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Abstract. We present the first complete soundness proof of the anti-
frame rule, a recently proposed proof rule for capturing information hid-
ing in the presence of higher-order store. Our proof involves solving a
non-trivial recursive domain equation, and it helps identify some of the
key ingredients for soundness.

1 Introduction

Information hiding, or hidden state, is one of the key design principles used by
programmers in order to control the complexity of large-scale software systems.
Being able to exploit this principle in the formal setting of a program logic
could represent an important step towards the development of modular, scalable
program verification techniques.

The idea is that an object (or function, or module) need not reveal in its
interface the fact that it owns and maintains a private, mutable data struc-
ture. Hiding this internal invariant from the client has several beneficial effects.
First, the complexity of the object’s specification is slightly decreased. More im-
portantly, the client is relieved from the need to thread the object’s invariant
through its own code. In particular, when an object has multiple clients, they are
freed from the need to cooperate with one another in threading this invariant.
Last, by hiding its internal state, the object escapes the restrictions on aliasing
and ownership that are normally imposed to objects with mutable state.

It is worth emphasizing that hiding and abstraction (as studied, for instance,
in separation logic [1,2,3]) are distinct mechanisms, which may co-exist within a
single program logic.’

The recently proposed anti-frame proof rule [4] enables hiding in the pres-
ence of higher-order store (i.e., memory cells containing procedures or code frag-
ments). In this paper, we study the semantic foundation of the anti-frame rule,
and give the first complete soundness proof for it. Our proof involves the solution
of an intricate recursive domain equation, and it helps identify some of the key
ingredients for soundness.

! The abstraction is often implemented in terms of assertion variables (called abstract
predicates by Parkinson) that describe private data structures of objects. These
variables are exposed to a client, but their definitions are not, so that the object
internals are presented to the client in an abstract form. The hiding, on the other
hand, aims for concealing the object internals completely from the client.



Information hiding with frame and anti-frame rules Our results push
the frontier of recent logic-based approaches to information hiding. These ap-
proaches adopt a standard semantics of the programming language, and deal
with information hiding on a logical basis, by extending a Hoare calculus with
special proof rules. These usually take the form of frame rules that allow the
implementation of an object to ignore (hence implicitly preserve) some of the in-
variants provided by the context, and of anti-frame rules, which allow an object
to hide its internal invariant from the context [5,6,7,4].

In its simplest form, the frame rule [5] states that invariants R can be added
to valid triples: if {P}C{Q} is valid, then so is {P * R}C{Q * R}, where the
separating conjunction P x R indicates that P and R govern disjoint regions of
the heap. In subsequent developments, the rule was extended to handle higher-
order procedures [6,7] and higher-order store [8,9]. Moreover, it was argued that
both extensions of the rule support information hiding: they allow one to hide
the invariant of a module [6] and to prove properties of clients, as long as the
module is understood in continuation-passing style.

Thorough semantic analyses were required to determine the conditions under
which these extensions of the frame rule are sound. Indeed, the soundness of
these rules raises subtle issues. For instance, the frame rule for higher-order
procedures turns out to be inconsistent with the conjunction rule, a standard
rule of Hoare logic [6,7]. Furthermore, seemingly innocent variants of the frame
rule for higher-order store have been shown unsound [9,10].

In the most recent development in this line of research, Pottier [4] proposed
an anti-frame rule, which expresses the information hiding aspect of an object
directly, instead of in continuation-passing style. Besides giving several extensive
examples of how the anti-frame rule supports hidden state, Pottier argued that
the anti-frame rule is sound by sketching a plausible syntactic argument. This
argument, however, relied on several non-trivial assumptions about the existence
of certain recursively defined types and recursively defined operations over types.

In this paper, we systematically study the semantic foundation of hidden
state, as captured by frame and anti-frame rules, in the presence of higher-order
store. In particular, we describe our soundness proof of a program logic that has
both frame and anti-frame rules.

Overview of the technical development The anti-frame rule was originally
proposed in an expressive type system for an ML-like language [4]. In the context
of separation logic, it becomes an inference rule for deriving Hoare triples. A
slightly simplified version of it takes the following form:

{P o RIC{(Q®R) x R}
{Pre{Q}
Recall that the separating conjunction P’ (@’ holds of a heap when the heap can
be split into two sub-heaps that respectively satisfy P’ and Q’. In order to specify

properties of stored code, we allow assertions to contain nested triples [9], and
introduce a ® operator, whose meaning is roughly the following: P’ ® R’ denotes




a version of P’ where R’ has been *-conjoined with the pre- and post-conditions
of every triple, including deeply nested triples.

In the anti-frame rule above, the code C' can be thought of as allocating
and initializing an object. The assertion R describes an internal invariant of this
object, which one wishes to hide. The conjunct — % R in the post-condition of
the premise ensures that the invariant R is established by C, so R holds initially.
The two occurrences of — ® R in the premise guarantee that every triple that
appears in the premise has R as pre- and post-conditions, so every interaction
between the object and the outside preserves R. The invariant R does not appear
in the conclusion of the rule, so one reasons about the rest of the program just
as if the object had no internal state.

Our soundness proof of the anti-frame rule is based on two key components.
The first is a new interpretation of Hoare triples, which explicates the universal
and existential quantifications that are implicit in the anti-frame rule. Let Po R
abbreviate (P® R)*R. Roughly speaking, in our interpretation, a triple{ P}C{Q}
is valid if, for all invariants R, the triple

{PoR}YC{IR.Qo(RoR)} (1)

holds in the standard interpretation of triples. Pottier [4] showed how the anti-
frame rule allows encoding ML-like weak references in terms of strong references.
Readers who are familiar with models of ML references (see, e.g., [11]) may
thus find the above interpretation natural. Roughly speaking, the code C has a
function type P — @, whose interpretation is: “for all worlds R, if C' is given an
argument of type P in world R, then, for some future world Ro R’ (an extension
of R), C returns a result of type @ in world Ro R'.”

The second element in our soundness proof is a formalization of the above
intuition. Our interpretation of assertions is parameterized by a set W of worlds,
or invariants, so that, semantically, an assertion is a function W — P(Heap)
from worlds to (certain) sets of heaps. Corresponding to Ro R’ in (1), there is a
semantic operation o on W that lets us combine two invariants. This operation
induces a preorder on invariants, whereby R o R’ is greater than (i.e., a future
world of) R.

In order to prove that the anti-frame rule is sound, we require assertions P
to be monotonic with respect to the preorder on invariants: that is, P(R) must
be a subset of P(Ro R’), for all P, R and R’. This lets us relate an assertion P
at two different invariants Ry and Rj, by first exhibiting an upper bound R,
of Ry and Ry and then using the monotonicity to conclude P(R;) C P(R3) for
i € {0,1}. This forms an important step of our soundness proof.

In order to present our soundness proof as abstractly and elegantly as we
can, we begin with an axiomatization of worlds and world composition, that is,
we state a number of requirements that worlds should satisfy (Section 2). This
allows us to define the interpretation of triples and establish some of its key
properties in an abstract setting (Section 3).

In Sections 4 and 5, we move to a more concrete setting and present a small
imperative programming language that features higher-order store, in the form



of storable commands. We equip it with a proof system, which features nested
Hoare triples, frame rules, and anti-frame rules. As in Pottier’s original setting,
in this system, it is desirable that every assertion R be allowed to play the role of
an invariant. As a consequence, in this concrete instance, the set of invariants W
should be isomorphic to the semantic domain of assertions.

In summary, for this instance the requirements that we have described above
amount to the following non-standard recursive domain equation:

Assert = Assert —.,, P(Heap). (2)

The subscript —,,, indicates that we consider only the subset of monotonic func-
tions. By restricting the codomain to subsets of Heap that satisfy particular
conditions, and by further restricting the function space, we can find a solution
to (a variant of) equation (2) in a category of complete metric spaces. However,
because monotonicity is defined in terms of the ordering over assertions, which
itself is defined in terms of the operation of composition o on W (recall that W
and Assert are isomorphic), we cannot do this using “off-the-shelf” techniques
for solving recursive domain equations, like those of Rutten [12] or Birkedal et
al. [13]. Instead, we obtain a solution by explicitly constructing the inverse limit
of an appropriately chosen sequence of approximations to (2). We discuss these
challenges and our solution in more detail in Section 4.

Contributions In summary, our main contributions are the following:

— We highlight which semantic ingredients are critical in establishing the va-
lidity of the frame and anti-frame rules. We hope that this will lead to
increased understanding, and expect that these ingredients can be used as
building blocks in the soundness proofs of future logics with information
hiding principles.

— We give a proof of the soundness of a program logic that includes frame and
anti-frame rules for higher-order store.

To improve the readability, we omit several proofs in the main text; some are
found in the appendices.

2 Semantic setup

In this section, we describe semantic ingredients that can be used to validate
(certain types of) anti-frame and frame rules.

Programming language. Our assumptions on the semantics of the programming
language are fairly standard. We assume that there is a (pointed, chain-complete
partially ordered) set of heaps, Heap, and that commands either diverge, termi-
nate successfully, or fault, i.e., that Com = Heap — (Heap @ {error} ) is the set
of (strict continuous) functions into Heap with an error element adjoined. We also
assume that there exists a family of projection functions (7, : Heap —o Heap)pen.



The images of these projection functions must contain only finite elements?® and
the projection functions must satisfy the following conditions:

— L =mg(h) C...Cag(h) Emgyi(h) T ... C hforall h € Heap, i.e., the m’s
form an increasing chain of approximations of the identity on Heap;

— Tj O T = Tmin{j,k} for all j, k; in particular, every my is idempotent;

— Uy 7k (h) = h, i.e., every heap is the limit of its approximations.

For example, these conditions hold if Heap is an SFP domain (e.g., [14]) with
a particular choice of projections. Finally, we assume a partial commutative
associative operation h-h’, which intuitively lets us combine heaps with disjoint
locations and is compatible with the projections: my(h - h') = mi(h) - T (B').

