Objective Caml [0 [

gog o
bbb oobbboooooobooad
gbbboogboboboooobn

e-mail: igarashi@kuis.kyoto-u.ac.jp

b 140100240






u1d
1.1

1.2
1.3

20
2.1

2.2

2.3

24

30
3.1

3.2

3.3

oooo

00000 ML O Objective CamlOOOO . . .. oL o000 oo o
1.1.1 Objective Caml OO0 . . . . . .. .o o e e e
000000000000 ... e e e e s e
OOOD0 . . e e e e e e e

o00O00oo0ooOoooooooooog

DO0000000D00000000 ...t
211 O00D00O0 .. e e e s e s s e
212 000000O00O00OO0O0O0O0O00O00 ...,
ODO000O00O00D0 . .. e e e e e e e e e e
221 unitO . ..o
222 Ant O ..o
223 foatO . . .. . . . e
224 char . .. .. ..
225 string 0 . . ...
2.2.6 boold . . . . . . . e
227 000000000 .. e e e e e s s s e s
228 O0O0O0 . .. o e
OOO0O0 .. e e e e e s e
231 et OO . .o o
2.3.2 000 lexical scoping . . . . . . . . . o i
233 0000 . .. e
OOOO . . s e e e s e
241 O000 . ..o e

ugbooooobooan

OO000D0 Tet D ..o oo
311 0000 ..o
UO000000000: 0O .0 e s e
3.21 00000 .o e
322 0000000000000 .. e,
3.23 0000000 ... e
3.24 O0OD0OD0 .o
OOOO .o e

11
11
11
13
14
14
14
15
15
15
16
17
18
19
19
20
22
22
23



040
4.1

4.2

os50
5.1
5.2
9.3
5.4
5.5

ged
6.1
6.2
6.3
6.4
6.5
6.6

o770
7.1

7.2
7.3

331 0000000 .. e
3.3.2 000000000 ... s e e e e
333 000000000 ..o e e e
334 0000000 .0 e
335 OODODO .o e
3.3.6 OODODO . oo

Oo0oooooooooooono

OOOD0 . . e e e e e e e e
4.1.1 DO0O0O0000O0 ... 0 e e e e e e s e s
4.1.2 0000 . . . o e e
4.1.3 O0O00O0000O0000 . ... e e e e e
4.1.4 Case Study: Newton-RaphsonO . . . ... .. .. ... ... ... .....
4.1.5 0000 .. . o e e e
OO0 . o e
421 1letO000000 ... 0o e e s e s
422 0000000 .. 00 e e e e e e s e s
423 CaseStudy: OOOOODO . ... o e e e
424 D000 .. 0

goooooooogo:. 0ood

0
gooooboobodbD:matchOO0O0O0O0OO0O .. 00000 oo oo oL
I
Case Study: OO OOOD0OOODO .. .0 e e e e
OOOO .. e

00oo0o0/oo0ooooooooo

OO00D00 .. e e
OO0O0O0O0O0 . .0 e e e e e e e s e
0000000000 . .. e e e e e e e s s
Case Study: OO0 . . . . o oo e e
Case Study: DODOODO . . . . o e e e s s e s
OOOO . oo e e e e

ugbooboooooaooo

0000000000000 .0 e
711 OO o
7.1.2 00000000 .. s e e e e e s
713 OO o e

OOOO . . e e e s e
7.3.1 exception DO 0O raise 00 . . . . . . . .o o0 oo oo

39
39
39
40
41
44
45
45
47
49
50
51

53
53
55
o7
62
64

67
67
69
71
74
77
79



7.3.2 00000 . e 87

74 DO0OO0OD0O0O0O0O0O0O ... e e e s 90
7.5 Objective Caml DO OOO0OD0OO0O ... .00t 91
U8l OoOuodoboobooobooboboood 93
8.1 OODOODOOODOODOO ..o e e 93

82 DUODOUODUODLDODLOOOLOOOOODODOOD ..o o, 94






010 oOogd

1.1 00000 ML O Objective Caml D 0 0 [

gooooooobo MLOOOOobObDooOoOOOoOoOoooooobobooogogon object language
(0000)0000000000000000000UOmetalanguage (0000000 ML)OOO
gboboooboobobooobooobboobboobboooboooboboobboobn
MLOOODODOOOOODOooDoooboooooobooooboboooooobobooboooo
O00000oooo0o0o0o0oooooo0o00oooooo0o0(ooooooooooooo
0)0D0o0o0ooooOoMLOOOOOOOO AOODOODOOOOOOOOODOOODOOODODOODOOO
000000000000000 (000000000000 0)000D0O0O0000OO0OOo0OO
0000000000000 000Standard ML OOOOOOOOO0OOOD 40000000
000000oooo0)bo0o00000oOoOoO00o00D0OOOOO0O0D0D0OOODOOODOOO
ogoogn

000000000 MLOOOOOO Objective Caml 00000000 OObjective Caml O
INRIAOOOOOOOOOOOOO0OOOO0OCOOO0OCOODOOOOOODODOODDOStandard ML
000000000000 DOOO000C000O00DO0O0ODOOODOODOgdOObjective Caml 00O
Standard ML 000000000000 COCOO0O00000O0O0OOO0OO0O0OOOODODOOOOO
bgoboooboboobooboboobobboboboboobuoobobooboobob
goog

1.1.1 Objective Caml 0 00O
Objective Caml OO0 00000 DOOODOOODOOODODOODOOO

e 000000 DOODODODODODODODLODODODODODODODODODO

000 O (higher-order function) 0000000000000 O00O0O0O0O0OOOOOOOO
oo00000000O00000000

000000000 (pattern matching) D0 000000000000 O0O0OOOOOO

0000000 (static type system) 000000000

0000000 (polymorphic type system) D000 0000000000000 O0OODOOO
goboobooobobooobobooboobooooo

000 (type inference) 0000000000000 0OOOO



8 10 0000

e J00O0O0OOOOOOOO (module system) 0000000000000 OOOOOOOO
00 0O (separate compilation) 000 0 00 OO (abstract data type) OO DO OO0O00O0O0ODO
gooooooobobobobtbotbooooooooobobobobooooooooooooooboo
0000000 (functor) DO0O0DO0D00OO00O0D0O00OOOODODOO (parameterized module) O
ggbobobtbotbodoooooooobobobobobbobuodouuooon

e 0000 (garbage collection) 0D O0ODO0ODO0O00O0OO0O0DODOOOOODOOOOOOO coOO
malloc/free 100000000000 OOO0ODODOOOOOOOOODO

e OO DOODLOUODLDOUOODLUODLOUOLDDOODLOODLDOO

1.2 00O000ObOooooon

Objective Caml DO O0O0O0O [3] (DO )0 http://www.sato.kuis.kyoto-u.ac.jp/ igarashi/
class/isle4/ocamlman/ 00O OO0 OO0ODOOOO0ODOOOOODODOODO http://pauillac.
inria.fr/caml/ OO OFAQ OO OO O OObjective Caml D000 O00O0OO00OOOOOOOOO

Objective Caml 00 Caml 0000000000 0OCOCOOO0ODOCOOO0OOODOOOODOD
000000000000 00 Caml DODOOOOO 1000000000 DOOOOOOOOO
Objective Caml D OO0 O'Rellly 0000000000 OOOOOOOOOODOOOOCOOOODOO
OO00O0 nttp://caml.inria.fr/oreilly-book/ 00O OOO0O0DOOOOODOO DO OStandard ML
000000o0o0o0oo0o0ooooooO b6, 7000Caml 00000000 OOOOOO
OMLOOOOOODODOOOOOOOOOODOO

2)0000/0000000000000O00OO0000COOO0O0D0OODOO0OOOOOO0OO
0000000000000 OO000o0oOoooDooOg

1.3 0UOUdd

O00O0O0OO0OEmacs 0000000000000 /00000O0DOO0OOOO

Emacs O OO

Emacs (Mule) 00 Objective CamlD 000000000000 00O00O0O ~igarashi/lib/elisp
oboobooboouooobouoouobog ~/.emacsUOOOobooono

;33 caml-mode
(setq load-path (cons "“igarashi/lib/elisp/ocaml-mode" load-path))
(setq auto-mode-alist
(cons ’("\\.ml[iylp]?$" . caml-mode) auto-mode-alist))
(autoload ’caml-mode "caml" "Major mode for editing Caml code." t)
(autoload ’run-caml "inf-caml" "Run an inferior Caml process." t)
(if (and (string-match "~19" emacs-version) window-system)
(require ’caml-hilit)) ;; for Mule
(if (and (string-match "~20" emacs-version) window-system)
(require ’caml-font)) ;; for Emacs20
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Emacs 00000000 .m1O0000O00DOOO0O0DOO0OOODOO0OODOO0OO0ODO (caml)
oboooooooooooonog
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20 0O000OLO0O0OO0O0OOO0OO0O00O000

21 JOoo0ooboooooobbod

Objective Caml 00000 2000000000000000000000 geec O javac OO
O00000000ooooO0O0O0O0000ooooDoObOOb0000000000 ocamlcOODOO
O00000000000000000000000000 ocaml JO00OO0OOOOOOODOOOO
ooooo@oo0ooo)boo0oo00D0 - 00000 —-0O0O0OO0ODOOO0ODOOOOOOO
0'000000000000000000000000000000000000D0000000
O0000boo0o000ooo000ooo0o000o0O0b0O00O000O0O00000O00000O00000D
O00000oo0O00ooo0o00oooOo0ooooO0O00oooO0O00oooO000boOo0O000On
000000

O00000DOLisp, Scheme DOO0O0O0O0O0O0O0O0O0OOCOOOO0ODOOCOOOOODOOOOO
O0000000ooo

000000000 ccam1 OO0OO0O0O0OOOODODO

2.1.1 000000

00000 Emacs 0 M-x run-caml (M-x 000000000000 xOOOOOO)000OO
ocooooobbooooooboboooobooobobooooboooboboooo

Objective Caml version 3.06
#

#00o000ooboobooobooobooboooboobon
gboogoobooboobobooobooboobbooo

#1+ 1;;
- : int = 2

0000000000000000000 #000000000000 (abe)0000000000
000000000000 (abe) 0000000 ;; 000000000000000000000
00000000000000000(MO000000000000)00000000000000
00000000 (000000000000000000000000000000-)00000
000000 (int)00000 (2)00000000

0000000 D000000000000000000000000000000000000
00000000000000000000000

'00000 read-eval-print 00 000000000000
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O 2.1: caml-mode DO O OO OOOO

TAB ooooooooon

M-C-q U OO

C-c C—q 00000000000 (booo0o0o0oooobooOo)oooOoOoO

M-C-h ooooooono

C-cw 00000 whileOOOO

C-c t try U0 OO

C-cm match 0 OO0

C-c1l let O

C-c i if0oon

C-c £ for 0O OO

C-c b begin 00O 00O

M-x run-caml |occaml OO OO0O0OO0OOOOOOOOOOOON

M-C-x O OO

C-c C-e 00000 caml OO OO OOO

C-c C-r 000000 caml DOOOQOOO

C-c C-s caml O O00OOODOOOOO0O

C-c ¢ caml 000000000000 O0OOOOOOOOOO
0o0ooopoooooooooooooooooooooooo

C-c C-c 0o0oooooooooooooad

C-c C-d ooooooono

M-p 0o0ooopooooooooo

M-n 00o0oooooooooooooooo

# 1 + * 3;

- t =7

#(1+ 2) * 3;;

- t =29

0000000000000 00000O00000000O0000O000000 M-p,M-n0O00
0000000000000b000000000O00O00000D0O0 Cc4(00000)00000
C-c C-d0000000.m1O0000000000000000000U0Ocaml-mode 000 Objective
CamlOJO0O0O0O0O0OO0OO0OO0OO0O0O0OOCOOOOOCOOOOOOOOOCOOOOOOOOOBCOO0O0
2100000000

O00000o0o0o0000000000000000

#2+ 3 - ;;
2+3 -3

Syntax error
# 5 + "abc";;
5 + "abc";;
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This expression has type string but is here used with type int

#4/ 0;;

Exception: Division_by_zero.
(00DO0000O0OO0OO0O0UU0U0DUDU0D0DD0D0ODO0OO0OO0) 100000000000 0O000OOOO0O00
0000000000 00U0o0o0ooooCO Jwval00O0O0OOODOOODO (DOO?)ODOOO
O0002000000000000000000000000000O (typechecking) OOOOOOO
OO0DO0OObjective Caml OO0+ 00000000 OC0OO0ODOOOODOOOOOOODOOODOO
googd "apbe" 00000 DOOODODOODOOODODOODOOODLOOODOODDOOD
000000oooooOOo0o00000o0O0O0O0O0000DU0U00D (D00 +000)0O0O0OO
000000000000 (type) DO0D00OO0OO Objective Caml D0 0DO00O0O0OO0OO0OOO0OOOO
gboooooboboboooooobobooooboboboboooobobobbooboDo
0000000 (exception)—O 000 00000 —O000000O0OOOOCOOOOOOODOOOO
gbobgooboooboboobbooboobbooboobbooboobobon

U0o0o0o0oooooooobobg c-cc-dad00D0ODO #quit;; OO0OO0O0OOOOOOO

Objective Caml version 3.06

# #quit;;
Process inferior-caml finished

2.1.2 0JO000Oo0bOOoOoOoobooboooooboon

ocaml 00 00000000000000000000000000000000O0O0OOOOO
0000000000000000 #quit00000000000000000000000000
00000000000000000000000000000 #use, #d 00000000000
0000 (30000000

#use 10 000000000000000000O0O0O0000000O0O0O0OOOO0

two.ml OO 0O
1+ 1;;

#tuse OO 0O

Objective Caml version 3.06

# #use "two.ml";;
- : int = 2
#ted U0#use U OO0 O0O00O00O0000O000 cdaldU0000O000OOO0OOOO0OO
O0oo0ooooooooooooOon
O000o00obo0ooooooooooooooooooobooooooooooooooooa

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

Syntax error
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googoogobobo o0oboboooboboboooobooboobooboobobooobooDbDo
ooooOo0oobooD «Ox» DOOo00b0O00oboooo0OoobbooooooOoobDooOooDo
gooboobooboooobd
gEucoOO0O0Oo0O0ooooooooOooooooooooooooooooooooooooD
uboboobooboobbooboobboobooboboobooboobboobooonoo

22 JO0O0O0ObOOO0

Objective Caml 000000 O (expression) 000000000 (value)(DOOOO 1 + 2000 3
000)000000000000000000000O000000000000000 (evaluation)O
bgdoobobobbobooouoooooobobobobbobobooobobobobbon
O00000000000000000000000001 + 200000000000 (subexpression)
1020 +00000000000000000O

O0000000000000000OObjective Caml 00000000000 0ODO (DOOOODO
00o0o0)bo0o0o0o0o0 (DooooU0Oo0oUoOO0UD)00DO0DoOoOoOoOOoOoOOoOOO
gboooooooooooogg

OO00D0O0OO0O00 ODOO0OO O0Objective Caml O0O0O0O0O0O00OO ¢+ ;000000000
O00000ooooooooDoOOOC0OO000O0+00d Objective Caml DO0O0O0O0O0OO
00000000004, 0 (000000 DO0O0)OUOOUOOOODUOOODODOOUOOOO
000000000000 ObjectiveCaml 0 1 + 20 :0 1,0 200000000000
0000000000000 000000000000000000000000d0 (metavariable)
0000000000000 0000 (0000000)0o0DOD0o00O0o0D0OD0o0D00o0o0O0oo000
oboooboobooooobobooooobooooobooooobooon

2.2.1 unit0d

unit 00 () (unitvalue 000 ) 00000000000 COOOOOOOOOOOOOOO

# O;;
- : unit = O

gbogboboboobodbooouoobooboboobooboooboboboobooboab
OOo0OoO0ooOOo0bOO0O0O0OOo0bOOo0DbOOoU0DOOo0DOOo0oDO00OO0OOCO0ObOOOb0CwnitbOoO
00000000CO00000 vid0OOODOD200000000000(00000)0000
000000 wit00O0O0OO0O0OO0DOOOOOODO

2.2.2 int0

oooooogd...,-2,-1,0,1,-2,...00000000000000000 +,-,%,/,0000
OO0 md 00000000000000O000O000O000O0O00OO0OOO

e jland j,ilor j,i1lxor j,lnot¢: DO0OOO0OO0O/O000/000000/00000000O

D00 CO void 00000000000 D0O000



22, 00O0OO0OOOOO 15

eilslj: i000000 ;000000 (=ix20meds2n
eilsrj:i000000 ;000 (00)0000(00000000000000O0)

eiasrj: i00000D0 000 (00)0000MOD00000D i00000000000
0oon)

2.2.3 float

(D goooooo )E]D O0000003.1415 000000000 31.415e-1 000 100000
oooooo (::31415 X 10‘1) goooooooooooooooboononobonooooo
dbdotudodobooouootdoboouootdooooboooooouoooonoog +.,
-.,*.,/. 0000000000000 00O00O0O0O00OOOO0O+. D00O00OO0OOOODOOOd
[]/D 0000000 int_of_float, float_of_int OO OODOOOODOOO [][](D ooocCcO
goooooooooooooooooo D)
# 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
# 1 + (int_of_float 3.4);;
- : int = 4

0000000000 OD0D000000300000000000 sin, cos, tan, 100 sqrt O
booboooooooooooooooooooogoonog

2.2.4 charl

ASCII OO0 O00OO0OU0O0OO0OO0OLO0O0 » o000 o0oooOooD 22000000 OOOO
O (\" oad [])D O00int000O0D00O0 char_of_int, int_of _char OO OOODODODO
# °\1207;;
: char = ’x’
int_of_char ’Z’;;
: int = 90

