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Jubgtubogtdbootdbootdbotgtd
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1 Oo0dnd

1.1 ODOooggooon

O00000000000Scheme (Lisp D00)000000 mini SchemeO OO OOOO
goboboodgbboobbuoogbbuooobboobbooobbooobboon
goboooobbooobbooboboooobbuoooboobbooboboobboon
googoboboogbbooobbuoobobooobbooobbobbuooobboob
gogboboboooobbboooobobboooobobobboooobobobooon

gbogbogboobuodbogobogboobuogbuoobobobobbobboobo
gobboboogoboood

0000000000 4000)0000U0U0U0UODUDUODODOODODODOOCODOOOOOO
00 Objective Caml OO0 O DOOO0O0O0O0O0OONO Objective Caml DO DO O0OOODO
0000000 Objective Caml DO OO OODOO0OOOODOODOODOODODODOOOO
O00000000000000D00000 (mini Scheme) 0000000000 OOOOO
gobodgboboboobobbooogbboogbbooobbooobboobboob
gobbobuoooboboboooobon

gobbobuooobbboooobbobbooobbboooobbbooon

010 | Objective Caml00000 2030000000
020 |0040000000

030 |0050000000

D40 |D0D06070 (+a)000000

0500 |0000000000

1.2 0000

000 Objective Caml 00 (50000)0000000000OOO0O0OOOOOOOOO
0000000000000 (0000)0000000O0ODODODOOODODUOOOOOO

00000000 (00000000000 0)00000o0o0ooooooooooooo
goboodbbooobbobobboooobboooboobbuooobboooboon
ggbbobuoobobbboooobbobooogboogao

goboboooooooobooobbuoobooobboobobooobbooobboon
0000000o0o0o000oooo0oU00oDoo00ooooooooo(ooooooo
0000000000000 00000O00000D0ooOOoODOODO)DODOOO0OOO0O0O0
gbobogobobbuoobbooobbooboogbbuoobbuooboobboob
gobogbbuobobooobbooobbuooobbooboboobboobobboon
ggbbobuoooobboooobboboood



1.3 UDUdgoooboogdo

OO0 webOOUOO URLDO http://www.sato.kuis.kyoto-u.ac.jp/ igarashi/class/
isle4/ 00000COCOOOO00OOO0OObjective CamlOO0O0O0O0O0O0O0DOOOCCOOO
O0000OObjective Caml D00 OO0O [4] (00 )0O http://www.sato.kuis.kyoto-u.ac.
jp/"igarashi/class/isle4/ocamlman/ DO 0000000 OOOOOO0OO0OO0O0OO
OO0 Ohttp://caml.inria.fr/ OO0 O FAQ OO0 0 O O Objective Caml 00000 OO
O00D0O0O000000QOObjective Caml D0Caml 000000000000 O0O0O0O0O
gooooooooooooooooooobooooopDoboooO0oobooOooOoOoooooboOo
O0000000000000000000000 CamlOODODO O0OO00COOOOOO
00000 Objective Caml 000 OReilly 0000000000000 0O00O000O00O
0000000000000 nttp://caml.inria.fr/oreilly-book/ 000000000
ooono

O00000000000000000(3,030)000000000(000000OObjective
Caml 0000 Scheme 00O Scheme DO0000000000O0O0O) Scheme JO0OO0O
O00000000000O0000(6,2)000000000O

2 Objective Caml [ [J

0000000000000 000000000D00D0O0D0O Objective Caml OO0 O
gobbooboggbbboo

2.1 Objective Caml 00

gobooobooobo MLOOODDODOODOODOOO0OOoobOoobooobboobDoOg object
language (000 0) 0000000000000 O000ODODODOOmeta language (O OO0O
000 ML)ODOOOOOOOOOO0OOOOO00OODOO00OOOO00OODOO0DOODOOOODOOO
gobobboooobobooMLOOUObDbOOOoOoobDbboooobbbooobbuoooo
gbobooboobobooboboboobobobobobooboboboboon
00000 (D000o0OO0O0OoUOoOoDDOoOO)0D0C0O0OO0OOMLOOOOOOOO MO
0000000000000 0000000000000O00OOOOOO0OO0oOoOO (O
00000000000 0)00000o0000oooo00o0ooooooooooooooo
O00Standard ML OOOOOOO0OO0OOODOO p)00000O0@OODODODOOOODO)
ggooobobbbboooooooouououoobbbbbooooooooouoooo

000000000000 MLOOOOODO Objective Caml OO0 0O O OO OObjective
Caml O INRIADODODOODODODOOOOODOODODODODODODOODOODOO
OO0Standard ML OOOOODOOOOOOOOODOODODOOOOOODOOOOODDO
O0O0Caml OO Standard ML OO OODOODOO0OOODOOOODOOODOODOOOOOO
goodoooogoggobooboddgddddddUUUU o



gogbobuoooobboooooobooo

2.2 Objective Caml 00 00

Objective Caml D0 000 OD0O0ODOOOOOOOOODOODOODOO

e 0000 (higher-order function) D0 0000000000000 O00OOOOOOOO
O000ooOoCocooO0oOoooooooooo

000000000 (pattern matching) 00 0000000000000 C0O0OOOOO

e 0000 DODOO (static type system) 000000000

0000000 (polymorphic type system) 00 000000000000 000O00O
ooooboobobooooooobobobooooooobooDo

00D (type inference) OO0 OO DODO0OOOOOOOOODOO

0000000000000 (module system)00000000000000000OO
00000 OO (separate compilation) 00 0 0 000 0O (abstract data type) 0 0 O O
ggobbbobogguuboooboobboooobnbbbooooobbobogo
O0000000000000000 (functor) 000000000000 DOOOOOO
O (parameterized module) 0 0 000 00000000000 DOOOOOOOOOOO
godd

00 0O (garbage collection) OO0 0000000000000 O00O0OOO0OOOOO
COO0OO malloc/free 00000000000 DODOOOODOOOODOODOODO

gogobbbbuoooogbobbbbooooobbbooooobobobboago
gobbbuoooboboboooobboboooobboooon

ggobbobbooooobbobbtboooooobbbbooooobobobbogo
ERERE

3 mini Scheme OO OOOOOO

3.1 0UUoogogd

000000 (interpreter) 0000 0000000000000 O0OOOODOOOOOO
gbobooobboogbbobbuooobbuooobboobbbooboobobooon
O00000000000000000000000O0(syntez) 000000000 OOOO
O00000000000000000000 (semantics)) 000000000 0O0OO0OO0O



goodoooooooooooooooooooooooooooooooooon
gooooooboooonoooonooooouooobooooooooon
00000000 (D0O0oo0OooO0O00bOOoOO0U0OoOOO0)0booOoOOoUOoooOoOO
gooooooboooonoooonooooouooooondoooonoooon
godoobooooooooooooood
goooooooouooooooooooooooooooooooon
0oo0dooooooboooooooooobooooooooooooooooon
O (defining language) 000D 000000000000 O0O0O0O0OOOOOOOOOOO
0000000 (defined language) 0000 000000

OO000D00 = Objective Caml
0000000 = mini Scheme

O0O0O0O0O0O0O0O0Objective Caml OO0 0000000000 COOOOO (abede)d O mini
Scheme 00O OOOO0O0OO0OOOOO (abede) 00O OOODOODO
gobbuooobbuodoboooboobbobbuooobbooobbooboon
goboboodgbbuoggbobobbugoboboobbooobboobobboooboon
gbobbodgbbuodgboboodobboobbuooobuoobobooobboobobobob
gogbbobuoggobobbouoooobobboodbbobooooboboooobobooo

3.2 UUobobooooobobbuoooooon

ggbbbuooobobbboooobobbboodobbo sbuoonobbboooobon

syntax.ml 000000000000 0O0000O00OO0(ODOOOO0ODO)ODO0OO0OOOO
ggobbobobbuoooooobboobbbbbbouoooobbbbbodago
00000000 (0bo/oooo0)ooooo

parser.mly COO0O yaccd bison 000000000 O0OOODOODOODOOODOODOOO
Objective Caml O O ocamlyacc 0D O0OO0DO0OOD .mlyOOOODODOOODOOO
000000000000 O0DO0D0000O00DO0ODO00bO0ODO0DOO000 yacc
oo0oood

lexer.mll COUODO lex, lex OO0 ODOOODO0OO0O0ODOODOOOOODOODODOOONOODb-
jective Caml OO ocamllex OO0 D000 0O0O0O0O .ml1 OODOODOODODODODO
gboboodobboodgbbuoobbuoooboobbooobbuooobboon
goooboooboob lexdboonogd

