000000000 Standard ML O O
— Introduction to Standard ML —

HREEE
http:/ /www.pllab.riec.tohoku.ac.jp/ ™ ohori/




MLOOOOOOO?

Joooond

o  CFOUOOUOOODOOO O Meta Languagell[]
el 0O0OOUOOOOUIODODO.
eI OODOODONO

el OOOODOOONO.

e 00O 0OOUOODOOOOO.




000 Metall 000
el OO LODOUOOOLDODOOULOOOOO

eI UOOODOMNO metaphysicall U OO OOOOOOOOOOO
HREREREEN

— 0 0O O O O metaphysicall ta meta ta physikal 1l [ [ [ [ physicall
Joooodoooodoo
—Jdoodddmetad D 0O000OOO0OOOOO0O0OOO

e | UDODOOOOUOOOOUODLODLODODODOOOOOOOUODLONO
Jdnododdddoboooboodgddddunn

e | UDDOOOOUOOOOUODLOLODOODOOOOOOOUODNONO
Jdddmddoobooooooddddynon

eI COOOOOJAVAD D ODOUOODOOOCOJAVAO OO OOO
Juoootdd

/2




MLOOOO?

Joobobbboood

o | OOONON

o | IOMON

o | UUOUOOOOOODODDODDODODODUOLOLODODUUOO
e 1JUUOODODODODONONO

o | OUOUOOOOOODODDODODOO

o [| [0

o |1 OOONOMO

MLOOOOO!OoooOooOooOooooooooon

1 A person with an enthusiasm for programming or using computers as an end in itself.
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R. Milner, M. Tofte, R. Harper, and D. MacQueen
The Definition of Standard ML (revised), MIT Press, 1997.
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Our lecture will roughly be based on
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Other resources

e L. Paulson, "ML for the Working Programmer, 2nd Edition”,
Cambridge University Press, 1996.
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e R. Harper, "Programming in Standard ML".
http:/ /www.cs.cmu.edu/People/rwh /introsml/
(on-line0 000 OO0O)

e M. Tofte, "Four Lectures on Standard ML" (SML’90)
ftp:/ /ftp.diku.dk /pub/diku/users/tofte /FourlLectures/sml/
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L O
ol =1
n! = nx!l(n —1)

fun £ 0 = 1 f(int n){
| fn=nx*xf (n - 1) int r;
while (n !'= 0) {
r =r % n;
n=n-1; }
return(n) ; }
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fun £ L nil =L (defun £ (11 12)

| £ L (h::t) = (if (null 11) 12

f (hQL) t (cons (cdr 11)
| (f (car 11) 12))))

Type Error:

. . f
circularity
’Z list -> ’Z list
’Z -> 7 list
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% smlsharp (SMLtOODOooon)
restoring static environment... (OO0 0)
i (0oooooo)

oot ggn

L. Jdooooggoooodn,

2. 00000ooogdooodgdgooogdn,

3. 000000000000.

Jodduoong

o | UOUOOOOODODDODDODDODOOLOOUOU DUOOOO O
e | UDODODOOOUOOOO~cUULDLU




Juoood

Jodduooon
bbb dddddotddn
Jooobobbbobbobobbodddt:

# expr ; (an expression)
val it = value : type (the result)
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MLO OO “helloworld" O 0 OO0 O0O00OO00OO0OOOONOO:
% smlsharp
# "Hi, therel";
val 1t = "Hi, there!” : string
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# 21;

val 1t = 21 : int

# 3.14;

val 1t = 3.14 : real
# 1E2;

val 1t = 100.0 : real
# true;

10O

o int: L[

ereql: JOOOOOOO
e hool: O 00U
echar: OO OOONO

# true;

val 1t = true : bool

# false;

val it = false : bool
# #"A";

val it = #7A7 : char
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# "2;

val it = "2 :int

# 3 + 72;

val it = 1 : int

# 22 - (23 mod 3);

val 1t = 20 : int

# 3.14 * 6.0 * 6.0 x (60.0/360.0);
val it = 18.84 : real

e nUUUUILOOUOUO-OUOODOUOOOOON.
enmod U UOUOUOODONO




-

Juoootdbobootdd

# 2 x 4 div (5 - 3)
> % 3 + (10 - 7) + 6;
val 1t = 21 : int

JUd >0ttty
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# 1f true then 1 else 2;

val 1t = 1 : int

# 1f false then 1 else 2;

val 1t = 2 : int

OO0 truel falseUUUOUOUOUOOOOOO boolU U O O O
[]:

eif [/ then F9y else AU OOOOOOOOONONON
e HHUOUOOOOOOOOOOOO
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# (7 mod 2) = 2;

val it = false : bool

# (7 mod 2) = (if false then 1 else 2);

val it = false : bool

# if (7 mod 2) = O then 7 else 7 - 1;
val 1t = 6 : int

# 6 x 10;

val it = 60 : int

# (if (7 mod 2) = O then 7 else 7 - 1) x 10;
val it = 60 : int
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# 31;
val 1t = 31 : int
# 1t;
val 1t = 31 : int
# 1t + 1;
val 1t = 32 : int
# 1t;

val 1t = 32 : int
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# 1f #"A" > #"a" then ord #"A" else ord #"a";
val it = 97 : int

# chr 97;
val 1t = #”7a” : char
# str 1it;
val 1t = "a” : string

# "SML" > "Lisp" ;

val 1t = true : bool

# "Standard " ~ "ML";

val it = "Standard ML” : string

eord e IO eOASCHIOOOOOOO
echr eUUU el UU0UOUOOLOOOOO
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use "file" ;
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2. "o oo0ouooooooooooooooon
3. 0000ooood

4. 0000000000
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# (2 +2] + 4);
stdin:1.7 Error: syntax error found at RBRACKET

bbbttt boogd

# 33 + "cat";
stdin:21.1-21.11 Error: operator and operand don’t agree [literal/
operator domain: int * int
operand: int * string
1M eTPTesSSIon.:
33 + “cat”
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# 10 *x 3.14;

stdin:2.1-2.10 Error: operator and operand don’t agree [literal/
operator domain: int * int
operand: int * real
1N eTPTressiLon:

10 * 8.1/
000000000000

# real 10;

val 1t = 10.0 : real
# 1t x 3.14;

val it = 31.4 : real
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2. 0o ooddooood
1 44,
2 1t mod 3;
3 44 - it;

4 (it mod 3) = 0;
5 1f it then "Boring" else "Strange";
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val name = exp ;

00000 nameld exprd U O 0O O O U environment.

