ouoooogoodlIl
30 b oguod

OO 00 ogoogg i

20010 1000 2401

keywords: 0000000000000000000

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000 (fuple) 000000

1 00000 letU

gboboogdbbobbuoooboobobooobbuoobooobbuooobboon
ggbbbouoobobbooogn

OCamlO0 let-0 (0O0OO0O0O0)000O0D0O0OO0O0O0ODOOOODOOOOOOODOOO
ggbooboogn

gobboboogobobobooogd

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

# base x. 5.0 /. 3.0;;

val vol_cone : float = 20.9439510233

“let base = 7000 let 000O00vase DOOOOOODOOOOOODOODOODOOO
O00000000000000(@0O0000 vol_cone JOOO)
gobi let-0000

let x = e; in ey

UOe,eo U let OO ODODOOO0OOODOOOOOOO



l.ee 00000
2.z00000000000
3. e 00O

Uobodbl e0b0bUO0O0bDbOn 2000000 eo00O00ODOvol_cone U0
bOddbOvpase UOOO0DOOOO

# base;;
Characters 1-5:
Unbound value base

U0De; O z000000O0OOO0OOODODOOO
gbbb0let-0000O0O0O0DOOO0OODOOO0OODOO0OOIet-0DO00O0DOOOO0OO
0000000000000000300000000 (CoooO0oO0)oDoooQ

# let cone_of_heightTwo r =

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

# Dbase *. 2.0 /. 3.0;;

val cone_of_heightTwo : float -> float = <fun>

# let f x = (x £(x) = x° + (% + 1) %)
# 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) = x* + (x+1)3 %)
# let power3 x = x * X * X in

#  (power3 x) * (power3d (x + 1));;

val g : int -> int = <fun>

let-U000OOO0OOOOO0OOO0ODDODOOOLODODOOOOOOObODbOOO0ODbLDbOOn
gobbogobooobboooboboobbooobbuooobbooobboo 10
gogggobbbbbuoooooooobobbobbotbuooooooooobbobooob
gobbbuogoobboooobooboooobbbooooobbbooooboboboo

0000000 let00/00000nd00000000O0O0OO0OOOOOOOOO
goooooood

# let x =2 and y = 1;;

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;;



|
| 000 O

] ooo 0
ooo N \
: DDED sin S : DDED
sin max_int | 1073741823 S1in
max_int | 1073741823 ‘ . max_int | 1073741823
X 5 ‘
3+2 0000000 x+7 0000000 00 (5+7)000000

Ul:Dletx=3+2inx+70000000000000O0O0O0O0O0OOO0O0O0OO

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"

gobbobuooobobobooooboboooooboo

let-0 000000000 0OO0OO0O0O0O0O0ODlet-000000DO0DOO0ODOODOODOOO
gbobob0b0obOobobOoboubbUobUdbdlet z =6 in e U0O0OO02000
gbobobobobebOobOobOobOobDObOOOOO0OOO0OOOObOODbLODbLOOD

gooobooooon
gbogboboobobobooboboboobobooooboboobobobon

gogbbuobbogoboooboboboobboodbbooobboooboboooon
googo

let pi = 3.1415926535;;
let c_area(r) =1 *. r *. pi;;
let pi = 1;;
let area = c_area 2.0;;
[0 let area = c_area 2.0 00 0000000020000 00000000000O00O0

ggbobobooodn

1.1 0OO0gd

Exercise 3.1 let x = ¢; in e DD O 000000020 OCamlODODODOOODODODOO
O0D0Olet x = e in e, 00000000 0OODOO



IEEER O

IEER O |

(0oo | 0 |
. 5 1415§26535 : : pi | 3.1415926535
P : pi | 3.1415926535 | | c_area <fun>
c_area <fun> _
. ’ r ‘ 2.0 pi 1
pi 1
area | 12.566370614
carea 2.0 00000000 O0OODOOOODOO DO0o0oo0Doo0

O 2:0 let area = c_area 2.0 0000000000000 0O00O0O0O0O0O0O0O0O0O0O

Exercise 3.2 U000 UO0O0O0O0ODOO0OOLOO0ODOO0ODLOODOOODbDOObOObDOODO
ggbbbuoooobbbuoooobbbuoooobbboooobobobod

