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1 Oo0dnd

1.1 ODOoogooon

000000000000 o000O0O0000 MLOODODOOOODOOO (oODOOOOO
00000d00)0Do0o0000ooooooo00U0oooDoooOoOooooDooOoDO
000000000000 oodoooooooooDooDoooooDoooooon
000000000000 0000O0bO00O0O00Ooogn

0000000000 (25000)00000000OO00OODOOOOOOOMLODOOO
00 Objective Caml DO O ODOOO0OOODOODODOODOOODOObjective Caml OO OO OO
00000000 Objective CamlOD OO0 O00O0OMLOOOOOODOODODOOOOOOOO
000000000000 000DbO0bO00DO0oDO0bOOooOoOooOoMLOODOODOOO
000000000000000000000(SchemeOO00OO0)0O0O0O0O0O0O0O0O0OO
000000000000 00O00O0DO0bOoooooog

O0oodooooooooooooood

12/2 012/16 | O Objective CamlO0 000 2070000
12/160 1/6 | 000000000
1/12 0 1/20 | 00000000

1.2 0000

000 Objective Caml 00 (400 00)0 00000000000 OOODOOODOOOO
0000000000000000000 (0D30000)0OoooooooooooooQd
ggooobod

00000000 (000000000 0O0OO0)000DO000O0DO0ODODO0OOOO0O
gobodbboogdbbobobboobobobooboboobbuooobbuoooboon
ggbbbuoobobbooodobbboooobbodao

gobogdooobobooobbuoobuooobboobbooobooobboon
0o0oooopooo0o0ooooo0oUoopDooO0UoooooOoUoooDo((@Cooooooo
O0000000000o0o00oooooO0o0o0ooooooooooD)oooooooO0Q
gbobobooobobooboobobonoboobobobooooobooooon
goboggbbubbooobbogobbuoobobboobboobbooboboboon
ggbbbuooobobboooobbboood

1.3 ODO0000o0oboooo

00 webOODODO URLO http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/
isled/ 0000000000 ODODO [6)00Objective Caml OO0 000000000000
000000 Objective Caml 000000 [2] (00)0 http://www.sato.kuis.kyoto-u.

2



ac.jp/~igarashi/class/isle4/ocamlman/ U0 OO O0OOOO0OOOOODOOOODOOO
O0D00Ohnttp://caml.inria.fr/ OO 0O FAQ OO0 O OO O Objective Caml OO0 OO0 OO
0000000000000 00D00Db0b0O0b00ODObjective CamlODOOODOOOOO
0000000000000 000000000 [7ools, 4ooo0d

O00000000000000000[,030)]000000000((CODO0O0 Scheme
000 Scheme D00O0O0O0OO0OODOOOOODO)

2 Objective Caml [ [J

0000000000000 0000000D00D00D0O0DO Objective Caml 0D OO0
gogboboboggbbobod

2.1 Objective Caml 00

000000000 MLOOODODOOODOOOO0OODODO0O0O00O0OD0000O000000O0
goboobooboooboobobooobooboboooboobobooboMLODOOoO
gboboggbbuodobbooobbobboobbooobbuoobbooobboob
0000000000000 00O0O00000000o0oooO (bobooooooOoOO
0000)00000000MLOOOOO0O00 ANOOOOOOOOOOOOOooood
00000000000 00000O0O000000 (DOoOD0Dooooooooo)oooo
gboobOobooboooooooboobuobobooobOobOoDnStandard MLODOOOO
0@B000000@00o0ooooo0)0oooooo0OOo0oo0ooooOooo0Og
ggbbobuoooobboooooboo

O000oooobobooOoOo MLOOOOOO Objective Caml OO OO OO OO OObjective
Caml 0 INRIAODOODOODOODOODOODOODOOODOODOOODOODOODO
O0Standard ML OO ODOODOODOODOODODOODOOOOOOOOODOODOODbjective
Caml 00O Standard ML OO O0OO0O0O0OOO0OO0OO0OOOODODOOODODODOO
gobbogbobobuogobuoogbbuooobbooobbuooobboobbooon
ggbbbuoooobbbuoooobbbooogbon

2.2 Objective Caml 000000

Objective Caml D 0000000000000 OODOOOOOODOO Objective Caml O
gogbbbuoooobbbooooooobbbuoooobbbuoodgbboboooon

Objective CamlO 00000000 0OOOOO ODOOODODO Scheme DODOOOOO
O00000D00O0000b0O0DO0bOobOoOobOOnScheme OO0

'00000000000D000000000 (object language) 0000000000000 OO0000O
00000 (Meta Language) 000000000




(define (fact n)
(if (=n0) 1 (*x n (fact (- n 1)))))
(fact 5)

gboooboboobod factJboooobOOo0obOo0obbOO0 120000000
00 Objective Caml OO0 OO0 00000 0ODOODOOO

let rec fact n =
if n = 0 then 1 else n * fact (n-1);;
fact 5;;

gboobooboobooboon

0000000 DOO00D0Scheme 0OOOOO0OOOOODODOOODOOOOODODOOOO
O0o0000000000000o00o00oooon fO00 00 Y ,fG OO0
gboogogoo

let rec sum (f, n) =
if n = 0 then f(n) else f(n) + sum (f, n-1);;
sum (fact, 5);;

gooooo+114+21431+41451 000000014 0000000

Objective CamlO D OO0 ODOOOOOODOOOOODO Objective CamlOOOOODOOO
gobbooooooodgbooboobbooobbooobbuooobbooobboon
0000000ooooo0U0ooooooO0UoUooo((@WoOo)ooooooooo
goobobooood

let hoge x = x + 1 + "hoge";;
gobboboooobbbddUhege UODOOOOODODOOO

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

O00O0"moge" OODOO0OD0OODO+0000000D000O0O0DOOODODOOODOO
0000000000000 00O000O0 (D00 ODO00DO0ODOO0D0oOODOO0OO0OO
O00000000)000000000000000000 (000 "hoge"OODOOO
000000 This expression 0000000000000 DO)000000O0O hoge
obooboobooboooobooboboobOooboobDoobDbooobOoDOon
Objective Caml 0 00000000 O0DOODO0ODOOODOODOODODOOODOODODO
0000000000000 00O0(0000)000000O0O0O000OO0O0 Objective
Caml D0O0OD0D0OOOOO (strongly typed) DO OO0ODOOOOO



Objective CamlO 000000000 COOOODOODOODODODOOOOODOODOO
O0000o0oobOoooobooooobDon Objective CamlODOOOOOOOOO
gogobbobbuooouobbobboooooobobbbuooooobobobogo
gogbooboogogn

let rec fact n =
if n = 0 then 1 else n * fact (n-1);;

gobbobooogobood

val fact : int -> int = <fun>

O000000000000000 fact OODO (int)D000ODO0ODOOOODODOOO
(->0D0C0o0o0oooooooo

Objective Caml 000000000 D0ODOOO Objective Caml DD O0OOOOOOOO
ggobobbooobuobbbtbooooobbobodooooooobbobboooogo
000000000000 0OObjective Caml OO0 OOOO0O [1(0O00OO)O:: (cons)
o000 1::2::3:: J000000000%00000000020000
goooobibil sum_of_first_two UL UOOOOOOOOOON

let sum_of_first_two 1 =
match 1 with

(1 >0
l x :: [ > x
| x 10y :: rest -> x + y;;

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

O0000match 000000 1000000 (0O00000DODO)0x::00 (100
O000)0 x::y::rest 200000000)0000000 ODDODDOODOOOOO
0x(0yyOOOOODOOODOODOOOOODODOOOODODODOOOOODOOO0Ooooo
ggobbbbbuodoooooooobbbbbbouooooobbobbobogo
goobbobood ->0000 int listU000000000 OD0OODOO00d
goboobooogn

Objective Caml D0 0000 ODOOOOOOOOOODOODOOODOODOOODOOOOO
gobbodgobobdogoboooboooboobobboobobobooobboon

let rec length list =
match list with
0->0
| x::rest -> 1 + length rest;;

2[1; 2; 3] oooUooOoooO



gogbbbuoggobboooooobuogoobobboooobbbuooobooon

length (2::3::4::[1);;

- : int = 3
length ("hoge"::"foo"::"bar"::"baz"::[]);;
- : int = 4

gbobbbOodbd lengthODOO0ODO0OODOODOOOODDOOOOOOOODOOO
gbogbbobooboobuoobbuooboobuoobuooboobooobobo
gbboobobougboobouobbbbboobuobdoboobboobudgboo
gogobbobbooooobobobbbodoooooobobbbooooonoboboboboogo
0000000000000 CO0000 (D0000oooooo)Dooooooo