# val OneMile = 1.6093;
val OneMile = 1.6093 : real
# OneMile;

val 1t = 1.6095 : real

# 100.0 / OneMile;
val it = 62.1388181197 : real
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# val OneMile = 1.609;
val OneMile = 1.609 : real
# val OneMile = 1609;
val OneMile = 1609 : int
# OneMile * bb;

val 1t = 88495

Jooboboboooobboouddddtonddn

# onemile * b5b;
stdIn:22.1-22.8 Error: unbound variable or constructor: onemile
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1. O0ooodddd
Joooooo,dou#™™ guouoood, o, #£ ™0
#' "ouoouodgg
Joo#m"dgggubbbbbooobobobodddd

2. 000
Joootdbobootdd

Y% & $ # + - / < = > 7 0
N\~ | =«




abstype and andalso as case datatype do else end
eqtype exception fn fun functor handle if in
include 1nfix infixr let local nonfix of op open
orelse raise rec sharing sig signature struct
structure then type val where while with withtype
CYy [0 { Y, @ o> 5 .. 1 == -
i
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fun f p = body ;
000

e fOOOOODON
epll 0O

e bodyU O OO OO

Jodoododapbdddtdbbedy D000 odononon
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# fun double x = x * 2;
val double = fn : int => int

HRERE

e val double = fnll [ double WU OO ODOOOOOOO
HREEN

eint > intUUUUUOUODOOOUOOOOOUOUOOLOOODDOOO
Jooooduoon

Joooboooobobobogdd

# double 1;
val 1t = 2 :int
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fZT1—>7'2 E:Tl
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# double (if true then 2 else 3);

val it = 4 :int
# double 3 + 1;
val 1t = 7 : int

# double (double 2) + 3;
val 1t = 11 : int

Juoooudono:

o000 e k00000000000 0000
000 double 3 + 100 (double 3) + 10000000




Juooggoogdgood

# fun £ (x,y) = x * 2 + y;
val f = fn :int * int => int

# £ (2,3);

val it = 7 : int

L 0O 0O O

e (Fy,... ., Fyy0dddnd
or * - x 7, 0000

e 1IN ——UUUOOUOUOUOUOODOOODDODUOUOOOUUint *
int -> int 0 (int * int) -> int Q40O Q00O
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(Eq,...,En) «+ 14 % --- x 1,
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# ("Oleo", ("Kenny","Drew"),1975) ;
val it = ("0leo",("Kenny","Drew"),1975)
:string * (string * string) * int
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fun f p = body

Ooody0 0000000 0OOO0OOOO fOO0O00OOOOOO0O
HRERN

oo oboogdubood

' fun f n =
Oh =1 if n = 0 then 1
nl=nx(n—1) elsen *x f (n - 1)

Joobobbbbobbbobbdddddogggn.
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Juoobotdth:
0l =1
nl=nx(mn-—1)

1. oo otdon.
if n = 0 then 1

2. 0000 odotdn
HRERERERERERERERERERE
f (n - 1)

3. 000 onugodn.
nxf (n-1)
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Juoobotdth:

fun f n =
1f n = 0 then 1
elsen *xf (n - 1)

1. fOO000O0000000000000
f nisn

2. 00000000dy 00000000 OOO
f 0is Ol
00000f (m-DOM-1DOOO0OO
O0000f n0O . O0O000O00O0ODOO0OOCOCOOOO.

. 0o foonooooouooouoodood
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[ O FibonacciJ [ :

Fy=1

=1

Fp=F, o+F, 1 (n=>2)
FibonacciD O OO OOOO.

fun fibn = if n = 0 then 1
else if n = 1 then 1
else fib (n - 1) + fib (n - 2)
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fun f n =
if n = 0 then 1
elsen *xf (n - 1)

00000 omOO00ooooooooooooooconon
Jdduboobooboogddtd

MLOOOOODOOOO
Jooogduood

JogoMLOooooooooooodo MLOo oo
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0000000 fun f p = body0 000 0 bodyD 000 0O tail
calls positions 0 000 0000000000000 0000 tail

recursivel ] L1 [ U OO U O
TDDD[]DDDD

T = []|if E then T else T | (E; ---; T)
| let decs in T end
| case e of py => T | -+ | pp = T

Juoobotddh:

of ¢
eif ey then f e9 else f e3
e let decls in f e end

oo dobodoobbootn
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fun fact (n, a) = if n = 0 then a
else fact (n - 1, n *x a);
val fact = fn : int ™ int => int

fun factorial n = fact (n,1);
val factorial = fn : int => int

factU factorialJ O OO O O .




Let [
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let

sequence of val or fun definitions
in

exrp
end

L Ooo:

let

val x = 1
in

x + 3
end;
val it = 4 : int




-

MLOOUOOODOODOOOOOletbOooooooooa

— fun factorial n =
let
fun fact n a = 1f n = 0 then a
else fact (n - 1) (n * a)
in
fact n 1
end;
val factorial = fn : int => nt
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let decl in exp endd 00O 00O O

o [ 1010
o 1D UUL expld L.

# let
val pi = 3.141592
fun f r = 2.0 * pi1 *x r
in
f 10.0
end * 10.0;
val it = 628.3184 : real




Local ] []
D0 dlecalld OO0 ogdgn

local
declList]
in
decl List2
end

o decllastl ] decllLayst20] 11 00 00O OO
edecllost20 00 00O OOOMONO.




# local
fun fact n a = if n = 0 then a
else fact (n - 1) (nxa)
in
fun factorial n = fact n 1
end ;
val factorial = fn : int => nt
# fact;
stdIn:10.1-10.4 Error: unbound variable or constructor fact
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I} = FA7)  (n>1)
AT — T (n =0)

AT 10+ 17 (n>1)

Jobotdbobtd andd bbby n
Jooogdug

# fun I(x,n) = F(A(x,n - 1))
and A(x,n) = if n = 0 then x
else A(x,n-1)*(1.0+I(x,n));
val I = fn : real * int => real
val A = fn : real * int => real
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(1) 0000000
2000000000000000

# fun Power(m,n) = if m = O then 1
else n * Power(m - 1,n);
val Power = fn :int * int => int
# Power(3,2);
val it = 8 : int
OooMLOOODODOOOOooOoOOoOooooon

# fun power m n = if m = 0 then 1
else n * power (m - 1) n;
val power = fn :int => int => int
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powerUOmOOOODOD0Opd0OO0O0OM'OOOOOOOOOOOO
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# val cube = power 3;
val cube = fn :int => int

# cube 2;
val 1t = 8 : int
L OO

eI UUOLOOON
power (m - 1) n0 (power (m - 1)) nO0 00O

o> IO0O0OMONO
int => int => int0 int => (int => int) 0 0 O
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(2) 000000000
00000000000 00D000000000000:

# fun sum0OfCube n = if n = 1 then cube 1

else cube n + sumOfCube (n - 1);
val sumOfCube = fn : int => int
# sum0OfCube 3;
val it = 36 : int

sumOfCube Ll U U U U UOUOOOOOOOOOOODODODODO O
n
B f) = 1)+ F2) 4+ f )
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MLOOUDOODOOODoOoooooououoooooooogod

# fun summation f n = 1f n = 1 then £ 1
else f n + summation f (n - 1);
val summation = fn : (int => int) => int => int

L]
e (int => int) => int —> int O (int => int) => (int => int).
e [1[][]0L L summationl]

—Omt->mt0 0040000
—int->mtU ooy

Joobotdbobobotdbood
UOUOOsummation DO OHOUOOOOOOOOOOO

- >
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Joogtdbootdboogtdboogdboogtdoboogd
oot ooddooodgdbooogd

# val newSumUOfCube = summation cube;
val newSumQOfCube = fn : int => int

# newSum0OfCube 3;

val it = 36 : int

o

# val sumOfSquare = summation (power 2);
val sumOfSquare = fn : int => int

# sumOfSquare 3;

val 1t = 14

# summation (power 4) 3;

val 1t = 98 1 int
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fn p => body

JO0U00p0000ooododbedytl OO ODUODOOON
L0

# fn x => x + 1;
val 1t = fn :int => int

# (fn x => x + 1) 3 * 10;
val it = 40 : int
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fun f nm = (fib n) mod m = O;
OO00000mO0OO0O#GmOO0000000000OOO0O0
val g = £ 35;

