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Introduction

This is a qualification report concluding the first half of my Ph.D-enrollment
at the IT-University of Copenhagen. As such it is supposed to document some
of my work during that period as well as suggest possibilities for future work.
To document my work I have included a technical report providing the main
result of my work so far as well as an article presenting this result in a the-
oretical context. In addition to the herein presented material I am coauthor
on the technical report “Categorical models of PILL”, which can be seen as a
preliminary discussion to the article presented here, but my part in that work
is neither large nor isolated enough to include here. Future work is discussed in
a later section.

Outline
This qualification report consists of three parts:

1. A conference article on which I am a co-author, that was presented at
MFPS XXI. This article tries to tell at least three different stories at
once, one of them being that a concrete model can be obtained in the way
people believe it can. I have written out the details proving this belief to
be sound.

2. An excerpt from the technical report behind the conference article which
provides all the technical details. The excerpt includes only the chapter
on concrete models, as this is what I have written.

3. As the technical report is aimed researchers and other people experienced
in the field of domain theory, even this document skip over some details
of the more fundamental calculations. Therefor a document, aimed at
students, containing many of these has been included. Since this level
of detail mostly make sense in the first part (very few students know of
LAPL-structures yet) this last text only deals with the first part of the
technical report. This also serves to shorten this qualification report.

Future work

I here list a few possible directions for future work. I have ordered them such
that the first listed are the most concrete and accessible, with which I might
start right away, and the later listed require more conceptual development and
are more general and speculative.

LILY as an LAPL structure

In “Operational Properties of LILY, a Polymorphic Linear Lambda Calculus
with Recursion” Pitts and coworkers presented a version of PILLy called LILY
that has an operational semantics. This allows a definition of ground contex-
tual equivalence, which they manage to characterize through a concept called



T T-closed relations. This characterization is particular neat, from our point
of view, as it includes constructions on these relations corresponding to the
different constructions on types in the language. Moreover they obtain a para-
metricity result (albeit only for closed terms of closed types). Thus T T-closed
relations seem ideal as a notion of admissible relations in an LAPL-structure
based on terms identified by ground contextual equivalence. The existence of
such an LAPL-structure would prove at least two points: Firstly, the para-
metricity result would be extended to open terms and types and encompass all
the consequences of parametricity treated in our article. Secondly, the notion
of LAPL-model is rich enough to contain this model (which is not the image of
a completion process). This is already ongoing work.

Other types of effects

PILLy can be seen as linear logic with the added effect !, providing the possibil-
ity of non-linear terms. In order to move closer towards real life programming
languages, one would need to look at other types of effect. It is known, that
most effects can be encoded through continuations, and Andrzej Filinski has
shown that this is reflected at the level of monads. Thus an obvious step would
be to look at a language with continuations.

Another step, more directly aimed at reasoning about pointers, would be to
consider the connection to separation logic. A recent publication, “Semantics
of Separation-logic Typing and Higher-order Frame Rules”, of Birkedal Torp-
Smith and Yang featured a model of promising resemblance to what is presented
here.

Then one could move on to other languages, with sub typing in the type
system of F,,.

Study the concrete model

Since we are now provided with a concrete parametric model, we might as
well use it to answer as many questions as it can. During the ongoing work
mentioned above we have managed to add tensor to the language LILY (and
to its operational semantics) effectively turning it into PILLy. We thus have
an operational semantics of PILLy and can ask the questions of a given model
being adequate or fully abstract.

Since parametricity and full abstraction both have the effect of excluding
programs, it is an interesting question how close a parametric model is to being
fully abstract. We should thus ask if our concrete model is fully abstract.

We could also ask if it is adequate, and we could study the representation of
natural numbers. We proved those to be the Church numerals, but what about
functions of natural numbers or the rest of the hierarchy?

Building a bridge to operational semantics

A recent trend in compiler implementation is to propagate typing information
to lower and lower levels, the ultimate example being Typed Assembly Lan-



guage, in order to prove behavioral properties of the final code using techniques
such as parametricity. In “Stack-based typed assembly language” Morrisett
and coworkers presents a version of TAL using stacks, and in “A Simple Proof
Technique for Certain Parametricity Results” Crary proves a stack preservation
result using a simplified version of parametricity. It would be interesting to
attempt to streamline such arguments via our machinery. This would (at least)
involve an adequacy result and a translation from LILY (perhaps with tensor)
to something like TAL, preserving the parametricity result.

It would also be interesting to go the other way and look at translations into
LILY. LILY is Turing complete and its rich type theory allows encoding of many
commonly used type-constructs. It would be good to get a clear understanding
of which reasoning principles could be lifted from parametricity in LILY to the
encodings. Induction and co-induction principles seem likely candidates.

Another important task, that might greatly raise the impact of our work, is
to demonstrate the usefulness of PILLy as a metalanguage for domain theory.
Having provided a parametric model, the parametricity axiom of LAPL logic
has been proved sound. Thus one might enjoy the consequences of parametricity
whilst avoiding the heavy machinery of category theory and domain theory by
interpreting languages into PILLy (and showing adequacy). The task would be
to do this for an appropriate (interesting) language.

Understanding Parametricity

A conceptual goal would be to study the very formalization of parametricity.
Until now the effort at ITU has used a version of Abadi and Plotkin logic which
has been adapted to each individual language to reflect relational parametricity.
But relational parametricity seems to be an inadequate formalization once pro-
grams are not defined by their input-output relations alone, as happens when
effects are added (unless some sort of cps-translation can circumvent this). Thus
a comparison with other approaches, that are not built on relations or reflexive
graphs, such as that of Grossman, Morrisett and Zdancewic in “Syntactic Type
Abstraction” or Mellies and Vouillon in “Recursive polymorphic types and para-
metricity in an operational framework”, would be interesting. The connection
of the latter article with the T T-closed relations of Pitts should also be studied.
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Abstract

We present a formalization of a version of Abadi and Plotkin’s logic for parametricity
for a polymorphic dual intuitionistic / linear type theory with fixed points, and show,
following Plotkin’s suggestions, that it can be used to define a wide collection of
types, including solutions to recursive domain equations. We further define a notion
of parametric LAPL-structure and prove that it provides a sound and complete
class of models for the logic, and conclude that such models have solutions for a
wide class of recursive domain equations. Finally, we present a concrete parametric
LAPL-structure based on suitable categories of partial equivalence relations over a
universal model of the untyped lambda calculus.

Key words: Parametric polymorphism, Categorical semantics,
domain theory

1 Introduction

In this paper we show how to define parametric domain-theoretic models of
polymorphic intuitionistic / linear lambda calculus. The work is motivated
by two different observations, due to Reynolds and Plotkin.

In 1983 Reynolds argued that parametric models of the second-order lambda
calculus are very useful for modeling data abstraction in programming [24] (see
also [19] for a recent textbook description). For real programming, one is of
course not just interested in a strongly terminating calculus such as the second-
order lambda calculus, but also in a language with full recursion. Thus in loc.
cit. Reynolds also asked for a parametric domain-theoretic model of polymor-
phism [24]. Informally, what is meant [25] by this is a model of an extension
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of the polymorphic lambda calculus [23,10], with a polymorphic fixed-point
operator Y: []a. (v — «) — a such that

(i) types are modelled as domains, the sublanguage without polymorphism
is modelled in the standard way and Yo is the least fixed-point operator
for the domain o;

(ii) the logical relations theorem (also known as the abstraction theorem) is
satisfied when the logical relations are admissible, i.e., strict and closed
under limits of chains;

(iii) every value in the domain representing some polymorphic type is para-
metric in the sense that it satisfies the logical relations theorem (even if
it is not the interpretation of any expression of that type).

Of course, this informal description leaves room for different formalizations
of the problem. Even so, it has proved to be a non-trivial problem. Unpub-
lished work of Plotkin [21] indicates one way to solve the problem model-
theoretically by using strict, admissible partial equivalence relations over a
domain model of the untyped lambda calculus but, as far as we know, the
details of this relationally parametric model have not been worked out in de-
tail before. (We do that here.) In loc. cit. Plotkin also suggested that one
should consider parametric domain-theoretic models not only of polymorphic
lambda calculus but of polymorphic intuitionistic / linear lambda calculus,
since this would give a way to distinguish, in the calculus, between strict and
possibly non-strict continuous functions, and since some type constructions,
e.g., coproducts, should not be modeled in a cartesian closed category with
fixed points [11]. Indeed Plotkin argued that such a calculus could serve as a
very powerful metalanguage for domain theory in which one could also encode
recursive types, using parametricity. To prove such consequences of para-
metricity, Plotkin suggested to use a variant of Abadi and Plotkin’s logic for
parametricity [22] with fixed points.

Thus parametric domain-theoretic models of polymorphic intuitionistic /
linear lambda calculus are important both from a programming language per-
spective (for modeling data abstraction) and from a purely domain-theoretic
perspective.

Recently, Pitts and coworkers [20,2] have presented a syntactic approach
to Reynolds’ challenge, where the notion of domain is essentially taken to be
equivalence classes of terms modulo a particular notion of contextual equiva-
lence derived from an operational semantics for a language called Lily, which
is essentially polymorphic intuitionistic / linear lambda calculus endowed with
an operational semantics.

In parallel with the work presented here, Rosolini and Simpson [27] have
shown how to construct parametric domain-theoretic models using synthetic
domain-theory in intuitionistic set-theory. Moreover, they have shown how to
give a computationally adequate denotational semantics of Lily.

In the present paper we make the following contributions to the study of

2



BIRKEDAL, M@GELBERG, PETERSEN

parametric domain-theoretic models of intuitionistic / linear lambda calculus:

» We present a formalization of Linear Abadi-Plotkin Logic with fixed points
(LAPL). The term language, called PILLy for polymorphic intuitionistic
/ linear logic (the Y stands for the fixed point combinator), is a simple
extension of Barber and Plotkin’s calculus for dual intuitionistic / linear
lambda calculus (DILL) with polymorphism and fixed points and the logic
is an extension of Abadi-Plotkin’s logic for parametricity with rules for
forming admissible relations. The logic allows for intuitionistic reasoning
over PILLy terms; i.e., the terms can be linear but the reasoning about
terms is always done intuitionistically. In LAPL we can give detailed proofs
of consequences of parametricity, including the solution of recursive domain
equations; these results and proofs have not been presented formally in the
literature before. We omit them here for reasons of space; they can be found
in the accompanying technical report.

» We give a definition of a parametric LAPL-structure, which is a categori-
cal notion of a parametric model of LAPL, with associated soundness and
completeness theorems.

e We present a definition of a concrete parametric LAPL-structure based on
suitable categories of partial equivalence relations over a universal model
of the untyped lambda calculus, thus confirming the folklore idea that one
should be able to get a parametric domain-theoretic model using partial
equivalence relations over a universal model of the untyped lambda calculus.

We remark that one can see our notion of parametric LAPL-structure as a
suitable categorical axiomatization of a good category of domains. In Ax-
iomatic Domain Theory much of the earlier work has focused on axiomatizing
the adjunction between the category of predomains and continuous functions
and the category of predomains and partial continuous functions [5, Page 7|
— here we axiomatize the adjunction between the category of domains and
strict functions and the category of domains and all continuous functions and
extend it with parametric polymorphism, which then suffices to model also
recursive types.

In the technical development, we make use of a notion of admissible re-
lations, which we axiomatize, since admissible may mean different things in
different models. We believe our axiomatization is reasonable in that it acco-
modates several different kinds of models, such as the classical one described
here and models based on synthetic domain theory [17].

The work presented here builds upon our previous work on categorical
models of Abadi-Plotkin’s logic for parametricity [3], which includes detailed
proofs of consequences of parametricity for polymorphic lamdba calculus and
also includes a description of a parametric completion process that given an
internal model of polymorphic lambda calculus produces a parametric model.
It is not necessary to be familiar with the details of [3] to read the present
paper (except for Appendix A of [3], which contains some definitions and

3
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theory concerning composable fibrations), but, for readers unfamiliar with
parametricity, it may be helpful to start with [3], since the proofs of conse-
quences of parametricity given here are slightly more sophisticated than the
ones in [3] because of the use of linearity.

In subsequent papers we intend to show how one can define a computation-
ally adequate model of Lily and how to produce parametric LAPL-structures
from Rosolini and Simpson’s models based on intutionistic set theory [27] (this
has been worked out at the time of writing [17]) and from Pitts and cowork-
ers operational models (2] (we conjecture that this is possible, but have not
checked all the details at the time of writing). As a corollary one then has that
the encodings of recursive types mentionend in [27] and [2] really do work out
(these properties were not formally proved in loc. cit.). We will also extend the
parametric completion process of [3] to produce a parametric LAPL-structure
given a model of polymorphic intuitionistic / linear lambda calculus, see [16].

For reasons of space, we have omitted many proofs from this paper. Further
details can be found in the accompanying technical report [4], which includes
proofs of all the properties stated herein. 3

1.1  Owutline

The remainder of this paper is organized as follows. In Section 2 we present
LAPL, the logic for reasoning about parametricity over polymorphic intu-
itionistic / linear lambda calculus (PILLy). In Section 3 we state some of
the main consequences of parametricity (see [4] for detailed proofs). In Sec-
tion 4 we present our definition of an LAPL-structure and show soundness
and completeness. In Section 5 we present our definition of a parametric
LAPL-structure and prove that one may solve recursive domains equations in
such. In Section 6 we present a concrete parametric LAPL-structure based
on partial equivalence relations over a universal domain model. To make the
model easier to understand, we first present a model of PILLy (without para-
metricity) and then show how to make it into a parametric LAPL-structure.
Moreover, as an example of how to calculate in the model, we characterize the
definable natural numbers object.

