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The object-calculus is an imperative and object-based programming language where
every object comes equipped with its own method suite. Consequently, methods need to
reside in the store (“higher-order store”) which complicates the semantics. Abadi and
Leino defined a program logic for this language enriching object types by method
specifications. We present a new soundness proof for their logic using Denotational
Semantics. It turns out that denotations of store specifications are predicates defined by
mixed-variant recursion. A benefit of our approach is that derivability and validity can
be kept distinct. Moreover, it is revealed which of the limitations of Abadi and Leino’s
logic are incidental design decisions and which follow inherently from the use of
higher-order store. We discuss the implications for the development of other, more
expressive, program logics.

1. Introduction and Motivation

When Hoare presented his seminal work about an aziomatic basis of computer program-
ming (Hoare, 1969), high-level languages had just started to gain broader acceptance.
Meanwhile programming languages are evolving ever more rapidly, whereas verification
techniques seem to be struggling to keep up. For object-oriented languages several formal
systems have been proposed, e.g. (Abadi and Leino, 2004; Hensel et al., 1998; Jacobs and
Poll, 2001; Reddy, 2002; Poetzsch-Heffter and Miiller, 1999; de Boer, 1999; von Oheimb,
2001; Reus et al., 2001). A “standard” comparable to the Hoare-calculus for impera-
tive WHILE-languages (Apt, 1981) has not yet emerged. Nearly all the approaches listed
above are designed for class-based languages (usually a sub-language of sequential Java),
where method code is known statically.

One notable exception is the work of Abadi and Leino (1997; 2004) where a logic for an
object-based language is introduced that is derived from the imperative object calculus
with first-order types, impg, of Abadi and Cardelli (1996). In object-based languages,

T This work was supported by the EPSRC under grant GR/R65190/01, “Programming Logics for
Denotations of Recursive Objects”
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every object contains its own suite of methods. Operationally speaking, the store for such
a language contains code and is thus often called higher-order store.

The fact that methods are stored like any other data inside objects means that new code
can be added at all times, yielding compositionality of components (here objects) for free.
By contrast, classical fixpoint-based semantics for classes (or modules) is “closed” in the
sense that it cannot model the addition of previously unknown classes in a compositional
way. As classes can be compiled into objects (Abadi and Cardelli, 1996), and object-
based languages provide this kind of compositionality, higher-order store semantics can
naturally deal with classes defined on-the-fly, like inner classes and classes loaded at
run-time (cf. Reus, 2002; Reus, 2003).

Abadi and Leino’s logic is a Hoare-style system, dealing with partial correctness of
object expressions. Their idea was to enrich object types by method specifications, also
called transition relations, relating pre- and post-execution states of program statements,
and result specifications describing the result in case of program termination. Informally,
an object satisfies such a specification

A = [‘Fi:14141‘:14..1'7,7 m]g(yj)BjTj]:1m]

if it has fields f; satisfying A; and methods m; that satisfy the transition relation 7} and,
in case of termination of the method invocation, their result satisfies B;. However, just
as a method can use the self-parameter, we can assume that an object a itself satisfies
A in both B; and T; when establishing that A holds for a. This yields a powerful and
convenient proof principle for objects.

We are going to present a new soundness proof for this logic using an untyped denota-
tional semantics of the language and the logic to define validity. Every program and every
specification has a meaning, a denotation. Those of specifications are simply predicates
on (the domain of) objects. The properties of these predicates provide a description of
inherent limitations of the logic. Such an approach is not new, for instance it has been
used in LCF, a logic for functional programs (Paulson, 1987).

The difficulty in this case is to establish predicates that provide the powerful reasoning
principle for objects. Reus and Streicher (2004) have outlined how to use some classic
domain theory (Pitts, 1996) to guarantee existence and uniqueness of appropriate predi-
cates on isolated objects. In an object-calculus program, however, an object may depend
on other objects and their respective methods in the store. So object specifications must
depend on specifications of other objects in the store which gives rise to “store specifica-
tions”. Indeed store specifications were already present in the operationally-based work
of Abadi and Leino.

This paper is, therefore, not merely an application of the ideas in (Reus and Streicher,
2004). Much care is needed to establish the important invariance property of Abadi-Leino
logic, namely that proved programs preserve store specifications. Our main achievement,
in a nutshell, is that we have successfully applied the ideas of Reus and Streicher (2004)

T In class-based languages one can provide an analogous proof principle when using higher-order store
(see Kamin and Reddy, 1994). In a closed-world scenario, however, where (mutually recursive) classes
are known altogether at verification time, fixpoint induction suffices as proof principle.
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to the logic of Abadi and Leino (2004). We obtain a more useful and more instructive

soundness proof, complementary to the one of Abadi and Leino (2004), for the following

reasons:

1

Abadi and Leino employ an operational semantics where stores contain method syntaz
that can be used in derivations again. This allows them to get away with having no
semantics for store specifications at all. Validity for judgements is w.r.t. initial stores
whose methods are assumed to have been derived correct w.r.t. some store spec-
ification. Consequently, validity (of judgements) depends on derivability (for store
specifications). This approach can be justified under the assumption that only veri-
fied methods reside in initial stores. Alas, it prevents them from using induction on
derivations of judgements so they are forced to use induction on derivations of the
(small-step) semantics of the judgement’s program instead. As the subsumption rule
is not triggered by program syntax, it has to be considered in all cases and clutters
the soundness proof.

On the other hand, by using a Denotational Semantics, we can provide a (necessarily
recursive) semantics for store specifications and keep validity and derivability dis-
tinct. This has the additional advantage of a canonical treatment of the subsumption
rule. We can also define a semantics of object specifications and show how it relates
to store specifications. Note that our approach would also work for stores containing
method syntax as it can be interpreted in a big step operational semantics.

We can easily extend the logic, for instance by recursive specifications. Fold and
unfold can in our approach be handled by subsumption rules which are problematic
in the original proof (see 1). A similar extension has been done for the Abadi-Leino
logic by Leino (1998), but for a slightly different language with nominal rather than
structural subtyping.

Essential restrictions of object logics in general are revealed and distinguished from id-
iosyncratic shortcomings of the Abadi-Leino logic. For example, in (Abadi and Leino,
2004) transition specifications cannot talk about methods at all (see also Section 7).
Our semantics shows that this is not necessary, although certain conditions must be
met by the specification language in order to show the existence of the recursive store
specifications.

That specifications are preserved by verified programs is a consequence of the idea
of enriching types and disallowing method update. It relieves the verifier from carry-
ing around specifications of (parts of) the store. Unfortunately, it enforces a global
verification regime and prohibits method and specification updates. Making assump-
tions about store explicit is a remedy. This may sound tedious, but employing local
reasoning principles like those of Separation Logic (for an overview see e.g. (O’Hearn
et al, 2001; Reynolds, 2002)), it should not be. Our denotational semantics directly
supports such an explicit handling of store specifications.

Problems that are inherent to object logics (or logics for higher-order store) are the
need for (recursive) store specifications, and invariance of field types in the definition
of subspecification. Our proof still refers to syntactic store specifications as programs
will not preserve arbitrary predicates on stores. We do not know of a way to describe
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Table 1. Syntax

a,b = =z variable
\ true | false booleans
| if  then a else d conditional
| letz=ainb let
| [f; = 271" m; = q(yj)bjjzl'”m] object construction
| z.f field selection
| zfi=y field update
| z.m method invocation

semantically those programs of a specific programming language that are verifiable
in a specific logic.

4 Our work provides an alternative description of difficulties inherent in programming
logics for objects. Therefore, it may be appealing to semanticists and domain theorists.
It may be useful to develop and analyse similar, but more powerful, program logics as
well.

The outline of this article is as follows. In the next section, syntax and semantics of
the object calculus are presented. Section 3 introduces the Abadi-Leino logic and the
denotational semantics of its object specifications. It follows a discussion about store
specifications and their semantics (Section 4). The main result is in Section 5 where the
logic is proved sound. Finally, we sketch how recursive specifications can be introduced
(Section 6) and discuss further extensions (Section 7). A summary concludes the paper
(Section 8).

An extended abstract of this article has appeared as (Reus and Schwinghammer, 2005).

2. The Object Calculus

Below, we recall the language used in (Abadi and Leino, 2004), which is based on the
imperative object calculus of Abadi and Cardelli (1996). Following Reus and Streicher
(2004) we give a denotational semantics to this language in Section 2.2.

2.1. Syntax

Let V, M and F be pairwise disjoint, countably infinite sets of variables, method names
and field names, respectively. Let x,y range over V, let m € M and f € F. The language
is defined by the grammar in Table 1.

Variables are (immutable) identifiers, the semantics of booleans and conditional is as
usual. The object expression let x = a in b first evaluates a and then evaluates b with
the result of @ bound to z.

Object construction [f; = 2;"=™ m; = ¢(y;)b;/~ "] allocates new storage and re-
turns a reference to an object containing fields f; (with initial value the value of z;) and
methods m;. In a method m; = ¢(y;)b;, < is a binder that binds the explicit self parame-
ter y; in the method body b;. During method invocation, the method body is evaluated

1
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with the self parameter bound to the host object. We identify objects that differ only in
the names of bound variables and the order of components.

The result of field selection x.f is the value of the field, and x.f:=y is field update. A
formal semantics is given in the next subsection below.

Note that in contrast to Abadi and Cardelli’s (1996) calculus this language distin-
guishes between fields and methods, and that method update is disallowed. Also note
that we restrict the cases for field selection, field update, method invocation and if state-
ment to contain only variables as subterms (instead of arbitrary object terms). This is
no real limitation because of the let construct, but it simplifies the statement of the rules
of the logic (Abadi and Leino, 2004). We use a more generous syntax (for instance, also
allowing for natural numbers) in the examples.

Example 2.1. We extend the syntax with integer constants and operations, and consider
an object-based modelling of a bank account as an example:

acc(z) = [balance = 0,
depositl10 = ¢(y) let z = y.balance+10 in y.balance:=z,
interest = ¢(y) let r = x.manager.rate in
let z = y.balancexr/100 in y.balance:=z]

Note how the self parameter y is used in both methods to access the balance field.
Object acc depends on a “managing” object x in the context that provides the interest
rate, through a field manager, for the interest method.

2.2. Semantics of Objects

2.2.1. Preliminaries We work in the category pCpo of w-complete partial orders (not
necessarily containing a least element) and partial continuous functions. ¥ Let A — B
denote the partial continuous function space between cpos A and B. For f € A — B and
a € A we write f(a) ] if f applied to a is defined, and f(a)] otherwise.

If L is a set, then P(L) is its powerset, Psin(L) denotes the set of its finite subsets, and
A" is the set of all total functions from L to A. For a countable set L and a cpo A we
write

Rec(4) =) AF

LePsin (L)

for the cpo of records with entries from A and labels from L. Note that Recp, extends
to a locally continuous endofunctor on pCpo. Further note that, in the natural partial
order on records defined this way, only records with equal domain are comparable; in
particular, a record and its extensions are incomparable.

A record (L, f € AL), with labels L = {ly,...,l,} and corresponding entries f(l;) = a;,
is written as {|l; = a1,...,l, = a,[}. Update (and extension) of records is defined as the

¥ Other categories of domains could be used; our results only rely on the existence of minimal invariant
solutions to recursive domain equations (Pitts, 1996).
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corresponding operation on functions, i.e.,

L, 4=l..n N _ {‘ll :a1_7"')lk :aa"'vln :an|} lfl:lk for some k
{li = a; Hi:=a] = { {l; = a;="",1=al} otherwise

Selection of a label | € L of a record r € Recy,(A) is written r.l. It is defined and yields
FQ)ifris (D, f € AP) and | € D.

2.2.2. Interpretation The language of the previous section finds its interpretation within
the following system of recursively defined cpos in pCpo

Val = BVal + Loc

St = Recio(Ob)

Ob = Recz(Val) x Recp(Cl)
Cl =St — (Val + {error}) x St

(1)

Here, Loc is some countably infinite set of locations ranged over by [, and BVal is the
set of truth values true and false. Both are discrete partial orders and thus complete.
Objects in Ob are pairs, consisting of a record that assigns values to the fields of the
object, and a record associating closures to method names. Each closure is modelled as
a partial map in Cl. In case of termination, result value and resulting store are returned
by the closure; exceptional termination is indicated by returning error. Finally, the cpo
St models stores as finite records of objects, indexed by locations.

Consider the functor Fsiore : pPCpo?? x pCpo — pCpo obtained from (1) by solving
the system of equations for St, and separating positive and negative occurrences of St on
the right-hand side:

Fstore(S,T) = Recroc(Recr(Val) x Recp (S — (Val + {error}) x T))

This is a locally continuous bifunctor. So there exists a minimal invariant solution St to
this system of equations, i.e., Fsiore(St,St) = St and moreover the identity on St is the
least fixed point of the map d(e) = F(e, e) (for instance, see Pitts, 1996, and Smyth and
Plotkin, 1982).

