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o] Ao OCaml!) g ]85+ g3 =2 7129 (functional pro-
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S 27 A Aol WA Poz meaaY QlolE YA
A FESH] Fdllid 7 ddoj= oty = ddojql OCaml
2 A48 Aolch. ma e} 91o]o] A7 (interpreter)L} £
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1) https://ocaml.org oA A& 4= Ut}
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https://ocaml.org

2.1 OCaml 7|z

OCamlg T2 I2g ZHAste § 9o BRF 714 718z el

A957]

OCaml 22758 AGA7E Wilelis 27 Al 47} Qlet. o
~E WR715 o] gste] Theu} 2o L2 19E A4S hello.md
ol o] AR A5t

let _ = print_endline "Hello World"

B &9 94 print_endlineS ©]-§5to] EA+<E "Hello World"

Loop, tia}e Z=T0q] A3 )& o] & 4= Utk FE oA
ocamle st theu} ZHo] REPLo] A ch($x}t # ZHz}
A7} REPLO| TR I EE Uetl= FAF2taL of4).

$ ocaml
0Caml version 4.09.0

#
et gol AL WS 2w EAAS Zsrtt

2) o] A9o] dX A= o} HoA 7}ALtl: Yaron Minsky, Anil Mad-
havapeddy, Jason Hickey. Real-World OCaml. O’Reilly
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# print_endline "Hello World";;
Hello World
- : unit = O

o704 ;34 REPLO|A| @elg Aaistets ojnl Abgshs &
AR, 12 IRg BAE B 44T e 4g Wast gk
REPLAA 24 Z2 1 geisty gu

= Hade EAE 9ol & rt.

# #use "hello.ml";;
Hello World

- : unit =
REPLYIAl OCaml 44715 A4 ol 8ol k. o2} o] o
o] ocamlFlo] A4 el o] 8L F1 Hr}

$ ocaml hello.ml
Hello World

$ ocamlc helloworld.ml

$ 1s
a.out hello.cmi hello.cmo hello.ml
$ ./a.out

Hello World

Autede she AW 2 outo] YA EIH, o] S AWt B}

< "Hello World"7} &2l &},
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1=

[ |

Sl o 4L TolA mz e ZAst Ao| A o]
A 27 oo Aee FAlo] HFIohs AL Al &
qere =), HoA] A9} ] & o 25| ol Aol

7183k
OCamlo] A ZsHs 7P 1 RAQ Aol A%, %, /A3, 2
A, BAE 5] 7122k (primitive value)& TS| Aol 9]

t}. ol 9], REPLOA] AF&A](arithmetic expression) 1 + 2 *
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#1+ 2 % 3;;
cint =7

OCam] A

o
<«

oV

| AX2}7} T2t 219 oo A A

SHA

°

51

3.3;;
8.36

Etdel met 7

# 1.1 +. 2.2 %,
: float
dES

o

.

o 7ol

ki

ook
o] Bty 2 (type error)

SRR

die g fole

5

Zofl o

Al
=

e

=

Al

1

33

=5

Error: This expression has type float but an
: int

expression was expected of type int
# 3 + (int_of_float 2.0);;

#3 + 2.0;;



# (float_of_int 3) +. 2.0;;
- : float = 5.

.
Rl
o

int_of_float2} float_of_int= Z}Z} A4
4g ASR MBEEE ot

H-&2](boolean expression)2 ZAytgho] & E= 7219l
oF 3 ABE A2 true, falsez WEHHAL o5 4o B
boolo|tt.

i

TR,

E

a1
o

jin4
Flo

# true;;
- : bool = true
# false;;
- : bool = false

At Al th3h vl AAE Be7kS mhEo]Wth

# 1 =2;; (x equal to *)

- : bool = false

# 1 <> 2;; (% not equal to *)

- : bool = true

# 2 <= (1+1);; (* less than or equal to *)

: bool = true

i

2 AUAE olgale] 7] ReAe ol ARe Heae 1
% gt

(2>1) & (3>2 |l 5<2);;

: bool = true

# not (2 > 1);;
- : bool = false

i

+*
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o] 9ol OCamlof| A= FA}(character), FAF< (string), 4

(unit)gt= 712gt o= Algett

#°c’;;

- : char = ’¢’

# "Objective " ~ "Caml";;

- : string = "Objective Caml"
# O3

- : unit =

unite gh shbet ZHAe ehgleln] 1 ghe O vehdnh C
A0]0] 4 void EFelal w2 elghe Fhrka Azts Bt 9]
ool q ~& = EAAE olojoli AslAtolct

m2 e dolsl AT 1% 1RA TR F st 22
Solck. CLb Javash 2] OCamle A ZARE Aolw], wetA
1 AR ke AARgeE 2742 (conditional expression)2 ThS-
W o] BA.

o)

if e; then ey else eg3

AA71A e1, ez, es= A9 A& Kottt 271219 on]= e, 9] Fk
o] ol exE AATSIL ep0] gho] AAOIH e3E A4ttt &
ojtt. ol & &°l, ol ZEIHL ey, ez, e37} Z}2F 2> 1, 0, 191
7d%-olch

# if 2 > 1 then O else 1;;
- :int =0

35



4 2> 19 o] true D& epo] S|FHe A 0& A4S 1
grol 24 44| gro] Hrk. 2L theat go| HHRE A
2749] Zhe ;9] go] e,

# if 2 < 1 then O else 1;;
- : int =1

&

OCamlof A 2345 24T wjoll= R7HA] w215 A[#AoF
of. A e HIEA] F&2jo]ofof gttt A& 50,

if 1 then 2 else 3

ke eAelA B oR7 S

# if 1 then 2 else 3;;
Error: This expression has type int but an expression
was expected of type bool

E e} erke BE B 0] ZhS AT AlSololof @t oS
Sof, obdf A= et ©F7h WAYSIL AYEA ghect

# if true then 1 else true;;
Error: This expression has type bool but an expression
was expected of type int

= WA 428 AR OCamle] A2 €FQ] A|AH(static type sys-
tem)o] RT3 oItk ex9h e59) Ehelo] Febe m2 IE A
YA 7= = A7 AT Bds A8Y Aol A5k By
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3+ 49] GHE x&, x + x9] 2L y& o] BX| Stk o] @A Hol o]
5L GOz ool AU A 7Hsd 9F9 A Wt Ak,

At ool ARt o] Fo] fratt A9 M-S oot H let. . .in

let x = e; in e

M a7 O] g RS AOle Foll A erB Al X
ek o] u, W% we] A9 (scope) e20]eh. Z, 4 ergkolA
g R A OIS WS o7t el /M 183 let. .. ink Ao]
D2 ke A 1 g A 9 otk dE Sol, o}

[*]
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=+
'_l
0]
ct
[V
1]
-
H
B
[V
*
N

g
il

12 Aol Fol ax 22 ANSHL 1 o] AAA Y
Zkol El9lth. o] ) W4 ak eyo] SJGHE a % 20| AE GBI
et 9] LetAlE A T ac] Aol @RI} WART

# a;;
Error: Unbound value a

P

3} 2ol et FHste] AHgw Hrk.

# let d =
let a =1 in
let b = a + a in
let c = b + b in
¢+ cj;

val d : int = 8

# d;;

- : int = 8

# a;;

Error: Unbound value a
# b;;

Error: Unbound value b
# c;;

Error: Unbound value c

A W a9 34L& SHE let2 o]-gsto] st QlolA ©
T a, b, c= B 49| & ASH] foiA A= AR A1
H

Zolmz a7t Aol] ok Fod 4 g7 et



olgf] dof A= 1etQ] e Aol letd ZHdto] AF&aloT).

# let x
- : int
#y5s

Error: Unbound value y

(let y = 2 in y * 2) in x;;
4

o] AL W4 yi x2 AOJ5] glote] 291 Ao} WMiolnz

A A& At Folle H2F 4 /idk

S
o

ool

TdrE YT "ok leta ARERIT Tha2 o squareEs 4

3 Zlolek.

Lo

# let square x = X * X;;
val square : int -> int = <fun>

g9 olF theoll &4 Z}Hargument) Q] o] 22 Ho|F 11, =
Thgo] B40] B (body)S ATk 919] B4 squares U7}

x5 Wotq AHFOR x * xE ol 45 Ao Aot
g2 AolotH OCaml AP7|= 1 gFS deFiag], o] A<
int -> int= JE AR oM A4S Hede daete %
ojtt. follA <fun>2 Aot gro] eh2tE Kot
OCaml AP7= FA2Q] g2 HAFA= =t
s ARt Tols thgdt Zo] TEsto] AR

# square 2;;
- : int = 4
# square (2 + 5);;
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- : int = 49
# square (square 2);;
- : int = 16
&2~ squareZ olafje} Zro] Aol S 9Jrt.

# let square = fun x -> x * X;;
val square : int -> int = <fun>

o714 fun x -> x * xi= A7 xS Wobd] x * x5 WEFSIE T4
£ Uehy L, o] squarert 1 @42k AHES stk o
A F5E Goloks BAL ool A Holst YA Yets] FAs)
t}. =, let square x = x * x@} & A& OCaml Aot 7F Y
HZAORE let square = fun x —> x * x@} Zro] gt AY
Ztshd "ot fun x -> x * x@F go] Aot &€ olFfle &
Z*(anonymous function)gtil 2

O Az, 17 27t S¢AA AF-E st &4 negE 4
ofafiat. g4o] BEol 2749l Fgolek
# let neg x = if x < 0 then true else false;;
val neg : int -> bool = <fun>
# neg 1;;
- : bool = false

neg (-1);;
: bool = true

+*

OCamlo| 4 3
ea® U9 4

Foh A 74 ol

TEAZ AWHC R e e} Zo] AZL, e
o & & St} & 501, Yol sqaureE =

A e1-& B square©|dl eo= Z}2ZF 2, 2 + 5,

i)



square 28] -0t} Thel Zo] e,o] ol B8l T4t A4 9f
T FHoh

# (fun x -> x * x) 3;;

- : int = 9
# (fun x -> if x > 0 then x + 1 else x * x) 1;;
- : int = 2

P4k ofd A4S 42 4 Ak A ol T B4 x9hyE
QAzpz wrobA] 77| AlFo] e Wk A4g AR A,
# let sum_of_squares x y = (square x) + (square y);;
val sum_of_squares : int -> int -> int = <fun>

# sum_of_squares 3 4;;
int = 25

o}

# let £ = sum_of_squares 3;;
val £ : int -> int = <fun>

# f 4;;
- : int = 25
W £5 sum_of_squares 39| gfo g Aot 11 g2 4

y& WolXA (square 3) + (square y) 2] g2 WhElsh= sh4=7}

of oA £5 482 $ET 4 Q3 T gk 2571 "k

h
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A o)5l= T =ASIA|TE 1let TF2of 7]¥E

=
rece &9 F0lof ettt A E S0l &4 factoriale et &

# let rec factorial a =
if a = 1 then 1 else a * factorial (a - 1);;
val factorial : int -> int = <fun>
# factorial 5;;
- : int = 120

o
Q
oY)
=
Mo
ok
-
mlm
/E
=
e
o,
o)
%
PHJ
j)_u‘
o]l
i
_V,L
et

(if f a then a else 0) + (if f b then b else 0)
val sum : (int -> bool) -> int -> int -> int = <fun>
# let even x = x mod 2 = 0;;
val even : int -> bool = <fun>
# sum even 3 4;;

- : int = 4

# sum even 2 4;;

- : int = 6

910l A even QAR WS A% w7k Agold Fe wiBksHE &
Foltf. =, even?] 54 x mod 2 = 02 x5 22 e UM 2|7}t
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0old & Atsts F2Alolth &4 sun A £, a, bE =
g, £7F Aol A J/AZ L2 Ths ot o] dE a, b 2
83t ol AnE wiolltt HsiA vrEste golnt. A& S0,

sum even 3 4= S+ sumQ] A WA QAR T evenD YAF

# let plus a = fun b -> a + b;;
val plus : int -> int -> int = <fun>
# let plusl = plus 1;;

val plusl : int -> int = <fun>
# plusl 1;;

- : int = 2

# plusl 2;;

- : int = 3

# let plus2 = plus 2;;

val plus2 : int -> int = <fun>
# plus2 1;;

- : int = 3

&4 plus= Q17 aE obA ok fun b -> a + bE HIRSh= oF

Z=o]|t}t. €] int -> int -> int-2 int -> (int -> int) <} 79|

m

A 4 QlaL, A4 shhE Wobs] AapolA H= 7he o
Hrekoh= obr BF S &Rttt W49 plusi plus 12 A OJs}
RO plusi U7 bE HobA 1+ bE Hielst= g 9

nlRiet. HZ:5HA plus2e A4 AAHE WobA 25 Hdte 47t

sun?} pluset Zo] Th2 F5 AR WAL whEsH

=
£ 112} gt (higher-order function)2tyl F-2ct. =2 77

e o
2 4
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B4 Be A2d

OCamle A7 eFg] AlZHE 253 gk ool Autzoz

m2adY ot A B ALAWE 2E

re

o] (statically typed

language) o} 54 £4g] A AFLS ZE

re

©](dynamically typed lan-
gauge) 2 228 £ 9l=¢g] OCamle C, C++, Java, Scala S}
A H7te| &3t} o]F dojE2 B A o=, Hntd
Al A fst] wizel that Zo] By eR/7F Qe ZR
2 HAod S FHstA] Zet.

# 1 + true;;
Error: This expression has type bool but an
expression was expected of type int

BPEIo] Python, Lisp7h Z0] 52 EH¢] AARE 2% <o &

1 =
Q AJe L2 A Fo SaAst L2 1Y



i)
=i
rel
lo
N
o
I\
N
Hir
k1
o
re
QL
2
=
b
[
)
X
i
o
i)
il
rr
.

OCaml2 =z o] Bels 2oz ATt SAlof Bl
2 Ao §FaETh 8 Sol, O} Javao A Tt el
ok §40] Bl Ak Aol Folof Ak
public static int f(int n) {

int a = 2;

return a * n;

}

OCamlo| A 9] 345 the3t 2ol e1e] rglo] Jeld 4 9l
T, AudEst o4 B Ao fEdEtt
# let £ n =
let a = 2 in
a * nj;
val £ : int -> int = <fun>

OCamle L2 Igo] obe] BHE AFOT B F2
& 4 glek. OCaml 4717} )L ol8A AF o F2ah=]

AR ET] SiA et A Rt A sumg A= SojRAL
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# let sum f a b =
(if £ a then a else 0) + (if £ b then b else 0)
val sum : (int -> bool) -> int -> int -> int = <fun>

[l

OCamle o] A4S Bo el BEAS 24510l tfe 4
BE 5oz 9 Htt. WA ZAA] if e then ey else e3°]
A ea®} e3 0] BFY-> Zotof stal, 09] Bt Aol Br Q17; a%}t
b E19lo] 1ntele 85

Jef(f a == £ b)E ALE

st

il
B
pacs
|o
|0
tu
il
-+
o
o
filo
S
2
o,
e
w)

£ A £9] JAR a B b7t F
Agro] 27419 ey 02 AFGE T et HolA £7} &
int -> boolo|ojof §-g 2ot ufAHFO 2 sum
72 digtelnz 7 epelo] intYS FEslth o]e}
7A A OCaml®] 2HF B¢ &
&2 2 IEREEH T EYgS A dof AFoR
Sidict. 2+ B F29] 52 e 8%elA 2] A
ol}.

BRelo] s o FEHuSE B3-S AR HolFa
Ak ok o] s ot

# let sum (f : int -> bool) (a : int) (b : int) : int
= (if f a then a else 0) + (if £ b then b else 0);;
val sum : (int -> bool) -> int -> int -> int = <fun>

P
oz
Lom
o

iy
flo
B
o,

T TR

(automatic type inference)

e

»

)
filo
>

o] 749 OCamle A7} 22 eto] Lul2AE PFohE
ok A5 Sol thet ol AR Holx ehlo] RHUS 7

9,1 9RE AFo= FolEe
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# let sum (f : int -> int) (a : int) (b : int) : int =

(if f a then a else 0) + (if £ b then b else 0);;
Error: The expression (f a) has type int but an
expression was expected of type bool

AHEA7E AR £9] B9l int -> int® AHGled], £9] &
o] boolo]ofof st & HREth= Solth. OCamlo] B
A A A”LE Qb (sound)stRE R Abgro] A2 BHYjo] @77t Sltt
B o] 5 WIEA] ZrolErt.