2 Linear Abadi-Plotkin Logic

In this section we define a logic for reasoning about parametricity for Poly-
morphic Intuitionistic Linear Lambda calculus with fixed points (PILLy ). The
logic is based on Abadi and Plotkin’s logic for parametricity [22] for the second-
order lambda calculus and thus we refer to the logic as Linear Abadi-Plotkin
Logic (LAPL).

3 The reader can find an online copy of the technical report at
www.itu.dk/people/birkedal/papers.
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The logic for parametricity is basically a higher-order logic over PILLy .
Expressions of the logic are formulas in contexts of variables of PILLy and
relations among types of PILLy. Thus we start by defining PILLy .

2.1 PILLy

PILLy is essentially Barber and Plotkin’s DILL [1] extended with polymor-
phism and a fixed point combinator.
Well-formed type expressions in PILLy are expressions of the form:

ay: Type, ..., a,: Type - o: Type
where ¢ is built using the syntax
or=all|lo®@T|o—T]|lo]|][]a.o,

and all the free type variables of ¢ appear on the left hand side of the turnstile.
The list of a’s is called the kind context, and is often denoted simply by = or
a. We have included ®, I in the type system even though Plotkin’s original
idea was to define them using parametricity, since in models of the type system
these constructions are always required to exist.

The terms of PILLy are of the form:

/
m

Elxyon,. T oy 0,2 o BT

where the oy, 0%, and 7 are well-formed types in the kind context =. The list
x is called the intuitionistic type context and is often denoted I', and the list
a’ is called the linear type context, often denoted A. No repetition of variable
names is allowed in any of the contexts, but permutation akin to having an
exchange rule is. Due to the nature of the formation rules, weakening and
contraction can be derived for all but the linear context.

The grammar for terms is:

tuo=x|*x|Y | Xx:ot|tt|t@t|t] Aa: Type.t | t(o) |
let z: o ®@y:Thbetint|letlx:obetint|let x betint

We use \°, which bear some graphical resemblance to —o, to denote linear
function abstraction. And we use s, t, u...to range over terms.

The formation rules given are the standard ones for DILL [1], extended to
contexts with type variables, plus the standard rules for type abstraction and
type application and the axiom

EID—-FY: J]a!(la — a) — a.

| I'; A is considered well-formed if for all types ¢ appearing in I' and A,
F o: Type is a well-formed type construction. A and A’ are considered

5
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disjoint if the set of variables appearing in A is disjoint from the set of variables
appearing in A’. We use — to denote an empty context. As the types of
variables in the let-constructions and function abstractions are often apparent
from the context, these will just as often be omitted.

The external equality relation on PILLy terms is the least equivalence
relation given by the rules of DILL [1] extended with an obvious rule for
Y and - and n-rules for polymorphic types. We encode ordinary lambda
abstraction in the usual way by defining ¢ — 7 =lo — 7 and A\z: 0.t =
Ay lo.let lx be y in t, where y is a fresh variable. Using this notation the
constant Y appears with the more familiar looking type Y': lla. (& — a) — «a.

2.2 The logic

As mentioned, expressions of LAPL live in contexts of variables of PILLy and
relations among types of PILLy. The contexts look like this:

=T | Ry: Rel(my,7),...,Ry: Rel(m,, 7)),
S1: AdmRel(wy, wh), ..., Sm: AdmRel(wy,, w,)

where Z | I'; — is a context of PILLy and the 7;, 7/, w;, ! are well-formed types
in context =, for all . The list of R’s and S’s is called the relational context
and is often denoted ©. As for the other contexts we allow permutation, but
no repetion of variables.

The concept of admissible relations is taken from domain theory. Intu-
itively admissible relations relate 1 to 1, and are closed under least upper
bounds of chains.

It is important to note that there is no linear component A in the contexts
— the point is that the logic only allows for intuitionistic reasoning about
terms of PILLy, whereas PILLy terms can behave linearly.

Propositions in the logic are given by the syntax:

¢u=(t=cu)|ptu) [ 6DV [L|T[oAY [PV
Va: Type. ¢ | Va: 0.¢ | VR: Rel(o, 7). ¢ | ¥S: AdmRel(o, 7). ¢ |
Ja: Type. ¢ | Jz: 0.¢ | AR: Rel(o, 7). ¢ | 3S: AdmRel(o, 7). ¢

where p is a definable relation (to be defined below).

2.2.1 Definable relations

Definable relations, ranged over by p, are defined by rules below. Definable
relations always have a domain and a codomain, just as terms always have
types. The basic formation rules for definable relations are:

=T | O,R: Rel(o,7) - R: Rel(o,7)
6
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=|Nx:0,y:7|OF ¢: Prop

EIT|OF (z:0,y: 7). ¢: Rel(o,7)
E|T|OF p: AdmRel(o, 7)

E|T|OF p:Rel(o, 1)
Notice that in the second rule we can only abstract intuitionistic variables to
obtain definable relations. In the last rule, p: AdmRel(o, 7) is an admissible
relation, to be discussed below. The rule says that the admissible relations
constitute a subset of the definable relations.

An example of a definable relation is the graph relation of a function:
(fy=(x:0,y: 7). fr =y, for f: 0 — 7. The equality relation eq, is defined
as the graph of the identity map.

If p: Rel(o,7) is a definable relation, and we are given terms of the right
types, then we may form the proposition stating that the two terms are related
by the definable relation:

E|T|©Fp:Rel(o,7) Z|T—Ftios:T
E|T|OFpt,s)

(1)

We shall also write tps for p(t, s).

We introduce some shorthand notation for reindexing of relations. For
f:0 — o,g: 7 — 7 and p: Rel(o,7), we write (f,g)*p for the definable
relation

(x: o',y ) p(f2,9Y).

2.2.2  Constructions on definable relations
In this subsection we present some constructions on definable relations, which
will be used to give a relational interpretation of the types of PILLy. We define
—o, VY, I, and ® on relations in such a way that they make LinAdmRelations
— a category of relations introduced in Section 4 — into a linear category,
i.e., a model of PILLy.

If p: Rel(o,7) and p': Rel(o’, 7’), then we may construct a definable relation

(p = )i Rel((o — 0'), (1 — 7)),
defined by

p—op =(fio—d,g:7—1) Vo0 Vy: 7.p(x,y) D p(fz,9y).
If
Z,0,0|T|©,R: AdmRel(«, 5) - p: Rel(o, 7)
is well-formed and = | T | © is well-formed, =, a - o: Type, and =, 5 F 7: Type

we may define

=T | OF Y(a, 8, R: AdmRel(a, 3)). p: Rel([Ja. o), ([] 8. 7))
7
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as
(t:[Ja: Type.o,u: [[5: Type. 7).V, B: Type.VR: AdmRel(a, 3). p(ta, uf3).

For p: Rel(o, T), we seek to define a relation !p: Rel(lo,!7). First we define for
any type o the proposition (—) | on o as

x|=3df:0—1I. f(x) =1 *

This definition is due to [9]. The intuition here is that since we have fixed
points we may think of types as domains, and so x | is thought of as = # 1.

We further define the map e: lo — g as \°z: lo.let ly be x in y = A\x: 0. x.
We can now define

lp=(z:lo,y: 7).z | 3Ty | Az [D plex, ey)).

Following the intuition of domains, ! is to be thought of as lifting, and e the
unit providing the unlifted version of an element. The formula then expresses
that either both x and y are L or they are both lifted elements whose unlifted
versions are related.

Next we will define the tensor product of p and p/

p@p:Rel((c®d), (rarT)),

for p: Rel(o,7) and p': Rel(¢’,7’). The basic requirement on the definition
is that ® should become a left adjoint to —o in the category of relations
LinAdmRelations to be introduced in Section 4. To give a concrete def-
inition satisfying this requirement, we take a slightly long route. We first
introduce the map

fio@T—o]]a.(60 T —oa)—oa«a

defined as

fr=leta ®z":0@7bexin Aa. \°h: 0 —7 —oa.ha' 2"
Then we define

p®p = (f.f)(V(a, B, R: AdmRel(ax, 3)). (p —o p' —o R) — R),
or, if we write it out, p ® p/ =
(x:o®o y: T®@ 7). VYo, B, R: AdmRel(a, 3).Vt: 0 —o 7 — a,t': 0/ —o 7/ —0 [3.

(p— p' — R)(t,t') D R(let 2’ @ 2" be x int 2/ 2" let ¥/ @y’ be y in ¢’ y' y").

The reason for this seemingly convoluted definition, is that we will later prove,
using parametricity, that o ® 7 is isomorphic to [[a. (0 —o T —0 a)) — «, and

8
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we already have a relational interpretation of the latter. The idea of using
this definition of ® is due to Alex Simpson.

Similarly, to define the relation Ig.;: AdmRel(7, I) we define the map f: I —o
[[a.av —o v as A°x: I.let x be x in id, where id = Aa. \°z: a. x and define

Irea = (f, f)"(V(e, 3, R: AdmRel(c, ). R — R),

which, if we write it out, is

(x: Lyy: I).¥Y(a, B, R: AdmRel(«v, 3)).Vz: o, w: .
zRw O (let * be x in z)R(let * be y in w).

2.2.3 Admussible relations
The key notion used in Reynolds definition of relational parametricity [24]
is the relational interpretation of a type. The relational interpretation of a
type with n free variables is a function taking n relations and returning a
new relation. However, we will not require that this function is defined on
all vectors of relations, but only that it is defined on vectors of “admissible
relations”. On the other hand this function should also return admissible
relations. Since “admissible” might mean different things in different settings,
we axiomatize the concept of admissible relations.

The axioms for admissible relations are formulated in Figure 1. In the last
of these rules p = p’ is a shorthand for Vz, y. p(x,y) 3C p/(z,y).

Proposition 2.1 The admissible relations contains all graphs and are closed
under the constructions of Section 2.2.2.

Now, finally, we may give the last formation rule for definable relations:

ai,...,opFo(a): Type Z || ©F py: AdmRel(7y,7), ..., pp: AdmRel(7,, 7))

E|T |0+ o[p]: AdmRel(o(7),0(7"))
We call o[p] the relational interpretation of the type o.

Remark 2.2 Observe that o[p] is a syntactic construction and is not obtained
by substitution as in [3]. Still o[p1/au, ..., pn/a,] might be a more complete
notation, but this quickly becomes overly verbose. In [22] o[p] is to some
extent defined inductively on the structure of o, but in our case that is not
enough, since we will need to form o[p| for type constants (when using the
internal language of a model of LAPL). We capture the inductive definitions
In axioms.

2.2.4  Axioms and Rules
Having specified the language of LAPL, it is time to specify the axioms and
inference rules. We have all the usual axioms and rules of predicate logic plus

9
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=|T'|©,R: AdmRel(o,7) F R: AdmRel(o, 7)

=T | OF eq,: AdmRel(o,0)
E|T|OF p: AdmRel(o,7) Z|T5—Ft:0' —ou:7 —o7 2,y¢T
E|IT|OF (z:0',y: 7). p(t z,uy): AdmRel(c’, 7")
E|IT|OFp,p: AdmRel(o,7) z,y¢T
E|IT 1Ok (z:0,y: 7). p(x,y) A p'(x,y): AdmRel(o, T)
E|T|©Fp: AdmRel(o,7) x,y¢TD
EIT|OF (y: 7yx: 0). p(x,y): AdmRel(T,0)
E|T|OF p: AdmRel(o, 7)
E|T'| ©Fp: AdmRel(lo,!7)
v,y ¢l
EIT|OF (z:0,y: 7). T: AdmRel(o, 7)
E|T|©F p: AdmRel(o, 7) E|T'|OF¢:Prop z,y¢Tl
EIT|OF (z:0,y:7).¢ D p(z,y): AdmRel(o, 7)
Za|T | OF p: AdmRel(o, 1) =l e =k o: Type =k 7: Type

z,y ¢ T

EIT|OF (z:0,y: 7). Ya: Type. p(z,y): AdmRel(o, 1)
E|lz:w|OF p: AdmRel(o,7) z,y ¢ T
EIT|OF(z:0,y: 7).Vz: w.p(z,y): AdmRel(o, 7)
E|T|6,R: AdmRel(w,w') - p: AdmRel(o,7) z,y ¢ T
E|T|OF (x:0,y: 7).VR: AdmRel(w, ). p(z,y): AdmRel(o, 7)
Z|T|6,R: Rel(w,w') F p: AdmRel(o,7) =,y ¢T
E|T|OF (z:0,y: 7).VR: Rel(w,w"). p(z,y): AdmRel(c, 7)
E|T|OF p: AdmRel(o,7),p: Rel(o,7)  EZ|T|O]|Tkp=)p
E|T|OFp: AdmRel(o, )

Fig. 1. Rules for admissible relations

the axioms and rules specified below. There are obvious rules for substitution
of terms, definable relations, and types for variables, relation variables, and
type variables.

The rules for universal and existential quantification over types, terms,
and relations, are standard.

As usual, external equality implies internal equality, and there are obvious
rules expressing that internal equality is an equivalence relation.

Intuitively admissible relations should relate | to L and we need an axiom

10
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stating this. In general, we will use (—) | as the test for = # L.

