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Abstract

In this dissertation we study applications and semantics of guarded recur-
sion, which is a method for ensuring that self-referential descriptions of ob-
jects define a unique object.

The first two chapters are devoted to applications. We use guarded re-
cursion, first in the form of explicit step-indexing and then in the form of
the internal language of particular sheaf topos, to construct logical relations
for reasoning about contextual approximation of probabilistic and nonde-
terministic programs. These logical relations are sound and complete and
useful for showing a range of example equivalences.

In the third chapter we study a simply typed calculus with additional
“later” and “constant” modalities and a guarded fixed-point combinator.
These are used for encoding and working with guarded recursive and coin-
ductive types in a modular way. We develop a normalising operational se-
mantics, provide an adequate denotational model and a logic for reasoning
about program equivalence.

In the last three chapters we study syntax and semantics of a dependent
type theory with a family of later modalities indexed by the set of clocks, and
clock quantifiers. In the fourth and fifth chapters we provide two model con-
structions, one using a family of presheaf categories and one using a gener-
alisation of the category of partial equilogical spaces. These model construc-
tions are used to design the rules and prove consistency of the type theory
presented in the last chapter.

The type theory is a version of polymorphic dependent type theory with
one kind, the kind of clocks, and a family of universes. The modalities and
clock quantifiers are used for defining coinductive types and functions on
them. The type theory is interesting because the guardedness condition, en-
suring that (co)recursive definitions define unique objects, is expressed us-
ing types, in contrast to a syntactic guardedness condition. This allows for a
modular treatment of (co)recursive definitions.






Resumeé

I denne afthandling studerer vi anvendelser og semantik for “guarded” rekur-
sion, en metode, der kan bruges til at sikre at selvrefererende beskrivelser af
object definerer et unikt objekt.

De forste to kapitler er helliget anvendelser. We bruger “guarded” re-
kursion, ferst i form af eksplicit “step-indexing” og senere i form af det in-
terne sprog for bestemte “sheaf toposes”, til at konstruere logiske relatio-
ner til at reesonnere om kontekstuel akvivalens af probabilistiske og ikke-
deterministiske programmer. Disse logiske relationer er sunde og komplette
og nyttige til at vise program skvivalenser.

I det tredie kapitel studerer vi en simpelt-typet lambdakalkyle med nye
“later” og “constant” modaliteter samt en “guarded” fixpunktsoperator. Dis-
se bruges til at indkode og arbejde med “guarded” rekursive og coinduktive
typer pd en modular facon. We prasenterer en normaliserende operationel
semantik, giver en adekvat denotational model og en loik til at reeonnere om
program avkivalens.

I de sidste tre kapitler studerer vi syntax og semantik for afhengig ty-
peteori med en familie af “later” modaliteter, indekseret over en mende af
ure og ure kvantorer. I det fjerde og femte kapitel praesenterer vi to model
konstruktioner, en via en familie af “presheaf” kategorier og en via en gene-
ralisering af “equilogical spaces”. Disse model konstruktioner anvendes til
at designe typeregler og bevise konsistens af typeteorien preesenteret i det
sidste kapitel.

Typeteorien er en version af polymorf aftheengig typeteorie med en “kind”
af ure og en familie af universer. Modaliteterne og kvantorerne for ure bru-
ges til at definere koinduktive typer og funktioner mellem disse. Typeteo-
rien er interessant fordi betingelsen for at en definition er korrekt “guar-
ded” udtrykkes via typer, i modsatning til via syntaktiske begreensninger
pd programmer i typeteorien. Dette muligger en modular beskrivelse af ko-
rekursive definitioner.
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Overview






Chapter 1

Introduction

This PhD dissertation is a collection of six papers dealing with applications
and semantics of guarded recursion in its various forms. In this introduc-
tion we hope to describe the background and motivation for considering the
problems addressed in the included papers.

We aim to explain the applications of guarded recursion first and then pro-
vide some mathematical motivation, deriving the basics of guarded recursion
using some well-known mathematical facts. This derivation will not be en-
tirely correct in details, and, indeed, there will be some amount of hand-
waving, but hopefully the intuitions provided will demystify the nature of
guarded recursion as understood in this dissertation and make it easier to
understand the ideas behind the technical details considered in the papers.

In this dissertation, by guarded recursion we mean self-referential con-
structions where the self-reference is somehow guarded by a “later” modality,
either a modality on types or a modality on propositions. This is in contrast
to other kinds of “guarded recursion” [34] which are syntactic restrictions
on the forms of definitions allowed. This latter kind of guarded recursion
can, for instance, be found in some proof assistant based on type theory, like
Coq [68].

In Section 1.4 of this introduction we provide a more detailed discus-
sion of contributions of individual papers contained in the dissertation. In
Section 1.5 we discuss some problems left open in the included articles and
possible directions for future work.

We will discuss some related work throughout the introduction, but more
detailed comparisons are left to individual chapters. Section 1.7 defines some
common notations used throughout the dissertation.

1.1 Background

In recent years considerable progress has been made on reasoning about pro-
gramming languages containing a wide array of features: local and higher-
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Introduction

order store, recursive types, impredicative polymorphism, nondeterminism,
etc. [5, 39, 40, 55, 91, 93] Different methods have been developed. Rang-
ing from relational methods for reasoning about contextual approximation
and equivalence in these languages to higher-order separation logics for rea-
soning about safety properties of single programs. These methods now al-
low very general specifications and proofs of correctness of sophisticated li-
braries that utilise a combination of local higher-order state, shared higher-
order state and concurrency. Such libraries are commonly used to efficiently
implement other, more high-level, constructs and libraries.

A central technical device behind a lot of these advances is step-indexing,
in various forms, from very elementary presentations to the use of inter-
nal languages of particular toposes. Viewed in the most pragmatic way,
step-indexing simply means adding natural numbers (the steps') at different
places in definitions in order to get a handle on recursion. These logical steps
are not arbitrary, but they need to be connected to some notion of a “step”
related to the behaviour of programs in the programming language being
modelled. For instance, the logical steps could be related to the number of
concrete steps in the operational semantics it takes a program to terminate.

The simplest use of step-indexing is when we consider a language with
general recursive types (this means recursive types where the type variable
can appear positively, negatively or both). Let us write ua.7 for the recursive
type where «a is the recursion variable and let fold and unfold be the intro-
duction and elimination forms. If the reader is unfamiliar with these Pierce
[75] provides a good introduction.

Suppose we wish to construct an operationally based logical relation in
the style of Pitts [78] for proving contextual equivalence of programs. Then
the first idea would be to define the interpretation of the recursive type pa.t
as

[na.zl, = {(foldv, foldv’) | (v,v') € [[T[yO(.T/O(]]](P}

which states that two values are related at type pa.t if they are canonical
forms of this type and the values v and v’ are related at the unfolded type.
Here ¢ is the valuation, providing relations for the free type variables of
pa.t. This is arguably the most intuitive definition. The problem, however, is
that the unfolded type is (in general) bigger than the original type, and so we
cannot appeal to induction on the size of the type to ensure that the logical
relation is well-defined. Since the type variable a can appear positively or
negatively or both we cannot appeal to Knaster-Tarski’s fixed point theorem
in the interpretation either.

The solution using step-indexing is to add an additional component to
the interpretation of the type, which intuitively indicates for how many steps

ISometimes these steps are called abstract, or logical steps to differentiate them from
concrete steps which are given by the small-step operational semantics.



1.1. Background

the values are related. Thus the definition becomes (approximately)
[pe.t], = {(n,foldv, foldv') | n>0— (n—1,v,v") €[t [ya.r/a]]]q)}. (1.1)

It can be shown that this definition is well-formed by well-founded in-
duction on the lexicographic order of the index n and the size of the type: the
unfolded type gets bigger, but the step-index gets smaller. Amal Ahmed (5,
6] provides a good example of this form of use of step-indexing, explain-
ing constructions in detail. In this dissertation, Chapter 2 contains an ap-
plication of this technique to construct a logical relation for a probabilistic
language.

A more intricate example of the use of step-indexing arises if we wish to
construct a logical relation for a language with higher-order local store. In
this case we get a so-called type-world circularity as observed by Ahmed [4].

The idea is that now a type is not only a relation on values, but because
of local state it needs to be indexed by a world as well. The world can be
thought of as the “abstract” state of the program. It specifies in particular
the set of locations which are currently allocated and some information about
the values that can be stored in those locations. If we are building a logical
relation for reasoning about contextual equivalence then the world should
specify for each valid location the equality on the values stored there. But
the equality on the values stored there also depends on the current world,
since locations can store functions or other references!

So, simplifying a bit, we have the following two desiderata where Val is
the set of values of the language and Loc is some countably infinite set of
“locations” (not necessarily physical locations).

T =W —non P(Val x Val) Lo
W =Loc —g, 7 (1.2)
The monotonicity requirement in the first equation is needed, intuitively, be-
cause if two values are related now, allocating some more references should
not invalidate this. If we only have first-order state then this recursive defini-
tion of types and worlds is unnecessary since only, e.g., integers can be stored
and so the relations stored in the world need not depend on the world, as they
have to if we have the ability to store other locations or whole functions.
As an alternative to solving (1.2) we could just solve the following recur-
sive equation

7 = (Loc —fn 7) —mon P (Val x Val) (1.3)

and then define the worlds W to be as required in (1.3). It is an exercise in set
theory to show that sets 7 and W satisfying either (1.2) or (1.3) do not exist.
The reason is that there are too many functions between sets, and taking only
the monotone ones does not weed out enough of them. Thus we either need
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a different approach to modelling or we need to modify the equation in order
to solve it. Step-indexing has been used successfully in doing the latter.

One classical approach [90] to solving such domain equations is offered
by domain theory. In such a setup 7 and W would be some kinds of do-
mains, e.g., they could be w-cpo’s. This approach has not been used in recent
applications because when using 7 to define, e.g., a logical relation, the in-
tuitively correct interpretation of, e.g., the reference type, would not give a
Scott continuous function. This of course does not necessarily mean that it is
not possible to use classical domain theory to get a useful solution and thus
a useful model, but it does appear that the kind of approximation one gets
by using domains is not the correct one.

1.2 Abstracting Step-indexing

The approach which works quite well in connection with step-indexing is to
solve the equation in some category of metric spaces. Let us see why metric
spaces appear naturally in connection with step-indexing. Recall above that
with step-indexed logical relations, a type is interpreted not as a relation
on values (or terms), but rather as an indexed relation, thus (ignoring the
valuation ¢ for the moment)

[t] € P(IN x Val x Val).

More precisely, though, because the step-indices are connected to the be-
haviour of the program, it makes sense to require “monotonicity”, which is
the property that if (n,vy,v,) € [t] then also (m,v{,v;) € [7] for all m < n.
Intuitively, this makes sense because (1, v{,v,) € [t] should mean that v; and
v, are indistinguishable at type 7 if we only have n computation steps avail-
able for observing the behaviour of v; and v,. What computation steps and
what behaviours are depends, of course, on the particular application. In the
simplest case a computation step simply means one step in the operational
semantics and observation can be termination.

Thus we can refine the interpretation [[7]] of a type to be an element of
the set

P! (N x Val x Val)

which is the set of those A satisfying the “monotonicity” property described
above.

The set P (N x Val x Val) comes equipped with a natural metric d which
measures for how many steps the sets agree:

d(X, Y) = inf{2_” | V] < n,Vvl,vz (S Val, (j,vl,l/z) eX e (j,vl,vz) € Y}

Or in words, X and Y are at a distance 27" if they have the same elements
with indices j < n. It is an elementary exercise to show that 4 is a metric
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which makes P! (N x Val x Val) into a metric space, which is easily seen to
be complete. The reader will have, of course, observed, that there is nothing
particular about the set ValxVal with regards to the metric. It can be replaced
by any other set X and P (N x X) is still a complete metric space.

We have seen that changing the codomain in the equation (1.3) allows us
to equip it with a non-trivial complete metric. However to stay inside the
(suitable) category of metric spaces we need to also equip the whole right-
hand side with a structure of a metric space.

Let us fix a sufficiently large category of complete metric spaces. Notice
that the metric space P (N x Val x Val) has the distance function of a very
restricted form. All of its non-zero distances are of the form 27". Such metric
spaces are called bisected.

Further, note that it satisfies a stronger version of the triangle inequality.
Such spaces are sufficiently important to have a name.

Definition 1.2.1. A metric space (M, d) is an ultrametric space if d satisfies
the strong triangle inequality: for all x,y,ze M,

d(x,z) <max{d(x,v),d(v,z)}.
In this case, the metric d is called an ultrametric. ¢

Let us call the category of complete bisected ultrametric spaces and non-
expansive functions between them N1. This category is complete and carte-
sian closed [20]. The exponential of M; and M, consists of non-expansive
functions equipped with the supremum metric. Recall that the function
f : (My,dy) — (M,,d,) between metric spaces is non-expansive if it does
not increase distances: for any two x,y € M;

dy(f(x), f()) < di(x,9).

For any 7 € M the set Loc —g, 7 is a complete metric space for a very
natural metric: the distance between two finite maps f and f’ is either 1 if
their domains differ or the maximum of the distances of f({) and f’(¢) for ¢
in the domain of f and f".

The equation thus becomes

T = (Loc —>¢in T) —mon, ne. P* (N x Val x Val). (1.4)

where “n.e.” is the set of non-expansive functions. If we did not use non-
expansive functions we would not have achieved much since the equation
would be the same as (1.3). The main insight when solving domain equa-
tions with mixed variance as in Smyth and Plotkin [90] or in categories of
metric spaces is to cut down the number of functions to consider. The diffi-
cult part is to cut down the number of functions sufficiently for the solution
to exist while still retaining sufficiently many of them for the application
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at hand. In domain theory this is achieved by considering only continuous
functions. In categories of metric spaces this is achieved by considering the
non-expansive functions, since this is the natural choice of morphisms be-
tween metric spaces.

With regards to step-indexing, non-expansive functions are sufficient be-
cause if we only have n steps available for observing the behaviour and we
wish to know whether two values are related, then it suffices to know the
invariant (the equality of values stored in the heap) for n steps as well.

Thus if we could solve equation (1.4) we would be well on the way of con-
structing models of languages with higher-order state. Unfortunately, this
equation does not appear to have a solution. The existence of a solution to a
recursive domain equation in categories of metric spaces typically relies on
the functor which describes the equation being locally contractive, whereas
the right-hand side of (1.4) only gives rise to a locally non-expansive functor.
We explain now what this means.

Definition 1.2.2. Let F : NT°P x N1 — N1 be a functor. The functor F is locally
non-expansive if for any X,Y,Z,WeMand any f,f": X - Yand g, ¢': Z —
W we have

d(F(f,8),F(f',8") < max{d(f,f’),d(g,§")}.

The functor F is locally contractive if for any X,Y,Z, W e NMland any f, f’:
X —->Yandgg' :Z— W we have

A(F(f, 9 F(f',8) < 5 -max[d(f, £, d(g,8). ¢

Remark 1.2.3. In categorical terms, locally non-expansive functors are pre-
cisely the functors enriched in N, since their defining property means pre-
cisely that the action of F on morphisms is a morphism in 1. ¢

Example 1.2.4. There is the functor % - —: it maps the metric space (X,dy) to
the metric space (X,% -dx) where (% ~dx)(x,p) = % -(x,9). On morphisms it
acts as the identity. ¢

It is an easy fact that composing any locally non-expansive functor with
the functor % -— will give a locally contractive functor.

The reason locally contractive functors are interesting is that they have
fixed points in the appropriate sense.

Theorem 1.2.5 ([7, 20]). Let F : M x M — M be a locally contractive functor
such that F(1,1) is inhabited. Then there exists an inhabited metric space X € M
such that F(X,X) = X. If moreover F(0,0) is inhabited then the solution is unique
up to isomorphism in M. O
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Thus, coming back to the equation (1.4), if we modify it by composing
the right-hand side with the functor % - — to get the equation

1
= E.((Loc —fin 7) —mon, n.e. P* (N x Val x Val)) (1.5)
we can use Theorem 1.2.5 to show that it has a unique (up to isomorphism)

solution.

Remark 1.2.6. Alternatively, we could have chosen to precompose with the
functor % to get the equation

1
T = (Loc Stn 5 -T) —mon, e, P¥(IN x Val x Val). (1.6)

which also has a solution. The solutions 7; and 7, to (1.5) and (1.6) are not
isomorphic, however the choice of which one to use in applications seems to
be largely a matter of convenience, rather than expressiveness, which sug-
gests a degree of arbitrariness in composing with % Moreover, uniqueness
of the solution is not needed in the applications to models of type systems
and logics. In fact, the only property that is needed is that 7 is a solution and
even this can often be relaxed to the right-hand side of (1.5) being a retract
of T. ¢

The crucial result underlying the construction in Theorem 1.2.5 is the
basic result about metric spaces and contractive functions, the Banach’s fixed
point theorem.

Theorem 1.2.7 (Banach’s fixed point theorem). Let (M, d) be an inhabited and
complete metric space and f : (M,d) — (M, d) a function. If there exists a con-
stant ¢ <1 such that for all x,y € M

d(f(x),f(y)) <c-d(x,)

then f has a unique fixed point. ¢

Using the solution Having the solution 7 to either of equations (1.5) or
(1.6) is only the first step. We need to be able to use it. Because 7 is a
solution we have by Theorem 1.2.5 in particular that 7 is a complete and
inhabited metric space. Hence Banach’s fixed point theorem applies to 7.
This can be utilised when defining the logical relation. Recall that this
normally proceeds by induction on types, except that in case of recursive
types we cannot do this, since the unfolded type is bigger. However, by its
very definition recursive types are fixed points of their defining shapes. That
is, consider the type of lists of integers which satisfies [Z] = 1 + Z x [Z]. By
definition then [Z] is a fixed point of the operation & - 1+ Z x a on syn-
tactic types. Thus in the semantics we should interpret the recursive types
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in an analogous way. Since 7 is an inhabited and complete metric space it
is most natural to try to use Banach’s fixed point theorem to construct the
interpretation of types. And indeed this works out well and this is one way
of understanding what the the construction (1.1) achieves by “decreasing the
step-index”. For more details see Chapter 2 where Banach’s fixed point the-
orem is used in just this way.

An alternative approach Some researchers, e.g. [93], have also used an al-
ternative approach when constructing step-indexed logical relations for lan-
guages with higher-order state without using the machinery of metric spaces.
This approach involves simultaneously defining worlds and the interpreta-
tion of types by carefully tracking the step-indices to ensure that the defini-
tion is well-founded.

This is doable, but since the construction is monolithic and relies cru-
cially on getting the step-indexing exactly right, it is very difficult to make
sure that what was defined is indeed correct. Using metric spaces and sep-
arating the construction of “semantic types” and worlds from the definition
of the logical relation provides a more modular construction which is easier
to understand and, more importantly, it is easier to argue that it is correct.

Generalising the metric spaces

Ultrametric spaces behave quite differently from metric spaces one encoun-
ters, e.g., in analysis, such as the space of reals. In particular, in ultrametric
spaces, given a closed ball B, every point x € B is its centre and given two
closed balls By and B,, they are either the same or they are disjoint. This
means that given any n € IN, closed balls of radius 27" partition the space, or
equivalently, give rise to an equivalence relation =, defined as

x=,ypodxy) <27

or, equivalently, x =, y if x and p are elements of the same 27"-ball. Obvi-
ously for any n € IN the relation =, is included in the relation =,,. Finally,
if x =, y for all n then we have that d(x,y) = 0 which means x = y.

With these relations we can decompose every bisected ultrametric space
(M, d) into a sequence of its approximations X(n), for n € IN. That is, define
X(n) to be the set of closed balls of M of radius 27". Further, for each n there
is the function r)X : X(n+1) — X(n) which takes an 27"~ !-ball to the uniquely
determined 27" ball containing it. Such a ball exists precisely because every
point x of a closed ball is its centre.

Thus, for each bisected metric space we have a presheaf on w, the first
infinite ordinal. Moreover, if f : (M;,d;) — (M,,d,) is a non-expansive func-
tion and X and Y are presheaves assigned to M; and M, respectively then
the function f gives for each n a function f, : X(n) — Y(n) which maps a
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ball with centre x to the ball with centre f(x). Because f is non-expansive
this is well-defined, that is, independent of which x was chosen as the centre.
Moreover, it is easy to see that we have

Y X
n O fus1 = fuo Ty

for all n, which means that f gives rise to a natural transformation X — Y.
Thus, we have a functor, call it F, from the category N to the category of
presheaves over w, the first infinite ordinal.
Conversely, any presheaf X over w gives rise to a bisected ultrametric
space (M, d) in the following way. Take the underlying set M to be the set of
global elements Hom (1, X) and define the distance d(x,y) to be

d(x,y) = inf{2_” | Vj<nxj(*)= yj(*)}

where * is the unique element of 1(n). The pair (M, d) can easily be seen to
be an ultrametric space and moreover, it is easy to see that it is complete.
A precise statement is the following.

Theorem 1.2.8 ([22]). The functor F is full and faithful. It has a right adjoint
whose action on objects is described above. In brief, the category of complete
bisected ultrametric spaces is co-reflective in the category PSh (w).

Moreover, the inclusion F restricts to an equivalence between the category
of complete bisected ultrametric spaces and the full subcategory of PSh(w) on
presheaves X whose restrictions are surjective functions. O

This result allows us to embed the metric spaces of interest into a larger
universe of presheaves on w. One reason this is useful is that PSh(w) has
more structure. It is a topos. Toposes are interesting because they have a
very rich internal language [59, 66], and this internal language can be used, in
our case, to construct step-indexed models where the indices do not appear
explicitly. Instead, one uses a single modality in order to “decrease the step”.
This is the 1>, called “later” or “delay”, modality.

The internal language of PSh (w) was originally used by Birkedal et al.
[22] to construct a step-indexed predicate showing type safety of programs
written in an ML-like language with higher-order state, but the realisation
that step-indexing is intimately related to modal logic goes back further [9].
In Chapter 3 we use the internal language of the topos of sheaves over wy,
the first uncountable ordinal, equipped with the Alexandrov topology to con-
struct a step-indexed logical relation for reasoning about must equivalence,
without working with steps explicitly.

Let us come back to our two running examples and see how working in
the internal language is helpful. There is a functor » : PSh (w) — PSh(w). It
maps the object

X(0) < X(1) < X(2) <
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of PSh (w) to the object

1«

X(0) ¢ X(1) < X(2) <

!

of PSh (w) where ! is the unique function from X(0) to the singleton set 1.
Recall the equivalence in Theorem 1.2.8. If all of X’s restriction maps are
surjective and X(0) is inhabited, then also all of » X’s restriction maps are
surjective. Thus » gives rise, through the equivalence in Theorem 1.2.8, to a
functor on the category of inhabited complete bisected ultrametric spaces.
What is this functor? It is, up to isomorphism, the functor 5-— mentioned

above, which leaves the underlying set the same, but multiplies distances by
1

z.
Now recall the “typical” domain equation in metric spaces

T = (Loc —fin 7) —mon, ne. pl (IN x Val x Val).

First, the metric space P! (IN x Val x Val) is isomorphic to the space of
functions Val x Val — P! (IN) and P! (N), as a metric space, is precisely the
set of global elements of the subobject classifier Q) of the topos PSh(w). The
morphism in PSh (w) are inherently the non-expansive functions. Hence we
can express the equation as the following equation in the topos PSh (w).

T = (Loc —g, 7) —mon (Val x Val) — Q).

Further, the object (Val x Val) — Q is the internal power set, so we have the
equation
7T = (Loc —fn 7) —=mon P (Val x Val) (1.7)

where —,,,, is used to denote the subobject of the exponential consisting of
monotone functions, as expressed in the internal language of PSh(w). To
summarise, the equation as stated in PSh (w) looks simpler, since there is no
more explicit indexing and the codomain of the equation is just the (internal)
set of relations on values.

Again, we cannot expect to solve (1.7) as such. However solutions ex-
ist [22] for suitably guarded equations, which is a condition completely anal-
ogous to the functor defining the equation being locally contractive. In brief,
the equation

7 = (Loc =g, »7 ) > mon P (Val x Val) (1.8)

has a unique (up to isomorphism) solution.

One of the benefits in solving the equation in PSh (w) is that we can keep
working internally. And internally elements of P (Val x Val) are simply rela-
tions on values. Indexing is not visible anymore. Hiding the indexing makes
a lot of the definitions more straightforward and more familiar. The price to
pay is that we must now use the > modality at certain places and that we are
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less flexible since we cannot manipulate the indices directly and all the con-
structions we do must make sense as objects of PSh(w). An example of this
appears in Chapter 3 where we must use a “stratified” divergence predicate
instead of arguably more natural stratified termination predicate, which is
what is used in previous work. The reason is that the stratified termination
predicate is not a predicate in the internal logic of the topos Sh (w;).

This modality > is a modality on propositions, that is, subobjects, as op-
posed to » which is an operation on fypes. Now propositions in the internal
language of PSh (w) are, intuitively, also indexed. That is, whether they hold
or not depends on the current step-index. Intuitively, if p is a proposition,
>>p holds for n + 1 steps if p holds for n steps, and >p also holds when there
are no more steps available.

This modality allows us to state an internal version of Banach’s fixed point
theorem which can then be used, for instance, to construct the logical rela-
tion.

Definition 1.2.9 ([22]). Internally, a function f : X — Y is contractive if the
following formula holds

Vx,x": X, >(x =x") > f(x) = f(x)). ¢

For internally contractive functions we have the following internal Ba-
nach’s fixed point theorem.

Theorem 1.2.10 ([22]). Internally, if f : X — X is contractive and X is inhabited
then f has a unique fixed point. ¢

Note that this holds even if X’s restrictions are not surjective in which case
Theorem 1.2.10 is simply the original Banach’s fixed point theorem stated in
different terms.

Remark 1.2.11. There is also a version of “Banach’s fixed point theorem”
expressible using the », which we will describe in Section 1.3 below. This
states that any morphism f : X — X that factors through » X has a unique
fixed point, which is a global element u : 1 — X satisfying f ou = u.

That version of the Banach’s fixed point theorem is useful when work-
ing with terms, and is used extensively in Chapters 4 and 7. In contrast,
Theorem 1.2.10 is useful also when working with relations in the internal
higher-order logic.

These two theorems are intimately related, of course, and in higher-order
logic relations are just terms of an appropriate type. The difference however
is that higher-order logic is a much more expressive language than simple
type theory, which is the language for working with terms.

For a more thorough description of the relationship between the two in-
ternal fixed-point theorems we refer to Birkedal et al. [22]. ¢
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With these concepts, the interpretation of the recursive type pa.7 can be
defined to be the unique fixed point of the function mapping the relation R
on values to the relation

{(foldv, foldv)

> ((v’ v/) € [[T]](p,aHR)}

which is easily seen to be contractive according to Definition 1.2.9. In Chap-
ter 3 we use essentially this fixed point theorem, but modified slightly since
we are working in the topos of sheaves over w;.

Thus, to conclude this section, step-indexing is an important tool, how-
ever explicit indexing quickly becomes tedious and hard to manage. Working
in the internal language of a topos like PSh (w), or in the internal language of
related hyperdoctrines, as done by Jung et al. [55], the construction of step-
indexed logical relations and logics can be somewhat simplified by hiding
the indexing and using the > and » modalities.

Of course every topos is also a model of extensional dependent type the-
ory [51, Chapter 10], and so we could also use this as an internal language,
i.e., as a language for describing objects and morphisms. Because we are
working with a particular model, namely the topos PSh (w), we can extend
the type theory with additional modalities. In connection with this, we come
to the second part of the introduction and, indeed, the second part of the
dissertation.

1.3 Guarded Recursion and Coinductive Types

Proof assistants based on dependent type theory such as Coq [68] do have
support for working with coinductive types. However coinductive types
present inherent difficulties. Chief among these is that inhabitants of coin-
ductive types are inherently infinite objects which need to be represented
and manipulated in a finitary way and ensuring that recursive equations de-
scribing elements of coinductive types have unique, or at least principled, so-
lutions is a difficult problem. It is hoped that an approach based on guarded
recursion could be used for working with coinductive types, however there
are still many questions about its practicality. But let us not get ahead of
ourselves.

Semantically, coinductive types are final coalgebras of suitable functors
describing their shape. From this?> we get a definition principle for defining
functions whose codomains are coinductive types. The simplest example of a
coinductive type is the type of streams® (say, streams of integers). The shape

2For defining elements it would suffice if they were only weakly final coalgebras and in-
deed, in the type theory of Coq coinductive types can only be proved to be weakly final.

3 Although the type of streams is perhaps too simple. Coinductive types involving the
sum type are somewhat more troublesome, but the example of streams is less messy.
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of streams of integers is described by the functor S
S(X)=ZxX.

Let s : [Z] — S([Z]) be its final coalgebra. Recall that being a final coalge-
bra means that for any morphism ¢ : X — $(X) there is a unique morphism
unfold ¢ : X — [Z] which makes the following diagram commute.

unfold ¢

X 2]

S(X) S(unfold @) S([Z])

This works well for a large class of functions one wishes to define, however
it is not modular in the following sense.

Suppose we have defined the map function on streams, which can easily
be done using the universal property described above, and we wish to use
this function to define the stream nats containing all the natural numbers.
In a lazy language such as Haskell this can easily be done, and the resulting
program has correct operational behaviour, as

nats = 0 : map succ nats (1.9)

where succ is the successor function and : is “cons”, the stream constructor.

However using just the universal property we cannot define nats directly.
We can only define constant streams directly. By directly we mean to define
an algebra map ¢ such that unfold ¢ : 1 — [Z] maps the unique element of
1 to the stream of natural numbers.

Of course, we can define a more general function intsfrom which takes as
argument an integer n € Z and produces the stream of integers starting at n.
Then nats = intsfrom 0. However when defining intsfrom we are essentially
also defining a very special case of the map function at the same time. In this
sense, definitions using just the universal property are not modular.

The definition principle for coinductive types in, for instance, Coq, is
somewhat different from using the final coalgebra property. However it has
similar limitations and in particular it does not accept (1.9) as a valid defi-
nition because it violates the guardedness condition. This is a syntactic condi-
tion which is quite elaborate, but it one of its requirements is that the valid
self-references in a coinductive definition must appear immediately under a
constructor. The right-hand side of (1.9) clearly violates this since the re-
cursive occurrence of nats does not appear immediately beneath the stream
constructor :, but rather is first passed to the function map.

There are good reasons for this guardedness check. The reason why the
definition (1.9) is good is that the function map is well-behaved. For instance
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if we replaced map succ nats by tail nats on the right-hand side of (1.9) the
definition would not be good, which is to say there would be infinitely many
streams satisfying the equation (these would be all the streams starting with
0). What is lacking is a way to distinguish good and bad functions based
on types alone. Guarded recursion achieves just that. It enriches the type
system which then allows us to express when a function can be used in a
recursive definition.

Recall the discussion above in Section 1.2 which related the use of » and
> modalities to metric spaces. Let us see why coinductive types are inti-
mately related to complete metric spaces.

Let F : Set — Set be a functor that preserves w°P limits. There are many
such functors. In particular all the polynomial functors (in general, not only
finitary ones) satisfy this property. Recall that in such a case the functor F
has a final coalgebra and its carrier is the limit of the following chain.

2 3
F(1) 0 prqy U p3gy S (1.10)

Call this carrier vF. Recall the construction of limits in Set. It gives us the
following concrete description of vF as a set of compatible sequences.

VE = {{Xn)pen | V11,20 € (1) A F"(1)(X11) = X,)

Sets of sequences can be equipped with a very natural metric based on how
far the sequences agree. Define a metric dr on vF as

dF ({xn}nEIN'{yTl}nEIN) = inf{sz | V] < k’xj = y]}

It is easy to see that the metric dp makes vF into a bisected metric space
which is also complete. So perhaps we could use Banach’s fixed point theorem
to define elements of coinductive types.

Let us see that this works on an example. Take the functor $(X) = Z x X
describing the shape of streams of integers. A simple calculation shows that
the set v$ is the set of streams of integers and the metric dp compares how
far the streams agree:

dp(xs,ys) = inf{2_k | Vj<k,xsj= ysj}.

What is a non-expansive function v$ — vS$? A simple calculation shows
that these are precisely the functions f, such that for any stream xs, the n-
th element of f(xs) only depends on the elements xs; for j < n. There are
plenty of such functions. For instance for any f : Z — Z the function map f
is non-expansive, but note that for instance the tail function tail is not non-
expansive.
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Remark 1.3.1. Non-expansive functions in this context are often also called
causal functions which makes sense if we think of streams as time-indexed
collections of elements. At time ¢, we have only the first element available, at
time t; > t( the first and second element and so on. Causality then means that
output at time t,, does not depend on the input which will only be available
in the future, say at time f,,, . ¢

What is a contractive function v$ — v$? Recall from Section 1.2 that
these are precisely the functions that factor through % -v$ so we might as
well ask what are the functions

1
5'1/5—)1/5.

A simple calculation shows that such functions are precisely the functions f
such that for any stream xs, the n-th element of f(xs) depends only on the
elements xs; for j <n. Note the strictly less than relation.

With these concepts we can explain why (1.9) is a good definition of the
stream of natural numbers. The equation (1.9) defines a function v$ — vS
which is a composition of functions map succ and the function 0 : —. The
function map succ is non-expansive as explained above, and the function
0 : — is contractive. Hence their composition is a contractive function on vS.
Since v$ is clearly inhabited we can use Banach’s fixed point theorem to show
that there exists a unique stream satisfying equation (1.9).

In contrast, if we replace map succ with the function tail in the right-
hand side of (1.9) then the composition of 0 : — and tail would only be non-
expansive, but not contractive. Non expansive functions in general do not
have fixed points, and even if they do, the fixed points are not necessarily
unique, as we can clearly see on this example.

To summarise, a recursive definition of a stream xs as

xs = @(xs)

will be good if ¢ is contractive.*

Thus what we need in our type system is to be able to express when a
function is contractive. But recall that if M is a bisected metric space, then
contractive functions from M to M are precisely the non-expansive functions
from % - M to M. And the functor % - —is closely related to the » modality of
PSh (w), except that » is better behaved on empty spaces.

As we discussed in Section 1.2 bisected complete ultrametric spaces live
as a full subcategory in the topos PSh(w) and coincidentally the diagram
(1.10) defining the carrier of the final coalgebra of F is an object of PSh(w).
In fact, for a large class of functors F we can construct the diagram (1.10), as

4This is not an if and only if. In general there are functions which are not contractive but
still have unique fixed points.
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an object of PSh (w), by using the » modality of PSh (w). This is best seen on
an example, so we shall do just that.

Suppose F : Set — Set is the functor F(X) = Z x X describing the shape
of streams. We can define an analogous functor F’ : PSh(w) — PSh(w) as
F'(X) = A(Z) x X where A : Set — PSh(w) is the constant presheaf functor.
Finally, let G = F’o ». This functor has a unique (up to isomorphism) fixed
point, so let us see what it is. We compute

G(n)=z"™!

We can thus see that G is isomorphic to the diagram (1.10). Indeed, this
holds in general for any polynomial functor F : Set — Set. Any such functor
can be lifted to a functor F”: PSh (w) — PSh (w) and after precomposing with
» we get the diagram (1.10) as the unique fixed point of the resulting functor
in PSh (w).

This is interesting because in PSh (w) for each X and each f : X — X that
factors through » X there is a unique global element u : 1 — X such that
fou=u,i.e., f has a unique fixed point. In fact more holds. For each X there
is a morphism nextX : X — » X. We then have that for any object X of PSh (w)
a morphism fix* of type (» X — X) — X satisfying for all f : » X — X the
equality

fix* f = f (next(fix" f)).

This fixX is precisely what we need. It takes a contractive function and pro-
duces its fixed point. Thus we can model the “guarded” fixed point combi-
nator.

Compared to, say, the fixed-point combinator of PCF, which has the type
(A — A) — A the guarded fixed point combinator cannot be used to vacu-
ously construct inhabitants of types. For instance, there is no term of type
» 0 — 0 where 0 is the initial object in PSh(w). Observe as well that now
we have guaranteed existence of fixed points purely based on types. There
are no more side-conditions, like the type X being inhabited, which are nec-
essary if we are working with metric spaces. This is because the modality »
on PSh (w) is better behaved on the initial object as the functor % -—1is on the
initial object of the category of bisected complete ultrametric spaces. Though
these two are equivalent on inhabited objects as explained in the preceding
sections.
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However by adding the » modality and the fixed-point combinator fix
we have introduced new types and terms. Thus we also need a new equa-
tional theory and possibly some more auxiliary constructs. This is one of the
problems addressed in Chapters 4 and 7.

Generalising guarded recursion

The use of a guarded fixed point combinator to get some benefits of general
recursion, but still disallowing vacuous non-termination, is due to Nakano
[72] who added such a fixed point combinator to the simply typed calculus
and proved normalisation of the calculus.

As above, the fixed-point combinator in this calculus is a term of type

>»A>A)—> A

and one way to think of it is that it is reflecting Banach’s fixed point theorem
in a type system. In fact, Birkedal et al. [19] constructed a model of the cal-
culus using the category of inhabited complete bisected ultrametric spaces,
following motivation we have outlined above, where this fixed point combi-
nator is justified precisely by appeal to Banach’s fixed point theorem.

However such a calculus on its own is not so useful for working with
coinductive types. To see this recall the type of (guarded) streams of integers
[Z], which is the unique fixed point the functor G described in (1.11). This
type satisfies

(Z])=Zx» [Z].

What if we wish to take the tail of this stream? We can certainly do that, but
the type of the tail function is [Z] —» [Z] and there is no way of removing
the » modality in general without making it redundant. If we think of types
as metric spaces again for a moment, we can see that the canonical function
from [Z] to % -[Z], which is the function mapping x to x, does not have an
inverse. To be more precise, it does not have an inverse in M, that is, it does
not have a non-expansive inverse. Thus to get rid of the » we need to allow
more morphisms, however this needs to be done in a controlled way lest we
trivialise the modality. We still wish the functions » X — X to be the ones
with unique fixed points.

This suggests that perhaps we should work in two different settings. In
one we have something akin to Banach’s fixed point theorem available for
defining functions and elements of coinductive types, but once these ele-
ments are defined, we should pass to a setting where we have more mor-
phisms available so we can use the defined element more liberally.

A Nakano [72] like calculus with guarded recursion was extended with
clocks and clock quantifiers in order to get just this ability by Atkey and
McBride [11]. Clocks are simply names, drawn from some countably infinite
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set. The idea is that for each clock x there is a modality »* completely analo-
gous to the » modality discussed above. Where multiple different modalities
are useful is when working with nested coinductive types, but we shall not
dwell on that here. The intuition behind naming the set of names “clocks”
is that elements of the type »* 7 are thought to be elements of type 7 which
we only have available later, that is, after we have done some work. Different
clocks then correspond to the ability to delay along different time streams.

The main new idea of their calculus are clock quantifiers Vk. These allow
for a controlled elimination of »* using a term of type (Vx. »* 7) — (Yx.7).
The intuition is that elements of the type V«.t are elements of 7 that are
always available. These clock quantifiers behave very similarly to polymor-
phic quantification Ya in System F, although in Atkey and McBride’s calcu-
lus there is one important difference and it is to do with the elimination rule,
since in their calculus there is no clock substitution in general, but only clock
weakening and permutation. This causes significant problems when trying
to extend their approach to a dependently typed calculus. This led to a more
refined model [28] supporting clock substitution in general. This model is
explained in Chapter 5.

Of course, if we have a term ¢ of type T we cannot necessarily form a term
of type V«.t. We can only form a term Ax.t of type V«.t if the term t does not
depend on any variables that vary along the x dimension. This is completely
analogous to how one introduces terms of type Va in a System F like setting
and this restriction is the reason why V« allows for a controlled elimination
of ».

In such a calculus Atkey and McBride showed that final coalgebras of a
large class of functors can be encoded with the help of » as we have argued
in the previous section. In particular, using clock quantifiers, we can get real
streams in the calculus which in particular means we can type the ordinary
tail function.

This works as follows. If we start with the functor F : Set — Set and we
wish to construct its final coalgebra what we do is first take the (unique) fixed
point of F lifted to PSh(w) and precomposed with ». We get the diagram
(1.10) (page 16) as an object of PSh(w). What the Y« does is take the limit
of this diagram to get an object of Set again. As we have mentioned above,
this is one way to construct final coalgebras of a wide class of functors in Set.
If we instead think in terms of metric spaces then Vx is, intuitively®, simply
the forgetful functor from the category N1 to Set.

Of course to reflect this semantic construction into a type theory we need
to add sufficiently many rules for working with Yk and ». The calculus in
Chapter 7 is expressive enough to encode final coalgebras for polynomial
functors using » and Y« and it is expressive enough to reason about elements

5When there are multiple clocks we can sadly no longer think in terms of ordinary metric
spaces.
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of final coalgebras defined in such a way.

One alternative to clocks and clock quantifiers is to use another modality,
called O or m. The idea is the same as for the clock quantifier V«, but the
technicalities are somewhat different, since we are not switching between
different settings, as with the V«, but we always stay inside one universe, the
topos PSh (w).

Such a modality on proposition in context of guarded recursion was first
introduced in [26], an extended version of which appears as Chapter 3 of
this dissertation. In [31], an extended version of which appears as Chapter 4,
we have developed a simply typed calculus with two modalities, » and m
and provided a normalising operational semantics, together with a program
logic, which also has two modalities, > and O

1.4 OQutline of the Dissertation

This dissertation consists of six papers, five of which have been presented
at peer-reviewed conferences or accepted for publication, and one of the pa-
pers (Chapter 6) is currently under review. Each of the following chapters
is based on one publication, but some have been considerably extended to
include more explanations and proofs. We will discuss the main themes and
contributions of these publications below, but first we mention dependencies
between the chapters.

The first three chapters are independent of the last three. Chapters 2,
3 and 4 can be read independently, except that it might be helpful to read
Chapter 2 before reading Chapter 3 if the reader is not familiar with step-
indexed logical relations. However there is no formal dependency.

Chapter 6 relies heavily on results in Chapter 5, which can be read inde-
pendently of other chapters.

Chapter 7 can be read independently of Chapters 5 and 6 if the reader
is not too interested in the semantics, but to understand the motivations for
the design of the rules understanding the two chapters on the semantics is
necessary.

Chapter 2: Step-indexed Logical Relations for Probability

Chapter 2 is an updated and extended version of [25]. It is extended with
additional proofs and examples which only appeared in the appendix to the
published version.

The paper constructs a step-indexed logical relation for a call-by-value
probabilistic language with a rich type system, including in particular im-
predicative polymorphism and general iso-recursive types. We only consider
a language with primitives for discrete probability distributions. The main
part of the paper deals with a language without references. In the end we
extend the language with local ground store.
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The main result of the paper is that the logical relation we construct pro-
vides a sound and complete method for reasoning about contextual approx-
imation and equivalence of programs (in both languages, with and without
state). This method moreover appears to be useful for reasoning about a
range of examples, although there are examples of equivalences which we do
not know how to deal with. See Section 1.5 below for a discussion of one
such example and the reasons it is beyond the reach of our logical relation.

One of the interesting points about this logical relation is how little needs
to change compared to a step-indexed logical relation for a deterministic lan-
guage. Indeed, most of the construction stays the same, it is only in the lifting
of relations on values to relations on expressions that we need to change the
definitions. This part is not surprising, since this lifting uses the operational
behaviour of terms. The reason why very little needs to change seems to be
the use of biorthogonality, or T T-closure.

The logical relation uses step-indexing to ensure that the interpretation
of types is well-defined in presence of general recursive types.

The motivation for considering the problem of extending step-indexed
logical relations to the probabilistic case were results by Dal Lago et al. [36]
and Crubillé and Lago [35] who developed (bi)simulation techniques for rea-
soning about similar languages, although they did not consider state.

Chapter 3: A Model of Countable Nondeterminism in Guarded
Type Theory

This chapter is a version of [26] extended with an appendix which provides
more details and proofs of claims made in the paper.

We consider a System F like language with general recursive types and
with a countable choice primitive and we use the internal language of the
sheaf topos Sh (w;), where w; is the first uncountable ordinal equipped with
the Alexandrov topology, to construct the step-indexed logical relation and
prove it sound and complete with respect to must contextual equivalence.
The logical relation itself is based on previous work [23] which uses step-
indexing using the ordinal w;.

This research was prompted by the following question: What breaks if
we try to construct the logical relation in the internal language of PSh(w)?
In retrospect, this is quite embarrassingly clear, as is often the case, and it is
to do with adequacy, but we are getting ahead of ourselves.

The construction of the logical relation and the proof of the fundamental
lemma (more generally, the proof of congruence) can be done in the internal
language of PSh (w). Recall that one way to define contextual equivalence is
as the largest adequate congruence relation, thus to show soundness of the
logical relation we need it to be adequate. This property fails if we work in
the internal language of PSh (w) and the reason is that the must-termination
predicate |} is not continuous, i.e., it does not preserve unions, and so to de-
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fine || by iteration we need to iterate up to some higher ordinal. The ordinal
w1 suffices [10, 38], but in fact it does not matter that the ordinal is w;. What
matters is that an ordinal exists where the iteration of the defining functional
of |} stabilises.

But how is this reflected in the internal language? If our internal language
is just higher-order logic together with the > modality it is not visible. In fact,
there is a logical functor from Sh (w) to PSh (w) which moreover preserves >,
so just in this fragment we cannot hope to find a property of the internal
language of Sh (w;) that would allow us to prove adequacy.

Recall that with step-indexed logical relations we construct approxima-
tions of the desired relations on values and expressions. Two expressions are
then related if they are related for all steps. It is this ability to say that two
expressions are related for all steps that we need to bring into the internal
language. The O modality introduced in the paper achieves this and it is in
connection with this modality that we find a property of Sh(w;) that does
not hold in PSh (w).

The main result of the paper is the introduction of the 0 modality and
the proof of soundness and completeness of the constructed logical relation
entirely in the internal language of Sh (w;).

Chapter 4: Programming and Reasoning with Guarded Recursion
for Coinductive Types

This chapter is a version of [31] extended with an appendix which provides
proofs of some claims made in the paper and also an extension of the calculus
with sums.

In this paper we consider a simply typed A-calculus extended with two
modalities, » and m together with the ability to form guarded recursive types.
Guarded recursive types are those where all occurrences of the relevant type
variable appear only under the » modality.

We develop an operational semantics and prove normalisation. We also
show that the topos PSh (w) provides an adequate model of the calculus and
we use this fact to get a program logic for reasoning about equality (contex-
tual equivalence) of terms of the calculus. This program logic is the internal
language of the presheaf topos PSh (w). In particular it contains two modali-
ties > and O. The > is the “later” modality used in step-indexed models and
the O modality is taken almost verbatim from [26] (Chapter 3). Finally, we
show that the calculus is expressive enough to encode Rutten’s behavioural
differential equations [83]. The internal logic and Lob induction can then be
used in place of coinduction in the form of bisimulations to show properties
of defined functions.

My contribution to this paper consists mostly of Sections 4.4 and 4.5 on
the logic and encoding of behavioural differential equations of the paper and
Sections 4.B, 4.D and 4.E of the appendix. The design of the operational
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semantics and the proof of adequacy of the denotational semantics and nor-
malisation was done by my coauthors.

Chapter 5: A Model of Guarded Recursion with Clock
Synchronisation

This paper is a considerably extended version of [28], except that the sec-
tion of the paper on the syntax of the type theory is removed since it is now
superseded by Chapter 7 of this dissertation.

In brief, this paper provides semantic justification for allowing clock syn-
chronisations. In previous work [11, 71] clock synchronisation was disal-
lowed and so the elimination rule for clock quantification had freshness side-
conditions. This was necessary because the models used to justify the calculi
did not support clock substitution in general, but only clock permutation and
clock weakening.

These freshness side-conditions cause problems with the calculi. In par-
ticular, it is not clear that the calculi they considered enjoy a substitution
property: substituting well-typed terms (of correct types) into well-typed
terms yields well-typed terms. Now, it could be that clock synchronisation
is forced upon us if we wish to have some other desirable properties. This is
not the case and the model construction in Chapter 5 shows that we can get
all the properties required of the calculi in previous work [11, 71], but with
a much simpler elimination rule for clock quantification.

The main technical idea of the new model is to replace the previous in-
dexing posets, which were just products of the poset w, with more refined
ones which essentially build in the ability to identify, or synchronise, clocks.
The crucial new technical property is Lemma 5.2.11 on page 189.

To be precise, this paper does not provide a model of the calculus in
Chapter 7 and the reason for this is that we do not construct a (refinement of
a) split PDTT-structure [51]. However we think that this is only a technical
problem which can be resolved. Indeed, Chapter 6 provides a split PDTT-
structure which can be used to model the subset of the calculus presented in
Chapter 7 without universes. See also Section 1.5 below for more discussion
and a (conjectural at this stage) solution.

Chapter 6: A Model of Guarded Recursion via Generalised
Equilogical Spaces

This chapter consists of a paper [24] which is currently under review.

This paper provides another construction which can be used to model a
subset of the calculus presented in [27]. It is the subset without universes.
The motivation for considering this model is that the construction in [28]
does not give rise to a split model. Moreover, there are, in the model, no
productivity guarantees for functions, e.g., on coinductive streams. To be
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more precise, in the model in [28] the type Z¥ — Z%, where Z% is the type
of streams encoded using clock quantification, is interpreted as the set of
all functions from streams of integers to streams of integers, which is un-
satisfactory since intuitively, all computable functions on streams should be
continuous: finite amount of output should only depend on finite amount of
input. And all functions definable in the calculus are computable.

The model in Chapter 6 gives such a guarantee. However we currently
do not know how to extend it to model universes, although there might be a
solution following a construction of Beeson [15], which would only construct
closed universes, but would still be enough to formally show consistency of
the type theory. However this belongs to future work.

A nice feature of this construction is that it is relatively simple and di-
rect and we get a split PDTT-structure [51] by construction. Moreover, the
constructions used are quite natural generalisations of constructions used in
realizability models of type theory (see e.g., Jacobs [51]).

Thus, the main idea in this paper is the generalisation of the usual PER
models of dependent type theory (see, for example, Jacobs [51]) to indexed
PER models. Technically, this is phrased as a generalisation of the category
PEqu of partial equilogical spaces [14], but inspection of it shows that one
could take other kinds of realisers as well. The construction is closely related
to Atkey and McBride’s model [11] of a simply typed calculus and can be
seen as a generalisation of their construction to a model of dependent type
theory with guarded recursive types and clock quantifiers.

Chapter 7: Guarded Dependent Type Theory with Coinductive
Types

This chapter consists of a paper [27] with an appendix providing more de-
tailed derivations of examples.

This paper develops an extensional dependent type theory with guarded
recursive types and clock quantification. It uses the model in Chapter 5 as
justification for designing the rules. The paper builds on previous work [11,
71] but extends it by allowing clock synchronisation and, more importantly,
by introducing a new concept of delayed substitutions. These are needed for
working with guarded dependent types which come up, for instance, when
proving properties of guarded streams.

The paper is heavily based on examples which illustrate the need for and
the use of the new rules involving delayed substitutions. We do not prove
any syntactic properties of the type theory like strong or weak normalisation
or decidability of type checking. Indeed, type checking is undecidable, due
to equality reflection, and without restrictions the calculus is not normalis-
ing, since it contains a (guarded) fixed-point combinator. Note however that
the type theory is still consistent. Non-termination is only a source of prob-
lems for a type-checking algorithm and there are several proposals on how
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to restrict fixed-point unfolding to get a decidable typechecking algorithm,
but this is future work.

I contributed to the design of the rules for delayed substitutions, devel-
oping examples which show the need for them and checking that the rules
are validated by the intended model [28].

1.5 Open Problems

This section is by necessity somewhat technical and should only be read after
reading the rest of the dissertation.

Probabilistic programming

The logical relation constructed in Chapter 2 seems to be useful for prov-
ing a number of equivalences, also including equivalences involving proba-
bilistic choice. Of course, because the method is (sound and) complete with
respect to contextual equivalence (and approximation) for any two contextu-
ally equivalent terms e; and e, there is a proof that they are also related by
the logical relation.

However there are limitations to the proof method. There are examples of
contextually equivalent programs which we are not able to show equivalent.
Here is a concrete one due to Sangiorgi and Vignudelli [86, Example 5.3].

Let H and K be the terms

H=letx=ref0in A.(M@®N)
K=letx=ref0in(A_M)®(A.N))

with M and N the terms

M=if!x = 0thenx:=1;true else Q)
N=if!x = 0thenx:=1;false else()

where ; is sequencing and Q) is some diverging term.

The programs H and K are contextually equivalent (in a call-by-value
language with local state) for quite a subtle reason. Note that M and N share
a local reference cell. They use this cell to ensure that the “user” of H or
K will only get a useful result the first time she runs the programs. This
prevents the usual trick of distinguishing the programs Ax.P®&Q and (Ax.P)&®
(Ax.Q) (in a call-by-value language) from working and indeed Sangiorgi and
Vignudelli [86] show that the programs are equivalent.

With the logical relation in Chapter 2 we are not able to show that H and
K are equivalent.

Remark 1.5.1. This problem is not directly caused by probabilistic choice.
The same example also shows limitations of these logical relations if & is just
nondeterministic (angelic or demonic) choice. ¢
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Davide Sangiorgi and Valeria Vignudelli’s environmental bisimulations
can be used to prove this particular equivalence because they are working
directly with relations on distributions (equivalently, measures), whereas our
logical relation only relates terms.

We have also briefly investigated defining logical relations directly on
distributions, since this appeared to be useful, but in the end we did not
have example equivalences that needed the expressiveness. Now we do, so it
might be useful to try to work it out.

Another reason why such an extension would be useful is that if we try
to extend the logical relations method to a language with primitives for con-
tinuous probability distributions, we would like to verify interesting equiv-
alences that are used to rewrite probabilistic programs so that inference is
more efficient. It appears that a lot of the really interesting examples will
require us to work with relations on measures directly, for similar reasons
as the example above. Behind these equivalences there are often deep theo-
rems of probability and statistics and the method should allow us to reduce
checking equivalence of programs to those theorems.

In a quite limited form this is also what happens with the construction
in Chapter 2, see Section 2.D for some examples, but it appears that more is
needed.

Coherence for the model of Chapter 5

As it stands, the construction in Chapter 5 does not give rise to a split PDTT-
structure. Hence it is not immediately clear that the syntax of the type theory
as developed in Chapter 7 can be interpreted while validating all the equa-
tions. Thus to make a stronger argument for consistency of the type theory
we must solve this problem.

Now, coherence problems in interpretations of dependent type theory
have a long history and there are now several different recipes for addressing
the coherence problem [47, 56, 64].

However none of these are directly applicable in our case. Our model is a
tamily of presheaf categories together with functors between them. Because
each GR(A) is a presheaf category there is a well-known construction, see
e.g. Hofmann [48] for details, for getting, say, a split closed comprehension
category [51] or a category with families. This is not the problem.

The problem is switching between the different GR(A) categories. In
more detail, the problem is that the “higher-order” constructions, in par-
ticular universes and (dependent) function spaces reflect the indexing poset
into the objects (to see this recall the definition of exponentials in presheaf
toposes which uses “Kripke” quantification to get functoriality). Thus for
these higher-order constructs we only get preservation of structure up to
(canonical) isomorphism.
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It would not help to list all the solutions that almost work here. Instead,
we only briefly mention construction which seems to give a split model.
However the construction is quite intricate and we have not managed to ver-
ify all the details yet.

Recall that GR is an indexed category and indexed categories are equiv-
alent to (Grothendieck) fibrations. There is a quite well-known construction
for replacing an arbitrary fibration with a split one due to Bénabou [16] (see
also [51, Corollary 5.2.5]). Of course our fibration is already split (that is, BR
is already a functor, not only a pseudofunctor), but its products are not split.
However the equivalent split fibration obtained by Bénabou’s construction
appears to give us more freedom to define all the constructions in such a way
that they are preserved by clock substitution, i.e., are split as well. The de-
tails, however, are quite involved due to several different levels of indexing
and thus we leave the problem of coherence for future work.

Finally, using Benabou’s construction does seem less than ideal. This is a
construction applicable to an arbitrary fibration, whereas ours is a very par-
ticular one, which should hopefully mean that a simpler and more principled
solution is available. However we have have not found it yet.

Guarded type theory

The type theory presented in Chapter 7 is good as an extensional type theory
and as an internal language of the particular model, but it currently lacks
other desirable properties a type theory should have. It appears that the
type theory is useful for working with coinductive types in a modular way.
However, one of the original motivations for developing the type theory [22]
with the » modality was to be able to define guarded recursive types with
negative occurrences of the relevant type variable. This would allow us to
define a type that is a solution to the domain equation such as (1.8) (page 12).

In the calculus as presented in Chapter 7 defining such a type is possible,
however we have not yet investigated if the type theory is sufficient to use the
defined type in the desired applications. If it is, then this application would
be outside of the scope of other approaches to ensuring guardedness in a mod-
ular way, like sized-types [1, 50]. These only allow definitions of recursive
types with strictly positive occurrences of the relevant type variable.

Svendsen and Birkedal [91] have used the internal language of the topos
PSh (w) to construct a model of their separation logic. This gives some evi-
dence that using the type theory in Chapter 7 a similar development might be
possible. However there are some important differences. Chief among them
is they use higher-order logic as the language for constructing the model and
using the > modality of the logic seems to be substantially simpler than us-
ing the » modality of the type theory. The main question with regards to
applications is whether the delayed substitutions and the rules for them in-
troduced in Chapter 7 are sufficient.
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The problem with trying to see whether this is the case is that the exam-
ples are complex. Verifying that the terms, which grow quite large, type-
check by hand is tedious and error-prone. For this reason it would be quite
useful to have a prototype type-checker, but this runs into the current prob-
lems of undecidability of type-checking of the calculus presented in Chap-
ter 7. Hans Bugge Grathwohl and Andrea Vezzosi have made a prototype im-
plementation of a version of the type theory presented in Chapter 7 and the
type-checker they have implemented is sufficient to type-check most exam-
ples presented there. However the implemented type theory is not precisely
the same as the one presented and its semantics is currently not entirely un-
derstood.

1.6 List of Publications

During my PhD studies I have coauthored eight articles, seven of which have
either been published or accepted for publication and one of which is cur-
rently under review, and a set of tutorial notes on categorical logic.

Articles included in the dissertation

Revised and in some cases extended versions of the following articles are
included in the dissertation.

* Step-indexed Logical Relations for Probability
FoSSaCS 2015 [25]
Joint work with Lars Birkedal.

* A Model of Countable Nondeterminism in Guarded Type Theory
RTA-TLCA 2014 [26]
Joint work with Lars Birkedal and Marino Miculan.

* Programming and Reasoning with Guarded Recursion for Coinductive
Types

FoSSaCSs 2015 [31]

Joint work with Lars Birkedal, Ranald Clouston, and Hans Bugge Grath-
wohl.

* A Model of Guarded Recursion with Clock Synchronisation
MEPS 2015 [28]
Joint work with Rasmus Ejlers Mogelberg.

* A Model of Guarded Recursion via Generalised Equilogical Spaces
Submitted (currently under review)
Joint work with Lars Birkedal.
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* Guarded Dependent Type Theory with Coinductive Types
FoSSaCS 2016 [27]
Joint work with Lars Birkedal, Ranald Clouston, Hans Bugge Grath-
wohl, and Rasmus Ejlers Mogelberg.

Articles not included in the dissertation

The following articles are not included in the dissertation because my con-
tributions to them are minor.

» Step-Indexed Relational Reasoning for Countable Nondeterminism
Logical Methods in Computer Science [23]
Joint work with Lars Birkedal and Jan Schwinghammer.

* ModuRes: a Coq Library for Modular Reasoning about Concurrent Hi-
gher-Order Imperative Programming Languages
ITP 2015 [89]
Joint work with Lars Birkedal and Filip Sieczkowski.

Tutorial notes

I wrote the following tutorial notes together with Lars Birkedal.
* A Taste of Categorical Logic - Tutorial Notes
They are available online at

http://cs.au.dk/~abizjak/tutorials/1l-categorical-logic/.

1.7 Notations

The ends of Theorem, Lemma, Proposition and Corollary environments are
marked with the symbol ¢. The ends of Definition, Example and Remark
environments are marked with the symbol ¢. The ends of proofs are marked
with QED.

We use IN for the set of natural numbers, Z for the set of integers ans R
for the set of real numbers.

Following is the list of some common notation that are used throughout
the dissertation.

* f[A]image of the set A under the function f.
* imf is the range of the function f, i.e., the image of the domain.
e f~![A]is the preimage of the set A under the function f.

o A Cfin B means that the set A is a finite subset of the set B.
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B% and A = B are used for exponentials (in the relevant category).
A —¢, B is the set of finite maps from the set A to the set B, i.e., the set
| 5°
DcfinA
where | | is the disjoint union.
PSh (C) is the category of presheaves on the small category C.

Sh(P) for a poset P is the category of sheaves on P considered as a
topological space with the (downwards) Alexandrov topology: opens
are downwards closed sets.

1 is the terminal object of the relevant category.
0 is the initial object of the relevant category.

!'is the unique morphism into the terminal object or the unique mor-
phism out of the initial object.

* is the unique element of the chosen terminal object in the category
Set.

f" for amorphism f : X — X and natural number 7 is the n-th iteration
of f: f01is the identity function and f™! = f o f".

1 and T are, respectively, the least and greatest element of the given
poset.

P (X) is the power set of the set X and more generally, the power object
of the object X in a topos.
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Chapter 2

Step-Indexed Logical Relations
for Probability

This chapter is a revised version of

Ales Bizjak and Lars Birkedal.
Step-indexed logical relations for probability.

In Andrew Pitts, editor, Foundations of Software Science and Com-
putation Structures, Lecture Notes in Computer Science, pages 279-
294. Springer-VS, 2015.