[ |

2.2.5 string [

gboboboogooooboobobn »boboboobobooDoooobobuobDoooooNw
OoooOD02200000000000000C00000O0O0COOOOOONCO0OOO0ODOO
gbooaoo

SMLOODOODOODOODOODOO OO0 (D00000)00000000000000000 (dsindf00)00
gooooooooboooobooooooobooooboooodoboooooooOob0bObOOoOobObOOobbOOoboboOobboOonoo
oo Qoooo
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0220000000000

N EEEEEEEEGS

\’ ooo (°),>’000000
\" ooooo (v,"oooooo
\n oo

\r |(0O0O0O0)O00

\t |0000

\b |O0000000

\ddd | ddd 0 1000 ASCIIOOOD00000

s1 s 0000000 s, 0000000000000D000DOOs.:10O sOO0 <0000
gboooooooboooo

# "Hello," =~ " World!";;
- : string = "Hello, World!"

2.2.6 boolO

00000000000 true (0), false (0)0000O0O00OOODOOODO

enotbh: bOODOODOOO

e b1 && b OO0 by &be: by, b OO0DOOOODODOLG DOOODODO falseOOOO b ODOODO
goood

e b || 62000 byorby: by, b, OOODDOOOOL OOOOOD true 0000 b, OOODO
goood

0000000000000 00000000000DO00O00DO0O0DbOO0bO0ODbOObO0ODOO
eci=cex e, 000000O0O0OO0OOO

e c;<>e:De,ee OO0 OOOOOOOODOODOOO

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

(mot (1 < 2)) Il (O =0);;
: bool = true

3.2 >5.1;;

: bool = false

197 >= ’Z’;;

: bool = true

2<4.1;;

2< 4.1;;

H I OH O OH

This expression has type float but is here used with type int
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O00if-0: ifbthenejelsee 0D OOODOODOOOO0OOODO true00D00ODO0ODOO
Oe O00Ofalse OO0 eo DO0OODOOODOOODOO

# (if 3 + 4 > 6 then "foo" else "bar") ~ "baz";;
- : string = "foobaz"

Ub0o00o0bd e,ee DOOOOO0OOOODODOO0OODOODOL£-00 else-00000OOODO0O0
0000000 else O 0OO0U00O0OOUO0OO0ODOO(MOOOOUOOOD then-000 unitdd
O0000ooooooon)

227 ODO00OOOODOOO

Objective Caml OO0 (type) OO OO0 DODO0OO0OO0ODOOOODOOO0ODODOOOOOOOOODO
oooobooobbooboobooboooboobob0 10 int0000DO0O0ODOO0O0ODOODODOObDDOO
000000000000 U00000true 00000000000 ODOO (type error) 0000
000000000000 0000000000O00000O0000000DDAO (type system) O
000000000000 000000 (typecheck)yDODOODOODO0DDOOOOOOODOOOODOOOO
oo0dbOooOoo0Oo00o0bOobOOoOOobOO0oobOobO0obOoDOOooOOoODO0o0obOOobOobOobDOobDOn
0000000000000 0000DO0bO0o00O0D0DbOoO0OooO0oooDooDooDoOoobOonOoOg
obooboooouooobooooooog

Lisp, Perl, Postscript 00 0000000000000 OOOODOODOOOOODOOOOOOODO
000000000000 O0bO0bO000o0o0o0DO00ooooooDO0DOOooOoooooDoooa
0000000000000 00000000000000 (dynamically typed language) OO0 00O

0O00O0oooGc, C++,Java 000000000 O0OOODOOOOODOODOODOOOOOODOOO
00000000oO0oOo00oO00ooO0DO0o00oooOo0odoo0DOoooDOo0obOOoooDoond
00000000000 (statically typed language) O 0 O 40 Objective Caml D00 OO0 00000
oooooo

00000ooo0ooooogCcOo C++0000000DOO000ODOO00ODOOOoODOD
000o00O00O000o0O00CoO0U0bOO000OO0OO00ODOO0OOOO0 (DoboDOoO)HO
00°0000CO00000000000000000000000000 Objective Caml OO0
00o00o0o0ooo0o0oU00o0ooo0oOo0o0oUO (0ob0)00D0o0oDUoOOooOooOoUoOOO
0000000000000 000000000 (strongly typed) DO0OD0O0OO0OO0O0O0O0O

000000000000 0O00O0O000DOO0oD0oDO0OO0bOO0o0ooOoOooooDoooooonon
0000000 unsafe-dynamically typed 000000000

’ H statically typed dynamically typed

unsafe | C, C++4, etc. —

safe Java, ML (Objective Caml, Standard ML), Haskell, etc. | Lisp, Scheme, Perl, PostScript, etc.

‘0000000000000 0000000000DLsp 0000000000000 0D00D0OO0OOOO0OO0n
gobobooooooobooooooobooooboboobooooboobooo

0000 000000000000000D00O000 (ObjectiveCamlO0)0000000000000000OO
ooooooUoO0oooUooUoU0oooOoUOo0O0OoU0oLDOoU0DOUOoOoO(COO osuUbLUooLooooonO
000000000D00000000D0)
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goboboobooobooooobooboobooboooobooboooboboooobooon
oboobooooooooooooooooobooooooooboobobooboon

if (0000 ) then 1 else "foo"

0000 (0000 )OUOD true0 0000000000000 OOelse-0000000DOOOO
goboooobobooboobobooboobobobooboobobobobooboobon
googboooobooogobobooogboboooooboboobooboobobobODo
gboooboooboooboooobooboobuoooooboooobbobooboooboan
gboooboboooboooboobobooboboobooboboobobooboobon
obooboooooooooog

gbooobooboobobooboobuooboobooboboobooobobobooboboboo
goboobobooobobooboobbooboobobooboooobboobbooobOoon
oood

2,28 0O00O0OO

Exercise 2.1 0000000 ODOO0O?Y
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 J0000000 (D0O0OU0DO0O0O0OOOOOOOOOOOO)0O0O0O0OOOOOOO
ggbbobbooooobboooobbobboooobbooobboobbooobbboooaonn
gboboobooboooobooboobbooboobbooboooboon

1. if true&&false then 2
2. 8%x-2
3. int_of_string "Oxfg"

4, int_of_float -0.7

Exercise 2.3 000000 DODODOOCCOCOOOOO0O0O0O0O0O0OOOOOOODODODODODOCODOOD
bobobobobooooooobobobobobooboobob0=00000000DO
ugbobgobooan

1. not true && false = true
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2. float_of_int int_of_float 5.0 = 5.0
3.8in 3.14 /. 2.0 **x 2.0 +. cos 3.14 /. 2.0 ** 2.0 = 1.0

4. sqrt 3 * 3+ 4 *x 4=5(00)

Exercise 2.4 0 b && b, O 0 if-00 true, false, by, bo OO0 00000 DO0OOO0OOCOOOOO
ooood o llpeOIDDODOOOOOD

23 0OO0O0oOn

gooboboooooboobooooobbbooobobbooooooboooooobooboo
ugbbogobuooobboobbuobbooobooobboobboobbod 1let g
uod

2.3.1 1let U0

Ub000letd0DO0ODOODO

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

U000 pi0000O00D00O0D0O0D0DODODODOO 3.1415926635 0O OO OOOOOOO0OOO
obobgoooboobooboboboboobobubOvvalDO0O0O pi00O000O00O0ODODOO
(0000 3.1415926535)0 0 0 00000000000 0O0O0O0OO pi O0O0OO0OOOOOOOO
U000piO000O0ODO0DOS3.1415926535 U OO0 ODOOODOOOOOOO

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

ooooo
let = = e;;
0000000000000 000 ed00000O0O0O0O0oO0OOO0O0Oo0oOoOoOooOooOoOooOn

e JJIUUODDOOODDODOODOOOO (abstraction) D0 0D0O0OO0DODODOODOOOOOO
gboboboboboobooooboooooooo

e 000000 DODOODODODOUDODODLDODODODODODODODODODLOD
obooboobobo

vbobgobooobooboobobobobooboobobobbobooboobOoobOobbo
gboobbooobooboobobooboobobooboooboobobooboooobon
gbooobopooobobooobooboboobooboboobboooboobooobobon
UDpi 00D0O0000D03.1415926535 00 00 000O0O0O0O0O0O0OO0ODOODOODLODOODOODOO
00000000000o0o0O00O0000000D0D0D0ooooOoO(obooooooooOOO
000000)00000000000000D000O0O0O0O0
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Objective Caml OO0 OO0 O0O0O0O0O0O0ODOOOCOOOOOOOC, C++000000DO0D0CDOO
ubooobooobobboobooboboboboboboobooboouooboobobobobon
goooobooboobooobobon

# let one = 1;;

val one : int = 1

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

# let one = "One";;

val one : string = "One"

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

O0000O0Oone 000 100 "One" OO0 ODDODOOOOO0OODODOODOOOOOOOOOODOO
0o0oooooooooodooooooooooooo000oooooooooboooooooao

oooooOoOoOO0OO0O0OOOO0O0O00O0O0OO0UL0(ODODUDUD0DUDUODODODO)bbDbOOOOO
O00000000000000D1et000000O(scope)0 (00D ODODDOOOOOO)OOO
000000 (ecaml U000 0)0000O000O00O0ODO0OOODOOOOOODOOOOODOOOOO
O (lexical scope, static scope) 00 00O

Objective Caml 0000 O00O0D0OOO0ODOODOODOOOODOODOODOOODOODOOODOODOODOO
0000000000 booooboooooobooogoo
000000000000 «(0)y 0000000000000 0000000 let-00D0OOO
0000000000 (00 lee0000000O0DO)DO0O0O0O ;;00000000000000O

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

val pi : float = 3.1415926535
val e : float = 2.718281828

gbobooboobooobooboobbooboobbooboooboo

ugbooono bOooboboobooobbooobooboo
1. 000000000 oooooOoOoOoOoO (L)oo
2. 0000000000 (A...Z,a...2,0...9)000000000000000 (?)

0000000000 O00DODOO0D0D 230 Objective Caml OOOOOO0OO0O0O0 _O00OD00OOO
oboooooooooooog

2.3.2 000 lexical scoping

ggooobboboooooooobbbbbouooooooobb b ooooooboobobobooo
000ooo000o0o000o0o00oo0O0U0oo00U0 (DObooO0oU0L)0D0oo0ooUooOoOo
000000000000 00D00O000000D0OD00000 (environment) 000000000
O00000000000000000000000 (top-level environment)d 000000 O (global
environment) 0 0 00
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and as assert asr begin class
closed constraint do done downto else
end exception external false for fun
function functor if in include inherit
land lazy let lor 1s1 1sr
1xor match method mod module mutable
new of open or parser private
rec sig struct then to true
try type val virtual when while
with

0 2.3: Objective Caml OO0 000

aooo g

sin goon
max_int | 1073741823

O 21:ccaml DO OODOOODO

U00O0Oocaml UOOUOODODOOODOsin, max_int 00000000000 OO0OO0OOO0OOO
ooooo (0210

let00O00DO0OO0OOODOOOOODOOOODOODODOODOOOODODODOODOOOODO
0(C22)000000000000000000000O00O0D0OOD0ODOOODOODODODOOOOO
gooobobooboboobooobooboboobooboboobobobooboobon
boodgbuooboboobobuooboboobobobub letbobbooboooboobogn
ubooobobooboooooboo

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

0 22: let00000O0O0OOO0O
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233 0000

Exercise 2.5 00000000000 D0O0OO0ODO0OODO0O0O0OD 1let00D0O00OO0O0OODOO

a_2’ Cat ’ 0 Televen ’ab2_

24 0O0O0OO

O00000OoO0o000obObOOo0O0o0obbbOOo000oboOOOoOoO0bbODbOOodOdoObjective Caml
0000000 (function) 0O 00O
gbogobog pi0O00DbOO0ODLOO0ODDOODOODLOODDOODOODLOODO

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

ubooobooobobboboboooobobooboobooobooobobooboboboobon
gbooobooboboboobobooboobobooboobooooboobooboobon
0000000000000 000O00bOO(0O0000)00O0DD0OO0OO (parameterization) O
ubbooboooboobboobuooboobooboobooobooboan

Objective Caml 0000000000 O0ODOOODOOOODOOODOOOOOOO

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

OO0000 let0000O0DOOOO0OOO circle_areaU 0000000 O0O00oooOCOOOO
OO0 r0O000ob0obbo0oooboooobobooooboooooboooooobooOoboooboobO=00000
Or*. r* pi000000(bedy) D0D00OO00O00D0O0O0O0ODO0OOODOOODO(G; 0000
000000000000 0oO00o000oO0O00o0O0)000000000DO000O0O0O00O00
circle_aread 0 0O float->float0 000 <fun> 00000000000 ->00(00000O
00)->(0000)00000000 circle_area 0000000000000 0OOOO0DODOO
gbobooobobobobooooUo-»>0gb0obobobooooobobobobobonoo
O (type constructor) D0 D 000000000000 0O0O0O0O0O00O0O0O0OO0O0OO<fun> 000
000000000000000000000000D00000O0O0O00000ODO000 (437
00)0o000o0o0oo
OO0O00O0000000000 int_of_float UOOODOOOODOOODOOOOOOODO

# circle_area 2.0;;
- : float = 12.566370614

000000 (0000 (function application) D0 00)0 0000000000000 OOOOO
U000 r000 2.0000000002.0*. 2.0, pi00000000O0O0O0OO0OO0OODOO
ugooon

Objective Caml 000 0DO0O0D0OOCOOOO0ODOOODOODOOODOOOOOOODOOODDOO
O0000000000000000000000AO0 (type inference) 0000000000 O0O0OO
ugobobooooobbuoooboooooboboooooobbooobbboooobLbbono
gooooobobobobbtboodooooooobooboobobobooooooooooooo
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# let circle_area(r : float) : float = (* area of circle with radius r *)
# r *. r *. pij;;
val circle_area : float -> float = <fun>

00000 =00000000000000D0 OO0O0ODOO0DO(OoOooooooooDOo OO
0000000000000 0000000O0O0000O00OOO0OD OQUOooooooooon)
gooooooooooooooooon

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

000S0[|000000000000f0000000000D0O¢+D0000000000O00OO0
0000000000000000000000000000000(ooOOO0o0ooooo0On
000000ooo0oO00o00ooo0)000O00000oooO0o0D0oOoOOo0o00ObOoOOOoOo0OOo
gbboooobooobbooboobobooobooboooboboon

lexical scoping 00 UOO00 O0000D0O piO0lexical scoping 0000000000000
oo0dob0o0000000000Ocircle_aread 000 pi0000O00OOcircle_area
ooooooooooo

# let pi = 1.0;;

val pi : float = 1.

# circle_area 2.0;;
- : float = 12.566370614

000000000000000000 pi 00000 dynamic scoping 0000000000
0000 (000 Emacs Lisp) 000 O dynamic scoping 10000000 0004.0 (000
2.0 %. 2.0 *. 1.0)0000

241 0000
Exercise 2.6 U0 000000 0D0OO0OODOOODOODOODOO fleoor OO ODOODO

1. USOO (00)0000000 (00)0000000 (00010000000)0(00000
000200000000000000)0000 1$=121.0400000

2.0(00)00000O0O0USO0 (00000000000 0D)000000O0 (00010
O00000o00)0oo0oU 1$=121.0400000

3. USOOD (DD)0OoooOo0oooOO (00 ) dollars are (0O ) yen."OOODODOO

4. 0000000000 oooooOboo0o0oooooooooObobo00oooooo oo
capitalizel (O: capitalize ’h’ = ’H’, capitalize ’1’ = ’1°)

‘000000000000 O0000DO000DO
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30 oottt

gbbooobgogb.: buoobboobbuooboobooboo

gboboboobooboboobobobobobooboboobooboboobobobo
goooooogooobobooooobooooboboooooboobobooobobooboo
ubboobooboobboobuooboobobobooboobobooboobobooobooobooo

gbobobobooboooobooboboboboooobobooboboboboooobooon
0000000000000 00000000000O0O0O0ODO0O0OD0OD0O0000000OO0O (tuple) O
ugoogo

3.1 00000 letl

gboobobooboooboboboooboooboboooobooboboobooboooboboo
oboooooooogog

Objective Caml 00 let-0 (00 ODO0OD0)000000000O0OOOOOOOOOOOOODO
gboobooboogn

oooooooooooobogooon

# let vol_cone = (x OO 2 00 5000000 =)
# let base = pi *. 2.0 *. 2.0 in

# base *. 5.0 /. 3.0;;

val vol_cone : float = 20.9439510233

“let base =7 000 let JO00O0OObase DO OODOOOOOOODOOOODOODOOOODDOO
0000000000 @O0O00 vol_cone JODODO)
U000 let-00O0ODO

let x = e1 in ey
O0e,eo U let 0000 0OOODODOODOOODOOOOO
l.es 00000
2. 00000000000
3. e 000

UO00D000 e O00O0DOODODOOD 2000000 eo000D00O0Ovol_conedOOO
U0 bpase DOOOOODOO
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# base;;
base; ;

Unbound value base

Ub00e; O z00000DOO00DOOODODOOODOO
U000D0let-0000000000DO0O0O0ODOODODOOD1Iet-000D00DO0O0OOODOODO
O00000000ooO0oO0o300000000 (D000 oD)0Doooo

