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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 CamlODO OO 2070000
0400050 (0D0OO0DOO0ODOO
gsdbbed |D0OUOOooooon

1.2 0000

000 Objective Caml 00 (400 00)0000000000C0O0OOOOOOOOOO
0000000000000000000 (0D30000)0OoooooooooooooQd
ggooobod

00000000 (000000000 00ODO)000DO000ODO0OODO0O0OOOO0
goboodbbuogobbobbbooboboogbboobbooobbuoobboob
ggbbbuoobobbooodobbboooobbodao

gbobogdbooobobooobbuobooobbuooobbooobboobboon
goo00o0oooooUooopooo0UooooOoUooooooOUOUOo(@CooooDoo
O000000000o0o0o00oooooO0o0o0ooooooooooD)oooooooOQ
gboboboooboboobobobonooboboboboooboobooobon
gobogbbubobooobbooobboogbbuoooboobbooobbood
ggbbbuooobobboooobbboood

1.3 ODO0000o0oboooo

00 webOODODO URLO http://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/
isle4/ 000000DOO0OOO0000O00O00OObjective CamlOO0O0O0000O0D0DOOCODOOO
O0000OObjective Caml D0 0000 [3] (00 )0 http://www.sato.kuis.kyoto-u.ac.
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jp/~igarashi/class/isle4/ocamlman/ DO OO0 0000000000000 O00O00O0O0
OO0 Ohttp://caml.inria.fr/ OO0 O FAQ OO0 0O O O Objective Caml 000000 O
O0000DO0O000D0DOObjective Caml OO0 Caml OO O0OO0O0O0OO0OO0DOODODOOOO
oooOoOOoO0O0O0O00o0oooooooooooOoOooooooooO0o0Ooo0oooooo
0000000000000 000000000 CamlOODODO OO0 O0COOOOOO
00000 Objective Caml OO0 ORellly UDOOOOOO0O0O0O0OO0O0O0O0O0O0O0OOO
0000000000000 http://caml.inria.fr/oreilly-book/ DO O OO0 DOOO
oooOo

O00000000000000000[2,030|]000000000((CODOO0O Scheme
000 Scheme 000000 O0OOOODODOO)

2 Objective Caml [ [J

O000000ooooouonoobDob0bobDobonooOn Objective Caml D OO0
gobboboooobobod

2.1 Objective Caml [ [

000000000 MLOOODODOOODOO0OOO0OOD0OO0OO00O00O00000O000 000
gobooboboboooboboboboooobobooooooboboboboooMLDOODO
gboboggbbuoobobooobbobbuoobbooobbuoobobooobboob
000000000000000O00000000000O00DO (booODOOOoDDOOoOOO
0000)0D0ooo000oooMLOOOOOO0OOO AOQOOOODODOOOOODODOOO
0000000000000 000O0000000 (DOD0D0Do0DooooooooO)oooo
O00obOobOOobooooboo0obo0obobOoboobobooboobDStandard MLODOODOOO
0 4000000(000000000O0)000O00O0OODODOODOOOOOOOOOOO
ggbbobuoooobobooooobooo

000000000000 MLOOOOODO Objective Caml OO0 0O O OO OObjective
Caml 0 INRIAOOOODOOOODOOOOODOOUODODOODOOODOOOOOOOOOO
OO0Standard ML OOOOODOOOOOOOOODOODOOOOODODOOOOOODOO
O0O0Caml OO Standard MLOOODOOOOOOOOODOOODOOOOODOOOOODOO
gboboobobooooobobobooboboobobooboboobobooon
gogbbobuooogbobuoooobobooooboboooon

'00000000000000000000 (object language) 10 000000000000000OO
00000 (Meta Language) OO0 OO0O0O0OO



2.2 Objective Caml 000000

Objective Caml DO 00000000 O0ODOODOOOOOOOOODOO Objective Caml
ggbbobuogoobbbuooouooobbouoooobbbooooboboboooon