Let Env = V —4, Val be the set of environments, i.e. maps between V and Val with finite
domain. Given an environment p € Env, the interpretation [a]p of an object expression
a in St — (Val+ {error}) x St is given in Table 2. Here we use a (semantic) strict let that
is also “strict” with respect to error:

undefined if s is undefined
let (v,0) =sin s =< (error,o’) if s = (error,0”)
(Mv,0).8")s  otherwise

Note that for o € Ob we just write o.f and o.m instead of 71 (0).f and 72(0).m, respectively.
Similarly, we omit the injections for elements of Val +{error}, writing simply ! instead
of inec(l) etc. Observe that, in contrast to Reus and Streicher (2004), we distinguish
between non-termination (undefinedness) and exceptional termination (error); the latter
represents dynamic type errors and null-pointer dereferencing. Finally, because Loc is
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Table 2. Denotational semantics

_ (p(x),0)  if x € dom(p)
[1po - { (error,o)  otherwise
[true]po = (true,o)
[false]po = (false,o)
[b1]po’ if [z]po = (true,o’)
[if = then by else ba]po = [b2]po’ if [z]po = (false,o’)
(error,o’)  if [z]po = (v,0’) for v ¢ BVal
[let © = a in b]po = let (v,0’) = [a]po in [b]p[x := v]o’

“fi — mii:l.un7 m; = §(yj)bjj:1"'mmp0'
_ (l,o[l :== (01,02)]) ifxz; €dom(p),1<i<n
- (error, o) otherwise

1 ¢ dom(o) ‘
where o1 = {fi = p(l’i)lzl'”nﬂ» |
"2 = {m; = o.[b;]ply; = o7 ="

[z.flpo = let (I,0') = [z]po
in { (o’ .11, 0'/) if | € dom(o’) and f € dom(o’.1)
(error ¢’)  otherwise
[z.f:=y]po = let (I,0') = [z]po in let (v,0"”) = [y]po’
in { «, a” [l: —a” l[f:=v]]) ifl € dom(c”’) and f € dom(c”.1)
(error o otherwise
[z.m]pc = let (I, ’) = ]
in { o’ if | € dom(o’) and m € dom(o’.l)
(error ¢’)  otherwise

assumed to be infinite, the condition | ¢ dom(o) in the case for object creation can
always be satisfied. Therefore object creation will never raise error.

A more subtle point is the choice of the location itself: In order for the interpretation [a]
to be well-defined, a deterministic or parametric allocator has to be assumed (Section 5
of Banerjee and Naumann, 2005). For example, a deterministic allocator is the one that
always chooses the minimal location (in an appropriate sense) amongst those available
for allocation. A more sophisticated solution may be possible in the setting of FM-sets
(Shinwell and Pitts, 2005; Benton and Leperchey, 2005). For a language with higher-order
store this is an interesting research topic that needs further investigation.

2.2.3. Flat Stores We will make use of a projection to the part of the store that contains
just data in Val, thus “forgetting” all closures of objects residing in the store: Let Sty, =
Recioc(Recx(Val)), and define this projection 7wy, : St — Styal by

(rvar0).0.f = o.d.f

for all I € Loc and f € F. We refer to mya(o) as the flat part of o. Note that for all
o,0’ € St,

ocCo =  7valo)=mvalo)

since Stya) = Recioc(Recx(Val)) inherits the discrete order from Val.
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3. Abadi-Leino Logic

We recall the logic of Abadi and Leino (2004) next. A slightly different presentation can
be found in (Tang and Hofmann, 2002) where the proof system is given in a syntax-
directed way.

3.1. Transition Relations and Specifications

Transition relations T correspond to the pre- and post-conditions of Hoare logic and allow
to express state changes caused by computations. The syntax of transition relations is
defined by the following grammar:

T == ey=-ey | allocpe(e) | allocposi(e) | =T | To ATy | Ya.T
e = x| f | result | true | false | selye(eg,e1) | selpost(eo,e1)

Expressions e range over variables z € V), field names f € F, constants true, false and
result (which stands for the result value of a computation), and function symbol appli-
cations: Intuitively, the application sel,..(z,y) yields the value of field y of the object at
location x before execution, provided this exists in the store, and is undefined otherwise.
Correspondingly, selpos¢(z,y) gives the value of field y after execution. The predicates
allocyre(x) and allocyesi(x) are true if the location x is allocated before and after the
execution, respectively, and false otherwise. The notions of free and bound variables of
a transition relation 1" carry over directly from first-order logic. As usual, further logical
constants and connectives such as True, False, disjunction and implication can be defined
as abbreviations.

Specifications combine transition relations for each method as well as the result types
into a single specification for the whole object. They generalise the first-order types from
(Abadi and Cardelli, 1996), and are

A,B € Spec == Bool | [f: ;=" mjsg(yj)Bj::Tjjzl”'m]

In the case of an object specification, ¢ in ¢(y;)B;::A; binds the variable y; in B; and
T;. Specifications are identified up to renaming of bound variables and reordering of
components, which will be justified by our semantics.

Intuitively, true and false satisfy Bool, and an object satisfies the specification A =
[fi:Aii:L“”, mj:g(yj)Bj::Tjjzl'“m] if it has fields f; satisfying A; and methods m; that
satisfy the transition relation T; and, in case of termination of the method invocation, the
result satisfies B;. Corresponding to the fact that a method m; can use the selfparameter
¥;, in both T} and Bj it is possible to refer to the ambient object y;.

Let T' range over specification contexts x1:Aq,...,xn:A,. A specification context is
well-formed if no variable x; occurs more than once, and the free variables of Ay are
contained in the set {z1,...,zx_1}. In writing ', 2: A we will always assume that x does
not appear in I'. Sometimes we write () for the empty context. Given I', we write [I'] for
the list of variables occurring in I':

[21:A1, .. 20 An] = 21, 2

If clear from context, we use the notation T for a sequence x1, ..., x,, and similarly T : A
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Table 3. Well-formed specifications and contexts

WFESPEC1
T = Bool
WFSPEC2 . | |
TH A=l Z,y; F Byi=l-m T, y; - T,i=1em
Tk [f,L';AZ’Lzl .n7 mj:§(yj)Bj3:Tjj:1mm]
wWFCTXT1
0+ ok
WFCTXT2

Table 4. Transition relations Tres, Top; and Typg

Tres(€) = result =e A VaVf. (allocpre(x) < allocposi() A selpre(x, f) = selpost(z, f))

Top(fi=2;)'=1+" = —allocyre(result) A allocposi(result) A A;_; ., selposi(result, f;) = x;

AVzVf. z#result — (allocyre(z)<—allocyost(z) A selpre(, f) = selpost(z, f))

Tupd(z, fre€) = Vz'. allocpre(z’) < allocposi(x’) A selposi(x, f) = e A result =z
AV VP (2 £ 2V [ ) — selpre(@, ) = selpost(a, 1)

for x1:A1,...,2,:A,. To make the notions of well-formed specifications and well-formed
specification contexts formal, there are judgements for

— well-formed transition relations: T+ T
— for well-formed specifications: T - A
— for well-formed specification contexts: I' - ok

For transition relations, x1,...,x, F T holds if all the free variables of T appear in
Z1,...,Ty; we omit the simple rules. Table 3 contains the rules for specifications and
specification contexts. In case A is closed we may simply write A instead of - A, and
similarly for closed T.

Table 4 defines several transition relations that are used in the statement of the rules
in the following subsection. The relation Ties(e) states that the result of a computation
is e and that the flat part of the store remains unchanged. While transition relations
do not talk about the non-flat part of the store, the stored methods remain necessarily
unchanged since the variant of the object calculus considered here has no method update.
Tobj(f; = x;) describes the allocation of a new object in memory, which is initialised with
field f; set to z;, and whose location is returned as result. Typa(z, f,€) describes the effect
on the store when updating field x.f. Note that in (Abadi and Leino, 2004) the relation
Tres is called Res and T,pq is called Update. There is no abbreviation corresponding to
Tobj'

Example 3.1. Table 5 shows a specification for the bank accounts of Example 2.1.
Although we are using UML-like notation, these diagrams actually stand for individual
objects, not classes — in fact there are no classes in the language. Observe how the
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Table 5. An example of transition and result specifications

Tdepositlo(y) =3z.z = Selpre(y,balance) y
A Typd(y, balance, z + 10) anager

rate: Int

Tinterest (,y) = 3z. z = selpre(y, balance)

accFactory
A Im.m = selpre(x, manager)
A 3r.r = selpre(m, rate)

A Typd(y, balance, z * 7/100)

AccF r
Tcreate(x) = obj (balance = 0) isidliod 4
manager [—
Anccount(z) = [balance : Int, create() L -
deposit10 : ¢(y)[] :: Taepositio(¥), 1
. I
interest : 5(y)[] :: Tinterest (T, ¥)] ¥
ApccFactory = [manager : [rate : Int], Account
create : ¢(z) Anccount () : Tereate ()] balance: Int
AbManager = [rate : Int, depositll()
accFactory : Apccractory) interest()

specification Tipteresy depends not only on the self parameter y of the host object but
also on the statically enclosing object z.

The result specifications [] for the methods deposit10 and interest in Ajccount stand
for the “empty” object. However, by the subspecification relation, defined below in Sec-
tion 3.2, this specification is satisfied by any object. In particular, this is the case for both
method implementations in Example 2.1 where the result is the object itself, according
to the semantics of field update.

3.2. Abadi-Leino Logic
Abadi and Leino generalised the notion of subtypes to a form of subspecifications, T
A <: A, that is defined inductively by T F Bool <: Bool and the rule
TE A’L_i:14.4n+p f7 vj - Bjj:m+14.4m+q f’ yj - Tjj:l..xm+q f, Yj [ TJ/]:lm
j, Yj [ BJ <: B;]:lmm l_fo Ty _ TJ{]=1Mm
T [fi AT mye(yy) By T T < [fi AT mye(yy) BT T

where g, ¢ denotes provability in first-order logic with equality (in the theory with
axioms stating that true, false and all f € F are distinct). Just as subtyping in the
corresponding type system (Abadi and Cardelli, 1996), the subspecification relation is
covariant along method specifications and transition relations, and invariant in field spec-
ifications. Observe that T+ A; <: Ag implies T - A; for i = 1,2.

In the logic, judgements of the form I' - a: A::T can be derived, where I is a well-formed
specification context, a is an object expression, A is a specification, and T is a transition
relation. The rules guarantee that all the free variables of a, A and T appear in [I']. There
is one rule for each syntactic form of the language, and additionally a subsumption rule
which generalises the consequence rule of classical Hoare logic. The rules are given in
Table 6.
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Table 6. Inference rules of Abadi-Leino logic

SUBSUMPTION

MFA<:A TrkaAsT TFA TFT T —T

'k a:A T’

VARIABLE

I'HFok z:AinT

I 2:AnTres ()
BOOLEANS

T'F ok T'F ok

I' - false:Bool:Tres(false) T' I true: Bool: Tres(true)
CONDITIONAL

Altrue/z] = Atftrue/z] and Alfalse/z] = Ay[false/x]

Ttrue/z] = T¢[true/z] and T'[false/x] = Ty[false/x]

Ik 2:Bool:Tres(x) Tk a:AeTy TFb:ApuTy
't if z then a else b:A::T

LET

M+aAT T,z:AFb6:B:T” [TMFB [T
Fo T [selint(+, +)/s€lpost (-, ), allocins(+) /allocposi(+),  /result]
AT [selint(+, ) /selpre(-, -), allocint(-) /allocpre(-)] — T
I'kletx =ain b:B::T

OBJECT CONSTRUCTION '
A= [fl Aiizl“‘n, mj: C(yj)Bj::Tjjzl‘“m}
'+ xi:Ai::Tres(zi)lzl‘“" F,ijA I ijBjZ:Tjj:L“m
THI[f; = z; = m; = c(yj)bjjzl“'m}:A::Tobj(ﬁ:xl =)

FIELD SELECTION
T+ z:[f: Al Tres ()
' z.f:AnTes(selpre(z, f))

FIELD UPDATE |
A= [fiiAii:L“n7 mjzc(y]-)Bj::Tjj:l""”}
IFoiAnTes(z) ThyApiTes(y) 1<k<n
Tk a.fy =y AuTypa(z, fr, y)

METHOD INVOCATION
'+ z:[mis(y)AnT]:Tres ()
' z.m:Alz/yl:Tz/y]

As indicated before, one of the most interesting and powerful rules of the logic is the
OBJECT INTRODUCTION rule,

A= [ AT mysa(yy) BTy~
'k xi:Ai::Tres(Jﬁi)l:L“" D y;:AF bj:B=T =™
'k [f'L = "L‘ii=1.:n’ m; = g(yj)bjjzlm]ATObJ(fl — xi)i:L“n

In order to establish that the object satisfies specification A, when verifying the methods
b; we can assume that the self parameter y; also satisfies A. Essentially, this causes
the semantics of store specifications, introduced in the next section, to be defined by a
mixed-variant recursion.

The rule for the LET case is somewhat unusual in that it introduces additional function
and relation symbols to the signature, sel;,;(-,-) and alloc;,.(+), to capture the interme-
diate state of the store in first-order logic. In the hypothesis, textual substitution of
function and predicate symbols, respectively, is used to compose the first and second



B. Reus and J. Schwinghammer 12

transition relation: For instance,

selpost(eh 62)[SE|int('a ')/selpost('a )] = Se|mt(€1, 62)

We omit the obvious general definition of this substitution operation. The side condi-
tion [[] F T ensures that the transition relation in the conclusion does not export this
intermediate state.

Example 3.2. The proof rules of Abadi and Leino’s logic can be used to derive the
judgement

@ Apccractory T aCC(T) @ Apccount () 11 Topj(balance = 0) (2)

for the acc object (cf. Example 2.1, 3.1). Using rule OBJECT CONSTRUCTION, (2) can be
reduced to a trivial proof obligation for the field balance, a judgement for the method
deposit10,

I' - let z=(y.balance)+10 in y.balance:=z: [ :: Tgeposit1o(¥) (3)

where I is the context : Ayccractory, ¥: Anccount (%), and a similar judgement for the method
interest. In turn, a proof of (3) involves showing

I' - (y.balance)+10 : Int :: Tyes(selpre(y, balance) + 10) (4)
T, z:Intt y.balance:=z : [| :: Typq(y, balance, 2) (5)

for the constituents of the let expression, by an application of LET. These can be proved
from the rules FIELD SELECTION and FIELD UPDATE, respectively.

