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Abstract

Ownership is a powerful concept to structure the object store and
to control aliasing and modifications of objects. This paper presents
an ownership type system for a Java-like programming language. Like
our earlier Universe type system, Universe Types with Transfer (UTT)
enforce the owner-as-modifier discipline. This discipline does not re-
strict aliasing, but requires modifications of an object to be initiated
by its owner. This allows owner objects to control state changes of
owned objects, for instance, to maintain invariants. UTT combines
ownership type checking with a modular static analysis to control ref-
erences to transferable objects. UTT is very flexible because it permits
temporary aliases, even across certain method calls. Nevertheless,
it guarantees statically that a cluster of objects is externally-unique
when it is transferred and, thus, that ownership transfer is type safe.
UTT provides the same encapsulation as Universe Types and requires
only negligible annotation overhead.

Contents
1 Syntax

2 Auxiliary functions and definitions
2.1 General constructions . . . . . ... ... L.
2.2 Clusters . . . . . . . . . e
2.3 Ownership type modifiers . . . . . .. ... ... ... ....
2.4 Type combinators . . . . . . . ... .. ...
2.5 Subtyperelation . . . ... ...



2.6  Universe types’s function . . . . . . .. ... 0L 6
2.7 Lookup functions . . . . . . .. ... 6
2.8 Unusable variables . . . . . ... ... ... ... ... ... 8
Unusable set’s generation rules 9
Type rules 10
Runtime Model 12
5.1 Heap Model . . . . . . . . ... ... 12
5.2 Operations on Heap and Objects . . . . . . .. .. ... ... 13
5.3 Operational semantic . . . . . .. ... .. ... ... ... .. 14
Type safety 17
Type safety proof 19
7.1 The main theorem . . . .. .. ... .. ... ... ...... 19
7.2 Auxiliary lemmas . . . . .. ... 26
7.3 heap’s class well-formedness lemmas . . . . . . ... ... ... 32
7.4 heap’s well-formedness lemmas . . . . . . .. ... .. ... .. 33
7.5 Frames stack’s well-formedness lemmas . . . . . . . . ... .. 35
7.6 Uniqueness’s lemmas . . . . .. ... .. ... ... ...... 40
7.7 Global invariant’s lemmas . . . . . ... ... ... ... 43
7.8 Ownership tree’slemmas . . . . . . ... ... .. ... .... 47
7.9 This owners’slemmas . . . . . . . ... ... ... ... .... 48
7.10 Owner as modifier’s lemmas . . . . ... ... ... ...... 51



1 Syntax

Notation:

e z, y, z € VarID ranges over local variables and formal parameters,
including this

CL

= class C extends D {Cl; T f; M}

T mt(T z) locVar(T y) {e;}

r=y
r=uy.f
r.fi=y

r =y.mt(2)
x =new T()
z=(T)y
€1, €2

x = release(y)
x = capture (m) (y)

m C
any | peer | rep (Cl) | uniq

C € ClassID ranges over classes’ names
mt € MethodID ranges over methods’ names
f € FieldID ranges over fields’ names

T € Type ranges over Universe types

e m € MOD ranges over Universe types modifiers

e ('] € C1t ranges over clusters

Note: In purpose of simplification we:

e forbidden nested expression. Any program can be transformed to this
form via introducing additional local variables which represent tempo-

ral values.



e suppose that any method has only one parameter. It is not hard to
generalize in case of arbitrary parameters number.

e suppose that all local variables are declared at the begin of a method.It
is not hard transform a program to this form via collection variables
declaration in the method body.

e to return result of a method invocation we use special local variable
res.

e All classes’ fields and local variable have unique names.
e All input parameters have fixed name p.

e If methods have equal names then they have equal signatures.

2 Auxiliary functions and definitions

2.1 General constructions

In purpose of abbreviation we use next constructions:

r = lf(bl) then tl
else 1if(be) then ¢y ntl i1

& NN\ b)) Ab =z =1t;)
else 1if(b,) thent, =1 j=1
else {n41

where b, 1 =T
We use next operations on sequences, and mappings:

«c=)

o (ar,...,an) 0 (by,...,byw) = {ai,... anbr,... by

e (ay,...,a,) |;=1if(i € [1..n]) then a; else undefined
Mla— b = (M\{(a, -)}) U{(a,b)}

dom({{ay, b1),..., {(an, bn)}) ={a1,...,a,}
rng({{ai, b1),..., (an, bn)}) ={b1,...,b,}



2.2 Clusters

Clt is an unrestricted set which contains all clusters.

Clt = C1ltRep U CltFree CltRep N CltFree = &

CltRep is an unrestricted set which contains all clusters owned by some ob-
ject.

CltFree is an unrestricted set which contains all unowned clusters.

We have a special cluster Cl,;s which contains object’s representation.
Clipnis € CltRep

To be able generate new unique cluster we assume that C1tFree has next
structure: C1tFree = {CF;|i € N}
CF; satisfies the next axiom: V 4,5 ¢ # j = CF; # CF,

2.3 Ownership type modifiers

A user can use next type modediers: any, peer, rep(Cl), uniq. Also we
use type modifier this. A user can’t use it directly but it can be deduced
during the type checking procedure invocation. this is type modifier which
corresponds to the this reference.

We denote meta-type modifiers like
MOD = {any, peer, rep(Cl), uniq, this | Cl € C1t}

2.4 Type combinators

We define a type combinator >;. We use it for expressing field access and
methods invocation.

peer >y peer — peer
rep (Cl) >y peer — rep(Cl)
this >y « — I

x >y uniq — uniq

z >u Yy — any

We define a type combinator > in the next way:
(m1 Cl) >y (m2 02) = (m1 >y mg) C,



2.5 Subtype relation

We define subtype relation on the Java classes in the next way:

CCD DLCE class C extends D {...}
CCE CCD

CCC

We define subtype relation on the universe type’s modifiers in the next
way:

m=m'Vm' = any

m < m/
We define subtype relation on the universe types in the next way:

m<m' CCC
mC <m C'

2.6 Universe types’s function

To access universe types’ components we use next functions:
T=mC T'=mC
class(T) =C mod(7) = m

In purpose of brevity we allow use universe type in any expression in
which we can use universe type modifiers. For example if we expect that

expression F[] get as parameter type modifier then F[T] = [mod(7)]

2.7 Lookup functions

e The function fields(C) yields the identifiers of all fields that are de-
clared in or inherited by class C.

class C extends D{ _;Tf; _}
fields(Object) = € fields(C) = f o fields(D)

e The function £Type(C, f) yields the type of field f as declared in class
C. The result is undefined if f is not declared in C'. Since identifiers



are assumed to be globally unique, there is only one declaration for
each field identifier.

class C extends - { _;...Tf...; _}
£Type(C, f) =T

The function mType(C,mt) yields the signature of method mt as de-
clared in class C. The result is undefined if mt is not declared in
C. We do not allow overloading of methods; therefore, the method
identifier is sufficient to uniquely identify a method.

class C extends - { _; _;... T, mt(T,p) ...}
mType(C,mt) =T, — T,

The function mBody(C, mt) yields a mt’s body expression.

class C extends - { _; _;... -mt(-) -{e;}...}
mBody(C,mt) = e

class C extends D{no method mt}
mBody(C, mt) = mBody(D, mt)

Method mt respects the rules for overriding if it does not override a
method or if all overridden methods have the identical signatures.

Ve ' < C =
mType(C’, mt) undefined V mType(C') = mType(C’)

override(C,mt)

The function mLoc yields the names of local variables as declared in
class C":

class C extends _{ _; _ ;... _mt( _locVar(T y){ - }...}
mLoc(C,mt) =7

The function Clte yields the clusters of class C:



class C extends _ {Cl; _; _}
Clty = Cl

e The function C1tAll. yields the clusters of class C' and its superclasses:

class C extends D _
C1tAlLOpject = CltAlly = Clto UCLltAllp

2.8 Unusable variables

Note: we consider unusable variables set for fixed:
e (Class C
e Method mt
e Statical environment I'

To represent data flow analyze information we use special set which con-
tains all inaccessible (unusable) variables. It is subset of Var = Loc UField
where:

e Loc ={v € dom(I")| ['(v) € {rep(Cl), uniq}}
e Field = {f € fields(C, mt)| £Type(C, f) = rep (Cl)}
To change am unusable set we use next operations:

e consumeAliases(U,v) =U U
{z € Var|l'(v) =T'(z)} U{[f € fields(C, mt)|T'(v) = £Type(C, f))}

e consumeUniq(U, T}.s,v) =
if(Tyes # any AT'(v) = uniq) then U U {v} else U

e consumelLocals(U) = U U{v € Loc | ['(v) = rep (Cly) A f € Field}



3 Unusable set’s generation rules

In this section we express change of unusable set during expression type
checking or evaluation. We use I' € Env = VarID Type for the declaration
environment, which maps formal parameters to their types. A unusable
set’s generation rules has the form I'; U Fpg e : U’ and expresses that after
expression e type checking or evaluation the unusable set change from U to
U'.