Objective CamlO 000D O0O0O0O0ODOOOO DOOODODO Scheme DODOOOOO
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 DOO0D0Scheme 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 D00 ODOOOOOODOOOOOO 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 000D 0O0O0O0O0OO COOOUODOODOODODOOOOOOOOOO
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 00000000 0ODOODOO Objective Caml OO OOOODOOOOO
gbogbbouogdbogbobobbooboobouoboobboobboonon
O0000000000000OObjective Caml DO OO0OOO [1(0O00ODO)O:: (cons)
o000 1::2::3:: 10000000000 0000000020000
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

2[1; 2; 3l ooOoooooO




Objective Caml D0 0000 OD0O0OO0ODOOOOOODOODOODOODOODODOO
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 00O0O000ODOO (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 CUODOO yaccd bison DO O0O0O0O0ODOOOOOOOOOODOOOOODOO
Objective Caml OO ocamlyacc OO0 O0D0OO00000 .mlyOODOODOODOODODO
gbobobobooboobobuoobobooboobobooobobbOgn yace
goooog

lexer.mll COD0OO lex, lex OO0 O0D0D0DO0O0OD0ODOODODOOODODOODODOODODOOb-
jective Caml OO ocamllex 00D D0O0O0D0O0O0O.m11 OOODOOODOOODOOO
000000000000 oD00oo0o0ooooooooooooooooooon
00000000000 lexODOODOODO

environment.mli, environment.ml DO OUOO0O0OO0OO0OO0OO0OOOOOOOO0OO
ogooooooon

eval.ml DO 0O0O0O00D0OO0O0O00O0OOOOO0O0OOODOOO0O0OOLOOOO0O0O0nOO

main.ml JO0O00000O00O0O0O000O00O0O000O0O00O0O00O00OO0O0O0O0000O00an
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 NUUUDOD open UDUULDDOUOUOODD syntax.ml DO UOUOOODDOOOOODO
0000000000000 0000000O0000D0ooOoOOoO(@CooooOoOoO
000 Syntex.Var 0 OO 0O0OO0O0OO0O0O0OODOOOCOOO)

e Ytoken (J0DOOD0) ...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

Jtoken LPAREN RPAREN SEMISEMI
Jtoken PLUS MULT LT EQ COLONCOLON
Jtoken IF THEN ELSE TRUE FALSE

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

hstart toplevel
Jhtype <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) ...00000000O0DOO0DOODOOODOOODOOOO
0000 INTV(OOO0OO0O0000000 int0)0000000 ID(D0O00O00OO
00 Syntax.id 03) 0000000000000 000O0O0O0OOOOO parser.ml
O000(0)YY0OOOOO teken DO OOOOOOOOOOO

e Ystart (00000 ) ... 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 0ODODOO

(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)

300000 open 0000000000 DDODO0O0OOOOOOOSyntax. 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 UDOUUOOUOOOUO0OOOO0O0OOOOOO
e Lexing.lexeme_char lexbuf n DU UDOU0OO0OUO0O0OO nOOOO0OO0OOOO0DOO

e Lexing.lexeme_start lexbuf U D UUOOUOOUOO0OODODOOOOOOOOOODO
UdobboogdbdddibibUd Lexing.lexeme_end lexbuf UUUOOOOOOOMN

e (IJUJUDDODOD) lexbuf 00(0OODODDODOOOYIOODODOOOO

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'OOOOO0O: 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) 00000000
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

{0000000000000000000000 (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 -> (1
| (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 (i1l + 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 MUODODOOO0OO: 000000 (eval.ml)OO0O

O005000000000eval_exp 000000000 OOOO (ILit,BLit)O0O00O0O
0000000 leokwp 00000000 ODOOOODODOOOOOOOODOOOOO (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

ool main.ml OO0 6000000 read_eval_print [ [

1. ggbobobboooooobobodgo

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

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' 0000000000000 O00D0O0O0O0OO0O0OOOOOO
gbooboobooobooooboob g, v,xgboobooooboooong 206 O
0ivbh 400000000000 0DODDOODOODODOODLDOODOODbO

v+ i * i
gogbbobooogd

Exercise 3.2 [x| OO0OOOOOOOOOOOOOOOOOOOOOCOOOOOODOOO
gbobboobboodobboobbuoobboobbbooubbooobbooob
gogbbbuogoobboooooboboooobboboooobbbuoooooon

