1 Syntax

L
VRN
Constant Qualifiers g € Quals = {U/RA L} A C R
N/
U
Qualifiers g == &|q
Locations Il € Locs
Ezpressions e u= 1|

x| e z:T.e | erez |
() | let () =e1 in ez | @ (e1,e2) | let (z1,22) = €1 in ey |
da() | 9 (e1,e2) | fste | snde |
aborte | ““inle | “inre | case e; of inlz = ¢ || inry = e, |
e e | elq] | “pack(q,e) | let pack(€,z) =e1 in eq |
e Aa.e | e[7] | “epack(T, e) | let pack(a,z) =e; in ez |
e Aa.e | e[r] | 9epack(T,e) | let pack(w,z) = e1 in e |
9efolde | unfolde
Values v ou= AxTe |
VARGHCIN
O (e, e2) |
inll | inrl |
A&.e | pack(qg,e) | Aa.e | pack(T,e) | Aa.e | pack(T,e) |

foldl
PreTypes T ou= al

L —o T2 |

lg |1 ®T2 |

lg |1 @72 |

0 | 71 D T2 |

Veé€r | A7 | Var | Fa.r | Vaur | a7 |

Hee. T
Types T ou= alT
Qualifier/PreType/Type Contexts A == o | AE|Aa| A«
Value Contexts r == |
Flags f € {unused,used}
Stores o == e|ol—(q,v,f)
Store Typings ¥ = e| X1



2 Dynamic Semantics

2.1 (o5q50) 25 (o' 0)
1 ¢ dom(o)

alloc

(03;v) = (0,1 — (4, v, unused); [)

2.2 (o;1) Jetch, (o' q'50")

gCR ACq
(0,0 (q,0, f);1) =% (0,0 (q,, used); g; v) (0,1 (q,,0);1) =L (o395 0)
VAU (o130) 22 (025 0)

fetch
s

(01,0 = (', 0, f');1) (02,0 = (a', 0, f);v)

2.3 (o,e)— (0',€)

(05 qa; Az:T. €) 2l (a';1)

(0,9 \z:7. €) — (o7,1)

(0,e1) — (o', €}) (0, €2) — (o', €b) (0:1) = (07 qa; AT €)
(Ua €1 62) — (Ulﬁ ell 62) (07 L 62) — (UI7 L 6,2) (O’, I l2) — (0,7 e[lZ/‘r])

(03 0a; () 25 (o3 0)
(0,% () — (o',1)

(0,€1) — (o', €1) (0311) = (05943 ()
(0,1et {) = e1 in e2) — (0, 1let () =€ in es) (o,1let () =11 in e3) — (0, e2)
(0,e1) — (o' €}) (0, €2) — (o', €5) (03003 {11, 12)) =25 (o'51')
(Uv e <€1762>) — (U/vqa <€l1762>) (O—, da <l1762>) | — (Jl7qa <llve/2>) (Jv qa<l17l2>) — (O—lvl/)
(0,e1) — (', €)) (0311) == (0”3 9a; (I, 1y)
(0,1let (z,y) = e1 in e2) — (o', let (x,y) = €] in e3) (0,1let (z,y) =11 in e2) — (o', e2[lz/x][ly/Y])

(0303 () =5 (o3 0)
(0,% () — (o', 1)

(03 da; e, e2)) 225 (o'51')
(Uv qa(]elv 62[)) — (0/7 l/)

(0,€) — (o',€) (031) =% (0543 fex, e2)) (0,€) — (o',€) (031) % (0340 (en, e2))
(o,fste) — (o', fste) (o, fstl) — (0, e1) (0,snde) — (o', snde) (0,sndl) — (0, e2)



(0,e) — (o', €)

(0,aborte) — (o', aborte’)

(0,e1) — (o', €}) (0;9q;inl i) alloc, (o1
(0,%inle;) — (o', % inle}) (0,%9%inlly) — (o, 1)

(0,€2) — (0", ¢h) (039asnr lo) =25 (o'31)
(0,%inres) — (0’, % inreh) (0,%inrly) — (o', 1")

(0,e1) — (o', €1)

. . / ’ . .
) )
(0,case e; of inlx = ¢ || inry = e,) — (0 ,case e; of inlx = ¢ || inry = e;,)

(0:1) = (675 qu; inl L)

(0,case l; of inlx = ¢ || inry = e,) — (o', efla/2])

(031) = (0" s inr ly)

(0,case Iy of inlx = ¢ || inry = e,) — (¢',e:[ly/y])

(03 da; A& €) 2% (o'31')

(0,€) — (o', ¢) (0;1) = (075 qu; AL €)
(0,9 Aé.€¢) — (o', 1) (0,ela]) — (o', ¢ [q]) (0,0 [q]) — (', e[a/€])

(0,e) — (o', €")

(0, % pack(q, e)) — (¢, ““pack(q,e'))