We write N, for the natural numbers extended with oo, with co + k =

k4 0o = 0o. We define 7o, = id and 27°° = 0. The rank of h, written rnk(h), is
the least k € Ny such that 7 (h) = h.
Uniformity and distance. Our program logics concern properties of heaps that
are closed under the projection functions mp. We write UAdm for the set of
admissible® subsets p C Heap that are uniform: for any k € N, if h € p then
7k (h) € p. Using the heap combination operation, we define separating conjunc-
tion p * q for p,q € UAdm in the usual way: h € p x q iff h = hy - ho for some
hy € p and ho € q. We assume that p * ¢ is in UAdm.*

Uniformity gives rise to a notion of distance between (or, similarity of) prop-

erties of heaps. More precisely, writing 7 (p) for the image of p under the pro-
jection 7, the function d(p,q) = 275"PFENs | m()=7x(0)} defines a notion of
distance on UAdm. This function satisfies the requirements of a I1-bounded ul-
trametric: that is, d takes real values in the interval [0, 1], is symmetric, is such
that d(p,q) = 0 holds iff p = ¢, and satisfies d(p,q) < max{d(p,r),d(r,q)} for
all p,q,r € UAdm. With respect to this metric, UAdm is complete in the usual
sense that every Cauchy sequence has a limit. The metric and this completeness
result of UAdm make it possible to model recursively defined assertions using
the Banach fixed point theorem.
Worlds and assertions. Our semantics of assertions is defined in the category
CBUIt of complete 1-bounded ultrametric spaces and non-expansive functions.
This means that every semantic domain involved in the semantics has an ap-
propriate notion of distance and that every function is non-expansive, i.e., the
distance between two outputs is no greater than the distance between the two
corresponding inputs.

The main ingredients necessary for validating forms of anti-frame and frame
rules are a set of possible worlds, and an interpretation of the worlds as assertions.
Thus, we require:

2 An element d in a cpo D is finite iff for all chains {dn}necwin D, dC | ]
that d C d,, for some n.

3 The admissibility of p means that p is closed under limits of chains and contains L.

4 This assumption holds when Heap is constructed in a standard way in terms of finite
partial functions or records, just like our model in Sections 4 and 5.

new On implies



1. A monoid (W, e, o) of worlds, or invariants, where W is an object in CBUIt
and the operation o is non-expansive with respect to this metric. The monoid
structure induces a preorder C on W, by w E v’ & Jwg € W.w' = wo
wg. Note that o is in general not commutative, and that w’ is obtained by
extending w on the right. Using this preorder, we define a domain

Assert =< (- W) —,, UAdm.

for assertions. Here, % - W denotes the scaling of the distance function on
W by 1/2, and the function space consists of the non-expansive monotone
functions. Assertions are thus parameterized by worlds, and this parameteri-
zation satisfies two conditions. The first condition is contractiveness, meaning
that the distance between worlds gets reduced when they are used in an asser-
tion: d(p(wo), p(w1)) < d(wg,w1)/2 for all p € Assert and all wg,w; € W.
In the definition, contractiveness is formalized in two steps, first by scaling
down the distance of worlds by 1/2 and then by stipulating that assertions
should preserve this scaled-down distance (i.e., be non-expansive).
The second condition is monotonicity: p(w) C p(w o wg) holds for all p €
Assert and all w,wg € W. Here, wg can be thought of as an invariant that
is hidden in world w and revealed in world w o wg. If some heap h satisfies
the assertion p while wy is hidden, then h still satisfies p after wq is revealed.
Intuitively, because the commands stored in the heap A do not know about
the invariant wq, they must preserve it.

2. A non-expansive coercion function ¢ : W — Assert, which offers a way of
interpreting worlds as assertions.
We do not in general require W = Assert: a one-way coercion is sufficient
for our purposes. In fact, it is possible to define instances of our framework
where W is strictly “smaller” than Assert. Such a restriction, where not
every assertion can play the role of a hidden invariant, can be exploited to
establish the soundness of stronger versions of anti-frame and frame rules
than the ones in the literature [4,9]. For details, see Appendix D.

For the moment, we simply assume that the above ingredients are provided.
In Section 4, we actually construct a particular set of worlds, together with an
appropriate coercion function from worlds to assertions. In this particular case,
W 22 Assert holds.

The parameterization of assertions by a monoid W has the interesting con-
sequence that the following ® operator, from Assert x W to Assert:

(p@w) = Awg.p(wowp)

is an action of this monoid over assertions, that is, it satisfies p ® e = p and
(p®@w)®wy =p& (wowp). These are the semantic analogues of two of the
distribution axioms in Pottier’s type system [4], and are also included in the
logic of Section 5.

Healthiness conditions. The monoid of worlds and the coercion function must
satisfy two further compatibility conditions. To express these, we use the ab-



breviation pow 2 p@w x i(w), where * denotes the pointwise lifting of the

separating conjunction on UAdm to Assert. The first condition is:
Condition 1. Coercions preserve — o wo: Yw, wy € W. i(w o wy) = i(w) o wo.

This condition lets us explain the extension of one invariant w by a second
invariant wg in terms of assertions. By unfolding the definition, we see that
i(w o wp) is the assertion obtained by #-conjoining the assertion i(wp) to i(w),
and additionally ensuring that all computations described by the latter also
preserve the invariant wy.

The asymmetric nature of Condition 1 indicates that we cannot in general
expect the monoid to be commutative. Instead, we require a weaker property:
the existence of commutative pairs.

Definition 1 (Commutative pair). Let wg, wy, ag and ay be worlds. The
pair (ag,a1) is a commutative pair for (wo,wy) #ff (1) wooayr = wy oag, (2)
i(wo) ® a1 = i(ag) and (3) i(w1) @ ag = i(ay).

If (ag,a1) is a commutative pair for (wp,w;) then wgp o a3 = a1 L ao
w1 oag provides an upper bound of wy and wy with respect to the ) AN )
extension order C. Intuitively, we can “merge” two invariants, N

. . . . . . wo wi
ensuring that all computations described in the first invariant :
preserve the second invariant, and vice versa.

Condition 2. Every pair (wg,w) of worlds has a commutative pair.

Pottier’s revelation lemma [4], which forms the core of his sketch of a syntactic
soundness argument for his anti-frame rule, assumes the existence of commuta-
tive pairs. Commutative pairs play a similarly important role in the semantic
soundness proofs below. The model described in Section 4 gives a rigorous jus-
tification for their existence.

As a consequence of Condition 1 and of the fact that ® is a monoid action,
we have the following lemma:

Lemma 2. For all p € Assert and all w,wyg € W, (pow) owy = po (wowy).

3 Semantic triples, anti-frame rule and frame rules

In this section we consider the soundness of specific versions of anti-frame and
frame rules, based on the semantic setting described above. For a command ¢ €
Com, let m(c) be the command defined by 7 (c)(h) = errorif c(mi(h)) = error,
and by 7 (c)(h) = 7 (c(mg(h))) if e(mi(h)) € Heap. Note that m(c) = c.

Definition 3. Let tri be the ternary predicate on Assert x Com x Assert such
that tri(p, c,q) holds iff

Vu € UAdm.Vh € p(e) xu. c(h) € Ad(,, (g0 w)(e) *u),

where Ad(—) is the admissible downward closure.



ANTI-FRAME DEEP-FRAME SHALLOW-FRAME
F{p ®wo}c{qowo} E{p}c{q}
E{p}c{q} E{powotc{gowo}  {p}e{a} E{p*i(wo)}c{q*i(wo)}

Fig. 1. Semantic versions of a basic form of anti-frame and frame rules

This definition deserves some explanation. First, the universal quantification
over u € UAdm in the definition of tri(p,c,q) “bakes in” the first-order frame
rule, i.e., tri(p, ¢, q) is only true of commands c that validate the first-order frame
rule. Next, the existential quantification (union) over worlds w € W achieves
the hiding of state from the post-condition of triples, as expressed by anti-frame
rules. Because uniform admissible sets are not closed under arbitrary unions, we
take the admissible downward closure. Technically, this makes sense because we
assume commands are continuous and because we consider partial correctness
only. We view the post-condition Ad(|J, (g o w)(e) * u) C Heap as a subset of
Heap @ {error}, in the evident way. In particular, this means that ¢ri(p, ¢, q) is
only true of commands ¢ that do not fault for states in the pre-condition. This
definition does not “bake in” monotonicity w.r.t. invariants (worlds): p and gow
are “closed” just by applying them to the empty world. This is rectified in the
following definition of validity:

Definition 4 (Validity). A (semantic) triple {p}c{q} holds with respect to w
and k € N, which we write w =g {p}c{q}, iff tri(po(wowy), mk(c), go(wowyp))
holds for all wg € W. We sometimes omit the index when k = co.

As a consequence of the quantification over worlds wg in this definition, the
validity of a triple is monotonic: if w = {p}c{q} and w C w’ then w’ ¢ {p}c{q}.
The approximate validity (i.e., the case where k # 00) is used when considering
nested triples. Recall that assertions are the contractive monotone functions
from W to UAdm.®> Because nested triples will be interpreted as elements in
Assert, they must be contractive. The approximations will allow us to satisfy this
requirement. We write ={p}c{q} to mean that w = {p}c{q} for all k,w. Also,
we write {p}c{q} = {p'}{d’'} to mean that w =i {p}c{q} = w =i {p'}{d}
holds for all w, k.

We are now ready to describe semantic versions of examples of anti-frame
and frame rules and to prove their soundness. The semantic rules are given in
Fig. 1, where the first two rules should be understood as the implication from
the premise to the conclusion.

Our first lemma is a consequence of the monotonicity of assertions.

Lemma 5. For all w, we have that (1) tri(p ® w,c,q) = tri(p,c,q) and (2)
tri(p, ¢, qow) = tri(p,c,q).

5 More precisely, they are the non-expansive monotone functions from % -W to UAdm.



Proof. For the first implication, suppose that u € UAdm and h € p(e) *u. By the
monotonicity of p and by e C w we obtain p(e) C p(w) = p(woe) = (p@w)(e).
Therefore, h € (p ® w)(e) * u. The result now follows from the assumption that
tri(p ® w, ¢, q) holds.

For the second implication, suppose again that u € UAdm and h € p(e) * u.
We must show that c(h) € Ad(lJ,, (¢ow’)(e)*u). From the assumption that
tri(p, ¢, gow) holds we obtain c(h) € Ad(J,, ((q o w) o w”)(e) * u). By Lemma 2,

Uwr ((gow)ow”)(e) = Uyn(go(wow”))(e) S U, (gow)(e).

The result then follows from the monotonicity of * and the monotonicity of the
closure operation Ad(-). O

The next lemma amounts to gluing two commutative pair diagrams together
(along ag there). Its proof involves the associativity of o as well as Condition 1.

Lemma 6. If (ag,a1) is a commutative pair for (wo,wy1) and (by,as) is a com-
mutative pair for (ag, ws) then (by, ajoas) is a commutative pair for (wo, wyows).

The following proposition combines Lemmas 5 and 6, and relates the validity
of two triples in our anti-frame rule.

Proposition 7. For all worlds (wo,w), if (ap,a) is a commutative pair for
(wo,w), then a Ei{p ® wole{qowy} implies w =i {p}c{q}.

