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1. Dynamic Semantics Rules

The complete set of dynamic semantics rules is presented in
Figure 1.

2. Proving the Preservation Theorem

LEMMA 2.1. (Substitution) If (I',y : Ty,), (II1,y ~ Ry) +
e : dx : T'"R and I')1I; + ey : 3z : Ty.R, then
T, (11;,105) & [e1/yle : 3 : T.[e1 /y]R.

Proof of Substitution Lemma
The proof is by induction on the derivation of (T',y :
T,), I,y ~ Ry,)Fe:3x:T.R.

l. e is a value v. The values that e can take in this case
are oftrue|falseln. We know (T',y : T,), I,y ~
R,) F v : 3z : T.R and we see that R might contain
object propositions refering to y, which will have to be
substituted when y is not in the linear context any more.
Since [e1/yle = v, T, (II;,13) F v : Jz : T.[e1/y]R
directly.

2. eis a variable 2,z # y. We know (I',y : T,)), (I, y ~»
Ry) = z : Jx : T.R. We see that R might contain
object propositions refering to y, which will have to be
substituted when y is not in the linear context any more.
Since [e1/yle = z,and z : T mustbe in I', and z ~» R
must be in II;( by inversion), I, (I1;,II5) F z : Jz :
T. [el/y]R

3. e is the variable y. Now [e1/yle = e; and T' = T, and
R =R,. Thus, ', (II;,II5) F ey : 3z : T'.[e1/y|R.

4. e is t.f;. We know that (I'y : Tp); (IL,y ~» R,) F
t.f; : 3z : T.R. We also know by inversion that (I, y ~~
R, Ft.fi = r or (Il,y ~ Ry) F t.fi — r and that
I',(I,y ~ Ry) - [r/z]R. Using the induction hypothe-
sis we have: (II, T12) F [e1/y](t.fi = r) or (ILIy) F
e /yl(t.fi — ) and T,(ILTL) e /ylr/alR
Since t.f; is just the syntactic representation of a field,
the substitution will happen in r: (IL,IIs) F (¢.f; —
ler/y]r) or (ILIy) b (¢t.fi — [e1/y]r). Also, we can
rewrite [eq /y][r/x] R as [([e1/y]r)/x][e1/y] R and so we
have T, (I, ITo) F [([e1/y]r)/z][e1/y] R. Using the rule
(FIELD), we obtain that G, (II, II2) + [e1/y]t.fi : Fx :
T.le1/y] R, exactly what we wanted.

5. eis new C(t). We know (I',y : T,); I,y ~ Ry) F
new C(t) : 3z : Cl.unpacked(z, unique(z) in Qo (¥)) ®
f — . We also know by inversion that (T',y : T}) F
t:T. Using the induction hypothesis we have I' F
[e1/y]t : T. Using the rule (NEW), we obtain that

G, (I, II,) - [e1 /y|new C () : Iz :

C.unpacked(z, unique(z) in Qo ([e1 /y]t))®f — [e1/y]t,
exactly what we wanted.

6. eis if(t,e1,e2). We know (I',y : T})); (II,y ~» Ry)
if(t,e1,e2)3x : T.R; @ Ro. We also know by inver-
sion that (I',y : Ty,); I,y ~ Ry, t = true) F ey :
Jzr : T.Ry and that (I'y : T,); I,y ~ Ryt =
false) + e; : Jx : T.R,. Using the induction hy-
pothesis and knowing that I',II; F eo : Jx : T,.R,,
we have T; (II,T5,t = true) + [eg/yler : 3z :
T.leo/y]Ry and that T; (I, I, ¢ = false) - [eg/yler :
Jz : T.[ep/y|R2. By applying the (IF) rule, we ob-
tain that I'; (I, II3) F if(t,e1,e2)3x : T.leo/y|R1 @
[€o/y] Ra. Since [eo/y]R1 & [eo/y1 Rz = [eo/y)(R1 &
RQ), T (H,Hg) - if(t,€1,62>31‘ : T.[eo/y](R1 D Rg),
exactly what we wanted.

7. eis let & = e; in ep. We know (I',y : T,); (IL,y ~»
Ry) - let © = e in ey : Jw : Th.[e;/x]R. We also
know by inversion that (I'y : T,);(IL,y ~ R,) F
e; : dx : T1.R;. Using the induction hypothesis and
knowing that I',II, F ey : Jz : T,.R,, we obtain
that T'; (IL, IT3) F [eo/yler : Jx : Ti.Jeo/y|R1. We
also know, by inversion, that R; + dJz : T,.R». This
means that [eo/y]R1 = 3z : T..[eo/y]Ra. The third
thing that we know, by inversion, is that (I',z : T1,% :
T.,y : T)),Ra ez : Jw : Ty.R. This means that
T,z : 11,2 : T,,112), [eo/y]lR2 F [eo/ylea : Tw :
T5.[eo/y]R. Now, we can apply the (LET) rule and we
obtain thatT'; (IT, II2) F [eo/y](let x = €1 iney) : Jw :
Ty.[leo/yle1 /aleo/9)R. Since [[eo/yler/z]leo/s]R =
[eo/y][e1/x] R, we conclude that
I (IL,Is) F [eo/y](let ¢ = e; in eg) : Fw
T5.[eo/y][e1/x] R, which is exactly what we wanted.

