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 |
denewe | freee | reade | swape; ez
Pointers p € Ptrs
Values voon= AxiTe |
O 1 (s 12) |
0| (ex;e2) |
inl! | inrl |
A¢.e | pack(q,e) | Aa.e | pack(T,e) | Aa.e | pack(T,e) |
foldl
ptrp
PreTypes T = a]
L —o T2 |
lg [ 1 ® T2 |
leg [ 1@ 72|
0 | 71 D T2 |
Vér | A7 | Var | Fa.r | Vaur | Ja.T |
e |
ref 7
Types T o= aliT
Qualifier/PreType/Type Contexts A == o | Af|Aa]| A«
Value Contexts I == e|xT
Flags f €  {unused,used}
Stores o = e|ol—(quv,f)
Store Typings Y u= e| X7
Heaps b = e wp (@)
Heap Typings U = e| U p—(q,7)



2 Dynamic Semantics

2.1

2.2

2.3

2.4

2.5

2.6

2.7

(05;0) 25 ('3 1)
1 ¢ dom(o)
(030;0) 2 (0,1 — (g, v, unused); 1)
(0:0) =< (o7 g5 o)
gCR ACq
(0,0 (q,0, f);1) =% (0,0 (q,, used); g; v) (0,1 (q,,0);1) =L (o395 0)
L#U (o1;0) % (0250)
(01,0 = (@0, ) 1) < (02,1 = (4,0, f);0)
(Y;a;0) =5 (W' p')
p & dom ()
(Y q;1) =5 (¢, p— (a,1); p)
(03 p) 2 (@5 1)
p#D (Y13p) 5 (s )
(W, p = (a,01);p) =5 (451) (1,0 — (@, U);p) =5 (o, 0 (', 1)31)
. read 4,
p#p  (Yi;p) 21
(W, p— (a,1);p) =% 1 (1,0 = (', 0);p) 251
(V;pi 1) =5 (Y1)
p#p  (Wupl) % (Po;1)
(h,p = (0,095 1) == (1, p = (4,13 1) (1,0 = (0, 1)y 1) =25 (o, 0’ — (a',1)310)
(0,9,e) — (o', ', €)
(05 qa; Az:T. €) Zlloe, (a';1)
(0,9, Az:7.€) — (0,9, 1)
(0,9, e1) — (o',9, €}) (0,9, e2) — (0", €b) (0:11) =% (075 qa; AziT )
(0,9 e1e2) — (0,9, €] e2) (0,911 e2) — (0,4, 11 €b) (0,1, 11 l2) — (0,9, e[l2/x])



(03 0a; () 5 (03 0)
(0,9, () — (o', 4", 1)

(0,9, e1) — (0’9, €}) (0:11) L% (075443 ()
(0,9,1et () = e1 in e2) — (0,9, 1et () = €} in e2) (0,9, 1et () =11 in e2) = (0,1, €2)

(071/1761) — (U/7 Ivell) (071/)762) |— (‘7171:[)/76/2) (O’; Ya; <l17l2>) alll} (Ul;l/)

(4
(0-71/}7(1@ <617€2>) — (Jl7w/7qa <el1762>) (0-71/)’(10' <ll762>) — (Ulvwlvqa <l17el2>) (J7w7qa<llvl2>) — (0/7¢7l/)

(07 w? el) — (UI7 w
/ d}/

(0,9,1et (z,y) = €1 in e2) — (o',

fetch /

(0:) — (075 9a; (las ly))
(0,1, 1et (,y) =l in e) — (07,9, ealls /][y /])

alloc 7
)

(0544; () — (o51)
(0,9,% () — (o', 9, 1)

(03 da; e, e2)) 25 (o'51')

(07 1/1, qa(lelv 62[)) — (0/7 1/)7 l/)

(0,%,¢) — (o', ¥/, €) (1) =% (0" 43 e, e2)) (0,9,¢) — (o', 4/, €)
(0,9, fste) — (o',9', fste) (0,9, fst 1) — (0,1, e1) (0,1, snde) — (0’,4’, snde)

(0;0) © (07 qa; er, e2))

(07 ¢7 snd l) — (0/7 1/]7 62)

(07 w’ e) — (O—,’ wl7 el)

(0,7, abort e) — (o, 1)’, aborte’)

(0,9, e1) — (o', ¢, €l) (03 das inlly) =5 (051
(anvqainl 61) — (Ojvwlvqainl 6/1) (vavqainl ll) — (Ulvwall)