(g 1,2 2,g 3,8 4,g 5);
O fib 350 500000 r
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JO0o0doodooab3s0000dooodoogon

fun f n = let val a = (fib n)
in fnm => amodm = 0
end

Juobootdoogtddoon

L. nOoOogng

2. fbn0 000000 mOO0O,

3. 00mO00000fn m = amod m = 0O 0O0OOOMO
Jobootddbobootdd

val g = £ 35;
(g 1,8 2,8 3,8 4,8 5);
OO0 fip s 1gdgoooddnon
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2. 000ttt oggd
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U ooon

# let val x = 3 in (fn x => x + 1) x end;
val 1t = 4 : int

HRERERERERERERERERERE
eval [I[J
e fun [ [

efn = => ¢ [




/
val [ [
val 1 = exp;
and x9 = exrp-

and rp = expn ;

x,...,cpy 0 OOOOOOOOODODDONO

val x = 1

val y = x + 1
val x =y + 1
and y = x + 1

Joodbodxo30yo2000000.
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fun f) pi --- pllq - 6Ip]
and fo pT -+ pf, = expo

and fn pi - pp, = expp ;
fi,.... 000000

®cIpl,...,ETPy
el OOODODOOO
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# val x = 10;
val v = 10 : int
# val y = x * 2;
val y = 20 : int

# val x = 20;
val r = 20 : int
#y;

val 1t = 20 : int
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# val x = 10;
val x = 10 : int
# val y = 20;

val y = 20 : int

# fun £ x = x + vy,
val f = fn :int => int
# £ 3;

val it = 23 : int

# val y = 99;
val y = 99 : int
# £ 3;

val 1t = 23 : int
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€1 Op €2

L]

op(eq,er)

OO 0O0On
DOobogdtbbbbddbbbodditbbdda

e infix n udy---idy,: U UOnUOUOOOOOOOO.

einfixr n idy---2dy : UUOUOnUOOOOOOOONO.

Jobobobbooobobbuodddddnnggn

infix 7 x /
infix 6 + -
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# infix 8 Power;
infix 8 Power

# 2 Power 3 + 10;
val it = 19 : int

Joo0dooodoodoododoep c.d0dOOOOO

# Power;

stdin:4.1 Error: nonfix identifier required
# op Power;

val it = fn :int *int => int

# op Power (2,3);

val it = 9 :int
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bbb bbbon
Joododduoon

(1) Sp=142+---+n
(2) Sp=1+(1+2)+(1+24+3)+---+(1+2+---+n)
.oooooooooOooooooood

.zxzmmm(“b
c d

O0000000 A"O000D0D0O0O0QO matrixPower(n,A) 0O
00400

Fibonaccil OO0 OO OOOOOOOOONONO O

Fn:Fn
Fn—H — Fn—1+Fn
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F
G, = "
" Fn+1
HRNRERERERE
01
HRNRERERERE
( tn ]} (O1 01.”01 0
n_Fn+1_11 11 1111
n times
DDDDDDDDDDA—[?})DDD

0
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csummationU U U OOOOOOOOO OO

. gbobobobbodddtdtusing summation.

(1) f(z)=142+---+n

(2) f(n)=14+2°4+3°+ -4 n?

3) fn)=14+14+2)+(1+2+3)+---+(1+24+---+mn)

. Oint > realJ 0000 fOO0D0D0s f(kH)DOODDOOO

00
summation’ : (int -> real) -> int -> real
Joooon
f(x)D000D0O000DOO0

1L f(a)dx




Jdddobbobo.dtddddboboboobobooogdtt
k(b—a)) b—a

n n

n

> a —+
2l
fDnDanDDDDDDDDDDDDDDDDDDDintegral

HRERERERERE
0000 intO 00 Oreald 0 OO0 O real @ int —>
realll [ 000 OO

csummation U U O OOOUODODOUOUOLOOOUOOOOOON
HREEN

X

ZZl(ha f7 Z) — h(f(”)vvh(f(l)az)>
0000, f(k)O AP_,(+ f,000000000
. (h2 000000000

accumulate h z f n




ERERERERERN
10.accumulate ] U O 0 summation ] L O 0O O [
llaccumulate O OO OO OO OOOO0O0OOO
(1) filn)=1424---4+n
(2) foln)=1x2x---Xn
(3) fas(n,z)=1xa' +2xa°+---+nxa"

12int -> bool OOOOO fOO f0Otrued 0000000
Joddduoog

fn x => x = 1 orelse x = 2 orelse x = 3

0{1,2,3}000000000000DO0000DOO00O0OO00n
000000 0000SMLO O expy10 expo 00O 0O expq
orelse expo U U UOMOOLML exp; andalso expod U L L

(1) 000 emptyset.




(2) 0000000 n0OO000D0000{n}O00000O0
singletonl]

(3) 000000000 0D insertD

(4) 00000000 D0OO000DOO000DOO000DOO0 member(

(5) 00000000 DOuniond intersectionl] differencel]




4. MLUO OO OO O




ooty

ML
L. 0o oooood
.00t oooon,




-

HREREREEN
MLOOOOOOOOOooooooood

fun products f n = if n = 0 then 1
else f n * products f (n - 1)

o000 dLlsp00dodoonoogg

(defun products (f n)
(if (k= n 0) 1
(x (funcall f n) (products f (- n 1)))))

JodoMLOOoDoooooodgod

val products = fn : (int => int) => int => int




-

bbbttt ood

fun factorial n = products n (fn x => x);
stdln:1.19-1.40 Error: operator and operand don’t agree
operator domain: int
operand: 'Z => 7
in expression: products n ((fn x=> x))

LISPO0OO0OOO0OO0O0O0O0OO0O0O0OO00O0OO

# (defun factorial (n)

(products n #’ (lambda (x) x)))
factorial

(--- (factorial 4) ---)
Worng type argument: integer-or-marker-p (lambda (z) x)




-

\_

HRERN
Jooboboboboobobbouoddd

fun id x = X
id ] [

int -> int

string -> string.
JUdr-—> 7000000000000 0 0
MLOOOODOOUOooOoooooooooooggd
val id = fn @ 'a => ’a

Jbbatdbbogdbobootdyg




-

JUO0ouuboutttnstantiatel] O U U L

# 1d 21;

val 1t = 21 : int

# 1d "Standard ML";

val 1t = "Standard ML” : string

# 1d products;

val it = fn : (int => int) => int => int
# fn x => id id x

val it = fn: 'a-> a
Joooooouodoo

# fn x => id id x;

val it = fn @ ’a=> "a

# fun twice f x = f (f x);

val twice = fn : (a => ’a) => ’a => ’a

-




# twice cube 2;

val 1t = 512 : int

# twice (fn x => x ~ x) "ML";
val it = "MLMLMLML” : string
# fn x => twice twice x;
val it = fn : (Ca => "a) => 'a => ’a
# it (fn x => x + 1) 1;
val it = 5 : int




HRERERE




Jooogdgood

OO0O0O0bobbO
{ll . Tla"',ln . Tn}
oy, [, 00000000

e ,00D00000D0DDO0
e, 000000000000

[]

type malt = {Brand:string, Distiller:string,
Region:string, Age:int}




-

oot

{ll = expl, - ,ln = expn}
exp; U OODOOOOOODOO

o
exrpl:TL  ctc €TPp Tnp

{ly =expy, - lp=cxpp} : {1711, -, ln: ™}

# val myMalt= {Brand = "Glen Moray",
Distiller = "Glenlivet",
Region = "the Highlands", Age = 28};
val myMalt = {Age = 28, Brand = "Glen Moray”,
Distiller = 7Glenlivet”,