# let cone_of_heightTwo r =

# let base = r *. r *. pi in

# base *x. 2.0 /. 3.0;;

val cone_of_heightTwo : float —-> float = <fun>

# let £ x = (x £(x) = x"3 + (x73 + 1) %)
# let x3 = x * x * x in

# let x3_1 =x3 + 1 in

# x3 + x3_1;;

val £ : int -> int = <fun>

# let g x = (* g(x)
# let power3 x = x * x * x in

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

x"3 + (x+1)°3 %)

let-00000O00O0O0OO0O0OO0O0OOOOOOOOOOODOOODOOOOODOObOOODbOODnDO
goboobboobobooobooobooobboooboboobboobD1000b0o000o0n
vbobobobooboooboobobobooboobobobooboobobobobobobooon
ubboboboobuooboboboboobooboboobad

0000000 1letU0/00000and 00000000000 0OO0OOOOOOOOODOOO
oooon

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

# (x 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"

gbooboooooooooooooooooogooDo
let-0000000000 O0O0ODOOOO let-0DbO0OD0O0OO0OO0ODODODOOODODOODO

UbbooboobodboobbobbOodllet z = e inep U000 0000000000
U000 e 000000000DO0O0DLO0ODOO0O0DO0ODOO0ODOO0ODLOODbOODODbO0ODbOOD
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]DDD 0 \
000 0 \ ]DDD 0
: DDED sin Jooo : DDﬁD
sin max_int | 1073741823 sin
max_int | 1073741823 ' - max_int | 1073741823
X 5 ‘
3+20000000 x+7 0000000 00 (s+7)000000

U31l:01letx=3+2inx+ 7000000000000 00000O0O0O0OOODGOO

EEER - | IEEER O
(000 | 0 |
~ 3 1415926535 : pi 3.1415926535
P : pi | 3.1415926535 | | c_area <fun>
c_area <fun> ’ ‘ 7 0 - 1
T ) pi

i 1

P area | 12.566370614
c_area 2.0 00000000 0000000000 00000000

0 3.2: 0 let area = c_area 2.0 0000000000 0O0OOCOCO0O0OOOOOOOO

gboobobooboobobobooboboobobbobooboooboboobooooo
gboobgoobooboobbooboobbooboobbooboobobooboobobo

let pi = 3.1415926535;;

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

let pi = 1;;

let area = c_area 2.0;;
0 let area = c_area 2.00000000000 3200000000 000000000000
goooooo

3.1.1 0000

Exercise 3.1 U0 00000000 0ODOOOOODLOOODOOODOOODOODObOObDOODOOD
oboboooooooooooooogoobooboobgobon

1. let x =1 in let x = 3 in let x = x + 2 in x * x
2.let x =2and y=3in (let y=xand x =y + 2 in x * y) +y
3.let x =2inlet y=3in let y=xinlet z=y + 2 inx *xy * z
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Exercise 3.2 00000000000 2000000000000(000: e0 2000000
oooo)

e let x =¢; and y = e2;;

o let x =¢1 let y =e2;;

3.2 UOUOoooooooo: O

gboobobobopooboboboboooobobbobooboooboboobobnoooaon
gboooooooooooooooooooono

3.2.1 00000

goboobobobbobooooboboobooboboboboboobooboobobbo
0000o00oooooO0o0 (o000 0D0O0 (D0Doo)0)DoDoooooooOoOooOoOoo
OO00O Objective Caml OO0 O 0OO00O0ODOOOO0OODODOOO0ODOOOODOOODOOOODDOOOO
O000O(tuple)DOODOtuple 00 O OO0OOO , 0000000000000

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

0000 float * float UO0OOOODO 100 (1.0) O float 00O 200 (2.0)0 float OO
0000000000000 00x000o0o0oOoooon
0000000000000 000 (bO0O0O0O0O0O0)000000O0O0DUDUODODODUOOoOOo
0000000000 000000000 1let 000 ODODOOOOODODOOO
# let bigtuple = (1, true, "Objective Caml", 4.0);;
val bigtuple : int * bool * string * float = (1, true, "Objective Caml", 4.)
# let igarashi = ("Atsushi", "Igarashi", 1, 16)

# (* Igarashi was born on January 16 :-) *);;
val igarashi : string * string * int * int = ("Atsushi", "Igarashi", 1, 16)

3.2.2 0O000OO0OOOOOOOOOD

000000000000000000000 (pattern matching) 00 000000000000
U000 UNIXDO grep 00000000000 O0OOOOOOOODOO

l. 000000000 ooOooOooOO (booo)ooo
2. 0000000000000O0O00DO0OO

. boobooboooboobooobbooboobboobuooboon

0o000000000000O00'00000G, v, z, wOOOOOOODDO40000000
(0Oo0ooo0oooOohooooOooxOO1000,y0O02000,2z0030000w0040

000000000000 retrieve 0000000000000 000000OUNIX O egrep 0000000()
0000o00oo00o0ooo0ooooooo0oooo\l10o00ooUoooooUoooooo
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0000000000000 000000000000000 (let,D000O0O0O0O0)0O0OOO
00000000000 0Dpigtuple DO 0OODO

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

val b : bool = true

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

googoboobooboooboobaon

gbooboooboobobo 4000000000 DOODODOOOOODOODOODOODOO0
Uobobooobbobooobbooon 1letx= ... 000000000000O00 OOOO
00000000000x00000000000000O00000O0O0O0UO0O0OOOOO,),
...,(0oo0,)» 0o0O0O00O0O0O000OO0O00ODO0O00ODO0OODOO0UODOOOOOOON
0000000000000 (0bo0,)0000000000O00D00O0O000O0oODO00On
gooogoboobobooboobuobobbobobobooboobobbOobOo010b00
ugbboobodgboobboobuobbobbodboobbooboobboobogboo

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

This variable is bound several times in this matching

o000 oo ooooooooooooo
gobooobooobooobbooobbooobooobooobooob0boobboobo
_(0000o0OO0)D0b0 0000000 O0UODO00ODOO0DOOOODUDDOODUODODOOOOD
O (wildeard pattern) 0000000000000 0O0DO0O0OO

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

3.23 0000000

O0Ofleat 000 (20000)000000000O00O0C0OO0OOODOOODOOOOOOOO
oboboobooboooooobobooooooooo

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

UOb0O00db0000Ob00UOaverage U0 float * float -> float U U O DOUONO float * float
00oo00000oo0o0oo0o0oo0o0LD(Oo00 «000 0000000000000
00 (float * float) -> float 000000000 )0000000O0O0O0O0DOODODOOO

# average (5.7, -2.1);;
- : float = 1.8
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000000000 ODbhooooOo0ooobOooooobObOoooboooboooobOoOooooDOoOon
0000000000000 000O00OD00Db0D000 average 00O00O0OO0OOOODO 100000
0000000000000 Objective Caml OO0OO0D0O0 100000000DODOO0O average
O

# let pair = (0.34, 1.2);;

val pair : float * float = (0.34, 1.2)

# average pair;;
- : float = 0.77

goobooboobbooboobobooobg

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

0000000000020
0000000000000 00000000D000((200)0000000000000000

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

ubobooobooboobbooboooo

# 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 0000000 (0000000000000 00D00OOOO0OO0 10
000000 20000)000000000000000O0DO0O0UO0O0DODOOUOO0UOOOO
ubboobooboobooboboooboooboobooobbooboobooan

3.24 0O0OOO
Exercise 3.3 2000000000000 geomean OO OO0O0O

Exercise 3.4 2020000000 20000000000000000 prodMatVec OO DO ODOO
ubooooooooooooooobgono

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

ugbboobooboobboobuoobboobooboobbooboo

Exercise 3.6 let (x : int) = ... 000 (x : int) JO0O0O0OD0OO0ODOOODOODOODOO
000000oooOo0O (Coo0o0o0o00oooooOOO0oOo0OO0OoD)0DOobooo

000000000 pair 0000000000000 00000O0OO0DOOOOOOOOO0ODO0ODOO
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3.3 oo

gboobobooboboobooboobooboboobooboboboobooboDbo
00000000 (recursive function) 100 000000000000000000000000O
ugboogn

3.3.1 O0O00oOoooo

OO00000000O0O0O0000000 nO0O00Nn=1x2x---xn 000000000000
oboobooooooooon

e 00000DODODONONOOONOOOODODDDOD 100000 100030
enl=n-(n-IO000 0000 n—-10000000000

boooboooobobobobooboboobuooboboboboooboooooobooboonobon
gbooobooobooboobooboobbliboobboboobooboobooboobon
oooDOOoooOoO0o0DboobooO0o0ooO0o0obobO0oobbOo0oDOOOO0ODOOO0DOD Objective
Caml ODOODOOODO

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

UboooboboooD fact 00000 oOoO0DOO0bOO0OOO0OOO0DOODOODODOODOODO
ubboooboobuoobboiobdd factOD00obooooboooboooboobooobgo

# fact 4;;
- : int = 24

gbboooboobbobobuoobboobiod recUlet000b00o0booooooaonbOoO
0D000000000000000000000rec00000000000000DO*0

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

I
™
+

=

Anaaan

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

gbopoboobooboooboboooboboboboooobobooboobobooobonboo
gboooooooooooo

e IO ODODOODOOODO
o 0O OOOOODLODOODLOOODO

gbobooboobooooooboooooooooon

500=100000000000
‘000 Objective Caml 0000 0000000000000 0DDO0O0OODDOOODOOOOOODOOO
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3.3.2 0O00O0OO0oOoood

O000000000000O00000O0O000CO0O00OO0OO0O0O0COOO0OO0O0GOO0OO000D0
00000000°000000000000square(square(2)) 00000000000000O0
0000000000000 00000000000000000O00000O0O00000O0O000D0
O0000b0O00000000O000000000C0O0000OO0O0O0O0OOOO0O0OO0O000D
0000000000000 000000000000000000000020 (evaluation strategy)
O000oo0o00000oooooOo0o00oooooooooooooooo

O00oo0O0000000b000000O000000DOCO00OO0O00ODOOO0OO00O00Db
00000000000 (call-by-value) 000000000 0O0O0O0OO square 0000

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

googn

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

16

bl

O0000000D0D00D square 000000 square(2) 0O0O0D0ODOOODOODbjective Caml
gbooboobooooooooooooooooooooooooDo
Uboobboobodbboobbddifact 400000000000 00000O0

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

4 x (3 * fact (3-1))

* (3 * fact 2)

* (3 x (2 x fact (2-1)))

(83 * (2 x fact 1))

* (3 x (2 % 1))

* (3 x 2)

* 6

Loy
T A A A A
O N N O NN

24

gbooboboobobooobooboboobooboboobobuobooboboboo
0000000000000 0000O0(@Cooooooooon)

# let zero (x : int) = 0;;
val zero : int -> int = <fun>

D00D000000000DU0D0O0D000000D00DU00D00D000000D000UO0DOODn
gobooooooooooo
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oooobOoooobbobo0oooooobobobbooObbODODDbDOOOzero(square(square(2)))
go0oOoOoOoOoOoOoOOoO0O0OOOO0OOU0ODO0OOUOD0DOODOOOoOoODOOODOOoOOOO
0000000000 (cooooo)o
O00000000000000000000000 (00000 eagerness, strictness 00 00 O
000)000000000000000000000000000Dlazy OO0 ODOOODOOOO
0000000oUooooooooo
O00lazyOOOOOOOOODOOOOOOOOOOOODOODOODODOOOOOOOOOOOOOO
00 (call-by-name) 00 0000000000000 O0O square(square(2)) 000 Ozero(square(square(2)))
ooooooo

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

4 * square(2)

4 % (2 x 2)

4 x 4

16

0

bbbl

zero(square(square(2)))

goboobooogbboboogboboobooboboooboboooobooobooobobouDo
OO000O000OC00DOO000O00DOO000O00DO000O00DD square(2) DOOOOO
gboogooobd

O00000000000000000 (call-by-need) 0000000000 DOOOOOOOOO
boobooboboobooboboobooboobooboobobobbobooobonobon
goobooobooboobooobobooboboboobooboboboboobuoobon
oboooooogd

square(square(2)) — * - % — x — 16
A ()
Ly iy /
square(2) * 4
()
W

2

call-by-need 000000000000 Haskell, Miranda 0000000000 OODOOOOO
O0Olazy 0000000000000 O0O000ODDO0OO00DO0O0O0O00DO0O0O0O0ODO0O0O0O0O0O0
O0000ooo00o0ooo0ooooooooooooooooooooooooooooooog
00000000000 call-by-value OO00O0O0O0000O0(0O0COOOOO0OOOOOOOOO
00000 graphreduction 0000000000000 O00OO)

3.3.3 UU0Ooboooood

bbb factODboooboobonooobobobooboboobobobooboobo
obbd 4« (3 (..))ybooooboboodobooboboooobOn0bOoboDobOoboOoO
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000000000000000000000000000000000000000000000
00000n - (n—1)-n—=2))=(n-(n—1))-(n—2)!0000000 (n—2)!'00000000
0000n-(pn—1)000000000000000000000000000000000000
00000000000000000000000000000 »n00000000000000
000000000000

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

# else facti (res * n, n - 1);;

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

U00b0o0bobodn resU0fact 000000000000 O0O0OOOOOO0OOOOODOO
OO0bo0oooooO00facti (n,m) O0n-m! 000000

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

O00OOfacti (1, 4 000O00O0OOOOO

facti (1, 4) — if 4 = 1 then 1 else facti(l * 4, 4 - 1)
— facti (4, 3)
— if 3 = 1 then 4 else facti(4 * 3, 3 - 1)
— facti (12, 2)
— if 2 = 1 then 12 else facti(12 *x 2, 2 - 1)
— facti (24, 1)
— 1if 1 = 1 then 24 else facti(24 * 1, 1 - 1)
— 24

fact 400000000000000OOO0 (DODO0DODOOOOOOOD)ODOOOODOOODOO
00000000000 (iterative) 0000000000000 DO0OO0OOOOOOOOOODOOO
000000000 (tail-recursive) 00 0 0000000000000 O0O0OOOOOOCODOOOO
0000000000000 000000000000O0O0OD (DU0ULO)DoDoDoDoOoooOoO
gboooboboobooboboobooboboobobobobooboobobooobobon
oboobooobogboboogobooooboooobooboobooobobooooboboouDo
ubobooboooboobboobuoobobooboobooboobooobooo

U000 facti U0 O000O0OO00DOOO0DOOO0ODOOOODOOOODOOOODOO0OODOOO0O
1000100000000000000facti UOO0O0OO0OOOOO

# let fact n = (x facti is localized x*)

# let rec facti (res, n) =

# if n = 1 then res else facti (res * n, n - 1)
# din facti (1, n);;

val fact : int -> int = <fun>

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

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

val fact : int -> int = <fun>

OO0000DO00DO0O0DOO0O0DO0O0D00O0Objective CamlD OO O0OD0OOODOOODOOODOO
gooooo

3.3.4 U00OO0OOO

gobobooooboooobobooooboobooboobob10bbobobobooboDbo
gboogboboobooobobooboobobooboobo 20bo0boobobooban
gboooobogoooo

gboobob00o 00000000 mpOooboobooboobooboobooobooogoono

FF =1
Fr =1
Fn = Fn71+Fn72

nO000000000000000000

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

Ubbo0bddbelsed00O0OOo0onOg 200000000
gobooobuouoorF, 0000 F, 2.OOOUODLOOODUOOOODbDODODODOOODOODODLO
000000000000 (fiv 300000000000)00000OOODODOOOOOODOOO

# 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>

oobooobdonU00 F, 0000 F,,00D00O0DODOO0DOODODOODOODODOODO
ooo

Euclid 0000 EudidOOOOOOOOO mO n (D000 m<n)OOOOOO0OO0OOn+m0O
oo mobbooboobboobooboobbooboobboobooboo

uboooob 000000000 mO00b0000000000b0b0000d4d < " > g
m

( n ) nx---x(n—m+1)

m ] mXx--- %1
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obooboooooooooog

-1 -1
m m m—1

ogboobooobooooogn

3.3.5 U000

0000000000000 00000000000 (mutual recursion) 000000000000
gooog

let rec f1 (DOOOq) = e
and fg <[|D|:||:|2> = e9

and f, (OO0O0,) = e,

OO00000DO0oO0DOO0O0ooOO0n0 e, 0bb00b0o0ooD s, 0000000D0O0ODO0OO f, ..
fOOODODOOOOOODD
U00000000o0o00b0ooobo0ob00g even, odd U

*

e (DD ODDDDOODOODO
o 1 000O0ODODOOODOOODODOO
en—100000 n00D00D0OODO
en— 100000 n0O0O0OO0DOO

gboobooobooboobboobooboboobboobooboboobooboooonon

# let rec even n = (* works for positive integers x*)
# if n = O then true else

# if n = 1 then false else odd(n - 1)
# and odd n =

# if n = 0 then false else

# if n = 1 then true else even(n - 1);;

val even : int -> bool = <fun>
val odd : int -> bool = <fun>
# even 6;;

: bool = true

odd 14;;

: bool = false

1 H
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gboooooooboobod00Oarctanl OO OO

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

ubooooboooboobobooboooooobooboboooboooboboobooobon
goog

# let rec pos n =

# mneg (n-1) +. 1.0 /. (float_of_int (4 * n + 1))
# and neg n =

# if n < O then 0.0

# elseposn -. 1.0 /. (float_of_int (4 * n + 3));;
val pos : int -> float = <fun>

val neg : int -> float = <fun>

# 4.0 *. pos 200;;

- : float = 3.1440864153

# 4.0 *x. pos 800;;

- : float = 3.14221726315

oooon %DDDDDDDD

3.3.6 U000

Exercise 3.7 x O0O0O0On 0 00000000002 0000000O pow (x,n) OO0 200
oooon

l.powO (0DD)0D00OO0 nOOOOO

2. powd (00)00D000 log,n 00000000 O0: 22" = (22)" 000000022 =7)