7ol whet ol| Ao epglo] sty AAHA] &E Lk 9l
th. A& Eol, offlol Aot o4 id= F o] Eheloll disliAl A
&

E[Oh

val id ’a => ’a = <fun>
# id 1;;

- : int =1

# id "abc";;

- : string = "abc"

# id true;;

- : bool = true

=

5 B (polymorphic type)ol2} B3, T B9 7PAIE

£ g g4 (polymorphic function)z2til HE2ct. 912]9] Qo
oA AR 4= Sle ke Kol

OCaml®] tg BFQ] A|AFL €HA5] ZAHEA= ol let o

2 Aols thy gau A gat oleldt Bl A2 let-thy



of, ofefet 2ol F4 £2 HOlSHH T P Q14 Eo] £A
o] ek,
# let £ = fun x -> x in

let x = f 1 in
let y = f true in

let y = £ true in
3) (fun x -> x);;
Error: The expression has type bool but an expression
was expected of type int

g b3
e vjgE ol gstd SHE 25 EsH =

& 5ol o) Z2 IS B

let is123 s = if s = "1" then true
else if s = "2" then true
else if s = "3" then true

else false

sl G55 e AL olgstel okdlet 2ol AT 4 glnt
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let is123 s =
match s with
"i" -> true
["2" => true
["3" -> true
| -> false

®i oheat ol o ksl 4ol 4+ gk,

let is123 s =

match s with

wgmopom2n | "3" > true
| _ -> false

s9] o] "a", "b", "c"F SO H true, 1 2] - false
2= Zolt}h. miel mjA-2 ofo A FE/HAES}F A2 ARl
U AREZE A O] B 9] ke AMESheE - f-85hA ARgE

e MiA-E SHot] AT Aol o2t Zol 2o g F
A= match...with & ZRFE= Ao £}

match x with
| 1 -> true
| 2 —>
(match y with
| "a" -> true
| "b" -> false)
| 3 -> false

T 2% 4 begin ... end 2O 2 ARFoIx Hrt

match x with

| 1 -> true
| 2 —>
begin
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match y with
| "a" -> true
| "b" -> false
end
| 3 -> false

9]9} Zro] 5}2] ¢rom upz|ut %] WElo| match y witho] %
2 A= B @77t HASHA ot
TEERINS

& (tuple) 7t 2]2E(list)= &g T2 AojollM 7 &

| AHgEE AR Pzl

[*]

. oA E 50, F& (1, "one")2 A
3 1 EfJL int * stringd} Zro] EHASHCY

FE (2, "two", true)= A, AL, F23o Haolal Bl
o

# let x = (1, "one");;

val x : int * string = (1, "one")

# let y = (2, "two", true);;

val y : int * string * bool = (2, "two", true)

FE9 7 Ao FIoked Y S o]-8otd Heh A& &
of, T 4R FAE R0 A Wil T WA Y45 stAek
o]
AN

St fst, sndE th31} Zo] g 4 Qi
# let fst p = match p with (x,_) -> x;;
val fst : ’a *x ’b -> ’a = <fun>

# let snd p = match p with (_,x) -> x;;
val snd : ’a * ’b -> ’b = <fun>
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Fi ohg Tt go] g4 iz BE HEe AW AT FE 9
¥,

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

val fst : ’a * ’b -> ’a = <fun>

# let snd (_,x) = x;;

val snd : ’a * ’b -> ’b = <fun>

E]-?:} 'a x ’b > ’al o]— fSt7]' 01_,]_,] E]-O] :a_g]_ TR ,;L/l %
QIeoz wopA va ghele] gk W oY B4aL

1o
o]eh Zo] P40 BhlS HE §47F S U2 o]

1o g
=P
ol mlo
iu)
O

ool

H1
o
o
sk
+»
30,

#% AR ohet Lot HE FE R 48T 5 ek of
£ 5o, ofe} ZEE B

# let p = (1, true);;

val p : int * bool = (1, true)
# let (x,y) = p;;

val x : int =1

val y : bool = true

E}¢]-& int listo|t}.

# [1; 2; 31;;
- : int list = [1; 2; 3]
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OCamlof 4] 2JAEQ] 7y i AREE(;) 28 F230th 2 ¢
AE FuH(,)2 TR HAE [1, 2, 3] 7E (1,2,3)

2 7= g2EQ] [(1,2,3)]02 QA u= o7t dgajrt.

# [1,2,3];;

- : (int * int * int) list = [(1, 2, 3)]
# [(1,2,3)];;

- : (int * int * int) list = [(1, 2, 3)]

9 EAEE 12 eI T 8§92 va list2 oy EB9lS 7t
Xk
# [1;;
- : ’a list = []

OCamlof|A] E|AEQ] RE Y4t -2 Efgjo]ofof git). o &
£o}, [1; truelE= OCamlofA] BAEZ} ofth.

# [1; truel;;
Error: This expression has type bool but an expression
was expected of type int

o] Aot A Bl 2ol 7]Igte). o]E Sof, Python} 2
L oElsEd AR o2 B

T§ GAEL 247} 9l 9459 Yot} HabA ofd £

# [1;2;3] = [2;3;1];;
- : bool = false
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gl AEC] A HiA A4E M (head), B HA Y45 A QAT Y
H 7] B|AES 72 (tail)2tal B2} o & o, 8]AE [1; 2; 3]
o] wEl= 1, el [2; 3]o|th. UutEo g ofd 2 AEQ] §Y
o] t listd wf, H ]| E}¢}-2 to]1l W] o] Efel2 ¢ listolrt.

fAES] YAE o] By e gto] € 4 itk B 7 94
o] efg}2 Zotof ghet.

# [1;2;3;4;5]5;
- : int list = [1; 2; 3; 4; 5]
# ["0OCaml"; "Java"; "C"I;;
- : string list = ["0Caml"; "Java"; "C"]
# [(1,"one"); (2,"two"); (3,"three")];;
- : (int * string) list =
[(1, "one"); (2, "two"); (3, "three")]
# [[1;2;3];[2;3;4];[4;5;61]1;;
- : int list list = [[1; 2; 3]; [2; 3; 41; [4; 5; 6]]

e o= g 2l AESC] B AE(int list list)o[th. o] o,
7t gao] sfgohs MAEES] dole BE gtk ok

# [[1;2;3]; [41; (1155

- : int list list = [[1; 2; 3]; [4]; [1]

YAE [1;2;3]19 [4]= Do gt 5 A4 gl AEo0|q, Hl
gAE [1= o3 BelolEg A A4 22E7F 2 & 7 o

ol



# 1::[2;3];;

- : int list = [1; 2; 3]

# 1::2::3::[1;;

- : int list = [1; 2; 3]

5 HAEE o]oj2Y woli o(appendatil SThHe ALEB.

# [1; 2] @ [3; 4; 5];;
- : int list = [1; 2; 3; 4; 5]

GAES ORE @42 44T o AW wjHe] A5 el

g &°l, H2ES] weet BIE Fohe g hdt 1 O

# let hd 1 =
match 1 with
| [ -> raise (Failure "hd is undefined")
| a::b -> a;;

val hd : ’a list -> ’a = <fun>

# let t1 1 =
match 1 with
| [ -> raise (Failure "tl is undefined")
| a::b -> b;;

val tl : ’a list -> ’a list = <fun>

# hd [1;2;3];;

- : int =1

# t1 [1;2;3];;

- : int list = [2; 3]

2| AE Q] me|ef Wel= Bl gAEC s FoEA] A=t
g2 AE 10] Hl g|AET} opd 9o wE] ae}t W] bR Eo|T

% 9lT nak a2, t12 bE WMFVTHIAE 10] 947 ShIQ)



AEQ A9 W 112 W el2Eole). 919 HelelA F
of 5} ESlo] ThEE ol HA. ols] Helg ek thg
2ol 71l g £ ek

# let hd (a::b) = aj;;

Warning 8: this pattern-matching is not exhaustive.
Here is an example of a case that is not matched:
(]

val hd : ’a list -> ’a = <fun>

# let tl (a::b) = b;;

Warning 8: this pattern-matching is not exhaustive.
Here is an example of a case that is not matched:
(]

val t1 : ’a list -> ’a list = <fun>

ok
4>

o] A9 OCamle g4 hds} t17} ¥l Bl AES 18stA] &1 Q)
52 GEFI 9ok ol AN wAAE Autd 2 FE ohyXA]
A Foll AR o2 delE AR £ leBs nE B
T AAstE Aol o

02 A2, 2 AEQ] Ao

# let rec length 1 =
match 1 with

Ll
-4
_O'L
rr
o
45
Ll
B
2
:qg
=
hY

1->0

[h::t -> 1 + length t;;
val length : ’a list -> int = <fun>
# length [1;2;3];;
- : int = 3
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19] Zolt me] o] Zojo] 12 wgh A} Lofof gk 99| 4
olol A b ARgolT 94 gho R the Tt o] WE ()R A
% 9lck
let rec length 1 =
match 1 with
0 —>o0
[_::t -> 1 + length t

A8 A o] e

M2 B2 7195 type 22 oty WA types ©]-8-oto]
ola] Sle Bl M2 ol5= =49 4 9t
type var = string

type vector = float list
type matrix = float list list

EE Az2e @] des WEdl Hder Ao 5 3. AE

Sof, ‘o] S Ueh B daysE thewh 2ol 4o
% gt

# type days = Mon | Tue | Wed | Thu | Fri | Sat | Sun;;
# Mon;;

- : days = Mon

# Tue;;

- : days = Tue

719 type thEol HloknAt o RS o] & (days)& 2ol

%30, = thgele 1 kgl ok 5L 12 THst] sty

t}. Mon, ..., Sung XA A} (constructor)2til st ZHZ}t days EF

Qo] Az b &L oulgth. OCamlo| A B o2& 4EAR
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a1
o}, 89& Qo wolA thg RS HHEkslE §4 nextday
£ okt gol g 4 glet.
# let nextday d =
match d with
| Mon -> Tue | Tue -> Wed | Wed -> Thu | Thu -> Fri
| Fri -> Sat | Sat -> Sun | Sun -> Mon ;;
val nextday : days -> days = <fun>

# nextday Mon;;
- : days = Tue

WAL B e AR AAEE AT S Ut S

MY e de #eE 7 BY shaped A OJofH A}

# type shape = Rect of int * int | Circle of int;;
type shape = Rect of int * int | Circle of int

ARG o

li

Alshs AR Rectl 7hEoH A2 OB ARz 7

=% ST, 9 ofulshe A% Circled WS
A2 AN EE shelrk ol@A Bolg erelel] &3 gE
cheat 2

# Rect (2,3);;

- : shape = Rect (2, 3)
# Circle 5;;

- : shape = Circle 5

ol
o
o

Lo
2
rr

o3 Y =g Yol Foh
olct

=
4
rr
i)
o
B
.
s
2
o,
ok



# let area s =
match s with
Rect (w,h) -> w * h
| Circle r -=> r *x r * 3;;
<fun>

val area : shape -> int
# area (Rect (2,3));;

- : int = 6
# area (Circle 5);;
- : int = 75

OCamlelA] 99| e ofefet Zol GOl 4= k.

# type intlist = Nil | Cons of int * intlist;;
type intlist = Nil | Cons of int * intlist

# Nil;;
- intlist = Nil
# Cons (1, Nil);;

- : intlist = Coms (1, Nil)
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# Cons (1, Cons (2, Nil));;
- : intlist = Cons (1, Cons (2, Nil))

o & E9¢], Cons (1, Cons (2, Nil))E FAE [1;2]5 ESith
oAl HAEE TR E HE AT & Ut H2E] HolE
e &4 o= 2o
# let rec length 1 =
match 1 with
| Nil -> 0
| Cons (_, 1’) -> 1 + length 17;;
val length : intlist -> int = <fun>
# length (Coms (1, Coms (2, Nil)));;
- : int = 2

ol

ch&at 2ol AOlME 442 OCaml Hold egloz Aol

E1 E2 E1 EQ E1 EQ E1 EQ
nn€Z E -E, E,+BE, FE,*xFE, E, /By

sk

9 BTz

i

3t Zol Hojd 4 glrk,
type exp =

Int of int

Minus of exp * exp

Plus of exp * exp

Mult of exp * exp

Div of exp * exp

A5 Sol, (1+2)%(3/3)-& The 3} Zo] mAHTH

# Mult (Plus(Int 1, Int 2), Div(Int 3, Int 3));;
- : exp = Mult (Plus (Int 1, Int 2), Div (Int 3, Int 3))
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let rec eval exp =
match exp with
| Int n => n
| Plus (el, e2) —> (eval el) + (eval e2)
| Mult (el, e2) -> (eval el) * (eval e2)
| Minus (el, e2) -> (eval el) - (eval e2)
| Div (el, e2) ->
let nl1 = eval el in
let n2 = eval e2 in
if n2 <> 0 then nl1 / n2
else raise (Failure "division by 0");;
val eval : exp —> int = <fun>
# eval (Mult (Plus (Int 1, Int 2),
Div (Int 3, Int 3)));;
- : int = 3

oul iz golg Tojz AN B4 §7 Zolth 002 i

B u7t AoHA feB® o 9](exception)E WA Z T

o ¢l A=

OCaml2 oJn|7} x| 7] ok A& A4tste] AErY] @7 (run-
time error)”7} WAYSH= -9 o 9] (exception) S TAYA|ZITE o &
=°], oJH £&5 022 Y= ¢ th23 2ol Division_by_zero
of| @7} TR

# let divab =a / b;;
val div : int -> int -> int = <fun>
# div 10 5;;
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- : int = 2
# div 10 0;;
Exception: Division_by_zero.

A F TAStE ALE AstE try ... withE o]-geh

# let div a b =

try

a/b

with Division_by_zero -> 0;;
val div : int -> int -> int = <fun>
# div 10 5;;
- : int = 2
# div 10 0;;
- : int =0

M2 o215 thet Zo] 7]9E exceptiond okl Helst
T A 5 9

# exception Fail;;

exception Fail

# let div a b =
if b = 0 then raise Fail
else a / b;;

val div : int -> int -> int = <fun>

# div 10 5;;

- : int = 2

# div 10 0;;

Exception: Fail.

# try
div 10 O

with Fail -> 0;;
- : int =0
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= ¢t} dE 501, TF(queue) Am -
e Aol HAt.
module IntQueue = struct

type t = int list
exception E

(]
let enq q x = q @ [x]

let empty

let is_empty q = q = []
let deq q =
match q with
| [1 -> raise E
| h::t -> (h, t)
let rec print q =
match q with
| [ -> print_string "\n"

| h::t -> print_int h; print_string " "; print t

end
TFE YrER FATNt A, RES] AMEA= 7E HHYS
Bele theat go] AT 5 ek

let q0 = IntQueue.empty

o
ro,

let gl = IntQueue.enqg qO0 1
let 92 = IntQueue.enq ql 2
let (_,q3) = IntQueue.deq g2
let _ = IntQueue.print ql
let _ = IntQueue.print g2

let

IntQueue.print g3
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let rec length 1
match 1 with
I 0 >0
| hd::tl -> 1 + length tl

ZAE oojRol7] £ 2AEE ololiolt F4: appendE 24
ABA. OCamloA] 712 A7 0= AFaT QAT A7 T4
Aeg 9o 43 AephuA. og Sol, oheat o] Ssfor
qiet.
# append [1; 2; 3] [4; 5; 65 71;;
- : int list = [1; 2; 3; 4; 5; 6; 7]
# append [2; 4; 6] [8; 10];;
- : int list = [2; 4; 6; 8; 10]

append= QAR T ZAE 113} 125 HbolA 110129¢] 3o
Sl Bl2EE wasor dch. 3 A Q7 1io] el A7

O & AZfeiEAL 110] Hl EAEQ] 74, 127F F B AEE o]0
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4 911, WA HEe} B AE 128 oo &2l ZAEE AAHL
Tt O glAE 9o 119] & Frtotd He EAQ
Hrl. OCaml2 FAsHH o3} 2t

let rec append 11 12 =
match 11 with
| 0 ->12
| hd::tl -> hd::(append tl 12)

J2E FH7] Y2rEE FH= T4 reverses Ao HA}
# reverse [1; 2; 3];;
- : int list = [3; 2; 1]
# reverse ["C"; "Java"; "OCaml"];;
- : string list = ["OCaml"; "Java"; "C"]
g 2AES] e FHojk ¥l gAEo|t)h g AETL H|o] gl
2 ko welgE WA FHL HeE W Fof ofojZolH Hrt.
OCamlz 2H4JstH of33 2.

let rec reverse 1 =
match 1 with
I 0 ->1
| hd::tl -> (reverse t1)@[hd]

YAE n¥A QA F7] 2EQ 4] A4s HHsl
nths ZAJSEAH(n AFAset 7FHS. Foi3 | AE 9]
= dojAe Hol dalAe el EAA Aok gt

# nth [1;2;3] 0;;
- :int =1

ot
=
rr
wt
Y

oE
do
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# nth [1;2;3] 1;;

- : int = 2
# nth [1;2;3] 2;;
- : int = 3

# nth [1;2;3] 3;;
Exception: Failure "list is too short".

W) 4 el sEo] oAl ol noll telAE i) vt Aol
H7) gron o9l WAL H2ET} Hlo] A L A
2 QZRAY. o] A nol 009 B AES] vlel7t iAol
t}. no] 0] opU® Jmelo] n— 18 Pa7} Pef G 2E0] s
Qo] HGech. OCamlz H@sHA ha7h 2k

let rec nth 1 n =
match 1 with
| [ -> raise (Failure "list is too short")
| hd::tl -> if n = O then hd else nth tl (n-1)

AAENA AS SHFE BF 94 A9 oW Yis iE
oA AAT G 2ES B z

rh
ol
S5
rr
o
e
i
0y
o,
%
o
by

# remove_first 2 [1; 2; 3];;

- : int list = [1; 3]

# remove_first 2 [1; 2; 3; 2];;

- : int 1list = [1; 3; 2]

# remove_first 4 [1;2;3];;

- : int list = [1; 2; 3]

# remove_first [1; 2] [[1; 2; 31; [1; 21; [2; 3]11;;
- @ int list list = [[1; 2; 3]; [2; 3]]

Az Foll eAET} o] glowl AAT 947t 4l
AES WSSt ek YAET} vo] 91X Qo melet 17
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let rec remove_first a 1 =
match 1 with
I O -> 1
| hd::t1l ->
if a = hd then tl
else hd::(remove_first a tl)

(insertion sort)& 3l ZAEE HHSH=

HER elaEsh g 947t

ot
>
i
By
rel
:clg
T
)
(ELET Y
)

# insert 2 [1;3];;
- : int list = [1; 2; 3]
# insert 1 [2;3];;
- : int list = [1; 2; 3]
# insert 3 [1;2];;
- : int list = [1; 2; 3]
# insert 4 []
- : int list

(4]

cheat 2ol A W42 AAT 4 Atk

let rec insert a 1 =
match 1 with
| [1 —> [a]
| hd::t1 —>
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if a <= hd then a::hd::tl
else hd::(insert a tl)

let rec sort 1 =
match 1 with
I 0 ->1
| hd::tl -> insert hd (sort tl)

=
L)
>
ul
rr
o

Fol= dl el 2Eoleh. wlo] 91X S Bl AE hd::tl
2 st A WA 01& AAHOR FEG 5] insertE ol §

sfef nag A $1xle] gom k.
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AollA ot 4 A4
ofelf Lo} Wl s HAt.

o

2~
T

void insert_sort(int arr([], int len) {
int i, j;
int tmp;
for(i = 1; i < len; i++) {

arr[il;

tmp
j=1i-1;
while(j >= 0 && arr[j] > tmp) {
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arr[j + 1] = arr([j];
i=i- 5

}

arr[j + 1] = tmp;

“

A e 24 At o sk 7HEAo] wok A
gohe 4@ ZE o] o olsfaty] 4 olf= Al F
=ohe Al 224 AAE 71&ste S F =67 mizo]

o} olE Sol, SeIH HOIF sorte] HOlE thA) WA, Y rES

sort (hd::tl) = insert hd (sort tl1)