Proof. We need to show that w =, {p}c{q}, which by definition means that for
all wyq, letting we = w o wy and d = 7 (c),

t?“i(powQ, da qO’UJQ). (3)

By Condition 2, there exists a commutative pair (bg,a1) for (ag,w;). Let by =
a o ay. By Lemma 6, (bg,b2) is a commutative pair for (wg,w o wy) = (wo, w2).
In particular, we have wg o by = wg 0 by and i(be) = i(ws) ® by. The assumed
triple implies #ri((p ® wo) o b, d, (q o wg) o by). Thus,

tri((p o wa) ® by, d, (g owa) o by) (4)
follows, using the following equalities:

(p@wp)oby = p@(woobz) *i(by) = p® (w2 0bg) *i(w2) @by
= (p@w2) @by *i(w2) ®by = (p@ w2 *i(wz)) @by
= (pow2)®b07

(gowp)obs = go(wyoby) = qo(wgoby) = (qows)oby.
From (4), we derive the desired triple (3) as shown below:

tri((pows) ® by, d, (qows) 0by) = tri(pows,d, (qows)oby)
= tri(pows,d,qows).

Both implications hold because of Lemma 5. a



Corollary 8 (Anti-frame rule). The anti-frame rule in Fig. 1 is sound.

Proof. Pick w, k. Let p,c,q,wy be as in the anti-frame rule in Fig. 1. We must
prove that w =, {p}c{q}. By Condition 2, there exists a commutative pair (a, a)
for (wp, w). By assumption, we have ={p ® wp }c{q o wp}, so, in particular, a =k
{p ® wo}c{qowp}. By Proposition 7, this implies w =, {p}c{q}, as desired. O

Next, we move on to the soundness proof of the two frame rules in Fig. 1.

Lemma 9. The following equivalence, which expresses a distribution aziom [9],

holds: wo o w =g {p}e{q} iff w Er{p owo}te{qowo}.

Proof. Pick wy. Let w] = w o wy. By Definition 4 and the associativity of o, it
suffices to prove the equivalence of tri(p o (wg o w}), m(c), g o (wy o w})) and
tri((powo)owy, mk(c), (gowp)ow]). This equivalence follows from Lemma 2. O

Corollary 10 (Frame rules). The frame rules in Fig. 1 are sound.

Proof. The soundness of the deep frame rule follows from Lemma 9. The shallow
rule is sound thanks to the universal quantification over u in Definition 3. a

4 A concrete model with recursively defined worlds

In this section, we consider a concrete instance of the general framework de-
scribed in Sections 2 and 3 where W is isomorphic to Assert. The Assert — W
direction of this isomorphism means that all assertions can be used as hidden
invariants. This lets us define a semantic model of the program logic that is
presented next (Section 5). The heap model in this particular case is given by
the following recursively defined cpos:

Heap = Rec(Val) Val = Int) @ Com; Com = Heap — Heap®{error}, (5)

where Rec(Val) denotes records with entries in Val labelled by positive natural
numbers.® These labels serve as addresses or locations. The partial operation
h -k’ combines two heaps h and h’ (i.e., takes the union) whenever the domains
of h and h' are disjoint. When h = L or ' = 1, h-h' is L. The empty record
provides a unit for heap combination, thus there is also a unit for the separating
conjunction on UAdm. Finally, the solution of (5) in the category Cppo, of
pointed cpos and strict continuous functions comes equipped with a family of
projections 7y that satisfy the requirements of Section 2.
The key result of this section is the following theorem:

Theorem 11. There exists a monoid (W, e, o), where W is an object in CBUIt
with an isomorphism ¢ from W to (% W) —,, UAdm. The operation o satisfies

Vwy,we,w € W. t(wy owsz)(w) = t(wy)(wg ow) * t(ws)(w).
¢ Formally, Rec(D) = (UNCpNats+ (N — D)) L where N — D, is the cpo of maps

from the finite address set N to D} = D—{_L} of non-bottom elements of D.

10



The equation in this theorem is just Condition 1, where the coercion ¢ is taken
to be the isomorphism ¢.

Construction of the worlds W in Theorem 11. In previous work [9] we gave a
model of a separation logic with nested triples and higher-order frame rules, but
no anti-frame rule. For this model we needed a solution W’ to the following
domain equation:”

W' = (- W) — UAdm. (6)

Note that (6) is almost the same domain equation as described in Theorem 11
above, except that there is no restriction to monotonic functions in the function
space on the right. One can use a general existence theorem [12,13] to obtain
a solution W' for (6) in the category CBUIt. In a second step, using the com-
plete metric on W', one can then define a monoid operation o that satisfies the
equation stated in Theorem 11.

In the present setup, this two-step approach to constructing a solution W =
Assert and a monoid operation o cannot be applied, however, because of the
added monotonicity requirement in Theorem 11: since the order on W is defined
in terms of the operation o, one needs o already in order to express this equation,
i.e., it appears necessary to define the operation o at the same time as W. Thus
we construct W = (1 - W) —,,, UAdm explicitly, as (inverse) limit

W= {x € [TisoWh | VE = 0. 1} (zp41) = xk}
of a sequence of “approximations” Wy of W,

Lo L1 Lo Li lk+1
Wo Wi W e S r— (7)

to 31 ta Lk tkt1

Each W} is a complete 1-bounded ultrametric space equipped with a non-
expansive operation oy : Wi, x Wy, — Wy, and a preorder Ty, so that Wi =
(3 - Wi) —m UAdm are the non-expansive and monotone functions with re-
spect to Cg. The maps ¢, and f are given by tgy1(w) = Tye o w o ) and
tpq1(w) = mpy1 0w oy, The diagram (7) forms a Cauchy tower [13], in that
sup,, di+1(w, (tr 0 ) (w)) and sup,, di(w, (¢§ o ti)(w)) become arbitrarily small
as k increases. The operation oy is defined in terms of o; and ¢3:
(w1 op 1 wo)(w) = wy (1R (ws) o w) * wa(w).

One technical inconvenience is that the o;’s are not associative. However, asso-
ciativity holds “up to approximation k,” dj((z ok y) ok 2, @ o (y op 2)) < 27F,
which yields associativity “in the limit” and thus a monoid structure on W by

(@20 © ()rz0 = (limysr g (- (5-1(25 05 95))) 5o

" Technically, we solved a different equation W’ =2 %(W’ — UAdm). This difference is
insignificant, since the solution of one equation leads to that of the other equation.
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To finish the proof of Theorem 11 one shows that t(w) = limy (', w1 (w}))
establishes an isomorphism ¢ between W and (% -W) —n, UAdm, which satisfies
t(wy o wy) = t(wy) ® wy * t(ws) for (p ® w) = Aw'.p(w o w’).
The details of the proof are given in the appendix.

Ezistence of commutative pairs. To show that W forms an instance of our seman-
tic framework, we also need to prove the existence of commutative pairs. Given
a pair (wg,w1) of worlds, we construct a commutative pair using properties of
® and the coercion ¢. Since the monoid operation ® is contractive in its sec-
ond argument, so is the function f(ag, a1) = (: 7 (t(wo) ® a1), ¢t~ (t(w1) ® ag))
on W x W. By the Banach fixed point theorem, there exists a unique pair
(ap,a1) = f(ag,a1). Thus t(ag) = t(w) ® a1 and t(a1) = t(wy) ® ag. Since ¢ is
injective, we can prove the remaining wgoa; = wj oag as follows. For all w € W,

t(wp o ar)(w) = (t(wy) @ ar)(w) * t(ar)(w) (by Theorem 11 and def. of ®)
= 1(ap)(w) * (¢e(w1) ® ag)(w) (by the above properties of ag, a1)
= 1(ag)(w) * t(w1)(ag o w) (by def. of ®)
= t(wy o ag)(w) (by Theorem 11).

Theorem 12. The monoid (W,e, o) in Theorem 11 and the isomorphism ¢ :
W — Assert form an instance of the framework in Section 2.

5 Program logic

We now give one application of our semantic development. We present a program
logic for higher-order store, which includes anti-frame and frame rules. Using the
results of Sections 3 and 4, we define the semantics of the logic and prove its
soundness.
Programming language. Fig. 2 gives the syntax of a small imperative program-
ming language equipped with operations for stored code and heap manipulation.
The expressions in the language are integer expressions, variables, and the quote
expression ‘C’ for representing an unevaluated command C. The integer or code
value denoted by expression e; is stored in a heap cell ey using [ep]:=eq, and this
stored value is later looked up and bound to the variable y by let y=[eg] in D. In
the case that the value stored in cell eq is code ‘C’, we can run (or “evaluate”)
this code by executing eval [eg]. As in ML, all variables x,y, z are immutable.
The language does not include while loops: they can be expressed by stored
code (using Landin’s knot). The interpretation of commands in the cpo Com of
(5) is straightforward [9]. The interpretation of the quote operation, ‘C’, uses
the injection of Com into Val in Section 4.
Assertions and distribution azioms. As in previous work [9], our assertion lan-
guage is first-order intuitionistic logic, extended with the separating connectives
e, x, and the points-to predicate — [5]. The syntax of assertions appears in Fig. 2.
The standard connectives are omitted.

The most distinguishing features of the assertion language are Hoare triples
{P}e{Q} and invariant extensions P ® Q. The fact that a triple is an assertion
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e€FEmpu=—1]1]eites| ... |z ]|‘C integer expression, variable, quote

C € Com ::= [e1]:=ez | let y=[e] in C' | eval[e] assignment, lookup, unquote

| let z=new (ei,...,ey) in C | free e allocation, disposal

| skip|C1;C2 |if (e1=e2) C1 Ca no op, sequencing, conditional
P,QeAssn i=ejr—ex|e| PxQ separating connectives

| {P}e{Q} | P®Q Hoare triple, invariant extension

| X |uX.P| ... assertion variable, recursion

Fig. 2. Syntax of expressions, commands and assertions

{P}e{Q}OR & {PoR}e{Qo R}

(kz.P)® R < kz.(P®R) (ke{V,3},z ¢ fu(R))
(POR)®R < P®(RoR)
(POQ)®R < (PRR)D(QRR) (®e{=,A,V,x*})
PR & P (R is e or P is one of true, false, e, e +— ¢, ...)
(uX.P)® R < uX.(P® R) (X ¢ fo(R))

Fig. 3. Axioms for distributing — ® R

means that triples can be nested. Intuitively, the assertion P®(Q denotes a version
of P where every (possibly deeply nested) triple receives a copy of () as an extra
x-conjunct in its pre- and post-conditions. More precisely, the behaviour of the ®
operator is described by the axioms in Fig. 3, which let us distribute ® through
all the constructs of the assertion language. These axioms use the abbreviation
QoRfor (Q®R)*R.

