);;
val take : int -> ’a seq -> ’a list = <fun>
# take 10 (from 4);;
- : int list = [4; 5; 6; 7; 8; 9; 10; 11; 12; 13]

Ub000000tail 0DOD0ODOODODOD OLOODObDObDUODbDUObOUObUobOobD boboo

gbbodbbgobboooboooboobbuoobbuoobbud D0Umatch OO0 0Qn

ubboobooboobboobuon tekeU00oOooooooooobooobooooo
Uboooboobdmap 00000 DOOO

# let rec mapseq f (Cons (x, tail)) =
Cons (f x, fun () -> mapseq f (tail ()));;
val mapseq : (’a -> ’b) -> ’a seq -> ’b seq = <fun>
# let reciprocals = mapseq (fun x -> 1.0 /. float_of_int x) (from 2);;
val reciprocals : float seq = Cons (0.5, <fun>)
# take 5 reciprocals;;

- : float list = [0.5; 0.333333333333333315; 0.25; 0.2; 0.166666666666666657]

Ubbb0ddbODreciprocals UOUOUOOOOOOOOOOO0.5000000 takeODOOOMO
Ubobo0obooboobbOodb0Otake U000tail OO0 OO0 D0OOOOOODODOOODOODO

gobooboboboboboboobobbobuooboboboboobuoboboboobooo
goo0ooob0oooOoboboobobbOobUobOboO00g fun O >00000O0ODODOOOO
000000 (teil O)0000O0O0O0O0OO0OO0OO0OOO0OOOO(DO0DODODODOOOOOOODO)O
gbooboooooooooooooon

goooboboobo oboboboobobobooboobOoboobOoboboboobobon
gbooboboobooooooooooo20b00b0000000D

e UIODO 200DL0O0ODODO

0ooO0 (3,4,5,...) 002000 (4,6,8,...) 0000

gboooboboob sgobooaoboo

0ooo (5,7,9,...) 003000 (9,15,...) 0000
e 0000D0000D 50000000

o OO

UboogboboobobobboobbdbOdbsequbbobogbobboobooboboboonbob
gbooboboooboobooobuoobbool n0O000D0OO00D0OO00O0O00D sift 0000

let rec siftn ... = ...;;
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ubboobogboobbooboobbooboobboon

# let rec sieve (Cons (x, f)) = Cons (x, fun () -> sieve (sift x (f())));;
val sieve : int seq -> int seq = <fun>

# let primes = sieve (from 2);;
val primes : int seq = Cons (2, <fun>)
# take 20 primes;;
- : int list =
[2; 3; 5; 7; 11; 13; 17; 19; 23; 29; 31; 37; 41; 43; 47; 53; 59; 61; 67; 71]
# let rec nthseq n (Cons (x, f)) =
if n = 1 then x else nthseq (n - 1) (£0);;
val nthseq : int -> ’a seq -> ’a = <fun>
# nthseq 1000 primes;;
- : int = 7919

6.6 UOUOOO

Exercise 6.1 00 O00000ODO loc_figOOOOxyOOOOOOOODOODODODOOOO
0000000000000 00000000000D000U000U00D0OD (UODDODDOUOoOo
Rectangle (x, y) 0 x 0000 x0O0O0O0O0OOOO)OOODOOOOOOOOOOOOO
UOdddld overlap U OO OMO

type loc_fig = {x : int; y : int; fig : figurel};;
Exercise 6.2 nat DO 0000000000 int J0O0OO00O0O int_of mnat,nat O OOOO0O

O00 mlOnat 0000000000 (D00 0—n=0)monus (0O00) 000000 (mul,
monus 0 * -0000000000Onat 000000000000 OOOOOODNO)

Exercise 6.3 00 monus JO0O0O0O0O00O00—n (n > 0)0 None OO O nat -> nat -> nat option
U000 minus OO0 O0OO0

Exercise 6.4 U0 n 000000000000 xO000000000O0O00O00O00OO0 comptree x n
gooooo

Exercise 6.5 preord 000000000 0DOO0OO0OOOODOOODOOODOONO inord, postord O
oooon

Exercise 6.6 0000000000 0DOOOOCOO reflect JO00OOODO

# reflect comptree;;

- : int tree =

Br (1, Br (3, Br (7, Lf, Lf), Br (6, Lf, Lf)),
Br (2, Br (5, Lf, Lf), Br (4, Lf, Lf)))

uboboobodob tboobbooboobboooooboooon

preorder(reflect(t)) = 7?
inorder(reflect(t)) = 7
postorder (reflect(t)) = 7
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Exercise 6.7 0000000 DOOO0OOCOO0ODOOOOOOODOOOOOODO

# type arith =
Const of int | Add of arith * arith | Mul of arith * arith;;
type arith = Const of int | Add of arith * arith | Mul of arith * arith
# (* exp stands for (3+4) * (2+5) x*)
let exp = Mul (Add (Const 3, Const 4), Add (Const 2, Const 5));;
val exp : arith = Mul (Add (Const 3, Const 4), Add (Const 2, Const 5))

O00000000000000 string_of_arith, 0000000000 (417 X -+ X i1py) + -+ +
(1 X+ Ximp,,) 000000000 expand DO O OO0

# string_of_arith exp;;

- : string = "((3+4)*(2+5))"

# string of_arith (expand exp);;

- : string = "(((3%2)+(3%5))+((4%2)+(4%5)))"

(00000000) string of_arith 0000000000000 O0O0OOOO(MOOOOOO
00oooooooo)

Exercise 6.8 1,2, 3, 4000000000000000DOO000O000O0ODOO0OOODOOOO
000000000000 b00D «ad0O0OO0ODODOODO

Exercise 6.9 00 sift 00 00O0(000000O0O 4+3000)0000000000

Exercise 6.10 OO0 O0O00O0O0O (CCa, ’b) sumO000O00000O0DO pO00O00CO0OO0ODOOO
oboobooooooooooooog

# type (Ca, ’b) sum = Left of ’a | Right of ’b;;
type (’a, ’b) sum = Left of ’a | Right of ’b
# let float_of_int_or_float = function
Left i -> float_of_int i
| Right £ -> f;;
val float_of_int_or_float : (int, float) sum -> float = <fun>
# float_of_int_or_float (Right 3.14);;

- : float = 3.14
# float_of_int_or_float (Left 2);;
- : float = 2.

