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FEE (AGAQ) BH2E TH ATE 9] Tl dotd 2 51

0.

< =<
2o Mg BERA=TF A LE T2 TE fiA LY THE e+
W ol gl Zlojth

|G Eo] At FPL kel U pxL "k o] YRz B
St 9ol 3% ARtk Ry g TEE SR FBF AT UE
| T EEH, ERA Lo B v =

EANES T4 ThE FHY BRI HA 1 7

(r2) {p— —p,pyFp——p (r2) {p—-pp}Fp
{p — —p,p}F-p (r12)
{p—-ppt-F
{p— —p}F-p (r11)

{p——pp}tkp

e

e

2.2.3 A%t =2 At

T

‘

d

o) FA S0 BB W 0 fo S BE FAA Wz, F 4EL ®
F 99 ZYFAES FHAN 0F f B2 S0} AL

[l

o
=

¢}
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bt
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T e 2o 3L Fsound
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=
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o
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o
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o
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o
B
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o

Ao
B
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A Aol o

o

h
T

TR
BJ

Ko

] Frk

£ 3o

sl

ojty. 1 7]

W

Njo

€ ool Ef

27} 425

o

olgk= 71 A7t

olt}. 1 7| A

=) ]
U

)

O
W
mjp

)

)

Nfie

ﬂmo

W

o] ujE =T ol vz

A o2 T2 AlA

S
) —

)7 S Ul g2 v)

NIAHez B4

—_—

I 71AA

3.

HATH 2 A-s3tstr] 9
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o ojn

) g e
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)

o
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Z2IaY Ao BRYLS EY 7 Rsyntars BT Z2IYY Ao &
52 Y] EsemanticsE BT T FIHAE B sHA XetE I Ao E A
o3t Aol oty I FIHAE &4 Xotd I Aol E AR 4 itk Al
EAN Z2a8Z oEA Wil 2 22339 ourt AR o thE A
oE B2 el I Aol ARE 5 itk dethd 2 B9S2 o
ShA] @il EF o] flofof gt
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o=z 7}

)

= Uk Ak,

ujp

o]-g3ll A A

W

SESE=F 1=

)
o]

]

Al
A

)
A1

Example 16

C — skip

F
if I then C else C

| z:=
C,;C

SFA}.

Aol 2ha

2~
T

4

s

SRR EPEE

E+=

Tx& =°|th

A

-
al
ol
il
AR
am.o
%

)=
T

A7He] v
11 £ E LT

o
| .

AR 57
22 A1

1
j

g A3 Qe 7

o] FH

WS A B Example 159} Example 1694 B oj& F

AEE 57 9

H|

.

14 B2 o9 AR A% Sk

S
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3.1 ¥ Zsyntax 35

Chgol W d ARw AT gE U8 FAT 71 Aol
C - &
| =z FE
| ?ECC
| ;CC
E — n (n€Z)
| +EFE
| -F

ohw ofel] 12T ARl BagOlE Ark. $ei7 7 FAu) pEY
4 o glehe:
C — &
| zFE
| ECC
| CC
E — n (neZ)
| EE
| -FE
SHARL o 9A] 714 Z2ad BEs $Ee Aoje kA HolE Bat
Ak B FAEL B RAS B PHAAES AEd FE FAES A

St A
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3.1.1 29 52 A&l

AF7HA] Hot2 EHFAES “2Fd FH7-X "abstract syntart}il = SH=H],
o

oFx] F W2 Rabstract syntaz2} A 2] Q1 B T Rconcrete syntaz] X}o]E= T E
UL WE ) e FAOE, AL 0 ASTHE FH ol o BT

=
229 BE w A S BES AFK Hole AdA gl

ajp

4z 46421 xoue 2 PR
ot o HWet &Y.

S‘h"mjs

:
/\
2 3
Lr2a#3 =5 /\
g )
3 2

concrete syntar< QUL FRA A L7717 YEFZR7F oy &

B
é
0y
ro,
Sh
bt
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3.1 ¥ Zsyntax

37

A9 Az TAE th2e] A5 2R Y74 Hak

-1+2
99 AL The FAY YRTEF HuE ARz BAA T
(=D+2 -{10+2
LAV Z2 W A 14275 F Fo oy g agdgog B A
A7} 2ok £y
EFE — n (HGZ)
| E+FE
| -E

L EE BRAAK T A & 5 gk T 7E2E R

H4A9 2ol thet 2rhd of @

E — n (neZ)
| E+FE
| -F
F — n
| (E)
o) FH o] Wahi AL, 29 RE7} Foll B2 ALA A9k, FAA 3
of itk g AAF ol AU, 2Lt 2 AeA ol AY. wetA, Zr2 I 4
“la27e] ARE (- 1) + 29 FRlE 9k

A A ol B Rconcrete syntar—= ZFQlo] 221Qe =20 FXRES
20
“

Sparsing®| 2hE B L] AAEZ Aoy O AA L Rt 22 ae 2H(
al

A 1A A7) AFEVE L FREs AAs 2R 55k FE ol
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o
ML

=3

4 At “z2adolekn du

3.2 ,9] U] ‘?‘Esemantics

o] o] £ Zsemanticsw= ZZE 1 o] L= vlE A 9 st}

mzago] F ot vhe RUA 1tk ZRaYe AL Foe
7 AT 3E E3eh 13428 A ARE Avd £ F9E e
A 3e ERTE PSe 28, Eoe v 3FE F3HA F2E 4

il 7‘39,]6]] 7]'“15 éﬂ?——ll—% “F=F é‘ EE"]LH -/,7 U 7—’- 7denotational semanticsﬂ'
ottt Rbdo] 2o AL RS Ao H 2T ouE 4
93l 7te= 28 Y-S “HHS == 9 0] R "operational semanticstlIl SFC}H

hebal Aetale] fuj7z FeWe BE 8 9Usth 291 2 &

gavitt Z2 13 ofuo 4Ae FHeE e 7<) ALl Yk,

(e
ol
k)
M)
o,
4o 4
=
o
o
N
M
v
=
kJ
k>,
rlo

o [ D w A N
2
rg
2
rr
l
1o
[>
o
ne
©
by
i)
ok
Ll

ne 9
re

o 2
rlr
i)
o,
o
[rt
i)

oz v
rlr
[>
o 2
ne
©

(o]
=)
4
N
oZ.
1>
o
B
>
>,
r>~
)
off
o

Z2a9 A% FRL olu £ HdsNoF B ALBRANA 2449
A5 Aolol Yot AANNBEY 58L Aol BAH o B2 ohH
7} _

=
3olebe 542 A8 2

]
]
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3.2 9] n] Zsemantics

39

oz gaAs|o B ohyw A
3

EOoE Fe wEHA F

o
o,
o
Iy
A
=
rlr
1o
=)
-
BN
ki
of
4l
Mo
[
A1)
L
rlr
[>

E]' 2] denotational semantzcsﬂ

obd 4 gtk Zza3e) v 1 22
B & A otk I¥A FH FAH, o}

o A2 A3 (inductive) o)t} o] Tz ao] on|E LA FE RES
S AHALE oA o] Aol =2 P2 wEt HETE
i

SEAIRH( O] ZA A =40 At}), == o2l A(onE =7
© AAe)e "t HEr = gk

22330 Ao] APE = HAL Z HEZOZ 78 HLbig-step semantics. =

Nzdle] 38 7HER 28U $9HDA S vl £, BUE 09 4

MFC=M & MFE=v

|t
MFEC =M< “48% C7FviRe] Mo ZejolA Aol 5 Ao o
EEe Moty = %42?3 ok MFE=ve “454 ex 2] M2 AH

NN Bt veE AN R ¢l

ol
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2w ol FA "t

ko
rld
44
N
f(
o

M- skip = M

MEFE=wv
MbFzxz:=E= M{z~— v}

M|_01:>M1 M1|_02:>M2
Mi‘Cl;CQ:>M2

MEFE=0 MFCy=M
M if F then C) else Cy = M’

M+FE=v MFEC, =M v £0
M if FE then C] else Cy = M’

MFE=0
M Fwhile FEdoC = M

MFE=v MFC=M, M Fwhile EFdo C = M, v £0
M+ while E do C' = M,

MEn=n

MbEz= M(x)

M|_E1:>U1 M}_E2:>U2
MEE|+FEy= v+ vy

MEE=v
MF-E= —v
9o FHEL meAade FHFHoletm ol E Br. He Zea
@ col vl dole] vme M Mol BN M C = ME EHE 5
o™ 1 w7k HA. tAs Mol vojgle WEddu) 03 AN =
w ¢ o7} et

FAS e Aoeung (-0 = M9 Z9o] 7}=3}
a70] 9 E7l5ed 09 o nE= ¢l Aolth

Example 17 z :=1; y :=z + 1 2] &Juj&= (|2l A v 22 5
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3.2 9] n] Zsemantics 41

b

ofr

Cea

M
o

HOZ 3

EF
e

A 919 ¥

{r—1}Fz=1 {z—1}F1=1
DF1=1 {r—1}Fz+1=2
Dz :=1={x—1} {r—1l}Fy=x+1={r—1y— 2}
IEC={zx—1y— 2}

o7 ow7zE Holst o
o1 7structural operational semantics, i% “¥ ﬁ]ég”relational semantics 9] U]'?'-}_ F/}_T_’

T =9t}

FHS “RFA A2 7natural semantics, “TFZ A

FAS] & WAl 7MY Z1AE Festal R0 T 7)Aol A o
DA A== AE Aot otk By, 7|AY PR T =
o] RAAAYA 2ZUHA 714 HElE £ddt= ol 5997
A, 22O guE e W2 £ APRF o= AAEH
9 3.2.1.48 oA ZFAI3] BHE).
o]g]dt ol WAL “THLS E)A H28}7]” (definition by implementa-
T A BYOZ A FAJAA] Fost7]” 2tal sh=t,
o] AKX TI= &3] “FRA7o]R 2Tt RIS FRuitt FE
ol BYHI, AR 2 FEFAEC] daEeo] Hof “&%OM
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ZZ W] A8 e HZ o Z FHO5) H XFsmall-step semantics.

(M, skip) — (M, done)

(M, E) — (M, E')
(M,z :=FE) — (M,z := F)

(M,z :=v) — (M{x — v}, done)

(M,E) — (M, E")
(M, if E then C) else Cy) — (M, if E' then C) else C))

(M,if 0 then C] else Cy) — (M, C})

n#0

(M, if n then C; else Cy) — (M, Ch)

(M7 Cl) — (Mlvco
(M7 Cl ; 02) - (Mlaoi ; 02)

(M,while E'do C) — (M, if E then C ; while EF do C else skip)

(M7 done ) CQ) - (M7 02)
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3.2 9] n] Zsemantics

43

(Ma El)
(M, Ey + E5)

M, EY)
M, E} + Es)

—(

=
(M, Ey) — (M, EY)
(M,Ul + EQ) — (M,’Ul + Eé)

(M,Ul +’U2) — (M,’Ul +U2)

220 APS Z2IPS oA 28 FHPoE JoIs) BAh o E o) 1+
2+3 THAI2W 343 A2 6. ol FA Z2Iad S BA A The o] =
2o Hafo]aly B 5~ Q) Chransition semantics.

FIHAE oo Sty 229 ojx B3 ThA] A o(A 4bsl oF) st

Ir
N
e
\D
A
>

WOk H2e RSO0 R thA] Mok sHe7}
o o FE2 thA]l Hok(A Ao} Sl o AR T @

A YW coaluation conteatol A BBy, APEHY Ao uebA
A m2 e PASRTHEE, ThA Aof & HR (A4S F T & R)o]

249tk Av e AL 1 Rt BYAR btk Aol
AN H

[l
u
[
)
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A F7HA] 2 ARgH o] 2 Adojoll A, ThA] Mok & & [+ =ET 243

wolo] By Ao w e 2ol BolHrk

K —
x =K
K; C
done ; K

|

|

|

| if K then C else C
| while K do C
|

|

|

K+FE
v+ K
-K
%, A 2 (assignment command) o Al &= thZoll A= & R E K= 228
Aol iz
x:=K

<= A F 9 A (sequential command) ¥ 2]
Wt

2, oo} W EE Ao ofn

done ; K
QA A6l 2 B% Ao] thol] Aas ok & HRoleh, 9% Ao A
s 910 of gt}

v+ K.
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3.2 9] n] Zsemantics

CTHAl Hobd B85 FAo = thA] Hof sk=7kr oAl o] Aol ot

2 TRAI22 7] 1F Hrewriting rule®]] &J3H A B Attt A, ©A] & X2 ThA ]
falp et
(M,C) — (M',C")
(M, K[C]) — (M', K[C"])
(M,E) — (M, E")
(M, K[E]) — (M, K[E'])

Lol A o] 7] ThA] 20 A 7} S

(M, z :=v)

(M, done ; done)

(M, if 0 then C; else ())
(M, if v then () else ()
(M,while Og do C)
(M,while vg do C)

(M, vy + vg)

(M, -v)

(M, )

C

Example 18 z :=1; y:=x+1 9 9u & BEHILXE

(M{x — v}, done)

(M, done)

(M, Ch)

(M, Cy)  (v#0)

(M, done)

(M,C ; while F do () (v #0)
(M, v) (v =1v1 +v9)

(M, —v)

(M, M (x))

a4 Sobrd,

0,z :=1) — ({x — 1}, done)
0, [x :=1]; y:=x+1) — {z— 1},done; y :=x + 1)
gee.
{z—1}0) —» {2z —1}1)
({x— 1},done ; y :=[z]+1) - ({x — 1},done ; y :=1+1)
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O,
{z—1}1+1) = (fr—1},2)
({x — 1},done; y :=[1+1]) = ({z+— 1},done ; y :=2)
ee,
{x— 1}y :=2) = ({x — 1,y — 2}, done)

({x — 1},done; [y :=2]) — ({x — 1,y — 2},done ; done)
ge

({x — 1,y — 2},done ; done) — ({z +— 1,y +— 2}, done).
]

3.2.1.4 79 71AE S5 A]

ol ZExFo]l 7] Alvirtual machineZ} B E o] Y1 T2 IO oJuj= 1 ZFE T
Hol I 7| AN AdE = A or AT 7A A AdEH = FH LS 7
AZGel 7F v A8 ot W3l & A o] "ot

E —>n|E+E|-E

ROt | AE 429 Lot oW Aotk 2 7 AL ~H S9} W
O 745 o) glrk

i

(5,C)
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.2 9] 0] 32 Zsemantics

47

[>

98 JFEE AFAF oIk

(S,n.C) — (n.S,C)
(S,E1 + E,.CYy — (S, E1.Ey+.C)
(ng.ny.S,+.C) — (n.S,C) (n=n1 + ny)
(n.S,-.C) — (—n.S,C)

B Bo] oJvle (e, B) — - 7h At

wopg AR E, WY 5 S A4 ATE Te, /A 4o WHolER
g+ = 3l
c - CEEE)
| pushn.C (n€Z)
|  pop.C
| add.C
| rev.C
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a8, 1A e e] o ARE o3t 2ol Aok

(S,pushn.C) — (

(n.S,pop.C) — (5,C)
) {
) {

(ny.ny.5,add.C
(n.S,rev.CC

—

Col 9= A Bl 2AAA A AGE 7L A T ol ok,
Te)3, oAl A Ee] 2EMAY ojd WYoEE WA E A 3

[n] = pushn
[[El + EQ]] = [[El]][[Eg]]add
[-E] = [E]rev

oA el steztel, ol el st 1A HGo] M Ao Holetn AzE 4
Stk Fhakel AAZ @A TR Hesl? 2 A HEde o @w
oA ook Sskr o] i B mzaele) oug Aot BA, 1o
weh 242 Aot

WAl ARAAE AEHA Z2aR gue Feste A mzaey
Aolg A AN ASHE 21 Aoje] W Awmpitertt U
g zzaey Aol 442 FYFAL I dolz
/1\:]

= HAS BAY ujo] AgHE v TR AS

[l

3.2.2 IT= Efue

olt}. o] “denotational semantics” S “X] HdF= vHlE = U= o v
=
—

2
223 49T 5 QAR TeE 1 3
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3.2 9] n] Zsemantics

At} “denotational semantics” = Z 2 13 2] 9]
. A~

ko] AlA

Aol 1 g AL, 5
X
| .

&3t o] F- 72 R YA 9o u]FZ R compositional semanticstF1l 8] 7| = stth. R YAl
b2 olgt wuen. szaae ot 44 2490 2=
o] A

29 AR 2 Eo) A T RESS gobelE, 1 RESY 0 E AR A

o & EoHZAL ol e HEHY O imperative languages Y 2+l B A}
b d

| if F then C else C
| C;C
E — n (neZ)
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50 ok} &=

a8, oA BEAEC] o= JPo| A%HE NE A a1HT G
2 9] v]-#FZFsemantic domain©] 2F2l 3T}, o} Memory, Value, Var, Memory —
Memory, Memory — Values-©] & u]g7to] = Zth:

M € Memory = Var — Value
z € Value = 7Z
x € Var = ProgramVariable
HEH= Co o] [C] € Memory — Memory
A2 Eel olu] [E] € Memory — Z
o)Al 2 age) el zaee] Z7te] Agol tialA S0 selg oln
$09) Qe 52 A4 thest 2ol Aolac
[skip] M = M
[x :=E]M = M{xw— [E] M}
[if E then C) else Cy] M = if [E]M # 0 then [C]M else [Co] M
[Crs G M = [Co] ([C1] M)
[nf]M = n
[Er+ Es] M = ([Er] M) + ([E2] M)
[-EIM = —([E] M)

t

2949 Aol Helerp? 7] Frh BEZ=aYY Jult 1 FEEY o
Mgk AAn TAH AT g olns 1 %

[if E then Cy else Cy] = -+ [E]---[C4] - -~ [Ca].

3.2.2.1 ZYHAY = = o]f: 9 u]F 7 o] Edomain theory

a9, o gA REESS onz AA v g 7
A AssA s Gtk BH Y Qoo A wE o

—_— O.Lt
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3.2 9] n] Zsemantics

zP40z o2 44

| while E' do C

C - ...