1. let x =1 in let x = 3 in let x = x + 2 in X * X
2.let x =2 and y=3in (let y=xand x =y +2in x xy) +y
3.let x =2 1inlet y =3 in let y=xin let z=y + 2 in x *x y x z

Exercise 3.3 000 000O0O0O0O0O0O 2000000000000
e let x =€) and y = e5;;

e let x =¢; let y =e9;;

2 Ooooboooooo: o

gobooobbooobobooobbuooobooobboboboobbuooobboon
gogbbobuooobbboooobbobooogboogo

2.1 0JOoon

gbobogbboodbboobbuabbooobboobbobbboobboodan
00000D00ODO0O0O0O000000 (DooDoOoOoOoOoO)oooDoOODODODODODODOOO0
O0O0o00 oCaml OO OOOOOOOODOOOODOOOODOOODOOODODOOO
O0DO0O(tuple)DD0DD0OOtuple 00 O ODO0OOCDO ,0000000000000

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



0000 float * float D00 D000 100 (1.0) 0 float D00 200 (2.0)0 float
00000000000000000+«0000000000000000000 0000
00000000 OCaml 0000 OOO0O00O0O000O0000O0O000O0000OO00
0000000 O 0000000000000

0000000000000000 (00000000)000000000000000
00000D000000000000000001let000 00000000000

# 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

22 JUO0O0bobooooooon

O000000000000000000000 (pattern matching) 0000000000
Ubooobuiob UNIXDO grepU000000oboobobbooboobogon

. 0000000o0ooooooo000 (Dooo)ood
2. 00000obobooooooboood
. 0bbugoobbbooooboobuoooobbbouooonobbooo

0000000000000 ooo*™mOoo00 (G, v, z, wOODOOODODOOO4000
0000 (booO0o00oooOohYooooOoOoxOO10D0O0,y0OD02000,2z00 30
O00OwDOO0D400000000000000CO00O0O00OODODOOOOOO (Let, 00O
O000000)000O0O0O00O0000000000Obigtuple 00000

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

val b : bool = true

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

ggbboobuogobbboogooboo
goboboobobob40b0000000D00O0DODOODOODODOODOODOO0
gogbobbobooooobobobouodinbib letx= ... 000000000000
b oboboboobobobobobxbOoboboboboobooboboboobon
ooooooo,), ...,(00bb,) 0000000000 oooooooooooo
000000000000 0D-.000000000000DO (DODOD,)OO0O0OO0O0OO0OO
godggbobobbobuoooooooobobbbobbbbooouooooooooobooob

000000000000 retrieve 0000000000000 000O0OOOUNIX O egrep 000
0000 ()o0ooo0o0oO0o0Uo0o0ooOoUoO0oOoUoO0o \10DoOO0o0o0ooDOoUoDOoooooOo

5



gobogobbuoogbboodgbbloogobbuooobbuooobooobooon
gboobgobobbobboboobooboobon

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

Characters 83-84:

This variable is bound several times in this matching

gobobogboodgbboodobobbooboboobbooobboboobboon
gbbgobodbobuooboobbobobooboobobobobuoooboobbooon
0000000 _(000oU00Doo0)000 coooUooooooOoOoooOooDooooo
0000000000000 (wildcard pattern) 000 0000000000000 0OOO

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

23 0OUO0boooon

O000fleat 000 (20000)00000000O00O0O00OO0OOOODOOOOOOOO
gogbobobooggboboooobobobooogoon

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

oodbodbddbdlaverage U0 float * float -> float U U U OO U float * float
0000000000000 D0000oO0O0o0O(@EOoUObD x000 ->000000000DOO
(float * float) -> float 00000000 DO)00000000O0ODOODOOOO

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

ubobdoboboo bobooboooboooobobobooboooboobOobOobobon
gbboooboobodbbobobudubuoobbodbudn average UODOOOOO
O0010000ooo0o0oobooooooboono oCamlODOOO0O0OO0O100000D0O0O
U000 average U