Exercise 3.8 000 pow 0000000000 O0OD powi 000000 (DO0O0O0OODOODODO
00o00o00oooooooon)

Exercise 3.9 if 00 Objective Caml 00 0000000000000 00O0O0O0OOOOOOO
Ubbdgd0bU0fact 4000000000000 0O0O0O00O0O0O0OOOO0OO0OOOOOOOO

# 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 000000000 0OC0OO0ODOOOOOODOOOOOOO

Exercise 3.11 00 O0OO0O0OOO0OO

1. Eucid O0DO0OO0OOCO0ODOOODOOCOOOOODO geald
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2. 000000000000 <n>DDDDDD comb[]
m

3. fib_pair U0 O0O0O00O0O fib_iterd

4. 000000000000 ASCIIOOD0O0O0000000000 max_ascii JO0O(OOOO
0000000000 22500000000)

Exercise 3.12 neg 00000000000 COOOOpos d negOO00O0ODOOOODOOOOOO
goooobooboobbon
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ugbbogobodgb. boobobooboboobbooboob

4.1 0000

Objective Caml D0 000000000 DO0O0OO0OOOODOOODOOODOOODOOODOODOO
ugoobooboooobobooobobobooobbobooooobbbdoooboobnbobuoooono
0000000000000000000 Objective Caml DO0OO0O0O0OOODO (first-class value) O
O00000000000000/000000000000000AO (higher-order function) 000 O

4.1.1 ODOO0OO0O0OO0OOOOO0

0000D000000000124224---4+0?20000000 sqeum 00134234 ... 4+n3 00
00000 cbsum 000000000

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

0 elsen *n + sqsum (n - 1)
0

gboogboboobooooobgobobooboobobooooboboooboobobooboooboobODo
gbogbooboobooooboboobooboboboobooobobobooboobob
gboooobooboobboobooboobbon

gboboboboobooobobdnd obbob0bODbODODOOODLOODODnOOO
ubobooooboboooboboobboobobo n0oobboooboboooboooboboan
goboobooooboobobooooboobboobbooboooboobboobooobon
ubooboooooooooooooooooonoog

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

U000 signa 00000000000 0000O000 £000 n00000000000O00DOOO
(00O000:0000 0 >0 «0000000000)
UdddOdbOsgsum U cbsum OO

# 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>

gboobobooboboboobobooboboobooobuoobuobodibdcbsum U0
Ubo0d let-000000O0O0OODODOODOOODOODODOOOOODOOO0OD0

sqsum 5;;
: int = 55
cbsum 5;;
: int = 225

[ S -

4.1.2 0O0O0O0O

n
gooon sigmaDDZf(i)DDDDDDDDDD fO0000C0O0COO0OO0O0O0OODO
i=0
0000000000000 1lee0000D00O0DOOOODOODOOO fOO0D0OOODOOODOOO

coboooobboooooooboobooboooobooobobodooooobooboobooobboOoooa
O00000000000000000000 (anonymous function) 0000000000000
0000 OObjective Caml OO0 OO0 O OOOOObjective Caml DO OO0 OO0

fun (0OOO0) > e

00000000(0000)0OOUOOOOOOUOOOOO e0000000OO funO0O00O0OOO
gbobgoboobboobooboon

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

# let s9b = ((fun x -> x * x), 5) in

# sigma sqb;;

- : int = 55
# (fun x > x * x) 7;;
- : int = 49

230000000000000O0O000OODODO0OCODOO (DOOD0D0ODOODOOOOO)0OOO
0000000000000000000 fun 00000 OUOOD0O0ODO (DOOODOOO¢, n”
obobobobobobobobDUx+*xx»xU0 n0000000DO0O0DOODOODOODOODODOO
Oo0O0OfwmOO00O0O0O0ODOOOOCOOOOOODOOOOOODOOOD OOODOODOOOO
0000000000000 00)

U00letUDOODOODOO

let £ x = e

let f = fun x -> e

0000000000000 0000000O0O000 (fun)000D0OOO0OO0DODOOOOOOOOO
gbooboobooboobboobooboobo
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4.1.3 DOO0OO0OO0O0OOOOO0OO00

Objective Caml 000000 1000000000COODOOOO0OOODOOODOOOOOOOO
goooboboooboooboobouoobobooooboooooboobooboobobDooboo
O00000000000000000000000 Haskell Curry 000000000000 (curried
function) DO OO

00d0od0dbdbd0yUO0O0O0O0O edO0b00Ob00O0b0Dz0000DLO0ODyDOOODOOO
L I T A O O O I R B =T
so 00 s1sp D0O00DO0OOO0OOOOODOODOODODOODOOODOODOODOODOODOOOOD
oooonon

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

0000000000000 00000 (D00O0)0U00o0O0U00O0O00DDOD00D0O0OO0O0oOooOO0
OO00000bDbO00oo0oO0bDOOdn concat ("abe", "def") DOUODOOOODOO
gbbooboboo oobbooboobboobgaday

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

concat_curry 0 fun 000000 s2000000 (0000000 0)s1 00000000000
O00D0000concat_curry 000 string -> (string -> string) 000000 O000OOOO
coobooobobooobooobooboo20000000000

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

oooopoo(¢.H)Oooooboooorabe DOOOO0ODOOOOODODOOOODOODOOOOO

oooooooobog .. "ef"O0O00O0O0ODOODOOOO
gboobobobouooooboobobobooboboobuooboboobooboboo

0000000000000 0000o0O0 Mr.OOD (COD)0ODODOOOOOO

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

- : string = "Mr. Igarashi"

U0bbO000bbb0O0add_titleD0OOO00O0OD0O0OO0O0D0ODOO0O0O0O0Ofun s2 => "Mr. " ~ s2
goboobooobogboboogobooooboooooooboooooboobooooboobooDo
0000000000000 000000O0O (partial application) 00 0 O

gboboooboboboboooboooboboobobobobooboboobobobo
gbooaboban

goboobbdg oboboobboobboobbD+f+em OD0OO0OD0OOODODOODOOODOO

obobooooooooooooooboooobgoon
O00OObjective Caml D00 fun OO0 DOO0OO0D0OO0OO0DOIetd fun OO0 O0OOO0OOODOOO

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

ugbbogoboodan

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

<fun>

ygooooboobbobdooooooonbon
fun (00004) -> fun (0O0009) => ... fun (0O0O0,) -> e

fun (0000,) (00O0O,) ... (00O0O0O,) -> e

O0000000(et00000O0O0OOODOOO0OO0OOOOOOOOOOOODODODO)

00000000 (((£x)y) zO000O00OD £fxy=z0OOODODOOODOODODOODOO
(oooU00oOooOooOO00000OO0OO000b0) D000 0DOOOOO0O0DODODOODOO
tl -> 2 > t3 > t40 t1 -> (2 > (t3 —> t4)) DO0O0O0OO

00/00000 00O0000O0O0O0O0O0O0O00ODOOO+,~-00000000 (anfiz operator)
O000000000000000 (int->int->int 0000000)0000000O0O0OOCOO0O
Objective Caml 00 0000000000000 OO(OOOOOOO)+000000000O0OO
ugboogoboobon

000000 (0 )00000000O0000000O0O0OO (CoDOO)oDDO0OOoDOoDOoOooOO

# (+);;

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

- : int = 6

*x00000000000000000000O00O /00000000 OoooOoOO
00000000000 00000O0moed, *x,=0r, e 0000000O0OO0ODOO

e 10000 =,<,>0, ", 1,&+ -, % /,$,%0000000
e 2000000 1,8, % *+ - .,/,:,<=>7¢" |~00000

O00o00o0o00oooo
0000000 (00000 ) oooooooooooooo
# let ("-7) xy=x % 2+ 7y * 3;;
val ( =~ ) : int -> int -> int = <fun>
#9 °-" 6;;
- : int = 36
000000000000 o0o0o0oo0oo0o0oooooooooOo0on0 ooooooooog
Ooo0ooouoooooooog
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# let (! ) x=x+1;;
val ( !! ) : int -> int = <fun>
# 11,
Characters 2-4:
I'l;;Syntax error

# (1D,

- : int -> int = <fun>

# 11 3;;

- : int = 4
gooooo -, -.0000

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

ogbobooboooog
goboboooboooboboobbobooon410ob00o0obooobooooboobob
ugbbooboobuoobbobobuooboobboobooboobbooboooboo

041: 00000000000
gogd g

ooooo -
0000 0
oo0ooooood -
oooooooog -, -. -
» 1000000

%, /,% 000000000 mod
+,-000000

el ~JUUbnon

=s0<00oo0ooo,0nooooooon
not -
&, &&

or, ||

Oooo0ooo0od

O O

let, match, fun, function, try -
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4.1.4 Case Study: Newton-Raphson [

OUboo0o0obOo0bo0bOo0b0obo00oo0DO Newton-Raphson DO DO OOOOOODOO
0 0ONewton-Raphson 0 000000000 fO000000O0OO f(x)=0000000000000

_ . [f@)
ﬁ@_x_ﬂ@)
0000 (g(a) =00 ¢) 000000000000 2 =01 — f(@n1)/f (zn_y) 00000

ooo)
00000000000000000000000000000000000000000000
00000 de 0000

vy 9(x+dzr) —g(x)
0000000000000 00O00D0DO00000OODNDONONoNoooon

# 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 = 26.9999134161

0000000
0000000000000000000000000000 f0000 =z000f(x), f(f(z)),
...00000000fz) =) 0000000 f* () 00000000000000000
00000000000 |f* () - ()| 00000000000000000000

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>

H HHHFEHHFHHI

OO00DO00O0000Newton-Raphson OO0 O0000OO0DOOOOOOODOOOOOODO

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

ooooooo
00000Newton-Raphson 00 f(x)=0000000000000 0000 guess 000
ood

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

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

# square_root 5.0;;

- : float = 2.2360679775

4.1.5 0000

b
Exercise 4.1 000000 fO00O0O /f(x)d:UDDDDDDD integral f a bO0O0O0O0ODO
a

™

DDDDDDDDD/ sinzdz DO DOODOO

0
oobobooboooobooooooobboobooboooboooooobboooDoobDbOdg b—a

On0000O000O0O0O0JOO0OOOO0ODOODOOOO ODOOOOsO00DOODOOOODO

(fla+(@—1)0)+ f(a+1id))-0
2

gooboobogn

Exercise 4.2 0000 3.70 pow O 0OODDOODDOOOODOD ODOD0ODDODOOODODDOOOOO
(pow n x) 00000300000 cube 00000000000 OODOOOOOOOOOOOOO
0000000 (pow x n)Ucube U pow DO O0O0OOOO ODOOOOOOOY

Exercise 4.3 fun 000000000000 ODOOOOOOODO?Y

Exercise 4.4 000 3000
e int -> int -> int -> int
e (int -> int) -> int -> int
e (int -> int -> int) -> int

uboboooboobooobbooboobbooboobbon

4.2 000

gboooobgooboobooboobobooobobooboooobooboboobobbo
ugbboobuoobboobdo bboobuoobbuodoboobbobuibibUdint * int OO0
ubooooobogoaoo

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

OO00O0O0DOO0DOO0O00C000O0ODO0DOO0OD0O0OCO0O00Od (int * float) * string OO
gboooobogboboobooboboooboooboo
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# let fst_ifs ((x, y) : (int * float) * string) = x;;
val fst_ifs : (int * float) * string -> int * float = <fun>

gbogobooboboboobooboboobobobooboobobbobooboobob
ooooo0oo0oOobOoOobOoboOobooO0oooooD»xwooOooboobbooboboOoooooDboo
gobogboboogboboooogboobooooobooooobobooooooboboooDo
ocoooooor»oO0oO0ooo0oOooOoOoOoobooOooOo0oooboOooooooboooo?
O0000000000000000000000O00000000D0D0D0O0D0DO00O0O00 (int
0 int0000 int * float 0 string) 00 0000000000000 O0DOOO0OOODOOOCOO
goooobooooboooboobooboobooboonooooboooboobboooobooDo
oboobooobooboobboobooboobboobooobooo

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

’al b 0000 (type variable) 0000000000000 0OODOOOO0O0OOOOOOOOO
000000 (polymorphic function) 00000 fst 00O ’a * ’b -> ’a000000 T1, T2 0
O000TL *+ T2 > TI0000000000O0(@COO0O0O00000 YV’aY’b.(’a x ’b => ’a)
00000000000 000)000Objective Caml 0000000000 OOOODODOOOO
0doo00oooooboooooobooooooboooa

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

0000000000000 0000000000C000000O0ODO000000 (OOD0O (principal
type) 000 )00000000000fst 000000 ’a x’b -> 2000000000000
gboogobooboboboobooobobobobooboobobooboobooobobon
googboboobooooooobobooobobboobooooboobobobooooobOobooboODo
0000000 ((@CooOoO0o0ooooooooooooon)

fst (2, 3);;

: int = 2

fst ((4, 5.2), "foo");;
: int * float = (4, 5.2)

#
#
Uub0o0oduboogioid ’a,’b0d int 0000000 ?al int * floatl’b U stringJ 0000
gobooobbooobboobbooubbOfst 00000000000 000 int * int -> int
O (int * float) * string -> int * float OO O0OO0OODOODOO0OOO0OOOOOOOO
000000000000 000000O0oDOOO (polymorphism) 000 000O00O0ODOOOOO
000000000000000000000000000000000000000 (parametric
polymorphism) 0 0 0000000000000 O0DO0OOO0O0OOOOO0OODOOOOOOOOOO
0000000000000 0000oooo0OO0 (O)oboooDOoOoDoDUUUoOoODoOoOO
0000000000000 00000000000 ia 00000 (identity function) 00 00O
UbobobobOoboboboo0obo0obob0ob0bOoD «eply OO ODODOODOODOO
ubooobooooboooooon



42. 00O 47

# let id x = x;;

val id : ’a -> ’a = <fun>

# let apply f x = f x;;

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

apply UO0O0OOCa -> ) 0 f0000’a0 x00000D0O0O0 ab000D00OO0OD £0O
xooooooo f0x0boooboobooobbooboobboobooboboonoobg

abs;;

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

: int =5

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

H 1 H

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

000000000000 000000000? fst 0000000000 0DODO0O0 (%, y) O
obobooobooboobooboobooboomoobobobboboboobobobooboooDo
uboogooobooobooobooboooboobo oD x,yOouooooooooooooboo
U000 o0boobobo0didbepplyDO0DOD f0000DL0ODO0OxODOOODOO
O0000o0O0O0000O000O0O00o0o0o0oOoOO0o0OO0D0DO0OODO00OD (booboo
0000000)000000000000000000000O0O000000O0OO0O0D0OOO
uboobooboboooobobobooboobobond ’a*x b > all0000O00O0O0OO
ubboobogboobboobuoobboobooboobobod

oooooo oboooogoooooobooboboOobo0oO00o0 +oooobooOobooooooo
0000000000000 00000000000O000O00O0O0OOn (ad-hoc polymorphism)
goooo0o0o0oO0o0oO0ooOooooooooooooooooooooooooooooooo
00000000000000000000000 (subtyping polymorphism) 00000000
gooOoOoOoOoOO0O0OD0O0ODODODOODOOO0OO00000000000000000O00n

4.2.1 let0000O0O0

Objective Caml 000000000000 let(0O00O0OOO)0000O0O0OO0OOOOOOODO
O00000000000000000000000000000000 x0 (00000000
O000)00000000oooooooooo

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

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

ubobobobobobx10b0DbO0D0O0OD0O0 x0D00ODOOD it DO0DODOODOODOODOO
UO00fleat UOOOOOOOOOOOOOODODOOOO

Ub0b0od0 leeddbbO0o0o0oobO0Ob0O0o0oODDbO0OO0ODLOO0ObLObO0O0ObLbOOo0ODDbOn
googbooboboooboboooooooboooooobobooobooboboooobooDbDoo
ubogbgbobooobooobobobooboobobooboobobboboobgn £0 x
0000000 double OO DOODO
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# 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 -> "<" ~ s =~ ">") "abc";;
- : string = "<<abc>>"

gboobooooooooooooooooooo40b0obobobobobobobobob

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

- : int =7

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

UboobOdbO lee000000O0ODODODODOODOOODOODODODODOOODOODODO
gbooboobooooon

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

uboobooooboobonoodon »_abiO0bobooobooboobobobooobooboobooboo
ogboooboobobooboobooobooobo

# 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 OO O0OD0OOOODOOO0 int 0DO00OO0OOD0ODOODOOODOO
00000000 (value polymorphism) 00 0000000000000 O0O0OOOODOOOO (7

O000)0000000000000000000O0O0DOfourtimes 1000000000 DOOOO
gooooo

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

0000000000000 000O000O000O0000 (D00 funO00O0O0)00D0OODOOODOO

)

# fourtimes’ (fun x —> x + 1) 3;;
- : int =7
# fourtimes’ (fun s -> "<" =~ s = ">") "abc";;

! string = "<<<<abc>>>>"
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422 0000000

OO00D0D0D00O Objective Caml OO OO0OOCOOOOOODOODOODOOCODOOOOOOOOO
gboooboboobobbooboobobobobboobooboboobobooboobob
obooboobooboobboobuoobooboobobooboooboo

gbobooooobobobdbfun x > x + 1000000000 int —> int00000O0O
ugbbooobooboobboobuooboobbod

e +[] int —> int —> int U00U0O00 int 00000000000

exJUUUOOUOOUOUOOOOO+D0ODODODOOLODODxU int U000 g
0000 int 0000000 0O0DOO0O0OOKODO

e x[ int 00DOODODODOOx +10 int 0000
ex + 10 intUUO00O0OO00O0 xU0O0OOO0O0OODO0DOO0OO0OO int -> intUOUOOO