8. e is pack r to Perm(r) in Q(71) in e. We know that

(T,z:T,); (II1, g, z ~ R,) F packrto Perm(r)in Q(77) ine :
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Figure 1. Dynamic Semantics Rules

Jz : T.R. We also know by inversion that (T, z
T.); Mg,z ~» Ry, Perm(r) in Q(F1)) ke : 3z : T.R.
Using the induction hypothesis and knowing that I, IT3 -
e1 : dx : T,.R,, we obtain that

[; (Ip, I3, Perm(r) in Q(1)) F [ex/z]le : Tz
T.le1/z]R. The other two premises of the (PACK-SH-
IMM) rule can also be obtained by inversion and they
remain the same. So now we can apply the (PACK-SH-
IMM) rule again and we get that

T; (I1;, 11, IT3) - pack r to Perm(r) in

Q(71) in [e1/z]e : 3z : T'[e1/#]R. All the free variables
in () have been replaced by the argument 77, there will be
no more free z variables in pack r to Perm(r) in Q(71),
so pack r to Perm(r) in Q(77) in [e1/z]e : Tz :

T.le1/z]R = [e1/z](packrto Perm(r)in Q(71) ine).

ThUS, F, (Hl, HQ, Hg) =
[e1/z](pack r to Perm(r) in Q(77) in e) : Tz :
T.le1 /7] R, exactly what we wanted.

. e is pack r to unique(r) in Q2(73) in e. The proof in
this case is analogous to the one for the previous case, but
Perm will be replaced by unique across the proof.

10. e is unpack r from Perm(r) in Q(71) in e. We know
that (T', z : T3); (TI1p, I3, 2 ~» R,) I unpack r from Perm(r) in Q(7

3z : T.R. We also know by inversion that (I', z : 7,7 :
Ty); (Hg, zZ RZ7 [H/E]Rb

unpacked(r, Perm(r) in Q(71)) F e : 3z : T.R. Using
the induction hypothesis and knowing that I', I3 - e; :
dx : T,.R,, we obtain that

(Fay : Ty)§ (H27 H3v [H/T]Rl,

unpacked(r, Perm(r) in Q(71)) + [ei/z]le : Tz
T.le1/z]R. The other premises of the (UNPACK-SH-
UNI) rule can also be obtained by inversion and they
remain the same. So now we can apply the (UNPACK-
SH-UNI) rule again and we get that T'; (TIp, ITo, II3) +
unpack r from Perm(r) in Q(77) in [e1/z]e : Tz :
T.le1/z]R. All the free variables in ) have been re-
placed by the argument 77, there will be no more free
z variables in unpack r from Perm(r) in Q(71), so
unpack r from Perm(r) in Q(71) in [e1/z]le =
[e1/z](unpack r from Perm(r) in Q(71) in e). Thus,
[; (I, 5, II3) = [e1/2](unpack r from

Perm(r)in Q(71) in [e1/z]e : 3z : T.R), exactly what
we wanted to prove.



11.

12.

13.

e is unpack r from immutable(r) in Q(71) in e. The
proof in this case is analogous to the one for the previous
case, but Perm will be replaced by immutable across the
proof.

e is tg.m(t). We know that (I',y : T)); (ILLy ~ R,)
to.m(t) : 3 result : T).[to/this][t/T]|R. We know by in-
version that (I', y : T)); (IL, y ~ Ry) = [to/this|[t/T|Ry.
Using the induction hypothesis and knowing that I, IT3
e1 : 3z : Ty.R,, we obtain that

T; (T, 13) F [e1/y]([to/this][t/Z]|Ry). This is equiva-
lent to writing

5 (I 1) = [to /this][[e1 /y]t/T][er /y| Ry

By inversion we know that (I',y : T,)) Fto : Co  (I', y :
T,) b t:T. Using the induction hypothesis we obtain

that T F ¢y : Cy Tk [e1/y]t : T. Also by inversion we
know that mtype(m, Cy) = Ve : T.Iresult : T,..R| —o
R and RyimpliesR).