OCaml FRIAE 919} 2ol sort7} WEsof she 24 A
A B TAG A Boltk. T oz WEIL A ¢

4= factorial QIZtRZ Fol7l 47} 0HTh 2 A v 275

wsoF ghet.
factorial n = n * factorial (n-1)

A7} 091 B9k G 9] BAE AR G4 e Zol 7

let rec factorial n =
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if n = 0 then 1 else n * factorial (n-1)
Htdof ey T2 T2 24
Lot gejoheloltt. A&
o iR e go

int factorial (int n) {

SO
rel
st
L
o
0

int i; int r = 1;
for (i = 0; i < n; i++)
r=r % ij;

return r;

o] IEL 9l9] WEe|Y P47t BESoF sk 27 BETE

o2 7@ FolA shE 71& Aotk =, PPY maIeY

ML BAIZ 7145t A o] @ BA © Yot 2AHA 7
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12 OCamlg H|E3F 48 =2 Jai9 AdojoAs A
7F Rbs2o] vlsl | HRA] ety ol & S0, C oA vt 22
ol WAssAe
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5 SE5HH A8 gH(stack overflow
void £O { £0O; } /* stack overflow */
OCamlof A& o7t &

 saks) Eo.
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let rec £ () = f O (* infinite loop *)

5 BT o f2 Fobs] ke HhES BT ZQlY], OCaml
7 o vz A AAF & e Aol o] Ao & 5
Aol OCamlo| M= g7t A4 2z Aol dttal siA v
woll vls 53] o BAA] gkt gt 2E0] v A

7 71&stal e ARE ZAA7E Bl 7301 A, Ts] Alnte] A

Ao 71 &so] QUrka sS4 HARE gt

4

Mo

= B AAI5] Ao, forlt whilew o] HIREZ2 4 1
A g (tail-recursive function)®] Fej= M3t 4= ¢, W]
AT BHES TES A et e A B4 AT BoE

let rec last 1 =
match 1 with
| [a]l] > a
| _::t1l => last tl (% tail-recursive call *)

4714 4 5% last 112 We] A7 TF AU last 11
o ABgS ANGT 1 gL ol§A M0 sheb T Uol
o 97 ekt Eolth. 1 AT AT F71H0E & Uol
glong g4t wel A7 B2 BEEE 5EE AHOE M
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let rec factorial n =
if n = 1 then 1 else n * factorial (n - 1)

AH & factorial (a-1)E AKX & 1 AW 721 & A
(a2 Fole ol ot Yenz Te] A7) TFo] opch. of 74
2 QP =8 R E ARStH 2 4o YA factorialS

SESP 28 @Ho] BT 5 Ut

A1) BeN2 oI 4 ek

let rec factorial nr =
if n = 1 then r else factorial (n - 1) (r * n)
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Eg| YL factorial 5 13} Zro] JLgict.
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sfstel MG TFsoA FozM B2 IAS TS A Ay
g & A 8 Eoh A% AHE 14§55 map, filter,

foldE 4 o7 AmHx}.

map

ol

ofe} A olst A 22t =
ot YrE] 2 AaE FIAAT, AFSL, AABHE B4
o},

let rec inc_all 1 =
match 1 with
| 1 -> 11
| hd::t1l -> (hd+1)::(inc_all t1)

14> inc_all, sqaure_all, cube_all-2 Z}z+

Jul

let rec square_all 1 =
match 1 with
I 00 ->10
| hd::tl -> (hd*hd)::(square_all tl1)

let rec cube_all 1 =
match 1 with
I 0 ->1
| hd::tl -> (hd*hd*hd):: (cube_all tl1)

o1 FHEL B FEE ML whet Aojslof gk 04 Kol
AL el A0 7} o] Agshe Aol YTk o] P4 A

let rec map £ 1 =
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match 1 with
| 0O ->1
| hd::tl -> (£ hd)::(map f t1)

mapl | AE 19]0] ZF Yiof A&t IS =5}

rr
ot
+
H
f
ro

=
AEHMH1QAE147PQ %f

a®l oz gt 2i

EE AT £ 10] g|AE [al;a2;...;2ak] Y T map £ 12

N2 B AE [f al; f a2; ...; f ak] = WEo| W} map2] &
Yo HH o]t ou|E oAk umpofet 4 gl

map : (’a -> ’b) -> ’a list -> ’b list

w
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=
¥
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g
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™
ok
N
%0,
)

T3} §4 mapS o519 910] Al G452 Theat Zol 7Ha
s Aol 4 9l

let inc_all 1 = map (fun x -> x + 1) 1
let square_all 1 = map (fun x -> x * x) 1
let cub_all 1 = map (fun x -> x * x * x) 1

X

rlr
of

=5 Q7 12 Afste] okt o] AojsE Bt

let inc_all = map (fun x -> x + 1)
let square_all = map (fun x -> x * X)
let cub_all = map (fun x -> x * X * X)
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| 3H fun x -> x * x= HQst= Ado] AH ‘AL o] 9t

<

iy

ool nap ol g5 Sk AR AT At oleie
ojnj7} ZE o) 4774 QI vk EejuAle e

2 Aol mz ol hE Aol
2Igelth. 7R A% e Radets A9 dmelA ofs
g % Qs A4 Eo] 97] Tl o7l ZRe]A £& xe

9 Slofet ofolrol BTt A9l BET 4 Qs

d

EE
inta
N
0
&ll
9_[5
>
0,
rlr
|

obf) £ P4k S UL AT FAT RS et Fo=ol
olrt.

let rec even 1 =
match 1 with
I O ->1
| hd::t1l ->
if hd mod 2 = 0 then hd::(even tl)
else even tl

let rec greater_than_five 1 =

match 1 with
00 ->1
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| hd::tl ->
if hd > 5 then hd::(greater_than_five tl)
else greater_than_five tl

let rec filter p 1 =
match 1 with
I 1 > 11
| hd::t1l ->
if p hd then hd::(filter p tl)
else filter p tl

filters 3} po} B AE 18 WotA] 19] Y45 ZoA p
%3t o = angre

32 WHelel G4 (predicate)o]o1oF §T}. Z, £iltere]

et 2t

Mo

filter : (’a -> bool) -> ’a list -> ’a list

A @4 filterS olgte] 919 & @4 ok} o] Holg

let even 1 = filter (fun x -> x mod 2 = 0) 1
let greater_than_five 1 = filter (fun x -> x > 5) 1
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let rec sum 1 =
match 1 with
| 0 ->0
| hd::t1l -> hd + (sum tl)

let rec prod 1 =
match 1 with
I ->1
| hd::tl -> hd * (prod tl)

B B FolA AEY 7} A4S 2HFUA o S
4 2 £ Sol, Y2E [1; 2; 3)
Hald 91 F @48 A8sks 3L vehlu thaat 2o

sum [1; 2; 3]

1+ @2+ @3+0)

prod [1; 2; 3] =1 % (2 % (3% 1))

5 @57} s Aol WA HET Aatat 2]grolck

sund] B9 QAR +0]T 2713EE 00]n), proad] AMAL x

<]

|3 2713k to]th. o] % XS £74Hel A A 1%
@ fold_rightS theat Zol Hojg 4 9lrk

let rec fold_right £ 1 a =

match 1 with

I 1 —>a
| hd::tl -> f hd (fold_right f tl a)

T



f= RAHAZL A4 12 FAE, al Zz7|Fkolth fold_rightd
o] g5l th2i} Zro| Sk sum¥} prodE A olE 4~ gt

let sum 1st = fold_right (fun x y -> x + y) 1st O
let prod lst = fold_right (fun x y -> x * y) 1lst 1

7} g140] ofn)} o AFSlel A AP Aoz BRI sund 27)

300 Aastel HAE 2t U GAlS FAAA 48
Pl proat 71t 12 A&ste] HAEY 7} o] B4

2 wHAA Hgohe Foolnt
919 oot SAT o0)E 7H X5 sunh proazt obehet Zel
we] A7 G2 AYE] Y ASE YA

let rec sum a 1 =
match 1 with
| [1 ->a
| hd::t1l -> sum (a + hd) tl1

let rec prod a 1 =
match 1 with
' [1 > a
| hd::tl -> prod (a * hd) tl

99 7 gaol FEALE YOI WA G4 fold lefedt i
2o

let rec fold_left f a 1l =
match 1 with
I O ->a
| hd::t1l -> fold_left f (f a hd) tl

fold_leftE ©|-85to] sumt prodE A OJohd th} gt
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let sum a 1 = fold_left (fun x y -> x +y) al
let prod a 1 = fold_left (fun xy > x *x y) al

fold_right@} fold_leftQ] 2}o]& & ] AA|5] AHEA. H
A thg3} Zol efglo] thrh.
fold_right : (a -> ’b -> ’b) -> ’a list -> ’b -> ’b
fold_left : (’a -> ’b -> ’a) -> ’a -> ’b list -> ’a
o1& Fa Aol Qg RN W] ke ol
fold_right= @ AEO] 714 upA]ut A HE A|ZsA] Q22X

A 9Zog LAY,

fold_right f [x;y;z] init= f x (£ y (£ z init))

NP fold_lefte Z|AES| 7MY % YaiH AZsiA 2

1t

# fold_right (fun x y —> x - y) [1;2;3] 0;;
: int 2

# fold_left (fun x y -> x - y) 0 [1;2;3];;
- : int = -6
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mpzEro 2 fold_leftw= A& A7 F<roltt. 2 AE Zoj7t 7

7850l 7Fs st fold_leftE AREShH= Zlo] Ett.

BAL % % nm (n<m)S WOl nold molate] 42 74
H 2 2ES Wt 5 rangeS A4S L

range : int -> int -> int list
dZ Eo], range 3 7 = [3;4;5;6;7] 2 WEo|dich

A4 2 22EQ| YAEE Wopk

she Shtbe] e AES Wt @5 concat AASHAL

rln
r*°
m]n
filo
R
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H
o

concat: ’a list list -> ’a list

dE Eo], concat [[1;2];[3;4;5]= [1;2;3;4;5]12 WHEo]uich

BA 3 % 22E ast bE £AHOR 2

1A

ik

=1 S . =
ot &< zippers

zipper: int list -> int list -> int list
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zipper [1;3;5] [2;4;6];;
: int list = [1; 2; 3; 4; 5; 6]
# zipper [1;3] [2;4;6;8];;
- : int list = [1; 2; 3; 4; 6; 8]
# zipper [1;3;5;7] [2;4];;
: int list = [1; 2; 3; 4; 5; 7]

unzip [(1,"one");(2,"two"); (3,"three")]

2 ([1;2;3],["one";"two";"three"])2 AHAFSIT}.

BA 5 YAE 13} A5 ng drobA 19] A nil YAE AQle U
2] PAEES o= b4 dropg A/JSHALL.

drop : ’a list -> int -> ’a list
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017

drop [1;2;3;4;5] 2 = [3; 4; 5]
drop [1;2] 3 =[]

drop ["C"; "Java"; "OCaml"] 2 = ["0Caml"]

BA 6 17 @ signad AHoHAL.
sigma : (int -> int) -> int -> int -> int
sigma f a b= Ha& AXIRIT
b
> fG).
i=a

sigma (fun x -> x) 1 10

sigma (fun x -> x*x) 17

iter : int * (int -> int) -> (int -> int)
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cheo 24L WSk dt.

iter(n,f) = fo---of
—

n

3

tity function)o|th. n > 091 B¢, iter(n, i= fE n

€ goltt. dE 5

iter(n, fun x -> 2+x) 0

£ 2 xnE ALkt

= 091 7B, iter(n, HE YAE A= sk

BA 8 fold rightS olfste] LAk §4 alld AAsHA L.

all : (’a -> bool) -> ’a list —> bool

all p 1.2 2|AE 19 RE YA4Eo] g4 po

4] oR2 Uehiith o2 S,

all (fun x -> x > 5) [7;8;9]

83

s

O
=

i

o=

ge



f

A

M
rlot
_O|L
rr
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1st2int : int list -> int

d & E0°], 1st2int [1;2;3]+= 1232 A4Iglch 2|AE9] Y4

© 0ol4} 9olste] 4aka gt

iy

B4 10 o Fq4ES fold_rightQ} fold_left=z THA] A9

1. let rec length 1 =
match 1 with
(1 ->0
[h::t -> 1 + length t

2. let rec reverse 1 =
match 1 with
I 00 —> (1
| hd::t1 —> (reverse t1)@[hd]

3. let rec is_all_pos 1 =
match 1 with
| [1 -> true
| hd::t1 -> (hd > 0) && (is_all_pos tl)

4. let rec map £ 1 =
match 1 with
00 ->10
| hd::t1l -> (£ hd)::(map f t1)

5. let rec filter p 1 =
match 1 with
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O ->10

| hd::tl ->
if p hd then hd::(filter p tl)
else filter p tl

M}

A1l AgHoE BT A WS A

Ao
=

n
n+1

ol

OCamlo| A ok} o] Helg 4 let.

type nat = ZERO | SUCC of nat

o] 2 So], SUCC ZEROE 1-2, SUCC (SUCC ZERD) = 25 Z3ic}. o]

27 B8 AAFE ) AT FAS FolsHe.

natadd : nat -> nat -> nat

natmul : nat -> nat -> nat

A& =el,

# let two = SUCC (SUCC ZERD);;

val two : nat = SUCC (SUCC ZERO)

# let three = SUCC (SUCC (SUCC ZERD));;

val three : nat = SUCC (SUCC (SUCC ZER0D))

# natmul two three;;

- : nat = SUCC (SUCC (SUCC (SUCC (SUCC (SUCC ZERO)))))
# natadd two three;;

- : nat = SUCC (SUCC (SUCC (SUCC (SUCC ZER0))))
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BA 12 AF&4] aexpE th3at o] ookt

type aexp =

| Const of int

| Var of string

| Power of string * int
| Times of aexp list

| Sum of aexp list

SEAT BAS Eohe 2A9S 9oz wobd 1 2] o
A

diff : aexp * string -> aexp
Ag ol A& o + 20 + 1= b} go] HART

Sum [Power ("x", 2); Times [Const 2; Var "x"]; Const 1]

o] 212 o2k T Sl iff (o, "x"), 0F xol BNSIA] VIR 2042
& vrgsfof e,

Sum [Times [Const 2; Var "x"]; Const 2]
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o
>
4z
il
e
I,
)
lo
il
=
il
[
R
ol
re
2
il
ful
D)
rO
ol

o A Aol & 5 e Aol YA " 25 A

@ 4 9 sk

e if F; then Fs else F3= Z714](conditional expression)
© g ohgit go] Ao WA A EyS ALSHE (true)
F= AR (false)gko] vretof iet. wheF By 9] gho] trueo]d
EyE AISEAL E19] ghol falseol® E3E AATet

1) o714 ot 5% W47} obd Qole] W

i

=5k e ol
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E — n

| Ei+ E

| By - By

| El * E2

| Ev/ B

| X LZF_

| letx=F; in E, let?]
| if F; then F5 else B3 X714
| iszero FE &2

o A AMESHH /ARLS whHEoitl= Aol Hast
B8 J% iszero EE F7I6Ilth. B9 gt& Alitste] 1
Zro] 0019 true oUW falseS A4S
OCamle] BHi7} SASIEE off B2 1SS 44T & 9)
= A o] & Zolth. B71A] & SolH At
AA 1 offl= W x9 & 12 FOt F x+29] & Al4bst

+ Tt} AitE 3ot

let x =1 in x + 2

oA 2 oh3t o] letA] o] B, Ao T ThE let4]o] & 4

gict
let x =1
in let y =

inx +y
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Al x + yol| A x9} y7}b Ztzh 1, 28 Zalng ma g3 o] AAtdTt
+ 3oJtth.

oA 3 THek o] letdlo] By Aalo] ErHE letdo] & 4
9t
let x = let y = 2

iny +1
in x + 3
A let y=2iny+ 19 ZL 30|tk oS xata &
Al4tet Ay= 60)th. o] off, A x + 3Z A4t off WS y= AR
& % gl Fosht W yo GEMIE Ay + 10] FAE T
1 SlfAE A S glck &, ol maae ByHoR

wARAR A2 YA ghe el

l

1l

let x = let y =
iny +1
in x +y

ARl 4 THeT} o] FUAT o|2L ol HfT S+ glrk.
let x = 1
in let y =
in let x = 3
inx +y
opAe o)A x + yE AL wle] xi 71 vhAute] gelg 3
& oJujel wakA x + yol g2 57} Ak,
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A 5 FAT oY WHE thil FTATHL HA o] Mo
grol BHE 212 ohth. letv o] 4 W4o] oIk JE WS
of ghe WASHE Ao ol A|Ze o8- WL Zojn], 1 o
g0 Apgle] AT Julg A7) gRoltt 4 5

rE -l>

i

)

let x =1
in let y = let x = 2
in x + x
inx +y

9o Z2OS At A3z soltt. A Sl M4 x9f gk
= 1= Aottt 7 WA SolA gt x9f g2 20]1 wet
A A A E9] x + x9] gL dolot. T A3 W yof g2 47
ok oA 9] A x + yoll A W x= AA SollM FolE xE
7tel7| whebA x +y gt 571 Hr

in let y =
in if iszero (x - 1) then y - 1 else y + 1

oA 7 o)A TE1o] 4= B o}

U
QLo g Epglo] 9 gotd AT 4

=

=
Q F(type error)E 7HAE TR IHE0] ZA5H ") & E

of, ot Z=IHE Bk
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let x = 1
in let y = iszero x
inx +y
SAle = Ao AT AolEL Al yrb Beghe 71x]

7] whol] A x + y AN o Bl @57} WA of2] )

o|A| Qlojo] oJm|txE ol Bt I 3.19] doj& 2HdH &
2OHE AP 7= 2ol

271 F A% XY tisiA X +YE P (union), X xY
=2 FA-F(product)?), X\ YE 2pHgH(difference)o]2} 5}2F X —

Vi XA Y& 7He §3 5059 A4 J&g £k o4

SQTh f1 X - Y7h58 @59 o Dom(f)e 1 Holge vet
Witk %, Dom(f)= W@ X kst BRIk 43 ot
Hlol 2 Uehd 4 9l ol Sof 34 f(a) = x+19] ool

2) X xY={(z,y)|lre XANyeY }
3) QWHHoR X - Y X4 Y 7k qlole] 459 Aehe EaAw of
oA 47§45 R Fet.
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% qlet.

nROge] MAE XA S| 1 oluE LRI sixw
I 4 gl Wae] @4 ghe LeiF FAQ 37 (environ-
Al w4 xo} y7h @
oF x9] Zo] 10]1 yo]

Var ={x,y,2,...}
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2 AT = ,—1,0,1,...}) B Z/ARAB = {true, false})
dof glomg Zhol A Valg o3 o] AFoJg 4~ Qlct

o|epo] Tz o] ofu|E A ostr] o At JFE9 Bl
(Env, Var, Val)-& 2]n]-g7H(semantic domain)o]2tal gtct.
oz e tigt o9 B7|H-& AFES Aol

o A7 ehdu] 7|5 pS AT Aot} (p € Env). RO
w2t ol p”, p1, pee e AHES Aot

o {x1 v, = tE R 2y, 7 A F o, v
= mR@ = e FolH AE o1, p={r— Ly~ 2}
+ 29 gho] 1, y9l ko] 22 AoJ=of Qe TS ofn|et
ok 21 ol ke olBSe] telAE gtol Helslol oA o

o goltt.
o $7 pollA 015 a7t QJulshe e p(n)2 BTt B
7} @olBE p& zoll A8 Holth. oA Bol, p= (x>

Ly~ 234, p(z)= 1013 p(y)= 20]th

o 0 ¥ BHLS E@ obF WAE FolHo] U Fe B

7otk &, p=0o]H oJH ¥ x € Vard] taiA = p(x)
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74 {z = vipollA W yo] g2

rl

, x=yo|H volal x #y

ol 25ty o] el & poll Bl Ae y AH= =
gt dlg 5ol p={r— Ly~ 2} o ({z— 2}p)(y) =

o} o BIV|IHE ARSIt B pE 212 v1, TaE 12 E 7}
A L5 SRt Soltt. 87 pE HA (w2, v2)0] tHallA

Aot I AHE (z1,v1)° oA w4 ol =gt A

olt}. theat o] HolHt.

