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00 (000000)00000000000ooo

2 0JOOoooagod

A0000000000000000000000000000000000 AO0O (simply
typed A-calcwlus) OO0 0000000000000 0000O0O000O0O A0ODO (untyped A-
calculus) 00 00O



2.1 [0

000000000000 (type) 000000 0OO0D0DO0O0OO0OOOOOOOOOOOO
0000000000000 000000O0O00 (CoooooooooooooooD)oO
gogbboobuooobbbooooboo

e J0000000O0DO (true 300)

e 0000000000000 (4 - Avx O false < 000)

e 000000000 D0O0000 (if 4 then ... else ... 00)
000000000000000

e J0000000OOO0O000 int

e J00000000000000 bool

e 000 (ADD)ODODOOO0O0O0O0O0OOO

0000000000000 0oo000 (Do0)0oo0(O)D0DD0DU000O000T, —» T, O
onyooobobooob 1, 000b0b00o0bboo0b0obb0bd int—intd0ognQ
0000000000 (int — int) —bool 000000000 OOOODOOOODOOOO
O0000O00O4dnt, bool JOOODOODOODOOOOOOOODODODO (base type) OO0 O OO
0000 O00000oDooo0o0oooooooO0ooooD (Do0) oOgogd (simple type)
goon

22 00000 (@OO)§oDoDOooDooOooOoOo

U:0bbubdrouoboobooboobdterbbobb oo T7000O0OO0DOO
000000000 (typable) DDDOOOOO true€bool 0 0€int 000000000
gbobodobby - Ubboubbuooobbodbbddag,ted int 0000 & - to O
intJ00o0ooobogobbogobbooobogooboooobooboooobbbooon
000U (typing rule) 00 00O

0000000000 ANO0O0O000000000 (000 TIrooo0t+t000ooooo
OTHteTermO00000)00000000DOOTO0OO0+0 7000000000
gooorlr'rterTdbgbooboobobooobooboboboobobDboobnooo
0000 (type judgment) OO0 O0DANDODDODODODOOO0OO0 20020 A00000000O
gbobooobboboAbobooobob zeTO000b2z0T0OOOOODO
gbobooboobobobdobdzer=togboooobooboboboon
00000000000 (00)0000D00 (type environment) 00000000000
O00000ooooooooo AOOOn)



gobogdgobogobbuogboodobuoooboobbuooobboooboon
ggbbobuoooobbbuoooobbboodod

I' e Env
FzeeTkH#zeT

(T-VARO)

gbobooobobooaxboobooooboboooboboobooobboobobnooo
gbobbogbobboboobbodobbooobooobbooobbooobboob
gooobuoobobobobboobooabOooDb ertoobooboobooboon
Uezeh00000O0O00ODOO0DODO0te,ydDOOOoOooOO 200007000
gboaxobobooboooboboto 1, 000b000b0ob0b0oboobgaerton
U700 nbdbboobooboooboobon

F,ﬂfGTll_tETg

(T-ABs)
'k >\.§U€T1.t c T1 — T2

oooonD ¢, 000060000 eTte OO0 ODOOOOOOODOODOOOOHLO
gbobodgbbugbboobbuogugbobbodbbodbbooboogsLuon
ggbbobooogoboo

'ty edy — 1T, 'ty eTy
'ttty €Ty

(T-APpP)

23 0000

ggbobbbbuoooogbobbbboooooobbbbior -trwe 0000000
gpobugobogouogobobooooobbuoobbooobbooboobboob
O0000000000000000 (type safety) OO0 ODDOO0O0OOO

e 'HteTOOI'Ht—¢OOO0OOFYeTOOOO
e AHteT OO ¢tO00ODODDOODOOUOOOD Y¥OOOOO AFt—¢0O0ODO0O

00000000 Type Preservation, Progress U O O D UO0OO0DO0OO0OO0OO0OOOOOO
0000000000000 0000000 (D0o0000D)0 1 -trued 00000
ggbbbuoooobbbuoooobbboooobbboooobbobo
gbobogbogobbuoobbbooobbuooobooobbooboooobboon
goboodbbuooobboobuoobobooobbooobbobbuooobboob
gobbobuogoobbbooooobbboodobbobooooboboboood



e ¢ Env

I' € Env
I'N'zeT e Env

I' € Env I'kteT
INzeT=teEnv

I' € Env
FexeTkH#2eT

I' € Env I'kteT
FaceT=tF#% €T

TH#reT
FzeT F#tleeT

T'-#zeT FteT

FeeT =t-#TlxeT

F-#zeT (x #£y)
FyceT' F#2eT

F-#axeT FteT
(x #y)