Abstract

It is well-known that constructing models of higher-order probabilistic
programming languages is challenging. We show how to construct step-
indexed logical relations for a probabilistic extension of a higher-order
programming language with impredicative polymorphism and recur-
sive types. We show that the resulting logical relation is sound and
complete with respect to the contextual preorder and, moreover, that it
is convenient for reasoning about concrete program equivalences. Fi-
nally, we extend the language with dynamically allocated first-order
references and show how to extend the logical relation to this language.
We show that the resulting relation remains useful for reasoning about
examples involving both state and probabilistic choice.

2.1 Introduction

It is well known that it is challenging to develop techniques for reason-
ing about programs written in probabilistic higher-order programming lan-
guages. A probabilistic program evaluates to a distribution of values, as
opposed to a set of values in the case of nondeterminism or a single value
in the case of deterministic computation. Probability distributions form a
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monad. This observation has been used as a basis for several denotational
domain-theoretic models of probabilistic languages and also as a guide for
designing probabilistic languages with monadic types [54, 81, 85]. Game
semantics has also been used to give models of probabilistic programming
languages [37, 41] and a fully abstract model using coherence spaces for PCF
with probabilistic choice was recently presented [42].

The majority of models of probabilistic programming languages have
been developed using denotational semantics. However, Johann et.al. [52]
developed operationally-based logical relations for a polymorphic program-
ming language with effects. Two of the effects they considered were prob-
abilistic choice and global ground store. However, as pointed out by the
authors [52], extending their construction to local store and, in particular,
higher-order local store, is likely to be problematic. Recently, operationally-
based bisimulation techniques have been extended to probabilistic exten-
sions of PCF 35, 36]. The operational semantics of probabilistic higher-order
programming languages has been investigated in [58].

Step-indexed logical relations [5, 8] have proved to be a useful method
for proving contextual approximation and equivalence for programming lan-
guages with a wide range of features, including computational effects.

In this paper we show how to extend the method of step-indexed log-
ical relations to reason about contextual approximation and equivalence of
probabilistic higher-order programs. To define the logical relation we employ
biorthogonality [76, 79] and step-indexing. Biorthogonality is used to ensure
completeness of the logical relation with respect to contextual equivalence,
but it also makes it possible to keep the value relations simple, see Figure 2.1.
Moreover, the definition using biorthogonality makes it possible to “exter-
nalise” the reasoning in many cases when proving example equivalences. By
this we mean that the reasoning reduces to algebraic manipulations of prob-
abilities. This way, the quantitative aspects do not complicate the reasoning
much, compared to the usual reasoning with step-indexed logical relations.
To define the biorthogonal lifting we use two notions of observation; the ter-
mination probability and its stratified version approximating it. We define
these and prove the required properties in Section 2.3.

We develop our step-indexed logical relations for the call-by-value lan-
guage F/®. This is system F with recursive types, extended with a single
probabilistic choice primitive rand. The primitive rand takes a natural num-
ber n and reduces with uniform probability to one of 1,2,...,n. Thus randn
represents the uniform probability distribution on the set {1,2,...,n}. We
choose to add rand instead of just a single coin flip primitive to make the
examples easier to write.

To show that the model is useful we use it to prove some example equiv-
alences in Section 2.5. We show two examples based on parametricity. In
the first example, we characterise elements of the universal type Ya.a — a.
In a deterministic language, and even in a language with nondeterminis-
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tic choice, the only interesting element of this type is the identity func-
tion. However, since in a probabilistic language we not only observe the
end result, but also the likelihood with which it is returned, it turns out that
there are many more elements. Concretely, we show that the elements of
the type Ya.a — «a that are of the form Aa.Ax.e, correspond precisely to left-
computable real numbers in the interval [0, 1]. In the second example we show
a free theorem involving functions on lists. We show additional equivalences
in Section 2.D in the appendix, including the correctness of von Neumann'’s
procedure for generating a fair sequence of coin tosses from an unfair coin,
and some equivalences from the recent papers using bisimulations [35, 36].

We add dynamically allocated references to the language and extend the
logical relation to the new language in Section 2.6. For simplicity we only
sketch how to extend the construction with first-order state. This already
suggests that an extension with general references can be done in the usual
way for step-indexed logical relations. We conclude the section by proving
a representation independence result involving both state and probabilistic
choice.

2.2 The Language F*®

The language is a standard pure functional language with recursive, univer-
sal and existential types with an additional choice primitive rand. The base
types include the type of natural numbers nat with some primitive opera-
tions. The grammar of terms e is

ex=x|()|rande|n|if; e thene; elsee, |Pe|Se|{ey,e,) | proj;e
| Ax.e|ejey|inl e|inr e |match(e, xq.eq,x5.65) | A.e|e[]

| packe | unpack e; as x ine, | folde |unfolde

We write 1 for the numeral representing the natural number # and S and P
are the successor and predecessor functions, respectively. For convenience,
numerals start at 1. Given a numeral 1, the term randn evaluates to one
of the numerals 1,...,n with uniform probability. There are no types in the
syntax of terms, e.g., instead of Aa.e and et we have A.e and e[]. This is for
convenience only.

We write a, 3,... for type variables and x,v,... for term variables. The nota-
tion 7[7/a] denotes the simultaneous capture-avoiding substitution of types
T for the free type variables & in the type t; e[v/X] denotes simultaneous
capture-avoiding substitution of values v’ for the free term variables ¥ in the
term e.

We write Stk for the set of evaluation contexts given by the call-by-value
reduction strategy. Given two evaluation contexts E, E” we define their com-
position E o E” by induction on E in the natural way. Given an evaluation
context E and expression e we write E[e] for the term obtained by plugging
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e into E. For any two evaluation contexts E and E’ and a term e we have
E[E'[e]] = (Eo E')[e].

For a type variable context A, the judgement A + T expresses that the free
type variables in 7 are included in A. The typing judgements are entirely
standard with the addition of the typing of rand which is given by the rule

A|TFe:nat

A|T rrande:nat’

The complete set of typing rules are in Figure 2.4 on page 57 in the appendix.
We write T(A) for the set of types well-formed in context A, and T for the set
of closed types t. We write Val(t) and Tm (7) for the sets of closed values and
terms of type 7, respectively. We write Val and Tm for the set of all' closed
values and closed terms, respectively. Stk(t) denotes the set of T-accepting
evaluation contexts, i.e., evaluation contexts E, such that given any closed
term e of type 7, E[e] is a typeable term. Stk denotes the set of all evaluation
contexts.

For a typing context I' = xq:71q,...,x,:T, with 7y,...,7, € T, let Subst(I)
denote the set of type-respecting value substitutions, i.e. for all i, y(x;) €
Val (t;). In particular, if A|T+e: 7 then @| @+ ey : 1o for any 6 € T2 and
¥ € Subst(I'6), and the type system satisfies standard properties of progress
and preservation and a canonical forms lemma.

The operational semantics of the language is a standard call-by-value se-
mantics but weighted with p € [0,1] which denotes the likelihood of that

reduction. We write %> for the one-step reduction relation. All the usual g
reductions have weight equal to 1 and the reduction from randn is

1
randn -~ k forkefl,2,...,n}.

The rest of the rules are given in Figure 2.5 on page 58 in the appendix. The
operational semantics thus gives rise to a Markov chain with closed terms as
states. In particular for each term e we have Ze'|e«’i>e'p <1

2.3 Observations and Biorthogonality

We will use biorthogonality to define the logical relation. This section pro-
vides the necessary observation predicates used in the definition of the bior-
thogonal lifting of value relations to expression relations. Because of the use
of biorthogonality the value relations (see Figure 2.1 on page 45) remain as
simple as for a language without probabilistic choice. The new quantitative
aspects only appear in the definition of the biorthogonal lifting (T T-closure)
defined in Section 2.4. Two kinds of observations are used. The probability of

n particular, we do not require them to be typeable.
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termination, TDU (e), which is the actual probability that e terminates, and its

approximation, the stratified termination probability D% (e), where k € IN de-
notes, intuitively, the number of computation steps. The stratified termina-
tion probability provides the link between steps in the operational semantics
and the indexing in the definition of the interpretation of types.

The probability of termination, P! (-), is a function of type Tm — Z where
7 is the unit interval [0, 1]. Since Z is a pointed w-cpo for the usual order, so is
the space of all functions Tm — Z with pointwise ordering. We define P! (-)
as a fixed point of the continuous function @ on this w-cpo: Let ¥ =Tm — T
and define @ : F — F as

1 if e € Val
D(f)(e) = Zp -f(e’) otherwise
eLer

Note that if e is stuck then @(f)(e) = 0 since the empty sum is by definition
0.

The function @® is monotone and preserves suprema of w-chains. The
proof is straightforward and can be found in Section 2.A in the appendix.
Thus @ has a least fixed point in F and we denote this fixed point by P! (),
ie., Pl(e) = sup,, P"(L)(e).

To define the stratified observations we need the notion of a path. Given

terms e and e’ a path 7 from e to ¢/, written 7 : e ~" ¢/, is a sequence

e X e 2 ey BBy The weight W (m) of a path 7 is the product of the

weights of reductions in w. We write R for the set of all paths and - for their
concatenation (when defined). For a non-empty path 7w € R we write ¢ () for
its last expression.

We call reductions of the form unfold(foldv) Lo unfold-fold reductions
1

and reductions of the form randn % k choice reductions. If none of the reduc-
tions in a path 7 is a choice reduction we call 7@ choice-free and similarly if
none of the reductions in 7 is an unfold-fold reductions we call 7 unfold-fold
free.

We define the following types of multi-step reductions which we use in
the definition of the logical relation.

cf . . .
» e = ¢’ if there is a choice-free path from e to ¢’

ff
e e= ¢ if there is an unfold-fold free path from e to e’.

cuff X cf uff
ce=cife=eande=¢".
The following useful lemma states that all but choice reductions preserve
the probability of termination. As a consequence, we will see that all but
choice reductions preserve equivalence.

Note that the fact that the
weight of the path is the
product builds in the
assumption that successive
probabilistic choices are
independent.
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Lemma 2.3.1. Lete,e’ € Tmand e ;f» e’. Then PU(e) =Pl (e). O

The proof proceeds on the length of the reduction path with the strength-
ened induction hypothesis stating that the probabilities of termination of all
elements on the path are the same. To define the stratified probability of
termination that approximates P! (-) we need an auxiliary notion.

Definition 2.3.2. For a closed expression e € Tm we define Red (e) as the
(unique) set of paths containing exactly one unfold-fold or choice reduction
and ending with such a reduction. More precisely, we define the function
Red : Tm — P (R) as the least function satisfying

{e L e’} if e = E[unfold(foldv)]
e L Elk]Ip=1ke(1,2,...,n)} ife=E[randn]
Red (6) = 1 1 cuff
{(ewe’)~7z|neRed(e’)} ife~eée and e = ¢’
0 otherwise
where we order the power set P (R) by subset inclusion. ¢

Using Red () we define a monotone map W : ¥ — F that preserves w-
chains.

ff
1 ifEIveVal,e%v

W(f)(e) = Z W(n)- f (((r)) otherwise

mteRed(e)

and then define TD}(l (e) = Wk(1)(e). The intended meaning of D% (e) is the prob-
ability that e terminates within k unfold-fold and choice reductions. Since W
is monotone we have that D£ (e) < D£+1 (e) for any k and e.

The following lemma is the reason for counting only certain reductions,
cf. [39]. It allows us to stay at the same step-index even when taking steps in
the operational semantics. As a consequence we will get a more extensional
logical relation.

Lemma 2.3.3. Lete,e’ € Tm. Ife C—Lﬁ: e’ then for all k, D% (e) = D% (e’). 0

Proof. When k is 0 the result is immediate. So assume k > 0. We need to
distinguish two cases.

. cuff cuff
o If there exists v’ € Val such that ¢ = v’ then we also have ¢ = v’ and
we are done.
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* If not, then we need to inspect the definition of Red (¢) and Red (¢’). It
is easy to see that any path 7 € Red(e’) corresponds to a unique path
7’ - 7t in Red (e). It is similarly easy to see that W () = W(7x'- 7t) and
that ¢ (rt) = € (i’ - 7). Thus we have that P! (¢) = Py (¢)).

Q€D

(o)

The following is immediate from the definition of the chain {D%(e)}kzo

and the fact that randn reduces with uniform probability.

Lemma 2.3.4. Let e be a closed term. If e L ¢ and the reduction is an unfold-
fold reduction then D£+1 (e) = D% (¢”). If the reduction from e is a choice reduction,

then P}, (€) = ebrey Lnered(e) Py (€ (). 0

The following proposition is needed to prove adequacy of the logical re-
lation with respect to contextual equivalence. It is analogous to the property
used to prove adequacy of step-indexed logical relations for deterministic
and nondeterministic languages. Consider the case of may-equivalence. To
prove adequacy in this case (cf. [23, Theorem 4.8]) we use the fact that if e
may-terminates, then there is a natural number n such that e terminates in n
steps. This property does not hold in the probabilistic case, but the property
analogous to it that is sufficient to prove adequacy still holds.

Proposition 2.3.5. For each e € Tm we have P! (e) < sup;,, (D£ (e)). O

Proof. We use Scott induction. Let S be the set

kew

s={rer|ve e <sup(pli)}

It is easy to see that S is closed under limits of w-chains and that 1 € S.
The last property to check is that S is closed under ®. Let f € § and e an
expression. We have

1 if e € Val
D(f)(e) = Zp -f(e’) otherwise
P

and we consider 4 cases.

ft
* e € Val. We always have e =5 ¢ and so we have that for any k > 0,
Dg (e) = 1 which is the top element.

« ¢ ¥ ¢’ and the reduction is not unfold-fold or choice. Then we use
Lemma 2.3.3 to get D%(e) = D%(e’) for all k. Similarly we have that
D(f)(e) = f(e’) from the definition of @. Thus we can use the assump-
tion that f € S.
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« ¢~ ¢ and the reduction is unfold-fold. This follows directly from the
definition of Red (-), W and the assumption that f € S.

* The reduction from e is a choice reduction. Suppose e reduces to the
terms ey, e,,...,e,. Then we know from the operational semantics that
the weights are all % We get

O(f)e)=) ~fle) and  PL@=) SPle)  (21)

i=1 i=1

Using the fact that D% (e;) is an increasing chain in k for each e; we have

n

sup (P} (¢)) = Z%skUP(Dﬁ(ei)) (2.2)
€w 1 €w

By assumption f(e;) < supkeU)(Dﬁ (ei)) for all i € {1, 2,...,n} which con-
cludes the proof using (2.1) and (2.2). Q6D

2.4 Logical, CIU and Contextual Approximation
Relations

The contextual and CIU (closed instantiations of uses [78]) approximations
are defined in a way analogous to the one for deterministic programming
languages. We require some auxiliary notions. A type-indexed relation R is
a set of tuples (A,T,e,e’,7) such that A+ T and A+ 7 and A|T'+e: 7 and
A|lTre :1. Wewrite A|T+eRe : 1 for (AT,e e, 1) €R.

Definition 2.4.1 (Precongruence). A type-indexed relation R is reflexive if
A|T+e:timplies A|TFeRe:t. Itis transitiveif A|T+eR e : 1 and
A|Tre' Re”:timplies A|TFeR e”: 1. It is compatible if it is closed under
the term forming rules, e.g., 2

AT, xxtireRe : 1, A|TreR e :nat

AT+ AxeR Ax.e i1y > 1) A|T rrande R rande’ : nat

A precongruence is a reflexive, transitive and compatible type-indexed rela-
tion. ¢

Finally, to relate the operational semantics with the relation we have the
notion of adequacy. In the deterministic case, a relation R is adequate if
when e R ¢’ are two related closed terms, then if e terminates so does e’. Here
we need to compare probabilities of termination instead, since these are our
observations.

2We only show a few rules, the rest are analogous and can be found in Figure 2.6 on
page 77 in the appendix.
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Definition 2.4.2. A type-indexed relation R is adequate if for all e, e’ such
that @ | @+ e R e’ : T we have Pl (e) < Pl (¢). ¢

The contextual approximation relation, written A [T + e <t e’ 1, is defined
as the largest adequate precongruence and the CIU approximation relation, writ-
ten AT re<®Ue’: 1,is defined using evaluation contexts in the usual way,
e.g. [78], using P! (-) for observations. The fact that the largest adequate pre-
congruence exists is proved as in [78].

Logical relation

We now define the step-indexed logical relation. We present the construction
in the elementary way with explicit indexing instead of using a logic with
guarded recursion as in [39]. We do this partly to remain self-contained and
partly to avoid issues with validity of manipulations of finite and infinite
sums in an constructive logic. It is likely that with sufficient all theorems
and examples can be constructively proved, and so would be valid in the
internal logic of, e.g., the topos of trees, but this would detract needlessly
from the simplicity of the construction.

Interpretations of types will be defined as decreasing sequences of rela-
tions on typeable values. For closed types T and o we define the sets VRel (7, 0),
SRel(7,0) and TRel(7,0) to be the sets of decreasing sequences of relations
on typeable values, evaluation contexts and expressions respectively. The
types 7 and o denote the types of the left-hand side and the right-hand side
respectively, i.e. if (v,u) € @(n) for ¢ € VRel(7,0) then v has type t and u
has type 0. The order relation < on these sets is defined pointwise, e.g. for
@, € VRel(t,0) we write ¢ < ¢ if Yn € IN,¢p(n) C ¢p(n). We implicitly use
the inclusion from VRel(7,0) to TRel(7,0). The reason for having relations
on values and terms of different types on the left and right-hand sides is so
we are able to prove parametricity properties in Section 2.5.

We define maps [, : VRel(7,0) — SRel(7,0) and -7, : SRel(7,0) —
TRel (7,0). We usually omit the type indices when they can be inferred from
the context. The maps are defined as follows

ri(n) ={(E,E')

Yk <n,Y(v,v') € r(k), DY (E[v]) < PY(E'Tv))
and

() ={(e.€) | Vi <n,V(E,E') € r(k), DY (Ele]) < DY (E'[e')).
Note that we only count steps evaluating the left term in defining r T and r+.
We write r T = 7T~ for their composition from VRel(t,0) to TRel (7,0). The
function - is order-reversing and - T is order-preserving and inflationary.

Lemma 2.4.3. Let 7,0 be closed types and r,s € VRel(t,0). Then r <r'" and if
r<sthens’ <rTandr™" <s'T. O
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For a type-variable context A we define VRel (A) using VRel(,-) as

VRel (A) = {(¢1, 2, ¢/) | 1,92 € T2, Va € A, ,(a) € VRel (@3 (), pa(a))}

where the first two components give syntactic types for the left and right
hand sides of the relation and the third component is a relation between
those types.

The interpretation of types, [ + -] is by induction on the judgement A + 7
(this judgement is defined precisely in Figure 2.3 on page 56 in the ap-
pendix). For a judgement A + 7 and ¢ € VRel (A) we have

[A+ 7] (@) € VRel (¢1(T), 2(T))

where the ¢ and ¢, are the first two components of ¢ and ¢;(7) denotes
substitution. Moreover [-]] is non-expansive in the sense that [A+ 7] (¢)(n)
can depend only on the values of ¢,(a)(k) for k < n, see [21] for this metric
view of step-indexing. The interpretation of types is defined in Figure 2.1.
Observe that the value relations are as simple as for a language without prob-
abilistic choice. The crucial difference is hidden in the TT-closure of value
relations.

Context extension lemmas To prove soundness and completeness we need
lemmas stating how extending evaluation contexts preserves relatedness. We
only show the case for rand. The rest are similarly simple.

Lemma 2.4.4. Let n € N. If (E,E’) € [A+nat](¢)' (n) are related evaluation
contexts then (E o (rand[]), E’ o (rand[])) € [A - nat] (@) (n). 0

Proof. Let n€ N and (v,v’) € [A F ]| (¢)(n). By construction we have v =v" =
m for some m € IN, m > 1. Let k < n. If k = 0 the result is immediate, so as-
sume k =€+ 1. Using Lemma 2.3.4 we have D£ (E[randm]) = % Y Dg(E[i])
and using the assumption (E,E’) € [A + nat]|(¢)" (n), the fact that k < n and
monotonicity in the step-index the latter term is less than % Y PYEI)
which by definition of P! (-) is equal to P! (E’[rand m]). Q6D

We define the logical approximation relation for open terms given the
interpretations of types in Figure 2.1. We define A |T e </ ¢’ : 7 to mean

VneIN,Yo € VRel(A),Y(y,y) e [A+T](@)(n),(ey,e'y) e[A+ Tl (n).

Here [[A+I']] is the obvious extension of interpretation of types to interpre-
tation of contexts which relates substitutions, mapping variables to related
values. We have

Proposition 2.4.5 (Fundamental property). The logical approximation relation
<8 is compatible. In particular it is reflexive. O
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[A Fnat] (¢ :{M|keINk>0}
_ e[[AFT]]( )(n),
[ArTxo](@) _{<v,u) W', u’y) NelAro](e )(n)}
[Art+o](e {1n1v inlv’ | E[[AI—T]] @)(n)}
1nrv,1nrv)|( v')e[A+ o] (@)(n)}
[Art—o](e (Ax.e, Ay.e’) |V]<n\/(vv)e|]A!—T]]( )(])
(Ax.e)v,(Ap.e)v')e[Ar ol (@)™
[ArVa.r] (¢ AeAe |Vo,0’ ETVreVRelo*o*
eYelAart](plarr])TT
[Ar3Ta.7] (e { (packv, packv)|30‘,o*’€T,EIreVRe1(0‘,o"), }
v)e[Aart](plar])(n)
[AF pa.t](@)(0) = Val (¢ (pa.T) xVal(qJQ(,ua 7))
[[A!—/,ta.r]]((p)(n+l):{ (foldv, foldv’) | }
v)elAarr](pla = [Ar pac](@)])(n)

Figure 2.1: Interpretation of types.

Proof. The proof is a simple consequence of the context extension lemmas.
We show the case for rand. We have to show that A |T + e </ ¢’ : nat im-
plies A | T + rande <8 rand e’ : nat. Let n € N, ¢ € VRel(A) and (y,y’) €
[A+T](@)(n). Let f =ey and f’ =e’y’. Then our assumption gives us

(f,f) €A +nat] (@) (n) (2.3)
and we are to show
(rand f,rand f’) € [A + nat]} (@)™ (n).
Let j <nand (E,E’) € [A+ nat] ()" (j). From Lemma 2.4.4 we have
(Eo(rand[]),E"o (rand[])) € [A +nat] ()" (j)

which suffices by the definition of the orthogonality relation and assumption
(2.3). Q6D

We now want to relate logical, CIU and contextual approximation rela-
tions.
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Corollary 2.4.6. Logical approximation relation <8 is adequate. O

Proof. Assume @ | @ + e </°% ¢’ : . We are to show that Pl(e) < Pl(e').
Straight from the definition we have Yn € N, (e,e’) € [@ + T]] T (n). The empty
evaluation context is always related to itself (at any type). This implies

VneN,Pu(e) < Pl(e)

which further implies (since the right-hand side is independent of n) that

sup(Pr(e)) < P(e).

new

Using Proposition 2.3.5 we thus have

P(e) <sup(Pr(e) < PU(e)

new

concluding the proof. 26D

We now have that the logical relation is adequate and compatible. This
does not immediately imply that it is contained in the contextual approxi-
mation relation, since we do not know that it is transitive. However we have
the following lemma where by transitive closure we mean that for each A, T
and T we take the transitive closure of the relation {(e,e’) | A |T+e </%¢ ¢’ : ).
This is another type-indexed relation.

Lemma 2.4.7. The transitive closure of <% is compatible and adequate. ¢

Proof. Transitive closure of an adequate relation is adequate. Similarly the
transitive closure of a compatible and reflexive relation (in the sense of Defi-
nition 2.4.1) is again compatible (and reflexive). QED

To relate the logical relation to contextual and CIU approximations we
first have that the composition of logical and CIU approximations is included
in the logical approximation relation.

Corollary 2.4.8. If A|Tre</8e’:tand A|Tre’ <CVe”: v then A|T re <8
e’ . O

This follows directly from the definition of the logical relation using bior-
thogonality. This corollary in turn implies, together with Proposition 2.4.5
and the fact that all compatible relations are in particular reflexive, that CIU
approximation relation is contained in the logical relation.

Corollary 2.4.9. If A|T ke <CWWe¢ . rthen A|T+e<l8e : 1. 0

Finally we have the main theorem.
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Theorem 2.4.10 (CIU theorem). The relations <log <CIU g < coincide. ¢

Proof. Ttis standard (e.g. [78]) that <°** is included in <®!V. To see that <8 is
included in < we have by Lemma 2.4.7 that the transitive closure of <" is
an adequate precongruence, thus included in <. And <% is included in the

transitive closure of </°¢. Corollary 2.4.8 completes the cycle of inclusions.
26D

Using the logical relation and Theorem 2.4.10 we can prove some ex-
tensionality properties. The proofs are standard and can be found in the
Section 2.A in the appendix.

Lemma 2.4.11 (Functional extensionality for values). Suppose T, € T(A) and
let f and f’ be two values of type T — o in context A |I. If for all u € Val (t) we
have

AT+ fus™flu:o
then
ATHfS™ it > 0.

¢

The extensionality for expressions, as opposed to only values, of function
type does not hold in general due to the presence of choice reductions. See
Remark 2.5.2 for an example. We also have extensionality for values of uni-
versal types.

Lemma 2.4.12 (Extensionality for the universal type). Let T € T(A, @) be a
type. Let f, f” be two values of type Va.t in context A | I. If for all closed types o
we have

AT+ f[1s™ f]]: t[o/a]
then

AITHf <™ f:Va.r.

2.5 Examples

We now use our logical relation to prove some example equivalences. We
show two examples involving polymorphism. More examples can be found
in Section 2.D in the appendix. In particular we show the correctness of von
Neumann’s procedure for generating a fair sequence of coin tosses from an
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unfair coin. That example in particular shows how the use of biorthogonality
allows us to “externalise” the reasoning to arithmetic manipulations.
We first define fix of type

Va,p.((a = p)—(a—p)) = (@—p)
be the term
AN Af.Az.6¢(f0ldof)z
where 0y is the term
Ay.let vy’ =unfoldy in f (Ax.y px).

This is a call-by-value fixed-point combinator. We also write e¢; @ ¢, for the
term if; rand?2 then e, else ¢,. Note that the choice is made before evaluat-
ing the terms e; and e;.

We characterise inhabitants of a polymorphic type and show a free the-
orem. For the former, we need to know which real numbers can be prob-
abilities of termination of programs. Recall that a real number r is left-
computable if there exists a computable increasing (not necessarily strictly)
sequence {q,}ne, Of rational numbers such that r = sup, ., g,. To not de-
tract from the main development we prove the following proposition in Sec-
tion 2.B in the appendix.

Proposition 2.5.1. For any expression e, P (e) is a left-computable real number
and for any left-computable real number r in the interval [0,1] there is a closed
term e, of type 1 — 1 such that Dle, () =r. O

Inhabitants of the type Va.a — «a

In this section we use further syntactic sugar for sequencing. When e,e’ € Tm
are closed terms we write e;e’ for (A_.e’)e, i.e. first run e, ignore the result
and then run e¢’. We will need the property that for all terms e,e’ € Tm,
DU(e;e’) = Pl(e)-PY(¢’). This is proved by Scott induction as Lemma 2.A.4 in
the appendix.

Using Proposition 2.5.1 we have for each left-computable real r in the
interval [0, 1] an inhabitant ¢, of the type Ya.a — «a given by A.Ax.e, (); x.

We now show that these are the only inhabitants of Ya.a — a of the
form A.Ax.e. Given such an inhabitant let r = P (e[()/x]). We know from
Proposition 2.5.1 that r is left-computable.

Given a value v of type 7 and n € IN we define relations R(n) = {({),v)}
and S(n) = {(v,())}. Note that the relations are independent of 1, i.e. Rand S
are constant relations. By reflexivity of the logical relation and the relational
actions of types we have

Vn, (e[()/x],e[v/x])€R™"(n)  and  VYn,(e[v/x],e[{)/x]) € ST (n) (2.4)
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from which we conclude that PY (e[()/x]) = P! (e[v/x]). We now show that
v and e[v/x] are CIU-equivalent. Let E € Stk(7) be an evaluation context.
Let g = PU(E[v]). Define the evaluation context E’ = —; e;{)- Then (E,E’) €
ST(n) for all n which then means, using (2.4) and Proposition 2.3.5, that
DU (E[e[v/x]]) < PY(E’[e[()/x]]). We then have

PUETelO/x1]) = PL(e[(/x]) - P (e, O)) = - PLE[])

and so PY (E[e[v/x]]) < r- PY(E[v]).
Similarly we have (E’,E) € RT(n) for all n which implies

PY(E[e[v/x]]) = PY(E[e[()/x]]).

We also have PU(E'[e[()/x]]) = - PV (E[v]).

So we have proved PU(E[e[v/x]]) = r- P (E[v]) = P! (e[v/x]) - PL(E[v]). It
is easy to show by Scott induction, that PU(E[t,[]v]) = PU(e, () - PU(E[v]).
We have thus shown that for any value v, the terms e[v/x] and P (t,[]v) are
CIU-equivalent. Using Theorem 2.4.10 and Lemmas 2.4.12 and 2.4.11 we
conclude that the terms Ya.Ax.e and t, are contextually equivalent.

Remark 2.5.2. Unfortunately we cannot so easily characterise general values
of the type Ya.a — «, that is, those not of the form A.v for a value v. Consider
the term A.t1 @#1. Itisa straightforward calculation that for any evaluation
context E and value v,

P (E[(ry @ty ) o)) = 7390 LD = P (B[, 0)

thus if A.t% ! is equivalent to any A.t, it must be A.t%
Let E be the evaluation context

E=1let f =—[]inletx =f()in f ().

We compute P! (E [A.t% ® t%]) = % and Pl (E [A.t%]) = % showing that
A.t% @1 is not equivalent to Ats.

This example also shows that extensionality for expressions, as opposed to
values, of function type does not hold. The reason is, of course, that proba-
bilistic choice is a computational effect and so it matters how many times we
evaluate the term and this is what the constructed evaluation context uses to
distinguish the terms. ¢

A free theorem for lists

Let 7 be a type and a not free in 7. We write [t] for the type of lists pa.(1+
T x a), nil for the empty list and

cons: Ya.a — [a] > [«]

cons = A. Ax. Axs.fold (inr (x, xs)).
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for the other constructor. The function map of type

VaVp.(a = B) = [a] = [B]

is the function applying the given function to all elements of the list in order.
Additionally, we define composition of terms f o g as the term Ax.f(g(x)) (for
x not free in f and g).

We will now show that if a term m of type Ya.VB.(a — B) — [a] — [B] is
equivalent to a term of the form A.A.Ax.e then it satisfies

m{][1(f o g) =" m[][1f omap[][]g

for all values f and all deterministic and terminating g. By this we mean that
for each value v in the domain of g, there exists a value u in the codomain of
g, such that gv =™ u. For instance, if ¢ reduces without using choice reduc-
tions and is terminating, then g is deterministic. There are other functions
that are also deterministic and terminating, though, for instance Ax.()®(). In
the appendix we show that these restrictions are not superfluous.

So let m be a closed term of type Va.VB.(a — p) — [a] — [B] and suppose
further that m is equivalent to a term of the form A.A.Ax.e. Let t,0,p € T be
closed types and f € Val(o0 — p) and g € Tm(t — o) be a deterministic and
terminating function. Then

oo rm(][l(f og) =" m[][If omap(][lg : [t] — [p].

We prove two approximations separately, starting with <*. We use Theo-
rem 2.4.10 multiple times. We have

a,plorml]]]: (a - p)— [a] = [B].

Let R = An.{(v,u) | gv =" u} be an element of VRel(7,0) and S € VRel(p,p)
the constant identity relation on Val (p). Let ¢ map a to Rand § to S. Propo-
sition 2.4.5 gives

({1}, m{][)) € [(& = B) = [a] = [B11 () ()

for all n € IN.

We first claim that (f o g, f) € [[a = B]l(¢)(n) for all n € IN. Since f is a
value and has a type, it must be of the form )\x e for some x and e. Take j €
N, related values (v,u) € r(j), k < j and related evaluation contexts (E,E’) €
ST(k). By Theorem 2.4.10 and the definition of relation R we have

PYUE[ful) = DPYE[f(gv)).

Using the results about D£ (-)and PY(-) proved in Section 2.C in the appendix
we get

PLESEEI< ) WP E)< Y WPl Ew)

mf(g(v)~"w e f(g(v))~"w
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and the last term is equal to PU(E’[f(gv)]) which is equal to PU(E’[f u]).
From this we can conclude

(m[][1(f o g)mll[1f) € [la] = BN ()" (n)

for all n € IN. Note that we have not yet used the fact that g is deterministic
and terminating. We do so now.

Let xs be a list of elements of type 7. Then induction on the length of
xs, using the assumption on g, we can derive that there exists a list ys of
elements of type o, such that map[][] g xs = ys and (xs,ps) € [[a]] (¢)(n) for
all n. This gives us

(mJ(1(f o g)xs,m][1 f ys) € [[BI () ™" (m)

for all n € IN. Since the relation S is the identity relation we have for all
evaluation contexts E of a suitable type, (E,E) € ST(n) for all n, which gives

m{][1(f o g)xs <<V m[][1 £ ys = m[][] f (map[][] g xs)
= (m[][] f omap(][]g)xs

where the last equality holds because f-reduction is an equivalence.
We now conclude by using the fact that m is (equivalent to) a term of the
form A.A.Ax.e and use Lemma 2.4.11 to conclude

m{][1(f 0 g) <™ m{][] f omap(][]g.

For the other direction, we proceed analogously. The relation for § re-
mains the identity relation, and the relation for R for a is {(v,u) | v =*™* gu}.

2.6 Extension with References

We now sketch the extension of F/® to include dynamically allocated refer-
ences. For simplicity we add ground store only, so we do not have to solve a
domain equation giving us the space of semantic types and worlds [4]. We
show an equivalence using state and probabilistic choice which shows that
the addition of references to the language is orthogonal to the addition of
probabilistic choice. We conjecture that the extension with higher-order dy-
namically allocated references can be done as in earlier work on step-indexed
logical relations [40].

We extend the language by adding the type refnat and extend the gram-
mar of terms e with

eu=...|C|refe|e; :=ey|le

with ¢ being locations.
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To model allocation we need to additionally index the interpretation of
types by worlds. To keep things simple a world w € W is partial bijection f
on locations together with, for each pair of locations (£1,¢;) € f, a relation R
on numerals. We write ({1,{,, R) € w when the partial bijection in w relates ¢;
and ¢, and R is the relation assigned to the pair ({;,¢;). Technically, worlds
can be encoded as subsets of

Loc’xP({n | ne N}x{n|neN})

satisfying the conditions described above.

The operational semantics has to be extended to include heaps, which are
modelled as finite maps from locations to numerals. A pair of heaps (hy, h;)
satisfies the world w, written (hy, h,) € lw], when

Y(€1,€2, R) € w, (h(€1), ha(£2)) € R

The interpretation of types is then extended to include worlds. The de-

notation of a type is now an element of W %" VRel (-,-) where the order on
W is inclusion. Let

mon

WRel(1,7") =W — VRel(1, 7).
We define
[A+refnat]()(w)(n) ={({1,62) | (€1,€2,=) € w}

where = is the equality relation on numerals. Notice that the step-index is
not used. This is because we are only considering first-order state.

The rest of the interpretation stays the same, apart from some quantifica-
tion over “future worlds” in the function case to maintain monotonicity. We
also need to change the definition of the TT-closure to use the world satis-
faction relation. For R € WRel (t,7’) we define an indexed relation (indexed
by worlds) RT as

Yw’' >w,Vk <n,Y(hy, hy) € w'],Y(vy,v,) € R(w’)(k), }

R (w)(n) = {(E’E’) PV ((hy, Efvg])) < PY((ha, E[v,])

and analogously for -+.

We now sketch a proof that two modules, each implementing a counter by
using a single internal location, are contextually equivalent. The increment
method is special. When called, it chooses, uniformly, whether to increment
the counter or not. The two modules differ in the way they increment the
counter. One module increments the counter by 1, the other by 2. Concretely,
we show that the two counters

pack (A —.refl, Ax.!x, Ax.{) ® (x := Slx))
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and
pack (A —.ref2, Ax.!x div 2, Ax.() ® (x := S(S!x)))
are contextually equivalent at type
da.(1 - a)x(a - nat)x(a —> 1).

We have used div for the division function on numerals which can easily be
implemented.
The interpretation of existentials [[A + da.t]| (¢)(w)(n) is

Ko oackyy| 390" € LAREWRel(0,0"),
(packv,packvi)| " o [A ot ] (@[a - R])(w)(n) |7

To prove the counters are contextually equivalent we show them directly
related in the value relation. We choose the types o and ¢’ to be ref nat and
the relation R to be

R(w)(n) ={(€1,€2) | (61,6, G(2x —)) € w}
where G(2 x —) is the relation
((k2:k) | keNJ.

Notice again that the relation is independent of the step-index n. We now
need to check all three functions to be related at the value relation.

First, the allocation functions. We only show one approximation, the
other is completely analogous. Concretely, we show that for any n € IN and
any world w € W we have

(A—.ref1,A—.ref2)e[1 - a] (R)(w)(n).

Let n € N and w € W. Take w’ > w and related arguments v, v’ at type 1. We
know by construction that v = v’ = () so we have to show that

(ref 1,ref 2) e [a] (R)"" (w')(n).

Let w" > w’ and j < n and take two related evaluation contexts (E,E’) at
[a] (R )(j) and (h,h’) € lw”]. Let € ¢ dom (h) and ¢’ ¢ dom (h’). We have

P} ((h,E[ref 1])) = P; ((h[£ — 1} E[(]))
and
V(W E'lref 2])) = PL(H [ 2], E'[E))).

Let w”’ be w” extended with (¢,¢’, G(2 x —)). Then the extended heaps are in
lw”'] and w” > w”. Thus E and E’ are also related at w”” by monotonicity.
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Similarly we can prove that (£,¢’) € [a](R)(w””’)(j). This then allows us to
conclude

P} ((h[€ > 1 E[€]) < DU [¢ - 2] E'[C]))

which concludes the proof.

Lookup is simple so we omit it. Update is more interesting. Let n € IN
and w € W. Let £ and ¢’ be related at [[a]] (R)(w)(n). We need to show

Q@ (l:=s10),()a( :=s(s!) € [1[(R) " (w)(n).

Take w’ > w, j <nand (h,h’) € |[w’]. Take related evaluation contexts E and
E’ at w’ and j. We have

P (L E[(@(C:=510)) =

PR E[OD) + u<<h,15[€ =s1¢]))
b B[O =ss10))) = 4pt

(L E'TOD) + 5 PL (Y, E [0 = SS 1))

NI»—' !\Jl’—‘

Since ¢ and ¢’ are related at [[a]](R)(w)(n) and w’ > w and (h,K’) € |[w’] we
know that h(¢) = m and h’({’) = 2 - m for some m € IN. Thus

D (I E[€:=S1€]) = P} (¢, E[O])
where hy = h[€+— m+1]. And also
LB = sS1))) = PH(Cha, E'TOD)

where hy = W' |0/ +— 2-(m+ 1)]. The fact that hy and h, are still related con-
cludes the proof.

The above proof shows that reasoning about examples involving state and
choice is possible.

2.7 Conclusion

We have constructed a step-indexed logical relation for a higher-order lan-
guage with probabilistic choice. In contrast to earlier work, our language
also features impredicative polymorphism and recursive types. We also show
how to extend our logical relation to a language with dynamically allocated
local state. In future work, we will explore whether the step-indexed tech-
nique can be used for developing models of program logics for probabilistic
computation that support reasoning about more properties than just contex-
tual equivalence. We are also interested in including primitives for continu-
ous probability distributions.
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2.A Language Definitions and Properties

tu=alllnat|t x| n+7 |1 > 0| pat|Va.r|Ja.t
vi=x||n|{v),vy)| Ax.e|inl v |inr v | A.e|packv
ex=x|{()|n|{e,er)| Ax.e|inle|inre| A.e|packe
| proj;e|e; e, |match(e, xq.e1,x5.€5) | €[]
| unpack e; as x in e, |unfolde| folde | rande
|if; e thene; elsee, |Pe|Se
E:=—|(E,e)|(v,E)|inl E | inr E | pack E
|proj;E|Ee|vE |match(E, xj.e;,x;.€5) | E[]
| unpack E as x in e |unfoldE | foldE
|if; E thene; elsee,|randE |PE|SE

Figure 2.2: Types, terms and evaluation contexts. n are numerals of type nat.

aeA A+t A+, ArT A+ Ty
Ar1 A+ nat
A+ a AT XT) A+Ti+7T)
A+1 A+t ANart ANart Aatrrt
Art > 1) Arda.t ArVa.t Avpa.t

Figure 2.3: Well-formed types. The judgement A +- T expresses ftv(7) C A.

The following lemma uses definitions from Section 2.3.
Lemma 2.A.1. O is monotone and preserves suprema of w-chains. ¢

Proof. Since the order in F is pointwise and multiplication and addition are
monotone it is easy to see that @ is monotone.

To show that it is continuous let {f,},c,, be an w-chain in F. If e is a value
the result is immediate. Otherwise we have

CD(Supfn)(e) =) p (supfn)(e’)

new new

and since suprema in F are computed pointwise we have

=) _p-sup(fu(e)

new
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xtel A+T A+T AlTre:1 AlTrey: 1,
AlTrx:t AITH(:1 AT F{ep,ep): 11 X1
AT, x:tiFe: 1, AlTre: A+ Ty AlTre: 1, A+ T
AITHAx.e:11—>1, AlTrinle: 1 +1, A|Trinre: 7 +1,

AT, xp:ty ket AT, x:to ey T AlTre:T+1,

A|T +match(e,x1.e1,X0.69): T

Aal|Tre:t AlTre: 1 X1 AlTre: 7 > A|Tre 1

A|TrA.e:Ya.t A|T rproj;e:; A|lTree :t

Ar 1 A|Tre:t[1/a]
A|T +packe:da.t

AlTre:da.t A+t Aa|T,x:tre 1

A|T runpackeas xine': 7

AlTre:pa.t AT re:t[pa.t/a]
A|T Funfolde: t[pa.t/a] A|T+ folde: pa.t
A|lTre:YVa.t A+’ A|T+e:nat
AT rel]:t[t'/a] A|T +rande:nat
A|TFe:nat AlTre;:T AlTrey: T A|TFe:nat
A|T+if; ethene; elseey: 1 A|T +Pe:nat
A|TFe:nat
A|T+Se:nat

Figure 2.4: Typing of terms, where I' ::=0 |, x:t and A == 0| A, a.

Using the fact that sum and product are continuous and that the sum in the
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Basic reductions +—

Proj; (vy,v2) F v;
(Ax.e)v s e[v/x]
unfold(foldv) — v
unpack (packv) as x ine N e[v/x]

(A.e)[] e

1
randn——~k (ke€{1,2,...,n))

: 1
match(inlv,xy.eq,x5.65) —> eq[v/xq]
: 1
match(inrv,xj.eq, x5.65) > ex[v/x;]
1
Pn+— max{n—1,1}

1
Snr—n+1

. 1
if; 1 thene, elsee; — e

. 1
if; Sn thene; elsee;, — ey
One step reduction relation ~

E[e] X E[e]] if erls ¢’

Figure 2.5: Operational semantics.

definition of @ is finite we get

new new

®(supf)c)=sup| Y p-fie)

e~~e’

= sup® (7,)(¢) = (igpqxfn))(e)
QED

Example 2.A.2. Let us compute probabilities of termination of some exam-
ple programs.

» If v € Val then by definition P! (v) = 1.

* If e € Tm \ Val is stuck then P! (e) = 0 by definition.
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. 1 1 1 1 1
* Suppose there exists a cycle e~ e; ~ ey ~ --- ~ ¢, ~ e. Then ple) =

Plle)=---=Ples) = 0.

It follows from the assumption that none of ¢, are values and since the
sum of outgoing weights is at most 1 we have that for each ¢; and e all
other weights must be 0. We thus get that pPle)y=pl(e)=---=Dl(e,)
by simply unfolding the fixed point n-times. To show that they are all
0 we use Scott induction. Define

S={feFlf(e)=fler) = flez) =... = f(en) = 0}.

Clearly S is an admissible subset of 7 and 1L € §. Using the above
existence of the cycle of reductions it is easy to show that S C ©[S].
Hence by the principle of Scott induction we have P! () € S and thus

Ple)=Pl(e;)=...=DPl(e,) = 0.
I

This example also shows that we do really want the least fixed point of
®, since this allows us to use Scott-induction and prove that diverging terms
have zero probability of termination.

Remark 2.A.3. It is perhaps instructive to consider the relationship to the
termination predicate when we do not have weights on reductions. In such
a case we can consider two extremes, may- and must-termination predicates.
These can be considered to be maps Tm — 2 where 2 is the boolean lattice
0<1.Let B=Tm — 2. Since 2 is a complete lattice so is B. In particular it is
a pointed w-cpo. We can define may-termination as the least fixed point of
W : B — B defined as

1 if e € Val
Pif)le) = max f(e’) otherwise’
e~e’

Observe again that if e is stuck then W(f)(e) = 0 since the maximum of an
empty set is the least element by definition.

Must-termination is slightly different. We need a special case for stuck
terms.

1 if e € Val

W (f)e)={minf(¢) Ie’eTmpeT el e
e~e’
0 otherwise

Let | be the least fixed point of W and |} the least fixed point of W’. An
additional property that holds for | and |}, because of the fact that 2 is dis-
crete, is that for a given e, if e] = 1 then there is a natural number 7, such that
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W"(1)(e) =1, i.e. if it terminates we can observe this in finite time. This is
because if an increasing sequence in 2 has supremum 1, then the sequence
must be constant 1 from some point onward.

In contrast, if PU(e) = 1 it is not necessarily the case that there is a nat-
ural number n with ®"(1)(e) = 1 because it might be the case that 1 is only
reached in the limit. ¢

The next lemma uses the abbreviation ; defined in Section 2.5.
Lemma 2.A.4. For all terms e,e’ € Tm, P (e;¢') = Pl (e)- PU(e). O

Proof. We prove two approximations separately, both of them by Scott in-
duction.

< Consider the set

f <Pl()AVe,e’ € Tm, }

SZ{fEf’ flee)<Ple)-Ple)

It is easy to see that S contains 1 and is closed under w-chains, so we
only need to show that it is preserved by ®. The first condition is trivial
to check since PU(-) is a fixed point of ®. Let f € F and e,e’ € Tm.
If e € Val then ®(f)(e;e’) = f(e’) on account of one p-reduction. By
assumption f(e’) < Pl (e’) and by definition we have Pl (e) = 1.

If e is not a value we have ®(f)(e;e’) =) o ,p-f(ee)) <) o P
Ple”)-ple) =Plie)- PLee).

Thus we can conclude by Scott induction that ples.

> For this direction we consider the set

B VE € Stk,e € Tm,v € Val,
S‘{fef‘ D“(E[E])Zf(e)-D“(E[V])}

It is easy to see that it is admissible and closed under ®. Hence P! () e
S. Thus we have, taking E = —;¢’ and any value v, that P! (e)- Pl (v;¢’) <
DY (e;e’) and it is easy to see that Pl (v;e’) = Pl(e).

Q€D

Interpretation of types and the logical relation

Lemma 2.A.5. The interpretation of types in Figure 2.1 is well defined. In par-
ticular the interpretation of types is non-expansive. O

The substitution lemma is crucial for proving compatibility of existential
and universal types. The proof is by induction on the derivation A + 7.
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Lemma 2.A.6 (Substitution). For any well-formed types A,a + T and A + o and
any @ we have [A+ t[o/al] (@) =[Aart](@pla = [AFo]()]). O

We state and prove additional context extension lemmas. The other cases
are similar.

Lemma 2.A.7. Let n€ N. If
(v v) eAr T - ] ()(n)
and
(E.E)e[Arnl(e) (n)
then

(Eo(@[]),E o' []) €[A+nl(@)" (n).

¢
This follows directly from the definition of the interpretation of types.
Corollary 2.A.8. Let n e IN. If
(e,¢") € [AF 1]l (@)™ ()
and
(E.E)e[Ar 0] (@) (n)
then
(Eo([Je),E'o([]€) € [AF 11 > 2]l () T (n).
O

Proof. Let n € N. Take (v,v’) € [A+ 11 — 15]] (¢)(n). By Lemma 2.A.7 and
monotonicity we have for all k <n, (Eo(v[]),E’o(v'[])) €[A+ 1] (¢)" (k) and
by the assumption that (e,e’) € [A + 7;] ()" (1) we have

Dy (Eve)) < PUETY ¢)
concluding the proof. 26D

Lemma 2.A.9. Let n € N. If (E,E’) € [A+ t[pa.t/a]] (@) (n) then

(E o (unfold[]),E’ o (unfold[])) € [A + pa.t] (@) (n).
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Proof. Let n € IN. We consider two cases.
e n=m+1
Take (foldv, foldv’) € [A+ pa.t](¢)(n). By definition
(v,v') e [A+ tlpa.t/a]] (@)(m).

Let k <n. If k = 0 the condition is trivially true since

P} (E[unfoldfoldv]) = 0

so assume k = ¢ + 1. Note that crucially £ < m. Using Lemma 2.4.3,
Lemma 2.3.4 and Lemma 2.3.1 we have

D£ (E[unfold(foldv)]) = Dg (E[v])
<pYEP)
= P! (E'[unfold(foldv’)])

concluding the proof.

¢ n=0. This case is trivial, since Dg (e) = 0 for any e.

Lemma 2.A.10. Let n € N. If (E,E’) € [A+ pa.t] (@) (n) then
(E o (fold[]),E o (fold[])) € [A+ t[pa.t/a]] (@)  (n).
¢

Proof. Easily follows from the fact that if (v,v’) are related at the unfolded
type then (foldv, foldv’) are related at the folded type (using weakening to
get to the same stage). 26D

Lemma 2.A.11 (Functional extensionality for values). Suppose 7,0 € T(A) and
let Ax.e and Ax’.e’ be two values of type T — o in context A | T. If for all u €
Val (1) we have A |T + (Ax.e) u <™ (Ax’.e’) u : o then

AITFAxes™ Ax'e Tt >0 .

0

Proof. We use Theorem 2.4.10 several times and show Ax.e and Ax’.e” are
logically related. Let n € IN, ¢ € VRel(A) and (y,y’) € [A+T](¢)(n). Let
v =Ax.ey and v’ = Ax".¢’y’. We are to show (v,v’) € [A+ T — o] (¢)" (n) and
to do this we show directly (v,v’) € [A+ T — o] (@)(n).

Let j <n, (u,u’) € [t](p)(n), k < jand (E,E’) € [o]|(¢)" (k). We have to
show D% (E[vu]) < PY(E’[v'u’]). From Proposition 2.4.5 we have that (v,v) €
[t — o] (¢)"" (n) and so D%(E[v u]) < PY(E’[vu’]). From the assumption of
the lemma we have that v u’ <¢'V v’ 4’ which concludes the proof. Q6D
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Lemma 2.A.12 (Extensionality for the universal type). Let 7 € T(A,a) be a
type. Let A.e, A.e’ be two terms of type V.t in context A | I'. If for all closed types
o € T we have

AlTre<s™ e t[o/a]
then ATk A.e < Ae’:Va.t. O

Proof. We again use Theorem 2.4.10 multiple times. Let n € IN, ¢ € VRel (A)
and (y,7’) € [ArT](@)(n). Let v = A.ey and v’ = A.e’y’. We show directly
that (v,v’) e [A+ Va.t] (@) (n).

So take 0,0’ € T and r € VRel(0,0’) and we need to show (ey,e’y’) €
[A a](@larr]) T (n). Let k < n and (E,E’) related at k. We have to show

D% (E[ey]) < PY(E’[¢’y’]). From Proposition 2.4.5 we have
(ey,ey’) €A, all(pla = r]) T (n)

and so TD}(l (E[ey]) < PY(E’[ey’]). Let & be the types for the right hand side in
@. Then E’ € Stk(t[d,0’/A, «]). Using the assumption of the lemma we get
that ey’ <V ¢’y” at the type 7[&,0'/A, @] which immediately implies that
DPU(E’[ey’]) < PL(E’[¢’y’]) concluding the proof. 26D

2.B Probability of Termination

We prove the claims from Section 2.5 about the termination probability.

Proposition 2.B.1. For any expression e, P! (e) is a left-computable real number.

o

Proof. We first prove by induction that for any n, ®"(L) restricts to a map
Tm — [0,1]N Q. The proof is simple since the function L clearly maps into
rationals and for the inductive step we use the fact that the sums in the defi-
nition of @ are always finite, and the rational numbers are closed under finite
sums.

To conclude the proof we have by definition that P! (e) = sup,,c, P*(L)(e)
and we have just shown that all the numbers ®"(_L)(e) are rational. Moreover
the sequence {®"(L)(e)},cn is computable, since for a given n we only need
to check all the reductions from e of length at most n to determine the value

of ®"(L)(e) and the reduction relation T naturally computable. QED
Example 2.B.2. To see that the probability of termination can also be non-
computable we describe a program whose probability of termination would

allow us to solve the halting problem were it computable.
The program we construct is recursively defined as T = fix[][] ¢ where

@=Af.Axtx®(Q® f (succ x))
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where t x is a program that runs the x-th Turing machine on the empty input
and does not use any choice reductions. Thus P! (tx) € {0,1}. It is well known
that the empty string acceptance problem is undecidable. Note that we put
Q) in the program to ensure that every second digit in binary will be 0. It is
an easy computation to show that

(o]

1
Pt = ZWP;HI

n=0

where p, = 1 if the n-th Turing machine terminates on the empty input and
0 otherwise. If PU(T 1) were computable we could decide whether a given
Turing machine accepts the empty string by computing its index n and then
computing the first 21 digits of PU(T 1). ¢

We now generalise the last example and show that any left-computable
real arises as the probability of termination of a program. Technically, we
show that given a term of the language that computes an increasing bounded
sequence of rationals (represented as pairs of naturals) we can define a pro-
gram that terminates with probability the supremum of the sequence. We
then use the fact that our language F/® is Turing complete to claim that any
computable sequence of rationals can be represented as such a term of F#®.

Proposition 2.B.3. For every left-computable real in [0, 1] there is a program e,
of type 1 — 1 such that Dle, () =r. O

Proof. Solet r : nat — nat xnat compute an increasing sequence of rationals
in the interval [0, 1]. Additionally assume that for all n € IN.

rit == (kG

for some k,,¢,, € IN. That is, r does not use choice reductions. This is not an
essential limitation, but simplifies the argument which we are about to give.

First we define a recursive function e of type e¢: (nat — nat xnat) — 1 as
e = fix[][] ¢ where

p=Af.Arlet (k,{) = rlin
lety = rand{ in
if y <k then()else fr’

and

r(succz) - (k,¢)

r = Az )

and subtraction and division is implemented in the obvious way. Note that
the condition in ¢ ensures that (k,£) does not represent the rational number



2.B. Probability of Termination

65

1 and therefore division would make sense. But technically, since we im-
plement rationals with pairs of naturals no exception can occur and we just
represent the pair with the second component being 0.

Let f and r be values of the appropriate type. We have

Dt (@ f7) 5—1 Lo+ Sl ()

f
where r1 = (ky,€;). The inequality comes from the fact that applying r
might take some unfold-fold reductions. Iterating this we get

! k, ¢€,-
Dm+1+2n (er) < g_n € I)m+1 ( ))

where rn % (k,,¢,) and

r(succ”z)—(k,,¢,)
1 - (kn’ﬁn)

P

is the n-th iteration of the " used on r in ¢.

It is easy to see that Djli(er(”)) = 0 since it takes at least one unfold-
fold and one choice reduction to terminate. Thus picking m = 1 we have

Dlzlﬂn (er) = ]2—“ and thus

sup pﬁ (er) <sup Ky

new new “n

Using the same reasoning as above we also have

k, €,-k k
i n,tn” o omlf,..(n) n
D(er)2€n+ 3 D(er”)z )

which shows (using Proposition 2.3.5) that
k k
sup 2 < Plier) < supD% (er) <sup -
new “n new new “n

and so

Q€D
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2.C Distributions

We now define distributions and prove some of their properties and proper-
ties of the probability of termination which are used in some of the examples.

By a distribution we mean a subprobability measure on the discrete space
Val of values. Let

Dist:{f:Val—>[0,1]| Z f(v)$1}

veVal

be the space of subprobability measures on Val. To be precise, f € Dist
are not measures, but given any f we can define a subprobability measure
Hf(A) = 2 yea f(v) and given any subprobability measure y, we can define
fu € Dist as the Radon-Nikodym derivative with respect to the counting mea-
sure. Or in more prosaic terms f,(v) = p({v}). It is easy to see that these two
operations are mutually inverse and since f € Dist are easier to work with
we choose this presentation.

Lemma 2.C.1. Dist ordered pointwise is a pointed w-cpo. O

Proof. The bottom element is the everywhere 0 function. Let {f,},c., be an
w-chain. Define the limit function f as the pointwise supremum

f(v) =sup fu(v).

new
Clearly all pointwise suprema exist and f is the least upper bound, provided
we can show that f € Dist. To show this last fact we need to show
Z sup f,(v) < 1.

new
veVal

but this is a simple consequence of Fatou’s lemma since from the assumption
that {f,,},,c, we have sup, ., f,(v) =lim,_,, f,(v) =liminf,_,, f,(v) and so by
Fatou’s lemma (relative to the counting measure on Val) we have

Z sup f(v) < “,{Ei{,‘f[ Z fn(v)] <liminfl = 1.

n—o00
new
veVal veVal

QED

Now define E : (Tm — Dist) — (Tm — Dist) as follows

O, if e € Val
(p)(e) = Zp @ (€’) otherwise
p

e~~e’

[1]
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where 0, is (the density function of) the Dirac measure at point e. Since Dist
is an w-cpo so is Tm — Dist ordered pointwise. It is easy to see that in this
ordering Z is monotone and continuous and so by Kleene’s fixed point theo-
rem it has a least fixed point reached in w iterations. Let D = sup,,.,, (E"(L))
be this fixed point.

Lemma 2.C.2. Let e € Tm and v € Val. If D(e)(v) > 0 then there exists a path
frometov,ie. estepstov. O

Proof. We use Scott induction. Define
S={f:Tm — Dist |VYe,v, f(e)(v) >0 — I, 7 : e ~" v}

The set S contains 1. To see that it is closed under w-chains observe that if
(sup,,c,, fn) (€)(v) > 0 then there must be n € w, such that f,(e)(v) > 0 so we
may use the path from e to v that we know exists from the assumption that
fn€S.

It is similarly easy to see that given f € S we have Z(f) € S. Thus we have
that D € S concluding the proof. Q6D

Lemma 2.C.3. For any expression e € Tm we have

) Dle)w)=Pe)

veVal

O

Proof. First we show by induction on # that all the finite approximations of
Pl (e) and D(e) agree.

* The base case is trivial since by definition

Y EULe)@) =0=D(L)(e)

veVal

e For the inductive case we consider two cases. If e € Val then both sides
are 1. In the other case we have

Y e e =) ) p-E"E)|w
veVal veVal Lo
=) | pE")
veVall P ,
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by Tonelli’s theorem we can we can interchange the sums to get

= Z[p > E”(e’)(v)]

ese’ veVal

=Y P @M (L)E) = 0" (L)(e)

Thus we have that for all n,

) EMLe)w) = D"(L)(e)

veVal

and so

new new

sup[ Y E"<¢><e><v>] = sup(®"(L)(e) = P (¢)
veVal

By the dominated convergence theorem we can exchange the sup (which is
the limit) and the sum on the left to get

sup[ ) E”(L)(e)(v)] = ) sup(E"(L)(e)@))
"W \yeval veval €Y
=) _ D))
veVal
as required. Q6D

Proposition 2.C.4 (Monadic bind for distributions). Let e € Tm and E an eval-
uation context of appropriate type.

D(E[e])= ) D(e)v)-D(E[]).

veVal

Proof. 1t is easy to show by induction on ¢ that

Vee Tm, B (1)(Ele]) = Z Z W(n)- 2t (E[R])  (2.5)

veVal me~"v
len(7)<€

(using the fact that the length of the empty path is 0 and its weight 1).
Similarly it is easy to show by induction on ¢ that

Vee Tm, E1 (1) (e) (v) = Z W(n) (2.6)

T~ Y
len(7t)<l
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which immediately implies

Ve e Tm, D(e)(v) = Z W(r) (2.7)

Using these we have

D(E[e)=sup ) ) W(m) BT (E[])

lew yeval miewtv
len(m)<€

and since for each v the sequence Z W () - 2417 (E[v]) is increasing

S
len(7)<l

with € we have

sup Z W () - 21 (E[v])

lfew

veVa TCe~" Y

len(m)<l

)_ ) W -DER)

veVal t:e~"v

I

™1
>
=
S
e
2

I

[
S
2
S
>,
5
=

Q€D

Corollary 2.C.5. Let e € Tm be typeable and E an evaluation context of appro-
priate type. Then DU (E[e]) = Zn:e«» v W(n)- DU [ ] ¢

Corollary 2.C.6. For any term e and evaluation context E the equality

=) De)w) P (E[])

veVal
holds. ¢
Corollary 2.C.7. Let e € Tm and E an evaluation context. Suppose D(e) =p - 0,
for some v € Val and p € [0,1]. Then PY(E[e]) = p- PYL(E[v)). O
Proof. Use Proposition 2.C.4 and Lemma 2.C.3. Q6D

Proposition 2.C.8. For any evaluation context E and term e and any k € N,

Dk (Ele]) < Z W (e [v])

T:e~>* v

The proof proceeds by induction on k.
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2.D Further Examples

In this section we show further equivalences which did not fit into the paper
proper due to space restrictions.

Fair coin from an unfair one

Given an unfair coin, that is, a coin that comes up heads with probability p
and tails with probability 1 — p, where 0 < p < 1 we can derive an infinite
sequence of fair coin tosses using the procedure proposed by von Neumann.
The procedure follows from the observation that if we toss an unfair coin
twice, the likelihood of getting (H, T) is the same as the likelihood of getting
(T, H). So the procedure works as follows

* Toss the coin twice
* If the result is (H, T) or (T, H) return the result of the first toss

* Else repeat the process

We only consider rational p in this section (for a computable p we could
proceed similarly, but the details would be more involved, since the function
which returns 1 with probability p and 0 with probability 1 —p is a bit more
challenging to write).