In some situations we need to know an unusable set before method invo-
cation. UU-PRE-INVK rule generate such unusable set.

U’ = consumeUniq(U, I'(x),y) \ {z}
F;Ul_DE.ﬁL':yZU/

[UU-ASSIGN]

[UU-FIELD-READ]

U’ = if(y = this)
then U\ {f} else U
U bppy.f=x:U

[Uu-FIELD-WRITE]

mType(['(class(y)),mt) =1, — T,
Uy = consumeUniq(U, T), z)
Uy = if(I'(y) ¢ {peer, this}) then U,
else consumeLocals(consumeUniq(Uy, T}, 2))

U bFpg ymit(z) : U’ [Uu-PRE-INVK]

U F DEy.mt(z) : U’

U bpp x=ymt(z) : U\ {z} [Uu-INVK]
;U Fpp o =new T() : U\ {z} [Uu-NEW]
U’ = consumeUniq(U, I'(x),y) \ {z} Uu-Cast



F,Ul_DE [ U1
F,Ul l_DE €9 : U2
U Fpg er;eq : Uy

[Uu-Comp]

U’ = consumeAliases(U,y) \ {z}
U Fpp x = release(y) : U’

U'=UU{y}\ {z}
U Fpg x = capture (m) (y) : U’

[UU-RELEASE]

[Uu-CAPTURE]

4 Type rules

A judgment has the form I'; U F e and expresses that expression e is well-
typed in a declaration environment I'. U is an unusable set before the ex-
pression evaluation.

We use an auxiliary predicate RepInDom : MOD x P(Clt) to check is the
type’s domain belong to the proper domains set or not.

RepInDom(m, CltSet) “Wom = rep (Cl) = Cl € CltSet

IsWritable : MOD — Bool
IsWritable(m) = m € {peer, this, rep(Cl) | Cl € C1t}

The function I'c, ,,,; yields the static environment of method mt as de-
clared in class C":

class C extends _{ _; ;... T, mt(T, x) locVar(T y) { _}...}

Lo me ={®,Tp), (y, T), (this,this C), (res,T,)}
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y¢ U
[(y) < T(z)

INUkFzxz=y

[T-ASSIGN]

Ty = fType(class(I'(y)), f)
[(y) >u Ty < T(z)
y¢ U
y=this= f¢ U
LUFx=y.f

[T-FIELD-READ|

T; = tType(class(T(y), f)
D(2) < T(y) v Ty
IsWritable(I'(y))

Ty =rep(Cl) = I'(y) = this

r,y ¢ U
TUFyf—a

[T-FIELD-WRITE]

mType(C,mt) =T, — T,
I(z) <T'(y)>uv T,
T, =rep (Cl) = I'(y) = this
y,z ¢ U
U Fpg ymi(z) - U’
FieldNU' =g
U o =ymit(z)

[T-INVK]

IsWritable(T)

C = class(I'(this))
RepInDom(7, C1tAll.)
T <T'(x)

U F o =new T()

[T-NEW]

T <TI'(z)
C = class(I'(this))
RepInDom(7, C1tAlly)
my = mod(I(y))
m = mod(T)
my, <mV (m, = any A IsWritable(I'(m)))
y¢U

LURz=(T)y [T-Cast]

11



F;Ul—el
F;UI—DEel:U’
F;Ull_eg

T-
F, U ~ €1, €9 [ COMP]

['(x) = uniq
[(y) = rep (CI)
Cl # Clipss
class(I'(y)) C class(I'(z))
ygu

[T-RELEASE]
[ U & o = release(y)

IsWritable(m)

C = class(I'(this))
RepInDom(m, C1tAlle)
[(x)=m
I'(y) = uniq
class(I'(y)) C class(I'(z))

y¢U
U o = capture (m) (y)

[T-CAPTURE]

RepInDom(7 o T, o T}, C1tAlly)
FC, mt; D Fe
I'e, m; D Fppe:U
(FieldU{res})NU =@

— [WF-METHOD]
T, mt(T, x) locVar(T y) {e;} € C

MecC
RepIEDom(f, Clte)
[ # uniq

— [WF-CLASS]
class C{Cl; T f; M}

5 Runtime Model

5.1 Heap Model

Fig. 1 summarizes our heap model. To distinguish sorts of the runtime model
from their static counterparts, we use the prefix *.

12



h € Heap = Addr! — Obj
(! € Addr! = Set of Addresses
t € Addr = Addr! U {null*}
o € 0bj = ClassID X Owners X Fields
Fds € Fields = FieldID — Addr
ow € Owners = Clt x Addr
[¥ € Env*® = VarID Addr
Fr € Frames = Env® X Env x P(VarID)
FrSt € FramesStack = Frames
o € States = Heap X FramesStack
opr € States,, = Heap X Env*

Figure 1: Definitions for the heap model.

A heap (sort Heap) maps addresses to objects. The set of addresses
(Addr) contains the special null-reference null*. An object (0bj) consist of
its runtime type and a mapping from field identifiers to the addresses stored
in the fields.

5.2 Operations on Heap and Objects

[-.-:=+] :: Heap X Addr! x FieldID x Addr — Heap
hie.f:=d]=h[t— (h(e) [1, h(e) L2, b(e) I3 [f — ])]

+(-.+) : Heap x Addr! x FieldID — Addr

h(e. f) = h() I (f)

class® :: Heap X Addr! — ClassID
class®(h,¢) = h() |

owner :: Heap X Addr! — Owners
owner (h, ¢) = h(¢) |2

owners :: Heap x Addr! — P(Owners)

owners(h, ) € owners(h,¢)
' € owners(h,t) At |27 null® = owner(h,/ |2) € owners(h,)

13



transfer :: Heap X Addr! X Owners — Heap
transfer(h,, ow) = hle +— (ow, h(¢) |2, h(e) |3)]

transferCl :: Heap X Addr X Owners — Heap

transferCl(h,t, ow) = if(¢+ = null®) then h
else transfer(...transfer(transfer(h, (1, 0w),ty, 0W). .., L,, OW)
where {i1, t2,..., tn} ={/ | owner(h, (/) = owner(h, ¢)}

newClt :: Heap — CltFree
Cl = newClt(h) = Cl ¢ owner(h, dom(h)) |4

mod20w :: Heap X MOD X Addr! — Owners

mod20w(h, m, ¢) = if (m =rep(Cl)) then (Cl, 1)

else if (m = peer)  then owner(h, ¢)

else if (m =uniq)  then (newClt(h), null®)
else undefined

new :: Heap X ClassID X Owners — Addr! X Heap
new(h, C, ow) = (v, h[t — (C, ow, Fds)])
where ¢ ¢ dom(h) A Fds(fields(C)) = null”

prj :: States — States,,
prj((h, (I', T, U) o FrSt)) = (h, TT)

RefNum :: Heap X Frames X Owners X MOD — N
RefNum(h, (I'", T, U),ow,m) =
| { | mod(I'(x)) = m A owner(h,['"(z)) =owAz ¢ U} |

RefNum :: Heap X FramesStack X Owners X MOD — N
RefNum(h,Fr,ow,m) = > . RefNum(h, Fr, ow, m)

5.3 Operational semantic

A judgment has the form h;FrSt;e ~» h’; '™ and expresses evaluation of an
expression e.

14



D — T*[a o T (y)
h;(I'", T, U) oFrSt;x =y ~» h; '’

[OS-ASSIGN]

I'*(y) # null*
e — [z — h(l"(y). f)]

h;(I'", T, U) oFrSt;z = y.f ~ h; '™’

[OS-FI1ELD-READ]

I'*(z) # null®
W = B2 ] = ()]
h;(I'*, ', U) oFrSt;a.f ==y~ N, I

[OS-FI1ELD-WRITE]

v =1"(y)
L # null”
C = class™(1)
mLoc(C, mt) =0
mnType(C,mt) =T, — T,
U Fpg ymi(z) - U
I'"y = {(p, I'*(2)), (v, null®), (this, ¢), (res, null®)}
Fry = <Fr17 FC, mt> ®>
Fro = (I, ', U')
h;Fry o Fry o FrSt;mBody(C, mt) ~» h'; 'y
I3 =T [x — ["y(res)]

h;(I'*, T', U) oFrSt;z = y.mt(z) ~> h'; "3 [OS-InvK]

ow = mod20w(h, mod(7T’), I'*(this))
(¢, b') = new(h, class(T), ow)
I =T"[z OS.N

h; (I'", T, U) oFrSt;z = new T() ~» h'; T’ [O5-New]

ow = mod20w(h, mod(T"), I'*(this))
mod(7") # any = ow = owner(h, I'*(y))
class™(I'(y)) C class(T)
I =Tz TI*
| )] [0S-CaST]

h;(I'", T, U) oFrSt;z = (T)y ~ h; '’