B

while®-& 2744 Fo] zko] 09]

ol

)

170t}

o

2~
T

1

| Heja g

3o)s

=
=

whehA] ofef el ZHo] whileZ o] o 1]

[while E do C]M = if [E]M # 0 then [while E do C]([C]M) else M

[while E do C]7} [E]<} [C]3F 7HA 2 Aol = A

o},

webA] 19 AL [while £ do ]9 4|7} ohth.

]

o

oF31 A7) ZHA [while E do O] % AREH 11

o] AL th<=3) [while E do C]oll

17} vl 2 [while F do C]°]

S

9419)

s

- .
22 7Fsemantic

o]

domain©|

o] 2 o] o u]g&7l o] Zdomain theoryQQ ], ©] o] &-&

Np
o
o7
o
ol
olm

o olgolels}eh.

5

™

],

A EA

T
|

ks
T

| #HEa A 233 A2 OPOcomplete partial order setZF

She 4

)

)

bolth. @A, BE

[
H

=
=

s
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ok

s
ML

rlo

£e BF ojd CPOS A4E
% CPOOIA CPOR 7he A3
A

o3, 53 BAANA AT ANAE

ﬂ>H

continuous function™=™ A ,/] % l’/} H tﬂ, =

o

A9 = LAl 4 o™ CPORK EA)stA At
2239 09 on] [C] th3t o njHhg A2 A o3 2l
[c] = F(CT)
A7NA [C] € D (o] CPO)

2ERF € D—D (DolA DRI A4 552 CPO)

(Ihile E do O]9 o m A 4] shdsts Fi Fo17) o] g4 = 3

QLTS FO H20H Dleast fipoint &2 BB, A% T4 Hax

A2 CPOS] A3 A% 3ol 2Am 2ol 4 A5 AT o U§
o the Aol A TR 2 8.

OB E, ol BA H 4 T Fleast fied pointo] T A A

o o

9] guj7t xPA 07 Jhsd A= o|lFEHA, FFEA Y

-

2 39 $A (T F4Q) 9 vl= CPO(complete partial order) = 27t
o] 94g Aodn. o= o] CPOZF Qaqua, I AT P4 E 7ho o]
= itk weEkA “partial”

O
order), € 442X} ofglof = Aule AA(F2 Lo2 Fdsth 7 &4
= 9

)
A, I A5 7ML dE& 25 Al 5 & 94 E(chain)o] JThd 1
o IJ&= EE das Hrt H WA 7+ 22 A4 (LUB, least upper

CPO D;oll Al CPO Dy& 7h= &4~ f: Dy — Dy7F 955 3, A Qlchaing
ARoz BYWHA, D9 A 9chain®] LUBE H A =& Folth A QA9

LUBS #3l1 848 A48 477} 345 1 A9 9459 242 Hstn
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3.2 9] n] Zsemantics 53

I AFE LUBS A3} A3t 4otk
Vchain X C Dl‘f(I_IX) — |_| flz).

CPOSIA CPOZ 7he Q434 & 34 Ha 147 fufol U3 9,

aAe

LU UL u- = (L)
1€N
o . (<H7?)
CPO4A s w5t Ad=2 v vFs ws = ok J¢= 7HA
31 CPOE WHE 4 UL, ©HEo] = CPOES 7ML 2FA M2 72

yifz =y v o = 1) HFE CPOIt}. CPOL CPOQ HZFEE FHCartesian

product=. CPOo|th. CPOS} CPOS &41& 7] 93l Fseparated sumE CPOO)

t}. CPOOA CPOZ 7le= A&5T+E9 HAY= CPOoIt (o34 CPOE

= 7HA I 53 CPOEY Y4 Atolf A= 75 CPOEY A& 7ML
1

gels =, 2 =45 o8 A BesloF 2371 CPOZF E717)

Example 19 thg3} o] 359 A% ZolA 2 AT 2, =20 {1}
93, e 98 13} 7 Aol gk 242
th Ve €ZlCo RERAAL G LolE AT Jow W Hr)7]9 4

A7} a2 A 019 LUBe| Ht}. weld Z, L CPOo|t) O

W

Example 20 CPO D3} D,9] O 7} 2 E & Cartesian product

Dy x Dy = {(z,y) | x € D1,y € Dy}

© CPO7} Bt} o] ZATY
S wjolth:

o

s Abol 9 T/_r\‘/“] =X g/i]component—wise.g_i

(z,y) C(2',y)iff 2 Cp, 2" A yEp, v/
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O]ILH’ }45\—9] HAas <J-D17J-D2>7]_ lﬂﬂ_ =

Example 21 CPO D3} D,°] &

Dy+ Dy = {{z,1) |2 € D;}U{(2,2) | x € Dy} U{L}

A 71 A 7k, QA 7} £9l ALTHS

T

]
=5
rv (

5= ¥l S o|okr| Bt 7}A}.
T 2ol A R Lambda Caleulus©l

2 feiz
= =
WA, ‘KA. T BE 22 FAJEE 3121 501, 1

=

A AR

[T
S

8

S

+

u

rl

re

o

kv

Example 22 CPO D o|A D2 7l= BEE dA%5d49 g D, — Dy, &
CPO7} Bt} A%EFLE Alol9 S Z Y pointwise2 2 AL wjo]
T}

fEgiff Vo € Dy.f(z) Cp, g(x).

AL Q4= Ar.lp, 7} Aok O

el A AgsHe RE

= =
R CPOCA CPOZ 7he d%3t5E0lal, AdAr} ofbd BAERE B
";E‘

NG e A A
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3.2 9] n] Zsemantics

S}

A9 YA e F Ak 1R fuFE 3T S+ Aok
5359 Ha nARo et FAE o §314 while-F2)
A

A, FEZE ARA R FAT ujetEe2 B CPO7E 5 oF Sk

M € Memory = Var — Value A 4= CPO
z€ Value = 7Z, = o1 CPO
x € Var = ProgramVariable |

T T
o O

oo oo mr Mz oo
o 4 e
Q O O O QO
i)
o

2

2 o
N 1T S L DR %

HE 7 09 on|, A& [C] € Memory — Memory
E T

[E] € Memory —7Z,

[
do
=
>,
=

=%
3
Mo
Lo
Lo
A=)
ol
o
1>
rlo

[while E do C|M = if [E]M # 0 then [while E do C|([C]M) else M

rlr

ojty. WEeE WotA HEZE Yole Ad5TTo AWM. .- )22 T
2

X = F(X)

o] o Z B X+ [while F do C]ol| si@3tar, A& F

rlr

AX.(AM.if [E]M # 0 then X ([C]M) else M)

€ (Memory — Memroy) — (Memory — Memroy)
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of | FsHA H 22, while-F2] 9u] [while Edo C]= 9§ &9 A4 143
o8 AHojHArk:

[while E'do C] = fixF € Memory — Memory
= fix(AX.(AM.if [E]M # 0 then X([C]|M) else M))

Halol o] Hol=7l? [uhile E do C]& [E]¢} [C]E 7HA L 2 oY

oy
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A LA 7}

2" Adof 7ol 71Hiof

v

A <

T HEotE A ofgl o] Bt

aietEm C2 of

e g, BAZ R Ee] MY wl
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Impem‘hm Languaqe
S, 213 ﬁa/ A A

value contro |
dato. Flow
expregion Stoctement
J& -S|
e} 2%
4 R, R

Nﬂ

FEolA Fo4 71 A v 2ok AR vk SEAZA T A
d=8ol 7hestth R E e, v & 5 ok R A ¢l

o}
2
S el B F A3, A REA g AL wWRH AT = Ak F
/15__]
z
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Aelct.

4.2 o] 7197 0: K---

1

| -

o

Jjo
P

7

/1\_]__

o7 A

“TIAAH L

o] 7] Aluniversal machine®] T}.

s

o

= H

|

a1 71A

Rid ke R

SjE AL 2 7)Ao R

S

Zlolt.

F

o
pul

i

°
s

Jepus=
T

A
°©

| —

Aolg 1

o] 7}

7
o

I NNAY FdAEE

=
L dASRE “HHAYE

=
= —
©

o}
152 A8

= o0
.
O]

o] 797 0: K---

SHA}.

22 7)1 Al e
2 23l A

4.2.1
Al

4.2

o]

7o) mebA A8

o] Aot

—
o

o}

3l H =}

9

%ol oz A%

ﬁo

o
o)
O
o
ol

obehel B9 7k K---eloj=
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olth. BYEL o7 WHEED AE2 R
W<+ Command C — skip

| x:=F

| C; C

| if F then C else C

| while F'do C

| forz:=EtoEdoC

| readx

| write K

2] Expression E — n (n€Z)

| true | false

| =

| E+FE | -F

| E<E | notE

zg23% P — (C

HeEe sAe Wue Jee WALk AL A Hrele FusiA
& A

7t W] wH A ouE s FstAt. 4 ouE Ao wf AL
H &semantic objects ©] o= B H]FZF)semantic domain®] ALEUA]
£ A3k 2 AFAY Z/ AR ol th u}aw #e A2 A4
/AR AU WEE s FaoA gro® 7t gHolE Y Aot}
$Ho gt e oty HYFAdL mne T4 FHY

5] Y FHL2 wEY 4 JAFFAA FEE JFol A Fae 2R

Qe m o} A S OB ARt ol atat
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61

A Qu) el of] AR 9] n]& TFsemantic domaings< o} 2} 2o

n € Y/ Integer
€ B Boolean
v e Val = Z+B
M € Mem = AddrZ Val
r,y € Addr = Id

A58 no® 2 fAolth Foluh AR L bR, G v, MEYE MO, F4
z

T,y 2528 F ot
Notation 1 Z + B+ F {1 % 29 BY IR FE £k Addr = Vale 3
S99 AS L3ty F4EY olm A= Vel ol 23HT s Ao
T2 A Addre] 7 FE Aol vk “fin” (finite) & SR 9ol &
Q1 ool

?:!—‘{l‘\‘fEAgB%7 ]_1—_7_ {xHU}E}—T’—i’\—Eﬂ(o]EH,JIGAO]T_UGB),

A Bol 9 e FH AT el M9 oM A g vz BHA T A= [}
0=

[kl
u
[
)
1o
1o
A
Ir
i
AU
>
[>
ng,
1o
o|X
o,
&l
)
|
u
oX,
1o
i
)
L)
jo
filo
olN
od,
QL

MFC=M & MFE=v

oA BE CE At w=Ee FEi7t M'E
FE = o= Rag MoA 4 EE A3std o

de< S9%e =8 Aadoth. Fol 2T
C7F 9= dll, o] =] A&EN M C = M7t 3985+ 37w 2277
Ce o7k 9= etk 283 90l 27k 09 B+ vl gle 9™ <
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(MFC= M|

M skip = M

MFE=v
Mtz :=E= M{zx— v}

M|_61:>M1 M1|_02:>M2
MFCl;CQ:MQ

MFE=true MFC, =M
M+ if F then C] else Cy = M’

Mb&E E = false MECy= M
M+ if FE then C] else Cy = M’

M+ E = false
MFEwhile FdoC = M

M&FE=true MFC= M, M;Fwhile EFdoC = M,

M F while E do C' = M,

Ml—El:nl Ml_EQ:nQ
M{x—n; +0}+C = M,

M{z—ny+ (ng—n)} = C = M, ,,
Mt forz := E, to Eydo C = M’

ng > Ny

Mt read x = M{x +— n}

MEFE=wv
M & vwrite E = M

MEn=n

MbEz= M(z)

MEFE =n MEE;= ng
MI—E1+E’2:>n1+n2

MEFE=n
MEF-E=—n
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63

MEE =n MEE,=n
MEE<Ey = ny <ng

MEFE=1b
M bt not E = notb

ool 2 wme Fach A HEe F4E ASHLA HH CHE o] FL

A= AnE AT 2 o] Folsity. AHE2 2 FolA Ao A=
£ Wrobx] A AT WRe Faol Hastes Zlo FEAA A 22 YH L=
A= =gd 2o = ok A AL S Holze A=

MEFE=wv
Mtz :=E= M{z v}

171

off

R R [ B RS

off

SFA, T o] FOoR T o Fo] AF

b
g:g(:l‘
o

olZ A o] F o] 3t FAY Fh= o] 59 “L-value” (left-value) &} “R-value” (right-

value) B}l 2T} o] Eo] o := £o] Eo] JERGS wle} 2 2% 4] Bt
£ 7k T2y bEelth. A% vty gL
£ =ath 9 2% U w1 vmel a0 B@a g
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N,
)
of
>,
1o
re
2

[
=2
kg
AL
N
DS
1o,
i)
o
A
et
R=)
rlr
o
gl
<14
=2
”
>
it
o
ki
b
ng
rlr
Y
©
v
£
ulit

r:i=x+1

rlr

r+y+1 oAl lx+ly+1.

0|22 NAZFAY Aol AL Wit LE RETE o] Zo] 903}
CouEel a0 glo] WY 4 gonm. mzad ARG Wsst ous
L asd e e A YL S Jeme

e UE 525 20 40w 5, 22 olFe U vEY F42E A9
A S ATE? o] AL AAL e 27t 4 HE olFe LU
of dtpd Z2aeime) 22 2 Aotk o] Al Bloiues e AEE
& o] 5ol B ol dhtid o5 A= Zo] dupt Aotz A=}

A K---dojoll A& 22 o] 52 22 e £45 53tk te vz
B F4E AsiAE O ol5= ARESiok k. 2L ol HE MR F
Ao olFo g AT 7 gty =R

53
v
EE
e
=
[
52
rlo
v
|
o
alll
filo
kJ
2
:cl:»L_f‘
o
oo
ol
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4.2 9o} 7197 0: K-—--

_
jo

s

|52 FZ W AscopeE 2

|

K<

Aoz A

N7 sstel A A
o) 37 WS scope7t

oG A
RS

T
.

:’—%qtﬂ, 1 7(7)-_?__:_ ’fy—?]scope

239 daee =

3z

= gtk

1 7] v 2 o] t}.

2o

L
-

ol 52 & WP scope

—

:=F in C

let z

)

ojy

B
i

o|J

L scope= C' 0]

a4

z 29 £

o},

Gl

__on_

Aolty. 1 99 ol

B

o}

9] o] A]

o] AA 7}

n

°|

3=

i~

ol
B
o

)

oth. 2 olBe A

7 o] g0l bt

p

™o

ﬂo

=

7V 7HE let-

H]

s

O

X
W

—_—
jo

6}

]
L

—

o
ToH

)

£ g1 92 9=

N

o] Uehd ol A 1 JRT

°l&

SHA}.

xd

ol

e 2

N

let-T =

ot

a2 olEe A

L
o

AR A b mA wh
WRe) 247} 2 olEe) A7} B}

2
=

B

b
mﬂ
G
__on_

83

H]
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66 1A F49 Ao
Wy ARWA Scope
£ WL SE% R Rs
S W
J
Tgay epse
AhrSE A
I-n)
Iy €— meh"S
i in
Jac,
= ﬂ“g_ e - _ mmm
4.2.4 37
2o olEol BHE AL AT 4 e ZEaANA, 0|29 AAE AH =
AL golA oopl gzl e o] &, 1 £& 7AE A1 A B
s, 1 o] 88 A% let- P HE.
Z2 o ouE AE3] Fojole vl Ao T2 F32S FEs =
of stt}. g environmentO] e A& 7HA AL Yu| LR E HE3] YT 4+ 9
ot} G environmentS 0] 52 AAES AL sh4o]T)
o € Env = IdZ Addr
M € Mem = Addr™ Val
¢ € Addr an index set
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st o] NMEFA 2 0] FRsemantics F o] AT I8iAx] =219 9

Ve e TS SR FAE gt

oMFC=M 2 o MFE=v

QasA 9T o1gel O Bl el . 1 o) Sel AR5 el 7
a7k ol® Ao] H: A8 87 o7k AR Frh o[ B2 olAl o4 E W=
2 F47k ohth o] Bol ARHE Fak AN B4 (0)0] A Zoh

ou Fo At ‘o M FC = M7= WEE M3 87 oollA B8 CE
APt W2 Jejrt M'E W3t = M S 3T o, M E = oe
2] M3 27 oollA A EE A3sHH o] o7t AlLkE

oMFE=v o{lz— L} M{{—v}F-C= M
ooMFletr:=FinC = M’

¢ & Dom M

o MFE = v
o MFx:=FE= M{o(x)— v}

o M&Fx= M(o(zx))

o, M Fread x = M{o(z) — n}
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68 7]

e ool BhE 248 AXT & Utk oEY AVE, T 1
du ATZE o th TR oFo] 2L 45 AT S ATk 2L Y
4e AQse O ol 2L AsaA gtk i Utk 919 dojz ¥

o, MFC= M

oMFE=v o{lz— L} M{{—v}F-C= M
oMFletzr:=FEinC = M’

¢ & Dom M

o,MF skip = M

oo MFE=wv
o MFx:=FE= M{o(x)— v}

O',M"ClﬁMl O-,Ml'_CQ:MQ
O',M}_Cl; 02:>M2

oM+ E = true o, M&ECy= M
o,M t if E then C else Cy = M’

oM &EE = false o, MF Cy= M
o,Mt if E then C else Cy = M’

o, M+ E = false
o,M Fwhile Fdo C = M

ooM+FFE=true o,M+FC= M, o,M;Fwhile EF'do C = M,
o, M F while F do C = M,

U,M"Elﬁnl O-,MI_EQ:TLQ
o, M{x+—n, +0} - C = M,

o, M{x — ni+ (no —ny)} FC = M,, ,,
o,MF forz := FE; to Ey do C' = M’

ng > Ny

o, M F read x = M{o(z) — n}
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oM+E=wv
o,MFurite FE = M

o, MEFE=wv

o MFn=n

o, MEFx= M(o(x))

O',Ml_E1:>n1 U,Ml_E2:>n2
0,M|—E1+E2$n1+n2

o MFE=n
oMF-FE= —n

0,M|—E1:>n1 O',M"E2:>TL2
O',MI_E1<E2:>TL1<”2

ooMFE=10
o, M Fnot £ = notb

[kl
i
[
uic)
2
>,
>
ofo
i
rlr
o,
]l
o
>
i_g’
il
P
fifo
+
z0
v
(g
[
o,
]l
rlo
2,
Jo
fu
Mo
9,