00000000000 0000000000000000000000000 Objective Caml O Objective
CamlO0O0O0O000O00OOOOO0OOOOOOOOOOOOOOOOOOCOOOOOOOOOOOOOOOOn
00000000 (meta circular interpreter) 0 0 0O



core.ml DUUOUOOOO0OOUOOOOOODOUOOUOO0OOLODLDOOOOOOLODOOOOOnO

main.ml JO0O0O0000O0O0O0OO0O0O00OO0O00O0O00O0O00ObOO0bLbOO00boobOOan
gogbbboooobbbooogb

00000 miniScheme! 0000000000 500000000000000000
O0D0000D0000 Makefile [0 http://www.sato.kuis.kyoto-u.ac.jp/ igarashi/
class/isled4/src/ 0000000000 600000DO0OO0OOODODOODOODOOODOO
O00b000 .mlO0D00O0 EmacsOD 00000 DODOOODOOOC-cC-cOOOOODODOO
O00000000000000 make depend 0000000000000 (DOODOOO
00000000000 make cleanJO00000)000000 OOOC-c C-c make -k
o000 bDobOO0obOobo0ob0ob0obOobobUobob semDbO0DbOOobOOobObOOOOO
O0000M-x shellJODODOOO0O0 0O00)sem 000000 =>000000000
000000 mini SchemeOOOOOOOODODOOODODOOOOO

> scm

= X ;00000000 xOOO0O 100000000
10

= (+x3)

13

gbobboodbboddbc-cC-cmake -k UUOOOOOO0OOO0OODOOOOOOOO
gbobodbogobd M-x next-error U O UOOO0DODOOOO0DOOOODOO0OOOOO
gobood

OU000O0000O0O0OO Objective CamlDOODODOOODODDOOOODO ocamldebug O
000000 (Objective CamlOD 0000 16000) 000000000000 O0O0O ocaml
gbobooobobuoobobobobooobobobuoobobobodbocaml O OO
gaon

ocaml -I{0 00000000000 OODODOQO ) foo.cmo bar.cmo ...

gbbuogobobbudbudbbudiblFeo,Bar DO UUODOOODDOOOODDOOOMO
gogbbobuoooobbboooobobobooogboboooo

3.3 mini Scheme! 000000 — 000000000 O0O0O0O0OOO
goog

0000000000000 00000000OO0OOoOOO0ODOO(DOoOoOoOoOoOOQ
0000O0hoOooOoO mini Scheme! DOOOODO
O0000mini Scheme! O (0 0)00000D000OO0O0OOOO

(00000 == (0)



(* abstract syntax *)
type id = string

type prim = Plus | Minus | Mul | Addl | Subil

type exp =
ILit of int (* Integer LITeral )
| Var of id (* VARiable reference x*)

| Prim of prim * exp list (* PRIMitive application *)

type program = Prog of exp

O 1: mini Scheme! 000000 : syntax.ml

(O0) == ((oooo)oo)
| (O0DO0OO0)
| (000000 (04 ... (0.))
(D0DODO0OO) == 4| —|*|addl|subl

O00000000oooooO0o0o0oOoooOoO(0OOoO0)DoDoooooooO0oooOOO
gbbogbobuoobboobuoobbouobbouoboboobobobbuoobao
0'(0000000)0000000000000000000000000O00 mini Scheme!

gogbboboood
3
X
(+3x
(addl (+ 3 x1))

gobbobuoooobbboogobbsogobbbooogno

3.3.1 syntax.ml: DO OOO0OOOOOO0O0O

googobbbobbotbdgoooooobbbobbi1iobobbbbbbbtbidaddn
0000000000000 0000000000000000000000(@EOO0O0Od
000000000000 00000000000000000000000) prim0 expd
program U OUOOODOOOOOO0OOOO0OOOO0OOOO0OOODDOOObLbOOOnbO

gogd



3.3.2 parser.mly, lexer.mll: DU UOOOODOOU

ocamlyacc 0 Oyacc OO OOOLALR(1) OO OOOOOOOOOOOOOOOOOOO
0000000000000 000000LALR(1)) 00000000 ODOO0O0OOOOO
O00000o0o0000 (Cooo0ooooOoooooooO)DoooooooooOoQd
U parser.mly UOOOOOOOOO

ooobooooobooooooobooob 4000000000000

i
(00D )
%}
(00)
Toth
(00D00)
oo
(0000 )
(000), (0000 )0 Objective Caml 0000000 00DO0OOocamlyacc D000
0 parser.ml 000000000 0ODOODOOOOOOODODOODO(ODO)WODODOD (OO
O00)00000000000000000OOparser.mly 0000000000000
000000000000 00DOO0(000O0)YyYooooooooooooooooooo
0000000000 00D0000D0D0 Objective Caml OO0 (x ... x) OO0O00OO0DODO
goooboooocooooogoog /7« ... x/ 000000
0000 parser.mly 000000 (0 2)000000000000OO0O00OOOOOOOO

ooboooooo»oboooooooo

e JOUUDLD open UUUOUOUOOOOOOON syntax.ml JOOOO0OOOOODO
ooooOoOoOoOOoOOOOOOOODOOOOOOOODOOOOUOUO(DOOOOO
Syntax.Var 0 0000000000000 OODOOO)

e Jtoken (J0UIODO) ...0 00000000000 OODOOOODOOOOOOOO
“»?0O 000000000 LPAREN, RPARENOODODOOOODO (4, —, *, addl, subl)
000000000 PLUS, MINUS, MUL, ADD1, SUB1 0000000000 10000
00000000000 Plus 00000000 0OOOOO)

e Jtoken <(0O )> (0OOOO) ...0000000COOOO00O0O0O0OOOOOO
00000 INTV(OOOOOO0O0O0O0O000 int0)000000D0 ID(0DO0O00OO0
0000 syntax.id 03) 0 0000000000000 0OO0OO0OOOOOOOO
O ocamlyacc DO OO0 parser.ml DO Otoken OO DOOODODOOOOOODODOO
gobbboooobbbuooobobboood

e Ystart (0O0OOO) ... 0 (00000) 000000000000 Oocamlyace
OD0000Oparser.nl 00000000000000000000000000O

00000 open0000000O0DODDODDODODDDDODOOOOSyntax. 0000000000 OO0O

8



i

open Syntax

h

Jtoken LPAREN RPAREN
Jtoken PLUS MINUS MUL ADD1 SUB1

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

hstart toplevel
Jhtype <Syntax.program> toplevel
Tolh

toplevel :
Exp { Prog $1 }

Exp :
INTV { ILit $1 %}

| ID { Var $1 }

| LPAREN PrimOp Arglist RPAREN { Prim ($2, $3) }

PrimQOp :
PLUS { Plus }
| MINUS { Minus }
| MUL { Mul }
| ADD1 { Add1l }
| SUB1 { Subl }

Arglist :
/* empty */ { [0 %}
| Exp Arglist { $1 :: $2 }

0 2: mini Scheme! 000000 parser.mly




Uodibbd toplevel UDUUUOOUODOOOLDDOUOODDOON main.ml OO
Parser.toplevel UUUDDOUOUOOOOUOOOODOOOODOOODODODOOODODOOO
O %type DODO0ODOOODOOOOODOOODOOO

e Ytype <(0 )> (00) ...0000000000000000¢toplevel 00000
00000D00000000000000 Syntax.programn 00000000

e 00ODODODO
(0oDoooo)

(000 1) (000 4,) {(00000000,) ¥

000 o) (0004, { (00000000, ¥

O000000000(00000000 )OO0 Objective Caml DO 0000 00%: 00
Ougbbogbbuoobbuoobbuoobobbuoobbuoobboobboon
gboboobobuooboboobobbdbubbibbO Exp U Syntax.exp U
OO0 (000 miniScheme! 0000000 D0)000000O00O00OO0OOOOOOOO
gbgobobobobboboobuoobgoobobbobbooboon

gboboboboobobobooboboboobobobouobobobiodbocam-
llexO lexOOOOODOOOOOODOOOOODOOOODOODOODOODODOOODOD
gboobuobd.m1l1 000000

