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Abstract

In this PhD Dissertation we develop methods for proving contextual equivalence
and termination.

Contextual equivalence. We present three papers on contextual equivalence.
All three share a common setup: They are based on an FM-denotational model
with a parameterized admissible Kripke-style logical relation on top of a univer-
sal recursive domain. The combination of expressible parameters and a recursive
domain makes it non-trivial to establish the existence of the relations, and this
has required some new ideas. Our method is the first proof method for contex-
tual equivalence based on a logical relation over a denotational semantics for a
language with recursive types and dynamic allocation of references of any type.
The first paper gives the general setup. The second paper gives a relationally
parametric interpretation of polymorphic types. This is not quite as general
as we would like; we restrict the type of references so that the type must be
closed. Tt is to our knowledge the first relationally parametric model for higher-
order store and polymorphic and recursive types. The third paper is primarily
concerned with refining the definition of parameters.

Termination analysis. In the last paper in the thesis we develop a sound
and fully-automated algorithm to show that evaluation of a given untyped A-
expression will terminate under call-by-value. The “size-change principle” from
first-order programs is extended to arbitrary untyped A-expressions in two steps.
The first step suffices to show call-by-value termination of a single, stand-alone
A-expression. The second suffices to show termination of any member of a
regular set of A-expressions, defined by a tree grammar.
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1 Introduction

In this thesis we develop proof methods for contextual equivalence and termi-
nation. The thesis consists of two articles and two technical reports. Three of
these papers are concerned with contextual equivalence and one with termina-
tion analysis. Equivalence is analyzed in a functional language extended with
constructs to dynamically allocate and update higher-order store. Termination
is analyzed in the untyped A-calculus. Here in the introduction we give a short
overview of each paper and briefly mention its immediate predecessors. In the
individual papers there are further discussions about related and future work.

1.1 Contextual Equivalence

It is common to define two programs to be conteztually equivalent if they have
the same termination behavior in all closing contexts. We aim at giving a sound
characterization that eases proofs of contextual equivalence in many cases. So we
aim to be able to prove a large set of pairs of programs equivalent in a relatively
easy way. Proving equivalence of programs is important for ensuring correctness
of module exchanges or program transformations. When we want to prove
contextual equivalence of two programs then the universal quantification over all
contexts makes the reasoning difficult. There has therefore been much research
activity targeted at developing accessible methods for equivalence proofs. Such
methods are particularly challenging to develop for higher-order languages with
recursive types, dynamic allocation and higher-order store. There are several
reasons for this. Circular structures in the store are possible and so is also
recursion through the store. Further, as programs may update as well as read
the store, it is necessary to consider the behavior of execution in related stores.
For higher-order store the behaviors of stored values depend themselves on the
contents of the store, and relatedness of stored values is dependent in a non-
trivial way of the contents of the stores. One of the consequences of this is
that we need to require a weakening property expressing that related values
of any type with respect to two stores si,ss will still be related also when
activated in any future possibly updated stores. This again requires a precise
way of expressing that two stores belong to the set of future updated stores
with relation to the stores sq, so. When the language allows dynamic allocation
then relatedness must capture the possibility of keeping dynamically allocated
locations hidden and preserving a local invariant, as well as the possibility of
export of dynamically allocated locations.

Dynamic allocation in languages with store containing values of less general
types has been analyzed, prior to our work, by several researchers including
Pitts and Stark(39) and Benton and Leperchey(7). Here we extend this line of
research to encompass higher-order store and recursive and polymorphic types.
We will just briefly mention some key insights and ideas from these papers,
which are important for our work. Pitts and Stark (39) present a method for
reasoning about contextual equivalence for functional programs with recursion,
assignment and integer references. It is possible that local references can be



exported out of their original scope during evaluation. They devise a family of
syntactic logical relations parameterized by state relations. To analyse program
equivalence it is necessary to define relations not only between expressions, but
also between continuations. First Pitts and Stark give a continuation based
formulation of termination where the continuations corresponds to evaluation
contexts (Felleisen). The formulation of termination via continuations makes
it possible to define a termination relation by structural induction. With this
formulation of termination many properties including the unwinding theorem
can be proven by induction on the derivation of termination. It is also essential
for the definition of the logical relations used for proving contextual equivalence
and for the proof of the fundamental property. The parametric logical relation
is given by simultaneous definition of three binary relations between values,
continuations and expressions. The definitions make extensions of the used
store explicit. The definition of a binary relation between values is by structural
induction on the type. This definition uses, in an essential way, that references
are of integer types such that lookup will not require another lookup and cannot
involve circularity. The logical relation is then extended to a relation between
open expressions. Pitts and Stark show that the fundamental property holds
and at simple parameters the relation coinside with contextual equivalence and
ciu-equivalence.

The most direct predecessor for our work is Nick Benton and Benjamin Lep-
erchey: “Relational reasoning in a Nominal Semantics of Storage” (7). Benton
and Leperchey give a method for proving contextual equivalence of programs
with local state in a monadically typed language with references to integers and
references to such. They develop the concept of accessibility maps to express
disjointness properties of store areas, and differentiate in their parameters be-
tween the visible area of stores and the hidden invariants. This understanding
of locality in stores, as also Reddy and Yang’s (46), takes inspiration from the
work in separation logic for local reasoning about storage. The proof method
by Benton and Leperchey use a parameterized logical relation over a nominal
denotational semantics, where the atom set is the set of store locations. The
logical relation is used to prove equivalences that involve privacy of local store.

We extend their work in several ways. We have richer type systems includ-
ing recursive and polymorphic types and higher-order store. We also give more
refined definitions of parameters. The structure of our setup is very much in-
spired from their work, but the additional features in the language add some
extra significant complications to the understanding of equivalence as well as to
the denotational interpretation. As Benton and Leperchey, we use FM-domains
where the atoms are location-names, but because we have higher-order store we
give our denotational interpretation in a universal recursive domain defined by
a mixed variant recursive equation. The proof that such an FM-domain exists
builds on results by Mark Shinwell in his PhD thesis: The Fresh Approach:
“Functional Programming with Names and Binders”(52). Shinwell transfers
the results from Andrew Pitts: “Relational Properties of domains”(40) to FM
domains. In the proof that our logical relations exist we also build on the work
of Pitts and Shinwell. Here, however, we have also developed some new ideas,



so that we can define the relation in a way that makes a version of the proof
method applicable, and at the same time makes it possible to formulate very
precise properties for relatedness in the parameters.

So, we analyse equivalence in a monadically typed ML-like functional lan-
guage with dynamic allocation of higher-order store. The three papers on
contextual equivalence share a common setup: They are based on an FM-
denotational model with an admissible Kripke-style logical relation on top of
a universal recursive domain. The methods give ways to express why two pro-
grams are expected to be equivalent via definitions of local parameters. Such
definitions of local parameters express the intuition for why two programs are
equivalent and are essentially the only non-trivial parts in a proof of equivalence.
The combination of expressible parameters and a recursive domain makes it,
however, non-trivial to establish the existence of the relations in the first place.

Relational Reasoning for Recursive Types and References

The first article on contextual equivalence Relational Reasoning for Recursive
Types and References is background for the other two. It is a conference article
presented at APLAS 2006, joint work with Lars Birkedal. We develop a proof
method for contextual equivalence for a language with recursive types and dy-
namically allocated general references. As explained the proof method is based
on a Kripke-style logical relation on top of a nominal denotational semantics.
Our method is the first proof method for contextual equivalence based on a log-
ical relation over a denotational semantics for a language with recursive types
and dynamic allocation of references of any type. An alternative proof method
based on bisimulations was developed by Koutavas and Wand (28) in parallel
to ours.

In this paper we give the denotations in a four-tuple recursive domain
D = (V,K,M,S) where denotations of values belong in V, denotations of com-
putations in M, denotations of continuations in K and denotations of stores in
S. Our parameterized logical relation then consists of a parameterized relation
on each of the four domain parts. The parameters have the form Ar where A is
a store-type, typing the finite visible area of two stores and r express invariants
for local state. There is an order on the set of parameters written A’r’ > Ar.
A larger parameter corresponds to a later time in program executions where
some locations may have been updated, more visible locations may have been
allocated and more hidden invariants may have been built up.

We have formulated the definition of parameters so that they can be used to
express properties of higher-order store. In particular it is possible to express
for any type that when certain conditions hold for the stores then two locations
will hold values of that type related ’at the current time’ of program execution.
It is not always appropriate to require that the locations hold values related
at the time (expressed by a parameter) when the local parameter is initialized.
Because when later updated with related values, the relatedness of these new
values may demand additional properties of stores built up in the meantime
and expressed as added local parameters or extra visible locations. So these



new stored values may not be related under the parameter corresponding to the
time where the invariant was initialized. To facilitate such an interpretation
we give, in these situations, the parameters a syntactic formulation as pairs of
locations together with types. There is a one way weakening property for related
values, computations and continuations expressing that relatedness is preserved
under larger parameters. One of the benefits of this is that when related values
are stored and later fetched again from the stores, then they are related also at
the time of retrieval.

The existence of the logical relation requires a separate proof in the style
of Andrew Pitts and Mark Shinwell. Since we express invariants for local state
in the parameters of our relation, and these will not necessarily be preserved
under approximations, one cannot immediately apply Pitts” existence proof for
the relation. Thus we define a four-ary parameterized relation. An element may
be thought of as two pairs (d}, d}) and (dy, d2), where we require approximation
in the domain theoretical sense dj C dy and dj T dy. The pair (di,d2) may
be considered as having parameter status. For related states (s/, s1, s, so, Ar),
the invariants for local state expressed by the parameter r are required to hold
for sy, so while the approximation in the existence proof is carried out on the
primed places. Correspondingly we require for chains in the relation running
over the primed places, with dy, dy fixed, that least upper bounds will be in the
relation.

For computations (m], my, mh, ma, T'T, Ar) to be related we likewise require
m} C my and mf C mo and additionally we require crosswise termination ap-
proximation under application from the approximated elements in one side to
the non-approximated elements in the other side. That is; for any extended
parameter A'r’ > Ar, related continuations (kf, k1, k), ko, (z : 7), A'r’) and re-
lated states (s, s1, 85, s2, A’r’) it must hold that mikis] = T = mokose = T
and mhkhsh = T = mikisy = T. With these definition we can prove by the
methods from Andrew Pitts and Mark Shinwell that the four-ary relation exists.

Based on the four-ary relation we can then extract a binary relation, in
which we can relate denotations of open terms. This binary relation implies
contextual equivalence at parameters which only give a set of visible locations
expected to hold related values but no hidden invariants. An equivalence proof
for two programs then requires us to show that their denotations are in the
binary relation under such a simple parameter. This proof then proceeds in a
modular way and it often requires that subexpressions are proven to be related
under more complicated parameters for which we define local parameters.

Relational Parametricity for Recursive Types and References of
Closed Types

The technical report Relational Parametricity for Recursive Types and Refer-
ences of Closed Types is joint with Lars Birkedal. Here we add impredicative
polymorphism to the language but restrict the type 7 ref of references such
that 7 must be closed. We then give a relational interpretation in a function
space lattice. In the relational interpretation of a type [7]/(2R)(Ar) we apply



to a type environment = together with relations R for all the type variables in
=. The relations R are functions from parameters to admissible relations. A
technical reason for restricting our setup to references of closed types is that we
can then keep all type expressions in the parameters Ar closed. The store-types
are closed and we also only need to have closed types associated with pairs of
locations in the invariant r. So we do not need to apply our parameters Ar
to relations £ and relatedness for states does not depend on relations R. This
enables us to prove the identity extension lemma. We want the interpretation of
[[T]]t(Eﬁ) to depend only on the relations for the free type variables that occur in
the type 7 also if this is a strict subset of Z. We express this as the two proper-
ties "E-strengthening’ and "E-weakening” which identify [7]*(fv(r) R) with any
[7]14(E'R’) where (E'R') D (fo(r) R). Further we want our logical relation to
have the properties downwards closure, again on the primed places, and param-
eter weakening and admissibility. In this paper in the existence proof for our
logical relation all these properties are added as requirements to the relational
structure, we then prove that the properties are preserved under intersections.
The relations with these properties over a domain together with set inclusion
order and set intersection meets constitute a complete lattice. Further we prove
that the properties are preserved under the action of the domain construction
functor on relations. The existence proof for the relation is then done mainly
along the lines of Pitts and Shinwell but now in the lattice of relations with
these properties, so our fixed point relation has the properties.

This paper is to our knowledge the first relationally parametric model for
higher-order store and polymorphic and recursive types, even if it is not as
general as we would like due to the restriction on the type of references. We
hope in the future to be able to model relational parametricity in full generality;
this report is a step in that direction.

Relational Reasoning for Contextual Equivalence

The technical report Relational Reasoning for Contextual Equivalence is mostly
concerned with the format for parameters. The language we analyse has re-
cursive types, impredicative polymorphism and general dynamically allocated
references. There is no restriction on the type of references but we do not give
a relationally parametric interpretation of polymorphic types. For values to be
related in a polymorphic type we require that the corresponding computation
bodies are related as computations for any substitution of a closed type. As
before we define a four-ary relation on top of a recursive domain, and then
the existence proof for the relation is done mainly along the lines of Pitts and
Shinwell.

Equivalence proofs for two programs are in our setup in all three papers
done in a modular way, a proof will often involve sub-proofs where sub-terms
are proven to behave relatedly. To analyse if two programs are related, we
will expect related elements for the free variables and apply the programs’ de-
notations to continuations and states assumed to be related. Sometimes this
will be unfolded so that we get two sub-computations applied to continuations



where the initial parts are generated by the original programs. For instance
this may happen if the programs have a free variable of function type, and this
function-variable is applied in the middle of the programs. In the technical
report we refine the definition of parameters, so that they can take advan-
tages of knowledge of initial parts of continuations. The development may seem
rather technical, there is an extensive explanation in the technical report. We
differentiate between parameters for computations and continuations, and the
refinement also involves two different order relations among parameters. The
relation is based on a more detailed understanding of the interaction between
computations and continuations in the presence of higher-order store. We can
express that functions may preserve more than one invariant. If the initial part
of continuations change states from one such invariant to another, then (stored)
related functions will still behave related. We have also added ways to express
that functions may change a local invariant in an irreversible way. Further, we
have added a way to express explicit divergence. A parameter may express, that
one side has diverged and in the other side an invariant holds which should then
eventually ensure divergence there. We find that the parameters can express in
a natural way hypotheses of why we expect two programs to be equivalent. A
proof of equivalence can then be a rather automatic test of hypotheses. Such
a proof may though require many rather trivial steps, unfolding of denotations
and of the definitions of the relation. Because the parameters are expressive we
find that the method gives much help to proofs of program equivalences. In the
future we intend to explore whether this method gives more help in equivalence
proofs than the methods based on sets of bisimulations.

1.2 Termination
Call-by-value Termination in the Untyped A-Calculus

The last article Call-by-value Termination in the Untyped \-Calculus is joint
work with Neil D. Jones. It is a journal article accepted for publication and
it extends an earlier conference paper by the same authors presented by Neil
Jones at RTA 2004.

The size change principle to prove termination for first order programs with a
well founded order on parameter values was described by C.S. Lee, N.D. Jones
and A.M. Ben-Amram (32). In the present article we develop a termination
analysis based on The Size Change Principle for a single lambda-expression
which we often think of as a program together with its input. We then further
develop the method so that we can analyse whether a program will terminate
when applied to any input from a well formed input set given by a tree grammar.
The analysis can be fully automated, we have developed a simple implementa-
tion (not included in the thesis). The method is safe. As the problem in general
is undecidable and the method is safe and fully automatic, so the proof method
is not complete and there are terminating programs which we cannot certify to
terminate.

It is not immediate to see how the ingredients from the first version of The
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Size Change Principle can be found in the A-calculus. We use an environment
based version of operational semantics where we for applications instead of sub-
stitution make updates in the environment. A state has the form of a finite tree,
it is an expression together with an environment binding variables to states. The
initial state consists of the program together with the empty environment. Up-
dates in the environment are performed in the operational semantics during
program execution. We can then show that any occurring expression in a state
will be a subexpression of the original program. This opens up for a finite ap-
proximation of the state space. We may approximate a state by forgetting the
environment completely or, for instance, by only considering the parts of envi-
ronments up to some fixed level in the tree. In the paper we have chosen the
coarsest version and remove environments in the approximation. Further the
operational semantics is extended with an explicit calls-relation so that we can
find the control flow graph for the program and the call sequences that follow
it. We can then trace nontermination as an infinitely long sequential state tran-
sition. An environment will have the form of a finite tree, and the well founded
order in which we show decreases is based on the height of environments. Size
change graphs for calls relate bindings in environments. By abstract interpre-
tation we find an approximation to the execution of the program with its input
with a finite state space, where we can still generate safe size change graphs.
Based on that we can then perform a safe analysis.

When we extend the analysis to cover a program with any arbitrary input
from a given input set, e.g. Church numerals, we do this by extending the A-
calculus language with nonterminals. A nonterminal represents a set of lambda
expressions, and we define what free variables of a nonterminal and what a
subexpression of a nonterminal should be. We prove that execution of the
program with nonterminals can simulate the execution of the program with any
arbitrary input from the input set, and that the generated size change graphs
are appropriate for a safe termination analysis. The termination analysis in
itself can then be performed very similar to before.

11
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Relational Reasoning for
Recursive Types and References

Nina Bohr and Lars Birkedal

IT University of Copenhagen (ITU)
{ninab,birkedal}@itu.dk

Abstract. We present a local relational reasoning method for reasoning
about contextual equivalence of expressions in a A-calculus with recur-
sive types and general references. Our development builds on the work
of Benton and Leperchey, who devised a nominal semantics and a local
relational reasoning method for a language with simple types and simple
references. Their method uses a parameterized logical relation. Here we
extend their approach to recursive types and general references. For the
extension, we build upon Pitts’ and Shinwell’s work on relational rea-
soning about recursive types (but no references) in nominal semantics.
The extension is non-trivial because of general references (higher-order
store) and makes use of some new ideas for proving the existence of the
parameterized logical relation and for the choice of parameters.

1 Introduction

Proving equivalence of programs is important for verifying the correctness of
compiler optimizations and other program transformations. Program equivalence
is typically defined in terms of contextual equivalence, which expresses that two
program expressions are equivalent if they have the same observable behaviour
when placed in any program context C. It is generally quite hard to show directly
that two program expressions are contextually equivalent because of the univer-
sal quantification over all contexts. Thus there has been an extensive research
effort to find reasoning methods that are easier to use for establishing contextual
equivalence, in particular to reduce the set of contexts one has to consider, see,
e.g., [40,9,3,33] and the references therein. For programming languages with
references, it is not enough to restrict attention to fewer contexts, since one also
needs to be able to reason about equivalence under related stores. To address
this challenge, methods based on logical relations and bisimulations have been
proposed, see, e.g., [42,7,55]. The approaches based on logical relations have
so far been restricted to deal only with simple integer references (or references
to such). To extend the method to general references in typed languages, one
also needs to extend the method to work in the presence of recursive types. The
latter is a challenge on its own, since one cannot easily establish the existence of
logical relations by induction in the presence of recursive types. Thus a number
of research papers have focused on relational reasoning methods for recursive
types without references, e.g., [9,3]. Recently, the bisimulation approach has
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been simplified and extended to work for untyped languages with general refer-
ences [28,27]. For effectiveness of the reasoning method, we seek local reasoning
methods, which only require that we consider the accessible part of a store and
which works in the presence of a separated (non-interfering) invariant that is
preserved by the context. In [7], Benton and Leperchey developed a relational
reasoning method for a language with simple references that does allow for local
reasoning. Their approach is inspired by related work on separation logic [47,
46]. In particular, an important feature of the state relations of Benton and Lep-
erchey is that they depend on only part of the store: that allows us to reason that
related states are still related if we update them in parts on which the relation
does not depend. In this paper we extend the work of Benton and Leperchey
to relational reasoning about contextual equivalence of expressions in a typed
programming language with general recursive types and general references (thus
with higher-order store). We arrive at a useful reasoning method. In particular,
we have used it to verify all the examples of [28]. We believe that the method is
simple to use, but more work remains to compare the strengths and weaknesses
of the method we present here with that of loc. cit.

Before giving an overview of the technical development, we now present two
examples of pairs of programs that can easily be shown contextually equivalent
with the method we develop. The examples are essentially equivalent to (or
perhaps slightly more involved than) examples in [28]. Section 5 contains the
proofs of contextual equivalence.

The programs M and N shown below both take a function as argument
and returns two functions, set and get. In M, there is one hidden reference vy,
which set can use to store a function. The get function returns the contents of
y. The program N uses three local references yg, y1 and p. The p reference holds
a integer value. The set function updates p and depending on the value of p it
stores its argument in either yo or y;. The get function returns the contents of yg
or y1, depending on the value of p. Note that the programs store functions in the
store. Intuitively, the programs M and N are contextually equivalent because
they use local storage. The proof method we develop allows us to prove that they
are contextually equivalent via local reasoning.

M =rec f (g: 7 — T7'): T(((r — T7') — Tunit) x (unit — T(1 — T7))) =
let y <= ref g in
let set < val (rec fin(g1:7 — T7'):
let get < val (rec for(z : unit) : T(r — T'7'
(set,get)

N=rec f (¢: 7= T7'): T(((r — T7") — Tunit) x (unit — T(r — T'7"))) =
let yo < ref g in
let y1 < ref g in
let p <= ref 0 in
let set < val (rec fin(g1:7 — T7'") : Tunit =
if iszero(!p) then
(p:=1v=aq)

14



else
(p:=0; yo := g1)) in
let get <= val (rec fon(z :unit) : (1 — T'7') =
if iszero(!p) then lyo else ly1) in
(set,get)

Next consider the programs M’ and N’ below. They both have a free variable
g of function type. In M’, g is applied to a function that just returns unit and
then M’ returns the constant unit function. In N’, g is applied to a function
that updates a reference local to N’, maintaining the invariant that the value
of the local reference is always greater than zero. After the call to g, N’ returns
the constant unit function if the value of the local reference is greater than zero;
otherwise it diverges ({2 stands for a diverging term). Intuitively, it is clear that
M’ and N’ are contextually equivalent, since the local reference in N’ initially
is greater than zero and ¢ can only update the local reference via the function
it is given as argument and, indeed, we can use our method to prove formally
that M’ and N’ are contextually equivalent via local reasoning.

M’ =let f < val (rec f'(a: unit) : Tunit = val ()) in
let w <= gf in
val f

N =let z < reflin
let f < val (rec f'(a : unit) : Tunit) = z :=lz + 1) in
let w <= gf in
let z < if iszero(!x) then (2 else
val(rec f'(a : unit) : Tunit = val ()) in
val z

We now give an overview of the technical development, which makes use of a
couple of new ideas for proving the existence of the parameterized logical relation
and for the choice of parameters.

In Section 2 we first present the language and in Section 3 we give a deno-
tational semantics in the category of FM-cpo’s. Adapting methods developed
by Pitts [40] and Shinwell [52,51] we prove the existence of a recursive domain
in (FM-Cpo )%, D = (V,K,M,S), such that i : F(D,D) = D where F is our
domain constructor. The 4-tuple of domains D has the minimal invariant prop-
erty, that is, idp is the least fixed point of § : (D — D) — (D — D) where
5(e) = io F(e,e) oi~!l. Denotations of values are given in V, continuations in
K, computations in M and stores in S. We show adequacy via a logical relation,
the existence of which is established much as in [52].

The denotational semantics can be used to establish simple forms of contex-
tual equivalence qua adequacy. For stronger proofs of contextual equivalences
we define a parameterized relation between pairs of denotations of values, pairs
of denotations of continuations, pairs of denotations of computations, pairs of
denotations of stores. We can express contextual equivalence for two computa-
tions by requiring that they have the same terminaton behaviour when placed
in the same arbitrary closing contexts.

15



Since our denotations belong to a recursive domain, the existence of the pa-
rameterized logical relation again involves a separate proof. The proof requires
that the relations are preserved under approximations. On the other hand we
want the parameters to express invariants for hidden local areas of related stores,
and such properties of stores will not be preserved under approximations. There-
fore our relations are really given by 4-tuples, which we think of as two pairs: the
4-tuples have the form (d}, dy,db,ds), where d} C d; and d C dy. We can now
let the approximation be carried out over the primed domain elements d}, dj,
and preserve the invariant on the non-primed elements d;, dy. Correspondingly,
relatedness of computations is stated as a two-sided termination approximation.
Termination of application of an approximated computation m/ to an approxi-
mated continuation k7 and an approximated store S; implies termination in the
other side of the non-approximated elements, mik{S; = T = makaS2 = T,
and similarly for the other direction. With this separation of approximation from
the local properties that the parameters express, we can prove that the relation
exists. We can then extract a binary relation, defined via reference to the 4-ary
relation, such that the binary relation implies contextual equivalence.

A parameter expresses properties of two related stores; and computations
are related under a parameter if they have equivalent termination behaviour
when executed in stores, which preserve at least the invariants expressed by the
parameter. Our parameters are designed to express relatedness of pairs in the
presence of higher-order store and therefore they are somewhat more complex
than the parameters used by Benton and Leperchey [7]. As we have seen in the
examples above, we can prove contextual equivalence of two functions, which
allocate local store in different ways, and then return functions set and get that
access the hidden local storage. These local locations can be updated later by
application of the exported set-functions to related arguments. In between the
return of the functions and the application of the returned set-functions, there
might have been built up additional local store invariants. Thus functions stored
by a later call to the returned set-function may require further properties of
stores in order to have equivalent behaviour, than was the case when our set and
get functions were returned. To handle this possibility our parameters include
pairs of locations; two stores are then related wrt. such pairs of locations if the
pair of locations contain values that are related relative to the invariants that
hold for the two stores.

In more detail, a parameter has the form A{ry,...,r,}. Here A is a store type
that types a finite set of locations; these are intuitively our “visible locations.”
The ry,...,r, are local parameters. A local parameter r; has its own finite
area of store in each side, disjoint from the visible area and from all the other
local parameters’ store areas. A local parameter r; has the form (Py,LL;) V
++-V (P, LL,,). The Ps express properties of two stores and the LLs are lists of
location pairs. It is possible to decide if two states fulfill the properties expressed
by the Ps by only considering the contents of r;s private areas of store. At least
one P must hold and the corresponding LL must hold values related relative to
the invariants that hold for the two stores (we can also think of this as related
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at the given time in computation). Using FM domain theory makes it posible
for us to express the parameters directly by location names.

We present the definition of our relation, state its existence and the theorem
that relatedness implies contextual equivalence in Section 4. In the following
Section 5 we show how we prove contextual equivalence of our example programs.
We hope that the proofs will convince the reader that our logical relations proof
method is fairly straightforward to apply; in particular the choice of parameters
is very natural. We conclude in Section 6.

For reasons of space most proofs have been omitted from this extended ab-
stract.

2 Language

The language we consider is a call-by-value, monadically-typed A-calculus with
recursion, general recursive types, and general dynamically allocated references.
Types are either value types T or computation types T'T. Values of any closed
value type can be stored in the store.

Tu=oa|unit |int |7 X 7|74+ 7 | 71ref | 7 =TT | pot
yu=71|TT

Typing contexts, I', are finite maps from variables to closed value types. We
assume infinite sets of variables, ranged over by x, type variables, ranged over
by «a, and locations, ranged over by [. We let L denote the set of locations. Store
types A are finite maps from locations to value types. Terms G are either values
V or computations M:

Vi=z|n|l|()|(V,V)|inV |rec f(z:7)=M | fold V

M:=VV' |letz<=Min M |val V| mV |ref V|V |
V=V’ |case V of injz; = M;;insws = My |
V=V"|V+V'|iszero V | unfold V

Gu=M|V.

Continuations K take the following form:
K:=valz|let y< Min K
The typing judgments take the form
A TEV T A= M:Tr AFK:(z:7)"

The typing rules for values and terms are as in [7] extended with rules for
recursive types, except that the type for references is not restricted. Here we
just include the following three selected rules:
AV
A; ' ref Voo T(7ref)
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ATV rlpat/a ATV pat
A;TF fold Vi pot AT Funfold Vi T(r|pa.t/al)

Stores X' are finite maps from locations to closed values. A store X has store
type A, written X : A, if, for all [ in the domain of A, A;+ X(1) : A(1).

The operational semantics is defined via a termination judgment X let x <
M in K |, where M is closed and K is a continuation term in x. Typed contin-
uation terms are defined by:

Ajz:tEM: T A;'—I(:(y:'r/)T
Askval @ (z:7)" Asklety<=Min K:(z:7)"

The defining rules for the termination judgment X.let z < M in K | are
standard given that the language is call-by-value, with left-to-right evaluation
order. We just include one rule as an example:

Ylet z <=val Vin K |
X, let < unfold(fold V) in K |

A context is a computation term with a hole, and we write C[.] : (A; " -
v) = (A;— F T'7) to mean that whenever A; ' = G : 7 then A;—+ C[G] : T'T.
The definition of contextual equivalence is standard and as in [7].

Definition 1. If A;T'F G, : v, for i = 1,2 then G; and Gy are contextually
equivalent, written
AT F Gy =cie Go,

if, for all types T, for all contexts C[.] : (A;I'F ~) = (A;— F T'1) and for all
stores X : A,

Ylet x <= C[Gy]invalz |<= Y. let © <= C[Gy]in val z | .

3 Denotational Semantics

We define a denotational semantics of the language from the previous section
and show that the semantics is adequate. The denotational semantics is defined
using FM-domains [52]. The semantics and the adequacy proof, in particular the
existence proof of the logical relation used to prove adequacy, builds on Shin-
well’s work on semantics of recursive types in FM-domains [52]. Our approach is
slightly different from that of Shinwell since we make use of universal domains to
model the fact that any type of value can be stored in the store, but technically
it is a minor difference.

We begin by calling to mind some basic facts about FM-domains; see [52]
for more details. Fix a countable set of atoms, which in our case will be the
locations, L. A permutation is a bijective function = € (L — L) such that the
set {l | m(l) # 1} is finite. An FM-set X is a set equipped with a permutation
action: an operation e — : perms(L) x X — X that preserves composition
and identity, and such that each element x € X is finitely supported: there is
a finite set L C L such that whenever 7 fixes each element of L, the action
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of 7 fixes x: m e x = x. There is a smallest such set, which we write supp(zx).
A morphism of FM-sets is a function f : D — D’ between the underlying
sets that is equivariant: Vao.r e (fz) = f(7 e x). An FM-cpo is an FM-set with
an equivariant partial order relation C and least upper bounds of all finitely-
supported w-chains. A morphism of FM-cpos is a morphism of their underlying
FM-sets that is monotone and preserves lubs of finitely-supported chains. We
only require the existence and preservation of lubs of finitely-supported chains, so
an FM-cpo may not be a cpo in the usual sense. The sets Z, N, etc., are discrete
FM-cpos with the trivial action. The set of locations, L, is a discrete FM-cpo
with the action 7 e [ = 7(l). The category of FM-cpos is bicartesian closed: we
write 1 and x for the finite products, D = D’ for the internal hom and 0,+ for
the coproducts. The action on products is pointwise, and on functions is given
by conjugation: e f = Az.m e (f(r~1ex)). The category is not well-pointed:
morphisms 1 — D correspond to elements of 1 = D with empty support. The
lift monad, (=), is defined as usual with the obvious action. The Kleisli category
FM-Cpo, is the category of pointed FM-cpos (FM-cppos) and strict continuous
maps, which is symmetric monoidal closed, with smash product ® and strict
function space —o. If D is a pointed FM-cpo then fiz : (D = D) —o D is defined
by the lub of an ascending chain in the usual way. We write O for the discrete
FM-cpo with elements | and T, ordered by L T T.

As detailed in [52], one may solve recursive domain equations in FM-Cpo | .
For the denotational semantics, we use minimal invariant recursive domains:

V1, 0Z oL, e(VeV)a(VeaV)e(V—oM), &V
K 2 (S—o (V—0))

M= (K —o (S —0))

S 2L, —oV.

IR

Formally, these are obtained as the minimal invariant solution to a locally FM-
continuous functor F : (FM-Cpo? )°? x FM-Cpo? — FM-Cpo’ . We write I for
(V,K,M,S) and i for the isomorphism i : F(D,D) = D. We will often omit the
isomorphism ¢ and the injections into the sum writing, e.g., simply (v1,v2) for
an element of V.
Types, 7 are interpreted by [7] = V, computation types T'7 are interpreted
by [T7] = M, continuation types (x : 7)" are interpreted by [(z:7)] = K,
and store types A are interpreted by [A] = S. Type environments I' = z7 :
Tiy...,Tp Ty are interpreted by V™.
Typing judgments are interpreted as follows:
- [A TV ir] e ([I]—o[r])
— [T =M:Tr] e ([ —[T7])
—[AFK:(z:7)"] €K
The actual definition of the interpretations is quite standard, except for alloca-
tion which makes use of the properties of FM-cpo’s:

[A; I+ refV : T(7ref)] p = Ak.AS.
k(S(L—[A; TV T]p))l
for some/any [ ¢ supp(N'.k(S[l' — [A; T =V 7] p])l)
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The definition is much as in [7]. The use of FM-cpo’s ensure that it is a good
definition. As in [7], we use the monad T to combine state with continuations to
get a good control over what the new location has to be fresh for.

We only include two additional cases of the semantic definition, namely the
one for unfold and the one for continuations:

[A; '+ unfold V : T(r[pcet/a])] p = Ak.AS.
case [A; 'V :pot]p of 4 oiny,(d) then kSd; elsel,

where in,, is the appropriate injection of Vinto 1, ®Z, @ L, @ (Vo V)®
(VoV)® (V—oM), ®V and 4 is the isomorphism from this sum into V.

[A;F K2 (z:7)T] = AS.\d.
[A;z:7H K T7'{z — d}(AS".(Ad'.T) 1)1 S

Theorem 1 (Soundness and Adequacy). If A;- M : T, AR K:(z:7)7,
Y:Aand S €[Y:A] then

Yletz=Min K | iff [AFM:Tr]+[AFK:(z:7) ]S=T.

Soundness is proved by induction and to show adequacy one defines a formal
approximation relation between the denotational and the operational semantics.
The existence proof of the relation is non-trivial because of the recursive types,
but follows from a fairly straightforward adaptation of Shinwell’s existence proof
in [52] (Shinwell shows adequacy for a language with recursive types, but without
references).

Corollary 1. [A;'F Gy 9] = [4A; T Gy« 4] implies A; T Gy =¢tz Ga.

4 A Parameterized Logical Relation

In this section we define a parameterized logical relation on D and F (DD, D), which
we can use to prove contextual equivalence. (In the following we will sometimes
omit the isomorphism i,i~! between F(D,D) and D).

4.1 Accessibility maps, simple state relations and parameters

Intuitively, the parameters express properties of two related states by expressing
requirements of disjoint areas of states. There is a “visible” area and a finite
number of “hidden invariants.” In the logical relation, computations are related
under a parameter if they have corresponding termination behaviour under the
assumption that they are executed in states satisfying the properties expressed
by the parameter.

Definition 2. A function A :S — Pgn(LL) from S to the set of finite subsets of
L is an accessibility map if

VS1, Sa. (V1€ A(Sy). Sil = Sol) = A(Sy) = A(S,)
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We let Ay denote the accessibility map defined by V.S.A4y(S) = (), and we let
Ag,.....1,y denote the accessibility map defined by V5. Ay, 1, 3(S) = {l, ..., Ik }-

Definition 3. A simple state relation P is a triple (p, Ap1, Ap2) satisfying that
Ap1 and Apy are accessibility maps and p is a relation on S satisfying, for all
states S1, S92, 57,55 €S,

(Vh S A,,l(Sl).Slll = Sill A Yy € ApQ(S’_)).SQl‘Z = S{;lz)
= ((81,82) € p & (57,8%) € ).

Note that a simple state relation is essentially a relation on states for which it
can be decided whether a pair of states belong to the relation only on the basis
of some parts of the states, defined by a pair of accessibility maps.

We denote the “always true” simple state relation (S x S, Ay, Ag) by 7'

We now define the notion of a local parameter, which we will later use to
express hidden invariants of two related states. Intuitively, a local parameter has
its own private areas of the states. These areas are used for testing conditions and
for storing related values. The testing condition is a disjunction of simple state
relations, where to each disjunct there is an associated list of pairs of locations
from the two related states. At least one condition must be satisfied and the
corresponding list of locations hold related values.

Definition 4. A local parameter r is a finite non-empty set of pairs
{(P1,LLy),..,(Pmn,LLy,)}, where each P; is a simple state relation
P; = (pi, Api1, Apiz2) and
each LL; is a finite set of location pairs and closed value types
LL; = { (li]l,li]Z,Til), ey (linihlin,,Qanl) } (7L1 > 0)‘
We often write a local parameter as r = ((P1,LL1)V ...V (P, LLy,)). For a
location list LL, we write Ly resp. Lo for the set of locations that occur as first
resp. second components in the location list LL. For a local parameter r, there are
associated accessibility maps A,; and Ao given by VS. A,1(S) = J; Apir (S)ULy
and VS. A2(S) = U, Apia(S) U Lo.

We denote the “always true” local parameter {(7,0)} also simply by T'. It
has the associated accessibility maps Ay, Ap.

As explained in the introduction we have included the LL-list to be used
for storing related values which may later be updated by exported updating
functions. The updated values may require more invariants to hold for the stores
in order to have equivalent behaviour. This interpretation of the local parameter
is expressed in the definition of our invariant relation F(V, V) below.

Definition 5. A parameter Ar is a pair (A,r), with A a store type, and r =
{r1, ...} a finite set of local parameters such that T € r.

For a parameter Ar we associate accessibility maps A,; and A, given by
VS, A,1(S) = U A1 (S) and VS. A,0(5) = JA.2(9).
For each store type A we have a special the “always true” parameter Aidy =

A[T).
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Definition 6. For parameters A'v' and Ar define
A > Ar 2L pr DAandr' D

The ordering relation > is reflexive, transitive and antisymmetric. For all pa-
rameters Ar it holds that there are only finitely many parameters Agrg such
that Ar > Agrg. For convenience we sometimes write Ar <t A'r’ for A'r' > Ar.

4.2 Parameterized relations and contextual equivalence

In this section we will define a parameterized logical relation on D and F(D, D).
Let D = (Dv,Dg, Dy, Dg) € {D, F(D,D)}. We define the set of relations R (D)
on D as follows.
R(D) = RV X R}( X R]w X RS where
RV = all subsets of
Di x {r | 7 is a closed value type} x {parameter} that include
{(L,v1,L,v2, 7, Ar) | v1,v2 € Dy, 7 closed value type, Ar parameter}
RK = all subsets of
Di x{(z:7)" | (z:7)7 is a closed continuation type} x {parameter} that
include {(L, k1, L, ko, (z:7)", Ar) |
k1,k2 € Dy, (x:7) " closed continuation type, Ar parameter}
RM = all subsets of
D3, x {T't | Tt is a closed computation type} x {parameter} that include
{(L,my, L,my, T, Ar) |
my,my € Dy, T'7 closed computation type, Ar parameter }
Rg = all subsets of D% x {parameter} that include
{(L,S1,L,8,Ar) | 81,5 € Dg, Ar parameter}

A relation (Ry, R, R3, Ry) € R(D) is admissible if,

for each i, R; is closed under least upper bounds of finitely supported chains of
the form (d2, dy, dj, da, (type), Ar)ic., where di, da, type, Ar are constant. We let
Radm (D) denote the admissible relations over D.

Theorem 2. There exists a relational lifting of the functor F to (R(D)°P x
R(D)) — R(F(D,D)) and an admissible relation V = (Vy, Vg, V., Vs) €
Raam (D) satisfying the equations in Figure 1 and (i,3) : F(V,V) C V A
(iL,i )V C F(V,V).

Proof (Theorem 2, existence of an invariant relation V). The proof makes use
of the ideas mentioned in the Introduction in combination with a proof method
inspired from Pitts [40]. We have defined a relational structure on the domains
D and F(D,D) € FM-Cpo] as products of relations on each of their four
domain-projections. Each of these relations is a 4-ary relation with elements
(dy,dq,db, do, (type), Ar) where d} = d}, = L relates to everything.

We define the action of F(—,+) on relations R~, RT € D such that it holds
that d} C dy and dj C ds in elements (d},d1, db, da, (type), Ar) of F(R™,RT),,
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F(V,V)V :{(L, vy, L, vy, T, A7) } U
{(v}, v1, vh, va, T, Ar) |
ViCo#L AvhCog# L A
(v, v1, vh, vo, 7T, Ar) €O }
where
O = {(in1*, ini*, inyx, ing*, unit, Ar) } U
{(ingn, ingn, ingn, ingn, int, Ar) |ne€Z } U
{(incl, inpl, ingl, ingl, (Al)ref, Ar) |1 € dom(A) } U
{(ingin;d}, ingin;dy, ingin;dl, inginids, T +72 Ar) |
FAgrg < Ar. (dh dy, do, do, T, A(ﬂg) eVy, i€ {1 2} } U
{(Ln®(d1u 1b)#)lln®(dlmdlb)’ i"@(dlzamd,zb)’ i"@(d?md%)v
Ta X Ty, Ar
FAgrg < Ar. (d/la’ dia, d[_;a’, d,2a7 Tay AoTo) € Vy and
(dllh, dip, d/2h7 dap, Th, A()T'()) eVy } U
{(ined}, inedy, inedy ineds, T — T7', Ar) |
VA'Y > Ar, (v] ,v1, vh, va, T, A'r') € Vy.
(div], divy, dyvh, dove, T/, A7) € Vi } U
{(inudy, ingdy, ingdy, ingds, pout, Ar) |
FAgrg < Ar. (d/h dy, d/Q da, T[MO(.T/Q], AoTo) eVy }

F(V, V)i ={(Ky, k1, ky, ko, (x:7)7, Ar) |
Ky Tk A Ky C ke A VAT > Ar.
V(Si., S1, Sé, Sa, A/’I") € Vs.
V(vi, v, v, va, T, Ar") € Vy.
(k/ iUl T = koSovg = )/\
(kQSzUZ T = kS0 = ) }

F(V,V)yu = {(m}, mqy, mh, mo, T7, Ar) |
mi Emy A mhCTma A VAY > Ar.
V(Y ki, Ky, ko, (x:7)T, A'r') € V.
V(S1, Si, S4, Sa, A'r') € Vg.
(mi kST =T = mokaSy = ) A
(mhkbSh =T = mik1S1=T) }

F(V,V)s ={(L, Si, L, So, Ar) } U

{081, Si, S5, Soy Ar) [ r={r1,....;u} A
SICSi#L ASYCSa#L AVidj ijel,....n
At (S1)NA1(S1) =0 A Apia(S2) N Arja(S2) =0 A
dom(A)N A1 (S1) =0 A dom(A) N Apa(S2) =0 A
Vi € dom(A).(S1, Sul, Syl, Sal, Al,Ar) € Vy A
Vry € T‘.H(Pb,LLb) € rg. (S],Sz) Epy A

V(l1,la,7) € LLy.(S1l1, Sily, Shla, Sala, 7, Ar) € Vy

Fig. 1. Invariant Relation V
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n € {V,K,M,S}. In the definition of F(R™,R*)s € R(i"'S) the accessibility
maps and the simple state relations mentioned in a parameter Ar are only
used on the non-primed elements sq,ss from (s, s1, 5, s2, Ar). As explained,
approximation will be carried out on the primed domain elements. Therefore,
we define application of a pair of functions (f, j) to a relation only for f C j with
Jj an isomorphism j € {i,i~',idp,idrpp)}. In an application (f,j)R we apply
f to the elements in the primed positions, and j to the elements of the non-
primed positions. Then we define (f,j) : R C S to mean that set theoretically
(f,j)R C S. 1t holds that F'(R~, R") preserves admissibility of RT. It also holds
that R—, R*, 57, 5% € R(D) with (f~,idp) : S~ C R~ and (f*,idp) : RT C S+
implies (F(f~, f"),idpmpp)) : F(R™,R") C F(S,S"). These properties are
essential for the proof of existence of the invariant relation V.

Proposition 1 (Weakening). For all A'r" > Ar,

= (v}, 01,05, 02,7, Ar) € Vy = (v],v1,05,02, 7, A1) € Vy,
— (k) Ky, kb ko, (v 7) T Ar) € Ve = (B Ry by Koy (1) T, A1) € Vi,
— (my,my,mbh,mo, TT, Ar) € Vi = (m}, mi,mh,ma, T1, A'r") € V.

Below we define a binary relation between denotations of typing judgement con-
clusions. This relation will be used as basis for proofs of contextual equivalence.
The relation is defined by reference to the 4-ary relations from V. For two closed
terms, two continuations, or two states the binary relation requires that their de-
notations dy,dy are related as two pairs (d, dy, da, da, (type), parameter) € V.
The denotations of open value-terms with n free variables belong to V* —o V|
denotations of open computation terms to V" —o M. They must give related
elements in V whenever they are applied to n-tuples of V-related elements form
V.

Definition 7 (Relating denotations of open expressions).

— Foralll’' =21 :71,...,&p :Tn and AT E Vi o7 and A; T E Voo 7
let vy = [A; Vi 7] and vo = [A; T Vs 2 7], and define
(vy, 02,7, Ar) € V€ 4%
VA > ArVi e {1,...,n}.V(v],;,vii, Vb, v25, 7, A1) € V.
(v1(v1;), 01(073), v2(vh;), v2 (T27), 7, A1) € V.
— Foralll' =21 :71,...,xp :Tn, A5 F My :T7 and A;T'F My - Ty
let my = [A;I'F My : T'7] and my = [A; I'F M, : T'7], and define

de
(ma,ma, T7, Ar) € VE, FON

VAT > Ar¥i € {1,...,n}.¥Y(v];, v14, Vb, vai, 7, A'r') € V.
(o (V) ma (557), m (0, ), ma(73), T, A'r') € Vg,

— Forall A Ky :(z:m)" and A Ky :(z:7) 7,
let ky = [AF Ky :(z:7)T] and ko = [A;F Ky 2 (x:7) 7], and define

(kiy ko, (7)) € V% L4 (ky ey ko, by (7)1, Ar) € Vi
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— Forall ¥y : A, Xy : A, let Sy € [2y: A] and S5 € [Xy : A], and define

(81,82, Ar) € VO £ (81,81, 85, 85, Ar) € V.

Lemma 1.
Suppose (m1, ma, TT, Ar) € VL, We then have that

VAT > ArNj e {1,...,n}.V (v, v5, 75, A'r') € V?}.
V(ki, ko, (z:7) T, A") € V9 (S, S, A1) € VL.
(i71(ma1 (1)) k151 = T <= (i7H(ma(v35)))k2S2 = T.

Theorem 3 (Fundamental Theorem). For all parameters Ar it holds that

— if TRV T then ([AsT RV 7], [As TV 7] 7, Ar) € Vi,
— if Ay E M T1 then ([A; T M :T7], [A T M :T7),Tr, Ar) € V.

The Fundamental Theorem is proved in the standard way by showing that all
the typing rules preserve relatedness in V!'; weakening (Proposition 1) is used
in several proof cases.

Lemma 2.

=V ([Akval z: (z:7)T] [AsFval @ ()] (e )T, Ar) € VY,
— if S € [A] then (S, S, Aidy) € VY.

The following theorem expresses that we can show two computations or two
values to be contextually equivalent by showing that they are related in V!’
under a parameter Aidy, which does not require that any hidden invariants
hold for states. The computations may themselves be able to build up local
state invariants and a proof of relatedness will often require one to express these
invariants; see the examples in the next section.

Theorem 4 (Contextual Equivalence). Let C[_]: (A;I'F ) = (AF T'1)
be a context. If A;I'+ Gy iy and A; ' Go vy and

(IA; T F Gy Al (A T E Gy ]y, Aidy) € V], j € {v,M}
then

VE A (D let x < C[Gy] in val z |<= X, let x < C[Gs) in val z |).

5 Examples

Before presenting our examples, we will first sketch how a typical proof of contex-
tual equivalence proceeds. Thus, suppose we wish to show that two computations
my and mg are contextually equivalent. We then need to show that they are re-
lated in a parameter Aidy or, equivalently, in Ar, for any r. This requires us to
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show, for any extended parameter A'r!, any pair' of continuations k; and ks
related in Alr!, and any pair of states S; and S, related in A'r!, m kS and
moko Sy have the same termination behaviour. The latter amounts to showing
that k1 (S1[...])v1 and kg (Ss[. . .])vs have the same termination behaviour, where
S1[...] and Ss...] are potentially updated versions of Sy and Sa; and vy and v,
are values. Since k; and ko are assumed related in Alr!, it suffices to define a
parameter A%r? extending A7t and show that S;[...] and Ssf...] are related
in A%r? and that v; and vy are related in A?r2. Typically, the definition of the
parameter A%r? essentially consists of defining one or more local parameters,
which capture the intuition for why the computations are related.

In the first example below we prove that M and N from the Introduction are
contextually equivalent. In this case, the only local parameter we have to define
is 73 = ((P],LL1) \% <P2,LL2)), where

Py = ({(S1,82) | Saly =0}, Ap, Ag,y), LLy = {(ly.1yo)},
Py = ({(81,82) | Salp =n # 0}, Ag, Agr,y), LLa = {(ly, ly1)}-

This local parameter expresses that, depending on the value of S5(l,,), either the
locations (I,/,1,0) or the locations (l,,l,1) contain related values.

In the first subsection below we present the proof of contextual equivalence
of M and N in detail. Formally, there are several cases to consider, but do note
that the proof follows the outline given above and is almost automatic except
for the definition of the local parameter shown above.

5.1 Example 1

Consider the programs M and N from the Introduction.

We want to show that M and N are related in any parameter Ar, that is
VAr. ([0;+ M : o], [0;+ N : 0],0,Ar) € VY. Here 0 = (1 — T7') — T(o1 X 02),
and 01 = (7 — T'7") — Tunit and 02 = unit — (1 — 7'7"). As M and N are values of
function type, their denotations have the forms in_.dy and in_.dy. We need to show
VA > ArN(v, v, v, v, 7 — T, Alrt) € V. (duvvl, davr, dnvh, dnos, T(or x
LTQ),AIT'I) € V.

It suffices to show that VA%r? > A V(KL ky, kb, ko, (x: 01 X 02) T, A%r?) € V.
V(Si, 81,85, 82, A%r?) € Vs it holds that (dav})kiS; = T = (dyv2)k2S2 = T and
(dnvh)k5 S5 = T = (dyv1)k1S1 = T.

Now,(dryv1)kiS1 = ki(Silly = vi])([0;y F recfin](y = 1y), [0;y = recfon](y — 1y)),
where [, is a location that is fresh wrt. the store S; in combination with the parameter
A2 e,
Iy ¢ dom(A%) U A,y (S1). (1)
The value of (dav])k;S] is similar.
Moreover,
(dnva)kaSa = ka (S2[lp — inz0,ly0 — v, ly1 — v2])
([9; p, yo, y1 = recfin](p = lpsyo = Lyo, y1 = ly1).
[0: p. yo, y1 = recfon](p = by, yo = Lyo, y1 = 1y1)).

! Formally, we consider 4-tuples.
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where I, l,0,1,1 are locations that are fresh wrt. the store So in combination with the
parameter A%r?) ie
lpylyo, ly1 & dom(Az) U A,25(S2). (2)

The value of (dnvh)k5S5 is similar.

Since the continuations are related in the parameter A?r? it suffices to show that,
if S} # LV S5 # L then we can give an extended parameter A%r® > A?r? such that the
updated states and the values (pairs of (set,get)) are related in the extended parameter
A3r®,

We let A%r® = A%(r? U {7}), where #* = ((P1, LL1) V (P2, LL2)), and

Py = ({(S1,52) | Salp =0}, Ag, Aq,y), LLi = {(ly,lyo,7 — T7)},
Py = ({(S1,52) | Salp =n#0}, Ag, Aq,y),  LL2 = {(ly, ly1, 7 — T7')}.

Recall ¥S. Ag(S) =0 A VS. Ag,y(S) = {lp}-
Then it holds that the accessibility maps associated with the local parameter 7, are
given by VS.Aﬁ(S) ={l,} and VSAF;(S) = {lp,lyo,ly1}.

‘We now verify that

(S1lly — vi], S1[ly — v1], Sa[lp — inz0, lyo > v, ly1 — V4], (3)
So[ly = inz0, lyo = v2, L1 > va], A%3) € V.

By (1) and (2), all locations viewed by the local parameter 7* are disjoint from
dom(A?) and from all local areas viewed by r?. The stores have only been changed
in locations viewed by 7. Since values related in a parameter are also related in any
extending parameter (weakening) every requirement from A*r? still holds. Finally,
since Sa[l, — inz0,ly0 — va2,ly1 — v2](l,) = 0 and the values stored in locations I,
and l,0 in the updated stores, namely v}, v1,v5, v, are related in A7 and then by
weakening also in A®r®, the first disjunct of 7 is satisfied, and hence (3) holds.

It remains to show

A: ([0sy F recfin](y = ), [0y & recfin](y = L), [0;p,50,50 = fin](p =
Lp,yo = Lyo, y1 = L), [0;p, 9o, 31 = recfin](p = lp, yo — lyo,y1 — ly1), (1 — T7') —
Tunit,A3r3) € Vy and

B: ([0;y & recfor](y — 1), [0y F recfam](y — 1), [9:p, 50,31 & recfon](p —
Lo,y = lyo,y1 = L) [0ip,yo,y1 = recfan](p = lpoyo = lyo,y1 = Uypn), (1 — T7') —
Tunit, A*r®) € Vy

Now let A*r* > A3P3 | (wh, wi, wh, wa, 7 — T7', A*r#) € Vi, and
let A% > A% (K1, K1, Kb, Ko, (¢ : 7 — T7')T A1) € Vi, (81, 81,85, S2, A°r%) €
Vs, (¢l,ci,ch, e, (z:unit) |, A%r%) € Vi

We have denotations [0; y - recfin](y — ly) = in—odun, [0;p,y0,v1 F recfin](p —
lpsyo = lyo,y1 = ly1) = indny, [0y & recfon](y = 1y) = in—odurz, [0;p,y0, 91
recfon](p = lp,yo — lyo, y1 — ly1) = inodna.

A: Now we want to show relatedness of the setters. As before if w] = wh = L or
S1 = S5% = 1 we are done. Otherwise we reason as follows.

Observe that (daiwi)erS1 = c1(Si[ly +— wi])inix and similarly (dlel)c/lsi =
i (S1[ly — wi])iny*. Also, (dyiws)caS2 = ca(Sa[lp — inz0,lyo — wa])ing*, if Solp #
0, and (dyiw2)c2Se = c2(Sa[ly +— inzl,ly1 +— wa])ingk, if Solp = 0. Similarly for the
approximation (dyiw)chS5.
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Since the states are related in A®r® which is an extension of A*r® we know that
the content of Sal, is inzn for some n. We know that the continuations ¢}, c1, ch, c2
are related in A®r°. (ini*,inix,ini*, ing*, unit, A°r®) since they are related in any
parameter. So if we can show that the updated states are related in A°r® we are done.

The states S7, S1, 5%, S are related in A°r®. All changes are only within the store
areas belonging to 7 and the changes preserve the invariant for 7°, hence the updated
states are still related in A%r°. We conclude that the setters are related in V3r°.

B: Now we want to show relatedness of the getters. As before, if the denotations are
applied to related unit type values where the approximations are | or if S] = S5 = L
we are done. Otherwise we reason as follows. Note that (das2ini*) K151 = K151(S1ly)
and similarly (das2ini*)K1S] = K157(S1l,). Since the states are not L and are related
in A°r® which is an extension of A%r® we know that the content of Saly, is ingn for
some n. We have that (dnyaini*)K2Ss = K2S5(Saly0), if n =0, and (dyzini*)K2S2 =
K5S5(Saly1), if n # 0. Similarly for the approximation (dn2ini*) K585,

We know that the continuations K7{, K1, K5, K2 and the states S{S1,55, 52 are
related in A®r°. So if we can show that the retrieved values are related in A%r® we are
done.

Since the states S}y, S5, Sa are related in A%r° they satisfy the invariant of 7#°. So
the content of Szl,, is inzn for some n. If n = 0 then S{ly7 Sily, Sélyo, Salyo are related
in A%, and if n # 0 then Sily, Sily, Shly1, Soly1 are related in A°r", again by the
requirement from 7°. This is what we need for the retrieved values to be related. We
conclude that the getters are related in V7.

Then we can conclude that ([M], [N], 0, Ar) € V¥, and as Ar was arbitrary that
they are related in any parameter. Hence the programs M and N are contextually
equivalent.

5.2 Example 2

Consider the computation terms M’ and N’ from the Introduction. They both have a
free variable g of function type. We want to show that M’ and N’ are related in any
parameter Ar.

We need to show YA'r' > ArY(g}, g1, g5, g2, 0, A1) € V.
VA% > AV N(KL R,k ke, (0 o) T, A%r? € Vik).V(SY, S1,8%, 52, A%r?) € Vs.
[059:0FM :To](g— g1)kiS1 =T = [0;9: 0+ N :To1](g+ g2)k2S2 = T and
[0;9:0N":Tor](gr gh)ksSs =T = [l;g:0 - M' : To1](g +— g1)k1S1 = T.
Here 0 = 01 — Tunit, and o1 = unit — T'unit.

For the proof of this we define a local parameter 7> = (P?,0) for P® = ({(Sa, Sp)|
Sple = inzn > 0)}, Ag, Aq,}), where I is fresh for dom(A?)U A,2,(S2). Then we have
a parameter A% where A* = A% and r® = r? U {#*} which we use in the proof.

6 Conclusion

We have presented a local relational proof method for establishing contextual
equivalence of expressions in a language with recursive types and general refer-
ences, building on earlier work of Benton and Leperchey [7]. The proof of exis-
tence of the logical relation is fairly intricate because of the interplay between
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recursive types and local parameters for reasoning about higher-order store.
However, the method is easy to use on examples: the only non-trivial steps are
to guess the right local parameters but since the local parameters express
the intuitive reason for contextual equivalence, the non-trivial steps are really
fairly straightforward. It is possible to extend our method to a language also
with impredicative polymorphism; we will report on that on another occasion.
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Relational Parametricity for Recursive Types and
References of Closed Types

Lars Birkedal
Nina Bohr

Abstract

We present a relationally parametric model of a language with impredicative polymorphism, general recursive
types and general references of closed types. The model provides a local relational reasoning method for reasoning
about parametricity (representation independence). Our development builds on the work of Bohr and Birkedal who,
based on earlier work by Benton and Leperchey, devised a nominal semantics and a local relational reasoning method
for reasoning about contextual equivalence for a language with recursive types and general references. Here we extend
the ideas to a language with impredicative polymorphism for which we devise a relationally parametric model.

1 Introduction

Relational parametricity was proposed by Reynolds to reason about polymorphic programs, in particular,
to show equivalence of polymorphic programs and to show representation independence for abstract data
types.

The theory of relational parametricity was originally proposed in the setting of the second-order
lambda calculus. That setting is by now fairly well-understood, see, e.g., (45; 10) But, of course, we
would like to use relational parametricity for real programs with recursion and other effects. There has
been a lot of research towards this goal — the efforts can be grouped roughly into two categories: equa-
tional type theories with effects and programming languages with effects.

Work in former category was initiated by Plotkin (44), who suggested a second-order linear type
theory to combine polymorphism with recursion. That approach was further investigated in (11). One of
the remarkable features of this calculus is that it allows one to encode a wide range of data types, including
recursive types, with the desired universal properties following from parametricity. Hasegawa studied the
combination of polymorphism and another effect, namely control operators (19). Recently, this line of
work was extended by Mggelberg and Simpson (36), who proposed a general polymorphic type theory
for effects, as captured by computational monads. The general framework has been specialized to control
effects in (37).

‘Work in the latter category focuses on programming languages defined using an operational semantics,
specifying evaluation order, etc., and was initiated by Wadler (58). Relational parametricity is concerned
with program equivalence which is here typically defined as contextual equivalence: two program expres-
sions are equivalent if they have the same observable behaviour when placed in any program context C'. It
is generally quite hard to show directly that two program expressions are contextually equivalent because
of the universal quantification over all contexts. Thus there has been an extensive research effort to find
reasoning methods that are easier to use for establishing contextual equivalence (see, e.g., (40) for a fairly
recent overview), and the work on parametricity for programming languages with effects has been closely
related to the research on reasoning methods for contextual equivalence. Relationally parametric models
have been developed for languages with recursion and inductive / coinductive types (38; 21) and, recently,
also for langauges with recursive types (34; 3; 15).

The two categories of work are of course related in that the type theories can be used to give semantics
to programming languages. This has, e.g., been done by Mggelberg (35), who showed how to give a
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parametric model of the programming language FPC extended with polymorphism (i.e., a language with
recursion, recursive types and polymorphism). Using a model of the type theory, adequacy wrt. the
operational semantics of the programming language was proved, allowing Mogelberg to prove results
about contextual equivalence using the reasoning principles of the type theory.

Thus most of the earlier work towards parametricity for languages with effects has focused on recur-
sion (recursive functions and recursive types). Here we provide what appears to be the first relationally
parametric model of a programming langauge with impredicative polymorphism, recursive types and gen-
eral references of closed type. The challenge is not just to give any old model, but to give a reasonably
useful one, which allows to prove representation independence results for programs that use local state.
To achieve that, we leverage recent work on reasoning about contextual equivalence for programming
languages with references. For such langauges, it is not enough to restrict attention to fewer contexts,
since one also needs to reason about equivalence under related stores. To address this challenge, meth-
ods based on logical relations and bisimulations have been proposed, see, e.g., (42; 7; 55). Recently,
the bisimulation approach has been simplified and extended to work for untyped languages with general
references (28; 27). For effectiveness of the reasoning methods, we seek local reasoning methods, which
only require that we consider the accessible part of a store and which works in the presence of a separated
(non-interfering) invariant that is preserved by the context. In (7), Benton and Leperchey developed a re-
lational reasoning method for a language with simple references that does allow for local reasoning. Their
approach is inspired by related work on separation logic (47; 46). In particular, an important feature of
the state relations of Benton and Leperchey is that they depend on only part of the store: that allows us to
reason that related states are still related if we update them in parts on which the relation does not depend.
In (13) we extended the work of Benton and Leperchey to relational reasoning about contextual equiva-
lence for a language with general recursive types and general references (but without polymorphism). We
arrived at a useful reasoning method, which, in particular, could be used to verify examples of (28).

Here we extend our earlier work in (13) to provide a relationally parametric model for a language with
recursive types and general references. For technical reasons, we restrict reference types 7ref somewhat,
by requiring that 7 must be a closed type.

2 Language

The language we consider is a call-by-value, monadically-typed A-calculus with recursion, general recur-
sive types, polymorphic types, and general dynamically allocated references. Types are either value types
7 or computation types 7'7. We use both 7’s and ¢”’s to range over value types. Values of any closed value
type can be stored in the store. For 7ref to be a well formed type we require that 7 is closed. Type Var
denotes the set of type variables, Value Type denotes the set of all value types, Computation Type denotes
the set of all computation types.

T ou= al|l|int|TxT|T+7T |7t | T =TT |
pot | Vo T'r
v u= 7|T7

We assume infinite sets of variables, ranged over by z, type variables, ranged over by «, and locations,
ranged over by [. We let Loc denote the set of locations. Type variable contexts, =, are finite sequences
of distinct type variables, = = «q, ..., a,. Typing contexts, I', are finite maps from variables to value
types. Store types A are finite maps from locations to closed value types. Terms G are either values V' or
computations M:

Vo ou= an|l|O)|(V,V)]in;V]|rec f(z:7)=M |
fold V| Aa. M
M == VV'|lete <= MinM |valV |mV |refV [V |

V:=V'|case V ofinjz; = M;;inaze = Mo |
V=V"|V+V']iszeroV |unfold V | VT
G == M|V
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Continuations K take the following form:
K == valz|lety < MinK
The typing judgments take the form
AETEV T NETEM:TT ANEFK:(z:7)"

ContinuationType denotes the set of all continuation types.

The typing rules for values and terms are as in (7) extended with rules for recursive and polymorphic
types, except that the only restriction for references is that the type must be closed. This restriction gives
limitations to the storings that polymorfic values can perform. Here we just include the following five
selected rules:

=5 -V
A E; T FrefV o T (7ret)
S EV:r[pat/o]
A;E; T Hfold Vo pat
AN E TV poer

;T Funfold V: T(7[pa.7/al)
S, aTFM:Tr ZFT
ANE T FAa. M Yo TT
A ETHV  VaTT Zko
AETHVo:Trlo/al

(— F 7 : type)

Stores X are finite maps from locations to closed values. A store X has store type A, written 3 : A, if,
for all [ in the domain of A, A;;F 3(1) : A(D).

The operational semantics is defined via a termination judgment 3, let 2 < M in K |, where M is
closed and K is a continuation termin x. Typed continuation terms are defined by:

A;Ervalz: (x:7)"
AEie:TFM:TT AEFK:(y:7)"
AEklety=MinK: (z:7)"

The defining rules for the termination judgment 3, let 2 <= M in K | are standard given that the language
is call-by-value, with left-to-right evaluation order. We just include one rule as an example:
Y, letz <=valVinK |
3, let z <= unfold(fold V) in K |
A context is a computation term with a hole, and we write C[.] : (A; =T F v) = (A;;F T7) to
mean that whenever A;Z;T'F G : v then A;;+ C[G] : T'r.
The definition of contextual equivalence is standard and much as in (7).

Definition 1
IfA;E;T + G, vy, fori = 1,2 then Gy and G5 are contextually equivalent, written

A ET E Gy =cte Ga,
if, for all types 7, for all contexts C[.] : (A;Z;T' F+) = (A;;+ T'7) and for all stores & : A,

Y letz < C[Gy]inval z |« X, letz < C[G,]inval z | .

33



3 Denotational Semantics

‘We define a denotational semantics of the language from the previous section and show that the semantics
is adequate. The denotational semantics is defined using FM-domains (52). The semantics and the
adequacy proof, in particular the existence proof of the logical relation used to prove adequacy, builds on
Shinwell’s work on semantics of recursive types in FM-domains (52). Our approach is slightly different
from that of Shinwell since we make use of universal domains to model impredicative polymorphism and
the fact that any type of value can be stored in the store, but technically it is not that big a difference.

We begin by calling to mind some basic facts about FM-domains; see (52) for more details. Fix
a countable set of atoms, which in our case will be the locations, Loc. A permutation is a bijective
function m € (Loc — Loc) such that the set {I | w(l) # I} is finite. An FM-set X is a set equipped
with a permutation action: an operation m e — : perms(Loc) x X — X that preserves composition
and identity, and such that each element € X is finitely supported: there is a finite set L C Loc
such that whenever 7 fixes each element of L, the action of 7 fixes x: m @ x = x. There is a smallest
such set, which we write supp(x). A morphism of FM-sets is a function f : D — D’ between the
underlying sets that is equivariant: V.7 e (fz) = f(7 e z). An FM-cpo is an FM-set with an equivariant
partial order relation T and least upper bounds of all finitely-supported w-chains. A morphism of FM-
cpos is a morphism of their underlying FM-sets that is monotone and preserves lubs of finitely-supported
chains. We only require the existence and preservation of lubs of finitely-supported chains, so an FM-
cpo may not be a cpo in the usual sense. The sets Z, N, etc., are discrete FM-cpos with the trivial
action. The set of locations, Loc, is a discrete FM-cpo with the action m @ [ = 7(l). The category of
FM-cpos is bicartesian closed: we write 1 and x for the finite products, D = D’ for the internal hom and
0,4 for the coproducts. The action on products is pointwise, and on functions is given by conjugation:
mef = dz.wme (f(mr ! ex)). The category is not well-pointed: morphisms 1 — D correspond to
elements of 1 = D with empty support. The lift monad, (—),, is defined as usual with the obvious
action. The Kleisli category FM—Cppo is the category of pointed FM-cpos (FM-cppos) and strict
continuous maps, which is symmetric monoidal closed, with smash product ® and strict function space
—o. If D is a pointed FM-cpo then fiz : (D = D) —o D is defined by the lub of an ascending chain in
the usual way. We write O for the discrete FM-cpo with elements | and T, ordered by L C T.

As detailed in (52), one may solve recursive domain equations in FM—Cppo | . For the denotational
semantics, we use a minimal invariant recursive domain V' satisfying:

V. = FW,V)
F(VV) = IL@ZL@LOCL@(V(@V)@
(VeV)s(V—oTV), &TV) &V,

where
TV = (KV)—(5—0)
KV S —(V—0)
S = Locy, — V.

Formally, V' is obtained as the minimal invariant solution to a locally FM-continuous functor F :
(FM—Cppo, )°? x FM-Cppo,; — FM-Cppo . We write 7 for the isomorphism i : F'(V, V) = V.
The injections into the sum are denoted as follows:

ing:1;, — F(V, V)
inim:ZL—OF(V, V)

inet : Loc; — F(V, V)

ing: (Ve V)—F(V,V)
ing : (Ve V)—oF(V,V)
in_, : (V—-oTV) —F(V,V)
inv:(TV)L%F(V, V)
in,:V—oF(V,V),
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but we will often omit the isomorphism  and the injections into the sum writing, e.g., simply (v1,v2) for
an element of V.

Types, = F 7 are interpreted by [E+ 7] = V, computation types = + T'7 are interpreted by
[EFT7] = TV, continuation types =  (z : 7)" are interpreted by [E+ (z:7)"] = KV, and
store types A are interpreted by [A] = S. Type environments in context = | I' = 21 : 71, ..., 2, : Ty, are
interpreted by &,y V-

Typing judgments are interpreted as follows:

o [AJEiTHV :7]e([EFT] — [2+7])

o [A\EiTFM:T7]e([E|T] —[EFTT])

¢ [AJEFK:(z:7) €KV
The actual definition of the interpretations is quite standard, except for allocation which makes use of the
properties of FM-cpo’s:

[AE;T FrefV : T'(7ret )] p = Ak.AS.
E(S([l — [A;ZT V7] p)l)
for some/any [ & supp(A'.k(S[l' — [A;Z; TV 7] pDI')

The typing rule for refV requires that 7 is closed. The definition is much as in (7). The use of FM-cpo’s
ensures that it is a good definition. As in (7), we use the monad 7" to combine state with continuations to
get a good control over what the new location has to be fresh for.

We only include a couple of additional cases of the semantic definition, namely the one for unfold, for
continuations, and for type abstraction and type application:

;5T Funfold V2 T(7[pat/al)] p = Ak.AS.
case [A;E; TV :pot] p of i(in,(d)) then kSd; elseL,

[AEFK:(z:7)T] = AS.A\d.
A Ez:7E KT {z— d}(AS. (A" T)L).LS

[AETFAaM :Va. TT) p = iny|[[A; 2, T F M : T7] p|
[ASTF V() : Trlr fallp =
case [A;E; TV :Va.T'7] p of ing|d]then d; elseL,

Theorem 2 (Soundness and Adequacy)
IFA;;F M :Tr, AR K (v:7)T, 8 Aand S € [X: A then 3, letx <= M in K | iff

[A;:F M:Tr][AFK:(z:7) ]S =T.

Soundness is proved by induction and to show adequacy one defines a formal approximation relation
between the denotational and the operational semantics. The existence proof of the relation is non-trivial
because of the recursive types, but follows from a fairly straightforward adaptation of Shinwell’s existence
proof in (52) (Shinwell shows adequacy for a language with recursive types, but without references and
impredicative polymorphism).

Corollary 3
[AETF Gy =[A;E T+ Gy 2 4] implies A; E;T F Gy =¢p Go.

4 A Parameterized Logical Relation

In this section we define a parameterized logical relation on V', which we can use to prove contextual
equivalence. The relation is parameterized both on interpretations of the free type variables as needed
for parametricity and on parameters that accomodate local reasoning about contextual equivalence in the
presence of general references. The latter kind of parameters are introduced in the next subsection, they
are essentially as in (13).
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4.1 Accessibility maps, simple staterelations and parameters

Intuitively, the parameters express properties of two related states by expressing requirements of disjoint
areas of states. There is a “visible” area and a finite number of “hidden invariants.” In the logical relation,
computations are related under a parameter if they have corresponding termination behaviour under the
assumption that they are executed in states satisfying the properties expressed by the parameter.

Definition 4

A function A : S — Pin(Loc) from S to the set of finite subsets of Loc is an accessibility map if
1. A is continuous, and
2. V51,52 € 8. (VI € A(Sy). S1l = Sal) = A(Sy) = A(Ss).

We let Ay denote the accessibility map defined by VS.Ag(S) = 0, and we let Ay,
accessibility map defined by VS. Ay, 1,3 (S) = {l1,..., I}

1,3 denote the

Definition 5
A simple state relation P is a triple (p, Ap1, Ap2) satisfying that A, and Ay, are accessibility maps and
p is an admissible relation on S satisfying, for all states S, So, 57,55 € S,

(Vll € Apl(Sl).Slll = Sill A Viy € APQ(SQ).SQZQ = SélQ)
= ((81,82) € p & (57, 8%) €p).

Note that a simple state relation is essentially a relation on states for which it can be decided whether
a pair of states belong to the relation only on the basis of some parts of the states, defined by a pair of
accessibility maps.

We denote the “always true” simple state relation (S x S, Ay, Ag) by T

We now define the notion of a local parameter, which we will later use to express hidden invariants
of two related states. Intuitively, a local parameter has its own private areas of the states. These areas
are used for testing conditions and for storing related values. The testing condition is a disjunction of
simple state relations, where to each disjunct there is an associated list of pairs of locations from the two
related states (it is possible that the location list is empty). At least one condition must be satisfied and
the corresponding list of locations hold related values.

Definition 6

A local parameter is a finite non-empty set of pairs

r={(P1,LL1),..,(Pm,LLy,)}, where each P; is a simple state relation P; = (p;, Api1, Api2) and each
LLj; is a finite, possibly empty, set of location pairs and closed value types

LL; = { (I, linz, 7i1)s - - (limg1s lina2, ™) 3 (g > 0).

We often write a local parameter as r = ((Py,LL1) ¥ ... Y (P, LLy,)). For a location list LL, we
write L, resp. Lo for the set of locations that occur as first resp. second components in the location list
LL. For a local parameter r, there are associated accessibility maps A, and A4, given by VS. A,1(S) =
Ui Apzl(S) ] Ll and V.S. ATQ(S) = Ul APZQ(S) @] LQ.

We denote the “always true” local parameter {(7,())} also simply by 7". It has the associated accessi-
bility maps Ag, Ag.

We have included the LL-list to be used for storing related values which may later be updated by
exported updating functions. The updated values may require more invariants to hold for the stores in
order to have equivalent behaviour. This interpretation of the local parameter is expressed in the definition
of our invariant family of relations below.
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Definition 7
A basic parameter is a pair Ar, where A is a store type, andr = {r1, .., 7, } a finite set of local parameters
such thatT € r.

bPar denotes the set of basic parameters.

For a basic parameter Ar we associate accessibility maps A, and A,2, given by VS. 4,1(S) =
UArll(S) and VS. Arz(s) = UAT12(S).
For each store type A we have a special basic parameter A{T'}.

Definition 8 "
For basic parameters A’r'" and Ar define (A'r") > (Ar) LL A S Aandr D

The ordering relation > is reflexive, transitive and antisymmetric. For all basic parameters Ar it
holds that there are only finitely many basic parameters Ayrq such that Ar 0> Agrg. For convenience we
sometimes write Ar <t A'r’ for A'r' > Ar.

4.2 Parameterized relations and contextual equivalence

For D € FMcpo, we define the set of parameters as:

Par(D) = {Ar(di,ds) | di,ds € D, Ar basic parameter }

AdmRel(D) denotes the binary admissible relations on D € FMcpo | .

ParAdmRel(D):

We define a set of parameterized admissible relations on D € FMcpo | denoted ParAdmRel(D). El-
ements are functions R : bPar — D? — AdmRel(D) such that VA7, Vdy,ds. R(Ar)(dy, ds) is an
admissible relation on D. We use the notation (d}, d5, d1, d2) € R(Ar) when (d}, d5) € R(Ar)(dy,ds).

bParAdmRel(D):

We define a set of parameterized admissible relations on D € FMcpo, denoted bParAdmRel(D). El-
ements are functions R : bPar — D? — AdmRel(D) satisfying the properties below. For notational
convenience we let

bParAdmRel = bParAdmRel(F(V, V)).

admissibility VAr. Vdy, ds.
R(Ar)(dy,ds) is an admissible relation on D.

parameter weakening VAr. VA'r'. Vd}, d}, dy, ds.
(dy,dy,di,do) € R(Ar) A Av' > Ar = (d},db,di,ds) € R(AT)
approximation VAr. Vdy,d}, dy,ds.
(dy.dy, di,d) € R(Ar) = (d) Edi Ad) T dy)
definedness VAr. Vd), db, dy, ds.
(dyd,dy,do) € R(Ar) = (dy=dy=1)V(d# LAd# 1)
downwardsclosure YAr. Vd/,dy,d,, dy,dy, ds.

AT A TdyA(d,dy,dy,do) € RIAY) = (d!,d).di,d3) € R(Ar)
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Let D € FMcpo, .

Let Hp : ValueType — I{ov, ..., an} € Pyin(TypeVar) —
(bParAdmRel(F(V, V)))" — ParAdmRel(D).

We define some properties H p may have (it is admissible by definition):
Admissibility V(7).¥(ER).VAr.vd,, ds.

(L, L dy,dy) € Hp()(ER)(Ar) and

Vi (di ©dit) A (dy ©d5™) A (df, dj, da,do) € Hp(r)(ER) (A7) =
(LI di, [ d. di,d2) € Hp(r)(ER)(Ar)

Approximation V(7).Y(ER).VAr.Yd,, dy, dy, ds.

(d,,dy,dy,dy) € Hp(7)(ER)(Ar) = (d} Tdy AdyCdy)
Downwardsclosure V(7). ¥(ER).YArvdy, dy, d;, dj, dy, dy.
(@ T dy Ady T dy A (dy,dy, di,dg) € Hp(7)(ER)(Ar) =
(df,dy, dv,d2) € Hp(7)(ER)(Ar)
Definedness V(7).¥(ER).YAr.Yd, , d}, di, ds.
(dy, dy,dy,do) € Hp(T)(ER)(Ar) = (d; =dy= 1 V (dy # L Ady # 1))
E-gtrengthening VE F 7. V(ZR). V(Z'R') D (ER). V(Ar).

(dy,dy.dy,dy) € Hp(T)(E'R)(Ar) = (d,.dy,dy,dy) € Hp(T)(ER)(Ar)
=-weakening Y(ER). ¥(Z'R') D (ER). V(Ar).
(dy,dy.dy,dy) € Hp(T)(ER)(Ar) = (d),dYy,dy,ds) € Hp(T)(E'R')(Ar)

Parameter weakening V(7).VY(ER).VAr(dy,ds). VA'r' > Ar.

H(r)(ER)(Ar(dy, da)) € H(r)(ER)(A'Y (dy, dz))
‘We define:
Definition 9

Ly C ValueType — T{ay, .

., an} € Pin(TypeVar) —
(bParAdmRel)” — ParAdmRel(V))

Lpv,vy € ValueType — T{ay, ..., an} € Prin(TypeVar) —
(bParAdmRel)” — ParAdmRel(F(V, V)))

For D € {V,F(V,V)} by definition L, is the subset with the properties admissibility, downwards
closure, =-strengthening, =-weakening and parameter weakening , and with the pointwise ordering. If
R,S € Lp, then
R<S —
(V(7). V(ER). VAT, Vo), v, 01,05 € D.

(v}, vh,v1,09) € R(T)(ER)(Ar) = (vf,vh,v1,02) € S(r)(ER)(Ar))
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Comment: The relation we are aiming at will also by definition have the properties approximation and
(for values) definedness.

LetS C Lp. Then (S € ValueType — I{a, ... o} € Prin(TypeVar) — (bParAdmRel)” —
bPar — D? — Rel(D) such that
(v],v5) € NS(T)(ER)(Ar(v1,v2)) <= (VS € S. (v],v5) € S(7)(ER)(Ar (v, v2)).

Lemma 10
L p is a complete lattice. IfS is a set of relations in L p, then (S is arelationin Lp, D € {V,F(V, V)}.

We need to prove, that [|'S has the properties admissibility, downwards closure, Z-strengthening, =-
weakening and parameter weakening.

Admissibility. Any chain in ((S)(7)(ER)(Ar(vy,vs)) is a chain in each S(7)(ZR)(Ar(vy, v2))
where S € (S and each of these is admissibile.

Downwards closure. Assume v} C v} A vl T vh A (v),v4) € (NS)(T)(ER)(Ar(vy,v2)). Then
VS € S. (U1 vh) € S(7)(ER) (Ar(v1,vs)). Each S is downwards closed, so VS € (NS). (v}, v§) €
S(7)(ER) (Ar(vy,va)). It follows that (v}, v§) € (NS)(T)(ER)(Ar(vy,va)).

Z-strengthening. Assume Z F 7 and (2'R') 2 (ZR) and (d},d}, dy,ds) € (NS)(7)(E'R')(Ar).
Then VS € S. (d},dy,dy,d2) € S(r)(Z'R')(Ar) and since each S has Z-strengthening then V.S €
S. (dy, dly, dv, dy) € S(T)(ER)(Ar). So (d}, dy, dy,d2) € (NS)(7)(ER)(Ar).

E-weakening. Assume (Z'R') D (2R) and (d},dy, dy,dz) € (NS)(7)(ER)(Ar). Then VS €
S. (d},db, dy,d3) € S(7)(ER)(Ar) and since each S has E-weakening then V.S € S. (d, db, dy, d) €
S(T)(E'R')(Ar). So (di, dy, d, dy) € (NS)(7)(E'R')(Ar).

Parameter weakening. Assume (v},v5) € ((S)(T)(ER)(Ar(v1,v2)) so (VS € S. (v},vh) €
S(T)(ER) (Ar(vy,v2)). Let A’r" > Ar. Since each S is parameter weakened, then (VS € S. (v],v) €
S(T)(ER)(A (v1,v2)). Hence (v}, v}) € S(T)(ER) (AT (v1,v)).

‘We now define monotone functions

Vg : LY x Ly — ParAdmRel(S)

Vg : L x Ly — ContinuationType — {ay ... an} —
bParAdmRel” — ParAdmRel(K V)

Up: LY x Ly — ComputationType — M{ay ...}
— bParAdmRel” — ParAdmRel(T'V)

v ,C?/p X Ly — »CF(V,V)

The functions are defined in the order shown above. The function W is defined without referring to any
of the other functions. The definition of the function W ;- makes use of Wg. The definition of the function
Wy makes use of Wg and Wx. The function ¥(R,S) € Lp(v,v) is defined by case analysis over the
structure of its argument 7 (we do not use induction over 7) and makes use of the definition of the function
. Here we make use of the fact that Ly and Lp(y, v are complete lattices of functions. Technically
it is an important idea since it makes it easy for us to deal with nested recursive types.

The actual definitions of the above functions are given in Figure 1.
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Theorem 11
Vg, Wg, Up, U are well-defined.

We will also show that VR € L°P S € L (with the natural definition of the involved properties)
Ws(R,S) has the properties admissibility and downwards closure. (But not parameter weakening).
Vi (R, S) has the properties admissibility, downwards closure, =-strengthening, =-weakening and
parameter weakening.
Uy (R,S) has the properties admissibility, downwards closure, =-strengthening, =-weakening and
parameter weakening.