& free variable®] 2L FhLh. AR ol 5S THAIAL Yl T2 on|= 4

°of g & ok

ZEIAPYNAE BE OIS Let-

ol
M
o
F>’
re

e o= Bejs o] glofo
sith o]29) AN AelH AR AL £ o] Ehound variabled] 2

o},

al

ot
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oy AR R
Bourd vs. Free Ik

g SpwAoM Pl 3A8M
Apd § 3%

9.3_) let x:=1 in
let 3::.1 n
| td‘.: x+t3
let 1:=3 in
\et “==* in
L ‘J"=‘j+‘
L= AL+l

Lézn,

e.u_') |_\e+ =] in

i — x'\-j

AR mzago] ofeh AgE Ao
£ o] o] ojopr|H /% B} mz s
%

A, 2 oA AeHE o] AHE

w20y dole ¥ Bed Auow TAHIYAL Gk A K- o
oo M= EZ 8 RE ARG AL ALY E HsiA AlFs] =+ Aol AUtk A&
£9], forx := F; to B, do O+ whileR & o] &34 2L 48 st= W0z

whg 5 Yok

low := Ey; high := Es;
forz :=F;to Fydo C =

while high > low do (x :=low; C'; low :=low + 1)
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o, 919} 2ol for-F& “Nol L7 Aol B4 oW lowsh highehs o] B0
By, By, O A A5l oA btk 538, 919 for-¥o] Zzagle] 35

A= 7 A=,

)

M= T o] AL = lows} highth= o) E2E5 0] E,, E,, C ¥ ofygt A
A =2 1ol A AFEE ol A e
oFEE, ol 8 B A AT T 7

= B} Z syntactic sugarth
Slt}h. A B2 Rsyntactic sugar= A ojol 1A A=

2 AFHAL G

) 1o

=
do
SR

Surthodic  Sugar
\J NG
S 0

: whle E &S % £38 e
{:by- x:=F T E do § '& m‘fﬂo}'

- oyd  for-B% WEQ ®YE WY Y

Lo := E
'&Y‘I°=E]+o Ez‘i’S = L‘a‘*:Ex}
while not( ba\\\’ﬁm‘
do % vm oy
S,
fow := Sawy

oY o, h3L~ € 6. %
e FY W4t

ZZ2 O Ao A HE7ZRsyntactic sugar= ZZ 1 HAJE H3lA
Alsd Foltt. 2z Ao AAE A+t AHHE> I1d EE A%
2 g a9l TIWE AT AFTT T2 dolE Helse I

X,
s
S
3
s
N
3
=
rg
18
XN
8
é
g
g

Aoy o] m2adlo] A% &

£ Age Tojn qnz%a %a@dq e8] Aol W
o
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WEe FAR oheh YPRE o] 5L BY S YES s aA 1 3
GES MEAA 27 AT o F WOoE 1 FYLL £AY 4 =S,
23 H o), o] BEL WP EES IS A oA 234 o
292 4 YES A oI Sol, W 2 gL dolA 12 08 g2
Al 2t HEE HobE WS 0o) G2 A9 270 SAAYE BEE
oz guslsa 1 R Axrt YoiA ARE FINA FAHA AT A

| let proc f(z)=C inC
| f )

let proc f(x) =C in C" M= F7hS o]Fo] AAFHAT. ZZAA o]F

Fo QA ol B 1 f BUE € o) :

2 ke Hasks WEe 49 o]Folth
AR} ol F 28] 7 & scoper= Colth. ZEAIA o] F 9 7

C'oltt. Al ZE0] 7 Z2AIAE AsiAE fo FEHAE O'F °ohd

& F &3] Zostat. A B environmento] FFH T o] 5] A=
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Wwe] 24 ofet 2 A A7EA E3HCk
o € Env = Id2 Addr + Procedure

= 2 X A o] AA Procedure 7P Slo] T of dl=A]of upetr ZZAJA
#A3t on) 7t A debd 4 ok

Procedure = Id x Command
2 o3l B AL
Notation 2 + g A%t B7F = W, Ax B 7 e dasd Boz +

49 A Tack

Ax B={(a,b)|aecAbec B}

=2
S
AC)
rlr
22
i
ze
i)

fin

M € Mem = Addr— Val

¢ € Addr an index set

o{r— (x,C)}, M- C = M’
o, M F let proc f(z) =C;in C = M’

o(f)=(z,C) (¢ Domo
oMFE=v o{lz—{l}, M{{—v}F-C= M
o, MF f(E) = M
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olFA WHEol mEIAHIANA FHo hdThd, Z2A A F5 HH
okl e o5 EY AAlE olBA AAEF BN ol5EY AT ==
O BAES X7 AAEF S, HAET} AFPZo LAY F=
o] FW ey

AL Sl =9 Z2IHS AZstAt

let x := 0 in
let proc inc(n) x := x+n in
let x := 1 in (inc(1); write x)

S1e) o v) Gojo M=, FuiA= A xolth A7t &
250 2% WY WD W B4 m2AA} £2E W B4 F
257] Y=ol th

&
fu
>
2
afd
ol
od
ol
Mo
r o
=2
30,
rlr
e
Jo
3

3

T free variabl's 2 AA7F 1 ZZ2A]

A7} orol A 52 holl weha) 24T BE WA 947} oh2} 1
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o] FA o]F2] AA7} ATl

=]

Ll Thdynamic scopingelal SFC}.

o] 5o AA7t A dAHRSA 27N FE 77 W Pl static scopingS

Tfree variabl= 2] AA| 7 55 HH

BT I ZEANATF TN &
S5 ol whebA] ATl trolu st 2AH = A b=,
Jefof 22 IHZ olsfslr] AHtt. Zr2IHZ olsfstr] b
S wrAlo|th 13l o] Ao] SBho)| A 21 & 7} 2000 o] AF AFLEF A
Skt
O] AL Y= Z2AAY ou|7} Q) o] 2T BE W
HEoity 2 Z2AIA7F Ao H = f XA e S 7HA] 7HA]

K

30,
L
9
ok
v}

Procedure = Id x Command x Env

olFA HH Z2AA oot T&2 ofu|r} ofefjet o] AFolHrt:

o{z+— (z,Cr,0)}, M - C = M
o, M F let proc f(z) =C;in C = M’

o(f)={(x,C 0"y €¢Domo’
oMFE=v d{z—l}, M{{ »v}FC =M
s MF [ (E) = M

4.3.3 =ZZAA TZ 9y
A 27 A= ZHA Y T2 call-by-value©] TF:
o(f)=(x,C 0’y ¢¢&Dom o’

oMFE=v d{z— 0}, M{{ —»v}FC= M
o, M&f(E) = M
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71A A8 Ao

529 W AR B9 g ozt Z2AA A o] Eformal parameterc]) A S I
2AA B Gedolzt AwdAn,

a8, o]Fo] k= HE
H7] YA A, Z2AA &

i%call-by-value?l Aot FaFdYg 5 <

e

g

g

3

3

]

;

o,

Jo o
it

Cc —
| let proc f(z)=CinC
| f(E)
| f<a>
A2 AY T Fcall-by-reference?] F o= oS3 2ok

o(f)={(z,C, o)
o{z—o(y)}, M+-C = M

o Mb&E f<y>= M

30
X
(i
o
M
rlo

Wo] Wolx W =g 1:L o357 7F o H S A A L E3], A9
Sol ZEAA T oA AddFol vsolny. ZE2AA fo ¢z} o
= formal parameter®] zEFT S, f<y>ol QFNAE 29k y7h W o] H Qi)
B 3E [0l YolA = 29t 27 Yol "ok o]¥ tholym|E, EF A
ol® HiIg A4S Adote doj+= vpEA S

s

ll~l

—

T

;131
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Recuvs‘we Gl

e) et proudue Foc (n)

= if ngo then |
eke n# all Holnm)
in
call foe ()

Dostw't meon  whad we ‘\Md) becoge ..
6({) = (1; E\,ﬂ)

oy o 2
6,[0/<) Wv/o] FE, GV, N,
§,M Fall $CB) I n, M

L ,
614, 8,6)/81, M FELURM
&M b et proc =, mE, ¥WNN’

®ofepy o juL A WIME S R
g2

guiAel s e, A7 222 =7k

o(f)={(z,C,o")y €¢&Dom o’
oMFE=v od{z—l},M{{—~v}FC=M
o, M« fE) = M

AAEES AQshe v AL ofz)g} 2ok

o(f)=(z,C 0"y €¢&Dom o’
o MFE=v d{e—0{f— (2,C o)}, M{{ —»v}F-C= M
o MFE f(E) = M

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



78

Al Expression E  —  skip

if F then F else F
while F do F

forz :=FtoFdoF
read r | write E

letx:=F in F

fE) | f<ax>
n (neZ)

|

|

|

|

|

|

\ let proc f(z)=F in F
|

|

\ true | false
|

|

|

x
E+E | -FE
E<FE | not F

N

DA mRaHWE TS e Aol B AT B AfEA ZeaR
9 Aolth. 7heHeh o] fE BE AL Aojmr. Afiee olfi A WY
e

Fol Adglol HY 5 gon. WHED 4, TN e By z2 Y
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oM+ E = v, M

Zushe 7UER 5990 9YEse ougs W @ <2 Adar

Val =Z + B+ {-}

>
1o rfo
ol
o Ly
NN
i~

> rE ool
rlo
~
o,
=)
0,
rr
n
@,
'_l
el
)
oY,
4d
o,
[
2
o
rlﬂ
[r
rlr
1>
o,
Ac)
kJ
of
Ko
R

1o

o rl

rlr
M
rf

(o
=y
o
o

o M+ E=v,M

oo MbEE =v o{lx—l}, M{{—v}F Ey = M

o,MF1letx:=Fin Ey = v, M’ ¢ & Dom M

o{x— (z,E,0)}, M+ C = v, M’
o, M+ let proc f(z) =F;in E = v, M’

o, M skip= - M

oM+ E = v, M
oMbz :=FE=v M{o(x)—v}

O',M}_E1:>'U1,M1 O',Mll_E2:>’U2,M2
U,M"El; E2:>U2,M2

o M&FE = truee M o M+ E; = v, M"
o,M F if E then E; else Fy = v, M"

oM & E = false, M' o, M'\+ Ey = v, M"
o,M+ if E then F, else Ey = v, M"
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o, M+ E\ = false, M’
o, M F while E; do Fy = -, M’

o, Mt Ey = true,M' o, M&F Ey= v, M, o,M;Fvwhile E; do Ey = v, M,
o, M twhile E; do Ey = v, My

0,M|-E1:>n1,M’ 0,M|-E2:>n2,M”
o, M"{x — ny+ 0} - C = vy, My

o, anfnlfl{x — Ny + (712 — n1>} FC = Ung—nq s Mn2,n1
o, Mt forx :=FE toEydoC = -, M, n,

ng > ny

o(f)=(x,FE' o) (¢ Domo’
o MFE=v,M o{z—0{f— (x,E o)}, M'{{ —0v}FE =v M
oMb f(E) =v, M

o, M+ read x = n, M{o(x) — n}

oo M+FE=v,M
o,MFvurite £ = v, M’

ooMbFn=nM

o MEx= M(o(x)), M

0,M|—E1:>n1,]\/[1 O',Mll_E2:>n2,M2
O',MI_E1+E2:>TL1—|—’I’L2,M2

o MFE=n,M
ooMtF-E= —n,M

U,M"E1:>n1,M1 o, M Ey = no, My
O',Ml_El <E2:>n1<n2,M2

ooMtEE=bM
o, M +not E = not b, M’
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4.3.6 UEzg &

K-- =239 Ao hsiA A2 B4 AFEE K- 22392 4%
oz Ags Erh =2aRe FALE A9 o Gojo] meh AFE o

w2 e7f oo AR E X BAF 233 A= f 2 let-4
FH Z2AA sE240 AL 3 A 2R HTh

o MFE =v o{v—{}, M{{ —v}F Ey= v M
o,MF1letx:=FE; in Ey = o', M’

¢ & Dom M

o(f)=(x,FE o) ¢¢&Domo’
o MFE=v,M o{z—{f—{(x,E o)}, M{{ —»v}t+E =J M"
o MF f(E) = o, M

let-A oA AAH o] F ZZA|A 9 Q1A} o] 5= FeiA] v A 22 v & 2]
7} AnHEc a8y, ARS 7|0 3t AR 7|9 st ARE 7| Uk 3
let-2Al3 ZEZAA 50| W2 A5 REEHAFHE AA7= AFEH7 W
Rl Bow 2203 AYPS XsAAT WRE = F33H7] wfZolth
meba W2 2= &8 of sity. o= R 7t G Eof e = '
I AP Fol AR W R FollA Fo g T o] AHEHA o= WEHT
11

L=<}
IF HE2E oA Ldobd 5 U doz © o ARge E MR

oy

o

K-- Zz2 oA gt WEZe 349 ARR7|7e] 2 I 49 olF
a

o FadSel7] WZeolt HE
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Fol}.

X
T A

A7F 2

TR
i
oF

Bjny

& ] 2 2] A &-&garbage collec-
HEE F47lzg T Ao A9 gtor n g o]
AU A HH¥, 2 RS ALY AR 717 I F400 22 ©

=

=
=]

Teju, dojzh

=2 &
= =

o171 A1 7]

o]H Ao HE g A &-&garbage

HA oA F

44384 o}

o},

=
s

X
L

collection A

o] 7]1%7] II: K-

4.4

ol

J)

,___L

el 7bsskal, #

= recursive ca

=

2 FE WPl scope?}t AL, A7 Z

111, while-Al3} for-Al o & H}b

T =
o ©

by-valued} FA2F Y T Zcall-by-reference©] 7}

L
| .

27} 9

YT

4.4.1

a8y, g2 Elstt) RF Rirees WL A}

.
T

0

<
X
o
TR

)
)

W

o a2y, 94 o

o},

I Zhprimitive Ualue(xc‘,] T 7_531/ AA) ol 9, R A+ Fheompound

Z o
A 4

_X.._
DY

2O EGA o

hy A

=
values

.

—~
o

Nl
M
L]t
)

o

Gy

i

—_—

0
"
N

b P BAE A A

RN I

&l

oA 7je] mEe] F4a7F 28

o
e

2

bl w92 o

3

M2z XS

HRE BXe WRe F4A7) s o)A
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29+ Aoty I8 AELS # I ErecordBtal 3FAF Coll A= struct2halsh
ok 283 O FX%el e 74 Ry FAEE o]Fo] Ytk 1Ed
olgES It gty a2 FAE, Wurg=E WEE FA o, 742

Record
% 24 3 Z22MY Qoo
Hpet % MEY A+ A0 9
26mpe) ohy LA
Memory

Retrd. = Feld = Ady

e3) {oge sl rame - L} LEE

{ cor 3 4, tdr 11} ‘;:.
{ld’_} I-).ll‘ RHMH.’.A' riah‘}Hl]} EE

o)Al HRES meaBA St Fho] Hol AFEA & 5 RS T

=
Zolth. $A dAsete e o 2ol sk

r € Record = Id 3 Addr

gl TED WRe] EA50T EAoke] 2 Wjwe] 2ot o]Bo] RE Aol
b ehel 3 B(elolR)= Az 4 Sl

{xl'_>£17"' wxn'_)gn}-
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©

Z 4B+ {-} + Record
M € Mem = Addr™ Val

<

m

S5
I

z2IH" dojolA HEZEE el AMGStE ol ofeiet o] Alwd

t}:
E —

| {}

| {z:=E,y:=FE}

| FEx

| Eax:=FE
Ams Beol ¢(uel FA) e £)71 00 A0 272 A% A=
Fra

on) Aol The 3} 2k

o MF{r= M

O',M"Elil)l,Ml 0-7M1'_E2:U2,M2
o, MEA{x :=Eyy:= E}={xw {1,y lo}, Ma{l; — v }{ls — vy

} {fl,fg} g DOIH MQ

o MFE=r M
o, M&F Ex= M(r(z)), M

O',MI_E1:>’I“,M1 O',Mll_E2:>U,M2
o, M&F Eyx = Ey = v, Mo{r(z) — v}

diEo] o]F5 2oliil, dlF =2 BT} ot e} o] ARgHT

let

item := {id := 200012, age := 20}
in

item.id + item.age

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



4.4 Ao 7197 II: K-

AL R m2ads] Atk e 4wt qnest e B
= left, v, righto| T}

let
tree := {left:={}, v:=0, right:={}}

in
tree.right := {left:={}, v:=2, right:=3};
shake (tree)

HIZE7 W2 S8 KotHA, 28 dIaE7) gho] HHA, W
AlE ok

Fa0) A§717H D & 4 3
f( let
tree := {left:={}, v:=0, right:={}}
in
tree
)

Ao AT treed] FEHA = let-2Aof SHAHF AT let-419] ZHE TE
AX = dIE(MEY FA)E2 ZEAA &2 A5 o] AHSHA At =
2] A &-&garbage collection®©] ©] & ﬁr/]-( 4.4.3@).