15



h; (I, I', U) oFrSt;e; ~» hy; '™y
F7U l_DE €1 . U/
h; <Fr1> Fa UI) o Fr8t; ey ~» hy; FIQ
h; (I'*, T', U) o FrSt;eq;eq ~ hy; Iy

[OS-CowmpP]

ow = mod20w(h, uniq, I'*(this))
h' = transferCl(h, I'""(y), ow)
I =Tz — T(y)]
h; (I, T, U) oFrSt;z = release(y) ~» h'; T’

[OS-RELEASE

ow = mod20w(h, m, I'*(this))
h' = transferCl(h, I'*(y), ow)
I = Iz o T(y)]

OS-CAPTURE
h; (I'", T, U) o FrSt;z = capture (m) (y) ~ b’; T*' |

16



6 Type safety

h; o Py null® :m [Wr-NULL]
h; o by L any [Wr-ANy]
owner(h, ¢) = owner(h, ¢)
h; o Fwyp ¢ peer [WF-PEER]
L= Llp
h; o by Lt this [Wr-THis]
owner(h, ¢) = (Cl, 1) WE-REp]
h; 1o Fyyp oo rep (C) )
owner(h, ¢) = (Cl, null®)
Cl € CltFree
h; o Fyws ¢ 1 uniq (Wr-UNIQ]
11" =CLCcl T(h
L # nu = :'ccass (h, ¢) WE-CLASS]
wf b -
hiyre: C
hjo Fwptim
h; o gt :m C (Wr-TyPe]
Vi € dom(h) : C' = class®(h, ¢)Vf € fields(C) :
h s h(e. f) : class(£Type(C,
s b f) : class(fType(C, [)) WE-HEAP-CL
Fuwsh
Vi € dom(h) : C' = class®(h, ¢)Vf € fields(C) :
(&, ) ¢ {wy xU=
h;t by h(e. f) : mod(£fT C,
g 8- f) £ od(£Type(C, £)) WE oA

U;LO }_wfh
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dom(I'™) = dom(I")
dom(I') D U
mod(I'(this)) = this
Vv € dom(I'") \ U : h;I'(this) by I'"(v) : ['(v)
hiyy 51U

Vi € dom(h) : ¢ ¢ owners(h, ¢) |9
WiTree(h)

hiye 51U
ht,r (=, T, U)

VCl € CltFree RefNum(h,FrSt, (Cl, null®), uniq) < 1

h l_Uniq FrSt

VCl € C1tRep \ {Clinis } RefNum(h, FrSt, (Cl, 1), rep (Cl)) =0

h;FrSt Fru, ¢

({owner(h, I'*(this))}U

U{owner(h, I'"(z)) | I'"(x) # null* A'(z) =unig Az ¢ U})N

Nowners(h, ¢) # &

ExtOwn(h, (I'", I, U), ¢)

FrSt = (I'", I, U) o FrSt’
to = I'""(this)
h; Frst’ F o Lo
Ve @ ExtOwn(h, Fr, ¢) At # 1o = h;FrSt by, ¢
h l_Inv FrSt

FI'() Oﬁ = <Fr0, Fo, U0> o <1"r’ F, U>
VCl € CltFree : (Cl, null®) ¢ owners(h, [y(this))
owner(h, I'*(this)) € owners(h, ['"¢(this))

ThisOw(h, FrgoFr)

18

[WF-FRAME]

[WF-TREE]

[WF-FRST]

[WF-UN1Q-GLOB]

[WF-INV-OBJ|

[EXT-OWN-TR]

[WF-INV-GLOB]

[WF-THIS-OW]



Fr3t = (I'", I, U) o FrSt’
s b
U;T=(this) by h
h b, FrSt
h b (/i FTSE
h k. FrSt
WfTree(h)
ThisOw(h, FrSt)

WE-S
o (b, FrSt) [WE-S1]

Vi € dom(h) : =ExtOwn(h, Fr, ) =
h(:) = h'(t) A —ExtOwn(h/, Fr’, 1)
OwAsMod(h, L', Fr, Fr')

[Ow-As-Mob]

7 Type safety proof

7.1 The main theorem
Theorem 7.1.

Fws (h, FrSt) )
FrSt = Fro FrSt,
Fr=(I'", I, U)
UFe Fuwf (B, FrSt’)
D;UbFpge: U = { OwAsMod(h, K, Fr, Frl)
h;FrSt;e ~ W;T'"
Frl=(I'", T, U
FrSt' = Fr' o FrSt, |

Proof.

([ Fush (1)
U;T*(this) bFyrh (2)
h b, FrSt (3)
I_wf <h, FI‘St> = h }_Um’q FrSt (4)
h b7y FrSt (5)
WiTree(h) (6)
ThisOw(h, FrSt) (7)
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o OS-ASSIGN

U' = consumeUniq(U,T'(z),y) \ {=}
R AT

(2) " U T (this) Fyp b (8)
T-ASSIGN = y ¢ U 2 h; [™(this) o, [7(y) : D(y) =
Lem. T.21ALem. 7.22A(3) ’

= h b,y Frst’ (9)
Frst” = (I'", T', consumeUniq(U,T'(z),y)) o FrSty
(4) " I g FESEY (10)
(B)A(4) = (I'"(y) #null* AT (2) =
RefNum(h, FrSt”, owner(h, (I'"(y)),uniq) = 0))
(5) A (9) " 73711 1o FTSt (12)

(7) """ ThisOw(h, Frst’) (13)
(I)A(S)A(?)) (11) A (12) A (6) A (13) =ty (b, FrSt)
Lem. 7.55 = OwAsMod(h, h, Fr, Fr')

= uniq =

Fem: TONAD g e Frst! (1)

e OS-FIELD-READ

= U\ {z}
I'"(y) # null”
I 2 5o o (T (y). /)]

(2) "= U T (this) Fyp b (8)
T-FIELD-READ = y ¢ U 2 h; % (this) oy [7(y) : D(y
h; T (this) by h(Fr( ).f): T >y fType(class™ (I (y)), f) =
Lem. T.21ALem. 7.22A(3

= "h by Frst’ (9)
Lem. 7.30/\ie>m. 7.29N(4)

Lem. 7.15
) =

T-FIELD-READ = I'(z) # uniq
(5) A (9) """ b by, FrSt! (11)

(7) """ ThisOw(h, Frst') (12)

(1) A (8) A (9) A (10) A (11) A (6) A (12) =t (', FrSt’)
Lem. 7.55 = OwAsMod(h, h, Fr, Fr')

h }_Uniq FI‘StI (10)

o OS-FIELD-WRITE
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U' =if(y =th )thenU\{f}elseU
h' = h[I"(z). f = T*(y)]
(1) 775" ey ' (8)

(3) = h; I (this) Fur I'™(y) : I'(y) Ah; I*(this) Fyp I(z) : T'(2) =
Fem. 7'3AT£§IELD_WRITE h; I (y) oy 7 (2) : £Type(class® (I (z)), f) =
U';T*'(this) b b’ (9)

Lem 721/\Lem "3y p - Frst (10)

h' Fypig FrSt’ (11)

h' Frn FrSt’ (12)

WiTree(h') (13)

Lem. 749/\Lem 7.50 ThlSUW(h,, FI‘St/) (14)
(9) A ( 0) A (11) A (12) A (13) A (14) =Ff (1, FrSt’)
em. 7.55 A\ Lem. 7.56 = OwAsMod(h, hFr’, Fr, Fr’)

Lem. 7. 15/\(2)
(3
(4

(
(6

Lem. 729/\Lem 7.31

Lem. 737/\Lem 7.38

ot

)
)
)
)Lem 745
(7)
(8) A
L

e OS-INVK
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Uy = consumeUniq(U, T), z)
U, = consumeLocals(U;)
Y = {{p, I'"(2)), (v, null®), (this, ¢), (res, null®)}
FI‘l = <Fr1, FC, mits @>
FI’Q = <Fr, F, U2>
FrSt; = Fry; o Fry o FrSty
h; FrSty;mBody(C, mt) ~» h'; Ty
Uy Fpg y.mit(z) @ Us
FI‘3 = <Fr2, FC, mt; U3>
FrSty = Fr3 o Fry o FrSt
I3 =T" [z — [y(res)]
U4 = U2 \ {JT}
"= ({T73, Tc, i, Ua)

Lem 7.14 Lem 717

(2) Uy; T*(this) ks h @; 7" (this) Fyr h (9)
(3) A'T- INVKTMMZ72¥¥Em 724h+—warSt1(10)

<4> Lem. 729/\Lem 7.32 (5> Lem. 7.37£\>Lem. 7.39 h l_Im; FrSt1 (12)

