Calculus of Constructions0 O 0O 0O O O

ggbbobooogboo
gooboogod
ayumi@pllab.is.ocha.ac.jp
asai@is.ocha.ac.jp

oo

00o0d0d0oo00ooDo0oDo0Do0oDo0o0ooooooooooOoooOoooOooooOon
0000000 Dependent ML OO OO array bound check 0000000000000 O0OO0DOODO
0000000000000 00D00D0O0DO0O0DO0OO0DDOO0do CCaleulus of Constructions
OCoCOODODOODODODOOOODODUODOOODODODODOOODODO CoCODODOO
0000000000000 CoCOOOODOODOODOCCOODOODOODODDODDDO
Jddoo0ooodobodooDbo0oooo00obo0oDbOoooDoO ccCOODDOODO
J0D0oo00ooo0D00o0o0oDoooo0ooD0o0DbD00DO0ooOoooDOD0oO0Do0O0ooDoooDoooOoon
J0000000000000O0000o00o0o0ooo0o0o0oO0o00o0oooobOO0ooOoooooOon
JO0doo000o0ooOoooooOoooono CoCOOOOODODOODODDOODO

1 O0o0Ood

goooooobooobooooboooooobooooooboboooooobobooboooboboo
oobooooooooobooboooboooboooboobo0oooboooobOooboOoooooaon
gboboooooooooooooboobobobobbobobobobobooobobooobooobooooon
00000 (11,120 0000000000000 0000U00000o0oUoo0oooooooUooon
goooooobooobooboobooooobooboooooobooooooboobooooboboooo
O00000000000000 array bound check [13] 0 0000000000000 00O0O0OOOOOO
Cayenne 2] 0000000000 O0O0OOUOO0OO0OOOOOOOOOOOOOOOOOO
ooboooooboboobobooobobooboooooboooooboobbobboooboobboOoboobobobooon
goboooobooooooobooooooooooobooooooobooooooobooobooobooooo
boooooooooboooobooboboboboboboboboobobooboooboooobooobooon
oboooooboooboooboooobooobooooooobmooooboooooboooobooon
OO0000O00o00DOoO0o00oooO0o0ooDooO00oDOoOoO00oDooOgOn Caleulus of Constructions
(CoC) 6|00 0D0DO0DUOOUODDOUDOUOUODUODODOUOUODODODODODODOO
gboboobOoboooboobbooooobooooboobooooboooon
O00o0OooooooooooooD ccCOOOoooooDOOOODDOOOOODOOOoOOoooOo
goooooopoOooopooOoDOOOOOO0O0OUUOODODODOODOOODOOOANDOOOOOOOO
00000000000 00000O000000O00ooOD CcCOOOOODOOODOODOOOn
0000000000000 000000000000000O00U0O0O0OD0O0U00n (tuple (n+1))
O (tuple (1+1n)) 000000000000 O0O0O0 nO000O0OO0OO0OOOOOOOOOOOOOOO
oobodb0n+1000000000D00DOO0O0ODOODOODOODOODOODOODOOOODODOOOO
gbobooboboooobooobooboboooooboooobooboooooboooooboan
oboooooboooooooboboooooboboooooboboooooobooboooooooboon
gboooooboboobooboboooobooboooooobooooooboobooooboboooon



oboobobooobOoobOOoooobOoboboobobooob0oonbodgn if n+l = 14n then ... OO
gbobooboobooboooobooboobobo0 n 000000000000 bOb0Oo00b000d o1 O
+n 0000000000000

oboooooooboobooooobOoboooooooboobooooboobooboooooobooboon
oooooooo0o0ooogooooboo0—00oooooooooooDoooOoOooooDoDO CoC
gobooobobooooooobooooooooooboooobboooobbooboooooDoobboOooo
gobooobooobooooboboooboooboboooboooboooboooobooboooboboOon
oboooooobOobooboooobooboboooooboOobooooooooboOobobooooon
gbooooobooooobobooooboboooooobooooooboobooooboboooon
OodoopooooogoooooCeCOOO0UOOoOoDOO0OUODDOOOOOUDDODODOOOOOD
OO00000000000000000D00000DO0O000D0O0O000DOO000DO000D Phase
Distinction [3] D0 000000000000 OOO0OOOOOOOO

Oo00d CoCODOODOODOOOOOODDOODOOODOOOOOODDODODOODODODODOOUOODODODDDO 1
ubobooboobooboobooboooooboobooooooboboooooboooooboobooooon
00o00o0O00ooooooooooooOoooOoOgg CCOoooooooooopoooooooo
ooooOoobooobOoobOooboooboooboobooboobooobooooooboooboooon

O0020000000000D00CCO0O0O0O00000 Dependent ML 0 Cayenne 00O O30
0O CoCOOOOOOOOOOOOO 40000000000000000OOOOOODODODODODODODOO
oboboobOoboooooboboooboobobooooboOoosbOob 4000000000000D0O0OO
gbooobedboOoODOO

2 0Oogdo

gogoogoobooboodoooooboboooboodoooobbbboooooobbbbboooUuUuo
00000 Dependent ML(DML) [13] O Cayenne 2 0000000

