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1.1 00000 ML O Objective CamlU [

000000000 MLOOOOOOOOO0O0O0O000000000000(@MOooooood
000 object language (0O O0)O0000)0000 (CO0OO0DO0DO0OOOOOOOOO)OOOO
000000 Ometalanguage (0000 ) — 0000000 ML—OOO0OOOOOOOOOOOO
ooooooboboooogoboobobooobooboboobogbDobooMLOODOboboO
gbogboboobuoooobooboobooboboobooboboobooobobobood
0000000000000 000000 (OO0 0O0DU0000DUoOoOO)ODO00D0DOoo0oOOML
goooboob AbboobooboobobogobobbooooboobDobOboboboobbUuboo
o000 (boooooOoOooOoOoOOD)0O0O0OOOODOODOOOOO0OOOOOOODOOOOOO
O0000OStandard MLOOOOOOO0OOOOODO 40000000 OOOOOOOOO)O
gobooboobbooboobbooboobbooboobbooboooboobo

O0000000D0 MLOOOOOO Objective Caml OO0 OO OO OO OObjective Caml O
INRIADDOOOOOOOODOOOOOOOODOO0ODOOOOO0ODOOO0DOOOStandard ML O
00000000000 0D0000000000000000D0O00DDOO0ODOObjective Caml O
O Standard ML OOODOOOODOOOODOOOODOOOODOOOOOODOOODOOOODOOO
goboooobobboboobooobooboboobooboooboobobobooboooboon
gooooo

1.1.1 Objective Caml OO O

Objective Caml OO0 O00D0OO0ODOOOO0OOOODOOOOOODO

e 00000ODONONONONONONONODDDODDDDODOONONONONONONONONOOODOODD!O

0 0O 00O (higher-order function)000: 0000000000000 0O0O0OO0O0OOOOOO
ooooooooooogn

000000000 (pattern matching) 000 000000000000 0OOOOOOOO

0000000 (static type system) 0000000000

0000000 (polymorphic type system) D0 0000000000000 OOOOOOOO
O0o0ooboobooooooooobooooooo

e 00U (type inference) 0D DD ODDOOODOOOOOOOO

'DoooDooo00o0o0Doooon



8 ug1g oOood

e J00O0O0OOOOOOOO (module system) 000000000 O0DOOOOOOOOOOO
0000 (separate compilation) 00 0 0 OO OO (abstract data type) 0000000000
goooobooboobooobooboobbooboobbooboobboobbOon
0000000 (functor) D0 00000000000 OOODOOO (parameterized module) O
gdbddooooooobobbobbbtboddoooooooo

e 0000 (garbage collection) 00 0000000000000 OODO COODO malloc/free
goooobobobobboboooooooooooooooboo

o O I0ODOO0ODLOOODDOUODLLUODDOODLOODLDDOODLDOO

1.2 DO0O0OO0O0oboogo

Objective Caml 000000 [3] (DO)O http://www.sato.kuis.kyoto-u.ac.jp/ igarashi/
class/isled4/ocanlman/ 00 0000000000000 00O0O0DOOO0O http://pauillac.
inria.fr/caml/ D0 0OFAQDOOOO0O0ODOOOO00O0OO0OOOODDOODOOOODbjective Caml
0000000000000 O0000DOO0Objective Caml DO0Caml 00000 OD0OODOODOO
0000000000000 00000000000000O0U0O00 CamlOOOOOOO 1]O
O0O000000DOO00OO00O0ODO00 Objective Caml OO0 OReilly DOODOOODOODODOO
Uooobooobobo0b0ou0bob0o0bOd http://caml.inria.fr/oreilly-book/ O O OO
000000000000 Standard MLOOOOOOOOOOOOOODOOOOOOO [5,6,7/00
Objective Caml 0000000 0OOODODOOD MLOOOOOOODOOOOOOOODOODOO

20000/000000000000D000O000000O0O0O0DOO0DOOOO0OOOOOO0
uboboobodbboobobooboobbooobn

1.3 0000

O0000O0OEmacs 0000000000000 /O000000000CODOO

Emacs O OO

Emacs (Mule) 00 Objective CamlO 0000000000000 0O00OO ~igarashi/lib/elisp
Oo0o0ooopDoOobOo0ooDnog ~/.emacsOOOOOOODOO

;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 .m1 00000000000 O0ODOCOOOOOOODOOOOO (caml)
uboooooboobooooooo
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20 O4oubotdbbotdbootdbotdtd

gobooboooo. booooooboooobobooboboooobobooooooobog, ooo
RN

2.1 JUooooboooooobbod

Objective Caml 00000 2000000000000 00O0O0O0O0ODO0O0O gee O javac OO
ubooooooooooboobobgbobobob0bobobobob0n ocamlcO OO
ubobodobboobboobboobboobibodlb ccaml DUOOODOOOOOOODLODOOO
00000(@U000o0o0)b0000000 - 00000 - 00000D00O0ODOOOODOOOO
0'0000000000000000000000000000000000000000000
ubogoboooboobooboobobbooooboboboboboboobooboboobooan
goboboobobboboobooboboobooboobooboobobobooboobon
goooogo

OO00OO0OODOLisp, Scheme OO0O0O00OO0OOOOOODOOOOOOOOOOODOODOOODO
goboobogoogd

000000000 ccam1 JOUODOODOODOODOOO

2.1.1 000000

00000 Emacs 0 M-x run-caml (M-x OO0 0000000000 xOOOOOO)0000OO
00D000@O0D00D)0 Camltoplevel torun: 00 000000000000 O000O0ODOO
000000 (00 ocaml 00000000000 O)DO0ODOO Enter 00000000 00ODOO
cooooobobooooooobobooooooon

Objective Caml version 3.06
#
#0b0boobobooboboboboobobooboooo
gbooobobooboobboobuoobboobodaa
#1+1;;

- : int = 2

0000000000000 00000D0#000000000000 (abe)ODO0O0OODODOOOO
000000000000 (abc)D0O0OOOOO ;; 000000000ODOOOOOOODOOOOO
00000000o0o0o0o0O0o0o0oO(o0oUo0o0oUo0oD)0D00D0O0DODOOO0OO0

00000 read-eval-print 000 00000000000
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U21:00000000000D00000b000n

C-c C-c |0JD00O0ODOOODODOODOODO

C-c C-d | 0b0UO0OOOO

M-p uboboobooobooboooo

M-n goobgoboobbooboobobon

00000000 (00000000000000000000000000000000 -)000
00000000 (int)00000 (2)00000000

0000000 000000000000000000000000000000000000
000000000000000Q0O0000000

# 1+ 2 % 3;;

- : int =7

# (1 +2) x 3;;
- : int = 9

0000000000000 00000000000O00DO0DO0ODO0ODOO0D00 M-p,M-n 000
000000000000 000000000O0O(D21000000000000000O0O0O0O)
0ddooDoooOoOoo0do0ooooooooa
#2+ 3 - ;;
2+3-3;

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

Anaaan

This expression has type string but is here used with type int
#4/ 0;;
Exception: Division_by_zero.

(000000000000000000000)1000000000000000000000
00000000000000000000CO JwaO0OOOOOOO0O000 (000700000
002000000000000000000000000000000000 (typechecking) 000
0000000000 Objective Caml 000+ 000000000000000000000000
0000 0000 "abe" 0000000000000 0000000O0O0DOOOOOOO00000
00000000 (0000000000)00000 (string) 00000000000 (int) 00
0000 (000 +000)000000000000000000 (type) 0000000 Objective
Caml 0000000000000000000OOO000000000000O0O0OOOOOOO
0000000000000000000000000 (exception)—0000 00000—0000
000000000000000000000000000000000000000000000
000000000

0000000000000000 C-c¢-d000000 #quit;; 00000000000

Objective Caml version 3.06
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# #quit;;
Process inferior-caml finished

212 0O00:00000000DL0ODOO0OO0O0ObbbOO00n

ocaml 0000000000000 000000O0O000O0O0O0O00000O0O0O0O000000O
D000000000000000 #quit00000000000000000000000000
0D0000000000000000000000000000 #use, #d 00000000000
0000 (30000000

#use 0000000000000 OOOOODOODDOO0O0O0O0O00OOOOOOOO

two.ml OO0

1+ 155

t#tuse 00O O

Objective Caml version 3.06

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

gooooboboboobobooboobooooobooboobobbobboobboobOon
ugoog

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

Syntax error

#cd O0O#use 0O 000DOODOODOOO0OODOODOOD ca00ODODODOOODDODODOODO
O0000000ooOoooooooo

00000000 00oo0odoo0bo0o0oDobOo0oDoDO0o0booooooooOood
O0000O#se000D0O0ODODOODOODOODODOODODODODODOODODODODOODOO
000 .m1 000000000000 0O0O0Ocaml-mode 00O Objective CamlOOD0OO0O0OOO
000000000000 0oooo0oooooooooooooooo 22000000000

googobobdoobo oboboboboobooboobobOobobobooboobooon
ooooooobonD «O0x» DbooobbooobooooooobooobboooboDbboOoobon
ugboboobooobooboooo
EUCOOO0O0000DODODOO00O0O00DOODOODODOOO000ODOODODOD0O0OoOoDoOOOoOgon
ugbboobuodgboobboobouoobbooboobboobuoobboobuoobboobd



14 020 0OO00OO0DOO0OOODOObOODbObObOO

0 22: caml-mode OO0 OO0 O0OOOO

TAB oooooooooon

M-C-qU OO

C-c C—q 00000000000 (o000 00ooooOoO0)oooOoOoo
M-C-h gooooooo

C-cw 0000 while OO OO

C-c t try O OO

C-c m match 0O OO

C-c1 let g

C-c i if0gon

C-c £ for OO0

C-c b begin U0 OO

M-x run-caml |occaml 00O 0OO0O0OO0OOOOOOOOOOOONO
M-C-x OO0

C-c C-e 00000 caml OO0 OOOO

C-c C-r 000000 caml OOOQOQOQOO

C-c C-s caml DO OO0 O0OODOOOOO

C-c ¢ caml J O 000000 D0O0O0O0O0O0O0OOOOODODOO

22 JUOO0o0oboood

Objective Caml 00 00000 (expression) 000000000 (walue)(DODOO 1 + 2000
3000)0000000000000000O00000O00OODO00O0DOO0000D0OO (evaluation)
doooooboobooooobbooooobobobooobbobooooobbboobbobboooon
gdobooobooooobboooobbboooobobooobobor + 200000Db0O0O0OO
O (subexpression) 1 0 20 + 000000000000 0O0OOO0OO

O00000000000000000Objective Caml 000000000 OO0ODO (DOOOODO
00o0o0)bo0oo0oo0 (DooooU0o0oUo0oUO)00DO0DoOooOoOOoooOooOd
gboooooooooooood

OO00000D00 0000 O0Objective Caml OO0O0O00O0O00O0:+j0000000000
000000000 DO0D0O0DOO0ODO0ODO0ODOODOO+ 000 Objective Caml DOOODOODOO
0o00ooO0o0ooo0oOq,j0 (000000 000)00000000O0DO0DO0OUOO0OOOOO
000000000000 Objective Caml O 1 + 20 0 1,0 200000000000
0000000000000000000000000000000000000 (metavariable)
00oo00o0o0oUoUoOoUo0o0D0D (CO0OU00O0)0DLOU00OU0O0D0D0DOD0DO0DO0O0OO
gbboagbuoobobobobogbooboboobooboboobobobobooban e,
y0O0Ooo0oooOobooooobooooobobooodbde+ 100000000O0a + 1,
pi + 1,hoge + 1, x + 10004, pi,hoge, x 00000000000 O0DOOOODOOOO
goooo
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2.2.1 unitO

unit 00 () (unitvalue 000 ) 0000000000 O0OOOOOOOOOOOODODOO

# Os;

- : unit = ()
oo ouooouoooooooon
0o00doooooooboooooooooboooooooooooooobooooooooooa
wmit 100 00000000CO0000OO voidDDDDDDQDDDDDDDDDDD(DDDD
0)00000000000wit0 0000000000000 D00OO

2.2.2 int0

ooooood...,-2,-1,0,1,2,...00000000000000000 +,-,% /,00000
Omd 0000000000000 00O0O0O00O0O0O00O0OOON0NOO

e iland j, 4 lor j,ilxor j, Inot+: DO00OJO0O0D0/000/000000/000000000O
eilslj: i 000000 ;000000 (=4x*20med32)[
eilsrj: i000000j000 (0D)D00D(DO0O0OO0DOOOOOODOODO)

eiasrj: i 000000 000 (00)0000(00000000:00000000000
0ooo)

2.2.3 floatO

(00000000)000O000003.1415 000000000 31.415e-1 000 100000
000000 (=31415x107°) 0000000000000000 000000000

gboooboooboooboobobooboboobbobobooboobobboobooboon +.,
-, /. 0000000DO0O0O0O0ODLO0O0ODODO0OLODOD0ODOUOD+. DO ODODUOLDODODOO
0/00000000 int_of_float, float_of _int 000000000 OOOOO(CODOOCO
O00o00o00oO0o0oooOoooooooon)

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

1 +. 3.4;;

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

: float = 4.4

float_of_int 1 +. 3.4;;

: float = 4.4

1 + (int_of_float 3.4);;

: int = 4

I H

D00 COvid0DOODOOOOO0ODOO0DO0
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023 0000000000

\\ |oooooooo()

\’ ooo (),>’000000

\" ooooog (v),"oooooo
\n oad

\r (0o0oO0)oo

\t oood

\b googoog
\ddd | ddd O 1000 ASCIIODOOOOOOO0

0000000000 O00000000%00000000 (float_of_int 1) 0 +. 00000
uboobobuoobobbodobuoboobuoobobodl sin, cos, tan, UO O sqre DO OO0
gbobooboobobooboobobooobooo

2.2.4 charO

ASCII0DO0DO0O0DDOO00ODOO00ODO 0000000000000 2300000000000
ON'000)0000int0000000 char_of_int, int_of_char OO OO00OODOO
"\12075;

: char = ’x’

int_of_char ’Z’;;
: int = 90

I H R

2.2.5 string[]

ooooooooooooooobooo »ooboo0ooboooboooOoOooboDoooOoooOooow
00000 2300000000000000000000O0OCOOOOOONOODOOODOOO
gooooo

s1 s 0000000 s, 00000000000 0O0O000O0DOOs.10O sOO0 0000
googoobooboooboo

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

: char = °’1°

SMLOOOODOOOOOOO0OOO0O0 ()0 (000000)0000000000000000000000 (sin(f) O
00000000000)0000000000000000000000000000000000000000000
oooooooooo OoOoOoo
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2.2.6 booll
00000000000 true (0), false (0)000O0OO0OOO0OODOODOD
enotb: bO0OOODOOO

e by && b OO b1 &by: b1, D0 DD UO0OOON DOD0ODOO falseDODOO b ODOODO
googan

e by |1 b 000 byorbe: by, bo UODODOUODOOON DODOOO trueD0O0OO b ODOODO
ooooo

gboooboobooboboobooboboobUoobDboobUuoobDboobUooLobo
seci=ex:Ue,eo 0 OOOOOOOODODO

e <>ex:Ue,eo OO OODODOOOOOOOOOO

e ¢1<eg,e1>ex,e1<=eg,e1 >=ex:e,eo OO ODOOOOOONO

(not (1 <2)) Il CO = 0O);;
: bool = true

3.2 >5.1;;

: bool = false

’q? >= 721;;

: bool = true

2 < 4.1;;

2<4.1;;

~aa

H 1 H I H*

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

O00if-0: if bthenejelsee DO D UOOODOODOODOODOOODO true00D00ODOODOO
Ue U0O0Ofalse OO0 eo DOODODOOODOOODODO

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

U0000b00bO0l e, e 000000000 O0OO0OOOO0O0OiE-00 else-0000OOO0
O00000000else O UOO0O0OODU0ODOOODOOOMOOODOODOOO then-000 unit
O00000000o0oooon)

227 0000O0OOOO0OO0

Objective Caml OO0 (type) 00 0000000000000 OO0OOOOOOOOOOODOO
ooboobooboooboooboooboobo10 it ooobooooboo
000000000000 O00000+true 0000000000000 (type error)0 000
0000000000000 00000000O0O0ODO0O0O0O0O00000000Od (type system) O
000000000000 000000 (typecheck)y DODODODDO0DDOOOO0OOOOOOODOOOO
vbobgobooooobobobooboobooboboboooobooboboobooboobooboOono
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oooooooooboooOoooobooOooboooobOoOoobOoDOOoOo0obOoooboobboboOoo
O00o0o0o0oooooooooogog

Lisp, Perl, Postscript 0 0000000000000 OO0O0OO0O0OOO0OO0O0OO0O0O0O0OO00O
gooOoCoOoOO0o0o0OoooooooopooOoCOCOOO0OOO0OOUoUoOoOoOoDDOOCDROO
0000000000000 0000000D0000000 (dynamically typed language) 00 00O

ODo0o00o0oCG, C++,Javabl000O000CDOOOOOCOCCOODOOOOOOOOODODODDODOO
0000000000000 0000o0ooOooooooOoOOOOODOODODOOOO0OOOOOOo
00000000000 (statically typed language) 0 0 O 40 Objective Caml 0000000000
oooooo

ooooooooobooo0ooco Cc++0b00o00ooobo0oooboooooooOoooDoon
00o0oo0oU00o0oooU0oOooOo0o0oO0oUoOo0ooOOoUOoooOOoUooO (oboooo)Od
0050000CO00000000000000000000000000 Objective Caml 000
000000000000 0000000O0000O0O0O0 (D0LD)0Do00O0oUUoOoOooDoooDOoOO
0000000000000 000000000 (strongly typed) 00000000000

oo000oo0o0oO0oooooooooOooOOo0oooooooOOooOOoOoOoOoooooDoooOoLo
0000000 unsafe-dynamically typed 00000000

’ H statically typed dynamically typed

unsafe | C, C++, etc. —

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

gboobobooooobobooboobobobooboobooboobooboboong
goboobooboboobbooboobboobuoobbooboooo

if (0000 ) then 1 else "foo"

0000 (0000 )000 true0 0000000000000 OOelse-0 0000000000
bogooboboobuooboboboboobuoobobooboboooobobooobooad
gboogobooobooobooobgoobobbobooboooooboooobobooboooboan
gooooboooboboobobooobooboobooboobooboobobobooboobon
bggbobooobobobuoobobbobuoobobooboooboboobobboobod
ugboboobooobooboooo

gooobooboooooooboobobobooooooboboooooooobobboDbo
gbbooboboobboobooboboobbooboobboboobbooboobbon
goog

228 0000

Exercise 2.1 OO0 0O0O0OOOOOOO?

