oooogooogo g sd
Jubogdbogtdbootd: ood

OO 00 ogoogg i

20010 110 140

1 000

gbobogbooobbuoobbbooobbuoobobooobboobobbobboan
O0(Lsts) 00 O0DO0O0O0O0O (DO)00000ODoDOooOoODoODODODODOOODO0OOOOOO0O0
gbobboodbbuodoboobbooobboobbooobboobbooobboob
gogoobooogoon

1.1 ODOogogggd

oottt oooooogoooooooon ; 00obn
QoO0o00o00o0oooo
# [3; 9; 0; -10];;
- : int list = [3; 9; 0; -10]
# let week = ["Sun"; "Mon"; "Tue"; "Wed"; "Thu"; "Fri"; "Sat"];;
val week : string list = ["Sun"; "Mon"; "Tue"; "Wed"; "Thu"; "Fri"; "Sat"]

0000000 0000 ) 1ist” 000000000000000000000 (OCaml
00)000000000000000000000000000OODODO0O000O0OOd
gobbogboboobobbooobobooobbooouobbuoooboooboboon
ggbbbuooobbbooogn

# [1; ’a’l;;

Characters 5-8:

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]
gobogobbuoobobooobbooobooobboobuoobbooobboon
gobobooobboodboobbuooobuooobbuobbooobbuoobobboob
00 (0000000000000 00ooooo)o

1



gbbooooboobooobbobbooobbuoooboobboobbuoobobboon
gbgobuoobobobobobooboobd

e 1 0D0ODOU (empty list, null ist) D0 000000 0OCOOO

e 100 /000D (ODODDODOOOO)IO0e0ODOODODODO (e::!00DO0)OO
goboodg

gobboogbobbuoobbboooobbooobbobuooobbdud:: 00D cons
O0000O@DOODDO cons)DOODDODODOOOOOOOOODOODOOODODOOODOOOO
gogg

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

# let more_oddnums = 99 :: oddnums;;
val more_oddnums : int list = [99; 3; 9; 253]
# (x :: is right associative, that is, el :: e2 :: 1 =-el :: (e2 :: 1) %)

# let evennums = 4 :: 10 :: [256; 12];;

val evennums : int list = [4; 10; 256; 12]
# [1;;

- : ’a list = []

O0o00ooooooO .. 00000000000 00oD0O0bevennuns JO0O0O000O0O
O0:: 000000 (el :: e2 :: 10el :: (e2 :: 1) DDODO)D DODOO OO0

gdgogoooobbobobbbbtbddoooo obbbbbbhra list oo
ggbbbuoooobbobuoooobbbooobobbbooobbbboooobbn

# let campuslist = "Komaba" :: "Hongo" :: [];;
val campuslist : string list = ["Komaba"; "Hongo"]
# let boollist = true :: false :: [];;

val boollist : bool list = [true; false]

0000 OCaml DODODODODODOODODOOOOO@MDODDO)ODOOOOOOOOOOOOO
good

ler; ex; -+ 5 e, = €1 1t ey 1o o0 e, i [

goon
cons 00000 :: 00000000000 (MO0OO0)0D0D0OO0DOOOOOOOOOOO

00000 (00)000000ooO0O000000D0oooooooOooOoooOoOO
gogboood

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

Characters 12-13:

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

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

Characters 13-14:

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

2



o ugbogubogoogogog:.: obguobgouobouooboouoboobbooobobon
’a -> ’a list -> ’a list U0 UO0OUO0O0O00O00O0DOOOOOOOOOOOO0O0O0OO0
ggbbobooobbobooogboboboooobbboo

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

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

# [1; 2; 3] :: [[4; 58]; [1; [6; 7; 81];;

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

20000bboooobobbuoooobboon - 0obbbooon

1.2 OD00000000000: matchOOODOOOOOO

gobgobogobbuoogbobbooobbuogobooobboooboobobboon
g

(Oo0oO004); (00009); ...; (0000,)]

0000000 (pOOO0ODOOOOO)DOO0O0OO0DODOOOOOOOOOOO::D0000
ggbbobuooobbbooogn

(0000,) :: (0000,)

