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Abstract

As part of the long-standing drive for mathematical machinery to reason about
computer programs, we use the technique of denotational logical relations to prove
contextual equivalence of stateful programs. We propose the notion of approximate
locations to solve the non-trivial problem of existence and solve the fundamental
type-worlds circularity by metric-space theory. This approach scales to state-of-the-
art step-indexed techniques and permits unrestricted relational reasoning by the use
of so-called Bohr relations.

Along the way, we develop auxiliary theory; most notably a generalized version
of a classical fixed-point theorem for functors on certain metric spaces by America
and Rutten. Also we investigate the use of recursively defined metric worlds in an
operational setting and arrive at constructions akin to step-indexed models.

On a different, though related, note, we explore a relational reading of separation
logic with assertion variables. In particular, we give criteria for when standard,
unary separation logic proofs lift to the binary setting. Phrased differently, given
a module-dependent client and a standard separation logic proof of its correctness,
we ponder the default question of representation-independence: is the client able to
— or unable to — observe implementation specific details about its module.

Acknowledgements. 1 often, and only half-way joking, state that I chose my
supervisor Lars Birkedal rather than my thesis topic. Looking back, I could have
made no better choice.
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Chapter 1

Introduction

1.1 Cannons and Contextual Equivalence

There was a time, when providing incentive meant more than taxing cigarettes.
Cast-iron cannons, if cast badly, will burst into fragments when fired, much like
a bomb; hence the makers of cannons were required to fire their products once
while sitting on top of it. This tested the functionality and, in addition, encouraged
constant care on part of the makers.

Quality assurance remains an issue, these days also in the development of com-
puter programs. Malfunctioning software sends space-bound rockets falling from
the skies, blows up gas pipelines and cause no small annoyance to those working
close to deadlines. Such errors prevail, even in the face of extensive testing and
despite significant (and mostly non-physical) incentive to get things right. In this
dissertation we propose a further development of a formal method of proving com-
puter programs indiscernible; it is a step in the classic quest of eliminating errors
in computer programs by harnessing the power of mathematics

The objects of our study are computer programs. The long-term goal is to
reason about real-life programs, so to speak, but we restrict attention to computer
programs written in a somewhat academic programming language: the polymorphic
typed lambda calculus with recursive types and general references. It is, despite the
lengthy name, a standard language of theoretical computer science, well suited for
formal reasoning. At the same time, it is no toy-language; it is easily as expressive
as industry-standard programming languages, though it may fail to match their
practical ease of use.

The purpose is (mainly) to give tools for proving computer programs indis-
cernible. The gold standard is contextual equivalence, a well-studied concept of
theoretical computer science with a wide range of applications. Two computer pro-
grams are contextually equivalent if, roughly speaking, replacing one by the other
in some larger program — the context — does not change the behavior of that larger
program. If we break open the two programs and compare them, instruction by
instruction, then they may be quite different, but there should be no way of telling
that from the outside, i.e., from the observations that the context can make.

The framework is mathematics. We need to specify, in all details, the behavior
of computer programs before we can hope to reason precisely about them. We
do this by way of denotational semantics, a well-known method of giving meaning
to computer programs as mathematical entities. It is pleasantly abstract, but is
somewhat removed from the workings of real computers; hence we must take care
not to loose touch with reality.

Our method of choice is logical relations. The programming language is typed,



meaning that it distinguishes between different types of data and their uses. We
tend to eat oranges and throw frisbees instead of the other way round; in much
the same way, a computer program may increase a number by one or spell-check
a word, but typing rules will prevent it from doing the opposite. Hence our use of
logical relations: they are a standard technique for reasoning about well-behaved,
i.e., typed programs.

1.2 Reader’s Guide

This dissertation is a collection of 6 papers / manuscripts and two minor notes.
With the exception of the latter, each part comes with contextual information, i.e.,
motivation, textual explanation and discussion of related work, in addition to the
technical results. This information will not be repeated in full here; we give only
terse summaries and try to stress the interrelation between the parts. While all
explanations are textual, the text assumes familiarity with semantic concepts such
as logical relations, relational parametricity, etc. The aim is to provide a sort of
(technical) reader’s guide.

For each work we give the publication status, i.e., we denote whether it has been
submitted, published, etc.

1.2.1 Relational Parametricity for References and Recursive
Types [14]

We build a logical relation for a language with recursive types, universal types and
general references. Existence of the logical relation is the major contribution; it is
proved along the lines of Pitts [23]. As a means to that end, we devise the concept
of approzimated locations', a necessity for the proof to go through. A location, say
[, is modelled, conceptually, not just as the integer [ but rather as an infinite list
I,1,1,...; this crucially has approximations in the form of finite lists of I’s.

The logical relation is indexed over worlds to keep track of types of values in the
store. Worlds, in this setting, are syntactic, i.e., they map locations to syntactic
types. The latter may contain free type variables and this entangles the choice of
space of semantic types. Our answer, the somewhat awkwardly named semantic
closed types, strikes a balance between pure syntax and pure semantics — more
expressive than the former but without the definitional circularities of the latter.
Their access to the world is indirect, but, in combination with a peculiar notion of
future worlds, they are quite expressive.

Looking back, the notion of syntactic worlds is unsatisfactory to the semanticist
as we get no proper understanding of types. Also, the semantic closed types seem
unwieldy; the authors have not explored them beyond the scope of this paper. On
the other hand, the paper did give the first denotational and relationally parametric
logical relation for a language with the aforementioned types. And it provided ideas
and intuition that pervade the following development, most notably the reuse of
approximated locations.

This is joint work with Lars Birkedal and Kristian Stgvring. The paper was
presented in Savannah in 2009 at the TLDI workshop affiliated with the POPL
conference.

1These are also, confusingly, referred to as semantic locations elsewhere.



1.2.2 Realizability Semantics of Parametric Polymorphism,
General References, and Recursive Types [8]

Again we build a logical relation for a language with recursive and universal types
and general references. But as opposed to the previous work, the worlds are now
semantic, they associate semantic types with locations. This means, that we face
the type-world circularity head on: the semantic definition of either presupposes
the definition of the other. A proper solution to this is the main contribution: we
phrase the circularity as a functor fixed-point equation on a certain category of
metric spaces; the existence of a fixed point — our semantic types — is guaranteed
by a classic result by America and Rutten [4].

The metrics pervade the development in general, semantic type are non-expansive
maps from worlds to certain relations and the interpretation of recursive types is by
Banach’s fixed-point theorem. The approximated locations from the previous work
are reemployed; they are necessary to prove non-expansiveness of the interpretation
of reference types.

This is joint work with Lars Birkedal and Kristian Stgvring. The paper has been
submitted to Mathematical Structures in Computer Science; it has been reviewed
to provisional acceptance, i.e., final acceptance is subject to certain revisions being
carried out. These revisions are incorporated in the version included here. An
extended abstract [13] of this paper was presented in York in 2009 at the FOSSACS
conference.

1.2.3 The Category-Theoretic Solution of Recursive Metric-
Space Equations [7]

We digress from the development of logical relations to give a generalization of the
metric fixed-point theorem of America and Rutten [4] along the lines of work by
Smyth and Plokin [26].

In solving the type-world circularity as described in the previous subsection, we
observed that solving for types and then defining worlds afterwards worked out,
but the other way round did not. Worlds come with an ordering corresponding to
further allocation, and types need to be monotone with respect to that. But the
theorem by America and Rutten supplies fixed-points only in a category of plain
metric spaces and hence cannot be used to solve for worlds.

While merely a curiosity in the original construction, this is an issue proper in
work to scale the model to the notion of worlds found in work by Ahmed, Dreyer
and Rossberg [1]. In their work, which relies on step-indexing to break circularities
as described in the next section, the type-world circularity is of a more complex
nature; indeed, it is a world-world circularity rather. We were unable to solve it
using the existing theorem by America and Rutten for the reason sketched above.

Such was, in summa, the motivation behind this work: to give a version of
the theorem for a category of certain ordered metric spaces. In the end, we went
further, as the existence result given in the paper suffices for, but is not limited to,
that purpose; the notions of M-categories and locally contractive functors are quite
general. Also the paper has related results on compact ultrametric spaces and the
relation between O-categories and M-categories.

This is joint work with Lars Birkedal and Kristian Stgvring. The paper has been
accepted for publication in Theoretical Computer Science subject to the rephrasing
of a minor comment. An extended abstract of this paper [9] was presented in
Coimbra in 2009 at the FICS workshop.



1.2.4 A Relational Realizability Model for Higher-Order State-
ful ADTs [11]

We demonstrate that the idea of worlds as the fixed-point of a functor on certain
metric spaces scales to match the state-of-the-art notions of worlds found in work
by Ahmed, Dreyer and Rossberg [1]. The generalized fixed point theorem proved
by the authors [7] is applied and we need a to make various technical adjustments
to the existing model [8]; the use of approximate locations is still crucial.

A novelty is the use of Bohr relations. In the previous models, we required
uniformity of our relations; this implied that we could not, say, relate a pair of
integers to their sum, roughly because they behave differently under certain pro-
jections. The insight here is, that the cause of this restriction is the pursuit of
a logical relation that approximates contextual equivalence — and that aiming for
contextual approximation instead lifts the restriction. The Bohr relations are the
technical counterpart to this and we are free to make use of (the closure of) any
relation when working in the model.

This is joint work with Lars Birkedal and Kristian Stgvring. The paper has been
submitted to the Nordic Workshop on Programming Theory 2009 special issue of
Journal of Logic and Algebraic Programming.

1.2.5 Kripke Models over Recursively Defined Metric Worlds:
Steps and Domains [10]

We re-apply the above recipe for constructing worlds, but in an operational rather
than denotational setting. Concretely, we give a unary world-indexed syntactic
interpretation of the types of polymorphic lambda calculus with general references.
In the denotational setting, the metric on semantic values was derived from the
structure supplied with solutions to recursive domain equations; this, obviously, is
not possible here. Instead we decorate syntactic values with natural numbers that,
inspired by step-indexed models, provide formal approximations to each element.
We build metrics on top, and are, thus, able to phrase worlds as the fixed-point of
a functor, very similar to our denotational setup [8]. The resulting model is related
and akin to, e.g., the step-indexed model of Ahmed [3], but is, we argue, simpler
because we have a proper notion of worlds instead of the stratified solution of the
cited thesis.

Also we show that our approach specializes to recent work on indirection theory
by Hobor, Dockins and Appel; indirection theory is, roughly, an abstraction and
generalization of the stratified construction of worlds as proposed by Ahmed [3] and
refined, e.g., by Ahmed, Dreyer and Rossberg [1]. Finally we give an operational
analogue of an existing denotational model of separation logic for nested Hoare
triples; for that application it is important to have a proper space of worlds. In
conclusion, we provide evidence of the wide applicability of our metric techniques,
also outside the realm of denotational semantics.

This is joint work with Lars Birkedal and Kristian Stgvring. The manuscript
is unpublished. The contents are, however, included in a paper submitted to the
ICFP 2010 conference. The submission also applies the techniques to Chargueraud
and Pottier’s capability calculus [16] and has Reus, Schwinghammer and Yang as
additional coauthors.

1.2.6 Two for the Price of One: Lifting Separation Logic
Assertions [29]

The last work strays from the main development: We strive to give a relational
reading of separation logic proofs involving assertion variables. The idea is to prove



a client program correct by means of standard separation logic and then give a
relational reading of that proof to obtain — for free, so to speak — representation
independence properties. It is a natural extension of work by Birkedal and Yang
[15]; their assertions came without assertion variables.

The Achilless’ heel is the use of the rule of consequence of separation logic. The
hypotheses of this rule include implications between assertions; the main contribu-
tion of the manuscript are deliberations on whether, semantically speaking, validity
in the unary reading of an implication between assertions lifts to validity in the
binary reading. Concretely, we investigate assertions with assertion variables of a
certain form and give, based on the layout of the assertion variables, a complete
characterization of when semantic validity lifts from the unary to the binary reading.

This is joint work with Lars Birkedal and Hongseok Yang. This manuscript is,
as of now, unpublished.

1.2.7 A Tale of Two Recursive Predicates (note) [31]

All of our logical relations rely on the use of approximate locations, in this note we
seek to justify this. By contradiction, we show that certain world-indexed logical
relations do not exist; these are cooked-down versions of our first logical relation
[14] with the all-important distinction that locations are modelled as flat integers.
This is not to say that approximated locations are the only solution to the problem,
neither that they are necessarily the best, but it does demonstrate that there is
a problem. In the spirit of approximated locations, this note also gives a possible
work-around to an open problem posed by Benton, Kennedy, Beringer and Hofmann
[6, Section 6.2].

This is a note, not a stand-alone work. It should be read in the context of our
logical relation constructions, most notable the two first [14, 8], which have fairly
direct notions of worlds.

1.2.8 From M-categories to O-categories (note) [30]

In our generalization [7] of the fixed-point theorem of America and Rutten [4] we
gave a construction of M-categories from O-categories. It is such, that a locally
continuous functor on the O-category gives rise to a locally contractive functor on
the M-category; furthermore, we can move the unique fixed-point of the latter back
across the divide to give a minimal invariant [23] of the former.

In this note, we go the other way. For starters, we construct complete partial
orders from complete ultrametric spaces, and use this to prove Banach’s fixed-point
theorem on the former by Kleene’s fixed-point theorem on the latter. We then scale
to categories, proceeding exactly as sketched above, only going the other way.

This note is even less self-contained than the previous; it should be read only in
connection with our work on the generalized fixed-point theorem [7].

1.3 Some Related Techniques

The bulk of this dissertation pursues contextual equivalence by means of (world-
indexed) denotational logical relations. Other roads lead to Rome, in this section
we sketch alternative techniques. This is no comprehensive survey but merely a
pointer to a few crucial results closely related to the dissertation.

1.3.1 Syntactic Logical Relations

The origins of logical relations are denotational but they can also be built directly
on the language terms / operational semantics. In an expository presentation [22,



Chapter 7] based on earlier work [25, 24], Pitts gives an operational logical relation
for a functional language with universal types and term-level recursion. It is opera-
tional in the sense that the relation associated to a (closed) type really is a relation
between terms of that type. To prove that relatedness is preserved under the typ-
ing rule rule for fixed-points, Pitts faces the standard recursive-term problem: the
hypothesis only yields that finite unfoldings are related. To solve this, he effectively
works with syntactic T T-closed relations, much in the same way we build relations
on computations from relations on values.

An advantage of working in an operational setting is that Pitts obtains a log-
ical relation that is not only sound but also complete with respect to contextual
equivalence. Completeness is proved by squeezing contextual equivalence into ciu-
equivalence; the latter is similar to contextual equivalence but limits the choice of
contexts. Ciu-equivalence is, then again, squeezed into the logical relation. The
proof relies on the observation that, for closed types, the logical relation respects
ciu-equivalence; this is another benefit of working with T T-closed relations. While
satisfying, practical uses of completeness are not immediate. One may ‘import’ into
the logical relations contextual equivalences from elsewhere; apart from that, how-
ever, it does not appear readily applicable. Confer also the discussion in a recent
submission by Dreyer, Neis and Birkedal [18, Section 8].

The programme to build syntactic logical relations by refitting denotational
techniques was continued by Birkedal and Harper [12] and later Crary and Harper
[17], the former include a single recursive type and the latter full recursive types
and universal as well as existential quantification. As is the standard problem for
logical relations over recursive types, definition by induction on types will not do,
so one needs to argue the existence of the logical relation otherwise. The solution
adopted in both papers is, stated tersely, to give a syntactic analogue of the minimal
invariance property of solutions to domain equations [23].

The pioneering work of Pitts and Stark on world-indexed logical relations [21,
Pages 227-274] also belong in this subsection; it is not unreasonable to say that
main parts of this dissertation are (denotational) extensions of their work to richer
languages. They build a syntactic logical relation for a language with term-level
recursion and ground store, i.e., references to integers only; it is sound and complete
with respect to contextual equivalence by arguments along the lines discussed above.
More to the point, though, is that the logical relation is world-indexed, although this
is not their choice of nomenclature. Worlds, as in this dissertation, are abstractions
over stores; a pair of stores belong to a world if they meet the requirements of
the world. In this early work, this is very concrete, worlds are plain relations on
stores. Their use is twofold, again as in this dissertation: To interpret the reference
type (and functions types) some (though not absolute) knowledge of the store is
required; what are, e.g., the allocated locations and which locations store identical
integers. This knowledge is obtained by parameterizing the logical relation over
worlds. Secondly, worlds may capture reasoning that relies on local use of store,
e.g., some relation between stored values that cannot be disrupted by the context
because the locations are not exported. Pitts and Stark give a thorough presentation
of the technical development and prove non-trivial equivalences such as contextual
equivalence of certain functions and their memoised versions.

1.3.2 Step-indexed Models

Over the last decade, operational, step-indered models have emerged. Coined by
Appel and McAllester [5], the basic idea goes something like this. While it is nice to
know that the value v has type 7, we sometimes can make do with less: it may suffice
to know that v will behave as if it has type 7 for some n execution steps. In other
words, the assumption that v has type 7 may be wrong, but it takes at least n + 1



steps to discover that. We say that the v has type 7 to approximation n; the pair
(true, (4,3)) of a boolean and a pair of integers, e.g., has type bool x (bool X bool)
to approximation 2. This is because it will take two steps (two projections) to
extract, e.g., 4 with the alleged type bool and then one more step to break down
on account of this fauz pas.

The reason for stratifying types is to break circularities. One such is the
recursive-types circularities mentioned in the subsection above: We like to inter-
pret types by induction on their structure, but in the presence of recursive types
this breaks down: we would, e.g., say that foldwv has type pa.7 if v has type
Tlpa. T/a], but the latter type is no subtype of the former. If, however, we only
require that foldwv has type pa.7 to approximation n + 1 then it will suffice to
verify that v has type 7[ua. 7/a] to approximation n because it takes one execution
step to unfold the recursive value. Hence, if we do nested induction with the outer
induction on the steps and the inner induction on the types, we break the circularity.
Not only the recursive-types circularity but also the type-world circularity solved in
this dissertation [8] by metric means can be broken. When interpreting a reference
type, say ref 7, one roughly wants to return the allocated locations that hold values
of type 7; hence we index our interpretations by worlds, which, in this context, are
lists of allocated locations with associated types. Unfortunately, this introduces a
definitional circularity, if we store semantic types in our worlds: the space of se-
mantic types depends on the space of worlds and vice versa. If, however, we only
require that a location [ has type ref 7 to approximation n + 1 then it suffices to
verify that 7 and the type of values stored at location ! agree to approximation n
because, e.g., a memory lookup takes one execution step. This again means, that
to decide whether a value lies in some type in some world to approximation n + 1,
we need only inspect the types of the world to approximation n. Hence we may
stratify our types / worlds and the circularity is broken.

In her thesis [3], Ahmed explores this idea. She considers an untyped polymor-
phic lambda calculus augmented with mutable references and existentials and gives
a unary, step-indexed safe interpretation of types including recursive and impredica-
tive quantified types as well as general references. It uses none of the aforementioned
sophisticated operational techniques: syntactic minimal invariance is superfluous by
the breaking of the recursive-types circularity and since, in essence, she considers
only finite unfoldings of recursive terms there is no need for syntactic admissibil-
ity or T T-closure. Neither does she produce a proper solution to the type-world
circularity as in the work in this dissertation, rather it is simply broken by the
step-indexing as described above.

Ahmed proceeds [2] to build a step-indexed syntactic logical relation for a lan-
guage with recursive and impredicative quantified types, but no state. The relation
is proved sound and complete with respect to contextual equivalence, the latter
by the ‘standard’ method of embedding ciu-approximation into the logical rela-
tion; this, again, require her to consider only ciu-approximation respecting relations
when, e.g., arguing by relational parametricity.

In recent work, Ahmed, Dreyer and Rossberg [1] have extended Ahmed’s thesis
to give a logical relation for recursive types, general references and impredicative
quantification. As compared to the thesis, the major novelty is the binary inter-
pretation that is sound with respect to contextual equivalence and, more to the
point, a quite expressive notion of worlds. Apart from keeping track of the types
of allocated references, the worlds can capture complex and dynamic invariants of
the heap that hold for reasons of local use of store. This idea was present already
in the work by Pitts and Stark [21, Pages 227-274] as mentioned, but is extended
considerably. In a recent submission by Dreyer, Neis and Birkedal [18], the dynamic
behavior of such invariants is explored further, to the point where complex call-back
patterns can be captured elegantly using a finite-state machine.



Much of this dissertation has to do with the type-world circularity in a denota-
tional setting. Approximative locations are introduced [14] to permit a denotational
logical relation indexed by syntactic worlds; they are reused [8] to give an actual
solution to the type-world circularity by metric techniques, this grants a logical
relation indexed over semantic worlds, i.e., worlds that associate locations with se-
mantic, rather than syntactic, types. Finally we extend [11] the notion of worlds to
meet the standards of the work by Ahmed, Dreyer and Rossberg [1], demonstrating
that our techniques scale to state-of-the-art in terms of world-expressivity.

What, then, does our mathematical machinery buy us compared to the some-
what low-tech approach of step-indexing? There is room for discussion here. We
know of no contextual equivalence that may be proved by our methods but not
by step-indexing. On the other hand, our approach yields more abstract models.
Indeed, it is not unreasonable to claim that direct proofs in our model are at a level
of abstraction comparable to recent logics [19, 20] built on top of the step-indexed
models; these feature modal logic to do away with the steps that otherwise clutter
calculations in the model. Also we expect that our models will do better in terms
of categorical / logical properties but this remains to be investigated further.

Bisimulation

In the search for contextual equivalence, the use of bisimulations is an alternative
to logical relations. The two are dissimilar: Building a logical relation is a game,
so to speak, of giving a binary interpretation of types that is rich enough to re-
late a great many things, whilst restrictive enough to be maintained across typed
constructions of terms. This will, roughly speaking, imply contextual equivalence,
since the context cannot ‘escape’ the relation — provided that the relation exists in
the first place.

On the other hand, to prove a contextual equivalence by use of bisimulations,
we try to outwit the context. We build a set, the bisimulation, of pairs of possibly
different values of equal type; this set should be closed under any typed decompo-
sition that a context might apply: if, say, it contains ((v1, v2), (w1, ws)), both with
type o x 7, then it should contain (v1,w;) of type o too. Intuitively, the set should
contain all differences that the context may extract from the two programs under
scrutiny. If no pairs in the set give rise to expressions that fail to co-terminate, then
any two values that is in the set are contextually equivalent since there is no way
for the context to produce uneven termination behavior.

Bisimulations are employed, e.g., in work by Sumii and Pierce [28], to give a
complete proof method for a typed A-calculus with full universal, existential and
recursive types. This is extended to cover general references in recent work by Sumii
[27]. To do so, one also needs to keep track of the states in which values are related
to facilitate, e.g., lookup.

As compared to logical relations, bisimulations are closer to a direct proof of
contextual equivalence. They employ only elementary math as opposed to deno-
tational logical relations or even syntactic ones before the advent of step-indexing.
Many concrete examples can be proved, some with nice and short proofs; programs
that are alike in terms of syntax tend to do well. Sumii [27] gives a wider range of
examples than Ahmed, Dreyer and Rossberg [1], confer also a recent submission by
Dreyer, Neis and Birkedal [18]. On the other hand, bisimulations are less abstract,
and do not provide an answer to questions such as, e.g., what all the contextually
equivalent values at some type are. In other words, they do not give models of

types.
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Abstract

We present a possible world semantics for a call-by-value higher-
order programming language with impredicative polymorphism,
general references, and recursive types. The model is one of the first
relationally parametric models of a programming language with all
these features.

To model impredicative polymorphism we define the semantics
of types via parameterized (world-indexed) logical relations over
a universal domain. It is well-known that it is non-trivial to show
the existence of logical relations in the presence of recursive types.
Here the problems are exacerbated because of general references.
We explain what the problems are and present our solution, which
makes use of a novel approach to modeling references. We prove
that the resulting semantics is adequate with respect to a standard
operational semantics and include simple examples of reasoning
about contextual equivalence via parametricity.

Categories and Subject Descriptors F.3.2 [Logics and Meanings
of Programs]: Semantics of Programming Languages—Denotational
semantics; F.3.1 [Logics and Meanings of Programs]: Specifying
and Verifying and Reasoning about Programs

General Terms Languages, Theory, Verification

Keywords Denotational Semantics, Possible World Semantics,
Relational Parametricity, Impredicative Polymorphism, General
References, Recursive Types

1. Introduction

Relational parametricity was proposed by Reynolds [34] to reason
about polymorphic programs, in particular, to show equivalence of
polymorphic programs and to show representation independence
for abstract data types. In this paper we provide one of the first'
relationally parametric models of a programming language with
recursive types and general references. We prove that the resulting
semantics is adequate with respect to a standard operational seman-
tics, which means that we can use parametricity to show contextual
equivalence of expressions in the language.

Our model is based on logical relations over an untyped model
of the language. The logical relations are parameterized over pos-

! Independent work [3] by Ahmed, Dreyer and Rossberg came to our atten-
tion after writing this paper, cf. section 6; we know of no other models.
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sible worlds which are used to capture dynamic allocation of ref-
erences, much as in [7, 11, 22, 31]. It is well-known that it is non-
trivial to show the existence of logical relations in the presence of
recursive types [28]. Here the problems are exacerbated because of
general references. We explain the problems and present our solu-
tion, which makes use of a novel approach to modeling references.
In this paper we focus on the challenge of defining an adequate
semantics, in particular on the challenge pertaining to the existence
of the logical relations. The resulting model can be used to prove
equivalence and parametricity results for programs using references
in simple ways. In future work, we plan to extend the parameters
of our logical relations to accommodate local relational reasoning
about programs using local state. We plan to do this using the first
author’s earlier work on relational reasoning for languages with
references and recursive types (but not polymorphism) [11].

1.1 Background

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., [9, 33]. 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:
equational type theories with effects and programming languages
with effects.

Work in the former category was initiated by Plotkin [32], who
suggested a second-order linear type theory with a polymorphic
fixed-point combinator to combine polymorphism with recursion.
That approach was further investigated in [10]. One of the remark-
able features of this calculus is that it allows one to encode a wide
range of data types, including recursive types, with the desired uni-
versal properties following from parametricity. Hasegawa studied
the combination of polymorphism and another effect, namely con-
trol [15]. Recently, this line of work was extended by Mggelberg
and Simpson [25], who proposed a general polymorphic type the-
ory for effects, as captured by computational monads. The general
framework has been specialized to control effects in [26].

Work in the latter category focuses on programming languages
defined using an operational semantics, specifying evaluation or-
der, etc., and was initiated by Wadler [37]. Relational parametric-
ity is concerned with program equivalence which is here typically
defined as contextual equivalence: 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 ex-
pressions are contextually equivalent because of the universal quan-
tification over all contexts. Thus there has been an extensive re-
search effort to find reasoning methods that are easier to use for
establishing contextual equivalence (see, e.g., [30] for a fairly re-
cent 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 para-



metric models have been developed for languages with recursion
and inductive / coinductive types, see, e.g., [8, 16, 17, 29] and, re-
cently, also for languages with recursive types [2, 13, 23]. In ad-
dition, a number of bisimulation-based methods for proving con-
textual equivalence have recently been proposed; the methods most
relevant for the work in this paper cover a pure language with re-
cursive and existential types [36], untyped languages with general
references and/or control operators [18, 19, 35], and a pure lan-
guage with parametric polymorphism and recursive types [20, 21].

The two categories of work are, of course, related: the type
theories serve as metalanguages and can be used to give seman-
tics to programming languages. This has, e.g., been done by
Mggelberg [24], who showed how to give a 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
Mggelberg to prove results about contextual equivalence using the
reasoning principles of the type theory.

1.2 Overview of the technical development

In Section 2 we define the operational semantics of our program-
ming language, which is a standard, direct-style, call-by-value
higher-order language with impredicative polymorphism, recur-
sive types, and references. The operational semantics is non-
deterministic since dynamic allocation of references is modeled in
the standard way via a nondeterministic choice of a new location.

In Section 3 we present an untyped denotational semantics of
the language using a universal domain. In the denotational seman-
tics we assume that the semantic set of locations is well-ordered
(the set of locations is a copy of the natural numbers) and alloca-
tion is modeled by choosing the smallest free location. We use a
novel form of semantic locations in the semantics; the motivation
for these comes from the need to establish the existence of logical
relations in the following section.

We prove that the denotational semantics is sound and adequate
with respect to the operational semantics. This is done almost in
the standard way by defining a logical formal approximation rela-
tion between the operational and denotational semantics. For the
adequacy proof it suffices to give a logical relation for closed types
and therefore, as we show, the existence of the logical relation
can be proved using standard techniques [28]. The adverb ’almost’
above refers to the following. For the existence proof one needs
to show that the relations are suitably admissible and the standard
proofs of that rely on determinacy of the operational semantics,
see [28, Sec. 5, Page 81], but here we have a non-deterministic op-
erational semantics. Intuitively, the denotational semantics should
be adequate since the choice of new location should not matter for
the final result of a program. In earlier domain-theoretic models
of references for which adequacy have been proved [7, 11, 22],
both language and denotational semantics have been defined in a
monadic (continuation-passing) style; hence it was fairly easy to
capture that the choice of location does not matter for the final re-
sult. Here we decide to stick to a direct-style language and opera-
tional semantics to make sure that our results do not depend on a
monadic presentation and instead we define the logical relation in a
continuation-passing style, which suffices for proving adequacy. In
summary, the language is in direct style, but the proof of adequacy
is in continuation-passing style.

The untyped semantics can only be used to establish simple
forms of contextual equivalence. In Section 4 we therefore present
a typed possible world semantics of the language by defining a
family of parameterized logical relations over the universal domain
for which we prove the fundamental theorem of logical relations.
In combination with adequacy of the untyped semantics this proves

14

adequacy for the typed semantics. To reason about parametricity
we need to give a semantics not only of closed types but also of
open types. This turns out to complicate the existence proof of
the logical relation because, loosely speaking, we need to compare
semantic types in the logical relation for reference types in order
to check that the type for the location in the current world (a store
typing) agrees with the type of the reference. We solve this problem
by modeling references using a novel semantic notion of location
which permits approximations to locations. The approximations are
crucial for the existence proof of the logical relation. We explain
what the problem is by highlighting what goes wrong if we omit
such approximations.

In Section 5 we present a few examples of equivalences that can
be proved using the resulting possible world semantics.

Finally, in Section 6 we conclude and briefly discuss directions
for future work.

2. Types and Operational Semantics

Types, expressions and values are given in Figure 1. A context of
type variables is a list of type variables with no repeats. For any
such context = and any type 7 we write = F 7 if the free type
variables of 7 are all in = and we write Typeg for all such types.
A world is a partial map with finite domain from N to the set
of types; we have a partial ordering on worlds defined by setting
A C A’ provided dom(A) C dom(A’) and A(l) = A'(l) for
all I € dom(A). A context of term variables is a partial map with
finite domain from the set of term variables to the set of types. For
any context of type variables = and any world A we write = - A
if 2 A(l) for all I € dom(A) and we let Worldg be the set of
worlds with this property. We define = F I for a context of term
variables I" similarly.

We give selected typing rules in Figure 2, a complete presenta-
tion is found in Appendix A. The rules assign types to expressions
under assumptions of contexts of type variables, worlds and con-
texts of term variables. It is not hard to see that the various side
conditions ensure that = | A | ' - e : 7impliesEF A, EF T
as well as = F 7. Also it is worth noticing that the language is ex-
plicitly typed to ensure type uniqueness: Given = | A [ T'F e : 71
and 2 | A | T'F e : 72 we can conclude that 71 = 72 and that the
derivations of the judgments coincide.

As usual we identify expressions up to a-equivalence. For con-
venience we write A7z, e for £ix0 77" f(x).e where f is
some arbitrary variable not occurring free in e.

A syntactic store is a partial map with finite domain from N
to the set of values. Using that definition, we define a standard
big-step operational semantics; selected rules are given in Figure
3, see Appendix B for the unabridged story. It is a quaternary
relation between syntactic stores and expressions on the one hand
and syntactic stores and values on the other. Notice that the memory
allocator is nondeterministic in the standard way: Any free location
may be picked.

For a context =, a world A, a context I" and a syntactic store IT
we write 2 | A | T' F II to denote that dom(A) = dom(II) and
that forall/ € dom(A) wehave = | A | ' - II(I) : A(l). We have
the following standard proposition (see Chapter 13 of Pierce [27]):

Proposition 1 (Type Preservation). Assume I1, e || II', v. Suppose
furthermore that we have O | A | 0 - Tland 0 | A | O+ e : T for
some world A and some type T. Then there is A’ 1 A such that
DA QT and D | A" [ v :T.

The proof is by induction on the structure of the derivation of
the judgment. It relies on basic properties of the type system such
as standard substitution lemmas for type and term variables as well
as the fact that an expression of some type in one world has the
same type in any larger world.



Tou=qa|unit |int |[7ref |7 X 7|7+ 7 |paT |Var|T =T

ex=x|()|n|l|op(exe)]|ifzeroethencelsee | (e e) | fst(e) | snd(e) | inl™ ™ (e) |

inr™F 7 (e) | case e of inl(z).e else inr(z).e | £01d"“ 7 (e) | unfold”* 7 (e) |

Ace | e[r] | £ix™ 7™ f(z).e | e(e) | ref(e) |le|e:=¢

vi=()|n|l](v,v)]inl™ " (v) | inr™ T (v) | £01d"* T (v) | Acve | £ixT0 7T f(z).€

Figure 1. Types, expressions and values.

E[A|DH1:7ref EFAEFT, I €dom(A), A(l) =71)

HEa|A|Tke:T

EFAERT
E|A|FI—Aa.e:Va.T( )

E|A|TFe: Yoo
E|A|TFe[m]:7o[mn/q

EFT1)

EIA|T,f:r0o—= T, z:T0oFe:T
E]A|TFE£ix™7 f(z).e: 70 = 71

E|A|Tke:T
Z|A|TFref(e):Tref

E|A|TFe:Tref
Z|A|THle:T

ZE|A|TFeo:Tref ZE|A|Tker:T
Z|A|TFeo:=e;:unit

Figure 2. Select typing rules. The general formisZ | A | T Fe:
7 for a context of type variables =, a world A, a context of term
variables I, an expression e and a type 7.

II, Aa.e | I, Aa.e

IL £ix™0 77 f(x).e | II, £ix™0 77 f(x).e

e | IT', Acv.€e’ I, e[r/a] 4 I, v
ILelr] § I, v

IMeo § I, £ix™ 77 f(x).e I',er M7, 0
", efv/@, £1x™0 77 f(x).e/ f] 4 I, 0

I, eo(er) 4 T2

el Il',v
I, ref(e) § TI'[l = 2],

l (I ¢ dom(11"))

II Ir, !
Lj(l € dom(I'), TI'(1) = v)
Mle | II'v
e § I, 1 I, e; 4 I, v

(I € dom(11"))

I eo := ex Y II"[l = ], ()

Figure 3. Select rules of the big-step operational semantics. The
general form is IT, e |} II', v where IT and IT’ are syntactic stores, e
is an expression and v a value.
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Contextual equivalence of expressions (in empty worlds) is de-
fined in the standard manner:

Definition 2. If = |0 | T' e, : 7, fori = 1,2, then e1 and e are
contextually equivalent, written

El0|T e =cxe2: 7,

if, for all closing contexts C[.] : (E| 0| TF7)=(0]0]0F
int), for all n,

3H1.(Z),C[61] »U Hl,n = 3H2.@,C[62] »u HQ/I”L

3. Untyped Denotational Semantics

We first present an "untyped’ denotational semantics of our lan-
guage. By this we mean that all expressions are interpreted by
means of a certain complete partial order (cpo) U, and that the
interpretation essentially ignores all type information in the lan-
guage. Since U must in effect allow us to model an untyped variant
of our language, we have the familiar requirement for models of
the untyped A-calculus: U must contain a copy of a function space
with U itself as the domain. Therefore we construct U by solving a
recursive domain equation.

We work with a concrete, domain-theoretic setting: Let Cppo |
be the category of pointed w-cpos (i.e., cpos containing a least
element) and strict, continuous functions. The cpo U is constructed
by solving a domain equation of the form

U=~ F(U,U)

where F' is a mixed-variance functor on Cppo (see below).

It is not enough that U is any solution to the equation above:
the standard methods for solving recursive domain equations give
solutions that are so-called minimal invariants [28]. In our setting,
minimal invariance of U means that there exist continuous func-
tions 7, : U —o U (one for each n € N) satisfying, among other
properties, that for each v € U,

mouCmul---Capul -+ and

|| o=

neN

We say that each element v of U is the limit of its projections
mru. The ’projection’ functions 7, therefore provide a handle for
proving properties about U by induction on n. Moreover, unlike
in any earlier work we are aware of, these functions are directly
used in the definition of the (untyped) semantics; that will turn out
to be essential when we construct our typed semantics in the next
section.
We now turn to the formal development.

Definition 3. Let i : F(U,U) = U be a minimal invariant of the
locally continuous functor F' : Cppo“” x Cppo, — Cppo



defined on objects by
FD,E)=1,9Z, dP(NxE),®(EQFE)® (E® E)®
Eo[(NB D), -NBE) 0E] o
(NBD),eD-NBE) 0F] .
F' is assembled from standard components [28] with one ex-

ception: For any pointed cpo D we define a new cpo N ™ p n
by having s C s’ if dom(s) = dom(s’) and s(I) E s'({) for all

[ € dom(s). Lifting then yields the pointed cpo (N ™ p )L
and this endofunction on objects of Cppo, is extended natu-
rally — much as a smash product — to a locally continuous functor
Cppo, — Cppo, which is used in the above definition. Here

A B denotes partial maps with finite domain from a set A to a
set B and D is all but the least element of a pointed cpo D.

Notice that the minimal invariant U exists by virtue of Theorem
3.3 of [28]. In accordance with this source we define the continuous
map 6 : (U — U) — (U — U) by §(e) = i o F(e,e)oi™*
forany e € U — U. We then define m, as 6"(L) for any
n € N; as discussed above, minimality of the invariant means that
Ll,,en T = idu. Note 7, 0 T = Tman for any m,n € N.