Exercise 3.3 [x] 0 0000000000000 &, ||00000O0O

18



3.4 ML?—0O0000O

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

34.1 let 0000000

ML2O00000000000000000

(0D000) == ...[let(000)=(0);;

(O0) ==
| let (OO0 )=(04)in (0 4)

expressed value, denoted value D O O 0000000000t 00000OOO0DOOOOO
O00O0b0Db0o00O0b0o0bD0bObOoD0obOboOooD70000syntax.m1 OOOOODO0O
0000000000000 00parser.mly 00000000000 (letODD0DODO ifO00
O0000)00001lexer.mll 0000000000000 00000ODOeval_exp O let
0o00bO0o0OOooDooob00obOooOooooooobOoooDooDooooobOooooDoon
00o000odoooooooDoooooood

Exercise 3.4 (0000 ML20000000000000000OO

Exercise 3.5 [x] Objective Caml 00 01let 0000000000000 O0OO0DOOODO
ggbobobuoooobbooooobobo

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

valy =2

Exercise 3.6 [x| OO000O000O0O0O0O0O0OODOOOOOOO miniml OOOOODOOO
ub gbogbbooobooboboboobbuoobobbuobobooboboobood
gogbbobuogoobbboooobbboooooon

Exercise 3.7 [xx] and0 00 0000000000000 O0OOOOOO let0O0OO00OO
gogbobobooooboboooon

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

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

21



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) 7

| 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 0oDooo0o00 (DoooD)obooog (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
ggbbobuooobbooooobobo

Exercise 3.8 [0000] ML 0000000000000 000O0OO0OOO0OOOOOO
gogbooboogn

Exercise 3.9 [xx] Objective Caml 00O (D O0O000) 000000000 O0O0ODOOO
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 0ODOOAO (dynamic binding) D0 000
00ooobooboobdtdfnDO0O00OOODOODODOO0OOOOODOOODOOD
ggboboboooobbbooooboboboooobbbooooooboobo

let a =3 in

let p=funx — x+ ain
let a =5in

a*p?2

gboopoboobodb pbbOb a0 3000000000000 DOODOODO
gboobgoboobon

Exercise 3.13 [x| 00000000 OML* 0000000000000 O0OOOOOOO
U00O00O0ODExercise 3.11 0000000000000 0O000O0OOLOOODO0ODODOOOO
ggbbobuoobbbooogbbbuoooobbbouooobobboood

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 [0 lexer.mll
O0o00ooOoMUOO00O0000000000000O((letrec0D00O0DO0OOO0O)

Exercise 3.15 [xx] and00 0000000000000 0000O00O0O0O letrecOO0O
oooooOooooooooooooooo

3.7 ML — 00O

Exercise 3.16 [\ 000000000000 0000O [[DOD0O0O0O0O0OOO: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 000000n
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Exercise 3.18 [x] match OO0 OO0O0000O00O0O00OO0OO0OOO0OO0OOOOOOOOO
ggbbobuooobobboooobbboood

Exercise 3.19 [xxx] 000000000000 O0OOOOOOOO

Exercise 3.20 [»x] 000000000 O0DO0OOOObjective Caml OO O 0O0OO if0 let,
fun, match OO0 000000 0OOODODOOOOOOO0OO0O0ODOODODODODOOOOO
gogbbobogoobobobbboooobbbooodobbooooboboboooon

1 + if true then 2 else 3;;

ggbbobuogoobbboooobbbooooon

4 UOO0OoO0O0O0O0o
41 ML:OOOOO0OOO

O0OML?00000000000000OML2000000000000000000
OO0 ltODOD0O0O0OO0ODOODOOOOODOODODOOOODOODODOOletDO
000000000000000OML20000 (00000000 D0)0000000O000

e == x|n/|true|false|e; op ey |if e; then ey else e3
| letx =epin eg

op = +|x|<

0000 (0)00000 00000 (0000)0(000)00000 200000 (O
000)00000oDo0o0o000 (0000 000000000 int, 000000 bool
gogodd