Lemma 12
The generated relations are downwards closed.
YR € LP,S € Ly. VE. VR. VA,
Vs, s, sh, sh, s1, 80, ki kY kL K R, ke,
" " ’ / 1" 1 / /
my,my, my,mh, my, ma, vy, 08, v}, vh, v1,va.
S: (sh,85,81,82) € Ug(R,S)(Ar) Ns{ Es) ANsy T sy =
(s, 84, 51,82) € Ug(R,S)(Ar)
KV: (K, kg, ki ko) € U(R,S) (7T )(ER)(Ar) AR TRy A RS C K =
(kY kY ki ke) € U (R, S)(1T)(ER)(Ar)
TV: (m}, mh,mi,mg) € Up(R,S)(TT)(ZR)(Ar) Am T m) Amlj Cm) =
(
(
(

my,mb, my,ms) € Ur(R,S8)(T7)(ZR)(Ar)

vh,vh,v1,02) € (R, S)(T)(ER)(Ar) Avy C o Av Cof =
vl vl v1,09) € U(R,S)(T)(ER)(Ar)
Proof:

e For Ug the lemma follows from the property for S € L. All requirements of disjointness and
membership in simple state relations are only on s;, s3. Requirements of relatedness of stored
values are in S € £ and S is downwards closed.

e For Wy and Wy the lemma follows from weaker termination properties under applications.

e For W the proof is by case analysis over the constructor in the argument 7

a;: follows from downwards closure of R; € bParAdmRel. unit, int, 7ref: immidiate from the
definition.
(11 + 72),(T1 X T2),(re.7): Follows from the property for S € L.
7 — T7’ and Va.T'T: follows downwards closure of R, S € £ and Wy preserves this property.
|

Lemma 13
The generated relations are admissible
VYR € LY, S € Lv. V(ER). YAr.
VS1, 82, k1, ko, ma, ma, v1, va.
S: (L, L, 81,8) € Us(R,S)(Ar)A
(Vi € w. Sf C ST A SE C S5 A (ST, 85,51, 8:) € Us(R,S)(Ar) =
(L)ST, LS4, S1,52) € Us(R,S)(Ar)
£ (L Lok, ka) € Ui (R, 8)(7) (ER) (Ar)A
(Vi € w. kl CEM AR, TR A (k{,ké,kl,kz) € Vg (R,S)(7T)(ER)(Ar) =
(LIkE, LI kS, ko ko) € Ws(R,S)(7T)(ER)(Ar)

KV
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TV:

V:

1, L,my,ma) € Up(R,8)(TT)(ER)(Ar)A

Vi € w.mi Emit Amb Cmith A (mi, mb, my, my) € Up(R,S)(T7)(ZR)(Ar) =
LImi, [Jmb, mi,ma) € Ug(R, 3)(TT)(51%)(AT)

L, L,v1,09) € Up(R,S)(1)(ER)(Ar)A

Vi € w. vl Coitt Avh Colth A (vl vb, vy, v9) € B(R,S)(7)(ER)(Ar) =

(
(
(
(
(Vi € w.vf .
(l_l Ui»uﬂéﬂfl’v?) € \Ifs(R,S)(T)(ER)(AT)

Proof: (L, L) is always in the relations, this is immidiate from the definition. Proof for chains which
are not constantly |, 1:

1.

3.

Assume Vi € w. (Si,5%,51,5) € Us(R,S)(Ar), and this is a chain. Then Vi. S{ C S; and
Vi. Sy C Sy. This implies | | S C Sy and | | S5 = Sy. Requirements of disjointness of areas given
by accessibility maps and membership in state relations are only on S, Sa, so they are still fulfilled,
and the same LL’s will be required to hold related values. By assumption for each such LL it holds
that Vi € w. ¥(ly,lo, — - 7) € LL. (Sily, Sila, Sily, Sala) € S(7)()(Ar). Since S is admissible
then also (|_|l(S’lll), I_lz(SéZQ)7 Slll, SQZQ) = ((I_lz S{)ll. (I_lz Sé)lg, Slll, Sglz) S S(’T)()(AT)
Similarly for (I — — F 7) € A we see that (||, S1), (LI; S3)I, S1l,S21) € S(7)()(Ar). We
conclude that (| |; S%,[ ], 5%, 51, 52) € Ug(R,S)(Ar).

. Assume a chain (ki, kb, ki, ks € Ui (R,S)(rT)(ER)(Ar). Then Vi. ki T ki A kj C ks, so

LUK C ki ALK C ko. Let A7 > Ar, (57,55, 51, 52) € Ug(S,R)(A'r') and (vf, vh,v1,v2) €
R(T)(ER)(A'r"). ki S} v} is a chain in O. If the chain is constantly L then | | k%Sjv} = L and the
implication (| |k$Sjv] = T = koSavs = T) holds trivially. Else 3j € w. Vi > j. k'Sjv] =
T. Then also |_|k13{ v} = T A kaSsvs = T. The other direction is similar. We conclude
(LKL L kb, ki ka) € Wie(R,S)(rT)(ER)(Ar).

The proof is similar to the previous for 2), so we omit it.

4. The proof is by case analysis of the constructor of the argument 7.

e Assume a chain (vl, vy, 01,05) € U(R,S)(a;)(ER) (Ar). Then (in the non bottom cases)
aj € Zand Vi. v} C vy Avy C vy Then also | Jv] C vy and | v§ T ve. Also Vi €
w. (vi,v8,v1,v2) € R;(Ar) and since R; is admissible then also (| |; v}, |]; v3, vi,v2) €
R;(Ar). So (L, vi, [, vh, v1,v2) € ¥(R,S)(e;)(E )(AT)

Chains with type-argument unit, int or Tref will be constant from some point onwards.

e For chains with type argument 71 + 7, 71 X 72 and pv. 7 admissibility follows from admissi-
bility of relations in £ and S € L.

Assume a chain (v}, v3,v1,v5) € U(R,S)(T — T7')(= ) (Ar). Then Vi. (vl C o Avg

vy A3d,dy,dyydy : V —e TV. ((vf = LA = 1) Vi =in_|di]) A((v§ L/\dz
LYVl =in_ [dy]) Avy = in_ |di| Ay = in_[dz] ANVA'Y > Ar. Vv’lhvézwll,vgz :
V. (Vi1 05,011, v22) € R(T)(ER)(A') = (div),, divhy, dyvi1,daves) € (¥7(R,S)
(TT)(ER)(A'r'). As | (in_|d"|) = in_ || ]d"] and | |(d'v) = (| ]d")v and by 3) then
VAT 1> Ar. (v}, by, 011, 022) € R(T)(ER)(A') = ([ div)y, ] divhy, divry, davas) €
(Tr(R,S)(T+) (ER)(A").

So (L|vi, L|vh, v1,v2) € U(R,S)(r — T7')(ZER) (Ar).

Assume a chain (v}, v}, v1,v5) € W(R,S)(Ya.T7)(ZR)(Ar). Then Vi. v{ C vy and Vi. v} C
vg. This implies | |vi C vy and | |vd C wve. It holds that Vi. 3di,d5 : TV. (vi = di =
Lol =ingldi]) A (vh =di = LVl =ing|ds]) AIdy,ds TV. v = iny|di] ANvg =
iny|da] AVi. VR, : bParAdmRel. (di,di, dy,dy) € Up(R,S)(TT)(Ea RRy)(Ar). This
is a chain, and then by 3) also VR, : bParAdmRel. (|| d},| |db.d1,ds) € ¥7(R,S)(7)(Ea
R Ry)(Ar). As iny|||di] = | |iny|di| and | J(L — chain) = L and possibly using down-
wards closure we have (|| v, | | vyvr,v2) € U(R, S)(Ya.T7)(ZR)(Ar).
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Lemma 14
The generated relations have parameter weakening.
VReLY,SeLy.
V(ZR). VAr. VA" > Ar.
VEL, kS, ky, ko, mly,mb, my, ma, v], vh, 01, v,
KV: (K k), k1 ks) € U (R, S)(r7)(ER)(Ar) =

Ky, Ky, ke ke) € Wi (R, S)(7T)(ER )(A/ !

(
TV: (m},mb,mi,ms) € ¥p(R,S)(T7)(ER (Ar) =
(m}, mb,my,mg) € \I/T(R,S)(TT)(_. V(AT
(
(

Ve (v}, v, v1,00) € U(R,S)(r)(ER)(Ar) =

1
1 V5,01, 0) € U(R, S)(7)(ER)(AT)

S

Proof: For K'V and T'V the lemma follows from transitivity A”r”t>A’r" and A'r'>Ar = A"r" > Ar.

For V the proof is by case analysis over the constructor of the argument 7

o a;: Assume (v}, vh,v1,v9) € W(R,S)(oy)(ER)(Ar) and v # L Vvy # L. Then a; €
= and (v{,v5,v1,v2) € R;(Ar). Since R; € bParAdmRel is parameter weakened then also
(05, v, v1,v2) € Ry(A'1'). So (], v5,v1,v2) € U(R, S)(ay) (ER)(A'r')

unit, int: immidiate from the definition

Tref : Follows from A7’ > Ar = A’ D A.

® T + 7o, T1 X To, pre.7: Follows from parameter weakening for relations in L.

e 7 — T'7': Follows from transitivity A”r" > A’ A A'r' > Ar = A'r" > Ar.

e Va.T7: Follows from the lemma for T'V. Assume (v}, v5,v1,v2) € ¥(R, 8)(Ya.T7)(ER)(Ar).
This implies (vy =vo = L) VEFVaTTAa ¢ ZEA(v] Toy Avy Cug A3dy,dy : TV, ((v) =
LAd) = L)Vop = iny|[d) A ((vh = LAdy = L)V = iny|dy|)A3dy,dy : TV . vy = iny|di A
vy = iny|da) A VRa : bParAdmRel. (d},d},dy,ds) € Up(R,S)(T7)(Ea RRy)(Ar). The
(L, L) case is immidiate. Else by the lemma for 7"V it holds that (d}, dj, d1,d>) € U (R,S)(T'T)
(2 RRo) (A1), So (v}, vh, v1,v2) € U(R,S)(Va.T7)(ER)(A'1').

u

Lemma 15

The generated relations have =-weakening and Z-strengthening.

VR e LY, SeLy.

V7. V(2R). V(Z'R') D (ER). VAr.

Yk kL, k1, ko, my, mbhma, ma, vy, vh, v, va.

Vi D) (K, ky ks ke) € U (R,S) (1T (ER )(Ar) =

(K, Kb, kr, ko) € Wie(R,8)(r 1) (E/R) (Ar)
2 EE T A (K, Ky, ks k) € \I’K(R S)(r T) (E'R)(Ar) =
(kG ), k1, k2) € Uic(R,8)(rT)(ER)(Ar
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TV:

1) (my, mb, m1,my) € Up(R,S)(T7)(ER)(Ar) =
(m,,mly,my,ms) € Up(R,S)(T7)(E'R')(Ar)

2)E 7 A (mh,mh,my,me) € Up(R, S)(TT)(E'R)(Ar) =
(m, my, m1,my) € Up(R,S)(T7)(ER)(Ar)

2 1) (V) v, v1,v0) € U(R,S)(7)(ER)(Ar) =

(W}, v}, v1,v2) € U(R,S)(7)(E'R')(Ar)
2)EE T A (v],vh,v1,v2) € \11(7%, S)(T)(E,ﬁ/)(AT) =
(v1,v5,v1,v2) € U(R, S)(7)(ER)(Ar)

Proof:

KV:

TV:

15) Assume (K|, kb, k1, k) € Ui (R, S) (7" )(ER)(Ar) and (Z'R') D (ZR). To show (K}, kb, k1,
ko) € Ui (R,S)(77) (E'R')(Ar). Let A% Ar and let (S}, 55, S1,5) € Ug(S, R)(A%0) and
(v}, vh,v1,v2) € R(7)(E'R)(A°). By the definition of the action of F' the assumption implies
that either k{ = k% = L or Z + 7. The first case is trivial. In the second case, since R € Ly it has
S-strengthening, so (v}, vy, v1,v2) € R(7)(ZR)(A%r0). By the assumptions on the k’s we then get
the required termination approximation.

2) Assume (K, kb, k1, ka) € Ui(R,S)(r)(ER)Ar) AE F 7and (E'R) 2 (ER). To
show (K}, kb, k1, ko) € Wi(R,S)(r)(ER)(Ar). Let A% > Ar and let (S}, 55,51, Sa) €
(S, R)(A%0) and (v}, v}, v1, v2) € R(T)(ER) (A%P). The case &} = k} = L is trivial. Else
since R € Ly it has Z-weakening, so (v}, vy, v1,v2) € R(T)(E'R')(A%°). By the assumptions
on the k’s we then get the required termination approximation.

1ar) Assume (m/, mb,my1,my) € Up(R,S)(T7)(ER)(Ar) and (E'R') D (ER). To show (m},
mb,m1, ma) € ¥p(R,S) (TT)(E'ﬁ’)(Ar). Let A%Y > Ar and let (S5, S5, 51, 9) € Us(S,R)
(A7) and (K}, Ky, k1, ko) € Wi (S, R)(7T)(E'R') (A%). By the definition of the action of F
the assumption implies that either m} = mf = L or = I 7. The first case is trivial. In the second
case, since S, R € L 50 by the previous 2) it holds that (k}, kb, k1, ko) € Wi (S, R)(7T)(ZR)
(A%0). By the assumptions on the 1n’s we then get the required termination approximation.

2a1) Assume ()}, mb, m1,my) € Wp(R,S) (T )(Z'R') (Ar) AEF 7and (B'R') D (ER). To
show (m}, mf, m1,ma) € Up(R,S)(rT)(ER)(Ar). Let A%0 > Ar and let (S}, 85, Si1,S5) €
(S, R)(A0) and (K|, kb, k1, k2) € Wi (S, R) (rT)(ER)(A0). The case m) = mb = L is
trivial. Else since R € Ly by the previous 1) it holds that (K}, kb, k1, k2) € W (S, R) (7T )(E'R')
(A%9). By the assumptions on the 1m’s we then get the required termination approximation.

: 1y) Assume (v}, vh, v1,v2) € W(R,8)(7)(ER)(Ar) and (E'R') D (ZR). To show (v}, vh, v,

vy) € U(R,S) (TT)(E'R') (Ar).

2y) Assume (v}, vh,v1,v2) € U(R,S)(7)(E'R')(Ar) and E + 7 and (E'R') D (ER). To show
(v}, vh, 01, v2) € U(R,S) (T7)(ER)(Ar).

The proof is by cases over the structure of the argument 7. In all cases v] = v} = L is trivial. Else:

(c;): In both directions it follows from the assumptions that a; € = C = and as (E'R') 2 (ER) in
both cases it is required that (v}, vh,v1,v2) € R;j(Ar).

(unit),(int): both directions are immidiate from the definition.

(7 ref): Follows from that the argument Ar is the same. In both directions it follows from the
assumption that 7 is closed.

(71 +72),(T1 X 72),(pcx.7): Follows from S € L as so S has =-weakening and E-strengthening. We
show the piav.7 case, the others are similar. 1) Assume (v], v5,v1,v2) € ¥(R,S)(pa.7)(ER)(Ar).
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So 3dy.dy,dy,dy € V. (v = LAdy = L) Vo =in,(dy)) A((vy = LAdy, = L) Voy =
i, (dy)) Avy = ing(di) # L Ave = in,(da) # LA (dy, db,dy,do) € S(rpa.r/a))(ZR)(Ar).
Since = + pa.t iff = F 7[po.7/a) and S has =-wakening then (df, d5, d1,ds2) € S(r[po.7/a))
(E'R)(Ar). So (v}, vh, v1,v2) € U(R,S)(ua.7)(Z R')(Ar).

2) Assume (v}, vh,v1,v2) € U(R,S)(ua.r)(E'R)(Ar) and E + pa.r. So Ady, dby, dy,do €
V. ((v] = LA = L)V =in,(d)) A((vh = LA, = L)Vl = in,(dy)) Avy = in,(dy) #
L Avy =in,(dy) # L A(d],dhy,dy.da) € S(r[pe.7/a])(E R')(Ar). Since E F pa.r implies
Z F 7lpa.r/a] and S has S-strengthening then (d}, d}, d1,dy) € S(rluc.7/a])(ER)(Ar). So
(v}, vy, v1,v2) € U(R,S) (now.7)(ER)(Ar).

(V. T'7): Follows from 1) and 2,7) above, we may use « conversion. 1) Assume (v}, vh, v1,v2) €
W(R,S) (Va.T7)(ER) (Ar). We may additionally assume o ¢ =’ else we a-convert Vo. T, By
assumption so 3d},d5,d1,dy € TV. (v] = LAd] = L) Vo) =iny|di]) A (v = LAdy =
1) Vb =ing|dy]) Avr = iny|di| Ava = iny|da| AVR, € bParAdmRel. (df,d5,dyi,ds) €
Up(R,S)(T7)(Ea RR,) (Ar). Since E F Va. Tt implies =, o - T and by assumption o ¢ =/ D
Z and using 17) we see VR, € bParAdmRel. (d}, d},dy,ds) € Ur(R,S)(T7)(E'a B'Ry). So
(v}, v, v1,02) € U(R,S)(Va.TT)(Z'R') (Ar).

2) Assume (v}, vh,v1,09) € (R, S)(Va.TT)(E'R) (Ar) and Z + Vo.T7. Soa ¢ ' D 2
and 3d},dy, dy,de € TV. ((v] = LAdy = L)Voy = inyld]]) A((vh = LAdy, = 1)V
vy = iny|dy]) Avr = inyldi| Ava = iny|d2] AVR, € bParAdmRel. (d},d5,dy,ds) €
U (R, S)(T7)(E'a B'Ra) (Ar). Since E + Vo T implies Z,a F T7 and by 2,) it holds that
VR, € bParAdmRel. (d},d),dy,dy) € U (R,S)(T7)(Ea RRy) (Ar). So (v}, vh,v1,v2) €
U(R,S)(Ya.T7)(ZR) (Ar).

(t — T'7'): Follows from Follows from R € Ly as so R has =-weakening and =-strengthening
together with 157) and 2p7). 1) Assume (v}, v, v1,v2) € U(R,S)(r — T7')(ER) (Ar). By
assumption so = = 7 — T'7’ and 3d},d5,dy,dy € (V — TV). (v] = LAd] = L)V =
in_ |dy)A((vhy = LAdy= 1)Vl =in_|dy]) Avr = in_|di] Ave =in_|da| AVA'P? >
Ar. V(W) wh, wi, wy) € R(T)(ER)(A0). (diw!, dywh, dywy, dyws) € ¥ (R, S)(T7)(ER)
(A%, We must show YA > Ar. V(w}, wh, w1, wy) € R(7)(ER) (A%0). (djw), dyw),
dywy, daws) € Upr (R, S)(T+)E'R) (A%). Let (w}, wh, w, wy) € R(T)(E'R')(A%0). Since
=+ 7 and R has S-strengthening then (w}, w}, w1, wy) € R(7)(ER)(A%). So it follows from
the assumption that (djw), dyw}, dywy, daws) € W (R, S) (T1')(ER)(A0). By 1) then also
(dyw}, dyw, dywy, daws) € Wy (R, S) (Tr')(E'R)(A%P). So (v}, vh,v1,v2) € U(R,S)(T —
T7)(Z'R') (Ar).
2) Assume (v}, vh,v1,v2) € W(R,S)(r — T7')(E'R)(Ar) and E - 7 — T7'. So 3d}, dy, dy, ds
e(V—TV). ((v = LAd| = L)Voi = in_ |[d}])A((vh = LAy = L)Voh = in_ [dy])Avy =
in_[dy| Avy = in_|da] AVAYO > Ar. V(wh, wh, wy, ws) € R(T)(E'R)(A0). (diw), dywb,
dywy, dyws) € Wy (R, S)(T7)(E'R')(A%P). We must show YA > Ar. V(w), wh, wy, wy) €
R(T)ER)(AO). (djw}, dywh, dywy, dyws) € War(R,S)(TT)(ZR)(A%0). Let (w}, wh,wr,
wy) € R(7)(ER)(A%Y). Since R has E-weakening then (w}, wh, wy,ws) € R(7)(E'R')(A9).
So it follows from the assumption that (d,w/, dyw}, dyws, daws) € W (R, S)(T7)(E R')(A%r0).
By 2) since E F T/ then also (djw), dywh, dywy, dyws) € War(R,S)(T7)(ER)(A%P). So
(W}, vh,v1,v2) € U(R,S)(r — T7)(ER) (Ar).

||
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Definition 16
e LetD,Ec{V,F(V,V)},R€Lp, S€Lp, f:D—oFE, g:DXE, fLC g. Define

(f.9): R C S £L vr V(ER). Y(Ar). W), vb, 01,02 € D.

(05, v, v1,02) € R(T)(ER)(Ar) = (fo1, fvs, gur, gua) € S(r)(ER)(Ar).

e LetDe{V,F(V,V)},,R,S€Lp, f: D — D, fCidp. Define
fiRCSEL (fidp):RCS

We also define Vf,g: V — V.
- VS € 8. (Us(f,9))S = Al.g(SD)
- Vk e KV. (Y (f 9)k = As.\.k(¥s(g, f)s)(fv)
-VmeTV. (Ur(f,g))m = MeAsm(Vk(g, k) (Ys(g, f)s)

Lemma 17
VR,R,S,8" € Ly Nf,g:V — V, f,g Cidy it holds that
Iff:R"CRandg:S C &' then
1. VAr. vS{,Sé,Sl,SQ.
(51,55,51,52) € Ug(R,S)(Ar) =
(\Ils(fvg)sivqls(f:g)séShSZ) € \Ps(R/,S/)(AT‘).

2. V7. Y(ER). VAT VK|, Ky, oy, ka.
(K1, kb, ki, ko) € Uic(R,S)(rT)(ER)(Ar) = .
(Y (f, 9k, Vi (f, g)kh, ks ko) € Ve (R, 8)(7T)(ER)(Ar).
3. V. Y(ER). VAr. Ym, mby, my, mo.
(m}, mly,m1,ma) € Vg (R, S)(T7)(ZR)(Ar) = )
(Tr(f, g)ml, Yr(f, g)mh,m1, me) € Up(R', 8)(T7)(ER)(Ar).

4. F(f,9) : ¥(R,S) C ¥(R',S)

Corollary 18
Monotonicity of U follows from the lemma, with f = g = idy.

Proof: We prove 1,2,3,4 in this order. Assume f: R’ C Randg:S C §'. So f Cidy, g C idy and

thenVS € S. Us(f,9)SC S,Vke KV. U (f,g)k Ck,VYmeTV. Up(f,g)m C m.

1. Assume (S7, S5, S1,52) € ¥g(R,S)(Ar). To show
(Ws(f:9)51: Us(f,9)55,51,82) € Ws(R,&)(Ar). If S = S5 = L then Ws(f,g)51

Ws(f,9)S5 = L and we are done. Else it holds that S; # 1 A Sy # L, and we reason as follows.
We must show (A.g(S11), Al.g(S51),S1,52) € Ug(R',S")(Ar). Si,S> have not been changed.
Requirements of disjointness of areas given by accessibility maps and membership of state relations
are only on S7, 52, so these properties are preserved. Since by assumption g : S C &’ and VI €
dom(A). (S11, 551,511, S50) € S(A(1))()(Ar) then VI € dom(A). (g(Sil), g(S51), 511, Sa1) €
S'(A(1))()(Ar). Since all requirements of membership in state relations are preserved, the LL’s
required to hold related values will be the same. For each such LL, since by assumption ¢ :
S C 8 and V(ly,la,7) € LL. (S1l1, 8512, 5111, 5:12) € S(7)()(Ar) then also V(ly,l2,7) €
LL. (9(Sil1), 9(S5l2), S1l1, Sal2) € S'(1)()(Ar). So we can conclude

(\Ils(f, g)Siv \Ils(f, g)sé S1, 52) € leS(Rlv S,)(AT)
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2. Assume (K}, kb, k1, k2) € Ui (R, 8)(rT)(ZR)(Ar). Toshow (Ui (f, )k, Wi (f, g)kb, k1, ko) €
Ui (R, 8N(rT) (ER)(Ar). Ik, = kb = L then Uy (f,g)k, = Ui (f,g)kl = L and
we are done. Else we must show (As.\v.k](Ws(g, f)s)(fv), As. v.kb(Ws(g, f)s)(fv), k1, k)
€ U (R,8)(rT) (ER)(Ar). Let At/ > Ar and assume (S}, 5, S1,592) € Ws(S', R')(A'F)
and (v}, v}, v1,v2) € R (7)(ER)(A'r'). Since by assumption f : R’ C R, g : S C &' and by
1) it follows that (Us(g, f)S1, Us(g, f)S5,S1,52) € Us(S,R)(A'r') and (fv}, fvh,vi,v2) €
R(T)(Eﬁ)(A/ r’). Then it follows from the assumptions that
(Pr(f, 9)k1)Sivy = K1 (Vs(g, [)S1)(fv1) = T = kaSovz = T and
(Ui (f, 9)ky)Sovy = kz(‘I’S(g 1S3 (fvy) =T = k1S101 = .

We conclude (Ui (f, 9)k4), (Wi (f,9)S5), k1, k2) € Ui (R, S)(rT)(ZR)(Ar).

3. Assume (m}, mb, m1,ma) € Up(R,S)(TT)(ER)(Ar). To show ( \IIT(ﬁg)m’l,\IIT(f,g)m’Q,ml,
mg) € (R, S8)(TT) (Eﬁ,)(Ar). If m} = mfy = L then Up(f, g)m} = ¥r(f,g)m5 = L and
we are done. Else we must show (Ak.As.m) (Vi (g, f)k)(¥s(g. [)s),
As.  o.mb (Wi (g, [)k)(Us(g, f)s), ml,mQ) € U (R, 8)(TT) (ER)(Ar). Let A'r > Ar and
assume (K}, kb, k1, k2) € Wi(S', R) (= T)(ER)(A'r') and (S}, 54, 51,5,) € Ws(S', R)(A').
Since by assumption f : R' C R, g : S C & and by 1) and 2) it follows that (\I/K(g,f)k’l,
Ui (g, )k, kn, ko) € Ui (S, R)(7T)(ER) (A7) and (¥s(g, £)S1, Us(g, £)S5, 51, 52) € Ws(S,
R)(A’r"). Then it follows from the assumptions that
(Y (f, 9)m1)ki ST = mi (Vi (9, F)R1)(Ys(g, £)S1) = T = makySy = T and
(U (f, 9)ma)ky S5 = my (Vi (g, fIk)(Ws(g, f)93) = T = mik1S1 =T
We conclude (U (f, g)m}), (U (f, g)mb), m1, ma) € Up(R!, 8V (T7)(ER)(Ar).

4. The proof is by case analysis over the structure of the argument 7.

o Assume (v}, vh,v1,v2) € U(R,S)(;)(ER)(Ar). To show (F(f,g)v}, F(f,g)vh, vi,v2) €
U(R',S") (a;)(ER) (Ar). If v} = v = L then F(f,g)(v}) = F(f.g)(v}) = L and we are
done. Else itholds that ; € Eand v] T vy # LAV, C vy # LA(v], 05, v1,02) € R;i(Ar) (in-
dependant of R, S). To show F'(f, g)vi T viAF(f, g)vh T vaA(E(f, g)vi, F(f, g)vh,v1,v2) €
R;(Ar). This follows from assumptions: since f, g C idy then F(f,g) C idp(y vy, and R;
is downwards closed.

o Assume (v}, vy, v1,v2) € U(R,S)(1)(ER)(Ar). This implies (v} = v§ = 1) Vv| C vy =

in1 (%) Avh C vg = in(x), independant of R, S. F(f,g)L = L and F(f, g)ini () = inq (x).

So we conclude (F(f, g)v}, F(f,g)vh, v1,v2) € U(R!,8')(1)(ZR)(Ar).

Assume (v}, v, v1,v2) € U(R,S)(int)(ER)(Ar). This implies (v} = v5 = L) V3In :

Z. vy C vy = injm(n) Avh € vy = injn(n), independant of R,S. F(f,g)L = L and

F(f,g)inin(n) = inine(n). So we conclude (F(f, g)vi, F(f,g)vh, vi,v2) € U(R',S")(int)

(ER)(Ar).

o Assume (v}, 05, v1,v5) € U(R,S)(rret )(ER)(Ar). This implies (v = vh = 1) V —F 7 A
3l : Loc. v] C vy = inget (1) Avh C vy = inget (1) AL € dom(A) AA(l) = 7), independant of
R,S. F(f,9)L = L and F(f, g)inret (1) = inges (1). So we conclude (F'(f, g)vi, F(f, g)vh,
vi,v2) € U(R',8')(rret ) (ZR)(Ar).

. As%ume (v, v, v1,v2) € U(R,S)(r1 + 72)(ER)(Ar). This implies (v = vh = 1) Vv

= 7'1+T2/\’U1 C v 7£ J_/\UQ C vy 7& J_/\Hd’l,d; : Viody,ds Vi' ((Ui =
J_ ANdp = L)V (V) = ing(ini(dy) # L) A ((vh = LAdy = L)V (vh = ing(ini(ds) #
DY Aoy = ing (ini(dr)) A vy = iny (ini(ds)) A (dy, dy, dy,d) € S()(ER)(AF) A €
{1,2}). Since g : S C &' then (gd}, gdy, dv,ds) € S'(7;)(ER)(Ar). F(f,g)L = L and
F(f, gyin (ins(d)) = i (ing(gd)) and F(f, g) in (ini(dy)) — ins (ins(gd)). We con-
clude (F(f, g)v}, F(f, g)vh, v1,v2) € U(R,8')(m1 + 72)(ER)(Ar).

o Assume (v}, vh, v1,v2) € W(R,8) (11 x 72)(ER)(Ar). The proof is similar to the proof for
T1 + T2 SO we omit it.
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Let A
Then R =

Assume (v}, v, v1,v5) € W(R,8)(r — T7)(ER)(Ar). To prove (F(f,g)v}, F(f,g)vh,
v, v2) € W(R,S)(r — T)ER)(Ar). Ifv], = v) = L this follows by strictness of
F(f,qg). Else it follows from the assumption that (EF 7 — T7') Av] C vy # L Avh C vy #
LA3d),dydyydy: V—TV. (v =LAd, = L)V, =in|d)]) A ((vh=LAdy,=
L) Vy =in_|dy]) Avr = in_|di] Ave = in_[da] ANVA'T > Ar. Vi, vhy, V11, V22 ¢
V. (U’117U527U11,'U22) S R(T)(EE)(A/T‘,) = (dll’U/H7 dévé27dlvll7d2ﬂ22) S \I/T(R,S)(TT/)
(ER)(A'). F(f,9)v; Ev1 A F(f, g)vy E vy follows from F(f, g) C idp(v,vy Av) Evr A
vy Cvp. F(f, g)vr Ein [ Mo Wr(f, 9)(di (fo)) INF(f, g)vy E in [Mo.Wr(f, 9)(dy(fv))].
Let A’r' > Ar and suppose (v, vy, v11,022) € R'(7) (ER)(A'r’). Since f : R' € R
then (fv},, fvhy, v11,v22) € R(7)(ER)(A’+). Then by assumptlons (dy(folhy), d5(fvhs),
di(v11), d2(v22)) € Ur(R,S)(T7')(ER)(A'r). From 3) follows (¥ (f,g) (di(fv}1))),
(Wr(f,9)(d5 (fv32))), drvir, davae) € (R, &) TT)(ER)(AT).

So (F(fv g)vi#F(fv g)Ué,’Ul,’Uz) € \P(R/#S,)(T - TT/)(ER)(AT‘)'

Assume (v}, vh,v1,v2) € W(R,S)(pua.7)(ER)(Ar). This implies (v} = v5 = 1) VE F
paT AV C v # L/\v2 C oo # LATd,dy 2 Vidi,dy » V. (0] = LA
L) v = nu(dy) # L) A ((v’z = LAady = 1)V = iny(dy) # L) Avy =
ing(di) Ava = ing(ds) A (dy, dy,dy,ds) € S(r[peT/a])(ER)(Ar). Since g : S € &'
then (gd}, gd5, di,ds) € S'(7 [,u(x 7/a))(ER)(Ar). F(f,g)L = L and F(f,g)in,(d}) =
iny,(gd)) and F(f, g)in,(dy) = in,(gd5). We conclude

(F(f,9)01. F(f,9)vh, v1,v2) € U(R',8')(pev.)(ER)(Ar).

Assume (v}, vh, v1,v2) € U(R,S)(Yo. T7)(ZR)(Ar).

To prove (F(f, g)v,, F(f,g)vh,v1,v2) € U(R',8") (Va. T7) (ER)(Ar). If v} = v}y = L
this follows by strictness of F'(f, g). Else it follows from the assumption that = - Va.T'T7 A av ¢
EAV] T # LAV Cog # LA, do, dy,de : TV, (V) = LA, = L)Vol = iny|d;])A
((vh = LAdy = )\/v2 iny|dh|)Avy = iny|di | Ave = iny|da | AYR,. (d},dy, dy,ds) €
(V7 (R, 8)(I'r)(E0RR,)(Ar). By then YR (Vr(f.a)dh, Wr(f,0)d5. v, d) € V(R
SN(T7)(Ea RRy)(Ar). (vi = L = F(f,g)v] = LAv] = indelj = F(f,g)v] =
mvl_)\k As.(d) (W (g, [E)(Ys(g, f)s)] = ing|Tr(f,9)(d})]) A (vh = L= F(f,g)vy =
LAy = inyldy] = F(f,g)vs = iny[Vr(f,9)(d})]). Welet my = Wr(f,g)(d})
and mfy = U (f,g)(d5). So we have Im},mh,dy,ds : TV. (F(f,g)v) = LAm) =
LYV E(f,g)v) =iny|mi]))AN(F(f,g9)vh = LAmy= L)V F(f g)vh= iny [mb]) Aoy =
iny|di| Ava = iny|da] AVR. (ml,mb,my,msy) € Up(R,8)(T7)(EaRR,)(Ar). We
conclude (F(f, g)v}, F(f, g)vh,v1,v2) € U(R!,8")(Ver. TT)(ER)(Ar).

S LF(V v)» we define (i71)* A to be the largest relation B € Ly such that (i1,i™) : B C A.
(™) U(R,R) = ((4,i) : (R,R) CRA (i ,i71): chp(RR))

‘We now proceed by defining

by

lI/§:£‘§}°><£v—>£?}°><£v

(R, S) = (1) W(S,R), (i"")" U(R,S)).

Since W¥ is monotone it has a least fixed point which is also the least prefixed point

satisfying

(V=,vH) =wd(v—,vT)

V=YV, vo) V=36 (vo,vh)
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We have by definition
UHVE, V) = () (V7 V), () (VL V).
And so U8(V*, V™) = (V*+,V7). Since (V—, V*) is the least (pre)fixed point it follows, as with Pitts,
that
AVARE VAl
We now want to show that V— < VT, that is, that
idye®={e|e:V-CVT}

Recalle : V- C VT & (e,idy) : V- C VT &

V7 € ValueType.Y(ER) € (TypeVar™ x bParAdmRel™).VArY (v}, vh, vy, va).

(W}, vh,v1,v2) € V™ (T)(ER)(Ar) = (ev}, evh,v1,vq) € VT (T)(ER)(Ar).

Since the ordering on functions is pointwise and V* is admissible, so it holds that if e’ is a chain s.t.
Vi. el : V= C V7 thenalso | |e' : V™ C VT. We have that L € ®. By the minimal invariant property
of V it holds that idy = | |6 (L), where §(e) = i o W(e,e) o i~ . Hence it suffices to show that ® is
closedunder § : (V —o V) — (V — V)

Assume e : V~ C VT. Then by lemma 17 it holds that ¥(e,e) : ¥(VT, V™) C ¥(V~, V). We
also have from the definition and the fixed point property, that V= = (i71)*¥(V+,V~) and V* =
(i~1)*U(V~,V+). This gives (i-1,i~1) : V- C W(V*+, V) and (i~1,i1) : V* € W(V~,VH).
Now VE + 7, R, Ar(v1,vy)it holds that if (v},v5) € W(V~,VT)(r)(ER) (Ar(vi,vs)) then (i~! o
iy, (i~toi)uy) € W(V,VH)(7)(ER) (Ar((i~ oi)or, (i~ oi)vs)). So (i(v),i(vh)) € (1) ¥(V ™,
V(1) (ER) (Ar(i(v1),i(v2)))), that is (i(vy),i(v3)) € (VF(7) (ER)(Ar(i(v1),i(v2)))), ie. (6,4) :
U(V-,VH) c VT,

Assuming e : V™ C V%, that is (e,idy) : V- C V7, and combining (i~%,i7!) : V© C
U(VH, V™) and ¥(e,e) : U(VH, V™) C ¥(V-,VF) and (i,4) : ¥(V~,VT) C VT we have
d(e) : V- C V™. And then it follows that idy : V- C V. So V™ = V.

LetV=V"=VT.

Finally, []" is defined to be V(7).
Lemma 19

VE,a ¢ Z.VR € bParAdmRel/=!.
V(E,a b 7). VEF 0. VAr. B B
[7]'(Ea R ([0]"(E R))(Ar) =

[rlo/a]]' (= R)(Ar).

Comment: Recall that we require for o ... ay = 7/ ref that 7' is closed. Therefore it does not hold
that Z - 7[o/a] is a derivable typing judgement implies that =, « b 7 is derivable. In the lemma we
require =, o = 7 and so this will not give any problems.

Note the use of fixed point induction in the proof below to establish a property of our recursively
defined relation.
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(S1,85,51,52) € Us(R,S)(Ar) <= Tr1,...rn.7={ri,...tn} A
(St=8h=1) V(SICSi # LASSC Sa # LA
Vi # j,i,7 € {1, S ,n}. Am(Sl) N Arjl(Sl) =0A Ariz(sz) n AMZ(S?) =0n
dom(A) N A1 (S1) = O A dom(A) N Ara(S2) = BA
Vi € dom(A). (S1, 851,811, Sal) € (S(AD)()(Ar) A
Vre € 7. H(Pb7LLb) € Tq. (51752) € Py /\V(h,lz,T) € LLy. (Sill,sﬂz,slll,sﬂz) € S(T)()(AT))

(ki Kb k1, ko) € Ui (R, S) () (ER)(Ar) =
(Ki=khb=1) V(EFTAKL C ki Aky C koA
YA > Ar. VST, S5, S1, So. Yo, vh, v1,va.
(51,53, 51,52) € Ws(S, R)(A'r') A (v),vh, v1,v2) € R(T)(ER)(A'r)) =
(K1 S10] =T = kaSava = T) A (k5S5vh = T = ki S1v1 = T))

(mf, mh, m1,ms) € Ur(R,8)(TT)(ER)(Ar) =
(mi=mh=1) V(EFTAM, Cmi Amb C maA
VA" > Ar. Vi, kb, by, ks VS, Sh. S1, Sa.
(k1 k2, k1, k) € Ui (S, R) (1) (ER)(A'T) A (57,53, 51,92) € Us(S,R)(A'T)) =
((Mik1ST =T = maokaSs = T) A (msksSs = T = mik1S1 = T))

(v}, vh,v1,v2) € U(R,8) () (ER)(Ar) <= (vy =vh=1) V (i € EA (v}, vh,v1,v2) € Ri(Ar)
(1,05, v1,02) € U(R, S)(1)(ER)(Ar) = (v} =vh = L) V (v} Cor = imi[x] Avh C vz = ina|])
(v, vy, v1,v2) € U(R,S)(int)( _R) Ar) <= (vi=vy=1) V(3n:Z.v] C v = injng[n] Avh C vz = inj|n])
(v, vh,v1,v2) € U(R,S)(Tref )(E ) Ar) <~
(i =vy=1) V(=F71:type AIl: Loc. vi T v1 = inges [1] Avh T va = inggs L] Al € dom(A) AA(l) =7)
(v, v5,v1,02) € U(R,S)(71 + 12)(ER)(Ar) =
Wi=vh=1) VEFm+n AV Cv1# LAy Cva# LA
3dy,dy € V. ((vi = LAdy = L) Vol = ing(ini(d))) # L) A ((vh = L Ady = L) Vb = ing (ini(dy)) # L)A
3di,de V| v = iTLJr(Z'TLi(dl)) Nvg = m+(im(dg))/\
(dy, dy,dy,d2) € (S(:)(ER)(Ar) Ai € {1,2})
(v}, v, v1,02) € U(R,S) (11 x 72)(ER)(Ar) —
Wi=vi=1) VEFm XAV Cv # LAV Cve # LA
3<7Z/117(3l1127d/21,11/223 Vv
((vi = LA(d = LVdiy = 1)) Vi = inx((dir, di2)) # LA
((vy = LA(dyy = LVdoy = 1)) Vs = inx((dar, daz)) # L)A
Jdi1,di2,dor,da2 2 V |01 = in)((_gdllydlz)) A vy = inx ((da1, d22))A .
(d/u,d/gl,dn,dgl) € (S(Tl)(ER)(AT) /\( ag,déz,dlg,dzg) € (S(TQ)(ER)(AT)
(v1, 08, v1,05) € U(R,8)(nav. 7)(ER)(Ar) =
(Wi=vi=1) V(EFpa. AV Cvi # LAvSCva# LA
3dy,dy: V. (vi =dy = LVl =in,(d)) # L) A (vh =dy = LV oy =in,(dy) # L)A
Ady,dy 2 V | o1 =inu(di) Ava = inu(d2)A
(i, d3, di, d2) € S(rlpcv. 7/a])(ER)(Ar)
(v],vh,v1,v2) € U(R,S)(T — T7')(ER)(Ar) —
Wi=vi=1)V ErFT =TT A Co1# LA Cva# LA
dy, db,dryda sV — TV. vy =in_|di| Ava = in_|da|A
(Vi =LAdy=1L)Voi=in_|d])A((vh=LAdy=1)Vovy=in_|dy])A
VAP > Ar. Vi, vha, v11,v22 : V.
(Vi1, Vb, v11,v22) € R(T)(ER)(A'r') = (dyvhy, dyvhs, divin, dovas) € Up (R, S)(T7)(ERE)(A'r)
(v}, v, v1,02) € U(R,S)(Va. TT)(ER)(Ar) —
Wi=vy=1)V EFVarAa¢ZEAV Cvi#LAvy Cva# LA
dy, db, dr,do s TV. v1 = iny|di] Ave = iny|d2|A
(v = LAdy = L) Vo =iny|di]) A((vh = LAdy = 1) Vs =iny|ds|)A
VR, : bParAdmRel. (d},ds, d1, ds) € Ur(R,S)(T7)(Ea BR.)(Ar)

Figure 1: Functions used in proof of existence of typed interpretation

49



(S1,55,51,52) € Vs(Ar) < Fri,...rn.r={r1,...7n} A
(S£=SQ=L) \/(SigsH;ﬁL/\SéESz;ﬁL/\
Vi # j,i,7 € {1,.4. ,n}. ATil(Sl) mArj](Sl) = @/\Amz(Sz) ﬂArﬂ(Sz) =0A
dom(A) N A1 (S1) = 0 A dom(A) N Arz(Sz) = ‘2)/\
VI € dom(A). (S1l,551, 511, 521) € [[A(l)]]
Vra € 1. 3(Py, LLy) € rq. (S1,52) € po /\\V/(ll,lz,‘r) € LLy. (5111,52l2,5111,52l2) S [[T]]t()(A’f))

(K, Ky ke, ko) € [T ]% ER)(Ar)
Ki=ky=1)V (EFTAK, Chi Ak C koA
YA'r! > Ar. V81, Sh, S1, S2. Yol , vh, v1, v2.
((S1,85,51,82) € Vs(Alr!) A (v],v5,01,02) € [7] (ER)(A'r!) =
(K1 S1v] = T = kaSava = T) A (k5S5vh = T = k1Siv1 = T))

(1, by s, ) € [Pr] T (ER)(Ar) =
(mi=mb=1) V(EFTAM Cmi Amh C maA
VAU > Ar. VG kb, i, ke, VS, S5, S1, Sa.
(K, Ky, b, ko) € [ 1 (ER)(AMY) A (S1, Sb, 81, 52) € Vs(Alrh)) =
(m1k1ST =T = mokaSo = T) A (mhksSy = T = mik1S1 = T)

(vl,vh,v1,v2) € [ z]l ( R)(Ar) = (Wi=vh=1)V (a; € EA(v],vh,v1,v2) € Ri(Ar)
(vh,vh,v1,v2) € [1]*(2 )(Ar) (v =vh=1) V(v] Cour =ing|*] Avh C g =ing[x])

(v}, vh,v1,2) € [in] (ER)( Ar) = (Wi=vh=1) V(3n:Z. v] Cvr=injpn|n] Avh C s = in|n])
(’UI,UQ,’U17’UQ) € [rref]* (2 R)(Ar) =

(v =vy=1) V(—F7:type AI1: Loc. vi T v1 = inges 1] Avh C va = inggt [1] Al € dom(A) AA(l) =7)
(v}, vh,v1,02) € [ + ] (ER)(Ar) <=
Wi=vy=1) VEFT+m AV T #LAvy Cue# LA
3dy,dy € V. ((v1 =dy = L) Vi = ing (ini(dh)) # L) A ((vh = dy = L) V vy = ing (ini(dh)) # L)A
Idi,do: V | v = in+(in,(d1))/\vg ing (ing(d2))A
(dy,db, di,ds) € [[Tz]l (= R)(Ar) Ai e {1,2})
(v}, vh,v1,v2) € [ % ] (ER)(Ar) <=
(Wi=vy=1) VEFm X2 Av] T # LAvy Cup # LA
Ad)q, dis, dby,dbe V.
((v1 = LA (dn = LV diy = 1)) Voi = inx((di1,d12)) # L)A
(v = LA (doy = LV dyy = L)) Vs = inx((dr, da2)) # L)A
Jdi1,di2,dor,daz 0 V | .01 = inx ((di1, di2)) Av2 = inx ((d21,d22))A
(i1, dby,dir, dor) € [M] (ER)(Ar) A (dia, dbo, di2, d22) € [12]' (ER)(Ar)
(vh,vh,v1,v2) € [ua. 7]"(ER)(Ar) <=
(vi=vh=1) VEFpa. TAvI Cv1 # LAvy Cwus # LA
Adi,dy V. (Vi =di = Lvoy =inu(d) # L) A (v =dy = LV vy =in,(dy) # L)A
3di,de = V | . v1 =inu(di) Ave = ing(d2)A
(dy, db, dr,ds) € [rluc. 7/a]]' (ER)(Ar)
(s, v1,02) € [r — TrT'(ER)(Ar) =
Wi=vy=1)V ErT T AviCor# LA Coa# LA
ﬂdll,d(g,dl,dz V—oTV.vi =in_, Lle Avy = in_, Ldzj/\
(v =LAdy=1L)Vvoi=in_|[di])A((vh=LAdy=1)Vuy=in_|dy|)A
VAP > Ar. Yol vho, vin,v29 1 V.
(Vh1, Vha, v11,v22) € []"(ER)(A'Y) = (divly, dbvhs, divnr, davas) € [T7'] (ER)(AMrY)
(v}, v, v1,02) € [EF Vo T7] (ER)(Ar) <
Wi=vy=1)V EFVa.TTAag=ZAv Cor# LAvs Coa# LA
3dy,dy : TV. ((vi = LAd) = L) Vo =iny|di|) A ((vh = LAdy, = L) Vuy = iny|dy])A
Idi,ds :TV. vy = inv[le A v2 = iny Ldgj/\
VR, : bParAdmRel. (d},ds, d1, ds) € [T7]"(Z, 0 RRo)(Ar)

Figure 2: Interpretation of Types
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Proof: It suffices to show that id i/ is in the set

E={e: V-V |VE,a¢z=
VZ F 0. VR € bParAdmRel®!. VZ, o F 7. VAT
V(v{wé,vhsz(w{,w;,wl,w}). R
(v}, vh,v1,02) € ﬂTﬂt(Ea R([[O’]]t(ERl)(AT) =
(ev), evh, vy, v5) € [r[o/a]]'(ER)(Ar)
A
(W], wh,wy, w) € [rlo/al]’ ( R)(Ar) =
(ew), ewh, w1, ws) € [7]"(Za B ([o] (ER))(Ar)}

‘We prove that by fixed-point induction. Clearly, L is in E as the relations involved are admissible.
Hence it suffices to show that F is closed under § : (V' — V) — (V —o V'), whose least fixed point by
minimal invariance is id . This is done by case analysis over the structure of 7 and makes use of the fact
that (i,4) : U(V,V) € Vand (i~*,i71) : V C ¥(V, V). Recall the notation V(1) = [r]". Let

G={g:F(V,V)—~F(V,V) | VE,a¢E.

VEF 0. VR € bParAdmRel®. V2, a I 7. VAr.

V(v], v5,v1,v2), (W, wh, wy, wa).
(v], vh, 01, v2) € ¥(V, V)(7)(Ea B([o]

(1) ZR))(Ar) =
(gvugvzvvhvz) € ¥(V,V)(r[o/al)(

(
R)(Ar)

(w17w2,w1,w2) € U(V,V)(r]o/a))( _R)(Ay);»
(gui, gwh, wy, ws) € U(V,V)(r)(Za R ([0]"(ZR))(Ar)}

So it suffices to show that e € £ = F'(e,e) € G. We also show that the relations are carried over by
Vg, Vg, U |

Assume e € E. To show 6(e) € E or F(e,e) € G.
It holds that e C idy = Ug(e,e) C ids A Uk(e,e) C idgy A Yp(e,e) C idry A Fle,e) C
idF(V,V) A 6(8) Cidy.

If vi = v} = L then d(e)v] = 6(e)vy = L.

We often omit the isomorphism 4,7~ ! in the proof below.
S) Assume (57,55, 51,52) € Ug(V,V)(Ar).
To show (Ug(e,e)ST, Ug(e,e)Sh, Si, S2) € Us(V,V)(Ar).
This follows by downwards closure of ¥g(V, V).

1x) Assume (K, kb, ky, ko) € U (V, V) (7 1) (Ea B([o]'(ER))(Ar).

To show (Ux(e,e)k,, Ui(e ek, ki, ko) € Ui(V,V)(rlo/a] ) ER)(Ar). It K, =k, = L
then Wi (e,e)ki = Uk(e,e)kh = L and we are done. Else we reason as follows. We must show
((As. A0k (Tg(e, e)s)(ev)), (As.Av.ks(Ts(e,e)s)(ev)), ki, ka) € Uk (V, v)(T[U/a]T)(ER)(A7’). Let
Al Ar. Assume (5,55, 51, S2) € Us(V, V)(ALr) and (v}, vh, v1,v9) € ([r[o/a]]'(ER)(ALY).
Since by assumption ¢ € E and by S) it follows that ((Vs(e, €)57), (¥s(e, €)93), 51,52) € ¥s(V, V)
(A1) and (ev), evh,v1,v2) € ([r]'(Ea B([o]"(ER))(Alr!). Then it follows from the assumptions
that

(Pk (e, e)k])Siv = k1 (Ps(e,e)S))(ev]) = T = kaSovs = T and

(Vi (e, e)ky)Shvh, = kb (Vg(e,e)Sh)(evh) = T = k1 S1v1 =

We conclude (Vg (e, e)k], (Pk (e, e)ky), ki, ka) € Ui (V,V)( T[o/a] YER)(Ar).
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2) Assume (ki, kb, k1, ko) € U(V, V)(T[a/a}T)( ﬂ)(Ar) a ¢ ZEANEF 0. To show (Vi (e, e)k],
Uicle,e)kl by, ke) € U (V,V)(7T)(Ea B([o] (ER))(Ar). Itk = k) = L then Ux(e,e)k| =
Uk (e, e)kh, = L and we are done. Else we reason as follows. We must show((/\s.)\v.kﬁ(\lls(e,e)s)(ev)),
(As A0k (T (e, e)s)(ev)), ka, ka,) € Ui (V,V)(71)(Za R([o] (ER))(Ar).

Let Alr! > Ar and assume (57, 5551, S2) € Vg(ALrt) and (v}, vh, v1,v2) € ([7]'(Ea B([o]' (ER)
)(Alrl). Since by assumption ¢ € E and by S) it follows that (Us(e,e)S;, Us(e,e)Sh, S1, %) €
(Vs(AlrY) and (e}, evh, vi,v2) € ([rlo/all' (ER)(A'!). Then it follows from the assumptions
on ki, kb, ki, ko that k1 (Ug(e,e)S1)(ev)) = T = kasaws = T and k5(Ug(e,e)Sh)(evy) = T =
Feysywi = T. We conclude (¥ (e, )&}, (T (e, )KL, kr, ko) € ([r 7] (2o R([o]' (ER))(Ar).

1a0) Assume (m,, mh, my1,ms) € ([T7]7 (Ea R([o]"(ER)))(Ar).

To show (U1 (e, e)m)), (Ur(e,e)mb), my, mo) € ([Tr[o/all" ER)(Ar). It m) = mh = L
then Wp(e,e)m) = Wyp(e, e)m2 = 1 and we are done. Else we reason as follows. We must show
(M As.m (W (e, €)k) (W (e, €)s)), (As. v.mb(Vg (e, e)k)(Us(e,e)s), mi, ma) € ([Trlo/a]]”
(E2R)(Ar)). Let Alr! > Ar Assume (S}, S5, 51, 52) € (Vs(Alr!) and (K}, kb, ki, k2) € ([T[o—/a]T]]K
(2R)(A'r!). Since by assumption ¢ € E and by S) and 2) it follows that (Us(e, €)S}, Us(e, €)Sh,
S1,82) € (Vs(Alr) and (W (e, e)k’ \I/K(e e)kb, ki, ko) € [ T]] (Ea B([o]"(ZR)))(ALr). Then
it follows from the assumptions on m/, mf, my, mo that

(Tr(e,e)m))Siv] = mi (¥ (e, e)k))(¥s(e,e)S]) =T = kaSova = T and

(U7 (e, e)mb)Shvh = mh(V (e, e)kh)(Ps(e,e)S) =T = k1 Siv1 =T.

We conclude ((Ur (e, e)m}), (W (e, e)mb), my, mo)([Tr[o /o] (ER)(Ar).

25) Assume (my, mb, m1, my) € ([T7]o/a]]"(EE)(Ar) A a ¢ 2 AZF 0. Toshow (Ur(e, e)m)),
(Tr(e,e)mb), mi,mz) € ([T7]" (Ea R([o]'(ER)))(Ar). I m} = m}y = L then Ur(e,e)m) =
Ur(e,e)mh = L and we are done. Else we reason as follows. We must show

(AeASmy (T (e, e)k)(Ts(e,e)s)), (AeAs.mbh(Pk(e,e)k)(Ps(e,e)s ))7 my, my) € ([T7]" (B
R([o]'(ER)))(Ar). Let Alr' > Ar, and assume (K, kb, k1, k) € ([rT]" (Ea BR' ([0] (ER)))(Alr!)
and (57, 85,51, 52) € (Vs(Alrh).

Since by assumption e € E and by S) and 1) it follows that ((\Ilg(c €)S1), (¥s(e,e)Sy),51,52) €
(Vs(Alrl) and (W x (e, e)k)), (Uk(e,e)ky), ky, k) € ([rlo/a)T]™ (ZR)(Alr!). Then it follows
from the assumptions on mf, mb, mq, mo that mi (Vi (e, e)k})(¥s(e,e)S;) = T = kasows = T and
mh(Wk (e, e)ks)(Us(e,e)Sy) =T = kisywy = T.

We conclude (U7 (e, e)m),), (Ur(e, €)mb), my, ms) € ([T7]" (Ea B([c] (ER))(Ar).

V) The v} = vj = L cases are imidiate. Assume in all cases in the following proof that (v] # L V v} #
1).

o Assume (v}, v}, v1,v2) € (Jos]"(Ea B([0]"(ER))(Ar) A a; # . Then a;[o/a] = a; and (v}, v},
v1,v2) € (R;(Ar). By downwards closure of R; it follows that (F'(e, e)v}, F(e, e)vh, v1, va) € R;i(Ar).
So ( (e,e)v), Fe,e)vh, v1,v2) € ([au]' (ER)(Ar) and (F(e,e)v}, F(e,e)vh, v1,v2) € ([ailo/al]’
(ER)(Ar).

Assume (v}, vy, v1,v5) € ([ai[o/a)]' ER)(Ar) Ao ¢ EAa; # a. Then ay[o/a] = a; and
(vh,vh,v1,v2) € (R;(Ar). By downwards closure of R; it follows that (F'(e, e)v}, F(e, e)vh, v1, v2) €
(Ri(Ar). So (F(e, e)v}, F(e,e)vh,v1,v2) € (Jas]' (B R ([EF o]'(R))(Ar).

Assume (v}, v, v1,v5) € ([a]'(Ea R ([0]'(E ﬁ) )(Ar). Then (v}, vh,v1,v5) € ([o]"(ER)(Ar).

To showlF(e,e)v{, Fle,e)vh,v1,v2) € ([alo/a]] (ER)(Ar), that is (F(e, e)v)}, F(e,e)vh, v1,v) €
([o]*(ER)(Ar). This follows by downwards closure.
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Assume « ¢ = and (v}, vh,v1,v2) € ([[a[(r/a]]] (= ff)(Ar) that is (v, vh,v1,v2) € ([o] (ER)(Ar).
To show (F(e,e)v}, F(e, e)vh,v1,v2) € ([o] (B R ([o]'(ER)))(Ar). This holds when (F(e, e)v},
Fl(e,e)vh, v1,v2) € ([o] (ER)(Ar). This follows by downwards closure.

o Assume (v}, vy, v1,v2) € [r — T7']"(Ea R([o]’ (_R) )(Ar). This implies o ¢ Zand vj T vy /\v2 C
vy /\Hd'l,d'z,dl,dQ Vo TV. (v = LAd, = 1) \/v1 = n_|di]) A ((vy = LAd

Ly voh = din_|dy]) Avi = in_|di] Ave = in_|de] A VA > Ar. Vw{l,wéz,wu,wgg :
V. (W, wao, w1, wao) € [7]'(Za RB([o]' (ZR)))(A'r!) = (djwhy, dywhy, diwiy, dowss) € ([T
(Za RlloT' ER))A!). To prove (Fle,e)ef, Fle, e, va,v2) € [(r — Tr)o ol (ER)(Ar)
F(e,e)vy E vy E v A Fe,e)vy T vh £ vy follows from Fe,e) C idpy, vy Avy & v Avy E
ve. Fle,e)|d)| = in_ [Mw. V(e e)(di(ew))] and F(e,e)|ds| = mﬂ [Aw. \I!T(e e)( '(ew))| and
Fle,e)L = L. Let Alr! > Ar and suppose (w),, why, wi1, wss) € ([r[o/a]]’ (ER)(ArY). By
assumptions on e then (ew},, ewl,, w11, wo2) € ([7]'(Ea B([o]" (_R)))(A1 h. And so by assump-
tions on v}, vh, vy, vy it holds that (djw), dywhy, dywiy, dawss) € ([T7']" (Ea R([o]' (ZR)))(A').
By assumptions on e together with 1,7) then (Ur(e,e)(djw)y), Ur(e, e)(dhwhy), diwi, dowss) €
(I7'[o/all" (ZR) (A'r!). We conclude (F(e, e)v}, F(e, e)vh, v1,v2) € [(T — T7')[o/a]]' (ER)(Ar).

Assume (v}, vh,v1,v2) € [(7 — T7)[o/a]](ER)(Ar), @ ¢ Z and E F 0. This implies v} C
v Avh C wg A3dy,dbdiydy 2 Vo— TV ((v) = LAd] = L) Vo = ino|di]) A ((vh =
LAdy=1)Vvoh=in_|dy|) Avi = in_|di| Avo = in_,[do] ANVAYL > Ar. Yy, why, wi, was :
V. (why, why, wi1,wae) € ([rlo/e]] (ER) (AW = ( ﬁu;{l,déwzz dlwll,dngg e ([Tr'[o/a)]”
(ZR)(ArY). To prove (F(e, e)v}, F(e, e)vh, v1,v2) € [r — T7']")(Ea R([o]'(E )) )(Ar).

F(e,e)v] Ev) C vy A F(e,e)vy £ vy £ vy follows from F(e,e) C idp(y vy Avi E vi Avy E va.
F(e,e)v) C in_ | w.Wr(e e)(di(ew))| A F(f7 )v2 Ein [Mw. W (e, e)(dy(ew))]|. Let Alr! >
Ar and suppose (w}, w22,w11,w22) € ([7]"(Ea R([o](ER)))(A'r'). By assumptions on e then
(ew), ewhy, w1y, wys) € ([ro/al]l (ER) (A 1) And so by assumptions on v}, vy, v1, vz it holds that
(dyw),, dywhy, dywyy, dywss) € ([T7[0)a]]T (ER) (Al 1) By assumptlons on e together with 25/)
then (U (e, ) (dfauhy), U (e, ) (dhuy), druny, dywzs) € (IT]7 (0 R(lo] (SR))(AMY. We
conclude (F(e, e)v), F(e, €)vh,v1,v2) € [(r — T7)]")(Ea R ([o] (ZR)))(Ar).

o Assume (vf,v5,v1,0v2) € [V3. TT]]t(:Oz R([o]"(ER)))(Ar). This implies o ¢ Z, 8 ¢ (E,a) and
v) C oy Avh Cug A3dY,dy, dy,ds - (W] = LAdy = L)V =ing|d)|) AN ((vh =L Ad, =
L)V oh = iny|dy]) ANvp = indelj /\ vy = iny|da| A VRg : bParAdmRel. (di,dh,dy,ds) €
(71" (20 R(loT' (ER)Ra)(Ar). To prove (Fle,e)et, Fle,e)uh,vn, ) € [¥5. Trlo/all')(ER)
(Ar). F(e,e)vy C vy CuiAF (e, e)vy E vy E vy follows from F(e, e) C idp(y, V)/\v1 C v Avh C vs.

=1 = F(e,e)v] = LAv] = iny|d|]| = F(e,e)v] = iny|Yr(e,e)(d))| Avh =L = F(e,e)vh =
L Avh = iny|dy| = F(e,e)vh = iny|PUr(e,e)(dy)]. By assumptlons on (v}, vh,v1,v2) and e and
by 21) VRa. (Wp(e,e)(d,), Ur(e,e)(db), di,d) € ([Trlo/a]]” (E8 RRs)(Ar). So we conclude
(F(e, e)v}, F(e, e)vh,v1,v2) € [VB. Trlo/al]')(ER)(Ar).

Assume (v}, vh,v1,09) € [VB. Tr[o/o]] (ER)(Ar), a ¢ Z. This implies v} T v A vh T vp A
dy, dy,dy,do : TV. (V) = LA = L) Voy =ing|d)]) A (v = LAdy= 1)Vl =iny|dy]) A
v = iny|di| A ve = iny|da] AVRg : bParAdmRel. (d} fz,dl,dg € ([Tr[o/a]T (28 RRp)(Ar).
To prove (F(e,e)v}, F(e,e)vh, vi,v5) € [v6. Tr]" )(_,a R ([o]"(ER)))(Ar). F(e,e)v) T v} C
v A Fe,e)vy E vy C vy follows from F(e,e) C idpy,vy Avy E vp Avy E vp. vy = L =
F(e,e)v] = L AV = inyld]) = F(e,e)v] = iny|Ur(e,e)(d))| Avh = L = F(e,e)vh =
L Avh =iny|dy]) = F(e,e)vh = iny|¥r(e, e)(dy)|. By assumptions on (v}, v, v1,v2) and e and by
1ar) VRs. (W (e, e)(d)), Ur(e, e)(db), di,ds) € ([T7]" (2 R([o]" (ER))Rs)(Ar). So we conclude
(F(e,e)vy, Fle,e)vh,v1,v2) € [VA. T7]")(Za R([0]'(Z R)))(Ar).
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o Assume (v}, vh,v1,09) € [uB. 7]'(Za B([o]'(ZR)))(Ar). We may assume 3 ¢ (Z,c). The as-
sumption implies o ¢ = and v] T vy Avh T vg A3d),db,dy,dy 2 V. (v) = LAd) = L)V =
ng(dy) # L)AN((vy = LAdy = )\/v2 = inu(d’) # L) Avp = inu(dy) # L Avg = iny,(de) #
LA(dy, db,dy,dy) € ([rps.7/8]] (Za B([o]' (ER)))(Ar). To prove (F(e, €)v}, F(e, e)vh, v1,v3) €
[(B. 7)o /] ) ER)(Ar). Fle,e)v) E v} T vy A Fe,e)vh T vh C vy follows from F(e,e) T
idpv,vy Avp E vr Avy E va. ) = L = Fle,e)vy = LAv = iny(dy)) = Flee)v) =
ingledy) Nvy = L = Flee)vy = L Avy = iny(dy)) = F(e,e)vy = iny(edy). By assump-
tions on (v}, vh, v1,v2) and e so (ed),edb, di,ds) € ([(rluf.7/8)lo/a] (ER)(Ar). Asa # 3
so (rluf.r/A)lr/a) = (rlo/al)lubrio/al/B)) and (uB.7)lo/a] = ub.(rlo/al) So we conclude
(F(e, e)v}, F(e, e)vh, v1,v9) € [(ufB.7)[o/)]")(ER)(Ar).

o Assume (v}, v, v1,05) € [(uf.m)[o/]]"(ER)(Ar), @ ¢ E. Then E + (uf.r)[o/al. We may
assume 3 ¢ (Z,a) and so (uf.7)[o/a] = pp.(r[o/a]) as 2 F o. The assumption implies v| C
v Avy E wg A3dy,dy,didy 2 V. (v = LAd, = L) Vol = in,(dy) # L) A((vy =
LAdy, =1)Vuy =in,(dy) # L) Avy = inu(di) # L Avg = inu(da) # LA (dy,dy,dy,do) €
([(r]o/a])[uB.(rlo/a])/BI] (ER)(Ar). To prove (F(e, e)v}, F(e, e)vh, v1, v2) € [uB.7]")(Za B([o]"
(ER)))(Ar). F(e,e)vy E vy £ v1 A Fe,e)vy £ vy £ vy follows from F(e,e) E idpv,vy Av) E
v Ay E g v = L = Fle,e)v] = LAV = iny(d))) = Fle,e)vy = inyled)) ANvy = L =
F(e,e)vy = L Avhy = in,(dy) = Fe,e)vy = in,(edy). As a # (3 then (7[o/a])[uB.(T[o/a]) /B8] =
T[uﬂ T) /ﬁ])[a/a] and so by assumptions on (v}, v}, vy, v2) and e then (ed}, ed, dy, ds) € ( [[T[uﬂ 'r/ﬁ]]]
(o R([o] (ER))Rs)(Ar). So we conclude (F(e,e)v}, F(e,e)vh, v,v2) € [uf.7]")(Ea R([o]'(E
R)))(Ar).

t

o The cases for + and x types hold similarly by assumptions on e.

o Assume (v}, vh, v1,v2) € [rret]’(Za B([0]"(ER)))(Ar). This implies either vj = vf = L or
3l € dom(A). vi T vy = inp(l) Avy C vy = = ing(I) NA(l) = 7 A — F 7 : type. To prove
(F(e, e)v}, F(e, e)vh, v1,v2) € [rret [o/a]] (ER)(Ar), thatis since 7 is closed (F (e, e)v}, F(e, €)vb, v,
vy) € [rret] (ER) (Ar). F(e,e)v) T v} E vy = ing(I) A Fle, e)vh C vh C vy = ing,(1) follows from
F(e,e) Eidpoyv,vy Avy Evr = inp(l) Avy E vy = ing(l). So we conclude (F(e, e)vy, F(e, e)vy, v1,
vy) € [rret [o/]]")(ER)(Ar).

The other direction holds similarly from 7 closed and downwards closure.

e Also the cases for 1 and int hold by downwards closure.

Definition 20 (Related environments)
We extend the relational interpretation of types to environments. For environment = F I', with ' = x; :
Tlyeooy@n @ Ty, 0> 1, let pi, ph, p1,p2 € ®i6{1_’___7n} V. Then
(Phs P 1, p2) € [TT'(ER)(Ar) iff .
Vi € {1 .n}. 3(1)11 vy, 0125 v2:) € [D(2:)]"(ER)(Ar) and
= Qv Py = Qv p1 = Qv1i, p2 = Q2

For T' = {} define (g}, pb, p1, p2) € [I]' (ER)(Ar) iff
Py =py=p1=p2 =[]

It follows from the definition that
=
(P, p2: p1. p2) € [T (ER)(Ar) =
((Pr=py=L)VpI Cp1# LApy T pa# 1)).
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Definition 21 (Relating denotations of open expressions)
e Forall= = ay,...,ap, foralll' =xy :7y,...,2y : Tpand A;Z; T Vi crand A Z5T F Vo o7,y
forall Ar, letvy = [A;Z;TF Vi 2 7] and vg = [A;E; T+ Vi : 7], and define

(v1,02) € ([r]p)(Ar) &5

VAt > Ar. YR : bParAdmRel*. V!, pb, p1, pa.
(h: Pa, 1, p2) € [TT'(ER)(AT) = L
((v1p1), (v2p), (v1p1), (v2p2)) € [T (ER)(A'r)

e ForallZ = ay,...,ay, forallT = xy : 71,...,2y : T and A;Z;T & My : Tt and A; 25T
M, : T, forall Ar, let my = [A;Z;T F My : T7] and mg = [A;Z; T+ Mo : T'7], and define

(m1,m2) € ([T7]r) (Ar) &5

YA'r > Ar. VR : bParAdmRel”. Vol ph, p1, p2-
(Ph P 1 p2) € LT ER)(AT) =
((vip1), (v2ph), (vip1), (v2p2)) € [T7]" (ER)(A'r")

Lemma 22

The typing rules preserve relatedness in ([[]]f

")), forallr.
For typing rules with no premisses it holds that

if —— andd=[A;Z;THG:
AETHEG:y [ 1l

then Vr. (d,d) € ([y]ep)(Ar).

For typing rules with j premisses it holds that

it AT I o € T S, A ERT E Gy and
A ESTEGL
A;El;FlFGm:'yl ...... A,E],F]chg’yj and

A ET Gy
for the well typed terms
diy = [A 25T F Gl die = [AER T F Gre iml, -
djp = [AsE5 T F Gyl dje = [AE;T F Gz sg]. And dy = [AESTE Gy ey, dy =
[AZ5T -Gy A
And¥i € 1...j. (i1, diz) € ([ilE,p,)(A7).
then it holds that (d}, dy) € ([Y']& ) (AF).

Proof: The proof is by induction over the typing relation and parameter weakening is used in several
proof cases.

°«
AE Ty
Letv = [A;E T F ;- 7]
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Let Ar be a basic parameter. To prove (v,v) € ([[Tj]];r)(AT'). Let R € bParAdmRel” and let
A'r' > Ar,

Assume Vi € {1...n}. (v};,vh;, 015, 02;) € [D(2:)](ER)(A'F) and p} = @ vls, ph = @ v,
p1 = ®uii, p2 = @ vy It then holds that (o}, pb, p1, p2) € [T](ER)(A'+') and p; = phy =
LV (p1 # LAps # L) Weneed to show (v1p,vaph, vip1,vapa) € [r] (ER)(A). p) =
ph =L = vip] = vaph = L and we are done. (py # L Apy # L) = ((vip1 = mj(p1) =
vj1) A (vap2 = 5(p2) = vj2) A (Vip) € {L,vj;}) A (vhph € {L,0},})). By downwards closure
and assumption (v}, vh;, v1j, v2;) € [T ()] (ER)(A") it holds that (v1p}, vaph, v1p1, Vaps) €
[7,] (ER)(A"r"). So we have (v,v) € [r;]5.) (Ar).

AETHEV T
AETRoval V:Tr

Letv; = [A;E; 0 F Vi 7] and vy = [A;Z;T F Vo - 7]. Assume (v1,v2) € [7]ap(Ar).

Let my = [A;E5T Fwal Vi T7] and mo = [A;Z; T Fwal Vo : T7]. To show, (mq,ms) €
[T7]zr(Ar).

This requires V. YA 1> Ar. Vol ph, p1, pa-

(Phs P o1, p2) € LI (ER)(A'T) = (ma(ph), ma(ph), ma(pr), ma(p2)) € [T7]'(ER)(AT).

If pf = ph = L thisholds,else p1 # L Ap2 # L. pf = L = v1p) = L Amyp) = L and
ph =L = vaph =1 Amaph=_1.

Let A"r"t> A’ and suppose (K, kb, k1, ko) € [T 1] (ER)(A"r") and (s}, sh, 1, 52) € Vs(A”r").
(map1)kisi = kisi(vipr), (maph)ky st = Ksi(vip)),

(map2)kasy = kasa(vapa), (maph)kysh = kysh(vapy).

The continuations and states are related under the basic parameter A”r” by assumption, the values
are also related under A”r” by assumption and parameter weakening. Hence we get the required
termination approximation, so (m; (p} ), ma(ph), m1(p1), ma(p2)) € [T]T (ER)(A).

We conclude (mq,ms) € ﬂTTHéF(AT).

K

A;E TV Tre
AETHIV:Tr

A;E; TV o:o7ref implies — - 7. Let

o1 = [AE;TF Vi rret] and v = [A; ST F Vo @ 7ret]. Assume (v1,va) € [rref |op (A7).
Letm; = [A; 5T FIV; - Tr] and mg = [A; ST FIV, : T7]. To show, (my,ms) € [T]%n(Ar).
This requires VE. YA 1> Ar. Yol ph, p1, pa-

(0, b, 1, p2) € [TTERY(A'T) = (ma (), mah), ma (1), ma(p2) € [TTIER)(A').
If p} = py = L this holds, else p1 # L A pa # L, and the assumption implies 3/ : 7 € A’ v1p; =
Vopa = et l, 1P}, vaph € {L, ingesl} and it holds that 7 is closed. Let A”r” > A’r’ and suppose
(K4, Kb, k1, ka) € HTTﬂK(Eﬁ)(A”r”) and (84, sb, s1,82) € Vg(A"r").

(mapy)kisy = kysi(sil), (maph)kis| T kysi(shh),

(mapa)kasz = kasa(sal), (maph)kysy T kisy(shl).

The continuations and states are related under the basic parameter A”r” by assumption. As [ : 7 €
A’ C A then also ()1, shl, 511, s51) € [r]°()(A”r") and by Z-weakening so (1, 51, 511, sol) €
[7]"(ZR)(A"r"). Hence we get the required termination approximation, so (my(p}), ma(p}),
mi(p), ma(ps2)) € [T7]" (ZR) (A'+'). We conclude (my,ms) € [Tr]5,(Ar).

AE TV, o Tref AETHEV T
N ETEV, =V, T1
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Let vy = [A;E; T F Vop s 7ref] and vae = [A;Z; T F Vg« 7ref |

Let vy = [A;Z;T F Viy s 7] and vpe = [A; T F Voo = 7]

Assume (vg1,Vq2) € [[Tref]]tEF(AT’), and (vp1, vp2) € [[T]]tEF(AT).

Letmy = [A;E5T F Vg := Vi : T1] and mg = [A;E;T F Vg := Vo : T

To show, (m1,ms) € [T1]Lp(Ar).

This requires VR. VA" 1> Ar. Vpl, p5. p1, P2-

(p1, s p1, p2) € [TI'(ER)(A') = (ma(ph), ma(ph), ma(pr), ma(p2)) € [T1]'(ER)(A'T).

If p{ = ph = L this holds, else p; # L A py # L, and the assumption implies — - 7 and
Al 7€ A vg1p1 = Vaapa = et L, Va1 Py, Vazphy € {L, inges L}

Let A”r"t>A’r’ and suppose (k1, kb, k1, k2) € [[1T]]K(Eﬁ) (A7) and (s}, sh, 51, 52) € Vg(A"r").
(map1)kist = k1(s1[l = vprpa])ing*, (mapa)kase = ka(s2|l — vpape])ing*,

(K, € (550l = w1 pt)yin %, (maph s C K (shll > vuaph]Jimo

The continuations and the original states are related under the basic parameter A”7” by assumption.
It follows from the assumptions that the values stored are related (vy1p}, vp2ph, Vp1p1, Vb2p2) €
[7] (ZR)(A'r"). Since 7 is closed then by the E-strengthening property and parameter weakening
for V also (vp1 o], Up205, Vb1p1, Vb2p2) € [[T]]t()(A”r”). Asl: 7€ A” O A’ then the updated states
are still related under A”7". The 4n* values are related under any parameter. Hence we get the
required termination approximation, so (my(p}), ma(ph), m1(p1), ma(p2)) € [T1](ZR)(Ar").
We conclude (mq,ms) € [T1]5p(Ar).

NE o THEM:TT ZEFT
A;E T Aa. M - YVa.TT

Letmy = [A; =2, ;T F My : Tr] and mg = [A;E, oz T = My : T'7].

Letv; = [A; 5T F Aa. My - Va.T'7] and vy = [A; Z;T F Aa. My = Vo T'7].

Assume (my,ms) € [T7]5, (A7) and assume = - T.

The assumption implies VR, Ry. YA'#'>Ar. (0}, ph, p1, p2) € [T (Ea R'Ro) (A7) = (ma(p}),
ma(ph), mi(p1), ma(p2)) € [T7]7 (2,0 BRy)(A"'). When p # L then vyp = iny|mip| and
vap = iny|map). To show (v1,v5) € ([Va.Tr]kp)(Ar).

This requires VR. VA" > Ar.Yph, ph, p1, pa-

(s, s p1,92) € [TT ERYAT) = (01(61), va(p), 01 (1), va(p2) € [V Tr] ERY(A'T).
This again requires ((UI(P1)) = () =1) V EFVaTrAa ¢ ZA (vi(p)) T o) #
L Awa(ph) € valpe) # LA (3dydidy dy = TV. ((0n(ph) = LAdy = 1) Vui(py)) =
in|d; ) A (v1(pr) = inyldi)) A (v2(ph) = LAds = 1)V va(ph)) = inyld)) A (va(p2) =
iny|dy|) AVR, € bParAdmRel. (d}, dy, dy,dy) € [T7]" (Ea RR.)(A'T").

This follows from the assumptions. Then we can conclude (v1,vs) € [Va.TT]5 (Ar).

A ETHV Vo TT ZFo
AN ETFVo : Trlo/al)
Letvy = [A; ;T F Vi Va.T'r] and vy = [A; =T F Vo : Va. T'7].
Letmy = [A;E; T+ Vio: Trlo/a])] and me = [A;E;T F Voo : Tro/al)].
Assume (v1,vs) € [V.T7]5 (A7) and assume = + o.
To show (mq,mz) € [[TT[J/a])]]gr)(Ar). This requires YRE. VA'r' > Ar. (o}, ph, p1,p2) €
[C] (ER)(A'r') = (m1(ph), ma(ph), mi(pr),ma(p)) € [Trlo/a]] (ER)(A'F).
The assumption (v1, v2) € [Va.T7]Lp(Ar) implies VR. YA'r' > Ar. (p, pb, p1, p2) € [T](ZR)
(A1) = (v1(p}), v2(ph), v1(p1), va(p2)) € [Va.T7]' (ER)(A'r'). This again implies (vy (p}) =
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va(py) = L) Vg EN ( vi(py) C vilpr) # L) A (v2(p) T vap2) # L) A3Jdy,dy,dy, da -
TV. ((n(py) = i ANdy = L)V i(p)) = inv|di]) A ((va(ph) = L Ady = L) Vua(py)) =
iny \_dzj) ANvi(pr) = mvl_dlj A wva(p2) = iny|da] ANVR, € bParAdmRel. (d},d},di,ds) €

[T7]" (RRa)(A'r ’))-

Also by deﬁnition of the denotational semantics

(vi(py) = L = mi(ph) = L =dy) Avi(py) = inydy] = mi(p)) = di,

(v2(ph) = L = ma(py) = L = dy) Ava(phy) = iny|dy| = ma(ph) = ds,

(v1(p1) = L=ma(p1) = L Avi(p1) = iny|di| = mi(p1) = da,

(v2(0h) = L = ma(ph) = L Avalph) = imylds] = ma(ph) = di

If (L = (vi(p))) = (va(ph)) = (mi(p})) = (ma(ph))) we are done. Else by assumption
VR, € bParAdmRel. (d},d}.dy, d2) € [T7]7 (Ea ERa)(Ar'). We choose Ry, as [o]'(ER),
50 by assumptions it holds that (d}, d},dy,ds) € [T7]" (Ea R([o]"(ER))(A'). By lemma 19
this implies (d}, d}, dy,ds) € [T7[o//]]T(ER)(Ar"). So (my(p)), ma(ph), mi(p1), ma(pa) €
[Trlo/a]]" (ER)(A'r"). We conclude (my,ms) € [Tr[o/a]]L(Ar).

P1
/
P2

AETHEV o7
A E T ErefVo: T (7ret)
Letv; = [A; ST V7] and vy = [A;Z;TF Vi 7). Assume (vg,v9) € [7]5p)(Ar) and
-k
Letmy = [A;E; T FrefVy : T(rret)] and mo = [A; 25T F refVo : T(7ret)].
To show: (my,ms) € [T'(7ret )ﬂgF(Ar).
(m1,ms) € [T(rret )| Ep(Ar) requires VE. YA'r > Ar. (py, ph, 1, p2) € [C](ER)(A) =
(1 (01), m2 (), ma(p1), map2)) € [r] " (ZF)(A'r"). This again requires (1 (o)) C (1 (p1))A
(ma(ph)) T (m2(p2)) /\VA”T” > A" VEL kK, kol VST, St, S5, Sa.
(
((C

(=F7)

(k 1,k2 k1, ko) € [TT]] ER)(A"") A (8], 85,51, 5,) € Vg(A"r") =
((ma(py))k ST =T = (mg (p2))kaSa =T) A
((m2(ph) k555 = T = (ma(p1))k1S1 = T)).

(m1(p))) C (ma(p1)) A (ma(ph)) E (ma(p2)) follows from assuptions on pf, p1, ph, p2. For the
remaining proof, assume (ki, kb, k1, ko) € HTTH ER)(A") A (S, 8h,51,85) € Vg(A"r").
By the denotational semantics and the theory of FM domams

(ma(ph))k1 ST = KL (ST (v1(p1))]) (inrer 1) (ma(p1))ka Sy = k1 (S1[l = (vi(p1))]) (ires 1)
(2 (o)} = K541 = (03 (0))]) it ) (ma(p2) a2 = Ka(Sall — (u2(p2))])(iner 1) for
U ¢ supp(N" ki (Sl = (v1(p1)])(inrer 1)) U supp(N k2 (Sall — (va(p2))])(inesl)) U
dom(A") U Ar1(S1) UA,n2(S2). We define an extended parameter A" = (A" W1 )"
>A"r". By assumption (vl(pl),vg(pQ) vi(p1),v2(pr)) € [7]'(ER)(A'F) and — + 7. So
(invret Uy inref L, et 1, inges 1) € [[Tref]] (_R)(A3 /"), and by Z-strengthening and parameter weak-
ening (v1(p}), va(ph), v1(p1), va(p1)) € [r]°()(A%). The original states were related under
A”r". The domain of A” as well as the areas wiewed by accessibility maps have not been changed,
so by parameter weakening (Si[l — (vi(p1))], S3[l — (v2(ph))], Sill = (vi(p1))), Sall —
(v2(p2))]) € Vs(A%r"). So we have continuations related under A”r" applied to states and values
related under the extended parameter A3r”, and then we get the required termination approxima-
tion. So (my(p}), ma(ph), ml(pl),mQ(/Jg ) € [T7]F(ER)(A'r"). We conclude (my,msy) €
[T (7ret )| £ (A7),

NETEM,:Tr, ANET, 7, My:T7
A;E T let x <= My in My : Ty,

Letmyg = [A;E; T F Mg : T74], maq = [A;Z; T F Mo, : T
Letmyy = [A;E; T 207y B My : T1p], map = [A 50,22 70 b Moy, = T'1].
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Assume (M4, mag) € ([[TTaﬂ ) (Ar) and (mqp, maop) € ( [[TT,,]]_r i) (AT). Then

VR VAT > Ar. Y(ph, ph, prs p2) € ([T]' (ER)AT). (m1a(p}), maa(ph), m1a(p1), maa(p2)) €
(IT7]" (ER)(A'), and further V(ud, v 01z, v32) € [ra] (ER)A'T). (may (@01, ), man (s
Vhe)s map(p1 ® via), may(p2 ® v2)) € [T]" (ER)(A'T).

Letmy = [A;E; T Flet w <= My, in My, : Tp] andlet mo = [A;Z;T F let @ <= Mo, in My, : T
We need to show (mq,msg) € [[T-rb]]gr(Ar) thatis VE. VA'r'>Ar. Vo, py 1y p2- (04, Py p1, p2) €
[T/ ER)(AT) = (ma(ph), ma(ph), ma(pr), ma(p)) € [T]" (ER)(AT))

ma(py) = A.AS. (mia(p)))(ASo-Ade((map(py ® de))kSo)S,

ma(ph) = Ak AS. (maq(ph))(ASo-Ady.((map(ph @ dy))kSo)S,

mi(p1) = Ak AS. (m1a(p1))(ASo.Ade.((map(p1 @ da))kSo)S,

ma(p2) = AkAS. (Maq(p2))(ASo.Ady.((mas(p2 @ di))kSo)S.