Assertions include assertion variables X € X, and can be recursively defined:
the construct puX.P binds X in P and satisfies the axiom pX.P < P[X :=
1X.P]. Not every recursive assertion is permitted: for 4 X.P to be well-formed,
we require that P be formally contractive in X. In short, this means that every
free occurrence of X within P must lie either within a triple or within the second
argument of a ® construct. (We omit the straightforward inductive definition
of formal contractiveness.) Semantically, this requirement ensures that pX.P
is well-defined as the unique fixed point of P, viewed as a function of X. In
particular, all assertions of the form puX.P ® X, where X does not appear in P,
are formally contractive. Pottier’s applications of the anti-frame rule [4] make
extensive use of assertions of this form.

The interpretation of assertions uses W in Section 4. Given such W and
an environment 7 that maps variables = to values n(xz) € Val, we interpret
an assertion P as a non-expansive function [P], : Assert™ — Assert. The
uniform admissible sets in UAdm, partially ordered by inclusion, form a complete
Heyting algebra with a monotone commutative monoid. The domain Assert,
ordered pointwise, inherits this structure (see Appendix B). This is used to
interpret the intuitionistic first-order fragment, * and e of the assertion language.
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[P&R],, = [Pl,c®¢ (IR],) [1X.Pl, . = (M. [P], ¢ iximy)
HPYFCHQY, e = Aw. {h | mk(h) > 0 = w Epiuy1 {[P], ¢} [CD, {1Q], ¢ 1}

Fig. 4. Interpretation of assertions

ANTI-FRAME DEEP-FRAME SHALLOW-FRAME
I'ZH{P® R}e{Qo R} I'; ZH{P}e{Q}
I'; Z-{P}e{Q} I'ZH{PoR}e{QoR} I';E+-{P}e{Q} ={P*R}e{Q =R}

Fig. 5. Proof rules from separation logic

Fig. 4 shows three of the remaining cases. First, via the isomorphism ¢!, we can

turn any assertion r € Assert into an invariant ¢~!(r) € W and thus interpret
the invariant extension P ® R. Next, because P must be formally contractive
in X, the map ¢ — [[P]}mg[x:q] on Assert is contractive in the metric sense:
thus, by the Banach fixed point theorem, it has a unique fixed point. Finally,
the interpretation of nested triples is in terms of semantic triples, and uses
approximate validity to ensure non-expansiveness.
Proof rules. The logic derives judgements of the form I'; = F P, where P is an
assertion, and I" and = respectively bind variables and assertion variables. For
instance, to prove that command C stores at cell 1 some code that writes 0 into
cell 10, one would need to derive I'; & F {1+ _}C"{1— {10+ _}_{10—0}}.
The logic includes the standard proof rules for intuitionistic logic and the
logic of bunched implications [15] as well as standard separation logic proof
rules [9]. We do not repeat these rules here. Fig. 5 shows a version of the anti-
frame rule and two versions of the frame rule: the deep frame rule (expressed
in combination with the distribution axioms) and the first-order shallow frame
rule (which takes the form of an axiom).

Theorem 13 (Soundness). The interpretation of assertions is well-defined,
and validates the distribution axioms of Fig. 3 and the inference rules of Fig. 5.

6 Conclusion and Future Work

We have presented a semantic framework for studying the soundness of anti-
frame and frame rules for languages with higher-order store. Moreover, we have
presented a concrete instance of the framework, and used it to give the first
rigorous proof of soundness of separation logic with anti-frame and frame rules
for a language with higher-order store.

We are aware of other instantiations of the semantic framework, which can
be used to show the soundness of stronger variants of the anti-frame and frame
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rules, provided the universe W of invariants is restricted. See Appendix D for
details.

Future work includes lifting the results in this paper to Pottier’s type-and-
capability system as well as extending our soundness results to generalized ver-
sions of the anti-frame and frame rules where invariants evolve in more sophis-
ticated ways over time [16,17].
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A Composition of commutative pairs

This appendix contains the proof of Lemma 6, which describes how commutative
pairs compose. We repeat the lemma below:

Lemma 6 If (ag,a1) is a commutative pair for (wg,w;) and if (bg,as2) is also
a commutative pair for (ag,ws), then (bg,a; o ag) is a commutative pair for
(wo, w1 © wa).

Proof. We prove the three defining equations for (bg, a;0az) being a commutative
pair for (wg,w; o we) below. First,

wp o (a;oag) = (wgoaj)oas = (wy0ag)oas

wy o (ag o ag) = wi o (ws o0 by)

= (wy o wy) o by.

The most interesting equalities here are the second and the fourth, which follow
from the assumptions on commutative pairs made in the lemma. The other
equalities are by the associativity of the monoid operation. Next, we prove the
equations for i(wyp):

i(wy) ® (a1 0az) = (H(wo) ® ar) ® as
= i(a0)®a2 = Z(b())
The second and third equalities are important, and they follow from the as-

sumptions on commutative pairs. Finally, we prove the remaining equation for
i(wy o wa):
t(wy ows) ®by = (i(wy) ® wa *i(wz)) ® by
(i(w1) @ wa @ bg) * (i(wa) ® bo)
= (i(wy) @ (w2 0by)) *i(az)
(i(w1) © (ag 0 az)) * i(az)
(i(wr)
(i(

1(w1) ®ag ® CLQ) * ’i(ag)

w1

i(a1) ®az) xi(az) = i(ay oas).
The third, fourth and sixth equalities use the assumptions on commutative pairs,

and the last equality follows from Condition 1. ad

B Complete Heyting algebra and monotone commutative
monoid of assertions in Sections 4 and 5

This technical appendix contains proofs about the complete Heyting algebra
structure and the monotone commutative monoid on Assert in Sections 4 and 5
that have been omitted from the main part of the paper.
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Lemma 14 (Separating conjunction). Separating conjunction is well-defi-
ned: if p,q € UAdm then so is p xq.

Proof. We first show that separating conjunction on UAdm is well-defined, i.e.,
if p,q € UAdm then so is p* q. Since L € pand 1L € ¢, and L = 1 - 1, we have
1L epxq If h C hy C ... is a chain in p * ¢ with lub A # L, then h; # L
for almost all ¢ and there are heaps hf, b} such that h; = h} - hY and b} € p
and h} € q. Since the order on Heap is defined pointwise (for heaps with equal
domain) and the domain of each heap is finite, there must be a subsequence
(hi;, )k such that hj T hg2 C ...is achainin p and b C h’L'2 C ... is a chain
in q. Thus, also their lubs A’ and h” satisfy b/ € p and h” € q. It follows that
h="h"-h" € pxq, and therefore p * ¢ is admissible. To see that p * ¢ is uniform,
suppose h € p* q and let n € w. By definition, h = hy - hy for heaps hi, ho such
that hy € p and hy € ¢. By uniformity of p and g, this gives m,(h1) € p and
Tn(h2) € q, from which m,(h) = m,(h1) - T (ha) € p * g follows. O

Lemma 15 (Complete Heyting algebra and monotone commutative
monoid structures on UAdm). Let e = {{|[}, L} where the “empty heap” {|[}
denotes the unit for the operation h-h'. Then (UAdm, C) is a complete Heyting
algebra with a monotone commutative monoid structure (UAdm, x, e), where the
monotonicity means that the x operator is monotone.

Proof. Since admissibility and uniformity are preserved by arbitrary intersec-
tions, UAdm is a complete lattice, with meets given by set-theoretic intersec-
tion, least element {L} and greatest element Heap. Binary joins are given by
set-theoretic union, and arbitrary joins by | |, p; = (W{p € UAdm | p > U, pi}-
The join is described more explicitly as | |, p; = {h | Vn € w. m,(h) € U, pi}-
First, note that the right hand side » = {h | Vn € w. m,(h) € U, pi} is an
element of UAdm: r is uniform, i.e., h € r implies 7, (h) € r for all m € w, since
Tn " Tm = Tmin{n,m}- L0 show that r is also admissible suppose hg C h1 E ... is
a chain in 7, and let h be the lub of this chain. We must show that 7, (h) € |, p:
for all n € w. By compactness, m,(h) C hi, C h for some k, and hence m,(h) =
7n(hi) € Upi using the idempotency of 7, and the fact that hy € r. To see
the inclusion r C | |, p;, note that for all h, if m,(h) € |J,pi C pforalln € w
and some arbitrary p € UAdm, then also h = U,, 7, (h) € p by admissibility, and
hence h € | |, p; follows. For the other inclusion, we claim that the right hand

side 7 = {h | ¥n € w. m,(h) € U, pi} is one of the elements appearing in the
intersection; from this claim it is immediate that 7 2 | |, p;. The claim follows
since r O J, p; by the uniformity of the p;’s.

The implication of this complete lattice UAdm is described by p = ¢ =
{h|¥n € w. if m,(h) € p then 7, (h) € q}: Using 7, - Ty = Tiningn,m} it is easy
to see that p = ¢ is uniform. Admissibility follows analogously to the case of
joins: if hg C hy C ... is a chain in p = ¢ with lub h, and if n € w is such that
7 (h) € p then we must show that 7, (h) € ¢. Since 7, (h) C h is compact, there
is some k such that m,(h) C hix C h, and thus the required 7, (h) = 7, (hi) € q
follows from hy € p = ¢q. Next, to see that p = ¢ is indeed the implication
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in UAdm, first note that we have p N (p = ¢) C ¢, using the uniformity of p
and the admissibility of ¢. If p N r C ¢ for some r € UAdm, and h € r and
7n(h) € p for some n € w, then the uniformity of r yields m,(h) € ¢. Thus we
obtainpNrCqgsrCp=gq.

That = is an operation on UAdm is established in Lemma 14. It is easy to
check that * is commutative and associative and that it is monotone, i.e., if
p C p and q C ¢’ then pxq C p’ x ¢’. Moreover, we have e € UAdm, and the
fact that p x e = p = e * p follows from the definition of the heap combination
h-h' O

Lemma 16 (Completeness). Let A be a complete 1-bounded ultrametric space
and C be a preorder on A. The set of non-expansive monotone functions from
A to UAdm

A—,, UAdm < {f:A— UAdm | f is non-expansive, and
Vw,w' eA. wCw = f(w)C f(w')},

is a complete 1-bounded ultrametric space, when it is equipped with the sup-
metric.

Proof. Recall that the non-expansive functions from A to UAdm with the sup
metric forms a complete 1-bounded ultrametric space. Let A — UAdm be this
ultrametric space. Since A —,,, UAdm is a subset of A — UAdm, it is also a
1-bounded ultrametric space. Thus, it is sufficient to show the completeness of
A —,, UAdm. To this end, consider a Cauchy sequence {f,}, in A —,, UAdm.
Then, {f,}. is also a Cauchy sequence in A — UAdm. Thus, it has the limit
f there, because A — UAdm is complete. Furthermore, this limit is defined
pointwise. We will prove that f is in A —,, UAdm. Let w,w’ be in A such that
w C w’. Our goal now is to prove that f(w) C f(w').