( ) Lem. 749/\Lem 7.51

(1)

7
1

ThisOw(h, FrSty) (13)

Ind. step
=

A( 9) 10) A (11) A (12) A (6) A (13) =k, (b, FrSts)
{ wf (0, FrSty) (14)

= wAsMod h, b’ Fry, Fr3) (15)
kwf h' (16)

FrSty;h' by (17)

Ug; Fr2<this> }_wf h (18)

(14) = b’ I_Um'q FrSt, (19)
h' 1 FrSty (20)
WiTree(h') (21)

| ThisOw(h', FrSty) (22)
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L 717 17)
T-INVK = U; NFieldID = @ - Z Uy Tx (this) by b =

e T 4 Ty (this) by b (23)
18) Lem. 7 25 H l_wf Fry o FrSty Lem. 7 22
19 h' b yniq Fra 0 FrSto ben 2" W b mig FESE (25)

( B by FrSt’ (24)

(19)

(20) A (15) o™ TALEem Ty p L Fry 0 FrSty YT W b, FrSt/ (26)
(22) A

(

Lem. 7 33

22) A (15) "™ TOALE™ T h s0u(h/, Fry o FrSty) “™ "’ ThisOw(k/, FrSt) (27)
16) A (23) A (24) A (25) A (26) A (21) A (27) =4 (B FrSt)
Lem. 7.55 = OwAsMod(h, h, Fr, Fry) (28)

Lem. 7.59A(15)
Lem. 7.55 = OwAsMod(h, h, Fry, Fry) =
LTS gyAsMod(h, b, Fra, Fry) (29)
(28) A (29) "7 DuAsMod(h, b/, Fr, Fry)

OwAsMod(h, b/, Fry, Frj) =

L5 gyasMod(h, W, Fr, Fr')

o OS-NEW

= U\ {z}
ow = mod20w(h, mod(7), I'*(this))
(1, b') = new(h, class(T), ow)
™ =Tz —

(1) Lem:>7 12|_ wf h/ (8)
(2) Lem. 7 14 U/ Fr/(thls) l_wf h Lem 7.18 U/; Fr'(this) |_wf h/ (9)

(3) ™ ifw "W b Frst (10)

Lem. 7.4 = h;I'"(this) bFyp e T

Fem: T2NAD - Frst (11)
mod(7") = uniq = ow = (newClt(h), null®) = RefNum(h', FrSt, ow,uniq) = 0 (12)

Lem. TAT-Now 3 I (this) by 0 T(2) =

(4) BTy Frse T N e Frst (13)

(5) Lem "2 0 b e Frst P 0 b Frst (13)

(6) s, 40 e Tree(n') (14)

(7 )Lem "% ThisOw(h/, Frst) """ Thisou(r/, Frst’) (15)
(8) A (9) A (10) A (12) A (13)/\(14) (15) =t (', Frst’)
Lem. 7.58 = OwAsMod(h, h', FrSt, FrSt’)
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e OS-CAST

U' = consumeUniq(U,T'(z),y) \ {=}

ow = mod20w(h, mod(7’), I'*(this))
mod(7") # any = ow = owner(h, I'*(y))
class®(I'(y)) C class(T)

[ = Tl = T5()

(2) "= U T (this) Fyp b (8)

(3) Legm h; Fr(thls) Fwf T (y) : T =
Lem. 721/\L:em 7.22/(3 h '_wf Frst/ (9)

Frst” = (I, F consumeUniq(U, I'(x),y)) o FrSty

(4) " I b FrSt (10)

(3) A (4 ) (I"(y) # null® AT(z) =

RefNum(h, FrSt”, owner(h, (I'*(y)),uniq) = 0))
(5) A (9) P REN F 1o FrSt/ (12)

(7) """ ThisOw(h, Frst’) (13)
(1)/\(8)/\(9) (1) A (12) A (6) A (13) =y (0, FrSt))
Lem. 7.55 = OwAsMod(h, h, Fr, Fr/)

=uniq =

bem TONAD o Frst (1)

o OS-ComP

F Ul_DE €1;€2 : U”

Fri = <Fr1, F, U/>
Ind. step l_wf <h1, FI‘1 o FI‘St> (7)

Fug (b, FrSt) = OwAsMod(h, hy, Fr, Fr;) (8)

FI'2 == <Fr27 F, U”>

Ind. step l_wf <h2, FI‘Q OFI‘St>
0= { OwAsMod(hy, hy, Fry, Fry) (9)
) Lem 7.59

(8) A (9 OwAsMod(h, hy, Fry, Fro)

e OS-RELEASE
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U’ = consumeAliases(U,y) \ {z}
ow = mod20w(h, uniq, ['*(this))
h' = transferCl(h, I"(y), ow)
[ =Tz — T (y)]

U';T*(this) bp b (9)
) Lem. 7.27$Lem. 7.21 h, |_wf FI‘St, (10)
) Lem. 7.35£\>Lem. 7.29 h, }_Unz‘q FI‘St/ (11>
) Lem. 7.4?2\>Lem. 7.37 h, |_hw FI‘St/ (12)
6) """ WETree(h') (13)
Fem- T5UALem- T49 1 i sOw(W/, Frst!) (14)
(9) A (10) A (11) A (12) A (13) A (14) =k (v', FrsSt’)
Lem. 7.60 A Lem. 7.55 = OwAsMod(h, h', Fr, Fr’)

> >

e OS-CAPTURE

U'=UU{y}\{z}
ow = mod20w(h, m, ["(this))
h' = transferCl(h, I'(y), ow)
[ =TIz — I (y)]

B0 (8)
U';T*'(this) bp b (9)

) Lem. T28ALem. 721 oy FrSt’ (10)
) Lem. T36ALem. 729, Fomig FESE (11)
) Lem. TALem. 73T yy 1 poger (12)
6) """ WETree(n') (13)

Lem. T.54ALem. 7.49 ThisOw(l', Frst') (14)
(9) A (10) A (11) A (12) A (13) A (14) =Ff (b', FrSt’)
Lem. 7.61 A Lem. 7.55 = OwAsMod(h, h', Fr, Fr’)

> >
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7.2 Auxiliary lemmas

RepSet :: Heap X Addr! — P(Addr!)
RepSet(h,t) = {/ € dom(h) | owner(h, ¢/) |o= 1}

RepTrSet :: Heap X Addr! — P(Addr!)
RepTrSet(h,t) = {/ € dom(h) | ¢ € owners(h, ¢/) |2}

PeerSet :: Heap X Addr! — P(Addr!)
PeerSet(h,t) = {/ € dom(h) | owner(h, ¢) = owner(h, ()}

Lemma 7.1.
Bito Fus t: unig = kg byp L unig

Proof.
h; uo by ¢ uniq = owner(h, ¢) = (CI, null")A
Cl € C1tFree = h;¢( s ¢ s uniq

Lemma 7.2.

Bitg Fwpe:T (1)

. /. /
h;”_wf ST (2) }:>h,bo |—wa .TDUT
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Proof.

T=Cm
T/ — C/ m/
(2) = C' C class™(h, ¢) (3)

m = peer A'm’ = peer
owner(h, ¢y) = owner(h,
owner(h, ¢y) = owner(h,

(1)é\>(2)
t) A owner(h, ¢) = owner(h, (/) =

) = hjip by o peer (4)

m = rep (Cl) A m/ = peer (AR

owner(h, ¢) = (19, Cl) A owner(h, ¢) = owner(h, (/) =

(1o, Cl) = owner(h, ¢') = h;ig Fyy t/ :rep (Cl) (5)

m:this(——lgL:LO(:Qgh;Lol—wa’:m’ (6)

m’ = uniq @Onteg- 71 h; Lo by ¢/ uniq (7)

In all other cases m D>y m' =any = h;i s ¢ : any (8)
(4)N(B)AN(6)A(T)AN(8) = hytg byt - m>ym (9)

2)ANO)=hjptypt Ty T

Lemma 7.3.

Bitg Fowpe: T (

Byt bwp t T >y T ( _ P

IsWritable(T) ( = Rt T
(

T"=rep(Cl) = T = this
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Proof.