{(0D0O0) %

let (00)=(0000)

rule (0000O00O00) =
parse (00O0) { (00O0O0O) ¥
| (0000 ){(00000) }
I
and (00000000 =
parse ...

and ...
{(0000) 3}

O00DL0O00O000000000O00O00DbDOnDdObjective Caml DODOODOOOOO
O00ocamllex UOO0OO lexer.ml DO OO0 O000D00D0O0D00OD0OO00DO0O 1let O
gbodbboouobbuogbbuobbuoobbuoibibUllexerml1 00000
gbgbooboboboobooboboboobooboobobooboboboon
Oocamllex OO0 O00O0O0O0OO0O0OO0OO0OOO0OODOOOOOOODODOODOODOODODO
00 (Objective Caml 00 )0 000000000000 000OO (parser.mly 00000
0)0000 (Parser.token 0 )0 00000000000 ODOOOOOOODODOODOO
Ub0oobui lexbuf JOUO0OOO0OOODOOOOO0OOO0OOO0DOO0ODOODOO

10



{

let reservedWords = [
(* Keywords )
("+"  Parser.PLUS);
("-"  Parser.MINUS);
("x"  Parser.MUL);
("add1", Parser.ADD1);
("subl", Parser.SUB1);

]

}

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

| [202_192]+
{ Parser.INTV (int_of_string (Lexing.lexeme lexbuf)) }

| "(" { Parser.LPAREN }
| ")" { Parser.RPAREN }

| [’a’—’z’] [:a;_;z; ;_7 ;O;_;9; ;*;]*
| [)+; ) :*)]
{ let id = Lexing.lexeme lexbuf in
try
List.assoc id reservedWords
with
_ —> Parser.ID id
}
| eof { exit 0 }

0 3: mini Scheme! 000000 lexer.mll

e Lexing.lexeme lexbuf U UODOOOUOOOOODOOOOOODODOO
e Lexing.lexeme_char lexbuf n U DO ODOUOOOOO n0OD0OOOOODODOOO

e Lexing.lexeme_start lexbuf UL O UUOOOOOO0OODOOOOOOOOOOODO
UdobbogdbdddbioUdd Lexing.lexeme_end lexbuf UL UOOOOOOOMN

e (IIUIUDDODOD) lexbuf 0O(0OODDODOOOYIOODODOOOO

UbooddbD lexer.mll JOOOOOOO0OO0OO0OOOOO0OOOOODOOO0OO
UboboobuodbbooobodbidblreservedWords U D OOOODOOOOOOMO
U0OList.assocUU0O0OOOOO0OOOOOOO0OOODOOOO0OOODOO0O

0000000000000 00main 000 (0DO00)000000O0OOOOOOOOO
OO0000oDOo00oOo0oo0pDbo0o0oooOoooDobOoOoOnboOn mini SchemeD OO

11



gogobbobouoogbobbbiudodubibil main 1lexbuf JOODODOOOOOMO
gibbooodbibuddbint_of_string U0 UU00O0OOO0O0O0OOO int ODOOODODO
0000 INTV(ODOO int 0)0000000O000000C0C0OO0OO0OO0O0O00O0OOO0O0O0
ggdggoobbbbbbobododoooooooobbboboouooooobooon
O000000000000000O00000o00oooooooOoOoOOoOoOoooOO (0O
00000000)ID00000000000 eof 000000 ODODODODOOOOOOO
gobbobuoooobbboooubbbidd exitDgooooboog

gbgbobogbobobobodobobooboboboboobobobobobon
000000000000 00000b0000b0o0bU0DnD lexOODOODOOODbjective
CamlOO0O0O0O0O0ODOODOOOO

3.3.3 core.ml: 0O0O

Expressed value [0 Denoted value 0000000000000 OOOOOOOOOO
00d0odo0o0dbOdodoDooododooodooooooDoooooooooooon
0000000000 bOO00o0ob0ooOooDoobOoooooOobOobDooobOOooboOooDooon
000000000 (ezpressed value) D0 000000000 DO (denoted value) D0 0 OO
O000Omini Scheme! 0000000000000 0O0O0O0O0O0O0O0OOOOOOOOOO
O00OminiScheme® 00 0000000000000 O0O0O0O0O0O0O0O0O0O0OOOO0O

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

ggoboobod
gobobooogoooobodao

(* Expressed values *)
type exval =
IntV of int

(* Denoted values *)
and dnval = exval

exval OO O0O0OO00O0OO0OO0ODOOOOOOOO0OOOO0LbOOo0bOoobLbOonbDo
ggbbobuoogobbbooooobbbooobboboooobobuoooobbooo

00 OO00obooOoOoooooooobobobobboobOobOoddododddenoted value OO
goooooonoooooooooooooooboooonoooot
0000 00 (environment) D000

Uo0doobodon eaevd OO0 ooooooooooooogn

val empty_env : unit -> env

12



type env =
EmptyEnv
| ExtendEnv of id list * dnval array * env

exception UnboundVar of string

let empty_env () = EmptyEnv

let extend_env ids dnvals env
(x assumes List.length syms = List.length dnvals *)
ExtendEnv (ids, Array.of_list dnvals, env)

let rec list_pos n = function
[] -> raise Not_found
| m :: rest => if n = m then 0 else succ (list_pos n rest)

let rec apply_env id = function
EmptyEnv -> raise (UnboundVar id)
| ExtendEnv (ids, dnvals, rest) ->
(try dnvals. (list_pos id ids) with Not_found -> apply_env id rest

0 4: mini Scheme! 00000 : 00000 (core.ml)

val extend_env : Syntax.id list -> dnval list -> env -> env
val apply_env : Syntax.id -> env -> dnval
exception UnboundVar of string

00000 empty_env D0empty_env ) DODOOO0O00D0OODOOOOODOODOODOOO
O000000D0D0O0O extend_envO OO OOOOOOODOOODOODOOODOOOODOO
UOD0OOOextend_env ids dnvals envU OO O env U OOOO0O0OO0O0OOO ids O ¢
O000000000D00 denoted value 1O OO donvalsd : DOO0ODOODOODOOOO
O000000D00O00O0D0 apply_env DO O0DO0ODOODODODOODOODOODOODOOO
UUOOapply_env id envUUUU envUUUUOOOO0O0O0O0O0O0OOOOOOO0 id U
000000000000 0000000bO0DbD0ODO0OD000 OO0 UnboundvVar OO 00O
oon

gobo0obo0oboobOoobo0o40b000bO0O0O0OO0ODOODOObOOODOODODDOO
0000000000 EmptyEnv 00O OO OO OExtendEnv (ids, varray, env) OO0
env 0OO0O0OO00DO0O ids O denoted value D00 varray OO0 O0O000O0OO00OO
O0D0O0000b0O0D0OOOapply_env 0000000 list_posUO0OOOOOODOO
oooood

O00000000UoooooDooO (o0 0)0 iOvOxOOOoOoOo 1050100000
O0o00ooooDoooo

let global_env =
extend_env
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let apply_prim p args =
match p, args with
| (Plus, [IntV i; IntV j]) -> IntV (i + j)
| (Plus, _) -> failwith "Arity mismatch: +"
| (Minus, [IntV i; IntV j]) -> IntV (i - j)
| (Minus, _) -> failwith "Arity mismatch: -"
| (Mul, [IntV i; IntV jl) -> IntV (i * j)
| (Mul, _) -> failwith "Arity mismatch: x"
| (Add1, [IntV il) -> IntV (i + 1)
| (Addl, _) -> failwith "Arity mismatch: addl"
| (Subl, [IntV i]) -> IntV (i - 1)
| (Subl, _) -> failwith "Arity mismatch: subl"

let rec eval_exp env = function
ILit 1 -> IntV i
| Var sym -> apply_env sym env
| Prim (p, es) ->
let args = eval_rands env es in

apply_prim p args

and eval_rands env = function
0 -> 1

| e :: rest -> eval_exp env e :: eval_rands env rest

let eval_program (Prog e) = eval_exp global_env e

O 5: mini Scheme! 00 0000: 000000 (core.ml)