000000o0ooo0O (Oboo0o,) 000000000 (00b0o,)0o0oODooooOO
ggbbobuooobbbooobobbbooobbboooobboboood

# (* equivalent to

# let sum_list3 (x :: y :: z :: []1) =x+y + 2z %)
# let sum_list3 ([x; y; z]) =x +y + z;;

Characters 85-108:

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

[

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

0000boooboobnx; y; z] DO0O0OOO0ODO :: 0 JOOOOODOOODOOO
gbobooooboooobooobobobuoobobooboobobooobOobobDooo
O00D00000000000 “nonexaustive pattern” DO OO0 0O0O0ODOOOOOOOOO
000000bO0DOO00bO0ObOO0obO00o00bOobOO0o0bOobODOo0Doo0oOOobOOooDoboOon
0000000o0b00oo0ooobooooboo00ob0obooobOnognon int 1ist O
000000bO0bO00Oo0o0b0obDo0o0ob0obOobOOo0o0obDOobOOobOOoDoOobOoDoOooOoon
00o0obo0obooboooobooobooooon

# sum_list3 [4; 5; 6];;

- : int = 15

# sum_list3 [2; 4];;

Uncaught exception: Match_failure ("", 86, 109).
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gbboobbuogboboooobboobbooobboobbuoobbooobboon
Or000000C00000DOOOO000OO0O00O0DOOOO0O0ODObOOOOODOOO
gbobogobbuooobboobobooobbuooobobobbooboboboooboob
gooooooboooobooooboo!bObooooboboOobobObooobooobboooobobooo
gobbogobbooobooobboobobooobbobooobboobbooon
gogbbobooooboboooobboboooobboooon

e UUDOOODOOODODOOCODODO

e JODOOUO nOOO0ODLDOOD!ODODOODOODOOsODOODOOR - 10DOO
Oddn+sUd0ond

gboboogoggbboobbooobboobbooobbuoobbooobboon
O00(fact 000000000 0O0O0O)000 OCaml O0O0OOOOOOOOOOOOO
gbobogdobbuooobboobbooobbuooobbobbooboboooboon
gogboboboooooooogao

# let rec sum_list 1 =

# match 1 with

# 1 >0

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

U00Osum_list U000 O0O0O0000O0DOmatch OO0 1 000000000000O000
goboboboooobb odbbbDmwateh 00000 Omatch0 000000000

match (Og) with (O0O00O0Oq) => (O | ... | (0000,) -> (O,)

0000000000(0,)000000000(0000,)00000000000000
(0000,)00000000000(0,)00000000000(0,)00000000
00000000000 (n,rest) 0000000000000000000 OCaml OO
00000000000000000000000000000000000000000
00 sum_list 0000000000000000Ocons 0000000 match 0000
00000000

matchUUOOOO0O0O0OO0 mwmatchOOOO0O0OO0OO0ODOOO0OO0O0OODOOOOODOOOOODO
gbogbogbuabooboobobuogbouobobobobuogboboobobooono
gobboouoobobooobboogbobooobbbooobbooobbonoboboon
gobodbboodobbooobbooobboobbooobbuoobbuoobobob
gobobooobobooobboobuooobboobbooobbooobuoooboboon
goon

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



Characters 56-60:

Warning: this match case is unused.
val £ : int * int -> int = <fun>
#f (1, 1;;

- : int = 2

(1, HooooooooobooobobooooD3ooboooboobooobboobooDo

ggooobod
O0000oO00o0OO0O0O0O0O0O0O000O00OOOOOO0OOODOOOOOOOOOO(@O

00)000000000000000000 max_list O

# let rec max_list 1 =

# match 1 with

# [x] -> x

# | nl1 :: n2 :: rest ->

# if nl1 > n2 then max_list (nl :: rest) else max_list (n2 :: rest);;
Characters 24-144:

Warning: this pattern-matching is not exhaustive.