{1 = v1,20 = va}p = {21 = v1}({z2 — v2}p)

A& Eof,p={z— Ly~ 2,2 —

34 W {z— 2,y —

3pp2 FA {z— 2,y 3,2 3} it
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3.2.2 X2 34

87 p7t ol Qg ul 4 B ojulg olsagy. ‘a7 pell A
4 BE AN e volth & thewt go] BHSI2 5.

pFE=v

Hen10) A olu 728 m T} gt Aole] ofak BA(E =
v)2 B olet A, o] 4] L2 agle] on]7} Be] ozs}7] Hg]
omg ofu|pxsl 94, Zead, g Afolo] A A (ternary
relation) 2 S| HIth. 2@ A BAE ok E = ve} o] £
sk Aol o8 &

o (1= 1: 4l S04 4] 1& AL A= 1

517
e

o =
=2 AN

o},

o {x— 1} F x+1 = 2: 34 {x — 1}o|A 4] x+1& AAISH
a gt

29

Mo
o
YA

e {x—> 1}k lety=2inx+y = 3: 273 {x — 1}A4

let y = 2 in x + y& AKX 21t= 39S &=

e
)

¢} E-Lerolth. 2 E-Var: Fojzl 87 poflx
= el Aol e a9 # plr)d= XA A E-Var
L o7} @A el o= e Bl 28 7ttt
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pFn=n

pHEL=n pH Ey=no
pEE; + Es = nj +no

pFE1:>7’Ll pFE2:>TL2
pFEl - FEy=ni —ny

pHEL=n pl—E2:>n2
pF Ey *x E5 = ng xng

pI—E1:>n1 pl_E2:>TL2
pl—El /E2:>TZ1/TL2

TLQ?éO

ptx=p)

pFE =v {z—unlpkE=v
pFlet x = FEy in Fs = v

pF Ey = true pFEy=w
ptif E; then Ej5 else E3 = v

p b E1 = false pbEEs=wv
ptif E; then F5 else F3=v

pHFE=0
p Fiszero E = true

pEE=n
pt iszero E = false

n#0

a3 3.2: 9oz

( € Dom(p)). 7#4 E-LeT-& 1et4]o] oju] g ejs}
A

7 polAl A let x = Ey in By th&a} Zol 7
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E-Num

E-PLus

E-MiINuUs

E-MuLr

E-Div

E-VAR

E-LET

E-IF-T

E-Ir-F

E-ZERO-T

E-ZERO-F



L |3 A B o) gk Folxl &7 pollAl Altste] g vis &
—1,—:—‘;]' (p FE = ’U1).

2. 71 kgl WA a7} 3 o ISk S @A) B AT
o ({a = o)

3. 2 &3 {2 = vijpollA A ExE AXtste] 3t vE de
o}

4. AAA let x = By in By ANt Aalghe o7} Hrt

>
&

25 AltstE dl 2lolA pE et %}ﬁ({w — v1}p)l A Al
AretE Aol sidoltt. I A3t ExWiol M ¥4 a5 ARE-SHE gt v
= QuistAl 2 & otyzt EidiolAd Hasol Az AoEHE
EyE Axtshs d oA FdF= FA @A Pk
ZAA if E; then Fy else E39] Qu|=, B2 AAkst A3}
7} trueo] @ EyS AXTSEIL (E-I-T), falseo| W EzS AASH= 21
© 2 ojeo] QITHE-Ir-F). iszero E9| 22 E7} 02 45t
trueo]| L (E-ZERO-T), E2] gto] 00] oY ™ false©|tH E-ZERO-F).
Ae] eug ool M nd Aegte Sfrlsta ve Aol Fte X
St 71Golth o Sof, ARl At Higt F2S0lA A Bt
B O] ARYAIE ni ¥ ne ERASIL Qe o= B} Bt A
o Artsior ourt Fojd e AS St WEkA 1+ true
oF 2 A2 919 ofuFxo oot oulE A e T2
Hol =t Hhdof let] o] ofn|tx oo M= £} B0 Akt
ANE 27 v vE YERAL Sl 4919 Brl e ghol At
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g 4 9lthe Folth GO RE P4ghe n, H/ANGE b, 4ol
ahe vt ol glol ZHAk Bl Eohs 152 AHgste] o)

AXZ} Aol wet 2 12 485 o o sidshe
212 AEFsiAY 7Hds] BY)5Hs 5 58 AW Yehgr2

oAl 1 W FAHNA let x =1 in x + 2& T}&3} Zo] Ayl

{z=1lFx=1 {x—1}F2=2
PHr1=1 {x—=1}Fx+2=3
PFletx=1inx+2=3

E-PLus

E-LET

Foll mg 1HE letAo|ng 7bg WA AP E-Lerg 2
gt 72 B-Lero] ofato] @A) 87 0014 4 1.& A4tsto] gt
12 A3 (E-Nuw), @74 8742 84 xo] diste] s ({x — 1)) &

x + 28 AAGTL x + 25 A fste] ABFH E-PLus

_T“')‘_
2 gt ol thAl E-Varsh E-Num 4 Hgste] A9
=
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oA 2 Hl &AHNAH TE2TH letx=1inlety=2inx+y
of ejult g3} o AxrEC,

{y—2,x—1}Fx=1
{y—=2,x—1}Fy=2

{z—1}F2=22 {y—»2,x—1}Fx+y=3
PH1=1 {x—1}Flety=2inx+y=3
fFHletx=1inlety=2inx+y=3

AA 3 H oA T2

let x = let y =
iny + 1
in x + 3

© U 2ol AldtEd

{y—2}Fy=2

[y 2111 {x—3}Fx=3

fr2=2 {yo2iry+1=3 (x=3F3=3
fFrlety=2iny+1=3 {x—=3}Fx+3=6
fFletx=(lety=2iny+1) inx+3=6

A x+ 35 A we] 3 ({x — 3})oll= W yoll tieh BE7}
e o AR wabA], upxE ZoA x + 3 gAY x + yE
Axtste 2 aHo ok Agequ|7t HoHA] =t oful+
Z g ofol weh AALHA Ha ye x9 ghe FolstE letd] W
o Rt &5t Hrt.
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AA 4 W oM T2y

let x =1
in let y = 2
in let x = 3
inx +y

€t 2ol Adtdd

{x—1}F2=2 A
fr1=1 {x—1}Flety=2inletx=3inx+y=5
fFletx=1inlety=2inletx=3inx+y=>5

S0l A e B8(A)2 ofelst e,

{y—2,x—3}Fx=3
{y—=2,x—3}Fy=2

{y—»2,x—~1}F3=3 {y—=2,x—3}Fx+y=5
{y—2,x—~1}Fletx=3inx+y=5

9] TPgel A levg Bl W4t B weiet o] Mafehs

&2 vt Ao] Fastt

AqA 5 H )M Z2Y

let x =1
in let y = let x = 2
in x + x

inx +y
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+ =t 2ol Adtdd

{x—2}Fx=2

(x5 2} Fx=2 {y—=4,x—1}Fx=1

{x—2}Fx+x=>4 {y=dx—=liFy=4
{x—1}Fletx=2inx+x=4 {y—4x—1}Fx+y=5
{x—>1}Flety=(letx=2inx+x) inx+y=>5
frletx=1inlety=(letx=2inx+x) inx+y =5

Al let x = 2 in x + x5 AL of AAH &4 {x— 2}7F x + x
£ Atet diofgh ARg-E B mupA]e) A x + yE Alibste A7
AutE]7] 55 olsist=Alol Fastth 1 At x + yoll A9 x=
AR EA Ao x5 7H71A et

AqA 6 & p={x— 1y 2}l T2

if iszero (x - 1) theny - 1 elsey +1

o 29 L oa3 2o
pFx=1 pFH1=1
pFx-1=0 pFy=2 pkF1=1
piszero (x - 1) = true pry-1=1

ph if iszero (x - 1) theny - lelsey+1=1
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3.3 34

A7A AAE Qole] Aar)E TAsRA. WA Aoo] B
722 T3} o] OCamle] Yol Efgl o eojat & lrk(w
o2 gia) AHH] @4t Zhed] SAlTE WA 1),

type exp =
| CONST of int
| ADD of exp * exp
| SUB of exp * exp
| VAR of var
| LET of var * exp * exp
| IF of exp * exp * exp
| ISZERO of exp

and var = string

qEg 50, = T2

let x =1
in let y =
in let y=letx=x+1
in x +y
inx -y

o olefie} o] E@HLE

LET ("x", CONST 1,
LET ("y", CONST 2,
LET ("y", LET ("x", ADD(VAR "x", CONST 1),
ADD (VAR "x", VAR "y")),
SUB (VAR "x", VAR "y"))))

2o ofulxE Helslr] el olulET Helrt Ba
shth WA e A4 wE Begtolnz thewt go| Aolsia,

102



type value = Int of int | Bool of bool

E 59, A7 18 Int 1, B-&7F)F true= Bool true?} Zo]
AT} DAL 83 o] WAt el AAER TR 4 oo

type env = (var * value) list
let empty_env = []
let extend_env (x,v) e = (x,v)::e
let rec apply_env x e =
match e with

| [ -> raise (Failure (x ~ is not found"))

(y,v)::tl -> if x = y then v else apply_env x tl

¥ 32 Bl Y AER A olotyl 1 3H4 2 S5 34 extend_env

fo
rlel
o,
2
)
rE
>
lo
g\l
filo

7tA 2= b4 apply_envE A l5H3AT

22 gz10g AHolgt ou| Lz ol o] A7 T4 evalR A

let rec eval : exp -> env —-> value
=fun exp env —>
match exp with
| CONST n -> Int n
| VAR x -> apply_env x env
| ADD (el,e2) ->
let vl = eval el env in
let v2 = eval e2 env in
(match v1,v2 with
| Int nl, Int n2 -> Int (nl + n2)
| _ -> raise (Failure "Type Error"))
| SUB (el,e2) ->
let vl = eval el env in
let v2 = eval e2 env in
(match v1,v2 with
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| Int n1, Int n2 -> Int (n1 - n2)
| _ -> raise (Failure "Type Error"))
| ISZERO e —>
(match eval e env with
| Int n when n = 0 -> Bool true
| Int n when n <> 0 -> Bool false
| _ -> raise (Failure "Type Error"))
| IF (el,e2,e3) —>
(match eval el env with
| Bool true -> eval e2 env
| Bool false -> eval e3 env
| _ -> raise (Failure "Type Error"))
| LET (x,el,e2) —>
let vl = eval el env in
eval e2 (extend_env (x,vl) env)

let run : exp -> value
=fun pgm -> eval pgm empty_env

AE =0, et Zo] TS APAA & 5 Uk

# let el = LET ("x", CONST 1, ADD (VAR "x", CONST 2));;

val el : exp = LET ("x", CONST 1, ADD (VAR "x", CONST 2))

# run el;;

- : value = Int 3

# let e2 = LET ("x", CONST 1,
LET ("y", CONST 2,
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LET ("y", LET ("x", ADD(VAR "x", CONST 1),
ADD (VAR "x", VAR "y")),
SUB (VAR "x", VAR "y"))));;
val e2 : exp =
LET ("x", CONST 1,
LET ("y", CONST 2,
LET ("y", LET ("x", ADD (VAR "x", CONST 1),
ADD (VAR "x", VAR "y")),
SUB (VAR "x", VAR "y"))))
# run e2;;
- : value = Int (-3)
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ol
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wt
4
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o
1o
ols
ol
Rl
>
oo
ok
>

1>
ook
4>
fols
i
1
o
o
N
o
8
=
Hh
o
B
8
o
;
8

l
O,
)
Hu
i
S
>
o

olebn @ik Qlat v9) G BE FINT A4S & At B4
SE2 dutdo® By B9 JEHIE 7Y B2 SE5F E
A4tshz Ao|al By 9] RIAFE Al4toh= Alojt). Ex 9] 3l
AA| el2}(actual parameter)2tal HET}.

o] Qlolm Y 4 g Tz o] o thew} 2t

e fun x (x+1)

Q17 %8 WoLA] x+19] e Wl S Eeit.
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E1 + E2

E, - B>

E1 * E2

Ei1 / Ey

let x = F7 in Ey
iszero F

if Fq then F5 else Ej3
fun xz F

FEi Ey

—————
8

foli 02

UO]l Uoh
35
N o

4> 1>

2l 41 8HAX

Ho

fun x (let y = x+1 in if iszero y then x else y)
4 BEE 999 Ao] & % ek o A9 Le
8otel xr12 yehn & 5 274 0] A WSHh W4E

g

ct
>

o

el

fun x (fun y (x+y))
5 5ol ok B4 A4 o] 29

>

o B4 fun y (x+y) S WIRHSIE W42 TR

fun £ (f 1)

5 QA TR P4E W Aol AR £2 R4S

T AZE $4E A% 18 7HIT 35S Anke weehs
48 Fath

let £ = fun x (x+1) in (f 2)

S R GhelE olEE BY 4 it

4
e
i
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fun x (x+1)F £23 O|FA2 & £5 AA A 28 7HA

=
1 3&Shs R ot AgE2 30|t}
e let £ = fun x (x+1) in (f (f 2))

oA Byit Byt gloje] Alo] @ 4

Ej)
ot o] oAl - TEA (£ (f 2)) & E7t B e
- A

30

ook

e QA g4 £2 o) @9 o sEelw glone A%

e (fun £ (f (£ 2)) fun x (x+1))
of AN E T EFA 9 Ey Arel] o]F 4l g
Al fun £ (£ (£ 2))S HIE ARSFITE ER9] Ao 3
4 A4 fun x (x+1)0] 2QEY], o] g7} A} £2 %
Es

Hi = W SF 5ol AttEde 471 drk

oL o

W

e let f = fun x (fun y (x+y)) in ((f 3) 4)
o] dAA T £ A} x, yE HIobA x+yE WISk
Saeatar A e 4= ek ((F 3) 4)ollA] x, yoll 2} 3, 42

Agsto] 15 D& AAghS 7o] "t

919 dAleA & 4 %ol 27 4.19] Aol dE
AHEA A 5 ol dE Aol A4S 5 Sl HE S
a9 AR W 4 QAL ohE o] AdgreR veted f

AA
oleh. OCamls} o] 1% 48 A gshe dofolct.

M
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let z = Eq in Ey = (fun x Es) E;

olg Eol

let f = fun x (x+1)
in (£ (£ 2))

=

2

o] 43t ot ma I} Tt oju]E st

it
4>
fol
i
o

o
=

(fun £ (£ (f 2)) fun x (x+1))

letA7} o] o2 1R o7 ¥y sHsalx|yh m2 g3 zHgo] |
Ol E flsf m= 1R Aojoll A AlEdte Fe AYTZ(syntac-
tic sugar)@tal Qhct.