(05 4a; Pack(q, 1)) 2% (o';1')
(0, % pack(q, 1)) — (o',1')

(0,e1) — (o', e1)

(0,1et pack(£,z) = e; in e2) — (o', let pack(£,z) = €] in ez)

fetch

(0;11) — (0'; qa; pack(qi, 1))
(0,1let pack(§,z) = l1 in e2) — (0, e2[q1/€][l1/7])

(05 da; Ar. €) lloc, (0’31 (o,e) — (o', €) (o31) fetch, (0" qa; A €)
(0, Aa.e) — (o', 1) (0,e[T]) — (o', €' [7)) (0,1[7]) — (o', e[T/al)

(0,6) — (o',€)

(03 9a; pack(T, 1)) =5 (o' 1)
(0, % pack(T, €)) — (o, “pack(T, €'))

(0,9 pack(7,1)) — (o’,1")

(0,e1) — (o', €1)

(0, let pack(@,z) = e; in e3) — (o', let pack(a,z) = €} in ez)

(0511) EL (07; qa; pack (1, 1))

(0,1et pack(@,x) =l in ez) — (o', e2[7r/a][l1/x])




(03 da; Acv. €) 225 (o'51) (0,€) — (o',€') (0;0) % (075 qa; A )

(0, Aav.e) — (o', 1) (0,e[r]) — (o', €' [7]) (0,1[7]) — (o', e[r/a])
(0,¢) — (o', ¢) (03 da; pack(r, 1)) =5 (o51')
(0, % pack(T, e)) — (o', “pack(r,€’)) (0, pack(r, 1)) — (o/,1")

(5761) — (0,76/1)

(0,1et pack(a,z) = e1 in e2) — (o', let pack(a, x) = €] in ep)

(0511) " (07; qa; pack(r, 1))

(0,1et pack(a, ) = l1 in e2) — (0, ea[T1/[l1/x])

(0,€) — (o', €) (030; £01d1) =5 (o31')
(0,%folde) — (o', % folde) (0,%foldl) — (o', 1)

(0,) — (o', ¢") (031) == (0" qa; fol1d )
(0,unfolde) — (o', unfolde’) (0,unfoldl) — (o’,1")

2.4 (o,e)—"* (0, €¢)

(o1,e1) " (02, €2) (02,e2) —" (03,€3) (01,€1) = (02, €2)

(0,€) —" (0,¢) (01,€1) —" (03, €3) (01,e1) " (02, €2)



3 Static Semantics

31 AFgqg={¢
FV(g) €A 91 C g2 FV(q) CA
AFU=g AFqi=2q2 AFg=L
FV(g) CA AFqa2q¢ AFg@e=g
AFg=ygq Abq =gs
32 AF7T={
FV(r)CA AFg=4q FV(T)CA
ArT=L AFiF=q
3.3 AFRT (¢
FV(¢)CA AFT=q AbF7=¢
Ate={ AT,z = ¢
34 AFRX<{
FV(d)cA AFY =4 AbFT=q
Ale=q AFSl—T1=q

3.5 ArFTh@aly~T
AFe[fe~e

ArFTh@oly~T AT @alg~T
AFT,zr@le~ T xr ATl xr~ T xr

AT @Iy ~T AI‘TjR
AT, zir @02, 7~ T zer

3.6 A|_21®22’\/>2
AFe(POe~se

A}_Zh@zz’\/)z A}_El(DEQ’\»E
AFY1 =70~ S l—T AFY 00Xl —T1~Sl—T

AFZl(DZQME AFTjR
AFY1, =703, — 17~ 1l—T

3.7 AXFEIL:T

FV(r)cA
Aol —THIl:T



3.8 A'kFax:T

FV(r)C A
JANE Wt ol ol e

39 AlhX¥Fe:T

VAND I o AFYI 00X~ 2 AFY <A AT Y kFe: T
VAN SO I AT Y Fe: T

AThx:T AT @l ~T AT <A A;To; Y ke T
A;T;ebx:T AT EFer T

AFT <qaq AFY=<q, AFD @Al ~T

AT g X bher T

AT F X i e: (1 —o 7)

FV(g.) €A

AFYI 00X~ 2

A;I‘lgEll—el- A;F2;22l_e2

29 (1y — T)

L Tx

A;F;El—eleg

LT

ArFTi@le~T AFY1038~ 2

AT Fer:991g AT 30 Fes: T
Aje;e () 91g

A;TsEFlet () =erinex: 7

ATl ~T

AFYIOYXYs~ 2
AT Fertm AT =qq

A;FQ;ZQ FeQITQ
ATy 9 ey, e2) : 1(11 @ T2)

APTQan

ATl ~T AFYIO0YXYs~ 2
AT Fer (1. @1y) AT, 27y, yimy; Xo b ea : 7
A;T;E F let (z,y) =erinex: 7