E|T |0k p:Rel(lo,!7),p': AdmRel(lo,!7) 2,y ¢ T

E|T|0|Ve: o,y: 7.p(lz,ly) D p/(lz,ly) - (2)
Vailoy: tr.x 130 y 15 (p(e.y) > #le.)
We have rules concerning the interpretation of types as relations:
abao;:Type Z|T'|OF p: AdmRel(T,7')
EITO]TEalp] = pi
abo—oo:Type Z|T'|OF p: AdmRel(r,7’)
EIT[O]TE (0 —0a)[p] = (o]p] — o’[p])
abo®d:Type Z|T'|OF p: AdmRel(T,7')
EIT[O]TE(c®d)p] = (olp]®d'[p])
Z|T O+ p: AdmRel(T,7)
E|T O] THEIp] = Iga

atJ[B.0(a,3): Type E|T'|OF p: AdmRel(7,7')
= T[T F (15 o(ew B))lp] = (5, F, B: AdmRel(3, 7))o [p, R
atlo: Type Z|T'|OF p: AdmRel(T,7')
2T [O]TE(o)p] =(olp])
Here p = p’ is shorthand for Vz,y. xpy 3C xp'y.

If the definable relation p is of the form (x: o,y: 7). ¢(x,y), then p(t,u)
should be equivalent to ¢ with x,y substituted by ¢, u:

E|Tz:oy:7|OF¢:Prop Z|T;—Ft:ou:
EITIO]TE (2 o,y: 7).0)(t,u) 3T o[t u/z,y]
Finally, we need an axiom stating parametricity of the fixed point combinator:

ElnL—-loFY (e (o — a) = a)Y

2.2.5  Extensionality and Identity Fxtension Schemas
The following two schemas are called extensionality schemas:

(Ve:otx=,ux) Dt =450 u

(Va: Type.t o = ux) Dt =T a: Type.r U-

Lemma 2.3 [t is provable in the logic that

Vf,g: 0 —1.(Vo: o f(lx) =, g(lx)) D Vz: lo. f(x) =, g(x).
11
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In particular, extensionality implies
Vi, g:o—71.(Vz: 0 f(lz) =, g(!2)) D f =0_r g

The schema

— | = | = FVa: Type.oleq,] = €q,(q
is called the identity extension schema. Here o ranges over all type ex-
pressions.

For any type f,a1,...,a, b o(f,a) we can form the parametricity
schema:

— | = | —FVaYu: ([ 5.0).V6,5.VR: AdmRel(53, ). (u )[R, eq,)(u ),

where, for readability, we have omitted : Type after (3,5, and eq, is short
notation for eq,,,...,eq,, . It is easy to show that the identity extension
schema implies the parametricity schema.

3 Proofs in LAPL

In LAPL one can make formal proofs of the definability of a wide collection of
types, including recursive types, as suggested by Plotkin [21]. We have written
out all the proofs in detail, but do not have space to include them here. They
can be found in the accompanying technical report [4].

The main result is

Theorem 3.1 Suppose o F o(«): Type is a type in pure PILLy. There ez-
ists a closed type rec .o and a pair of terms f: rec a.o —o o(rec a.o),
g: o(rec a.0) —o rec a.o, such that the identity extension schema implies
that f © g =0 (rec a.0)—oc(rec a.0) Zdo(rec a.o) and go f =rec a.o—orec oo Wrec ao-

4 LAPL-structures

In this section we introduce the notion of an LAPL-structure. An LAPL-
structure is a model of LAPL.

First, however, we call to mind what a model of PILL (PILL is PILLy
without the term Y') is and how PILL is interpreted in such a model (for
a full description of models for PILL and interpretations in these, see e.g.
[18,14,1,13]).

A model of PILL is a fibred symmetric monoidal adjunction

LinType” 1 ~——~Type
G
\ /
Kind,
12
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such that LinType is fibred symmetric monoidal closed; the tensor in Type
is a fibred cartesian product; Type is equivalent to the category of finite
products of free coalgebras; Kind is cartesian; p has a generic object and
simple products with respect to projections forgetting €2, where €2 is p of the
generic object. See [14] for detailed explanation of this definition.

Recall that PILL is interpreted in such models as follows. A type o is inter-
preted as an object [o] € LinType and we interpret a term o | ¢: o;¢’: o’ F
t: 7 as a morphism

o] @ ...0Mon] @ [o1] @ ... [o),] — [7]

in LinType, where | = FG. Of course, [lo] =![o]. Notice that we denote the
morphisms in LinType by —o. Further recall that the intuitionistic part of the
calculus, that is, the terms in the calculus with no free linear variables, can be
interpreted in Type. For suppose we are given such aterm = | x: o; — F t: 7.
Then the interpretation of this term in LinType is

[Elx:o;—Ft:7]: QUE| o] — [E] 7]

Since ®;![2] ;] = F([[,G([E ] 0i])) (F can be proved to be strong) and
I = F'G, we have, using the adjunction F' - G, that such a term corresponds
to

[E]z: 05— t]rype: I[; G(loi]) — G([7])
in Type.
Finally, a model of PILLy is a model of PILL, which models a fixed point
operator
Y:Ta. (o — a) = «

Definition 4.1 A pre-LA PL-structure is

(i) a schema of categories and functors

Prop

r

LT I
LinType Type——Ctx
I

2N

such that
e the diagram
LinType” 1 ———~Type
G
P
Kind

1s a model of PILLy .
13
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e q is a fibration with fibred finite products

e (r,q) is an indexed first-order logic fibration which has products and
coproducts with respect to projections = x Q — =Z in Kind [3], where
18 p applied to the generic object of p. See Remark 4.2 below.

e [ is a faithful product-preserving map of fibrations.

(ii) a contravariant morphism of fibrations:

LinType Xkinq LinType v Ctx

e

Kind

(iii) a family of bijections
Uz : Homex: (€, U0, 7)) — Obj (Prope, /(g(o)xa(r)))

for o and T in LinTypez and & in Ctx=, which

e is natural in the domain variable &

e s natural in o, T

o commutes with reindexing functors; that is, if p : = — = is a morphism
in Kind and u : £ — U(o, 1) is a morphism in Ctxz, then

U=

—
)
*
—
IS
N—
N—
I
o
el
S~—
*
—
S
[
—~
N
S~—
~—

where p is the cartesian lift of p.
Notice that V is only defined on vertical morphisms.

Remark 4.2 We ask for the pair (r,¢) to be an indexed first order logic fi-
bration. This means that for each object = in Kind, the restriction of r to the
fibre over = is a first order logic fibration, and the structure commutes with
reindexing. We further require that (r,q) have simple products and coprod-
ucts, which means that the logic models quantification over types. Further
note that, really, U is uniquely defined by the requirements on the rest of the
structure so we will often refer to a pre-LAPL structure simply as the diagram
in item 1.

By contravariance of the fibred functor U we mean that U is contravariant
in each fibre.

We now explain how to interpret a subset of LAPL in a pre-LAPL struc-
ture. The subset of LAPL we consider at this stage is LAPL without admis-
sible relations and without the relational interpretation of types.

We interpret the full contexts of the considered subset of LAPL in the
category Ctx as follows. A context

E|xi:on,.. .2 0n | Ry Rel(m1,7), ..., Ry Rel(Ty, 7))

14
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is interpreted as

[1: 1G([o:]) < I1; U], I7D),
where the interpretations of the types is the usual interpretation of types in
LinType — Kind.

For notational convenience we shall write [= | I'| © - ¢: 7] for the inter-
pretation of ¢ in Ctx, that is for I([E | I'; — F t: T]1ype)om (note the subscript
Type), where 7 is the projection 7: [Z|I' | O] — [Z | ' | —] in Ctx.

The propositions in the logic are interpreted in Prop in the standard
manner of categorical logic.

Definable relations with domain o and codomain 7 in contexts = | I' | © are
interpreted as maps from [= | I' | O] into U([o], [7]). The definable relation
= | T | 6,R:Rel(o,7) = R: Rel(o,7) is interpreted as the projection, and
[EIT|©F (z:0,y: 7).¢: Rel(o,7)]

U H[E|T,2:0,y: 7| OF ¢]).

We now define the interpretation of p(t, s), for a definable relation p and terms
t, s of the right types. First, for = | T' | © F p: Rel(o,7), we define

[Z]T,z:0,y: 7| OF plx,y)]=Y([E || OF p: Rel(a,7)]).

Next, if = | 'k t: 0,s: 7, then [Z | T' | © F p(t,s)] equals
(m(EITIOH[EIT[OF ) a) [E]T,z:0,y: 7| OF plz,y)],

where 7, 7" are the projections 7: [E || ©] = [E|T] and 7n': [Z| T | O] —
=] 6]

To interpret admissible relations, we will assume that we are given a sub-
functor V of U, i.e., a contravariant functor V' with domain and codomain as U
and a natural transformation V' = U whose components are all monomorphic.
Thus, for all o, 7, we can consider V (o, 7) as a subobject of U(c, 7). We think
of V(o,7) as the subset of all admissible relations (since the isomorphism W
allows us to think of U(c, 7) as the set of all definable relations).

We may interpret the logic containing admissible relations by interpreting
S: AdmRel(o, 7) as V([o], [7]). Admissible relations are interpreted as maps
into V([o],[7]). For this to make sense we need, of course, to make sure
that the admissible relations in the model (namely the relations that factor
through the object of admissible relations) in fact contain the relations that
are admissible in the logic. We need to assume that of the functor V.

Definition 4.3 A pre-LAPL structure together with a subfunctor V' of U is
said to model admissible relations, if V' is closed under the rules of Fig-
ure 1 and Rule 2 holds.

Given a pre-LAPL structure modelling admissible relations, we may define a

15
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fibration
LinAdmRelations

AdmRelCtx )
which we think of as a model of admissible relations. We first define the
category AdmRelCtx by the pullback

AdmRelCtx——Ctx

|- l
(90,01)

Kind x Kind—=Kind.

We write an object © in AdmRelCtx over (Z,=Z') as Z,Z" | ©. The fiber of
LinAdmRelations over an object =, = | © is

objects triples (¢, 0, 7) where o and 7 are objects in LinType over
= and Z' respectively and ¢ is an admissible relation, i.e. a
vertical map
¢: © = V(r'o,m"7)
in Ctx.

morphisms A morphism (¢,0,7) — (¢,0’,7') is a pair of morphisms
(t:0 —o 0o u: 7—7")
in LinType- and LinTypex, respectively, such that
V(o) < W(V(t,u) o)),

where we have left the inclusion of V' into U implicit.

Reindexing with respect to vertical maps p: © — 0’ in Ctx is done by compo-
sition. Reindexing objects of LinAdmRelations with respect to lifts of maps
in Kind x Kind is done by reindexing in the fibration Ctx — Kind. Reindex-
ing of morphisms in LinAdmRelations with respect to maps in Kind x Kind
is done by reindexing each map in LinType — Kind. This defines all reindex-
ing since all maps in AdmRelCtx can be written as a vertical map followed
by a cartesian map.

Remark 4.4 In the internal language, objects of LinAdmRelations are ad-
missible relations

Z;Z | ©F p: AdmRel(o, 7).
A vertical morphims in LinAdmRelations from p: AdmRel(o, 7) to p': AdmRel(o’, 7")
is a pair of morphisms f: 0 — o', g: 7 —o 7’ in LinType such that in the
internal language the formula

Ve:o,y: T.op(z,y) D (fz,9Y)
holds.
16
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There exist two canonical maps of fibrations:

LinAdmRelations ) LinType
_%
01
AdmRelCtx Kind

On the base category dy, d; map an object Z,=' | © to = and Z’ respectively.
On the total category they map (¢, 0, 7) to o and 7 respectively. In words, g
and 0; map a relation to its domain and codomain respectively.

Lemma 4.5 If we define AdmRelations to be the category of finite products
of coalgebras [14], we obtain a PILL-model

LinAdmRelations— 1 _____ AdmRelations

AdmRelCtx
and two maps of PILL-models 0y, 0;.

Proof. The proof proceeds essentially by verifying that the constructions on
definable relations given in Section 2.2.2 make the fibration

LinAdmRelations — AdmRelCtx

into a fibred linear category with generic object V' ([a F «: Type], [a = a: Type]).
Notice that since V' is closed under the rules of Figure 1, Proposition 2.1 tells
us that the constructions on definable relations of Section 2.2.2 indeed do
define operations on LinAdmRelations — AdmRelCtx. O

Definition 4.6 An LAPL-structure is a pre-LAPL-structure modeling ad-
missible relations, together with a map of PILL-models J from

LinType

— 1L T Type

Kind

to
LinAdmRelations— 1 ____ AdmRelations

AdmRelCtx

such that when restricting to the fibred linear categories, J together with Oy, Oq
15 a reflexive graph, i.e., Oyo J =010 J = id.

In the following, we will often confuse J with the map of fibred linear categories
from LinType — Kind to LinAdmRelations — AdmRelCtx.

17
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We need to show how to interpret the rule

ay,...,a, Fo(a): Type Z [T | OF py: AdmRel(r,7(), ..., pn: AdmRel(7,, 7))

Z|T |6k olpl: AdmRel(a(T), (7))

in LAPL-structures.