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

[J

val max_1list : ’a list -> ’a = <fun>

gogoobobooodon

1.3 0O00oogon

00000000000dgoog (0000000 0)00oo0oooooooooo
gobboobobooobbobooobooobbooobbooobbooobbon
googobboogbobooobbugoobooobbooobbobbuooobboob
gooooogo

hd, tl, null 00000000000 0000000O0C000000O0 hd (head O00O), t1
(tail00)000OOOOOO0OODO

# let hd (x::rest) = x

# let tl1 (x::rest) rest;;

Characters 8-21:

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

Characters 29-45:

Warning: this pattern-matching is not exhaustive.
Here is an example of a value that is not matched:
[1

val hd : ’a list -> ’a = <fun>

val t1 : ’a list -> ’a list = <fun>



UobboobboboddiD nonexaustive UO DU UOUODnull UOODOOOO0O0OOOOO
gboobooobooboon

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

function U0 U000 fun U match DO OUOOOOOOOOO0OO0OOOOOO
function (O OOO,) -> (Oy) | ... 1 (0000, > (0O,)

fun x -> match x with (O000O0,) -> (0O04) | ... | (0O000,) -> (0,)

gobdbuogobboobbooobbooobbooobbooobobboobobboon
goboood
null , hd, t1 (0 if) 0000 match 00000000000 ODODOODOOOO

nth, take, drop OO0, O00000000O0OO nth, nO0O0000O00O0OOODOOODOO
b0 takeUnUU oo ooobboobbooobod deopdooboogn
gogobobooogooo

let rec nthnl =
if n = 1 then hd 1 else nth (n - 1) (tl1 1)
let rec take n 1 =
if n = 0 then [] else (hd 1) :: (take (n - 1) (t1 1))
let rec dropn 1l =
if n = 0 then 1 else drop (n - 1) (t1 1);;
val nth : int -> ’a list -> ’a = <fun>
val take : int -> ’a list -> ’a list = <fun>
val drop : int -> ’a list -> ’a list = <fun>

H H H H HH

gobbboooobbbooogbbodnbboooobbbooobbuoooobbuooon
gboooboooboon

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

val ten_to_one : int list = [10; 9; 8; 7; 6; 5; 4; 3; 2; 1; 0]
# 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;;

Uncaught exception: Match_failure ("", 30, 46).



length 00000000 OOOOO lengthOODOO

# let rec length = function

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

length OO0 _ 00000000 OO0OOOO0OOOOO0ODOOOOOOOOOOOO0DO
gbboobuogbboobuoobbbooobboobuoobooobuooboooonon

# length [1; 2; 3];;

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

00 length 0000000000000000000000000000000000O0O
000 (000 s50000)0

append, reverse OUO0O0 append 0000000 O0O0OO0DOOOOONO Oappend 11 12
gooooon

e J0OUODO LOODOODODO LOODOO

e 00 v0O0O0OCOD }000CODOOODI0ODOOOOUOOOOODIDOOOOOO W
gboooboooboon

gboooboooboon

# let rec append 11 12 =
# match 11 with

# 0 -> 12
# | x :: rest -> x :: (append rest 12);;
val append : ’a list -> ’a list -> ’a list = <fun>

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

U0 append DU 00011 0000000O00DOO0DOO0ODOODOOOOO0O120000
O000D000D0000 append DOO0O0OO0OO OCaml DOODOODOOODOODO @O0
gboogooboooog

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

U0 append UL OOODOOOOOON reverse UUUOUOLOOON

# let rec reverse = function

# J-> 1]

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



ggbobbobbouooooobbbbtbooooobbbobbouoooobobbbibdd append
gboboboboboboboobobobuooboubibdlreverseJ000oogn
UO00O0Oappend UODOOOOUOOO0OOOO append UL D OOOOOODOOODOOOOONO
0000 -1000 append DO UOO0D0DO0OO00D0O0O0D0DOO0O0DO0DOOOD0OTreverse
gboboogbbuooboboodobbuoobboobooobbuoobbooobboob
gogooboogn

ggbbobuoooobbooboooon

# let rec revAppend 11 12 =
# match 11 with
#

[0 > 12
# | x :: rest -> revAppend rest (x :: 12)
# let rev x = revAppend x [];;
val revAppend : ’a list -> ’a list -> ’a list = <fun>
val rev : ’a list -> ’a list = <fun>