As another example, the structural subspecification F Ayanager <: [rate : Int] and
SUBSUMPTION can be used to prove

M Ayanagers T:ApccFactory = T.manager:=m : Ajccractory :: Tipd(r, manager, m)

when creating a reference to the manager object in the manager field of the factory
object, as indicated by the diagram in Table 5.

3.3. Semantics of Specifications

Having recalled Abadi and Leino’s logic, we next give a denotational semantics of speci-
fications. In transition relations it is possible to quantify over field names, for examples
of this see the transition relations in Table 4. We write Env* = V —y, (Valw F) when
interpreting transition relations:

[z T] : Env® — P(Stya x Val x Stya)

This can be defined in a straightforward way, a few typical cases are given in Tables 7
and 8. Note that even though expressions may be undefined (for instance, because of
referring to non-existent fields), the interpretation of transition relations is two-valued.
Also observe that the meaning of a transition relation T - 1" without free variables does
not depend on the environment. Therefore we may omit the environment and simply
write [T for closed T'.
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Table 7. Semantics of expressions

[z F €] : Env* — Sty, — Val — Sty — (Valw F)

, _ p(x) if « € dom(p)
[z a]pove n { undefined  otherwise
[z + flpove’ = f
[z F result]povo’ = v
[z + true]pove’ = true
[z +- false]povos’ = false
o.l.f if [Z - eo]pove’ =1 € Loc defined

and [T F e1]pove’ = f € F defined
and | € dom(o) and f € dom(o.l)
undefined  otherwise
o' l.f if [Z - eg]pove’ =1 € Loc defined
and [T b e1]pove’ = f € F defined
and | € dom(o’) and f € dom(o’.l)
undefined  otherwise

[z I selpre(eo, e1)]povo’ =

[z b selpost(en, e1)]pove’ =

Table 8. Semantics of transition relations

[E = Tﬂ : Env* — P(stva| X Val x Stva|)

/

both [T I eg]pove’ and [T - e1]pove’ are defined
{ and equal, or both undefined

[z + e]lpove’ | A [T+ e]povo’ € dom(o)

[z elpove’| A [z+ €e]pove’ € dom(c’)

(0,0,0) ¢ [7 - Tlp

(o,v,0") e[z FTolpN [z F Ti]p

for all u € Val W F. (o,v,0") € [T,z - T]plz := u]

o,v,0 Theo=ei]p

! T b allocpre(e)]p

Jelz
a)elz
) € [z | allocpost(e)]p
Nelzt-Tlp
)elz
)elz

o,v,0
/

/ xl—To/\Tl]l

(
(o
(0,v,0
(
(
( T Va.T]p

Mﬂﬁﬂ

o,v,
o,v,
o,v,0’

Table 9. Semantics of specifications

[z+ A] : Env — P(Val x St)

[T+ Boollp = BVal xSt
[T+ [fi: A= mj:g(yj)Bj::TjJ:L“m]]]p
(F) Vi<i<n. (olf;,o)e[ztk Ailp
M) V1<j<m. ifolm;(l,o)=(v,0')]
then (v,0’) € [Z,y; F Bjlply; =]
and (mvai(0), v, mval(a")) € [T, y; F Tjlply; = 1]

= (l,0) € Loc x St
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Remark 3.3. We think it would be clearer to use a multi-sorted logic, with different
quantifiers ranging over locations, basic values and field names, respectively, but decided
to keep close to the original presentation of Abadi and Leino’s logic.

An object specification T - A gives rise to a predicate that depends on values for the
free variables T. However, since the underlying logic in the transition relations is untyped,
the types of the free variables are not relevant. The interpretation of object specifications
ThH A,

[z + A] : Env — P(Val x St)

is given in Table 9.
We begin with two simple observations about the interpretation.

Lemma 3.4. For all specifications T F A, store ¢ € St and environments p we have
(error, o) ¢ [T+ A]p.

Proof. Immediate from the definition of [ - A]p. Ul

This observation will be used to obtain soundness of the proof system, in the sense of
“well-typed (or rather, verified) programs do not raise errors”.

Lemma 3.5 (Soundness of Subspecification). Suppose T F A <: B. Then, for all
environments p, [T F A]p C [T F B]p for values v.

Proof. This follows by induction on the derivation of T - A <: B. The cases for
reflexivity and transitivity are immediate. For the case where both A and B are object
specifications we need a similar lemma for transition relations:

Ifz+T and T+ T’ then
Fo T — T = [ztTlpClztTTp (6)

for all p € Env*. However, (6) follows immediately since t¢ is sound for all models of
first-order logic. L]

4. Store Specifications

Object specifications are not sufficient. This is a phenomenon of languages with higher-
order store well known from subject reduction and type soundness proofs in both oper-
ational and denotational settings (for instance see (Abadi and Cardelli, 1996, Chap. 11)
and the references therein, and (Levy, 2002), respectively). Since statements may call
subprograms residing in the store, the store has to be checked as well. However, it may
contain loops and therefore induction on the reachable part of the store is unavailable.

The standard remedy — also used in (Abadi and Leino, 2004) — is to relativise the
typing judgement such that it only needs to hold for “verified” stores. In other words,
judgements are interpreted with respect to store specifications. A store specification X
assigns a specification to each location in a store:

Y = lliAl, .. .7ln2An
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When an object is created, the specification assigned to it at the time of creation is
included in the store specification. This leads to a natural notion of store specification
extension.

In this section we will interpret such store specifications using the techniques from
(Reus and Streicher, 2004). Since the denotations of a store specification will rely on
mixed-variant recursion, we were not able to define a semantic notion of subspecification
for stores. However, the logic of Abadi and Leino makes essential use of subspecifications.

We get around this problem by only using a subset relationship on denotations of object
specifications. In object specifications there is no contravariant occurrence of store as the
semantics of objects is with respect to one fixed store (cf. Table 9).

Unfortunately, we are restricted by the logic’s requirement that verified statements
never break the validity of store specifications. Suppose y denotes an object in o satisfying
a specification B. For a field update ¢.l.f := y to preserve a specification [ : A where
A <:[f: B], the location ! must be in the set

{l €loc|X.lis A" and + A" <: A} (7)

which ensures that A and A’ both have a component named f, of type B. Since the
semantic interpretation of the subspecification relation as set containment cannot reflect
this invariance, preservation can not be guaranteed for locations in the (semantically
more appealing) set

{1 € dom(o) | (1, 0) € [A]}

Therefore we were forced to use the former set (7) for the interpretation of A in the
semantics of store specifications.

4.1. Result Specifications, Store Specifications and a Tentative Semantics
A store specification ¥ assigns closed specifications - A to (a finite set of) locations:

Definition 4.1 (Store Specification). A record ¥ € Recioc(Spec) is a store specifica-
tion if for all I € dom(X), X.0 is a closed object specification. Let StSpec denote the set
of store specifications.

Because we focus on closed specifications in the following, we need a way to turn the
components B; of a specification [f;: A;" =", m;:¢(y;)B;=T;7~""™] (which in general
will depend on the self parameter y;) into closed specifications. We do this by extending
the syntax of expressions with locations: There is one symbol [ for each [ € Loc, and
define [Z & []p = I (cf. Table 7). Similarly, we set true = true and false = false. When
clear from context we will simply write v in place of v.

Further we write A[p/Z] (and A[p/T], resp.) for the simultaneous substitution of all
x €T (z € [T, respectively) in A by p(x). Then we can prove the following substitution

lemma.

Lemma 4.2 (Substitution Lemma). Suppose p is an environment, T - T is a transi-
tion relation and 7 - A and 7 = A’ are specifications. Then
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— Tp/7] is well-formed, and [T[p/Z]] = [T+ T]p
— Alp/7] is well-formed, and [A[p/7]] = [g F A]p
— if gk A<: A" then F A[p/7] <: A'[p/7]

Proof. The first part is by induction on 7', the second by induction on A and the last
by induction on the derivation of 7+ A <: A’. O

Definition 4.3 (Store Specification Extension). Let X, %' € StSpec be store spec-
ifications. X extends X, written X' = X, if dom(X) C dom(X’) and X.0 = ¥'.[ for all
l € dom(X).

Note that »= is reflexive and transitive. We can then abstract away from particular stores
o € St, and interpret closed result specifications = A with respect to such store specifi-
cations:

Definition 4.4 (Object Specifications). Suppose ¥ € StSpec is a store specification.
For closed - A let ||Alls; € Val be defined by

| Booll|s, = BVal
|Blly, ={l € Loc| - X.l <: B}

where B = [f;: A=, mjzg(yj)Bj::Tjjzl'”m] and - B. We extend this definition to
specification contexts ||I'[|s; € Env in the natural way:

p € |0y < always
pellzAlg <= pellly A plx)e|Alp/Tlls

Observe that for all A, if X' = 3 then ||A]y, C [|A|y,. We obtain the following lemma
about context extensions.

Lemma 4.5 (Context Extension). If p € Ty and I',z:A F ok and v € ||A[p/T|5
then p[z :=v] € |T, z:4]5.

Proof. The result follows immediately from the definition once we show plx := v] €
[T'||s;- This can be seen to hold since x ¢ dom(T"), hence for all y:B in I we know that z
is not free in B and we must have B[p[z := v]/T'| = B[p/T]. Ul

The semantics of a store specification ¥ = l1:41,...,[,:4,, as a predicate over stores
in St must be more sophisticated than one might think at first sight. In particular, it is
not enough to stipulate that o € [X] iff (0.l;,0) € [A;] for all 1 < i < n, for then we
could not infer anything about stores that are derived from o by wupdating or allocating
additional objects. To show that X is invariant throughout the execution of a program, a
key lemma for the soundness theorem, the assumption o € [X] is not sufficiently strong
to conclude that e.g. o[l := 0.l[f := 0]] or o[lpew := 0] still fulfil [X].

This deficiency explains the need for a mixed variant recursive definition of the seman-
tics of [X], with a universal quantification over arbitrary argument stores o’ assumed to
already fulfil the store specification we are defining. Thus, if the equivalence in Table 10 is
taken as the defining property of [X], this quantification in (M) provides a handle to the
update problem. Furthermore, using the extension relation of store specifications allows
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Table 10. Store specifications, first (and incorrect) attempt

c€[Z] <<= Vi€dom(D) where X0 = [f;: A=, myig(yy) BT =™
(F) V1<i<mn. olf;€l|Ailyg; and
(M) V1<j<m VX =X Vo',0"” € StVl' € Loc Vv € Val.
ifl' €|y A o’ €[] A olmj(l',0’) = (v,06”) then
(M1) (v ()0, v (0)) € [T/55]] and
(M2) I8 € StSpec. X' =X A o” € [¥'] and
(M3) v e B,y

Table 11. Functional for store specifications, first (and incorrect) attempt

c€®(Y,X)s <= Viedom(E) where X0 = [f;: A=V myig(y;) BT =™
(F) V1<i<n. olf;€|Ailg; and
(M) V1<j<m VY =3XVo',0"” €StV € LocVv € Val.
ifl' €|l A o’ €Yy A olmi(l',0') = (v,0”) then
ML) (mvarlo’),v, mvai(e”)) € [T;[' /y;]] and
(M2) I € StSpec. & =X A o’ € Xz and
M3) v e 1Bl /ysllgn

us to address the issues with allocation: The universal quantification over extensions %’/
of ¥ in (M) accounts for the specifications of objects allocated between time of definition
and time of call of methods. The existential quantification over extensions X" of ¥ in
(M2) and (M3) provides for objects allocated by the method. In particular, since the
result of a method call may be a freshly allocated object it is not sufficient to simply use
¥ in (M2) and (M3).

This semantic structure also appears in models for many other languages with dy-
namic allocation (Levy, 2002; Levy, 2004; Reddy and Yang, 2004; Stark, 1998; Banerjee
and Naumann, 2005; Moggi, 1990). It is particularly obvious in those models explicitly
constructed in terms of possible worlds. Indeed, we may view ||A] as a functor from
the partial order category (StSpec, =) to the category of subsets of Val ordered by set
inclusion, for every specification A.

The standard approach to obtain predicates defined by a mixed-variant recursion pro-
ceeds as follows. Let R = P(St)%*97¢¢ denote the collection of predicates on St, indexed
by store specifications, and define a functional ® : R°? x R — R according to Table 11.
We would then like to write [X] for fix(®)y. Unfortunately, there is a problem with the
definition of [X] as fix(®)s, which we discuss next.

4.2. On the Existence of Store Specifications

The contravariant occurrence of Y in case (M) of the “definition” of ® above is forced
by the premise of the object construction rule in the Abadi-Leino logic. It states that, in
order to prove that specification A holds for a new object, one can assume that the self
object in methods already fulfils the specification A. It is this contravariance, in turn,
that calls for some advanced domain theory to show that the fixpoint of ® does actually
exist.
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Unfortunately, the usual techniques (Pitts, 1996; Reus and Streicher, 2004) for estab-
lishing the existence of such predicates involving a mixed-variance recursion (suitably ex-
tended to families of predicates) do not apply: They require the functional ® of Table 11
to map admissible predicates to admissible predicates. Due to the existential quantifica-
tion in cases (M2) and (M3), ranging over extensions of X', this property fails here. To
see this failure, a counterexample is sketched in the remainder of this subsection, which
the reader may wish to skip.