000000 Scheme 00000000 (garbage collection) D0 000000000000
00000000000 CO00 malloc/free 0000000 DODOOOOOOO
000b0b00b0obooooooooooooooooDooDooooDoooooooon
goodoboboobobooboobooboboboboobooboobooooooo
oood

3 MLOOOOOOOOO

3.1 UO0ouoogd

000000 (mterpreter) OO0 00000000000O0OOOODODODODOOOOOO
goooooonooooonooooooooooonoooogoooooot
0000000000000 0000000000O0 (syntex)D0D0000OODOODOO
000000000000 00000000 (semantics)D0000000000O0O0OO0O0O
0oodoooooooooooooooooooooooooooooooooon
oo ooooooood
00000000 (000000000000 00000000) 00000000000
oo ooooooood
godoobooooooooooooood

oo ouooobuoooouoooon
O0o0ooooooooooooooooooobooooooooooooooooon
O (defining language) 000D 000000000000 O00O0O0OO0OOOOOOOOOOO
0000000 (defined language) 0000 OODODOO0O

OO0O0O000 = Objective Caml
0000000 = ML(Objective CamlOOOODOO)

oooobooobooobobobobobboboooooooUUooooooooooooo
O000000000000000000000000000 000 (meta circular interpreter)
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0000000000000 000000000000000000000 (abede) 00O
O000000000000000000000 (abede)D0O0O0OOODOOOOOO
gobbuogobbuoodgbbdooboobobobbuooobbooobbuooooon
gboboodgbbuooobbobbuoobobooobbooobboobboooboob
gobbogbobuogobobooobobooobbuooobuooobooobbuoooobooan
ggbbobuggobbboooobobbbooobbboooobbbuoooobbobao

3.2 UUbobonoooooobobbuoooooon

gboobgoobobobooboobuoobooboo Tobbobooboobooon

syntax.ml 0000000000000 00000000000000000000000
00000000000000000000000000000000000000
(00,/0000)00000

parser.mly COO0O yaccd bison 000000000000 ODOODOODODOODOODOOO
Objective Caml O 0O ocamlyacc 0D OOO0DO0OODO .mlyOOOODODOODOOO
000000000 DO0D00O0DO0D0000O00DbO0ODO00bO0ODO0DOO000 yacc
oo0oood

lexer.mll COODO lex, lex DO ODOOO0OO0O0O0ODOODOOOOOOODODOOONOODb-
jective Caml OO ocamllex OO0 D000 0O0O0O0O .ml1 OODOODOODODODODO
gbboodgbboodgbbuooobbooobobobbooobbooobboon
goooboooboobD lexdboonogd

environment.mli, environment.ml OO0 000000 0OO0OO0OO0OOOOOOOO0N
goobooboooon

eval.ml D O0O0O0O0OO00OO0O0O0O0O0OOOOO0O0OOODOOO0O0OOLOOOOO0nO

main.ml JOO0O000O0O0O0O0O0O0O0O00O0O0O00O0O00O0O00OOO0O0ObOO000oO0gn
gogbboboooobbbooogb

00000 MUL'OD0D000000O070000000000000000O0O000O0O0O
0000 Makefile O http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/isle4d/
sre/ 0000000000 7000000000000 0OO00OO0OO00OO00O0O00O0O00O00O0
ml O0000 Emacs 000000 ODODOOODODOC-cC-cOODO0ODODOODOODOODO
0000000000 make depend D0 000000 O0DO0O0OO (DDDOOOOODOOOO
000000 make clean 000000 )000000 O0OC-cC-cmake -k O00OO0O0O O
oobooooooooooobobbbbod miniml OO0OO0OD0O0O0D0O0ODO0OO0O0OO0
(M-x shellJOOOO0OODO U00)miniml 000000 #0000000000000
oo MLOOOOOOOOOODOOOobOoooO



> miniml

# X

val - = 10
# x + 3;;
val - = 13

(00000000 xOOD 100000000)00000000000OC-¢cC-cmake -k
0000000000000 0000000000000O000000 M-x next-error [
00o0doooDdoooooooooooooooooan

000000000000 Objective Caml OODOOOOO0DOOOOONOO ocamldebug O
000000 (Objective Caml D000 0 16000)000000000000O00O0O ocaml
00000000000 00000000000D0000D00D0000000ocaml OO0
oood

ocaml ~-I{0 00000000000 OOOOO ) foo.cmo bar.cmo ...

gbbugbobuobbudbudbbudiblFeo,Bar DO UUODOOODDOOODODOOODO
gogbbobugoobboooobbobooogbobooo

3.3 ML'OO0OO0OOO0 — 0000000000000 O0O0O0O00OO0OO0
oo
O000000000000000000000000000000000000000 (O

0000000000000 ooooo MUlooOoooo
oooOMU' OOOO0OOoOO0O0OO0OoOoooOO0

(00000 ) == (0);;
(0) == (000)
| (Dooooo)
| (DoOooooo)
| (0 (00000)(0,)
| if (O 1) then (O o) else (O 3)
(o))
(00000 ) == +|x|<

gogbboddg;gubobbuogoobobuooobboooobbboooobbuoodon
000000000 (true0 false)J00000O00D0fO0OO0DO0O0O0OO0OOOO0OOOOO
0000000000000 0000oo0o0o0oooo0oOo0oOOooom(cooO0O
00) 000000000000 00000000000000000A0 if, then, else, true,
fase0 5000000000000 O00O0OOOOOMLIO0OO0O0O0O0OO0



(* ML interpreter / type reconstruction *)
type id = string

type binOp = Plus | Mult | Lt

type exp =
Var of id
| ILit of int
| BLit of bool
| BinOp of binOp * exp * exp
| IfExp of exp * exp * exp

type program =
Exp of exp

01 ML'OODOOO: syntax.ml

3;;
true;;
X33
3+ x';;
(3 + x1) * false;;
D00+ *000000000000000000* +,<,if0 0000
goooogooooobooogootdedboooboooonog

3.3.1 syntax.ml: DO OO0O0O00OO0OO0OO0O0

gogoobbbbbotbodooooooobobbbbbl1obbbbbbbbtbiadnon
0000000000 000o0o0o000Doo0U0o0ooDoooooDoooo@MoooO
00000000000000000000000000000000000) bin0pd expl
program 0000000000000 (DO00O0O0ODOO)ODODDODOODOODOOODODOOOO
gobboboooobbob

3.3.2 parser.mly, lexer.mll: U UOOOOOOO

ocamlyacc 0 Oyacc OO OUOOLALR(1) DO OO0O0ODO0OO0OO0OODOODOOOOOOOOO
0000000000000 0C000O00LALR(l)) DDO0OO00O0ODOOOOOOOOO
00000000000 (o000 00ODO0O00Do0OOO0OO0)DoODOOooDUooOOooOO
U parser.mly HOUOUOOOOOOO

gbooboobobboboobuoob40b000b000DbO0DO



hi
(ooo)
h}
(on)
oo
(0ooo)
Yoo
(0ooo)
(000), (0000 )0 Objective Caml DD OO0 D0O0O0DOODODOOocamlyace 0000
0 parser.ml 00000000 0O0ODOOOOOODOODODOODOO(ODO)DDODDO (OO
00)0000000000000000D0O0Oparser.mly 0000000 O0OODOO
O000000O0o0oooooooOo(oooo)yoooooooooOooooOoooooo
000000000 00b0O0O0ob0Oonog Objective Caml OO0 (x ... x») DO0OOOOO
O0o0oooobcCcoboooooo /+« ... x/ 000000
0000 parser.mly 000000 (0 2)000000000000000O0OO0OOOOO
oooooobo % 0b0oooooon

e NUUOUDOD open UDUULDDUUOODLDDD syntax.ml DO UOUOOODOOOODODO
00000O0000OD0DOOD0ODODO0O0O00O0O0000000D00(@UoooOoooo
000 Syntex.Var OO 0O 0O0O0OO0O000O0O000ODOOOOOO)

e Jtoken (JOIUIODO) ... 00000000000 ODOODOOOODOOOOOOOO
“PO«yO00OO0O00oO0oOoOO0OD0OODO 4000000000 LPAREN, RPAREND SEMISEMI
00000000 (+,* <)000000000 PLUS, MULT, LT, O OO if, then, else,
true, false 0000000000 0OOOOOOODO(D 10DO0DODOOOOOODODOOO
00Plus00000000O00OO0O0ODOODOOOOOOOOODOODODODOOOO)O
U00b00b0o0boobOobdn ocamlyacc OO OO parser.ml OO Otoken U0
(0ooO0)oOopDOooOUOUUOODOCOOO0UO0DODOOOOUOODODODOOOOO
000 (0O0)ooooooooooo

e Jtoken <(0O )> (0OOODO) ...000000000O0ODOOOOOOOODOOCOO
0000 INTV(OOOO0O0000000 int0)0000000 ID(D00000O0
00 Syntax.id 03) 0000000000000 0000O0O0OOO0OO parser.ml
O000(0)YYO0OOOOODO teken JO0O0O0O0OOOOOOOO

e Ystart (0O0ODOO) ... 0 (0000D0) 000000000000 Oocamlyace
OD0000Oparser.nl 00000000000000000000000000O
000000 toplevel 0000000000000 00000 main.ml OO
Parser.toplevel 0000000000000 000000OOOOOOOD0O0
0 %ype 000000000000000000O0