0doo0ooooooboooooooooooon
1. ’a * (b, ’c) sum -> (Pa * ’b, ’a * ’c) sum
2. (’a, ’b) sum * (’c, ’d) sum -> ((’a * ’c, ’b * ’d) sum, (’a * ’d, ’b * ’c) sum) sum
3. Ca > ’b) * (°’c -=> ’b) > (’a, ’c) sum -> ’b
4. ((’a, ’b) sum -> ’c) > (Pa -> ’c) * (°b -> ’¢)

5 (Pa => ’b, ’a -> ’¢) sum -> (Pa -> (’b,’c) sum)
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70 OOouooooodod

000 Objective Caml OO0 000000 O0OODOOOOOODOODOOOODbjective CamlOO0OOO
doddodoooooooooooooobobobb bbb oDooouo oo
U oooooooooooooooooooooobobobbobbobooo
oo oooooooooooooooon
0dooooboooooooooooooobooboooooboooooooooooboogoa
oo ooooonooooooooa

gbooboboobodoboboobdooboobig print_string D000

# print_string "Hello, World!'\n";;

Hello, World!

- : unit = ()
0000000000000 000000000 (000O0)ooooOOoOo0o0o00ooOoOoo0o0oo
0000000 QbOodbOooboo0oboOoooOo0obOO0odbOo0bOoooDoboOoooOoobOoooa
O0000000000000wit000000000000000 (Objective Caml 00000
00ooooooooooooooooboooooooooo0o0oooooboooooooooa
O000ooooon)

00000 read_line 0000 (O OD0O0000000O0O0OO0OO0OO0OOOOOOOOOOOOOO
gooogo

# read_line QO ;;

foo < 0Dogooooooon
- : string = "foo"

OO0o0bo0o0o0ooo0Ob0o0o0b00d read_1line O UO0O0OO0OO0O0OO0O0OO0OCOOOOOOODO
gboooboobooboobooooooooooooooooooooooooooooooon

7.1 ODOo0ooooodoooood

000000000000 00DO00000000DO0DO0D00000DO0DO0O0O0O Objective
Caml 0000000000000 0OU0D0O0O0O0O0OO0OD0O0OOO (references) 0000000
O (mutable records)0 0 0 (array) 0 0 0O O

7.1.1 00

Objective Caml OO0 O ODOOOO0DOOOOODOOODOOOOODOOOODOOCOOOODOO
goboobooooobooboooooooboooooobooboooooboobooooooooon
uboboobooboobooooooooobootbobooboboo0obtret 0000O0ODOO
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bbbl ref000000ref UOODOOOOOOOOOOO0DOOOODOOOOOOOODOO
0000000000 @CO0O000O00000O00000O0000000oUooOO)0DO0o0oDoO0O
0000000000000 0OOread line 00000000000 OOO(DODODO)0OO0OOO
ubboobooboobbooboobboo robooobbooboan

(O1) == (O2)

0(0,;))00000000000 (0,)000000000000000O0O0O0D0 tOo0o00O0
uboudgbdobtretOgb0ooboboooboboboobobooobobboobobooang
o000 ouobobobobobobobobobobo

# let p = ref 5 and q = ref 2

A

val p : int ref = {contents = 5}
val q : int ref = {contents = 2}
# ('P’ !q);;

- : int * int = (5, 2)
#p:=Ip+ lq;;

- : unit = O

# ('P’ !q);;

: int * int = (7, 2)

gboobobooboobobobuoobobobooboobobobo0boboboboobobo
uboodgbouogbodgbogbuooboobooborgboobooooboobobboboo
gooooooocCcboOobobodoogbi =jO00000O0OO0OO0OO0OO0ODOO0ODOO 1000
gooboobodb jhoo jobobooboobobod
gbooobboobuodoboobboobooo

# let reflist = [p; q; pl;;

val reflist : int ref list = [{contents = 7}; {contents = 2}; {contents = 7}]
# p := 100;;

- : unit = ()

# reflist;;

- : int ref list = [{contents = 100}; {contents = 2}; {contents = 100}]

O000D0 reflist 00 0000000000000 0D00O00O0O0OOreflist 030000 (O
000)000000000000000O000000O000OODOO000D0D0O0OOOOOOOOO
gooogobooooboobooobooboboboobobooboobobooboobobbo
0000000 (eliasing) 0000000000000 OCOOOOOOOOODOOOOOOOOO
gooooOooo0o0obOoOoboOoOoboco0obDoOobboO0oooOobDoOoooooDo

# let refp = ref p and refq = ref q;;
val refp : int ref ref = {contents = {contents = 100}}

val refq : int ref ref = {contents = {contents = 2}}
# !refq := !(lrefp);;

- : unit = ()

# ('p, '9);;

: int * int = (100, 100)
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712 O0O0OOOOOO

gbbooobuoobbooboobbuoobboobuoobbdwithgboooooaoog
O000O00D0O00DOOO0ODODOO00O00000DOObjective CamlOOODOOOOOOODOO
gobooboobboobbooboobbo0ob0oobbuo0bb0o0bd mutable DO OO
gbooaoo

# type teacher = {name : string; mutable office : string};;
type teacher = { name : string; mutable office : string; }
# let t = {name "Igarashi"; office = "140"};;

val t : teacher = {name = "Igarashi"; office = "140"}

0000000000
(01).(000000) <= (Oy)