T=Cm
T/ — C/ m/
(2) = C' C class™(h, /) (5)

m = peer A'm’ = peer AP

owner(h, ) = owner(h, ¢) A owner(h, ¢y) = owner(h, /) =
owner(h, ¢) = owner(h, /) = h;tt,s ¢/ : peer (6)

m = rep (Cl) A'm' = peer (A

owner(h, ¢) = (19, Cl) A owner(h, ¢) = (1, Cl) =
owner(h, ¢) = owner(h, /) = h;t by ¢/ : peer (7

m:thisgazaogh;ol—wfd:m’(8)

(2)ALem. 7.1

m’ = uniq h; e byt s uniq (9)

m' = any = h;¢ b, ¢/ any (10)

| m\m' || rep() [ peer | any | uniq |
rep() || (4) | (1) | (10) | (9)
peer || (4) | (6) | (10) | (9)
this | (8) | (8) | (8)(10) | (8)(9)
any | (3)(4) | (3) | (3)(10) | 3)(9)
unig | (3)(4) | 3) | (3)(10) | (3)(9)
= hyebyyp om (11)

(B)A(11) = hye by /2 T

Lemma 7.4.

owner(h, t) = mod20w(h, m, to) (1)
m # any (2)
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Proof.

m = rep (Cl) & owner(h, ¢) = (Cl, t) = h;tg Fyst:rep(Cl) (3)
m = peer 4 owner(h, ¢) = owner(h, ty) = h; s ¢ : peer (4)

m = uniq & (Cl, null*) A Cl € CltFree = h; iy by ¢ 2 uniq (5)
2)ANB)ANMEA)A(B)=hjptwrt:m

Lemma 7.5.

class"(h, 1) =C (1)
K = transfer(h, iy, ow) (2)

Proof.

class®(h', ¢) = (hter — (i) 1, ow, (i) 13)]) ll(—i)
_ { L= Lty = <h(//tr) ll? ow, h(Ltr> l3> ll _ h(L ) l _
L # Lty = h<Ltr> llz r !

= class®(h, ¢) Yo

Lemma 7.6.

h§LO|_wa:T <1)}:>hLO|_fLT/

T<T (2)
Proof.
T=Cm
T/ — Cl m/
m<m' (3)

(2>:> CEC’ (4)

(3) = m:m’(:1>)h;L0I—wa:m’
A . .
m' = any = h; g Fyp ¢ any
= h; 10 Fyypt:m ()
(1) A (4) = C" C class®(h, ¢) (6)
(5) N (6) = h; I_wf N
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Lemma 7.7.

hytog Fwpt: T (1)
K = transferCl(h, iy, ow) (2) . _
m € {uniq, rep(Cl)} = owner(h, 1) # owner(h, i) (3) = hiwobwp e T
owner(h, ) lo= Cl (4)
Proof.
T=Cm

(1) = C C class™(h, ¢) b ™ o ¢ class™(h’, ¢) (5)

m = rep (Cl') & owner(h, ¢) = (Cl, 1) (A owner(h', ¢) = (Cl', 1p) =

= h'; 10 Fyyp o Tep (Cl) (6)

m = peer & owner(h, ) = owner(h, ¢) =

t, " € PeerSet(h, t) = owner(h', 1) = ow A owner(h/, ¢) = ow
{ t, V' ¢ PeerSet(h, ) = owner(h’, y) = owner(h/, ¢)
= owner(h’, t9) = owner(h’, ¢) = h';¢o Fyys ¢ : peer (7)

=

m = uniq & owner(h, ¢) = (Cl, null®) A Cl € C1tFree @)

= owner(h’, ¢) = (Cl, null*) A Cl € CltFree = h'; 1y -y s ¢ : uniq (8)

mzthngL:Loih/;Lo Fuwf ¢ : this (9)

h'; 19 by ¢ any (10)
(6) A (T)AN(8) A (9) A (10) = h'510 Foyp ¢ 2 m (11)

(B)AN(1L) =h o bype: T

Lemma 7.8.

hyto byt T

owner(h, ty) = ouwner(k, i)
owner(h, 1) = owner(k, )
class"(h, 1) = class"(kK, 1)

(1)
8; = KWiobwpt: T
(4)

30



Proof.
T'=Cm
(1) = C C class®(h, ¢) Y C class™(h/, ¢) (5)
_ ) _ (3) ;N
m = rep (Cl) = owner(h, ¢) = (Cl, 1p) = owner(h', 1) = (Cl, 1p) =
= h';10 s ¢ :rep (Cl) (6)
m = peer & owner(h, ) = owner(h, ¢) BA3)
= owner(h', tg) = owner(h’, ¢) = h';19 Fys ¢ : peer (7)
m = uniq & owner(h, ¢) = (Cl, null®) A Cl € CltFree 8
= owner(h’, () = (Cl, null*) A Cl € CltFree = h'; ¢y s ¢ : uniq (8)

o Y]
m = this =1

to = h';10 Fyy o : this (9)
h'; 19 by ¢ 2 any (10)
(6) A(T) A (8) A (9) A(10) = b5 00 Fopp ¢ 2 m (11)

(B)A(11) = b5 bype: T

Lemma 7.9.
hitg Fwpe: T (1) , '
(', W) =new(h, C, ow) (2) = Rkt twp e T

Proof.

ALem. 7.8

1 *) = hiwhbwre: T
!

Lemma 7.10.
Rito gt T (1) . '
W= nly. =] (2) [P0

Proof.
(2)ALem. 7.8
=

(1)

Wiwhbere: T
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7.3 heap’s class well-formedness lemmas

Lemma 7.11.
Fus b (1)
Lo € dom(h) (2) )
/ ! ! :>|_w h
W = hl.f =1 (3) f
hiyp 't class(fType(class™(i), f') (4)
Proof.
Vi € dom(h') : C = class™ (b, ()Vf € fields(C) :
_ A C))
{ L= N\ fl=f=
t£ V£ f=0(.f)=h(.f) Q
=h'F, 0 (0. f) : class(£fType(C, f)) =ty b’
Lemma 7.12.
Fuwp h (1) /
((, W)= newh, C, ow) (2) }:>|_wf &
Proof.
Vi € dom(h') : C = class™ (b, )Vf € fields(C) :
=02 hW'(c. f) =null" =
L4 =W f)=h(. )Y
=h'F, 0 (e. f) : class(£Type(C, f)) =ty b’
Lemma 7.13.
Fuws h (1) /
W = transferCl(h, iy, ow) (2) }:>'_wf h
Proof.

Vi € dom(h') : C = class™ (b, )Vf € fields(C) :
class®(h, ¢) = class™(k/, ¢)
h(e. f)) =0(e. f)) ="
class®(h,/) = class*(k/, /)
hty,rh(e. f): class(£Type(C, f))
=h'F, 0 (. f) : class(£Type(C, f)) =ty b’
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7.4 heap’s well-formedness lemmas
Lemma 7.14.

U; Lo |_wf h (1)

"s10 Fwr b
U' N FieldIDC U N FieldID (2) } = Ulito Fuy

Proof.

Vi € dom(h) : C = class®(h, )Vf € fields(C):

(t, {to} x U 8 (v, {to} x U’ & h;tbFyr h(e. f) : mod(£Type(C, f))
= FrSty;h I—wf

Lemma 7.15.
Fus B (1) )
U; Lo I—wf h (2)
Bito bFwr by T 3
T:OC{TLO (3) = B0 Fwp By f) : T >y fType(C, f)
m=this= f&U (4)
ty # null” (5)
Proof.

(1) A (2) A (4) = B3 tf by h(ih. f) : £Type(C, f) DM

= h; o Fwyr h(e- f) : T >y £Type(C, f)

Lemma 7.16.
Ui Fuwr b (1)
by Fwrp Vo mod(fType(class™(v), f)) (2)
K = hu. [ =] (3) p=Ulwbys b
Bito Fuwp b2 m (4)
U'=if(m = this) then U\ {f} elseU (5)
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Proof.

Vi € dom(h') : C = class™ (b, ()Vf € fields(C) :
(1, f) & {uo} x U P
{ L#L6Vf7éf/:>h(b.f)=h/(b.f)(:12

L=L6Af:f/(:2>)
:>U/;L0|—wfh/

h;ubyp 0'(e. f) : mod(£Type(C, f))

Lemma 7.17.

UstobFws b (1)

1.1
UNFieldID=2 (2) }:>U’L0 Fus B

Proof.
Vi € dom(h) : C' = class®(h, ¢)Vf € fields(C) :

(o Py <xU =, f) ¢ {wyxU 2
h; e Fypp h(e. f) : mod(£Type(C, f))
= U’y Fwrh

Lemma 7.18.

Z”,Loh";wi ’:z,ew(h, C, ow) 8; } = Usto buy ¥
Proof.
Vi € dom(h') : C = class™ (b, )Vf € fields(C):
(1, ) ¢ {w} x U2
L —
= Us g by I
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Lemma 7.19.

P(y) = rep (C1) 1)
h; 1o Fws tir - Tep(Cl) (2)
W = transferCl(h, i, ow) (3) p = U'stobws K
U, Lo l_wf h (4)
U' = consumedliases(U,y) (5)

Proof.
Vi € dom(h') : C = class™ (b, )Vf € fields(C) :
(, f) ¢ L) x U (1)A(2):/\>(3)/\(5)
nod(£Type(C, f)) # rep (C1) V ¢ # 1o ML ™7
h;ebup (0. f) i mod(£Type(C, f))
= U/; Lo l_wf h’

Lemma 7.20.
Bito Fuwf bir @ uniq (1)
W = transferCl(h, iy, ow) (2) » = Ujigtws ¥
Usto Fus b (3)

Proof.

