1 Syntax

L
/N
Constant Qualifiers g € Quals = {U,R/A/L} A C R
N/
u
Qualifiers q = ¢|q
Locations [ € Locs
Constant Region Identifiers t €  Rlds
Region Identifiers r = ot
Ezpressions e u= [}
z | z:iT.e | eres |
da() | let () =e1 in ez | 9 (e1,e2) | let (x1,22) = €1 in ez |
da() | 9 (e1,e2) | £ste | snde |
aborte | “inle | ““inre | case e; of inlz = ¢ || inry = e, |
daf.e | elq] | pack(q,e) | let pack(,z) = e1 in ez |
Y Aa.e | e[T] | “pack(T,e) | let pack(a,z) = e in ey |
e Aa.e | e[T] | “epack(T,e) | let pack(a,z) =e; in e |
dafolde | unfolde |
9e9hnewrgn | freergne; ez |
denewe; ez es | freeer ex | readeres | swaper ez es |
dahop.e | e[r] | *pack(r,e) | let pack(p,z) = e1 in ez
Pointers p € Ptrs
Values v = AmiT.e |
01 {11, 1) |
1 ex, e2) |
inl( | inr! |
A&.e | pack(q,e) | Aw.e | pack(T,e) | Aa.e | pack(r,e) |
foldl |
cap | hndv | refrp |
Ao. e | pack(r,e)
PreTypes T u= al
T1 —© T2 |
lg [ 1@ |
log | m®mn|
0 ‘ 71 D T2 |
Ve | 3T | Va.r | Sa.r | Vaur | a7 |
peT |
capr | hndr | refr7 |
Yo.r | Jo.7
Types T u= aliT
Type-level Contexts A o= e|A|Aa|Aal|Ap
Expression-level Contexts I == | x7
Flags f €  {unused,used}
Stores o = ool (q,v,f)
Store Typings Y o= e | X1
Regions 0 == e|6,p—(q,0)
Region Typings © = e|O,p—(q,7)
Region Marks v u= Y9live | dead
Region Capability Tokens T = pre | abs
Heaps 0 = o]t (v,0)
Heap Typings U = e| Pt (1,0)



2 Dynamic Semantics

2.1 (0;q;0) 225 (o3 1)

(¢ dom(o)
(o;9;v) lloc, (o, 1+ (g, v, unused); )
2.2 (0;1) = (o' 30
gCER ALCq
(0, (8,0, 1); 1) == (0, = (q,v, used); g ) (0,1 (g0, 1) 1) == (o7.05v)

fetch

L£0 (o) = (02;950)
(017 [l = (q/7vl7f/); [) (023 [, = (qlvvl7f/); CHU)

fetch
s



2.3 (¥;q,) —= (Y1)
v ¢ dom (1)
Y 2 (v (T1ive, o); 1)
2.4 (¢,t) freergn w,
vAY (i) T gy
(¥, v — ("1ive,0);t) T o v (dead, ) (1,0 = (U, 0');0) = gy s (0, 0)
2.5 (0;q;1,) — (¢;p') and (¢;v;q;1,) — (¢';p')
p & dom(0)
(0;9; 1) =5 (6,p — (q,0);p)
(0;0; L) == (6';9") v#Y (g l) T (o3 p)
(¥, v (" live, 0);v; ;1) =% (¢, v (" 1ive,8);p’) (1,0 = (V. 0)i50,1) 2 (o, ¢ (0,60);p)
2.6 (6;p) =% (0;1) and (¢;1;p) =5 (1)
p#P (01;p) =5 (6551,)
O,p — (4,0);p) == (6;1,) (01,0" = (@, 0);p) 25 (02,0 — (d',1,); 1)
;) =5 (0511 v# v (wl,r p) e, (a3 1)
(¥, ¢ — (" 1ive, 0);t;p) 15 (¢, v (T 1ive, 6); 1)) (1,7 = (U, 0);5p) 25 (4o, ¢ (), 0); 1)
2.7 (0;p) =40 and (v;vp) =250
p#AP  (05p) 24,
0,p— (q,1);p) =51, 01,0 — (¢, 1);p) =51,
(0:p) = 1 cAY Wnmp) N0