‘0000000000000 0000000000DLsp 0000000000000 00000D0DODODOn
gobooooooobooooobooooooobooooboooooog

0000 00000000000000000000 (Objective CamlO0)0000000000000000O0O
ooo0oooUoU0o0oooOoUOoUOUOO0OLOU0LUOUO0DO0ODOUDOUOO(COO OSUULULDULOUbDOooDO
O0o0ooo0ooooooooooon)
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1. float_of_int 3 +. 2.5

2. int_of_float 0.7

3. if "11" > "100" then "foo" else "bar"
4. char_of_int ((int_of_char ’A’) + 20)
5. int_of_string "Oxff"

6. 5.0 *x 2.0

Exercise 2.2 00000000 (DO00O0O0OO00OOO0O0ODOOOOOOO)0D00O0O00O0OOOOO
uggbobobbooooobboooooboobbooooobbooobobbooobboboooan
uboboobooboboobooboooboobooooboobooon

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

4. int_of_float -0.7

Exercise 2.3 UU00O0O0O0ODOO0O0ODOO0O0ODODO0OODOOOODOOOODOOODOOODOOO
boboboboboooooboobobobooboboboboobob0o=000000D0ODO
ubobgoobooan

1. not true && false = true
2. float_of_int int_of_float 5.0 = 5.0
3. sin 3.14 /. 2.0 **x 2.0 +. cos 3.14 /. 2.0 **x 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 0000000000 OCOODOOO
ooood o llpeODOoOooOOoOooo

23 0OO0O0On

gooobobooooobobobobooooobboboooobobbooooobobbooooooboobobo
gbbogobooobbuodobbuoobooobbuoobbooobuooobbd 1et g
aoo
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2.3.1 let OO

dbbdletgbbooooonon

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

Udd pil000OO0O0OO0OOODOOOODONO 3.1416926635 UL DU OUOOUOOODOON
il UUUUUUY valUU OO pibbbbbbbbObObOOO
(0000 3.1415926535)0 0 0 0 00 0000000000000 pi 0000000 OOOOO
Udddpi0D0D0OO0O0O0O03.141592653 UL UUOOUOUOOUOOOOO

# pi;;

- : float = 3.1415926535

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

gooan

let = = e;;
O00o000o0ooooon 000 ed000O000ooO0oooOoooooooooooonOon

e JJIUUODDODOODDDOOODOOOO (abstraction) 000000 ODODOODOOODODOO
gboopoobooboobbooboobbooo

e IO DOO0ODLOUOODLODODDOODLOODDOODLOODLOODLDDOObOOODDbOOOn
googoobogn

booboooboobobbooobooboboboboobooobooooboooboooobobooooan
gooooobooboobooboboooboobooboboboobooboobobooboobon
ugbbuoaobouooobooobboobboobbooobooboboobbbooobobooabon
U0DOpi 00O0DO0DO3.1415926535 DU U O OO0OO0DOO0OOOD0DOOOOOOOOOOO0
000o000o0o0o000oO0o0oUoo0U0ooO0o0ooO0o0DUoOo0U(o0DooooUooOd
O0000000)0000000000000oboooOoOOoOO

Objective Caml OO0 O00D0OO0OOOCOOO0ODOOODODOOODOOCG,C++0000DO00ODOOOO
vboooboboooobboobobooooboooboboooboooboooboobobobooboo
ugbboobuooboobbooboo

# 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 = "UneOneOne"

U0000OoneJ00 100 "one" DODODODODOOOOOOOLOOOODOOOOOODOO
ugbbooboobooboobboobooobboobooobboobooobbooboobobooonag
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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

O 2.4: Objective Caml 00000

0000000000000 0O000000U000(UUU0D0D0D0D0D0D0DO0DOD)DDo0OoOO-™
00000000000 0000D1et00000O0O(scope)0 (DOODODDOOUDOOODO)0OOO
000000 (ecaml OO00O0O0)0000O0O0OOOOCODOOOOOOODOOOOOOOOODOOOO
O (lexical scope, static scope) 00 00O

O0000OObjective Caml 0000000000000 ODODOODOOOOOCOOOOOOOO
oot ootuoouoouoouoouoonooouoobouooooooooon
0000000000 00O0O0O00oO “(0)Y 0000000000000 0000000 1et-
O0000000000000000 (00 let00O0OODOOOOO)DODOOD ;; 00000000
gooooon

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

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

gbbooboobboobuoobbooboobboobooboboooobooaonboo

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

OO00D0O0OO00DOO0O0DOOO0DD 240 Objective Caml OOOOOOOOO _OO0D0OOO
goboobooooboooo

2.3.2 000 lexical scoping

goboobobooooboobbooooobbooooooboobbooooooboobbooooobobog
00000000000000000000000000 (000000 0)00oDooooooo™
0000000000000 000000000000000 (environment) 000000000
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goo U

sin oooo
max_int | 1073741823

0 21:ccaml DO OODOOODO

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

0 22: let0000000O00O0O

O0000000000000000000000O (top-level environment)d 000000 0O (global
environment) 0 0 00

U0O0O0Oocaml DO DODODODODODODODsin, max_int 0000000000 0O0O0O0OOOOOOO
DoooO0 (0 2.1)0

letJ00000odbbooooubobboooonbobboooobbboooooobobooa
0(022)000000000000000D000O00O0OO0ODOO0OOOOO0ODODOOOOOOO
gobogbooobogboooboboooogboboooobooooobooboooboboooobooboo
Uoobooobboooobbtbooouobbbooouobbobbbletdbbboooobbooon
gogooooboboboobooooo

233 0000

Exercise 2.5 0000000000 0DO0O0O00O0O0DO0O0O0O0O 1let00DO0OO0OOODOO

a_2’ Cat 2 Televen ’ab2_

24 0000

0000000000000 0000O0000DO0000O0000D00D0D0O0O0OOObjective Caml
0000000 (function) DO OO
Uoooobbob pi0000bObObObOOO0O000U000oooDbDbObObObOb000UoUUoao

(00 ) *. (00O ) *. pi
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gobooooooobobooooboooooooooooboo oo oooooooon
goo00o0oooocobooobOoooooobobobooooooboooobooocobonooooobononoon
DDDDDDDDDDDDDDDDDDDDD(DDDDD)DDDDDDDD(pammetem’zation)D
goooooooooooooooooooboooooooooboon
Objective Caml OO0 D0 O00O00O000O000OD0OD0OODOODOODOODOODOOO

# let circle_area r = (* area of circle with radius r *)

# r *x. r *. pi;;

val circle_area : float -> float = <fun>

U00000 1let 0000000 O0ODOO circle_area 000000000000 ODOOODOOO
U0 r0gbooboobbboobogbooboobooboobooboobooboob=00000
Or* r*. pi000000(bdy) 000D 0O00O0DO0O0OOODOOODOOOOODO(G; 0000
0000000000000 000o00O0O0O0000L)000OOO00D0D0OOODOOOOOO
circle_aread 000 float->float0 000 <fun> 00000000000 ->00(0000O0
O0)->(0000)00000000 circle_carea 00000000000 O0OCOOOODOOOO
goboodboobooobbooboboobo-»>0Ob0oobboobOboobbooboboobbOon
O (type constructor) 0D 00000 0000000000000 00000000<fun> 000
Oo0o0ooO0oO0OoOoOoOoOOOOOOOO0ODODODODOODODOODOOODODOOODOOOOOOOO (437
o0)oboooooooo
O0000000000000 int_of_float DO OOOOODOOOODOOOOOOODO

# circle_area 2.0;;
- : float = 12.566370614

000000 (0000 (function application) 0000 )000000000000O000O00OOOO
o000 r000 2.0000000002.0*. 2.0*. pi000000C0O0OOOOOOOOOO
000000

Objective Caml 00 000000000000 O0O0O0O0OOOOOOOOOOOOOOODGOOO
0000000000000000D0000000 (type inference) 0000000000000
O000000000O000000000C0000000O0000O00000O000000000
O0000000000000000000000000000000000000

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

00000 =0000000000000000000 (OO0000000(0000000000
0 0O00000000000000000000000000000000 000000000
ooo)

0000000000000000000

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

000%0[)000000000000f0000000000D0D+D00000000O0OOOOO
0000000000ooo0oooO0O0O0O000O0D0D0DUDoooO(CoooOoDoOoOoooOoOO

‘00000000000 D00D0000DO0O0OOOn



24 020 0OO00OO0DOO0OOODOObOODbObObOO

0000000000000o0)000O0O000D00o0O0O0o0DOoOOOoODUDoOoOOOOOOO
gbobooobooboooboobobooobooboboobooboon

lexical scoping 000000 O0000DO pi0O0lexical scoping 0000000 O0O000ODOOO
gooooooObbbo000b0000Ocircle_areal000 pi00000000Ocircle_area
ooooooooooo

# let pi = 1.0;;
val pi : float = 1.

# circle_area 2.0;;
- : float = 12.566370614

0000000000000 b00000 pi0000DO dynamicscoping 00000 0OO0O0OO
0000 (D00 Emacs Lisp) 00 0 0Odynamic scoping 000000000004.0 (000
2.0 x. 2.0 . 1.0)0000

241 0000

Exercise 2.6 00000000000 0O0O0ODO0OODO0O0OO flecoxrOOooon

1. USO0 (D0)0DooUoUoO (Db)o0oo0ooo0 (oo 10oUDoooO)O(@oooo
000200000000000000)0000 1$=1103500000

2.0 (00)00000O00OUSOO0 (DU0LODO00DODOOU0OD)D000ODOO (OO 10
O00000oO0)ooo0o0o 1$=110300000

3.USOD0(00)0000000000 "(00) dollars are (0 ) yen." 000000

4. J0Db0000O0oobOoobOooobOoobOoooDoooboooDboooboooobouooobog
capitalizel (O : capitalize ’h’ = ’H’, capitalize ’1’ = ’17)
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30 Uboutbboottd

gboboooboob: bogbooboobooboooboboooog

ggbooboooobobooooboobooooobobooooboobooooboboooobDoDbo
gboobobobobboboobooboobuoobobboboobooboobooooonn
gboboobooboboooboobooboboobooobobooboooobooboooboboooboo

gobooboobobooboobooobooobooobooobobooboobobooboobooboon
0000000000000 00000000000000O0O0OODOOOOOOOO0OO (tuple) O
googo

3.1 UU0O0O0 letl

gobooboboboobooooboboobuoobobobobooboobooboboobo
ubboobooboobon

Objective Caml 00 let-0 (00O O0O0)000000000O0O0OOOOOOOOOOOOOO
goboobogn

gbooobobooboabbodd

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

# Dbase *. 5.0 /. 3.0;;

val vol_cone : float = 20.9439510233

“let base = 7 000 let JO00O0O0Obase DOOODOOOOOOODOOOOOOODOODOOOO
O0000000000@O000 vol_cone JODODO)
U000 let-D0O0ODO

let * = e; in e9
OOe,ee U0 let 0000 0OO0ODOO0OOOOODOOOO
1. 00000
2. 00000000000
3. e 00

Ubbodiobudd e 00000 b00bbU 2000000 eo000O0O0OvV0l_cone U0
0000 vvaseOOOO0ODOOO



26 030 0ODOoooogogoo

# base;;
base; ;

Unbound value base

U00e, O z0D00O0DOODODOODOODOOO
dbddblet-Ub00000bOO0ODOObOOODODOODOIet-O00O0OOOOOOOODOY
0000000000o0O0300000000 (00UD0OUL)UOoooo

# let cone_of_heightTwo r =

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

# base *. 2.0 /. 3.0;;

val cone_of_heightTwo : float -> float
# let f x = (x £(x)
# let x3 = x * x * x in

# let x3_1 = x3 + 1 in

# x3 + x3_1;;

val £ : int -> int = <fun>

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

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

<fun>
x"3 + (x°3 + 1) *)

x"3 + (x+1)73 %)

let-00000000OO0O00O0O0O0DOOOOO0ODOODOOOOO0ODOOOOOOOODOOOOOn
vbobobooboobooboboobooooboboboooobobob1bbobobobOono
gbbodgbbuooobuooobooobooobboobbooobooobboobboooboon
gboboobooboobbooboobboobooonboo

0000000 let00/00000andd000C000O0OO0OO0OOOOCOOOOOOOOOO
ogoogn

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

# the use of x is bound to the previous declaration! *)
# let x = y and y = x;;

val x : int =1

val y : int = 2

# let z =

# let x = "foo"

# and y = 3.1 in

# x ~ (string_of_float y);;

val z : string = "foo3.1"

ubbooboobbooboobbooboonboo
let-0000000O0O00 O0OO0OO0OO0OO0OOD0OO let-U00O0OO0OO0O0O0OOO0OO0OODOOODOOO

Ub0bo0o0obo0obo0bbobobo0bddllet z =e1 in e U000 000000000
Ub00e0d0000O00DOOOOOODOODODODOOOODOODODODODODOODOODO
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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+2 0000000 x+7 0000000 00 (s+7)000000

U31l:01letx=3+2inx+7000000000O00O00000000O0O0O0OOO

500 | . | | 000 | O
(000 | O |
~ 3 1415926535 : pi 3.1415926535
P : pi | 3.1415926535 | | c_area <fun>
c_area <fun> ’ ‘ 2 0 - 1
r . pi

i 1

P area | 12.566370614
c_area 2.0 00000000 0OOO0OOO0OOO 00000000

0 3.2: 0 let area = c_area 2.0 00 00000DO0ODOODODOODOOODODOOO

gbooboboobooboobobobooboobooboboobooboooboong
gboboooboobooboooooooooooooooooooooooooooooooonoo

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 2.0 0000000000 3200000000 000000000000
ooooogo

3.1.1 000

Exercise 3.1 00000000 DOOO0O0OOO0OODODOOOOODOOOOOOODOOODOOOOOOOD
gboobooobooboooooooooooooooooooooon

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 +2inx *xy) +y
3. let x =2 in let y = 3 in let y = x in let z =y + 2 in x * y * z
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Exercise 3.2 00000000000 2000000000000(000: 02000000
oooo)

o let x =¢1 and y = e2;;

o let x =¢1 let y=e2;;

3.2 UUuooouooooo: O

gboobobdooooboboboobooobobobbobooboboboboooboboboon
gbboobuoobboobuoobbooboao

3.2.1 00000

gobogbboobobooobooooooooboboooboobooooboboobooboDbo
0000000000000 (o000 0U000 (D0D00)0)D0DU0DooooOoooOoooOO
0000 Objective Caml OO0 000000000000 O0O0ODOO0ODOOO0ODODOO0ODODOOOO
O000O(tuple)DO0ODOtuple 00 O OOOOO ,000000000000O

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

0000 float * float JODOODODODO 100 (1.0) 0 float D00 200 (2.0) 0 float OO
0000000000000 o0x00oooooooon
0000000000000000 (0D0000000)0000000000D0D0D000Og™
00000000000 00000000 1let 000 ODOOOOOOOOOO
# 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)