The cpo U is our universal domain: one can intuitively think
of U as the domain of all untyped semantic values, analogous to
the untyped closed values of our syntactic language. We define

S = (N iy 1)1 which intuitively is the collection of states.
The cpo S — S ® U models computations, i.e., functions from an
initial state either diverge or return a state and a semantic value.
From the isomorphism 7 and the definition of F'(U,U) we
obtain functions for injecting integers, pairs, functions, etc. into the
universal domain: inuic : 1 = U, Nine : Z — U, inges : (N X
U)—-U,ing :UQU — U, ing :UDU — U, in, : U — U,
iny : (S —oS®U) = U,andin,, : (SQU — SQU) - U.
The injection inres is explained in more detail below. We use the
cpo S — S ® U of *computations’ as the domain of iny because,
in the untyped semantics, a syntactic value Aa.e is treated simply
as a suspension of the computation e: the type argument is ignored.
We now introduce the semantic locations as promised:

Definition 4. For [ € N we define A; : U — U continuous and
order-monic by Mu € U. inges (I, u). We define \' = A7 (L) for
any l,n € N and finally choose

A= |_| AR
neN

Using the the observation that 7,41 o0 A; = A; o 7, holds for
any [, n € N it is not hard to prove the following properties:

Lemma 5 (Location). For any k,1,1",n € Nand u € U we have:

(i) T (M) = AP, () = AP

(i) Nt =N e l=t
(iii) 7o (u) AN () = A u I NS u= A\
(iv)UE)\{L@EIJ‘Sn.u:)\{,uEAl<:>u:AL\/E|j.u:>\{.

Definition 6. Any rype judgment = | A | T e : 7 is interpreted
as[E|A|Tke:7] € S® (dom(T') = Uy)L — S®U by
induction on the typing derivation, important cases are in Figure 4,
see Appendix D for a complete presentation.

Verification of continuity is tedious but standard with the one
exception that we use the Location Lemma and the particular or-
dering on S in the cases involving references.

If wehave @ | A | 0 - v : 7 for a value v then there naturally
isaunique uw € Uy suchthat [0 | A | @+ v : 7]° = [s,u] for
any s € S|, we denote this u by [A F v : 7]. Similarly, if we
have @ | A | @ F II we define [A + II] = Al € dom(A). [A +
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II(7) : A(l)] € S,. With this notation in place we are ready to
prove adequacy and soundness of our untyped interpretation:

Theorem 7 (Adequacy). For® | A |t e:intand @ | A | 0D+
II we get that

[0]A|0Fe:ing]l¥™ 21 — Mey.

Here and below we use write II,e| to denote termination,
i.e., the existence of a syntactic store II’ and a value v such that
e | I, v.

Proposition 8 (Soundness). For § | A | § F e : int and
0| A|0F 1L, any syntactic store 11" and any n € N we get

Melll''n =
s e S [0 A0F e int]™™ = |5 inge(n)].

Proving soundness is slightly nontrivial due to the nondetermin-
istic memory allocation of the operational semantics. On the other
hand, the problem intuitively comes down to location renaming,
i.e., we may perform substitutions of one location for another to
make the operational semantics mimic the ’least free’ memory al-
location of the denotational semantics. Details are deferred to Ap-
pendix C .

To prove adequacy we proceed along the lines of the proof of
Proposition 5.1 in [28]. But since our operational semantics is not
deterministic due to the nondeterministic allocation, we resort to
a continuation passing style proof to ensure admissibility of the
’formal approximation’ relations. We introduce continuations for
that purpose, these are just expressions with one free term variable:
For a context of type variables =, a world A, an expression K, a
variable z and types 7o and 7y we write 2 | A+ K : (z : 70 — 71)
ifwehave 2 | A | z : 7o F K : 7 and we refer to K as
a continuation. It is a simple yet important property that for any
syntactic store I and any expression e we have

A7z, K)(e)| & A, v. el T, o AIl', K[v/z] |
We fix some further sets of syntax: For a world A and a type
7 with - A and @ F 7 we let Val® and Expr? denote the
set of values and expressions respectively that have type 7 under
the assumption of A and empty contexts. SynSt> is the set of

syntactic stores IT with ) | A | @ I IT and ContZ2:,, ., is the set
of continuations K with ) | A+ K : (z: 70 — 71).

Proposition 9. There is a family of ’formal approximation’ rela-
tions 9% C U, x Val2 with the properties of Figure 5 and with

{u € Uy | u<? v} chain complete and <2 C Qf/forA C A

Proof. Denote by UAdmSub(U) all uniform and admissible
subsets of U in the sense that they are closed under application of
7, for any n € N, contain L and are chain complete. This con-
stitutes a complete lattice with ordinary set inclusion as ordering
since all properties are preserved by intersection, and hence the
following is a complete lattice too with pointwise ordering:

K= { fe I1 Val® — UAdmSub(U) ‘
(A, 7)EWorldy x Typey

YA, A" € WorldgVvr € Type,Vv € Valf.
ACA = f(A,7)) C (A, 7))}

In Figure 6 we define a monotone map ® : £°? x K — K and
mimicking the proof of Theorem 4.16 from [28] one can establish
the existence of a fixed point, i.e., a K € K with (K, K) = K.
We write u <2 v foru € K(A, 7)(v) \ {L} and are done. O

Note that in the proof above we make use of a complete lat-
tice of functions from syntactic types (and worlds). This makes it



E|A|ITFz:7]; = s p(x)] [E|A|TFL:Tref], = [s, ]
[E|A|TF Aa.e: Va.1], = smv()\s €S [E,a|A|Tke:T]; )J

{ [E|A|TFe:VYar], = s, inv()]

[E|A|TFe[r]: 70 7'1/0‘ otherwise

[E]A|TF £o1d"*7(e) : po.r]3 = { Ls" inu(uw)] [E]A|TFe:rlpar/a]]; =[5 u

otherwise
[E|A|TF£ix™ 7 f(z).e i 1o > 1]y = |5, (ins o fiz) Ap € S@U — S@ UL )
A(s ,u) € Sy x UL [E| AT, frmo = 1,270 F e Tilpipoin, (0)wmrul) )

51> u], A “WMFW Iy = 18", ul,

[E]A| T+ ref(e): Tref]; = I ¢ dom(s"), VI’ < 1.1' € dom(s')

1L otherwise
Ls’,s'(1)] [E|A|TFe:Tref]; = [s", A, | € dom(s')
- s E|A|TFe:Tref]s =[5, ul, mog1(u) = AP
= Fle: — / - ’ II | P ! + 1 )
[EfalTrtesr, = 1 m(E @) [ Tata(u) £ N2, 1€ dom(s'), ma(s/(1)) # L
L otherwise
. - [[E|A|F|—eoz7'ref]] = [s', A,
[ =l 61 () { [2]A[DFen: o]y = |5, ul, L € dom(s")
_ s = A\Pkeozrref]] Ls’, v’
ZlA|T'Fep:=eq :unit]; = . [E ]
[[ | | 0 1 ]]P \_S”[l’_)ﬂ-n(u)],lnunit(*)J [[E\A\Fl—el 'T]] LSH UJ 7Tn+1( )_A?Jrl’

Tnt2(u )76/\"+2l€d0m( ), ma(u) # L

1 otherwise

Figure 4. Untyped interpretation, select cases. The general form of the left hand side is [ | A | T' F e : 7]; with s € S and
p € dom(I") — U, . The right hand side is an element of S ® U, recall that S = (Loc i Up)li.

u <D () <= u=inumic(x)
u<Gen = U= inim(n)
u <]$ref l <~ u & Al
u <5 yr, (Vo,v1) = Juo,ur € Up. u=inx(|uo,u1]) Auo <5 vo Aut <95 v1
u<h ., inl™0 (V) = T € Uy u= (ing oinl)(u) Au <5 v
u<h g, inr0T (V) = €U u= (ingo inr)(u') A <5 v
u <o, £01d4* 7 (v) = I €U, u=in,(u) Au <5 Tlpar/a] ¥
u<G,  Aae = Jp€ S —oS@U.u=iny(p) AVA' JA.V7' € Type,. QOQT_,_ (/a1 €l7'/ @]
u<h ., £ix07 T f(z).e = FpeSQU - S@U.u=in,(p) AVA JANVY v 0 <5 v=
As € Sy (|, u')) <y, e[f1x™ 77 f(2).e/f,0/a]
s<P Il — dom(s) = dom(II) A VI € dom(s). s(1) <1ﬁ(l> I1(1)
ki, K <= VYA JAVuuvsILu<a? vas<?® = [k([s,u)) # L =T, (AN 7"z K)(v) | ]
p<apre = Vs, ILk K s<®TIAk<Rz, K= [k(p(s) # L =TI\ "z K)(e) | ]

Figure 5. Desired properties of an indexed family of *formal approximation’ relations <> C U} x Val2. Also we define three auxiliary
families of relations, <® C S| x SynSt®, <%, C (SQU — S @ U) x Cont5, iy and <2, C (S — S ® U) x Expr2.

particularly easy to define the interpretation of (closed) recursive 1 <@ < n, we have

and polymorphic types, cf., the definition of ® in Figure 6, and _ s Aa—

means that we find the interpretation of all types by taking one fixed As € SL[E|A|TEe: 7], <ppelvi/zi, ... vn/Tn]

point of ®, rather than via a nested sequence of fixed points as in,

e.g., [13, 14]. This idea of using a function-space lattice was also

used in the first author’s earlier work [11], albeit more implicitly. Loosely, this proposition says that any expression is related to
itself. Applying the identity continuation it is not hard to see that it
has adequacy as a corollary as we have [A F v : 7] < v for any

with p = [z1 — U1, ..., Tn — uy] € dom(T) — U,.

Proposition 10. Given 2 | A [T b e: 7 withE = a1,...,am value v with @ [ A [Q v 7.

and I' = x1 : T1,...,@Zn : Tn. Pick 01,...,0m € Typey

and denote application of the substitution [o1/ax, ..., 0m[Cm]

by overlining. For any Ao € Worldy with Ao J A and any Proof. We prove the proposition by induction on the typing deriva-
Ul,...,Un € Uy and any values v1, . .., vp, with u; <1%“ v; for all tion, details follow for a few cases. For the case of memory alloca-

17



(R, 8)(A,unit)(()) = {L}U{inumis(+)}
D(R,S8)(A,int)(n) = {L}U {inwm(n)}
D(R,S)(A,rref)(l) = {ueU|ul N}

(R, 8)(A, 10 x 71)((vo,v1)) = {L}U (inx o |[-])(S(A

)
,70 + 71)(inl(v)) = {L} U (iny oinl)(S

;70)(v0) \ {L} x S(A, 71)(v1) \ {L})

(A, 70) () \ {L})
= {L} U (ing oinr)(S(A, 1) (v) \ {L})

D(R,S)(A )(
D(R,S)(A, 10 + 71)(inr(v))
Q(R,S) (A, pa.7)(fold(v)) = {L}Uin.(S (A Tlueet/a])(v) \ {L})

®(R,S)(A,Va.1)(Aae) = {L}U {inv(p

®(R,S)(A, 70 — 71)(£ix0 7 f(z).e) = {L}U{in,(p

J]peS—oSRUA
VA’ O A.V7' € Typey. ¢ € (R, S) (A
) eeSQU - S®UA

[ fa)) (el /al)}

VA" J A.VoVu € R(A',70)(v) \ {L}.

%(S)(A) (1) =
T (R, 8) (A, 7)(K) =

" (R,S)(A,7)(e) = {p €S —-SaU |V

{L}u{s € S, | dom(s)
{(keS@U —-S®U |VA" I A.Vu,IL

)
As € Sy. @(LS,UJ) € ¢T(R78)(A,77—1)

(elfix™ 7™ f().e/f,v/a])}
= dom(IT) A VI € dom(s). s(l) € S(A, A(1))II(1)) \ {L}}

Vu € R(A,7)(v) \ {L}.Vs € B5(R)(A")(ID) \ {L}.
k(ls,u)) # L= IL (70, K)(v) | }

V86<I>S(73)( YA \ {L}.Vk € 25(S 72)( ) (K).

k(o(s) # L = IO ™2 K)(e) | }

Figure 6. Definition of ® : K°” x K — K using three auxiliary maps ®° : K — [Tacworid, SynSt® — P(S), X : KP x K —
H(A,T)Eworldqj xTypeg ContZ, ine — P(S@U — S®U) and R S H(A,T)EWorld@xTypew EXpI‘f = P(S — 58U).

tion, consider
Z|A|Tke:T
E|A|TFref(e): 7ref
and assume that the proposition holds for the premise. Choose types
O1y.-ey0m, Ao I A and uq,...,u, elements of U, values
v1,...,0, and p € dom(I") — U, as stated. Furthermore pick

5,11,k and K with s <®° TI and k <§; ret K. We now assume
that

k(0| A| T+ ref(e) : Tref])) # L
and are to prove that
IO, (A7 7™, K)(retf (e[vy /21, . . ., Un/2n])) | .

The map A(s,u) € S, x Up. k(|s[l — u],\]) where we
choose ! € N minimal such that [ ¢ dom(s) defines a map
NS S ® U — S ® U. Also we define a continuation K’ €
Cont22 . by K' = (\T™ 7, K)(ref(z)) and by the
induction hypothesis it suffices to show that &’ <22 K. According
to definition we pick A’ J Ag and v/, v, s, IT' with v’ <2" v’ and
s' <®" IT', we assume that k(| s’,u/|) # L and aim to prove that
I, (AT 7%, K')(v") |. We remark that

LA£KE([su'])=k(sT' = u'], A ])

for ' € N with I’ ¢ dom(s’). By s’ <® II' we have I ¢
dom(s’) = dom(IT') and hence I, ref (v') § TI'[I" — v'],1’. We

obviously have A’'[l" — 7] J A’ and \p/ QTAr[elfHT] I'. Also for any

l € dom(s") U {l'} we have s'[l" — u'](]) <1A'[1'HT] Iy —
v](1) and hence s'[l' — u'](1) <1A/5/:: oy W = ](1) too
A7) H/[l/

which means that s'[l" — u'] < v'] and we are

done as we initially assumed that k 932 __ K.

This case warrants some comments: It is here that we need the
continuations to *work’ in all future worlds, in the other cases this
property is just pushed through the proof. Also this is where we rely
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on the property that the formal approximations grow with larger
worlds. Finally note that the operational semantics may allocate
any free location, in particular we can pick the least free to match
the behavior of the denotational semantics.

Consider now the case of lookup, i.e., consider

E|A|TFe:Tref
E|A|THle:T
and assume that the proposition holds for the premise. Choose types
O1y...,0m, aworld Ag J A and u1,...,u, elements of U,
values v, ...,vn and p € dom(I") — U, as stated. Furthermore

pick s, 1T, k and K with s <“° IT and k <1,A(“? K. We now assume
that

k(0| AT HE:7];) # L
and are to prove that
O,V " K)( efvr/z1,. .., vn/z0]) L.

We define k' € SQU — S®U by mapping any (s,u) € Sy x U,
to S ® U by copying the interpretation of lookup and applying &:
k(ls,s(l)]) u =\, 1 € dom(s)
Tnt1(u) = )‘?+17 m(s(1)) # L,
k(l_5777n(5(l))J) 7rn+2(u) # )\?+2,l c dom(s)
1 otherwise

Similarly we define K’ € Cont2~ ;. ine by
K =W\ 7" K)( 2)

and by induction it suffices to show that &’ %% . K'.

For that purpose we pick A" O Ay, u',v’,s’ and II' with
u <92, v and s <®' T, we assume that k/(|s’,u/|) # L and
have to prove that IT", (A7 *** > 2. K”)(v") |. From v’ <2l
we deduce that there is I’ € dom(A”) withv' =1', A’(I') = T and
u' T Ay. Also s’ < 11 yields that I’ € dom(A’) = dom(s) =



dom(IT') and this gives IT',! I’ |} II',II'(l") and we also have
s'(1') <2 ().

Assume now that u’ = ). From the definition of k&’ we get
that 1 # k(|s’,s'(I')]) and we may use the original assumption
k<12 K to prove the required. Suppose now thatu’ # A/, i.e., that
u = )\;3/+1 for some n’ € N. We get L # k(|s', 7./ (s'(I))])
which yields L # k(|s’,s'(I")]) by monotonicity and we are back
on the above track. O

4. Typed Denotational Semantics

In this section we present the typed possible world semantics. As
mentioned in the Introduction, to reason about parametricity we
need to give a semantics not only of closed types (as sufficed for
proving adequacy in the previous section) but also of open types.
This has two consequences for the technical development which we
explain before proceeding with the technical development proper.

Recall first that the overall idea is to define the semantics of
types by means of world-indexed binary relations over the univer-
sal domain U. These relations will be both uniform and admissible:
such relations are completely determined by their elements of the
form (7, u, T,u’). One explanation of the formal construction be-
low is therefore the following. To define the various relations that
together constitute the semantics of types, it suffices to determine
for each n € N whether the pairs of the form (m,u, m,u’) be-
long to the various relations; this can be done by induction on n.
For all types except reference types, this approach works well
due to properties of the 7,. For example, 7,1 (iny (inlu)) =
in4(inl (mpu)) and 41 (inx (U1, u2)) = Ny (T, Truz).

For the case of reference types, the idea is roughly that, for a
type E F 7, for a world A € Worldz, and for semantics types 7
corresponding to the type environment =,

(u,u) € [T ref]=(P)(A)
if and only if,
3l € dom(A).u=1u" =1A[r]=(@)(A) = [AD)]=(@)(D).

That is, u and u’ should be the same location [ and, moreover, the
interpretation of the type 7 should be the same as the interpretation
of the type A(1) found in the store type A. The latter is, of course,
to ensure sound modelling of lookup and assignment.

The problem with the above definition is that it is not in-
ductive: to determine whether the pair (741w, mnt1u’) be-
longs to |7 ref]=(¥)(A), we need to know the entire relations
[r1=(@)(A) and [A(1)]=(7)(A), not just their elements of the
form (m,uo, Trup). That is the reason for introducing semantic
locations A\; and A;". By means of these we can refine the above
idea to what you see in Figure 8. The idea is that approximative
locations Af“ are related in case the interpretations of types agree
up to level n and that ideal locations \; are related in case the in-
terpretations really are equal. (As shown, the real definition also
includes a quantification over future worlds, but that is not related
to what we are discussing here.)

More formally, the problem with the definition of [7 ref] above
is that it prevents one from proving the existence of the family
of logical relations constituting the semantics of types. The usual
proof by fixed-point induction and minimal invariance [28] does
not go through: indeed, for an earlier variant of the setup presented
here, we could actually give a formal proof showing that relations
satisfying such conditions do not exist.

Clearly, there are some relations between our semantic locations
and step-indexed approaches to recursive types [2, 5, 6]; see Sub-
section 4.1 for comments on how one can attempt to make the con-
nection formal.
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The second consequence of interpreting open types is also re-
lated to the use of world-indexed relations. It has to do with how
we should interpret quantified types V. 7. When one is only inter-
ested in a semantics of closed types, one can define the seman-
tics of Ya. 7 simply as the intersection over all syntactic types
NoerypelTlo/all, as we essentially did in the adequacy proof
earlier. For a semantics of open types, one typically defines the
semantics of Va. 7 by a big intersection over some universe ST
of semantic types (think of ST as the set of all admissible rela-
tions) (), cgr[7](v). However, in our case the meaning of a type
depends on the current world. One attempt to accommodate this
dependency would be to interpret a closed universal type Vo.7 es-
sentially as an intersection over semantic types indexed by closed
worlds: mueWorld@aST [7](v). The problem with this attempt is

that in the natural Kripke-style definition of [7](v) one needs to ap-
ply v not only to closed worlds, but to worlds containing free occur-
rences of a. Worse, if 7 contains nested universal types, one needs
to apply v to worlds containing additional new type variables. For
example, if & occurs in 7 below a universal quantifier V3, then one
needs to be able to apply v to an arbitrary world A € World,, 3.

Informally, one attempt to interpret such an occurrence of «
would be

[o]a.s(v, ) (D) = v (1,0) (D),
i.e., to interpret v in a world A € World,,g, one applies v
not only to A, but also to the v and v/ that interpret o and S,
respectively. But this attempt introduces a circularity: it is not clear
what the formal definition of v should be, since v must now be
applicable to itself as well as an arbitrary other v/. To break the
circularity in the above interpretation of «, we instead apply v to
the interpretation function itself, partially applied to (v,v") and A:

[o]a,5(v, V) (A) = v[A1o € Typey.[rola,s (v, v')(A)].

In this way (v, v") and A are indirectly passed to v. (Notice that the
7o on the right hand side contains fewer free type variables than «.)

In summary, we use a novel interpretation of types, where Vau. 7
is interpreted essentially by a big intersection

N [](v)

ve(Type—ST)—ST

over semantic types indexed over a function that can interpret
closed types (i.e., types with one fewer type variable than 7). This
essentially allows us to delay the choice of semantic type until we
know how the world should be interpreted.

We now continue with the formal development after which we
discuss an alternative approach to dealing with the second issue
mentioned above and then present some examples. In the formal
development we make use of admissible relations that satisfy a
couple of additional conditions, uniformity and strictness. Unifor-
mity is typical for interpretations of polymorphism and recursive
types [4]; strictness is used to capture contextual equivalence (also
used in [11]).

Definition 11. Let UARel(U) be the set of binary relations on U
that relate | to L and to nothing else, are closed under Ty, for any
n € N and are closed under taking least upper bounds of chains.

We speak of uniform and admissible relations over U. It is not
hard to see that UARel(U) with ordinary set inclusion constitutes
a complete lattice as all properties are preserved by intersection. We
can now define the semantic closed types:

Definition 12. For any context of type variables = we let SCT=
be the monotone maps v of

[Typez — UARel(U)] ™" UARel(V)



for which it holds that for any two arguments ¢, ¢’ € Typez —
UARel(U) and any n € N we have that

[Vr € Typez. o(7) = ¢'(1)] = v(p) = v(¥).

Above and below we use R = S forn € Nand R, S €
UARel(U) to mean that m,(R) C S and m,(S) C R hold;

we shall also use R C S to denote just the first of these properties.
Intuitively, the demand that ’n-equality’ be preserved by semantic
closed types allows us to work with approximations of types — a
property we need to prove the existence of the desired interpreta-
tion of types. For any context of type variables = and any syntactic
type o € Type we furthermore define

v=(o) = Ap € Typez — UARel(U). p(0)

and it is easily verified that we indeed have v=(c) € SCT=.
We shall need a few minor definitions: For every type in context
at, ..., Qm 7 we define the following measure

#(aq,.. San b Th;

recall here that type contexts are ordered lists. For a context of type
variables = = a1, aa, . . ., au, wWe write SCT™ as shorthand for

SCTy x SCTa, X SCTa, 0y X -+ X SCTo, 0y

LapbET)=min{0 <n<m|ai,..

Finally, assume that we have type contexts =, E/, 7 € SCT*=,
7 € SCT®, A € Worlds and A’ € World=/. We now
define [2|7|A] E [Z'|7'|A’] to denote the existence of type
variables (31, B2, . . ., Bm and semantic closed types v1 € SCTz,
vy € SCT=g, upto v € SCT=g,,...,8,,_, such that =, 51,
Ba,...,fm =E and (V,v1,v2,...,Vm) =V and A C A’. This
definition captures our typed notion of ’future’ worlds: Not only
does the world itself grow, we also allow extension of the context
of type variables with corresponding semantic closed types. We are
now ready to define the lattice £ of type interpretations:

Definition 13. We define a complete lattice by pointwise ordering
L= {f € H SCT= — Type. — World= — UARel(V)

[El7|A] C [P |A]AT € Types =
FE@)()A) C f(E/)(?')(T)(A')}-

We also define ¥ : L°P x L — L monotone in Figure 7: The
definition of (R, S)(E)(D)(7)(A) is by induction on #(E + 7).

Members of L interpret types, and as we deal with open types
we parameterize over semantic closed types to ’plug in’ for the
free variables as well as over worlds. The intuition behind defining
¥ by induction on #(2 F 7) is that U(R, S)(E)(@)(7)(A) is
obviously well defined if 7 is not a type variable, and from that
point on we can interpret type variables in the order they occur
in =. It is worth noticing that the definition of U in the cases
of references, polymorphic types and functions has been carefully
tailored to comply with monotonicity property in the definition of
L: the quantification over ’future’ worlds has been baked in.

To obtain the desired interpretation of types we could just appeal
to the approach of the proof of Theorem 4.16 of [28] as done above
in the proof of Theorem 7. Instead we construct the sequence of
approximations and the fixed point by hand — we proceed in the
style of Kleene’s fixed point theorem rather than by appeal to the
Knaster-Tarski fixed point theorem. The difference is merely one
of presentation: The present approach is less general but arguably
has a more constructive feel to it that goes well with the intuition
of the semantic locations.

We define Ro € L as constant {(L, 1)}, So € L as constant
{(v,w') €U xU |Vn € N.mp(u) = L & m,(v') = L} and
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inductively Rp+1 = ¥(Sn,Rn) € L 3 YU(Rp,Sn) = Spy1 for
all n € N. By induction we get the crucial fact that R,, = s
for all n € N, and choosing V = N,enS, yields a fixed point
of U, ie., ¥(V,V) = V. We are now able to interpret types:
We shall denote V(Z)(7)(7)(A) \ {(L, L)} by [7]=(¥)(A) and
it is immediate that this interpretation has the properties listed in
Figure 8. Also the following is a consequence of the construction:

Lemma 14 (Monotonicity). For [E|7|A] C [E'|V|A'] and T €
Typez we have [7]=(7)(A) C [r]= @) (A").

We remark that (1) as for the adequacy proof, we again make
use of a complete lattice of functions, cf., Definition 13; and (2)
we would need to prove the existence of the logical relations using
a proof as the one above, even if we had left out recursive types
from the language. In that case, we could define the relation by
induction on the type, for all other type constructors but ref — for
ref it would not be possible, since the definition in the case for
7 ref involves the meaning of arbitrary types in future worlds.
This is typical for models of higher-order store in which one can
have recursion through the store, even without recursive types.

Lemma 15 (Degenerate Substitution). With natural ranges of vari-
ables, in particular 7 € Typeg , =, A € Worldz = and
o € Typez, we have that

[7lz.0.2 (@, v2(0),7)(A) = [rlo/a]lz,a,z (7, v2(0),7')(A).

It is easily proved by induction that the property holds for S,, for
all n € N and the above lemma follows — the validity of this lemma
is partial justification for the definition of interpretation of type
variables. We refer to the lemma as degenerate because we perform
no substitution in the world A and do not remove « and v=(c’) on
the right hand side. It is possible to state and prove a more standard
substitution lemma, but we shall not need that.

The main result of this section is a ’fundamental theorem of
logical relations,” intuitively stating that every well-typed term is
related to itself. First some notation: For any two contexts of type
variables = and =’ we write = C Z’ if all variables of = occur in
=’,i.e., if the inclusion holds when interpreting the contexts as sets.

Definition 16. Two expressions in context 2 | A | T' F e; : 7
(¢ = 1, 2) are semantically related, written

E|A|TFer~er:T,
ifforall T O Z, all vV ¢ SCTZ, all A’ € Worldz/ with

A" J Aandall p,p’ € dom(T") — U, such that (p(z), p'(z)) €
[C(z)]= (7' )(A") for each z € dom(T), we have that the pair

(AseSE|AITHer 7] s €S| [E|A|TFex:T]})
belongs to [T]Z, (7')(A").

Theorem 17. Z | A |T'Fe: 7impliesZ | A|TFe~e:T.
Proof. The proof is by induction on the typing derivation, we shall
present three decisive cases. Consider the lookup case, i.e., consider

E|A|Tke:Tref
E|A|TH!e:T

and assume that the proposition holds for the premise. We pick
arbitrary ' O E, 7’ € SCT=, A’ € Worldz with A’ J A,
and p,p’ € dom(I') — U, as specified in the definition of

semantic relatedness. Also we take arbitrary (s, s') € [A']S, (7)
and (k, k') € [r]% (¥7')(A") and we have to prove that either

k([[E\A\FF!e:T}]Z)lek,(HE‘A‘FF!e:THZI’)

or that the left hand side and the right hand side both terminate
and moreover both yield the value inint(n) for some n € N,




U(R,S)(au,. .., am) V1, Um)(an)(A) = vp [)\T € Type,,.  a,_, U(R,S)(au,. .., am) V1, Vm)(T)(A)]
U(R,S)E)@)(1)(A) = {(L, L)} U{(inumie(*), inunie (*)) }
U(R,S)(E)(@)(int)(A) = {(L, L)} U {(inine(n), inine(n)) | n € N}
U(R,S)(E)(P)(r ref)(A) = {(L, L)} U
{OPH A |1 € dom(A) An e NA

{()\l, )\l) | le dOIIl(A) N

VIE |7 A] D [E1P1AL RE)F)(1)(A) C SE)@)A1)(A) A

R(ENT) (A D)) € SE)T))(A)}
YR, S)(E)®) (0 x 7)(A) = {(L, 1)} U {(inse ([0, us ]), inse (L, wd 1)) | (o, ub) € S(2)(@)(r0)(A) \ {(L, L)} A
(ur, ;) € SE)@)(r)(A)\ {(L, )}
YR, 8)@)(E) (7o + m)(A) = {(L, 1)} U {((ing 0 inl)(u), (ins o in)(w')) | (u,w) € SE)@)(0)(A) \ {(L, )}}
U {((in o inr)(u), (ins o inr)(w)) | (u,w') € SE)@)()(A)\ {(L, L)}}

U(R,8)(@)(E)(par)(A) = {(L, 1)} U{(inu(u),ing (u)) | (u,') € SE)@)(r[par/al)(A)\ {(L, 1)}}

U(R, 8)(E)@)(Yar)(A) = {(L, L)} U{(inv(¢),inv(p)) | 9.6’ €S — S@U A

V[Z'|7|A] 3 [E|7|A]Vy € SCT=.
(0, ") € UT(R,8)(E, ) (7', v)(7)(A")}

s € Spp(ls,u)), A’ € 8,/ (|8, ])] € UF (R, S)(E) (@) (r)(A)}

3(S)(E)@)(A) = {(L,L)}U {(s,8") € (51)? | dom(A) = dom(s) = dom(s") A
Vi € dom(A). (s(1),s'(1)) € SE)@)(AW)A) \ {(L, L)}}
VR, 8)E)@)(T)(A) = {(k,k) e (SoU — SaU)* |V[E'V|A] I [E|A]

Y(s,s") € TH(R)(EN@)(A) \ {(L, 1)}
V(u,u') € R(EN@)(1)(A) \ {(L, 1)}
[k(ls,ul) = L=K(ls",v'])] Vv
[3t,t' € S,Tn € Z. k(|s,u]) = [t,inme(n)] A
KL ]) = [, iname (n)] }
VI (R, S)(E)@)(1)(A) = {(p,¢)) € (S = S@U)* | V(s,8") € U (R)(E)(@)(A) \ {(L, 1)}
V(k, k') € UK(S,R)(E)(@)()(A).
[k(p(s)) = L =K' ('(s)] v
(3t,t' € S;3n € Z. k(p(s)) = |t, inwme(n)| A
K'(¢'(s") = [t/ insme(n) | }

Figure 7. Definition of ¥ : £°? x £ — L using maps ¥ : £ — [[z SCT= — Worldz — P(S?), ¥¥ : £ x £ — [[c SCT= —
Type= — Worldz = P((S®@U — S®@U)?) and ¥ : £L°P x L — [[c SCT= — Type= — Worldz — P((S — S @ U)?).

confer the definition of [7]Z,(7’)(A’). Consider now the maps in both cases the desired follows from the definitions of kq and kg
ko, ko : S® U — S ® U built by copying the interpretation and from (so, s6) € [Ao]2, (To) and (k, k') € [r]5 (7)(A).

of lookup and applying k respectively k', i.e., ko is obtained by Let us now look at the case of memory allocation, i.e., consider
mapping any (so,u0) € S} x U to S ® U as follows

k(| s0,s0(l)]) uo = A\, 1 € dom(so) Z|A|Tke:T

Tnt1(uo) = A/ ma(s0(l) # L, E|A|TFref(e): Tref

k([s0, mn(s0(1))]) Tna2(uo) # A?+2’l € dom(so)

L otherwise and assume that the proposition holds for the premise. We proceed
and k{ is identical, with k" exchanged for k. By the induction as above, i.e., we pick arbitrary ' O =, ¥ € SCT=, A’ ¢
hypothesis it suffices to prove that (ko, ko) € [r ref]Z (7/)(A). World= with A" J A, and p, p € dom(I") — U, as specified
For that purpose we pick [Zo|7o|Ag] 2 [E/|7/|A’] and we pick in the definition of semantic relatedness. Also we take arbitrary
(80786) (S [[Ao]]éo (vo) and (UO,UB) S [[T ref]]go (Uo)(Ao). The (Svsl) € [[A/]]/é’ (v/) and (k7k/) € [[T ref']]g,(v')'(A') and .We
latter yields one of two: Either we have ug = uf = A for construct ko, ko : S ® U — S ® U by copying the interpretation

. N n of allocation and applying k respectively k’, i.e., ko is built from
some [ € dom(Ag) and an n € N with [Ao(l)]=, (To)(Ao) C the map
[r]z0 (T0)(Ao) U {(L, L)} or we have ug = ug = A; for some
l e dom(Ao) with HAO(Z)HEO (Uo)(AQ) = HTIIEO (P())(A()). And A(So,Uo) c S¢ X Ui' k(LSo[l — UO], )\ZJ)

21



(u,u) € [amlay,am (V15 - vm) (D) & (u ') € vn AT € Typey, o, -[Tlar o (1, vm)(A) U{(L, L)} N {(L, L)}
(u,u’) € [L]z(@)(A) <= u =1 = iNumic(*)
(u,u’) € [int]z=(P)(A) <= In € Z.u=1u' = inin(n)
(u,u') € [t ref]=(7)(A) <= [ €dom(A)In e N.u=1u =\ A
VIE' 78] 3 [E17]A]. [l (7)(A) U (L, 1)} 2 [V O 7)) U (L, )] v
EAS dom(A) u=u =NA
VIE'|7'|A T [E[P|A] [r]= @) (A) = [A' D))= @)(A7)]
(u,0) € [ro x il @)(A) = (oo, uh) € [role(@)(A)H(ur, uh) € [ral(BY(A). u = ire (to, s ) At = e (Lt )
(ur) € [ro + 1]=(@)(A) = [Huo, ub) € [rol=@)(A). u = (iny o ind) (uo) Au = (i o ind)(ub)] v
[3(u1, ) € [m]=(@)(A). u = (inyg oinr)(ui) Au' = (iny oinr)(uj)]
(u,v) € [pet]=(@)(D) = 3(uo, up) € [r[pet/a]]=(7)(A). u = (o) A’ = iny(ug)
(u,u") € Va.t]z(@)(A) <= Fp, ¢’ € S - SQU. u=iny(p) Au' = iny(p’) A
[H/| '|AT 3 [El|AlVe € SCT"' (0,¢) € [T]2 o (7', v)(A")
(w,u') € [ro = 1]=(@)(A) <= Fp, ¢ €SQU - S@U.u=1in,(p) Au' =in (") A
V[E'|P'|A] D [E[7] AV (uo, up) € [ro]= (7')(A).
s € Si.o(ls,uo)), As" € Sy (L', up))] € [m]2 () (A)
(s,8') € [[A]]“Eq(?) <= dom(A) = dom(s) = dom(s') A VI € dom(A). (s(1),s'(1)) € [A()]=(7)(A)
(k,k) € [7]2 (@)(A) <= V[E'[7'|A] 2 [ 7| AV (s, s') € [A']2 (7)¥(u,u') € [r]= () (A").
[k(Ls,u)) = L =K(s",w'])] v
[3t,t" € SyIn € Z. k(|s,ul) = [t,insme(n)] AR ([s",u']) = [/, inine(n)]]
(0.¢) € [Ma@)(A) <= V(s,s') € [A]E@) V(k, k') € [T]E @)(A).
[k(p(s)) = L=FK'(¢'(s)] v

[3t, 1" € Sy 3n € Z. k(p(s)) = L, inme ()] AR (9'(8") = [t/ insne(n)]]

Figure 8. Desired properties of interpretation of types. For u,u’ € U, acontext =, 7 € Typex, U € SCT= and A € Worldz we specify

when (u,u') € [7]=()(A). Also we define [A]2(7) C

where we choose I € N with [ ¢ dom(sg) and VI’ < . I' €
dom(so) and k is identical, with k" exchanged for k. It now re-
mains to prove (ko, ko) € [7]& (#')(A"). For that purpose we pick
[E0|T0|Ao] T [E/|7/|A'] and we pick (so,s0) € [Ao]Z, (Vo)
and (uo,up) € [7]=,(P0)(Ao). From the former of these we
get ko(|so,u0]) = k(|so[l — wuo],\i]) and ko([so,up]) =
E'(1s0[l — o], Ar]) with [ the least such that I ¢ dom(Ap). It is
immediate that (A;, \;) € [7 ref]=, (¥o)(Ao[l — 7]) and for any
I" € dom(Apll — 7]) we have (so[l — uo](l'), so[l — up](l')) €
[Ao[l = 7](I")]=,(Po)(Ao) and hence (so[l — wuo),so[l —
up]) € [Ao[l" = 7]]=, (Vo) by the Monotonicity Lemma. And
applying the original assumption (k, k') € [r ref]Z (7/)(A') we
are done.

Finally we arrive at the the case of type application, this is where
we require the Degenerate Substitution Lemma. We consider

E|A|TFe:Var

=8
Z|A|TFe[r] ¢ )

2701/

and assume that the proposition holds for the premise. We proceed
as usual, pick arbitrary &' D Z, 7' € SCTE/, A’ € Worldz:
with A’ J A and p,p’ € dom(I') — U, as specified in the
deﬁnmon of semantic relatedness. Also we take arbitrary (s, s’) €
[A']E,(7) and (k, k') € [ro[m1/a]]% (7')(A) and we construct
ko, ko : S®U — S ® U by copying the interpretation of type
application and applying k respectively k', i.e., ko is built from the
map

k(o(s))
1

u = iny(p)

As,u) € 8y x UL { otherwise
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(S1)% [r]E (@) (D) €

(SQU — S®U)?, and [7]E (@)(A) C (S — S@U)>.

and k{, is identical, with k' exchanged for k. It now remains to
prove (ko, k) € [Va.10]% (7')(A’). For that purpose we pick
[Eo|§0|A0] 3 [E/|P,‘A,} and we piCk (80,86) < [[Ao]]go (?0)
and (uo,up) € [Va.to]z,(Po)(Ao). From the latter we get
00,00 € S — S ® U such that ug = iny(po), uy = inv(vpH)
and (¢, ¢') € [r0]Z, .o (Po, v=o (11))(A0), now it remains to show
that we have

[A0]2, o (P0, vy (71))

(s0,50) €
and that we have

(k, k') € [r0]Z,,a (P0, v, (11)) (Ao).