(v (”nlve,a);r;p) =, (1,0 > (0, 0);tp) 21,

2.8 (0;p;l,) —5 (051) and (Y5t p; L) o (Y5 1))
p#pl (‘91713, T*) Swap (027 )
(0,0 — (a4, 1); 03 1) =2 (0, — (a4, lry)s 1) (01,0 — (@', 0)5p;5 k) % (02,9 — (0, 0)5 1)
(0595 1r) =2 (0'5 1) vA Y (151595 1) 0 (1ha; 1)
(.t = ("7 1ive, 0);t5p; [y) oo (¥, v — (T1ive,0'); 11) (1,v" = (U, 0))50p5 1) 20 (Yo, ¥ — (U, 07); 1)



2.9 (0,¢0,¢) — (o/,0',€)

(05 qa; Az:T. €) o, ()

(0,9, % Az e) — (0,4, )

(0,9, 1) — (o',9, €}) (0,9, e2) — (0,9, €h) (0;1) D (07 qa; AaiT €)
(0,9 e1e2) — (0,7, €] ea) (0,9, lie2) — (o, ¢ 11 €b) (0,9, 11 12) — (0,9, el2/z])

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

(0,9, e1) — (0,9, 1) (051) == (0" 443 ()
(07¢7 let <> =e€1 in 62) — (0/7¢l7 let <> = 6/1 in 62) (@U&let <> =1 in 62) — (a—/7¢762)

/

(0,9, e1) — (o, 9, €}) (0,9, e2) — (0,9, €b) (03 da; (I, [2)) 5 (o5 1')

/
, €

_~

o

P
(0'71/]7(1(1 <€1762>) — (U,,’W»q <€,1762>) (U,w’q@ <[1762>) — (U,7wl7qa<[17el2>) (0-711)’ qa<[1a [2>) — (U,aw’ [/)

(0'71%61) — (UI»¢
7 w/

(0,9,1et (z,y) = e1 in e2) — (o,

fetch /

(0;0) — (075905 (lz, ly)
(0'71%1915 <$7y> =1l in 62) — (U/7¢762[[1/x][[y/y])

(03005 () 225 (o'51)

(0,9,% () — (0,9, 1)

(0 da; (e1, e2)) 5 (o5 1)
/
[

(U,lﬁ,q“(]el,egl)) — (0,7

(0,9,e) — (o', ¢/, ¢) (051) =L (07 ga; e, e2))
(0,9, tste) — (o', ¢ fst € (0,9, tst 1) v (0,9, e1)
(0,9,€) — (o', ¢/, ¢) (0;1) =L (07 ga; e, e2))
(0-71/)7 Snde) — (Ul7¢/7 Snde,) (vaa snd [) L — (O—l7w762)



(O—’ w7 e) — (O—/’ wl7 el)

(0,1, abort ) — (o, 7', abort e’)

(0,9, 1) — (0,9, €}) (03da; 301 1) 2% (o;1)
(0,9, % inler) — (o’,4, *“inle}) (0,4, in1 1) — (0,9, )

(0,9, e2) — (o', b) (03 da; inr ) 25 (o3 1)
(0,4, % inres) — (0,9, % inr ¢}) (0,9, inr o) — (0,4, 1)

(07 1% 61) — (Ul7 7//7 6/1)

(0,%,case e1 of inlx = ¢ || inry = e,) — (0',9', case €] of inlx = ¢ || inry = e;)

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

(0,9,case [; of inlx = ¢ || inry = e,.) — (o', %, e1ls/x])

ol Fetch, O'/; qao;inrl
y

(0,%,case [1 of inla = ¢ || inry = e,) — (o', 9, e[l /y])




(0 4a; A& €) 25 (o';1) (0,9,e) — (o', ¢/, ¢) (051) =L (075 ga; AL €)
(0,9, 9" Aé. ) — (0,4, 1) (0,9,ela) — (o', ¢, ¢ [q]) (0,9, 1[a]) — (o', 0, ela/€])
(0,9, €) — (o', ¢, ¢) (03 4a; pack(q, 1)) 2 (o' 1)

(0,9, " pack(q, e)) — (o', ¢, “*pack(q, ¢’)) (0,9, % pack(q, 1)) — (o',%, 1)