2.1 Dependent ML

DMLOOOOOOOO0OOOOODOOOOOOO0OOO0OO0OOOO0OOODOOODOODOOODOOOOO
OO00D00O0000O00000 array bound check OOOO0OOOODOODML OODOOOODOOODO
goboooobooooooobooobooboboooboobooooboobboobooboooboooo
oo0o00O00000oooooOo0o0oooooooocCcpSO0oooooooOooOoODOOOOOoOoOOn
00000000000 0000UO native 0O0O0OO0O0OOOOOOOOOOOO [4]0

oboobo bMLOOOOOOOOOOOOOOoOOobOOoOOobOOobOOobOobOOoboboobOoboobooo
goboooobooobooooooooooobooooboboobooboobOo0obOoobooboooDo
oo00000o0OooooOoOOoOoOoooOoOoODMLOOOOOO ATSOOOOOOOODOOATSO
00000000000 00000000000000O00UOOD (bf)O0U000OO0O0O0UOOoOOO
oboooboooobooooboobooboobobooobooboboboobooboooooon

2.2 Cayenne

0000000000000 00000000000000000 Cayenne 0000000 Cayenne O
go0oOOOOQOQOOCOOOOOO0O0O0O0UUOUOUOUOOOOdOCayenne HOO0OoooooooOooOoo
OO00D00O0000CO00000000000DD Cayenne 000 0OOuniversal type 00 O0O0O0O00O0ODO



0000000000000 00000000000000000 JUoD0U0o00o0oO0oUoOOoOoo
0000000000000 ®)oooooooooooooo

boooooooooboooooobboobobobobobobobobobobobobooooo
0000 Cayenne 000000000000 OCayenne 000000000000 COODOOOOOOO
OO0000DO0O0O000 Cayenne OO DOOCOOOO0ODOOOOOODOOOOOOODODOOOOO
gobooooboooboooooobooooboobboobbooobooobboobooooDboboOoobo
gboboobobooooobooooboooooobooboooobooboooooboooooon

0000000 Cayenne OO0OOOO0O0O0O0O0ODOOOOOOOOODOOODDOOOOOOOOO
O0oo00o00o0o0o0o0o0oo0ooo0ooon 7obo00o0oo0oooooooooood
Q0000000000000 000D000U00O0LO00O0DO00O0000000U00DO0DOoOoOo
goooooo

3 Calculus of Constructions

O000dependent-typeD 0 0000000000 DOOO0O0OCOOOOO0ODOOOOODOOOOADODO
O0O000DO0O000O0DO000DO0O00DO0000O0000O0O0O0O0O00O000 Calculus of Constructions
(CoC) DO ODODDODDOOUDODOO CoCOOUDODDODDOOOOD

3.1 CoCUODO

CoCOOOOOOOOOOODODOOO

E € Expression N € Integer
E:= int|N|x

| (Ax : E1.E) | (E1QE,) | (Ix : E1.Eq) | % | O
| (tuple E) | (init E; E;) | (lookup E; E,)

O000000ooooo0o0O0O0O000000oo00OoooonoD SyntaxO00ODDintO00O00ODODO
O0000ONOOO0O0OODOO0O0xO0000OO0D000O00(M:E.E) 000000 (E,QE,) 000000
O00(x:E.E) 00000000000 E;, 0000 x00000000 E, 0000000000
00000000 E, 0000 x0000O0O0000O0O000 x¢E U00E —-E 0000000

« 0000 kindO0ODODOODOOO«00D0D00D000000000DDODO0 int:+x0 o:+x000
gbobooobobobob0 e« 0DbMob0 «00O0OO0DLOODLODOO0ODLODO0bOO0 =000
O000000000000000 «:00 (Ix:*x): 0000000000

000 CoCOOOOODOOODOODOOODOODOOOOOOOOODOOOOOODOOOODOOOOOO
00000000 [12]000000000000000000000000O(tupleE)000OO EOO
00000000000 (initEg Ey) O (tupleEy) 000000 E,0000000 E, 0000000
0000000000000 (lookupEy Ep) OOODO E;, 0 E,0000OOODO

3.2 CoCUDOODO

CoCOODOOOO 100O0OODOO0OOOUOUODODDOOOODOOUOODOOOOOODOODODOO
O0000TrFE :E,0000000000D AODBOEODOODOODOOOODODOA, BOODO
gbooobOobob0o e0obooo@mroocooooboon

(STAR) U0OOUO «x000O00O0 kind 000 ODO0O0OUOOOOOOO0OODOOOOOOOOOOO
uboboobobobooobobobobobobobooboboob obooboboobobao



: A : s
F«+ 0O (STAR) FN : int (INT) Fint : * (T-INT) x:AFx : A (VAR)
T'FE;:(Ix:AB) THEy:A Ix:AFE:B T'F(Ix:AB):t

(APP) (LAM)

T'F(E; QE,) : B{x = E3} I'F(Ax:AE): (Ix: AB)

F'FA:s T,x:AFB:t
FH(Ix:AB):t

(PT)

'E:A THB:s A=3B
T'FE:B

(CONV)

010CoC 0000 (s,t € {x0})

O0OO(NT)OOOO int 0000000000000 (VAR)O AO well-typed 000000 x:A0
oooooboobooboxbOOoOo ADOOOODOO
(APP) 000000000 DO0OUDOOO0OUDDOOOODOOUOOO0OUANDOOODDOOUOOOOOOD

F'FE;:A—B THFEy:A
FF(El@Eg)B

00000000ADO0OOOO BOOOODOOOOOOOO0 K000 A—BO0AOODOODDOO
0000000000 BOO0O0O0DO0O0O0O0DO0O0O0N000O00000D000000000 x000
000000 BOO0O0D000000O0D (EQE) 0000000000000 E, 000 (Ix:AB)OO
00000 x000ADDOO0OOOOOOO BOOOO0OO0O0O0O000O00000000000000
00 E, 000 E O0O0000000000000000000000000 BOOO xO0E 00000
0oooooo