The first is an easy consequence of the Monotonicity lemma, for
the latter we use the Degenerate Substitution Lemma to conclude

[70]Z,,a (@0, v2, (1)) (Do) = [rolr1/a]]E, o (Po, v=, (11)) (Do),

this suffices as [Zo, a| (Vo, vz, (7)) | Ao] 3 [E'|7'|A"]. O

Corollary 18. Semantically related expressions in context are con-
textually equivalent: if 2|0 | T'Fex ~ ez : TthenZE |0 | T
€1 —ctx €2 1 T.

Proof. This follows in the standard manner from the proof of the
fundamental theorem (Theorem 17) above together with the ade-
quacy and soundness results from the previous section. O

The theorem above, and its corollary, forms the basis for simple
reasoning about parametricity using our model. A few examples are
shown in Section 5.



4.1 Alternative Approach

In this subsection we briefly discuss and sketch an alternative ap-
proach to the second issue: the interpretation of open types depend-
ing on worlds as mentioned in the introduction of Section 4.

Here, we interpret quantified types as intersections over seman-
tic closed types, the latter are members of UARel(U) parameter-
ized over interpretations of types with fewer type variables. This
somewhat syntactic choice goes nicely with syntactic worlds con-
taining free type variables. The alternative approach is to have se-
mantic worlds, mapping locations to semantic types and letting se-
mantic types be world-indexed members of UARel(U). This in-
troduces a mutual dependency between worlds and semantic types;
in effect, we ask for solutions to the mutually recursive equations
(recall that locations are natural numbers):

ST = W — UARel(U)
W = Nsr

It turns out that one can solve equations similar to the above in
suitable categories of complete ultra-metric spaces. Our solution
relies on well-known metrics associated with partial equivalence
relations [1, 4]. The alternative approach gives a more semantic
understanding of open types, in particular one can interpret quan-
tified types V.7 by the more standard [, g [7](v). But it does
come at the price of using (yet) more mathematical machinery. The
present approach is a fairly (if not entirely) simple alternative. And
while the two approaches yield different models, it is not immediate
that either is superior in terms of proving more equivalences.

For lack of space we cannot present the details of the alternative
approach here; that will be done in a forthcoming paper. With this
approach we will also be able to make a more detailed comparison
to the step-indexed approach to recursive types and references [2,
6]; indeed, approximations to equations similar to those shown
above play a key role in recent step-indexed models [6].

5. Examples of Parametricity Reasoning

As explained in the Introduction, this paper focuses on the key
technical challenges involved in defining an adequate, parametric
model for a language with recursive types and general references.
The main contributions of the paper are our solutions to these chal-
lenges, including the concepts of semantic locations and seman-
tic closed types; extending the current setup to allow for more ad-
vanced applications involving local state [11] is deferred to future
work (see Section 6).

As illustrated by the first example below, one can use the para-
metricity results in this paper to prove equivalences between dif-
ferent functional implementations of abstract data types in an im-
perative language. The proof essentially proceeds in the standard
manner — but the point now is that the clients of such abstract data
types may be implemented using all the features of the language,
including general references, recursive types, etc. The remaining
three examples below illustrate that one can prove simple equiva-
lences involving imperative abstract data types and local state.

In the examples we use the standard encoding of n-ary products
by means of binary products. And we refer to the type unit by 1.

Example 19. In the first example, we show that a client of a mod-

ule that implements a counter cannot distinguish between two dif-

ferent, but related implementations of the module. The two imple-

mentations are very simple functional implementations, but we em-

phasize that the reasoning works for any client of the right type; the

client may be implemented using all the features of the language.
The type of counter-module clients is

Tl = Va.((1 = @) X (¢ = a) X (¢ — int) — int).
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Intuitively, a client ¢ of a counter module takes an unknown type o
(the concrete type used internally by the module to represent coun-
ters) and three functions (the first for creating a new counter, the
second for incrementing a counter, and the third for getting the
value of a counter) and returns a result of type int.

Let the two counter implementations be given by /1 and I»:

L =
I, =

(Az : 1.0, Az : int.z + 1, Az : int. x)
(Az : 1.0, Az : int.z — 1, Az : int. —z).

We can now use Corollary 18 to prove that
0] 0@|c:Tat clint]l1 =cix c[int]|]> : int.

The proof of relatedness of c[int]l; and c[int]|l> proceeds as
expected, except that it is in continuation-passing style, and, of
course, involves the definition of a relation relating each integer
n to —n. Formally, one uses the semantic closed type vy € SCT=
defined by

vo(p) = {(L, L)} U {(inint(n), ininc (—n)) | n € N}.

Example 20. Consider now the following type of clients of an
imperative counter module:

T =Va.((1 = a) x (& = 1) x (o = int) — int).

As in the previous example, the intuition is that a client takes an
unknown type « and three functions implementing operations on
counters. The difference from the previous example is that the
second of the three functions has the type o — 1, reflecting that
the ’increment’ operation modifies its input and does not need to
return a result.

Let the two imperative implementations be given by I; and I5:

IT = (A\x:1l.ref(0),
Az :intref.x = lz + 1,
Az : int ref.lz)

I; = (A\x:1l.ref(0),
Az :intref.x = lz —1,

Az : int ref. — (Iz))
We can now use Corollary 18 to prove that
00| c: 7k c[int ref]]] =cix c[int ref]l} : int.

To show semantic relatedness, we let A € Worldz and 7 €
SCT*= and (c1, c2) € [r41]=(7)(A) for some arbitrary =. We now
exploit the fact that ’future worlds’ may contain arbitrary new type
variables. Pick ap ¢ Z; it suffices to show that

(11l 12D) €

[(1 = a) x (a—1) X (@ = int)]=,a0,« (7, vo,v)(0),

where v is defined as in the previous example, and where v =
V(=,a0) (a0 ref) is the semantic closed type corresponding to the
syntactic type oo ref.

From here, the most interesting part of the proof is the re-
latedness of the two implementations of the operation for cre-
ating a new counter. The core of the proof obligation is the
following: given [Z'|7/|A’] 2 [(E, ao, @)|(7, vo,v)|0], states
(s,s") € [A']2,(7), and continuations (k, k') € [a]& (7')(A"),
we must show that k [ref 0]j and k' [ref O]]al are both L or
contain the same integer component. But the characterization
of [o]& (7/)(A’) in Figure 8 involves a quantification over all
A" 3 A’: we can exploit that quantification by choosing A" =
A'[l = o] where [ is the smallest number not in the domain
of A’. The result easily follows.



Example 21. As in Crary and Harper [13], we can introduce the
usual encoding of existential types by means of universal types:

Jar =V8.(Va.7 — B) — 8.
We then revisit the previous example: the type
Tm = Ja. (1 = a) X (@ - 1) X (@ — int)

can be used to model imperative counter modules.
Consider the following two module implementations, i.e.,
closed terms of type Tm:

J1 = AB.Xc.clintref]I; and Jo = AB.)c. clint ref]l;

(where I7 and I} are defined in the previous example). We can use
Corollary 18 to prove that J; and J» are contextually equivalent.
The reasoning is essentially as in the previous example, except that
the ’answer type’ is now a universally quantified type variable 3
instead of the fixed type int.

Example 22. One can alternatively implement an imperative
counter module by means of a local reference and two closures.
Consider the type i, =1 — ((1 = 1) x (1 — int)) and the two
counter implementations

J=Xzx:1l.letr = refOin (Ay:1l.r :=lr+1, Ay:1.lr)
J'=Xr:1l.letr = ref(
in (Ay:1.r :=lr =1, Ady: 1. —(Ir))

where the let ... in construct is syntactic sugar for a S-redex in
the usual way. Both J and J’ are closed terms of type 7., and we
can use Corollary 18 to show that the two terms are contextually
equivalent. As in Example 20, the proof involves introducing a new
type variable «, interpreted by vyp.

6. Conclusion and Future Work

We have given a first relationally parametric possible world seman-
tics for a call-by-value higher-order language with impredicative
polymorphism, general references, and recursive types. In particu-
lar, we have discovered a technical challenge in establishing the ex-
istence of the requisite relational interpretations of types and solved
the problem of existence by a novel model of references using a
semantic notion of location that permits a useful approximation re-
lation. We are convinced that the technical challenge is a real one
and think that the reason it has not been observed before when mod-
elling references with domains is that it only shows up when one
insists on modeling open types (as needed for parametricity).

As already mentioned, the logical relations suffice for proving
parametricity results for a language with recursive types and gen-
eral references. They are, however, not tailored for maximal ’proof
strength’, rather the focus is on the underlying semantic challenges.
In particular, reasoning about local state is not in general possible,
we may, e.g., not prove ’garbage collection’ of unused references.
We plan to extend and combine the present work with earlier work
on reasoning about local state [11] — this allows for formal proofs
that two implementations of an abstract type using local state in
different ways are related. Indeed in [12], the first author and Nina
Bohr extended the techniques in [11] to a language with impredica-
tive polymorphism and references to closed types (closed to avoid
the technical challenges addressed in this paper), and were, e.g.,
able to prove two implementations of an abstract stack type related,
one implementation using an ML-style list and the other using a
linked list implementation for the stack [12, Sec. 5].

Finally, recent work [3] by Ahmed, Dreyer and Rossberg came
to our attention after writing this paper. They too provide a relation-
ally parametric possible world semantics of a similar language, but
using a step-indexed approach rather than a domain theoretic. Also
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their worlds are more flexible and hence applicable to more exam-
ples. Indeed, their work extend ideas from the aforementioned work
[11] but does so in a step-indexed fashion.
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A. Typing Rules E|A|TFz:r EF AZFT,z € dom(T), I'(z) =7)

EIA[TF():umit EFAERD)

Z|A|T'Fn:int EFAEED

E|A[THI:Tref EFAEFT, I €dom(A), A(l) =1)

Z]A|T'Fep:int E|A|T'Fep:int
Z|A|TFop(eop £e1): int

E|A|TFe:int E|A|Tke:T

E|A|I'F ifzeroetheneg elseer : 7

E|A|THFes: 7o E|A|Tker:n
E\A\Fl—(eo,el):mxn

Z|A|Tke:70Xx71 Z|A|Tke:mox7
E|A|TFfst(e): 7o E|A|TF snd(e) : 11

E|A|Tke:7

EF7)
E|A|TFinl™ 1 (e) im0 + 71 '

Z|A|Tke:n
E|A|TFinr™ ™ (e) : 10 + 71

EF 1)

ElA|Tke:0+7 E|lA|Tz:mbe T

E|A| T} case e of inl(x).eg else inr(x).eq1 : T

E|A|TFe: t[par/d]
E|A|TF fold**7(e) : po.T

E|A|TFe: pat
2| A|TFunfold**7(e) : T[ua.7/q]

HEa|A|Tke:T

EFAEFT
E|A|FI—Aa.e:Vo¢.T( )

Z|A|TFe:Var

STAITE en] rolrnjal — 0 ™Y

Z|IA|T, fimo—>T,x:T0e:
E]A|TE£ix™7 f(z).e: 70— 71

E|A|F|‘60:T0—>T1 E|A|F"61ZTO
E|A|F|—60(61):7’1

E|A|Tke:T E|A|T'Fe:Tretf
E|A|TFref(e): 7ref E|A|TH!le:T

ZE|A|TFeo:Tref Z|A|Tker:7
ZE|A|TFeo:=e;:unit

Figure 9. Typing rules. The general formisZ | A |T'F e : 7 for
a context of type variables =, a world A, a context of term variables
I", an expression e and a type 7.
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B. Big-Step Operational Semantics

I, () Y IO, () II,n{I,n IL 1 IO,

II, Aa.e | I, Aae

IL £ix70 77 f(z).e Y II, £ix™0 77 f(x).e

H,eoﬂﬂl,’no H',e1ll1_[”,n1
T, op(eo + e1) 4 ", ng £ ny

e J IT',0 I, eq 1", v

I1, ifzero e then g else e; { II”, 0

el Il',n e 4 II7,0

II,ifzero e then eg else e; { 11", v

—(n#0)

I, eo 4 I, v I, e Y II7, 01
I, (eo, e1) I TI”, (vo, v1)

H76‘U’Hl7(v07v1) H76‘UH/5(U05U1)
I, fst(e) Y I, vo I, snd(e) 4 I, vy

e | Il',v
I, in170 7 (e) |} IT', inl™0+ 7 (v)

e | II',v

I, inr™0 "7 (e) |} IT', inx™+ 7 (v)

I,e || I, inl(v) I, eolv/z]) | I, 0

I1, case e of inl(z).ep else inr(z).e1 11”0’

e I, inr(v) Il e v/z] | ", 0

I1, case e of inl(z).ep else inr(z).e1 17,0’

el II',v
I, fold** " (e) | T, £old"* 7 (v)

I, e || I, £o1d"* 7 (v)
I1,unfold"* 7 (e) | I, v

e | IT', Acv.€’ I, e[r/a] 4 I, v
ILe[r] § I, v

Meo Y IT', £ix™ 77 f(z).e I',er 7,0
" elo/, €107 f(a).c/ ] 4 T, of

I, eo(er) 4 T, 0

el Il',v
I, ref(e)  TI'[l — 2],

l (I ¢ dom(I1"))

e | 11,1

Tl o (I € dom(I'), IT'(1) = v)

I,eo Y IT,1 I, e; 4 I, v
e := e 4 T[], ()

(I € dom(11"))

Figure 10. Big-step operational semantics. The general form is
IT, e || II', v where IT and IT’ are syntactic stores, e is an expression
and v a value.
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C. Proof of Soundness
The following definition captures equality up to location renaming:

Definition 23. For syntactic stores I1, IT', expressions e, e and a
bijection . : dom(IT) — dom(IT') we write I, e & II', &’ when

(i) p(e) = €, VI € dom(ID). p(11(1)) = IT' (us(1))-
(ii) FL(e) C dom(II), VI € dom(II). FL(II(l)) C dom(II).

Here application of u to an expression denotes the obvious substi-
tution and FL is the set of locations occurring in an expression.
The second clause prevents stray locations, it is necessary because
of the untyped approach we take in this appendix. Notice how the
definition also ensures that we have FL(e') C dom(I1") and that
for all I’ € dom(IT") have FL(IT'(I")) C dom(I1"). We are able to
prove a simple coherence result:

Lemma 24. If we have I1,e X 1’ ¢/, I, e | Iy, vand I, ¢ |
IT;,v" then there is a a bijection py : dom(Ily) — dom(I1}) with
Iy, v £ I, v" and with g (1) = p(l) for all 1 € dom(IT).

Notice that we implicitly rely on the fact that the domains of
syntactic stores cannot shrink during evaluation.

Proof. The lemma is stronger than we need to prove soundness
but the formulation is necessary for a proof by induction on the
structure of the first evaluation derivation to go through. We give
details of the case of memory allocation, i.e., we look at the rule

e Il',v
I, ref(e) § TI'[l = 2],

l (I ¢ dom(I1"))

and assume that the lemma holds for the premise. Pick 11t ef,
H}, v' and any bijection & : dom(IT) — dom(IT") and assume
that IT, ref (e) A II', e and that T, e’ | IT}, 0. As we have
el = pu(ref(e)) = ref(u(e)) we must have that the derivation of
ot et | I'I;rc,vJr ends in

17, ue) § I, of
7, ret(u(e)) I [T — o], 1

for some IT¥, v* and T ¢ dom(IT*) with HJ} = It — o]
and v = I, By the induction hypothesis and the fact that IT, e L
I, (e) we get a bijection uf : dom(IT') — dom(IT#) extending

u with TI' v u ¥, v*. And as we know [ ¢ dom(II') and
I' ¢ dom(IT*) we may extend u' to a bijection uf[l — (] :
dom(IT'[l = v]) — dom(IT*[IT +— ¥]). It is immediate that
pi[l = 1T)(1) = I". For I’ € dom(IT'[l ~ wv]) we have either
I’ € dom(IT') and hence that

Pl DA = o)1) = W' (@1(1)
=1 (u' (1))
= I (" = ) ([ = 11](0))
or we have I’ = [ in which case we get uf[l — IT|IT'[l —
v](1) = vf = IF[IT — v} (uf]l — 17](1")). We now have
it
s o), 0 it o ot 00
as the second clause of Definition 23 easily is verified. O
We also need a deterministic version of the operational seman-

tics denoted |*, it is identical to the previously defined except for
a new rule for memory allocation:
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el Il v (I ¢ dom(IT'),

I, ref(e) Y I'[l > 0], VI' <11 € dom(IT'))
Switching from nondeterminism to the determinism does not af-
fect termination, but with appropriate substitution lemmas we may
prove soundness with respect to the deterministic version in the or-
dinary way. This is made precise in the following two results:
Lemma 25. II,e & I1*, ¢* and 11, e | implies that IT* , e* | *.

Here the conclusion denotes existence of a syntactic store II” and a
value v such that IT*, e* |}* II', v.

Proof. The proof is by induction on derivation of the termination

assumption — again we prove a little more than we need so as to

make the induction go through. We give details in two cases:
Consider the first case of branching on a sum, i.e., the rule

e I, inl(v) I, eolv/z] | I, 0

I1, case e of inl(x). e else inr(z).e1 | 1", v

’

and assume that the lemma holds for the premises. Take any
syntactic store IT*, any expression e* and any bijection u
dom(II) — dom(IT*) and assume that II, case e of inl(x).eo
else inr(x).e; & II*,e* holds. By applying the bijection we
get that e* = case pu(e) of inl(z). u(eo) else inr(z). u(e1),
also we have II,e & II*, u(e) which by the induction hypothe-
sis yields IT" and vg with IT*, u(e) {* TIT,v. Lemma 24 pro-
vides us with a bijection uf : dom(II') — dom(II") extending
u such that TT', inl(v) i~ II", vg, in particular we must have
vy = pf(inl(v)) = inl(uys(v)). As FL(eg) C dom(II) we get
that sy (eolo/a]) = jug(eo)lps (v) /2] = u(eo) [y (v) /] which
implies that II', eo[v/z] "~ TI', ju(eo)[115 (v) /2] and the induction
hypothesis takes us home.
Consider now assignment, i.e., the rule

I, eo Y IT,1 I, e; 4 1", v
Meo:=er 4 T"[l — 0], ()

and assume that the lemma holds for the premises. Take any syntac-
tic store II*, any expression e* and any bijection p : dom(II) —
dom(IT*) and assume that IT, e := e; A II*,e* holds. We get
that e* = p(eo := e1) = p(eo) := p(e1) and that I, ey X
I1*, pu(eo) which by the induction hypothesis yields IIT and v
with IT* p(eo) 4* I, v, Lemma 24 provides us with a bijection
pis : dom(IT") — dom(IT") extending px such that IT', 1 < TIT, ;.
As FL(e1) C dom(II) we get that p15(e1) = p(er) which im-
plies that II', eq s II7, p(e1) and the induction hypothesis gives
us IT* and v} with II', u(ey) §* II¥, v}, Finally we just remark
that v§ = (1) € dom(TI") C dom(IT*) and are done. O

(I € dom(I1"))

Proposition 26. For) | A |QFe:7and® | A |0+ II, any
syntactic store I and any value v we get
e *IT v =
AN TA QA | DFv:TAD A |OFTT A
[O]A0Fe: 72 = [[A FIU], [A" F o]

Proof of Proposition 8. Assume §) | A |- e :intand @ | A |
() - II. Suppose that for some syntactic store IT" and some n € N
we have II,e || II',n. As a consequence of our assumptions we
have II, e K I, e with j1 = idqom(r1)- By Lemma 25 there is IT*
and v with I, e |J* II*, v and Lemma 24 ensures that v = n as
numbers are invariant under any renaming of locations. All that
remains now is to apply the above proposition. O



D. Untyped Interpretation
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Ls, p(z)]

[1]

E|A|TFz: 7], =

[

[1]

[[E|A|F|—op(eozl:el):int]];:{
1

)|
s

[E| A|TF ifzero e theneg elseer : 7], =

L

[[E|A|F|_(€0,61)ZTOXT1]];_{

1
[[E|A|F|—fst(e):701];:{ f',uoj
[E|A|TF snd(e) : 1], = { EQMJ
= A|F}—in1T°+Tl(e);TO+Tl]]p:{ L
[E|A|TFinr™ ™ (e) To+ﬁ]]p:{ L

[E] AT F fold"* 7 (e) : pa.7]; = { i

[E|A|TFunfold“* 7 (e) : Tlua.7/of]; =

[E|A|TF Aae: Va.r], =

E| AT Fe[n]:m[n/d]; = {

[EJA|TH£ix™7 " f(z).e: 1o = 7] =

| A|TFn:int]) = |s, inie(n)]

" imi(m))

Ls”, inx (Luo, u1])] {

L8, (ing o inl)(u) |

", (in. o inr)(u)]

",

o(s)
1

|s, (in o fiz)(Ap e S®@U — S U.

|_57inunit(*)J
[E|A|TFI:Tref]; = [s,M\]

[[”|A|F}—60:1nt]]p
[[H|A|F}—el.1nt]]p
otherwise

[E|A|TFe: 1nt]]p
[E]A|TFeo: T}]p—L
"ol |:[[ |A|Tke: 1nt]]p

[["|A|F}—el.7—]]p—L
otherwise
[[ElAlFl—eo To]] :\_SIUOJ,
[[E|A|F|—61 Tl]] LS u1J
otherwise

[E|A|TF():unit], =

|s’,inint (n0) ],
|s”, inins(n1) |

Ls inint (0) ],

yul
Ls", insne(n) |, # 0,
’uJ

[[_|A|F|—e 7'0><7'1]]p LS ZTLX(LU«mulJ)J

otherwise
[E|A|TFe:Tox 7)) = |8, inx(luo,u1])]
otherwise

[EIA|TFe:n],=
otherwise

", u]

[E|A|TFe:ml; =
otherwise

L' ul

|[A|TFe:m+n]; = L5, (ing oinl)(u)],
| | T,z : 7o Feop:T ]]p[:c»—»u] I_Sllvu/J
|[A|Tke:m+n]; =[5, (ing oinr)(u)],
EIA|T,o:miber T ]]p[xHu]fLs",u’J

|

S//,’LLIJ |:

[1] [ 1 [1]

—

1 otherwise
inu(u)] [E[A[TFe:rlpar/al]; = s u
otherwise
s ul [EJA|TFe:par]; =5, in.(u)]
1 otherwise

|s,inv(As’ € S|.[E,a | A|Tke: T]]SI)J

[EJA|TFe:Van];=|s, inv(p)]

otherwise

A(s,u) € Sy x UL [E|A|T, f:imo—= 1,2 :70 F e Tilpiroin, (0)wmul) )

o(ls",ul)

[[E|A|I‘Feo(e1):7'1]]f,:{
1

[E|A|TFref(e) : T ref], = { L'l M
L

Ls",s'(1)]

[E]|A|TFe:Tref],

[EIA|TFeo:m0o—= 7] =5 ins(0)],
[E|A|TFer 7], = ls"”,u]

otherwise
[E|lA|TFe:T]; = |5 ul,
l ¢ dom(s"),Vl' < 1.1 € dom(s")

otherwise

Ls’, A, 1 € dom(s')

- TR R [E1A1TFe:rret]y = [/, ul, T (u) = AT,
218 1T Rl = 3 Lm O | L ) i 2 0
1 otherwise
y - [[E|A|F}—60:Tref}]p Ls', A,
L7l = ] i ()] { [E|A|TFe 7]y = [s",u),l € dom(s")
_ s [E|A|TFeq: Tref]; = |8, u]
Z|A|TTFey:=e1: = ;e
[ETATTFeo=ersmitle =9 iy r @) ine®)] | [E1A T her: 7] = Lo ), mwss (u') = AP,
30 Tnga(u') # A2 1€ dom(s”), mn(u) # L
1 otherwise

Figure 11. Untyped interpretation. The general form of the left hand side is [[_ | AT Fe: 7], withs € S and p € ((dom(I') —

U)oy

The right hand side is an element of S ® U, remember that S =

(Loc I Ui



E. Elaboration of Proof of Theorem 17
Proof of Theorem 17, continued. Consider the assignment case
E|A|TFeo:Tref Z|A|Tker:7

ZE]A|TFeo:=e;:unit

and assume that the proposition holds for the premises. We pick

arbitrary ' O Z, 7 € SCT®, A’ € World= with A’ J A

and p,p’ € dom(I') — U, as specified in the definition of

semantic relatedness. Also we take arbitrary (s,s’) € [A']2, (7')

and (k, k') € [unit]Z (7')(A"). Webuild ko : S@U — S®@U

from the map that takes (so,uo) € Sy x U} to

[ [E|A|TFe:7]50
Ls1,u1],
uo = Ay,

| | € dom(s1)

[ [E]A|TFer:T]°
[s1,u1],
7Tn+1(u0)
7T"’L+2(u0) # )‘7+2a
l € dom(sy),

L mn(ur) # L

otherwise

k‘( le [l — ul], iTlunit(*)J)

__yn+1
B(Ls1[1 > (1), imnse () ) =N

L

and naturally build k) : S® U — S ® U in the same way, only we
exchange k' for k. By first induction hypothesis it will now suffice
to prove that (ko, ko) € [ ref]Z (7/)(A’). Aiming to prove this,
we pick [So|70|Ao] I [E'|F'|A'], (s0,50) € [Ao]2, (Vo) and
(uo,up) € [t ref]z, (¥o)(Ao). We now branch according to the
two clauses of the definition of interpretation of reference types.

It may be the case that up = uy = X; for some [ € dom(A)
with ﬂT]]El (?1)(A1) = [[A1(l)]]51 (Ul)(A1) for all [El |Pl |A1} |
[E0|70|Ao]. We build the map k1 : S® U — S ® U from

A(s1,u1). { k(| s1[l = u1], inunie(%)]) 1 € dom(s1)

1 otherwise

and k1 : S® U — S ® U similarly with k" exchanged for k. We
have 59 D =’ D E,vg € SCT=°, Ay O A’ J A and for any
z € dom(I") we have

(p(x), p'(2)) € [F(2)]= (7')(A") C [F(@)]=, (Po) (Ao)
by the Monotonicity Lemma. It only remains to prove (k1, k}) €
[71&, (¥0)(Ao) to be able to apply the second induction hy-
pothesis and be done with it. We unroll the definition and pick
[E1]71]|A1] 3 [Eo|Po|Ao] and (s1,57) € [Ai]Z, (71) and
(ur,ul) € [r]=,(@1)(A1). But (s1[l — wi],s1[l — wul]) €
[A1]2, (71) is now within reach and we are done as we ob-
viously have (iMunit(*),iMuwmic(*)) € [unit]z, (71)(A1) and
(k, k) € [F15@)(A) C [7]E, (72)(A0).

The second subcase to consider is ug = uy = /\ZL+1 for some
I € dom(Ap) andn € Nwith [r]=, (71)(A1) C [A1(D]z, (71)(A1)U
{(L, L)} for all [E1|71|A1] 2 [Eo|Po|Ao]. Somewhat pre-
dictably we build the k1 : S® U — S ® U from

s Tn(U1)], 1Nunie (* L € dom(s1),
)\(517’111)- k(l_ 1[1’_> H(Ll)}v ‘mlt( )J) 1,711.n(ul) 75 L
otherwise

and k1 : S® U — S ® U similarly with k" exchanged for k.
As above it now remains to prove (k1,k7) € [7]£,(To)(Ao);
we piCk [El ‘71 |A1] 3 [Eo|§0|A0], (81, 8/1) S [[Aﬂ]él (51) and
(u1,uy) € [z, (@1)(Ar). But we have (s1[l — 7 (u1)], s1[l —
mn(u})]) € [A1]E, (71) from the interpretation of the reference
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type and are done.

‘We now turn to the case of type abstraction. We look at the rule

Ea|A|Tke:T

EFAEFD
E|A|TFAae: Var

and as usual assume that the proposition holds for the premise.

Following standard procedure we pick arbitrary &' D =, ¥/ €

SCTZ, A’ € Worldzs with A’ J A and p,p’ € dom(I') —
U, such that (p(z),p'(z)) € [T(z)]= (#)(A’) for all z €
dom(T"). Also we take arbitrary (s, s') € [A']2,(7) and (k, k") €
[Va.7]& (7')(A"). From the definition of interpretation of type ab-
straction it suffices to show that

(inv([Z,a | AT e:r]S7)),inv([E o | AT e 7))
lies in [Vo.7]=/ (7')(A’). This again comes down to proving
([E,a| A Fl—e:T]]é_),[[E,a | A F}—e:‘r]](p,_))

a member of [7]Z, ,(To,v)(Ao) for [Zo|To|Ao] I [E'|7/|A"]
and v € SCTz/ arbitrary. But as

(p(x),p(2)) € [F(2)]= (#)(A) C [F(@)]z0,a(To, ) (Do)

holds for all z € dom(I") by the Monotonicity Lemma we are
done by application of the induction hypothesis.

‘We now look into the case of function abstraction, i.e., the rule

E|IA|T, fimo> T,z T0F e
E|A|TF£ix™7™ f(z).e: 70 > 71

and as usual assume that the proposition holds for the premise.
Following standard procedure we pick arbitrary Z’ E UV €
SCT®, A’ € Worldzs with A’ J A and p, o’ € dom(I') —
U, such that (p(z),p'(z)) € [['(z)]=r@)(A’) for all z €
dom(T"). Also we take arbitrary (s, s') € [A']2, (') and (k, k") €
[ro — m]& ()(A). From the definition of interpretation of
function abstraction it shall suffice to show that the pair

[(in_> o fiz) ()\ga.)\(s,u). [e : T1]]f,[meﬁ(y,)7x,_,u]),

(in— o fiz) (z\(p/.)\(s', u'). [e: Tlﬂ;/[f}_)in_)(w/)’z,_}u/])]
lies in 1o — 71]=/ (¥')(A’). For layout reasons we have omitted
part of the typing judgments and the domains of the abstractions:
the domain of  and ¢’ is S®U —o S®U and the domain of (s, )
and (s',u’) is S| x U,. By the interpretation of function types and
for admissibility reasons this comes down to proving that for any
[Eo0|70|Ao] 3 [E'|7'|A'] and any (u,u’) € [10]=, (Po)(Ao) we
have the pair

[[e

in [71]Z, (Z0)(Ao) under the assumption that ¢, ¢’ € S ® U —o
S ® U with the property that for any [So|7o|Ao] 3 [E'|V|A’]
and any (u,u’) € [10]=, (Po)(Ao) we have

[o(L=ul), ¢ (1= @' ])] € [n]z, (7o) (Ao).

The induction hypothesis together with the Monotonicity Lemma
sees to that.

() e
T i (0w 1€ T pin L (07) s

The final case we consider in detail is function application, i.e.,
we look at the rule

E|A|F|—60:7'0—>7’1 E|A|F|—61:’7’0
E]A|TFeo(er):m




and assume that the proposition holds for the premises. For the
seventh time we pick arbitrary = O =, ¥ € SCTZ, A’ €
Worldsr with A’ J A and p,p’ € dom(I') — U, such that
(p(z), p'(z)) € [T(z)]= (7')(A") for all z € dom(T). And we
take arbitrary (s, s’) € [A']2/(7') and (k, k') € [n]& (7)(A).
We build ko : S @ U — S ® U from the map

[E|A|TFer:7] =
k . P
A(s0, o). (p(lsn, ) Ls1, u1], uo = inv(p)

1 otherwise

and naturally build k4 : S ® U — S ® U in the same way, only
we exchange k' for k. By the first induction hypothesis it will now
suffice to prove that (ko, k() € [ro — 71]& (7/)(A’). Aiming
to prove this, we pick [Eo|To|Ao] T [E'|V'|A'], (s0,50) €
IIA()H%O (PQ) and (uo,uf)) € [[To — 7'1]]50 (?0)(A0). The latter
implies the existence of ¢, ¢’ € S ® U — S ® U such that
uo = inv(p) and uy = iny(p’) and we have

Lo(L—ul) ¢/ (L= u'])] € [n]z, (71)(A1)
for any choice of [21|71]|A1] 3 [S0|Po|Ao] and any (u,u’) €
[7o]=, (71)(A1). We can now build maps k1, k7 : S@U — S®U,
the former form the map A(si1,u1) € Sy x Uy. k(p(|s1,u1]))
and the latter from A\(s},u}) € S, x Uy. k'(¢'(|s1,u1])). By
the second induction hypothesis and the Monotonicity Lemma it
shall now suffice to prove that (k1,k7) € [r0]Z, (¥0)(Ao). Once
again we look into the future and pick [E1|71|A1] 3 [Eo|To|Ao],
(s1,81) € [A]2,(71) and (u1,u1) € [ro]= (71)(A1). All
that remains is to remark that we of course have (k,k') €
[[7-1]]51 (51)(A1) too. O
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We present a realizability model for a call-by-value, higher-order programming language
with parametric polymorphism, general first-class references, and recursive types. The
main novelty is a relational interpretation of open types that include general reference
types. The interpretation uses a new approach to modeling references.

The universe of semantic types consists of world-indexed families of logical relations over
a universal predomain. In order to model general reference types, worlds are finite maps
from locations to semantic types: this introduces a circularity between semantic types
and worlds that precludes a direct definition of either. Our solution is to solve a
recursive equation in an appropriate category of metric spaces. In effect, types are
interpreted using a Kripke logical relation over a recursively defined set of worlds.

We illustrate how the model can be used to prove simple equivalences between different
implementations of imperative abstract data types.

1. Introduction

In this article we develop a semantic model of a call-by-value programming language with
impredicative and parametric polymorphism, general first-class references, and recursive
types. Motivations for conducting this study include:

— Extending the approach to reasoning about abstract data types via relational para-
metricity from pure languages to more realistic languages with effects, here general
references. We discussed this point of view extensively earlier (Birkedal et al. 2009).

— Investigating what semantic structures are needed in general models for effects. In-
deed, we see the present work as a pilot study for studying general type theories and
models of effects (e.g., Levy 2006; Plotkin and Power 2004), in which we identify key
ingredients needed for semantic modeling of general first-class references.

— Paving the way for developing models of separation logic for ML-like languages with
reference types. Earlier such models of separation logic (Petersen et al. 2008) only
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treat so-called strong references, where the type on the contents of a reference cell can
vary: therefore proof rules cannot take advantage of the strong invariants provided
by ML-style reference types.

We now give an overview of the conceptual development of the paper. The development
is centered around three recursively defined structures, defined in three steps. In slogan
form, there is one recursively defined structure for each of the type constructors V, ref,
and p alluded to in the title.

First, since the language involves impredicative polymorphism, the semantic model is
based on a realizability interpretation (Amadio 1991) over a certain recursively defined
predomain V. Using this predomain we can give a denotational semantics of an untyped
version of the language. This part is mostly standard, except for the fact that we model
locations as pairs (I,n), with [ a natural number corresponding to a standard location and
n € NU{oo} indicating the “approximation stage” of the location (Birkedal et al. 2009).
These pairs, called semantic locations, are needed for modeling reference types in step
three. Intuitively, the problem with the more standard approach of modeling locations
as natural numbers is that such “flat” locations contain no approximation information
that can be used to define relations by induction.

Second, to account for dynamic allocation of typed reference cells, we follow earlier
work on modeling simple integer references (Benton and Leperchey 2005) and use a
Kripke-style possible worlds model. Here, however, the set of worlds needs to be recur-
sively defined since we treat general references. Semantically, a world maps locations to
semantic types, which, following the general realizability idea, are certain world-indexed
families of relations on V': this introduces a circularity between semantic types and worlds
that precludes a direct definition of either. Thus we need to solve recursive equations of
approximately the following form

w = NoéﬁnT
T = W — CURe(V)

even in order to define the space in which types will be modeled. (Here CURel(V) is
a set of “good” relations on V.) We formally define the recursive equations in certain
ultrametric spaces and show how to solve them using known results from metric-space
based semantics. The employed metric on relations on V is well-known from work on
interpreting recursive types and impredicative polymorphism (Abadi and Plotkin 1990;
Amadio 1991; Amadio and Curien 1998; Cardone 1989; MacQueen et al. 1986); here we
extend its use to reference types (combined with these two other features).

Third, having now defined the space in which types should be modeled, the actual
semantics of types can be defined. For recursive types, that also involves a recursive
definition. Since the space T of semantic types is a metric space we can employ Banach’s
fixed point theorem to find a solution as the fixed point of a contractive operator on 7.1
This involves interpreting the various type constructors of the language as non-expansive

T We remark that the fixed point could also be found using the technique of Pitts (1996); the proof
techniques are very similar because of the particular way the requisite metrics are defined. In this
article we do in any case need the metric-space formulation, but not the extra separation of positive
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operators. For most type constructors doing so is straightforward, but for the reference-
type constructor it is not. That is the reason for introducing the semantic locations
mentioned above: using these, we can define a semantic reference-type operator (and
show that it is non-expansive). In fact, we give an abstract proof that the probably
most natural interpretation of reference types is, under certain assumptions, impossible.
Therefore, semantic locations (or some other construct) are indeed necessary.

Finally, having now defined semantics of types using a family of world-indexed logical
relations, we define the typed meaning of terms by proving the fundamental theorem of
logical relations with respect to the untyped semantics of terms.

Limitations. The model we construct does not validate standard equivalences involving
local state; indeed, it can only be used to equate computations that allocate references
essentially “in lockstep.” More precisely the model can only relate two program states
if they contain the same number of locations. Furthermore, a certain technical require-
ment on the relations we consider (“uniformity”) seems to be too restrictive. In recent
work (Birkedal et al. 2010b) we have shown that both these problems can be overcome:
one can use the techniques presented here to construct a model that validates sophisti-
cated equivalences in the style of Ahmed et al. (2009). One key idea is to weaken the
model such that the constructed relations can be thought of as inequalities instead of
equalities; then one can prove results about contextual approximation rather than con-
textual equivalence. The model there is rather more complicated than the one in the
present article, however. Here we rather aim to present the fundamental ideas behind
Kripke logical relations over recursively defined sets of worlds.