7 ::=int | bool

4.1.1 DOO0OO0O0OO0OOOO

gogooobouoouoouoouoouoouon e s 000ooobooo
O0o0DO0000oobOoooooOoo0oooobOoooooOo0 1+100 intOODO0O0O
0000 iflthen2+3else 400 int 0000000000000 O0OO0ODOOO edDO
0000000000000 (type judgment) D00 0e: 7000000

00oooooooo0oooooooboobo0odg 0 int000000O0O0O0O0OO
gooooooooooodoooooooooooooonooooooooooogo
0000000000000 000000000D0ODODO0O0O0ODO0O000000D0DO (type
environment)(0 000 N O0O0OO0OOOO0O00O0O0O0O0OOODODOOOOOOOOOOOO
godooooooobobon
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MNz)=int 00 z:int OO0
00o0ob0b00o0oobobobooooobobuogdrkFe:roogooO
Oo0 rooboo e 00O

gbobFO0bO0O0bO0obOo0obobooboboboobobDboobobDbOoobDoon

00000000000000000000(00000)00000000000000

gogbbbuoogobbboooobooboooobbbooooobbbooogbobooboo
0000000000 (typing rule)D00000000000O0OOOOOOO

(000, - (000,)
(000)

(ooo))

00000000000000(000,),...,(000,)000000 (premise)d0000
(000)Y000000 (conclusion) 100 00000000000000000O0000

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

(T-Prus)

O00000000ooooooo(ooo)oo
gobboboooobbboooobobobuoooobobboooon

gobbogobboobbuobobbooobboobooobboobbuooobobon
goboobobooboobooboboooboooboobbool,es bOooboonDO
000000000000000000000000000000MF1:int 000000
O00000000000000 W000000000) 000000 TO (G006, e, 00
O000100000000000000000000000O00OO0 (instance)

O+ 1:int D+ 1:int

T-PLus
OF1+1:int ( )

O0000000000000000000000000U0dFI+ it 0000000
gboboboobbugobbuoobobobobbuooobbuooobbobbooobbood
ggboobooooooo

oooOoML*0000000000

(T-VAR)

(T-INT)



(b=true OO0 b= false)

(T-BooL)
I'b:bool
I'Fe;:int I'key:int
(T-Prus)
' e;4ey: int
I'ke;:int I'Feg:int
(T-Murr)
I' - e*xey : int
I'Fe;:int I'F ey :int
(T-Lr)
'+ e1<eés : bool
I'+e; : bool I'key: T I'kes:r
: (T-Ir)
I' = if e; then ey else e5 : 7
I'Fe:7 I'e:mbFey:m
1:T1 1 e Ty (T-Li)

I'Hletx=ejiney:m

oo T-Ler0000 Iz:7 0 T'0 20 700000000000000000O000O
goboboogobobodao

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

(C,z 1) (y) :{

T (ffx=y)
[(y) (otherwise)

O000000opooo (dom(IHO 'O0D00ODO000O0)0000O0OD0OCOOOOODODOOO
00000000 (side condition) D0 0000000000000 O0OOOOOOODOOO
ggbobobooogoboo

4.1.2 0OO000OO0O0O0OO0O
gbgobobobobbooboobuoobooboobobboboobooboon

gb:-go0oroo e
Ob0:I'Fe:70000000OO0OOODODODOO 7

gbgbooboboobobgobooobobooobooboboobobuobbobo
goboboboobooboobodobooobooboboobobobobboboboo
gobooooooboobooobooboooboooboboooT-IntO0000O0ODLDOODOO
O0b0ooooboobooob0imt0O000O000o0O0D0OobOoODT-PrusdonoOm
oobooobobo0oboboobD mtO0000O0000 immtO00000000000O000000
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Exercise 4.1 [JO0O0O] O 11,0 1200000000000000000000000O0O
00000 (0000000000 typing.ml 0000000 U make depend 00000
ooooog)

4.2 ML*OOOO

000000000000 0000000000000000 MySet (mySet.ml, mySet.mli)
00000000 00Ohttp://www.sato.kuis.kyoto-u.ac.jp/~igarashi/class/isle4d/
sre/ 0000000 ODOODOODOODO