3.22 UO000OO0OOOOOOOOOD

O00000000000000000000 (pattern matching) 000000000000 O0O
U000 UNIXDO grepU00000O00O00O0OOOOOOOOOOOOO

1. 0000000 00oooooOoOo(ooo)oo
2. 00b00b0boboboobobobob
. 0boobooooboobooobbooboooboobon

0000000000000 00'00000G, v, z, wOOOOOOODDO40000000
gboobodx001000,y002000,z0030000w004000000000000

'J000000D00000 retrieve 0000000000000 00O0000OUNIX O egrep D0D000OO()
oooooo0oOoooU0o0ooOoUo0oOoooO0o \l10ooooooooUooooooo
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O00000000000000000 (let, 0000000 O0)0000O0O0DOOODOOOOOOO
O0Obigtuple UO O OO

# let (i, b, s, f) = bigtuple;;

val i : int = 1

val b : bool = true

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

ubogbooboboobooboobobooobobooboobobooboobobooboon
gbobooboobboobooboboooboobooboooobooooboooon

# let (i, b, s, f) = igarashi;;

val i : string = "Atsushi"

val b : string = "Igarashi'"

val s : int =1

val £ : int = 16

goboobooboobo40000000000D00DOO0DOOO0DOODLOOODOODLOOODODO
gboooboobooboiggboooboboboooobobnoboboboooioboooboon
0000D0000000020000000 (ooooy), ..., (0booo,H)oooooooooo
O00000000000o0oOO0000000O0O0000DeA0O0OODOOOOODOOOO(ODOOO
/0000000000000 00000000000000000O0O0O0000D0D0OoooOOD
googoobobooboobobbobool10obooboobooboobobDoobobon
ubboobuoobboobuodobooobooboooon

# (* matching against a person whose first and family names are the same *)

# let (s, s, m, d) = igarashij;;
let (s, s, m, d) = igarashij;;

This variable is bound several times in this matching

gbooboboobooboboobooobooboboboboboobooboobooboog
gbodgboboboobobboobooboboobuoobobbobobuoobooobooboood
0000 _(0000000)000 0000000000000 000O00DO0O00oDUoOoO0O
00000 (wildeard pattern) 00000 0000000000 OO0OO

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

3.23 0000000

O00Ofleat 000 (20000)000000000000COOO0ODOODOOOOOCOOOOO
gbobooboboobooboobooobobooobo

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

D0U0DU00000DO let x = ... 0x00000000000000 let 000000000 DOOODOO
goood
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U000 bdUdb0OUOaverage UO float * float -> float U U O DOUOO float * float
0000000000000 00000000(@DO0OO0 x000 ->0000000000000
00 (float * float) -> float 0000000 OD)000000O0O0O0O0OOOODOOO

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

uboooooboo obooobobooobbooooboobooooboooobobooboboooooon
UobO0bO0ubooo0bOobbOob00bo0obOon averageUOOOUOOOOOO 10DODO0OO
OO00000DO0O0O00O00 Objective Caml HOOOODOO 100000000D0OOOaverage
g

# let pair = (0.34, 1.2);;

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

- : float = 0.77

gbobooooboooooooooooooon

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

0000000000030
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>

uboooooooooooooooogonoog

# 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

00o0000000o0o0Uo00oo00 (booUo0oU0oOoO0DUOoO0DLOOOoUOOUOD 10
00000020000)00000000000000O0OOOOO0OOOO0OOOOOOOOOO
gboobogooboobooboboobobooboobbooboobooobobon

3.24 0000

Exercise 3.3 2000000000000 geomean DO OODOO

Exercise 3.4 20 20000000 2000000000000000D0 prodMatvecOOOODODO
gbooboobooboobobooboooboo

Exercise 3.5 0000000
soooooooo pairDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
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e float * float * float * float
e (float * float) * (float * float)

vbooooobooooboooobooooooboooboobooboobooboboooo

Exercise 3.6 let (x : int) = ... 000 (x : int) JO0OO00OO0OO0O0O0OOOOCOOOOO
O000000oooo0O(oo0oo0oU00oooOoOOOoOooOoOoO)ODOoooo

3.3 oo

gobobooooobbooboooobobooooboooooboobbobooobooboobood
00000000 (recursive function) 1000 000000000000000000O000O00O0O
googn

3.3.1 000OoOoooo

0000000000000 0000O0 nOOD0ONRl=1x2x---xn00000000000OO
oboobooooooooon

e J000DUDOUDDOOUODOOUDDOO (LD 1)ODDOO 10O 040
enl=(n-1)n0000 nO0000n—-10000000000

gooOoOoOoOoOoOOO0OOOODDOOODOODODOOOOOCOCOCOOOOODODOOOODODDDOOO
0000000000000 0000D0ODOO01 0000000000000 0DODOoOoOooDDDOO
OooDoOo0o0oDoooo0oobOo0ooDOO0oDbOOo0oDOoOooOOoOobDbOOoODOg Objective
Caml ODOODOOODO

# let rec fact n = (x factorial of positive n *)

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

O000@-10000000000000)000000 factO0OODOOODODOOOODOOOODOO
O0o00o00do0oouooooooiooooooooodouon factOOODOoOoooQgn
O0oo0oooooon
# fact 4;;
- : int = 24
000000000000 0000000000 recOlet 000000000 O0OOOO0OO0O
000000000000 0000000000rec00000000O0OOOOOOSO

# let rec x X ¥ x + 1;;
let rec x =x *x + 1;;

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

‘0000 100000000D00000000000
000 Objective Caml 0000000000000 D0O0ODOO0OODOODOOOOODOODOOOOOO
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0000000 (00000000000000000x000000000z=2%2-100000
O0000oooon)

gboobobooboobboobuoobobboooobooobooboobooboboong
gbooboogobooboooboo

e IO UIODOODODOODO
e ‘0I000OO”OOUODOODOOOODO

vobogboboogoooobobooobooboooooooboooobobobooboooboboo
gbooboooboboobooboobobooboobooboobobbobbooboong
goboobooooboooo

3.3.2 UO00OO0OOOOOOd

oooooboboooooooOoooooOooboooOoOooDoOoOooOoDbbooobooOooOoOoDon
00000000 00000000000Osquare(square(2)) 000000000000000
ocooboooooobboooooooboooooooooobboooobooooobboooboOoboOoo
gooooooooooooooboooooboooboOoooOobboooboobooOobbooOoo
O000000000000000000000000000000000000 (evaluation strategy)
oooobooooboooooobooobooooboooboboooDooon

oooooooooooooOoOoooboo0ooDOoOoooOooboOoOoooDboOoOooDbooo
00000000000 (call-by-value) 00D 000000000000 square 0000

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

googno

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

16

Ll

O0000ooupDoooOD square HOOOOO square(2) D0 DODOODOOOODOODbjective Caml
ubboobooboobboobooobboobooobobooon
gbooobobooboobboobiddUdfact 400000000 0O0O0ODOODOOO

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

0000000000000 000000DU00D00D000000000000000DU00DO0DOOoog
goboboooooooogoo
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— ... — (fact 2 * 3)x 4

— - — ((fact (2-1) * 2) * 3) * 4
— -+ — ((fact 1 * 2) * 3) *x 4

— o= ((1 *2) x3) x4

— o — (2% 3) x 4

— v — 6

— - — 24

goboboooboobooooboboboooboboooboobobooobboboobobooboDbo
0000000000000 0000o(oboooooooon)

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

OO00ODODOO000ODODOO00000OoobOOboOoObOOODDbDOOOzero(square(square(2)))
0000OOo000ooOoOO00d0oOo0o0OooOodOooO00obDoOoooooOoooDboOooboooOgo
O0000000O0oooO (booooo)o
O00000000000000000000000 (00000 eagerness, strictness 00 0 0O O
000)00000000000000000000000O00U000lazyO00OOODOOOOOO
ooooooboobbogooooo
OD00OlzyODOOOOOOODOOOOOODOOOODOOODOOOOODODOOOOODOOOOO
00 (call-by-name) D0 0000000000000 OO square(square(2)) 000 Ozero(square(square(2)))
ooooooo

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

4 * square(2)

4 x (2 % 2)

4 x 4

16

0

L bbbl

zero(square(square(2)))

voboobooogbbooboobobooooboooobooooboboobooboboo
0000000000000 DOO000O00DOCO00DO00DO0O0D0O square(2) DOOOOO
ogboogooog

0000000000000 00000 (call-by-need) D000 0O0O0DODO0ODOOOOOOOOO
ugbogboobobooboobobobobobuoobobboboboobooboboobooan
ubooboooboboboobooboboobooboobooooboobooobobooboon
ooooooog
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square(square(2)) — * - x — x — 16

[ \ [
() Y
square (2) *
)
v

PN AT

2

call-by-need 000D O0O000OOOODO Haskell, Miranda DO O000O0O00OO0OO0O0OODOOODO
OOlzyOOOOODODOOOODOOOOODOOOOODOOOODOOOOODOOOOOOO
obobobooboobooobobobuobobDoooobobuoboobooboOn call-by-value OO
0000000000000 00000oOODOOOO0OO0OO0O0O0O00 graph reduction 000000
O000O0ooooon)

#trace U0 O00ODO0O0 OO0OO0OOO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOn
#trace (U 0D );; 000000000 OO0OOOOOOO0OOOOOOOOOOOODOOOOO
ooooo

# #trace fact;;

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

DAONEFE PN WD

N
=

U0D#untrace 0O OO0 O0DOO0OOOOODOODLOODODOO

# #untrace fact;;

fact is no longer traced.
# fact 5;;

- : int = 120

3.3.3 UU0gbooogd

000000 fact 00000000000000000000000000000000000
0D000000000C((...) *3) *400000000000000000000000000
D0rO0000000000000000000000000000000000000000000
00000000000000000(n-2)!-(n-1)-n)=mn-2)!-(n—1)-2) 000000
0 (n—2)!000000000000n-(n—1)0000000000000000000000
0D00000000000000000000000000000000000000000000
0»0000000000000000000000000000000000



3.3. 0oOOoo 35

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

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

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

Ubooobooobooood resO0fact DO000ODOO0OOOOO0OOOOOOOOOO0OOOO0O0OOO
OO00000DO0O0O0OD0O0O0Ofacti (n,m) OOn! - mDOOO0O0O0O

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

O00OOfacti (4, HODODODOODODOOO

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

fact 400000000000000COOO0(0DOD0DO0OOOOOOOO)ODOOOODOOODOO
Uoboobooboiog facti DOO n,m 00000

n!-m =120 = 4!

gboogobooboboobuooboooboobuooboboboboobooboooobobon
00 (tail-recursive) 00 0000000000000 O0O0O0OOOOOOOOOOOOOOOOO
0000000000000 00000000 (0000)ODoOoOoOO00000o0ooOoOoOoOOO
000oo0o0oOo0d0ooO0o0oO00ooOo0oDOo0bOoO0bOoO0bOoOdOooO0oDOOooDOoOoD coo
000000 for 0000000000000 DOOOOO0DOOOOOOOOO0OOO (sterative) O O
boooboooboboboooboobobooboobobooboobooboboboonoon
goooobobooboobobooboobobobooboboboobooboboobon
O00000(@O00) fact 00 facti 0000000000000 O0DOOOOOOOOO (OO
0000000000000 000Q00O0OD)0D0000000ODO000D0D0D0OODODOOOOO
googno

Ubbodbibund facti DOUOO0OOO0OOOOOOOOOOLODODOOOOOOODODOObDOY
uboboo1l10bb010b000b0o000bodobdffacti DOOOOOOOOOO

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

# let rec facti (n, res) =

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

val fact : int -> int = <fun>
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ugbbooobogboobobod

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

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

val fact : int -> int = <fun>

0000000000000 0000000OObjective CamlDOOD0O0D0O00O0OOO0OOODOO
gbooaboo

3.3.4 UOO040OoOooOOO

gbooboboobooboboboobooboobobbob 1bobbobobobooong
gooobobooobooboobooboboobobboobo20bo0oboobOoboobOon
ugbobooobogodgooo

obobob0o 00000000 mpoobooboooobooooooooogooDog

=1
R =1
Fn - Fn—1+Fn—2

n0000000000O00000000OO

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

Ub0000000O0else0000O00OD0O0 200000000
gobooooboboofF 0000 F, 00000000000 0ODOOODO0O0ODO0ObO0O0DOO
O000000000000(fiv 300 000000000)000000O00OOOO0OODOOOOO
# 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>

ooobobdonbO F, 0000 F,,000000000O0OOO0OOOODOOOOOO

Euclid 0000 Eucdid OOOOOOOOO mUO n (000 m<n)O0O0OO0O0OO0On=+-m0O
bbb nobboobuogbbooboobooobuoobooobooboonoog

ubbodob ~O0000O0O0000 mDDDDDDDDDDDDDDDDDD<n>DD
m

< n ) Cnxoex(n—m+1)

m ) mx---x1
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goopooogoooogono
n B n\
0 N n |
-1 -1
<n> = <n >+<” ) 0000<m<n
m m m—1

gboboooboooooon

3.3.5 0000

0000000000000 00000000000 (mutual recursion) 000000000000
goog

let rec f1 <|:||:|[||:J1> = e1
and f2 <DD|:||:|2> = €2

and f, (O000O0O,) = e,

OoboooobOOooooobobodn e, bboobooooDnD s 0000000DO0ODOOO f1, ...
fOOODOOOOOOODOO
U00000000o0000o0bo00o00d even, odd U

)

e 00D DOOODODOODODOO

1000booboobooooon

en—100000 n0O0O0O0OD0DOO

en—100000 n0O00O0OD0DOO
gbobooboobooobooboobobooboobboobooonbooboon

# let rec even n = (* works for positive integers *)
# if n = 0 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

gooo0oobobootbotdtdtdCarctanl OOOO

s 1 1+ 1 1 n 1 1
4 3 5 7 4k +1 4k +3

gboooooboobooboobooboooobobooboooobooboobooooboboooboon
ooog
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# let rec pos n =

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

# if n < 0 then 0.0

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

val neg : int -> float <fun>

# 4.0 x. pos 200;;

- : float = 3.1440864153

# 4.0 *x. pos 800;;

- : float = 3.14221726315

googno EDDDDDDDD

3.3.6 U000

Exercise 3.7 x DUO00On 0 00000000002 0000000 pow (x,n) OODODO 200
ooooo

l.pow (0D)0000 n0OO0O000
2.pow0 (00)00000 log,n 00000000 O0: 22" = (2" 0000000z =7)

Exercise 3.8 000 pow 0000000000000 powi 000000 (DO0O0O0OODODOODO
O0000000oooooon)

Exercise 3.9 if 00 Objective Caml 00 0000000000000 0O0O0OOOOOOOOO
UbbdodbOU0fact 4000000000000 0O0O0OO0OOOOODOOOOOOODOOO

# 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 OOOOOODOOODOOOODOOODO

Exercise 3.11 0 O00O0D0OO0OOOOO
1. EucidO0DOO0OD0OOO0OO0OOODOOOOOODO gead

2. 000000000000 <n>DDDDDD comb[]
m

3. fib_pair OO DOO0ODOODO fib_iterd

4. 000000000000 ASCIIOODO0O000D0O000000 max_ascii DOO(OODOO
0000000000 22500000000)

Exercise 3.12 neg U0 000000000 OOODOpes d neg OO0 OODOOOOOOODOOO
ugbooboooboooboooboobod
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40 UOOLoUOUootdbogtbobotdd

ubobooboodgb:. booobooboooobooboon

4.1 0O0O0OO

Objective Caml 0 OO0 O00O0O00ODOOOODOOOOODODOOOOOOOODOCOOOOO
uboooboooooboooooboooobobboobooboobooobobooboooboan
0000000000000000000 Objective Caml D0O00000O00OODO (first-class value) O
0000000000000 0/000000000000000AO0 (higher-order function) 000 O

4.1.1 DOO0OO0O0OO0OOOOO

0000000000000124224--- 4020000000 sqeumn 00134234 ... +n3 00
OD00D00 cbsum D0 D0 O0O0O000OO

# let rec sqsum n =
# if n = 0 then O
# 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>

elsen * n + sqsum (n - 1)

gbodgboobobbboobdogbuoobobobobooboobuoobooboaoboooad
ubooooobobooboooobobbooboooboboooboboooboooooobooboooboon
gobooboobobooboboobooboboobooo

gbbooobuoobboobbang oo obboobboobbuooobbodnbOd
gooboooobobooobbooobobooob n0o0obDbooobobooobooobboon
goboobooooboobobooooboobboobbooboobDboobbooboobo
ugbboobuoobboobuoobbooboa