000000000 O000O0Objective Caml 00000000000 O0ODOO0ODOODOOODODOO
gbobodobobobooboboob1gobooboboboobooooobooboboobon
ggoboobooobbooboobooboobboob ifgobooboboobbooboobbon
0000000000 (0x00 a0 int 00000000000 O0)0000O000OOOOOO
ugbboobooboobbooboobboobooboboobooboobbooboo

fun x -> if x then 1 else x

U000o00b00ifdbooing if 00000 bool UOUODOOthenDODelsed O ODOOONO
UbobDoooobO0bx0b0o0O0000b000 »ad00004dnt = ’a =bool UOUDOO
ubobooboooboobboobuoobbooboobooboboobooooboo

gobooobooboobooboopoobbbobod 1let0bob0oobOo0obOOOoODbDObDDODO
0000000000 (00O000)000O0000000D00O000 apply00000f,x00000
uoodn ’a,’b0d000 £ xOO0000OO00f xO0OO0 ’cO000%a ="b ->cO000000
fun £ x > f x0O0O0O0O ’a -> ’b -> cO0000D0O0ODOODODOODOOOCDL => ’c) => ’b -> ’c
goodg

000000000 0Dodoooooooooooooooooooooooooooooon
0000000000000000o0oU0o0O0oO00OO/00000000OUOOoUOoOOn
0000000000000 /0000000000000 O0000O0U0O0O0DOoDOOoUoOoOn
00000000000 Newton-Raphson 0000

let square_root x = newton_method (fun y -> y *. y -. x) 1.0;;

00000000 newton_method DOOOODOOOOOOOOnewton_method DOOOOOMO
0000000 yOOO float 0000000000000 DODOOO0OOO fun (y : float) -> ...
doodoooooOooooooooooooooo

0000000000000 000000000O000000O0oO0oO0o00ooOooO0n £fst O

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

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

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

gbogoboooboobobobobobooooooobobobobobobooboobob
gboboobooboaboobooboobboobbobboboboboboobooboo
obooooobooooooon

4.2.3 Case Study: DO DO OO0

obooobooboooboooooboobooobobooobobooobobooooooobooDbo
ceUOOO0OOOOOOODOOODOOOOOOOODOOODOOOOOOOODDOOODOO
obooooooooooooobobobobobL xboboboboboobobooooobooooobo
0f0boogoooboooooobooooooooooobooooobbooobbooooobooooo
000 (Objective Caml 0 fun 0 )0 0000000000000 O00OODOO0OOODOOOOOOO
ooooixobobobbooooboobooboobogbobbooboDobooooDobDboUDo
gboboooooooooooooooooooooooooobooboobooboboogoboon

OO00DOO0O0OO0OCO0DOO0O0OD0OO0 oO Objective Caml OO

#let o fgx=g (f x);;
val o : (’a -> ’b) -=> (’b -> ’c) -> ’a -> ’c = <fun>

ubbooboobooboobooboobobooboooo

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

- : float = -1.41421356237

00o00o0oooUo(--.00000000O0D0O00O00OUOo0DUDOOOO)0DDO0DOUOOd
ugbogooboboobuoobobboboooboboobuoobobboboobobobob
ogboooooboogoo

O0000000000o0o0O000000 id0000((@oOo0O0000000 7100000000
O0000)id £f0 f0000000000000 /0000O0OOO0OOOOOOOOOOOOOO
googn

# o sqrt id 3.0;;
- : float = 1.73205080757
# o id sqrt 3.0;;
- : float = 1.73205080757

KOoooooooooooooooooogoooooooobooboboboboboboo

# let k x y = x;;
val k : ’a -> ’b -> ’a = <fun>
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kx0OOOOOOOO xO00OO00OOOOO

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

o0 Sstooobooooboooobboooooobogooo

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

Objective Caml 0 fun 0000000000000 0O000O0O0COO0OO (fun x -> x,fun x y -> x (x y)
00)0 SO KOOOODOOOOOOOOOOOoOoooOooooooooooooooo a-ooo
OO000000O0O000O0o0bOoOO00oOOoobO I00o000D0 SKKOOOoOooo

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

(00000 0O00O0U00O00UO)00DDO00OOO(oO0oLD)A0D000D0OUDDODODOOOOUOOO
gbobooboobooooooboooooooooon

4.2.4 0000

Exercise 4.5 U0 U000 cuorry UOODODOOODOOOOOODOODOODOODOODO

# let curry £f xy = £ (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

1 H

0000000 (2000)00000000000O00O0O0O0O0OO0O0OOUOOOOOO0 uncurry O
goooood

# let avg = uncurry curried_avg in
# avg (4.0, 5.3);;
- : float = 4.65

Exercise 4.6 00000 repeat U double, fourtimes 0D OO0O0ODOO0OOLf0O nO0Ox
Oo0o0oooooooon

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

uboboobooboobobooboobbo fiv000b00O0... 0oooo



52 040 DODO0OOODOOOOOOOOOO

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

Exercise 4.7 0000 funny 000000000000 0OO0OOO

# (x f <@ g denotes the composition of f and g *)

# let (<@ ) f gx=(f (g x));;

val ( <@> ) : (’a -> ’b) -> (’c => ’a) -> ’c -> ’b = <fun>
# let rec funny f n =

# if n = 0 then id

# else if n mod 2 = 0 then funny (f <@ f) (n / 2)

# else funny (f <@ f) (n / 2) <@ f£;;

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

Exercise 4.8 s k k000000000 0DOOO0 sk k1 O00O00OODOOOOOOODOODO

goooood
O00fun xy ->yOOOOOOOOO0O0O0D000O0OD sOx0O0000000O00O (fun O 1let

000000000o00O0)000oooooooooo
# ((xs, kO O0OODQOOOOOOOO %) ) 1 2;;
- : int = 2

Exercise 4.9 double double £f x f (f (f (f x))) 000000000 OOOOOOOO
ggoo
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50 Oouubodbootdb: oo

0000000000000 000000000000O0O0000D00O0O0OO0000ODAO (lsts)
O000oCoOoO0o0O(OO)000000U00O0O0DO000D00D0DU0DU0OOOOO0OODODUOOOoOooOO
goooobooboobboobuooboobbooboobboboboobboobboon

5.1 U

000000000000 00000000000O00O00000b00O00 ;0000000 ob00O
gooooooodao
# [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 00000000 (Objective Caml
00)000000ooo000000oooO0O0000ooOOoOO000DO0oOOOOO00OOo
O0oodooouodoooodoooooooooooooooouonoodoooooogn
oo0oooood
# [1; ’a’];;
[1; ’a’];;

~aa

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

# [-3];;

- : int list = [-3]

gobobobooooobobboooobobboooooboobobooooboobobooooobobobooooon
00o0000o0o0oo0o0o00oO00o00o0o0oOO000O000U000UO0UDO00UO0D (OoUDO
O00000oooooooooo)d

gboooboboobooobooboobobbooboobooobooobobobooboooboboo
oboooooooogoooooono

e [10000DDO (empty list, null list)y 000000000 DOO

e J00 /0000 (ODOOOOOOOO)ODDOeDODOODODODODO (e::!l0D0D)0DODODOO
oon

bgboobdobobouoooboboboooboboboobobg:--b0bd cons o
000000 cons) 00000000000 D0OO0OOOOOODOOODOOODOODO



o4 Us50 DOO0obOobobOobOob:-000

# 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 :: e2 :: 1 =-el :: (e2 :: 1) %)
# let evennums = 4 :: 10 :: [256; 12];;

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

# [1;;

- : ’a list = []

gboogoooboob - 00bobbobbo0bd0obdblevennums JOOOOOOOO:: O
00000 (el :: e2 :: 10el :: (e2 :: 1) 000)0 O0OOD D OD0OOOODOODOOOO
ubbooboobbodobbo bbogbbddra list0ggooooooooobooooan
uboboobooboobobooboobbooboooon

# let campuslist = "Yoshida" :: "Uji" :: [1;;
val campuslist : string list = ["Yoshida"; "Uji"]
# let boollist = true :: false :: [];;

val boollist : bool list = [true; false]

0000 Objective Caml 0000 00000000000 OOOO0)000O0OO00OODOOOOOOO
gooo

[e1; ea; -+ 53 ep] = €1 1 eg 11 -+ ey L

ugoog
cons 00000 :: 00000000000 (DOOO0)00OO0O0OODOOODOOODOOOOO
oo (@oO)oboo00o0o0ooooOo0o0o0o0o0ooOooOOOo0DOoOoOoooD ;000000

# [1; 21 :: [3; 4]1;;
[1; 21 :: [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

000000 DbOODbODbODODbO::000000000000000000000000 ?a -> ’a 1ist -> ’a 1list
gboogbuooboooboobobboboboobboobobbobboobobobobboobobob
ogbooooobogoo

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

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

(1; 2; 3] :: [[4; 5]1; [1; [6; 7; 811;;

: int list list = [[1; 2; 3]; [4; 51; [1; [6; 7; 8]]

I H R

2000b000b0oboobOo0obooooboobooobon - ooooobbo
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5.2 JUULUODLOOUOO0O0O0OD: mtchUOOOOOOOO

000000000000000000000000000000000000000000
[(0O0004); (0000g); ...; (0000,)]

0»000000 ROOOOOOOO)ODOOOOOOOOOOOODOOOO:: 0000000
gboooooooboooo

(0000,) :: (0000y)

00000000000 (0oo0,) 00000000 Do(0000y00DODOODOOoDOOoUbOoODOO
ubboooboobooboboobooboobboobooobooo

# (* equivalent to

# let sum_1list3 (x :: y :: z :: [1) =x +y + 2z %)
# let sum_1list3 ([x; y; 2z]) = x +y + z;;

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

[1

AAAAA~AAAA~A~AA~AAA~A~~AA~AA~A~A~AA~aAnn

val sum_1list3 : int list -> int = <fun>

O00D0O0O00D00O00I[x; y; 21 00000O00O00OCO ::0 [J0OO0O0ODODOOODOOOODOOO
0000000oDoOo000oDo0o0o0ooo00oooDo0ooooooooooooooooooog
000000 “nonexhaustive pattern” 00000000000 O0OOODOOOOOOOOOOOO
O000oooooooooooooooooooo0ooooooooooooooooooooog
O0D000000000D00000D0000 int 1list 00000000000 DOODOOODOO
O000000000oooooooooo0oo0ooooooooooooo0ooooooooog
ooo

# sum_list3 [4; 5; 6];;

- : int = 15

# sum_list3 [2; 4];;

Exception: Match_failure ("", 86, 109).

00000000000 0DO00oO0DOO00ooO0oOO0ooooOoobOooogooooooog? ™
gbgbooboboobuooboboboobuoobobooboooboboobobuonoboab
gbooobobooobooobobooooooboobooboboooobobooboobon
oo00ooooOo!bObo000OD000oO00oODO00oOo0bOoO00oDODoDO0ooO0oooDOoDOoooooon
gbogogbobobbobodobuooboooobobboboobuoobooboboboobob
uboboobooaooog

e JO00IOUODODOODOODLOOODO

e JO00OOO nOO00O00ODOO0ODO!IODO0O0DOO0DOOODLOO sOOOOORn ::lO00O0O0OOO
n+s40000
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ubobobooobgooobbooooboooobbooooboooobobbooobDbooobboOon
(fact 000000000 DOO0O)O00O Objective Caml OO0 0000000000 OOOOOO
gooobobooboobobooboobobooooboboobobobooboobon
obooooooo

# let rec sum_list 1 =

# match 1 with

# 1 >0

# | n :: rest -> n + (sum_list rest);;
val sum_list : int list -> int = <fun>

U00sum_list 000000000000 match 000 100000000000000000O0O
Uo0oo0b0o0bd0d0matchDOO00O0OOmatchOO00OOO0OO0OO

match (O) with (00004) > (O4) | ... | (0000,) -> (0,)

0000000000 (0ygO0O0O00O0O0O00(0000,) 00000000 ooOoOooO(oOoO
0,)00000000000O0(0,;)0000000000O0(0,)0000000O0O00DO0OO0O0
000 (00000 n,rest) 0000000000000 O0OOOO Objective Caml OO OO0
gboobooobooboobbobbobbooboobooboobooobooonbd sum_list
Ubooo0obo0boobbOodbUlecons 0000000 match DOOD0ODOOODOODOO

match U0 0DO0O000 match OO0DOO0O0DO0O0DODOODOOOODODOOODOOODO
boboobooooobooboooooobobooboooboboboboboobobobOoobon
gbooboobooboooboboboobooboboboboooooboobooobobooboobon
gobogooboooboboobboobboobboobboobbooobooobboobn
gbooboboooooooooooooooboooooboooonDo

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

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

- —> 1;;
val f : int * int -> int = <fun>

# £ (1, 1);;

- : int = 2

1, vyoooboooooooooboooboosobooooboooboboobboboooboboobobOoD
ooood

0000000000000 000000000000O0000OO00DUoOoOO(@oOoO)O™
Uboooooooooooodod max_list O

# let rec max_list 1 =

# match 1 with

# [x] -> x

# | nl :: n2 :: rest >

# if nl > n2 then max_list (nl :: rest) else max_list (n2 :: rest);;
Warning: this pattern-matching is not exhaustive.

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

gbooboooobogoaoo

5.3 UUOooooon

0000000000000 000(000000000)b0oOoo0o0O00OO00o00000OoO0o0n
gboooboooboboooboobobooboobobobobooboobobooooDobon
gbobooboobooooooooooooooooobooooobooboobooboobobobn

hd, tl, null 00000000000 000000000000000 hd (head O0O), t1 (tail O
0)ooooo0o0oooooo

# let hd (x::rest) = x

# let tl (x::rest) = rest;;

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

[1

Characters 29-45:

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

[1
let hd (x::rest) = x

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

U000000000D00D0 nonexhaustive UO OO0 U0O0Dnull DODOODOODOOOOOOODOO
gbbooboabod

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

function 000000 fun 0 match 0000000000000 0000000
function (O0OD04) -> (O1) | ... [ (0000, -> (0,)

fun x -> match x with (0000q) => (04) | ... 1 (0000,) => (0Oy)

gboobooooboooboboobbooboooboboobooobooboboobbooobobOobbOoboo
oon

null, hd, t1 (0 if) D000 match 00 0000000000000 OODOO
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nth, take, drop ODUOOn000000D000DO0 nth, nO0O0000000OO00OOOOODOOODO
takeUn OO0 O0O0OO00O0O0O00O00O0OO0O0O00O0O00 deopd00O0ooooooooonooon
googn

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) (t1 1);;
val nth : int -> ’a list -> ’a = <fun>
val take : int -> ’a list -> ’a list = <fun>
val drop : int -> ’a list —-> ’a list = <fun>

H H HHHH

gboboooobooooooooboonoboooooooooooog

4: s ’ ) ];
7

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

val ten_to_one : int list = [10;
nth 4 ten_to_one;;

:int =7

take 8 ten_to_one;;

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

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

take 19 ten_to_one;;

Exception: Match_failure ("", 30, 46).

H I OH O H

length ODO00O00O000O0O0O0OO lengthODOOO

# let rec length = function

# 1 >0

# | _ :: rest -> 1 + length rest;;
val length : ’a list —> int = <fun>

lengthJ0O0O _00000O0O0OD0OO0DOO0OOOODOODOOOODOODOOOOOO0OOOODOO
gbboobooboobboobuoobboobuoobboobooboobobod

# length [1; 2; 3];;

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

00 length 0000000000000 000000O0O0O0O00OO0O0O0OO0OO0000O0O0O
(000 50000)0

append, reverse U000 append DO OO0O00D0O0OOOODOODOOODOD append 11 12 0
gooooo
e 0000 LODUODODOD ,ODOODO

e 0D v0OD0OUDO JU0OUDOOOOIOOOODOUOUOY O IO0ODOUOOO vOOO
gooooogon
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gbooboooooooo

# let rec append 11 12 =

# match 11 with

# 0 -> 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 0000000000000 OO00O00OO0O0DOOO0OO12000000000
0000000 append 0O0OOOOOO Objective Ciml OO0 O O0O00D0OO0OD0 eO0DOOOOO
oooon

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

U0 append UUUOUOOOOOOODODDO reverse JODOODOOOONO

# let rec reverse = function

# 1 -> 1

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

gbooboobooboobuoobobbooboobobobobo0obOobbO0n append OO0

ubboboobooboooboboobuoboobbdbObreverse 000000000 ODOappend

UobobDboO0o0o0oobbOd append UODODOOOOO0DODOOOOO0ODODODOOOO0O -1000

append D00 00D0000O00O0D00DO0000O0O0ODOOreverseJ000O0OO0OO0O0OOODOO

uboboobooboobboobuoobboobboobooobobooboooo
gooooboobooboooobd

# let rec revAppend 11 12 =

# match 11 with

# 0 - 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>

Ubb00dibD revAppend DO UOOO0OOOO0OO0OO0 12000000000000000000
ubbobobodngoboobooo 120000000

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

00000 append DO 0000000000000 OD0OD0O0OO0O0O0D00O00O0O00OONO revAppend
gobooboobboobooboon

# rev [’a’; ’b’; ’c?; ’d’];;
- : char list = [’d’; ’c’; ’b’; ’a’]
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map map UOUO0O0OO00O0ODOODOO0OO0OODOODOOO0ODOODOOOOO0OOODOOOODOODOOD0

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

val map : (’a -> ’b) -> ’a list -> ’b list = <fun>
O00000000OOOCODOO0 200000 map00gonQ

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

Uoo0bobob0ObOmep0 000000 DODODOO0OOOO0OOO0OD?a —»> 0000000
gbgboobobobobboobuoouooboobobbobogooboooobobboobob
boooboooboobooboogoboboboboobooboooobobooboooboooboobon
goboboboooboobobobooooboboboooobooooobobobooooboon

forall, exists forall 00U O0OO0U0O0OO00UO0OO (D000 bool DODDO)0O0UOOOOOO
Ubbooboobodbibdilblexists U0 0ODO0OO0OO0OOOOOOOODOOOOOOOOOO
obobooboobooooog

# let rec forall p = function

# [l —> true

# | x :: rest -> if p x then forall p rest else false
# let rec exists p = function

# [1 -> false

# | x :: rest -> (p x) or (exists p rest);;

val forall : (’a -> bool) -> ’a list -> bool = <fun>
val exists : (’a -> bool) -> ’a list -> bool = <fun>

# forall (fun c -> ’z’ > c) [’A’; 7 7; *+'];;
: bool = true
exists (fun x -> (x mod 7) = 0) [23; -98; 19; 53];;
: bool = true

1 H

000000 fold 0000 sum_list,append 00000000 O0DOO0ODOODOOODODOO

0d0000d0o0ObO0000bDbOo000bDbOo0do0DO0O0sum_1ist O [i1; i2; ...; in], O
0g

il :: i2 2 ... :i:din :: [
0gd

il + (A2 + (... + (dn + 0)...))