As a first step of our proof, we simplify the goal as follows, exploiting the
admissibility of f(w’):

Vk € w. me(f(w)) C f(w). (8)

To see why this implies the goal, choose h from f(w). Then, 7 (h) € 7 (f(w))
for all k. Thus, (8) implies that 7 (h) is also in f(w’) for all k. Furthermore,
{7k (h)} is a chain with the limit h, so the admissibility of f(w’) means that h
has to be in f(w’) as well.

Next, we prove (8). For this, consider an index k in w. Since f is the limit of
a Cauchy sequence {f, },, there exists m such that for all n. > m, d(f,, f) <27*
in A — UAdm. In particular, this means that for the same m,

T(fm(w)) = me(f(w)) and  m(fm(w)) = m(f(w)) S f(w'). (9)

Now, note that f,,(w) C fi,(w’) by the monotonicity of f,,, so that 7k (f,, (w))

-
7k (fm (w")). This and (9) imply that so 7, (f(w)) C f(w’), as desired. O
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Our semantics uses a general method for lifting a complete Heyting algebra
structure and a monotone commutative monoid of UAdm to those of functions
to UAdm. To describe this construction, we let (A, o, €) be a monoid such that A
is an object in CBUIt and o is a non-expansive operation, and with the induced
preorder a C o' < Jag € A. aoag = a’. Also, let (B,C) be a complete
Heyting algebra (B, C) such that B is an object in CBUIt and all the algebra
operations are non-expansive. Finally, assume a monotone commutative monoid
(B, e, x) such that the x operator is non-expansive. The method is described by
the lemma below.

Lemma 17 (Lifting of algebra structure). If the set A —,,, B of monotone
non-expansive functions with the sup metric satisfies the completeness condition
from metric spaces, then it forms a complete Heyting algebra with a monotone
commutative monoid, where the operations are non-expansive. Futhermore, in
that case, all the algebra operators of A —.,, B except for = are given by the
pointwise extension of the corresponding operators in B, and the remaining =
1s defined as follows:

(f = 9)(@) =] |(f(aod) = glaoa)).
o

Proof. Since the set of non-expansive functions from A to B form a complete
1-bounded ultrametric space, the completeness assumption in the lemma im-
plies that A —,, B is also a complete 1-bounded ultrametric space. Thus, it is
sufficient to prove that A —,, B is a complete Heyting algebra with a mono-
tone commutative monoid where its carrier is an object in CBUIt and all the
operations are non-expansive.

We start by showing that all the claimed algebra operators of A —,, B by
this lemma are well-defined. The easiest cases are the various units

e(a) = e, 1(a) = 1, T(a) = T,

where the constants on the RHS of the equations are the units in B. All these
units of A —,, B are constant functions, so they are monotone and non-
expansive.

Next, let @ be one of {*,U,M} and let @ be in {| |,[]}. Then, the lemma
says that

(f@g)a) = fla)@gla) and (P fi)(a) = (D fla)),

il iel
where f, g and the f; are monotone non-expansive functions from A to B and the
operators on the RHS of the equations are from the assumed algebraic structure
of B. Furthermore, the axioms of a Heyting algebra and a monotone commutative
monoid imply that the operators @ and @ of B are monotone. The desired well-
definedness follows from the monotonicity and non-expansiveness of @ and €
of B. We will show the @ case only, since that for € is similar. When a C b, we
have that

(f&g)a) = (fla)dgla)) E (fFb)©gb) = (f&9)(0b),
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where the C relationship in the middle comes from the monotonicity of ® of B.
This shows the monotonicity of f @ g. Also, for all a,b € A,

d((f @ g)(a), (f © 9) (b))

d(f(a) ® g(a), f(b) ® g(b))
max{d(f(a), f(b)), d(g(a), (b))}
max{d(a,b), d(a,b)}

d(a,b).

IA A

The < in the second line is by the non-expansiveness of & of B and the < in the
third line is by the non-expansiveness of f and g. Thus, f @ g is non-expansive.
Finally, for all f, f’,g,¢' in A —,, B and all q,

d((f @ g)(a), (f' @ ¢')(a)) = d(f(a) ®g(a), f'(a) ®g'(a))
max{d(f(a), f'(a)), d(g(a), g'(a))}
max{d(f, f), d(g,9')}

a((f,9), (f",9)-

IN A

Thus, the @ operator of A —,, B itself is non-expansive.

We now move on to the well-definedness of the other operator =-. Consider
a,b in A such that a C b, which means that b = a o ag for some ag in A.

(f=9)(a) =[], (flacd)=glacd
a,(f(ao(aooa)) =
(

o (f (aoao) a') =

11

N R R R

(b
= (f=>g)()

Thus, f = g is monotone. Also, for all a;,as in A, we have that

d((f = g)(a1), (f = 9)(a2))

= d([1,(f(ar0a’) = g(ar 0 a’)), [, (flazoa’) = g(az 0 a’)))
max{d(f(a;0od’) = g(ayoad’), flazoa’) = glazod')) | o' € A}
max{d(f(ai od’), fazoa’)), d(glaioa’), glazod’)) | o’ € A}
max{d(a; od’, azoa’) | a’ € A}

d(a, as).

ININ N IA

The first two <’s are by the non-expansiveness of [| and = of A, the third
follows from the non-expansiveness of f and g, and the last holds because of the
non-expansiveness of o. Note that we have just shown the non-expansiveness of
f = g. Finally, the non-expansiveness of the = operator itself can be proved as
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follows: for all f, g, f',g' € A —,, Band all a € A,

d((f = g)(a), (f' = ¢')(a))

A, (flaoad) = glaod)), [, (f'(aca)=g(aca)))
max{d(f(aca') = glacd), f'(acd)=g'(acad)) | o’ € A}
max{d(f(acd’), f'(acd)), d(glacd), g'(acd)) | a' € A}
max{d(f, f'), d(g,g9') | o’ € A}

a((f.9), (f',9)-

(VAN VANRN VAN VAN

Now, it remains to show that these defined operators in A —,,, B satisfy all
the axioms of a complete Heyting algebra with a monotone commutative monoid.
Showing this is easy, except for the axioms for the operator =. Since all the other
operators are defined pointwise, one only needs to unroll their definitions and
use the fact that B is a complete Heyting algebra with a monotone commutative
monoid. Thus, we focus on showing the axiom for =: for all f, g,k in A —,, B,

(fA9)Ck < fLC (9=k).

To show the only-if direction, suppose that (f A g) C k and pick a € A. By the
definition of ¢ = k, it is sufficient to show that

VYag € A. f(a) © g(aoag) = k(aoag). (10)
Since f is monotone and a C a o ag, we have that
fla) E f(aoao). (11)

Furthermore, from the assumption that (f A g) C k, it follows that f(a o ag) A
g(aoag) C k(aoag), and this followed relationship implies

flaoap) T glaoag) = k(aoap). (12)

The required (10) follows from (11) and (12). For the if direction, assume that
f E (9 = k) and pick a € A. Then, by this assumption,

fl@ € (elacd)=k(aod)) C glace)=k(aoe) = gla)= k(a).

a’

Note that this order relationship is in B, where = satisfies the required axiom.
Thus, the above implies that

(fAg)a) = fla)ngla) T k(a)

Since a is chosen arbitrarily, this means that f A g C k, as desired. a

21



C Recursive and monotone worlds in Section 4

In this appendix, we give the details of Theorem 11, i.e., we construct an object
W in CBUIt that satisfies the equation

v W = (3-W) =, UAdm = Assert. (13)

The order on (13) is induced by the following monoid structure on W:

wy 0wy = 1™ (Aw.(u(wy) (w2 0 w) * t(ws)(w))) e=1""(w.e).

Note that o satisfies a recursive equation that makes use of the isomorphism ¢!

between Assert and W, and that the monotonicity requirements on Assert and
W stated by (13) already use this operation o.

Conceptually, it is useful to rewrite o in terms of the following operation
® : Assert x W — Assert (in the first line, x is the separating conjunction lifted
from UAdm to Assert):

w1 0 Wy = L_l(L(’LU1) @ wsg * L("U?)))

pRw =" p(wouw')

It turns out that this operation is a (right-) action of the monoid W on Assert,
ie, (p@®w)@ws =p&(wy owsy) and pRe = p for all p € Assert and wy,wy €
W. The first of these equations is by the associativity of o, and the second by
the fact that e is a right unit for o.

We will use this conceptual view to organize the following explicit construc-
tion of 1 ™1 : Assert = W, but must weaken it for our proofs: instead of working
with monoids X in CBUIt, we only require that associativity holds up to some
approximation 27%, and similarly we do not require an isomorphism between X
and % - X —,, UAdm but only that an inverse up to approximation 27% is given.
Preliminaries. Recall that the heap model used in Section 4 satisfies a number of
properties that go beyond the general requirements of the framework described
in Section 2. First, there is an empty heap {|[}, which provides a unit for the
combination operation: h-{|[} = {/[}-h = h. Next, L is a zero for the combination
operation: h- L = 1 - h = L. Using the empty heap we can give a unit for the
separating conjunction, e = {1, {|}}, in UAdm. This set satisfies 1 (e) = e for
all k£ > 0.

In the following proofs, the notation f - g is used for function composition,
to avoid confusion with the monoid operation o. Moreover we use the notation
r = y to mean d(z,y) < 27". Note that, because of the ultrametric triangle
inequality, each = is an equivalence relation.

C.1 Cauchy tower
We define an w°P-chain of metric spaces (Wy, ¢3); in CBUIt,
Lo L1 L2 Lk Lk+1

Wo Wy Wy cee . Wk+1 - (14)

o
Lo 31 Ly L Lkl
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each equipped with a preorder Cj and with (non-expansive) operations
o : Wi x Wy, — Wy, Qp : Asserty, x Wi, — Asserty, er € Wy
for Assert), = %-Wk —m UAdm. These data will satisfy the following properties:

CO Wiyq1 = Asserty, and zop1y = 2@ t(y) * vy and exy1 = Iw.e.
C1 .} and ¢ are non-expansive maps.

C2 d(¢f, - tk, idw,,) < 27F and d(uy, - 19, 4d Asserty,) < 2k,

C3 (zory) o 2 2 z oy, (y of 2).

C4 ey, is the left and right unit for o, such that i (ex) = Ax.e.

C5 (p @k 2)(y) = p(z o Y).

C6 i (x @kl (y) * y) = (12) o (13y) and u(wory) = (ea) Dk (5(1(y))) * (1ay)
and 5 (Aw.e) = eg.