Region = "the Highlands” }
: {Age :int, Brand : string, Distiller : string, Region : string}




4 N

Joooooododd
expressions can be freely combined as far as they are type correct.
Joo0odoodoodoooooouoodoad

# fun createGlen’sMalt (name,age) =
{Brand = name, Distiller = "Glenlivet",
Region = "the Highlands", Age = age};
val createGlen’sMalt =
fn:a * b => {Age:’b, Brand:’a, Distiller:string, Region:string}




Joodoog
# eJUOUOOOUOOOOe0 0o onooogn

# #Distiller myMalt,;
val 1t = "Glenlivet” : string
# fun oldMalt (x:{Brand:’a, Distiller:’b,
Region:’c, Age:int}) =
#Age x > 18;

val oldMalt = fn : { Age:int, Brand:’a, Distiller:’b, Region:’c} —=> bool

# oldMalt myMalt;
val 1t = true : bool




-

oot

{ly = paty,---,ln = patp}

{ly = paty,---,l, = paty,...}
oottt otdototndi

# fun oldMalt {Brand, Distiller, Region, Age} = Age > 18
val oldMalt = fn : {Age:int, Brand:’a, Distiller:’b, Region:’c} => bool




-

# val {Brand = brand, Distiller = distiller,
Age = age, Region = region} = myMalt;
val age = 28 : int
val brand = "Glen Moray” : string
val distiller = 7Glenlivet” : string
val region = "the Highlands” : string
# val {Region = r, ...} = myMalt;
val r = "the Highlands” : string
# val {Region, ...} = myMalt;
val Region = "the Highlands” : string
# val distiller = (fn {Distiller,...} => Distiller) myMalt;
val distiller = ”Glen Moray” : string
# fun getRegion ({Region, ...}:malt) = Region;
val getRegion = fn : {Age:’a, Brand:’b, Distiller:’c, Region:’d } => ’d
# getRegion myMalt,;
val 1t = "the Highlands” : string

90 /




Standard MLO OO OOOOOOOO
Jobobotdgtdbobbotddbobobotgtdbobootgdbbootdd

fun name {Name = x, Age =a} = x
Jooboboon

fun name x = #Name x

stdin:17.1-17.21 Error: unresolved flex record
(can’t tell what fields there are besides #name)

HRERERN
Jgooboboooooboboboodooooobobooogd
SMLiD OO Ooodon

# fun name x = #Name Xx;
val name : [’a,’b.’a#Name:’b =>’b]

-
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HjEREREpEEE
bbbty

L:e—> Vvl o——> V2 o> V3| e 1> ...e—> VN | nil

Jbobobogtdubotgdgdboobogdbobobogd
Jbobobotdbobbotdbbtubbotgtdbotgtdyn
bbb nildddboodbboogduood
Joootdbobobotdtdbobbodgtdbobootdd

Jbobobottdbobbotdtdbbbottdbbgdboogtdgn
Jooogduooogdn

=~ W o=




Juooogdog

bbbttt bobogd
U ooon

(vl, (v2,--- (vn,nil)-- )
ADDDO0O0DOOO0ADDOO v, ve,...,v,0 00000 NilO
00 {ni}l0000
OO0000A BOOOOOODAxBOOOOOOOOOOO

Ax B={(a,b)la e A,be B}
000ttt doibtddoibtddnbtd
AX (A (- (AxNil)--))
nO0O A
o tdoibtdgoibtdgotbtdobtotgibt

L=NilU(AxL)




-

oo bdbdbdbgnoodbdbdi
1. 000X, 0000000000
X, = Nil
Xit1 = Xi U (A x Xj)
Ooooobdbo Logoogbodobood,d.0fbgn
X, CL
Ddoobooobodbdn

2. 0p0pgudooogd

X = U X
1>0

JooboodoXtoobooouoooooouooooood
oo booddug




OO ¢ 7 1list
rhstUOD OO0 OO -0000o0onont:

e int list : integer lists.
eint list list : lists of integer lists.

e (int -> int) list : lists of integer functions.




Joodoog
Joboobobboobobobouoddd

val nil : ’a list
infixr 5 ::
val op :: : ’a * ’a list -> ’a list

Jooodddboe,--vo, 0ot ddind
V1 1 V9 io-es il Up i onil

HRNpERERE

Dododdbodboodtn

[] = nil
lexpi,expy, - ,expp] = expy :: expy i .-

Lloexpn

nil




-

EREENRERE

# nil;

val it =[] : "a list

#1 :: 2 :: 3 :: nil;

val it = [1,2,3] : int list

# [[1]1,[1,2],[1,2,3]1];

val it = ||1],1,2],|1,2,3]] : int list list
# [fn x => x];

val it = |fn] : (Ca => ’a) list




\_

00000 O O
[1,2,3,4,...,n]00000000
HREREREREREE

# fun mkList n = if n = 0 then nil

elsen :: f (n-1);
val mkList = fn : int => int list
# mkList 3;
val it = [3,2,1] : int list
000

# fun mklList n m = if n = 0O then nil
else (m - n)

val mkList = fn : int => int=> int list

# mklList 3 4;

val it = [1,2,3] : int list

f (n - 1) m




-

ooy

# fun mkList n =
let
fun f n L = 1if n = 0 then L
else f (n - 1) (n::L)
in
f n nil
end;
val mkList = fn : int => intlist
# mkList 3;
val it = [1,2,3] : int list

Jooobobobooboboboboo. bbb ooobb

—_




Jooodduobodddn

Jobobobbbbobobbobouddddodnyn:

case Iy of nil => K1
| (h::t) => E2(h,t)

oot
1. ppOUO 0000000 LO0O0O0O
2. 00 LOnil0O0 E10O00O0O.

3. 00 L0Oh::t 0000, h0 LO0O0O00OO0OO:O LOOOOOO
000000000 E2h,t) 000000

—
@)
—_




case EO of nil

[

evaluation of case

E2(h, t)

vl | e—F+—> V2
=> E1
(h::t) => E2(h,t)
V2 | e—F—>| V3

v3

vin

nil

vin

nil

—_




# case nil of nil => 0 | (h::t) => h;

val 1t = 0 : int

# case [1,2] of nil => 0 | (h::t) => h;

val 1t = 1 : int
O00o0dooooooooooogd

fun length L = case L of nil => 0
| (h::t) => 1 + length

—_




-

~
Jdddoooooodn

case exp of paty => expy | pato => expo | --- | pat,, => exp,
OO 0Opet; D00 OD0O0OOOO0O0OOOO0ONOO
o [][],
o [][],
e O0OOOOOOOOOOOOOOOOOOOOOOO

—nil,

— pat::pato,

— Lpaty,-- -, paty]