300000 open 0000000000 DDDO0O0OOOOOOOSyntax. 000000000DO0DODODO
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i

open Syntax

3

Jstoken LPAREN RPAREN SEMISEMI
Jtoken PLUS MULT LT

Jtoken IF THEN ELSE TRUE FALSE

%token <int> INTV
Jtoken <Syntax.id> ID

hstart toplevel
htype <Syntax.program> toplevel
Tolh

toplevel :
Expr SEMISEMI { Exp $1 }

Expr :
IfExpr { $1 %
| LTExpr { $1 }

LTExpr :
PExpr LT PExpr { BinOp (Lt, $1, $3) }
| PExpr { $1 %}

PExpr :
PExpr PLUS MExpr { BinOp (Plus, $1, $3) }
| MExpr { $1 }

MExpr :
MExpr MULT AExpr { BinOp (Mult, $1, $3) }
| AExpr { $1 }

AExpr :
INTV { ILit $1 }
| TRUE { BLit true }
| FALSE { BLit false }
| ID { Var $1 }
| LPAREN Expr RPAREN { $2 }

IfExpr :
IF Expr THEN Expr ELSE Expr { IfExp ($2, $4, $6) }

02 ML!OOOOOO: parser.mly
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e Jtype <(O)> (00O ) ...0 0000000000000 OOtoplevel JOODOO
gobbobuoooobbbduodobibl Syntax.program U U U U OOOO

e 00ODOOO
(00oooo)

(000 1) (000 4,,) { (00000000 ,) 3

000 o) (000 4,) { (00000000, }

O000000000(0D0D000000 )00 Objective Caml 00000000% 00O
Oogobogoboobboobobuoobobboobboobbooboboon
gobbuoogbooobbbuooobbuoodbbudbl Exp U Syntax.exp U
00 (@oOOoML!O0O0O00000)000000000000000O000O00O0O0
gobbbuooobbbuoooobobuooobobboooon

g20000gbboobbogoboboobboobobbooobbooobbobooon
goooo

gbogbobbodboobobodbuoboboobuooboboobUubbUocam-
llexO lexOODOOODOOOOOODOOOOODOOOODOODOODOODOOOODOD
ggbbboodb.m1 000000

{(0D0o) %

let (00)=(0000)

rule (000000000) =
parse (00O0) {(00O0O0O) ¥
| (0000 ){(00000) }
I
and (000000000) =
parse ...

and ...
{(0000) 3}

0000000000 OobD0oDbObObOoO0DoOO0nOObjective Caml DOOOOOOODOO
OU000Uocamllex DO OO0 lexer.m1 DOO0ODOOO0O0ODOOODO ODDOOODOODO 1let
gboogbboobobbuogbbuoobbuoobbuoobbiddilexer.mll J0OOOO
gobbuoobuoodgbbboodobbbooobboobobbuooobbuooobooob
U0 ccamllex O OOO0O0OO0OOOOO0ODOODOODOODOODOODOOOOOOOOOOOOO
00 (Objective Caml 00 )00 00000000000000O0O (parser.mly 00000
0)0000 (Parser.token 0 ) 000000000000 ODOOOOOOOODOODOO
gobbbud lexbuf UOOODOODOOO0ODOOOOO0OODOOOOOOOODOOOO
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e Lexing.lexeme lexbuf DU UDOUUOOUOOOO0OOOOO0OOOOOO
e Lexing.lexeme_char lexbuf n DU UDOUOO0OUO0O0OO nOOOOOOOOO0DOO

e Lexing.lexeme_start lexbuf U D UUOOUOOOO0OOODOO0OOOOOOOOO
bbb dddbioUdd Lexing.lexeme_end lexbuf UUUOOOOOOOMN

e (IJUUDDDOD) lexbuf 00(0O0ODDDOOOYIOODODOOOO

0000000 lexer.mll ODOODOODOODOOO0OODOOOO0ODOOOOOOOOOO
gbboobuodbbogbbodbiddblreservedWords UODOOOODOOOOOOMO
U0OList.assocU 00000000 O0ODOO0ODOODOODOOODOOODOO

0000000000000 00main 000 (0DO00)000O0D00OO0OOOOOOOO
gobooooooogoobooobooooboogooobooooboooooo MLODOODODO
gbobooobdobobobooboooobooobobuooboboooobobnooo
main lexbuf U ODOOOOOOUOODOOOOO0O0O0OOO0OMOint of_string U UOU
000000000 int 0000000000 INTV(ODOD int0)00000000O0O0O
gobogooboobboobboobooboboobboobbooboooboobobo
goboobooobboobboboboobooobboobbuooboboobobooboobo
O00000000000000000 (D0 Not_found 0OOOOOOO)IDOOOOOO
Uobobd ecftddbogbboobodbboobboobbuoobobuoobboob
U00O0exitJO0OO0DOO0ODOO

gbooobooboboboboobobouoobobuoboooobooboboobobnoon
Ob0ob0ob0obooooooooobboobon lexdbOoOoOdoOO Objective Caml O
goooboooboonog

3.3.3 enviromment.ml, eval.ml: DO OOO0O0OOO

ggodd botbooodoooooooooobbbbbotboUobUoUbUUUUUU
gdbbboobbogubboogubboguobbooouboooboobboonboo
0000000 (Doo0o00oooO)00oo0oo0o0oooO0o0oooOoOoooooOoOd
00000 (expressed value) 000000000000 (denoted value) 000000000
oo ooooboboboobooobobobobbbouoououoo
o00o0o0bOoO0obobOboOobcCcOobOo0b0obO0oooooOoooDOoooOOoooDOoooDooOooo
000000000000 O000DO000000000 denoted value O expressed value [
000000000000000ML! 000000000000 Expressed Value O

Expressed Value = 00 (...,-2,-1,0,1,2,3,...)+ 000
Denoted Value = FExpressed Value

{0000000000000000000000 (L-value)D 000 (R-value) D 0000
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{
let reservedWords = [
(* Keywords in the alphabetical order *)
("else", Parser.ELSE);
("false", Parser.FALSE);
("if", Parser.IF);
("then", Parser.THEN);
("true", Parser.TRUE);
]
+

rule main = parse
(* ignore spacing and newline characters *)
[ > ’\009’ ’\012’ ’\n’]+ { main lexbuf }

| n_ne [;01_79)]+
{ Parser.INTV (int_of_string (Lexing.lexeme lexbuf)) }

"(" { Parser.LPAREN }
"Y" { Parser.RPAREN }
w. . { Parser.SEMISEMI }
"+" { Parser.PLUS }

"x" { Parser.MULT }

"<" { Parser.LT }

| [’a’—’z’] [;a;_7z; ;O)_:9; >-; 7*;]*
{ let id = Lexing.lexeme lexbuf in
try
List.assoc id reservedWords
with

_ —=> Parser.ID id

}
| eof { exit 0 }

O3 ML'OOODOO0O: lexer.mll
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gogbbobud+ooobbboooon
O0O0000D000 Objective Ciml DO ODOOOO0OOOOO

(¥ Expressed values *)
type exval =
IntV of int
| BoolV of bool
and dnval = exval

OO0 DO0O0O0O0O00OO0DbO0ObDO0ODO0ODbOD0ObO0ObDO0ObDODbDObOnddenoted value O
gboboodgbbotobbodobboodobboooboobuooobboobbooob
0000 (environment) 000000000 C0COCOO000O00OO0O(ODDODO)ODOOOOO
00000 (environment passing interpreter) D 00000000
O00O0OD00O0 denoted value OO0 OO0 DO 0OO0D0OODOOOOOOODOOODOODOODOO
gboboobbooobboodbbuooboboodobbooobboobuooobboob
goooon
O000000000000000000 (0000 denoted value) D00 ’a0000a t
O000000000000000000000000 (environment.mliJOOODOODO)
type ’a t
exception Not_bound
val empty : ’a t
val extend : Syntax.id -> ’a -> ’a t -> ’a t
val lookup : Syntax.id -> ’a t -> ’a
val map : (’a -> ’b) > ’at -> ’b t
val fold_right : (’a -> ’b -> ’b) -> ’a t -> ’b -> ’b

