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Type Polymorphism
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« VJARDEZDEIZEST
Al RICEZRLGITNIEG 375D
« BBUED)ADFEEZEH 9 R
val hd_int : int list -> int

« J—I)LIED) AN 5EEEZ B I B
val hd_bool : bool list -> bool
« BEYBET—ILEDHDI A D FEEEF L TR
val hd i x b :
(int * bool) list -> int * bool

* etc.
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let hd_int function (x ::
let hd_bool function (x ::
let hd i x b ={function (x ::
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fRRE: BIEINSA—R(ZTF B

 hd[a]: alist — «
BINGA—SF
— hd[int] : int list — int
— hd[bool] : bool list — bool
— hd[int * bool] :

Ent
hd[a] D
AVARFIVRIZ

(int * bool) list = (int * bool) | 45—z

e OCaml TIFEINSGA—=2[L

=ME{TELLY

— BIHESRY R T LD BRI/ NS A—FE5ES



Parametric Polymorphism

o« BENSGA—RZFTAHLET
BIFERGOINABEWICR—GE/Z
OEEEDIZTTBHAE
— Cf. A7V MMERID polymorphism

= subtyping polymorphism)
s BHIZ I JavaDHEAK
— Cf. overloading (ad-hoc polymorphism)
« FIZ I, OCaml D LLEEE F. Haskell O type class




% B E D1 1B FRE 2N

# let id x = x;;
val id : 'a -> 'a = <fun>
#1d 153 R, S5 A— A%

- iant =1 'a¥> 'b TRHIND
# id [1; 2; 3];;

- ¢ int list = [1; 2; 3]
# id (fun x -> x + 1);;
- ¢ int -> int = <fun>



% FHEE £ D 45l
N7 DERTRYTEITEAE

# let fst (x, ) = x;3;

val fst : 'a ¥ 'b -> "a = <fun>
# let snd (_, x) = x;;
val snd : 'a * 'b -> 'b = <fun>
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# let rec make list n v =
if n = @ then []
else v :: make_list (n - 1) v;;
val make list : int -> 'a ->» 'a list = <fun>

# make list 3 1;;

- ¢ int list = [1; 1; 1]

# make list 4 "a";;

- : string list = ["a"; "a"; "a"; "a"]



% M E 2 DB

» BIEIDZRETET-FAZ
— fold left : ('a -> 'b -> "a) -> "a -> 'b list -> 'a
— fold right : ('a -> 'b -> 'b) -> '"a list -> 'b -> 'b
— append : 'a list -> 'a list -> 'a list
— filter : ('a -> bool) -> "a list -> 'a list
—split : ('a * 'b) list -> 'a list * 'b list
—comb : 'a list -> int -> 'a list list




HERATRMICIEET HLEDHTED
» ZHEZFON-KAHLEZHTRTES

# let id x = x;;

val id : 'a -> 'a = <fun>

# let id (x : int) = x;;

val id : int -> int = <fun>

# let id x = (x : int);;

val id : int -> int = <fun>

# id true;;

This expression has type bool but..

« HFEUFEIH=ITZOIME




User-Defined Types
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« L3a—F (record)
—- BHDEZMICLI-E
« CEEETIL struct [ZFR Y
e /N7 (variant)

— A[FEEEMNDIED>E—D%LSHIE
e« CEEETIL enum, union, struct DA S HEIZFHEEY
 IRIEDZEEINEBZREICKYRIESNS
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- FEX:
type 84 = { [D4—ILF4A1) : T81];
[D4—ILF2) : TH2]; ..}

o« 5l ERHERITE complex DEE

# type complex = { re : float; im : float };;
type complex = { re : float; im : float };;



LO—FEDEODERZRT

« 1B
{ T94—IVF£A1] = TK11; TD4—ILF£&2) = TK2]1; ..}

o {ll: complex BEFrDIED{ERL

# let c1 = { re = 5.0; im = 3.0 };;
val ¢c1 : complex = {re = 5.; im = 3.}

J4—)LE&T
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« 1EX
KX1.1204—ILF4]

» Bl ERBDRBASTERYHT

# cl.re;;
- : float = 5.



La—KRIZxtd AN —2yF o4

# let scalar n { re = r; im = 1 } =
{re=n* r; im=n *, i };;
val scalar : float -> complex -> complex = <fun>

3.0 };;
6.}

# scalar 2.0 { re = 5.0; im
10.; im

- : complex = {re

— £B5A5A match ... with ... THFEZ S
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« XX
type 84 1= [3251] of E1)
| T4%52]of THI2] | ..