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

U000 signa 000000000000 0O00O0O0OO £000n0000000000000OO0O
(00000:0000 0 >0 «+0000000000)0000000Osqgsum 0 cbsum 00

# let square x = X * X

# let sqsum n = sigma (square, n)
# let cbsum n
# let cube x = x * x * x in sigma (cube, n);;



40 040 0OO0OO0OODOOODOOOODOO

val square : int -> int = <fun>
val sgsum : int -> int = <fun>
val cbsum : int -> int = <fun>

uobooboobooboooooboboooboobooboobooobobbo0bO0b00cbsum OO
Ubod let-0000bO0o0bobOo0obOOo0bbOonobOOo0oboobbooboann

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

I H

4.1.2 0000

n
gboogan sigmaDDZf(i)DDDDDDDDDD fO0O00O0O0b0OO0OOOOooOooon
=0
O00000DOCO000O00 1let00000O0O0ODOODODODOOO fODODOOODOODDOOO

oooooobboooooobobooboboooobbobbooobooobooboobbOooDo
O0000000000000000000 (anonymous function) DO000O0O0O0O0O0O0O0OO0
00000 Objective Caml D00 O0O0OO0OOOObjective Caml OO O OOONO

fun (0OO0O) > e

O00000000(0000)yOOOOOOOOOODOOO e0000000OO funO0000OOO
gboboboboobobooboboobo

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

# let sq6 = ((fun x -> x * x), 5) in

# sigma sq5;;

- : int = 55
# (fun x > x * x) 733
- : int = 49

230000000000000000000O00O00DODO (DUDO0O0DOO0DOOOOO)00OO
0000000000000000000 fun 00000 OOUOOOOODO (DOODODDOOY, w
oo oobobobbbx*«x*xU0nU000000OOO0OOOOOOOODODOOO
oboob0fuww 0000000000 bobobobob oooooooboooo
O00000oooooooon)

O00letO0O0O0O0OO0ODO

let £ x =€

let £ = fun x > e

O000000000000000000000000 (fun)00000O00O0O0O0OO0OOO (let) OO
vboobooooboooooooooooooooooog
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4.1.3 DOO0O0OO0O0OOOOO0OOO0

Objective Caml D00 0O0O0 10000000000DO00DODOOODO0OODOOODOOOODOOO
ggobobuoooubooboboboooobbtboobuoobobbooobob bbb boooo
O0000000000000000000000 Haskell Curry 000000000000 (curried
function) DO OO

Ubboodubdz0 yOODUOO edO000O0D0OO0O0OO:z0D0DO000O0yOO0DDOO
ed00000DOODOODODODODOOOOOOODODODODODOODOOOODOOODO sy,
s 00 syso DO OO UOUOOOOnOObObOoogoooobbobbobbbbboooooobobooon
ggooon

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

O000ooooo0o0o0o0ooOo0o0 (Dooo0)oooooooooOooooooooOoooOoO
OO00000DOO0O0ODbO0O00DOO0O0DO concat ("abc", "def") ODOODOOODOODO
gbooooboo oobbooboobbooboogd

# let concat_curry sl = fun s2 -> s1 ~ s2;;
val concat_curry : string -> string -> string = <fun>

concat_curry 0 fun 00 000O0Os2000000 (D0DO0DO0O0O0OO0)s100000000O00OO
O0O0000ODOconcat_curry 000 string -> (string -> string) 0O00O0O00OO0OOOOO
oboobooboobooobooboob200000000o0o0d

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

oooobooo¢.H)oobooboognorabecr oo ooboobobooo

oooooooooog ... mef"dpobooooOooboogno
gboooboboobooobooboboboboooboooboboobooobooobooboong

00o0000000oo0oU0oo0oo0 Mre.OOO (DQOO)ODODOOODOO

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

- : string = "Mr. Igarashi"

00000000000 Dadd_title 00000000000 O0OODODOOOfun s2 -> "Mr. " ~ s2
000000000000 000o0o00oDoo00o0Doooooo0DoooDoDo0oooooooooog
0000000000000 D00000000 (partial application) 0 0 00O

0000000000000 0O0000000D000000DOO0000D0D0O0000O0O0O000
oooooooo

uboobobooo bOooooboboboboO0obbfunbDODOODOOOODODODODO

gooboooobooooboooooooooooooon
O00OObjective Caml D00 fun OO0DO0O00O00O0OD01etd fun OO0 0O0O00OOOOODOOO

gbooobooboobooooooooooooooooooooooooooooooon
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# let concat_curry sl s2 = sl ° s2;;

val concat_curry : string -> string -> string = <fun>
ubooooooon

# let concat_curry = fun sl s2 -> s1 ~ s2;;

val concat_curry : string -> string -> string = <fun>
uboboooooboooooooooaog

fun (0O0O0Oq) -> fun (00009) => ... fun (OO0O0O,) -> e

fun (0000;) (000O,) ... (0000O,) -> e

0000000 ((et000000O00O0OOO0OOOOOOOOODODOOODOOOOOOD)

00000000 ((Ex)y)z) O0D0D0OOD £fxyz0O0OODODOOODODOODODOODODO
(00OooU00O0OpoOoOO0U000D0OOO000O0)DO00D0DDOOOODOUOUODDODODOOOO
tl1 —> t2 > t3 > t4 0 t1 —> (t2 -> (3 —> t4)) UO0OOOO

00/00000 000000000000000000000+,~000000040 (infiz operator)
000000000000000 (dnt->int—>int 0000000)0000000000O0O0OOOO
0000oo0o0o0ooOo0oU0oooOo0Ooo(oo0o0UD)+00000O0ODOO0ODOODOOOO
goog

000000 (0)OoOoooOoUooOoOOOoOoUOoOOOUO(oUoo)boUoooooOoO

# (+);;

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

- : int = 6

+xJ00000000000000000O0O0O0O/00000DooOOoUOoOOn
U0000b00bU00bbUOob0bDOmod, *x,=,0or, & 00 00D0O0O0OOOODOO

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

0o0oooooooon
O0o0000 (0DoOo0O0 )oooooooooooooo
# let ("-7) xy=x % 2+ 7y * 3;;
val ( "=~ ) : int —-> int -> int = <fun>
#9 °-"7 6;;
- : int = 36
000000000000 oO0o00b0000o0oo0L0bL0 000U oLOLO L0000 oUoooooooo
00000000ooooooo
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#let (! ) x=x+1;;
val ( !! ) : int -> int = <fun>
# 1,
Characters 2-4:
I'l;;Syntax error

# (1)

- : int -> int = <fun>

# 11 3;;

- : int = 4
goooog -, -.0000

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

000000000000000000000000000000000000000000000
0000000000000 00000000000000000000000000000000
f11 x00f (1! x»0000000( gx0 (Fg x00000000000000)
00000000000000000000004100000000000000000000
00000000000000000000000000000000000000000

041: 00000000000

goo 0d
goooo -
goon 0
go0oooooono -
goooooooo -, -. -
> 00000 O
* /% 000000000 mod O
+, -0oooon 0
- 0
el ~UuUbonon u
=s<gooboooo,onooooooono | o
not -
&, && u
or, || O
<-, := g
if -
; 0
let, match, fun, function, try -
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4.1.4 Case Study: Newton-Raphson []

OU000000O00DOo0DO0OO0bOO0ObO0O0O0g Newton-Raphson DODOOOOOOOOO
0 ONewton-Raphson 0 000000000 fO0000000O0O f(x)=0000000000000

C)
A= e
0000 (g(a) =00 ¢) 000000000000 2 =2n_1 — f(@n1)/f (#n_1) 00000

0oo)
00000000000000000000000000000000000000000000
00000 dz 0000

o _ 9@ +dx) — g(x)
dooooobooooooooooooooooooooooooooon

# 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(z), f(f(2)),

...00000000fz)=fY(2) 0000000 f*(+) 00000000000000000
00000000000 |f~(z)—-f(z) 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 HEHHFHHEHHE

O000000000Newton-Raphson D OO OO OO0O0OO0OOOOOOOOOO0OO

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

oooogooo
000 00Newton-Raphson 00 f(x) =0000000000000 0000 guess 00O
ooo

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

# 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(:c)deDDDDDD integral f a bUUOUODOO

DDDDDDDDD/ sinzde OO 0000
gooboooooobooboboooboobobooobOOooDoOOooDOOoOoDbOOoOoDOgd b—a
On000D0O000OCO0JOO0OOO0ODOODOOO ODOODOsO00DDOODOOOODOO

(fla+(@—1)0)+ f(a+1id))-0
2

goboobogn

Exercise 4.2 0000 3.70 pow OO0 OODOOODOO0OOO ODOOOOOOOODOODO
(pow n x) 00000300000 cube J00OO0OD0OOOOOOOOOOOOOODOOODOOOO
0000000 (pow x n)0Ocube 0 pow 0000000 ODOODOOODOO?

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

gbobooboobbooboobbooboobbooboo

4.2 000

gboooobooboooobobobboobuoboboboobobbooboobobboobo
ubbgobuoobboobobo bbodbobooobuoobboobuobuodiblint * int OO0
gbooooboogoo

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

oboooooooboobuoboobob0booooob0obDOonDd dnt * float) * string OO
gbooboooooooooooooooooogooDog

# let fst_ifs ((x, y) : (int * float) * string) = x;;
val fst_ifs : (int * float) * string -> int * float = <fun>
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gbogoobobobooboobobbooboboobobooboobooboboobooan
ooooo0oo0o0ooOo0ooOoOobOoOOoooOooowoooobooboobobogoboboooooo
voogbooooboboooooboobooboooboboooobobbooooboboo
ocoooooobr»oO0oO0ooOoOoOo0oO0obDoOoboo0oDbDooboOooooooD?
00000000000000000000U0D0DODU00D0D0D0DDD0D0DO0D0DOOOO0OOO0 (int
0 int0000 int * float 0 string) 00 0000000000000 0DO0OOO0OODOOOOO
gobooobooooboboogobobooboboooooooooboooboobbooobooboo
gbobogoobooboobboobooboooboobooonoo

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

’al b 0000 (type variable) D0 0000000000000 0O0OOOOOOOOOUOOUODOOO
000000 (polymorphic function) 00000 fst 0O ’a * ’b -> 2000000 T1, T2 0
O000T1L * T2 -> TI00000000000(@QO00O000000 V’aY’b.(’a *x ’b => ’a)
000000000000 00)000Objective Caml 000000000000 OOOOOOO
gooodoooooooooooooooooooao

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

0000000000000 0oUoUUoLoLOLObL0ULOLOD 0oL b UoooooLoooooO
0000000000000 UL0LOLO L0000 oUoooULooOLLoLooooO-
0000000000000 00(ooooooOoooUoOoboooon)

fst (2, 3);;

: int = 2

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

: int * float = (4, 5.2)

#

#
Uobo0oubdgoibid ’a,’b0d int 0000000 ?al int * floatl’b U string 0000
gobooooobooobboobooubibDOfst 0000000000000 00 int * int -> int
O (int * float) * string -> int * float OO OO0 OD0OODOODOOOOOOOOOOOO
000000000000 000000o0ooOd (polymorphism) 000 00O0O0OOODOOOOO
000000000000000000000000000000000000000 (parametric
polymorphism) 0 0 0000000000000 O0O0OOO0OO0OCOOOOOOOOOOOOOOOO
0000000000000 00000oO00OD0DO (OD)oboooOOoOoOoDUUUObDOoOoOO

0000000000000 00000000000 ida 00000 (identity function) 00 00O

Uboboboboboo0ooooboob0obobO0obU0obOoD «eply 0O ODODLOODODOO
uboooboooobooobooo

# let id x = x;;

val id : ’a -> ’a = <fun>

# let apply £ x = f x;;

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

apply DO DOUODOCa > )0 f0000’al xO0000000O0O0O a00000OD0OODO £0O
xgboboboobo f0 x0b0oboobooooboooobooboooboboobooboobooobooboon
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abs;;

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

: int =5

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

H I O H

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

O00000000ooOoOCocO00O0oooo? st 0000000000 0O0O0DODOD (x, y» O
gboboooboboooobobooboboomboobooboobobooboboobobooobOoonoo
uboogobooobooobooboobooobbobo oo x,yOuooooooooobooboo
U0000bo0booob0oboobbDObDepplyD0DO0OO0DO £f00000000x0000000O0
000000O0O000O0O000OO0O0000O00D0OoOO00CODOO00D0ODOOO0O (DoDOOo
0000000)0000000000000000000000OO0O00000OOOO0O0OO
ubooooobobobooooobobobooboobob ’a*x b > ’all0000O00ODOOO
ubbooboobobooboobboooboobbooobooboo

goooo0o oboobooooooooooobOoobOo0bD +00booboobbogooog
0000000000000 00000000000O00OoOuoOUn (ad-hoc polymorphism)
00000oogooooooooooooooooooDooooOooOoOoOooooooooooon
00000000000 000000000O0O (subtyping polymorphism) D000 0O0O0OOO

4.2.1 let000O00O0O

Objective Caml 00000000000 Olet(00000OOO0) 0000000 OOOOODOOO
00000000000000000000000000000000 x0 (id00000000
00D0)00DoOoOoOOO0O00o0oOooDooOD

# (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

000000oboodddx 1000000000 x000ddob0 int0000o0oboooooon
OU0O0Oflecat U0 OOOUOOOOOOOOOOOOOOO
000000 leeO0000OO00OO00OO0O0ODOOOO0OO0OO0OO0OO0OO0OOOODOOOOOOO0O

doboootuoouoougouuoodooooonooooooouooboooooon
bbb oo o000 UoDoO £0 x
0000000 double DO OOO

# 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>>"

goooooobooooooooooooooo40b0bO0obOobO0obOobOobOoDbODbDOD
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# double double (fun x -> x + 1) 3;;

- : int =7

# double double (fun s -> "<" ~ g =~ ">") "gbc";;

- ! string = "<<<<abc>>>>"

0000000 lee0000O0D00O0ODOOO0OOO0O0OO0OOOOOOOOOOOOODOOOOOO
O0o0o0o0o0ooooon

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

0000000000000 D0O ’ a000000000O0DOO0O0OODODOO0OODOOODOODOOOOn
O000O0o0O0ooOOoOobOoOo0Oo0o000ooooooon

# fourtimes (fun x —> x + 1) 3;;

- : int =7

# fourtimes;;

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

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

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

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

fourtimes 000000000000 int 00000000000 O0O0OO
00000000 (value polymorphism) 00 0000000000000 0DOO00O0O0ODOOOO (7

O000)00000000000000000000O0DOfourtimes 10000000000 OOO
gbooaoo

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

00000000000 00000O00oO00O0000 (D00 fun0000)000O0O0OOO0OO
# fourtimes’ (fun x -> x + 1) 3;;
- : int =7
# fourtimes’ (fun s -> "<" ~ s ~ ">") "abc";;
- ! string = "<<<<abc>>>>"

4.2.2 0000000

0000000 Objective Caml OO OO0OOOCOOOOODODODODOOCOOOOOOOOOOOO
gboobobooboboboboobobobuoobobooboobobooboboboobon
uboboobooboobobooboobobooboobobooon

gbobooooobuobuoobbfun x > x + 1000000000 int —> int00000O0O
ubbooboobboobbooboobobaooboo

e +[] int -> int —> int DUUO0O0O0OO int 00000 OOOOOO

e x0OU0D0DOOUODDOO+0D00O00D0DO0xD0O int 00000 OO0OD0DOOO0ODO1
0000 int 00000000 0000O0DO OKDOO
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e x int JO0OOO0ODOO0OO0OOx + 10 int 0000
ex + 10 int0000DO0DO0OD xODOODODODODODOD int > int 0000

OO000D0OO0ODODOODDOObjective Caml OO0 O0OO0OO0OO0OOOCOOOOOOOODOOODOOO
goooooogooobooobooobbo10b0bo0boobooboobobooobooooboo
ugobooobooobbooboobobobobodob ifggboobooboooboooboooobon
0000000000 (Ox00 a0 int 00000000000 DO0)0000O000OOOOOO
gboboobooboobooooooooooooooooooooobooooooooooonoo

fun x -> if x then 1 else x

0000000004if000000 if 00000 boolOOODOOthenOOelsedOOOOOOO
0000000000 0x000000000000 ’a2000004dnt =’a=Dbool DDOOON
000O00bOO0o0bObOOo0obOO0o0bOoOoo0bOO0o0obDoOOoobOOoobDoOooDbOoOon

00000000000 00000000O000000 1let000D0O00ODOOODOOODODOODOOO
0000000000 (D0000)0D0000000O00O0UU000 apply00000f, x00000
00000 ’a,’p0000 £ xO0000000f xO0O0O °cO000O0a="b->cO00000
fun f x -> f x0000 ’a -> ’b > c000000000000000CD => ’c) => b => ’c
gooad