Uddd empty_envUUUODOOOOUOOOOOO0O0O0O0OOOUOOOO0O0OON extend_env
gbboobogbuodbooboobobbdbibOdlUextend_env id dnval envl U0
OenvUDOOOOODO id O denoted valuednval OO0 O0O00OOO0OOOO0OOOOO
U lookup DO UOUOOOOOOOUOOOUOOUOOOOUOOUOUlookup id env U OO0
env 0 0O000O0ODODODOODOODOOO iaDO0ODDODDOODDOODOODODO
UooobuobobibOdn Not_bound DD OODOO

0000 map O0Omap f env 000000000000 £00000000000
Ub00db00Ofold_right U0 OODOODODOODLDOODOODOODLOODLOODOOn
U000 fold_right DO O0O0O0OOD0ODOODOOODOOODOOODOOODOOODO

gbobdobobobobob4b0bboobobobouooboooboobobobobob
U0O0ODOenvironment.mli 00 ’a t 0000000000000 O0OO0O0O0OO0OOOODO
gboogbouoobooboon

0000000 main.ml 0000000000000 OO0OOODOOOO(ODOOO)O
googog

let initial_env =
Environment.extend "i" (IntV 1)

15



type ’a t = (Syntax.id * ’a) list
exception Not_bound

let empty = []
let extend x v env = (x,v)::env

let rec lookup x env =
try List.assoc x env with Not_found -> raise Not_bound

let rec map f = function
0 -> [
| (id, v)::rest -> (id, f v) :: map f rest

let rec fold_right f env a =
match env with
1 > a
| (_, v)::rest -> f v (fold_right f rest a)

04 MU'O0O0OODO0O0O: 00000 (environment.ml)

(Environment.extend "v" (IntV 5)
(Environment.extend "x" (IntV 10) Environment.empty))

OvixDODOooobOog 1osgoboogooobobobuoooobboobobobon
O000000ooo(@oooon)oooooo

goboooobd bobobooboboobobobOoboboboOobOobboboboooo
odoobobobbodudgoonibibibil apply_prim, OO0 eval_exp DO OO OO
000500000000 0eval_exp 0000000000000 (ILit,BLit)O0OO0O
0000000 leckvp 00O DO0OOOO0ODODOODOOOOOODOODOOOOODODO (O
O0000)00000000 apply_prim 000000 Oapply_prim 0000000000
O000O0000000O0O0On0 Objective Caml DO ODOODOODOOfOOOOOOOO
0000000000000 000000 thenO /else00000000000O0O0O err00O
0000000000000 00000000 (eval.ml ODO0OOO)O

eval_ decl 0 ML!OODOOODOOODOODOOODOOODOOODOOODOOOOLetO
gooOooOoOoOoOoOoOOOOOOOODDDODODODOOOODOO (oOoooooo "-mo-
gbooboobobbobobobooobooboon

3.3.4 main.ml
Uobboobuddd main.ml OO 6000000 read_eval_print U
1. 0o0booobooboobon

16



let

let

let

rec apply_prim op argl arg2 = match op, argl, arg2 with
Plus, IntV i1, IntV i2 -> IntV (il + i2)

Plus, _, _ -> err ("Both arguments must be integer: +")
Mult, IntV i1, IntV i2 -> IntV (il * i2)
Mult, _, _ -> err ("Both arguments must be integer: *")
Lt, IntV i1, IntV i2 -> BoolV (il < i2)
Lt, _, _ -> err ("Both arguments must be integer: <")
rec eval_exp env = function
Var x ->

(try Environment.lookup x env with

Environment.Not_bound -> err ("Variable not bound: " ~ x))

ILit 1 -> IntV i
BLit b -> BoolV b
BinOp (op, expl, exp2) ->
let argl = eval_exp env expl in
let arg2 = eval_exp env exp2 in
apply_prim op argl arg2
IfExp (expl, exp2, exp3) ->
let test = eval_exp env expl in
(match test with
BoolV true -> eval_exp env exp2
| BoolV false -> eval_exp env exp3
| _ -> err ("Test expression must be boolean: if"))

eval_decl env = function
Exp e -> let v = eval_exp env e in ("-", env, V)

05 MUODODOO0OO: 000000 (eval.ml)OO0O

17




open Syntax
open Eval

let rec read_eval_print env =
print_string "# ";
flush stdout;
let decl = Parser.toplevel Lexer.main (Lexing.from_channel stdin) in
let (id, newenv, v) = eval_decl env decl in
Printf.printf "val %s = " id;
pp_val v;
print_newline();
read_eval_print newenv

let initial_env =
Environment.extend "i" (IntV 1)
(Environment.extend "v" (IntV 5)
(Environment.extend "x" (IntV 10) Environment.empty))

let _ = read_eval_print initial_env

[0 6: mini Scheme! 00000 0: main.ml

2. 00

3. 00000

00000000 00D0O1et decl = JOUOOOODOODDODODOODOODODODO
O001lexer.mll 00000000 ODO main OO0 Lexer.main 0 0 parser.mly (O
hstart) D0 0000000 0O0ODOO toplevel OODO Parser.toplevel DO O OODO
UD0OParser.toplevel U O UOO0D0OOO0O0O0O0O0DOO0OO0O0DOOO0DOOO0O0OOODOO
O00000000000000 Lexing.lexbuf 000 (00O OO0OO0OO0OO0O0O0OO0OOO0O
Lexing.from_channel 00000000 0)000000Opp_val O eval.m1 0000
gboobgobooboboboboobooboobon

Exercise 3.1 [0000] MU' ODOD0O00D00000000O000O0O0O0O0O0OOOO0OO
gboobobooobooooboobo gy, v,wxboobooooboooowg 2006 0O
0ivbh 400000000000 0DODDOODOODOODOODOODbO

v+ i * i
gogbbobooogd

Exercise 3.2 [xx] 0000000000000 O00O0O0OO0OO0OO0OOOOOOOOOOO
gobobodobbooobboobbuooobboobbobooubbooobbooob
gogbbbuogoobboooooboboooobboboooobbbuoooooon

Exercise 3.3 [x] 00000000000 000 &, ||00000O0O

18



3.4 ML?—0O0000

oooooMLOODODODODODOODO0DO main.ml OO initial_env 00000
0000000000000000OML200000000000let000 let00000O0O
ERERE

34.1 lete 0000000

ML2OODOO0O00000000000000

(00000) == ...|let(000)=(0);;

(O0) ==
| et (000 )=(04)in (0 )

expressed value, denoted value D OO0 00000000 0OOltO0OO0OOOO0DOOOOODO
gobooobboobobbooobboobbboodb rOdUdUdsyntax.ml DOODOOOO
0000000000000 O0Oparser.nly 00000000 0OOCO (etD0O00O fO0O
O0000)00001lexer.mllO000000000000000000O0Oeval_exp O let
gddodooooouoooooouogoouooooobo oo ooooooa
O0o00dooooooooooooooood

Exercise 3.4 [0000]ML200000000000000O0OOO

Exercise 3.5 [xx] Objective Caml 00 01let0 000000000000 0OOODODOOO
ggooobobobobbbooooogoooagd

H#letx=1
lety = x + 1;;
valx =1

valy =2

Exercise 3.6 [x«] O0000000000000000000 niniml 00000000
b gbogobboooboobobbuoobbuodobboobbodoobooboob
000000000000000o0o0O0O0O0000o0ooooooooo(@Eooon: ;; -
0000000000000O0000000ooon)

Exercise 3.7 [xx] and0 0 0000000000000 OOOOOOOO letODOOOO
ggbbbouoodobbbooogn

let x = 100
and y = x in x+vy

0000002000000 x000000 100000000000)1100000

19



syntax.ml:

type exp =
| LetExp of id * exp * exp
type program =

Exp of exp
| Decl of id * exp

parser.mly:

Jtoken LET IN EQ

toplevel :
Expr SEMISEMI { Exp $1 }

| LET ID EQ Expr SEMISEMI { Decl ($2, $4) }

Expr :
IfExpr { $1 }
| LetExpr { $1 }
| LTExpr { $1 }

LetExpr :
LET ID EQ Expr IN Expr { LetExp ($2, $4, $6) }

lexer.mll:

let reservedWords = [

("in" , Parser. IN) 5
("let", Parser.LET);
]

| "<" { Parser.LT }
| "=" { Parser.EQ }

eval .ml:

let rec eval_exp env = function

| LetExp (id, expl, exp2) ->
let value = eval_exp env expl in

eval_exp (Environment.extend id value env) exp2

let eval_decl env = function
Exp e -> let v = eval_exp env e in ("-", env, V)
| Decl (id, e) —>

let v = eval_exp env e in (id, Environment.extend id v env, v)