Vi € dom(h') : C' = class™ (b, ()Vf € fields(C) :
(1, 1) ¢ {0} x U A
mod(£Type(C, f)) # rep (Cl) V owner(h, ¢) # owner(h, ¢)

b5 by 0'(e. f) s mod(£Type(C, f))
= U; Lo l—wf h'

(2)ALem. 7.7
=

7.5 Frames stack’s well-formedness lemmas

Lemma 7.21.

Bty I T U (1)

. . !/
U'N VarID C UN VarID (2) } = hbyp I INU
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domg;) :(}iom(F) E

dom D)

(D'=\ mod(I'(this)) = this (
Vv € dom(I') \ U : h;I'™(this) bk I"(v) : ['(v) (

(2) A (6) = Vv € dom(I™) \ U’ : h;I™(this) by I (v) : T'(v)

B)ANA)ANG)A(T) = hby I U

Lemma 7.22.

hitwe I 15U

U =UU{x}

™ =T"x— /]
B;I'7(this) byt 2 T(2)
x € dom(I")

1
2
3 = hty I, U
4
5

o~~~
— — N

Proof.

dom(I'™) = dom(F) (6)
dom(T") D (7)
mod(F(thls)) = this (8)
Vo € dom(I'") \ U : h;I'"(this) byp I"(v) : T'(v) (9)
(4)
v € dom(I™) \ U’ { vea (jj h; T*(this) Fyy T (v) : T(v) (10)
v#E T =
(5) A (6) = dom(I™') = dom(T") (11)
(11) A () A(8) A (10) = h by I, T U

Lemma 7.23.

hbw P00 (1)
Lo € dom(h) (2) p=HWbE,, MU
W =nh.f=1 (3)
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Proof.

domEll:l)") :[}iom(F) E;lg
dom D
(1) = mod(['(this)) = this (6)
Vv € dom(I') \ U : h;I'™(this) Fyp I (v) : I(v) (7)
(7) = Yo € dom(I'™) \ U : h;I™(this) by I (v) : ['(v)
(N T10 - Pr (this) g T5(0) : D(0) (8)
(A)ANB)ANB)A () =y I U
]
Lemma 7.24.
by I T U (1)
™" ={{p, T7(2)), (v, null"), (this, I'"(y)), (res, null"} (2) P
I"={(p,Tp), (v, T), (this, this class"(I'"(y))), (res,T,)} (3) = hbe 1150
I'(z) <T(y) >u T, (4)

Proof.

dom(I'™") = {p, v, this, res} = dom(I") = dom(I"™) = dom(I") (5)
dom(I") 2> @ (6)
mod(I’(this)) = this (7)
(1) = h; " (this) by I™(this) : T'(y) Ah; T*(this) bup I (p) : T(2) A (4)
F T DY (this) by T (p) T, (8)
I'"'(this) = I'"(this) = h; I"'(this) b, ["'(this) : ['(this) (9)
I'™'(v) = null® = h; T () by T () : TV(D) (10)
['™'(res) = null® = h;I'*'(res) b,y I'*'(res) : I'(res) (11)
(8)A(9) A (10) A (11) = Vv € dom(T™) \ @ : h;T*'(this) by I (v) : TV(v) (12)
B)YAB)A(T)A(12) = h by I T @
L
Lemma 7.25.

FrSt = Fro FrSt/

!/
Bl Frst ) } = hlyuf FrSt'h
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Proof.

FroFrSt’ = (I, Iy, %) o (I, T, U)
(1) = ho Foy I [0 g A by I I5 17 = bk 7 I 1 = h by p FrSt’h

O
Lemma 7.26.

hl_wf FT’F,U (1) , .
<L7 h’) = new(h, C) ow) (2) } = h l_wf I ’F,U

Proof.

(1) = mod(F(tiis)) = this

Vo € dom(I") \ U : h;T™(this) by I (v) : T'(v)
(7) = Vv € dom(I'™) \ U : h;I™(this) by I"(v) : I'(v)
(Onteg. 79 h'; T (this) Fyp I*(v) : T(v) (8)
(4)ANB)AN(B)A(8) =/ by I U

(
) DU (
(
(

Lemma 7.27.

Fr=(I", T, U) )
FrSt — Fro FrSt,

Frl =(I'" T, U)

Frst' = Frl o FrSt,

I'(y) = rep(C)

['(x) = unigq

hlbuy Frt

h 1, FrSt

ow= (newClt(h), null")

W = transferCl(h, I'"(y), ow)
U’ = consumedAliases(U,y) \ {z}
[ =Tz = I"(y)]

= W by FrSt

CO ~J O Ul = W DN =
NN NGNS N

.
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(3) A (4) A (6) ML T L Frstg (9)
dom(I'") = dom(F) (10)
dom(I") D (11)
(8) = mod(F(thls)) _ this (12)
Vo € dom(I%) \ U : h;T*(this) by [¥(v) : D(v) (13)

Lem. 7.7/\(3)

Vo' € dom(I™) \ U’ MA®) I (v) # rep (Cl) Nv #y
h'; T*'(this) b p I (v ) T (v) (14)

(10) A (11) A (12) A (14) = 1 b, I 15U (15)

(9) A (15) = b’ by p FrSt/

Lemma 7.28.
Fr=(I'", I', U) )
FrSt = Fro FrSt,

Frl=T", T, U

FrSt' = Fr/ o FrSt,

I'(y) = uniq

['(z) = rep(CI)

h by FrSt

FrSt l_Uniq h

ow = mod20w(h, m, I'"(this))

m € {rep(Cl), peer}

K = transferCl(h, I'"(y), ow)
=UU{y}\{z}

[ =Tz = I"(y)]

= K by FrSt’

AN TN N TN N N N N
© 00 ~J O O = W N~
N N N N N N

(3) A (4) A (6) ML T L Frst (9)

)
dom(I'") = dom(F) (
dom(T") D (
mod (T’ (thls)) = (
Vv € dom(I'™) \ ; h [*(this) Fyp I"(v) : T(v) (

Vo' € dom(T™) \ U’ A, #y Fem: ZTNG)

h'; T*'(this) by T (v) : TV(v) (14)
(10) A (11) A(12) A (14) = 0" by I TG U (15)
(9) A (15) = b’ by p FrSt/
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7.6 Uniqueness’s lemmas
Lemma 7.29.

FrSt=(I'", T, U) o FrSt,

h }_Uniq FrSt (1)
U'N VarID C U N VarID (2)
FrSt' = (I'", T, U') o FrSt,

= htypig FrSt’

Proof.

(1) = VCI € CltFree RefNum(h, FrSt, (Cl, null®),uniq) < 1 8

= RefNum(h, FrSt/, (Cl, null®),uniq) < 1 = h Fyy,, FrSt’

Lemma 7.30.
FrSt= (", T, U)o FrSt, )
h Funiq FrSt (1)
U'=U U {z} 2)
™" =Tz~ /] (3) ¢ = hlynig FrSt

! #null" AT (z) = uniq =
RefNum(h, FrSt, ouner(h, ('),uniq) =0 (4)
Frst = (I, T, U’) o FrSt,

Proof.
— ’ (3)A(4)
(1) = VCI € CltFree Cl = owner(h, ') ll(l):>
Cl # owner(h, /) |1=
RefNum(h, FrSt’, (Cl, null*),uniq) < 1 = h by, FrSt/
Lemma 7.31.

hFunig FrSt (1)
o € dom(h) (2) p = W bynig FrSt
W =nhw.f:=1 (3)



Proof.

(1) = VCI € CltFree RefNum(h, FrSt, (Cl, null®*) uniq) < 1 (BA3)
= RefNum(h', FrSt, (Cl, null*),uniq) < 1 = h' k¢, FrSt
Lemma 7.32.
FrSt = (I, T, U)o FrSt, )

1
(res, null") 2

(
: b
), (res, T;)} (3
(4

h Fmig FrSt

' ={{p, T(2)), (v, null"), (this, I'"(y))
I'"={(p,T,,), (v, T), (this, this class"(I'"
U' = consumeUniq(U,T,, z)

Fr) = <Pr/, F/, @)

Fry =(I'", T, U') )
= hynig Fri o Fry o FrSt

— — —

Proof.

(1) = VCI € C1tFree \ {owner(h, I™(p)) |1} =

= RefNum(h, Fr; o Fry o FrSty, (Cl, null®),uniq) <1 (5)

I"(p) # uniq = owner(h, I'*'(p)) |1¢ CI (6)

[(p) = uniq = RefNum(h, Fr; o Fry o FrStg, (Cl, null®), uniq) =
= RefNum(h, FrSt, (Cl, null*),uniq) < 1 (7)

(5) A (6) A (7) = htFypig Fri o Fry o FrStg

Lemma 7.33.