0000000 (0ooO0o00ooO00b0o00)0oO0DU0OoO0D0ODOO0OU0OOOooDOoODOOoOooOO
000dooooOoooooooooooboooo0oooooo0ooooooofstooooon
O0Oint * int -> int0float * int -> floatl ’a *x ’a —> ’a 00000000000 OOO
000 ’a*’b->’al00 (00000000000 OOOO0OO)0D0OD0O0O0OOODOOODOOO
O’ax’a->2al0000000000000D0OO0OO0OODODODOOOODODODOOOOOOOO
0000000000000 00000a *x’a > ’alll00000000O0OOOO0OOOOO
O00000000000000 (00000000 00D)0D00000OO0 (principal type) 00O
Objective Caml (O Standard ML, Haskell) 0000 0000000000000 O0OOOOOOO
0000d0000dboo0obDooooobOo0bO0obOOo0bOoooOooDoOoOooOOooDoOooboDoOooDOoan
do0ooobo0oooooooboooooa

gbobooboobOo oobooobooboobouobooboobooooboooboooboobooboooboo
00o00o0o0o0o0ooO0oo0oo0oo0o0oD0oo0/O00D000OULOO0O0oooo
00oo0o0o0oo0oo0o/ooo0oo0oo0ooDO0oo0oU00o00O00oooooooooooo
00000000000 Newton-Raphson 00O

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

0000000 newton_method UUOUDODOOUOODDOOOOOnewton_method OO OUOOMO

0000000 yOOO float 0000000000000 DDUOO0OOO fun (y : float) -> ...

obooooOobooooobooooooboooonog
gbooooboboboobOobooooboooobooboooooboooono £fst O

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

gbgbobooboooboboobobobbooboobobobobobobooooboooan
oboooooboooonbon
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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

gboboooooboooobooobooobobooobbooooooobooboooboooooog
gobooboobooboobooboobbobobooboobooboobooboon
goooboooboobgn

4.2.3 Case Study: DO DO OO0

000000000000000000000000000000000000000000000
CPUOOOOOOOOO0ODOOOOO0OOOOOOONOOOOONONONOODOOONONONOOOOOOnO
00000000000000000000000 A0O0O0O0O0O0000000000000000
A00000000000000000000000000000000000000000000
000 (Objective Caml 0 fun 0)000000000000000000O0000000O0O0COO
0000MADDO00000O000000000000000000000000000000000
000000000000000000000000000000000000000000000
00000000000000000

0000000000000000000000000000 fog (OOO(fog)(z)=f(g9(z))
000)000 o0000000000 f,¢000000000000000000000000
000000000000 $0000000000O0

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

ubobooboobobooboobooooboobooonon

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

- : float = -1.41421356237

000oooo0o0oo(--.0000000O0000OO0O00OODOO0O0D)OD00DOOOO0OO
ubogoobobbobooboobobooobobobobooobuooboboboboooboan
googooobogoo

O000000000000000000 id0000((@COo0O00O00000 I0D0000000
O0000)id £f0 f0000000000000 /000000000000 OOOOOOOOO
googno

(sqrt $ id) 3.0
(* Without (), it would be equivalent to sqrt $ (id 3.0) *)
: float = 1.73205080757
(id $ sqrt) 3.0;;
: float = 1.73205080757

I #  H HH
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KOOooooooooooooooooooooooooooooooooooooooboo

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

kx0O0OODOODODOO x000000000

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

OO0 sooooboooboooobooooooooooobooo

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

Objective Caml 0 fun 000 0000000000000 0OO00OOO0OO (fun x -=> x,fun x y -> x (x y)
O00)0 SO KOOOOOOOOOOoOoOoooooooooooooooooooooo aooo
goobooobooboooobooboobooboOoo IDOooDobOO0D SK KOoooooo

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

(0000000000 000OO0)0D000000(@COOD0)ANODDOODD0ODODOODOO0DOOOOOOO
gboboobooboobooboobooboobooboooo

4.2.4 0000

Exercise 4.4 00000 curry U0 0OO0O0O0OO0ODOOODOOOOOOODOO

# let curry £ xy = £f (%, y);;

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

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

# let curried_avg = curry average;;

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

# average (4.0, 5.3);;

- : float = 4.65

# curried_avg 4.0 5.3;;

- : float = 4.65

0000000 (2000)00000000000O0O00O0O0O0OOO0OOOOOOO0 uncurry O
googoood

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

Exercise 4.5 OO0 OO0 repeat [ double, fourtimes 0O ODODO0OODOOOf O nO0Ox
gbooboobobooobo

# 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>
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gooobooooooooooooooboono fip000000O00O0O0O ...00000000
let fib n =
let (fibn, _) = ...
in fibn;;

Exercise 4.6 0000 funny 000000000 O0ODOOOOO0O

# let rec funny f n =

# if n = 0 then id

# else if n mod 2 = O then funny (f $ £) (n / 2)
# else funny (f $ £) (n / 2) $ £;;

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

Exercise 4.7 s x kx 000000000 DOO0OO0 sk k 100000000DOOODOODODO
goooogod
O00fun xy > yO0OO0OUOOODO0OUOOO0OOO0OOO0 sO0 k00000000 (funO letO
O0000000o0oooD0O)oooOoO0ooooooooo
# ((xs, xO OOODOOOOODODOO %) ) 1 2;;
- : int = 2

Exercise 4.8 double double f x 0O f (f (f (f x))) DO0OOO0OOOO0OOOOOOOOOO
ooad
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st bbb otdb: oo

0000000000000 0000000000000O00000000O0O000000O (lsts)
00000000 (Do0)00bo0O0000000000O0o0OUO0O0OO00DDOOoUOOOoDO
ugbboogobuodgboobboobouoobbooboobboobuoobboobuooboban

5.1 JUo0oogn

0000000000000 000000O0b0000O0b0000O0b000 ;00000000
oooooooooao
# [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"]

oooOoooo “(DDDD) list” 0000000000000 00000000 (Objective Caml
00)000000000O0O0000000O0OD0O0O00D00OODOOO0OO00OOOODOOOOO
O0o0ooooooooooooooooooooooooooooooooooooooon
oooooooo
# [1; ’a’];;
[1; ’a’];;

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

# [-31;;

- : int list = [-3]

gooboboooobooboboooooboboooooboboooobobboooobbbooon
O0000o0o0O00OoOo0o00ooO00O00oO00OOO0O0D0OOO000DOODOO0O (DoDbDoo
0000000000000 ooo)o

gbooboboobooobooboobooboboboobooboboobobbooboobg
ugbboobobogbooboooo

e [10000DDO (empty list, null list) 00000000000

e J00 /0000 (ODOOOOODDOOO)0DDeDODOODODDODO (e::!l0D0D)0DODODOO
god

gboobooobobobooobooooboobobobooobgobb:: 0000 cons 0000
000000 cons) 0000000000 O0DOOOOOOOOOODOOOODOOOO
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# 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]

# (* :: is right associative, that is, el :: e2 :: 1
# let evennums = 4 :: 10 :: [256; 12];;

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

# [1;;

- : ’a list = []

el :: (e2 :: 1) %)

goooboooon . 0000000000000 0000evennums DO ODOOO0OO0ODO:: O
00000 (el :: e2 :: 10el :: (e2 :: 1) 000)0 0O0OO0DO 1 0O0O0O0OO0DOOOOOO
Uodoooobobbbbbbh dddudddgidre list bbb ooo
oooooboboobboooooooooooooooo

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

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

0000 Objective Caml 0 0000000000000 O0O0OO0)0000O0D0O0ODOO0OOOOO
oooo

[e1; ea; -+ 5 end = €1 1t eg 1t --- 1t ey i [

gooog
cons 00000 :: 00000000000 (DOODO)00O0DOOODOOODOOOOOOOOO
o0 ((@oO)oboo000000o0oo0O0000U00D0O0O0OODOO0O0000OD ;000000

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

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

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

:goubobogooobdd..:bobbooubbooubboouobbooubbdd ’a => ’a 1ist => ’a list
gboooboooboooboobooboboboobobboboobooooboooboooboan
gooooobogoo

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

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

[1; 2; 3] :: [[4; 5]; [1; [6; 7; 81];;

: int list list = [[1; 2; 3]; [4; 51; [1; [6; 7; 811

[ S -

2000b0oobboobooboboooboobLb -cgobbooobbo
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5.2 JUUUODDLOUOO0O0OLOD: mtchUOUOUOLOOO

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

0000000 ®OOOOODOOO)ODOOOOOOOOOOOOOOOO:: 0000000
gooooboobooboo

(0000;) :: (0000,)

00000000000 (D0o0,) 000000000 (0000.y00Db0DOODOODOoUbODODOO
gbooboobooboobboobooboooboobooonoo

# (x equivalent to

# let sum_list3 (x :: y :: z :: [1) =x +y + z %)
# let sum_list3 ([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

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

ooobbooobboOdOd&x; vy zl] DDODOOODOO 0 DOOOODODOOODODOOODOOO
uboobobooboobooobobooobooobobooboooboboobooobobooobooan
O0O00O0OD0 “nonexhaustive pattern” U0 D ODOU00OOOOOO0OOOOODOODOOOOODOO
gboboboooboooobobooooobooobobooboooboooboobooooboboo
uoboboooobobooobbbuoobb int 1list O00OO0O0O00O000000O0O00O0000
gbooboobdobooonoooooobooooboobonoobooboboobooboobon
oo

# sum_list3 [4; 5; 6];;

- : int = 15

# sum_list3 [2; 4];;

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

oooooooooooooooooO0OoooooooooooooOoooooOooooo? O
uboobooboboobooobobooboobuooboboboboobooobooobooooboon
goooboboobooboboobooobobobooboobooobooboboobon
ogooooOoOo!'oooo0oooooooboooOoO0oooooooOoOoooObOOoooooooDO
boogoooboobobobooboooboooooboooboooboboobooobooobooon
gboboobogoobd

e OO DOODLOOODO OOODODO

e JO00O0ODO nOO0O00ODOO0ODODO!IODOODOODOOODOO sOODOOORn . lO00O0O0OOO
n+sdodong
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oot ooooooooooooooooboooon
(fact 0000000000 0O0O)00O0 Objective Caml 000000000000 OOOOOO
voogbooogboboooobooboooboobooooobooboooboobooboooobOoboo
ugbobooooao

# 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 1 0000000000000 0O0O0O0
Ub00000000000match 000000 Omatch 0000000000

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

0000000000 (0ywOOoOOoOOoU0OoO0(O0o0O0O,) 00000 oO0oooUoooo(ooO
0,)00000000000O0(0;))000000000DO0(0,)0000000O00O0O0UOO0OO0O0
000 (00000 n,rest) 000000000 O0DOOOOOOOO Objective Caml OO OO0
gboooboooboobboobooboobooboobooboobbobbOodl sum_list
0000000000000 d0cons 0000000 match OOODOODOODODOODO

matchJ O 0O00O000 match O0OO0OO0OO0O00O00O00OO0DOODODOODOOOOOOODODOO
gboboooobooodbbooobboobboobbooobboooboooboooboboan
ubooobobooboobobboobooboobobooooobobooobooooboooboon
bobgoobooooobobobooooboboboboooobooboboboobobooboOono
ubboobogboobbooboobbooboobboon

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

1, vyOOoOooOoooooooooDooDboo3oboooooobooobOoOobooDbooDbooo
goog

00000000000O000O0oO0O00o0o00O0oU00oUo0oUoOOoooOoDOoOo(ooo)oo
ubboobodoboobbodl 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 1list -> ’a = <fun>

goooobogoo

5.3 UJUoooobod

0000000000000 000(000000000)00000000000000O0Od
googbooboboooboobobbobooboobooboboobobobooooobon
gbboobogboobbooboobobooboobooobuooboobbooboan

hd, tl, null OO00O000000O0C0OO0O0O0000000C0000OO0 hd (head O0O), t1 (tail O
O0)0oooooO0ooooooo

# 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 1list -> ’a = <fun>
val t1 : ’a list -> ’a list = <fun>

OO00D0000000DD0OO0 nonexhaustive 000000 0Onull OOOO0ODOOOOOOODOOO
uboboobooobood

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

-> false;;

function 000000 fun O match U0 O0OO0O00OO00O0O0O0OO0OO0O0O0O0DOO
function (O O0OO;) -> (O4) | ... 1 (O0000,) -> (O,)

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

ggoobobbooooobboooooobobbboooobboooooobobobooooan
goo

null, hd, t1 (0 if) D000 match 0000000000000 OOOOOO
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nth, take, drop OOOnO000O00O0D00O0ODO nth, nO0O000O000OOOCODOOODOOO
takeUn 000000000 0O0O0000O00D0DO0ODOO0 deop00000O0D0ODOOOOODOOOO
ooooo

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) (tl1l 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 OHHH HH

gbboobuoobbobobuodbdnbbo0oboobboobooboo

3; 2; 1; 01;;
; 6; 5; 4; 3; 2; 1; 0]

; 4;
7

# let ten_to_one = [10; 9; 8; 7; 6; 5
0; 9; 8;

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).

length OO0O0OO0OO00OO0ODOOO lengthOOOO

# let rec length = function

# (1 >0

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

length U0O0O _O0000O0O0O0O0O0O0DOOOOOOOOOOOOOO0OOOO0OOO0O0O00OO000
gbobooboobboobooboboooboobboobooboooobooonooo

# length [1; 2; 3];;

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

U0 length DOOUOOOD0OOO0OO0OO0DOOOOOOODOOOOO0ODOODOOOOODOOOOOOO
(000 s0000)0

append, reverse O0O00 append DO 0000000 O0OODOODOOODOOD append 11 12 0
ooooono
e JIDOOU LOODOODOODO L,DOOODO

e 0D »0D00OUDO J00U0OOUO0IOOOODOOUOLOOUY O IO0DD0OUOO vOOO
ooooogog
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ubbooboabod

# let rec append 11 12 =

# match 11 with

# [1 -> 12

# | x :: rest -> x :: (append rest 12);;

val append : ’a list -> ’a list -> ’a list = <fun>
# append [1; 2; 3] [4; 5; 6];;

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

U0 eppend DO 00011 00000000000 0O0DOO0O00OO0DOO0D1200000000
0000000 append 00000000 Objective Caml 00000000000 e0O0O0OOO
ugboogn

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

U0 append DU UOUOUOOOOOODODODO reverse JOODOOOOOO

# let rec reverse = function

# 1 -> 10

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

goboboooobobbooooobobooooobbbooobbobioodn append OO0

Uob0booboooobobobo0b0obbO0b0DreverseJ0000OO0O0OODOappend

Ubo000O0b0b00bOD append DO0OO0OOO0OOOOODOOODOODOODO -1000

append U0 OOO0OD0OOO0O0OOO0O0OO0O0O0OO0O0O0O0OODOreverse DO0OOOOOOOOOOU

gboboobooboooboobooboboobooboboobooooboon
gbooooooooooooooon

# let rec revAppend 11 12 =

# match 11 with

# 1 -> 12

# | x :: rest -> revAppend rest (x :: 12)

# let rev x = revAppend x [];;

val revAppend : ’a list -> ’a list -> ’a list = <fun>
val rev : ’a list -> ’a list = <fun>

UO000000 revAppend DO O0000OO00O00O0O0 120000000000000000000
gbooboobodngobooboo120000000

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

00000 append 0O 000D DOO0OO0ODO0O0O0OODO0O0OO0DOO0O0O0O0O0DODO0O0O0O0DODO revAppend
boboboboobobooboboobo

# rev [’a’; ’b’; ’c’; *d’];;
- : char list = [’d’; ’c’; ’b’; ’a’]
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map map UUOOO0O000O0O00O00O0OOO00O0OO0O0OO0OOO00O0OO0O00O0O0O00O00004d

oogo
# let rec map f = function
# 1 -> 10
# | x :: rest -> f x :: map f rest;;

val map : (’a -> ’b) -> ’a list -> ’b list = <fun>
OO00000DO000O00DbO 200000 mepOOO0OO

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

U0b0000000Dmep 0000000000 DOO0OODOOODODDODa > 0000000
uboobooobogobobboboooobooboobobboboboooboobooobooon
gboogobooboboobooooboboobooboboobooboboboboobooobn
ggooooboooboboooboobobobooboobooboobooboooboooboobobobooboo

forall, exists forall 0000000000 0O0ODO (D000 veol JOODO)0ODODODODODDOO
Ub0b000bo0boobbO0Obexists U0 ODO0OO0OO0OOOODODOO0ODOO0OOOODODOOO0
goboobogooboooo

# let rec forall p = function

# [] -> true

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

# [] -> false

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

val forall : (’a -> bool) -> ’a list -> bool = <fun>
val exists : (’a -> bool) -> ’a list -> bool <fun>
# forall (fun c —> ’z’ > c) [PA’; 7 7; +°];;
: bool = true
exists (fun x -> (x mod 7) = 0) [23; -98; 19; 53];;
: bool = true

1 H

OO0000D0 fold U000 sum_list,append O O000000O000O0O0D0OOODOOODOO

0000000000000 000000000000000sum_14st O [i1; i2; ...; in], O
ogd

il :: i2 2 ... ::odin o [
ogd

il + (i2 + (... + (in + 0)...))