(071/]761) — (Ulv wlaell)

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

(0;1) % (07; qa; pack(g, I+))

(0,9, 1et pack((, ) = i in es) — (0, 4, ea[q/E][lz/])

(03 da; Ad. ) 25 (/1) (0,9, ) — (o', 0, ¢) (1) = (07 qu; Adi. €)
(0,9, Aav.e) — (U/,wl, [/) (0,9, e[T]) — (a',gb/,el 7 (0,9, 1[T]) — (a',zﬂ,e[?/&])
(0,9, €) — (o', ¢, €¢) (03 da; pack(T, 1) 2% (o3 1)
(0,9, ““pack(T, ) — (0,4, " pack(T, ¢)) (0,9, " pack(7, ) — (o’ 3, )

(Uﬂﬁ’@l) | — (O’l,w/7€,1)

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

(0311) = (07 qu; pack(T, L))

(0,1, 1let pack(@,z) = [1 in e2) — (o', 9, e2[7/a|[lx /7))

U (0:1) = (07 qas Acr. €)

(03 9a; A €) 2 (075 1) (0,9,€) — (o', 9,
(0,9,% Aa. e) — (o, 9, 1) (o, e[r]) — (o', 4, e []) (o,,L[1]) — (0,3, e[T/a])
(0,0,¢) — (0,0, €) (73 da; ack(r, )) 225 (o5 1)
(0,9, " pack(r, e)) — (o', ', " pack(r, e’)) (0,9, pack(r,1)) — (o', 1,1

(0'71%61) — (UI»¢/7€I1)

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

(0:1) % (07 qa; pack(r, 1))

(0,1, 1et pack(a,z) = Iy in ez) — (0,9, e2[1/a][lz/2])

(0,9,¢) — (o', %', €) (03903 £01d 1) 25 ('3 1)
(0,9, % folde) — (0,4, % folde’) (0,9, % foldl) — (o', 9, ")

(0,%,¢) — (0,9, €) (;1) = (0”53 f01d 1)
(0,1, unfolde) — (o', 7', unfolde’) (0,9, unfoldl) — (o, 9", 1)



newrgn

alloc
(¥;9c) @W'5t)  (039c; cap) — (o0;I0)
(0hanshndt’) 2% (04 1) (kL (le, ) 2% (0 1L)  (ok;Lspack(¥, L)) 2% (o3 1)

(0,4, """ newrgn) — (o’, 9", 1)

(0-7 w7 61) [— (o-l7w/’e&) (0-’ w7 62) — (UI7¢/36/2)

(0,1, freergne; e2) — (0,1’ freergne] e3) (0,7, freergnly e2) — (0’9’ freergnly e5)
(031e) % (0cideicap)  (0ciln) = (onsanibndt)  (g5t) L g (o0l () 225 (031)
(0,9, freergnl. [,) — (o', ¢, 1)

(0,9,e1) — (o',9',€1) (0,9, e2) — (o', 9, €3)

(0,9, %“newe; ez e3) — (0’,7, “newe] es e3) (0,9, %newly ez e3) — (07,4, % new |y €} e3)

(07 1/)7 63) — (Ul7 71/7 6;;)

(0,9, %newly [ e3) — (0,1, “new [y [z e5)

(0:1) = (0eiqeicap) (0 th) = (o4 qn;hod )
(55903 1) = (¥'5p")
(on;dc;cap) 2% (o0 1L)  (ohiqaret v p') 2% (o) (opiLs (1L, 1)) 225 (o5 1)
/

(UW% Clanew [C [h [7‘) — (U 7wlvl,)

(0., e1) — (0,9, €1) (0,9, e2) — (d',9', €3)
(0,9, freee; es) — (0',v, freee] e2) (0,9, freel; ez) — (0,1, freel; e5)
(051) =% (0ciqeicap)  (0e3ly) 7 (opiapiref e y)

free

(Wit'sp') 5 (W50) (opidescap) 25 (ol 1) (ol L (I, 1) 225 (073 1)
(07 w7free [C [P) L (O-/’wl7 [l)