T

I
I
[\V]
Hl

(0]
o,
=2
u
AU
N
P>
|t
in)
i
u)
u

AF7HA] 2230 ger 285 Ade2 A5, #/AH, -, 28 d =

gtk

AT AGAA 2 AL} Wao] AR A% 1, T2 A Ao AL
S 57, 22 AR ATl B 4 & 9T, E d s (4w AT )
=

I A A AFRE g A& AE

—~
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ZRIHNA HE LS For bE 5 A S, 2 doje mre] =

& e HET A SE 2P AT Aok Bk ohelg) 2k

E —
| malloc F
| &z | &F.x
| *E
| *FE :=FE

malloc B2} &A1 W EE F£4 S W= Alo|t}. malloc B+ A 22 H)

Exercise 1 dZE=+= HEE F4 FXo|1, glZEE= Fho|2=2, b

3
BoA HES F47F PR AAAE Z2IMS T = ATk oFAY
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oju] Qo the 2T

UaM}_E:>n7M/
o, M Fmalloc K =/ M’n>0’{£’€+17"'=€+n—1}§ZDomM’

o, Mt &x = o(x), M

oMb E=r M
o, M & &E.x = r(x), M’

o, MFE= (M
o, M *E = M), M’

O',M"E1:>€,M1 O',Mll_E2:>U,M2
O',M"*El I=E2:>U,M2{€l—>l)}

Bx 3 AR A A8
2k W5 a7t 43R 9
B 7H AR A% Qi A9t B Ei Mne Fage T 3
A vl e Faolop Bk xE7 AAEY S BZe] 9t A9 E7h FH:
Wme] Faol BaEo] 9t g STk (CAel7} ol gk

e obe) ZE e AW 17 b2 F49 heH Faof
30] ®AHE T,

let

x := malloc(2)
in

*x = 1;

*(x+1) := *x + 2

oAl K- 2202 A3 v AFHe 733 RS AGA ABEL 5

oA ZEIW AFZ MRS AREGE AL let-AT ZEAA &
4 ¥ otk gl ZE A e g AEo] FHrk 2ei WRe T4
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7F o2 ARgE ¢ 7wl I FAase] ARSIl o R S A &
F el A7 &

A9 K-- dole] A= w2 A &-garbage collection®] 51 AT R
gl F49 ARE7IZE0] I Fao] 2 o5 maEAt A7 dE otk
K--z2 3305 AYPstaAr o] 59 maf 7t 2ub= Al H oA 1 olgo] £
< MR E A7 S5t H 3k

K- M= G427} ek o2 A sl oF 2717

:0‘1:2
o
=)
u
rlr
A
Mo
O!I
o
o,
X0,
5
=
u
AU
)
mk‘ﬁ
m]o
[k
fu
[
)
=
2
X

e
N

| freekF

free £ A19] ou]E A3 AL 4] By WRE F48 Addch o
WHEA] Sgib B 2] FAo]ofof St} W R e &
FH RE FLE AT o Bk

o =
QA A shE o3 2ok

o M&FE={(M
oM free E = - M’

¢ € Dom M

99} Aol A ol 4d Aol Art. wme AVE BI) BA=A k)
M adec 2 AL

o] Hool A W ALE BH FAH A gholE LT W me
Agge zzau ool ofu) }@94 Aol Hlme] AL F3A o
w2 g 7Hd AFEF K- 228 ARsA HA A7 BAT ofn 3
ool WA vlze] mAr)(on] Boltj7) TS 514 o 2l of s
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ou) el e vme AFgol hA AT BoE gek vl 9

gel Julg 927t Beese e FEolA] B35 ¢
A Aol sk Zoltt A 22l Az 2ok A3EY 2eWS YAHT Ak
T ool ge] HEHAAE BARA gtk HADLAE T3] A9

A EL omA W 4 QEA, A B Fahelw ot R shof s A, 5 1
P (
coMEaE B4 AN Ak B4 2aw
=

let x :

1]
8
)
'_l
'_J
o
o
N
'_\
p—a
'—l
=]
*
»

£ ou7t gk ax A9 W E 3T 5 ] wEolh M T
o] olikol = A x7} A4BHE WEe] Fat oW FhE obx HH3
A& ekeh olul g hER, 1 MR Fat oby Wk

Fodo) gty wabA Al xx8] u el I F49) Wxa o|u]x)
A et

S e vEge] =2% 4 gt ol stk
Z "ol Uﬂ FH FaE HIske 2ol 7hsst

S gl AR stk dolzh ofu] Bats) A Bl B, MEe 42
82 =

Ao @ 4 Qi ete] 2 RFolm
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7 Z2agw s 2] g ade] ARSE R AMR 7| 7HS

AY 2 g5 ek 2w

o
rlo
N

CzZzzai"e Fde] A 20d A #eldA, 2 T2 “ofyry ol
Z2 W7t 7b Wol sk A4t W E 8] A E-Egarbage collection 25 0] T}
e #elE Z2aduoA BrdA C 2239 7HF EAokE 2R/ 7}
w2 2] A &g o] =t

/\
T
15

I 2%+ F /A olth S ARZS vUF =4 Fe 279 U7 e
e LRl &gl Y A =W A AFE w2 Apdo] 17
2 9t ZEORLS AL AEYE 22T Hola wre] &8 o] Al
A geohd 283t R 7t 172 F Aotk AZ&go] vi el HYE A
£3A WE7F S o] HHeEe Aottt

A&-gol UF =A He /5 vE2 FTmemory leak 257241 3t
2oabe] Hle Q82 o2 g T Ydangling pointer L 52k STk
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Wiz Wy T} AAsdapy
4 R

MRy 3@ Mencry |eak
- AR 2 mipg SR I JES

- i B L* % - |
- g 9 E

i |

o bmit

r 4 fimg_

2, BPPL M3y dnnakuj powter
ALl ' Bol /P Mg 4

* ./-Y '("“TJ

Koet  /x was g ! ¥/

4.4.3.2 AZ v EZ AL

H2e] f&ges z2aqw 7t AR d7]oe UF offdrh. zgzazin o
A BNEA 2zEH oY A8 L {77F A vebwth. #WEZ 2] FFmemory
leakﬁ’} Uf] F'/] dcmglmg pomterolr/]'

5o W Aggol Ao k. mead AW AL vEelE
ARSIt WEe ARG o o] LE2W AYE A HET 1A
vEe g AGETE oA ARHY vEe Ado] FRAHT} WE =z
299 AR AN 5B o] FAL E OE £ZEY o2 A5
e Aol Hs a7

[k
!
[
o
o
o g9,

3, 2 Z2 o] AMGFHA L Gt F ARG EHA] ok MR
&

218 Zobd g ok Aok o ZA0) Fs N whE AW Bl
& BE & YN
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I g HA(Z2 ) v ¢ Ytk "AE AFEHY @At F
o HEstA olofr] oA, LRI ol AR A ¢S HEEE H e}
A ZFHA BF ALLets 22292 e F w\r/]'

H7FoE A7 “RBEeA BF77F o Hoh

2% whmgle] Aok Sk, TFA e AL WABS P o

rlo

Al

&7} sttt
a9 =g ade] 27kssttte Ag o8 FAls=r O2d 229
ol ttd, 2 =2 IS o|F A, E7FsundecidablesttHIL S HE HE R #
I Halting Probleme ¥+ ZEZI1WS & & 7] wjFoltt. B7bs3tttal 59

function f() = if H(f) then (while true skip)

else skip
£O0£ Buerk Zdoid gzl ath rzdni Zuok gtk 2e

<, el AHgkE HEEE A

_[Q’L
A whE e Rt Fete =2 a3 G7F oA, WE 2 F A Halting Prob-
z
239 pE tha 2ol
let x := malloc() in p; x

DAY x pol A AL A ke o Bl aAL ol YA nAR

21
< AN F, let-m5 42 p7t AAH 7] Aol GE AJANAH. 1 2

ﬂllkI

o
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4.4 Ao 7197 II: K-
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o x7} 7}A 1L

2P 54

ol
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1jo

ojo
gl

A Halting Problem% & 5~ $J.7] ul]
Al Bl A A FH environment 2.
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L
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T

b

)

z
=

11;]._]*1
=35 o}

HA &4 A = (= 2]

o
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=
=

L=

B @A v =2

=]

o FE: THUY AEES
T

Z]garbage collector®] <A ]
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o
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T

oM

WEE FaEe, BA G olA AgH 9ot

Lo
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ES
ol FE

Aot

A tohE
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AREE A e Ao
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| -

A3

y
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(Java, ML, Scheme, Haskell, C#, Prolog, etc.)
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kel deubst ek WEe AB§71E 0] AR & o vme st 3
23tk vmel ¥Eow 4BES S A, T E vwe s B2t

3 4 2BE(2Y Zgpt) & 2T we7hE
Aoz 88 & Je Ry F25S 2oA Arh a3, 19

[k

1
-

=
=
depth-first-, breath-first-traversal algorithmses <= HEZE AR

z
ki
N
L
rlr
e
ki
AL
TN

WEe st oA e AR/ Ee A, Wmez Arsoh,
HEEE AR3A G T2z E Fol= Gl e Sgraph traversal algorithms®] )

ofof Atk A5 2dgle] Zbsd GaelZel glrk
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Ao 7]1%7] III: K

4.5 o] 7197 III: K
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do

o] 1 47} wie}

oo g Zaays

1

coll z ()
wn let 03:: true
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"l oge

o let P\'um{u’!e e
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. et wi= {IJ. = 30304 0\32.‘:!'1]'
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4.5 o] 7197 III: K
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4.5.4 K = K- + < A~H

K- QAolo| % B} A2 Higpe system® B34 =249 258 ve) AFox
T =

= HNER. EFY AFtype checking®] 7Hs S E S

A 54 BFY d S dynamic type checkinge GoFE AL K-2f ojujA ot =2 4
Bote A 7]interpreters THITHA, AT BIdS s 7t g0 &
fsHAES. B A B+ By, o F ASS Aede Heode 45U 4
Follvt Es7) 7 JA3E 4 vk AF AT AR S AT Fof sl o
AP of gty Z2AA T& A f(E) & fo] AA7E Z2AAQA A& A
ol AT Tl TE0] dojd 5 vk AAVE R F4Qd HEe W
Tt TEo] dojd = 7 ek ol FA ATl e TRV AR S
Huus AE Fdste A= 54 BFY FSdynamic type checking©] 2kl Ttk

Tk el A ol St =
g8tk Z2ag 49l B
Arhe EAE dlE 2ol P AARE ST ol AAE Aot Ao

et old /1eg ¥4 8y 4

= HA E]—?:] A Zstatic type checking®] 3

o[N
4
i
mz
_‘;
_\1
\1
+
n

é

\1

ﬁA

n:

,4

033

ﬂo{;

rlr

_>im&:1

o]N

static type checking®] 22l ST}

4571 229 BAHA “ARF B SRS AY ol 3
g welw 22 AYAA T Ak BFtht 2 A7) E UL thownd)
W EA% B9 43 3% 24 92 Aolga Yiv ARFel BA 24
S 497k Ao w FA
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* Zop = 24,
By 4 Sk 2P,
At W

5| 2 W FM'F...

_a Yo, it rans withat
_g s daye”
&<,
x Shitic type cheking : before ereucion

2y A T

. daring  ex@whion
% aynimac kin
%m‘a "‘dﬁ“h. 3. 3 3

ng] o]op7] &A%k, 8] K- ol A& & Thoundst EFY] AT 7S TEO
WA= ety K- oFAS EFY A2 7] sound type checkers Zk3 Aol S thap
AotA= FEE AFHH 7HA L Ak A doj= ofyth AA) thFE9] <
19+ 2239 dolo] BFol7|= st 223t doj = «1 EFQ] Al 2H o]
ojt}7kA] £} K-S SallA Aoz A f&2e] zzazs o

o1e] mol of A A 1 Bl 5 GA.
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49, %, %
e el )

s wt
|

E

E

E: {z:in‘}) a&holf
{0 = {aqerint, Wit}
E

+ umf

AN 3G
NI\ {5
TATAW A ”a
ANNIN
TyPg quvdmes

4.5.4.1 K-o|A AxEH = ZFEY =&

oA ol of7] 8 K-o 4 213 AlE o] AMshE g FFE 57447 9

Val = Z+ B+ {-} + Record + Addr
Record Id 35 Addr

71 ghprimitive value®] EFUICE o5& E°lAk o] Aol 7] EFYprimitive
type=so|TE. 2811 HZE= E3F Floompound value®] 1, 1 E}YL #HIZE H
=59 E}?JSE =01 X 23 B compound type©] HTH W EE FAE IS
Aot Qo Wl R e 49 By BAst = #e Bl wet £573
3} Bl Ycompound type©) TF. ZEA| A& K-o|A] g2 obY X gt, 1 B9l 7}
I TEAso] AUE 2ol A g Fa 7 Aotk A gl 2
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dez 7438 F¢ BFcompound type©] H T

Type T — int | bool | unit
| 7 loc location type

| {} | {+ = 7,y — 7} record type

T—T procedure type
Yy

K- B} Al&~®'ll2 oh2-9] #Hehyping judgment
'-FE:71

vel FHSoIh Z2ad on) 4o U3 FAF 2 Qo]

o=
| -
c}. E]—‘,’J g%jtype environment

LeldS Type

olgti Bl I't ZEIH Yehte o559 BY<= 71 HolEolth
g9 B
I'HE:7
87 Tol A A B Al Qs g Zuvhd B 1o

' skip : unat

FEE:7 I'(z)=r"7loc
' :=FE:71
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Fl_EliTl FFEQ:TQ
F|_E1;E22T2

I'FE:bool T'HE, :7 I'HE;,:T
I'+if F then F; else By : 7

I'EE{:bool T'HFEy:T
I' H while Ey do Es : unit

I'-Ey:int T'F Ey:int
Mz —intloc} F E: 7
I'kforxz :=F; to E5 do E : unit

'FE:n T{e—n}tEEy:T
I'Fletz:=FEiin By : 7

{f—n—-niH{e—n}tFE :n I{fon—ontFE:T
I'-1let proc f(x)=FE1in F: 71

Nfy=mm—mn T'HFE:7
'Ef ) n

['(x) = int loc
I'tread z : it

I'-FE:7
I'Fwrite B : 7

I'kn:int

[(x)T loc
'x:7

I'EE;:int TF E,:int
F|_E1+E217;7’Lt

I'EFE:int
'F-F:int

I'EE,:int TFEy:int
' E, <E5: bool

'+ FE: bool
'~ not E : bool
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L={3:{}

Fl_EliTl F|_E2:’7'2
CEAz := FEyy := B} - {xz > 7 loc,y — 75 loc}

'FE:7 7(x)=1"loc
'EEx:7

FFE 7 THEEy: 7 7(x)=1"loc
I'Eix:=Ey: 7

'HFE:7
I'Fmalloc E : 7 loc

M'Fé&r:I'(x)

'cE:7
'F&E.x:7(x)

' FE:7loc
I'ExE: 71

I'-FEi:7loc TTHEEy:T
I'ExEy :=FEy: 7

Aol Hal FES LA & A= thx FollA A
=]

9o B A2Ee & 74A Avl e Apdo) drk. =2 aefm 7} Bl

455 K- 6% A2de] =24 EA

9% AW ol e WMol gtk TAH BAZ Uk ShdsomdsAE
A

1
2L A completeSFA) & 2T}
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e 1‘&8 Ysg = {‘nd' x, Ys& next}

(et
e e = Jx:=1, et = {1}
node , nedt x

end.

'hfii?é - chekad L bat comot  Fun 'E:

Whet woud you do Yo meks .
tye sy e T

- whot did we wisy ?

(]

| RAE AFAA A £ RN A9 2 o] A K- e AT 5
th dolE U Tl B, o BAE GF T @ A shok 312

@ 4 gl BAITh 5FNA of T3S dol Z Aotk o€ Mg o]

§39

7ol BAS AT Beld ) A2RE AR & eA @A 2 Aol
o] B Al2wlo] FAFA e AL UL 2
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Jr
M
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S
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* oMby ey YR S S

S AR
et x:=| Y L
n Yz hue

x Sgs ML P

let rm&ae $6) = x et "
o F0y; Flme)
et rmu\ure ) = x.qe =19
n + ({Q‘e:: 1, 7 nm}) 3
+ ( {oaqzsz“é’&'-:lm]')
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olE ZZA| A= QA kel el o AAdglo] A3 E £ Q= ZZAA &
o] it} o]# 3 ZZ A A= T}t EFQJ Q] QRS Hko W A| ol EA|
AdE 4= ) o] ZZAIAE= 99 Bl Al2H A= B AS
S 598 4 itk
o] FAIE MNZBE = A= T2 Yoto] AP

SRt S Fdt= d 220] |F 9] B9 o] 91517 9}

F2 9 vojets F2 AAHCE HoFE tolgEolth(d, BaE

U UREIxR). PArEVPAESE 1 9,1% Aol3 B} URE Z
HE SISt R, C oA AE, dZ=

oo, BAE =E29] “next”
TZ X9 “sub-tree” TE). FA+=, I X9 Y] 3}
o}
=)

Attt 2 FeE Z7)o= W Y=
|

= E 714 Aotk XH?MOE? A= Aol = Aol AAL 2
o]7} 091 #lZ=olt} Tyt AdPFo] 1 W FHIE T} ohE g
FE A 2 Aojth. AA +2E FA He Aotk dEE

1st := {val := 0, next := {}};

lst.next := {val := 100, next := {}}

71e] 9l A ZE=F 7HA A H JAA T & oo} L F=TTHE EFY Y] HIE
S 7AA HEez ag8ga TR AFE b ] d2= g8 {val —
int,next — {}} CEE IARZE 5 gtk 2719 ¥l 2 EL} gl o] A
%2 ¥ U2 1st.next.nextE A T o2 HIZ =7 ¥l =& v
g 7] g Zolnh

ol ZAIE MAE & A= T2 GAol NV
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ok
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el
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>
kJ
AU
12
ot

21 FolH list Y2 dIZ=E 3t € 7R = val T} AAH
O 7 1istE FE 4 YE=next =, A 2o EAFHE glAEQ Zo|=
xdg9 297 9ok

t — int | bool | unit

| tloc

| tid type name
T — typetid={tx,ty} type declaration
P — T*FE program

'E{}:{}
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o Al ol
F-{:7
2. 9 FI=E 279 ZAAA HE list HFZEY nextTEE listEFY 0]
He Ao® ddE = Aol
o]ZA =W, Yol AHE =2

1st := {val := 0, next := {}};

1st.next := {val := 100, next := {}}

o A 1st®] B}Y2 list locO 2 A 4= 91, F= HA £ AF % EY
=

F3kt}. 1st.next ™ list loc©]

1 &1
A
>,
[»
o,
1o,
e
2,
oX,
V)
[w}
[
S
=¥
3
I
filo
B
N,

ol
ok
kJ
s

ot
=
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N
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u
At
fe)
iy,
12
fijo
rlr
o
ok
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o,
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o
iASA

9 =2I95e 459 3L A2 B51 & wdo AFHE. o HA
2 4nE Ay

45.6 K- B A|~de] 78 24

3, 919 2o] 2o K-

1
H
9 A2H e K-Z2IHS WolA

I

k)