00oo000(0,) 0000000000 (000000 )YyOUOOODODOOO (OyD0000oO

# t.office <- "142";;

- : unit = ()

#t;;

- : teacher = {name = "Igarashi"; office = "142"}
7.1.3 OO

gboboboboobobboboobobooboobobooboobouoobobobooobo
000000000000U00 (00000000000 0)0000U00O00UD0O0ODDOOOOoUOO
ubbodbboobboobbono 000 ¢t array0ddbooooboboobooooooan
gboboooboooobon

00000000, 0000000000000CDO (0,;)00000000((0)0 (00000
0000 (0,)0(0.,)000000(03)00000000000000O0DOO0D0ODOODODOOO
00000000000 Invalid_argument 0O 000000000

7.1.4 0O00OOOO

0400000000000000D00ObjectiveCaml DO0OO0DOOOO0ODOOOODODO 1letOO
00000000 (Qetx=...0 ...00)00000000000000 (x)000000C0OO
gbooboooooooooooooogoooogog

0000000000000 O0000O00bOO0O00O0O0OOOgn Objective Caml DOODOO
gbooboobooboobobooboooboo

# let x = ref [1;;
val x : ’a list ref = {contents=[]}
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U xObOoobooobboobuoobbobobooboooboobibd conson

# (2 :: !x, true :: 'x);;
- : int list * bool list = ([2], [truel)

ugbboobuoobbooboobbooobooa

# x = [1]1;;
- : unit = ()

OO0O000DO0O000O000 true :: 100000000 trueld [110 consOODOOOOO
ood

# true :: !x;;

(4

Uo0Db0o0b0dbDlet0000O0DOODODOOD ref 0000O00OOO0O0DOOODODOOO
ubboobuoboboobuooboobobooboobobooboayd

# let (get, set) =
let r = ref [] in
((fun O => 'r), (fun x -> r:=x));;
val get : unit -> ’a list <fun>
val set : ’a list -> unit <fun>
1 :: get O;;
: int list = [1]
"abc" :: get O;;
: string list = ["abc"]
set ["abc"];;
:unit = ()
1 :: get O;;

H I OH O H
~N

ubodgbugoboobobobooboobobooboobooboobobobobobobooondg
uboogbooobobbooboobooboboobboobdodbDlet0O0b0O0o0onOoOooDOOoDOO
voogbooboobooobobooobogobobooooboboboooboobobobobobbOoDbo
gbbooboobbooboobbooboobbod

0000000000 Objective Caml (OO Standard ML) OO OO0O0O0O0O0O0O0O (DOOOO
000000)0b00000000000o0U00O00U0O0OU0O000DUO0O0DoOO0DUDOOoULOOO
0000000000000 000000 (0000000000000 0o00ooo0D)00O0oOO
gbooboooobooboobbobooboooobooobooobobbobobooboobooobo
voogoobooobobobobobooobobooboooooooobobooooboooboboDooD

e [
e JOODODOOODOOO

e fun, function 00000 (J00O00000let fx=...00000000000000
ooo)



o700 DODO0oOOoOOobOOoooo 81

e JJIU0DDDODOOOODULUDOODODODOODULULDODODO/O
goboobooboboooo

e JIUIDUDDODO ref OODO

e if match [

googoo
gobooboooooobooMLOOOOODOOODOObOOO0ODOO0obOO0OOOO0ODOOoDbOOobObOODODOo
gbobooboobboobooboboobooo

7.1.5 Case Study: U000 O0ODOOOOOOOOOOO

Java DODOODOODOODODOODOOOOOOOOOOOOOOOOOOOO
0000000000000 O Ooooooooooo (o)

000000000 0000D00ODObjective CamlOO0O0O00O0D0O0OOO0O0O0OODOOOOOODO
ugbboobuooboboobbooboobbooboobbooboobbooboobd
000000000 (000)000D0oooooooo

e 00000 (0D0)0D0O 20

g0o0oobo0obod gete0OODO

00000000000 set 0000

e I0UID0 4100000 incO OO0

gooobooboboogboboobgbooooooboobooboboooobobobooooo
oboob0o r1oobobooboooobooboboobobooo

# type pointI = {get: unit -> int; set: int -> unit; inc: unit->unit};;
type pointIl = { get : unit -> int; set : int -> unit; inc : unit -> unit; }

ooooooooobobobobobooobL0 bhoboboobo’opoboobDobDobOobOoboD
gooooobon

# let p =
let x = ref 0 in
let rec this () =
{get= (fun O -> !x);
set= (fun newx -> X:=newx);
inc= (fun ) -> (this ()).set ((this ()).get OO + 1))} in
this O;;
val p : pointI = {get = <fun>; set = <fun>; inc = <fun>}
p.-get();;
: int = 0
p-incQ;;
: unit = ()
p-getQ);;
: int =1

[ N
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inc 0000000000 set 0 get UUOUOOOOOOOO0OO0OO0OOOOOO0OOODOOOO
UboboobooooboobobO0bthisDO00O0O0OO0OO0DOOO0ODOOO0OOO0O0DOO0ODODOO0n
U00 this 0 pointI OO0 ODOO0O0DOO0D0OOD0OOODOODODOOOODOODOODODODOO
unit -> pointI OO O0OODOO0OOODOOCOODOOODOOODOOOOODOOOCOOD this O
Uoobo0oboobboobDbOod .getddboonoooobDOOO

goboogoboboooboooobobooboobooboboooobboboooobobo
ubboobooboobbooboooboo

# let pointC x =
let rec this () =
{get= (fun O -> !x);
set= (fun newx -> x:=newx);
inc= (fun () -> (this ()).set ((this ()).get () + 1))} in
this O;;
val pointC : int ref -> pointI = <fun>
# let new_point x = pointC (ref x);;
val new_point : int -> pointI = <fun>
# let p = new_point 2;;
val p : pointI = {get = <fun>; set = <fun>; inc = <fun>}
# p.inc(); p.getQ;;
- : int = 3