We can infer that [e;/y]Riimplies[e;/y|R} and that
mtype(m, Cy) =V : T.Iresult :

T,.Ry — R will hold for [e;/y]t:T (because of
the V quantifier of the (MTYPE) judgement. We can
now apply the (CALL) rule again and we obtain that
Ty (ILTs) b ((fer/olto)m(er/ult) : 3 result
T.[ler /ylto/this|[ler/y]t/Z][ex /Y] R.

Since (to).m([e1/y]t) = [e1/y](to.m(¢) and
[to/this|[[er/ylt/T][e1/y|R = [e1/y]([to/this][t/T|R)
we obtain that T'; (I, IT3) + [e1/y](to.-m(¢)) : 3 result
T,.le1/y]([to/this]|[t/Z]R). This is exactly what we
wanted to prove.

eisassignt;.f; :=t. Weknow that (T',y : T,)); (II1, y ~»
R, 115, 113) - (assignti.f; :==1) :

3z : T;.Perm/(x) in Q'(r') @ Permyg(t) in Qo(7o) @
p® t1.fi — t. We know by inversion that (I',y :
Ty); (IIi,y ~ Ry) =t : 3z : T;.Permg(z) in Qo(To).
Using the induction hypothesis and knowing that I', 114
e1 : 3z : Ty.R,, we obtain that T'; (IT1, I14) F [e1/y]¢
T;.[e1/y](Permo(t) in Qo(7g)). Since all the free vari-
ables in Qg have been replaced by 7,

[e1/y)(Permo(t) in Qo(To)) = Permo([e1/yt) in Qo(To)-

The other premises of the (ASSIGN) rule can also be ob-
tained by inversion and they remain the same. So now
we can apply the (ASSIGN) rule again and we get that
T (T4, 10y, o, 5) F assign ty.f; := [ex/y]t : Tz :
T;.(Perm/(z) in Q'(r') ® Permg([e1 /y]t) in Qo(To) ®
p® ti.fi — [e1/y]t). Since assignt;.f; := [e1/ylt =
le1/y](assign t1.f; := t) and (Perm/(z) in Q'(r") ®
Permo([e1/y]t) in Qo(To) @ p®@ t1.fi — [e1/ylt) =
[e1/y](Perm!(z) in Q'(r") ® Permg(t) in Qo(To) ®
p® ti.f; — t), we finally obtain that

T (T, Iy, 110, I3) [el/yi(assign ti.fi:=1t) : Jx:
T;.[er/y](Perm/(z) in Q' (r") @ Permg(t) in Qo (7o) ®
p® ti.f; — t). This is exactly what we wanted to prove.
We have now gone through all the induction cases and
the proof of the Substitution Lemma is finished.

We also need to define the following lemma:

LEMMA 2.2. (Memory Consistency)

L Ifp, (E’l ~ (Qa Z))v (H’l ~ R)a p ok then p, ( 7p(l) ~
(Q,14)),(IL, p(1) ~ R), p ok, where R = Perm/(z) in Q.

2. If u, 3,11, p ok and o ¢ dom(p) and init(C) = (Qo(T))
then fo > C(p(D))], (5,0 ~ (unpacked, ), (I,

o ~ unpacked(o, unique(0) in Qy(%))), p ok.

30 1y (5,0~ (Q,1)), (IL L ~ R), p ok and I' ¢ dom(p)
then p, (3,1" ~ (@, 1)), (IL1" ~ R), p[l" ~ p(1)] ok,
where P = perm(x) in Q.

4. If/,t, (21, EQ), (1_[17 HQ), p@and
unpacked(r, Perm(r)in Q(71)) € Iy, then i, (Ea,7 —
Q7)) (L, v ~ Perm(r) in Q(TY)), p ok, where
Perm = share or Perm = immutable.

5. Ifﬂw (Elu 22)7 (H17H2)7p%
unpacked(r, unique(r) in Q1(71)) € 11y and
[7"/Z, T2)T| Ry € Iy, with Q2(T) = 32.Ry € C, then
Hs (227 L (QQ(H)r 7’))7 (H27 Lt unique(x) in QQ(E))a p ok.

6. Ifu, (20, 22), (1_[07 HQ), p@and
Perm(r)in Q(r1) € Ipand Q(T) = Fy.Ry € C
andvr', T, Perm' : (unpacked(r', Perm/(r') in Q(T)) €
(TIo UTlp) = Mo, Iy b r #£ 7') then
w, X = (Za, 7 ~ (unpacked,i)),

I = (T, [7i /2] .
r ~> unpacked(x, Perm(zx) in Q(71))),p ok, where
Perm € {unique, share, immutable}. If Perm = immutable
then all permissions present in Ry must be immutable.

7. 0f 1, 3,10, p ok and u(p(l)) = C(0) and fields(C) =
Tlfthen /’Ll = (M"i_oz : Ti)72/ = (Zaoi — (Q7j))7H/ =
(I, 0; ~ R), p ok, where R = Perm(x) in Q.