One can show that, since J preserves products in the base and generic
objects, J(Ja - o(a)]) is a relation from o(a) to o(B) in context [a; B |
R: AdmRel(a, B)]. It thus makes sense to define [a, 3 | — | R: AdmRel(ex, B) -
o[R]] to be J([a | o(e)]), so all we need to do now is to reindex this ob-
ject. We reindex it to the right Kind context using (7,7') : [Z] — 02", thus
obtaining

[E] = | R: AdmRel(7,7") F o[R]: Rel(o(T),o(7))].

For = |T'| © F p: AdmRel(7, '), we define

[Z]T]OFacp]l: AdmRel(a(T),0(7))] =
[Z]—| R: AdmRel(T, 7)) Fo[R]]o[Z| T | © F p: AdmRel(T, 7')].

where by [Z | T' | © F p: AdmRel(7,7’)] we mean the pairing

Soundness and completeness can then be proved by lengthy but fairly
standard calculations.

Theorem 4.7 (Soundness) The interpretation given above of LAPL in LAPL-
structures is sound.

Theorem 4.8 (Completeness) There erxists an LAPL-structure with the
property that any formula of LAPL over pure PILLy holds in this model iff it
1s provable in LAPL.

5 Parametric LAPL-structures

Definition 5.1 A parametric LA PL-structure is an LAPL-structure with
very strong equality in which identity extension holds in the internal logic.

Recall that very strong equality implies extensionality. We ask that identity
extension and extensionality hold because this means that all the results from
Section 3 apply to the internal logic of the LAPL-structure. Strong equality is
used to conclude that properties proved in the internal logic also hold exter-
nally. This means that we can solve recursive domain equations in parametric
LAPL-structures. In the following we will explain what this means exactly.
Suppose a - ¢ is a type in pure PILLy. We may split the occurences of
a in o into positive and negative obtaining a type «, § F o(«, ) such that «

18
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occurs only negatively and 3 only positively. Such a type induces a functor
which is contravariant in the first variable and covariant in the second, in the
sense that there exists a term

M: [Ta, o, 8,0 (¢ —0a) = (B — (') = (c(a, B) — o, ))

preserving composition and identities (this is much as in [22]). Such a term
induces a fibred functor

LinType® Xkinqg LinType LinType

T~

Kind

The category LinType®® Xking LinType is the fibrewise product of the cat-
egory obtained by taking the fibrewise opposite category of LinType and
LinType. In general, we will call such fibred functors polymorphically strong
if there exists a corresponding type ¢ and term as above in the internal lan-
guage of the model (i.e. not necessarily in pure PILLy).

A solution to a domain equation induced by such a functor F' is a family

(m=)z indexed over = in Kind closed under reindexing such that F(7=, =) &
T=, i.e., a family of fixed points for the functor.

Theorem 5.2 For parametric LAPL-structures every polymorphically strong
fibred functor as above has a family of fixed points closed under reindezxing.

The fixed points are constructed as follows. In the special case of a - o
where o occurs only positively in o, o can simply be considered a fibred functor

LinType LinType

~.

Kind.

As a result of parametricity, such a functor has an initial algebra ua.o =
[Ta. (60 —0 @) —o a and a final coalgebra va.o =[] S. (][ . ({(a — o(a)) ®
a —o [3)) —o . Plotkin noticed that using the fixed point combinator Y one
can show that initial algebras and final coalgebras coincide. This situation
called is algebraic compactness and has been studied by Freyd [7,6,8], who
has shown that in such categories general bifree solutions to recursive domain
equations exist, and are given as the type 7 constructed by

(o) = ppB.o(a, B)
T =va.o(t"(a),a)
T =71"(1)
The generalisation to polymorphically strong fibred functors means that we
can solve recursive domain equations involving types modelled in the language

19
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which may not exist in pure PILLy. This could be interesting for example in
the case of models with a type for real numbers.

6 A parametric domain-theoretic model of PILLy

In this section we present a concrete parametric LAPL-structure based on
partial equivalence relations over a universal domain model. To make it easier
to understand the model, we first present a model of PILLy (without para-
metricity) and then show how to make it into a parametric LAPL-structure.

Let D be a pointed w-chain-complete partial order such that we have
®: D — [D— D]and ¥V: [D — D] — D, both Scott-continuous and satisfy-
ing ® o ¥ = idp_.p}, where [D — D] denotes the cpo of continuous functions
from D to D. An admissible partial equivalence relation on D is a partial
equivalence relation R on D that is strict (relates Lp to Lp) and w-chain
complete.

We write PER(D) for the standard category of partial equivalence rela-
tions over D and AP (D) for the full subcategory of PER(D) on the admissible
pers. The category AP(D), of admissible pers and strict continuous func-
tions is the full-on-objects subcategory of AP (D) with only those morphisms
[f]: R — S that have a strict continuous realizer.

Theorem 6.1 The category AP (D) is a cartesian closed category, with ccc-
structure defined as in PER(D), and AP (D), is a cartesian sub-category of
AP(D). The category AP(D), is symmetric monoidal closed. There is an
obvious forgetful functor U: AP(D), — AP(D), which has a left adjoint L.
The adjunction L 4 U s monoidal.

The L functor is of course a lifting functor. Define two fibrations UFam(AP (D)) —
Set and UFam(AP(D), ) — Set of uniform families of admissible pers in the
same way as one standardly defines the fibration of uniform families of per’s
(see, e.g., [12]). The functors L and U easily lift to fibred functors between
these two fibrations:

~

UFam(AP(D),) UFam(AP(D)) (3)

The set Q@ = Obj(AP(D),) = Obj(AP(D)) is a split generic object of the
fibration ¢, and the fibration ¢ has €2-products satisfying the Beck-Chevalley
condition given by intersections of admissible pers.

Theorem 6.2 The diagram (3) constitutes a model of PILLy .

Proof. Given the preceding results it only remains to verify that (1) the
structure in the diagram models the polymorphic fixed point combinator and
that (2) UFam(AP(D)) is equivalent to the category of products of free
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coalgebras of UFam(AP(D)), . For (1), the required follows, as expected, by
taking Y to be the equivalence class of the fixed-point operator on D, since the
pers are strict and complete. For (2), observe that by general considerations
it suffices to show that UFam(AP(D)) is equivalent to the coKleisli category
of the adjunction L 4 U, but this follows from the fact that U is a forgetful
functor and since UFam(AP(D)) has products. O

6.1 The LAPL-structure

In this section, we introduce a parametric version of the thus far constructed
model. It is essentially obtained through a parametric completion process
such as the one described in [26,3] for internal Ay models. We end up with the
following diagram of categories and functors:

Fam(Sub(Set)) (4)

PFam(AP(D),) PFam(AP(D))—>Fam(Set)

LT

PAP(D)

which, together with a functor V', constitutes a parametric LAPL structure.

The two leftmost fibrations are defined from the two fibrations in (3) in
essentially the same manner as the fibration in [12, Proposition 8.6.3] is de-
fined from the standard fibration of uniform families of pers. The objects of
PAP(D) are natural numbers. Objects in fibres are now families of admis-
sible pers together with families of admissible relations, which are taken to
be regular subobjects in AP(D),. To make it a bit more precise, first recall
that a regular subobject in AP(D), of an object R in AP(D), is a set of
equivalence classes of R such that, when considered as a per, it forms an ad-
missible per. A type in PFam(AP(D) ) with n free type variables is then a
pair (f?, f") where

» fPis a map of objects (Obj(AP(D),))* — Obj(AP(D),)

e f"is a map, that to two vectors of objects of AP(D), associates maps of
subobjects f" €

satisfying that it maps equality relations to equality relations, that is:
VR € (Obj(AP(D)1))". f"(R, R)(EqR,) = Eq(r)-

Over n, the fibration Fam(Set) contains (Obj(AP(D),))"-indexed families
of sets and functions between such. The functor I takes a family of admis-
sible pers and relations (f?, f") to the family of sets of equivalence classes of
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the admissible pers, i.e., I(f?, f"): (Obj(AP(D),))" — Set maps R to the
set of equivalence classes of fP(R). Using Fam(Sub(Set)) — Fam(Set) to
model families of predicates corresponds to the intuitive idea that predicates
on types, i.e., on admissible pers and relations, are simply modelled by subsets
of equivalence classes of the admissible pers. The V functor takes admissible
pers and relations to the set of subsets of equivalence classes of the admissible
pers that correspond to regular subobjects in AP(D),. Long calculations
then verify:

Theorem 6.3 The diagram (4) together with the functor V' is a parametric
LAPL-structure.

Observe that the fibre PFam(AP(D) | )y over the terminal object in PAP (D),
which corresponds to closed types and terms, is equivalent to the fibre UFam(AP(D) )
(likewise for PFam(AP(D))). Thus the closed types in the parametric model
are modeled in the same way as in the simple model in (3).

6.2 FExample of Calculations in the Model

We consider the type
Nat = [[[a. (& — ) = a —o a].

Arguing as for Theorem 5.2 we can show that Nat is a natural numbers object
in the fibre of PFam(AP(D),) — PAP(D) over the terminal object. We
present a concrete description of Nat. By definition d(Nat)d' iff for all admis-
sible pers R, S and admissible relations A C R x S, all f,g: (A — A) and all
(r,y) € A

(dfxdgy)eA
The domain of Nat contains the elements L = AfAx. L and n = Af. Az. f"(z),
in particular 0 = A\ fAzx. x.
Lemma 6.4 Suppose n < m. Thenn =m.

Proof. Consider the two functions f,g: D — D given by f(d) = (d, (), and
g being the first projection. Both are continuous and since g o f = id, f
is injective. Define the sequence of elements z,, = f"(L). This sequence is
strictly increasing. Now, if n < m then

so n < m. Further,
T =N G Ty SMG Ty =L

SO ™M = n. O

Corollary 6.5 The per
{11 u{{n} [ n}
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18 admaissible.

Proposition 6.6 Suppose d(Nat)d. Then either d = L or d = n.

Proof. Consider the discrete admissible per D = {{d} | d € D}. Then given
f,x consider the admissible relation R: AdmRel(Nat, D) given by

1R1, Vn.nR(f"(x)).

R is admissible, simply because it contains no interesting increasing chains.
Clearly (suce, f): R — R, so

R(d succ0,d f x),

ie., if d succO = 1, then d fx = L for all f,x, and if d succ0 = n for some
n, then d f x = f™(x), for all f,z. In both cases, d succ0 = d. From the
definition of R we see that there are no other possibilities for d succ 0. O

Proposition 6.7 Suppose d(Nat)d', then d = d'.

Proof. We saw in the above proof that d = d succ 0. By considering the
admissible relation R: AdmRel(Nat, Nat) given by

1R, Vn.nRn

we conclude that d succ 0 = d' succ 0, and so d = d'. O
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The following excerpt of the technical report
“Parametric Domain-theoretic models of Lin-
ear Abadi & Plotkin Logic” contains chapter 6
of that report in which a concrete model is de-
scribed. This chapter was written entirely by
me. But the proof of Lemma 6.26, albeit mine
tex’ing is due to Rasmus Mggelberg.



Parametric Domain-theoretic models of Linear Abadi & Plotkin
Logic

Lars Birkedal
Rasmus Ejlers Mggelberg
Rasmus Lerchedahl Petersen

Abstract

We present a formalization of a linear version of Abadi and Plotkin’s logic for parametricity for
a polymorphic dual intuitionistic / linear type theory with fixed points, and show, following Plotkin’s
suggestions, that it can be used to define a wide collection of types, including solutions to recursive
domain equations. We further define a notion of parametric LAPL-structure and prove that it provides a
sound and complete class of models for the logic. Finally, we present a concrete parametric parametric
LAPL-structure based on suitable categories of partial equivalence relations over a universal model of
the untyped lambda calculus.
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6 Concrete Models

In this section we describe a parametric LAPL structure based on admissible pers over a universal domain
as advocated by Plotkin [22]. Pers are known to model the typedlculus, and admissible pers further
facilitates a fixed point operator.

As noted in Sectiofi]4, to model PILL one has to provide a fibred symmetric monoidal adjunction. We do
this by constructing a regular symmetric monoidal adjunction and then define the fibration pointwise.

The standard example is a lifting functor and a forgetful functor. This is also the case here albeit slightly
obfuscated, as lifting is coded in the language of the universal domain. This is an adaptation of [13].

Finally, to be able to model polymorphism, the entire construction is done fibred. Parametricity is then
ensured by a yet-to-be-described completion process, but first we present the “clean” version:

Let D be a reflexive cpo, i.e. a pointedchain-complete partial order such that we have
®: D — [D— D and V: [D— D] — D,

both Scott-continuous and satisfying
®<Dmiiiduyﬁp]

where[D — D] denotes the cpo of continuous functions frdinto D. We assume, without loss of
generality, that botld and ¥ are strict. It is standard that there exists strict continuous functions

Y:DxD—D 7D —D and 7' D — D
<7> ) )

such that for altd, d’ € D:
md,d)y=d and 7'{dd)=d.

We use to denoteV (id|p_. p)). Notice that® (1) = id|p_. p).