4.2.1 ODOO0O0OO0OO0OOOOO0

O0O0fun0DO0OD0O0ODO
ex=---|funx —el|e e
gogooooooobboid n—-nududbobobbboooogoouoooo
7 = int | bool | 11 — 7
goooobbbbbbtbobooooooooobbbbooooo

MNer:mke:n

(T-ABS)

I'Ffunz —me:m — m

e :m— 1 I'Fep:m

(T-Aprp)

I'kejey:m

OO0 T-ApsO0O00O0O0OD0 edO0OO 20 nOO0OO0OOO0ODOOD nO00000O0ODOO
funz —eln - 00000000000000O0 T-AppO000000000DO0O
gogboboobbbbdoddibeddbbbbuooooobbbbuodd e ogn
gboobgoboobon

gboboogobbuoboboooobbobbooobbuooobbuoobbooobboo
0000 T-ApsODOOOO0OODOODOODOOODeOO0DODOOODOODOD x0DODODO
gb0obOobOobooooboo0oboobobobDooobdOfunx —x+10000000
goob0oobdbDint —int000000000000O0ODO0O0O0DO0ODbO0O0OxbOoO
int0 0000000000000 000000b0bO0000Dx+100000000x0
O0int 0000000000 DO0ODODOODOOObOOOon
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Makefile:

0OBJS=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

0 11: ML2 000000 (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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4.2.2 DO00O0O0OOOOOOODOOOOOOn

0000000000000 000D0o00000o0o00oDooooooooOd (type
variable) 0 0 0 0 050
Tu=alint | bool |7 — 7

0000000000000000000000 (000000 O0)0ooooooooOd
gogobbobbougogobbobbooooobbobbh xood ebbbooooon
OboobooooobUdoOx+1000 it 000000000000 a=int 00000
bbb «0intd000booogbooobobuobobobooboboboobonon
OO0 T-Aps 00000000 a—int00000Int - int OO00OO00OO00O0OO0OODOO
funx—funy - xyOOODOOOOOOOOOOOODOODOODOOOOOOODOO

1.xO000 «0O00OD00OO0000O funy—xyddOooooooo
2.y000ooOoo0OOo pO000O0ODODOO0OD xyOOUOoooDOO

3.xy0OODODDODOOOOOODOODODD (ODOOOOoOoOooD)y0000a=8—~y000
gobboood

gboboooboboboobobooboobooboboooboboobobobobDoo
goboobgoobgoobooboobuoobooboobobboboobooboobon
ggobboobbooooooobb 1 3bboougogoboooboogooobon
000000 fresh_tyvar O fresh_tyvar O OO 0O0O0O0O0OO0OOODOOOOOOOOO
OO0000000T-ABsU0D0OO0O0O0OOO0O0DOOO0ODDOO «OODOOODODOOODO
O000000000000000000000 (type substitution) 0000000 (00O
0000 SO0O0000)000000ooOoO0 (00)ooooooooooooooOoST
Or000000 SODOOO0ODOOOoOOOoOooDoOoSsrobooDoooboooobD soo
oooooobobooooosroSTrOobobooooooboboboooogoo

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

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

gobbobuoooobbboooobobobbooobboboooobobobooon

‘0000000000000000000000D00000D00000000000000000000
goboboboooobooooboobooboooboooobooooobooboooobooboobooog
oood
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gb:go0oroo e
o0:STFe:7O0000000OO00ODOODOOOOOO sOOO S

Exercise 4.2 [JO00O0] O 1300 pp_tydfreevar_ty 000000 O freevar_ty OO
goooobbobbbbuooooooooooon

val freevar_ty : ty —-> tyvar MySet.t

00000 ’a MySet.t 0 (OO WWWOOOOOO)mySet.mli 00000000 a0
gbogboobooboobo

Exercise 4.3 [0 00] 000000000000 0O0O0 typing.ml JOODOOOO

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

O000000 swbst O ODOODOODOODODOODO [(idl,tyl); ...; (idn,tyn)] O
00000000000 [idnw— tyn]jo---0[idl—tyl]00 0000000000000
gbobbuooobuoobbuoobbuodbwyiogbbooobbbooobbood
gogbboboogobboooooobooo

gogoo

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

000 TyFun (TyInt, TyBool) OODOO

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) DOODO

4.2.3 000

ooobooooooooooT-Ir0 T-PLosODOOOOOOODODOODO boolODOO
00000 thenO D else0 000000 0O0OOOOOOOO0ODOOMMODOODONO int
0000000000000 000000000oDoooOOoOoML?0000000000