8 If X = (207Q ~ (Q/(Tl)vj))’n = (H07 la ~
Perm/(y) in Q'(r")@Permq(x) in Qo(To)@pR t1.f; —

x), p ok and p(la) = 09, then

= plp(l) ~ [02/0i]C(0)], 5" = (3,02 ~ (Q'(17), 1)),
I = (I1, 05 ~» Perm/(y) in Q'(r")®

Permg(z) in Qo(To) @ p® t1.fi = x),p ok

Proof of memory consistency lemma

1. Environment map

Assuming pu, (3,1 ~ (Q,1)),(IL,I — R), p ok we need
to show that p, (3, p(1) ~ Q), (I, p(l) ~ R),p ok,
where R = Perm(z) in Q). Memory does not change.
The only object potentially affected is p(l), which is
equal to o, say. Since props(u, (2,1 ~ Q),(II,1 ~~
R)’ Ps 0) = p?”OpS(/.L, (Ea 0~ Q) (H 0~ P)a Ps 0)7 we
can conclude that u, (3, p(1) — @), (II, p(l) ~ R),p -
o ok, and therefore p, (3,0 ~ Q), (I, 0 ~ R), p ok.



2. New object

Assuming u, ¥, 11, p ok and o ¢ dom(u) , we have

to show that i/ = plo ~ C(p(1))], %’ (3,0 ~

(unpacked, 7)), II' = (II, 0 ~» unpacked(o, unique(o) in Qq())) (;ﬂﬂz

It must be that p(l) = o’ for some objects o’. We know
that init(C) = (Qo(T)). This means that Qo(T) is of
the form f ~~ x (this is a requierement for the initial
predicate in each class) and when the predicate Qg is
unpacked, the heap invariants will not be affected . The
only objects affected are o, o’. Since u(0’) = u/(0’) and
props(u, 3,10, p,0') = props(u/, X, I, p,0') we can
deduce that

1 S0, pF o ok.

The only object proposition refering to o in I’ is

unpacked(o, unique(o) in Qo(%)), which means that the

heap invariants are satisfied and we can deduce that

W X I p o ok. Thus, p/, X' 11, p ok.

. Environment rename
Assuming s (Evl ~ (Q? Z))7 (Hal ~ R)7 p % and I ¢
dom(p), we have to show that i, (3,1 ~ (Q,4)), (II, 1" ~
R), p[l! ~ p(1)] ok, where R = perm(x) in Q. The only
object affected can be p(l). By the same argument above,
that the props sets are identical, w can conclude that
(5,1~ (Q,4)), (IL U ~ R), p[l" ~ p(1)] ok.

. Packing to Perm
Assuming Q1 = [, ¥ = (21, %), 1T = (I3, 1), p] ok,

we have to show that Qo = [p, X = (Zg,r ~
(Q(ﬁ)vl))vnl = (HQaT ~ Perm(r) mn Q(”T))?p] Ok’
where Perm = share or Perm = immutable. Let’s

take an arbitrary o. Since p and p don’t change, the
only changes in the P’s corresponding to ; and to Q5
come from the different o ~ R extracted from II and
from II’. We have to show that the heap invariants are
preserved by the different o ~» R in IT’, knowing that
the invariants are preserved by the different o ~» R in
(I11,II2). Knowing this, we deduce that the invariants
cannot be broken by the assertions in II,. Thus, we only
have to see if r ~ Perm(z) in Q(77) is in contradiction
with any assertions about 7 in II;. We also know that
unpacked(r, Perm(r) in Q(77) is in II;.

Since ; ok, the only object proposition in Il about
r has to be Perm(r) in Q(71), according to the heap
invariants. Thus, (II3, 7 ~ Perm(r) in Q(77)) satisfies
the heap invariants, ¥’ is compatible with II" and the
primitives are preserved, so p, X/, IT', p ok.

. Packing to unique
Assuming 1 = [u, (31, 39), (II1, 1), p| ok, we have
to show that Qs = [, X' = (Ba, 7 ~ (Q2(732),1)), I’ =
(Iz, 7 ~~ unique(r) in Q2(73)), p] ok,
where unpacked(r,unique(r) in Q1(77)) € II; and

[r'/Z, T2/Z)R2 € IIi, with Q2(F) = JFz.Ry € C.

Let’s take an arbitrary o. Since p and p don’t change,
the only changes in the R’s corresponding to €2; and
to 25 come from the different o ~~ R extracted from
1) and from (IIz, 7 ~ unique(r) in Q2(72)). We
‘have to show that the heap invariants are preserved by
the different 0 ~~ R in (IIa, 7 ~~ unique(r) in Q2(72),
knowing that the invariants are preserved by the different
o ~» R in (II1,II2). Knowing this, we deduce that the
invariants cannot be broken by the assertions in II5. Thus,
we only have to see if r ~~ unique(x) in Q2(72) is in
contradiction with any assertions about r in II,. We also
know that

unpacked(r,unique(r) in Q1(71)) € ;.