O 70000
20



3.5 ML — 00000

go0oooOOoOOoO0oO0ocOoOOOODOOOOOOOOOOOU00O0(DOOOoO)0Ooooo
o0oooooMLOOOOOO (DOOOO0O0O0O0O0OO0OO0OOO0)00O0O0ooooOoooOoQ
0O000000OML*00O0fn00000000000O0O0O0OO0DOOO0

3.5.1 0O00OO0oOoOo
ooooMLPO0OO0OoOOoooog

(O ) ==
| fun (OO0 )—(0O)

| (0 1) (0 o)

gobbooobbobuoogbooooobogogbboboogobbooobbooon
ggbbbuoogobbodo

3.5.2 U00O0OO0OOOOO0OO00

00 OObjective Caml D00 OML2 00 0000000000000 0O0O0OOOOOO
O000000000000000000 (first-class value) 000000000 D Oexpressed
value, denoted value 0 0 D OO0 0 O00OOOOOOO0O

Expressed Value = 00 (...,-2,-1,0,1,2,3,...)+ 000 +000
Denoted Value = FExpressed Value

ooooboobobooooooobOobooodfunOO0b0O0ODOODODbDObObOODOO
0000 (00)0000000D00D0D0D0D0OOODOO0ODOO0OD0OO0OOO0O0ODOOOOOO000
gobbooboboodgbboobbobobboobuooobbuooooboobobooon
00000000 (D00o0oDO0OO0)00o0oooooooooooo

let x = 2 in
let addx = funy — x + yin
addx 4

xOogoobhooobbuooobdd addaxddbbogoobogonb xb 20000
ggbbbuoogobboooobbboooobbbouooobobbooogbbboo

1. ggbood

2.0000000000
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syntax.ml:

type exp =

| FunExp of id * exp
| AppExp of exp * exp

parser.mly:

Jtoken RARROW FUN
Expr :
| FunExpr { $1 }

MExpr :
MExpr MULT AppExpr { BinOp (Mult, $1, $3) }

| AppExpr { $1 }

AppExpr :
AppExpr AExpr { AppExp ($1, $2) }
| AExpr { $1 }

lexer.mll:

let reservedWords = [
("fun", Parser.FUN);
]

| "= { Parser.EQ }
| "->" { Parser.RARROW }

0800000 (1)

22



eval.ml:
type exval =
IntV of int
| BoolV of bool
| ProcV of id * exp * dnval Environment.t
and dnval = exval

let rec eval_exp env = function

| FunExp (id, exp) -> ProcV (id, exp, env)
| AppExp (expl, exp2) ->
let funval = eval_exp env expl in
let arg = eval_exp env exp2 in
(match funval with
ProcV (id, body, env’) ->
let newenv = Environment.extend id arg env’ in

eval_exp newenv body

| _ -> err ("Non-function value is applied"))

0900000 (@3)

3. 000000000000 0oooooo000 (DoooD)ooooOo (Dooo)

O000000000300000000000000000000 (function closure) D0 00O
gobooobbuooobbodbbugbobooobboooboobbuooobboob
0000 funOO0OO0OO0OO0ODOO0ODOODOODODODODODODODODOODOOODOOO
gogbbbuoodgobbooogbbobuoooobbouooobobbooogbbboo

Uoobbibb eval.ml UOOOUOUOOOODO0OOUOOOLDODDOOOOOOOOOO
00000000000000000Oexval Ddoval 0000 (00)00000000O0
bl procvUbogobooooboboobboobbbbooobooobuoooon
gobbbbbuodddleval_exp U FunExp U0 D OUOOOO0OO0OOOOO0OO00OO
U0 envUOOOODDOOOO0ODOOOOO0OOO0OOOO0ODLOOOODOODDOOOOOO
gobboodobobbooobbbuooobbbuoodobbbuoobuoobobbuooon
goobbobobobooooododododd newenv U000 ooooObOOOOOD
ggbbbuoodobbboooobbobd

Exercise 3.8 [0 000 ML 0000000000000 000O00O0OOO0OOOOOO
gogbooboogn

Exercise 3.9 [xx] Objective Caml 00O (D O0O000) 0000000000 O0O0OODO
ggbbobuoooobbbuooobobbboodgooo
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let threetimes = fun f — fun x — f (f x x) (f x x) in
threetimes (+) 5

go000000

Exercise 3.10 [x] Objective Caml O

fun x1 ... xn — ...
let £ x1 ... xn = ...

ggbbbuooobbbooodn

Exercise 3.11 [x) 000000000000 40000000000000ML> 000
gogbbbuoooobbbooodoobbbooobbboooda

let makemult = fun maker — fun x —
if x < 1 then 0 else 4 + maker maker (x + -1) in
let times4 = fun x — makemult makemult x in
times4 3

Exercise 3.12 x| 00 0000000000000 OOOO (dynamic binding) D 0000
oot ouuuuouuua
gbbogobogbodboobooboboobuooboobbboobboobodbdtfun
oot dfdun 000000 0O0OOOOOOOOOODOOOOOOO

let a = 3 in

let p = dfunx — x + ain
leta =>5in

a*p?2

0000000000000 p0000 a0 30000 50000000000350000
(fun 0000000 250000)

Exercise 3.13 [x] 00000000 OMU 0000000000000 0OO0O0OOO0
Ub0b000DE=xercise 3.11 0000000000000 0000O00O0ODOOOOODODO
0000000000000 funD afun 000000 40000000 OO)OOODOO
ggbobobooogobon

let fact = funn = n + 1in
let fact = fun n — if n < 1 then 1 else n * fact (n + -1) in
fact 5

24



3.6 ML* — 0000000000

gbobogdbbuodgbboodgboobbuoobobooboboobbuooobboon
00000000000 (recursive definition) 00D O000O00OML* 0O000D0O0O0OOOO
ggbbobugoobbbuoooobbbooobobboooobbbboooobbn

gobooobooobooobogd letrecdobooboobooboon

(00000) == ...|letrec(000 ) =fun (000 o) — (0O );;

(o) == ...
| letrec (000 ;) =fun (000 o) — (O 1) in (0 2)

goooboobooooooooobo letbbobooboboobooooboboooboog
gobboooboboodgbbooobbuoobooooboobbooobbonooboobooon
gbbodbooobuoobb obbodobbobobbooboobboobbooob
gboboodbbuooobbooboboogbbuooobbuoobuooobboobbon
000000000 (backpatching) 0000000000000 O00ODOOOOOOOOOOO
gobbogboboobbooobbooobboobbooobboboobbooon
gob0obo0o0o0b0oobooboobobobo0obOodbOoObjective Caml D OO0 O
O0000000000o0O0O0O0000ooo(@Eoo)oDoooooo

gioobobobobobO0obO0bU000Oeval_exp U LetRecExp DU O OODOOOOO
gobbobogobbboooobboood

Exercise 3.14 [0 000] 00000 syntax.ml1 D00 000 Oparser.mly 00 lexer.mll
O0o00oooMUOO00O0000000000000O(letrecd0D00O0DO0OOO0O)

Exercise 3.15 [xx] and00 0000000000000 000000O0O0O letrecOO0O
oooooOooooooooooooooo

3.7 ML — 00O

Exercise 3.16 [ 0000000000000 000O [[OO0O0O0O0OOOO:0match
00000000000000000 MUUOODO0OO0OO0000000OmatchOOOOOO

match (0 ) with [| = (0 5) | (000 ) = (000 5) — (0 )
goooooooooooon

Exercise 3.17 [x] 00000

gobobooogd
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syntax.ml:

type exp =
| LetRecExp of id * id * exp * exp
type program =

| RecDecl of id * id * exp

eval.ml:

type exval =
| ProcV of id * exp * dnval Environment.t ref
let rec eval_exp env = function

| LetRecExp (id, para, expl, exp2) —>
let dummyenv = ref Environment.empty in
let newenv =
Environment.extend id (ProcV (para, expl, dummyenv)) env in
dummyenv := newenv;

eval_exp newenv exp2

g 10 0000o0gn
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Exercise 3.18 [x] match 0 00000000000 OOOOOOOOOOOODOO (=0
00)000000000000000000000O0O0O0O000OO0OoO

Exercise 3.19 [xxx] 000000000000 0O0OO0OOOOOO0O

Exercise 3.20 [»x] 00000000000 0ODOOObjective Caml OO 0000 if0 let,
fun, match 0000000000 DOO0OOODOOODODOOODOOODODOOOODOOOODOOO
goooobbbbbbboobbbbbbbobooooooooobbbboooon

