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1 Oo0dnd

1.1 ODOooggooon

000000000000 000oo0O0O000 MLOODODOOOOOOO(ODOOOOO
00000d00)0o0oo0000ooooooo0U0UoooDoooOoOoooooDoooOO
000000 0o00Do0oooooooooooooooooooooooooooog
000000000000 0000O0bO00O0O00Ooogn

0000000000 3000)00000000OOOOO0O0O0O0DO0DOOOMLOOOO
00 Objective Caml DO OODOOO0OOODOODODODOOODOObjective Caml OO OO OO
00000000 Objective CamlOD OO0 O00O0OMLOOOOOODOODODOOOOOOODO
000000000000 000DO0bO00000D0DO0obOOoo0ooOoOMLOODODOOO
O000000000000000000000(SchemeOO0OO0)0O0O0O0O0O0O0O0O0OO
000000000000 00O00O0DO0bOoooooog

O00000o0ooooooooooooooooooooooooooo

01000 30 | OObjective CamlOO OO 2070000
0400050 (0D0OO0DOO0DOO
gs0bbed |ODOUOOOODODO

1.2 0OOOdd

000 Objective Caml 00 (40000)00000000D0O0OCO0OO0OODOOOOOO
0000000000000000000 (D3000)ooooooooooooooO
ggooobod

00000000 (COO000ooO0o00ooO)000oOO0o0DU0ODOOoODOOo0OoODOOO
gobodbbuoggbbobbboobbooobbuoobbuooobboobboob
gogbbobuoooobbboooooboboooobobooo

gbbogdgbooobbooobbuoobuooobbuooobobooobboobboon
0000000000000 0000000000000000000(@EOU00O0000
000000000oooooooooooo0o0o0oUooooooO)0DO0oOoooOoOoOOO
gobogobobobuogobooogbboobboobbuooobbooooobooboon
gbobogbbubboodobbooobbuooobbuoooboobbooobbood
gogbobuoooobboooooboboood

1.3 DU0dgoooboogd

000 webOUOUOO URLDO http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/
isle4/ 000000000000 O00O0OObjective CamlO OO0 D000 OOOOOO

000000000000 000000000000000000 (5000
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0 O Objective Caml DO 0000 OOOOOOObjective Caml DO DO OO0 [3] (DO)O
http://www.sato.kuis.kyoto-u.ac. jp/~igarashi/class/isle4/ocamlman/ OO 0O 0O
OoDOoO0O0000ooooooDbbODDOnttp://caml . inria.fr/ ODO00FAQOOOOOO
Objective Caml OO0 DO OOOOOOO0DODODOOOOOObjective Caml O OCaml 0000
gOo0OCOOo0OO00OOOO0000000oUooooooooooooDoDDDODOOOODDDOO
0000000000000000000000000000000000 CamlOOOO [1]
O0D0000000O0000D00O0 Objective Caml OO0 OReilly DOOO0DOOODOOODO
O00O00000oooO0O0o000oO0ooO00D nttp://caml.inria.fr/oreilly-book/
OO00ooOoOooooooo

00000000000000000[2,030|000000000(CO0O0O0 Scheme
000 Scheme OOOO0O0OOOOOOOOODO)

2 Objective Caml [ [J

0000000000000 0D00DO0DO0DO0OD0O0O0OO00OD Objective Caml OO0 O
goboboboogbbooboo

2.1 Objective Caml 00

000000000 MLOOODOODOOOOO0O00O000000000000002000
goboobobooobuooboboobooboboobooboboobooMLbDOOoD
gbobboodbbuodobboodobbdobbuoobbooobbuoobbooobboob
0000000o0ooooo0o000oo0oooo0o00U000oOD (Do0OoooooDoooo
0000)0D0000000OMLOOOOO0OO0O0 ANOOOOOOOOOOOOOOOOO
O000000000000oooooOo0o0o00o0o00 (Doooooooooooo)oooo
OO0bOoO0DOo0ooOoobOooDOoobo0obooOoboOoDbDOoOdStandard ML OOODOOO
0400000000000 00000)00000OoO0OOOO0O00oOoOoOoOoOOd
gboobgobooboobobbob

O00ooooopoooOo MLOOOOOO Objective Caml OO OO OO OO OObjective
Caml 0 INRIAOOOODOOODOOOOOODOOODODODOOOODOOOOOOOOOO
O0OStandard ML OOODOOODOOOOOOODOOODOODOOOOOOOODOOODOOO
O O Objective Caml O O Standard ML OO O OOD0OO0O0OO0ODOOOOOOCOOOOO
gbboobuogbboobuoouoobuobbooboobbooboobbooboon
gbooboobobboboobuooboobooboboboboobg

D0D0D00000000D0D000D00000 (object language) 00 00000000O0DOODODOOOO
00000 (Meta Language) 000000000



2.2 Objective Caml 000000

Objective Caml DO 00000000 O0ODOODOOOOOOOOODOO Objective Caml
ggbbobuogoobbbuooouooobbouoooobbbooooboboboooon

Objective CamlO 000 D0DO0O0O0O0ODOOOO ODOOODOODO Scheme OODOOOOO
O00000D00O0000bO0DO0b0obOoOob0OnScheme OO0

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

(fact 5)

gbooobbobboU factJgboooboOo0bO0ObOOD 120000000
O 0 Objective Caml OO0 DO O00OOODOOO

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

fact 5;;

gboobooboobooboon

0000000 DOOO0DScheme 0OOOO0OOOOODOOOOOOOODODOOOO
O0o00000000000000000o0000 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 ODOOO0OOODOOOOODO Objective CamlOOOOODOOO
gobobogobbtoooboboobbbooobbooobboooboboooooon
0000000ooooo0o0oUoooooo0Uoooo((@CUuOo)ooooooooo

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

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



O00OO"oge" U0 DOOODOODO+0D000O00DOODOOODODOODODOODO
000000000000 000O0000 (00000000 OO0O0oD0oooOOO0Od
O00000000)000000000000000000 (000 "hege"OODOOO
000000 This expression 0000000000000 DO)000O000OO hoge
goobboooobobobbooooobobbbooooobobboooooboboon
Objective Caml D 000 0ODO0OOOO0OOOO0ODOOOOOOODOODOOOOOOODO
0000000000000 000(0000) 0000000000000 Objective
Caml DO 0D0D0OODOOO (strongly typed) 00000000 O0O

Objective CamlO 0000 0O0O0O0OO COOOUODOOOODODODOOOOOOOOO
O0O00DO000DOOoO0oOobDOoDOOOnO Objective CamlOOOOOOOOOO
ggbobobobooogboboobobuooooobbobooooobbobooooobon
gobbobooodan