UO00O0O0O append [el; e2; ...; en] 120
el :: (e2 :: ... :: (en :: 12)...)

gbboobooboobboobuoobobon

e JOUODODOO cons D0sum_1list U0 +O0append U0 :: OOOO0DOO0O
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e IUDUUDNOsum list 00 0UO0append U0 1200000
e JO0ODOOODOOODODOOO

uobooooooboobboobbooboobooobobooobbOodnn fold_right O O0OO0O

000000000 fold_leftO00O0OOrevd fold_left 0000000000 Orev [el; e2; ...; enl
O01:::x0x::10000
oo (] :::e1) t::e2) ... ::: en)

gbooboobooboogn
U000 fold_right, fold_ left D OO ODOO

fold_right f [el; e2; ...; en] e = f el (f e2 (... (f ene)...))

fold_left f e [el; e2; ...; en] — f (... (f (f e el) e2) ...) en
oooooo

# let rec fold_right £ 1 e =

# match 1 with

# [ > e

# | x :: rest -> f x (fold_right f rest e)

# let rec fold_left f e 1 =

# match 1 with

# [ > 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 UDOUOOUOO consUOOUOOOOOOOOODOOOOOOOOO
Uooobooobobdobdmap 000000000 DOOOO0ODOODOODODOOOODOOODODO
boooboobobooboboooooboobobbo0bo0obU0obid map O fold_left O
U0 fold right UUUDOOOOOO0OO0OUOO0ODOO00O0O0OLlength DUOUDOOOU map U
gbb100000b000bbo0obooboobobooooo

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

oboboobooobooonoog

uoobg oboboooboboboboobuooboboboboboobobobobooon
O00000000000000000000 (association list) 0000000000 O0O0OOOO
oobooOooooooooooooooDoooODOoD G, )OOD a0 O0OOOPO0000O0O0O0O
gooog

gboooooooooooooobooboboobobobobobobobobobob
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# let city_phone = [("Kyoto", "075"); ("Osaka", "06"); ("Tokyo", "03")];;
val city_phone : (string * string) list =
[(IIKyotO II, "075,’); ("Dsaka”, "06”); ("Tokyo "’ "OSII)J

gboboobbooobbooobboobooobibooobooobi0d assocOO0OOOO
gooooo

# let rec assoc a = function
# (a’, b) :: rest > if a = a’ then b else assoc a rest;;
Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[

.................. 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 ("", 20, 85).

gooobobooboobobooboboboobobbooboobobooboobobon
gbbooobogbooboban

5.4 Case Study: 00000 oog

00000000000000000000000000000000000 <000000 (0
000000)0000000000000(0O0000 <000000000000000000
oooooo)

0000000000000000000000000000000000000000000

# let nextrand seed =

# let a = 16807.0 and m = 2147483647.0 in

# let t = a *. 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.])

00000 (insertion sort) OOO0000000O0O0O0OO0OO0O0O0OOOOOOOOOOOOOO0OO
ubboobodgbobooboboobboobboobogbigd 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 as000000000O0COOOO0OOOOOOOOOOOODO (0D )0O0DOOOOOODODOO
odd x ::y ::rest 00000 x :: 100000000 insert 00000 OoOOO
oon

# let rec insertion_sort = function

# 0 -> 1

# | x :: rest -> insert x (insertion_sort rest);;
val insertion_sort : float list -> float list = <fun>

ooooooo

000000 insert, insertion_sort DO OO OOODOOOOOOOOOOOOOOOOOOO
0000000000000000000000000000000D00020 (quick sort) 0 C.AR.
Hoare 00 O 0OOOO0OODDOOOOOOODOOOODOODDO (divide and conquer) 0000000
Oo0booO0o0oooooooo

e JIDDOODOODLDOODDOODOODDODO
e 0D OODOUODLDOODUODLOODDOUODOODLDO

e 000000 DOOODOOODOODOODOODODOODODOODOO

# let rec quick = function

# (1 -> 10

# | [x] > [x]

# | x :: xs => (x x is the pivot *)

# let rec partition left right = function

# [1 -> (quick left) @ (x :: quick right)

# | y :: ys => if x < y then partition left (y :: right) ys
# else partition (y :: left) right ys

# in partition [1 [1 xs;;

val quick : ’a list -> ’a list = <fun>

00 quick 0000 append 0000000000000 O0OO0O0ODOOOOOO (append OO0
00000000000)000000000000000 n0O0O0D0OOO0O nlognOOOOOO
gbbooobooboobobon

insert_sort (snd (randlist 10000 1.0 []1))

quick (snd (randlist 10000 1.0 [1))

0000000 (snd 0000000000000 00OO0OOOOOOO)



64

Us50 DOO0obOobobOobOob:-000

5.5 UUo0

Exercise 5.1 U0 00000000000 DOODOOOODODOOOobOOOoOoOobDoboboobooDo
gboobooooooooooooooooobooooobooobooboobobobobobgnbo

1.

2.

3.

4.

5.

6.

[l

[[1; 3]; ["hoge"l]

(31 :: 1

2 :: [3] :: 101

(1 :: 0

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

Exercise 5.2 sum_list[max_list 00match 0000 null,hd, t1 0000000000000
match 000 000O0O0ODOOOD0OOO0O0O00O0O0O0O0O0OOOOODOOOO0

Exercise 5.3 12 0000000000000 0O0O0OCO append DOODOOODOOOO

Exercise 5.4 OO0 00000O000O0O

1.

2.

Ubodbn00000D00D00DODODLODODODOO downtoOU

O0000000o000o0o0oooOo(UoD)0o00on romand (I=1, V=5, X =10,
L =50,C=100,D=500M=10000000)0000roman DO 0000000 0OOOO
gobooobooobobooboooboboooboobooobbooboobooobobooooo
goboobooooooobooboo

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, "IVv"); (1, "I")] 1984
—> "MCMLXXXIV"

goooooboognd

.oboboboboobooobooooboooobooooooooOO0oo00oO0O0bDO00d concatd

concat [[0; 3; 4]; [2]; [5; 01; [1] = [0; 3; 4; 2; 5; 0]

00000d [al; ...; an]l] O [b1; ...; bnl] O0OOOOO0O([(Cal, b1l); ...; (an, bn)l
goooo zipl:l(l]DDDDDDl:ll]DDDDDDDDDDDDDDDDDDDDDDDD
0oo)
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5. 00 0000000000000 (bool DOOOOO)p0OD0OOU0pOOOOOOOOOO
Uoo0boOoDognD filterd

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

val positive : int -> bool = <fun>

# filter positive [-9; 0; 2; 5; -31;;

: int list = [2; 5]

filter (fun 1 -> length 1 = 3) [[1; 2; 3]; [4; 5]; [6; 7; 81; [911;;
: int list list = [[1; 2; 3]; [6; 7; 8]1]

[ |

6. J0DO00ooOoobooboobbooboobobooboooboo

(a)
(b)
(¢) union s1 s20 s1 0 s20000000 union[
(d) diff s1 s20 s1 0 s20000000 diff0

belong a s all sO0OUOUOUOOOOOOOODODO belongl
intersect s1 s2 00 s1 0 s20000OOOOO0O0O0 intersectd

0000000000000o0U0o0oO00o0oUO00oUOo0DoDOoOO(CoOoLOoUoOod
0000000000oOoO0O0o0oOoOoooooooon)

Exercise 5.5 £, g 00000000000 Omap £ (map g 1) O map OO ODOODOOOOODOO
O0000000000map (fun x -> ...) 10 ...0007

Exercise 5.6 forall, exists [0 fold_right, map OO0 DOOO00O0OODO0O

Exercise 5.7 quick D00 e 0000000000 0OD0OOOquicker DOODOOOOODO 100
sorted O UODOUOOOO0ODOOOOODOOO 1 0000000000000 000O000O0O0OO0OOO
goooobogn

let rec quicker 1 sorted = ...
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060 0O0O0O0OO/0D0000000D0ODOO

gbodgboooobobboobobuoboobobooboobuooboboboboobobobob
uboogobooboboobooobgoobobboboobooobooobooooboooboobooboobon
gooobobooobooboboobobobooboobobooboobobbobobobbOon
gbogboboobooboboobuoobobboboobooboboboboboobob
gbooobobooobooobobooboboboboobobboboooobobooboobon
gobooboobobooboobooboboobobooooboobooboboooobouDo
0000000000 (Objective CamlO0OO00)0000000O00O0OO0O0O0OOOOOOODOOO

6.1 0OOOOO

gbooboboooobooobobobboobooobooboboobooooobooboobooo
gooooboboooboobboobooboboobooboboobooboboboobon
00000000 (fleld) 000000000000 OODOODOOOOO

googoooooboboooobooooboboobobobobobbobbbbboobibbbDbD0 name
gobodbooobbibo0 idabboo0obbooobboobDbooobbOo0dwype OO0
ubbogobuodaboaoood

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

student U0 0OOO0OUOOOOO0O0O00OOODOO0O0OO0OOOO0OOO0OOOOOOOOOOOO00nOO
ooooooo{oooooooooobooooon

type (00 ) = {(000000;4) : (Oq); ...; (000000, : (O,)F
goooooooogooon
{OoOoooooy) = (04); ...; (000000, = (0,)}

ogboobooobooooogn

# let stl = {name
val stl : student

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

gbooboboooobooboboobobooboooboboooooooobooooboboo
vbooboooobooboooooooooooooooooooooooooonoo

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

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

# string_of_student sti;;

- : 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
val string_of_student : student -> string = <fun>

gooooooooooooboooboobobobooboboboboboboboboboo

{00000 ) with
(000000, =(0000d,); ...; (000000,) ={(0000,)}

ugbbogobooboboobobooboobbooboobboobooboo

# 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

n -

string_of_int st.id;;

4953}

0000000000000 000000withOOODOOOD00OO00000000O000D0O000n
0000000000000 0000+«1 00000000000 reom0000O0DOO0O t2000
oooddoopooooooo

# tl;;

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

t1 000 2000000000000000000

ugboobobuoobobodonb bobooboboobobobuooboboobooooboab
uboooboboboobooboboobobobooooboooobooboboobooobon
goooboooobooboboboobuoobobboboobooobooooboobon
ocoooooobo{...r00oo0obo0oo00bO0 boobboOobobboOobooboooo

let f (x : {name : string; id : int}) = ...

gboobooooooooooooooooogoogon

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

goobgooboobooobooboobbooboobbooboobo

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

gbbobogbobooobuoobooboboobboobooobooobooon

# 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}}
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00/00000000000000000000U00 00000000 OoO0OUOOOooOO
bobooooboboboodboobooboboibd sypelOoooooooooooooono
gbobooooboboboobooobobooooboboboobobbobobooooon
gboobooobooboooooooooooooooooooooooooon

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

U000 name 0000000000000 0OO0DOOD0OO0O00O0DODODOO student OO ODOO
U00Oname DO OO0O00O0OO0O0OO0OO0DOOO0OOOOODOOOOOO

# {name
{name

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

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

O000000000000000000D0000O0 (name space)000000000O00O0ODOO
ubbooooboooboobboobooboboobbooboobooboooboooboooonoon

6.2 UUOOOOO

gboboobobobobooboooboboboobooboobbooobobooboobOobbo
goooboooooooooo40b0boboboboboboboobobooboboboobDbooon

e IO DOODDOODDOODOLODDO

e 00O UIDOLDDOUULODOUDOLUDUDOLODDULODODOODODOD 44,9000 D
goboobooobbooobooboon

e IO DOOODLODOODDOODLOODDOODOO

e IO DLOOODLOOODDOODLUODLDOODOODLO
gboboooobooooooboooooooooon

e (2, 4H)0UD0UOOULOUODOUDO40D0ODUODUODODODODODO

e OO DOOO0ODLOOYLOOOOODDOODLOODOODO

000000o0ooO0o0o000ooooOo0oO0000oOoOO0O00 (bOooODO0DobooOoOOooOoOO
0000)000000000000000000000000DOO00D0D000O0OOO000OOo

((2, 40 800)000000OO0DOOUOOODOOOOUOO(DUDDODOOOOD)ODDODOOOOO
ubbgoboodan

gboooboboobooboobbooboooon
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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

H HH HH

UoooooboboboobodD typeUODOOODOOOOfigure HUOOUODOOOOODUOOPoint,
Circle, Rectangle, Square D 0 0000 OO (constructor) 00000000000 OOOOODO
obodbboobboobboubbuobboetf bbb OoObbOODbOObODbOOO
O00000of 000D U0DDOODODOOODUODOODDODOOUODODOOODDOOOOOO(DOO
0000000000000 000000000000000000D0DUooooOooooOO)oOo
goooboobobooboobgoobobooboobobbooboboooobobDboboo
gaoon

# 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)]

bbb btoooouobobtboooubbodobooobobooobobbboooono

0000t matech D OO ODODDOOOO
gdgooboobbbdodoooooon

(0000000 ) (0Doo)

0000000000o0o0oU0o0oOUo0(0o0U)00L00ooO0DoOoUoOo(oooo)O™
obooboooooooooooooooooboobooooboboobon

# let area = function

# Point -> O

# | Circle r -> r * r * 3 (* elementary school approximation :-) *)
# | Rectangle (1x, ly) -> 1x * 1y

# | Square 1 -> 1 * 1;;

val area : figure -> int = <fun>

0000000000000 0000O0Ofunction 00000000 @MOOOOOOONO)

# area c;;

- : int = 27

# map area figs;;

- : int list = [0; 25; 20]
00000000 0O0oOoooooootoooooooocooobooooooooooooooOon
godoooobooboooouotdodododouoooooooobooud or oo O
O0o0ooodooooooooooooooooooooooooooouoooooooogn
oo0ooogoo [][](D O00oo0oooooooooOon D)

# let enclosing_square = function

# Point -> Square 1
# | Circle r -> Square (r * 2)
# | Rectangle (_, 1) | Square 1 -> Square 1;;

val enclosing_square : figure —-> figure = <fun>
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Rectangle (_, 1) | Square 10 or OO OOOO0O0ODOOCOOCOOOOOO
(0000,) | (0000s)

gboooooboobooboooboboobobooboobobooobooboboooboobon
00 (0)bo(@oo0o0o0o0ooO0oUo00 -»>0000000000O00DOO0)O00OO/00
ugboboobooan
gbobooboboobooboobobooboboooboooboboobobooobboobooboooboon
gboboooooooooooooooboobtdborO0DbO0ODbODODODODOD

# 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

gooobooogboboodg boboobobooboobobboobooboboOoboOoono
oboobooooooooooooooo

1. 000000000 o0oooOoOoOo0oO0OO (L)oo
2. 0000000000 (A...Z,a...2,0...9)000000000000000 (?)

uboboobooobooboooboobooon
gboboboboooooobooboboooobooboobobobobobooooooboon
ugbboobooboobboobuoobboobuoobobobobuooboobbooboo

6.3 UUOLOOOooooono

000 Pascal,C,C++ 0000 (enum 0)0000000000000OO0O0OOOODOOOOO
googooboobooboobo

# type color = Black | Blue | Red | Magenta | Green | Cyan | Yellow | White;;
type color = Black | Blue | Red | Magenta | Green | Cyan | Yellow | White

enum 0O0000000O0OCOO0 COOOODOOODOOOOODOOODOOOOODOODOOODO
O00@O0000ooooOo0O0000ooO)0o0000008OOO000D00oOOODOO0nOOO

# let reverse = function

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

boolUDDOOUOOOOODOOOODOOODOOO

type bool = true | false
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U00if00 match OO O0OO0OO0OOO0O0OOOOOOO

if (0;) then (Og) else (O3)