. =TyInt 00000 (0000000000000 OO)00000O00CODOOO0OOO
ggbbobooobbbuoooobboood

goboodbboogdbbuoobbugobbooobobooobobobboobobog
goboobooboobooooooboboooboobooboOfunx—14+x000000000
gbbodbbooobobuogbbubgbxgbbodb e« 0000l +xgobogn
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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: ML3O00000 (1)
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gboobobooooboobooboboooboobobooobobobobooob,xb
O00int0 « 0000000000000 int0000 (00000000 O0)00000
gboobooobobooobuobobobuoooobobobooboooobolbl OO int O
gbobodbbobodobbodobobboobbboobbboobbboobobboob
gboooboobuoobuoobuoobuoobuoboT-IrOd thenO O elsed 0O Ooonooon
ggbbobuoooobbbuoooobobod

000000000000 {(f1,72), -, (Ta1,Tae)} 0000087 = S7a,
ST =81, 00 SO0000

0000000000000000000000000 000 (unification) 0000000
000000000000000000000000000000000000000000
0000w, int 0 S(e) =int 00000 SO000000000000« — bool O
(int > 3) — B0 S(a) =int — bool 00 S(B) =bool 00 S 1O000000OODN
000000000 (00000)000000000000000000000000
00000000000000000000000000000000000000000
(000000 (first-order unification) 10 000)000000000000000000
000000000(0O0000000000000000000000000000000
0000)000000000000000000000000000000000000
0000000 (XwYODOXNY=00OOO X0 YOoOOoooooo)

() .y
U{(r,7)} ¥ X) = U(X)

I
S el

U{(Ti1 = T2, To1 = T2)} W X) = U{ (711, 721), (T12, T22) } ¥ X)
U({ (11, 72)} W X) = error (0OOOODO)

0000000000 [e—7|]0 o0 710000000000 0OO0OOO FTV(r)O 70O
gbogobobbooboobg200030b0000 eObO0O0OO0OO0DODOOODOOO
0000000o0oooooo0o0o0oUoooooO(Coooooo)oboooogoooo

Exercise 4.4 [J00O0] O00O0OOOOO0OOOO

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

gobobooood

Exercise 4.5 [J00O0] 0000000000000 0ag FTV(r)OOOOOOOOO
ggoboobod
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4.2.4 MLPO0OO0OO0OOOO

000000000ML3O0000000000000000000000Oe,+4+e, 000
gooobooT-PLusOdooonoooooon

1.T,e, 0000000000000S,,»n 0000
2.T,e, 0000000000000, »0000

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

4.5 0 int 000000000

gbobodbbuogobbuoobobboobobboobbbooobuooobboobobod
00000000 [w—n|000000000 [0—n|000000000000R 0 n
00000000000 (0oOoO0000)ooooooooooo

Exercise 4.6 [J000] 00O0O00O0OOOOOOOOOOOOOOOOOOOOOO 14
ggbbbuooogbbbuoooobbbooogbon

Exercise 4.7 [xx] 000000000 letrec0 0000000000000 O0OOOOO

If:m—mz:mbe :m If:m—mbe:7

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

Oooobooobogo letrecdb0obooboobOoO

Exercise 4.8 [x«] 0000000000000 0O0O0OO0O0OOOOOOOOOOOOOO
Ubr-000 rslist000O0D0OO0OO0O

T (T-N1L)
CH[: 7 list
I'ke @7 I'key: 7 list
(T-Cons)
I'kep:iey: 7 list
I'kFep: 7 list I'key: 7 De:7y:7 listbFeg: 7
(T-MATcH)

['F match e; with [| ey |2 iy —e3: 7

ggbbobuooobbboooobbobooogboogao
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typing.ml:

let rec unify = ...