) ALEL o EA AT AAN A &

o/oh)e g EHET AR 59 73
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of mhebr] 1 zz e T4 1A Bdol AR Ht A F9s 9 5 9l
o <o, b’ “of] .

aejst SH/E oA"A FEE & AL K- By #HEL o] 7
e v Fdol sk B HAS7 7L K- 9n 32 B dY
Z]interpreters -8 T wj &} o] ks = 9Tt

Z3o BAEZ 7HHEA dolt= wHe g g} ey A2S 5=
FUHEE 2233 B IIAFEE ZA 5= Aol o9} e uba
o2 FAHE A7} C, C++, Pascal, Javas 2 AdojEeolty o] HAS I=E

I'HEE: 7T

o YL PANE HYAS B4 d9L T AN A0k =2
4 B ST, Fol2 % 7le) Aol thalA HAAS B 919 eladol
e r7h 9t AS 27 8ok B8R M 2 ade] dehit o)
So) el gl sl A L A(A1REA B) Wgolth o AL ANz
A EaE 7L e 1S 1A 5 Qe A B o) 234 ol Zlo]
o ozZzad Adel HsAs A% TE B2 Mo 9e Aot BdAZ &
Gtz $RE0 qad AT HeT SEH WA o FEo} ol
2 Aolok

Se)e] ghel ATl A TR o] olfE Thge] 7 Aol A Zeriek

{f—n—-niH{{e—n}tFE :n I'{fon—onlFE:T
I'-1let proc f(x)=FE;in E: 7

Ae(EER)0] st d 27 (RA R gli) Beso] Aldolojof Hr}
% Z2AA BE Bol 84 nE AA0E Ao] Hasel arh 24 Bd
So] AAAAE FAse AL, thA BAAS BT AT T Aol
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ol W, B A% Bl YPoE B HYBY

olN

{f—mn—nHe—mn}

2 oju] $el7k Gohfok T ny B 7t ATk T T BYSo] Z2AAY B
e TAH) HEelth GHATE FYoE Fohol T AL YYo=
Yol o ATk Thsera gt

oA Sok, 919k 2ol A2 B3 P 4BL BYAF BN 7EE
S 9ot madmeld 9L B z2adut Bge YAFES
4. B AF 2 Ao NEM s Z2AA PN Z2 e
7 Axte] Bl A Bl HARES B, B AFS IS AT A

Blol M Z2AA FES B Atk o3

N{f—n—-ni{e—n}FE n I'{fn—->nlFE:T
I'F1let proc f(ma):mm=F in B : 7T

T3 At K- A3 7)interpretere] F+A 3} o] ZFASITE B Y
Wb AAEES Bew Ay, Z2AA a7 e 7Ae
QiEolq Zeadns A L A AW Ao

o)Al AF7HA BgH o] & K- OJOJE s B A E‘r?&% =2 e

4 &
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o Blgle Zeaeu 7 YASES ek K e Aolen st
E —
| lettx:=FinFE
| let proc f(tz):t=Fin E
t — int | bool | unit
| tloc
| tid type name
T — typetid={tx,ty} type declaration
P —- T°FE program

oJAl th=3} Zo] == aRskal B Y A5 o] T3 Aot

@j} nyPe u’S = { int nome bes| LG.P_} i
let Bbs x := { nome:=o, zap i= e ]
m o if X.z2p then 1
else  x.name
type st = { b ox, st next §
let wst @ = { xi=0, next = {}}

Eﬁj)

in

im-'. - { 'F'-'-'-il next =:{}] ;
Lot wet iz {ri=2, next =11}

ej) ‘l‘wc inhyee. :i intree. .9.' it X, iv\h!&'f}
et shake (titree. %) :idvee
= & k={} ten %
die et whee X7 :=1}
" £ = all s\nke(*l);

+ 4 = all shake(®.9);
t.r i= k°

™ il shake ({ =i, wi=t, re= {sl el
b

FRE 9 o] WK Aol B AF AL the 3 2t 5y &

Htype environment> ZE I YEH= o] F (W, ZEA|A °]
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[ e Id= Type M4o] ehel 87
A € Typeld = Type etdol 5 el
Type T — int | bool | unit
| 7 loc location type
| tid | {} | {x =71,y —7} record type
| o7 procedure type
Typeld tid

OET*:A O,AFE:T
0,OFT*E : 7

Ai_TliAl A1|_T22A2
Al_TlTQIAQ

A & type tid = {ty x1,ty xo} : A{tid — {x1 — t1 loc, x5 +— g loc}} T T

DAFE: 7 A(tid){z — 7 loc}
IAFA{x := E} : tid

TAF{Y: 7

N{f—n—-oniH{e—n},ArE 7 T{f—n—-on},AFE: T
['AFlet proc f(mx):m=FE in E: 7
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okl I
Obcarvetions

x let xi=fa=i, b2} in X end
x tye E ={wtx, %€ net}
1"3]3! EYr = {int x, ®@4 Pnu}
le'{' in::[‘ r@d’:ﬂ}
=, prev :={1}

* ‘ha,e h:jin‘\‘!, H'«J‘(
'flore tlz{hﬂnlih’ij
let i‘g::l.) 'a::“‘me}

*® -h’e 1&-\}’ =ii¢d‘x' '& t)&
e W = { bl n, B ¢
Wf’&x { xi=g, -‘.'SE

W= 1:-4m v=ily

.

“lx'.!

in

%5
X

4.5.7 o°|F ¥, &2 BB

zgay Aol F7A ol E =t o] FE uAAL o] F F I rname
spacet 22 EF ltype equivalence®] 7 2] o) T 3l A].

4 olEEzel " A, K dojollds B2 2ol o]
HEe Fa(Me), dI2el] ds, 22 3¥] IE(Z2AA

A € Typeld =5 Type
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i
b
Bx
P,l',
g
Auf
g
g
-y
S
alll

ol gow

229
1o
uj
o
o
oY,

L eldS Type

g gzstd Aok oW 49, B o2 W W F49 o] FL E ofF F
Zhnome space® 7HATHEL ek Typeld} M2 FHH . &8, K Aol A W
S o8} ZEAA OB BL o]F Fihume spoce 1€ FHETE ol Fo]
% £

2 AQEA BENAR AGEAE FRT 5 QAT BF W5
3

A7F? Brslell o525 &4 wf, 2 W&o Y= o

type a = {int x; int y}

type b = {int y; int x}

g2 2Ae olFe]

= LIS

a:)
iy
rlo
o
o
o
k)
Kl
o
lo
ok
-+

equivalence), W& Z+
equivalence). K <1

= A99 el

o] FollAE M T aYY Ao]E YUAAHY HAL weprt Bk
= HEP Z2aHY dojEo] B0l HH ol

A AF7F Cehe dojojrt. oA =z Ao

, ool A LA 7F ERubA] of2 AAEl A, Fol 1 Y
AFEE A AHgs7] Al =72 22 dojE HAIHHE

olFA dolE WEUE AFL FAEAE e A A oA ek H Aol A

AR ol o] Wrh AAle] 2™ lof 7ol 7ol B 2%
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SR = oJHdzZT} o] AAS Hulol LHA ol ZAlE0] Y& A AHESL
o},

a8, I FANNE N F7HA] Abopde =93t 7

|

=

= O
gEE 4

R )

=

o UAY AFH et 714, &= 8 7] A Von Neuman machine, H H gHg2]

Z] Aluniversal machine, 3 2 7134

o HRE] F40 o]F £0]7], o] 59 78 Plscope, ©1 5 AAE 25N
F= i}75]enm’romnemﬁ, G- 22 o] E Efree name} 4709 Y= ] Ebound name,

HEL 72X syntactic sugar

L4 Ugaé“-\i‘oﬂ O]%‘ %o] ], ——ii/‘]ﬁpmcedur i%, ZH'?‘] B Zrecursive call, 2=
2AA 5% 0|59 FEWICl VAL AT, F4/ M0z AH =
ol59 7?—_.5;_ 'fy—%]dynamic/static scoping

o MEZE TAE T, Ho|Et2 A9 HE e F4

[ J
=
td
TR

ry
=
=

B 2] A &-&garbage collection

o RIS 73 W AT, B &F, B A", B9 Al2E

o] oL A soundnessT FF A completeness, EFY Ol ©] 5 &°]7]
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Z2a#% dolE Az dxpds] 22 tAG AFE L} AgE T4 7]
AE A ARgste il dolE YA SEA ol H w2 & wolE
7EA AL Az E ol 2AE AT 22

AT =2 IH 2F7} 9= A

TE 499 = EololA 1ok dlof. 1 Ar ST 5FoNA AAE
A2 s A8 5 QA SET VAL BelR AR, e 9 E
(&2 FABHA)

of hydAM = 242 + fldd 23 F2 242 A3
e Adog dg

olg7 YAl A Aol F3SHA otk VAT A dols wE &
o2 AP a1, FEATL FE AZES O Ao EE AgHIL 3

A 2AE) AE 98 A% 7o) Zraeld dojo] weks] 2ol Helt,

=2 ae)W Aol A, AFE e 7A7 Al e ARE ol 9
of. Zzaed do7t AFHE 97 99 sl A o1, AFE
=239 Qg £¢7] 98 BEo) Aokm T 4 Ytk JA Koz zx
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aeT dovt iAEE

)
30
N
2
M
o,
T

To learn : ‘I!in‘wm\ lnmauaae for
ﬁem\-nl -Pu-?use mmm‘raﬁ
* semawic  Vavicttions
: reduction ﬁmhﬁ‘ne;
* bosis  for ‘(\iahehonler L "\Jred_

progreny

D_?j.' b funchon s ““'\ﬁ!ﬁi I‘S'S'
- [Grodel] it is recwsive,
- [Tt 1 T oruns on o luin waghine |
- [ ] it debnalle i  A-Glowlng

« Above tee defimikions ore proved to be eyivelent.
Heme we “balieve” that a-?uhut functions
e nro merg than thet,

*AGlalus as The  progrumming Q"’ﬂ"‘ﬂe
i o ?{ \dea .

4=

1930-40d T o] o]m] i=2] =} e}
Folol R E 1ulsty] Azt Tfj__](Gr(')'del)—lg_- HE 2N SFPartial Recursive

How AN ASolen AUt
2] =] (Church)%:— =g 7%7] A Lambda Caleulus© 2 7:" 28 = Qe AEolga A

SRS L ) AAC T AATISTE A o]
al

Function B2 AT = TF+EL 7 A

e

I 3
o

e >

pay

il

©

Au)

k

. FH(Twing)S F& 7] A Turing Machine7} 43 33

323}

2832 G AREL AR AL 7FsE T4t 27 Tt obd7t
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Stk Al Aol SAAoE Bol@ ATo] A% A %L Aow =

al
o]. o] AL “Turing-Church Thesis” 2}1l FEtT}

o] Al Zo| A Zr} A 4FH Lambda Caleulus©] Q0]9] 52 7R

Hsyntaz©] U3 2] B] F 2] semantics7} ) T}.

ek #

K

5.1.1 %H;]’ 75” /,E_]’ tgLambda Calculus

58 RE ol (BFHT FY 5 Y BE 22IYo]) w2 1 Aol A4
= Adolgta AAA L o, o]FA m=dglo] 7| AH QA ALY B A
2 23T = A= Ao E “Turing-complete 3t} 11 3kc}

oro g gt} A2 Lambda Calculus

o
re
2
a
[o
!
>
r
ol
o
=
ic)
K
4z
[

Exp E — z variable
| Ax.E abstraction

| FE E application

v}
=
S
rlr
i
-
i
2
ofo
P,L
rlr
1>
o,
£
=
rlo
o
2
_?L
ne)
i
Y
b
S

t
ﬁ\l_,
i
o
o
k
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i)
of
>,
o
re,
2

SHn'\w! ot - Terme

e -5 = variable
I Ax.e akehuchon
l

e, arrhcn'ﬁuh

« unomed funton Ax.e
b‘“\AS X n € T

smre
boand. variode
bindey

« appiation is left-associctive :
- "e e, & is  read (paned)

(te\ &) &)
o § hidhredwe corflict dham shiSt!

—"Au.tkj.yx' s read (peused)
A, (x (Ay.(y»))

42

2}e] o o] £ EsemanticsT 7HASFCf. ARR-

et
l
N
%
fifo
o
>
17
ol
)

Notation 3 E9] X7 W free variables FV(E)Z EolA Aoz Eo9)lx]

ore M4 Eoltt.

FV(z) = {z}
FV(Az.E) = FV(E)\ {z}
FV(E, Ey) = FV(E)UFV(E)

Notation 4 X]3fsubstitutions WSS TS Ao 72 vl FE AAlolty. &
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St W5 0,8 VR uE okold oo Y59 Aol th

{leiflv"' 7I7LHYTL}

RE re< Zfof 3
Supp(S) (support set of S)= S7F vHE= Hy5 {z | S(x) # z}olt}.
W2z e AR Y € BE v S+ A5 JS

ol

i)
1>
[o
Hu
ind)
=)
-
rlr
N
it
@)
m
N
[2
|
S
=2
=2
o)
;
S
=~
2
rr
jnd)
=
=
il

O

Notation 5 %2 S& #tr}2] Fojl A&3= 22 S EFE 2+d 33 2]
Aeold):
{ E fxe—FEeS
Sx =

x otherwise
S(A\.E) = M. (S{x— vy} E) (new y)
S (E1 Ey) = (S E)(S Es)

HANA “new y” 7 YERE Ao gle W yEhe

A

o] t}-

yE{x}UFV(Ax.E)UFV(9).

O

Notation 6 & 7§ X3 S, 75 V&ts] ST 2t 2, TE v UA] S&E
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i)
of
>,
o
re,
2

ST ={z— 5 (T(x)) [z € Supp(T)} U{z — S(z) | v € Supp(T) \ Supp(5)}
O

o)

Notation 7 &2 contest C+= RIZF []:S._— w S =31 9)

.

rr

b4 ol ok,

uf

Context C — [ | CE | EC | Xa.C

o 23] Q8 ‘O etz 21, 7 Nz
E 74X =yl «ClEP2n ddTh &

A
COEP 2z 285 ), 1 2o REo g Erl 9}

i

o 9l
2y

t} O

o o

i

A

rlr
ftjo
M
)

Tromhion Sewarbies o A-Terms
(notoctions)

~ Free voriables
Fv(») = ix
EV (Ax.e) = FV(® N\ {x§
Fv(e,e.) = Fv(e) u Fv(e,)
- Subckhtton S =10/, €/}
sughivte  A-Tom € for vaviable X;
Sz =[C i G{x €S

x oM,

SQze) = AX. S{x/aje
whre % & u{ PV(®)| efx €8
v Su"S
v BV (e)\{*}
5(91 e) = (SQ.) (s €,)

- Gontext @ A-tem with a hole Q

s |C€|QC|A*'C

IONION

cn Cre) "
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5.1 dojo md

Tronsition Semaics of A-Tevms
(1‘} traosifion w)
(Az.e) e {a/x} 8

. e = &
Cle] = Clg)
x' § Fy(Ax.e) (o(-tmvﬁm)
Ax.e = A {xAle

(ot

% e B-reludion i the oy wey of
‘.m:pw‘”‘“ (empating 35 opplyng Somdtions' )
* tyregion  (AX.€) €,  uhich fires the
povedudion, s olled redex. :
(reduteshle gx(restion)
vedex & oled normal.
value! )

* o Tewm withed o :
(every wmputation 15 dove, Le.,0

a5
A 22 370

A up e Aol ALTAO . A

oo ALt o E HrpA
t}.
(f-reduction) (A\r.Ey) Ey — {x — E3} Fy
¥ ¢ FV(\x.E)
(a-reduction) e B — X' {z — 2'}E
El e E2
C|E)] — C|E,]
A& A4

w gk 9n)g)

a- M Rla-reductions ZFTF S 2] ©l
o ohuh
ou A= AL AHL A sttt - &HB-reduction T2 ] T B TEA o
stol A 23, ThAl 3 ATRIA B A4 Abs

A p-A%
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128 2 542

Zrolx thaj2x a1, o] HpA o] AL A olt) FThA oA f-AAF 7HEE
\t.E)E," & &) 9 Xredex(reducible expression)2lal F-2T}.

Me o

P AL A B A 2T 498 A%E 5 £ ATk B g,
B-A%r 745t B2 (F Y Aredex)©] T 0] QIS W] ojtt. 29 HopAl S FA
Alnormal term©] 2}l sttt A AR normal term S 2 7:]]/1‘_‘% Zd £ Qe Hral

2 A4 normal terme 7FA 2L Q= HrpA o] 2kal Sirt

991 37HA) AR FAEC FA wH2Y AR B AL ek @
S A wE 27] S A7 AR 98 5 Aok HE At o

3ol & 5 7] wlZ ot

o #)T) Areder B WP kol whet A 2bo] DebAh A4k Aol et
A Al normal term= 7]—X](I'-‘é]‘ T 9}\—‘1;_—-) il o] 1 AAF

TG AN ALY S Atk

T %“’/}’51 o] 71]’1\}01 2oy, 1 A= 2 VA v 7HRT AL
TAZFOEA AP &2 7 £ Ao, Edotd 25 sk F 44 normal
termQ. 2 TR L=t} “Church-Rosser Theorem” 2-& “Confluence Theorem” 0|

o) AL BT
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& Atem  €'s semambes o5 the
tromsifion (reduction) — mlu,mr.e
is not unque

% A-tem €'s sewaniics o¢ T3 velue

(rormall form | 4he st ove In e =
ene )
is “unique’ becouse

Thw [Church - Rosser] Llonfluence Theorem ]
% eIY hen e “Y,
Ye, WM

If we resard € L @ ave eyeiv. wheor €€,
c“-u...\ :"%m hos ok mest .

ove normal Fom,

3 Thus  renaming  bound-vavieldes (AA-wnvavsions) wust be
g ; m\na\ﬁﬁ_ ‘

; ; - B te gefma is Axrnmg_)'hm the reneming
~$ betomas mﬂafk'l_

3

eg) (Ax. Oz 1) gaeyl L vems
(Ax. (Ax.x 1) xeg)d

34 Anormal term& 742 FerAolehdl, ol | SR ANE Sok P4 1
AGA 22 T 5 e AN S FRZFHE F4Ae] £ R5a

A T?—/K‘]normal—order reduction=. 7:]] /}l-'é‘]-fﬂ H o} E‘” Ei,’éredexﬂ- 031 2 %1% U:H,
I F AY A2 A Y A9 & ArederS AL 7= Aotk o] AR A
S

AbatE FAF A normal term©] Q= BTFAl S SAF 1 AHAFA o] =Yg
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x AMom  doss ﬂ‘_ ulun; hove
o vormod Form

Qx.z2) (A22) =

Ox. F (xx)) . $(zz)) =

(M-hm\m'hna preoyems )

% For Aferm with o vomal fom
the redution > vule dws mot
M*\m}\hm]{w“.