)




fun zip x = case x of (hl::t1,h2::t2) =>
(h1,h2) :: zip (t1,t2)
|  => nil
fun unzip x = case x of (h1,h2)::t =>
let val (L1,L2) = unzip t
in (hl::L1,h2::L2)
end
| _ => (nil,nil)

o ouodoooouodouonoogounn
Joobobbobobobobbuoddddoggooobobon

fun last L = case L of [x] => x
| (h::t) => last t

—_




/
OO0t
fun x = case x of
fun f pat; = exp ! pat] => exp
| f pato = expo | pato => exps
| [ patn = expp i paty, => expp

fn paty => exp;
| paty => exps

| pat, => expp

fn x => case x of
pat1 => expq
| paty => expo

| pat,, => expp

—_
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oot bbotddun

fun length nil = 0
| length (h::t) = 1 + length t

fun fib 0 = 1
| fib 1 =1
| fib n = fib (n - 1) + fib (n - 1)

—_




Jobodooon
Joooboobbbod

fun sumlList nil = 0
| sumList (h::t) = h + sumlList t

bbbttty n
L. 00dodbaildoodoobdZ00000

2. 0000 ap: 00000000 0OOODOOOtDOO0OON
Jooodoodno ROOOO

3. "0 ROODDODOD f000000D0000O00OCO
sunList00000Z=0000 f(h,R)=h+ROODODOO0OO

—
o
oo




-

Jbobobotddbobbotddbobotgtdbbobbottdbbotdd

fun foldr £f Z nil = Z
| foldr £ Z (h::t) = f(h,foldr £ Z t)

bbb oobbbn
Jodduoboboobond

foldr (fn (h,R) => exp) Z
Ooo0od
e /U nilJOOODO.

efn (h,R) => expU U 0LUOOOOOOOOOOOOONO Rto
Joooooddpbioooodoonn

—_




# val sumlList = foldr (fn (h,R) => h + R) 0O ;
val sum : int list => int

f ol dr

———————————————————————————————

i(fn(h,R) => expr) ii i L

| bmien )L o

| HitY 2 FOLBIER | | L x oo !

| L _ _

o TERER | WSS Y % |

UARBETRNE EDOLH

—_




Juoogbun

OO0 ROOCOOOORTOOOOOOOOOOODOOOOODO

R+ — {(:va) ’ El’l’LElZl ) Elzn L= 21,Y = Zn,
(7i, ziti) € R(1 <i<n—1);

O00O0O0OROODRTO0ODOOOODOOOOODOOOOOOO

1. 0000000000000000RTO000000O0O0OO

Joogoobobobbooood

RTO0OO000OO0O0O0O0CO0DOOODOOO0ODOOOOOOOON

00000 RTOOOODOOOOOOOOCO
Rt=R'UR*yU-.-URN

—_
—_
—_




-

2. J0DRFODOODODOOOODOOOODOOO.

R' =R
RF=Rx R (k>2)
00D0O0x000000000000C0
R xS ={(z,y)|Fa (z,a) € R,(a,y) € 5}

—_
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3. RTO0O0O0OO
Jo0ORYN =RrRlu.--.URNONOODDOOOODODOOODOOO
O00000accumulate 00000000000 AODOOOO
00 f(k)=RF02=00000

RY = h(f(N), - h(f(1),2) ) = Mgy (h, f, 2)
0000

NOOROOUODODOOODODOUODODOOOoooooooood
JoooooodotobogRrobodoooooododgnn

O000000000000000000
Rt =AM (b, £, 2)

—_
—_
w




-

4. Rx SORMORTOOOOOOOOOODO timesRell powerRell]

~

tcULUOUOUOOLODODOOUODLOOOUooggn

fun

fun

fun

timesRel (R,S) =
foldr (fn ((x,a),r) =>
foldr (fn ((b,y),rs) =>
if a=b then (x,y)::rs
else rs)
r S)
nil R;
powerRel r 1
powerRel r n
tc R =
accumulate (op @) nil (powerRel R) (length R)

r
timesRel (r,powerRel r (n - 1));

—_




-

Jbobobogtdubotgdgdboobogdbobobogd

# tc [(1,2),(2,3),03,4)];
val it = [(1,4),(1,3),(2,4),(1,2),(2,9),(3,4)): (int * int) list

—_




0000 (4)
1. 0000000000000000000000C
(1) 000000000000 000000 sumListD

(2) DO00OD00O0O0DOO0OO0OO0O0OO0DOO0ODOODODOOODO0On

(1 0O 0O L0 member

(3) D000DOO00OD0DOO00OD0DOOoOoDoDoOooDOoOooDOon
O OOUUOUOL unique

(4) filter l’a -> bool U U PO ’a 1istUJ U0 O L

U000 dPUOtrueld U0 UOOLUOOOOLOOOOOOOYO
[l filter

(5)DDDDDDDDDDDDDDDDDDDDDDDDD
flattenl]

# flatten [[1],[1,2],[1,2,3]];
val it = [1,1,2,1,2,3] : int list

—_
—_
D




~

(6) DO0ODDOOLOOD0DOdO00DOOO0O0LDOO0D0DOn
Jo0ddodododououoooooooooodod
OO0 splicel U UODOOUOUOOODOOOODOMN

# splice (["","home","ohori",”papers"],”/");
val it = 7 /home/ohori/papers” : string

2. 000000 foldrU DO OODOOON

(1) 00000 00Onapd flattend memberd uniquel]
prefixListl] permutations

(2) DOOD0DOOPOOOODODoolOOODODOOODODOOOO
D000 PO CnLOn
OO00U00O ferallUUUOLOOODUOOUOOOOO POODOO
DO0do0oddooobbooobddibd existsl
O00dooddpoodibond POOOLN exists P nilll false
O O000forall P nilU trved 0 UO0OOOOONO

117




2.1.00000000000000000000000000
00000 prefixSum 000 0OOOO0OOODO O
ay,a9,---,a,| 00000
[al,al—l—ag,-.-,al—k---an_l,a1+---+an]DDDD

Cfoldr UUnil O :: UUUUOLOUOLODLDODOOUOOOOLOONOO
Jdddubobobooobobootgtdddduoobooobnd

Jooobobboobobbodddddgogooobb o
Jddduboobooooboogtdddduobooobnd

Joooboboooboboboodddddoggooobbod

JooooodoooobooobooooooooosMLto oo

Jodduuoboboobt foldibibb

foldr f Z [al,"'aan—laan] :f(a’naf(a’n—laf<“'af(a’laz)“.
(1) foldlUUUOOOUOUOODOOOO O
(2) £01d10000 revI 00 00O

—_
—_
oo




-

~

A 00 RODODODOODOUOOOOOODOUOLOOOO0OO0OOOOOO

0o otonni

(1) ROUUODUOUOUOUUOOte RULDODUUOLODUOOUOOOLQ
L1 O [

(2)DDDDRDDDDDDDDDDDDDDDDDDDDtC
oo otn

oo ododnogt

(1) DDRDDDDDDDD(CL,I))DDDDDDDDDDDDD
L] [J [0 isRelated.