O00O00 append [el; e2; ...; en] 120

el :: (e2 :: ... :: (en :: 12)...)
000000000000 o0oooooooono

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

goboooooooboobboobooobobobodobboobo0bibd fold_right O O0O0O0O

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

oboooooooogog
OO0 fold_right, fold_left OO ODODOO

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

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

# let rec fold_right £ 1 e =

# match 1 with

# 0 ->e

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

# let rec fold_left f e 1 =

# match 1 with

# 0 ->e

# | x :: rest -> fold_left f (f e x) rest;;

val fold_right : (’a -> ’b -> ’b) -> ’a list -> ’b -> ’b = <fun>
val fold_left : (’a -> ’b -> ’a) -> ’a -> ’b list -> ’a = <fun>
# fold_right (fun x y -> x + y) [3; 5; 7] 0;;

- : int = 15

# fold_left (fun xy ->y :: x) [1 [1; 2; 3];;

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

fold_left, fold right DO UODOOOOOO consUOOOOOOOOOOODOOOOOOOOO
goooboobobdobOmep 000000 DbO0OO0OO0OLOODODLDO0ODODODOODOODOO0
gbodgboobobboobuooboouoobuoobobobuobodobddid map O fold_left O
U0 fold right 0O UDOODOOO0ODOOO0ODOOO0OO0O0OOLength DOODOODOO map O
gbobi100b00boobbooboobbooobooobooo

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

goboobooooboooo

gbobdg oboboboooboboboobopoooboobobobooobooboboboooo
O00000000000000000000 (association list) 0000000000000 0O0O0O
Ooo0oOoOooooooooooDoOoOOOoO0OnbD (e, )OO0 a0 O0OO0OOPO0000O0D0O0O
good

gbboobobooboobboobtboobbuooboobbodboobbooboo
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# let city_phone = [("Kyoto", "075"); ("Osaka", "06"); ("Tokyo", "03")]1;;
val city_phone : (string * string) list =
[(”Kyoto”, 11075::); ("0saka", ”06"),' (”Tokyo”, 110311)]

gboboboboboboooooobobobobobOobobbO assocOO0OO0O0O
oooogoo

# 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:
[1

.................. function

(a’, b) :: rest —> if a = a’ then b else assoc a rest..

val assoc : ’a -> (’a * ’b) list -> ’b = <fun>
# assoc "Osaka" city_phone;;
- : string = "06"
# assoc "Nara" city_phone;;
Exception: Match_failure ("", 20, 85).

gobogbooogboboogoooooobooboooobobooobobooboboooboo
gboboboobooboboobo

54 Case Study: DO OO QOODOO0O

00000000000000000000000000000000000<000000 (0
000000)0000000000000@O000 <000000000000000000
ooooon)

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) OO0 000000O0O0O0OO0OO0OOOOOOOOOOOOOOOOO
ubobooboobobooboobbooboobbo0nd 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)

Oas000O0O0OO0000ooOoOoboooooboooooooa <[] O > goooogoooood
U000 x ::y ::rest 00000 x :: 100000000 insert J0000O0DOOO0O
ooo

# let rec insertion_sort = function

# 0 ->

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

googoood

000000 insert, insertion_sort DO OO O0OOOOOOOOOOOOOOOOOOOOO
O00000000000000000000000000000000000 (quick sort) 0 C.A.R.
Hoare 00D 0DO00DOODOODOODOO0DO0DOOOOOOO (divide and conquer) 0000000
gbobobobobobod

e 000000 DOODOODOOOOODOODODOO
e U0 DOUOUDLOUODLDOODLUODLOOODLOODLOOOn

e O U0ODLOUOUDLDUODLDOUUODLLODLDDOUODLOODLDOODLOO

let rec quick = function
[ > [
I [x] —> [x]
| x :: xs => (* x is the pivot *)

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

H HEHHFEHHEHHAER

00 quick 0000 append 0000000000000 O0O0DO0COO00OOOOOO (append OO0
O00000000000)000000000O000000 nO0OO0OOO0OO nlognOOOOOO
gboooobooobooboood

insert_sort (snd (randlist 10000 1.0 []))

quick (snd (randlist 10000 1.0 []))

O000000O0(snda 00000000000 OO0OOOOOODODOOOO)
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5.5 UUOO

Exercise 5.1 00 000000000000 DOOO0OOO0O0OOO0OOOOOOODOO0OODOO
ugbboobooboboobobooboobobooboboooboobooobooboonbobo

1.

2.

3.

4.

5.

6.

(1]

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

(3] :: 01

2 :: [3] :: 101

(1 :: 0

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

Exercise 5.2 sum_listOmax_list O0match D000 null, hd, t1 0000000 O0OOO0OO
match 00 0000000000000 O0O00OO0O00O0O0OOO0O000O0

Exercise 5.3 12 0000000000000 0O000 append DOOOOOODOO

Exercise 5.4 U0 00000000

1.

2.

Ubodn00 0000000000000O00000O004 downtoOO

0000000000000 0000(@CO0)000000 romanO(I=1,V =5, X = 10,
L=50,C=100,D=500M=10000000)0000roman DO O000O0O0O0O0OOOO
gooobbooboobooobooboobboobooboboobooboobobon
ooooooooooooooooog

roman [(1000, "M"); (500, "D"); (100, "C"); (50, "L");

(10, "X"); (5, "vV"); (1, "I")] 1984
—> "MDCCCCLXXXIIII"

4,9, 40, 90, 400,900 D0 O0DO0OO0OO0OOO
roman [(1000, "M"); (900, "CM"); (500, "D"); (400, "CD");
(100, ucn); (90, nxcu); (50, "L"); (40, "XL");

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

goooooogan
gbboobboobuodabbobobuooboobbooboobboobodibd concatl

concat [[0; 3; 4]1; [2]; [5; 0]; [11] = [0; 3; 4; 2; 5; 0]

000000 [al; ...; anl] O [b1; ...; bn] OOO0O0O0O0O[LCal, b1); ...; (an, bn)]
00000 zipO(OOOOODODODODODODOOODOOOODOOOO0D0O0O0DO00O0ooooo
ooo)
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5. 00 0000000000000 (bool DOOOOO)pUODOOUOpOOOOOOOOOO
00000000 filterd

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

val positive : int -> bool = <fun>

# filter positive [-9; 0; 2; 5; -3]1;;

: int list = [2; 5]

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

1

6. bgboobooooboooboobooboobooboobooboobooboooo

0000000000000 0000oOO0O0O00oooOOoo0oooOOoo(obooooooo
0000000000000 0000oooooooon)

Exercise 5.5 £, g 00000000000 Omap £ (map g 1) U map U OO OODOOOOOOO
O0ob0o00o0O0O00Omap (fun x -> ...) 10 ...0007

Exercise 5.6 forall, exists 0 fold_right, map 000000000000

Exercise 5.7 quick 000 e J00O000DO0O0OD0OOquicker 0O0ODOOOOODO 100
sorted O UODOOD0OOD0OODO0ODOODOODO 1000000000 0DO0O0O0DOODOODOODOO0
ooooooooon

let rec quicker 1 sorted = ...
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060 0O0O0OD0O/O0D000OD0OODODOO

boooobooooobobobobobobooobooboboboobooboboboboooan
googoboobobobooboobuoobooboobobobooboobobooboobobon
gbggobobooboooboboobooobobooboooboboobooboboooboood
booooooboobooboobooboobooobobboboooboooboboobooobooan
gooobooboooboobooooboobobbobooboobooobooobDoboobon
gbggboboobobobobuooboboobuoobobooboobooboobobboobod
0000000000 (Objective CamlO0OO00)0 00000000000 OOOOOOOODOOO

6.1 UUOOOO

gboobobobooboobooboboobobobooboobooboobobobooboobong
gobogboboogbobooooogoboooobooooboboooboboooooooboo
00000000 (field)D0000OO00O0O0OOOOOOOOODODOOO

gogoboobobobobobobobobobboobobobobobobobbbobbbbbbbbbbb00 name
uboboboboboobU iddbobooboboboobbo0obob00bOdOtype OO
uboboobooooboobooooo

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

student O O00O0OO0000OO0O0O000O0O000O00O0OO0O0OO0OO0OO0OO0OOOOO0OO
ooooooo{ryooobooobboooooobo

type (00 ) = {{000000,) : (O4); ...; (00D0O0O0DO,) : (O,
00000o0oooooooon
{(0000004) =(0y); ...; (000000,) = (0,)}
oooooooooooaot

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

gboobobooooboobobobobobobooboobooboboboboboobooba
ugbobgobodgboobbooboobbooboobbooobooboab

(000000, =(00004); ...; (000000, =(0000,)}

Y(0,),(0,) 000 ;00000000
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ugboobooboaoo

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

# string_of_student stil;;

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

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

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

gboogoobooboobboobuooboobbooboobobooobooboonobg

{00000 ) with
(00000D0,) =(0000,4); ...; (000000,) =(0000,)}

gbobooboobboobooboooboobooobooobooon

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

val t1 : teacher = {tname = "Atsushi Igarashi"; room = "140"; ext = 4953}
# let t2 = {tl1 with room = "142"};;
val t2 : teacher = {tname = "Atsushi Igarashi"; room = "142"; ext = 4953}

ubooboobooboboooobobobOwithODOOODODOOODOOO0DOO0OOODOOOO0OO0DO0
Uobooboobobooboboosy1gbo0b0obb0oib0 reomJ0O0O00O0O0O0O0O t2000
ubboobooabbood

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

t10002000000000000000000

gobooboobooboobob ooboboobobooboobooboboobboboo
booboboboboobuooboboobooboboobooobobooobooobooboobooan
gbooobooobooboobobooboboobooboboobooboboboboobon
ocoooooobo{...»000ooobo0oooUbLb0 boobboOooobbooDboOooD

let £ (x : {name : string; id : int}) = ...
g0o0o0oOoOoC0OOoOOoO0OoUoOoooDoDooooOoOgo
type student_teacher =

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

ugbboobuoobboobuoobboobuooboboooboobooon

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

# let st = {s = {name = "Taro Yamada"; id = 123456}; t = ti1};;
val st : student_teacher =

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

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

00/00000000000000O00O000000 00000000 00OooooOoOooOd
gooboobooboboobobobooboboob wypelooboooobobobooo
bgbobooobobobuoobuoooboobuoooobooobooooboboboboooan
gboboobooboobbooboobbooboooboobooobooon

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

U000 name DO O00OO0D0DOO00O00O0D0DOO0O00O0O0O0000O000O student UODOO0
U00Oname DO OO0D0OOO0OO0DOOO0DOODOOODOODODO

# {name
{name

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

P e e e e R R R PN AN

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

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

0000000000000 00000000000 (name space) 0000000000 O0OOO
gbooboobooooooooooooooooooooooobooobooboboobgonDo

6.2 UOOOOOO

gboboobobbobooboobobobobooboobobooboobobboboobg
ooobooooooooboo40bobobobobobobobobobobobobobobo

e IO DOODLOODLDODDOODLOOO

e 00D DOUDOLDOODOUDOOLODOLDOODLOLDODOODOODLDDOOD 44,9000 O
gooooooooooooooooon

e J00IO0ODOODOODODOODODODODODO

e IO DOODOODDOODLOODDOODOODDO
gboboobooboobbooboooboooon

e (2, H)0D00OIOOOODOOOO400000LDOODOOODOOD

e JUIDDOODLOYTDLUOOLOUODODOODLOUODDODO
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O000000000O000000oooOOo00o0U0o0bOOooOOO0 (oo 0DobOOoODODOOoOO
0000)0000000000000000000000000O0O0O00000O0OO0O00OO
((2, 40 800)000000O0ODOU0O0OUDOODOOUOO(UDDODOOOOD)ODDDOOOOO
ubobgoobooan

gboogobooboobboobooboonoDbn

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 HHHEH

Uoboooboobboob0oobod typeUOOO0O0ODO0D0Ofigure D0ODOOO0DOOODOOOPoint,
Circle, Rectangle, Square D 0 O 000 OO (constructor) 00000000000 O0O0OOOO
g oooobobobbbbbbbbetft UL UUUUUULOUULULLO
000000 of 000000 D0DODODODUDDODODUDDOODUDOODODUDDOOOO(@MOO
0000000000000o0oU0oO00oo0UOo0U00O0LOO00LOO0OUO0OULO)DLOOUDOOO
ugoooobobobobbtbotboddoooooooooboobdooooooooboobobooooa

# 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)]

gbgbgobobboboobuooboobobbobooobobobobobbooboobg
ooboooobbooobobooobbuoooboboobobooobbdd matchODOO0OO0OOOOO
uboooooooooooooooogonoo

(0000O000) (0oo0)

000000000O00000O000oooO0o0 (000D )000DoDO0oUooOoOOoO(oooo)-
gboboobooboobbooboobbooboobbooboon

# let area = function

# Point -> O

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

# | Square 1 -> 1 * 1;;

val area : figure -> int = <fun>

O0000000000000000000function 00000000O(O 500)

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

#
#
- : int list = [0; 25; 20]
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uboooboobodo obobobooboobobooboboboboooooboboobobobooboon
uboobooobobooboboobboboobobobbooboboobobd erdo O
voogbooogboboooobooobooooobooooooobooboobobooooboboo
O00000000oo(@oOooooooooooooooon)

# let enclosing_square = function

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

val enclosing_square : figure —> figure = <fun>

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

gbogboobobbooboobobooboobobooboboouooboobobooboan
00 ((@O)0oo((@O00000000O000U00 ->00000000000000)0000/00
ooooooooon
gbboobbuoobobooobobooobboobbooobuoobbooobobooboboan
gbooboobooboobbooboobboioborgbo0obbOo0obO0nbDObOOn

# 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

goooooobooboobo obooboboobo0oooboboooobobooobooboon
booboooboobooboobooboooboob

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

ugbbogobuoobbooboobobod
gbobooboboooobobogobooooboboboobobobonooobobobobon
gooboobooboboobooboooboobbooobooboooboobboobobo

6.3 UUOOogoooon

000 Pascal,C,C++ 0000 (enum 0)0000000000C000OO0O0OOCOCOOOOOO
oboooooooooooooog

# type color = Black | Blue | Red | Magenta | Green | Cyan | Yellow | White;;
type color = Black | Blue | Red | Magenta | Green | Cyan | Yellow | White
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enum 000000000 COODO CcOOOOOOOOODOODOOOOOOOOOOODOODO
0000000000000 0D0)000000008UOUOO0DDUUUDOODODOODOOO

# let reverse = function

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

boolODODODOODOODOODODODODOD

type bool = true | false

Ubb0ifd0 matchOOUOOOOOO0OOO0OOOOO

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

oooOooOoOooOoOoOoOoOoOoDoODDODDODOO typeODODDOOOOOOODOODOODOODOODoOO!
ubbooboobobooboobobooboobboobooobobooon

goooboobo 0boobobb ofubibobiboboobuooboobooboobon
gbobgobooooobobooboobooboboboobooooobobobooboobobooboOoDo
ubbooboobobooboboobooobboobooonoboobooon

e J00OOOODLODOO
e 0000 10DODODODODOD

oobmioooboobbooboobbooboobobooboobbooboobbOoon

# 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)

gbboobogboobbooboobboobooaoboo
e J00ID0UD nUIDODODO nODOODO
em 0100000 nO0DO0DODODmO nDOO0DLOODODO1000000O0O

googoood

# 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)))

O0O0000ODOOO0OO00O00ObDbOOoO00o0DoDOOOU0O00O0DOnD zeroOOOOO DO
OneMoreThan U cons U OO OO0 OOO0ODO0OD0O0OO0O0O000O0O00O00000OOnat 00O
vboboooobooboooooooooooooooooooooooooooog
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# type intlist = INil | ICons of int * intlist;;
type intlist = INil | ICons of int * intlist

(O0O0OoOooooooooooon)
gbboobbuoobbobooobbduoibb and 0000000000 OOODODOOOODODOO
gbooboobooboobbooboobbooboobbooobooboboonoobg

# 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_f1l_list

type str_fl_list = SNil | SCons of string * fl_str_list

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

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

0000000000000000000000000000000O0O0000 2000000 (O
O00000000o0oo0o0O0000OooooD)booooOoooOoOooooo