00 (LAM) 00000000000000 (Ix:AB)0000000000000000000000
(Ax:AE)000000000x00 AD0D0OODOOEDOOBOOOOODOOOOOOOOOOO
0000000ADD0O0O0O0DO00000000 A—»BOOOOOCC OO xO0BO0OOOO0O00
0 (x:AB)0000000000000000000 (Ix:AB)000000000000000AOB
000000000000000

00000 (P)O00000000000000O (x:AB)00 AD0D0O0D0O0O0D0O0O0OO0OOO0
00000000 s000000 x:A000 0000000000 BO00000000000000
00000 t0 s0 kinddJDO «000 00000000 (Ix:AB)0 BOOO kindDOOOODOO

00D (CONV) OO EDDOO AOOODBO AD = 000 EDDD BOOOODOOOOOD
00000000000000000000000000000000000000000000000
(APP) 000000 E, 000 (Ix: ((A\y: *y)@int)B) 000E, 000 int 000000000000
0000 ((Ay:=y)@int) 0 int 00000000000000000000000000000000
0000000000000000(CONV)000000000000000000000000000
00000000 ((A\y:+y)@int) 000000 ADODOOODOOOOOOOO BO int 00000
00BOE DD AODODDOOOOOODDOOOOOOOOOO

000 CoCOOO00000000D0DO00000000D0N0000000000000000000
000000000000 200 (TUPLE) O ED int 000 (tupleE) 00000000000000
(INIT) 00000000 E; O (tuple ) 00000000000000000 tuple 00000000
000000 Gnit 2 3) 00000000 2000000000 3000 (tuple 2) 00000000
00000000 (LOOKUP) OO (TUPLE) 00 E; 0 int 0000000000 00E, O int 00



FE;:int FE,:int
- (init E1 Eg) : (tuple El)

FE:int
F (tuple E) :

(TUPLE) (INIT)

FE;:int F Ey: (tuple Ej)
F (Lookup E; E,) : int

if E3 > E; (LOOKUP)

0200000000000000

E;>E, 0000000000000000O00O0O0O0O0O0O00O0O00000O0000ooooag (array
bound check)D 00 0000000000000 000O0O0O0O0O0OO0O0O0O0OOODOO0OOOOOOODO
gobooooobooboooobooboooobooooboooobooobooobooobobooooooooon
gbooobOooooooboooooooo

3.3 Syntax directed rule

oooooobooooboooboooobooboooobooboobD 1000 2000000000
(CONV)OOUDOU0OO0OCOOOO0OUOUDOU0O0DO0OODOUOUOOOUOUDOUOOODOOODOUDOUOOO
oooOoOoODODOOOOO0000000000000oD0000ooOoOOOODODDDOOO0O0 Syntax directed
rules 0000000000 100 (CONV)OOOOOOOODODODOOOOOOOOOOOOOOUOOO
gbooooobooogd

T'HA:s

Fx O FN : int

FFE; :—» (Ix:AB) THEy:A A=g4 Ix:AFE:B Tk (Ix:AB):t

APP LAM
't (E; @QEy) : B {x=Ey} ( ) 'k (Ax:AE): (Ix: AB) ( )
F'FA:—»s F,X:AI—B:—»t(PI)
F-(Mx:AB):t
FE:—»A A=gint FEi:»A FEy:—A A=l =gint
(TUPLE) (INIT)

F (tuple E) : % F (init E; E) : (tuple Ey)

FEi:—»A FEy:— A A=gint A=g (tuple Ej)
F (Lookup E; E,) : int

if Es > E; (LOOKUP)

AFa:A A—-"B
AFa:—»B (RED)

0O 30 Syntax directed rule (s,t € {*,0})

01003000 CoCOOOOOOOOODODOOOOOOOODODODOOOOOOOOOODODDODOODODO
0000 (100000000000 Syntax directed rule 000000000000 - 00000000
O0OO0ORED)ODO A—»"™BOOOADDDO weak head normal form 000 BOOOOOODOOODOOO
000000000 Trra:—»BOO0000000a000000000000000000O000CO0O0
0000000000000 o0o0oo0oo0oD (APP)DO (PHODOOODOODOOODOO (TUPLE)O
(INIT)O (LOOKUP) OO0 O0OO0DO0O00OO0O0O0D0OO00O0D0O00O0000

(APP)0 E, 000000000 (Ix:AB)0O0DOOO0O0DODODO A=A’ 000 (E;QE,) 000 BO
0000000000000000000000000O00000000000000000000000




obooobooboooooboooog

3.4 OUgbOooooOoooooon

gbogbogbobobboboboboboboboobobobobobooooooooobobobo
gbooobOoboooboobobooobooboooooboooobooooon

((Ax : (tuple 4).(lookup 2 x))@Q(init ((Ax : int.x)@4) 7))

000000 4000000000000 200000000000000000000000
(Ax:intx)@4) 000000 70000000000000000000000000000000
000000000000 x000 (tuple4) 000000000 (init...) 000000000000
000000000000000 (tuple ((Ax:int.x)@4)) O0tuple 000000000000000
000000000000 000000000000000000000000
DMLOOOOOOO0000000000000000000000000000000000000
000000000000000000((A:intx)@) = n0000000000000000000
000000000000 00000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000

000 CoCOOO000D0000D0000D00000000000000000000 CoCOODO
00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
0000000000000000000000000000000000
000000000000000 000000000000000((Ax:int.x)@) 00000000
00000000 1000000000000000 10000000000000000000000
00000000000000000000 (A:intx) 00000 40 int 000000000000
0000000020 int 000000000000000000000 4:int 0000000000
00000000 100000000000000040000 100000000000 (init..) 0
(tuple 4) 0000000000000 00000O0O0O0OOD 000000000000000000
0000000000000000000 (tuple4) 00000000000000000000000
000 00000000000000
0000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
0000D0000000000
0000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000

4 OO0OOoobooobOooooad

gboboooOobooooboobobooooobobooooobobooooooboobooooooboon
obooooOobooooobooboooOooboooobobooobOOoboooooboobooobooonono



4.1 00OO0OO0OOOO0OOO

oobCoCOOODDODOOOOOOOOSOODODOOODOOOOOOODODOODOOOOOOO4D
ubobgoboobooboobboobobuoobooboobbooboobbboobboobaann
gboooboobooobobooon

(STAR) (INT)

I L L C'EN®: int?t?