U0 new_point DO OD0OOODODO0OOOODODOOODOOO
goboboooooogoboboooboboooobobobooobooooobooobobooon
0000000000000 0000 (0000000000 Ogetcolor0000O0OODODOOO)
gboobooobooobobooboobooobboobboboobooboooobooobobbobo
00 Objective Caml OO OO0DOOCO0O00DOOOODOOCOODOOOODOOODODOOODODOO
0'0000000000000000000000000000

7.2 0OO40g

gbooboboobobobooobobobobooooobooboobooobobooobooonooo
gbobooboobbooboobooobooboooon

# let x = print_string "Hello, " in
print_string "World!\n";;
Characters 5-6:
let x = print_string "Hello, " in

Warning Y: unused variable x.
Hello, World!
- : unit = ()

0000000000000000000x0000000000 (0000000 000)0 inO
000000000000 000000Objective Caml OOOOOO0O0O0ODOOCOOOOOOOO
ubboobooboobobod

'Objective Caml 000 0000000000000 00O0O0O0D0O000O0OOOOO0OO
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# let f x y =2 in
f (print_string "Hello, ") (print_string "World\n");;

World

Hello, - : int = 2

# (print_string "Hello, ", print_string "World\n");;
World

Hello, - : unit * unit = ((), ()

OO000O00000DOO0ODOO0OO000O00DOO0DO0ODbjective Ciaml OOOOOOOODOOO
gboobgobobboboobooboibletgbooboobobobobooboobonobo
ugbogood

Objective Caml 0 O O0OO00O0DOOOCOOO0O0OODOOCOOOOOODOOOOOODODOOOOD
gbooboobooboobbooboobbooobooboooobga

(O1)s (O2)s -5 (On)

0000000000000000000000(0,)00000000000(0,)000000
000000000000000000000000000(0,,)00000000000000
000000 Objective Caml D00 (0;) (i <n) 0 unit00000000 warning 000000
O 0000000000000000000000000000000000000000000
0000000000000000000000O0Oignore 10000000000000000
00000000000

# ignore;;
- : ’a -> unit = <fun>
# let print_hello () = print_string "Hello, "; O;;

val print_hello : unit -> int = <fun>
# print_hello (); print_string "World";;
Characters 0-14:
Warning S: this expression should have type unit.
print_hello (); print_string "World";;Hello, World- : unit = ()
# ignore (print_hello ()); print_string "World\n";;
Hello, World
- : unit = ()

U000oobobbobi000000OwhileOOfor 00 0ODOOO0OOUOOwhileO O
while (0;) do (Og) done

O00000Obool0OD (0,)000000 falseJOOOO (O D000D0D0OODOODO O
U000 fordd

for (OO0 ) = (0O4) to (O2) do (O3) done
ggoon
for (OO0 ) = (O4) downto (03) do (U3) done

00000000 (0,)0(0,)000 n,p0000000000(000)0 n,n+1,...,p (downto
0000 n,n—1,...,p) 0000000 (05)000000(000)000000 (050000
000000 O 0000
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gboobobooboobooobobooboobooooboobobooboobooobooon
Ub0oo0b0obOwhileOO00OOOOO0DOOD0OO0ODOO0DOOOOOfor 000000000000
OO0 oooooogooog

gbooboboobobboboobobboboobobobobooboboobbooboon
goboobooooboooo

# let parrot () =
let s = ref "" in
while (s := read_line (); !s <> ".") do
print_string !s;
print_endline !s;
done; ;
val parrot : unit -> unit = <fun>

print_endline U0 UD0O0O0OO0OOO0OODOOOODLOOOODOOOOOOOOOO

73 Uuung

00 (exception) D0 DDODO0OO0O0OOODOOOOODOOOOOOOOOOOOOOOOOOOO
gooobooobobooooboboobbooobobooobbooooboboooboboobobooon
gobobooobobooooobobooooboboooooboboooobbobooooon
000000000000 0000000O0O0000000D00D00OoOO0(@COOoDOoOoooOOn
O0000000000000000)00000 Objective Caml 0000000000000 OO
oooon

gboboboooboboboooobob2b0b0oobbooobbooooboobooobboboooon
ooboooooboooobooooobooooobogbD4 7 oboboooobooooboo
gbooboooobooooooooooooooooooooooooboooooon

# hd [1;;

Exception: Match_failure ("", 66, 7).

# open_in "";;

Exception: Sys_error ": No such file or directory".

# print_string (string_of_int (4 / 0)); print_string "not printed";;
Exception: Division_by_zero.

0000000000000 000D00000000 Match, OSOOOODOOODOOODOODODOO
U0O0000000000 sys_error, 0000000 O00ODODOO0ODO Division_by_zero, [0
O00000DO0C0O00O00DOO0ODOO0O0DOOODbDDOOO0 Objective CimlOOODOOOOOOO
uboobooooooooooooon

Objective Caml O OO0 O00OO0O0DOOODOOOOOOOOOOOOODOOODOOODOOODOOOO
obooooboooooooooooooooooooooooooooooooogonDo

7.3.1 exception U0 raise [J

U0l exception DU DI OOMN
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# exception Foo;;
exception Foo

uboobooooboobooobobooboooboooboobobooobooobooooboobobooa
0000000 raise 0000

# raise Foo;;
Exception: Foo.

raise JO00O0O00O0DOOO0OOO0ODOO0ODOODOOOO0ODOODOOODLOODOOOODODOODO
U000 raise 0000000000000 DOO0O0O0O0OO0O0ODODOraise FooUUODOUOUOOUO
ubobgooboobobooboobooboooboooo

# let £ () = if raise Foo then raise Foo else 3;;
val f : unit -> int = <fun>

UbOb0O00Sys_error OO O0OOO0O0O0OO0OOOO0OODOOOO0OOOOO0OODOOOOODOOOO
Uooboo0b00bbOo0obOo0bibO raise00goog