FyeT =t-#zcT

(Env-EMPTY)

(Env-DECL)

(ENV-DEFN)

(T-VARO)

(T-VARr1)

(T-VAR2)

(T-VAR3)

(T-VARr4)

(T-VAR5)

I'HtieTy — 1T, 'kt ey

I'Ftite €Ty

Dxeli-tel,
' XeeTitely — Ty

I' ¢ Env
(n is an integer)

I'Fneint

I'1t; € int I'+1ty € int
't - ty € int

I' e Env
I' F true € bool

I' € Env
I'F false € bool

I't; € int I'+1ty € int
'ty > ty € bool

I'Ft; € bool
'ty eT I'HtgeT

I'Hif t; then ty else t3€ T

'kteT —-T
I'Ffix teT

(T-Aprp)

(T-ABs)

(T-Num)

(T-Minus)

(T-TRUE)

(T-FALSE)

(T-G1)

(T-Ir)

(T-Fix)

3 oo

O 10000 xOD00D

3.100:0700000000D00DbO

i

T :=int |bool |T — T

3200: 00 'eEnvU0l00OTI'FteT 00100000000 O0OO

3300: 0000000 THt—¢ 0000000000000 ((THt#2]=¢000

oooooooo) O



lNeel=tkFx—1t71,

I-#x—t
LyeTk#z], —t1,

I-#ax —t

LyeT =t'-#21, — 11,

Texely,=t tl[#ol‘] =t
I+ ()\$ S Tg.tl) to — t/ ix

(n3 =n1 —ng)

Fl-nl - N2 — N3

(n1 > ng)

I'Eny > ng — true

(n1 < no)

I'kny > ng — false

(R-DEF)

(R-SHirTl)

(R-SHIFT2)

(R-BETA)

(R-Minus)

(R-GTT)

(R-GTF)

I'Fif true then t; else ty — t1

(R-IFT)

I'Hif false then t; else ty — iy

(R-IFF)

Do €T =fix \v € Tt t[#0z] = ¢/

M'-fix e eTt —t |,

Fl_t1—>t/1
Tty tg — ) to

(R-F1x)

(R-ApPL)

Fl—t2—>t,2
F|—t1t2—>t1t,2

xeTkHt—t
' xeTt — \xeT.t

F|—t1—>t/1
'kt - t2—>t/1 - 19

I'Fty —
Fl_tl - t2—>t1 - 75,2

F|—t1—>t/1
't < t2—>t,1 < 19

Fl—t2—>t/2
'ty < t9g—t1 < t’2

'kt —t)

' if t; then ty else i3
— if ¢} then ty else i3

I'Fty —

' if t; then ty else t3
— if ¢; then t, else i3

'ty — 4

I'Fif t; then ¢y else i3
— if ¢; then ¢y else 4

Fl—t0—>t6
[k fix tg — fix

(R-ApPR)

(R-ABS)

(R-MinusL)

(R-MinusR)

(R-GTL)

(R-GTR)

(R-IF1)

(R-IF2)

(R-IF3)

(R-F1x0)

O2.0000M00:0000



4 O00O0oO00oogn

00000000000 0oooo0UooooooooooooooooooTroo (o
0000000 0000lN+HteT00T(0DO0O0)ODODOODODOOODODOTCOT,Y)OOO
gogooboboooggan