[Ilill ; "V" ; an]
(List.map (fun i -> IntV i) [1; 5; 10])
(empty_env())

ggooodg

uobdooodgb Ooboobdoboooboboboobooboobogboooboood
Ubbodbooobuibdd apply_prim, OO0 eval_exp UUODOUOOOOOO 000
O00000eval_ exp 000000000 (ILit) 00000000000 apply_env O
O0o0o0o000ooU0oooO0ooo0o0ooooooooO (Doooo)oooooooQ
(eval_rands)0 apply_prim D0 0000 Dapply_prim 00 0000000000000
00000000 Objective Caml 00O O0OOOOO0D0OOODOOO0ODOODDOODOOOOOO
ooooooon
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let run () =
Core.eval_program
(Parser.toplevel Lexer.main (Lexing.from_channel stdin))

let rec read_eval_print () =
print_string "=> ";
flush stdout;
Core.pp (run ());
print_newline ();
read_eval_print ()

let _ = read_eval_print ()

[0 6: mini Scheme! 000000 : main.ml

3.3.4 main.ml

J0000000 main.ml 00 6000000 run ODO0O0DDOOODODOODODOOO
Ubodobbibdb0Olexer.mll DUOOOUOOOOOUOLN main OO0 Lexer.main U
parser.mly (0 %start) 000000000000 0ODO toplevel 00O Parser.toplevel
00000 D0DOParser.toplevel O DOOOODOOOOOO0O0O0OOOOOOODOO
O00000000000000000000 Lexing.lexbuf 000 (D0OO0O0OCOOOOO
Lexing.from_channel 00 O00000000)0000000O0O read_eval_print OO0
0000000000 drm 000000000 0O0OODOOO0ODODOOODODOOOO
U0 core.ml UO0O0OOO ppUO0DOO0OODOOOODODDOOODDLDOOODDOO
0000 (let _ = ...)0O0read_eval_print 0000000000000 O0O0OOODOO

Exercise 3.1 [0 000] miniScheme! 0000000000000 DOOOOOOOOOO
gbobooobobooobobooooboboo g, wv,xOobooooboooooi o
20m0 30w 4000000000000 0O0ODOODOODOODOODOO

(- (subl (* iii (+ ii v))) iv)

goooooooo

Exercise 3.2 [x] 000 Scheme 0000 + 0 «x0000000000000OOOOOO
oo

= (+234)
9
= (*345)
60

+0«000000000000000D000
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Exercise 3.3 [x| JOOOOOOOOOOOOOOOOOODOOOOOOCOOOOOOO
gbobobodgbboodobboobbuoobobboobbbooubbooobbooob
ggbbobuggobbouooooobooooboboooobobbuoooooon

Exercise 3.4 [x| 00000000000 0000O00000 sem000000O0O0OO
O00000D0ODO0D0ODO0O0O000000 miniSchemeOOOOOOOOOOOOO0ODODOO
gbooobboobooboobbuoibobdLsp0bognb s 000000000O0OD0ODO
ggboobobooooboboooon

3.4 mini Scheme? — 00 0OO0O00OO

D0000000000000000 mini Scheme? 0000000000000000
0000000000 =, <000000000000 (f(04)(0,)(0,)00000
(0,)000000000(0, 00000000000000000000000(0 )
0000000000000000000(= (0,)(0,)000000000000100
0000000 000000000000000000(< (0,)(0,)0(0,)000
(0,)00000000010000000000000

0000 mini Scheme20 000000000000

= (< 54)

0

= (if (< (+35)(-918)) vx)
10

= (+(=33)5)

6

goooooooono
(00D00) == (0)
(O) ==

| (i (0 1) (O 2) (O 3))
(000000) == ...|=]|<

0000000000000 000D00DO0b00bO000D00D0000DO0Oexpressed
value, denoted value DO OO0 OO0O0O0OO

3.4.1 0OO0O00OO0OOOOd

gbuogbobuobobobodgbuobobobuobobboboobobboboobon
gobobogbbodbbuogobooobuooobbuoobobooobboooboon
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syntax.ml:

type prim = Plus | Minus | Mul | Addl | Subl | Eq | Lt

parser.mly:
/itoken EQ LT
PrimOp:
| EQ { Eq }
LT { Lt &

lexer.mll:

let reservedWords = [

("=", Parser.EQ);
("<", Parser.LT);

]

rule main = parse

| [7a7_xzz] [’a’-’z’ )_; JOJ_79) J’)]*
| [;+; Y Iy ) =) ;<z]

core.ml:

let apply_prim p args =

match p, args with
kﬁé, [IntV i; IntV j]) -> if i = j then IntV 1 else IntV O
(Eq, _) —-> failwith "Arity mismatch: ="
Lt, [IntV i; IntV j]) -> if i < j then IntV 1 else IntV O
(Lt, _) -> failwith "Arity mismatch: <"

~\

O 700000000000

17



syntax.ml:
type exp =

| If of exp * exp * exp

parser.mly:

htoken IF
Exp :
| LPAREN IF Exp Exp Exp RPAREN { If ($3, $4, $5) }

lexer.mll:
let reservedWords = [

("if", Parser.IF);
]

core.ml
let rec eval_exp env = function

| If (el, e2, e3) —>
let IntV test = eval_exp env el in
if test <> 0 then eval_exp env e2

else eval_exp env e3

O & if0000

gbobboobobobobobooboboboboboboboboboboboubo
gogbobobuoooobib =, <bbbuogobbbooobbboooobobobooon

U00Ocore.ml J0O0OOO0OOO0ODOOOODOODOOOOSyntax.primJ00000o00gn
UUO0Oapply_prim DO OOOOOOO

34.2 if000O0

f0oof00000o00b0oboooooboo0 foboboboooooooobooo
O0O00Oeval_exp 0 if OODOOD0OOD0O0D0O0D0OODOOD0O0DODOODOODODO Objective
Caml OO0 int0000O0 IntVOODOODOOOOODOOODOODOOOOODOOOODOO
gobboboogobbbooooobbbooooboboooon

Exercise 3.5 [0 0 0O] miniScheme? 0000000000 D0DOODOOO
Exercise 3.6 [x] 00000000000 and,or,not 000000

Exercise 3.7 [xx] 0000000000000 00O0O0O0O0QO mini SchemeO OO OO0
oooooooo

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

18



Denoted Value = OO0 4+000

Uobbobuddidllcore.ml DOOUOOOOO

type exval =
IntV of int
| BoolV of bool

O0ODOtrue, false 000 DO0ODOODOODOODOODOODODODODODODODODOODOODOOOO
gboogoboooog

= true

true

= (> 35)

false

= (if (>5(+24)) xi)
1

(00D0: 000000mini Scheme 000000000000 0O0O0O)

3.5 mini Scheme® — 00D 0O0O00OO

O0000mini SchemeDOOO0O0O0O0O0O0O core.ml 00O global_envdOOOOOO
0000000000000 0mini Scheme? 00000000000000O0

3.5.1 0OO0O0O0Oo0ooogd

Oo000o00oo0ooooOoOoooooOo0 et ooooooooooooo
Jdodoooodoodoooogoooobooogognooboboogogoogoog
0 mini Scheme®? 00000

(let ((x 1) (y (+22)))
(* (+xy) v))

00x0 10y0 (+22)00 (000 4000000000000 (*(+xy)v)0000
00000000000

00000000000000000000000000000000 (scope) 1000
000000000000000000000000000000000000 let0000
0000000 xd yOOOOOO (*(+xy)v) 0000000 0mini Scheme® O let 00 O

(let ((OOD 1) (0 1))

(000 ) (0 w)))
(000))

19



00000o0oo0o0(oooooooUooo)O(000 ) Doooooooo (ooo)
000 (0 ,)0000000000) 0000000000000 000D0O0O0OO00OO
000 (bound) 00D OO00O0O0OO0DOOO (bound variable)y 0000000000 0ODOO(*
(+xy)v)0OxOOODODODODODOO0OO0O0O0OD0D0O00O0O0O0000D00D000O0OOOO0O
0000000000000 000000000000 (static scope, lexical scope) 0000
000000000000 (static binding) 0000000000000 O0O0O0OOOOO
0000000000000 000000000000 (dynamic scope) 00000000
00 0000 (dynamic binding) 000 0000000000000 0O0O0OOOOOOO
00000000000 (free variable) D000

000000000000 DO0D000000OmIni SchemeDODODOODOOODOODODOO
00000000 00bOobO0o0ob00ooO0bOooOOoobOobOOooDoooooOobOooooon
0000000000000000000000000000000000 (shadowing) O
00o00ooooboooooon