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

gobboobooogbbodao

val fact : int -> int = <fun>

00000000000 DOD0O0OD factOOO (int)D0O0O0ODOODODODODODODOO
(->0000000oooooo

Objective CamlO 0 ODO0O0OO0O0O00ODODOO Objective Caml OO OO OO0DOOOOO
gbogbbouogdbogbobobbooboobouoboobboobboonon
O0000000000000OObjective Caml DO OO0OOO [1(0O00ODO)O:: (cons)
o000 1::2::3:: 000000000 00000000 20000
UobobobDoodl sum_of _first_two UL D DOOOOODODOONO

let sum_of_first_two 1 =
match 1 with

0 >0
l x :: [0 —>x
| x 11y :: rest > x + y;;

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

O0000Omatch 000000 1000000 (0O0O0O0000O0)0x::00 (100
O000)0 x::y::rest 200000000)0000000 DOODODODOODOO
0x 0Oy 0000O0O0OOOOO0O00000OO0O00000OODODOOOOOOOO0OO
gogobobbboogooobooobboobbboooooobbobobbooooon
ggobbbodd ->0000 int list0000000000 ODO0O0ooan
gooobooodon

3[1; 2; 3] oooUooOooO




Objective Caml D0 0000 OD0O0O0O0OOOOOOODOODOOODOODOODOODOO
gbobbuooobbuoobuooobuooobooobbbooobobbuooobbon
let rec length list =
match list with

0->0
| x::rest -> 1 + length rest;;

gobbobuogoobbooooooboooobbobuoooobbbooooboon

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

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

Ubooobobubl lengthODOOO0O0O0O0OO0O0DOOODOODODOOODOODOOO
gbogboboboboobuogbbuoobuooboobooboobboobobo
gbogbdoboobooboobobbbobobobooboboboboboboon
ggbobobobooooobobbuooooobboobooooobboobbbooood
0000000000000 COO00D00 (D0DoboooooOoO)DoDoooooo

000000 Scheme 00O0O00O0ODOO (garbage collection) 0 0000000000000
00000000000 COO00 malloc/free 0000000000000 O00OO
ooooOoOOoO0o0o0oooooOoOboooOoOOOODOOOOOOOO0OO0O0O00OoO0O0O0O0O
obooooooooboooooooooOoOoooooboOoOoooooooboOoOooo
oooo

3 MLOUOOOOOOOO

3.1 0UU0ooogogd

000000 (interpreter) 000 0000000000000 OO0OOOODOOOOOO
gobobooobboodgbbobbuooobbuooobboobobbooboobboon
00000000000000000000000O0(syntez) 000000000 OOOO
O0000000000000000000 (semantics) 000000000000 0OOOO
gbobboobuoobbdoobbboabbboobboobbooobbobbood
gbobooobbuooobboobbuooobogbbuooobbobbuoobboboob
00000000 (000000000000 0ODO0O00OOD)00DODO0O0DO0ODOOO0O
gbobogobbuooobboobbuoobooobbuobbooobbooboobooboob
gbooobgobobobobobooboobod

gboboobobooobbooobbugobboobuooobbuoobobooobboo
gboboooboboboboobobobooboboboboobobboboon



O (defining language) 000D 000000000000 O0O00OOOOOOOOOOOOO
0000000 (defined language) 0000 DODDOO0O

OO0O0O000 = Objective Caml
0000000 = ML(Objective CamlO OO ODO0O)

goobobooobobooooobobooooboooobboooobobooobooooobon
000000000000000000000000000000 (meta circular interpreter)
00000000000 00000000000000000000000 (abede) 00O
0000000000000 00000000 (abede)DODOODODOOODODOOODO
gobobooboobobogoboooooboobobooooboboooboobogoon
voboboooboobooboobobooboobooboobooboobooboooboobooooboo
goboboobooooobobobooboobooooooobooboobobobobon
vbobooboobodoboboooobobooboboooobooobooboboboobooooboo

3.2 UUOOobooooobbboooooon

gogbbboooobbbooooobobbooobbo voboooobbbooooobooon

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

parser.mly CUOOO yaccd bison DO O O0O0O0ODOOOOOOOOOODOOOOODOO
Objective Caml OO ocamlyacc OO0 O0D0OO00000 .mlyOODOODOODOODODO
gbobobobooboobobuoobobooboobobooobobbOgn yace
goooog

lexer.mll C OO0 lex, lex OO0 O0DD0DO0O0OD0ODOOODODOOODODOODODOOODODOOb-
jective Caml OO ocamllex 00D D0O0O0D0O0O0O.m11 OOODOOODOOODOOO
000000000000 oD00oo0o0ooooooooooooooooooon
00000000000 lexODOODOODO

environment.mli, environment.ml DO O OO0O0OO0OO0OO0OO0OOOOOOOO0OO
ogooooooon

eval.ml 0D O0O0O0O00O0D0OO0O00O0OOOOO0O0OOODOOO0O0OOOO0O0O0O0OO

main.ml JO0O00000000O00O000O0O0O000O00O00O0O0O0O00O0O0O0O00O0O0000000n
gogbbobooobbboooon



0oooOooMUO0OD0DO0O00000O07000000000000000000O0000O0O
U000 Makefile U http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/isle4/
sre/ 0000000000 7rO000000000OO0O0OODO0DOobDO0bDU0bOobOobDOobDO
ml 00000 Emacs 000000 ODOOOOODOC-cC-cOO0O0OO0ODOOOODOO
0000000000 make depend D0 00000000000 (00O0O0OOOOOOO
000000 make clean 000000 )000000 OO0O0OC-cC-cmake -k 0000 O
0000000000000 0000oDOD miniml OOOOO0OODOOOOOOODODOO
(M-x shellJOOOOO0O0O0 0O0D0)miniml 000000 #000000000000O0O
OO0 MLOOODOOOODOODOOOODDOOO

> miniml
# X

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

(00000000 xOOD 100000000)000000000000OC-cC-cmake -k
0000000000000 000000000D00D000D000D00 M-x next-error [
00o0doooDdoooooooooooooooooan

000000000000 Objective Caml OO0 OOOO0OOOOODOO ocamldebug O
000000 (Objective CamlOD 0000 16000)00000000000000OO ocaml
0000000000000 000000000D000DO0000D000D0ocaml OO0
oood

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

gbbouogobuobodobboodbbddbFeo,Bar DO UOOOOOOOOOOOOO
gogbbobugoobboooobbobooogbobooo

3.3 ML'OOOODOO0O — 0000000000000 0000O000O
ggd

0000000000000 00000000000O0000000O00O0000000 (O
0000000000000 ooooo MUlooOoooo



oooOMU' OO0OO0O0O0OO0O0OO0OOO0OO0

(00000 ) == (0);;
(0) == (000)
| (0DoOooo)
| (0DOooOoooo)
| (B )(00000)(0.,)
| if (O 1) then (O 5) else (O 3)
(oY)