Th [Stondardustion Tweoren]]
I o Aterm has o normal dorm
Hhen the normol-ondey reduction

amives of ‘e normal form .
* Novwe ~ordey veduction
_& TP o e eftomast vedon
Cled = C[e] of ‘he odter-wet rediug
of Cle],
eq. (O €)e)(Oxx)y)
48

51.2 HriE Z2 I35

< dh NAACE At B

FAF = Alnormal-order reduction@ Al AE = FHTHE 7R 11 XA 49} H/AA
2 TEL Aase et 2o AT 4 Atk
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Pﬂamq n A.‘ (aleulus
(w’d‘h hwmﬂ-mlﬂr)
reduction

Entodings of N, B, Funchions, bromhes,
recarsions
('—*g o 2 af. Axx
20 2 af axfx
g n 2 Fx

twe 2 Axy %

false = A%.Ay.Y

$eee = Q&8

net = Ab Az My byx

od 2 bV Ax Ny, blexy)y
iszer0 2 An.Axy.n Org) %
s 2 Anaf Az f (nf2)

2 A M Ax nf (WE )

odd
mit 2 An ' Af n(0’'$) 49

i

A% 7Hs3 BE 45 grie 2 S glodw A

=
% glolok Atk The T el AN WEE AT 4 ek
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Emdhﬁ o Retwsive Funchions
wn A= Colewluy

In ML, C, Jovagete,
fin factny = I neo then)
else n* facinn

In )\- (olewlus x

foc = Y(Af an. F nzo )} nxf@e-0)

Y £ M O F @) f =)
the -F'm?o‘-wi' combineoy-

cf)the dewstatioml semontics Lfocd is
{ifoe é‘&n_?\f. An. i n=o then |

else nx$m-1)
) Y§ =105 , ., Y forms ::\KA-.\; of
its wehion |
Then it
Toen S
410
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Dduwt see/fee| the
power of A’s ?

% all "(um?u\'ubh " functions are
encoded. in pwe  A-caleuug

(S
* SN R K ko) Y4

Y

39 AE RP R4

* Are & B UL B-relchont
24 R e
oL ARy AR % ’*"251'1'!4‘1
Bl WP BR A, T ¥ 2
Ay 3% AR%

’ h\*-mkr (w}uh&m 3

5.2 o] 7]%7] 0: MO

s z2 a8y dojE utgtl A A F = 3 Hog=z Bt 18y 1
_/;:

o =
Aol o) FL itk ARt rol: BEol B Aotk B B ¥5E A

Phol A AT Ze el e AL 23 2k grhelA A 2
o Ao BE FATA dYimdart 9 ASTH B4 ArBY BF A
BolE #ld a7 rhd 25 4L A4bo] B,
JEu ZRaPoRN Bt AF golth ARzt A8F £Fo| o
%

o4 Qe BEE AWL 1847 522 o w2 AFHY. T2

o
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ANA HF F \e.ES 7]F 4 canonical term®] 2Fal FET},

o7 7]F Aeanonical term©] FO1BZ FF v(“value”) 2 3E 7] 3FZ T

AcCos P, By

e e | W

Reduction E;;Ltﬁ\'ion
%?] ? \ o

e b € ST
w 1. ~ L

SR

At € i clued Y Fv(e)=¢
N S Wh e = ax.e
We wil we V for conomicall -Foms.

a4y

5.2.1 ﬁ\“-:—,z/—(" o] /,5:-1_7 {%”lazy evaluation:l—q‘ Z—',";———,,']—‘,7 C,z_] /,5_;] %yeager evaluation

AN Frt AA D golth. YT FEo © o4 gtk §4 BE
A L EPS L E R

aE @4t 529 W B B, A A Be QA AR /2 @
44 Aee] gtk e BES AASUA A ghol BT ol 1A A
2 AYe7). FL, BES AW Aol A%} AL AAAA AR ghe T

A ‘ﬂﬁﬁ 751*-?—% i‘—?‘z—'] o] 2] ?%”lazy evaluation, normal-order evaluation é% 4,7/:‘_'“_7
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5.2 o] 7]-%-7] 0: MO

22 A Peager

i

g T Zcall-by-name, call-by-need®] 2t SFal, F HA ¢

evaluation 22 ZFAY T Zcall-by-value©] B} ST}

e Normall -order ©wnliokion is ako called
”lon.j evolwadion *  or 'cn“-kn-uhe."

2 Ay
® evolushion ¢ ARA HAAY
E‘S” or “'co.\l-bn-w.\ue."

* Emaev evoluadion & not “normal.’
The mnan. CW\G&) Lorm connot be

Sound.  sometimes,
) (Axy) (. % x) (Ax.x%))

v evaluahion we Qumct  enode
n we funcens the same
ond.  veeurs g oy

tase

* In
g e e

%) e @ &
E:}v.r § (ofter)

I Aoz A Frhe £FF ¢ A Flazy evaluation, normal-order evalua-
ol Al & eager evaluations AL dF= F2 L otz e} oy WA 7

Hpal o] spol 2 HojZrh AMA FHAL ) o o)A AFE
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FA
oj
R
N
)
5=

_M_UTH
-

eager evaluation

lazy evaluation

e F =g Az E

. B =n Mv.B

Ey=g .E Ey=pgv {z—v}E=y5

FEi =nN . E {l‘ — EQ}E =NV

Ei By =5 v

E1 E2 =NV

M) ( Nz z) Aexz)) =N T

Ae.T)(\r.x z)(Ax.x x))
=g (Az.7)((A\z.xz)(Az.x x))

—~
o

5
)

(M\z.(z--

W
Y

.
o

=0

)

G
o

.
o

|y

cx))v=g (v--v) =g

-x))E =

(M. (x--
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EFE — z variable
| Azx.E function

| FE E application

o] Aojol 4 o] F AL 4 Yt AL g Lolth o] BL WMLk B W
5 20 REYSsopels 1 B B B4 MBS BF Bolth. 2 W47l
e ge EHE AL, 1 W4E B 47 529 o A9HE AR 2ol
T 57t Eeke gl Ak

grgee m2ad gAES WA FoWA YA AAFA
Aol o) T2 E AW wje} 2L ~tolth. A B ofu] @i

B environment WF7) 2ok 3t AR Stk o)A YoM FHES
W2 7= o]+, T2 IAYA S "AAAZ]A] 7] Wj7oltt Waes IR
Z2 o) Folgd=th o Aol T2 o]Fo] HAEA I oz

@S ARSH FEBoITh B4 G2 B2 Acdowneh T S, B ArE
dAE 2A|e} 7 g 2 Wfstatic scoping® TG olty. FAHL I
4

7F 2
. B A RS 5 H4-EY ke

A5l
o € FEnv = Id 3 Val
v € Val = C(Closure

(Me.E, o) € Closure = FEzp x Env
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= & #49l Qo)

ou] AL 23 2oy FHFH 9 A deager evaluation 7+ 2= 7FR Tk
o(z)=wv
ok =0

obFXe.E= (\v.E o

ocFE = (\Ed) obtEB=v d{z—ulkE=0
o E Ey=

¢ € Bw = Vav 22 Vo
v € Val = lowbda X Env closuyes”

6 e e, 6)

6 l' 9‘ % (Ai‘e,) 6,>
cke.y Vv
6/Lu/x] He' v’
eV’
Dypomic. s o LT T TEILE 5 ]E

cre 9ine CHepv

§[vfz] He' B0
* LIcFo.e.. =1
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139

5.3 9ol 717 I. M1

MOE 7M1 RE 2209e 2 5 YA dsith. Moo Ild A=

B 5 HE7 Zeyntactic sugar A TF, Z2 2O HJE Y5 H7sHA}

&

A, /AR, ANDS rec fAr B, 2AA if EEE, 223 544 B+
(

3544 E=E (B4 FAR ohjel M4 B4 £E 221 Fo] 2 §
2o AA T B2 ol g 93] A
E —

| n integer

|  true | false

| letx=FEinkFE

| ifEEE

| rec fAr.E

| E+FE

| E=E
HEg HolA BE Mo BAT 4 ALY, I AAE 2o el
=3

let x=F; in F)y

= ohesl Ak

()\.TEQ) E1
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oA REL Al R AT @D A5 28n B/AR
v € Val = Closure +7Z+B
2 € Z the integer set
b € B = {true, false}
o € Emv = Id3 Val
2o BE AS2 @ At on FAS2

ckn=n

o F true = true

o false = false

cFE =v ofr— v}tk E=v
cbletx=F; in Fy = v

ok FE = true ok Ey=wv
O'l_ifElEgE3:>U

ot FE| = false oF E3=wv
O'l_ifElEgE3:>U

ot rec fAr.E = (rec f \x.E,0)

0'}_E1:>211 G|_E2:>22
o B+ Ey= 21+ 2

cFEi=v, obF Ey= vy
U}_E1=E2:>1)1:112

a3 @45e) T2AY ofn A AT A7t B

=]

ok Ey = (rec fAx.E,0') obFEy=v o{f (recfI.E,o)H{zr —v}FE=7
ok E| B = v
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21+ 20w BTolA BHE QAo v = vE FX A oA E AARST
ol v; 52 BEF AL AU F/AA Fholofof sttt 4 FEQA AF TAE
sk = Qlth. dutE oz F e By g QA g 22 AHE
FF U e AR VAZF SR dd BVt JMsEthd 23S o
S A HHL FAHalting Problems F+ Z2I1W-E H T 4 Q7] w2 olth

5.4 o] 717 II: M2

5.4.1 ;FL}_7]- 9,,1‘15- %}:: %"pazr

T2E A Hloleg 2 ads) 97 A AL BED ASFE BAL

AZ3A A= Aol AR AAbetA

F —
| (B,E)
| E.1
| E.2
olA =2 A7HA F/7F Atk Tk A, /AL, L2 F 7Y A
v € Val = Closure+ Z + B+ Pair
(v,v'y € Pair = Val x Val
o € Ew = Id3 Val

(7, 919] Val e} 27k o)ttt Valo] AF7] ARAl& 7R a1 A 9] = 3
th: Val=---Val x Val. 28 A% Vel B8 2R3t FHZE ofd. 4
Ao X = X 2 XE 53 T obd A X = EAjr))

ofulat A2 theol H7H T

cFFE =v, obF Ey= vy
ok (El,Eg) = <U1,U2>
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O'l_E:><U1,U2>
cFFE. 1=

o+ E = <U1,’U2>
o E.2= v,

S YRR St A9 AT BE Aoty ojwA
s eR
=3 =

2 = 0]
3 =
Se 223U S MOZIA T BE £ AL o

-+
30
o g
3
2
)
)

oo
o
1o,
|
fu)
fu
e
it
I
ne
4
30
iu)

faeg 7de HA. oW faEdE £ AW
P AEQ} ZAE ¢ s B o] AMER BAE
£ 77} nil3} link2bd 3HAF nile 002 95
(A2EY A4 00] ALHA Fethu 7P, linke 039 &
;

-

11

Ax. Alst. (z,lst)

J2® “link 1 nil” &1 3} 9l B2E [1)E, “link 1 (link 2 nil)"&
1,29l BAEE BET)

AR W o= ﬂ,\E 7} Wol Qs %) Wkl Y isNil?d} g a
EQ A& A4t U 442 Adee 4E head9} tail® glod Hrh
the 3 2ol Ztzk Hejstd "

-10

isNil? head tail

Alst.(lst =nil) Alst.(lst. 1) Alst.(lst.2)
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Example 25 = T} 2 o2, F ZHl LR Rbinary trees 735 B2} Bt=E=
W2 M| 7}A]: empty, leaf, node. AFE-3}l+= HHH-2 A 7}A]: isEmpty?, left,
right. T3 Zo] BT 4 Q.

empty leaf node

0 \.x At Art.(link It rt)
isEmpty? left right

At.(t = empty) At.(t.1) At.(t.2)

5.5 Ao 7]%7] II1: M3

5.5.1 W27 =4 7k WEd dojo s

ARE MRS A SE
Speh AgpolAu Azkant Zz e BelE AsA.

off,
o
2

(¢}
ka
[y
b
zz

O
2
&
)

imperative features

& g AAEA, 220 A %Aﬂ o e che
AnE AN B 5 Yok Fhol 2TUA duik b Aol n
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M € Memory = Loc= Val
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-1 Dom M’
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¢ € Dom M,
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Zolth AEE

oM+ FE, = (M.E,0'),M; ot Ey, My = v,My o'{z— v}, MybFE=v M

O',M"El EQ:/UI,M?)

Exercise 2 HEEE tF = A50] B5F A8 4= 9th. oA MozE 1 A

E — =z variable
e B function
EFE application
n integer

|

|

|

| true | false boolean
| letzx=FEinkFE

| ifEFEE

| recfAz.E

| E+FE

| E=E

| (E,E)

| E.1

| E.2

|
|
|
|
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=
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ey
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Exercise 3 HF2-& while F do £ & AEojt}. $A4 M3Z 54 4 At}

M3 25 MOZ 52 5 d3lernz, dxds MOZ =7d

M3E F83A T A=A 42 Z2 50| Q. A3 Fo glo] &

Tﬂges
({"I, T 1)

- mzauws PRI B WY

- zaawm @) 2% RS AR: W
¥ 4 & MRSk
i gzl Pt (PR, R/, Mgl @, Do)
r omaay SR e A SR
ooy ol AR | R3S
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PETCEE TR L
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Ak AolA A e Eake 4] L1004 2] A3} e #bojojof g}
wEelo] 2 A By 1= Byol Al B9 A% ghe vme] Fiolof gk
M3z o] 99} 2L B9l 24 AAFo| P4 BEshE A E 1)
o 4502 AF3E ol AsBod drh =@ 1 4
od g}
] elstatic Ssound3HA AFSHE el e e Al glo] M3l AL 7

S8 At

5.6.1 2(57357 E]'?:] /‘]_{\. E,_—'l]static type system

@] Al Hlstatic type systemS o] F= T2 1

=)
deshs o otk ATl Fske Aol oy}, Ay 1]
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f = TIF
| —f
| IAS
SV
| f=
S REE E I
[T] = true
[F] = false
[=/1 = not[f]
[fiAf2] = [fi] andalso [f5]
[fiVv o] = [fi] orelse [fo]
[fi=f] = [fi] implies [f]
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TFF
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proof rules©] 2}
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' fi
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o)A WEOIA L FBE FH L proof rectha Bk

{p—=-wpptrp——-p {p—-pptkp
{p—=—poptFop {p—=—pp}t-p
{p— -} F
{p——p}t-p

oA 2T IIARA (FEAZUE, HE AAAA ) 57

T
B 22 7 Hproof rules, inference rules©] AW F LS WA Z, 28 F4
EEZ UEE{g, g} fEAE AEAN ) [0 A--Agn = f] = true
A7 o7, Tl 710l Atk

o F2 A9 oL Y soundness:

'k fo]ld[I'= f] = true

o
rfu
44
Y

9] %]'3;7 /chompleteness:

'k f o] [I'= f] = true

5.7 E"{f‘ E]’ %7 /K]_/_\. Eé]simple type system

EFE

|
| A.E
|
| E+FE
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My

19w 73

ckHE=wv

T Qo By AlaEe] obAA ZHo A Helsk HAS 935

Value v — n

| \.E
FEvaluationContext C — ]
| CE
| vC
| C+E
| v+C
A FLe HF Aol A eager evaluation A ol SN A Th-of] AssfoF & F
= 248 ot

Zzae) Ay 7L 0L 2k

E— F
C|E] — C[E']

(Az.E)v — {x — v}FE

21+t 29 — 21+ 29

2239 pe) oule 9 726 wekA

E— FE —
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Ao = FAHo g Ao}
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Type T — primitive type

7 — 7 function type
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I'= EFY B type environmentS. 2 W52 481 81U 71X A ok
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My

relae) ofu e

[T+ E: 7] = true
if
Vo l=T.E o] 493 597} g2 AdE— v i bv:T.
oA F =] A (B B S FFE FHAL AR B FE 7 Fiype
inference rules©] 2kl SFC}:
Tkn:

[(x)=r1
I'kFa:7

I'+z:mEE:n
'EXe B —n

'-Ey 1 —1 I'EFEy:n
Fl_ElEQITQ

F|_E1271—>T2 Fl_EQITl
I'EE{+E5:7

Example 27 BtS] 571 435 € H = 27 499 offef 2ok

|_)\£E.$+'11L—>L l—()\y.;y)Q:L
F Az +1) (A\yy) 2) e

Example 28 €19 §37} 27153 49+ olel g 2ok

: !
: FAyy:t—1t FAz.z:ie
Flrx+1l:0— F(A\y.y) (Az.2) ¢
F(Az.x+1) (A\y.y) (A\z.2)) ¢
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Fe:r oAl e7} gho] o WEEA] e — €.

e Subject Reduction Lemma: J 32 E}YS H

riN
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Fe:Tollle—e oJHFE T

Lemma 1 (Progress) - E: 7 o] EZ} gto] ofyd Hl=X] X&) E — E' §F
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Proof. c7o] Sl W AdHer. (5 A B +2E wet
Fdstez, “Bo] Fxo the e z(
A= "))

E=FE B9 A% FE Ey: 70|22 B3 fZo |l - E,: 7
TO|AL By i 7' o]tk wEbA, 7 7 ol 2 sl A,

“By structural induction on E”)2}

o B0] gkol ob® A By — B 84, o] & T2y AY -9 Ao
Oﬂ 9]5]] E, By — Ei E2J—’/]' Zs“jr
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2 28230 A -9 Foo Y3l £, E, — E, By 2T

o B\ ExZ B olgtd, F B i 7 — 78 5 e #E2 24 A

Qo HMoltt wgA] =z A 9] Aol 9
At.E' Ey — {v/x}E' St}

rE
z
2
o2
&=
&
|

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



5.7 th< EFY Al Hsimple type system 159
OE APE MAAR 29, O

Lemma 2 (Subject Reduction, Preservation) - £ : 7 ©o]17 E — E’ o]H
FE' T

Proof. + E:72 ZHol tjg Ay os Ay !
¢=FE B9 A% kB By 7ol BR BIISE F A Ak By : 7 — 7ol
T By otk By By — E'olghd Al7kA Autel glrk
o By — Ejo|2tA By By — B B, 9 3%, 7 Aol 3l - B v — 7.
F By Tl B2 BhRE F Aol o) - B BT

)

o [ ol By — Eyol2bA By By — By By Q1 3%, $19 452 #AL
2 2

e BT B} BE A AL FE 7 - 79 FEL BYFE FH o
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A e Be e HETT.