Let 1 <k < n be two natural numbers and p = % Below we define e, : 1 —
2 to be the term implementing the von Neumann procedure for generating
fair coin tosses from an unfair coin f, which returns true with probability
p and false with probability 1 — p. We will show that ¢, is contextually

equivalent to Ax.true @ false. We define ¢, as

e, = fix[][]e
where

2=1+1

true = inl()

false =inr()

e=e¢’ =match(e,_e’,_match(e’, _false,_true))

if e then e else e, =match(e, _.eq, _.ep)

t, = A().lety =randn in (y <k)

and

p=Af.A).letx = t,() in
lety = £,() in
if x =y then f () else x.
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By a simple calculation using the operational semantics we can see that
given any evaluation context E, we have

pl (E[tp ()]) = %DU (E[true]) + nT_kDU (E[false]).

Given any value f of type (1 — 2) and any evaluation context E with the hole
2 2
of type 2 we compute that PU(E[¢ f ()]) is equal to k+(n+k)l)u(E[f On+2-

WDU (E[true® false]). Finally for ¢, and any evaluation context E with
hole of type 2 we have

2 _1)\2
P (Ele, 01) = P (e, 0) = 2= p (Efe, ()
+2- %DU (E[true & false]).

from which we have by simple algebraic manipulation that pl (E[ep ()]) =

PY(E[true @ false]).

It is now straightforward to show @ |2 +e, =g }().true® false:1 — 2
since both e, and A().true @ false are values, so we can show them related
in the value relation. The proof uses reflexivity of =8,

Alternatively, we could have used Theorem 2.4.10 and showed directly
that e, () and true @ false are CIU-equivalent and then used extensionality
for values to conclude the proof.

A hesitant identity function

We consider the identity function e that does not return immediately, but
instead when applied to a value v flips a coin whether to return v or call
itself recursively with the same argument. We show that this function is
contextually equivalent to the identity function Ax.x. The reason for this is,
intuitively, that even though e when applied may diverge, the probability of
it doing so is 0.

Example 2.D.1. Let e = fix[|[](Af.Ax.(x® f x)) : @ — . We have
alore<® A\xx:a—>a

and
al@k/\x.xsl%e:a—mc.

L/

Proof. We prove the two approximations separately. Let ¢ € VRel(a), n €
IN. Since e and Ax.x are values we show them directly related in the value
relation. In both cases let ¢ = Af . Ax.(x® f x) and h = Az.6, (f0ld o) z.
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* By definition of the interpretation of function types we have to show,

given k <n and (v,v’) € @, (a)(k), that (ev, (Ax.x)v’) € @, (a) " (k).

. . f .
It is straightforward to see that ev = @ ev using exactly one unfold-
fold reduction.

Now let (E, E’) be related at k. We proceed by induction and show that
for every ¢ <k, Dg (E[ev]) < PV (E’[v’]) which suffices by Lemma 2.3.1.
When ¢ = 0 there is nothing to prove. So let £ = ¢’ +1.

Py (E[ev]) = Py (pev) = D) (E[v@ev)).

If ¢ = 0 we are trivially done. So suppose ¢’ = ¢” +1 to get using
Lemma 2.3.4

1 1
P (Elv@ev]) = 5P, (Ev]) + 5P}, (ev)
Using the fact that £” < k and monotonicity we have

P (E[v]) < PLE[)).

Using the induction hypothesis we have

DL (ev) < PUE'[))
which together conclude the proof.
Again by definition of the interpretation of function types we have to
show, given k < n and (v,v’) € ,(a)(k), that (Ax.x)v’,ev) € . (a) " (k).
Again we have that ev’ é @ ev’ using exactly one unfold-fold reduc-

tion. Let £ < k and (E,E’) related at £. Using Lemma 2.3.1 and the fact
that PY () is a fixed point of @ we have

PHEev]) = PV (E[pev')
= SPUET) + 5PV (Eev’)
and from this we get %DU(E’[ev’]) = %DU(E’[v’]) by simple algebraic

manipulation and thus PU(E’[ev’]) = P (E’[v’]). Using this property it
is a triviality to finish the proof.

2€D
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Further simple examples

The following example is a proof of perfect security for the one-time pad en-
cryption scheme. Define the following functions

not:2—2

not = Ax.if x then false else true
Xor:2—2-2

xor = Ax.A1y.if x thennot y elsep
gen: 2

gen = true@ false

xor is supposed to be the encryption function, with the first argument the
plaintext and the second one the encryption key.

We now encode a game with two players. The first player chooses two
plaintexts and gives them to the second player, who encrypts one of them
(using xor) chosen at random with uniform probability and gives the result
back to the first player. The first player should not be able to guess which of
the plaintexts was encrypted. This is expressed as contextual equivalence of
the following two programs

exp = Ax.Ay.xor (x®y) gen
rnd = Ax.Ay.gen

To show exp =“* rnd we first use extensionality for values so we only need

to show that for all v,u € Val (2)
xor (v @ u) gen =¥ gen

and the easiest way to do this is by using CIU equivalence. Given an evalua-
tion context E we have

(E[xor v true])+
(E[xor v false])+
(E[xor u true])+
(E[xor u false])

ij

il
DU(E[xor (veu)gen]) = g“
DU

and by the canonical forms lemma u and v can be either true or false. It is
easy to see that the sum evaluates to

Lo pt Y

1(2 -P*(E[true])+2-P*(E[false]))

quickly leading to the desired conclusion.
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If we had used the logical relation directly we would not need the canon-
ical forms lemma, but then we would have to take care of step-indexing.

A similar example is when in one instance we choose to encrypt the first
plaintext and in the second instance the second one. Since the key is gener-
ated uniformly at random, the first player should not be able to distinguish
those two instances. Concretely, this is expressed as contextual equivalence
of the following two programs

exp; = Ax.Ap.xor x gen

exp, = Ax.Ay.xor y gen

The proof is basically the same as the one above. Use extensionality and
then CIU equivalence.

Restrictions in the free theorem are necessary

We show that the free theorem in Section 2.5 does not hold without some
assumptions on the behaviour of functions f and g.

First, if f = (Ax.1)®(Ax.2), g is the identity function Ax.x and xs is the list
[(), ()] then the term map[][](f o g)xs can reduce to the list [1,2], however the
term ((map[][] f) o (map[][]g)) xs cannot. The reason is that in the first case the
reduction of f is performed for each element of the list separately, but in the
latter case, f is first reduced to a value and then the same value is applied to
all the elements of the list. Technically, the condition we need for f is that
there exists a value f’, such that f =“* f’, but this version is easily derived
from the version stated above by congruence.

Second, if g diverges with a non-zero probability for some value v, we
take m to be the constant function returning the empty list and the list xs
to be the singleton list containing only the value v. Then, if f is any value,
m[][](f o g) xs reduces to the empty list with probability 1, however ((m[][]f o
map|][]g)) xs reduces to the empty list with a probability smaller than 1, since
g is still applied, since we are in a call-by-value language.

Third, if g = Ax.1®2, f is the identity function and xs is the singleton list
containing () we take m to be the function that first appends the given list to
itself and then applies map to it. We then have that m[][](f o g)xs can reduce
to the list [1,2], but ((m[][]f) o (map[][]g)) xs cannot, since g is only mapped
over the singleton list producing lists [1] and [2], which are then appended
to themselves, giving lists [1,1] and [2,2].

And last, if m is not equivalent to a term of the form A.A.Ax.e then the
term on the left reduces to two different (not equivalent) values (or even
diverges), but the term on the right does not. We can use this to construct
a distinguishing evaluation context.
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A property of map

The result in Section 2.5 does not allow us to conclude

mapl][](f o g) = mapl[][] f omap[][]g.

for all f € Val(c — p) and g € Val(tr — o), however we can show, using
the definition of map, that this does in fact hold. By using extensionality
(Lemma 2.4.11) we need to show for any list xs we have

UX(

mapl[](](f o g)xs =" (map(][] f omap([][]g) xs.

If f and g are values, E an evaluation context and xs a list of length n, it
is easy to see that

P! (E[map f xs]) = Z[]‘[D(fxn(ui)] P (E[us))
us \i=1

where the first sum is over all the lists of length n and x; and u; are the i-th
elements of lists xs and us, respectively. This then gives us that

P (E[map f (map g xs)])
is equal to

Z[HD(gxi)(vi)]-D“(E[maprS])

Vs i=1

- Z[]L[D(gx»(vi)]'[z

vs \i=1 us

= ZZ[ﬁD(gxi)(vi) -D(f vi)(ui)] DY (E[us)).

vs us \i=1

[ [ vl-)(u,-)]m“(E[us])]
i=1

On the other hand, we have that P! (E[map (f o g)xs]) is equal to
Z[I_[D«f og)xi)(“i)]'DU(E[us])
s \i=1

and

D((f og)xi)(u;) = ) _D(gxi)(v)-D(f v)(uy)

together giving us

2[ [ZD(gxi)(V)-D(fV)(ui))]-D“(E[us])
=1 v

us
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which by Fubini’s theorem and the fact that lists of length n correspond to
n-tuples, is equal to

n

Y | [eexo@n-Difviw) |- P (Elus))

us vs \i=1

which is the same as P! (E[map f (map g x5)]).

If f and g are not equivalent to values, then the above result for map
does not hold. Consider, for instance, f = Ax.1 ® Ax.2 and g the identity
or conversely, when applied to the list xs = [{),(}]. The expression map[][](f o
g)xs can reduce to the list [1, 2], whereas the expression (map[][] f omap[][]g) xs
cannot. We can generalise this to show that if f is not equivalent to a value
or g is not, then the stated equality does not hold.
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xtel
AITFxRx:t AITFOR():1
AlTreyRe:my AlTre,Rey: 1, AT, xxtireRe : 1,
A|T k{ep,ep) R{ej,e5): 11 X1 A|TrFAxeR Ax.e': 1] — 1y
AlTreRe : 1y AlTreRe : 1y
A|T+inleR inle : 1+ 1, A|T+inreR inre : 1 +1,

AT, x;:ty ey Rep it AT, xp3to ke Rey: T AlTreRe :1+1,

A|T rmatch(e, xy.e1,x;5.5) Rmatch(e’, xy.e],x5.€5): T

Aa|TreRe :1 A+ AlTreRe :1[1)/a]
A|lTFAeRAe :Va.t A|T + (packe) R (packe’) : da.t

A|Trey Rep:da.ny A+t Aa|T,x:tireRe :t

A|T F (unpack e; as x ine) R (unpack e; as x ine’):

AlTreRe 1 x1p AlTreiRe it > AlTre,Rey: T
A|T rproj;eRproj;e : 1; AlTrejeRejes: T
AlTreRe : pa.t AlTreRe :tlpa.t/a)

A|T +unfolde R unfolde: t[pa.t/a] A|T+ folde R folde’: pa.t

AlTreRe :Va.t , A|TrFeR e :nat
" () CA :
AlTre[]Re]: t[T//] A|T +rande R rande’:nat
A|TreR e :nat A|TreR e :nat
A|T+PeRPe :nat A|T+SeRSe :nat

A|TreR e :nat AlT,Fe;Rej: T AlT,FeRey: T

A|T+1if; ethene; elsee, Rif) ¢’ thene] elsee): 1

Figure 2.6: Compatibility properties of type-indexed relations
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ede="e e @er=e,de; Qe

. cf .
if e; = e, thene; = e,  ife;®e, =" e, thene; = e,

Figure 2.7: Basic properties of <¢* and =*. We write Q for any diverging
term (i.e. PY(Q) = 0) and ede’ as syntactic sugar for if; rand2 thene elsee’.
Note that the choice when evaluating e ® e’ is made before e and e’ are evalu-
ated.



Chapter 3

A Model of Countable
Nondeterminism in Guarded
Type Theory

This chapter is a revised version of

3.1

Countable nondeterminism arises naturally when modelling properties of
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for reasoning about must-contextual equivalence of higher-order programming
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Abstract

We show how to construct a logical relation for countable nondetermin-
ism in a guarded type theory, corresponding to the internal logic of the
topos Sh (w;) of sheaves over w;. In contrast to earlier work on abstract
step-indexed models, we not only construct the logical relations in the
guarded type theory, but also give an internal proof of the adequacy
of the model with respect to standard contextual equivalence. To state
and prove adequacy of the logical relation, we introduce a new propo-
sitional modality. In connection with this modality we show why it is
necessary to work in the logic of Sh(wy).

Introduction
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languages with countable nondeterminism are challenging to construct [3,
10, 38, 60—63, 84]. Recently it was shown [23] how step-indexed logical re-
lations, indexed over the first uncountable ordinal w;, can be used to give
a simple model of a higher-order programming language F/? with recursive
types and countable nondeterminism, allowing one to reason about must-
contextual equivalence. Using step-indexed logical relations is arguably sub-
stantially simpler than using other models, but still involves some tedious
reasoning about indices, as is characteristic of any concrete step-indexed
model.

In previous work {22, 39], the guarded type theory corresponding to the
internal logic of the topos Sh (w) of sheaves! on w has been proved very use-
ful for developing abstract accounts of step-indexed models indexed over
w. Such abstract accounts eliminate much of the explicit tedious reasoning
about indices. We recall that the internal logic of Sh (w) can be thought of as
a logic of discrete time, with time corresponding to ordinals and smaller or-
dinals being the future. In the application to step-indexed logical relations,
the link between steps in the operational semantics and the notion of time
provided by the internal logic of Sh(w) is made by defining the operational
semantics using guarded recursion [22].

In this paper we show how to construct a logical relation for countable
nondeterminism in a guarded type theory GTT corresponding to the internal
logic of the topos Sh (w;) of sheaves over w;. For space reasons we only con-
sider the case of must-equivalence; the case for may-equivalence is similar.
In contrast to earlier work on abstract step-indexed models [22, 39], we not
only construct the logical relation in the guarded type theory, but also give an
internal proof of the adequacy of the model with respect to must-contextual
equivalence. To state and prove adequacy of the logical relation we intro-
duce a new propositional modality O: intuitively, O¢ holds if ¢ holds at all
times. Using this modality we give a logical explanation for why it is neces-
sary to work in the logic of Sh(w;): a certain logical equivalence involving
O holds in the internal logic of Sh (w;) but not in the internal logic of Sh (w)
(see Lemma 3.4.7).

To model must-equivalence, we follow [23] and define the logical relation
using biorthogonality. Typically, biorthogonality relies on a definition of con-
vergence; in our case, it would be must-convergence. In an abstract account
of step-indexed models, convergence would need to be defined by guarded
recursion (to show the fundamental lemma). However, that is not possible
in the logic of Sh(w;). There are two ways to understand that. If one con-
siders the natural guarded-recursive definition of convergence,’ using Lob
induction one could show that a non-terminating computation would con-

IConsidered as sheaves on the topological space w equipped with the Alexandrov topol-

ogy.
2must-converge(e) <> Ye’,e ~ ¢’ — »(must-converge(e’)).
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verge! Another way to understand this issue is in terms of the model. The
stratified convergence predicate || from [23] is not a well-defined subobject
in Sh (wy). Intuitively, the reason is that all predicates in GTT are closed wrt.
the future (smaller ordinals), but if an expression converges to a value in, say,
15 computation steps, then it does not necessarily converge to a value in 14
steps. Instead we observe that the dual of stratified must-convergence, the
stratified may-divergence, is a subobject of Sh(w;) and can easily be defined
as a predicate in GTT using guarded recursion. Thus we use the stratified
may-divergence predicate to define biorthogonality, modifying the definition
accordingly.

The remainder of the paper is organised as follows. In Section 3.2 we
explain the guarded type theory GTT, which we use to define the opera-
tional semantics of the higher-order programming language F*? with count-
able nondeterminism (Section 3.3) and to define the adequate logical relation
for reasoning about contextual equivalence (Section 3.4). We include an ex-
ample to demonstrate how reasoning in the resulting model avoids tedious
step-indexing. Finally, in Section 3.5 we show that the guarded type theory
GTT is consistent by providing a model thereof in Sh (w;). Thus, most of the
paper can be read without understanding the details of the model Sh(w).
Most proofs have been omitted from the paper. They can be found in the
appendices following the paper on page 98.

3.2 The Logic GTT

The logic GTT is the internal logic of Sh (w;). In this section we explain some
of the key features of the logic; in the subsequent development we will also
use a couple of additional facts, which will be introduced as needed.

The logic is an extension of a multisorted intuitionistic higher-order logic
with two modalities » and O, pronounced “later” and “always” respectively.
Types (aka sorts) are ranged over by X, Y; we denote the type of propositions
by Q and the function space from X to Y as YX. We write P(X) = QX for
the type of the power set of X. We think of types as variable sets (although
in the logic we will not deal with indices explicitly). There is a subset of
types which we call constant sets; given a set a, we denote by A(a) the type
which is constantly equal to a. Constant sets are closed under product and
function space. For each type X there is a type »X and a function symbol
nextX : X — »X. Intuitively »X is “one time step later” than the type X, so
we can only use it later, i.e. after one time step and nextX(x) freezes x for a
time step so it is only available later.

We also single out the space of total types. Intuitively, these are the types
whose elements at each stage have evolved from some elements from previ-
ous stages, i.e. they do not appear out of nowhere.
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Definition 3.2.1. For a type X we define Total (X) to mean that next¥ is sur-
jective

Total (X) £ Vx : »X,3x": X, nextX(x) = x
and say that X is total when Total (X) holds. ¢

Note that for each X, Total (X) is a formula of the logic, but Total itself is
not a predicate of the logic. Constant sets A(a) for an inhabited a are total.
For simplicity, we do not formalise how to construct constant sets. In the
following, we shall instead just state for some of the types that we use that
they are constant; these facts can be shown using the model in Section 3.5.

We will adopt the usual “sequent-in-context” judgement of the form

I'Ere

for saying that the formula ¢ is a consequence of formulas in =, under the
typing context I'.

The » modality on formulas is used to express that a formula holds only
“later”, that is, after a time step. More precisely, there is a function symbol
>: () — Q) which we extend to formulas by composition. We require > to
satisfy the following properties (I' is an arbitrary context).

1. (Monotonicity) I' | ¢ +>¢@

2. (Lob induction rule) I'| (> — @) @

3. » commutes over T, A, — and V (but does not preserve ).

4. Forall X,Y and ¢ wehaveI,x: X |dy: Y,p@(x,p) F>(Tv: Y, p(x,p)).

5. Forall X,Y and ¢ wehaveI,x: X | > (Vy: Y, @(x,9)) FVy: Y,>p(x,p).
The converse entailment in the last rule holds if Y is total.

Following [22, Definition 2.8] we define a notion of contractiveness which
will be used to construct unique fixed points of morphisms on total types.

Definition 3.2.2. We define the predicate Contr on YX as
Contr(f) 2Vx,x": X,»(x =x') > f(x) = f(x)
and we say that f is (internally) contractive if Contr(f) holds. ¢

Intuitively, a function f is contractive if f(x) now depends only on the
value of x later, in the future. The following theorem holds in the logic.
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Theorem 3.2.3 (Internal Banach’s fixed point theorem). Internally, any con-
tractive function f on a total object X has a unique fixed point. More precisely,
the following formula is valid in the logic of Sh (w;):

Total (X) - Vf : XX,Contr(f) —Alx: X, f(x) =x.

o

We will use Theorem 3.2.3 in Section 3.4 on a function of type P(X) —
P(X) for a constant set X. We thus additionally assume that Total (P (X))
holds for any constant set X.

The O modality is used to express that a formula holds for all time steps.
It is thus analogous to the 0O modality in temporal logic. It is defined as the
right adjoint to the ——-closure operation on formulas and behaves as an in-
terior operator. More precisely, for a formula ¢ in context I', O¢ is another
formula in context I'. In contrast to the » modality, O on formulas does not
arise from a function on Q) and consequently does not commute with sub-
stitution, i.e., in general (O¢)[t/x] is not equivalent to O (¢ [t/x]), although
(O@)[t/x] always implies O (¢ [t/x]) which is useful for instantiating univer-
sally quantified assumptions. Thus, to be precise, we would have to annotate
the O with the context in which it is used. However, restricting to contexts
consisting of constant types, O does commute with substitution and since we
will only use it in such contexts we will omit explicit contexts.

The basic rules for the O modality are the following. In particular, note
the first rule which characterises O as the right adjoint to the ——-closure.

[-—pry Tlpry
Tloroyp Tloerogp T'loOere

I'oprooe T'|-—-(O¢)rop TI|-=@ro(--p)

Note that some of the rules can be derived from others. A simple conse-
quence of the rules is that ——¢ < 0O(-—-¢) and —-—=(0O¢) <> O¢. Thus one way
to understand O ¢ is as the largest predicate that implies ¢ and is ——-closed.

Proposition 3.2.4. Using the rules for O stated above we can prove the following
sequents in the logic.

[oroTe T

FroroL< L
F0ro(pAY)cOpADY
F0ro(Vx: X, @) V¥x: X,O¢
I'oro(e—->y)—op—-oyp
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ti=all|lng x|+t |t - nlpat|Var|dar
ex=x|{)|(e1,e;)|inle|inre| Ax.e| A.e|packe|unfolde| folde

| 7 | proj;e|eje; | case(e xy.e1,x5.€5) | e[] |unpack e as x ine,
E:=—|(E,e)|{v,E)|inl E | inr E | packE | proj;E |Ee|vE | E[]

| case(E,xj.e1,X;.€5) |unpack E as x in e |unfoldE | foldE

Figure 3.1: Syntax of F/’: types 7, terms e and evaluation contexts E. inl e
and inr e introduce terms of sum type. case(e, x;.e1,x5.65) is the pattern
matching construct that eliminates a term e of the sum type with the left
branch being e; and right branch e,. packe and unpack e; as x in e, intro-
duce and eliminate terms of existential types and A.e and e[] introduce and
eliminate terms of universal types.

A useful derived introduction rule for the O modality is the well-known
O-introduction rule for S4. It states that if we can prove ¢ using only O’ed
facts, then we can also conclude O ¢. Formally:

I'Ere

[1]

o o =T HeLUE,.., 0y,
F'NErogp

3.3 The Language F*’

In this section we introduce F*?, a call-by-value functional language akin
to System F, i.e., with impredicative polymorphism, existential and general
recursive types, extended with a countable choice expression ?. We work
informally in the logic outlined above except where explicitly stated.

Syntax We assume disjoint, countably infinite sets of type variables, ranged
over by a, and term variables, ranged over by x. The syntax of types, terms
and evaluation contexts is defined in Figure 3.1. Values v and contexts (terms
with a hole) C can be defined in the usual way. The free type variables in a
type ftv(t) and free term variables in a term fv(e), are defined in the usual
way. The notation o[7/&] denotes the simultaneous capture-avoiding substi-
tution of types 7 for the free type variables & in the type o; similarly, e[v/x]
denotes simultaneous capture-avoiding substitution of values v for the free
term variables ¥'in e. We define the type of natural numbers as nat = pa.1+a
and the corresponding numerals as 0 = fold(inl ()) and n+ 1 = fold(inr n)
by induction on n.

The judgement A + 7 expresses ftv(t) € A. The typing judgement A |
I' - e : T expresses that e has type 7 in type variable context A and term
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proj;{vy,vy) +— v; unfold(foldv)+— v
(Ax.e)v > e[v/x] unpack (packv) as x in e — e[v/x]
(Ae)[]—e case(inlwv,xj.eq,xp.65) —> e1[v/xq]
?+—>n (neN) case(inrv,xj.eq, xp.65) > ep[v/x;]
E[e]~ E[€’] ifer—e’

Figure 3.2: Operational semantics of F/?: basic reductions — and one step
reduction ~.

variable context I'. Typing rules are the same as for system F with recursive
types, apart from the typing of the ?, which has type nat in any well-formed
context.

We write Type for the set of closed types 7, i.e. types 7 satisfying ftv(t) =
0. We write Val(t) and Tm (7) for the sets of closed values and terms of type
7, respectively. Stk (7) denotes the set of evaluation contexts E with the hole
of type 7. The typing of evaluation contexts can be defined as in [23] by an
inductively defined relation. We write Val and Tm for the set of all closed
values and closed terms, respectively, and Stk for the set of all evaluation
contexts.

Using the model in Section 3.5, we can show that the types of terms,
values, evaluation contexts and contexts are constant sets. We use this fact in
the proof of adequacy in Section 3.4.

Operational semantics The operational semantics of F#? is given in Fig-
ure 3.2 by a one-step reduction relation e ~ ¢’. The rules are standard apart
from the rule for ? which states that the countable choice expression ? eval-
uates nondeterministically to any numeral n (n € IN). We extend basic reduc-
tion +— to the single step reduction relation ~» using evaluation contexts E.

To define the logical relation we need further restricted reduction rela-
tions. These will allow us to ignore most reductions in the definition of the
logical relation, except the ones needed to prove the fundamental property
(Corollary 3.4.5).

Let ~* be the reflexive transitive closure of ~». Following [23] we call
unfold-fold reductions those of the form unfold(foldv) — v, and choice re-
ductions those of the form ? — 1 (n € IN). Choice reductions are important
because these are the only ones that do not preserve equivalence. We define

p . . . . .
e e~ e if e~* ¢’ and none of the reductions is a choice reduction;

0 . . . . .
o e~> ¢’ if e~ ¢’ and none of the reductions is an unfold-fold reduction;
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e eleif e~ ¢ and exactly one of the reductions is an unfold-fold
reduction;

po ,. p 0
e e~seife~>se’and e~> €’

1,
ceeifel andel e,
The ~ reduction relation will be used in the stratified definition of diver-
gence and the other reduction relations will be used to state additional prop-
erties of the logical relation in Lemma 3.3.1. Note that although some of the
relations are described informally using negation they can be described con-

structively in a positive way. For instance, £, can be defined in the same way
as the ~" but using a subset of the one step relation ~.

Divergence relations We define the logical relation using biorthogonality.
As we explained in the introduction we use two may-divergence predicates,
which are, informally, the negations of the two must-convergence relations
from [23]. Thus we define, in the logic, the stratified may-divergence predicate
1 as the unique fixed point of ¥ : P(Tm) — P (Tm) given as

W(A) = {e:Tm’He’:Tm,e«l» e’Ab(e'eA)}.

W is internally contractive and since Tm is a constant set P (Tm) is total. By
Theorem 3.2.3, W has a unique fixed point.

We also define the non-stratified may-divergence predicate T as the great-
est fixed-point of @ : P(Tm) — P (Tm) given as

(ID(A):{e:Tm|EIe':Tm,e«» e’ Ne' e A}

Since ® is monotone and P (Tm) is a complete lattice, the greatest fixed point
exists by Knaster-Tarski’s fixed-point theorem, which holds in our logic.> Ob-
serve that WV is almost the same as @ o>, apart from using a different reduction
relation. We write e] and e] for e € T and e € ], respectively.

The predicates | and T are closed under some, but not all, reductions.

Lemma 3.3.1. Let e,e’ : Tm. The following properties hold in the logic GTT.

. . ,0
zfe«p» e’ then el < ¢’ zfeE\» e then el & e'1

ife«o» e thene’] — el ife“l/> e’ then »(e’]) — el

3Knaster-Tarski’s fixed point theorem holds in the internal language of any topos.
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Must-contextual approximation Contexts can be typed as second-order
terms, by means of a typing judgement of the form

C:(AIT=1)- (A |T'=0),

stating that whenever A [T +e: 7 holds, A’|I”+ C[e] : o also holds. The typ-
ing of contexts can be defined as an inductive relation defined by suitable
typing rules, which we omit here due to lack of space; see [6]. We write

C:(A|IT=>n1)
to mean there exists a type o, such that
C:(AIT=>1)» (@@= 0)

holds.

We define contextual must-approximation using the may-divergence pred-
icate. This is in contrast with the definition in [23] which uses the must-
convergence predicate. However externally, in the model, the two definitions
coincide.

Definition 3.3.2 (Must-contextual approximation). In GTT, we define must-

contextual approximation A |T + ¢; sﬁt" ey:Tas

AlTre:tAA|TrHey: T AVC,(C:(A|T = 1)) ACley]T — Cleq]T.
¢

Note the order in the implication: if C[e;] may-diverges then C[e;] may-
diverges. This is the contrapositive of the definition in [23] which states that
if C[eq] must-converges then C[e,;] must-converges. Must-contextual approx-
imation defined explicitly using contexts can be shown to be the largest com-
patible adequate and transitive relation, so it coincides with contextual ap-
proximation in [23].

3.4 Logical Relation

In this section we give an abstract account of the concrete step-indexed logi-
cal relation from [23] by defining a logical relation interpretation of types in
GTT. The result is a simpler model without a proliferation of step-indices, as
we will demonstrate in the example at the end of the section.

Relational interpretation of types Let Type(A) = {t | A 7} be the set of
types well-formed in context A. Given 7,7’ € Type let

VRel(t,7’) = P(Val (1) x Val(1”))

TRel (1,7') = P(Tm(7) x Tm(7’))

SRel (7,7’) = P(Stk (1) x Stk (7).

Compatible means closed
under the rules in
Figure 3.8 on page 128.
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We implicitly use the inclusion VRel(t,7’) C TRel(7, t’). For a type variable
context A, we define VRel (A) to be

(@1, 02,0r) | P1,02: A —> Type,Va € A, ¢, (a) € VRel (@ (@), pa(a))}

where the first two components give syntactic types for the left and right
hand sides of the relation and the third component is a relation between
those types. The interpretation of types, [+ -], is shown in Figure 3.3. The
definition is by induction on the judgement A + 7. Given a judgement A + T,
and ¢ € VRel(A), we have [[A+ 7] (@) € VRel (¢1(7), ¢,(7)) where ¢, and ¢,
are the first two components of ¢, and ¢;(7) denotes substitution of types
in @; for free type variables in 7. Since we are working in the logic GTT,
the interpretations of all type constructions are simple and intuitive. For in-
stance, functions are related when they map related values to related results,
two values of universal type are related if they respect all value relations. In
particular, there are no admissibility requirements on the relations, nor any
step-indexing — but just a use of » in the interpretation of recursive types, to
make it well-defined as a consequence of Theorem 3.2.3, using that the type
P (Tm x Tm) is total.

The definition of TT-closure is where we connect operational semantics
and the » modality, using the stratified may-divergence predicate . TT-
closed relations are closed under some reductions. More precisely, the fol-
lowing lemma holds.

Lemma 3.4.1. Let t,7v": Type and r € VRel (7, 7’).
. Ifegx'ge de' el th ertt ertt
1 and e’ ~ e then (e,e’) €r'" < (e, e)er'’.
. Ife«la ey then for all ¢ : Tm, if »((ey,e’) € r'T) then (e,e’) €T,

o

We use this fact extensively in the proofs of the fundamental property
and example equivalences.

In order to define logical relations, we need first to extend the interpreta-
tion of types to the interpretation of contexts (note that in particular, related
substitutions map into well-typed values):

[A+TT(@)={(y,7) | y,p : ValPmd),
Vx e dom(T),(y(x),y'(x)) e [A+T(x)] ()}

The logical relation and its fundamental property We define the logical
relation on open terms by reducing it to relations on closed terms by substi-
tution.
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[Arall(e) =@ (a)

[A+1](p) =1d;
[AF 7 x ] (g) = {<<v,u>,<v’,u'>> EOR T et }
[A+ 7 +1] (@) ={(inlv,inlv’) | (v,v") € [AF 11 ] (@)}U
{(invu,inru’) | (u,u’) € [A+ 1] (@)}
[AFT - 0](p)={(Ax.e, Ap.e’) |V (v,v) € [AF 1] (@),
(elv/x),e'[v'/y]) € [AF T] (9) ™)
[A+Va.t](p)={(A.e A.e’)|Yo,0’ € Type, Vs € VRel (c,0'),
(e,e)e[Aart](p[ar (0,0,35)]) ")
[A+3a.7](¢) = {(packv,packv’) | Jo,0” € Type,ds € VRel (0,07),
(,v)elAart](@[a - (0,07,5)])

s (foldv, foldv') |
[AF pa.t](@) = le(/\S.{ >((v,v) € [Aa + ] (@[a — s))) })

where the
T :VRel(7,7’) — TRel (7, 7’)
is defined with the help of
-T:VRel(1,7’) = SRel (1, 7)
as follows
r"={(E,E")[Y(v,v") er,E'[v']T - E[v]1}

r'" ={(e,e’)|Y(E,E')erT,E'[¢']T — E[e]]).

Figure 3.3: Interpretation of types. All the relations are on typeable terms
and contexts.

Definition 3.4.2 (Logical relation). A [T+ ¢ sifg ey s Tif

Vo e VRel(A),Y(y,y") € [A-TT(@). (ery,e2p)) €[AF Tl ().
¢

To prove the fundamental property of logical relations and connect the
logical relation to contextual-must approximation we start with some sim-
ple properties relating evaluation contexts and relations. All the lemmas are
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essentially of the same form: given two related evaluation contexts at a suit-
able type, the contexts extended with an elimination form are also related at
a suitable type. We only state the case for unfold, since it shows the interplay
between unfold-fold reductions and the stratified may divergence predicate.

Lemma 3.4.3. If
(E,E')e[[A+ t[pa.t/a]](p)"
then
(E o (unfold[]), E’ o (unfold([])) € [A+ pa.t] () .
o

Proof. Given (foldv, foldv’) € [AF pa.t] (@) suppose E’[unfold(foldv’)]T.
By Lemma 3.3.1 we have E’[v’] T and so>(E’[v’]T). By definition of interpreta-
tion of recursive types we have »((v,v’) € [A + t[pa.t/a]]|(¢)). Thus >(E[v]1)
and so by Lemma 3.3.1 we have E[unfold(foldv)]]. Q6D

Note that the proof would not work, were we to use the T relation in place
of 1 in the definition of the TT closure since the last implication would not
hold.

Proposition 3.4.4. The logical approximation relation is compatible with the typ-
ing rules (see also Proposition 3.B.21). O

Proof. We only give two cases, to show how to use the context extension lem-
mas.
Elimination of recursive types: we need to show

A|I‘|—esifge':,ua.’(

A|T +unfolde Sifg unfolde’: T[/ua.T/a]'

So take ¢ € VRel(A) and (y,y’) e [AFT](¢). Let f =ey and f' =¢’y’. We
have to show (unfold f,unfold f’) € [A + t[pa.t/a]] (¢)'". So take

(E,E") e [A+ t[pa.t/a]](p)".
By assumption (f, f’) € [A+ pa.t]| ()" so it suffices to show
(E o (unfold([]), E’ o (unfold[])) € [A + pa.t] ()"

and this is exactly the content of Lemma 3.4.3.

The ? expression: we need to show A|T+7? Sifg ?:nat. It is easy to see by
induction that for all n € N, (n,1) € [ nat]. So take (E,E’) € [Fnat]" and
assume E’[?]T. By definition of the T relation there exists an e’, such that

?~ ¢’ and E’[¢’]]. Inspecting the operational semantics we see that e’ = n for
some n € IN. This implies E[n]] and so by Lemma 3.3.1 we have E[?]]. Q€D
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Corollary 3.4.5 (Fundamental property of logical relations). If A|TFe: 1
thenA|l“|—e<uge T o

Proof. The proof is by induction on the typing derivation A |I +e: T using
Proposition 3.4.4. Q€D

We need the next corollary to relate the logical approximation relation to
must-contextual approximation.

Corollary 3.4.6. For any expressions e, e’ and context C, if

]
AlFl—esUOge’ T

and
C:(AIT=21)w (A |I"=0)
then

A |F’kC[e]<0gC[ N7

Proof. By induction on the judgement
C:(AIT=1)w (A'|T"=0)

using Proposition 3.4.4. Q€D

Adequacy We now wish to show soundness of the logical relation with re-
spect to must-contextual approximation. However, the implication

All"ke<ug e T—>A|er<itx T

does not hold, due to the different divergence relations used in the definition
of the logical relation. To see precisely where the proof fails, let us attempt

it. Let A|T'+e <Ug e’ : T and take a well-typed closing context C with result

type . Then by Corollary 3.4.6, @ | @ + C|e] Sy log C[e’] : 0. Unfolding the def-

inition of the logical relation we get (Cle], C[e’ ] ef[loro] ™. It is easy to see
that (—,—) € [@ + o] " and so we get by definition of TT that C[e’]T — Cle]].
However the definition of contextual equivalence requires the implication
C[e’]T — Cle]T, which is not a consequence of the previous one.

The gist of the problem is that T defines a time-independent predicate,
whereas 7 is time-dependent, since it is defined by guarded recursion. How-
ever, in the model in Section 3.5, we can show the validity of a formula ex-
pressing a connection between T and 1:
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Lemma 3.4.7. e: Tm | @+ 0O(el) — el holds in the logic GTT. O

Thus we additionally assume this principle in our logic. Note that this
lemma is not valid in the logic of the topos of trees [22] and this is the reason
we must work in the logic of Sh(w;). We sketch a proof of the lemma at the
end of Section 3.5 which shows the role of O and why the lemma does not
hold in the topos of trees. Using Lemma 3.4.7 we are led to the following
corrected statement of adequacy using the 0 modality.*

Theorem 3.4.8 (Adequacy). If e and e’ are of type T in context A | I' then
D(A|F|—esifge’:’c)impliesA|F|—esﬁtxe':T. O

To prove this theorem we first observe that all the lemmas used in the
proof of Corollary 3.4.6 are proved in constant contexts, using only other
constant facts. Hence, Corollary 3.4.6 can be strengthened, yielding the fol-
lowing restatement.

Proposition 3.4.9.

VAN, T, T, t,0,C,e,e/,C: (A|T=>1) (A |T"=0)
- —>A|r}—eSﬁ)ge':T—>A'|r’}—C[e]Sﬁ)gC[el]:T'

o

Note that all the explicit universal quantification in the proposition is
over constant types. One additional ingredient we need to complete the
proof is the fact that T is —=—-closed, i.e. el <> =—=(eT). We can show this
in the logic using the fact that T is the greatest post-fixed point by showing
that =—7 is another one. This fact further means that O(eT) < (eT) (using the
adjoint rule relating —— and O in Section 3.2). We are now ready to proceed
with the proof of Theorem 3.4.8.

Theorem 3.4.8. Continuing the proof we started above we get, using Proposi-
tion 3.2.4, that O(C[e’]T — Cle]1) and thus also O(C[e’]T) — O(C[e]1). More-
over, O(C[e’]T) « C[e’]T and, by Lemma 3.4.7, 0O(C[e]1) — C[e]T. We thus
conclude C[e’]T — Cle]T, as required. Q6D

Thus, if we can prove that e and e’ are logically related relying only on
constant facts we can use this theorem to conclude that e must-contextually
approximates ¢’. In particular, the fundamental property (Corollary 3.4.5)
can be strengthened to a “boxed” statement.

4Readers who are familiar with concrete step-indexed models will note that the 0 modal-
ity captures the universal quantification over all steps used in the the definition of concrete
step-indexed logical relations.
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Completeness As in [23] we also get completeness with respect to contex-
tual approximation. The proof proceeds as in [23] via the notion of CIU-
approximation [23, 67]. This property relies on the fact that we have built
the logical relation using biorthogonality and using typeable realisers.

Theorem 3.4.10. Forany A, T, e, ¢’ and t,

A|FF€SEIU€/:T(—)A|rr—e§ﬁtxe,:’L‘HD(A|rI—€$ifge’:’L’)

Applications

We can now use the logical relation to prove contextual equivalences. In
Section 3.B on page 135 we provide internal proofs of all the examples done
in the concrete step-indexed model in [23]; these proofs are simpler than
the ones in [23]. In this section we include just one example, the proof of
syntactic minimal invariance for must-equivalence. Remarkably, the proof
below is just as simple as the proof of the minimal invariance property in
the abstract account of a step-indexed model for the deterministic language
F [39].

Let

fix:Va,p.(a—p)—(a—p)) = (a—p)
be the term
A AAf.6¢(foldoy)
where 0y is the term
Ay.let vy’ =unfoldy in f (Ax.y yx).

Consider the type T = pa.nat + @ — a. Let id = Ax.x and consider the
term

f = Ah,x.case(unfoldx,y.fold(inly), g.fold(inr Ay.h(g(hy)))).

We show that fix[][] f Sﬁ)g id : T — 7. The other direction is essentially the
same. Since we prove this in the context of constant facts we can use Theo-
rem 3.4.10 to conclude that the terms are contextually equivalent.

We show by Léb induction that (fix[][] f,id) € [t — ]]"". It is easy to see

that fix[][]f 2 Ax.case(unfoldx,y.fold(inly), g.fold(inr Ay.h(g(hv))))
where h = Ax.07(fold o) x. Let
@ = Ax.case(unfoldx,y.fold(inlyp),g.fold(inr Ay.h(g(hv)))).

We now directly show (¢, id) € [t — t]] which suffices by Lemma 3.4.1.
Let us take (u,u’) € [t]. By the definition of the interpretation of recur-
sive and sum types there are two cases:
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* u =fold(inln) and u” = fold(inln) for some n € IN: immediate.
* u = fold(inrg), u” = fold(inrg’) for some g,¢" such that »((g,¢’) €
[t — t]]). We then have that

Qu 2} fold(inr Ay.h(g(hvy)))

and id u’ > 1’ and so it suffices to show

>(Ay. (h(g(hp)),8") € [t — 7]).

We again show that these are related as values so take »((v,v’) € [[7]))
and we need to show

>((h(g(hv)),g'v") €[] ).
Take »((E,E’) € [t]]"). Léb induction hypothesis gives us that
>((W,id) e[t — ™),
where I’ is the body of h, i.e h = Ax.h’ x. It is easy to see that this implies
>((h,id) €[t —» 7]™")

and so by extending the contexts three times using lemmas analogous
to Lemma 3.4.3 we get

>((En(@(hNLE'g D €[],

So, assuming >(E’[g"v’|T) we get »(E[h(g(hv))]1), concluding the proof.

3.5 The Model for GTT

In this section, we present a model for the logic GTT, where all the properties
we have used in the previous sections are justified. The model we consider is
the topos of sheaves over the first uncountable ordinal w; (in fact, any ordinal
a > w1 would suffice). We assume some basic familiarity with topos theory,
on the level described in [66]. We briefly recall the necessary definitions.

The objects of Sh(w;) are sheaves over w; considered as a topological
space equipped with the Alexandrov topology. Concretely, this means that
objects of Sh(w;) are continuous functors from (w; + 1)°P to Set. We think
of ordinals as time, with smaller ordinals being the future. The restriction
maps then describe the evolution of elements through time.

Sh(wy) is a full subcategory of the category of presheaves PSh(w; +1).
The inclusion functor i has a left adjoint a : PSh(w; +1) — Sh(w;) called
the associated sheaf functor. Limits and exponentials are constructed as in
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presheaf categories. Colimits are not constructed pointwise as in presheaf
categories, but they require also the application of the associated sheaf func-
tor.

There is an essential geometric morphism

[Ty HA 4T : Sh(w;) — Set,

with A the constant sheaf functor, I the global sections functor and I (X) =
X(1) the evaluation at 1 (we consider 0 to be the first ordinal). Given a set a,
the constant sheaf A(a) is not the constant presheaf: rather it is equal to the
singleton set 1 at stage 0, and to a at all other stages.

For a sheaf X, an element & € X(v) and p < v we write élﬁ for the restric-
tion X (B < v)(&).

Analogously to the topos of trees [22], there is a “later” modality on types,
i.e. a functor » : Sh(w;) — Sh(w;) defined as (we consider 0 a limit ordinal)

»X(v+1)=X(v), »X(a) = X(a) for a limit ordinal.

There is an obvious natural transformation nextX : X — »X.

The subobject classifier Q is given by Q(v) = {B | p < v} and its restriction
maps are given by minimum. There is a natural transformation » : () — ()
given as >, () = min{f + 1, v}.

Kripke-Joyal semantics [59] is a way to translate formulas in the logic to
statements about objects and morphisms of Sh(w;); we refer to [66, Section
VI.5] for a detailed introduction and further references. We now briefly ex-
plain the Kripke-Joyal semantics of GTT.

Let X be a sheaf and ¢, formulas in the internal language with a free
variable of type X. Intuitively, for an ordinal v and an element & € X(v),
v I @(&) means that ¢ holds for £ at stage v. A formula ¢ is valid if it holds
for all £ and at all stages.

Let v < w; and & € X(v). The rules of Kripke-Joyal semantics are the usual
ones (see, e.g., [66, Theorem VI.7.1]), specialised for our particular topology:

e VI 1 iff v =0;

* vIF T always;

o viFo(t)(&) iff [@], ([t],(E)) = v, for a predicate symbol ¢ on X;
* VIEQE) AP(E) iff vi- (&) and v IF P(C);

* VIF@(E) V(&) iff viIF p(&) or viIF P(E);

* viIFp(&) = (&) iff for all < v, I p(El) implies f I p(Elp);

* vIF~@(E)iff forall B <v,B Ik ¢(&lg) implies g = 0.
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Note that 0 - ¢ for any ¢, as is usual in Kripke-Joyal semantics for
sheaves over a space: intuitively, the stage 0 represents the impossible world.
Moreover, if ¢ is a formula with free variables x : X and y : Y, v < w; and
& € X(v) then:

* For v a successor ordinal: v - dy : Y, p(&,y) iff there exists &’ € Y(v)
such that v - (&, &);

e For v a limit ordinal: v - dy : Y, ¢@(&,y) iff for all p < v there exists
&p € Y(B) such that B I- p(&lg, Ep);

* vIEVYy:Y, (&, y) iff forall B <vandforall &5 € Y(B): B Ik @(&lg, Ep)-

The semantics of > is as follows. Let ¢ be a predicate on X, then
vik>@(a)iff for all B <v, B - @(alp).
For successor ordinals v = v’ + 1 this reduces to
v+1irep(a)iff vV @(al,).

The predicate Total (X) in Definition 3.2.1 internalises the property that
all X’s restriction maps are surjections which intuitively means that elements
at any stage § evolve from elements in the past. Total sheaves are also called
flabby in homological algebra literature, but we choose to use the term to-
tal since it was used in previous work on guarded recursion to describe an
analogous property.

The properties of > stated in Section 3.2 can be proved easily using the
Kripke-Joyal semantics. The rules are similar to the rules in Theorem 2.7
of [22], except the case of the existential quantifier in which the converse
implication does not hold, even if we restrict to total and inhabited types,
or even to constant sets. As a consequence, we cannot prove the internal
Banach’s fixed point theorem in the logic in the same way as in the topos of
trees, cf. [22, Lemma 2.10].

In contrast to that in the topos of trees [22, Theorem 2.9], which requires
the type X only to be inhabited, the internal Banach’s fixed point theorem in
Sh(w;) (Theorem 3.2.3) has stronger assumptions: we require X to be total,
which implies that it is inhabited. The additional assumption seems to be
necessary and is satisfied in all the instances where we use the theorem. In
particular, for a constant X, P (X) is total.

The operator —— : O — () gives rise to a function ——x on the lattice of
subobjects Sub (X). In Sh (w;), =~ preserves suprema® on each Sub(X) and
therefore has a right adjoint Oy : Sub (X) — Sub (X) defined as

Oy P = v | -=Q < P}.

S5Recall that this is ot the case in every topos.
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If X = A(a) then Oy P has a simpler description:

(P)(v) 1 ifv=0

O V)=

Ala) ﬂ;’;l P(B) otherwise.

Thus for a predicate P on a constant set A(a), O(P) contains only those ele-
ments for which P holds at all stages.

However, in contrast to —— which commutes with reindexing, O does not.
There is a general reason for this: in any category with pullbacks, any defla-
tionary operation O that preserves the top element and is natural, i.e. com-
mutes with reindexing, is necessarily the identity [82, Proposition 4.2]. How-
ever

A(f)* (DA (P)) = Daw) (AL (P))

for any f : a — b in Set and since A preserves products we do get that O in
the logic commutes with substitution when restricted to constant contexts.

The external interpretation of T is exactly the negation of the must-con-
vergence predicate |} from [23]. In particular, T is a constant predicate. In
contrast, T(v) is a set of expressions e such that there exists a reduction of
length at least v starting with e. This can easily be seen using the description
of Kripke-Joyal semantics above. Thus, 1 is externally the pointwise comple-
ment of the stratified must-convergence predicate {{}g<e, from [23]. Then,
the proof that 07 — T corresponds to the proof that C Uz, Up in [23].
Here we technically see the need for indexing over w;.
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3.A The Topos Sh(w,)

We first describe the topos of sheaves over w;, the first uncountable ordinal.
To be completely precise, we consider w; as a topological space equipped
with the Alexandrov topology arising from the usual ordering of ordinals.
Thus the topos Sh (w1 ) is a full subcategory of the category PSh (w; + 1), since
the opens of w; are exactly the downwards closed subsets of w; which in turn
correspond precisely to w; + 1 (by von Neumann’s construction of ordinals,
they are exactly w; +1). We write 0 for the first ordinal. So objects are of the
form
X(0) = X(1) = ¢ X(w) = X(w + 1) =+~

but not all such chains are sheaves. Sheaves are precisely the continuous
functors from (w; +1)°P to Set and morphisms are natural transformations.

Sh(wq) is a topos. The inclusion functor i : Sh(w;) — PSh(w; +1) has a
left adjoint a, the associated sheaf functor. Limits and exponentials in Sh (w;)
are computed as in PSh (w; + 1), i.e. limits are pointwise and exponential X¥
is given at stage v as

HomSh(wl) (Homw1+l ('; V) X Y:X)-

Colimits, however, are not constructed as in presheaves, but are computed
first as in presheaves followed by an application of the associated sheaf func-
tor a.

We denote the lattice of subobjects of an object X by Sub (X) and we de-
note reindexing along f : X — Y by f*: Sub(Y) — Sub(X). Since Sh(w)
is a topos, each subobject lattice is a complete Heyting algebra. Further, we
can show that each subobject lattice is in fact a bi-Heyting algebra, that is,
a Heyting algebra with a \ operation that is left adjoint to disjunction, i.e.,
X\Y <Z & X <YVZ. The existence of \ can be shown by using explicit
descriptions of operations on the subobject lattice below. This operation is
related to the O modality and it makes Sh(w;) a bi-Heyting topos [82].

Subobject classifier The subobject classifier () is given by closed sieves,
which are exactly the maximal sieves. More precisely the subobject classifier
at v is given by sieves S such that \/ S € S. These sieves therefore correspond
to ordinals smaller or equal to v. Explicitly

Q(v)=1{p|p <}

(note that von Neumann’s construction of ordinals gives Q(v) =v +1).
The restriction maps are given by minimum, i.e.

Q) - Qv)

) () = min{g, v}
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and the map true: 1 — () maps * to the maximal sieve
true, = v.

Note that this is different from the construction of the subobject classifier for
presheaves, where ()(v) is all the sieves on v, including the empty sieve.

Given a subobject m : A < X the characteristic map x” : X — Q) is given
by

X0 (x) = \/{[3 <v I m};l [xlﬁ] # (2)}

i.e. (if we assume A(v) C X(v), which we are allowed to)

o= \/{B<v]|xls e Ap)}.

Note that the supremum of an empty set is 0, the first ordinal, which is an
element of all ()(v), so the characteristic map is well-defined.

Some of the properties later will not hold for all the sheaves but only for
a certain subset.

Definition 3.A.1. A sheaf X is total if the restriction maps are surjections. ¢

A way to think of totality is by thinking of ordinals as time with smaller
ordinals being the future. Then X being total means that elements at any
stage v are only those that have evolved from some previous stages. They
did not just suddenly appear.

Being total can also be characterised internally by the property that the
function nextX is internally surjective. The equivalence of these two notions
of totality can be shown using the Kripke-Joyal semantics.

Relationship to Set

The global sections geometric morphism A + T : Sh(w;) — Set is an essential
geometric morphism. That is, there is an adjoint triple

IT; 4AA4T
where I1{,I' : Sh(w;) — Set and A : Set — Sh (w;) are given as follows
IT{(X) = X(1) = colimX(v)

VY<w;

['(X) = Homgpq,) (1, X) = lim X(v) = X(w)

v<wq
Ala)(v) 1 ifv=0
a =
a otherwise
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A is the constant sheaf functor. Note that it is not the constant presheaf
functor.

The adjunction I} 4 A gives rise to an adjunction between subobject lat-
tices. More precisely for any set a, there is an adjunction

I1] : Subgp (e, ) (A(a)) — Subge (a) : A*

where A%(b) = A(b) and I1§(A) = A(1). These adjunctions are natural in the
sense that for any function a : " — a we have a* o I1{ = H‘{ o A(a)*, which is
easy to check directly.

Thus, A 4T : Sh(w;) — Set is an open geometric morphism [66, Def-
inition IX.6.2] which further means that A preserves models of first-order
logic in the sense of [66, Theorem X.3.1]. In practice, this means that what-
ever predicate on a constant set we define in the internal logic using only
the first-order fragment and other constant relations and predicates will be
constant.

Another way to see that A 4T is an open geometric morphism is by the
fact that Sh(1) (sheaves on a one point space) is isomorphic to the category
Set. Since the unique map w; — 1 is open, the induced geometric morphism
is open. It can easily be seen that the direct image functor induced by this
unique morphism is (isomorphic to) I'. By uniqueness of adjoints the inverse
image functor must then be (isomorphic to) A.

Moreover, I is a logical morphism, meaning it is a cartesian closed func-
tor that preserves (). This is easy to see manually, by computing. However,
there is a more general argument available. It proceeds as follows. The
set {0} is an open subset of w;. Let i : {0} — w; be the inclusion and let
i, : Sh({0}) — Sh(w;) be the direct image functor. Recall that

i.(F)(U)=F(i"'[U])
and in our particular case we have

FO) ifv=0
F(0)) ifv=0

Recall that Sh({0}) is isomorphic to Set with the isomorphism & : Set —
Sh ({0}) given by &(a)(@) = 1, £(a)({0}) = a and the obvious restriction. Thus
we see that A =i, o £&. The inverse image functor i* is left adjoint to i,. Since
we also have £ oIl; 41 Ao &1 we have that i* is naturally isomorphic to & oI
or equivalently IT; = &1 oi*.

Since {0} is an open subset of Sh(w) this makes Set (equivalent to) an
open subtopos of Sh(w;) [53, Section A4.5].

Moreover, we have by [66, Theorem 6, Corollary 7] that Set is equivalent
to a category of j-sheaves for some universal closure operator j. We will see
in Section 3.A that this local operator is exactly the ——-closure. Thus there
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exists a geometric morphism e : Set — Sh; (Sh(w)) such that e* o a =TI, and
toe, = A where 1 is the inclusion Sh; (Sh(w;)) — Sh(wy).

Putting all of it together we have Sh;(Sh(w;)) is an open subtopos of
Sh(wq) since it is equivalent to Set which is equivalent to Sh({0}). By [53,
Proposition 4.5.1] this means that a : Sh(w;) — Sh; (Sh(w;)) is a logical func-
tor and since Il = e* o 4, with ¢* being part of an equivalence, which means
that it is a logical functor, we have that I'l; is logical.

This means that IT; preserves validity of formulas in the internal lan-

guage.
Description of the Heyting algebra structure of the subobject

lattices

We give here explicit descriptions of operations on each subobject lattice
Sub (X). Let X € Sh(w;), A,B € Sub(X) and < w;. We have

T=X

L(/5):{1 if =0

(AAB)(B) = A(B)NB(p)

A\ Ai|(8)=(Ai(B)
i€l i€l
(A= B)(B)={x e X(B)| ¥y < .11, € A(y) > x|, € B(y)}

VA

i€l

0 otherwise

(B)={xex(p)| \/ {y < B |Fi € Lxl, € Ai(y)} = }

Let further Y € Sh(w;) and ¢ : X — Y. Then 3,,V,, : Sub(X) — Sub(Y)
are given by the following equations

3, ={yev)|\/ [y <p[Fac Aoy =31} = )
Vo)) ={p e Y(B) | vy <y o1, ] c A0)
and ¢* : Sub(Y) — Sub(X) is given by
9" (C)(B) = {x € X(B) | pp(x) € C(B)]

These are standard results from [66, I11.8] specialised for a particular space
with a particular topology.
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Using these descriptions it is easy to see that the ——x : Sub (X) — Sub (X)
is given as follows

1 ifv=0

(==xA)(v) = {{x eX(v)|xl; e A1)}

(intuitively, this says that something is not impossible if it will eventually
happen (smaller indices are the future)). Observe that in fact

where Uy < X is given as Ux(0) =1, Ux(1) = X(1) and Ux(v) = 0 otherwise.
This means that —— is an open local operator [53, Section 4.5].

From these explicit descriptions we can see that ——x arises from the func-
tor A oIl; as follows. Let 4 = AoIl;. Note that ¢ 4 A oI’ which means that
it preserves all colimits. It is easy to see that 4 preserves all limits since they
are constructed pointwise. We will also see in Section 3.A that it has a left
adjoint which implies that it preserves all limits. In particular it preserves
monomorphisms, thus subobjects. Hence given a subobject m : A < X we
have a subobject 4 : A < ¢X. Further, ¢ is a monad, thus there is a unit
nx : X — ¢X. It is then easy to see that

N S s oA
- l
: 4
\I/
X x —> 4X

is a pullback diagram. Another way to state this is that —=—y : Sub(X) —
Sub (X) is given as ——x(A) = 1 (#A).
Using this description we can easily see that ——x preserves suprema. In-

deed
\Va-a iy
i i

and since suprema in Sub (X) are constructed using a coproduct in Sh (w;)
followed by images, which are in turn constructed using limits and colimits
of Sh(wy), which are preserved by ¢, we have

Vo
i

and since 7y : Sub(X) — Sub(X) has a right adjoint, the generalised forall
quantifier VWX, it preserves suprema, hence

= \/77;( (#4;) = \/ —x A

_|_|X

=11§<[0

=1y
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Note that as in all toposes, —— is preserved by reindexing functors, i.e.
foranyp: X =Y, ¢ o——y ==y 0",

We can also easily compute manually using explicit descriptions of oper-
ations above, that ——x does indeed preserve suprema.

The 0O modality

Since ——x preserves suprema it has a right adjoint [12, Corollary 9.32]. We
denote this right adjoint to =—x by Ox. It can be defined as

0x(P)=\/1Q|~-xQ <P},

Oyx is an interior operation on the subobject lattice Sub(X) and Oy P it
can be characterised as the greatest element smaller than P that is also ——y
closed. The fact that Oy P is =—-closed is proved in Lemma 3.A.2 and the fact
that it preserves ——-closed subobjects is proved in Corollary 3.A.4.

Lemma 3.A.2. For any object X and subobject P < X, =—x Ox(P) =0x(P). ¢

Proof. By definition of Oy we have

~-x (0x(P)) = =x (\/ Q| ~-xQ < P})

and since ——y preserves suprema

= \/1=xQ|=~xQ < P} = \/{Q| ~=xQ < P} = 0x(P)

The second to last equality holds because for each Q, we have =—xQ > Q and
——x—xQ =—-xQ. QED

Corollary 3.A.3. For any object X and subobject P < X, we have Ox P <P. ¢

Proof. Since ——x 40Ox we have Ox P <0Ox P <> ——x0Ox P < P. Lemma 3.A.2
concludes the proof. Q€D

Corollary 3.A.4. For any object X and P < X, Ox(—=—xP)=—-—xP. O

Proof. For any P, =—x——xP = ==xP. Thus =—x—-xP < =—xP. Since Oy is
right adjoint to ——x we get ——xP < Ox ——xP. The other direction follows
directly from Corollary 3.A.3. Q€D

Corollary 3.A.5. For any object X and subobject P < X, Ox(Ox P) =0Ox P. o

Proof. Ox(Ox P) < Ox P follows from Corollary 3.A.3. The other direction
follows from the fact that Oy is right adjoint to =—x and Lemma 3.A.2 since
by adjointness we have Oy P < OxOx P < ——-xOx P < Ox P and the right
hand side holds by Lemma 3.A.2. Q€D
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We now state and prove how Oy commutes with some other operations
on Sub(X). In particular, it commutes with conjunction, top, bottom and
universal quantification.

Proposition 3.A.6. Let X and Y be types, P,Q € Sub(X) and ¢ : X — Y a
morphism. The following hold

1.oxT=T
2.0¢Ll=1
3. 0x(PAQ)=0xPADOxQ
4. DY(V(,)P):V(,,(DXP).
¢

Proof. Since Oy is a right adjoint it preserves limits in Sub(X). T and A are
limits, therefore Oy necessarily preserves them.

Corollary 3.A.3 shows that Ox P < P for any P. In particular, this holds
for 1 and since | is the least element of Sub (X), we get Ox L = 1.

To see Oy (V(pP) =Y, (Ox P) we use the fact that ¥, is right adjoint to ¢~
and that ¢* commutes with ——x. Thus for any R € Sub (Y) we have

R <0y (YyP) & ==yR<V,P
< @' (-yR)<P
o~ (p'R) < P
- @'R<OxP
< R<VY, (Ox P)

Thus picking R to be Oy (\/(pP) or ¥, (Ox P) we get both approximations, and
hence the equality

Oy (YoP) =Y, (Ox P).

26D

O and substitution In contrast to ——x which is preserved by reindexing
functors, Oy is not, that is, for ¢ : Y — X it is not in general the case that
Oy o@* = ¢* o Ox. One direction, however, does hold.

Proposition 3.A.7. Forany ¢ :Y — X,
@ oOx <Oyo@".