Essentially, the counterexample relies on the fact that we are dealing with families
X = (Xx)sestspee of predicates. Due to the existential quantification over the indices
3 € StSpec it is possible to pick different 3; for each element of an w-chain fy C f; C
f2 C ... so that fi(z) € Xx,, i.e., the chain need not be in line with the family (Xx)s.
Thus, in general there need not be any 3° € StSpec such that f(z) € Xso holds for the
lub f = U; f;, even under the assumption that each Xs; is closed under taking least upper
bounds.

In more detail, let
Y =1lo:[mo:g(x)[my:(y)]]:: True]: True)

which, informally, describes a store with a single object at location [y containing a
method mg. In case a call of this method converges it returns an object satisfying
[my : ¢(y)[]:: True] (which is not much of a restriction). However, this resulting object
has to be allocated in the store, and so a proper extension of the original store specifica-
tion X has to be found.

Next, for i € N let A; be the object specification defined inductively by

Ao = [my:<(y)[]::False]
Aivr = [m1:s(y)Ai:True

In particular, this means that the method m; of objects satisfying Ag must diverge. The
method m; of an object satisfying A; returns an object satisfying A; ;. Hence, for such
objects x, it is possible to have method calls z.m;.m7 ... m; at most ¢ times, of which
the i-th call must necessarily diverge (the others may or may not terminate).

The example below uses the fact that we can construct an ascending chain of objects for
which the first i—1 calls indeed terminate, and which therefore do not satisfy A;_1. Then,
the limit of this chain is an object = for which an arbitrary number of calls z.my.mq ... m;
terminates, and which therefore does not satisfy any of the A;: Set ¥/ = X,1: A; and
let o € [X] denote some store satisfying ¥ according to the tentative definition above.
Moreover, define

oi = {lo={mo=A.(l,a+a)}}

where of = {l = {{my = A_L}[} and o}y = {l = {m1 = A_(l,a + of)}[}, and let
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o = U;0;. Finally, define (indexed) relations X,Y € R by

X — {c+0o/} fJieNL=3x/
o 0 otherwise

v _ {o} fL=y
o 0 otherwise

By construction, both X and Y are admissible in every component 3. By induction one
obtains of C of C ..., therefore 09 C o7 C ... in ®(Y, X)x C St. Hence we must show
o € ®(Y, X)x. But this is not the case, since it would entail, by (M2) and

o.lo.mo(l, o) =, oilo-mo(l, o) = (l,a + ||, 07)

that there exists £” = ¥ such that g 4+ U;0) € Xs. Clearly this does not hold: g + L;o
is strictly above every o + o7’ and therefore not in any of the Xy, . Hence, by choice of X,
there is no store specification " = ¥ such that g+ ¢ € Xy This shows that ®(Y, X)x
is not necessarily admissible, even if X (and also Y') is.

4.3. A Refined Semantics of Store Specifications

We refine the definition of store predicates by replacing the existential quantifier in
condition (M2) of the functional ® from Table 11 by a choice function, as follows: We
call the elements of the (recursively defined) domain

¢ € RSF = Recoc(Recaq (St x RSF x StSpec — StSpec x RSF)) (8)

(records of) choice functions. The intuition is that, given a store o € [X] and some
extension ¥’ = X, if o’ € [¥'] with choice function ¢’ and the method invocation o.l.m(o”)
terminates, then ¢.l.m(c’,¢’,X') = (X”,¢") yields a store specification " = ¥’ such
that o” € [£"] (and ¢ is a choice function for the extension 3" of ¥). This is again an
abstraction of the actual store o, this time abstracting the dynamic effects of methods
with respect to allocation, on the level of store specifications. Note that the argument
store ¢’ is needed in general to determine the resulting extension of the specification,
since allocation behaviour may depend on the actual values of fields.

We use the domain RSF of choice functions explicitly in the interpretation of store
specifications below. This has the effect of constraining the existential quantifier to work
uniformly on the elements of increasing chains, hence precluding the counter-example to
admissibility of the previous subsection.

Definition 4.6 (Store Predicate, Revisited). Let S = P(St x RSF)9:97¢¢ denote the
collection of families of subsets of St x RSF, indexed by store specifications. Table 12
defines a functional ® : S°” x § — §; we write o € [X] if there is some ¢ € RSF such
that (o, ¢) € fix(®)s.

Lemma 4.7 (Existence). Functional ®, defined in Definition 4.6, does have a unique
fixed point.
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Table 12. Store specifications

(0,6) € (Y, X))y, <= (Doml) dom(X)=dom(¢); and
(DoM2) VI € dom(X).
if dom(E.l) = [fz Aiizl”'n, mj: §(yj)Bj::Tjj=1'“m]
then dom(¢.l) = {m;};=1...m; and
vl € dom(X) where .0 = [f;: A;"=1" my:g(y;) By =Ty =™
(F) V1<i<n. olf; €|Aiy; and
(M) V1<j<m VY =X Vo',0"” € StV¢' € RSF VI’ € Loc Vv € Val.
ifl' e[Sy A (07,¢") €Ysy A olm(l',0") = (v,0")
then 3% % %' 3¢" € RSF. ¢.L.m;(I',0', ¢/, %) = (X", ¢") and
(M1)  (rvar (o), 0, mvar(0”)) € [T 1V y5]]; and
M2)  (0”,¢") € Xsu; and
(M3) v e IB; /sl

Proof. Firstly, one shows that ® is monotonic and maps admissible predicates to ad-
missible predicates, in the sense that for all X and Y,

VY € StSpec. Xx, C St x RSF admissible

9
= VX € StSpec. ®(Y, X)s C St x RSF admissible ©)

Indeed, if (0g, ¢o) E (01,¢1) £ ... is a chain in ®(Y, X)y, then 09 C o1 C ... in St and
¢o C ¢1 C ... in RSF. Let 0 = Ugog and ¢ = Ugoy (so (0,¢) = Ug(ok, dx)), we show
(0,¢) € (Y, X)x under the assumption that Xy is admissible for all ¥’ € StSpec.

Clearly conditions (Dom1) and (DoMm2) of Definition 4.6 are satisfied. As for (F') and
(M), suppose | € dom(X) with X.0 = [f;: 4;"="", mjzg(yj)Bj::Tjjzl'“m]. Since, for all
1<t <n,

Uo.l.fi = O'l.l.fi == O'.Z.fi

we obtain o.l.f; € ||4;|y by assumption (o9, ¢¢) € ®(Y,X)s, showing (F). To prove
(M), suppose ¥/ = X, (¢/,¢') € Y5y and o.l.m;(c’) = (v,0”) | for some v € Val and
o' € St. By definition of ¢ as Loy, and continuity of ¢.l.m;, there must be o} € St and
or.l.m;(c’) = (v,0)) | for sufficiently large k, and

(v,0") = Ly or-l-m;(0”) = Ly (v, o)

By assumption (o, ¢r) € ®(Y, X)x, hence for all sufficiently large k, ¢p.l.m;(c’, ¢',X") =
(X7, ¢1) with XY = X/ and

— (mvai(0”), v, mva(0y)) € [T}[1/y;]]; and

— (0}, ¢)) € Xsy; and

— v e B/l

Since myai(oy) = myai(c”), condition (M1) follows. The discrete order on Spec entails
¥y, = ¥y = ..., hence, ¢(0,¢", X)) = U(X],¢)) = (X7, Upgy) with ¥ = ¥} =
Yy 1 = ..., and clearly (M3) is satisfied. By assumption Xy~ is admissible therefore
also condition (M2) holds as required, i.e., (¢”,¢"”) = U(o},¢}) € Xx~. This proves
claim (9).
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Next, define for all admissible X, X’ € S and e = (e1,e2) € [St — St] x [RSF — RSF]:

e: X CX' < VXcStSpec Vo € St V¢ € RSF.
(0,0) € X A (e1(0) ] Vea9)])

= ei1(0)] Nea@d) ] Alei(0),e2()) € X5
such that e : X C X' states that e maps pairs of stores and choice functions that are
in Xy to pairs of stores and choice functions that are in corresponding component X§
of X’. Let Fgiore be the locally continuous, mixed-variant functor associated with the
domain equations (1), for which Fiore(St, St) = St, and consider the locally continuous
functor Fsirse(R,S) : (pCpo x pCpo)°? x pCpo x pCpo — pCpo x pCpo

FSt,RSF(Rv S) :<FSt0re (Hl( ) (S))
Recioc(Recp (I11 (R) x Ia(R) x StSpec — StSpec x I5(S))))

where II; is the projection to the i-th component. Hence (St, RSF) is the minimal invariant

for Fsirse. In the following, we write Fs; for the functor II; o FsirsF and Fgrsp for
II; o Fs¢rsr. By the results of (Pitts, 1996) it only remains to be shown that

e:XCX ANe: Y CY = Fsrsr(ee): ®(Y,X)CdY' X' 1)

forall X, Y, X' Y’ € S and e = (e, e2) with e; C idsy and ey C idrsg which follows from
a similar line of reasoning as in (Reus and Streicher, 2004): Suppose e = (e, e3) such
that e C idst, ez C idrsF,
e:XCcX AN eYCY (10)
for some X,Y, X’ Y’ € S. Assume (0, ¢) € ®(Y, X)x. We must show Fs; rsr(e, €)(0, ¢) €
O(Y', X')x to prove (f). Recall that
Fsi(e,e)(o,9).lf =0olf (11a)
Fsi(e,e)(o,¢).l.m(c”) = (idya x e1)(o.l.m(e1(c”))) (11b)
Frsr(e,e)(0,¢).l.m(0",¢',2') = (idsispec X €2)(@.l.m(e1(0”), e2(4'), X)) (11c)
for all f € F and m € M. In particular, conditions (DoM1) and (Dom2) of Definition 4.6
are immediately seen to be satisfied for Fs; rsr(e, €)(o, ¢). _
To show (F) and (M) let [ € dom(%), and 3.0 = [f;: 4,7, my:(y;)By=T7 = ™.
From (o, ¢) € ®(Y, X)x and (11a) we obtain for all 1 <i<n

(F) FSt(ev 6)(07 d))lfl € ”Al”E

It remains to check conditions (M1)—(M3) of Definition 4.6. Let 1 < j < m. Suppose
¥ =X, ¢ € RSF and o’ € St with (¢/,¢’) € Y¥, and such that Fs;(e, e)( ¢).l.m;(a’)|.
By (11b) we thus know that

Fsi(e,e)(o,¢).l.mj(c’) = (v,e1(c”))
where (v,0") = o.l.mj(e1(c"))

for some v € Val and ¢” € St. By (10), assumption (¢’,¢') € Y¥, shows e(o’,¢') =
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(e1(c’),ea(¢")) € Yss. Together with the assumption (o, ¢) € (Y, X)x and (11c) this
entails

Frse(e,e)(¢).l.mj(a’, ¢, %) = (X", ea(¢”))
where (X7, ¢") = ¢.l.mj(e1 ('), e2(¢'), %)
for ¢" € RSF and X" = ¥/ such that

(ML) (wvai(e1(a”), v, mvar(0”)) € [T[1/y;]]
(M2) (0", ¢") € Xz
(M3) v e |B;[l/y;llls

Since by assumption e; C ids; we know eq(c”) C ¢”, and in particular myai(e1(c”)) =
7val(0”). Similarly for o/, mvai(e1(0”)) = mvai(o’) since o’ J e1(c’). Hence, (M1’) entails
(mval(a"),v, mvai(e1(c”))) € [T[l/y;]], i-e., (M1) holds. Finally, assumption (10) and
(M2’) give (e1(0”),e2(¢")) € X§,, which shows (M2), and we have proved (). Ul

Note that our proof of property (}) relies on the fact that the predicates denoting tran-
sition specifications are upward-closed in the pre-execution store and downward-closed in
the post-execution store. This holds in Abadi-Leino logic as transition specifications are
only defined on the flat part of the store. If they referred to the method part, (1) could
not necessarily be shown, unless one finds an appropriate way to restrict the reference to
methods in transitions specifications. See (Reus and Streicher, 2004) for more discussion
and some suggestions on how to lift this restriction.

5. Soundness

In this section we present a new soundness proof of Abadi and Leino’s logic using de-
notational semantics. Before we can embark on this endeavour we need to define the
semantics of judgements I' F a : A :: T, which provides a notion of wvalidity of those
judgements. We write I' F a : A :: T for the semantics of judgement I' H a : A :: T.
Soundness means that every judgement that is derivable is indeed valid.

The definition of validity has to be assembled in a compositional way from the se-
mantics of the constituents of the judgement, which have been discussed in the previous
sections. The definition must also take into consideration that the initial store in which
the program a is executed may contain methods that are called by a. Store specifica-
tions have been introduced exactly for this purpose. The context I" specifies objects that
are referred to by variables of the environment, but which actually lie in the store. This
means context specification and store specification are intertwined. Due to Definition 4.4,
context specifications can be interpreted with respect to store specifications ¥, which re-
solves this entanglement and we obtain the following definition of validity:

Definition 5.1 (Validity). I' F a : A :: T if and only if for all store specifications
¥ € StSpec, for all p € |||y, and all o € [X], if [a]po = (v,0’) then (v,0’) € [[I'] - A]p
and (mvai(0), v, wvai(o’)) € [[IT+ T]p.