(00000) == 4+ |x|<

gobbbododg;oobobbbooogbbbooobboooobbbooobboan
000000000 (true0 false)J0000000D0fOOO0DO0OO0OOOOOOOOOO
go00O0Oo0o0OO0O0o0U0U0UdooOoU0doooooUUgooDUoooUoW(boood
O00) 0000000000000 000000000oDoOOoOoO0ooOaog if, then, else, true,
fase0 5000000000000 O0O0O0OOOOOML'O0ODOOOOOOO

3
true;;
X3
3+ x';;
(3 + x1) * false;;
000+ *000000000000000000* +,<,if0 0000
0000000000 oU0oUooUooUoeoOooOooOooOooO

3.3.1 syntax.ml: DO OOO0OO0O0OOOO0O0O

gogobbbobbotbodoooooobobbbobbil1obbbbbbbbtdidadnn
0000000000000 0000000000000000000000(@Oo000
0000000000000 0000000000000000000000) bin0pO expd
program 0000000000000 (DOOOOODO)0O00OOOO0OOOOOOOOO
ggbooboogboob

3.3.2 parser.mly, lexer.mll: U OOOOOONO

ocamlyacc 0 Oyacc OO OOOLALR(1) OO0 0DO0O0O0O0O0OO0OO0OO0OO0OOOOOOOO
00000000000 000C00000LALR(l)) D000 00O0OO0OOO0O00oOoooOod
00000000000 (Co0O00D000OODO0O0D0oOOOO)DODOoooooOoOOoOoOd
U parser.mly HOUOUOUOOOOONO

gbogobgobobboboobdoob40b000b0000b000DO



(* 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

O 1:MU'OOODOOO: syntax.ml

hi
(00D )
h}
(on)
oo
(00D00)
Yoo
(0000 )
(000 ), (0000 )0 Objective Caml 000000000000 Oocamlyace 0000
0 parser.ml 0000000 OOOOOOOOODOOODOOOO(OO)DODODODO (OO
00)00000000000000000O0Oparser.mly 000000000 OOOO
000000O000ooOoO0U0ooo(0ooOo)yYoooooooooooooooooOoO
O00000DO0O00O0OOOO0ODbDOOn Objective Caml OO0 (x ... ) DOOOOOO
O0o0opooobcobopooooo /+« ... x/ 000000
0000 parser.mly 000000 (0 2)00000000000C0O0OOO0OOO0OOOO

goooboob ¥ booboooooon

e NUUOUOD open UDUUDDLUOUOODD syntax.ml DO UOUOOODDOOOODO
0000000000000 0000000O0000D0ooOoOOoO(@CooooOoOoO
000 Syntex.Var 0 OO 0O0OO0O0OO0O0O0OODOOOCOOO)

e Ytoken (JO0OOD0) ...0000000000000O000000O00O0O000OO
“"0%" 0000000000 %;” 000000000 LPAREN, RPARENT] SEMISEMI
00000000 (+,% <)000000000 PLUS, MULT, LT, O O O if, then, else,
true, false 00000000000 00000O(010000000000000
0O0Pws00000000000O0O00000000000000O0O00000)0

10



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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JOO0b0oooobOobOobOdn ocamlyacc OO OO parser.ml OO Otoken U0
(0ooO0)oOopDOoooOUOUOUODODOOOO0OUODODOOOUOUOODODOOOOO
000 (00)ooooooooooo

e Jtoken <(0O )> (0O0OO0O) ...000000000DOO0DOOOOODOOODGOOOO
0000 INTV(OOO0OO0O0000000 int0)0000000 ID(D0O00O00OO
00 Syntax.id 1Y) 0000000000000 0000O0O0OOOOO parser.ml
O000(0)YY0OOOOO teken DO OOOOOOOOOOO

e Ystart (0O0ODOO) ... 0 (00000) 000000000000 Oocamlyace
OD0O0O00Oparser.nl 00000000000000000000000000O
000000 toplevel 0000000000000 00000 main.ml OO
Parser.toplevel 1000000000000 0000000000OOOD00000
0 %ype 000000000000000000O0

e Ytype <(0 )> (00) ...0000000000000000toplevel 00000
0000000000000000000 Syntax.program 00000000

e 0ODODODO

(Dooooo) :
(000 ) ... (0004,,) {(000000004) }
{(0D0DO0000,) ¥

| (000 ) ... (000 g4,)

O000000000(00000000 )00 Objective Caml 0000000 0%: 00
Ougbbuogobogobooobboooobbuoobbuoobboobboo
goboboodbbooobbiooobbbuooubbOodl Exp U Syntax.exp U
00 (o0 MU'ODODODOODOOO0)0OOD0OO0D0O0DO0O0OO0ODO0OO0DOOOoOOoooo
gobbbuooobbobooooboboboooobboooon

g20b00gobbodbbooobboobbbuooobbuooobboooboboo
goobooo

gbugbobodbuogboboobuoboboobuoobobbobudlUdocam-
llexO lexOOOODOOODOOoOOoOoDooooooobobooobobooobooboonog
ggbbbuodb.ml1 000000

{(000O) %

let (0O)=(0000)

‘00000 open 000000000 DDODODOO0OOOOOOOSyntax. 000000000DO0DODODO

12



rule (0000D0O00) =
parse (0000 ) { (0DOOOO) }
| (oooo){(ooooo)}
..
and (000D0DDOOO0) =
parse ...
and ...

{(oooo) 3

O0D00o0o0oooooboo0obD0oboOobOODOObjective Caml DOOOOOOODOO
O00O0OOocamllex DO OO0 lexer.ml OO0 O0O0OOOO0OO0O ODOOOOOO 1let
gbbodbbuoubobbuoobobuooobuooobbodbibdilexer.mll1 J0OOOO
gobbuogobuoggbbboooboboooobuooobbuooobbbooobboon
OO0 occamllex DO OOOOOO0ODOODOOODOOODOOOOOOODOOOOOOOODOOO
00 (Objective Caml 00 )000000000000000O00 (parser.mly 00000
0)0000 (Parser.token 0 ) 000000000000 DODOODOOOOOODODODODOO
Uobbobud lexbuf UUOOOODODOOO0OOOOOO0O0OODOOOO0OOODOOOO

e Lexing.lexeme lexbuf DU UDOUOOUOOOO0OOOO0OO0OOOOOO
e Lexing.lexeme_char lexbuf n DU UDOU0OO0OUO0O0OO nOOOO0OOOOOO0DOO

e Lexing.lexeme_start lexbuf UL D UUOOUOOOO0OOODOO0OOOOOOOODO
UdobboogdbdddibibUd Lexing.lexeme_end lexbuf UUUOOOOOOOMN

e (IJUJDDDDOD) lexbuf 00(0O0ODDDODODOOYIOODODOOOO

0000000 lexer.mll OOODOD0OOD0O0O0O0DOOO0O0O0O0O0O0OOODOODOOO
gbbogbuogbboobudbibddlreservedWords U D OUOOODUOOOODOONO
UO0List.assocU 00000000 O0ODOO0ODOODDOODOOODOOODOOO