If @ is an isomorphism then the two sides are also equal. O
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Proof. By definition of Oy and the fact that ¢* has a right adjoint we have
¢ (Ox(P) = ¢*(\/1Q| -—xQ < P})
=\/lp'Q|-—~xQ<P)
<\/ {9 Ql 9" (~-xQ < ¢"(P)}
=\/ 19" Ql-v (9'Q) < ¢'(P)}
<\/(R|~~yR < ¢*(P))
=0y (¢'P)

If @ were an isomorphism it would preserve and also reflect order and every
element of the lattice would be in the image. Thus the chain can be strength-
ened to show that in this case Oy (¢*P) and ¢*(Ox(P)) are equal. QED

The fact that Oy is not natural in X implies that there is no morphism
0O:Q — Q such that Oy would arise from it, as is the case for -—x. Note that
it is not a coincidence that Oy is not natural but a fundamental limitation
of interior operations. If Oy were natural it would have to be the identity.
More precisely, any operation on the subobject lattices that preserves T and
is deflationary and natural in X must be the identity (provided the category
satisfies some minimal requirements). This is proved in [82, Proposition 4.2]
(see also Proposition 4.1 of loc. cit.).

Ox does commute with exchange, however, but in general not with con-
traction and weakening. It does commute with weakening in the special case
proved in Corollary 3.A.9 below. For the proof we need the following lemma
stating that —— commutes with 3, for suitable 7.

Lemma 3.A.8. Let X and Y be types and 1t : X x Y — X the projection. Then
1, 0 == < —==o03; always holds. If Y is total the converse also holds. O

Proof. 1, is the left adjoint to 7c*. Thus

3,(==Q) £ =3 Q) & -=Q < 7" (=~(3:Q))
o ==0Q <= (17(3,Q))
< Q=<m(3,Q)

and the last holds because 7t* 0 ;; is a closure.

Now suppose Y is total and let Q € Sub (X x Y). First, let v be a successor
ordinal. Let x € ==(3,(Q))(v). By definition x|; € 3,,(Q)(1), which further
implies there exists y € Y(1), such that (x|;,y) € Q(1). Since Y is total there
exists a y” € Y(v), such that y’|; = y. Thus (x];,v[;) € Q(1) and so (x,7’) €
——=Q(v). This means that x € 3,,(==Q)(v).

Since this holds for all successor ordinals, it must also hold for limit or-
dinals (actually, the same manual proof would also suffice, but it is more
complicated to write it down). Q€D
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The restriction on total objects Y is necessary. Consider any total X and
let Y be an object which at stage at stage 1 is some nonempty set and at
greater stages is the empty set. Suppose P = X x Y, i.e. the top element. Then
3,(==P)(2) =0, however =—(3,.(P))(2) is not empty (since X is total).

Corollary 3.A.9. Let 7t : X x Y — X be the projection. If Y is total (restrictions
are surjections) then 7* o Oy = Oxxy OTC". o

Proof. In light of Proposition 3.A.7 we only need to show. " o0y > Oxxy o7".
We have

Oxxy(7'Q) < 7' (Ox Q) & A Oxxy ('Q) <Ox Q
o (A Oxxy (T°Q)) < Q
o A== (Oxxy (17Q)) < Q
o == (Oxxy(T'Q)) < T'Q
© Oxxy(10'Q) < Oxxy (77Q)

26D

Exchange is reindexing by an isomorphism. Therefore by Proposition 3.A.7
it preserves O.

O modality on constant types

If X = A(a) for some set a then Ox has a much simpler description.

Lemma 3.A.10. If X = A(a) and P < X then
1 ifv=0
o (P)) = { !

NWL, P(v)  otherwise '
o

Proof. Since adjoints are unique we only need to show that Oy is right adjoint
to =—x. On constant objects the definition of =—x simplifies to

(P)(v) = {1 =0
P(1) otherwise

Thus suppose =—xP < Q. In particular, this means that for all v > 1, P(1) C
Q(v). Thus P(1) < ﬂf;l Q(v) and since restrictions on X are inclusions,
meaning that P(v) € P(1) for any v > 1, we get P < 0Oy Q.

Conversely, suppose P < Ox Q. Thus P(B) < N, Q(v) for all § > 1. In
particular this means that P(1) €., Q(v) and so P(1) C Q(v) for any v > 1,
meaning that ——xP < Q. QED
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Using this description we can show that Oy is preserved by reindexing
functors arising from maps between constant sheaves.

Proposition 3.A.11. Let a,b be sets and f :a — b. Then

A(f)" o Oap) = Oaga) oA(f)
¢

Proof. Let v > 1 (for v = 0 there is nothing to prove). By a simple calculation

we have
wq
() Pe)
v=1

and since preimages preserve intersections we get

(A @aw(P))(v) =

26D

Note that any morphism ¢ : A(a) — A(b) is of the form ¢ = A(f) for some
(unique) f :a — b, i.e. A is full and faithful. Thus if we restrict to constant
contexts O commutes with substitution and so we may work informally with
O as with —— or any other logical operation.

The —— modality

It is easy to see that # preserves all limits. Indeed, I1; also has a left adjoint
o7 defined as follows

o1(a)(0) =1

op(a)(1)=a

o1(a)(v)=0 forv=>1
which then means that ¢ has a left adjoint 0y o I'l; and thus it must preserve
all limits. This then implies, using the fact that ——x(A) = 7% (#A) and that
limits in subobject lattices are computed from limits in Sh(w;), that ——x

preserves all limits. In particular, it preserves all infima, meaning that it also
has a left adjoint, which we call ¢x. It is given simply as

ox(P)= /\{QIP <--Q)

however it can be described in an elementary way as
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Lemma 3.A.12.
1 ifv=0
ox(P)(v)=¢P(1) ifv=1
1] otherwise

o

Proof. By uniqueness of adjoints we only need to show that ¢y is left adjoint
to =—y.

First suppose oxP < Q. We are to show P < —=—Q. Let x € P(v). Then
x|; € P(1), thus by assumption in Q(1). Hence by the explicit description of
——- we have that x € ==Q(v).

Now suppose P < ——(Q and we are to show ¢x P < Q. The only non-trivial
inclusion is at stage 1. So take x € P(1). Then x € Q by assumption (since
-=Q(1) = Q(1)), concluding the proof. Q6D

Note that oy o Il; is a comonad, its counit is mono and using the de-
scriptions above we have that ox(P) = o1(I1;(mp)); ex where mp is the mono
belonging to P and ¢y is the counit at X.

In contrast to O, however, ¢ does commute with reindexing. Thus it de-
fines a map ¢ : QQ — Q) which is simply given as

<>1/(/)7):{0 ifv=0

1 otherwise

or equivalently as ¢,(f) = min{1, 8} which then clearly shows that ¢ is natu-
ral, i.e. a morphism QQ — Q).

The fact that ¢ is natural has as a consequence the fact that —— commutes
with universal quantification.

Lemma 3.A.13. Let ¢ : X — Y be a morphism and ¥, the right adjoint to ¢*.
Then —|—|OV(p zvq)o—m O

Proof. We show two inequalities using properties of adjoints. We have for
any R

R <—=(¥Q) & oR <V, Q

<@ (*R)<Q
<o (p'R)<Q
© @'R<=-Q
© R<V,(=-Q)

Which implies that ¥, (-=Q) and == (V(pQ) are equal by picking R to be the
two subobjects and using reflexivity of < the equivalence just proved. Q€D
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Note that the lemma states that —— commutes over all universals, not
just the usual ones arising from weakening. This is in contrast to the situa-
tion with —— and existentials. An analogous proof to the above shows that
¢ commutes over existentials. The reason we cannot use the same proof to
show that —— commutes over existentials, even though it has a right adjoint,
is that O does not commute with reindexing.

The fact that © commutes with reindexing is not contrary to [82, Proposi-
tion 4.2] since ¢ does not preserve truth. It is however a comonad, i.e. ©P <P
and oo P = oP.

Further, we can show that —— commutes with implication. Indeed, since
—— preserves limits in subobject lattices we immediately have ——(P — Q) <
—=P — —==Q. For the other direction we first recall that P - Q =V, (m}‘,Q)
where mp : P — X is the inclusion of P into X: To that end we use the fact
that P A Q = m}(Q). We have

PARLSQ&PARSPAQ & mp(R)<mp(Q) <> RSV, (mp(Q))

and by uniqueness of adjoints also P — Q =V, (m})Q). Using this, we can
prove the following.

Lemma 3.A.14. =——(P > Q)=P — ==Q = ==P —» ==Q 0

Proof. Since =—(P — Q)AP < —==(P - QAP) < --Q we get -—(P — Q) <
P — —==Q and also =—(P — Q) < =—=P — =-Q.

By the above characterisation and the fact that —— commutes over rein-
dexing and universals we have.

(P = Q) = == (Y, (15(Q))) = Yo, (mp(=-Q)) = P = ==Q
It is easy to see that
=P —--Q<P—--Q,

with the same calculation as above (also, we can always weaken the precon-
dition). We thus have -—P — =-—=Q < P — =—=Q = =—(P — Q). This concludes
the proof. QED

The > and » modalities

Recall that the first ordinal, 0, is a limit ordinal. It is the limit of the empty
sequence. There is a functor » : Sh(w;) — Sh(w;) defined by

»(X)(a)=X(a) for a limit ordinal «
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and the obvious action on morphisms. There is a natural transformation
nextX : X — »(X) defined as
next)v( =1
nextif =idx(a) for a limit ordinal «

wherer, = X(v<v+1): X(v+1) - X(v) is the restriction map of X.
Using » we can define a notion of contractiveness of morphisms.

Definition 3.A.15. A morphism ¢ : X — Y is (externally) contractive if there
exists a morphism g : »X — Y, such that f = nextX;g. ¢

A useful property of contractive endomorphisms is that they have unique
fixed points.

Proposition 3.A.16. If f : X — X is a contractive morphism then there exists a
unique e: 1 — X such that e; f =e. o

Proof. Let f = nextX;g. By construction of » we have that g,,; : X(v) —
X(v+1)and X(0) = 1. We thus define a global section by induction as follows®
(again, « is a limit ordinal)
eo(*) = go(*)
ey+1(%) = gyr1(ey(x))

e, =lime,
v<a

where lim, , e, denotes the unique element of X(«) that restrictstoe,, v < a.
Now it is obvious that ry(e; (*)) = eg(*). For the successor ordinals we have
rv(evs1) = rv(gvr1(en(*)) = frley(*) = ey (%)

and

fv+1(ev+1(*)) = gv+1(rv(ev+1(*))) = gw—l(ev(*)) = ev+1(*)-

and for limit ordinals we have that ¢, restricts to previous ones by con-
struction. To show that f,(e,(*)) = e, (*) we show that f,(e,(*)) restricts to the
same elements. Let v < a.

fa(ea(*))|v = fv (ealv) = fv(ev) =€y

hence f,(e,(*)) = e, by uniqueness of amalgamations.
Thus e defines a natural transformation 1 — X with e; f = e. To see that it
is unique observe that if ¢’ : 1 — X is such that ¢’; f = ¢’ we have

€yo1(*) = fra1(ey1(+) = et (ru(ey 1 (+) = gvr(ey (%)

and the values at limit ordinals « are uniquely determined by the sheaf con-
dition. Thus ¢’ =e. Q€D

6More precisely, we define at stage v a triple of an element e, € X(v) and proofs that it is
a fixed point of f,, and that it restricts to the previous ones.
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>modality » isamodality on types. It is easy to see that it preserves all lim-
its, since they are constructed pointwise. In particular, it preserves monos,
therefore subobjects. Thus we can define an operation on subobject lattices,
which we call ». Given m : A < X the subobject »m : >A < X is defined via
pullback along nextX as in the following diagram

> »m

. !

X — nextX — »X.

Since it is defined via pullback it is easy to see that this operation is nat-
ural in X, i.e. for any morphism ¢ : Y — X we have ¢* o>y =»y o ¢*. By the
usual Yoneda argument we thus get a morphism »: (J — () such that given
A < X with the characteristic map x4, the characteristic map of »xA is x 4;>.

We can compute »: () — () more concretely as

>,(B) =min(f+1,v).

Kripke-Joyal semantics

Let X be a sheaf and ¢, ¢ formulas in the internal language with a free vari-
able of type X,ie. x: XF¢@:Qand x: X+ : Q.
Let v < wq and & € X(v). Then

e VI Liff v =0;

* v I T always;

* viEe(t)(&) iff [, ([t]l,()) = v, for a predicate symbol ¢ on X;

c vIF(E)AP(E) iff viIF (&) and v IF P(E);

* viIEp(&) V(&) iff viF p(&) or v Ik P(E);

* VIE@(E) = (&) iff forall <, B p(Elg) implies B I p(Ep);

* viIFp(E)iff for all B <v, B I ¢(&lg) implies g = 0.

If further we have x : X,p: Y + ¢ : Q, v < w; and &£ € X(v) then
vIF3y, @(&,p) iff there exists £ € Y(v), v - p(&,&7)

if v is a successor ordinal and

v I3y, (&, y) iff for all B < v there exists Eg € Y(B), B IF (&g, Ep)
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if v is a limit ordinal. Finally for the universal quantification we have the
usual

VIEYY, (&) iff forall B<v, forall {4 € Y(B), B IF p(Elg, Ep)

These are standard, cf. [66, Theorem VI.7.1]. The case for disjunction is per-
haps not immediately clear since using the cited theorem literally would give
us two cases

viE@e&E) V(&) iff viF p(&) or v Ik (&)

if v is a successor ordinal (since there is only one cover in such a case) and

viIE (&) V(&) iff for all B <v, B @(&lg) or B i P(Elp)

if v is a limit ordinal. However because the order on w; is linear in the latter
case by truth preservation we must have either

ViF (&) V (&) iff for all B <v, B I- p(&lp)

or

viIE@(&) V(&) iff for all B <v, B I P(Elp).

By the local character property (see below) we then have v I ¢(&) and v I
(&), respectively.

This can be generalised for any finite disjunction, but infinite disjunctions
and existentials cannot be so simplified.

The semantics of » is as follows. Let ¢ : QX. Then

vik>@(a)iff forall B <v,B - p(alg) (3.1)
For successor ordinals v = v’ + 1 this reduces to
vikse(a)iff vV ik o(al,)

which is easy to check from the definition of » above. For limit ordinals
the characterisation in (3.1) follows from the local character property (see
below).

Note that 0 I+ ¢ for any ¢ and 1 I > for any ¢.

Local character By the local character property [66, VI.7 (page 316)] we
have for any limit ordinal &

& pla)iff forall B <&, BIFp(alg).

Therefore to prove validity of a formula at a limit ordinal, it suffices to do
so on all strictly smaller ordinals. This is one of the reasons to use sheaves
instead of presheaves. To transfer local properties to global ones.

Note that from the characterisation in (3.1) it is immediate that p — »p
for any p.
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Proposition 3.A.17. » satisfies the Lob induction rule Vp : Q, (>p — p) — p and
also satisfies the following properties.

* > preserves A, V, T and —,
o >(Vx: X, p(x)) = Vx: X,>(x),
o dx: X, >(x) »>(dx: X, p(x)).
¢

Proof. The proof of the Lob induction rule is by Kripke-Joyal semantics.
More precisely, by induction on v we prove that for all £ € Q(v), forall g <,

B+ (>p — p)(<lg) implies &|g = B.
* If v = 0 there is nothing to prove.
* If v =v"+ 1 we consider two cases.

— If B < v’ the result follows directly from the induction hypothesis.

- If B = v assume B I (>p — p)(&). We need to show & = . By in-
duction hypothesis and monotonicity &|,» = v/, or in other words,
v’ Ik &, Since by assumption g I >& implies I & we get f = €.

If v is a limit ordinal the result follows from the local character property.

> preserves A Given two subobjects A, B < X with characteristic maps x4, X5,
the characteristic map of A A B is given by (x4, xg); A, where A : () x
Q — Q is given by A, (B, ') = min{B, p’}. It is thus easy to see that A
commutes with >, i.e. that > x>; A = A;».

> preserves — Similarly to A, — is given on subobjects by composition with
—: () x(Q — ) which is given as

v ifp>B

B’ otherwise

vy (ﬁ’/))/) = {

and since > preserves order, i.e. f’ > p implies »,(B’) >»,(p), it is easy
to see that —;> =>xp; —.

> preserves V V is given on subobjects by composition with vV : Q x(Q — Q)
which is given by
Vy(B, ) = max{B, p’}.

Using this it is easy to see that > x>;V = V;».
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Universal quantifier Take v < w; and assume v - >(Vx : X, ¢(x)). Take f < v
and x3 € X(B). We are to show B I »¢(xp). Let B’ < f. We are to show
B’ (p(x[,rlﬁ,). Since p’ < v we have that " - Vx : X, ¢(x). The conclusion

follows.

Existential quantifier Take v < w; and assume v I dx : X,>¢@(x). We are to
show v IF>(Jx : X, p(x)).
Let B <v. We have to show § IF dx : X, p(x).

Suppose v is a successor ordinal. Using the assumption we have that
there exists x,, € X(v), such that v - >¢(x,) which implies in particular
that B IF ¢(x,[g). Choosing x, [z € X(B) we have that g I 3x : X, ¢(x).

Suppose v is a limit ordinal. Let § < v. Then f+1 < v and by as-
sumption there exists a x,1 € X(f + 1) such that g I (P(Xﬁ+1|ﬁ)- Thus
BIFdx: X, p(x). QED
Proposition 3.A.18. If X is total then (Yx : X,>¢@(x)) = >(Vx: X, @(x)) holds. ¢

Proof. Take v < wy and assume v I Vx : X,>¢@(x). Take p < v. We are to
show B IF Vx : X,¢p(x). Take & < B and x¢ € X(&). Since X is total there is
Xer1 € X(E + 1) that restricts to xg. Since £ +1 < v we have £ + 1 IF>@(xg41),
thus & IF @(x¢). Q6D

Remark 3.A.19. It is not the case that if X is total and inhabited then
>(Ax: X, (x)) = Jx: X,>p(x)

holds, as is the case in the logic of the topos of trees [22]. In fact, even if X is
a constant sheaf this does not necessarily hold. ¢

Proof. Let X = A(IN). The constant sheaf of natural numbers is
Il ¢—— N <4—id— N <—id— N <—id— N <—id —
Let A < X be the subobject defined as follows

A(0)=1
(n) =

A {k|n<k<w} forO<n<w
A 0

=
I

k
for w <v<w;
A is a subsheaf of X. Let ¢ be the characteristic map of A. If
>(dx: X, @(x)) = Jx: X, >p(x)

were to hold it would hold at stage w + 1. But w + 1 >(3x : X, ¢(x)) since for
all n < w, exists n € A(n), i.e. we can choose x,, = n and then n I ¢(x,,).

But notice that A(w + 1) is empty, hence the right hand side of the impli-
cation is false. Q6D
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Remark 3.A.20. The last remark has implications for fixed points. It seems
that the internal Banach fixed point theorem does not hold in the same gener-
ality as it does in the topos of trees [22], or rather the proof that works for the
topos of trees does not carry over, since it uses the fact that later commutes
over existentials for total and inhabited objects.

This state of affairs makes intuitive sense, since [22, Lemma 2.10] does
not make intuitive sense for Sh (w7 ) since it implies that at any stage we can
get a fixed point by a finite iteration, something we would not expect to hold
in Sh(wq). ¢

Guarded recursive predicates

We now show that suitably internally contractive functions have unique fixed-
points, thus establishing the existence of recursively defined predicates and
relations.

Definition 3.A.21. Define
Inhab(X)=3dx: X.T
Total (X) = Vx : »X,3x": X, nextX(x') = x
¢

If + Inhab (X) then each X(v) is non-empty, but this does not mean that a
global section exists. If - Total (X) then the restriction maps are surjections
(which implies that each stage X(v) is inhabited, since X is a sheaf, i.e. X(1) =
1).

Proposition 3.A.22 (Internal Banach’s fixed point theorem). The following
holds in the internal logic of Sh(wy).

Total (X) — Vf : X*,Contr(f) — 3x: X, f(x) = x
0

Proof. We use the Kripke-Joyal forcing semantics and proceed by induction
on v. If v = 0 there is nothing to prove. Let v = v’+1 and assume v I Total (X).
Let f € X*X(v), p < v and B I Contrf. We are to show I lx: X, f(x) = x. We
define a sequence of elements eg € X(&) for & < as follows.

eo = fo(*)
€yl = f§+1(f§1(€g))
= 1 e
¢a = lime;

This requires some explanations. First, r are the restriction maps of X. Sec-
ond, « is again a limit ordinal and the limit means the unique element of
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X(a) that exists by the sheaf condition. Third, since £ + 1 in the definition
is smaller or equal to v we can use the assumption that X is total with the
element e; to get some element rgl(e(g) € X(& + 1) that restricts to eg.

First we observe that the choice of rgl(eg) € X(& + 1) does not matter.
This follows from contractiveness of f since if u,v both restrict to e; then
fer1(u) = fer1 ().

Further, we have that f;(es) = ez and that rg(es,) = ez. For & = 0 this is
obvious. For successor ordinals we have

f€+1(36+1) = f6+1(f5+1(rg_1(35)))

Since f is contractive it suffices to show rg(eg 1) = r(g(fgﬂ(rgl(eg)))) and this
follows by naturality of f and the induction hypothesis.
And

relecr) = re(fern(rs ' (ee)) = fe(eg) = ec.

For limit ordinals the restrictions are automatic. To see that f,(e,) = e,
we show that f,(e,) restricts to the same elements and this is immediate by
naturality of the family f.

Thus there exist a xg € X(p) such that fz(xg) = x5. Uniqueness is shown
similarly to uniqueness of external fixed points in Proposition 3.A.16. Q€D

Predicates defined as least and greatest fixed points

Inductively and coinductively defined predicates are constructed as least and
greatest fixed points of suitable maps of type P (X) — P (X) for a suitable X,
giving a predicate on X. We will show that these predicates are —— closed
provided the defining functions are sufficiently tame.

Greatest fixed points

Proposition 3.A.23. Suppose ¢ is a predicate on I',x : X and suppose that the
sequent
F0+VYx:X, ¢ < F(p)

holds where F(¢@) is a well-formed formula in context I, x : X consisting of ¥, —
, A\, V, T, L and existential quantification over total types and using only ——-closed
predicate and relation symbols. Then

r | @FVX:X,_!_l(p HP(—|—|(P)
also holds. In other words, if @ is a fixed point of F then so is =—¢. ¢

Proof. From
Cl0+VYx:X, ¢ o F(p)
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we immediately get

[[0F—-=(Vx:X,p < F(p))
and using the fact that —— commutes with implication, universal quantifiers
and conjuction we get

r|0|—VXZX,—|—|(PH —|—|F((P)

and now the restrictions on F guarantee that ——F(¢) = F(=—¢), concluding
the proof. 2€D

As a consequence, suppose we define a predicate ¢ on X coinductively as
the greatest fixed point of some F : P(X) — P(X). Since ¢ — ——¢ and if ¢
is a fixed point then also —— is, we have that ¢ is ——-closed.

Least fixed points

Proposition 3.A.24. Suppose @ is a predicate on I',x : X and suppose that the
sequent
L0+VYx:X,F(p)— ¢
holds where F(¢) is a well-formed formula in context I',x : X consisting of ¥, —
, AV, T, L and existential quantification over total types and using only ——-closed
predicate and relation symbols where in addition ¢ only occurs positively, i.e. F
preserves implication.
Then
F|0rVx: X, F(Op)—>Op
also holds. ¢
Proof. Since O does not behave as well as —— we have to prove this using the
model. Our assumption gives us that [F(¢)] < [¢] in the fibre over I',x : X
and we wish to show [F(O¢@)] < [O¢]] = O[[¢]. Since O is the right adjoint
to —=— we have
[FOe)l<olel < -—[FEe)]=[--FEel <]

and since the assumptions on F guarantee that ——F(¢) = F(——¢) we have

o [F(-—op)l <lel

which by properties of —— and O gives us

< [Foo)] <[]

which holds by the fact that D¢ — ¢ and the assumption on monotonicity of
F. Q€D

It is an easy fact to show that least fixed points of monotone functions are
exactly their least prefixed points. Using Proposition 3.A.24 and the facts
that O is deflationary and for any ¢, O¢ is —=—-closed we can conclude that
inductively defined predicates are constant, provided they can be defined
using a suitable subset of the logic.
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Consequence for the external interpretation Since I, is a logical functor
it preserves structure of an elementary topos. More precisely, IT; : Sh(w;) —
Set gives rise to the morphism of higher-order fibrations

SubSh(wl) —_— Subset

cod cod

’ 1

Sh(w;) T, —— Set

that preserves the structure of a higher-order fibration (i.e. constructs to
model higher-order logic). In particular this means it preserves validity of
formulas in the internal language that use only the usual connectives of
higher-order logic (i.e. everything but » and 0O).

Thus given a formula ¢ of higher-order logic (i.e. no O and no ») in some
context I' and choosing some interpretations of relational symbols, the deno-
tation I'T; ([]]) as a subobject of IT; ([I']]) is the same as the denotation of ¢
in Set, replacing the interpretations of relational symbols and types by their
values at stage 1.

For instance if

x:Aa),y: Ab)|0FVz:P(A(a)),Jw: P(A(b)), P(x,w) = Q(z,v)

holds in the logic of Sh (w;) with P and Q being interpreted as some A(p) and
A(q), respectively, then

x:a,9:0|0rVz:P(a),Iw:P(b),P(x,w) = Q(z,v)

holds with P being interpreted as p and Q as g (we used the that IT; o A =
idSet)'

Combining this with the construction of fixed points we get that least and
greatest fixed points constructed internally are mapped to external least and
greatest fixed points.

Proposition 3.A.25. Let ¢ be a predicate symbol on A(a) and let F(¢) be a for-
mula in context x : A(a). Suppose F(¢@) is monotone in ¢ and suppose it involves
only quantifiers over constant sets and constant predicate symbols. If

010 +(Yx:Aa), p(x) < F(@))
AP (A(a), (Vx: Ala), P(x) « F()) = (Vx: Ala), P(x) — ¢(x)))
(3.2)
holds in the logic of Sh (w) then

010 +(Yx:a,¢(x) & T (F)(@)

3.3
AV Pla), (Vs 0, 9(x) o T (F)P) — (Y p(x) = p(x) )



3.A. The Topos Sh (w;)

119

holds in the logic of Set with interpretations of relational symbols being I1;-
images of their chosen interpretations in Sh(wy). Here I1|(F) means replacing
occurrences of A(b) in quantifiers with b. ¢

Remark 3.A.26. Note that if ¢ is a predicate on A(a) (in the empty context)
then @(x) is a formula in context x : A(a). These formulas characterise ¢ as
the greatest predicate (or subset) satisfying F. We can state and prove an
analogous property for least fixed points. ¢

From Proposition 3.A.23 we have that if (3.2) holds then ¢ = == 0 ¢.
Thus x : A(a) | 0 F ¢(x) corresponds to a constant subobject of A(a), say A(go).
Formula (3.3) state that ¢ is the greatest fixed point of “the same” formula.

Transitive closure

We prove that given a —— closed relation R on a set with decidable equality
its reflexive and transitive closure R* is also —=—-closed.

Lemma 3.A.27. Let R C X x X be a relation on a decidable total type X. If R
is ~—=-closed (meaning for all x,x" : X, (x,x") € R <> ==((x,x") € R)) then the
reflexive transitive closure R* is also ——-closed. O

Proof. By construction R* = \/, . R" where the sequence {R"},c is defined
by induction as

RY={(x,x")|x=x")
R ={(x,x”)|3x": X, (x,x") e RA (x/,x”) € R"}

Thus it suffices to show that all R” are —=—-closed and we do this by induction.
R is =—-closed since X is assumed to have decidable equality. Assuming R"
is =—-closed we have

—=((x,x) e R" & ==3x": X, (x,x') e RA (x/,x”) € R"

and since X is assumed to be total we have by Lemma 3.A.8 and the fact that
—— commutes with conjunction that

<« 3dx": X, ==((x,x") € R) A ==((x,x”) € R")
which is by assumption on R and the induction hypothesis equivalent to
—dx X, (x,x')eRA(x',x”") e R"
which is by definition of R"*! equivalent to
o (x,x") € R™L
26D

In particular, all constant sets are total and decidable and so the lemma
applies.
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3.B The Model of a Language with Countable Choice

In this section we introduce F*?, a call-by-value functional language akin to
System F, i.e., with impredicative polymorphism, existential and general re-
cursive types, extended with a countable choice expression ?. We work infor-
mally in the internal logic of Sh(w;) outlined above except where explicitly
stated.

Syntax and operational semantics

The syntax of types, terms and values is defined in Figure 3.4. These should
be understood as initial algebras of suitable polynomial functors.

s=a|llgxn |+t |t — nlpat|Var|dar

< A~

s=x| ()| {(vi,v2) | Ax.e|inl v |inr v | A.e | packv

m=x|()|(e;,e) | Ax.e|inle|inre| A.e|packe

QN

| ? | proj;e|eje, | case(e, x;.e1,x7.65) | e[] | unpack e; as x in e,
|unfolde | folde

:=—|(E,e)|(v,E)|inl E | inr E | pack E
|proj,E|Ee|vE|case(E, x;.e1,x7.6;) | E[]|unpack E as x ine
| unfoldE | foldE

Cu=—1(C,e)|{e,C)| Ax.C|inl C|inr C | A.C | packC

|proj;C|Cey|eC|case(C,xq.e1,%0.€5) | case(e, x1.C,x5.67)

t

| case(e, x;.€1,%,.C) | C[] | unpack C as x in e |unpack e as x in C
|unfoldC | foldC

Figure 3.4: Types, terms and evaluation contexts

The types include polymorphic, existential and recursive types. The cor-
responding terms are standard, apart from the countable choice expression
?. We assume disjoint, countably infinite sets of type variables, ranged over
by a, and term variables, ranged over by x. The free type variables of types
and terms, ftv(7) and ftv(e), and free term variables fv(e), are defined in the
usual way. The notation (-)[7/&] denotes the simultaneous capture-avoiding
substitution of types 7 for the free type variables & in types and terms; sim-
ilarly, e[v/X] denotes simultaneous capture-avoiding substitution of values ¥’
for the free term variables X'in e.

Composition of evaluation contexts Evaluation contexts can be composed.
Given two evaluation contexts E,E’ we define E o E’ by induction on E as
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follows

[JoE'=E’
(E,e)oE’ =(EoE’,e)
(v,EYoE'={(v,EoE’)

(proj,E)oE’ =proj;EoE’
(inlE)oE’=1inl(EoE’)
(inrE)oE’=inr(EoE’)

(foldE)o E' = fold(Eo E’)

(unfoldE)o E’ = unfold(Eo E’)
(packE)o E’ = pack(EoE’)
(unpack E as x ine)o E' =unpack (EoE’)as x ine
(case(E,xj.e;,x5.e5)) o E' = case(E o E’, xy.e1,x5.;)
(case(E, xy.eq,x5.65)) 0
(Ee)o
(vE)o

Lemma 3.B.1. For any pair of evaluation contexts E,E’ and an expression e,

E’ _case(EoE X1.€1,%5.63)
=(EoE')e
—v(EoE’).

E[E’[e]] = (Eo E')[e]
0

Types We define the type of natural numbers nat as nat = pa.1+a and
the corresponding numerals as 0 = fold(inl ()) and n+1 = fold(inr n) by
induction on n.

The type system is defined in Figure 3.6. The judgement A - 7 is defined

in Figure 3.5. The judgements are mostly standard, apart from the typing of
?.

aeA
Ar1l
A+ a
Al‘Tl A'-Tz Al‘T] A'-Tz Al-’l'l AI-Tz
Ar+TIXT) ArTi+7T) ArT > 1
Aart Aart Aart

Arda.t ArVa.t Arpa.t

Figure 3.5: Well-formed types. The judgement A I T expresses ftv(t) C A.
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xtel ArT ArT AT re i NTrey: 1)
ANTrx:T NTHO:1 AT H{ep,e0): 1 X1y
NT,xtire: T, ANTre: 1 A+, NTre:t A+t
AT rFAxe:t—1) A;Trinle: 1 +1, A;Trinre: 1 +1)

AT, xty ke T N, x:tokep: T ANTre:T1+7)

AT + case(e, xj.61,%2.67): T

Aa;Tre:t ATre:T X1 ANTre:t > ANTre 1

A;THAe:Ya.t A;T Fproj;e: T ATree :t

A+t AT re:t[t/a]
A;T +packe:da.t

ATre:da.ty A+t ANa;T,x:tyre':t

A;T Funpackeas xine': 1

AT re:pat AT re:t[pa.t/al
A;T Funfolde: t[pa.v/a] A;T + folde: pa.t
ANTre:Va.r ArT ArT
A;Tkel]: t[t'/a] A;T+?:nat

Figure 3.6: Typing of terms, where I' := 0 | I,x:t and A == 0 | A,a. The
notation A + T means that ftv(7) C A.

We write Type(A) for the set of types well-formed in context A and Type
for the set of closed types 7, i.e., where ftv(7) = 0. We write Val(7) and Tm (7)
for the sets of closed values and terms of type 7, respectively. We write Val
and Tm for the set of all closed values and closed terms, respectively. Stk(7)
denotes the set of t-accepting evaluation contexts, i.e. evaluation contexts
E, such that given any closed term e of type 7, E[e] is a typeable term. Stk
denotes the set of all evaluation contexts.

For a typing context I' = x;:7y,..., x,,:7,, with 7,..., T, € Type, let

Subst(T) = {y € Val* | V1 <i < n. y(x;) € Val(1;)}

denote the set of type-respecting value substitutions. In particular, if A;T
e: 7 then @;@ r ey : 76 for any 6 € Type® and y € Subst(T'5), and the type sys-
tem satisfies standard properties of progress and preservation and a canoni-
cal forms lemma.
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Basic reductions +—

proj;{vy,vy) — v; unfold(foldv)+— v
(Ax.e)v > e[v/x] unpack (packv) as x in e +— e[v/x]
(Ae)[]—e case(inlv,xy.eq,x5.6p) > eq[v/xq]
?+—n  (nelN) case(inrv,xj.eq,xp.65) > ey[v/x;]

One step reduction relation ~»

E[e]~ E[e] ifer— e’

Figure 3.7: Operational semantics.

The operational semantics of the language is given in Figure 3.7 by a re-
duction relation e ~ ¢’. In particular, the choice operator ? evaluates nonde-
terministically to any numeral n (n € IN). We use evaluation contexts E, and
write E[e] for the term obtained by plugging e into E.

To define the logical relation we need further reduction relations. These
will allow us to ignore most reductions in the definition of logical relation.

Let ~" be the reflexive transitive closure of ~». We call reductions of the
form unfold(foldv) ~ v unfold-fold reductions and reductions of the form
?7~n (neN) choice reductions. We define

e L ¢ if e~* ¢’ and none of the reductions is a choice reduction
0 . . . . .
e ¢~5 ¢ if e ~* ¢’ and none of the reductions is an unfold-fold reduction
1 ) . . .
e e~ ¢ if e ~" ¢’ and exactly one of the reductions is an unfold-fold
reduction

,1
o g/}:,\’; ﬂf\l/>

0
P-tnl

The ~> reduction relation will be used in the stratified definition of diver-
gence, see Section 3.B, and the other reduction relations will be used to state
additional properties of the logical relation.

Termination relations

In order to define the TT closure we need to define our observations. Recall
that previously [23] this was achieved by defining the termination relations
| and | and stratified versions of these, Up and l, for B < wy and n < w.

Focusing on Uﬂ, it is defined by induction on f as e Uﬁe Ve, e R e s VRS
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B,e’ |,. It is easy to see that Upclpy1 so {Ulg}ﬁ<w does not define a subobject
1

of the constant sheaf A(Tm).
But observe that defining 1g = Tm\ |3, the predicate T, may be defined
by induction on f as

eI<—>EIe',e«1/> e’ AVv<B,e.
ﬁ v

Using this, we define internally T : P(Tm) as the unique fixed point of
W :P(Tm)— P(Tm) given by

W (m) = {e : Tm | e, el e’ /\>(m(e’))}.

This is the stratified definition of may-divergence (there is a diverging path).
We can also define (internally) non-stratified divergence predicate T as the
greatest fixed-point of @ : P(Tm) — P(Tm) given as

®(m)={e:Tm | Je’,e~ e’ Am(e)}.

Since @ is monotone the greatest fixed point exists by Knaster-Tarski fixed-
point theorem (which holds in any topos). Observe that W is almost the same
as @ or, apart from using a different reduction relation.

As a consequence of Proposition 3.A.23 we have that may-divergence is a
decidable property, i.e., for all terms e we have e V =(eT).

Lemma 3.B.2. Let e,e’ € Tm. The following hold in the internal language.
1. ifef» ¢’ then el < e’1
2. 1'}’ng ¢’ then el & e’]
3. ife«oa e’ then (¢'T) —> el
4. ife«la e’ then»(e’]) — el
¢

Proof. 1. Suppose e Loe’. If e = ¢ there is nothing to do. Otherwise,
the crucial property we have is that there exists a unique e”, such that

e~e”and e’ L ¢, Using this property this case follows by induction

on the number of steps in L,

2. This property follows from the fact that if e 22 ¢ then e~ ¢” if and

only if e’ L ¢” which is easy to see directly from the definition of these
relations.
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3. Suppose e L ¢’ and ¢’1. Then by definition there exists a ¢”, such that

1 s 1 1
e’ ~ e” and »(e”1). By definition of ~ we also have e ~ ¢” and so e].

4. This follows directly from the definition of the ] relation.
Q6D

Must-contextual and must-CIU preorders

Contexts can be typed as second-order terms, by means of a typing judge-
ment of the form C: (A |l = 1) + (A" |I” = 0), stating that whenever

AlTre:t

holds, A”| T+ Cle] : 0 also holds. The typing of contexts can be defined as an
inductive relation defined by suitable typing rules, which we omit here since
they are standard; see [6]. We write C : (A | = 7) to mean there exists a type
o,suchthat C: (A |l = 1) - (@ | @ = o) holds.

We define contextual must-approximation using the may-divergence pred-
icate. This is in contrast with the definition in [23] which uses the must-
convergence predicate. However externally, in the model, this definition is
precisely the one used in [23].

Definition 3.B.3 (Must-contextual approximation). We define the must-con-
textual approximation relation as

A|T ke sﬁtxezzféAll‘l—el:TAAlFI—ezzTA
VC,C: (AT = 1) AClea]T — Cleg T

¢

Note the order of terms in the implication: if C[e;] may-diverges then
C[e1] may-diverges. This is the contrapositive of the usual definition which
states that if C[e;] must-converges then C[e;] must-converges. Must-con-
textual approximation defined explicitly using contexts can be shown to be
the largest compatible adequate and transitive relation, so it coincides with
contextual approximation defined in [23].

In practice it is difficult to work with contextual approximation directly.
An alternative characterisation of the contextual approximation and equiva-
lence relations can be given in terms of CIU preorders [67], which we define
below. We will use the logical relation to prove that CIU and contextual
approximations coincide and that both of them coincide with the logical ap-
proximation relation.

The definition of the CIU approximation is the same as in [23], only with
changed termination relations. We state it here for completeness and refer-
ence.
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Definition 3.B.4 (CIU approximation). Must-CIU approximation, <Y, is the
type-indexed relation defined as follows: for all e,e’ with A;T' e : T and
A;Tre':t,wedefine A|T+e SEIU e’ : T if and only if

V5eType(A), y €Subst(T6), E € Stk (16), E[e’y]|T — E[ey]T
Note again the order of terms e and e’ in the implication. ¢

It is simple to see that must-contextual approximation implies must-CIU
approximation. However the converse is not so simple to see. We will prove
it by constructing the logical relation and proving that all three relations
coincide.

Logical approximation relation

We now define the logical relation, internalising the definition in [23]. The
major difference is that instead of using must-termination and its stratified
version we use may-divergence and stratified may-divergence predicates.

Relational interpretation of types Given two closed types 7,7’ € Type let

VRel (7,7") = P(Val (1) x Val (7))
TRel (7,7’) = P(Tm(7) x Tm (1’))
SRel (7,7’) = P(Stk(7) x Stk (7).

We implicitly use the inclusion
VRel(t,7’) C TRel (7,7').

For a type variable context A we define VRel (A) as the extension of VRel (., -).
We defined VRel (A) to be the set

(@192, 0:) | 1,92 : A — Type,Va € A, p,(a) C VRel (¢ (a), p2(a))}

where the first two components give syntactic types for the left and right
hand sides of the relation and the third component is a relation between
those types.

The interpretation of types, [[- - -] is by induction on the judgement A - 7.
Given a judgement A+t and ¢ € VRel (A) the interpretation satisfies

[A+ 7] (@) S VRel (@ (7), p2(T))

where the ¢ and ¢, are the first two components of ¢ and ¢;(t) denotes
substitution of types in ¢, for free type variables in 7. It is defined in Fig-
ure 3.3 on page 89. For the sake of readability we omit the typing judgements
in each case, but they should be understood to be there.

The following lemmas are simple to prove.
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Lemma 3.B.5. - is monotone and inflationary, i.e.
e Forallr,rCr™"

e Forallr,s,rCs—r'T CsTT

O
Lemma 3.B.6. Let r € VRel (7, 7T').
. Ifeﬁ'g e, and ¢’ L ey then (e,e’) er™ < (ey,e]) er™.
. Ife'\l» ey then for all ¢ € Tm ('), if>((ey,€’) € rT) then (e,e’) €rT.
O

A crucial property of the interpretation of types is that it respects substi-
tution and weakening.

Lemma 3.B.7 (Substitution). Let A+ T and A,a + o. Then

[Aro[c/all(@)=[Aarol(ela—[Ar ] ().
0

Lemma 3.B.8 (Weakening). Suppose A + t. Then for all ¢ € VRel(A), s €
VRel(0,0’) and for all a ¢ A,

[A+Tl(p)=[Aarl(pla(0,0"5)]).
O

The actual “logical relation” is defined on open terms by reducing it to
the above relations on closed terms by substitution. We first extend the in-
terpretation of types to the interpretation of contexts and define [A +I'[(¢p)
to be

{9 7,7 Va1 vx e dom (I), (y(x), ' (x)) € [A+ ()] ()}

Definition 3.B.9 (Logical relation). Two terms are logically related

1
A;erguoge’:r
if

Yo € VRel(A),Y(y,y") e[AFTT(), (ey,e’y) e[AF ] (@)
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Properties of relations

Definition 3.B.10 (Type-indexed relation). A type-indexed relation R is a set
of tuples (A,T,e,e/,7) suchthat A+T, Ar7, A|[Tre:tand A|T+re : 7. We
write A;TFeR e’ : T for (A, T,e,e’,t)eR. ¢

Definition 3.B.11 (Precongruence). A type-indexed relation R is reflexive if
A;T ke : 7 implies A;T e R e: t. It is transitive if A;T e R e’ : 1 and
AT Fe'Re”:timplies A;T e R e”: t. It is compatible if it is closed under
the rules in Figure 3.8.

A precongruence is a reflexive, transitive and compatible type-indexed re-

lation. ¢
—xitel
ATFxRx:t ATFOR(:1
ATreiRel:m ATreRe): T, AT, xt reRe 1y
A;T H(ep,ep) R{ej,e5): Ty X1 ATrHAxeR Ax.e':1) > 1y
ATreRe : 1y ATreRe : 1,
A;TrinleR inle : 1+ 1, A;TrinreR inre : 1 +1,

AT xpty ke Rej it AT, xpytore Rey: T ATree:1+1,

AT + case(e, xj.e1,X5.65) R case(e’,xy.€],x5.€5): T

Aa;TreRe :t A+t AiTreRe :t[11/a]
ATrAeRAC :Va.t A;T + (packe) R (packe’) : da.t

ATre; Re, :dat ArT Aa;T,x:tyreRe 1
1 1 1 1

A;T + (unpack e as x ine) R (unpack ej as xine’): 7

ATreRe i1 x1y ATreyRej:T > ATre;Re): T
A;T Fproj;eRproj;e : 1; A;TrejepaRejey T
ATreRe :pa.t A;TreRe : t[pa.t/a)

A;T Funfolde R unfolde’: t[pua.t/a] A;T+ folde R folde’: pa.t

ANTreRe :Va.x ,
- — ftv(t’) C A
AT re[]RE]: t[t//a] A;TH?R?:nat

Figure 3.8: Compatibility properties of type-indexed relations.
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The fundamental property

To prove the fundamental property (reflexivity) we start with some simple
properties relating evaluation contexts and relations. The proof of the com-
patibility properties in most of the cases will be a simple consequence of
these lemmas.

The following is a direct consequence of the fact that p —»>p foranyp:Q,
we only state it here for reference.

Lemma 3.B.12. The interpretations of types satisfy the following monotonicity
properties.

o If (v,v') € [AF t][(@) then>((v,v") € [A+ ]| ().
e If (e,e)) e [A+ 7] ()" then l>((e, e)e[A+T] ((p)ﬁ).

* If (E,E')e[Ar](p)T then>((E,E') e [A+ ] (p)T)-

o
Lemma 3.B.13. If (v,v’) € [A+ 1, — 1] (@) and (E,E’) € [A+ 1] (@)" then
(Eo(@[]) E'o( D) elArul(e’ %

This follows directly from the definition of the interpretation of types,
Lemma 3.B.2 and Lemma 3.B.1.

Corollary 3.B.14. If (e,e’) € [A+ 1] (@)"" and (E,E’) € [A+ 1] (@) " then
(Eo([le)E'o([le) e[AF T = ]l(@)"
o

Proof. Take (v,v’) € [A+ 11 = 15]](¢). By Lemma 3.B.13 (Eo (v[]),E’ o (v'[]) €
[A+7](e)" sousing Lemma 3.B.1 we have

E'[v'e’]T — E[ve]]
concluding the proof. 26D

Corollary 3.B.15. If (e,¢’) € [ArT; = ]| ()" and (E,E’) € [Ar 1]l (p)"
then (E o ((Ax.ex)[]),E’ o (Ax.e’x)[])) € [A+r T ]| ()" O

Proof. If (e,e’) € [[A+ 1, — 1] (¢)"" then (Ax.e, Ax.e’) € [A+ 1, — T5] (). Use
Lemma 3.B.13. QED

Lemma 3.B.16. If (E,E’) € [A+ t[pa.t/a]](p)" then

(E o (unfold[]),E’ o (unfold[])) € [A+ pa.T] (@) .
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Proof. Take
(foldv, foldv’) € [A+ pa.T] (@)

with
>((v,v") € [AF t[pa.t/a]] (@)).

Using Lemma 3.B.1, Lemma 3.B.5 and Lemma 3.B.6 we have
E’[unfold(foldv’)]T « E'[v'|T

which implies »(E’[v’]) which further implies »(E[v]]) which finally implies
E[unfold(foldv)|] by definition of stratified may-divergence, concluding
the proof. 26D

Lemma 3.B.17. If (E,E’) € [A+ pa.t]|(@)" then
(Eo(fold[]),E o (fold[])) € [A+ t[pa.t/a]](p)".
0

Proof. Easily follows from the fact that if (v,v’) are related at the unfolded
type then (foldv, foldv’) are related at the folded type. Q6D

Lemma 3.B.18. If (E,E’) € [A+Ta.t](¢)" then for all A+ 1

(E o (pack(]), E’ o (pack(])) € [A+ t[ri/a]] (¢) "

Proof. Take
(v,v") € [AF t[T1/a]] ().
Lemma 3.B.7 implies

W) elAart](elam[ArT](e)])

which further means that (packv,packv’) € [A+3Ja.7]|(¢) which is easily
seen to imply the conclusion. Q€D

Lemma 3.B.19. Let A+ 7, (E,E’) € [A+t](p)". If for all 0,0’ € Type and
se€ VRel(o,0’) and for all (v,v") € [A, at+ 1] (@[a—s]),

(e[v/x),e'[v'/x]) e [AFT] (@)
then

(E o (unpack [] as x ine), E’ o (unpack [] as x in¢’)) € [A + a7 ] () .
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Proof. Take (packv,packv’) € [A+Ja.71]|(¢). This implies there exist 0,0” €
Type and an s € VRel (0, 0), such that (v,v’) € [A,a +F 1] (¢ [a — s]). An as-
sumption of this lemma further implies (e[v/x],e’[v'/x]) € [A+ 7] (¢)"". Ttis
now easy to conclude the proof using Lemma 3.B.6. Q€D

The other lemmas concerning context composition are proved similarly.
The next lemma will be used to prove compatibility of ?.

Lemma 3.B.20. Forall ne€ N, (n,n) € [ nat]. O

Proof. By induction on n.

n=0 Then n = foldinl(). It is easy to see that (inl(),inl()) € [F 1 +nat]|
and so the result follows by the definition of interpretation of recursive
types and Lemma 3.B.12.

n=m+1 Then n = foldinrm. By assumption

(m, m) € [ nat]

and so (inrm,inrm) € [F 1 +nat]]. The result easily follows by the def-
inition of interpretation of recursive types and Lemma 3.B.12. Q€D

We are now ready to prove that the logical approximation relation is com-
patible.

Proposition 3.B.21. The relation sﬁ)g is closed under all the rules in Figure 3.8,

i.e. it is compatible. o
Proof. We only show some cases. The general rule is that compatibility rules

are proved either by directly showing two values are related at the value re-
lation or relying on the above lemmas and extending the evaluation contexts.

* Introduction of recursive types.

ATre Sifg e tlpa.t/a]

AT folde < folde’: pa.t
Take @ € VRel(A) and (y,y’) e [A+T](¢). Let f = ey and f’' =€y’
We have to show (foldf,foldf’) € [A+ pa.t]]¢'". So take (E,E’) €
[A+ pa.t]@". By assumption (f,f’) € [A+ t[pa.t/a]]e " so it suf-
fices to show (E o (fold[]),E’ o fold[]) € [A+ t[pa.t/a]] ¢, but this is
exactly the content of Lemma 3.B.17.
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* Elimination of recursive types.

I
AT H esUOg e pa.t

A;T +unfolde Sifg unfolde’: t[pa.t/a]

Exactly the same reasoning as in the previous case, only this time we
use Lemma 3.B.16 in place of Lemma 3.B.17.

The ? expression.

1
A;Fl—?slfg?:nat

By Lemma 3.B.20 we have Vn,(n,n) € [+ nat]).

Take (E,E’) € [Fnat]]" and assume E’[?]1. By definition of the 7 re-
lation there exists an e’, ? ~ ¢’ and E[e¢’]T. Inspecting the operational
semantics we see that ¢’ = n for some n € IN. This implies E[n]] which
further implies by Lemma 3.B.2 that E[?]].

Introduction of existential type.

e
log )

A;T + packe SU packe :da.t

Ar T ANTre<g ct[h/a]

Take ¢ € VRel(A) and (y,y’) e [A+T](@). Let f =ey and f'=¢"y’. We
need to show
(pack f,pack f’) e [A+Ta.t] (@)™

Again by assumption (f,f’) € [A+t[ti/a]](p)"". We can now use
Lemma 3.B.18 to finish the proof, as we did above for the case of in-
troduction of recursive types.

Elimination of existential types.

I I
A;erslfge’:ﬂa.rl ArT A a;T,x:1 ke sjfgeizr

. I .
A;T + (unpack e as x in e) Slfg (unpack ¢’ as xinej): T

Take ¢ € VRel(A) and (y,7’) € [A+T](¢). Let f = ey and f' =¢’y/,
fi =e1y, f{ =ejy. We need to show

(unpack f as x in f;,unpack f"as x in f{) e [Ar 7] ().

The premise of this case shows that for all types 0,0’ € Type and rela-
tions s € VRel (0, 0”), for all (v,v’) € [A, a F 1] (¢ [a +— s]), we have

(filv/x) filv'/x) € [A a b tll(@a—s]) T
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and by Lemma 3.B.8 this is the same as for all 0,0’ € Type, for all
se€VRel(o,0’), for all (v,v")e[[Aat+ 1] (@la—s]),

(Alv/x] fv'/x]) € [AF Tl(@) T

We now use Lemma 3.B.19 to conclude the proof. Q€D
Corollary 3.B.22 (Fundamental property of logical relations). If A;T Fe: T
thenA;I‘kesifge:T Y

Proof. Every compatible relation is reflexive. This can be shown by an easy
induction on the typing derivation. Proposition 3.B.21 shows that the logical
relation is compatible, hence it is reflexive. QED

We need the next corollary to relate the logical approximation relation to
must-contextual approximation.

I
08 e’

Corollary 3.B.23. For any expressions e,e’ and context C, if A|T F e Sy et
and C: (AT = 1) (A|T"= 0) then A" |T’ + Cle] sifg Cle’]: 7. O
Proof. By induction on the judgement

C:(AIT=1)w (A|T"=0),
using Proposition 3.B.21. Q€D

All three approximation relations coincide

We have already mentioned that it is easy to see that must-contextual ap-
proximation implies must-CIU approximation. We now show that must-CIU
approximation implies logical approximation.

We start with a lemma showing that the logical approximation relation is
closed under postcomposition with the must-CIU approximation relation.

Lemma 3.B.24. For any terms e, ¢’ and e” of type T in context A|T. If A|T +

6Sifge’;andAlrl—e/sﬁier/;TthenA|r|_esifge//:' o
Proof. Take ¢ € VRel(A) and (y,)’) € [A+ ]| (¢). Take (E,E’) € [t](¢)" and

2

assume E’[e”y’]T. Since A |T + ¢ gﬁIU e’ : v we have E’[¢’y’]T and since

AlTre Sifg e’ : we further have E[ey]1, concluding the proof. Q6D
Corollary 3.B.25. For any terms e and e’ of type T in context A |I. If A|T +
esﬁwe’:TthenAll“kesifge’:. 0

Proof. By Corollary 3.B.22 we have that A[T' e sifg e:. The previous lemma
concludes the proof. Q6D
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The only missing link in the chain of inclusions is the implication from
the logical relation to contextual approximation. This, however, requires
some more work.

Adequacy

We wish to show soundness of the logical relation with respect to must-
contextual approximation. However, the implication

All"ke<ug e T—)Alrkesﬁtxe’:T

does not hold internally, due to the different divergence relations used in the
definition of the logical relation. To see precisely where the proof fails let us

attempt it. Let A[T ke <lug ’: 7 and take a well-typed closing context C

with result type 0. Then by Corollary 3.B.23, @ | @ + C|e] Sifg Cle’]: 0. Un-
folding the definition of the logical relation we get (Cle],C[e’]) € [@ o] .
It is easy to see that (—,—) € [@ + o]" and so we get by definition of TT that
C[e’]T — Cle]1. However the definition of contextual equivalence requires
the implication C[e’]T — CJe]T, which is not a consequence of the previous
one.

Intuitively, the gist of the problem is that T defines a time-independent
predicate, whereas T depends on the time, as explained in the introduction.
However, in the model in we can show the following rule is admissible.

Lemma 3.B.26. ¢: Tm | @+ O(el) — eT holds in the logic. O

Thus we additionally assume this principle in our logic. Using this, we
are led to the following corrected statement of adequacy using the 0O modal-

ity.
Theorem 3.B.27 (Adequacy). If e and ¢’ are of type T in context A | T then

(AlI’ke<Ug et )zmplzesAll“kesitx e . O

To prove this theorem we first observe that all the lemmas used in the
proof of Corollary 3.B.23 are proved in constant contexts using only other
constant facts and so Corollary 3.B.23 can be strengthened. More precisely,
we can prove the following restatement.

Proposition 3.B.28. O[VA, A, T, I, 7,0,C,e,e/,C: (AT 1) (A |T' = 0)

—AITres® e it — N[+ Cle] <° Cle']: 7). o

Note that all the explicit universal quantification in the proposition is
over constant types. One additional ingredient we need to complete the
proof is the fact that T is —=—-closed, i.e. el <> ==(eT). We can show this
in the logic using the fact that T is the greatest post-fixed point by showing
that ——7 is another one. This fact further means that 0O(eT) < (eT). We are
now ready to proceed with the proof of Theorem 3.B.27.
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Theorem 3.B.27. Continuing the proof we started above we get, using Propo-
sition 3.A.6, that O(C[e’]T — Cle]1) and thus also

O(Cle’]T) — a(Cle] ).

We have O(C[e’]T) «> C[e’]T and by Lemma 3.B.26 0O(C[e]]) <> C[e]T. We can
thus conclude C[e’]T — Cle]T, as required. Q6D

Using Proposition 3.A.25 and Proposition 3.A.24 we can see that for each
A, T,e e and 7,
All"kesitxe’:T<—>—|—|(A|ersﬁt"e’:r)
and similarly
A|rl—eSﬁIUe,:TH—|—|(A|FI—6SEIU€’:T).
Combining this observation with the above we have

Theorem 3.B.29. Forany A, T, e, ¢’ and t,

AlFi—esﬁIUe':T<—>A|F|—esﬁt"e’:T<—>|:|(A|F|—e$ifge’:T)
¢

Proof. The only missing link is the implication from CIU approximation to
“boxed” logical approximation. However using the previous observation that
CIU approximation is ——-closed with Corollary 3.B.25 and the fact that ——
is the left adjoint to O, we get the desired implication. Q€D
Examples of the use of logical relation

We show the syntactic minimal invariance example. We start with two simple
lemmas.

Lemma 3.B.30. Let 7,0 € Type, let e € Tm(t — 0), v € Val(t — o). Then
(e,v) e[t = o] — (Axex,v) €[t — o].
o

Proof. By assumption v = Ax.e’ for some x and ¢’. Take (u,u’) € [7]] and we're
supposed to show (eu,e’[u’/x]) € [o]'". By Lemma 3.B.6 it suffices to show
(eu,vu’) € [c]"" and this is a simple consequence of Corollary 3.B.14. Q€D

Lemma 3.B.31. Let 7,0 € Type, let e € Tm(t — ), v € Val(t — o). Then

(we)e[t = o] — (v, Ax.ex) €[t — o].
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Syntactic minimal invariance

Let fix:Va,B.((a > p) —>(a —p)) = (@ — p) be the term A.A.Af.07(f0lddy)
where Oy is the term Ay.let " =unfoldy in f (Ax.y"y x).

Consider the type T = pa.nat + @ — a. Let id = Ax.x and consider the
term

f = Ah,x.case(unfoldx,y.fold(inly),g.fold(inr Ay.h(g(hy)))).

We show that fix[][]f = id : T — 7. First we show that they either logi-
cally approximates the other and then use the fact that we have proved this
in the context of only constant facts to conclude that the statement always
holds. Thus we use Theorem 3.B.29 to conclude that the terms are contextu-
ally equivalent.

= We first show by Lob induction that (fix[][]f,id) € [t — 7]]7". It is easy
to see that

fix[][]f 2 Ax.case(unfoldx,y.fold(inly),g.fold(inr Ay.h(g(hv)))).

where h = Ax.6¢(foldoy)x. Let

@ = Ax.case (unfoldx,y.fold(inly), g.fold(inr Ay.h(g(hv)))).

We directly show that (¢,id) € [T — 7] which suffices by Lemma 3.B.12
and Lemma 3.B.6.

So take (u,u’) € [[]]. By the definition of the interpretation of recursive
types there are two cases

* u = fold(inln) and u’ = fold(inln) for some n € IN. This case is
immediate.

* u=fold(inrg), u’ = fold(inrg’)and »((g,¢’) € [t — 7). We then

have that pu 2 fold(inr Ay.h(g(hy))) and idu’ L. and so it
suffices to show

>(Ay. (h(g(hy)),g’) €[t — T])).

We again show that these are related as values so take >((v,v’) €
[]) and we need to show l>((h(g(hv)),g’v’) € [[T]]Tr). Take

>((E,E") e [7]").
Lo6b induction hypothesis gives us

s((W,id) € [t — 7] ™),
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where h’ is the body of h, i.e h = Ax.h’x. By Lemma 3.B.30
>((hid) e[t > 7]™)
and so by using Lemma 3.B.13 three times we get
>((E[R(g ([ E'[g' ) € [2]7).
So assuming >(E’[g’v’|T) we get »(E[h(g(hv))]1), concluding the
proof.
& This direction is essentially the same, only using Lemma 3.B.31 in place
of Lemma 3.B.30.

Least prefixed point

We now prove the following recursion induction principle for the fixed-point
combinator. The rule is the same as in [23] and the proof is morally the
same, except that we replace induction on ordinals by Lob induction, thus
removing a lot of unnecessary bookkeeping. More precisely, we prove

A|F|—vsﬁtxv':rl—>rz

AT+ fix[][]v gﬁ”‘ Vit o1

We do this in a few stages. For simplicity we only consider the case where
A and T are empty. The general case is proved in the same way.

It is easy to see that fix[][]v L vh where h = Ax.6¢ (foldos)x. We first
show (h,v’) € [ty — 1] by L6b induction. So assume >((h,v’) € [1; — 15]).
Since v’ is a value of the function type v’ = Ay.e for some y and typeable
e. Take (u,u’) € [1;] and (E,E’) € [1,]]". Then using Corollary 3.B.14, then
Corollary 3.B.22 applied to v and then Corollary 3.B.15 for v we have

(E[((Ax.vx) =) u], E[((Axvx) ) u]) € [1y - ] .
Using the assumption that v v’ approximates v” and Theorem 3.B.29 we get
E'w’ ]t —E ()]
and thus
> (E'[(vv’)u’]T)

and now using the induction hypothesis >((h,v’) € [ty — 7,]) and the fact
that (E[(Ax.vx) =) u], E[(Ax.vx) =) u]) € [1; = 1] " we get

> (E[(vh)u]])
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and since hu ~> (vh)u we can use Lemma 3.B.2 to get
E[hu]]

concluding the proof.

Since the proof relies only on constant facts we have, using Theorem 3.B.29,
that h contextually approximates v’. Thus

fix[][]v sitx vh sﬁtx vv’ sﬁ”‘ v

Parametricity

We now characterise the values of type Ya.a x a — a. We start by proving
some expected properties of values of the polymorphic and function types.

Lemma 3.B.32. Let a + T and v € Val (VYa.t). Then for all types 0,0’ and rela-
tions s € VRel (0, 0”) we have

Wl vl ellar (@)™

where @ maps a to (o,0’,s). ¢

Let Q =Va.fix[|(Af.f)() be the term of type Ya.a that deterministically
diverges when instantiated (applied).