FrSt = Fro FrSt

. /
B, FrSt ) } = B bynig FrSt

Proof.

VCl € C1ltFree (1) = RefNum(h, FrSt/, (Cl, null*),uniq) <
< RefNum(h, FrSt, (Cl, null®),uniq) < 1= h'Fy,,, FrSt
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Lemma 7.34.

h'|_Uniq FrSt (1)

/
(t, ) = new(h, C, ow) (2) } = W Fynig FrSt

Proof.

VCl € CltFree (1) = RefNum(h, FrSt’/, (Cl, null®),uniq) =
= RefNum(h, FrSt, (Cl, null*),uniq) < 1= h'ty,, FrSt

Lemma 7.35.

Fr=(I", T, U) )
FrSt = Fro FrSt,

Fr' = (I, T, U')

FrSt' = Fr/ o FrSt,

D(y) = rep (CI) (
hi-ws Frst (2) ¢ = W Funig FrSE
FrSt l_Um'q h (

ow= (null", newClt(h)) (

K = transferCi(h, I'"(y), ow) (

U’ = consumedAliases(U,y) \ {z} (

I =Tz — [7(y)] (

Proof.

(2)A(B)A(6)
VCl € CltFree \ {ow |1 }RefNum(h’, FrSt’, (Cl, null®),uniq) <

< RefNum(h, FrSt, (Cl, null®), uniq) < 1 (8)

(4) = RefNum(h, FrSt, (ow |;, null®),uniq) =0 =
= RefNum(h/, FrSt’, (ow |;, null®),uniq) =1 (9)
(8) A (9) = b’ Fypiq FrsSt/
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Lemma 7.36.

Fr=(T", T, U) )
FrSt = Fro FrSt,

Frl=(I'", T, U

FrSt' = Fr! o FrSt,

['(y) = uniq (1)
kit FrSt (2) » = W bFypig Frst
FrSt I_Uniq h (3)
ow# (null”, _) (4)
K = transferCl(h, I'"(y), ow) (5)
U'=UU{y} \{z} (6)
I =T"z = T"(y)] (7))

Proof.

VC'l € CltFree (3) = RefNum(h', FrSt’, (Cl, null®), uniq) (Q)AQA(G)

< RefNum(h, FrSt, (Cl, null*),uniq) < 1 =-h'yy,;, FrSt’

7.7 Global invariant’s lemmas

Lemma 7.37.
Fr=T" T, U) )
Frl =" T, U)
FrSt = Fro FrSt,
FrSt' = Frl o FrSt,
hFrp FrSt (
I'"(this) =" (this) (
h |_wf FrSt/ (
Vi : ExtOwn(h, Fr, 1) = ExtOun(h, Fr', 1) (

Proof.

Y = hlp,, FrSt

I'*(this)

Lo
(1
h; FrSt’ }_Inv Lo (5)
{ Ve @ ExtOwn(h, Fr, ¢) At # 1o = h;FrSt Fr,, ¢ (6)
(4) A (3) A (6) = Ve @ ExtOwn(h', Fr', ) At # 1o = h';FrSt’ b, ¢ (7)
(5) A (7) = h by, FrSt/
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Lemma 7.38.

hF 1 FrSt (1
Lo € dom(h) (2) p = W b FrSt
W =nhl.f:=1 (3)

Proof.

(2) A (3) = Vi € dom(h') : owner(h, ¢) = owner(h’, ¢) @y Frno FrSt

Lemma 7.39.
Fr=(I'", I, U)
FrSt = Fro FrSt,
" ={(p, I'"(2)), (v, null"), (this, I"(y)), (res, null")}
I'"={(p,T,,), (v, T), (this, this class"(I'"(y))), (res,T,)}
U =1if(I'(y) ¢ {peer, this}) then U else consumeLocals(U)
Fr) = <FT,, F/, @)
r = (I'", T, U')
FrSt' = Fr| o Fry o FrSt,
h l_Inv FrSt (1)
hibuy Frst (2)
htyp FrSt (3)
IsWritable(class™(I'"(y))) (4)
— Rty Frot!

Proof.
lgp = Fr(this)
(1) =
h; FrStg |_Inv Lo (5)
Ve @ ExtOwn(h, Fr, ¢) At # 1o = h;FrSt by, ¢ (6)
ty = I''(this)
(2) A (3) A (4) = (Ve : ExtOwn(h, Fr, ¢) = ExtOwn(h, Fr’, 1)) =
ExtOwn(h/, Fr', ¢) At # 1y = h';Fr oFrStg by ¢ (7)
I'(y) € {peer thls} = U’ = consumeLocals(U) =
Wy Frst, Fime LO 8)
['(y) = rep(Cl) & h; FrSty Fr, ¢ (9)
(T)N(8) A (9) = h bty FrSt/
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Lemma 7.40.

F7‘1 = <FT1, Fl, U1> )
F’f‘2 = <FT2, F27 U2>
F’f‘g = <Fr3, Fg, U3>
FrSt, = Fry o FrSt

F’I’Stg = F‘T‘g @) F’I’Stl — h, l_] F’I"Stl
nv

B; "1 (this) s ITo(this) : rep (Cl) (1)
hF e FrSt (2)
n |_I’rw FT’Stg (3)
['"y(this) = T'"3(this) (4)
OwAsMod(h, K, Fry, Frs) (5) |

Proof.

/ r s
Ve :ExtOwn(h', Fry, I'";(this)) & ExtOun(l, Fry, I"s(this)) =
ExtOwn(h/, Frs, I'"3(this)) =

h':FrSty Frpy ¢ = h' b, FrSty

Lemma 7.41.

FT‘1 = <FT1, Fl, U1>

F’I"Q = <PT2, PQ, U2>

FrSt, = Fry o FrSt

FrSty = Fry o FrSt;

h;I'"(this) oy ITo(this) : peer (1)
h 1 FrStsy (2) )

= h b FrSty

Proof.

Ve :ExtOwn(h, Fry, I'"y(this)) & ExtOwn(h, Fry, ['"y(this)) @
= h;FrSt, I_Inv t=h I_Inv FrSt,

Lemma 7.42.

ht1ne FrSt (1)

/
<Lnew7 h,/> = nCLU(h, C’ OLU) (2) } = h |_]nv F’f‘St
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Proof.

2) = V¢ € dom(h’ lnew s : owner(h, ¢) = owner(h’, ¢ (:12 h' k7, FrSt
(2) : ,

[

Lemma 7.43.

Fr=(I", T, U) )

FrSt = Fro FrSt,

[(y) = rep (CI) (1)

htws FrSt (2) p = K b FrSt

FrSt . b (3)

ow= (null”, newClt(h)) (4)

W = transferCi(h, I'"(y), ow) (5)

Proof.

( ®3)
VCl € CltRep: € dom(h)(4) A (5) = RefNum(h/, FrSt, (Cl, ¢),rep(Cl)) <
< RefNum(h, FrSt, (Cl, null*), uniq) < 1 = h'tp,, FrSt

[l

Lemma 7.44.

Fr=(I", T, U) )

FrSt = Fro FrSt,

[(y) = unig (1)

htywp FrSt (2) p = K b FrSt

FrSttin, h (3)

ThisOuw(h, FrSt) (4)

W = transferCil(h, I'"(y), ow) (5)

Proof.

VCl € CltRep: € dom(h)(4) A (5) = RefNum(h, FrSt, (Cl, ¢),rep(Cl)) =0 (WARAG)

< RefNum(h'L, FrSt, (Cl, null*),uniq) = 0 = h' k-, FrSt

]
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7.8 Ownership tree’s lemmas

Lemma 7.45.
WfTree(h) (1)
Lo € dom(h) (2) p = WfTree(k)
W =hw.f:=1 (3)
Proof.
Vi € dom(h') &, ¢ owners(h, ¢) |o = AP
= 1 ¢ owners(h/, 1) [,= WfTree(h’)
Lemma 7.46.
WfTree(h) (1) ,
(tnew, W) = new(h, C, ow) (2) = WfTree(l)
Proof.
Ve € dom(h') \ {tnew} 4, ¢ owners(h, ¢) lg(:2>)
= 1 ¢ owners(h/, 1) |,= WfTree(h')
Lemma 7.47.
WfTree(h) (1)
W = transferCl(h, i, ow) (2) p = WfTree(R)
ow= (newClt(h), null") (3)
Proof.
Ve € dom(h') \ {tnew} &, ¢ owners(h, ¢) l2(2)A:>(3)
= 1 ¢ owners(h’, ¢) |»= WfTree(h')
Lemma 7.48.