Let R, A'r' 1> Ar be given and assume (0}, ph, p1, p2) € [T] (ER)(A'r). Let A" 1> A'+’ and
assume (k{, kb, k1, k2) € IITJHK(EFL')(AHT”) and (57,55, 51,52) € Vs(A"r").

(ma(p1))k1S7 = (maa(ph)) (ASo-Ada- (M1 (0} © de ))/ﬁSo)Sﬁ’
(m1(p1)k1S1 = (mia(p1))(ASo.-Adg.((m1y(p1 @ di))k1S0) 1,
(ma(p5))k5S5 = (ma2a(ph))(ASo-Ade- (112 (ph ® do) ) K )Sz»
(ma(p2))k2S2 = (M2a(p2))(ASo-Adz.((mav(p2 ® di))k250)S2

By assupmtion (m14(p}), maa(ph), mia(p1), maa(p2)) € [[TTa]] (ER)(A'r")and (S}, 55,51, 5,) €
V(A" r"). So, to prove the required termination-approximations we want to show that

()\S[))\dz ((mlb(p’l ® dz)) k‘iSo) )\So)\dz ((mlb(pl ® dz))klso),

ASo- Ay (292 ® du))k2S0), ASo M. (man(p) ® di)JK4S0) € [T 1 (ER)(A")

Let A3r31> A" and assume (S}, Sy, S10, S20) € V(A3r3) and (d}, db, dy, d2) € [a]' (ZE)(A3S).
(ASo-Adg.(map(py ® do)) k1 S0)S1ody = (may(ph ® di)) kS,

(ASo-Adg-(map(phy @ du )k S0) Saedy = (may(ph @ d3)) kiS5,

(ASo-Ady.(may(p1 ® dy))k1S0)S10d1 = (map(p1 ® di))k1S1o0,

()\SU./\du.(TILQb(pz ® dw))kQSO)SQOdZ = (7”21,(/72 ® dQ))kQSQU‘

By assumptions on d’s and p’s and pdrameter weakening on p’s it holds that ((p] ® d}), (ph ®
db), (pr ® dy), (p2 ® da)) € [I, : 74) (ER) (A3 3) By assumptions on ;s then (mp(p] ®
d), mzb(p2®d2) may(p1®@dy), map(p2@dz)) € [[TT;,]] (ER)(Ar3). Since also (S}, Shos S10, S20) €
Vs (A3r3) and by weakening (K}, kb, k1, k2) € IITJ]] (ER)(A313) then we get the required termi-
nation approximation. We can conclude that (mq,ms) € [T" Tb]]gr(AT‘).

A, fir—Tr 27 M:T7
A ETErecflx:m)=M:7—T7'

Letmy = [N 210, f 7 —T7',x: 7 My : T7'], and

let mo=[NE0, f 7 =T a7k My : TT),

Assume (mq,ms) € [T7' ]] J(Ar),where Tg =T U{ f:7—T7 2:7}.

Letvy = [A;E; T F rec f(T 7) =M :7— T7'] and

let vy = [[A,_ Threcflx:m)=My:7— TT’]] To prove: (v1,v2) € [r — Tr']5p(Ar). This
requires VR, VAT > Ar.Y(ph, p, p1, ﬂz) € [T (ER)(AT). (1), va(ph), vi(p1), va(p2)) €
[(r = T ER)(AY) = [r — T (ER)(A"),

Ifpf =ph=1 then v1(p}) = va(ph) = L. When p # L we have

[AETErecfx:m)= M:7—T7 Jp=

ioin_ | fiz(Af € (V —TV).(Xz' € V.[NEDL, fir =Tt o7 M:Tr'](p@f — icin_. [ f'|®
z o)) =ioin || ,e, 9nl

59



where g, € (V —TV), go = Ly_orv and

g1 = Az € V. [AED fir =T a:7EM T |(p@ f—ioin,|gy] @z — xp).

so we have that when p} # LV pl, # 1 then

o1(pr) = i 0in-|LLe 951, va(p2) = i 0 in— L e, 2.

vi(p) Cioin.|e, 98 ], va(ph) Cioin.|l,e, g2 | where

96 =95 =95 =93 = Lv—mand

Ghp1 = Azo.ma(pr @ o in_|gh] @ wo), gn s = Awo.ma(pe @i oin_|gn] ® o),

g¥ 1 = Azoma(p) @ioin_ gk | @ @), g2iq = Azo.mi(ph @i oin_, g2 | @ xo)

It holds that

Lhewgn = N’ € Vamu(pr ®@ioin_ [(U,e, 9n)] ® 7)) and

Unew 92 = (A2 € Vamg(pe @ i o ino| (e, 92)] @ 2)).

We have g C gt C | g A g2 C g2 C |]g2 and from the definition and the assumptions
pi © p1 A ph £ po then by induction Vn.gy C g1 C Llgn A g E g2 C Lgn.

Also Vdy., ds. LVH,M(dl) = Ly_au(dy) = Ly Since VArVR. Vdy,dy € V. (L, L |_|gn 1),
LIgh(d)) € [P7T7 GR)(Ar), 50 (i 0 in—gd i o in— g3, v (o), va(p)) € [r — T )
(A'r"). We will show by induction on n that

Wnew. (ioin_ gt |,ioin_|gZ] |vi(pr), valpa) € [r — T ER(AT).

Assume (i 0in_ g |, 0in_ 2] | v1(pr), va(pa)) € [r — Tr'](SR)(A).

We have v1(p1) = ioin_|||,c, gn] and va(p2) = ioin_|| |, 92].

To show that (i o in_ [g}' 1], 0in_. Lgn“J | vl(pl) va(p2)) € [r — T7']'(ER)(A'r') we must
have YA"r" > A'r' V(d} 7d’Q,dl,dQ) e [rI'ER)(A""). (Axo. ml(pl @ioin_|gt| ® xo)d,,
Nag.mia(py @ioin_ | g2 |@xo)d) |_|gn(d1 Ll g2(d)) € [T (ER) (A"r ”) Thatis (m1 (p}®@
ioin_|gl | @d), ma(ph@ioin_|g? | ®dy),mi(ps @io m%\_ |_|n€u L) @ di,ma(ps ®
ioin|(Uye,92)] ®d2, 7', p") € Viy

Since by assumption (my,ms) € [[TT’HZF (Ar) and we have (i o in_|gl |,i o in_ Lg‘n/J i
ino|Upew 98] i 0 ins|,e, 921) € [7 — '] (E )(A’ "y and (d}, db,dy,dy) € [7]" ( )
(A" it holds that (m1(p} @ i o in_|gl | @ d}), ma(ph @ i o in_ [gnj ® dby), ml(pl ®
i0in= ey 9n] ® di), ma(pz @ i 0in- |l ,e, 97) ® d2)) € [77]" ER)(A"r"). So (io
in_lgi1) ioin g 1) ioina (e, galsioin—|L,e, 97]) = (ioin_. L%HJ ioin_ g2,
vi(p1),v2(ps)) € [r — T (ER)(A).

We have shown that Vn € w. (ioin_| g} |, ioin_, 9% |, v1(p1), v3(p2)) € [T — 77" (ER)(A'r ’)
Then since Vy is admissible also (|| o in_ | g} |, |i 0 in_ Lgn j vl(pl) va(p2)) € [r — T7']"
(ER)(A'). So (v1(p)), va(ph), v1(p1), v2(p2)) € [ — T (ER)(A"T),

hence (v1,v) € [T — T7']5n(A7).

ANE TV, =T AETEV, T
AETEV,V,: T
Letvig = [A;E; T FVig i 7 = T7], 020 = [A; ;T F Vo : 7 — T'7].
Letvip = [A;ZT F Vip s 7, vy = [A; 5T Vi = 7]
Assume (v14, v2q) € [ — T7']Lp(Ar) and (vip, va) € [7]p(A7).
Letmy = [A; 25T F Vi Vi : T7'] and mg = [A;E; T F Voo Vay, : T7].
We aim to show (mq,msa) € [[TT’]];F(AT). Let B € bParAdmRel”, A7/ > Ar and assume
(0}, b p1, p2) € [TTHER)(A'1). We want to show (1 (p;), ma(ph), ma (p1), ma(pa)) € ([T7']"
(2R)(A'r"). The assumption (v14, va4) € [T — T7']Lp(Ar) implies either (v14(p}) = vaa(ph) =
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Lyor3fi, f3, f1, fo-(v1a(p1)) = LA ST = L)V (via(p)) = in [f1]) A(v2a(ph)) = LA S5 =
L)V (v2a(ph)) = insfs] A (via(p1)) = insfi] A (vaa(p2)) = in[fa] AVA"
A (dy dy ) € [P ER)A"T). (fidh, fads, frd, fadz) € [T7] ER)(A").
In the first case my (p} ) = ma(ph) = L, andso (my(p}), ma(ph), (ma(p1), ma(p2)) € [T7]" (2R)
(A’r"). In the second case we have mq(p}) = f1(vip(p})), ma(ph) = f5(van(ph)), ma(p1)
f1(vi(p1)), ma(p2) = fa(vop(p2)) and it follows from the assumption (v1p, vep) € HTH;,\{(AT
that (v1s(ph), v26(P), v1b(p1), vn(p2)) € [7]"(ER)(AT). And so (ff(vis(p1)), f5(va(
Fiow(pn); f2(van(p2))) € [T7']" (ER)(A'r'). That is (ma(p}), ma(ph), ma(pr)sma(pe
[T (ZR)(A'r"). We conclude (my, ma) € [T7'] L0 (AF).

=

e ————(Al:7)
ANET 1 Tref
Letv = [A;E; ' 1 : 7ref ], and assume Al : 7.
To show: (v,v) € [[Tref]]tEF(A'r'), this requires VR. YAt 1> Ar. Vol ph. p1, p2-
(Phs Py o1, p2) € LI ER)(A'T) = (v1(ph), v2(ph)s vi(p1), v2(p2)) € [reet] (ER)(A'7).
Al : T implies that 7 is closed.
If py = ph = L = (vi(p})) = (v2(ph)) = L and we are done. Else p| T p; # L /\pi2 C
p2 # L, thenv1(ph)) E (vi(p1)) Ava(ph)) E (v2(p2)) Avilpr) = va(p2) = inrer . Then since
A 1> Ar so A’ = 7 and it holds that (vi(p}),va(ph), v1(p1),va(p2)) € [rret] (ZR)(A'). So
(v,0) € [rret[op(AP).

Theorem 23 (Fundamental Theorem)
For all parameters Ar it holds that
o if A\;=;T'HV : 7 then
(ST HV 7] [AE TRV 7)) € [r]ep(Ar),
o if A;=;T'+ M : T'1 then
(IA;E;0+ M T7], [A ST F M : T7]) € [Tr]%(Ar).

The Fundamental Theorem follows from Lemma 22.

Lemma 24
Forall Ar and k = [A; Fval z : (z : 7) 7], we have that (k. k. k,k) € [T]*()(Ar). Moreover, if
S e[AFX]then(S,S,5,5) € Vs(AT).
Proof:
o Leth=[A;Fovalx: (x: T)T]]K, then k =
ASA. [A; 527 Fwval x: Tr]{x — d}(AS". (M. T) 1 )1LS =
AS A (AS" (A" T) 1) .15d
Let Ar be a basic parameter. Let A'r/>Ar. Assume (s, 85, s1, s2) € Vs(A'r’) and (v}, v, v1,v2) €
[71' O(A’r'). We need to prove
ksiv] =T = ksgvg = T and kshvh, = T = ksjv; = T.
It holds that ksjv] C ksyvq and kshovh, T ksgv. It follows from the assumptions that s} = s =
LV(st#LAse# L)andv] =vh =LV (0 # LAvy# 1)
If $f = s, = Lorv] = v, = 1 then ksjv] = kshvl, = 1 and the implications holds trivilally.
If this is not the case then it holds that s; # 1L Ass # L Av; # L Avy # L. So ksjv; =
(AS A (NS (A" T) 1)1 Sd)s1v1 = T A ksgvg = (ASAA.(AS'.(Ad'.T) 1)1 Sd)sava = T. Again
the implications holds. So we conclude (k, k, k, k) € [[TT]]K()(AT).
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e Let A - X be a typing judgement for a store X. Let S € [AFX] = {5 |V(l:7) € A. §'l =
[A;;F %1 : 7] }. We want to show (S, S, 5,5) € Vg(AT). This requires S = L or S # L AV(I :
7)€ A. (51,51, 81,S1) € [r]'()(AT). This follows by fundamental lemma from the assumptions
Sl=[A;; =31 7].

|
The following theorem expresses that we can show two computations or two values to be contextually
equivalent by showing that their denotations are related under a parameter A7, which does not require
that any hidden invariants hold for states. The computations may themselves be able to build up local
state invariants and a proof of relatedness will often require one to express these invariants.

Theorem 25 (Contextual Equivalence)
LetC[L]: (A E;T F ) = (A;;-T7) be acontext. If A;Z;T'F Gy : vy and A;Z;T' F Gy : v and

(IAET Gy AL [A ST F G i 9]) € Er(AT)
then, forall ¥ : A,
S, let v <= C|Gq] inval x |<= %, let v <= C|Ge] inval x | .

Proof: Let C[-] : (AsE;T F v) = (A;;- T'7) be a context, and assume ([A;Z;TF Gy : 9],
[A;ZT - Gy 2 7)) € [Y]5(AT). By induction over the structure of C[_ ] and by lemma 22 it holds
that ([A;;+ C[G1] : T7], [A;;F C[Ge] : T7]) € [TT]]{T}(AT). Letk = [A; Fvalx: (z:7)"]. By
lemma 24 (k, k, k, k) € [[TT]]K()(AT) andVS € [AFX]. (5,5,5,5) € Vs(AT). So

[A5;FCIGH] = Tr][A; Foala: (v:7) ]S =T & [A;- ClGa] : Tr] [As Fval v : (z:7) ]S =
T. The lemma then follows by soundness and adequacy of the denotational semantics. |

5 Example

In the following example we consider a polymorphically typed client ¢, which uses an abstract stack of
integers. The client is polymorphic in the type representing the stack and thus we expect that the client
produces the same result for two different, but related, implementations of a stack. And, indeed, we are
able to prove so using our proof method established in the previous section. In one case, the client is given
a stack, which is implemented using ML-style lists and in the other case, the client is given a stack, which
is implemented using mutable lists.

c:VaT(((1 = Ta) x (int x o« — Ta) x (o — T (1 + (int x «)))) — T(1 + int)) = Ya.T(r —
T(1+ int))

¢ = Aa.wval rec f(empty, push, pop) = (

let sg < empty() in

let s1 < push(1,sg) in

let x < pop(s1) in

case x of inyzy = val iny(); ingrs = ing(mias) )

ay = pf.1+ (int x 3)
g = (pB.1+ (int x Bref)) ref

e; =rec Ey(a: 1) =wal (foldiny())
ez =rec Esx(a: 1) =let z < wval (foldiny()) inref z
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pushy = rec Pushy(z : int x o) = val (fold insx)
pushy = rec Pushs(z :int X ) = ref (fold ingx)

popy = rec Popy(z : a) = let z <= unfold zin z
pops = rec Pops(z: o) = let y <z inletz < unfold y in z

p1 = let x < c(aq) in x(emptyr, pushy, popy) p1: T(1+int)
p2 = let & < c(ag) in x(emptys, pushs, pops) po : T(1+int)

We define some local parameters: For each ! € IL define local parameter r; : (Sal = inginginying*), Agp, Agy.
Foreachl,l’ withl # 1" € L foreachn € Z define ryyr, : (Sal = inginginging(ingn,inyl’)), Ag, Agy.

Further define R € bParAdmRel: (d}, db, dy,ds) € R(Ar)
dy=dy=1V
(dy Tdy Ady Edy A
(3. vy €7 A (dy, ds) = (inyinginging=,ingl) vV
lo, l; with [y ?ﬁ lyanddny € Z A1 D {7’10,’!‘11[0"1} A
(di,dz) = (inyinginging (ingng, in,inginiingx)), inyly) V
Ik > 1A3ly...l, €L pairwise different A3ny ... 10, € Z A7 2 {riy, "iyigng s Tialyns - - - Tl _yng A
(dy,d2) = (inginginging (inzny, inginginging (ingng_1,... ... inyinginying*) ...), inyly)))

(%) It follows from the definition of R that if (df,d),d1,ds) € R(A%0) and dy # inginginging*
then ...l € L pairwise different s.t. do = inLly A3ng...ng € Z A7 2D {ry, "iigny s Tialons
< Tl 1y + and then (inginginging (ingn;, inging . .. ... nyinginiingx)...), inpl;) € R(AOTO)
forallj € 1...k, and

((inginginying x,inglo) € R(A%0).

To show: ([;3F pa]l [55+ p2]) € [T(1 + int) ]y (AgT)
Let A’r' > AyT and assume (K7, k5, kv, ko) € [(1 + int)T]]t()(A’r’) and (s}, sh, s1,s2) € Vg(A'r).

ik plkis = [5F c(a)J(ASON. [ s 2 - w(emptyr, pusha, popy)[{z — d*}k1S%)s1 =
[; o F val rec fT(ASOAC. [; ;& = a(emptyy, pushy, popy ) [{x — d°}k1S%)sy

s+ p2] k2sa = [;;F c(a2)[(ASOADC. [; o; @ - x(emptys, pusha, pop2)][{z — d°}k2S5°)s2
[; i F val rec fIASOAAC. [; ;& = @ (emptys, pusha, pop2)[{x +— d°}k25%) s,

By assumption (s, s5, 51, s2) € Vg(A'r’) and by fundamental lemma

([ o F val rec f1, [; s F val rec f]) € [t — T(1 + mt)}];@(A@r’), and it follows that

VR € bParAdmRel. ([;a;F val rec f],[; a;F val rec f], [; a3t val rec f], [; a; = val rec f]) €
[r—=T1+ int)]]t(aR)(A"r’).

So also for R = R, and we get the required termination approximation if

((ASOAA. [; a; o + z(emptys, pushy, popr)[{x — d°}k1SO),

(ASONA. [; a; o = a(emptys, pushs, pop2)[{z — d°}k2SP),

(ASONAY. [; a; @ = a(emptyy, pushy, pop1)[{z — d°}k1S0),

(ASONAC. [; oy @ F a(emptys, pusha, pops)]{z > d°}k25°)) € [(r — T(1 + int)) 7] (o R)(A"").

To show this let A%r? 1> A'r” and assume (S7, Sy, S1,52) € V(A%r?) and

(dy,dby,dy,ds) € [r — T(1+int)]" (a R)(A%r?). Then d; = dy = L or 3¢}, ¢4, g1,92. ((d} =
Lagr =L vd =in.lg]) A(dy = LAgy = L) vdy = inslgs]) A(dr = ins|gi]) A
(do = in—|dz2 )N VAP > A%r%. ¥(v], vh,01,02) € [71" (e R)(A3r%). (giv], ghvh, g1v1, gava) €
[T(1 +int)]"(a R)(A3r?)
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(ASOAAY. [; a; ¢ = z(emptyq, pushy, pop1)[{z — d°}k1S°)S1d; =

[[:, a;x = 1(67’Lpty17PUS}L17POP1)]]{-T — dy }kl Si=gq ([[7 a; = (emptyr, pushy, popy )ﬂ)kl S1

(ASOAAY. [; s ¢ = z(emptys, pusha, pop2)]{z — d°}k1 S°)Sads =

[; s 2 = z(emptys, pusha, pop2)[{z +— da}kaSa = g2([; s (emptya, pusha, pop2)])k2S2.

So by parameter weakening for the continuations it suffices to show that

([; s = (emptys, pusha, popi )], [; a; = (emptya, pushs, pop2)], .

[; s & (emptyr, pushy, pop1)], [; ;b (emptys, pusha, pops)]) € HTHt(OLR)(AQTQ). This requires that
we can show that it holds that each of empty’s, push’s and pop's are related under (aRR)(A?r2).

empty's: Let (A%r3)1>(A2r?) and assume (K7, Kb, K1, K3) € [o] (aR)(A%3) and (S}, S, S1, Sa) €
Vs (A%r3).

[; as - empty [ (ing %) K181 = K151 (inginging (ing*))

[s oz = emptys ] (inqg %) K282 = Ka(S2[l — inyinginging])(inl) where [ is fresh.

Let A*r® = A3(r® U {r,}). Since by assumption (S}, S, S1,S2) € Vs(A%r®) and [ is fresh then

(S1, Sh[l = inyinginiing#], S1, S2[l — inyinginying+]) € Vg(Atrt).

Also (inginginying*, ingl, inginginying, inpl) € [o] (aR)(A%?). So we have related contin-
uations applied to states and values related in an extension, so (empty;, empltys, empty;, emptys) €
[1 — Ta] (aR)(A2r2).

push’s: Let (A%4) > (A%r%) > (A2%r?) and assume (KI,KZ,Kl,KQ) e [a]*(aR)(A%*) and
(87,85, 51,95) € Vg(A%r4). Assume (V{, V4, Vi, Va) € [int x o] (aR)(A%r3).

It must hold that V{ = V4 = L or In,d}, d},dy,ds. V] C (mzn dy) TV = (ingn,di) # LAVY C
(ingn,dy) C Vo = (ingn,dz) # L A (dy,dy, d1,d2) € [a] (R)(A%®). Further by the definition of
Ritholds that if V/ # L v V§ # Lthen 3k > 0,lg... Lk, ny . ..np. 7 D {710y Piytony - - - Tlyiony, + and
if k = 0 then d; = inyinginiingx and dy = inply, if k > 0 then dy = inyinginsing (ingny,in, .. )
and dg = inle.

[s s = pushq] Vi K181 = K151 (inyinginaing Vi ).

[; as - pusha] Vo K3 So = K55l +— inyingina Vo] (ingl") where I’ is fresh.

Let A%® = A*(+* Uryy,,). Then since I is fresh and by assumptions on the Vs and by definition of R
it holds that (in,inginsing Vi, inul, ininginging Vi, inl’) € R(A%r5), and also the updated states
are related (57, 5[l — inginginaVa), S1, So[l! — in,inginsVa]) € Vg(ASr®). So we have related
continuations applied to states and values related in an extension, so (pushi, pushs, pushy, pushy) €
[(int x ) — Ta]'(aR)(A2r2).

pop's: Let (A%r*) > (A%r3) > (A%r?) and assume (K1, K3, Kth) [a] (@R)(A%r*) and

(8}, 5,51, 52) € Va(ALrt). Assume (V{, V3, V1, Va) € [a]' (aR)(A3r3).

It must hold that V{ = V§ = L or 3k > 0,lp...lLg,ny ...k 7> D {10y, Tlhiony - - - Tlplony } and
if Kk = 0then V/ C Vi = inginginying* and dy C dg = ingly, if & > O then V/ C V} =
inyinginging (ingny,in, ...) and V{ C Vo = inply.

If k = Othen [; ; F pop1] Vi K181 = K151 (inginiing*) and since the states are related in A*r4>A373
then Syl = inyinginiing* and [; as b pops] VaK2Sy = K2Ss(ingining ). By the definition of V it
holds that (ingin, ing *, inging ing *, inginying *, inginying %) € [1 + (int x )] (aR)(A%r4).

If k = 1 then [; a5 popi ] VIK1S) = K1 Siinginging (inzng, in,inginiing*) and since the states
are related in A7 > A% then Saly = inyinginging (ingnk, inyly) and

[; s F popa]] VaK3Ss = Ko Sa(inginging (ingng,ingly)).

As 1y, € 1450 (inginginying*, inplo, inginginying*, intlo) € [a]’ (aR)(A%H).

If £ > 1 then Vi = inginging (ingny,dy) and [; o - popi| ViK1 S1 = Ky Stinginging (inZny, dy)
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since the states are related in A*r? > A373 then Saly, = inginginsing (ingny, inLl;—1) and
[; s pops] VaK2Ss = Ko Ss(inginging (ingnk, intlk—1)). By the definition of 7 and since D
{715 Tliigny - - - Tlelony + then by (%) (dq, inply—1,d1, inLly—1) € [[a]]t(aR))(A47'4).

In all cases we get related continuations applied to related states and related values, so we get the required
termination approximation.

We conclude ([;;+ pi], [;3+ pa]) € [T(1 + int) [y (Ao T).

6 Conclusion and Future Work

We have given what appears to be the first relationally parametric model of a langauge with recursive

and polymorphic types and references to values of closed type. We are currently working on lifting the
restriction that reference types have to be closed.
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Relational Reasoning for Contextual Equivalence

Nina Bohr

Abstract. We device a proof method for showing contextual equivalences of programs in a
monadically typed language with recursive types, impredicative polymorphism and general
references. This method extends the proof method presented at APLAS 06 (Nina Bohr and
Lars Birkedal: Relational Reasoning for Recursive Types and References [13] ). The definition
of parameters has been refined so that we can use our method to prove more programs equiv-
alent. The refined parameters make it possible to express that two programs are temporarily
at inequal steps but will later come back to equality, or that two programs both diverge but
not at the same ’step of computations’. It is also possible to express that programs make
irreversible changes within hidden areas as the “Awkward Example” from Pitts and Stark
[39]. We think that a closer comparison between this method and the bisimulaition based
method devised by Kuotavas and Wand [28] will show that our method makes proofs quite
accessible. We have added polymorphic types, but we do not treat relational parametricity
here. In the previous paper (Relational Parametricity for Recursive Types and References of
Closed Types) we discuss relational parametricity.

1 Introduction

In our paper from APLAS 2006 [13] we presented a proof method for contextual equivalence,
which could be used to prove equivalence of several interesting programs. We want however to
make the method more helpful in proving program equivalences. To that end we define several
extensions in this report. Most of the extensions require a more refined definition of parameters.
However, in actual examples we find that the definition of the local parameters we use in proofs,
express in a natural way the intuition of why we believe the programs to be equivalent. So proofs
of contextual equivalence of programs become a reasonable straightforward test of hypotheses of
equivalences. When the local parameters are defined, the rest of the proof is almost automatic. So
the complications in the definition of the format for parameters arise from the attempt to make
the method reasonably easy to use on program examples.

To motivate the definitions in the following sections, we will first informally discuss some prop-
erties of a pair of programs together with example programs. We come back to the examples again
in the Example Sections 7 and 10, where we will formally define the parameters we use. We hope
that this informal presentation will make the definitions more accessible for the reader. Hongseok
Yang proposed several example programs, which we gratefully acknowledge. In the informal pre-
sentation below, we assume that the reader is familiar with the definition of parameters in the
article [13] which this report extends.

1.1 Irreversible change of states

First, we want to handle irreversible changes of local state. A program may have the possibility
of changing state in a local area in an irreversible way, and the equivalence of two programs may
require that we use the knowledge that the state cannot be changed back again. Recall the Awkward
Example from Pitts and Stark [39]:

M: leta<ref 0in
val (rec fa(g : unit — T7): Tint =
let ¥ <=a:=1inlet y < g() in la))

N: wal (rec fn(g:unit — TT): Tint =
let z < g() in val 1)
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M and N are closed computations. N is the computation that gives a function fy. fn takes
as input a function g, applies g() and if this terminates then fy always returns 1. M allocates a
new local location [, and assigns 0 to it. Then it computes a function fys, which takes as input a
function g, then updates [, to 1 and applies g(). If this terminates then fys reads [, and returns
the result.

By informal reasoning, we expect the two computations to be equivalent because the only way
the location [, can be accessed is by application of the function fps, so once [, has been set to
1 it can never be set to any other value. Pitts and Stark use computation induction to prove
these programs contextually equivalent and they conjecture that a Kripke style relation will make
the programs accessible for a proof of equivalence. They suggest (in their setup) “ry D ro where
r1 = {(s,())|s(l) = 0 or 1} and o = {()|s(l) = 1}”. Such a local parameter is expressible in our
setup and makes it possible to prove the programs equivalent (we have though preferred a local
parameter that is a little different). We obtain this by defining what we call local extensions of a
local parameter. Together with the definition of a local parameter, we now also include a precision of
which local extensions the parameter has. We always require that related computations are related
at any later time expressed by a parameter larger in the parameter ordering, and local extensions
give larger parameters. Let in an informal notation a local parameter with local extension be
p=(¢" < ¢") = ( (51(1) = 0) with extension (s1(I) = 1) ). Computations related under parameter
p are required to behave related under each of the set of states in p = ( (s1(I) =0) < (s1(I) =1))
and the set of states in (s1(1) = 1). States related under p must have s1 (1) = 0 but it is also required,
that the stored related values are related under p so as described also under p’s local extension.
Computations related under p may change the value stored in S;(I) from 0 to 1 and so extend
the parameter. At a later time the parameter may have been locally extended to ¢' : (s1(I) = 1).
Now states related under ¢! must have s;(I) = 1, and computations related under ¢* must behave
related under the set of states in {(s1,s2)|s1(l) = 1}.

We aim at defining parameters, order on parameters and relatedness under parameters in such a
way that computations related under a parameter will also be related under any bigger parameter.
A bigger parameter is meant to describe a later step in computations. If related functions are
stored and later retrieved we expect them to be related in the new contexts. We also want the
parameters to be able to express such irreversible change of states which equivalent programs may
perform in local areas. So, together with the definition of a local parameter, we now also include
a precision of which local extensions the parameter has. A local extension uses at most the same
local areas of two states as the local parameter it extends. A local parameter together with its local
extensions has the form of a tree. Irreversible changes of states to local extensions corresponds to
stepping down to a subtree. So for these example programs the local parameter is a two-node tree
(¢° < ¢*). The root-node says that location [, in the M-side must hold 0. The sub-tree-node says
that [, must hold 1. With such a local parameter we can prove the programs equivalent, see the
Example Section 7.1 for details.

It is necessary to define which local extensions are legal together with the local parameter. The
reason for this is, that when we define a local parameter and prove programs equivalent under the
parameter, then we must show that all exported functions preserve the parameter and we require
the “parameter weakening property” i.e. that all bigger parameters will also be preserved. Usually
this will not be the case for any arbitrary local strengthening of the parameter. In proofs we often
need to do case analysis, and show that in all cases of extensions down a “local parameter tree”
we get the required termination behavior.

Connected to the question of which computations we relate is the snapback-problem. We show
in the Example Section 7.6 that at most types the “snapback”-function is not in our relation.

1.2 Knowing the initial steps of continuations

The parameters from [13] as well as the parameters with local extensions from above are preserved
by each pair of related computations and pair of related continuations independently. We will now
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discuss extended parameters, for which we can use knowledge of initial parts of the continuations
our computations are applied to.

When we develop a proof of equivalence of two programs we will often reach a step, where we
apply a computation m which is part of the initial program to a continuation, in which the initial
steps are generated from the original program. In such situations m may change states in ways
which are so to say set back to an appropriate form by the known initial steps in the computation.
An example of such a situation is given here.

M: letw<ref 0in
g(rec far(u:unit) = (w:=1));
val (rec getps(u: unit) = (lw) ,rec setpr(n :int) = (w :=n))

N: letx <ref 0in //flag: inside program N
let y<ref 0in //flag: argument function fx has not been applied inside program N
let v<=ref 0in
g(rec fn(u:unit) = (if (\z =0) then (y := 1) else (v :=1));
if (Yy#0) then (v:=1);
x =1
val (rec gety(u: unit) = (W) ,rec sety(n :int) = (v:=n))

M and N are open computations with a free variable g of type ((unit — Tunit) — T'T).

M first allocates a new location [,, and stores 0 in [,,. Then g is applied to a function fy;. If g
applies fys then fy’s only action is to update l,, to hold 1. If g(far) terminates then M returns a
getter and a setter for .

N is a little more complicated. N first allocates three new locations [, [y, I, each with the value
0. Then g is applied to a function fy. If g applies fy then fy will read the value stored in [,. If
the value in I, is 0 then fy will update [, to hold 0 and I, to hold 1. If the value in [, is not 0
then fy will update I, to hold 1. If g(fy) terminates then N will read the value stored in I, and
if it differs from 0 then [, will be set to 1. Then [, will be set to 1. Finally N returns a getter and
a setter for .

We expect M and N to be contextually equivalent by reasoning as follows. Inside M and N
the functions g (expected to be equivalent) may store and/or apply their argument functions fs
and fy. When g is applied inside M and N, then the only way g can access I, and I, 1, and
1, respectively is by application of the argument functions fy; and fyn. The reason is that these
locations are locally allocated and at this time the getters and setters for I, and [, have not been
exported. Function fy only reads l,, so g cannot change the value stored in location I . [, is
updated to hold 1 just before computation N finishes. Hence [, can be used as a flag for being
inside IV or after N has finished. I, can only be changed by fx and this will only happen if fx
is applied inside of NN, hence the value of [, can be used as a flag telling if fx has been applied
inside N. Since g’s are expected to be equivalent, we expect them to have similar application and
storing actions for the arguments fa; and fn if g(far) and g(fn) terminates. Assume fy; and fn
are applied one or more times inside g(fys) and g(fn). far will update I, to hold 1, and fn will
update I, to hold 1 but leave I, with the value 0. So just after g(fis) and g(fy) terminate then
ly and [, do not hold related values. However, this is remedied by N in the next step, where the
value in [, is read to be 1 and so I, updated to 1. Now [,, and [,, hold the same value. N will set
I, to 1. If g has stored fy; and fn then they may be called in the future after N has finished, and
then fys and fn will always update l,, and [, with the same value because [, will always hold 1.
Setters and getters also keep the values stored in l,, and [, identical. Suppose the g¢’s store fy; and
f~ but do not apply them. After g(far) and g(fn) terminate I, and I, will both hold 0 and I, also
be untouched. Now N will read the value in [, to 0 and leave [, untouched. We see, that under
execution of the programs M and N the values in [, and [, may possibly have different values
temporarily.
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Look at the denotations for M and N and assume that they are given related functions gas, gn
and applied to related continuations kys, ky and related states Sys, Sy.! In an attempt to prove
M and N equivalent, we will reach a point

(*) IM](g — gam)kar S = g ([Far][w — L)) (ASAd.[val (getar, setn)][w — Ly)karS)Sas [l — 0]

[N1(g — gk = g (Ul = Lyt — Lyyw = L) ASALES (ty #0) then (v 5= 1); (2 i=
1);val (getn, sety)][z — Lo,y — by, w — Ly]knS)Sn(le — 0,1, — 0,1, — 0]

where we (when we follow our usual way of proving equivalences) would like to be able to say
that: We apply related computations to related functions, so this gives us related computations.
These computations are then applied to related continuations and related stores. In the end we
want (also) to say that setters and getters are related, this is the case if l,, and [, can always be
expected to hold the same value. But this property is not preserved by fys and fx unless [, holds
1, which is not initially the case.

In our informal reasoning for why we expect M and N to be equivalent, we benefitted from
two observations: That the functions fas, fny preserved two different invariants, namely either “l,
holds 0 and values stored in /,, and [, are equal” or “I/, holds 1 and values stored in [,, and [,
are equal”. Then knowing that the initial steps of the continuations which g(far) and g(fy) are
applied to would use the first invariant to establish the other invariant necessary for the set, get
functions to be related, we could see that in the end things would match up.

In this report, we extend parameters from [13] to be able to benefit from knowing the initial
steps of the continuations we apply to, and to allow us to employ that computations may preserve
more than one invariant. The extended parameters will make it possible to make formal statements
expressing:

Computations related under a parameter that tells that they will preserve each of a set of
invariants will have similar termination behavior whenever they are applied to

states fulfilling one of the invariants and where all stored values preserve each of the set of
invariants, together with continuations that give similar termination behavior, when they are
executed in stores fulfilling this one invariant .

So, with these extended parameters, related continuations informally speaking “knows how to
bring the situations back to equivalence, if it has temporarily leaped away in a well defined way”.
For continuations to behave well in this sense, they must know the invariants we are considering.
For this reason the extended parameters require two different order relations on parameters: The >
order is used for parameters with additional invariants, which are preserved by each of computations
and continuations separately, so an invariant that continuations do not know about, does not matter
for their related performance. The » order is used, when we add sets of invariants, and expect
computations to be applied to continuations, that will ensure termination equivalence, knowing
the invariants hold.

In the example above the parameter says that either A : (Sil, = Sal, € {0,1} A Sal, =
0 A Sol, = 0) or B : (Sily = Saly, A Sal, = 1). It is a property of our relation together with
the parameter definition that related computations cannot change which invariant A, B the stores
satisfy. In (¥), the states we apply the computations gas(far) and gy (fn) to fulfill A, and the
continuations we apply to can be shown to give similar termination when applied to states that
fulfill A. This proof benefits from the fact that the initial part of the continuations change the
states, so that B will be fulfilled. See example 7.2 for details.

1.3 Exporting hidden locations to visible

Sometimes two programs may require some locations to be local in the beginning of execution,
but may later on export these locations so they become visible to the outside. We have included

! Our relations will be 4-tuples, but for simplicity we here look at pairs
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a more refined treatment of local vs. visible state in the new definitions. The following example
(cf. Example Section 7.3) is a variation of the previous example. The only difference is that in this
example the computations M and N finally export the locations l,,, I, to visible. In the previous
example the computations M and N exported setter and getter functions to Ly, 1.

M: letw<= ref 0in
let z <= g(rec fu(a: unit) = (w:=1)) in
val w

N: letx< ref 0in
let y < ref 0in
let v< ref 0in
let zg < g(recfn(a:unit) = (if (lz =0) then (v:=0;y:=1) else (v:=1)) in
let z1 < if (ly #0) then (v:=1)in
let zg <= x:=11in
val v

Informally the reason for M and N to be equivalent is that when [,,, [, are finally exported,
they will always hold the same value in states S1, Sz, and Sal, — 1. The computations gas(far)
and gy (fn) may store fy; and fn. Because it will hold in all future that Sal, — 1, so all future
applications of fys, fn will update S1l,, and Ssl, to hold the same value 1. It is necessary for the
equivalence-proof, that l,,, [, are local initially. We want to be able to use the fact that l,,, I, can
be simultaneously updated in the proof, that g(fas) and g(fn) relate.

In this report we refine the parameters from [13] to allow the possibility of export of hidden
locations in certain situations.

1.4 Divergence at different steps

We here consider a special case of the previous, where we know that the initial part of continuations
brings two programs back to be correlated. It might be the case that two programs both eventually
diverge, but not in the same ’step’. The initial part of the continuation may be responsible for
ensuring divergence of a program, when certain conditions are present in the state.

M :  g(rec fu(a: unit) = diverge)

N: letx<ref 0in //flag: inside program N
let y < ref 0in //flag: argument function fy has not been applied inside program N
let z <= g(rec fy(a:unit) = (if (Ix = 0) then (y := 1) else(diverge)) in
if (ly #0) then (diverge) else (z :=1;y:=1)

The programs M and N are open computations with one free variable g of function type (unit —
Tunit) — TT. M applies g to a function fys. If fas is applied the computation will diverge. N first
allocates two new locations I, [, and stores 0 in both (as in the previous example these locations
function as flags). Then g is applied to a function fy. fy reads the value in locations I, if it is
0 then fy updates [, to hold 1 else fy diverges. If g(fn) terminates, then N reads the value in
location . If the value is not 0 then IV diverges, else N updates [, and [, both to hold 1.

We expect M and N to be contextually equivalent for the following reasons. If g(far) applies
far then the application of fj; will not terminate, and hence g(fas) and M will also not terminate.
In the other side fn preserves the invariant, that [,, holds 0. If g(fn) in N applies fx then I, holds
0 and the application of fy will set [, to 1 and terminate. fy may be applied several times in
9(fn) and g(fn) may terminate. But application of fx will have caused I, to be set to 1 and then
afterwards N will diverge.

Suppose g(far) does not cause fys to be applied but stores fy; and then terminates. We expect
g’s to be related and so expect that also fy is stored but not applied, and g(fy) terminates. g
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can only access I, by application of fy so the value 0 stored in [, will be the same, and then N
will finish by updating I, to 1 and I, to 1. [, cannot be changed after this. If fa; and fy are later
retrieved from the store, then they will both diverge.

The situation here is somewhat similar to the previous example, but here we may have diver-
gence in different steps, where before we had values that were differently related. To handle this we
have refined our definition of parameters so that it is possible to express that one side has diverged
and so the other side is required to eventually diverge. If we attempt a proof of equivalence for this
example, then we assume M and N are given related functions gy, ¢o, and the computations are
applied to related continuations ki, ko and related stores Sy, Ss, and we get to

(%) [M1(g1)k1S1 = g1 [fm] k1S

[N](g2)k2S2 = g2[fn]lz — lovy — LJASAA.([if ('y # 0) then (diverge) else (v := 1,y =
DI o Loy o LR S)S L o 0,1y 0

With the refined parameters we can express formally that f; and fxn are related for both of

A:((Soly = 0N S3ly, =0) < (left hand side has diverged ASl, = 0 A Sal, # 0))

BZ(SQZI 9& 0)

The updated states fulfill A. The continuations can be shown to give similar termination be-
havior when applied to states that fulfill A. The proof benefits from the fact that the initial part
of the continuation ensures that either both sides have diverged or the states have been changed
so that B is fulfilled. See example 10.1 for details.

‘When we attempt a proof of contextual equivalence, then we always will start out with an
attempt to prove that two programs are related under a parameter, which only requires that
visible locations hold related values and does not have any hidden invariants. This is a reason why
local parameters which can express that one side has diverged can be used in proofs, we use them
in sub-proofs. When we can derive, that one side (potentially) diverges, then we use them to show
that the other side also (potentially) diverges.

1.5 Polymorphism

Aside from the refinement of parameters and order on parameters mentioned, we have also added
impredicative polymorphism to the language. This is done in a simple way, where we do not give
a relationally parametric interpretation. Two related values of polymorphic type are required to
behave equivalent whenever they are applied to identical types. Values of polymorphic types may
make full use of the store. A relational interpretation is discussed in the previous paper, which
extends the APLAS paper without the refined parameters but with relational parametricity. We
believe however, that it is possible to unite the refined parameters with a relational interpretation.

1.6 Outline of contents

In the following Section 2 we introduce the language and the operational semantics which will
be given by a termination judgement. In Section 3 we prove the existence of a recursive domain
in FM-Cpo? in which we define the denotational semantics. This is then shown to be sound and
adequate. From Section 4 and in the following sections we present our main new contributions, the
new parameters and the relations which we use in proofs of contextual equivalences. The relations
are defined on top of the denotational semantics. To express explicit divergence adds some extra
complication to the format for parameters and also extra cases to consider in equivalence proofs. We
have chosen to define two logical relations, both of which can be used for equivalence proofs. The
first without format for explicit divergence, the second with an extension which handles divergence.
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Each relation requires a separate proof of existence. In Section 4 we introduce the first of the logical
relations we will use for proofs of contextual equivalence. In Section 5 we give the formal definition
of the parameters we use in our first relation. In Section 6 we define the action of the domain
constructing functor on relations and prove the existence of a minimal invariant 4-ary relation
V. There is a pairwise domain theoretical approximation similarly as in the paper [13] so for an
element (d},d, | di,ds, (type),p) then dj C d; and dj C dy and we may think of dq,ds as a kind
of parameters. As in [13] the definition of the relation as 4-ary makes it possible to carry out an
existence proof in the line of Pitts [40] and at the same time let the parameters give very specific
properties of states. Based on the 4-ary relation we extract a binary relation between denotations
of open terms, this is then shown to imply contextual equivalence at simple parameters with no
hidden invariants. In the following Section 7 we then present proofs of equivalence for a number of
examples. In Section 8 we present the extension to the definition of the parameters which handles
explicit divergence. Section 9 holds the definition of the new relation and prove its existence. As
before it gives the basis for a binary relation, which is proven to imply contextual equivalence
at simple parameters. Then the Example Section 10 gives a proof of equivalence for the example
program we have seen in the introduction. In Section 11 we conclude.

2 Language

2.1 Types, terms and stores

The language we consider is a call-by-value, monadically-typed A-calculus with recursion, general
recursive types, impredicative polymorphism and general dynamically allocated references. Types
are either value types T or computation types TT. Closed values of any closed value type can be
stored in the store. The language is as in [13] extended with polymorhism.
Types
‘We have a countable infinite set of type variables ranged over by a.
Value types 7,0 == « |unit |int | 7x7 | 7+7|7ref |7 —T7 | pa.7t | Va.IT'T
Computation types T'7
Value and Computation types v = 7 | T'r
ftu(v) denotes the free type variables in 7.
Type contexts and well-formed types
A type context = is a finite (possibly empty) set of type variables = = v ... ap,.

A value type 7 or computation type T'7 is well-formed from a type context = if =+ 7 : type can
be generated by the following rules.

A value type 7 or computation type T'7 is well-formed and closed if — - 7 : type can be generated
by the following rules when = is the empty type context.

=7 type
= F unit : type E Fint : type ZE,ak a:type E k1 ref : type
E k7 itype ZF 1 type EbFTitype EF 1 type EFTtype EF 1o type
E 1141 type EF T X1 type EF 1 — T type
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E,ab 71 type Z, a1 type
= ¢ paet : type EFVYa.TT : type
Terms

We have a countable infinite set of term variables ranged over by x.

Locations L is the countable infinite set of locations [;.
Values Vi=z [n|l| ()| (V,V') |iniV | inV | rec f(x:7) =M | fold V | Aa. M

Computations M = VV' |let v <= M in M' [val V | mV | mV | ref V|V |V :=V"]|
case V of inyxy = My; insae = My |V =V |V + V' |iszeroV | unfold V | VT

Phrases G ::= M |V
fv(G) denotes the free term variables in G.

Contexts A context I" is a finite (empty) set of typed term variables I :i= a1 : T1,..., &y : Ty
A context I is well-formed from a type context = iff Va; : 7; € I. Z'F 7; : type. Notation =+ I'.

Continuation terms in =

fo(M) C{z} K eCont,
val x € Cont, let y < M in K € Cont,

Stores

A store type is a finite function from locations to closed value types and store is a finite function
from locations to closed values.

Store-type A € (L —y;, {closed Value types})

Store X € (L — i, {closed Values})

2.2 Typing Rules
Typing rules for terms

A typing judgement A; =5 ' G :7or A; Z;1'F G : T'7 is well-formed if £+ I, fo(G) C dom(I")
and = F 7 : type. All typing judgements in typing rules must be well-formed.

In any store type A all types are closed. So the (loc)-rule requires that 7 is closed. The (alloc)-
rule allows that 7 is open and it is possible by the (id)-rule to type z : 7 ref for open 7.

(id) (unit) —m——— (int) ————
PAYICED AR o A S e A;E5TF () unit A E; T Fncint
(loc) ———————— (Al=7) (val) _ A EIrEViT
A E L ELiTref A EDFoal Vi Tr
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A;ZTEV it ref A Z TV T

(deref) ==~ 4 (alloc) - -
A E WV T A Z T ErefV i T(T ref)
(assign) A EPEViiTref  AETEVo:T (eq) A ZE P EV i ref A Z Vi ref
A E, DV =V Tunit A; 25T F V) = Vy : T(unit + unit)
. A E TV T .
+ intro . - 1e{1,2
( ) A ECEinVim+1 (ie{l.2p
(+ elim) AETEV i+ AENey:nbM Tt AE; a1k My: T
A;E:TE case V oof injwy <= Myjinexs < Mo : TT'
(xintro) DZLFViin  ASTEVaim () AELEVIN XT3 oy
A ETE (W, Va) i1 X7y I EmVoTr
AELa:r,f:7—>Tr'EM: T A ETEVi =T AETEVa:T
(rec) (app)

=ilbrec flx:m)=M:7—T71 A Z T ViV T

A Z 0 M, Ty AL e :m b My : Tty

(let)
A Z T Flet x <= My in My : T
. A= DEVvint A E T Vo tint . A=V sint
(arith) (iszero)
A E;TEVE+ Vo Tint A; 5T Fiszero Vo T'(unit + unit)
(fold) A E T V : TlpaT/a] (unfold) A 5;41* EV:pot
A;ETE fold Vo: pant A E; I unfold Vo T(r|pot/a)
=R I = .= . = ! o
(4) A,_,L:,FF]\[.TT ErT (Aapp) A,H,FEV.VQ.T/T H/FT : type
A E T AaM Vo TT A E DV T (7] /a])
Typing rules for continuations
7 type A sxitEM:TT  AFK:(y:71)7"
Arwvalz: (w:7)7 Ablety<=Min K : (xv:7)"

Typing for stores

X A holds iff VI € dom(A). A;; = X1 Al

2.3 Judgement of termination

Termination judgements have the form: Ytz <= Min K |
where M is closed and K € Cont,.

Ylety <= M[V/z]in K |
X let x <= wval V in val x | Y let x <=wval Vin (let y < M in K) |
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X let y<= My in (let x <= My in K) | Xlet x = M[V/y,(rec fly:7)=M)/f]in K |

X let x < (let y < My in M) in K | X let x <= ((rec f(y:7)=M)V)in K) |
Xlet x <=wval Vi in K | Xlet x <= wval Vo in K |
Xlet v <= m(Vq,V2) in K | X let ¥ <= mo(Vh,V2) in K |

X let v <= My[V/zq] in K |
Xlet © < case inyV of injxy = Myjinsxs = My in K |

X let x <= My[V/zo] in K |
Y let © < case inyV of injxy = Myjinsxs = My in K |

Y let v < wval nin K |
Y let x <=ng +ngin K |

(n=n1+n2)

X let © < wval true in K | X let © < val false in K l(n £0)
XY let v < iszeroQin K | Ylet v < iszeronin K |
X, let © <= wval true in K | X, let © <= val false in K | (1+40)
Xletx<=l=1lin K| Yletw<=l=1inK|
Y[l V]letx <wval () in K | Y=V Xletz<vaVinK |
Yiletx<=1:=Vin K | Xiletx<=in K |

Y= V]letx <wvallin K |
Yletx<=ref Vin K |

(I ¢ locs(X) Ulocs(K) Ulocs(V))

Xlet x <=val Vin K |
X let x < unfold(fold V) in K |

Xletx <= M in K |
X let ¥ < (Aa.M)T in K |

Permutations are bijective functions 7 € (L — L).

Action of permutations on syntactic terms, continuations and stores

— The action of a permutation 7 on a term or continuation F with occurring locations Iy, .., [, is

given as: m e E = E[(n(l1))/l1, .., (7(l,)) /1] with simultaneous substitution.
— The action of a permutation on a store X is given by (7 e X)(I) =7 e (X(7 ' e1)).

— The action of a permutation on a store-type A is given by

dom(m e A) =1 e (dom(A)) and (e A)(I) = A(x~ ' el).

It holds that: If V' is a value term then m ¢ V' is a value term, if M is a computation term then
me M is a computation term, if K is a continuation term then 7e K is a continuation term. For any
term or continuation F, for all permutations 7 and 75 it holds that 75 @ (71 @ E) = (my0m) e E.
For all stores X, for all permutations m; and o it holds that 75 e (71 @ X') = (w3 071) @ X. For any
store-type A, for all permutations 7y and 7o it holds that 7o @ (71 @ A) = (12 0m) @ A.
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Welltypedness is preserved under permutations:
—If Y : Athen (reX): (reA)
- A= M:T7 then (ne A); =5 (me M) : T'1
-~ A=V 7 then (te A); = ' (meV) i 7
~HAFK:(x:7)" then (re A) b (mreK): (x:7)"
Lemma 1. For any permutation w on the set of locations, it holds that
Yiletx=Min K |<= (reX), (re(let 1 <=M in K)) |
Proof by induction over judgement of termination.
Corollary 1. Ifly,ls ¢ locs(X) Ulocs(K) Ulocs(V) then
2y V]let x <= wal ly in K |<= X[l — V], let x < wval Iy in K |
Proof, apply the permutation (I;2)

Contextual equivalence
Typed Contexts C[.] : (A; =1+ ~) = (4;;FT7)
means that whenever A; 21"+ G : y then A; ;- C[G] : T'T.

Definition 1. Contextual equivalence

If A =5T'FGy iy and Ay =51 Gy 2y then
Ay E5T'F Gy =c0 Go means

VIVC[]: (A 251 F ) = (A Tr)VE: Al

Ylet <= ClGy] inwval x| <= X,let v < C|Gs] in val x |
3 Denotational Semantics

3.1 FM-Domains

L is the countable infinite set of locations (atoms). Permutations are bijective functions = € (L —
L). We extend the action of permutations to L such that Vr. 7(L) = L. L, with flat order €
FM-Cpo, . FM-Cpo, is a category with pointed FM-cpos as objects and strict equivariant (empty
supported) FM-continous functions as morphisms. The FM-Cpo (D — D’) consists of the strict
finitely supported FM-continuous functions from D to D’ with pointwise ordering.

Definition 2. We define a functor F : (FM-Cpo?)* x (FM-Cpo,)* — (FM-Cpo,)*
For D~ =(V-,K~,M~,87), DY = (Vt,K+*,M* S*) e (FM-Cpo,)* define F(D~,D%")
where
F(D-,DY)y =1, 0Z oL o (VrteVH)e(VreVhHe (V- —-MH, oVteM]
F(D™,D")ic = (8~ — (V= —0))

F(D™,D%)u = (K~ — (87 — 0))

F(D™,D")s =(LL— V")

1, = {x} . with trivial action of permutations. 1, € FM-Cpo,
7, = The flat domain of natural numbers with trivial action of permutations. Z, € FM-Cpo
(0} ={T, L} where L C T, with trivial action of permutations. O € FM-Cpo
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Proposition 1. There exists an invariant domain which is unique up to isomorphism D =
(V,K,M,S) € FM-Cpo} and isomorphism i : F(D,D) = D such that (i,1) has the mini-
mal invariant property' idp is the least fized point of § : (D — D) — (D —o D) defined by

5() Y ioF(f,f)oi .

We refer to Mark Shinwell’s Ph.D.Thesis [52] chapter 4 as background for the proof of existens
of the recursive domain D.

Definition 3. LFC-functor.

A locally FM-continuous functor G : FM-Cpo;, — FM-Cpo, is a monotone functor which is
FM-continuous (preserves least upper bounds of overall finitely supported chains) such that for all
permutations ™ and functions f: D — D' it holds that ©(F(f)) = F(n([)).

A mized varians LCF-functor G : (FM-CPOP)*x (FM-CPO,)* — (FM-CPO)* is contravariant
in its left argument and covariant in its right argument.

The following operations determine LCF-functors ([52]p.49):

Lifting (+) |

Smash product (+) ® (+)
Coalesced sum (+) & (+)

Strict function space (=) —o (+)

Corollary 2. The functor F as defined above is a mized varians LCF-functor.

Proposition 2. (adapted from M.Shinwell [52] p.51

Let G : (FM-CPOT)* x (FM-CP0O} ) — FM-CPO, be a mized varians LFC-functor. Then there
exists a solution (3,D) satisfying the minimal invariant property with j : G(D,D) = D which is
unique up to isomorphism.

Proposition 1 stating the existence of the recursive domain D = (V,K, M, S) with i : F(D,D) 2 D
follows from proposition 2. It holds that

V (DD)VfllieaZL@]LLGB(VGBV) VoV)e (V—oM), oVaeM,
M F(]D]D) Kﬂ(sﬂ@))
S%F(DD)S ]LLAOV)

3.2 Denotations

We have the following injections into F'(D,D)y: iny, ing, iny, ing, ing, in_o, in,, iny.
Denotations of types

[unit] =V [int] =V [oref]=V  [r+7]=V

[rxr]=V [r—Tr]=V [par] =V [Vo.T7] =V

[2:7)]=K = (8§ — (V—-0)

[T7] =M= (K— (S—0))

[4] =8 =(@Li—V)
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Denotations of contexts
r =TT,y Ty i Tp, >0
Il =V®...9V=V"where VO =1,
Denotations of well typed continuations, values, computations and stores

Denotations are given only to well typed continuations, values, computations and stores.
Notice the denotations are defined without reference to the actual types. The denotations are
defined by cases over syntactic constructors for terms.

Recall: i = (iv,ik,in,ig) : F(D,D) =D

Environments p are elements of [I'] = V™.
The empty environment is written {}, this stand for the non-bottom element in V°.

Values, Computations: Denotations for values and computations [A; Z;1F Gy ] € ([I7] — [v])

Continuations: Denotations for continuations : [AF K : (z:7)" J€ K

[AFK:(z:7)T |=ix(AS €SN eV.
i ([Ass2 7 KTz d})ig (A € S.(M € V. T)1)1)S)

Stores: Denotations of typing judgements for stores:
[X:A]={SeS|S#L AVIedom(A).(i"19)(1) = [A;;+ X)) : AD]{} }

Denotations of typing judgements in environments

By strictness it holds that (p= 1) = [A; = 'F Gy Jp= 1,
when p # L the denotations are given by the following rules:

Denotations are only given to well typed terms.

Values

- [AE D r, I a7 ]p=plx)

~ 4

(1)

(I () s unit |p =iy oingx
E;I'Encint Jp =iy oingn
=il LT ref p=ivoinyl

I Viim+ 7 |p=ivoing(ini[4; 2,0 Vit 1y [p)
=i ingVa i T+ 7o |p =iy oing (ina[A; Z5 0 F Va i 1o |p)

Er'E(WVi, o) xmp=ivoing([A; =0 Vi [p, [AE T F Vo :ima p)

- [A;=rkree fla:m)=M:7—=T7 |p=iocin_|fix(\f € (V— M).
(M eV[AaEnfir—Tre:7EM:TT|(p® f—iocin|f'| @z 2')))| =
ioin|l e, 9n]
where
gn € (V—M), go = Lv—om and
g1 = Axg eV [N E L fir =T a7 M :TT'](p® fr—iocin|gn] ®x— x0).
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= [A; =50 F fold Vi pat Jp =iy oin,([A; Z: 1 F V2 Tt /a] |p)

- [A; =T AaM :NYa.TT |p =iy oiny|[A; Z,0; T M - T7 [p|

Computations
— [A 5T Fva Vi Tr |p=in(Me € KAS €S, (i k)S([A 2T FV i 7 [p))

- [AE T EVVL T p=
case [A; 2=V —T7' Jpof ivoin|di] then (di[A; =1 Vo i 7 |p); else L

— [As 5T Flet o <= My in My : Ty |p = ip (AkAS.
it ([A; 250 F My Ty [p)ig(AS' A iy ([A; 55 Tya s 1 b My 2 Ty |pla v+ d'])kS’)S)

- [A;E T EmV T Jp =i (AAS.
case [A; 5T FV imy x 1y [p of iy oing(dy,ds) then (ig'k)S(dr); else L)
[A; 55 F maV ]p = in(AkAS.
case [A; ST FV im x 73 [p of iy oing(dy,ds) then (ig'k)S(d2); else L)

- [A; = T W TT [p=inm(MkAS.
case [A;Z5T FV o7 ref [p of dv oinyl then (i k)S(((ig'S)l)); else L)

— [ 5 ErefV T ref Jp=ian(Ak.AS.
(ig'k)(is((ig" Sl — [A; 2T -V 2 7 Jp]) iy o ingl))
for some/any | ¢ supp(A\l'.(i 0 k) (is((ig"S)[I' = [A; =T =V 2 7]p))) (iv 0 inl’))

— [A 5, T Vyi=Va Jp =i (AkAS.
case [A;Z; 0 F Vi ref |pof dvoinyl then (i k) (is((ig" S)[ — [4; ;T F Vs o 7 [p)))(ivo
ingx);elsel)

— [A; =50 case V oof ingay = My; ingxs = My : T7' |p = ing(AkAS.
case [AZ, TV i+ 72 p
of iy oing(inidy) then i;/ll([[A:, iz i b M T |play — di])kS;
of iy oing(inads) then iyf ([A; 55T wg i 7o b My : TT' [plws — do))kS; else 1)

— [A 50 V) = Vo : Tunit |p = in(AkAS.
case [A;Z; Vit ref |pof iy oinply and [A; =1 Vo i 7 ref |p of iy oinply then
(if 1 = lo then (i'k)S(iy o ing o in (iv(in1*))) else (i k)S(iy o ing o ina(iv(in1*))));
else 1)

- [A; =T Vi 4 Vo Tint [p =i (AkAS.
case [A; 2T F Vi sint Jp of iy oingny and [A; =T F Vo wint [p of iy o ingns
then (i}lk)S(iV oingn) where n = ny + na;
else 1)

— [4; 55 ' FiszeroV : Tunit [p = inr(Ak.AS.
case [A;Z;TFV vint |p of iy o ingn then
(if n =0 then (ig'k)S(iv o ing o ini(iv (in1%)) else (ig k)S(iv o ing o ina(iv(in1*))));
elsel)
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— [A 5D Funfold V - T(r[pa.t/a]) Jp = iam(Ak.AS.

case [A; 5T F V2 paut [p of v oin,(d) then (ig'k)Sd; elsel)

— [A 5T F VT T (7 Ja))]p =

case [A; 2TV :Na.r]p of iy oiny|d,,| then dp,; elsel)

Soundness and Adequacy

First we note some properties af the denotational semantics.

Lemma 2. If A;;-= Vi1 then [Aj;EV ir]{} # L

Proof by induction over the structure of V.
(the domains (V — M) and M are lifted in the sum V).

Lemma 3.

. The denotational semantics is well defined (the denotations exist and are unique, especially

interesting for the fresh | case).

Proof by induction over term structure. The proof use FM-theory to show that the denotation
of ref V is independent of which fresh location is chosen.

CAFK (T ref)T and A;;FV oim and S € [2: A and 1 ¢ (locs(2) Ulocs(K) Ulocs(V))

implies | ¢ supp(M'.[AF K : (x: 7 ref)T|(S[' — [Ai;+V :7[{}]) V')

. Substitution. If Ay =0V i1 and A= 0x:7H Gy and [A; 250V o7 p# L then

[4; =50 EGV/a] iy |p=[A;E Nz TGy Jplz — [A; =0V 7 ]p]

Proof by induction over the structure of G. We assume A; =0V o1 and Ay =Tz - 7 F
G:vyandp# L.

. Compositionality. If C[-]: (A; 251 ) = (AssET7) and A; =20 Gyiy, A2 0 F Gy iy

and [A; 21 Gy | =[A; 21 Go iy ] then [A;; - ClGh] T ] = [AF ClGs) i 7]

Proof by induction over the structure of C|[ .

. Type variables. If A; =, a; ' G 2y and Z & ' then V— + 7'« type. ([A;Z2, 01 G : 9] =

[4; =50 F Gy [a]]).

. Terms and continuations. If A K : (y:7)" and Ay;x: 7+ M :T1', then

[AFlet y=Min K:(z:7) ] =ig"(ASA[As;2: 7 M : Tr'{z — dP[AF K : (y
™78

Proof: [Arlet y<= M in K : (x : T)T]] =

ASAL[A; 27 Hlet y <= M in K : Tr"]{x — d}(AS".(Ad'.T)1)1)S =

ASALOMRPAS2 [Assz 2 7 = M 2 T [{o > d}ASEAE[Azy 7 - K 2 Tr'{y —
d31k253)52)(AS".(Ad'. T)1)1)S =

ASA([As52 7 M 2 T [z — d}()\S3./\d3.[[A;;y 7k KT {y o~
IS . (M. T)1)1)S%)S) =

ASAL[A5 ;27 M T oo AR K (y:7)T]S
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Soundness

Lemma 4. Soundness
If Ay M Tr, AFK:(z:7)7, Y:A and Se[¥:A] then
Ziletx<=Min K | implies iy ([Ay-M:Tr {D[AFK:(z:7)7]S=T

Proof by induction over termination judgements. The proof uses the previous lemmas.
The proof is in the appendix.

Adequacy
‘We want to show:

If A EM:Tr, AFK:(z:7)7, Y:A and Se[X:A] then

i ([AsF MI{DIAFK : (x:7)T]S=T implies X,letx<Min K |

To prove adequacy, we will use a logical relation R which relates elements in the invariant domain
D and typing judgements of values, continuations, computations and states. For the definition
of the relation, we first define a relational structure R on FM-Cpo? and then lift our domain-
constructing functor F : (FM-Cpo?’)* x (FM-Cpo)* — (FM-Cpo)* to an admissible action on
relations from R. We prove the existence of the relation in the line of A.Pitts[40] and M.Shinwell[52].
The relation R € R(D) will then be the invariant R-relation for £’ such that i : F(R,R) C R and
i"':R C F(R,R).

Define:

tv={A5;kv:T [PARS R is a derivable typing judgement for a value term v }
th={A Fk:(z:7)7 | A Fk:(z:7)" is a derivable typing judgement for a continuation term k }
te ={A;;- M : Tt | A;;E M :T7  is a derivable typing judgement for a computation term M }
ts ={X: A | XA is a derivable typing judgement for a store X }

Definition 4. The relational structure R on FM-Cpo?

A relational structure R on FM-Cpo‘i: For each domain D = (Dy, Dy, D3, Dy) € FM-Cp04L let
R(D1) = all subsets of Dy x tv which contain {L} X tv

R(Ds) = all subsets of Dy X tk which contain {L} x tk

R(D3) = all subsets of D3 x tc which contain {1} x tc

R(Dy4) = all subsets of Dy x ts which contain {L} x ts

Define R(D) to be R(Dy) x R(D3) x R(D3) x R(Dy).

Definition 5.
For D € FM-Cpo, f=(fi,f2, f3.f1): D — D', ReR(D),
r=((di,A1;;FVim),(do, As b K - (2 TZ)T),(dg,Agg;F M :Tt3),(dg, X : Ay)) € R let

Jr=((fidi, Av;3 BV im), (fada, Ao b K : (3 :72) 7), (fads, Ag; ;- M : Trs), (fada, ¥ = Ag))
For D,D" € FM-Cpo%, f:D—D'. ReR(D), R €R(D)
Define: f:RCR iff re R=— freR

Definition 6. A relation R € R(D) is admissible iff for all D', S € R(D")the set{ f | f: SCR }
contains L and is closed under least upper bounds of countable FM-chains.

Lemma 5. R has inverse images.
Forall f: D — FE and S € R(E) exists a relation f*S € R(D) such that
Vg: D' —D,ReR(D'). g:RC f*S< (fog): RCS

82



For f: D — FE, SeR(E) define
PS5 = {1 = ((dy, 250V 1), (doy A K & (25 7)T), (dy Aisb M2 T7), (dy, 53 4)) |
(dy,d3,d3,ds) € D and fr e S}

f*S € R(D) and fulfills the inverse image requirement. Since S € R it contains (L x tv) x (L x
tk) x (L x tc) x (L x ts) and by strictness of f the same is true of f*S.

Let g : D' — D, R € R(D'). Assume that g : R C f*S, then by definition r € R = gr € f*S,
and again by definition gr € f*S = fgr € S, hence r € R = (fog)r € S thatis (fog): RC S.
The other direction, assume (fog) : R C S, then by definition r € R = fgr € S. Since g : D' — D
we know that the domain-element part of gr € D, and then by definition fgr € S = gr € f*S,
hence g : R C f*S.

Lemma 6. R has intersections.
Let S C R(D), then exists a relation NS € R(D) satisfyingr e NS < VS € Sore S.
If S is a set of admissible relations on D then NS is an admissible relation on D.

NS is the set-theoretical intersection.
Definition 7. Relational lifting of F':

Let D~ = (Dy,Dy,D;,D;) € FM-Cpo* and let R— = (Ry, Ry, Ry, Ry) € R(D™).
Let D* = (D, Dy, Dy, D}) € FM-Cpo and let R* = (R{, Ry, Ry, R}) € R(D™).

Define F(R™,RY) = F((RT,R;,R3,Ry), (RT,R;,R;,RI)) = (Ry, Rk, R, Rg) where
Ry={ (L, AsFV:7)|(AEViT)etv}
U { (ingx, A;;F () :unit) }

U { (ingn, A;;Fnc:int) }

UA{ (incl, AjE1:A()-ref) | L€ dom(A) }

U{ (ingd, A;;FV im+7) | d=ind AV =inV' NIA; C A(d, Ag;;F V' 1) € Rf,ie 1,2}

UA{ (ingd, As;EV im x 7)) | d=(di,d2) NV = (V1,V2)A

A0 C A(dy, Ao Vi m) € R A (dy, Agss- Vo i) € R}

U{ (ind, A FVir = T7) | VA D AN(d, AV 7)€ Ry.(dd', A VV! Ty € RT }

U { (inud, Aysk foldV : paet) | 340 € A(d, Ags s+ V i Tlpat/a]) € R }

U { (invd, A Aa.M :Ya.TT) | 3A¢ C ANT with_ 7' type. (d, Ao;;+ M : Tr[r'/a]) € Ry }
Ry (LLAFK:(z:7)" }

=1
U{(k, AFK:(@:7)7) | VA D AV(s, X : A) € Ry V(v,A';;-V i 7) € Ry
(ksv=T)= (X,let x<=wval Vin K |)}

(L, Ays= M T7) }

={
U{(m, Ay M :T7) [ VA DAV A F K (z:7)" € Ry ¥(s,X:A') € Ry
(mks=T)= (Xletx<=Min K |)}

Rg ={ (L, ¥:4)}
UL (S, X:A)|VIedom(A).(S(), A= X(1): A() € Ry }

When R™, R* € R then F(R™,R") € R.

It is immediate from the definition that each of the four projections of F(R~, R*) include
{(L, typing conclusion)}).
Lemma 7. If R* is admissible, then F(R~, RT) is admissible.
Proof Assume R™ is admissible. We want to show F(R™, R™) is admissible for all R~ € R(D™). It

suffices to show for each of the four projections, that it is closed under least upper bounds of finitely
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supported chains and contains {(L, typingjudgement)}. We have by definition F(R™,RT); D
{(L, ARV, F(RT,RT ) D { (L, AR K(z:m)T Y, F(RT,RT)3 2 { (L, A;F M :T7) }
and F(R™,RT), 2 { (L, ¥:A)}L

Rs : Assume a chain (5%, X : A);e, in Rs.

If S* is constantly | we are done. Else it holds from some point onwards that VI €
dom(A).(SH(1) , AF X(1) + AQl) € Rf. (SU(1) , Ak 2(1) + A(l))iew is a chain in R
Since R is admissible it holds VI € dom(A) that (| [,(S'(1)) , A 2(1) : A(l)) =

(U; SHW) , Ak 2(1) : A1) € Rf . Hence (L; 5%, £ A)jew in Rs.

Rar i Assume a chain (m?, A;;F M : T7)ic, in Ry

If m’ is constantly L we are done. Else it holds from some point onwards that YA’ D A.

Vi, A'F K :(x:7)T € Ry ¥(s,X: A) € Ry. (m'ks = T) = (X, let v <= M in K ).

We want to show ((L]; m")ks =T) = (Z,let x <= M in K |).

(m'ks)icw is a chain in O and (|}, m")ks = |],(m'ks). Assume (], m")ks = | ],(m'ks) = T.
This implies that there exist j € w such that Vi > jin’ks = T. This again implies (X, let 2 <
MinK |).

Ry : The proof is similar to the proof for Ry; so we omit it.

Ry : Assume a chain (v, A;;FV :7)c, in Ry.
If v is constantly | we are done. Else 35 € w.Vi > j. v* # L and the proof is by case analysis
over outermost type constructors.

(unit)(int)(loc): Chains of these types must be constant from some point onwards.

(V): Assume a chain (inyd’, A;;F Aa.M : Ya.TT)ie, € Ry. Then Vi34, C Av7
type. (d', Ao;;F M : T(r[r'/7])) € Rf. There are only finitely many Ay C A and hence one
such Af) must occur infinitely often. This gives a subsequence (inyd”, A;;- Aa.M : Vo TT);; such
that | (invd®) = |J(inyd”) = iny(| ] d¥). Now since Ry is admissible and Vij. V7' : type. (d7, Ap;-
M : T(r[r'/7])) € R, then also V7' : type. (]d¥, Al;;- M : T(r[r'/7])) € Rj. Then
(U(inyd®), A;;t Aa.M :Ya.TT) € Ry.

(-+)(x)(p): That least upper bounds are included follows from the admissibility of R*.

(—): Assume a chain (in—d', A;;-V i 7 — T7')iey. Let A" DA, (d, A3V i7) € R™.
We want to show that ((]d")d’, AsF VV':T7') € RY. (Ud)d = ||(d'd). (d'd', A3 VV! e
T7')iew is a chain in RJ, since R* is admissible its least upper bound ((||d")d’, A';;F V'V’ :
T7') € R}.

[m}

Let f~:E~ —D~, fT:Dt— E*t then F(f~,fY): F(D~,D%) — F(E~,ET)

Lemma 8. Let R~ €R(D"), ST eR(E), RT € R(DT), ST e R(ET)
assume f~:ST CR™ and ft:RtCSt
then  F(f~ [*) = h = (b1, hao, hs, hs)  F(R=, R*) C F(S~,5%)

Proof

Assume (S, ¥: A) € F(R™,R")s. We want to show (hyS, X : A) € F(57,5%)4.
If S = L then by strictness (haS, ¥ : A) = (L, ¥ : A) € F(S7,5T)4. Else (haS, X : A) =
(ALfi(S0), X : A) and we need to show that VI € dom(A).(f;F(S1), A;;F 2(1) : A(l)) € ST. This
follows from the assumptions fT : RT C ST and V € dom(A).Sl, A;;+ 2(1) : A(l)) € RT.
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Assume (m, Ak M :T7) € F(R™, R)3. We want to show (hgm, A;F M : 1) € F(S7,5%)s.
If m = L then by strictness (hgm, Ajk M : T'1) = (L, Aj- M : T1) € F(S7,5%)4. Else
(hsm, Ask M : T1) = (AeAs.m(fy k)(frs), A;F M : T7) and we need to show that VA’ D
AVEA FK:(z:7)") €Sy Vs, X: A) €Sy . (m(fy k)(fys)=T)= (2, leta <= Min K |).
Since f~: S~ C R™ then (fy k, A’ F K : (z:7)") € Ry and (f;'s, ¥ : A) € R;. Then since
(m, A;k M :T7) € F(R™,RT)3 it follows that (m(fy k)(f; s)=T) = (X, let 2 <= M in K |).

By similar arguments (k, A+ K : (z:7)7) € F(R™,R") implies (hok, AF K :(z:7)") €
F(S~,5%)5. We omit the proof.

Assume (v, A;;-V 7)€ F(R™,R");. We want to show (hyv, A;s-V 1) € F(S7,57);.
If v = L then by strictness (hjv, A;;-Vi7)= (L, A;;EVir)e F(S7,5);.

Else v # L and the proof is by cases of outermost type constructors.

— Assume (v, A;;F () runit) € F(R™,RT);. Then v = iny* = hyv and (iny*, A;;b () 2 unit) €
F(S™,5%).

— Assume (v, A;;Fn:int) € F(R™,R");. Then v = ingn = hyv and (ingn, A;;k n:int) €
F(S™,5%).

— Assume (v, A;;F 1 A(l) ref) € F(R™,R");. Then v = inl = hyv and (ingl, Aj;b 1 :
A(l) ref) € F(S7,51);.

— Assume (v, A;sE Vi1 + 1) € F(R™,RY);. Then v = ing(in;d’) and V = in;V’ and
(d', AV i) € R
hiv = ing(in;f;"d’) and by the assumption f* : Rt C St we have that (f*td/, A;;- V' :
;) €Sy S0 (hyv, AssF Vi +1) € F(S™,51),.

— Assume (v, A;;F V@7 x 1) € F(R™,R");. The proof that (hyv, A;;-V @7 X 73) €
F(S~,57)is similar to the proof for sum type, we omit it.

— Assume (v, A;;F V@ par) € F(R™,R");. The proof that (hyv, A;;b- V @ par) €
F(S—,S%); is similar to the proof for sum type, we omit it.

— Assume (v, A;;- Vi1 — T7') € F(R™,R");. It must be the case that v = in_,|d|, and
hiv = in_ | Ax.f5 (d(fy )]
Let A’ D A, (w, A3 W :7) € Sy, we need to show (Az.f35 (d(f{ @)))w, A'5;+ VW) € S5
Since f~ : ST C R~ then (fy w, A’s;+ W : 1) € R . By the assumption (in_|d], A;;+
Vi1 —Tr') € F(R™,R")q, then (d(f; w), A’;;- VW) € Ry. Since fT : RY C ST then
(5 [d(frw))), AlsE VW) = (- f (d( 7 2))w, A'EVW) € S5

— Assume (v, A;;- AaM :VaI'T) € F(R™,RT);. It must be the case that v = iny|d|, and
A C AT :type. (d, Aos;F M :Tr[r'/a]) € Ry .
hiv = iny|f5(d)]. Since f* : RT C S* then 3A; C AVT : type. (fid, Ao;;+ M :
Tr[r'/a]) € S5 . Hence (hiv, A;;F Aa.M :Va.TT) € F(S™,S%).

We now conclude that the action of F' is admissible. It follows (cf.[52]p.)? that:
Theorem 1. There exists an invariant R-relation R = (Ry, R, Rar, Rg) € R(D) such that
i:F(RR)CRandi~!:RC F(R,R).
2 Later we show a full existence proof for the logical relation we define on top of the denotational semantics
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he definition of the action of F' on R-relations it holds that

(L, Asrvin) )

(in1*x, A;;k () :unit) }

(znZn A, iEnint) }

(inel, A1k 1 AQ)ref) }

(inyd, A,,F Vim+4m)|d=ind AV =in,V' ' NIA) C A (d, Ap;;- V' i) €Ry,i€1,2}

(i A Vi x ) | d=(di,dy) ANV = (Vi, Vo) AJAg C A. (d;, Ag;;FVi:m) ERy,iel,2}
(i ARV i = T7) [ Vcosed A D AN(d, Ai- V! ir) e Ry (dd', A5 VV 2 T7) e Ry }
(inud, A;;k foldV :pour) | 3Ag C A. (d, Ag;;F Vi 7[uct/a]) € Ry }

(inyd, A;;- AaM :VaT'T) | 340 C AV with _F 7' type. (d, Ag;;+ M :T7[r'/a]) € Ry }

CCCCCCCCIIZE‘j

Rg 2{ (L, AFK:(z:7)"}
{(ky, AFK:(z:7)7) | ¥closed A" D AV(s, X : A') € Rs.V(v, A';;FV :7) €Ry.
(ksv=T)= (Z,letx<=val Vin K |)}

c IR

{ (L, Ays-M:T7) }
{(m, A;;F M :T7)|Vclosed A’ D AV(k, AFK:(z:7)7 € Rg.V(s, ¥:A') €Rg.
('fﬂkb =T)=>Xlete<=MinK |)}

s ={ (L X:4)}
U{ (S, Z:4)|Vledom(A). (S(I), Ak Z(1) - A()) € Ry }

c HZ

Lemma 9. Weakening

1. If (m, A;;FE M :TT) € Ry thenV A" D A (m, A's;B M 1) € Ry

2. If(ky, AFK:(z:7)7) €Ry thenV A’ DA (k, A/ FK:(v:7)") € Rg.

3. If (v, A;sEViT) € Ry thenV A’ D Al (v, A's;EV i7) € Ry

Proof First note that we are relating to derivable typing judgments when A’ D A.

1. Assume (m, A;;- M :T7) € R and let A’ O A If mm = L also (m, A’s;F M :T1) € Rs.
Else let A” D A", (k, A" F K : (z:7)7 € R, (5,5 : A”) € Rg. Assume mks = T. Since
(m, A;;- M :T7) € Ry and A” D A this implies (X, let © <= M in K |).

We conclude (m, A’;;F M :TT) € Ry
2. The proof is similar as for (1) so we omit it.

3. Assume (v, A;;F V7)€ Ry and let A’ D A If v = L also (v, A';;FV :7) € Ry. Else the
proof is by cases of type constructors.

(unit) and (int) are immediate from the definition.

(o ref): When A’ D Aandl:0 € Athenl:o e A’ Hence (v, A;;-V :o ref) € Ry implies
(v, AV ioref) € Ry.

(-+)(%)(w)(V): Follows by transitivity of C for stores (Ag C A C A').

(—): Follows by transitivity of C for stores (A” D A" C A).

Lemma 10. VAY—F 7. (AS.(Ad.T) 1)1, Arwval x: (x:7)) € Rg.

Let (s, X : A) € Rg and (v, A;;F V : 7) € Ry and assume (AS.(Ad.T) ) sv =T then s # L
and v # L. ¥, let © <= val V in val x | is well-formed and hence terminates.
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Definition 8. Extension of relation to open terms, Rzpr = (Rzprv,Rx,Rzprm, Rg)
For E=ay,...,am and I' =x1 : Ty, ..., &y : T, with I' well typed by = define:

Repry ={ (f, &5V 7)) |
fe(V—V) AN AETHV:TA
Y closed value types oy ...0.,. VA D A.
V(dy, A's;EViimfoj/a;]) € Ry...(dn, A'53F Vo imploj/aj]) withp=di ® ... ®dy

(f(p), &%5:FVIVi/Ti) i 7loj/a;]) €Ry }

RE’FFM :{ (f, A,E.FF]V[TT) ‘
fe(@Vr—-M) AN A5 TEM:TT A
V closed value types o1 ...0m. ¥ 2 A.
V(dy, A5 Viimifoj/o]) € Ry .. (dn, A5 Vi i mploj/ag]) with p=di ® ... Q@ d,
(f(p), A'si= MVi/T) : 7o /ay]) € Rar }

Lemma 11. If (m, As;x :m b M 2 T1) € Rppyenr and (k, AF K @ (y: 7)7) € R then
AS" M. m(z +— d)kS'), Ablety<=Min K:(z:7)") € Ry.

Proof Let A" D A, (S, ¥ : A') € Rg, (w, A's;F W :m) € Ry
Assume (AS'Ad. m(z — d')kS")Sw = m(z — w)kS = T. We want to show that this implies
X, let x = wval Win (let y < M in K) |.

By assumption (m(z — w), A;;b M[W/z| : T1y) € Ry So it follows that X, let y <
M[W/z] in K |. By judgments of termination then X, let x <= val W in (let y <= M in K)| O

Lemma 12. Typing rules preserve the Rp relation of a term and its denotation.
Proof is in the appendix.

Theorem 2. Fundamental theorem
If A= TEVeT then ([4a; =7 EV]), A2,V iT)€Rapry
If AFK:(x:7)"  then ([AFK:(z:7)"], AFK:(z:7)") e Ry
If AyZ;0'-M:T7  then (459 EM), A= EM:T7) €Reprp
If ¥:A then (S, X:A) eRg whenever S € [X: A]

Proof

1. Proof of fundamental theorem for values and computations by induction on typing derivation
using the previous lemma 12.

2. For continuations the proof is by induction over the construction of the continuation term.
The base case is VAV— 7. ([AFval 2 : (x : 7)), Abwval z: (v :7)") € Rg. Since
[AFwal z: (x:7)"] = ASA[A552 7 F val z: Tr](x — d)(AS°.(Ad°.T)1)L)S =
AS A (ASY.(Ad®.T) 1) 1)Sd = ((AS®.(Ad°.T) L)1), then this follows from lemma 10.
For the inductive case assume (J[A - K : (y : 7)], A F K : (y : 7)) € Rg. To show
for Aj;x : 7B M 2 T7' that ([AF let y <« M in K|, A lety < M in K : (x:
7)7) € Rg. Let A’ D Aand (s, ¥ : A') € Rg and (v, A's;F Vi 7) € Ry and assume
[AFlet y < M in K]sv = T. We need to show that X, let z < val V in (let y <
M in K) |. By judgement of termination it suffices to show X, let y < M[V/z] in K |.
By 1) it holds that ([A;,z: 7+ M : T7'|(x — v), A;;- M[V/z] : T7') € Ry And then
since [A Flet y <= M in Klsv = [Asz 7= M T7'][(z — v)(JA+ K : (y : 7)7])s then
X, let y <= M[V/z] in K | follows.

3. For states if follows from typing rules for states together with fundamental lemma for values.

O
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Corollary 3. Adequacy
If Ay M T, AFK:(z:7)7, Y:A and Se[X:A] then

[A5;- M Tr]{}[AFK:(z:7)T]S=T implies X,letx<=Min K |

Proof By fundamental theorem ([A;;F M : T7], A;;8 M 2 T7) € Ry and ([AF K (z:
'], AFK:(z:7)") € R and (S,[2 : A]) € Rg, then by the definition of € Ry, adequacy
follows.

a

By soundness and adequacy of the denotational semantics we derive:

Proposition 3. Contextual equivalence.
For all A;=;T'F Gy iy and A; =5 T Go 2 it holds that

if [A; 5T F Gy =45, T F Gy i 7] then Gy =cp Ga.