0000000000000 00main 000 (0DO00)000000O00OOOOOOOO
goooooobooooooooooboooobboobooboooMLODOODODO
gboboooboboobogoobobooboboboboobobooboboobobnoo
main lexbuf U ODOOOOOOOUOODODOOOO0O000ODON int_of_string U UU
000000000 int 0000000000 INTV(ODOD int0)00000000O0O0O
gboogobooboboobbooboooboobboobbooboooboobobo
gobooooobbuoobbooboboobooobboobboobbooboboobobo
O00000000000000000 (D0 Not_found DOOOOODOOO)IDOOOOOO
Uobobd ecftdbogbbuooboobboobboobbooboboooboon
U00O0exitJO0OO0DOOO0DOO

gbobooboboboboobobooobobuooboooooboboboobobnoon
Ob0ob0obOobooobDoooooboooon lexdbOOoOdoOO Objective Caml O
gooobooobooonog
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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 [;O;_;92]+
{ Parser.INTV (int_of_string (Lexing.lexeme lexbuf)) }

"(" { Parser.LPAREN }
")" { Parser.RPAREN }
";:;" { Parser.SEMISEMI }
"+" { Parser.PLUS }

"x" { Parser.MULT }

"<" { Parser.LT }

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

_ —> Parser.ID id

}
| eof { exit 0 }

O3 ML'OOO0OO0O0O: lexer.mll
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3.3.3 enviromment.ml, eval.ml: DO OOO0OOOI

0oodd dooooooooobgooobodooooooooooonoooood
000000000 000000oUoUoooooooooOoOooOUoUODOoOooooooDooDoO
0000000 (00000000)000000dd00ooooooooooooooOod
00000 (expressed value) 000000000000 (denoted value) 000000000
O0ooooooooooooooonodooooooooooooonooooooogn
do0bO0dbDOo00oooDbooco0obooooooDbodDbOo0boDoOoooDoooDon
000000000000 DO000000000D00O0 denoted value O expressed value [
O00000000000000O0OML' 000000000000 Expressed Value O

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

gobbbud+ooobbboooon
O0O0000D000 Objective Ciml DO ODOOOO0OOOOO

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

OO0 DO0O0O0O0O00O0bOO0ObOO0ObDO0ObO0ODbO0ODO0ObDO0ODbDODODODOdenoted value O
gboboobobobobobobobooboboboooobooobobboobobod
0000 (environment) 000000000 CODOO0O000O00O0OO(ODDODO)0DOODOOO
00000 (environment passing interpreter) 1 00000000
OO00O0OD00O0O denoted value 00 DO DOOOOO0D0OOOODOOOOODOOOODOODO
gbobodoboboobobooboboboobobooboboboboobobon
goooon
000000000000 000000 (0000 denoted value) D00 ’al000a t
0000000000000 00000000000 (environment.mliJOOODODODO)
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 -> bt
val fold_right : (’a -> ’b -> ’b) -> ’a t -> ’b > ’b

ddd empty_envUUUODOOOUOOOOOO0O0O000OOO0O0O0O0OO extend_env
godboooboobooboboboobubobOdbUlextend_env id dnval env OO

S0000000000000000000000 (L-value)D 000 (R-value) D 0000
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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)

OenvOOO0OO0O0O0O id O denoted valuednval OO0 000000000000 DODOOO
0 lookup JOODODODOODODOODODOODODODOODODlookup id env OO0
env 00000000000 O00ODDOOO0OO id00D0OOO0OO0O0ODODOOOOOOO0O
0000000000 DO0D0O0 Not_bound DD OOOO

O0000map O0map f env 0000000000000 £00000000000
O0000OD0fold_right 0ODOODOODOOODOODOODOODOODODODOOODOODOODO
000 fold_right 0000000000000 0ODOODOODOODOODOOOO

0000000000000 D040000000000000000O000O0OO00OO0O0O
O00OOenvironment.mli 00 ’a t 00 0000000000000 O0O0DO0DOOOOOO
oo00ooOoooooooooo

0000000 main.ml 0000000 CO0O0O00O0O0OODOOOCOOOO(ODDOO)O
oooood

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

OvixDOOooog 1osgobogouoobodbobooobobuobooboboobobo
0000000000 (@oOooooo)oooooo

gboboodgbb togobbooboboobbobboobbooobbuoobooob
gbbogobodboobboobduodibn apply_prim, UO DO eval_exp U OO O OO
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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 (i1 * i2)

Mult, _, _ -> err ("Both arguments must be integer: *")
Lt, IntV i1, IntV i2 -> BoolV (il < i2)

Lt, _, _ -> err ("Both arguments must be integer: <")

let rec eval_exp env = function

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

| ILit i -> 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"))

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

05 MUODODOO0OO: 000000 (eval.ml)O0O0O

O005000000000eval_exp 000000000 OOOO (ILit,BLit)O0O00O0O
0000000 leckvp 00 ODO0ODOOO0O0DODODOOOOOODOODOOOOODODO (O
O0000)00000000 apply_prim 000000 Oapply_prim 0000000000
O00000000000000 Objective Caml DO OOODOODOOOOOOOOOO
0000000000000 000000 thenO /else 0000000000000 err00O
000000000000000000000 (eval.ml 00O000)O

eval_ decl 0 ML!OOODOOODOOODOOODOOODOOODOODOOOOOOOOLetO
00000000000oo0O0oo0o0o0oooooOoooo0(ooooooo -mod
gbooboobobbobobooboooboooboon

3.3.4 main.ml

Udbbooddd main.ml OO0 6000000 read_eval_print U [

1. ggboboboooooobobodgo

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! 000000 : main.ml

2. 00

3. 00000

UO0000000000D0O1et decl = JOODOOODOODDODODODOODOODODODO
O001lexer.mll 0000000 O00ODQO main OO0 Lexer.main 0 0 parser.mly (O
hstart) D0 00000000 0OODOO toplevel OODO Parser.toplevel DO OO OO
UD0OParser.toplevel U DO UOUOOOOOO0ODOOOOOO0OODOO0OOOOOOOODODO
O00000000000000 Lexing.lexbuf 000 (000000000000 OOOO
Lexing.from_channel 00000000 0)00000O0Opp_val O eval.m1 0000
gboobgobooboboboboobooboobon