OCamlo] AlFsle o4 Ao 2= dg7xolth. A& &
of, o}gl OCaml =2 13-& Kz}

let square x = x * x in
let add x y = x + y in
(add 1 (square 2))

thet Zo] 17 419 BPTEHROR

kel
rel

ok
4
30,
V)

let square = fun x (x * x) in
let add = fun x (fun y (x + y)) in
(add 1 (square 2))
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BLEES

4.2

SA= WA T2 F

11 9

el

=
=

9] o

)
i

it

o

)

A~
T

th. 25 WS (free variable)gh SFoj 7 Ao 1 A& S

2

st

—
o

o A B9

Eis

H<=(bound variable)2tal

Ql

Eo S4ste &2

3+> VAR(E)\ FV(E)7} ©t}).

vl
or
il
<

FV(n)

{z}

FV(x)

= FV(E,) U FV(E>)

FV(E1 + EQ)

= FV(E1) U (FV(E2) \ {z})

FV(let r = F; in EQ)

FV(Ey)UFV(E;) UFV(E3)

FV(E)\{x}

FV(if E; then E5 else Ej3)

FV(fun z E)

FV(E,)UFV(E,)

FV(E, E,)

bl 94(o)eldl g et A aufel 4 45

S

o4l Aol

Foleh. A By + B9l Abg Mg A Bt Byle] A WA E

ol = Ey

Mg a7h AoEleER By

S}
=

olt}. A let z = F; in E»Q] A8 HEE L

KeX
=

o m

o

3} 5,9 A% W4EL Btk
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o] 244 W5A 2 Ao gt A fun ¢ B Yol AE 2E
@50l Atz HojEglong 2hg WaTt ort. @ 7] g
So°] B2t

e FV(fun y (x+y)) = {x}
e FV(fun x (let y = 1 in x+y+z)) = {z}

e FV(fun x (fun y (x+y))) =10

e FV(let x = y in fun y (x+y+z)) = {y,z}

e F'V(let x = x in x) = {z}

AH/5H U 450l lule o] Sl 2§ WAl
S SAsHE HhAlo] mat gek. dg Sol, okl ma 1w
A2V A}
let x =1
in let f = fun y (x+y)

in let x = 2

in let g = fun y (x+y)
in (f 1) + (g 1)

9 mzage] ojnj 2hg W4o] ghe AR WAl et £

= g 4

o] A3 Ay 57 Ao &= £7F AolEE AHlAM 9 x
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2 QA ol 18 F7HA7E @
52 s|4ste Aotk webd @5 T24 (£ Do Avke
27} itk WhAo] @4 g7k Aol AFIMY x 2 20]
D2 gt AR Zhe 2 F7HAYE W4 Eekh web

(g O] & A¥= 39]

_u

o S0l SAFSHE Ag W] e 1 B4t TEEE AF
ool goz AATTA 9 meawe] e Auts 6ol
gk mhAet 4] (£ 1) + (g o] AR Ao xgte
2017] R 4 £9} g BE QAAGEE 2 FTHATIE 4

2 sj4she Aoltt. Wekq £ g4 524 (£ DI} (g D
o] Ak B 30|t

Lz dof7t A WA WA o o SE5S At 44

static scoping)S 2| Q5= Aottt T HA WAL =37
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A
dynamic scoping)gt1l 2t}
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AxElo] Z2 AL olalslr]7t B4 H97] BEol. o
2 o], 910] oAl me e Al e W xo] FANI
7 4.0} o] mz Jai0] Aalw} RykslA] Ala Aol Ha)al
o 02 AR AAEAA Aol xo] faEE T 3,
o o] EATIE 24 W xi= AWZANA HolH x, = 18 o

1) getxog magefry] Aojollx HGAH(static) = A o] ZAHH="S 9

Blgth. <52 (dynamic) & ‘48 Fol AFHLS Fatt
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let x =1
in{let f = fun y (x+y)
in let x = 2

in|let g = fun y (x+y)
in (£ 1) + (g 1)
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Val = 7Z + Bool + Procedure
Procedure = Var x Ezp x Env
Env = Var — Val

ojAl ZE oA thE & U A2 Bret B2 o F
Z(Procedure)o] F71=det. St3t (z, E,p) € Procedure2 A

22 FAUY o Bao] B4 A, BE B0 BEA, pi
147t elsle ARelAe] FolT). uhAnt 91491 87 p B
Sho) A5 M4E 47k AolEhe Aol doz el 9]
SiA Haste. olFA Aot

_nﬂ‘

e

Il

Ol

2k Z 24 (closure)?) 2t
o=
FE
oAl B4 AT BEAE A ool Belsht. B A4

A9] ojult thgat 2t

27 p7h T2 A fun o BS AN @53 (v, B, p)7h
APk Folth. Ad KAMNE Astel G4t A A
Aol Fold 87 pS F@el B Aaz At gk o

=
ES
€ S0 Wl @A 0)o1A = B4 fun x xE A4St gt




W4 5240 ojnl thevt gt

pFE1= (x,E,p) pFE;=v {z—uv}pHE=v
oF By By = o

e TE By ErE ARS] A WA B ExE A2 dA &
73 pollAl Attt Evg Avtshd &gk (x, B, p')o] Hetof ¥

ot qref ghglo] obd ohE g, dlE S0l Aedkol B 2=
e

ol

Holtt. pollA G4 At a7h A A vE TS S
T &5H EE Adsha ghov'ol dofjA|aL of gro] 4 TEA
Ey B9 Aitgro] .

2 7] A olE AR
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dAl 1 &4 p = {y— 2}oA T TEA (fun x (x+y)) 1S

Aete L et 2t

{x—=1}pkFx=1

{x=1}pFy=2

pF fun x (x+y) = (x,x+y,p) pF1=1 {x—1}pkx+y=3
pk (fun x (x+y)) 1 =3

[e)

AA 2 W BN L2 ofef Tz o] AP YL

g9,
letx=1
in let f = fun y (x+y)
in let x =2
in (£ 3)
1. let x =1 in ... AgstA of&u} ZHe gHAo] wtEolz
t}:
p1={x—1}

2. 3 p1oA let £ = fun y (x+y) in ... ASYSH £7}
AL (v, x+y, {x = 1})& 7S @A &7 pro] 4

Hoh 24 23S poutal okt

p2={x— 1,f— (y,x+y,{x— 1})}
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4. oA 87 p3& 74
T2 A o8] T BAZ AHA At
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ol
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Lo
i)

a) WA £7F A2 23 pyoll A ofulsh= gk Attt o
Tk (v, xty, {x = 1)) dett
b) AA| o1z} 38 AAste] A4k 3 et
o) A (v, xty, {x = 1}) 227 H &7t Fold Al
A B4 {x — 1} 7 en Agd s x5t

SteS Rt o] & paetal shAt

pa={x— 1y 3}

d) &7 paollM F52] FF x+yE At 48 deot

o] AA HYe F2 FAE o183 9 URE Bt oL
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{x— 1} F fun y (x+y) = (y,x+y, {x — 1})

let £ = fun y (x+y)
fH1=1 {x—=>1}F inlet x =2 =4

in (£ 3)

letx=1
in let f = fun y (x+y)
0+

in let x = 2

in (£ 3)

9] Tl ek RE()L et Lt

Mo

{x=1,f— (y,xty, {x—=1}) }F2=2

{x=1,f— (y,x+y,{x—=1}) }F let x =2in (£ 3) =4

91 T oAl Akt FE()E o33t 2o

_Q_
T__l
X2,
Ff= (y,x+y,{x—1})

f = (y,x+y, {x = 1})
X2,

f = (y,x+y, {x = 1})

x—1
Fx+y =4
y—3
X — 2,

F(f3) =4
f = (y,x+y, {x—1})
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Procedure = Var x Exp

o
alh

<
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o
ﬁO
oy

"

g o]4 71

[e)
s

7]

pFfunx E= (z,F)

pEEy=v {a—vlpkE=

pFEy By =

pHE = ($7E)
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{x =1} F fun y (x+y) = (y,x+y)

let £ = fun y (x+y)
PF1=1 {x—=1}F inletx=2 =5

in (f 3)

letx=1
in let £ = fun y (x+y)
0+

in let x = 2

in (f 3)
ol Tgol A Aeker 2R()e e 2o,

{x»—>17f'—>(y,x+y) }F2=2

let x =2
{ x> 1Lfo (yx4y) }E =5
in (f 3)
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91 oA A B ()S ohewt 2

{ x> 2,f = (y,x+y) }F£=(y,x+y)
{x—2,f (yx+y) }F3=3

{ x—=2,f (y,x+ty),y—3 tFx+ty =5

{xo 2,80 (yavy) JrED =5

sl ol 7zo] el Az 57 P me 1dolt). lets)
o= t2 Qogt 45 o] AL e Bk

(£ (x, (£ 0,0)}
o] AN B4 T& (£ 1S Astd £7} oujat Foe

54 (¢ 09 A 87 02 PA L B3E ARl defA @

ot {x > 1}o] Hil F84 (£ x) & AXtSH ==t A

Jot ojg

ril
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7ol £ol] tigt AEI}F glonz o o4 Agje] Brssith.
= 1FEf=? {x—1}Fx=>1
{f (xf x,0)}Ff=(x1f x0) (x> 1}Ff x=7?
{fH(X7f qu))}Ff 1=7?

webd @A) Aol AN T2 AT 4 gk AT @
48 Aget7] 91ste] Qols ShgeluAt. WA thawt 2ol By

a2 A,

E —

A7 §455 Hola7] 99 A Letrec f(v) = By in ErE 3715
Ak o714 [ B4 olF, vk A, Fire @40l B8l

letT} nhIA 2 Hol) @4 i ol AT AHes 4 9tk o
2 o], o] dAlE the T} Zol AT 4 9tk

letrec f(x) = (f x) in (f 1)

ojn 7z o} SlslA ma o] tht gl A 4
PSS et Zol A

i

Val = Z + Bool + Procedure + RecProcedure
Procedure = Var x Ezp x Env
RecProcedure = Var x Var x Fxp X Env
Env = Var — Val
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A o] grol At Faet e AL B
Z)olgithe otk A7) B4 A4 SaHUE AT 5267
ANA gold we] BAe Tarel EEAAT

A @4 A0l ol et 2t

Jul

{f'_> (fa'r7E1ap)}p'_E2 =
pF letrec f(z) = By in Es = v

F

73 poll A AT B f(e) = Bro] @gk (f,x,El,p)% At

pbEEy = (f,z,E,p) ptEy=wv
{xH(U?f}—}(f’x’E7p/)}p/|7E:>v/
,DFEl E2:>’U/
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Ey - B,

FEq{ % By

E, / Ep

iszero K

if F; then Ej else Ej3
let z = E; in By

%

|

| By + Ey
|

|

|

|

|

|

| letrec f(z) = E; in E»
|

|

fun z F
By By
2 4.3: A7 4S5 E&et 209 2HRR
oh.

{1t x5t x,0)}Ffx=>
{x—=1,f— (£,x,fx,0)}Ff x=
{f— E,x,fx0)}Hf 1=
O+ letrec f(x) = (f x) in (f 1) =

© 0O]F
=

A
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pEn=n pFx= plx)

pI—E1:>n1 pl—E2:>n2
pI—E1+E2:>n1—|—n2

p-E=0 pHE=>n
pt iszero E = true p - iszero E = false

n#0

p b Ey = true pHEy,=v
pFif F; then Fs) else F3 = v

pt E1 = false pbEs=wv
p b if Fy then Fs) else F3 = v

pl—E1:>’U1 {.’E’—>U1}p|‘E2:>’U
pFlet x = Fy in Es = v

{f = (fiz, Er,p)ipt By = v
pt letrec f(z) = Fy in Ey = v

pkfunz E= (z,E,p)

pFEL= (x,E,p) pFEy=v {z—ov}pFE=
p}_El E2:>’U/

prEr= (f,z,E,p)) pFE=v
{:L'H/U7f}—>(f’d:7E7p/)}pl|7E:>,U/
pt Ey By =0

03 4.4: W7 B4S Ee Qlofo] oJo| PR

[y
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SASIT) ThA] o] T IS AYzbef At

let £ = fun x (f x) in (f 1)

54 GEUAE ol

sk
UOI‘

15559 49 o)

pHE = (x,E) ptE;=v {a—vlpkE=7
oF Ey By = o

of wetA e asS APSETA vyt Fds] APdt

{f—(x,fx),x—1}Ffx=
{f—(xfx),x—1}Ffx=
{f—»xfx)}Ff1=
fFlet £ =fun (x) (f x) in (f 1) =

o] Aol A Aelg dofo] AAY|E TSR OCamlz Aol
g Qloli cheTt 2tk

type program = exp

and exp =
| CONST of int
| VAR of var

| ADD of exp * exp
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SUB of exp * exp
ISZERO of exp
IF of exp * exp * exp

|
|
|
| LET of var * exp * exp
| LETREC of var * var * exp * exp
| PROC of var * exp

| CALL of exp * exp

and var = string

AE =01, ot Z=TH

let £ = fun x (x+1)
in £ (f 1)

<t go] 2dd

LET ("f", PROC ("x", ADD (VAR "x", CONST 1)),
CALL (VAR "f", CALL (VAR "f", CONST 1)))

gt BAL Thet 2ol B 4 9k

type value = Int of int | Bool of bool

| Procedure of var * exp * env

| RecProcedure of var * var * exp * env
and env = var -> value

let empty_env =

fun x -> raise (Failure ("env is empty"))
let extend_env (x,v) e =

fun y -> if x = y then v else (e y)
let apply_env e x = e x

Aol BAE 554 Ao aAdE 4R Hootant. Wl FHL
ol HHLT 7}A]A] 9o



eval : exp -> env -> value
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71202 315 FH(0), F/AA (true, false), Y AE, A4S A
A g4 (mutually recursive function)& AFRS 4 = GF g
o F

g <lof Fung AASIR TARA.

Funo] E¥7tx= I9 5.13 2o} o §¢], OCamlz

i:tll
o

il

let rec reverse 1 =

match 1 with

0O -> 1

| hd::t1l -> (reverse t1l)@[hd]
in reverse [1;2;3]

£ Funof|A= oh3at Zo] 24 4= QU
letrec reverse(l) =

if (isnil 1) then nil

else (reverse (tail 1)) @ ((head 1)::nil)
in reverse 1::2::3::nil

O Zol A A g dofsta A 4 ek

letrec even(x) = if (x = 0) then true else odd(x-1)
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& v

-
- 0O

| true|false

| n

| =

| E+E|E-E|E*E|E/E
| E=E|E<E

| not E

| nil

| E:: FE

| EQE

| head E

| tail E

| isnil FE

| if F then E else E

| letxz=FEin E

| letrec f(x)=FE in E

| letrec f(z1) = Ey and g(x2) = F3 in F
| funz E

| EE

| print E

| E;E

12 5.1: Funo| 2HAZ

and odd(x) = if (x = 0) then false else even(x-1)
in (even 9)

T4 evend 2t w7k Hold 2, BholW ARG WESIE
Forolth. F4 oaak AATE B4 B9 AS WBSHE Ghol
o % S48 4T QA0 sl MRt ARE TEE
= Shich. PRTE 919 29 5.1 FAFEANA F AL 5
WS AAHOE AT 4 J=S TS Fn



veVal = {}+4+7Z+ Bool + List +
Procedure + RecProcedure + MRecProcedure

nezZ = {..,—-2,-1,0,1,2,...}
b€ Bool = {true,false}
s€ List = Val*
Procedure = Var x Fxp x Env
RecProcedure = Var x Var x Exp x Env
MRecProcedure = (Var x Var x Exp) x (Var x Var x Exp) x Env

2l 5.2: FunQ| 9|O|&27t

5.2 9u|aLx

omF7hE 1Y 5.2 2ot #2 FY(), A(Z), F-=&%k(Bool),
AE (List), $(Procedure), A4 &<(RecProcedure), 45 A

e
A 5 (MRecProcedure)E2] Ao 2 Aolstolrt. on|g7t 4
o]

p € Env = Var — Val
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wHFx o BT A e T F e DA AHE

1 gk ok} Zol Aolstery.

tu

(Var x Var x Ezp) x (Var x Var x Ezp) x Env

((even,x,if (x=0) then true else odd(x-1)),

(odd, x,if (x=0) then false else even(x-1)),0)

oul 7tz FHES shbd Aelsiral A4E Fohe 4SS

pFHO ="

p F true = true

p - false = false
pFn=mn

W47k Eahe b @704 1 W47t ZhAE ol
ptz=px)

134



A AAAS) ol o8 Pk,

pl—E1:>n1 pl—E2:>n2
pI—E1+E2:>n1+n2

pFE1:>n1 pFE2:>T7J2
pFEl - FEy=ni —no

pl—E1:>n1 pl—E2:>n2
pF Ey *x E5 = ny xng

pl—E1:n1 pl—E2:>712
pEE1 / Ey=nqi/ng

n27é0

Bl QAR (=, <)) oJn]E theat Zo] AolsiAr.

p}—E1:>b1 pl—E2:>b2
p b E1 = Ey = true

1 =by

p}_E1:>b1 p|_E2:>b2
p b Ey = Ey = false

b1 # be

pb Ey = ng p}—E2=>n2n7
pbE Ey = FEy = true

pI—E1:>n1 p}—EQ:ng #
ny#n
pt Ey = Ey = false ! 2

pFElé[al,...,an] pFE2:>[b1,...,bm,]
pF Ey = Ey = true

pFElé[al,...,an] pFE2:>[b1,,bm]
p E1 = Ey = false

pFHE; =n pF Ey = ny
p b By < By = true

ny < ng

135

n=mAVia; =0

n#m\V Ji.a; # b;



pI—E1:>n1 pFE2:>n2
p b Ey < By = false

# (fun x > x) = (fun y > y);;
Exception: Invalid_argument "compare: functional value".

=9 A4} not o] Jmlt Tk} 2t

pF E = true
p bt not E = false

pF E = false
pFnot E = true

pFnil =]

1) A Bl 2E Q] 3% % go] L 27lo] AUSH HeIsA oty s <) of
A7 gotglet. g Sol, PAEY Uist E e dAEE EPSe B9
91 Sjmlg ool oA shHEA F Selut gt TEAE 4ttt
=% oj@A| Felshxle] ufet ojo)st 338 Al
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pHE=wv pEEy=s
pFEy i Ea=>vis

pHEL= s pEy = 59
pl—El Q E2:>S1@52

Funo Al ¥l 2]AE = nilZ2 EESICE AARA} @ : 2 e= OCaml9]
A3} SAsteE. 9] ofulgelol A vel st 22t g19]o] gt Bl AE
& LRt e A Qs ot et gt

pFE=v:s pFE=v:us
pFhead F=wv pktail E=s

pEE=1] pFE=v:s
pF isnil E = true pt isnil E = false

74l 459 ejul gk oA Helgk arjzolth 27149 o
ol okt g

p b Ey = true pHEy,=v
pF if Ep then F5 else E3 = v

pF E1 = false pFE3s=wv
p b if F; then F) else F3 = v

letA10] ofuli o7} 2k,

pl—E1:>’U1 {x»—>v1}pl—E2:>v
pFlet x = Fy in Es = v

{f = (2, By, p)}pt By = v
pF letrec f(z) =F; in By = v
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% e}

ol

29 oult thgat 2t

pFfunx E= (z,F,p)

pFEL = (x,E,p) pFEy=v {z—v}pHE=7

p}—El E2:>U/

pFE = (f,x,E,p) pbE Ey=w

p}—El E2:>U/

o
for

2l

7 A€ Aefstal =Esh] et duFRE: "asitt
1A A2 A e e 2ol AdEH

{f = (f,2,B1, 9,9, Ba,p),9 = (9,9, Ba, f, 2, E1,p)}p b B3 = v
pF letrec f(x) = F7 and g(y)

=Fy in F35=wv

O]—A%): (fwr El7g y7E2a )%ﬁt—]— f94 %}\—% %:\—o}-DZ] 6\;]1-'{!\— 99’]_};:]——6—
AR HOIFALE Fabk. B g0l 2
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o theat 2
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il
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rir
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1Y F El = (f7maEfag7yaEg7pl)

T,

p"Eg?’U

f (f.2,Ep,9,y,Ey,p), (P FEp=1
g— (9,9, Eq, [z, E,p)

p}_El E2:>’U/
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5.3 3@

2272 Aot Bz}l oJu] LR E OCamlZ FAs|H A} ™
7 Bzt thge dolE Eelez Hojdt 4 gl

type program = exp
and exp =
| UNIT
| TRUE
| FALSE
| CONST of int
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VAR of var

ADD of exp * exp
SUB of exp * exp
MUL of exp * exp
DIV of exp * exp

EQUAL of exp * exp

LESS of exp * exp

NOT of exp

NIL

CONS of exp * exp

APPEND of exp * exp

HEAD of exp

TAIL of exp

ISNIL of exp

IF of exp * exp * exp

LET of var * exp * exp

LETREC of var * var * exp * exp

LETMREC of (var * var * exp) *
(var * var * exp) * exp

PROC of var * exp

CALL of exp * exp

PRINT of exp

SEQ of exp * exp

var = string

3t DAL e ol BYsht.

type value =

Unit

Int of int

Bool of bool

List of value list

Procedure of var * exp * env
RecProcedure of var * var * exp * env
MRecProcedure of var * var * exp *
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var * var * exp * env
and env = (var * value) list

m2 IS WolA gL ASHE ofd W48 TEsRA,

run : program —> value

9 7}2] A a2 Holw 3t 2t Yol Felg 4T A

7 g4
letrec even(x) = if (x = 0) then true else odd(x-1)
and odd(x) = if (x = 0) then false else even(x-1)

in (even 8)

= OCaml €lo]8] Below theit o] EAH.