Overview of the rest of the article. The rest of the article is organized as follows. In
Section 2 we sketch the language we consider. In Section 3 we present the untyped
semantics, corresponding to step one in the outline above. In Section 4 we present the
typed semantics, corresponding to the last two steps. In Section 5 we give an abstract
proof that a certain simpler interpretation of reference types is impossible. In Section 6
we present a few examples of reasoning using the model. Related work is discussed in
Section 7.

2. Language

We consider a standard call-by-value language with universal types, iso-recursive types,
ML-style reference types, and a ground type of integers. The language is sketched in
Figure 1. Terms are not intrinsically typed; this allows us to give a denotational semantics
of untyped terms. The typing rules are standard (Pierce 2002). In the figure, Z and T
range over contexts of type variables and term variables, respectively.

The constructs that involve references have the following informal meaning: The term
ref ¢ allocates a new reference cell initialized with the result of evaluating t. The term !¢

and negative arguments in recursive definitions of relations, and hence we define the meaning of
recursive types via Banach’s fixed point theorem (Amadio 1991; Amadio and Curien 1998).
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looks up ¢ in the current store (and gives an error if ¢ evaluates to something which is
not a location). Finally, the term ¢; := to assigns the value of ¢5 to ¢; (provided that t;
evaluates to a location).

2.1. Operational semantics

We sketch an operational semantics of the untyped term language above. For this purpose,
we temporarily add syntactic locations to the language:

t on= |l (l ew)
The set of syntactic values is then given by:
w o= z|m|l|()] (w1, we)|inlw]inrw|foldw | Aa.t | Az.t

A term or syntactic value is closed if it contains no free variables and no free type
variables.

A syntactic store is a finite map from locations to closed syntactic values. Let o range
over syntactic stores. A configuration is a pair (o, t) consisting of a syntactic store o and
a closed term t.

The operational semantics is given by two judgements on configurations. First,
(0,t) I (0/,w) means that evaluation of ¢ together with the store o terminates with
a value w and a possibly modified store ¢’. Second, (o,t) |} error means that evaluation
of ¢t together with the store ¢ results in an error, either due to a memory fault or, e.g.,
an attempt to apply an integer constant to an argument.

Figure 2 shows some selected rules for the two judgements. As for the last rule, notice
that evaluation of allocation is deterministic: the newly allocated location is always the
least one not already in the store. In earlier work (Birkedal et al. 2009) we treated a
non-deterministic allocation rule; here we stick to deterministic allocation in order to
simplify the relationship with the denotational semantics in the next section.

A configuration (o,t) converges, written (o,t) |}, if there exist some ¢’ and w such
that (o,t) § (¢/,w) holds. Two terms ¢ and ¢’ are conteztually equivalent if for every
(many-holed) term context C' such that C[t] and C[t] are closed terms,

0, Ct) I = 0,0/t | and (0, C[t]) I error <= (0,C[t']) I error.

3. Untyped semantics

We now give a denotational semantics for the untyped term language above. As usual for
models of untyped languages, the semantics is given by means of a “universal” complete
partial order (cpo) in which one can inject integers, pairs, functions, etc. This universal
cpo is obtained by solving a recursive domain equation.

The only non-standard aspect of the semantics is the treatment of store locations: lo-
cations are modeled as elements of the cpo Loc = Ny X w where w is the “vertical natural
numbers” cpo 1 C2C --- C nC --- C oo. (For notational reasons it is convenient to call
the least element 1 rather than 0.) The intuitive idea is that locations can be approxi-
mated: the element (I,00) € Loc is the “ideal” location numbered [, while the elements

37



Parametric Polymorphism, General References, and Recursive Types

Types: T n=

int| 1|7 xX72|0]| 7 +7|poet |Var|a| T — 12| refr

Terms: t

a:|m\ifztot1t2|t1 +t2|t1—t2 ‘ ()|(t1,t2)|fstt\sndt
| void ¢ | inlt | inrt | caseto x1.t1 x2.t2 | fold ¢ | unfold ¢

| At [ t[7] | Azt |t to | fix fAwt | reft |1t ]t =12
Typing rules:

E|Tka:r EFLT(x)=7)

[1

ITFm:int EFTD)

ZE| Tkt :int E|TkHt:7 E|Tkt:7
E‘Fl‘ifltohtz:T
Z| Tkt :int E| Tkt :int

E|F|—t1:|:t2:int

1

ITF():1 EFD)

E|TkHti:7m ZE|Tkt:7 ZE|TkHt:0 EF 1)
kT
EITHE (t1,t2) : 11 X T2 E|lFvoidt:T
EITHt: 71 X7 EITHt:71 X7
E|THAfstt:m Z|Tksndt:
=|DkF¢t: Z|TkFt:
ITVEm =y, | =
E|Tkinlt: 7+ 7

=k
E|Tkinrt:m + 72 ( 1)
E|Tkto:m+ 7 20zttt (1=1,2)
E| Tk caseto z1.t1 x2.t2 : T

EDFt: t[pa.r/a]
Z|TFfoldt: pa.T

EIlFt: par
Z2| Tk unfoldt: T[pua.r/a

SallkEt: _ ZE|TFt:Va. _
— | T (EFD) — | i EFmn)
E|TFAa.t:Var E|TFt[m]:7o[mn/q

ElT,z:mokt:n

E|ITHt 7 =7
E|THXzt:m70 > 71

E|Tkt:7
E|Tktita:7

BT, f:ro—>Tm,z:0bFt:T
E|THfix fAzt:70 > 71

E|TkHt:T
Z|Tkreft:refr

E|Tkt:refr
ZE|THY:T

[1]

| Tty :refr E|TkHt:7
E|F|‘t11:t221

Fig. 1. Programming language
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(o,t1) U (o, Mz.t) (o' t2) Y (0", w2) (0", t{w2/z]) | (6", w)
(o, ti t2) | (0", w)

(0,t1) § (¢',w) w not of the form Az.t
(o, t1 t2) | error
(o,t) I (0/,1) 1 € dom(c’)
(o,1t) U (o, 0'(1))
(o,t) 4 (0',1) 1 ¢ dom(c’)
(o,1t) | error
(o,t1) 4 (6',1) (o' t2) I (¢”,w) 1€ dom(c”)
(o, t1:=t2) | (¢”[l = w], ()
(0,t) I (0';w) 1 =min{l €w |l ¢ dom(c’)}
(o,reft) § (¢’ W[l — w], 1)

Fig. 2. Operational semantics (selected rules)

of the form (I,n) for n < oo are its approximations. It is essential for the construction
of the typed semantics in the next section that these “approximate locations” (I,n) are
included. (See the remark before Proposition 3.2 below.)

3.1. Domain-theoretic preliminaries

We assume that the reader is familiar with basic denotational semantics, as presented for
example in Winskel (1993), and with semantics in monadic style (Moggi 1991). Methods
for solving recursive domain equations are used in a few of the proofs, but not elsewhere in
the article. Familiarity with methods for proving the existence of invariant relations (Pitts
1996) should be useful, but is not assumed.

Let Cpo be the category of w-cpos and w-continuous functions. We use the standard
notation for products, sums, and function spaces in Cpo. Injections into binary sums are
written ¢; and ¢o. For any set M and any cpo A, the cpo M — g, A has maps from finite
subsets of M to A as elements, and is ordered as follows: f C f’ if and only if f and f’
has the same domain My and f(m) C f'(m) for all m € Mp.

A complete, pointed partial order (cppo) is a cpo containing a least element. We use
the notation A; = {|a] | a € A} U{L} for the cppo obtained by “lifting” a cpo A. The
least fixed-point of a continuous function f : D — D from a cppo D to itself is written
fix f. The cppo of strict, continuous functions from a cpo A to a cppo D is written
A — D.

We shall also need to work with partial, continuous functions; these will be represented
using the Kleisli category for the lifting monad (=), . Let pCpo be the Kleisli category
for the lifting monad: objects are cpos, while morphisms from A to B are continuous
functions from A to B, . The identity maps in pCpo are written id; they are given by
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lifting: id = Aa.|a]. Composition in pCpo is written o:

_ fb, ifga=|b],
fog="Aa { 1, otherwise.

The semantics below is presented in monadic style (Moggi 1991), i.e., structured using
a monad that models the effects of the language. More specifically, we use a continuation-
and-state monad (Benton and Leperchey 2005). It is most convenient to define this monad
by means of a Kleisli triple: for every cpo S and every cppo Ans, the continuation-and-
state monad T's, ans : Cpo — Cpo over S and Ans is given by

Ts ans A=(A— S — Ans) - S — Ans
naa=AkAs.kas
¢ xap [f=XeAs.c(NaXs'.faks')s

where 4 : A — TS,AnsA and *4.p : TS,AnsA — (A — TS,AnsB) — T's ansB. In the
following we omit the type subscripts on n and *. It is easy to verify that (T's ans,?, %)
satisfies the three monad laws:

naxf=fa (3.1)
cxn=c

(cxf)xg=c*(Aa. faxg).

Continuations are included for a technical reason, namely to ensure chain-completeness
of the relations that will be used to model computations. (This will be made precise in
Lemma 4.27 below.) These relations will be defined by “biorthogonality” (Benton and Hur
2009; Pitts 1998). Informally, computations are related if they map related continuations
and related states to related answers, while continuations are in turn related if they map
related values and related states to related answers. This approach ensures closure under
limits of chains; see also Abadi (2000).

3.2. Uniform cpos

The standard methods for solving recursive domain equations give solutions that satisfy
certain induction principles (Pitts 1996; Smyth and Plotkin 1982). One aspect of these
induction principles is that, loosely speaking, one obtains as a solution not only a cpo A,
but also a family of “projection” functions w, on A (one function for each n € w) such
that each element a of A is the limit of its projections wg(a), w(a), etc. These functions
therefore provide a handle for proving properties about A by induction on n.

Definition 3.1.

1. A wuniform cpo (A, (tn)new) is a cpo A together with a family (w,,)ne, of continuous
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functions from A to A, satisfying

woCwi C---Cw, C... (3.4)

|_| @, = ida = Aa.|a] (3.5)
necw

Wm O Wy = Wy O Wiy = Wmin(m,n) (36)

wp = Ae. L. (3.7)

2. A uniform cppo (D, (wn)new) is a cppo D together with a family (w0, )new of strict,
continuous functions from D to itself, satisfying

wCw E---Cw, C... (3.8)

new
Wm © Wn = Wn © Wm = Wnin(m,n) (310)
wo = Ae. L. (3.11)

Remark. Uniform cppos are exactly the algebras for a certain monad on the category of
cppos and strict, continuous functions. The monad is given by a natural monoid structure
onw: TyD = wW® D, nue = (00,€), pu(m,(n,e)) = (min(m,n),e). Our locations are
modeled using a free algebra for this monad: Loc; 2w ® (Ng) .

Uniform cppos are called rank-ordered cpos in earlier work by Baier and Majster-
Cederbaum (1997).

3.3. A universal uniform cpo

We are now ready to construct a uniform cpo (V, (m,)new) such that V' is a suitable
“universal” cpo. The exact requirements on the functions m, are written down rather
verbosely in the proposition below. This is not only convenient for proofs of properties
about V: the functions 7, are also used in the definition of the untyped semantics.
Intuitively, if one for example looks up the approximate location (I, n 4+ 1) in a store s,
one only obtains the approximate element 7, (s(l)) as a result.

More abstractly, in order to construct the typed interpretation in the next section we
need the property that if one looks up the n+1-th approximation of location [ in a store s,
one only obtains m,(s(l)) as a result. This is one reason for introducing approximated
locations: the property would not hold if locations were modelled as standard integers.

Proposition 3.2. There exists a uniform cpo (V, (7,)new) satisfying the following two
properties:

1. The following isomorphism holds in Cpo:

V 2 Z+Loc+1+VxV)+(V+V)+V
+Ts ansV + (V= Ts ansV) (3.12)

41



Parametric Polymorphism, General References, and Recursive Types 9

where
Ts ansV =(V— 8 — Ans) — S — Ans
S = NO —fin Vv
Ans = (Z+ Err)
and

Loc =Ny x @
Err=1.
2. Abbreviate TV = Tg apsV and K = V — S — Ans. Define the following injec-

tion functions corresponding to the summands on the right-hand side of the isomor-
phism (3.12):

ing : 72—V ngy :V+V =2V
MLoe : Loc =V in,:(V>TV)=>V
mnmy:1—-V mn,: V=V

my :VxV-=V ny: TV =V

With that notation, the functions m, : V. — V| satisfy (and are determined by) the
equations shown in Figure 3.

These two properties determine V' uniquely, up to isomorphism in Cpo.

Proof (sketch) One solves the predomain equation (3.12) as usual (Smyth and Plotkin
1982); this gives a uniform cpo (V, (wy, )new) which is almost right, except that the values
of the w,, on locations are wrong:

Wn+1 (inLoc p) = inLoc Dp-

Now define the functions 7, (and 7! etc.) as in the proposition (by induction on n).
All the requirements in the definition of a uniform cpo except the fact that U,m, = id
are easy to show. To show that U,m, = id, one first shows by induction on m that
Ty © Wy = Wy © T, for all n, and that

(Up ) B @ = @i -

The conclusion then follows from the fact that L, @, = id since (V, (@)ne,) is a uniform
cpo. ]

As for the choice of answer type Ans in the continuation-and-state monad, we include
an explicit “error” answer in order to show later that well-typed programs do not give
errors (Corollary 4.37).

From here on, let V and (7, )rcw be as in the proposition above. We furthermore use the
abbreviations, notation for injections, etc. introduced in the proposition; in particular,
TV = (V. —- S — Ans) — S — Ans. Additionally, abbreviate A\; = inpo.(l,00) and
A" = ingec(l,n); recall that here we have n > 1. Let errorans € Ans be the “error

42



L. Birkedal, K. Stovring, and J. Thamsborg 10

T = Av. L
1 (inz(m)) = |inz(m)]

(3.13)
(3.14)
= lin1(x)] (3.15)
(3.16)
(3.17)

Tn+1 (ml(*

linLoc(l,n +1)]

)
41 (in Loc (1, 00))
)) = |inLoc(l, min(n + 1,m))]

Tn+1 (inLoc(lv m

) linx (vi,vs)] if m v1 = |[v]] and 7, v2 = |v3]
n 5 = . 1
mat1 (i (v1, v2)) { 1 otherwise (3.18)
, ) ling(u)] i me =[] .
Tnt1(ing (L v)) = { 1 otherwise (1=1,2) (3.19)
) ling, v'| if mpv = V]
. _ 2
Tot1 (i1 ) { 1 otherwise (3.20)
Tont1(iny €) = Liny(mhiq €] (3.21)
T / . /
) . Tna1 (fV) i mpv=|V]
Tnt1(ins f) = {mﬁ ()\v. { I otherwise (3.22)
Here the functions 75 : S — S1 and 7% : K — K and 7% : TV — TV are defined as
follows:
75 =Axs.l  w =M.l 7wl =Xl (3.23)
s ) IS ifmos=ALLS (1))
e (s) = { L otherwise (3.24)
K kv's' ifm,v=[v]and 75, s =[]
= A\V.AS. 2
1 (k) = Av-As { i otherwise (3.25)
T B c(n¥ k)s ifrSiis=5
Tni1(€) = Ak As. { 1 otherwise (3.26)

Fig. 3. Characterization of the projection functions m, : V. — V.

answer” and let error € TV be the “error computation”:

errorans = |La*]

error = Ak.\S. errorans -

We shall later need:

Proposition 3.3.

1. (S, (72)new) is a uniform cpo.
2. (K, (15)pe0) and (TV, (7)) are uniform cppos.

In order to model the three operations of the untyped language that involve references,
we define the three functions alloc, lookup, and assign in Figure 4.
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alloc : V. — TV, lookup : V — TV, assign:V —V = TV.

allocv = Mk As. k (Apree(s)) (s[free(s) — v])
(where free(s) = min{n € Ng | n ¢ dom(s)})

ks()s ifv= X and ! € dom(s)

kv's if v = A" 1 € dom(s),

and m,(s(1)) = |v’

lookup v = Ak As. 7on ( (1)) [v']
1 Ans ifv= )\?JF ,le dom(5)7

and m,(s(l)) = L

errorans otherwise

k (in1x) (s[l = v2]) ifv1 =X and [ € dom(s)

k (in1x) (s[l = v4]) if v1 = A\, 1 € dom(s),

and 7, (v2) = |vh
CLSSign V1 V2 = Mk As. ( 2) I_ 2J

L ans if v1 = APt 1 € dom(s),
and 7, (v2) = L
erToT Ans otherwise

Fig. 4. Functions used for interpreting reference operations.

Lemma 3.4. The functions alloc, lookup, and assign are continuous.

Notice that it would not suffice to define, e.g., lookup(\}™')(k)(s) = L for I € dom(s),
and hence avoid mentioning the projection functions: lookup would then not be contin-
uous.

We are now ready to define the untyped semantics.

Definition 3.5. Let ¢ be a term and let X be a set of variables such that FV(t) C X.
The untyped semantics of t with respect to X is the continuous function [t]x : VX — TV
defined by induction on ¢ in Figure 5.

The semantics of a complete program, i.e., a term with no free term variables or type
variables, is defined by supplying an initial continuation and the empty store:

Definition 3.6. Let ¢ be a term with no free term variables or type variables. The
program semantics of t is the element [t]? of Ans defined by

[[t]]p = M(D@ Kinit Sinit

where
le1m] if v = inz(m)

kinit = AU.)S. .
errorans otherwise

and where s;,;; € S is the empty store.
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For every ¢t with FV(¢) C X, define the continuous [t]x : V* — TV by induction on t:

[z]xp = n(p(x))
[m] xp = n(inz m)
[ti]xp if vo =inz 0
[ifzto t1 t2] x p = [to] x p * Avo. [t2]xp if vo = inz m where m # 0
error otherwise

n(inz(mi £ ma))
if v1 = inz m1

[[tl + tgﬂxp = [[tl]]xp*)\’lh. [[tzﬂxp* Ava. and vy = 0z Mo

error otherwise
[01xp = n(iny *)
[(t1, t2)]xp = [ta]xp* Advr. [tz]x p* Ava. n(inx (v1,v2))

if v =iny (vi,v2)

n(v1)
f = :
[fstt]xp = [tlxp* dv { error otherwise

if v =iny(vi,v2)
error otherwise

[snd t]xp = [t]xp * Av. { n(v2)
[void t]x p = [[t] x p * Av. error
[inl t]xp = [t)xp* M. n(ing (11 v))
[inrt]xp = [t]xp * Av.n(ing (2 v))
[t1]x,z, (p[z1 — v])  if vo = in4 (11 v)
[[case to x1.t1 xg.tz]]xp = [[to]]xp * )\’Uo. [[tz]]x@z (p[xg = ’UD if Vo = ’in+(L2 'U)
error otherwise

[e.tlxp = n(ino (. []x.« (ol > v])))

g v2 ifvr =ino g

tt =t Avg. [t Ava.
[trt2]xp = [ta]xp* Avs. [ta] x p* Ave { error  otherwise

lfix £ 26 xp = nin s (ie(hg” =TV Mo [, 10 (ol = ins g, 7 o))
[fold t] x p = [[t] x p * Av. n(in, v)

if v =1in, vo

n(vo)
fol = :
[unfold t]x p = [t]xp * Av { error otherwise

[Aa.t]xp = n(inv ([t]xp))

It [rmxp:[[t]]xpm{ ¢

error otherwise

ifv=inve

[ref t]x p = [t]xp * Av. alloc v
Mtlxp = [t]xp * Av. lookup v
[t1 :=t2]xp = [t1]x p * Av1. [t2] x p * Ava. assign v1 v2

Fig. 5. Untyped semantics of terms.
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3.4. Soundness and adequacy of the untyped semantics

In order to formulate soundness and adequacy of the denotational semantics with respect
to the operational semantics, we extend the denotational semantics to location constants:

[x = n(\).

That is, the meaning of a location constant is the corresponding ideal location. The
meaning of a syntactic store is given pointwise: [o] = Al € dom(o).[o(1)]-

We then have soundness:
1. If (o,t) | (0o',w), then for all continuations k we have [¢] k [o] = kv [o'] where

[w] = n(v).

2. If (o,t) | error, then for all continuations k we have [t] k [o] = err ans.

This is shown in the usual way, by induction on evaluation derivations. Notice that no ap-
proximate locations occur in the soundness proof since location constants are interpreted
as ideal locations.

Computational adequacy can be stated as follows:

1. If [t]° = |1 (m)], then (0,¢) | (o,m) for some o.
2. If [t]P = errorans, then (@,t) | error.

It follows easily from the combination of soundness and adequacy that (possibly open)
terms with the same denotation are contextually equivalent.

We expect that computational adequacy can be shown using the standard technique
(Pitts 1996) also for our non-standard semantics of locations, lookup and assignment.
We have earlier shown a computational-adequacy result for a similar untyped semantics
that also contains approximate locations (Birkedal et al. 2009).

4. Typed semantics

In this section we present a “typed semantics”, i.e., an interpretation of types and typed
terms. As described in the introduction, types will be interpreted as world-indexed fam-
ilies of binary relations on the universal cpo V. Since worlds depend on semantic types,
the space of semantic types is obtained by solving a recursive metric-space equation, i.e.,
by finding a fixed-point of a functor on metric spaces.

The rest of this section is structured as follows. Section 4.1 presents the necessary
material on metric spaces. In Section 4.2 we construct an appropriate space of semantic
types. Then, in Section 4.3, we interpret each type of the language as a semantic type.
Based on that interpretation of types, we introduce a notion of semantic relatedness of
typed terms in Section 4.4. We then show that all the term constructs of the language
respect semantic relatedness; as a corollary, we have a “fundamental lemma” stating
that every well-typed term is semantically related to itself. It follows that well-typed
terms do not denote “error”. More interestingly, well-typed terms of polymorphic type
satisfy a relational parametricity principle. In fact, all well-typed terms satisfy a rela-
tional parametricity principle involving the store: this principle results from Kripke-style
quantification over all future “semantic store typings”.
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The reader is assumed to be familiar with basic properties of metric spaces (Smyth
1992), although the relevant definitions are repeated below.

4.1. Ultrametric spaces
Let RT be the set of non-negative real numbers.

Definition 4.1. A metric space (X,d) is a set X together with a function d : X x X —
R satisfying the following three conditions:

1. d(z,y) =0 <= z =y

2. d(z,y) = d(y,x)

3. d(z,2) < d(z,y) + d(y, 2).

An ultrametric space is a metric space (X, d) that satisfies the stronger ultrametric in-
equality instead of (iii):

(iii")l(z, z) < max(d(x,y),d(y, z)).

A metric space (X, d) is 1-bounded if d(x,y) < 1 for all x and y in X.

By a sequence in a metric space (X,d) we mean an w-indexed sequence (&, )ney Of
elements of X.

Definition 4.2.

1. A Cauchy sequence in a metric space (X,d) is a sequence (x,)ne, of elements of
X such that for all € > 0, there exists an N € w such that d(z,,,z,) < € for all
m,n > N.

2. A limit of a sequence (zp,)ne, in a metric space (X, d) is an element x of X such that
for all € > 0, there exists an N € w such that d(z,,z) < € for all n > N.

3. A complete metric space is a metric space in which every Cauchy sequence has a limit.

In the following we shall consider complete, 1-bounded ultrametric spaces. As a canon-
ical example of such a metric space, consider the set N“ of infinite sequences of natural
numbers, with distance function d given by:

d( ) _ 2—max{n€w|Vm§n. z(m)=y(m)} if 7& Y
R ifx=y.

To avoid confusion, call the elements of N strings instead of sequences. Here the ultra-
metric inequality simply states that if  and y agree on the first n “characters” and y
and z also agree on the first n characters, then x and z agree on the first n characters. A
Cauchy sequence in N“ is a sequence of strings (2, )new in which the individual characters
“stabilize”: for all m, there exists N € w such that x,, (m) = x,,(m) for all ny,ne > N.
In other words, there is a number &k such that z,(m) = k for almost all n, i.e., all but
finitely many n. The limit of the sequence (z,,)nec. is therefore the string x defined by

x(m) =k where z,(m) = k for almost all n.

As illustrated by the above example, it might be helpful to think of the function d of
a complete, 1-bounded ultrametric space (X, d) not as a measure of (euclidean) distance
between elements, but rather as a measure of the degree of similarity between elements.
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Definition 4.3.

1. A function f : X; — Xs from a metric space (X1,d;) to a metric space (Xa,d2) is
non-expansive if do(f(x), f(y)) < di(z,y) for all z and y in X;.

2. A function f : X; — X, from a metric space (X1,d;) to a metric space (Xa,ds) is
contractive if there exists ¢ < 1 such that do(f(x), f(y)) < ¢-di(x,y) for all z and y
in Xl-

Let CBUIt be the category with complete, 1-bounded ultrametric spaces as objects and
non-expansive functions as morphisms. This category is cartesian closed (Wagner 1994).
Products are defined in the natural way: (X1,d;) x (Xa,d2) = (X1 X X2, dx, xx,) where

dx, xx, (71, 72), (Y1, y2)) = max(di(z1,y1), d2(z2,y2)) -

The exponential (X7,d;) — (X2,dz2) has the set of non-expansive maps from (X1,d;) to
(X2, ds) as the underlying set, and the “sup”-metric dx, -, x, as distance function:

dx,—x,(f,9) = sup{dz(f(2),9(z)) | © € X1}

For both products and exponentials, limits are pointwise.

Note that the category of (not necessarily ultra-) metric spaces and non-expansive maps
is not cartesian closed: the ultrametric inequality is required in order for the evaluation
maps (corresponding to the exponentials) to be non-expansive (Wagner 1994).

If X is a subset of the underlying set X of a metric space (X, d), then the restriction
do = d|x,xx, of d turns (Xo,dp) into a metric space. If Xy is closed, then (Xo,dp) is
complete:

Definition 4.4. Let (X, d) be a metric space. A subset X of X is closed (with respect
to d) if whenever (z,,)ne, is a sequence of elements of Xy with limit z, the limit element
x belongs to Xj.

Proposition 4.5. Let (X, d) be a complete, 1-bounded ultrametric space, and let X be
a closed subset of X. The restriction dy = d|x,xx, of d turns (Xo, dp) into a complete,
1-bounded ultrametric space.

4.1.1. Banach’s fixed-point theorem We need the following classical result:

Theorem 4.6 (Banach’s fixed-point theorem). Let (X, d) be a non-empty, complete
metric space, and let f be a contractive function from (X,d) to itself. There exists a
unique fixed-point of f, i.e., a unique element = of X such that f(z) = x.

For a given complete metric space, consider the function fiz that maps every contractive
operator to its unique fixed-point. On complete ultrametric spaces, fiz is non-expansive
in the following sense (Amadio 1991):

Proposition 4.7. Let (X, d) be a non-empty, complete ultrametric space. For all con-
tractive functions f and g from (X, d) to itself, d(fiz f, fix g) < d(f,g).
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Proof. Let ¢ < 1 be a non-negative number such that d(f(z), f(y)) < ¢-d(x,y) for all
z and y in X. Now let x = fiz f and y = fiz g. By the ultrametric inequality,

d(z,y) = d(f(x), 9(y))
< max(d(f (), f(y)),d(f(y),9(y))
(f

< max(d(f(x), f(y)),d(f, 9))
gmax(c d(m,y), ( ag))'

If max(c-d(x,y),d(f,g)) = ¢ d(z,y) we have d(z,y) < ¢-d(z,y), and hence d(z,y) =
0 < d(f, 9). Otherwise, max(c - d(z, ), d(f,g)) = d(f,9), and hence d(z,y) < d(f,g). [I

4.1.2. Solving recursive metric-space equations The inverse-limit method for solving re-
cursive domain equations can be adapted from Cpo to CBUIt (America and Rutten 1989).
We sketch an account that suffices for this article.

In CBUIt, one finds fixed points of locally contractive functors instead of locally con-
tinuous functors.

Definition 4.8.
1. A functor F': CBUIt®® x CBUIt — CBUIt is locally non-expansive if

d(F(f,9), F(f',g') < max(d(f, '), d(g,9"))

for all non-expansive functions f, f', g, and ¢'.
2. A functor F' : CBUIt°® x CBUIt — CBUIt is locally contractive if there exists ¢ < 1
such that

d(F(f,9), F(f'.9") < ¢ max(d(f, '), d(g,9"))

for all non-expansive functions f, f’, g, and ¢'.

One can obtain a locally contractive functor from a locally non-expansive one by
multiplying with a “shrinking” factor (America and Rutten 1989):

Proposition 4.9. Let 0 <c < 1.
1. Let (X,d) € CBUIt, and define c- (X,d) = (X, c-d) where c-d : X x X — R™ is given
by (¢-d)(z,y) = c¢-d(z,y). We have ¢- (X,d) € CBUIt.
2. Let F : CBUIt°? x CBUIt — CBUIt be a locally non-expansive functor. The functor
¢ - F given by
(c- F)((X1,d1),(X2,d2)) = c- F((X1,d1), (X2,d2))
(c- F)(f,9)=F(f,9)

is locally contractive.

The main theorem about existence and uniqueness of fixed points of locally contractive
functors is actually most conveniently phrased in terms of the category of non-empty,
complete, 1-bounded ultrametric spaces. The reason is the essential use of Banach’s
fixed-point theorem in the proof. Rather than considering this subcategory, we impose
a technical requirement on the given mixed-variance functor F' on CBUIt, namely that
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F(1,1) # O where 1 is the one-point metric space. It is not hard to see that this
requirement holds if and only if F restricts to the full subcategory of non-empty metric
spaces.

By a well-known adaptation of the inverse-limit method, in the style of America and
Rutten (1989), one can then show:

Theorem 4.10. Let F' : CBUIt? x CBUIt — CBUIt be a locally contractive func-
tor satisfying that F(1,1) # (). There exists a unique (up to isomorphism) non-empty
(X,d) € CBUIt such that F((X,d), (X,d)) = (X, d).

4.2. The space of semantic types

The space of semantic types is obtained by applying Theorem 4.10 above to a functor
that maps metric spaces to world-indexed binary relations on V. First, some standard
definitions:

Definition 4.11. For every cpo A, let Rel(A) be the set of binary relations R C A x A
on A.

1. A relation R € Rel(A) is complete if for all chains (a,)new and (a),)new such that
(an,al,) € R for all n, also (Upewan, Unewa,,) € R. Let CRel(A) be the set of complete
relations on A.

2. A relation R € Rel(D) on a cppo D is pointed if (L, L) € R and admissible if it is
pointed and complete. Let ARel(D) be the set of admissible relations on D.

3. For every cpo A and every relation R € Rel(A), define the relation R) € Rel(A)) by
R ={(LL}u{(lael[d])](a,a") € R}.

4. For R € Rel(A) and S € Rel(B), let R — S be the set of continuous functions f from
A to B satisfying that for all (a,a’) € R, (fa, fad') € S.

On uniform cpos and uniform cppos, we furthermore define the set of uniform bi-
nary relations (Abadi and Plotkin 1990; Amadio 1991). The key point is that a uniform
and complete relation on a uniform cppo (D, (wy,)ney) is completely determined by its
elements of the form (w, e, w, €').

Definition 4.12.

1. Let (A, (wn)new) be a uniform cpo. A relation R € Rel(A) is uniform with respect
to (wWn)new if wn € R — R, for all n. Let CURel(A, (wn)new) be the set of binary
relations on A that are uniform with respect to (@, )neo, and complete.

2. Let (D, (@n)new) be a uniform cppo. A relation R € Rel(D) is uniform with respect
to (wp)new if w, € R — R for all n. Let AURel(D, (@, )new) be the set of binary
relations on D that are uniform with respect to (@, )ne, and admissible.

Proposition 4.13. Let (D, (wn)new) be a uniform cppo, and assume that R,S €
AURel(D, (wp)new)-

1. If w, € R— S, then w,s € R — S for all n/ < n.

2. f w,, € R— S for all n, then RC S.
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We now define a number of metric spaces that will be used in constructing the universe
of semantic types. After defining one of these metric spaces (X, d), the “distance function”
d will be fixed, so we usually omit it and call X itself a metric space.

First, as in Amadio (1991), we obtain:

Proposition 4.14. Let (D, (wy)new) be a uniform cppo. Then AURel(D, (twwy)new) 18
a complete, 1-bounded ultrametric space with the distance function given by

27max{n€w | wn€R—S N w,€S—R} ifR+£S
d(R’S):{o ifRiS.

Proof. First we show that the function d is well-defined: if R # S, then there exists a
greatest n in w such that @, € R — S and @, € S — R. Assume that R # S. By (3.11)
we always have wyg € R — S and wg € S — R, so there is at least one such n. Now
assume that there are infinitely many such n; then Proposition 4.13 implies that R C .S
and S C R, i.e., that R = S, a contradiction.

Proposition 4.13(1) implies the following property, which we shall need below:

d(R,S) <27"if and only if w, € R — S and w, € S — R. (4.1)

It is easy to see that the function d defines a 1-bounded ultrametric. To see that it is
complete, let (R;,)mew be a Cauchy sequence. Then for all n there exists a number M,
such that d(R,,, Ry,/) < 27" for all m,m’ > M,,. For all m,m’ > M,,, (4.1) then implies
that @, € R,, — R, . Therefore, for all e,e’ € D,

(wne,wn€) € Ry = (wpown)e, (wyow,)e) € Ry (by definition of d)
= (wne,wne) € Ry, (by (3.10))
and the other way around by symmetry. This means that the set of related elements
of the form (w, e, w, €’) is the same in the relations Ry, , Ras, +1, etc. Now define the
relation R by
(e,e') € R < for all n, (wy,e, wne') € Ry, -

We first show that R is admissible and uniform, and then that R is the limit of (R,,)mew-
First, R is pointed by (3.11) and the fact that each R, is pointed. R is complete since
it is an intersection of inverse images of the continuous functions w, with respect to the
complete relations Ry, . R is also uniform: let (e, e’) € R; then for all m and n, uniformity
of Ry, and (3.10) imply that (w, (cwm, €), @n(wm €')) = (wm(wn €), wm(wn €')) € R,
and hence (@, e, €') € R.

It remains to show that R is the limit of (R,,)mewn- It suffices to show: for all n and
all m > M,

w, € R—-R,, and w, € R,, > R.
First, let (e,e’) € R. Then (w, e, wy, ¢') € Ry, by definition on R, and hence
(wwn e, wne') € Ry,

since m > M,,. Second, let (e,e') € R,,. By uniformity of R,, also (w, e,w,€') € Ry,.
But then (w, e, @, ¢') belongs to Ry, since m > M,,. It then follows easily from (3.10)
and the definition of R that (w, e, w, €¢’) € R. Ul
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Proposition 4.15. Let (X,d) be a complete, 1-bounded ultrametric space. The set

Ny —f, X of finite maps from natural numbers to elements of X is a complete, 1-
bounded ultrametric space with the distance function given by

d(A, A = { max {d(A(l),A'(l)) | I € dom(A)} if dom(A) = dom(A’)

’ 1

Proof (sketch) Standard. CBUIt has all products and sums. Then, the set Ng —5, X
can be viewed as a sum of products: LCjinNo X and the distance function above reflects

otherwise.

that fact. In general, two elements of different summands are given the maximal possible
distance 1. 0

Definition 4.16. For every (X,d) € CBUIt, define an “extension” ordering < on the
set No —pn X by

A< A" < dom(A) C dom(A’) AV € dom(A). A(l) = A'(1).
Proposition 4.17. Let (X,d) € CBUIt, let (D, (wy,)new) be a uniform cppo, and let
(No —fin X) = mon AURel(D, (wn)new)

be the set of functions v from Ny —g, X to AURel(D, (wy)new) that are both non-
expansive and monotone in the sense that A < A’ implies v(A) C v(A’). This set is a
complete, 1-bounded ultrametric space with the “sup”-metric, given by

d'(v,v') = sup{d(v(A),1"(A)) | A € No —pn X}

Proof. The set (Ng —fn X) —mon AURel(D, (wy)new) is a subset of the underlying
set of the exponential (Ng — 4, X) = AURel(D, (wy)ne) in CBUIt, namely the subset
of monotone as well as non-expansive functions, and the distance function d defined above
is the same as for the larger set. By Proposition 4.5 it therefore suffices to show that the
set of monotone and non-expansive functions is a closed subset of the (complete) metric
space of all non-expansive functions.

Let (Vm)mew be a sequence of monotone and mnon-expansive functions from
(No —fin, X) to AURel(D, (wn)new) with limit v (for some function v which is non-
expansive). We must show that v is monotone. To that end, let A and A’ be el-
ements of Ng —p, X such that A < A’; we must show that v(A) C v(A’). By
Proposition 4.13(2) it suffices to show that w, € v(A) — v(A’) for all n. So let n
be given. Since (Vp,)meo has limit v, there exists an m such that d(v,v,,) < 27"
By definition of the metric on exponentials, this implies that d(v(A), v, (A)) < 277,
and hence that w, € v(A) — v, (A) by Proposition 4.13(1). But v, is assumed to
be monotone, so v, (A) C v, (A’) and therefore w, € v(A) — v, (A’). Since also
d(v(A"),vm(A”)) < 27", we have w,, € vy, (A’) — v(A’), and conclude by (3.10) that
wn, € V(A) = v(A). Ll

Propositions 4.14 and 4.17 and a little extra work give analogous results for uniform
Ccpos:

Proposition 4.18. Let (A4, (wn)new) be a uniform cpo. Below, abbreviate CURel(A) =
CURel(A, (wn)new)-
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1. The set CURel(A) is a complete, 1-bounded ultrametric space with the distance
function given by

27max{n€w | wn€R—S1 N wn€S—R, } if R S
d(R’S>:{0 ifRiS.

2. Let (X,d) € CBUIlt, and let (Ng —f X) —mon CURel(A) be the set of functions v
from Ny — 4, X to CURel(A) that are both non-expansive and monotone in the sense
that A < A’ implies v(A) C v(A’). This set is a complete, 1-bounded ultrametric
space with the “sup”-metric, given by

d'(v,v) = sup{d(v(A),'(A)) | A € Ng —=f D}.
Proof.