Lemma 3.B.33. Let v e Val(VYa.a x a — a). If v[] may-diverges then

0|0Fv :ﬁtx Va.Q[]:Ya.axa — a.

o
Proof. This is a simple consequence of Lemma 3.B.39. Q€D

Lemma 3.B.34. Let v € Val(VYa.a xa — a). If v[] does not may-diverge and
there exist a type T and a value u € Val(t x t) such that v[|u may-diverges then
for all types o and for all values w € Val (o x 0), v[|w may-diverges and

010+ v[Jw="Q[]:o0.

0

Proof. It is obvious that Q[] approximates v[]w for any w. For the other ap-
proximation we use Theorem 3.B.29.

By the canonical forms lemma u = (uy,u,) for some u;,u, € Val(t). Let
w € Val (o x o). Again by the canonical forms lemma w = (wy,w;) for some
wy,w, € Val(o). Now let s = {(wy,uy),(ws, 1)} € VRel (o, 7). It is obvious
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that (w,u) € s. Using Lemma 3.B.32 and the compatibility lemma for the
application we have (v[]w,v[]u) € [a+a](s)'".” Since the empty context is
always related to itself and v[]uT we have that v[]w]. Since Lemma 3.B.32 is
easily strengthened to a boxed one we thus have v[]wT using Lemma 3.B.26.

We have thus established that v[]Jw? for arbitrary w which implies that
it CIU-approximates any other term and thus using Theorem 3.B.29 we con-
clude the proof. Q6D

For the rest of the cases we need some properties of the T relation which
we NOow prove.

Lemma 3.B.35. Let e € Tm (7). If =(eT) then there exists a vVal(t), such that
e~"v. 0

Proof. We first prove by coinduction that the set
N =1{e' € Val(t) | Yv € Val (1), (e’ ~" v)}

is included in T using the universal property of T, i.e. that it is the greatest
post-fixed point.

Given ¢’ € N we have to show there exists ¢’ such that e’ ~ ¢ and ¢” € NV.
By the progress lemma e’ is either a value or there exists an expression e”
that ¢’ reduces to. Since ¢’ € N it cannot be a value. Thus there exists an
expression e”” such that e’ ~ ¢”. We have to show ¢” € N. Suppose v € Val (1)
and e” ~* v. Then ¢’ ~" v. A contradiction.

Thus N C 7 and thus =T C - N. But e € N < Vv € Val (1), (e’ ~* v) <
—(dv € Val(t),e ~* v) and since we can show using properties of —— that
dv e Val(7),e ~" v is =—-closed we have proved the lemma. Q€D

In the rest of this section we define 2 =1+ 1 to be the type of booleans.
We then write true = inl () and false = inr (). By the canonical forms lemma
these are the only two closed values of this type.

Lemma 3.B.36. Let E € Stk(2) and e € Tm(2). Assume that E[false]T and
—(E[true]T). In this case if —(e ~" false) and E[e|T then eT. O

Proof. We prove this by coinduction. Let
N =lee Tm(2)| —~(e~" false) A E[e]T}

and we wish to show that ' C 1. Suppose e € N. We need to exhibit an ¢’,
such that e~ ¢’ and ¢’ € N. By the progress lemma e is either a value or steps
to some ¢’. First we observe that e cannot be a value since the only two values
are true and false. If ¢ = false then e ~" false and if e = true then E[e]T does
not hold by assumption on E.

7We abused the notation by writing s instead of a function that maps ¢ to (o, 7,s), but the
meaning is clear.
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So e is not a value. By assumption E[e]|T and so there exists e”, such that
Ele] ~ ¢” and e”7. Since e is not a value we have e¢” = E[e’] for some ¢’
such that e ~ ¢’. For the first condition, suppose ¢’ ~* false. Then clearly
e~" false, a contradiction.

We have thus exhibited an ¢’, such that e~ ¢’ and e’ € NV, thus concluding
the proof. Q6D

Naturally we can exchange the roles of true and false in the last lemma.
We record the next lemma for reference. The proof is by simple coinduction.

Lemma 3.B.37. If ¢’T and e ~" ¢’ then e]. O
We now prove the converse of Lemma 3.B.26 for well-typed expressions.
Lemma 3.B.38. Let © € Type and e € Tm(t). Then eT — O(e]). O

Proof. Using the fundamental theorem and the fact that O((—,—) € [0+ 7]|7)
holds we have that O(eT — e1) which implies the lemma since O distributes
over implication in the correct direction. Q€D

Note that we cannot directly use L6b induction to prove that eT — e
since we use two different step relations in the definitions of T and 1.

We record the functional extensionality property for values of the func-
tion type. The proof is the same as in [23] so we omit it.

Lemma 3.B.39. Let 7,0 € Type, f,g € Val(() T — o) and assume
YueVal(t),0|0F fu :thxgu :o.
Then
0|(Dkf:itxg:1—>a.
o

We now have all the ingredients to prove the last case in the characteri-
sation of the values of type Va.a x a — a.

Lemma 3.B.40. Let v € Val(Va.a x @ — a). Suppose that for all T and for all
u € Val(t x 1), =(v[]uT). Then one of the following three cases holds.

1. VT e Type,¥x,y € Val(1),0 |0k v[[(x,p) =y : T
2. V7 € Type,Vx,y € Val(7),0 |0+ v[[{x,v) :ffx VT
3. V1 € Type,Vx,y € Val(7),0 |0+ v[[{x,p) :ﬁ”‘ X0ry:t

where x or y is the binary choice expression case (unfold?, _x,_y). ¢
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Proof. By Lemma 3.B.32 and the compatibility for application we have that
for any 7 € Type,

VreVRel(2,7),Y(bw)erxr,(v[]bv[]w)er™ (3.4)
and
Vs € VRel(1,2),Y(w,b) € s xs, (v[Jw,v[]b)€s" (3.5)

where we write r x r and s x s for the construction on value relations used to
interpret product types.
We consider 4 cases. In all cases let x,y € Val(7) and let

s = {(x,true), (y,false)} € VRel (7, 2)
and
r = {(true, x), (false,y)} € VRel (2, 7).

* Suppose v[[(true, false) ~" true and v[|(true, false) ~* false. We will
show that in this case VYt € Type,Vx,y € Val(7),0 | 0 + v[|(x,v) :ﬁt" x or
v : T and we do this by establishing CIU-equivalence. We prove two
approximations.

— Take a well-typed evaluation context E and assume E[x or y]T. We
need to show that E[v[]{x,9)]T. E[x or p]T implies that at least
one of E[x]T, E[y]T holds. Without loss of generality suppose that
E[x]T. Lemma 3.B.38 implies that (E, (Ax.if z then Q[] elsez) —) €
[s]". Using Lemma 3.B.37 and the assumption that

v[](true, false) ~" true
we have that
(Ax.if z then Q[] else z)(v[[{true, false))T.

Hence we have from (3.5) that E[v[](x,y)]T which we can improve
to E[v[]{(x,)]T using Lemma 3.B.26 and the fact that we only used
constant properties to prove it (in particular, s and r are ——-closed
relations).

— Take a well-typed evaluation context E and assume E[v[[(x,y)]T.
We need to show E[x or p]T and using Lemma 3.B.37 it suffices
to show that either E[x]T or E[y]T. Assume for the sake of contra-
diction that the negation holds. Since in intuitionistic logic —(P Vv
Q) & =P A =Q holds we have that neither of E[x] and E[y] may-
diverges. This together with the assumption E[v[](x,y)]T means
that (—,E) € rT. Using (3.4) and Lemma 3.B.26 this implies that
v[|(true,false)T, contradicting the assumption of the lemma. Thus
we have proved ——E[x or p|T and since may-divergence is ——-
closed also E[x or y]T.
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* Suppose v[](true,false) ~* true and not v[|(true,false) ~* false. We
will show that in this case Yt € Type,Vx,y € Val(7),0| 0 + v[|(x,p) :ﬁt"
x : T and we again do this by establishing CIU-equivalence using two
approximations.

— Take a well-typed evaluation context E and assume that E[x]T. We
are to show E[v[[{x,9)]T. E[x]T implies, using Lemma 3.B.38, that
(E,(Az.if z then Q[] else z) —) € sT. Using (3.5) and Lemma 3.B.37
we thus have that E[v[|(x,)]T. Note that in this direction we have
not used the assumption that v[](true,false) does not evaluate to
false. We shall need it in the other direction, however.

— Take a well-typed evaluation context E and assume E[v[[{x,p)]T.
We are to show E[x]T. Assume the converse for the sake of contra-
diction. This then means that ((Az.if z then z else Q[]) —,E)er'.
Using this and (3.4) we have that

(Az.if z then z else Q[])v[[{true,false)T.

We now use Lemma 3.B.36 to conclude that v[|(true, false)T (note
that here is the place where we used the assumption that

v[|(true, false)

does not reduce to false). However this contradicts the assump-
tion that v[](true, false) does not may-diverge. We have thus es-
tablished ——(E[x]T) and so E[x]T.

* Suppose v[|(true, false) ~* false and not v[[(true, false) ~* true. In
this case V1 € Type,Vx,y € Val(7),0| 0 + v[[{x,v) :ﬁt" v : . The proof is
completely analogous to the previous case so we omit the details.

* Suppose v[|(true,false) evaluates to neither true nor false. We claim
that this case is impossible. Indeed, by assumption v[|(true, false) does
not may-diverge. By Lemma 3.B.35 there is a value z € Val (2) such that
v[|(true, false) ~* z. However by the canonical forms lemma we z must
be either true or false. A contradiction.

We claim that the four cases we have considered cover everything. As a
consequence of Lemma 3.A.27 we have for any two expressions e and ¢’, that
either e ~* ¢’ or =(e ~" ¢’). In particular we have v[[(true, false) ~* false or
not and v[[(true, false) ~* true or not, which give exactly the four cases we
have considered. Q6D

3.C View From the Outside

We now sketch the interpretation of the types and relations defined in the
internal language of Sh (w;) in the category Set.
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Interpretation of the model

Types The set of terms, types and evaluation contexts can be constructed
as initial algebras of polynomial functors, hence are preserved by A, so Val =
A(Val), Tm = A(Tm) and A(Stk) (here Tm, Stk and Val are sets of expres-
sions, evaluation contexts and values defined in Set). Moreover, since the
initial algebra structure is preserved, in particular catamorphisms are pre-
served. Thus, functions from constant sets to constant sets “defined by in-
duction” on, say Stk are the ones coming from Set.

Predicates The basic evaluation relation — can be defined by a simple
case analysis on the set of closed expressions. More precisely it can be de-
fined in the geometric fragment of first-order logic as a predicate on constant
sets, since the type of closed terms is constant and A preserves products.
Thus if — is the basic one-step relation defined in Set, then +—= A (+—).
The one-step reduction relation ~» can be defined using —— using a function
from evaluation contexts and closed expressions to closed expressions, which
“plugs the hole”. This function can be defined by induction on the structure
of the evaluation context, technically as a function from Stk to Tm™ and
since A also preserves exponentials, Tm™™ is constant. Thus this function
arises from the analogous function in Set.

Thus ~ is a constant predicate. The transitive closure of ~, the relation

~>" is also constant by Lemma 3.A.27. Similarly, the relations «1», L ..., can
be defined positively by starting with a smaller — relation and by relational
composition. It is easy to see that composing two constant relations gives a
constant relation. Thus, all the step relations are constant and equivalent to
the inclusion by A of analogous relations defined in sets.

Interpretation of T T is defined internally as the greatest fixed point of @
given as @(m) = {e: Tm | de’,e ~ e’ Am(e’)}. Thus it satisfies

Ve:Tm, el & Je’,e~ e Ae'T
and is the largest predicate that satisfies this formula. We will now show
that T = A7, where 1 is the may-divergence relation defined in Set. We use
Kripke-Joyal forcing semantics.

Suppose v is a successor ordinal. Let e € Tm(v). Thus e € Tm and by
Kripke-Joyal we have

vireliff de’ e Tm,ve~e¢ and v Ir e’

As we described above, v I e ~ ¢’ if and only if e~~e’ this implies that at each
successor ordinal® v, T(v) is a fixed point of
®’'(S)={e:Tm | de’,e~ e’ Ne' €S}

8To see the need for assuming that v is a successor ordinal see the Kripke-Joyal semantics
of existentials for limit ordinals.
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defined in Set. Since ] is defined as the greatest fixed point of ®’ we have that
for all successor ordinals v, T(v) C T, thus T < A(I) It is easy to see (same

sequence of steps we did just now) that A(I) is a fixed point of ®. Hence,

T> A(I) andso T = A(I)
It is easy to see that ] is exactly the complement of the must-termination
predicate |} defined in [23].

Interpretation of the stratified may-divergence predicate The predicate |
is defined internally as the unique fixed point of W given as

W(m) = {e : Tm ' EETWIN m(e')}.
For a successor ordinal v we thus have that
virel iff d¢’ € Tm,v I e~5 e’ and for all B<v,pIre'l

. 1 1 .
Since for v > 1 v I e ~ ¢’ means that externally e~e¢’ this is exactly the
same as the definition of T given in Section 3.B.
Thus,

1(v) = {e € Tm | e’ eT_m,eée’ AYB<v,e EI(ﬁ)}

which is exactly the pointwise negation of the stratified must-termination
predicate {3} defined in [23], i.e. U%: 1(B)-

Proposition 3.C.1.
wq
et
v=1

Proof. Since U%: 1(B) and T =|)° we have

ﬁt(ﬁ)gi o ﬁuggw = [Uuﬁ] clf o quuﬁ)
v=1 v=1 v=1 v=1

and the last inclusion holds by [23, Lemma 5.2] (to be completely precise we
cannot immediately apply the same lemma, since we have a slightly different
language, but the proof is exactly the same). Q€D

Note that this last proposition would not hold, were we to interpret the
construction in the topos of trees S, since we would only take the intersection
of the first w approximations. Thus, we need to work in the topos Sh (w;).

As a consequence, we can add the following principle to our logic

e:Tm|Q+rO(e]) — el

which enables us to prove adequacy of the logical relation with respect to
contextual must-approximation.
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T is constant Using Proposition 3.A.23 we have that T is ——-closed. From
this it follows that 0T = T, hence T is constant.
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Abstract

We present the guarded lambda-calculus, an extension of the simply
typed lambda-calculus with guarded recursive and coinductive types.
The use of guarded recursive types ensures the productivity of well-
typed programs. Guarded recursive types may be transformed into
coinductive types by a type-former inspired by modal logic and Atkey-
McBride clock quantification, allowing the typing of acausal functions.
We give a call-by-name operational semantics for the calculus, and de-
fine adequate denotational semantics in the topos of trees. The ade-
quacy proof entails that the evaluation of a program always terminates.
We demonstrate the expressiveness of the calculus by showing the de-
finability of solutions to Rutten’s behavioural differential equations. We
introduce a program logic with L6b induction for reasoning about the
contextual equivalence of programs.
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4.1 Introduction

The problem of ensuring that functions on coinductive types are well-de-
fined has prompted a wide variety of work into productivity checking, and
rule formats for coalgebra. Guarded recursion [34] guarantees productivity
and unique solutions by requiring that recursive calls be nested under a con-
structor, such as cons (written ::) for streams. This can sometimes be estab-
lished by a simple syntactic check, as for the stream toggle and binary stream
function interleave below:

toggle =1 :: 0 :: toggle
interleave (x :: XS) ys = X :: interleave ys Xxs

Such syntactic checks, however, are often too blunt and exclude many valid
definitions. For example the regular paperfolding sequence, the sequence of
left and right turns (encoded as 1 and 0) generated by repeatedly folding
a piece of paper in half, can be defined via the function interleave as fol-
lows [43]:

paperfolds = interleave toggle paperfolds

This definition is productive, but the putative definition below, which also
applies interleave to two streams and so apparently is just as well-typed, is
not:

paperfolds’ = interleave paperfolds’ toggle

This equation is satisfied by any stream whose tail is the regular paperfolding
sequence, so lacks a unique solution. Unfortunately the syntactic productiv-
ity checker of the proof assistant Coq [45] will reject both definitions.

A more flexible approach, first suggested by Nakano [72], is to guarantee
productivity via types. A new modality, for which we follow Appel et al. [9]
by writing » and using the name ‘later’, allows us to distinguish between
data we have access to now, and data which we have only later. This » must
be used to guard self-reference in type definitions, so for example guarded
streams of natural numbers are defined by the guarded recursive equation

Str8 £ Nx»Stré

asserting that stream heads are available now, but tails only later. The type of
interleave will be Stré — »Str® — Stré, capturing the fact the (head of the) first
argument is needed immediately, but the second argument is needed only
later. In term definitions the types of self-references will then be guarded
by » also. For example interleave paperfolds’ toggle becomes ill-formed, as the
paperfolds’ self-reference has type »Strg, rather than Strg, but

interleave toggle paperfolds
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will be well-formed.

Adding » alone to the simply typed A-calculus enforces a discipline more
rigid than productivity. For example the obviously productive stream func-
tion

every2nd (x :: x’ :: Xs) = X :: every2nd Xxs

cannot be typed because it violates causality [57]: elements of the result
stream depend on deeper elements of the argument stream. In some settings,
such as reactive programming, this is a desirable property, but for produc-
tivity guarantees alone it is too restrictive. We need the ability to remove »
in a controlled way. This is provided by the clock quantifiers of Atkey and
McBride [11], which assert that all data is available now. This does not triv-
ialise the guardedness requirements because there are side-conditions con-
trolling when clock quantifiers may be introduced. Moreover clock quanti-
fiers transform guarded recursive types into first-class coinductive types, with
guarded recursion defining the rule format for their manipulation.

Our presentation departs from Atkey and McBride’s [11] by regarding
the ‘everything now’ operator as a unary type-former, written m and called
‘constant’, rather than a quantifier. Observing that the types mA — A and
mA — mmA are always inhabited allows us to see the type-former, via the
Curry-Howard isomorphism, as an S4 modality, and hence base our opera-
tional semantics on the established typed calculi for intuitionistic S4 (IS4)
of Bierman and de Paiva [17]. This is sufficient to capture all examples in
the literature, which use only one clock; for examples that require multiple
clocks we suggest extending our calculus to a multimodal logic.

In this paper we present the guarded A-calculus, g, extending the simply
typed A-calculus with coinductive and guarded recursive types. We define
call-by-name operational semantics, which blocks non-termination via recur-
sive definitions unfolding indefinitely. We define adequate denotational se-
mantics in the topos of trees [22] and as a consequence prove normalisation.
We introduce a program logic LgA for reasoning about the denotations of
gA-programs; given adequacy this permits proofs about the operational be-
haviour of terms. The logic is based on the internal logic of the topos of trees,
with modalities »,0 on predicates, and L6b induction for reasoning about
functions on both guarded recursive and coinductive types. We demonstrate
the expressiveness of the calculus by showing the definability of solutions to
Rutten’s behavioural differential equations [83], and show that Lg\ can be
used to reason about them, as an alternative to standard bisimulation-based
arguments.

We have implemented the gA-calculus in Agda, a process we found help-
ful when fine-tuning the design of our calculus. The implementation, with
many examples, is available at http://cs.au.dk/~hbugge/gl-agda.zip.
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4.2 Guarded A-calculus

This section presents the guarded A-calculus, written g/, its call-by-name
operational semantics, and its types, then gives some examples.

Definition 4.2.1. gA-terms are given by the grammar

t == x| ()| zero | succt|(t,t)|myt| Ax.t|tt]| foldt | unfoldt
| nextt| prevo.t| boxo.t| unboxt |t®t

where d € {1,2}, x is a variable and 0 = [x; « ty,...,x, < t,], usually abbre-
viated [X < f], is a list of variables paired with terms.

prev[X « t].t and box[X « f].t bind all variables of ¥ in ¢, but not in .
We write previ.t for prev[X < X].t where X is a list of all free variables of
t. If furthermore t is closed we simply write prevt. We will similarly write
boxi.t and boxt. We adopt the convention that prev and box have highest
precedence. ¢

We may extend gA with sums; for space reasons we leave these to Ap-
pendix 4.C.

Definition 4.2.2. The reduction rules on closed gA-terms are

104{t1,t) > i (d e{1,2})
(Ax.t)t, > t[tr/x]
unfoldfoldt +— t
prev[¥ — t].t > prevt[t/x] (X non-empty)
prevnextt +— ¢
unbox(box[¥ «— f].t) > t[t/X]
nextt; ®nextt, > next(tyt;)

¢

The rules above look like standard f-reduction, removing ‘roundabouts’
of introduction then elimination, with the exception of those regarding prev
and next. An apparently more conventional p-rule for these term-formers
would be

prev[¥ « t].(nextt) — t[i/x]

but where X is non-empty this would require us to reduce an open term to
derive nextt. We take the view that reduction of open terms is undesirable
within a call-by-name discipline, so first apply the substitution without elim-
inating prev.

The final rule is not a true g-rule, as ® is neither introduction nor elimina-
tion, but is necessary to enable function application under a next and hence
allow, for example, manipulation of the tail of a stream. It corresponds to the
‘homomorphism’ equality for applicative functors [69].

We next impose our call-by-name strategy on these reductions.
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VI—AI VI—AQ VI—Al VI—AQ

V,a+a«a Vi1 V+N VI-A1XA2 VI-A1—>A2
V,ar A VEA “FA
—— aguardedin A
Vi pa A VirA Vi mA

Figure 4.1: Type formation for the gA-calculus

Definition 4.2.3. Values are terms of the form
() | succ” zero | (t,t) | Ax.t | foldt | boxo.t | nextt

where succ” is a list of zero or more succ operators, and ¢ is any term. ¢

Definition 4.2.4. Evaluation contexts are defined by the grammar
E == -|succE|myE | Et| unfoldE | prevE | unboxE | E®t | v®E

¢

If we regard ® as a variant of function application, it is surprising in a
call-by-name setting to reduce on both its sides. However both sides must
be reduced until they have main connective next before the reduction rule
for ® may be applied. Thus the order of reductions of gA-terms cannot be
identified with the call-by-name reductions of the corresponding A-calculus
term with the novel connectives erased.

Definition 4.2.5. Call-by-name reduction has format E[t] — E[u], where t — u
is a reduction rule. From now the symbol - will be reserved to refer to call-
by-name reduction. We use ~» for the reflexive transitive closure of —». ¢

Lemma 4.2.6. The call-by-name reduction relation v is deterministic. o

Definition 4.2.7. gA-types are defined inductively by the rules of Figure 4.1.
V is a finite set of type variables. A variable « is guarded in a type A if all
occurrences of @ are beneath an occurrence of » in the syntax tree. We
adopt the convention that unary type-formers bind closer than binary type-
formers. ¢

Note the side condition on the p type-former, and the prohibition on mA
for open A, which can also be understood as a prohibition on applying pa to
any a with mabove it. The intuition for these restrictions is that unique fixed
points exist only where the variable is displaced in time by a », but m cancels
out this displacement by giving ‘everything now’.
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F'rt:N
[Lx:Arx:A F+(:1 I'+zero:N I'+succt:N
F'rt:A Il'rt,:B Frt:A xAy ILx:Art:B
[r(t,t,): AXB Frmyt: Ay F'rAx.t:A—>B
l'+rt;:A—>B Ikt A I'+t:Alpa.Ala] I+t:pa.A
I'rtt,:B ['+foldt: pa.A I'Funfoldt: Alpua.A/a]
X1:A,. L, x, AL RA
Trt:A Frt Ay Frt,: A,
_— Aiq,..., A, constant
I'+nextt:»A ['Foprevix) « t1,...,x, < t,].t: A
X1 A, Xy At A It A et A,

Aiq,...,A, constant
I'Fbox[x; « t1,...,x, « t,].t : mA

Frt:mA '+t :»(A— B) Frt: A
I'+unboxt: A 'ty ®t,:»B

Figure 4.2: Typing rules for the gA-calculus

Definition 4.2.8. The typing judgments are given in Figure 4.2. There d €
{1,2}, and the typing contexts I’ are finite sets of pairs x : A where x is a variable
and A a closed type. Closed types are constant if all occurrences of » are
beneath an occurrence of m in their syntax tree. ¢

The constant types exist ‘all at once’, due to the absence of » or presence
of m; this condition corresponds to the freeness of the clock variable in Atkey
and McBride [11] (recalling that we use only one clock in this work). Its
use as a side-condition to m-introduction in Figure 4.2 recalls (but is more
general than) the ‘essentially modal’ condition for natural deduction for 1S4
of Prawitz [80]. The term calculus for IS4 of Bierman and de Paiva [17],
on which this calculus is most closely based, uses the still more restrictive
requirement that m be the main connective. This would preclude some func-
tions that seem desirable, such as the isomorphism An.boxi.n: N — mN.

In examples prev usually appears in its syntactic sugar forms

X1t AL X A EEIRA Fi:»A
Ay,..., A, constant —
[,xq:Aq,...,x, A, Fprevit: A I'kprevt: A

and similarly for box; the more general form is nonetheless necessary because
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(previ.t)[i/X] = prev[X « if].t. Getting substitution right in this setting is
somewhat delicate. For example our reduction rule prev[¥ « f].t - prev t[£/%]
breaches subject reduction on open terms (but not for closed terms). See
Bierman and de Paiva [17] for more discussion of substitution with respect
to I54.

Lemma 4.2.9 (Subject Reduction). +t: A and t ~»> u implies - u : A. O

(iii)

(iv)

Example 4.2.10.

The type of guarded recursive streams of natural numbers, Str8, is de-
fined as pa.Nx»a. These provide the setting for all examples below,
but other definable types include infinite binary trees, as pa.Nxp»a x
»a, and potentially infinite lists, as pa. 1+(Nxpa).

We define guarded versions of the stream functions cons (written infix
as ::), head, and tail as obvious:

= AnAs.fold(n, s) : N — »Stré — Stré
hd® 2 As.7ty unfolds : Str8 - N tI® £ As.7t, unfolds :: Str® — »-Str®

then use the ® term-former for observations deeper into the stream:

2nd® 2 As.(nexthd®)®(tl8s): Stre - »N
3rd® £ As.(next2nd®)®(tl®s):Str8 > ppN ---

Following Abel and Vezzosi [2, Sec. 3.4] we may define a fixed point
combinator fix with type (»A — A) — A for any A. We use this to define
a stream by iteration of a function: iterate takes as arguments a natural
number and a function, but the function is not used until the ‘next’ step
of computation, so we may reflect this with our typing:

iterate = Af.fix Ag. An.n:: (g®(f ®nextn)) : »(N — N) - N — Stré
We may hence define the guarded stream of natural numbers

nats £ iterate (next An.succn)zero.

With interleave, following our discussion in the introduction, we again
may reflect in our type that one of our arguments is not required until
the next step, defining the term interleave as:

fix Ag.As.At.(hd®s):: (g ®t ®next(tl®s)) : Stré — »Str® — Stré
This typing decision is essential to define the paper folding stream:

toggle
paperfolds

fix As.(succzero) :: (next(zero::s))
fix As. interleavetoggle s

1> 1>
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(vii)

4.3

Note that the unproductive definition with interleaves toggle cannot be
made to type check: informally, s : »Str® cannot be converted into a Stré
by prev, as it is in the scope of a variable s whose type Str® is not con-
stant. To see a less articifial non-example, try to define a filter function
on streams which eliminates elements that fail some boolean test.

p-types are in fact unique fixed points, so carry both final coalgebra and
initial algebra structure. To see the latter, observe that we can define

foldr 2 fix AgAf.As.f(hd®s,g@®next f ®tI®s) : (Nx»A) > A) - Strf - A
and hence for example map&h : Str® — Str€ is foldr Ax.(h7yx) :: (10,%).

The m type-former lifts guarded recursive streams to real coinductive
streams, as we will make precise in Ex. 4.3.4. Let Str = mStré. We define

hd : Str —» Nand tl: Str — Str
by
hd = As.hd®(unboxs)
and
tl = As. boxt. previ. tl®(unboxs),

and hence define observations deep into streams whose results bear no
trace of », for example 2nd = As. hd(tls) : Str — N.

In general boxed functions lift to functions on boxed types by

lim £ Af.Ax.box.(unbox f)(unboxx) : m(A — B) —» mA — mB

The more sophisticated acausal function every2nd : Str — Str® is
fix Ag.As.(hds) :: (g ® (next(tl(tls)))).

Note that it must take a coinductive stream Str as argument. The func-
tion with coinductive result type is then As. box:. every2nds : Str — Str.

¢

Denotational Semantics and Normalisation

This section gives denotational semantics for gA-types and terms, as objects
and arrows in the topos of trees [22], the presheaf category over the first
infinite ordinal w (we give a concrete definition below). These semantics
are shown to be sound and, by a logical relations argument, adequate with
respect to the operational semantics. Normalisation follows as a corollary of
this argument. Note that for space reasons many proofs, and some lemmas,
appear in Appendix 4.A.
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Definition 4.3.1. The topos of trees S has, as objects X, families of sets X;, X»,
... indexed by the positive integers, equipped with families of restriction func-
tions riX : Xjy1 — X; indexed similarly. Arrows f : X — Y are families of
functions f; : X; — Y; indexed similarly obeying the naturality condition

fioriX:riYole. ¢

S is a cartesian closed category with products defined pointwise. Its ex-
ponential A® has, as its component sets (A?);, the set of i-tuples (f; : A} —
By,...,f; + A; — B;) obeying the naturality condition, and projections as re-
striction functions.

Definition 4.3.2.

* The category of sets Set is a full subcategory of S via the functor A :
Set — S with (AZ); = Z, r* =idy, and (Af); = f. Objects in this
subcategory are called constant objects. In particular the terminal object
1 of S is A{+} and the natural numbers object is AIN;

* Ais left adjoint to homg(1,-); write m for Ao homg(1,-):S — S. unbox:
B — idg is the counit of the resulting comonad. Concretely unbox;(x) =
x;, i.e. the i"th component of x : 1 — X applied to *;

* »:S — Sisdefined by (»X); = {*} and (»X);,;1 = X;, with rl’X defined
uniquely and rl’ﬁ = rZ.X. Its action on arrows f : X — Y is (»f); = id},
and (»f);;1 = f;- The natural transformation next : ids — » has next;

unique and next; ; = riX for any X.

¢

Definition 4.3.3. We interpet types in context V A, where V contains n free
variables, as functors [VF A] : (§°? x S)" — S, usually written [[A]. This
mixed variance definition is necessary as variables may appear negatively or
positively.

* [V,a+ a] is the projection of the objects or arrows corresponding to
positive occurrences of a, e.g. [[a]] (W,X,Y)=Y;

[1]] and [N] are the constant functors A{+} and AIN respectively;

[A; x A ] (W) = [A, (W) x [A,] (W) and likewise for S-arrows;

[A, — A J(W) = [A,](W)l421W) swhere W’ is W with odd and even
elements switched to reflect change in polarity, i.e.

(XIJYI!"')/: (Yl,Xl,...)}

[»A],[mA]] are defined by composition with the functors », m (Defini-
tion 4.3.2).
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. [[;,ta.A]](W) = Fix(F), where F : (5°? xS) — S is the functor given by
F(X,Y) = [A](W,X,Y) and Fix(F) is the unique (up to isomorphism)
X such that F(X,X) = X. The existence of such X relies on F being a
suitably locally contractive functor, which follows by Birkedal et al [22,
Sec. 4.5] and the fact that m is only ever applied to closed types. This
restriction on M is necessary because the functor m is not strong.

¢

Example 4.3.4. [Stré]; = IN?, with projections as restriction functions, so is
an object of approximations of streams — first the head, then the first two
elements, and so forth. [Str]]; = IN“ at all levels, so is the constant object of
streams. More generally, any polynomial functor F on Set can be assigned a
gA-type Ap with a free type variable a that occurs guarded. The denotation
of mua.Ap is the constant object of the carrier of the final coalgebra for F [71,

Theorem 2]. ¢
Lemma 4.3.5. The interpretation of a recursive type is isomorphic to the inter-
pretation of its unfolding: [pa.A] (W) = [Alpa.Ala]] (W). O
Lemma 4.3.6. Closed constant types denote constant objects in S. O

Note that the converse does not apply; for example [[»1] is a constant
object.

Definition 4.3.7. We interpret typing contexts I' = x; : Ay,...,x,, : A, as S-
objects [T] = [A;] x---x [A,]] and hence interpret typed terms-in-context
I'+t:AasS-arrows [I'+t:A]:[[T] — [A] (usually written [[]]) as follows.

[x] is the projection [[I']] x [A]] = [A]. [zero] and [succt] are as obvi-
ous. Term-formers for products and function spaces are interpreted via the
cartesian closed structure of S. Exponentials are not pointwise, so we give
explicitly:

* [Ax.t];(y); maps a> [I,x: A+ t:B];(yl),a), where p[; is the result of
applying restriction functions to y € [I']; to get an element of [I'] ;

o [tit2]l; () = ([t 0; ()i) o [E20; (v);

[foldt]] and [unfold t]] are defined via composition with the isomorphisms of
Lemma 4.3.5. [[nextt]] and [Junboxt] are defined by composition with the
natural transformations introduced in Definition 4.3.2. The final three cases
are

o [[prev(xy « ty,...J.t1; (¥) = [t1;5q ([0, (p),-..), where [#1]; (¥) € [A1]); is
alsoin [[A;];,; by Lemma 4.3.6;

o [[box[xy < t1,...J.t]; (¥); = [[t]]]- ([#11; (),...), again using Lemma 4.3.6;
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* [t ®1;]; is defined uniquely; [[t; ® t5]l;,1 (¥) = ([t (P)i)ellt2]liq (¥)-

¢
Lemma 4.3.8. Given typed terms in context x; : Ay,..., Xy, : Ay Ft 1 A and
Tk te: Ay for L<k <m, [({/7)], () = [t (T T () Tt ())- 0
Theorem 4.3.9 (Soundness). If t ~» u then [[t]] = [u]). O

We now define a logical relation between our denotational semantics and
terms, from which both normalisation and adequacy will follow. Doing this
inductively proves rather delicate, because induction on size will not sup-
port reasoning about our values, as fold refers to a larger type in its premise.
This motivates a notion of unguarded size under which A[pa.A/a]is ‘smaller’
than pa.A. But under this metric »A is smaller than A, so next now poses a
problem. But the meaning of »A at index i + 1 is determined by A at index 1,
and so, as in Birkedal et al [19], our relation will also induct on index. This
in turn creates problems with box, whose meaning refers to all indexes si-
multaneously, motivating a notion of box depth, allowing us finally to attain
well-defined induction.

Definition 4.3.10. The unguarded size us of an open type follows the obvious
definition for type size, except that us(»A) = 0.
The box depth bd of an open type is

* bd(A) =0 for Ae{a,0,1,N};

* bd(A x B) = min(bd(A), bd(B)), and similarly for bd(A — B);
* bd(pa.A) = bd(A), and similarly for bd(»A);

* bd(mA)=bd(A)+1.

Lemma 4.3.11. (i) a guarded in A implies us(A[B/a]) < us(A).

(ii) bd(B) < bd(A) implies bd(A[B/a]) < bd(A)
0

Definition 4.3.12. The family of relations RZA, indexed by closed types A
and positive integers i, relates elements of the semantics a € [[A]; and closed
typed terms t : A and is defined as

1, .
o *R;tiff t v ();
. nR?It iff t ~» succ’ zero;

o (ay,a)RV L £ (11, 15) and agR™ ¢y for d € {1,2);
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fR?”Bt iff t ~» Ax.s and for all j <1, aRJAu implies fj(a)R?s[u/x];

. aRi-m'At iff t ~» foldu and hi(a)R?[W'A/a]u, where h is the “unfold” iso-

morphism for the recursive type (ref. Lemma 4.3.5);
. aRl.’At iff t ~~» nextu and, where i > 1, aRf‘_lu.
. aRl.'At iff t ~» boxu and for all j, a]-R;.qu;

This is well-defined by induction on the lexicographic ordering on box depth,
then index, then unguarded size. First the m case strictly decreases box depth,
and no other case increases it (ref. Lemma 4.3.11.(ii) for u-types). Second
the » case strictly decreases index, and no other case increases it (disregard-
ing m). Finally all other cases strictly decrease unguarded size, as seen via
Lemma 4.3.11.(i) for u-types. ¢

Lemma 4.3.13 (Fundamental Lemma). Take T = (x1: Aq,..., %, 1 A,), THEDA,
and vty : Ay for 1 <k <m. Then for all i, ifakR?k ty for all k, then

[Tt : A]|; (@) RA t[#7%).

o
Theorem 4.3.14 (Adequacy and Normalisation).
(i) For all closed terms v t : A it holds that [[t]]iRZAt;
(ii) [+t :N]); = n implies t ~» succ” zero;
(ii1) All closed typed terms evaluate to a value.
0

Proof. (i) specialises Lemma 4.3.13 to closed types. (ii),(iii) hold by (i) and
inspection of Definition 4.3.12. Q6D

Definition 4.3.15. Typed contexts with typed holes are defined as obvious.
Twoterms '+t : A, I - u : A are contextually equivalent, written t ~, u, if for
all closing contexts C of type N, the terms C[t] and C[u] reduce to the same
value. ¢

Corollary 4.3.16. [[t]| = [[u]] implies t ~, u. ¢

Proof. [C[t]]] = [C[u]]] by compositionality of the denotational semantics .
Then by Theorem 2 they reduce to the same value. Q€D
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4.4 Logic for Guarded Lambda Calculus

This section presents our program logic LgA for the guarded A-calculus. The
logic is an extension of the internal language of S [22, 30]. Thus it extends
multisorted intuitionistic higher-order logic with two propositional modal-
ities » and O, pronounced “later” and “always” respectively. The term lan-
guage of LgA includes the terms of gA, and the types of LgA include types
definable in gA. We write ) for the type of propositions, and also for the
subobject classifier of S.

The rules for definitional equality extend the usual 7-laws for functions
and products with new equations for the new g constructs, listed in Fig-
ure 4.3.

I'Ft:Alpa.Ala) [Ht:paA 'rt;:A—B Frty: A
I’ + unfold(foldt) = ¢ I' + fold(unfoldt) = ¢ I’ F nextt; ® nextt, = next(t; ;)

Tgrt:A Trt:Iy Igrt:»A  Trt:ly
T+ prev[¥ « f].(nextt) = t[?/)?] [+ next(prev[3?<— f]t) = t[?/)?]
Lgrt:A Trt:Ig [grt:mA  Trt:Iy
T F unbox(box[X « f].t) = t[?/)?] T + box[X « f].unboxt = t[?/)?]

Figure 4.3: Additional equations. The context Iy is assumed constant.

Definition 4.4.1. A type X is total and inhabited if the formula Total (X)
Vx:»X,dx": X, next(x") =, x x is valid.

o |l

All of the gA-types defined in Sec. 4.2 are total and inhabited (see Ap-
pendix 4.E for a proof using the semantics of the logic), but that is not the
case when we include sum types as the empty type is not inhabited.

Corresponding to the modalities » and m on types, we have modalities »
and O on formulas. The modality > is used to express that a formula holds
only “later”, that is, after a time step. It is given by a function symbol » :
() — Q). The O modality is used to express that a formula holds for all time
steps. Unlike the » modality, 0O on formulas does not arise from a function on
Q) [26]. As with box, it is only well-behaved in constant contexts, so we will
only allow O in such contexts. The rules for » and O are listed in Figure 4.4.

The » modality can in fact be defined in terms of lift : »(Q — Q (called
succ by Birkedal et al [22]) as » = liftonext. The lift function will be useful
since it allows us to define predicates over guarded types, such as predicates
on Stré.
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— Los ds
FNE(Pep=9)te Lx:X|3y:Y,»@(xy) >3y : Y, @(x,))
V> =
Lx:X[e(Vy:Y,@(x,v)FVy: Y, >0(x,p) I'E prre
* € {A,V,=} [|=—pry I'Neproy I'pry
[[o(@* 1) 4F>@h>ip I'leroy [|=—pry I'oeproy
EQ;ext

I'opre I'oprooge Vx,p: X.>(x =x v) © nextx =, x nexty

Figure 4.4: Rules for > and O. The judgement I' | E ¢ expresses that in
typing context I', hypotheses in Z prove ¢. The converse entailment in V>
and 3> rules holds if Y is total and inhabited. In all rules involving the O the
context I' is assumed constant.

The semantics of the logic is given in S; terms are interpreted as mor-
phisms of S and formulas are interpreted via the subobject classifier. We
do not present the semantics here; except for the new terms of gA, whose
semantics are defined in Sec. 4.3, the semantics are as in [22, 26].

Later we will come to the problem of proving x =g4 v from unboxx =4
unboxy, where x,y have type mA. This in general does not hold, but using the
semantics of Lg) we can prove the proposition below.

Proposition 4.4.2. The formula O(unboxx =4 unboxy) = x =g4 y isvalid. ¢

There exists a fixed-point combinator of type (»A — A) — A for all types
A in the logic (not only those of in g) [22, Theorem 2.4]; we also write fix for
it.

Proposition 4.4.3. For any term f : »A — A we have fix f =, f (next(fix f)) and,
if u is any other term such that f(nextu) =4 u, then u =, fix f. O

In particular this can be used for recursive definitions of predicates. For
instance if P : N — Q) is a predicate on natural numbers we can define a
predicate Psi¢c on Str® expressing that P holds for all elements of the stream:

Psyre = fix Ar. Axs.P(hd® xs) A lift (r @ (tl® xs)) : Stré — Q.
The logic may be used to prove contextual equivalence of programs:

Theorem 4.4.4. Let t; and t, be two gA terms of type A in context I'. If the
sequent I' | O+ t1 =4 t; is provable then t and t, are contextually equivalent. ¢
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Proof. Recall that equality in the internal logic of a topos is just equality of
morphisms. Hence t; and t, denote same morphism from I' to A. Adequacy
(Cor. 4.3.16) then implies that t; and t, are contextually equivalent. Q€D

Example 4.4.5. We list some properties provable using the logic. Except for
the first property all proof details are in Appendix 4.B.

(i)

(iii)

Forany f: A — Band g: B— C we have

(map® f) o (map® g) =syreserx Map®(f o g).

Unfolding the definition of map® from Ex. 4.2.10(vi) and using f-rules
and Proposition 4.4.3 we have map® f xs = f (hd®xs) :: (next(map® f) ®
(tl®xs)). Equality of functions is extensional so we have to prove

D £ Vxs: Stré, map® f (map® g xs) =sy,e map8(f o g) xs.

The proof is by Léb induction, so we assume >® and take xs : Stré.
Using the above property of map® we unfold map#® f (map® g xs) to

f (g (hd®xs)) :: (next(map® f) ® ((next(map® g)) @t xs))
and we unfold map&(f og)xs to f (g (hd®xs)):: (next(map®(f o g)) ®tl® xs).
Since Str® is a total type there is a xs” : Str® such that nextxs’ = tl®xs.
Using this and the rule for ® we have
next(map® f) ® ((next(map® g)) ®tl® xs) =, s,s next(map® f (map® g xs’))
and next(map®(f 0g))®tI® xs =, gi¢ next(map?(f og)xs’). From the induc-
tion hypothesis >® we have »(map8(f o g)xs’ =gy ¢ map® f (map& gxs’))
and so rule BQ},., concludes the proof.
We can also reason about acausal functions. Forany n: N, f : N — N,
every2nd(box . iterate (next f) 1) =g& iterate (next f2)n,

where f2is Am.f (f m). The proof again uses L6b induction.

Since our logic is higher-order we can state and prove very general
properties, for instance the following general property of map

VP,Q:(IN—-Q),Vf:IN—> N, (Vx:N,P(x) = Q(f(x)))
= Vxs: Stré, Pse(xs) = Qsyre(map® f xs).

The proof illustrates the use of the property liftonext =».
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(iv) Given a closed term (we can generalise to terms in constant contexts) f
of type A — B we have box f of type m(A — B). Define £(f) = lim(box f)
of type mA — mB. For any closed term f : A — B and x : A we can
then prove unbox(L(f)x) =g f (unboxx). Then using Proposition 4.4.2
we can, for instance, prove L(f o g) = L(f) o L(g).

For functions of arity k we define £y using £, and analogous properties
hold, e.g. we have unbox(L,(f)xv) = f (unboxx)(unboxy), which allows
us to transfer equalities proved for functions on guarded types to func-
tions on W’d types; see Sec. 4.5 for an example.

4.5 Behavioural Differential Equations in g

In this section we demonstrate the expressivity of our approach by showing
how to construct solutions to behavioural differential equations [83] in gA,
and how to reason about such functions in LgA, rather than with bisimulation
as is more traditional. These ideas are best explained via a simple example.

Supposing addition + : N — IN — N is given, then pointwise addition of
streams, plus, can be defined by the following behavioural differential equa-
tion

hd(plusoy 0;) = hdoy + hd o, tl(plus oy 05) = plus(tloy) (tl 7).

To define the solution to this behavioural differential equation in g, we first
translate it to a function on guarded streams plus® : Str® — Stré — Str, as

plus® 2 fix A f.As1.Asp.(hd® sy + hd®s,):: (f ® (tl8sy) ® (tl®sy))

then define plus : Str — Str — Str by plus = £,(plus®). By Proposition 4.4.3 we
have

plus® = As;.As5.(hd® sy + hd€s,) :: ((nextplus®) ® (tl18s;) ® (tls,)). (4.1)

This definition of plus satisfies the specification given by the behavioural dif-
ferential equation above. Let 01,0, : Str and recall that hd = hd® o As. unboxs.
Then use Ex. 4.4.5.(iv) and equality (4.1) to get hd(plusoy0,) = hd oy + hd ;.

For tl we proceed similarly, also using that tI®(unbox o) = next(unbox(tl o))
which can be proved using the g-rule for box and the 7-rule for next.

Since plus® is defined via guarded recursion we can reason about it with
Lob induction, for example to prove that it is commutative. Ex. 4.4.5.(iv) and
Proposition 4.4.2 then immediately give that plus on coinductive streams Str
is commutative.
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Once we have defined plus® we can use it when defining other functions
on streams, for instance stream multiplication ® which is specified by equa-
tions

hd(o; ® 0;) = (hdo7) - (hd o) tl(o7 ® 03) = (p(hd o) ® (tl o)) @ ((tlop) ® 07)

where p(n) is a stream with head n and tail a stream of zeros, and - is multi-
plication of natural numbers, and using @ as infix notation for plus. We can
define ®8 : Str® — Str® — Str® by ®8 £

fiX/\f.ASl./\Sz. ((hdgsl) . (hdg 52))2!
(nextplus® ®(f @ nexti®(hd®s))®tls,) ® (f ®tl®s; ®nexts,))

then define ® = £, (®#). It can be shown that the function ® so defined satis-
fies the two defining equations above. Note that the guarded plus® is used to
define ®8, so our approach is modular in the sense of [70].

The example above generalises, as we can show that any solution to a be-
havioural differential equation in Set can be obtained via guarded recursion
together with £;. The formal statement is somewhat technical and can be
found in Appendix 4.D.

4.6 Discussion

Following Nakano [72], the » modality has been used as type-former for a
number of A-calculi for guarded recursion. Nakano’s calculus and some suc-
cessors [2, 57, 88] permit only causal functions. The closest such work to
ours is that of Abel and Vezzosi [2], but due to a lack of destructor for » their
(strong) normalisation result relies on a somewhat artificial operational se-
mantics where the number of nexts that can be reduced under is bounded by
some fixed natural number.

Atkey and McBride’s extension of such calculi to acausal functions [11]
forms the basis of this paper. We build on their work by (aside from various
minor changes such as eliminating the need to work modulo first-class type
isomorphisms) introducing normalising operational semantics, an adequacy
proof with respect to the topos of trees, and a program logic.

An alterative approach to type-based productivity guarantees are sized
types, introduced by Hughes et al [50] and now extensively developed, for ex-
ample integrated into a variant of System F,, [1]. Our approach offers some
advantages, such as adequate denotational semantics, and a notion of pro-
gram proof without appeal to dependent types, but extensions with realistic
language features (e.g. following Megelberg [71]) clearly need to be investi-
gated.
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4.A Proofs about the Denotational Semantics and
Normalisation

This section contains proofs of statements in Section 4.3.

of Lemma 4.3.6. By induction on type formation, with »A case omitted, mA a
base case, and pa.A considered only where «a is not free in A. 26D

of Lemma 4.3.8. By induction on the typing of t. We present the cases partic-
ular to our calculus. "
nextt: case i = 1 is trivial. [[nextt[l‘/)?]]]iJrl (y)=r"0 Ht[t/)?]]]iﬂ (y) =
A . . Do
0o 4], (I 1541 (7). ) by induction, which is [next t]l;,, (T£1 11 (7)--.)-
[[(prev[;?e 1?]1.‘)[?/3?]]]1 (y) = IIprev[;}’<— 17[?/9?]]1‘]]1 (), which by definition
is

[0 ([ (2], ) = [eiar (Mo D (T2 1 ),

by induction, which is [[prev[y’ « i#].t]; ([t1]; (¥),...).
By definition [[box[;?<— L?’[Wf’]]t]]l()/)] = [[t]]] ([[ 1[?/37]]] Y)eo) which by
induction equals [[t]}; ([u1]; (T#11; ()s---)s--2) [[box —ul.t]; ([ 1; (v

[[unboxt[?/a?]]]i ()= [[t[?/a?’]]]z ()i = [t1; (I11; (¥),...); by induction, Wthh
is [unboxt]|; ([t1]]; ()

Uy ®uy: case i = 1 is trivial. [[(u1 ®uy) ?/3?]]] = IIul f’/ﬂ]] /) o
Huz[t/ﬂ]] = ([u1 Dy (M2 Diq ()52 2)0) [[142]]1+1 [[t11]1+1( Wthh 18
1 @u2]]z+1 [[tl]]m )s---)- Q€D

of Soundness Theorem 4.3.9. We verify the reduction rules of Definition 4.2.2;
extending this to any evaluation context, and to ~», is easy. The product re-
duction case is standard, and function case requires Lemma 4.3.8. unfold fold
is the application of mutually inverse arrows.

[[prev[a?<— f].t]]i = [[t1;1 ([£11;,--.)- Each t; is closed, so is denoted by an
arrow from 1 to the constant S-object [Ax]], so by naturality [#]l; = [tx]lis-
But [[t];; (It1 iy ---) = [[t[?/f]]]iu by Lemma 4.3.8, which is [[prevt[?/a?]]]i.

[prevnextt]; = [nextt];,; = [];-

[unbox(box[¥ — 7.0)]. = ([box(¥ — A-t]))i = [¢1; (I111;.--) = [1[F7%]] .

With @-reduction, index 1 is trivial [nextt; ®nextt;];,; = ([next 1,‘1]]1Jrl
[[A—>B]]

[nextty]l; g = (r; otillis1)i o[[t2llix1 = ([t1]; o T )i o [[t2]]; © f by
nmmwmmwManfmwlM%r—ﬂomwm—
[next(t;t2)];, - QED

of Lemma 4.3.11. By induction on the construction of the type A.
(i) follows with only interesting case the variable case — A cannot be «
because of the requirement that a be guarded in A.
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(ii) follows with interesting cases: variable case enforces bd(B) = 0; binary
type-formers x, — have for example bd(A;) > bd(A; x A,), so bd(A,;) > bd(B)
and the induction follows; mA by construction has no free variables. = Q€D

Lemma 4.A.1. If t ~> u and aR?u then aRlAt. O
Proof. All cases follow similarly; consider A; x A,. (al,az)R?IXAzu implies
u ~» (ti,t;), where this value obeys some property. But then t ~» (t1,t;)
similarly. 26D

Lemma 4.A.2. aR?Ht implies r[[A]](a)th. O

i
Proof. Cases 1,N are trivial. Case x follows by induction because restrictions

are defined pointwise. Case y follows by induction and the naturality of the
[mA]

i
For A — B take j <iand a’R?u. By the downwards closure in the defini-

isomorphism h. Case mA follows because r (a) = a.

tion of Rﬁ?B we have fj(a’)R?s[u/x]. But f; = (rl[[AHB]](f))j.
With »A, case i =1 is trivial, so take i = j + 1. aRj’gt means t ~» nextu
[»Al

and aRﬁrlu, so by induction r]HA]](a)R;‘u, SO T

41 (a)R;‘u asrequired. Q€D

Lemma 4.A.3. If aRZAt and A is constant, then aR;‘tfor all j. 0

Proof. Easy induction on types, ignoring »A and treating mA as a base case.
Q€D

We finally turn to the proof of the Fundamental Lemma.

of Lemma 4.3.13. By induction on the typing I' - t : A. (), zero cases are trivial,
and (uy, u;),foldt cases follow by easy induction.
succ: If #[#/%] reduces to succ! zero for some I then succt[t/x] reduces to

succ'*! zero, as we may reduce under the succ.

rgt: I [[t]); (E)RfIXAZt[?/ﬂ then t[£/X] ~> (uy,u,) and uy is related to the
d’th projection of [[t]); (7). But then T t[£/%] ~> 141y, 1) > 1y, Lemma 4.A.1
completes the case.

Ax.t: Taking j <7 and aR}“u, we must show that

.1 (@) (@R TR /],

The left hand side is [[]]; (a1}, 4). For each k, a; DR;‘" t; by Lemma 4.A.2, and
induction completes the case.
uyuy: By induction u;[#7X] ~ Ax.s and [u; [ (@) ([u2], (E’))R?s[uz[?/f}]/x].
Now (11 145) ~> (Ax.s)(u,[/X]) > s[uy[t/%]/x], and Lemma 4.A.1 completes.
unfoldt: we reduce under unfold, then reduce unfoldfold, and then use
Lemma 4.A.1.
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nextt: Trivial for index 1. For i = j+ 1, if for each k, akR}qul tr then by
Lemma 4.A.2 r][[Ak]](ak)R?k t. Then by induction [t]; o r][[Al]]Xm[[A”’]](a_')th[t_)/f],
whose left side is by naturality r][[AH o [t];,1 (@) = [nextt] ;. ().

prev[y « if].t: [u]l; (L?)R?kuk[?/i’] by induction, so [[u]); (c?)R?fl ug[t/x] by
Lemma 4.A.3. Then [[t]};,; ([u1]; (E),...)Ri’ﬁt[ul[?/ﬂ/yl,...] by induction, so
we have t[u; [t/X]/yy,...] > nexts with [t];, (Tu; ], (ﬁ’),...)Rfs. The left hand
side is [[prev[y « if].t]; (a), while prev[} « if]#/x]].t > prev t[u, [t/X]/vy,...] ~>
prevnexts s, so Lemma 4.A.1 completes.

box[§ « if].t: To show [box[§ < i7].t]; () R™ box[ « if].t)[#/X], we ob-
serve that the right hand side reduces in one step to box t[u;[#/X]/v1,...]. The
j’th element of the left hand side is [[t]]]- ([u11l (@),...). We need to show this is
related by R}q to t[u; [l?/f’]/yl, ...]; this follows by Lemma 4.A.3 and induction.

unboxt: By induction t[t/%] ~> boxu, so unboxt[t/X] ~» unboxboxu > u.
By induction [[¢]] (El’)l-R?u, so [[unboxt]; (@Rfu, and Lemma 4.A.1 completes.

up ® uy: Index 1 is trivial so set i = j+ 1. [ua];;, (El’)R].’f1 U, [£/X) im-
plies 1,[t/%] ~» nexts, with [[”2]]j+1 (ﬁ’)R;\sz. Similarly u; ~» nexts; and s; w»
Ax.s with ([u1]]j4 (@);) o [u2llisq (E’)R?s[sz/x]. The left hand side is exactly
[uq @uz]]j+1 (@). Now 1y ® 1y ~> nexts; ® uy > nexts; ® nexts, — next(s;s;),
and s;5, v (Ax.5)sy > s[s,/x], completing the proof. Q6D

4.B Example Proofs in Lgl

We first record a substitution property of box and prev for later use.

Lemma 4.B.1. Let Ay,..., Ay and B be constant types and C any type. If we have
x:Brt:Candvyy:Ag,..., 0 Ax -t B then

box[x < t'].t =gc boxw.t[t'/x].
If C =»D then we also have
prev[x < t'].t =p prev.t[t’/x]
o
We can prove the first part of the lemma in the logic, using Proposi-
tion 4.4.2 and the B-rule for box. We can also prove the second part of the
lemma for total and inhabited types D with the rules we have stated so far

using the p-rule for next. For arbitrary D we can prove the lemma using the
semantics.
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Acausal Example

To see that Lob induction can be used to prove properties of recursively de-
fined acausal functions we show that for any n : N and any f : N — N we
have

every2nd (box . iterate (next f) 1) =ge iterate(nextfz) n,

where we write f2 for An.f(fn). We first derive the intermediate result
Vm : N, tl(box 1. iterate (next f) m) =g, boxu.iterate(next f)(f m), (4.2)
by unfolding and applying Proposition 4.4.3:

tl(box . iterate (next f) m) = box[s «— box. iterate (next f ) m]. prev 1. t1®(unboxs)

= box 1. prev 1. tI8(iterate (next f ) m)
(by Lemma 4.B.1)

= box 1. prev 1. next (iterate (next f) (f m))
= box1.iterate (next f) (f m).

Now assume
> (Vn : N, every2nd(box . iterate (next f) 1) =g« iterate (next f2) n), (4.3)
then by L6b induction we can derive

every2nd (box . iterate (next f) n)
= n::next (every2nd (tl (tl (box . iterate (next f) n))))
= n::next(every2nd (box.iterate(next f)(f (f n))))  (by 4.2)
= 1:: next (iterate (next %) (f (f 1)) (by 4.3 and EQe,)

= iterate(nextfz) .

Higher-Order Logic Example
We now prove

VP,Q:(N—-Q),Yf:IN—->N,(Vx:N,P(x) = Q(f(x)))
= Vxs : Str, Psye(xs) = Qsge(map® f xs).

This is a simple property of map8, but the proof shows how the pieces fit to-
gether. Recall that map® satisfies map® f xs = f (hd® xs)::(next(map® f)®(tl® xs)).
We prove the property by Lob induction. So let P and Q be predicates on IN
and f a function on IN that satisfies Vx : IN, P(x) = Q(f(x)). To use Lob in-
duction assume

>(Vxs : Str, Pse(xs) = Qsye(map® f xs)) (4.4)
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and let xs be a stream satisfying Ps,e. Unfolding Psis(xs) we get P(hd®xs)
and lift(next Psy,e @ (tI® xs)) and we need to prove Q(hd®(map® f xs)) and also
lift(next Qs @ (tI8(map® f xs))). The first is easy since Q(hd&(map# f xs)) =
Q(f (hd®xs)). For the second we have tI®(map® f xs) = next(map® f) ® (tI® xs).
Since Str is a total and inhabited type there is a stream xs’ such that nextxs’ =
tl®xs. This gives tI®(map® f xs) = next(map® fxs’) and so our desired result
reduces to lift(next(Qse(map® f xs”))) and lift(next Ps,e ® (18 xs)) is equivalent
to lift(next(Psye(xs’))). Now liftonext = » and so what we have to prove is
>(Qsye(mapt f xs”)) from »(Psye(xs’)), which follows directly from the induc-
tion hypothesis (4.4).

4.C Sums

This appendix extends Secs. 4.2, 4.3 and 4.4 to add sum types to the gA-
calculus. and to logic LgA.

Binary sums in Atkey and McBride [11] come with the type isomorphism
mA+mB = m(A+B), but there are not in general terms witnessing this isomor-
phism. Likewise if binary sums are added to our calculus as obvious we may
define the term

Ax.box1. casexof xq.inj unboxxy;x,.in, unboxx, : A + mB — m(A + B)

but no inverse is definable in general. We believe such a map may be useful
when working with guarded recursive types involving sum, such as the type
of potentially infinite lists, and in any case the isomorphism is valid in the
topos of trees and so it is harmless for us to reflect this in our calculus. We
do this via a new term-former box" allowing us to define

Ax.box* 1.unboxx : m(A+B) —> mA + mB
This construct may be omitted without effecting the results of this section.

Definition 4.C.1 (ref. Defs. 4.2.1,4.2.2,4.2.3,4.2.4,4.2.7,4.2.8). gA-terms are
given by the grammar

t = -..|abortt|ingt| casetofx;.t;x,.t | box* 0.t

where d € {1,2}, and x{,x, are variables. We abbreviate terms with box™ as
for prev and box.
The reduction rules on closed gA-terms with sums are

caseingtof xi.t;;x0.t0 > tg[t/x,] (d e{1,2})
box*[X —t].t +— box"t[t/X] (X non-empty)
boxin;t > in;boxt

Values are terms of the form

- lingt]ingt
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V}—Al VI—AZ
VIO VA + A,

Figure 4.5: Type formation for sums in the gA-calculus

Frt:0 F'rt:Ay
I'+abortt: A Fringt: A1+ A,

FrFt:A1+ A Lxi:AjrH A Txy:Ajktt A

I'+casetof xq.t1;x0.t5: A

X1 IAl,...,XnIAnl—tiBl-l—Bz
rl—tllAl rl—thAn

[+ box[x; < t,...,x, < t,].t : MB; + WB,

Aiq,..., A, constant
Figure 4.6: Typing rules for sums in the gA-calculus

Evaluation contexts are defined by the grammar
E == ... | abortE | caseEofx;.t;;x5.t) | box™ E

gA-types for sums are defined inductively by the rules of Figure 4.5, and
the new typing judgments are given in Figure 4.6, where d € {1, 2}. ¢

We now consider denotational semantics. Note that the initial object of S
is AQ (ref. Definition 4.3.2), while binary coproducts in S are defined point-
wise. By naturality it holds that for any arrow f : X - Y +Z and x € X, f;(x)
must be an element of the same side of the sum for all i.

Definition 4.C.2 (ref. Defs. 4.3.3,4.3.7). ¢ [0] is the constant functor A®;

* [A1+A,] (W) =[A{] (W) +[[A,] (W) and likewise for S-arrows.
Term-formers for sums are intepreted via S-coproducts, with abort, iny
and case defined as usual, and box' defined as follows.

e Let [[t]]j ([t11; ()s-.., [£41; () (which is well-defined by Lemma 4.3.6)
be [aj,d] as j ranges, recalling that d € {1, 2} is the same for all i. Define

a:1— [[A4] to have j’th element a;. Then [[box+[3?& ?].t]]i (y) % [a,d].
¢

We now proceed to the sum cases of our proofs.
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box* [y « if].t case of Lemma 4.3.8. By induction we have

[wl#m]. ) = Tl (M1 D5 () - ).