Lemma 3 (Preservation under Substitution) ' v : 7 oJZ '+ x: 7'+

E:7 o]HTF{v/z}e:T.

Proof. '+ :7FE: 79 S% st AGHo =R FH3Ith
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1 +Ae._x, 1)_0
~— \,./\,./Y
1 6 7
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5
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FE4 i7F 7FA oF = B Y o8 A 27 7hA oF B B Y a0l i e g
Al “lhs=rhs” = 53 2tk

ayp = L ar = L

g = L a3 = a—f
a = ag 6 = as

a = oy B =

ay = L a5 = Qo

g = Oy ag = o =7
o = ay B =
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B A B4 v e 22 Egolth
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Type 7 — «a€ TyVar EBFY WHS

| | 7—>7

Bl A5 WAAL 3 SE X Bsubstitution. 2 X ASH HITF TyVar<
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S e TyVar & Type

9. (AL BE A oA BR7M= A8S9) Hgo|tt)

Notation 9 S E u2 “S+ WA A u] dfmodel’ eh= Solth. o3 o] A

gk
STI = STQ S ): Uq S ): U2 S ’: {S(a)/a}u

S n=n SEu A ug S E dawu
o] 7] A
T ifar—nT1T €S8
Sa =
« otherwise
St = 1
S(tr—171) = (S7)— (S7)
ST = {a—STt|ax—T1el}
O
A" FAHAE M= Enegs V(e ) & = 2ok
V(O,n,7) = 1=
VT, z,7) = =1 ifrx:7el
V(F Ey + Es, ) T=L A V(F,El,b) A V(F,EQ,L)
VIO, \e.E;7) = 7=a3 —as AN V(I +x:a1,e,a2) new ag,as
V(I E) Ey,1) = V(I El,a— 1) AN V(I Ey,«) new «

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



164

2y
ofy
o>,
o
re
2

Evample
.

V (¢, nx)x2), ) =
o, V(¢ Mx, o27)
A TI(g Mmx, o)

=3¢, (Fa,, . T (x:e, x, ) A AT
g e, T (x1ay, X,8) A o= %)
up iy oy Eols A o5 D% )

= Toyohugttpts, ( Aoty A da-dely £e43T
A dyee N diExy-D ey )

A swstem ot n“d*ohs to be solved..

6

SEV(I,E,7) & SI'HE:Srt

o1 7}?

Proof. F&] x| tist A gHo=E.
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M. EQl A SEV(, \u.E,7) &

= SET=a; = as AN V([+x:0q,e,a0) new ag,as
& SET=01— an
NSEVI+z:a,eaz)
< ST =Sa; — Soy
AST+xz:SagFE:Say (AE7HE)
& St =Sa; — Say
ANST'F Az . E: Say — Sas

s ST'H Mz B ST

Type T — primitive type
| 7 — 7 function type

1 3=, & I3} YL Funification algorithme &3 & 5 AT

“A Machine-Oriented Logic Based on the Resolution PrinciplE”, J.A.Robinson,
Journal of ACM, Vol.12, No.1, pp.23-41, 1965.

o B} WAANE(r=r")T & Z7H Type)L 9 =29 5 U 3lunification L1

e XV ZUETEUAT Zo| A 7 WA Q] 3l most general unifiers -
s &t
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= &3 F U7 A uell tsiA & SE vhEo] Wled

—ud] B T
Re] tt.

rlr

P4 RE BE Y2tk Twu ol T = RS

Webd, Fol2 220 (AFA57 Yt A) B B 3N S F g

Eh=s
U : TyEqn — (TyVar & Type)
UV (D, E, «a)) (new «)
2 AR Aolw, U A

U(u) = unify-all(u, ().

o371 Al
unify-all(r=7'",S) = (unify(r,7))S
unify-all(uAu',S) = let T =unify-all(u,S) in unify-all(7Tu',T)

o] , & & Slunification ¥ 8=

unify(r, ') : TyVar < Type
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o ol

unify(e,0) = 0
unify(a,7) or unifty(r,o) = {a+— 7} if @ does not occur in 7
unify(ry — 1,7 — 1) = let S =unify(r,n)
S" =unify(St, STy)
in S5
unify(.) = fail
o)t

A9 gmeEe Selo v
complete -3 ©] T},

iy

EFQ] Al 2~ "lsimple type system®] 54 Sksound &

pa

oL A sound: UV (T, e,a)) =S8 oW STFE:Sa

UVI ea)=>5
L A complete: AT = RST Ho| IVFE: 7
AT = RSa

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



168 & 549 Aol

Type  Ireference

Dé'\'emim,"" - 7 and ¢
He T suth Wt [le:z

Use the sama Pyumdm-e Ve, )
bt with « ‘l\ﬂe var o
Thw Let V(P e,a) = oo, Yire,2)
Evther
O st t 30 V(meg) or
® apﬂu\p\ substrvhion
S € {#, %, = TypesWithVars
such thedr
S (T (re)
. Priw.\Paﬂ. S /
% FS(Tmen) wen IT st S=TS,
© TpeWtiay T L |t=7 lﬁ

w) g.hml u.*“.r#'mm

‘ype varioble

5.7.3.3 2z}l <=

ull

B A A e EEstEA O a2 Eojrte EaEExE 7tk

M : TyEnv x Exp x Type — (TyVar - Type)

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



5.7 th< EFY Al Hsimple type system 169

My

M@, n,7) = unify(¢,7)
M, z,7) = unify(r,7) ifz:7 €l
M@, z.E,7) = let S = unify(a; — as,7) new ag, s
S"=M(ST +z: Say, e, Saz)
in §'S
MIT,EE 1) = let S=MI,e,0a —7) new «
S' = M(ST, E', Sa)
in 'S
MIT,E+E' 1) = let S = unify(s,7)
S"= M(ST,e, )
S" = M(S'ST, E', 1)
in §”S’S

i

o] &% tls EFY Al Hsimple type system®] 54 SFsound € complete -

ot}

LA sound: M(T,e,a) =8 o™ STHE:Sa
M(T,e,a) =S
A complete: AT’ = RST Wel I"'FE: 7
AT = RS«

W . TyEnv x Ezp — Type x (TyVar & Type)
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W(T,n) = (1,0)
WTz) = (r,0) fz—7el
W(, \x.E) = let (1,5)=W({['+2z:a,e) new «
n (Sa—7,9)
WIL,EE) = let (r,8) = W(T,e)
(7',8") = W(ST, E")
S" = unify(7' — «, S'7) new «
in (5”5'S, §"a)
W[, E+FE) = let (1,5) =W(T,e)
S" = unify(r, )
(7',8") =W(S'ST, E')
S" = unify(7', )

n (1/7 S///S”S/S)

o] du &% tls EFY Al Hsimple type system® 54 SFsound € complete -

o)t}

S

ol

Helsound:  W(l,e)=(r,5) o8 STHE:7
W(T,e) = (r,S5)
2 complete: A T! = RST Ho] I"HE: 7
ANT' =Rt

5.7.4 ©SHA3S a8 FFH

S BhS) Aldo] AR BhA B ok o] BTk

A A E3let. BFY Al2HS %ers}(

%
%
o
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171

ofuUt} oL soundSHA| BF HFIEE 2] = Z E 7
g =A 53] Wt

i)
iy
9,
30,
rlr
S
8
g
SN,
s
L)
i)
q

FARA RHh A Bgol FBgle] AYH = F4Eol Bol Uk 1
A @450 e B A29e FAFEAL sl Bgos ugah o
Fe B Ao AL A9t e Jrhd T By AaPe
9% 5 ek

thgol oS e] glek
Example 30 t}39 =21de A o BY A29L 5343 & g,

SA & AYE = Qe =2 ao|nho

(* polymorphic functions *)

let
= \x.x
const = \n.10
in
IT71;
const 1 + const true
end

Example 31 th9 22385 o< 8 Al2"HA = B 571 &7

& A9tk SAw BA glo] 4¥sE Z2adolth D

(* S K I combinators *)

let

I =\x.x

K = \x.(\y.x)

S=\x.\y.\z.(x 2)(y 2)))
in

S (K (8I)) (S (KK) I 1 (\x.x+1)
end

Example 32 & thF < doj2 o B9 A|ado] AT sis, B¢
N2dg B34 e 8 22398 44 WA dch O
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(* polymorphic swap *)

let
swap =
\order_pair.
if order_pair.1l order_pair.2
then order_pair.2
else (order_pair.2.2, order_pair.2.1)
in

swap(\pair. (pair.1 + 1 = pair.2), (1,2));
swap (\pair. (pair.1 or pair.2), (true, false))
end

5.7.5 M3z 8733}7]
5.7.5.1 AHA T

A7 T Y Fu ol combinatorS SHA ERE 5 gLtk Y Auld

ap = oy ap = a—pf

g = Oy ay = «

= Typeoll M= 2 + ot ¢

ol Heel, BF a — ol WE =
S ag) 38 2] st

=
—
Slunification duglE2 A9 FHE ZA

o E_4
=)
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HE M 8 A2 54 5 vk A

usi'
N

rec f Ax. K

£ o4

,4
iz

o] ohe.
B 15 712 sk

rlo

F'+f:n—-nkXE:7 =7
I'FrecfAe.E:m — 1

o

T g G GeemL BPRBRER @

—

et
foc = Y M if neo Hhent ke n&dtn-d
foc 23
o e Amn R
“Ye hF.M.----m'-‘
seld appliestion "tx" bog no typ.
WO gy A 4 wEd.

e &
| ree + Mx.e
© 4 Smy Aa WG BRI Vo
W s
7T 2.8 T
(Rec) =

Phrecf et
® Sy <dmn rey R - WML
© A 40t A ) BN AL W

Exercise 4 9Fd Ysoundness Y5 A Ao s A 7122 A7) (Progress
Lemma®} Subject Reduction Lemma)Stol] =713 T}
o]

Exercise 5 22219l %253 229 FueEe 92

<
T A
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7}?

5.7.5.2 WRE F4 ZF

A B e TR shvbeth W2 F4 3 BYE

Type T — @ primitive type
| 7 — 7 function type

| 7loc pointer type

BFS) o MR F4 B AR, T Faolt r Bl gol AFH e Y
otk e, B fF FHAE AdAHA FFEG he 2

I'HFE: 7T
I'Fmalloc E : 7 loc

I'E:7loc
I'HIVE: 7T

I'EEy:7loc T'HEy:T
F"E1!=EQZ7’

Fl_EliTl F|_E2i’7'2
F'_El;EQ:TQ

Exercise 6 oM Ysoundness 3 HE 92 Ao s A 7122 47 (Progress
Lemma®} Subject Reduction Lemma)Stol] F=7}51H T}

Exercise 7 £322}¢l Q1 Z3 249 S EL o€ 348 & 9

AN

filo
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7F?
O o <% A - T |tz | T loe

Che:e
[ Fmalloc @ Tl

PHe: the The:r

(hus)

(nss)
Fhe=¢ ¢
s loe.
) Phe: x
rEle: v

O S 45 P By AW,
O Wi i3 e ARt TR AW
V(P mlke,v)

= 3y = o loc
AT e, )

V(P Q.-ea. T)
= V(P e, vl) A V(M &, T)

V(I”, le,z)
= 'V‘(r', e, Th)

5.8 [—/]’80:7 E]’ %’ /K]./_\. E,ﬂpolymorph’ic type system

= EEZE“/P’I’— st 47E o2 A O}Eﬂ/ﬂ AT B Alxdlo] &

£F8 EFY Al Hpolymorphic type systeme] 118 eF) Al 2 Folet. 53, e
) 327 b5 st A4 dofol AgAoT TAD & Ut thY B A2

o] let-ttS EF] Al Elet-polymorphic type system®] T}
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VL2, Polt‘!mw?l\it TVPE S‘Jﬁ”’

Yo leam: - let-phywric. e sptem
- oy lombda, caleudus
:snﬁn F
'.e\‘)\h.'ﬁ P*Q"”YM*

Hictiy (& lo Raa-dls @ PopL'#)

ek Set Theony (hosdd)
Simphy Trped Lanble Gludig  (Cwnk) - 140
Tye Tnfwence (Hodley) 1281
S\qﬁhb\ F (ct;mnl ) an
P Lol Gl (Regds ) 192%
ML (H‘I\W C’TJ-) 479
. ( Rasnolds.) Wio
el Aot T F«:n n
pol I Godels, er, 5
s Types & Hdub‘ij (Helueen ) :q::
L__"f"" ‘Fw-s (Girmad) ;
s (Miwer et o) 1110

(Horriseht etial) \WAF
Tiped oy by

(320

g REAW = BgeI A S fk

T =2

olty. g EFY Al Hpolymorphic type system(bp) NA = “& R2 T 1 3=

57t the BFY Al "simple type system(-) HTh ATh &,
''FE:7 o¥ =, E:7

olty. old AFE F,e F

f

Z A SIHA] F-ZEFconservative extensiondF 732k

ohg Bl Al "polymorphic type system®| X & 55 = BFd o] TFF B} polymorphic
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wed 5 At O9 BASe e 2 ASoltk

Va.a — 1, YVoajas.aq — ao,

vol BFY] Mol BolA RHHE Aot BE W BYY 49E BF =
Aste Blelete Eolth & oy Bd 9l [asls B 2L &E

o 2E B adl tisiA 7 BFI QA s

dAE5°], Voo — a2l =

Voarl= (] ot

te Simple Type

o E=01,
[[VCY.C( — CK]] = mteSimpleType [[t - t]]
= [¢— (] N [bool — bool] N
= {Dxz el zx+1,---}N
{Av.x, -}
s

= B} A 2dol A A G P9 ol BA ThY B AL A L ol
Qi A o2 Sol B ofdh F A9 B B A2 AE B

) .
& Qe Aol

35
\i
i "’

T=17—>71

{fZT—>7'/}.|_fZ7'—>T, {fﬁT—>%/}|_fI7'
{f:r—=71}Yff:7
FXfffi(m—T)— T
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=T =T

{fir—71}-fiT—T {fiT—>T}|_fZ7'T
{fir—1}-ffiT—T
FANfffi(r—=T)—=(T—T)

FOff)Qxx) T —T1

0d B2 ol8slA f19] F AAE BY 58 5 A Ak

{fﬁVa.a—>&}|_f:t(L—>L)—>(L—>L) {f:Voz.a—>;)z}l—f:L—>L
{f :VYaa—a}lkff:u
FXLFf (Vaa— a) — 0

o 890l 8 B Voo — ao]l R WA (1 — 1) — (. — )EIYLeE
T AEEHA, L - BY L2 E AR ET ot AR mpriA| o

EXSS (Va.azﬁ a)— (L—1) F )\x.x:: L=t
EOff)Qxz)e—

T 248 oF Atk 34 By ALHY L AR S FASoF &
o REE QuslE S asA) 9 Btk thee) By FE u
A 2 QURHA 2 b dunsoundsh A Folth ofele] olsh 2ol g

% 257k dr Rl AW B o] FF A

{f:Yaa—1}Ffiv—0v -
{f:Yaa— 1} f1l:0
{f :VYa.ao =1} F (f 1, ftrue): ¢ x ¢ :
FAf(fL ftrue) : Voo — 1) = (e xt) FAzae+1l:0—0
E(Af(f L, f true))(Azx +1) 10 Xt

A A2 E v o= thee 2otk yo BYlo] Y EYdes
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[kl
e
=

Quigis @ B RFol ATV T B 9R7 A

F (Az.(let y=x in (y 1,y.true)))()\z.z +1) : ¢ X bool

Hindley-Milner 2<E} 9] let-T} 8 B} Yiet-polymorphism 32 772 o] T,
e 2290 S5 A7 ST 29 AT B0 45T B,

T oTT U

e 57N B ARE o HA AEHE AT T 4 At

o
o
I

(Az.:--x-z-)E

—
El
let x=F in F’
A 9w oo B Thy o dus ATk

o o] 3%, E7H0HY B 5 9t A <A R4S o, Bkl A
7} oA AFH & A FE5 Ak olu) x9] BHYo] B T B

Qo= g & Ak

o T}HEFY 2 1THank-1 polymorphism7} A Bk o] &Sk}

L — Voo — a,Vajag.ap — o

= Vo] A Y vz E+= EFYprenes formTE AFESHTE
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let- POl“mv?h‘\sm

.\d' x=e, m € v (Ax.e )€,

let- c,rfreﬁtvl i induded o allow
lees resicted static somanbics,

Facrd. The stuwtic semavies wos Sound.
wort, the dynamic semanHcs

P2, Some proayams ot "runs”  have
no shatic semavMes

€y (Ay.4y) 2.2
Was shdic sewantics Yoo restridrive ?