# let pair = (0.34, 1.2);;

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

- : float = 0.77

gbogobgobobboboboboobod

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



00000000000 (0D000000D pair000000D0ODOCOOOODOODOO
00000000000D0O0O0000o0OO0o0)o

00000000ooooooo0o0oU0oooooo(oD)00oooooDooooOO
gogno

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

ggbbobuoooobbobuoooobobod

# 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

go0ooOoO0OOoO0oOQOOO0ODOOO0O0OC (COODOOOUOUOOOOOOOUOUDOoOoOooo
01000000020000)000000000000000OODODOOOODOOODODOO
goooooouoobbbbbioooobuooobbbbbooooooooobbobbb
ERERN

24 0000

Exercise 3.4 2000000000000 geomean OO OO O

Exercise 3.5 20 20000000 20000000000000000 prodMatVec [
gogbobobuoooobbbuoooobbbuoooooo

Exercise 3.6 0O QOQOQO0O
e float * float * float * float
e (float * float) * (float * float)

gobbobuooobobbboooobbobuoooobbbooooobbboood

Exercise 3.7 let (x : int) = ... 000 (x : int) OO0OOO0O0OOOOOOOOOO
O000000000o0o0oo0O0oO0 (0000 ooooOOoDoOoooOoUoooO)ooooo

3 0ogo

goboggbbuogbuoobobboobbuooobooobboooooobboon
000000000000 (recursive function) 00 0000000000000 00OO0O0O
ggbooboooggooo



3.1 Ul

O0o0oboOo0o0oboOo0oooooooOo0 nOO0OO0nl=1x2x---xn00000000
gbooobuoobooboooboon

e J000DO0ODOODOUDOOODOOOOD 100000 1000%0
enl=n-(n—1)0000 n0000 n—-10000000000

gobbooboooobuooobbuobbuoogbbuooobbooobboboboob
gbgobobooboboboboobobbobooloboboobobooboon
gbobogobbuoooboobbuoboboboobboooboobbuooobboon
OoooooOo oCamlOOOOOODO

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

gobbogdooboD factdbboooobbbooobbobbooobbbooon
gobboodobobbuooobbbuoobibd fact0D0ggooboooobooon
gaod

# fact 4;;
- : int = 24

O0o00o00o00o0o0bodiodoood recOletddodooooooonO
Oo0doooooooododdoddooooddiddrecddoodoooooonon
oo@®0g

# let rec x =x + 1;;
Characters 13-18:
This kind of expression is not allowed as right-hand side of ‘let rec’

gobogobbuogoooobboobbuoooboobboobbuooobboon
ggboboboooooogoobobod

o JUOOUOOOOLDODO
e HOUUUOODLDOUOOODLDDLDOOO

ggbobobuoooobbobuoooobboboogd

'=100000000000
3000 OCaml 00000000 DDOOO0O0OOOOOODOOOODODOOOOOOOOODOOOOO



3.2 UUOoboooooo

gbogbobgobooboobobgobbobobobooboooboboobobon
000000000000%000000000000square(square(2)) 0000000
gbgbooboboooobobobooboboboboboboboboboooon
gbobobooobboogbboooboobuooobbuooboboobbuooobboon
goboboooboboooboobbooobbooobboobbooobboobboon
00000000000 (evaluation strategy) D0 000000000000 O00OOOOO0O
gobbobooooboboon

gbbodbboobboobooobooobuooboooobooboboobboon
O000000000000000 (call-by-value) 0000000000 00O00O0O square O
ggn

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

goooo

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

16

Lol

0000000000000 square JO00O0OODO square(2) DO0O0O0O0O0OODOOOOCaml
gogbbbuoooobbbooooobbboooboboboooon
gobbobuogobbbbuoodbbbbfact 4000000O0UOO0O0OODOOOOOO

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

— 4 x fact 3

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

* (3 * fact 2)

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

* (3 * (2 x fact 1))

(3 % (2 x 1))

* (3 % 2)

* 6

!