WfTree(h) (1)
W = transferCl(h, ., ow)  (2)
ow = mod20w(h, m, ['"(this)) (3) ,
m € {rep(Cl), peer} (4) = WfTree(r)
ThisOw(h, FrSt) (5)
B _Fwp by uniq (6)
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Proof.

Ve € dom(h') \ {tnew} &, ¢ owners(h, ¢) |o "
= 1 ¢ owners(h’, ¢) |»= WfTree(h')

7.9 This owners’s lemmas

Lemma 7.49.
FrSt = (I'"y, T'o, Uy) o FrSt,
Frst = (I, Lo, U]) o FrSt,
ThisOw(h, FrSt) (1)
['"(this) = I (this) (2)

= ThisOw(h, FrSt')

Proof.

FrStg = <I‘r’ F, U>
(1) { VCI € CltFree : (Cl, null®) ¢ owners(h, ['"o(this)) (3)

owner(h, I'*(this)) € owners(h, I'"y(this)) (4)
(3) A (1) A (2) = VCI1 € CltFree : (Cl, null®) ¢ owners(h, ['*j(this)) (5)
(4) A (1) A (2) = owner(h, I'"(this)) € owners(h, I'*j(this)) (6)
(5) A (6) = ThisOw(h, FrSt’)
[
Lemma 7.50.
EFrSt = <FT0, Fg, U0> o F’Y‘Sto
Frst' = (I, Lo, Up) o FrStg
ThisOw(h, FrSt) (1) p = ThisOw(h, FrSt')
Lo € dom(h) (2)
KW =hl.f:=1] (3)
Proof.

FrSty = (I'*, I, U)
(1) = VCl € CltFree : (Cl, null®) ¢ owners(h, ['"y(this)) (4)
owner(h, I'*(this)) € owners(h, ['"y(this)) (5)

(4) A (1) A (3) = VCI € CltFree : (Cl, null®) ¢ owners(h, I'*((this)) (6)
(5) A (1) A (3) = owner(h, I'"(this)) € owners(h, I'*j(this)) (7)
(6) A (7) = ThisOw(h, FrSt’)
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Lemma 7.51.

Fr= <FT07 FOv UO> )
Frl = (T, T, Ul
FrSt = Fro FrSt,

FrSt' = Frl o FrSt = ThisOw(h, FrSt')
ThisOw(h, FrSt) (1)

R;T7(this) by I (this) :m  (2)

IsWritable(m) 3) )

FI‘StQ = <]_"r’ F, U>

] VCl € CltFree : (Cl, null®) ¢ owners(h, ['"y(this)) (4)
(1) = { owner(h, I'*(this)) € owners(h, I'"y(this)) (5)
(4) A (1) A (3) = VCOI € CltFree : (Cl, null®) ¢ owners(h, '*((this)) (6)
(5) A (1) A (3) = owner(h, I'"(this)) € owners(h, I'*((this)) (7)
(1) A (3) = owner(h, I'y(this)) € owners(h, ['*j(this)) (8)
(6) A (7) A (8) = ThisOw(h, FrSt’)
L
Lemma 7.52.
ThisOw(h, FrSt) (1) o
(0, K = new(h, C, ow) (2) }:> ThisOw(k', FrSt)
Proof.

FI‘StQ = <]_"r’ F, U>
(1) = { VCl € CltFree : (Cl, null®) ¢ owners(h, ['"y(this)) (3)

owner(h, I'*(this)) € owners(h, I'"y(this)) (4)
(3) A (1) A (2) = VCI € C1tFree : (Cl, null®) ¢ owners(h/, Iy(this)) (5)
(4) A (1) A (2) = owner(h/, I'*(this)) € owners(h, I'"y(this)) (6)
(5) A (6) = ThisOw(h', FrSt)

49



Lemma 7.53.

F’f‘l = <Fr1, F17 U1> )
F’)"Q = <PT2, Fg, U2>
FrSty = Fry o FrSt,
FrSty = Fry 0 FrSt, » = ThisOw(h, FrSt;)
R (this) by Ia(this) :m (1)
m € {peer, this, rep (Cl)} (2)
ThisOw(h, FrSt,) (3)

/

Proof.

FI‘StQ = <]_"r’ F, U>
(1) = VCl € CltFree : (Cl, null®) ¢ owners(h, ['"5(this)) (4)
owner(h, I'*(this)) € owners(h, I'"y(this)) (5)

(4) A (1) A (2) = VCI € C1tFree : (Cl, null®) ¢ owners(h, ['"i(this)) (6)
(5) A (1) A (2) = owner(h, I'*(this)) € owners(h, I'";(this)) (7)
(6) A (7) = ThisOw(h, FrSt;)

Lemma 7.54.

Fr = <FT0, Fo, U0>

ThisOuw(h, FrSt) (
W = transferCl(h, iy, ow) ( = ThisOw(k, FrSt)
R I7(this) Fyf e =m0 (

m € {rep(Cl), uniq} (

Proof.

FI‘StQ = <I‘r’ F, U>
(1) VCl € CltFree : (Cl, null®) ¢ owners(h, I'"y(this)) (5)
owner(h, I'*(this)) € owners(h, I'"y(this)) (6)

(5) A (2) A (4) = VCI € CltFree : (Cl, null*) ¢ owners(h/, I'"y(this)) (7)
(6) A (2) A (4) = owner(h’, I'*(this)) € owners(h’, I'"¢(this)) (8)
(7) A\ (8) = ThisOw(h/, FrSt)

50



7.10 Owner as modifier’s lemmas
Lemma 7.55.

Fr=(I'", T, U)

Frl =(T", T, U')

{v e U'|l"(v) = uniq} C {v e U|l'(v) = uniq} (1)
ouwner(h, I'"(this)) € owners(h, I'"(this)) (2)

= OwAsMod(h, h, Fr, Fr')

Proof.

Vi € dom(h) : =ExtOwn(h, Fr, ¢) (AR

= h(¢) = h(¢) A —ExtOwn(h, Fr', ¢) = OwAsMod(h, h, Fr, Fr')

O
Lemma 7.56.
Fr=(I", T, U)
Lo € dom(h) (1)
R, L7(this) by e:m (2) p = OwAsMod(h, K, Fr, Fr)
IsWritable(m) (3)
K =hl.f:=1 (4)
Proof.
Vi € dom(h) : —ExtOwn(h, Fr, ¢) B
= h(¢) = h'(t) A “ExtOwn(h’, Fr, ¢) = OwAsMod(h, b’, Fr, Fr)
O
Lemma 7.57.
OwAsMod(h, K, Fr, Fr') (1) = OwAsMod(h, K, Fr, Fr)
Proof.
Vi € dom(h) : =ExtOwn(h, Fr, ¢) &
= h(¢) = h'(¢t) A “ExtOwn(h, Fr’, () =
= h(:) =h'(¢t) A “ExtOwn(h, Fr, ¢) = OwAsMod(h, b', Fr, Fr)
O
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Lemma 7.58.

Fr=(I", T, U)

U'=U\{z}

™ =T"x — = OwAsMod(h, k', Fr, Fr')
Frl =" T, U)

(L, W) = new(h, C, ow) (1)

Proof.

Vi € dom(h) : —=ExtOwn(h, Fr, ¢) &

= h(t) =h'(¢t) A “ExtOwn(h', Fr’, 1) = OwAsMod(h, h’, Fr, Fr’)

Lemma 7.59.

OwAsMod(h, hy, Fr, Fry) (1)

OwAsMod(hy, hy, Fry, Fry) (2) }=> OwAsMod(h, hy, Fr, Fry)

Proof.
Vi € dom(h) :
W f B0 =1 () (3)
—ExtOwn(h, Fr, () = ExtOun(hy, Fry, 1) (4)
@ [ hi(e) =ha(1) (5)
@)= —ExtOwn(hy, Fro, ¢) (6)
(3) A(5) = h(e) = ha(e) (7)
(6) A (7) = OwAsMod(h, hy, Fr, Fry)
Lemma 7.60.
Fr=(I'", T, U) )
U' = U\ {z}
[ = [z s T7(y)]
Frl =" T, U) = OwAsMod(h, K, Fr, Fr')

B I'7(this) by I7(y) - rep (Cl) (1)
K = transferCl(h, I"(y), ow) (2)
['(z) = unigq (3)

Vs
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Proof.

Vi € dom(h) : —=ExtOwn(h, Fr, ¢) (AR

= h(t) = h'(¢) A “ExtOwn(h’, Fr/, ¢) = OwAsMod(h, h’, Fr, Fr')

Lemma 7.61.
Fr=(T", T, U)
I'(y) = uniq (1) p = OwAsMod(h, k', Fr, Fr)

K = transferCl(h, T"(y), ow) (2)
Proof.

Vi € dom(h) : —ExtOwn(h, Fr, ¢) 8

= h(¢t) =h'(¢t) A “ExtOwn(h', Fr’, ) = OwAsMod(h, h’, Fr, Fr’)
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