ThusT' F a: A :: T states the following: Suppose program [a] returns (v, o) when run in a
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store o that satisfies some store specification ¥ (and therefore does not contain any code
that violates the restrictions needed for the logic, see also the discussion in Section 4)
and in an environment p that satisfies I' with respect to o (expressed via reference to
Y). Then (v, o) satisfies specification [[I'] F A]p and the state transformation provoked
satisfies [[T'] F T p.

The rest of this section is dedicated to the proof of the soundness theorem (Theo-
rem 5.5) which relies on a number of properties which are derived in the following.

Recall from the previous section that the semantics of store specifications is defined in
terms of the semantics ||Al|y, for result specifications A without any reference to object
specification [A] at all. The following key lemma establishes the relation between the
store specifications of Section 4 and object specifications [A] as defined in Section 3.3:

Lemma 5.2. For all object specifications A, store specifications X, stores o, and loca-
tions I, if o € [X] and I € dom(X) such that F .0 <: A then (I,0) € [4].

Proof. By induction on the structure of A. Because A is an object specification it is
necessarily of the form

A = [fi:Aiizl'“”, mjzg(yj)Bj::Tjj:L“m]
We have to show that (I,0) € [4], i.e., that
— (0.lf;,0) € [4;] for all 1 <4 < n; and
— if o.l.mj(o) = (v,0’) then (v,0’) € [y; = B;](y; — 1) and (7vai(0),v, mvai(c’)) €
ly; FT;](y; — 1) for all 1 < j < m.
From the subtyping relation and .l <: A we find

»l o= [fi:Aii:L”n+p,mj:g(yj)B}::T]{jzl"'y'L+p]

where y; = B} <: B; and y; b 1] — T.

For the first part, by Definition 4.6 (F) and o € [X] we have o.l.f; € |A4]y. If
A; is Bool then ||A;|lx, = BVal, hence, (0.0.f;,0) € [Bool] = [A;]. Otherwise A; is an
object specification and the definition of ||4;|s, implies - X.(0.l.f;) <: A;, again by
Definition 4.6 (F). Hence by induction hypothesis we obtain (o.0.f;, o) € [A;] as required.

For the second part, suppose that o.l.m;(c) = (v,¢”). From Definition 4.6 (M2) and
(M3), and the assumption o € [X], we find v € ||B}[l/y;]] s, and o € [X"] for some
Y = 3. In the case where Bj is Bool we therefore have v € BVal and obtain

(v,0") € [Bool] = [y; - Bool](y; 1)

Next, if B; is an object specification then by definition of ||B; [l/yj]} -
E X" < Bi[l/y;]
By induction hypothesis (applied to B}[l/y;], ¥", 0" and v), (v,0") € [B}[l/y;]]. Thus,
(v,0") € [Bj[l/y;]] = [y; F Bj](y; — 1) by substitution lemma (Lemma 4.2)
C y; - Bj](y; — 1) by subtype soundness (Lemma 3.5)

as required.



B. Reus and J. Schwinghammer 24

Finally, by Definition 4.6 (M1) we obtain
(mvar(0), v, wvai(0”)) € [T}[1/y;]] = ly; = Tj](y; — 1) by substitution (Lemma 4.2)
C y; F T3](y; — 1) by soundness of t
This concludes the proof. ]

Before proving the main technical result in Lemma 5.4 we state the following fact
about the transition relation that appears in the let rule:

Lemma 5.3. Suppose that for o,0’,0” € St and v,v’ € Val, we have (7va(0), v, mvai(c’)) €
[z+Tp and (7wya(o’), v, mva(c”)) € [T,z = T"]plx := v]. Then, if T+ T and

FeoT" [selint (-, +) /Selpost (-, -), allocint(+) /allocyost(+), z /result]
A T" [selint(- -) /selpre(-, ), allocins(+) /alloc,pe ()] — T

then (7Tva1(0')7’l)l7ﬂ'va1(0'”)) € [[f = T]]p

(12)

Proof. Consider an extended signature of transition relations, with additional function
and predicate symbols sel;p:(+, -) and alloc;,:(), respectively. We extend the interpretation
of transition relations (and expressions) in the natural way to operate on three stores,

[z1,..., 2k E T]p: P(Stval X Val X Stya X Styar)
where the second store argument is used to interpret sel;:(-, ) and allocn(+):
(o,v,6,0") € [T+ allocini(e)]p < [Tt e]povsc’| N[zt e]povio’ € dom(5)
and

G.1.f if [T+ eg]povdo’ =1 € Loc

and [T F e1]povdo’ =fe F

and ! € dom(6) and f € dom(6.1)
undefined otherwise

[z & selini(eo, e1)]povoe’ =

By assumption and using the fact that neither 77 nor T” contains the new predicates,
we also have

(va1(0), v, val(0”), mval (o)) € [T, & T ]plx :=v] and
(mva1(0"), v, val (o), mva(c”)) € [T,z = T"|plx := ]
Thus,
(’/TVal(U)v vlv WVal(O—/)v WVal(UH)) S
[z, x - T [selint(-, -) /selpost (-, ), allocint(+) /allocost (), 2/ result]] plz = v]

since there are no occurrences of selyosi(-, -), allocyese(-) and result, and

(mvar(0), v, mval(0”), mvar(0”)) €
[z, z = T"[selint(-, ) /selpre (-, ), allocini(+) /alloc, e ()] plz := v]

since there are no occurrences of sel,.(-,-) and alloc,(-). From soundness of first-order
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provability and assumption (12) we obtain
(WVaI(J)vU/77rVal(U/)77TVal((7”)) € ﬂf,x H T]]p[:v = v]

and the result follows since T' does not depend on z and the new predicates, by T+ T'. []

5.1. The Invariance Lemma

In this subsection we state and prove the main lemma of the soundness proof. Intuitively,
it shows that store specifications ¥ are “invariant” under proved programs,

ocel[X] A [a]po=(v,e') = 3IX =3.0" €[¥] (13)

Note that the program a will in general allocate further objects, so the resulting store
only satisfies an extension of the original store specification. The precise conditions of
when (13) holds are given in the statement of the following lemma, and take the choice
functions ¢ € RSF introduced in Section 4 into account. We write SF for the domain of
“individual” choice functions,

SF = [St x RSF x StSpec — StSpec x RSF|
for which RSF = Recioc(Reca(SF)).

Lemma 5.4. Suppose

H)TFa: AT

(H2) ¥ € StSpec is a store specification

(H3) p € [Tl

Then there exists ¢ € SF such that, for all ¥ = ¥ and for all (¢/,¢') € fix(®)y, if
[a]po’ = (v,c") | then the following holds:

(S1) 35" = ¥ 3¢ € RSF. $(0’,¢/,%) = (", ")

(52) (0", 0") € fiar(P)sr

(S3) v e [|Alp/Tl 2

(54) (mva(0”), v, mvai(0”)) € [[T]+ Tlp

Proof. The proof is by induction on the derivation of I'a: A :: T.

— Lemma 4.5 is applied in the cases LET and OBJECT CONSTRUCTION, where an ex-
tended specification context is used in the induction hypothesis.

— Invariance of subspecifications in field specifications is needed in the case for FIELD
UPDATE.

— In the cases where the store changes, i.e., OBJECT CONSTRUCTION and FIELD UP-
DATE, we must show explicitly that the resulting store satisfies the store specification,
according to Definition 4.6. In this case one makes use of the fact that methods in
the semantics of store specifications are specified using arbitrary store arguments
that recursively fulfil the same store specification. This provides a sufficiently strong
hypothesis to deal with the changed store.

We consider cases, depending on the last rule applied in the derivation of the judgement
'ta:A:T.
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— SUBSUMPTION
Suppose that I' - a : A :: T has been obtained by an application of the subsumption
rule, and that
(H2) ¥ is a store specification
(H3) p € |Tg
We have to show that there is ¢ € SF such that whenever ¥’ = X, (o', ¢') € fix(®) s
and [a]po’ = (v,0’) then (S1)—(S4) hold.
Recall the subsumption rule,
MFA <A ThaAT [TMFA DFT bFeoT' —T
'k a:A:T

so we must have I' = a : A’ :: T” for some specification A’ and transition relation T
with k¢ T/ — T and [I'] F A’ <: A. By induction hypothesis there exists ¢ € SF such
that for all &' = %, (¢/, ¢') € fix(®)xs with [a]pc’ = (v,0'),

(S1) there exists ¥ = ¥/ and ¢ € RSF such that ¢(o’,¢',X") = (X", ¢")

(S2) (¢”,¢") € fix(®)x

(53) v e [[Alp/T]ls

(54°) (mvai(0), v, wvai(o’)) € [T = T"]p

Because kg T — T we know [I' - T"]p C [I' - T]p, and therefore (S4’) implies

(mva1(0), v, var(c")) € [T = T]p (S4)

It remains to show
v € [[Alp/T][ls (S3)
Note that by the subtyping rules, A = Bool if and only if A’ = Bool. In this case (S3)

follows directly from (S3’). In the case where A’ is an object specification, assumption
[+ A <: A and Lemma 4.2 entail = A'[p/T] <: Alp/T']. Transitivity of <: and
(S3’) then prove (S3), by the definition of | 4’[p/T]||s -
— VAR
Suppose I' - a : A :: T has been derived by an application of the VAR rule
I'kFok z:AinT
' 2:AnTes()
for which we see that a =z, 2:A in T, and T = Tyes(2). Further, assume
(H2) X € StSpec
(H3) p € |Ts
Define the (partial continuous) map ¢ € SF by

p(o',¢', %) = (¥, ¢)

Now suppose ¥/ = X, (¢/,¢') € fix(®)yx and [a]po’ = (v,0”) By the assumptions
and the semantics of variables we obtain (v,c”) = (p(z), '), i.e.,

v=p(x) AN o' =0 (14)
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By definition of ¢ above we can choose ¥ as ¥, for then

(S1) ¢(o’, ¢, E") = (X', ¢")

(S2) (¢”,¢") € fix(®)x/, by ¢” = ¢’ and assumption (o', ¢’) € fix(P)x

(83) v € | A[p/T]lss» by © = plx), by 2:A € T and (H3)

(S4) (mvai(o”), v, mva1(c”)) € [[T] F Tres(x)] p, by the definition of [[I'] - T in Table 8

and (14)

as required.
— CONST

Similar to the previous case.
— CONDITIONAL

By a case distinction, depending on whether the value of the guard x is true or false.
— LET

Suppose (H1) T'+ a : A :: T has been derived by an application of the LET rule.

Hence, a is 1let £ = a1 in as. Assume that

(H2) ¥ € StSpec is a store specification, and

(H3) p € [Tl

Now recall the rule for this case,

FFap:AsTy ToxArbagAcTy, [TJFA [OFT
Foo T [selint(+, ) /S€lpost(+, -), allocini(-) /allocyost(-), x/result]
A To[selini(-, ) /selpre(-, ), allocin () /allocype(-)] — T
I'klet 2z =ag in aq:A:T

By the premiss of this rule we must have

(H) Tkay: Ay =T

H1")T,z:A1 Fag: ATy

By induction hypothesis applied to (H1’) there is ¢; € SF such that, for all 3’ = ¥
and (o, ¢') € fix(®)ys with [a1]po’ = (0, 0), the conclusions of the lemma hold:

(S1°) there exists 3 = ¥’ and ¢ € RSF such that ¢, (c’, ¢/, %) = (£, ¢)
(S2)) (6,9) € fix(D)s,
(537 0 € [[Aslp/T]ls

(84°) (mvai(o), 0, mvar(0)) € [[I] FT1]p

In particular, by conclusion (S3’) and context extension (Lemma 4.5),
plr ==19] € |, x:Aq||¢

Therefore, by induction hypothesis applied to (H1”) there is ¢, € SF such that, for
all ¥’ = ¥ and all (¢0/,¢') € fix(®)x with [ax]plx = 0]o’ = (v,0"), the following
holds.