Since ; ok, the only object proposition in IIs about
r has to be none(r) in Q3(73), according to the heap
invariants. It follows that

(IIa,7 ~> unique(r) in Q2(72)) satisfies the heap in-
variants. Since [r//Z, T3/T|Re € II; and the prim-
itives corresponding to (IIy,II5) are ok, there can be
no primitives in Il that contradict [r//Z, T5/7]Ra. We
know that Q2(Z) = 3Z.R, € C and we can deduce that

the primitives corresponding to u, X', II’, p are ok. Thus
s E/a H/7 P %

6. Unpacking from Perm

Assuming Oy = [p, 2 = (2o, X2), I = (I1o, I2), p] ok,
we have to show that
Oy = [, X = (Xa,r ~ (unpacked, 1)),

" = (g, [r1/7] Ry,
r ~» unpacked(z, Perm(z) in Q(71))), p] ok.
Let’s take an arbitrary o. Since 1 and p don’t change, the
only changes in the P’s corresponding to €2, and to
come from the different o ~~ R extracted from (IIy, II5)
and from IT". We have to show that the heap invariants
are preserved by the different o ~ R in IT, knowing that
the invariants are preserved by the different o ~~ R in
II. Knowing this, we deduce that the invariants cannot be
broken by the assertions in II5. Thus, we only have to see
if r ~~ unpacked(z, Perm(z) in Q(71)) and [F1/Z]| R,
are in contradiction with any assertions about 7 in IIs.

Since Vr', T, Perm/' : (unpacked(r’, Perm/(r') in Q(T)) €

(TIp U TI3) = Ty, 3 F r # +’) the heap invariants al-
low us to infer that IIs does not contain any object that
is unpacked from the predicate () and aliases with 7.
We also know that Perm(r) in Q(T1) € Ily. Using
the heap invariants, we deduce that if there is an object
proposition refering to r in Il5, this object proposition
must be Perm(r) in Q(71) or none(r) in Q2(73). The
none(r) in Q2(73) object proposition expresses the fact
that the predicate Q2(73) holds of r, but there is no alias
to r that can conflict with other aliases. This none per-
mission can be ignored in our proof.



The formula [/ /Z] Ry corresponds to r, after it got un-
packed. In this formula there might be object propo-
sitions refering to r or to other references that ap-
pear in Il,. Since r was packed to (), using object
propositions from Ilj, right before being unpacked and
since Q(T) = Jy.R;, we deduce that [F1/Z|R; will
only contain object propositions that are already in
IIy. This means that the different o ~~ R extracted
from (Ily, II5) are compatible with each other and with
r ~» unpacked(z, Perm(z) in Q(77)) ( same reasoning
as in the previous paragraph). If Perm = immutable
then all permissions present in R; are immutable and
thus the heap invariants will hold in this case also.

The heap invariants hold of IT' because: there is no object
that aliases with r that is unpacked from @ in I, and
also because r ~- unpacked(x, Perm(z) in Q(71)),
Perm(r) in Q(71) and [F1/Z]R; do not contain object
propositions or primitives that are not compatible. Thus,
w, X1, p ok

7. Field read
Assuming p1, ¥, 1, p ok and p(p(1))

fields(C') = Tf, we have to show that 1/ = (u + o0; :
Ti),E/ = (2701 ~ (Qa]))vnl = (H7O’i ~ R),,O@,
where R = Perm(x) in (). The only object affected is
0;. Because of the way fieldProps(u',%’) is defined,
any object proposition about o; will be extracted from
the object propositions refering to p(p(l)), which are
already in II. This means that props(u, 3,11, p,0;) =
props(p/, X I, p,0;) and p/, X' II' p b o; ok. Thus
W' X1, p ok.

8. Assignment

= C(0) and

ASSlll’Ilil‘lg s Y= (207 Iy ~ (Q/(P)7J))7 = (HO> Iy ~
Perm/(y) in Q' (r')@Permq(z) in Qo(70)2pR t1.f; —
x),p ok and p(ly) = o0y, we have to prove that ' =
ulp(1) ~ [02/0]C ()], X = (5,00~ (Q'(), j)), I =
(IT, 09 ~» Perm/(y) in Q' (r') @ Permg(x) in Qo (7o) ®
p® t1.fi = x),p ok. The only object that changes is
0;. Since props(u, X, 11, p, 0;) = props(u', X', I, p, 0;)
and

w, 5,11, p & o; ok, we can conclude that p/, ¥/, IT', p
0; ok and thus p/, X' 1T, p ok.