(let ((x 2) (v 3))
(let ((x (+x¥)))
(* xy)))

gbobooboob0 xoobooooboboobo letoboboobobobdg xbooo
0000000 ((*xy) 00Ox0O0O0O0OO0OO0OO0OOO0OO0OO0O000O0 (+xy)d0 xO00000O0O
gbobodbbugudbbodgboisogoooboboobbdxbooooooboon
ggbbbud xboogbbobuodobobbooooboo

3.5.2 let 0000
mini Scheme? 1000 0000000000O00O00
(O) ==
| (lee({0ODOO))(ODO)Y)
(00000 ) == (000 )(dy))... (OO0, (0du))

expressed value, denoted value D O 00000000000t 0O0D0OD0OODOOOOOO
0000000000000 009000bUeval_exp U letDO0DODO0OOOODOOODOO
000000000000 0O0O00O000o0oOoO0bO00Do0ODODO00ODOO0DOO0OOOO0Oon
ooooooogon

Exercise 3.8 [J 00 0] miniScheme* 0000000000000 00OOO

Exercise 3.9 [x| 0000000 let0 0000000000000 0O0OOOOOOOODO
ggbbobuoooobbobooooobbooooboboooon

(O) ==

20



syntax.ml:

type exp =

| Let of (id * exp) list * exp

parser.mly:

%token LET
Exp :

| LPAREN LET LPAREN Bindings RPAREN Exp RPAREN { Let ($4, $6) }
Bindings:

/* empty */ { [1 }
| LPAREN ID Exp RPAREN Bindings { ($2, $3) :: $5 }

lexer.mll:

let reservedWords = [

("let", Parser.LET);
]

core.ml:

let rec eval_exp env = function

| Let (bs, e) —>
let ids, args = List.split bs in

let arg_vals = eval_rands env args in

eval_exp (extend_env ids arg_vals env) e

09 gboo

21



| (letseq((OODODOO))(O0DO))
(00000 ) == (000 )(04)... (OO0, (0O.L)

000000 letseq 0000000000000000000000000(000,)00
ooooo(o,)0...0(0,)0(0)000000000000000

(letseq ((x 4) (v (+x 3)))
(* xy))

goooogs20000 280000letseq 000000 0OOOOOODOODOODO

3.6 mini Scheme* — 00000

goggoobbobbobbbbbbodgoooooooboobbboboobooouaann
mini Scheme 000000 (0000000000 OO0O)0D000O0O0OO0O0DOOOOOOO
O0000OminiScheme 0000000000000 00O0O0O0O0O0OO0OOOOOOOO
ggon

3.6.1 O0O0OO0OOO

000 Omini Scheme* 0000000

(O) ==
|  (lambda (OO0 ) ... (OO0 ,) (0))

| ((O0) .. (O))

0000000000000000000000000 100000
lambda 0O DO(000,)0...0(000,)0000000000(0)Y00000000
00000000000000000(000,)0...0(000,)00000000000
(0)00000000000000000000000000000(0,4),...,(0,)00
000000000(0,000000

0000

(let ((f (lambda (x y) (* (+ x y) 3))))
(fix))

O00ob0ob0obOobDOoboDobooboUblambda D0 OD0OODOODODODODODOODOODOOO
gbogbuoobogooboobo

((lambda (x y) (* (+ xy) 3)) i x)

22



syntax.ml:

type exp =

| Lambda of id list * exp
| App of exp * exp list

parser.mly:

Ytoken LAMBDA

Exp :
| LPAREN LAMBDA LPAREN IDlist RPAREN Exp RPAREN { Lambda ($4, $6) }
| LPAREN Exp Explist RPAREN { App ($2, $3) 1}

IDlist :

/* empty */ { [ }
| ID IDlist { $1 :: $2 }

Explist :
/* empty */ { [1 }
| Exp Explist { $1 :: $2 }

lexer.mll:

let reservedWords = [

("lambda", Parser.LAMBDA) ;

010: 00000 (1)
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ggbbobuggobbouooooobooooboboooobobbuoooooon

(let ((twice (lambda (f x) (f (f x))))
(square (lambda (x) (* x x))))
(twice square 5))

gogsdgboboboogobood

3.6.2 0O0O0O0OOOO

O0000000000OminiScheme* 00 0000000000000 O0O0O0O0OOOOO
O000000000000000000 (first-class value) 000000000 D O expressed
value, denoted value OO0 00000000 O0O0OOO

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

oo +bbbbbgooooubobbuooooobobbbuoooooobbbouon
0000000000000 Objective CemlD OO0 00000 D0OOODODOOODOOODODO
goooon
type exval =
IntV of int

| ProcV of (* discussed later x*)
and dnval = exval

goggoobobboobbbodddooooooobobboobobboouoooooboboooon
f0o0oboooooooboooobobofsboboooobobooobobooboboOoDog
ggoooobbbuoooobobboooobbboodob 11ooaad

apply_prim 0000000000 0OCO0O0ODODOOO0ODOOOOOODOOO (ODOOO
0)0000000000000OD0000D0 1100 PsO0000O0O0OOOOOOOOO

gbbodbobbodobuoobbbUOleval_exp U ODODOOODOO If00000e1
gobbboooobobbooooboobobbbuoooobboooon

3.6.3 U0OOOUOOOOOOn

OOOlambda DOODDOOO0OOOOOOOOOODOOIlambda OO DOOOOOOOOO
00o000DoOoODOO(0DO)0D000000OC00OOoOOOOOOOUOUODODOOOoOoOoOOogd
goboodoboooboboobbuoobbuooobooobbuooboboobbboon
0000o0d0Uo0o(booo0odo)oopoooooogooooo

(let ((x 2))

(let ((addx (lambda (y) (+ x y))))
(addx 4))

24



core.ml:

let apply_prim p args =
match p, args with
| (Plus, [IntV i; IntV j]) -> IntV (i + j)
| (Plus, [_; _1) —>
failwith "One of the arguments is not an integer: +"
| (Plus, _) -> failwith "Arity mismatch: +"

let rec eval_exp env = function

| If (el, e2, e3) ->
(match eval_exp env el with
IntV test >
if test <> 0 then eval_exp env e2
else eval_exp env e3

| _ -> failwith "test expression is not an integer")

011: 00000 (2)

U0 addx UD0O00O0D0O0ODOxODOOODODOODODOOOODO xO 20000
ggbbobuoooobboooobooboobooogbbobuoooobobooo

1. 0oobood
2.0000000000

3. (00000)00000000000000000000(@O000)00000 (0
ooo)

0000000000000 DO0O000000000000ogg (function closure) OO
O0000 lambda DO O0O0ODOOOOODOODOOOLOOOOODOODOOOODODOOO
Ob00ob0obO0bObDOlambda OO0 DOODOODODODODODODODOODOODOOOOOOO
gboboodgbbuooobbodobbuooobbuoobboobuodobbooobboob
ggooobod

UobD0bO0odb core.ml J00O00O0O0O 1200000000000000000000
gbbodbbodbbodibibUbenvU exval DUOODOOO0OOOO0OO0OOOOOOOO
(and 0000000000 ProcVvO0OODO0OODOOODODOOOOOODOOODOOOOOO
gbbooobougbbobbddbuodibibUeval_exp U Lambda U0 DO UOODOOOOMO
gbobobioddbUenvOgbgoobobobobOo0oobobooboobooon
gbobobogbugobbuoobboobuooobbuooobbooobbooobboaboab
gbgobobooboobobbooboobboobooooboobuobboboon
Uoboboodbibb newenv U OODOOOOO0OODOO0OO0OOO0OODOOO0O0OO0OO
gboboobooobod

25



core.ml:

type exval =
IntV of int

| ProcV of id list * exp * env
and dnval = ...
and env = ...

let rec eval_exp env = function

| Lambda (ids, body) -> ProcV (ids, body, env)
(x closed in the current env *)

| App (rator, rands) ->
let proc

eval_exp env rator in

let args = eval_rands env rands in
(match proc with
(* check the operator is a procedure value *)
ProcV (ids, body, env) ->
if List.length ids = List.length args then
(* extend the env in the closure x*)
let newenv = extend_env ids args env in
eval_exp newenv body
else failwith "# of parameters and arguments don’t agree"

| _ -> failwith "Applying a non-procedure value")

0 12: 00000 (3)
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Exercise 3.10 [0 0 00] mini Scheme! 0000000000000 DOO0O