~ match (O) with true -> (O9) | false -> (O3)
OO0D0OO00OD00O0 Objective Caml D00 O0O0OD0ODOO0O0OOOOCODOOODOOOOOOOODOOO
boolUUDDOOOOOODOODOOOODOODOOODOODOD

goooobonoboo 0boobobb ofubibuobibobuoobuoobuooboobonbon
vbobooboooooobobooboooboooobooboboboboboobobobobobon
ubboobooobooboboooobooboooboooboooboooon

e JUOOODODODODOO

e 0000 10DODODODODOD
gbomigooooooooooooooboobooooooboooboobooboboobooon

# 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)

gbboooboobuooboobbuooboobboobod
e OUI0ODLOU nOO0ODLOOODLOO nOODOO

eI 100000 nOOODDOO0ODmDO nOOO0OD0DOOD0100000DOO0
goooooo

# 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)))

Ooooobobooboo0oooooboboouooooobobo0oUUooUuD zeroOOO DO
OneMoreThan U cons U OO OOOOOO0OO0O0OOO0O0O0D0OO0O0O0O0OO0O0OOOnat 00
gbooobooboobboobooboobboobooboboooboooboo

# type intlist = INil | ICons of int * intlist;;
type intlist = INil | ICons of int * intlist

(00O0O0DU0OUooooooooon)
gboboobobgobbooobboobDb and 000000 OO0OOOOO0ODLOOODODOO
ugbboobogboobboobuooboobbooboobbooobooboo

# 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

type str_f1l_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)))
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000000000000 000oO0o0o0o00oooOOO0oOo0ooOOOO0OoOoOO 2000000 (O
0000000000000 00U0ooOoD)boooOoOoOooDoDOoOooooOo

# 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

Ubooooobdbd intlist 0000O0O0O0Ostringlist DO0O0000000O000O0OO00OO0O
gboogoobooboooo

o JUOOODOODODOOO
o 00U ...1ist U0 0O0O0OUOOOOODODOOO

0000000000000 00000000000000000000 Objective Caml O OO0
000o0oo(@ooo0)0Do0ooOo0o00oO0oO000OoOO0O0D0LOO00D0bOOOODUOODOOOO
gboobooobobboboooboobobooboobobooobooboobobonbon
uoboobooboobooobooboooooboooboooboooboobooboobooDbo

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

obooboobooboob’abobobobOobOobOD
gbobbobobobooobobobobooboobooboooobobooboboooan

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

Ubodid Nene UODOOOOOOOODOOOOOOOODLOOODOOODLOOODOOOO Some vO OO
00 vOOOOOOOOOOOWJava, CO0O00Onull O0O0O0O NULLOOOOOOOOOOOOO
O000000000)0000000 ccam1 0O0OOOOOODOOOODO

ooooogoobooon ooooobobooboOooOoooobObOOoooboDbOboOooono
gboobooboobooboooooo

type (OO0 (O00,4) =

(00000001) [of (O01)] | - | (00000001, [of (O1,)]
and [(O0009)] (O0O9) =
(00000009) [of (O2)] | -~ | (0000000 2m) [of (Dam)]

and [(00D03)] (O0O03) = ---
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6.4 Case Study: 00O

O(tree)D000000000DOOO0OOO0OCOOOOOOOOOOOOOODOOOOOOODOO
0000000000000 000000000D0O0(nede)000000OO0O0OOOOODOOOOO
00000000 (childnode)OOODOO0O0O0DOO0O0OO0OO0O0OODOOOOOOODOOOOOOOO
O0(reot) 0000000000000 O0DOOOODOUOUNIXODODODODODODOODODODOOOOOO
0000000000000 0000D (00)0 nOO00D0O0OD0DO0O0OO0 nOOO0D00OO0OR=10
ubobooboobooboboobooobbooboobobooboooooon

gbooooobooboonobooboobbooboon

e (00UUDDUDL)UDL (DDDOOUDOUD leaf000)DOO0OODDOOO

e JODDOODODO left O right 0 0OOO0DOOOO0OOODOOOOOODO

OO0 Objective Caml OO0 OOO0DOOOOOOODOOOOOODO

# 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) 0000000000 0000000000000 tree 01000000
00000000000000000000000000000000000000000 (000
0o0)o

00000000000000000

A\
N

# 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)))

ugbogobogobaaoo

ocoooooboooooooboooboo Bre (.., LE, LE)ODOOODOOO
000000o00oO00ooU00oO0(COoUo0)0Do0o0U0O0DL00DOO0DO0DOOoUOoUoOOoUoOO
ugbbogoboobuoobboobuooboobbod

# 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>
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OD0000000¢t00000000size(t) <29t _1 000000000 size(t) = 2%P(b) — 1
0000000000 00000 (complete binary tree) 0 0 0O O

# let comptree = Br(1, Br(2, Br(4, Lf, Lf),

# BI‘(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)))

gbooo3oobooooboonooo

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

gboboobobobooboooboobobboobobobobooboooobooboboboo
0000000000000 0000000000000000OOOOOO (preorder), 1000
O (inorder)D 00000 (postorder) D0 000000000000 DOOO0OOOOOOOOOOO
gooboobooboobbooboobbooboobboooboobboobo

gboobobobooobobboboobuooboboboooboboboobuooboboo
ood

# 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]

ubobooboooboobbooboobboobooboboobooboooboban

# 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]

uboboooboooboboboobooobooooboobooobboooboobooan

# let rec postorder = function

# Lf > [1]

# | 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]

O00000000eU00O0U0OODOOO0OOUOODOOOODOODOODODODOOO (DODODODOOO)O
gbooooboboobooooboboobooboboboobobooobobooboobobon
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O000000000000000 (eons) 0000000 O0CODOOODOOOOO(DOOOOODOO
goboboboooooboobooooboobobooooooboboooboobboooooboobooboooonon
O0000oooon)

# 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 search tree) 000 0000000000000 OOOOOOOOO
gooobooboobobooobooboboboboobooboobobooooboobobon
gbooboboobobboobgoboboobobooboooboobobooboobab
gboboooboobooobooobobon

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

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

gboboooboobboooobboobbiooobibod mem00000000O00 add OO
goobooboobooobg

# 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

i 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>

ubobooobooobobooobooboooboobooaoo

e 10ID0UIDUDODLODLODLOLD falseUDOOOLOOOLOOOOOOODOODODODOD
ooo

e J0UIDO0OLODOOUDOLDOODOLDODOUDOLODLDODODODtrve O ODDOOODOOD
whole OO 0OD0OO0OO0OO00OOOOOODOODODOOOOOOOOOOOOOOODDOn
gooooo

gbooboboboobobooboobooboobobobooboobooboobobooboo
gbobooboobooobooboobbooboobbooboooboo
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6.5 Case Study: 00000

gboobobobooboboobooboboobooboobooboooobooboboo
goboobooboboooboboooboboooboobooobboobooobobooboobOobono
00 (00)00o0O000o0o0O0o0ooU00oO0U000o0OODO0O0O0O0O0DUODOO0ODOOOOOo
U0000000wmit 000000000000 00O000O0O000O0O00O000 typeOOQOODOO

Cons of ’a * (unit -> ’a seq);;

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

type ’a seq

seq U 1list U tree DO UDOOODOOO0DO0OO0O0ODOD ConsUDODOOODOODOOODODOO

Ub00D0000000 of UDLUDUDUODOUODtail DD ODLODOOOOODODODODO

gbooooobooobooobobbooboooboboboboobooobobobooboobooobon

gooobobooboobobooboboboobooboboobobobooboobon

googbooogoboogobboobooobooboboooboboooobooboooobooboouDo

ubboobooboobboobuoobobobobooboobobooboobobooobooobooo
U000 from 0000 n 00 10000000DO0OODOO

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

fun () >000000000000fun O -> ... 0000000000tailO0O0O0O0O0O0OO
gbboobgodgboobbuoobuoobboobuoobboobooboboobbooboobo

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

gbobooboobodbDiist_from 000000000 O00OO0O0ODOO0ODOOODODOOO
fromO00000O0O0OOOOOOOOOOOODOOOODOODOOOOOODOOOOO (thunk) OO
0000000000000 000O000D0 lazyOODOOODODDODOOOODOOOOODOD (DOOO
0000000000000000000)00000000000000 lazyODODDODODODOOOO
oboooood
gboooboboobooobooboobooboob nO0OO00DbOOo0ObOO0bbOoo0onOg

# let head (Cons (x, _)) = x;;

val head : ’a seq -> ’a = <fun>
# let tail (Coms (_, £)) = 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]

Ub000000Otail 0DO0ODOODODOD OLObOObOobobboboobobooboo obogooo

gboboboboboboboooooooobo0ob0bobUb0 DOOmatch ODOOODOO

Uboboobodbooobbooboob take OO ODOOOOOOOOOOOOOOOOO
Ub0oobobo0bd mapU0OOOD0DOOO
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# 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; 0.333333333333; 0.25; 0.2; 0.166666666667]

UO00000D0DOreciprocals DO OOOODOOOOOOO0.5000000 takeOODOOO
0000000000000 000D0take 0000tail 000000000000 O0OODOO0O

gboooboobobobooboboboboobobooboooobooboboobonbobo
0oooboooboboobooooDoobooooonoooD fun OO >0000OO0O0O0DOOOODO
000000 (tail O)0D0O00O0OO0OODOOOOOO0OOO0O0(DOOOOOOOOOOODO)O
ubbooboooboooboaoo

ubooobobdoobdo oboboboobobooboboobooboboboboobob
gboobgoobooboobboobuoobo2b00b000b00b00

o OUODO 20000000

0000 (3,4,5,...) 00 2000 (4,6,8,...) 0000

goooboooob 300bo0oo

0ooo (5,7,9,...) 00 3000 (9,15,...) 0000
e 000000D0O0DO 50000000
e 0000

Ubooobooboooboobobbooodbdilsequbonooonoooboonoooboooboon
goopbooboobbuooboob n0OO0ODLDOOO0DDO0ODLOODD sift 0000

let rec sift n ... = ...;;

ubboobooboobboobuooboobooboboobooooboo

# let rec sieve (Cons (x, f)) = Cons (x, fun () —-> sieve (sift x (£())));;
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) (£());;

val nthseq : int -> ’a seq -> ’a = <fun>

# nthseq 1000 primes;;

- : int = 7919
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6.6 UUOD

Exercise 6.1 U0 UO0OO0O0ODO loc_figUUDODUUO xyOOUODOOODODODODODOUOODOODO
goooO0oo0oo0o0OoOoOoO00O0OO0D0OO00OO0OD0DOO00ODO00OD (DODDODOOOoDOOo
Rectangle (x, y) 0 x 00000 x000O0O0O0OOOO0)0000OO00OO0O0OO0OODOOOOO
00000 overlap OO ODODO

type loc_fig = {x : int; y : int; fig : figure};;
Exercise 6.2 nat 00000000000 int 000O0OODO0O int_of_nat,nat D0 00000

000 milOnat 0000000000 (000 0—n=0)monus (0000) 000000 (mul,
monus 0 *, - 00000000 0nat 0000000000000 O0O0O0O000)

Exercise 6.3 00 monus 000 000O0O00—n (n > 0)0 None OO nat -> nat -> nat option
U000 minus OO0

Exercise 6.4 x 0000000000000 o 000000D00000DOO comptree x n 00
oood

Exercise 6.5 preord 0000000000 O0ODOOO0O0OOOODOODOOO inord, postord U
ooooo

Exercise 6.6 0000000000000 0O000O0 reflect JOOOODO

# 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)))

uboooob tboobooboboobooobooooboo

preorder (reflect(t)) = 7
inorder(reflect(t)) = 7
postorder (reflect(t)) = 7

Exercise 6.7 0000000000 O0DOOCOO0OOO0ODOOOOOOODOOOOO

# 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) *)

# let exp = Mul (Add (Const 3, Const 4), Add (Const 2, Const 5));;

val exp : arith = Mul (Add (Const 3, Const 4), Add (Comst 2, Const 5))

U0DO0o0b00DDbO0000 string_of_arith, 0OOODO0OOO0O (i11><~--><i1n1)+-~~+
(imlx.--ximnm)DDDDDDDDD expand UUO OO OO

# string_of_arith exp;;
: string = "((3+4)*(2+5))"

string_of_arith (expand exp);;
: string = "(((3%2)+(3%5))+((4%2)+(4%5)))"

1 H
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string_of _arith 0000000000 000000D0000(000000000O00000
ooo)

Exercise 6.8 1,2, 3, 4000000000000 0000DOOCODOOO0O0OODOOO0OOODOD
0oooo0boobodbibOb addbO000O0OOnOOOOO

Exercise 6.9 U0 sift 00000(0000000O +3000)0000000000
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70 0ODO000O00O00000

000 Objective Caml OO0 000000 D0OODOOODOOODOODOOOODbjective CamlOOOOOO
0oooooooooooooooooooooonoooooboooogoooooonooonooo
00000000 ooooooooo
gooboboobbobbobbbbobbooooobbooooododoooboooononooon
dooooooooooooooooooooodooogoooooooooooooooooon
0000000000000 boooDbooobooooboon
dooobbobobbioodoooooubbibil print_string 0000

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

Hello, World!

- : unit = O
000ooo0o0o0oo0o0U0oo0o0Uoo000 (Doboo)ooUoooUOoUooOOoOooooOoo
0000000 QbOodoOodbOOoo0bOoo0bOooDoOo0bDoOobDoOobDbOOoDoOOoDoOoDoDOOon
O0000000000000wit000000000000000 (Objective Caml 00000
0o0oo0obooooooooooooboooboooDbo0oooonbObo0ooooDbOobooogoo
O0000oooon)

00000 read_line 0000 (O OD000O000O0OO0OO0OO0OO0OOOOOOOOODOOOOOOO

gooogo

# read_line ();;

foo < dooooooooo

- : string = "foo"
000000b0boooo0obOonognoD read_1ine O OODOODOODOODOOOOOOOOOOO
0o0o0doooooooooooooooooooboboooooooooooooooo

7.1 ODOooouoodoooood

000000000000 DO0DO0D00000DO0DO0D00000DO0O0O000DOd0Objective
Caml 0000000000000 0OU0DO0O0O0OO0OO0DOO0OOO (references) 0000000
O (mutable records)0 0 0 (array) 0 0 0O

711 00

Objective Caml 0 0 0000000000000 OOOOOOOOOOOOOOCOOOO0O00O0O0
uggbobobobooooobboooooobobobobooooooboobobooooobooboboobooaonn
goooobooboobboobuoobbt0boobbo0bDtret 0DO0ODDOODO
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U0Db000 ref 000000ref 00O 0O0OD0OOO0OO0ODOOODOOODOOOOODOODOODO
0000000000 (@oOo0o0o0oOo0oU000oO0U000ODO0O0DU0OoDO0OODUOOO)0DOoODOO0OO
0000000000000 0OOread line 00000000000 OOO(ODOODO)DOO0OOO
gbooboobooooooooooooooooo '10ooooooooooo

(O1) :=(O2)

0(0,)00000000000(0,)000000000DOO000D0O0DO0UOODODO tO0O0O0O0
U00Db00b00 ref t 0000000 DOOOODOODOOODOODOODOODODLDOODODOO
o000 oooooooobooooooobooooboooo

# let p = ref 5 and q = ref 2;;

val p : int ref = {contents = 5}
val q : int ref = {contents = 2}
# ('p, '9);;

- : int * int = (5, 2)
#p:=I!p+ Iq;;

- : unit = ()

# ('p, '9);;

: int * int = (7, 2)

gbopoboboobooboboboboboboobobooboobobobooboooboobo
goooboboooobogobobooooboboyooobobooboboooboobooooDoo
oooooooocboobobodoooobi =jOO0Ob0O0ObOO0OO0OOO0OO0ODOODOO 1000
gboobgobodgb jOhoo jooboobOoooboDboo
obooooooooooobogoboobgobgob

# 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}]

O0000 reflist 000000000000 000000OO0O0DO0OOOreflist 030000 (O
000)00000000o0oO00OO0OO0O0O00D0D0OOOO0OO00O0D0DO0bOOODODOOO0OOOD
gboooboboooboboboboobobobobooboboooboobobooboobon
0000000 ((aliasing) 0000000000000 0OOOOOO0OOOOOOOOOOOO
goobooooooooboooboOoobcoobooooOooooOoooOoOoobooboooo

# 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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71.2 000OO0OO0OOO

gboooboobooboboobobobobobobobobUODbOwithO0OOOOOOODOOOO
OO000O000O00DOO0ODOO0O0O0O00O00D0OObjective Caml OOODOOOOOOODOOO
oboboobooboboobobooboobbo0oboobbo0bibo0nbd mtable OO0
gooooo
# 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
(0,).(000000) <~ (Oy)
000000(0,)0000000000(000000)000000000 (0,)000000

# t.office <- "142";;

- : unit = ()

#t;;

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

Exercise 7.1 ref 0000000000 DO0ODO0OO0O0OOODO0OD0ODOOO0ret OO ODODOO
booooobo1l1gboboboboboboboboooo

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

Ul ref, 0000000 'OODOOO0ODOOO (=00000000DO0OOOOOOOOD0OO

7.1.3 OO

O0000o00oooooooodooooobooooooooooboooooooooooon
0000000000000 0 (boo0U00Oo000UoODO)00000O0O0DU000DOooDOooDOOOn
Uobodbboobboobbo0 +t000 tarray 00 0poooooobooooooooon
gooooooooodo

I(Oq1); (O2); «.v5 (Op)l]

(O41).¢ 02N

(O01).((O2)) <= (O3)
00000000rO00000000000000 (0,)00000000(0,)0 (0,)0000
0000 (04)0 <D2>DDDDDD (0;)00000000000000O0DOOO0ODOODOOO
UO0D000000000 Invalid_argument DO OO0 OOOOOOO

Exercise 7.2 000000000000 O0OO0 100000 iner000nDOO

# let x = ref 3;;

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

- : unit = ()
# !'x;;

- : int = 4
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Exercise 7.3 U0 00000 funny fact 0000000000000 DOOOO0O0OO0ODOO
gboooboobooboooooo

# 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>

f := funny_fact;;

:unit = ()

funny_fact 5;;

: int = 120

I H

7.2 0000

gbooboboobooboooboobobooooboboobooboboobobobo
vboboobooooooooooooooooooooboooboobooboonDg

# let x = print_string "Hello, " in
# print_string "World!'\n";;

Hello, World!