LETMREC
(("even" N "x" N
IF (EQUAL (VAR "x", CONST 0), TRUE,
CALL (VAR "odd", SUB (VAR "x", CONST 1)))),
("odd", "x",
IF (EQUAL (VAR "x", CONST 0), FALSE,
CALL (VAR "even", SUB (VAR "x", CONST 1)))),
CALL (VAR "even", CONST 8))

O

Y Z2THE run® 2 APSHH Bool true’} AALE]o]of St
ofe mz ol ME 4T Folstn 1614 10 B

JUe G0 FUstes stk

letrec factorial(x) =

if (x = 0) then 1
else factorial(x-1) * x
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in letrec loop n =
if (n = 0) then ()
else (print (factorial n); loop (n-1))
in (loop 10)

OCaml2 EJSF x2 788 th8a} 2y

LETREC ("factorial", "x",
IF (EQUAL (VAR "x", CONST 0), CONST 1,
MUL (CALL (VAR "factorial",
SUB (VAR "x", CONST 1)), VAR "x")),
LETREC ("loop", "n",
IF (EQUAL (VAR "n", CONST 0), UNIT,
SEQ (PRINT (CALL (VAR "factorial", VAR "n")),
CALL (VAR "loop", SUB (VAR "n", CONST 1)))),
CALL (VAR "loop", CONST 10)))

Agysta o) vigol shelel Zegch. AMTE A L Unit
o},

3628800
362880
40320
5040
720
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letrec range(n) =
if (n = 1) then (1::nil)
else n::(range (n-1))

in (range 10)

OCamlz = th57 o] BT 4 Q1AL

LETREC ("range", "n",
IF (EQUAL (VAR "n", CONST 1), CONS (CONST 1, NIL),
CONS (VAR "n",
CALL (VAR "range", SUB (VAR "n", CONST 1)))),
CALL (VAR "range", CONST 10))

AleistH B AE Zk List [Int 10; Int 9; ...; Int 1] 7} AJA
i}
AAES HYE 5

letrec reverse(l) =

if (isnil 1) then nil

else (reverse (tail 1)) @ ((head 1)::nil)
in reverse 1::2::3::nil

£ OCamlz oot o= £l

LETREC ("reverse", "1",
IF (ISNIL (VAR "1"), NIL,
APPEND (CALL (VAR "reverse", TAIL (VAR "1")),
CONS (HEAD (VAR "1"), NIL))),
CALL (VAR "reverse",
CONS (CONST 1, CONS (CONST 2, CONS (CONST 3, NIL)))))

AdYstH fAE ZF List [Int 3; Int 2; Int 1]0] YA =T}

|

(¢]
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A|7HA = Herh b AoEH 1 ghe WAste Zo] =71
S A& S0, ot ZrIS AYstHA ot £7F T EH
+ 35S Al Al sfEAk
let £ = fun x (%)

in (£ (£ 1))

olgje} Zro] A|ZSE 4= QAR Y 255}

52

pett
let counter = 0
in let f = fun x (let counter = counter + 1 in x)
in let a = (f (f 1))
in counter
#47t SEEE 048 A7) 95ko] B4 counter S EYSIIL B

AAE wjutth counter®] ZH-S St Z7HAIAA THA
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= QlojSolth. OCaml, F#52] Qoo 4 AHgsH Wajolct.!)

6.1.1 EBEHIX
o] Aols T 613} ol FHSA v 7 TEL B

F7kstsict.

o ref B Wlmelo] Q2e F4E TPt FH RO A

1) ol 27istAE AR OCamlk o] AojlAf ALgste A TAT &4

o= vz g HIE A g
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E — n
| =z
| E{ + Ey
| let x = El in EQ
| iszero E
| if Fj then E; else Ej3
| funz F
| Ei Es
| ref E g &g
| 'E e
| Ei:=F; Hxa] H7g
| EnE; A
J% 6.1: 282

o 1B E7} ojulshe vime] Fao] €A Qe e onlw
o},

o By = B= Bl a7l e Fae 971 2k Bt
onjshis oz WATT.

o BByt B B2 £AHR dashs gt

o2 Sof o] QlojE 4ol BE A4S Ak Z2IHL of

Aot Zol AT & Ut

let cnt = ref O
in let f = fun x (cnt := l!cnt + 1; 'cnt)
in let a = (f 0)
in let b = (f 0)
in a + b
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& g ZAgo 2 A4 gh(tent)s NHkIT: WA a, b
L 747} 1, 27} Hlo] HEH O R a+bo] FHO & 3S AAtelA| et

6.1.2 ouLzx
olu| 725 Holsr] 9l that 2ol ouBte el

Val = Z+ Bool + Procedure + Loc
Procedure = Var x Ezp x Env
p€ Env = Var — Val
o€ Mem = Loc— Val

oA m2 17 A Fol e Fast w1 4 9L, e
F47h o g & Ak Locd vRe FAE A
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p,00 - By = ny, 0 p,o1 = By = ng, 09
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p,otEn=n,o p, ot x=px),o

P,00 "El = Nni1,01 P, 01 l_EQ = Ng, 09
pyoo bt Er + Ey = ny +ng, 02

p,o0F E =001
p,00 F iszero FE = true, o

p,o0F E=n,o0
p,00 F iszero E = false, 0

n#0

p,00 F E1 = true, oy p,01 F Ey = v,09
p,00 F if E; then E5 else E3 = v,09

p,00 - E1 = false, o1 p,o1 - E3 = v,09
p,00 Fif E; then E5 else F3 = v,09

p,00 = E1 = vy,01 {x = v1}p,01F E2 = v,09
p,ootlet x = Ey in Ey = v, 09

p,ob-funx E= (z,E,p),o

pP,00 FEl = (l‘,E,p/),O'l P,01 FEQ = V,02
{zx = v}p o0 E= 03

p,00F E1 Ey = v/, 03
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wmal WSl oo WeEe] Tt s1A. Ithe] B
AR B4 pt B12 ALE ol wnal 0 A A4y
AT 1 AgEe veba 843 A} o2 2 opetar o1
YRS 3t vE WD, Wma 0,0 F4 10] 3 vE 7}
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o By Er0 ofulE F A A= Atk Aot

p,O'()'—E1:>1}1,0'1 p,O’ll—E2:>U2,0'2
p,00 = Ev; By = 2,09

A By 9A At 0] BE ASHA wmd
A7) k. ol By 2] 3 v BAH B2
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oju7z0] et ofel Lol ofPA AP LA Huin
A 27) @A vRelE L5 W 8 (0)7 9l vze (0)o]c.

let cnt = ref O
in let f = fun x (cnt := 'cnt + 1; !cnt)
in let a = (f 0)
in let b = (f 0)
ina+b

LA A HA letg #2]ot7] §I5to] 4] ref 0= A4ttt
wme] ge] ofn] A ojof wpt offjel go] deYH
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fun x (cnt := lcnt + 1; 'cnt)
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(x, (cnt:=!cnt+1;'ent), {cnt — 11 })
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FE| + Ey

fun x F
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6.2.2 oo]7x

iszero F
if Fq then F5 else Ej3
let x = F; in F»

I
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u) e kg 2ol Bolotar

Val =
Procedure =
p€ FEnv =

o€ Mem =

7Z + Bool + Procedure
Var x Exp x Env
Var — Loc

Loc — Val
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let £ = let cnt = 0
in fun (x) (cnt := cnt + 1; cnt)
in let a = (f 0)
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in let b = (f 0)
ina + b
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letrec forever(x) = (forever x) (* infinite loop *)
in (fun x (1)) (forever 0)

Qlze] Zholl ATHglo] 14 wHgeb gho] Q17 (forever 0)S

Fo] TEoITh o4 £5 T&5H] Aol JAES Atstd

e

ol ™ A=A AL

~—
@
&
0
[¢]
=
g
&
=2
=
5
-+
=
S
=
N
é

=l
Hu
[

@,
o,
D
B\
)
r (o]
é
‘\-‘
L E
&
N
o]
£
&,
o
2
o
E,
E
rUSL
;2
Bu)

A AATE-2 Haskelld} 22 h4-d QdojofA]
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om7t debA = HHYE dojolA T2 BHEE 7

6.3 T4

o] AollA Aol ddojo] AP E FAs|EA

A A T4

WA A WA 2 o] dojE OCamlg o3} go] Aeojg 4= 9l

=y

type program = exp

and exp =
CONST of int
VAR of var
ADD of exp * exp
SUB of exp * exp
MUL of exp * exp

DIV of exp * exp
ISZERO of exp
IF of exp * exp * exp

|

|

|

|

|

|

|

|

| LET of var * exp * exp
| LETREC of var * var * exp * exp

| PROC of var * exp

| CALL of exp * exp

| NEWREF of exp (* memory allocation *)
| DEREF of exp (* dereference *)

| SETREF of exp * exp (* assignment x)
| SEQ of exp * exp (* sequence *)

and var = string
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7, 24, vRe S oheat go] sk}

type value =
Int of int

| Bool of bool

| Loc of loc

| Closure of var * exp * env

| RecClosure of var * var * exp * env
and env = var —-> value
and loc = int
and mem = loc -> value

let empty_env =

fun x -> raise (Failure "Environment is empty")
let extend_env (x,v) e =

fun y -> if x = y then v else (e y)
let apply_env e x = e X

let empty_mem
fun _ -> raise (Failure "Memory is empty")
let extend_mem (1,v) m =
fun y -> if 1 = y then v else (m y)
let apply_memm 1 = m 1

let counter = ref O
let new_location () = counter:=!counter+1l;!counter

=t

rel
ot

3R

He F2E de= }911 new_location()2 T&
wih 2@ vne] F4E WEste s stalok of o Ele

7= § dojoll ditt Ad7|E A=A}

l

eval : exp -> env -> mem -> value * mem
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= A B4

5w $A 9 Qo]

type program = exp

okt 2ol el

sk

%0
=

~
T

rr

and exp =
CONST of int
VAR of var
ADD of exp * exp
SUB of exp * exp
MUL of exp * exp

|

|

|

|

|

| DIV of exp * exp

| ISZERO of exp

| IF of exp * exp * exp
| LET of var * exp * exp

| LETREC of var * var * exp * exp

| PROC of var * exp

| CALL of exp * exp (* call-by-value *)

| CALLREF of exp * var (* call-by-reference *)
| SET of var * exp

| SEQ of exp * exp

and var = string

g 97, WS cre vt o] FaskA

type value =
Int of int

| Bool of bool

| Closure of var * exp * env

| RecClosure of var * var * exp * env
and env = var -> loc
and loc = int
and mem = loc -> value

let empty_env =
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fun x -> raise (Failure "Environment is empty")
let extend_env (x,v) e =

fun y -> if x = y then v else (e y)
let apply_env e x = e X

let empty_mem =

fun _ -> raise (Failure "Memory is empty")
let extend_mem (1,v) m =

fun y -=> if 1 = y then v else (m y)
let apply_ memm 1 =m 1

let counter = ref O
let new_location () = counter:=!counter+1;!counter

ofdl g RS ZhAIE 91 dolell e AWIE FAARA

eval : exp -> env -> mem -> value * mem
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Z Qe o} v 2] He

Val = Z + Bool 4+ Procedure
Procedure = Var x E x Env
p€ Env = Var — Loc
o€ Mem = Loc— Val

QA9 FHe 19 729} 2t

N

71 #F=
HEy dojolA HZE(record) = o]E 2L WEY FAEO)
RS 7HIZIH. AE 5o, of ZrIHe HAk

let person = { age := 2, birth := 201803 }
in person.age + person.birth

1) C AoJolA&= FZ2A|(structure)etal FE2r}
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E — n A5
| = S
| E+E AFZ] QA4
| iszero E HAE
| if E; then F5 else Fj 2714
| let z=FE; in E, H A9
| funaxz E o A9
| E1 By 4 g = e SR
| E (@) TAAG A 2
| z:=F e
| By E; A=

a3 710 hy Qloje] 2Rz

Y|FE person age?} birthZ o5& X2 F HjRd] FAES X

202 o5ttt Y A& I (field)= person.age?} Zo] B

A2 JYgqg dojoA i (array) W] FAES] olF
A2 29l FFZER o] 4= Ut A& Eof, ofeff oA

let arr[3] = {1, 2, 3}
in arr[0] + arr[1] + arr[2]

Wi arre wlma 24 A Fje] mgol, 7 £458 arrlo],

arr[1], arr[2]1 9} Zo] A4 ATAAE MA HIstL Q.
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pooFn=no p,ox=0o(p(x)),o

p,o0 - E1 = v1,01
{z = }p,{l—>vi}o1 - Es = v,09

D
P00 }_ let x = E1 in E2 = v, 09 l g Om(gl)

pyobfunx E= (z,E, p),o

p,o0 - E=v 0
pyoo bz = E=v{p(x) = v}loy

,0,0'0%E1:>($,E,p/),0'1 szIFE2:>/UaO-2
{z = 1}p,{l—v}loaF E= v 03

[ €D
P, 00 I E1 E2 = ’U/,O'g Q/ 0H1(0'2)

p,o0 b E1 = (z,E,p'), 01 {z— py)}p,o1 F E=1" 09

p,00 - E1 (y) = v, 09

p70'()|—E1:>’U170'1 p,O’ll—E2:>’l)2,0'2
p,00 b Ev; Bz = va, 09

a3 7.2: iy oj9] ooz

Hd
oE
4
BN

s} AILES WED AESHE EUES FAbsd. dns
L olo 4o WES A 5 AT o 7x Helo] WS
A BEF GAG £ A9 A9 AR Eak E7L S5}
L dmEe] BE 19| g oJujsitt. B = Bk dIE WE
Era7t ofnjshs vlme] 4o @21 2k o) ghoz WAk
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8!

E —
| EI: EASS
| {z = Ev,y := Ea} A
| Ea qe [T
| Bz :=E, T ZF ¥A

12 7.3: Y REE Q5 2YR 7

Val = Z+ Bool + Procedure + Record
Procedure = Var x E x Env
r € Record = Field— Loc
p€ Env = Var — Loc
o€ Mem = Loc— Val

{z1 =11, 0 = 1}

Z+H3E 9E o8 Wie F4 2 wf8ohs geolth

oz Aol Y 749 vt A WA 1AM 1 HEE
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pot-{}=00

p7U}—E1$U1,O'1 p,all—E2:>vg,02 l1,lg ¢Dom(02)

I’—)ll,

p,al—{x :=E1, —E2}2>{ } {110—>U1,12l—>1}2}02

p,o bk E =71,01
p,o b Ex = o1(r(z)),o1

p,oFFE1=r o p,01F FEo = v,09
p,o - Ei.x = By = v, {r(z) — v}o,

O3 7.4: Y2EE et 90|72 &Y

(& olRAE YEA e F5, = 0

A A B Ex 0 ghe Antste
W o1t B e O 58] WS op2hal SHH, ool A ZF F
Eol e A wRE FAER 4, LE AEA 2Rt e ¢
Dom(oz)). #FAer HAIE I {z = L,y }E ol
W2 090 Iy,ly T4l G v, v E AT
Al A 22 HEZES] HE(B.2)7t Aushs gha 7P =
Wil Aosta Sk WA EE AAtste] gZE gt r& deth
T 29 g2 7HAAL 7] 9fsiA WA HE 27t ou|ste F4

il T(af)% et O ts @A HE2elA I Fao "H3 e



At A2E gh(r)o] Uetok Gtk I The Eoo) gt vE Ak
sto] @A Wme 0polH HAE BE 29] 4 r(@)7} 7 vE 7
7Es e WAR A B = B0 3 v Aojshart.

o5 Sol, obef mzz o] ojuj P2 2o whet aisl 3}
e AMEA. YTES o] 85 4R 725 Bt 221

o]

A

let tree = { left := {}, v := 1, right := {} }
in tree.right := { left := {}, v := 2, right := 3 }

WA W g wnaol A HaE P4

{ left := {3}, v := 1, right := {} }

{left — I, v lo, right — I3}

wx2] e o2k 2ol BH

{Z1I—>®,l2l—>1,lgf—>®}

Mz HRe] F2 1, b, I35 TEeHAL 2t BET} olg= 7H
7|5 2L ghe sttt mRel e Fa L 3olle 7l g
FE gh(0)o] AF= AL, BE vt ofulshs F4& hole A4t 10]

=T HE treeS HZE G r2 AP OB R let tree = ...
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£ A F A iR et g