UbbDodbO revAippend UUO D OOO0DUOOOOO 12000000000000000
gbogboobobobngobobbob 120000000

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

gobb0 append UUOOOOODOUOOOODODOOOOODODOOODOOOODLODOOOODO
U revAppend DU O UO0OO0O0OOUOOOO0ODOOOOO

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

map map UODOO0O0O0O0O0DOO0OO0OOOO0DOO0OOOOODOO0ODLOOODOOObDOO
gogbooodg

# let rec map £ = function

# (1 —> (1

# | x :: rest -=> f x :: map f rest;;

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

gboobooboobobobo200000 map0gnDon

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

gbbobbotdbUmep bbb odboobogobbbdb’a -> b
gobbogbuoogdbbuogobbuooobuogobooobbbooobuooobobon
gbobobogbuoodbbuooobbuoobbuabboobbuooobbobbobooob
goboboogboboogboobuogobbuoobooobbuooobbuooobooboon
ggbbobuoooobbboooon



forall, exists forall DO 0D OOO0O00OOOODO(0DOQODO vool JODODO)ODDODODO
gbobooboobioobboobddblexists DUO0DDODO0OOOOODOOODOODODO
ggbbobuoooobbooooboboood

# let rec forall p = function

# [l -> 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) [’A’; ° 7; +’];;

- : bool = true

# exists (fun x -> (x mod 7) = 0) [23; -98; 19; 53];;
- : bool = true

O00000 fold O0000 sum_list,append 000000000000 ODODODODODOOO

J00dodooooobo0boobooob0oboob00bOddOsum_1ist O [i1; 4i2; ...; in],
ooodit :: i2 :: ... ::in . [J OO i1 + (12 + (... + (in +0)...)) OOO
OO0 append [el; e2; ...; en] 120 el :: (e2 :: ... :: (en :: 12)...) O0O0ODO

gboobooobooboobooobo
e UDUUUMN consUUsum_1ist OO + O 0append U0 :: 0DDOOOOOMO
e JUUUODDOsum list UU O0UUappend UU 1200000
e DO ODOOODOODO

gboobobooboboobooboobooboobobobDbuobobUuObd fold_right
O000000000000000 fold_left OO0O0Orev O fold_left OO OOO0OOO
O00Orev [el; e2; ...; en] 01 ::: x0x :: 10000

(... :::e1) :::e2) ... ::: en)

gboobooobgoobo
OO0 fold_right, fold_left UU U U DO OO

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
ooooon

# let rec fold_right £ 1 e =
# match 1 with
# 1 > 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 x y ->y :: x) [1 [1; 2; 31;;

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

fold_left, fold_right UUDODOOUOUOO consUODODOOOOOOOOOOODOOO
gobbuogobbuotobbidlbbmep 0 dbooooboooooooobbbooon
gboboodgbbuooobbodobbooobbobbobbooobbooobboob
U0 map U fold_left UUU fold_right DO U U0DOUOO0OODUOOODDOOOOOOOODO
length DODOOOOD mp UOOO 10000000000 OOOOOODOODDODOO
ERERE

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

gogoboboooobobooo

1.4 Case Study: D0 UO0O0OOOOO

gooogooboooboobooobbbbbbbbboboboobbbbbbbibDbh <000
000 (0CO0O00O0O0L)000000D0D0D0D0D0D0D0(@MUOD0O0 «<00000DO0O0Oooo
O0oooooooooooo)

gbgboooobooobobdoobobobobobooboboboobobon
god

# let nextrand seed =

# let a = 16807.0 and m = 2147483647.0 in

# let t = a *. seed

# int -. mx*. 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]

10



00000 (insertion sort) D00 0000000000000 OOOOOO0O0O0O0OO0O
gboobgobobbobbooboobooboobuobobOoil insert O

# let rec insert (x : float) = function

# (* the second argument is already sorted *)
# [ > [x]
# | (y :: rest) as 1 -> if x < y then x :: 1 else y :: (insert x rest);;

val insert : float -> float list -> float 1list = <fun>
# insert 4.5 [2.2; 9.1];;
- : float list = [2.2; 4.5; 9.1]