The proof for the Preservation Theorem is done by in-
duction on the dynamic semantics rules. The rule (6) can be
applied as the first step in each derivation. This is because in
the static rules II could incorporate a number of II;, as we
do not know which of the II; is the one that will be used at
runtime.

Proof of the Preservation Theorem

Case (LOOKUP)

1. By assumption
@I+ Il:3z:T.R

() p, 3,11, p ok
© b = p, p,p(10)

. By inversion on la

(a) I'= (F1, l: T)
(b) IT = (II;,1 ~ R), where R = Perm(x) in Q
© X = (%1,1 ~ (Q,1)), where X1 is the store type

corresponding to I1;. ¢ represents the index of II; that
contains the R. The value of ¢ will be determined at
runtime.

- My (Flal : T)7 (Hlal ~ R)a (Zlvl ~ (QJ)) %'by 2
. p(1) = o, for some o - by Object Proposition Consistency
5.Let IV = (T, p(l)

1), I =
(@Q,1))

(I3, p(l) ~ R) and

S = (S1, p(1) ~

6. T,0:T),(Il1,0~ R)F o: 3z : T.R-by (TERM)
7.7, 1'F p(l): 3z : T.R -by 5,6
8. 122 (th(l) ~ R)) (217/)([) ~ (Q7Z))7p ok _by 34,

2.

memory consistency lemma

- My Hlazl?p%_by 5’ 8
10.

q.ed-by7,9

Case (NEW)

. By assumption

(@ T, FnewC(l) : Jy:T.R

(®) p, X, 11, p ok

(© p, pynew C(I) — ' p, 0

(d) o ¢ dom(p)

© 1 = ulo = C(EO)]

By inversion on la

(@) Jy : T.R = 3z : C.[unpacked(z, unique(z) in Qo (%))®
f =1

b) T =(T,0:T)

(c) fields(C ) Tf

d) Qo(T) =ReC

(e) init(C) = < o(T )>
.LetIV = (G,0: C),II' = (I, 0 ~ [unpacked(z, unique(z) in Qg (7))
f=1)
. Let X = (X, 0 ~ (unpacked, 7))

5.1, II' o : 3z : C.[unpacked(z, unique(z) in Qo(t)) ®

cplo ~ C(p(1)],(X,0 ~ (unpacked,i

f — 1] -by (TERM)

k )7(
[unpacked(z, unique(z) in Qp(¥)) @ f — t)],p b
memory consistency lemma

.q.ed.-by 5,6

Case (LET-0)



1. By assumption
(@I, IIFletx=0ines:3Jy:T.R
(b) p, 2,11, p 0k
©) pyp,let = o0in ey — u, p[l ~ o], [1/x]ea
(d) I ¢ dom(p)
2. By inversion on la
(@IsIIFo:3x:Ty.Ry
(b) Ry -3z :T..Ry
) (T,x:T1,z:T.),Re ey : Jy: To.R
d)Jy:T.R=3Fw:Ts.[o/z]R
.I'=(T1,0:T1), 11 = (II1, 0 ~ Ry) -by inversion on 2a
. Also, ¥ = (31,0 ~ (Q1,1)), where Ry = Perm(ZT) in Q1

.LetIV = (F,l : Tl), I = (Rg,l ~ Rl), Y= (Zg,l ~
(Q1,1%)) , where X5 corresponds to Ry

. (F,l : Tl); (Hl,l ~ Pl) = [l/.’)ﬁ]eg : Ey : TQ[l/LU]RQ —by
1d, 2¢, Substitution Lemma

IV 'k ey :Jy:T.R-by6,2d
- M (2270 ~ (Qlai))a (H270 ~ Rl)ap@'by Za’ 2b

- My (227l ~ (Ql?i))7(H27l ~ Rl)?ﬂ[l ~ O} %'by
memory consistency lemma

10. 41, 11,3, p[l ~ o] ok
11. g.e.d. -by 10,7

Case (LET-E)

wn B~ W

[*))

O o0

1. By assumption
@I, JIFletx=eines:Jy:T.R
(®) p, 3,11, p ok
©) pyp,letz=ejines — ', p let x =€} in ey
d) p,per — (s p' €
2. By inversion on la
(@ I',IIke :3dx:T1.Ry
(b) Ri-3z2:T..Ry
) (T,z:T1,2:T.),Re Fex: Jy: Th.R
(d) Jy:T.R=3w: Tv.[e1/z]R
3. By induction on 1b, 1d, 2a
(a) ATy, II" such that T'g, II' + ¢’ : 3z : 1. R,
(b) 3%/ ausch that p/, X' 1T, p’ ok
4. LetT! =T UT,
5. 711" letx = e} iney: Jy: T.R-by 3a,2c, 2d, (LET)
6. q.e.d. -by 3b,5

Case (PACK) Subcase: the static semantics rule corre-
sponding to (PACK) is (PACK-SH-IMM).