(S17) there exists ¥ = ¥/ and ¢” € RSF such that ¢g,(0’,¢",X") = (X", ¢")
(527) (0”,¢") € fix(®)z~
(53°) v € | Alpfe = 0}/, : A1l
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(S47) (mvar(o”), v, Tvar(6”)) € [T, 2:A1] - To]p
Now define ¢ € SF for all ¢/, ¢’ and ¥/ by
oo, = { 0. 5) Kl = (020) 1 (7% = (B

undefined otherwise

which is continuous as all its constituents are, and since Val and StSpec are flat.
We show that the conclusion of the lemma holds. Let ¥’ = X, let (07,¢') € fix(®)s
and suppose [a]po’ = (v,0”). From the definition of the semantics,

A~

(v,0") = let (9,6) = [a1]po’ in [az]p[z = d]6
which shows
- [[a’l]]pal = (@va-)
- [a2]plz = 9]6 = (v,0")
We now show that ¢ defined above does fulfill the necessary requirements:

(S1) there is X" € StSpec such that Z"A %AXA} =Y and ¢(0’,¢',X") = ¢ (0, $,3) =
(X7, ¢"), where ¢1(0’,¢',X") = (X, ¢), by (S1’) and (S1”)
)

S2) (0”,¢") € fix(P)xr, by (52’) and (527)
C3) v e ||Alplx :=0]/T,2:A1]|s, by (S3’) and (S3”)
C4) (mvar(o’), 0, mvai(6)) € [[I] = T1]p, by (S4)
C47) (mvar(6), v, mvar(0”)) € [T 2: A1) F To]plz := 0], by (S47)
Since [I'] F A, i.e., z is not free in A, we have
Alpl = v)/(T,:A1)] = Alp/T] (15)
Moreover, (C4’), (C4”), Lemma 5.3 and

(
(
(
(

Fro T [selint (-, ) /Selpost (- ), allocini(-) /allocyosi(+), z/result]
A Tolselini(-, ) /selpre(-, ), allocin () /allocyre ()] — T

proves
(vai(0”), v, mvar(0”) € [T+ T]p (16)
We therefore obtain
(83) v € ||Alp/T]|sr» by (C3) and (15) as X" extends X
(S4) (mvar(o”), v, mvai(6”)) € [T F T]p, by (16)
as required.
— OBJECT CONSTRUCTION

Suppose (H1): '+ a : A :: T has been derived by an application of rule OBJECT
CONSTRUCTION. Necessarily a = [f; = ;""" m; = ¢(y;)b;”~"""™]. Suppose that

(H2) X € StSpec
(H3) p € [Tls
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We recall the object introduction rule,
A= [fz Aii:%mn, mj: §(yj)BjZZTjj:1mm].
T FaiA s Tes(z) ™" T,y A b byByuT /=t m
THf=2""""m = §(yj)bjj=1”'m]:A::Tobj(fl =x1...T, =x,)
from which we see that A is [f;:A;, m;:B;::T;], that T is Topj(fi = 21 ..., = x,) and
that
(HD) T k@ A i Tres(y) for 1 <i<mn
(H1”) T,y;:AbFb;: B = Tjfor 1 <j<m
We have to show that there is ¢ € SF such that, for all ¥’ = ¥ and all (¢/,¢') €
fix(®)ys with [a]po’ = (v,0”), conditions (S1)—(S4) hold.
From (H3) and context extension (Lemma 4.5) we know that for all ¥ > ¥ and
lo € [ Alp/T]lls:,

plyj = lo] € I, y;: Al
Hence by induction hypothesis on (H17”), for all 1 < j < m there is q%l € SF such
0

that, for all ; = 3 and all (01, ¢1) € fix(®)s, with [b;]ply; := lolon = (v2,02) |, we
obtain the conclusions (S1)-(S4) of the lemma, i.e.,

(S1’) there exists ¥y = X1 = 3 and ¢3 € RSF such that gzélo (01,01, 51) = (S2, o)
(S2’) (o2, ¢2) € fix(P)s,
(S37) v2 € || Bjply; = lo]/T, y;:A]l,
(547) (mvai(o1), v2, Tvar(o2)) € [T y;:A] = Tj]ply; == lo]
Now we can define ¢ € SF as follows
(2 10:Alp/T]), &' +{llo = m; = &y 1 4ty ioBD)

(o', ¢, %) = if ¥/ = % and [a]po’ = (lp, ") (17)
undefined otherwise

which is continuous as all constituents are and StSpec is a flat cpo. We show that
(S1)—(S4) hold. Let ¥’ = 3, let (o', ¢') € fix(®)y and suppose [a]po’ = (v,0”). By
definition of the semantics, and the fact that (H1’) entails p(z;) | for 1 < i < n, for
[a]pc’ = (v,0") € Locx St we obtain v = Iy where |y ¢ dom(c’) (and so Iy ¢ dom(X'))
and

o" =o' +{lo = {fi = p(xi), m; = Ao.[b;]ply; := lo]o}[} (18)
We obtain that there exists ¢” € RSF such that
(S1) ¢(o’, ¢', ) = (X', 10:Alp/T]), ¢"), by construction of ¢ in (17)
(S3) v =lo € [ Alp/Tll (sigmar 1o:

(S4) (mvai(o”), v, wvai(c”)) € [I' F Topj(fi = @1 ...f, = x,)]p, which is easily checked
from the definition of Top(. .. ), the semantics in Table 8 and equation (18).

All that remains to be shown is (S2): (0", ¢") € fix(®)x, where X" is ¥/, lg:A[p/T.

Alp/T]): by definition of [|-[
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By the construction of ¢ in (17),

¢" = &' +{lo={m;=6s 1o.a1/r)) 1, 1}

We show (S2) according to Definition 4.6:
Firstly, by assumption the domains of ¢ and ¥’ agree so (Dom1) holds. By con-

struction of ¢, also dom(¢”.ly) = {m1,...,m,,} from which (Dom2) follows. For the
remaining conditions, suppose | € dom(X"). We distinguish two cases:
— 1 #1y: Then

Wi=Y]= [gi:Agizl“'p, njzg(yj)B;. 5 T;l"'q]
(F) Forall1 <i<p,o".lg, =0'lg,;, and so from (¢’/,¢") € fix(P)s
o".l.g; € | Aills C 1Az

(M) Let 1 < j < gq,let 3y = X", let (01, ¢1) € fix(®)y, and suppose ¢”.l.n;(01) =
(vg,02). Since ¢”.l.n; = ¢’.l.n; and ¥; = X', the assumption (o’,¢’) €
fix(®)yy and the construction of ¢ entails that there exists ¥y = X; and
(bg € RSF such that (b”.l.nj(al,(bl,El) = (b’.l.nj(al,qzﬁl, 21) = (Eg,gbg) and

(M1) (mvai(o1), va, mvai(o2)) € [T7[1/y;]]

(M2) (02, ¢2) € fix(P)s,

(M3) vy € || Bj[l/y;
- I=ly

(F) By assumption (H1’) and p € [y, we know that there is - A;" <: A4; for all
1 <4 < n such that z;:A4;" in T'. Hence,

I,

o lofi = p(z:) € [|A/ |5, € Ailly C 1Aillgn

(M) Let 1 < 5 < m. Suppose X1 = X", let (01,¢1) € fix(®?)y, and suppose
o".lg.m;(c1) = (v, 09). Since o”.lg.m; = [b;]ply; := lp]o1 and X1 = X", and
j j 3 1P1Y; :
(01, ¢1) € fix(®)x, by setting X := X" from (S1’) we get QS]Z” I (o1,¢1,%1) =
(X2, ¢2) and so we obtain the required X5 and ¢y such that

¢"lo-m(o1, 1, %1) = (X2, ¢2)
by definition of ¢”. Thus, we can prove the remaining goals:

(M1) (mvai(01), v2, Tva(02)) € [[Ty;:A] & Ty]ply; == lo] = [T3[p/Tllo/y;]l,
by (547)

(M2) (02, ¢2) € fix(®)s,, by (52')
(M3) v € [ B;lply; := lo]/T,y;:Allls, = 1Bjlp/T1llo/yjllls,, by (S3)

where the equations in (M1) and (M2) are by applications of the substitution
lemma, Lemma 4.2.

Thus we have shown (¢”,¢") € fix(®)xr, i.e., (S2) holds.
— METHOD INVOCATION
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Suppose ' - a : A :: T is derived by an application of the METHOD INVOCATION rule:
TF z:[mig(y) AT Thes(x)
TEzmAx/y)=T [x/y]
Necessarily a is of the form z.m and there are A’ and T” such that A = A’[z/y] and
T =T'[z/y]. So suppose
H)TFa: Alz/y] :: T'x/y)
(H2) ¥ is a store specification
(H3) p € |l
Define ¢ € SF using “self-application” of the argument,

¢(o',¢", %) = ¢ .p(z).m(c’,¢', X (19)
Now let X' = X, (¢/,¢') € fix(®)x and suppose [a]pc’ = o’ .p(x).m(c’) = (v,0”)
terminates. We show that (S1)—(S4) hold.
By the hypothesis of the method invocation rule, we can assume

[ x:[mic(y) AT Thes () (HY)

Since this implies z:B € T for some [I'] - B <: [m: ¢(y)A’ :: T'], by assumption (H3)
this entails

F X (p(x)) <:[m:c(y)A: T'] [p/T]
i.e., there are A;, A”, B; and T}, T” such that
X p(z) = [fi:Aiymys(y;) By o Ty, mis(y) A" =T

where

yk A" < A'p/T] AN b T — T'[p/T] (20)
Now assumption (¢/,¢’) € fix(®)ss with equation (19) implies that there are X", ¢
such that
(51) ¢(0’,¢',X') = ¢'.(p(x)).m(c",¢', X') = (X", ¢")
(SQ) (0’”7 (]5”) S ﬁX((I))EH
(537) v € [A"[p(2) /Y]l
(84) (mva(0”), v, mvar(a)) € [F T"[p(z)/y]]
By transitivity of <:, equation (20), Lemma 4.2 and (S3’)

v € |A'[p/Tp(z) /Yl 50
Since A'[p/T, p(z)/y] = A'[z/y][p/T
(S3) v € [|A[z/yllp/T]llsn = ||Alp/T
Similarly, by (20) and (S4’),
(mvai(0”), v, wvai(a”)) € [T"[p(x) /Y]] € [T'[p/T][p(2) /Y]]
=[[ITFTlz/yllp (S4)

] we also have

1%

which was to show.
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— FIELD SELECTION

Similar. ¢ can be chosen as ¢(o’,¢', ') = (¢, X').
— F1ELD UPDATE

Suppose

(H1) T'F a:A::T has been derived by an application FIELD UPDATE,

(H2) ¥ is a store specification

(H3) p € [Tl

Let ' = %, (0/,¢') € fix(®)s and suppose [a]po’ = (v,0”) terminates. Recall the

rule for field update,

A= [fz Aii:1“'n, m;: §(yj)BjZSTjj:1mm]
Pk aAnTes(x) TEFyAgiTes(y)
I'Fafy =y AnTpa(z, Tk, y)

(1<k<n)

In particular, a is of the form z.fy:=y and T is Typd(z, fx,y). From the semantics of
[a]po’, this means v = p(z) € Loc and
o =d'[v:=0c wlfy := p(y)]] (21)

Let us define the required ¢ € SF by ¢(c’,¢', ') = (X', ¢') which reflects the fact
that no new objects are created. We have to show that (S1)—(S4) hold.
By (H3), p(z) € ||[Alp/T]|ls; € [[A[p/T]|s;;- Then by construction of ¢ and (21),

(S1) ¢(o’, 9", X)) = (X', ¢')
(S3) v = p(x) € [|Alp/T]lls
(S4) (mvar(o”), v, mvai(c”)) € [[T] F T]p, from the semantics given in Table 8
It remains to show (S2): (0, ¢') € fix(P)x.
By assumption (o, ¢’) € fix(®?)sy and dom(c”) = dom(o’), conditions (DomM1) and
(Dom2) of Definition 4.6 are satisfied. As for (F) and (M), let [ € dom(¥') and
S = g AP nj:s(y;)Bj = T]fl"'q].
(F) We distinguish two cases:
— Case !l = p(z) and g; = f. Then, by (21), ¢”.l.g; = p(y). By (H3), p(x) €
|4]o/Tllls € | Alp/T] s, which entails
F X0 <: Alp)T]
and in particular, by the definition of the subspecification relation,

?e = E/.l.fk = Ak[p/r]

Note that invariance of subspecification in the field components is needed to
conclude this. Now again by (H3),

p(v) € 1Aklp/Tllls € [ Aklp/T 5 = 144 ]l

Hence, ¢”.1.g; € || A}|s, as required.

— Casel # p(z) or g; # f. Then ¢”.1.g; = o’.l.g;, by (21). Hence, by assump-
tion (0, ¢') € fix(®)sy, we have 0”.l.g; € || A]|s/-
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(M) Let X" = %', let (01,¢1) € fix(®)s and suppose ¢”.1.n;(01) = (v2,02). Then,
by assumption (o', ¢') € fix(®)sy and the fact that o”.l.n; = ¢’.l.n; by (21), we
obtain that ¢'.l.n;(o1, 1, L") = (X2, ¢2) where g = X" and
(M1) (mvar(o1), v2, Tvai(o2)) € [T5[1/y;]]

(M2) ((72, qbg) € ﬁX(‘P)22
(M3) vz € || B0/,
as required.

which concludes the proof. ]

5.2. Soundness Theorem

With Lemma 5.2 and Lemma 5.4 proved above, it is now easy to establish our main
result:

Theorem 5.5 (Soundness). If '+a: AT then'Fa: A= T.

Proof. Suppose I' Fa : A:: T, and let ¥ € StSpec be a store specification and suppose
p € Env such that p € |T'||s;. Let o € [X], so by definition there exists ¢ € RSF such that
(0,¢) € fir(P)x. Next suppose

[0 = (v,0")

By Lemma 5.4 there exists ¢, € RSF such that
(S1) po(0, 9, %) = (X', ¢') where ¥/ = ¥ and
(S2) (o/,¢') € fix(®)x
(S3) v € [[A[p/Tls
(54) (wvai(@), v, mvar(e)) € [[TT+ TTp
In particular, o’ € [¥'] follows.

Now in the case where A is Bool we obtain (v,0’) € [[I'] = A]p from || Bool||s,, = BVal.

Otherwise A is an object specification, and we must have - ¥'.v <: A[p/T] by definition
of ||Alp/T]||s;,. Hence, by Lemma 5.2,

(v,0”) € [Alp/T]] = [[T] + A]p
where the last equality is by the the substitution lemma, Lemma 4.2. ]

In particular, if F a : A :: T and [a]o = (v,0") then (v,0’) € [A] and so v # error by
Lemma 3.4.

6. Recursive Specifications

In this section we investigate an extension of the logic with recursive specifications. These
are necessary when a field of an object or a result of one of the object’s methods are
supposed to satisfy the same specification as the object itself. In particular, they are
needed to specify any recursive datatype: Referring back to the example of the account
manager in Table 5, if Ayanager should include a list of accounts, we would need a recursive
specification pu(X)[head : Apceount, tail : X].
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Below we discuss in more detail how recursive specifications can be dealt with in the
logic.