EZESEWG S

* {51: bool B LEIFEDESE lof~ £ KBTS
# type mybool = True | False;; "5 M4 EEIL
type mybool = True | False W9 KXF

c BI2: VT IWIGEAVRAT)IDEDEE
# type value = Int of int
| Bool of bool;;
type value = Int of int | Bool of bool



INJTONEIDEDERZERT I

- 'BX
25111

| e
° 1&“1 mybool @@1@@5:& BERSLELMES (X
# True;; EPE TR
- : mybool = True
# False;;
- : mybool = False
o HI2: VT IIEAZT)ADIED A B
# Int 156;;
- : value = Int 156
# Bool false;;
- : value = Bool false




N7 NEIDIEZERAT S
o) »
INB—2TYTF
# let not = function
| True -> False
| False -> True;;
val not : mybool -> mybool = <fun>
# not True;;
- : mybool = False
# not False;;
- : mybool = True
# let print_value = function
| Int i -> print_int i
| Bool b -> print_string
(if b then "true" else "false")
val print_value : value -> unit = <fun>



i

IN)T OB DO BIFHRTE
C Bl &/ —R A BRIEEE O HA

—- ZHARDE inttree FEE
# type inttree = BOEHEPISTOREGH
BRI | Leaf EFNTLDLDEBERELNS

HRL TS | Node of int * inttree * inttree;;
type inttree = Leaf | Node of int * inttree * inttree

— inttree 2 DEZF{ES
# Leaf;;

- : inttree = Leaf
# Node (1, Leaf, Leaf);;
- : inttree = Node (1, Leaf, Leaf)

gié




INJT I RDINZI—2yF T BU
e fBll: RIZEENSDETHDEHOMNEKRDS

# let rec sum _tree = function
| Leaf -> ©
| Node (v, t1, t2) -»
vV + sum_tree tl1 + sum_tree t2;;
val sum_tree : inttree -> int = <fun>
# sum_tree (Node(4, Node(5, Leaf, Leaf), Leaf));;
-: int = 9




HEBRMWGTEDOESR

» fll: BYIELT —ILENREIZEHENSJAL

# type list =
and T E | Nil
$%§g§§2: | Cons of int * list'
and list' =
| Nil®

| Cons' of bool * list;;
type list = Nil | Cons of int * list'
and list' = Nil' | Cons' of bool * list



Polymorphic Data Type
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ZHT2REOLEN
ZHRDE DT — R TR E TR

— type inttree = Leaf
Node of int * inttree * inttree

— type booltree = Leaf
Node of bool * booltree * booltree

— type ibtree = Leaf
Node of (int * bool) * ibtree * ibtree

T—AEEELLTIZRILGED TERED =LY
— ZHEBEHMERICLSIZ......




fRRE: BEeN\NTA—RITT 5. BO

* tree[a] = Leaf | Node of a * tree[a] * tree[q]
BINGA—F
— treelint] = Leaf
| Node of int * tree[int] * tree[int]

— tree[bool] = Leaf
| Node of bool * tree[bool] * tree[bool]
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# type 'a tree =
Leaf | Node of 'a * 'a tree * 'a tree;;
type 'a tree = Leaf | Node of 'a * 'a tree * 'a tree

# Node (5, Leaf, Leaf);;

- : int tree = Node (5, Leaf, Leaf)

# Node (true, Leaf, Leaf);;

Node (true, Leaf, Leaf)

- : bool tree
# Leaf;;
- : 'a tree = Leaf



MHIAAD ST —FE O BHI

c T3 E
— type 'a option = None | Some of 'a

« R IE
—type 'a list =[] | (::) of 'a * 'a list
o B D ERENANFTR
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« BHDEIVE
# let div x y =
if y = 0 then None
else Some (x / y);;
val div : int -> int -> int option = <fun>

# div 8 2;;

- : int option = Some 4
# div 8 0;;

- : int option = None



2T —2E L2 HHBEE

“ARDESERDHEH
# let rec height = function
| Leaf -> ©

| Node (_, t1, t2) ->
1 + max (height t1) (height t2);;
val height : 'a tree -> int = <fun>
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BTILDEIIZEY)S

# type ('a, 'b) either
type ('a, 'b) either = L of 'a
# L 1;;

- ¢ (int, 'a) either
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Exceptions
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L= CRAEDHEE DL

« I5—MF-E
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— etc.

o C++ X0 Java IZHLRIFRDEELH S



BINZEHRESEDHICIE?

(* BINEEERITX: raise T(HINERT)IK] *)
# let div e x y =

ify =20

then raise Division by zero

else x / y;;
val div_e : int -> int -> int = <fun>
# div e 8 2;;
- : int = 4 aHiliE R DIEDOROYIS
# div e 8 0;; BISEHRRSND

Exception: Division by zero.



o EFnIBI BHIZIE?