Exercise 3.11 [x»x] 00 0000000000000 0O0O0O0O0O0O0OOOOOOOOOO
ERERE

(let ((.twice (lambda (f x) (f (f x)))))
(twice addl 3))

000000000000 0000000DODODOOO00000000000(oDOoO0Od
00000 miniScheme 000 00000000)0000000O0O00OOO0ODOOOOOO
000000000000 0000000(@COD: 00000000000 expressed value
gbobbogboboobboodbbooobbooobbooobbuooobbbooob
O0000000oooooooooon)

Exercise 3.12 [x] 000000000000 40000000000000 mini Scheme?
oooboooooooboobooobooooooboboooobobooooOoon

(let
((makemult
(lambda (maker x)
(if (.: x 0) 0 (+ 4 (maker maker (subl x)))))))
(let ((times4 (lambda (x) (makemult makemult x))))
(times4 3)))

Exercise 3.13 [x*] miniScheme* 00 0000000000000 000ODOO0ODOOOO0O
O0booboooobodbUlambdad 0000000 OODOOOOOOOODOOOODOO
gogbbobuoogobboboogobobobuoooobbbouooooboood

gogbobobbooogoobbbodg atd 300bbo sbobbouooobobouooaon
000000 (dynamic binding) 000000

Exercise 3.14 [x] 00000000 Omini Scheme® 00 0000000000000 O0
U00O0OExercise 3.1200000000000000000000000O00O000O0O0O0ODO
ggbbobuoooobbbuoooobobbuooooboboooooobooo

(let ((fact (lambda (n) (addl n))))
(let ((fact (lambda (n)
(if (=n0)1
(* n (fact (subl n)))))))
(fact 5)))

27



3.7 mini Scheme’ — 0000000000

gbobogdbbuodgbboodgboobbuoobobooboboobbuooobboon
00000000000 (recursive definition) 0 00 0 00 O O mini Scheme® 000000
gboboodgbbuoodbbuooouooobuoobobboobbobobboobbooob
0oooooooo3oo0

O0000ooboooood letrecd0000O00OODOODOOO

(g ) ==
| (letrec((0DO0DOO0DOOY)(0D0)Y)
(000000000) == ((000,) (lambda (OO0 1) ... (000 1)) (0 1))

. (000 ,,) (lambda (000 pa) ... (000 ) (O )

letrec 0O0O(O0OO)O...0(000 )00D0O0O0O0O0O0O0ODOOOOOOOOOOOOO
O0000(000)00000OO0lt00000000D00000000O0 lambda O0OOO
0000000000000 00oOooOOO(ooo)OD0000OdOlambda 0000000
Olambda 00 O0OOO(OODO,)O...0(000 )OD0OD0OODOOOOODOODOO

O00000D0O00DO0O0D0ODO00000000D0 factd letrec00D0O0ODOO5R! O
gogbobobooodn

(letrec
((fact
(lambda (n)
(if (=n0)1

(* n (fact (subl n)))))))
(fact v))

000d0ooooooooooDooog letdd0b0bO00o0obobOOo00oooDOoboooOoa
Oooddooodoooooooboooooooooooo oo ooooon
oo ooooooboooon
godododoooooooddddddddoUU000Oo00ooOOOOoOULDbLDoLoLDoLoOon
0000000000000 o0oob00oobo0bDboo0ooDOOnodoObjective
Caml OODOOOOOOODOOOOO

U 13 0 Oparser.mlyllexer.mll JUOO0O0O0O0000000D0O00OUOeval_exp U
Lletrec JOO0O0O0O0O0OOLet DOODODO0OO0ODOODOOOOODOOOOOOOO
extend_env_rec HOUOOUOOOOOOextend_env_rec U OOOOOOOOOOOOO
0000000000000 00)D00000D00000000000 veeOODOOO
0o0b0dddobobooobdobo0ooooboo0oobddddneweny U Ovec
goddobodoboooooooooooooood

3Scheme 0 Objective Caml 00000 (00000)0000000000000D0D0O0O0
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syntax.ml:

type exp =

| Letrec of (id * (id list * exp)) list * exp

core.ml:
let extend_env_rec syms procs env =

(* assumes List.length syms = List.length procs *)
let vec = Array.make (List.length syms) (IntV 0) in
let newenv = ExtendEnv (syms, vec, env) in

let rec iter f i = function

1> 0O
| x :: 1s > f 1 x; iter £ (4 + 1) 1s in
let iteri f = iter £ 0 in
iteri

(fun i (ids, body) -> vec.(i) <- ProcV (ids, body, newenv))

procs;
newenv

let rec eval_exp env = function

| Letrec (procdefs, body) ->
let (ids, procs) = List.split procdefs in
let newenv = extend_env_rec ids procs env in

eval_exp newenv body

U 13:000000n
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(int -> ’a -> unit) -> ’a list -> unit
O0000000 iteri DOOOO

iteri f [ag; ai; ... apl

f0ay; £1ay; ...; £na,

goobbobboodudbbnewenv U OOOOO0ODDODOOO0O0O0OOODOOOO0O0O0OO
gobuogdbbibd newenv U0 OOOOO0O0OLOOO0OODODOOODOOOOO0OOOOOO
gogboobooon

Exercise 3.15 [0 000] 00000 syntax.ml1 D00 000 Oparser.mly 00 lexer.mll
O0000OOminiScheme® 00 0000000000000 O0O0OOOOOOOOOOO
gobooooooogooooobbbboooo

Exercise 3.16 [xx%| letrec 000000000000 Olambda D000 O0O0O0O0DOOODO
OooooooooooooooOoOoooooooboooOoooo

3.8 00O

Exercise 3.17 [x] 00000000000 miniScheme® 00000000000 OScheme
0000000000 ) D000000000oo (200)000000 consDOOOOO
000000000000 (COooO0b0)0oOooOOstOb0000o0ooooooooQ
00000000 O O000000 carD00000000 «dr DO0O0O0O0OO00OO0
oooooooooonoon

000000000000000000000 ()0D0D0oDoooooo

= (list 123 4)

(1234)

= (cons 0 (list 1 2 3 4))
(0123 4)

= (cons (list 1 2) (list 3 4))
((12)34)

0000000000000 Scheme 0000000000000 00O0O0O0OOOOO(O
0000000 (12)0000000000000000) 00000000000 OoOOO
gobooobooon

= (letrec ((append (lambda (I1 12)
(if (null 11) 12
. (cops (car 11) (append (cdr I11) 12))))))
(append (list 1 2) (list 3 4)))
(1234)
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Exercise 3.18 [xx] Scheme 00 0000000000000 0O0O00O0O0OOcons00O0O
0000000000000000000Scheme 00000 (consO00000)00000O
ocoobooobooooooooooobooooooOoOOOOOOODOOOOObODbODOOO
0000000000000000 consO0000D0O0(MDOODOO0OO car,cdr DO0ODO
O00000000000oo0ooooooooooooon)
oooooooooooooooooonono . ooooobogod

= (cons 1 2)

(1.2)

= (cons 1 (cons 2 (cons 3 4)))
(123.4)

= (cons (cons 1 2) 3)

((1.2).3)
= (cdr (cons 1 2))
2

Exercise 3.19 [xxx] MLOOOOOOOOOOOOOOOOOOOOOOOOOO

Exercise 3.20 [xx] Scheme 0000 O (quotation) 00000 (000000)00000
0000 (0000000000 0)0D0O0000000000O0O0cons O listO00O0O0O
goboooboobooboboooobooboooboobobooboobooobobbooobDobobon0 '"oo
ggbobuogoobbobooooobbboooooo

=1

1

='(12)

(12)

= (cons 3 '(1 2))

(312)

0000000000000 000000DO0O0O0O00OOO0ODOOODOOOO(mDOOOO
O0000o0oO0)oooooo

3.9 mini Scheme® — 000000000

gobbbuooubbbuoodd seeggbbbuoooobbod

(O0) ==
| (set (OO0 ) (0O))

set 00 (OO0 )000O0 (0 )0000000000set0000DODOOOOOOODO
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000000000 oOo00bOOobOo0oooooOoo0ooDbOo0obOo0ooooooooDOoOon
0000000000000 0 (000)00000000000 (D000 denoted value)
00do00d00O0dodoododoodoooboDdDoobooooDooDoooooooon
0000000000 O0set00000DOODODOOOOODOODOOOODOODOOOODOODO
00000000000 DO00D0O000DO0000b00000000000O000n0Odset
00000bOO00O00bOO0OO0oo0o0oodoooooOoDoobOoooooooooon
00000 (o00000) 000000000 0ooooooooOoooooooOoO
000000000000 00DO00D000set 000000000 OODODOODODOODODO
o0o(0)o0oU00oOoO0O00OOoO0OO0O00DO0O0OoOOOo0OooOOOoOoOoOoOO
0000000000000 00D00D000000000 expressed value, denoted value O
oooooooooo