6.1. Syntax and Proof Rules

To accommodate reasoning about elements of recursive types such as lists, we introduce
recursive specifications p(X)A. To prevent meaningless specifications such as pu(X)X we
only allow recursion through object specifications, thereby enforcing “formal contractive-
ness”.

=T | Bool | [fi: A/="" myc(y;) BT/~ | w(X)A
ABi=A| X

where X ranges over an infinite set SV of specification variables. X is bound in p(X)A,
and as usual we identify specifications up to the names of bound variables.

In addition to specification contexts I' we introduce contexts A that contain specifi-
cation variables with an upper bound, X <: A, where A is either another variable or
T. In the rules of the logic we replace each judgement I' - a:A::T by I'; A + a:A:T,
and the definitions of well-formed specifications and well-formed specification contexts
are extended, similar to the case of recursive types for the object calculus (Abadi and
Cardelli, 1996),

ARY X ¢A I'"AFok X ¢ A
A, X <:Y ok A, X <:TFok
and
A X <t A Aok LA X< TEHA ;A F ok
DA X < AANEFX ;AR p(X)A I;ART

We will simply write A, X, A’ in place of A, X <: T,A’.
Subspecifications for recursive specifications are obtained by the “usual” recursive
subtyping rule (Amadio and Cardelli, 1993), and T is the greatest specification,

IAY<:T,X<YHA< B

RECSUB [;AF u(X)A < u(Y)B
Top e

As will be seen from the semantics below, in our model a recursive specification and its
unfolding are not just isomorphic but equal, i.e., [u(X)A] = [A[(u(X)A)/X]]. Because
of this, we do not need to introduce fold and unfold terms: We can deal with (un)folding
of recursive specifications through the subsumption rule once we add the following sub-
specifications,

FoLb AR p(X)A
ITA R A[(p(X)A)/X] < p(X)A
UNFOLD D AF pX)A

DA F u(X)A <t Al(u(X)A)/X]

We will prove their soundness below.
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Table 13. Store specifications

(0,6) € (Y, X))y, <= (Doml) dom(X)=dom(¢); and
(DoM2) VI € dom(X).
if dom(E.l) = /,L(X)[fl Aiizl'“n, mj: g(yj)Bj::Tjjzl“'m}
then dom(¢.l) = {m;};j=1...m; and
vl € dom(X) where .0 = pu(X)[fi: AP =™, mj:o(y;) BT/ =™
(F) V1<i<n olf;el|A;i[Z.1/X]|y; and
(M) V1<j<m. VY %=3XVo' 0" €StVe' € RSF VI € Loc Vv € Val.
ifl' €[Sl A (0!,¢") €Yy A oldmy(l',0") = (v,0”)
then 3%/ » 5/ 3¢ € RSF. ¢.L.m;(I',o', ¢/, %) = (X, ¢") and
(M1)  (rvar(0), 0, mvan(0”)) € [TV /35]]; amd
(M2)  (0”,¢") € Xsu; and
M3) v e IB S/ XI /s

6.2. FExistence of Store Specifications

Next, we adapt our notion of store specification to recursive specifications. This is very
similar to Definition 4.6; for completeness we spell it out in detail below.

Definition 6.1. A store specification, for the purpose of the present section, is a record
Y € Recpoc(Spec) such that for each [ € dom(X), X.1 is a closed (recursive) object specifi-
cation of the form p(X)[f;: A;"="", m;: c(yj)Bj::Tjjzl'”m]. We continue to write StSpec
for the set of store specifications.

Note that because of the FOLD and UNFOLD rules of recursive types, the requirement
that only object specifications with a p-binder in head position occur in ¥ is no real
restriction. The definition of the functional ® of Definition 4.6 remains virtually the
same apart from an unfolding of the recursive specification in the cases for field and
method result specifications:

Definition 6.2. Let S = P(St x RSF)%57¢¢ denote the collection of families of subsets of
St x RSF, indexed by store specifications (in the sense of Definition 6.1). Table 13 defines
a functional ® : S°? x § — S; as before we write o € [X] if there is some ¢ € RSF such
that (0’, ¢) S ﬁX(‘I’)E.

The proof of Lemma 4.7 can be easily adapted to show that this functional also has a
unique fixed point.

Lemma 6.3 (Existence). Functional ® in Definition 6.2 has a unique fixpoint fix(®).

6.3. Semantics of Recursive Specifications

Definition 6.4. We extend the interpretation of specifications to the new cases, where
7 maps specification variables to admissible subsets of Val x St:
[T; AF T]pn = Val x St
[T A F X]pn = n(X)
[Ts A p(X)A]pn = gfp(Ax- [T A, X <:T = Al pn[X = x])
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We write n E Aif, for all X <: Y in A, n(X) C n(Y).
We briefly observe the following facts, (the duals of) which are standard (Davey and
Priestley, 2002).

— By Tarski’s Fixed Point Theorem, every monotonic map f : L — L on a complete
lattice (L, <) has a greatest fixed-point gfp(f) (which is in fact the greatest post-fixed
point).

—If f : L — L additionally preserves meets of decreasing chains zg > z1 > ...,

ie, f(A;xzi) = A, f(x;), the greatest fixed point can be obtained as gfp(f) =
A{f"(T) | n € N} where T is the greatest element of L.

— For a complete lattice (L, <) and any set A, the set of maps A — L forms a complete
lattice when ordered pointwise, with the meet of {f; | ¢ € I'} given by Aa. A, fi(a).
— The greatest fixed point operator is monotonic: Suppose f < g are monotonic maps

in the lattice L — L, then gfp(f) < gfp(g).

— Composition preserves meets of descending chains: If fo > f1 > ... andgg > g1 > ...
are maps in L — L such that every f; and g; is monotonic and preserves meets
of descending chains then A, f;o A;g9; = A, (fn ©gn). It follows that gfp(A, fi) =
N &fp(fi) i.e., gfp also preserves meets of chains.

The set of admissible subsets of Val x St, Adm(Val x St), is closed under arbitrary in-
tersections, hence forms a complete lattice when ordered by set inclusion. Therefore,
specification environments 7 : SV — Adm(Val x St) with the pointwise ordering form a
complete lattice.

In the following, we show that the interpretation of specifications given above is well-
defined. More specifically, we show that meets of descending chains of environments are
preserved.

Lemma 6.5 (Well-definedness). [I'; A b A] preserves meets of descending chains:
mozm=>... = [5AEAp(A;n) =I5 A F A
In particular, this lemma shows that the greatest fixed point used in Definition 6.4 exists

by the observations made above.

Proof. We can show this by induction on the structure of A. The only interesting case
is where A is of the form p(X)B.
Suppose ng > n1 > .... If we let f; : Adm(Val x St) — Adm(Val x St),

filx) = [I5A, X F B]pni [ X = ], ieN

then the induction hypothesis entails that each f; is monotonic, and fy > f1 > ... is a
descending chain of environments. Moreover, since for each ¢ € N and descending chain
Xo 2 X1 2 ... in Adm(Val x St)

N milX = x5] = mi[X =N, x5]
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the induction hypothesis shows that each f; preserves meets:
fil0 x;) = 58, X F Blp(A; m[X = x;])
=;[IA, X = B]p(m[X = x;])
= ﬂj filxs)
We obtain
[T A Ap(A; ni) = gfp(AX-[T5 A, X F Blp(A;m)[X =x]) by definition
= gfp(Ax.[I5 A, X F B]p(A; m[X = x])) pointwise meet
= gfp(Ax. ;[T A, X F B]pni[X = x]) by induction

= gfp(\,; fi) pointwise meet
=, &fp(f:) gfp preserves meet
= ;[T A = Afpn; by definition
which concludes the proof 0

Lemma 6.6 (Substitution). For all ;A X - A, I'; A+ B, p and 7,
[[5A, X = Alp(n[X=[I; A+ Blpn]) = [I; A+ A[B/X]]pn
Proof. By induction on A. L]

6.4. Syntactic Approrimations

Recall the statement of Lemma 5.2, one of the key lemmas in the proof of the soundness
theorem:

Vo, 5, 1,A. Aclosed N ce[S] A FXI<:A = (l,0) €[4] (22)

In Section 5 this was proved by induction on the structure of A. This inductive proof
cannot be extended directly to prove a corresponding result for recursive specifications:
The recursive unfolding in cases (F) and (M3) of Definition 6.2 would force a similar
unfolding of A in the inductive step, thus not necessarily decreasing the size of A.

The remainder of this section is therefore concerned with the derivation of (22). Instead
of using induction on A, we consider finite approximations as in the sense of Amadio and
Cardelli (1993), where we get rid of recursion by unfolding a finite number of times
and then replacing all remaining occurrences of recursion by T. We call a specification
non-recursive if it does not contain any occurrences of specifications of the form p(X)B.

Definition 6.7 (Approximations). For each A and each k € N, we define Al = T
and A[*! by the cases given in Table 14.

Note that, as in (Amadio and Cardelli, 1993), well-definedness of approximation can be
shown by a well-founded induction on the lexicographic order on k£ and the number of
w1 in head position. In particular observe that our definition of recursive specifications
already ruled out troublesome cases like pu(X)X.
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Table 14. Approximations

X|ktl = X

Tkt = 7T

Bool|F+1 = Bool

pOARHL = Afu(X)A/X][FH

BJk+1 = [fi: Ail*, my o s(y) Byl = Tylier jes

where B = [fi:Aiizl“'n, mjig(yj)BjZZTjj:lmm}

Table 15. The generalised object subspecification rule

T, y; b T;=tm+a
I AR A=t T AR A < APSIm Doy T
D,y;; A Bd=mtlomba Doy Al By < B7TH ™ b Ty - TP70™
TS A F [fis A= mHP my o (yy) By Ty =] < [ AP mye(y) BT T

6.4.1. Properties of Approzimations Unfortunately, approximations A|* as defined above
are not in fact approximating A (from above) with respect to the subspecification relation
<:, the reason being the invariance in field specifications. For example, if we consider
an object specification A = [f; : X, fy : Bool] we can observe the following:

R UVAR = [fy < u(X)u(Y) A, : Bool)
= [f1 : p(X)(Y)A|', f2 : Bool|']
= [f1 o [f: w(X)p(Y)A, fy = Bool]|',fs : Bool|
=[f1: [f1: w(X)(Y)A|°, £y : Bool|"], fs : Bool]
=1fy:[fi: T,fo: T],fa : Bool]

By inspection of the rules, - pu(X)u(Y)A <: u(X)u(Y)A|? requires to show
DA [fy: [f: w(X)(Y)A, f 0 Bool],fa : Bool] <: [fy : [f1: T,fa: T],fy: Bool]

for appropriate I' and A. But subspecifications of object specifications can only be derived
for equal components f; with the rules of Section 3.

Therefore we consider the more generous subspecification relation that also allows
subspecifications in field components, by replacing the rule for object specifications with
the one given in Table 15.

We write <:* for this relation, and observe that H A <: B implies - A <:* B. It is
still sufficient to guarantee soundness in our case as will be shown below. First, we obtain
the following approximation lemma for the <:* relation.

Lemma 6.8 (Approximation). For all specifications T'; A = A, the following hold.
1 Forallke N, T;AF A <:* Ak,

2 Forall k,l € N, T; A F A[F <* AF.

3 If A is non-recursive then there exists n € N such that for all k > n, A = A|*.
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Proof. The proofs are by induction on the lexicographic order on k and the number of
1 in head position, then considering cases for the specification A. ]

6.4.2. Soundness of the Subspecification

Lemma 6.9 (Soundness of <:* ). I A+ A <:* B, p € Env and n E A then
[T;A = A]pn C [T;A = Blpn.

Proof. By induction on the derivation of I'; A+ A <:* B.
— The cases for REFLEXIVITY and TRANSITIVITY are immediate, as is TOP.

— FoLp and UNFOLD follow from the fact that the denotation of p(X)A is indeed a
fixed point,

[T; A F u(X)A]pn = gfp(Ax.[T; A, X F A]pn[X = x]) by definition
=[IA, X = Alp(n[X = [ A - p(X)A]pn])  fixed point
=[[;A ¢ Alu(X)A/X])pn by Lemma 6.6

— The case of the (generalised) object subspecification rule SUBOBJECT follows by
induction and is rather straightforward.

— Finally, in the case of the SUBREC rule, suppose that I'; A F u(X)A <* w(Y)B
has been derived from I';AY <: T,X <: Y F A <* B. We use the fact that
[T; A F pu(Y)B]pn is the greatest post-fixed point of the map

fO) =[154,Y = Blpn[X = X]
which is monotonic as shown in Lemma 6.5. Since oo = [I'; A F u(X)A]pn is a fixed
point of A\x.[I[; A F A]pn[X = x] we calculate
a=[A XY FAlmX =a,Y = qf I'; A, X + A independent of (Y)
CA, X, YFB]pmX =a,Y =a] by induction
= f(«a) I; A,Y F B independent of n(X)
which shows « is a post-fixed point of f. Hence, [I'; A F u(X)A]pn = « C gfp(f) =
[T; A+ w(Y)B]pn as required.
U

6.4.3. Relating Semantics and Syntactic Approximations Taken together, Lemma 6.9 and
Lemma 6.8(1) show [['; A + A]pn C [I; A = A|¥]pn for all n E A and k € N; in particular,

[Aln € NienlAl*In (23)

for closed specifications A. For the reverse inclusion, we use the characterisation of great-
est fixed points as meet of a descending chain, which is in close correspondence with the
syntactic approximations.