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

gobooboooobbod *)
let eqgqs_of_subst s = ...

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

let 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 (s1, tyl) = ty_exp tyenv expl in
let (82, ty2) = ty_exp tyenv exp2 in
let (eqgs3, ty) = ty_prim op tyl ty2 in
let eqs = (egs_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
(subst, TyFun (subst_type s domty, ranty))
| AppExp (expl, exp2) ->
| _ -> Error.typing ("Not Implemented!")

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

0000000000000 0(0O00)OOD0O0D0Do0DoOUOOD0D0DooOoOOooOooooOo
ggboboboogoboboooon

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

Oo00oooboooooofoOifdobddn bool — bool DOODOOOOthen D OO
int—-int000000000000 ObOO0bOOob0oobooooboooboooboobo
O0oobooooDO lee0OOO0OOOOO

4.3.1 DO0O0OOOOOO

Objective Caml 00 let £ = fun x -> x;; OO OO0OO0OO ’a -> 2000000
000000000000 00000 2000000000000 0((@MOOOOO)DOO
gbobogobboobbuonoooobboobbuoooboobooobbooboob
gboboboboobobuooobiodbibrald int 000000 int—>int 0O0O0O0O0
UodbobobobbO0odb’ad0dddndn bool->pool DO ODODOOUOOOOOODODOO
gbobdooooooooboobobobobobobooboboboboboboboon
0000 Vo. OOODODOOOOODOOOODODOODOOO0OODODOOODODOOO (type
scheme) 0000000 Voo - 000000000000 Vo.OOOODOOOOOOO
00000000000ooooo0o0o000ooooooDoooooOg (Ya.a) — (Va.a) O
0000000000000 000(@MO0O0000000000000D0o0D0D0ooooo
0000000000000 0OO0U00000OU0D0D0D0D0D0D00O0D)0000O0dd ed
gbobooboobooboobooboobon

T == «alint|bool |7 — 7

o = 7|Va.o

0000000vVOOOOUOoOO0OooooO0oooooooooooooooooooo (O
0000000000000000)00000000000 000 Vaa—a— 400
O00«0O0000000O0pO0O0O0O0ODOD IBOOOODOODODODODODOOO
00000 freevar_tysc 0000000000 0DO0OD0OODODO (DOO)0000OOOO
ERERE
gbooooboobobooboooboobboobobuoobbooobooooog let
gboboodgbbuooobboobbuoooooobbuooobboobbooobboab
gogbboobuogobobboooobobuooooboo

(T'(z) =Vaq,...,a,.7)

Phx:jog =T, 0 =TT

(T-POLYVAR)
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0000000000000000VvVOOOOODO000000000000000000
000 [a—7,...,an—7|0000000000000000(Ff)=Vaa—aO00000

I'Ef:int — int

'+ f:(int — int) — (int — int)

gbodboooboboboboboooobobletbbobobbobobDoooobon
gobooo

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

. (T-PoLYLET’)
I'Hletz=e;iney: 7y

b0, 000000O0DOO0O0O0O0OODOOO0O0ODLODO ec0OOO0O0OODODOOOODO
gobogbbubbdudte,...,aq, UOODO0O0O0OOO0OO0OOO0OODOOOOOO0
U0nO00O00bOO0o0b00b0 vOooboooboobooboobooobobooobooo
gboobooooobooboboboobobobobooooboboboboorooo
000000000 0ooOoOroo (boo0)00ooo00000ooooooOoUooooOoO
gobodbbugbobbodobbuooobbuoobbobobooobbooobboob
gogbbobuoooobobbooooobobbooobobobooooboobooog

I'He :m I'x:Vaq.---Va,. 1 Fey:m
(oq,...,oan nudddododooooood PDDDDDDDDDD)

I'Hletz =€ iney: 7y
(T-PoLYLET)

gooob 1000 cleswre U0 n O I'0DO00000bOo0obOobooobooboon
O0D0((ids D000 ay,...,0,0 OODOOO)