Definition 6.1. An admissible partial equivalence relation dn is a partial equivalence relatiaR on D
satisfying

strict LpR1p,

w-chain complete For (x,,)new and(y, )new w-chains inD:

(Vn € w.zy, Ryn) = |_| Ty R |_| Yns

new new

Definition 6.2. For R andS pers onD, define the set odquivariant functions from R to S as
F(R,S)={fe[D— Dz Ry = f(x) S f(y)}
and the set o$trict equivariant functions from Rto S as
F(R,S), ={feF(R,9)|f(Lp)=Lp}.
Note F(R,S), C F(R,S).
Definition 6.3. For R andS pers onD, define onF (R, S) or F(R, S), the equivalence relation s by

frsgeVde D.dRd= f(d)S g(d)

156



We write PER /(D) for the category of partial equivalence relations akerRecall that it has partial equiva-
lence relations oveb as objects and that a morphisifj: R — S'is an equivalence class#(R, S)/ ~r s.
Elements of f] are calledealizersfor [f].

Definition 6.4. We define the categomy P (D) of admissible partial equivalence relations ovems the
full subcategory oPER(D) on the admissible pers.

Lemma 6.5. There is a faithful functo€'lasses: AP(D) — Set mapping an admissible per to the set of
equivalence classes and an equivalence class of realizers to the map of equivalence classes they induce.

Proof. This is well-defined since to realizers are equivalent precisely when they define the same map of
equivalence classes. O

Theorem 6.6. The categon AP (D) is a sub-cartesian closed categoryBER(D).

Proof. We recall the constructions. It is straightforward to verify that the resulting pers are admissible. The
terminal objectl is the admissible per defined by

dld &d=1p=4d.

The binary product oR andS is
(dy,d2) R x S (d},d)

)
diRd, A dySd

This is an exhaustive description, understood that only pairs are related in the product. The exponential of
R ands, S%, is given by
dSftd <« ®(d) ~ps ®(d).

O

Definition 6.7. The categoryAP (D), of admissible pers and strict continuous functions is the full-on-
objects subcategory &P (D) with morphisms f]: R — S equivalence classesii(R, S) |/ ~g.s.

Note that inAP (D), morphisms are required to havstaict continuous realizer.

Theorem 6.8. AP(D) is a cartesian sub-category &P (D).

Proof. Obvious using that, 7/, and(-, -) are strict. O

Theorem 6.9. The categon AP (D), is symmetric monoidal closed.

Proof. The tensor of? andsS is

<d17d2> R®S< llvd/2>
0
(d1,ds) R x S (d, db)
V
diRdy N daSdy A dllell VAN d/QSd/Q VAN
<(d1R¢D V deS1lp) A (@diRLlp V d’QSLD)>
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This complicated looking definition is most easily understood through the fu@étsises: The equivalence
classes of the tensor product are those of the product with the modification that all pairs where one of the
coordinates are related tbp has been gathered in one big equivalence class. It can thus be seen as a
quotient of the product.

The unit of the tensof is defined by
did & d=d =1pvd=d =(,1p).

This definition is not taken out of the blué.is actually in the image of a lifting functor to be defined later.
Notice the “if construct” ory, which will be available on all lifted relations:

dld = d=1p V d:<1,J_D>
= 7w(d)=1lp VvV w(d) =1
= @(n(d))=Lp-p VvV @(r(d)=1idp_p

Thus ford I d, ®(w(d))(d’) can be read as “ifl # Lp thend’ elseLp”. We will use this to construct
realizers.

The exponential o? andS, R — S, is given by
dR—-Sd < dS%d A (d"R1lp=®d)(d")S LpS®d)d"))
The proof consist of a series of straightforward verifications. O

For later use we shall mention how regular subobjects look in this category. We useR to express that
A'is aregular subobject a@®, if R is an admissible per.

Lemma 6.10.
A — R < Classes(A) C Classes(R) N A € obj(AP(D),)

Proof. In PER(D) there is a standard way of constructing an equalizer out of a subset of the equivalence
classes. This also works here, and the image of an equalizer is easily seen to be admissible. Thus all regular
subobjects have a representative, which is tracked by the identiBy. on O

We also need to know the following fact about admissible pers

Lemma 6.11. If [ is an arbitrary set, and for all € I, R; is an admissible per oveP then

N

iel
is an admissible per oveb.

Proof. We intersect relations, which may be seen as sets of pairs. Thus we have the following equation

dﬂ&d@WEMMM
el

which makes the statement obvious, adalbre admissible. O
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6.1 The connection to CUPERS

In [1] Amadio and Curien show how complete uniform pers over a universal domain allows on to solve
domain equations on the per level. As we claim, the same is true for admissible pers, a comparison is
natural.

There are, however, some technical issues which makes this a little difficult.
Cupers are defined over a universal solution to the domain equation

D =T(D) = (D — D)+ (D x D)

In the category” PO™ of pointed directed complete partial orders and injection-projection pairs. Itis known
that D is then the colimit of the,°P-chain

2
L:O! 0 T! T20T!

Denoting7™0 by D,, we have by the cocone property fo eacthe diagram:

Jn
e
Dy _<.D
in

Definingp,, = i, o j,: D — D we can define a cuper dn as a relatiorR C D x D such that

o If AC RandA Cg,- D x Dthen| |A € R.
e If d R e then for alln, p,(d) R py(e).

So apart from using directed-complete rather than chain-complete cpos and living on a universal domain
solving a slightly different domain equation, cupers live on a domain with a known structure, and this
structure appears in their definition.

Thus the only reasonable way to compare the two notions is to consider a suitably adapted notion of admis-
sible pers over the above describled We then find, that the cupers form a proper subset of the admissible
pers.

It is noticeable, that cupers facilitate an ordering of the equivalence classes and thus allows one to solve
recursive domain equations, while admissible pers achieve this by modeling polymaspaiculus and
calling upon parametrici@( Hence the two approaches are somewhat different.

6.2 Lifting

We now define a notion of lifting, to establish an adjunction betw&&1 D) and AP (D), . Our notion of
lifting is essentially the one in [13], specialized to the partial combinatory algebra definBddynd v.

Let P D denote the power set @. Define the magd.{: PD — PD by
Ly(A) = {d € DIr(2(d)(1)) =1/ 7'(®(d)(1)) € A},
for A C D. And then the mag.o: AP(D)o — (AP(D))o by

Classes(Lo(R)) = {Ly(K)|K € D/R} U{{Lp}}.

2And calling upon parametricity is, as far as we know, only possible after the deployment of a parametric completion process.
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Notice the “if construct” available on a liftet relation: B is an admissible per then
dLy(R)d = d=1p VvV #(®(d)(1)) =1
= w(®d)()=1Lp VvV 7w(®(d)(r)) =1
= O(m(®(d)1)) =Lp-p VvV S@((d)())=idp_p
Thus®(7(®(d)(1)))(d’) can be read ‘it ¢ 1, (g thend’ elselp”, where L p of course representsg
for any admissible pes.

We also have a “lift” and an “unlift” Ifd € A then¥(\d' € D.(1,d)) € Lo(A) and ifd € Lo(A) then
7' (®(d)(1)) € A. This is convenient for constructing realizers.

Similarly define, for admissible pef? andS, the mapL} : F(R,S) — F(Lo(R), Lo(S)). by
Ly(f) = Ad € D.2(m(2(d)(1))) (¥ (A" € D.(1, f(7'(2(d) (1))))))

which reads “ifd ¢ 11, () then lift(f(unlift d)) else L p".
And then the magd.;: (AP(D)); — (AP(D)); by

Ly (f) = {Lll(tf)]ﬁLo(R),LO(S)

for f: R — S. A tedious, but straightforward, verification shows that the definitions{pfL,, L} and
L, all make sense, and that= (Lo, L1): AP(D) — AP(D), defines a functor. There is an obvious
forgetful functorU: AP(D); — AP(D).

Theorem 6.12. There is a monoidal adjunctioh 4 U.

Proof. One first shows thak is left adjoint toU in the ordinary sense. The unit of the adjunction is given
by (nr: R — UL(R))reaprD,, all tracked by

ty = Ad € D.U(A\d' € D.(,d)).

Forf: R — U(S)in AP(D),, the required uniqué: L(R) — Sin AP(D),, suchthat/(h) o nr = f,
is given by the realizer

th = Ad € D.2(m(®(d)(1)))(ts (' (2(d)(1)))),
wheret  is a realizer forf.
To show that the adjunction is monoidal it suffices by to show that the left adjoisia strong symmetric
monoidal functor (seé [17] for an explanation). To this end, we must exhibit an isomorphjisth — L(1)

and a natural isomorphismp s: L(R)®L(S) — L(Rx.S). This is mostly straightforward; we justinclude
the definition ofmp s: L(R) ® L(S) — L(R x S): itis the morphism tracked by the realizer

which reads
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“if m(d) # L then
if 7'(d) # L then
lift of (unlift(w(d)), unlift(7’(d)))
elselp
elselp”.

Following a similar chain of thought, the inverse is tracked by

Ad e D.
P (m(2(d)(1)))(
| (T(Ad" € D.(1, (7" (2(d)(1)))), ¥(Ad' € D.(1, 7' (7' (2(d)(1))))))
which reads
“if d# 1 then
(lift of 7 (unlift(d)), lift of 7’ (unlift(d)))
else L p".

6.3 Going fibred

In order to model polymorphism, we do a fibred version of the adjunction presented in the last subsection,
thus arriving at the PILL-model

L
UFam(AP(D),) 1  UFam(AP(D)) (10)
U
q p
Set.

Define the contravariant functét : Set®® — Cat by mapping sef to the category’(I) with

objects:(R;);c; Where for alli € I, R; is an object ofAP (D).

morphisms:(a;)icr: (R;)icr — (Si)icr, Where, for alli € I, o; € AP(D)(R;,S;) and3a € [D —
D\.Viel a; = [a]ﬁRivSi'

For a functionf: I — J, the reindexing functoP( f) is simply given by composition witlf.
Define the contravariant funct@y : Set°® — Cat given by mapping sef to the category)(7) with

objects:(R;);c; where for alli € I, R; is an object ofAP(D) .

morphisms:(«;)icr: (Ri)ier — (Si)ier Where for alli € I, o; € AP(D), (R;,S;) and3a € [D —
DlViel a;=[ak, .
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For a functionf: I — J, the reindexing functof)( f) is again simply given by composition with

That we have two contravariant functors is obvious. The Grothendieck construction then gives us two
split fibrations,p: UFam(AP(D)) — Set andq: UFam(AP(D),) — Set. The functorsL andU

easily lift to fibred functors between these two fibrations (we abuse notation and also denote the fibred
functors byL andU). Explicitly, on objectsL(I, (R;):c;) = (I, (L(R;))icr) and on vertical morphisms
L(I,(fi)ier) = (I,(L(fi))ier). Likewise forU. These are not recursive definitions, they simply look so
because of the reuse of letters.

Theorem 6.13. L and U are split fibred functors and 4 U is a split fibred strong monoidal adjunction

Proof. It is obvious thatl. andU are split fibred functors; the second part follows immediately from Theo-

rem6.12. O

6.4 A domain-theoretic model of PILL

To show that[(I]0) is a model of PILL it remains to be shown thiaas a generic object and simple products.

Lemma 6.14. The sef2 = Obj(AP(D), ) = Obj(AP(D)) is a split generic object of the fibratian The
fibration ¢ has simple splif2-products satisfying the Beck-Chevalley condition.

Proof. The first part is obvious. For the second part, one uses the usual definition for uniform families of
ordinary pers and verifies that it restricts to admissible pers: We recall from [12] that given any projection
ma: A x Q — Ain Set, the right adjointy 4 to 7 is given on objects by intersection:

vA((‘R(a,w))(a,u})GAXQ) = (m R(a,w))aGA-
we

By lemmd 6.1]1 the resulting per is admissible. O

Theorem 6.15. The diagram(10) constitutes a model of PlLL

Proof. Given the preceding results it only remains to verify that (1) the structure in the diagram models the
polymorphic fixed point combinator and that @Fam (AP (D)) is equivalent to the category of products
of free coalgebras dJFam(AP(D)) , .

For (1), the required follows, as expected, because the pers are strict and complete. In more detail, the
reasoning is as follows: It is well-known that there is a Scott-continuous fungtien[D — D] — D]

giving fixed-points through iterated application_af. Since realizers are Scott-continuous functions in

[D — Dj, every realizer has a fixed-poing(«) in D given by| |, (a™)(Lp). If for some admissible per

R, a € F(R, R), then, sinceR is strict, o respectsk, and R is chain-completey(a) R y(«). Thus the
equivalence class af(«) exists and is a fixed-point of the morphism represented.byhis is applicable

both inAP (D) andAP(D)_, butis not so interesting on strict morphisms. It is, howeveAI(D) ; that

we model the calculus, and thus here we want a fixed-point combinator — albeit only for some morphisms,
namely those of typeR — R = R — R, corresponding to morphisms &P (D). Intuitively, we wish to

take such a morphism, transpose it, grab the fixed-poitl( D) and call the whole process a morphism

in AP(D),. This is possible, since transposition cascades to the level of realizers. The function that
transposes a morphism and returns the fixed-point of the result is continuous. The fixed-point function is in
F(R — R, R), for any R, and thus its code is a member¥f Type.(« — «) — «. Precomposing with
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a uniform realizer foe before taking the code, one easily obtains the polymorphic fixed-point combinator
Y : VaType.(a — «) — «. Writing this out, one arrives at

U(Ad € D.y(Ad € D.2(2(n(2(d)(1))) (7' (2(d) (1)) (1, d))))

For (2), observe that by [17, Proposition 1.21] applied to Thegrem 6.8 it suffices to shduhat (AP (D))
is equivalent to the coKleisli category of the adjunctibr+ U, but this follows from the fact thal/ is a
forgetful functor. O

6.5 A parametric domain-theoretic model of PILL

In this section, we introduce a parametric version of the thus far constructed model. It is essentially ob-
tained through a parametric completion process such as the one described in [5] for ikteralels (as
mentioned in the Introduction, we will generalize that completion process to produce parametric LAPL-
structures in[[16]).