Expressed Value = 00O (...,—2,-1,0,1,2,3,...)+ 000
Denoted Value = (00 +000)0000 (D00O0O)

ggooobod
gbobogdgbbuogooobobboobbuooobooobboooboboobobon
g

(set x (addl x))

000000000000 xOODOOOoDbOoOobOoODOOd denoted valueO DO OO OOO
o0oo0oboobooooobooboboobo0ooboooboobooboobbooo
(expressed value) 00 0000000000000 O0OOODODODODOODOOOOOOOOOO
0000000000000 00000000000 (Lwalue)D0000OO0O0O00OOOOO
O(R-walue) 0000000000000 OO0OOCOOOx=x+1; 00000000000
Ox00000000O0ODO0OD xO0000000000D000000OD00O0O0ODOOObjective
Caml OO0 0D0O0O0O0ODODO0OODOO0D0OD0O0D0ODO0Ox0O int ref 0000O0Ox O
gooooooo0oooooobobbo0odxobobooooooobooboog 'xOooo
goboboboooobboo

ooo0ooboooobbuoooboooobobooobooooboooboDoooboon
00000 0incOget 000000 Ocounter OO0 OOQOO

(let ((counter 0))
(let ((_get (lambda () counter))
(inc (lambda ()
.(Iet ((d (set counter (addl counter)))) 0))))
(let ((d (inc)))
(let ((d (inc)))
(get)))))
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dOODOD0OOO0bOOdOltO0DO0OD0O0O0ODLOODOO0ODO0O0OD0ODODO0OO O counter 1000
100000 incO200000counter U000 get 00000000 O0OOOOO 200
goboodoboooboboobbuogobbuooobbooobboobobbooon
gobobbbbuoodibbibblDeounter OO 0OODOOOO0OOOOODODOOOOOODO
ggboobogooboodad

(let ((inc_and_get
(let ((counter 0))
(lambda ()
(let ((d (set counter (addl counter))))

counter)))))

(+ (inc_and_get) (inc_and_get)))

200 incand get 000000000000 0O0O0OO (counter 00000 O0)00O0DOODO
gogbooogd

mini Scheme® D000 0000000000000 O0O0OOOOODOODOODOODOOOO
0000000000000000000000000000 (call-by-value) 0004000
ggbbobuoggobobbooooobobbooobboboooobobuoooobobooo

gbg20bdbodbodpbobooboboboboobobooboboboob
Ub0odbd setd000bodbpdbd xgoboooooooooobo o

gboboooboobbuoobbio0 40000000anval DOOOOOOODOOO
Ubooobooobobobobd ref 0000000000 apply_envU dnval OO 0O
gbobobobDvargbobobonooO0'obobobubobbdbexval UODOODO
U00000000 Assign 0000000000000 ODOO0OO denoted value O 0O O
00 Objective Caml OO0 :=0000000000Oeval_rands JOOO0OODOOOO
gboboboooobobooboboooboboooboooobobboobobnooo
O00000000D00 expressed value D00 000000 O0OOOOODO eval_rands O
OO0 eval_prim_rands 0O O OO0OO0OO

Exercise 3.21 [x] 00000 syntax.ml 0000000 parser.mly 00 lexer.mll 00
O000Omini Scheme® 00000000000 O0O0O0OO0O

‘00000000000000000000000000000000000000000000000
oooooo
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syntax.ml:

type exp =

| Assign of id * exp

core.ml:
type exval = ...
and dnval = exval ref

let extend_env_rec syms procs env =
let vec = Array.make (List.length syms) (ref (IntV 0)) in

iteri
(fun i (ids, body) -> vec.(i) <- ref (ProcV (ids, body, newenv)) )
procs;

let rec eval_exp env = function

| Var sym -> !(apply_env sym env)

| Prim (p, es) ->
let args = eval_prim_rands env es in

| Assign (id, exp) ->
let arg = eval_exp env exp in
let idref = apply_env id env in
begin idref := arg; IntV O end

and eval_rands env = function

(1 -> 1

| e :: rest -> ref (eval_exp env e) :: eval_rands env rest

and eval_prim_rands env = function

b ->10

| e :: rest -> eval_exp env e :: eval_prim_rands env rest

014000000
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Exercise 3.22 x| 000000000000 begn DOO0OODOODOODOOOOODOOOO

(00DDoO0) == (0)
(O) ==
| (begin (O 1) ... (O ,))

beginOODO(0O )000000OO0O(O ,,)OODOODOOOOOODOOOOOOOOOO(letO
O0000000O0000ooOo0O0o0)0oooO0o0o00oooOoOo0ooOoOoOOoooooooo

Exercise 3.23 [x] 0000000000000 O0O00O0OOOOObjective Caml 0000
U000OoOoboODDODO expressed value OO OO0 OOODOOOOOO0ODOOOO
00000000ooooooooooooooooOoOoOoOoOooO((@DoOooooooooD)oo
O0D00D0O000 ref0000000O00ODO0ODOOODOODOODOO deref00 10000
O000bo0ooboOoboD2000000000 setrefU00O0DOOODO0OOOODOOOOO
goooboboogon

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

ggbbobuooobbooooobobo

(let

((g (let ((count (ref 0)))
(lambda ()

(let ((d (setref count (add1 (deref count)))))
(deref count))))))

(+ (g) (2)

3.10 DOUogog

Exercise 3.24 [x*] setcar, setcdr 000000000000, Exercise3.170000000
00000000 (car) 00000 (edr)D00000D0ODOOOOODODODOODDOOOO.
(00: 00000, Exercise 3.1800000000000000000O00O0OOOOOO
0000, Exercise 3.18 00 0000000000O0OO0O.)

setcar U O OOOOOOOooooo, oo, oo onobn
0000000000 D000D0O0O0D. O00,setedr 00 00O0D0DO0OODOOODODO
g, b0bbgdgogoobbooooobbbuooooobobbooo. ouobobbooo
0000000 (booooooooon).

= (let ((xs (list 0 2 3 4)))
(let ((d (setcar xs 1)))
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xs))

setcar, setcdr U, Exercise 3.180 00000000 0O0O0OOOOO0OO,

= (let ((p (cons 0 2)))
(let ((d (setcar p 1)))
P))
(1.2)
= (let ((p (list 01 2)))
(let (gc)i (setcdr p 4)))
p

(0. 4)

good,bboboodddoog, bbb ooooooooagag. setcar,
setecdr OO O0UOD0O0OO0O0OO0OOOOOOODOO.

= (let ((xs (list 1 34 5)))
(let ((d (setcdr xs (cons 2 (cdr xs)))))

xs))
(12345)

= (letrec ((nconc (lambda (xs ys)
(if (null xs) ys
(if (null (cdr xs)) (setcdr xs ys)
. (nconc (cdr xs) ys))))))
(let ((a (list 0 1 2))

(b ((Iist 345)))
(let ((d (nconc a b)))

t
a)))
(012345)

Exercise 3.25 [»x] 0000000 setedr 0000,

= (letseq ((xs (cons 1 ()))
) (d (setcdr xs xs)))

gooobooboboboobo,oobobo1ogboobgooboobobobooboob,
gbodldcdrdIDO00bOo0bobb,00bo0oboobooboobooboon
0000000000000 000000 (D0D0D0DO00OO0OODO)0Do000O0O0ODOOOOOd
Core.pp 00000000 DO(ODDODOOOOOOODODOOODODOOOOOOODODODOOD)
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3.11 UUboboooobbold —gubtbuooobooobobooogd

bbb boobbuoobboobuooobuobbuoobboobua
O000000O0FORTRAN, Pascal 0000000 O0O0O0OO (call-by-reference) 0 0 O O
00 (lazy evaluation) 00 00 0O Algol60 DO D00 00000 (call-by-name)d Haskell O
000000000000 (call-by-need) 000000000000 O0O0OOO