(0,7, e2) — (o',9', e5) (05 9a;inrl2) lloe, (o1
(0, iz e2) — (o, ¢/, ™ iz &) (0, mr ) — (0,0

(0,1, e1) — (o', €h)

. . / !/ / . .
? ) ) )
(0,9,case e of inlx = ¢ ||inry = e,) — (0',¢’,case e; of inlx = ¢ | inry = e,)

fetch
—

(o51)
(0,,case l1 of inlz = ¢ | inry = e;) — (0, ¥, eifls/])

(0';qq;inll,)

(0:11) =% (075 qq; inr L)

(0,%,case l1 of inlz = ¢ || inry = e,) — (0, %, er[ly/y])



(0 qa; A €) 25 (o'51) (0,9,€) — (o', ¢/, ¢) (0;0) © (07 qa; AL €)
(0-71/}7qu§'6) [ — (0-171/)7ll) (0'71/}76[(1]) — (0/71/],76, [q]) (an/7l[q]) [ — (o-/?w7€[q/£])
(0,9, ) — (o', ¢/, €) (0 4a; pack(q, 1)) 2 (o';1')
(0,9, " pack(q, e)) — (o', ¢/, " pack(q, ¢)) (0,4, " pack(q, 1)) — (o, ,1')

(071/]761) — (Ulv wlaell)

(0,%,1et pack(€,z) = e1 in e2) — (o', 9’ 1et pack((, ) = €} in e2)

(0;11) ™ (0'; qa; pack(qi, 1))

(vaalet PaCk(va) =1l1 in 62) — (0,71#7@2[(11/5”[1/35])

(03 da; Ad. ) 225 ('51') (0,9, ) — (o', 0, ¢) (0;0) % (07 qu; A )
(U»w:qQAa~ 6) — (U/7¢/7l/) (Uzwve[ﬂ) — (0/7¢/7e/ [ﬂ) (vavl[ﬂ) — (0'/71/)76[7/5])
(0,9,€) — (o', ¢/, ¢) (0 da; pack(T, 1)) 225 (o';1')
(0,9, % pack(7, €)) — (o', %', *pack(, ")) (0,9, **pack(7, 1)) — (o', 4,1

(Uﬂﬁ’@l) | — (O’l,w/7€,1)

(0,1, 1et pack(@,z) = e; in ez) — (0’,1)’, let pack(a, z) = €} in ez)

(0511) s (07; qu; pack(TT, 1))

(0,1, 1et pack(a,z) =11 in e2) — (0,1, e2[71/a][l1/x])

L e) (0:0) =L (075 qa; A €)

(03 qa; Ac. €) 2225 (o3 1) (o,,e) — (o', 9,
(0,9, Aa.e) — (o', 9,1') (0,9, ¢e[r]) — (o', 4", []) (0,9, 1[7]) — (0,9, e[7/a])
(0,9, ) — (o', 0, ¢) (0 da; pack(r, 1) 2% (o' 1)
(07 1% anaCk(T> 6)) — (0-,7 /> anaCk(Tv 6/)) (07 1/)7 qapaCk(Ta l)) — (UI7 1/)7 ll)

(0'71%61) — (UI»¢/7€I1)

(0,1, 1et pack(a, ) = e; in e2) — (0”,1)’, let pack(a, ) = €} in ez)

(05 11) =L (07; qa; pack(m1, 1))

(0,1,1et pack(a, ) = l1 in e2) — (0,4, e2[11/a][l1/z])

(0,9,€) — (o', ¢, ¢) (03 qa; f01dl) 2% (o5 0)
(0,4, % folde) — (o’,¢/, “folde) (0,9, f01dl) — (0,1, 1)

(o31) Serch, (0';qq; £01d1")

(0-7 1/J7 6) — (0-/7 1/],7 6,)
(0,7, unfoldl) — (U/,w/,l/)

(0,1, unfolde) — (0’ 1)’ unfolde’)




(0,9,€) — (o', ¢, €") W3 00 ) ™ (W5p) (0390 ptrp’) 225 (071

(07 w? qanewe) — (0-17 1/)/’ qanew e,) (U, 1/)7 qanew l) — (0-/7 1/],7 l/)
(0,0,0) — (0,0, €) (030) == (03 qaiptrp)  (5p) 5 (@31y)
(0,9, freee) — (0,9, freee’) (0,9, freel) — (J',w',lp/)
fetch / / s\ read
(031) == (05 dasptry’)  (W5p) =5 Uy
(0,0,€) — (o', ) (03 dasprrp)) 5 (07517) (0" L (17 1) S (0"51")