1: It is easy to see that the family of strict extensions w] : A, — A of the pro-
jection functions @, : A — A turns (A, (@} )mew) into a uniform cppo. Abbreviate
AURel(AL) = AURel(AL, (@] )new)- By definition of uniform relations,

R € CURel(A) ifandonlyif R), € AURel(AL) (4.2)

for all R in Rel(A). Furthermore, Proposition 4.14 gives a metric on the set AURel(A,),
and it is easy to see that the distance function on CURel(A) defined in Part 1 above is
induced by the lifting operator, i.e., d(R,S) = d(R,,S,). Since the lifting operator is
injective, this induced distance function turns CURel(A) into a 1-bounded ultrametric
space.

However, not every S in AURel(A] ) has the form R for some R in CURel(A): unless
A is empty, some relations in AURel(A ) relate L to elements different from L. In other
words, the lifting operator from CURel(A) to AURel(A,) is not surjective. Therefore,
completeness of AURel(A)) does not immediately imply completeness of CURel(A).
What we need to show is that the subset of AURel(A,) consisting of strict relations,
i.e., relations S for which (a, L) € S or (L,a) € S implies a = L, is a closed subset of
AURel(A, ). Proposition 4.5 then implies that the subset of strict relations is a complete
metric space, and (4.2) implies that it is isomorphic to CURel(A), which is therefore also
complete.

More generally, let (D, (@) )necw) be a uniform cppo, and abbreviate AURel(D) =
AURel(D, (@), ) new); we show that the subset SAURel(D) C AURel(D) of strict relations
is closed. So let (R, )mew be a sequence of strict relations (elements of SAURel(D)) with
limit R for some R € AURel(D). We must show that R is strict. Solet (L, e) € R: we show
that e = L. (The case where (e, L) € R is completely symmetric.) By (3.9) it suffices to
show that w], e = L for all n. Given n, choose m large enough that d(R, R,;,) < 27™. Then
w! € R — R,, by Proposition 4.13(1), and therefore (L, e) = (w), L,w) e) € Ry,.
But this implies that @), e = L since R,, is strict. In conclusion, R is strict.

2: In the proof of Part 1 we showed that CURel(A) is isomorphic to the complete, 1-

bounded metric space SAURel(A,) of strict, uniform, and admissible relations on A .
The isomorphism is the lifting operator on relations, and this operator clearly preserves
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and reflects set-theoretic inclusion, i.e., R C S if and only if R} C S . It therefore suffices
to show that the set (Ng =g, X) —mon SAURel(AL) of non-expansive and monotone
9

functions from Ny —5, X to SAURel(A,) is a complete metric space with the “sup
metric on functions:

d'(v,v') = sup{d(v(A),1'(A)) | A € Ng —pn D}

By Proposition 4.5 it is enough to show that (Ng —f, X) —mon SAURel(A ) is a closed
subset of (Ng —f, X) —mon AURel(A,). But this follows immediately from the fact
that SAURel(A] ) is a closed subset of CURel(A, ), as shown in Part 1, since limits with
respect to the “sup” metric on functions are pointwise. L]

In the rest of this section we do not need the extra generality of uniform cpos: re-
call that V is the cpo obtained from Proposition 3.2 and abbreviate CURel(V) =
CURel(V, (Tn)new)-

Proposition 4.19. The operation mapping each (X,d) € CBUIt to the monotone func-
tion space (Ng —fin X) —mon CURel(V) (as given by the previous proposition) can be
extended to a locally non-expansive functor F : CBUIt°® — CBUIt in the natural way:

F(X,d) = (Ng —fin X) =mon CURel(V)
F(f) =M. AA.v(foA)

Proof. Let (X1,d1) and (X3, ds) be complete, 1-bounded ultrametric spaces. For every
non-expansive function f from Xy to Xi, the F(f) given above is clearly a well-defined
function from (Ng —f, X1) —mon CURel(V) to the set of functions from (Ny — 5, X2)
to CURel(V). It is also easy to see that F'(f)(v) is monotone for every v in F'(Xi,d;):
let A,A" € (Ng —fn Xo) such that A < A'; then foA < foA’ by definition of <, and
therefore

F(f)w)(A) =v(foA) Cv(fol')=F(f)(¥)(A)
since v is monotone.

We now show the following property: for all non-expansive functions f and f’ from X,
to Xq, all v and v/ in (Ng —fin X1) = mon CURel(V), and all A and A" in (Ng — 5, X2),

d(F(£)(v)(A), F(f) () (A") < max(d(f, f), d(v,v"),d(A, A")). (4.3)

By definition, F(f)(v)(A) = v(foA) and F(f")(v')(A’) = V' (f' o A’). By the ultrametric
inequality,

d(foA, f oA"Yy <max(d(foA,f oA),d(f oA, f oA"))

But d(f o A, f' o A) < d(f, ') by definition of the metric on (Ny —f, X2) and d(f’ o
A, f o A" < d(A,A’) by the fact that f’ is non-expansive. Therefore,

d(fo A, f o A') <max(d(f, f'),d(A,A")).
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Then, by the ultrametric inequality and the fact that v’ is non-expansive,

d(v(f o A), V' (f o A")) < max(d(v(f o A), V' (f o A)),d(V(f o A),V'(f o A)))
< max(d(v,V),d(fo A, f o A))
< max(d(v, ) (/. 1), d(D, A)
which shows (4.3).

Now, for all f and v, taking f' = f and v/ = v in (4.3) shows that F(f)(v) is non-
expansive. Similarly, taking /' = f and A’ = A in (4.3) shows that F(f) is non-expansive.
All in all, we have now shown that F'(f) is a morphism from F (X1, d;) to F(Xa,ds) when
f is a morphism from (X2, ds) to (X1,d1).

The functor laws are then easily verified:

F(idx) = M. AA. v(idx o A) = A AA v(A) = idp(x,a) -
(F(g)o F(f)(v) = (A AA.v(go A)) o (A. AA.v(f o A)))(v)
=AA. (AA . v(foA"))(go A))
=M.v(fogoA)
=F(fog)(4).

It remains to show that F is locally non-expansive, i.e., that

A(F(f), F(f") <d(f. f)

for all non-expansive functions f and f’. But that follows from (4.3) by taking v’ = v
and A’ = A/, L]

Proposition 4.19, Proposition 4.9 (with ¢ = 1/2), and Theorem 4.10 now immediately
imply:

Theorem 4.20. There exists a complete, 1-bounded ultrametric space 7T such that the
isomorphism

T = 1((No —fin T) —>mon CUReL(V)) (4.4)
holds in CBUIt.

Remark 4.21. Since in general the underlying sets of 1/2 - (X,d) and (X,d) are the
same, the theorem above gives a continuous, but not distance-preserving, bijection

T2 (No —fin T) — mon CUREL(V)).

~

We implicitly use that bijection below. Notice that the function space (Ng —fin 7) —mon
CURel(V') consists of non-expansive functions, so one cannot simply forget about the
metric, i.e., generalize to the category of sets and functions and view T as a solution to
an equation like (4.4) but without the “1/2”. Likewise, one cannot view 7 as a solution
to such an equation in the category of metric spaces and continuous functions.
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4.3. Interpretation of types

Let in the following T be a complete, 1-bounded ultrametric space satisfying (4.4),
and let i : T — 1((No —fin T) —mon CURel(V)) be an isomorphism with inverse
i1 L (No =i T) —mon CURel(V)) — T. For convenience, we use the following ab-
breviations (where the names W and T are intended to indicate “worlds” and “types”,

respectively):
W= No —fin 7A—
T =W —mon CURel(V).

With that notation, (4.4) expresses that 7 is isomorphic to 3T

We choose T as our space of semantic types: types of the language will be interpreted as
elements of T, i.e., as certain world-indexed families of relations on V. We additionally
define families of relations on “states” (elements of ), “continuations” (elements of
K =V — S — Ans), and “computations” (elements of TV).

Definition 4.22. Abbreviate

AURel(TV) = AURel(TV, (1) new),
AURel(K) = AURel(K, (75),c.,), and
CURel(S) = CURel(S, (75 ) new) -

Let

T =W —mon AURE(TV)
Tic =W = mon AURel(K)

be the complete, uniform 1-bounded ultrametric spaces given by Proposition 4.17. Fur-
thermore, let

Ts = W — CURel(S)

be the complete, uniform 1-bounded ultrametric space obtained from Propositions 4.15
and 4.18 and the exponential in CBUIt. (The elements of Tg are non-expansive but not
necessarily monotone functions.)

In all the ultrametric spaces we consider here, all non-zero distances have the form
2~ for some m. For such ultrametric spaces, there is a useful notion of n-approximated
equality of elements:

Definition 4.23. For every complete, 1-bounded ultrametric space (D, d), every natural

number n > 0, and all elements z,y € D, the notation = =, y means that d(z,y) <27

When the distance function d is clear from the context, we shall just write z = y for
n

r=qly.

(In general, such approximated equality relations can of course also be defined for
numbers not of the form 27".) The ultrametric inequality implies that each relation 2,
is transitive, and therefore an equivalence relation:

56



L. Birkedal, K. Stovring, and J. Thamsborg 24

Proposition 4.24. If z £, y and y =4 z, then = =, z.

The fact that the evaluation map corresponding to a given exponential is non-expansive
can now be expressed as a congruence property for approximated equality: for non-
expansive maps f, f': (D1,d1) — (D2, ds) and elements x, 2’ € Dy,

fE2F ANz2ad = flx)=f'(2). (4.5)

That property will be used frequently below.

To interpret types of the language as elements of T, it remains to define a number of
operators on 7 (and 77 and Tk ) that will be used to interpret the various type con-
structors of the language; these operators are shown in the lower part of Figure 6. Notice
that the operator ref is defined in terms of n-approximated equality = on C' URel(V), as
defined above.

In order to interpret the fragment of the language without recursive types, it suffices
to verify that these operators are well-defined (e.g., ref actually maps elements of 7 into
T.) In order to interpret recursive types, however, we furthermore need to verify that
the operators are non-expansive.

The proofs below depend on a number of lemmas that give more concrete descriptions
of the metric spaces involved; these lemmas can be found in Appendix A. In particular,
the factor 1/2 in (4.4) implies that worlds that are “(n+1)-equal” only contain “n-equal”
semantic types.

Lemma 4.25. The function states from W to Rel(S) defined in the lower part of Figure 6
is an element of Tg.

Proof. First, for every A € W, the relation states(A) is complete: this follows from
the fact that i(A(l)) (A) is complete for all I € dom(A). We now show that

A=A = 77 ¢ states(A) — states(A') |

for all A,A’ € W. From this implication, uniformity follows by taking A’ = A and
using Lemma A.2(1), and non-expansiveness of states follows from Lemma A.2(1) and
symmetry. So, let A = A’ and let (s,s’) € states(A); we must show that either 75 (s) =
75(s') = L, or m3(s) = |so| and 75 (s') = |s)| where (sq,s)) € states(A’). If n = 0

n n

we are done by (3.23); assume therefore that n > 0. Then dom(A) = dom(A’) by the
definition of the metric on W, and furthermore, for every I € dom(A),

) (A) (i(A(1)) non-expansive)
"ZHiA (1) (A). (Lemma A.1)
By transitivity (Proposition 4.24),
i(AD) (&) "= iAW) (A,
and therefore Lemma A.2(1) gives that
-1 € i(A(D)) (A) = (i(A(1) (A7) L.

Since the above holds for every [ € dom(A), Equation (3.24) gives that either 75 (s) =
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For every Z I- 7, define the non-expansive [7]z : 7= — T by induction on 7:
[z = ¢(a)
[intlzp = AA. { (inz k,inz k) | k € Z}
[1]ze = AA. { (in1 *, inq *) }
[r x 2= = [nl=p x [r2]=¢
[0]zp = AA. 0
[r + 2]z = [n]=¢ + [r]=¢
[ref Tl= = ref ([7]=¢)
Va.r]ze = AA. { (inv ¢, inv ') | Vv € T. (¢,c') € comp([T]z,apla — v])(A) }

[nor]=p = fix (Av. AA. { (in, v, in, V') | (v,0") € [T]zapla— V] (A)})
(see Theorem 4.29)

[n = 7el=p = (Inl=p) = (comp([r2]=¢))

The following operators and elements are used above:

X:TxT—=T comp:T —Tr
+:TxT—=T cont : T — Tk
ref : T — T states € Tg

=T xTr =T Rans € CRel(Ans)

(11 x 12)(A) = { (i (v1, v2), i (01, 08)) | (v1,04) € 12 () A (v2,05) € 12(A) }

(1 +12)(A) = { (iny (t1 v1), iny (11 v1)) | (v1,01) € v1(A) } U
{ (in4 (12 v2), in4 (12 v3)) | (v2,03) € v2(A) }

ref (0)(A) = { (A, M) | L € dom(A) AVAL > AL i(A(D) (A1) = v(A1) }U
{1 € dom(A) AVAL > AL i(A®D) (A1) £ v(Ar) }

(v = (D) = {(ins frino f1) | VAL 2 AV(v,0)) € v(A1) (fo, f'v)) € E(A1)}

cont(V)(A) = { (k, k') | VA1 > A.V(v,v") € v(A1).
V(s,s") € states(A1). (kv s, k' v s") € Rans }

comp(v)(A) = {(¢,¢) | VAL > A.V(k, k') € cont(v)(A1).
V(s,s") € states(A1).(cks,c' k's') € Rans }

states(A) = { (s,s") | dom(s) = dom(s’) = dom(A)
A VI € dom(A). (s(1),s'(1)) € i(AQ1)) (A) }

Rans = { (L, D) YU{(lam], [um]) [meZ}

Fig. 6. Interpretation of types.
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75 (s') = L, and we are done, or 75 (s) = |so| and 75 (s') = | s} for some sy and s}, such
that (so(l),s0(1)) € i(A'(1)) (A') for all I € dom(A’). But the latter means exactly that
(s0,8() € states(A'). L]

Lemma 4.26. Let A, A/, and A; be elements of W such that A = A’ and A < A;.
There exists a A} such that A; = A} and A’ < A,

Proof. If n = 0 we can take A} = A’; in fact, any extension of A’ would do. If n > 0
we have dom(A) = dom(A’) by definition of the metric on W. Now define A} € W with
dom(Af) = dom(A;) by

,on [ A1) ifl € dom(A)
A1) = { Aq(l) if I € dom(Aq)\ dom(A).

Clearly A’ < Af since dom(A) = dom(A’). Also, by definition of the metric on W (as a
maximum of the distances for each “I”), d(A1, A]) = d(A,A") < 27, O

Lemma 4.27. The operators x, +, ref, —, cont, and comp defined in the lower part of
Figure 6 are non-expansive.

Proof. We show that each operator maps into the appropriate codomain and that it
is non-expansive.

X:TxT—=T:

It is easy to see that (11 X v5)(A) is complete for all A € W. To see that vy x vo belongs
to T, it therefore suffices to verify the two conditions of Lemma A.2(3). Condition (a),
monotonicity, is immediate. As for Condition (b), we show a more general fact which
furthermore implies non-expansiveness of x: for all vy, v, v, and V4 in T and all A and

A in Nog =5, T,
nEV, A Evh AN AZN = 1, (1 x n)(A) = (V] x vh)(A)L .
Condition (b) then follows by taking vy = v} and vo = /4. Non-expansiveness of x follows
by taking A = A’ and using parts 1 and 2 of Lemma A.2 (and symmetry).
So, assume that v; = v} and vy = 4 and A = A/, and let
(inx (v1,v2), inx (v1,05)) € (11 X v2)(A).

We must show that either (1) m,(inx(v1,v2)) = ma(ing (vi,v4)) = L or otherwise (2)
T (inx (v1,v2)) = |w| and 7, (in« (v],v5)) = |w’| for some w and w’ such that (w,w’) €
(V] x V4)(A). If n = 0 we are done by Equation (3.4); assume therefore that n > 0. By
definition of (11 x v2)(A) we know that (vi,v]) € v1(A) and (ve,vh) € va(A). Since 14
and vy are non-expansive functions, (4.5) gives that

n(A) "= (A and va(A) "= LA

Therefore 7,1 € 11(A) = V{(A") L and m,—1 € v2(A) — V4(A’) L by Lemma A.2(1). By
definition of v;(A) — v/(A’) L (for i = 1,2) there are now two cases:

1. 7Tn_1("01) = Wn_l(vll) =1 or 7Tn_1('02) = 7Tn_1(’l)/2) = 1.
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2. There exist (w1, w]) € vi(A’) and (we,w)) € v4(A’) where m,_1(v1) = |w1] and
Tp—1(v1) = [wi] and 7,1 (v2) = [w2] and 71 (vy) = [wh].

In case (1), (3.18) gives that m,(iny(v1,v2)) = m(ink (v],v5)) = L and we are done.

In case (2), (3.18) gives that m,(iny (v1,v2)) = |ink(wy,ws)] and m,(ink(v],v5)) =

lin (wy, wh)]. By definition of (] x v4)(A’) we have that (iny (wy,ws), iny (w,wh)) €

(] x V5)(A') and we are done.

ref : T —T:

First, ref (v)(A) is complete for all A: this follows from the general fact that if R = S
for all n € w, then d(R,S) = 0 and hence R = S. It is also easy to see that ref(v) is
monotone. Similarly to the previous case, we then show that ref(v) belongs to 7 and
that ref is non-expansive by showing that

vV ANAEN = 7, €ref(v)(A) — ref(V)(A) L

for all v and v/ in 7 and all A and A" in Ny —5, T.

So, assume that v = v/ and A £ A/, and let (A", \") € ref (v)(A). (The case where
(A, A1) € ref (v)(A) is similar, but slightly easier.) If n = 0 we are done by Equation (3.4).
If n > 0, (3.17) gives that m,(\") = L)\?ﬁn("’m)J, and it therefore remains to show that
(Agrin(mm) \min(mm)y e per(4)(AY). To that end, let I € dom(A’) and A} > A'; we

l 9
min(n,m)—1

must show that i (A(1)) (A}) = V'(AY). Lemma 4.26 gives a A; > A such that
A; £ A’ Then:
i(A'(D) (A)) Z4i(A'(1) (Ar) (i(A’(l)) non-expansive)

"ZHiA®D) (A1) (Lemma A.1)
"= (A (since (A", A") € ref (v)(A)
V(A (Lemma A.2(2))
ZV(A)). (v non-expansive)

Hence by transitivity i(A’(1)) (A}) min(nm) =1 V(A}).

+:TxT—=T:

It is easy to see that (1 +v2)(A) is complete for all A € W, and that 14 +v4 is monotone.
It then suffices to show that

vZEup A v Evh A AZEN = 1, € (11 ) (A) = (1] + ) (A) L

for all vy, 1o, v{, and v4 in T and all A and A" in Ny — 4, T.
So, assume that v; £ v/} and vy = v and A = A/, and let

(ing (11 v),iny(110")) € (11 + v2)(A).

(The case with o instead of ¢1 is completely symmetric.) If n = 0 we are done by
Equation (3.4); assume therefore that n > 0. By definition of (11 + 12)(A) we have
(v,v') € v1(A). Then, since v; £ v and A £ A’ implies v;(A) £ v} (A’), there are two
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cases: either m,_1(v) = m,—1(v") = L, and we are done, or 7,1 (v) = |w] and m,_1 (v') =
|w'| where (w,w’) € v{(A’). But then (3.19) gives that m,(in,(t1v)) = [iny(;w)] and
T (4 (110") = ling (') ] with (ing (vw), ing (') € (V] + vh)(A).

cont : T — Tk:
First, cont(v)(A) is admissible for each A € W since Rans is admissible. Also, cont(v)
is monotone. By Lemma A.3(3), it then suffices to show that

vEV ANAZAN = 18 € cont(v)(A) = cont(V)(A)

for all v and v/ in 7 and all A and A’ in W. So, assume that v = v/ and A = A’ and let
(k, k") € cont(v)(A); we must show that (7% (k),7E (k")) € cont(v')(A’). If n = 0 this
follows from (3.23) and the fact that cont(v')(A’) is pointed. Otherwise, let A} > A’ and
(v,v") € V'(A]) and (s,s’) € states(A}). We must show that (7% (k)vs, nX(K')v' s') €
Raps. First, Lemma 4.26 gives a A; > A such that A; = A}, By (4.5), v(A1) £ V/(A)).
Furthermore, the fact that states belongs to Tg, shown above, implies that states(A;) =
states(A!). Therefore, by (3.25), either 7 (k)vs = 7X(k')v' s’ = L, and we are done,
or TX(k)vs =kwso and 75 (K')v' s’ = k' w' s, where m,(v) = |w] and m,(v") = |v’]
and 77 (s) = |so| and 75 (s') = [sh]| with (w,w’) € v(A;) and (s, s}) € states(Ay). In
the latter case, (kw so, k' w' s()) € Rans since (k, k') € cont(v)(A) and A < Aj.

comp T — Tr:
Similar to cont. First, comp(v)(A) is admissible for each A € W since R 4, is admissible.
Also, comp(v) is monotone. By Lemma A.3(3), it then suffices to show that

vEV AAZAN = 1l e comp(v)(A) — comp(V)(A)

for all v and v/ in 7 and all A and A’ in W. So, assume that v = v/ and A = A’
and let (c,c’) € comp(v)(A); we must show that (7L (c),nl(c)) € comp(v')(A'). If
n = 0 this follows from (3.23) and the fact that comp(v')(A’) is pointed. Otherwise,
let A} > A" and (k, k') € cont(v')(A]) and (s,s’) € states(A]). We must show that
(7l (c) ks, m1(c') k' s') € Rans. Lemma 4.26 gives a A; > A such that A; = A/. Since

cont is non-expansive,
cont(v)(Aq) Z cont(V') (A1) = cont(V')(A]).

Furthermore, the fact that states belongs to T implies that states(A;) £ states(A)).
Therefore, by (3.26), either 71 (c) ks = 71 (c/) k' s’ = L, and we are done, or 71 (c) ks =

c(mE(k)) so and 7L () k' s' = ¢/ (7 (K')) s, where 73 (s) = |so] and 72 (s') = |s)]| with

(7K (k), 7E (k")) € cont(v)(A1) and (s, sf) € states(A1). In the latter case,
(c (my (k) s0,¢' (my (K)) 50) € Rans
since (¢, ') € comp(v)(A) and A < Ay.

=T xTpr—=>T:
It is easy to see that (v — £)(A) is admissible for all A € W since £ maps worlds
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to admissible relations. Also, v — ¢ is obviously monotone. By Lemma A.3(3), it then
suffices to show that

vEV ANEZE ANAZAN = 1, (V= EA) = (V= )AL

for all v and v/ in T, all € and ¢ in 77, and all A and A’ in W. So, assume that v = 1/
and € £ ¢ and A = A', and let (in_ f,in_ f') € (v — &)(A). If n = 0 we are done by
Equation (3.4); assume therefore that n > 0. Define the two functions

T .
B o (fw) fmp_qv=|w]|
g =X { 1 otherwise
T ! . / /
b v o (ffw) im0 =[]
g = { L otherwise
By (3.22), it suffices to show that (in_,(g),in_(¢")) € (v — &)(A’). To that end, let
A} > A" and let (v,v") € V/(A]); we must show that (g(v), ¢’ (v")) € ¢'(A}). Lemma 4.26
gives a A1 > A such that A; = Af. Then v(Ay) = V'(A]), and there are therefore two
cases: either 7,1 v = m,_1 v = L, and we are done, or 7,1 v = |w] and w1 v/ = ||
for some w,w’ such that (w,w’) € v(Ay). In the latter case (f w, f/ w') € £(A1) since
(f,f) € (v — &(A) and A; > A. Then by (4.5), £&(A;) = &(A}), and therefore
(7T (fw), 7L (f w')) € ¢(A]). But this means exactly that (g(v), g’ (v')) € &'(A}).
O

It is here, in order to show that ref is well-defined (and non-expansive), that we
need the approximate locations A'. Suppose for the sake of argument that locations
were modeled simply using a flat cpo of natural numbers, i.e., suppose that Loc =
Ny and that m(ingecl) = [inpo.l] for all [ € Ny. The definition of ref would then
have the form ref (v)(A) = {(nLocl, inLocl) | I € dom(A) A ...}. The function ref (v)
from worlds to relations must be non-expansive. But assume then that A =; A’; then
ref (V)(A) =1 ref (¥)(A’) by non-expansiveness, and hence ref (v)(A) = ref (v)(A’) since
71 is the (lifted) identity on locations. In other words, ref(v) would only depend on
the “first approximation” of its argument world A: this can never be right, no matter
what the particular definition of ref is.! This observation generalizes to variants where
Tn(iNLoc 1) = |inpocl]) for some arbitrary finite n.

For any finite set Z of type variables, the set 7= of functions from = to 7 is a metric
space with the product metric:

d'(¢,¢") =max{d(¢(a),¢' () |a € E}.
We are now ready to formulate the interpretation of types:

Definition 4.28. Let 7 be a type and let = be a type environment such that = F 7.
The relational interpretation of T with respect to Z is the non-expansive function 7]z :
T= — T defined by induction on 7 in Figure 6. The interpretation of recursive types is
by appeal to Banach’s fixed-point theorem (see Theorem 4.29).

¥ In particular, the obvious definition of ref as ref(v)(A) = {(Loc !, inLocl) | I € dom(A) AVA >
A.i(A(1l)) (A1) =v(A1)} would not be well-defined, since it would not be non-expansive in A.
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In more detail, well-definedness of [r]z must be argued together with non-
expansiveness, by induction on 7 (see below). This is similar to the more familiar situation
with the untyped semantics of terms presented in Section 3: there, well-definedness must
be argued together with continuity because of the use of Kleene’s fixed-point theorem in
the interpretation of fix f.\z.t.

Theorem 4.29. Let 7 be a type such that = - 7.

1. The function [7]z : 7= — T defined in Figure 6 is non-expansive.

2. If 2 = Z,« then for all ¢/ € 7% we have that A\v. AA. { (in, v, in, v') | (v,v') €
[T]zr 0¥’ [a— v] A} is a contractive function from 7 to 7. In particular, [uc.7] is
well-defined.

Proof. First, generalize Part 2 above:
2. Ap AA{ (in, v,in, V') | (v,0') € [T]z¢ A} is a contractive function from 7= to 7.

By the definition of the product metric, 2’ implies 2.
We now show 1 and 2’ by simultaneous induction on n.

1: If 7 isint, 1, or 0, then [7]z is a constant function and hence trivially non-expansive. If
T is a type variable «, then non-expansiveness of [7]z follows directly from the definition
of the product metric. In the cases where 7 is 7, X T2, 71 + T2, ref 7/, or 71 — T2, non-
expansiveness follows directly from Lemma 4.27 and the induction hypothesis.

It remains to consider the cases where 7 is pa.7’ or Va.7'. First, assume that 7 is
pa.t’ for some 7/ such that Z,a + 7/. We know from 2’ and the induction hypothesis
that [ua.m']z is a (well-defined) function from 7= to 7. To show that [ua.7']z is non-
expansive, let o = ¢'; we must show that [ua.7’]z¢ = [ua.m']=¢’. By Proposition 4.7 it
suffices to show that the two contractive functions g,¢’ : 7 — T defined by

g =M AAA (in, v,in, V') | (v,0") € [T ]zapla— V] A}
g = W AA A (iny v,in, V") | (v,0) € [T]za¢ [ — V] A}

satisfy that g = ¢’. So let v € T be given; we must show that g v = ¢’ v. But this follows
from 2’ and the induction hypothesis. Therefore, [ua.7']= is non-expansive.

Now assume that 7 is Va.7’ for some 7/ such that =, F 7/. First, [Va.7']z¢ A is
complete for all A € W since arbitrary intersections of complete relations are complete.
It is also easy to see that [Va.7']z¢ is monotone since comp([7']z o[ — v]) is monotone
for all v € T. By Lemma A.2(3), it then suffices to show that

0= AN AZAN = 71, € [Var]zp A = ([Va.r']z¢’ AL

for all ¢ and ¢’ in 7= and all A and A’ in W. So, let (inyc,iny ') € [Va.7']zp A. If
n = 0 we are done by Equation (3.4); assume therefore that n > 0. By (3.21) it then
suffices to show that (iny(7l c), iny(rL ') € [Va.7']z¢’ A’. To this end, let A} > A’
and v € T; we must show that (7 ¢, 71 /) € comp([7']z,a¢[a + V])A]. Lemma 4.26
gives a A; > A such that A; £ A). Then (c,¢/) € comp([7']z.aple — v])A; since
(iny ¢, iny ¢') € [Va.7']z¢ A. By the induction hypothesis, [7']z, is non-expansive, and
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therefore

[7]zaple = v] = [7']z,0¢[a = V]
by the definition of the product metric. Now, the operator comp is non-expansive by
Lemma 4.27, and therefore

comp([7']z,ale — V]) = comp([7']z,a¢’ [a — V]) .
Finally, by (4.5),
comp([7']z,apla = V) Ay = comp([7']za¢'[a = v])ATL,

and we conclude that

(my ¢y <) € comp([r']z.a¢ [0 = v])A]

by Lemma A.3(1) and the fact that (¢, ') € comp([7']z,aple — v])As.

2": Let G = MApAA. {(inyv,in,v") | (v,0') € [T]zp A}; we must show that G is a
contractive function from 7= to 7. First, it is easy to see that G() is monotone and
that G(p)(A) is admissible for all ¢ and A. To show that G has codomain T it therefore
remains to verify Condition (b) of Lemma A.2(3). We show the following more general

property which furthermore implies that G is contractive: for all ¢ and ¢’ in TF and all
A and A" in W,

p=¢ NAZN = 1 € Gp)(A) = G (AL

Notice the n+ 1 on the right-hand side: the above property implies that G is contractive
with factor ¢ = 1/2 (by taking A = A’ and using Lemma A.2(1) and symmetry).

So, let ¢ = ¢’ and A = A/, and let (in, v,in,v') € G(p)(A). We know that (v,v') €
[r]=¢ A by definition of G. Part 1 gives that [7]= is non-expansive, and therefore [7]=z¢ =
[r]=¢’- By (4.5), [r]=¢ A £ [r]=¢’ A’, and there are therefore two cases: either 7, v =
T, v' = L, in which case we are done by (3.20), or there exists (w,w’) € [r]z¢’ A’ such
that m, v = |w] and m, v" = [w’]. But in the latter case, (3.20) gives that m,1(in, v) =
lin, w| and 7,41 (in, v') = |in, w'] where (in, w,in, w') € G(¢")(A’).

Finally, to appeal to Banach’s fixed-point theorem and conclude that the interpretation
of recursive types is well-defined, we need to ensure that the complete metric space T
is non-empty. We have already observed that, e.g., the constant function AA.0), used to
interpret the type 0, belongs to 7. ]

We need the following weakening and substitution properties, easily proved by induc-
tion on 7:

Proposition 4.30.
1. Let 7 be a type such that ZF 7, and let a ¢ Z. For all ¢ in 7= and v € T,

[7]z¢ = [Tz apla — v].
2. Let 7 and 7' be types such that =Z,a 7 and Z I 7/. For all ¢ in 7=,

[/ ellzp = [rlz.a(elo = [7']=4)) -
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Corollary 4.31. For Z,a F 7 and ¢ € T=,

[pat]zp = AA{ (in, v, in, V") | (v,0") € [Tlpa.T/a]]zp A}.

4.4. Interpretation of terms

As for the interpretation of terms, we must show that the untyped meaning of a typed
term is related to itself at the appropriate type. We first show that comp respects the
operations 1 and * of the monad T' (defined on page 7).

Definition 4.32. For v € 7 and £ € Tp and A € W, let v 4 & be the binary relation
on functions V' — TV defined by

v 3 E={(£,1) VA1 > AV(v,v)) € v(A). (fu, f'v)) € (A1)}
Proposition 4.33. Let v,v;,15 € T and A € W.
1. If (v,v") € v(A), then (nv,nv") € comp(v)(A).
2. If (¢, ) € comp(11)(A) and (f, f') € 1y 3 comp(va), then

(ex f, % f") € comp(ve)(A).
Proof.

1: Assume that (v,v’) € v(A). By definition, nv = Ak.As. kv s, and similarly for 5 v’. To
show that (nuv,nv") € comp(v)(A), let Ay > A and (k, k') € cont(v)(A1) and (s,s') €
states(Aq); we must show that ((nv) ks, (nv')k's’) € Rans, i.e., that (kvs, K'v' s') €
R 5. But this follows directly from the definition of cont(v)(A;) since (v,v") € ¥(A) C
v(A1) by monotonicity.

2: Assume that (c,¢’) € comp(v1)(A) and (f, f') € 1y E comp(v2). By definition,
ckx f =AMk As.c (A Asy.fuksy) s, and similarly for ¢’ x f/. To show that (c* f, ¢ x f') €
comp(va)(A), let Ay > A and (k, k') € cont(v2)(A1) and (s,s’) € states(A1); we must
show that ((cx f) ks, (¢ % f') k' s') € Rans, i.e., that

(c(MwAsi.foksy)s, ¢ (MW As].f/ vk s))s) € Rans -

Since (¢,c) € comp(v1)(A) and Ay > A and (s,s’) € states(A1), it suffices to show
that (Av.As1.fvk sy, W.As).f/ v K s)) € cont(v1)(A1). So, let Ay > Ay and (v,0') €
v1(As) and (s1,8]) € states(As); we must show that (fvk sy, f/v' k' s|) € Rans. First,
(fov, ffv) € comp(ra)(Az) by assumption on (f, f'). By monotonicity of cont(vy) we
have (k,k') € cont(r2)(Az), and by assumption, (s1,s]) € states(Az). Therefore, it
follows from the definition of cont(v2)(As) that (fvk sy, f/v' k' s}) € Rans. O

Definition 4.34. For every term environment = I~ I, every ¢ € 7=, and every A € W,
let [I'=¢ A be the binary relation on V4°™(I) defined by

[Clz¢ A = {(p,p) | Vo € dom(T"). (p(x), p'(x)) € [T(2)]zp A}
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Definition 4.35. Two typed terms E | ' ¢: 7 and Z | T F ¢ : 7 of the same type are
semantically related, written = | T =t ~ ' : 7, if for all ¢ € T=, all A € W, and all

(p,p") € [Tz¢ A,
(Itlaom(ryos [t Taomryp') € comp([T]=p)(A).

Theorem 4.36 (Fundamental Theorem). Every typed term is semantically related
toitsell: if Z | T'H¢:7, thenE | TEt~t:T.

Proof. By showing the stronger property that semantic relatedness is preserved by all
the term constructs. We use Proposition 4.33 to avoid tedious reasoning about continu-
ations and states for the term constructs that do not directly involve references. Below
are some illustrative cases.

LIT(z)=7,then 2 | Ex ~z:7. Indeed, let ¢ € T= and A € W and (p,p’) €
[T]=¢ A be given. Then (p(z), p'(z)) € [r]z¢ A. Therefore, by Proposition 4.33(1),

([[x]]donl(F)p7 [[x]]dom(F)p/) = (W(P(x))a 77(/’/(95))) € Comp([[T]]E(p)(A)v

as required.

2HE| T Et~t: par, then Z | T' = unfoldt ~ unfoldt’ : T[ua.7/a]. Indeed,
let ¢ € T= and A € W and (p,p’) € [IJz¢ A be given. Recall that [unfold t]qomr)p =
[tlaom(ryp * f and [unfold t'|aomryp” = [t'Jaom(r)p’ * f where f: V — TV is given by

fo n(ve) if v =1in,vg
error otherwise.

By assumption, ([t]aom(r)ps [t']domm)p’) € comp([ua.m]z¢)(A). Therefore, by Proposi-
tion 4.33(2), it suffices to show that
A
(. 1) € [patlzp = comp([r{pat/al]zp) .
To see this, let Ay > A and (v,v") € [ua.T]z¢ A1 be given; we must show that
(fv, fv') € comp([r[pe.T/a]]z¢)(A1). By Corollary 4.31, (v,v") = (in, vo, in, vj) for
some (vo,vy) € [T[uc.7/a]]ze A1. But then by Proposition 4.33(1),
(f v, f0") = (n(wo),n(vy)) € comp([r[pe./a]]z¢) (A1),

as required.
3 UEa|TEt~t:7and 2+ T, then 2| T | Aa.t ~ Aa.t’ : Va.7. Indeed,
let o € T= and A € W and (p,p) € [I]z¢ A be given. Recall that [Ac.t]qommyp =

n(inV([[t]]dom(F)p)) and that HAa't/]]dom(F)pl = n(inV([[tlﬂdom(F)p/))' We must therefore
show that

(n(iny ([tlaomryp)s n(iny ([t Jaom(ryp'))) € comp([Ve.t]zp)(A).
By Proposition 4.33(1) it suffices to show that

(inv([[t]]dom(l")p)a Z.nV([[t/]]dom(l—‘)pl)) € [[VOL.T]]EQO A

We proceed according to the definition of [Va.7]=. Let v € T be given; we must show
that ([t]aomm)p; [t']aommp’) € comp([r]zapla = v])(A). But this follows from the
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assumption that =,a | I' = ¢ ~ ¢ : 7 since Proposition 4.30(1) (weakening) gives that
(p, ) € [Fz.apla = v].

4 HE|TEt~Tt :Yarand 2F 7, then 2 | T | t[r] ~ ' [11] : 7o[m1/]. Indeed,
let ¢ € T= and A € W and (p,p') € [I]z¢ A be given. Recall that [t [71]]qom(r)p =
[tlaom(yp * g and [t [71]]aom(m)p” = [t'ldom(r)p’ * g where g : V — TV is given by

c ifv=1inyec
guv= .
error otherwise.

By assumption, ([t[aom(r)p; [t']domm)p’) € comp([VYa.T]=z¢)(A). Therefore, by Proposi-
tion 4.33(2), it suffices to show that

(9,9) € Va.T]z¢ A comp([ro[r1/a]]z¢) -

To see this, let A; > A and (v,v') € [Va.T]z¢ A1 be given; we must show that
(gv,gv') € comp([ro[r1/ca]]z¢)(A1). By the definition of [Va.7o]z we know that (v,v') =
(iny ¢, iny ¢’) for some ¢ and ¢ satisfying that (¢,c’) € comp([To]z,aple — v])(A1) for
all v € T. Now choose v = [11]=¢: Proposition 4.30(2) (substitution) gives that

(gv,9v") = (c,c') € comp([ro[r1/]]=)(A1),
as required.
5 E | T =t ~t :7, then | T [ reft ~ reft’ : ref 7. Indeed, let ¢ € T= and
A €W and (p,p') € [I']z¢ A be given. Recall that [ref t]qomryp = [tlaom(m)pxAv. allocv

and [ref 'Jaom(ry 0" = [t']daom(r)p’ *Av. allocv. By assumption, ([t]daom)ps [t'Taomr)p’) €
comp([t]=¢)(A). Therefore, by Proposition 4.33(2), it suffices to show that

(alloc, alloc) € [T]=z¢ A comp([ref T]zy) .