(2) DO0O0DOOO0ORODODDOODD«OODOOODODOO
{z|(a,z) e R}OODOODODOO target0f

(3)DDRDDD&DDDDDD{w\(x,a)ER}DDDDDDD
source(0fl]

(4) D0 RODOO R '000000O inverseRel

—_
—_
Ne)




Joobbon

—_




datatypeU U U U U OO UOOOO

HEERERN

-ttt -gdbooogdoootd
Jtdtd-ddbbbobbtdddddboooobtd

| I e o O A N N

2. 00vO070007 00007000000 (v,7,T,)00 700
000000

Jobbotdbobbtddbootgdbbbogtdbbottdbobbogd
HRNENRERN

# datatype ’a tree =
Empty
| Node of ’a * ’a tree * ’a tree;

datatype ’a tree = Empty | Node of ’a * ’a tree * ’a tree

—
[\
—_

\_




-

UUOOOOOEmptyld Nodel ’a treell U0 OO OOOOOOO
Joogooogoodoogn

# Empty;

val it = Empty : ’a tree

# Node;

val it = fn : 'a * ’a tree * 'a tree => ’a tree

# Node (1,Empty,Empty);

val it = Node (1,Empty, Empty) : int tree

# Node ((fn x => x),Empty,Empty) ;

val it = Node (fn, Empty, Empty) : (‘a => ’a) tree

—_




-

Node("a",Node("b" ,Empty, Empty),
Node("c",Node("d" ,Empty,Empty) ,Empty))

(o IXZEDOARERT)

¢ ¢

[ 0 pre-orderd [ a(b() ()) (c(dO) ) ).

—_




-

Jddduobboooboboootdddd
JO00odooooooodododd preorderd OO O O O

eEmptyUU U U UODODDOOO

e Node(a,L,R)O0a(Sy)(Sp)DO000O0O0O0O0O0OOS,O000 Sp
[ RO LU pre-orderJ 1 0O 0O 0O [

Jobobotgdood

1. doogon

2. 000od

3. 0O

oot botgddood

—
[\
M~




-

precordre 1 L U OO OOOOOODOODOOOOUOOOOON

fun fromPreOrder s =
let fun decompose s = ..

oo ‘U9 ggbbouoobouoons=s)

in if s = "" then Empty

else let val (root,left,right) = decompose s
in Node(root,

fromPreOrder left,

fromPreOrder right)
end

decomposel L1 O OO OOULOLOOL

# decompose "a(b() () (c@OO)O)";
val it = ("a”,”b()()”,7c(d()())()7) : string * string * sting

—
[\)
(@




fun decompose s =
let fun searchlP s p = ..
(x DDpDDSDDDDDDDDDDDDDDDDD*)

fun searchRP s pn = .
(*[]DpD[]SDD[]DnD[]DD[]DD[]DD[]DD[]
val 1pl = searchlP s O
val rpl = searchRP s (1pl+1) O
val 1p2 = searchlP s (rpl+1)
val rp2 = searchRP s (1p2+1) O
in (substring (s,0,1pl),
substring (s,lpl+l,rpl-1lpl-1),
substring (s,lp2+1,rp2-1p2-1))
end

126
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datatypel U U U I U

datatype typeSpec =
Cony (of typeq)
| Cong (of types)

| Cony (of typen)

o typeSpec I O OO OOMOMN
o= 000O000OO0O0O0O0OO

—_




J0ddooooobddd datatypeld U L
L U0 caseld U L 00 0 O

case exp of paty => exp; | paty => expo | --- | pat, => expy,
pat, 1000000000 0O0O0O:

1. 000

2. 000

3. datatypel U O OO OOOOOL,
A JO00ooooooobn .

K 128j




# case Node ("Joe",Empty,Empty) of Empty => "empty"
| Node (x, , ) => x;
val it = "Joe” : string

00o0O0oooon
1. 00000000

2. Node(a,L,R) 000000001+ max(RODODO, LODODO)
0000000000 00000

# fun height t =
case t of Empty => O
| Node ( ,t1,t2) => 1 + max(height t1, height -
val hetght = fn : ’a tree => int

129
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Jbobooduood

fun height Empty = 0
| height (Node(_,t1,t2))

1 + max(height t1, height t2)

fun toPreOrder Empty = ""
| toPreOrder (Node(s,lt,rt)) =
s = "(" ~ toPreQOrder 1t =~ ")"
=~ mw(" ~ toPreQrder rt =~ ")"

\ 130 /




Jooogdgood

Lists

infix 5 ::
datatype ’a list
000

datatype bool = true | false

bool U UOULOODOOOL:

nil | :: of ’a *x ’a list

exrp1 andalso exrp- —> case exp| of true => expo
| false => false
exrpy orelse exps —> case expy of false => expy

| true => true
1f exp then exrp; else exrpy = case exp of true => exp;
| false => expo

\ 131
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oot dbobi:

datatype order = EQUAL | GREATER | LESS
datatype ’a option = NONE | SOME of ’a
exception (ption

val valOf : ’a option -> ’a
val getOpt : ’a option * ’a -> ’a
val 1sSome : ’a option -> bool

—
w
[\




Juoogudo « g

type ’a dict = (string * ’a) tree
val enter : string * ’a *x ’a dict -> ’a dict
val lookUp : string * ’a dict -> ’a option

eenter U ULOUOOOUOLODOUOOOLODOOOOLODOOOUODNL
HRERN

o lookUpU U HUUUOOOUOOOOODODODO DO

Jobobotdbobbotddbobbotdbbbotbobbottdbobbogd
000000 ootddNode(key, L,R)UDDOOOOON
HREEN

. LOododotdkeey oo,
2. ROODUOOUOO keyD OO U

—_




fun enter (key,v,dict) =
case dict of
Empty => Node((key,v),Empty,Empty)

| Node((key’,v’),L,R) =>

if key = key’ then dict

else 1f key > key’ then
Node((key’,v’),L, enter (key,v,R))

else Node((key’,v’),enter (key,v,L),R)

fun lookUp (key,Empty) = NONE
| lookUp (key,Node((key’,v),L,R)) =
if key = key’ then SOME v
else if key > key’ then lookUp (key,R)
else lookUp (key,L)

—_




Jduooong
Jobobobbobobbbuddddoogooobbon

fun fromN n = n :: (fromN (n+1));
Ooogooooood
Ooo0oodooood: o000 oogog.

000000: fn () => exp
0000000000

fun cond ¢ a b = if ¢ then a () else b();
val cond = fn : bool => (unit => unit)-> (unit => unit)=-> unit
cond true (fn () => print "true") (fn () => print "false");

135
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oot bbotddun

datatype ’a inflist =
NIL | CONS of ’a * (unit -> ’a inflist)

L]

fun FROMN n = CONS(n,fn () => FROMN (n+1));
# FROMN 1;

val it = CONS (1,fn) : int inflist

# val CONS(x,y) = it;

val r = 1 :int

val y = fn : unit => wnt inflist

#ty O;

val it = CONS (2,fn) : int inflist

—_




-

inflist(] 00O

fun HD (CONS(a,b)) = a
fun TL (CONS(a,b)) = b()
fun NULL NIL = true | NULL _ = false

L] :

# val naturalNumbers = FROMN O;

val naturalNumbers = CONS (0,fn) : int inflist
# HD naturalNumbers;

val it = 0 : int

# TL naturalNumbers;

val it = (1,fn) : int inflist

# HD (TL(TL(TL it)));

val 1t = 4 :int

—_




4 N

inflistUU OO oogn:
I.hdlltlUnull OO OOOOOOOODOOOONO
2. 0o booudot

hd = HD
tl =— TL
null = NULL
h::t =— CONS(h,fn () => t)

HREN

fun NTH O L = HD L

| NTH n L = NTH (n - 1) (TL L)
int => ’a inflist => -> ’a
# NTH 100000000 naturalNumbers;
val 1t = 100000000 : int

—
(%]
oo
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oot

fun filter £ 1

Jooobobooo:
fun FILTER f 1

Joobobbobod:

1f null 1 then nil
else if £ (hd 1) then

hd 1 :: (filter £ (t1 1))
else filter £ (t1 1);