AFT <qa AFY <qaq
ATy R () e 1g

AFT <q, AFY <q, AT Fer i

AT Fex:m
AT 2 (er, ez) : (11 ® T2)

AT S Re: (@ 12)
ATy X Ffste:

AT 2 e (1 @ 72)
A;T; X F snde: 2

ATy Fe: %0
A;T; X F aborte: 7

AsTsY e :m AFT1 2¢a

A;T; 2 F %4inler : (1 @ 72)

AT Y Fes:e AF 1 =<qq

AT 2 F %inles : (1 @ 72)

A}—IHEJFQ«»F A}_Zh@zz'\»z
AT 38 Fer s 9 (m @ 12)

AT, e b AT,y e B 7

A;T;3 F case eq of inlx = ¢ || inty = er: 7




AFT <qq AFX<q
AET,EFRe: T
AT F AL e T (VET)

AliS e :7g/f]  AFT[q1/§] 2 qa
A;T; 2 F 9 pack(qi, e2) : 9 (3.7)

AFT <qq AFY =2q
Ao EFe: T
ATy S Aw.e: I (Va.r)

AT S F e : 7[7/@) Ab7T[T1/e] < ¢a

ATy S eq : 9 (VET)
AT 2 F e [g2] = Tlg2/€]

A"F1E|F2’\’>F A|_21®22’v>2
A;T1;5 ey % (3¢T)
AETy ;o ket 7’ FV(r)CA

AT F 9 pack(TT, e2) : 1 (Fa.T)

AFT <q, AFY <qq
Ao Y e T
AT, FAace : 9 (Vo)

AT Y Fes:7[m/al At 7[m/a] 2 qa

A; T F %2pack(, e2) : 7 (aT)

AT Y R e Tlua /@) AF Tlua.r/a) < ¢a

ATy 9 folde : I (uaT)

A;T; S F let pack(é,z) =e; inesx: 7

ATy S ez % (Vaur)
ATy Y e [72] - 7[R/ @]

AFTW@OIly~T AFY1OX~ 2
A;T1531 Fep % (Far)
ATy, xm; Yo beg: 7 FV(r)yCcA
A;T; S F let pack(@,z) = er inep: 7'

ATy Fep % (Vaur)
AT 2 F eq [m] : T[m2/a)

AFTi@l~T AFY10Y~ %
A;T1;31 Fer 7 (3a.r)

A a;To,zm;To b ey 7 FV(rycA

A;T; Yk let pack(a,z) = e inep : 7'

ATy S e 9 (uar)
A;T; 3 Funfolde : T[ua.7/q]




3.10 Xk (q,v):7

o3 <q oo T e: T
S H (g, \v:Tp.€) V(T —o T)

.|_21®EQ’\’>E .;le_lliTl O;EQI_ZQZTQ
ok (q7<>) : q1® Yk (q7<l17l2>) : q(Tl ®7—2)
o3 <gq o-¥ <gq o, eXHe T o0 ey
ZF (g, () "1e S (g, (e, e2)) : (1 ® 72)
oYkl ek71 <Xgq oY kl:T o7 <X
Yk (q,inll) : Y(11 ® 72) Y (q,inrl) : V(11 ® T2)
o3 <gq
oY ke:T ;X T[q1/€] oe-T[1/€] <X q
Y F(q,A8 €) : T(VET) Y F (9, pack(qu, l2)) : *(3E.7)
o-3¥ <q
e ;oY ke:T X1y T[T1/q] et Tr[m/al Xgq
Y F (g, Aa.e) : Y(Va.T) Y F (q,pack(T, l2)) : 1(Fa.7)
oY <gq
e a;e;Xke:T Yl 7| /q] et T1[r/a] <Xq
Y F (g, Aae) : Y(VauT) Y F (q,pack(r1,l2)) : 1(Fa.7)

oY1 T[ua.T/q] o Tlua.T/al < q

Y+ (q,foldl) : *(ua.T)

311 Fo: X
Fo:S, oF%,0X~%, I, b(qv):T
Fe:e Fol—(q,v,f):5,1l—T
Fo:¥ gCR Fo:¥X qCA
Fo,l— (q,v,used) : & Fo,l—(q,v,f): 2



4 Safety

Theorem 1 (Preservation)

If (o1,e1) —* (02,e2) and 01 : X1 and e;e;%1 ey : 7,
then there exists Yo such that b o9 : Yo and e;e;35 ey @ 7.

Theorem 2 (Progress)

Ift-01:%1 and e;e; %1 ey : T,
then either there exists | such that eq =1
or there exists oo and es such that (01,e1) — (02, €3).

Theorem 3 (Safety)

IfF 01 :%1 and e;e;51 ey : 7 and (01,e1) —* (02, €2),
then either there exists | such that ex =1
or there exists o3 and e3 such that (0q,e3) — (03, €3).