Hence

143 ([ @A), ) = el (Ml ([T (),
as required. Q6D
box™ cases of Soundness Theorem 4.3.9. Because each [[Ax]] is a constant object
by Lemma 4.3.6, [#;]; = [#]; for all i,j. Hence IIbox*[a?<— ?].t]]i is defined
via components [[t]; ([#1];,...) and [[boxJr t[ﬁﬂ]] is defined via components
Ht[?/ﬂ ]]j' These are equal by Lem 4.3.8.

[box"in,t]); is the d’th injection into the function with j’th component
[, and likewise for [[ing boxt];. Q€D

Definition 4.C.3 (ref. Definition 4.3.12). . [a,d]R?1+A2t iff t ~» ingu for
d=1or2,and aR?du.
0: .
Note that R;' is (necessarily) everywhere empty. ¢

for Lemmas 4.A.1 and 4.A.2. For 0 cases the premise fails so the the lemmas
are vacuous. + cases follow as for x. 26D

ref. Fundamental Lemma 4.3.13. abort: The induction hypothesis states that
I3 (57)R2t[?/9?], but this is not possible, so the theorem holds vacuously.
ing t case follows by easy induction.

casetof yi.uy;vp.uy: If [[t]]i(ﬁ))R?‘JrAzt[f/a?] then t[f/X] ~> inju for some
d € {1,2}, with [[t];(2) = [a,d] and aR?du. Then [[ud]]i(cfa)R’,?ud[?/Zu/yd].
Now (casetof py.uy;v,.1)[E/X] ~> caseing uof y.(u1[t/X]); v,.(4,[#/X]), which
reduces to uy[t/%, u/v;], and Lemma 4.A.1 completes.

box* [y« if].t: [ug]; (oY)R?"uk[?/ﬂ by induction, so [ug]); (@R?kuk[?/i’] for
any j by Lemma 4.A.3. By induction [¢]]; ([u1 ]l (ﬁ’),...)Rf1+th[u1[f7f]/y1,...].
If [t (o g (@),...) is some [b;,d] we have t{u [t/X)/91,...] > ing s for some s
satisfying bjR?ds. Now
(box*[§ « if].t)[t/X] > box™ t[uy [t/X])/v1,...] ~> boxtingss,
which finally reduces to in; boxs, which yields the result. Q€D

The logic LgA may be extended to sums via the usual f#-laws and com-
muting conversions for binary sums and the equational version of the box*
rule (ref. Figure 4.3):

Igrt:B; Tri:Tg
T + box"[X « ].(ing t) = ing(box[X « £).t)
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4.D Proof of Definability of Solutions of Behavioural
Differential Equations in g\

An equivalent presentation of the topos of trees is as sheaves over w (with
Alexandrov topology) Sh(w). In this section it is more convenient to work
with sheaves than with presheaves because the global sections functor I'! in
the sequence of adjoints

I, HAA4T
where
A:Set—> S
IT;: S — Set I':S— Set
1 ifa=0
I, (X) = X(1) Afa)(a) ={ . [(X) = X(w)
a otherwise

is just evaluation at w, i.e. the limit is already present. This simplifies nota-
tion. Another advantage is that »: S — S is given as

>X)(v+1)=X(v)

(>X)(a) = X(a)
where «a is a limit ordinal (either 0 or w) which means that »X(w) = X(w)
and as a consequence, next,, =idx,) and I'(»X) = I'(X) for any X € S and so
m(»X) = mX for any X so we don’t have to deal with mediating isomorphisms.

First we have a simple statement, but useful later, since it gives us a pre-
cise goal to prove later when considering the interpretation.

Lemma 4.D.1. Let X,Y be objects of S. Let F : >(YX) — YX be a morphism in
S and F a function in Set from Y (w)*X(®) to Y(w)X(®). Suppose that the diagram

I(»(YX)) —rt)—s (YY)

IiI Iif
Y(w)X@) ——F— Y(w)X(@)

where Iim({gv}fzo) = g, commutes. By Banach’s fixed point theorem F has a
unique fixed point, say u : 1 — YX,

Then lim(I'(u)(*)) = lim(I'(next o u)(*)) = ['(next o u)(*),, = uy(*), is a fixed
point of F. O

IThis standard notation for this functor should not to be confused with our notation for
typing contexts.
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Proof. The proof is trivial.

E(lim(T'(u)(+))) = lim(I'(F)(T' (next o u)(+)))
= lim(T'(F onext o u)(x)) = lim(I'(u)(%)).

26D

Note that lim is not an isomorphism. There are (in general) many more
functions from X(w) to Y(w) than those that arise from natural transforma-
tions. The ones that arise from natural transformations are the non-expansive
ones.

Behavioural Differential Equations

Let ¥ 4 be a signature of function symbols with two types, A and Str. Suppose
we wish to define a new k-ary operation given the signature ¥ 4. We need to
provide two terms h; and ¢ (standing for head and tail). hy has to be a term
using function symbols in signature ¥4 and have type

x1:Axp A xg i ARyt A

and t; has to be a term in the signature extended with a new function symbol

f of type (Str)* — Str and have type
Xy i A Xt Ayy St Y s Stz 1St ezt Strk o Str

In the second term the variables x (intuitively) denote the head elements of
the streams, the variables y denote the streams, and the variables z denote
the tails of the streams.

We now define two interpretations of /i and t. First in the topos of trees
and then in Set.

We choose a set a € Set and define [[A]lg = A(a) and [[Str]lg = uX.A(a) x
»(X). To each function symbol g € ¥ of type ty,...,7, — 7,,1 We assign a
morphism

[8]s : [T1lls x [72lls %+~ x [Tulls = [Tns1lls-
Then we define the interpretation of h¢ by induction as a morphism of type
[AT5 — [A]s by
[xils = 7
(8t o, t)lls = [€1ls o (Mtrlls M2l -+ s [Enlls)-

For t; we interpret the types and function symbols in ¥, in the same way.
But recall that t; also contains a function symbol f. So the denotation of t;
will be a morphism with the following type

[t]s:> ([[Str]]f!f””g) x AT x [Str]l% x (» ([Strlls))* — »([Str]ls)
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and is defined as follows

[xi]ls =nextorom,

[vils = nextom,

[zills = 7z,
[g(t1 ta-... t0)lls = »([€lls) o cano ([t1]ls, [t2]ls -+~ [tulls) ifg=f
[f(t1, 2. t)]s = eval o (J oy, can o ([t1]s, [2]s -+ [tells))

where can is the canonical isomorphism witnessing that » preserves prod-
ucts, eval is the evaluation map and ¢ is the suitably encoded morphism that
when given a constructs the stream with head a and tail all zeros. This exists
and is easy to construct.

Next we define the denotation of hy and t; in Set. We set [Allge = @
and [[Str]lge = [Str]ls (w). For each function symbol in ¥4 we define [g]lg.; =

rlgls = (Igls), -
We then define th ]]Set as a function

[[A]]éet - [[A]]Set

exactly the same as we defined [[hf ]]S.

[xillget = mi
(gt to s ti)lser = [&llset © {Lf11set, [t2llsets > [tnllset)-

The denotation of tr is somewhat different in the way that we do not
guard the tail and the function being defined with a ». We define

str]k
[t ], : OStrlea ™ x [ADS o X [Strlee x ([Strlset) — [Strllseq

as follows
[[xi]]Set =lo T(Xi
[[yi]]set = Tiy,
[[Z ]]Set T(Zt
[g(t1 2 os ty)llser = [&1lset © (M1 Iset s [t2Dlsets =~ [tnllser ifg=f

If (t1, oo ) see = eval o (rf, ([t Dsers [taDset < [tellser))

where 1 is again the same operation, this time on actual streams in Set.
We then define

k k
E: [[Str]]gi:r]]sa N [[Str]]gi:r]]sa

as

E() (&) =T (fold)(([ [, (hd (@), [t/ ], (#hd(8).7.1())))
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where hd and tl are head and tail functions (extended in the obvious way to
tuples). Here fold is the isomorphism witnessing that guarded streams are
indeed the fixed point of the defining functor.

Similarly we define

. >([[St s 115) L [Str ]][[Str]]s

as the exponential transpose A of

= fold o <[[h rllond o, [tr]o [1d ([[S ]]HSUHS) x(hd, id[[Str]]g,teﬁl>]>

Proposition 4.D.2. For the above defined F and F we have

limol'(F) = Folim

Proof. Let ¢ € F( ([[Str]][[Str]]S)) ([[St ]][[Str]]s) We have

im(I(F)(¢)) = lim (Fo,(9)) = Fo(P)w

and
E(lim(¢)) = E(¢,)

k
Now both of these are elements of [[Str]]gz:r]]set

Set, so to show they are equal we use elements. Let & € [[Str]]éet.
We are then required to show

, meaning genuine functions in

Recall that F = A(F’) (exponential transpose) so F,(¢), (&) = F. (¢, 7). Now
recall that composition in S is just composition of functlons at each stage and
products in § are defined pointwise and that next,, is the identity function.
Moreover, the morphism hd gets mapped by I to hd in Set and the same
holds for tl. For the latter it is important that I'(»(X)) = I'(X) for any X.
We thus get

P;,((p,(?):foldw((ﬂhf]] o(d@),([t7]) (. hd(@ o,tl((?)))
And for F(¢,)(0) we have

E(,)(@) = fold,, ([hf g, 0d (@), ([t7 ], ) (2 hd(3), 5, 11(5)))
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It is now easy to see that these two are equal. The proof is by induction on
the structure of /iy and t;. The variable cases are trivial, but crucially use the
fact that next,, is the identity. The cases for function symbols in ¥ 4 are trivial
since their denotations in Set are defined to be the correct ones. The case for
f goes through similarly since application at w only uses ¢ at w. Q6D

Theorem 4.D.3. Let (X1,3,) be a signature and 1 its interpretation. Let (hy,tf)
be a behavioural differential equation defining a k-ary function f using function
symbols in . The right-hand sides of hy and ty define a term q)]% of type

CDJ% :»(Stré — Str® — ... Str8) — (Str® — Stré — ... Str8),

k+1 k+1

and a term ©y of type

@y : (Str — Str — ---Str) — (Str — Str — -+ Str).

k+1 k+1

by using L s (I(gj))for interpretations of function symbols g;.
]
Let f8& = fixq)? be the fixed point of q)]%. Then f = Li(box f8) is a fixed point
of @ which in turn implies that it satisfies equations hy and ty. O

Proof. Use Proposition 4.D.2 together with Lemma 4.D.1 together with the
observation that Set is a full subcategory of & with A being the inclusion.
We also use the fact that for a closed term u : A — B (which is interpreted
as a morphism from 1 to B4) the denotation of £(u) at stage v and argument
* s lim (T (u)(*)). QED

Discussion

What we have shown is that for each behavioural differential equation that
defines a function on streams and can be specified as a standalone function de-
pending only on previously defined functions, i.e. it is not defined mutually
with some other function, there is a fixed point. It is straightforward to ex-
tend to mutually recursive definitions by defining a product of functions in
the same way as we did for a single function, but notationally this gets quite
heavy.

More importantly, suppose we start by defining an operation f on streams
first, and the only function symbols in ¥, operate on A, i.e. all have type
AF — A for some k. Assume that these function symbols are given denota-
tions in S as A(g) for some function g in Set. Then the denotation in Set is
just g.

The fixed point f in S is then a morphism from 1 to the suitable expo-
nential. Let 7 be the uncurrying of f. Then lim(I'(f)(x)) = I“(]_f).
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Thus if we continue defining new functions which use f, we then choose
]_‘ as the denotation of the function symbol f. The property lim(I'(u)(x)) = 1"(]_‘)
then says that the f that is used in the definition is the f that was defined
previously.

4.E About Total and Inhabited Types

An object in S is total and inhabited if all components are non-empty and all
restriction functions are surjective. We have the following easy proposition.

Proposition 4.E.1. Let P : S — S be a functor such that if X is a total and
inhabited object, so is P(X), i.e. P restricts to the full subcategory of total and
inhabited objects.

If P is locally contractive then its fixed point is total and inhabited. O

Proof. We use the equivalence between the full subcategory tiS of S of total
and inhabited objects and the category of complete bisected non-empty ultra-
metric spaces M. We know that the category M is an M-category [20] and
thus so is tiS. It is easy to see that locally contractive functors in S are lo-
cally contractive in the M-category sense. Hence if P is locally contractive
and restricts to tiS its fixed point is in #iS. Q€D

Corollary 4.E.2. Let P be a non-zero polynomial functor whose coefficients and
exponents are total and inhabited. The functor P o» is locally contractive and its
unique fixed point is total and inhabited. ¢

Proof. Products and non-empty coproducts of total and inhabited objects are
total and inhabited. Similarly, if X and Y are total and inhabited, so is XY,
So any non-zero polynomial functor P whose coefficients are all total and
inhabited restricts to tiS. The functor » restricts to tiS as well (but note that
it does not restrict to the subcategory of total objects tS). Polynomial functors
on S are also strong and so the functor P o » is locally contractive. Hence by
Proposition 4.E.1 its unique fixed point is a total and inhabited object. Q€D

In particular guarded streams of any total and inhabited type themselves
form a total and inhabited type.






Chapter 5

A Model of Guarded Recursion
with Clock Synchronisation

This chapter is a revised and extended version of

Ale Bizjak and Rasmus Ejlers Mgelberg.
A model of guarded recursion with clock synchronisation.
Electronic Notes in Theoretical Computer Science, 319:83 —-101, 2015.

The 31st Conference on the Mathematical Foundations of Pro-
gramming Semantics (MFPS XXXI).

The section describing the syntax and the typing rules of the calculus
was removed since it is superseded by Chapter 7 of this thesis. Instead the
sections describing the model are now extended to include more proofs and
explanations.

Abstract

Guarded recursion is an approach to solving recursive type equations
where the type variable appears guarded by a modality to be thought of
as a delay for one time step. Atkey and McBride proposed a calculus in
which guarded recursion can be used when programming with coinduc-
tive data, allowing productivity to be captured in types. The calculus
uses clocks representing time streams and clock quantifiers which allow
limited and controlled elimination of modalities. The calculus has since
been extended to dependent types by Mogelberg.

In previous versions of this calculus, different clocks represented sepa-
rate time streams and clock synchronisation was prohibited. In this paper
we show that allowing clock synchronisation is safe by constructing a
new model of guarded recursion and clocks. This result will simplify
the type theory by removing freshness restrictions from typing rules.

179
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5.1 Introduction

Guarded recursion [72] is an approach to solving recursive type equations
where the type variable appears guarded by a » (pronounced “later”) modal
type operator. In particular the type variable could appear positively or neg-
atively or both, e.g. the equation ¢ = 1 +»(0 — 0) has a unique solution [22].
On the term level the guarded fixed point combinator fix, : (» T — T) — T satis-
fies the equation f (next(fix, f)) = fix, f forany f : »7 — 7. Here next: 7 > » 1
is an operation that “freezes” an element that we have available now so that
it is only available in the next time step.

One situation where guarded recursive types are useful is when faced
with an unsolvable type equation. These arise for example when modelling
programming languages with sophisticated features. In this case a solution to
a guarded version of the equation often turns out to suffice, as shown in [22].

But guarded recursive versions of polymorphic type equations are also
useful in type theory, even in settings where inductive and coinductive solu-
tions to these equations are assumed to exist. To see this, consider the coin-
ductive type of streams Str, i.e., the final coalgebra for the functor $(X) =
IN x X. Proof assistants like Coq [68] and Agda [73] allow programmers
to construct streams using recursive definitions, but to ensure consistency,
these must be productive, i.e., one must be able to compute the first n ele-
ments of a stream in finite time. Coq and Agda inspect recursive definitions
for productivity by a syntactic property that is often overly conservative and
does not interact well with higher-order functions.

Using the type of guarded streams Str®, i.e., the unique type satisfying the
equation Str® = IN x »Str8, one can encode productivity in types: a pro-
ductive recursive stream definition is exactly a term of type »Str® — Str8.
To combine the benefits of coinductive and guarded recursive types, Atkey
and McBride [11] suggested a simply typed calculus with clock variables x
representing time streams, each with associated »* type constructors, and
universal quantification over clocks V«. If we think of the type 7 as being
time-indexed along «, then the type V«.t contains only elements which are
available for all time steps. The relationship between the two notions of
streams can then be captured by the encoding of the coinductive stream type
as Str = V«x.Str8*. This encoding works for a general class of coinductive
types including those given by polynomial functors, and these results were
since extended to the dependently typed setting by Megelberg [71]. In both
cases the encodings were proved sound with respect to a denotational model.

Clock synchronisation In the calculus for guarded recursion with clocks,
typing judgements are given in a context of clocks A, which is just a finite set
of names for clocks, as well as a context of term variables I'. Clock variables
k are simply names, there are no constants or operations on them, and there
is no type of clocks. The introduction and elimination rules for Y« as defined
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by Atkey and McBride [11] are

Thpet:T Thppt: Vet k' eVt
[kp Ax.t: VT Tk tx]: t[x’/x] (5.1)

These rules are very similar to those for polymorphic types in System F [46],
except for the freshness side condition on the elimination rule ensuring that
the clocks x and «” are not synchronised in 7. The side condition makes the
rule syntactically not well-behaved. For instance it is not clear that the f-rule
for clock application preserves types.

This becomes a more serious problem in dependent type theory. The rule
Mogelberg [71] considers for clock instantiation is

x & fc(T) [k Ttype [T bpp t: VKT
LT Fp e tl’] s o[ /x]

where the side condition requires that none of the types 7 depends on contain
the clock x. The reason for the additional clock context I'” is to ensure that
the calculus is closed under weakening. However, closure under substitution
was overlooked and the rules do not appear to be sufficient to derive the
substitution property such as

Tix:thpt:o IFkpas:t
Ik t[s/x]:o[s/x]

which is necessary for a well-behaved dependent type theory.

The restriction on clock instantiation comes from the denotational mod-
els of guarded recursion. The original work on guarded recursion [18, 22]
models a type as a presheaf over the ordered natural numbers, i.e., a dia-
gram of the form

X(1) 4= X(2) 4= X(3) — -+

For example, the guarded recursive type of streams satisfying Str® = IN x
» Str® is modelled by the presheaf with X(n) = IN". In this model » shifts a
type one step to the right inserting a singleton set in the end of the sequence.

This model was generalised by Megelberg [71] (Atkey and McBride [11]
use essentially the same idea) to multiple clocks by simply indexing by mul-
tiple copies of natural numbers. Thus, conceptually, a type with clocks x
and x, was modelled as a two dimensional diagram of sets (as in the left part
of Figure 5.1). In this model there is no semantic correspondent to clock sub-
stitution. In particular, if 7 is a type with two free clocks x; and «,, then the
denotation of t[«x;/x,] should be a one dimensional diagram, but this is in
general not the diagonal of the denotation of 7, as one might expect. Seman-
tically, one reason is that taking the diagonal does not commute, for instance,
with the cartesian closed structure.
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X(\ll,3) — X(\Z/,3) —— X(3,3) ¢— - X\(/3)
l/ \_/
X(1,2) ¢ X(2,2) ¢ X(3,2) 4— - X(2)
\—/
4 4 A3 4
X(1,1) ¢— X(2,1) ¢— X(3,1) +— -- X(1)

Figure 5.1: A type with two free clocks in the new model.

We propose a new model which supports clock substitution that pre-
serves all the constructs of type theory in the correct way. The model verifies
soundness (up to solving the coherence problem, see Section 5.6) of the rules
(5.1) as understood in dependent type theory, but without the freshness side
condition on the elimination rule. Technically, this makes the calculus an
instance of polymorphic dependent type theory [51] with a family of modalities
»* indexed by clocks «.

In the new model a type depending on two clocks x; and «; is modelled
as a commutative diagrams of the form in Figure 5.1: the two dimensional
grid on the left represents the type X when clocks x; and «, are not identified
and the vertical diagram on the right represents the type X when clocks «;
and «; become synchronised. The arrows inside the two and one dimensional
diagrams describe the evolution of elements when the clocks decrease and
the arrows from the diagonal of the diagram on the left to the diagram on the
right describe how the elements change when the clocks are synchronised.
This also explains why there are no arrows from the vertical diagram on the
right to the diagram on the left. Once the clocks are identified there is no
way to disentangle them. To model the substitution x/x, we simply take
the right vertical part of the diagram.

With more clocks the denotation of a type becomes more complex. For
instance when we have three clocks the denotation will have a three dimen-
sional diagram (representing the state when none of the clocks are identi-
fied), three two dimensional diagrams (representing the state when two of
the clocks are identified) and a one dimensional diagram, representing the
state when all of the clocks are identified. Arrows between the different dia-
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grams are given according to the following schema

/ o Ee s \
K1 =K2,K3 K1 =K3,K2 K1, K2 =K3

K1 =Ky =K3

where, for example, k1 = k;, k3 represents the diagram where clocks x; and
Kk, are identified, and x5 is independent of the two.

5.2 The Basics of the New Model

We fix a countable set of clocks CV = {x, x,...}. The model we construct can
be briefly described as follows. Let CV be the full subcategory of the category
Set on finite subsets of CV. We build an indexed category GR on the opposite
of the category CV. For each finite set of clocks A, the category GR(A) is
a model of extensional dependent type theory: term variable contexts I' i,
types I' ko Atype and terms I' Fp t : A are interpreted in GR(A). For any
f : Ay = A, the reindexing functor GR(f) : BR(A;) - GR(A,), which is used
to model clock substitution, preserves all the structure required for modeling
dependent type theory. Finally, for any inclusion : : A — A, k the reindexing
functor GR (1) : GBR(A) = GR(A, k) has a right adjoint Yk which is used to
interpret quantification over clocks.

By applying the Grothendieck construction to the indexed category GR
we can then construct a PDTT-structure [51] which is a notion of a model
of polymorphic dependent type theory. The PDTT-structure in our case is a
collection of fibrations and comprehension categories

D —"— A~

\ lcod
Q (5.2)

A B —— B~
r id
\ J/l B cod
B

where B = CV° and Q maps A C CV to the inclusion 1 : A — A, k,, where
kA is the chosen clock not in A. The fibration r is the fibration arising from
the Grothendieck construction applied to the indexed category &R, hence
objects of A are pairs (A, X) with A Cfi" CV and X € GR(A). The functor r
simply maps (A, X) to A. The comprehension P is constructed from compre-
hensions of GR(A).
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The indexed category GR

For each A Cfi" CV the category GR(A) is the category of presheaves over the
poset I (A) which we describe first. To understand the definition of the poset
I(A) it is useful to keep in mind the example in Figure 5.1. Let A be a finite
set of clocks. An element I (A) should indicate what is the state of clocks, i.e.,
which clock are identified, and it should indicate how much time is left on
each clock. Hence elements of I(A) should be pairs (E,9) of an equivalence
relation E on A and a function 6 : A — IN. Since identified clocks should have
the same amount of time remaining, the function ¢ should respect E. The
order on I (A) should allow us to get from state represented by (E, 6) to (E’, d’)
whenever E’ identifies more clocks than E and there is no more time left on 6’
than on 6. This makes sense because we want to be able to substitute clocks,
and substitution, in general, can identify clocks. On the other hand once the
clocks are identified we can no longer separate them, hence we should not
be able to get from a state where more clocks are identified to a state where
fewer of them are. With this in mind, here are the precise definitions.

Definition 5.2.1. For A Cfi" CV let £ (A) be the set of equivalence relations
on A (considered as subsets of A x A).

The order relation on L (A) is the opposite of the refinement order, con-
cretely

E>E - ECE’

(note the reverse inclusion). Or in other words, E’ < E if whenever two ele-
ments are related by E, they are also related by E’.

The top element for this ordering is the diagonal relation d5. The bottom
element is the relation that equates everything.

For a function f : Ay — A, let £(f) : E(A;) — E(A;) be the function
defined by pullback as

E()(E) ={(r1,x2) [ (f(x1), f(x2)) € E},

i.e., clocks xq and «x, are related by E(f)(E) if they become related by E after
substitution with f. ¢

Definition 5.2.2. Let A be a finite set of clocks. The poset I (A) has elements

pairs (E,0) where E € £(A) is an equivalence relation and 6 : A - N is a

function that respects E. This means that if (k1,x;) € E then o(x1) = 0(x»).
The order on I(A) is component-wise:

(E,8)>(E",8'Y > E>E'A6>¥.

where the ordering on functions is pointwise.
For a function f : A} — A, the function I(f):I(A;) —» I(A;)is defined as

L(f)(E, &) = (E(f)(E), 60 f). ¢
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Lemma 5.2.3. For any function f : Ay — A, the functions E(f) and 1(f) are
monotone. Hence & and 1 are functors from CV°P to the category of partially
ordered sets and monotone functions. 0

The proof is a simple computation.
For use in Section 5.5 below we record a property of surjective substitu-
tions. It is proved by a simple computation.

Lemma 5.2.4. Let f : Ay — A, be a function between clock contexts. If f is
surjective then &£ (f) and I(f) are injective. O

More abstractly, this property also follows from the fact that in CV any
surjective function s is a split epimorphism, hence E(s) and I(s) are split
monomorphisms and monomorphisms in the category of posets and mono-
tone functions are precisely the injective monotone functions.

We also have a dual lemma. Its proof is again simple.

Lemma 5.2.5. Let f : Ay — A, be a function between clock contexts. If f is
injective then E(f) and 1(f) are surjective. O

Definition 5.2.6. Let A be a finite set of clocks. The category GR(A) is the
category Set1A)™ of (contravariant) I(A)-indexed set valued presheaves.

For a function f : A} = A, let BR(f) : BR(A;) = GR(A,) be the functor
defined by precomposition with I(f). Concretely

GR(f)(X) =X oI(f) and GR(f)(a)E,s) = a1(£)(E,5)

where X is an object of GR(A), « is a natural transformation in &R (A;) and
(E,0) € I(A;). We will also use the notation f* for the functor GR(f). ¢

Basic properties of GR

For each finite set of clocks the category GR (A) is a presheaf topos, hence it is
a model of extensional dependent type theory. As mentioned above we aim
to use the functors GR(f) to interpret clock substitution and this means that
these functors must preserve constructs used to interpret dependent type
theory, in particular dependent products.

Recall first that limits and colimits in presheaf categories are constructed
pointwise. Hence because the functors GR(f) are given by precomposition
they preserve this canonical choice of limits and colimits on the nose. More-
over, it is a standard result that each functor GR(f) has a left and right
adjoint [66, Theorem VII.2.2] which are given by left and right Kan exten-
sions. However only the right adjoint to the functor GR(:) for an inclusion
1: A — A,k seems to be interesting for our application. We will describe it
very concretely in Section 5.4.

The fact that each of the functors GR(f) also preserve exponentials and
local exponentials is more involved and importantly the canonical choice of
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exponentials and dependent products will not be preserved on the nose, but
only up to a canonical isomorphism.

We now show that for each f the functor GR(f) is a locally cartesian
closed functors.

Definition 5.2.7. Let P and Q be two posets. An order-preserving function
@ : P — Qis a fibration if for every p € P and g € Q such that g < ¢(p) the set

B,,={p'<p|op) =4}

has a top element u(p,q) and moreover whenever g; < g;, also u(p,q;) <
u(p, q2)- ¢

This definition is equivalent to a standard definition of a fibration [51].
Indeed, the cartesian lifting of the morphism g < ¢(p) is precisely the mor-
phism u(p,q) < p. One immediate consequence of ¢ being a fibration is that
for each p, the restriction ¢, : | p — | ¢(p) is a retraction with section given
by the assignment g — u(p, q). In particular ¢, is surjective.

One of main reasons fibrations are useful is the following property.

Proposition 5.2.8. Let P and Q be two posets and ¢ : P — Q a fibration. The
functor ¢* : Set®” — Set"™ given by precomposition with ¢, i.e. ¢*(X) =X o ¢,
is a locally cartesian closed functor. O

Proof. It is possible to show this directly, but ¢ being a fibration implies the
assumption of Lemma C.3.3.8.(ii) of Johnstone [53] which shows in particu-
lar that the functor ¢* is locally cartesian closed by Proposition C.3.3.1 of loc.
cit. QED

Next, we show the crucial property. The main result is Lemma 5.2.11.
Its proof is split into Lemmas 5.2.9 and 5.2.10 for clarity. This property is
the reason for introducing the new indexing poset. It does not hold for the
indexing posets of [11, 71].

Lemma 5.2.9. Let A be a finite set of clocks, x a clock not in A and 1: A — A, x
the inclusion. The functions E (1) : E(A,x) = E(A) and 1(1) : I(A, k) — I(A) are
both fibrations. O

Proof. We prove the two claims separately. When proving that I(:) is a fibra-
tion we use the construction of u(E, F) from the first part.

E (1) is a fibration Let E € E(A,x) and F € E(A) such that F < E(1)(E). We
consider two cases.

* The simpler case is when « is only related to itself by E. In this
case we define u(E,F) = F U {(k, k)}. Because E (1) simply restricts
the given equivalence relation to the set A we immediately have
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E(1)(u(E, F)) = F. Further, if (x1,x,) € E then either k1 = x, = k or
(x1,k2) € E(1)(E). In the first case (x1,k;) € F by definition and in
the second case this follows from the assumption that F < k(1) (E).
Hence we have u(E,F) < E. Moreover if we have any other E' < E
such that £ (1) (E’) = F we immediately see that it must be less than
u(E, F).

* In the second case we (x,«’) € E for some k¥’ € A. We define u(E, F)

to be the extension of F to an equivalence relation on A, x by re-
lating x to x’. This is the equivalence relation generated by the
relation F U {(x, k’)}.
The property £ (i) (u(E, F)) = F follows easily. If E’ < E is another
such that £ (1) (E’) = F then because E’ < E it must be that (x,«’) €
E’ and so E’ 2 F U {(x,«’)}. Because u(E,F) is defined to be the
equivalence relation generated by FU{(x, k’)} we have by definition
E’ 2 u(E, F) which by definition of the order on E (A, k) means E” <
u(E,F).

Finally, to see that the assignment u(E,—) is order-preserving suppose
F{ < F,. Observe that the cases above in the construction of u(E,F;)
and u(E, F,) only depend on the relation E and each case it is straight-
forward that u(E, F;) < u(E, F,).

I(1)is a fibration Let (E,0) € I(A,«) and (F,y) € I(A) be such that
(F,y)<I(t)(E,0).
We again consider two cases.

e If k is only related to itself in E then we define
u((E, o), (F, 7/)) = (u(E, F), 6,)

where

5(x') = y(x’) ifx’ eA
~18(x’)  otherwise

Note that because we require 6’ o1 = y the function ¢’ is uniquely
determined on A. Because u(E, F) only relates « to x we have that
0’ respects u(E, F), hence u((E,9),(F,y)) is well-defined as an ele-
ment of I (A, «). The fact that I(z) maps it to (F, y) is clear and the
fact that it is the largest such also follows directly.

» If (x,x1) € E for some x; € A. We define

u((E,9),(F,y)) = (u(E,F),&")
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where

y(xy) ifx =«

It is immediate from the description of u(E,F) above that ¢’ re-
spects it. Again, on the set A the function 0’ is uniquely deter-
mined and because by assumption y < 001 we have that 0’o1 < do1
so to show 6" < 6 we only need to check that 6’'(x) < d(x). This
holds because (k, k) € E implies 6(x) = o(x;) which together with
the assumption y < 6 o1 shows the required relation.

The fact u((E,9),(F,y)) is the largest such follows directly. In fact
in this case u((E, 9), (F, 7)) is unique as an element of B(g s),(F,)-

The fact that the assignment u((E,9),—) is order-preserving again fol-
lows easily because the cases we considered in defining it only depend
on E. In each case it is obvious that the assignment is order-preserving.

QED

Lemma 5.2.10. Let A, A, be two finite sets of clocks and f : Ay — A, a surjec-
tive function. Then E(f) : E(Ap) = E(Ay) and 1(f) : 1(A,) — I(Ay) are both
fibrations. 0

Proof. The construction of u(E, F) and u((E, 0),(F,y)) in this case is more di-
rect.

E(f)is a fibration Let E € £(A;) and F € E(A) such that F < E(f)(E). We
define u(E, F) as

u(E,F)={(x,x) | 3(x1,x2) € F, f (1) = x A f(1c5) = ')

It is not immediately clear that the relation we have defined is an equiv-
alence relation. It is clearly symmetric and because f is surjective it
is reflexive. To see that it is transitive suppose (x,«k’) € u(E,F) and
(x’,x”) € u(E,F). This gives us (xq,x;) € F and (x},«}) € F such that
f(x1) =1, f(x3) = f(x]) = «"and f(x}) = k”. If we have (xy,«}) € F then
by definition (x,x”’) € u(E, F). Because E is reflexive we have (x’,x’) € E
and so (ky,x7) € E(f)(E). From the assumption F < E(f)(E) we thus
have (x,«]) € F and so by transitivity of F we have (x,x}) € F as
needed.

Next, suppose (k,«’) € E and 1, k, such that f(x;) = x and f(x;) = k.
Then (x1,x;) € E(f)(E) and from the assumption F < E(f)(E) we have
(x1,%7) € F which further implies (x,x”) € u(E, F). We have thus shown
u(E,F)<E.
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To see that E(f)(u(E,F)) = F we show two inclusions. The inclusion
F C E(f)(u(E,F)) is immediate. For the converse inclusion assume
(x,x”) € E(f)(u(E,F)). By definition (f(x), f(x’)) € u(E,F) so there ex-
ist (x1,k,) € F such that f(x’) = f(x1) and f(x’) = f(k,). Because E is
reflexive we have (x,x1) € E(f)(E) and (x’,k;) € E(f)(E). From the as-
sumption that F < E(f)(E) we thus have (x,«;) € F and (x’, k;) € F from
which it follows that (x,x’) € F as needed.

The fact that the assignment u(E, F) is monotone in F is clear directly
from the definition.

I(f)is afibration Let (E,0) € I(A;) and (F,y) € I(A;) such that (F,y) <
I(f)(E,0). Define u((E,9),(F,y)) = (u(E,F),6’) where we define 6’(x) =
y(x’) for some «x’ such that f(x’) = k. In order for this to be a good
definition we need to show that it is independent of the chosen «’.
If f(x') = f(x”) then (x’,x”) € E(f)(E) because E is reflexive and so
(x’,k”) € F. Because y respects F we have y(x’) = y(x”), so ¢’ is well-
defined good.

Using the same reasoning it is immediate that 0’ o f = 3 and because f
is surjective ¢’ is unique such. To see that 0’ < 6 we have 6(x) = o(f (x”))
for some «’, because f is surjective. From the assumption y < o f we
thus get y(x’) < 6(x) for any x and for any x’ such that f(x’) = k. By
definition y(x’) = &’(x), hence &’(x) < 6(x).

Monotonicity of the assignment u((E, 9), (F,))) is again immediate from
the construction. QED

Lemma 5.2.11. Let Ay, A, be two finite sets of clocks and f : Ay — A, a function.
Then E(f): E(Ay) > E(Ay)and I(f):1(A,) — I(Ay) are both fibrations. O

Proof. Any function f : Ay — A, factors as a surjection s : Ay — f[A;] onto
the image f[A;] of f followed by the inclusion of f[A;] into A,. In turn
the inclusion f[A;] to A, factors as a sequence of inclusions ; of the form
A — A, k. Because £ and I are contravariant functors this implies that for
every f, E(f) factors as E(s) o E(11) o--- 0 E(1,) for some n. Analogously for
I(f). Since composition of fibrations is a fibration Lemmas 5.2.9 and 5.2.10
conclude the proof of this lemma. 26D

Remark 5.2.12. A careful reader will have noticed that the preceding three
lemmas do not rely on the natural numbers IN being the underlying poset.
More precisely, if we take any poset P and define I (A) to be pairs (E,9) with
E €k (A)and 6 : A — P with the same order as before then we can also define
the action of I on morphisms in the same way as before. The preceding
lemmas then generalise to show that all morphism I(f) are fibrations. ¢

Finally Lemma 5.2.11 and Proposition 5.2.8 combine to prove the follow-
ing theorem.
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Theorem 5.2.13. Let f : Ay — A, be a function between clock contexts. The
functor GR(f) is a locally cartesian closed functor. O

Remark 5.2.14. As we mentioned already the functors R (f) do preserve the
natural choice of limits and colimits on the nose. However there does not ap-
pear to be a natural choice of exponentials or dependent products such that
GR(f) would preserve them on the nose. In particular the most problematic
is the case when f is not surjective, which is the case that corresponds to
clock weakening. The problem already appears with the inclusion of GR (),
which is isomorphic to the category Set, into &R (x), which is isomorphic
to the topos of trees. Given two objects X,Y € GR (k) the canonical expo-
nential (X = Y) at n € IN consists of n-tuples of functions f; : X(i) — Y(i)
for i = 1,2,...,n satisfying naturality conditions. If X = GR(1)(X’) and Y =
GR(1)(Y’) then the naturality conditions force all f; : X(i) — Y (i) to be equal,
so the set of all such n-tuples is certainly isomorphic to the set of functions
X’ —Y’, but not equal. And X’ — Y’ is precisely GR () (X’ — Y’) at n. ¢

5.3 The »* Functors

Let A be a clock context and x € A. We now define the functor »* on GR(A)
and the natural transformation next® : idgya) — »* such that the triple
(BR(A),»"*, next") is a model of guarded recursive terms [22, Definition 6.1].

Example 5.3.1. To understand the definition recall the diagram X with two
clocks in Figure 5.1. We wish clock substitution to preserve » in the sense
that f*(»*1»*2X) is the same as »*1 » 1 (f*(X)) for all X € GR(xy,k,) and
where f : k1,k, — K, is the unique function. Recall that f*(X) projects out
the one dimensional diagram on the right in Figure 5.1. We thus see that the
diagram »*1 »*2 X should be

I +— X(L,1) +— X(2,1) <— 1
|

v v \l/ v

1¢ 1 1 1

In particular notice that the one dimensional diagram on the left is delayed
twice, because it represents the state when «; and «, are identified. ¢

To define »* in general we start with an auxiliary definition.
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Definition 5.3.2. Let x € A Cfi" CV, E € E(A) and 6 : A — IN. The function
0% :A - Nis defined as

6—K(K1) _ maX{1; 6(7{)_1} lf (K, K,) eE .
o) otherwise

The thing to notice in this definition is that all the clocks equivalent to
k have their remaining time decreased by 1. This is crucial for clock sub-
stitution to commute with »* in the appropriate way, as illustrated in Ex-
ample 5.3.1 above. Decreasing the value of all the clocks related to x also
ensures that if o respects E then so does 07*. This implies (E,07%) € I(A).

Technically 6™ depends on 9, x and the equivalence relation E. We leave
E implicit though since it can always be inferred from context. We record the
basic properties of this construction in the following lemma whose proof is
by simple computation.

Lemma 5.3.3.
» Forany (E,0) € E(A)and any x € A, (E,07%) < (E, ).
* If(E1,01) < (Ep,07) then (E1,07"%) < (Ep, 05%).
* Let f : Ay = A, be a function and (E,6) € 1(A,). For any x € Ay the pairs

(E(F)(E), 67/ ™ o f) and (E(f)(E), (50 f))
are both in I(Ay) and moreover they are equal. O
The definition of »* : GR(A) —» GR(A) is now simple.

Definition 5.3.4. Let x € A Cfi" CV and X an object of GR(A). The action of
the functor »* on objects is

1 if (k) = 1

> (X)(E, 0) = {X (E,57%) otherwise

! if 6, (x) = 1

» (X)((E1,01) < (Ep,07)) = {X((El;élk) < (EZJCSEK)) otherwise

where 1 is the singleton set {+} and ! is the unique arrow to 1. On morphisms

{id1 if 5(x) = 1

ap s+« otherwise

There is an associated natural transformation next® : idgya) — »*

nexty . (x) = i ot =1 ¢
X(E,0) X((E,07%)<(E,0))(x) otherwise
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It is easy to see that »* preserves all limits, since these are given pointwise
and any limit of any diagram of terminal objects is a terminal object. It does
not preserve colimits, however. For example it does not preserve the initial
object.

Proposition 5.3.5 (Properties of »). Let Ay and A, be two clock contexts and
f Ay —> A, a function between them. Let x € Ay be a clock. The following
properties hold.

1. Let X,Y be two objects in GR(A1) and a : Y x»"(X) — X a natural trans-
formation. There exists a unique : Y — X such that

ao <idy,next’§( o/3> =p.
We write fix*(a) for this unique fixed point. Moreover, for any y : Z — Y
fix*(a) oy = fix" (a o y xidy)
which expresses naturality of fixed points.
2. Clock substitution preserves », i.e.
Fromk =pfofr,
and for every X € GR(A),

f(x)

fr (next%) = nextf*(X) .

3. Let a : Y x»*X — X be a morphism in &R (A). From the fact that f*
preserves products on the nose and the previous item the morphism f*(«)
has type f*(Y)x»f6) £4(X) = f*(X) and moreover

F* (fix* () = fix/ " (f*(a)). 0
Proof. The fixed point g at (E, 0) is defined by induction on (k) as

ag,5(v,*) ifo(x)=1

Proly)= {“E,a‘ (9 B+ (Y (E,57) < (E,6) () otherwise

Naturality and uniqueness follow by an analogous induction on d(x).
Item (2) is shown by simple computation using Lemma 5.3.3. For item (3)
we have

f*(fix*(@)) = f*(a o (idy, next} ofix*(a)))
~ f(a)o <idf*(y),next;£g() of (ﬁxK(a))>.

from Item (2) and the fact that f* preserves products on the nose. Uniqueness
of the fixed point for f*(a) (item (1)) then shows the desired equality. Q€D
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The facts above show that for each clock context A and x € A, the triple
(BR(A),»"*, next") is a model of guarded recursive terms [22, Definition 6.1].
Hence for each object X € GR(A) the slice category GR(A)/X also admits a
» % functor defined by pullback [22, Theorem 6.3]

Y ——— » Y

(3% al \[FK a

next”

X —— »*X

This comes with the associated morphism next™* in GR(A)/X. Moreover,
for f : A — A’ we easily conclude from Proposition 5.3.5 and the fact that the
functor f* preserves all limits on the nose that

P y) = £,

Note that this is equality of objects in the slice over f*(X).
The functor »%§ also comes equipped with a natural transformation

next“X :id — >

The component next’;,’X :Y - »5 Y for a: Y — X in the slice over X is the
unique dotted arrow

which exists by naturality of next. Again, because the functors f* preserve
pullbacks on the nose and Proposition 5.3.5, we have

fr (nextK’X) = next/ (W f"(X)

so clock substitution behaves well also with respect to »* and next” in slices.

5.4 Clock Quantification

For any A cfi" CV and clock x ¢ A the inclusion function 1 : A — A, « gives
rise to the weakening functor i* : BR(A) > GR(A, k). Because /* is defined by
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precomposition with I(z) it has a right (as well as left) adjoint [66, Theorem
VII.2.2]. We shall call this right adjoint Yk and in this section we provide
a more explicit description of it, which will provide some more intuition
behind it and its relation to coinductive types.

To understand the general definition let us look at two concrete instances.
First, the functor GR(0) —» GR(x) maps a set X to a diagram which is con-
stantly X and whose restrictions are identities, i.e., a constant presheaf. It is
well known that the right adjoint to this functor is the limit functor.

More interesting is the case with two clocks from Figure 5.1. The object
Vx,.X is a one dimensional diagram and at stage # it is the limit (in Set) of
the diagram

X(n,1) ¢— X(n,2) < X(n,3) +— X(n,4) < ---

The idea is that the type (V«,.X)(n) contains information about X(#, k) for all
times k. Note that in particular the one dimensional diagram which repre-
sents the state of X when the clocks x; and «; are identified is ignored.

To define the right adjoint of the inclusion in general we need some aux-
iliaries.

Lemma 5.4.1. Let A be a clock context and 1 : A — A, « the inclusion. Then
E(1): E(A, k) — E(A) has a right adjoint ' defined explicitly as

(E) ={(x1,%2) | (k1,%2) € EV iy = K = x} = EU{(x, x)} o

In contrast the function I () does not have a right adjoint, the reason being
that IN does not have a top element. However for each n € IN we can define a
function ¢},

' where o, (k) =

1 T(A) > T(Ax) . S(k’) ifk €A
14(E, 8) = (1"(E), 5},)

n if kK’ =x

Using the description of /' in Lemma 5.4.1 it is immediate that o}, respects
I'(E). We record some useful properties for use below. The properties follow
immediately from the definitions above.

Lemma 5.4.2. Let A be a clock context, k € A and 1: A — A, x the inclusion.
1. Ifn <mand (E,8) < (E’,&’) then i,(E,d) < i, (E’, &).
2. For any (E,0) € I(A,«x) we have (E,d) < 1!6(1{) (I(1)(E,0)).

3. For any (E,8) € I(A) and any n € N we have I(L)(L;(E,é)) =(E,9).

4. Forany (E,5) € I(A) and k’ € A, 6;171( = (6"‘,). .

n
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5. Let f : Ay — A, be a function between two clock contexts, and let x &
Ay UA; beaclock. Let and 1: Ay — A,k and v : Ay — Ay, k be the two
inclusions. Then for any n € IN and any (E,6) € I1(A;)

6 (L) (E,0)) = 1(f +idy) (v, (E, 9))
where f +1id, is the obvious extension of f to a function A, x — Ay, k. O

Remark 5.4.3. Analogously to Remark 5.2.12, Lemma 5.4.2 remains true if
we replace the poset IN by an arbitrary poset P. ¢

We are now ready to describe the right adjoint V« to /. Let A be a clock
context, k a clock not in A and 1: A — A, k the inclusion.

Define YV« : BR (A, k) — GR(A) on an object X € GR(A, «) at stage (E,0) €
I(A) by taking the limit (in Set) of the diagram of restrictions

X (14(E, 8)) 4= X (A(E,8)) 4= X (4(E,8)) < ---

where the arrows are X’s restrictions using Lemma 5.4.2. The restrictions
of V«.(X) and the action of Yk on morphisms are determined purely for-
mally from the universal properties of limits. The unit # of the adjunction is
constructed using the universal property of the limit using Lemma 5.4.2.(3)
which shows that the diagram

F(X) (1 (E, 8)) 4= #(X) (55(E, 8)) <= r'(X) (5(E, 8)) 4— - (5.3)

is a constant diagram. The counit ¢ is constructed with the projections of the
limit together with Lemma 5.4.2.(2). In more detail, the component of the
counit ¢ at an object X is a morphism X : /*(Vx(X)) — X in GR(A, «) and so
at stage (E, 0) we must define a function

efglé) :*(Y(X))(E,8) = X(E, )

which is a function from the limit of

X (5 (TO)(E, ) 4= X (15 (T()(E, 8))) 4= -+ 4= X (1§ (L(1) (E, ) 4= -+

to X(E, ). There is a projection from the limit to X (1!6(1() (I()(E, 5))) and from

Lemma 5.4.2.(2) we have (E, 6) < 115<K) (I(r)(E,d)) which means there is a func-
tion
X((E,0) < 0 (TW(E,8))) : X (15 (1) (E, 8))) = X(E, 6).

Since the diagram is in Set we could describe the limit very explicitly as
the set of compatible sequences. This is useful for checking some properties,
but we omit it here due to lack of space.

Equipped with this description of Y« we are able to show the necessary
properties for interpreting the rules of the type theory.
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Proposition 5.4.4 (Properties of V«). Let A be a clock context and x € CV a
clock not in A. The functor Y« satisfies the following properties.

1. The unit n of the adjunction 1 4V« is a natural isomorphism. Hence 1* is
a full and faithful functor witnessing that GR(A) is a full subcategory of
GR(A, ).

2. The functor YV« preserves all coproducts, but not colimits in general.

3. For any object X € R (A, x) the canonical morphism c : V. X — Vi.(»* X)
defined as c = Vk. (next}‘() is an isomorphism.

4. (Beck-Chevalley condition for V«) Let f : Ay — A, be a function between
two clock contexts, and let kx & Ay U A, be a clock.
For every X € GR (A1, k) the presheaves f*(¥x.X) and V. (f +id,)" (X) are
equal and the canonical morphism

Vie.((f +id)*(€)) oy (7€ X) (5.4)

from f*(Vk.X) to Vk.(f +id,)" (X) is the identity. As a consequence, the
functors Vi o (f +id,)" and f* oV« are equal and further we have

) =/, (5.5)
5. Let A be a clock context, k" € A, k ¢ A and X € GR(A, ) the canonical
morphism
Vie.( (¢)) o n: < (Vie.X) > Vi pX X
is an isomorphism. ¢

Proof. 1. Using Lemma 5.4.2.(3) the object V«./*(X) at stage (E,0) is the
limit of the constant diagram (5.3). Because the diagram is connected
its limit is isomorphic to X(E, ) by the unique mediating map, which
is by definition the unit 5. The second part is a standard fact about
adjoint functors [65, Theorem IV.3.1].

2. The reason this property holds is that coproducts are given pointwise
and that in Set coproducts commute with connected limits.

3. The arrow V«.(next}) at stage (E,9) € I(A) is by definition the mediat-
ing map from the limit of

X (1(E,8)) 4= X (15(E, 8)) <= X ((E,8)) = ---
to the limit of
14— X (£ (E,0)) <= X (£(E, 6)) = X (£(E, 6)) +— -

so it is an isomorphism.
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4. Let X € BR(A,x) and (E,0) € I(A,). Letand 1 : Ay > A,k and v :
A, — Ay, x be the two inclusions. Then
F (VR X)E ) = (V. X) (1 (f) (E, 5))
and by definition (Vx.X)(I(f)(E,9)) is the limit of the diagram

X (5 (T(F(E,8) < X (& (L(f)(E,0))) 4— -+
By Lemma 5.4.2.(5) this diagram is the same as the diagram
X(L(f +idy) (V1(E, 0))) = X (T(f +id) (V) (E, 8))) ¢— -
which by definition is the diagram
(f +1d ) (X) (V1 (E,8)) 4= (f +idye) (X)(0(E, 8)) 4— -+

which is the limit used to define VY«.(f +id,)" (X) Hence f*(Vx.X)(E, )
and Yk.(f +1d,)" (X) are limits of the same (not isomorphic, but identi-
cal) diagrams, hence they are equal.

The fact that (5.4) is the identity follows by the fact that it is defined
using the universal property of limits as follows. Let (E,0) € I(A,). Let
7l be the projection from V. (f +id,)* (X)(E, o) to (f +id, )" (X)(v},(E, d))
and 72 the projection from f*(Vx.X)(E,d) to X(l;(l(f)(E,(S))). Note
that by the preceding part of the proof these are the same functions,
since the limits are over the same diagram. Then by definition of the
action of Y« on morphisms and the definition of # we have for X €
f*(Vk.X)(E,0).

7o (V0 + i) (e )

1o (Vi X —
(U +ide @i ey (2
By definition of reindexing functors we have
((f +1di)"(€))yi(E,5) = €T(f+id,)(0b(E,5))
and all projections of

Moy ()

are the element 7c2(x) by definition of 1. Hence by definition of ¢, defi-
nition of i}, and Lemma 5.4.2.(3) we have

((f +ide)"(€), £,5) (’7(][15*,(;'/)1{)()(”5(})))
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Because 12 = 7t} the same property holds for the identity function.

Thus by uniqueness of mediating morphisms for limits (5.4) must be
the identity.

Equality (5.5) is a standard consequence of the Beck-Chevalley con-
dition as follows. Indeed from the fact that (5.4) is the identity on
f*(Vx.X) on any X we have for any X

%) = Vi ((f +id) (e)) o/ I XD o £ %)

V. (X)

which by naturality of 7/( ) and functoriality of Y« o (f +id,)* is

=Vie.((f +id,)" (e 0 ' (7%))) 0 /)

and by one of the triangle identities € o /*(n*) = id, hence

- ,7f “(X)
as claimed.

5. Follows by computation and Lemma 5.4.2.(4). Note that to even state
it Proposition 5.3.5 is used to get i* o »* = »* o/* s0 we could apply the
counit &. Q€D

Extension of clock quantification to slice categories

Let A, A, cfi" CV be two clock contexts and f : A} — A, a function. For
any X € GR(A;) the functor f*: BR(A;) — GR(A;,) induces a functor fy :
GR(A1)/X - GR(A,)/f*(X) on the slice categories in the usual way.

Specializing, let A be a finite set of clocks, x ¢ A and 1 : A — A, « the
inclusion. The functor i* : GR(A) —» GR(A, k) induces for each X e GR(A) a
functor

Iy :GR(A)/X - GR(A, k) /1"(X)

between slice categories. Similarly the functor Vx : GR(A,x) - GR(A) in-
duces a functor

GR(A, k) /1(X) = GR(A) /(YK (X))
and because Y« o 1" =idgy(a) we get an induced functor

Vxk :GR(Ax)/1(X) > GR(A)/X.
Concretely, given an object a : Y — 1*(X) of GR(A, k) /1*(X) we have

Vxx.(a) = (nx)_l oVxk.(a)

and its action on morphisms is the action of Y« on morphisms. Standard
abstract nonsense then shows that this functor is right adjoint to the functor
ly. The units and counits of the adjunction are the unit and the counit of the
adjunction 1* 4 V«.



5.4. Clock Quantification

199

Proposition 5.4.5 (Properties of Y« on slices). Let A be a clock context and
k € CV a clock not in A. Let X € GR(A). The functor ¥ x« satisfies the following
properties.

1. The unit of the adjunction 1y 4V x« is a natural isomorphism. Hence I’y is
a full and faithful functor witnessing that &R (A)/X is a full subcategory of
GR(A, x)/r(X).

2. The functor Yk preserves coproducts.
3. For any object Y € GR (A, «x)/1*(X) the canonical morphism
c:Vxk.Y = Vxr(»y X)
defined as c = Vxx. (next’;’x) is an isomorphism.

4. (Beck-Chevalley condition for Vx«) Let A, be another clock context such
that k € A,. Let f : A — A, be a function between the two clock contexts.

For every Y € BR(A, x)/1*(X) the objects
fx(Vxx.Y) and Yok (f +idi ) x) (Y)

are equal and the canonical morphism

Vo ((f +idy) ) (€)) 0 ;7f§(VXK.Y) (5.6)
from fg(Vi.Y) to V¥ pxy. (f +idy) . x) (Y) is the identity.

5. Let k" € A. Let Y e BR(A, x)/1*(X). The canonical morphism
VXK.(bg‘(,(e)) on: >§(’(VX1<.Y) — Vxxk. >§ Y

is an isomorphism. ¢

Proof. These properties follow from corresponding properties for the func-
tor Y« stated and proved in Proposition 5.4.4. We exemplify this by proving
item 3. Recall that given an object a : Y — r*(X) in GR(A, x)/r*(X), the mor-
phism next*’* Y is the unique dotted mediating morphism in the diagram

K
nexty
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Applying the functor Y«, which is a right adjoint, hence preserves pullbacks,
to the diagram we have the diagram

K
Vi.nexty

VK.Y_

x,X
Vi.nexty
o

(X
VK.V;( )

G L NV
_

Vr.a

Vi » a

K
Vk. nextmx)

Vi (X) —— »* V. (X)

Recall that by definition Vyx.nextly” is just Vic.nextly® so we wish to show
that this morphism is an isomorphism. By Proposition 5.4.4 the morphisms
VK.nethi(X) and Vk.next} are isomorphisms. Thus because a pullback of
an isomorphism is an isomorphism, the morphism V«.i is an isomorphism.
Hence sois V. next’f/X, since from the commutativity of the diagram we have

Vi.next’y* = (Vi.i) ™! o Vic.nexts . QED

5.5 Universes

We follow previous work [18, 71] and use Hofmann and Streicher’s con-
struction of universes in presheaf toposes from Grothendieck universes [49]
which we now recall instantiated to our special case. We first recall what a
Grothendieck universe is and what a universe in a locally cartesian closed
category is.

Definition 5.5.1. A Grothendieck universe is a set U satisfying the following
properties.

e U is a transitive set: if x€ A and A € U then x € U.

For all A € U the power set P(A) is in U.

e NeU!

If e Uand A:I — U is an I-indexed collection of elements of U then
Uier A(i) € U.

1Often the assumption that IN € U is weakened to 0 € U or even omitted entirely, in which
case the empty set is an example of a Grothendieck universe. Since we will need IN € U in all
our universes we assume all our universes are such.
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Using the usual encodings of operations in set theory it is possible to show
that U is closed under small products, small disjoint unions and function
spaces. By this we mean if ] e U and A : ] — U is an I-indexed collection of
elements of U then

I_[A(i) €U  and ZA(Z’) eU

i€l i€l

where [] is the product and }_ is the disjoint union. By being closed under
function spaces we mean that if A, B € U then the set of functions from A to
Bisin U.

The existence of such a Grothendieck universe is equivalent to the ex-
istence of a strongly inaccessible cardinal [94], so outside of pure ZFC set
theory. Existence of a strongly inaccessible cardinal is however a common
assumption underlying many results in set theory.

Definition 5.5.2. Let C be a locally cartesian closed category with coproducts
and a natural numbers object N. Let el : E — U be a morphism in C. A
morphism f : A — T is small with respect to el, or el-small, if there exists a
morphism f : T — U such that f appears as the pullback of el along f as in
the following diagram.

A
lf_l el (5-7)
T

The morphism f is called a code of f. An object I is small if the unique map
I' > 1is small.

The morphism el is a universe if the objects 0, 1, IN are small and the
notion of smallness is closed under composition, finite coproducts and small
dependent products. ¢

By the “notion of smallness is closed under small dependent products”
we mean thatif « : A > I and p: B — A are el-small then I'l(a, ) € C/T is
el-small. Here I'l(a, ) is the right adjoint to pullback along a.

In general a small map f : A — I can have many different codes and for
a given code f there can be many morphism f making the diagram (5.7) a
pullback. Indeed, if f is such a morphism and a : A — A is an automorphism
satisfying f o a = f then replacing f with foa yields another pullback and in
general foa will be different from f.

Remark 5.5.3. The map el is always small, since it is a pullback of el along
the identity. ¢
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Example 5.5.4. Let U be a Grothendieck universe. Let [E be the disjoint
union ) 4,.pA and el : E — U the first projection. Then el is a universe in
Set.

An object A € Set is small precisely when it is isomorphic (in Set) to an
element of U. A morphism f : A — B is small precisely when for all b € B,
the fibre f~!(b) is isomorphic to a set in U. ¢

We now recall the construction of universes in presheaf toposes specia-
lised to our presheaf categories.

Definition 5.5.5 (Hofmann-Streicher [49]). Let U be a Grothendieck uni-
verse and A Cfi" CV. Let the presheaf V2 € GR(A) be defined at (E,5) € I(A)
as

VA(E,5) = UHEDT
where | (E, 9) is the poset on elements
L(E,0)={(E",8') e L(A) | (E',&") < (E, )}

with order inherited from I(A). The set U'(E2)" is the set of presheaves D
on | (E, d) such that for all (E’,¢’) € | (E,d) we have D(E’,6’) € U.
The action of V2 on morphisms is by precomposition:

VA((E1,81) < (Ep,8,))(D)=Do

where 1 is the inclusion of | (Eq, ;) to | (E3, 07).
The presheaf of elements E) is defined as

EY(E,&) = Z D(E, )

DeVA(E,s)
with restrictions
E{ ((Ey,81) < (E3,8,))(D,x) = (D o1, D((E1, 1) < (Ep, 82))(x)).

The Hofmann-Streicher universe is the first projection u® : EX — VA defined
as
uéé(D,x):D. ¢

Hofmann and Streicher [49] show that u® is a universe, so in particu-
lar it is closed under dependent products and dependent sums (equivalently
composition).

The following proposition will be useful. It implies in particular that all
monomorphisms are small.

Proposition 5.5.6 (Hofmann-Streicher [49]). A morphism f : A — T is u®-
small if and only if for all (E,5) € I(A) the component fg s : A(E,8) — I'(E,0) is
small with respect to the universe el constructed in Example 5.5.4. O
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The universe is closed under »*

Lemma 5.5.7. Let k € A C™ CV. There is a morphism=* : »* VA — V2 making
the following diagram a pullback. In other words, »* u® is u®-small.

»*E\ —— E}

i
K uAl J/uA <>

>

p KA > s A

Proof. Using Proposition 5.5.6 it suffices to show that all components of the
natural transformation »* u® are small. They are small because they are ei-
ther components of u2 or the identity on the singleton set. Q€D

Proposition 5.5.8. Let k € A Cfi" CV. If a : A — T is u®-small then so is
»ra:»{A—T andifaisacode for a then

> onexty, o@
is a code for w1 a. O

Proof. Let a be a code for a. Recall that »* preserves pullbacks and consider
the following diagram

DFA — » A L} >KEX _— EX
_| - _|
»la > a »< A ud
nextyf T A % A
r———s»r ——s»p*v2 ——— 5 Vv

where the left square is a pullback by definition of »[, the middle square is
a pullback because »* preserves pullbacks and the right square is a pullback
by Lemma 5.5.7. Hence by the pullback pasting lemma the outer rectangle

is a pullback, and so by definition 3" o»*@ o nextf is a code for »fa. By
naturality of next® we have the equality

" o»"@onexty =" onext}, o@

concluding the proof. 26D

The universes are closed under Y«

The last new operation we have is Y« so we need to show that this also maps
small morphisms to small morphisms. However in contrast to »*, the functor
¥V« changes the clock context and so correspondingly we need to relate small
maps in two different universes.

We start with a lemma about the universe el from Example 5.5.4.
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Lemma 5.5.9. Let P be a poset whose underlying set is in U. Let Dy,D, : PP —
Set be two diagrams and a : Dy — D, a natural transformation. If a,, is el-small
for all p € P then

Llé? a,: ng}Dl (p) — %}Dz(p)

is el-small. O

Proof. Recall that the limit of a diagram in Set can be constructed as a set of
compatible families. Concretely lim,ep D (p) is the set

ae ]_[Dl(p) VpeP,q<p,Di(q<p)(ay) =a,
peP

and analogously lim,cp Dy (p). Let us write g for the function lim,cp a,. Con-
cretely it is defined as

Bla) =p — ay(a(p)).