1 + if true then 2 else 3;;

gogbbobuogoobbboooobbboooooon

4 O000O00OO0OO0O

4.1 ML:OODOODOOOOO

O0OML?00000000000000OML?000000000000000000
OO0 ltODO0D00O00O0OO0O0DOO0OOOOODOODOOOOOOODOODOODOOOltOO
00000000000 oOoooML?0000 (D00000000)000000000

e = x|n|true|false|e; op ey |if e; then ey else e3 | let x = e in ey

op = +|x*|<

0000 (0)00000 e00000(000D0)0(000)00000 x00000 (O
000)0000ooO0o0o000 (0000 r)U00000D000 int, 000000 bool
gogdd

7 ::=int | bool

4.1.1 DOO0O0O0OOOOOd

gogobbbbougoooobbbobbooooobb e - 000O0OO0O0O0O0OO
goboobooboooboboooboboooboobobobo 1+100 im0 Oo0O
U000 iflthen2+3else400 int 00000000 O0O0O0O0O0OODOOO0O eOO
r0000000000000 (type judgment) D00 0e:7 000000

obooobo0oboobobobobobooboooobD 20 it 000OD00ODODODOO
gooooooobobobbbbobbbbbioooooooooouoooooobobobobn
000000000000 0000000000000O000000000000AO0 (type
environment)(0000 NOOODO0DO0DO0O0O0O0OOO0O0O0O0OOOOOOOOOOOOOOO
goboboboggbbobod

MNz)=int 00 z:int 00O
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gboooboobobobobboboooboobrFe:r00ooQg
oo robogg et 000

gboboF0O0ObOO0OOO0ObObOO0ObOobOOobDOoO0obOobDOoOobOobDOo0obOobOoooo

00000000000000000000(00000)00000000000000d

gogbbbuoogobbboooobooboooobbbooooobbbooogbobooboo
0000000000 (typing rule) 0000000000000 0OOOOOO

(000, - (000,)
(000)

(oon))

00000000000000(000,),...,(000,)000000 (premise)d0000
(000)000000 (conclusion) 10 000000000000000000O0000

I'Fe;:int I'F ey :int

(T-Prus)
' ej+ey:int

O00000000ooooooo(ooo)oo
gobboboooobbboooobobobuoooobobboooon

gobbogobobooobbobbbooobbonobooboooobboooboboon
gbogoobooboobboobuoobooooboboobodl,es bOoobOoOonDO
000000000000000000000000000000MF1:int 000000
O00000000000000 W000000000) 000000 T O (G006, e, 00
O000100000000000000000000000O00OO0 (instance)

O+ 1:int D+ 1:int
0F14+1:int

(T-Prus)

00000000000000000000000000000FI+1:int 0000000
gbboobodgboboobboobuooboobbobuooboobboobuooboonn
oooOoML20000000000

(P(z) =7)

(T-VAR)
'Fz:7
_— (T-INT)
I'Fn:int
(b=true OO0 b= false)
(T-BooL)

I'Eb: bool

28



I'eq:int I'key:int

(T-Prus)
' e;+ey : int
I'Fe;:int I'F ey :int
(T-Murr)
I' - ej*xey : int
I'Fe;:int I'F ey :int
(T-Lr)
' e1<ey : bool
I'-e;: bool I'ey: 7 I'es:7
: (T-Ir)
' if e; then ey else e3 : 7
ke T x:mbey:m
1571 1 €21 Ty (T-Le)

I'kletz =e;iney:

oo T-Ler00ob0 Iz:7 0O I'0 20 700000000000DO000O0DOODOO
gogbbbouoooobbodo

dom(I,z : 7) = dom(I") U {x}

<r,x:r><y>={ -

T (fx=y)
(y) (otherwise)

0000000000 (dem(I) 0 TOO0000O0OO0)0D000000O0O0OOOOOOO
00000000 (side conditton) 00000000000 0ODODODOOOOOOOOOOO0O
gogbbobooogboo

4.1.2 ODOO0O0O0OO0OOO
gobboboooobobooboooobbboooobobboooobobbooooobnoon

gbo:-go0oroo e
Ob0:'Fe:7r0D000000OOOOODODOO 7

gbobobobooobbuoobbobooobbuobuooobooobbuooobboon
googgbbugobbuogboboobbuoooboboobboobbuooobobooon
gbooboboooboboboboboooooboobooT-Int000DO0O0O0OooOOn
gbdboobobobobbmmtbdbobooobooooooooooT-PLosdio
oobooobobo0ob0oobD mt0000O0000 000000000 0obo0oooog

Exercise 4.1 [1000] 011,012000000000000000000000000
00000 (0000000000 typing.ml 00000000 make depend 00000
oooooo)
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Makefile:

OBJS=syntax.cmo parser.cmo lexer.cmo \
environment.cmo typing.cmo eval.cmo main.cmo

syntax.ml:

type ty =
TyInt
| TyBool

let pp_ty = function
TyInt -> print_string "int"
| TyBool -> print_string "bool"

main.ml:

open Typing

let rec read_eval_print env tyenv =
print_string "# ";
flush stdout;
let decl = Parser.toplevel Lexer.main (Lexing.from_channel stdin) in
let ty = ty_decl tyenv decl in

let (id, newenv, v) = eval_decl env decl in
Printf.printf "val %s : " id;

pp_ty ty;

print_string " = ";

pp_val v;

print_newline();
read_eval_print newenv tyenv

let initial_tyenv =
Environment.extend "i" TyInt
(Environment.extend "v" TyInt

(Environment.extend "x" TyInt Environment.empty))

let _ = read_eval_print initial_env initial_tyenv

0O11: ML2000000 (1)
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typing.ml:

open Syntax

exception Error of string

let

err s = raise (Error s)

(* Type Environment *)
type tyenv = ty Environment.t

let

let

let

ty_prim op tyl ty2 = match op with
Plus -> (match tyl, ty2 with
TyInt, TyInt -> TyInt
| _ -> err ("Argument must be of integer: +"))

Cons -> err "Not Implemented!"

rec ty_exp tyenv = function

Var x ->
(try Environment.lookup x tyenv with
Environment.Not_bound -> err ("variable not bound: " ~ x))

ILit _ -> Tylnt
BLit _ -> TyBool
BinOp (op, expl, exp2) ->
let tyargl = ty_exp tyenv expl in
let tyarg2 = ty_exp tyenv exp2 in
ty_prim op tyargl tyarg2
IfExp (expl, exp2, exp3) ->

LetExp (id, expl, exp2) ->
_ —> err ("Not Implemented!")
ty_decl tyenv = function

Exp e -> ty_exp tyenv e
_ —> err ("Not Implemented!")

0 12: ML2O000000 (2)
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4.2 ML3ODOOO

0000000000000000000000000000 MySet (mySet.ml, mySet.mli)
Ub000000000http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/isle4/
src/ 0000000000 O0O0O00OO0

4.2.1 0000000 DDOOO
O0O0fun0DO0OD0O0ODO
ex=---|funx —el|e e
gogooooooobbid n—-nUidodooobbboooogooooon
7 :=1int | bool | 11 = 7
goodoooobbbbooooooguoooobbbbbooooo

Ner:mkEe:n

(T-ABs)
I'Efunz —e:m — 1

ke :m — 7 'Fey:m

(T-APpP)
I'Hejey:m
00 T-ApsO0 00000 e0D00O0 20 n OOOO0ODDDODOO0 nOd00d0OOO0DODO
funz—>eln—->n000000000O000000 T-AppO00e,00000O00OOO
O00000000ooobobDUe00b000d0000O0OOObObOD0O00O oo
Oo0odoooooooooo
dddddooooboboboboobbdoddddddddddoooooooOoOoUooOoa
0000 T-ApsO0O0OO0DOD0OO0O00O0DODOOeODO0O0O00ODODOO0O 200000
00000 do0booboo0oobbooo0oobooboddfunx »x4+100000003
000000000t »int 00000000000 OODOO0O0O0OOOOOOOxO00
intJd00000000000000000O0OO00OD000000xx+100000000x0O
O0int OOO0O0O0OO0OO0OODODOODODOO0OO0OO00O0

422 DODO0O000O0OOOOOOOLDODOOOOO0On

000000000000 O0O0ODO0O0OD0O0O0O0O0O0O0O0OOODOODOODOOOO (type
variable) D0 00 0O°0
Tu=a|int | bool |74 — 7
S000000000D0000000000000D00000D00000D00000000D0OO00O00DO

gobobobooooboooobooboooobooobooboooooboooboooboOobooOooobooobooono
oood
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000000000o0O00oooO000oOoU0o (booooooO)oooooooooo
gogbobbbbugooobbbbuooooobbbb xood ebbbbOooooon
goboobobboodOx+1000 int DOO0D0OO0O0O0D00O0 a=int 00000
Oo0b0dbD«0int0000000000DO00DO00O0O00O00DLO0ObO0ObOob0bO0bLO
OO0 T-AssU0O00O00O0OD0O oa—-int00000iInt -int 000000D0O0O0DOODOO
funx—=funy - xyOUOQOUOooooooooooooooobooooooonog

l.xO000 «0000D0000D0D0O funy—=xyOOOoooooo
2.y0OoooooOo pO0000ODbODO0OD xyOOUooLDOO