# exception Bar of int;;
exception Bar of int

# raise (Bar 2);;
Exception: Bar 2.

Objective Caml 0 0 (raise 00O 0000)0000 exn D000 0O00OO0OOOOODOOO
boobouboobobboobuobobobuoobouobbobudilUexceptiond00gonon
UboooodbobbOexn 000000 o0onOOoboOobOobOOobOOobOo0oboboooboboono
goboobooboobobooboobbooboobbooon

# let exnlist = [Bar 3; Fool;;
val exnlist : exn list = [Bar 3; Foo]
# let f = function
Foo -> 0
| x -> raise x;;
val f : exn -> int = <fun>

# f Foo;;
- : int =0
# f (Bar 4);;

Exception: Bar 4.

gooooobbobod OooooobbbOo0ooooobobbbbO0OdOddInvalid_argument,
Failuvre UOUOOOOO0OOO0OOOO0OOOO0DOOOOOOOOOODOOOOOODOODOOOOOOn
uboogboobooobobbobboobooboobooboobobbobboO0bddNot_found
UboboboooooobobobooobobobOobob0obb0bUObDODEnd _of_file O
ugbbooboobobooboobboooboobooobooboo

O00OOassoc 00 (5.3000)0000000000000O0O0OOOObjective CamlOO OO0
ooooon
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# let rec assoc a = function

[l -> raise Not_found

| (a’, b) :: rest -> if a = a’ then b else assoc a rest;;

val assoc : ’a -> (’a * ’b) list -> ’b = <fun>
# assoc "Osaka" city_phone;;
- : string = "06"
# assoc "Nara" city_phone;;
Exception: Not_found.

gobooobooobboobbbo0o0obbO0odnbbOinvalid_arg, failwith OO0 Q000
ugboogn

# failwith "foo";;
Exception: Failure "foo".

7.3.2 0O0OOOO

godobbobtbdoooobooouubbobtbddddswybbboooobbbbboooo @
U000ty OO0DO0OD0OO0OOOmatchOO0O0OO0OO
try (0 ) with
<|:|[|D|:|1> =-> <D1>
I ...
| <DDDDn> —-> <Dn>

00o0o00o(0)oooooOoUooOoOoUoOoOoUoooOOooOoOoOoUoOoOoUoOoOoooOoOO
raise 00000000000 COOOOO0OO0O00O0OCOOOOOOOOOOO(O,)00000 try
ubbooboobboobooooboobboobooboboobooooobooobbooooboon

try 0OOOO(O ), (Oy),...,(0,) 0000000000000 0O0OO0ODOOOOOODOOO
ooooog

# try 4 + 3 with Division_by_zero -> 9;;

- :int =7

# try 1 + (3 / 0) with Division_by_zero -> 9;;

- :int =9

# try 1 + (3 / 0) with Sys_error s -> int_of_string s;;

Exception: Division_by_zero.
# let query_city_phone c =
try assoc c city_phone with Not_found -> "999";;
val query_city_phone : string -> string = <fun>
# query_city_phone "Osaka";;
- : string = "06"
# query_city_phone "Nara";;
- : string = "999"

gbooboboboobooboboobooboboboobouoobobobooboobooobo
gbooboobooboobbooboobboooboobooobooboobboobooobo
# let rec prod_list = function

0 ->1
| n :: rest -> n * prod_list rest;;
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val prod_list : int list -> int = <fun>
# prod_list [2; 3; 4]1;;

- : int = 24
# prod_list [4; 0; 2; 3; 41;;
- : int =0

goooboboooboooboooboobouoobo ooboobobboboooboobo
gbobobooboooboooooboobobobob obobOobDOo oobOobOobOobDOooODO
gbobgoobooboboobobooboobbobobuo ooboobbooboobbooboo

# let rec prod_list = function

] ->1
| 0 :: _ >0
| n :: rest -> n * prod_list rest;;

val prod_list : int list -> int = <fun>
0b0b0obb0bOobO0oobDob0obOobbO0OD0bOU0bO0bbbOoption O ODOODOODODOO

# let rec prod_list_aux = function

[ -> Some 1
| O :: _ —> None
| n :: rest —>

(match prod_list_aux rest with None -> None | Some m -> Some (m * n));;
val prod_list_aux : int list -> int option = <fun>
# let prod_list 1 = match prod_list_aux 1 with None -> O | Some n -> n;;
val prod_list : int list -> int = <fun>
# prod_list [2; 3; 4];;

- : int = 24
# prod_list [4; 0; 2; 3; 4];;
- :int =0

gbooobobooobobbo0obO0 Nene OO OO OODOOLOOOOOODLOODODOO
gobogbobooobobobooooboobobobooooboboboooobobboooobobo
Ub00O0ONene UOOOOOOOOOOO0ODOOOOOOODOOODODOOODOOOOO

# exception Zero_found;;
exception Zero_found
# let rec prod_list_aux = function

1 ->1
| 0 :: _ -> raise Zero_found
| n :: rest -> n * prod_list_aux rest;;

val prod_list_aux : int list -> int = <fun>
# let prod_list 1 = try prod_list_aux 1 with Zero_found -> O;;
val prod_list : int list —-> int = <fun>

# prod_list_aux [2; 3; 4];;

- : int = 24

# prod_list_aux [4; 0; 2; 3; 4];;
Exception: Zero_found.

prod_list [2; 3; 4];;

: int = 24

prod_list [4; 0; 2; 3; 41;;

: int = 0

**

1 H
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ubogoobooobooboooboboboboobooboboobobobooboobonoobo
gboobogooobooboobooboboboobooboboboobooobooobooboobooooDo
gboboobobobobod