Proof Assume A; =51 F Gy vy and A; =550 F Gyt yand X 2 A and [A; 257 F Gy 9] =
[A;2, TGy y]. Let s € [X: A] and let C[]: A; 2=~y = A; ;- T'T be a context.

Further assume X, let © < C[G1] in val = |. By soundness this implies [A;;F C[Gq] :
TrI{}[A F val = : (z : 7)T]S = T. By compositionallity of the denotational semantics [4;;+
C[Gy] : TTI{} = [4;;F C[Ga] : TTI{}. So [A;;F C[Gs] : Tr]{}[AFwval x: (z:7)T]S = T. By
adequacy then X, let @ < C[Gs] in val x |.

The other direction is similar. m]

So simple equivalences can be proven only on the basis of the denotational semantics. We want
however to be able to prove more programs contextual equivalent, that we can do in this way. In
the remaining part of this report, we define relations between denotations, which makes it possible
to prove more intricate equivalences. It is essential for the relations we define, that they are based
on a denotational semantics which is sound and adequate.
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4 Logical relations for contextual equivalence

We now aim at defining an invariant parameterized relation on D and F(D, D), which we can use
to prove contextual equivalence for more programs. Since our denotations belong to a recursive
domain we cannot prove the existence of our relation by induction, the existence of the relation
requires a separate proof. In this presentation we have chosen to define two logical relations,
where one extends the other. The last extension specifically handles explicit divergence, where two
programs may diverge at different ’steps’(c.f. Introduction). The reason we have chosen to define
two relations is that the definition of the full parameters may seem quite complicated, and by
separating we hope to make the definitions easier to comprehend and use. Equivalence proof for
programs which do not require the full definition of parameters are essentially the same in both
relations. The full definition though sometimes requires considering extra cases, which will turn
out to be all right from assumptions. So the equivalence proofs can be expressed simpler in the
first relation for programs, which do not need the full definition.

For each relation we first define the parameters, which we index our relation by. Then in the
following section we will define a parameterized logical relation, on which we will base our proof
method for contextual equivalence. Then finally there will be sections with examples of equivalence
proofs.

Informally explained the parameters give properties of two related states. Computations related
under a parameter have corresponding termination behavior under the assumption that they are
applied to states which hold the properties stated in the parameter and continuations which “behave
well” for the parameter. The parameters express requirements on disjoint areas of store; there is
a finite visible area and a finite number of hidden invariants. As explained in the introduction, we
have tried to refine the definition of parameters from [13], so that it is possible via parameters,
to express in more detail why we expect two programs to be equivalent. When we have defined
such parameters that express our intuition and maybe also how they will later be restricted, then
the certification of equivalence can be an almost automatic analysis. The equivalence proof may
though seem rather lengthly as there are often many ’turns of the handle’ unfolding definitions
of denotations and of relatedness and other essentially straightforward steps. In the introduction
we presented informally the use of parameters in some proofs of contextual equivalence. We will
also define order relations on parameters. Informally a bigger parameter describes the states at a
later time of computations when more visible locations have been allocated and/or more hidden
invariants have been build up.

5 Parameters for a parameterized logical relation

Before we can define parameters we need some preliminary definitions. It is possible to define
actions of permutations on all constructs in a straightforward way, so that relatedness is preserved
under permutations. However, for proof of contextual equivalence, this is not necessary. FM-theory
gives that termination properties are independent of permutations, when permutations are applied
also to contexts and stores. So if we can prove that two programs have identical termination
properties in all relevant contexts, then this will hold also under permutations.

First we define accessibility maps, almost as Benton and Leperchey [7] and the previous papers
in this thesis. Accessibility maps ease statements and proofs of disjointness properties between
different areas of states which are required to fulfill different invariants. Recall for the following
definitions F(D,D)s = (L, — V).

Definition 9. Accessibility map
An accessibility map is a continuous function A : F(D,D)s — Pyin(IL) such that:

— V81,8 € F(D,D)S (Vl S A(Sl) Sil = Szl) = A(Sl) = A(SQ)
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For any finite set X € P(L) there is a constant accessibility map Ax, where it holds that
VS.Ax(S) = X. A special accessibility map is Ay, with VS. Ay(S) = 0.

When we want to express a local invariant required for a pair of states, and this invariant can
be decided only on the basis of the areas of the states viewed by a pair of accessibility maps, then
we use a finitary state relation. If we want to express a requirement only on one state, we can use
a finitary state predicate.

Definition 10. Finitary state relations.

1. The set of finitary state relations: Let Ay, As be accessibility maps.
P C F(D,D)s” is an (Ay, Ay)-state-relation iff
¥(S1, 52). (S}, S3) € F(D,D)s™.
Vi € Al(Sl).Slll = Sill A Vs € A2(S2).SQZQ = Sélz =
(S1.50) € P (1,5) € P
2. The set of finitary state predicates: Let A be an accessibility map.
P C F(D,D)g is an A-state-predicate iff
VS, 5" € F(D,D)s.
Vie A(S).Sl=95"1=
SeP&eSeP

A special finitary state relation is the (Ap, Ap)-state-relation T = F(D,D)%. It holds for all
(S1,52) that (Sq,S2) belong to T

Whether a pair of states belong to a finitary state relation can be decided on the basis of only
the parts of the states, which can be viewed by the (finite) accessibility maps. Given two states we
can directly decide if they belong to the finitary state relation, it is independent of the “current
step in the computations”. In the same way it can be decided whether a state belongs to a finitary
state predicate directly on the basis of the part of the state viewed by the accessibility map.

We will now define local parameters, which we will later use to express hidden invariants of
two related states together with sets of visible locations in each side. The use will be defined
precisely, when we define our parameterized relation. The intuition is that a local parameter has
its own private area of the store in each side, together with finite sets of visible locations. The
private areas are used for hidden invariants for testing conditions and for storing related values.
An example:

A local parameter may require for a pair of states (Sy, Sz) that:

i) The location [, is visible in left hand side, and the location I is visible in right hand side. And,
at any time, for the local parameter to hold, it is required that the values stored in Sil, and
Salp are values of type 7 related at the actual time (expressed by a parameter).

ii) The location [, is local in left hand side, and the locations 1.1, [, are local in right hand side.

iii) The value stored in S1l, is an integer value.
iv) If Syl, = 0 then the values stored in (S1l,, Sal,) are values of type o related at the actual time.
If Syl # 0 then the values stored in (S1l,, S2l.) are values of type o related at the actual time.

‘When analyzing computations applied to continuations it is important to have a clear hold
on the distribution of responsibilities of changes in hidden areas between the computation and
the continuation. In simple situations properties are preserved by both the computations and the
continuations separately. Ordinary parameters express such invariants. The example above and the
parameters in [13] are ordinary parameters in this sense.

It is possible that computations make irreversible changes to states as we have seen in the
’Awkward example’ in the introduction. To cover such situations we will define local extensions as
part of a local parameter definition. We notice, that a requirement that relates fewer states does
not in a simple way tell us how computation relations are. This is due to that related computations
are expected to preserve invariants when they write but at the same time can rely on invariants
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when they read, and reading and writing drags in opposite directions. Consider an example, we
have one location [ and ¢o says that in the state [ holds either 0 or 1, ¢; says that [ must hold 1.
Among computations which only read [, then computations which are requiring to read (0 or 1)
will be satisfied with reading a 1, but computations which are requiring to read a 1 will not be
satisfied with reading (0 or 1). Among computations which only writes [, then computations which
write a 1 will also write (0 or 1), but computations which writes (0 or 1) will not preserve that
[ holds a 1. This is why we only require that an extension does not use more area of states and
has the same or more visible locations. Additionally it is part of the definition of our relation, that
relatedness requires that all future extensions will be preserved.

As explained in the introduction, we have here tried to refine the parameters, so that they can
express more refined distribution of responsibilities between computations and continuations. Such
refined parameters are called specialized parameters. These will be used in parts of proofs, where
we have some knowledge of which continuation a computation will be applied to (for an example
see section 7.2). We hope that we will also see the benefit of the specialized parameters, when we
compare our proof method with proof methods based on bisimulations [28].

A specialized parameter may be thought of as a kind of conjunction of parameter-instantiations.
‘We use the modified conjunction sign A in the parameters; it is not a real logical conjunction, but
meant to give intuitive meaning. Values and computations will be related under such a specialized
A parameter, if they preserve each parameter-instantiation separately. Continuations will be related
under a A parameter together with a choice of one conjunct-clause. Assuming that the continuations
are applied to states which have the properties given by the chosen A instantiation in hidden areas
and where all stored values preserve each A instantiation separately, then the related continuations
will have similar termination properties. For instance we can use this, when we know that the
initial part of the continuations modify the hidden areas in such a way that a specific A-clause
choice is established, and this A-clause is necessary for relatedness of some later exported functions
(c.f. example 7.2). So, the idea is that computations must preserve each A-clause of a specialized
local parameter separately. Computations cannot change stores between A-clauses. Specialized
local parameters for computations do not express, which of the A requirements, they expect. For
continuations it is different. A specialized local parameter for continuations expresses which A-
clause the continuations expect the stores to fulfill. Continuations may then change stores such
that another A-clause is fulfilled at the later step. Because the stored values are expected to
preserve each A-clause, the continuations may in this way ensure that future computation will give
equivalent termination.

‘We differentiate accordingly between vin-parameters for values and computations, k-parameters
for continuations and s-parameters for states. In a sense then k-parameters are instantiations of
vin-parameters and s-parameters are instantiations of k-parameters. And going in the opposite di-
rection k-parameters are erasures of s-parameters, and vin-parameters are erasures of k-parameters.
This will be explained in detail below. In the simple situations where each of computation and con-
tinuation preserves an invariant which ensures termination-approximation only one k-instantiation
of a vm-parameter is possible. These are the ordinary parameters. For ordinary parameters a k-
parameter can be identified with its erasure. We use specialized parameters in more complicated
situations where computations must be applied to continuations, which so to say brings the combi-
nation back to a situation, where termination approximation is ensured. To cover these situations
adds some extra complexity to the definition of local parameters.

In proofs of contextual equivalence, the starting point will be to show two computations or
values related under a simple ordinary parameter that only expresses which visible locations are
known, but does not have any hidden invariants. When the proof develops we will often want to
show relatedness of subexpressions under more complicated parameters using knowledge about the
initial steps of further execution. In the introduction we have shown some examples, where we will
use specialized parameters in a proof of contextual equivalence.

‘We now first give some extra preliminary definitions. Notice how these definitions relate to the
situations mentioned in the introduction and above.
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Definition 11. A match of finite store types Z.

A match of finite store types is a finite set Z = {(l11,l12,71) ... (Iln1, ln2, Tn)} where each 7; is
closed and it holds that Vi # j € 1...n. i # lj1 N lip # lj2. A match of finite store types Z
defines two store types Zy and Zy given by first/second components of Z together with the type,
and a bijection between their domains. It holds that dom(Zy) and dom(Zs) has the same finite
cardinality.

A match of finite store types will be used to describe related visible areas of a pair of states.
Because we use FM-domains it would be sufficient to use the same location names in both sides.
‘We have chosen the above definition because it makes it easier to express proofs of contextual
equivalence in situations where some initially hidden locations are later exported, and where these
locations are not always the same but it depends on some other properties which locations will be
exported.

In the definitions below we use ’disjunct signs’ V and ’conjunct signs’ A, these are not logical
operators. The notation is meant to enhance intuition. Precise interpretation of the local parameters
comes with the definition of the parameterized relation. Informally the idea is that functions and
computations may change states from one V-clause to another V-clause within the same A-clause,
but will preserve each A-clause separately. Continuations may change states between A-clauses as
well as between V-clauses. Ordinary parameters do not have any A’s and so continuations as well
as computations can only change states between V-clauses.

Here first is a brief description of parameters for values and computations:

A parameter consists of a number of local parameters, where relatedness of a pair of states will
require that each local parameter holds its own area of store in each side.

A local parameter is set of local-parameter-components. Relatedness of a pair of computa-
tions will require that each component gives an invariant for states that is preserved if the
computations are executed in states that hold the invariant. (A is used between components).

A local-parameter-component is a tree of local-parameter-nodes, we can think of the root as
the actual local-parameter-component, and the tree as defining possible irreversible changes of
states (made by related computations) within the area owned by the local parameter.

A local-parameter-node is a set of local-parameter-parts, related computations may change
states back and forth between the parts of a node. (V is used between parts).

A local-parameter-part defines some specific requirements for relatedness of a pair of states.
The requirements can be decided on the basis of finite local areas of states, possibly together
with knowing the current “time” of computation as expressed by a parameter.

We will also define two orderings &> and » between parameters. These orderings will be based
on set inclusion (number of local parameters), local extensions > (corresponding to irreversible
changes of states by computations) and forgetting of components.

5.1 Parameters, ordinary and specialized

We will now define general parameters which will be either ordinary or specialized. Ordinary
parameters are used, when we relate computations where we don’t know any specific properties
of the continuations, they will be applied to. Specialized parameters are used, when we know
the initial steps of the continuations, they are applied to. We use specialized parameters, if we
know that states initially belong in one local-parameter-component and the initial steps of the
continuations change states to another local-parameter-component.
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Definition 12. Local-parameter-part Q
Given accessibility maps Ay and As.
Then Q is an (A, As)-local-parameter-part with associated sets L(l"‘)7 L? if

(P,LL) and P is an (A1, As)-state-relation and LL =
{ (ln 12,74, (IR 192, 7F) Y is a finite set of location pairs and closed value types, k > 0.
L9 = m(LL) and LS = mo(LL).

The informal understanding of (P, LL) for a pair of states (S;,52) is that (S1,52) € P and LL
hold related values.

Definition 13. Local-parameter-node q
Let I be a finite index set.
q=({Qili € I}, A}, AL, Z9) = ([Q1V ... VQy), A1, AL, Z7), is a local-parameter-node iff

— A%, AL are accessibility maps.

— Each Q; is an (A, AY)-local-parameter-part

— Z% is a match of finite store types.

UL nm(z29 =0 A U, LS Nma(29) =0
To the local-parameter-node q = ({Q;|i € I}, A}, A% Z%) are associated the accessibility maps
A%, AL where

vS. A1(S) = AT (S) Um 27U U,y LY
A5(8) = A$(S) UmaZ7U U, LQQK

A{, /-i; are the most inclusive accessibility maps associated with the local-parameter-node, encompass
locations meant to be visible as well as hidden.

" and

To the local-parameter-node q are associated fived finite, sets of locations L = |J; L?’ and L} =
Ui LS.

‘We order local-parameter-nodes such that a bigger parameter has the same or more visible
locations and a bigger parameter always “owns” the same or smaller parts of the stores.

Definition 14. > order on local-parameter-nodes
Let d, e be local-parameter-nodes, and d = ({Q%|i € I}, Af, Ad, Z%), e = ({Q¢|i € 1.}, AS, AS, Z°¢)
e >d iff

—z¢Dzd anjd i
— V(S1,82). A{(S1) D AS(S1) A Ad(S) 2 A5(Sa).

Definition 15. Local-parameter-component ¢

A local-parameter-component G is a finite tree where each node q; is a local-parameter-node and it
holds that

— Yq1.q2 € q. if q1 is an ancestor of q2 then g2 > q1

To the local-parameter-component § with root-node qo is associated the match of finite store types
VA ALS

To the local-parameter-component ¢ with root node qo are associated the accessibility maps A‘f = A‘f”
and A = AP,

A‘f, Ag are the most inclusive accessibility maps associated with the local-parameter-component (all
locations possibly “owned” by subtrees are included c.f. order on tree-nodes).
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To the local-parameter-component § are associated fized finite, sets of locations Wy and Wiy.
Wil = Uq]eg (m1 (2% UL(I“)) and Wi = Uq]eé (mo(2% ULg’))
where for q; = (P, LL;)|i € T}, A%, AY Z9) we let LV = ;L% LY = U, LY.

For notational convenience when not otherwise indicated we let the root node of ¢ be named q.

Intuitively the fixed sets W, Wy give locations (visible as well as hidden) that we know can
be associated with ¢ without knowing any specific state.

Intuitively we identify a local-parameter-component with its root. The rest of the tree is there
to tell us how a local parameter may be locally extended.

Definition 16. > relation on local-parameter-components.
Let ¢’ and G be local-parameter-components.

q =q iff ¢ € subtrees(q)

We now define local parameters. A local parameter for values and computations is a finite set of
local-parameter-components. A local parameter for continuations and a local parameter for states
will “belong” to one of the components. The idea is that the values and computations preserve
each component in states, but continuations may change states between components.

Definition 17. Local parameters

(vm) A local vm-parameter has the form r = {1 ...G¢n} = (1A ... AGn) where
-Viel...n. g is a local parameter component
-n>1

(k) If r = (1A ... Adn) is a local vm-parameter, then Vj € 1...n. (r|g;) is a local k-parameter.
G; is a choice of A-clause.

(s) If (r|q) is a local k-parameter, and root(q) = ({Q;li € I}, AT, A%, Z9) = ([Q1V ... VQy], A, A%, Z1),
then for each i € I (r]4|Q;) is a local s-parameter. Q; is a choice of V-clause.

A local parameter where n = 1 is ordinary, so (§) is an ordinary vm-parameter, (4|G) is an ordinary
k-parameter and for all i € T (§|G|Q;) is an ordinary s-parameter.

To the local parameter v = {q ... Gn} is associated the match of finite store types
27 = Nier.n 2

7" gives the locations visible for every A-clause in the local parameter r

To the local parameter r are associated the fized finite sets of locations W{ = J Wi and

T qi
W2 7U7‘,El..n W2 .

icl.n

To the local parameters r = {qi ... Gn} are associated the accessibility maps A{, Ag where
vS. A7(S) = Uper..n AT (S) and A5(S) = Uy, A3°(S)

A{,AQ are the most inclusive accessibility maps associated with the local parameter, encompass all
locations that may be associated with r, locations meant to be visible as well as hidden.

We sometimes use {(l11,712,71) - -+ (In1, ln2; Tn)} O T{(111 110.m1)...(In1 slnz, )} @S shorthand for the
(ordinary) local parameter {((T,0r1), Ag, Ap, {(l11. 112, 71) - - - (ln1, ln2. Tn) }) }- Such a parameter is
used when we just add n visible locations in both sides. Visible locations will be expected to hold
related values.
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Definition 18. > order on local-parameters
Let v ={q...4,}, r={q1-.-qn} be local vm-parameters (same n)

= iff Vi€ 1. . ¢ = q;. (4 is a subtree of ;)

Let vk’ = (1'|@}), vk = (r|q;) be local k-parameters with r' ={q}...d,}, r={q1-..dn}
rk =rk iff v =randi=j.

Definition 19. Parameters

(vm) A vm-parameter p is a finite set p = {r1...r,} where
- Fach r; € p is a local vm-parameter
SViFjel . WIAW =0 A WSinW,’ =0
- 381,80 # LVijel.oni#JAP(S) N AT (S) = 0 A A(Se) N AY (S2) = 0
(k) If p={r1...r} is a vm-parameter and for each j € 1...n (r;|q;) is a local k-parameter, then
(pk) ={(r1lG1) ... (rnlgn)} is a k-parameter.
A k-parameter is a vm-parameter together with choices of one A-clause for each local vm-
parameter.
(5) If (k) = {(rald) ... (raldn)} is @ b-parameter and
for each j € 1...n (r;]4;|Q;) is a local s-parameter
then (pks) = {(r1|¢1|1Q1) - .. (rn|dn|Qn)} is an s-parameter.
An s-parameter is a k-parameter together with choices of one V-clause for each local k-
parameter.

(pk) is the k-erasure of (pks), and p is the vm-erasure of (pks) and of (pk).
(pks) is an s-instantiation of (pk) and of p. (pk) is a k-instantiation of p.
To the vm-parameter p are associated
— Accessibility maps A, AL where vS. AP(S) = JA7(S) A AB(S) = A5(S).
To the k-parameter (pk) and to the s-parameter (pks) are associated
— Accessibility maps AP = AP - APE) — APE) phere
VS APP(S) = U (AT (S)ULY) A APY(S) = U,(AY(S)ULY), jel...n.
To the vm-parameter p is associated
— a match of finite store types ZP = L+Jj Z0i where j € 1...n.
To the k-parameter (pk) and to the s-parameter (pks) is associated
— A match of finite store types ZP*) = Z(Pks) = Lﬂ] Z%, where j €1...n.

A parameter is ordinary iff all its local parameters are ordinary.
A parameter or a local parameter which is not ordinary is said to be specialized.
Any parameter and any local parameter is either ordinary or specialized.

All types that occur in parameters are closed.

pU™ is the set of vim-parameters. 0™ is the set of ordinary vm-parameters.
p* is the set of k-parameters. o” is the set of ordinary k-parameters.
p® is the set of s-parameters. 0° is the set of ordinary s-parameters.

s is the set of specialized vim-parameters. p¥ \ o = sV
s¥ is the set of specialized k-parameters. pF \ of =gk,
5% is the set of specialized s-parameters. ps\ of =s°.
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Definition 20. Notation for sets of instantiations p*, pS

— If p € pV™ then p¥ denotes the set of k-instantiations of p
and pS denotes the set of s-instantiations of p.
— If p € p* then pS denotes the set of s-instantiations of p.

Definition 21. Notation for erasures p*, p*™

— Ifp € p° then p* denotes the (unique) k-erasure of p
and p'™ denotes the (unique) vm-erasure of p.
— If p € p* then p'™ denotes the vm-erasure of p.

Definition 22. > relation on parameters.
Letp' ={ri...7,} andp={ri...r,} be vm-parameters.

pEpiffviel. . onorl=r
Let pk/ = {(r{1d)) ... (r,]d,)} and pk ={(r1|G1) ... (rnldn)} be k-parameters.
pk! = pk iff Vi€ 1...n. (r}|g) = (ri|d:)

When we remove some but not all A-clauses from a local parameter then we get another
local parameter. In this way we can derive parameters from parameters. As explained the idea
is that related computations must preserve each A instantiation. In our relation we will require
that relatedness for values and computations is preserved when we go to a parameter derived by
removal of A-clauses.

Definition 23. Parameters derived from parameters

= Letpep, p={ri,.-,ra} = {1 Qir, }s- - {Gn1 - G, } -
LetViel...n.r; D1l #0.
Then p’ = {r},...,r,} is a parameter derived from p.
So p' is derived from p by removal of A-clauses.

sub(p) denotes the set of parameters derived from p.

— Let p' = {ri,...,7}} be derived from p = {ri,...,r,} € p"™ such that Vi € 1...n either
(1"1’ = T,‘,) or (r; = {G} where G € ri)‘
Then p' is a parameter 1-derived from p.
So in p’ some local parameters in p are replaced by exactly one of their conjuncts.

subl(p) denotes the set of parameters 1-derived from p.

— Let p’ = {r},...,r} be derwved from p = {ry,....r,} € p"™ such that Vi € 1...n. v, = {¢}
where ¢ € r;.
Then p is an ordinary parameter, and p’ is a parameter o-derived from p.
otd(p) denotes the set of ordinary parameters o-derived from p.

A derived parameter is a parameter: Disjointness properties are preserved. It is possible that
locations move from hidden to visible.

p € sub(p), p € sub'(p), p € sub® (p) and ord(p) C sub® (p) C sub’(p) C sub(p)
We will see below, that if values are related under a parameter p, then they are also related under

each parameter derived from p and hence also each parameter 1-derived, ol-derived or o-derived
from p. In proofs of contextual equivalence this will sometimes be beneficial.
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Definition 24. Orders > and » on parameters

> : The relation > on vm-parameters and k-parameters is defined as the reflezive transitive closure
of the relations = and Dorq (local extension and adding ordinary local parameters), where

Let p' € p*™ and p € p*™ i.e. both are vm-parameters. Then
def .
P Dora D JLIN p=Ar1,...rnt 0 ={r1, o P Tagly e Tnpm and Vi € n+1l.on+m. r;
is ordinary. (m > 0)
Let pk' and pk both be k-parameters. Then
Pk’ Dora Pk g PE'™ Do pEU™ (their erasures are Dopq ordered) and pk’ O pk

»: The relation » on vm-parameters is defined as the reflexive transitive closure of the relations
=, 2 and >x (local extension, adding local parameters and removal of A-clauses), where

Let p’ € p™ and p € p*™ i.e. both are vm-parameters. Then

d
P 2ap L e sub(p)

Lemma 13. > and » are order relations.

Lemma 14.
Assume 1’ >1, then either both ' and r are ordinary parameters or both v’ and r are specialized
parameters with the relation = on all the non-ordinary constituents.

Lemma 15.
For p/,p € p™ it holds that p' >p = p' » p (but not the other direction).

The next lemma explains though, that it is often possible via a series of »-extensions to come
back to a > -extension. This can be useful in equivalence proofs.

Lemma 16.
— Ifp' €s"™ and p € 0"™ and p' » p, then Vp!, € ovd(p). pl, > p.
—Ifpwpep™, p={r...tnrns1-..Tm}, p={r1...rn}, and p" is 1-derived from p’ such
that Vj € (n+1)...m. r; is replaced by one of its conjuncts §;,
then p" is a parameter o-derived from p', and it holds that p" > p.

Lemma 17. If p/ » p or p/ > p then Z¥ D ZP

We are now ready to define our parameterized relation.
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6 Parameterized relation

Recall the informal ideas of the parameters. The parameters express properties of related states.

Related values and computations will preserve each A-clause separately. This is expressed via
reference to the set of parameters that »-extend p. Related functions take values related in a »-
extended parameter to related computations. Related computations take continuations and states
related under corresponding instantiations of a »-extended parameter to termination approxima-
tion.

Continuations related under a specialized parameter ’knows’ how to bring the situation back
to normal for this specialization, it behaves well (give termination approximation) when applied
to states and values related under an only >-extended parameter.

Since our denotations belong to a recursive domain, the existence of our parameterized logical
relation again involves a separate proof. The proof requires that the relations are preserved under
approximations. On the other hand we want the parameters to express invariants for hidden local
areas of related states, and such properties of states may not be preserved under approximations.
Therefore our relations are really given by 4-tuples, which we think of as two pairs: the 4-tuples
have the form (d},d) || di,ds), where dj C dy and dy C dy and dy,dy are a kind of parameters.
We can now let the approximation be carried out over the primed domain elements d},d), and
preserve the invariant on the non-primed elements d;, dy. Correspondingly, relatedness of compu-
tations is stated as a two-sided termination approximation when applied to related continuations
and states (probably under an extended parameter). Termination of application of an approxi-
mated computation m/ to an approximated continuation kf and an approximated state S implies
termination in the other side of the non-approximated elements, m{k1S] = T = mokaSy = T
and also mbk5Sh = T = my1k1S1 = T. Thus we combine in the definition of the relation domain-
theoretical-approximation in one side and termination-approximation to the other side. With this
separation of domain theoretical approximation from the local properties that the parameters ex-
press, we can prove that the relation exists. We can then extract a binary relation, defined via
reference to the 4-ary relation, such that the binary relation implies contextual equivalence.

6.1 Relational Structure on FMcpo‘i

Definition 25. Relational structure on FM—cpoi
Let D = (D‘/,DK7 D[w,Ds) S FM—CpOi.

The set of relations on D is defined as:
R(D) =Ry x Rg x Ry x RS
where
Ry = all subsets of D% x D% x {7|r closed value type} x p*™ which

include {(L, L)} x D}, x {7|r closed value type} x p*™

Ry = all subsets of D% x D% x {(z:7)"|(x: 1) continuation type} x p* which
include {(L, L)} x D% x {(z : 7)"|(z : 7) " continuation type} x p*

Ras = all subsets of D2, x D3, x {T7|T closed computation type} x p*™ which
include {(L, L)} x D3, x {T'7|Tr closed computation type} x p*™

Rg = all subsets of D% x D% x p* which
include {(L, 1)} x D% x p*
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For an element in one of the four projection relations we use the notation (d, d || di,ds, (type),p),
where we think of dy, ds, (type),p as a kind of combined parameter.

Definition 26. Application of a pair of morphisms to a relation.

For D,E € FM-cpo* for f = (fu, fes fm, fs) : D — E and g = (gu, G+ Gm, gs) : D — E, and
relation R = (Rv, Rk, Ry, Rs) € R(D), define

( (fovls fovh || govr, gov2, 71, p1) | (V1,05 || v1,02,71,p1) € Ry}

( (frk, fukh || grky, grka, (z 2 72) T pa) | (K1, Ky || k1 ko, (2 :72) 7, p2) € R}
(fims gm)Bar = {(fmmys fromy || gmma, gmma, T7s,pa) | (my, my || my,ma, T3,p3) € Rar}
(fs,9s5)Rs (fss's fssh || gss1,9s52,04)) | (81,85 || 51,52,p4) € Rs}

and define (f,9)R = ((fo, 90)Rvs (fes gr) Ric, (fim, gm)Rass (fs, 9s)Rs)

Definition 27. (f,g): RC S
For f = (fo, fis fms fs) : D — E, g = (90, 9k, 9m, 9s) : D = E with f T g
and relations R € R(D), S € R(E) define

(f.9): RCS &L (fgRCS

where on the left hand side _: _ C _is being defined, and on the right hand side C is set theoretical
inclusion.

=
@
C
F
Il

{
fka@k RK ={
{
={

Lemma 18.
- VR e R(D) (idD,idD) tRCR
- VReR(D)VSeR(D')Vg:D=D" (L,g):RCS
- (fig):RCc Sand (f,¢):SCT=(f'of,gog):RCT
— (idp,idp) : R C R and (idp,idp): R ¢ R= R=R'.
Definition 28. Downwards closed relation
A relation (Ry, Rk, Ry, Rs) € R(D) is downwards closed if,
for each j € {V,K,M,S}.
df Cdy N dyTdy N (d),dy || di,da, (type),p) € Ry = (df,dy || di,da. (type),p) € R;
Definition 29. Admissible relation.
A relation R = (Ry, Rk, Ry, Rs) € R(D) is admissible if
VS € R(D) the set {f | (f,idp): S C R} C (E — D) contains L and is closed under least
upper bounds of countable finitely supported chains. Raam(D) denotes the set of admissible
relations on D.

Definition 30. Parameter-weakened relation (Weakening)
A relation (Ry, Ry, Rar, Rs) € R(D) is parameter-weakened if,
Vp1,po € pU™, V(pk), (pko) € p* it holds that

- pi»po A (V05 || vi,v2, T po) € Ry = (v}, 05 || vi,v2,7,p1) € Ry
- (pk1) > (pko) A (K1, kb || ks ko, (w2 7) 7, (pko)) € R = (K1, kS || ku ko, (w2 7) 7T, (pk1)) € Ric
- pi»po A (mh,mh || my,ma, TT,po) € Ry = (mj,my || my,my, T7,p1) € Rar

These properties may co-exist.

Definition 31. adm™relation
A relation R € R(D) is an adm™relation if it is
admissible, downwards closed and parameter-weakened.
We let Rygm+ (D) denote the set of adm™ relations over D
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6.2 Lifting F to an adm™ action on relations

We aim to show that there exists a relational lifting of the functor F' s.t.

VR~ € R(D), R € R(D).F(R™,R") € R(F(D,D)) and an adm™ relation

V =(Vv,VKk,Vu,Vs) € Rugm+ (D) satisfying the equations in definition 32 and
(i,i): F(V,V)CV A (i"YiY):V C F(V,V).

Definition 32. adm™ action of F on relations.
Let R~ € R(D), RT € R(D)

Define F(R-,R*) € R(F(D, D)),
F(R™,R*) = (F(R~,R*)y,F(R~,R*) i, F(R~,R*)a, F(R™,R*)s)  where

F(R™,R")y ={(L, L | vi, va, 7, p) | p € p"™ the set of all vm-parameters } U

{1, 05 || v1, va, 7, p) [P EPT™ A
ViCv#L A vbCu# LA
(v1, vy || v, v, 7, p) € F(R™,RY)y }
where

F(R™,R™)y ={(v}, v} || in1|*], ini[*], unit, p) } U
{(v], vh || ing|n], ing|n], int, p) | n€Z } U
{(v], v || inulle], inulla], 7 ref, p) | (li,lo,7) € ZP } U

{(Ui, Ué ” in@imdl, Z’TL@Z’TL{CZQA, 71 + T2, p) | dy,ds GVL A Ed/l,dé eV.
(W =L Ady = L)Vl =ingind; # L) A ((vh = LAdy = 1)Vl =ingin;dy # L)A
(dy, dy || dv, da, i, p) € R, i€ {1,2} } U

{(v1, vy || ing(dia; div); ing(daasdan), Ta X Ty, P) | diasdiv, daa,doy € Vi A
Hdllaadllbadgavdéb eV.
(d/llav dy, || dl/av daq, Ta) p)ERY A (/dﬁb,ld’% H/ dlb; dap, Ty, p) € Ry A
(v = LA(dy, =L Vdy=1)) V (v] =ing(dy,,dy) # L)) A
(v =LA(dy, =LVdy =1)) V (vy=ing(dy,,dy) # L))} U

{(}, vy || inudy, ingdy, pout, p) | di,dy € V) A 3dj,dy e V.
() = LAd)=1)Vo] =inud] # L) A ((vy = LAdy = L) Vb =in,dy # L)A
(dy, dy || dv, da, TuceT/], p) € Ry } U

{(v1, vy || iny|d1], iny|d2], Ya.T'T, p) | di,do € M A 3dy,djy € M.
(vj=LAdy=1) VvV (vy=tinyld;| #L A dy L)) A
(wh=LAdy=1) VvV (vh=rinyldy| #L A dy L)) A
Vo with _ o :type. (d}, db || di, ds, T7[o/al], p) € R}, } U

{0, 0 | inlds), inolda), 7 — T, p) | du,da € (V— M) A 3df,dj € (V — M.
(vi=LAdi=1) vV (Vi =in|d\|#L A dy L) A
(vh=LAdy=1) VvV (vh=1in|dy] #L A dy T L)) A
Vp' e p,V(wh, why || wi, we, T, ') € Ry ((dijw], dyws || diwy, dywe, T7', p') € R;[, }

Recall » on vm-parameters is defined as the reflexive transitive closure of the relations »=, 2 and >z,
(which are local extension, superset and removal of A-clauses).
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F(R™ R)ic = {(K}, K || Ky, ko, (2:7)T, (oK) | (pk) € p* A
K Chky A KyChy A Y(pk') > (pk).
(that is (pk) extended only with ordinary local k-parameters or local extensions)

V(pks') € (pk)S (the set of s-instantiations of p' i.e. choices of V-clauses),
V(sh, sh 51, 52, (phs')) € Ry Wt v [l vn, va,7, (9k)"™) € Ry.
(Kishv] =T = kasova = T) A
(kyshvh =T = kysjvy =T) }

F(R™,RY )y = {(mf, mh || m1, ma, T7, p) | p€p”™ A
mi Cmy A mhCmg A
vp' > pV(pk') € X (the set of k-instantiations of p' i.e.

choices of a A-clause in each local parameter).

V(pks') € (pk')S (the set of s-instantiations of (pk') i.e.
choices of V-clause from each chosen A-clause in (pk') ),
V(ky, Ky || ki, ko, (m:7m)T, (pK')) € R V(SL, S || Si, Sa, (pks')) € Ry .
(mhkLST =T = mokaSo =T) A
(mhkh Sy =T = mik1S1=T) }

F(R™,R")s ={(L, L | S1, S2, (pks)) | (pks) € p* the set of all s-parameters } U

{051, Sy I S, B2, (pks) | (pks) = {(r1|G1|@1), - -, (raldn|@n)} € p°
(G; is a choice of A-clause in r;, and Q; is a choice of V-clause in q;) N

SIS AL A ST Sy #£LA

APE(S) Ay (Z0F)) = B A AP (Sy) N (Z2PE9) =

(in each side are the visible locations in ZP**) disjoint from the known hidden locations)

Vi # 3. AT(S) N AT (S) =0 A Abi(S2) N AS (S2) =0

(ATAE’ accessibility maps are the most inclusive for the local parameter r;.

In each side is every location, visible, hidden or reserved, belonging to a local parameter
outside the areas owned by any different local parameter) — A

(1,12, 7) € ZPF).(S{(L), Sh(lo) || Si(h), Sa(l2), 7, (pks)'™) € Ry,
(All visible locations hold related values) A

Zf QL = (RLLL) then (Sl,SQ) €PN

V(i1 lo,7) € LLi. (S1(l), S3(l2) || S1(h), Sa(l2), 7, (pks)*™) € Ry,
(The states belong to all simple state relations in the chosen V-clauses.
Corresponding LL location-sets hold related values) }

It follows from the definition that

— For all (v}, vh || vi, va, 7, p) € F(R™, R")y it holds that (v] =vh = 1) or (v; # LAvy # L).
— For all (s}, sb || s1, s2, p) € F(R™,R")g it holds that (s} =sh = L) or (s1 # L A sy # L).
~ VYR, R*N(z:7)T .Vp € p*Vki, ko € FD,D)k. (L, L || k1, ko, (x:7)",p) € F(R™,R")k

— YR, RTVT7T.¥p € p"" ¥mi,ms € F(D,D)pr. (L, L || my,mo,T7,p) € F(R™,RT)n

101



First we will show that when F acts on adm*relations, then we get an adm*relation. So we need
to show that the action of F preserves downwards closure, admissibility and parameter weakening.

Lemma 19. The action of F preserves downwards closure.

For all R*,R™ € R(D).
If Rt is downwards closed, then F(R™, R") is downwards closed.

Lemma 20. The action of F on adm™ relations preserves admissibility.

For all R*, R~ € R(D). If R* is adm™, then F(R™,R") is admissible.

Lemma 21. The action of F preserves parameter weakening.

For all R*,R™ € R(D).
If R is parameter weakened, then F(R™, RT) is parameter weakened.

Proofs of the above three lemmas are in the appendix.

As the action of F on relations on D preserves downwards closure, admissibility and parameter
weakening it follows that
Corollary 4. The action of F preserves adm™.

For all R*, R~ € R(D).
If RT € Rogm+ (D), then F(R™,R") € Rygm+ (D).

Lemma 22. The action of F' on functions D — D preserves the relation (- ,id) : - C _.
VRT, ST, R™,57 e R(D). Vf*, f~:D—oD.

If (f~,idp) : S~ C R~ and (f*,idp) : RT C ST then
(F(f7 ), Flidp, idp)) = (F(f~, f*),idpmp) : F(R™,RT) C F(S7,87).

Corollary 5. Monotonicity.
VRT, ST, R=,5~ e R(D). IfS™ C R~ and R* C S* then F(R™,RT)C F(S~,ST).

The corollary follows from the lemma with f* = f~ = idp.

Proof of lemma 22
We show here the proof for F(D,D)g, where we see that we benefit from expressing our relations
as 'four-tuples’. The rest of the proof is in the appendix.

Let RT, ST, R~,S~ € R(D), and
let f5,f~ D —D. f~ = (fy, fr fos f)s ST = (5 L L £

Assume (f~,idp) : S~ C R~ and (fT,idp) : RT C ST.
We aim to show (F(f~, fT), F(idp,idp)) : F(R~,RT) C F(S—,5%).

(f~yidp): S™ C R~ A (f*,idp) : RT C ST implies f~ Cidp A [T Cidp.
By the functorial properties of F' we then have F(f~, f*) C F(idp,idp) = idppp).-

Let F(f~, fT) = h = (hy, hg, by, hs) and let for now idp = idppn p).-
We need to show that s € F(R™,R") = ((h,idp)s) € F(S~,ST).
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o F(D,D)g
Assume (s}, 55 || s1.52. (pks)) € F(R™,R%)s, (pks) = {(r1]a1|Q1),- .-, (ralan|Qn)} € p*. We
aim to show (hys), hssh || idssq,idssa, (pks)) € F(S,5T).

If s} = L = s then since hy is strict so (hss|, hssh || idss1,idss2,p) = (L, L || s1,s2, (pks)) €
F(S_,S+)S.
Else (hss!, hssh || idss1, idssa, (pks)) = (AL f,F(s10), AL f,F (s50) || s1, 82, (pks)) and
(s, 85 || s1.82,p) € F(R™,R")s so
(a) S Cs1#L A shTsg# L
(b) AP () Ay (ZPE)) = A APF) (55) N mp(ZPF)) = G A
Vi #£ j. Ati(s1) N A (s1) =0 A Abi(s2) N AY (s2) = 0
() Y(l1,lo,7) € ZWF) (s1(11), shl2) || s1(lh), sa(lz), 7, (pks)"™) € Ry,
(d) Vi e 1.n. if Q; = (P;, LL;) then (s1,52) € P;
(e) if Qz = (PZ,LLI) then v(ll,lz,’F) € LL;. (Sll(ll)7 Sé(lg) H Sl(ll), SQ(lQ), T, (pks)”m) € R‘t

and we need to show that if he(s)) # L V hs(sh) # L then
1. ho(sh) Es1 # L A hy(sh) Cso# L
2. AP 5y Ny (ZER)) = A APR (55) N o (ZPF)) = ) A
Vi g AT (s1) N AP (s1) =0 A Abi(s9) M AY (s2) = 0
3. Y(ly, 12, 7) € ZWE) ((hesh) (1), (hssh)(lo) || s1(lh), s2(l2), T, (pks)'™) =
(f (s100), £ (shl2) || s1(1a), s2(I2), 7, (pks)"™) € S
4. Vi € 1.n. if Q; = (P, LL;) then (s, s2) € P
. lfCJ7 = (P,,LL,) thenV(ll,lQ,-r) S LL, ((h;s’l)(h), (hgslz)(lz) H Sl(ll), 52(12), T, (pks)"””) =
(fF (s100), £ (shl) || s1(l), s2(l2), 7 (pks)*™) € S
. Follows from (a) together with h C id.
. Follows from (b) directly.
. Follows from (c) together with the assumption (f*,idp): Rt C S+.
(d)
(

(=2

. Follows from directly.
. Follows from (e) together with (f*,idp): RT™ C S*.

Tk W N =

We conclude that (hgsi, hssh || idssy,idssa, (pks)) € F(S7,5%)s.

Theorem 3. There exists an adm™ relation V = (Vy, Vi, Var, Vs) € Ragm+ (D)
satisfying the equations in definition 32 and
(i,3) : F(V,V)CV A (i"hi )V C F(V,V).
‘We now aim to prove theorem 3.
We have a partial order on the set of relations on a domain D € {D, F(D,D)} by
RC R <L (idp,idp) : RC R.
This inherits as a partial order on the set R,gp,+ (D).

Lemma 23. 1. If S is a set of relations on D € {D, F(D,D)} (S C R(D)), then there exist a
relation (S € R(D) given by the set theoretical intersection, such that
V(g.9).VR. ((9.5) : RCNS) & (VS €S. (9,5) : RC 5).

2. This inherits to adm™ relations: If S is a set of adm™relations on D (S C Ragm+ (D)), then
there exist an adm™ relation (S € Raam+ (D) such that
V(g.9).VR. ((9,5) : RCNS) & (VS €S. (9,5) : RC 5).

Proof of lemma 23. Let S be a set of adm*relations on D € FM—cpo‘i and let NS be the set
theoretical intersection. We need to prove
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- NS € Ruam+(D):
NS € R(D) follows from the definition of the relational structure. Admissibility of NS follows
from admissibility of each S € S. Downwards closure of NS follows from downwards closure of
each S € S. Parameter weakening of NS follows from parameter weakening of each S € S.

- Y(g,7).VR. ((9.7) : RCNS) = (VS €S.(9,§) : RC9):
= Assume (g,j) : R € ()S. Then Vr € R.(g,j)r € (S). So VS € §,Vr € R.(g,j)r € S).
Hence VS € S. (g9.j) : RC S).
<: Assume VS € S. (9,7) : RC S. Then VS € S.Vr € R. (g,j)r € S.SoVr € R. (g,5)r €(S.
Hence (g,7) : RC)S.

Corollary 6.
For D € {D, F(D,D)} it holds that the partially ordered set (Ryam+ (D) , C) is a complete lattice.

Definition 33. The relation ((f,7)*S)
For D,E € FM-cpo’, D = (D1,D2,D3,D4), j: D=E,
J:DE, [T}, S€R(E)

define (f,j)*S =
{s = ((v1, 0 [ v, 09,70, p1), (k1 K || Baska, (22 72) T p2), (my, mib || o, ma, Trs,ps), (1, b || 51552, p4)) |
Vi, vh v, v0 € Dy A K4 RS ki ke € Do A omi,mb,ma,ma € Dy A s, sh, 81,80 € Dy A

(f.i)seS}
Lemma 24. When (f,7)*S is defined as above, then

1. (,4)"S € R(D).

2. If S is adm™, then (f,§)*S is adm™.

3D f Ruwithj : D' =D, f': D — D, {'C . ReRD).
(f, ) RC((f,4)S) & (fofjoj):RCS

Proof

1. The domain parts are in the required domains, and for each of the four D;, for any
(L, L[ di,da, (type),p) it holds that (fi, ;) (L, L || di,ds, (type),p) = (L, L || jid1, jida, (type), p)
es

2. When S is adm™ it is by definition admissible , downwards closed and parameter-weakened.
And we need to show that then also (f,7)*S is admissible , downwards closed and parameter-
weakened.

Assume S is admissible. Assume a chain 7’ in (f,)*S € R(D). Then the least upper bound
of the domain parts in r* belong to D. Also (f,j)(r?) is a chain in S, and since S is admissible
its least upper bound | |(f,j)(r") is in S. Then | |r* € (f,4)*S by continuity of f, j.

Assume S is parameter weakened. Assume an element s = (v}, v} || v1,v2, 71.p1), (K1, K, || k1, k2,
T 2 T2) L p2). (M, my || ma,me, T3, p3), (81,85 || S1,52,P4 ,7)"S, and assume pj

(& & ) opo).(myom) | my.ms, Try,pa). (55,5 || 51.50.p2)) € (£.)°S. and assume p) »
P1s Py>p2, P > p3. We then have (f, j)s = (fuv1, fuovs || Jovi, Jova, T p1), (fekd, fiks || ik, ko,
T iT2) 5 P2)s (ImMy, JmMy Jmmi, jmma, TT3,p3), 5515 JsS2 JsS1, 552, P4 . Since

(2 12) T pa). (. St | Try.p3). (fush £ush || e, uso.pa) € . Since §
is parameter weakened then (f,v}, fuvh || Jov1, Jov2, 71, 01), (fekls frkb || juki, jrks,

z:72) 5 pa)s (fmm, fmms || Jmma, Jmma, T73,p3), (fs81, fss5 || Jss1, 7552, P4 - AN €1
( )T 05)s (fmmd, frnmty | TT 3)s (fssh, fsso || )) € S. And th
(01,05 [|vr,v2, 71, pY)s (K K [ Rns ko, (2 m2) T ph), (my, mb || ma, ma, Trs, ph), (81, 85 || s1, 82, p4))
€ (f,7)*S. So (f,7)*S is parameter weakened.
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Assume S is downwards closed. Assume an element s = (v}, vh || vi,ve, 71, p1), (K1, kS || ki1, k2,

(z : 1), ), (mi,mh | m17m2,TT37P3),(8/175'2 | s1,52,p4)) € (£,5)"S, and assume vf T
v T ooh k! T kL KY T oky,mi T omi,mi C mh,s! C s),sf C s, We then have
(f,5)s = (fovt, fuovs || Govi, Guva, 71, 1), (ks fuks || gk, dike,

(z: TZ)T, 2) (fmnms frnmty || G, jmima, T3, p3), (fss1, fs85 || Jss1,Jss2,pa)) € S. Since S is
downwards closed and f is monotone then (£, fuvf | 7v01> fova, 71,2, (Fik{ Sk || ik, dikas
(2 12T ) s ot | s, o Ty ), (Fass £55% | 315 a2, pa)) € 5. And then
(0,03 [ o, vz, 71, 04), (YK | ks ko, (2 m2) Toph), (mff g [ ma,ma, Trs, ph), (57, 84 || 51, 52, p4))
€ (f,4)*S. So (f,7)*S is downwards closed.

3. a) If j,j/ are isomorphisms and compose then (j o j’) is an isomorphism. Since f C j, f' C j/,
then also fo fC joj'.
b) =: Assume (f’,5') : R C ((f,7)*S). This implies s € R = (f’,j')(s) € ((f,4)*S). By the
definition of ((f,7)*S) then (f,7)((f,3)(s)) = (fo f',joj')(s) € S. Together with a) then
(fofl,joj):RCS.
<: Assume (fof’,joj') : R C S. Thisimplies s € R = (fof’,joj')(s) = (f,7)((}.5)(s)) €
Since [ : D' — D and j' : D" 2 D we have that the domain parts of (f',j")(s) are in the
required domains for (f,7)*S so (f’,j')(s) € ((f,7)*S) by the difinition of ((f,)*S). Hence

(f1,3") : RS ((f,9)"9).

a
Lemma 25. (i,i): F(R,R) C R and (i"*,i"'): RC F(R,R) += R=(i"',i"')*F(R,R)
Proof
<: Assume R = (i~ )* (R, R)
iyte R=(i"t i’l)*F( = (i71,i71)t € F(R, R) by the definition of (i=%,i~1)*F(R, R). But

this implies (i~ ,iil) RC F(R, R) by the definition of (_,_): - C _
ii) t € F(R,R) = (i~1,i71)((i,i)(t)) € F(R, R) but this implies (4, l)(t) € (i1,i"Y)*F(R, R) since
we know that the domain-element parts of (4,7)(t) belong to the required domains. Then using the
assumption we have (¢,7)t € R. We conclude (z i): F(R,R) C R.
= Assume (i,4) : F(R,R) C Rand (i"1,i"!): RC F(R,R)
i)to € R= (i"1,i Yty € F(R, R) so tg € (Z Li~Y)*F(R,R)
i) ¢y € (it,it ) F(R,R)= (i"%i 1) (t1) € F(R,R) = (i,0)((i71,i7Y)(t)) € R,sot1 € R
We conclude R = (i71,i™1)*F(R, R).
O

We want to prove the existence of a relation R € R g+ (D) such that
(i,i): F(R,R) C R A (i7',i™"): RC F(R,R),

by the lemma 25 this is the same as looking for a relation
R=(i"Yi"Y*F(R,R).

We notice that R € Rygm+ (D), R=(i"',i")*F(R,R) iff
R is a fixed point of @ : R,gpm+ (D) — Ragm+ (D) where @(R) = (i~1,i1)*F(R, R).
Therefore we want to show that @ has as a fixed point.

(i71,i7h)* is monotone: Rygpm+ (F(D, D)) — Ragm+ (D) with the C ordering on relations.
SoC Sy = (i7ti ) Sy (i71,i71)*S;. Apparent from the definition of (i7%,i71)*S.
But F: Rygm+ (D) — Rader(F (D, D)) is not monotone, hence @ is not monotone. We separate
negative and positive occurrences, define

def

(R, R (-1, i)y F(R, RY).
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¥ is monotone: Y . (D) X Ryam+ (D) = Raam+ (D) with the C ordering on relations.
If S ¢ R~ A RY c S* then F(R",R*) C F(5,S%). Then also ¥(R™,R") =

(i=Y i Y)Y F(R™,RY) C (it i )*F(S~,S") =w(S—,S8%).
We now look for a fixed point of ¥. Define
Wi(R~,RY) = (W(R*,R"),¥(R™,R")).

Then ¥# is a monotone operator on the complete lattice Rggm+ (D)% X Rqgm+ (D). By the Knaster-
Tarski fixed point theorem the least fixed point (V’ V+) of W8 exists, it is also the least prefixed
point, and it holds that ¥#(V~,V+) = (V~,V*), i.e. (by the definition of ¥%) ¥(V*+ V™) =V~
and ¥(V-,V*)=vV+.

We want to show that V~ = V+ or equivalently V- C V* and V* Cc V~.

We have ¥H(VH, V™) = (#(V-,VH),(VH, V7)) = (V+, V7). Since (V7,V*) is the least
prefixed point it then follows that V¥ C V~. It remains to show V-~ C VT. We have
V™~ C Vte(idp,idp) : V- C V. We know that V* is admissible so {e | (e,idp) : V- C V* }
contains | and is closed under least upper bounds of chains. By the minimal invariant prop-
erty of D we know that idp is the least fixed point of § : (D — D) — (D — D) defined by
d(e) =io F(e,e)0i™t, so it suffices to show that { e | (e,idp) : V™ C V* } is closed under 4.

Assume (e,idp) : V~ C V7T then by lemma 22 it holds that (F(e,e), F(idp,idp)) =
(F(e,e),idpmpy) : F(VT, V™) C F(V~,V*). We also have (by definition of ¥) that
Vo = (Y, V) = (i) RV, Vo) and V= W(V-, V) = (71,01 ) F(V-, V).

V™= (i ) F(VH, V) implies (i71,i71) : V- C F(VH, V7).
V= (i ) F(VT, V) implies (i7,i7Y) : VY c F(V-, V).

It also holds that when s € F(V~,V*)so (i~1,i71)((i,i)(s)) € F(V~, V'), and since domain parts

of (¢,4)(s) belong to the required domains then this implies (4,)(s) € ( Lty F(Vo, V) =V

So it holds that

(=i Yy % F(VT,V7)
(e idp) : V™ C VT = (F(e,e),idpmp)) : F(VT, V™ ) F(V-,VT)
(i,i) : F(V~ .,V*) \a

By compositionallity of (_,_) : - C _ it holds that

if (e, 7'(1]]3)) V= C V* then (6(e),idp) = (io F(e,e) 0oi L idp) : V- C V*.

{e | (eyidp) : V7 C VT } contains L and is closed under least upper bounds of chains. As
(L, 7d]D) V= C VT then (6"(L1)) is a chain in {e | (e,idp) : V= C V* }. So (||6"(L),idp) =
(idp,idp) : V= C VT hence V- C V*.

Since V- C V* and V* € V™ we can conclude V~ = V7 call this relation V.

Then (i,i) : F(V,V)C Vand (i~',i7'): V C F(V,V).
V € Rugm~+ (D) is the invariant relatlon.

Here we prove the properties “parameter weakening” and “downwards closure” for the relation
V along the lines of Pitt’s proof of admissibility in [40]. Admissibility is necessary for the proof of
existence of an invariant relation to come through. Parameter weakening and downwards closure
are just properties we want. In the paper [13] we added existence quantors (over finite sets) to
the definition of the action of our domain constructing functor on relations. We could then prove
parameter weakening for the invariant relation. Here we get the property without the existence
quantors in the definition of the relation. For parameter weakening to be provable here, it must be
the case that it is preserved under intersections so that we have a complete lattice (R yqpm+ (D)% x
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Radm+ (D), C) and can use Knaster-Tarski’s fixed point theorem. Second, we must be able to show
that the property is preserved by the action of F. To ensure this we require the property explicitly
(or let it be easily provable from the definition) on base-value-related, function-type-related, V-
type-related, computations and continuations. Generally we hope that the four-tuple construction
will make more properties expressible and then provable in this way.

6.3 Properties of the invariant relation V = (Vy, Vg, Vi, Vs) € Ragm+ (D)

V is admissible , downwards closed and parameter-weakened, and we have
(i,) : F(V,V)CV A (i74i™h) :V C F(V,V).
Let F(V,V) = (F(V,V)v,F(V,V)k,F(V,V)r,F(V,V)g), then further by definition of the
action of F' on relations it holds that:
F(V,V)y ={(L, L] vi, v, 7, p) | p € p"™ the set of all vim-parameters, vy,vy € F(D, D)y} U
{1, v5 o1, 02, 7, p) | P €P™ A w1, 05, 01,02 € F(D, D)y A
ViCvg #L AvhCog# LA

(v}, vy || v1, v2,7, p) €0 }
where

o ={(v1, vy | inalx), ina|x], unit, p) } U
{(v], v} || inz|n|, ing|n], int, p) | n€Z } U

{(or, v [ inc ), inll], 7 ref, p)

(11,1277) S Zp }U

{(v], v} || ingind;, inginids, 71 + 72, p) | di,dz € (Dv); A 3d},dy € Dy.
(W) =L Ad] = L)Vl =ingind; # L) A ((vh = LAdy = 1) Vol =ingin;dy # L)A
dy, dy || di, do, Ti, p) €V, i €{1,2} } U

{(v], v} || ing(dia,d1p), ine(daa, d2), Ta X T, D) | dia,dip, d2q, dop € (Dy)] A
Hd/la.dllb,dlza,déb € Dy.
(d/la'r d,2a H dia, doa, Ta, [)) eVy A (d'lh, d,2b H dyp, dop, Tp, [)) eVy A
(i =LA(d, =Lvdy,=1)) v (v =ing(di,,dy,) # 1)) A
(v = LA(dy, = Lvdy = 1)) V (v =ing(ds,, dy,) # L))} U

{(v], 1)2 | ingdy, inuds, poet, p) | dy,ds € (Dy); A 3dy,dj € Dy.
=1L Ad, =1)Vvv, =in, 1) vh=1LANd,=1)Vvl=in, LA
d { = inu, b= Lnd { = inyd
(d’l, dy || dv, do, Tlpa.T/al, p) € VV } u

{(v1, vy || inyldi], iny|dz], Yo.TT, p) | di,d2 € Day A 3dy,dy € Dy
(vi=Lndi=1) v () =inyldi] #L A dy L)) A
((vy=LAdy=1) v (vy =inyldy] # L A dy I L)) A
Vo with _F o : type. (dy, db || di, do, TTlo/a], p) € Vi } U

{1, v | ino|dr], ino|ds], 7= T7', p) |

dy,ds (]D)V —o ]D)]\[ A Hd/l,dlz S (DV —ODZ\/1>.
(i =Lndy=1) Vv () =in.ld]# L
1
(

AdpDL)A
A dhy D)) A
dywy, dywh || dyws, dyws, TT', p') €V }

((vy=LAdy=1) Vv (vy =ino|dy] #
vp' o p, Y (wh, wh || wi, we,T, p’) € Vy.

Recall » on vm-parameters is defined as the reflexive transitive closure of the relations =, O and >z,
(which are local extension, superset and removal of A-clauses).
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PV, V)i = {(k1, kg || kv, k2, (2:7)T, (pk)) | (pk) € p* A
Ei Tk A EyC ke A V(pK') > (pk).
(that is (pk) extended only with ordinary local k-parameters or local extensions)

V(pks') € (pk")S (the set of s-instantiations of p’ i.e. choices of V-clauses),
V(sy, s5 || s1. s2, (pks')) € V. Y(v], vh || v1, va,7, (pk')"™) € V.
(kysqvy = T = kasovg = T) A
(khshvh =T = kysjvy =T) }

F(V,V)y ={(m}, mb || mi, ma, T, p) | p€p’™ A
mi Cmy A mhCmg A
vp' > pV(pk') € p¥ (the set of k-instantiations of p’ i.e.
choices of a A-clause in each local parameter).

V(pks') € (pk')S (the set of s-instantiations of (pk') i.e.
choices of V-clause from each chosen A-clause in (pk') ),
V(ky, Ky || ki, ke, (:7)T, (pk')) € V. V(S;, Sb || Si, S2, (pks')) € Vs .
(M kST =T = mokaSo =T) A
(mhkhSh =T = mik1S1=T) }

F(V,V)s ={(L, L] S1, Sa, (pks)) | (pks) € p® the set of all s-parameters } U

{(81, Sy || S1, S, (phs) | (pks) = {(r]@1]@1), -- . (rnlanl@n)} € p°

(g is a choice of A-clause in 7;, and Q; is a choice of V-clause in ¢;) A
SICS #L ASJTSy# LA

AP (S1) Ny (Z0R)) =0 A AP (Sy) N ma(Z20P89)) = 0
(in each side are the visible locations in Z®**) disjoint, from the known hidden locations) A

Vi # j. Aj(S) N AY(S1) =0 A AF(S2) N AT (S2) =0

(A7?, A5P accessibility maps are the most inclusive for the local parameter r;.

In each side is every location, visible, hidden or reserved, belonging to a local parameter
outside the areas owned by any different local parameter) A

(i1, 12, 7) € ZPF).(S1(L), Sh(l2) || Sa(la), Sa(la), 7, (phs)"™) € Vv
(All visible locations hold related values) A

Vi e l.n. if Q; = (P;, LL;) then (S1,S52) € P; A

V(i1 12, 7) € LLi. (S1(l), S5(l2) || S1(lh), Sa(l), 7, (pks)'™) € Vv
(The states belong to all simple state relations in the chosen V-clauses.
Corresponding LL location-sets hold related values) }

— For all (v}, v§ || v1, v, 7, p) € F(V,V)y it holds that (v] =5 = L) or (v1 # L Avy # L).
— For all (s}, sb || s1, s2, p) € F(V,V)g it holds that (s} = s, = 1) or (s; # L Asy# L).
— Y(x:7)".Vp € pF ki, ky € F(D, D). (L, L || ki, ko, (z:7)T,p) € F(V,V)k

— VI'7Vp € p*™.Vmy,my € F(D,D)pr. (L, L || my,mo,T7,p) € F(V,V)m

There are certain properties of values, computations and states which have to do with pa-
rameters derived from other parameters by removal of A-clauses. Such parameters are » related,
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and the parameter weakening property gives that relatedness of values and computations will be
preserved under » extensions. We have no general parameter weakening property for states, but
a special limited weakening concerned with removal of con-clauses. The next lemma says that if
states s/, s, s1, so are related under an s-parameter pks and pks’ is an s-parameter derived from
pks by removal of some A-clauses but such that those instantiated in pks are not touched, then
sh, sh, s1, 89 will also be related under pks’.

Lemma 26. Let p = {r;} be a vm-parameter, and let pks = {(ri|q:|Q:)} € pS.
Assume (s}, sy || s1,s2,pks) € Vg.
If Yior; D 1) # 0 and pks’ = {(r}q:|Q:)}.
then p' = (pks')"™ = {r}} and (s},s5 || s1,s2.pks’) € Vg.

Proof By definition of » it holds that p’ = (pks')"™ = {r;} » p.
The approximation properties s} C s and s, C so are not changed. By assumption

(a) AP () m (Z2@)) =0 A APE) (55) N ma(Z2PR9) = and
(b) Vi # j. ATi(s1) N A (s ):(z) A Ayi(sy) N AY (s5) = 0 and
(c) Viel.n. if Q; = (P;,LL;) then (s1,s2) € P; A

V(lh,lo,7) € LL;. (s7(lh), s5(12) || s1(l1), Ss2(l2), 7, (pks)*™) € Vy and
(d) Y(ly,la,7) € Z<ka (s1(lh), s5(12) || s1(l1), s2(l2), 7, (pks)'™) € Vy

‘We need to prove

1 AP () Ny (Z200) =0 A AP (55) A mp (Z20F5)) = 0 and
2. Vi g AT (s1) N A (1) = 0 A A (s2) N AL (s5) = 0 and
3. Viel.n. if Q; = (P, LL;) then (s1,s2) € P; A
v(ll,l'_),T) € LL-L (éll(ll) 82<12) H 81 ll) Sbf_}(l'_)) T, (pks’)'”'”) € VV and
4. V(1 7) € Z(”’”’).(s’l(ll), sh(l2) || s1(lh), s2(l2), 7, (pks')'™) € Vy

1. follows from (a). Z(P*s) = |4) Z% is defined on the basis of the instantiated ¢;’s in (pks’). These
are the same as in (pks), so ZPF) = Z@ks) Also APED AP A@R) AP a6 defined on
the basis of the instantiated g¢;’s.

2. follows from (b) together with Vi. r} C r; = (A7 (s1) C A7i(s1) A Abi' (s9) C Abi(s2)).

3. There are no changes to finitary state relations, so also the LL’s will be the same. As (pks’)"™ »
(pks)"™ then by weakening for values and (c) all values stored in LL’s are still related.

4. follows from (d) and ZP*s) = ZPks) and (pks')™ » (pks)"™ together with parameter weak-
ening for stored values.

6.4 Relating denotations of open terms

We will now define a parameterized binary relation V=7 between denotations of open expressions.
The relation is defined by reference to the relation V. The binary relation will be shown to imply
contextual equivalence at (ordinary) parameters, which only give a set of visible locations and no
hidden invariants.

Definition 34. The relation V=1
V%F ForZ=ay...0m, '=x1:71,...,2p :Tp and A5V o7 and Ay 20 Vo o7

Let p be an ordinary vm-parameter with associated ZP such that Z¥ = ZL = A,
let vi = [A; 2, T F V4] and vy = [A; 251+ V], define
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= def
(v, v9,7,p) € V§T &5

Voj with _to; :type, j=1,..m. Y p' »p.
V(vi1,v91 || vin,v21, iloj /], p') € Vv, oo (V1 Vh, (| V1, Van, Taloj/agl],p") € Vv, with

=111 ®...0v, €[], p=v1®...0uvnm €[],
Py =15 @ ... @0y, €[], pr=v1®...Quva € [IT.

it holds that (vi(p}),v2(p5) || vi(p1),v2(p2),7loj/a;l,p') € V.

fo ForE=ay...0m, '=x1:71,...,2n: Ty and A; 5T My : TT and A; =51 My : T
Let p be an ordinary vm-parameter with associated ZP such that Z¥ = Z§ = A,
let my = [A; Z; 1= My]| and my = [A; 251 F M), define
(m1,m2, T1,p) € V5 g

Vo with _& o : type, j =1,..,m. Vp' » p.

V(v vl [ vin,ver o /ey p") € Vv, (01, 05, (| vins v2n, Talog /o] p) € Vv, with
=1 @...@v,e[l],pn=v1®...0v, €[],
py=0h @...0vh, €I, p2 =v21 @ ... v, € [I.

it holds that (m1(p';), ma(py;) || mi(p1i), ma(p2i), Tloj/e,p') € V.

Proposition 4. Typing rules preserve V=" relation of denotations.
For typing rules with no premisses it holds that for all p € o"™ with Z7 = Z§ = A

if ——————— andv=[AETHV: then (v,v,7,p) € Vol
! PAYICED AN S 14 5; 7l ( ™) v
For typing rules with j premisses it holds that for all p € 0"™ with Z¥ = Z§ = A
if A LG - A F Gy and by the same typing rule
A ETHEG o
Al FGin 4i %5l Gt and for the well typed terms
A ETHG,
di =455 FGuim), die =450 F G i,
din = [4, 5515 G vl dijp = [Ai 555 15 F G 2], and

Vi€ l...j, (di,dia,vi,p) € V)E(’F’ (where in each case X is the relevant X € V,M ).
And dy = [A; =17 Gy '], dy = [4A 5517 G 9.

then it holds that (dy,db,~',p) € VE'

Proof
To shorten formulations in the proof we let here arbitrarily p € 0" be a parameter such that
ZP ={(l1,11,61) ... (In, ln, 6)} where A = 7V = Z5.

For Z==ay...am, I'=21:711,...,2, : T, with ZF " and
arbitrary oy ...o0,, with _F oy : type,

arbitrary p' » p, arbitrary (vi;,vh; || v1i, V24, Tilok/ak),P') € Vv, i =1, .., n.
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Let py = v}, ® ... @}, € [[']. Let py =v11 ® ... ®@ vy, € [[].
Let ph = vh ® ... ®vh, € [I']. Let py = v ®@ ... @ vh, € [[].

As Vi. vf; C vy Avh; C g and ((v]; = vh; = L)V (v1; # L Avg; # L)), then it holds that
PLE pi Aps Cpa
(Pr=py=1) Vipr#LAp2#1)
(m=Lvp=1)=(py=LApy=1)
(P #LVpy#£L)= (i # LApa# L)

We now show for each typing rule that relatedness of denotations is preserved. As the o types, the
parameter extension p’ and the p environments are arbitrary, this covers all cases

id:

AiZixy i xy Ty Ty BT
Let I'=xy im0 250 Tj ..yt The
There are no assumptions, so we need to prove that it holds
([A; =T Fay:r), [A = 0k 7], 7.p) € V! that is
(14; 55 b 71 (04), [45 55T 0 73] (30) |l
[4; =27 F xj7](p1a), [A; 251 F 2y 73] (p2i)), Tlow/ow), p') € V.
If py = L A ph = L then for any j € {1,..,n},
([4: 5 'y o] (1), [A; 55 T E o ] (),
[A;=2 T Fxy7](p1), [A 2T F xjo7](p2) =
(L, L [A; =0 Eayor](e), [A 250 F aj o 75](p2)) and
(L LA Z T g m](en), [A: 551 F @y 7] (p2), milow/onl, p') € Vv,

#J_\/pQ#J_dndpl%L/\pg;ﬁj_thenfm]e{l, ,n}
ET )

iS50y T7]](ﬂ1) [[AWJWI‘J' s 75](p2)) =
(dlj,dzj v1j,va;5), where dy; € {L,v];} Ady; € {L,v5;} and as
(U1J7U2j [ vlJ=L2J~,TJ[UA/04k] p')€Vy
so by downwards closure (dy;,db; || vij,ves, 7jlon/ax],p’) € V.
Hence ([A;I' &y« 7], [A; T by : ], 75,p) € VL.

loc: ———— (l:o0€A)

A;ZCEL:oref
A;Z5 T Fl:oref requires [ : 0 € A.
We need to prove that it holds ([A; Z; '+ 1 : oref],[A; Z; L+ 1z oref],oref,p) € V. The
requirement (I : 0 € A) means that o is closed and so o[o;/a;] = 0. So we want to prove that

([4; =50 Lz oref](ph), [A; 25T F L oref](p3) ||
[A; =, loref](p1),[A; ;T Fl:oref](p2)),oref,p') € Vy.

If py = L Aph =L then

([4;5 01 (TTf’f]](pl) [A; =0 F L oref](ph),

[4; H,FFI aref](p1), [[A,:,FFZ aref](p2)) =

(L, L, [4A; =01 aTef]] p1), [A; = F 1 oref](p2)) and
(L L [A;= 0L crref]](m),[[A;E;FFl:J’ref]](pg),J[(r]/aj]’ref,p') e Vy,

If py # LV ph# Land p1 # LA ps # L then
(14 50 Flzorefl(p), [A; 550 F L oref](p)),
[A; =, FlLoref](p1),[A; =T F1:oref](p2)) =
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(dy,dy, i(incl), i(inl)) where df, d5 € {L,i(ingl)}
Since p’ B p then Z¥ D ZP so (I,l,0) e Z? = (l,1l,0) € z7 so
(dy,dy || i(incl),i(incl), oloj /o] Tef,p’) € Vv

Hence ([A;T = 1:oref], [Ai L +1:oref].oref,p) € Vil

val:

Let vi = [A; 250 F Vi o 7] and vo = [A; ;T Va o 7). Assume (v, v2,7,p) € Vil
This assumption implies (v (p]), v2(ph) || vi(p1),v2(p2),7[oj/c;],p") € Vi

Let my = [A; Z: T Foal Vi 2 T7] and my = [A; =T Fval Vo : T'7].

We need to show (my, ms, T7,p) € VE{, that is we want to show

(m1(py), ma(ph) H mi(p1), mz(ﬂz Trlo;/ j]-,P/) € Vi, or

(i (ma(py)), i~ (ma(ph)) || 47 (ma(pr)),i™ (ma(p2)), Trloj/ay).p') € F(V,V)ar.

it (ma(ph)) = MeASi (k) S (vi(p)), it (ma(ph)) = AeAS.i ™1 (k) S (v2(p)))
it (ma(pr)) = MeASi (k) S (vi(pr), it (ma(p2)) = AeAS.i~ (k) S (v2(p2)).
1)

and ms(ph) will both be the constant L function in M,
1), ma(p2), Trlog/ ) p') € Vi

(}
(r
If v1(p)) = va(ph) = L then mq(p]
and herice (m (p}), ma(ph) | ma

SIRSE

Else, let p” » p/, (pk”) € X, (pks") € pk"S and let (K, kb || K1,y ko, (2 Tloj/oy]) T, (pE")) €
Vi, (51,55 || S1, 52, (pks”)) € Vs. We need to show
mi(p1))k1S1 =T = (ma(p2))k2S2 = T and ma(ph))k5Sy = T = (mai(p1))kiS1 =T

By assumption and weakening (vy(p} ) va(ph) || vi(pr), 2(,02) T[O']/()t7] ") € Vy.
i (ma ()R 8] = Fl(k )STv1(p1), i (ma(ph)) k585 = i (k5) Sqva( P2)
i ma(p1))k1S1 =i (k1) S1o1(pr), i (ma(pa))kaSe = i~ ( 2)S2v2(p2).

So it follows that since k’s, S’s and v’s are correspondingly related so
(ma(p))) k1 S1 = K19 (01(p1)) = T = kaSa(va(p2)) = (ma(p2))kaSa =T A
(ma(p2)) kS5 = k595 (v2(ph)) = T = k1S1(vip1)) = (ma(p1))kaS1 =T

Hence (mq(p}), ma2(ph) || mi(p1), ma(p2). T7loj/a;],p') € V.

We conclude (m1,ms, T'7[o; /o], p) € Vi

A ETEV it ref
= DEW T

deref:

Let v = [A; =50 F Vi s ref] and vp = [A; 551 F Vo o 7 ref].

Assume (vi,v2,7 ref,p) € Vi, so (v1(p}), va2(ph) || vl(p1)7v2(p2),7[a]/-/aj] ref,p') € Vy.
This implies that either vi(p]) = va(ph) = L or 3(ly, 1o, [0 /a;]) € Z7 .

Ul(p/l) € {L,i(inLll)}A, 'Ul(pl) = i(iTLLll), Ug(plz) S {L,i(inu_lz)}, Uz(pg) = i(iTLLZQ).

Let my = [A; ;1 F Wi] and my = [A; =1 F V3]

We need to show (mq(p}), ma(ph) || mi(p1), ma(p2), Tloj/oj],p') € Var.
If vi(p}) = 1)2(/7{2) = 1| then my(p}) = ma(ph) = L and

(ma (p}), ma( /’2 | m1(p1). ma(ph). v2(p2), T'[o;/c;],p") € Vs Else,

i 1(ml (1)) € {L, \eAS.(i7 k) S(S1)}, it (ma(p1)) = MeAS.(i7 k) S(S1y),
i1 (ma(ph) € {1 AR AS. (= k)S(SD2)}, i (ma(pa)) = Ak AS (i £)S(S1).

Let p” » p/,(pk") € p"8, (pks") € (pk")S, (K, ks || ki ks, (x = 7loj/as])T, (pk")) €
Vi, (51,9 || S1, 82, (pks")) € Vs.
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alloc:

Since (ly,la, [0 /aj]) € Z7" also (Iy, ly,7[oj/a]) € 77" then (S1, 55 || S1,52, (pks")) € Vs =

(S] = LAS,= 1)V (S, Shls || Silh, Sala, (o) /e],p") € V.

I (8 = LA Sy — L) then (ma(p}))K} S} — (ma(ph) KhSh — L

Else it follows that since continuations states and values are correspondingly related
(ml(p’l))k’lS{ E kiSi(Sill) =T= ]CQSQ(SQIQ) = (7712([)2))]672S2 =TA
(ma(py))ka Sy E k5 S5(S5l2) = T = k1S1(S1lh) = (ma(p1))k1S1 =T

Hence (m1(py), m2(p3) | mi(p1), ma(p2), T7loj/as],p") € V.

We conclude (m1,ma,T7,p) € V5.

A ETFV T
A ETEref VT(1 ref)

Let vy = [A; 5,0 F Vi i 7] and vo = [A; 2,1 F Vo : 7). Assume (vy, v, 7,p) € VEL.
Let mqy = [A; 250 Fref Vi T(r ref)] and mo = [A; 250 Fref Vo : T(7 ref)].
We need to show (m1(p}), ma(ph) || mi(p1),ma(p2),T(7[o;/c] ref),p’) € Var.

If (a1 (ph)) = LA (maph)) = L then (ma(p}), ma(ph) || ma(pr), ma(p2), T(rlo;/aj] ref),p') €
Vi Else py = L = (ma(p))) = L, o1 = L = (ma(p1)) = L, ph = L = (ma(py)) = L,
pa =L = (mi(p2)) = L.

P # L= i (ma(ph)) = MRS k) (S (7)1(#1))})(7’01'%1 )

for some/dnyl ¢ supp(\.(i 7 1k) (S[I" = (v1(p)))](i 0 inpl’)).

p1# L= i mai(pr)) =i (mi(p1)) = Ak AS( “HE)(S[h = (vr(p))) (i o invl)
for some/any I ¢ supp(/\l’ (i) (S[I" = (v1(p1))](i 0 ingl’)).

ph # L= i (maph)) =i~ (ma(p ) = Ak. )\5( ) (St = (v2(p))))) (i 0 inuly)
for some/any ¢ supp()\l’ (i k) (S[l" — (vz(p’z))](z oingl’)).

p2# L =i (ma(p2)) =i~ (ma(p 2)) Ak AS. (7 k) (Sla = (v2(p2))]) (i 0 inls)
for some/any lo ¢ supp(N'.(i7 k) (S[l = (va(p2))](i o inLl’)).

Let arbitrarily p” » p/, (pk”) € p"%, (pks") € pk"S, (K}, kb || k1, ko, (2 ¢ tloj/aj]ref)T, (pk")) €
Vie, (81,55 || 1,52, (pks")) € Vs.

If pf = ph = L or S§ = S5 = L then (mq(p}))ki ST = (m1(ph))ksSs = L. Else

Let [y ¢ (A;ﬂ’Q(S]) U AP”Q(SQ) U

supp(A.(i7 B)(S[I" = (v1(p1)) (i 0 innl’)) U supp(A.(i7' B)(S[I" — (v1(p1))(i 0 invl)) U
ﬁpp(klﬂ(f%)(s[l’ = (va(ph)) (i 0 inel’))) U supp(N/-(i k) (S[ = (va2(p2)) (i 0 inil"))).

i (ma (p))R1ST E (7 K (S1 (o = (v1(p)))]) (6 0 innlo),
i N (ma(p1))k1S1 = (i k1) (Siflo — (v1(pr))]) (i 0 invlo),
i~ (ma(ph))k5Sh T (i~ kb) (Sallo — (va(ph)]) (i 0 invlo),
i (ma(pa))k2Sa = (i ko) (S2llo — (va(p2))])( 0 invlp).

We define a parameter (pks®) that extends (pks”) by adding (lo, lo, T[oj/a;]) to the visible
locations. Let v = ((T,0.1), Ag, Ag, {(lo, lo. T[oj/a;])}).

Let (pks®) = (pks”) W {(r|r[(T,0LL))} so (pk?) = (pks®)* = (pk)" W {(r|r)}, p* = (pks®)*" =
P {r} and p* > p”, (pk®) > (pk”).

Then Z7%° = Z0%° = 205" {(lo,lo. T[o; /o)) }, 27" = 27" w {(lo, lo, T[05/0;))}

It holds that (ioingly,ioinily,ioinLly,ioinLly, T[oj /] ref,p®) € V. To prove the required
termination approximation we want to show
(S1llo = vi(p)], Sallo = v2(p)] || Sillo = vi(p1)], Sallo = v2(p2)],p”) € Vs.
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By assumption (S7, S5 | S1,52, (pks”)) € V. The states have only been changed outside the
areas for the most consuming accessibility maps Apnl, Ap”z involved in p”. Hence the updated
states (S1[lo — (vi(p1))], Sa2[lo — (va(p2))]) still belong to the same simple state predicates
and relations involved in p”. The associated location lists hold values related in p” by weakening
these are also related in p3 > p”. ZPks” = zpks" y {(lo,lo,7)}. Since the original states were
related and by weakening the locations in ZPks" hold values related in p°. By assumption and
wealening also (v1(s4), va(s5) || v1(p1), va(p2), 7(73 73], 5°) € V.

In more detail we have that

(pks®) = {(r1|411Q1), - - -, ("nldn|Qn); (Pns1ldns1|@ni1)} Where 7,41 = r with trivial instanti-
ations, and so relatedness of the updated states in pks® requires

1. Si[lo = vi(p))] E Sillo — vi(p1)] # L A Shllo — va(ph)] E Salo — va(p2)] # L
2. AP (81l > vi(p)]) N (Z75) = 0 A AP (Sally — va(p2)]) N (27K = 0

3.Vi £ e 1. ntl. A7(Sy[ly — vi(p)]) N AT (Si[lg — vi(p)]) = 0 A A5i(Sally —
1/2(/72)])ﬁf‘1TJ (S2[lo = va(p2)]) =

4. Y(l,lb,0) € Z”“ (S1llo = vi(p)] (), Sallo = v2(py)](l2) || Sillo = vi(p1)l(lh), Sallo —
v2(pa)](l2), o, P’ )6 Vv

5. Vi € L.nt1. if Qj, = (P, LL;) then (Si[lo — v1(p1)], Sallo — va(p2)]) € P A
V(l,12,0) € LL;. (Sillo = vi(p))(l1), Shllo = v2(p5)](12) || Sillo = vi(p1)](lh), Sallo —
v2(p2)](l2), o, p*) € Vv

1. Follows from: assumptions S| C S; # L A S5C Sy # Land pf Cp1 A ph Cpo

2. Follows from: r = ((T,0.1), Am,A@,{(lo,lo 7)}), so
m(Z75°) = (275" ) @ (o}, AT (Sillo > vi(p)]) = Apks”(sl) lo ¢ Apks”( 51) and
ma(ZP") = ma( 2P ) w {lo}, ABF( 52[10 = va(p2)]) = A (S), 1o & ABF(S))

3. Follows from: A" (S;[ly +— v1(p1)]) = A5 (Sallo > v2(pa)]) = {lo} and
Vigjel...n. A”(Sl)ﬂA (s ):@ A3H(Sy) N ALY (S5) = 0 and
Viel..n A7 (Si[lo — wn(p)]) = Si)do ¢ AT(S1) A A (Sallo — va(p)]) =
A5 (S2),lo ¢ A5 (S2)

4. Follows from: ZPks" = zpks"iy w{(lo, lo, [0 feg])}, V(i I, ) € ZP5" (S (1), Sh(la) || S1(l1), Sa(ls),
o, p'") € Vy, weakening and the assumption (v, vs,7,p) € V!,

5. Follows from: Simple state relations and predicates only depend on the areas given by the
accessibility maps and Qn11 = (T.0rz) and Vi € L.n. Iy ¢ A7(S1),lp ¢ A¥(S;) and if
Qi = (P, LL;) then (S1,52) € Py AV(l1,l2,0) € LL;. (S{(h), S3(I2) || S1(1h), Sa2(l2), 0, p"™) €
VV.

We have

(Sillo = (vi(PiND): Sillo = (vi(p1))]), Sallo = (v2(ph))]). Sallo = (va(p2))]), pks®) € Vs.

It then follows that (my(p}),ma2(ph) || mi(p1),ma(p2),T(r[o;/c] ref),p’) € Vi and so

(ma,ma, T (7 ref),p) € V3L

A E TV iTref A E VT
A E T E V=Vt Tunit

assign:

Let v1g = [A; 5T Vig i 7 ref], vaq = [A; Z 1 F Voo = 7 ref],
vy = [A 5T E Vo 7], vap = [A; E5 T F Vay 2 7]
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rec:

Assume (v14, V24,7 TEf, D) € V‘%F and (v1p, vap, T, p) € V‘%F. So
(V1a(p1); v2a(P3) [ via(p1), v2a(p2), Tloj/cj] ref,p’) € Vi and
(v1s(p1), v26(p2) || vin(pr), v2(p2), Tloj /0], p') € V.

The assumption implies that either v14(p}) = va2a(ph) = L or I(I1, 12, 7[0;/e]) € zv',

) =
i (01a(p1)) E 07 (via(pr)) = inily, i7" (vaa(ph)) © i (v2a(p2)) = inila.
Let mq = [A; 251 F Vig := Vip : Tunit] and mo = [A; 251 F Vag := Vay, : Tunit].
If v14(p}) = vaa(ph) = L then mq(p}) = ma(ph) = L and we have
(ma(p), ma(ph) || mi(p1), ma(ps2), Tunit,p’) € V.