{tree — Iy}

)
I

left +— [y,
o = {ll’—>®,l2}—>1,l3l—>@,l4l—> v 127 }

right +— I3

oA W trees WEE FA LE oulotal, HEE F4 Iy
T grol & A St} HZE9 Hu 52 747 T4 Uy, s, I3

olulstal, 11 Faoll= 242 gt 0,1,07F &A Ut o]=gh g
!

tree.right := { left := {}, v := 2, right := 3 }

S A EAL o]8 ¢l WA tree.right7} o]u]ah= wme] =
A5 Al4toliof gtet. A 73 v ejo) A ¥ treeZ} oJn|s}

= S ol I {left — lj,v — Iy, right — I3}7} AL
ok o] HFEoA LE right7} oJn[sh= F4% o] HIE
A

{ left := {}, v := 2, right := 3 }

{left — 5, v — 167I'ight — l7}
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¢

Ol

o] kol AA| ==je] gro= vrghEm, Hefo] Lt

T |2 AFei= ofefet Zrt

94

rel
ol

o

p = {treer Uy}

I — 0,

lo—1,

I3 = {left — I5,v — lg,right — I7},
o = ly — {left — I, v — lo, right — I3},
5 — 0,

lg — 2,

l7—3

Hze] FaE Aol 3 FE2E we wEolAls U 727t
Hme] o THEoH AL o] 5 W4 tree2 HE I 4 A &

qict.
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B yE WS 20 Faex)E 7tEle ZAEE ek
oh. ZQIE] W5E FE(ry)3kH y7} bl w e S
970 2k & 85 xol ©Y g ojuidck mebA sy + 29
72 30] Hek QIR xy = xy + 2= ZAAE yI} 7kerlE

S 302 HiZsHA "ot wheba] § T2 73y
2 AP FO| <P 302 vpas] Fet

let x = { left := {}, v := 1, right := {} } in

SHITE ThAEE TR (ry := 4y + 2)S AASHE x.v9] Gol
30 2 vt
let £ = fun (x) (*x := *x + 1) in

let a =1 in

(f &a); a

4 £9] A2}z EQE W4T T4 BEAA 27} 7
27 F40 G971 42 1 S7HA 712 Sl ¥4 ad] x27]
gol 1011 §4 £9] QAR a9 FAaghe Wl glong

25402 29| 3he 27} HL}.

let f = fun (x) (&) in
let p= (£ 1) in
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_wﬁ
AL
N
)
i
i)
R=)
i)
)
=]
fu
LJ
mlo
ret
iih)
_\::l‘
rr
w
2,
i

oldd Z2 ey ool ZQIEE X YstH Hre FAV T2
Jo A 71 482 AFR S 4= 9l Z(first-class value)o] H

o %, vlze] 348 g AR 5 AL, 4ol daw A

TOElE A Y5t7] YA AdolE f-&a} Zo] SAFsHA}.

| new E

2HE I FAE 7HAHRT *E, *E, = E,
Hia Fao] AFE ZS P eAY I F40 91 g2 |
gt

o rr

2) @47t W o AT WSS vRest AFoR A gk by
st
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Val
Procedure
r € Record
p € Env

o € Mem

BEEES BEg-T

ot F&gk(Loc)o] gholl Ze=| it

Z + Bool 4+ Procedure + Record + Loc
Var x E x Env

Field — Loc

Var — Loc

Loc — Val

3 2o,

p,o - E=wv0

p,obnew E=1,{l— v}oy

p,U}_El :>l,01

| ¢ Dom(oy)

p,o b &x = p(x),o

p,oHE=ro;

pyo b &E.x = r(x),o;

p,o-E=10

p,o - *E = o1(l), 01

pP,01 F FEy = V,09

p,oF*E = By = v, {l—v}osy

A A A ool e Fa 1 TP 1 Fao
X 9] 3e AT ek Mme] FYA new £ gL AE
E a7 o]tk £ A, A WA FALS W(2)e dns

E(Ba)7t dehfe vlRe 248 sbdet W] 59 87
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= m®2e Fao g3
Eig Altstd F43 1o

O N

Upetok shl, mme] ouel A 19] ghe
E59] 7kel v=2 HASIA Q)

9] o 7xel A EH x4 «EY] ofn]7t ALgHE $1o]
whe} et glek. mhAe L el Ro] o)A A +E
7} Mg EE Hgoltt. o A9 *EE E7} ojnshs
Shth. U WA AL «E A7 Ao AH§EE Zgeltk. ol
«Bi E7} ofnjshs Fad] 971 ke Eatth S 471 4

(xE)ol2tal s AHEEE YAl w2t 11 ofnls e 4 Q-

oAA 1 the m= o] AYEE AL A

let x = 1 in
let y = &x in
*y;=*y+2
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flo
v
ille
i)
.
v

poby=li,0

Fxy=1,0 pok2=20
poby=li,0o p,ob*xy +2=30
p, o *y 1= xy +2=23{l; — 3}o

Al 2 = ZzIHo] APH= S Auf At
let £ = proc (x) (*x := *x + 1) in
let a =1 in
(f &a)

T Lot 5 ARG Fo

gt 5o @R MRS p={f = l,a b}

o ={li = (x,*x:=xx+1,0),1y — 1}o]2}L 52} 7|4 4=
Z (f &2)& o I3k

HT X

°

3} QAE ket ol AeHA 51

p,0 £ = (x,*xx:=*xx+1,() p,o b &a =,
&7 03 K2 oE

QApel dialAl et o] YT &
p={x— 13}, o={l3 o, 11 — (%, *xx:=xx+1,0),ly — 1}

o
ju(e]
)
N
N

S,

it

T Eoe Al

K8t e

p,obFx=ls0

p,oF*xx=10 pokl=1oc
p,oFx=ls0

ok x*x+l =20
p, o *xi=+x+1 = 2 {ly — 2}o
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p,00 = E1 = v1,01
{z = Up,{l—=vi}o1+ Ey = v,09
p,o0tlet x = Ey in Es = v,09

I ¢ Dom(oy)

p,o0 b Ey = (z,E,p),01 p,01F Ey = v, 09
{z = U}p {l—=v}ioaF E= v o3
p,oo - Ey By = v 03

I ¢ Dom(os)

p,ob By = vi,01 p,01F Ey = vy,00 l1,la & Dom(og)
Ty,
y—rla
p,o b E=wv0;
p,obnew E=1,{l— v}oy

p,(f}—{l' 2=E1,y = E2}=>{ },{ll}%vl,lglﬁvg}dg

I ¢ Dom(oy)

A7 Aol ol 1 xE B WRelt AEA TP 2ol
ol 297t gtk Letdl, @4 524, s A4, Hlue) g

Ae At muit 2 HiE2e] F28 AT 7.5)

SHARE 21|72 ARt oS B mg I AsiFo]
m2e] 7t G & siAlEEs B9 glck whebd dRlvhe v
27F 7 Hla 229 A¥ge] | ol =vbe Al w1t

o] 97 Hit}. oS Sol, Taut o] AATSZ 45w Y]

A~
£2) g1 WY $EOR m2 o] vy FasH Ack?
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e F45 AT 5 UES dolS s e

Z2IHY dolE2 off F 7 WS shE Ed

L 4% ome] Agg: T2 adeelA] ve els wr)s
Aoleh, F2 AAH m2 1Y AoE (C, C++)o] 18
o} 0|5 dlofel At mmel welE A% 5] Yre] &

fust ma ezt gskte Hue g welshe 2ol

Fpsaitt. AT fRels SEo2 Balshs AL e of

Hil o7 g AE o &+ Ao

P
o,

N

2. A5 v]ma) AL Javash 2L AoEL wma) AYTEL
508 APttt e 1des Hrals ddese o
A T2 Qlols} AEoR 5
jv}g] /‘1/\§ o]o]- 2_]_]_7]_ 01011/].]] oF %—__ 2
S me st 4% pajehs And NELAY

219 Ae Fo] Wme] Aeeg sasjof shn

o] uhgc}.

rlr <
)

30
=

al
H
=

fu
ot

7.3.1 4% W AP

% we] A2HE-e st ol Wme SRS A9
shel slck.

| free E
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free B E7} olulshe F42 @A) HlmeldA AAsks ¥e
olet. thewt ol oJulg Holg 4 9iek

p,o - FE =10

leD
p,o b free E=1,01\1 om(e1)

A7 o\ L Wmal oo d T4 1o slFels A A

Muals ougth 1 ARE o'eta & oS e F 248
gh=sh Bz efolck: 1) Dom(o’) = Dom(e)\{1} (o17]14 A\B:
A% A9t Bo| AAFS E9), 2) VI € Dom(e”) : o (1) = o(0).
Wma SRl Zhe F4 12 Holstaid), o o4 2ol4] e
ol b ob grog Holdjw wubsich

& R AEE2 ol HH ul-¢ Ihsie. ShAR 2E o
ma @elE ZrIvrt 24 ste A2 ol Lol Al 7HA]

A7 e & Ao

o M5 YT A sA|SEAY otof siAISHA] = o Tt
W22 F4(memory-leak)2}il et

o WR22]E u|A AMESH] Mol SiAIE 4= lth(use-after-free

T = dangling pointer 25).
o A5 Y& of2{H AT 4= A tt(double-free).

2% uRa ABES AUl Aol]] O/CH+7 FAE 2T
oA o5 Al 1A ©REL ujS Eoje] ALES o] Kot Fob
o) Za o] k.
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7.3.2 A% W RIL

2y dojofA AFoR e A

sa
=
_IO]—OHEX‘{. r,].gjq. e H]—/gl% A§71—61— z'\_ olge 7 o]r,]-'

L oHRa)s} BEe e me g Aeg A Wi
2. @A MEolH FO2 B ol AHFEA e mme] Fa
S n% ned
3. olgA] BE FAES WA WmelA LE AA G
o ol obdf) m2IHS 1A

let f = fun (x) (x+1) in
let a =f 0 in
a+1

5 8 Lot o] BEA (2 + 1)2 AXISH] A7 873 smel} ok
o} ek sk,

p={f—l,a—l3},0 ={li — (x,x+1,0),lo — 0,13 — 1}

of ul, @A Fmele] S8 F2E 7heE o A8 R WS
a7} OJmlsH lyolch. wrebd ool 1,18 AASte o' = (I3
1)} o] Hm e S g5l 4 a+ 12 AL Hrk.

AP e Aggel At o4 waskAw go] P
AurAQ) w2 ddofol siH FRSHE AL Bobssitt.
A A, mlee] AHEEIA 9 Fau e Zehie ol
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ul
o
R
M
>
)
o
1%
o
ku
N
i
H:l
il
[
%

O

>
ol
>,
N
rg
Jdo
_?_ll
_?L

L HE 98 2203 PE obA theat Zo] 4l 22Ide

let x = new() in P; x

4 ol vlRelS ggety T2 PE AW F 12 W
got e agolth. of u W4 xi Poll 55 e A

2. 9] mRIRL AYPsHA PE APsr] o] G5 A
ANAAN do2 AHEA] e HRe Fass B 22t
I A3k Skl okt

3. o)A thewt ol Pl i@ F& o9 BUY 5 Ut
o WO 57} x9) FAQHE P rhd PrE Bt

L Folt}. P7 Bufol xt A48 E)7] fRolet.
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o THoF S7} x0] F4zke mRkRITH, P7F BUA obe

TR olth. ok x7h AHEEIA) e

let f = fun (x) (x+1) in
a=1f 0 in
a+ 1

N(a+ 1) A7) 24 4 vmes oL 2k
p:{fr—>l1,ar—>13},0:{l1r—>(x,x+1,@),l2+—>0,l3r—>l}

A A W £oF aZk FofHof AL, 747} wRe] F
I35 7He71al ok mebd @A) S0l M TRt
2 1, 13013 HF BV FaE bolrh A WK oA A
E7Hs%F 4 LbE AASH o = {lh — (x,x+1,0),l3 — 1}2
W22 S &gt & A a+ 13 ALt

i)

B b

o
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>,
r (o]
2o
ol
ol
v
0
el
R
=
1o
ol
i
rlo
e
)
O
E
o}
g
i';
ol
ol
N
rr
52
i)
rel
=2

AHeJ A Fa o] O™

A S ziH AT Vs vRe FAE 2, HiRe
HolA o= G2 #1258 BF dedof itk & &
O 22 B () w2 (o)A flof Aoz mme] Ae
& s 24k

lli—>0

l2 > {ar—> lg,bl—> ll}

l3l—>l4
x— N
pP= o= Iy — (X,E,{ZH%})

s —0

lg — 7

l7i—>l6

HA FAoA A 2ol 7hed Fa {h,L}E B2t o
o)A ol g7 g BlZE {ar I3, b [ }o] B2 @A 87
B Fa bE A e Lol FHE s HEE 4 QU o

=
457 BOR AT MsT FAE AFL (Il ls}o] Brt

=



o] Hatol HIshA 137} AR FTtEglong mRolA E F
of F7HHog H 7hed 47t U=AE AnEh ole
2 W7 EA doeng HIavkeet e JAEE {i,l, 13,1}
2 gtk oAl AEA 7R F4 Lol g7l
# (% E {z—I5})0] §A ded, o] &7t 354 A A%
A {z = 5}& S0l T4 ol A2 7Fsoteh webA b= HE
of F74gtek: {iv, 12,13, la, Is}. TFA] Is0ll sl 9] 24 RHESi)
] 1501]1— ] /\%}:o] 1:1—7_—] olomng 17}1—1 [ = 1417}%@- 2’<_
e Y ol AL, HFAHLR {l1,1y,13,14,15}7F FA S NA
H7Vs g (reachable) FAE] A4 e & 4 Aot W=

glofA o] E7]A YR Fa5e AEEohH o3 g

lli—>0
ZQH{aP—)lg,bHM}
o = I3 1y

l4 — (X,E‘7 {Z — l5})

Z
=
A% Reach(p, o)ol Egolof gHe Zatth. & WA 722 lo]
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p(x) € Reach(p, o) @ € Dom(p)

I € Reach(p, o) all) =0
I € Reach(p, o)

[ € Reach(p, o) oly={x1 = l,...,zn = ln}
{li,...,1,} € Reach(p, o)

l € Reach(p, o) o(l) = (z,E, p')
Reach(p’, o) C Reach(p, o)

[
I
-
(@)}
rion
oy
=2
>
o
ry
N
or
_o'y
=2
o
n
N
>
un

N
b
i
F
S
2
=
o
T

GCE A5 v 22] A& (garbage collection)S 5= T

e S ket ol Aola 4 ol
GC(p, U) = 0|Reach(p,a)

A7 o|x & W2 ool A Het X e F

A
2] FAEL AR e E Lt GCE AHEsHs W2 ALt
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T &Y (continuation)o] = Fol] A Eof| thaljA 1 AlS A4t
ot7] Aol 3Z&stH Hrt.

p,GC(p,0) - E = v,0’

AE S0, o] oA Z=TH

let £ = fun (x) (x+1) in
let a =f 0 in
a+ 1
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A x+1S AT oo

o},

=
ol

rr

74 Fd

g7t 9] dolE OCaml2 ofgjet o] Aolgt 4= gl

type program = exp
and exp =
| CONST of int
VAR of
ADD of

var

SUB

DIV

of
of
of

exp *
exp *
exp *
exp *

exp
exp
exp
exp

ISZERO

of exp

IF of exp * exp * exp

|
|
|
| MUL
|
|
|
| LET of var * exp * exp
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LETREC of var * var * exp * exp
PROC of var * exp

CALL of exp * exp

CALLREF of exp * var

ASSIGN of var * exp

SEQ of exp * exp

EMPTYREC G {} %)

REC of var * exp * var * exp (¥ { x:=El, y:=E2 %)
FIELD of exp * var (x E.x %)
FIELDASSIGN of exp * var * exp (¥ El.x := E2 %)
NEW of exp (* new E %)

ADDROF of var (* &x *)

DEREF of exp (x *E %)

STORE of exp * exp (x *E1 := E2 %)

var = string

. 9] 2ofo] Tt Zh(value), 37 (env), W] (mem)S &
S| 2.2}

- of Brde] A g TS EAL

eval: program -> env —-> mem —-> mem

. ot grelo] AAE wme] HE-E7] geE A EA

gc:. env => mem —-> mem

e HEE7] geE 114 HOlFt AeY7] evalo] it
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E — n
| =z
| FE| + Ey
| let =z = E1 in E2
| iszero E
| if Fj then E; else Ej
| funz FE
| letrec f(z)=F in F
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Val = 7 + Bool + Procedure + RecProcedure
Procedure = Var x Ezp x Env
RecProcedure = Var x Var x Exp X Env
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pFEn=n pFa=plx)

pHE =n pFEy=no
pFEy + Es = nq+nog

pFE=0 pHEE=n 20
pl iszero E = true pt iszero E = false "

p b E1 = true pEEs=w
p b if F; then F) else F3 = v

pE E1 = false pbE Es=wv
pFif F; then F, else F3 = v

p Ei =1 {r—u}pk Ey=w
pbFlet x = Fy in Es = v

pFfunz E= (z,E,p)

{f = (f,z,Er,p)}pt Ea = v
pF letrec f(z) = Ey in Ey = v

pFE1= (x,E,p)) pFtE;=v {z—uv}pHE=7v
pHEy Ey =

ptEEy = (f,z,E,p) pbE Ey = v
{x—=uv,f=(f,z,E,p)}p'FE=1
p}—El E2=>U/
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fun n (n+1),funn (let x =1 in x + n)
o] o] eplell b 4ol
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e int — (int — bool): AFE Yo7 7

=

=
drss T A8

ol Al int — bool
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fun £ (fun bl (fun b2 (f 1)))

St g2 @47t ol Bl St
8.3 E &7

ou 7z Rolst vPAAE A B e Bl &3 A5 W
So] Bl olol AT & Gtk dlE Sol, 4] x+19] BHYL
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't n:int F'kFz:T(x)

I'FE; :int TFE;y:int
I'FE; + Ey:int

' FE:int
I'F iszero E : bool

I'FFEi:bool T'HEy:t T'HE3:t
I'+if Eq then E5 else E3:t

I'HFE;:t; {x»—>t1}l—‘}—E2:t2
I'tlet x = Ey in Es : 1o

I'FEy:ti >t THEy:
F}_El Egitz

{l"—>t1}F|—E:t2
I'bFfunax F:t1 — ts

{l‘l—>t2,f*—> (tg —>t1)}F FEl 1t
{f’—) (tg Htl)}FFEQ ot

I'F letrec f(x) =FE; in By : t
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L5 A5 7] (automatic theorem prover)zt
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{x + int,y — bool} F y : bool
{x+ int,y — bool} F x : int
{x + int,y + bool} F 1 : int

{x+ int,y — bool} F if y then x else 1:int
{x+— int} - fun y (if y then x else 1) : bool — int
0 F fun x (fun y (if y then x else 1)) : int — (bool — int)

12l 8.5: EfQ 22 1149l o

2 whsofulm, 49 Fol e1) 0R7h WASHA) gk, thet 2
o] Bbg} & FHo] a4 0 F iszero (1+2) : boold YT
% 97 dholct.