3.xy0OODODDODOOOOODODOODDOD (ODOOOOoOooOoD)y0000a=—-~y000
gobboogod

gbogboobbooboboobooboboobobobobooboboboboon
goboobgooobooooboobuoobooboobobbobboobboobooDbOon
gogobobbbbobooooooob 1 3bbbodoooooboboboboooooon
000000 fresh_tyvar O fresh_tyvar O OO 0O0O0O0O0O0OOOOOOOODOOOO
00000000 T-AssO00D0OD0ODOODODOOD «ODOODODODOOODO
0000000000000 0000000d (type substitution) 0000000 (DOO
0000 SO0O0000)000000000OO0 (D0)OoDOOooDooOoOOOoODOOOoOST
O-r0000o0ob sbobooooogoooboboosSroooboooooonboonbD son
ooo0ooobOobooooosrOSTOO0oO0oO0O0obOOoDobOoboboboooDOoo

S — { Sla) ifae c.lom(S)
a  otherwise
Sint = int
Sbool = bool
S(n—m) = S —>8n

dom(ST) = dom(I")
(ST)(z) = S(T(x))

ggbbobuooobbboooobobobboooobboboooobobobooon

gb:-gbooroo e
O0:STFe:7O000000ODO0ODODOOODOODO rODOO S

Exercise 4.2 [J000] 0O 1300 pp_tyl freevar_ty 0000 00O freevar_ty O [
godooboooooooboooooooooon

val freevar_ty : ty -> tyvar MySet.t
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00000 ’aMySet.t 0 (D0 WWWOOOOOO)mySet.mli 00000000 ’a0
ggbobobooogbbobodo

Exercise 4.3 [J000] O0O000OO0OO0O0O0O0O0O00O0OO typing.ml 0OODOOOO

type subst = (tyvar * ty) list
val subst_type : subst -> ty -> ty

O000000 swbst UOODOODOODOODOODOODO [(idl,tyl); ...; (idn,tyn)] O
00000000000 [idnw tyn]o---0[idl—tyl|]00 0000000000000
gobbogbobooobooobboodgibbwyi1odbbooobbooobbooon
ggbbbuoooobbooodaobbo

ggoo

let alpha = fresh_tyvar () in
subst_type [(alpha, TyInt)] (TyFun (TyVar alpha, TyBool))

000 TyFun (TyInt, TyBool) DO DO

let alpha = fresh_tyvar () in
let beta = fresh_tyvar () in
subst_type [(beta, (TyFun (TyVar alpha, TyInt))); (alpha, TyBool)] (TyVar beta)

000 TyFun (TyBool, TyInt) ODOODO

4.2.3 000

O0oDbOo0ooobOooooT-IrD T-PLosODOOOOOOODODOODO boolODOO
O00000MthenOOelse0 00000000000 0O0O0ODO0O0O0O0MMODOOOO int
000000000000000000000000ooooML20000oooooon
(0000 TyInt 0000000000000 00000)000000000O0O0O00O0O
gogbbooboooobboboooobboogod

gbobooboboobobooboboobobooboboobobboboobo
gboob0obOobOobOobOobooDooobooooobobob0dfunx —14+x0000
gboboboboboboobobuoooobbddxobuibib e b000014x0O
gbobbogobbuoooboboobbooobbooobbooobboobbooon
00 1,x0000int0 « 0000000000000 int0000 (D0OD0ODODOOOODO)
gbobogobbobbooobbuooobboobboobboobbobobbodl b
O0intO00d000b00o0b0oboo0booobobooobooboobobooobooo
O0ooooooooboboboboooooooooogT-IrO thenOD else 00O
ggboboboooobbboooobobbuoooooo
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Makefile:
0OBJS=mySet.cmo syntax.cmo parser.cmo lexer.cmo \

environment.cmo typing.cmo eval.cmo main.cmo

syntax.ml:

type tyvar = int

type ty =
TyInt
| TyBool
| TyVar of tyvar

| TyFun of ty * ty

(* pretty printing *)
let pp_ty = ...

let fresh_tyvar =
let counter = ref 0 in

let body () =
let v = !counter in
counter := v + 1; v
in body

let rec freevar_ty ty = ... (* ty -> tyvar MySet.t *)

013: ML O000000 (1)
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goooogooogogno {(7—1177—12)7-"7(7—n177—n2)} ggogono DSTll 287'12,
o St =8t, 00 SO00DO

0000000000000000000000000000 (unification) 0000000
0D00000000000000000000000000000000000000000
D000aq, int O S(o) =int 00000 SO000000000000a — bool O
(int - 3) — B0 S(a) =int - bool 00 S(f) =bool 00 S I0O00000OODO
000000000 (00000)000000000000000000000000
00000000000000000000000000000000000000000
(000000 (firsst-order unification) 0 0 000)000000000000000000
0000000000 O0000000000000000000000000000000
0000)000000000000000000000000000000000000
0000000 (XwYOOXNY=00OO00O X0 YOOOOOOOO)

Uuw) — 0

U({(r.7)} ¥ X) — ux)

U{(a, 7))} X) (f 7 # «) - Zr([[zr'_) TIX) o [a 7] Eg é SJ;V(T))
Uy X) (fr4a) = Ul OelenT E; ¢ §T>V(T))

Z/{({(TH — T12,T21 — T22>} \) X) = Z/{({(TH,TQl), (T12,T22)} H X)
U{(11,m2)} W X) = error (0ODOOOO)

000000000070 o0 710000000000 OO00OOO FTV(r)O 70O
ggbbbooogbbbuod2bud3bbudd cggbobbugobbbuooob
00000000o0oooO0o0o0o0o0o0oooo (ooooo0)0Doooooooo

Exercise 4.4 [J000] 00000000 O00OOO

val unify : (ty * ty) list -> subst

gobooogd

Exercise 4.5 [J000] 0000000000000 0ag FTV(r)OOOOOODOOO
ggooobod

4.2.4 MLPOOODOOOOOOO
000000000OMLP0000000000000000000000Oey+e, 000

gooobogoT-PLusOdooooooooon
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1.T,, 0000000000000S,,»n 0000
2.T,e, 0000000000000, »0000

3.000 8,8 0e=70000000000000000008USU{(r,int), (7, int)}
000000000 S0000

4.0 it 000000000

gobodbbuoobbuoobbooobbuooobbuooboooobbooobbab
00000000 [w—n|000000000 [o—n|000000000000 R 0O n
00000000000 (oO0O0000)Doooooooooo

Exercise 4.6 [J 000 OO0O00O0O0O00OO0O00OO0O00OO00OOOOOOOOOODO(0DOO
00000000000) 000000 4000000000000 000O0DO0O0000d
goon

Exercise 4.7 [x«] 000000000 letrec0000000000000O0O0OOODOO

If:mm—mnx:mbe i m If:m—>mnbe T

(T-LETREC)
I'Hletrec f=funz —ejiney: T

Oo0ooooooog letrecd0000O00ODODOOOO

Exercise 4.8 [xx] O000000000O00COOOOO0O0OOOO0OOOOOOOOCOO
O0-r000 7list000000O0O0O0

— (T-NiL)
CHE[ 7 list
I'ke :7 I'Fes: 7 list
(T-Cons)
I'kFegiieg: 7 list
I'Fep: 7 list I'kFey: 7 Dyo:7y:7listtez: 7
(T-MATCH)

I'F match ey with [| ey |2ty —e3: 7

gogbbobuoooobbboooooboboooobobobooo
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typing.ml:

let

let

let

let

let

type subst = (tyvar * ty) list
let rec subst_type subst t = ...

(x eqs_of_subst : subst -> (ty * ty) list
D0000000O00000 *)

eqs_of_subst s = ...