00000000000000000000
(0000) as (00O)

0 as000000000DOO0DOOO0OOOODOOODOOOOOO(ODDO)ODOODOOOO
bogbooubd x ::y ::rest 000000 x :: 100000000 insert OO0
goooooodood

# let rec insertion_sort = function

# 0 ->1

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

goooooo

000000 insert, insertion_sort OO OO OOOOO0OOOOOOOOOOOO
0000000000000 00000000000000000000000000 (quick
sort)0 CAR.O00O0O0ODODODDODODODDODODODODOOODOOODOOOOOOO (divide and
conquer) 00 0000000000000 OOOOO

e UDOUODOUOODODDODDODDLOODLDOODO
e JDOUODUODDODDLOODLOODLOODLOODOODOOD

e JDOOO0ODODDOODDOODOODLOODLOODOODOODOD

# let rec quick = function

# 0 -> 1

# 1 [x]1 > [x]

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

# let rec partition left right = function

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

# | y :: 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>

11



00 quick 0000 append 000 0000000000000 O0OOOOODOO(append O
0000000000000)000000000000000 nOO0O00O000 nlognO0O
00000000000000000004insert_sort (snd (randlist 10000 1.0 [1))
0 quick (snd (randlist 10000 1.0 [1)) OO0D0O0O0OO0O(snd00000D00O0DOOO
O0ooooooooooo)

1.5 0OOodd

Exercise 5.1 U0 000000000000 DOOOOOOOOOOOOOOODOOODOD
gbboobuogbobobodboobbooboobbbooboobobooboonon

1. [[1]

2. [[1; 3]; ["hoge"]]
3. [3] :: []

4.2 :: [3] :: (]
5.0 = 01

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

Exercise 5.2 sum_listlmax_list D0match OO 00 null, hd, t1 D0 0OO0O0O0OOO
O00OOmatch OO0 O0O0OO0O0OO0O0O0OO0ODOO0O0OOOOOOOOOOODOOOO

Exercise 5.3 1200 000000000000000 append DO0OOOODOODOO

Exercise 5.4 D0 O00O0O0ODOOO0O
1. 0000 00 0000000000 DODO0O0O0D00O0 downtoOU

2. 00000000000000000 (000)000000 romand(I=1,V =5,X
=10, L =50, C =100,D =500, M = 1000 0000) 000 0roman 000000
0000000000000 0000000000000000000000000
00000000000 000000000000000000

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

4,9, 40, 90,400,900 000000000000

12



roman [(1000, "M"), (900, "CM"), (500, "D"), (400, "CD"),

(100’ ucu)’ (90’ IIXCII), (50’ "L"), (40, IIXL!I)’

(10’ ||x||)’ (9, "IX"), (5’ nvn)’ (4, "IV"), (1, "I”)] 1984
— "MCMLXXXIV"

gobooboooon

J.  Udoogdooooooboo bbb oo ouoonooobuooog
concatl]

concat [[0; 3; 4]1; [2]; [6; 0]; [1] = [0; 3; 4; 2; 5; 0]

4. 000000 [al; ...; anl] O [b1; ...; bn]O00OOOOOO[LCal, b1); ...; (an, bn)]
00000 zipO(OODOOOODOOOOOOODOODOOOOOODOODOOOOONO)

Exercise 5.5 f, g 00000000000 Omap £f (map g 1) U map U O OOODOO
oobooboooooooboOboUdU00Omap (funx —> ...) 10 ...0007

Exercise 5.6 forall, exists [J fold_right, map OO ODOOO0O0O0OODO

Exercise 5.7 quick D00 e 0000000000000 Oquicker DOOOODOOOO
l100sorted U UO0OODODOOO0OODOOOO0OO 1 0000DOOOO0OODODOOO0OO
ggbbobuoooobboboooon

let rec quicker 1 sorted = ...

A 0O0OO0OO0OO0O2 00110270

0000: 4.1,4.2,45,46,4,8,5.1,5400 3005.5,5.7

gbooobgo:. D4000500000000000000
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