Exercise 3.1 [0000] MU' O0D0O00D00000D00000D0O00O0O0O0OOOOOO0
gbooboobooobooooboob g, v,xgboobooooboooong 206 O
0ivbh 400000000000 0DODDOODOODODOODLDOODOODbO

v+ i * i
gogbbobooogd

Exercise 3.2 [xx] 0000000000000 O00O0O0OO0OO0O0O0OOOOOOOOOOO
gbobboobboodobboobbuoobboobbbooubbooobbooob
gogbbbuogoobboooooboboooobboboooobbbuoooooon

Exercise 3.3 [x] 00 000000000000 &, ||00000O0O

18



3.4 ML?—0O0000O

oooooMLOODODODODODOODOODO main.ml OO initial_env OO OO0
0000000000000000OML200000000000let000 let000O00O
ERERE

34.1 lete 0000000

ML2ODO0O00000000000000

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

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

expressed value, denoted value D OO0 0000000 00OOltO00OO0OOO0DOOOOOO
goboboboboobobboobbbooobbuooorddUdUdsyntax.ml DOODOOOO
0000000000000 0DOparser.nly 00000000 OCOO (etD0O00O fO0O
O0000)00001lexer.mllO000000000000000000O0Oeval_exp O let
gddodouodooudooudodooooouooouoooo oo ooooo
O0o00dooooooooooooooood

Exercise 3.4 [0 000 ML200000000000000O0OOO

Exercise 3.5 [xx] Objective Caml 00 01let0 0000000000000 OOODOOO
ggooobobobobbbooooogoooagd

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

valy =2

Exercise 3.6 [x| OO00O0O000O0O0OD0O0O0OO0OOOOOOO miniml OOOOODOOO
b gbogbbooobooboboboobbuoobobbuobbooboboobood
00000000000 0o0o0oo000oooo000O(@CooUooDooooooDood
O0oooooooooooo)

Exercise 3.7 [xx] and0 0 0000000000000 OOOOOOOO letODO0OOO
ggbbbouoodobbbooogn

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

0000002000000 x000000 100000000000)1100000
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syntax.ml:

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

Exp of exp
| Decl of id * exp

parser.mly:

Jhtoken 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);
("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

goopoOoOOoOOoOOoO0oOoOOOOO00000OD0OOOOD0O00D (DUOOoO)0Ooooo
o0oo0o0ooMLOOOOOO (DOOOO0OO0O0O0O0O0OO0OOOD)000O0oooooOooOoO
0O000000OML*0O0O0fn00000000000O0O0O0OO0OOO0

3.5.1 0O00OO0oOoOo
ooooMLO0OO0OoOoooog

(0) ==
| fun(DOO)—(0O)

| (0 1) (0 9)

gobboooobbooobuooobbobogbbobbuggbbooobobobood
ggbbbuoogobbodo

3.5.2 U00O0OO0OOOOO0OO00

00 OObjective Caml D00 OML2 00 0000000000000 O0OO0O0OOOOOO0
O000000000000000000 (first-class value) 000000000 D Oexpressed
value, denoted value O 0 0000000 OOOOOO

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

goooboobobooooooobobooodOfunOO0b0ODOODODObObOODOO
0000 (00)000000D0D0D0D00DOOODOOO0O0ODO0O0O0OOODOOOOOOOOO
gobbooboboodgbboobboboboogbuooobboooooobbooob
00000000 (D00o0oDO0OO0)00o0oooooooooooo

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

xOoogoobhooobbuooobdU addaxddbbogoobooonb 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
gbobooobbuooobboobbuoobobooobbuoooboobbuoobbooob
o00O0CfunOO0OO0OD0OO0ODOODODODODODODOOOODOOOOOODODOD
gogbbbuoodgobbooogbbobuoooobbouooobobbooogbbboo

Uoobobbb eval.ml UOOOOOODOOYO0OOOLODOOODOOUOOOOOODLDOO
00000000000000000Oexval Ddoval 0000 (00)00000000O0
bl procvUuogoboooobuoboobboobbobboooboobobuoooon
gobbbbbOudddleval_exp U FunExp DO D OUOOO0O0OO0OODOOOO0OO0O0ODO
U0 envOOOO0OOOOO0ODOODOOO0OOOO0ODLOOO0ODOOOLODOOODLDOOOOOn
gobbboodgbobbooobbbuoogbobobuooobbbuoobboooobbuooon
goobbobobbooodooddooodd newenv U0 0oogogooooOoOoOOODDOO
ggbbbuoodobbboooobbobd

Exercise 3.8 [0 000 ML 0000000000000 000O0OO0OOO0OOOOOO
gogbooboogn

Exercise 3.9 [xx] Objective Caml 000 (D O0O000) 000000000000 DOOO
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 0ODOOO (dynamic binding) D 0000
gl ooobbbobboboboboboobo
gbbogobodbogbbobobooboobboobuoobboobboobdditfun
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 0OMU 0000000000000 0O0O0O0OOO0
UbO0bD00DE=xercise 3.11 0000000000000 00000O0OOO0OOODODODO
0000000000000 funD afun 000000 4000000 0O0OO)O0OODOO
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

gbbogdgbbuogobbuoobuoobboobboobboobbooobboo
00000000000 (recursive definition) 0000000 0OML* 0O000D0O0O0ODOOO
ggbbobugoobbbuoooobbbooobobboooobbbboooobbn

gobooobooobooobogd letrecdobooboobooboon

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

(O0) == ...
| letrec (00 1) =fun (00 ) — (0O 1)in (0O 3)

goooboobobooooooobo letbbobooboboboboooobobobooboo
gobobogboboodgbbooobboooboobooobbooobobobbood
gbbodbbooboobob obboobbodooboboobbuoobboobooob
gobbooobboodgbbooobboobobooobbuoobooobboooobon
000000000 (backpatching) 0000000000000 O00OOOOOOOOODOOO
gobbogoboobobooobboooobboobbooobboboooboboon
Oob0ob00o0o0b0oob0ooboobo0oboobo0bOodDOoObjective Caml D OO0 O
O000000000o0ooO0O0O0o0o0ooooo(@Eoo)oDoooooo

gioobobobobobOobobOdbDUOeval_exp U LetRecExp DU OO OOODOONO
gobbobogobbboooobboogd

Exercise 3.14 [0 000] 00000 syntax.ml1 D00 000 Oparser.mly 00 lexer.mll
O0o00ooOoMUOO00O0000000000000O((letrec0D00O0DO0OOO0O)

Exercise 3.15 [xx] and0 00 0000000000000 00000O0OO letrecOO0O
oooooOooooooooooooooo

3.7 ML — 00O

Exercise 3.16 [ 000000000000 0000 [[DOO0O0O0O0O0OOO:0match
00000000000000000 MUYOOD0O0O0000000OmatchOOOO0OO