74 OJUo0ooooooood

Objective Caml OO0 000000 print_string 000000000000 OCOOCOOOO
oono

Uobobobooo0obbooo0onobobOd print_char, print_string, print_int, print_float,
print_endline, print_newline 0000 (0000000 )000000000O0OOOOOOO
000do0o0ooooooooooooooooooooooo0oooooDooooDoobOoooon
ood

print U prerr OO 0OO0ODOO0OO0OOOO0ODOOOOOOODOOOO

0000000 (00000000) 000000000000 Oread_line, read_int, read_float
ooon

00000000000 Objective Caml 0000000000 DODOOOODOOOOOODOCODODO
gbogboouoobobooboobuoouoobooboboobuoooboboobooobood
000000000000000 (0000000000 0)000000D0oooOoooooooO
O00C0CO0O0O0O0OOOO0O0ODODO0O00OUO0O0OUDObjective CamlO0O0OO OO in_channel
U0out_channel DU OOOOO0OOO0OUOOOOOOO0O0O0O0O0OO0O0O0O00OO0O00O00O000O00OO0OO0

# (stdin, stdout, stderr);;
- : in_channel * out_channel * out_channel = (<abstr>, <abstr>, <abstr>)

Udddddddoddudlinput_char, input_line, output_char, output_string [J [ I [
oboooooooon
gbhoboobooooooobooobobobobobobbob0obbOobO open_outl U
U0000000 open_in DO DOOD0OODODOODOOOODODOODOODOODOODOODOOOOOO
U00000000000000000n close_out, close_in OO ODOOOODOODOODOO
goooobooboobbooboobbo 1 soogobooobooo

7.5 Objective Caml 000000 OOMO

gboobooboobooboobobooobooboboobuoobobboboobOoobo
ubboobuodgbboobodoboo ;0 ifgboobbodgbooo

if false then print_string "a"; print_string "b";;

(if false then print_string "a"); print_string "b";;

oboooooooogog
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if false then print_string "a"; print_string "b" else ();;

00000o0o0o00ooo0oOo(; 0000000 D if00000DO0O0O0D0ODOOO0OObODODOO
O elseJ000OD0OOODO)

000000D000if 000000000000 0000000000000000DO000O0
000000000000 Objective Caml OO OO 1let, if, match, try, function, fun 00O O
0000000000000 0ooo0oDooooooooDoooooooooooooooooonon
oooo

if a then if b then c else d

if a then (if b then c else d)

ubbgobuodgbb ifgubooobboobooboboobooboooobogn
U00Omatch 000000000000 matech U try D0 O00O0OO0O0DOO0DOO

match e with
A -> match e’ with B -> ... | C > ...
| D> ...

Up0O0O000O0O0match OO0 O0D0O0O0O0D0DOOOO0O0ODOODOO matchOOOODOOO
gbobooobooboobooboobooboob

match e with

A -> (match e’ with B -> ... | C > ...)
| D -> ...
00000 tryODOOOODOODODO | - >000 tryOOOODOOOODODODOOODOO

4000000000000 O0OO0ODODODOOOOOLOODODODOOOODODODODO
(0000000000000 Oo0O0O0O0UOOU0DOOOooOOoOooon)

7.6 0O0O404

Exercise 7.1 ref 0000000000 DOODOODO0O0OOOOODOODOODref OODOODOO
boooob1l1gbobobobobobobobobo

type ’a ref = { mutable contents : ’a };;

Ul ref, 0000000 'OO0ODOOO0ODOOO :=0000000O0DOO0OOOODOOO0O0OO0

Exercise 7.2 0000000000 OOOCOO0 100000 iner000DOO

# let x = ref 3;;

val x : int ref = {contents = 3}
# incr x;;

: unit = ()

'z

: int = 4

[ |
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Exercise 7.3 0000000 funny fact 00000 (rec) 000000000 O0OODOOOO
obobooobooboobbooboobooo

# let £ = ref (funy ->y + 1)
let funny_fact x = if x = 1 then 1 else x * (!f (x - 1));;
val f : (int -> int) ref = {contents = <fun>}
val funny_fact : int -> int = <fun>
# £ := funny_fact;;

- : unit = O
# funny_fact 5;;
- : int = 120

Exercise 7.4 0000000000 OOOOODOOOO...0000D000

let fact_imp n =
let i = ref n and res = ref 1 in
while (...) do
i:=11-1
done;

Exercise 7.5 D000 fact J0O000O0O0O0O0O Invalid argument 00000000 0OOO0OOO

Exercise 7.6 71400000 [JO0000DOO0OO0O0ODOOOOODOOOOODOOOOODOOOO
O0o0DOOoO0O0oOo0o0obOo00obO00bOOo00DO00bDO00DO0Od trued [11 0 cons OO
gboobooboobbooboobbooboonbo

Exercise 7.7 0000000000 DOOOO0ODOOOO0ODOOOODOOOOODOOODOOODOO
goobooboooboobooobooboobboobooobobon

# type color = Blue | Red | Green | White;;
type color = Blue | Red | Green | White
# type cpointI = {cget: unit -> int;
cset: int -> unit;
cinc: unit->unit;
getcolor: unit-> color};;
type cpointI = {
cget : unit -> int;
cset : int -> unit;
cinc : unit -> unit;
getcolor : unit -> color;

}

opboooboobbooobbooobboobbuoobbOoOobDbdcget, cine U pointC [

ubboobddleset OO0 OOOLOOO0OOOOLDOOO0OOOOLDDOOLOOOODOOOn
oboooood

# let cpointC x col=
let super = pointC x in
let rec this =
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{cget= super.get;
cset= (fun x -> super.set x; col := White);
cinc= super.inc;
getcolor = (fun () -> !col)} in
this;;
val cpointC : int ref -> color ref -> cpointl = <fun>
# let new_cpoint x col = cpointC (ref x) (ref col);;
val new_cpoint : int -> color -> cpointl = <fun>

uboobooooooooooooon

# let cp = new_cpoint O Red;;

val cp : cpointl =

{cget = <fun>; cset = <fun>; cinc = <fun>; getcolor = <fun>}
cp.cinc();;