An appud\ to aleviote Fal IS

bt~ hisw : @mbinetion o switax
Pt ud‘sth*; m-acs. 49

let-TFE E}FY Al A Hlet-polymorphic type system©l| A= let-4l o] A go] of] gt
2ot
E — n
| =z
| Az.E
| EE
| letzx=FinFE
| recfAz.E
| E+E
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EFJtyped} EF ] Stype schemeS ThS3F 24T

Type T — 1 primitive type
| 7 — 7 function type
| « type variable
TypeScheme o — T simple type
| Va.o generalized type

EFY Etype schemes T EFY I TFF EFY S 28T

Notation 10 & + {ay, -+ ,a,} &, Va.7 = Vag - - . 75 53T

EF Etype scheme o =Va.ro S| A ftu(o) & ol A= AF22 Y A
= ftu(r)\ @ o]tk

EFS] roll W3l A ftu(r)= 1ol QU
of sl A, fiv(l') = U,cDom r [0 (T'(2))-

rlr
o
o
g
5
il
o
i)
o
o,
o
o
o
i
oN,
—

Bt A2 Sofl sl A ito(S) = {a| B € supp(5),a € {B} U fiv(SB)} oI T

E}Y X3 S 3} EFY Etype scheme ool TISIA] So = VB.S{O‘Z — 5}70]1’ o]
W A0 (ito(S) U fio(0)) = 0 2 BTh

B A8 S 3 g & Tl tisli A, ST = {2+ So|z—oel} ©

va.r == BFYEY g o7 77 AohE o ujolt). AES]| =, BFY A3
S 7} QoI Al S/ =1 o] 3 Supp(S) C d & ALE =3}

GENr(r) =Vd.r & 53813 d = fv(7) \ fro(I) Q] Z$-oltk O
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Let- po\“wm
© [ qerendice Tgpes = sinply fpes o e o)

let ‘3='\"'x L

—>|

e L
—————

>

J-2\

let-TFE EFQY Al Hlet-polymorphic type system®] EFY =

=

ZEZF Ainference rulesS “T'F E 1 775 F535t= 74

El 9] Etype scheme®l] T3 7}A S 7FA] 1 Tk

I e Id = TypeScheme
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I'kFn:e Fl—x:TUFT’x:UEF

'+x:7FE:7"T'FE 7 —-7 I'EEy: 7
'Xe.BE:7— 1 I'FE| Ey: T

I'FE:7 T'+xz:GENp(T)FE @7
'Fletx=Fin E': 7

Fr+f:7r—=7FXxE:7—171
F'tFrecfAe.E:7— 71

I'EE{+Ey:¢
F"EliL F}_EQZL
22 729 AL AL OY B0 w s ) AE A0 Hof 2
T} o}% E}glo] o} wiu} o} Bl o2 dubslE A= okE T
o B & “LdRks) va.r A7l a7t T ool YERE A 2 of &

GENrp(1) =Vaq, - a7 AZ1A {ay, - ,a,} = fto(r) \ fto(T)

o)
i)
119}
4
X0,
N
—
E=)
M
-5
v
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§ et e gy o 423
egd (Af. (Fa , F hwed) Oxxe)
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Vd.a(«)(s > ‘m’f-a{s
Yodop ¥ bel 33

o

@-p) =2 (@xE)

Inh x Tt
Bt hos  ruwtime ewer: Quat)hue,
= The amlin.hn is PVM;:

4 Yaaap

623

o E =01,
Ar.(let y=x in (y 1,y true))
S o f2ohe o, A7 29 B2 O B9 Voo - a 02 Qus A7)
W94 BEE BE 09 4371 95, 99 B4 45 Bele

Va.(ao — «) — (int X bool)

2 #77bsd dolnt. I

=
£ 919 O 8L A 4 Y B4t obd
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wolth AW 1% - AL AAF B L7 BB,

\w“ﬁ Close (1) clums T anly For fggzq

ot b= Ax.(lefg=x in (g1, ged)

T
& Vo q

int x boal

A~ it x boo|

ke Vg A intxbeol

"“ k (Al-x+' )

fnt = int

Yol s intx b
Y Grtswh) 2 it Koo |

nt xbosl

B B AsdolA SR BEe IR o g5y, oY By 3

1

o

Lemma 4 (Progress) - F : 7 o] eZ} gto] ofyy® ¥l=A] A e — E'

ot.

Lemma 5 (Subject Reduction, Preservation) - £ : 7 ©o]17 E — E’' o]H
FE:T.
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583 Z2 749 74
=2 duEE

W : TyEnv x Exp — ((TyVar & Type) x Type)

W(T',n) = (0,0
W(T, x) = (0, {ey — B;},7) where I'(z) = Va.7, new 3
W(L, \x.E) = let (S;,7)=W({" +2z: 3, F), new 3
in (51,518 — 1)
W(T, Ey Es) = let (S1,m)=W({T,E)

(S2,m2) = W(SiT, Ey)
Sy =U(Sem1, 72 — 3), new
in (939,51, S30)
W(',let © = E; in Ey) =
let (S, 1) =W(T, E)
(S2,m2) =W(SiI'+ 2 : GENg,p(m1), E»)
in (551, m)
W rec f A\x.E) = let (S1,7) =W+ f: 5, \x.E), new 3
Sy =U(S5158,1)
in (5957, S27)

2 sound W,(I,E) = (r,5) °|® SIHE:r
WP(F7 E) = (Ta S)
%Xdcomplete: AT = RST Ho] I"HE:7

A R(GENgp(7)) = 7'
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Type T — @ primitive type
| « type variable
| 7 — 7 function type

| 7loc pointer type
By £ atEh

TypeScheme o — T simple type
| Voa.o generalized type

EFY] 7 loce MR F4 B, I Faole m B9 grel AdE = B
o]t}

B9 3 FHEC AA2TA FIH HA T B Aage] P99
= g

I'HEE:7
I'Fmalloc E : 7 loc

I'EE:T7loc
I'HIVE: 7T

I'-Ey:7loc T'HEEy:7T
I'FE, :=FEy:7
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ol E T BYe td B oz dnist @ o 249k Atk

I'tE:7 T'+x:

GENp(T)E E .7

I'Fletz=Fin F' : 7

| B AR F) Hne 2aT 4F

2 let-Ae) B f5 FH o] the} o] AR} Ak

I'FE:7 T'+xz:GENp(T)FE @7

—expansive(E)

I'Fletz=Fin F' : 7

'r-:7 '+a:7-E":71

I'Fletxz=Fin F' : 7

o] 71 A expansive(E)] 2] 7}

expansive(n
expansive(x

expansive(Azx. E

expansive( By Fy

)
)
)
expansive(rec f Ax.E) =
)
expansive(let x = F; in E)

)

expansiwe(Ey + Fy

expansive(F)

false
false
false
false
true
expansive(Ey) V expansive(Es)

expansive(Ey) V expansive( Ey)
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system= FOLHSITE T BHY A|AHOR B FF T 5 Y& EE 22
WG Wol Solx, 1 Hrp o e z2 WS By §533T 5 9A H ATk
o] B} Al A E BAAE 4 a1, I 73 W E golH gt B Y
o] A4 o E {FFHI BY L/t AHs LR Folxth

Bt A 2"S AudtA s o dlA (T 2Hd Sheomplete 50l 7H7H A
T2 ZY B2 AYgE AYg L 2230 e WwolEd £ Y5 E), Ao
A MNA= F7F Atk WEE F2E ASStE 22339 oy By Al
2HL ZAAY S o= FAYS BHFST 5= gk M4s Fo71 2

ko
olf
=

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



192 & FA49 o]

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



= h
AA YEE 5 Jr e BAE A Mdsel s gtk AHE G
2 5 Zead HAES AR £% A7he 5 Rel gk 29A 2

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



194

3
12
[
"~
o2

Qe m2a9e 2 ofv gejtiz Aasior Bk T whgel gtk
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oot ¥ 4 Ak
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& 3 Z]interpreters ZHFE QFE X Aol

Sttla BHAF. A =2
B A®e] Yol 7e Hrh
= YA ] Z 2 cpu= 71 Al 01 ] A& Z]interpreter©]
AP 7= BHS A 22 aWE 7)Ao =

L EERELEEE:
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6.2.3.1 WHF7]e] A7PEA

o] AZ UAANTL AZ 7AZ HolFE W]

gEolof Btk e 97 stk AAClE s

2 A M7 Ao} Bk Ael7] wEo] thgtol
7

7] compiler7} & L 3}T}.
T well itk 717 o
By

°l AT 5
9 ATk A 229 A A Z M, 7 A0 Yol FH Ak

A oA, Aele) A Z2IRe AT & YA Hth TFThE, A W
1= A ol Al 4T 5 Ak o) W, A g0l 7k 71 A o] Hrks H} 4
9ol Bee Aojelmz, & o REAIT AT WA B UeES TAY
5 9e Aotk oA AR TAR ARV A WA/ A ZIYonE B
£ 49N 5 ok Aol AR AF e A Mes|Eth Ny A%

o

o

=
ek
Y
o
Iv)

6.2.3.2 A317]9 A7pEA

A
N
rr
>,
o
N

o] AE tAFQI3ITE AE AI3A] & linterpreter7} 2 2 3}c}. 2
oloF gty W2 24 syt Z|AolE A AY7E A oF ot A=
o] 7] wi&ell ui kol it

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



197

171

5

OZ]

T

nvariant

= o N oF o oA = W = N o ' o & = W o
oy - H " X 5 O < Cal- = NI iy T o o) Hpoo
™ oH <V = ~ o
.o%\ < o+ WM e £3 o ™ o T 2
< < < ooy 3 - o.M B, BN Exwr._wmr
o F = o o e o E o F o Fo ML
Y : 0 ) o N
< o N —_ o By - 7w __o,_e_e
X w Gy = my = NI o Hin e ay ﬂﬁu B o
ﬁ%ﬂ ziﬂaﬂ_ﬂ o F o T oE o_ﬁﬁ uuuvTLrn;'
_ﬂ . _ODﬁA [ — — x ‘m‘l]
A 5 oo WON R o = o
. ° o2 B T 3r < x X °
§ TG mERCw 2 FITET nE FTs g
WO m Doy s ® — 5 WD ™ X HoC R g
2 ® &N wme N A oz
B = W ok o K s 3 - £y N
T hw  ®Y T T o v ®gPFPa® g R ®wL
g ¥R aw X - ewiwwm ®E L@y
= o R m N ok o m I o ™ Moo B R
S _%o K d»__ooﬂw, W o B (P o (R = WK T Mo
S Pwma g oy T X AP Mg oM xRN gk Moy T
ﬂJoAﬂuLAomﬁ%A 3 o_nﬂ_u__L_Lu_.d.lﬂ T ooy W o) X o |
oo oo o N S T W = R mp X ® Ty
" T I S 5 oy pl T o K W T
ez aroan £ T Emgagcs My RE
mw_% Mo g TR T o< O NIV g ﬂm B ol "N Bl w R W mm - il
! v e
S F om ooy o W LT L e )
a._ 0 E._ o
TS < A T O a o mnRTNFE DT LT
I P S oM E, OB P o
T g Ndg s W WT o o0 %ﬂww_ﬂﬂﬂ
1Zr~v z._;o ‘muL M oR ‘W 0 70 ‘L7l .. E._ ) LJI O_‘_ T C_E HT B _n:.u o ‘I” _I_I ) ﬂAl‘_
oo M AN 5 h SR I ORI Sw Mg wa P2
G < e A I T — B o5 T o o T o K
RER L RS TR Ty ow o H %o ou B
L S = T2 mAdx B KT o
Py e X < ®my N oy T oy L wg ooy EN g
B mR H o7 o B © 1 T T oH T R < ~ JooH

°] 107

oz pE gelonz Zulz Had Ak 1 AHE o

17+ A=

()
p

13

R
fas

10

W

]

o

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006

?ﬂ]—



=
En

Br
it

198

o
1

~

o

e

0]
e

il

e
B

o

B
™

ol

A ekarstak. o1 44dE 7HA

S

st 4

14 74

Aol A9 AT 1RAS

SRS

A

i
‘_Ir”
T
B

Gt

%

mr
M

—

0

1A oAl G = d

S

=R

) 3t

T
| .

o)

7} 2t}

o) The

integer

n

negation

-K

E + F addition

o 2t

< U=

7] A o]

o

mo

g

N
W
E
O
I
FEECEECENS
n o T P>
3 O TW o
Q, o4 © 0N

71 A=

=

'c?_}_—

=714 o2 %ol

A g

B

K

Al
cadm Aotk 1 7)AlE Ad So} Wedo] Cr TAH o Yk

= 7IAE

EEEEE

(5,C)

SNU 4190.310 Programming Languages (©Kwangkeun Yi, Seoul National Univ., 2006



=2

3 Y B invariant <1 X 3}7) 199

~Ee AFE0] AFAF 49 Rolth

S — € (W1 2~H=)

| n.S (neZ)
1A 2R o 271
(S,pushn.C) — (n.S,C)
(n.S,pop.C) — (S,C)
(n1.n9.5,add.C) — (n.S,C) (n =mny1 + no)
(n.S,rev.C) — (—n.S,C)

n > pushn

9] Aol GAATE A w9 %L nolth. ‘pushn’ & ng Auo] LT

E > C
-FE > Crev

E1 > Cl E2 > CQ
El + E2 > Cl.Cg.add
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9o 4ol fAATh REA B0 WMol AW C1F AWHY By o gto]
28l 9)0] 2.8 Aojt). dlolo] Byol el el C,E AW B9 A7}
28] 9o gtk oA 28] Behs] F Ax B9 E,9) ABEelrh. 2ol
A add B3-S AWFHW B, + By o] A7k 29 9o 287 0]t}

Exercise 8 3712 &1& Zo|th. E + E,E HISH A C,.CL.& AW+,
2Elo] B 7)o = B9 gho] Aelth 183, 1 ulE o7} By 9] Fholo]of
stk aEof] 2 B3} Byl gk Abolof thE gho] 4o 9l A wolof 9o W

6.4 7 ]’ /57'9,7 / ] Zﬂ virtual machine

“TLHero] 7] Al virtual machine’= A1 G otk & “Z|A” A7} I A7} A

“TNA ) o G otk & TP RAZE? 2 7)1 A Y A P]interpreter7}

stedlol(BAE) 2 &oll &8l A L, AZE o= 45 7|uf& ot
ZEAF Z] Alvirtual machined SE = Folel7p? 21 W AdolE FLHI=

tl, #compilation®] FATHY J&Z 3k X gt Ao & HAAATH

Zb FolX YA E AFHEY 7A0l Z & Hsfor gty X EZ & ZHlE ¥

Aet7l= I Aol 7k vUF Atk 3 DAY Aol Y E upEsiA 1 22 A

kb X oA Y 2 sk, Y oA Z 2 Wgskat. 22 Ao]lE A= W

A2 Z Aol & & woll A AQHtE gt

rO

Example 33 6.322] 2" WAl 7}4ge] 7] A o|t}.O

Example 34 t}-&9] 7|A% K- K- T2 788 A3t o o5z 3L
A5 Aot
SMbs2tal B2 x2F “SM”-2 “Stack Machine” 2 553111, “5"+&= 1 7] Ao ¥
Fo] 57 0] 7] wj&oltk:
(S,M,E,C,K)
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S8, M Re, Bt 87, O gl K

o
b $E)€ E51 he AFEY Anoltk

rlr

2 & d(“continuation” o]
Stack = Svalue list

Memory = Loc — Value

S €
M €
E € FEnvironment = (Var x (Loc+ Proc)) list
C € Command = Cmd list

K €

Continuation = (Command x Environment) list
v € Value = Integer + Bool + Unit + Record + Loc

(b,0),l € Loc = Base x Offset
Offset = Integer

z € Integer
b € Bool
r € Record = (Var x Loc) list
w € Svalue = Value + Proc + (Var x Loc) (* stackable values *)
p € Proc = Var x Command X Environment
Cmd = {push v, push z, push(z,(C),

pop, store, load, jtr(C,6 (),
malloc, box z, unbox z, bind x, unbind, get, put, call,

add, sub, mul, div, eq, less, not}

71AIS) FE2 et 2ol Z1Ae] AEE Mstste AP e s Fod 5tk

(S,M,E.C,K)= (S'M',E',C",K')
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SRR

QA oA A A2} 7| A ZE2 & 2F(=)0] dojy= A€ th=3 2

(S, M, E, pushv :: C;, K)
= (v:65, M, E, O, K)
(S, M, E, pushz :: C, K)
= (w: S, M, E, C, K) if (z,w) is the first such entry in F
(S, M, E, push (z,C"):C, K)
= ((x,C"E):: S, M, E, C, K)
(w:: S, M, FE, pop:: C, K)
= (9, M, FE, C, K)
(l:v: S, M, E, store : C, K)
= (5, M/l], E, C, K)
(l::85, M, FE, load :: C, K)
= (M(l):: S, M, FE, C, K)
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(true :: S, M, E, jtr(Cy,Cy) = C, K)
= (S, Ma E? Cl C’ K)
(false :: S, M, E, jtr(Cy,Cy) = C, K)
= (S, M, B, Cy::C, K)
(S, M, E, malloc :: C, K)
= ((b,0) :: S, M, E, C, K) newbd
(w1 w, 2 S, M, E, box z :: C), K)
= ([wy, -, w,] S, M, E, C, K)
([wy, -+ w,] S, M, E, unbox z :: C, K)
= (vg 2 S, M, E, C, K) wp=(z,v),1<k<z
(w:: S, M, E, bind z :: C, K)
= (S, M, (z,w): E, C, K)
(S, M, (z,w): E, unbind :: C, K)
= ((z,w) :: S, M, E, C, K)
(v (x,C"E) S, M, E, call = C, K)
= (9, Mv/l], (x,1): E', C’, (C,E):K)
(S, M, E, empty, (C,E'): K)
= (9, M, E', C, K)
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3
12
[

i

o

(vg 2 vg 22 S,
(plus(vy,vq) :: S,

(vg 2 vg 22 S,

(minus(vy, vg) = S,

(221021 2 S,
((z1 % z2) 2 S,
(vg it wg 2 S,

(equal(vy,vq) =2 S,

(vg ity 2 S,
(less(vy,vq) =2 S,

M, E, get:
M, E,
M, E, put:
M, E,
M, FE, add::
M, E,
M, E, sub:
M, FE,
M, E, mul::
M, E,
M, E, eq
M? E?
M, FE, less:
M, E,
M, E, not::
M, E,
dohe A2, OF
Zhehe ot}

a
=

read z from outside

print z and newline

similar for div

(empty, empty, empty, C, empty) = - - -

H 71 A EE S el
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