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 00o0oogn
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Exercise 3.18 [x] match 0 000000000000 OOOOOOOOOOOOO (=0
00)000000000000000000000O0O0O0O000OO0OoO

Exercise 3.19 [xxx] 000000000000 0O0OOOOOOO0O

Exercise 3.20 [»x] 000000000 0O00O0ODOOObjective Caml OO0 0000 if0 let,
fun, match 00O 0O0O0O0O0OO0ODOOOODOO0OODOOODOOODOO0OOOOODOOOO
goooobbbbbbboobbbbbbbobooooooooobbbboooon

1 + if true then 2 else 3;;

gogbbobuogoobbboooobbboooooon

4 O00O00OO0OO0O

4.1 ML:OODOOOOOO

O0OML?00000000000000OML?000000000000000000
OO0 letODO0D0O0O00O0OO00ODOO0OOOOODOODOODOOODOODOODOODOOltOO
00000000000 oO0oooML?0000 (000000000)000000000

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

op = +|x*|<

0000 (0)00000 e00000(000D0)0(000)00000 x00000 (O
000)0000ooOoo000 (00D0O r)U00000D000 int, 000000 bool
gogdd

7 ::=int | bool

4.1.1 DOO0O0O0OO0Od

00000000000000000000000000 e00 000000000
000000000000 0000000000000000 1+100 int000000
0000 iflthen2+3else 400 int 00000000000000000000 e00O
0000000000000 (type judgment) D00 0e: 7000000

000000000000000000000000 20 int 00000000000
000000000000 0000000000000000000000000000
00000000000 000000000000000000000000000 (type
environment)(0 000 TN 0000000000000000000000O0O0O0OOO0
00000000O00o0o0on

MNz)=int 00 z:int OO0

27



gboooboobobbobboboooboobrre:r00onoQg
oo roogg et 000

gbobFO0ObO0O0bOobOooboboobobobooobobDboobobDbOoobDon

00000000000000000000(00000)00000000000000d

gogbbbuoogobbboooobooboooobbbooooobbbooogbobooboo
0000000000 (typing rule) 0000000000000 0OOOOOO

(000 ) (00O,

000y (ooo))

00000000000000(000,),...,(000,)000000 (premise)d0000
(000)Y000000 (conclusion) 000 00000000000000000O0000

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

(T-Prus)
' ei+ey:int

O00000000ooooooo(ooo)oo
gobboboooobbboooobobobuoooobobboooon

gobbogobboobboobbuooobboobooobbobobbooobbon
goboobobooboobooboboooboooboobbool,es bOooboonDO
000000000000000000000000000000MF1:int 000000
O00000000000000 W000000000) 000000 TO (0006, e, 00
O000100000000000000000000000O00OO0 (instance)

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

(T-Prus)

O0o00000000000000000000O0000U0dFI+ it 0000000
gbboobuogbobooboobboobooobbooboobbooboobbod
oooOoML20000000000

(C(z) =7)

(T-VAR)
'Fz:7
i (T-InT)
I'Fn:int
(b=true OO0 b= false)
(T-BooL)

I'Eb: bool

28



I'eq:int I'key:int

(T-PLus)
' e;+ey : int
I'Fe;:int I'F ey :int
(T-MuLr)
' e*xey : int
I'Fe;:int I'F ey :int
(T-Lr)
' e1<ey : bool
' ey : bool I'tey: 7 I'es:r
: (T-Ir)
' if e; then ey else e3 : 7
ke T Nx:mbey:m
1071 1 €21 Ty (T-Le)

I'kletz =e;iney:

oo T-Ler00ob0 z:70O0TI'0D 20 7000000000000 0O0O0DO0OO0OO
gogbbbouoooobbodo

dom(T,z : 1) = dom(I") U {x}

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

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

0000000000 ((dem(I) 0D TOO00D0DO0O0O0)0D000000O0O00O0O0OOOO0O
00000000 (side conditton) 00000000000 O0ODODOOOOOOOOOOOO
gogbbobooogboo

4.1.2 ODOO0O0O0OO0OOO
gobboboooobobooboooobbboooobobboooobobbooooobnoon

gbo:-go0oroo e
Ob0:'Fe:7r0D0000O0O0OOODOODODOO 7

gbbgobooobbooobbuoobbuobbuooobbuoobbooobboo
googgbbugobbuooobouobbuoogbbuooobbobbooobbood
gboboboboobobobobooooboboobooT-Int000O0O0O00ooOon
gbdboobobobubtommtbgboboooooooooobobT-PLosdio
oobooobobo0oooobD mt0000O0000 0000000000 DbO00oboo0oo

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 _ -> TyInt
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: ML2 000000 (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 —ele e
gogooooooobibid n—-nUiUduooooobbboooooooooon
7 :=1int | bool | 11 — 7
goodoooobbbbooooooguoooobbbbbooooo

MNer:mkEe:n

(T-ABS)

I'Ffunx —e:m —m

Che :m —m 'Fey:m

(T-APP)
I'Fejey:m
00 T-ApsO0 00000 e0D00OO0 20 n OOO00O0ODDDODOOO0 nOd00O00OO0DODO
funr —eln - 000000000000 DOO0O T-ApPO00e00000O0OOO
0000000o0oooobobUe00b0b00d00d000OOObODO0O00O oo
Oo0odoooooooooo
dddddoooooobobooboobobddddddddddoo0oodoooooUooOoa
0000 T-ApsO0ODOODOO0OO0O000DODOO0OOeDDOO0OO0O00ODDODOOO 200000
0000000000 oooobooboooooooooDdfunx -x4+100000003
000000000t —int0000000000D0DOOOOO0O0O0O0O0ODODOOxO00
intJdJ0000000000000000DO0DODOO000000x+ 10000000 Ogxo
O0int OOO0O0O0OO0OO0OODODOODODOO0OO0OO00O

4.22 DODO0O00O0O0OOOOOOOLDODOOOOO0On

000000000000 O0O0ODO0O0OD0ODO0ODO0ODODOODODODODODOO0OOO0OO (type
variable) D0 0 00O °0
Tu=a|int | bool |74 — T
‘0000000000000 000000000000000000000000000000000

gobobobooooobooboobooboooboooobooooobooboooobooboobooog
oood
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0000000000O0000o0o0o0o0oo0o(ooooooO0)DooooooooOd
gogbobbbbugooobbbbuooooobbbb xodd ebbbbOooooon
goboobobootdOx+1000 int 0DOO0D0O0O0D0D0O0 a=int 00000
Ub0b0dbD«0int000000000000DOO0DO0DbO0O0O0bOObOOoDOoDOO
OO0 T-AssU0O0O0O00O0ODO aoa—int00000Int —int 0000000 O0O0DOODOO
funx—funy - xyOUOQOUOooooooooooooooobooooooonog