TCO((T,z €T),#%) = if TC,,,,(T") then T else fail
TC((T,z € T =t),#) = if TC,,,(T) then T else fail
TC((T,z €T, #z)= TC(T,#2)
TC(T,t ty) = let Ty =TC(T,t;) in

let T, = TC(T, ) in

if 473.77 =T, — T3 then T; else fail

TC(F, )\SCETlt) = let T2 = TC((F,CC < Tl),t) in Tl — T2
TC(T,n) = int
TC(F,tl - tz) = let Tl = TC(F,tl) in

let T2 = TC(P,tQ) in
if 71 = int & T, = int then int else fail

5 U0

5.1 0O [Uniqueness of Typing]: 'FteT 00 I'+teT" 000 T=T7T"0000
5.2 00 [Type Preservation]: 't T 00 't — ¢ 0000F¢ €T 0000

5.3 00 [Progress|: '=x,€eTy=1t,...,2,€T,=t, 00T 0000 'HteT OO
O t O true,false,n, \xcTto OO ODODOOO0O YO000O0O0T'Ht—¢OOOO

5.4 00O [Strong Normalization]: 't T 00 I''t0 fix 00000000 THt —
ty —---—t,—---0u0o0oooooooogg

6 Type Preservation [ Progress [ [ [

6.1 00 [Inversion]: 1. 00 'EXxeeTtoeTOOD0OOOO ThOOODOO T=T, —
TLoOTxeliFtyoel, OOOOOO

200 '+-Hht,eT0000ONMO0O00D00OTFHHeT =TOOTHL,LeTy OOO
ERERN



3. 00 I' if ¢; then ¢y else ts €c T OUOUOUOI'F¢ €bool OO I'Hity e T OO
'ty €T
oooono

Proof: (00000000 O0)0000O0O0O0O0OOOOO0OOOOOOOOOOOOOOO
000 (0000)0oooooooooood U

6.2 0O [Substitution Preserves Typing|: 'z €e "+t e T OO0 '+ ¢ e TV 00O
TzeT =t+t]=¢ 00000,z Ft"eT 000000

Proof: 0000000 ODOODOOOOOOO

TeeT I'+teTOOTMHY e’ 00N, zeT =¢,I'F t{#z] = ¢' O
0000 x0000000000000T,zeT, "+ T 000000

Ol,zeT =¢T'kHt#z]=¢" 000000000000000000O00OTKteTO
OO0 LxeT'+t7,€eT 00000000000 0OO0ODOOCOOOY=e00000000
oo 0J

Proof of Type Preservation: I'¢—¢ 0000000000000000C00OO0O0O0
base 0000000 R-BEtAOOUODOO I'+H¢t — ¢ 00000O0D0OO0OTHE —
oooooooooooag

e I R-BETAOOOO...
e IO R-FixOQonoQ...
e I R-MmiNnusOQOQOQO...

goooo

O000o0o000oooooooooooooOo0O0 I'rt—¢Y0ooooooooo
O00000000000000000 I'kty — ¢, 00000 Type Preservation 0 O O
O0o0oOooooo(oooooo)o

e 00 R-ApPLO0ODOOOO ty,to,t, 00000 t=t,t, 00 ¥ =ttt 00T FHt —
t,000000Inversion 00000 T3 00000 TTHy ey —-=TOOT kR, €Ty
O0o0O0ooooooO00 I+ e -T000000OT-AppO00THH taeT
ggooobod

goooo 0

6.3 00 [Canonical Forms]: =z, €T =t,...,2,€T,=t, 00 THteT 00 t0O
ooooooooon



.00 T=T-T,000000x,t, 00000 t=Xeeljto 000ODO0O0O
2 00 T=int OO ¢toooonoon

3. 00 T=bool OOOO t=truved 00 t=false 0000

Proof of Progress: UUOUO0O0O I'HFteT OOOODOODOOOOODOO¢tOOODOODOO
ooood

e t=#"x 0000070000 H#2 — ¢ OO0 ¢Y¥ODOOOODO

e t=X\xcTt, OODOOOOODO OKO

et=tt,0000version 00000 7000000 FH €T, -=TOOT L eT
00000000000000 4 000000000 ¢ 000007+t — ¢,
0000000000 Canonical Forms 00 ¢, = \v€Ty.to 000000 R-Bera O
O000#00000THkHHt — #0000000000000R-AppL OO
It t,—t t,0000000000000000000000 TCkKt—¢00

toooooo

gobooo 0J