Else

i (ma(ph)) B MeAS.(i7 R)(S[I = (vis(ph))))i(in*),
i (ma(p1)) = MeAS. (i) (Sl = (vip(p1))]))i(ing*),
i (ma(ph)) © MeAS.(i7 1K) (S[la = (vap(ph))))i(in*),
i~ (ma(pa)) = Mk AS.(i7E) (S[la — (vap(p2))])i(ing*).

We want to show (my(p}), ma(ph) || mi(p1), ma(p2), Tunit,p’) € V.
Let p// > p/’ (pk”) c I)HK. (pks”) c (pk”)s.
(KL, kS || By, ko, (2 unit), (pk)) € Ve, (51,55 || S1,S2, (pks”)) € V. We will show
(ma(P))R1ST E (R)(S11h = (oi(p))])ilinax) = T =
(ma(p2))k2S2 = (k2)(S2[l2 = (vas(p2))])i( ml ) TA
(ma(p2)) k595 E (k5)(S3]l2 = (van(ph))])i(ingx) =
(m1(p1))k1S1 = (k1) (S1[ly = (vis(p1))])i(ing* ) T

By assumption (v1(p}), vap(p5) || vis(p1), vau(p2), (o /e, p’) € Vv then by parameter weak-
ening also (v15(p1), vap(Ph) || v1s(p1), van(p2), Tloj/as],p") € Vv, ;

Since p” » p/ then Z¥? 2 ZP . So (ly,l2, [0 /;]) € Z¥ implies (11,12, 7[0j/a;]) € ZP .

And since (57,55 || S1, S, (pks”)) € Vs then Y(ly, Iy, 0) € Z@*")(S11y — (v15(05)las
Syl = (an(pa))ll || Sally = (vin(p1))llas S2[l = (vau(p2))lly, 0,p") € V.

The states S1, S2 have only been changed outside the areas for the accessibility maps involved in
the hidden areas of local parameters in p”. Hence the updated states Si[l1 — (vip(p1))], Sall2 —
(v2p(p2))] still belong to the same simple state relations involved there. The associated location
listﬁ hold Vah}les related in p”. B B

A (S1)NZy =0nh e m(2") = AV (S)) = A7 (Sili = (vis(p1))]), and

AS(Sy) Nma(ZP") = DA Dy € mo(2P") = A5 (Sy) = AL (Salla — (vap(p2))]). Also Vi €
AL (8). (S0)L= (Su[ = (@in(p))L and VI € A5 (Sy). (S)L = (Salla = (van(p2)))L-
(11712,’7'[0']'/(1]']) S Zp' Cc Zp"-

So (Sillr = (vin(p1))]: Sall2 = (va(p2))] | Silly = (vis(p1))], Sallz = (v2u(p2))]p”) € Vs.
Also (i(inq*),i(in1*), i(ing ), i(ing*), unit,p’’) € Vy.

Now continuations, updated states and (inq*)-values are correspondingly related, so we get
the required termination properties. Then (mq(p}), ma(p5) || m1(p1), m2(p2), Tunit,p’) € V.
We conclude (mq, mso, Tunit,p) € VM .

A EDfir—Tr o7 M:T7
Ay ZIbrec fx:1)=M:7—T7

Let mqy = [A =551, f:7 — T,z 7+ My : T7'], and
let my=[&5T f:7 = Tr', o7k My: T7'],
Assume (mq, ma, T7',p) € V;IF"? where Iy =T'U{ f:7—=T7,x:7 }.

Let vy = [A; =5 Frec f(x:7) = My : 7 — T7'] and
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let vy =[A;Z 0 Frec f(x:7)=My:7— T7'].

We aim to prove (vi,ve, 7 — T'7/,p) € V!, that is

(v1(ph),v2(p5) [l vilp1),v2(p2), (T = T7')[oj /o], p') =
(v1(ph),v2(p5) [l vilp1),v2(p2), (Tloj/ey]) = (T7'[o/04]),p') € V.

If py = ph = L then vi(p}) = va(ph) = L.

When p # L we have [A; Z; 1 Frec f(x:7)= M:7—T7' Jp=

ioin | fix(A\f € (V—oM). N\’ e V.[A; =1, f 7 =T 2 : 7 M :TT'|(p@ f —ioin || @z —
)] =ioin[l,c, 9n]

where

gn € (V—M), go = Ly_om and

gny1= Axg E V[N E L fir =T a7 M :TT'](p® [ —iocin_|gn] ®x+— x0).
so we have that when p} # LV ph # L then

vi(p) = ioin ol e, 9nl, valp2) = i0inll,e, gn]-

01(h) Cioinalllyeo b 1, va(ph) € 0 inolLlyen 02

where

95 =93 =95 =93 = Lv_on and

Gpp1 = Azoma(pr @i oin_o|gy] @ x),

Gn1 = Azomi(p2 @ i0in_o|gy| @ xo),

Gh1 = Awoma(py @ ioinolg, | ® o),

G2 1 = Ao (ph @ i 0 in_u g | @ o)

It holds that

Unew 8} = O € Voma(py @1 002 (e 91)] © 7)) and

Unee g2 = (W’ € Vema(pe @ 0 in2 [(Unge 92)] © ')

We have g} C g8 C |Jgt Agd C g2 C|]g2 and from the definition and the assumptions
pi C p1 A ph C ps then by induction Vn.g,, C g C gy Agn C g Cgs

Also Vdi,dy. Ly om(di) = Lv—om(da) = L
Since Vg € p*™.Vdy,dy € V. (L, L || Ugi(dr), gk (d2), T7'[0;/j],q) € F(V,V)u
so (ioin|g],i0in_|gd] || vi(p1),va(p2), (r — T7")[oj/a;],p) € F(V,V)y, and also for p/

‘We will show by induction on n that
Vnew. (ioin|g, |.ioinlgy | || vi(pr),v2(p2), (1 — T7")[oj/as],p') € F(V,V)y.

Assume (ioin_gh|ioin—lg?] | vilpr), va(pa), (7 = T7)[o;/a51,0') € F(V, V).
Recall (i in_o g} ], i 0 inolg2 | | v1(p1), va(p2), (7 — Tr')[os /o). p') =
(o inalg lyioin-ulg¥ | | ioin-olle, 9)i0inll,e, 921 (r = ) /gl p).

To show that (i0in—o|g) 1 |,i0in—olgl 1] | vilpr).va(p2), (r — T7))o;/aj],p) € F(V,V)y
we must have Vp” » p' V(d}, dj || dy,do, T[oj/a;],p") € V.

(Azg.ma (py@ioin— Lol |®0)dy, Azg.ma (py @ioin— lg2 |@z0)dy || gh(dr), L1g2(da), Tr'[o;/a5), ") =
(ma(ph @ioin|g) |@d,), ma(phy@icin_o| gy |@dy) || mi(pr@icin | (U,e, 98)] @d1, m2(pa®
i0in_o|(Unen 92)] @ do, T7'[0/aj], p") € Vi

Since by assumption (my,ma, T7'[0;/a;],p) € V3L? and we have

(ioinlg, Jiioinlgy | || ioin|l,e,gmliioinollle, 9], (7 — Tr)[oj/a;],p') € Vv
and (d},dy || di,da, T[oj/ay),p") € Vy it holds that

(ma(py @ioin_s| gy |@d;), ma(pyicin_|gl |@ds) | mi(pr@ioin_| e, 9] @d1), ma(pa®

i0in—| e, 9n] ® d2), T7'[o;/ay], p") € Var. So
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app:

let:

(ioinolghii)sioin g2 ] [ioin olUpe,gnliioin |, 621, (0 = T7)o/a)],p) =
(ioinolghi1)iioin|giii] [ vi(pr),valp2), (r — T7)[oj/a],p) € F(V,V)v.

We have shown that ¥n € w. (ioin_|g | ioin_o|g2 ] || vi(p1), Uz(pz) (1 —=T7")[oj/a;],p") €
Vy. Then since Vy is admissible also (| ]i o in_o|g) |, ]i o in_. [an | vi(p1),v2(p2), (1 —

Tr)log/ el p') € Vv So (i(p), valpz) Il vapn), valpa). (m = T/ ], p) € Vv,
hence (ul,vg,T—rTT p) € Vil

A ETHV,:r—>T7  AETHV, T
A ETEV VT

Let v1g = [A;E 0 FVig i 7 = T, v2q = [A; E5 0 F Vag i 7 = T7], 01 = [A; 25T F Vi
7], vap = [A; Z5 1 F Vi, 2 7]

Assume (v14,v24,7 — T/, p) € V‘%F and (v1p, vap, T, p) € V‘:jli

Let my = [A; '+ Vi Vip] and mo = [A; ' Vo, Vap]. We aim to show (mq, ma, T'7/,p) € fo,
that is (my(ph), ma(ph) || mi(pr), ma(p2), T7'[0;/c;],p") € Vs

The assumption (viq,v2q, 7 — T7/,p) € VEL implies either v1,4(p)) = v24(ph) = L or
3f1’7f1;f2’7f2-

iHvia(p1)) = ino | f1] /\ iTMvwa(ph)) = LA = L) Vit (owa(ph)) = inol fi] A

i (vaa(p2)) = in—ol fo] AT (aalph)) = LA fo = L) Vi (vaa(ph)) = ino| f5] A

vp" > p v(dlvd2 I dhdzﬁ[a;/a;] p") € Vv.(fidy, fody || frdy, fada, T7'[oj /0], p") € V.
In the first case my(p}) = ma(py) = L, and (m1(p}), m2(p3) | mi(p1), ma(p2), T7'loj/ 5], p) €
V- In the second case we get that since (v15(p]), v2s(h) || vis(p1), vau(p2), T[oj /)], p’) € Vi
then (f{(vi(p1)); f2(v2n(p2)) I fr(vie(p1)), f2(v2s(p2)), T7'[0j/cy],p") € V. And we have
mi(py) = fi(vw(ph)), ma(pa) = fa(van(py)), mi(pr) = fi(vie(p1)), ma(p2) = fa(vos(p2)) so
(m1(ph), ma(py) || ma(pr), ma(p2), T7'[oj /0], p) € Vs

We conclude (my,ms, T, p) € VI

AN ECEM, TT, A E D1, My : Ty,
Ay E L Elet v <= M, in My, = Ty,

Let myg = [A; 250 F My, : T7,], mag = [A; 550 F My, : T'1g], myy, = [As =02 7 b
My, : T1], moy = [A; 25120 1 b Moy, : T3]

Assume (m1q, Maq, T4, p) € Vi{ , and assume (m1y, map, T'7p,p) € Vf}r’x:T“),
then (m1a(p7), m2a(p5) || M1a(p1), m24(p2), TTaloj/s],0") € Vi, and

for any (vi,, 5, || Viz, V2, Ta[oj/a;],p’) € Vy it holds that

(map(p} @ V1) man(ph @ vh,) || mip(pr ® v1z), map(p2 @ vae), Tolo /), p) € Vi

Let my = [A; Z: ' F let @ <= My, in My, : T, and
let mg =[A;Z;1'F let & < My, in Moy, : T'1p].
We need to show (m1,ma, T'y,p) € V3 that is (in all cases)

("'LL(PS)Jﬂz(P’z) [ ma(pr), ma(p2), Troloj/y],p') € Vi

If p} = ph = L then ml(pl) ma(ph) = L and we are done. Else we have
i1 (1)) = ARAS. (i (10 (1)) NS0 M- 1 (s (5 @ 1)) kS0)S

i~ (ma(p1)) = AeAS. (i H(maa(p1))) (ASo-Ady. (i (may(p1 @ di))kSo) S,
i (ma(ph)) = MeAS. (i (maa(p5)))(ASo-Ada. (i (may(ph @ da))kS0) S,
i~ (ma(p2)) = AkAS. (i (maa(p2)))(ASo-Ade. (07 (may(p2 @ d.))kSo)S.

Let p” » o/, (pk") € p"™, (pks") € pk"S, (K. kg || kike, (@ ¢ mlo;/ag)T, (0k")) €
Vi, (51,85 || 81,82, (pks")) € Vs.
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fold :

(i (ma(P)))EST = (07 (maa(p1)) ASo-Ady- (i (map(py @ dy))kS0) ST,
(i (ma(p) k1St = (07 (maa(p1)) (ASo-Ade-( 07 (map(pr © di))k150) S,
(i (ma(p5))k5:S5 = (i1 (ma2a(p5))) (ASo-Ady- (i (map(ph @ dy))k5S0) S,
(i (ma(p2))k2S2 = (i~ (ma2a(p2))) (ASo-Ady-( i~ (mazp(p2 @ dy))k2S0) Sa

By assupmtion (mi14(p}), maa(ph) || m1a(p1), maa(pa), Taloj/as],p') € Vs and

(S1,85 || S1,82, (pks”)) € V. If (m1a(p}) = maa(ph) = L or S7 = 55 = L we get the required
termination approximation. Else we want to show that

((XSo-Ady. (i~ (map(py @ di))k1S0)s (ASo- A (i7" (man(py @ di))k5S0) ||

(/\(S(].)\d)z. (i1 (map(p1®dy))k1.S0), (ASoAd. (71 (Mo (p2®dy))k2S0), (z = Taloj/ey]) T, (pE")) €
F(V,V)x

Let (pk®) > (pk"), (pks®) € (pk%)S,p* = (pk®)*™ s0 p* > p"".

Let (S4g, Sho || S0, S20, (ks®)) € Vs, (d,d) H dl,dQ,Ta[UJ/aJ] p) € Vy.
(ASp-Ady. (i (mw(m ® dy))k1S0))S10dr = (i (map(py @ d1)))k] ST,
(ASo-Ady. (i~ (map(p1 @ di))k1S0)S10ds = (i~ (may(p1 @ di)))k1Sho,
(ASo-Ady. (71 (may(ph @ di))khSo)Saody = (i~ (me(/’Q ® dy)))k5 S,
(/\S(])\d() (L (7”2[, P2 ® d ) kgSo)SQUdQ (L (mgb(pz ® dg)))szQo.

We have p3 > p” » p' > p. So p* b p. (d},db || di,do, 7a[oj /], p*) € Vv,

Vi. (v, v || v14, v2, 7il0 /], ') € Vi, it follows by weakening that Vi.(v];, vh; || v1s, vai, Tiloj /o],

V. Also (map, map, T'p[0j /], p) € Vi}r’T:T”).

Then ((may(p) ® di)), (man(ph @ db)) || (may(pr ® dv)), (may(p2 ® da)), Trlo /as),p”) € Var.
By assumption (k{, k% || k1, k2, (z : 7oj/ay]) ", (pk”)) € V. Since (pk®) > (pk”) then by
parameter weakening (K}, k5 || ki, ko, (z : 7o /) 7. (pk®)) € V.

Since also (S}, S5 || S10sS20, (pks?)) € Vs we can conclude that

(m1,ma, T1p,p) € VL.

S, BV 7[pat(a)/a]
A ZE T E fold Vo pat

Let vig = [A; '+ V3] and vag = [A; L' F V5]
Assume (vig, v20, T[pa.7/al,p) € VEL.

The assumption implies (vio(p}), v20(p5) || vio(p1),va0(p2), Tlpent/allo/e;lp') € V.

ais not free in 7[pa.7/al. If a ¢ = thenlet i € {1.. .k}, if a = ay, € Sleti € {1...k}\ {m}.
So r{ua.r/al[a; /o] = (rlos ) [ne (7l fad]) o] and pa(rlofail) = (uor) (o fay), and
(v10(p1), v20(ph) Il vi0(p1), v20(p2), (Tloi/ei])[pa.(voi/ci]) fo],p') € V.

Then either vio(p}) = v20(p3) = L or vi0(p) E vi0(p1) € (V)| Avao(p3) E va0(p2) € (V).

Let v1 = [A; =51 F fold Vi = pa.t] and ve = [A; =T F fold Va @ pat].

If v10(p}) = va0(ph) = L then vi(p}) = va(ph) = L and so

(wi(py),v2(ph) || vilpr),va(p2), (nat)o;/as],p") € Vy. Else i *(vi(p})) = inu(vio(p})),
i va(p)) = ing(vao(ph)), i (wi(pr)) = ing(vio(pr)), i (va(p2)) = inu(vao(p2)). By
assumption (v10(p1) va0(py) || v10(p1).va0(p2), (tloi/ci)[pe(rloi/ei]) /a],p’) € Vy_then

-

(vi(p1), v2(pa) | v1(p1), v2(p2), pevroi/ail, p') = (vi(p1), v2(ph) | 01 (pr), va(p2), (pevm)los /gl

Vy. We see (v1,va, pa.7,p) € Vil
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unfold:

Aapp:

A E: TV par
A Z T Funfold Vi T(r[pa.t/al)

Let v; = [A; T+ Vi@ paet] and vy = [A; T F Vo : pa.t]. Assume (vi,va, pa.t,p) € Vil

Let my = [A; ' unfold Vy : T(rpa.7/a))] and mo = [A; I+ unfold Vo : T(7]pa.7/al)].

We need to show (mq, ma, T(7[pa.7/a]),p) € VE}

The assumption (v1(p}),v2(p5) || v1(p1),v2(p2), (pet)[oj/a;],p’) € Vy implies

either vy (p}) = va(ph) = L or 3dy, db, dy, ds.

(i (va(pr)) = impudy # L) A (o (ph)) = di = LV (i (vi(p))) = inudy # L) A

(i (v2(p2)) = inpuda # L) A (7" (va(ph)) = dy = LV (i (v2(ph)) = inydy # L) A

(d},dy || di,do, Tlpa.t/alloj/a;],p") € Vy. By weakening also Vp” » p'.(d},d5 || di,ds,
Tlpar/alloj/aj],p") € V. If vi(p]) = va(ph) = L then my(p}) = ma(ph) = L and then

also (ma(p}), ma(p) || ma(p1), ma(p 21) T[lm 7/o]lo;/a;],p') € Var. Else

—1

i~ (ma(p))) = MeASATH(E)S(dY), i (ma(ph)) = Ak.AS. z’l(k)S(d’)

i~ (ma(p1)) = MNe NS (K)S(dy), i (mg(pg)) A AS i (K)S(dy).

Applied to continuations and states related under a parameter »-extending p’ this gives appli-
cation of related continuations to states and values related under the same parameter as the
continuations. Then also (m1(p}), ma2(ph), || mi(p1), ma(p2), T(r[pa.7/a[o;/a;]),p") € V.
We conclude (my, ms, T(7[pa.7/al),p) € VL.

A E o ’'EM:Tr Z-T
A ETF AaM :NVa.TT

Assume « is not a free type variable in I".

Let my = [A;Z, oz ' My : T7] and mg = [A; 2, ;T = My : T'7].
Assume (m1,me, T7,p) € V3!, then Vo with _F o : type it holds that
(ma(ph), ma(py) || ma(pr), ma(pr), Trloj/aj 0 /0], p") € V.

Let vy = [4; 551"+ Aa.M; : Va.T'7] and vy = [4; =5+ Aa. M, : Vo T'7].
We want to show (v1, v, Va.T'r,p) € Vi! or (in all cases)

(v1(ph),v2(p3) [l vi(p1), v2(p2), Vo T7[o /], p") € V.

We have pf = g = L = vi(p}) = va(ph) = L. Blse vy(p}) C imylma(p})], va(ph) C
iny|ma(py)], vi(p1) = iny[mi(p1)], va(p2) = inv|mi(p2)].

By the definition of V we want to show Vo with b o : type it holds that

(ma(ph), ma(py) || ma(pr), ma(py), Trloj/aj,0/0]p") € V.

This follows from the assumptions.

A E; TV Yo T ZEF 701 type
A E TV T (7] /a))

Assume Z' + 7' : type and let v = [A; 2,1 Vi : Va.T'7] and v = [A; 251 F Vs : Vo T'7].
Assume (v1,v2,Ya.T'7,p) € VEL s0 (v1(p]), v2(ph) || vi(p1),va(p2), (Va.T7)[0}/aj],p') € V.
Now if o does not occur among @; then let @; be the same as @; and @; be the same as 77,
if oy, = o then let @; stand for @\ oy and let similarly 7; stand for 7;\ oy, then (Vo.T'7)[0;/cj] =
Va.T't(o;/c;]. By the definition of Vy either vy (p)) = va(ph) = L, or 3d},db, dy, ds.

(vi(py) = iny[di]) A ((vi(p)) = LAdy = L)V ((vi(p)) = iny[dy])) A

(va(p2) = iny[da]) A ((va(ph) = L Ady = L)V ((v2(py) = inv[d}])) and

Vo with _F o : type it holds that -

(dy,dy || dv,da, (Trlos/ci))o/al,p') = (i, dy || dr,da, (TTloi/0vi,0/al,p') € Vs, as 7'/ aj]
is closed so (dy,db || di,da, (T't[oi/cv, (T'[0j/a;]) /e, p') € V.

Let my = [A; 2T Vit T(7[7'/a])] and me = [A; =51 F Vor' - T(7[7' /a])].
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We want to show (my,me, T'7[r'/a],p) € VE} or
(ma(pr), ma(ph) | ma(pr),ma(p2), T(r[r'/a))lo; /eyl p') =
(ma(ph), ma(ps) || mi(pr), ma(pe2), Trloi/ai, (7|0 /a;]) /el p') € Var.

If v1(p}) = va(ph) = L then mq(p}) = mz(pQ) L, and
(L, L[| ma(p1),ma2(p2), T(7[T /a])[aj/ozj] p') € V. Else it follows from the assumptions.
We conclude (my,ms, T7[r'/a],p) € V5] .

For store type A let ida be the match of finite store types {(L,[,7)|l : T € A}.

Theorem 4. Fundamental Theorem
For all ordinary parameters p with ZP = ida.

If A= THVer then ([A45;TFV 7], [AZ; TV it],7,p) € Vil
If AZ5TFM:Tr o then ([&Z;0FM:T7],[AZ;TM:T7],Tr,p) € Vy]

Proof by induction over typing derivations using proposition 4.
Base cases, by proposition 4 it holds that

then ([A; =5 Fay ], [A 20 F xj o 75]p) € VT

then ([A; ;T F () s unit], [A; Z; T F () : unit]), unit, p) € Vel
then ([A; ;T F nint], [A; 25T F n s int],int, p) € Vi

then ([A; 250 Fl:7ref],[ME;T0 17 ref], 7 ref,p) € Vil

When A; =i I'F xj 075

The theorem holds for all base cases, then again using proposition 4 it holds for all typing judgments
of value terms and computation terms.

m}
The next lemma has to do with four-tuples which are really two pairs.
Lemma 27.
Let p € 0"
(m1,mo, TT,p) € V?& =
Vo' > p.Y(pk') € p ¥(pks') € (pk')S.
v( kl,kz || k1, k2, (2 : T) pk) € Vi.V( 51,52 I Si, 52, (pks’)) € Vs.
(i7tmy)k1 Sy = T <= (i tma)ka Sy =
Proof
(m1,ma, T1,p) € v% =
(m1,msa || my,m2, TT,p) € Vs =
(i~ (mq), i~ (ma) || i~ (ma),i " (me), T1,p) € F(V,V)n
It follows from the definition of F/(V, V), that Vp' > p.V(pk') € p’K.V(pks’) € (pk")S.
V(ki, ko || k1, k2, (x:7) 7, (k")) € V. Y(S1,S2 || Si,Se, (pks')) € Vs.
(7Y m1))k1S1 = T = (i1 (m2))keS2 = T and
(71 (ma))k1S1 = T <= (i7" (ma))k2S2 = T
m}

Let T'a be the vim-parameter {(T, Ay, Ag,ida)}.

Let TX be the parameter {((T, Ay, Ay, ida)|(T, Ap, Ap,id))}.

Let T3 be the parameter {((T, Ay, Ag,ida)|(T, Ag, Ap,ida)|T)}.

Since there is only one possible instantiation Th € 0", Tf € o and T*Z € o°.
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Lemma 28.

1. V_t 7 type. V( k) € o with ZP :LdA [[AF Ual .L (x:T)T]],[[AF'Ual zi(z:7)] |
[Atrval z:(z:7) ], [AFval z: (x:7)7], (= pk)) € Vi

2.V :AVSe[X: Al (S,S | SST)eVs
Proof (We have omitted the isomorphisms i,i1).

1. Assume _F 7 : type.
[Arwval z:(z:7)"] =
ASAA.[A; 2 7 Fwal z: Tr][z — d)J(AS".(A.T) 1) 1)S =
ASA.(Mko-ASo-koSo[A; 2 7 b 2 < 7] v d]) (M. (A T) 1) 1)S =
ASA. (Mo ASo.EoSod)(AS'.(Ad'.T) 1) 1)S =
ASAL((AS".(Ad.T)1)1)Sd.

Let (ph')t>(pk), (pks') € (pk')S, (1,85 || S1, Sa, (pks')) € Vs, (01,0 || v1, 02,7, (Pk')*™) € V.
By definition of V it holds that either (vi = vy = L) or (v # L Awvy # L) and either
(S1=Sy=L)or (S1#LASy#1)

[Atwal z: (x: 'r)T]]Slv = ((AS". (A" T)1)1)S1vh
[Atval x: (IL 7)1 1S1v1 = (AS".(Ad".T) 1) 1)S1v1
[AFval z: (x:7)T]Shvh = (AS".(Ad".T) 1)) Shvh
[AFwval : (x:7)T]Sova = (AS".(Ad".T) 1)1 )Savs

We need to show
(AS". A T)L))Sivy =T = ((AS".(A'.T)1)1)Sove = T and
(AS". (M. T)L))Sh =T = ((AS".(A.T)1)1)Siv1 =T.
Assume (AS".(Ad’.T)1)1)S{v] = T. Thenv] # Land S| # L. v} # L = (v1 # L A vg # 1),
and S| # L = (S1#L A Sy # L). This implies that (AS".(Ad’.T) 1)1 )Sovs = T.
The other direction is proved similarly.

2. We show S € [X: A] implies (S, S || S,8,T5) € Vs.
It holds that S C S # L and VI € dom(A). Sl = [A;;+ X(1) : A(1)].
Then, by the previous theorem 4, Vi € dom(A).(Sl, S, 51, Sl, Al,Ta) € Vy.
It holds that dom(A) N Ay(S) = 0. Also (S, S) € T

Theorem 5. Contextual equivalence
For all A, Z,~, 7, for all value- or computation terms Gy, Gz,
for all contexts C[_ ] : (A; =, F ) = (Ay;=T7) (let j € V,M)

IfAE; TGy and Ay 5T F Gy iy and
([4;=2;TF Gy :9],[4; 2T FGs : 4],7,Ta) EV]EF then

VE A (D let < C[Gy] inval z | <= X, let v <= C[Gy] in val x |)
Proof
By induction over the structure of C|[_ | and using that typing rules preserve relatedness in
V=land fundamental theorem 4 it holds that
([A: 5T Gy [A 55T F Gy 4], 7, Ta) € VET
([4;:F ClGh] : T7],[4;;F C|Ga] : T7], T7,TA) € V%

By the previous lemma 28 when 7 is closed
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([AFwval z:(v:7) ], [AFval x: (x:7)T] || [AFval x: (x:7) ], [AFval x: (x:7)7],
(x:7)7,Ta) € Vi

and

VS e[X:A] (S5 S,5Ta) € Vs.

By lemma 27 it then holds that

VS e [X: 4]
(1A CIMA{D[As Fval 22 (2)T]S =T
(@A F CIML)N[ A val =2 (z)T]S =T.

By soundness and adequacy of the denotational semantics this implies
X let v <= C[Mq] inval © |<= X,let x < C[Ms] in val © |.

7 Examples

In this section we give examples of proofs of program equivalences. Some of the examples were
discussed informally in the introduction. Here we often omit the isomorphisms i, i~ and injection
functions. We abbreviate some let constructions by ; and sometimes we also simplify notation
in other ways. When we have shown that some proof cases go through almost trivially, then we
sometimes later omit similar cases.

7.1 Example. The Awkward Example

This example is taken from Pitts and Stark [39], it was discussed informally in the introduction.
The two programs M and N are closed computations.

M: let a<=ref 0in
val (rec fau(g :unit — T'r) - Tint =
let ¥ <=a:=1inlet y < g() in la))
N:  wal (rec fn(g:unit — T7): Tint = let z < g() in val 1)

‘We want to show that

([F M :Ta],[;+ N : Ta], T((unit — Tt) — Tint)), Tp) € V49, that is
([M], [NT || [M], [N], T, Tp) € V-

Let pt » Tp, (pk!) € P (pkst) € pk:ls. Assume (k, kY || k1, ko, (x:0) 7, (pk')) € Vi,
(4,85 || 51,82, (pkst)) € Vs. The case s} = s, = L is trivial, else

[i+ M] k) sy =k (si[la — 0]) ([;at recfr]{a — ls}) where I, is a fresh location.
[E M) k1 st = k1 (s1]la — 0]) ([;a F recfr]{a — l.}) where I, is a fresh location.
[;F N] kb sh, = kb s ([;F recfn])-
HF N]] kz SS9 = kQ S9 (ﬂ,}* 7’BCfN]])‘

By assumption (i, kb || k1, k2, (z: )T, (pk')) € Vi, so we now want to show that there exists
(pk)? > (pk') and (pks?) € (pk?)S such that
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(atrectul{a — .}, [;F recfn] || [;a b recfal{a = I}, [; recfn], o, (pk?)°™) € Vi and
(84 [la ¥ 0], 85 || s1[la — 0], 52, (pks?)) € Vs.

Define local parameter r = (g, < (g5)) where
= ({(51,92)|81la = 0}, At Ag, 07 ) and g, = ({(S1,52)[S1la = 1 }, Ata, Ap, 02).

Let p? = p! U {r} then p? &> p!. Let (pk?) = (pk') U {(r|r)} then (pk?) € p** and (pk?) > (pk?),
and let (pks?) = (pks') U {(r|r|{(S1, 2)[S1la = 0})} then (pks?®) € pk?° and (pks?) > (pks?).

By assumption (s}, s || s1,s2, (pks')) € Vs. Since [, is fresh and by parameter weakening it
follows that (s}[lq — 0], 85 || s1[la — 0], s2, (pks?)) € V.

‘We need to show

(atrecful{a— .}, [;F recfn] || [;a b recfal{a v 1.}, [;F recfn], o, p*) € V. For this let
pt e pd e p?, (pkt) € p4K7 (pks?) € pk4s and assume (g}, g5 || g1, g2, unit — T, p%) € Vy,
(K|, K} || K1, Ko, (z:7)7, (pk*)) € Vi and (S, S5 || Si, S, (pks*)) € Vs.

As before, the cases ¢f = g5 = 1, Ki = K, =1 or S] =55 = L are trivial, we will not always
mentions such cases. Also we will sometimes omit writing ”either L or ...” or C on the primed
places. This will be in cases were we want to prove termination approximation, and when such is
proved for some cases then it is always also present for lower results.

[satrecfr]{a— la}gi K1ST T (g7 (in1x))(AS" A [;a Ha]{a — 1.} K1.5")(S][la — inzl]),
[tatrecfru]{a— la}tg1 K151 = (gi(in1*))(AS" A" [; a Hla]{a — 1, } K1.5")(S1[la — inzl]),
[+ rec/n]{}95K555 T (ga(ina+))(AS"Ad".[; = val 1{} K55").95,
[i+ recfn]{}92K252 = (g2(inyx))(AS" Ad.[; - val 1]{}K>5")S5.

Since (g4, 95 || 91,92, unit — T7,p*) € Vy by assumption, then
(g1(in1%)), gy (ina%)) || g1(in1%)), g2(in1%)), T7,p*) € Vs

So we want to show that these computations are applied to continuations and states related in a
parameter »-extended form p.

Because p* » p? it holds that either r € p* or the local extension (g,) € p*.
If () € p* then let ¢° = ¢*, (pk®) = (pk*) and (pks®) = (pks")

Ifre p then let p° = p* \ {r} U {(q)}. (pk°) = (k") \ {([r)} U {({a) (b))
(phs®) = (pks") \ {(r \Tl{(Shsz [S2la = 0})} U {(<Qb>|<qzz>|{(51752)\521a =1}
In both cases p° > p*, and it holds that (g,) € p°.

} and
)}

By assumption (57,85 || S1, S, (pks*)) € Vs. If (gs) € p* then (pks®) = (pks*), Sil, = 1 and
S1[la + ingl] = Sy so (S4[ly — inzl],Sh || Si[la = inzl], Sa, (pks®)) € Vs. If 7 € p* then

(Pks®) = (phs") \ {(r[r[{(Sy, S2)|S2la = 0})} U {({@6)|{a) [{(S1, S2)|Sala = 1})} and so by
parameter weakening for the stored values (Si[l, — inzl], S5 || Silla — inzl], So, (pks®)) € V.

We need to show that the continuations are related under the parameter (pk®).

Let (pk®) > (pk®), (pks®) € (pk°)S, p® = (pk®)™.
Assume (S}, 5% || Si, Sa, (pks®)) € Vs and (d},dy, dy, do, 7,p%) € V.

AS' A [0;a Hlal{a— 1} K18)Sidy =
if (dy = LV Sy = 1) then L else Klé'l(Slla) =
if (dy = LV S; = 1) then L else K5, (inzl).

(AS" A [0 a Fla]{a — 1,} K| S")Sd) =
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if (dj = LV S; = 1) then L else K}51(Sl,) =
if (df = LV S = 1) then L else K}S7(v)) where v} Cingl.

NS A [0:F val 1{} K>5")Sads =

if (do=1LVSy=1) then L else K3S5(ingl).
(AS" A" [0;F val 1]{}K5S")Shdh = -

if (do = LV Sy = 1) then L else K555 (ingl).

By assumption (K}, K3 || K1, Ko, (z : 7), (pk*)) € Vi and (S}, S5 || S1, 52, (pks®)) € V. Also
(v4,ingl || ingl,ingl,int, p®) € Vy. By assumption and definition p° &> p° t> p*. So we get the
desired termination properties to conclude, that

((AS" A [0;a Fla]{a — 1.} K1), (NS A .[0; 1 val 1]{}K4S") ||

(AS" A [0; a Hla]{a + 1.} K1S"), (AS' A" [0; F val [{} K25"), (x: 7)7, (pk°)) € V.

Then we can futher conclude that

(atrecful{a— .}, [;F recfn] || [;a b recfml{a — 1.}, [ recfn], o, p?) € V.

And then finally we have ([; M : To|,[;F N : To], T((unit — T7) — Tint)), Ty) € V.

7.2 Example. Knowing the initial steps of continuations

The programs M and N below are open computations with one free variable g of function type
o = (unit — Tunit) — T. The programs were presented in the Introduction.

M: let w<=ref 0in
g(rec far(u:unit) = (w:=1));
val ((rec getys(u: unit) = (w)) , (rec setpr(n = int) = (w :=n)))

N: letx<ref 0in //flag: inside program N
let y<ref 0in //flag: argument function fx has not been applied inside program N
let v<=ref 0in
g(rec fy(u: unit) = (if (lz =0) then (y :=1) else (v:= 1));
if (ly #0) then (v:=1);
zi=1;
val ((rec gety(u: unit) = () , (rec sety(n :int) = (v :=n)))

‘We want to show that the denotations of M and N are related in the vim-parameter
p=Tp € 0"™, that is

0{g:
(lg+ MI,[;9F N1.Tr,p) € V31

Let pt » Ty, (91,95 || 91,92, ((unit — Tunit) — T7),p') € Vi, so we want to prove that

(59 Mg = g1), 9= Nl(g—g5) | 59 = Mg = 1) [:9 = N(g = 2), T7,p') € Vs,
If ¢} = g, = L we are done. Else let p? » pt, (pk?) € p2*, (pks?) € (pk?)°,

(K7, K3 || Ky, Ko, (2:7) T, (pk?)) € Vi, (7,9 || S1, 82, (pks?)) € V.

Again if K{ = Kj = L or S = S5 = L we are done. Else

[M]g1 K181 =
(1w Frec fa(u:unit) = (w:=1))J(w +— Ly,))
(ASO A" [w - wal (rec gety,rec sety)](w — 1,)K1S°)
Sl [lw = 0],
where [, is fresh.

[M] g} K15y similar, we use the same location name [,,,.
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[N]g2EK2S2 =
(g2[x,y,v - rec fy(u:unit) =if (lz = 0) then (y:=1) else (v :=1)|(z — Iy, y — Iy, v — 1))
(ASONA°. [z, y,v I if (ly # 0) then (v :=1);
(z :=1); val (rec getn,rec sety)|(z — Ly, y — Ly, v — 1,)K>5%)
Sally — 0,1, — 0,1, — 0],
where [, 1,1, are fresh.

[N]ghK5Sh similar; we use the same location names.

Define local parameter with empty match of store type {7 and constant accessibility maps

75 = (((Saly £ 0A3n € Z. Sily = Saly =1, 011), 07, A, A, 1, ) A
((Sale = 0 A Soly = 0N Sily = Saly € {0,1},0,1),02, A1, A,

By freshness of l,, and [, 1,1, we have a vin-parameter p* = {rs} U p?, and p* » p? » p'.

First we want to show that we apply the related g-functions to related arguments. For this show
([wtree fra(u:unit) = (w:=1))](w — L),

[z, y,v Frec fa(u:unit). if (lz = 0) then (y :=1) else (v:=1)](z — lp,y — L, v—1,) ||

[wt recf(u: unit) = (w:=1))(w — L),

[z, y,v F rec fa(u:unit). if (lz = 0) then (v:=0;y:= 1) else (v:=1)](x — L,y — Iy, v — 1),
unit — Tunit, p?) € Vy.

Let pib » p3. We will see that the proof comes through by assumptions about relatedness of
continuations. Therefore we only need to differentiate two cases.

Let (pkl) € pt* either with ry A-instantiation (Syl, # 0 A Sily = Sil,) or with ry extended by
removal of A clauses such that only (Sal, # 0 A Sil, = Sil,) is present in pﬁb. And let

(pkst) € phi®.

Let (pki) € p4K either with rgA-inst (Saly = 0 A Sal, = 0 A Sily, = Saly, € {0,1}) or with rg
extended by removal of A clauses such that only (S5l = 0 A Sal, = 0 A Sily, = Saly, € {0,1}) is
present in p,. And let (pks?) € phi®.

Assume
(k/ah kt’lz H kal: ka27 (1‘ : unit)T, (pkﬁ)) € va (s;h '9;2 ” Sal; Sa2, (kai)) € v57
(kg Ko || b ko, (- unit) T, (pky)) € Ve, (), 8k || su1s 502, (phsy)) € Vs.

Again if kj;; = kl, = L or s,; = s,y = L we are done in the first case, if if kj; = kj, = L or
S = S = L we are done in the second case. Else

[wE rec far(u: unit) = (w = 1))[(w — ly) * ka1Sa1 = ka1 (Sa1 [lw — 1])*

[z, y,vF rec fn(u: unit) if (lz = 0) then (y := 1) else (v := 1)[(z +— o,y > Ly, v 1) ¥ kq2Se2 =
ka2(Sa2lly — 1])*

In cach side the primed case is similar (or L).

By assumption, in this case, the continuations and the original states are related with
requirement (Sl # 0 A Sily, = Sil,). The states have only been changed in Iy, . In the
updated states [y, [, hold the same integer value, so the updated states are still related. Also the
+ values are related. So we apply related continuations to values and states related under
instantiations of the same parameter. Hence we get the required termination behaviours.
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[wt rec far(u: unit) = (w = 1))[(w — Ly) * kp1ser = kp1(sp1[lw — 1])*

[z,y,vF rec fa(u: unit) if (lz = 0) then (y := 1) else (v := 1)](z +— lp,y — Ly, v 1) * kpaspy =
Epa (sp2 [l?/ = 1])x

By assumption, in this case, the continuations and the original states are related with
requirement (Sal, = 0 A Sal, = 0 A Sily, = Saly, € {0,1}). The states have only been changed in
lw, ly. In the updated states [, [, hold the same value 1, so the updated states are still related.
Also the x values are related. So we apply related continuations to states and values related
under instantiations of the same parameter. Hence we get the required termination behaviours.

We conclude that the functions are related

([wtree fa(u:unit) = (w:=1))](w +— L),

[,y,vF rec fy(u:unit). if (lz =0) then (y:=1) else (v :=1)[(z — lp,y — ly,v = 1,) ||

[wt recf(u: unit) = (w:=1))[(w — L),

[z,y,vF rec fa(u:unit). if (lz = 0) then (v:=0;y:= 1) else (v:=1)](z — L,y — Iy, v — 1),
unit — Tunit, p?) € Vy.

Since p » p' and by assumption (g}, g5 || g1, 92,0, p') € Vi then
91 ([wkrec far(u: unit) = (w =1)(w — 1)),

95([z,y,v Frec fn(u:unit). if (lz = 0) then (y := 1) else (v :=1)](x — I,y — ly,v—1,)) ||
g1([wtrec fa(u:unit) = (w:= 1))]](w — ),

g2([z, y, vk rec fy(u:unit). if (lz =0) then (y:=1) else (v :=1)|(z — I,y — Iy, v — L)),
TT, ) eVu

So we need to prove that these related computations are applied to continuations and states
related in instantiations of a parameter »-extending p?® in:

[[M]]g1K151 =
(1w b rec fa(u:unit) = (w:=1))[(w — L))
(ASY N .[w F val (rec getar,rec setar)](w — 1,)K1SY)
Silw = 0],
[M]g} K1 S similar.

[N]g2K2S> =
(g2[z,y,v F rec fy(u:unit) = if (lz = 0) then (y:= 1) else (v:=1)[(z — L,y — v — 1))
(ASON@°.[z,y,v I if (ly # 0) then (v :=1);
(z :=1); val (rec getn,rec sety)|(z — L,y — Ly, v — 1,)K25%)
Sally — 0,1, — 0,1, — 0],
[N1g5K5Sh similar.

Let (pk®) € p3K, (pk?) » (pk?) with r3 A-instantiation
(Saly = 0 A Saly = 0 A Sl = Sal, € {0,1}) and let (pks®) € pk3°.

By assumption (57, S5 || Si, S, (pks?)) € Vs, then by weakening for the stored values, it holds
that (S1[ly — 0], S5[l, — 0, ly = 0,1, — 0] || S1[lw — 0], Sa[ly — 0, Ly = 0,1, — 0], (pksS)) € Vgs.

It remains to prove that the continuations are apropriately related
(ASY A" [w F val (rec getar,rec setar)](w v+ 1,) K1 S%)
(ASOAA°. [z, y,v I if (ly # 0) then (v:=1);
(z == 1);val (rec gety,rec sety)](z = L,y = Ly, v 1,)K55°) ||
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(ASY A" [w - val (rec getar,rec setar)](w — 1,)K1S%),
(ASOAA°. [z, y,v I if (ly # 0) then (v :=1);
(z == 1);val (rec gety,rec sety)](z — L,y — Iy, v+ 1,)K250), (z : 7), (pk?)) € V.

Let
(k) (pk), (pks®) € (pk)S, (S, 53" || S, S, (pks*)) € Vs, (v, v || vf, v, 7. (pk*)*™) € V.

Again the L cases trivially give termination approximation. Else

(ASY A" [w - val (rec getar,rec setar)](w — 1,)K1S0)(SH) (v]) =
K1 (SH([w F rec (getar, rec setar)|(w — 1))

(ASY A .[w - val (rec getar,rec setar)](w +— Ly) Ky SO)(Sf/)(’U‘f/) =
K (Sf/)([[w Frec (geta, rec sety)](w — ly))

(ASONA°. [z, y,v I if (ly # 0) then (v:=1); (v :=1);
val (rec gety,rec sety)[(z — L,y — Ly, v+ 1,) K259)(S3)(v3) =

— K2S3[l, — 1)([v F rec (gety,rec sety)](v — 1,)) if S31, =0
— K3S3[ly = 1,1, = 1)([v F rec (getn, rec setn)](v = 1,)) if S3l, =n#0
— else L

(ASOA [z, y, v I if (ly # 0) then (v :=1);(z :=1);
val (rec gety,rec setn )] (x — Ly, y — Ly, v — 1,)K259)(S4") (vd") =

— K388 [l, — 1]([v F rec (getn, rec sety)](v — 1)) if 54’1, =0
- KQS:;U[IU — 1,1, — 1)(Jv  rec (getn,rec sety)](v — L)) if Sglly =n#0
- else 1

By approximation properties for V it holds that S;*/l,/ [ S%ly, this may give some extra L’s in
the last case.

If we can prove that we get related continuations applied to states and values related in a >
extended parameter, then we can conclude that we have the required termination approximation.
It is enough to show that we at the primed places get something below in the C order. So it is
enough to consider the cases where S4'l, = S31,,.

By assumption (K|, K} || K1, Ko, (2 :7)7, (pk?)) € V.

Define 3 by removal of one of the A clauses in r3,

3 = (((Sale # O A Sily = Saly,00L), 02, A, , A, 1,)- Then 75 has only one trivial instantiation
for continuations as well as for states, and 73 is an ordinary local parameter. 75 use the same
locations as r3.

Define p* = {3} Up?, then 5% > p?. Also p3 € sub(ps) and so pz » ps.

Define (pk*) as (pk?) with only the trivial instantiation of #3 added, then (pk®) > (pk?) and
(pk?) € pX. Define (pks®) as (pks?) with only the trivial instantiation of #3 added, then

(pks?) € (pk*)S and (pks?) € (p*)S.

By assumption (5%, 54" || %, 5%, (pks*)) € Vg, where(pk*) > (pk?) and (pks) has the

r3 A-instantiation (Saly = 0 A Sal, = 0 A Sily = Saly € {0,1}). Then S3l, = 0 implies that
Stl, = 0, and in this case then S3[l, — 1)(1,) = 0 = Stl,,. Also S3l, # 0 implies that

Stly = 1A S3l, = 0, in this case then S3[l, — 1,1, — 1](l,) = 1 = Stl,,.
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Let p*, (pk*) and (pks?) be defined as p*, (pk*) and (pks*) with the only change that the
instantiations of r3 is replaced by #3 with trivial instantiations. Then p* > % and since p* > p? so
p* > p?. Also p* € sub(p?) and so p* » p*. The only change in the updated states above in both
cases are within the area owned by 73 and the updates fulfill the new instantiation. Also
disjointness properties required for state-relatedness are preserved. Since p* » p* it holds that the
stored related values are still related. So the updated states from above are related in Vg under
the parameter (pks?).

It remains to show that the pairs of setters and getters exported by M and N are related under
the parameter p*. This requires that each of setter-values and getter-values are related. Recall
that for values related at int type we require that In € Z.v} € {L,n} Avy =nAvh e {L,n}A
Uy = n.

Let 7° » p*, (pk%) € o, (pks®) € pkS". Assume (B, b || oy, ko, (int) T, k%),
(84, 8% || 81,82, Ppks®) and (vf,vh || v1,ve,int, p°)
Getters:
[rec getar( )
[rec getpr(u : unit) =w](w — Ly) * k18] Tk (87) (8] Lw)-

(u : unit) =] (v — 1) * koo = ka(52)(3al,).
[rec getn (u: unit) =] (v — L) * ky8h C kb (35)(84L,).
Since states are assumed related by the r(\quircmcnts of 73 it holds that In € Z. 511, = 20, = n.
By apporixmation properties for states 8\, € {L,n} A 85, € {L,n}. So we have continuations
applied to states and values correspondingly related. We conclude that the getters are related.
Setters:
The assumption (v}, v} || vi,v2,int,p°) implies that either v| = vj = L or
dn € Z. v§ C vy =n Avh C vy =n. The L case is immediate. Else

w:unit) =lw](w — L, )*klsl F1(81)(811w).-
k(81
[rec getn (s

(n s int) = w = n](w = L) (01)k131 = ka (31 [l = 1))+,
[rec setar(n : int) = w := n][(w — L) (V})k, &, T k(8] [l — 0}])x.
[rec getn(n :int) = v:=n](v — l,)(va)kaSa = ka(82[l, — va])*.

[rec getn(n : int) = v := n](v — b,)(vh)kb3y T kb(3[l, — vh])*

The states have only been updated within the area owned by 75 and the invariant is preserved
because the integer values vy, vy must be identical. Also approximation requirement for states are
preserved. Values *’s are related in any parameter. So we have continuations applied to states
and values correspondingly related. We conclude that the setters are related.

[rec setar

‘We conclude that
(ASY A" [w - val (rec getar,rec setar)](w v+ 1,) K1 S%)
(ASONA°. [z, y,v I if (ly # 0) then (v:=1); (v == 1);
val (rec getn,rec setn)](@ v lu,y v+ Ly, v+ 1,)K559) ||
(ASY Y. [w b val (rec getar,rec sety)](w +— 1,) K1S%),
(ASOA° [z, y,v = if (ly # 0) then (v :=1);(z :=1);
val (rec gety,rec sety)](z — L,y — Ly, v 1,)K280), (x : 7), (pk?)) € V.

And then we can conclude ([M], [N], T(int ref),T) € Vi#},
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7.3 Example. Export of locations from local area to visible.

The programs M and N below are open computations with one free variable g of function type.
The programs were presented in the Introduction.

M:
let w < ref 0 in
let z <= g(rec f (amunit)= (w:= 1)) in
val w

N:
let x <= ref 0 in
let y <= ref 0 in
let v <= ref 0 in
let zp <= g(rec f (amunit)= (if (Ix:= 0) then (v:=0; y:= 1) else (v:=1)) in
let zq < if (ly # 0) then (v:=1) in
let zp <= (z:=1) in
val v

We want to show the denotations of the two open computations are related in the ordinary
parameter Ty, i.e. that ([M], [N], T (int ref),Ty) € V?V‘I{g:g}, where o = (unit — Tunit) — TT

Let p' » Ty, (91,95 || 91,92,0,p") € V.
Let p? > p', (pk?) € p*%, (pks?) € (pk?)°,
(K1, K4 || Ky, Ko, (z:7) 7, (pk?)) € Vi, (81,95 || 51,52, (pks?)) € V.

[M]g1 K151 =
(1w Erec f(a:unit) = (w:=1))](w + L))
(ASY N Jw F val w](w — 1,)K15°)
Sl [lw = 0],
where [, is fresh.

[N]g2K2Ss =
(g2[x,y,v Frec f(a:unit) = if (lz = 0) then (y :=1) else (v :=1)](z — lp,y — L, v —1,))
(ASOA@°.[2,y,v I let 21 < if (ly # 0) then (v:=1) in
let zp <= (2 := 1) in val v](z — L,y — Ly, v — 1,)K25°)
Sally — 0,1, — 0,1, — 0],
where [, 1,1, are fresh.

Define local vin-parameter r3 = ([Sglm #0,0,,.1, Aoy A, i,y {(l,,,,l,,,int)})f\([Sglm =0A Sy, =
0 A Silw = Soly, € {0,1}], Aqy Agr iy 0030 0,) -

By freshness of I, and I, 1, we have a vm-parameter p* = {rs} U p? and p® » p* » p!

First we want to show that

([wkrec fa:unit) = (w:=1))](w — L),

[z.y,vFrec fla:unit) = if (lz = 0) then (v:=0;y:=1) else (v:=1)[(z — L,y — 1, v—1,) ||
[wtE rec fla:unit) = (w:=1))[(w — L),

[z.y,vFrec fla:unit) = if (lz = 0) then (v:=0;y :=1) else (v:= 1)[(z — Lo,y Iy, v — 1),
unit — Tunit, p*) € Vy.

Let p* » p?
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Let (pk?) € p4K either s.t. 73 € p? with A-instantiation
([S2le # 0,0, ], {(lw, Lo, int) }, Ag, Ay, 1,3) or s.t. p* extends p® by removal of A-clause and only
([S2le # 0,0, ], { (L Loy int) }, Ag, A, 1,3) € P* and so also in the k-instantiation.

Let (pks?) € pkés.

Let (pkt) € p4K either s.t. 73 € p? with A-instantiation

([S2le = 0N Saly, = 0ASily = Saly, € {0,1}],0,, Aqr,y, Aq,,.0,3) OF st p* extends p® by removal
of A-clause and only ([Sal; = 0 A Saly, = 0 A Sily = Saly, € {0,1}],0,, A,y Ag,a,0.)) € P* and
80 also in the k-instantiation.

Let (pksg) € pk‘b‘s.

Assume

(k:zlv kl’lz H ka1, ka2, (f : “'ni’t)—rv (pkg)) € Vg, (s:zlv s::2 ” Sal;Sa2, (pk8§)) € Vs,

(ks ki | K, kg, (@ unit) T, (pki)) € Ve, (shy,spo || se1, sh2, (Pksy)) € V.

[wtErec fla:unit) = (w:=1))](w — ly) * ka1Sa1 = ka1 (Sa1[lw — 1])*

[z, y,v Frec f(a:unit) if (lz = 0) then (v:=0;y :=1) else
(vi=1)](x— L,y = 1y, v = 1) % keaSaz =
kaz(saz [l,_, — 1])*

By assumption the continuations and the original states are related with ordinary instantiation
([Sale # 0,0, ], {(lw, Lo, int)}, Ag, Agr, 1,y) Where (L, 1, int) belong to the visible location areas.
The states have only been changed in [,,,. In the updated states l,,, [, hold related integer
values, so the updated states are still related. Also the x values are related. Hence we get the
required termination behaviours.

[wkrec fa:unit) = (w:=1))](w — Ly) * ky1spr = kpr (sp1[lw — 1])*

[z, y,vFrec f(a:unit) = if (lz = 0) then (v:=0;y :=1) else
(v:=1)])(x — oy — ly,v = 1y) * kyospe =
kbg(sbg [lv = O,ly = 1])*

By assumption the continuations are related with instantiation

([S2le = 0N S2ly = 0N Sily = Sal, € {0,1}],0,,, Ay, Aq, 1, 0,3)- The original states are related,
the states have only been changed in [y, [y, ,. The updated states are still related with
instantiation (Sal, = 0 A Sal, = 0 A Sily = Sal, € {0,1}). Also the * values are related. Hence we
get the required termination behaviours.

We conclude that ([w = recf(a : unit) = (w:=1))](w — L),

[z.y,v F Aa. if (lz = 0) then (v:=0;y :=1) else (v:=1)](z — lp,y — Ly, v—1,) ||
[wkrecf(a: unit) = (w:=1))](w — L),

[z, y,v F Xa. if (lz = 0) then (v:=0;y:=1) else (v:=1)](z — lp,y — by, v — 1),
unit — Tunit, p*) € Vy

Since p? » p' and by assumption (g4, g5 || g1,92,0,p') € Vi then

gi([wtrecf(a: unit) = (w:=1))[(w — L),

ghlz,y, v recf(a: unit) = if (lz = 0) then (v:=0;y := 1) else

(vi=1D(x—ly,y—l,v—1) |

giw b recf(a:unit) = (w:=1))J(w — Ly),

golz,y, vt recf(a : unit) = if (lz = 0) then (v:=0;y:=1) else (v:=1)](z — lp.y — Ly, v — 1),
T, p*) € Vu
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So we need to prove that these related computations are applied to continuations and states
related in instantiations of a parameter »-extending p? in:

[M]g1 K151 =
(g1[w Frec f(a:unit) = (w:=1))[(w — L))
(ASY A [w F val w](w + 1,)K1S) Si[ly — 0]

N]g2K2Ss =

golz,y, vt rec f(a:unit) = if (lz = 0) then (v:=0;y:=1) else

vi=D](x = o,y = Ly, v = 1,)) (ASOA. [z, y,v - let 21 < if (ly # 0) then (v:=1) in
let zp < (2 :=1) inval v](z — lp,y = ly,v— 1,)K2S°)

Solly = 0,1, — 0,1, — 0]

[
(
(

Let (pk®) € pgK, (pk?) D (pk?) with r3 instantiation (Sal, = 0A Saly, = 0A Sily, = Soly, € {0,1}).
Let (pks®) € pk3° (pks®) D (pks?) (then (pks®) has the ry instantiation
(Sale = 0 A Soly = 0A Syl = Sal, € {0,1})).

By assumption (S, S5 || Si, S, (pks?)) € Vs, then by weakening for the stored values, it holds
that (S{[lw — 0], 51 [lw — 0], Sh[le — 0,1, — 0,1, — 0], S2[ly — 0,1, — 0,1, — 0], (pks®)) € Vs

It remains to prove that
(ASY A [w F val w](w — 1,)K}S°)
(ASON°.[2,y,v F let 21 <= if (ly # 0) then (v:=1) in
let 25 <= (@ := 1) in val v])(z — L,y — Ly, v — 1,)K5S%) ||
(ASY A [w F val w](w — 1,)K15°),
(ASON" [z, y, v I let 21 <= if (ly # 0) then (v:=1) in
let 2o < (2 :=1) inval v](z — Iy, y — Iy, v — 1,) K25°), (z : 7), (pk?)) € V.

Let
(k"> (pk?), (pks') € (pk")S, (S, 54" || 81,54, (pks")) € Vs, (vi' 08" || vf, v, 7, (pk")"™) € V.,

(ASO N [w F val w](w = 1,)K15°)Stvt = [w - val w](w — 1,)K1SF = K151,

(ASON" [z, y, v I let 21 <= if (ly # 0) then (v:=1) in

let zo <= (2 := 1) in val v](z — lp,y = ly, v — 1,)K25°)S508 =
[z, y,vF let z; < if (ly # 0) then (v:=1) inlet 25 < (2 :=1) in val v](x — Iy, y — 1y, v —1,)
K>S3 =

— K3S3[l, — 1)1, if S31, =0
— K9S3[l, — 1,1, = 1]1, if S3l,=n#0
— else L

Since the original states were assumed related it holds that S3l, € {0, 1}.

Let pf € sub((pk*)"™) be (pk*)"™ where 73 is replaced by the ordinary local parameter

ra31 = ([S2ly # 0], Ag, Ay, 1,3 {(lw, v, int)}), then pi>p?. Let (phst) € p‘fs be (pks*) with the r3
instantiations replaced by (r31|rs;|(Sals # 0)). Then (pksi)'™ = pi.

Recall (K}, K} || K1, Ko, (2 : 7),p?) € V. We will prove that (I, 1y || lw, s, int ref,p}) € Vv,

and that in both cases the updated states are related under (pks?). The required termination
properties then follow by assumption and from pf > p?.
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By assumption (Sju, S%l || Si,53, (pks*)) € Vs. By definition of the parameters

ZWks)) — 7@k G {(1,, 1, int)}. Tf S31, = 0 then also S, = 0, 531, = 0 and S2[l, — 1)L, = 0.
If Sély # 0 then also Sflw =1 and Sg[l,u — 1,1, — 1]l, = 1. So in both cases the updated states
hold related integer values at locations [y, [, .

By weakening the stored values related in (pks?)"™ are related in any parameter »-extending
((pks*)*™) and hence in (pks}). So we have that visible as well as hidden values required to be
related are still related. Disjointness properties are also fulfilled. So the updated states are related
under (pks?).

vm

We conclude that
(ASY A [w F val w](w — 1,)K}S°),
(ASON°. [z, y,v F let 21 <= if (ly # 0) then (v:=1) in
let zp <= (2 := 1) in val V](z — Ly, y — Ly, v — 1,)K5S8%) ||
(ASY A [w F val w](w — 1,)K1S°),
(ASOA°.[2,y,v F let 2, <= if (ly # 0) then (v:=1) in
let zp <= (2 := 1) in val V](z — lp,y — Ly, v — 1) K280, (z: 1), (pk%)) € Vi

And then we can conclude ([M], [N],T(int ref),T) € Vég:”}.

7.4 Example. Allocation with reservation.

M:

val (recfy(n:int) =ref n)

N:

let flag <= ref 0 in

let cell <= ref 0 in

val recfn(n :int)=(if (!flag = 0) then (flag := 1;cell := n;val cell) else (ref n))
M,N are closed computations. We want to show ([M], [N],T(int — T(int ref)),Ty) € V9.
Let p » Ty, (pk) € pX, (pks) € (pk)S. Assume

(K4 kS | Ry ko, (2 :int ref), (pk)) € Vi, (sh, 85 || s1, 82, (pks)) € V.

[M]kysy = kysi[rec fa]-

[N]kasa = ka(sa[ly — 0,1, — 0])([rec fn](flag — Ly, cell — 1.))
where g, 1. are fresh.

So we want to find a parameter >-extending (pk) such that updated states and denotations of
functions are related therein.

Define local parameter 7 = (go < (q1))
a0 = ((S2ly = 0), Ag, A, 0.3,02) and g1 = ((Saly # 0), Ag, Ag,y,02)

Let p' = pU {r}, then p' > p.

We need to show that the functions are related in p'.
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Case a):

Let p2 » p' such that {r} has been locally extended from ¢o to ¢;. This means q; € p2, r & p2.
(ph2) € P2, (phs?) € (pk2)S. Assume

(K7, K || Ky, Ka, (@ int ref), (k7)) € Vi, (51,5 || Si, Sz, (pks?)) € Vs.

([recfrn) K1 St = K1 51[ly — n]ly where [y is fresh for K, S; and any location viewed by the
parameter.

([recfnn)K2S2 = K2Ss[ls — nlla where Iy is fresh for Ko, Ss and any location viewed by the
parameter.

So now we want to show that the updated states are related in a >-extension of (pk2) and that
the location values are related in the erasure of the same parameter.

Let p? =p2 U T, 1g,int)> then p3 > p2. Let (pk2) € (02)X, (pk3) > (pk?). By assumption the
continuations are related in (pk?2). The updated states are related

(S4[ly = n], S4[l = n] || Si[ly = n], Sa[la — n],pks3) and the location values

(I1,12 || 11,12, int ref,p3). So we get the required termination approximation.

Case b):

Let pf » p' such that {r} has not been locally extended, so r € pj. Let
(pk?) € pr, (pks?) € (pk?)S. Assume

(K1, KL || kv, Ko, (v :int ref), (pk2)) € Vi, (57,55 || S1,S2, (pks?)) € Vs.

([recfrn) K1 St = K151[ly — n]ly where [y is fresh for K, S; and any location viewed by the
parameter.

([recfnln)KaSy = KaSs[ly — 1,1, — nl.

As the continuations are assumed related, then we now want to show that the updated states are
related in a parameter >-extending pkg and that the location values [y, [. are related in the
erasure of the same parameter.

Let pj = ((pF \ r) Uq1) UT{, 1. int)» then pj > p?. This follows from I. cannot appear in ZPi. Also
it is a requirement that all stored related values are related also in (p? \ 7) U ¢1 and her again I,
cannot appear in ZP\"Va

Let (pk}) € (p))¥, (pki) > (pk?) and let (pks}) € (pk)S, (pks}) > (pks?). By assumption the
continuations are related in (pk?). The updated states are related

(Si[lr — n], S4lly — Ll n] || Sillh = n], Sa[ly — 1,1 — n], pks}) and the location values
(L, e || Ly lesint ref,p}). So we get the required termination approximation.

7.5 Example. Setter getter generator with V type.

M = Aa. val (rec f (g: @): T((ov — Tunit) x (unit — Tar)) =
let y < ref g in
let set < val (rec fia(gr @ @) : Tunit = y := g7) in
let get < val (rec forr(z :unit) : Taw = ly) in
(set,get))
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N = Aa. val (rec f (g: @): T((a — Tunit) x (unit — T'ar)) =
let yo <= ref g in
let y; <= ref g in
let p <= ref 0 in
let set <= val (rec fin (g1 : @) : Tunit =
if iszero(!p) then
(p:=1Ly =gq)
else
(p = 0; yo := g1)) in
let get < val (rec fon(x : unit) : Tow =
if iszero(!p) then lyo else ly1) in
(set,get) )

M and N are closed values of polymorphic type M,N:Va.T'(a — ((o« — Tunit), (unit — T'r))). To
shorten notation we let Vo.T'r = Vo.T'(a — ((a — T'unit), (unit — T'r))).

We want to show ([;:+ M]{}.[;;F N|{}.Va.T'r,Ty) € V?}w that is

(IM], [NT || [M], [N],Ya.T7,Ty) € V.

[isF MJ{} = inv[[; o F val rec far]{}] and [;;+ N]{} = inv[[; a;F val rec fn]{}]
so we need to show, V— t o : type. ([; ;b val rec fu], [t val rec fn] || [; -
val rec far], [t val rec fx],0 — T(0 — Tunit, unit — T'o),Ty) € V.

Let — t o be any closed type, and shorten 7/ = 0 — T'(0 — Tunit, unit — To). Let
p» Ty, (pk) € pX, (pks) € (pk)S and assume (K{, kb | k1, ko, (x: 7) 7, (pk)) € Vi and
(s, 85 || s1,82, (pks)) € Vs.

[sastval rec far]{}kis1 = kisi[; s rec far]{}
[; a5t val rec fn]{ kasa = kasa;a; - rec fn]{}

Now we want to prove ([;a;F rec ful{}. ozt rec fN]{} || ozt ree fu{}, st

rec fn]{},0 — T(oc — Tunit,unit — To),p) € Vy.

The denotations have the right format so we can let [;as rec fy]{} = in—|da | and let
L[estk rec fx]{} = in_|dn]. Now let p* » p and assume (v}, v} || v1,v9,0,p') € V. Then next
we aim to prove (d,,v}, dyvh || darvr, dyve, T(o — Tunit,unit — To),p) € V.

Let p? » p', (pk?) € (0*)K, (pks?) € (pk?)S and assume

(K{, K} || K1, Ka, (z: (0 — Tunit,unit — To)) ", (pk?)) € Vi and

(81,55 || S1, S, (pks?)) € Vs.

(darv1) K1 ST = K1(Si[ly — v1]) (Vsernrs Vgetnr)

(dnv2)K2Sy = Ka(Sa[lyo — v1,lyr — v1,lp — 0])(Vsetns Vgetn)

where 1,10, 11,1, are fresh.

Now we want to find a local parameter we can add to >-extend, such that updated states and
function values are related therein.

Let 7 = ((Salp, = 0, (I, Lyo, 0))V(Saly # 0, (Ly, 1yo, 0)); At 3 Aftyotyity} Oz and let p? = p? U {r}.
Let (pks®) be (pks®) U {(r[r|(Sal, # 0, (I, 1y0,0)))}. Since the locations are fresh and by
parameter weakening for the stored values it holds that (S7[l, — vi], Shllyo — 1,11 — V1,1, —
0] || S1lly = v1], Sallyo > v1,ly1 > v1, 1, — 0], (pks®)) € V.

It remains to show that setters and getters are related in p3.
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Setters: Let p° » pt b p?, (pk®) € (p°)K, (pks®) € (pk®)S and assume

(wh,wh || w1, wa, 0,pY) € Vi, (K1, Ky || K1, K2, (22 unit) T, (pk®)) € Vi and

(<1555 [I <152, (Pks®)) € Vs.

dsetpswikisr = k(S [ly = wi]x)

dgerNWwakaso = Ka(Sa[ly = 1,11 — wal*) if Gl = 0.

dsetnwakasy = ka2l — 0,1yo — wal*) if ol # 0.

If the original states were related in an instantiation of r to (Sal, = 0, (ly,l,0,0) then the
updated states are related in an instantiation of r to (Sal, # 0, (I, ly1,0) and vice versa. Also *
values are related. Since the continuations were related by assumption we get the desired
termination behaviour. So we conlude that (dseiar, dsetn || dsetar, dsetn, o — Tunit,p®) € V.

Getters: Let p® » p* b p?, (pk°) € (p°)¥, (pks®) € (pk®)S and assume

(wh, wh || wy, we,unit, p*) € Vy, (K}, kb || k1, k2, (v:0)", (pk®)) € Vi and

(51,65 || 51,52, (pks®)) € Vs.

et W1 K1S1 = K161 (<1ly)

dser NWak2So = Ko (Salyo) if cal, = 0.

dgerNWakoSo = Kasa(Saly) if caly, # 0.

If the states were related in an instantiation of r to (Sal, = 0, (ly,ly0,0) then the retrived values
are related in p°, and the same holds if the states were related in an instantiation of 7 to

(Salp # 0, (ly.ly1,0). Since the continuations and the states were related by assumption we get
the desired termination behaviour. So we conlude that

(dgetnrs dgern || dgetnr, dgern, unit — To, p®) € V.

Then we can further conclude (dyrv}, dyvh || dasvi, dyve, T(o — Tunit, unit — To),p') € Vi
and then also ([; ok rec farl{}, o5 rec fnI{} | [k rec farl{}, st rec fl{}. o —
T(0 — Tunit,unit — To),p) € Vy. As o was any arbitrary closed type we can now finally
conclude ([;;+ M{}, [;;+ NI{},Va.Tr, Ty) € V&P that is

(IM1, [NT || [M], [N],Ya.TT,Ty) € Vy.

7.6 Non-example. Snapback is not in the relation at most types

We define . . .
snapback = in_|A\f € V.(AK € K.AS € S.if (ewists f.f = in_|f]) then((f*)(\8.Ad.KSd)S) else L)].

snapback is not the denotation of any term, but it is an element in V.

At most types of the form (unit — T'7) — T'7 snapback is not related to itself at the parameters
T'A. We will show a counter example, and then look at the general principle behind. So we give
examples of related functions, related continuations and related states such that when snapback
is applied to the them termination properties differ.

We now aim to show
(snapback, snapback, (unit — T'(unit — Tunit)) — T(unit — Tunit),Ta) ¢ Vy.
Let g = in_[Av € V.Ak € K.As € Siks(in_ [N/ AK' Xs' k's"ing [ *]])].

For all n € Z let g, = in—[Mv € V.(Ak € K.As € S.k(s[l — n])(in_o [ M A" As'. if 'l =
n then (k's'ing|*|]) else L))], where [ ¢ dom(A) U supp(k) U supp(s).

It holds that

(9, 9n || 9, Gn, unit — T(unit — Tunit),Ta) € Vy.

To see this, let g2 » g1 » Ta, (gk2) € XX, (gks2) € (gk2)S and assume

(V{, V3 || Vi, Va,unit,q1) € Vy, (K7, K} || K1, Ko, (x : unit — Tunit), (gk2)) € Vi and
(51,55 || S1,52,(gks2)) € Vg. The L cases at primed elements are trivial.
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gVIK S| = K|Sy (in_o |[N'AK' NS k' s"ing | %] ])
gn Vo255 = Ko(Sa[l — n])(in_ | M A" Xs'. if s'l =n then (K's'ing|*]]) else L), where
1 ¢ dom(A) U supp(Ka) U supp(S2).

Define local parameter r,, = ({(s1,s2)[s2l = n},0r1), Ag, Agry, 0z. Let guz = g2 U {rn},

(qksn3) = (qks2) U {(ralra|({(s1,82)[s20 = n})} then gnz € p*™, ¢n3 > g2, (qksn3) > (gks2).
Since the original states were related in (gks2) and 1 is fresh, then the updated states are related
in (gksp3). So it remains to show that the function-values are related in gp3.

Let g5 » g4 » qna, (gks) € g5, (gkss) € (gks)S and assume (V{,Vy || Vi, Vo, unit, qs) € Vv,
(K1, Kb || Ky, Ko, (2 : unit — Tunit), (gks)) € Vi and (S7, 5% || S1, 52, (gkss)) € Vs. The L
cases at primed elements are trivial. Else, since the states are related in a parameter extending
(gksns3) it must be the case that Sal = n so we get related continuations applied to related states
and related values:

(in_o | N'AK' NS K s"ing | x| | )V1 K1 Sy = K1 S1ing | *]

(in—o [ M N’ A" if s'l =1 then (K's'ing|*]]) else L)VoK5Ss = KoSaing |*]

so we conclude that the function-values are related under ¢,3 and then we can conclude that
(9, 9n || 9, gn,unit — T'(unit — Tunit),Ta) € Vy for each n.

Let (s},s5 || s1,82,Ta) € Vs where s} # L, and let

k= As.Ad.(if d=in_o|d'] then (d'(iny|[*])(As'.(Ad'.(T)1)1)s) else L). Then

(k k|| o,k (2 : unit — Tunit) ", Ta) € V. To see this let (pk) > Ta, (pks) € (pk)S,p = (pk)"™
and assume (57,55 || S1,S2, (pks)) € Vg and (R, hy || by, ho, unit — Tunit,p) € Vy. The L
cases are triviel. Else this requires there are df, d}, d1,ds such that by C hy =in_|d;] and

hh C he =in_|ds] where (b} = LAdy = L) or by =in_|dy] and (hy, = L Ady= 1) or

hi =in_|d,]. Then kSiV{ = d}(ini|*])(As'.(Ad'.(T) 1) 1)S],

kS1Vi = dy(ing | *])(As’.(Ad'.(T) 1) 1)S1 and kS5Vy = dy(ing [x])(As'.(Ad’(T) 1) 1)Sh

kSoVa = da(ing [x])(As".(Ad’.(T) 1) 1)Ss. Here

(d; (inq | *]), d5(ing | *]) || di(ing|*]), da(ing | *]), Tunit, p) € Vas by assumption about related A's.
We have seen the (As’.(Ad’.(T).)1) are related in all ordinary parameters. The states were
related by assumption. So we conclude (k, & || k, k, (x : unit — Tunit)",Tx) € V.

Let | ¢ dom(A) U supp(k) U sy. Chose n such that ing|n] is different from ssl. We now apply
snapback to related values, related continuations and related states, and we see that this does not
give the required termination approximation.

(snapback(g) ks = (g%)(As-Ad-ksid)s) = (A5 Md.ksyd)(s1) (in—o [ X' AK s K's"ina [ ]) =
ksh (in_o | N/ AK' Xs' K's"ing | ] |) = (A XK A"k s"ing [ +] ) (ing [*])(As . (A (T) 1) L)s) = T.

(snapback(gy))ks2 = (gn*) (N Ad.ksad)sy =

(A8 Ad.ksad)(s2]l — n])(in_—o | M A X' if s'l =n then (K's"ing[x]]) else L) =
kso(in—o [N A A" if 'l =n then (K's'ing|x]) else L]) =

(M AKX if s'L=n then (K's'ing|*]) else L)(ing|[*])(As'.(Ad'.(T)1)1)sa =L
where we have used that sal # n.

We conclude (snapback, snapback, (unit — T(unit — Tunit)) — T (unit — Tunit),Ta) ¢ Vy
The types unit and int and types build up only from those have the special property that
relatedness in V does not depend on the vm-parameters. The counterexamples use that new

locations can be allocated and stored values expected to have certain properties, but snapback
will erase this.
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8 Parameterized logical relation with further extended parameters

‘We will now define an extended version of the relation we have used to prove equivalences in the
previous section. The extension is designed to (additionally) handle explicit divergence. We do
much of the same development again. First we define the new parameters, which are extended
versions of the ones we have met so far. Then we define a new admissible action of the domain
construction functor F' on relations, and prove that the new relation exists. As before we extract a
binary relation on which we base proofs of contextual equivalences. Finally we analyse the example
from the introduction 1.4. We have chosen to use the same name V again for the new relation,
and also for sets of parameters we reuse the names. That should not give any problems, since the
following development stand alone, so there is no doubt about what names refer to. In the following
sections many definitions and proofs from before are repeated in versions with only differences at
certain places following the new parameter definition.

8.1 Parameters further extended

Ordinary parameters in the new set up are exactly as ordinary parameters before. Ordinary pa-
rameters are almost as the parameters from [13] with local extensions added. As before ordinary
parameter are preserved by each of related computations and related continuations separately. To
the parameters from the previous section we now add a way to express, that one side has already
diverged. This is essentially the only difference, but we need to define how it is handled. Espe-
cially we give a new version of the parameterized relation. We also again define order relations on
parameters.

8.2 Parameters and specialized parameters

As said ordinary parameters are exactly as before. We will now define general parameters which
will be either ordinary or specialized. Ordinary parameters are used, when we relate computations
where we don’t know any specific properties of the continuations, they will be applied to. Specialized
parameters are used, when we know the initial steps of the continuations, they are applied to. We
use specialized parameters, if we know that states initially belong in one local-parameter-component
and the initial steps of the continuations change states to another local-parameter-component. We
also use specialized parameters in situations, where both sides eventually diverge, but not at the
same step of execution. First we define a new version of local-parameter-parts.

Definition 35. Local-parameter-part Q

Given accessibility maps Ay and As.

Then Q is an (Aq, As)-local-parameter-part with associated sets LIQ,L? if one of the following
holds:

1. @ = (P,LL) and P is an (Ay, As)-state-relation and LL =
{ (1207, (IR 192, 78) s a finite set of location pairs and closed value types, k > 0.
L9 = 7y (LL) and LY = 7o(LL).

2. Q= (P,L) and P is an A;-state-predicate. LY =19 =09.

3. Q = (L,P) and P is an Ay-state-predicate. LY = LZQ =0.

Recall that in ordinary parameters all local-parameter-parts must have the form (P, LL).
The informal understanding of (P, LL) for a pair of states (S1,S2) is that (S1,S52) € P and LL

hold related values. The informal understanding of (P, L) and (L, P) for a state S is that S € P
and the other side of what we aim to prove equivalent has already diverged.
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Definition 36. Local-parameter-node q
Let I be a finite index set.
q=({Qili € I}, A}, AY, Z9) = ((Q1V ... VQx], AT, A, Z9), is a local-parameter-node iff

— A, AL are accessibility maps.
— Each Q; is an (A, AY)-local-parameter-part
— Either all Q; have the form (P,LL) or all Q; have the form (P, L) or all Q; have the form
(L, P).
— Z9 is a match of finite store types.
~ U, L& nm(29) =0 A U, LY Nma(29) =0
To the local-parameter-node ¢ = ({Qs]i € I}, A%, A% Z9) are associated the accessibility maps
A%, A where
vS. A1(S) = AP (S) UmZ? U, LY and
A5(S) = AL (S) UmzZ9 U, LS
/ﬁ, A; are the most inclusive accessibility maps associated with the local-parameter-node, encompass
locations meant to be visible as well as hidden.

To the local-parameter-node q are associated fized finite sets of locations L] = |J; LlQ“' and
Ly = Ui L2Q .

Definition 37. > order on local-parameter-nodes
Let d, e be local-parameter-nodes, and d = ({Q%]i € I}, AY, Ad, Z%), e = ({Q¢i € 1.}, AS, AS, Z°)
e >d iff
— 7¢2 7% and
— If the Q%’s have the form (L, P) then the Q°’s have the form (L, P), and

— if the Q%’s have the form (P, L) then the Q°’s have the form (P, 1) and
~ V(1. 52). Af(51) 2 A5(51) A A4(S) 2 As(55).

Definition 38. Local-parameter-component §

A local-parameter-component § is a finite tree, where each node q; is a local-parameter-node and it
holds that

— V1,92 € q. if 1 is an ancestor of g2 then g2 > ¢1

To the local-parameter-component § with root-node qo is associated the match of finite store types

79 = 7%,

To the local-parameter-component ¢ with root node qo are associated the accessibility maps A’{ = A’{”
and A} = AL,
A?,Ag are the most inclusive accessibility maps associated with the local-parameter-coponent (all
locations possibly “owned” by subtrees are included c.f. order on tree-nodes).
To the local-parameter-component § are associated fized finite sets of locations Wi and W4.

Wi =Ugeq (m(Z9 U LY)) and Wi = Uy, eq (m2(Z29 U LY))

where for qj = (P, LL;)|i € I}, AV, AY ,Z%) we let LY = UiL?’, Ly = UiLZQ’.

For notational convenience when not otherwise indicated we let the root node of ¢ be named q.

Intuitively the fixed sets W, W4 give locations (visible as well as hidden) that we know can
be associated with ¢ without knowing any state.

Intuitively we identify a local-parameter-component with its root. The rest of the tree is there
to tell us how a local parameter may be locally extended.
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Definition 39. > relation on local-parameter-components.
Let ¢ and G be local-parameter-components.

q =4 iff § € subtrees(q)

‘We now define local parameters. As before a local parameter for values and computations is a
finite set of local-parameter-components. A local parameter for continuations and a local parameter
for states will “belong” to one of the components. The idea is that the values and computations
preserve each component in states, but continuations may change states between components.

Definition 40. Local parameters

(vm) A local vm-parameter has the form r = {1 ...Gn} = (1A ... AGn) where
-Viel...n. g is a local parameter component
-n>1

(k) If r = (@1/\. .. Ndy) is a local vm-parameter, then ¥j € 1...n. (r|d;) is a local k-parameter.
Gj is a choiche of A-clause.

(s) If (r|q) is a local k-parameter, and root(q) = ({Qili € I}, A, A, Z7) = ([Q1V ... VQ,;V .. .], A, A%, Z9),
then for each i € I (r]4|Q;) is a local s-parameter. Q; is a choice of V-clause.

A local parameter where n = 1 and all local parameter parts are ordinary is an ordinary local
parameter. So if all parts in § have the form (P,LL) then (§) is an ordinary vm-parameter, (4|G)
is an ordinary k-parameter and for all i € I (§|G|Q;) is an ordinary s-parameter.

To the local parameter v = {q ... Gn} is associated the match of finite store types
zm = mkel..n 2%
Z" gives the locations visible for every A-clause in the local parameter v

To the local parameter 1 are associated the fized finite sets of locations Wi = ;¢ Wi and
Wy = Uiel..n Wzm~

To the local parameters r ={qi ...qGn} are associated the accessibility maps A’l, Aa where
vS. A;(S) = Uket.n A?k(s) and A;(S) =Uket.n Agk(s)
A{,AQ are the most inclusive accessibility maps associated with the local parameter, encompass all

locations that may be associated with r, locations meant to be visible as well as hidden.

Recall, an ordinary local vin-parameter must have exactly one conjunct {g} so n = 1. Further it
must hold that all local-parameter-parts have the form (P, LL).

We sometimes use {(l11,712,71) - .- (In1, ln2; Tn)} O T{(141 115.m1)...(In1slnz,7)} @S shorthand for the
(ordinary) local parameter {((T,0rr), Ag, Ag, {(l11,l12,71) - . . (ln1, ln2, 7o) }) }- Such a parameter is
used when we just add n visible locations in both sides. Visible locations will be expected to hold
related values.

Definition 41. > order on local-parameters
Let v ={q...4,}, r={q1-..4n} be local vm-parameters

= riff Vi€ 1. @) = g;. (4] is a subtree of ;)

Let vk’ = (1'|q}), rk = (r|G;) be local k-parameters with v ={¢; ... 4.}, r={q1-..qn}
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rk! =rk iff v =r andi=j.
Definition 42. Parameters

(vm) A vm-parameter p is a finite set p = {r...7,} where
- Each r; € p is a local vm-parameter
SVidjel . n WINW =0 A Wy nWy = »
- 381, S A LVi#j el . n AT (S) N AV (S)) = 0 A A5H(Sy) N AY (Se) =0
(k) If p={ri...m.} is a vm-parameter and for each j € 1...n (r;|q;) is a local k-parameter, then

(pk) = {(r1lG1) ... (rnlGn)} is a k-parameter.
A k-parameter is a vm-parameter together with choices of one A-clause for each local vm-

parameter.

(5) 17 (oK) = {(mdn) . (raldn)} is @ k-parameter and
for each j € 1...n (1;1q;|Q;) is a local s-parameter and
(3k. Qi has the form (P, L) = no Q; has the form (L, P)) and
(3k. Qi has the form (L, P) = no Q; has the form (P, 1))

then (pks) = {(r1|¢1|Q1) - - . (rn]dn|Qn)} is a s-parameter.
An s-parameter is a k-parameter together with choices of one V-clause for each local k-

parameter.
(pk) is the k-erasure of (pks), and p is the vm-erasure of (pks) and of (pk).
(pks) is an s-instantiation of (pk) and of p. (pk) is a k-instantiation of p.
To the vm-parameter p are associated
— Accessibility maps A, AL where ¥S. AP(S) = JA7(S) A AB(S) = A5(S).
To the k-parameter (pk) and to the s-parameter (pks) are associated

— Accessibility maps .A(lpk) = A(lpks), Agpk) = A(kas), where
VS APP(S) = U (AT (S)ULY) A AP (S) = U,(AY(S)ULY), jel...n.

To the vm-parameter p is associated
— a match of finite store types ZP = L+Jj Z"i where j € 1...n.
To the k-parameter (pk) and to the s-parameter (pks) is associated
— A match of finite store types ZP*) = Z(Pks) = L+Jj Z%, where j €1...n.