(0,9, reade) — (0',9, reade’) (0,9, readl) — (", 9,1")

(‘vael) — (U’7¢/7€/1) (07¢7€2) — (U/7¢/7€§)

(0,9, swapei e2) — (0,9, swap e} e2) (0,9, swapli e2) — (07,1, swapli €3)
(0311) = (o dasptrp)  (5p312) = (W51y)
(O’l; G ptrp/) alloc (J”; l//) (U//; L; <l”, lp/>) alloc (O_///; l///)

(07 1/17 swap il l2) | — (JW7 1/),5 l/”)

2.8 (o,¢,e) —" (o', ¢, ¢)

(01,91,€1) =" (02,%2,€2)  (02,92,€2) —" (03,3, €3)

(U,¢,€) —" (U7¢7€) (01,¢1:€1) —" (03»¢37€3)

(01,91, €1) — (02,2, €2)

(01,91, €1) =" (02,12, €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 }_\1’1@\1/2’\/9\1/

Fe®e~e

"‘I/1®\I/2’\/>\If l_q/1®‘112’\/>q/
FW,p—(4,7) © W2~ W, p (g, 7) FW O W p—(q,7)~ ¥,p(0,7)

FU, @Us~ ¥ gCR
l_\Ijlzp’_)(chT)@\Il?:pH (q,T)’\”\I/,p’—) (q7T)

3.8 A;XHI:7T

FV(r)CA
Asel—THIL:T

39 AT'kHax:7T
FV(r)CA

Asex:THx:T

3.10 A X Fe:T

VAND I B o AFYIOYXYo~ 2 AFY <A AT ¥ ket
VAN SO IN o B AT Fe: T
AsTRzx T AsThEaly~T A;T <A A;To; X et
A;Tiebx:T AT Fe: T
AFT =X¢a AFX=gq AT A~ AR 0N ~2
AT g X ke T A;T33 Fey s (1 — 1) AT Y0 Feg: Ty
AT F ATy e (1 —o T) ATy Y Feres: T

ATy ~T AFY1OYo~ 2
FV(gs) C A AT Fep 01y AT 30 Fes: T

Ajeie () 11 A;TsEFlet () =erinex: 7

ATy ~T AFYI 00X~ 2
A;F1;21|_€12T1 A"leqa A;FQ;EQ}_62ITQ A}_Tqua

ATy S 9 (er, e2) : (11 @ T2)

ATy ~T AFYI 00X~ 2
AT Fer (1, @my) A;To, xi7e, yiTy; Do b ea: T

AT F let (z,y) =erinex: 7

AFT <q, AFY <q,
AT R () 92 1g

AFT <q, AFXY <q, AT Fer:m AT Fex:m
ATy 9 (er, ez) : (11 @ T2)

AT S Re: (@ 12) AT 2 bRe: (1 @ 72)
ATy Y Ffste: A;T; Y Fsnde: 2




AT Fe: %0

A;T; X F aborte: 7

AT Y e i

A|_7—1 ﬁ%
A;T: S F%inle;

: q“(7'1 @TQ)

AFTh@Ela~T

ATy Y Fes:m AF T =qq

A;T; Y F %inles : 9 (1 @ 72)

AFY 032~ %

AT Y Fer s (n @)

A;To,zmbe BT

AT,y ke B 71

A;T; X b case e; of inlz = ¢ || inry = e, : 7

AFT <qq AFY <q,
ASGT:SFe: T
AT S F AL e T (VET)

AT S ke 7l /l] AFT[q1/¢] 2 qa

A; T2 ¢ " pack(qr, e2) : 1 (3€.7)

Al‘Fan A"qua
Ao Y Fe: T
ATy S Aw.e: 2 (Va.T)

ATy Y Foeg s T[T /@l A+ 7[7/a) 2 qa
A;T; S F % pack(T1, e2) : 7 (3a.7)

AFT <q, AFY=q
Ao IS Fe: T
AT S A e 1 (Vaur)

AT Y e [ /0] AFT[n/a] 2 qa

A;T; 3 F %pack(Ty, e2) : @ (Ja.T)

AT Y ¢ e TlpaT/a] AF rlua.r/al < qa

AT F ey s 9 (VET)
AT X Fer [go] = Tg2 /€]

AT ATy ~T AFYIOYg~ 2
A;Ty3 Fep % (3¢T)
A&y, Na eyt 7’ FV(r)yCcA
A;T; Yk let pack(é,x) =e; inex: 7

AT ez % (Vaur)