1. By assumption

(@) I',II+ pack rto Ryiney : dz : T.R
() p, 3,11, p ok
(©) p, p,pack rto Ry ine; — u,p,e1
2. By inversion on (PACK-SH-IMM)
(@ 0,y :Ty); I Fr:Th[r /gy, 71/Z) Ri®
unpacked(r, Perm(r) in Q(71))
(b) T'; (Ila, Perm(r) in Q(77)) Fe: 3z : T.R
(©) Q@) =Iy.Ry
(d) 1T = (IIy, II2)
3. LetIl' = (Ilg, 7 ~ Perm(z) in Q(77)), X' = (X2, 7 ~
(Q(r, 1), I" =T
4. TV II'+e: 3z : T.R -by 2b, 3

5. 1, (Eer ~ (Q(ﬁ)’w)’ (HQ, T~ Perm(x) I”Q(ﬁ))’p%
-by memory consistency lemma

6. q.e.d.-by 4,5
Subcase: the static semantics rule corresponding to (PACK)
is (PACK-UNI).
1. By assumption
(@ I,IIFpackrtoRyine; : 3x: T.R
(®) p, X, 11, p ok
(©) pu, p,pack rto Ry ine; — pu,p,e1
2. By inversion on (PACK-UNT)
@) (0,z:T.); 10y Fr: Ty.[r' )2, T2/Z] Ro®
unpacked(r, unique(r) in Q1(77))
(b) T; (TIIz, unique(r) in Q2(73)) Fe: Jz : T.R
© Q1(T)=R1€C Q2T)=Tz.Ry€C
(d) IT = (I, TI)
3.Let I' = (IIs,r ~- unique(z) in Q2(72)), ¥/ =
(B2, 7~ (Q2(r2),4),I" =T
4. T/ I'+e: 3z : T.R-by 2b, 3

5. M, (227 T~ (QQ(B)? l))v (HQa T~ unique(ac) in Q2(6)a P%
-by memory consistency lemma

6. gq.e.d.-by 4,5
Case (UNPACK) Subcase: the static semantics rule corre-
sponding to (UNPACK) is (UNPACK-SH-UNI).
1. By assumption
(@) I, II - unpack r from Ry ine; : dx: T.R
() p, 3,11, p ok
(©) w, p,unpack r from Ry in ey — p,p,e1
2. By inversion on (UNPACK-SH-UNT)
(a) T; Iy F 7 : Ty.Perm(r) in Q(771)
(b) (1,7 : T); (T, [71/7] Ry,



unpacked(r, Perm(r)in Q(r1))) Fe: 3z : T.R

(c) Vr', T, Perm’ : (unpacked(r’, Perm/(r') in Q(T)) €
(H()UHQ) = HQ,HQ Fr 757“/)

(d) Q) =3y.Ry € C  Perm € {unique, share}
(e) IT = (I, T12)
3. Let Il = (Iy, [F1 /%) Ry,
r ~» unpacked(z, Perm(x) in Q(771))),
Y = (8g,7 ~ (unpacked,q)),I" = (0,5 : T,)
4. TV.TI'ke:3x:T.R-by2b,3

3.LetlV =0,II' =11,Y =%
4. Ry @ Ry is true if Ry is true or if Ry is true
57/ II'te;:3dz:T.Ry & Ry -by 2,34
6. u, X' II', p ok -by 3,1b
7. q.e.d. -by 5,6
Case (IF-FALSE)

1. By assumption
(@) T,II+ if(false,er,es):Jz: T.R

5. w, (B2, r ~ (unpacked, 7)), (I, [F1/Z] Ry, ~~ unpacked(z, Pép)n‘ffc;irym%)), p ok

-by memory consistency lemma
6. g.ed.-by4,5

Subcase: the static semantics rule corresponding to (UNPACK) 2.

is (UNPACK-IMM).
1. By assumption
(@ I',II - unpack r from Ry iney : 3x : T.R
(b) p, 2,11, p ok
(©) w, p,unpack r from Ry in ey — p,p,e1
2. By inversion on (UNPACK-IMM)
(a) I'; Iy F 7 : Ty.immutable(r) in Q(77)
(b) (0,7 : Ty); (N, [F1/Z) Ry,

unpacked(r,immutable(r) in Q(77))) F e : Tz :
T.R

(c) V', T, Perm/ : (unpacked(r’, Perm/(r') in Q(T)) €
(H()UHQ) = Ho,H2 Er 757“/)

d) Q) =3g.R, €C
(e) all permissions present in [2; must be immutable
() I = (I, 1)
3. LetII' = (1o, [71/Z] Ry,
r ~> unpacked(z,immutable(z) in Q(77))),
Y = (X9, r ~» (unpacked, i), I" = (T',y : T))
4. T 1I'+e: 3z : T.R-by 2b, 3