[ A A A
N N N N N

bbb

-— 24

i00000000000000000000000000000000000000000000000
gboobgooboobobboboo



gboboboobobooobbooobbbooobobooobboooboooboboon
0000000000000 00000000O(DoOOo0DoDUooooOD)

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

J00obooooobbo0ooobboooobbooboooogbboOoUognbzero(square(square(2)))
il UUUU U
00000000000O0O0O0O(@Oooooo)o

0000000000 000D0ODODODOO0O0000 (00000 eagerness, strictness 0 O
000000)000000000000000O000000000O00O0O0lazy 0OO0O
dooooooooobooobboboon

O00lazy OOO0O0OO0O0OCOO0ODOOOOOOCOOOOOOO0OOCOOOOOO0OOOO
00000000 (call-by-name) 00 000000000000 0O0O square(square(2))
0000 zero(square(square(2))) JOOOOOO

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

4 x (2 x 2)

4 x 4

16

0

L

zero (square(square(2)))

gboobugoobouobobobuoboobobobuooboboboboooobob
gboboboobobobooobobobobobob0obOoboobDOoo0bO square(2)
gobobooboogbbobod

O00000000000000000 (call-by-need) 0000000000 OO0OO0
gbobobogbuoobbuoobbooobboooboobbooobbobobboob
gobbooboboobboobooobbuooobbooboboobboooboboon
ggbbobuogobbbuoooobbod

square(square(2)) — * — x — x — 16

o

square(2) *

(
\

D S ) S
P
e

2

call-by-need 00 000ODOO0OOODO Haskell, Miranda OO0 000000 O0OOOOOO
O0000lzy OOOOOOOOODOODOODOOOODOOODOODOODOOOOOOODOOOn

10



00000000000000000000000000000000000000000
0000000000000000000000 callby-value 00000000000 (0
00000000000000000000 graph reduction 0000000000000
0oo)

3.3 Uobuogoobooo

000000 fact 0000000000000000000000000000000
000000004+ 3+ (...))000000000000000000000OnR0O
000000000000000000000000000000000000000000
00000000000000000n-(n—1)-(n=2))=(n-(n—1)-(n—2)000
0000 (n—-2)!000000000000n-(n—1)0000000000000000
00000000000000000000000000000000000000000
00000000 »00000000000000000000000000

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

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

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

gogbbobuoooobibb pbUfact U000 ODOO0O0OODOOOO0OOODOOOOOO
OO0000o0obDOoboboob0Odfacti (n,m) O0n-m!O00000OO

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

O00O0Ofacti (1, 49 00000O00O0O0OO

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

fact 4000000000000000ODOO(0DO000DO0DO0DOOOOOO)ODOOOOOO
O00000000000000 (iterative) 0000000000000 O00OOOODOOO
O0000000000000000 (tail-recursive) 0000000000000 OOOOO
00000000oo0o0o0000oooooo00oooooooooOooooooo (O

11



000)000000OC00O0000ooooooO00UoooDoooOoOoooooDoooO
Oo00000ooo00ooooooooooobooooboooooboooooooooon
00000000000 00O0O0000O0O000O0O0O00O0O0b00o0oOoOob0boOOoOooOooOon
Oo000obo0oooooooooon
0000 facti OO0OO0OOOOOOOO0O0OOOOOCOOOOOOOOOOOOOOCOOO

0000 1000100000000000000facti OO0OO0O0OOOODOO

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

# let rec facti (res, n) =

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

# in facti (1, n);;

val fact : int -> int = <fun>

gogboobooogoobodo

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

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

val fact : int -> int = <fun>

gbobOobOoboooooboboooboooCaml D000 ODbDOODOOOOOOOO
goooog

34 UU0OOOooOd

gboboboodgboboodobboodobbooobbooobbolobboboobban
gobbogboboogbbboooooooboboobbooobbo20b0bbooan
ggbbbuooobbooooobon

gbooobdgo ooboobduo /pbgobbobboboobooboobon

&
I

F, = Fy1+Fh

nUUO000000000000040000

# let rec fib n = (x nth Fibonacci number *)
# ifn=11]] n=2 then 1 else fib(n - 1) + fib(n - 2);;
val fib : int -> int = <fun>

gibbbuoddlelsedobobodg 200000000

gboboobobooF, 0000 F,.00000000bO0ObO0OO00ob0Oo0bOobDon
000000000000000O0(fib 300000000000)0000000O0OOOO
ggooood