# let rec length_fs = function
FNil -> O
| FCons (_, rest_sf) -> 1 + length_sf rest_sf
and length_sf = function
SNil -> 0O
| 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

H H HHH

Ubooooobdobd intlist OUO0O0O0OO0OUOstringlist DO0OUO0O0O0OO0O0OO0O0O0OO00O0O0
gboobogooooobooooon

e JOIODODOODOODODO

e 100 ...1list 00000 0OODODOO0ODOOO

O00DO0O00D0O0O000O0O00DO0O000DOO00DOO0O0DOOOn Objective Caml DO OO
O0000ooo(@ooo0)0D00b0oOo0000oO000oOO0O00OO0D0OoOOOoOOooODOOOO
gboobooobobboboobooboboboboboobobooobobobbobooboooboan
goboboboooobobobobooooooooboobobobooobobobobooooon

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

obooboobb’abd0dbboooboobooon
gbobboobuoboobdoboboboobobboboooboboboboobobobon

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

Ubodl Nene UODOOOOOOODOOOOOOOOOOOOOO0OOOOO0OO0O Some vO OO
00 vOOOOOOOOOOOWava, CO0O00Onull O0O0O0O NULLOOOOOOOOOOOOO
O000000000)0000000 ccaml JO0OOOOOOOOODODO
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oooooooooboooOoo OooooobooOoboOoOooOobOOoOOOoOoOooOobDOoboooobono
ubooboooboobooboobon

type [(DDD1>] <E||:J1> =

(00D0000n) lof (O)] | --- 1 (0000000,) lof (O1,)]
and [<DDD2>] <[|D2> =
(0000000g) [of (Do)l | -+ 1 (00000009, Lof (0ol

and [(O000O3)] (O0O3) = ---

6.4 Case Study: 00O O

O(tree) 0000000000000 O0O0DOOODOOO0O0OOOOOOOOOODOOOOOOOO
0000000000000 000000000D0DO(nede)000000OO0OOOOOODOOOOOO
00000000 (childnode) D0 DO000O0O0DO0OOODOO0OOO0OOOODOOOODOOODOOO
OO(reot) D00 O00O0OO0DODOOOOODOOOOOOOUNIXODOOODOOOOOOODOOOOO
0000000000000 00000 (00)0 nO0D0D0D0OD0OD0O0O0OO0 nOO0OD0O0OR=10
gbboobogbbooboobbooboobbooboobbooon

gboooooooooooooooooooooooonog

e (0IUDDDOD)DDD(DODOODOOOOD leaf000)0D0O0OODOODO
e J0DDOOOO leftd right 00O0O0DODODOCODOOOO0OOODODOOODOO

00O Objective Caml OO0 O0O000O0DO0OOOOOOO0OOODOO

# 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 tree0000000
00000000000000000000000000000000000000000 (000
000)o

00000000000000000

a
b C
d e f
Oo0ooooooooooao

# 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)))



6.4. Case Study: 00O 0O 75

ocoooooboooooooooboo B (.., LE, LE) ODOOOOOO
0000000000000 00((@OU0U0)00000000000DO00O0DO0O0oOOO0o
gbooooooboooooooooooooooooon

# 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>

O000D0000¢t00000000 size(t) <29 1 000000000 size(t) = 24P — 1
0000000000 00000 (complete binary tree) 0 0 OO0

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

# Br(5, Lf, Lf)),
# Br(3, Br(6, Lf, Lf),
# Br(7, Lf, Lf)));;

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

gboogo3uoonboooobooooo

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

gbgoboobobboboobooboobobbbooboobobbobobooboobg
0000000000000 000000000000000000000A0 (preorder), 1000
O (inorder)D 000 OO (postorder) 0000000000000 O0OOOOUOOOOUODOOO
ubboobuoobbooboobbooboobboobooboooboan

gbooboboboobooboboboobooboboboobooboobooboobooboong
ooo

# 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]

ubbooboobobooboobbooboobbooboobboooooonooo

# let rec inorder = function

# Lf —> []

# | Br (x, left, right) -> (inorder left) @ (x :: inorder right);;
val inorder : ’a tree -> ’a list = <fun>

# inorder comptree;;

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

# let rec postorder = function

# Lf -> []

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

# postorder comptree;;

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

O00000000e00O0U00CODOOO0OOOOODOOOODODOOODOOOO(DODDODODOOO)O
gbooooopoboobooooboobobooboobobobooobooboooobooon
O0000000000D000000 (eons)J0000OO0O0DDOOO0OOO0OODOOO(OOUOOOUDOO
ugogbooboooobbobbooooobobbbooooboboooooobobooooobooboboan
O0000ooooon)

# 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)0000000000000O0O0O0OOOOOOOOO
gbogbooobooboboobooboboobobboboobooboboboobooboan
gbooobobooboobobooboboobooboboobobooboobobooboobon
boobooobooboobooboooboobob

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

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

ugbooobobod
gboboooboooboobooobboobobooobibid mem000000000 add OO
gbooooooooboooob

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

HHEHHFHHEHAFHHHFH

val mem : ’a tree -> ’a -> bool = <fun>
val add : ’a tree -> ’a -> ’a tree = <fun>

else if x < y then Br(y, add left x, right) else Br(y, left, add right x);;
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ubboobuoobbooboobboobooobo

e 100000 UDODLODODLOLD falselUDOODOODLOOOOOOOOODODODOD
ood

e J0UIDU0ULDOOOUDOLOODLODLODOUDODODOULDDODtrve O ODDOOOOODO
whole OO 0OD0OO0O0OOOO0OOODOOOODLOOOOOODOOOOOOODOOODOOOOOO0
gooooo

gbooboboboobobooobobooboobooboooobooobbobooboooong
gbobooboobboobooboboobooboooboobobooon

6.5 Case Study: 00000

gobooboobooooobooboooboobooobooboboooobobooobobooobOoDbo
goboobooboobooboobooobooboboobooobooooobobooobooboooboo
00 (00)00O0O00000O0000U000O0000000OU000O00DO00D0oO0oD0ODoOO0O
Ub0000000wmit 000000000000 00000O0O0000O000 typeOOOOOO

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

seqU 1list O tree U0 O0OOD0OO00O0O0O00O0DOO0D00ODO ConsJ0OODOO0OODOOOODOODO

uboboogobbodgd of 0bbuubbibodbtail 000000 OOOO0OOO0O0O0DOn0

gboogboooobooboobooboobobobooboboooboobooobooobon

googboboogboboooooboooooboooobooboooobooobooboooobooboo

boooobooobobobooboooobooboobobobobooobuooboboboboooboan

gbobooboobobooobooboooboobooboboobooobooboooboobo
U000 from 0000 n 00 100000000000000

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

fun O >00000000000O0fun O -> ... 0000000D000tail0DO00O0OOO0ODO
ugboboobooboobboobooobooobooboooboobooobbooboooo

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

oboboooobobo0oblist_fromJ000000D0O0DO0ODOODOODODODODODO
fromO00O0O0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO (thunk) OO
0000000000000 000000D0 lazyOOOOODODODODOODODOOOOOOO(QOOOO
000000000000 0000000)00000000000000 lazyODOOODODODOOO
ugboooood
googoboobooboboobuoobbog nOOOO0ODOO0ODDOOODOODO

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

val tail : ’a seq -> ’a seq = <fun>

# let rec take n s =

# if n = 0 then [] else head s :: take (n - 1) (tail s);;
val take : int -> ’a seq -> ’a list = <fun>

# take 10 (from 4);;

- : int list = [4; 5; 6; 7; 8; 9; 10; 11; 12; 13]

Ub000000tail 0DO0ODOODODOD OLUObOO0bDOobUobUobobbobooo Dboooo

gbbodgbbuobboobboobbuoobboobboobbu DO0Omatch OO0 O0gQ

UboboobooboobbooboonD teke OO0 OOoOooOOo0ooOooooOoobOOoOoOO
boooboobdmap 00O bDOOO

# let rec mapseq f (Cons (x, tail)) =

# Comns (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]

Ub0b0000O0DOreciprocals DOUOOOOOOOOO0OOO0.5000000 takeOODOOONO
Ubobo0obo0boobbOodb0Otake U0 00tail OO0 OO0 D0OOOOOODODOODOODO

ggboboooooboobooogobobooobooooboobobooboboooobooobooDbo
ooo0ooob0oobO0bOouooooboOobOOoo0oDO0obD0Ob0O fun O >000000ODODOOOO
000000 (tail O)0000O0O0O0O0O0OOO0OOOOOOOO(DODODOODOOOOOOODO)O
obooooooooooooooon

uobooboobooobo obooboobobooboboobooboobobbooboboo
obooboboboooooooooooo20b00b0000000

e 0000 200D0DODO

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

gbooobobooob 3sgobooaboo

0ooog (5,7,9,...) 003000 (9,15,...) 0000
e 000D0D0D000D 50000000
e 000D

bodgboboboobodbuoobobuabiddsequboobooboobooboboobood
gbooboboooboobooobuoobboonD n0O000D0OO0O0DOO00O0O00DO sift 0000

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

gboboooboobooooooooooooooooooooooo
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# 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) (£0);;

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

# nthseq 1000 primes;;

- : int = 7919

6.6 UOOD

Exercise 6.1 0 000000DO loc_figOOOO xyOOOOOODOOOOOODODODO
oo000o0O0o0oO0oOoOoO0oO0OO0OOO0U0000OD0ODOOOOUU00O0D0O0ODOD (ODODLODOUUOOO
Rectangle (x, y) 0 x 00000 x00O0O0O0O0OOOO0)00OO0OOOO0OODOOOOOOOOO
UO0ddnd overlap U OO OO

type loc_fig = {x : int; y : int; fig : figurel};;

Exercise 6.2 nat DO 000000000 int J0O0OO00OO int_of mnat,nat O OOOOO
000 mlOnat 0000000000 (D00 0—n=0)monus (0O00) 000000 (mul,
monus 0 * -0000000000nat 00000000000 OOOOOOODNO)

Exercise 6.3 00 monus JO00000000—n (n>0)0 None OOO nat -> nat -> nat option
U000 minus OOOOOO

Exercise 6.4 U0 n 000000000000 xO00000000D0O0O000D0OO0O0O comptree x n
oooogoo

Exercise 6.5 preord 000000000 OO0ODOOO0OOO0ODOOODOO inord, postord
ooooo

Exercise 6.6 0000000000 0DOOODOOCOO reflect JO00OOODO

# reflect comptree;;

- : int tree =

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

O0oo0O0 t0Ooo0o0ooooooobooboboooo
preorder(reflect(t)) = 7

inorder (reflect(t)) = 7
postorder (reflect(t)) = 7
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Exercise 6.7 0000000000 OCOO0ODOOOOOOODOOOOOODO

# 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 (Const 2, Const 5))

O0000000000000 string_of_arith, 0000000000 (417 X -+ X i1py) + -+ +
(1 X+ Ximp,,) 000000000 expand DO O OO0

# string_of_arith exp;;

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

# string of_arith (expand exp);;

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

(00000000) string of_arith 0000000000000 0OOOOO0O(MUOOOOOO
O0000oooon)

Exercise 6.8 1,2, 3, 4000000000000 000O0DOO0ODOO0O0O0OODODOO0OODOOO
000000000000 00D «ad0O00OO0OD0ODOODO

Exercise 6.9 00 sift 00 000(000000O0O 43000)0000000000
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70 OOoUuoooodod

000 Objective Caml D OO 0O0OO0OO0D0OODOOOOOO0DOODODOOODbjective CamlOOOO OO
00000oooooooooooooOooooddd0doooooooooooooooOoooon
0000oo0ooooooooooooooooo0ooboooooO0o0ooobOooobDoboooooon
00odoooooooooooboooooooooooooooooooooobobooooobooon
000ooOooooooooooooobooo0oooooooooooooOobooooooooboooOon
0000000000000 oooooooooooon
O0000b0o0bO0ooobuoobU00oboboOoboDg print_string 0000

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

Hello, World!

- : unit = ()
0000000000000 000000000 (0000)oooooO0o0o0o0o0ooOoooo0o0n
0000000 QoOodoOodooobd0obOooDoOOobDbOOoobOOoobOoobOoobOoOoDOan
0000000000000 0wit000000000000D0O00 (Objective Caml 00000
00dobooooooooooooooobooboooobo0oooooboooooDooboogn
O000oooon)

00000 read_line 0000 O OD0O0O0ODOO0ODOOO0ODODOOOOOOODODOOODODOO

gooogo

# read_line Q);;

foo < Jogoooooooo

- : string = "foo"
U000000b0o0b00bD0ObOoUD read_1ine O UOODOOOODOOOOODOODODOO
000odoooooobbooooooooooooooobooooo00oooooooon

7.1 OO00o0ooodoooood

0000000000000 000000D00D0O000000DO000D000D0OODOdObjective
Caml 00000000000 DOOODOOOOOCOODOOOODDO (references) 00000000
O (mutable records)0 0 0 (array) 0 0 0O O

7.1.1 OO

Objective Caml OO0 O0DOOOO0OOOCOOO0ODOOOOODOOOOODOOOOOCOOOODOO
gobooobobooooobobobooooobooboboooooooobbooooooooboobobooooan
Uboboooobooboooooooooootboboboboo0obtret 0000O0O0ODOO
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Ubdbdd ref000000ref DOODOODOOOOOOOOODOOOOODOOOOODOODOO
0000000000 @O000000000O00U00O0000O0O00DUooOO)0DOoooOO0O
O0000000000000Oread_line 00000000000 OOO (DODODO)0ODODOOO
ubboobooboobbooboobboo r+obooobbooboan

(O1) == (O2)

0(0,;)00000000000 (0,)000000000000UO0UDUOO0UOD tO0o00OO
Uboguobdl ref tOU0b0O0b0O0bOOo0OO0bOObOOO0DbDObOObLDOObOObLOObOObObLOn
o000 ouoobobobobobobobobobobo

# let p = ref 5 and q = ref 2;;
val p : int ref = {contents = 5}

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

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

- : unit = ()

# ('P’ !q);;

: int * int = (7, 2)

goboobobooboobobobuoobobbooboobobobobooboboboboDbo
gboodbuoobooobooboobobbobbooroboobobooobooboboooboad
gooooooocCcboobobodoogbi =jO00000DOO0OO0OO0OOO0O0ODOOO iD0OO
gooboobodb jhoo joboboobooboboo
gbooabboobuodoboobbodoboa

# 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}]

O000D reflist 00 0000000000000 0D0O0OO0O0O0O0DODOreflist 030000 (O
000)000000000000000O000000000OOOO000D0D0O0OODOOOO0OOO
gooooboboobooboboobobobobboobooboboooboobobboobon
0000000 (eliasing) 00 0000000000000 OODOOO0OOODOOODOOOOOO
gooooOoOoo0o0obOoOoboOooocoobDoOobboO0oooobDoOoooOooDo

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

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

- : unit = ()

# ('P’ !q);;

: int * int = (100, 100)
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71.2 OJ0O00O0O0OOOO

gbbogobuoobboobbooobuoobbodobboobbwithdboooooanoog
000000000000 DOOO0ODOO0ODOOOO0OOObjective CamlOOODOOOOOOOOOO
goboobooobooboboobbooob0oobbo0obbo0bU00dnbO mutable DO OO
gbooaboo

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

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

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

00oo000(0,) 0000000000 (000000 )yOUOOODODOO (0000000

# t.office <- "142";;

- : unit = ()

#t;;

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

gbooboboobooboboobobooboobooboobobobooobobooboong
000000000000 00 (00000000000 LD)00D00UoO0oOULOoOoUoooOd
ugbbodbboobboobbog 000t array0ddoogoobobooboooobobon
gbobooboooooon

00000000, 0000000000000O (0,;)00000000(0)0O (00000
0000 (0,)0(0.,)000000(03)000000000000000O000DOOODOO0OO
00000000000 Invalid_argument 0O 000000000

7.2 Qoo

ggbobooobooboooooooboooobooboooobooboooobobooooDoDbo
gbobooboobooboooboboboboobobobo

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

Hello, World!