A parameter is ordinary iff all its local parameters are ordinary.
A parameter or a local parameter which is not ordinary is said to be specialized.
Any parameter and any local parameter is either ordinary or specialized.

pU™ is the set of vi-parameters. 0™ is the set of ordinary vm-parameters.
p”* is the set of k-parameters. o” is the set of ordinary k-parameters.
p® is the set of s-parameters. 0° is the set of ordinary s-parameters.

s is the set of specialized vm-parameters. p¥ \ 0" = sV

s¥ is the set of specialized k-parameters. pk \ of =gk,

5% is the set of specialized s-parameters. ps\ of =s°.

s°PL denotes the set of s-parameters which has a (P, L) instantiation.
5517 denotes the set of s-parameters which has a (L, P) instantiation.
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Definition 43. Notation for sets of instantiations p*, pS

— If p € p" then p¥ denotes the set of k-instantiations of p and pS denotes the set of s-
instantiations of p.
— Ifp € p* then pS denotes the set of s-instantiations of p.

Definition 44. Notation for erasures p*, p'™

— If p € p° then pF denotes the k-erasure of p and p*™ denotes the vm-erasure of p.
— Ifp € p* then p*™ denotes the vm-erasure of p.

Definition 45. > relation on parameters.
Let p' ={ri...7},} andp={ri...r,} be vm-parameters.
pEpiffviel...nrl=r
Let pk’ = {(r}1q}) - .- (r}q.)} and pk = {(r1|G1) - .. (rn|Gn)} be k-parameters.
pk! = pk iff Vie 1...n. (r}|d}) = (ri|d:)
When we remove some but not all A-clauses from a local parameter then we get another local

parameter. Again in the new relation we will require that relatedness for values and computations
is preserved when we go to a parameter derived by removal of A-clauses.

Definition 46. Parameters derived from parameters

= Letpep’™, p={r,....;rn} ={{au--.qik, b {an1 -+ @i, -
LetViel...n.r; D, #0.
Then p' = {r{,...,r,} is a parameter derived from p.
So p' is derived from p by removal of A-clauses.

sub(p) denotes the set of parameters derived from p.

— Letp’ = {r{,...,rh} be derived from p = {r1,...,m,} € p'™ such that Vi € 1...n. (r = {}
where ¢ € r; and q is an ordinary local parameter )
Then p is an ordinary parameter, and p’ is a parameter o-derived from p.
ord(p) denotes the set of ordinary parameters derived from p.

Lemma 29. A derived parameter is a parameter: the disjointness properties are preserved.
It is possible that locations move from hidden to visible.

Order on parameters are defined as before:
Definition 47. Orders > and » on parameters

> : The relation > on vm-parameters and k-parameters is defined as the reflezive transitive closure
of the relations = and Dorq (local extension and adding ordinary local parameters).

»: The relation » on vm-parameters is defined as the reflexive transitive closure of the relations
=, 2 and >x (local extension, adding local parameters and removal of A-clauses).

‘We still have the following lemmas

Lemma 30.
Assume 1’ >, then either both r' and r are ordinary parameters or both v’ and r are specialized
parameters with the relation > on all the non-ordinary constituents.

Lemma 31.
For p',p € p™ it holds that p' >p = p' » p (but not the other direction).
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Lemma 32.

— Ifp' €s"™ and p € 0"™ and p’ » p, then Vp., € ovd(p’). p), > p.

—Ifpepep™ p={ri...tn,Tus1...tm}, p={ri...1m}, and p” is derived from p’ such
that ¥j € (n+1)...m. r; is replaced by one of its conjuncts q; where q; is an ordinary local
parameter, then p’ > p.

Lemma 33. If p/ » p or p/ > p then Z¢' D ZP
Now we will define a relation parameterized by the new parameters.

9 Parameterized relation with new extended parameters

The relation is parameterized with the new parameters. In the definition of the relation the defi-
nition for values has the same formulations as before (but the parameter definitions are new). For
states we now add, that for local instantiations to (P, L) the left hand side non primed s; € P and
similar for (L, P). The primary difference is in the definition of relatedness for computations and
continuations. Here we now differentiate three cases of the states they are applied to. If none of the
instantiations in the state parameter has a (P, L) or a (L, P) then as before we require two sided
termination approximation. If an instantiation in the state parameter is a (P, L) then we instead
require that the primed application in left hand side will always give L, and similarly for (L, P).
The existence of the new relation again requires a separate proof.

9.1 Relational Structure on FMcpo‘i

The relational structure is formulated as before, but now with the new definition of parameters.

Definition 48. Relational structure on FM—cpo‘j_
Let D = (Dv,[);(7 D]w,Ds) S FM*CpUi.

The set of relations on D is defined as:

R(D) :RV X RK X RM X RS
where
Ry = all subsets of D% x D2, x {7|r closed value type} x p*™ which
include {(L, L)} x D}, x {7|r closed value type} x p*™
Ric = all subsets of D% x D% x {(x:7)T|(z : 7)T continuation type} x p* which
include {(L, 1)} x D% x {(z:7)T|(z: 7)" continuation type} x p*
Rar = all subsets of D3, x D3, x {T7|T7 closed computation type} x p*™ which
include {(L, 1)} x D3, x {T'7|Tr closed computation type} x p*™
Rs = all subsets of D% x D% x p* which
include {(L, L)} x D% x p*

Application of a pair of morphisms to a relation is defined as before. Recall also the definition
of (f,g) : R C S. For f = (fu, fr, fm: fs) : D — E, g = (gv, g, 9m,gs) : D = E with f C g and
relations R € R(D), S € R(E) we have (f,g): RC S £, (f,9)R € S. As before

~ VR e R(D). (idp,idp) : R C R
~VReR(D)VS e R(D')Vg:D=D' (L,g): RCS
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- (fig):RC Sand (f',¢'): SCT= (f'of,gdog): RCT
— (idp,idp) : R C R' and (idp,idp) : R C R= R=R.

Admissiblity and downwards closure for relations is defined as before. Also parameter weakening
is defined as before, but now with the new parameters. We present the definition again:

A relation (Ry, Rk, Ry, Rs) € R(D) is parameter-weakened if,
Vp1,po € pU™, V(pk1), (pko) € p* it holds that

- pi»po A (g0 || v ve, T po) € Ry = (v, 0% || vi,v2, 7. p1) € Ry
- (pk1) > (ko) A (K1, K || ke, (22 7)7, (pko)) € R = (K7, K% || K, ko, (22 7) 7, (pka)) € Ric
- pi»po A (my,my || ma,me, TT,po) € Rar = (my,my || mi,ma, TT,p1) € Ry

Definition 49. adm™ relation
A relation R € R(D) is an adm™relation if it is
admissible, downwards closed and parameter-weakened.
We let Ryam+ (D) denote the set of adm™ relations over D

We aim to show that there exists a new relational lifting of the functor F's.t. VR~ € R(D), RT €
R(D).F(R™,R") € R(F(D,D)) and a new adm™ relation V = (Vy, Vi, Vi, Vs) € Rugm+ (D)
satisfying the equations in definition 50 and (i,i) : F(V,V) CV A (i~1,i71):V C F(V,V).

We define a new action of F' on relations with the new parameters. We have added new re-
quirements in the definition of relatedness for continuations and computations, where (P, L) and
(L, P) instantiations in the states they are applied to is handled separately. For states and such
state parameter instantiations we naturally require that the state in the respective side belong to
P. Aside for these changes, the definitions are formulated as in the earlier sections.

Definition 50. adm™ action of F on relations.
Let R~ € R(D), RT € R(D)

Define F(R~,R*) € R(F(D, D)),
F(R™,R*) = (F(R~,R*)y,F(R~,R") i, F(R~,R*)\, F(R™,R*)s)  where

F(R™,RY)y ={(L, L | vi, va, 7, p) | p € p"™ the set of all vm-parameters } U

{(v1, vh || v1, va, 7, p) [ pEP™ A
viCv#L AvyCu#ELA
(v1, vy || v1, 2,7, p) € F(R™,RT)y }
where
F(R™,R*)v ={(v}, v} || ina|*], ina|*], unit, p) } U
{(}, v4 || inz|n], inz|n|, int, p) | n€Z } U
{(f, v || ing|l1], inu|la], T ref, p) | (li,le,7) € ZP } U
{(v], vh || inginidr, inginids, 71 + 72, p) | di,d2 € V) A 3dy,dy € V.
(Wf=LAdj=1L)Vvu;= ivi@in,',d'l # L)A((vh =L Ady = 1) Voh =inginidy # L)A
(dy, dy || dv, d2, 7, p) € Ry, i€{1,2} } U
{(v1, vy || ing(dia; div), ing(daasdan), Ta X Ty, P) | diasdiv, daa,doy € Vi A
A A,y € V.
(d/m dl/b “21;1 2bd R dy,, d dyp, d R},
las @5 || dias d2ay Tay P) € Ry, A ( 15 Ao || div, dap, T, p) € Ry, A
(v = LA(d, = Lvdy = 1) V (01 =ing(di,dyy) # L)) A
(v =L A(dyg=LVdy=1)) V (v =ing(dy,,dy) # L))} U
{0}, vy || inudy, inudy, pout, p) | di,dy € V) A 3dj,dy e V.
() =L Ad]=1)Vo] =inud] # L) A ((vy = LAdy = L) Vb =in,dy # L)A
(dy, dy || dv, do, Tluc.t/al, p) € Ry } U
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{(vi, vy | invldi], inv|da], Ya.T'T, p) | di,do € M A 3dj,dy € M.
(Wf=LAdy=1) Vv (v =iny|di] #L A djy TL) A
(wy=LAdy=1) VvV (vh=iny|dy] #L A dy T L)) A
Vo with _ o : type. (d, dj || di, do, T7lo/a], p) € R}, } U
{(v), vy || inoldi], ino|da|, T— T7', p) | di,ds € (V—M) A Id},ds € (V— M).
(wp=LAdi=1) vV (Wf=in,|di]#L AN dy3L) A
(wh=LAdy=1) Vv (vy=in|dy]#L N dyb3I L)) A
Vo' e p V(wh, wh || wi, wa, T p) € Ry, (diwd, dyw) || diwy, diws, TT', p) € Ry )
Recall » on vm-parameters is defined as the reflexive transitive closure of the relations =, O and >3,
(which are local extension, supset and removal of A-clauses).

F(R™,RY)x ={(ki, kb || ku, ko, (w:7)7, (pk)) | (pk) € p* A
i Tk AN ESChka A Y(pk') > (pk).
(that is (pk) extended only with ordinary local k-parameters or local extensions)

V(pks') € (pk')S (the set of s-instantiations of p' i.e. choices of V-clauses),
(pks') & (s°F+ U s*tP). (i.e. no chosen V-clause in the s-instantiation is a (L, P) or (P, 1))
V(sh, sy || s1, s2, (pks')) € Rg. V(vi, vh || vi, va,7, (pk')"™) € Ry,.
(Kisivf =T = kosovo = T) A
(kyshvh =T = kisjvy =T), A
Y(pks') € (pk")S, (pks') € s°F+. (i.e. a chosen V-clause in the s-instantiation is a (P, L))
V(s1, 85 || s, s2, (phs')) € Ry
V(vy, vy || v, v2, T, (PE')"™) € Ry,
Eisivi=1, A,
V(pks') € (pk)S, (pks') € 5. (i.e. a chosen V-clause in the s-instantiation is a (L, P))
V(sh, sy || 51, s2, (pks')) € Rg.
Vol o || v, e, 7, (9K)) € Ry
Kyshoh = L },

F(R™, R )y ={(my, mj || ma, ma, T7, p) | p€p’™ A
mi Cmy A mhCmg A
vp' > pV(pk') € X (the set of k-instantiations of p' i.e.
choices of a A-clause in each local parameter).

V(pks') € (pk')S (the set of s-instantiations of (pk') i.e.
choices of V-clause from each chosen A-clause in (pk') ),
(pks') ¢ (s°F+ U s*tP). (i.e. mo chosen V-clause is a (L, P) or (P, 1))
V(ky, k5 || ks ko, ('T:T>T7 (pk')) € Ri. V(ST Sy |l Si, Sa, (pks')) € Ry .
(m’lk’ISi =T = moksSy = T) A
(m’szSé =T =miki1S; = T) A
V(pks') € (pk')S, (pks') € s°TL. (i.e. a chosen V-clause is a (P, 1))
(ki K || ks ke, (2 7)T, (pK')) € R
V(S], S5 || Si, S, (pks')) € Ry.
mik Sl = 1) A
Y(pks') € (pk')S, (pks') € s°LF. (i.e. a chosen V-clause is a (L, P))
V(KL K [ K, ko, (2:7) T, (o) € Rig.
V(ST S5 || S1, Sa2, (pks')) € Ry.
mhkySh =1 }
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F(R=,R")s ={(L, L | S1, Sa, (pks)) | (pks) € p* the set of all s-parameters } U

{051, Sz Il S1, Sa, (pks) [ (phs) = {(r1]a1|@1); - -, (ralgn|@n)} € p°

It holds that

— For all (v}, v || v1, v2, 7, p) € F(R™, RT)y it holds that (v} = v}
— For all (s}, sb | s1, S pks) e F(R™,R")g it holds that (5’1
— Vki, ke € KY(z : 7)T.Vpk € p¥ it holds that (L, L || ki, ks, (x

(gi is a choice of A-clause in r;, and Q; is a choice of V-clause in q;) N
SICS1#L AS,CSy# LA

APE(S) Ay (Z0F)) = 0 A AP () N (Z2PE9) =
(in each side are the visible locations in ZWks) disjoint from the known hidden locations
given by the accessibility maps .A(lpks), Aépks)) A

Vi # G ATHS) N AP(S) =0 A Ai(Sy) N AR (Sy) =0

(A{’ Aél accessibility maps are the most inclusive for the local parameter r;.

In each side is every location, visible, hidden or reserved, belonging to a local parameter
outside the areas owned by any different local parameter) — A

V(i lo,m) € ZPR)(S1(1), Sh(la) || S1(la), Sa(le), 7. (pks)'™) € R
(All visible locations hold related values) A

Viel.n. if Q; = (P;, L) then Sh € P, if Qi = (L, P;) then S; € P,
if Qi = (P;, LL;) then (S1,52) € P; A
V(l1,lo,7) € LL;. (S1(l1), S5(12) || Si(lh), Sa(l), 7, (pks)*™) € R
(The states belong to all simple state relations and predicates in the chosen V-clauses.
Corresponding LL location-sets hold related values) }

L)or (v1 # LAvy # 1).
L)or(sy # LAsy#1).

% :pk)EF(R JRY)k.

ol
— Vm1,my € MLYT'T.¥p € p°™ it holds that (L, L || mq,me,T7,p) € F(R™,R) .

We need to show that the action of F with the new definitions preserves admissibility, downwards
closure and parameter weakening.

Lemma 34. The action of F preserves downwards closure.

For all R*, R~ € R(D).
If Rt is downwards closed, then F(R™, R") is downwards closed.

Proof

— F(R™,R"): Follows from k" C k' = Vs,v. k" sv C k’sv, (independant of RT). This is enough
also with the new definition of V.

— F(R™,R"): Follows from m” T m/ = Vk,s. m"ks C m’ks, (independant of RT). This is
enough also with the new definition of V.

- F(R™,RT)y

: The proof is as the proof we have seen before, so it is omittet.

(R’ R*)s: follows from downwards closure of Ry,. Assume (s}, s} || s1,2,p) € F(R™, R")s,
and s # L V sh # L. Let sf C s} Asy C sb. ThenVl YU ShLA s§l C shl. We want to
show (s,s5 || s1,82,p) € F(R™ R*) The requirements concerning disjointness as well as
requirements about belongings to finitary state relations and finitary state predicates are only
stated on s1, s2 and hence follow from the assumptions. Requirements concerning that stored
values are related follow from assumptions together with downwards closure of Ry).
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Lemma 35. The action of I' on relations preserves admissibility.
For all RY,R~ € R(D). If R" is admissible, then F(R™,R") is admissible.

Proof

Assume R* is admissible, we want to show F(R™,RT) is admissible for all R~ € R(D). By
definition each of the four projections of F(R~,R") includes (L, L || (type),d,d2,p) for all
(type),dy,dz2,p. To show that F(R~,R") is admissible it suffices to show for each of the four
projections, that it is closed under least upper bounds of finitely supported chains of the form
(di,dy || (type),dy,d2,p)ic., Where type,dy,ds,p are constant.

o F(R-,R")s =

{(L, L S1, S2, (pks)) | (pks) € p® the set of all s-parameters } U

{051, S5 || S1, 2, (pks) | (pks) = {(r1]a]@1),- .. (rnlan|@n)} € p° A
SICS1#L ASSCSy# LA
AP gy A 2Py = A AP (Sy) N wa(ZPFD) = g A
Vi # G AT(S) N AT (S1) =0 A A3 (Ss) N AL (Sa) =0 A
V(I lo,7) € ZWR) (S1(11), Shl2) || Si(lh), Sa(la), T, (pks)'™) € Ry A
Vi € l.n. if Q; = (P;, L) then Sy € P, if Q; = (L, P;) then Sy € P,
if Q; = (P;, LL;) then (S, 52) € Pi A

V(l1,l2,7) € LL;. (S1(1h), Sh(l2) || Si(lh), Sa(l2), T, (pks)'™) € R }

Assume a finitely supported chain (Si, 5% || S, S2,p)icw in F(R™, RT)s, we will show its least
upper bound is in F(R™, R")g. If the chain is constantly (L, L, || Si,S2,p) we are done.
Else it holds that S; # L A Sy # 1 and Vi. Sj T S; A 5’3 C S;. Then it holds that
US{ES A LSS E S

APE) (S Ay (Z20k)) = A APE) () N my(Z2Pk)) = § and

VE # 4. ATR(S) N AT (S1) =0 A A5F(Sy) N AY(Sy) = 0 as in each step.

When (S, 5% || Si,S2,p)icw is a chain, then Vi. (Sjl);c, is a chain and (S3l);c., is a chain.
Since Ry, is admissible and Vi. (I, lo, 7) € ZP*) (Sily Sily || Sily, Salz, T, (pks)'™) € Ry, and
these are chains in Ry}, then also V(11 lo, 7) € ZPF) | |((S)l1, (D)o || Sil1, Salz, 7, (pks)'™) =
(USHL, (USHI | Sily, Salz, 7 (pks)"™) € Ry,

Vk € 1.n. if Qr = (Pk, L) then Sy € Py, if Q. = (L, Py) then Sy € Py,

if Qr = (Pg, LLy,) then (Si,S2) € Py holds as in each step.

Since Vi. Vk € 1. if Qg = (Py, LLy) then V(I1, o, 7) € LLy. (Si(1), Si(l2) | S1(1), Sa(l2), 7.
(pks)"™) € Ry; and these are chains in the admissible relation Ry, then also Vk € l.n. if
Qk = (Pk,LLk) then V(l[,lQ,T) € LLy. <(|_| S{)l[, (I_l S})lz || S1l17 Soly, T, (pk?s)vm) (S R;
We conclude that F'(R™, R")g is closed under least upper bounds of chains.

o F(R™,R")y =
{(L, L mi, mo, T7, p) | p€p’" the set of all vin-parameters } U
{(m/l m/2 ” my, ma, T, p) ‘pE pUmtA
mi Cmy A mhCmg A
vp' > pV(pk') € e
V(pks') € (pk')S, (pks') ¢ (s*F+ Us*+F). (i.e. no chosen V-clause is a (L, P) or (P, L))
V(ky, K | ki, ko, (z:7)T, (pK)) € Rg. V(St, S5 || Si, Sa. (pks')) € Ry .
(mikL ST =T = makaSe =T) A
(mhkLS, =T = mikiS1=T) A
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V(pks') € (pk")S, (pks') € s°7L. (i.e. a chosen V-clause is a (P, L))
(K, K | ki, ko, (x:7)T, (o)) € Ry Y(Sh, S5 || S1, Sa. (phs')) € B3 .
mikiSy = 1) A
Y(pks') € (pk")S, (pks') € s°+. (i.e. a chosen V-clause is a (L, P))
(ki K || by, ke, (:7)T, (pR))) € Ry ¥(ST, S5 || Si, Sa, (pks')) € Ry
mhkhSh =1}
Assume a finitely supported chain (m},m || mq, m2, T, p)icw in F(R™, R*)r, we will show
its least upper bound is in F(R™, R¥). If the chain is constant (L, L || mq, ma, T'7,p) we
are done. Else, since Vi. m{ T m; A mb T ma, then also | |mi T my A | |mb C ma.

Assume p' » p, (k') € p'*, (K, kb || ki, ko, (2:7)T, (pk)) € Ry.

Assume (pks') € (pk')*, (pks') ¢ (s sPL Usﬂp) and (S1,55 || Si, S2, (pks)) € Ry.

Since mi and m} are chains, then also mik{S] and mik5S, are chains in Q. If Vi. mlk' St =
then also (|| m)k{S] = L and the implication (|| m?)k;S] = T = maok2S> = T holds tnvmlly
Else it must be the case that 35.Vi > j. m{k’lS{ = T. This implies both that maksSs = T and
(LJm?)k4 St = T, so the implication (| |m?)k1S; = T = makaSs = T holds. The proof that
(L m2)k252 T = m1k1S1 = T holds is similar.

Assume (pks') € (pk')®, (pks') € 5T+ and (S}, S5 || Si, So, (pks')) € Rg, then in each step
mik;S) = L. And so also | |,(mik}S]) = |,(mi)k} Sy = L.

Assume (pks') € (pk')®, (pks') € s+ and (8], S} || Si, Sa, (pks')) € Rg, then in each step
mbky Sy = L. And so also | ], (mbk5S)) = |, (mb)k5Sh = L

We conclude that F(R™, R")yy is closed under lubs of chains.

F(R™ Ry =
{(L, L | k1, kay (x:7)T, (pk)) | (pk) € p* the set of all k-parameters } U
{7, K | by ko, (7)™, (pR)) | (pK) € % A
KiCki A kS Cky A V(pk') > (pk).
(that is (pk) extended only with ordinary local k-parameters or local extensions)
V(pks') € (pk')S (the set of s-instantiations of p’ i.e. choices of V-clauses),
(pks') ¢ (s°F+ Us*+P). (i.e. no chosen V-clause in the s-instantiation is a (L, P) or (P, L))
V(Sllﬂ '512 H 51, 82, (pks’)) € R§~ V(Ui, Ué “ U1, U2, T, (pk/)vm) € R\;'
(K{siv) =T = kasqva = T) A
(kés’zvg T=ksion=T), A
V(pks') € (plc') ,(pks’) € s°PL. (i.e. a chosen V-clause in the s-instantiation is a (P, L))
V(sh, sh || s1, s2, (pks')) € Rg. Y(v, vy || v1, va, 7, (pE')"™) € Ry,.
Eisivi =1, A,
V(pks') € (pk:’) (pka ) € 5%, (i.e. a chosen V-clause in the s-instantiation is a (L, P))
V(sh, sh || s1, s2, (Pks')) € Rg. Y(v], vy || v1, va, 7, (pE')"™) € Ry,.

ksyuy = L}

Assume a finitely supported chain (k%, k3 || ki, ko, (z : 7)7, (9k))icw in F(R™,RT) g, we will
show its least upper bound is in F(R™, R*)k. If the chain is constant (L, L | k1, ke, (z
)T, (pk)) we are done. Else, since Vi. ki C ki A kb C ko, then also | k% C ki A | JkL C ko.
Assume (pk’) > (pk), (vi,vé | v1, vo, 7, (PK')"™) € Ry

Assume (pks') € (pk')S, (pks') & (s°F+ Us*tF) and (Sf, S || S1, S, (pks')) € Rg.

Since ki and ki are chains, then also k%Sjvq and kiShvy are chains in Q. If Vi.k{Sjv] = L
then also (| |£%)Sjv; = L and the implication (| |k})Sjv] = T = kaSavs = T holds trivially.
Else it must be the case that Jj.¥i > j. ki Sjv] = T. This implies both that ksSovg = T and
(LJ%})Sjvy = T, so the implication (| | k{)S{vi = T = k2S2v2 = T holds. The proof that
(L k4)Shvs = T = k1Sqvr = T holds is similar.

Assume (pks') € (pk')S, (pks') € s*7+ and (S}, S% || Si, Sa, (pks')) € Ry, then in each
step k{Siv] = L. So also ||, kiSiv] = L. Assume (pks') € (pk')S,(pks’) € sSJ'P and
(S1, S5 || S1, S, (pks')) € Ry, then in each step k3Shvh = L. So also |_| kbShvl =
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We conclude that F(R™, R") is closed under lubs of chains.
e F(R™,R")y : The proof is as the proof we have seen before, so it is omitted.

We conclude that if RT is admissible, so is F(R~, R") for any relation R™.

Lemma 36. The action of F preserves parameter weakening.

For all R*,R™ € R(D).
If R is parameter weakened, then F(R™, RT) is parameter weakened.

Proof

— F(R™,R")x: Let (pk1), (pko) € p*, (pk1) > (pko).
For all ky, ko, all (z : 7) T continuation type, all p vin-parameter it holds that (L, L || ky, ka2, (= :
m)T.p) € F(R,R")k.
Assume (K7, k%) # (L, L) and (K}, K, || ki, ko, (z: 7). (pko)) € F(R™, RT) rc. We want to show
(ki Kb || k1, ko, (w2 7) T, (pk1)) € F(R™, RY) k. This follows from (pk})t>(pk1) and (pk1) > (pko)
implies (pk}) > (pko), (independant of R™).

— F(R™,R")n: Let p1,po € p°™, p1 » po.
For all my, ms, all T'T computation type, all p vin-parameter it holds that (L, L || mq,meo, T'T,p) €
F(R™, R+)M
Assume (mf,mb) # (L, L) and (m},mb || m1,me, T7,po) € F(R™,R")n. We want to show
(my,mb || mi,ma, TT,p1) € F(R™,R")p. This follows from pj » p; and p; » po implies
P} » po, (independant of RT).

— F(R™,R")y: The proof is as we have seen before, so we omit it.

We conclude that the action of F on relations on D) preserves parameter weakening. m]

As the action of F on relations on D preserves admissibility, downwards closure and parameter
weakening it follows that

Lemma 37. The action of F preserves adm™.

For all R*,R™ € R(D).
If R* € Rygm+ (D), then F(R™, RY) € Rygm: (D).

Lemma 38. The action of F on functions preserves the relation (- ,id): _C _.

VR ST R, 5~ € R(D). Vf*,f~ :D —D.

If (f~,idp) : S~ C R~ and (fF,idp) : R* C ST then
(F(f=, /%), Flidp,idp)) = (F(f~, [ ") idrmp)) : F(R™,RY) C F(S™,8%).

Corollary 7. Monotonicity.
VRT, ST, R=,5~ e R(D). IfS~™ CR™ and R* C S* then F(R™,RT)C F(S~,ST).

The corollary follows from the lemma with f* = f~ = idp.
Proof of lemma 38

Let RT, ST, R~,S~ € R(D), and
let fH, /7D —D. f~ = (f [ fums ) I =S5 15 Fh 1)

148



Assume (f~,idp) : S~ C R~ and (f*,idp) : RT C S+.
We aim to show (F(f~, f1),idpmp)) : F(R™,RT) C F(5,5%).

(f~,idp): ST CR™ A (fT,idp): Rt C ST implies f~ Cidp A fT C idp.
By the functorial properties of F' we then have F(f~, f*) C F(idp, idp) = idpp p).-

Let F(f~, f1) = h = (hy, hi, han, h) and let for now idp = idpp ).
We need to show that s € F(R™, R") = ((h,idp)s) € F(S~,5%).

o F(D,D)s
Assume (51,55 || 51,52, (pks)) € F(R™,RT)s, (pks) = {(mIquQl) 5 (Tnlanl@Qn)} € p°. We
aim to show (hss), hesh || idssi,idssa, (pks)) e F(S™,

If s) = L = s, then since h; is strict so (hss|, hssh || idssi,idss2,p) = (L, L || s1, s2, (pks)) €

F(S™,5%)s.

Else (hss, hssh || idss1, idssa, (pks)) = (AL f,F(s10), AL £, (s51) || s1, 2, (pks)) and

(s, 85 || s1.82,p) € F(R™,R")s so

(a) SYCs1#L A shTsp# L

(b) APE) () Ay (ZPF9)) = A AP (55) Ao (ZPFD) = A
Vi g AT (s1) N AP (s1) =0 A A5i(sp) N A (55) = 0

(c) V(U 1o, 7) € ZW) (s1(1y), sh(la) || s1(lr), s2(l2), 7, (pks)"™) € Ry

(d) Viel.n. if Q; = (P;, L) then s; € P, if Q; = (L, P;) then so € P; if Q; = (P;, LL;) then
(s1,82) € P;

(e) if Qz = (PZ,LLI) then V(ll,lz,’F) € LL;. (Sll(ll)7 8/2(12) H Sl(ll), 82<l2), T, (pk‘S)um) € R‘t

and we need to show that if hs(s)) # L V hs(sh) # L then
1. he(sh) Cs1# L A hg(sh) Csg# L
2. AP (s)) N (Z20k)) = 9 A APE) (55) Ny (Z0PF9)) = ) A
Vi g AV (s) NAY (s1) =0 A A”(sz)mil" (s2) =10
3. V(i lo, ) € ZWPF) ((hysy)(lh), (hssh)(l2) || s1(l1), sz(lz), 7, (phs)'™) =
(FF(s10)s £ (shla) || s1(l), s2(l2), 7, (pks)™) € S
4. Vi€ l.n. if Q; = (P;, L) then s1 € Pl, if Q; = (L,P,‘,) then sy € P; if Q; = (P;, LL;) then
(s1,52) € P;
5. ifQ; = (P, LL; )thenV(ll,lz 7)€ LL;. (hss))(11), (hssh)(l2) || 51(11), s2(la), T, (pks)'™) =
(FF(s10), fif (shla) || s1(la), s2(l2), 7, (pks)*™) € Sy
. Follows from (a) together with h C id.
. Follows from (b) directly.
(c
(
(

1)
1

. Follows from (c) together with the assumption (f*,idp): Rt C S+.
. Follows from (d) directly.
. Follows from (e) together with (f,idp): R™ C ST.

T W N~

We conclude that (hgsi, hesh || idsst,idssq, (pks)) € F(S7,57)s.

F(D, D)

Assume (m}, mb || mi,ma, T7,p) € F(R™,R") .

We aim to show (h,,mf, hymb || idsma,idsme, T'T,p) =

(A XSy (frk)(feS), AeASmb(f k)(f5S) || ma, ma, T7,p) € F(S™,5M)u

If mi = L = m} then since h,, is strict , so (hpmi, hymmb || idsmy,idsms, TT,p) =
(L, L[| my,me, T7,p) € F(S7,5")s.

Else, let p’ » p, (pk') € X, (K Kb || kay ko, (1) T, (D)) € Sk

Let (pks') € (pk)S, (s1, 4 || 51,52, (pks')) € Sg.
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Assume (pks') ¢ (s°F'+ U s+F). We want to show

(hmm))kis] = T = mokosy = T and (hy,mb)khsh = T = mikys; = T, or equivalently

mi (fp kD) (fTs1) =T = makasy = T and m5(f ko) (f5sh) =T = mikisi = T.

Since (f~,idp) : S~ C R~ it holds that (f, ki, fy kb || ki, k2, (z : 7)T,(pk')) € Ry and
(f5sh, fsh || s1.82. (pks")) € Rg. Then since (m},m} || mi,ma, T7,p) € F(R™,RT) we have
that m} (f, k1) (fss1) = T = makasa and my(f, k5)(f5s5) = T = makisy.

Assume (pks') € L. We want to show (hn,mi)kisi = mi(fi k)(f7s)) = L
(f~.idp) : ST C R~ it holds that (fy ki, f, kb || ki ko(z : 7)7,(pk')) € Ry and
(f;s’l,f;sél\(\ sl,ls)g(, (pkf’))) € Rg. Then since (m),mh || mi,ma,T7,p) € F(R™,R") we
have that m/(f, k7)(fss7) = L.

Assume (pks’)ke 5P We want to show (h,mb)khsh = mh(fy ky)(fosh) =
(f~,idp) : S C R~ it holds that (fy kL, fi kb || ki kay(z @ 7)7,(pk)) €
(fs’s’l,fjs’zl\(\ S],;S)Q(, (pkf’))) € Ry. Then since (ml,mh || mi,mo,T7,p) € F(R™,R") we
have that m(f, k5)(fss5) = L

s

We also need to show
B (my) = Xe XS (f k) (f5S) Emay A hun(mb) = Ak AS.mb(f k) (f7S) © ma. This follows
from mj Cmy A mb Cmg and [~ C idp.

We conclude (hy,m}, hyymb || idsmy,idsmeo, T7,p) € F(S™,ST)u.

F(D, D)

Assume (K}, kS || ki, ko, (z:7) 7, (pk)) € F(R™,RY) k.

We aim to show (hpkf, hikh || ideks,idaks, (z 2 7)7, (pk)) =

ASAE (F7S)(frv), ASAKL(f7S)(fyv) || k1, ko, (:7)T, (pk)) € F(S™,5T)k.

This follows by similar arguments as for (m}, mj || m1,ma, T'r, p) above, so we omit the proof.

F(D,D)y

Assume (v],v} || v1,v2,7,p) € F(R™,RT)v.

As before by strictness of hy, if (L, L || v1,ve,7,p) € F(R™, R") then (hy L, hyL || v1,02,7,p) =
(L, L || v1,v9,7,p) € F(S™,57).

Else vf C vy # L A 05 C v # L and v}, vh, vy, v fulfill the type constructor determined
properties required for (v}, vh || v1, ve,7,p) € F(R™, R*)y. And we need to show that if
hy(v]) # LV hy(vh) # L then hy(v)) T vr A hy(vh) C v and hy(v]), hy(v5), v1, ve fulfill
the type determined properties required for F(S~, S*)y . We have h, (v}) E vy # L A hy(vh) E
vy # L follows from the similar property in the assumption and h, C idp.

For the rest we argue by cases of type constructors.

Assume (v}, v} || v1,v2, unit,p) € F(R™,R") and (v] # LVl # 1)

then h,v] = v} Cv1 = ing|x] and h,vh = vh C ve = ing [*], and

(hovl, hovhy || v1,v2, unit,p) € F(S~,57).

Assume (v}, v} || v1,v2,int,p) € F(R™,R") and (v{ # LV # 1)

then 3n such that h,v] = vf C vy = ingn and h,vh = vh C vy = ingn, and we have
(hovl, Byl || v1,v2,int, p) € F(S™,ST).

Assume (v],v} || v1,v2,0ref,p) € F(R™,R") and (v] # LVvh # 1)

then 3y, such that h,v] = v C vy =inply, hyvh = vh C vy = ingls, (l,12,0) € ZP, and
we have (hy,v], hyvh || v1,v2,0ref,p) € F(S7,ST).

Assume (v],v} || v1,v2,7q + 7,p) € F(R™,RT) and (v] # L Vvl # L) then
3d|,dy € V,dy,dy € V). vy = ingingdy # L Avy = inginds # L A

(W] =d} = LV =ingin;dy # L) A (vh =dy = LVvh =ingingdy, # L) A

(dy,dy || di,da, 7, p) € R

[e]

[e]

o

o
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v =dy = L= hot = fid, = L) A ((v] =ingingd\ A ffd] = L) = hyvl = ffd) = L)A
(v} = ingind; A f*d’ # 1) = hyv} =ingin; fFd} # L and

vh=dy =L = hyoh= ffdy= 1) A ((vh =ingingd,N\ffdy = 1) = hyvh = ffdy=L1L)A
(0h = inginsdy A fdy £ 1) = hytl = inginifidy £ 1.

Since (f*,idp) : Rt € ST and (d},d} || di,d2,7i,p) € Ry it follows that

(ffdy, f.Fdy || di,do,7i,p) € S It holds that (h,v] = L = fFd| V hyv| = ingin, f,fd} #
1) and (hyvh = L = fidy V hyvh = ingin; ff dy # L).

So (hyv', hyvh || v1,v2, 70 + T, p) € F(S7,ST)

Assume (v}, v} || v1,v9,74 X Tp,p) € F(R™,RT) and (vj # L Vvl # L1). By similar
arguments as for sum-typed it follows that (h,v], hyvh || v1,v9, 74 X T, p) € F(S7,ST).
Assume (v, v} || vi,ve, pa.t,p) € F(R™,R") and (v] # L V) # L) then 3d;,d5 €
V,di,do € V). (v] =dy = LVl =inud] # L) AN (v =dy = LV vy =inudy # L) A vy =
ingdy # L Avg =in,dy # 1 and (dll*,‘d/Q I dl,dg,'r[poz.?—/a],p) € R‘t‘

(v =dj =L = hyvl =1) A (V] =inud] = hyv] =in,ffdy 3 1)and (vy=dp =L =
hovh = 1) A (vh = inudy = hyvh =in, fFdy 3 1).

Since (f*,idp) : RT™ C ST and (d},d) || dy,do, T[pct/al,p) € Ry it follows that

(fiFdy, fdy || dy, da, T[peer/al,p) € Sy

Then (hvvl,hqu | v1, v, pee7,p) € F(S .81

Assume (v],v} || v1,v2,Va.T7,p) € F(R™,R") and (v] # L V v} # 1) then

Imi, mi,mh, ma € DI v1 = iny|[mi] Ava = iny|ma| A

(Wp=LAml=1)V @ =ing[mi]) A ((vh=LAmy= 1)V (vh=iny|mh]) A

Vo with _t o : type. (m},mb | my,mo, T7lo/a],p) € R,

(v =LAm| =1)= (hv) = LA fim] = 1) and v| = iny|m} | = h,v| = iny| fim}],
(vh=LAmy=1)= (hyvh =LA fmh= 1) and vh = iny|mbh| = h,vh = iny| fimb].
Since (fT,idp) : RT C ST we have Vo with _t o : type. (f;im), fmh || mi, ma, T'1[o/al,p) €
Sy . Hence (h,vl, hyvh || v1,v2,Yo.T',p) € F(S™,S7T).

Assume (v],v} || vi,v2,7 — T7',p) € F(R™,R*) and (v] # LVvh # 1)

then Eld’l,d/%dhdz € (V —o M) V] =1in_o Ldlj Avy =1in_, LdQJ A
(Wp=LAdy=L)Vvoy=ino|di|)A((vh=LAdy=1)Vvh=in|dsy])A

Vp' e p, V(W] h || Wy, e, T, p') € Ry (diy, dydy || diiby, datbe, TT', p') € R},

(
(
(v5
(

[e]

o

o

o

We need to show (h,vf, hvﬂlz || v1,v2,7 — T‘r’,p) € F(S—,S%).
(0= LAd) = 1) % (hot!, = LA O fh(dh () = 1) A
(v} =in|di]) = hyv] = mw\_()\w F(di(frw))]) A
(vh=LAdy=1)= (h vh=_LA ()\w f'*'( S(fow)))=1) A
(vh = in|db]) = hyvh = in_|(Aw. £} (d5(f, w)))J)

Let p’ » p, (wi,wh || wi,wa,7.p") € Sv

Since (f~,idp) : ST C R~ we have that (f;w}, f;w) || wi,we,7,p') € Ry, and then
(5 (fywh), dy(fywh) || diwy, dows, T, p') € Ry

Since (f*,idp) : R* € 8% then (f(d}(fywi)), fo(dy(fywh)) || diws, dows, TT',p') €
St So (hyvh, hovh || v1,ve, 7 — T7',p) € F(S™,5%).

We conclude that in all cases (h, v}, hyvh || v1,v2,7,p) € F(S™,5%) .

Then we conclude that the action of F(—,+) on functions in D — D) preserves (-, id) : - C _.

Theorem 6. There exists an adm* relation V = (Vy, Vi, Vi, Vs) € Rogm+ (D)
satisfying the equations in definition 50 and
(i,i): F(V,V)CV A (i7',i"Y):V C F(V,V).

‘With the previous lemmas 37 and 38 in hand the proof of the existence of the minimal invariant
relation V (theorem 6) is done in the same way as we did before. Proof omitted.
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9.2 Properties of the invariant relation V = (Vv, Vg, Var, Vs) € Ragm+ (D)

V is admissible

, downwards closed and parameter-weakened, and we have

(i,i): F(V,V) CV A (i"L,i"1): V C F(V,V).

Let F(V,V) =

(F(V,V)v,F(V,V)k,F(V,V)p,F(V,V)g), then further by definition of the

action of I on relations it holds that:

F(R=,R")y ={(L, L | v1, va, 7, p) | p € p"™ the set of all vin-parameters, v1,vs € F(D, D)y} U

{(v], Vb || v1, va, 7, p) | p € P'™ A v, vh,v1,v2 € F(D,D)y A

ViCop# L AvhCuog# LA
(v], vh || vi, va, 7, p)ES }

where

={(
{(
{(

vy, vy || dng[x], dnq[x], unit, p) } U
v, vh || ing|n], ing|n|, int, p) |n€Z } U
vp, vy | ncll], ingllz], Tref, p) | (i, 7) € Z, U

{(v], vh || ingind;, inginds, 71 + 72, p) | di,d2 € (Dy); A 3d),ds € Dy.

(v = LAd) = L) Vol =ingind| # L) A ((vh = LAdy, = 1) Vuh =ingindy, # L)A
(d}, dy || d1, do, 75, p) €Vy, i€ {l,2} } U

{(v1, vy || ing(dia, d1p), ing(daa; dab), Ta X To, D) | dia, dib, d2a, dop € (Dy)| A

Sy, iy dy € Dy

(d/lm d/2a H dlm daas Ta, p) eVy A dllb, dlzb H d1b7 dgb, Th [)) eVy A
(Wi =L A(d,=LVvd,=1) VvV (v] =ing(dl,,d,) # L)) A

((vy =LA (dy = LVdy =1)) vV (v =ing(dy,,dy) # L)} U

{1, vh || ingdy, ingda, pout, p) | di,ds € (Dy), A 3d),dy € Dy.
((

(Wi =L Ady=1L)Vo] =in,d] #L)A

vy =L Ady=1)Vuy=in,dy# L)\
(di, dy || dv, do, Tlpaer/a], p) €Vy JU

{(vf, vh || iny|di], iny|d2|, Ya.T'T, p) | di,dy € Dpy A 3di,dy € Dy

(vp=LAdi=1) Vv (vi=inyldi| #L AN dy 3 L)) A
(wh=LAdy=1) Vv (vh=inyldy| # L AN dy3 L)) A
Vo with _F o : type. (d}, db || di, do, T'Tlo/a], p) € Vi } U

{(vi, 1)/2 || i?L%Ldlj, iTL_OLdQJ, T — T7/, [1) ‘ dy,dy € (]D)V 40]])]\{) A Edll,dlz € (DV AO]D)M)

(i=LAdi=1)V (vj=in|di|#L A dy2L)A
(vh=LAdy=1) VvV (vh=in|dy|] #L AN dyD L)) A
vp' o p, Y (wl, wh || wi, wa, T, p') € Vy. (djw], dywh || dywy, dyws, TT', p') € Vs }

F(V, V)i = {(ki, kb || ki, b2y (z:7)T, (0k)) | (pk) € p* A

Ky Chki A KyChke A Y(pk') > (pk).
(that is (pk) extended only with ordinary local k-parameters or local extensions)

Y(pks') € (pk’)S (the set of s-instantiations of p’ i.e. choices of V-clauses),
(pks') ¢ (s°F+ U s*+P). (i.e. no chosen V-clause in the s-instantiation is a (L, P) or (P, L))
V(sy, s5 || s1, s2, (pks')) € V. Y(v], vh || v1, vo, 7, (pk')"™) € Vy.
(Kishvi =T = kasova = T) A
(khshvh, =T = ks =T), A
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Y(pks') € (pk')S, (pks') € s°T'+. (i.e. a chosen V-clause in the s-instantiation is a (P, 1))
V(sh, sh || s1, s2, (pks')) € V. V(vi, 04 || v1, va, 7, (PK')"™) € Vy.
Eisivi=1, A

V(pks') € (pk')S, (pks') € 5°+F. (i.e. a chosen V-clause in the s-instantiation is a (L, P))
V(s, sh || s1, s2, (pks")) € V. V(0] vy || v1, va, 7, (pK')"™) € Vy.
kysyuy = L},

F(V,V)u = {(my, mj | mi, ma, T7, p) | p€p’™ A
mi Cmy A mhCmg A
vp' > pV(pk') € ¥ (the set of k-instantiations of p’ i.e.

choices of a A-clause in each local parameter).

V(pks') € (pk')S (the set of s-instantiations of (pk') i.e.
choices of V-clause from each chosen A-clause in (pk’) ),
(pks') ¢ (s°F+ Us*+P). (i.e. no chosen V-clause is a (L, P) or (P, 1))
V(ky, Ky || ki, ke, (:7)T, (pk')) € V. V(S;, Sb || Si, S2, (pks')) € Vs .
(M1 kST =T = mokaSo =T) A
(mhkhSh =T = mik1S1=T) A

Y(pks') € (pk")S, (pks') € s°F'+. (i.e. a chosen V-clause is a (P, L))
V(K Ky || k1, ko, (m:7)T, (pK)) € V. V(ST Sy || Si, Sa, (pks')) € Vs.
mikiS; = 1) A

V(pks') € (pk')S, (pks') € s*+F. (i.e. a chosen V-clause is a (L, P))
V(K Ky | ki ke, ()T, (pK')) € Vi Y(S1, Sy || S, Sa, (pks')) € Vs.
kSl = L

F(V,V)s ={(L, L] S1, S2, (pks)) | (pks) € p* the set of all s-parameters } U
{(51, Sy || S1, S, (phs) | (pks) = {(r]@1]@1), - ., (rnlan|@n)} € p°

(gi is a choice of A-clause in r;, and Q; is a choice of V-clause in ¢;) A
SICS1#L ANS,ESy# LA

AP (S Ay (ZPE)) = A APF)(Sy) N my(2PE)) =
(in each side are the visible locations in Z®**) disjoint from the known hidden locations

given by the accessibility maps A(lp ks),Aép ks)) A

Vi# . AT(S) N AT (S1) =0 A A5 (S2) NAY(S5) = 0
(A7", A5" accessibility maps are the most inclusive for the local parameter ;.

In each side is every location, visible, hidden or reserved, belonging to a local parameter
outside the areas owned by any different local parameter) A

V(i1 lo,7) € ZWR) (S1(1y), Sh(l2) || Sa(ly), Sa(la), 7, (pks)’™) € Vy
(All visible locations hold related values) A

Vi€ l.n. if Q; = (P;, L) then S; € P, if Q; = (L, P;) then S € P,
if Q, = (P,,LL,) then (51,52) € P A
v(lhl'_)?T) € LL;. (S{(ll). Sé(lz) H Sl(ll)A, 52(12), T, (pks)”m) e Vy
(The states belong to all simple state relations and predicates in the chosen V-clauses.
Corresponding LL location-sets hold related values) }
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— For all (v, vh || v1, ve, 7, p) € Vy it holds that (v] =vh = L) or (v; # L Avy # L).
— For all (s}, sb || s1, s2, 7, p) € Vy it holds that (s] = s, = 1) or (s1 # L Asa # L).
— ki, ke € KY(x: 7). ¥pk € pF.(L, L || k1, ko, (x:7)",pk) € V.

— Vmq,my € MVT'T.¥p € p*™.(L, L || my,ms,TT,p) € V.

Again we have a special limited parameter weakening for states concerned with removal of
A-clauses. If states sf, sh, s1, s2 are related under an s-parameter pks and pks’ is a s-parameter
derived from pks by removal of some A-clauses but such that those instantiated in pks are not
touched, then s}, s5, s1, 52 will also be related under pks'.

Lemma 39. Let p = {r;} be a vm-parameter, and let pks = {(ri|q:|Q:)} € pS.
Assume (s}, s || s1,s2,pks) € Vg.
IfVicrs 2 71 and phs' = {(ail @),
then p' = (pks')"™ = {rl} and (s},s5 || s1,s2.pks’) € Vg.

Proof By definition of » it holds that p’ = (pks')"™ = {r.} » p.
The approximation properties sj C s and s, C so are not changed. By assumption

(a) AP ()N (ZFF9)) =0 A AP (55) N e (ZPF9) = § and
(b) Vi # j. ATi(s1) N AV (s1) =0 A Api(sz) N AY (s9) = ) and
(¢) Vieln. if Q; = (P;, L) then s; € P, if Q; = (L, P;) then sy € P;,
if Q; = (P;, LL;) then (s1,s2) € P; A
v(ll,l'_)J') € LL;. (S’l(ll), 5[_;<l2) H Sl(ll)A, 582(12), T, (pks)”m) € Vy and
(d) Y(ly,la,7) € ZWk) (s (1), sh(l2) || s1(lr), s2(la), 7, (pks)'™) € Vi

We need to prove

LoAP) () N (Z0R)) = A APED (55) N o (Z2PF5)) = 0 and

2. Vi AT (s1) N AV (1) =0 A AL (s5) N ALY (s5) = 0 and

3. Vieln if Q; = (P, L) then sy € P, if Q; = (L, P;) then s, € P,
if Q; = (P;,LL;) then (s1,s2) € P; A
v(ll,l'_yﬂ') € LL;. (S'l(ll), 51_;([2) H 51(11)7 582(12), T, (pks’)'“m) € Vy and

4. Y(ly, Iy, 7) € ZPF) (& (1y), sh(la) || s1(lh), s2(l2), 7, (pks')*™) € Vy

1. follows from (a). Z(Pks) = |4 Z9 is defined on the basis of the instantiated ¢;’s in (pks’). These
are the same as in (pks), so Z(PFs) = Z@ks)  Also A?”“/), Aépks,),/l(lpks), Aépks) are defined on
the basis of the instantiated g¢;’s.

2. follows from (b) together with Vi. r} C r; = (7% (s1) C A7i(s1) A A5 (s9) C ABi(sa)).

3. There are no changes to finitary state predicates and finitary state relations, so also the LL’s
will be the same. As (pks’)"™ » (pks)"™ then by weakening for values and (c) all values stored
in LL’s are still related.

4. follows from (d) and ZP*s) = ZPks) and (pks')™ » (pks)"™ together with parameter weak-
ening for stored values.

9.3 Relating denotations of open terms

We define a parameterized binary relation V=!" between denotations of open expressions formally
as it was before, but now it is based on the new relation V.

Definition 51. The relation V=1

Let p € 0"™ with associated ZP and with Zy = Z§ = A
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V‘::F ForZ=aq...00n, '=21:71,...
let v =[A; 2,7 V1] and vy = |

w1, v, 7, p) € Vol g
(v1,v2,7,p) v

T oand A E CEVy T and Ay =RV T
s I'E V4], define

Vo with -t o : type, j =1,..,m.Vp' » p.

V(viy,vhy || vinsvar, iloj/as], ") € Vv, o, (V5 vh,, || Vin, van, Taloj/a;),p") € Vi, with
pi=v,@...0uv,cl]l,pn=m11®...Q0v, €[],
py=0h @...0vh, €I, po =v21 @ ... v, € [I.

it holds that (v1(p}),v2(3) Il v1(p1), v2(p2), 7loj/cy],p') € V.

Vil ForE=oaq...am, I'=21:71,...,0 : Ty and A; Z; 0 My T7 and A; 251 F My : T
let my = [A; =51 F My]| and my = [A; 551 F M), define
(m1,ma, TT,p) € VF BLIN
Vo with _& o : type, j =1,..,m. Yp' » p.
V(v v9y || vinsvars milog/agl,p’) € Vv, oo, (V1,05 (| V10 v2ns Taloj /o], p') € Vv, with
Pr=v11®...0v, €[], p=v1®...0uvnm €[],
py=04 @...Q0uh, €[I'], po =121 ® ... v, € [I.

it holds that (m1(p';), ma(py;) || mi(p1i), ma(p2i), Tloj/c],p') € V.
Proposition 5. Typing rules preserve V=1 relation of denotations. for all p € 0¥™.
For typing rules with no premisses it holds that for all p € o™ with ZV = Z§ = A

if m andv=[AZ; TV 7] then (v,v,7,p) € Vil

For typing rules with j premisses it holds that for all p € 0"™ with ZY = Z§ = A

if ASiLEGuin A Zji L Gy and by the same typing rule
A E TGy iy
A2 EGr iy A5 E Gy

NGy and for the well typed terms

din=[A 251 G, die=[A5 251 G iml, .

djy = [A;Z5 15 F Gy o]y dja = [A3 55515 F G = 5], and

Viel...j, (da,dia,v,p) € V)E{“ (where in each case X is the relevant X € {V,M}).
And dy = [A; 25T F Gy : 9], do =[4; 5T Gy 4'].

then, it holds that (dy,dy,~,p) € VEL

Proof
Let p € 0¥ be a parameter such that Z? = {(l1,l1,01) ... (In,ln,0,)} where A = Z7 = Z5.

For Z=ay...am, I'=x1:71,...,2, : T, with EF " and
arbitrary oy .. .o, with _F oy @ type,

arbitrary p’ » p, arbitrary (vi;,vh; || v1i, V24, Tilok/ak),P') € Vv, i =1, .., n.
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Let py = v}, ® ... @}, € [[']. Let py =v11 ® ... ®@ vy, € [[].
Let ph = vh ® ... ®vh, € [I']. Let py = v ®@ ... @ vh, € [[].

As Vi. vf; C vy Avh; C g and ((v]; = vh; = L)V (v1; # L Avg; # L)), then it holds that
PLE pi Aps Cpa
(Pr=py=1) Vipr#LAp2#1)
(m=Lvp=1)=(py=LApy=1)
(P #LVpy#£L)= (i # LApa# L)

We will now show for each typing rule that relatedness of denotations is preserved. Most of the
proofs are very much like the ones we have seen before. No rule will need a new local param-
eter, which is not ordinary. The new extended parameters have a special treatment for state-
instantiations to (P, L) and (L, P). In proofs the required termination behavior comes through by
assumption about relatedness of the continuations and states we apply to. Here we present proofs
for selected rules. The isomorphism i is sometimes omitted.

 TEV T

A E T Foal Vi Tr

Let vy = [A; =1 Vi 7] and vy = [4;
This assumption implies (v1(p}), v2(ph) || v

i Z: 0 F Voo 7). Assume (vi,vs,7,p) € V‘“,F.
1(p1), v2(p2), Tloj /el p) € Vv

Let my = [A; 25T Foal Vi : T71] and mo = [A; =51 Fval Vo : TT].

We need to show (m1,me, T'7,p) € V3, that is we want to show

(mi(p1),ma(ps) || m1 /’1) mz(ﬂz Trloj/ayl,p’) € Vi, or

(= ma(ph), i~ (ma(ph)) || i~ (ma(pr)), i~ (ma(p2)), Trlos /eyl p') € F(V, V)

i (ma(p1)) = NS~ R)S 01 (54)), i (ma(ph)) = MeAS.A(£)S (2 (05)).
i (ma(p1)) = NeAS 1 (K)S (1 (1)), i (ma(pa)) = Ne NS (K)S(va(ps))-
(

)
)
) and ms(ph) will both be the constant L function in M,
),ma(p2), T7loj/a;l,p') € Var.

/
1
1

p
p
If v1(p)) = va(ph) = L then mq(p}
and hence (mq(p}), ma(ph) || mi(p1
Else, let p” » p/, (pk") € p"™, (pks") € pk”S and let (ki kS || Ky ko, (v Tloj /o)) T, (pE')) €
Vi, (51,55 || Si, Sz, (pks”)) € Vg.

We need to show
(pks”) c ps \ (ssPL UESL‘D) _
(rﬂl(/’l),)]f/lsi =T = (ma(p2))k2S2 =T A (ma(py))kyS5 =T = (ma(p1))k1S1 =T
(pks”) € &°"— = (ma(p})) k1 S] =
(phs") € 57 — (ma(ph))kSh = L

By assumption and weakening (vq(p} ) va(ph) || vl(pl),vg( 2) T[O'J/aj] P’
i (ma(pr) RSy = i () S1ou(ph ), 71 (mo(ph) kS = i7" (k) Szva(pd),
i~ N (ma(p1))k1S1 =i~ (k1) S1v1(pr), i7" (ma(p2))ka Sz = ﬂ(kz)sm( 2).

So it follows that since k’s, S’s and v’s are correspondingly related so
(pks") € p* \ (s°P+ Us‘*'“’) =

)EVV.

(m1(p1))k1S7 = (k1)S101(p1) = T = (k2)S2v2(p2) = (m2(p2) k252 =
(”LZ(PQ))k2S2 = (k3)Ssva(ph) = T = (k1)Sivi(p1) = (mi(p1))kiS1 =
(pks") € s°FL = (kq)Sjvi(py) = (ma(py))k1 Sy = L
(pks") € 55“ = (k3)S3v2(ph) = (ma(ph))ky S = L
Hence (m1(py), m2(p3) | mi(p1), ma(p2). T7loj/a5],p") € Vi
We conclude (m1,ma, T7,p) € V.
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A ZTEV it ref
A ECHEIW Tr

deref:

Let v = [A; =50 F Vi ref] and vy = [A; 551 F Va7 ref].

Assume (v1,v2,7 ref,p) € V. So (vi(p1),va(ph) || vi(p1),va(pa), 7loj/s) refp') € Vv
This implies that either vy (p}) = va(ph) = L or 3(ly, o, 7[oj/e]) € ZP . vi(p]) T vi(p1) =
Z‘(Z"/’Lu_,ll) A Uz(pé) [ 1}2(/)2) = Z‘(Z‘mdz).

Lot my = [A; Z; T F Wi] and ma = [A; 5T - ).

We need to show (m1(p}), ma(ph) || mi(p1), ma(p2), T7[oj/a;],p’) € V.
If v1(ph) = va(ph) = L then mq(p}) = ma(ph) = L and

(m1(ph), ma(p3) || ma(py), mz(P'z%W(Pz)aTT[UJ/%] ') € V. Else,
() © ARAS DS(Sh). 1! (ma (1) = NS~ R)S (),
i (ma(ph)) © NEAS. (7 )S(Sla), i~ (mapa)) = MRAS.(i k) S(SLa).

Let p” » pf, (pk") € p", (phs") € (pk")S, (K5, K5 || ko, ka, (x = 7loj/o)T, (pk")) € Vi,
(S1,55 || 51,52, (pks")) € V.
If S = S5 = L we get required termination properties trivially. Else since (1,12, 7[0}/a;]) €
77" also (11, la, T[o; a;]) € 22", then (S}, S || S1, S, (pks”)) € Vs = (S}l1, Shla || Sily, Sala, 7, ") €
Vy. So continuations states and values are correspondingly related. It follows that
(pks") c ps \ (ssPJ_ UﬁsJ_P) R
(ma(p)))k181 E (k1)1 (S1h) =T =
(ma(ph)) k595 € (k5)S5(95ls) = T =
(pks") € s*7 = (K1)S1(Sih) = (ma(p
(Phs") € 847 = (k5)S5(S512) = (ma(p

(ma(p2))kaSs = T A

k2)Sav2(Sals) =
= (mi(p))k1S1 =

(

(k1) S1 S]l])
/
1
2)) k595 = i

Hence (m1(py), m2(p3) | mi(p1), ma(p2), T'7(oj/a],p') € V.
We conclude (mq1,ma, T7,p) € V5[ .

A E VT
A ZTEref ViT(1 ref)

alloc:

Let v1 = [A; 250 F Vi o 7] and vo = [A; ;T Vo @ 7). Assume (v, v2,7,p) € Vil
Let my = [A; =0 Fref Vi T(r ref)] and my = [A; =, Eref Vo : T(7 ref)].
We need to show (mi1(p}), ma(ps) || mi(p1), ma(p2), T(7|oj/a;]) ref),p') € V.

If (ma(py)) = LA (m2(p3)) = L then (my(py), ma2(p3) || ma(p1), mz(ﬂz) T(r[oj/aj] ref),p)
V- Else pf = L = (mu(ph)) = L, pp = L = (ma(p)) = L, ph = L = (ma(ph)) =
p2 =L = (mi(p2)) = L.

€
L,

P # L= i (ma(ph)) = MRS k) (S[I = (va(p)]) (o inul))
for some/any I ¢ supp()\l’ (i) (S[l" = (v1(p)))] (i 0 inLl’)).

AL () =0 () < MAS(ESI - (G i)
for some/dny U1 ¢ supp(N'.(i~ k) (S[U — (v ( pl))] (ioinpl")).

Py # L= i (ma(ph)) = i7" (ma(py)) = ARAS.(i7 K) (STl = (v2(p))]) (i © inwlp)
for some/any Iy ¢ supp(N'.(i71k)(S[l' — (v2(p’2))](z oingl’)).

p2# L= 7_1(7"2(/?2)) i (ma(p2)) = AeAS. (07 k) (S[l2 — (v2 (Pz))])(ioinmlz)
for some/any lo & supp(\'.(i 7 k) (S[l' — (va(p2))](i 0 inpl"))

Let arbitrarily p” » p/, (pk”) € p"%, (pks") € pk"S, (k}, k4 || k1, ko, (2 ¢ tloj/ajlref)T, (pk")) €
Vi, (81,85 || §1,92, (pks")) € Vs.

If py = ph = L or S1 = S5 = L then (mq(p}))k; ST = (m1(ph))ksSs = L. Else
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Let lo ¢ (A7 (S)) U AL (Sy) U
supp(Al'. (”lk)(s[l’ (vi(py))(ioincl’)) U supp(N'.(i7 k) (S[ — (vi(p1))(i 0 inel’)) U
supp( N7 k) (S = (v2(ph)) (i 0 innl'))) U supp(N.(i7 k) (ST = (v2(p2))(i 0 invl))).

Then

i (ma(ph)) kST C (TR (Sl = (01(p))]) (@ 0 dnelo),
i (ma(p))k1S1 = (7 k1) (S [lo = (vi(p1))]) (i 0 invlo).
i (ma(ph)) k58 T (i~ k5) (Shllo — (va(ph))]) (i 0 invlp),
i (ma(p2))k2S2 = (i ko) (S2llo = (v2(p2))])(@ © invlo).

We need to show that
(pks") c ps \ (55PL UﬁsLP) E—
(mi(p1))k1 ST =T = (ma(p2))k2S2 =T A (ma(py))k5Ss =T = (mi(p1))k:1S1 =T
(pks") € s°F+ = (m(ﬂl))kisi 1
(phs") € 547 — (ma(ph) k5Sh = L

We define a parameter (pks®) that extends (pks”) by adding (lo, lo, T[oj/a;]) to the visible
locations. Let v = ((T,011), Ag, Ag, {(lo, lo. T[oj/a])}).

Let (pks®) = (pks”) W {(r|r[(T,0LL))} so (pk?) = (pks®)* = (pk)" W {(r|r)}, p* = (pks®)*" =
p" @ {r} and p* > p”, (pk?®) > (pk").

Then ZP%s" = zv%" — 708" & {(1y, 1o, 705 Joz))}, 27" = 27" w {(lo, Lo, 7]o;/o5))}

It holds that

(i oinply,ioingly,ioingly,ioingly, 7o} /o] ref,p?) € Vi and

(pk‘s"j) c PS \ (SSPJ_ UﬁsJ_P) o= (pks”) c PS \ (SSPJ_ UEsJ_P)

(pk'SB) c 5sPJ_ o= (pks") c SSPJ_A’

(pk'SB) c 5sJ.P o= (pks") c SSJ‘PA

To prove the required termination approximation we want to show

(S1llo = vi(p)], Sallo = v2(pd)] || Sillo = vi(p1)], Sallo = va(p2)], (pks®)) € Vs.

By assumption (S7, S5 || S1,S52, (pks”)) € V. The states have only been changed outside the
areas for the most consuming accessibility maps .21’17”,1215” involved in p”. Hence the updated
states (S1[lo — (vi(p1))], Sa2[lo — (va(p2))]) still belong to the same simple state predicates
and relations involved in p”. The associated location lists hold values related in p”’ by weakening
these are also related in p3 > p”. ZPks® = ZPks" w {(Iy, 1y, 7)}. Since the original states were
related and by weakening the locations in Z7%s” hold values related in p°. By assumption and
weakening also (vi(p}), va(ph) || vi(p1),v2(p2), 7loj /), p°) € V.

In more detail we have that

(pks®) = {(71]G11Q1); - - -, (Tnldn|Qn), (rnt1]@n+1|Qu1)} where 7,y = r with trivial instanti-
ations, and so rclatcdncss of the updated states in pks® requires

L. Sillo = vi(ph)] £ Sullo = vi(p)] # L A Shllo > v2(ph)] C Sallo — va(p2)] # L
2. AP (Suflg > w1 (p)]) N m(2P) = 0 A AEE (Sflo > va(pa)]) N ma(2757) = 0

3.Vi# j € l...ntl A7 (Sillo = wi(p)]) N AT (Sillo = vi(pr)]) = 0 A A5 (Sello —
v2(p2)]) N AL (Sallo = v2(p2)]) = 0

4. 5(1y, 1z, 0) € Z7%° (Si[lo — va(p})](1a), Shllo — v2(pi)](l2) || Sallo — va(p)](lx), Sallo
va(pa)(l2), o, p*) € Vv

5. Vi € 1.n+1. if Qi;, = (P;, LL;) then (Si[lo — v1(p1)], S2(lo — v2(p2)]) € Pi A
V(l,12,0) € LL;. (Si[lo = vi(p)](l1), Shllo = v2(p5)](12) || Sillo = vi(p1)](l), Sallo —
va(p2)](la), o, p*) € Vv
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1. Follows from: assumptions S C S; # L A S5C Sy # Land pf Cp1 A ph C po

2. Follows from: r = (T, 011.), Ay, Ap, {(lo. Lo, T)}), so
w1 (27°) = m(27") 8 {lo}, AP (Sllo = vi(p1)]) = AT (S1), lo ¢ AP (1) and
3 " .53 5” 's”
ma(27F") = mp (2P ) {lo}, AL (Sallo = va(pa)]) = ABY (S2), lo ¢ AB™(S2)

3. Follows from: A" (S, [ly — v1(p1)]) = A5 (Sallo = va(pa)]) = {lo} and
Vi£jel... .A”(Sl)ﬂzzl?(sl):w A A5 (Sy) N ALY (Sy) = 0 and
Viel..n AP (Siflo = vi(p)]) = A{(S1),00 ¢ AT(S1) A AL(Sally = va(p2)]) =
A5(S2),lo ¢ A5 (S2)

4. Follows from: ZP¥<* = ZP¥"w{(lo, Iy, 7[o;/05))}, ¥(la, o, 0) € ZPE"(Si (1), S3(1a) || Si(hr), Sa(la),
a, p') € Vy, weakening and the assumption (v1,v2,7,p) € VEL.

5. Follows from: Simple state relations and predicates only depend on the areas given by the
accessibility maps and Q11 = (T,0rz) and Vi € 1.n. lp & AT(S1),lo ¢ AL (S2) and if
Q,j = (RLL,) then (Sl,SQ) € B A V(ll, 1270') € LL, (Si(ll), Sé(lg) || Sl(ll SQ([Q) Um) €
Vv.
We have
(Sillo = (i(P))); Sillo — (v1(p1))]): Sallo = (v2(p5))]), Sallo = (v2(p2))]), pks®) € Vs.

So we have (pk”) related continuations applied to (pks®) related states and p® related values.
We saw that this is a > extension and (pks®) € psP'tl o (pks”) € psPLE, (pks®) € 587 <
(pks") € 5574, (pks?) € 551 < (pks”) € %1, So we get the required termination properties.

i (ma (ph))k1 81 E (i_lk’)(S' [lo = (vi(p1))]) (i 0 inLlo)
i (ma(p1))k1 Sy = (i k) (S [lo = (v1(p1))]) (@ 0 innlo).
i (ma(py))kaSy € (i7" k) (S3llo — (va2(p))]) (i 0 inLlo),
i (ma(p2))k2S2 = (i k) (Sa2lo = (v2(p2))]) (@ 0 inplo).
H (p2),T(7[oj /o] Tef),p’) € Var and so

ence (ma(py), m2(p3) || 7711(/?1) ma
(m1,ma, T (7 ref),p) € Vii .

A Es M, :TT, A EDe i1, My : Ty,
A= Elet x <= M, in My, : Ty,

Let mig, = [Ai 20 F Mg : T7,], maq = [A; 550 = Moy : T1], myy = [As =N a7, b
My = T1p], map = [A; Z5 0w 2 70 = Moy, - T

Assume (m1q, Maq, T74,p) € V3L, and assume (myy, map, T'7p,p) € VI:W(F’Z:T“),

then (mia(p}), ma2a(ph) | m1a(p1), ma2a(p2), T1aloj/e), p') € Vau, and

for any (vi,, 5, || Vis, V2, Taloj/a;],p’) € Vy it holds that

(man(p) ® V1), map(py @ vh,) || map(pr @ viz), may(p2 @ var), TToloj/ajl,p') € Var.

Let my = [A; 251 F let @ <= My, in My, : T1p] and

let mg =[A; =T F let x < My, in My, : T'p].

We need to show (my, ma, T, p) € VI{ that is

(ml(p/l)ﬂm2(p/2) I m1(p1), m2(p2), To[o; /], p') € Vi

If p1 = p2 = 1| then ml(pl) 7n2(p2) L and we are done. Else we have

Lm0 = VEAS. (1 ma ) NS M () kS0)S
rl(ml(m)): S. (i (maa(p1))) (ASo- Ay (7 H(map(p1 @ d.) )RSo)S,
fl(mz(ﬂ'z)):Ak)\S (171 (m2a(ph))) (ASo-Ad.r. (i~ l(mzt:(ﬂ ® dy))kS0)S,
i~ (ma(p2)) = AkAS. (17 (maq(p2))) (ASo-Ady. (i1 (map(p2 ® dy))kSo)S.
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Let p” » p/, (ph") € p"%, (pks") € pk"®, (Ki.Ky || ki ke, (z @ mfoy/a,)T, (pk") €
Vi, (81,53 || S1, Sz, (pks")) € V.

(i (ma(p))k1ST = (7 (maa(p1)) (ASo-Ado- (7 (man(ph ® di))k;S0) ST,
(17 (ma(p1)) k1St = (7 (maa(p1))) (ASo-Ada-( i~ (map(pr @ ) )k150) 1,
(17 (ma(ph)))ky Sy = (i7" (m2a(ph))) (ASo.-Ade. (17 (man(py ® di))k5S0) S5,
(17 (ma(p2)))kaSa = (i (mza(p2))) (ASo-Adu-( ™ (map(p2 @ d.r))k250)S2.

By assupmtion (miq(p}), maq(p5) || mia(p1), maa(p2), T'taloj /], p’) € Vs and the states are
not changed (57,55 || S, S2, (pks”)) € Vs.

So the state parameter is the same and so to prove the required termination-approximations
we want to show that the continuations are related under (pk’)
((ASo-Ad. (i1 (map(p) @ di))k1S0), (ASo-Ade. (i1 (map(ph @ di))khSo) ||
(/\(Sg)\d)l.. (i1 (map(p1®@dy))k1.S0), (ASoAd. (171 (map(p2®@dy))k2S0), (= Taloj /) T, (pE)) €
F(V,V)x

Let (pk®) & (pk"), (pks®) € (pk*)S, p* = (pk®)"™ s0 p® 1> p".

Let (19, S50 H S10, 20, (Pks®)) € Vs, (dy,dy H dy,dy, 7a[oj /0], p°) € V.
(ASo.Ady. (i~ (mw(m ® dy))k180))S10dy = (i (may(ph © d ))W 5107
(/\Sg)\dz (L (T’Illb(/h ® d ))leo)Smdl (L ( (/)1 ® dl)))klslg,
(ASo-Adyp. (7 (map(ph ® di))khSo)Shody = (i~ (mZb( P ® d3))) k5 S5,
(ASo.Ado. (i~ (map(p2 @ dy))k2S0)Saoda = (i (may(p2 @ d2)))kaSao.

We have p* > p” » p/' > p. So p? & p. (d},dj || di,do, 7a[0;/)],p%) € Vv,
In the p's we have Vi.(vi;,vh; || vis,v2i, [0/ ],p") € Vy, it follows by weakening that

i . E(Ix:Ta
Vi.(v);, vh; || vis, 20, Tiloj Joy], p7) € V. Also (may, may, To[oj /], p) € VM( @iTa)

Then ((mu(py ® d1)), (may(ps © da)) || (mlh(ﬂl ® dy)), (may(p2 @ d2)), Tril0;/0t;],p°) € Var.
By assumption (K}, k5 || ki, ko, (z @ [0 /e5])T, (pk")) € V. Since (pk?) > (pk”) then by
parameter weakening (kf, k5 || ki, ks, (v : Tb[O'J/(ZJ]) ,(pk?)) € V.

Since also (S, S50 || S10,S20, (Pks?)) € Vs we can conclude that we get the required termi-
nation properties. So the continuations are related and hence

(ma,ma, T1y,p) € V5.

For store type A let ida be the match of finite store types {(L,[,7)|l : 7 € A}.

Theorem 7. Fundamental Theorem
For all ordinary parameters p with ZP = ida.

If ASiTEVir  then ([AEiTFV 7], [AETHV :7],7p) eVl
If AZ;TFM:Tr then ([AZ;0FM:T7],[AZ;0FM:T7),Tr,p) € Vif

Proof by induction over typing derivations using proposition 5.

The next lemma has to do with four-tuples which are really two pairs.

Lemma 40.

Let p € 0"
(m1,ma, T7,p) € V%j =
vp' > pY(pk') € P ¥(p ke’) € (pk")S.

V(kl,kz || k1, ko, (2 : 7') , (pk’ )) € Vg V(51,8 || 1,5, (pks')) € V.
(i 'm1)k1S1 = T <= (i 'ma)kaSo =T
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Proof

Recall that for any ordinary parameter all parameter parts have the form (P, LL), and (
pApE ™) = (p' €0 A p' > p).

(m1,ma, T7,p) € VY =

(ma,my || my,m2,T7,p) € Var =

(i (m), i (ma) || i~ (ma), i (ma), T, p) € F(V,V)ar.

It follows from the definition of F(V, V), that Vp' > p.¥(pk') € p’K.V(pks’) € (pk")S.
V(kl,k’g H ki, ko, (.E B T)T, (pk’)) € VK.V(Sl,SQ H 31,527 (pks’)) € Vs.

(i= (m1))k1S1 = T = (i~ (m2))kaSy = T and

(i7 (m1))k1S1 =T < (i7" (ma))kaSo =T

Recall T is the vim-parameter {(T, Ay, Ag,ida)} and TX, T% the trivial instantiations.
Lemma 41.

1. V_F 7 : type. Y(pk) € oF with ZP* = id 4. ﬂAFvalx (z:7)"],[AFval m:(z:7)"] |
[AFwval z:(x:7) ], [AFval 2 : (x:7)"],(x:7)7, (pk)) € Vi

2.V A VSe[X: AL (S,S | S,ST) eVs
Proof (We have omitted the isomorphisms 4,i7!).

1. Assume _F 7 : type.
[AFvalz:(z:7)T] =
AS.Ad. [[A x:TFwval x: T'r]][x — d]((AS’.()\d’.T)L)l)S =
)\S.)\d.()\kg.)\So.kUSOd)(()\S’.()\d’.T)J_)J_)S =
AS A ((AS".(Ad'.T) 1) 1)Sd.

P>

Let (pk')>(pk), (pks') € (pk')3, (51, S5 || S1. S2, (pks')) € Vs, (v1, 04 || v1,v2, 7, (pk)"™) € V.
By definition of V it holds that either (vj = vh = L) or (v # L Awvy # L) and either

(S1=55= )OI"(Sl?éL/\SQ;éL)

[AFwval z: (x:7)T]Siv) = (AS".(A".T)1)1)Siv)
[AFwval z:(x:7)" ]]Slv =((AS". (A" T)1)1)S v
[AFval x: (x:7)"]Shvh = (AS".(Ad'.T) 1)1 )Shvh
[Atwal z: (x: T]]Szvz = ((AS".(\d. ) ) )Savs

7)
pk) € o*implies (pk’) € o*. So we need to show

We have (pk’) > (
(AS". (A" T)1))Sivy =T = ((\S". (Ad’.T)L)L)Szvz =T and
((AS".(A\d. 2 1) 52@2 =T = (AS.(A.T)L) )81 = T.

Assume ((AS”.(A
and S| # L = (51 ;é L /\ Sy # L). This implies that (AS".(Ad’.T)1)1)S2vs = T.
The other direction is proved similarly.

2. We show S € [ : A] implies (S, S || S,8,T3) € Vs.
It holds that S T S # L and VI € dom(A). Sl = [A;;+ 2(1) : A(L)].
Then, by the previous theorem 7, Vi € dom(A).(S1, S1,S1,S1, Al,Tx) € Vy.
It holds that dom(A) N Ay(S) = 0. Also (5,5) € T

Theorem 8. Contextual equivalence
For all A, Z,~, 7, for all value- or computation terms G, G2,
for all contexts C[_): (A, =T F ) = (Ay;=T7) (let j € V,M)
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IfAE TGy and Ay 551 Gy oy and
([A: 5T F Gy [A 55T F Gy :9]),7,Ta) € VEL then

VYA (X let @ <= C[Gq] inval © |[<= X, let © <= C[Gs] in val x |)
Proof

By induction over the structure of C|[_ ] and using that typing rules preserve relatedness in
V="and fundamental theorem 7 it holds that
([4; 5, E Gy 9], [A: 2T F G2 :q),7.Ta) € V]-EF e
([As:F C[Gh) : T7]. [AssF C[Gs) : T7), T7,Ta) € V5.
This by definition of relatedness in V?g implies
([455F C[Gy] :T7], [AssF ClGa) :T7] || [As3 ClGh] :T7]), [As s+ C[Go) :T7], T7,TA) € V-

By the previous lemma 41

([AFval z:(z:7)T],[AFval z: (z:7)T] || [AFval x: (z:7)T],[AF val : (z:7)7],
(x:7)7,Ta) € Vi

and

VS e[X:A] (5.5 S,5,Ta) € Vs.

By the definition of V and since T4 is ordinary then it holds that
VS e [X:A]

@A F CIME DA val 22 (2)T]S = T =

(A CIM)[{D[As - val z: (z)T]S =T.

By soundness and adequacy of the denotational semantics this implies
X let ¥ < C[My] in val @ |<= X,let x < C[Ms] in val z |.

10 Example using full definition of parameters

10.1 Example. Divergence at different steps

The programs M and N below are open computations with one free variable g of function type
(unit — Tunit) — TT. The programs were presented in the introduction. In the following we
sometimes omit injections functions and for instance write * for ing [].

M: g (rec far(a:unit)= far())

N: let & <= ref 0 in
let y < ref 0 in
let z <= g (rec fy (a:unit)= if (lz = 0) then (y := 1) else fy()) in
if (ly # 0) then ((rec f(amumit)= £()) ()) else (z :=1;y:=1)

‘We want to show that the denotations of M and N are related in the vin-parameter
p =Ty € 0", that is

(:gF M],[;59 - NI.T7,p) € V%
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Let p1 » p, (91,85 || 91,82, ((unit — Tunit) — T'7),p1) € Vy, so we want to prove that
(igF Mg = 91). 59 - Nl(g = 35) || 59 = Mg — §1): [:59 = N(g = §2),T7.p1) € V-
Let pz & p1, (pk2) € ¥, (pks2) € (pk2)®,

(ki K || Feay oy (22 unit) T, (pka)) € Vi, (S5, S5 || S1, Se, (pks2)) € Vs.

If g} = g5 = L then [M]g] = [N]g5 = L and we are done, else exists ¢/, g5, g1, 92 € (V —o M)
such that g1 = in|g1], g2 =in—o|ge] and (35 = LA gy = L)V 3 =in|g}] and

(92 =L Agy=1) Vg =in.lgs]. Then

[M]g1k1S1 = (gl([[; sErecfy(a s unit) = fu()] )klsl.
[M]g1k1S5 = (91([;3F recfar(a : unit) fM )) kLS.
[N1g2k2S2 = (gz([[,,x yErecfy(a:unit) =if (lx =0) then (y:=1) else fnO](x— lp,y —
1)) (ASOAd.Ja,y+ if (Y #0) thenfy( ) else (v:= 13y := 1)](z = ly,y — 1)k2S°)

So[ly +— 0,1, — 0]

[N135k5S5 = (95([; @,y = recfn(a : unit) = if (lz = 0) then (y :=1) else fx()](z — Lo,y —
1)) (ASOAJa,y b if (ly #0) thenfn() else (x:= 1y == 1)[(z — Lo,y — 1,)k5S°)

Sh[ly — 0,1, — 0]

where [, 1, are fresh.

Define local parameter r3 with constant accessibility maps and empty match of finite store types
0z. 73 = (¢°Alg® < ¢°)) where ¢° = ((3In.Sal, = n # 0),0z, Ag, Ag, 1,3) and (¢° < @) =
((((Szlz =0 /\Szly = 0)7@27.4@, A{lrvly}) = ((J_, <Sglz =0A ﬂm.SQIy =m # 0>)),@Z7Aw, A{u_]zy})

Let p3 = pa U {rs}. Then ps » po.

First we want to show that the g’s are applied to functions related in p3. We show that the
functions give related computations when applied to related arguments. To show,

(I3 recfu(a: unit) = far ()],

[isz,y b recfn(a: unit) = if (lz =0) then (y:=1) else fn()](z— lp,y — 1) ||

[:5F recfa(a:unit) = fa()],

[;sz,y b recfn(a: unit) = if (lz =0) then (y:=1) else fn()](z— Lo,y — 1),

unit — Tunit,p3) € Vy.

Let ps » p3. (v, 05 || v1,v2,unit,ps) € Vy .. This requires that either (v =v5 = 1) or
(1 =wvp =% A v],v5 € {L,*}).

By denotations of function values we get

[i:F recfar(a : unit) = fr()] = in—s|[Aa.AkAS. Lg| = in_s|Aa.Ly | and
[z,yFrecfn(a:unit) =if (lx =0) then (y:=1) else fn()|(z — lpy — 1) =
in_o[Aa.XkAS. if (S(ly) = 0) then (k(S[ly — 1])*) else L.

We then want to show
(AkAS L, MeAS.if (S(Ip) = 0) then (k(S[l, — 1])x) else L ||
MRS L, MRS, if (S(ly) = 0) then (k(S[ly — 1])%) else L, Tunit, ps) € V.

Let ps » p4, then because 73 has two A-clauses and one with a local extension there are these
possibilities for the local parameter associated with the area for p3: 73 € ps, (¢°A¢®) € ps, ¢° € ps,
(¢° < ¢°) € ps or ¢" € ps. We will consider the different possibilities and different possibilities of
instantiations. We see here that there are a number of cases, but the example will also show that
things come through by assumptions on continuations. A more tricky situation is later when we
need to show that continuations which are partly build up by our original programs are related.
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Let (pks) € p¥, (pkss) € (pks)S. Assume
(K, Ky || K1, Ka, (2 :unit) T, (pk)s) € Vi, (sh,85 || 51,52, (kss)) € Vs.

We will consider the different possible cases, some of them together.

If K{ = Kj=1 ors) =s,=_1 then

(A AS.L)K{sh = (AkAS. if (S(lp) = 0) then (k(S[ly — 1])) else L)K3s5 = L and we are done.
So assume Kj # LV K, # L and 8§ # LVsh# L.

For all cases we have
(AEAS.L)K sy = (AkAS.L)Kqs1 = L. So we want to prove that in the other side the primed
application gives L.

If the original states were related in 557+ then we now have what we want, so assume that
(pkss) ¢ s°7.

Cases:

1) ¢° € ps or r3 € ps with k-instantiation to ¢° or (¢°A¢®) € ps with k-instantiation to ¢°. Only
one possible instantiation for states so (Sal, =n # 0) and then Shl, € {n, L}:

(AEAS.if (S(l,) = 0) then (k(S[l, — 1])*) else L)Kasy = L

(AkAS.if (S(ly) =0) then (k(S[l, — 1])) else L)Kjsh = L

2) (¢*) € ps or (¢°Aq®) € ps with k-instantiation to ¢”. Then states are related in

(L, (Saly = 0 A Saly = m #0)) and then s5l, € {0, L} and shl, € {m, L}:

If s = L or shly = L then (AkAS. if (S(lp) = 0) then (k(S[l, — 1])%) else L)Kjs5 = L,
If s # L and shl, = 0 then

(AEAS.if (S(ly) = 0) then (k(S[l, — 1])*) else L)Kjsh = Kj(sh[l, — 1])x = L
(AkAS.if (S(ly) = 0) then (k(S[l, — 1])%) else L)Kaso = Ko(sa[ly — 1])*

Here we have used: The updated states are related in the same instantiation as before.
K1{, K}, Ky, K5 are related by assumption. Also * values are related. So it follows that

K (splly — 1)) = L.