We need to show that for each a € lim,cp D, (p), the fibre p~(a) is isomorphic
to an element of U. By definition of f the fibre f71(a) is a subset of the

product
[ [ (@p).
peP

Because for all p € P the function a,

to some A, € U. Hence [],cp a," (a(p)) is isomorphic to [],cp A, and f7'(a) is
isomorphic to a subset of [ [,cp A,. Because P € U the product [[,ep A, is also
in U. Because U is transitive and closed under power sets all of the subsets
of [[,epAp are in U, hence in particular p~(a) is isomorphic to an element
of U as needed. 26D

is el-small each a;l(a(p)) is isomorphic

Lemma 5.5.10. Let A C" CV and « a clock not in A. Let A,T € GR(A, k) and

a : A — T a morphism. If a is small with respect to u™* then the morphism
Vi.a € BR(A) is small with respect to uA_.
In particular there exists a morphism ¥ : V.V — VA making the following

diagram a pullback.
1% 1%
Vi.Ey , —> E,

-
VK.MA"‘\L J/MA 4

Vievhx Yo yA



5.5. Universes 205

Proof. Recall that for any X € GR (A, k) the diagram V«.X at (E,0) € I(A) is
defined to be the limit of the IN°? indexed diagram

Dx(n) = X(1,(E, 8)).

Analogously given a morphism f : X — Y we have for each (E,0) € I(A) a
natural transformation D/ : Dy — Dy defined as

f
Di = fy(£,5)

and by definition V«.f is the morphism lim,c D,]; .

Hence, if @ : A — I' is small then by Proposition 5.5.6 all of its components
are small so in particular all of the components of the natural transformation
D¢ are small. By Lemma 5.5.9 we have (V«.a)g s small for each (E, ), and so
again by Proposition 5.5.6 (but this time for the universe u® in GR(A)) the
morphism Y«x.a is small.

The last claim in the lemma now follows immediately from the fact that
u®* is uM*_small. Q6D

Proposition 5.5.11. Let A Cfi" CV, « a clock not in A and 1 : A — A, «x the
inclusion. Let T € GR(A), A € BR(A,«) and a : A — 1*(I') a morphism, or,
equivalently, an object of KR (A, k) /1*(T).

If a is small with respect to u™* then Vrx.a € GR(A)/T is small with respect
to u®. Moreover, if @ is a code for a then ¥ o (Yx.@) o ' is a code for Vr.a. o

Proof. Recall from Section 5.4 (page 198) that Vr«x.a is defined to be (17r)_1 o
Vi.a where 7 is the unit of the adjunction /" 4 V.
Consider the following diagram

id
Vi A ——— VA ——— Ve EY  —— EX

J - -
Vrk.a Vi.a VK.MA'KJ/ luA
r

T — 1 i (T) 1 v yhre Yy yA

The right square is a pullback by Lemma 5.5.10 and the middle square is
a pullback by the assumption that @ is a code for @ and because Yk is a
right adjoint, so it preserves pullbacks. The left square is easily seen to be
a pullback, hence the outer rectangle is a pullback by the pullback pasting
lemma. Q€D

Preservation of universes by clock substitution

The functors GR(f) do not in general preserve the universes we have de-
fined. More precisely by this we mean that it is not true in general that given
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f : Ay = A, being f*(uAl )—small is equivalent to being u®2-small. Let us
see a concrete example. Recall that GR(0) is isomorphic to the category Set
and GR (k) is isomorphic to the topos of trees. The universe u? is therefore
(modulo the isomorphism between Set and GR(0)) the universe el from Ex-
ample 5.5.4. Let 1 : 0 — {«x} be the inclusion and consider when an object
X € BGR(x) is small with respect to *(#?). Recall that an object is small by
definition if the unique map X — 1 fits into the pullback

X — 1*(5(},/)

[

1% (V)

for some X. If this is the case, it is easy to see that X must be isomorphic to
*(Y) for some Y € GR(0).

On the other hand, Proposition 5.5.6 tells us that an object X of GR(«x) is
ul*l_small precisely when X (#) is isomorphic to an element of U for all n € N.
Since not all of these objects are of the form /*(Y) the notion of smallness for
r (um) and u! are different.

This example contains the essence of the problem. If A;,A, cfi" CV are
disjoint, A, is non-empty and 1: Ay — Ay UA; is the inclusion then an object
X eBR(A{UA,)is 1 (uAl )—small precisely when it is isomorphic to *(Y) for
some Y € BR(A), so inclusions do not preserve universes.

In contrast surjective clock subsitutions preserve universes as stated in the
following lemma.

Lemma 5.5.12. Let s : A — A’ be a surjective function between clock contexts
A and A'. There exist isomorphisms c) : s*(VA) — VA and cE s (EX) — EX,
such that the diagram

s(EY) —— EY,

5*(”A)\L JMA/

CV ’
s (VA) —— vA
commutes. In particular the diagram is a pullback.
Moreover, if t : A” — A is also surjective then

coor =cs057(c)) (5.8)

and
ety =cs057(cr). (5.9)
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Proof. From Lemma 5.2.4 we have I(s) injective and from Lemma 5.2.11 we
have that I(s) is a fibration. Thus I(s) restricted to a function |(E,d) —
LI(s)(E,9) is a bijection with an order preserving inverse given by the as-
signment u((E, 0),—).

Moreover, because the bijection is given by a restriction of a single func-
tion I(s) it is natural in (E, ). We thus have

5*(VA)(E,5) —yA (I(s)(E,5)) = Ull(s)(E,é)OP ~ Ul(E,é)OP _ VA’(E,é)

where the bijection UHIEHED)T = UL (EA)T ig natural in (E, ). Thus s*(V2) =
VA" as presheaves in GR(A’). Concretely, then, we define ¢! to be

v _
(cs )(E,é) (D)=Do1(s)
and its inverse is

-1 3
(¢) (D) =D 0 u((E,0),)
The map cF is defined analogously. Equalities (5.8) and (5.9) follow directly
from (contravariant) functoriality of 1. QED

Remark 5.5.13. Inspection of the proof also shows why for inclusions 1 : A —
A, x the reindexing 1* does not preserve universes in this way: the function
I(1) restricted to | (E,A) — LI(1)(E,d) is not a bijection. This is consistent
with the situation as it was in Megelberg’s previous model [71] and so fol-
lowing loc. cit. we add additional universes in each GR(A). ¢

Definition 5.5.14. Let A’ C A cfi" CV be clock contexts and 1 : A’ — A the
inclusion. We define the universe

A . oA A
Wy s EN = U

as
Z/IAA, = l*(VA,) é’ﬁ, = z*(EX,) uﬁ, = t*(uA'). ¢

Of course we need to justify calling uﬁ, a universe. This is not imme-
diate and relies on /* being a locally cartesian closed functor preserving all
coproducts. To prove that uﬁ, are universes we will need some general facts
about universes in locally cartesian closed categories stated in the next two
lemmas.

Universes and generic operations Let C be a locally cartesian closed cate-
gory. Let el : E — U be a morphism in C. We characterise when the notion
of smallness induced by el is closed under composition and dependent prod-
ucts in the following two lemmas. To state the lemmas we need some prelim-
inary definitions. We return back to our specific model in Theorem 5.5.17 on
page 5.5.17 below.
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Letmt; : UxU — U and el : E — U be two maps in the slice over U and let
p1 : Uy — U be the exponential el = 7t; over U. Using the internal language
we can describe U; as the dependent sum

[]1 — Z UEl(X)
x:U

Define E; and p, as the pullback

E, —2 S E
-

P2 el

Uy —2 U

Using the internal language we may describe E; as the dependent sum

Ey =) El(m(y)

v:U;

Finally, define E, and pj as the pullback

E, — S E
_I
p3 el
E, —— U
where ¢: E; — U is defined as
¢ =T,oeval

where eval : p; Xy el — 77 is the evaluation map for the local exponential U;.
This makes sense because p; is the product of of p; and el in the slice over U.
Using the internal language E, can be described as

Ey =) El((ma(m (2)(ma(2))

ZZEl

or using pattern-matching notation as

Er= )  EIGW))

(x,Gy):E

Lemma 5.5.15. The morphism p, o p3 is U-small if and only if the notion of
smallness induced by el is closed under composition. o
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Proof. The morphisms p, and p3 are small by definition and if smallness is
closed under composition then their composition is obviously small.

For the converse assume p,op3 is U-smallandlet f : B—~>Aand g:C —» B
be U-small witnessed by the codes f: A — U and g: B— U. Because

f
B—— E
-
f el
A—L U

is a pullback we have fof = fxel.
Define m : fx el — 1y over U to be the morphism <fof,§>. Hence we

can take its exponential transpose 71 : f — p; over U. In particular we have
#ir: A — U;. Now consider the diagram.

(Oiof B, o),

O
~
T
N
~
t

oq
ol

flof f
<m f7>E1 > El el (5.10)

> @
=)

f paop
1 >U1 2003 s U

where ((m of, D 08 g>E and (rfio f,f)p are the maps into the respective
—r L2
pullbacks given by the universal property.
It is obvious that the lower left and the right squares are well-defined and
commute. To see that the upper left is well-defined observe that (i of;f)}i1
is the product of maps i1 x5 ide in the slice over U. Hence

Eo(rflof,f)El :gog:elog

so all the morphisms are well-defined. The upper left square thus commutes
by definition.
Now observe that both
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and

8

C s E, S E

\Lg \LIJ3 el
(o f £)

B o E, ¢ s U

~
aql

commute and since the right and outer ones are pullbacks by assumption, so
is the left inner one. Hence by another application of the pullback lemma so
is the diagram (5.10) above, meaning that p, o p3 ot is a code for fog,so fog
is small. Q€D

Lemma 5.5.16. The notion of smallness induced by el is closed under small de-
pendent products if and only if [, ps3 : [1,, E2 — Uy is small. O

Proof. If U is closed under small dependent products then [],, p3 is small

because p, and pj3 are small.
For the converse let f : B— A and g: C — B be small and let

(Oof B, o),

C s E,
8 . l/lﬂs
B (tiof £, y E,
\Lf l/lﬂz
A i > Uy

be the pullback (in particular the bottom square is a pullback) as in the proof
of Lemma 5.5.15 above.

Because the bottom square is a pullback we can use the Beck-Chevalley
property to get that the canonical natural transformation

can: n%*o]—[ — Ho((rﬁof,f)lgl)*
P2 f

is an isomorphism. In particular the component at p3 is an isomorphism

can,, : rh*[]_[(p3)] - H(((fﬁ of,DE, )*(133))

) f



5.5. Universes 211

Now observe that ((rfz o f,f)E1 )* (p3) = g and so we have that the square

My B ——— 11, E

lﬂf 8 lﬂpz P3

A—" sy

is also a pullback and so because [], ps is small, so is ]_[fg and this is wit-
nessed by a code [],, p3 oril. Q6D

The two lemmas lead to the following theorem.

Theorem 5.5.17. For any A’ C A cfi® CV the morphism uﬁ, is a universe in

GR(A) in the sense of Definition 5.5.2. O

Proof. Since 0, 1 and IN are constant presheaves they are small with respect
to uﬁ, as discussed above.

To see that uﬁ, is closed under small dependent products we only need to
show (Lemma 5.5.16) that a particular dependent product is small.

Because u2 is a universe (Definition 5.5.5) it is closed under small de-
pendent products. Hence defining p, and p3 as on page 207 but using the
universe %" in GR(A’) we have that [1,,p3is u® -small. Because 1* preserves
pullbacks and local exponentials (Theorem 5.2.13) the maps p) and p} con-

structed from uﬁ, are simply *(p,) and *(p3).

Because 1" preserves pullbacks the map L“(]_[IJZ p3) is uﬁ,—small. Because
1" preserves dependent products (it is a locally cartesian closed functor, and
dependent products can be constructed from local exponentials), we have
r (npz p3) = [1p(p,) (p3) = ]_[p,2 p3. Finally, being small is closed under isomor-
phisms, hence ]_[pr2 ps is uﬁ,—small, as needed.

The case for composition is entirely analogous. Q€D

Proposition 5.5.18. Let A’ C A Cfi" CV and x € A’. There is a morphism * :
>"Z/(AA, - Z/IAA, making the following diagram a pullback.

rEh e

K A A
>y, Wy,

—K
>

LGN

As a consequence, if a : A = T is uﬁ,—small with code & then »[ A is uﬁ,—small
with code
o orlethA oa. o
AI
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Proof. Lemma 5.5.7 provides a&* : »* VA" — VA" making the following dia-
gram a pullback.

»" EX, — EX,

-
>yt ud’

>

pryA PN
Because 1" : BR(A’) — GR(A) preserves pullbacks the diagram

F(EL) —— #(EL)

-
L*(»" ut )l luﬁ:

e (v L (v
is also a pullback. By Proposition 5.3.5 we have, e.g.,
s(eE ) =g,

hence defining the new " to be i*(>") proves the first part of the proposition.
The second part follows analogously from Proposition 5.5.8. Q€D

Proposition 5.5.19. Let A’ C A Ci® CV and « a clock not in A. Let AT €

GR(A, k) and a : A — T a morphism. If a is small with respect to uﬁ’,ﬁ{ then the

morphism Vi.a € BR(A) is small with respect to Z/{AA,.

Ax
,,K

A

In particular there exists a morphism ¥ : Vie.Uy S — U\, making the following

diagram a pullback.
VieEy —— &8

,K

Vieuh l - luA
M A

Ax v A
iUy —— U

Let v: A — A, « be the inclusion, T €e BR(A), A€ BR(A,x) and a : A — 1*(T)
a morphism.
If a is small with respect to L{A,"’; then Vrx.ao € BR(A)/T is small with respect

to UAA,. Moreover, if @ is a code for a then ¥ o (Y. @) o ' is a code for Vr.a. ¢

Proof. From Lemma 5.5.10 we have that the diagram

14 1%
Vk.EY, —— EX,

-
Vi.uh'x ul

Vi VA Y yn
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is a pullback. Let 1 : A” — A be the inclusion. Because i* preserves pullbacks
the following square is likewise a pullback.

Vs (EX,’K) —r (EX,)

f(vK.uA'x)l - f(ﬂ)

7 * V 7
r (VK.VA "‘) L} t"(VA )
By the Beck-Chevalley condition for Y« (Proposition 5.4.4) we have, e.g.,
’ (VK.MA/’K) =Vx.” (uA"K)

where 1" : A’,k — A, x is the inclusion. By definition /™ (uA"") = L{AA,”;. Hence
defining the new V as 1*(V) proves the first part of the proposition.

The second part follows analogously from Proposition 5.5.11 together
with Propositions 5.4.4 and 5.4.5. Q6D

Finally, these additional universes are preserved by clock substitution in
the appropriate way.

Proposition 5.5.20. Let f : Ay — A, be a function between clock contexts A;

and A,. Let A" C Aq be another clock context and uﬁ} : 52,1 — UAA} the universe

in GR(Ay) from Definition 5.5.14. There exist two natural isomorphisms cf’A,

A . :
PN Such that the diagram Recall that f[A'] is the

image of the set A’ under
the function f.

and c

£ (uy) LA Uiy

commutes. In particular, f* (Z/[AA}) ~ qu[ZA']'
Moreover, for any g : Ay — Az we have

and
S/ og*(cj;'A ): 8P (5.12)
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Proof. Let 11 be the inclusion of A” into A; and i, the inclusion of f[A’] into
A,. Let s: A” — f[A’] be the restriction of f. By definition s is surjective and
foi=1osandso ffol] =150s". Lemma 5.5.12 gives natural isomorphisms
¢V and cf such that the diagram on the left

S (BY) —S Bl A (L)~ 5 (2)
s*(VA,) C—;/> 724ty I (s*(VA/)) LCSV)) l*z(vf[A'])

commutes. Hence the diagram on the right commutes and the horizontal
morphisms are isomorphisms. But notice that, e.g.,

B (V) = £ () = £ ()
and by definition £, (Vf[A’]) = L{fA[ZA,]. This proves the first part.

The equalities (5.11) and (5.12) follow directly from equalities(5.8) and
(5.9) from Lemma 5.5.12. Q6D

Remark 5.5.21. The preceding proposition shows in particular that there is a
universe which is preserved by clock substitution. This is the universe Z/{(g) It
is preserved in the sense that we could define in each category GR (A) a single
universe Z/{@A and these universes would be preserved by clock substitution.
In fact, they would even be preserved on the nose.

A question might then appear as to why we need more universes? The an-
swer is that the universes Z/IwA are not closed under »* (in the sense of Propo-
sition 5.5.18). Closure under »* is however crucial for defining types as fixed
points on universes as explained in [18]. ¢

Universe inclusions

The final question is how the universes uﬁ, and uﬁ,, are related. The answer

is in the following proposition.

Proposition 5.5.22. Let A” C A Cfi" CV be two clock contexts. There is a
monomorphism

A A A
Ny, ot Uy = Uy,

that fits into the following pullback square.
gﬁ// % Eﬁl

A A
lILA,, lLlA,

A
IHAU'A/
U, 2



5.6. Discussion

215

If N C A” is a further clock context then also
in},  =ink, \ oink, . (5.13)

Finally if Ay Ci" CV and f : A — Ay is any function then the following diagram
commutes.

ey Sma) o
P&A” lcfvw (5.14)
M i M 0
f1a7] fla7]

Proof. Since the components of uﬁ:, € GR(A’) are the components of u? €
GR(A”) we have that all components of uﬁi, are el-small for the universe el
from Example 5.5.4. Hence by Proposition 5.5.6 there is a morphism inﬁ:,}A, :
Z/IAA,', — L{AA,, = VA, Define inﬁ,,’A, to be t*(inﬁ:,’A,) where 1 : A” — A is the
inclusion.

This argument shows that such a morphism exists, however to verify that
it is a monomorphism and that (5.13) and (5.14) hold we need a more useful
description. The morphism inﬁ,,’ A 1s defined to be

(in}, A,)E’b_ (D)(E’,8) = D(I(:3)(E',0"))

where I(lﬁ:,) : A” — A’ is the inclusion.

Using this description (5.13) and (5.14) are easy to verify by direct com-
putation. The fact that it is a monomorphism follows from the fact that I ( Lﬁ:,)
is surjective (Lemma 5.2.5). 26D

Using this proposition we have, for instance, that if f is a uﬁ,, code for a

map f : A — T then inﬁ,,’A, ofisa uﬁ, code for f. This follows directly from
the pullback pasting lemma.

5.6 Discussion

We have constructed an indexed category GR. For each A cfi" CV the cate-
gory GR(A) supports a model of extensional dependent type theory and for
each function f : A; — A, the functor GR(f) preserves the structure needed
to model dependent type theory. The indexed category can thus be made into
an instance of a PDTT-structure (5.2) (on page 183). However it is not a split
PDTT-structure. We now discuss what are the problems with splitting.
Since each GR(A) is a presheaf topos there are known constructions ([48,
51, 77]) for making BGR (A) a split closed comprehension category, with strong
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sums and strong identity types [51], i.e., a model of extensional dependent
type theory.

The source of problems is clock weakening. The first indication of this
appears in Lemma 5.5.12 and the remark following it which force us to add
more universes in each GR(A) and universe inclusions (Proposition 5.5.22).
A desirable property of universe inclusions is that they commute with all the
structure on the nose. For instance, if

—A)AH . Z/{A;/ XZ/IA// _)Z/{A//

is the chosen code (recall that to have a split PDTT-structure means in par-
ticular to make a choice of all structure) for the exponential operation in the
universe U AA,, and 5, is the chosen code for the exponential operation in ¢/ AA,
then we would want to have the equality of codes

—A)A/ [e] <inﬁ,, A o] f, inﬁ/, A Og> = inﬁ// A o —A)A// [e] <f,g>

for chosen codes f and g of maps f and g, respectively. At present we do not
know how to make this choice.

Similarly, we do not know how to make a choice of dependent products
in GR(A) in such a way that they would be preserved on the nose by clock
substitution f*.

The essence of all the problems is that exponentials (and dependent prod-
ucts) in presheaf categories are constructed using “Kripke” quantification
which means that they reflect the indexing category that is used. Hence
changing the indexing category, as for example when when moving from
GR (A1) to BR(A;), means that the natural choice of exponentials in presheaf
categories is very rarely preserved on the nose. We are working with quite
specific presheaf categories though, so perhaps the categories can be pre-
sented in a better way or alternatively the exponentials and dependent prod-
ucts could be constructed in a different way.

We believe this is a technical, rather than essential, problem with the par-
ticular presentation. In particular, without universes, there is a solution to
the coherence problem by replacing the categories &R (A) by equivalent ones
obtained by the Bénabou construction [16] (see also [51, Corollary 5.2.5]) ap-
plied to the (fibration obtained from the) indexed category R. This then
allows us to make choices of structure that are preserved on the nose by
functors interpreting clock substitution.

In related work, the model in Chapter 6 is a split PDTT-structure by con-
struction obtained in a substantially simpler way. The reason that clock sub-
stitution preserves all the structure on the nose is precisely that, for instance,
exponentials do not reflect directly the indexing poset used. Instead, the
exponential is a set of functions satisfying some property and since clock sub-
stitution does not change the underlying sets, but only the property imposed
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by the indexing poset, it preserves the exponential, since it preserves the
property. For technical details on how this works see Chapter 6.






Chapter 6

A Model of Guarded Recursion
via Generalised Equilogical
Spaces

This chapter is a slightly revised version of

Ales Bizjak and Lars Birkedal.
A model of guarded recursion via generalised equilogical spaces.
2??,2015.

Under review

which is currently under review.

Abstract

We present a new model, called GuardedEqu, of guarded dependent
type theory using generalised equilogical spaces. GuardedEqu models
guarded recursive types, which can be used to program with coinduc-
tive types and we prove that GuardedEqu ensures that all definable
functions on coinductive types, e.g., streams, are continuous with re-
spect to the natural topology. We present a direct, elementary, con-
struction of the new model, which, importantly, is coherent (split) by
construction.

6.1 Introduction

Type theories with support for guarded recursive functions and guarded re-
cursive types are useful for programming with coinductive types and also for
serving as a meta-theory for constructing sophisticated models of program-
ming languages with effects [22, 91].

219
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In this paper, we present a new model of guarded dependent type theory,
based on a generalisation of equilogical spaces [14]. We refer to the new
model as GuardedEqu.

In contrast to earlier models of guarded dependent type theory, Guarded-
Equ ensures that definable functions on coinductive types are suitably con-
tinuous. For example, any function definable on the type of streams is con-
tinuous with respect to the standard topology on streams. Thus, if f is such
a function on streams and xs is a stream, a finite amount of the output f(xs)
only depends on a finite amount of the input xs. We prove that an analogous
result holds for final coalgebras of arbitrary polynomial functors.

It is well-known that models of dependent type theory can be tricky to
construct. A virtue of GuardedEqu is that the model construction is quite
elementary and can be presented via a simple generalisation of constructions
known from realizability models of type theory. An important feature of
GuardedEqu is that it is coherent (split) by construction. A limitation of the
model is that it does not include universes.

We now explain how GuardedEqu is related to earlier models of variations
of guarded type theory.

Originally a type theory with a single » modality for expressing guard-
edness was modelled using the category PSh (w), the topos of trees [22]. The
model and the type theory allows for the solution of guarded recursive do-
main equations. It was later realised that guarded recursion can also be used
for ensuring that functions producing values of coinductive types are pro-
ductive in a precise sense. To support such encodings the type theory needs
to be extended with the ability to eliminate » in a controlled way. This led
Atkey and McBride [11] to generalise » to a family of modalities indexed by
clocks, and to support clock quantification for controlled elimination of ».
Atkey and McBride’s development was for a simply typed calculus. They de-
veloped a model of their type theory and showed that, e.g., all streams defin-
able in the calculus were were interpreted as actual streams, i.e., non bottom
elements. Mogelberg [71] extended their work to a model of dependent type
theory with universes. This model was subsequently refined [28] to support
clock synchronisation which considerably simplified the calculus. As it cur-
rently stands this model is complex, in particular in its split form which is
needed to soundly model the rules of guarded dependent type theory [27].

GuardedEqu can be seen as a generalisation of the model by Atkey and
McBride to dependent types. The type theory we are considering has, to
be useful, certain type isomorphisms [11, 71]. An example is the type iso-
morphism Vx.IN = IN, where IN is the type of natural numbers. In Atkey
and McBride’s model these were type equalities, but in the presheaf models
of guarded dependent type theory [28, 71] the types Yx.IN and IN are only
modelled as canonically! isomorphic types. In GuardedEqu these type iso-

ICanonical means there is a term definable using just the ordinary introduction rules for
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morphisms are again type equalities. This generalises the results of Atkey
and McBride to a dependent type theory.

6.2 Guarded Dependent Type Theory

In this section we give a very brief introduction to the syntax of guarded
dependent type theory. We refer the reader to [27] for the full set of typing
rules, their motivation and more detailed explanation.

Guarded dependent type theory can be seen as a version of polymorphic
dependent type theory [51]. It includes two contexts. A context A of clock
variables x,x’,--- and a context I' of ordinary term variables. Types depend
on clocks, that is, clocks can appear in types, but clocks are only names in
the sense that there are no constructions on clocks themselves. Guarded de-
pendent type theory has the following basic judgements.

| N
I' A Atype
Frpt: A

The judgement I' - expresses that the free clocks in I' are contained in A,
the judgement I' -5 A type expresses that A is a well-formed type in context
I' k5 and the last judgement expresses that t has type A in context I' Fp. As
usual in dependent type theory, there are also judgements for type and term
equality for which we refer to [27]. Clocks are used to distinguish different
» modalities. Thus, for each clock there is a modality »* and a term next®
with the typing judgement

Trat: A

K€EA
kA next®t:»FA

Clock weakening is admissible, e.g., there is a derivation of

I'+-p Atype
['Fpy Atype

for k ¢ A and analogously for other judgements. Clock weakening has a right
adjoint, which we write as Y«. The introduction rule is
[ Fp Fhprt:A
I'kp Axt:Vr.A

with the usual elimination rule for products and -7 rules for judgemental
equalities. Thus in the model we shall need to have polymorphic products of
kinds over types [51, Chapter 11].

Vi of type N — V«.IN and the denotation of this term is an isomorphism.
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A profitable way of thinking about guarded dependent type theory (and
polymorphic dependent type theory in general) is as follows.

For each clock context A we have a core dependent type theory with or-
dinary type formers Il, ¥ and equality types. In Section 6.3 we show how to
model this fragment by constructing categories PEqu(P) and associated split
closed comprehension categories with strong coproducts and strong equality.
The construction is parametrised by a partially ordered set P. For the model
of the core fragment it does not matter what P is. Later on, in Section 6.3,
we instantiate P with specific posets which allow us to model the » modal-
ity and clock quantification V«. Different clock contexts A will give rise to
different posets P.

Next, to be able to change clock contexts, e.g., to interpret weakening,
we need to be able to move between categories PEqu(P) for different P. Sec-
tion 6.3 provides the necessary results which ensure that moving between
PEqu(P) and PEqu(Q) preserves all the structure, e.g., products, coproducts.
Section 6.3 then ties it all together into one model of guarded dependent type
theory with two-level indexing. One for clock contexts and one for ordinary
contexts. Section 6.3 provides a high-level summary of the model construc-
tion in the framework of fibrations. In Section 6.4 we prove how final coal-
gebras for polynomial functors can be obtained via guarded recursive types.
And we prove the continuity properties for functions on final coalgebras for
polynomial functors mentioned in the Introduction.

GuardedEqu validates all the rules of guarded dependent type theory
apart from universes. We do not show soundness of all the rules in this article
but only show the main constructions needed. Using these constructions the
verification of all the rules is quite straightforward, albeit somewhat tedious
to write out in all detail.

Remark 6.2.1. In the most recent formulation of guarded dependent type
theory [27], guarded recursive types are defined via fixed points of functions
on universes. Since we do not model universes in GuardedEqu, we would
need some other facility for defining guarded recursive types syntactically,
such as the one used in [22]. Formulating and modeling such guarded re-
cursive types can be done without too much trouble, following [22].” Here,
however, we do not include such a treatment, since that would not be partic-
ularly interesting, given all the other material. Instead we show in Section 6.4
that we can construct final coalgebras of polynomial functors using solutions
of guarded type equations and we show that the solution comes equipped

%Indeed it is easy to show that PEqu(P) is enriched in the category of presheaves over P,
which is equivalent to the category of sheaves over P equipped with the Alexandrov topology,
so fits into the general framework [22] for a well-founded order P. Further, it is easy to see
that the usual type constructors, —, x, + give rise to enriched functors, and thus one can
prove an existence theorem for fixed points of contractive functors following [22].
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with the correct topology, which allows us to show expected productivity
properties of functions defined on final coalgebras. ¢

6.3 GuardedEqu

Modelling core dependent type theory

First we explain some general constructions which do not deal directly with
guarded recursion but are used later on. Let P be a partially ordered set. The
category PEqu(P) has as objects pairs A = (|A|, R4) where

* |A]is an algebraic lattice, i.e., a complete lattice where every element is
the supremum of compact elements below it

* R, is a monotone map from P°P to PERs on |A| ordered by subset inclu-
sion. In other words, Ry is a family of partial equivalence relations on
|A] indexed by P such that if p < g then R,(p) 2 Ra(9).

We will sometimes write a zi a’ for (a,a’) € Ry(p).

Morphisms from A to B in PEqu(P) are equivalence classes, with respect
to the relation ~ defined below, of continuous non-expansive maps |A| — |B|
(i.e., morphisms in AlgLat). The function f is non-expansive if it satisfies for
all p € P the property

V(a,a’) € Ry(p), (f(a), f(a’)) € Rp(p)-

The equivalence relation ~ is defined as

f~goVpeP,V(aa')eRa(p)(f(a)gla) € Rg(p).

Note that ~ is an equivalence relation on non-expansive maps, but only a
partial equivalence relation on general continuous maps. Indeed, if we define
the relation ~ on all maps then the non-expansive ones are precisely the ones
in the domain of ~.

This makes PEqu(P) into a category. Identities are given by equivalence
classes of the identity functions in AlglLat. Composition of [f]: A — B and
[g] : B— C is given by the equivalence class of f og. It can easily be seen that
this definition is independent of the choice of representatives f and g.

Remark 6.3.1. If P is the unique poset with one element then PEqu(P) is
the category of partial equilogical spaces [14], equivalent to the category of
equilogical spaces. ¢

To interpret dependent types we present the slice categories in a differ-
ent way, similar to uniform families [51] but incorporating the monotonicity
requirement.
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Analogous to the way that the slice category PSh(C)/I" of the category
of presheaves PSh(C) over some presheaf I is equivalent to the category of
presheaves over the category of elements of I' we will present the slice cate-
gories of PEqu(P) using an auxiliary poset jp I'. We now define this poset.

Let I' € PEqu(P). The poset fp I' has as elements pairs (p, [)/]p) where p e P
and [y], is an equivalence class of y € |I'| with respect to the relation Rr(p).
In particular this means (y,y) € Rp(p). We define the order < on fpl" as
(p,c) < (g,c')ifand only if p < gand c 2 ¢’. Or equivalently (p,[y],) < (q,[']y)
if p<qand(y,y’) € Rr(p).

Lemma 6.3.2. The set IPI‘ with the order relation < defined above is a poset. ¢

Note that in contrast to the situation with presheaves, it is not the case
that the category PEqu(P)/T is equivalent to the category PEqu(fP I'). The
problem is that the latter category has too few morphisms. However its ob-
jects are precisely the ones needed. To get a category equivalent to the slice
category we define a new category Typep (I').? Its objects are the objects of
PEqu(fP I'). A morphism from A to B is an equivalence class of continuous
functions |I'| — |A| — |B| in AlglLat with respect to the partial equivalence
relation ~ which relates f and f’ if and only if

VpeP,¥(y,y’) € Rr(p),Y(a,a’) € Ru(p,[¥]p), (fra,gy'a’) € Rp(p,[¥]p)-

As before such a function f is called non-expansive it f ~r f,i.e., if f is in the
domain of ~r. Identity at the object A is given by the equivalence class of the
second projection and composition of [f]: A — Band [g]: B — C is given by
the equivalence class of the continuous function

Yy aegy(fya)

Remark 6.3.3. Comparing to the situation with presheaves again, the mor-
phisms in Typep (') have access to an additional parameter I' (as compared
to the morphisms in PEqu(fP I')). The reason this is not needed with presheaf
categories is that natural transformations are indexed families of functions
(satisfying coherence conditions) and elements of I' are part of the index-
ing poset. So in essence, the additional parameter I' is already built into the
definition of the category of presheaves over the category of elements. ¢

Theorem 6.3.4. For any poset P and I' € PEqu(P) the category Typep (I') is equiv-
alent to the slice category PEqu(P)/T. o

Proof. We define two functors F : Typep (I') — PEqu(P)/T and G in the con-
verse direction. The functor F maps

3We use the notation Typep (I') because this category will be used to interpret dependent
types in context I'.
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* the object A to the object t4 : I'x A — I' where
T < A = |T[ x |A]
Rr.a(p) = {((3,a), (7", a) | (7,¥) € Re(p) A (a,@') € Ra(p, [7],)}.
and 7t4 is the equivalence class of the first projection |['| x |A| — |T.
* the morphism [f] to the equivalence class of the morphism

(y,a) = (y,fya)

The definition of the equivalence relation ~r is precisely what is needed
to show that such a definition is independent of the choice of represen-
tative f.

The functor G maps

* an object [f] : A — T of the slice category to the object f~1(A) of the
category Typep (I') where

I 1) =14]
Rf*l(A)(P; [V]p) ={(a,a’) | (a,a’) € Ra(p) A(f(a),y) € Rr(p)}.

* a morphism [a] : [f] — [g] to the equivalence class of the continuous
function

y—=a—aa

Finally we define two natural isomorphisms # :id - Fo G and ¢ :id —

GoPF.
nf

A » D f1(4)
(f] TCr-1(a)
r
Define 7 to be the equivalence class of the continuous function
ar (f(a),a).

Its inverse is the equivalence class of the second projection 7, : || x|A| — |A].
The component of € and A is given by the equivalence class of

Yy a-(y,a).
Its inverse is given by the equivalence class of the continuous function
Yy (y,a)—a.

Checking that these are well-defined and that they satisfy the claimed prop-
erties is straightforward, albeit somewhat lengthy, unpacking of definitions.
Gy
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Reindexing

Given a morphism [f]: I} — [, in PEqu(P) there is a functor f*: Typep (I3) —
Typep (I7) defined by “precomposition”. Given an object A € Typep (I3) the
object f*(A) is

If (A =1A]
Rea) (p:[71p) = Ra (P LF ()],

The functor f* maps a morphism realised by g to the morphism realised by
g o f. More concretely, a morphism [g] is by definition realised by a contin-
uous function g : [I;| = |A] — |B|. The morphism f*([g]) is realised by the
function of type |I;| — |A| — |B| mapping y and a to g(f y)a.

Lemma 6.3.5. The operation f* we have defined is well-defined, i.e., independent
of the choice of representative f, and it is a functor. O

Moreover this construction shows that we have a functor from the op-
posite of the category PEqu(P) to the category of categories which maps I to
Typep (I') and [f] to the functor f*. So we may use the Grothendieck construc-
tion to get a fibration p : UFam(P) — PEqu(P). Concretely, the objects of the
total category UFam(P) are pairs (I, A) where I € PEqu(P) and A € Typep (I).
Morphisms (I, A;) — (I3, A,) are pairs ([f],[g]) where [f]: T} — I is a mor-
phism in PEqu(P) and [g] is an equivalence class of continuous functions
ITy| — |A{| — |A;| with respect to the relation ~4 4, which relates g and g’ if
and only if

VpeP,¥(y,y’) € Ry (p),¥(a,a") € Ry (p,[¥]p) (gva g'y'a’) € Ra,(p, [f (¥)]p)-

Since the assignment f — f* is a functor the fibration p, which simply
projects the first components, is a cloven split fibration. The chosen cartesian
lifting of [f]: I} —» p(I3,A) is

([fLIy = amal): (I, f7(A) - (T, A)

The functor F defined in the proof of Theorem 6.3.4 can be extended
to a comprehension category. Indeed, define the functor P : UFam(P) —
PEqu(P)™ as

P(F,A) =T
P(f1 g = ([f)1(y,a) = (fr.gra)))

as depicted in the following diagram

I xAl[(%a)H(f(V),gya)fz w Ay

J/T[Al J/T[AZ
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Theorem 6.3.6. The diagram

UFam(P) —Z—» PEqu(P)™

lp cod

PEqu(P)

commutes and p is a full split comprehension category with unit. The terminal
object functor 1 : PEqu(P) — UFam(P) maps T to the object (I', 1) where

I1]=2°
Ry(p)=2"x2"

and 2% is the power set of the empty set. o

Below we will extensively use the fact that the fibre over an object I'
with respect to the fibration p is isomorphic in a trivial way to the category
Typep (I'). This reduces clutter because we do not have to carry around the
first components of objects of the fibre which do not matter, since they are
uniquely determined (up to equality).

Dependent products

Theorem 6.3.7. The comprehension category p has (split) products satisfying
(split) Beck-Chevalley condition. ¢

Proof. Let my = P(I’,A) : T <A — T be a projection. It induces a functor 7'(2'

from the slice over I to the slice over I' x A which we need to show has a
right adjoint. Representing slices using the categories Typep(—) the func-
tor n;f is simply 7},. Thus, given an object B € Typep (' < A) define the ob-
ject IT(A, B) € Typep(I') to have the underlying lattice |II(A, B)| the lattice of
continuous functions |A| — |B|. The family of relations R4 p) is defined at

(p,[7]p) to be

(.1

Vg <pY(aa) € Ra(g,[y])) (f(a) f(@) € Ry (. [(7,@)], )}

To show that we get a right adjoint to 77, we show that we have a universal
morphism

apap: 1, (I1(A,B)) — B
in Typep (I'< A). We define ap, p to be the equivalence class of the morphism

(y,a)—> f— fa.
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Note that the relation Ryy4 p) states precisely what is needed to show that the
function we have defined is non-expansive.

To show that apy p is universal we show that for any C and any morphism
[¢]: 7, (C) — B there is a unique morphism cur(¢) : C — TI(A, B) in Typep (T
making the following diagram commute.

70 (cur (@)

74 (C) 1, (I1(A, B))

aPa,B
[¢]

B

Define cur(¢) to be the equivalence class of the function

Y=o (a- @(y,a)c)

of type |I'| — |C| — (JA| — |B|), recalling that [¢@] is realised by the function ¢
of type [I'| x]A| = |C| — |B].

Checking that all the stated properties hold is straightforward unpacking
of definitions.

Finally, the Beck-Chevalley condition can be verified to hold by simple
computations. Q€D

Dependent sums

Theorem 6.3.8. The comprehension category p has (split) strong coproducts sat-
isfying (split) Beck-Chevalley condition. O

Proof. As in the proof of Theorem 6.3.7 given an object B € Typep (I'< A) de-
fine an object X(A, B) € Typep (I') as follows. The underlying lattice |X(A, B)| is
the lattice |A| x |B|. The family of relations Ry 4 p) is defined at (p,[y],) to be

{(@b),(@,b') | (a,0)) € Ra(p, [¥]p), (b,1) € R (p, [(,a)], )}

This definition comes with a morphism pair, g : B — 717, (£(A, B)) in the fibre
over I' < A which we define to be the equivalence class of the continuous
function

(y,a)— b (a,b).

This morphism satisfies the property that for any C and any [¢]: B — 7, (C)
there exists a unique morphism unpack(¢) : £(A, B) — C satisfying

10, (unpack(¢)) o pairy g = [@].
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Indeed, the morphism unpack(¢) is defined as the equivalence class of the
continuous function

y = (a,b) = @(y,a)b.

All of the claimed properties are easy and straightforward to check.

With these definitions the assignment B — X(A, B) extends to a functor
left adjoint to 77;. Concretely it maps a morphism [¢]: B — C to the equiva-
lence class of the continuous function

y = (a,b) = (a,¢(y,a)b).

Recall the domain functor dom : PEqu(P)~ — PEqu(P). A comprehension
category has strong coproducts [51, Definition 10.5.2] if the morphism
dom(P(nA,pairA,B))

is an isomorphism. In our case this follows by computation. Indeed, the mor-
phism dom (P(T(A, pairA,B)) is the equivalence class of the continuous function

((y,a),b) = (y,(a,Db)). Q6D

Equality

Theorem 6.3.9. The fibration p has strong equality. O

Proof. For any I' and any A € Typep (I') there is a morphism in PEqu(P)
O0p4:I'xA—->TxAxm,(A)

which is the equivalence class of the continuous function (y,a) — ((y,a),a).

Recall that a comprehension category has weak equality if 6;{‘ has a left
adjoint Eqy4 for any A and these left adjoints satisfy the Beck-Chevalley con-
dition.

Let us define Eq, : Typep (I'x A) — Typep (F xAan(A)). We proceed
as we did in Theorem 6.3.8, by constructing an object Eq,(B) and a univer-
sal morphism. Given B € Typep (I' < A) define Eq,(B) to have the underlying
lattice |Eq, B| the lattice |B| and the family of relations Rgq,(p) is defined at

(p.[((,0), @) to be
{(0,6) | (b,0') € Ra(p.[(y,0))). (a,') € Ra(p, [¥])}
_ {RB@,[(MJ) if (a,a) € Ra(p, [])

1] otherwise

There is a morphism refl, g : B — 9% (EqsB) which is the equivalence class of
the continuous function

(y,a)—>b—b.
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This pair satisfies the universal property stating that for any C and any [¢]:
B — 97 (C) there exists a unique morphism with(¢) : Eq,(B) — C satisfying
0% (with (@)) o refl4 p = [@]. The morphism with (¢) is the equivalence class of
the continuous function

((y,a),a’) > b @(y,a)b.

To show that the equality is strong we additionally need to check [51,
Definition 10.5.2] that the canonical morphism

kK:TxAxB—-TxAxm,(A)<EqyB

which is the equivalence class of the continuous function

((7,a),b) = (((y,a),a),b)

is an isomorphism. This is indeed the case and its inverse is given by the
equivalence class of the function

(y,a),a'),b) = ((7,a),b).
QED

With this we have shown that for any poset P the fibration P is a model
of dependent type theory with strong dependent sums and strong, i.e. exten-
sional, equality.

A few words on how the identity type is modelled. A term t of type A
in context I' is modelled as a section of the projection P(A). Because P is a
comprehension category the diagram

<A1 (A) ——— ' A

lnn;‘ (A) \[T(A

A —— ™ 4T

which is the image, P(74), of the cartesian lifting 74 of 7y, is a pullback
diagram. Thus given two terms ¢ and s of type A we get a unique morphism
((id, t), s) making the following diagram commute.

t

(a0
-
< A= (A) ——— ' A

lﬂn;\ (A) \[TCA

ITwA—— ™ s T
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The fibration p has a terminal object functor 1. We define the interpretation
of the type Id(t,s) to be the object

((id, £),5)™ (Eq(1(T < A)).

Concretely in our model the underlying lattice of [ld(t,s)] is the lattice 2°.
The relation Ryq(,s) is

Rig(e)(p:[1]) = 1(0,0) | (ra(t(), a(s(7)) € Ra(p, [¥])}
_ {|1|><|1| if (o (t(7), 7a(s(7) € Ra(p.[¥])

1] otherwise

which is as expected. This also makes it clear why the model supports exten-
sional equality.

Changing the underlying poset

Let P and Q be two posets and ¢ : Q — P a monotone function. It induces a
functor ¢’ : PEqu(P) — PEqu(Q) (notice the reversed order of posets Q and
P) by “precomposition” as follows. It maps an object T to the object ¢'(T)
where

lt(0)| =11
R(p*(r) = Rr [e} (p

where we consider Ry as a function from P to the set of partial equivalence
relations on |[]|, so composition with ¢ is well-defined. Moreover because
¢ is monotone the composition Ry o ¢ retains the monotonicity property.
The functor ¢ maps a morphism realised by f to the equivalence class of
the continuous function f. Note however that the equivalence relations are
different, consequently ¢ is in general neither full nor faithful.

Lemma 6.3.10. The functor @' preserves limits and colimits. O

Further, given I' € PEqu(P) there is an induced monotone function ¢r

Lo
er(@ (7)) = (2@ Vo

Note that by the definition of ¢'(T) the sets [¥]p(q) and [y ], are equal.
This function in turn induces a functor

o1 Typep (T) — Typeg (<P+(r))

which acts as follows.
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objects It maps an object A to the object (|A|, R4 o ¢r).

morphisms It maps the morphism realised by f to the equivalence class of
f, exactly as in the definition of (p+.

We have two types of reindexing. The following lemma states that they
commute in the appropriate way.

Lemma 6.3.11. Let [f]: I} — I, be a morphism in PEqu(P). The following
diagram of functors commutes on the nose

fx-

Typep (I2) > Typep (I1)
1, 1y
Typeg (¢'(I)) e, Typeg (¢*(T1))
O

Proof. Since none of these functors changes the underlying lattices or the
realisers those are clearly preserved on the nose if only the relations are pre-
served. This is easily seen to be the case with the definitions provided. Q€D

Combining these two functors we get a morphism of fibrations

UFam(P) —%— UFam(Q)

ppl lpa (6.1)

PEqu(P) —— PEqu(Q)
The functor ¢ T maps
objects the object (I', A) to the object ((p*(l“), (p;f(A))

morphisms the morphism ([f],[g]) to the morphism ([f]’,[g]’). We use ’ to
highlight the fact that the equivalence relations are different.

Theorem 6.3.12. The pair of functors just defined is a morphism of split fibra-
tions. It maps the chosen cartesian liftings to the chosen cartesian liftings. O

Proof. The fact that it is a morphism of fibrations follows from Lemma 6.3.11
and the fact that the functors never change the underlying realisers. = Q€D
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Lemma 6.3.13. Let ¢ : PEqu(P)~ — PEqu(Q)™ be the functor induced by
@' in the natural way and let Pp and Pg be the comprehensions belonging to

fibrations pp and pg. Then ot oPp = Po o @'. In particular for any A €
Typep (T) we have ' (114) = Tyt
Finally, the diagram of functors

UFam(P)r > UFam(P)r,a

-

(pfA
UFam(Q)(p+(r) T - UFam(Q)q)-I-(r)xq)l’[(A)
commutes on the nose. Note that we have used the equality @' (T) = (plf(A) =
@' (T < A) which follows from the first part of the lemma.

Theorem 6.3.14. If ¢ is a fibration then the morphism of fibrations (6.1) pre-
serves products and coproducts on the nose. This means (cf. [51, Definition
1.9.13))

o @' preserves pullbacks on the nose

* Forevery I’ e PEqu(P) and A € Typep (I') the canonical natural transforma-
tion

@7 oTI(A, ) > TI(pf(A),~)o T
is the identity. This in particular means that we have an equality of objects
¢ (T1(A, B)) = TT(pf(A), @ (B))
for every B € Typep (< A).

* Foreveryl € PEqu(P) and A € Typep (I') the canonical natural transforma-
tion

(@A), ~)opT - @ 0X(A,-)
is the identity.
0

Proof. Most of this is simple computation and only requires ¢ to be mono-
tone. We need the assumption that ¢ is a fibration to show that products are
preserved. To show how this assumption is used we spell out the proof of

¢ (TI(A,B) =TI(@f(A), ¢ (B)).
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Since ¢ " or (p{f do not change the underlying lattices they are |A| — |B| on
both sides. To show that the families of relations are the same we show two
inclusions.

C For every g € Q and (y,y) € Rr(¢(g)) we show

Ry rua,p) (@ [¥]) € Rry(pt(a),om8)) (@ [V]-
Recall
Ry a4, [7]) = Rra,)(9(q), [¥ ). (6.2)
Let
(f.f') € Rrga,y(@(q): [ ] (6.3)

r<qand(aa)€R+ )(r,[7])- Recall

1) (1 [¥]) = Ralep(r), [¥])-

Because ¢ is monotone ¢(r) < ¢(gq) holds and so from assumption (6.3)
we get (fa, f'a’) € Rg(¢(r),[(v,a)]) and by definition of ¢ T we have

Ror()(r:[(y,a)]) = Rp(e(r), [(7,@)])
which gives
(fa, f'a’) € Ryrp)(r. [(y,a)])

as needed. Note that we have only needed ¢ to be monotone for this
direction.

2 For every g € Q and (y,y) € Rr(¢(g)) we show
Ryt ayem8) (@ [7]) € Rprauas) (4, [¥])-

Assume

(f ) € Ryt a) g (3) (@ [V ) (6.4)

Recalling (6.2) let r < ¢@(q) and (a,a’) € Ra(r,[y]). We need to show
(fa, f’a’) € Rg(r,[(y,a)]). Because @ is a fibration there exists a u(q,r) €
Q such that u(q, r) < g and ¢@(u(q,r)) = r. Thus by definition we have
(a,a’)€R oHA )(1(g,7),[7]) and so from (6.4)

(fa,f'a’) € Ryrp)(ulg, ), [(y,a)).
By definition and the property ¢(u(q,r)) = r we have

Ryrs)(ulg,7),[(y,a)]) = Rp(r,[(y,a)])

which concludes the proof.
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QED

Remark 6.3.15. We have not needed the full assumption that ¢ is a fibration,
only that the function ¢ when restricted to | ¢ —| ¢(q) is surjective for any
q € Q. This is equivalent to requiring that ¢ : Q — P is an open map when Q
and P are equipped with the version of the Alexandrov topology where the
opens are lower sets. Indeed, this is immediate from the fact that down sets
of the form | q form a basis of the Alexandrov topology. However if we were
to consider universes we would likely also need the additional assumption
requiring that the assignment u(q,—) (see Definition 5.2.7 on page 186) is a
monotone function (cf. Lemma 5.5.12 on page 206). ¢

Modelling guarded dependent type theory

This section uses the definition of posets I(A) for a finite set A and mono-
tone functions I(f) for f : Ay — A, and their properties from Section 5.2
(page 184) which we do not repeat here. We define GR(A) = PEqu(I(A))
and for a function f : Ay —» A, we define GR(f) : BR(A;) —» GR(A,) to
be the functor I(f)" defined in the previous section. Similarly we define
GRT(A) = UFam(I(A)) and GRT (f) : UFam(I(A;)) — UFam(I(A,)) to be the
functor I(f)" defined in the previous section. We write p, for the resulting
fibration. For an object I' € K (A) we define Ry (A) = Typeys) (I'). Note that
GRr(A) is isomorphic in a trivial way to the fibre over I with respect to the
fibration ps. Because the diagram (6.1) commutes the functor GRT (f), for
any f : A; — Ay, restricts to a functor GRr (A1) — GRap(r)r) (Az). We will
write GRr (f) for this functor.

Clock quantification

Let A be a finite set of clocks, « a clock notin A and 1: A — A, x the inclusion.
Let I € GR(A). We define a functor YV« : GRgryr) (A k) — GRr(A) right
adjoint to the functor GRr (1). It maps an object A to the object Yk A where

VkA| =|A|
Ryiea((E,0),[V]E5) ﬂRA (E,8), [7)ie.0))
nelN

where 1, is defined just before Lemma 5.4.2 on page 194. In particular
Lemma 5.4.2 shows that i}, satisfies I(1) o1, = idy(a) which ensures that the
sets [y]g, and [y ]y g s) are in fact equal, so the relation Ry, is well-defined
and because PERs are closed under intersection it is also a PER.

The functor Yk maps a morphism realised by f to the morphism realised
by f. Note however that, again, the equivalence relations with which the
morphisms are constructed are not the same at the source and target, so YV«
is neither full nor faithful in general.
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Theorem 6.3.16. The functor YV« is right adjoint to &Ry (1). It additionally sat-
isfies the following properties.

Vi o (BRF (l) =id
The unit of the adjunction is the identity.

The counit of the adjunction at an object A is given by the equivalence class
of the continuous function

Yy asa.
Note however that it is not the identity.

(The Beck-Chevalley condition for clock substitution) Given u : Ay — A,
and k1 € Ay and k) € Ay. Let 61 : Ay, k1 — Ay, be the extension of u
mapping xp to k,. Then

GRr(u) oV = Viy o BRrp (1)
and moreover the canonical morphism from left to right is the identity.
If[f]:T1 > L, is a morphism in GR(A) then
froVi = Vo (GRO(f)

This item shows that substitution in terms commutes with clock quantifica-
tion as it should.

o

Proof. The first and second items follow from the property I(1)o 1, = idg(a)-
The third item follows from the property

) (LD (E,0)) = (E, 8)

proved in Lemma 5.4.2.
The last two items follow from the fact that the underlying lattices never
change and a simple computation showing the relations are preserved. Q€D

The delay functor

Let A be a finite set of clocks, k € A and I' € GR(A). There is a functor
> GRr (A) — GRr (A). It maps the object A to the object »1(A) where

[-5(A)| = |A]
|A| x |A] if o(x) =1

R»;‘A ((E,0),[¥]Es) = {R((E’é—K)’ [7/](E’5_K)) otherwise
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where 07" is defined in Definition 5.3.2 on page 191. Lemma 5.3.3 then
shows in particular that 67" satisfies

(E,67")<(E,9)

and the assignment is monotone in (E,d) which shows that R,«, is well-
defined. The functor »{ maps a morphism realised by f to the morphism
realised by f.

There is a natural transformation next'"* : id — »§ which is realised, at
an object A, by the continuous function y = a - a.

Remark 6.3.17. This is the place where monotonicity of the relations Ry is
needed. Without it the morphism next would not exist. Consequently we
could not state and prove the fixed point property in Proposition 6.3.20 in
general. ¢

Theorem 6.3.18. The functor »{ we have defined satisfies the following proper-
ties.

* VYkobp =V
e Ifu:Ay — A, and x € Ay then
N ) B Rr (1) = GRr (1) 0w
o If[f]: I} = T, is a morphism in GR(A) then
frowp =wpof.

The last item shows that substitution for term variables commutes over »
correctly. ¢

Remark 6.3.19. It can be shown that for or each « the functor »* : PEqu(P) —
PEqu(P) (which corresponds to the functor ») is an applicative functor in
the sense of [69]. In [27] the applicative functor rules are generalised using
delayed substitutions in order for » to behave well with respect to dependent
products. The functors » can be shown to validate these rules. The proofs
are straightforward, albeit notationally heavy. ¢

Fixed points
Let A be a finite set of clocks, k € A, T € GR(A) and A € GRr (A).

Proposition 6.3.20. Let [g]: »1 A — A be a morphism. There is a unique mor-
phism [f]:1 — A such that

[¢]onextly* o[f]=[f]-
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Proof. Recall that 1 is the terminal object in &Ry (A). The underlying lattice
is 2° and the relations are total relations on this lattice. To show that a fixed
point exists we first construct a continuous function f : || — |1| — |A]| sat-
isfying gy(fy0) = fy0 for all y € |I|. This is easy to do using the fact that
taking least fixed points is a continuous operation [87, Proposition 3.14], i.e.,
we define

(o)

fr0=\/(gy)"(L)

n=0

Using this realiser we have [g] o next'"*o[f] = [f], provided that f is non-
expansive, i.e., that f is a realiser. We show this now. We need to show that
for any (E,0) € I(A) and any (y,»’) € Rp(E, 9) we have

(f70,fy'0) € RA((E, 8), [¥]E,5)- (6.5)

We proceed by induction on 6(x). To be more precise, the statement we are
proving by induction is that for any n € IN and for any (E, ¢) satisfying (k) =
n the property (6.5) holds.

If 5(x) = 1 then by the definition of Ry« 4((E, 6),[y]E,s) we have

(f70,f7'0) € Rux a((E, 8), [7]E0)

and so, because g is non-expansive,

(g7 (f70),87 (fy'0)) € RA((E, 0),[V]E,s)

but, e.g., g7(fy0) = fy0 so we have (6.5). The induction step should now be
clear.

Uniqueness of the constructed fixed point follows by an analogous induc-
tion. Q€D

Note that the underlying realisers might have many fixed points, but
what we have shown is that all of them are equivalent according to the family
of PERs given.

Summary of the model

Theorems 6.3.12 and 6.3.14 together with Lemma 5.2.11 on page 189 ensure
that the pair (GRT (f),BR(f)) is a morphism of split fibrations preserving
products and coproducts on the nose.

We can organise the constructions above into the general framework of fi-
brations. In particular we construct a PDTT-structure [51, Definition 11.3.1].
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The model GuardedEqu can be organised in the following diagram of fibra-
tions and comprehension categories.

D —"— A~

A E—2 B~
\ lb
cod
B

We now explain what all of these are. The base category B and the category
[E are the same. They have as objects finite subsets of the set of clocks CV. A
morphism f : Ay — A, is a function A, — A; (note the reversal). So, briefly,
we may describe B as the opposite of the category of finite sets and functions.
The functor b is the identity functor and Q is defined as follows. We assume
we have a function new(—) that given a finite set of clocks returns a clock
not already in that set. The comprehension Q maps a set A to the inclusion
i1p from A to A,new(A). It maps a function u : A — A’ to the commutative
square

A 4 s A

A, new (A) — A, new (A)

where 71 is the extension of # mapping new (A) to new (A’). Thus we easily see
that codo @ =idg = b.

Next, the category A has as objects pairs (A,I') where A is a finite set of
clocks and T is an object of GR(A). A morphism (A1,I}) — (A, I3) is a pair
(u,[f]) where u is a function A, — Ay, i.e., a morphism in B from A; to A,
and [f] is a morphism I} — GR(u)(I3) in GR(A;). Equivalently, this is the
total category of the Grothendieck construction applied to the functor GXR,
the evident projection r : A — B is a split fibration.

Finally, the category ID can be briefly described as the total category of
the Grothendieck construction applied to the functor BRT (-). Concretely,
its objects are pairs (A, (I, A)) where A is a finite set of clocks and (I,A) €
GRT (A). A morphism

(A1, (I, A1) = (Mg, (I, Ay))
is pair morphisms (u, ([f],[g])) where u is a function A, — A and ([f],[g]) is

a morphism in GRT (A;) from (I}, A;) to GRT (u) ([, A,). The functor g maps
the pair (A, (I, A)) to the pair (A,T). Thus we have that r o g is the projection
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associated with the Grothendieck construction. Moreover, g is also a split
fibration. Indeed, the cartesian lifting of

(u, [f]) : (A, T7) = g(Ag, (T, A))

is the morphism

(u, (L] [81) ¢ (Ar (T, £ (BR, (1) (A2)))) = (Ag, (T, Az))
and g: I} - A, — A, is the function
Y aea.

Recall that p e I(A;) and so I(u)(p) € I(A,) as required of a PDTT-structure.
Note that g can also be seen as arising from the Grothendieck construction
mapping the object (A,T') to the category Typey ) (I).

And at last, the comprehension P maps the object (A, (I',A)) to the mor-
phism (object of the arrow category) (ida,74). Hence we see immediately
that all the projections are indeed r-vertical as required.

6.4 Continuity

Let A,B € GR(0) and [f]: B — A a morphism. Such a morphism defines a
polynomial functor P;. Abusing notation this functor can be described as

Pr(X) = fo’l(a)_
a:A

or more precisely, Pr(X) is the total space, i.e., domain, of the exponential

f

70, in the slice over A, where 7, : X x A — A is the second projection.
As an example we have the object of streams whose elements are of type
A. We take the morphism [f]: A — A to be the identity. We then have

Pia,(X) = le ~ ZX —AxX.
a:A a:A

Alternatively, without abusing notation, recall that the identity on A is the
terminal object in the slice category over A. Hence nlsz = 77, as object of the
slice over A and the total space of 7, is precisely X x A. The object of streams
is defined to be the final coalgebra of Piq, -

A more interesting example is the type of possibly infinite lists of type A.
We take the morphism [f] to be the inclusion of A to 1+ A. Then, abusing
notation,

Prx) =) XY XMWY X0 Y X =14 AxX
x:1 x:A x:1 x:A
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so Py indeed describes the shapes of lists. The object of lists is defined to
be the initial algebra, if it exists, of this functor and the object of potentially
infinite lists is defined to be the final coalgebra of this functor.

Bauer and Birkedal [13] describe the polynomial functor Py : GR(0) —
GR (D) very concretely as follows. It maps an object X to the object

(1A% (1Bl = IX1), Rp,(x))

where (a, u) z%f(x) (a’,u’) if and only if (a,a’) € R4(x) and

V(b,b') € Rp(%), (f(b),a) € Ra(*) — (u(b), u’(b')) € R (*).

We have used * to denote the unique element of I((). This functor can be
lifted to the functor D? on GR (k) for any clock « by replacing f by GR (1) (f).
Concretely the functor maps the object X of GR(«x) to the object whose un-
derlying lattice is the same |A| x (|B] — |X]). To describe the relations we will
use the fact that there is only one equivalence relation on the set {«x} to rep-
resent pairs (E, 0) € I(x) by a single natural number n. The relation RDF(X) at

n relates (a,u) and (a’,u’) if and only if (a,a4") € Ry (*) and
V(b,b') € Rp(*), (f (b),a) € Ra(*) = (u(b), u’(b’)) € Rx(n)
The lifting is easily seen to satisfy the property
GR(1)oPs= D? oGBR(1).
Next, Bauer and Birkedal [13] construct the algebraic lattice

wf]

(IBI' — JA|)
=0

together with an isomorphism ¢ : |A| x (|B| - M) — M (in AlglLat) defined
component-wise (since M is a product, this makes sense). We use 7; : M —
(IB]" = |A|) to denote projections.

no(p(a,u)) =*r—a

—

i1 (pla,u) = (b,5) € B! > 7t; (u (b)) (D)

where we have assumed in this case that products associate to the right.
The inverse 1 : M — |A| x (|B] = M) to ¢ can also be given explicitly as

P(m) = (109 (m)(), b > {B 1> 10141 (m) (b, D)) ).