3.11.1 00000

gboboggbbuogbooboboboobbobbuoooboboobbuooobboon
gobbdodgboboboobbbobbobuoobobbooboboobbooobbooob
00000000000000000001000000000000000000000
ggbbobuooobbbooodgn

gogobbbboggoobbobboooooboboboboooooobobobobodgoo
gboboboodgbboodgbbuoooboobbobbboobbobobboobbobooob
gobbogboboodgbboobbuooobbooobboobobbooobbobooon
O00000000000000000000 (denoted value) 0OOD0O0OOOOOOOOO
O0000000000000000000000000000000 (expressed value) 0 O
gobooboodo

gboboodbooboboobbogbboooobbuooobboobooobboon
gbobooboboboouooobobuobuoobobobobObExercise 3.2300
gobobobogoobobodao

(let
((a 3)
(b 4

(swap (lambda (x y)
(let ((temp x))
(let ((d (set x y)))
(set y temp))))))

(let ((d (swap a b)))

(- ab)))

T o

gboboboobooboboobobob -10bboo0obobobdswap oo
O000b00b0bb0-0 bOOOoOOoOoOoOoboOoD1DOOO

gogbbbbooodgbobbbuoooobbbboooobbbbooobbbb xdy o
ggbboobouogobboboogo 400040

(let

((b3)

SExercise 3.230000000000000000000OOODODOO
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core.ml:
let rec eval_exp env = function

| Let (bs, e) —>

let arg_vals eval_let_rands env args in

and eval_rands env function

| Var id :: rest -> (apply_env id env) :: eval_rands env rest

and eval_let_rands env = function
0 -> 1

| e :: rest -> ref (eval_exp env e) :: eval_let_rands env rest

U 1: 00000

(p (lambda (x y)
(let ((d (set x 4))) ¥))))

(p b b))
0000000000000 000000000000000 (aliesing) 00000000
g obbbobbobobbbbbbboboboda
0000000000000 0000ooooOOO0o0o00(oooooooooooooo
00D expressed value 00 0000000000000 0O0OOODODOOO)

gooobooooo 1o boooobobooobboooooboboo

0 Odenoted value O expressed value 0 0 000000000000 0O0O0OOOOOOO0OO
0ot refddgdddddeval_rands DO OQOQOQOO
O0000D00O0OOapply_env DO ODODO denoted value DD D OOODOOODOOODODOO
O00let00D0000O0O0OO0ODOO0O0ODOOletODO eval_let_rands JOOOOODOO

Exercise 3.26 [x) 00 0000000000000 O0OOO swapOOOOOOOOODO
O0eval_let_rands 0 eval_ rands DO OO 0O0OOO0OOOOOODOO

Exercise 3.27 [xx] Pascal 000 0000000000000 0O0O0OO0OO0OOOOOOO
gogbbobuoggobbbooooobobbooobbobooooboboooobboboo
gobood

3.11.2 00000 call-by-need, call-by-name

gboobobobobobobobobobobobobobobobbobobobob
gboboooboboboobobooboooboboobobobobobobobooo
gboboboboboboboboooooooooooooooooobobobobog
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mini Scheme 00 000000000 O0O0ODOOODOOODDOODOODDOODODOODODOO
googobbuooobboobbuoobboobbboobbooobbooob oo
goo0oo0o0obooobbooobboobooobDboooboboobooobbon
000o0ooooob0obobooooob0obonogn thunkDODOthunkOODOOOODO
000000000 freezing, thawing 00000000

(let ((p (lambda (x y) (* 2x))))
(p (+ 2 4) (fact 150)))

O00OD0O00O0D0ODO0OD0OD0O0O0ODO freeze HOO0O0ODODODODODOOODODOO
thaw OO0 O O0OO00O0O0O0OOOOO

(let ((p (lambda (x y) (* 2 (x)))))
(p (lambda () (+ 2 4)) (lambda () (fact 150)) ))

000000000000 00D0OO0((@O0O0 fact DOO0ODOOODODODODOODOODODOO
00)000000000000O00000D00OC0O0000o0ooDooooOooooDooOO
gagoobo

0000000000 000o0000oo0o0o000ooDooO0U0OoD (CoooD)oooo
0000 (lazy evaluation) 000 0000000000000 O00OO0ODOOOOOOOOO
gobbogobboogobbooo2bbo00bbooobooobboooboboon
O0000000O0thunk O thaw 0000000000000 0O0O0OOO (call-by-name) O
OO0OD0OAlgol6O DO0ODOOOODOOODOOOODOOOODOOODOODOODOOODOOOO
0000000000000 oboobo0boObUdD Haskel DODOOOO
OO0 00000 (eall-by-need) OODODOO0OOCODOODO thaw OO thunk OO0OOOODOOO
gbgboboboobobooboobobobuoobobobooboboboboon
gbobobogobbobooobbooobboobboobbooobboobbooon
gboobgobobbobbobooboobo

(let
((g (let ((count 0))
(lambda ()
(let ((d (set count (addl count))))

count))))
(double (lambda (x) (+ x x))))

(double (g)))

UbgUDOOOObbOoOobOobobbol1lgbboobbboobbodbbutdgbdxud
gooobg200b00bgb3goobobubooboobobonboo xbooo
gUbbug 10bbooobboogbb xbboooobooooobobbbooono1
gbogoooboob 20000
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gboboggbbobbuoobobbobboodobbuoooboboobbuooobboon
gobbuogobbuoobboboobobbuoobbuooobbuooobboobboob
0000000000000 0OO0O(0000000000000000000o0ooooQ
0000000000000 00000OO0)0000000OO00D0DOoOOOOoDOoOoooOOO
goboodgbbuoggbboobbooogbbuooobbuobbobbuooobboon
gbobooooboboooboboboboobobobooooboboboboon
googdbboogobbuogbboobobooonobooobbooobbooboon
ggbbobuooobbbuoogobbbuoooobboooobobobod

goboboobboooboobbooobooooboobbooobo0oouobUdthunk
ggbbbuoogobbodo

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

UOOOcore.ml UUDODOOOUOOO160000000dnval O Upre_dnval UUOUOOMO
00000000 Opre_dnval DUthunk D00 OO0OOO thaw OO0 expressed value
OU0b00OthumkO0ODOO0OO0OOODOOO0ODOOODOOODOOODDODOOODOOODOODOO

eval_exp OO 0ODOO0ODOO0ODOOOOOODODODOODOOO0ODOODOODDODOO
denoted value U 0 OO OO0 OOOOODOODO thunk O OO0O00OODO O thunk O thawing
gbooboooooboobuoobuooboobobo thmkODOOOOOOooOooobDOO

eval_rands U0 O 0OO0O0O0O00O00O0OO0OOOOOOOOOOODOO0ODOOODOODO
gbbdbobdOllambda D000 O0Othenk DOOOOOOOOOOOOODOOO
OobooobOoOOlmbda 000000000000 Othunk 00000000 thaw OO
goooood

Exercise 3.28 [x] 00000 core.ml D000 0O000O00O0OO00OOOOOODOODOO
gogbood

Exercise 3.29 x| 00 0000000000000 0O0O0O00OOOOOOOOOOOOO
ggn

Exercise 3.30 [\ 00 000000000000 lee0 000000000 OOOOOO
ooooooodletDODODODODOODODODOOOOOOODOOOOOODn letd
gbooobogobg strictlet DO0DO00O0OO0OOOODOOODOODODOOOOODOOOO

ooon

[1] Guy Cousineau and Michel Mauny. The Functional Approach to Programming. Cam-
bridge University Press, 1997. 00 0000000000000 OOOOO Caml O0O
000000 (D0oo0)obooooo
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core.ml:
and pre_dnval =
Thunk of exp * env

| Thawed of exval
and dnval = pre_dnval ref

let rec eval_exp env = function
| Var sym ->
let varref = apply_env sym env in

(match !varref with
Thunk (e, env’) ->
let v = eval_exp env’ e in

varref := Thawed v;
\

| Thawed v -> v)

and eval_rands env = function

| ILit i :: rest —-> ref (Thawed (IntV i)) :: eval_rands env rest
| Lambda (ids, body) :: rest ->
ref (Thawed (ProcV (ids, body, env))) :: eval_rands env rest

| e :: rest -> ref (Thunk (e, env)) :: eval_rands env rest

and eval_let_rands env = function

b -> 1
| e :: rest —>
ref (Thawed (eval_exp env e)) :: eval_let_rands env rest

U l16: 00000
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