1f NULL 1 then NIL
else if f (HD 1) then

CONS(HD 1,fn () => (FILTER f (TL 1)))

else FILTER f (TL 1);

139
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Juoooduon:
Jobobobboobobobbuodddddgnogooob bt

L. 0o oooont

2. 0o ng
L] [

oo

fun SIFT NIL = NIL
| SIFT L =
let val a = HD L
in CONS(a, fn () =>
SIFT (FILTER (fn x => x mod a <> 0)

(TL L)))
end

—_
W
(@]
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# val PRIMES = SIFT (FROMN 2);
val PRIMES = CONS(2,fn) : int inflist
# TAKE 20 PRIMES;

val it =1[2,8,5,7,11,13,17,19,25,29,31,87,41,45,47,53,59,61,67,71]

cant list;
# VIEW (10000,10) PRIMES;
val 1t = [1047483,104759,104761,104773,104779,104789,
104801,104803,104827,104831] : int list

—_




MLOOOOOOO

—_




L] O] [
a refll U ref 00O OO L
infix 3 :=
val ref : ’a -> ’a ref
val ! : ’a ref -> ’a
val := : ’a ref *x ’a -> unit
OO0

- val x = ref 1;
val x = ref 1 : int ref

val 1t = 1 : int

—_




nt

= 2:

val 1t

i




4 N

bbbttty

MLOOOOODOOOO

elet val 1 = expy; --- val x, = exp, in exp endl U L L0
expt,...,expy,y WO L OUOOOOOOOerpd UOOOO

o (expy, - -,expy) DDOOODO{l; = expr,---, lp = expp} 00
HREREEEREREREREEE

el IO Uepryexpy U0 0OHerpi 0 UO0OUOOML fn xz =>
expoU U OOOOOOezpyUOODOOOoO0OO0z0 o000 O
expold O O O O [

—_
W
at
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Jooodooboood
e (expy; -+ expp)
e cxp; before expo

ewhile exp; do expo

—_




Jduooong
bbbl gensym

e gensym : unit -> string.

e 00O OOO"a"Od"p"[d---0"z"[] "aa"[ "ab"[
~O'az"UO"va"lU.-- UUOODOODODOOOOOOOUOOOOOO

Joootdoott:

e | UDDODOOOUOOOOUOULODODODODOOOOUOOL statell
estatel U U DUDODOOOOUOMOL next

el Ustatel UL UUOUOUOLOLOOL toStringl]

—_
W
\]
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oot bdUbegensymU Uy oon

local
val state = ---
fun toString = ---
fun next s = ---
in
fun gensym() = (state:=next (!state);

toString (!state))
end

—_




-

oot

o0 ckO0000 SnSn—1°""951 [ [OTCZ(Sl), 0Td(82>, T Ord(STZ)]

oo,
nextU oo oouoddddnn

val state = ref nil : 1nt list ref
fun next nil = [ord #"a"]
| next (h::t) = if h = ord #"z" then
ord #"a" :: (next t)
else (h+1l::t)

—_




Juooogdog

Joobobobbbobbobobbbodd:
Joobobboobobobbudddddggoobobbod
Joobobod

bbb bon
Jodduoboboobnd

oottt bobogd

Jobobotddbobbotddboboogtdboboootgdbobootdd
ooy

—_
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L1

(fn x => x = x) exp
[]

EXP = exp

Joodduooon
Jod,ouooogoMLOtbotooooodoonoon

# (fn x => x = x) (ref 1);
val 1t = true : bool
# ref 1 = ref 1;

val it = false : bool

—_




-

Jduooong
Jdddoobobooobooddddynn

# ref (fn x => x);
stdin:19.1-19.16 Warning: type vars not generalized because of
value restriction are instantiated to dummy types (X1,X2,...)

val it = ref fn : (2. X1 -> 2.X1) ref
oo dbodbdboodbdbdn
ref (fn x => x) : (Pa -> ’a) ref
oo odbdbdn

val polyIdRef = ref (fn x => x);
polyIdRef := (fn x => x + 1);
(!'polyIdRef) "You can’t add one to me!";

Joobobobboooboboboodddddntddnnn

—_




oo

00 . 0o0ddd “goto”.
exceptionU U O UOOOOODODODOO

exception exnld
exception exnld of T

raisell U000 O OO OO

raise exnld
raise exnld exp

—_




-

L] :

# exception A;

exception A

# fun £ x = raise A;

val f = fn:’a->"b

# fnx=> (f 1+ 1, £f "a" andalso true);
val it = fn : ’a => int * bool

—_




oo

exception name meaning

Bind bind failure

Chr illegal character code

Div divide by 0

Empty illegal usage of hd and th
Match pattern matching failure
Option empty option data
Overflow

Size array etc too big

Subscript

index out of range

—_




-

erp handle exnPat; => handlery

| eznPaty => handlers

| exnPat,, => handler,

Joun:

1.
2.
3.

HRERERERNRN
Joobobobbbobbbbboddddoogungn

Jobobotdd-bbotgdtbootddbobotdd-—-0bogd
Joooudood

Jdddubooboboobooogtddtdd—-—u0tuoooobnd
oot dtdtd—=00000a

pguubototdtbotdd-tdboootddbobootgtdboboogd

Jooooooboboo

—_




# exception Undefined;
exception Undefined
# fun strictPower n m = if n = 0 andalso m = 0 then
raise Undefined
else power n m;
val strictPower = fn : int => int => int
# 3 + strict power 0 O;
uncaught exception Undefined
# 3 + (strictPower 0 O handle Undefined => 1);
val it = 4 :int

—_
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0ooooooo (1)

type ’a dict = (string * ’a ) tree
val enter : (string * ’a) * ’a dict -> ’a dict
val lookUp : string * ’a dict -> ’a option
exception NotFound
fun lookUp (key,Empty) = raise NotFound
| lookUp (key,Node((key’,v),L,R)) =
if key = key’ then v
else if key > key’ then lookUp (key,R)
else lookUp (key,L)
val lookUp : string * ’a dict -> ’a
fun assoc (nil,dict) = nil
| assoc ((h::t),dict) =
(h, lookUp (h,dict)):: assoc (t,ditc)
handle NotFound => (print "Undefined key."; nil)

—_




4 N

00Dooooo (2)

fun lookAll key dictList =
let exception Found of ’a
fun lookUp key Empty = ()
| lookUp key (Node((key’,v),L,R)) =
if key = key’ then raise Found v
else 1f key > key’ then lookUp key R
else lookUp key L
in (map (lookUp key) dictList; raise NotFound)
handle Found v => v
end

—
ot
Nej




0000 (5)
1. decomposell U U 00O 0O O

# decompose "a(b() ) (cdOOYO)";
val it = ("a”,”b()()”,7c(d()())()”) : string * string ™ sting

2. precorderJ 000 OO0O0O0OOOO0ONOO
e post-order[] [
Joddooooooooouood
(1) DO0OO
(2) DOOO
(3) DOoDooOoo.

e in-order ] []
Joogoooddddoooooogd

(1) 0000

—_




(2) DODOODO,
3) DO0OD.