4.3.2 DOO0O0OO0OO0OOOOOOO0

00000d00oooo(0o0U00)ooooU0UUooooooOoUUoooooooOod
O0000O0OOoOoOoOoOoOOoOOOODOODODOOOOO tyvar0O0O0O (DODODOO)ODOOOO
gbobboobuoobbuoobobboobbboobbooobboobbooboood
gobogdgbbuooobobobooobbuoobbooobbuooobbooobboon
ggooobod

000000000 Vaea—pAO0SP)=a—int 0000000000000 OOOO
oooooooobobopUdbO0obb0000 ecbDbobOoobooooboobobooboog
O0bO0o00ooO0o0ooobOo0 pOo0bO0000O0Vaa—a—int 0000000 OO0O
gobbuogodgbbooobbboobbboobboobbboobobbuoobboob
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UoelUOOO0OOO0o0bbUooobooobboobbobbboobboobbobboob
gbobogoboobobboboboobooboobuooboobooobo

0000000000000 000O000000o0O0O00o (D0)oboooooooOoO
O0oooooooooso

0000000 Voo —- a0V -0 (000000000O00O0O0O0O0O)0000O
00000000000000700000000000000000000O0000O0O0O0
goobobobooboboobbooobooobooboooboobobooboboobobo
oooobooobotdbvVaa—-pg0Vyy—p 00000000 pOa—int00000O0
Vyy—ao—int DOO0O00O0O0OO

gobobboooubboooobbooubbioodb 16000 0rename_tysclsubst_tysc
gobooboobobboboobooboobooboon

4.3.3 OUOO0OOoOoOOOOO

gbboggbbodgbboooboobooobbuoobobooobboobbood
gooobooboboooooboob0obobooooobobo letboooooobOonO
oooooooooopoooooo (boooood ny,..., ) 00O0O0O0O0ODOOOOOO
00000000000000000000(@ 1600000000000000OO00O0O0
Oo0oooooooon)

Exercise 4.9 [xx] 0 15,16 0000000000 let00000000O0O0O0OOODOO
gobbooboogboboboo

Exercise 4.10 [x) 00 000000000000 0OOOO0OOOOOOOOOOOOO
gooobooooon

If:mm—mx:mbe i m I'f:Vay,...,ap, 1 = TobFey: T
(v,...,0, 0 n 0000 000000000000 P0O0O0DOOOODOODO)

I'Fletrec f=funxz —ejiney: T
(T-PoLYLETREC)

Exercise 4.11 [x x| Objective Caml OO0 M@ : (O )DO0O00O0OO0O0OOOOOOODODOO
gogbbbugobbbooogbbbuoooobbbouooobobboood

Exercise 4.12 [xx+] 00000000000 0O0O0OO0OO0OO0OO0OOOO0OOOOOOOOO
ggbobobooodn

‘00000000000000000000000000000000D00000000000 (000
000)0

‘00000000000000000000000000000000000000000000000
0O0oo0o0o0o00
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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: 000 et00000000O00 (1)

goon
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typing.ml

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

let closure ty tyenv =

let ids = MySet.diff (freevar_ty ty) (freevar_tyenv tyenv) in

TyScheme (MySet.to_list ids, ty)

let rec subst_type subst = ...

let rename_tysc tysc =
let TyScheme (ids, ty) = tysc in
let newids = List.map (fun
let subst_list = List.map2

_ —> fresh_tyvar()) ids in
(fun id newid -> atomic_subst id (TyVar newid))
ids newids in
let subst = List.fold_left (fun s1 s2 -> sl @@ s2)
empty_subst subst_list in

TyScheme (newids, subst_type subst ty)

let subst_tysc subst tysc =
let TyScheme (newids, ty’) = rename_tysc tysc in

TyScheme (newids, subst_type subst ty’)

let subst_tyenv subst tenv = ...

let rec ty_exp tyenv = function
Var x —>
(try
let TyScheme (_, renamed_ty) =
rename_tysc (Environment.lookup x tyenv) in

(empty_subst, renamed_ty)
with Environment.Not_bound -> err ("variable not bound:

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

no~ X))

016: 000 let0@3# 0000000 (2)