1.xO000 «0000D0000D0D0OO0 funy—-xyOOoooooo
2.y0OoooooOo pO0000ObODbO0OD xyOOUooDOO

3.xy0OODODODOODOODUOODODODDOD (DOOODOoOOoOoD)y0000a=8—~000
gobboogod

gbogboobobobobbooboboooboboboobobooboboobobod
goboobgooobooooboobuoobooboobobbobboobboobooDbOon
gogooboobobtooooooobb B3bhbooooooooobooooooboboo
000000 fresh_tyvar O fresh_tyvar O OO 0O0O0O0O0O0OOO0ODOOOOODOOOO
00000000 T-ABsOO00D0OO0OODOODODOOD «ODOODODODOOODO
0000000000 00000000004d (type substitution) 0000000 (DOO
0000 SO0O0000)000000000ODO (D0)boDOOoOoDooOoOOOooOoODOOOST
O-r000o0ob sobooooogoooboboosSroooboooooonboon son
ooo0ooobOobooooosrOSTOO0oO0OO0O0oOOooDOobDOoboboboooDgo

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

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

ggbbobuooobbboooobobobboooobboboooobobobooon

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

Exercise 4.2 [0 0 00] 0O 1300 pp_tyl freevar_ty 000 0 00O O freevar_ty O [
godooboooooooboooooooooon

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

Exercise 4.3 [J000] O0O000OO0OO0O0O0O0O0O000OO typing.ml 0O0ODODOODO

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

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

ggoo

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

000 TyFun (TyInt, TyBool) OO 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

O0oDOoo0ooboOoogoT-IrD T-PLosODOOOOOOODODOODO boolODOO
OO00000MthenOOelse0 0000000000000 0ODO00O0MMODOOOD int
0000000000000 00000000000000oOoML2000000ooooon
(0000 TyInt 0000000000000 0O0O0OO)000000000O000O0O0O
gogbbooboooobboboooobboogod

gbobooboboobobboboboobobbooboobobooboboon
gboob0ob0obO0obobOoboboboooooooboOob0dtfunx —14+x0000
gbobobobobobooooobobobbiodxobuoibob e bO00O0014x0O
gobbooobbuooobdoboobbooobbooobbooobboboboboboon
00 1,xO0000int0 « 0000000000000 int0000 (D0OD0O0ODODOOODO)
goboobbobobbooobboogbbuoooboobbuooobobobbodl b
O0intO00000000DO000bO00bO000b00booObobDbOobDoobDoOobOon
O0oooooobooboboboboooooooooonDOT-IrO thenOD elseD 00O
ggboboboooobbboooobobbuoooooo
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Makefile:

0BJS=mySet.cmo syntax.cmo parser.cmo lexer.cmo \
environment.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 = ... (x ty -> tyvar MySet.t *)

0 13: ML3OO00000 (1)
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goooogoooogno {(7—1177—12)7-"7(7—n177—n2)} DDDDDS7_11:S7'12,
o ST =8t, 00 SO00DO

00000000000 00D00000000000000A0 (unification) 0000000
gbbgobodbooboogbboobuoobbobboobuoobooobooboon
O000¢q,int 0 S(o) =int 00000 SO0000000O0O00O0Oa — bool O
(int - () - 0 S(a)=int - bool 00 S(B)=bool 00 SOODOODDIOOOODO
000000000 (D00U00)ooDoooOOoOOOOOOOOOOOOOOOOOOO
gbobogbbubobooobbooobbobbboobobooobbooobbood
(000000 (first-order unification) 0000 0)00000000000O0O0O0O0OO0O
000000000 (0000000000D0D00D0ODODO0000000O0O0O0ODODODODODOO
0o0o0)oooooOoU0Uo0oOoooOoOoU00oU0oOooU0UDOoooDoOooOOoUOUoOooDoooDd
0000000 (XwYOOXNY=00OO0OO XO0YOOoOooooo)

Uw) — 0

U{(r, )} X) — U(x)

U{(a, 7))} X) (f 7 # «) _ Zr([[er 7] X) o [a = 7] Eg é E’I;V(T))
U{(ra)eX) (fr#a) = “ ﬂir 71X) 0 o = 7] EE § gT)vm)

U{(T11 = 712,71 = T2)} W X) = U{(T11,721), (T12, T22) } W X)
U{(11,72)} W X) = error (DODOOOO)

000000000070 «0 700000000000 O0OO0OO FTV(r)O 70O
gogbbboogbbbuod2bud03bbbudd cbggbobbuogoobobuooon
00000000o0oooO0o0o0o0o0o0oooo (ooooo0)0Doooooooo

Exercise 4.4 [J000] 0000000 O0O00OOO

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

gobooogd

Exercise 4.5 [JJ000] 0000000000000 0ag FTV(r)OOOOOOOOO
ggooobod

4.2.4 MLPOOODOOOOOOO
00000000OMLP0000000000000000000000Oey+e, 000

gooobgoT-PLusOdboonoooooon
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1.T,e, 0000000000000S,,»n 0000
2.T,e, 0000000000000, »0000

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

4.5 0 int 000000000

gbobodgbbugobbuogobbboobbboobbbooobuooobboobobod
00000000 [w—n)000000000 [0—n|000000000000R 0 n
00000000000 (oO0O0000)Doooooooooo

Exercise 4.6 [J 0 00] D00O0O0OOOOOOOOOOOOOOOOOOOOOOO 14
ggbbbuooogbbbuoooobbbooogbon

Exercise 4.7 [xx] 000000000 letrec0 0000000000000 O0O0OOOO

Ifim—mr:mbe :m If:m—mbe:T

- (T-LETREC)
I'Fletrec f=funx —ejiney: 7T

Oooobooobogo letrecdb0obooboobOoO

Exercise 4.8 [xx] 0000000000000 0000O0O00OO0O0OO0OOOOOOOOO
Ubr-000 rslist00O00D0O0O0O0O

_ (T-N1L)
CH[: 7 list
I'e @7 I'key: 7 list
(T-Cons)
I'kep:iey: 7 list
I'kep: 7 list F'key: 7 Dyrx:7y:7listez: 7
(T-MATcH)

I'F match e; with [| ey |2ty —e3: 7

ggbobobuoobobbboooobbobooogboogao

4.3 0O0O0O let0O0OO

0000000000000 0(0O00)OoOO0DU0DoLOUOODOD0DoOOoDOOooDOoooOOoO
gogbboboogoboboooon
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typing.ml:

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

(x egs_of_subst : subst -> (ty * ty) list

gogoobooaoboobood *)
let egs_of_subst s = ...