We will write ) =m0 : M — |Aland ¢, : p 09 : M — (|B| —» M).
Next we construct the solution to D? (»*X) = X. The underlying lattice
of X is the lattice M constructed above. The family of relations Ry is defined
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by induction on n using the isomorphisms ¢ and 1. We define m =% m’ if
and only if (i (m), P (m’)) € R4 (*) and

V(b,b’) € Rp(*), (f (b), 1 (m)) € Ra(%) = (2(m)(b), o (m’)(b")) € ﬂRx(k)

k<n

or alternatively
Rx(1) = {(m,m') | (1 (m), 1 (m')) € Ra ()}
and m ~%*! m’ if and only if (1 (m), P (m’)) € R4(*) and

V(b,b') € Rp(*), (f (b), 1(m)) € Ry (%) = (2 (m)(b), 12 (m”)(b")) € Rx (n).

With these definitions it is easy to see that the functions ¢ and i are non-
expansive, and so they give rise to an isomorphism in GR (k).

Finally, applying Y« to the object X we get the relation Ry; = (1,2, Rx(n).
Observe that the construction of Ry is precisely the chain ®"(T) where @ is
the operator defined by Bauer and Birkedal [13]. Because @ commutes with
non-empty intersections, i.e.,

)

N

i€l

= @(r)

i€l

for all inhabited I, we have that R, defined above is precisely the largest
fixed point of @ by Kleene’s fixed point theorem.

Hence (M, Ry) is the final coalgebra of Py, as needed.

To recap, what we have shown is that we can construct final coalgebras of
polynomial functors using solutions of guarded domain equations.

Finally, we get more than from the presheaf models [28, 71]. In these
models M would just be a set with the property that it is the final coalgebra of
the functor Py and we get no useful information on functions M — M defin-
able in the type theory, i.e., in the model functions M — M are all functions.
Using GuardedEqu we get the additional property that every morphism of
type M — M definable in the type theory is realised by a continuous func-
tion.

Let us look at a concrete example to see that this property gives useful
information. Let A be some set considered as an algebraic lattice A+, by
adding two elements T and | with T being the top element and | the bottom
and otherwise the order is discrete. We consider A as an object of GR (0) by
equipping A+, with the PER R4 which is the identity relation on A, but does
not relate L or T to anything, including themselves.

The type of streams is given as the final coalgebra of the polynomial func-
tor Pig A This is not a very convenient description so we provide another
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description of the type of guarded streams of type A. The underlying lattice
is the product lattice [ ]2y A+, and the relations are

Rsuesa) (1) = {( (%0120, 190320 ) | Y < 1 (0,90 € Ra)

Note that n starts at 1, but the indexing of the product starts at 0, which is
the reason for using the strict order relation k < n.

There are two continuous functions a : [[;2, A+, — M and f in the con-
verse direction, where M is the lattice constructed above, but specialised for
the functor Piyg AL So

M= |(AfL = ArL).
i=0

1

The function «a is defined as
als) = {- 5,12,

where s; is the i-th element of the string. The function f is defined by induc-
tion. Given m € M define the stream f(m) by induction

B(m)o = 1 (m)
B(m)y1 = 1 (Pa(m) (B(m),)).

Then it is easy to see that these functions are continuous and that o a =id.
In contrast a o § is not the identity. However an easy calculation shows « and
B are non-expansive with respect to the equivalence relations given and that
aopf~id.

Thus because Y« is a functor the lattice [[;2) A+, together with the par-
tial equivalence relation relating only equal streams where none of the ele-
ments are T or L is the final coalgebra for the functor Piq A

Using the equivalence between partial equilogical spaces and equilogi-
cal spaces and using the fact that Top is a full subcategory of the category
of equilogical spaces [14] we quickly see that functions on streams are in
bijective correspondence with continuous functions on the topological space
[1:20A, where A is equipped with the discrete topology. Standard topological
exercise then shows that these are precisely the functions with the property
that the first m elements of an output stream only depend on the first n, for
some 1, elements of the input stream.

6.5 Discussion

A natural question to ask is what is the relationship between PEqu(P) and
presheaves on P valued in PEqu. Clearly if P is the singleton poset these
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are equivalent. In general, one can show that the category of PEqu-valued
presheaves [P°P,PEqu] is a reflective subcategory of PEqu(P) and the reflec-
tor F is faithful, but in most cases it is not full. In particular if A is inhabited
and P is I(A) the reflector is not full. Based on this we conjecture that the
categories are not equivalent, however we do not have a proof of this. How-
ever even if they were equivalent, the presentation with families of PERs is
simpler to work with and does not have problems with coherence inherent
in the presheaf presentation.

An inspection of the constructions used shows that the use of algebraic
lattices as realisers is not essential. For instance it could be replaced by
other categories of domains (such as complete pointed partial orders, Scott
domains, or countably based algebraic lattices) or we could consider only
PERs on a reflexive domain. The important properties are that the category
is cartesian closed and that its endomorphisms have fixed points. Section 6.4
requires more, namely the existence of certain countable limits.

One can also model guarded recursive functions using (complete) or-
dered families of equivalences [44]. An important difference to that approach
is that we require no completeness conditions on our families of PERs. The
reason is precisely that the underlying category of realisers has fixed points.
In contrast, functions between sets do not necessarily have fixed points, so
the completeness conditions on ordered families of equivalences in [44] are
needed to ensure that suitably contractive functions have fixed points.

Guarded dependent type theory can be thought of in particular as a rich
“rule format” for defining functions on coinductive types, cf. the work of
Rutten [83] who defines a rule format for defining non-expansive stream
functions. Since guarded dependent type theory is an extension of depen-
dent type theory with types which allow us to express “non-expansiveness”,
the rule format is modular in the sense of [70]. Indeed in loc. cit. it is shown
that, if one defines a function, e.g., from streams to streams using a restricted
set of rules then the set of rules allowed in the construction of stream func-
tions can be extended with the newly defined function. This corresponds
to the observation that the newly defined function is non-expansive, which
in guarded dependent type theory corresponds to a function from guarded
streams to guarded streams. Using clock quantifiers affords more expressive-
ness and allows us to distinguish in the type theory between functions which
can be used in recursive definitions of streams (and stream functions) and
functions such as the tail function which can only be used in a much more
restricted way. The model constructed in this paper shows that guarded de-
pendent type theory can also be seen as a rule format for defining continous
functions on streams and, more generally, on a large class of coinductive

types.
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extended with an appendix which provides more detailed derivations of ex-
amples, showing how the rules of the calculus are used.

Abstract

We present guarded dependent type theory, called gDTT, an exten-
sional dependent type theory with a ‘later’ modality and clock quan-
tifiers for programming and proving with guarded recursive and coin-
ductive types. The later modality is used to ensure the productivity
of recursive definitions in a modular, type based, way. Clock quanti-
fiers are used for controlled elimination of the later modality and for
encoding coinductive types using guarded recursive types. Key to the
development of gDTT are novel type and term formers involving what
we call ‘delayed substitutions’. These generalise the applicative functor
rules for the later modality considered in earlier work, and are crucial
for programming and proving with dependent types. We show sound-
ness of the type theory with respect to a denotational model.
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7.1 Introduction

Dependent type theory is useful both for programming, and for proving
properties of elements of types. Modern implementations of dependent type
theories such as Coq [68], Nuprl [33], Agda [73], and Idris [29], have been
used successfully in many projects. However, they offer limited support for
programming and proving with coinductive types.

One of the key challenges is to ensure that functions on coinductive types
are well-defined; that is, equations describing the function have a unique so-
lution. Syntactic guarded recursion [34], as used for example in Coq [45], en-
sures productivity by requiring that recursive calls be nested directly under
a constructor, but it is well known that such syntactic checks exclude many
valid definitions, particularly in the presence of higher-order functions.

To address this challenge, a type-based approach to guarded recursion,
more flexible than syntactic checks, was first suggested by Nakano [72]. A
new modality, written > and called ‘later’ [9], allows us to distinguish be-
tween data we have access to now, and data which we will get later. This
modality must be used to guard self-reference in type definitions, so for ex-
ample guarded streams of natural numbers are described by the guarded re-
cursive equation

St1r§\I ~ N x I>St1r§\I

asserting that stream heads are available now, but tails only later.

Types defined via guarded recursion with > are not standard coinduc-
tive types, as their denotation is defined via models based on the topos of
trees [22]. More pragmatically, the bare addition of » disallows productive
but acausal [57] functions such as the ‘every other’ function that returns ev-
ery second element of a stream. Atkey and McBride proposed clock quanti-
fiers [11] for such functions; these have consequently been extended to de-
pendent types [28, 71], and Megelberg [71, Theorem 2] has shown that they
allow the definition of types whose denotation is precisely that of standard
coinductive types interpreted in set-based semantics. As such, they allow us
to program with real coinductive types, while retaining productivity guaran-
tees.

In this paper we introduce the extensional guarded dependent type the-
ory gDTT, which provides a framework where guarded recursion can be used
not just for programming with coinductive types but also for coinductive rea-
soning.

As types depend on terms, one of the key challenges in designing gDTT
is coping with elements that are only available later, i.e., elements of types of
the form »A. We do this by generalising the applicative functor structure of
> to the dependent setting. Recall the rules for applicative functors [69]:

Frt:A I'+f:»(A—B) Frt:rA
'+ nextt:>A ' f®t:»B (7.1)
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The first rule allows us to make later use of data that we have now. The
second allows, for example, functions to be applied recursively to the tails of
streams.

Suppose now that f has type »(Ilx : A.B), and t has type »A. What should
the type of f ®t be? Intuitively, t will eventually reduce to some value nextu,
and so the resulting type should be »(B[u/x]), but if ¢ is an open term we may
not be able to perform this reduction. This problem occurs in coinductive
reasoning: if, e.g., A is Stry, and B a property of streams, in our applications
f will be a (guarded) coinduction assumption that we will want to apply to
the tail of a stream, which has type >Str§\1.

We hence must introduce a new notion, of delayed substitution, similar to
let-binding, allowing us to give f ®¢ the type

>[x « t].B

binding x in B. Definitional equality rules then allow us to simplify this
type when t has form nextu, i.e., »[x < nextu].B = »(B[u/x]). This construc-
tion generalises to bind a list of variables. Delayed substitution is essential
to many examples, as shown in Section 7.3, and surprisingly the applicative
functor term-former ®, so central to the standard presentation of applica-
tive functors, turns out to be definable via delayed substitutions, as shown in
Section 7.2.

Contributions. The contributions of this paper are:

* We introduce the extensional guarded dependent type theory gDTT,
and show that it gives a framework for programming and proving with
guarded recursive and coinductive types. The key novel feature is the
generalisation of the ‘later’ type-former and ‘next’ term-former via de-
layed substitutions;

* We prove the soundness of gDTT via a model similar to that used in
earlier work on guarded recursive types and clock quantifiers [28, 71].

We focus on the design and soundness of the type theory and restrict atten-
tion to an extensional type theory. We postpone a treatment of an intensional
version of the theory to future work (see Secs. 7.7 and 7.8).

In addition to the examples included in this paper, we are pleased to note
that a preliminary version of gDTT has already proved crucial for formaliz-
ing a logical relations adequacy proof of a semantics for PCF using guarded
recursive types by Paviotti et. al. [74].

7.2 Guarded Dependent Type Theory

gDTT is a type theory with base types unit 1, booleans B, and natural num-
bers N, along with I'1-types, X-types, identity types, and universes. For space
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reasons we omit all definitions that are standard to such a type theory; see
e.g. Jacobs [51]. Our universes are a la Tarski, so we distinguish between
types and terms, and have terms that represent types; they are called codes
of types and they can be recognised by their circumflex, e.g., N is the code
of the type N. We have a map El sending codes of types to their correspond-
ing type. We follow standard practice and often omit El in examples, except
where it is important to avoid confusion.

We fix a countable set of clock variables CV = {1, k,,---} and a single clock
constant kg, which will be necessary to define, for example, the function hd
in Section 7.5. A clock is either a clock variable or the clock constant; they
are intuitively temporal dimensions on which types may depend. A clock
context A,A’,--- is a finite set of clock variables. We use the judgement rx
K to express that either « is a clock variable in the set A or «x is the clock
constant k(. All judgements, summarised in Figure 7.1, are parametrised by
clock contexts. Codes of types inhabit universes Uy parametrised by clock
contexts similarly. The universe U, is only well-formed in clock contexts A’
where A C A’. Intuitively, U contains codes of types that can vary only along
dimensions in A. We have universe inclusions from Uy to Uy, whenever A C A’;
in the examples we will not write these explicitly. Note that we do not have
L/IZ : Uy, i.e., these universes do not form a hierarchy. We could additionally
have an orthogonal hierarchy of universes, i.e. for each clock context A a
hierarchy of universes L[& : Z/{K Teee.

All judgements are closed under clock weakening and clock substitution.
The former means that if, e.g.,, I' 5 t : A is derivable then, for any clock
variable x € A, the judgement I' -5 . t : A is also derivable. The latter means
that if, e.g., I' o . t : A is derivable and Fp «’ then the judgement I'[x’/x] Fp
t[x’/x] : A[x’/x] is also derivable, where clock substitution [«x’/x] is defined
as obvious.

The rules for guarded recursion can be found in Figs. 7.2 and 7.3; rules
for coinductive types are postponed until Section 7.4. Recall the ‘later’ type
former », which expresses that something will be available at a later time.

In gDTT we have 5 for each clock «, so we can delay a type along different
dimensions. As discussed in the introduction, we generalise the applicative

functor structure of each » via delayed substitutions, which allow a substitu-

Fo K valid clock TryA=B type equality

[kp well-formed context Trpt=u:A term equality

I'+p Atype well-formed type

Ko, I
Trpt:A typing judgment Fa &:T =T delayed substitution

Figure 7.1: Judgements in gDTT.



7.2. Guarded Dependent Type Theory

251

tion to be delayed until its substituent is available. We showed in the in-

troduction how a type with a single delayed substitution g[x < t].A should
work. However if we have a term f with more than one argument, for exam-
ple of type > (TT(x : A).II(y : B).C), and wish to type an application f (0t u
(where (© is the applicative functor operation ® for clock x) we may have nei-
ther t nor u available now, and so we need sequences of delayed substitutions
to define the type > [x < t,9 < u].C. Our concrete examples of Section 7.3 will
show that this issue arises in practice. We therefore define sequences of de-
layed substitutions £. The new raw types, terms, and delayed substitutions
of gDTT are given by the grammar

A,B;;:...|§§,A t,u=---| next*&.t |5t Eu=-|&[x«t].

Note that we just write >A where its delayed substitution is the empty -, and
that >&.A binds the variables substituted for by & in A, and similarly for next.
The three rules DS-Emp, DS-Cons, and Te-> are used to construct the
type >&.A. These rules formulate how to generalise these types to arbitrarily
long delayed substitutions. Once the type formation rule is established, the
introduction rule Ty-Nexr is the natural one.
With delayed substitutions we can define () as

f@ténext"[ g f ].gx.

X« t

Using the rules in Figure 7.2 we can derive the following typing judgement

for ®
ThpfioETT(x: A)B  Trpt:sEA
I‘FAf®t:§£[x<— t].B

When a term has the form next® & [x < next® £.u].t, then we have enough
information to perform the substitution in both the term and its type. The
rule TMEQ-Force applies the substitution by equating the term with the re-
sult of an actual substitution, next® &.t[u/x]. The rule TyEq-Force does the
same for its type. Using TMEQ-ForcEk we can derive the basic term equality

(next® &.f) ® (next® &.t) = next* &.(ft).

typical of applicative functors [69].

It will often be the case that a delayed substitution is unnecessary, be-
cause the variable to be substituted for does not occur free in the type/term.
This is what TyEq->-WEeak and TMEQ-NexT-WEAK express, and with these we
can justify the simpler typing rule

Ty-®

ThpfipE(A—>B)  Trpt:pEA
Tk f@t:>EB
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Universes

A CA T'ka Trp AUy
Univ

———  E
T ta Uy type T ta EL(A) type

Delayed substitutions:

K K
Tr FA K FA&:T =T Trpt:pEA
A A7 DS-Emp A P A DS-Cons
Fpo-:l—- Fa&lx«t]:T—T"x:A
Typing rules:
[,T" k5 A type FAE:T—KDI"'T bk Ty AUy
E-> Ty>
TrppEA type T AN A Up
LT katiA  kp &l =T Ak TxiEArst:iA
p Ty-NExT Ty-Fix
[ Fpnext*&t:pEA [ rpfix*xt: A

Figure 7.2: Overview of the new typing rules involving » and delayed substi-
tutions.

In other words, delayed substitutions on the type are not necessary when we
apply a non-dependent function.
Further, we have the applicative functor identity law

(next* & Ax.x)©t=t.

This follows from the rule TMEQ-NEx1-Var, which allows us to simplify a
term next* & [y « t].y to t.

Sometimes it is necessary to switch the order in the delayed substitution.
Two substitutions can switch places, as long as they do not depend on each
other; this is what TyEq->-Excx and TMEQ-NExT1-ExcH express.

Rule TMEQ-NEx1-CoMmM is not used in the examples of this paper, but it
implies the rule next" & [x < t].next" x = nextt, which is needed in Paviotti’s
PhD work.

Fixed points and guarded recursive types

In gDTT we have for each clock x valid in the current clock context a fixed-
point combinator fix". This differs from a traditional fixed-point combinator
in that the type of the recursion variable is not the same as the result type; in-

stead its type is guarded with >. When we define a term using the fixed-point,
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Definitional type equalities:

bE[x — t].A=pEA (TyEqQ->-WEAK)
bE[x— t,y —ul& A=s&[p—u,xt]&"A  (TyEq->-Exch)
& [x « next® £.t].A = »E.A[t/x] (TyEQ-Force)
EI(G* (next® &.t)) = b&.El(t) (TyEq-EL-»)
IdgaA(next" E.t,next’ £.5) = »E.Id (1, 5) (TyEa->)

Definitional term equalities:

next" &[x < t].u = next* &.u TmEQ-NExT-WEAK)
TMEQ-NEXT-VAR)

(

next"&[x «t].x=t (
v (TMEQ-NexT-Exch)

(

(

(

next“&[x«t,y —ul&’v=next“&[y « u,x < t]&’
next® &.next® &’ .u = next® &’ .next* &.u
next® & [x < next® &.t].u = next" &.u[t/x]

fix* x.t = t[next” (fix" x.t)/x]

TMEQ-NexT-ComMm)
TMEQ-Force)
TMEQ-Fix)

Figure 7.3: New type and term equalities in gDTT. Rules TyEq->-WEak and
TMmEQ-NExT-WEAK require that A and u are well-formed in a context without
x. Rules TyEqQ->-ExcH and TMEQ-NExt-ExcH assume that exchanging x and
v is allowed, i.e., that the type of x does not depend on y and vice versa.
Likewise, rule TMEQ-NexT-ComM assumes that exchanging the codomains of
& and &’ is allowed and that none of the variables in the codomains of & and
&’ appear in the type of u.

we say that it is defined by guarded recursion. When the term is intuitively a
proof, we say we are proving by Lob induction [9].

Guarded recursive types are defined as fixed-points of suitably guarded
functions on universes. This is the approach of Birkedal and Megelberg [18],
but the generality of the rules of gDTT allows us to define more interest-
ing dependent guarded recursive types, for example the predicates of Sec-
tion 7.3.

We first illustrate the technique by defining the (non-dependent) type
of guarded streams. Recall from the introduction that we want the type of

guarded streams, for clock «, to satisfy the equation Str, = A x EStrfx.

The type A will be equal to El(B) for some code B in some universe Uy
where the clock variable « is not in A. We then define the code S}, of Str), in
the universe U, , to be Sk £ fix* X.BX>*X, where X is the code of the (simple)

product type. Via the rules of gDTT we can show Strj ~ A x EStrz’f\ as desired.
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The head and tail operations, hd" : Str; — A and t1* : Str}; — EStrI’f1 are
simply the first and the second projections. Conversely, we construct streams
by pairing. We use the suggestive cons® notation which we define as

cons“: A — gStrz — Strf§ cons® £ A(a: A)(as : gStrﬁ). (a,as)

Defining guarded streams is also done via guarded recursion, for example
the stream consisting only of ones is defined as ones = fix" x.cons* 1 x.

The rule TyEQ-Er-> is essential for defining guarded recursive types as
fixed-points on universes, and it can also be used for defining more advanced
guarded recursive dependent types such as covectors; see Section 7.3.

Identity types

The type theory gDTT has standard extensional identity types Id (¢, u) (see,
e.g., Jacobs [51]) but with two additional type equivalences necessary for
working with guarded dependent types. We write ryt for the reflexivity
proof Id 4(¢,t). The first type equivalence is the rule TyEq->. This rule, which
is validated by the model of Section 7.6, may be thought of by analogy to
type equivalences often considered in homotopy type theory [92], such as

Id Axp({51,52),(t1,t2)) =1da(sq, 1) x Idg(s2, t5). (7.2)

There are two important differences. The first is that (7.2) is (using univa-
lence) a propositional type equality, whereas TYEQ-> specifices a definitional
type equality. This is natural in an extensional type theory. The second dif-
ference is that there are terms going in both directions in (7.2), whereas we

would have a term of type Idgé next® &.t,next*&.u) — Eé.IdA(t,u) without

Al
the rule TyEo-».
The second novel type equality rule, which involves clock quantification,

will be presented in Section 7.4.

7.3 Examples

In this section we present some example terms typable in gDTT. Our exam-
ples will use a term, which we call p#, of type Il(s,t : A x B).Id (11 t,7115) —
Idg(m,t, 115) — Idaxg(t,s). This term is definable in any type theory with a
strong (dependent) elimination rule for dependent sums. The second prop-
erty we will use is that Strf; = A x EStrz. Because hd* and t1* are simply first
and second projections, p# also has type I (xs,ys : StrZ) Id y(hd* xs,hd"* ys) —
Id Strg(th x5, t1" ys) — Idgs(xs, ps).
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zipWith* preserves commutativity. In gDTT we define the zipWith* func-
tion which has the type (A — B — C) — Str; — Stry — Strg. by

zipWith* f £ fix* ¢.Axs, ys.cons” (f (hd" xs) (hd" ps)) (¢ ® t1" xs ® t1* ps).

We show that commutativity of f implies commutativity of zipWith* f, i.e.,
that

TI(f : A= A — B).(TT(x, : ALId(f x3, f yx)) —
H(xs,ys : Strﬁ).IdStrg(zipWith" f xsys,zipWith"* f ysxs)
is inhabited. The term that inhabits this type is
Af.Acfix® . Axs, ys. pn (c (hd” xs) (hd" ps)) (@ @ t1* xs @ t1* ys).

Here, ¢ has type E(l‘[(xs,ys : Strz).IdStrg(zipWithfos ys,zipWith* f ysxs)) so
to type the term above, we crucially need delayed substitutions.

An example with covectors. The next example is more sophisticated, as it
involves programming and proving with a data type that, unlike streams,
is dependently typed. Indeed the generalised later, carrying a delayed sub-
stitution, is necessary to type even elementary programs. Covectors are the
potentially infinite version of vectors (lists with length). To define guarded
covectors we first need guarded co-natural numbers. The definition in gDTT

is CoN* £ El(ﬁxK X.(II\/J?FKX)); this type satisfies CON* = 1 +5CoIN*. Using

CoIN* we can define the type family of covectors CoVec), n = El(Co/V?cI’f1 n),
where

C@?cjfl = fix" ((p :»(ColN¥ — Z/{A,K))./\(n : ColN®). casenof
inlu=1
inrm = AKX (¢ (@ m).
We will not distinguish between CoVec), and CO/VE:I’Z. As an example of cov-

ectors, we define ones of type I1(n : ColN*). CoVecy; n which produces a cov-
ector of any length consisting only of ones:

ones = fix" @.A(n : CoN*).casenof {inlu = inl();inrm = (1, p G m)}.

Although this is one of the simplest covector programs one can imagine, it
does not type-check without the generalised later with delayed substitutions.
The map function on covectors is defined as

map : (A — B) = I1(n: CoIN*).CoVec), n — CoVecgn
map f = fix* @.A(n: CoN*).casenof

inlu = A(x:1).x

intm= )\(p tA xg[n « m].(CoVec’, n)).(f(nm),qo@m@(nzp)).
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It preserves composition: the following type is inhabited
IT(f : A — B)(g: B— C)(n: CoN*)(xs : CoVec), n).
Idcovect (map g (map f nxs), map (g o f)n.xs)
by the term
AMf :A— B)(g:B— C).fix*¢.A(n: CoIN¥).casenof

inlu = A(xs:1).r;xs
inrm = A(xs : CoVec), (inr m)). py (rc g(f (711x5))) (p ® m @ 1,x5).

7.4 Coinductive Types

As discussed in the introduction, guarded recursive types on their own dis-
allow productive but acausal function definitions. To capture such functions

we need to be able to remove ». However such eliminations must be con-
trolled to avoid trivialising ». If we had an unrestricted elimination term

elim: A —> A every type would be inhabited via fix*, making the type the-
ory inconsistent.

However, we may eliminate > provided that the term does not depend on
the clock «, i.e., the term is typeable in a context where k¥ does not appear.
Intuitively, such contexts have no temporal properties along the x dimen-
sion, so we may progress the computation without violating guardedness.
Figure 7.4 extends the system of Figure 7.2 to allow the removal of clocks in
such a setting, by introducing clock quantifiers Y« [11, 28, 71]. This is a bind-
ing construct with associated term constructor Ax, which also binds x. The
elimination term is clock application. Application of the term t of type V«.A to
a clock « is written as t[x]. One may think of V«x.A as analogous to the type
Ya.A in polymorphic lambda calculus; indeed the basic rules are precisely
the same, but we have an additional construct prevk.t, called ‘previous’, to

allow removal of the later modality b,

Typing this new construct prev «.t is somewhat complicated, as it requires
‘advancing’ a delayed substitution, which turns it into a context morphism
(an actual substitution); see Figure 7.5 for the definition. The judgement
p:aT — T’ expresses that p is a context morphism from context I -5 to the
context I 5. We use the notation p[t/x] for extending the context morphism
by mapping the variable x to the term t. We illustrate this with two concrete
examples.

First, we can indeed remove later under a clock quantier:

force : Vb A — V. A force 2 Ax.prevk.x[«x].

The type is correct because advancing the empty delayed substitution in >
turns it into the identity substitution 1, and Ar = A. The $ and # rules en-
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sure that force is the inverse to the canonical term Ax.Ax.next" x[x] of type

Vi.A — VisA.

Second, we may see an example with a non-empty delayed substitution
in the term prev x.next* An.succn (@ next® 0 of type Vk.IN. Recall that () is
syntactic sugar and so more precisely the term is

f < next® An.succn

rev k.next"®
P x < next®0

f x. (7.3)
Advancing the delayed substitution turns it into the substitution mapping
the variable f to the term (prevx.next® An.succn)[x] and the variable x to
the term (prev x.next* 0)[x]. Using the f rule for prev, then the g rule for V«,
this simplifies to the substitution mapping f to An.succn and x to 0. With
this we have that the term (7.3) is equal to Ax. ((An.succn)0) which is in turn
equal to Ax.1.

An important property of the term prev«.t is that «x is bound in t; hence
prevk.t has type Vk.A instead of just A. This ensures that substitution of
terms in types and terms is well-behaved and we do not need the explicit
substitutions used, for example, by Clouston et al. [31] where the unary type-
former O was used in place of clocks. This binding structure ensures, for
instance, that the introduction rule Ty-A closed under substitution in I'.

The rule TMEQ-V-FrEsH states that if t has type Vx.A and the clock x does
not appear in the fype A, then it does not matter to which clock t is applied,
as the resulting term will be the same. In the polymorphic lambda calculus,
the corresponding rule for universal quantification over types would be a
consequence of relational parametricity.

We further have the construct ¥ and the rule Ty-Y-cope which witness
that the universes are closed under Vx.

To summarise, the new raw types and terms, extending those of Sec-
tion 7.2, are

ABu=--|VKk.A tous=-| Ax.t|t[x] | Vit | previ.t

Finally, we have the equality rule TyEQ-V-Ip analogous to the rule TyEq-
>. Note that, as in Section 7.2, there is a canonical term of type Idy, A(f,s) —
Vx.Id 4(t[x], s[x]) but, without this rule, no term in the reverse direction.

Derivable type isomorphisms

The encoding of coinductive types using guarded recursive types crucially
uses a family of type isomorphisms commuting Y« over other type form-
ers [11, 71]. By a type isomorphism A = B we mean two well-typed terms f
and g of types f : A — Band g: B — Asuch that f(gx)=xand g(f x) = x. The
first type isomorphism is Vk.A = A whenever « is not free in A. The terms
g =Ax.Ax.x of type A — Vx.Aand f = Ax.x[x(] of type A — Vk.A witness the
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| [+ Atype T AN CA [ Ept Vi lp g

F-Y — Ty-VY-cope
I'+p VK.Atype LAYt Uy
I+ Thp t:A N Tkpt:Ve.A
A i Ty-A A ’ A - Ty-apPp
['Fp Akt VKA [ Fp t[x’]: Alx/x]

Try TrpctisEA
Ik previ.t:Vi.(A(adviy(£)))

Ty-prev

Figure 7.4: Overview of the new typing rules for coinductive types.

K
I—A’K'ZI‘—D- rl—A

adv(-)£21:ip, T >T

"A,Ké[x*t]Zr—Kbr/,x:A | TN
advj (&[x < t]) £ adv}(&)[(prevk.t)[x]/x] o, T > T,T,x: A

Figure 7.5: Advancing a delayed substitution.

isomorphism. Note that we used the clock constant x; in an essential way.
The equality f(gx) = x follows using only the  rule for clock application.
The equality g(f x) = x follows using by the rule TMEQ-V-FrEsH.

The following type isomorphisms follow by using  and # laws for the
constructs involved.

- If k¢ Athen Vx.IT(x: A).B=TI(x:A).Vk.B.
- Ve X(x:A)B=X(y:Vk.A)(Vx.B[y[x]/x]).
- Vi A=VibA.

There is an important additional type isomorphism witnessing that YV«
commutes with binary sums; however unlike the isomorphisms above we
require equality reflection to show that the two functions are inverse to each
other up to definitional equality. There is a canonical term of type Vx.A +
Vx.B — Y«.(A + B) using just ordinary elimination of coproducts. Using the
fact that we encode binary coproducts using X-types and universes we can
define a term com™ of type V«.(A + B) — V«k.A + VY«.B which is a inverse to
the canonical term. In particular com™ satisfies the following two equalities



7.5. Example Programs with Coinductive Types 259

Definitional type equalities:

[kp A CA rI—A’KtZUA;’K
T kp EL(Y Ax.t) = Vi EL(t)

TyEQ-VY-EL

| YN [tpy Atype Frpt: VKA Fkps:Vk.A
[ Fp Vi Idy(t[x],s[x]) = Idy,a(t,s)

TyEqQ-V-Ip

Definitional term equalities:

[ kp N Crppt:A KkeA THpt:Vx.A
5 5 ; TMmEQ-V-p TmEQ-Y-1
[Fp (Ax.t)[x"] = t[x'/x]: Alx/x] [Hp Ax.t[k]=t: VKA

77

ke [ kp Atype [Hpt: VKA Fp K FA K
[ t[c]=t[x"]: A

TMEQ-VY-FrRESH

Thy  Fpac&:T T T,Tkpct:A
I +p previ.next® &.t = Ax.t(adv (£)) : Vi.(A(advi (£)))

TmEqQ-prev-f

Try Trpact:sA

TmEQ-prev-y
' Fp . next® ((prevk.t)[x])=t:pA

Figure 7.6: Type and term equalities involving clock quantification.

which will be used below.

com? (Ak.inlt) = inl Ax.t com® (Ak.inrt) = inr Ax.t. (7.4)

7.5 Example Programs with Coinductive Types

Let A be a type with code A in clock context A and « a fresh clock variable.
Let Stry = V«.Str),. We can define head, tail and cons functions

hd :Stry —> A hd £ Axs.hd"™ (xs[xg])
tl : Stry — Stry tl £ Axs. prev k. t1* (xs[x])
cons: A — Stry — Stry cons = Ax.Axs.Ax.cons” x (next" (xs[«])).

With these we can define the acausal ‘every other’ function eo® that re-
moves every second element of the input stream. It is acausal because the
second element of the output stream is the third element of the input. There-
fore to type the function we need to have the input stream always available,
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so clock quantification must be used. The function eo* of type Stry — Str, is
defined as

eo® £ fix* @. A (xs: Stry).cons*(hd xs) (¢ (@ next" ((tl (tlxs)))).

The result is a guarded stream, but we can easily strengthen it and define eo
of type Stry — Stry as eo = Axs.Ak.eo* xs.

We can also work with covectors (not just with guarded covectors as we
did in Section 7.3). This is a dependent coinductive type indexed by conat-
ural numbers which is the type ColN = Vx.CoIN¥. It is easy to define 0 and
succ as 0 2 Ak.inl() and succ £ An.Ax.inr (next® (n[x])). Next, we can define
a transport function com®N of type com®N : ColN — 1 + ColN satisfying

com®“°N 0 = inl() com“*N(stcen) = inrn. (7.5)

This function is used to define the type family of covectors as CoVecy n =
Vx.CoVec), n where CoVec’, : ColN — Uj , is the term

fix* ¢.\ (1 : CoN). case com“°N nof{inl _= 1;inrn = A" (@ © (next” n))}.
Using term equalities (7.4) and (7.5) we can derive the type isomorphisms

CoVecy 0=VYx.1=1

_ K (7.6)
CoVecy (succn) = V. (A X > (CoVecI’f\ n)) =~ AxCoVecy n

which are the expected properties of the type of covectors.
A simple function we can define is the tail function

tl : CoVecy(succn) — CoVecy tl = Av.prevk.m, (v[«x]).
Note that (7.6) is needed to type tl. The map function of type
map : (A — B) — I(n: ColN).CoVecy n — CoVecgn
is defined as map f = An.Axs.Ax.map" f n (xs[x]) where map* is

map” : (A — B) — I1(n: ColN). CoVec); n — CoVecgn
map”® = Af.fix* @.An. case com“°N n of
inl_= Av.v

inrn = Av. (f(11v), ¢ ® (next® n) ® 7, (v)).

Lifting guarded functions

In this section we show how in general we may lift a function on guarded
recursive types, such as addition of guarded streams, to a function on coin-
ductive streams. Moreover, we show how to lift proofs of properties, such as
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the commutativity of addition, from guarded recursive types to coinductive
types.

Let I be a context in clock context A and « a fresh clock. Suppose A and
B are types such that I' -  Atype and I',x : A +-5 , Btype. Finally let f be
a function of type I' p , f : II(x: A).B. We define [(f) satisfying the typing
judgement I' Fp L(f) : [I(y : Vx.A).Vk.(B[y[k]/x]) as L(f) = Ap.Ax.f (p[k]).

Now assume that f’ is another term of type I'l(x: A).B (in the same con-
text) and that we have proved I' kp ;. p : IT(x : A).Idg(f x, f"x). As above we can
give the term L(p) the type I1(y : Vi.A).Vic.Idppyicyxff (¥[x]), f/(¥[x])). which
by using the type equality TyEQ-VY-Ip and the # rule for V is equal to the
type I1(y : V. A).Idy pyf)/x(B(f) 9, 5(f") ¥). So we have derived a property of
lifted functions (f) and G(f’) from the properties of the guarded versions f
and f’. This is a standard pattern. Using Lob induction we prove a property
of a function whose result is a “guarded” type and derive the property for
the lifted function.

For example we can lift the zipWith function from guarded streams to
coinductive streams and prove that it preserves commutativity, using the re-
sult on guarded streams of Section 7.3.

7.6 Soundness

gDTT can be shown to be sound with respect to a denotational model inter-
preting the type theory. The model is a refinement of [28]. Here we provide
some intuition for the semantics of delayed substitutions, we just describe
how to interpret the rule

x:AF Btype Ft:irA

(7.7)
F>[x < t].Btype

in the case where we only have one clock available.

The subsystem of gDTT with only one clock can be modelled in the cat-
egory S, known as the topos of trees [22], the presheaf category over the
first infinite ordinal w. The objects X of S are families of sets X;,X,,... in-
dexed by the positive integers, together with families of restriction functions
riX : Xj;1 — X; indexed similarly. There is a functor » : § — S which maps an

object X to the object

! ry s
16X X, & X3 ¢— -

where ! is the unique map into the terminal object.

In this model, a closed type A is interpreted as an object of S and the
type x : A + Btype is interpreted as an indexed family of sets B;(a), for a
in A; together with maps riB(a): B;,1(a) — Bi(r{‘(a)). The term ¢ in (7.7) is
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interpreted as a morphism ¢ : 1 — »A so t;(+) is an element of A; (here we
write # for the element of 1).
The type - »[x < t].B type is then interpreted as the object X, defined by

X;=1 Xiv1 = Bi(tis1(#)).

Notice that the delayed substitution is interpreted by substitution (reindex-
ing) in the model; the change of the index in the model (B; is reindexed along
ti+1(*)) corresponds to the delayed substitution in the type theory. Further
notice that if B does not depend on x, then the interpretation of

F>[x < t].B type

reduces to the interpretation »B, which is defined to be » applied to the in-
terpretation of B.

The above can be generalised to work for general contexts and sequences
of delayed substitutions, and one can then validate that the judgemental
equality rules do indeed hold in this model.

7.7 Related Work

Birkedal et al. [22] introduced dependent type theory with the » modality,
with semantics in the topos of trees. The guardedness requirement was ex-
pressed using the syntactic check that every occurrence of a type variable
lies beneath a ». This requirement was subsequently refined by Birkedal
and Megelberg [18], who showed that guarded recursive types could be con-
structed via fixed-points of functions on universes. However, the rules con-
sidered in these papers do not allow one to apply terms of type >(I'l(x : A).B),
as the applicative functor construction ® was defined only for simple func-
tion spaces. They are therefore less expressive for both programming (con-
sider the covector ones, and function map, of Section 7.3) and proving, not-
ing the extensive use of delayed substitutions in our example proofs. They
further do not consider coinductive types, and so are restricted to causal
functions.

The extension to coinductive types, and hence acausal functions, is due
to Atkey and McBride [11], who introduced clock quantifiers into a simply
typed setting with guarded recursion. Megelberg [71] extended this work to
dependent types and Bizjak and Megelberg [28] refined the model further to
allow clock synchronisation.

Clouston et al. [31] introduced the logic LgA to prove properties of terms
of the (simply typed) guarded A-calculus, gA. This allowed proofs about
coinductive types, but not in the integrated fashion supported by dependent
type theories. Moreover it relied on types being “total”, a property that in a
dependently typed setting would entail a strong elimination rule for », which
would lead to inconsistency.
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Sized types [50] have been combined with copatterns [1] as an alterna-
tive type-based approach for modular programming with coinductive types.
This work is more mature than ours with respect to implementation and the
demonstration of syntactic properties such as normalisation, and so further
development of gDTT is essential to enable proper comparison. One advan-
tage of gDTT is that the later modality is useful for examples beyond coin-
duction, and beyond the utility of sized types, such as the guarded recursive
domain equations used to model program logics [91].

7.8 Conclusion and Future Work

We have described the dependent type theory gDTT. The examples we have
detailed show that gDTT provides a setting for programming and proving
with guarded recursive and coinductive types.

In future work we plan to investigate an intensional version of the type
theory and construct a prototype implementation to allow us to experiment
with larger examples. Preliminary work has suggested that the path type
of cubical type theory [32] interacts better with the new constructs of gDTT
than the ordinary Martin-Lof identity type.

Finally, we are investigating whether the generalisation of applicative
functors [69] to apply over dependent function spaces, via delayed substitu-
tions, might also apply to examples quite unconnected to the later modality.
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7.A Typing Rules

Definitional type equalities:

[T kp Atype  Fp&[x<t]:T >T/,x:B

" p TyEQ->-WEAK
[HparE[x<t].A=pEA

[L,I',x:B,y:C,I"” k5 A type
Fa&[x ety —ul&:T>T',x:Bp:CI”  xnotfreein C

Thp»E[x e t,y cul& A=rE [y < ux«<t]&A

TyEQ->-Excu

T by 5& [x < next® £.¢].A type
Tk >E [x < next® &.].A = >E.At/x]

TyEQ-Force

NCA ok DUVRpA:Uy  FpA&:T ST
T kp EIG* (next® £.A4)) = »&.EL(t)

TyEQ-EL-»>

FA&: TS T kpt:A T,TVkps:A

p” TyEq-»>
[p Idgé.A(nextK E.t,next® &.s) = &.1d (8, s)

Definitional term equalities:

T bpu:A  bp&fxet]:T>T,x:B

p TMmEQ-NExT-WEAK
[ Fpnext* &[x < t].u =next*&u:pEA

ThptipEA

p TMEQ-NExT-VAR
Fraonext*&[x «tlx=t:pEA

[LI,x:B,y:C,T"krpt: A
Fallx ety —ul&:T —KI>I",x:B,y :C,T”

x not free in C
TmEQ-NexT-Excu

Franext“E[x <ty < ul&’v=next*&[y < uxt]&v: bE [y < ux«<t]&A

T p next® & [x < next* &.t].u : »& [x < next* £.t].A

P TMmEQ-Force
[ 5 next® &[x « next" &.t].u = next™ E.u[t/x]: »&.Alt/x]

[pfix*xt: A
T kp fix" x.t = t[next™ (fix" x.t)/x] : A

TmEQ-Fix
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7.B Examples

In this section we provide detailed explanations of typing derivations of ex-
amples described in Section 7.3.

zipWith"* preserves commutativity

The first proof is the simplest. We will define the standard zipWith* function
on streams and show that if a binary function f is commutative, then so is
zipWith* f.

The zipWith* : (A — B — C) — Str; — Str; — Str(. is defined by guarded
recursion as

zipWith® f £ fix" ¢.A(xs, ys : Str}).
cons® (f (hd" xs) (hd"* ps)) (¢ ®© t1* xs © t1* ps)

Note that none of the new generalised » rules of gDTT are needed to type this
function; this is a function on simple types.

Where we need dependent types is, of course, to state and prove proper-
ties. To prove our example, that commutativity of f implies commutativity
of zipWith* f, means we must show that the type

II(f:A—A— B).(Il(x,y: A).Idgf xv, f vy x)) —
H(xs,ys : Strfy ).IdStrg(zipWithK f xsys,zipWith" f ysxs).

is inhabited. We will explain how to construct such a term, and why it is

typeable in gDTT. Although this construction might appear complicated at

first, the actual proof term that we construct will be as simple as possible.
Let f : A— A — B be a function and say we have a term

c:I1(x,v: A).Idf xv, f v x)
witnessing commutativity of f. We now wish to construct a term of type
H(xs,ys : Stry ).IdStré(zipWithfos ys,zipWith* f ysxs)
We do this by guarded recursion. To this end we assume
Q: E(H(xs,ys : Strz).IdStrg(zipWithfos ys,zipWith" f ys xs))

and take xs,ys : Strl,. Using c (the proof that f is commutative) we first have
c¢(hd® xs) (hd" ys) of type

Idgf (hd® xs) (hd" ps), f (hd" ys) (hd" xs))



266

Guarded Dependent Type Theory with Coinductive Types

and because we have by definition of zipWith*

hd" (zipWith* f xsys) = f (hd" xs) (hd* ps)
hd" (zipWith* f ysxs) = f (hd" ys) (hd* xs)

we see that ¢ (hd" xs) (hd" ys) has type
Idghd” (zipWith* f xsys),hd" (zipWith* f ysxs)).

To show that the tails are equal we use the induction hypothesis ¢. The terms
tl* xs and t1* ys are of type EStrz, so we first have ¢ ® t1* xs of type

e " et ) Ideo| ZPWIth™ fxsps,
> [xs « tl xs].(H (ys : StrA).IdStrC( ZipWith* f psxs

Note the appearance of the generalised », carrying a delayed substitution.

Because the variable xs does not appear in gStrI’fl we may apply the weakening
rule TMEQ-NExT-WEAK to derive

tl* ys: > [xs < t1% xs]. Strly

Hence we may use the derived applicative rule to have ¢ ® t1* xs @ tI* ys of
type

K[ xs < t1® xs
>

ALK ALK
Vs < tF s ].IdStrg(manh f xsys,zipWith" f ysxs)

and which is definitionally equal to the type

xs < t1® xs

next® vs < tl¥ys .zipWith* f xsys,
Id«
>Strg 3
9 next<| ¥ thxs .zipWith"* f ysxs
ys « tl" ps

We also compute
tl* (zipWith* f xsys) = next* (zipWith* f) ® t1* xs ® t1* s

= next” [ ].(zipWithKf XS Ys)

and

ys < t1¥ps

K ( K — K
t1* (zipWith" f ysxs) = next [ 75 11 xs

] (zipWith* f psxs).
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Using the exchange rule TMEQ-NEext-ExcH we have the equality

].(zipWithfos Vs)

].(zipWithfos Vs).
Putting it all together we have shown that the term p@tl* xs@©tl* ys has type
IdEStrg(ﬂK (zipWith* f xsys), t1* (zipWith* f ysxs))
which means that the term
fix“ .1 (xs, Ys: StrZ) .p1 (c(hd” xs) (hd* ps)) (¢ ® t1* xs © t1* ps)

has type H(xs,ys : Strly ).IdStrg(zipWithK f xsys, zipWith"* f ysxs).

Notice that the resulting proof term could not be simpler than it is. In
particular, we do not have to write delayed substitutions in terms, but only
in the intermediate types.

An example with covectors

The next example is more sophisticated, as it will involve programming and
proving with a data type that, unlike streams, is dependently typed. In par-
ticular, we will see that the generalised later, carrying a delayed substitution,
is necessary to type even the most elementary programs.

Covectors are to colists (potentially infinite lists) as vectors are to lists. To
define guarded covectors we first need guarded co-natural numbers. This is
the type satisfying

CoN* =1 + 5 ColN¥.

where binary sums are encoded in the type theory in a standard way. The
definition in gDTT is CoIN* £ El(fixK (p.(/l\j?;’(go)).

Using CoIN* we define the type of covectors of type A, written CoVec),
as a ColN*-indexed type satisfying

CoVec) (inl()) =1
CoVec, (inr(next™ m)) = A x E(CoVecl’f1 m)
In gDTT we first define C()/V?cl’fl
Cﬁ/?cjf‘ £ fix* @.A(n : CoIN¥). case nof
inlu =1

intm = AX (@ ©m).
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and then CoVec)n = El(C(ﬁfa:I’f1 n). In the examples we will not distinguish
between CoVec), and Ccﬁ/?c:f‘. In the above ¢ has type E(CONK — Up ) and
inside the branches, u has type 1 and m has type >CoIN¥, which is evident
from the definition of CoIN*. As an example of covectors, we define ones of
type Il(n : CoIN*). CoVecy; # which produces a covector of any length consist-
ing only of ones:
ones = fix" @.A(n : CoIN*). case nof

inlu = inl ()

intm= (1, @ m).
When checking the type of this program, we need the generalised later. The

type of the recursive call is >(IT(n : CoN¥). CoVecy 1), the type of m is > ColN¥,
and therefore the type of the subterm ¢ (® m must be

>[n < m]I(n: CoIN*). CoVecy n.x

We now aim to define the function map on covectors and show that it
preserves composition. Given two types A and B the map function has type

map : (A — B) — I1(n : CoIN*).CoVecy n — CoVecy .
and is defined by guarded recursion as
map f £fix" p.A(n: CoN¥).
casenof
inlu = A(x:1).x
/\(p tAxp[n - m].(CoVec’ n)).
(f(mp), e @m@® (m2p))

Let us see why the definition has the correct type. First, the types of subterms
are

inrm =

Q: >(I1(n : CON¥). CoVec’, n — CoVecy n)
u:l

K
m :>CoIN¥

Let C = CoVec, n — CoVecgn, and write C(t) for C[t/n]. By the definition
of CoVec!, and CoVecf we have C(inlu) =1 — 1, and so A(x : 1).x has type
C(inlu).
By the definition of CoVec’, we have
CoVec, (inrm) = A x El (?K(next"(CoVecjfl) ® m))

= Axb[n«< m].(CoVecI’f\n)
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and analogously for CoVecj(inrm). Hence the type C(inrm) is convertible to
(A x> [1n m].(CoVecI’fln)) — (B x5 [n m].(CoVecEn)).
Further, using the derived applicative rule we have
p@m: s[n <~ m].C(n)
and because 7,p in the second branch has type
> n m].(CoVec), n)

we may use the (simple) applicative rule again to get

@ @m® (1mp): E[n « m].(CoVecgn)

which allows us to type

Aps AxE [ m).(CoVech m)-{f (r1p), p © m @ ma(p))

with type C(inrm). Notice that we have made essential use of the more gen-
eral applicative rule to apply ¢ ® m to m,p. Using the strong (dependent)
elimination rule for binary sums we can type the whole case construct with
type C(n), which is what we need to give map the desired type.

Now we will show that map so defined satisfies a basic property, namely
that it preserves composition in the sense that the type (in the context where
we have types A, B and C)

IT(f : A— B)(g: B— C)(n: ColN*)(xs : CoVec, n).

(7.8)
Idcovecs Amap gn(map f nxs), map(g o f)nxs)

is inhabited. The proof is, of course, by L6b induction.
First we record some definitional equalities which follow directly by un-
folding the definitions
map f (inlu)x =x
map f (inr m)xs = (f (711 xs), next*(map f) ® m @ 7, (xs))
= (f (7 xs), next™ [ ].(mapf nys))

nem
VS < T(HXS

and so iterating these two equalities we get

map g (inlu)(map f(inlu)x) = x
map g (inr m) (map f (inr m)xs) = (g(f (71 xs)),s)
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where s is the term

nem
next® nem

VS < (XS

zs < next® [ (mapgnzs)

].(mapfnys)

which is convertible, by the rule TMEQ-Forceg, to the term

n<«<m

next®
VS « T(HXS

] .(mapgn(map f nys)).

Similarly we have
map(go f)(inlu)x =x
and map(g o f) (inr m) xs convertible to

nem
VS < T(HXS

<g(f (nlxs)),next"[ ].(map(gof )ny5)>-

Now let us get back to proving property (7.8). Take f : A — B, g: B— C and
assume

Q: gl‘[(n : CoIN")(xs : CoVec)y n).Idcovecr {map g n(map f nxs), map(g o f)nxs)
We take n: CoIN* and write
P(n) =TI(xs : CoVec)y n).Idcovecs Amap gn(map f nxs),map(go f)nxs).

Then similarly as in the definition of map and the definitional equalities for
map above we compute

P(inlu) =TT(xs: 1).1d¢(xs, xs)

and so we have A(xs: 1).r; xs of type P(inlu).
The other branch (when n = inrm) is of course a bit more complicated. As
before we have

CoVec', (inr m) EAxg[n < m].CoVecli n (7.9)
So take xs of type CoVec, (inr m). We need to construct a term of type

1dcovect Amap g n(map f nxs), map(g o f)n.xs).

First we have rc g(f (1t1xs)) of type Id(g(f (711 xs)), g(f (111 xs))). Then because
m is of type >CoIN* we can use the induction hypothesis ¢ to get ¢ G m of
type

g[n « m].IT(xs : CoVecl; n).Idcovecr {map g n(map f nxs), map(g o f)nxs).
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Using (7.9) we have m,xs of type b[n« m].CoVec; n and so we can use the
applicative rule again to give ¢ (© m (&) 11,xs the type

K| nem map g n(map f nxs),
x5« Ttpxs |7 OV map(go f)nxs

which by the rule TyEg-> is the same as

| nem
g next X5 © T0yxs .(map gn(map f nxs)),
nem
next® XS © Ty .(map(go f)nxs)

where D is the type 5[ < m].CoVecX. n. Thus we can give to the term
Yp C g

A(xs : CoVec’y (inrm)). py (r¢ g(f (111 x5))) ( ® m ® 1ox5)

the type P(inrm). Using the dependent elimination rule for binary sums we
get the final proof of property (7.8) as the term

A(f : A—> B)(g: B— C).fix* ¢.A(n: ColN¥).
casenof
inlu = A(xs:1).ryxs

inrm = A(xs : CoVec’, (inr m)). pyj (r¢ g(f (101 x5))) (p ® m @ 1x5)

which is as simple as could be expected.

Lifting predicates to streams

Let P: A — Up be a predicate on type A and « a clock variable not in A. We
can define a lifting of this predicate to a predicate P* on streams of elements
of type A. The idea is that P*xs will hold precisely when P holds for all
elements of the stream. However we do not have access to all the element
of the stream at the same time. As such we will have P*xs if P holds for the
first element of the stream xs now, and P holds for the second element of the
stream xs one time step later, and so on. The precise definition uses guarded
recursion:

P :Strly — Up

P* £ fix" (p./\(xs : Stri).P(th x8) X5 (@ @ t1* xs).

In the above term the subterm ¢ has type E(Strl’f1 - L[A,K) and so because t1* xs

has type EStr/’f1 we may form @®t1* xs of type EUA,K and so finally>" (p@tl* xs)
has type Uy . as needed.
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To see that this makes sense, we have for a stream xs: Strz
El(P* xs) = E1(P (hd" xs)) x E1 (5™ (next* P* (® t1* xs)).
Using delayed substitution rules we have
next® P* © t1* xs = next" [xs « t1* xs]. (P* xs)

which gives rise to the type equality

EI(" next® P* ® t1* xs) = E1 (> next" [xs « t1* xs]. (P" xs)).
Finally, the type equality rule TyEQ-Er-> gives us

El 5% next® [xs < tI¥ xs]. (P¥ xs)) = »[xs « t1° xs]. BI(P¥ xs).
All of these together then give us the type equality

E1(P¥ xs) = E1(P (hd* xs)) x > [xs < t1* xs]. E1(P¥ xs).

And so if xs = cons” x (next* ys) we can further simplify, using rule TyEq-
Forceg, to get

g[xs < next" ps]. El(P* xs) = > (E1(P* xs)[ys/xs]) = >E1(P¥ s)

which then gives EI(P*xs) = E1 (P x) x >El (P*ps) which is in accordance with
the motivation given above.

Because P* is defined by guarded recursion, we prove its properties by
Lob induction. In particular, we may prove that if P holds on A then P*
holds on Str’;, i.e., that the type

(TT(x : A).E1(Px)) — (IT(xs : Str ). E1(P* xs))

is inhabited (in a context where we have a type A and a predicate P). Take
p : I1(x: A).El(Px), and since we are proving by Lob induction we assume
the induction hypothesis later

Q: E(H(xs : Strz).El(PK xs)).
Let xs: Str’, be a stream. By definition of P* we have the type equality
El(P¥xs) = E1(Phd" xs) x > [xs « t1* xs]. E1(P¥ xs)
Applying p to hd* xs gives us the first component
p(hd® xs) : EI(P (hd" xs))
and applying the induction hypothesis ¢ we have
@t xs: > [xs < tI¥ xs]. E1(P¥ xs)

Thus combining this with the previous term we have the proof of the lifting
property as the term

A(p:TI(x: A).El(Px)).
fix* p.A (xs : Strz) (p(hd"* xs), p ®t1* xs).
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Let A be some small type in clock context A and «, a fresh clock variable. Let
Stry = V«.Str;. We can define head, tail and cons functions

hd :Stry > A tl : Stry — Stry
hd £ Axs.hd" (xs[x]) tl £ Axs.prev k. t1* (xs[x])

cons: A — Stry — Stry

cons = Ax.Axs.Ax.cons” x (next" (xs[«])).

With these we can define the acausal ‘every other’ function eo® that re-
moves every second element of the input stream. This is acausal because the
second element of the output stream is the third element of the input. There-
fore to type the function we need to have the input stream always available,
necessitating the use clock quantification. The function eo* is

e0® : Stry — Strly
eo™ = fix* . A (xs: Stry).
cons” (hd xs) (¢ ® next® ((tl(tlxs)))).

i.e., we return the head immediately and then recursively call the function
on the stream with the first two elements removed. Note that the result is a
guarded stream, but we can easily strengthen it and define eo of type Stry —
Str4 as eo = Axs.Ax.eo xs.

A more interesting type is the type of covectors, which is a refinement of
the guarded type of covectors defined in Section 7.3. First we define the type
of co-natural numbers ColN as

CoNN = Vk.ColN*.
It is easy to define 0 and succ as

0:ColN succ : ColN — ColN
02 Ax.inl() succ 2 An.Ax.inr (next® (n[«]))
Next, we will use type isomorphisms to define a transport function com“°N

of type com®N : CoN — 1 + CoN as

com©N 2 14 casecom™ nof
inlu = inlu[xg]

inrn = inrprev k.n[«]
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This function satisfies term equalities
com®°N0 = inl () com“°N(sucen) = inrn. (7.10)
Using this we can define type of covectors CoVecy as

CoVecy n £ Vx.CoVec) n

where CoVec’, : ColN — U , is the term

fix* @.) (1 : ColN). case com“°N nof

inl_=>1

inrn = AX>" (¢ ® (next* n)).

Notice the use of com“°N to transport n of type ColN to a term of type 1+ColN
which we can case analyse. To see that this type satisfies the correct type
equalities we need some auxiliary term equalities which follow from the way
we have defined the terms.

Using term equalities (7.4) and (7.5) we can derive the (almost) expected
type equalities

CoVecy 0= VY«k.1

__ « (7.11)
CoVecy (succn) = Vk. (A x>(CoVec”® n))

and using the type isomorphisms we can extend these type equalities to type
isomorphisms

CoVecy 01

CoVecy (succn) = Ax CoVecy n

which are the expected type properties of the covector type.
A simple function we can define is the tail function

tl : CoVecy(succn) — CoVecy

tl £ Av.previ.m; (v[x]).

Note that we have used (7.11) to ensure that tl is type correct.
Next, we define the map function on covectors.

map : (A — B) — I1(n: ColN).CoVecy n — CoVecgn
map f = An.Axs.Ax.map® f n (xs[x])

where map* is the function of type

map" : (A — B) — Il(n: ColN).CoVecy n — CoVecyn
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defined as

Af.fix® @.An.case com“°N n of

inl_= Av.v
inrn = Av. (f(11v), ¢ ® (next* n) ® 7, (v)).

Let us see that this has the correct type. Let Dy(x) (and analogously Dg(x))
be the type

casexof
Du(x) 2 inl_=1
inrn = AX" ((nextk CoVeCZ) ® (next® n)).

where x is of type 1 + ColN. Using this abbreviation we can write the type of
map” as

(A — B) = I(n: CoN).D4(com“°N 1) — Dg(com“°N 1),

Using this it is straightforward to show, using the dependent elimination rule
for sums, as we did in Section 7.3, that map® has the correct type. Indeed we

have D4(inlz) =1 and Dy(inrn) = A XE(CoVecA n).

7.D Type Isomorphisms in Detail

o If x ¢ A then Vk.A = A. The terms are Ax.x[kg] and Ax.Ak.x. The rule
TMmEQ-V-rrEsH is crucially needed to show that they constitute a type
isomorphism.

o If x 2 Athen Vx.II(x: A).B=TI(x: A).Yx.B. The terms are
Az Ax.Ax.z[k] x
of type Vx.II(x: A).B — Il(x: A).VY«k.B and
Az. Ak Ax.(zx)[k]
of type IT(x: A).Vx.B — Vk.Il(x : A).B.
* Vk.X(x:A)B=X(y:Vk.A)(Vk.B[y[k]/x]). The terms are
Az (Ax.1ty (z[k]), Ax.105 (2[K]))
of type
Vi.X(x:A)B— X (y:Vx.A)(Vk.B[y[x]/x])
and
Az Ax. (10 2)[x], (102 2)[K])

of the converse type.
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e Vik.A=Vk.bA. The terms are

Az.Ax.next"(z[«x])

of type Vx.A — VA and
Az.prevk. (z[k])

of the converse type. The g and 7 rules for prev «. ensure that this pair
of functions constitutes an isomorphism.

Using these isomorphisms we can construct an additional type isomor-
phism witnessing that ¥« commutes with binary sums. Recall that we encode
binary coproducts using ¥-types and universes in the standard way. Given
two codes A and B in some universe Up we define

AFB: Uy
ATBL X (b:B)ifbthenAelse B

and we write A+ B for El (;\\’-F/B\) Suppose that A” C A and « is a clock variable
not in A. Suppose that I' 5 and that we have two codes A\,Esatisfying

FI—A,KA:L{A,,K FI—A’K EIZ/{Ar,K

We start with an auxiliary function comif. Let b be some term of type B.
We then define

comzf :Vx.El (if bthen Aelse B\)
— El (if b thenVAK.A\elseVAK.E)

comzf 2 ifbthen Ax.xelse Ax.x

which is typeable due to the strong elimination rule for B.
We now define the function com*

com” :Vx.(A+B) > VYx.A+V«.B

com™® £ )z <711 (z[KO]),Comgl(z[Ko]) (Ax.1, (Z[K]))>'

We need to check that the types are well-formed and the function well-typed.
The side condition I - ensures that the types are well-formed. To see that
the function com™ is well-typed we consider the types of subterms.

- The term z has type V«.(A + B).

- The term 7ty (2[x(]) has type B.
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- The term Ax.7; (z[x]) has type

Vx.El (ifnl (z[x])then A else §)

From TMmEQ-V-rrESH we get 111(2z[x(]) = 71 (z[x]). Indeed, the term
Ax.1ty(z[x])

has type B, which does not contain «x, and the required equality follows
from TMEQ-V-FrEsH and the g rule for clock quantification.

Thus the term Ax.7; (z[«x]) has type

Vx.El (ifnl (z[o]) then Aelse §)

- And so the term
comgl(z[xo])/\rc.nz (z[x])
has type
El (if 711 (2[®0]) thenVAK.A\elseVAK.E)

which is exactly the type needed to typecheck the whole term.

For the term com™ we can derive the following definitional term equali-
ties.
com” (Ax.inlt) = inl Ax.t

e . (7.12)
com™ (Ak.inrt) =inr Ax.t

There is also a canonical term of type
Vk.A+Vk.B— Vk.(A+ B)

defined as

Az.Ax.casezof
inla = inl(a[«x])
inlb = inl(b[k]).

This term is inverse to com™, although we require equality reflection to show
that the two functions are inverses to each other. Without equality reflec-
tion we can only prove they are inverses up to propositional equality. The
isomorphisms defined previously do not require equality reflection.
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