I - i
[,x": APH | x» o pntt

(T-INT) (m>n) (VAR)

TF int?: s2t?

IR R (1 G L R N R G e Ulas

APP

r F (E111 @n Erzl)n+d71 . Bn+d{x — E2}n+1 ( )

T,x%: ART! | gpd=t . gotd T | ([xn ; po+E gatd)ntt . gnt2
’ (LAM)
T (Ax™: ArFLErfa=t)n . (xn : AnFL gotd)ntt
r F An+1 :*»nJrQ Sn+2 F,Xn . An+1 F Bn+d :4»n+d+1 tn+d+1 (PI)
T+ (Ix® : AR petd)ntt; got+2
[ FER sl g+l yppynts FHEM . A2 TR ED:» APH (a=p/=ing)o
I (TUPLE) "1 e r—") (INIT)
T F (tuple E?)® : #27T Tk (init EST" E3)™: (tuple E}J7H)2T

FEEFT 522 402 TR ER st AT ine)nt2 (0 —(tuple Bo))™!  (Eo>E,)"

T I (lookup Ej* EZ)® : int?t!

(LOOKUP)

THa®: ATt (A" )t
T+ a®:—»»ttgatt

(RED)

04000000000000 (d=0]10 s,t€{* O})

0000000000000 n000000000000000000000000000000 n+41
0000000000000 n0000000000000000000000000000 n+100
0000000000000000000000000000000O0000000000000000
O0n+10000 n000000000000000(STAR)O (T-INT)O(INT) DOOD0O0O000OO
00000000000 (VAR)OOOODODOO00O0 (>n)0 0x0000m0000000000
n0000000 n00000000000000000000000OOO0 Lift00 [9)0000000
0000 0000000000

0000000000000000000000000000000000000 body 000000
00000420)I000000000000000000000043000000000000000
00000000 (x:AB) 0000000000440 000000000000000O0OOOO
000045000 4000000000000000000000000000000000000O0
000000000000000

4.2 0000000000

00000000 bodyOOODOOOOOOOOUOODOOOOOOOOOODOOOOOOOOO (Ax:int.x)
oboobOooooboobooboboboobooooboobo0o n0O00O00OO00O0O0DbO000O0x0O



00000000 n 000000000000 000D0DO00DO00D00O body ODDOODODOO xO0OO
000000000 ooodoOoodoododD n 0000000000000 0D000000 nOO
00000000000000000000000 (Ax*:int*™'x®)* 0000000000000000
000 (LAM) 00000 d0 1000000000000000O0O0COO0O0OOOOOOO

0000000000 body DOOODODOODOOODOOOODOOOODOODODOO System FOODO
O polymorphic identity 00000000

(Ao : #.(Ax: a.x))

goboobooobobooboooobooooooobooooon0oobbOobbObo0bbO0b0D «a0oDOO
n0 o000 x0 n+1000000000AM0O (MAx:ax) 00000000000 n000000 «
0x000000000000000 x00000000000000000000000x**:a®0
00000000AD0O000O0M a2 1 0000000AD0D00000000O0D000OADOD
00000000 000000000000 D0OD0O000D0DO bodyOOOOODOOOODODOOODO
O00o0ooooDo0o0000 4000000 40000000000 da0000 1000body 000D
gboooOoobooo obooobOobooboobob 400000000000000000DO

’ !
QP Tl gitd yntddl  nndbt onbd—1, onbdp ntdda’—1, nddtd

! / /
QP igitt gatd—t, gatdp addtd =2, afdtd 1 an:*n#—lk(nxn#—d—i:an+d‘an+d+d —1)n+d:*n+d+1

a“:*“+1F(Ax“+d_1:a“+d.x“+d+d,_2)"+d_1:(Hx“+d_1:a“+d.a“+d+d/_1)“+d F(nan:*n+1.(nxn+d—1:an+d.an+d+d/—1)n+d)n+1:*n+2

F((}\an:*n+1 ) (}\Xn+d—1 :an+d.xn+d+d/ —2)n+d—1)n: (Han:*n+1.(nxn+d—l :an+d.an+d+dl —1)n+d)n+1

OOooooOoooooooooooooa DDDDDD(Axn+d_1:an+d.xn+d+d/_2)“+d_1DDDDDDDD
00d0d 0000000000000 (VAR)OOUOODODOUOODUO0O0D0O0O0O0DOD0OUoOoooo
OO0 (VAR)OOUOOOOUOOOOOoOOoUOooOoOoooOoooooooooooooo

n+d—1 > n+d+d -2
n > n+d
n > n+d+d -1

000000000000 000000000000000D0O00000000D4da00O ¢ 00000000
00d00000000d=0,d =10000000000000000 (Aa®: T (A2t arx ) i)
ubobddobb «oO00000n0OO00O0O0O0O0O0xOO0O0O0O0n—-100000000000D0CODO
obooooobooooobooon

4.3 (APP)0 OO

obobobooobooboooboooooooboboboooboobLDooooooooobobobo
0O (APP)00 -» 000000000 00OOO0OO3400000000000000000000O0O0O
gooobobbbtbooooobobbbbuoooouooboobooboo