(0-71/}’61) — (U,7wl7e{l) (U’ ,L/J? 62) — (0/71/],’6/2)
(0,9, read e e2) — (o', reade] e2) (0,1, readl; e2) — (0,1, readl; e3)
(0:1e) =% (oeiqeicap)  (oeily) T (piapirett'y)
(6¢59") 50 (opacscap) S5 (04 10)
(oliapiret ') 2% (o) (op L (6 6) =5 (0L l) (oLl (1) 5 (05 0)

0,9, readl, ) — (o, ', [
P

(J7¢7el) — (U,7w/7ell) (0-7 w? 62) — (0-/71/],76,2)

(0,7, swap e ez e3) — (0,4, swape] ez e3) (0,1, swap 1 eg e3) — (0,1, swap [ 5 e3)

(Jv wv 63) — (Jl7 7//7 eé)

(0,9, swaply 2 e3) — (0,9, swap |1 [2 ef)

(011) = (0esqeicap)  (0eilp) =T (0y:qpiTef ' p')
W5t p5 1) 22 (51) (03 de; cap) % (ol 1L)
(ohiapreft' ) 2% (ah:1)  (opsLi (L, 1)) % (o4 1h) (oL (1L, 1) 25 (03 1)

(0-7 7/}7 swap [C [P [7‘*) I (0-/7 1/)/7 [l)



(05 4a; Ao €) 25 (o5 1) (0,9, €) — (o', ¢, ¢) (0;1) =L (075 gas Ao- €)
(0,9, Ag.e) — (', 9, 1) (0,0, e[r]) — (o, ¢, € [r]) (0,0, 1[r]) — (o', ¥, elr/a])
(0,9, ) — (o', ¢/, ¢) (0 4a; pack(r, 1)) 225 (o5 1)
(0,9, " pack(r,¢)) — (o, ¢, “pack(r, ') (0,9, " pack(r, 1)) — (o', 9, 1)

(071/]761) — (Ulv wlaell)

(0,1, 1et pack(p,x) = e1 in es) — (0,1, let pack(p,z) = ¢} in e2)

(0;1) % (07; qa; pack(r, L))

(anv let PaCR(Qv 1‘) =l in 62) — (UI7¢7 62[T/Q][[Z/$D




2.10 (0,1, e) —* (o', 1)/, €)

(017101761) —" (02711)2762) (0-271/)2762) —" (0371/}3763)

(0,1, ) —" (0,9, ¢€) (01,91, €1) =" (03,3, €3)

(01,1, €1) = (02,92, €2)

(o1,¢1,e1) =" (02,12, €2)




3 Static Semantics

31 AFgqg={¢
FVig) €A q1 C g2 FV(g) C A
AFU=g AFqi=2q2 AFg=L
FV(g) CA Al q =g Alg2 =g
AlFqg=gq AFq =g
32 AF7T={
FV(r)CA AFg=4q FV(T)CA
Arr=L AFiF=q
3.3 AFRT (¢
FV(d)CA AFT <4 ArFT=<4q
AFe=dq AFT, 27 <4
34 AFRX<{
FV(d)cA AFY =4 AbFT=q
Ale=q AFX—T1=q
3.5 FoO=x{
FO=qd Faxd
Fe=<yq FO,p—(q,7) '
36 FT={(
ol—q-<q'
- pre < q’ Fabs<q
3.7 FU<q

F¥<q FYT=q FO=X{
Fe=d FP e (T,0) 2 g

10



3.8 AI—IHEFQMF
AFeHe~e

ATl ~T ATl ~T
AFT,zor@ly~ T a7 AFT Ty, xr~ T xir

AFTy@Ily~T AFT<R
AFTy,zr @, 27~ T, o7

3.9 A|_21®22’\/>2
AFe(®e~se

A"El(DEQ’\’)Z A"XhGEQME
AFY 70X~ X l—T AFY1 00X =T~ [—1T1

AFYi 03~ % AF7T<R
AFY 70Xl T~ Y =T

gCR
F 9pre ® Tpre ~ Tpre F 9pre ® abs ~» Tpre F abs ® Tpre ~» Tpre F abs ® abs ~» abs

3.]_]_ F@l@@QM@

Fe®e~se

FO1062~06 FO1062~06
}_617p’_)(q77-)®®2,\/)®7p'_> (an) '_61662513'_) (q7T)M®7pH(qu)