(* subst_eqgs: subst -> (ty * ty) list -> (ty * ty) list
Oo00OCOoO0OoOoOooooo *)

subst_eqgs s egqs = ...
rec unify 1 = ...

ty_prim op tyl ty2 = match op with
Plus -> ([(tyl, TyInt); (ty2, TyInt)], TyInt)

rec ty_exp tyenv = function
Var x —>
(try ([], Environment.lookup x tyeni) with

Environment.Not_bound -> err ("variable not bound:

ILit _ -> ([], TyInt)

BLit _ -> ([], TyBool)
BinOp (op, expl, exp2) ->
let (s1, tyl) = ty_exp tyenv expl in

let (s2, ty2) = ty_exp tyenv exp2 in
let (eqgs3, ty) = ty_prim op tyl ty2 in

let eqs = (eqgs_of_subst s1) @ (eqgs_of_subst s2) @ egs3 in

let s3 = unify eqs in (s3, subst_type s3 ty)
IfExp (expl, exp2, exp3) -> ...
LetExp (id, expl, exp2) -> ...
FunExp (id, exp) ->

let domty = TyVar (fresh_tyvar ()) in

let s, ranty =

ty_exp (Environment.extend id domty tyenv) exp in

(s, TyFun (subst_type s domty, ranty))

AppExp (expl, exp2) -> ...
_ —> Error.typing ("Not Implemented!")

© x))

0 14: ML 000000 (2)
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4.3 0O0O0O let0O0OO

0000000000000 0(00O00)0DOD0000ODO00000o0O0ooooooOOoO
ggboboboogoboboooon

let f = fun x — x in
if f true then f 2 else 3:;

Oooo0oDbOoooogfoOifdbddn bool — bool DOODOOOthen D OO
int—-int000000000000 000000 bo0oboooobooobooooboooDo
Oo0ooboooobDO lee0OO0OO0OOOODO

4.3.1 DOO0OO0OOOOOO

Objective Caml 00 let £ = fun x -> x;; OO OOOO0OO ’a -> 2000000
00000000000000000 2000000000000 0((@MOOOOO)DOO
goboogbboobbuonoooobboobbooobbobobooobbuooboon
gboboboboobobuobobuibibfrald int 000000 int—>int 00000
UooobobobobDbbOb0’ald0d0dOUdn bool->pool UODODODOODOOOOOOOODO
gboboboooooooooooooooooooobobobgobobgobobgobo
0000 Ve. OOODOOOOOODODOOOOOODOOOOOODOOOOOODODOOO (type
scheme) 0000000 Voo - 000000000000 Vo.OOODODOOODOOOO
0000000000ooooooo0o00o00oooooooooon (Ya.a) — (Va.a) O
0000000000000 00O0(@O0000000000000D0000ooooo-
0000000000000 0O0O0U00000O0D0D0D0D0DO0D00D)0D0000d eO
gbobooboobooboobooboobon

T == «lint|bool |1 —

o = 7|Va.o

0000000vVOOOOoUOOoOOoOooo0ooooooooooooooooooooo (O
0000000000000000)00000000000 000 Ya.a—a—p00
O00c0O0000O0O0OO0OppO0O0O0O0ODOD IBO0OOODODODODODODOOO
00000 freevar_tysc 0 0000000000000 O0OODO(DOO)000O0OOOO
ERERE
gboboooboobbuoobbuoobobuoobboobbooobooobooonon let
goboodbbuooobbodobboooooobbooobboobbooobbob
gogbboobuogobobboooobobuooooboo

(I'(z) =Vaq,...,a,.7)

Phx:jog =T, 0 =TT

(T-POLYVAR)
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0000000000000000VOOOOOD0DO000000000000000000
000 [a—7,...,an—7|0000000000000000(Ff)=Vaa—a00000

I'Ef:int — int

'Ff: (int — int) — (int — int)

gobboobooboobooobooobobogbletbob0boooboobobooboboOoDO
goooo

I'e :m I''x:Vaq.---Va,. 1 Fey:m

(T-PoLYLET’)
I'kletz =e;iney: 1

b0, 000000DO0O000D0ODOO0O0O0bDD ecOO0O0O0OO0ODODOOOOO
gobogboobbodb o,...,a, UODOO0OO0O0OOO0O0O0ODOOO0OOOO0O0OO0O0
00nO00O00O0O0b0O0b0 VvOODOUOooooboobooboobooooooo
gbobooobooooobobobobuooboobobooboobooobobobrooo
0000000000oo0OoOroo (boo0)00ooo0o0Do00o0DoooOooUooooOo
gobodbbuobbboobbuooobbuoobbobbooobbuooobboob
gobobobooggoboogao

let fx=((letgy=1(x,y)ing4), x+ 1)in ...
gogooooboobbbbbooooooaad

1. xO000 «0O00O00oobbobooogn

2. 000100000 ¢g000000yO000A00000000000000000O
0B8—axf000000

O0000gOO0OO00000OD0ODODOOOVaVBS—axp 0 0000000000 (VO
000)00000000000000e0 gO0O00000O0DO0ODO xODODDODOOOOO
0000000 (x+10000000000)int00000000000O0O0O0OOOO
ggbbbuoooobbboooobbbooodgbon

I'He :m 'z :Vaq.---Va,. 1 Fe:m
(v,...,0, 0 n 000000000000 TOOOOOOODOOO)

I'kletz =e;iney:m
(T-PoLYLET)

0000016000 cleswre 0070000 0000 SOOO0000aq,...,0, 0 7
ooooboobooogobo sroobobobooooboobo0ob0oobogn Vo, -+ NYag.t
oooooooooobooo sooooooobbooooboooooobboooobobooo
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4.3.2 ODUOO00OO0OO0OOOOO0

gbobogobboobbuoobbobbooobboobbuogbbooobboon
gooobooboboboooooboboboboooooog letooboobOob

gooooooooogogoogooooooooo0 (boboooo0 7,...,mOOO (O
0000000000000 000000)000000O0ODOODOOOOOOOOOOOO
gobooogd

et 000000000000 0O00ODe OD00000O00DO0 00 70 closure 00
gogbobuoooobbbuoooobobod

Exercise 4.9 [xx] 0 15,16 0000000000 let00000000O0O0O0OOOOO
gobbooboggbboboo

Exercise 4.10 [x) 00 000000000000 0O0OOO0OOOOOOOOOOOOO
gogoobobooodon

Ifimm—>mx:mbe i m I'f:Vay,...,ap, 1 > T ey T
(a1,...,0, 0 m OO000 000000000000 0O000O0OOOOO)

I'Hletrec f=funz —ejiney: T
(T-PoLYLETREC)

Exercise 4.11 [x ] Objective Caml 00 : (0 )0000000000000000
0D0000000000000000000000000000000000

Exercise 4.12 [xx+] 0000000000000 O0O0O0O0O0O0O0O0OO0O0O0OOOOO
gogobobooodn

ooon
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gbododooooouououoon
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syntax.ml

(* type scheme *)
type tysc = TyScheme of tyvar list * ty

let tysc_of_ty ty = TyScheme ([], ty)

let freevar_tysc tysc = ...

main.ml
let rec read_eval_print env tyenv =
print_string "# ";
flush stdout;
let decl = Parser.toplevel Lexer.main (Lexing.from_channel stdin) in
let (newtyenv, ty) = ty_decl tyenv decl in
let (id, newenv, v) = eval_decl env decl in
Printf.printf "val %s : " id;
pp_ty ty;
print_string " = ";
pp_val v;
print_newline();
read_eval_print newenv newtyenv

O 15:000et0000000O0O00 (1)

[4] OCaml-Nagoya. 00 OCemi0 00000000000000.00000000000
0, 2007.

p) 00 00.000000000OO.O00OOOOO, 2007

6) 000 0. 000000000004 0000000)00000. http://wuw.sato.
kuis.kyoto-u.ac.jp/~igarashi/class/isle4d/.

(7000 0.0000000 mOCemD000000000000OO0OO GUIDOOO
OO00oOo.00o0go, 2007. ISBN: 978-4-7741-3264-8.
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typing.ml

type tyenv = tysc Environment.t
let rec freevar_tyenv tyenv = ...

let closure ty tyenv subst =
let fv_tyenv’ = freevar_tyenv tyenv in
let fv_tyenv =
MySet.bigunion
(MySet .map
(fun id -> freevar_ty (subst_type subst (TyVar id)))
fv_tyenv’) in
let ids = MySet.diff (freevar_ty ty) fv_tyenv in
TyScheme (MySet.to_list ids, ty)

let rec subst_type subst = ...

let rec ty_exp tyenv = function
Var x —>
(try
let TyScheme (vars, ty) = Environment.lookup x tyenv in

let s = List.map (fun id -> (id, TyVar (fresh_tyvar ())))

vars in
([], subst_type s ty)
with Environment.Not_bound -> err ("variable not bound: " ~ x))

| ...
| LetExp (id, expl, exp2) -> ...

let ty_decl tyenv = function
Exp e -> let (_, ty) = ty_exp tyenv e in (tyenv, ty)
| Decl (id, e) —> ...

0 16: 000 et00000000OOO (2)
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