We will arrive at the diagram

PFam(AP(D),) j_ PFam(AP(D)) (11)
\ U /
PAP(D)

Our construction is based on reflexive graphs and since our strategy is to obtain relational parametricity for
admissible relations (to also model the fixed point combinator in the parametric model), we consider the set
RefGrph of diagrams

A— R X S,

where A is a regular subobject d® x S in AP(D),. (ltis crucial that subobject is in the category with
strict maps — it means that will relate the equivalence class ofin R to the equivalence class afin S.

Identifying RefGrph™ with n, we define the base categdPAP (D) by
Objects: n € N — objects are natural numbers.
Morphisms: f: n — mis anm-tuple,(f1,..., fm), Where eacly; is a pair(f’, f) satisfying

e f7is amap of object§Obj(AP(D),))™ — Obj(AP(D),)
e fIis amap, that to two vectors of objectsAP (D), associates maps of subobjects

satisfying . S
VR € (Obj(AP(D)1))".f{ (R, R)(Eqr,) = Eqjr ),

where the regular subobjects are to be calculateAl(D) ; .

We now describ@®Fam(AP(D),) — PAP(D) andPFam(AP (D)) — PAP(D). As objects they
basically contain an (indexed) per and an (indexed) relational interpretation of this per. As morphisms they
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have uniformly tracked morphisms that respect admissible relations. We wish to model admissible relations
as regular subobjects AP (D) , so we introduce the notatioh — R for A € Obj(RegSubp(p), (R)).

We plan to use the Grothendieck construction, and so define indexed categBiean(AP (D), )), is
defined with

Objects: f: n — 1is a morphismifPAP (D) fromn to 1.

Morphisms: a: f — g is a uniformly tracked family of morphismgy ;)
such that

Fe(obj(ap(p), ) OF AP(D)L

ag: fP(R) — ¢"(R).
Thata is uniformly tracked means that there is a strict continuous fune¢tion [D — D] such that

VR € (Obj(AP(D) )"0 = oiiftalgeisi):

Furthermore thigy should respect relations:

-, —,

VA R x S.(a,b) f"(R, S, A) (a,b) = (ta(a), ta(b)) ¢"(R, S, A) (ta(a), ta(D)).
Quite similarly(PFam(AP(D))),, is defined as the category with

Objects: f: n — 1isamorphismifPAP(D) from somen to 1.

Morphisms: a: f — g is a uniformly tracked family of morphism@ ;)
such that

Fe(objap(p),)r Of AP(D)

ag: U(fP(R)) — U(g(R))

whereU: AP (D), — AP(D) is the forgetful functor. That we now ask for morphismsAdP (D)
removes the demand, that the uniform tracker be strict. AgairtBlsould respect relations:

—,

VA — B x S.{a,b) fP(R, S, A) (a,b) = (ta(a),ta(b)) g(R, S, A) (ta(a),ta(b))
Here A is still a regular subobject iIAP (D), .

Note that the only difference between the two definitions is the choice of category in whiety;thee
required to be morphisms.

Definition 6.16. DefinelL.: PFam(AP (D)) — PFam(AP(D),) on

objects by
L((f%, /") = (F?, F")
where
FP(R) = L(f"(R))
and

morphisms by

DefineU: PFam(AP(D), ) — PFam(AP(D)) in a similar way usind’ instead ofL.
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Lemma 6.17.1f A — R x S, thenL(A) — L(R) x L(S).
Lemma6.18.L: PFam(AP(D)) — PFam(AP(D),)andU: PFam(AP(D),) — PFam(AP(D))
are both functors, anfl. 4 U

Proof. Easy given Iemm7 and the fact that for all admissible ReiS(Eqr) = Eqrg Lemm;-7
ensures that the realizey for the unit of L + U also defines a natural transformatrmh:> UL with the
required universal property. O

By an easy extension of Theor¢m|6.6, we have:

Theorem 6.19. PFam(AP(D)) is fibred cartesian closed.

Proof. It turns out to be easy, since the product of two regular subobjects turns out to be a regular subobject

of the product, and the exponent of two regular subobjects turns out to be a regular subobject of the exponent.
Since the adjunction works on the level of realizers and realizers are uniform, the adjunction holdsl.

Theorem 6.20. PFam(AP(D), ) is fibred cartesian and fibred symmetric monoidal closed.

Proof. We just present the SMCC structure: The tensor produ€f@ff”) and(g?, ¢") in the fibre
(PFam(AP (D) 1))n,
is denoted by /7, ") ® (g7, ¢") and defined by
(fP @@ g") = (fPeg” ffeg),

where

(f? ® g")(R) = f*(R) ® g (R)

nd(f"®g¢")(R, 5)(A) is defined as the image of the mal( R, 5)(A)@g" (R, §)(A) — fP(R)@g?(R)x

=,

( S) @ gP(S) tracked by
ty = M € D.({nrd, wn'd), (x'7d, 7’7’ d))

which on pairs of pairs have the following behavior:
<<Tfa Sf>7 <T97 89>> = <<’f‘f, T9>7 <Sf7 39>>'
The unitp! of the tensor is given by the objecE — I, (R, S) — Eq;).
The exponential of f7, f7) and(g?, ¢") in (PFam(AP (D), ))n, is(f?, f") — (¢?, ¢") defined by
(fP ") — (9" 9") = (fP —g" f" — g")

where . B B

(ff — g")(R) = fP(R) — g"(R)
and(f" — ¢")(R, S)(A) is defined by
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This is an exhaustive description, in the sense that only pairs are ever related.

To verify the adjunction(—) @ (f?, ) 4 (fP, f") — (—), we use that we know that it holds in the

first component and then check that the bijection can be restricted to realizers that define morphisms in the
second component; the latter is a direct consequence of the way the relational interpretaticansdoefo

are defined. ]

Lemma 6.21.1L 4 U is a fibred symmetric monoidal adjunction.

Proof. This proceeds much as in the unfibred case. We showLtigt fibred strong symmetric monoidal

functor. We must provide a morphism; and a natural transformation, but we can simply use the same
realizers as before, since everything has been defined coordinatewise and these realizers are independent of
the specific pers, and hence are uniform realizers. O

Lemma 6.22. 2 = 1 is a split generic object dPFam(AP (D), ) — PAP(D).

Proof. Obvious. O
Lemma 6.23.1f (f?, f") is an object oPFam(AP (D), ),+1, then(() P, f"), where

(m fp)(Rla o ,Rn)(-T,y) <~
mRGObj(AP(D)L) fp(Rb ceey RYL,R)(xay) A VRa S7A — R xS. <xay>fr(EQR17 s 7Ean7 A)<$7y>

and

=,

(@) () (A1 — Ry X S1, ..., Ap > Ry x Sp)(z',y) <=
) A (NS (. y)

VR, S, A— Rx S (z,y)fP(A1,..., An, A, y") A (N FP)(R)(z,
is an object oPFam(AP(D) ).

Lemma 6.24. PFam (AP (D), ) has simple&2-products.

Proof. The construction is as in_[12, Section 8.4]. Given a projectiom + m — n, we must define a
right adjoint tor*. This is done by extending the construction of the previous lemma in an obvious way to
a functor. O

Proposition 6.25. The diagram|[(I]L) constitutes a Pli.Lmodel.

Proof. It only remains to verify that the structure models the fixed point combinator. Here we simply use
theY from Theoren 6.15, which works since relations are strict and chain complete. O

We now proceed to show that this new PiLimodel can be extended to an LAPL-structure. For this we
need just two more fibrationg, Fam(Set) — PAP(D) andr: Fam(Sub(Set)) — Fam(Set). The
fibre of Fam(Set) overn has as

Objects mapsf : obj(AP(D))" — Set.

Morphisms ¢ : f — g is a family

(g f(R) = 9(R)) geopiap(py)n
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and reindexing is given by composition. The fibréaim (Sub(Set)) over an objecy : obj(AP (D))" —
Set is a preorder with
Objects mapsg : obj(AP(D))™ — Set, such that

VR € obj(AP(D))". g(R) C f(R).

Morphisms There is a morphismg — ¢’ if

VR € obj(AP(D))". g(R) C ¢'(R).
Here reindexing is with respect to morphismsBAP (D) is given by composition, whereas reindexing
with respect to morphisms iIBam(Set) is given by inverse image.

Lemma 6.26. ¢ is a fibration with fibred products, an(, ¢) is an indexed first-order logic fibration with
simplef2-products and -coproducts.

Proof.
Sub(Set)

|

Set

is a first-order logic fibration with generic object and all simple products and coproducts. By Lemma A.8 in
[5] we can construct the pullback

Fam(Sub(Set)) —— Sub(Set)

P

Set™” ——— > Set

obtaining thatFam(Sub(Set)) — Set™ <4 Set is a composable fibration with the desired qualities.
Yet this is not quite the right fibration. Fortunately we have

Fam(Set) ———— Set™

Set
by the isomorphism mappin@/,,).cx to L. xU, — X. And now

Fam(Sub&Set)) Fam(Sub(Set))

| |

~

Fam(Set) —— Fam(Set) ——— Set™

f T~ Joe

PAP(D) Set

is a pullback. The bottom half is a pullback by definition, the rifapP (D) — Set operates as follows
n — obj(AP(D))"  (f?,f"):n—m — fP:obj(AP(D))" — obj(AP(D))™

And the top one easily is a pullback as well. Aspreserves products, the leftmost composable fibration
have the desired qualities. O
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We can then define the functér PFam(AP (D)) — Fam(Set) to be the fibred version af'lasses.

Lemma 6.27. [ is a faithful and product-preserving map of fibrations.

It is now time to define the contravariant map of fibrations

PFam(AP (D), )? v Fam(Set)

T~

PAP(D)

This is defined at index on
Objects by U(f,g) = R — P(I(f?(R)) x I(g*(R))), whereP (—) denotes powerset,
Morphisms by U(a: f — f/,3:9 — ¢) = R —
ACI(fP(R) x I(g”(R)) — { (x,y) € I(f*(R)) x I(g"(R)) | (I(a)(2), I(B)(y)) € A}
Lemma 6.28. U is a contravariant map of fibrations.
Proof. U can be equivalently defined as
(0,7) s 21@XI(),

which makes the statement clear. O

We can then define a family of bijectiofig,,),,.conjpap(p)) such that for allf, g € (PFam(AP (D) L)),
andM € (Fam(Set)),,

Yot Fam(Set) (M, Un(f, g)) — Obj(Fam(Sub(Set)) s 1. v, (/)x0, (o))

by
xn(h) = {(m, (a,b))|(a,b) € h(m)}

Lemma 6.29. y is a bijection, which is natural in the domain variable, is naturalfiry, and which com-
mutes with reindexing functors.

We have now proved:

Proposition 6.30. The diagram

Fam(Sub(Set)) (12)

S |

PFam(AP(D);) 1 PFam(AP(D))——— Fam(Set)
PAP(D)

constitutes a pre-LAPL structure.
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Now we define a subfunctdr of U on
Objects by V(f,g) = R {I(A) | A —app), (fP(R)x g*(R)) },

One can now show thaf is closed under all the constructions performable on admissible relations and that
it contains all graph relations.

Lemma 6.31. The structure in diagranj (12) and model admissible relations.
Proof. We refer to figuré€ 4 and provide only a part of a formula to hint at which construction we are debating:

eq,: Equality on a typer is modeled as the diagonal subobject]ef x [¢]. This corresponds to an
admissible relation because it is isomorphidad by the continuous functionsd € D. (d, d) andr.

p(t z,u y): Reindexing an admissible relation by a strict continuous function (iteu)) is bound to
give an admissible relation. We consider chain-completeness: Given two index-wise related chains
in (t,u)"(p), (t,u) taken on these gives us two index-wise related chains iSincep is chain-
complete their limits are related m and sincet, «) is continuous the limits of the original chains is
in the inverse image of the limit ip.

p(z,y)\p'(z,y): Conjunction is modeled by intersection, under which admissible relations by lemna 6.11
are stable.

(z:7,y: 0).p(y,x): swapping the abscissa and ordinal axis does not break admissibility.
!p: This is simply the usual lift of relations.

T: Thisis all classes. This is admissible.

¢ D p(x,y): If ¢ does not hold we get all classesglfloes hold we get which is admissible.

Quantifications: All quantifications are modeled through intersections and are thus taken care of by lefnma 6.1.

O]

Having come so far, we move on to describtnAdmRelations and AdmRelCtx from Sectior #.
Recall thatAdmRelCtx is defined as the pullback

AdmRelCtx Fam(Set)

- |

PAP(D) x PAP(D) —— PAP(D)

which means thaAdmRelCtx has as

Objects triples(n, m, ®) where®: obj(AP(D))""™ — Set, assigns a set to a vector of admissible pers.