To see this, let A; > A and (v,v") € [r]zp A1 be given; we must show that
(alloc v, alloc v') € comp([ref T]z¢)(A1). We proceed according to the definition of
comp. Let Ay > Ay and (k, k') € cont([ref T]z¢)(A2) and (s,s") € states(As) be given;
we must show that

(alloc vk s, alloc v' k' s") € Raps . (4.6)

We know that dom(s) = dom(s’) = dom(As). Let Iy € Ny be the least number such that
lop ¢ dom(As); then

alloc vks=k N, (s[lp — v]) (4.7)
alloc V' k' " =K N, (s'[lo — V']). (4.8)

We now aim to use the assumption that (k, k") € cont([ref 7]z¢)(Az). Define Ag =
Aslly — i~ Y([7]=p)] (where i~! = i~1 is the isomorphism associated with the recur-
sive metric-space equation.) Clearly As > Ay since [y ¢ dom(As). Then (A, \,) €
[ref T]= Az = ref ([T]=¢)(As) since for all Ay > Az we have

i(A4(lo)) = i(As(lo)) = i(i" ([r]=9)) = [r]=¢-
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Furthermore, (s[lo — v], §'[lo +— V']) € states(As): for | € dom(Ag) we have

((sllo = w))(1), (5[l = ¥')(D)) = (s(1), 8'(D)) € i(Aa(1)

by monotonicity of i(As(l)) € W —mon CURel(V'), and also,
((sllo = v])(lo), ('[lo = v'])(l0)) = (v, 0") € [r]=p Ay
€ [rl=pAs,

by monotonicity of [r]z¢. All in all, (s[ly — v], §'[lo — v']) € states(As). Therefore,
(4.7), (4.8), and the assumption that (k, k') € cont([ref T]=¢)(A2) gives (4.6), as required.

6. fZ|T=t~t :refr,then 2| !t ~ ¥ : 7. Indeed, let ¢ € T= and A € W and
(p,p') € [T]=¢ A be given. Using exactly the same reasoning as in the previous case, we
see that it suffices to show that

(lookup, lookup) € [ref T]=¢ Y comp([r]=zp) -
Therefore, let Ay > A and (v,v) € [ref 7]z¢ A1 be given; we must show that
(lookup v, lookup v') € comp([t]zp) (A1)

. According to the definition of [ref 7]z¢ = ref([r]zy) there are two cases: either v =
v' = N for some [ € dom(A;), or v = v/ = A" for some n € w and | € dom(A,).
Assume that we are in the latter case; the former case is similar, but easier.

We proceed according to the definition of comp. So, let Ay > Ay and (k, k') €
cont([t]z¢)(Az) and (s, s’) € states(Asz) be given; we must show that

(lookup v k s, lookup v' k' s') € Raps . (4.9)

By the definition of ref we have v = v/ = A\P""! where i(A1(1))(A2) £ [r]=¢ As. Since
(s,8) € states(Az) we know that

(s(),8"(1)) € i(Aa(l))(A2).
Since | € dom(A1) and Ay > Ay, we have
i(A2(1))(A2) = i(A1(1))(A2) = [T]z¢ Az

There are therefore two cases: either m,(s(1)) = m,(s'(1)) = L, or (mn(s(1)), mn(s'(1))) =
(lvo], [vg]) where (vo,v)) € [T]=¢ Az. In the first case, the definition of lookup gives

(lookup vk s, lookup v' k' s") = (L, 1) € Rans -
and we are done. In the second case, the definition of lookup gives
(lookup v k s, lookup v' k' s") = (kvg s, K" vjs'). (4.10)

By assumption, (k,k") € cont([T]z¢)(Az). Therefore, by definition of cont, we have
(kvg s, K v(s") € Rans. From (4.10) we then conclude (4.9), and we are done.
7. For many of the remaining cases, the core of the proof is to show that comp preserves
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logical relatedness. For example:

([talp, 111" € comp([r — 7'l=d)(D) A ([t2lp, [t2]0") € comp([r]=¢)(D) =
([t t2]p, [t t2]0") € comp([7']=d)(A)  (4.11)

([talp, [t110") € comp([r]=p)(A) A ([talp, [t5]0") € comp([r2]=0)(A) =
([(t1, t2)]p, [(t1, t5)]p") € comp([r1 x T2]=¢)(A) (4.12)
]

Corollary 4.37.

1. Q|0+ ¢t:7is aclosed term of type 7, then [t]pl # error.
2. O |0F¢:intis a closed term of type int, then [t]P # errorans.

Proof. 1. The theorem gives that ([t]p0, [t]¢0) € comp([7]¢?)(D). Now let s;nir € S be
the empty store, and let kg € K be the continuation that always gives the answer 0, i.e.,
kovs =110 for all v and s. It follows immediately from the definitions that (ko, ko) €
cont([t]p0)(0) and that (sinit, Sinit) € states(D). Therefore, ([¢t]gd ko Sinit, [t]o? ko Sinit) €
R Ans. By the definition of R 4,s we must then have [¢t]¢0 ko Sinit # errorans which implies
that [t]gd # error.

2. Recall that [t]° = [t]¢D kinit Siniz where s;n;: € S is the empty store and where

kinit = Av.As. { Lt m] ifv= z.nZ(m)
errorans Otherwise.
It is easy to show that (Kinit, kinit) € cont([int]y0)(0). Furthermore, as already argued,
(Sinit, Sinit) € states(0).
The theorem gives that ([t]g®, [t]g0) € comp([7]y?)(D), which then implies that

([e1P, [t1P) = ([t]09 kinit Sinits [t100 Kinit Sinit) € Rans -
Therefore [t]P # errorans by definition of R ps. |

5. On the need for approximate locations

Consider the following, tentative interpretation of reference types:
ref (V)(A) = {(A\, N) | 1 € dom(A) A VA > ALi(A(D) (A1) = v(Aq)}.

As discussed on page 29, this function ref (v) is not non-expansive and hence does not
belong to the space T of semantic types. Accordingly, we have introduced approximate
locations and settled for a more complicated interpretation of reference types.

Still, it might be that one could interpret semantic types and worlds differently, perhaps
by solving a recursive equation in a different category, in order to achieve a “simple”
interpretation of reference types above.

In this section we show, in an abstract setup, and under some relatively mild assump-
tions, that such a simple interpretation is impossible. The proof works for an arbitrary
set V of “syntactic values”, not required to be a domain, and there is no requirement that
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the elements \; are particular values such as integers. The intuitive idea of the proof is
that that semantic worlds (as expressed by a solution to the recursive equations between
types and worlds) can in a certain sense be used to encode recursive types, and that
recursive types and “simple” reference types are incompatible.

Let V be a set, and let GRel(V') be a set of subsets of V' x V which is closed under
finite intersections and contains the empty set. We think of GRel(V') as the set of “good”
relations on V. Example: In the setup of the paper, V is the universal predomain from
Proposition 3.2 and GRel(V') is CURel(V).

Now assume that 7 is a set and that i : 7 — 7 is a bijection into some subset T of
(Loc —fin, 7A') —mon GRel(V). That is, T is a subset of those functions that are monotone
with respect to the “extension” order on W = Loc — gy, 7 and the inclusion order on
GRel(V'). We assume that 7 contains all the constant functions, and that for all v; € T
and vy € T the monotone function vy A v given by

(11 Ar)(A) =11 (A) Na(A)

belongs to T.
The idea is that 7 should be thought of as the set of “good” monotone functions. In
the concrete metric-space setup, T consists of the non-expansive, monotone functions.
We now add the following assumption:

Assumption 5.1. There is an injective function ¢ : V' — V such that for every [ € w,
the monotone function v; given by

(D) = {{(C(U),c(v’)) | (0,0) € i(AD)A)} it 1 € dom(A)

0 otherwise.

belongs to T.

For every R € GRel(V') we define ¢(R) = {(c(v),c(v') | (v,v") € R}; with that notation,
the assumption implies that v;(A) =c(i(A(1))(A)) when | € dom(A). The idea is that
vy is a “self-application” operator, up to some function ¢ which could potentially be the
identity function. We furthermore assume that for every R € GRel(V), the relation ¢(R)
belongs to GRel(V).

In the concrete model presented in this paper, we can choose ¢ = in,. Then the
function v; defined above is indeed non-expansive (and hence belongs to 7): Lemma A.1
gives that if A =, A’ for some n > 0, then dom(A) = dom(A’). The same lemma
furthermore gives that if [ belongs to these two domains, then i(A) =,_; i(A’) and
hence i(A)(A) =,_1 i(A")(A’). Finally, by the definition of the projection functions,
in,(i(A)(A)) =y in,(i(A")(A")), as desired.

Returning to the abstract setup, we now show that v; has the following “universality”
property:

Proposition 5.2. For every v € T there exists Ay € W such that

v (A) = c(v(4)) for all A > Ay.
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Proof. Choose Ag = [l + i~!(v)]. Then for all A > A we have
n(A) = c(AD)A) = v(d). O

Even though the proof of the proposition is about as simple as it could be, the propo-
sition itself is in our opinion slightly counterintuitive: how can it possibly be that every
type v € T “agrees with 1;” somewhere? One answer is that the set of worlds W is not
just some abstract preorder; it is a set which is so large that it includes 7 itself.

It follows that all endofunctions on 7 have “fixed points up to ¢” in a certain sense:

Corollary 5.3. For every function F' from 7 to 7 there exists some v/ € T and Ag € W
such that
V'(A) =c(F(V)(A)) for all A > Ay.

Furthermore, for every location [ € w one can choose the v/ and Ag above such that
dom(Ap) = {I}.

Proof. Choose v = F(v;) in the previous proposition. ]

Using these results, we show that the simple interpretation of reference types is im-
possible:

Proposition 5.4. Let A\_) : w — V be an arbitrary, injective function. There is no
function ref : 7 — T satisfying

ref (V)(A) = {(M\, \) | 1 € dom(A) A VAL > ALi(A(D)) (A1) = v(A)}
forall v € T and A € W.

Proof. Assume that ref is such a function. We derive a contradiction.

First, observe that every singleton relation {(A\;, \;)} belongs to GRel(V): for an ar-
bitrary v € T we have {(A\;,\)} = ref(v)([l = i71(¥)]), so {(A;, \)} is in the image
of ref (v) € T. Then, by assumption on ¢, the relation {(c(X\;), c¢(A;))} also belongs to
GRel(V). Finally, the function single(c(A;)) = AA{(c(A\i), c(Ai))} belongs to T since we
have assumed that 7 contains all the constant functions.

Let | € w be an arbitrarily chosen number and define F': T — T by F(v) = ref(v A
single(c(Ar))). Corollary 5.3 gives v € T and Ay € W such that

v(A) = inu(F(v)(A)) = iny(ref (v)(A) N {(e(A), e(Ar))})

for all A > Ay. By the last clause of the corollary we can assume that | ¢ dom(Ag) (by
choosing dom(Ag) = {I'} for some I’ # ). Now let Ay = Ag[l — i~1(0)]; we aim to show
that

A, \) € F(v)(4A) for all A > Ay. (5.1)

To that end, assume that (A;, \;) € F(v)(A) for some A > Ag’. First, the definition of
F and the assumption on ref give that i(A(1))(A) = (v A single(c(A))(A) (here we use
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that A\(_) is injective). Then, since A > Ag,

v(A) N {(e(N), e())} = (v A single(c(Ar)))(A)
=i(AD)(A)

= i(Ap())(A)

which means that (c(\;), ¢(A)) € v(A). But v(A) = ¢(F(v)(A)) since A > A} > Ay,
and we therefore conclude that (A, A;) ¢ F(v)(A), a contradiction. This shows (5.1).

In particular, taking A = A{ in (5.1), we get that (A, \;) ¢ F(v)(A}). But then, by
definition of F' and the assumption on ref, there is some A > Aj, such that i(A{(1))(A) #
(v A single(c(N))(A). Since i(AG(1))(A) = 0 this means that (v A single(c(N;))(A) is non-
empty; in other words, that (c¢(\;), ¢(N\;)) € v(A). Therefore, since v(A) = ¢(F(v)(A))
and since c is injective, (M) € F(v)(A). But this contradicts (5.1). Ll

The proof above only depends on the existence of a particular “recursive type” v(A) =
in,(F(v)(A)). Accordingly, one can show a more syntactic variant of the proposition
above that does not depend on Assumption 5.1: below we merely assume that ¢: V — V
is some injective function satisfying that ¢(R) € GRel(V) for all R € GRel(V). The
semantic type v will then obtained as the interpretation of a syntactic recursive type.

In order to express the syntactic counterpart of the semantic type v we add finite
intersection types 71 A 75 to the language.

Proposition 5.5. Let A\(_y : w — V be an arbitrary, injective function. There is no
interpretation function [[f]](_), mapping types in context = to functions from 7= to 7T,
that satisfies

[e]=¢(A) = d(a)(A)
[ref rl=p(A) = {(\r, A1) | 1 € dom(A) A VAL > ALi(A(D) (A1) = [r]=p(A1)}
[nar]z=¢(A) = {(c(v), e(v)) | (v,0) € [T[naT/alls(A)}
[ A ]s(A) = [M]=6(A) N [r]=6(A)

for all 7 and A.
To show this, one essentially repeats the argument in the previous proof by taking

v = [pa.(ref a A B)] g[8 — single(c(Nr))]-

6. Examples

The model can be used to prove the equivalences in Section 5 of our earlier work (Birkedal
et al. 2009). More specifically, one can use the model to prove that some equivalences
between different functional implementations of abstract data types are still valid in
the presence of general references, and also prove some simple equivalences involving
imperative abstract data types. (See Section 7 for more about extending the model to
account properly for local state.) Here we only sketch two of these examples, as well
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as a “non-example”: an equivalence that cannot be shown because of the existence of
approximated locations in the model.

6.1. Encoding of existential types

We use the usual encoding of existential types by means of universal types (Crary and
Harper 2007): 3a.7 = VB.(Va.7 — ) — 8 where 8 does not occur free in 7. On the
term level, define pack(7/,t) = AB.Azx.x [7'] t where 2 does not occur free in ¢.

The natural proof principle for relatedness at existential types is then derivable:

Proposition 6.1. Let = | I' F pack(7,t) : Ja.7 and = | T F pack(ms,t’) : Ja.7. Assume
that v € T satisfies: for all A € W, all ¢ € T=, and all (p,p') € [[]o(A),

([tlp, [¥'1) € comp([71(dla = v])(A).
Then

Z | T | pack(r1,t) ~ pack(re,t') : Ja.T.

Proof. By the congruence properties of semantic relatedness (see the proof of Theo-
rem 4.36) it suffices to show

E,8|T, z:Var = Ex[n|t~x[n]t: .

(Here we have renamed 8 and x to ensure that they do not occur in = and T, respectively.)
To that end, let A € W and ¢ € T=7 and (p,p') € [T, z : Va.T — B]é(A) be given; we
must show that

([z [m] £, [ [r2] '] ") € comp($(B))(A). (6.1)

Since p and p’ are related we have p(c) = iny ¢ and p’(¢) = iny ¢’ for some ¢ and ¢’ with
(iny ¢, iny ') € [Va.r — B]¢(A). The interpretation of universal types then gives that

(lz [mllp, [z [r2]]P") = (c,¢) € comp([r — Bl(gla = v]))(A). (6.2)

The assumption of the proposition (and weakening with respect to 8 and ) gives
([tp, [¥']P") € comp([r](dle = v]))(A) (6.3)
Then, using (4.11) on page 36, we get that (6.2) and (6.3) imply (6.1). Ul

6.2. Example: imperative counter module
Here we use the encoding of existential types presented just above. The type
Tm = Ja. (1 = a) X (& = 1) X (v — int)

can be used to model imperative counter modules: the idea is that a value of type 7,
consists of some hidden type «, used to represent imperative counters, as well as three
operations for creating a new counter, incrementing a counter, and reading the value of
a counter, respectively.
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Consider the following two module implementations, i.e., closed terms of type 7py:
J = pack(refint, I) and J’ = pack(ref int, I’) where

I=(Az.ref0, Az. x:=lz+ 1, \z.lz)
= (Az.ref 0, Az. x: =1z — 1, Az.— ()

We now show by parametricity reasoning, i.e., by exploiting the universal quantification
in the interpretation of universal types, that @ |0 | J ~ J' : 7.

First, abbreviate 7 = (1 — «) X (o« — 1) x (o — int). By Proposition 6.1 it suffices to
find v € T such that ([I], [I']) € comp([T][ac — v])(A) for all A.

Let R = {(inz(n),inz(—n)) | n € w} and choose v = ref (AA.R). That is, we choose
v to be the semantic type of locations that point to R-related values. Now let A € W be
given. By (4.12) on page 36 it suffices to show:

([Ax.ref O], [Az.ref 0]) € comp([1 — a][a — v])(A) (6.4)
(M. z =z + 1], [Ax. z:=1z —1]) € comp([ao = 1][x = v])(A) (6.5)
(A 1z], [Az.—z]) € comp([ao — int] [ — v])(A) 6.6)

In all three cases we use the first part of Proposition 4.33. Then, (6.5) and (6.6) follow
straightforwardly from the definitions given our choice of v.
Now consider (6.4). Let n(in_, f) = [Ax.ref 0]; we must show that

(ino f, ins f) € [1 = o]la— V](A). (6.7)

Let A; > A and (v,v") € [1J(A) be given. We must now show that (f(v), f(v')) €
comp(v)(Aq). To that end, we unfold the definition of comp: let Ay > Ay and (k, k') €
cont(v)(Ag) and (s, s’) € states(Az) be given. We must show that

(f(’U) k S, f(vl) k! 5/) € RAns-

By the interpretation of allocation, f(v) ks = k A (s[l — inz0]) where [ is the smallest
number such that [ ¢ dom(s). Since (s,s’) € states(Az) we have dom(s) = dom(s’) =
dom(As), and therefore f(v')k's" = k' A\ (s'[l — inz0]). (That is, the new location is
the same one as above.) Since (k, k') € cont(v)(Asz) it therefore suffices to find Az > Ay
such that

()\l7 >\l) S U(A3) (6.8)
(s[l = inz0], s'[l — inz0]) € states(As).

Choose Az = As[l — i 1(AA.R)]. Then (6.8) follows directly from the fact that
v = ref (AA.R): indeed, for all Ay > Aswe have

i(A4(D)(Ag) = R = (AA.R)(Ag).
As for (6.9), it is clear that

((s[l = inz0])(1), (s'[l = inz0])(1)) = (inz0,inz0) € i(As(l))(A3).

74



L. Birkedal, K. Stovring, and J. Thamsborg 42

For I’ # 1, the fact that (s,s’) € states(Az) (and monotonicity) gives
(st = ing (O)(I), ([l = inz(O))(1)) = (s(I'), s'(I')) € i(A2(1))(Az)

We conclude that (6.9) holds, and hence that 0 | 0 = J ~ J' : 7yy.

6.3. Example: local references and closures

One can alternatively implement an imperative counter module by means of a local
reference and two closures. Consider the type 7, =1 — ((1 — 1) x (1 — int)) and the
two counter implementations

M=MXx:1.letr = refO0in (Ay: L.r :=lr4+1, Ay:1.l7)

M =Xx:1.letr = refOin (Ay: 1.r :=lr —1, Ay: 1. —(r))
where the let...in construct is syntactic sugar for a S-redex in the usual way. Both M
and M’ are closed terms of type 7i,. By “store parametricity” reasoning, i.e., by exploiting
the universal quantification over all larger worlds in the definition of cont, one can show
that 0 |0 E M ~ M’ : 7.

In a little more detail, let n(in_, f) = [M] and n(in_, f') = [M']. Let A € W be
given; we must show that (in_, f,in_, ") € [n:](A). To that end, let A; > A and
(v,0") € [1](A1) be given; we must show that

(f(v), f'(v")) € comp([(1 = 1) x (1 — int)])(A1). (6.10)

We unfold the definition of comp: let As > Ay and

(k,k") € cont([(1 — 1) x (1 = int)])(A2)
and (s, s") € states(Az) be given. We must show that
(f) ks, ff(W"K ') € Rans. (6.11)
Let | € w be the least number not in dom(Ay). Then

F(0) ks =k (in (in_g1, ing2)) (sl1 = in(0))
)R s" =K (inx (inogy, inogs)) (s'[1 = inz(0)])

where n(in_g1) = [Ay:1L.r :=lr+1][r = N] and n(ing2) = [Ay: 1.17][r — N
similarly for ¢} and g5. In order to show (6.11), it therefore suffices to find Ag > A, such
that

(inq1, ingy) € [1 — 1](A3)

(in_yg2, in_gy) € [1 — int](A3)

(s[l = inz(0)], s'[l' = inz(0)]) € states(Az).

It is not hard to see that these conditions can be satisfied by choosing Ag = As[l — AA.R]
where R = {(inz(n), inz(—n)) | n € w} as in the previous example.
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6.4. FExample: references to the empty type

Consider the two terms K = Az.2 and K’ = Az.3 of type ref 0 — int. Given a standard
operational semantics for the language, a simple bisimulation-style argument should suf-
fice to show that K and K’ are contextually equivalent: no reference cell can ever contain
a value of type 0, and therefore neither function can ever be applied. However, as we will
show next, the equivalence ) | @ = K ~ K’ : ref 0 — int does not hold. Briefly, the reason
is the existence of approximate locations in the model.

First, by the congruence property of semantic relatedness (Theorem 4.36), if § | 0 =
K ~ K’ :ref0— int holds, then so does ) | z:ref0 | Kz ~ K'x : int. Therefore it
suffices to show that the latter does not hold.

Let R € CURel(V) be the singleton relation {(ini*,in1*)}. (Any other non-empty
relation in CURel(V') would also do.) Also, let I € w be an arbitrary location and define
A = [l = i7Y(AA’.R)]. Then

(AL, AD) € [ref 0](A) (6.12)

since [ € dom(A) and since i(A(1))(Aq) 2 [0](A1) holds vacuously for all A;. Now let
p = [z +— A]; then (p, p) € [z : ref 0](A). We claim that

(IK ]p, [K" 2] p) ¢ comp([int])(A) (6.13)

which shows that @ | z : ref0 = K & ~ K’ z : int does not hold. Indeed, [K z]p = n(inz2)
while [K’ z]p = n(inz3), so

(1K 2]p kinit [l inas], [K' 2]p kinie [ in1+]) = ([e1(2)], [11(3)]) ¢ Ans

which shows (6.13). We conclude that ) | z : ref 0 E Ko ~ K’z : int does not hold and
hence that 0 | @ = K ~ K’ : ref 0 — int does not hold.

Looking back, the problem is indeed the presence of approximate locations: equa-
tion (6.12) intuitively implies that ref 0 is “inhabited,” while the operational equivalence
between K and K’ expresses exactly that ref 0 is not inhabited.

7. Related Work

Metric spaces. As already mentioned, the metric-space structure on uniform relations
over universal domains is well-known (Abadi and Plotkin 1990; Amadio 1991; Amadio
and Curien 1998; Cardone 1989; MacQueen et al. 1986). The inverse-limit method for
solving recursive domain equations was first adapted to metric spaces by America and
Rutten (1989).

Approzimate locations. Approximate (or “semantic”) locations were first introduced in
our earlier work (Birkedal et al. 2009). That work contains an adequacy proof with respect
to an operational semantics, and also an entirely different, quasi-syntactic interpretation
of open types. Here we instead present an in some ways more natural interpretation that
results from solving a recursive metric-space equation, thus obtaining a proper universe
of semantic types. Open types are then interpreted in the expected way, i.e., as maps
from environments of semantic types to semantic types.
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Game semantics. Abramsky et al. (1998) present a game semantics for a language with
general reference types. References are, informally speaking, modelled as pairs of “get”
and “set” functions, following an idea by Reynolds. This model of references allows for
a compositional interpretation of reference types, as in this paper. In other words, the
meaning of the reference type ref 7 is completely determined by the meaning of the
type 7. On the other hand, modelling references as pairs of functions introduces the so-
called “bad variable” problem: there is no guarantee that a pair of functions inhabiting
the reference type behaves like a reference cell, in the sense that, e.g., calling “get” returns
the most recent value given to “set.” Another consequence is that the model cannot be
used to interpret equality testing of references.

Our model has a related, but milder variant of the bad variable problem. As illustrated
by the example in Section 6.4, there is no guarantee that an inhabitant of a semantic
reference type behaves like an actual location in terms of observations performed by
lookup and assignment. It is, however, guaranteed that every inhabitant corresponds to
an actual reference cell, and that lookup and assignment operations are domain-theoretic
approzimations of the “real” operations on that reference cell. The model can easily be
used to interpret equality testing of references. On the other hand, the model of Abramsky
et al. is fully abstract for a language that includes a “bad-variable constructor,” while
our model is far from fully abstract.

Laird (2007) presents a fully abstract trace semantics for a language with general
references. This model, which has a strong game-semantics “flavor,” does not exhibit the
bad variable problem.

Game semantics have been used to model recursive types (McCusker 2000) and im-
predicative polymorphism (Abramsky and Jagadeesan 2005). The latter model features
a very different approach to parametricity that allows for non-relational reasoning about
terms of polymorphic type. We are not aware of any game semantics that models the
combination of impredicative polymorphism, general reference types, and recursive types
considered in this article.

Step-indexing and recursively defined worlds. The technique of solving a metric-space
equation in order to build a Kripke-style model, as presented in this paper, has sub-
sequently been used by Schwinghammer et al. in their model of separation logic for a
language with higher-order store (Schwinghammer et al. 2009), and in a more recent
extension (Schwinghammer et al. 2010) (with F. Pottier) that includes an “anti-frame
rule” for local reasoning about state.

The fundamental circularity between worlds and types in realizability-style possible-
worlds models of polymorphism and general references was observed by Ahmed (2004,
p. 62) in the setting of operational semantics (and for unary relations). Rather than
solve a recursive equation, her solution is to stratify worlds and types into different
levels, represented by natural numbers. So-called step-indexing is used in the definition
to ensure that a stratified variant of the fundamental theorem holds. These stratified
worlds and types are somewhat analogous to the approximants of recursive-equation
solutions that are employed in the inverse-limit method. The main advantage in “going
to the limit” of the approximations and working with an actual solution (as we do here)
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is that approximation information is then not ubiquitous in definitions and proofs; by
analogy, the only “approximation information” in our model is in the interpretation of
references and in the requirement that user-supplied relations are uniform.?

In recent work, the authors and others (Birkedal et al. 2010a) have shown that the
metric-space approach presented here can used together with step-indexing, providing
a high-level approach to giving operational semantics that involve recursively defined
structures. In particular, we have presented a model of Charguéraud and Pottier’s type-
and-capability system for an ML-like higher-order language, and also an operational
model of the logic of Schwinghammer et al. (2009).

Ahmed et al. (2009) have recently (and independently) proposed a step-indexed model
of a language very similar to ours, but in which worlds are defined in a more complicated
way: this allows for proofs of much more advanced equivalences involving local state. As
described in the introduction, we have recently shown that our approach extends to this
style of worlds (Birkedal et al. 2010b). In future work, we furthermore plan to investigate
local-state parameters in the style of Bohr and Birkedal (2006). In the present paper,
we instead hope to have presented the fundamental ideas behind Kripke logical relations
over recursively defined sets of worlds as needed for semantic modeling of parametric
polymorphism, recursive types, and general references.
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gestions. We thank Nick Benton, Lennart Beringer, Stephen Brookes, Martin Hofmann,
Andrew Kennedy, Paul Blain Levy, Rasmus Mggelberg, Bernhard Reus, John Reynolds,
Jan Schwinghammer, and Hongseok Yang for comments and discussions regarding this
work.

Appendix A. Concrete descriptions of some metric spaces

Recall that the set 7 = W — 0, CURel(V) is a subset of the underlying set of the
exponential 7 = W — CURel(V) in CBUIt, and as such is given a natural metric by
Proposition 4.18. Call that metric d; below. In addition, let dy be the metric on 7\'
associated with the isomorphism ¢ : T -1 /2 - T obtained from Theorem 4.20. The fact
that ¢ is an isomorphism then implies that

0(5,7) = 1/2- 4, (i(9), (7)) (A1)
for all ¥ and 7’ in T.

Lemma A.1. For A, A’ € W, we have that A = A’ if and only if either (1) n = 0, or
(2) n > 0 and dom(A) = dom(A’) and

P(AD)A = (A (1) A
for all [ € dom(A) and all Ag € W.

§ In future work we plan to perform a more formal comparison.
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(The “n —1” comes from the “1/2” on the right-hand side of the isomorphism (4.4).)

Proof. “Only if”: Assume that A £ A’ and that n > 0; we must show that dom(A) =
dom(A’) and that i (A(1))Ap = i (A'(1))Ap for all I € dom(A) and all Ay € W. Since
d(A,A") < 27" < 1, the definition of the metric on W implies that dom(A) = dom(A’)
and that d(A,A") = max{d2(A(l),A'(])) | I € dom(A)}. Now let | € dom(A) and
Ag € W. First, do(A(l), A'(])) < d(A,A’) <27™ and (A.1) therefore gives that

di (i(A®1)),i(A' (1) = 2 - da(A(1), A'(1)) < 2771
Then by definition of the metric d; on T (Proposition 4.18),
d(i(A1) Ao, i(A'(1))(Ao)) < di(i(A(1)),i(A'(1))) < 271

ie., i(A(l))Ag = i(A'(1))(Ap), and we are done.

“If”: The relation A = A’ holds for any A and A’ since W is 1-bounded. So assume that
n > 0, that dom(A) = dom(A’), and that i (A(1))Ay = (A'(1))Ap for all I € dom(A)
and all Ag € W. Then for every | € dom(A) we have dy (i (A(1)),i(A(1))) < 2=(=D by
definition of d;, and hence

da(A(1), A'(D)) = 1/2- di (i(A(D), i(A'(1)) < 27"

by (A.1). Therefore, d(A, A’) <277 ie., AL A’ ]
Lemma A.2. Let (A, (ty)new) be a uniform cpo. Abbreviate

CURel(A) = CURel(A, (tn)new)
and consider the metrics on CURel(A) and W —0n, CURel(A) given by Proposi-

tion 4.18.

1. For R,S € CURel(A), we have that R = S if and only if w, € R — S, and
w, €S >R,

2. For v,v) € W —0n CURel(A), we have that v £ v/ if and only if v(Ag) = v/(Ag)
for all Ag € W.

3. A function v from W to CRel(A) belongs to W — ., CURel(A) if and only if it
satisfies the following two conditions for all A, A’ € W:
(a) If A < A/, then v(A) Cv(A).
(b)If A £ A/, then w,, € v(A) — v(A") .

Lemma A.3. Let (D, (w,)new) be a uniform cppo. Abbreviate

AURel(D) = AURel(D, (wn)new)
and consider the metrics on AURel(D) and W —,,0n, AURel(D) given by Proposi-

tions 4.14 and 4.15.

1. For R,S € AURel(D), we have that R = S if and only if @, € R — S and w, €
S — R.

2. For &, € W = pon AURel(D), we have that & = ¢’ if and only if £(Ag) = £'(A) for
all Ag € W.
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3. A function & from W to ARel(D) belongs to W —,,0n, AURel(D) if and only if it
satisfies the following two conditions for all A, A’ € W:

(a) If A < A/, then £(A) C £(A).
(b)If A = A/, then w,, € £(A) — £(A).
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Abstract

It is well known that one can use an adaptation of the inverse-limit con-
struction to solve recursive equations in the category of complete ultrametric
spaces. We show that this construction generalizes to a large class of categories
with metric-space structure on each set of morphisms: the exact nature of the
objects is less important. In particular, the construction immediately applies
to categories where the objects are ultrametric spaces with ‘extra structure’,
and where the morphisms preserve this extra structure. The generalization is
inspired by classical domain-theoretic work by Smyth and Plotkin.

For many of the categories we consider, there is a natural subcategory in
which each set of morphisms is required to be a compact metric space. Our
setting allows for a proof that such a subcategory always inherits solutions of
recursive equations from the full category.

As another application, we present a construction that relates solutions of
generalized domain equations in the sense of Smyth and Plotkin to solutions
of equations in our class of categories.

Our primary motivation for solving generalized recursive metric-space equa-
tions comes from recent and ongoing work on Kripke-style models in which
the sets of worlds must be recursively defined. We show a series of examples
motivated by this line of work.

Keywords: Metric space, fixed point, recursive equation.

1 Introduction

Smyth and Plotkin [22] showed that in the classical inverse-limit construction of
solutions to recursive domain equations, what matters is not that the objects of the
category under consideration are domains, but that the sets of morphisms between
objects are domains. In this article we show that, in the case of ultrametric spaces,
the standard construction of solutions to recursive metric-space equations [6, 11] can
be similarly generalized to a large class of categories with metric-space structure on
each set of morphisms. The generalization in particular allows one to solve recursive
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equations in categories where the objects are ultrametric spaces with some form of
additional structure, and where the morphisms preserve this additional structure.
Some applications from recent and ongoing work in semantics are shown in Section 7.

For many of the categories we consider, there is a natural variant, indeed a
subcategory, in which each set of morphisms is required to be a compact metric
space [3, 10]. Our setting allows for a general proof that such a subcategory inherits
solutions of recursive equations from the full category. Otherwise put, the problem
of solving recursive equations in such a ‘locally compact’ subcategory is, in a certain
sense, reduced to the similar problem for the full category. The fact that one can
solve recursive equations in a category of compact ultrametric spaces [10] arises as a
particular instance. (For various applications of compact metric spaces in semantics,
see the references in the introduction to van Breugel and Warmerdam [10].)

As another application, we present a construction that relates solutions of gener-
alized domain equations in the sense of Smyth and Plotkin to solutions of equations
in our class of categories. This construction generalizes and improves an earlier one
due to Baier and Majster-Cederbaum [7].

The key to achieving the right level of generality in the results lies in inspiration
from enriched category theory. We shall not refer to general enriched category
theory below, but rather present the necessary definitions in terms of metric spaces.
The basic idea is, however, that given a cartesian category V (or more generally,
a monoidal category), one considers so-called V-categories, in which the ‘hom-sets’
are in fact objects of V instead of sets, and where the ‘composition functions’ are
morphisms in V.

Other related work. The idea of considering categories with metric spaces as
hom-sets has been used in earlier work [10, 19]. Rutten and Turi [19] show ex-
istence and uniqueness of fixed points in a particular category of (not necessarily
ultrametric) spaces, but with a proof where parts are more general: some aspects
of our Lemma 3.2 are covered. In other work, van Breugel and Warmerdam [10]
show uniqueness for a more general notion of categories than ours, again not re-
quiring ultrametricity. Neither of these articles contain a theorem about existence
of fixed points for a general class of ‘metric-enriched’ categories (as in our Theo-
rem 3.1), nor a general theorem about fixed points in locally compact subcategories
(Theorem 4.1).

Alessi et al. [4] consider solutions to non-functorial recursive equations in cer-
tain categories of metric spaces, i.e., recursive equations whose solutions cannot
necessarily be described as fixed-points of functors. In contrast, we only consider
functorial recursive equations in this article.

Wagner [25] gives a comprehensive account of a generalized inverse limit con-
struction that in particular works for categories of metric spaces and categories of
domains. Our generalization is in a different direction, namely to categories where
the hom-sets are metric spaces. We do not know whether there is a common gener-
alization of our work and Wagner’s work. In this article we do not aim for maximal
generality, but rather for a level of generality that seems right for applications in
the style of those in Section 7.

A more detailed discussion of the level of generality of our results, and of their
relation to results in the literature, can be found in Section 9.

2 Ultrametric spaces
We first recall some basic definitions and properties about metric spaces [21].

A metric space (X, d) is 1-bounded if d(z,y) <1 for all  and y in X. We shall
only work with 1-bounded metric spaces. One advantage of doing so is that one
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can define coproducts and general products of such spaces; alternatively, one could
have allowed infinite distances.
An ultrametric space is a metric space (X, d) that satisfies the ‘ultrametric in-
equality,’
d(z,z) < max(d(z,y),d(y, 2)),

and not just the weaker triangle inequality (where one has + instead of max on the
right-hand side). It might be helpful to think of the function d of an ultrametric
space (X, d) not as a measure of (euclidean) distance between elements, but rather
as a measure of the degree of similarity between elements.

A function f: X7 — X from a metric space (X1,d;) to a metric space (Xa,ds)
is non-expansive if do(f(x), f(y)) < di(x,y) for all z and y in X;. Stronger, such a
function f is contractive if there exists ¢ < 1 such that da(f(z), f(y)) < ¢-di(z,y)
for all  and y in X;. Notice that a non-expansive function is (uniformly) continuous
in the metric-space sense and hence preserves limits of convergent sequences.

A metric space is complete if it is Cauchy-complete in the usual sense, i.e., if
every Cauchy sequence in the metric space has a limit. By Banach’s fixed-point
theorem, every contractive function from a non-empty, complete metric space to
itself has a unique fixed point.

In the following we only consider complete, 1-bounded ultrametric spaces. As a
canonical example of such a metric space, consider the set N“ of infinite sequences
of natural numbers, with distance function d given by:

92— max{n€w|Vm<n.z(m)=y(m)} if ¢
d(m,y):{ 0 ifxiz.

To avoid confusion, call the elements of N“ strings instead of sequences. Here the
ultrametric inequality simply states that if x and y agree on the first n ‘characters’
and y and z also agree on the first n characters, then x and z agree on the first
n characters. A Cauchy sequence in N“ is a sequence of strings (z,)ne, in which
the individual characters ‘stabilize’: for every m there exists N € w such that
Zn, (M) = @y, (M) for all ny,ng > N.