(* FINnEEZRIR: try K with [/32—21) -> THK1]
| T/x3—>2) -> TxK2]

| .. *)
# let div x y =
try
Some (div e x y)  CORTHNILFRELEL-L......
with s TNETHI
Division by zero -> None;;
val div : int -> int -> int option = <fun>
# div 8 2;;
- : int option = Some 4
# div 8 0;;
- : int option = None



a1 —HEZHS

« FINEEERT HEX:
exception (354 | of IE!]

| o e # exception My exception;;
blraes exception My_exception
Bl 5tz EED # My exception;;
L &L TEE{ - : exn = My_exception
BN 2t # raise My exception;;

Exception: My _exception.

— LDl BIs X5k /N T RZE> TS



EZFDHI4}

o BISHEN)TURD—FEEDTIEZRFTS
# exception My int_exception of int;;
exception My int _exception of int
# let isprime n =
if n <= @ then raise (My_int_exception n)
else ..;;
val isprime : int -> bool = <fun>



BEHDHNZENET HIT(F?

# exception My_exception;;

# exception My_int_exception of int;;

# exception My_bool_exception of bool;;
# let foo x =

try with DD ER 7 1
bar x INR—2YTF T |2
with EHoTLVS

My exception -> None
My int _exception i -> Some i

My bool exception _ -> None;;



try ... with LD ANF

try
try
raise My exception
with
My int exception i -> Some i
with PRI with (1%

My exception -> None TYFLIELNDTR)L—

AL with Tl
XYFFTHDT
CCTCUEZINS
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Unit &Y

- T()JEW—DEET HE
# ()55
- 1 unit = ()

e FHIE:
— BT ELEABMITETAI—5IH
—BEROHARVIEZRIGEDEHOKXHAIRT
S—MIE
 FIZKDOEIEHODANEELRIG S




Unit DEHINTT DA

# print_string;;

- : string -> unit = <fun>
# print_string "Foo\n";;
Foo

- ¢ unit = ()

# read line;;

- : unit -> string = <fun>
# let s = read_line ();;
Bar

val s : string = "Bar"



ExZETESHLO—K

J4—ILFZ DFIIZ mutable Z{FI+5&E
ZTDT4—ILRIXEHAIREIZES

# type bank account =
{ name : string; mutable balance : int };;

type bank _account =
{ name : string; mutable balance : int; }



La—kFDJ74—ILFDEFT
e [<-] HEFZED

(* TRX11.TD20—JLFRA 1 <- TH2] *)
# let a = { name = "maeda"; balance = 10000 };;

val a : bank_account =
{name = "maeda"; balance = 10000}

# a.balance;;

- : int = 10000

# a.balance <- 20000; ;

-t unit = () KAZERTRD
# a.balance;; BIE unit

- : int = 20000



Z 18 (Reference)

s FEZERTEH ANy
— C %2 Scheme DEHD LIIZBRATES
—UTDO&LIGLa—kELT
FfHIAAHTERSNTLD
 type 'a ref = { mutable contents : 'a }

— SHBEIRETHA-ODOEMOEEFLIHAAT
FTZRSNTLS (KR—D)




ZHROE-ODOHAABRREEREF

# let r = ref 0;; HLWLWSBZED ref B

val r : int ref = {contents = 0}

# Ir;; SHBEODEFMYHIT! EEF
- int = 0

# r = 1;; SHRICRKAT L =/ BEEF

- s unit = ()

# Ir;;



BHDXDERELT

« BHOXZIEZRIFTET S
mREIZFHELE-RXDEREIRT
- B3
r=X11; Nr=xX21;..; '=XnJ

« f5.

# let t = (print_string "> "; read_line ());;
> foo

val t : string = "foo"



if LD else BN H R
else EihS () =1+
(* if =] then TX1] 1% QL ES LD L
if X1 then TX1] else () EZFHLL *)
# let r = ref 0;;
val r : int ref = {contents = 0}
# if Ir = 0 then r := 3;;

"G umit =0 FUEAXDFTMERNEDESET
A FR 5. B DH B EEELT

# r := if 'r = 0 then 3;;
This expression has type int but is here used
with type unit
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A ZBERI{ERITHEMENEL
s (ERRICITRIS—IZ115) Hi:

# let rl = ref [];;

val rl : 'a list ref = { contents = [] }
# let sum () = fold right (+) (!rl) o;;
val sum : unit -> int = <fun>

# rl := [true];;

- s unit = ()

# sum ();;

« ECHEMLLN??