Lemma 6.10 (Combining Substitution and Approximation). For all specifica-
tions A, B, all X such that I';AF Band I'; A, X F A, and for all k£, € N

;A - A[B/ X' <* A[B*/X]|!
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In particular, by Lemma 6.9, [[';A = A[B/X]|']pn C [[;A = A[B|*/X]|']pn, for all
nEA.

Proof. By induction on the lexicographic order on ! and the number of p in head

position.
— Case [ = 0. Clearly T; A+ A[B/X]|° <:* T = A[BJ*/X]|°.
— Case [ > 0. We consider possible cases for A.

— Ais X. Then I'; A F A[B/X]|' = B|' <:* B|F|' = A[B|*/X]|".

— Ais T,Boolor Y # X. Then I'; A - A[B/X]|' = A|' <:* Al' = A[B|F/X]|".

— A [fi A7 mye(y;) BT~ ™. This case follows again easily by induc-

tion hypothesis.

— Ais p(Y)C, without loss of generality Y not free in B. Then by induction hy-
pothesis we find T; A = C[A/Y][B/X]|" <:* C[A/Y][B|¥/X]|'. Using properties
of syntactic substitutions, we calculate

AB/X]|" = wY)(C[B/X))| substitution
= CB/X)[(u(Y)(CIB/X))/Y]l  defimition of (-]
= C|B/X][(A[B/X])/Y]| substitution
= C[A/Y][B/X]] Y not free in B

and analogously C[A/Y][B|¥/X]|' = A[B|*/X]|', which entails the result.
O

Lemma 6.11 (Approximation of Specifications). For all A F A, p € Env and
environments 1 F A, [ A+ Alpn = Nen[T; A F A|F]pn.

Proof. By (23), all that remains to show is [I; A F Apn 2 Nyenl; A F A*F]pn. We
proceed by induction on the lexicographic order on pairs (M, A) where M is an upper
bound on the number of p-binders in A. For the base case, M = 0, by Lemma 6.8(3)
there exists n € N such that for all k > n, A|* = A, and so in fact

[T; A Alpn = [T;A F A"lpn 2 NienT; A AF]pn

Now suppose that A contains at most M + 1 u binders. We consider cases for A.

— Case A of the form T, X or Bool. Then as above, there exists n € N such that for all
k >n, A|* = A and we are done. _
— Case A is [fi: 4,7 mj:¢(y;)B;=T;’~"™]. Then, by induction hypothesis,

[T A Ailpn 2 NenlT3 A - Ail*Tpn
and
[T, y5: A+ Bil(ply; = ) 2 NyenlTs 5 A F By[*)(ply; = )n
for 1 <i<mand1<j<m. Hence, if (I,0) € [T; A+ A|¥]pn for all k € N then
(0.0.61,0) € MyenlTs A F Ail*lon C [T A F Agpn



Denotational Semantics for a Program Logic of Objects 41

and o.l.m;(o) = (v, 0’) implies

(v,0") € NienlTs 55 A F Bj|*1(ply; = )n C [T, y55 A = Byl (ply; == 1])n

by the definition of A|*. This shows (I,0) € [I'; A = A]pn as required.
— A is u(X)B. Recall that

[T; A Alpn = gfp(fa)

is the greatest post-fixed point of fa(x) = [[5A, X + B]pn[X = x]. We show that
o = Npenll; A - A¥]pn is a post-fixed point of f4, from which

[T A F Alpn 2 Myen[Ts A = Aoy
then follows: First note that by Lemma 6.8(2) and Lemma 6.9
nX = [5AF APpn] 2 0[X = [ A - Al pn] > ...
forms a descending chain of environments. Hence we can calculate

fala) =T A, X F Blpn[X = o] definition of f4
= [ A, X F Blp(Agn[X = [[; A+ A|*]pn])  definition of o and meets
= MpenIT; A, X F Blpn[X = [I; A+ A*]pn]  Lemma 6.5, meets

= ﬂkeN[[F; At B[A|k/X]]]P77 Lemma 6.6, substitution
2 Mren N[5 A BlA*/X]|"pn induction hypothesis

2 Menll5 A BlA/X]|"]pn Lemma 6.10

= NenlT: A = Aoy definition of u(X)A[*

i.e. a C fa(a). Note that we can apply induction in the fourth line since A|* does
not contain any u and therefore B[A|¥/X] contains at most M pu-binders.

This concludes the proof. ]

6.5. Soundness

After the technical development in the preceding subsection we can now prove (22). From
this result the soundness proof of the logic extended with recursive specifications then
follows, along the lines of the proof presented in Section 5 for non-recursive specifications.

Lemma 6.12. For all 0 € St, ¥ € StSpec, | € Loc and closed A, if ¢ € [X] and
FX.0 <* Athen (I,0) € [A].

Proof. The proof proceeds by considering finite specifications first. This can be proved
by induction on A, as in Lemma 5.2. When applying the induction hypothesis we use the
fact that H A <: B implies - A <:* B.

To extend the proof to all (possibly recursive) specifications, note that by Lemma 6.8,
A <:* A|¥ for all k € N, which entails - $.1 <:* A|* for all k by transitivity. Every A|
is non-recursive, so by the above considerations, (I,) € [A|¥] for all k. Thus

(1,0) € Nien [A*] = [A]
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by Lemma 6.11. |

7. Outlook

The study of Abadi-Leino logic from a denotational viewpoint was not just carried out
for advertising denotational techniques, nor for the belief that it is the best logic one can
devise. However, it was the first (and, to the best of our knowledge, so far the only) logic
for the object-calculus and thus an ideal playground and starting point for our research
programme.

Our long-term objective is to design a better, more powerful and more complete logic
building on the lessons learnt from analysing Abadi-Leino logic. To that end, we plan to
carry out the following extensions or changes of Abadi and Leino’s calculus. We strongly
believe that the denotational approach will guide us in finding the right rules (and a
modular correctness proof):

Local Store. In this paper we have worked with a global store model. Every object, its
field and methods, are visible to any other object. For Abadi-Leino logic this was sufficient
but one significant feature of object-oriented programs is encapsulation. Encapsulation
is modelled only by a refined notion of store — and accordingly more refined store spec-
ifications. Reddy and Yang (2004) and Benton and Leperchey (2005) have presented
such models for higher-order languages with storable references (but no higher-order
store). Their models give rise to a large number of correct program equivalences, and the
authors expressed the need to extend their respective models to a full object-oriented
language and to specifications. Coming from the other end, we have a logic for a simple
object-oriented language, but need to incorporate locality and encapsulation.

A complementary approach to information hiding is to restrict the language by im-
posing a confinement condition on programs. Banerjee and Naumann (2005) use this
approach to prove representation independence for a class-based Java-like language. It
should be interesting to try similar techniques for a language with higher-order store,
such as the object calculus, in order to prove a restricted form of encapsulation and
representation independence.

Invariants of fields. Abadi and Leino’s logic is peculiar in that verified programs need
to preserve store specifications. Put differently, only properties which are in fact pre-
served can be expressed by object specifications. In particular, specifying fields in object
specifications is limited. Invariants like e.g. balance > 0, stating that an account comes
without overdraft, cannot be formulated. Note that such an axiom in a transition spec-
ification only guarantees that the current balance is positive. Using a store with local
fields (as described above), such invariants can be accommodated. Invariance of such a
field has to be established only for those methods that can see it.

Method Parameters. Formal method parameters of the form z:A can be attached to
method specifications — e.g. deposit(z:Int):¢(y)[] :: Taeposit — by adding an extra as-
sumption to the definition of store specifications. When ¢’ € [¥'] then conditions (M1)-
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(M3) have to be shown for all v € ||A|y;, where v is the actual parameter replacing formal
parameter = in the method call. There are limitations, however, as the resulting object
specification must still allow for subspecifications. In particular, its semantics should not
be defined by a recursion with negative occurrences of store.

Dynamic Loading. Dynamic loading of objects is, in a way, already available in the
object calculus (and this is one of its advantages over class-based languages). Loading
an object of which one only knows its specification A = [f; : A;;m; @ ¢(z;)B; = T}
corresponds to using a command of which one only knows its result specification A.
Thus, z : [load : ¢(y)A :: 2. Topj(f = 2)] F w.load : A :: 32, Topi(f = z) simulates dynamic
loading where x may be thought of as class loader, and where the load command is
x.load. If A is simply [], nothing is known about the loaded object. In this case one has
to assume another command to check at runtime whether a given object fulfils a given
specification. This implies that specifications have to be representable in the progamming
language and thus a form of refiection.

Recursive Specifications. Recursive specifications are necessary when a field of an object
or a result of one of the object’s methods are supposed to satisfy the same specification as
the object itself. As outlined at the beginning of Section 6 they are needed to implement
recursive datatypes such as lists and trees. In the preceding section we have discussed
how the logic can be safely enriched by recursive specifications.

Parametric Method Specifications. Transition specifications in Abadi-Leino logic cannot
refer to methods. This is unnecessary as method specifications are fixed at object intro-
duction and assumed to be invariant afterwards. But for programs that, for instance, use
delegations (similar to the Command pattern of Gamma et al., 1995) this is not adequate:
The specification in use is not known at the time of object creation but only at update
(and it may change with further updates). As a remedy one could allow placeholders for
specifications (B and T') that can be shared inside objects. For example let X and Y be
such placeholders then [f: [n: ¢(2)X Y], m: ¢(z)X::Y] states that m satisfies the same
method specification that n satisfies. Note that only n can be updated via f. The invari-
ance of specification still holds, it is just that every object providing a method n will meet
specification [n : ¢(z)X::Y] and m will still satisfy m : ¢(z)X::Y if it is implemented as
m = ¢(y)x.f.n. More general transition specifications for m are conceivable that assume
Y to hold only for certain calls of n. The restrictions revealed by the existence theorem
may turn out useful to find the right semantics for such specifications.

Method Update. Although method update is not allowed in Abadi-Leino logic, fields
can be updated and thus the methods in a field object, similar to the Decorator pattern
(Gamma et al., 1995) as seen in the example above. By the invariance of field components
of object specifications, the object used for the update must satisfy the specification of the
field to be updated. Any extra conditions that the new object may fulfil are not recorded
in the logic and cannot be used later. More useful would be a “behavioural” update
where result and transition specifications of the overriding method are subspecifications
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of the original method. But this would require a relaxation of the idea of invariance of
store specifications.

Invariance of Store Specifications. The previous discussion shows the need for a logic
where object specifications are not always preserved or one may want to refine the object
specifications. It seems worthwhile to develop a calculus that makes invariance properties
explicit in the logic. Even though this may clutter proofs (for users of such a logic), it
may reveal limitations of logics with higher-order dynamic store. Moreover, it is expected
that Separation Logic (O’Hearn et al, 2001; Reynolds, 2002) provides support for local
reasoning. Yet, this requires more research to get Separation Logic married with Higher-
order store first.

As a consequence, it should be possible to devise more practical and more expressive
program logics. It may also be instructive to derive a class-based logic by translating
classes into objects (Abadi and Cardelli, 1996) using the object-calculus. Therein dynamic
(class) loading is easy to model.

8. Conclusion

Based on a denotational semantics, we have given a soundness proof for Abadi and
Leino’s program logic of an object-based language. Compared to the original proof, which
was carried out with respect to an operational semantics, our techniques allowed us to
distinguish the notions of derivability and validity. Further, we used the denotational
framework to extend the logic to recursive object specifications. In comparison to a
similar logic presented in (Leino, 1998) our notion of subspecification is structural rather
than nominal.

Although our proof is very much different from the original one, the nature of the logic
forces us to work with store specifications too. Information for locations referenced from
the environment I" will be needed for derivations. Since the context I' cannot reflect the
dynamic aspect of the store (which is growing) one uses store specifications ¥. They do
not show up in the rules of Abadi-Leino logic as they are automatically preserved by
programs. This is shown as part of the soundness proof rather than being a proof obli-
gation on the level of derivations. By contrast to (Abadi and Leino, 2004), we can view
store specifications as predicates on stores which need to be defined by mixed-variant
recursion due to the form of the object introduction rule. Unfortunately, such recursively
defined predicates do not directly admit an interpretation of either subsumption or weak-
ening. This led us to a positive recursive semantics of individual objects, for which the
set containment models the syntactic subspecification relation (cf. Lemma 3.5).

Conditions (M1)—(M3) in the semantics of store specifications ensure that methods in
the store preserve not only the current store specification but also arbitrary extensions
Y’ %= 3. This accounts for the (specifications of) objects allocated between definition
time and call time.

Clearly, not every predicate on stores is preserved. As we lack a semantic characteri-
sation of those specifications that are syntactically definable (as X), specification syntax
appears in the definition of o € [X] (Definition 4.6). More annoyingly, field update
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requires subspecifications to be invariant in the field components, otherwise even type
soundness is invalidated. We do not know how to express this property of object specifi-
cations semantically (on the level of predicates) and need to use the inductively defined
syntactic subspecification relation instead.

The proof of Theorem 4.7, establishing the existence of store predicates, provides an
explanation why transition relations of the Abadi-Leino logic express properties of the
flat part of stores only: Semantically, a (sufficient) condition is that transition relations
are upwards and downwards closed in their first and second store argument, respectively.

In Section 7 we have described some of the limitations of Abadi-Leino logic and
sketched possible improvements. The results established in this paper pave the way for
this line of research.
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