- : unit = ()
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0000000000000 0000O00x00000O00ODOO0OO0 (DOODODOO0OOODO)0O inO
000000000000 DDOODOOObjective Caml DO0O00OOODOOODODOOOOOOOOO
gboboobobooboboobo

# let £ xy =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 = (0O, ()

000000000000 DODOO0ODOO0OD0OO0OO0O0O00OObjective Caml OODOOOOOOOOO
gboobooboboobuoobobbdbletdboobooboobooboobobboobOon
ubogood

Objective Caml 0 0 O0OO0O00DODOCOOOO0O0OO0ODODOCOOOOOODOCOOOOOODOOOO
pboboboooooooboobooooboooooobooboobooobo

(O1); (O2)5 -5 (Oa)

oooo0oooOoooOoOooo0oo0ooO0o(o,) boooooooooo(o,)ooooood
goo0o0o0o0oo0oooOoooU0oOoU0oOoUoOoUooo(o,;)000O0OO0DOO0ODOOOOOO
O000000Objective Caml D00 (0;) (i<n) 0 wnit00000000 warning 000000
O obobboboboooooboobobUobOobDOobOoobobobobDoboUobobLbobUubOoo
UboooooooobooboboobobobobdbDignore OO0 O0OOOOOOOOOOO
ubboobooboobon

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

Hello, World
- : unit = (O

U0000b00bU0dbbUO0OwhileOfor000O0D0OO0OO0OOwhileOO
while (0;) do (O3) done

O0000Obool0ODO ()OO OODOO falseOOOOO (OeyOD00ODODOOOOOOO O
Ub000fordn

for (0ODO)

(O4) to (Og) do (O3) done
goon
for (00O ) = (O;) downto (O3) do (U3) done

00000000 (0,)0(0,)000 n,p0000000000(000)0 n,n+1,...,p (downto
0000 n,n—1,...,p) 0000000 (04)000000(000)000000 (050000
000000 O 0000

00000000000000000000000000000000000000000000
D0000000while 0000000000000 000000Ofor 000000000000
00 0000000000

00000000000000000000000000000000000000000000
00000000000000
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# 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 00000000000 DO0ODOOOODOODODOOOOODOO

73 ooy

00 (exception) DO ODOODOODODOOOOODOOODOOOOOOOOOOOOOOOOOOOO
oo ooooooooooonoooooa
ddodooooobooooobooooooooooooboboooooooooooooooooon
0000000000000 00000C00oO0OOOO0O0000O0DO0OO(OOoDOoOoOooOOO
O0000000000000000)00000 Objective Caml 000000000000 OOO
ogoooad

gboboooooobooooo20bo00boduooooooououoooooooooouao
ddddddoooooooOooo0o0ooooooooOo4 /7 o000 0oOoOoOoOooooooOoO
0do0o00ooooooooooooooooooooooobooooooooon

# 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.

0000000 DOO000DOO000D0DbOO00D0DO0OO Match, OSOOOOOODOOOODODOOO
00000000000 Sys_error, 000 D0O0O0O0O0DOOO0O0ODO Division_by_zero, U
0000000000000 00000000000000 Objective CamlO OO0 OO0O0O0OOO
oo0odoooooooooooooa

Objective Caml 0000000000 ODOODOOOOOOODOODOODODOODOODOODOODO
0o0o0odoooooooooooooooooooooboobo0oooooooon

7.3.1 exception U0 raise [

UddoobiboiD exception DU DO UM

# exception Foo;;
exception Foo

gbooobooooboobobooboobooboboboobooboboobobooobooon
00000000 raise 00000

# raise Foo;;
Exception: Foo.
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raise HUO0OO0OO0O0O0OO0OO0O00OO0OOO0DOOOOOO0O0OOOO0OOOOOOOOObOOOn
U000 raise 00000000000 0O0O00O00O0000O00DO0OOraise FooUOOOODOOO
oboobooboooooooooooooooogg

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

UbOb000Sys_error OO O0OO0O0O0OO0OOO0OODOOOO0OOOOO0OODOOOOODOOO
Uoobo0ob00bbOo0obOo0bibO raise0dgoog

# exception Bar of int;;
exception Bar of int

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

Objective Caml 00 (raise 0000000 0)0000 exn U000 O0O0O0OO0OOOOOOODO
UoooooooobonooobobooboboooboobOobO0exceptionJ 0 OO0OOO
Ubob0bboob0blexn000D000ODOOOOODOOODOOODOODOOODOODOODOOOO
ubboobooboobboobooobboobooobobooon

# let exnlist = [Bar 3; Fool;;

val exnlist : exn list = [Bar 3; Fool
# let £ = function

# Foo -> 0

# | x -> raise x;;

val f : exn -> int = <fun>

# f Foo;;

- : int =0

# f (Bar 4);;

Exception: Bar 4.

ggobobobobbod oooobbbbtbooooobobbbbbddddInvalid_argument,
Failuvre UOO0OO0OO00O0O0O0O0O0O0O0DOOO0ODOOOOO0OOOOOO0DOOOOOODOOOOOOOO
googboboobobooboobuoobobbobo0ob0oobobbUobbU0nNot_found
gbobooobboobbuooobbooobbuoobbuoobbuodbibU0UEnd _of_file O
uboboobooboboobooboboobobooboooboobooo

O000Oassoc 00 (5.3000)000000000000O00O0OOOObjective CamlOO OO0
gboogn

# 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.

gbobooobooobboobboo0obbOodbibOinvalid_arg, failwith OO0 0000
ooooo
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# failwith "foo";;
Exception: Failure "foo".

7.3.2 0O0OOOO

goobbobtbododobobooodubbobtbodddtswybbbooobbbbobooo @
U000ty OO0DO0O0OO0O0OOmatchOO0O0OODOO
try (O ) with
(0000, -> (04)

I ...
| (D000, -> (O,)

00o0o00o(0)oooooOoUoooOoUoOoOoUoOoOOoUoOoOoUooOoUoooUooOoO
raise 0000000000000 0O00O0OODOO0O0UOOOOOOOODO (0,)00000 try
ubboobooboboobooobuoobboobooobobooboboooboobbooboobon

try 0OOOO(O ), (Oy,...,(0,) 0000000000000 0O0O0OOO0OOO0OOO0OO
oooooad

# 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"

1 H

gbooboboboobuooboboboboobboboobuooboobobboboobg
gboboobooboobboobooboboooboobooobooboobboobooon

# let rec prod_list = function

# ] ->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

**

1 H

booooboobooboboobobooboboooboobo ooboobobooboboobobon
gobogooboooboboobbuoobboob oobbboob oobboOoobOoOoobOO
gboobooooboooboobooboobOobob obobOobObOOobLDObODbDObDODO

# let rec prod_list = function
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# b ->1
# | 0 :: _ >0
# | n :: rest -> n * prod_list rest;;

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

ogbooboobobooboobuooboobobDbOobbOboeption O OOOOO0OOOO

# let rec prod_list_aux = function

# [J] -> Some 1

# | 0 :: _ -> None

# | n :: rest —>

# (match prod_list_aux rest with None -> None | Some m -> Some (m * n));;

val prod_list_aux : int list -> int option = <fun>

# let prod_list 1 = match prod_list_aux 1 with None -> O | Some n -> n;;
val prod_list : int list -> int = <fun>

# prod_list [2; 3; 4];;

- : int = 24
# prod_list [4; 0; 2; 3; 4]1;;
- :int =0

Uboooooobogodb0ob0oobd NeneDOOOOOODDOODOODODODOODOODOOO
uboooooboooboooboboobooooobooboooboobobooobooooboooboon
UO000ONene U0 OOO0DOOOOOOO0ODOODOOODOODLDOODOODLO

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

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

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

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

# prod_list_aux [2; 3; 4];;

- : int = 24

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

Exception: Zero_found.

# prod_list [2; 3; 4];;

- : int = 24
# prod_list [4; 0; 2; 3; 4]1;;
- : int =0

goboobooogboobooogboboooboboobooboooooboboooobOoboo
uboboboboobooboobobobooobobooboooboboobooooboobooboon
gooooooobooboo

74 00000000000

Objective Caml 00000000 print_string 0000000000000 OOOOODOO
ugoo
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Udooobobobbbood0ogddy  print_char, print_string, print_int, print_float,
print_endline, print_newline 0 O 0 OO (D gopoodg D) goooooooooooogooo
gbooooooboboogobbogobooboooobooboooooboobooboooooooobooboo
ooo

print U prerr U DO 0OO00D00O000O00DOO0OOOO0ODOOOO

0000000 (00000000)000000000000Oread_line, read_int, read_float
oood

OD0ODODOOCOOODODO ObjectiveCaml OO OO OOOO00OODOCODOODODOCOOOOOOO
gooobobbooooboboooooboooboboobobobooboooooooboboo
0000000000000 00 (0000000000 0)0DU0ooO0o0oDUooOooooooooo
OO000000000ODOO00DOOO00D0OOO0O00DOObjective Caml 0000000 in_channel
UOout_channel DU OO 0O0O0DO0O0OO0ODOOOO0OODOOODOOOODOOODOOODOOODOO

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

Udddddoduoddudlinput_char, input_line, output_char, output_string [ 0 [
gbooboobobon
goboooooooboobobobooboobbooboobobob0o0o00nO open_outO O
U0000000 open_in OO ODOODOODOODOODODODODOODODODODODOODOO
U000000o0000o0o0o00oO0O0On close_out, close_in OO ODOODOODOODOODOO
gbooooooooooooooooooonD 8obooboobooboob

7.5 Objective Caml 000000 0OO0O

gobogobbobooogoboboooooooboboooobobooooboobooboooboDbo
obooboooboboooobobob s 0if0b0ob0obOobOoDbo

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

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

gbobooboooboobon

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

O00000O0O0O00oO00oO(; 000000 0OD if0000000000ODOO00OODOO0OO
O elseJ000O0OOODO)

000000D000if 000000000000 00000000000000000O000O0
000000000000 Objective Caml OO OO 1let, if, match, try, function, fun 00O O
0000000000000 0oo0oDooooooo0oooooooooooooooooon
oooo

if a then if b then c else d



90 o700 ODO0o0OOOO0oOODbOOooD

if a then (if b then c else d)

oboobooooboob ifbob0obobobobobobobobobobobob
U00Omatch OO0 0O00D000000O0 matech U try D0OO0O00O0OO0OO0OOO

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

UpbuobdbOmatch ODOOOOOOO0O0OOOOOOO0O0O0ODOUODOO matchOOOOOOMO
uboboobooboooboboobooo

match e with

A -> (match e’ with B > ... | C —> ...)
| D> ...
00000 stryODOOOOODOODODO | - »>000 tryOOOODOODOODODOOOODOO

400000000000 0DODODOODOODODODODODOODODODOOODDOD
(00O00000ooOoOo0O0O0O0O0O0OooOOooOOOOoO0OoUOOOobDoooOnD)

7.6 UUoQ

Exercise 7.1 ref 0000000000000 0O0DO0O0O0ODO0O0O0OD0OOOref DOOODOO
gboboobiliboboobooobooboooooobbooon

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

Ul ref, 0000000 'OODOODOOO :=00000000DOO0OOOODOOO0O0OO0

Exercise 7.2 0000000000 DOO0OO0 100000 iner00onDOOd

# let x = ref 3;;

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

- : unit = ()

# 1x;;

- : int = 4

Exercise 7.3 0000000 funny fact 000000 (rec) 00000000 OOODOOOOO
gboboobooboobboobooboo

# let £ = ref (funy ->y + 1)

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

val funny_fact : int -> int = <fun>

f := funny_fact;;

: unit = ()

funny_fact 5;;

: int = 120

**

[ |
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Exercise 7.4 00 O0O00O0O0O0DOOOOOCOOODOOOO...0000000

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

Exercise 7.5 0000 fact 000000000 Invalid_argument OO O0O0O0O0O0O0OD0ODODDODO

Exercise 7.6 U0 U000 change D0 OO0O0OODOOOOOOODOO

# let rec change = function
# (., 00 => 1l

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

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

i, 1
................. function
(_, 00 > []
| ((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 (0D000000)000000 coinsJO0ODO total DOOODOOOOOOOOO

# let us_coins = [25; 10; 5; 1]

# and gb_coins = [60; 20; 10; 5; 2; 1]1;;

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]

**

R

gbooooooboobooboobooboobooboobooboobooobooobobooboon
boboobobooboooboobooboobo

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

googoooobooboobooobobobooboobooboobooboobboo2b00
L.uboboobooobbooboobbdg

let rec change = function
(., 00 > 11
| ((c :: rest) as coins, total) —>
if ¢ > total then change (rest, total)
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else
(try
c :: change (coins, total - c)
with Failure "change" -> ...)

- L)

Exercise 7.7 print_int 000 stdout, output_string 0000000 O0O0O0

Exercise 7.8 000000000000 O0O0ODOOOOODOOOO0ODOOOODOOODOOODOO
UcpbbOoobogobbooboobbobboobboobbooboobobo
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U84 tUbgdbbotdbobotdbootdbbotdd

Objective Caml 00000000000 ocamlc OOODO Objective Caml OO0 OO O0OOOODODO
O000oo0ooo00oooO000oooo0oo0oooooo0ooooooooooooooon
000000000 Db0000DO00O00Db0oDOU00ObL0OO0DbODOODO0ODOOObjective Caml
000000000 00o00ooooooooooooooooooooog

81 UULLOUOUOOOLbbOn

0000000000000 00000000000000000D000000D0ddObjective Caml
UO0D000D0OList, Array, Sort U O 0O0O0O0OD0DO0O0O0OO0ODO0ODODOO0OOPrintf 0DOO0O
O00D0O00000SsysDOOOOODO0OOOSO Objective Caml DO D OODOOOODOODOO
goooooooooooooobooooooooooooooboooonoooboonoonong 190
O0000000000 List 000000 Queue OO OOO0OOOOOOO

gooooooooon <[]D gooo >.<[]D O > gooooooonooooooon
List.length [5; 6; 8];;

: int = 3
List.concat [[4; 35; 2]; [11; [9; -411;;
: int list = [4; 35; 2; 1; 9; -4]

[ S

oduooouooooobobbbil rev, append, map, fold_left, fold_right U O OO OO
U List00D0000booboooon

Queve O DOOO0O0ODOOOO0ODODOOOOODDOOOOODOOOODODDOOOODLD
U0000000000000000Dadd, take U OOO0OD0OODO0OOOOOODOOOOOO
Ub00doob0ob0oob0dboUdbUOladd0D0ODO0ODO take O OO OQuene OO OOOO
ogboogob+s+boogbooboboobobooobooobooobooooboooboobooboo
OO0 ’a Queue.t oo

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

# Queue.take q;;

- : int =1

# Queue.take q;;

- : int = 2

# Queue.take q;;

Exception: Queue.Empty.

000000000 Empty 0 Queune DO 00000000000 O0ODOO
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open U0 0OU0OO0O0OO0O0OO0O0O0O0O0OO0OO0OOOO0OO0OOOOO0OOOLOOOOOOOOOO00OO
open O OD0ODOOODOO0DOOOODOODOOODODOOODOOOODOODODOOODOOODDO
gboobooboobooobo

# open List;;

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

U0 openU000open UOOO0OOO0O0DOO0O0DOO0O0DOO0O0DOO0ODOODOODOODODOO
gbobooobooobooobbooobboobbooobooobobooobbooboboooobon
obobooboobbooboobobooboobobon

82 UUbbbbooobLbbbodoooobobod

0000000 ocamlc 0000 OMOObjective Caml 00D 00000000 (DODOO .m1)0O
ugbbogobogboobbooboo

ocamlc -0 (00 D0D0000) (000D0000O)

000000000 0o0o0o0oo(0oo00oD )0000U0DODO0O0O0DO0OOOOO0On -o
Ubobooboobboibb a.cut 00D oboOobDOOnDOD

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

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

gobogbooobdooboboooboobooboobobobooboobobobbobobboobon

000000000000000000000000Olet _=...00000000000000
D00000000000000(CO mein 000000000000000000000000O0O
0ooo)

00000000000 DO000D0O0000DO0O0O0DDbOO0O0OD0DbOO0O0DDbDOOnOnODObjective
Caiml 00 0O0O0OO0OODOOO0DOOO0ODOOO0ODOODOOODOOO0DOO0DOO00UNIXOOOOOOoood
000000000 D0000Objective Caml 0O OO0 O0O0D0O0O00OOOOOOfoo.ml OOOO
000d0d0d0d0dd0odoooooooooooooog FooOOOoooooOOODODDODODODOOO
O0fact.ml 0 main.ml1 00O OO

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 00O Fact DO OOOOO fact OO0 Fact.fact UOOOOOOO0OOOOOOOOO
O000000000000000000000000O000o00ooaOn

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

Ubd-cuobobooboboobboobouooboboboooobobobooboobobod

000000000000 .emi 0000000000000 00O0O0O0O0O0O0OO0O0OD (OOOO

O000000oooo0O0000ooooo0O0o00ooooooOoo0oooooooonD)ooooO0O

ugbooobdobb.ceoOD0OOOOOOOODOOOOOOOOOOOOOODLOOOOOOOODOOO0
.eni 0000000000000 000O0O0000O00000O0O000000000000O0(.cmo
O0000000000)00000main.ml 000000000000 000O0O0O00O0OO .cmo O

gbboobooboobbooboobbooboooboo

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

gboobooboobbooboob -ib00boboooboobooobooboooon

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

gbooboboboooogooooobooboboboboooobobobobobonoooooon
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