34000000 ((Ax: (tuple 4).(lookup 2 x))@(init ((Ax:int.x)@4) 7)) OO ((Ax: int.x)@Q4) O
oboooboboooboobobooobobooobobo0obOobooob oboboobOoboobOon
gooobobdodob 1obbooobobooobobdoobbooU0 1o bbooUboboooo
000000000 200000000000000000000000000 ((Ax* : int?.x')t@4!)! O
gboogoooboobobooa

0000000000000 40 (APP)000O0O0OU0COOOUOODOO0OODOOOOOOO AUOOO
ggoobbban=0000000000000DLODOOO



Fint?:%®  x':int?Fint?:s®

x':int?Fx':int? (mx':int?.int?)%:3

F(Ax':int?.x"):—2(x':int?. int?)? F4!:—2int?

F((A\x':int?.x')'@'a)!:—»2int? F7%:—'int!
F(init ((Ax':int?.x')*@'a)? 7°)°%:(tuple ((Ax':int?.x')'@'a")")!  ((tuple((Ax:int.x)@4))—»A")"
F((Ax°:(tuple 4)*.(lookup 2 x°)°)%:—*(x°:(tuple 4)*.int')? F(init ((Ax':int2.x!)'@'a!)? 70)% 1" ((tuple 4)=A")!

F((Ax°:(tuple 4)'.(lookup 2' x°)°)°@°(init ((Ax':int?.x')'@4')* 7°)°)%:int?

(APP) 00000 OSyntax directed rule 0000 E; :»AODDOOO0OOE 00 - 00000000000
E, 0 E, 0000000 400000000000000000 =00 =00000000000 —
000000000000000000000000000000000000000000000000

00000000000000000000000000000 (init..):—»!A" 0000000
(tuple ((Ax:int.x)@4)) J000D000 1000000000000000 (RED)D0OOODOOOO
0000000000000000000000000000000 400000 (RED)ODOOOOO
0000000 ((x:intx)@4) 0000000000 20000000000000000000000
00000 200000000000000000000000 100000000000000000
0000000000000000A =(tuple4) 0000000000 10000000 200000
000000000000000000000000000000000000000000000000
0000000000000000000

OO0O(TUPLE) O (INIT) 0000000000000000000000 (APP)000O0ODOO00
OO0(TUPLE) 0 EDODODOOD n+1 0000000000 int 000000000 n+10000
OO(NIT) 00000000000 E, 000000000000000000 E, 00 1000000
0000000000 (LOOKUP) 0000 E,00000000000000000000 E, 0000
00 E, 00 10000000000000

00000000000000000000000000000000000000000000000
0000000000000000000000000000 (Ix:AB)00000000000000
00000000000D000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000

44 0D0OO0OOOO0OO0OODOOOOOOOOOO0

boboobOoboooboooobooboooooboboooooboboooooboboooooboboon
000000000000 (Ix:AB)0DU0O0OOOOOOOOODOOOOOOOOOOODOOOOOODOO
gboooboooobobooobooooon

oooooobooogoooo

(Af : ((Ax : %.x)Q(My : int.int)).(£@2))

00000000 ((Ax:*x)@(y: int.int)) 0000000000000 f000000000 200
000000000000000000040000000000000000000

Fx2:30% sk »%0°

xli?hxtiR? F(mxt:x2.42)%:0° Fintl:—»242  Fintl:—»2x2
F(Axt 2 xt) 2 (x4 42)? (my°:int!.int!):—»242
rH£%: ' (m?%:a* BY)" 2% —»'int' (A=int)! F((Ax#2.x) @Oy :int?.int?) ') 242 IFB'{?=2}':—?B"
r(£°@2%)%:B* {7=2}* (g0 ((Ax':#2 x!) ' @Q(y* :int?. int ') ') B! {?=2}1)?:B"?
FAL%: ((Ax:#.x)'@(My:int.int) ). (£°@2°)%): (£°: (Ax':#2 x')*@(My* :int?.int?) ) LB { 7=2}1)*



0000000000000000Obody 000000000000 £°: ((Ax: *x)@(My : int.int))! O
oboboooOoobooobooooboboobobobooooooobOoboboooooooboobooon
000000000000 0DO00000O00O0000000O bodyOODODOOODODOODOODOOOO
000(f : (A\x:+x)Q(My : int.int))! ...) 00 0000000000000 ((Ax: *x)Q@Q(My : int.int))*
O (APP) 0000000000 CODOOOOOOOOOOOOOOOODOOOOOOOOOOOOTrOO
OO0 (f@2) 00000

(f@2) 000000000 40 (APP) 0000000 DOO0OODOOOOf0O000O0O0OTOOODOO
000000000000000000000 (Iy:int.int) 0000000000000 0OOOOOO
00000000000 (x:AB) 000000000 OO0OOUOOUOODOOOUOOOO AO (f@2)0O
ob0oO0os000000D000CODOOOOODOOOOO00D0 AD intO000000C0CO0DOO0OO0O0DO
0000000000 (mf:(.)B{?=2})) 0000 B{?=2} 00000000000000f 0000
gbobos0OO0O0O00O0O0O0O0O0O0OOODOOOOODOOOOOOODOOOOO BOOODOOOOODOODOO
0000000000 10 ((Ax:+x)Q(ly : int.int)) 000000B0 int 000000000000
0000000000000 000000000000000 1000000£000 (Iy: int.int) O
gooobbbosdbboooobbbbouo—0boon

Tk int!: %2

000000000000000000000000000000000000000000 B*:B2%200
gboobooooooooooooooooooboobobooboboboboooboooboooooboooo
goo-00boobobbobooboogobooboboobooboobooboonoo