Note that the third property means that (14) is a Cauchy tower. Also note that
CO0 gives the definition of (W41, e€g+1,0k+1), and that we can define ®j from
oy according to property C5. In the following, we will therefore omit the explicit
verification of these two properties. Finally, after defining Wy 1 as Assert; and
defining oy 1 using CO, the three statements in C6 can be rewritten more nat-
urally as

k k
ok p) = (o) ok (th0),  w(worw') = (tkw) opyr (tpw'),
tp(ept1) = g

The case k = 0. We define Wy 2 1 to be the one-point space, with the evident
operation () og () = (), with eg = (), and with the trivial order () Cq (). Note
that the requirement (p ®¢ x)(y) = p(x og y) here simply amounts to the trivial
action p®pzr =ponp: % -1 —,, UAdm. Finally, we define two maps ¢§ and ¢
by

1§ (51 —m UAdm) — 1 to:1—(5-1—,, UAdm)
(p) =) to(w) = Au.e

Note that (5 and ¢ are non-expansive and monotonic maps of the right type,
and that ¢§ -9 = idq and (¢0-¢§)(p) 2 pforallp € %-1 —m UAdm, by definition
of the sup-metric and since all distances in UAdm are bounded by 1.

The case kK > 0. For all £ we now define Wy, o % - Wy —. UAdm, where
—.n, denotes the set of non-expansive and monotone functions equipped with the
sup-metric (cf. Lemma 16). On Wy the operation o1 and the unit ey are

defined according to CO:

Pory1q = PRk (12q) * q, ert1 = tk(er).
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The preorder T is defined by

k+1
PErt1 ¢ < Fpo. ¢ = POkt1Po-
Finally, the maps ¢y ,; and ¢x41 are given by:

i1t (3 Wiat —m UAdm) — W1 tigr : Wigr — (5 - Wiyt —m UAdm)

U1 (D) = o1 - p - L thet1 (W) = Tppo - w - 1f,

Verification of properties C1-C6. From what we have said above, it is clear
that all the conditions C1-C6 hold in the case k = 0. In the remainder of this
subsection we now show that C1-C6 also hold for k£ > 0, under the assumption
that they hold for k£ — 1. In particular our proofs will show that 7, ¢, and Ty
are well-defined.

Lemma 18 (Non-expansiveness of ., and v;). Let k > 0. Then, 1} and
are non-expansive maps between % - Wi — UAdm and W,

Proof. Recall that ¢; and ¢ are given by composing with the non-expansive
maps Tk, Tg41, tk—1 and ¢f_;. From this, it follows that the images of these
functions consist of non-expansive functions only. The non-expansiveness of the
operations 7 and ¢; themselves holds as well, because in addition to m; and
Tk+1, the function composition is non-expansive. a

To conclude that property C1 holds, we also need to show that ¢, and ¢} map
into the subsets of monotonic maps. The proof of this property is deferred to
Lemma 23 because we first establish that Cj indeed is a preorder on Wy.

Lemma 19 (Non-expansiveness of o). For k > 0 and all p,q € Wy, poy q
is an element of Wy. Moreover, oy is a non-expansive operation on Wy.

Proof. Let p,q € Wi. We must show that pog g € Wy = % Wi_1 —pm UAdm.
By definition,

(por @)(w) = p((ty_1q) ok—1w) * q(w).

First, pogq is a non-expansive map from %-Wk_l — UAdm: If w £ w' in %'Wk—l
then (1§_; q) ok—1w = (15_; q) op—1w’ in L-Wj,_; and also g(w) = g(w’), since by
assumption og_1 and ¢ are non-expansive. Therefore, by the non-expansiveness
of p and *, we obtain

(por @)(w) = (pox q)(w').

Next, poy g is monotone: Suppose w Cj_1 w’, so there exists wg € %-Wk,l such

that w' "=" woy_1 wo in Wj,_1. We must show that (porq)(w) C (porq)(w'). By
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assumption, ¢ is monotone, so g(w) C g(w’). Moreover, by the non-expansiveness
of o;_1 and the approximate associativity (C3) we have

k-1
(tho1 @) or—1w' "= (th_1q) or—1 (w o1 wo)

k—1
= ((LZ—l q) Ok—1 W) Of_1 Wo

i1 (tg—1 ) ok—1 W,
and hence p((¢t5_1 q) ok—1 w) € p((¢h_; ¢) ok—1 w’) by the assumption that p is
monotone. The monotonicity of p of ¢ therefore follows from the monotonicity
of * on UAdm (Lemma 15).

Finally, o}, is non-expansive operation on Wj: Suppose p = p’ and ¢ = ¢
in Wj. By the non-expansiveness of composition and the non-expansiveness of
Op_1 and LZ_17

(th-19) k-1 W = (th—1 q') op—1w
holds for all w € Wj_1. This means that in % - Wi_1, the below holds:

+1
Yw € % Wi—1. (@) o1 w "= (tho14') ok—1 w.

By the non-expansiveness of %, p, p’, and the assumption that p = p’ and ¢ = ¢/,
this shows that

(por @)(w) = p((ti_1q) ok—1 w) * q(w)
P (o1 q) o1 w) x ¢’ (w) = (p' or ¢')(w).

1=

Since this holds for arbitrary w, the sup metric on % - Wi—1 —m UAdm yields
porg=p org. 0
Lemma 20 (Associativity). Suppose k > 0. Then (pogp')orp” LA po (p'oxp”)
for all p,p',p" € Wy.

Proof. Let w € % - Wi_1. We have

((pokp') or p")(w)

(pokp)((% 1P
=p((tg_1P") o1
((tR—1P") ok1

(th1D") o w) x p” (w)

p ok p”)(w)
w)

O
T
—
£
*
’E\
\ —~

p

k o / o
=p(((tg—17") o1 (th—1
= p

Il

(th—1(p ok p"") o1 w) % (p" op, ") (w)
=(por (p o p"))(w).

Here, the first L4 equality is by assumption C3, the scaling by 1/2 and the non-

expansiveness of p, and the following L equality is by assumption C6 and the
scalining by 1/2 and the non-expansiveness of p. Since w was chosen arbitrarily,

the sup metric on Wy, therefore gives (p og p’) ox p” LA pog (p/ o p"). ad
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Thus we have established property C3. Property C4 is the following lemma:

Lemma 21 (Unit). Suppose k > 0. Let ey be defined by exp(w) = e for all
w E % -Wg_1. Then vx(ex) = A\z.e, and poy e, = p and ey o ¢ = q holds for all
P, q € Wi.

Proof. Since k > 0, mx(e) = mi11(e) = e. Thus, it is easy to see that tp(ex) =
Tht1 - €k - bp_q = Ax.e. Next, let w € % - Wi_1. Then by definition of e; and o,

(ex ok p)(w) = ex((th—1 ) or—1 w) * p(w) = e * p(w) = p(w),

i.e., er is a left unit for oj. It remains to show that e; is also a right unit. For
this, note that when k = 1, ¢}_,(ex) = () = ex—1, and that when k —1 > 0,
ty_q(er)(w) = (Tp—1- ek - th—2)(w) = € = ex—1(w). Thus, in both cases, we have
that ¢f_(ex) = ex—1. This implies that

(p ok er)(w) = p((tg_y ex) ok—1 W) * ep(w) = plep—1 ok—1 W) x e = p(w)
by the definition of o, and by ex_1 01 w = w. O
Lemma 22 (Preorder). The relation Ty, is a preorder.
Proof. A consequence of Lemmas 21 and 20. O
We now show that property C1 holds:

Lemma 23 (Monotonicity). Suppose k > 0. For all p € Wy and ¢ € Wi41,
ts(p) and ¢5(q) are monotonic maps. That is, v, maps into the complete subspace
Assert, = LWy —,,, UAdm of monotonic maps, and 1 into the subspace
Wy = Assert_1 = % - Wi—1 —m UAdm of monotonic maps.

[

Proof. Let p € Wy, and let wy,ws € % - W}, such that wy Cj we. We first show
that tx(p)(w1) C tx(p)(ws). By definition, there exists some wg € Wy, such that

Wa L wy o wo. By assumption C6 and the non-expansiveness of ¢7_,
Roa(we) £ 2 y(wnopwo) =1y (wn) ooy 6y (wo)
and hence ¢§_;(w1) Cr—1 t5_;(w2). By the monotonicity of p we thus obtain
pler—1(w1)) € plig_y(w2)).
Since 7,41 preserves the subset order, the subset relationship above implies that
w(p)(wi) = (Mepr-preg_y)(w1) S (Mregr-p- o) (w2) = w(p)(we)

as required.
Next, we move on to the claimed property of ¢}. Let ¢ € Wy, and let

wy,we € % - Wi—1 such that wq Cg_1 we. We must prove that ¢f(g)(wi) C
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t5(q)(w2). By definition, there exists some wy € Wj,_1 such that ws = Wy Of_1
wy. By the non-expansiveness of ;1 and assumption C6,

k—1 k—1
kal(w2) = kal(wl Okfl'wo) = kal(wl)ok kal(w0)~

By the contractiveness of ¢, we thus obtain
k
q(ue—1(w2)) = q(ug—1(w1) ok tr—1(wo))-

This implies the (exact) equality below, because 7, maps i—equivalent elements
to the same value:

(@) (w2) = m(q(tk—1(w2))) = mr(q(er—1(w1) o tk—1(wo)))-

Now, it remains to prove that the right most set in the above equalities includes
t5(q)(w1). We discharge this remaining proof obligation as follows. Since ¢ is
monotone, we have that

q(er—1(wr) og ti—1(wo)) 2 q(er—1(wr)).

Then, since 7 preserves the subset order, we have the required subset relation-
ship below:

T (q(er—1(w1) ok tk—1(wo))) 2 mr(q(er-1(w1))) = tg(q)(w1).

O
Lemma 24 (Cauchy tower). Let k > 0. We have:
1.0d(e - v, idw, ) < 27K,
2. d(eg - 18, 1d assert,,) < 2~k
Proof. For the first part, let w € Wy. By definition,
(hw)(w) = T (Tpgr-wetg_y) o1 = (T Tog1) - w- 4Gy - th—1)-

Recall that w is a non-expansive function from % - Wi_1 to UAdm. That is, it is

a contractive map (at least by 1/2) on the unscaled domain Wj_;. Furthermore,
d(e§_y - tg—1,idw, ) < 27* =D by assumption C2. Thus, we have that
dw- (15 1 - tp_1), w-idw, ,) < 27F

From this, d(7y, - Tx1 1, id yaam) < 27% and the non-expansiveness of the function
composition, it follows that

d((mg - Tpg1) - w- (Lp_q - th—1), dyadm - w - idw,_,) < 27k,
Thus, we have that d((¢§ - 1x)(w), w) < 27%. Since w was chosen arbitrarily,

d(1§ - i, idw, ) < 27F follows.
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For the second part, let p € Asserty, = %'Wk —m UAdm. By the assumption

C2,

d(Lk,1 'szla ZdAs.se?"tk_l) S 2_(k_1)7

and p is contractive at least by 1/2 with respect to the original metric in Wi.
Thus,

d(p : (Lkrfl : szl)a p- idAssertk_l) S 2_k7
Furthermore, d(7g41 - Tk, id yaam) < 27%, and by definition
(e )(p) = Togr - (TP te—1) -ty = (Togr - Th) P (k1 17 )
Thus, the non-expansiveness of function composition implies that
d((Lk . LZ)(p), idUAdm ‘P idAssertk,l) § 27k~

Since p is chosen arbitrary, we can conclude that d(ix - ¢, idw,,,) < 27% by the
sup metric on Asserty, — Asserty. a

This proves C2. Finally, we establish property C6:

Lemma 25 (Tensor preservation). Suppose k > 0.