FO; O3~ 0 qER
l_elva(ChT)@@prH (an)'\’)e,pH (q77—)

3.12 |_\I/1®\112”\/>\I/

FeG®e~e

l_\I/1®\I/2’\’>\I/ |_\111®‘112’\'>\I/
F\Pl,tl—)(’r,@)@\pg’\»‘y,t*—)(’r,@) |—\If1®‘I/2,tl—>(T,@)M\I/,ti—>(T,@)

FUoUs~ U FT1OTo~ 7T FO 003~ 0O
F\Ifl,ti—> (Th@l)@\pQ,Y!—) (TQ,@Q)*\/)\II,I?H (T,@)

11



3.13 A XFHIL:7

FV(r)CA
Ao l—THI:7T

3.14 A;Tkzx:7
FV(r)C A

Ajexthx:T

3.15 A;IXFe:T

JAND IR N B AFYXYIOYy~ 2 AFY <A AT ke T
A;e; X HIL:T ATy S Fe: T
A;THz T ATl ~T AT <A ATy X e T
AT;ebax:7 AT Fer T
AFT <qa AFY <qa ArFTi@le~T AFY1 0¥~ X%
AT e X be: T AT Fep s (1 — 1) AT 30k ey : 1y
ATy E i e: o (r, —o 7) AT; Y Ferea: T
A"F1E|F2’\’>F A|_21®22’\’>E
FV(ga) €A A;T1;5 ke :%1lg ATy Saber: T
Aje et (): 9]¢ A;T;Y b let ()=e; inex: T

AFTMEOIy~T AFYI 00X~ 2
AT Fertm AT <qa A;To; 30 Fes: AF 1 =<qq

AT S 9 {er,e2) - 1(11 @ T2)

AT @ala~T AFEY1 0¥~ Y
AT Fer s (1, @7y) AT, xeme, yimy; So b ea : 7

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

AFT <qq AFY <qa
AT R () 92 1g

AFT <qa AFY <q, AT Fer i AT; X Fes:m
A;F;E}—qaqeheleq”(Tl ®T2)

AT Fe: (1 @ 12) AT Fe: () @ 12)
AT Y Ffste: A;T; Y F snde: s

AT kRe: %0
A;T; Y F aborte: 7

ATy Y Fer i AT <qq AT Y Fes i A1 <q
A;T; 2 94nl ey : (1 @ 72) A;T; Y Finles : (1 @ 72)

AFTMEOIy~T AFYI 00X~ 2
AT Fer s (m @ 12)
A;To,zmbe b7 AT,y ber b7

A;T; Y F case ep of inle = ¢ || inry = er: 7

12



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

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 rlua.r/al < qq

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

ATy 9 folde : I (uaT)

13

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]




A;e;e b % neyrgn : “(Jo." (% (cap o) ® " (hnd p)))

AFTET~T AFYX1 00X~ X
A;T1;51 Fer: (capr) AFA=<q A;T9;35 - eo: P (hndr)

A;T; X F freergne; e : L1®

ATl @ml3~T AFYXY1 030X~ 2
A;Ty58 Fep % (capr) A;T9;52 e : ™ (hndr) A;T3;83Fes: T AFT=<A

A;T; S+ %“newe; eges : “(%(capr) ® 1 (ref r 7))

Aoyl ~T AFY10Y0Y3~ 2
A;T1331 Fep:%e(capr) A;T9;3 Feo: P (hndr) AFR=<qq A;T3;83Fe3: 7T

A;T; S F %“newe; ez ez : ~(“(capr) ® 1 (ref r 7))

AT @ala~T AFY1 00X~ X
A;T1;381 Fer % (capr) A;T2; 30 Feo: 1 (refrr) AFA=q,

A;I; S+ freee; ex : “(%(capr) @ 7)

A}—IHEJFQMF A}_Zh@zz'\/)z
A;Ty53 Fep % (capr) A;To; 30 Feo: 2 (ref rr) AFT=<R

A;T; S+ reade;es: “(“(%(capr) ® % (ref r 7)) @ 7)