4.5 00000040000

00000000000000000000000000000000000000000000000
0 4000000 (APP)D(TUPLE)D (INIT)O (LOOKUP) 000 00000000000000000
000000000000000000 int0+000 (tuple E)O(Ix: AB) 0000000000000
000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000000

((Ap° : (In° : int'.((Ax° : x*.x°)°@(tuple (n+ 3)°)°)°).(p°@3%)~1)°Q(An° : int'.(init (nx2)° 771)71)%)°

00000 (In:int.((Ax:*x)Q(tuple (n+3)))) 00000 pO00D0O00DO0O((p@3) 0000000
int 0000 n 00000000000 0O00 700000 (n+2) 0000000000 00O0O0O
tooboooobooooboooboobooobobobooboobobooobobobOobOo pOO
(Mo : int.(...)) O (An:int.(...)) D0000O (In:int.(tuple (n%2))) 00000000000 O0OOOO
0000 4200000000000 body OODOOOOODOOOOODOOOODOOOODOODOOOO
0000000000000 int000000D00OD00DOO0DOO0D00OD000O0 00 body OODOODO
((\x : %.x)@(tuple (n+3))) O (tuple (n*2)) D0OD0D body D00DOODOODOOD nO0D
Jobooboobbooooooooboooboooboooboooooonoobooboobobooooan
0000000000000 000 n0000000000000000000 (n+3)0 (nx2)000
gooobbobbobbbbooooobobobbuoouoooboo
boodooobooooboobonOO0bO0OO0OO0OO0ODOOODOOOOODOODOOOOODOOODOOn
000 2n00000000000000000 ((Ax:*x)Q(tuple (n+3))) 0 (tuple (n*x2)) 000 n
gogooooboobooboooooooobooboboodoooobbobbboooooubbbbbuooUoUgo
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oboooooboboboobooboooobooboooooboobooooboobooooooboooon
gooooooboooobooobobooooboooboooobooobo0 nbO0bOO0O0ODbDOOOODLO
oood

An: int.if (((Ax : *.x)Q@Q(tuple (n+ 3))) = (tuple (n*2))) then ok else type error

0000000 00000000000 ((Ax:*x)@Q(tuple (n+3))) O (tuple (nx2)) 000000
goboouobooboooboboboobooobobooobooooboobboobbooo
U0 n0O00000O00O0DO0DOObOObOObOODObOODbOObLDbOODbOODLDOODOODOOn
O body OO (p@3) 00000 UCOO0OOOUDOOOOUOOOOn=30000000000000
O (tuple6) 00000000000 ODOOO0OOOOOOOOOOOOOOOOOOOOOOOOOO
gbooooboobooboobbooboobdn+10nx2000000000000000O000O
gboogoood

0000000000000 00000000000000000000O000OU0000OUO0OU(tuple 6)
0000000000 o00000O0oOoUoO bodyODODOO (p@3) 0000000 DOODOOOO
000 -10000000000((p@3) 0000000000000 0O0O0O0U0O0DOOO0OUOOO
O0DO0O0O0OADOO bodyUODOODOOOODOOODOOODOODOODOOOOODODOODO
ooodoboobooboobobobobooboobooboboboboooboo

OO0 (APP) 00D (TUPLE)O (INIT)O (LOOKUP) DO0ODOOOD0OOOODOODOOOOOOO
gboooboobooboboobooboobon

(An: int.(Ax : (tuple n).(lookup 2 x)))
O0000000000000000 int 00 n00000O0O(tuplen) 0000 x00000000OO 2
000000000000000000000 (leckuwp2x) 000000000000 0ODOOO2000
intOx 000 (tuplen) 000000000 array bound check 000 (n>2) 00000000000

bobooooooooooboobooboobobobobOoboboboobooobooobooooobooobooon
oboooooboooooboboooooboooooboboooobooobooon

An : int.if (n > 2) then ok else type error

oboobon00bOO0O0bOOO0bOO0O0bOOO0bOO0bOO00O00OOo0obODbOOobOOOoboboOon
oobooobooboobooobOoooOooooooboooobo0o0ob0 n0O0b0 4000000000000
0000000000000 0000000000000o00Uo0 —(4>2)00000000000
O0O(LOOKUP) DOUOODOOOODO array bound check O (lookup 2 4) 00O 0000000000
oboooooboooobooobobobbooobbooobooboooobooboooboOooboooo
oood

5 OO

4000 CoCOOOO 4000000000000 0O0OO0OO0OOUODOODOOODOOOOODODOO
oboooooboooooobooboooooobooooooboboooooboboooooboobooon
goboooopoooboobooboobooos2bmgooboooboooboobooboooboooboooboooon
gbs30@boooobooboooooboboooboboooobooooonn

5.1 0OO0O0OO0OO0O0OO0

obobooooboooooooboboooooboboooooboboooooobooboooooooboon
gbboobooboabooobobooobooboobboobbooboooboobboobaann
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000 mdex OODOOOO0ODODOOOOODOOOOODOOOOOOOOOODODOOOODODOOOO
goooooboooobooboobooobooooooboooobooboooobooogooDo

(An:int.(Af : ((Ax : #*.x)Q(tuple n)).(lookup 2 f)))

000000000O0int 0000 n 0000000000 ((Ax:*x)@(tuplen)) 0000 £000
000000 20000000000000000000000000000000000 index T; O
00000000000000000000000