: unit = ()

cp.cgetQ;;

: int = 1

cp.getcolor();;

: color = Red

I H o

cinc 0000000 D0OO00O0O0OO0OO0DOOOOOOOOOO0ODODOOOOOOO0DbOO0ODODbO0O0bO0On
oboboooobobobooboDb cine0bO0OO0O0O0OODODOODLODOOOODOODO
0000000000000 00000000000O0000DOD0ODO0000O0D (OO0 super.get
O000000)00ooooooo

(000:pointcOO000OOODODOOOOOODO)

# let pointC x this () =
{get= (fun O -> Ix);
set= (fun newx —-> X:=newx);
inc= (fun (O -> (this ()).set ((this O).get O + 1))};;
val pointC : int ref -> (unit -> pointI) -> unit -> pointI = <fun>
# let new_point x =
let x = ref x in
let rec this () = pointC x this () in
this O3
val new_point : int -> pointl = <fun>

Exercise 7.8 D0 OO0O change OO0 O0O0O0OO0ODOOOOOOODOO

# let rec change = function

(_, 0) > [
| ((c :: rest) as coins, total) ->
if ¢ > total then change (rest, total)
else c :: change (coins, total - c);;

Warning P: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:

i, v
................. function
(_, 00 > []
| ((c :: rest) as coins, total) ->

if ¢ > total then change (rest, total)
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else c¢ :: change (coins, total - c)..
val change : int list * int -> int list = <fun>

00000 (0000000)000000 coins 00000 tetal 000D ODOOOODODODOO

# let us_coins = [25; 10; 5; 1]
and gb_coins [60; 20; 10; 5; 2; 11;;
val us_coins : int list = [25; 10; 5; 1]
val gb_coins : int list = [50; 20; 10; 5; 2; 1]
# change (gb_coins, 43);;
- : int list = [20; 20; 2; 1]
# change (us_coins, 43);;
- : int list = [25; 10; 5; 1; 1; 1]

uboggobooboobooobobboobuoobooboboobobooobooboobooono
gbobooboobbooboobobon

# change ([5; 21, 16);;
Exception: Match_failure ("", 201, 17).

googbooobooobboobooboobooboobbooboobooboobo2b000
...o0bobobooboboboboobo

let rec change = function
(., 00 > 1[I
| ((c :: rest) as coins, total) ->

if ¢ > total then change (rest, total)

else
(try

¢ :: change (coins, total - c)

with Failure "change" -> ...)

Exercise 7.9 print_int OO0 stdout, output_string 0O O0OO0OOOOO

Exercise 7.10 D 0000000000000 O0ODOOODOODOOODODOOOOOOODOOODO
Ul cpgboobooobbooboobbooboobbooboobbooobooa
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U8t bbb botdbootdbotdbotdd

Objective Caml 00O OD0OOO0OOOODO ocamlc OO0 O Objective Caml DO OO ODOODOO
OO00o0oo0o0ooo0oooooo0oo0ooooDooooooooooooooooooooo
O00DbO00O0o000b00bO0DO0o000b00ob0obOobOO0o0Ob0O0ObOobOoDbDODOndObjective
Caml 0O0DOO0OODOOOODOOOODOOOODOOODOOOOOOOOOOOOOO

81 UUOOLOUOODLDOOOOOOO

OOOOCOOOOCOCOCOOCCOOOOO0OOCOOOOObOOO0OOOoOgOoOoOogOgODbjective Caml
000000 0OList, Array, Sort U0 0D0O00D000000000000OPrintf 0DO0O0
O000000C0O0OsysO00O0DOOOO0O0DOOSO Objective Caml DOOO0OOOCOOOOOO
gbbooboooboooobooboboobooboooboobboobboobooobon 190
U0DbO0o0Db00000 List 000000 Quene UODOOOO0ODOOOOO

O0000oooooo(ooooo0).(0D0OD )0DO0OoDOoDO0ODOOOODOOOOOO

List.length [5; 6; 8];;

: int = 3

List.concat [[4; 35; 2]; [1]; [9; -4]11;;
: int list = [4; 35; 2; 1; 9; -4]

[ S -

UO000O000bOo00bbbOOo0nbO rev, append, map, fold_left, fold_right DO DO OO0
U List 0000000000 0O0O0OO0

Queve U000 0O0OODOOO0OOODOODODOODOODLDODOODODOOODOOLOODOO
Ub00000b0O0b0b0o0b0b0ODaedd, teke U OOOOOOOOOOOOODOODODOO
Ub00000b0b0obb0000b00O0add0D 00000 take JOUODOOQuene OO OOOO
ooboodb ttbboobooboooboobobooboooDoob oo ooLDoobUoLoo
OO0 ’a Queue.t 0O OQO0

# let q = Queue.create ();;
val q : ’_a (ueue.t = <abstr>
# Queue.add 1 q; Queue.add 2 q;;
- : unit = (O

# Queue.take q;;

- : int = 1

# Queue.take q;;

- : int = 2

# Queue.take q;;

Exception: Queue.Empty.