Let CBUIt be the category with complete, 1-bounded ultrametric spaces as
objects and non-expansive functions as morphisms [6]. This category is carte-
sian closed [21]; here one needs the ultrametric inequality. The terminal object
is the one-point metric space. Binary products are defined in the natural way:
(Xladl) X (Xg,dg) = (Xl X XQ, dX1><X2) where

dx,xx, (%1, 22), (Y1, y2)) = max(di(z1,y1), d2(22, y2)) -

The exponential (X1,d;) — (Xa,dsy), sometimes written (Xs,dy) X% has the
set of non-expansive functions from (X7,d;) to (X3, ds) as the underlying set, and
the ‘sup’-metric dx, ., x, as distance function: dx, . x,(f,9) = sup{da(f(x), g(x)) |
x € X1}. For both products and exponentials, limits are pointwise. It follows from
the cartesian closed structure that the function (X3, ds)X>%) x (Xy,dy)X1d) —
(X3, d3)X1:91) given by composition is non-expansive; this fact is needed in several
places below.

Moreover, the category CBUIt is complete [18]: general products are defined in
the same way as binary ones, except that the distance function on an infinite product
space is in general given by a supremum instead of a maximum. An equalizer of
two parallel arrows f,g: X — Y is given by the subset {x € X | f(x) = g(z) } of
X, with the metric inherited from X.

CBUIt is also cocomplete. The coproduct of a family (X;,d;);es of CBUIt-
objects is ([];c ; X;, d) where [],c; X; is the disjoint union (coproduct in Set) of
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the underlying sets X;, and where the distance function d is given by

d(z,y) = d;(z,y), ifx € X; and y € X; for some j € J,
Y= 1, otherwise.

Coequalizers are more complicated to describe, and we shall not need them in this
article.

It is a trivial fact, but for our purposes a rather annoying one, that Banach’s
fixed-point theorem only holds for non-empty metric spaces. To avoid tedious spe-
cial cases below, we shall therefore not work with the category CBUIt, but rather
with the full subcategory CBUIty, of non-empty, complete, 1-bounded ultrametric
spaces. This category is also cartesian closed: since it is a full subcategory of CBUIt,
it suffices to verify that CBUlt-products of non-empty metric spaces are non-empty,
and similarly for exponentials. The category CBUIt,, is not complete, and in fact
it does not even have all limits of w°P-chains. We return to that point in Section 5.

In some settings it is useful to work with compact metric spaces [3, 10]. Recall
that a metric space is compact in the usual topological sense if and only if is both
complete and totally bounded [21]: for every e > 0, there exist finitely many points
Tr1,...,T, in the space such that the open balls with centers x; and radius € cover
the space. As a canonical example of a compact, 1-bounded ultrametric space,
consider the set {0, 1} of infinite sequences of zeros or ones, with distance function
given as in the example with sequences of natural numbers above. (Any finite set
other than {0,1} would also work.)

Let KBUIt be the full subcategory of CBUIt consisting of compact, 1-bounded
ultrametric spaces, and let KBUIt,. be the full subcategory of non-empty such
spaces. Both of these categories are cartesian closed [21] and have finite coproducts.
KBUIt has all finite limits, but neither KBUIt nor KBUIt,, is complete. We return
to that point in Section 4.

2.1 M-categories

Recall from the introduction that the basic idea of this article is to generalize a
theorem about a particular category of metric spaces, here CBUIt,e, to a theorem
about all ‘CBUIty-categories’ where the hom-sets are in fact appropriate metric
spaces. In analogy with the O-categories of Smyth and Plotkin (O for ‘order’ or
‘ordered’) we call such categories M-categories.

Definition 2.1. An M -category is a category C where each hom-set C(A, B) is
equipped with a distance function turning it into a non-empty, complete, 1-bounded
ultrametric space, and where each composition function o : C(B,C) x C(4,B) —
C(A, C) is non-expansive with respect to these metrics. (Here the domain of such a
composition function is given the product metric.)

In other words, an M-category is a category where each hom-set is equipped with
a metric which turns it into an object in CBUIt,e; furthermore, each composition
function must be a morphism in CBUIt.

A simple example of an M-category is CBUIt,, itself. The distance function on
each hom-set CBUIt,o(4, B) is defined as for the exponential B4 in CBUIt,,, i.e.,
d(f,g) = sup{dp(f(x),g(x)) | © € A}. The fact that the composition functions
are non-expansive, as observed in Section 2, depends on the ultrametric inequality.
Since CBUIt,, is itself an M-category the results below can be used to solve standard
recursive equations over ultrametric spaces.

Let C be an M-category. A functor F : C°P x C — C is locally non-expansive if

d(F(f,9), F(f',g')) < max(d(f, f'),d(g,g')) for all f,f’, g, and g" with appropriate
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domains and codomains. In other words, such an F' is locally non-expansive if each
component

FA,A/,B,B/ : C(A/,A) X C(B,B,) — C(F(A,B),F(A/,Bl))

is a morphism in CBUlt,.. Stronger, F' is locally contractive if there exists some
¢ < 1such that d(F(f,9), F(f',q')) < c-max(d(f, f'),d(g,¢")) for all f,f’, g, and ¢'.
Notice that c is global in the sense that it is a common ‘contractiveness factor’ for all
components of the functor: each component F4 4/ g p’ is contractive with factor c.

In the particular categories we consider in the examples in Section 7, many
‘natural’ functors such as those given by binary products or coproducts are only
locally non-expansive, not locally contractive. On each of these categories C there
is, however, an appropriate functor % : C — C which multiplies all distances in
hom-sets by the factor 1/2. Composing a locally non-expansive functor with % then
yields a locally contractive functor.

3 Solving recursive equations

Let C be an M-category. We consider mixed-variance functors F': C°P? x C — C on
C and recursive equations of the form

X~ F(X,X).

In other words, given such an F' we seek a fixed point of F' up to isomorphism.
Covariant endofunctors on C are a special case of mixed-variance functors. It
would in some sense suffice to study covariant functors: if C is an M-category,
then so are C°P (with the same metric on each hom-set as in C) and C°P x C (with
the product metric on each hom-set), and it is well-known how to construct a
‘symmetric’ endofunctor on C°? x C from a functor such as F' above. We explicitly
study mixed-variance functors since the proof of the existence theorem below would
in any case involve an M-category of the form C°? x C. As a benefit we directly
obtain theorems of the form useful in applications. For example, for the existence
theorem we are interested in completeness conditions on C, not on C°P x C.

3.1 Uniqueness of solutions

The results below depend on the assumption that the given functor F is locally
contractive. One easy consequence of this assumption is that, unlike in the domain-
theoretic setting [22], there is at most one fixed point of F' up to isomorphism.

Theorem 3.1. Let F' : C°? x C — C be a locally contractive functor on an M-
category C, and assume that i : F'(A,A) — A is an isomorphism. Then the pair
(i,i~ 1) is a bifree algebra for F in the following sense: for all objects B of C and
all morphisms f : F(B,B) — B and g : B — F(B, B), there exists a unique
pair of morphisms (k : B — A, h : A — B) such that ho¢ = fo F(k,h) and
itok=F(h,k)og:

F(k,h)
F(AA) " F(B,B)
F(h,k)
it [ g f
___hr__
A___ ____ B
k

In particular, A is the unique fixed point of F' up to isomorphism.
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Proof. First we observe that there is an obvious way to define a category of ‘bialge-
bras’ for I’ such that a bifree algebra, as defined above, is an initial object in this
category. It follows that any two bifree algebras are isomorphic as bialgebras, hence
that their underlying C-objects are isomorphic. So once we have shown that every
fixed point of F' is a bifree algebra, it follows that there is at most one fixed point
of F up to isomorphism.

Let now i : F(A,A) — A be an isomorphism and assume that F is locally
contractive with factor ¢ < 1; we show that (i,7') is a bifree algebra. Let
f: F(B,B) - Band g : B — F(B,B) be given. Recall that hom-sets in C
are equipped with metrics that turn them into objects of CBUIt,., and let X be
the CBUIt,e-object C(B, A) x C(A, B). We obtain the desired pair of morphisms
(k: B— A h: A — B) as the unique fixed point of the following contractive
operator on X:

D(k,h) = (ioF(h,k)og, foF(k,h)oi ).

First we verify that this operator is indeed contractive. Given (k1, h1) and (ka, h2)
in X,

d(D(kl, hl)7 D(k’Q, h2)) = max(d(z @) F(hl, kl) og, 10 F(hg, ]{2) o g),
d(f o F(ki,hn)oi™", foF(ky,ha)oi™t),

by the definition of the product metric. But the composition functions of an M-
category are required to be non-expansive: therefore,

d(io F(hi,k1) 0 g, i0 F(ha, k2)og) <max(d(i,i), d(F(hi, k1), F'(h2,k2)), d(g,9))
= d(F(hy, k1), F(ha, k2))
< c¢-max(d(hy, he), d(k1,k2))
=c-d((k1,h1), (k2,h2)),

and similarly,

d(f o F(ki,hy)oi !, foF(ky hg)oi™t) <d(F(ky,hy), F(ka,hs))
< c¢-max(d(hy, hs), d(ky, ka))
=c-d((k1,h1), (k2, ha)).

Therefore, d(D(k1,h1), D(ka, ha)) < ¢ - d((k1,h1), (k2,h2)), and D is locally con-
tractive with factor c.

Since hom-sets of C are non-empty complete metric spaces, the operator D has
a unique fixed point by Banach’s theorem. It only remains to show that a pair of
morphisms (k: B - A, h: A — B) is a fixed point of D if and only if it makes
the diagram in the statement of the theorem commute. But this is easy since 7 is
an isomorphism: k =i o F(h, k) o g holds if and only if i=* o k = F(h, k) o g holds,
and similarly, h = f o F(k,h)oi~! holds if and only if hoi = f o F(k,h) holds. We
conclude that (i,i71) is a bifree algebra for F. O

In particular, if F' is covariant and ¢ : FA — A is an isomorphism, then 17 is
an initial F-algebra and 7! is a final F-coalgebra. As an example, consider the
M-category CBUIt,, and take F' to be the covariant functor % : CBUIt,e — CBUIt,e
which given a metric space yields the same metric space but with all distances
multiplied by 1/2, and which is the identity on morphisms. Evidently, the one-
point metric space is a fixed-point of F'. By the theorem above it is also an initial
algebra of F': this fact is essentially Banach’s fixed-point theorem for functions that
are contractive with coefficient 1/2.
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3.2 Existence of solutions

In the existence theorem for fixed points of contractive functors, the M-category
C will be assumed to satisfy a certain completeness condition involving limits of
wP-chains. Since there are different M-categories satisfying more or less general
variants of this condition, it is convenient to present the existence theorem in a form
that lists a number of successively weaker conditions.

One sufficient condition is that C has all limits of w°P-chains, i.e., all limits of
diagrams of the form

g1 In—1 9n

A, A,

A weaker condition is that C has all limits of w°P-chains of split epis, i.e., all limits
of diagrams as above, but where each g, has a right inverse. This perhaps rather
odd-looking condition is the one that best matches the category CBUIt,, itself.

A still weaker condition is the following. An increasing Cauchy tower is a
diagram

fo f1 Sfrn—1 In
A Ay e A,
go g1 gn—1 9n
where g, o f, = ida, for all n (so each g, is split epi, as above), and where

limy, 00 d(fr © gn, ida,.,) = 0. Notice that this definition only makes sense for
M-categories. The M-category C has inverse limits of increasing Cauchy towers if
for every such diagram, the sub-diagram containing only the arrows g,, has a limit.
We return to a more detailed treatment of general Cauchy towers and their limits
in Section 6.

Lemma 3.2. Let (Ap, fn, gn)necw be an increasing Cauchy tower as above, and let
(A, jn)new be a cone from A to the w°P-chain (A, gn)new:

A
p 4 \L \
j1
AO g0 Al g1 o In—1 n 9n

The following two conditions are equivalent: (1) The cone (A, jn)new is limiting.
(2) There exist morphisms 4, : A, — A such that (A,i,)necw 18 a cocone from the
w-chain (A, frn)new to A,

0 fO ! fl fn—l " fn

and such that j, o4, = id,, for all n and lim,_, d(ip © jp, ida) = 0.

Proof. (1) implies (2): Assume that the cone above is limiting. For each m we must
define a morphism i, : 4,, — A into the object A of the limiting cone. We do so
by defining a cone from A,, to (An, gn)necw,

A’nl
hgt \L k
R
Ao A e 4, !
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where
ida,, ifn=m,

hyt = gn O Gn4+1 00 Gm—1, ifn<m,
fn—10fp—g0--0fp, ifn>m.

It is easy to see that these morphisms indeed constitute a cone: in the case n > m
one uses that g,_10 f,_1 = id. Hence there exists a unique morphism i,, : 4,, — A
such that j, o i, = h)' for all n. In particular, j, 0 i, = hl = id 4, , as required
in the statement of the lemma.

We must also show that i,,,10f,, = 4,,. By the defining property of i,,, it suffices
to show that 4,410 fp, is also a cone morphism in the sense that j,0(im4+10fm) = A"
for all n. And indeed, j, 0 iyy1 0 frn = ™1 o f,, = h™ by the defining property
of 4,41 and the definition of A7 +1,

It remains to show that lim, ,oc d(i, © jn, ida) = 0, or equivalently, that
lim;, 00 @p © jn, = id4 in the metric space C(A, A). To do so, we first show that
(in, © jn)necw i a Cauchy sequence. Given e > 0, choose N large enough that
d(fn © gn, ida,,,) < eforalln > N. Then for all n > N,

d(in © jns tn+1 © Jn+1) = d((int1 0 fn) © (gn © Jn+1)s Gn+1 © Jn+1)
= d(in+1 © (fn o gn) O Jn+1s bnt1 © idAn+1 o jn+1)
< maX(d<in+1ain+l)a d(fn © gn, idAr,L+1>7 d(jn+17jn+1))
=d(fnogn, ida,,,)
<e,

where we have used that the composition functions of an M-category are required
to be non-expansive. From the ultrametric inequality one now easily obtains that
d(in © Jn, im © Jm) < € for all n,m > N. Hence (i, © jn)new 18 a Cauchy sequence.

Since C(A, A) is a complete metric space, the Cauchy sequence (i, © j,)necw has
a limit lim, s %y © J,. It remains to show that this limit is in fact the identity
morphism on A. To do so, we show that lim,, . i, © j, is a cone morphism from
the limiting cone (A, jm)mew to itself: for all m,

o (lim iy ) = jm o ( lim in o jn)
n—oo n>m

= lim (Jm 04p 0 Jn) (‘o’ non-expansive)
n>m

= lim (A}, © jn) (defining property of i,,)
n>m

= lim j,, (by definition of Ay
n>m

= j7n M

In the second line we have again used that the composition functions of an M-

category are non-expansive, hence continuous, and the fact that continuous func-

tions preserve (metric-space) limits. We conclude that lim,, o i, © j, is a cone

morphism from a limiting cone to itself, and therefore that lim,,_,~ i, 0 j, = id 4.
(2) implies (1): Now assume that we have a commuting diagram

A
i
0 fo ! f1 foct © " fa 7

such that j, o, = ida, for all n and lim, o d(in © jpn, ida) = 0. We must show
that (A, jn)new is a limiting cone for the given w°P-chain. So let (B,b,)new be
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another cone:

We aim to define a mediating morphism ¢ : B — A as the limit of the sequence
(in, © by)new. We first show that this is a Cauchy sequence. The argument is
completely similar to the one for the sequence (i, o ju)new above: given € > 0,
choose N large enough that d(f, o g, ida < ¢ for all n > N. Then for all
n>N,

ni)

(int1 0 fn) © (gn ©bng1), int10bpi1)

d(ln O bn, in+1 O bn+1) = d(
d(f’l’b o gn7 idAn+1)
€,

IAIA

and it follows that (i, © jn)new is a Cauchy sequence.

Since the metric space C(B, A) is complete, the Cauchy sequence above has a
limit: define ¢ = lim,, 00 7y © b,. We must show that ¢ is the unique mediating
morphism from the cone (B, by, )mew to the cone (A, ji)mew. Again, the argument
is as above: first,

Jm 04 = jm o ( Hm i 0by) = jm o ( lim inoby,)
n>m

n—oo

ig&(]m 01y 0by)

= lim (h;, o by)

n>m

= lim b,,
n>m

:bma

so ¢ is indeed a cone morphism. Second, given another such cone morphism r :
B — A,

r:idAor:< im inojn>or: lim (i, 0 j,or) = lim (i, 0b,) = ¢,
n—oo n—oo n—oo

so ¢ is unique. We conclude that (A, jn)new is a limiting cone for the w°P-chain
(Ana gn)nGw‘ O

Although not strictly necessary for our purposes, it is natural to ask whether
the cocone described in Condition 2 of the lemma must be colimiting. We now show
that this is the case by exploiting the generality of M-categories: the fact that C°P
is also an M-category allows for a simple proof of a limit-colimit coincidence (cf.
Smyth and Plotkin [22]).

Proposition 3.3. Let C be an M-category, let (A, fn,gn)ncw be an increasing
Cauchy tower in C (as above), and let A be an object of C. The following three
conditions are equivalent:

1. A is a limit of the w®P-chain (A4, gn)new-
2. Ais a colimit of the w-chain (A,, fn)necw-

3. There exist a cone (j,)new from A to (An, gn)new and a cocone (ip)necw from
(An, fr)new to A satisfying that j, o, = id 4, for all n and in addition that
1ty s o0 d(in © jn, ida) = O.
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Furthermore, in any pair consisting of a cone and a cocone that together satisfy the
requirements in the third condition, the cone is limiting and the cocone is colimiting.

Proof. Lemma 3.2 shows that (1) and (3) are equivalent and that any cone (jp)new
as in the third condition is limiting. The lemma also shows that these facts hold for
the increasing Cauchy tower (A, gn, frn)necw in the M-category C°P. But by duality,
this means exactly that (2) and (3) are equivalent and that any cocone (ip)ne, as
in the third condition is colimiting. O

We now turn to the main result.

Theorem 3.4. Assume that the M-category C satisfies any of the following (suc-
cessively weaker) conditions:

1. C is complete.
2. C has a terminal object and limits of w°P-chains.
3. C has a terminal object and limits of w°P-chains of split epis.

4. C has a terminal object and inverse limits of increasing Cauchy towers.

Then every locally contractive functor F' : C°? x C — C on C has a unique fixed
point up to isomorphism.

Proof. Uniqueness follows from the previous theorem, so it is enough to show that
there exists some A such that F'(4, A) =2 A. Assume that C satisfies Condition 4
above and let 1 be a terminal object of C. By induction on n we construct a diagram
fo f1 fn—1 fn
Ao Ay e A,

go g1 gn—1 gn

as follows: Ag =1 and 4,41 = F(A,, A,,) for n > 0. We take gy to be the unique
morphism from A; to 1 and fy to be an arbitrary morphism in the other direction;
recall that all hom-sets in an M-category are non-empty. Finally, fr,11 = F(gn, fn)
and gny+1 = F(fn,gn) for n > 0.

We now show by induction on n that this diagram is an increasing Cauchy tower.
More specifically, let ¢ < 1 be a contractiveness factor of F'. Then, for all n:

1. 9n © fn = ZdAn
2. d(fn o gn, idAn+l) < c".

For n = 0, Part 1 follows from the fact that ggo fo must be the identity morphism
on the terminal object Ag. Also, all distances in the spaces we consider are at most
¥ =1, so Part 2 holds trivially.

As for the inductive case,

9n+1 © fn+1 = F(fnagn) o F(gn7 fn)
= F(gn Ofn, gn Ofn)
=F(ida,,ida,) (ind. hyp.)
=ida, .,

and furthermore,

d(frnt1 0 Gn1, ida, ) = A(F(gn, fn) © F(fn,gn), ida, .,)
= d(F(fn O Gn, fno gn)7 idAnJrz)
d(F(
c

= (F Jnogn, fno gn)7 F(idA7L+1’ idAnJrl))

<c- max(d(fn O Ggn; idAn+l)7 d(fn O Ggn, idAn+1 ) ))
<c- " (ind. hyp.)

— Cn—i—l
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so both parts hold. We conclude that the diagram above is indeed an increasing
Cauchy tower.

By assumption on C there exists an inverse limit of this Cauchy tower, i.e., a
limiting cone

A
J1
Ao 90 A g a1 An gn

By Lemma 3.2 there exist morphisms 4, : A, — A such that (A, i, )ncw is a cocone
from the w-chain (A, fn)new to A, and such that j, o4, = id4, for all n and
lim,, o0 d(ip, © jn, ida) = 0. In particular we have a diagram

A

10
i1
Jo
fo
A Ay

90

fn

In

which commutes in the sense that ¢, o j,+1 = j, and i,41 0 fr, = i, for all n.
Removing the first object of the Cauchy tower (A, fn, gn)ncw clearly gives a new
Cauchy tower, and it is easy to see that the collection of arrows ¢, and j, with
n > 0 satisfies Condition 2 of Lemma 3.2 with respect to that Cauchy tower. Hence
by that lemma, A is also a limit of the w®P-chain (A, gn)n>0 that starts from A;.

We now show that F'(A, A) is also a limit of the w°P-chain (A, gn)n>0. From
that it follows that F'(A, A) = A and we are done. First we apply F to the diagram
above, obtaining a diagram

F(A,A)

f'r/zfl
Ay . An+1

9 In_1 In

s

that commutes in the same sense. Here i/, = F(jn,in) and j,, = F(in,jn), and
similarly for the f/ and g},. But by definition of the original Cauchy tower, the
bottom line of the above diagram is exactly that Cauchy tower starting from A;.
Now, by functoriality we have j/, 0 i), = F(in,jn) © F(Jn,in) = F(Jn ©in, Jn 0in) =
F(id, id) = id for each n, and furthermore,

. P o o N
nh—>néo d(zn ©Jn ZdF(A,A)) - nh—>ngo d(F(Jnv ln) © F(Zna.]n)a ZdF(A,A))
= lim d(F(in © Jn, tn 0 jn), F(ida,ida))
n—oo
< lim ¢ d(ip © jn, idA)
n— o0
=c- lim d(i, 0 jn, ida)

n—oo

:07

since F' is contractive with factor c¢. Hence the morphisms in the diagram above
satisfy Condition 2 of Lemma 3.2 with respect to the increasing Cauchy tower
starting from A;. By that lemma, F(A, A) is therefore a limit of the w°P-chain
(An, gn)n>0- Since A is also such a limit we conclude that F'(A4, A) = A. O
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By the fact that C°P is also an M-category we additionally obtain a dual version
of Theorem 3.4. For example, if C has an initial object and colimits of w-chains of
split monos (‘embeddings’), then every locally contractive mixed-variance functor
on C has a unique fixed point up to isomorphism. In the applications we have
considered these dual conditions seem less useful since colimits in the categories
involved are harder to describe than limits.

4 Locally compact subcategories of M -categories

The condition in Theorem 3.4 that involves Cauchy towers is included in order to
accommodate categories where the hom-sets are compact ultrametric spaces. The
simplest example is the full subcategory KBUIt,, of CBUIt,, consisting of compact,
non-empty metric spaces. This category does not have all limits of w°P-chains,
not even of those chains where the morphisms are split epi. One can construct
a counterexample as follows: for each n € w, let A, be the set {0,1,...,n — 1}
equipped with the discrete metric. Let f, : A, — A,y1 be the inclusion and let
gn : Ap+1 — A, be the function that maps n to n — 1 and every other number to
itself. We claim that the w®P-chain (A, gn)necw in KBUIt,e does not have a limit.
To see this, assume that (A, j,)new is a limiting cone with j, : A — A, for all n.
By the argument in the beginning of the proof of Lemma 3.2 there exist morphisms
in ¢ Ay — A such that j, o4, = id4, for all n. Since every A,, can in this way be
embedded in A, we conclude that A contains arbitrarily large discrete subspaces.
But then A cannot be totally bounded: for e = 1/2 there is no finite set of points
such that the open balls with centers in those points and radius € cover A. Hence
A is not compact, a contradiction. This argument also works for KBUIt instead of
KBUItpe.

The subcategory KBUIt,, is merely the simplest example of a full, ‘locally com-
pact’ subcategory of an M-category. The setting of M-categories allows for a proof
that such a subcategory always inherits fixed points of functors from the full cate-

gory:

Theorem 4.1. Assume that C is an M-category with a terminal object and limits
of w°P-chains of split epis. Let I be an arbitrary object of C, and let D be the full
subcategory of C consisting of the objects A such that C(I, A) is a compact metric
space. D is an M-category with limits of increasing Cauchy towers, and hence
every locally contractive functor F' : D°P x D — D has a unique fixed point up to
isomorphism.

Notice that the theorem refers to functors on D, not on C. There is in general
no guarantee that a functor on C restricts to one on the subcategory D, and hence
formulating a recursive equation by means of a functor on D can require additional
work [3]. In that sense, one might say that it is not exactly the problem of solving
recursive equations which has been reduced to the case for the full category C, but
rather the problem of finding fixed-points of functors.

Proof. First, D is an M-category, being a subcategory of an M-category. Second,
D contains each terminal object 1 of C since C(I,1) is the one-point metric space
which is clearly compact.

We next show that D has limits of increasing Cauchy towers; it then follows
from Theorem 3.4 that D has fixed points of locally contractive functors. To that
end, let (Ay, fn, gn)new be an increasing Cauchy-tower in D (and hence also in C).
Each g, is split epi, so by assumption the w°P-chain (A4,,, gn)necw has a limiting cone
(A, (jn)new) in C. Since D is a full subcategory, it now suffices to show that the
limit object A belongs to D, i.e., that C(I, A) is compact.
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Here we use the characterization of compactness from Section 2: we already
know that C(I, A) is complete, so it remains to show that C(I, A) is totally bounded.
First, by Lemma 3.2 applied to C and the limiting cone (A4, (jn)new), there exists a
family of morphisms (i, : 4, — A)ne, satisfying certain conditions: in particular,
Jnoin = idy, for each n and lim, o0 d(iy 0 jn, id4) = 0. Now we show that C(I, A)
is totally bounded. Given € > 0, choose n large enough that d(i, o j,,ida) < €.
Since C(I, A,,) is compact, it is totally bounded. Hence there exists a finite set S
of elements of C(I, A,,) such that for every f € C(I,A,) there is an s € S with
d(f,s) < e. Let T be the finite subset {i, os | s € S} of C(I,A). Now let a
be an arbitrary element of C(I, A). We show that a has distance less than e to
some element of T'; hence C(I, A) is totally bounded. Indeed, choose s € S such
that d(j, o a,s) < e. Then by the ultrametric inequality and the assumption that
composition is non-expansive,

d(a, in o s) < max(d(a, in 0 Jp o a), d(iy 0 jpoa, inos))
< max(d(ida, in © jn), d(jn © a, s))
< €. O

Here one obtains KBUIt,, by taking C = CBUIt,, and I = 1. In general, for a
monoidal closed C, the tensor unit is an appropriate choice of I. Since we show in
the next section that CBUIt, has limits of w°P-chains of split epis, the theorem in
particular gives:

Corollary 4.2 ([10]). Every locally contractive functor from KBUIt,.°? x KBUIt,e
to KBUIt,e has a unique fixed point up to isomorphism.

Moreover, the proof of the theorem above essentially works by using the hom-
functor C(I,—) : D — KBUIt,, to reduce the general case to the special case con-
sidered in the corollary.

5 Examples of categories admitting solutions

We now turn to some examples of categories that satisfy the different completeness
requirements in Theorem 3.4. This section thereby illustrates which of the require-
ments in that theorem one might attempt to show given a particular M-category.

5.1 CBUI,

Consider first the category CBUIt, of pointed, complete, 1-bounded ultrametric
spaces. Objects are pairs (A,z) where A is a complete, 1-bounded ultrametric
space and x is an element of A (a distinguished ‘point’). Morphisms from (A4;,x1)
to (As, x) are non-expansive maps f from A; to Ay which ‘preserve the point’; i.e.,
satisfy that f(z1) = z2. We equip the hom-sets of CBUIt, with the ‘sup’-metric, as
given by the exponential in CBUIt:

d(f,9) = sup{da, (f(z),9(x)) | v € A1} .

Proposition 5.1. CBUIt, is a complete M-category.

Proof. First, it is easy to see that CBUIt, is an M-category. Each hom-set is non-
empty since it contains the constant function whose value is the distinguished point
of the codomain. The distance functions above clearly turn each hom-set into a
1-bounded ultrametric space; indeed, a sub-space of an exponential in CBUIt. Each
such space is complete since the limit of a sequence of point-preserving functions is
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also point-preserving. The composition functions are non-expansive since they are
restrictions of composition functions from CBUIt.

To see that CBUIt, is complete, it is easy to construct products and equalizers
directly (as in CBUIt). More abstractly, CBUIt, is the comma category (1 | CBUIt),
and the forgetful functor from this category to CBUIt creates limits [16, Exer-
cise V.1.1]. O

5.2 CBUIt,

We have already observed that the category CBUIlt,. of non-empty, complete,
1-bounded ultrametric spaces is an M-category with distance functions on hom-sets
given as for exponentials. However, unlike CBUIt,, it is not complete and does not
even have all limits of w°P-chains. To see this, let T be a rooted tree that contains
nodes of arbitrarily large depth but contains no infinite path (by Konig’s Lemma
such a tree must be infinitely branching.) For each n, let A,, be the set of nodes of T
of depth n, equipped with the discrete metric. Let g, : A, 41 — A, map each node
to its parent. Then the w°P-chain (A, gn)ncw in CBUIt,e does not have a limit. In-
deed, a limit in CBUIt,, would also be a limit in CBUIt. But the limit of (A4, gn)necw
in the complete category CBUIt is the set of tuples { (an)necw | Y1 gn(ant1) = an }
with the product metric; this set is empty since T' does not contain any infinite
path, and hence the limit does not belong to CBUIty;.

Proposition 5.2. CBUIt,, is an M-category with limits of w°P-chains of split epis.

Proof. Since CBUIt,, is a full subcategory of the complete category CBUIt, it suffices
to show that CBUIt-limits of w®P-chains of split epis in CBUIt,, are non-empty. Let
(An, gn)new be such an w°P-chain, and let for each n the function f,, be a right
inverse of g,,. A concrete limit in CBUIt of such a chain is, as mentioned above, the
set of tuples { (an)new | VN gn(ant1) = an } with the product metric. Now let ag
be an arbitrary element of Ay (which is non-empty by assumption). It is easy to
see that the limit above contains the tuple ((fn—10...0 fo)(a0))new and is therefore
also non-empty. O

5.3 CBUIt

The category CBUIt is not an M-category since the set of morphisms from any non-
empty metric space to the empty metric space is empty. Nevertheless, there is an
obvious definition of ‘locally contractive’ for functors on this category, and given a
locally contractive functor F : CBUIt°® x CBUIt — CBUIt that restricts to CBUIt,,
one can use the main theorem with the category CBUIt,, to find a fixed point of F.
It is not hard to see that F' restricts to CBUIt,, if and only if F'(1,1) is non-empty
(where 1 is the one-point metric space):

Theorem 5.3. Let F': CBUIt°® x CBUIt — CBUIt be a locally contractive functor
satisfying that F'(1,1) # 0. There exists a unique (up to isomorphism) non-empty
A € CBUIt such that F(A4, A) = A.

Proof. We show that F restricts to the full subcategory CBUIt,.: given non-empty
A and B, we must show that F'(A, B) is non-empty. Since B is non-empty there
exist morphisms f : A — 1 and g : 1 — B in CBUIt. Then F(f, g) is a function from
F(1,1) to F(A, B). Since F(1,1) is non-empty by assumption, the existence of such
a function implies that F'(A, B) is non-empty too. The theorem now immediately
follows from Theorem 3.4 applied to the M-category CBUIt,,. O

Note that uniqueness is only among non-empty metric spaces: a functor F' as
in the theorem might furthermore satisfy that F (0, () = 0.
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5.4 PreCBUIt,,

The examples in Section 7 use the category PreCBUIt,, of pre-ordered, non-empty,
complete, 1-bounded ultrametric spaces. Objects of this category are pairs (4, <)
consisting of an object A of CBUIt,, and a preorder < on the underlying set of
A such that the following condition holds: if (a,)ne,, and (by)new are converging
sequences in A with a, < b, for all n, then also lim, . a, < lim,, o b,. The
morphisms of the category are the non-expansive and monotone functions between
such objects. We equip the hom-sets of PreCBUIt,, with the usual ‘sup’-metric.

Proposition 5.4. PreCBUIt,, is an M-category with limits of w°P-chains of split
epis.

Proof. To see that PreCBUIlt,. is an M-category we proceed as in the proof of
Proposition 5.2. The only new thing to show is that if (f,)new is a converging
sequence of monotone and non-expansive functions between objects (A4,<4) and
(B, <p) of PreCBUltye, then the limit f is a monotone (as well as non-expansive)
function. But this follows immediately from the requirement above: if a <4 a’,
then

fla) = lim fu(a) <p lim fu(a’) = f(a’).

n—oo

It remains to show that PreCBUIt,. has limits of w°P-chains of split epis. Let
(An, gn)new be such a chain. It is easy to verify that the limit is the set of tuples
{(an)new | V1. gn(an+1) = an } with the product metric and the product preorder,
and that this set is non-empty as in the proof of Proposition 5.2. O

5.5 Locally compact subcategories

We have already seen, using Theorem 4.1, that the full subcategory KBUIt, of
CBUItye has unique fixed points of locally contractive functors. Similarly, that the-
orem applied to the M-categories CBUIt, and PreCBUIt,, of the previous examples
gives unique fixed points of locally contractive functors on the ‘compact’ variants of
these two categories. Notice that for CBUIt,, the choice I =1 in Theorem 4.1 does
not work: one must instead choose I to be the metric space consisting of two points
with distance 1. (CBUIt, is not cartesian closed, but it is symmetric monoidal closed
with this I as tensor unit.)

6 An alternative existence theorem

We next consider an alternative existence theorem for solutions of recursive equa-
tions in M-categories. Roughly put, the overall picture is as follows. In Section 3
above we generalized the results of America and Rutten [6] to M-categories; this
was done in the style of Smyth and Plotkin [22]. In this section, we outline a simi-
lar generalization of the results of Alessi et al. [4]. The resulting existence theorem
can, at least informally, be viewed as a closer categorical analogy to Banach’s fixed-
point theorem than the existence theorem in Section 3. In particular it will not
be required that the M-category has a terminal object: any object will suffice to
start the inductive construction of the solution. On the other hand, the M-category
must satisfy a stronger completeness property. We do not know any applications
that depend on these slightly different conditions on the category.

Let C be an arbitrary M-category. In the existence proof in Section 3 we worked
extensively with pairs of morphisms (f,g) such that f: A — B and g : B — A for
some objects A and B of C and such that g o f = id4. Following Alessi et al. [3]
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we call such pairs embedding-projection pairs.! The proof essentially takes place in
a category that has such pairs as morphisms; this is made precise in, e.g., America
and Rutten [6]. The alternative approach explored in this section does not depend
on the embedding condition g o f = id4 and so works with all pairs of morphisms
with opposite domain and codomain. These pairs were introduced independently
as e-adjoint pairs in Rutten [18] and as e-isometries in Alessi et al. [3]. In Alessi
et al. [4] it was shown that the standard existence theorem on non-empty, com-
plete, 1-bounded metric spaces from America and Rutten [6] could be obtained
using e-adjoint pairs instead of embedding-projection pairs. Here we outline a gen-
eralization of that result to M-categories.

Definition 6.1. The category C~ has the objects of C and morphisms ¢ : A — B
that are pairs of morphisms ¢ = (4, j) of C such that i : A — B and j : B — A.
Composition of 1 = (i1, j1) : A — B and 13 = (ia,j2) : B — C is defined naturally
by tg 011 = {(iz 041,71 © jo) : A — C. The identity morphism on the object A is
(ida,ida).

We immediately remark that two objects are isomorphic in C if and only if they
are isomorphic in C¥ and hence we shall purposely blur the distinction. We may
flip” any morphism ¢ = (i,j) : A — B by swapping the components to obtain a
morphism 7 = (j,4) : B — A.

Definition 6.2. The noise of a morphism ¢ = (i,j) : A — B in C¥ is defined as

(5(L) = max(dc(A,A)(idA,j o i), dC(B,B)(i o7, idB)).

Note that we rely on the M-category structure on C to define the noise but make
no attempt to make an M-category out of C*.

Intuitively, the noise measures ’how far’ A and B are from each other by ¢.
Having §(¢) = 0 obviously implies j o ¢ = ids and i o j = idp; in particular two
objects are isomorphic if and only if there is a zero-noise morphism from one to
the other. Also by definition §(¢) = §(z) for any morphism ¢ of C¥. These two
observations are somewhat analogous to the first and second of the defining axioms
of an (ultra)metric space; the following lemma provides a cousin to the ultrametric
inequality:

Lemma 6.3 (Noise Lemma). For ¢; : A — B and 1o : B — C we have §(13011) <
max(d(t2),d(e1)).
Proof. Write 11 = (i1,71) and to2 = (ia, j2). Then:

6(e2 0 1) = 6((iz 01,1 0 j2))
= max(d(ida, j1 0 j2 0 iz 0i1), d(iz 01 0 j1 0 ja, idc))
< max (max(d(ida, j1 0 1), d(ji o idp o1, j10j20iz0i1)),
max(d(iz 041 © j1 0 Ja, i2 0 idp o ja), d(iz 0 ja, idc)))
< max (max(6(¢1),8(22)), max(5(e1),0(¢2)))
= max(d(¢1),0(e2)).

Here we have used the ultrametric inequality as well as the ubiquitous fact that the
composition functions of an M-category are non-expansive. O

In a metric space, to prove two elements equal it suffices to show that their
distance is smaller than every € > 0. The corresponding technique in our metric-
inspired setting is the following:

1We do not, however, use any analogue of the ‘projection’ condition f o g C idp from the
domain-theoretic case.
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Lemma 6.4 (Proximity Lemma). Two objects A and B of C are isomorphic if
there is a sequence of C®-morphisms ((in, jn))new With (i, j,) : A — B such that
lim,, 00 0((in, jn)) = 0 and such that (i, )ney and (j,)new are Cauchy sequences in
C(A, B) and C(B, A), respectively.

Proof. By completeness of C(A, B) and C(B, A) we know that lim, . in : A = B
and lim,,_, o jn : B — A exist. We now have:

deca,a) (sz, hm jn o lim zn) =dc(a,n) (z'dA, lim In oin)

n—oo

= lim dC(A A)(ZdAJn 0iy)

n—oo

< lim 0(¢p)

~ n—oo

=0

Here we have used non-expansiveness of composition and the fact that, for any
ultrametric space (X, d), the distance function d : X x X — R is itself non-expansive
and hence preserves limits. We conclude that id 4 = lim,, oo j, 0lim,,_, o i, and by
symmetry we get the other way round. O

By analogy with the standard metric argument one might try to do away with the
second demand that the component sequences be Cauchy. However, as observed in
Remark 4.4 of Alessi et al. [4], this is not possible. A consequence is that a ‘proper’
distance between two objects defined as the infimum of the noises of morphisms
from one to the other gives only a pseudo-metric; that is, the distance between two
distinct objects can be zero. This problem is explored in Section 4 of Alessi et al. [4]
and solved by restricting to compact metric spaces.