(* subst_eqs: subst -> (ty * ty) list -> (ty * ty) list
gogbobobogaoboobod *)
let subst_eqs s eqs = ...

let rec unify 1 = ...

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

let rec ty_exp tyenv = function
Var x —>
(try ([], Environment.lookup x tyenv) 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 (82, ty2)

let (eqgs3, ty) = ty_prim op tyl ty2 in

no -~ X))

ty_exp tyenv exp2 in

let eqs = (eqgs_of_subst s1) @ (eqgs_of_subst s2) @ eqs3 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!")

0 14: ML 000000 (2)
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let f = fun x — x in
if f true then f 2 else 3;;

000000000 00f00if00D0000 bool — bool DOOOOOOthenD OO
int —int 000000000000 DOoO0OoOoobOoooobooooooooooogon
gboooboobonb leeOobooonbog

4.3.1 DOOO00OO0OOOOO

Objective Caml 0 let f = fun x -> x;; 000000000 ’a ->’al00000
000000000000 00000 2000000000000 0((MOOCOOO)DOO
000000000000 0Do000D0o0O00DO000DOo00b00o00DoO00DOoOon
000000000 DD0D0OD0OO0OD0O00000ad int 000000 int=>int 00000
00000000000 ’ad00000 bool—>bool DOOOODODOOOOOOODODOO
0000000000000 000000000000000b0000DoO000o00ooDoDOOon
0000 Vo. 0OOOODODODO0DODOO0ODOO0O0O0OOOOOOODDODODDOODODODOOOOO (type
scheme) 0000000 Vaa —-a 000000000000 Vo.OOOOOOOOOOO
00000000000000000000000000000000 (Va.a) — (Va.a) O
0000000000000 000(@MO0000000000000000000ooood
00000000000000000000000000000000)000000 o0
00000o0bOo0o0ooooooooooooooao

7 == «alint|bool |7 — 7

o = T|Vao

0000000vOoOOOoOoOoooooooooooooooOoooooooOoOoOoOoOo (O
0000000000000000)00000000000 000 Voo —a— 00
O00«c0O00O00OO0O0OO0OpO0O0O0O0ODOD ISO000OD0ODODODODODOOD
00000 freevar_tysc 0000000000 0DO0ODOOODODO (DODO)000OO0OOOO
ggn
goooobo0bbooboooboobboobbuoobboobooonoog let
gobogdobbuooobboobbuoogooobbuooobboobbooobbab
gogbbobuogoboboboooobobuoooooo

(I'(x) =Vay,...,a,.7)

(T-POLYVAR)
Phx:jog =T, 0 =TT

000000000000000O0VYOOO0O0D000000000000000000
000 [a—7,...,an—7|0000000000000000(Ff)=Vaa—a00000

'Ff:int — int
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I'Hf: (int — int) — (int — int)

gbodbooobobobobobooobobletbobobboboboooobon
gobooo

I'kFe :m I''x:Vaq.---Va,. mmFey:m

_ (T-PoLYLET’)
I'Hletz=e;iney: 7y

UidbUDe, 0000 boooobbobooodibib e bboooon
gobogbbouobbdudoteq,...,a UOOO000O0O0OO000OOO0OODOOOOOOO0
U0nO0000bOO00b00b0 vOooboooboobooboooboooooboobooo
gbobooooobobobobooboboboboooboboboboorooon
O0000000O00oooroo (boo)00ooo0o0oooooooooooooOoOd
gbobodbbuobobboobbuooobbuoobbobobooobbooobboob
goboboogobobodao

letfx=((letgy=(xy)ing4), x+1)
gobbobooobobboooobboboood
1. xO00 « 0000000 bObOooon

2. 000100000 ¢g000000yO00O0400000000000000000
0B8—a+x3000000

O000gOOO0O000O0ODODOODOOVaVBS—axp 0 0000000000 (VO
000)00000000000000e0 gO0O0O0O0O00O0DODODO xODODDODOOOOO
0000000 (x4 10000000000)int 0000000000 O0OODOOO0O0O
gbogobgoobobbobboboobooboobo

I'e :m I'x:Vaq. - -Va,. mm Fey:
(v,...,0, 0 n 000000000000 TOOOOOOODOONO)

I'kletz =€ iney:
(T-PoLYLET)

0000016000 cleswre 000000 0000 SOOO0000aq,...,0, 0 7
gooopbooboobogoo sroobobboooob0oooobOob00gn Vo, -+ Nag.t
ooooooooooooo sogooooobbooooboOoooooboboooobooboo
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4.3.2 DUOO0O0OO0OOOOOOO0

gbboggbboobboobobobbooobbuoobobooobboobboon
gooobooboboboooooboboboboooooog letooboobOob

gooooooogooogoggooooo00UD (bobooooud 7y,...,m,OOO (O
0000000000000 000000)0000000OOOOODODODOOOOOOOO
gobooogd

et 000000000000 0O00D0e 0D000000O00DO0 00 70 closure 00
gogbobuoooobbbuoooobobod

Exercise 4.9 [xx] 0 15,16 0000000000 let000000000O0O0O0O0ODOO
gobbooboggbboboo

Exercise 4.10 [x) 00 000000000000 0O0OOO0OOOOOOOOOOOOO
gogoobobooodon

Ifimm—mx:mbe i m I'f:Vay,...,ap, 1 > TobFey: T
(1,...,0, 0 m OO000 000000000000 P0O00O0O0OOOOO)

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

Exercise 4.11 [x x| Objective Caml OO M : (O )0000000000000COOO
ggbbbuooobbbooodgbbbuoooobbboooobbbbooad

Exercise 4.12 [xx+] 0000000000000 0O0O0O0O0O0O00O0OOOO00OOOO
gogobobooodn

ooon

[1] Guy Cousineau and Michel Mauny. The Functional Approach to Programming. Cam-
bridge University Press, 1997. 00000000000 O0OO0OD0DOODOO0O Caml OO
000000 (D0oO0)oooooo

[2] Daniel P. Friedman and Mitchell Wand. Essentials of Programming Languages. The MIT
Press, Cambridge, MA, third edition, 2008.

[3] Xavier Leroy, Damien Doligez, Jacques Garrigue, Didier Rémy, and Jéréme Vouillon.
The Objective Caml system release 3.10: Documentation and user’s manual, 2007. http:
//caml.inria.fr/pub/docs/manual-ocaml/.
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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] Robin Milner, Mads Tofte, Robert Harper, and David MacQueen. The Definition of
Standard ML (Revised). The MIT Press, Cambridge, MA, 1997. Standard ML 0 00O
godotoooooooboobououououooooooooouoooooboad
gdodododooouoououooon

p) 000 0.0000000 mOCemDO0O000000000ODOOO0OO GUuIDOO0O
Ooogo.ogogo, 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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