O'Cam| DFERZE

FATHEMNATHLZHEEITLAL

SRICIIIRREGEMEE 2525
o L\oABINRFLELMDELLTIEFEZGLY
# let rl = ref [];;

val rl : ' _a list ref = { contents = [] }

# let sum () = fold right (+) (!rl) 0;;

val sum : unit -> int = <fun> CDEFRT 2 &
int |[ZfEE

# rl;;

- : int list ref = { contents = [] }
# !rl @ [true];;
This expression has type bool but is here used with type int



ER8 [E SR LS

o« COBEEE f DEUL unit — 'a— 'a f=hS,
I f () DEUL 'a— 'a TKLIAY?
let £ () =

let r = ref None in

fun x ->
let old = match !r with

None -> x | Some y -> vy

in
r := Some x; old



OCam| D Ex RIS EE R ZE

* Value restriction:
Bl{ERAMNGWEREEICHMNHE]
ICOHZHEEEZE5Z5

s HEROLECA, FHASNSK FEMEREHFL55DT
— OK: EH. fun K. Fhod 27U,
TNOMLEEAEEARRT—2HEE
— NG: S| let . BEAZLEA etc...

# (fun () x -> x) ();;
-+ " a-=->»"a=<fum




Value restriction CEE I NS¢
o EANBERB(ZLEEZELAH S

# let £ = List.map (fun x -> (x, X));;
(* LB ZLZH->TIFLWLWD, (ETIXLLND T
RRTEBEERIZIZHO>TLED %)

val £ : ' a list -> ('_a * '_a) list = <fun>

R n BB (RS MEHTT B)

# let f xs = List.map (fun x -> (X, X)) Xs;;
val £ : 'a list -> ('a * 'a) list = <fun>

>/




Value restriction <2 3k

o =#][Z Value restriction ZI2Z=L -/ X

— Andrew K. Wright, Matthias Felleisen.
A Syntactic Approach to Type Soundness.

* Value restriction AV DR EZELEDFELEEHY
e IREINT= O'Caml DILIE

— Jacques Garrigue. Relaxing Value Restriction.
e OCaml 3.07 TiZH
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X DIELA
— EAKBIZIE Google. Google Scholar
« BAMIL. BEBA. RRSINE-RE LM TER

— ACM Digital Library ( http://www.acm.org/ H\i5 )

* ACM D

FRTERSINIZBXELI(TBHD

— CiteSeer.IST ( http://citeseerx.ist.psu.edu )
« WX T —HFN—R

* Google T
—FAB&D We
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SRTE 1 (58)

—5K (‘atree) = ITHRY
UTIZEITHEERIEBZNZNIZDINT

EERT

IR ARZF A

— 1TZHNTIE (preorder)
— BYDTIE (inorder)

— I|FYDITIE (postorder)

“HARODEZRITLUTO@EY TELL
type 'a tree = Leaf

| Node of 'a * 'a tree * 'a tree

=T AREBEERE L



2 1 (5)

# preorder (Node(7,
Node(5, Node(4, Leaf, Leaf), Leaf),
Node(9, Leaf, Node(15, Leaf, Leaf))))

- : int list = [7; 5; 4; 9; 15]

ol



2 1 (5)

ol

# inorder (Node(7,
Node(5, Node(4, Leaf, Leaf), Leaf),
Node(9, Leaf, Node(15, Leaf, Leaf))))

- : int list = [4; 5; 7; 9; 15]



2 1 (5)

# postorder (Node(7,
Node(5, Node(4, Leaf, Leaf), Leaf),

Node(9, Leaf, Node(1l5, Leaf, Leaf))))
- : int list = [4; 5; 15; 9; 7]

ol



IIII75|< 2 (SIIE\\)

+ A% J70)7"‘—’5l1‘%5_§a=§£%’d’%> ZHREZEERLT

RXDFrEx
type 'a stack = { mutable s : 'a list }

val new _stack : unit -> 'a stack
(* t#HLULY stack Z1ERT 5 *)

val push : 'a stack -> 'a -> unit
(* 1EFE% push 95 %)

val pop : 'a stack -> 'a

(* 1EXR% pop 95, \
stack MZELDS Empty stack FHISEER(TS *)



SR 2 (1)

# let s = new_stack ();;

val s : ' a stack = {s =[]}
# push s 1;;

- unit = ()

# push s 2;;

- unit = ()

# pop s;;

- ¢ int = 2

# pop s;;

- ¢+ int =1

# pop s;;

Exception : Empty_stack.



oK R

aked 2 DEET.

let s = new_stack
2T 21 3T)ED

val s : ' a stack

3(58)