- : unit = ()

x0000000000O (o000 ooO0O00)0 in0O000000O0O000OODODOOOOOD
OO000O00000DOOO0ODOOO0O00O00OObjective Caml OOOOOOOOOOOOODOO
gooboobogn

# 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 = (), ())

OO00000oO0ooDo0DbOOobobo00oo0ouoDOOnObjective Ciaml DO ODOOOOODOOO
booboobobooboobobodibletdboobonooobooobobbooboobon
goooood

Objective Caml 0 0 OO0 O00DODOOOO0OO0OODOOOO0OOOODODOOOOOOOOOOO
ubboooboobuoobboobooboobboobooooo

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

doo0o0ooo0ooo0oUooOoUooUoOoUo(o,) 0bo0ooooUooUo(O,y 000000
goooooooooooooooOooooooooooo(o,,)000O0ODOO0ODOOODOOOO
O000000ODbjective Caml 00O (0;) (1 <n) 0 unit00000000 warning 000000
ogooboobooboooboooboboobooooooboboobboboboobobobbOobbOOoDbDUDDbOD
bbooboobooboobobooboobibdlignore OO DOOOOO0OOOOODOO
gbooboooobooboogn
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# print_string "Hello, "; print_string "World\n";;
Hello, World
- : unit = ()

U000obobbbbOib0000U0OwhileOOfor 00000 O0OOUOOwhileO O
while (i) do (O3) done

O00000Obool00O (0)ODOUODOO falseJOOOO (O 00ODDOOOOOOO O
U000ford

for (0ODO)

(O01) to (Og) do (O3) done
ggon
for (OO0 ) = (0O4) downto (O3) do (O3) done

00000000 (0,)0(0,)000 n,p0000000000(000)0 n,n+1,...,p (downto
0000 n,n—1,...,p) 0000000 (O0,)000000(000)000000 (050000
000000 O 0000

00000000000000000000000000000000000000000000
00000000wkile 000O0000000000000000O0for 000000000000
00 0000000000

00000000000000000000000000000000000000000000
00000000000000

# 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 000000000000 OO0DOO0ODOOODODOODOODOO

Exercise 7.4 U0 0000000 OOODOOOO...0000000

let fact_imp n =
let i = ref n and res = ref 1 in
while (...) do

*

i:=11-1

73 Uuong

00 (exception) DO OOO0O0O0OO0O0O0O0OO0ODOOOOOOOOOOOOOOODOOOOOOOO
goobooobboooboboobbooobboooobooooobobooobboobboon
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gobooooboboogobbobooogbobooooooboooooboooooobobooooDo
0000000000000 00000000O0O0O0O000000D0D0UO(oooooooOn
000000000000 0000)00000 Objective Caml OO OOD0OODOOOOOOOO
oooon
gboobooobobooooboo2b0b0ooboboooboboboooobobooooobobooonoo
goboobooboobobobogobobogobouoogb4 7 obobooboobbooooboOoOo
ugbboobogbuoobbuoobuoboobbogboobbooboaa

# hd [1;;

Exception: Match_failure ("", 9, 19).

# 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.

OO00O00DOO0O00O00D0O000C0DO0O0DO000O Mateh, OSOOOODOOODOODOODDOO
U00D0D000D0DbD0O0O0 sys_error, 000 DOOO0OODOOOODO Division_by_zero, U U
OO00000D0O00DO00DbO00bOOoOobDOOb0oOOn Objective CamlOOODOOOOOOO
gbobogooboooboooboooo

Objective Caml 000000000 O0OOCO0OOO0ODOOODOOOODOOOOOODOOODOO
gbboobooboobboobuooboboobbooboobbooboobobooonoon

7.3.1 exception 000 raise [

000000000 exception DO OO OO

# exception Foo;;
exception Foo

bogboooboboboboobuooboboobobooboboobooboobobon
Ub0ob000b00 raisedgnoon

# raise Foo;;
Exception: Foo.

raise UUO0OO0OO0OO0OO0OO0OOOO0OOOOO0DOOOOOOOOOOOOOOOOObOOOO0obOOonDn
U000 raise 0000000000 O00O0O00O00O00O0O000O0O0Oraise FooUOOOODOOO
goboobooboobobooboobbooo

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

UbOb0O00SsSys_error OO O0OOO0O0O0OODOOOO0ODOOO0O0OOOOOOOOOODOOOOO
Uooo0obo0boobbOo0bOn raise000goog

# exception Bar of int;;
exception Bar of int

# raise (Bar 2);;
Exception: Bar 2.
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Objective Caml 00 (raise 0000000 0)0000 exan OO0 O0O0O0O0O0O0OOOOODODO
boboboooooboboobobooobobuooobuooboibdlexceptiond 0 O0O0OO
Uooboo0bob0Oexn 0000000 O0DOODOOODOOO0ODOODOODOODODOOOO
ubooboboooooooooooooooboooooooonDo

# let exnlist = [Bar 3; Fool;;

val exnlist : exn list = [Bar 3; Foo]
# let f = function

# Foo -> 0

# | x => raise x;;

val £ : exn -> int = <fun>

# f Foo;;

- : int =0

# f (Bar 4);;

Exception: Bar 4.

uggobboboboboud oooobbbtbdoooooobbbbibddddd Invalid_argument,
Failuvre UOO0OO0O0O0O0O0O0O00O0O0DOOO0DOOOOO0OODOOOOOODOOOOOOOOOOO
googboboboboboobuoobobbobooboobobboobbo0bdUlNot_found
gbbogobbooobbuoobbuoobbuoobboobbibuobbibUUlEnd_of_file O
ubobooobooboobboobuoobbooboobooooboon

O000assoc 00 (5.3000)00000000000000O0OODO Objective CamlOO OO0

gboogan

# let rec assoc a = function

# [] -> 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.

Ubo0bobobo0obobobobobb0obO0obOdninvalid_arg, failwith U0 0000
oooon

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

7.3.2 0O0OO0OOO

gbogboobobobobooobooboobobbUOsxyyboooobooooooobooog
U000+txryO0DO0OO0O0O0OmatchO0O0O0O0ODOO

try (0 ) with
(0000, -> (04)
I ...
| (0000,) -> (0,
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0000000(0 )000000000O0O0O0O00000000OOOOOOO0O0O0OO0OOo
raise 00000000000 0O0O0O0OO0O0O0OOOOOOOOOOOO(O,)0000A0 try
goboobooobooboooboobboobooobooboboooboobboobbon

try 00000(0),(04),...,(0, 000000000000000000000000000
oooooo

# 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"

gboobobobooboobobooboobboboobuoobobooboobOobbo
gbboobgdgboobbuoobuoobboobuoobboobuooboobbooboobo

# let rec prod_list = function

# 0 ->1

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

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

goboobooobobooobooooboooooboo ooboobobooobooooDooboo
gbooboooobooobooobobooobboob oobboob oobbOoOobobooobOon
goooobooboobboobobboobbUo ooboobboobOoobboobDDbOon

# let rec prod_list = function

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

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

ogbhoobobobOobooboobobbOobbOobbOob0O0O0ObDoption O OOOOO0OODOO

# let rec prod_list_aux = function

# [J] -> 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 -> nj;
val prod_list : int list -> int = <fun>



73. gooo 89

prod_list [2; 3; 41;;

: int = 24

prod_list [4; 0; 2; 3; 4];;
: int = 0

1 H O

Uboooooobgo0bOoboobod NeneDOOOOOODODOODOOODODOODOOOOO
ubooobooboooboooboboobooooboooboobobooboonoboboobooobon
UO00O0ONene UDOOODODOOODOODODDOOODOODOOOODOODLDOODDO

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

# 0 ->1
# | O :: _ -> 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 -> 0;;
val prod_list : int list -> int = <fun>

# prod_list_aux [2; 3; 4];;

- : int = 24

# prod_list_aux [4; 0; 2; 3; 4]1;;

Exception: Zero_found.

# prod_list [2; 3; 4];;

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

oboobooobobooboogobooboobooboobooooboobooboobooDo
gboooboboobobboboboboobobboobooboboobobooboobob
goooobooooo

Exercise 7.5 0000 fact 000000000 Invalid_argument OO O0O0O0O0O0ODODODODODODO

Exercise 7.6 UU U000 change O OOODOODOODOODODOODO

# let rec change = function

# (_, 00 => [1

# | ((c :: rest) as coins, total) ->

# if ¢ > total then change (rest, total)
# else ¢ :: change (coins, total - c);;

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

1, 1
................. function
(., 00 > [1
| ((c :: rest) as coins, total) ->
if ¢ > total then change (rest, total)
else c¢ :: change (coins, total - c)..

val change : int list * int -> int list = <fun>

00000 (0000000)000000 coins 00000 tetal 000D OD0OOODOOODOO
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# let us_coins = [25; 10; 5; 1]

# and gb_coins = [50; 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]

**

IR

goboogboboooboboooobooboooboobooooboooooobooboooobooboono
oboboboobooboobooboooooo

# change ([5; 2], 16);;
Exception: Match_failure ("", 19, 169).

ugboooboooboooboooboobooobbobboobooboboboobobobboo2b000
...goboobooboboooboobobo

let rec change = function
(., 00 > [
| ((c :: rest) as coins, total) ->
if ¢ > total then change (rest, total)
else
(try
c :: change (coins, total - c)
with Failure "change" -> ...)
| _ > ..

M

74 OO0000oooood

Objective Caml OO0 000000 print_string 0000000000 O0O0COO0O0OO0DOO
ogo

Ubo0o000b0o0ob0ob00b00Db0  print_char, print_string, print_int, print_float,
print_endline, print_newline 0000 (JO00OOO0O0O)00000O0O0O0OO0OO0OOOOOOO
ocoooooooooboobooboboooooooobboOoobooooobboOooooooOoooboobooo
ooo

print 0 prerr DO0O0O0O0OO0O00O0OO0OOCOODOOOOCOOO

googooodg (DDDDDDDD)DDDDDDDDDDDDDread_line, read_int, read_float
oooo

00000000000 Objective Caml OO0 OO0 O0OO0O000ODODOODOOODODOODOOOOOO
ubogbuoogbooboobgobobooboboobobobooboooboobobboab
000000000000000 (0000000000 0)00000000oo0ooooooooo
OO00OC0OCODOOoOOOODODODOOOOCODODODOOOODOObjective CamlO0OOOCODODO in_channel
U0Oout_channel DU OOO0OO0OOO0O0OO0OO00OO0OOOOOO0O0O0O0OO0O0OO0OO0O0O0O00OO00OO0OO
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# (stdin, stdout, stderr);;
- : in_channel * out_channel * out_channel = (<abstr>, <abstr>, <abstr>)

0000000000000 input_char, input_line, output_char, output_string O 000
oo0oOoobooooa
000O00d0ooOoo0oO0O00ooObOO0b0DO00DO0O0DbO0O0b000bO0O00000 open_outO O
00000000 open_in UODDO0OODOOODDOODDOODOOODDOOOOOODOOO
000000000000 DO0D0O00 clese_out, close_in 00 000D0OOO0OOODOO
00odoooooooodooooooooo 1 sooDooo00gooa

Exercise 7.7 print_int 00 0 O stdout, output_string D000 O0O0D0OOOO

Exercise 7.8 00000000000 OOO0OOOOO0ODOOOOOOOOOOOODOOOODO
UcpO0D000O0O0O0OODDOO0ODOODDOOODOODOOOODOODOOODDO

7.5 Objective Caml 000000 0OO0O

gboobooboobooboobobooobobobooboobuoobobooboobOobbo
ubbooobooboobboobdud ;0 ifgbuoboobbad

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

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

ugboboobgodgbodan

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

000000000000 00(; 00000000 if0000000000DO000O0O0O00O0
Oelse00000OOOO)

000000000if000000000000000000000000000000000
000000000000 Objective Caml 00O 00O 1let, if, match, try, function, fun 00O O
0000000000000 00oo0oo0oo0oo0oo0ooDo0ooDoooODoo0ooDoooDoOo0on
oooo

if a then if b then c else d

if a then (if b then c else d)

goooooooob if00obodoooooobobooooogooooooon
U00Omatch 000000000000 match U try U0 0OO0O0O0O0O0OOOOO
match e with

A -> match e’ with B -> ... | C —> ...
| D -> ...
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UpUdb0O0000D match ODO0O0OUODOO0OO0OD0O0DO0O0OOODDOOODO matchODOOOOOO
oboobooooooooooooooo

match e with

A -> (match e’ with B -> ... | C -> ...)
| D -> ...
00000 +tryOOOOODDOOODOD | _ »>000 tryOOOOOOODODOOODOOOOODOD

4000000000000 O0O0DODODODODOOOOODOODODODOOOODOODODODO
(0000000000000 0000000OO00D0D0DOOOOooDOoOOn)
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80 Uohodbootdbootubogtbbogd

Objective Caml DO OD0OD0OOOOOODO ocamlc HOODO Objective Caml OO OOOOODOOO
ubooooboobobboboboboobooboobobobobooobooboobobonobon
0000000000000 00O0000DOD0O000DO0000D0000D00O0OOObjective Caml
ugbbgobuodgboobboobuoobboboboboooboobooon

8.1 UUOLOUOLODLDOOOOOOO0

0000000000000 000o0o000D0D0000000DoOO0OnoooObjective Caml
O0000000List, Array, Sort 0000000000000 000O0O0OOPrintf 0OO0O
O00D0000000Sys 000000 O0OOOSDO Objective Caml 0000000000000
0000000000000 DO0D0DO00o0oDOoOooDooOooDOooUOooOooOooOoOnO 190
O0000000000 List 000000 Queue 0O D0DOO0OODODOODO

O0000oooooo(ooooo0)y.(00D0 )0D0DDO0DO0ODOOOODOOOOOO

# List.length [5; 6; 81;;

- : int = 3

# List.concat [[4; 35; 21; [11; [9; -411;;

- : int list = [4; 35; 2; 1; 9; -4]
000000000000 0D0000O0 rev, append, map, fold_left, fold_right 000000
O List 000000000000 0OO0

Queue 00000000 DODOO0OODOOODODOOODOODOOOOOOODOOOOOODOO
000000000000 000D00D0add, take OO0 OO0 OOODOO0ODOOOODOOOOODOO
0000000000000 00D000add0 000000 take OO D0OOQuene DO OO OO0
000000 +00000000000000000000D00000000oO0ooOoooOooog
O00 ’a Quene.t 00 OO0OO

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

# Queue.take q;;

- : int =1

# Queue.take q;;

- : int = 2

# Queue.take q;;

Exception: (ueue.Empty.

00000000 Empty U Queue DO O0DO0OD0OOOD0ODOODOOODODO
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open U0 00000000 ODOOOOODODOODOOOOOOODOODOODOODOODODOO
open O O0OD0OO0OOO0OOO0OOOOOOODOOOOOODODODOOODOOOOOOODOODOOO
goboobogooobg

# open List;;

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

U0 open U0 0O0open DO DODOUODOODOOODOODODOODOOOOODOODODOODOODODO
vbobooboooooobooboobooboobooooboboooooobobobobobobon
ugbobooboooboboooboobooboboboobooon

82 UULbbOU0OOOLLLbUOOOOLOLbOon

0000000 ocamlc DOOOOOObjective Caml DO ODODODODODOOOO (D000 .ml)O
oboooooooooooooooog

ocamlc -o (0 OD0OOO00) (0000000O)

000000000 DOoOo0o0O0O(00000O0D )00D0D0DODUODODUOOODOOOOODODOOO -o
booboobodbbda.cutdgnoogoooooog

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> ./factl0
3628800igarashi@zither:text>

o0oooooooooooooobooooooooooooooooooooooooboooooo
0000000000000 0000000000O01et _ = ... 00000000000000
000000000000 000(CO mein 00000000000 OOCODOOOOOOOOODOO
oooo)

0000000000000 00000000D00D00D0000000D000000OdObjective
Caiml 00 00O0O0OO0DOO0ODOOOOODOOODOOODOODODOODODOOUNIXOOOOOOOoDOAd
O00000000O00O000Objective Caml OODD0DO0OO0ODODOO0OOODOOOSfoo.ml OOOO
Jdfddd0dddddddddddgoooouggd rFoodooononoobbbbbbbOOO
UO0Ofact.ml J main.ml1 00O 00O

igarashi@zither:samples> cat fact.ml
let rec fact n =
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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();

main.ml OO0 Fact OO0 0O0O00O0O fact OO Fact.fact U0 O0O0OO0O0OO0O0OO0OOOOO
000000000000 o0ooo0ooooooooooooooon

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

udb-cO0bO0O0OO0O0O0OO0DOOOODOOODOODOOOOOOODOODOODODOOODO

000000000000 .emi 000000000 DOO0OO0OO0OOOOOODOOOODO (DDOOO

0000000000000 00000000000000O0O000DUoooOO0OD)DODOoO000O0

ubooobob0.cmo 00000 DOO0ODOOOODOOOODOODODOOODOODOODOODODO
.emi 0000000000000 0O00O0O0000O0000O0O0O00000O0O00DODO0O0O0O(.cmo
O0000000000)00000main.ml 0000000000000 0000O0O0O0O0OO0 .cmo O

oboobooobooboobooooooooooooooooooo

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

ubboobooobooobodob -ib00booobobooboobboobooooboo

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

ubobooboboooooooooobobooboboboooobobobooboobooooooan
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