12



# 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>

goboobdodnU0D F, 0000 F,,00000000000D0DOO0O0DOODOODO
gooood

Euclid 0000 Eucdid ODO0O0O00000 m0O n (000 m<n)O00OO0OOODOOO
n+-=m 0000 nUO000000000D0000O0000O00O0O0O0O00O0O0O0O0000b0O0
goon

gbuodbod nbOO0O00O0O0DOD mOO0ODOOOOOOODOODOO0ODOO ( " ) g
m

m mx---x1

(71) nx--x(n—m+1)

gooooooooooooo
0
n
—1 —1
m m m—1

ggbbobooogoboo

3.5 U000

O000000000000000000000000 (mutual recursion) 0000000
ggbooboogn

let rec f1 (OO0O0O,4) = e
and f2 <DDDD2> = €2

and f, (0000O,) = e,

O000000000000000 000000000 £,0000000000000
fi,..., 000000000000
00000000000 000000000 even, odd [

13



e 00DDOUOODO
e 1 LODODODODODO
en—100000 nOOOO0OOOO
en—100000 nOOOO0OODODO

gobbobuogobbooogbooboooobbbouooonobbbooogbobboo

# let rec even n = (* works for positive integers x*)
t# if n = 0 then true else odd(n - 1)

# and odd n =

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

val even : int -> bool = <fun>

val odd : int -> bool = <fun>

# even 6;;

- : bool = true

gobbobuoodgbbbddUarctanl DO OO

. 1+1 1 N 1 1
B 7 Ak+1 4k+3

N
w
ot

gobobodgbboogbooooobbuooooobboobbooobbuooobboon
gobooood

# 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

ERERE [][}AZ goobooogd

3.6 UUOOO

Exercise 3.8 xt D00 0On 0 00000000002 000000O pow (x,n) ODODO
g20000000

l.pw O (OD0)OOOO nODOOODO

14



2. pow 0 (00)00000 log,nr 000O0000(0D0O0: 2> =(z2)"0000000
x2n+1:?)

Exercise 3.9 000 pow 0000000000 DOOO powi 000000 (OOODOODODO
O0000000oooooooooon)

Exercise 3.10 if 00 OCaml DO 0O0O0O0000O0O0O0OOO0OOOOOOODOODODO

gobbbb0O0Ofact 4000000000000 DOOOO0O0O0OOODOOOO0OO0OO
ggn

# 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;;
77?7

Exercise 3.11 fib 4 0000000000 0OOOOOOOOOOOO0OOOO
Exercise 3.12 U0 0O00O0O0OOOODO

1. Eucid OODOODOOOOOOOOODOODODOO gedd

n

2.DDDDDDDDDDDD< )DDDDDD comb[]

m

3. fib_pair JOOOUOOO0OODODO fib_iterd

4. 000000000000 ASClI ODOD0OO0D0OD0D0D0DO max_ascii 00O0O
(0000000000000 000D0OooOoOooooOoOon)

Exercise 3.13 neg DU D UODOO0O0O0O0OOOODOOpos U neg 00 O0OOOODOODO
gogbbobuoogobbooooobooo
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A JO0ddoobo1:00d11den

0D000: 21,2226 (30 4),3.2(20 3),3.5,3.8(1),3.9,310,3.1200 200
0000000: 0200030000000000000

gogboboodgd bobodooobbbooogboboooobobbooooboon

o JUUUUOUOU: fp-reportlgraco.c.u-tokyo.ac. jp

subject: 000000 report 1 0 0OOOMO

0000 (+ (0000) (00 ) %)

0000000 (x (0000) %)

000000000000 (+ ... »O000D0D0O0O0O0O0OOO(OOOOOOOOOO
O00000000oooooooooooooon)

goououbobbbbbbdoooououoouobooouuoobbbbibl igarashi@
graco.c.u-tokyo.ac.jp 0000000000000 0O0O0(MOOCOOOOOOOOOOO
000000000oooon)

gbobo oobbdodobobboodobboogbbuoobboobbuooobboob
gogbbobuooobbobooouoooobbbuoooooboboood
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