()
A
= {s = [1}

EIEDTLNSD, CNITDOVTUTORBWIFEA K,

a. 'a stack& ' a

stack MEWLZERBAHE K

b. RIZEIA ' a stack TlE#<KT
'a stack f=of=&LT=6

ED K7 FEREM A

ECHMERBAE &




*rE 4 (1053)

C X1 DT ABEERETISHEETELC
RDBEFzEEE X
— =1L
s BREFFT1—DRSIIZEKST 0(1) THRTITEHLIITTHIE
- BlIfERAZALTHLL
type 'a queue = ???
val new_queue : unit -> 'a queue
(* T1HLLY queue ZERKT D *)
val enqueue : 'a queue -> 'a -> unit
(* TERZTEMT S *)

val dequeue : 'a queue ->

(* 1ERTHRYHT, \
queue MZEZLS Empty queue HINZFIRITS *)

il

d



- B fERHEOT f ABRMICRBEA KT S
IR fix #E (T
s FIXTEASZZ TR TEA#BZRIEAHIEKRELTEL
— UTDEIGA A=
fix f=F (f (f (f (f (f (f ...))))))
— {EAH
# let fib = fix (fun g n ->
if n <= 2 then 1
else g (n - 1) + g (n - 2));;
val fib : int -> int = <fun>
# fib 10;;
- ¢ int = 55
— =1L . BRIZE->THLLA let rec lTfFEHELNE




SREE 6 (102)

* BoolfE& int {EICX I AEELETEEZRT
X EDXEZTLUTDOERIIZERERT S
V — (bool {E) V— (int{E)

E—V

E—E+E E—E-E

E— E*E E—E/E

E— E&R&E E—E||E

E— E=E E— if Ethen Eelse E

RAR—D[ZH5:<



208 6 (B )

F1-E VIZXIT H/N) 7 b value®

UTDEIIZEERT D
type value =
| Bool value of bool
| Int_value of int

CDEEH EDHRBEXKRICHIGT B
INYTURE expr ZEE B &
s LTORTERDERZTHASESETLL
type expr =
Const of value
Add of expr * expr




Rl 6 (RDMMZEFFIXAKRDHI)

(if ((false = true) || (2 = 2)) && (3 = 5)
then (3 + 5) - 9 else 3 * (18 + 20)) + 42 E:
P IS B

Add HMREXA

If
And/
or / \\
ECI/ \Eq Eq Add/ \ /
/N /TN [N\ /)

false true 2 2 3




S22 7 (154)

R 6 CEELE/NY 7R expr T
BEzont-REFMLERDEZIRITEL
eval : expr -> value
FEEEEX
—Bool fE& int EZELET DG E.
MR TS —MNRELI-IGEIE
IS5—MNEELEKZMBIZEOH 45t
Eval _error #&(TAHKDIIZH K




278 8 (20=)

« & false t,not_t,and t,or_ tAH
UTDEITERINTINDET D
type false t = B of false_t
type 'a not_t = 'a -> false_t
type ('a, 'b) and_t = 'a * 'b
type ('a, 'b) or t =L of 'a| Rof 'b
¢« CDEE.RR—UD 1~7 DEIZDUVT
INETNDRZHFEORE
letrec . BIRE. B4}, BMERZRAWVWT ICERXTETHAMNTE
s ERTEDOEEETDERE. TESRWMGEIEIZTOEREZREFIL XL
e letrec EBIREZRANTERNET BHEESIH?




N O n1 p

=H
AN =

e 8 (fr )

.('a ->"'b) -> ('b ->
. ('a, ('b,

'c) -> ('a -> 'c)

'c) and_t) or_ t -»>

(('a, 'b) or_t, ('a, 'c) or_t) and_t

. (('a, 'b) or_t,

(‘a, ('b,

a -> 'anot_t

‘a not_t not_t

('a,

'c) and
. ('a, 'a not_t)
. ('a, 'a not_t)

or_t
and_t
not_t
-> 'a

‘c) or_t) and_t ->

_t) or_t



238 9 (20,)

.« X2 —DT—AEEERETISHEETELT
RDBEFzEEE X
— =1L
« BIREEF1—DREIZEST 0(1) THERTIHLIIZTHILE
- BIMERIXALVGZNIE
type 'a queue = ???
val new_queue : unit -> 'a queue
(* T1HLLY queue ZERKT D *)
val enqueue : 'a queue -> 'a -> 'a queue
(* TERZTEMT S *)

val dequeue : 'a queue ->

(* 1ERTHRYHT, \
queue MZEZLS Empty queue HINZFIRITS *)

il

a * 'a queue