3) (¢° < %) € ps or 3 € ps with k-instantiation to (¢° < ¢”). Then states are related in

(Saly = 0 A Saly = 0):

If sh) = L or sal, = L then (AkAS. if (S(Ip) = 0) then (k(S[l, — 1])x) else L)Kjs5 = L.

Else (AkAS. if (S(Ip) = 0) then (k(S[l, — 1])x) else L)Kjsy = Kj(shll, — 1])x = L

(AkAS.if (S(ly) = 0) then (k(S[l, — 1])%) else L)Ksso = Ko(sa[ly — 1])*

Here we have used: The updated states s/, s1, sh[l, — 1], s2[l, +— 1] are related in the local
extension ¥ (follows from parameter weakening for stored values). K/, Kb, K, Ky are related by
assumption. Also * values are related. So it follows that K3 (sh[l, — 1])* = L.

We conclude that the functions are related

(in—s|Aa.AEAS. L], in_o|Aa.XkAS. if (S(ly) = 0) then (k(S[l, — 1])x) else L] ||
in_o|Aa.AEAS. L], in_|Aa. Ak NS if (S(ly) = 0) then (k(S[l, — 1])*) else L],
unit — Tunit,p3) € V.

By assumptions of relatedness of ¢’s this implies that we have related computations
(g1(in—o|A.L]), ghlin—o|Aa.AkAS. if (S(ly) = 0) then (k(S[l, — 1])*) else L]) ||
g1(in_o[ A L)), g2(in_o[Xa.XkAS. if (S(ly) = 0) then (k(S[l, — 1])*) else L]),
Tunit,ps) € Var.

‘We now want to show that these computations are applied to continuations and states related in
an extension. In this case, actually in instantiations of the same parameter.
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Let (pk3) € pX and (pks) » (pk2) with the r3 k-instantiation
((5211, =0A SQly = 0) =< (L, (Szlz =0A Szly #* 0))
Let (pkss) € (pk3)S, (pkss) O (pksa) it then has the r3 s-instantiation (Saol, = 0 A Sal, = 0).

By assumption (57, S5 || S1, S, (pks2)) € Vs then by the definition of p® and parameter
weakening for stored values so (S7, S5[l, — 0,1, +— 0] || S, S2[l, — 0,1, — 0], (pks3)) € Vs.

We will show that the continuations are related:

(K, (ASON° [z, y = if (ly # 0) then ((rec f(a)= £())()) else (z := Ly := 1)](z > Ly, y — 1,)k55°)]|
k1, (ASOAd°. [z, y F if (ly # 0) then ((rec f(a)= £()) () else (z := 1y := 1)](z — Ly, y — 1,)k25°),
(z:unit)", (pks)) € V.

Relatedness of continuations require that they “behave well” for all states and values in
>-extensions, that is local extensions and additional ordinary local parameters in disjoint areas.
It is important that removal of A-clauses is not a >-extension. We look at the cases without and
with local extension.

Let (pkg) > (pks) with r3 € (pkg) and r3 k-instantiation
((Saly = 0 A Saly, = 0) < (L, (Saly, = 0 A Saly, # 0)). Let (pkss) € (pks)S, there is only one
possible 73 instantiation (Sal, = 0 A Sal, = 0). Let pg = (pke)"™ so also pg > ps.

Let (pk%) > (pks) with (¢°Aq®) € (pk§) with k-instantiation (L, (Saly = 0 A Saly, # 0).
Let p§ = (pk§)V™ so also pf > ps. Let (pksb) € (pk8)S it has the s-instantiation
(L, (Saly = 0 A Soly #0)).

First, let (S¢’, 89" || S§. 5%, (pkse)) € Vs.
We have (dy,d} || ,,unit,pg) € Vy when df,d5 € {L,x}.

‘We apply the continuations to states and values and get
kq S{x
ki S¢'dy

(ASONE. [z, y F if (ly # 0) then ((rec f(a)= £())()) else (z := 1;y := D)](z — Ly, y — 1) k25°) 55
= ko (S4[ly — 1,1, — 1])*

(ASOAA. [z, y F if (y # 0) then ((rec f(a)=£())()) else (z := 1;y := 1)[(z — L,y — 1,)k5S°) S d,
€ {L,Ky(S9 [l — 1,1, — 1])x}

In the following reasoning we see some of the properties of the extended parameters in use. Now
the requirement (In.S3l, =n # 0) is in the conjunct ¢° in r3. Let

= {q°} = {((In.S2l, =n #0,0), 273, Ag, Ay, 1,)} and let pf be ps with r5 replaced by r4 and
P be pg with r3 replaced by 74 and correspondingly define (pkj) and (pksj). By definition

ps = p2 U {rs} and so py = po U {r4} and as 74 is ordinary then pl > po. We have pf; € sub(pg) so
D » s As pg > ps also pi > p. So it holds that pf > pf > ps by transitivity pj > po. Using
parameter weakening for the stored values, we see that the updated states are related in the
parameter (pksg) where r3 is replaced by r4. Also *’s are related under pf;. By assumption

(K4, K,y kb, ko, (2 s unit) T, (pk2)) € V. So termination approximation is ensured.

Next, let (S, 58" || S?, S8, (pks)) € Vs

(ASONA. [z, y F if (ly # 0) then ((rec f(a)= £())()) else (z := Liy == 1)](z — Ly, y — 1) k25°) S5
= 1 and then also for the primed case.

We conclude that
(K1, (ASONA° [z, y | if (ly # 0) then ((rec f(a)= £())()) else (z := Ly := 1)[(z > Ly, y = 1,)k5S°)]|
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k1, (ASOAA° [z, y = if (ly # 0) then ((rec f(a)= £())()) else (z := 1;y := 1)](z — Ly, y — 1,)k25°),
(z :unit) ", (pk)s) € V.

We can then conclude that ([g F M], [g - N, type, ) € V9.

11 Conclusion

Certainty of equivalence of programs occur in many connections as an important and challeng-
ing problem. Especially in the presence of recursive types and general references the reasoning
becomes complicated. We have develop a proof method for contextual equivalence for recursive
and polymorphic types and general references. The method uses a parameterized logical relation
on top of a denotational semantics in a recursive domain. Parameters for states express proper-
ties of two states. Parameters have been specified to utilize correspondence between computations
and knowledge of the initial steps of continuations they are applied to. Behind the definition of
parameters and the orders between them lies an analysis of how computations and continuation
interact in the presence of state. We believe that the parameters often can express in a natural
way hypotheses of why two programs are expected to be equivalent. Testing a hypothesis then
become a rather automatic analysis. We hope in the future to combine the method developed here
with a relationally parametric interpretation of polymorphic types. We also intend to make careful
comparison between our proof method and methods based on sets of bisimulations.
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A Appendix

A.1 Proof of Soundness, lemma 4

Lemma 42. Soundness
If Ay M T, AFK:(z:7)7, Y:A and Se[¥:A] then
Yletx<=Min K | amplies iz ([A;;F M {D[AFK:(z:7)T]S=T

Proof by induction over termination judgements.
(In the following we omit the isomorphism ¢ and sometimes also injection functions)

Proof
Assume ¥ : A and S € [X: A]. Then S # L.
Assume in each case termination by the stated rule.

Xlet v <= wval Vin val x |

Assume A;;val V2 T7. This requires A;;-= V' : 7. By lemma 2 then [A;;- Vo 7]{} # L.
[4As;Fval V:Tr){}[AFwval 2 : (x:7)"]S =

[AFval z: (x:7)"]S([A;;FV :7]{}) =

[4;: 27 Fwal z: Tr[{z v [A5;FVr[{JHAS (M. T)1)1)S =
(A" (A T) ) )S[A -V er] {3 =T,

X let y<= M[V/x] in K |
Xlet x <=wval Vin (let y <= M in K) |

We assume A;;Fval V:Trand AbFlety<= Min K:(v:7)".

This requires A F K : (y: 7)7 and A;;F Vi 7 and Az : 7 = M : T7'. Then also A;;k-
MIV/z] : T7'. So we may assume by induction [A;;+- M[V/z]: Tr'|{}[AF K : (y:7)"]S =
T. We want to show that [A;;Fval V : Tr]{}[AF (lety =M in K): (z:7)"]S=T.
[4s5;Fval V:Tr]{}[AF (let y = M in K) : (x:7)"]S =

[4;sF val V- Tr][{}AS' A [Ass2 T lety < M in K - T7"][{z — d'}(AS.(A\'.T)1)1)S")S =
AS" AN [Ay;xcmhlet y <<= Min K :T7"[{z— d' }((AS".(AN'.T)1)1)S)S[A;; -V 7[{} =
[As;z:T7hlety <= Min K : T7"|[{z — [As;E V[ {3HAS (M. T)1)1)S =

[4;sF let y <= M[V/z) in K : T7"]{}(AS".(A'.T)1)1)S =

[A;;F M[V/z][{FASO A [As5y 7' = K Ty — dPH(AS". (A T) 1) 1)S9)S =

[A5; - MV/2)[(M[AFK:(y:7)T])S=T

where we have used the inductive assumption for the last equality.

X let y <= My in (let x <= My in K) |
X let x < (let y <= My in M) in K |

We assume A;; - (let y <= My in My) : TT and AF K : (v : 7)7. This requires A;;F M, : T7'
and A;;y: 7' F My : Tr. Then also Ak let x <= My in K : (y: 7). So by induction we may
assume [A;;F My Tr'[{}[AFlet v <= My in K : (y:7)7]S=T.

We want to show that [A;;F let y < My in My : Tr]{}[AF K :(z:7)T]S=T.

We derive this: [A;;blet y <= My in My : TT]{}[AF K : (z:7)T]S =

[A;; - My TS A [A;sy 7' F My Tr]{y — d}MAF K : (z:7)T])S)S =

[4;;F My - Tr]{}[AssF let <= My in K = (y:7)T]S =T
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Xlet x = M[V/y,(rec fly:7)=M)/f]in K |
X let x < ((rec fly:7)=M)V)in K |

We assume A;;F (rec f(y : 7) = M)V : T7' and A - K : (z : 7/)7. This requires A;;+
rec fly:7) =M :7 — T7 and A;;- Vo7 and also Ay f « 7 — T,y 7B M T7'.
Then also A;;+= M[V/y, (rec f(y : 7) = M)/ f] : T7" and we may inductively assume [A;;+
M[V/y,(rec fly : 7) = M)/f] : TT'[{}[A - K : (z : 7)T]S = T, and also by lemma 3
Ay :rf o7 =T M: T {y — [A5:H V2 7{} f — [Ask rec fly - 7) = M -
TrI{NAFK : (z:7)T])S =T.

We want to show that [A;;F (rec f(y:7)= M)V : T7]{}[AF K:(z:7)"]S=T.

[4;5;F (rec fy:7) = M)V T T{}[A;F K : (2 :7)T]°S =

([A5sFrec fly:7)=M 7 — TrT{}M[A;F V7 {DIAF K : (2 :7)T])S =

Ay i f i =T M T {y — [AE Ve r{hf — [4A55F rec fly:7) = M -
TrI{MAF K (x:7)T]S=T

Xlet v <=wal Vi in K | Xlet v < wal Vyin K |
Xlet v <= m(Vi,Va) in K | Xlet <= m(Vi, Vo) in K |
We assume A;;F 7y (Vi,Va) : T and AF K : (2 :7)". This requires A; ;- (Vi, Vo) 1 71 X 7o,
and also A;;F Vi : 7y and then A;;F val Vi : T'rp. So by induction we assume [A;;+ val Vi :
Tr){}[AFK:(x:7)"]S=T. Then [AF K : (z:m) ]|S[A;;FVi:n]{}=T.
We want to show that [A;;F 7 (Vi, Vo) : Tr]{}[AF K :(z:7)"]S =T.
[4;F m(Vi, Vo) : Tr]{}[AF K : (z: 1) T]S=[AF K : (z: 1) ]S[A5; - Vi:n{} =T.

Similar.

X let x = My[V/z]in K |
Y let © < case ingV of injxy = Myjinsxy = My in K |

We assume A;;F case ingV of injxy = Myjingrs = My : Tt and A - K @ (x : 7/)".
This requires A;;F ingV i 7 + 7 and A5 Voimpand Assxy o7 B My 2 T/ and A
7yt My : 7. Then A;;+ My[V/xq] : T7" and by induction we assume [A;;+ M [V/zq] :
TrI{M[AF K : (z:7)T]S = T. By lemma 3 also [A;;F M[V/z1] : TT'|{} = [4;521 :
7 b My T {zy — [A;;F Ve ]{}}. We want to show that [A;;F case inV of injzy =
Misingwe = My : TT'J{}[AF K : (x: 7)T]S = T. That is [A;;21 : 7 & My : Tr'{ay =
[4;;: VA]{}MAF K : (z:7)T]S = T. This holds by inductive assumption.

X let v <= My[V/zo] in K |
Y let © < case inyV of injxy = Myjinexs = My in K |

Similar.

X let x <= val true in K |
Xilete<=l=1lin K|

We assume A; ;1 =1 : T(unit +unit) and A F K : (2 : unit+unit) . Tt also holds that A;;+
val true : T(unit + unit), so by induction we assume [A;;+ val true : T'(unit + unit)|[{}[A +
K (x:unit +unit) ]S =T and so [AF K : (z : unit + unit) | S(inginy (in1*)) = T.
We want to show that [A;;F 1 = 1 : T(unit + unit)[{}[A F K : (@ : (unit + unit)) ]S
T. This holds [A;;F 1 = 1 : T(unit + unit)][{}[A F K : (z : (unit + unit))"]S
Mo s ks(inging (ing#))[AF K : (z : (unit +unit)) ]S = T.

X, let x < wval false in K |
Yiletr<=l=11in K |

(#£0)
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We assume [ # I’ and A;;F [ =1 T(unit + unit) and A - K.(x : unit 4+ unit). It also
holds that A;;+ val false : T(unit + unit), so by induction we assume [A;;F val false :
T (unit +unit)[{}[A F K : (z : unit +unit) ]S = T.

We want to show that [A;;F 1 =1 : T(unit + unit)[{}[A F K : (z : (unit +unit)) ]S = T.
We have for | # I that [A;;- 1 = 1" : T(unit + unit)[{} = Ak.As.ks(inging(inix)) = [A;;F
val false : T (unit + unit)]{}

= V],let 2 < wval() in K |
Xiletx<=1:=Vin K |

We assume A;;b- 1 :=V : Tunit and A = K : (z : unit)". This requires | € dom(A) and
Ayl A(l) ref and A= Vo2 A(D). So it holds that X : A implies X[l — V] : A.

Let 8" = S[l — [A;;F V2 7]{}], first we want to show S” € [X[l — V] : A], this requires
viY € dom(A). S'(1° = [4;;F X[ — V](I°) : A(I%)]{}. By assumptions S € [¥ : A] so
vIY € dom(A). S(I°) = [4;;F Z(1°) : AIO)]{}. Let 1° # [ then X[l — V](I°) = 2(1°) and
S'(1°) = S(1°). For [ we get X[l — V](I) =V and so 4;;+ Z[l — V](I) : A(l). Now [4;;F1:=
Vo Tunitl{}[AF K : (2 :unit) ]S = [AF K : (z: unit) "|(S[l — [A5;-V :7]{}])x = T.
The last equality comes by inductive assumptions.

Y=V Xletzx<wvadVinK |
Xilet x <= in K |

We assume A;;F! 2 T7 and A F K : (z : 7). This requires A;;- 1 : 7 ref and Al = 7.
When S € [¥ : A] then it holds that SI = [A;;F- X1 : Al[{} that is SI = [A;;F V@ 7]{}
and A;; Vi 7 and so A;;t val V : . By induction we assume [A;;+ val V : TT]{}[A +
K:(@x:7)']S=Tso[AF K : (z:7)]S[Ai:F V : 7]{} = T. We want to show that
[A;;F T} [AF K : (v :7) T[S =T. Since S € [¥: A] then [A;;H1: Tr]{}[AF K : (z:
NS =[AFK: (z:7)"]S(S) =[AFK : (x:7)"]S[A5;-V:r]{} =T.

Xl V]letz <=vallin K |

St eref VinK| (I ¢ locs(X) Uloes(K) Ulocs(V))

We assume A;;Fref VT ref and AF K : (z: 7 ref)". This requires A; ;- V @ 7.

We want to show that [A;F refV : T ref[{}[A;F K :(z:7ref)T]S=T.

Let [ ¢ locs(X) Ulocs(K) Uloes(V) and let S" = S[l — [A:;;F V@ 7[{}]. Then also | ¢
supp(N'.[A + K = (z : 7 ref)](S[" — [A;; V : 7]{}])') and | ¢ dom(A) C locs(X). By
assumption S € [£ : A] so VI° € dom(A).S(1°) = [4;;+ X(1°) + AIO)]{}. Let I° € dom(A)
then S’(1°) = S(1°) and X[l — V](1°) = X(I°) and Aw {I : 7})(1°) = 2(1°). For I we have
S'(1) = [4;;- Ve 7]{} and X[l — V](I) = V and (AW {l — 7})(l) = 7. So it holds that
S e[Xl—V]:Aw{l:7}].

Then [4A;;F refV : Tr ref|[{}[AF K : (z:7ref)]S =

[AsF K (z:mref)T](S[— [AFVr] {3l =

[AsFval 1: T1 ref]{}[AF K : (x:7 ref) ]S =T.

Where we have used induction for the last equality.

Yletx <=wval Vin K |
X, let x <= unfold(fold V) in K |

We assume A;;F unfold(fold V) : T(t[ua.7/a]) and AF K : (z : 7[pa.7/a])T. This requires
Ak foldV : pot and A; F Vo TlpoeT/al.

We want to show [A;; - unfold(fold V) : T(tlua.t/a)[{}[AF K : (v : T[ua.T/a])T]S = T.
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By induction we assume [A;; val V : T(r[pa.m/a)[{HA F K : (v : Tlpa.t/a])T]S = T.
Then [AF K : (v : 7[pa.t/a]) T[S[AF V 2 rluat/a][{} = T.

We use [A;;F fold V i poe]{} = in,([A;5+ V 2 rlpar/a][{}).
[4;;F unfold(fold V) : T(r[ua.t/a))J{}AF K : (v : T[pa.r/a])T]S =
[AFK:(z:7lpa.r/a)) T]S[A;;F V : rlpat/a]]l{} =T

Yletx <= Min K |
X let v < (Aa.M)T" in K |

We assume A;;F (Aa.M)7' : T(r[r'/a]) and A F K : (x : 7[7'/a])". This requires 4;;+
Aa.M :NVoa.TT and - 77 : type. A;; = Aa.M : Vo Tt again requires A; ;= M : Tt and so A; ;-
M : T7[7'/a]. We want to show [A;;+ (Aa.M)7" : T Jo][{}[AF K : (z: 7[7'/a])T]S = T.
By induction we assume [A;;F M : [ /o][{}[AF K : (v : 7[7'/a])T]S = T.

We have [A;;F Aa.M : Va.T7]{} = iny|[[A;as M 2 T7]{}], so [A;;F (Ada.M)7T" -
Tl /a]{}[A F K : (x : 7[7"/a])"]S = [A;a5F M : T7){}[A F K : (z : 7[7'/a])"]S.
As when Aj;a;- M @ T7 then [A;- M : Trr'/o][{} = [A;ask M @ T7]{} then
[AssE Aa = M - Ya.T7]{} = iny|[A;;- M : Tr[r'/a][{}]. From this follows T = [A;;I" +
M :Tr[r" [a]{}[AF K : (v :7[7"/a]) T]S = [4;;F (Aa.M)7 [{}[AF K : (x: 7[7"/a])T]S.

Some rules about arithmetics omitted.

A.2 Proof of lemma 12.
Typing rules preserve the Ry relation of a term and its denotation

‘We often omit the isomorphism i and sometimes also injection functions into F/(D, D)y .

Proof = =ay,...,apm and I' =21 : 11,..., 2, : 7, with I" well typed by =.

To shorten explanations in proofs we let arbitrarily oy . ..o, be closed value types, and A" O A
and (v, A'3;FViimfoj/a5]) €Ry, i€1,..,nand p=v; ®...®v,. The p= L cases are trivial
by strictness, so we also assume p # L.

(id) No premisses, so we need to show ([A; ="+ z; : 7], A5, F a; : ;) € Repey. This
requires that in all cases ([A; 251" F x; : 73] (p), A5k a[Vi/ay] : iloj/ey]) € Ry
If p= 1 then [A; ="' F @ : 1i](p) = L and (L, A& a4[Vi/z] : 7i[oj/a;]) € Ry.
If p # L then [A; Z5F a5 : 75](p) = p(xi) = vi, and we have (v;, A'5;F Vi :71{05/]) € Ry.

(unit) To show ([A; =1 F () : unit](p), A; =51+ () : unit) € Repry. This is (when p # L) that
(iny[*], A’;5F () - unit) € Ry. Holds by definition.

(int) To show ([A; =51+ n:int](p), A;=;I'F n:int) € Rzpry. This is that (ing|n], A’ n:
int) € Ry . Holds by definition.

(loc) To show ([A;=;0 F L+ AQ) ref](p), A =;0 F 12 A(l) ref) € Rzpry. This is that
(inu[l], A'ssE 1 Al)[oj/ay) ref) = (inp|l], A's;F 12 A(l) ref) € Ry. Follows from
A DA
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(+ intro)

(x intro)

(fold

=

(rec)

Assume ([A; =50V ir], A2 0V 7)€ Repry (fis 1or 2).

To show ([A; =5 FingV im + 1w, 450 Fin;V i1 + 1) € Repry.

This requires ([A; 25T Fin;V i 1 + 1] (p), A5 inVIVi/ag) : (1]oj/oy]) +m2lo/aj]) € R.
From the assumtion we get ([A; =1 =V @ 75](p), A's;+ V[Vi/zi] : 7jloj/a;]) € Ry. Then
from the definition of R since — b 73[0;j/a;] it holds that (ingin;[A; =1V : 7;](p), As;F
VVi/zi] « (nloj/aj] + mloj/a;])) € Ry. And we have [A; =1 Vo1 +w(p) = io
ing (in;[A; 251V 2 75](p))-

Assume ([A; =W, 1], A5 Wi 15) € Repry (for j =1 and j = 2) so

([4A; =7 = W; = m](p), A'ssE WiVi/ay] = 74{o5/a;]) € Ry. Then from the definition of R
it holds that (ing([A;=;1 F Wi = 1i](p), [A: =T = Wa = 1](p)), A (Wi, Wa)[Vi/a] -
(r1]oj/oy] x mloj/a;]) € Ry. And we have [A: =17 = (Wi, Wa) 7 + n](p) = io
ing([A; =1 =Wy 1] (p), [A; 2,1 = Wa : ](p))-

Assume ([A; 257 F V2 7lpat/al], A2 BV e 7lua.t/al) € Rzpry. We may assume
a ¢ =. Toshow ([A; =51 F fold V : paut], A; = F fold V : pot) € Repry or ([A: =517+
fold V : pat](p), Ak fold V[V;/x;] : petloj/a;]) € Ry. So from the assumption we have
([4; 5,17 =V e rlpat/a]l(p), Ak VIVi/ai] : [pact/al[oj/a;]) € Ry, that is ([A; =1 =
Vi rluar/all(p), sk VIVi/ + (rloy o)) lna(rloy fag)) fallo; /o)) € Ry. Then from
the definition of R it holds that (in,[A;=Z;I" = V @ 7lua.t/a]](p), A'sE fold V[Vi/xi] -
po(tloj/a;])) € Ry. And we have [A; =10+ fold V i poet](p) = ioin,([A; =50 Ve
7luaeT/all(p).

Let I"=ILx:7,f:7—T7. Assume ([A; ="M :T7'], A;=;1" M :T7') € Repipar.
To show that ([A; =1 F rec f(x :7) = M : (1 — T7)], A= Frec flx:7) = M :

— T)](p), A';;F rec f(z

(r = T7')) € Repra- That is ([[A Irec f(w:7)=M: (7
tlo;/ag)) = MVi/ai] : (rloj/a;] — Tr'[03/a5))) € Ra.

[4;=50 Forec f(z: 1) = M : (1 — T7)](p) = ioins|fiz(Af' € (V — M).(A\' €
V[ E T =M :Tr](pe f s ioin | f'|®@x = 2')))| = ioin_o|| ], gn] Where g, € (V —
M), go = Lv—om and g1 = Azg € V.[A; E 1" M T (p® fr— i0oin|gy] ® x — o).
We will show by induction that for each n (ioin_|gn], A';;F rec f(z: 7]o;/a;]) = M[V;/z;] :
(tloj/aj] = T7'[oj/aj])) € Ry. As | ,c, (i 0ino|gn]) =i0in_o||l,c, gn] it then it follows
that since R is admissible then also (JA; =" F rec f(z : 7) = M : (1 — T7)](p), 4’;;F
rec f(x:7loj/oy]) = M[Vi/wi] : (rloj/ 0] = T7'o;/a])) € Ry

Application of gg gives Ly which is related to any typing judgement for a computation. Hence
(ioin_s|go), A5;k rec f(x : 7loj/ay]) = M[Vi/xy) : (tloj/a;] — T7'[oj/a;])) € Ry. Now
assume inductively that (i o in_|g,], A’;;F rec f(z : 7[o;/a;]) = M[Vi/x ] (rloj/aj] —
T7'loj/a;])) € Ry. We want to show that this implies (i 0 in_|gn+1], ik orec f(x
loj/ag)) = M[Vi/x] : (rlo;/ ;] = T7'[oj/05])) € Ry

Let closed A” D A’ (v, A”;;FV i 7[0;/a]) € Ry. We want to show that (g,1v, A"
(rec f(z:7l[oj/a;]) = M[V;/2;])V : T7'[0;/a;]) € Rag.

Let closed A" D A", (k, A" F K :(y: 7)) € Ry, (s, ¥: A”) € R,. Assume g, 10ks = T
We need to show X, let y < (rec f(z : 7[oj/a;]) = M[V;/x;])V in K |. By judgement of termi-
nation it suffices to show X, let y <= M[V;/x;, V/x, (rec f(x : Tloj/aj]) = M[V;/xz;])/ flin K |.
This follows from (gn41v, A's;F M[Vi/xy,V/x,rec f(x : 1) = M/f] : T7'[oj/a;]) =
ST F M Tr)(p® f > ioinalg) ®a v v), Ak MVifa,V/z,rec f(z
T) = M/f] : T7'loj/a;]) € Rp. This again follows from the definition of R=p together
with these assumptions : ([A; =" = M : T7'], Ay 1" - M : T7') € Repyy and
(toins|gn), Ak rec f(z : Tloj/aj]) = M[Vi/xi] : (t[oj/cj] — T7'[0j/c;])) € Ry and
(v, A"V :7[oj/0]) € Ry where we use weakening for p and f.
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(val

=

=

(alloc)

(deref)

So it holds that Vn € w.(ioin_|gn], A%k rec f(z : 7(oj/a;]) = M[V;/z;] : (tloj/ay] —
T7'[oj/a;])) € Ry, and then by admissibility ([rec f(z : 7o} /c]) = M[Vi/x;] : ([oj/a;] —
T7'[oj/a])]p, Asik rec f(z: 7loj/oj]) = M[V;/x;] : (tloj/oj] — T7'[0)/c])) € Ry. We
conclude that ([A; =50 Frec fw:7)=M:7 = T7'], As=Zi0Frec flx:7) =M : 7 —
T7') € Rzrrv.

Assume ([A; =, FV 7], A2 TV i7) € Repry.

We want to show that ([A; =1 F val V : T7], A, b wval V : T1) € Rzpra. This
requires ([A; =51 Fwal V2 T1](p), A5k val V[Vi/x;] : Ttlo;/ej]) € Rar, and this again
requires V closed A” D A'Y(k, A"+ K :(z:7)7) € RgV(s, X : A”) € Rg.[A; Z5T Fval V
Trl(p)ks = T = X, let © <= val V in K |. Let closed A” D A", (k,A” - K : (z:7)7) €
R, (8,2 : A") € Rg. [A; =T Fowal V : T1)(p)ks = ks[A; =, =V 7] (p).

We now have by assuptions, weakening and definition of relatedness for continuationstyped
that kS[A; =50V i7](p) =T = X, let x < val V in K |.

Assume ([A; 2,0 ' M :T7], Ay 2,01 M :T7) € Rzqprm and =+ I'. Then because
Z F I' it holds that « does not occur in the types 7; in I'. Also, by the assumption, for all
instantiations with closed value types o1 ...0p,,0, and A’ D A and p then ([A; =, 0T F M -
T7)(p), A5 MVi/x| : T(7[oj/aj,0q/a]) € Ry

We want to show [A; =51 F Aa.M : Ya.T'7], A;Z;T b Aa.M : Va.TT) € Reprry. This
requires Yoy ...0,, and p it holds that [A; =51 + Aa.M : Ya.TT](p), A';;F Aa.M[V; /4] -
v0.T(7[a,/a)) € Ry.

We have that [A; 251 = Aa.M - Vo.T1](p) = iny|[A; =21 = M - T7](p)].

We need to show that 34g € A'Y closed oo. ([A;5, ;1 = M : T7](p), Ao;;F M[Vi/xy] :
Tloj/aj,0q/a]) € Ry With Ag = A’ this holds by assumption.

Assume ([A; 57V 7], A;Z5TFV 1) € Repry, so ([A; 25T Ve 7](p), 4k
VIVi/zi] : 7[oj/oy]) € Rzpey.

We want to show that ([A; =, Fref V: T(r ref)], 4, =T Fref V:T(r ref)) € Rpeu.
This requires ([A; = Fref V 2 T(1 ref)](p), Asikref V[Vi/az]: T(r[oj/a;] ref)) € Ry,
and this again requires that V closed A” D A'Y(k, A"+ K : (z : 7[o;/a;])7) € R ¥(s, X :
A"y eRg.[A; Es T Eref V:T(rref)](p)ks =T = X,let & < ref V[Vi/x;] in K |.

Let closed A" D A, (k, A" K : (v : 7[0;/a;])T) € Ry, (s, X : A”) € Rg.

[A; =50 Fref V2 T(7 ref)](p)ks = k(S[l — [A; =,V 2 7] (p)])inel

for some/any [ ¢ supp(N' .k(S[l' — [A; ;T =V 2 7](p)])inil’). Choose Iy ¢ supp(Nl'.k(S[l' —
[A; =, 0=V r](p))inul’) Udom(A”) Ulocs(X) Ulocs(K) Ulocs(V).

We have (inply, ; (A" U{ly — 7[0;/oj]})iF Iy 2 7[oj/a;] ref) € Ry and by weakening for the
stored values (S[ly — [A; =1V 2 7](p)], Xl — V[Vi/x]] : A" U{ly — 7[0j/;]}) € Rs.
Hence [A; =5 Fref V :T(r ref)](p)ks = k(S[ly — [A; =TV 2 7] (p)])inchy = T =
Xl = V[Vi/xi]], let 2 <= val I in K |. By the rules for judgement of termination this implies
that X, let @ < ref V[V;/z;]] in K |.

Assume ([A; 2,7V i 7moref], L5V . 7 ref) € Repry. Then ([4; 2,1V
T refl(p), As;k VI[Vi/ai] : 7loj/a;] ref) € Ry. So p # L then exists | € dom(A") with
VI[Vi/xi] =1 and Al = 7[o;/a;]. When [A; Z5 TV 7 ref](p) = inp[1].

We want to show that ([A; = L HIV : Tr], A; =T HIWV 2 T1) € Ry, that is ([A; 2, 1 HIV -
T7](p), AFWV[Vi/z) - Ttloj/a;]) € Ry This again requires V closed A” O A'.V(k, A" +
K:(z:7[0j/a;])") € R N(s, ¥ A") € Re.[AET HIV : Tr](p)hs = T = X.let x «
WVi/x;] in K |.

Let A" D A (k, A"; K« (x: 7[oj/oy])T) € Rye, (5,2 : A”) € Rg.

Either [A; =, ' FIV - T (p)ks = ks(sl) or else [A; T'HIV : T7](p) = L.
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Since by assumption (s, X : A”) € Rg and | € dom(4A’) C dom(A”) then it holds that
(sl, A" 21 7oj/aj]) € Ry. Since (k, A”;F K : (2 : 7[0;/a;])T) € Ri it follows that
ks(sl) =T = (X, let x < val(X1) in K |).

By judgement of termination then also (X, let © < !l in K |)

Assume ([A; 250 F Vo = 7ref], 4,50 F V, @ 7 ref) € Repry and ([A; =21 F V-
7], 450 F Vy o 7) € Repry. Then ([A;550 & Vo = 7 ref](p), A5 Vo[Vija] -
Tloj/a;] ref) € Ry and ([A; =50 F Vi @ 7](p), A'siF W[Vi/xi] : 7loj/a;]) € Ry. This
again implies that when p # L then exists | € dom(A").V,[V;/x;] =1 and Al = 7[o;/a;] and
[A; 550 Vo 1 ref](p) = ing|L].

We want to show that ([A; =1 F Vy := Vo : Tunit], A; ;T F Vy:= Vo : Tunit) € Rzpew,
that is ([4; 251 F Vy := Vo - Tunit](p), A’ (Vi = Vao)[Vi/xi] : Tunit) € Ry

Let A” D A, (k, A";F K : (2 : unit) ") € Ry, (5,2 : A”) € Rg.

Assume [A; 251 F Vy := Vo : Tunit](p)ks = T. We have [A; ="+ Vi = Va : Tunit](p)ks =
k(s[l — [A; =50 F Vo 7](p)ing [ *].

Since by assumption (s, X : A”) € Rg and by weakening ([A;=;1" = Va @ 7](p), A”;F
WolVi/xi] : T[oj/a;]) € Rpry and 1 € dom(A") € dom(A”) then it holds that (s[l — [A; ="+
Va : 7](p)], X[l — Va[Vi/xz;]] : A”) € Rg. Since (k, A”;- K : (z:7)7) € Ry and (ingx, A”;F
() : unit) € Ry it follows that

k(s[l — [A; T+ Va 7] (p)]) (ina |*]) = T = (X[l — Va[Vi/zi]], let < val() in K |).

By judgement of termination then also (X, let x < | := V5[V;/z;] in K |)

Assume ([A; =TV i7 = T7), A550 Vi > T7') € Repry and (JA; 2,10 F Vs e
7], Ay ST Va:7) € Rerry, so ([A; ST F Vi — Tr'l(p), A VilVi/ai) = loj/ag] —
T7'loj/aj]) € Ry and ([A; =1 F Vo i 7](p), A'sF ValVi/ai] : 7[oj/aj]) € Ry

We want to show that ([A; =1 = ViVa : T7'], A;Z;1 = ViVa @ T7') € Reppag, that is
([A; =50 = WWVa = TT')(p), A (ViVo)[Vi/xi] « T7'[oj/ey]) € Ry Here (ViVa)[V;/ai] =
(Vi[Vi/ai]) (Va[Vi/z4]). Let closed A” D A", (b, A" K : (y: 7)) € Ry, (s, ¥ : A”) € Rs.
Assume [A; 251 ViVo : T7')(p)ks = T. To show X, let y <= (V1[Vi/zi])(Va|Vi/zi]) in K |.

Since A; =51+ Vy : 7 — T7' then it must hold that there exists f, M such that V; =
rec f(x : 7) = M and it holds that A; =5 a : 7, f : 7 — T7' = M : T7'. The assumption
[A; =0 = ViVa : T7'](p)ks = T implies by the definition of the denotational semantics that
there exists vy, vo s.t. [A; = VL o7 — Tr'](p)ks =ioin|vf| # L and [A; 5T F Vs :
1(p) = va # L and [A;Z;TViVs : T7']p = ds(ve). By TH (ioin_o|vs|, A's- Vi[Vi/ai] :
Tloj /o] — T7'loj/a;]) € Ry and (va, A'sE Va[V;/ai] : 7[oj/a;]) € Ry. By definition of Ry
then (vpve, A" (ViVo)[Vi/ai] : T7'[oj/a;]) € Ray and so ([A; =1 ViVa : T7'], A; =T F
ViVs TT/) S RE—yFV~

Assume ([A; =, FV :VaT7], A0V :VaI'T) € Repry.

Then Voy...0m, A" 2 A and (v;, A'53F Vi 1foj/a;]) € Ry with p = @), v; it holds that
([A; =50 =V o VaT7](p), A's3F VIVi/ay] : VaTr[oj/aj]) € Ry. When [A; =51V
Ya.T7](p) # L then exists d € M. [A; 5;T F V](p) = iny|d] and exists M s.t. V[V;/z;] =
Aa.M. Also 3A¢ C AT with _+ 70 : type. (d, Aos;+ M : T'tlo;/a;,70/a]) € Ry

We want to show ([A; == V7' Tr[r'/d]], A2, TV :T7[7' /o)) € Rzpeum.

This requires Vo ...0m, A" 2 A and (v;, A's;F Vi 7ifo;/a;]) € Ry with p = @), v; it holds
that ([A; =, = V' Tr[r’/a]](p), A's;FVIVi/xi] : (Tr[7'/a])|oj/a;]) € Ra.

Now let A" D A, (k, A" = K : (z:7[r'/a])[oj/a;])T) € R, (S, ¥t A”) € Rg, and assume
[4; =50 =V Tr[r Ja]](p)kS = T. [A; 2,0V - Trr /o] (p)kS = kSd.

We need to show X, let # < Aa.M[V;/z;]7" in K |, by the termination rules it suffices to
show X, let @ <= M|[V;/x;] in K |. This follows from the assumptions.
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(unfold) Assume ([A; = =V : par], A5 BV o2 par) € Repry, so ([450 F Ve

(let

N

poet](p), A'siE VIVi/ag) o (peet)loj/y]) € Ry. By the definition of Ry this can only be
the case if either [A; Z;I'H V : paet](p) = L or else there exist d, W such that [A; =, -V :
poet](p) = in,d and V[V;/x;] = fold W and further (d, A+ W : (7[pa.t/a])[o;/oj]) € Ry.
We want to show ([A;=;1 b unfold V' : T(rlua.m/a])](p), AsE unfold VIVi/x;] :
T(rlpar/al)lo;/o5)) € By Let A7 D A, (k, A% K & (o (rlucur/al)lo;fag])T) €
Rg, (S, ¥: A”) € Rg. It holds that either [A; Z; 1" unfold V : T(r[pa.7/a]))](p) = L, or
else [A; ="V : poet](p) = iy 0 inyd. In the first case we have (L, A’k unfold V[V;/x;] :
T(rlpa.t/al)[oj/a;] ) € Rys. In the second case we want to show that [A; =3 I"F unfold V :
T(r[pat/a)))(p)kS = T = (X, let & < unfold V[V;/x;] in K |). By the rules for
judgements of termination it holds that X, let < wval W in K | implies X, let = <
unfold(fold W) in K | which is the same as X, let & < unfold V[V;/x;] in K |. So it suffices
to show that [A; 25" Funfold V : T(t[pa.t/a])|(p)kS =T = (X, let <= val W in K |).
[4; = Funfold V : T(r|pa.t/a])](p)kS = kSd.

Since (k, A”;F K : (x: (t[ua.r/a))oj/o;])T) € Ry, (S, ¥ : A”) € Rg and (d, A';F W :
(r[pe.m/0])|o;/a;]) € Ry this implies X, let @ < val Win K |.

Assume ([A; =1 My :Tn, A; 250 F My : T1y) € Repra and

(A5 Nae:m My T, A5 N b My :T1) € Repgir-m-

So ([A; =50 = My - Tr](p), A5+ My[Vi/x;) « Triloj/e]) € Ry We want to show that
([4;5; T Flet o <= My in My : T, A; = Flet @ <= My in My : T1p) € Repey, that is
([A; =5 B let o <= My in My : Ta](p), A5k let a < My[V;/a;] in Ma|Vi/x;] : Tralo;/a;]) €
Ry Let A” D A, (k,A";- K : (y : mloj/aj])7) € Ry, (S, ¥ : A”) € Rg. Then we want
to show that ([A; 551 & let @ <= My in My : Tr](p)kS = T) = (X, let y < (let © <
M[V;/x;] in M[V;/x;]) in K) | ). By rules for judgement of termination it suffices to show
that X, let @ <= M [Vi/z;] in (let y <= M[Vi/z;] in K) |.

Assume [A; =251 F let @ < My in My : Tr](p)kS = T. Then [A; 21 = My = Tri](p)
(ASON°.[A; =502 7 b My 2 Tra](p,d°)kS®)S = T. We have that (S, X : A”) € Rg and
by weakening ([A; 251"+ My : Tni](p), A”;F My[Vi/xi] : Tri[oj/c;]) € Ry. So it is enough
to show (ASOAd°.[A; =502+ 7 = Ms @ Tra](p,d°)kS®), A”;k (let y <= Ms|Vi/x;] in K) :
(x: 7ioj/aj]) € Ri. Let A2 D A", (s, 2% : A%) € Rg and (w, A% W : 7i[oj/a;]) € Ry
then (ASY Nd°.[A; =5 a1y b My - Tra](p, d°)kS)sw = [A; 2, Tt 7 b My : Tra](p, w)ks.
Assume this equals T, then we want to show that X2, let y < Ms[V;/x;, W/z] in K |. This
follows using weakening from the assumption ([A; =2 : 7 B My : Tra], A= w1 b
My : TTQ) € REF,:L’:nFM-

We have omitted the proof for the rules (+ elim), (x elim), (eq), (arith) and (iszero). O

A.3 Proof of lemma 19

Lemma: The action of F preserves downwards closure.

For all RT, R~ € R(D).
If R* is downwards closed, then F(R™, RT) is downwards closed.

Proof

— F(R™,R")g: Follows from k" C k' = Vs,v. k"sv C k'sv, (independant of RT).

— F(R™,R") )y Follows from m” C m/ = Vk,s. m" ks C m'ks, (independant of R™).

— F(R™,R")y: The proof is by cases of the constuctor for the type parameter:
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o (unit),(int),(c ref): immidiate.

o (+),(x).(w): follows from downwards closure of Ry;. We show the proof for sum types, the
other proofs are similar.
(+): Assume (vf,vh || vi,v2,71 + 72,p) € F(R™,RT)y, and v; # L V vj # L. Then
exists di, db, dy, dy such that (di,d) || di,do,7j,p) € Rir and vy = inginj(di) # L, va =
ingin;(dy) # L and v} = d} = LVv] = ingin;(dy) # L, vh = dy = LVvh = ingin;(ds) #
L. Let vf C o] A v§ C v5. Then it holds that vf = LV 3el v} = ingin;(e]) # LAel T d}
and vy = LV defv) = inginj(ef) # L Aey T dy. Let df,dy be given by if v =
1L then df = L Aif vf = inginj(ef) then df = e and if v§ = L then dj = L Aif vl
ingin;(ey) then dj = e4. Then df C di and d4 C dj. By downwards closure of Ry, then
(d,dY || di,ds,7j,p) € Ri>. And so (vf,v4 || v1, 02,71 + T2,p) € F(R™, RF)y.

[e]

(V): follows from downwards closure of R}, Assume (v}, v} || v1,v2, V. T7,p) € F(R™, R*)y,
and v] # L V vh # L. Then exists di, db,dy, ds such that v1 = iny|dy ] and vy = iny|ds|

and V + o : type.(d}, db || di.ds, T[0/al,p) € R}, Also (v) = Lvd, = L) Vo) = iny|d}]

and (v = LV d, = 1) Vv, =iny|dy]. Let vf T vf A 0§ C v5. Then it holds that

of = LV 3efo] = inylef] Ael T dj and vf = LV ey = inyley] Aefy T db.

Let df,dy be given by if vf = L then df = L Aif v] = iny|e]] then di = ¢e] and

if vf = L then df = L Aif vf =iny|e)] then df = ef. Then df C d} and dj C dj. By

downwards closure of R}, then ¥ i o : type.(dy,dy || di,d2, T7ilo/al,p) € Ry . And so

(vf, 0 || v1, 02, Y. T'7,p) € F(R™, R")y.

o (—): follows from downwards closure of Rj,. Assume (v],v} || vi,vs,7 — T7',p) €
F(R™,R")y,and v} # L V v} # L. Then exists d}, d5, d1, ds such that vy = in_,|d; | and
vy =in_|ds] and (v] = LAd] = L)Vv} =in_|d}| and (v5 = LAdy = L)Vl = in_|db].
Also Vp' » p. V.(wi, wh || w1, wa,7,p') € Ry (diw], dyw) || dyw, dows, TT',p') € Ry, Let
v C i A vj C b Then it holds that v = L Vv 3efvf =in_|ef| Aef C d} and v§ =
LvIefof =in_o|ef| Aef T dy. Let df,dy be given by if vf = L then d{ = LAif v =
in_|ef] then d{ = e{ and if vf = L then dy = LAif v =in_.|e}] then dj = €4. Then
dY C d} and dj C d} and so Yuy, us.du; C djuy A djus C dyus. By downwards closure of
R, then Vp' » p. V.(wi, wh || wi,wa, 7,p") € Ry (d{w], djwh || dywy,dows, TT',p') € Ry
So (v{, vy || vi,v2,7 — T7',p) € F(R™,RT")y.

— F(R™, RT)s: follows from downwards closure of Ry,. Assume (s}, s} || s1,2,p) € F(R™, RT)s,
and ) # L V sh # L. Let sf C s) Asy C sh. Then VI. s{l C il A s5l C shl. We want to
show (s,s5 || s1,82,p) € F(R™,R")s. The requirements conserning disjointness as well as
requirements about belongings to finitary state relations and finitary state predicates are only
stated on s1, s2 and hence follow from the assumptions. Requirements conserning that stored
values are related follow from assumptions together with downwards closure of RJ‘;.

O

A.4 Proof of lemma 20
Lemma: The action of F on adm™relations preserves admissibility.
For all Rt, R~ € R(D). If RT is adm™, then F(R~, R") is admissible.

Proof Assume R' is adm™, we want to show F(R™, R") is admissible for all R~ € R(D). By
definition each of the four projections of F(R™,R") includes (L, L | (type),di,ds,p) for all
(type),dy,dz2,p. To show that F(R~,R") is admissible it suffices to show for each of the four
projections, that it is closed under least upper bounds of finitely supported chains of the form
(di,dy || (type),di,da, p)icw Where type,dy,ds,p are constant.
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e F(R™,RM)s =

{(L, L || Si, S2, (pks)) | (pks) € p* the set of all s-parameters } U

{(517 Sé ” S1, 52, (pks) | (ka) = {(Tllql‘Ql)v [ERE) (Tn‘qn‘QTL)} EpA
SICS1#L ASSCSy#LA
APE) (G Ay (20k)) = A APED)(Sy) Ny (Z2PR9)) = 0 A
Vi # . AT(S1) N AY(S1) =0 A AF(S5) N AT (S2) =0 A
V(l1,lo, 1) € ZPF) (S (1y), Sh(l2) || Si(lh), Sa(la), 7, (pks)'™) € Ry A
Vi€ 1.n. if Q; = (P, LL;) then (S1,52) € P; A

V(I lo,7) € LLi. (S1(lh), S5(I2) || S1(1h), Sa(l), 7, (pks)"™) € Ry }

Assume a finitely supported chain (S}, S5 || S1,Sa,p)icw in F(R™, RY)s, we will show its least
upper bound is in F(R~, R*)g. If the chain is constantly (L, L, || Si,Ss,p) we are done.
Else it holds that S; # L A Sy # L and Vi. S{' CS A Sé C S;. Then it holds that
LS{ES A LSS E Se.

AP (5 Ny (ZPF)) = A AP (Sy) Ny (ZPR9)) = @ and

Vk £ G ATR(S) NAT(S)) =0 A A5F(Sy) N AL (Sy) = 0 as in each step.

When (S, 5% || S1,S2,p)icw is a chain, then VI. (Sil);e, is a chain and (Sil);e, is a chain.
Since Ry is admissible and Vi.¥(l1, 1o, 7) € ZP*) (Sily Sils || Sil1, Sala, 7, (pks)'™) € R and
these are chains in R, then also V(Iy,la, 7) € Z®*) | |((SD)l1, (S5)la || Sily, Sala, T, (pks)*™) =
(USDL, (USH || il Sala, 7, (pks)*™) € Ry

Vk € 1.n. if Q = (Py, LLy) then (S7,S2) € Py, holds as in each step.

Since Vi. Vk € 1..n. if Q = (Py, LLy) then ¥(I1,12,7) € LLg. (Si(l1), Si(l2) || S1(l1), S2(l2), T,
(pks)'™) € R;, and these are chains in the admissible relation R, then also Vk € l.n. if
Qi = (P, LLy) then V(I1, 12, 7) € LLy. (USHh, (S || Sily, Sala, 7, (pks)"™) € Ry
We conclude that F(R™, RT)g is closed under least upper bounds of chains.

o F(R™,R")y =
{(m}, my || my, ma, TT, p) | p€p”™ A

mi CEmy A mhCmg A

vp' > p¥(pk') € p'™

V(pks') € (pk')S.

V(ky, K | ki, ko, (z:7)T, (pk)) € Rg. V(Sy, S5 || Si, Sa. (pks')) € Ry .
(M k(ST =T = mokaSo =T) A
(mhky S5 =T = mik1S1=T) }
Assume a finitely supported chain (m},mb || my, ma, T, p)icw in F(R™, R*) ), we will show

its least upper bound is in F(R, R*). If the chain is constant (L, L || m1, ma,T'7,p) we
are done. Else, since Vi. m} T my A mb C mo, then also | [mi T mq A | |mb C meo.

Let  »p, (pk') € ™, (K, KL | Ky, oy (2:7)7, (0h)') € R

Let (pks') € (pk)S and (S, S5 || Si, S2, (pks')) € Ry.

Since m} and m; are chains, then also mik} S} and mék’QSQ are chains in Q. If Vi.mik; S} = L
then also (| |m})k]S] = L and the implication (| |m})k]S] = T = maok2S> = T holds trivially.
Else it must be the case that 37.¥i > j. m{k]S] = T. This implies both that maksS> = T and
(Umy)kiSi = T, so the implication (||m{)k1S] = T = mak2S> = T holds. The proof that
(LUmb)k5S5 =T = mqk1S1 = T holds is similar.

We conclude that F(R~, R")yy is closed under lubs of chains.

o F(R™,R")x =
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{(k5, K || b, ko (2 om) T, () | (pK) € 9% A
EiChki AN kyCky A V(pk') > (pk).
(that is (pk) extended only with ordinary local k-parameters or local extensions)
V(pks') € (pk")S (the set of s-instantiations of p’ i.e. choices of V-clauses),
V(sh, s"z I S 52, (pks')) € Rg. ¥(vy, vy || v1, v2,7, (PK')"™) € Ry,.
(Kisivy =T = kasqva = T) A
(kyshvhy =T = kysjvy =T) }

Assume a finitely supported chain (k%, k% || ki, ko, (z : 7) 7, (pk))icw in F(R™, RT) g, we will
show its least upper bound is in F(R™, R"). If the chain is constant (L, L H k1, ko, (z
)T, (pk)) we are done. Else, since Vi. ki C k; A kb C ko, then also | |k} C k1 A || kL C ko.
Let (pk') > (pk), (v], v || v, v, 7. (pk')"™) € Ry,

Let (pks') € (pk")S and (S, S} || S1, S2, (pks')) € Ry.

Since &} and k% are chains, then also k{Sjv; and k3Shvh are chains in Q. If Vi.k}Sjv) = L
then also (| ]k})Sv) = L and the implication (| |k%)S;v} = T = kaSave = T holds trivially.
Else it must be the case that 35.Vi > j. k{.Sjv] = T. This implies both that ks Sove = T and
(LUK)S;vy = T, so the implication (| |k%)Sjv) = T = koSavs = T holds. The proof that
(LJK3)Shvh = T = kySyvy = T holds is similar.

We conclude that F(R™, RT)k is closed under lubs of chains.

F(R™, R)y
Assume a cham in F(R™, R")y. If the chain is constantly (L, L || vy, va, 7, p) we are done.
Elsevi # L A va# L A Vi.vi Cop A vé C vy. If follows that | |vi Cv; A |_|v2 C vg.
Also from some point onwards vj # LV vh # L and (v}, vb || v1, va,7,p) € F(R™, R™)and
a chain will have a type parameter. The proof proceeds over cases of the type constructor for
the type parameter.

o Chains of type Unit, Int and references are constant from some point onwards.

o Chains of sum-types, product-types and recursive p-types can be proved to be closed under
least upper bounds via the admissibility of R;. We show this for chains of sum-type, the
other proofs are similar.

A chain of sum-type which is not constantly (L, L || vi, ve, 7, + 7, p) must from some

point onwards (Vi > j) have the form

(v, vi || ing(ing(dy)), ing (ing(dz)), Ta + 7, p), = € {a,b}, where di,d> € V| and Vi >

j.3di, dy € V. (vi =di = J.\/vl ing (ing(d})) # L)A(vh = db = LV = ing(ing(d})) #
1) A (d’ CditAd, Cds™) A (di, db || du, do, 7o, p) € Ry, and this is a chain in Ry

Then | |di,| |dj € V. Since RT is admissible also (||dS, | |d} || di, da, 7, p) € R{-. So, as

ing(ing (|| d")) = || ing (in.(d")) = then

LI, % || ing(ing(dy)), ing(ing(ds)), To + T, p) € F(R™,R")y

o

A chain of V-type which is not constantly (L, L || v1, ve, Va.r, p) must from some
point onwards (Vi > j) have the form (vi, vi || iny|di], iny|dz], Ya.TT, p), where
dy,dy € M and Vi > j.3d}, dj € M. ((v] = LAd) = L)Vl = ingldi]) A (v =
LAdy = L) Voh = inyldy]) A (df T di"' Ady T di'Y) A Vo with - o :
type. (di,dy || di,d2, T7[c/al,p) € R},;. Then since R* is admissible and each of these
is a chain also Vo with - o : type. (L|di,|db || di,ds, TT[o/al,p) € Ri;. So (possibly
using downwards closure) | |(vi, v} || iny|di], iny|dz|, Yo.TT, p) € F(R™,R")y

o

A chain of function type which is not constantly (L, L || v1, vo, 7 — T'7', p) must for all
i > j have the form (vi, v} || in_ [dlj, in_|ds], T — T7', p), where dy,ds € (V — M)
and Vi > j.3d%, di € (V—M). (v} = LAd] = )Vvl—l7lwld1J) (v =LA=ds=
Ly vl = in%Ldzj) A (dy C d’i“ ANdy C d;“) and Vp' » p.¥(v] 05 || v, v, T, P') €
Ry, it holds Vi > j. (div], dyvh || div1, dove,T7', p') € R}, Since R}, is admissible
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and in each case this is a chain, then also (| J(div}), L(dvd) || divi, dove, T, p') =
(U d)vy, (U db)s || divr, dave, TT', p') € RY,. So (possibly using downwards closure)
L@, o8 || in—|di], in—|dz], T — T7, p) € F(R™,R")y.

We conclude that F(R™, R")y is closed under lubs of chains.

And, so we conclude that if R is adm™, then F(R™, RT) is admissible for any relation R~.
O

A.5 Proof of lemma 21
Lemma: The action of F preserves parameter weakening.

For all R*, R~ € R(D).
If R is parameter weakened, then F(R™, R") is parameter weakened.

Proof
— F(R™,R")k: Let (pky), (pko) € p*, (pky1) > (pko)-

For all ky, ko, all (z : 7) T continuation type, all p vin-parameter it holds that (L, L || ky, kg, ( :
m)T.p) € F(R™,R")k.

Assume (K, kb) # (L, L) and (k}, K, || k1, ko, (z : 7) T, (pko)) € F(R™, R*) k. We want to show
(K1, kb | kis ko, (22 7) T, (pk1)) € F(R™, RT) . This follows from (pk{)>(pk:1) and (pk:1)t>(pko)
implies (pk}) > (pko), (independant of R™).

— F(R™,R")n: Let py,po € p°, p1 » po-

For all my, ms, all T'T computation type, all p vin-parameter it holds that (L, L || mq,ma, T'T,p) €
F(R™.R%) .

Assume (mf,mbh) # (L, L) and (m},mb || m1,me, T7,po) € F(R™,R*)p. We want to show
(my,mb || mi,m2,T7,p1) € F(R™,R")p. This follows from pj » p; and p; » po implies
P} » po, (independant of RT).

— F(R™,R")y: Let p1,po € p*™, p1 » po

Forall vy,ve, all 7 value-type, all p vm-parameter it holds that (L, L | wvi,vs,7,p) €
F(R77R+)V.

Assume (v}, v5) # (L, L) and (v},v5 || v1,v2,7,po) € F(R™,R")y. The proof proceeds over
type parameter cases:
o (unit),(int): Immidiate.

o (o ref): Follows from p; » po implies ZP* D ZPo.

o (+),(x),(n): Follows from parameter-weakening of R;. We show the proof for sum types,
the other proofs are similar.
(+): Assume (v}, v} || vi,v2, 70 + 7o, p0) € F(R™,R")y, and v; # L V vy # L. Then
3dy,dy € V,dy,dy € V. vy = inginjdy Avy = ingingdy A (v] = dy = LV ] = ingin;d| #
LYA (vh =dy = L V) =inginjdy # L) A(dy,dy || di,da,7j,po) € R where j € a,b.
Since R is parameter weakened then (di,dj || di,d2, 7;,p1) € Ry, and so
(v, vh || vi,v2, 71 + T2, p1) € F(R™, RT)y.
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o (V): Follows from parameter-weakening of Rj;.
(+): Assume (vf,vh || vi,v2,Y.T7,pg) € F(R™,RT)y, and vj # L V vj # L. Then
adi,dé,dl,dz eM. v, = invtdle’UQ = indegj/\((vﬂ = J_/\d/l = J_)\/Ui = vaLdSJ)A((Ué =
LAdy = L)Vl =ing|dy]) AV—F o type. (di,dy || di,ds, TT[o/a],po) € R,
Since R* is parameter weakened then V— I o : type. (d},dy || di,d2, T7]o/al,p1) € RY,,
and so (v},v} || vi,ve,Va.TT,p1) € F(R™,RT)y.

[e]

(—): Assume (v}, 05 || v1,v9,7 — T7',po) € F(R™,R")y, and v] # L V v} # L. Then
3d,dy,dy,dy € (V — M). vy = in|di] Avg = in|da] A ((v) = LAd] = L) Vo] =
in|di]) A ((vh = LAdy, = L) Vol =in_|dy]) AVpy » po. V.(w), wh || wi,wa, 7,p)) €
Ry (diw), dyw) || dywy, dows, T, ply) € Riy.

We want to show (vf,v || vi,v2,7 — T7/,p1) € F(R™,R")y. This requires Vpj »
p1. V.(wi, wi, wh, we, 7, p}) € Ry (djwy,dywh || diwy,dows, T7',p}) € Ry, Let pi » pi.
We have pj » p1 A p1 » po = pi » po. So it follows from the assumpitions that
Vi(whwh | wiwsrph) € Ry. (dywldyey | dywy,dows, Tr',pi) € Rly, and hence
(V1,05 || vi,v2,7 = T, p1) € F(R™,RT)v.

‘We conclude that the action of F on relations on D) preserves parameter weakening. ]

A.6 Proof of lemma 22

Lemma: The action of F' on functions D — ID preserves the relation (- ,id) : - C _.
VRT, ST, R™,57 e R(D). VfT,f~:D—D.

If (f~,idp) : S~ C R~ and (f*,idp) : RT C ST then
(F(f 1), Flidp,idp)) = (F(f~, f1).idpop) : F(R™,RY) C F(S~,57).

Proof of lemma.

The remaining part of the proof:

Let RT, ST, R~,S~ € R(D), and

let f+af7 :D—D. f~= (f177af1;~f;nf;)/ f+ = ( Jvf]j»‘frtafj)

o F(D,D)y
Assume (m},mb || m1,m2, T7,p) € F(R™,R") .
We aim to show (h,m}, hyymb || my,me, TT,p) =
(A ASmy (fr k) (f5S), A ASmb(fi k)(f7S) || ma, ma, T7,p) € F(S™,5).

If m} = L = m, then since h,, is strict , 80 (hy,m}, hymb || my, mo, T7,p) = (L, L || my,mo, TT,p) €
F(Si,si’)]y[‘

Else, let p' » p, (p') € p™, (K. K || kiska, (2:7)T, (b)) € S,

Let (pks') € (pk)S, (s1, 4 || 51,52, (pks')) € Sg.

‘We want to show

(hmmy)ki st =T = maokaso = T and (hyymb)khsh = T = mykisy = T, or equivalently

i W)U h) = T = makasy = T and mi(fy ¥)(fsh) = T = mikysy = T.

Since (f~,idp) : ST C R~ it holds that (f, ki, fi kb || ki, k2, (z : 7)T,(pk')) € Ry and
(f5sh, f5sh || s1, 82, (pks’)) € Rg. Then since (m},m} || m1, ma, T7,p) € F(R™,RT) we have
that m} (f k1) (f5s1) =T = maokaso and mb(f, k5)(fy s5) = T = makysy.

We also need to show
B (M) = XeASml (f k) (f7S) Ema A by (mb) = Mk AS.mb(f, k)(f5S) E me. This follows
from m} Cmy A mb Cms and f~ Cidp.

We conclude (hp,mf, hymb || idsmy,idsme, T'T,p) € F(S™,5) .
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o F(D,D)k
Assume (ki, kb || k1, k2, (v :7) T, (pk)) € F(R™,RT )
We aim to show (hikf, hik} || ideky,idoks, (x :7)7, (pk)) =
(AS XKL (feS)(fov)s NS vky(foS)(fov) || ks kz (x:7)7, (pk)) € F(S™,8T)k
This follows by similar arguments as for (m}, mj || m1, ma, T'7, p) above, so we omit the proof.

o F(D,D)y
Assume (v}, v} || v1,v2,7,p) € F(R™,RT)y.
As before by strictness of hy, if (L, L || v1,v2,7,p) € F(R™, R") then (h, L, hy L || v1,v9,7,p) =
(L, L || v1,v2,7,p) € F(S™,57).

Else vf Cov; # L A vh C vy # L and v}, v, vy, ve fulfill the type parameter constructor
determined properties required for (v}, v || vi, va,7,p) € F(R™, RT)y. And we need to show
that if h,(v]) # LV hy(vh) # L then hy,(v]) T o1 A hy(vh) Cvg and hy(v]), hy(vh), vi, va
fulfill the type determined properties required for F(S~,S%)y . We have h,(v]) T v, #
L A hy(vh) C g # L follows from the similar property in the assumption and h, C idp.

For the rest we argue by type constructor cases.

o Assume (v}, v} || v1,v2,unit,p) € F(R™,R") and (v] # L Vvl # 1)
then h,v] = v} C o1 = ing || and h,vh = vy C vg = ing[*], and
(hovl, hovhy || v1,v2, unit,p) € F(S,57).

Assume (v],v} || v1,v2,int,p) € F(R™,RT) and (v{ # LV vy # 1)
then 3n such that h,v] = v} C v1 = ingn and h,vh = vy C vg = ingn, and we have
(hovl, Ryl || v1,v2,int, p) € F(S™,ST).

Assume (v],v} || v1,v2,0ref,p) € F(R™,R") and (v] # LV vj # 1)
then 3y, Iy such that h,v] = v} C vy =ingly, hyvh = vh C vy =ingls, (I1,l2,0) € ZP, and
we have (hyv], hyvh || v1,v0,0ref, p) € F(S™,ST).

Assume (v}, v} || v1,v2, 74 + T, p) € F(R™,R") and (v] # L Vv # 1) then
3d|,dy € V,dy,dy € V). vy = ingingdy # L Avy = ingindy # L A
V] = = 1L Vv =ingin; A (v = = 1L Vuvy =1ingin,; A

V= = LV, = ingimd) # L) A (V) = dy = LV v = ingindy £ L
(dy.db || di,da,7i,p) € R‘t
(v] =dy = L= hyvt = ffd, = L) A((v) = ingingd\ A fFd] = L) = hyv| = ffd) = L)A
(v} = ingind} A f,Fd} # L) = hyv} = ingin; fd; # L and
(
(

o

[e]

[e]

vh=dy =L = hyoh= ffdy= 1) A ((vh =ingindyN\fFdy = 1) = hyvh = ffdy=L1)A
(vh = ingingdy A ffdy # L) = hyvh = ingin, fFdy # L.

Since (fF,idp) : Rt € ST and (d{,d || di,d2,7;,p) € Ry it follows that

(firdy, fifdy || di,d2,7;,p) € Siv. It holds that (h,v = L = ffd; V hov) = ingin, fd} #
1) and (hyvh = L = fdy V hyovh = ingin; ffdy # L).
So (hyvf, hovhy || v1,v2,7a + 75, p) € F(S7,ST)

Assume (v}, v} || v1,v9,74 X Tp,p) € F(R™,RT) and (vf # LV vy # L1). By similar
arguments as for sum-typed it follows that (h,v}, hyvh || v1,ve, 70 X Ty, p) € F(S7,ST).
Assume (v],v} || v1,ve, pa.,p) € F(R™,R") and (v] # L V) # L) then 3d;,ds €
V,di,dy € V). (v =dy = LVo] =inud] # L) A (1)27(1’27L\/1)271nud27éL)/\ vy =
in,dy # L Avy =in,ds # L and (di,d || di,da, T[pa.m/a),p) € R}

(v =dj =L = hyl=1) A (V] =inud] = hyv] =in,ffdy 3 1) and (vy=dp =L =
hovh = L) A (vh = inudy = hyvh = in, frdy 3 1).

Since (f*,idp) : R* € St and (d},d} || di,d2, T[pe.7/a],p) € Ry it follows that

(fFdy, fordy || du,do, T[paet/a],p) € SXJ/r

Then (hyv}, hyvh || v1,v2, po.,p) € F(S™,ST)

o

[e]
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o Assume (v],v} || v1,v2,Va.T7,p) € F(R™,R") and (v] # L Vv # 1) then
Imfy, my, mh,me € D;\}. vy = iny|mi| Ave = iny|[ms] A

(Wf=LAml=1L)V @ =iny|mi]) A ((vh=LAms= 1)V (vh=iny|ms]) A

Vo with _F o : type. (my,m} || m1,ma, T7[0/al,p) € R},

(v =LAm| =1)= (hv) = LA fim] =1)and v] =iny|m} ]| = h,v| =iny|fim}],
(vh=LAmy=1)= (hyvh =LA fimh= 1) and vh = iny|mh| = h,vh = iny| fimb].
Since (fT,idp) : RT C ST we have Vo with _t o : type. (f,im}, fimh || mi,ma, T'1[o/al,p) €
S . Hence (hyv}, hyvh || v1,v2,Ya.T'7,p) € F(S™,S7).

Assume (v],v} || vi,v2,7 = T7',p) € F(R™,R") and (v] # LVvh # 1)

then 3dy, dy, dy,dy € (V— M). vy = in_|di] Avy =in|ds| A
(vp=LAdy=L)Vor=in|di|)A((vh=LAdy,=1)Vvl=in_|dsy]) A

Vp' e p, V(W] 0y ||y, W, T, p') € Ry (di], dyidy || diiy, dotda, TT', p') € R;\r/[.

o

We need to show (h,v], hyvh || v1,ve,7 — T'7',p) € F(S7,57).

(W) = LAd)=1)= (hyv] = LA Qw.fi(d)(frw)) = 1) A

(0] = in—ald})) = hovh — in_ | O£ (F, w)]) A

(0 = LAy = 1) = (hovh = LA ViS5 (da(fy w))) = 1) A

(v = in—aldy)) = hyvh — in—o | (LA (5 (f, w)))]).

Let p' » p, (w],wh || wy,wa,7,p") €Sy

Since (f7,idp) : ST C R~ we have that (f;wi,f;w) || wi,we,7,p') € Ry, and then
(dy(f5wh), dy(f5wh) || dywy, dowa, T7',p') € RY.

Since (f*,idp) : R C ST then (ff(di(fyw})), fi(ds(fywh)) || diwy, dowe, TT',p') €
St So (hyvf, hyvh || v1,v9,7 — T7',p) € F(S™,57).

We conclude that in all cases (hyv}, hyvh || v1,v2,7,p) € F(S™, 5" ).

Then we conclude that the action of F(—,+) on functions in I —o I) preserves (_,id) : - C _.

A.7 Proof of Proposition 4
Proposition: Typing rules preserve V=1 relation of denotations.

unit: @ ———————
A 2T F () :unit

There are no assumptions, so we need to prove that it holds ([A; ="+ () : unit], [A; =T+

() : unit], unit, p) € V! that is

I'E () runit](ph), [A: Z: T () - unit](p3) ||

(I () s unit](pr), [A; 251 F () = unit](p2)), unit, p’) € Vy.

If p} = L A ph =L then
([4; 2T F () s unit](p)), [A; =, T F () = unat] (ph)),
; 0z unit](pr), [A; 25 I F () < unit](p2)) =
, L[4 () :unit](p1),[4; Z; T F ()  unit](p2)) and
L [A; =0 () s unit](pr), [A; =51 F () = unit](ps), unit,p’) € Vy,

Ifp) #LVph# Land py # L Aps # L then

(55T F () unit] (), [4: 53 T+ () s unit](ph),
[4;Z: T () s umit](p1), [A; 2517 F () = unit] (p2)) =

(d}, dy, i(ing*),i(ing*)) where d,dy € {L,i(iny*)}, and so
(dy, dy|| i(ing*),i(ing*), unit,p’) € Vv

Hence ([A;TF () : unit], [A; T F () = unit], unit, p) € Ve
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int:

eq:

Ay E T Encint

We need to prove that it holds ([4; Z; 1+ n :int], [A; Z; '+ n:int],int,p) € Vi that is
([4: 5; ' mzint] (), [4; 551 F nzint](ph) ||
[4; 50 Fnint](pr), [A; 25 1 F nozint](p2)).int,p') € V.

If p} = L A ph =L then

([4; 2 ' Ensint](p), [A; 21 F nint] (ph),

[4; 550 Fnint](pr). [A 251 F nocint](p2) =

(L, L,[A; =T ncint](p1), [A; 551 F nozint](p2)) and

(L, L[| [A = Enint](p), [A; 2 F ncint](p2),int, p') € Vy,

Ifp) #LVph# Land p; # LAps # L then

(LA 55Tk n (), TALZ, T F - it (5),

[4; 550 Fncint](pr). [A 251 F nocint](p2)) =

(dy, db,i(ingn),i(inzn)) where d}, d5 € {L,i(inzn)} and so
(d1,dy | i(ingn), i(ingn), int,p') € Vv

Hence ([A;I' & nzint], [A; I - n:int], unit,p) € Vi

A Z TV, i1, ref A Z Vi ref
Ay E,TEV, =V T(unit + unit)

Let v, = [A; E5 1 F Vig : 74 ref], vaq = [A; 2517 F Vag @ 74 Tef],
vy = [A; E5 0 F Vi o1y ref], vy = [A; 251 F Vo o 1y, ref].
Assume (V1q, V24,7 Tef,p) € VEL and (vip, vap, 7 ref,p) € VEL.

The assumption implies that either v14(p}) = v2q(p5) = L or I(l14,l2a, Taloj/j]) € zv.
i (01a(p}) C i (v1a(p1)) = inchia:

i (20 (p5)) E i (v2a(p2)) = invlza. ,

and either vy,(p}) = vap(ph) = L or I(lyp, loy. T[0j/y]) € ZP .

i Hvia(ph)) E i Hvia(p1)) = invlip.

i (v2a(ph)) E i (v2a(p2)) = invlop-

It follows from the deﬁn,ition of a match of finite store types that

(las l2as Taloj/aj]) € ZP A (Liby lop, Toloj /aj]) € ZP" implies liq = lip < lag = lop.

Let my = [A; 51 = Vig = Vip : T(unit +unit)], ma = [A; 25T = Vo = Vay, : T'(unit +unit)].
If v1a(p}) = vaa(ph) = L or vip(p}) = vap(ph) = L then mq(p}) = ma(ph) = L and then
(ma(py),m2(ph) || mi(p1), ma(p2), T(unit + unit),p’) € V.

Else if 14, = log A l1p = lop then

mi(p)) C AeAS. (i1 k) S (i o ing o iny (i(in1*)), mi(p1) = MNeAS.(i71k) S (i 0 ing o iny (i(iny*)),
ma(ph) C Ak AS.(i71k)S(i 0 ing o iny (i(in1*)), ma(p2) = MNeAS.(i71k)S (i 0 ing o iny (i(ing*)).
and if

lia # loa N lip # lop then

mi(py) C Ak AS. (i k) S (i 0 ing o ing(i(ingx)), mi(p1) = Ak AS.(i7 k) S(i 0 ing o ina(i(ing*)),
ma(ph) C Ak AS.(i71k)S (i 0 ing o ing(i(inix)), ma(p2) = Ak AS.(i71k)S(i 0 ing o ing(i(ing*)).
Application of these computations to related continuations and related states, will always give
that related continuations are applied to correspondingly related states and values. So possibly
using downwards closure

(mi(p1), ma(ps) | ma(pr), ma(p2), T (unit + unit), p') € V.

We conclude (my, ma, T'(unit + unit),p) € Vi .
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+ in:

A Vi

j€1{1,2
A EingVoim + 1 (e

Let vig = [A; =1 Vh : 15], va0 = [A; 551 Vi 7] and j € {1,2}. Assume (v19, v20,7;.p) €
VL.

Let vy = [A; 5T F ing Vi :m + 2] and vp = [A; 551 ¢ ingVa : 7 + 72

i1 0y (91)) = inyin; (v10(0]), =M (03 (p1)) = inyim (wr0(p1)),

i va(ph)) = inying(vao(ph)), i (v2(p2)) = ining(vao(p2)),

where we accept notation L = inin;(L).

Since by assumption (vio(p}), v20(p5) |l v10(p1),v20(p2). 7j(0; /], p') € Vv then -
(Wi (p), v2(0h) || v1(p1),v2(p2), (11 +72)[oj /), p') € Vy hence (v1,v2, 71 +72,p) € VT

ANETHEV i1+ 1 A ZDry i =M, TT A EDwy o= My : T
A;E;TF case Voof ing X1 < My;ineXo <= My, : T’

Let v = [A;E5 0 EViim + 7], v =[A; 20 F Vo i1 + 7.

Assume (vi,v2,71 + To,p) € Vil

Let mi, = [A;E5 0wy i b Mg T7'], mag = [A; 25121 : 1 B Mo, - T7'].
Assume (mi,, maq, TT',p) € V;IFU{E‘:”}.

Let map = [A; 251 w0 : o b My, - T7'], may = [A; 251 a0 - 7o b Moy, : T7'].
Assume (myp, may, T7',p) € ViIFU{“:”}.

Let mq = [A; 251 F case Vi of in1 Xy <= Myg;ineXs <= My, : T7'] and
me = [A; 2,1 F case Va of in Xy <= Mag;ineXo <= Moy, : TT'].

ma(p}) = Mk.AS. case vy (p)) of

ing(inid},) then miq(py ® di,)kS; ing(inad},) then myy(p) ® df,)kS else L,
mi(p1) = Mk.AS. case v1(p1) of

ing(in1dia) then my,(p1 ® dia)kS; ing(inadyp) then myp(pr ® dip)kS else L,
ma(ph) = Mk.AS. case va(ph) of

ing (inidy,) then maq(phy ® dy,)kS; ing(ingdl,) then moy(ph @ dby, kS else L,
ma(p2) = Mk.AS. case va(p2) of

ing (in1da,) then mag(p2 ® dag)kS; ine(inadsy) then moy(pe @ doy)kS else L.

Since by assumption (v1,va,71+72,p) € Vi7! then there are three possibilities. Either vy (p}) =
va(ph) = L and s0ma(g}) = ma(ph) = L and (m (1), ma(ph) | ms (1), malp), T (o3 51, ) €
V-

Or 3d,,,dby,, dia, dog. (dig, db, || dra, d2a, 1[0 /c],p") € Vi and

(vi(p1) = in & (india) # L) A ((vi(ph) = L Ady, = LV = (vi(p))in @ (imdy, # 1)),

(v2(p2) = in ® (inada) # 1) A (valph) = L Ay = LV = (ua(s)in @ (imdsy # 1)).

In this case it follows from the assumption (m14, maq, T'7',p) € V;fu{m:r') possibly together
with downwards closure that

(mi(p1), ma(ps) | ma(pr), ma(p2), T7'[o;/y],p') € Vs

Or 3d,,, dYy,, dip, dap. (dYy, dby, || dip, dob, 20 /cj],p") € Vy and

(v1(p1) = in @ (inadip) # L) A ((v1(p1) = L AN dy, = LV = (v1(p))in @ (inadyy, # 1)),

(va(p2) = in @ (in1dap) # L) A ((v2(ph) = LAdY, =LV = (1iz(p’2)m & (inydhy, # 1)).

then it follows from the assumption (mqy, map, T'7',p) € V;IFU{“:TQ) possibly together with
downwards closure that

(ma(ph), ma(py) || ma(pr), ma(p2), T't'[o;/ 5], p") € V.

So we conclude (my,m2, T, p) € V5i .
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A Z TV i1, A E VT
A ETE Vo, Vi) i Ta X T

X in:

Let vig = [A; 251 F Vig i o], vip = [A; 551 F Vi = 1],

vaq = [A;Z T F Vag = 74 vzb—ﬂA EiIF Vo i 1],

Assume (V14, V24, 7a,p) € VEL and (vip, vap, 7, p) € VEL.

Let v1 = [A; 551 F (Vig, Vi) 0 Ta X T, vo = [A; 551 F (Vag, Vap) : 7o X 7).

i vi(ph)) = If (via(ph) = L Vo(ph) = L) then L else ing(via(p}), vis(p))),
i (vi(p1)) = If (via(p1) = LV oi(pr) = L) then L else ing(via(p1), vin(p1)),
i (v2(ph)) = If (vaalph) = L Vvap(ph) = L) then L else ing(vaa(ph), v2n(p5)),
i (va(p2)) = If (v2a(p2) = LV vay(p2) = L) then L else ing(vaa(pa), van(p2)).

IF v14(p}) = v2a(ph) = L or vip(p}) = vap(p}) = L then i~ ! (v1(p})) =i~ (va(ph)) = L.

Else, since by assupmtion (v19a(p]); v20a, (05) || v10a(p1), v20a(p2), 710 /5], ') € Vv and
(v106(P1), v200(P5) [l vi0(p1), v208(p2), 2l0s /5], p") € Vv

then (v1(p}), v2(ph) || vi(p1),v2(p2), (1 X 72)[0;/;],p') € Vy hence (vi,va, 71 X T2,p) € VL.

AETEV i1 X1y

x el: ie{l,2
A5 N EmVoeTr (ie{1.2)
Let vy = [A; 550 E Vi X, v =[5 0 FVy i x 72,
Assume (v1,v2,71 X T9,p) € Vil
Let mqy = [A; 20wV T, mo = [A 210wVt Tri].
my(p)) = Ak.AS. case vy (p)) of ing(d)y,d|,) # L then kSdj; else L,
mi(p1) = Mk.AS. case v1(p1) of ing(di1,di2) # L then kSdy; else L,
ma(ph) = Ak.AS. case va(ph) of ing(dhyy,dhy) # L then kSdh; else L,
mz(pg) = M. AS. case ’Ug(pz) of in®(d21,d22) 7/: L then dez, else L.
The assumption (vi,va, 71 X T2,p) € V! implies that either v (p}) = v2(ph) = L or
diy, dig || dirs diz, mifos /e, p') € Vv, (dhy,doy || da1, daz, T2[oj /], p') € Vv and
vi(p1) = in@(di, di2) # L, (vi(py) = LA(dy = LVdiy = 1))V (vi(p)) = in®(diy, diy) # L),
v2(p2) = in@(day, daz) # L, (va(ph) = LA(dyy = LVdyy = L))V (va(ph) = in®(dyy, doy) # L).
In all cases we get (my(p), ma(pb) Il ma (o), ma(p2), Trilasfazl, ) € Vs
so (my,mg, T;,p) € VEL.
arith: A E T EV, vint A Z, TV vint

AZ TV, +Vy: Tint

Let v, = [A; 51 F Vig tint], voq = [A; 2517 F Vg @ int],
vy = [A; 251 F Vi sint]), vap = [A; 251 F Vay, «int].
Assume (v14,V2q,int,p) € V! and (vip, vay, int, p) € V1.

The assumption implies that either v14(p}) = v2q(p5) = L or

0 € Z. i (vra(ph) C i (v1a(p1)) = inig and i (vaa(h) C i~ (v2a(p2)) = ingme.
and either vy;(p)) = vap(py) = L or

Ing € Z. i (via(ph)) E i (via(p1)) = inLny and i~ (vaa(ph)) C i~ (vaa(p2)) = inLne.
Let my = [A; 251 F Vig + Vig : Tint]), mo = [A; 2,1+ Vag + Vo« Tint].

If v1a(ph) = vaalph) = L or vip(pr) = vap(pp) = L then my(py) = ma(ps) = L and then
(ma(ph)sma(pa) || ma(p1)smalpa), T(unit +unit), p') € Var.
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Zero:

Else let n = n, + ny then

mi(ph) Cmi(p1) = MeAS.(i7 k) S (i 0 ingn),

ma(ph) C ma(p2) = MNeAS.(i71k)S(i 0 ingn).

Then

(ma(ph), ma(py) | ma(pr), ma(p2), Tintlo;/ay],p') € Var =
(1 (6} )2 ma(eh) | ma(pr), ma(n). Tint, ) € Vs

hence (my,ma, Tint,p) € VL.

A Z T EV osint
A Z T Fiszero V : T'(unit 4 unit)

Let vy = [A; 55T F Vy int] and vy = [A; 25T F Vo« int]. Assume (vq, vo,int, p) € VL.
This assumption implies (v1(p}), v2(ph) || v1(p1),v2(p2),int,p’) € Vy,

and this again implies that either vy (p}) = va(ph) = L or

In € Z. v1(p}) C v1(p1) = ingn and va(ph) C va(p2) = inzn

Let my = [A; 21 Fiszero Vi = T(unit + unit)] and me = [A; =1+ iszero Vs = T(unit +
unit)]. We need to show (mq, ma, T'(unit + unit),p) € V5[, that is we want to show
(ma(ph), ma(pa) || ma(pr), ma(p2), T (unit + unit), p') € Va, or

(i (ma(py)), i~ (ma(ph) || a7 (ma(p1)), i7" (ma(p2)), T (unit + unit), p') € F(V, V).

If v1(p)) = va(ph) = L then my(p}) and ma(p5) will both be the constant L function in M,
and hence (mq(p}), m2(ph) || mi(p1), ma(p2), T (unit + unit),p’) € V.

Else, if n = 0 then

it mi(p))) St ma(pr)) = AeAS. i (k) S (ing o iny (i(iny*))),

i~ ma(ph)) C i Y ma(p2)) = AeAS. i~ (k) S (ing o iny (i(ing*))).

If n # 0 then

i~ mi(p))) S Yma(p1)) = AeAS. i (k) S (ing o ing(i(ing*))),

i (ma(ph)) C i~ (mapa)) = MeASi 1 ()S ing, o in (ims ).

Hence (mq(p), ma(ph) || mi(p1), ma(p2), T(unit + unit),p’) € V.
We conclude (mq,ma, T(unit + unit), p) € V.
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CALL-BY-VALUE TERMINATION IN THE UNTYPED M\-CALCULUS
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ABSTRACT. A fully-automated algorithm is developed able to show that evaluation of a
given untyped A-expression will terminate under CBV (call-by-value). The “size-change
principle” from first-order programs is extended to arbitrary untyped A-expressions in
two steps. The first step suffices to show CBV termination of a single, stand-alone A-
expression. The second suffices to show CBV termination of any member of a regular set
of A-expressions, defined by a tree grammar. (A simple example is a minimum function,
when applied to arbitrary Church numerals.) The algorithm is sound and proven so in
this paper. The Halting Problem’s undecidability implies that any sound algorithm is
necessarily incomplete: some A-expressions may in fact terminate under CBV evaluation,
but not be recognised as terminating.