Aol ~T AFY10Y033~ 2
A;T1;31 Fer:%e(capr) A;To;30 Feo: e (refrm) A;T3; Y3k e3:73

A;T; S+ swapes eges - S(5(% (capr) @ 9 (ref 1 73)) ® 72)

ATl @mIl3~T AFYI0Y0Y3~ 2
A;T1;381 Fep % (capr) A;T2; 30 eo s 1 (refrr) A;Ts; 33k es: T

A;T; S+ swape; eses : “(5(%(capr) @ 1 (refr 7)) @ 7)

A}_qua A"qua
AN ke T AT Y Fep 9 (Vour)

AT 2 F 9 Age: 2 (Vo.r) AT b e [re] = Tlre/ 0]

AFT1@ly~T AFY 00X~ X%
A;T1381 Fep s (3o.7)
AT 8 eo: 7ra/ o) At T[ri/o] = qa A oiTe,mm; Yo Feg: 7/ FV(r)yCcA
A; T2+ " pack(r1, e2) : 1 (3o.7) A;T; Y+ let pack(p, ) =ej inex: 7'
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3.16

3.17

3.18

3.19

Uhbgptiq

N\ }_hnd T

W ref (t7p> : (q77—>

q
.7tH( pre7.

)Fapt:q

o v +— (abs,

®) Fhnd T

o, v — (abs,o,p = (qu)) Fref (tvp) : (q,T)

YU F(qu):7

oY <q o0

T X kFe:T

Yot (g, A\zi7p.€) 1 V(7 —o T)

oY OY¥s~ 2 *: >

"[127’1 .}_leq.;EQ'_[Q:TQ O"ngq

et (q,(): "1

o3 <gq
et (a,(): "le

%

o3 <gq

ok (q,(l,l2)) : " (11 ® T2)

e Xhke :m o0 Yex:T

oXkHIl:7m ek7 <Xgq

S;ek (g,inll) : Y(11 ® T2)

o-¥ <gq
o e ke T
;e (g,AL e) - T(VET)

o3 <qgq
e ;e Y ke:T

;e (g, Aw. €) : T(Va.T)

o3 <qgq
o a;e:Ye:T

;e (g, A €) : T (Va.T)

o X F I 7[ua.T/a]

;e (g, (e1,e2)) : V(11 ® 2)

oY k[:m o7 <q
;e bk (q,inr () : V(11 ® 72)

o XFh:7lq/§] et T/ <q
;e (q,pack(qi, [2)) : 1(3¢.7)

Yl 7[T1/q] o T[m/al < ¢q

%; e F (4, pack(T, I2)) : 1(3a.7)

Xl T[ri/q] o T1[n/a]l <X q
3 e - (q,pack(T1, 2)) : T(3a.T)

o Tlua.T/al < q

;e (g,foldl) : T (ua.T)
Uhept:q WU bpng t U ke (t,p) 1 (q,7)
o; U I (q,cap) : "(capr) o; U I (q,hndt) : (hndr) ;U (q,refrp): T(refrr)
o3 <gq

e p,eXte:T

Yok (q,MAo.€): *(Vo.7)
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Xy 7[ri/o o T[r1/0] 2 ¢
3; e - (q,pack(r1, 2)) : 1(3o.7)




3.20 + U skel

F WU skel
F o skel F W, v+ (abs,e) skel
321 VYko:X
F U skel YW, (qo0) T oFYX, 00X~ X, U, Fo:X. FU, 00, ~ T
Uhe:e Utol—(q,0,f): 2 1—7T
Uhko: X% gCER Uhko: % gC A
Vo, l— (q,v,used) : & Utkol—(q,v,f):2
3.22 FT1]q
o7 <A o7 XA
FrlU FrlR FrlA FrlL
3.23 X+H0:0
Y0 :0 FTlq o Hl:7T LR EOPINEDY
el-e:eo YFEO0,p— (q,0): ©,p — (q,7)
YH6:0 gC A
SF0,p—(,0):0
324 Fuov: 7T
gCA
F%1ive : Tpre F %1ive : abs F dead : abs

3.25 Sk U

Fo: T DI SR VI >, H60:0 oY, 0¥~
ele:e YEY, v (0,0): e (T,0)

3.26 F(0,¢):%

DN VER oYX OYy~ X Uhko:2
F(o,9): X2
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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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