PF1:int OF 2:int
PF1+2:int
O+ iszero (1 + 2) : bool

A (fun x (0) 19] BIE The T} 2ol 22 4 ek,

{x+— int} Fx:int
@F fun x (x) :int —int O F 1 :int
P+ (fun x (x)) 1:int
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7Rt ¢ = boolQl 7 v} Zo] FEH

{f — int — bool} F £ : int — bool

{f — int — bool} F 3 : int

{f — int — bool} F £ 3 : bool
0 F fun £ (£ 3) : (int — bool) — bool
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let rec typecheck I' E =
match E with
| n — int
| z — T'(x)
| FEi+ FEy —
let t; = typecheck I' Fy
let t5 = typecheck T' Ey
if t; = int and t5 = int then int
else raise TypeError

2 8.6: A7 42 Al=SH EIY AHFH 73
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if iszero x then 0 else (double (x-1)) + 2
in double 2

fun (f: (bool -> int))

fun (n : int)
(f (iszero n))

EFQ) F2 Aol A Bl HEL ofdl F Aot

{x»—)tl}FFE:tQ
Pkfun (z:t1) E:t; >t
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let rec typecheck I' E =

match E with

| fun (z:t1) By —
let to = typecheck ({z — ¢1}I") E4
nt; —ta

| letrec t; f(z:t2) = Ey in Eo
let t' = typecheck ({z — ta, f — (t2 = t1)}T) E4
in if ' = t; then typecheck ({f +— (to2 — t1)}T") Es

else raise TypeError

g 8.7 BHY 85 Z200A 2 = A7 g+= F8is EHY
|

8.6.1 ¥ T34 A

fun (f) fun () ((f =)+ (f 1)
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ty = ty—t to = (int — int) — (int — int)
th, = tp — 1o t1 = int —int
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to = t;—t
t1 = bool
to = int
tp = tp—ty
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V(T,n,t) = t = int
V([,z,t) =t =T(z)
V(,e1+e2,t) =t=int A V(I',er,int) A V(T ez,int)

V(T iszero e,t) = t = bool A V(I e,int)
V(T,if e1 ez es,t) = V([ e1,bool) A V(I'yez,t) A V(T es,t)
V([,let x = ey inea,t V(,e1,a) A V([z— ]l e2,t) (new «)

)
V(T,fun (z) e,t) = t=a1 = az A V([z — a1]l, e, a2)
(new a1, a2)

V([,er ez, t) = V(I er,a—=t) A V(I ez, ) (new a)

7121 8.9: EFQ) HEAAl AHM oF 7

o1 oo

ol

V(0,fun (z) (if = then 1 else 2),a — (B)&= W4

a =Dbool A B =int

S gAY Fold Zeae) BYL a - At T 5

9128 a = boold} § = int7} {5 E|o]of 57] Wgo]ct,

oot e WAL AHFES LTS VE Ao 3

o V(I',n,t): BF%) &7 TellA A5 nol B t& 7 HH t7}
intojof SHth(¢ = int).

« V(T,2,0): E19) §7 TolA W% 27} B 12 A ¢
7} €FQ] 17 TollA 27} 7HA= Ehelel T(z)9} 2ok gt
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o V([,e1 +ea,t): BFY 7 TolA A ey + ex7t BHY t5 7}
At t= into]ojof Sttt = int). ITHEO] 4] e T} ey
of tisiA AAA = et FAAS AAGRATHV(T, eq,int),
V(T eq,int)). ©] o] e; T} ey B A4 EfgJo]olof sta R Y
o] mpAlEt QIR intE FUAT

rOh

V(T iszero e, t): B} 27 T A Al iszero e’} EFY t&
7}A 2 ti= boolo]ojoF gheh. 12|11 eof] TioiA A AL
2 HAAE AAATHV(T, e, int)).

V(I',if e1 ey e3,t): 27AA0] A5 e9] EFY-S boolo]ojof
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o V(I fun (2) e,1): WA G54 fun () o= T4 9L 7
Aok Stk @40 QAfe} At helo] wEslof sk 24

o] obd] glom® AEg EHY] W ar,a0S A ¢ =
@t st Ikl A BAA W4 2o] B

e A7 Bl ai 0% AR F T BEA ep0] o}
o WAL AHoR AT of o, BEAl9] Hele
o] A} epglu} Zolof St Al WA AR 0y B F

o V(I e1 ez, t): A e12 g BFYolojof stE = B
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At Oots AR Fol3 4 ezl HisiAE AT
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A7 A2e B WSS R WA, A WA AR FA Dk o
2 Sol, (fun (z) () 10 ol B AL QA 1L

that ZrHal A4S Bl Foki e Wi,

V0, (fun () (z)) 1, @)
=V(0,fun (z) (z),a1 = ) AV(D,1,a1) (new ay)
=a; va=ar > a3 AV(x— o], z,a3) Aap =int  (new oo, as)

=] >a=ay > az3ANay =az Ao =int
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ta ts ta

fun (_f ) fun (2 ) ((f2)+(f 1)
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S
__OO

ty = tiol4 7} &

to

NI

2 Aot oot

9]

Xe)

(int — int) — (int — int) = (int — int) — (int — int)

2]Z(unification algorithm)<
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ty = int—ty ty = ty— (ty —int)
tp = ty—t3 ti = t,—int
to = int
ts3 = int
ty, = int
WAty =int — 1,5 AR F7]7] Hof| Hg (45 intE Hf
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ol
o
1>
o
N
ol
o
fu
o
N
g L

A Z| gk
ty = tp —t3 to = (int — int) — (¢, — int)
t1 = tp —int
to = int
t3 = int
ty = int
ty = int —int

dok= WA ty =t, = t35 AH=25H7] s |A 2 285t
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int — int = ¢, — int
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S € Subst= TyVar — T
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int

S(int)
S(bool)

bool

fa—teS

otherwise

«

S(T1) — S(Tx)

S(Tl — Tg)
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S = {t1 — int, {3 — int — int}

Bt (t1 = t2) — (t3 — int)o] H-&5h= 2 o= ot

rr
o

S((tl — tg) — (tg — int))
= S(tl — fg) — S(tg — int)
= (S(t1) — S(t2)) = (S(t3) — S(int))

= (int — (int — int)) — (t3 — int)

WA 1 =tz A Ao F7]= IS off &4 unify

unify : T'x T x Subst — Subst

unify(Ty, 1o, S)= WA T
. 19 8.109] unifyE A9
g unify(a,t,5)9 A9 5B ®
A4 el ARE AU 4L mech ek 2
VA ol 59 et 2.

Ty Aste] A3 52 $AZ
Folch WA R OR ehyA ghokx
54 (extend)sHe 2 71 2|3kl

Olr

A

o unify(e, int — int, §) = {« > int — int}
e unify(a,int — «, () = fail
e unify(a — B,int — int, ) = {a + int, 8 — int}

236



unify(int, int, S) = S
unify(bool, bool, S) = S
unify(e, a, S) = S

fail a occurs in ¢

unify(a, t, S) = ) ) )
extend S with o =¢ otherwise

unify(¢, v, S) = unify(e, t, S)

unify(t1 — to,t] — t5,S) = let S’ = unify(t1,t],5) in
let S = unify(S'(t2), S'(t3),S’) in
S//

unify(_, -, ) = fail

& 8.10: Y5 g

ol

o unify(a — B,int = a, ) = {a — int, 8 — int}.

shA] e} ol A7} o] @A) FAshA] olsfsks Aol Fasteh. 17 8.10
o FMENZONA unify(ts — .85 — 1, 5)°] e <l
"2 T ) 1,9} 1] oA 5 WA Agshok s ol 62
Holze}.

EF) 94 AAS wobd HE Pt TuelEL unifyallo]

21 ol theat o] HolHrt.

—1

unifyall : TyEqn — Subst — Subst

unifyall(@,S) = S
unifyall((t1 = t2) A w,S) = let S’ = unify(S(t1), S(t2), )

in unifyall(u, S”)
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o+ EFQ(polymorphic type)2 A
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let f = fun (x) x in

if (f (iszero 0)) then (f 1) else (f 2)
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s 2
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Foi b4l 3
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AA
Boltk. 3 WA @4 5EA (¢ (iszero 0)] AL 1y =
bool — boolo|2tal 5Fal, T HA L} A AR SEAA ¢ =

int — int2}1 5}A, £of tist o] Aok 2 AL A THES}
WA 2740 T B} F2 FAo] aTobe Ak 2AE
= W RrEEh web A4 2290 BYS int2 2
2 Y d =8Foz 247 gtk
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= 2AE I 5 Q). ojef Fo] A= e 5 & MM F
Aol HAS A EAOA dRtdog Fal L2 FA (context-
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sensitive analysis)olebal $.2u], be) Al Ade] ZS ol Ty e
2"l (polymorphic type system)o]2til FEr}. o]t B
A2Hg ke Qlofol A 921 ehlol thatel Sots g
(polymorphic function)E A &Jstal AFES 4= A At}
T B Al2EOlA o Bh Y AlaF ez of shtof gt 7]
& ofojtjof= ZhshA Rt A uweke] Aol whebA theet B}l Al
2He g & Utk OCamlof A AgShe BFY Al 2R let
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Holch
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| CONST of int

| VAR of var

| ADD of exp * exp

| SUB of exp * exp

| ISZERO of exp

| IF of exp * exp * exp
| LET of var * exp * exp
| PROC of var * exp

| CALL of exp * exp

and var = string

o, B 2, A2 v o] g

type typ =
TyInt
| TyBool
| TyFun of typ * typ
| TyVar of tyvar
and tyvar = string

let tyvar_num = ref O
let fresh_tyvar () =
(tyvar_num := !tyvar_num + 1;
(TyVar ("t" ~ string_of_int !tyvar_num)))

(* type environment : var -> type *)
module TEnv = struct
type t = var -> typ
let empty =
fun _ -> raise (Failure "Type Env is empty")
let extend (x,t) tenv =
fun y -> if x = y then t else (tenv y)
let find tenv x = tenv x
end
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(* substitution *)
module Subst = struct
type t = (tyvar * typ) list
let empty = []
let find x subst = List.assoc x subst

let rec apply : typ -> t -> typ
=fun typ subst ->
match typ with
| TyInt -> TyInt
| TyBool -> TyBool
| TyFun (t1,t2) ->
TyFun (apply tl subst, apply t2 subst)
| TyVar x ->
try find x subst
with _ -> typ

let extend tv ty subst =
(tv,ty)
(List.map (fun (x,t) ->
(x, apply t [(tv,ty)])) subst)

Eu)
rl
ok
o
>
filo
i)
mlo
i)

Zol YelspA.

EF) WAAS AASL 1S Poh 1L ofd

)

=

ral

let rec gen_equations : TEnv.t -> exp -> typ -> typ_eqn
=fun tenv e ty -> (* TODO *)

let solve : typ_egn -> Subst.t
=fun eqn -> (* TODO *)
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2% €}9] A7 typecheck= oS F4E AW 47 7@
9.

let typecheck : exp -> typ
=fun exp ->

s

let new_tv = fresh_tyvar () in

let eqns = gen_equations TEnv.empty exp new_tv in
let subst = solve egns in

let ty = Subst.apply new_tv subst in

ty

EHl Ala| 2

o] Aol At Zhagt Slofol thstel el Al2EE AASkT T4
SRk} ol2 Shaste] 54l Aol 2lo] Fune] Tl Ere)
22 328 AL Bl AAZ TR A,
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| Ei+ E»

| By - B

| By * By

| iszero E

| if Fj then Ey else Ej
| let x=FE, in E,

| letrec f(x) = Ey in Es
| funax F

| B B
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Mz)y—=lz—ylz=y
Az ((Ay.y) z) = Az([y = z]y) = Az.z

o,

] e AYL7 H oY EAISHA fe mi7HA] RHEet. Y|

27k EAHA] ghobA B o1 ATe] s BebAe A

v

(normal term)o|2t B2t}
AF [ o> BB BBA BEA). ol Lxo] vt
chet ol AR O Holt

[x— Es]lz = FEs

v Eoy = y (x#y)
[z = Ex](Ay.E1) = Azfz e Eb)([y— 2]E]) (new 2)
[z = Eb](Ey EY) = ([z— E2]E] [v— Eb]EY)

Eio] 4 AOA(W.E)Q) A9t Zasith Biold W4 25
By A9 o), Fof Qi W7t AE AL ok o)w] o
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Az.x (Ax.x (Az.(\z.x) 2))
= Ar.x (v (Az.2))
= Ar.x (Az.2)

— Az.z
9.2 @riio= W35
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Wz 27 true®t falses 737y S5 Mt} MANf.f2 A9
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true = M.Aft

false = XAf.f
0 = As.A\z.z
1 = Ashz.(s 2)
n = As.Az.(s" 2)
T = x
Ei+Ey, = (AdmAsdzm s (ns z)) By By
iszero E = (Am.m (A\z.false) true) E
if ) then F; else B3 = FE; Ey B3
let e =F; in By, = (\z.Ey) By
letrec f(z)=F; in By = 1let f=Y (Afz.Ey) in Es
funx F = Mz.E
BB - E B

03 9.2 BT ALAOR BIEHE 7

WS Al4beH bt Zo] 05 9fu|sh= HrhAlo] ALtET
if true then 0 else 1 = true (01
= (MAfE) 01
- (Af0) 1
- 0

92 AZHEAY T 02004 A% ng
2 S o714 & 2 TRt 2ol

o

3) A AdSE 7ML JAFZGE 4 e A7IME AR
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(An.dmAs z.m s (n s z)) 12
(Am.AsAz.m s (1 s 2)) 2
AsAz.2 s (1 s z2)

As.Az.2 s (As.hz.(s 2) s 2)
As.Az.2 s (Az.(s 2) 2)

As.Az.2 s (s 2)

As.Az.(As. Az (s (s 2))) s (s 2)
As Az (Az.(s (s 2))) (s 2)
gs.)\z.s (s (s 2))

S A R A A | I A A |

O3 9.3: 1428 HUACZ BSISI Aiste 1HY

o= gehajolch

z = s (s"712)

A& S0, Ada 02 F A sot 28 WobA 25 Wi
2 JFGHET A 12 QA sE 2o 7 ¥ AHEole =
2€ sE 2ol 7 9 A8

1

2o il 5 g5

Oll
-
rr
ol
5L

She 2 JFGHN dibHo=E ng s

Ei+ Es = (M. dmAs zm s (n s 2)) Ey E
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K

Qe A4olBE S Fepa oz WekE)shn Aststa 337

02 AsAn(sh 2)Ee] P4rt g Aotk ol& molet 51 4
S22 m (A\z.false) trues AAYSIEA}. k7F 00]H true}, k71 0

2

OFUM trues Ax.falseo] k¥ 285+ ATHE ek 1 AT
Ao)e] kofl thalA] falseoltt.
Qlojo] A7 3 letrec f(z) = Ei in B2 ofgf9] H|ZH

B2 W 5 ek

let f=Y (A\f.\x.Ey) in E»

o714 Y& Y-ZH[H|o]E (combinator)gt1l &= o231} ZHo|

rr

Y =M.(Qz.f (z 2))(Az.f (z 2))

2
il
i

o], M E 2] Y (factorial) 2 A= 27 &5

letrec f(n) =if n =0 then 1 else n* f(n —1)

2 oheo] MAT) R4z Wk 4 ook

let fact = Y(Af.An.if n =0 then 1 else n* f(n — 1))

olFA Aot F fact na AAISHA nlo] Lhe A Hr
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1f 1 =0 then 1 else 1% (G G)(1 —1))
1f false then 1 else 1% (G G)(1 —1))
GO -1)

= 1 *(F (G Q)(1-1)
=1x%(An.if n =0 then 1 else n* (G G)(n—1))(1—-1)
=1x%if (1-1)=0then lelse (1—-1)%(G G)((1-1)—1)
=1xif 0=0then lelse (1-1)* (G G)((1-1)—-1)
= 1«if true then 1 else (1 —1)* (G G)((1 —1) —1)
=1x%x1

Y 9.4 dY =M2 fact 13 Attsts 4. Y, F,G2| IS 0
Of BIY2A= THAZE Ofd ER, B-AIMOl HEE|= 2HAS UER
StULY.

e Sof, 18 948 fact 12 AFA A2 ALt AL
Gxo

HojErh AL IAolM Fet G

F

AfAn.if n=0 then 1 else nx f(n—1)
G = M\.F(z z)

NS HAL 4] G G2 A (B-reduction)sto] 77] A S &

B!
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A §% glol B BEY

9.3 ¥

o] Aol o2 & ol(1g 0.1)9} et A

type exp =
CONST of int
VAR of var
ADD of exp * exp
SUB of exp * exp
MUL of exp * exp

IF of exp * exp * exp

LET of var * exp * exp

LETREC of var * var * exp * exp

PROC of var * exp
CALL of exp * exp
and var = string

I
I
I
I
I
| ISZERO of exp
I
I
I
I
I

type lambda =
| LVAR of var
| LPROC of var * lambda

| LCALL of lambda * lambda
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J A2 oS AseE 4 reduces ZHASIEAL

reduce : lambda -> lambda
2. it Aol E HrhA o2 HIlst= &< translates 25|
B}

translate : exp —-> lambda

reduce(translate (ADD(CONST 1, CONST 2)))

S ALteHA 3 Kok wJrhlel
LPROC ("s",
LPROC ("z",

LCALL (LVAR "s",
LCALL (LVAR "s",

LCALL (LVAR "s", LVAR "z")))))

7} vslof @e(H4 olEEL g

g % o).
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