(C) My P, if(falS@, €1, 62) — W, P, €2
(d) dx:T.R=3x: T.R1 S7] Rz

By inversion on the static semantics rule (IF): I', I - e5 :
dr: T.Rs

LetDl’ =TI =1,Y = %

. R1 ® R is true if Ry is true or if Rs is true
I II' - eg : 3z : T.Ry ® Ry -by 2,3,4

. u, X I, p ok -by 3,1b

. g.e.d.-by 5,6

I O S N N

Case (FIELD)

1. By assumption
@I, JFLf;:3z:T..R
() p, 3,11, p ok
© pp, L fi = psp; 04
)y =p+0;: T,
© nip(l) = C(0)
() fields(C)=Tf
1T, =T,
2. By inversion on the static semantics rule (FIELD)
@ l.f; : T is alocal fieldof C
(b) T; I F [I.f;/z]R

5. w, (B2, r ~ (unpacked, 1)), (s, [F1/T] Ry, ~~ unpacked(z, i%hr%ﬁccarlglaag‘iﬁ@(%))’)glp@@(n’ 0i > R)

-by memory consistency lemma

6. q.e.d.-by 4,5
Case (IF-TRUE)

1. By assumption
(@) T,IT+ if(true,ej,es): 3z : T.R
(®) p, 3,11, p ok
©) , p,if(true,er,es) = w, p,e1
(d)Jz: T R=3x:T.R1 & Ry

2. By inversion on the static semantics rule (IF): I', I - e :
dx - T.R1

4. Let X = (X,0; ~ (Q,J)), where R = Perm(z) in Q
5. T",II' - 0; : 3z : T;. R -by (TERM)

6.4/ = (p+o0i : T;),5 = (5,00 ~ (Q,4)), I
(I, 0; ~ R)), p ok -by memory consistency lemma

7. q.e.d. -by 5,6

Case (ASSIGN)
1. By assumption
(@I IIFassignly.f:=1ly:3z: T.R
(®) p, X, 11, p ok
©) p,p,assignly.f =1y —



ulp(lr) ~ [p(l2)/0i]C(0)]. p, p(l2)
(d) p(p(lr)) = C(0)
(e) fields(C)=Tf
2. By inversion on the static semantics rule (ASSIGN)

(@ ;10 F Iy @ 3z @ T;.Permo(x) in Qo(To), thus
T=T,

(b) ;Mg F Uy f : Ty.Perm/(r;) in Q' (") @ p

(c) p = unpacked(ly, Perm(ly) in Q(F))

DIsFl.f—r

(e) Perm # immutable

O Iz : TR = 3z : T;.Perm'(z) in Q1) ®
Permg(l2) in Qo(To) @ p® l1.f — s

(g) I = (I, Iy, II3)

3. 3 09 such that p(l3) = 0.

.Letl" = (G,02 : T;), I = (I, 02 ~ Perm/(z) in Q'(r')®

Permg(lz) in Qo(To)®@p® t1.fi — l2), X" = (3,00 ~
(@Q'(r'), ).
5.7 II' oy : Az : T;.R -by (TERM)

1= plply) ~ [p(lz) /] C(@)], 5,1, p ok -by mem-
ory consistency lemma
.q.ed.-by 5,6
Case (INVOKE)
(a) By assumption
i DI lyom(lp) : 3o : T.R
it. pu, %, 11 p ok
i, o, leom(le) — w,p, [l /this, Iy /T]e
iv. - PR
- 1(p(lh)) = C(0)
vi. method(m,C) = T, m(z){return e}
(b) By inversion on the static semantics rule (CALL)
i.TFlL:C TFHI:T
ii. I; 1+ [y /this][ls/Z) Ry
iii. mtype(m,C) = Vo : T 3result : T,.R} — R
iv. RyimpliesR]

=4

i

<

v. 3x: T.R' = Jresult : T,.[l1 /this][l2/T]|R

(c) From 7(a)iv we know that the body {return e} of the
method m implements its specification, so the result
will be of the type 3z : T,..R’, given the arguments of
the right type.

(d) By the substitution Lemma, we know that [I; /this, l5/Z]e
will be of the type 3z : T;..R’. Since i, ¥, I1, p do not
change, u, 3,11, p ok.

(e) q.e.d., by 7d, 7(a)iv.

The cases LET-v, BINOP, AND, OR, NOT are trivial and
they preserve soundness. After having proved the Preserva-
tion Theorem, we should prove the Progress Theorem for our
soundness proof to be complete. Since our system is simi-
lar to Featherweight Java and we did not add new features
to the language, the Progress Theorem automatically holds.
This concludes out soundness proof.