The intensional power of the termination algorithm is reasonably high. It certifies as
terminating many interesting and useful general recursive algorithms including programs
with mutual recursion and parameter exchanges, and Colson’s “minimum” algorithm.
Further, our type-free approach allows use of the Y combinator, and so can identify as
terminating a substantial subset of PCF.

1. INTRODUCTION

The size-change analysis by Lee, Jones and Ben-Amram [32] can show termination of pro-
grams whose parameter values have a well-founded size order. The method is reasonably
general, easily automated, and does not require human invention of lexical or other pa-
rameter orders. It applies to first-order functional programs. This paper applies similar
ideas to termination of higher-order programs. For simplicity and generality we focus on
the simplest such language, the A-calculus.

Contribution of this paper. Article [23] (prepared for an invited conference lecture)
showed how to lift the methods of [32] to show termination of closed A-expressions. The
current paper is a journal version of [23]. It extends [23] to deal not only with a single
A-expression in isolation, but with a regular set of A-expressions generated by a finite
tree grammar. For example, we can show that a A-expression terminates when applied to
Church numerals, even though it may fail to terminate on all possible arguments. This
paper includes a number of examples showing its analytical power, including programs with
primitive recursion, mutual recursion and parameter exchanges, and Colson’s “minimum”
algorithm. Further, examples show that our type-free approach allows free use of the Y
combinator, and so can identify as terminating a substantial subset of PCF.
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1.1. Related work. Jones [22] was an early paper on control-flow analysis of the untyped
A-calculus. Shivers’ thesis and subsequent work [53, 54] on CFA (control flow analysis)
developed this approach considerably further and applied it to the Scheme programming
language. This line is closely related to the approximate semantics (static control graph)
of Section 3.6 [22].

Termination of untyped programs. Papers based on [32] have used size-change graphs
to find bounds on program running times (Frederiksen and Jones [16]); solved related
problems, e.g., to ensure that partial evaluation will terminate (Glenstrup and Jones, Lee
(24, 30]); and found more efficient (though less precise) algorithms (Lee [31]). Further,
Lee’s thesis [29] extends the first-order size-change method [32] to handle higher-order
named combinator programs. It uses a different approach than ours, and appears to be
less general.

We had anticipated from the start that our framework could naturally be extended
to higher-order functional programs, e.g., functional subsets of Scheme or ML. This has
since been confirmed by Sereni and Jones, first reported in [50]. Sereni’s Ph.D. thesis [49]
develops this direction in considerably more detail with full proofs, and also investigates
problems with lazy (call-by-name) languages. Independently and a bit later, Giesl and
coauthors have addressed the analysis of the lazy functional language Haskell [17].

Termination of typed \-calculi. Quite a few people have written about termination based
on types. Various subsets of the A-calculus, in particular subsets typable by various disci-
plines, have been proven strongly normalising. Work in this direction includes pathbreak-
ing results by Tait [56] and others concerning simple types, and Girard’s System F [26].
Abel, Barthe and others have done newer type-based approaches to show termination of
a A-calculus extended with recursive data types [1, 2, 5].

Typed functional languages: Xi’s Ph.D. research focused on tracing value flow via data
types for termination verification in higher order programming languages [61], Wahlstedt
has an approach to combine size-change termination analysis with constructive type theory
(59, 60].

Term rewriting systems: The popular “dependency pair” method was developed by
Arts and Giesl [4] for first-order programs in TRS form. This community has begun to
study termination of higher order term rewriting systems, including research by Giesl et.al.
(18, 17], Toyama [57] and others.

2. THE CALL-BY-VALUE A-CALCULUS

First, we review relevant definitions and results for the call-by-value A-calculus, and
then provide an observable characterisation of the behavior of a nonterminating expression.

2.1. Classical semantics.

Definition 2.1. Ezp is the set of all A-expressions that can be formed by these syntax
rules, where @ is the application operator (sometimes omitted). We use the teletype font
for A-expressions.

e, P ::= x| e@e | Ax.e

X ::=  Variable name

e The set of free variables fu(e) is defined as usual: fv(x) = {x}, fv(e@e’) = fu(e) U

fu(e’) and fuo(Ax.e) = fu(e) \ {x}. A closed \-expression e satisfies fv(e) = ().
e A program, usually denoted by P, is any closed \-expression.
e The set of subexpressions of a A-expression e is denoted by subezp(e).
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The following is standard, e.g., [43]. Notation: (-reduction is done by substituting v for
all free occurrences of x in e, written e[v/x], and renaming A-bound variables if needed to
avoid capture.

Definition 2.2. (Call-by-value semantics) The call-by-value evaluation relation is defined
by the following inference rules, with judgement form e |} v where e is a closed A-expression
and v € ValueS. ValueS (for “standard value”) is the set of all abstractions Ax.e.

(Ifve ValueS) — (Applys) SLUMxeo e2lvs  eofon/x]dv

(ValueS)
v{v e1@es | v

Lemma 2.3. (Determinism) If e v and e |} w then v = w.

2.2. Nontermination is sequential. A proof of e || v is a finite object, and no such
proof exists if the evaluation of e fails to terminate. Thus in order to be able to trace an
arbitrary computation, terminating or not, we introduce a new “calls” relation e — €', in
order to make nontermination visible.

The “calls” relation. The rationale is straightforward: e — e’ if in order to deduce e |} v
for some value v, it is necessary first to deduce e’ |} u for some wu, i.e., some inference rule
/ ?
% Applying this to Definition 2.2 gives the following.
el ?
Definition 2.4. (Evaluation and call semantics) The evaluation and call relations are
defined by the following inference rules, where — | ? , — C Ezp x Exp".
I c

has form

(Value) (If v € Value)
v v

(Operator) —— (Operand) —ado

e1Qey — e e10ey — e9

T d

Ax.e e || v e Axeg  ex s eglua/x] v
Cally) SL¥Axeo  es vy Appl 1
( 0) e1Qey — eglu2/x] (Applyo) e10es || v

c

For convenience we will sometimes combine the three into a single call relation — =
— U — U — . As usual, we write —T for the transitive closure of —, and —* for
T c

its reflexive transitive closure. We will sometimes write s | to mean s || v for some

v € ValueS, and write s |} to mean there is no v € ValueS such that s || v, ie., if
evaluation of s does not terminate.

A small improvement to the operational semantics. Note that rules (Callp) and (Applyo)
from Definition 2.4 overlap: ey |} v2 appears in both, as does eg[va/x]. Thus (Cally) can be
used as an intermediate step to simplify (Applyo), giving a more orthogonal set of rules.
Variations on the following combined set will be used in the rest of the paper:

lNanming: r,din _, , — are the last letters of operator and operand, and cin _, stands for “call”.
T

c
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Definition 2.5. (Combined evaluate and call rules, standard semantics)

(Value) —— (If v € Value)
v v

(Operator) ———— (Operand) _adbu
e1Qey T> el e10ey 7 €9
! !
(Call e1 U dxey el om (Apply) e1Qes —e e Jv

e1Qey - eg[v2/x] e1@ey |l v

The call tree of program P is the smallest set of expressions CT' containing P that is closed
under — . It is not necessarily finite.

Lemma 2.6. (NIS, or Nontermination Is Sequential) Let P be a program. Then Pl if
and only if CT has no infinite call chain starting with P:

P=¢y—e —ey— ...
Ezample: evaluation of expression Q = (Ax.x0x)@(\y.y@y) yields an infinite call chain:

Q= (Axx0x)Q(Ay.yey) — (Ay.yey)e(Ay.yey) — (Ay.yey)e(Ay.yey) — ...

By the NIS Lemma all nonterminating computations give rise to infinite linear call chains.
Such call chains need not, however, be repetitive as in this example, or even finite.

Informally eo |/ implies existence of an infinite call chain as follows: Try to build,
bottom-up and left-to-right, a proof tree for eg |} v. Since call-by-value evaluation cannot
“get stuck” this process will continue infinitely, leading to an infinite call chain. Figure 1
shows such a call tree with infinite path starting with ey — e; — ey — e3 — ..., where
—= - u 7 @] - The Appendix contains a formal proof.

3. AN APPROACH TO TERMINATION ANALYSIS

The “size-change termination” analysis of Lee, Jones and Ben-Amram [32] is based
on several concepts, including:

(1) Identifying nontermination as caused by infinitely long sequential state transitions.
2) A fixed set of program control points.
3) Observable decreases in data value sizes.
4) Construction of one size-change graph for each function call.
5) Finding the program’s control flow graph, and the call sequences that follow it.

A~~~

The NIS Lemma establishes point 1. However, concepts 2, 3, 4 and 5 all seem a priori
absent from the A-calculus, except that an application must be a call; and even then, it
is not a priori clear which function is being called. We will show, one step at a time, that
all the concepts do in fact exist in call-by-value A-calculus evaluation.

3.1. An environment-based semantics. Program flow analysis usually requires evi-
dent program control points. An alternate environment-based formulation remedies their
absence in the M-calculus. The ideas were formalised by Plotkin [43], and have long been
used in implementations of functional programming language such as SCHEME and ML.
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e()ll?

Code: r = “Operator”, d = “Operand”, ¢ = “call”.

Figure 1: Nontermination implies existence of an infinite call chain

Definition 3.1. (States, etc.) Define State, Value, Env to be the smallest sets such that

State = { e:p | e€ Exp,p€ Envand dom(p) D fv(e) }
Value = { Ax.e:p Ax.e : p € State
Env = { p:X — Value | X is a finite set of variables }

Equality of states is defined by:
e;:p1 =ey:py holds if e; = ey and p1(x) = pa(x) for all x € fu(eq)

The empty environment with domain X = ) is written []. The environment-based evalu-
ation judgement form is s |} v where s € State,v € Value.
The Plotkin-style rules follow the pattern of Definition 2.1, except that substitution (/3-
reduction) eg[v2/x] of the (CallS) rule is replaced by a “lazy substitution” that just updates
the environment in the new (Call) rule. Further, variable values are fetched from the
environment
Definition 3.2. (Environment-based evaluation semantics) The evaluation relation {, is
defined by the following inference rules.

(ValueE) (If v € Value) (VarE)

viv

x:plp(x)

191



el p )\X.e 2O ey p U ep . PolX — v v
(ApplyE) - o 0 P0 2:p v 0 : pol o] |
e@ey:p v

3.2. States are tree structures. A state has form s = e : p as in Definition 3.1 where
p binds the free variables of e to values, which are themselves states. Consider, for two
examples, these two states

s = e:p = r@(x@a):[r— succ:|[,ar2:]

s = é&ipf = re(rea):[r+— la.re(r0a):[r— succ: [|],ar2:[]]

(written in our usual linear notation and using the standard Church numerals 0,1,2,. ...
For brevity details of the successor function succ are omitted. It is straightforward to
verify that s |} 4 and s’ || 6 by Definition 3.2.

More generally, each value bound in an environment is a state in turn, so in full detail
a state’s structure is a finite tree. (The levels of this tree represent variable bindings, not
to be confused with the syntactic or subexpression tree structures from Figure 3.)

e s
——
r@(rea): [ ;]
e J4 ’1/\1‘
——
r@(r0a): [.] Aa.r@(rea): [.] 2:[1
T a T
succ: [] 2:0] succ: []

Figure 2: Structures of two states s,s'. Each state is a finite tree.

Figure 2 shows the structure of these two states, with abbreviations for Church numerals
such as 2 = A\sAz.s0(s@z).

3.3. Nontermination made visible in an environment-based semantics. Straight-
forwardly adapting the approach of Section 2.2. gives the following set of inference rules,
variations on which will be used in the rest of the paper:

Definition 3.3. (Combined evaluate and call rules, environment semantics)

(Value) (If v € Value) (Var) ————
viv x:pdp(x)
(Operator) ————— (Operand) _eiplo
el@egzpﬁel:p el©e2:p7e2:p
(Call) ! cplAxegipy  er:plu (Apply) el@e21p7e’:p’ iy
e10es i p —ep: polx — 2] e1@es:p v
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The following is proven in the same way as Lemma 2.6.

Lemma 3.4. (NIS, or Nontermination Is Sequential) Let P be a program. Then P : [| | if

and only if CT has no infinite call chain staring with P : || (where — = — U Y= ):
T c

P:[|=ep:po—er:pr—ex:py— ...

Following the lines of Plotkin [43], the environment-based semantics is shown equiv-
alent to the usual semantics in the sense that they have the same termination be-
haviour. Further, when evaluation terminates the computed values are related by function
F : States — Exp defined by

F(e:p) = e[F(p(x1))/x1, ... F(p(x))/xx] where {x1,..,xx} = fu(e).

Lemma 3.5. P: [| | v (by Definition 3.2) implies P |} F(v) (by Definition 2.5), and
P |l w implies there exists v’ such that P : [| | v/ and F(v') = w.

Ezample: evaluation of closed Q = (Ax.x0x)@(\y.y@y) yields an infinite call chain:

Q] = (Ax.x0x)Q(\y.yQy) : [| — x0@x : p; — yOy : p2 — yOy : py — yOy : pg — ...
where p; = [x — Ay.yQy : []] and p2 = [y — Ay.yey : []].
3.4. A control point is a subexpression of a A-expression. The following subexpres-
sion property does not hold for the classical rewriting A-calculus semantics, but does hold
for Plotkin-style environment semantics of Definition 3.2. It is central to our program

analysis: A control point will be a subexpression of the program P being analysed, and our
analyses will trace program information flow to and from subexpressions of P.

Lemma 3.6. IfP:[] || Ax.e: p then Mx.e € subezp(P). [Recall Definition 2.1.]
This is proven as follows, using a more general inductive hypothesis.
Definition 3.7. The expression support of a given state s is exp_sup(s), defined by
exp_sup(e : p) = subexp(e) U U exp_sup(p(x))
xEfv(e)
Lemma 3.8. (Subexpression property) If s || s’ or s — s then exp_sup(s) 2 exp_sup(s’).

Proof. This follows by induction on the proof of s || v or s — s'. Lemma 3.6 is an
immediate corollary.

Base cases: s = x : p and s = Ax.e : p are immediate. For rule (Call) suppose
e1:pl Ax.eg: pp and e : p || vo. By induction

exp_sup(ey : p) 2 exp_sup(Ax.eg : pg) and exp_sup(eq : p) D exp_sup(va)

Thus
exp_sup(e1Qey : p) D exp_sup(er : p) Uexp_sup(es:p) 2
exp_sup(Ax.eq : po) U exp_sup(va) 2 exp_sup(eq : polx — v2])

For rule (Apply) we have exp_sup(e1@es : p) 2 exp_sup(e’ : p') 2 exp_sup(v). Cases
(Operator), (Operand) are immediate.
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3.5. Finitely describing a program’s computation space. A standard approach to
program analysis is to trace data flow along the arcs of the program’s dynamic control
graph or DCG. In our case this is the call relation — of Definition 2.5. Unfortunately
the DCG may be infinite, so for program analysis we will instead compute a safe finite
approximation called the SCG, for static control graph.

Example 3.9. Figure 3 shows the combinator Q = (Ax.x0x)@(\y.y@y) as a syntax tree
whose subexpressions are labeled by numbers. To its right is the “calls” relation —. It
has an infinite call chain:

Q:[] > x0@x:py — yOy:p2 — yOy:p2 — yOy : py — ...
Using subexpression numbers, the loop is
1:]]=3:p1—=T:ip2—T:ipy— ...

where p; = [x — Ay.y@y : []] and p2 = [y — Ay.y@y : []]. The set of states reachable
from P : [] is finite, so this computation is in fact a “repetitive loop.” (It is also possible
that a computation will reach infinitely many states that are all different.)

A-expression ) The “calls” relation —
1(®)
. o
Y Y
SONO) d ‘
efcbete e
5

where p1=[x—6:[ and pp=[y—6:[]

Figure 3: The DCG or dynamic control graph of a A-expression

By the NIS Lemma 3.4, if P |/ then there exists an infinite call chain
P:[]=ep:po—er:pr—ex:ips— ...

By Lemma 3.8, e; € subexp(P) for each 7. Our termination-detecting algorithm will focus
on the size relations between consecutive environments p; and p;+1 in this chain. Since
subexp(P) is a finite set, at least one subexpression e occurs infinitely often, so “self-loops”
will be of particular interest.

Since all states have an expression component lying in a set of fixed size, and each
expression in the environment also lies in this finite set, in an infinite state set S there
will be states whose environment depths are arbitrarily large.

3.6. Static control flow graphs for M-expressions. The end goal, given program P,
is implied by the NIS Lemma 3.4: correctly to assert the nonexistence of any infinite call
chain starting at P : [|. By the Subexpression Lemma 3.8 an infinite call chain eg : pg —
1:p1 — €2 p2 — ...can only contain finitely many different expression components e;.
A static control ﬁow graph (SCG for short) including all expression components can be
obtained by abstract interpretation of the “Calls” and “Evaluates-to” relations (Cousot
and Cousot [14]). Figure 4 shows a SCG for Q.
An approximating SCG may be obtained by removing all environment components
from Definition 3.3. To deal with the absence of environments the variable lookup rule
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A-expression (2 Control flow graph

@
g g ® /O
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Figure 4: The SCG or static control graph of a A-expression

is modified: If ej@ey is any application in P such that e; can evaluate to a value of form
Ax.e and ey can evaluate to value vy, then vo is regarded as a possible value of x.

Although approximate, these rules have the virtue that there are only finitely many
possible judgements e — ¢’ and e |} ¢’. Consequently, the runtime behavior of program P
may be (approximately) analysed by exhaustively applying these inference rules. A later
section will extend the rules so they also generate size-change graphs.

Definition 3.10. (Approximate evaluation and call rules) The new judgement forms are
el ¢ and e — ¢’. The inference rules are:

(ValueA) W (VarA) e10@ey € subexp(P)uel U Axeg esdvs
X.e X.e <o
(OperatorA) ———— (OperandA) —————
e1Qey — e 0100y — o
" d
/ /
(Calla) SLUAze0 es by (Applya) e oY

e1@es — ep e10ey »U v
c

The (VarA) rule refers globally to P, the program being analysed. The approximate
evaluation is nondeterministic, since an expression may evaluate to more than one value.

Following is a central result: that all possible values obtained by the actual evaluation
of Definition 3.3 are accounted for by the approzimate evaluation of Definition 3.10.

IfP:[| —>*e:p and e:ple:p, then el e

Lemma 3.11. IfP:[|=*e:p and e:p—e :p, then e—e.

Proof is in the Appendix.

4. A QUICK REVIEW OF SIZE-CHANGE ANALYSIS

Using the framework of [32], the relation between two states s; and s2 in a call 51 — s2
or an evaluation s; || s will be described by means of a size-change graph G.

Example 4.1. Let first-order functions f and g be defined by mutual recursion:
f(x,y) = if x=0 then y else 1: g(x,y,y)
g(u,v,w) = if w=0 then 3:f(u-1,w) else 2:g(u,v-1,w+2)
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Label the three function calls 1, 2 and 3. The “control flow graph” in Figure 5 shows

the calling function and called function of each call, e.g., 1 : £ — g. Associate with each

call a “size-change graph”, e.g., G for call 1, that safely describes the data flow from the

calling function’s parameters to the called function’s parameters. Symbol | indicates a

value decrease.

Size-change graph set G
= !

xSu usu ubx 1

yov vy vy @‘_3_>2

N ”
v woow W

Gy G2 Gs
Figure 5: Call graph and size-change graphs for the example first-order program.

Control flow graph

Termination reasoning: We show that all infinite size-change graph sequences M =
9192 - .. € {G1,G2,G3}¥ that follow the program’s control flow are impossible (assuming
that the data value set is well-founded):

Case 1: M € ...(G2)¥ ends in infinitely many G5’s: This would imply that variable
v descends infinitely.
Case 2: M € ...(G1G5G3)“. This would imply that variable u descends infinitely.

Both cases are impossible; therefore a call of any program function with any data will
terminate. End of example.
Definition 4.2.
(1) A size-change graph A S B consists of a source set A; a target set B; and a set of
labeled? arcs G C A x {=, |} x B.
(2) The identity size-change graph for A is A 94 A where ida={x—>x|x€A}.
(3) Size-change graphs A A Band C % D are composible if B = C. The composition

of A% Band B Cis A ety C' where

G1;Go {X$z| | € {rs|xbyecGiandy > z€ Gy forsomeyc B} }

U {x>z| {=} = {rs|x>yecG andy>zcGyforsomeyc B} }

Lemma 4.3. Composition is associative, and A B implies id ;G = G;idg = G.

Definition 4.4. A multipath M over a set G of size-change graphs is a finite or infinite
composible sequence of graphs in G. Define

G¥ ={M = Gy,G,... | graphs G;, G; 11 are composible for i =0,1,2,... }
Definition 4.5.
(1) A thread in a multipath M = Gy, G, G, ... is a sequence t = a; REX g1 AN

such that aj, —% ag1 € Gy, for every k > j (and each ry is = or |.)

(2) Thread ¢ is of infinite descent if rj, = | for infinitely many k > j.

2Arc label T signifying > was used in [32] instead of =, but this makes no difference in our context.
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Definition 4.6. The size-change condition.

A set G of size-change graphs satisfies the size-change condition if every infinite

multipath M € G contains at least one thread of infinite descent.
Perhaps surprisingly, the size-change condition is decidable. Its worst-case complexity is
shown to be complete for PSPACE in [32] (for first-order programs, in relation to the length
of the program being analysed).
The example revisited. The program of Figure 5 has three size-change graphs, one for each
ofthecallsl:f—>g,2:g—>g,3:g—>f,sog:{AﬂB,BG—%B,B%A}where
A= {x,y} and B = {u,v,w}. (Note: the vertical layout of size-change graphs in Figure 5
is inessential; one could simply write G3 = {u 4 X, — y}.)

G satisfies the size-change condition, since every infinite multipath has either a thread

that decreases u infinitely, or a thread that decreases v infinitely.

5. TRACING DATA SIZE CHANGES IN CALL-BY-VALUE A-CALCULUS EVALUATION
The next focus is on size relations between consecutive environments in a call chain.
5.1. Size changes in a computation: a well-founded relation between states.

Definition 5.1.
(1) A name path is a finite string p of variable names, where the empty string is (as
usual) written e.
(2) The graph basis of a state s = e : p is the smallest set gb(s) of name paths satisfying
gb(e :0) = {€} U {xp | x € fu(e) and p € gb(p(x))}
By this definition, for the two states in the example above we have gb(s) = {e,r,a}

and gb(s’) = {e,r,rr,a}. Further, given a state s and a path p € gb(s), we can find the
substate identified by name path p as follows:

Definition 5.2. The valuation function's : gb(s) — State of a state s is defined by:

s(()=s and &7p(xp) = p(x)(p)

‘We need to develop a size ordering on states. This will be modeled by size-change
arcs — and 4. The size relation we use is partly the “subtree” relation on closure values
e : p, and partly the “subexpression” relation on A-expressions.

Definition 5.3.
(1) The state support of a state e : p is given by
support(e: p) ={e:p} U U support(p(x))
xEfv(e)

(2) Relations >, >2, > and > on states are defined by:

e 51 1 8o holds if support(s1) 2 so and s1 # so;

e 51 =2 s holds if s; = ey : p; and sy = ey : pa, where subexp(e1) > ez and

ey # e and Vx € fu(ez).p1(x) = pa(x). Further,

e Relation > is defined to be the transitive closure of =1 U =9 U =.
e Finally, s; > s9 if s1 = s2 and s1 # s9
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Lemma 5.4. The relation = C State x State is well-founded.
We prove that the relation > on states is well-founded by proving that
ey : p1 >~ ey : py implies that (H(eq : p1), L(e1)) >1ex (H(e2 : p2), L(e2))
in the lexicographic order, where H gives the height of the environment and L gives the
length of the expression. The proof is in the Appendix.
Lemma 5.5. If p € gb(s) then s =1 3(p). If p € gb(s) and p # € then s =1 3(p).
6. SIZE-CHANGE GRAPHS THAT SAFELY DESCRIBE A PROGRAM

6.1. Safely describing state transitions. We now define the arcs of the size-change
graphs (recalling Definition 4.2):

Definition 6.1. A size-change graph G relating state s1 to state sy has source gb(s1) and
target gb(sa).

Definition 6.2. Let s; = e; : p; and sy = ey : p2. Size-change graph s;—sy, G is saf83
for (s, s2) if

= . . _ _ 1 . . _ _
p1 — p2 € G implies Si(p1) =S2(p2) and p1 = p2 € G implies s1(p1) = S2(p2)

By dom(G) we denote the subset of source(G) from where arcs begin. By codom(G) we
denote the subset of target(G) where arcs end. Notice that if a size-change graph G is
safe for the states (si,s2), then any subset size-change graph G’ C G with source(G’') =
source(@) and target(G') = target(G) is safe for (s1, s2).

*

Definition 6.3. A set G of size-change graphs is safe for program P if P:[] —* s1 — so
implies some G € G is safe for the pair (sq,s2).

Example 6.4. Figure 6 shows a graph set G that is safe for program Q = (Ax.x@x)(\y.y@y).
For brevity, each subexpression of €2 is referred to by number in the diagram of G. Subex-
pression 1 = ) has no free variables, so arcs from node 1 are labeled with size-change
graphs Gy = ().

A-expression () Set of size-change graphs G = {Go,G1, G2, G3}

Go=0, Gi={x=x}, Go={x=>y}, Gs={y—=y}

Figure 6: A set of size-change graphs that safely describe Q’s nonterminating computation.
Theorem 6.5. If G is safe for program P and satisfies the size-change condition, then
call-by-value evaluation of P terminates.

3The term “safe” comes from abstract interpretation [25]. An alternative would be “sound.”
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Proof. Suppose call-by-value-evaluation of P does not terminate. Then by Lemma 3.4
there is an infinite call chain

P:[l=ep:po—er:pr—ex:py— ...

Letting s; = e; : p;, by safety of G (Definition 6.3), there is a size-change graph G; € G

that safely describes each pair (s;,s;+1). By the size-change condition (Definition 4.6)

the multipath M = Gp, G, ... has an infinite thread ¢ = a; A g1 "5 such that
k > j implies ay E» arp+1 € Gy, and each 7, is | or =, and there are infinitely many
ri, =]. Consider the value sequence Sj(a;),5j51(aj+1),.... By safety of G} (Definition

6.2) we have Si(ag) = Sgr1(ags1) for every k > j, and infinitely many proper decreases
Sk(ak) > Skr1(ags1). However this is impossible since by Lemma 5.4 the relation > on
State is well-founded.

Conclusion: call-by-value-evaluation of P terminates. J

The goal is partly achieved: We have found a sufficient condition on a set of size-change
graphs to guarantee program termination. What we have not yet done is to find an
algorithm to construct a size-change graph set G that is safe for P (The safety condition
of Definition 6.3 is in general undecidable, so enumeration of all graphs won’t work.) Our
graph construction algorithm is developed in two stages:
e First, the exact evaluation and call relations are “instrumented” so as to produce
safe size-change graphs during evaluation.
e Second, an extension of the abstract interpretation from Section 3.6 yields a com-
putable over-approximation G that contains all graphs that can be built during
exact evaluation.

6.2. Generating size-change graphs during a computation. We now “instrument”
the exact evaluation and call relations so as to produce safe size-change graphs during
evaluation. In the definition of the size-change graphs x, y, z are variables, and p, ¢ can
be variables or €, the empty path. Recall the valuation function for a state gives 5(¢) = s,
so in a sence € is bound to the whole state.

Definition 6.6. (Evaluation and call with graph generation) The extended evaluation and
call judgement forms are e: p — e’ : p/,G  and e:pl e :p, G, where source(G) =
fv(e)U{e} and target(G) = fv(e’)U{e}. The inference rules are:

(ValueG) —
Ax.e:pll Axe:p,idy, o

(OperandG) eriplu

OperatorG
(Op ) el@egzpjegs/gidiz

ej@ey:p — ej:p, iclﬁ1
T
id; stands for {e > e} U{y >y |y € fu(e)}
id} stands for {e EN edU{y =y |ye fule)}
An arc y = y express that the state bound to the variable y is the same in both sides,

before and after the evaluation or call.
The € “represent” the whole state. In the (ValueG) rule the state Ax.e : p is the same in
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both sides and so there is an arc ¢ — €. In the (OperatorG) and (OperandG) rules the
state is smaller in the right hand side because we go to a strict subexpression and possibly

. . . !
also restrict the environment p accordingly. So there are € — € arcs.

(VarG)

x:pbp(x), {x>ylye fole) JUfx = e} (p(x) ="+ p)

In the (VarG) rule the state on the right side is p(z). This is the state which 2 is bound
to in the environment in the left hand side, therefore we have an arc x — e. Suppose
p(x) =€’ :p and y € fv(e’). Then y is bound in p’ and this binding is then a subtree of

|
e’ : p/. So we have an arc x — y.

e : Ax.eq : po, G ey : vy, G
(CallG) 1:p4 0 : po, G1 2 fm%o 2, G2 —
e1@ey : p —eo: polx — vo], Gy Ueo GS

In the definition of the size-change graphs used in the (CallG) rule x, y, z are variables,
and p, ¢ can be variables or €. In - the r can be either | or =. The construction of the
size-change graph associated with the call is explained below.

—c/A.
G, AT stands for  cases

x € fo(eg) : {yL>2|yl>z€G1}U{e~l>z le LzeGy)
x¢ foleo) :{ySzlyLzeGiiulebgletgeGi}u
{pie\pgeeGﬁ}
GS7*  stands for {ygx\yLEGGz}U{e$x|eL€€G2}
G U, G" stands for the restriction of G UG’ such that
the codomain C fuv(e) U {e}
First we consider how much information from G; we can preserve. We have that the whole
state e1@ey : p in left hand side for the c-call is strictly larger than e : p. The variable x
is not free in Ax.eg and so does not belong to the target of G;. If a variable z € fv(Ax.eg)
is bound in pg then it is bound to the same state in pg[x — va]. Therefore, if there is an
arc y — z in Gq, then it also safely describes the c-call and can be preserved. Also, if
there is an arc € — z in Gy, then an arc e L 2 describes the c-call. Further, if x ¢ fv(eo)
then eg : po[x > v2] = eg : po and then Ax.eq : po = eq : po[x — va] = eg : po. In this case,
if there is an arc p — € going to ¢ in Gy, then the arc p X ¢ describes the c-call.
Now consider which information we can gain from Gz. We have that the whole state
e1Qes : p in left hand side for the c-call is strictly larger than ey : p. If x € fv(eg) then
in eg : po[x — va] we have that x is bound to the whole state in the right hand side for
the evaluation of the operand. So in this case, if there is an arc y — € in Gy then the arc
y = x describes the c-call, and if there is an arc ¢ > ¢ in G then the arc € 4 x describes

the c-call. If x ¢ fv(ep) then we cannot gain any information from Gs. The restriction
built into the definition of U, ensures that this holds.
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el@egzp7e':p/,G/ e:p v G
e10ey: pll v, (G;G)

(ApplyG)

The size-change graph (G’;G) is the composition of the two graphs.

In the size-change graphs generated by the rules above, the less-than relations (z 4 y)
in (VarG)-rule arise from the sub-environment property of >; from Lemma 5.5. The

remaining relations Y, arise from the subexpression property of 9. The relations based
on the sub-environment property capture the case that the state on the right hand side
is fetched from the environment in the left hand side. The equality relations — describe
how values are preserved under calls and evaluations.

Lemma 6.7. s — s (by Definition 2.5) iff s — s',G (by Definition 6.6) for some G.
Further, s |} s' iff s | s',G for some G.

Theorem 6.8. (The extracted graphs are safe)

s — §,G or s | §,G (by Definition 6.6) implies G is safe for (s,s’) (with source and
target sets extended as necessary).

Lemma 6.7 is immediate since the new rules extend the old, without any restriction
on their applicability. Proof of “safety” Theorem 6.8 is in Appendix.

Figure 7: Data-flow in a variable evaluation

The diagram of Figure 7 illustrates the data-flow in a variable evaluation. The diagram
of Figure 8 may be of some use in visualising data-flow during evaluation of e;@es. States
are in ovals and triangles represent environments. In the application e;@es : p on the
left, operator e; : p evaluates to Ax.ep : po, G1 and operand ey : p evaluates to e :
p', Go. The size-change graphs G and G5 show relations between variables bound in their
environments. There is a call from the application e1@es : p to e : polx — €’ : p'] the
body of the operator-value with the environment extended with a binding of x to the
operand-value e’ : p'.

It is possible to approximate the calls and evaluates to relations with different de-
grees of precision depending on how much information is kept about the bindings in the
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CHTETD

Figure 8: Data-flow in an application

environment. Here we aim at a coarse approximation, where we remove all environment
components‘4

6.3. Construction of size-change graphs by abstract interpretation. We now ex-
tend the coarse approximation to construct size-change graphs.

Definition 6.9. (Approximate evaluation and call with graph generation)
The judgement forms are now e — e/, G and e | ¢/, G, where source(G) = fv(e)U{e} and
target(G) = fv(e’)U{e}. The inference rules are:

(ValueAG) (VarAG) e10ey € subexp(P) e |} Ax.ep, Gy eau V9, Go
Me I Axe, idy xluy, {x5y|yef)}U{x> el
(OperatorAG) (OperandAQG)

e10ey - e, iclﬁ1 e10ey ? eq, id}22
/ U /
e1 ) Axeg,G1 ex Y v2,Gy (ApplyAG) eiGe; e G G

CallAG =
( ) e10er — e, Gy </Az-co Uy G§F e1@es |l v,G"; G

Lemma 6.10. Suppose P : [| =* e : p. Ife: p — & : p/,G by definition 6.6 then
e — e G. Further, ife:pl e :p/ G thenel €, G.

Proof. Follows from Lemma 3.11; see the Appendix. O

It is possible to keep a little more information in the graphs than we do here even with no knowledge
about value-bindings in the environment. We have chosen the given presentation for simplicity.
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Definition 6.11.
absint(P) = { G| j > 0ATe;, Gi(0 < i < j) : P =egA(eg — e1, G1)A...Alej—1 — ¢j,Gj) }
Theorem 6.12.

(1) The set absint(P) is safe for P.
(2) The set absint(P) can be effectively computed from P.

Proof. Part 1: Suppose P : [| = s9 — s1 — ... — s;. Theorem 6.8 implies s; — 541, G
where each G; is safe for the pair (s;, s;11). Let s; = ¢; : p;. By Lemma 6.10, e; — e;11, G;.
By the definition of absint(P), G; € absint(P) .

Part 2: There is only a fixed number of subexpressions of P, or of possible size-change
graphs with source and target C {e} U {x | x is a variable in P }. Thus absint(P) can be
computed by applying Definition 6.9 exhaustively, starting with P, until no new graphs or
subexpressions are obtained.

7. SOME EXAMPLES

7.1. A simple example. Using Church numerals (n = AsAz.s"(z)), we expect 2 succ
0 to reduce to succ(succ 0). However this contains unreduced redexes because call-by-
value does not reduce under a A, so we force the computation to carry on through by
applying 2 succ 0 to the identity (twice). This gives:

2 succ 0 idl id2 where
succ = A\m.As.\z. m s (s z)
idl = Ax.x
id2 Ay.y

After writing this out in full as a A-expression, our analyser yields (syntactically sugared):

[As2.Az2.(s2 @ (s2 @ z2))] -- two —-—
@ [m.As.A\z. [15:]((me@s)@(s€z))]  -- succ --
@ [As1l.Azl.z1] -— zero -—-
@ [Ax.x] —— id1 -
e [Ay.y] -- id2 -—-

Output of loops from an analysis of this program:
16—* 156: [(m,>,m), (s,=,8),(z,=,2)], []
Size Change Termination: Yes

The first number refers to the program point, then comes a list of edges. The loop
occurs because application of 2 forces the code for the successor function to be executed
twice, with decreasing argument values m. The notation for edges is a little different from

previously, here (m,>,m) stands for m Lo
7.2. fnx = x + 2" by Church numerals. This more interesting program computes
fnax = x+2" by higher-order primitive recursion. If n is a Church numeral then expression

n g x reduces to g"(x). Let x be the successor function, and g be a “double application”
functional. Expressed in a readable named combinator form, we get:
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fnx where
fn = if n=0 then succ else g(f(n-1))
gra= r(ra)
As a lambda-expression (applied to values n = 3,x = 4) this can be written:

[An.X\x. n --n --
@ [)\r./\a.(r@(r@a))] - g --
@ [\ k.)\ s.\ z.(s@((k@s)@z))] - succ-
e x 1] - X --
¢ [As2.Xz2. (820(s20(s2022))) ] -3 --
[ [As1.X\z1l. (s1@(si1@(s1@(s1@z1))))] -— 4 --

Following is the output from program analysis. The analysis found the following loops
from a program point to itself with the associated size-change graph and path. The first
number refers to the program point, then comes a list of edges and last a list of numbers,
the other program points that the loop passes through.

SELF Size Change Graphs, no repetition of graphs:

11 —* 11: [(r,>,r)] [

11 —* 11: [(a,=,a), (r,>,1)] [13]
13 —* 13: [(a,=,a), (r,>,r)] [11]
13 —* 13: [(r,>,r)] [11,11]

Size Change Termination: Yes

7.3. Ackermann’s function, second-order. This can be written without recursion us-
ing Church numerals as: a m n wherea = Am. m b succandb = Ag. An. n g (g
1). Consequently a m = b"(succ) and b g n = g®"1(1), which can be seen to agree
with the usual first-order definition of Ackermann’s function. Following is the same as
a lambda-expression applied to argument values m=2, n=3, with numeric labels on some
subexpressions.

(Am.m b succ) 2 3 = (Am.m@b@succ)@203
(Am.m@(\g. An.n@g@(g@1))@succ) @203

(m.me(\g.An.[9: |(negd 13: |(g01)))@succ)@2e3

where

1 = JAsl.hzl. [17:](s1@z1)
succ = Ak.\s.\z. (s@(k@s@z))

2 = MAs2.)\z2. s20(s20z2)

3 = As3.\z3. [39:](s3q41:|(s3¢[43:](s3€23)))

Output from an analysis of this program is shown here.
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SELF Size Change Graphs, no repetition of graphs:
(Because graphs are only taken once it is not always the case that the
same loop is shown for all program points in its path)

9 —* 9: [(¢,>,n),(g,>,8)] [13]

9 —=* 9: [(g,>,g)] [17]

13 —* 13: [(g,>,g)] [9]

17 —* 17: [(s1,>,s1)] [9]

23 —* 23: [(k,>,k),(s,=,8),(z,=,2)] [25]

23 —* 23: [(s,>,s)] [9]

23 —* 23: [(s,>,s),(z,>,k)] [25,17,9]
25 —* 25: [(k,>,k),(s,=,s),(z,=,2)] [23]

25 —* 25: [(s,>,s),(z,>,k)] [17,9,23]
25 —* 25: [(s,>,s)] [23,9,23]
39 —* 39: [(s3,>,s3)] [9]

41 —* 41: [(s3,>,s3)] [9,39]
43 —* 43: [(s83,>,s3)] [9,39,41]

Size Change Termination: Yes

7.4. Arbitrary natural numbers as inputs. The astute reader may have noticed a lim-
itation in the above examples: each only concerns a single A-expression, e.g., Ackermann’s
function applied to argument values m=2, n=3.

In an implemented version of the A-termination analysis a program may have an
arbitrary natural number as input; this is represented by e. Further, programs can have as
constants the predecessor, successor and zero-test functions, and if-then-else expressions.
We show, by some examples using e, that the size-change termination approach can handle
the Y-combinator.

In Section 8 we show how to do size-change analysis of A-expressions applied to sets
of argument values in a more classic context, using Church or other numeral notations
instead of e.

7.5. A minimum function, with general recursion and Y-combinator. This pro-
gram computes the minimum of its two inputs using the call-by-value combinator Y = Ap.
[Aq.p@(As.q@q@s)] @ [At.p@(Au.t@t@u)]. The program, first as a first-order recursive
definition.

mxy = if x=0 then O else if y=0 then O else succ (m (pred x) (pred y))

Now, in A-expression form for analysis.
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{Ap. [Aq.p@(As.q@q@s)] @ [At.p@(Au.t@t@u)]} -- the Y combinator --

(E Am.Ax. Ay . if( (ztst @ x),
if( (ztst @ y),
succ [ m @ (pred@x) @ (pred@y) ]
o

Output of loops from an analysis of this program:

27 —* 27: [(x,>,x),(y,>,y)] [32,37,39]
32 —* 32: [(x,>,%),(y,>y)]  [37,39,27]
37 —* 37: [(x,>,x),(y,>,y)] [39,27,32]
39 —* 39: [(x,>,x),(y,>,y)] [27,32,37]

Size Change Termination: Yes

7.6. Ackermann’s function, second-order with constants and Y-combinator.
Ackermann’s function can be written as: a m n where a m = b"(suc) and b g n =
g®*t1(1). The following program expresses the computations of both a and b by loops,
using the Y combinator (twice).

A y. Ayl
(y1 @
A a. A m. if( (ztstem),
A v. (suc@v),
( (y @
ADb.Af.An.
[25: [if ( (ztsten),
[29: ](fe1),
[32: }fq[34:]p @ £ @ (preden))
@ a @ (pred@m) ]

@ {A\p. [Aq.p@(As. q@q@s)] @ [At.p@(Au. t@tOuw)]l}

@ {Api. [\ql.pt@(s. [72:]ql@1qes1)] @ [Atl.pie(lul. [81:[c1etieu1)]}
Qe

Qe

Output of loops from an analysis of this program:

SELF Size Change Graphs no repetition of graphs:
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11 —* 11: [(a,>,y), (m,>,m)] [19,41,72]

11 —* 11: [(m,>,m)] [19,41,72,11,19,41,72]
19 —* 19: [(a,>,y), (m,>,m)] [41,72,11]

19 —* 19: [(m,>,m)] [41,72,11,19,41,72,11]
256 —* 25: [(£,>,b),(f,>,£)] [29]

25 —* 25: [(f,=,f),(n,>,n)] [32,34]

25 —* 25: [(f,>,£)] [29,25,32,34]

29 —* 29: [(f,>,f)] [25]

32 —* 32: [(f,>,b),(£f,>,f)] [25]

32 —* 32: [(f,=,f),(n,>,n)] [34,25]

32 —* 32: [(£,>,£)] [25,32,34,25]

34 —* 34: [(f,=,f),(n,>,n)] [25,32]

34 —* 34: [(£,>,b),(f,>,)] [25,29,25,32]

34 —* 34: [(f,>,f)] [25,29,25,32,34,25,32]
41 —* 41: [(m,>,m)] [72,11,19]

72 —* 72: [(s1,>,s1)] [11,19,41]

81 —* 81: [(ul,>,ul)] [11,19,41]

Size Change Termination: Yes

7.7. Imprecision of abstract interpretation. It is natural to wonder whether the gross
approximation of Definition 3.10 comes at a cost. The (VarA) rule can in effect “mix up”
different function applications, losing the coordination between operator and operand that
is present in the exact semantics.

‘We have observed this in practice: The first time we had programmed Ackermann’s
using explicit recursion, we used the same instance of Y-combinator for both loops, so
the single Y-combinator expression was “shared”. The analysis did not discover that the
program terminated.

However when this was replaced by the “unshared” version above, with two instances
of the Y-combinator (y and y1) (one for each application), the problem disappeared and
termination was correctly recognised.

7.8. A counterexample to a conjecture. Sereni disproved in [48, 49] our conjecture
that the size-change method would recognise as terminating any simply typed A-expression.
The root of the problem is the imprecision of abstract interpretation just noted. A counter-
example: the A\-expression

E = (Aa.a(Ab.a(Aced.d)))(Ae.e(Af.f))

is simply-typable but not size-change terminating. Its types are any instantiation of

a (T=7)—=p—p) —p—p
bye : T—>T

d H

e (T—=1)—p—up

f T
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8. ARBITRARY A-REGULAR PROGRAM INPUTS (EXTENDED A-CALCULUS)

Above we have analysed the termination behaviour of a single closed A-expression. We
now analyse the termination behaviour for a program in the A-calculus for all possible
inputs from a given input-set of A-expressions (e.g., Church numerals). The first step is
to define which sets of A-expressions we consider. A well-defined input set will be the set
of closed expressions in the “language” generated by a A-regular grammar.

We extend the syntax and semantics of the A-calculus to handle expressions containing
nonterminals. An extended lambda term represents all instances of a program with input
taken from the input set. If our analysis certifies that the extended term terminates, then
this implies that the program will terminate for all possible inputs.

8.1. A-regular grammars. We are interested in a A-regular grammar for the sake of the
language that it generates: a set of pure A-expressions (without nonterminals). This is
done using the derivation relation =, soon to be defined.

Definition 8.1.

(1) A A-regular grammar has form I' = (N, II) where N is a finite set of nonterminal
symbols and I is a finite set of productions.

(2) A T-extended A-expression has the following syntax:

e, P = x| Al e@e | Xx.e
Non-terminal name, A € N
Variable name

FEzpr denotes the set of I'-extended A-expressions. Ezp denotes the set of pure
A-expressions (without nonterminals). Clearly Ezpr 2 Exp.

(3) A production has form A ::= e where e is a I-extended A-expression.

Definition 8.2. Let nt(e) = {Xy,...,X;} denote the multi-set of nonterminal occurrences
in e € Fxpr. The derivation relation =} C Expr x Exp is the smallest relation such that

1) Ifnt(e) = {Xy,..., X} and X; =5 t; € Expfori=1,... k,
r
then e =7 e[t1/X1,. .., ty/Xg)

(2) fAz=ecTl and e =] € then A =} €.

Notice that = relates extended A-terms to pure A-terms.

In the above definition 8.2 nt(e) = {Xi,..., X} denotes the multi-set of nonterminals in
e so two different X;,X; may be instances of the same nonterminal A. In the substitu-
tion e[t1/X1,. .., tx/Xk] such two different instances of a nonterminal may be replaced by
different pure A-terms.
Example 8.3. A grammar for Church Numerals: Consider

I'=({C,A},{C::=AsAz.A, A=z, A:=sC@A}
Here A = v iff v has form s"(z) for some n > 0. Clearly C = v iff v has form AsAz.s"(z)
for some n > 0.
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The following assumption makes proofs more convenient; proof is standard and so omitted.

Lemma 8.4. For any A-reqular grammar T'g there exists an equivalent \-reqular grammar
Ty such that no production in T'y has form A ::= A where A" € N. We henceforth assume
that all productions in a \-reqular grammar have form A ::= e where e ¢ N.

Definition 8.5. In the following e is a I-extended A-expression:
(1) Define the free variables of e by fv(e) = {x | It.e = t and x € fu(t)}

(2) Define that e is closed iff ¢ is closed for all ¢ such that e =7 ¢. It follows that e is
closed iff fu(e) = {}.

(3) Define subterms(e) inductively by:
For a variable x: subterms(x) = {x}.
For an abstraction Ax.e: subterms(Ax.e) = {Ax.e} U subterms(e).
For an application e1@ey: subterms(ei@es) = {e10e, }Usubterms(er)Usubterms(es).
For a nonterminal A: subterms(A) = {A}.

—
N
=

Define subezps(e) as the smallest set satisfying:

For a variable x: subexps(x) = {x}.

For an abstraction Ax.e: subexps(Ax.e) = {Ax.e} U subexps(e).

For an application e;@ey: subexps(ei@es) = {e1Q@es} U subexps(er) U subexps(es).
For a nonterminal A: subexps(A) = {A}U{t | Je.A :=e € T and t € subexps(e)}.

If e € subterms(e) then e’ is syntactically present as part of e.
If & € suberps(e) then € is either a subterm of e or a subexpression of a nonterminal
A € subterms(e).

Sets subterms(e), subexps(e) are both finite, and subterms(e) = subexps(e) for ex-
pressions e in the pure A-calculus.

Example 8.6. In the grammar for Church Numerals C is a closed I'-extended expression,
but A is not a closed I'-extended expression. Further, subexps(A) = {A, z, s@A, s},
subexps(C) = {C, AsAz.A, Az.A, A, z, s@A, s}, fu(C) ={}, fu(A) = {s,z}

Lemma 8.7. Let x be a variable. If A =1 x then A :=x €I,

If A =7 Ax.e then there exists € € Expr such that A == Ax.e’ € T.

If A =} e1Qey then there exist €], el € Expr such that A ::= e} Qe € T'.

Any production has one of the forms A ::= x, A ::= Ax.e, A ::= e1Q@ey. No production
performed on a subterm (which must be a nonterminal) can give a new outermost syntactic
term-constructor.

The following Lemma follows from the definition of free variables of an extended expression.

Lemma 8.8. For a variable x: fv(x) = {x}.

For an abstraction Mx.e: fv(Ax.e) = fu(e) \ {x}.

For an application e Qey: fu(e1Qes) = fu(er) U fu(es).

For a nonterminal A € N: fu(A) = {x | It.A =7t and x € fu(t)}.

Lemma 8.9. For A € N the sets subexps(A) and fo(8) are finite and computable.

Proof is straightforward.
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8.2. Extended environment-based semantics. A semantics extending Definition 3.3
addresses the problem of substitution in expressions with non-terminals. Environments
bind A-variables (and not non-terminals) to values.

Definition 8.10. (Extended states, values and environments) State, Value, Env are the
smallest sets such that

State = { e:p |  ee€ Expr,pe Envand fo(e) C dom(p) }
Value = { Ax.e:p | Ax.e:pe State }
Env = { p:X — Value | X is a finite set of variables }

The empty environment with domain X = () is written []. The evaluation judgement form
is s || v where s € State,v € Value.

The following rules for calls and evaluations in the extended language are simple
extensions of the rules for pure A-calculus to also handle nonterminals.

Definition 8.11. (Extended environment-based evaluation) The judgement forms are
e:p—¢e :pande:pl e :p, where e,e’ € Expr, e : p and ¢ : p are states.
The evaluation and call relations |}, — are defined by the following inference rules, where

== U - U S5 U 5.
T c n
(GramX) ——— (Au=ee€l) New rule
A:p—e:p

e:peip eiplv
(ResultX) L m (z € {c,n}) Extended Def. 3.3 (Apply)
e:plv

The following rules have not been changed (but now expressions belong to Expr).

ValueX) ——— VarX) — (p(zx) =€ : o
: : Ax.e:plAxe:p ( ) x:PUe’:P’(() 7)
(OperatorX) ————————— (OperandX) _er:plor
e1@ex:p —er1:p e1@9210?62:p
T

(CallX) SL:2 JAxep:ipo  es:pllog
e1Qey — eq : po[r — Vo)
c

A T-extended program is a closed expression P € Expr. While evaluating a program in

the extended language (P : [] | -), all calls and subevaluations will be from state to state.
In pure A-calculus the evaluation relation is deterministic. The extended language is

nondeterministic since a nonterminal A may have A ::= e for more than one e.

Informally explained, consider closed extended A-expression e@B where nonterminal B sat-
isfies fu(B) = {}. Then e@B represents application of e to all possible inputs generated by
B. The analysis developed below can safely determine that e terminates on all inputs by
analysing e@B.
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If a program in the extended language takes more than one input at a time, then we
may rename the nonterminals and bound variables similarly as in a-conversion. As an
example, if a program takes two Church numerals as input, then they can be given by two
grammars identical in structure:

Cy i=As1.Az1.Ay Ay =2z Aj = s10A; and
Co :i= A89.AZ9.A0  Ag :i=29 A9 ::= 5904,

and we can analyse the termination behaviour for (e@C;)@Cy. Such renaming can some-
times make the termination analysis more precise.

Definition 8.12. Suppose e is a closed I'-extended expression and nt(e) = {Ay,..., A}
where I' = (N, II) is a A-regular grammar. By definition e is I'-terminating iff

efti/Ar,... te/Ar] [ 4
for all pure A-expressions ti,...,ty such that A; = t; fori=1,... k.

The following rules for calls and evaluations with size-change graphs in the extended
language are simple extensions of the rules for pure A-calculus to also handle nonterminals.

Definition 8.13. (Environment-based evaluation and call semantics with size-change
graphs) The judgement forms are e : p — e’ : p/;G and e : p || € : p/,G, where e, &’ €
Ezxpr, e: p and € : p/ are states, source(G) = fv(e) U {e} and target(G) = fu(e') U {e}.
The evaluation and call relations |}, — are defined by the following inference rules, where

= U= U 5 U .
1‘ d c n

(GramG) ——— (Auz=e€l) New rule
A:p —e:pid;
n

e:p—e:p G €&:plvG
(ResultG) z (z € {c,n}) Ext. Def. 6.6 (ApplyG)
e:plvG;G

The following rules have not been changed (but now expressions belong to Expr).

(ValueG) —
Axe:pll Axe:p,idy, o

(VarG) (ple)=¢': )

x:pl}e’:p/,{xie}u{xiy|Y€fv(e/)}

(OperandG) eriplu

OperatorG
(Op ) el@ez:pzegzp,idiz

ej@ey:p — ej:p, idél
T

e1:pd Axeg:po,G1  ea:pl v2,Go
(CallG) L o —€ )\zl.)ao €—x
e1@es — e : polz — 2], Gy Ueo G5
c
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Theorem 8.14. (The extracted graphs are safe) s — s',G or s |} s', G implies G is safe
for (s,§).

Proof. This is shown by a case analysis as in the pure A-calculus. For the (GramG) rule
it is immediate from the definition of free variables for non-terminals. J

8.3. Relating extended and pure A-calculus.

The aim is now to show that execution of a program P in the extended language can
simulate execution of any program Q in the pure A-calculus, where Q is derived from P
by replacing each nonterminal occurrence A in P with a pure A-expression A can produce.
The converse does not hold: it is possible that there are simulated executions that do
not correspond to any instantiated program Q. We have however certified a number of
programs to terminate when applied to arbitrary Church numerals. An example is given
at the end of this section.

Properties of the relation =

=1 relates expressions e’ € Eapr in the extended language to expressions e € Exp in
the pure lambda-calculus. Notice that there are only the following possible forms of =--
related expressions:

x=hx Ax.e’ =7 Ax.e e} e, =7 e10ey

A=Tx A=1 Ax.e A =T e1Qes

The relation =1 has the following inductive properties:

A =T t, for A€ N is given by definition 8.2.

x =71 x, — a variable x corresponds to the same variable x and nothing else.
Ax.e' =7 Ax.e, iff e’ =7 e, same x.

e} el =7 e Qes iff €] =1 e; and e} =7 eo.

Lemma 8.15. If e’ = e then fo(e’) D fu(e).

Proof. This is by induction on the structure of e’.

Case x = x, immediate.

Case A =] t where A € N. By definition fv(A) = {x|3t.A =} t and x € fo(t)}.

Case Ax.e/ =} Ax.e, iff =} e. By induction the lemma holds for ¢’ and e. Therefore
Jowe) = fole) \ {x} 2 fo(e)\ {x} = fo(x.e).

Case e|@ey, =} e1Qey, iff €] = e, and e} =} ey. By induction the lemma holds for
ef,e1 and e, es. Hence fu(ef@eh) = fu(e}) U fu(eh) D fu(er) U fu(es) = fu(e1@es). O

If e € Exp, i.e., no nonterminals occur in e, then e =} e.
If A =7 e then there exist t ¢ N such that A :=t and t =] e.

Definition 8.16. The relation S between states
Define relation S between states in the extended language and states in the pure A-calculus
as the smallest relation S such that:

S(e':p' e p)if e’ =} e and for all x € fv(e) it holds that S(p'(x), p(x)).

If e : p is a state in the pure lambda calculus then it is also a state in the extended
language and S(e : p, e : p).
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Lemma 8.17. If S(A: p/,e: p) and A :=t, t =7 e then also S(t: p/,e: p).

We now define a relation T' between size-change graphs. The intention is that T(G’, G)
is to hold when the only difference in the generation of the graphs is due to nonterminals
that take the place of pure lambda expressions.

Definition 8.18. The relation 7" between size-change graphs

Define T(G', G) to hold iff

i) source(G') D source(G) and target(G') D target(G).
ii) The subgraph of G’ restricted to source(G) and target(G) is a subset of G.
ili) Furthermore if z € source(G’)\ source(G) then either there is no edge from z in G’
or the only edge from z in G’ is (z — z), and if (z = z) € G’ then z ¢ target(G).

We have that T(Gj), Go), T(G', G1), target(G{) = source(G}) and target(Go) = source(G1)
together imply that T'((Gy; G1), (Go; G1)) holds.

Lemma 8.19. Simulation Property

i) If S(e’ : p/ie:p)and e: p | e : po,G then there exist ef : pj, G' with S(ef :
P60 : po) and T(G', G) such that ' : p' | f : pp, G’

ii) IfS(e’: p,e:p)ande: p — €0 o, G with z € {r,d, ¢} then there exist e, : pf),, G’
and possibly s such that either e’ : p' — ef, : p),G' or e’ : p/ — s — e} : p), G

n x
with S(e( : pj.eo : po), T(G',G), and in the last case S(s, e : p).
The composite size-change graph for the double-call e’ : p' — s — e} : pf, will
x

n
have the same edges as G’ because the — call generates an id= graph.
n

Corollary 8.20. For programs P € Expr and Q € Fxp with P =1 Q it holds that:
IfQ:[] =* e: p then there exists €' : p' such that P: [| —=* &' : p/ and S(e’' : p/,e: p).
IfQ: [} § e: p then there exist & : p' such thatP:[| | €' : p' and S(e’ : p/,e: p).

Also notice that if e; : p1 — ea: po then fu(e1) O fu(es) by the definition of free variables
n
for nonterminals. (By definition, S(e’: p/, e : p) implies fv(e’) D fu(e).)

Proof. Lemma 8.19 is shown by induction on the tree for the proof of evaluation or call in
the pure A-calculus and uses the observation about free variables. Proof is in the appendix.

O

8.4. The subexpression property.
Definition 8.21. Given a state s in the extended language, we define its expression
support exp_sup(s) by
exp_sup(e : p) = subexps(e) U U exp_sup(p(x))
xEfv(e)
Lemma 8.22. (Subexpression property) If s || s ors — s then exp_sup(s) 2 exp_sup(s').

Corollary 8.23. IfP : [] || Ax.e : p then Ax.e € subexp(P). IfP : [| —* e : p then
e € subexps(P).
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The proof of Lemma 8.22 follows the same lines as the proof of Lemma 3.8. The proof
for the rule (Gram) is immediate from the definition of subexpressions in the extended
language. Proof omitted.

8.5. Approximate extended semantics with size-change graphs.

Definition 8.24. (Approximate evaluation and call rules for extended semantics with
size-change graphs). The judgement forms are now e — €/,G and e |} e',G, where
e,e’ € Expr, and source(G) = fu(e) U {e} and target(G) = fu(e') U {e}.

(GramAG) ——— (A:=e€l)
A e,z’de_

e e, G &lvdG
(ResultAG) = (z € {c,n})
elv,GG

(ValueAG) ——————
Ax.e || Ax.e,idy,

e1Qey € subexps(P) ey || Ax.eg,G1 ez |} v2, G2

(VarAG) (t :
xJvo,{x=efU{x >y |ye fu(r)}

O torAG) ——M———— (0] dagy ——

(OperatorAG) o100 > or,idL. (OperandAQ) o Tl

(CallAG) —S1¥Axe0,Gr oo d vy, Gy

—e/Ax.
e10ey — eg,Gl o/ Azco UEO G§>—>x
c

Putting the pieces together, we now show how to analyse any program in the regular
grammar-extended A-calculus . Let P be a program in the extended language.

Definition 8.25.
absintExt(P) = { G | j > 0ATe;, Gy, (0 < i < j) : P =egA(eg — e1,G1)A.. .Alej_1 — ¢, Gj) }
Theorem 8.26.

The set absintEzt(P) can be effectively computed from P.

Proof. In the extended A-calculus there is only a fixed number of subexpressions of P, and
a fixed number of of possible size-change graphs with

source, target C {e} U {x | x is a variable that occurs in a subexpression of P}

Thus absintEzt(P) can be computed in finite time by applying Definition 8.24 exhaustively,
starting with P, until no new graphs or subexpressions are obtained. ]
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8.6. Simulation properties of approximate extended semantics.
‘We will show the following properties of approximate extended semantics:

(1) Calls and evaluations for a program in extended semantics with environments
can be stepwise simulated by approzimate extended semantics with identical size-
change graphs associated with corresponding calls and evaluations. To a call or
evaluation in the extended A-calculus with environments corresponds the same call
or evaluation with environments removed.

Suppose P =1 Q for programs P,Q. Then calls and evaluations for Q in the pure
lambda calculus with environments can be simulated by calls and valuations in the
approximate extended semantics for P using the relations =. and 7.

The extra edges in the size-change graphs in extended semantics can never give
rise to incorrect termination analysis.

—
V)
—

(3

=

Lemma 8.27. Let P be a program in the extended language and P : [| —* e : p.
Ife:p—eq:po,G then e — ey, G in approrimate semantics.
Ife:pleq:po,G then el ey, G in approximate semantics.

Proof. The proof is similar to the proof for approximation of the pure lambda-calculus 3.11
and 6.10. For rules (Value), (Operator), (Operand) it is immediate. The (Gram)-rule do
not refer to the environment, hence the lemma holds if the (Gram)-rule has been applied.
For rules (Call) and (Result) it holds by induction. For the (Var)-rule we need induction
on the total size of the derivation, and we can argue as in the case of the pure lambda
calculus. O

Lemma 8.28. Let P be a program in the extended language and Q a program in the pure
A-caleulus with P =1 Q.

IfQ:[] = e:pande:p | ey: po,G then there exist &', e(, G' with ¢ =} e,
e =1 eo, T(G',G) such that P —* ¢’ and &' |} e)), G'.

IfQ:[] =*e:pande:p —ep:py, G, x € {r.dc} then there exist €, e(, G’ with

x
e’ =7 e e =7 eo, T(G',G) such that P —* €' and cither e’ — e, G' ore’ — e’ — ¢, G’
x n xT

where in the last case G’ is the composite size-change graph for the double call.

Proof. The lemma follows from the simulation property lemma 8.19 together with lemma
8.27. O

Theorem 8.29.

(1) Let P be a program in the extended language. If there is a program Q in the pure
lambda-calculus such that P =1 Q and there exists an infinite call-sequence in the
call-graph for Q in the exact semantics, then there exists an infinite call-sequence
with no infinitely descending thread in the call-graph for P in the approzimate
extended semantics.

It follows that if each infinite call-sequence in the call-graphs for P in the ap-
proximate extended semantics has an infinitely descending thread, then P is I'-
terminating.

2

—

Proof. (1): Assume an infinite call-sequence exists in the call-graph for Q. By the safety

of the size-change graphs in the pure A-calculus, the size-change graphs associated with

this call sequence cannot have an infinitely descending thread. By lemma 8.28 there exists

a simulating call-sequence in the call-graph for P such that the corresponding size-change

graphs are in the T-relation. Let Gp,Gg be any such two corresponding T-related size-

change graphs from these call-sequences, T(Gp,Gg). By the definition of the T-relation
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it holds that the largest subgraph of Gp, with source and target the same as source(Gq)
and target(Gg), is equal to or a subset of Gg. We need to show that the possible extra
variables in the size-change graphs for the simulating sequence in the call-graph for P can
never take part in an infinitely descending thread. By the definition of the T-relation it
holds that an edge leaving from such a variable x must have have the form (x = x) if any
exists in the simulating sequence. Also by the definition of the T-relation, if (G p, Gg) and
(x = x) € Gp then x ¢ codomain(Gg). Hence either an extra thread in the size-change
graphs going out from x will be finite or it will be infinitely equal x = x = x — ..., i.e.
an extra variable can never take part in an infinitely descending thread in the simulating
sequence.

(2) is a corollary to (1). 0

Example 8.30.

The following is an example of a program certified to terminate by our proof method. The
program computes x + 2" when applied to two arbitrary Church numerals for z and n. In
Section 7 we analysed the program applied to Church numerals 3 and 4 (Example 7.2).

Grammar for Church numerals:  C == As.Az.A A ==z | sCA

The program applied to two Church numerals:

[An1.Any. m --n -

e [r.)a.]il:](xq13:](rea))] - g -

@ [XAk.\p.\q.(pe((kep)eq))] - succ-

@ ny ] - X ==
Q C -- Church numeral --
Q [ -- Church numeral --

Following is the output from program analysis. The analysis found the following loops
from a program point to itself with the associated size-change graph and path. The
first number refers to the program point, then comes a list of edges and last a list of
numbers, the other program points that the loop passes through. The program points are
found automatically by the analysis. The program points 30 and 32 are not written into
the presentation of the program because they involve the subexpression A of a Church
numeral. The subexpression associated with 30 is A and the subexpression associated
with 32 is s@A. The loops from 30 to itself and from 32 to itself in the output correspond
to the call sequence A—s@A—A—sQA. ...

SELF SCGS no repetition of graphs:

11 —* 11: [(zr,>,1)] [

11 —* 11: [(a,=,a),(r,>,1)] [13]
13 —* 13: [(a,=,a),(r,>,r)] [11]
13 —* 13: [(r,>,r)] [11,11]
30 —* 30: [(e,>,6),(s,=,8),(z,=,2)] [32]

32 —* 32: [(¢,>,6),(s,=,8),(z,=,2)] [30]

Size Change Termination: Yes
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9. CONCLUDING MATTERS

We have developed a method based on The Size Change Principle to show termination
of a closed expression in the untyped A-calculus. This is further developed to analyse if
a program in the A-calculus will terminate when applied to any input from a given input
set defined by a tree grammar. The analysis is safe and the method can be completely
automated. We have a simple first implementation. The method certifies termination
of many interesting recursive programs, including programs with mutual recursion and
parameter exchange.

Acknowledgements. The authors gratefully acknowledge detailed and constructive com-
ments by Arne Glenstrup, Chin Soon Lee and Damien Sereni, and insightful comments by
Luke Ong, David Wahlstedt and Andreas Abel.

APPENDIX A. PROOF OF LEMMA 2.6

Proof. =: Assume P |}. To show: CT has no infinite call chain starting with P. The proof
is by induction on the height of the proof tree. Each call rule of Definition 2.6 is associated
with a use of rule (ApplyS) from Definition 2.2. So if P is a value, there is no call from P.
If P |} is concluded by rule (ApplyS), then P = e1@es and by induction there is no infinite
call chain starting with ej, e2 and eg[va/x]. All call chains starting with P go directly to
one of these. So, there are no infinite call chains starting with P.

<«: Assume CT has no infinite call chain starting with P. To show: P |}. Since the call
tree is finitely branching, by Konig’s lemma the whole call tree is finite, and hence there
exists a finite number m bounding the length of all branches.

We prove that e || for any expression in the call tree, by induction on the maximal
length n of a call chain from e.

n =0: e is an abstraction that evaluates to itself.

n > 0 : e must be an application e = e;@ey. By rule (Operator) there is a call
e1Qey ? e1, and the maximal length of a call chain from e; is less than n. By induction

there exists vy such that e; | v1. We now conclude by rule (Operand) that e1@es — es.
T

By induction there exists vy such that es | va.
All values are abstractions, so we can write v; = Ax.ep. We now conclude by rule
(Call) that e;@es — eg[va/x]. By induction again, eg[va/x] |} v for some v. This gives us

all premises for the (ApplyS) rule of Definition 2.2, so e = e1@es | v. J

ApPPENDIX B. PROOF OF LEMMA 3.11

IfP:[]>*e:p and e:ple:p/, then ele.

Proof. To be shown: IfP:[]>*e:p and e:p—e :p/, then e— ¢

We prove both parts of Lemma 3.11 by course-of-value induction over the size n = |D| of
a deduction D by Definition 3.3 of the assumption
P:[| >"e:phe:plle:porP:[[ = eipreip—e:)p

The deduction size may be thought of as the number of steps in the computation of
e:plle:pore:p—e:p starting from P: [|.

The induction hypothesis I H(n) is that the Lemma holds for all deductions of size not
exceeding n. This implies that the Lemma holds for all calls and evaluations performed
in the computation before the last conclusion giving (P: [] »* e:pande: pl & : p)
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or(P:[]=*e:pande:p— e :p), ie., the Lemma holds for premises of the rule last
applied, and for any call and evaluation in the computation until then.

Proof is by cases on which rule is applied to conclude e: p | €' : p  ore:p — €' : p'.
In all cases we show that some corresponding abstract interpretation rules can be applied
to give the desired conclusion.

Base cases: Rule (Value), (Operator) and (Operand) in the exact semantics (def. 3.2)
are modeled by axioms (ValueA), (OperatorA) and (OperandA) in the abstract semantics
(def. 3.10). These are the same as their exact-evaluation counterparts, after removal of
environments for (ValueA) and (OperatorA), and a premise as well for (OperandA). Hence
the Lemma holds if one of these rules was the last one applied.

The (Var) rule is, however, rather different from the (VarA) rule. If (Var) was applied
to a variable x then the assumption is (P: [] =* x: pand x: p | & : p/). In this case
z € dom(p) and €' : p' = p(x). The total size of the deduction (of both parts together) is
n.

Now P : [] =* x : p begins from the empty environment, and we know all calls are
from state to state. The only possible way x can have been bound is by a previous use of
the (Call) rule, the only rule that extends an environment.?

The premises of the (Call) rule require that operator and operand in an application
have previously been evaluated. So it must be the case that there exist e;@es : p” and
Ax.ep : po such that (P : [| —=* ej@es : p” and e : p” | A\x.eg : po and ez : p” |} &' : p)
and the size of both deductions are strictly smaller than n. By the Subexpression Lemma,
e10ey € subexp(P). By induction, Lemma 3.11 holds for both e; : p” | Ax.ep : po and
ea:p e p,s0 e | A\x.ep and ey || € in the abstract semantics. Now we have all
premises of rule (VarA), so we can conclude that x |} €' as required.

For remaining rules (Apply) and (Call), when we assume that the Lemma holds for
the premises in the rule applied to conclude e || e’ or e — ¢, then this gives us the
premises for the corresponding rule for abstract interpretation. From this we can conclude
the desired result. J

ApPPENDIX C. PROOF OF LEMMA 5.4
Proof. Define the length L(e) of an expression e by:
L(x)=1 L(Axe)=1+L(e) L(e;@ey) =1+ L(e1)+ L(e2)
For any expression e, L(e) is a natural number > 0. For a program, the length of the

initial expression bounds all lengths of occurring expressions.

Define for a state s the height H(s) of the state to be the height of the environment:
H(e s p) = maz{(1+ H(p(x))) | x € fo(e)}

So, H(e : []) = 0 the maximum of the empty set, and for any state e : p, H(e : p) is a

natural number > 0. Let >, stand for lexicographic order relation on pairs of natural

numbers, hence >, is well-founded. We prove that the relation > on states is well-founded
by proving that e : p; > es : pg implies that

(H(e1: p1), L(e1)) >1ex (H(e2 : pa), L(e2))

5This must have occurred in the part P : [] —* x : p.
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First, consider >1. Clearly, if e; : p1 >=1 e2 : p2 then H(ey : p1) > H(es : p2). Hence
even though L(ez) might be larger than L(e), it holds that in the lexicographic order
(H(e1: p1),L(e1)) >iex (H(ez : p2), L(e2)).

Now, consider >9. If e; : p1 >2 e2 : po then H(ey : p1) > H(ez : p2) and L(e) >
L(es2), hence in the lexicographic order (H(e; : p1), L(e1)) >iex (H(e2 : p2), L(e2)). Triv-
ially, e1 : p1 = ea : pp implies (H(eq : p1), L(e1)) =iex (H(e2 : p2), L(e2)).

Recall, by definition > is the transitive closure of =1 U »=9 U =, and s1 > s2 holds when
s1 = s9 and s1 # s9. So, from the derivations above we can conclude that ey : p; = es : pa
implies (H(e1 : p1),L(e1)) >iex (H(ea : p2),L(e2)), hence the relation > on states is
well-founded.

O
APPENDIX D. PROOF OF THEOREM 6.8

Proof. For the “safety” theorem we use induction on proofs of s |} s/, G or s — s’ G. Safety
of the constructed graphs for rules (ValueG), (OperatorG) and (OperandG) is immediate
by Definitions 6.2 and 5.3.

In the following x,y,z are variables and p, ¢ can be variables or e.

The variable lookup rule (VarG) yields x : p |} p(x),G with G = {x EX y
fo(e)} U {x = ¢} and p(x) = €' : p/. By Definition 5.2, 7 p(x) = p(x)(e), so arc
satisfies Definition 6.2. Further, if x =X y € G then y € fo(e’). Thus T p(x) = p(x) = ¢ :

P = p'(y) = p(2)(y) as required.

The rule (CallG) concludes s — s', G, where s = ej@es : p and s’ = eq : po[x — v2]

[

and G = G’;(/)‘Z'EO U, G§7*. Its premises are ey : p | Ax.eq : pg, G and ez : p || v2, Ga.
We assume inductively that G; is safe for (e; : p,Ax.ep : po) and that Go is safe for
(ea: p,va). Let va =¢': p'.

We wish to show safety: that p — p’ € G implies 3(p) = s/(p'), and p EN P € G implies
5(p) = s'(p'). By definition of Glﬂ/)‘m'60 and G§~*,p 5 p € G = G;C/AI‘C“ Ue, G5~ breaks
into 7 cases:

Case 1: y Lze G;E/)‘z‘e“ because y Lze G1. By safety of G1, e1 7 p(y) > Ax.ep : po(2).
Thus, as required,

S(y) = 51682 Tp(y) = ST(y) = Moo polz) = 0 poli  wal(2) = 7 (2)
Case 2:y >z € G’;C/M'EO because y — z € Gy. Like Case 1.

Case 3: y Lee Gl_e/)‘g“20 because y — € € Gy, then = ¢ fo(eg) by the definition of
G;e/)‘z'eo and then eg : po[x — v2] = eg : po. By safety of G, &1 p(y) = Ax.eq : po(e) =
Ax.eq : pp. Thus, as required,

3(y) = e1@ey : p(y) = &1 p(y) = Ax.eq : po = eo : po = 5 (€)

Case 4: ¢ EX pe Gl_f/m’eo because € — p € G1. Then it holds that either p is a variable-
name or x ¢ fu(egp). Now e in G refers to e : p, so e1 : p = Ax.eq : po(p) by safety of Gy.
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Thus, as required,

5(e) = e1@eq i p = e1: p = Ax.eq : po(p) = eo : po[x — va](p) = 5'(p)

Case 5: y L x € G because x € fu(ep) and y Lx € G§7* because y Lee Gy. By safety
of Go, 837 p(y) = U2(e). Thus, as required,

5(y) = e10e2 1 p(y) = T TA(y) > Ta(e) = e« polix > wal(x) = (%)

Case 6: y = x € G because = € fo(eg) and y — x € G5~ because y — € € Ga. Like Case
5.

Case 7: ¢ Lx € G because x € fu(eg) and € Lx € G5 because € ~ € € Gy. By safety
of G, 37 p(€) = ey : p. Thus, as required,

5(e) = e1@eq: p = ea: p = Ta(€) = po[x — 2] (x) = §/(x)

The rule (ApplyG) concludes s |} v,G’; G from premises s — s',G’ and s || v,G,
where s = e1@ey : p and ' = €’ : p/. We assume inductively that G is safe for (s,s") and
G is safe for (s',v). Let Gy = G'; G.

We wish to show that Gy is safe: that p — q € G implies 5(p) = v(q), and p EX q € Gy
implies 5(p) = ©(q) (p,q can be variables or €). First, consider the case p = ¢ € Go.
Definition 4.2 implies p = p’ € G’ and p’ = ¢ € G for some p'. Thus by the inductive

assumptions we have s(p) = ¢/(p’) = v(q), as required.

Second, consider the case p 4 ¢ € Goy. Definition 4.2 implies p = p' € G’ and
p 3 ¢ € G for some p/, where either one or both of 71, are |. By the inductive
assumptions we have 5(p) = s'(p') and s'(p') = ¥(q), and one or both of 5(p) = s'(p') and
s'(p') = 0(q) hold. By Definition of = and > this implies that 3(p) = v(q), as required.

ApPPENDIX E. PROOF OF LEMMA 6.10

Proof. The rules are the same as in Section 3.10, only extended with size-change graphs.
We need to add to Lemma 3.11 that the size-change graphs generated for calls and eval-
uations can also be generated by the abstract interpretation. The proof is by cases on
which rule is applied to conclude e | &/,G ore:p—e':p/ G.

We build on Lemma 3.11, and we saw in the proof of this that in abstract interpretation
we can always use a rule corresponding to the one used in exact computation to prove
corresponding steps. The induction hypothesis is that the Lemma holds for the premises
of the rule in exact semantics.

Base case (VarAG): By Lemma 3.11 we have x : p || €' : p/ implies x || e’. The
size-change graph built in (VarAG) is derived in the same way from x and e’ as in rule
(VarG), and they will therefore be identical.

For other call- and evaluation rules without premises, the abstract evaluation rule is as
the exact-evaluation rule, only with environments removed, and the generated size-change
graphs are not influenced by environments. Hence the Lemma will hold if these rules are
applied.
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For all other rules in a computation: When we know that Lemma 3.11 holds and
assume that Lemma 6.10 hold for the premises, then we can conclude that if this rule is
applied, then Lemma 6.10 holds by the corresponding rule from abstract interpretation.[]

APPENDIX F. PROOF OF LEMMA 8.19
Proof. By induction on the tree for the proof of evaluation or call in the pure A-calculus.
Possible cases of the structure of e’ : p’ and e : p in S-related states:
(x:p,x:p) (Ax.e': p/, Xx.e:p) (ef@ely : p/ e1Qey : p)
(A:p x:p) (A:p', Ax.e: p) (A:p,e1@eq: p)

Base cases, evaluations and calls in pure A-calculus by rules without premisses.

Case S(x: p/,x: p): No calls from x : p.

(Var)-rule, x : p | p(x) = eg : po, {x = ¢} U{x 4 vy € fulen)andx:p | pl(z) =
e): phy {x = eJU{x EX y | v € fu(e})}. Beginning from S-related states, by defintion
of the relation S we have S(p/(x), p(x)) and fu(e)) 2 fv(eo). source(G'") = source(G) and
the generation of size-change graphs gives that the restriction of G’ to target(G) equals
G, hence T(G',G).

Case S(Ax.e’ : p/, Ax.e : p): No calls from \x.e : p.
(Value)-rule, Ax.e : p | Ax.e: p,idy, . and Ax.e’ : p/ || Ax.e’ 1 p/Lidy, o T(idy, o idyys)-

Case S(e}@e) : p',e10e; : p):
(Operator)-rule, e1@es : p — €1 : p,id}, and ejCel : p' — e} : g, idi, .Beginning from S-
T T 1

related states, by defintion of the relation S we have S(e} : p/,e1 : p). Then T(idi, , idil)
1

Case S(A: p/,x:p):

(Var)-rule: x : p || p(x) = ep : po, G where G = {x — e} U {x 4 y |y € fu(eo)}. By
the definition of S we must have A =} x. This againg by lemma 8.7 gives that we must
have A ::= x. Then A : p/ — x : o/, id; by (Gram)-rule, and we have S(x : p/,x : p).

n

Also x: p' | p/(x) = e}y : ph, G” where G” = {x = ¢} U {x EN y |y € fo(e))} by (Var)-
rule. The edges in G” are the same as the edges in G' = id;; G”. Hence by (Result)-rule
Al p'(x),G. As before S(p'(x), p(x)) and T(G', G).

Cases S(A : p/,Xx.e : p) with (Value)-rule, and S(A : p/,e;@ey : p) with (Operator)-
rule: similarly by use of lemma 8.7 and reasoning as above. We wil use the rules
(Gram)(Value)(Result) and (Gram)(Operator) respectively, where (Value) and (Opera-
tor) do not have premises.

Step cases.

Case S(e}@e) : p/,e1@ey : p). e1Qey : p e id}, by (Operand)-rule. It follows from

the definition of S that also S(e] : p’,e1 : p) hence by IH since e; : p |} then also €] : p' |}

and then e@e}, : p/ = el : p’,idi, and by the definition of S we have S(e), : p/,eq : p),
2

221



T
T(mle,27 L(]iz).

The next case is the one that requires the most consideration to see that we stay
within the T-relation. Assume we know for graphs G, G, that the restriction of G’ to
source and target of G is a subset of G. Notice, if 2,y € source(G') \ source(G) and
x,2 € target(G') \ target(G), then for testing T(G’, G) we only need to look at which
edges leaves from x,y, we do not need to care about if other edges goes into x, z.

Case S(ej@e), : p/,e1Qes : p). e1@ey : p — eg : po[x — vz],GIE/’\x'eo Ueo, G57* by (Call)-
rule, where we have the premises e; : p UC)\x‘eo 1 po, G1 and ey : p |} v2, Go.

It follows from the definition of S that also S(e} : p/,e1 : p) and S(eh : p',ea : p).
Hence by IH since eq : p |} Ax.ep : po, G1 then also €} : p' || v, G| where T(G),G1) and
S(v, Ax.eq : pg). Then by definition of values, relations =7 and S we must have v = Ax.ef :
pb- Also by TH since e : p || vo, G then also e : p | vh, G% where T(Gh, G2) and S(vh, v2).
Then we have the premises to conclude ej@e), : p' — ef : p[x — v4), G’/f(/)‘z'ﬁé Ug, G5F.
By definition of S we have S(e(, : pj[x — v5], 0 : po[x +— v2]). We notice that x ¢ fo(Ax.ef)
and therefore (p = x) ¢ GY.

We consider different possibilities for the generated graphs:

If x € fu(e() but x ¢ fu(eg) then we can have some extra edges going to x in extended
semantics where we will have no edges to x in pure semantics because x is not in the
target, but this is acceptable in the T-relation. There can also be some extra edges going
to € in pure semantics where no edges go to € in exact semantics, but as € is within the
codomain in pure semantics, this is also acceptable in the T-relation. Since T(G}, Gy) it

will still hold that T(G}y /6 U,, G, G20 U, G5~).

If x € fu(eg) then also x € fu(ep) and if x ¢ fu(ef,) then x ¢ fu(eg), in these cases
since T(G', G1) and T (G}, G2) also T(G/fc/)‘g“30 Uy, G5, G;E/M'e” Uey GS77).
Case S(A : p/,e1@ey : p) with e1Qey : prexiop idi2 by(Operand)-rule. By the
definition of S we must have A = e;@ez. This againg by lemma 8.7 gives that we
must have A == ej@e,. Then A : p' — ej@e} : p/, id; ., by (Gram)-rule, and we

n 12
have S(ej@e, : p/,e1@es : p). Then we have seen that ej@el : p’ = el p, idi, with
2
S(eh = plies : p), T(idi, ,id},) and we have that the edges of idi, are the same as the
2 2

edges of (id:,l@e,z; idig) hence T((idﬁ:ﬁ@ﬁé; idié)’ idiz).

Case S(A : p/,e1Qey : p) with (Call)-rule e;@es : p — ey : polxr — wv2],G: Simi-
C
larly as before we have A : p/ — @€,y : pf, id; o, by (Gram)-rule, and we have
n 172

S(e1@es : p, €)@l : p'). We can now use the derivation above and with the notation from
above we have €/Q¢} : p' — € : phlz — vh],G" with S(e : phlz — vh],eo : polr — va])

c
and T(G', G). Looking into the derivation of G’ we find that the edges of G’ are the same
as the edges of (id7 4. ; G').

1772

Case S(e’ : plie : p), e : p | v,G by (Result)-rule, where we have the premises
e:p—es: ps,Gsand es : ps | v,Gy, G = Gs;G,: By IH since e @ p — e 1 ps, Gy
c c
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then & : p 7js 2 - el pl, Gl with S(e) : pl,es : ps), and T(G%,Gs), j € {0,1}.
Again by IH since e : ps | v, G, then € : p. || v/, G} with S(v,v') and T(G,,G,). Let
G = G.; G then T(G',G). If j = 0 we have the premises to conclude e’ : p/ || v/,G".
If j = 1 by lemma 8.17 we have S(s : p/,e : p) and we have the premises to conclude
s:p' | v/, G, and by applications of (Result)-rule once more in the extended semantics we

can also conclude e’ : p’ || v/,id5; G’ where the edge set of G’ is the same as the edge set
of id5; G'. I
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