Jooooooboboo

epost-order U U OO OO OOOOMOMOMO fromPostOrderl]
einorder U000 0OOOOOOOMOMO fromInOrderl]

e [1 [ post-orderJ I O 0 U U toPostOrder(]
e[][inorder 00 00OMOMO toInOrderld

—_




-

. 0o odnn

e U DOUOULOLOOUOULDULU nodesld
e U UUUDODODDODDODOOON sumTreel

e | 0OdOOOUOOOOOODOUOOOOOODOUOOONON
Jodoooododooood

mapTree : (’a -> ’b) -> ’a tree —-> ’b tree

4. 0000000000 foldrOUOUOOOOONOO treeFoldll

Joooodouoogodd

(1) OODD0O0OD0 ¢tO

(2) DOOO0ODOO0O0O 2

(3) D000DO00OD0DOO0O0ODODOOo0ooOOooDOoOooDOon
00 fO

Jodoododoooododna

—
D
[\




# fun treelFold f z Empty = z
| treeFold f z (Node (x,L,R)) = ---

val treeFold = fn: ("a * b * b => 'b) => b => ‘a tree => b
(1) treeFold0 00000000 N

(2) 000 treeFoldO OO OO OODOOOnodes, sumTree, and
mapTree using treeFold.

b. J’a list -> ’a option UL UOOOUOUOOOOOLODNOO

(1) 0000000000000 D00O0 card
(2) 000000000000 D0O000D0OO0 cdred
(3) 0000DO0O0D0DOO0OD0DO00OlastO

o. HOUOUOODOOO0ooooooodououoon
makeDict : (string * ’a) list -> ’a dictllmakeDictl[]

163




U OO lookUpU LU Q
oo ogdun

type (’a,’b) dict = (’a * ’b) tree
val makeEnter : (’a * ’a -> order)
—> ’a % ’b * (’a,’b) dict
-> (’a,’b) dict
val makeLookUp : (’a * ’a —-> order)
-> ’a *x (’a,’b) dict -> ’b

O OmakeEnterU U0 UUOODOUOOOODOOOOOOON

U OO OmakeLookupl U O OOOOOODODOOOOOOOH

oy

8. enter [l lookUp U U0 (int,string) dictU U OO O OMOI
Ooooadn

—_




4 N

0. U O OOOOMO evenNumbers [l naturalNumbers(] [J FILTER
oo odonougn

# NTH 10000000 evenNumbers;
val 1t = 20000000 : int

noooddddooooooodddd

el UnUUO0U0U0d0dooododoodotdotn
DROP : int -> ’a inflist -> ’a inflistll
e |l UnUUOU0OO0OOOUOOOOOOOOONOTAKE : int

-> ’a inflist -> ’a list that returns the list of the first n
elements in a given infinite list.

en U0 mUUOUOUOUOUUOOUOOUOOOOLIVIEW @ int
* int -> ’a inflist -> ’a listl]

IlgenSymU U OOOOOO

—
D
(@




~

ROOOODOOOOLOO0OO0O00O00000000 gensym[] [
Jooogduood

makeGensym : char list -> unit -> string

Juoood

|:| D |:| |:| makeGensym [#IISII ,#"M" ,#"L"] D IISHI:I nv" , nyn ,
nggn] "gM"[] "SL"[] "MS"[] "MM"[] "ML"O"LsS"[J--- 00000
oottty

BenterUOUOUOOOUOUOOODODODOOOOOOOOODONO
DuplicateEntryUl U OO UOUOOOOOOLOOO

MJpgoodboogbobogdbotdootdboodgbbotgtdgbogodnoo
Jobogdoogtddoogtddoogodbobogdyg
Jooboddug

—
(o))
D




SYNTAX OF THE STANDARD ML CORE LANGUAGE

—_
(@)
~




L O O O [
L0 O O
definition := structurel explanationl
| structure2 explanation2
| stricture  explanation
odoodo

0000000000 (optional)d O OO

|y, Byl OO0 FE,0000000000
E* rOodooooogn
E—+ rO1000000O000

—_




/
L O O O O O
scon = int | word | real | string | char (constant)
int = (7)[0-9]+ (decimals)
| (7)0x[0-9,a-f A-F]+ hexa decimal notation
word = Ow|[0-9]+ (unsigned decimal)
| Owx[0-9,a-f A-F|]+ (unsigned hexadecimal)
real = integers .[0-9]+ [E,e](7)[0-9]4+  (reals)
| integers .[0-9]+
| integers [E,e](™)[0-9]+
char = #"[printable,escape]" (characters)
string = " [printable,escape]* " (strings)
printable \U"dooodddoood

\_

—
D
N}




escape :

\

\b
\t
\n
\Vv
\f
\r
\"C
\\
\n
\ddd

\f.---N\NfOOOooooooogf-+000

\uzxrx

0000 (ASCIH 7)
0000000 (ASCH 8)
00 (ASCII 9)

0000 (ASCII 10)
0000 (ASCI 11)
00000000 (ASCH 12)
0000 (ASCI 13)
JooocC

\O O

Oulin
ddd000000000

UNICODE(?)

—_




-

Joo0odon
class |contents note
vid | variables long
tyvar type variables startintg with ’
tycon | type constructors long
lab | record labels
strid |structure names long
sigid |signature names alphanumeric
funad | functor names alphanumeric

Long identifiers

longX = X | stridy.---.strid,. X

—_




Core MLUO OO OO

T one lement

empty sequence
(x1,---,2,) finite sequencell n > 2[]

—_




HREpEEN

exp

match ::
mrule ::

infir

exp . ty

erp andalso exp
exrp orelse exp
erp handle match
raise exp

if exp then exp else exp
while exp do exp
case exp of match
fn match

mrule (| match)
pat => exp

—_
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JO0o0ooooooond
appexp ::

infir

atexrp
appexp aterp (left associative)

appexp
infir vid infix

—_




HREpN

scon

(op) longuvid
{(ezprow) }
O

Cexpi,-- -, expn)

[Gilfpl s T expn]

(expy;---; expp)

let dec in expy;---;exp, end
(exp)

exprow = lab= exp (, exprow)

atexrp

—_
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U

atpat

patrow ::

pat

scon
(op) longuid
{{patrow) }

O

(paty,- -, paty)
[paty,- - -, pat,]
(pat)

lab = pat (, patrow)
vid(: ty) (as pat) (, patrow)
atpat

(op) longvid atpat

pat vid pat

pat : ty

(op) pat (: ty) as pat

—_




tyraw ::

tyvar
{(tyrow) }
tySeq longtycon
tyy * -+ * tyn
ty => ty

(ty )

lab : (, tyraw)

—_




00 (1)

dec =

valbind =

val tyvarSeq valbind

fun tyvarSeq funbind

type tybind

datatype datbind (withtyp tybind)
datatype tycon = longtycon
exception exbind

local dec in dec end

opne longstridy - - - longstridy,
dec ; dec

infix (d) vid] - - - vidy
infixr (d) wvidy --- vidy,
nonfix vidy - - - vidy

pat = exp (and valbind)

rec valbind

—_




4 N

00 (2)

funbind = (op) vid atpatiy - - atpaty, (: ty) = exp;  (m,n > 1)
(op) vid atpatyy - - - atpaty, {: ty) = expo
(op) vid atpaty, - - - atpatymn (@ ty) = expm

tybind = tyvarSeq tycon = ty (and tybind)

datbind ::= tyvarSeq tycon = conbind (and datbind)

conbind ::= (op) vid (of ty) (| conbind)
exbind = (op) vid (of ty) (and exbind)
| (op) vid = (op) lognvid (and exbind)

—
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