1. For all p,p’ € Asserty: 15 (p @k (L") * p') = ( &
2. For all w,w’ € Wy: tp(w og w') L3 (e w) @ (e5(Le(w"))) * (e w').
3. i(Aw.e) = ey.

Note that, after defining Wy, 1 as Asserty and after defining oy, 1, the two state-

ments can be rewritten more naturally as ¢f,(p op41 p’) x (L5 p) ok (15 p') and

i (w o w') L (tk w) of1 (L w').
Proof. For the first statement, let w € Wj_1. By definition of oy we have
((trp) or (pp))(w) = ((thp) @r—1 (tg_1(ex ) (w) * (e p)(w)

= (51 (1)) o1 w) * (53 9) (w)
= (mp- ) (G (89) opr w) * (i ' ) (w)

Tk (p(Lk—l((Li—l(LZp/)) Ok—1 w)) * p'(Lk_lw)).

By assumption C6, ¢_1 distributes over or_1, so that by scaling we obtain the
following approximate equality in % - Wy

et (o1 (2 ) o1 w) £ (o1 (51 (7)) @kt (5 (th1w)) * (e w).

Moreover, we have that d(tx_1 - t§_,,idw,) < 27~ by property C2, which
means d(tg—1 - th_q,id1/2.w,) < 27k Hence, by the non-expansiveness of ®@_1,
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of p, and of the lifted *, we can continue thus:

i (p(0x 1 (G315 0)) 01 ) 5 (41 )
Wk(p(b (th-1 (6 P) ok w))) *Wk(p'(%—l w))

Tk (P( th—1(tg—1 (8 P))) ®r—1 (11 (-1 (w))) * (-1 w))) % T (p’(bk,lw))
(3
((

B
5
e
/..?

) Ot (11 )+ (o)) i (1 s w))
2 p') o (th— 1w))> *7Tk<p/(bk—1 w))

7Tk<p®k i) kalw)> * Tk Pl(bkqw))

Il
3
ol
@

e (p @k (Lhp) Lk—lw)*p/(%—lw))

= (P @k (") * P')(w).
Since this holds for any w, the sup metric on Assertj gives the required approx-
imate equality ¢§(p Q4 (t5p") * p ) (13 p) o (157).

For the proof of the second statement, let w, w’ € Wy, and let wg € %Wk By

the assumption C6 that ¢;_, distributes over oj_;, we obtain the approximate
equality

oa(w o we) "= (g w) oro1 (1§ wo)
in Wi_1. Furthermore, by C2 that we have just shown,
R) £ o'
and hence the non-expansiveness of ¢y _; and oy, implies that
Roa (R () ok wo) £ f g (w! o w).
If we combine what we have obtained so far,
o1 (R () op wo) £ 2y (w opwo) "= (1F g w') okmt (1§ wo)
holds in Wy _1. Thus, in the scaled space % - Wi_1, we have that
o1 (R (W) o wo) £ (1§ w') ok (15 wo).
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Thus, using the definition of oy in terms of ®;_1 and the lifted x,

(ke w) @ (e (e (w"))) * (1 w")) (wo)
= (tkw)((ep(tk(w"))) ok wo) * (1 w") (wo)
= M1 (weg_y ((ep (ex(w"))) og wo))) * hy1 (W' (25— wo))

) w
) * T (W' (1, wo))
) /

T 1 (W @p—1 (g w")) (e} 1 wo)) * Tpp1 (w' (1_y wo))

Pt (w0 @1 (223 W) (12 wo) w15y wo) )

Il
o0

Tt ((w o w') (11 wo))
)

/ (U}o

= 1(wop w .

Since this approximate equality holds for all wg, we obtain

k
(tk w) @y (g (ekw")) * (') = wp(wop w')
by definition of the sup metric on Asserty.

Finally, we prove the third statement. By the definition, for all wy € %-Wk,l,

(tp(Aw.e))(wo) = wk(()\w.e)(%,l(wo))) = 7mp(e) = e = ex(wp).

where the third equality follows from k > 0. We have just shown the third
statement. O

C.2 Inverse limit construction

In this subsection we construct the inverse limit of the Cauchy tower (W, ¢} )
described above, and we will show that it has the properties stated in Theo-
rem 11. Let us define ¢, : Wi, — W; and byt Wi — Wy forall 0 < k <1 as
follows:

bl = bl—1 "+ Lk41 " Lk
o _ o o o
Lk,libk'bk-‘rl"".Ll—l

Note that all ¢; and 7, are non-expansive, by Lemma 18.
We define an metric space W by

def

W= { < HkZOWk | VE = 0. i (zir1) = CCk}

with distance dw (z,y) = sup;, dw, (k,yr). This makes W a complete ultramet-
ric space, with limits of Cauchy chains given componentwise. Next, we equip W

with an operation o : W x W — W, defined by

(k) k>0 © (Yr)k>0 « (}g% Lz,j(l‘j Oj yj))kzo-
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Note that the limits exist: ¢5(2;41 0j+1 Yj+1) L e $(xj11) 05 15 (Yj4+1) = x5 0j
y; by Lemma 25, and so (i ;(%5 °j ¥j))j>k formb a Cauchy sequence by the
non-expansiveness of ¢y ;. Moreover, we have ¢f(lim;> 41 Lk+1j($J i Yi)) =
limys k41 ey (25 05 y;) which shows (z o y)i = (7 ((x 0 y)k41), Le., o is well-
defined.

We also define e € W by

e < (er)k>0

From C6, it follows that ¢f(ext1) = e for all k, so that e is indeed an element
of W.

Lemma 26. (W, o,e) is a monoid with non-expansive multiplication o.

Proof. By Lemma 21 and the definition of e and o we have eox = x oe = x for
all z € W. To see the associativity of o suppose z,y,z € W. Lemma 20 shows

for all j: (x; 0; y;) o 2; L xjo; (y; o; zj). We obtain:
zjo; (yoz);=1;0; ql;gl i (g o1 21))

= %im wj 0515, (yi o1 21)) (non-expansiveness of o;)
>j ’

= lima; o; (13,(y) 0; ¢5,(21))  (Lemma 25)

1>j
:%1>mxj °j (Y 5 2j) (y,z € W)
L %Hn(x] i Yi) O Zj (Lemma 20)
>j

L (zoy)jojzj.
Thus, for any € > 0 there exists n > 0 sufficiently large such that
Vi = n. dw,;((zoy);oj 2, xjo;j(yoz);) <e.

Since ¢, ; 1s non-expansive, this yields

k. ((woy) oz =1lim i ;((woy);o;2)

= }1>mk by, (@) 05 (Y 0 2)5)

— (z0(yo ).

This proves (zoy)oz==xzo0 (yo2).
Finally, o is non-expansive since each o; and ¢} ; 1s non-expansive. a

As shown in the preceding lemma, o is associative and has e as a unit, there-
fore we can consider the induced preorder on W:

wCw & Jwy. w =wow
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Note that if w’ = wow” then wj, L wy, o wy, for all k, and therefore we obtain:
wCw = Vk. wg T wy. (15)

It remains to establish an isomorphism W = % - W —,, UAdm in CBUIt where
the monotonicity refers to the induced preorder C on W. To this end, first note
that for each k, each (wy)g>0 and (w},)k>0 in W we have

wiy1(wy,) = thyq (Wep2)(h Whyp)
= (Mht1 - Weta -tk - o) (Whyq)

+1
= (Whyo - tr - 1p) (Whyy)

k+1

Ea

W2 (W 1) (C2 and scaling by 1/2).
Thus, (Aw'.wi41(w},))k>o0 is a Cauchy sequence in 2 -W — UAdm. In fact, it is a
sequence in the (complete) subspace of monotone maps, by (15) and the fact that
each wy, is monotone, and therefore this sequence has a limit in %W —m UAdm.
Accordingly we may set

t(w) dzeflilgn()\w' € Wawg1(wy,))

For p € % - W —,,, UAdm we define (°(p), € Wy, by the following two cases:

°(p)o = ()

L (P)kr1 = Mw € 2 Wi g1 (p((Hmys masi ey 65 - Lk,l(w))izo))

For this latter definition, one checks that (limsmaxqiky 45 tri(w))ixo is an
element of W, so that p can be applied. Next, ¢°(p)r+1 is monotone. To see this,
let wy Cg wo, so there exists wg € Wi, such that ws L w1 o wo in Wy; we must
show that (2 p)rt1(w1) € (1% p)e+1(w2). Let x5 = (Mmysmax(i kg 65tk (w)))izo
for j = 0,1,2. Then, x- L4 x1 0 g in W. From the non-expansiveness and
monotonicity of p it follows that p(xz) == p(x1 0 29) 2 p(x1), and therefore
Te+1(P(21)) C g1 (p(x2)), which yields the required monotonicity of (¢°p)gi1.
Finally, this definition of +° satisfies ¢§ ((¢° p)g+1) = (¢° p)y for all k, and therefore
L°peWwW.

Lemma 27 (Non-expansiveness of «° and ¢). °: (3 - W —,,, UAdm) —» W
and v: W — (5 - W —,, UAdm) are non-expansive.

Proof. To see the non-expansiveness of ¢, suppose = = y in W. Thus, zj =
holds in W), = % - Wi—1 —m UAdm, for all k, and therefore \w.xy(wg—1)
M.y (wg—1) holds in 3 - W —,,, UAdm, for all k. Consequently, :(z) = ¢(y) in
3+ W —, UAdm.