AT E ey [12) : T[T2/@]

AFT@El~T AFY1 00X~ X
A T8 Fer 2 (3ar)
AT, mm; Yo ben: 7 FV(r)ycA
A;T; Sk let pack(@,z) =e; inep : 7’

AT, S Fep s (Vaur)
AT F e [12] : T2/

ATl ~T AFY1 00X~ X
A;T1531 Fer 2 (Jaur)
A oD ;S beg 7 FV(rycA

A;T; Y % folde : % (ua.T)

A;T; S F let pack(a,z) =e; inep : 7’

ATy e 9 (uar)

A;T; X Funfolde : T[ua.7/a]



AT EFe: T AFT=<A

A;T; 8 %“newe : 9 (ref 1)

AT Y F e 9 (ref 1)

AFR=qq AT Fe: T
A;T; 3 “newe : 9 (ref 1)

AFA=<qaq

AT, X F freee: 7

ATy S e e(refr)

AF7T<R

A;T; S b reade : “(%

AFY1OYg~ 2

AT @Oy ~T
AFA=<gq,

A;T1331 Fep 2 (ref )

A;T531 Fep 2o (refr)

(ref7) ® 1)

A}_EIQZQ’\/)E

AFTETs~T
A;Tg; 30 Fes: T

Al—ngqa

A;FQ;EQ |— €2 I T2
L(qa(l’ef’rz) ®’7'1)

A;T; % F swapej ez :

3.11 VYtFp:(q,7)

A;T; S+ swape; es : “(% (ref 1) @ 7)

o.p—(q,7)Fp:(q,7)

312 XUk (q,0):7
o3 <gq

e T, ke T

Yot (g, Ax:i70.€) : V(75 —o 7)

oYX OXs~ X

oXiFli:m 3ok lz:To

o;o b (a,(): "1e

kX =<y

S et (q,(l1,12) : Y (11 @ T2)

oYX e :m o0, ey:iTo

kX =g
Sk (a, () : "1e

oXHl:7 o1 =g
;e (g,inll) : (11 & T2)

o3 <q
o L0 e T

Y ek (q,A €) : T(VET)

o> <gq
o ;e XkFe:T

Y;ek (g, Aw.e) : T (Va.T)

o3> <q
o ;e Xke:T

Y ek (g, A €) : T(VaT)

;Y i r[ua.T/qa]

;e (g, (e, e2)) : V(m1 ®72)

Ol—Tqu

o >XHl:m
S, et (q,inrl) : 1(m1 & 72)

o Xtly:T[q/€] et T[q/E] 2 q
Y; e F (q,pack(qi,l2)) : 1 (3¢.7)

X F iy T[m/al e T[m/al <q

3; e - (g, pack(T, l2)) : *(Fa.T)

X Fly:T[n/a] e 7[mi/al 2 q
3; e - (g, pack(ri,l2)) : *(3a.T)

o rlua.T/al < q

;e (q,foldl) : (ua.T)

UbEp:(e,7)

o; U (q,ptrp): *(refT)



313 Yhko: X
Yo; Uy F (q,v) i T oY, 00X~ 3, U, ko3, FU, 00, ~ T

ol-e:e0 Utol—(q,v,f): 20l—T
Uhko: X gCR UhkEo: X% gC A
Ut 0,0 — (q,v,used) : & Vol (9,0 f): 8
314 F7]q
o7 <A b7 =A
FrlU Fr|R Fr A FrlL

3.15 Sk U

S Fy: U brlq eNFliT  eFYN 0N, ~ X
eho:e Sk, p—(q,0): ¥,p(q,7)

Yhy:U qCA
Sy, p—(q,0): ¥

3.16 F(o,7): %
iy ¥ LR=DN RO Uhko:X
F(o,9) : 32

10



4 Safety

Theorem 1 (Preservation)

If (01,91, 1) =" (02,72, €2) and & (01,%1) : X1 and &; ;5 ey @ 7,
then there exists Yo such that b (02,12) : Xo and e; ;%5 Feg 1 7.

Theorem 2 (Progress)

If - (01,11) : 1 and &;e; %1 Feq @ 7,
then either there exists | such that eq =1
or there exists oo and o and es such that (01,11,e1) — (02,12, €2).

Theorem 3 (Safety)

IfE(o1,71) : X1 and e; ;51 ey : 7 and (01,v1,e1) —" (02,%2, €2),
then either there exists | such that eo =1
or there exists o3 and 3 and es such that (02,12, e2) — (03,13, €3).
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