Morphisms triples(f, g, p): (n,m,®) — (n’,m’,®') wheref: n — n’ andg: m — m’ are morphisms
in PAP(D) andp is an indexed family of maps

p= (Pﬁj: (R, 5) — (I)/<fp(R)’g_ij(S)))ﬁeobj(AP(D))",§€obj(AP(D))m

where® and®’ are evaluated on the combined lists of admissible pers.
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In this concrete caskinAdmRelations can be described as follows: Given an objectm, ®) over
(n,m), the fibre ofLinAdmRelations over(n, m, ®) has as

Objects triples(¢, f, g) such thatf andg are objects oPFam(AP (D)) overn andm respectively and
¢ is an indexed family of maps

—,

¢ = (¢1§,§: @(ﬁ’ §) —{A|A— fp(é) x g¥( )})éeobj(AP(D))n,ﬁeobj(AP(D))m
Morphisms A morphism(¢, f,g) — (¢, f’,¢') is a pair of morphisms
(t: f— flurg—4d)
in (PFam(AP(D))), and(PFam(AP(D)))n, respectively, such that

VR € obj(AP(D))", S € obj(AP(D))™.Vz € ®(R, S).
(z,y) ¢(2) (x,y) = (t(z),u(y)) ¥ (z) (t(z),u(y))

Note that we now have two obvious projectiaisando; .
Finally we can define the required functér

PFam(AP(D),) LinAdmRelations

PAP(D) AdmRelCtx
For the base categories,is defined on
Objects by n +— (n,n, (J[,[{ A A— R x Si })p

Morphisms by f — (f, f,I[; f])

§EAP(D)")

and for the total categoried,is defined on
Objects by (f7, f") — (f", f. f)
Morphisms by a — («, «).

This definition on morphisms is legal becauspreserves relations.
In order to show thafl preserves tensor products, we need the following lemma

Lemma 6.32. The tensor product illinAdmRelations — AdmRelCtx can be described as
(L@ fd)=0per, fof.gog)
wherep @ ' is calculated pointwise, i.e for € ¢(R, S)
(p® ) 5(2) = p(z) ® p/(2)

Proof. We argue that this construction defines a left adjoint¢o The standard curry-uncurry-adjunction
holds, on the level of realizers even, which is not hard to show. O
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Lemma 6.33. J is a map of linear\,-fibrations.

Proof. We must show thaf preserves—, ®, [[, I and !.
The constructions in the two categories are virtually identical excepb fantil application of lemma 6.32.
To check the case dfwe consider the logical expression fpr AdmRel(o, 7):

(zloyy:n)e <= y| AN z]Dplex,ey)
The expression: | equatest # [L]. Hencer | <= y | express the fact that no lifted class is related to
[L]in!p.

Further since: provides us with unlifted versions of its argument| > p(ex, ey) states that liftet classes
are related inlp only if their unlifted versions are related jn

This is an exact description of the lifting performed by the fundtor O

Itis easy to see thadlyJ = id ando,J = id.

Theorem 6.34. The diagram in(12) constitutes a parametric LAPL-structure.

Proof. By the preceding results it is clear that it is an LAPL-structure; it only remains to show that it is

a parametric such. Extensionality holds since the logic is essentially given by regular subobjects, which

means that we have very strong equality! [12], and thus also extensionality. The parametricity schema is
easily verified to hold. m

Example 6.35. To ease notation in this example we shall wiitey) € A for (z,y)A(x,y) for regular
subobjectsA — R x S, as we do in LAPL. We will also leav&, ® implicit, and simply writef x for

o(f) ().
We consider the typdat = [[[ a. (&« — a) — a — «]. By definition

d(Nat?)d'
iff for all R, .S pers and all regular subobjects— R x S, (f,g) € (A — A) and(z,y) € A
(dfx,dgy)e A
The domain olNat contains the elements = A fAz. L andn = \f. Az. f(z), in particular) = A fAz. x.

Lemma 6.36. Supposer < m. Thenn = m.

Proof. Consider the two functiong, g: D — D given by f(d) = (d, ¢), where. is the code of the identity
function, andg being the first projection. Both are continuous and sipeef = id f is injective. Define
the sequence of elements = f"(_L). This sequence is strictly increasing.

Now, if n < m then

son < m. Further,
Tmen =N GTm SMGTym =L

som = n. UJ

171



Lemma 6.37. The per
{1} u{{n}|n}

is a admissible.

Proof. Direct consequence of the lemma above. O
Proposition 6.38. Supposel(Nat”)d. Then eithekl = L or d = n.
Proof. Consider the discrete admissible ger
{{d} [d e D}
Then givenf, z consider the regular subobjedt— Nat x D given by
(L, L)e A, Vn. (n, f*(x)) € A.

A is admissible, simply because it contains no interesting increasing chains. Qrantyf) € A — A,
SO
(dsuccl,d f z) € A,

i.e., ifdsuccO = L, thend f x = 1 for all f,z and sod = 1, and ifd succO = n for somen, then
dfx= f"(x),forall f,z, sod = n. As we have seen, there are no other possibilitieg frcc0. O

Proposition 6.39. Supposel(Nat?)d', thend = d'.
Proof. Analyzing the above proof we see that
d = d succl
By considering the regular subobje¢t— Nat x Nat given by
(L, 1) €A, Vn.(n,n) € A

we conclude
d succO = d' succO.
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The previous technical report was written at a
certain level of detail fittings its size and audi-
ence. The following text (which should soon be
reworked to a technical report) deals with the
first part in a little more details, more suited
for students or non-experts.
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1 Introduction

In these notes, a concrete instance of a split PILL model almost in the sense of
[2] is constructed. The reason it is not entirely a split PILL model is, that the
definition presented in [2] has been deemed wrong and revised by the authors.
Incidentally, though, the model constructed here is a split PILL model in the
new, improved sense.

Ounly one correction has to be made: In [2] Definition 18 condition 5, the
adjunction Uy 4 Gy is no longer required to be strong, but merely symmetric
monoidal. U; will then automatically be a strong symmetric monoidal functor.
G1, however, may not be strong, as is the case in the standard example, where
Uy is a lifting functor and Gy is forgetful.

A lifting-forgetting adjunction is also the basis of the model constructed
herein.

The categories corresponding to A and D of [2] Definition 18, are categories
of pers over a reflexive cpo. This cpo is assumed w-chain complete.

The lifting functor is then an encoded lifting. The construction is a direct
translation of that in [7, p.10].

2 The Setup

The usual setup is a reflexive w-chain complete cpo. D will denote one such.
This section argues that a number of functions can be assumed strict.
First we need some basic tools:

2.1 Basic tools

Lemma 1 Let Dy be a subset of D closed under supremum of chains, then
Do ={de D|3d' € Dy.d < d'}
18 also closed under supremum of chains

Proof: For every element d of Dy, there is an element dy of Dy such that d < dj.
Let (7,)nen be a chain in Dy. We can construct a chain (y,)nen in Do such
that for all n € N 2, < y,,. Thus Dy contains an upper bound of (z,)nen. By
definition Dy then contains the least upper bound of (z,,)nen. O

Lemma 2 Let D and E be pointed chain-complete partial orders, and f: D — E
continuous. Let Do be a downwards closed subset of D, which is also closed
under supremum of chains. Then the function f defined by

— 1 de D
f<d>:{ fd) d¢ Do

is strict and continuous.



Proof: Clearly f is strict and monotone, as a € Dy Ab ¢ Dy = b £ a. Given a
chain (x;);cr in D, either

| |zi€ Dy = Vie La; € Dy
el
in which case f(|;c; i) = Lg = ;e f(®:), or

| |2 ¢ Dy = JigeIVi€ Lig<i=x; ¢ Dy
iel

in which case ?(I_lie] z;) = f(UWser i) = Uier fz;). O

We will primarily use this lemma in the simpler special case:

Lemma 3 Let D and E be pointed chain-complete partial orders, and f: D — E
continuous. Then the function [ defined by

— iR d= 1
f@:{ Fd) d# Lo

is strict and continuous.

Proof: Put Dy = {Lp}. O
We call this, the strictification of f.

Lemma 4 Let D be a chain-complete partial order, and (dp)nen a chain in D.
Let (dyn, )ren be a subchain of (dp)nen (meaning (n,)ren is strictly increasing).

Then
L de. = L

reN neN

Proof: For all ng € N there is a ro € N so that n,, > n. Thus dn,,,o > dp,
and since | |, ¢ dn, > dn, s [ cp @n,. > dng- So | .cy dn, is an upper bound of
(dn)nen. If d is an upper bound of (dy,)nen, d is an upper bound of (d,,, )nen,

and so |],.. dn, < d. So || .cp dn,. is the least upper bound of (dy,)nen. O

reN reN

Now the following lemmas will justify, that we sometimes assume certain
maps strict.
2.2 Justification

Lemma 5 Let D and E be pointed chain-complete partial orders such that we
have
fiD—FE and gE—D

both continuous, satisfying

then



Proof: We simply evaluate the composite function in all e € E. The are three
cases:

e# Lpandg(e) # Lp
(fog)(e) = F(gle)) = flgle)) = flgle)) = (fog)(e) =e

e # L g and g(e) = Lp This is not possible. Since g is monotone, if g(e) = Lp,
then also g(Lg) = Lp. But the equation f o g = idg ensures, that g is
injective.

€ = J_E . . B
(feg)(Le)=f(g(Le)) = f(Llp)=1Lp

O
The following two results are really just easy corollaries, but since they are what
we are really after, we have promoted them to lemmas.

Lemma 6 Let D be a pointed chain-complete partial order such that we have
®: D — [D — D] and U:[D — D] — D
both continuous, satisfying
@ oV =idip_py,

then o
PoV = Zd[D—>D]

Proof: The result readily follows from lemma 5. O
® and ¥ being strict is not usually a part of D being a reflexive cpo, but we
need them to be later on.

Lemma 7 Let D be a pointed chain-complete partial order such that we have
®:D — [D — D] and U:[D— D] — D
both continuous, satisfying
QoW =idp_py,
then there exists strict continuous functions
():Dx D — D, m:D— D and n':D — D
such that for all d,d’ € D:
m{d,d') =d and a'{d,d") =d

Proof: As in [1] we have (-,-), m and ' continuous, satisfying the equations.
Lemma 5 then applies. O



2.3 The Setup
Let D be a pointed chain-complete partial order such that we have
®:D — [D — D] and U:[D — D] — D
both strict and continuous, satisfying
® oWV =idp_p
Definition 8 Let i denote ¥(idjp_.p))
Notice that ®(i) = idjp_,pj-.

Definition 9 An admissible partial equivalence relation on D is a partial equiv-
alence relation R on D satisfying

strict LpR1p

chain complete For (x;);cr and (yi)icr chains in D:

(ViEI.xiRyi)éUIiR |_|yz

i€l i€l

Definition 10 For R and S admissible pers on D, define the set of functions
admissible from R to S as

F(R,8)={fe[D—Dllz Ry= f(x) S f(y)}
and the set of strict functions admissible from R to S as
F(R,S)L ={f € Z(R,9)|f(Lp) =1p}
Note Z(R,S) . C Z(R,S).

Definition 11 For R and S admissible pers on D, define on % (R, S) or #(R,S) 1
the equivalence relation r~g by

fr~sgeVdeD.dRd= f(d) S g(d)

2.3.1 AdmPer(D)

Consider the category AdmPer(D) of admissible partial equivalence relations on
D and continuous functions:

Objects: are admissible pers.

Morphisms: a morphism [f]: R — S is an equivalence class in % (R, S)/ r~s.
Elements of [f] are called realizers for [f] .



Definition 12 For R and S admissible pers, define
R xS ={({d1,d2),(d},d)) | d1 Rd} Ndy S dy}
Lemma 13 If R and S are admissible pers, then so is R X S.

Proof: As pairing is injective, R x S is obviously a per, but is it admissible? Let
(:)ier and (y;)ier be chains so that

Then

Vi e I.3x1;, x2;, yl;, y2; € D.
zl; Ryl, AN 22, Sy2, N x=(xl;,22,) Ny = (yli, y2:),

since only pairs appear in the equivalence classes of R x S. As w and 7’ are
continuous,

(x1i)icr = 7((@i)ier) ,  (22i)ier = 7' ((%3)ic1)

(yli)ier = 7((yi)ier) and  (y2i)ier = 7' ((yi)ic1)-

are all chains; the former two related in R and the latter two related in .S. Now
several facts work our way:

|_|331iR |_|y1i7 |_|332i5 |_|y2i,

iel il iel il
<|_| xl;, |_| x2;) = |_|<x1i,x2i> = |_| z; and <|_| yl;, |_| y2;) = I_l(yli,yQZ-) = I_I Yis
iel iel iel iel iel iel iel iel

all of which immediately amounts to | |;c; x; R xS | |;c;%i- That Lp RxS 1p
follows from pairing being strict. O

Proposition 14 R x S defines a cartesian product on AdmPer(D).

Proof: Projections are easily defined as the equivalence classes p and p’ of =
and 7/, as these obviously preserve the relevant equivalences. To see, that we
have indeed a terminal cone, consider an object @ and morphisms f:@Q — R
and g: Q) — S, with realizers ¢y and t,. Define the continuous function

(tf7tg) =N € D-<tf(d)vtg(d)>

that readily preserves equivalence from @ to R x S. This definition is indepen-
dent of the choice of representatives; assume t’f ~ ty and t; ~ tg, then for all
de D:

(d) S ty(d)

dQd=t;(d) Rt)(d) A t,
x S (t}(d), ty(d))

& (ty(d),te(d)) R



We have thus defined a morphism (f, g) hither. Clearly p(f,g) = f and p’(f, g) =
g.