Yk
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To see the non-expansiveness of 1°, suppose p = ¢ in % - W —,,, UAdm. We

must show that (°(p); = (°(g); for all j > 0. This is clear in the case j =0, so
assume j > 0. Let £k = j — 1 and pick w € Wj. Then by assumption we have

PAUM s ey 45yt (w)),) = g((U0smaginy 15 tra(w)),)
and therefore ¢° (p)j £ 1°(q); by the sup metric on W;. O
Lemma 28. (° -1 =idy and ¢ -1° fzdl W —.. UAdm-

Proof. We first verify that ¢° - ¢ = idy. We will show (:°(cw)); i w; for all j.
This gives the desired equality, because

(P(ew))r = lim ¢} ((Lo(Lw))j), wp = lim ¢ ;(w;),

3>l

and ¢7,; is non-expansive for all k. Clearly (¢°(tw))o 2 wp, and moreover:
(L (w))jt

= ((lim(w’ € W1 (wg)))j41

= Az eW,. 7rj+1((1iin (A’ € Wawpgr (wy,)) (- lim - (¢f; - Lj’l)(x))iZO)

I>max{i,j}

e W;. (liin (A’ € Wawgy1(w},)) (l> liIr%' N (151 65.0)(%)) 5

max{t,j =
= Az € Wj. lim wk._H( lin{lk X (ths - t0) (@)

max{k,j
= dz e W, hm W41 (hm vy ) ()
= dz e W;. 1;33} wk+1( (thg - tht - k) ()
= \r e Wj. }Clm wk+1( (4j,0)(@)) (since ¢y, ;- L L idw, by C2)
>3 ’

= Az e W;. hm wk+1(LJ k( )
j+1 . . 1
e Wi Um (mj4q - oo T - W1 - L) (2)  (since mjqq - ... - g £ UAdm)

k>j

Ao € Wy lim (15,14 (wi) 2)

Az € Wj. }gn wjt1(x)
J

= \r € Wj. w]‘+1($)

wj+1.

o __ ;s 1 .
To see that ¢-¢ _Zd%-W—% Uddm letpe 5 W —,, UAdm and w € W;

we show ¢(:° p)(w) = p(w). Since w = (wg)r>0 € W we have wy = 1f (wy41) for
all k£, and thus

k
tegwr = et wi) = wy
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for all k and all [ > k. For fixed ¢ this yields

. k .
lim 0y (wg) = lim 03, (wy
I>max{i,k} &t ’ ( ) I>max{i,k} Z’l( )

and therefore

i (T ) = () =l ) =
(16)

We calculate

(0 p)(w) = (lim ()\w’ € W. (¢°p)y1 wy, )) (w)

k
= liin ((t° p) k1 wi) (limits are pointwise)
e (3, 0,
. . o . k+1
= h/lcm p((l>mlixm{i7k} Ly LkJ(wk))iZO)) (since 11 = idyadm)
= p(li}rcn((bmliﬂi)k} R Lkvl(wk))izo)) (p non-expansive)
= p((li}inbmlixm{i,k} Ly kal(wk))izo) (limits are pointwise)
= p((wi)i>o) (by (16))
= p(w)
This concludes the proof. a

Finally, we check that we have the desired relationship between o, ® and the
isomorphism:

Lemma 29. For allw,w’ € W, wow = °(t(w) @ w' * t(w')), or equivalently:
(P © (" q) * g)(w) = ((:°(p) 0 ¢°(9))) (w)
for all p,q € Assert = % - W —,, UAdm and all w € W.
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Proof. First note that for all r € Assert and w € W the following equation
holds:

lim  lim  (¢°7);(tk,j—1 wk)

ko j>k+1
= lim lim w-'r(( lim 8 ~L-1Lk-,1wk) )
m tim () (o saego)

= lim lim r(( lim L?J-Lj’l(Lk’j,lwk))

. i .
since 7; = id yag
k j>kt1 I>max{i,j} izo) ( J m)

= r(lim lim Im  oF; v (ki1 wr)). ) since r is non-expansive
k j>k+1 (l>max{i7j} il Jy( 5] ))220 ( )

— +(lim 1 i ° . _ )
im0 i

= r((lim lim lim ) w ) limits are pointwise
k j>k+1 l>max{i,j}( & k) (W) i>0 ( pointwise)
I I ° . . )
m | lm +2}(Lz,z te) (W) 5

[
<

. . o
}grz l>lllglk2(bi’l Lk’l)(wk))iZO)

. . . k
}gr} bh}glﬂ(Lik wk))izo) (since ¢7; - trq = 17, by C2)

Now let p,q € Assert and w € W. By definition of ® we have

(p® (°q) * ¢)(w) = p(t° g ow) x q(w),
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and we must show that this equals ¢((:°(p) 0 t°(q)))(w):

(p) 0 %(q))(w)
- L((hm ki (2 p)j 05 (&8 q)j)>k>0) (w)

:hin ( lim Lk+1j((L p)jo; (¢°q); ))(wk)

=tim( lim 125 ((°p)s 0 (2 )y) (i)
=tim lim (i mm - (009)5 05 (00)) - 1) ()
=tim lim (") 05 (°);) - tk-1)(w))

= lim lim
k j>k+1

(
(
=tim Tlim ((((°p)s 05 (° 0);) (kg1 () )
(0P @51 521002 @) ) (g a(wi) + (1 @i (w)) )
= (tim 1im (s @51 51 ((70)) ) (goa () (lim Tim (g5 (0kg 1 (wn)))
(

k j>k+1 k j>k+1

=tim Tim ((7p); -1 5107 0)))) (ya(wn) = qlw)

k j>k+1
=tim lim (0°p); (551((° 0)y) 051 (yma(wn))) # glw)

=tim lim (:°p);(1° @)1 051 (kyma () * g(w)

k j>k+1

. o k.
=lim lim (¢*p);((° @)j—10j—1 wj—l)) * q(w) (by thj1-1f ;-1 = id)

(
(
=tim lim (7p); ((° @)j-1 051 (kg1 - 13,-)(wj-1)) * a(w)
(
(

lim 05 (17 q0) 051 654 (wn)) ¢ gq(w)

= tim T (0 p); (lim, 500007 @) orwn) wa(w) by i&y(aon ) £ 154 (x) 00 t6,(0))

k j>k+1 1
= (h;ﬁnjii;?il () (((* q) Ow)j71)> * q(w)
= (tim 1im () (g1 - £y ) (00 @) 0 w)ima) ) * q(w) by tiyon =iy £ i)
= (tim tim (9 (y-a((° @) o w)i) ) * qlw)
=p((t”g)ow) x q(w)

where the ninth and the last equation are by the equality established above. 0O
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D A concrete model with non-recursive worlds

In this appendix, we describe a model based on our framework in Sections 2 and
3, where only world-independent assertions can be used as invariants. This model
has two interesting features. First, the set W of worlds has a simple definition,
which does not involve solving recursive domain equations. Second, by restricting
possible invariants, the model allows us to have versions of anti-frame and frame
rules that are stronger than those in Section 3. Our description will focus on
these two features.

Let Heap be a pointed cpo of heaps that satisfies the conditions in Sec-
tion 2 (not necessarily the same heap model as in Section 5). Assume that Heap
contains the unit, denoted ey, for the heap combining operation h - h’/, such
that mo(er) = L and mi(ep) = ey for all k > 0. Furthermore, we assume that
1 -h=h-1 = 1. The operation - and its unit e; give rise to a monoid structure
on the set UAdm of uniform admissible subsets of Heap. The monoid composi-
tion is the usual separating conjunction p * ¢ (described in Section 2) and the
unit 7 is the set {1, e}

The model we are about to describe is an instance of our semantic framework
where the monoid (W, e, o) of worlds and the coercion function are defined as

follows:
def

(W,e, o) = (UAdm,I,x), i(w) < \wg. w.
Note that the definition is simple, without involving the solutions of any recursive
domain equations. Intuitively, this definition means that invariants are assertions
not depending on worlds, as formalized by the fact that i(w) is a constant func-
tion. The defined worlds W and coercion map ¢ satisfy the requirements of our
framework.

Lemma 30. The worlds W and the coercion i just defined satisfy the healthiness
conditions in Section 2.

Proof. Condition 1 requires the preservation of — o wq by the coercion function
i. We can show the condition by simply unfolding the definitions of ¢ and o.
Concretely, for all w,wq, w; € W,

(wowp)(wy) = wowg (by def. of 7)

w * wo (by def. of w o wp)

i(w)(wo o wy) * i(wp)(wr) (by def. of 7)
(

= (i(w) o wp)(wy). by def. of i(w) o wy)

For Condition 2, consider worlds wg,w; in W. We claim that (wg,w) is a com-
mutative pair for (wp,ws). Since * is commutative, we can prove the first re-
quirement of being a commutative pair as follows:

WopowWw; = Wo*wWp = W1 *wWyg = W1 O°Wg.
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The other two requirements for a commutative pair follow from the fact that
i(wo) and i(wy) are constant functions:

(t(wo)@wn)(w) = i(wo)(wrow) = wp, (i(w1)@wp)(w) = i(wr)(woow) = wy.
O

By the results of Section 3, this model validates the anti-frame and frame
rules in Fig. 1. But, in fact, it validates even stronger versions of those rules,
expressed in the proposition below:

Proposition 31. The following axiom variants of the anti-frame rule and the
deep frame rule are sound:

ANTI-FRAME AXIOM DEEP-FRAME AXIOM
{pte{gowo} E{ptelat  {ptcfa} E{powote{qgowo}

Proof. The main idea of the proof is to exploit the commutativity of the monoid
operation o for worlds. Since this o operation is already associative, commuta-
tivity means that we can freely exchange the order of world compositions by the
operation. In other instances of our framework commutativity does not normally
hold for the monoid operation for worlds, and the instances do not validate the
axioms in this proposition.

To prove the soundness of the anti-frame axiom, consider worlds w,w; and
index k. We need to prove that

tri(po (wowy), m(c), go (wowr))

holds. We do this below using the assumption and the commutativity of the
monoid operation for worlds:
¢), (gowg) o (wowr))

wowy), m(c), o (wo o (wowi)))

(po( ) m(c)
(po( ) m(c)
tri(p o (wowr), m(c), g o ((wowr)owp))
(po( ) m(c)
(po( ) m(c)

w Er{pte{qowe} = tri wow), Tk
k\C

wowy), mk(c), (qowowy)ow)

P4l

wowy), mk(c), (gowowr)).

The first implication follows from the definition of the validity of triples, and
the second and fourth hold because of Lemma 2. The third implication uses the
commutativity of the monoid operation o. The last implication holds because of
Lemma 5.

Next, we move on to the deep-frame axiom. Pick worlds w,w; and index k.
We need to prove that

tri((p o wo) o (wowy), mk(c), (qowp)o (wowp))

38



holds. We do this, again using the commutativity of the o operation:

w = {pte{qt = tri(po (wo (wyowr)), mi(c), go (wo (woowr)))
= tri(po (wpo (wowy)), mp(c), go (wgyo (wow)))
= tri((powo) o (wowr), m(c), (¢ wp)o (wowr)).

The first implication follows from the validity of triples, and the second one
uses the commutativity and associativity of the o operation for worlds. The last
implication holds because of Lemma 2. a
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