F*l:—»zTg x:T;FTé:—»ZTg

x%:Tyx:Tg F(x°:T; . Tg) 2 T2 ThFn%:—'Ty
FAx:xtx%)0: 1T Ik (tuple n%)%:—'T,
2%t TR0, F((Ax%:+'.x°)°Q(tuple n)%)°:—1TL, THTY: 1T,
TH(lookup 2° £~ 1) ~hTd, F(mg~tTd,. 1) 0T, Finth:—?T2 0 TiFTY—»'Tl,
n%: T (A1 (Ax%:+.x°)°@(tuple n®)°)%. (ookup 2° £~ 1)~ 1)~ 1T, F(mn®:T5.T9) i T2,

F(An%:int® (A1 ((Ax%:%".x°)°@(tuple n°)°)°.(Lookup 2° £71) ")~ H)%Th,

index | n | type index | n | type
Ty 2 | x2 Tz | 0 | (Ax®:+*.x%)°Q(tuple n°)%)°
Ts 1 | int!? Tis 1 | int!?
Ts 2 | O Tia 0| =Ty
Ta 1| ! Tis 0 | None (—°int)
Ts 2| =T, Tis | 1 | typecheck Tys T (—0 %)
Te 2 | O? Ti7 1| =T
Tr | 2| =Ts Tig | O | (mE~1:T9,.T9)°
Tg 1| (mx°:T;.Th)? Ti9 | 1 | typecheck Tig (n°:T3) (—°x)
To 1] =T Ty | 2| =Ty
Tio | 1 | None  (—'x) Tor | 1| (n°.T3.T9)!
Ty1 | 1| None (—'=Ts) (Toz | 0| (Ax°: x2.x°)°@(tuple 2°)°)° )
O 10b000boon
good good

exe pi T3 Ts exe_lookup Ti3 Tiq Tys5 2

exe_tuple Tg Tyo exe_pi Ty Tye

— = N B
e = =}

exe_app Tg Tio T11 (tuple n) exe pi Ty Tyg

0200000000

O100000000D0O0O0O0CCO0O000000000000D indexOOOOODODOOOOOOOO
ubooooooobooboobobobobootdT e T OO0O000O00OO00ODOO0DOOO0OOO0O0O0OO0
Ub0oobO0b00000b0000b0O0b0nd NeneOOOOOOO NoneOOOOODOOOOODOOOO
U00000450000000typecheckT;,s TOO000O000O0OO0OOOOOODOODOOOOOO
gboooboobooboobooobo  robooboobooboobobobobooboon

000 20000000000000000000000000000O0Oexepi T3TeOO 400 (PI)
oob000obooboo0ooboobodT,0 T 0000000000000 «000 o0000000
0000000000000000000000000Oexetuple Ty T1o 0000 (TUPLE)OOOO
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doddddddT, 00000000 int 0000 doo T OO xO0OOOoooooao
(APP) 0000 exe_app Tg T1o Ty (tuplen) 000000000 D Te O Ty 0000000000 DO
00 (Ix:AB)0O0O0OOUO0OOOOOOOAOD T, 00000000OO0D0OOOOODOOOOO T, 000
BODOO x O (tuplen) 0000000000000 (LOOKUP) 000000 exelookup Tys Ty Tis 2
0T30 T, 00000T13=4int 0000000 T4 OO(tupleE) 0000000 OOOOOOOOO
oooooooooo (EZZ)DDDDDDDDDTwDDD (tupleE)DDDDDDD

20 0000000000000 OO0 oo o0oobODbOD b0 booboooa
doddddoobobo n0O00O00000oooobbObD 2000000000000 000O0DOOOO00OO
U0 10000 exepi T3 T WU UOOUOODOUOOOOODODOO0ODOO0ODOO0O0ODOO0O Ts=*xUTg=0
godoooboooobooooboooboooobUd n=200000000000000000000
0000 type None 000D 0D0O0O00D0OO0ODOOOOONene JOOO0ODOOOOMMDO 100000
200000000 Nene OUOOODOOOOOoooooooooboOoOo 100000 0oooobO 100
00000 exetuple Ty T30 0000000 T30 0 «000000000 exe-app Tg Tip Ty1 (tuple n)
gooooooooobooT,y 0 =Ts0oooooag

5.2 0OO0O0O0OO0OO

O00Oexepi Ty T4 0O0OO0OT; 0 T4 OODOOOO0O0OOOOOT,, OODOOOOOOCOOODOOO
Tie O typecheck T;5s T 000 T, DOO0O0OO0OO0O0O0O0OOO0OO0OOOD0OO0D0O0 Ty,s OOO0OODO 0OOO
gbodbDObO00O0O0O0O00OO00O0DO0D0ODb0ObO0O0ObO0ODOOD0ODO exepi DOOOOO nOO
gboboobooboooooboobo ooboobobOobOOoOoOoOobOOoOobOoOobO ooobOobooOoDboon
exepiT; T, OOO00OO0O0O00ODO0OO0COOODOOOOO 0OOOODOOOOOOOOOOO

oob440000000000000D00O0ODOO0O0DOOODOODOOODODODOOODOOOO
obooboobooobbooboobooboooboooooboobooobo0ooobooobooboOooa
oboobooooooboobooboooobo0oobobooobobobobob00b0o0nb0On 16 O
obooooOoboo0 «0000O0boooobobooooobboboooobooboboooboOooboon

goooooooogobobobooobooooooobobobooboooboooobobobobno 18D
200000000000000O00O00DO0ODOOOTOON:T, 0 £:T, O00O0O00O0O0DOOO
Uiob0dn00000O000DOO0O0DOCOO0DOOOn0OO0T, 0000000000 10000000000
ooboooboboooboooooooooboooooooboooboooooobooooooboooboooon
ol1godoooogoooboooooboboooboooobooboooogbooooooboboooo
boboobooboobooboboooobobooooobooboooooboobobooooobooooon
oboboooobooooboobooooooboooooobobooooobOobooooobooooon
OO0 indexO0OOOOOODODOOOODOOO