000000000 Empty 0 Quene DO 00000000000 OO0ODOO
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open U0 OO0OO0O0O0O0OO0O0O0OO0O0O00OOOOOOOOOOOOOOO0OOOOOOOOOOOOO
open O OD0ODOO0OO0OOOO0DOOOODOODODOODOOODODOODODOOODOOODODOODOOO
gbooboobooobooobo

# open List;;

# length [3; 9; 10];;
- : int = 3

U0 open U0 0O0open UUDOUOOUOOOOOOOOUODOOOOOOOOOOOOOOODODOO
ubobooooboooboooobbooobbuoobobooobooooboooobobooboobooooon
goboobooboobbooboobboooboon

82 UUOOOLOOOOOOODDOOO

Ub0oobooobobibg ocamle —vOUOOOOOOOOOO0OOOOOO0ODOOO0ODOODODOODOOO
O00 Quewe 000000 (000000000000 )quenwe.ml 0000000000 OOO O
bogbobodlb .mlibgoobdabaobobobuooboobodobobibdilqueue.mli OO0
O000@MUOoooooon)

type ’a t
exception Empty

val create : unit -> ’a t
val add : ’a -> ’a t -> unit

goooooobooooobooooooobobboooobobobooboboobDobboooobob
obooooood

0000000 Quewe 00000000000 OODODO (interface) 000000 00O Queue O
00000000000 (D0oooo0oU0oo)oo00D0ooO0oUoOoOOoU0oOoOOo0oooOoOd
oood
gobooobooboomooboooooooboooobooobooooboobooobboooDo
ubooooooboobobobOobobobdlist.ml O00chopODOOODOOOODOODOODO
U0001list.mli 00000000000 00O0OList.chop 0000000000 OOODOOO
UU0UOUOUOqueue.ml U00’a cell OO DOOOO0O0O0O0OOOOquene.mli DO0O0OOOONO
000o00000o000oO0o0UoOo0(oo0oUoO0DUoO00oU0oOOOoU0LODOOoOODOOOo
000)0000000000000000O0O0000D00OOOODO0O0D0D0OOOODODOOO
gboobobobooobo

goboobobobooboobobooooboogboboobooooobOooDobUobDboUooD g
goboobooooboboooboooobbobooooobooboobo0ob0Uqueue.ml OO0
’at 0000000000000 DO0ODLODOOOODO0O0O0O0O00000000DUODO queue.mli
oo

type ’a t

o0 =0000000b0bo0o00boboooboboobbooooboobbooooboooon
ud0+tbhooboobooboboobogobooboooobbooobobooobooboobooobooon
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ubboooboobobbooboobobtibbO0b0DbDOcreate,add DOO0OOOOOOOOO0O
uboobooboobboobooboboobooobo

UbO0bD00b00obobi00bDQuewe UO0OD0OO0ODOOOODOODODODOODOODODO
ubogboogobobuooboobobobobooboboobobobooboobonooo
gboogobooooboobobobooobobboboobooboobooboobobonobo
oboobooooooooooooooooooooboooonDo

83 UUbOUuobuobbobbobobuooboon

0000000 ocamlc DOOOOOObjective Caml DO OOODODO0OOODO(ODOOO .ml)O
goboobooboobobooboo

ocamlc -o (0OO0DOO00) (000000OO)

000000000 Doo0o0oo(0Doo00ooD )0000U0DO0O0ODOOOOOO0On -o
ubboobudbbda.cutdgboogooodoog

igarashi@zither:text> cat hello.ml
let _ = print_string "Hello, World!\n"
igarashi@zither:text> ocamlc hello.ml
igarashi@zither:text> a.out
Hello, World!
igarashi@zither:text> cat fact.ml
let rec fact n =

if n = 0 then 1 else n * fact (n - 1)
let _ = print_int (fact 10)
igarashi@zither:text> ocamlc -o factl0 fact.ml
igarashi@zither:text> ./fact10
3628800igarashi@zither:text>

goooooobooooooooooobooooooonoooo oo ooboooooooooo
gO0O0O0O0O00O00oo0oooooooooUoUoUUdlet = ... obooboobooboooo
goooooooodgoon D[]((][] main 00000000 0OOC00O0O00OO0000O000000
o D[]) O00.m1 00000 .mli00000OO0OC0OCOO0OO0O0O00000O0000O000000OO0O
ooooooo0oooooooooo
00000000000 DO00OD0DO000DOO00O0DO000DOO00D0DOO00DOdObjective

Caml OO0 0O00O0OD0O0OOO00OO0O0OO0OO0OO0OO0OO0ODO0OO0OO0OOO0OOUNIXOODODOODOoOOoO
000000000 00D0Od0ODbjective Caml 0000000000000 OOOfoo.ml OOOO
goddddodoooodoouooooOooooobobo rerolDDooboobbOOOOOOO
OO0 fact.ml 0 main.m1 OO OO

igarashi@zither:samples> cat fact.ml

let rec fact n =

if n = 0 then 1 else n * fact (n - 1)

igarashi@zither:samples> cat main.ml

(* main.ml *)

let =

print_int (Fact.fact 10);
print_newline();
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main.ml 00O Fact DO OOOOO fact OO0 Fact.fact UOOOOOOO0OO0OOOOOOOO
000000000000 000000000000000000a0

igarashi@zither:samples> ocamlc -o factl0 fact.ml main.ml
igarashi@zither:samples> fact10
3628800

Ubd-cuboboboboobbobobobobooboboboobobuoboooboabg

000000000000 .emi 00000000000 0OOO0O0OOOOOO0OODOOOO(ODOOO

0000000000000 D0O0O000000D0DO0OODO0000000ODODODOOD)000O0ODOO

ugboodbdaibb.ceoDO0OO0OOOOOOOOOODODODODOODOOODOODOODOODDODn
.emi 0000000000000 00O00O0000O0O0O00O00O0O0000O0O000000O(.cmo
O0000000000)00000mein.ml 0000000000000 O0OOOO(DDOOOOOO

0000000000000 00000000000000DO0O00C00O0O00)0000 .cmo OO

uboboobooboboobooboooobooboooon

igarashi@zither:samples> ocamlc -c fact.ml
igarashi@zither:samples> ocamlc —c main.ml
igarashi@zither:samples> ocamlc -o factl0 fact.cmo main.cmo

gobooooooooooooon -ibobobobobobobobobobobo

igarashi@zither:samples> ocamlc -i -c fact.ml
val fact : int -> int

vobooboooboooboboobooboobooboobooobobooboooboooboobooboobooD
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