Definition 6.5. A tower in C¥ is a sequence of pairs of objects and morphisms
(An, ty) such that ¢, : A, = Apqq for all n € w. It is Cauchy if lim,, o0 6(ty) = 0,
ie., if

Ve >0.3IN € N.Vn > N. (i) < €.

Notice that a Cauchy tower (A,,, tn)new where all the ¢,, are embedding-projection
pairs is exactly an ‘increasing Cauchy tower’ as defined in Section 3.

As in the case of standard Cauchy sequences, the objects of a Cauchy tower
intuitively get arbitrarily close, measured here by the noises of the morphisms. By
the Noise Lemma, i.e., due to our ultrametric setup, we immediately have that the
above criterion is equivalent to one that may look more familiar:

Ve>0.INeN.Vm>n > N. §(tm_10-tpn) < €

Definition 6.6. A limit of a Cauchy tower (A, ty)ncw 18 a pair (4, (Yn)new) of an
object and a sequence of morphisms v, : A, — A in C¥ such that

7N\

Ap ——— Ant1

commutes for all n € w and such that lim,,_,, §(7,) = 0.

(Proposition 6.8 below relates limits of Cauchy towers in the sense above to
inverse limits of the kind considered in Section 3.)

Proposition 6.7. For any two limits (4, (Vn)new) and (A’, (7),)new) of the same
Cauchy tower (A, tn)necw the objects A and A’ are isomorphic.
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Proof. This comes down to applying the Proximity Lemma. The setup is this:

We have v}, o7, : A — A’ for all n € w, and since lim, §(v,) = lim, 6(7,) = 0 =
lim,, 6(v,,) we get lim,, (7, ©7,) = 0 by the Noise Lemma. Now write v, = (gn, hn
and 7, = (g,,, h,,) for all n € w. It remains to show that (g],0hn)new and (gnoh, )necw

are Cauchy sequences in the metric spaces C(A4, A’) and C(A’, A), respectively. For
any n € w

dc(A,A/)(gil o hy, 9;+1 0hnq1) = dc(A,Af)(g;Jrl 04y O Jn © Rpat, 9%+1 0 hpi1)
= dc(An+17A7L+1)(in 0 Jn; Z.dAnJrl)
< 0(tn)

where we write ¢, = (in, jn). But then (g}, o hp)nen is Cauchy because (A, tn)new
is a Cauchy tower. By symmetry (g, o h/,)new is also Cauchy. O

Notice how we use our ability to flip a morphism ¢ : A — B to obtain7: B — A;
in the category of embedding-projection pairs this is not possible in general.

We say that C¥ is tower-complete if all Cauchy towers have limits. Verifying
this condition directly may be an arduous task. The following criterion is sufficient:

Proposition 6.8. C¥ is tower-complete if C has inverse limits of Cauchy towers.

We omit the proof. The arguments follow those in the first part of the proof
of Lemma 3.2, but are more involved since we no longer restrict to embedding-
projection pairs. More specifically, the cone (hI"),e, from A, to (An, gn)necw In
that proof must now be defined as follows:

kn, ifn=m,

ht = JnOgnt1 0 0gm_10km, ifn<m,

knofpno10 fnoo0-- 0 fm, ifn>m.
where each k,, : A, — A, is obtained as a limit of a Cauchy sequence:

kn:Zlgrrll(gnogvﬁlO"'ng—lOfpofp—lo"‘ofn)'

For a domain-theoretic analogue of dropping the restriction to embedding-projection
pairs, see Taylor [23].

6.1 Fixed points of Functors

We now move on to apply the theory to build fixed points of functors. We say that
a functor ® : C¥ — C¥ is contractive if there is a ¢ < 1 such that §(®(z)) < c-d(2)
holds for all morphisms ¢ of C¥. Similarly it is called non-expansive if the noises
do not increase, i.e., if §(®(¢)) < &(¢) holds for all .. We may build functors on C¥
from functors on C:
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Proposition 6.9. Let F': C°? x C — C. We define F® : C¥ — C® by
FR(A)=F(AA), F7((i,5)) = (F(5,9), F(i, 7))

for any object A and any morphism ¢ = (i,j) : A — B of C¥. This constitutes a
well defined functor. Moreover, if F' is locally contractive then F'™ is contractive
and if I is locally non-expansive then F'¥ is non-expansive.

We saw in Theorem 3.1 that a locally contractive functor F' : CP? x C — C
has at most one fixed point up to isomorphism (for arbitrary C.) One can give
an alternative proof of that fact using the Proximity Lemma and the contractive
functor F® derived from F. But even in the concrete case C = CBUIt,. it is an
open question whether every contractive endofunctor on C* has at most one fixed
point [3, p. 7].

Just as non-expansive maps between metric spaces are continuous and thus
preserve limits of sequences, we have the following proposition as an immediate
consequence of the above definitions:

Proposition 6.10. Non-expansive functors preserve limits of Cauchy towers. That
is, for any non-expansive functor ® : C¥ — C® and any Cauchy tower (A, tn)new
with limit (A, (Yn)new) we have that (®(A,), ®(tn))new is a Cauchy tower with
limit (@(A), (2(V))new)-

Theorem 6.11. If C* is nonempty and tower-complete then any contractive functor
® : C® — C™ has a fixed point, i.e., an object A of C¥ with A = ®(A).

Proof. Much of the theory above targets this proof; it is quite short and analogous
to the proof of Banach’s fixed-point theorem.

Let Ap be any object of C® and define A,,+1 = ®(4,) for every n € w. Let
Lo : Ag — A; be any morphism of C® and define ty,41 = ®(ty) : Ang1 — Anio
for every n € w. We can always initiate this process: C¥ was assumed to have
an object, and g : Ag — A; always exists as the hom-sets of an M-category are
non-empty.

It is immediate by the contractiveness of ® that (A, tn)new is a Cauchy tower
and hence has a limit (A, (Yn)new) as C¥ was assumed tower-complete. A con-
tractive functor is in particular non-expansive and non-expansive functors preserves
limits of Cauchy towers, so (P(A,), P(tn))ncw = (Ant1, tnt1)new is a Cauchy tower
too with limit (®(A), (P(¥n))new). But (A, (Yn+1)new) is a limit of (Ap41, tnt1)new
too and uniqueness of limits (Proposition 6.7) gives A = ®(A). O

Combining Proposition 6.8, Proposition 6.9, and Theorem 6.11 we have:

Theorem 6.12. If C has an object and has inverse limits of Cauchy towers then
every locally contractive functor F' : C°P x C — C has a unique fixed point up to
isomorphism.

Notice that here we require all Cauchy towers to have inverse limits, not just the
increasing ones. Therefore Theorem 6.12 does not immediately imply Theorem 3.4.

7 Applications

This section contains a series of examples of recursive equations motivated by recent
and ongoing work in semantics. In all but the first of the examples we do not
consider exactly those equations that arise from applications; for clarity we consider
simplified variants that capture the essence of the circularity issues. We conclude
the section by discussing in what sense the generality of M-categories is needed in
applications.
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7.1 Realizability semantics of dynamically allocated store

The first two examples of recursive equations come from realizability semantics of
dynamically allocated store. In recent work [9] the authors presented a model that
allows for simple parametricity-style reasoning about imperative abstract data types
in an ML-like language with universal types, recursive types, and reference types.
As in Standard ML, references are dynamically allocated during program execution.
Here is a brief outline of the model. First, the model is based on a realizability
interpretation [5] over a certain recursively defined predomain V. In addition, we
follow earlier work on modeling simple integer references [8] and use a Kripke-style
possible worlds model. Here, however, the set of worlds needs to be recursively
defined since we treat general references. Semantically, a world maps locations to
semantic types, which, following the general realizability idea, are certain world-
indexed families of relations on V: this introduces a circularity between semantic
types and worlds that precludes a direct definition of either. Thus we are led to
solving recursive (metric-space) equations of approximately the following form

W =2 N-—g, T
T =2 W —0n CUREl(V)

(see below) even in order to define the space in which types will be modeled.

We now describe these equations in more detail. CURel(V) is the set of binary
relations on V' that satisfy certain technical requirements. The metric on CURel(V)
is defined essentially as in earlier work on realizability semantics [5], using the fact
that V is a canonical solution to a predomain equation. The space N —g,, T consists
of partial functions from N to 7 with finite domain: the distance between two
functions with different domains is 1, while the distance between two functions with
the same domain is given as a maximum of pointwise distances. The space N —g,, T
(and hence also W) is equipped with an extension order: for A, A" € N —g, T we
take A < A’ to mean that dom(A) C dom(A’) and that A(n) = A’(n) for all n
in dom(A). Finally, in order to ensure soundness of the interpretation, we require
the usual ‘Kripke monotonicity’: the space W —,on, CURel(V') should consist of
functions that are both non-expansive and monotone with respect to the extension
order on W and the inclusion order on CURel(V).

In order to apply the main theorem to solve these equations, we have to express
them in terms of a mixed-variance functor on an M-category. There are two ap-
proaches. First, one can ‘solve for worlds’ by defining a contravariant functor F' on
PreCBUIt,. such that

F(X,<) = (N =g 3 (X, <) Smon CUREl(V))), <)

where <’ is the extension order on partial functions, as defined above. (Here the %
is needed in order to ensure that F' is locally contractive.) Then (W, <) can be
defined as the unique fixed point of F'.

Alternatively, one can ‘solve for types’ [9] by defining a contravariant functor G
on CBUltye (or on CBUIt as in Section 5.3) such that

G(X) = 1 (N =fin X) —mon CUReI(V)).

Then T can be defined as the unique fixed point of G. In this case we do not use
the generality of M-categories: instead we exploit that the two mutually recursive
equations above have a form that allows one to solve them in CBUIt,, by combining
them into a single recursive equation in the right way. In the next example such an
approach will not be possible; there, M-categories seem to be needed.
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Remark. Even though metric spaces appear naturally in this example through ear-
lier work on realizability, one might ask whether the equations above cannot in-
stead be solved in a category of domains. Indeed they can, but the solution does
not appear to be useful for our purpose. The main reason is that the quantitative
information given by the metric-space approach appears to be needed in order to
model reference types [9].

7.2 A more advanced model of store

In the previous example, semantic types were modeled as world-indexed families of
binary relations on the predomain V of ‘untyped values’. The intuitive idea is that
worlds provide information about the currently allocated references, and that the
interpretation of a type grows as more references are allocated.

The fact that relations are binary allows one to use the model to prove equiva-
lences between programs that allocate references dynamically. However, the set of
worlds W = N —g, T of the previous example only allows for fairly limited equiv-
alence proofs. There, a world is no more than a single ‘semantic store typing’ that
only allows one to describe situations where the two programs under consideration
allocate references in lockstep.

Ongoing work suggests that the metric-space approach allows one to solve an
equation involving more advanced Kripke worlds in the style of Ahmed et al. [2],
and thereby allows for more advanced reasoning about local state.2 Here we present
a simplified equation that illustrates the main circularity issue. Let S = N —z, V
be the set of stores, i.e., partial maps with finite domain from N to V. Whereas
the simple worlds of the previous example induce a binary relation on stores that
require two related stores to have the same domain, we now seek an alternative
definition of worlds that induce a more liberal relation on stores.

The intuitive idea is that a world W’ consists of a finite sequence of ‘islands’ I [2],
each of which induces a local requirement on stores by describing how two specific
parts of two given stores are required to be related. Consider the metric-space
equations

W/g[*
1

2

Z % (WI —7mon CURel(S)Nl’N2)
Nl,NQEPfin(N)

which are to be understood as follows. The space CURel(S) [9] consists of binary
relations on stores satisfying certain technical conditions; it is equipped with a
metric in the same way as CURel(V) above. Given finite subsets Ny and Ny of
N, the sub-space CURel(S)n, ,n, of CURel(S) only contains relations with support
(N1, N3), i.e., R € CURel(S)n, n, and (s1,52) € R implies (s}, s5) € R if s1(n) =
si(n) for all n in Ny and s2(n) = sh(n) for all n in Na. Intuitively, such relations are
local in the sense that they only depend on locations from Ny and Ny, respectively.
The sum on the right-hand side of the second equation consists of triples (N7, N, f);
the distance between two such triples is 1 if either of the first two components
differ, and the distance between the third components otherwise. Finally, assuming
that the second equation holds, the space I* consists of finite sequences of triples
(N1, Na, f) such that the first components are pairwise disjoint, and similarly for
the second components: the ‘islands’ must not overlap. The extension order on I*,
and hence on W', is sequence containment; the maps of the second equation are
monotone with respect to this order and the inclusion order on CURel(S)n, n,-

2Ahmed et al. do not solve the recursive equation they consider, but instead work with a family
of sets that are, intuitively, approximations to a solution.
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Because of the different dependencies on finite subsets of integers, it does not
seem possible to combine the two equations above into one equation in CBUIt,:
some extra structure on metric spaces is needed, no matter what one tries to ‘solve
for’. Indeed, the equations can be ‘solved for worlds’ by defining a contravariant

functor H on PreCBUIt,, directly from the equations,

H(X,<)= (( >

N1,N2€ Prin (N)

N|—=

(X, <) —mon CURezNLNQ(S)))i o )

where <’ is the extension order on sequences, and then letting W’ be the unique
fixed point of H.

7.3 Storable locks

In recent work by Gotsman et al. separation logic has been extended to reason
about storable locks and threads [14]. As observed in loc. cit. the natural model of
predicates involves a circular definition because locks protecting invariants (predi-
cates) can be stored in the heap. However, Gotsman et al. side-step this issue by
restricting the storable locks to protect only a statically determined finite set of
kinds of invariants. In ongoing work, Birkedal and Buisse are generalizing the work
by Gotsman et al. by solving a suitable recursive equation. The equation is

UPred = 1 ((N —~fim (N4 (N x UPred))) —mon P¢(N)).

Here P|(N) is the complete, bounded ultrametric space consisting of downwards-
closed subsets of N; this set forms a complete Heyting algebra. The idea is that
a semantic predicate is a PJ(N)-valued predicate on heaps, which are maps from
locations (numbers) to either numbers or pairs (k, I) consisting of a thread id k and
a semantic predicate I. The latter is used if the location is a lock, held by thread &
and protecting the invariant 1.

This equation can be solved in CBUIt,. by solving for UPred (much as in the
example in Section 7.1), or by solving for heaps by defining a contravariant functor
on PreCBUlt,.

7.4 Semantics of nested Hoare triples

In recent work, Schwinghammer et al. [20] investigate the semantics of separation
logic for higher-order store. There uniform admissible subsets of heaps form the
basic building block when interpreting the assertions of the logic. Since assertions
in general depend on invariants for stored code (because of higher-order store), the
space of semantic predicates consists of functions W — UAdm from a set of ‘worlds,’
describing the invariants, to the collection of uniform admissible subsets of heaps.
The set UAdm is an ultrametric space with metric given as for CURel(V') above.
But, the invariants for stored code are themselves semantic predicates, and hence
the space of worlds W should be ‘the same’ as W — UAdm. Thus the following
equation is solved in CBUIt,:

W3 (W — UAddm).

7.5 Discussion

As we have seen, three of the four examples above could be treated by solving
recursive equations in CBUIty,, i.e., without using the generality of M-categories.
The fourth example, the advanced model of store in Section 7.2, does seem to require
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M-categories; however, a recent simplification [13] leads to an equation that can be
solved in CBUIt,e.

In a little more detail, the general situation is the following. Instead of directly
finding a fixed point of an endofunctor F' : C — C on an M-category, one can
attempt to express the functor as F' = G o H for functors H : C — CBUlt,, and
G : CBUIt,, — C, and then find a fixed point of H o G : CBUlt,, — CBUIt,. instead
of F. In this way, only the classical existence theorem is needed. (It could of course
also be that one came up with H o G instead of F' in the first place.) In the first
example above, this is the approach that could be used to ‘solve for types’ instead
of ‘solving for worlds.’

Despite of this possibility of rewriting a recursive equation to an equation in
CBUltye, we find M-categories genuinely useful in applications for the following
reasons. First, there is no guarantee that one can rewrite a given recursive equation;
as already noted, we cannot see how to treat the example in Section 7.2 by solving
an equation in CBUIlt,e. Second, and more subtly: in the first and third examples
above, the ‘rewriting’ approach still depends on the fact that PreCBUIt,, is an M-
category. More specifically, to obtain a well-defined endofunctor on CBUIt,, in these
examples, one implicitly uses the defining property of objects of PreCBUIt,, that
guarantees that hom-sets of PreCBUIt,, are complete metric spaces. Without having
identified PreCBUIt,. as an M-category, this leads to some ad-hoc calculations and
results about monotone function spaces, as can be seen in Birkedal et al. [9].

8 Domain equations:
from O-categories to M-categories

As another illustration of M-categories, we present a general construction that
gives for every O-category C (see below) a derived M-category D. In addition,
the construction gives for every locally continuous mixed-variance functor F' on C
a locally contractive mixed-variance functor G on D such that a fixed point of G,
necessarily unique by Theorem 3.1, is the same as a fixed point of F' that furthermore
satisfies the ‘minimal invariance’ condition of Pitts [17].> Thus, generalized domain
equations can be solved in M-categories.

The construction generalizes and improves an earlier one due to Baier and
Majster-Cederbaum (BM) [7] which is for the particular category Cppo, of pointed
cpos and strict, continuous functions (or full subcategories thereof.) More precisely,
taking C to be a full subcategory of Cppo, in our Proposition 8.2 below gives a
result that strengthens Lemma 4.18 of BM. In general, the goal of that earlier work
is to relate recursive domain equations over full subcategories of Cppo; to recursive
equations over full subcategories of a particular category CMS of complete metric
spaces. Working with those particular categories instead of arbitrary O-categories
and M-categories complicates the relations one can obtain: for example, Theorem 3
of BM only applies to a restricted class of domain equations that does not include
general function spaces. The reason is that the construction of BM, which must be
applied to a full subcategory of Cppo,, does not yield a category that is (in any
obvious way) a full subcategory of CMS. It is, however, an M-category in which
every locally contractive functor has a unique fixed point. We hence believe to have
at least partially answered the question left open in the conclusion of BM whether
a suitable notion of correspondence exists for general domain equations.

Rank-ordered cpos [7], recently re-discovered under the name ‘uniform cpos’ [9],
arise from a particular instance of an M-category obtained from the construction

3The latter is in turn the same as a bifree algebra for F' in the same sense as in Theorem 3.1.
See the argument in Pitts [17].
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here, namely by taking C = Cppo . The extra metric information in that category,
as compared with the underlying O-category, is useful in realizability models [1, 5];
in particular it is used to define the metric on the set of binary relations CURel(V)
in the work described in Section 7.1 [9]. In earlier work, Abadi and Plotkin [1,
Section 8] give a metric-space formulation of a realizability model of polymorphism
and recursive types. They note that the extra metric information can be used to
model subtypes and bounded quantification.

We now turn to the results. An O-category [22] is a category C where each
hom-set C(A, B) is equipped with an w-complete partial order, usually written C,
and where each composition function is continuous with respect to these orders. A
functor F : C°P x C — C is locally continuous if each function on hom-sets that it
induces is continuous.

Assume now that C is an O-category such that each hom-set C(A, B) contains
a least element 1 4 p and such that the composition functions of C are strict:
folap = 1lac = Llpcogforall fand g We construct an M-category D
of ‘rank-ordered C-objects’ as follows. An object (A, (7, )new) of D is a pair con-
sisting of an object A of C and a family of endomorphisms 7,, : A — A in C that
satisfies the following four requirements:

(1) o = J—A,A-

2) T T m, for all m < n.

(2)
(3) Mm © Ty = Tp © T = Tmin(m,n) for all m and n.
(4)

4) Uneo ™ = id 4.

(See also the rank-ordered sets of Baier and Majster-Cederbaum [7] and the projec-
tion spaces of de Vries [12].) Then, a morphism from (A, (7,)new) to (A", (7)) new)
in D is a morphism f from A to A’ in C that is wniform [1] in the sense that
m) o f = fom, for all n. Composition and identities in D are the same as in C. Fi-
nally, the distance function on a hom-set D((4, (7 )new), (A', (7} )new)) is defined
as follows:

0 if f=g.
To see that d is well-defined, suppose that f # g. Then there must exist a greatest
number n such that 7, o f = 7}, 0 ¢g. Indeed, n = 0 is such a number by (1) above
and strictness of the composition functions of C. If the equation holds for arbitrarily
large n, then by (3) above it holds for all n. But then by (4) above and the fact
that the composition functions of C are continuous,

f=idaof=(m)of=]@en=]]@eg = =g,

new new new

9— max{ new|r, of=nlog} if
.0 = { i

a contradiction. Hence d is well-defined.
Proposition 8.1. D is an M-category.

Proof. First, each hom-set D((A, (7n)new)s (A, (7] )necw)) is non-empty: it contains
the element L 4 4+ since ), 0 L g ar = L g ar 0w, = L a by strictness. Second, it
is easy to see that the distance function on such a hom-set gives rise to a 1-bounded
ultrametric space. Third, the composition functions of D are non-expansive: it
suffices to see that if 7/ o f; = 7/l o fo and 7/, 0 g1 = 7/, 0 g2, then 7w/ o (f1 0 q1) =
T, 0 faogr = faom,0g1 = faom, 0gs=m,0(f20g2).

It remains to show that each hom-set is a complete metric space. Let (fm)mew
be a Cauchy sequence. It follows from the definition of d that for each n € w there
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exists g, such that 7, o f,,, = g, for all sufficiently large m. Then by (2) above the
sequence (gn)new is increasing: given n, we have g, = 7, 0 fr, 57,1 0 fin = gnt1
for all sufficiently large m.

The supremum ¢ = Upe,,gn is the limit of the sequence (fi,)mew- Indeed, given
an arbitrary number k, by (3) we have 7} o g, = 7w}, o7}, o fp, = 7}, 0 frm, = gi for
all n > k (and sufficiently large m), and therefore, by continuity of composition,
7, © (Unewgn) = Up>k (), © gn) = gk = 7}, o f, for all sufficiently large m. This
shows that d(f,,,g) < 27F for all sufficiently large m. Hence g is indeed the limit
of the sequence (f)mew-

We must show that g is uniform. First, each g, is uniform since for all £ and all
sufficiently large m we have 7}, 0 g,, = T, 0 W), 0 fry = W), 0T}, O fry =T, 0 frn 0T =
gn © T,. Second, g is uniform since each g, is: 7}, © (Upewgn) = Unew (), © gn) =
Unew(gn © k) = (Unewgn) © . In conclusion, each hom-set is complete, and D is
an M-category. O

Now let F': C°P x C — C be a locally continuous functor. We construct a locally
contractive functor G : D°P x D — D from F:

e On objects, G is given by
G((A’ (er?)new)’ (B7 (Wf)new» = (F(A’ B)7 (7771?73)71&0)

where 7% = 1 and w,’?_’ﬁ = F(r},7nB) for all n.

e On morphisms, G is the same as F, i.e., G(f,g) = F(f, g).

To see that G is well-defined on objects, we must verify conditions (1)-(4) in
the definition of objects of D. Here (1) is immediate, (3) follows from strictness
of composition and functoriality of F, and (2) and (4) follow from local continu-
ity of F. In addition, given morphisms f : (A, (72 )pew) — (A, (72)new) and
g: (B, (78)new) = (B, (75 )1ew), we must show that G(f, ) F(f,9g) is a well-
defined morphism in D. Clearly, 7r64”B/ oF(f,g9)=F(f,g)o 7r0 , and for all n,

wtol o F(f.9) = F(r 7B o F(f.9)
=F(for 78 oyg)
:F(w;?of, gon?)
= F(f,g) o F(m},7})
= F(f,g) o

Fmally, G is locally contractlve with factor 1/2: it suffices to see that if 7/} o f; =
7o fy and 8 0 gy = 8 o gy, then

nJlr’lloF(flvgl) Fﬂ- /7 EI)OF(flvgl)

T,

/

(

F(from! wl og)
= F(m o fu, nlogl)

F(rf o fo, 78" 0 g2)
_77;?+1IOF(f2792)

Proposition 8.2. Let G be constructed from F' as above, and let A be an object
of C. The following two conditions are equivalent.

(1) There exists an isomorphism i : F'(A, A) — A such that
ida = fit(Ae"AA o Fle,e)oi™?).

(Here fiz is the least-fixed-point operator.)
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(2) There exists a family of morphisms (7, )ne. such that A = (A, (7)) new) is
the unique fixed-point of G up to isomorphism.

Proof. (1) implies (2): Define the C-morphisms 7, : A — A by induction on n:
o = Llaa and myy = io F(my,m,) 0i~t. We must show that (A, (7, )new) is
an object of D by verifying the four requirements in the definition of D. The first
requirement is immediate by definition, the second and third requirements are easy
to show by induction, and the fourth requirement is exactly the assumption that
idy = fir(Ae€AA o F(e,e) oi'). Now let A = (A, (Tn)new). It remains to
show that G(A, A) = A; uniqueness follows from Theorem 3.1. We claim that the
isomorphism i : F(A, A) — A in C is also an isomorphism from G(A, A) to A in D,
i.e., that both i and its inverse i~' in C are uniform with respect to the families
of morphisms (74),c and (7,)new on F(A, A) and A, respectively. Clearly
Tpoi =10 7r64’A by strictness. Also,

Tpg1 00 = (10 F(mp,my)0i ) oi=1i0F(mn,m,) ziOWfﬁ

by the definitions of m,4; and Wfﬁ. So i is uniform. The proof that i~! is uniform
is completely similar. In conclusion, i : G(A, A) — A is an isomorphism in D.

(2) implies (1): Assume that i : G(A, A) — A is an isomorphism in D. Then
i : F(A,A) — A is clearly also an isomorphism in C; formally one applies the
forgetful functor D — C to ¢. Since ¢ is uniform, as are all morphisms in D, we have
that m,11 01 =140 wﬁﬁ =40 F(m,, ), and hence that m,,1 =i o0 F(m,,m,)0i" L.
By the definition of objects of D we furthermore have that mp = L4 4 and that
UnewTn = id 4. But then

fiz(AeCAA) o Fee)oi™) = |_| T = id 4 . O

new

It remains to discuss how completeness properties of C transfer to D. One can
show, using the O-category variant of Lemma 3.2 [22], that the forgetful functor from
D to C creates terminal objects and limits of w°P-chains of split epis. Alternatively,
by imposing an additional requirement on C one can show that the forgetful functor
creates all limits: for a given limit in C, the induced bijection between cones and
mediating morphisms must be an isomorphism in the category of cpos (where cones
are ordered pointwise, using the order on each hom-set). That requirement is in
particular satisfied by the usual concrete categories of cpos.

9 Discussion and related work

We now discuss the level of generality of our results and clarify what the contribution
is compared to other results in the literature.

Metric spaces vs. ultrametric spaces. In the definition of an M-category we
require that hom-sets are ultrametric spaces and not merely general metric spaces.
In most of the related work on metric-space equations that we cite there is no such
restriction; only Rutten [18] restricts to ultrametric spaces.

There are two reasons that we restrict to ultrametric spaces. The first is per-
haps mostly a matter of taste: the category of complete, general metric spaces is
not cartesian closed, only symmetric monoidal closed [15]. This complicates the
inspiration one can draw from enriched category theory. For example, van Breugel
and Warmerdam [10] consider a product of CMS-categories which is given by the
cartesian structure, and not the canonical monoidal structure, of the category CMS
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of complete metric spaces; one has to show ‘by hand’ that this gives a well-defined
CMS-category.

The main reason, however, that we restrict to ultrametric spaces is that doing
so seems to be sufficient for applications in semantics. Turi and Rutten [24, p.529]
observe:

In semantics, one usually works with these more specific structures [ul-
trametric spaces], but it is convenient to state the general theorems in
the full generality of metric spaces.

We agree that ultrametric spaces suffice, but unlike Turi and Rutten we found it
convenient not to state the results for general metric spaces. The simple reason is
that some definitions and proofs would become more complicated. More specifically,
the definition of an increasing Cauchy tower below would need to be modified in
the style of the definition of a ‘converging tower’ in America and Rutten [6]. With
that change, we expect that at least the results of Sections 3 and 4 would carry
through also for general metric spaces.

Actually, one could specialize further. All the ultrametric spaces we consider in
the applications in Section 7 have an even more special form: all non-zero distances
in those spaces are of the form 27" for some natural number n > 0. In practice,
this means that when working with those applications, and in particular in calcula-
tions, one considers the metric-space structure as given by a family of equivalence
relations =,, where  =,, y holds if and only if d(x,y) < 27™. One could perhaps
specialize even further, by requiring that these relations =,, are obtained from ‘pro-
jection’ functions [7, 12]. We did not restrict to any such structures, but found
ultrametric spaces to give simple proofs at a reasonable level of generality.

Generalized ultrametric spaces. Apart from the distinction between general
metric spaces and ultrametric spaces, there are other choices one could consider in
the definition of M-categories. First, it is likely that the restriction to non-empty
metric spaces could be removed, but that this would require unpleasant special cases
in the uniqueness and existence theorems.

Generalizing in a different direction than metric spaces, one could consider cat-
egories where the hom-sets are generalized ultrametric spaces [18]. In these spaces,
only the ultrametric inequality and the axiom d(z,x) = 0 are required: the distance
function need not be symmetric, and distinct elements can have distance 0. These
spaces are particularly nice from an (enriched) category theoretic viewpoint, since
they are exactly categories enriched over the preorder category [0, 1]°P. On the other
hand, limits in such spaces are somewhat more complicated than in ordinary metric
spaces, and some basic intuitions need to be revisited: for example, non-expansive
functions are not necessarily continuous.

A remarkable aspect of generalized ultrametric spaces is that they generalize
both metric spaces and preorders. We find this particularly interesting in light of the
comparison between M-categories and O-categories in Section 8: one could imagine
that categories enriched over (complete) generalized ultrametric spaces would allow
for a result about solving recursive equations that generalizes both our work and
the classical result of Smyth and Plotkin. We do not know whether there exists
such a common generalization and leave it as a direction for future work.

Finally, one could perhaps go even further and generalize from the preorder
category [0,1]°P to arbitrary quantales. Here the goal would be to prove results
that relate to the work of Wagner [25] in the same way that Smyth and Plotkin’s
work on O-categories relates to Scott’s classical inverse limit construction. All of
this is merely speculation, however, and quite far from the more application-oriented
goals of this paper.
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Contributions compared to related work. As mentioned in the introduction,
the idea of considering categories with metric spaces as hom-sets has been used in
earlier work [10, 19]. We now turn to a more detailed description of what is new in
our results.

First of all, while the results in Sections 4 (on locally compact subcategories)
and 8 (on relating O-categories to M-categories) are generalizations of earlier work,
we find these generalizations sufficiently far-reaching and non-trivial to be consid-
ered new in their own right.

As for the main results in Section 3 about solutions to recursive equations,
the contribution with respect to previous work consists in Lemma 3.2, Proposi-
tion 3.3, and Theorem 3.4. First, Lemma 3.2 (and its immediate consequence,
Proposition 3.3) shows a limit-colimit coincidence result for general M-categories.
Theorem 4.15 of Rutten and Turi [19] gives some, but not all of this result. That
theorem only refers to cones in a category C¥ of embedding-projection pairs*, and
does not relate these cones to limiting cones or colimiting cocones in C. In particu-
lar, the theorem does not show that an inverse limit in C can be turned into a cone
in a category of embedding-projection pairs. This argument, which is an essential
part of the construction of fixed points of functors, is later given in the concrete
case of a category of complete metric spaces only (Theorem 4.23).

Second, Theorem 3.4 is new: we do not know of any other existence theorem
about fixed points of functors for a general class of ‘metric-enriched’ categories. A
small contribution here is the identification of suitable completeness conditions on
M -categories, together with examples that illustrate their use. In particular, the
condition of having all inverse limits of split epis is needed for the prime example
of an M-category, namely CBUIt,, itself. This condition seems to be of general use
given that the hom-sets of an M-category are required to be non-empty.

Still, it is fair to say that (as one reviewer put it) the ingredients of the existence
theorem already occur in various places in the literature. Perhaps a more proper
way to evaluate our main result is to consider how the applications in Section 7
would be treated using these previous results, notably Theorem 4.25 of Rutten and
Turi [19]. Although the recursive equations in the applications can be solved in
this way, we think that the route requires sufficient extra work that it useful to
state a general existence theorem that directly applies to mixed-variance functors
on arbitrary M-categories. Most importantly, in the absence of our Lemma 3.2 it
is, as noted above, necessary to argue ‘by hand’ that inverse limits of w°P-chains in
PreCBUIt, can be turned into cones in a category of embedding-projection pairs.

10 Conclusion

We have generalized the standard solution of recursive equations over complete
ultrametric spaces [6] to the abstract setting of M-categories where, in the style of
Smyth and Plotkin [22], the focus is on the metric structure on the morphisms rather
than the objects. We have furthermore outlined an alternative existence theorem
which is, at least informally, a closer categorical analogy to Banach’s fixed-point
theorem.

We have given a general account of ‘compact’ variants of such categories, showing
that these subcategories always inherit solutions of recursive equations from the full
categories. As another application we have presented a construction that provides a
correspondence between solutions of generalized domain equations in O-categories
with solutions of equations in M-categories.

In addition, we have sketched a number of applications from denotational seman-
tics. In particular, the application in Section 7.2 requires a solution to a recursive

4We assume that the second C in the statement of that theorem should have been CE.
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equation over metric spaces with additional structure; our results provide such a
solution.

Acknowledgments We thank the anonymous referees for helpful comments and
suggestions. This research was partially funded by the grant ‘Modular Reason-
ing about Software’ from The Danish Council for Independent Research, Natural
Sciences.

References

[1]

M. Abadi and G. D. Plotkin. A per model of polymorphism and recursive types.
In J. Mitchell, editor, Proceedings of the Fifth Annual IEEE Symposium on
Logic in Computer Science, pages 355365, Philadelphia, Pennsylvania, June
1990. IEEE Computer Society Press.

A. Ahmed, D. Dreyer, and A. Rossberg. State-dependent representation inde-
pendence. In Z. Shao and B. C. Pierce, editors, Proceedings of the Thirty-Sixzth
Annual ACM Symposium on Principles of Programming Languages, pages 340—
353, Savannah, Georgia, Jan. 2009. ACM Press.

F. Alessi, P. Baldan, and G. Belle. A fixed-point theorem in a category of com-
pact metric spaces. Theoretical Computer Science, 146(18&2):311-320, 1995.

F. Alessi, P. Baldan, G. Belle, and J. J. M. M. Rutten. Solutions of func-
torial and non-functorial metric domain equations. In S. Brookes, M. Main,
A. Melton, and M. Mislove, editors, Proceedings of the 11th Conference on the
Mathematical Foundations of Programming Semantics, volume 1 of Electronic
Notes in Theoretical Computer Science, pages 1-12. Elsevier, 1995.

R. M. Amadio. Recursion over realizability structures. Information and Com-
putation, 91(1):55-85, 1991.

P. America and J. J. M. M. Rutten. Solving reflexive domain equations in a
category of complete metric spaces. Journal of Computer and System Sciences,
39(3):343-375, 1989.

C. Baier and M. E. Majster-Cederbaum. The connection between initial and
unique solutions of domain equations in the partial order and metric approach.
Formal Aspects of Computing, 9(4):425-445, 1997.

N. Benton and B. Leperchey. Relational reasoning in a nominal semantics
for storage. In P. Urzyczyn, editor, Typed Lambda Calculi and Applications,
7th International Conference, TLCA 2005, number 3461 in Lecture Notes in
Computer Science, pages 86-101, Nara, Japan, Apr. 2005. Springer.

L. Birkedal, K. Stgvring, and J. Thamsborg. Realizability semantics of para-
metric polymorphism, general references, and recursive types. In L. de Alfaro,
editor, Foundations of Software Science and Computational Structures, 12th
International Conference, FOSSACS 2009, number 5504 in Lecture Notes in
Computer Science, pages 456-470, York, United Kingdom, Mar. 2009. Springer.

F. van Breugel and J. Warmerdam. Solving domain equations in a category of
compact metric spaces. Report CS-R9424, CWI, Amsterdam, 1994.

J. W. de Bakker and J. Zucker. Processes and the denotational semantics of
concurrency. Information and Control, 54:70-120, 1982.

111



[12]

[20]

F.-J. de Vries. Projection spaces and recursive domain equations. Information
Processing Society of Japan SIG Notes, 95(114):37-38, 1995. Extended ab-
stract. Retrieved from http://ci.nii.ac.jp/Detail/detail.do?LOCALID=
ART0003278737&lang=en.

D. Dreyer, G. Neis, A. Rossberg, and L. Birkedal. A relational modal logic for
higher-order stateful ADTs. In M. V. Hermenegildo and J. Palsberg, editors,
Proceedings of the Thirty-Seventh Annual ACM Symposium on Principles of
Programming Languages, pages 185198, Madrid, Spain, 2010. ACM Press.

A. Gotsman, J. Berdine, B. Cook, N. Rinetzky, and M. Sagiv. Local reasoning
for storable locks and threads. In Z. Shao, editor, Programming Languages and
Systems, 5th Asian Symposium, APLAS 2007, number 4807 in Lecture Notes
in Computer Science, pages 19-37, Singapore, Nov. 2007. Springer.

F. W. Lawvere. Metric spaces, generalized logic, and closed categories. In
Rendiconti del Seminario Matematico e Fisico di Milano, XLIII. Tipografia
Fusi, Pavia, 1973.

S. Mac Lane. Categories for the Working Mathematician, Second Edition,
volume 5 of Graduate Texts in Mathematics. Springer, 1998.

A. M. Pitts. Relational properties of domains. Information and Computation,
127:66-90, 1996.

J. J. M. M. Rutten. Elements of generalized ultrametric domain theory. The-
oretical Computer Science, 170(1-2):349-381, 1996.

J. J. M. M. Rutten and D. Turi. On the foundation of final semantic