5.3 Uouobbooobbboooobbboooon

00000000000000000000000000000000000000000000000
04500 0000000000000000000000O000O0

D000 00000000 exelookup Ty3 Tis Tis 2 0000000T,3 0 int 00000000000
O0000000Tse =Tip = ((Ax:+x)@(tuplen)) 000 n 000000000000000n0000
0000000000000000000 45000000000000000000 exe_lookup 00
0000000000000000 45000000000000000000000000000000
000
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000000000000000 n000000000000000000000000000
en0000000000000Tia(=Tsp) 000

e 00000 (tuple E) 00000000000

e (E>2)00000

00000T, 000 n000000000000000000000000000000000000000
000000000000 2000000000000000000 Ty = (In : Ty(= ).Tig(= (IIf : T15.T15)))
00000000 2000000000000 exeapp 00 T, 00000000T,, 00000 n0 2

0000000000000000T,, 00 T, 0000000000T, 0000200000000

000000000000 ((Ax:*x)@(tuple 2)) 000000000 T, 00000000000000
000 T,0000n0200000000000000000000000 T,,0000000000

000000000000000000000

(Tlg, (n, 2, T22))

uoboT,,0n0 200000000 T,,OOOOO0OO0OO0OO0O0D0OO0OO0OO0O0O00OO—exe_lookup 0O
nJ00000000000000000000000000000O000000000bO000O00000
oood

e 00D T, 0OOODDOOO0OO
e n00000000000000000000 Ty, OO0

e 000D (tupleE) 00000000000

e E>200000

e 0000000 DDDOOOOONDNDNDOOOODNONNONONOOONONONNONOnoDO

boooboooofboooooboobooooob—-o0o0oosf0ogboooooboob obOoooon
O00OOexelookup UOOOOOOO0OOOODOO0O0OODOOOOODOOOO0OOO T4 0 typeO OO
0000000000000 (lookup ..) 0000000 O0O int 000000 Oexe lookup JOOOO
gboooboobooobobo T0oooboooobooooooboooobobooboobooon
0000000000000 000000D0000000000D0 (leokup2f) 0000O0OOOODOO
oob0Od £, n0000000O0000O0000O000DO00bO0O oODO0bOOO0OOOobOOoOobOOo0obOOoooDn
goooobooooobobobooogooooo

gobogoboobooboooooooooboooboooobooooooboooooobooobobooaoon
oobOoobobOooboooooooooooooboooooboooooobboOoooboooboOooobooooon
ooooooo

6 LUUOoOoOoon

OO000oo0O0o000ooO000 oCaml ODOOOODOOODODOOOOOODOOODOODOO40000D0
gbboobooboaobooboaoboaoboobooboaoboobooboobooboaboaooaan
gbooobooboobgoobooobobobobbooboobooboobooboboon

U0 OO0obOoooobooocobOoboOobcobOobOOoOoObOOobOOoOobOOobOOobOOobOboOobOOobOoon
oooooooo

14



ooon

[1]

2]

[10]

[11]
[12]

[13]

Augustsson, L., and M. Carlsson “An Exercise in Dependent Types: A Well-typed Interpreter,”

available from http://www.cs.chalmers.se/ augustss/cayenne/interp.ps, 13 pages.

Augustsson, L. “Cayenne — A Language with Dependent Types,” Proceedings of the third ACM
SIGPLAN International Conference on Functional Programming (ICFP’98), pp. 239-250 (Septem-
ber 1998).

Cardelli, L. “Phase Distinctions in Type Theory,” Research report, DEC SRC, 15 pages (January
1988).

Chen, C., and H. Xi “Implementing Typeful Program Transformations,” ACM SIGPLAN Workshop
on Partial Evaluation and Semantics-Based Program Manipulation (PEPM ’03), pp. 260-268 (June
2003).

Chen, C., and H. Xi “Combining programming with theorem proving,” Proceedings of the tenth ACM
SIGPLAN International Conference on Functional Programming (ICFP’05), pp. 66-77 (September
2005).

Coquand, T., and G. Huet “The Calculus of Constructions,” Information and Computation, Vol.
76, Nos. 2/3, pp. 95-120 (February/March 1988).

Pasali¢, E., W. Taha, and T. Sheard “Tagless Staged Interpreters for Typed Languages,” Proceedings
of the ACM SIGPLAN International Conference on Functional Programming (ICFP’02), pp. 218
229 (October 2002).

Hughes, J. “Type Specialisation for the lambda-Calculus; or, A New Paradigm for Partial Evaluation
Based on Type Inference,” In Danvy, Gliick, and Thiemann editors, Partial Evaluation (LNCS
1110), pp. 183-215 (February 1996).

Jones, N. D., C. K. Gomard, and P. Sestoft Partial Fvaluation and Automatic Program Generation,
New York: Prentice-Hall (1993).

Peyton Jones, S., and E. Meijer “Henk: A Typed Intermediate Language,” Proceedings of the In-
ternational Workshop on Types in Compilation (TIC 1997), Technical Report BCCS-97-03, Boston
College Computer Science Department, 13 pages (June 1997).

Pierce, B. C. Types and Programming Languages Cambridge: MIT Press (2002).
Schmidt, D. A. The Structure of Typed Programming Languages Cambridge: MIT Press (1994).

Xi, H., and F. Pfenning “Dependent Types in Practical Programming,” Conference Record of the
26th ACM Symposium on Principles of Programming Languages, pp. 214-227 (January 1999).

15