Assume, conversely, that we have a morphism h: Q — R x S, so that ph = f
and p’h = g. Then h has a realizer tj satisfying

Vd € D.dQd = (7(tr,(d)) Rts(d) A 7'(trh(d)) S ty(d)).
Now tj, preserving equivalence gives for all d € D

de = th(d)RXSth()
= ddi,dy € D. th( ) = <d1,d2>
= tn(d) R xS (t;(d),ts(d)),

rendering ~ unique. O

Definition 15 Let 1 denote the admissible per defined by
dld <d=1p=d
Lemma 16 1 is a terminal object of AdmPer(D).
Proof: Given any admissible per R, a morphism R — 1 is defined by the realizer
NeD. 1p

On the other hand, since there is only one equivalence class in 1, there can at
most be one morphism R — 1. O

Lemma 17 For all admissible pers R and S, ST given by
dSstd < ®d) g~s ®(d)
s also an admissible per.

Proof: As g~y is an equivalence relation, S is immediately a per. Let (xi)ier
and (y;):ecr be chains so that

Then for all d € D, (®(x;)d);er and (P(y;)d)icr are chains in D. Furthermore,
as for all ¢ € I we have ®(x;) € F(R,S) and ®(z;) r~s P(y;), we get

dRd =Vield(x;)dS ®(x;)d
= lee] (z;)d S I_lzél O (z;)d’
= O(Uie;i)d S (U zi)d
and
dRd =Vield(x;)dS P(y;)d

= ies ®(zi)d S ;e ®(yi)d
= <I>(|_|ie] xz;)d S <I)(|_|161 yi)d



Giving us' (e, i) r~s (Uies v:), vielding | ey @i S™ ey i
As @ is assumed strict, ®(Lp) =N € D.Lp. O

Lemma 18 The map S +— ST extends to a functor.

Proof: Given a morphism f:S — U, define f% as the morphism tracked by
oty =Nd € D.Y(Nd’' € D.ty(®(d)(d"))),

where t; is some realizer for f. The choice of this realizer is irrelevant; assume
tf,t;c S [f]

dSRd = (& Rd = d(d)(d) S (d)(d))
= (d' Rd' = t;(2(d)(d)) U t}(2(d)(d')))
= Nd' € D.ty(®(d)(d')) r~v Nd' € D.t%(2(d)(d"))
= U(\d' € D.t;(®(d)(d))) UR ¥(\d’ € D. t’( (d)(d"))),

since ® o ¥ = id[p_,p), and oty is in F (St UR):

dSRd = (d" Rd" = o(d)(d") S &(d')(d"))
= (& Rd" = tp((d)(d") U t;((d)(d")))
= \d" € D.t;(®(d')(d")) g~v Ad" € D.tp(D(d')(d"))
= U(\d" € Dty (B(d)(d"))) UR W(\d" € D.t;(®(d)(d"))).

The operation is well-behaved on identities, consider idg tracked by idp:
oidp =\d € D.Y(Nd' € D.idp(®(d)(d'))) =N\d € D.¥(\d' € D.®(d)(d"))

dSEd = (d Rd = &d)(d)S &d)(d))
= (' Rd = ®(V(\" € D.9(d)(d"))(d) S (d)(d))
= W(\d" € D.®(d)(d")) S d,

soNd € D.U(Nd' € D.®(d)(d')) gr~gr idp, and idp tracks idgr.
And it also works for composition; given realizers t; € .Z#(S,U) and t, €
F(U,V), we have for d € D:

(otg) o (oty)(d) = oty(otsd)
UM € D.ty(®(T(M” € D.t(B(d)(d"))))(d)))

= YO < Dbt < DY)
w(

Xd’GDt( 7(@(d)(d))))
\d' € D.(t, Otf)( (d)(d)))

= oltyots)(d)

Proposition 19 — x R ()%

ISupposing, that we have done the first calculation for (y;);cs as well. ..



Proof: For objects S and T', we consider AdmPer(D)(T x R, S) and AdmPer(D)(T, S%).
A natural bijection - between these is given by

tre F(IT'xR,S) — Tr=NdeDIYN € D.ts((d,d}))
which is in .Z (T, S¥)

d1 Td/l = (ngd/2=><d1,d2>TXR< /1,d/2>)
= (d2 Rdy = ty({d1,d2)) S ty({dy,d5)))
= U € Dts({dr, d))) SB U0 € D.ts({d}, d')))

and whose equivalence class under 7 ~gr is independent of choice of realizers;
for tf TxR™S tlfi

dTd = (dy Rdy=s(d,dy) T x R (d,d}))
= (d2 Rdjy = t7((d,d2)) S t}((d,d3)))
= U(\ € D.ts((d,d))) S® W\’ € D.t)((d,d)))

so that it is well-defined. That it is a bijection is obvious, once one have found
the inverse -

ty€ F(T,8%) — ty=\de D.&ty(n(d))(x'(d))
which is in #(T x R, S)

<d1,d2>TXR</1,d/2> = d1Td/1 /\ngd/Q
= ty(d1) ST ty(d}) A da R d)
= D(ty(d1))(d2) R P(ty(dy))(d3)

and whose equivalence class under 7y g ~g is independent of choice of realizers;
for t, r~gr tfq:

<d1,d2> TXR<d1,d2> = diTdy N dy Rdy
= tg(dl) Sk t/g(dl) A da R do
= P(ty(d1))(d2) R @(t;(d1))(d3)

so that it is well-defined. Now composing gives

t; € Z(T x R,S) \d € DU € D.ty((d,d')))
A" € D.&(W(\d € D.t((n(d"),d))))(w (d"))
A" € D.(N' € D.ty((n(d"),d')))(x'(d"))

= A" € D.(ty((m(d"), =" (d"))))

TxR™~S Lf

[

since they are equal on pairs. Composing the other way gives

t, € Z(I,8%) e Doty (r(d)(r(d))
— A € DU\’ € D.B(t,(d))(d"))
T ~SR tg



since

dTd = ty(d)SEt,(d)
= (" Rd"=)
= WO\ € D.ts((d,d')) SE U(d € D.t,((d,d')))

To see, that the bijection is natural, consider ¢t;: 7" — T, to:T x R — S and
tg: S — S'. We would then like

tgotao(ty xid):T' x R— S+ otjotyotpT — SF
where ¢ty x id =Nd € D.(tf(n(d)),n’'(d)). Thus we calculate:

tgotao(ty xid) — M€ DU € D.(ty 0ty o (tr x id))((d,d')))
= N e DYN € D.ty(ta((ts(d),d))))

and
otgotaoty = Nde€ DV € D.ty(P(ta(tr(d)))(d)))
= N € DY\ € D.ty(2(¥Nd" € D.to((ts(d),d"))))(d")))
= N € DY\ € D.ty(ta({ts(d),d))))
O

Theorem 20 AdmPer(D) is cartesian closed.

Proof: Immediate from Proposition 19. O

2.3.2 AdmPer(D)

Consider then the category AdmPer(D) of admissible pers and strict continuous
functions:

Objects: same as for AdmPer(D), admissible pers.

Morphisms: a morphism [f]: R — S is an equivalence class in .# (R, S) 1/ r~s.
Theorem 21 AdmPer(D) is cartesian.

Proof: The objects are the same as those in AdmPer(D), so for objects R and .S,
R x S is defined. We may assume 7 and 7’ strict, so their equivalence classes are
genuine morphisms, and since we may assume (-, -) strict, Nd € D.(f(d), g(d))
becomes strict, whenever f and g are strict. O

We define the tensor product as a quotient of the cartesian product. This looks
somewhat awkward when written out, but we need a definition to calculate
with. . .

10



Definition 22 For R and S admissible pers, define

(di,d2) R® S (di,dy)
)
(di,d2) R x S (d,dj)
V
dRdy A doSds A dRd, A dySdy A
(d1 R1lp VvV d S LD) A\ (dll R1p Vv d/2 S J_D)

Lemma 23 If R and S are admissible pers, then so is R® S.

Proof: Notice first that this is really just R x S, with some of the equivalence
classes merged, namely all those containing | p in one of the coordinates. Thus,
if R x Sis a per, thensois R® S.

As for chain-completeness, let ({d,,d}))nen and ({en, €}, ))nen be chains in
D such that ¥n € N.(d,,,d],) R® S (en,e}). Then for all n € N

either I) d, Re, A d,Se),
or II) (dn R1p Vv d;l S LD) A\ (en R1p Vv e;L S lD).

So either I) holds from some step N or II) holds infinitely often.

In the first case | |, dn R |,cnen and ||, o d;, S |, € and since
pairing is continuous we are done.

In the second case either d, R 1 p or d, S Lp happens infinitely often.
Assume it is d,, R Lp. Then (d,)nen has a subchain (d,,, ).en such that Vr €
N.dn, R Lp. Thus || cydn, R Lp and thus| | d, R L p. Since all this also
happens for (e, )nen and (€],)nen, we have

neN
(UanLD A\ le;LSJ—D) V (UenRLD A\ Ue;SLD)
neN neN neN neN

giving (||, co @ns Lnen @) R® S (U, en €ns Lnen €n)- By continuity of pairing
we are done. O

We now wish to show, that we actually have a functor.
Lemma 24 The map (R,S) — R® S extends to a functor.
Proof: The idea is to reuse the definition from cartesian products. Given
morphisms f:R — R’ and ¢:S — S’ with strict realizers t; and ¢,, define
f®gR®S — R ®5" as the morphism tracked by
M € D.{t;(n(d)).t, (' (d)))

which is strict since pairing and projections are strict. Since it is “strict coordinate-
wise” is respects equivalence.

11



This realizer is independent of the choices of ¢f and t,: Consider t’f R~R Ly
and t/g s~sg' tg. Then

(d,d)y R S{d,d) = dRdAd Sd
= ty(d) R t}(d) Ntg(d') St (d')
= (ty(d), ty(d)) R'@ 5" (t}(d), ty(d))
so the morphism is well-defined. Identities are easily preserved, and composition

also.
O

Definition 25 Define the strongly admissible per I by
dld < d=d =1pvd=d =i, Lp)

This definition is not taken out of the blue. I is actually in the image of a
lifting functor to be defined later. Notice the “if construct” on I, which will be
available on all lifted relations:

dld = d=1p VvV d={(,1lp)
= 7w(d)=L1lp VvV 7(d) =i
— B(n(d) = Lppopy v B(e(d)) = idippy

Thus for d I d, ®(n(d))(d’) can be read as “if d # Lp then d' else Lp”. We
will use this to construct realizers.

Lemma 26 The morphism apsr:R® (SQT) — (R®S)®T tracked by
N € D.{ (n(d), n(x'(d)) ), «'(x'(d)) )
defines a natural isomorphism.

Proof: Firstly, the realizer is strict, since pairing and projection is. As it is strict
“coordinate-wise”, it preserves equivalence. The inverse map is tracked by

\d € D n(n(d)), (' ((d)), «'(d) ) )
which is equally preserving equivalence, and obviously an inverse:
(d1,(d2,ds)) — ({d1,d2),d3) — (d1, (d2,d3))

Naturality translates to the commutativity of

R S T Re(SeT) 2% (ReS)®T
fJ/ gJ{ hJ/ f®(g®h)l l(f@g)@h
R s’ T ReSeoT) 2SR es)eT

which is clear, once one traces the values around both edges:

(d1, (d2,d3)) — ((f(d1),g(d2)), h(d3))

12



Lemma 27 The morphism pr: R® I — R tracked by
\d € D.®(n(n'(d))(w(d))
defines a natural isomorphism.

Proof: The realizer reads “if the second component is not | p return the first
component, otherwise return | p.” Thus the realizer preserves equivalence al-
most by definition. The inverse map is easily defined by

\d € D.{d, (i, Lp))

Naturality is easies shown for the inverse. Naturality of the inverse means that

R—2Rol

fl lf@idl

S By S®I
commutes, which is seen by tracing values:

d—{d, (i, Lp))

Vo]

f(d)——(f(d), (i, Lp))

Lemma 28 The morphism Ar: I ® R — R tracked by
\d € D.®(n(m(d)) (7' (d))
defines a natural isomorphism.

Proof: See the proof of lemma 27...0

Lemma 29 The morphism yrs: R® S — S ® R tracked by
N € D.(x'(d), m(d))
defines a natural isomorphism.

Proof: The proof is similar to those of the previous lemmas, the inverse realizer
is easily defined, and preservation of equivalence is obvious. Naturality is clear
when tracing values. O

Lemma 30 For all objects R, S, T and U the following holds:

13



1.

QRS T.U © QR SToU = QRST ®idy © arser,yu © dr ® ag1U

2. ldpr®As = pr®ids © QRIS
3. Ys,r © VR,s = id

4.
)

. idr ®ysT © arsT © YRT ®ids = QRST © YR®S,T © OT,R,S

YR, © AR = PR

Proof: Tracing values on both sides of the equations, we get

1.

2.

5.

rather quickly, that both sides simply rearranges the pairing:
(dy, {d2, (d3, ds))) — (({d1,d2), d3), ds)

two cases defined by the second coordinate. First case: left hand side

(dy,(Lp,d2)) — (di, Lp)
and right hand side

(dv,(Lp,dz)) = ({d1, Lp),d2) — (Lp,d3)

and second case: left hand side

(dy, ((i, L), d2)) — (di,dz)
and right hand side

(dy, ((i, Lp), d2)) = ({d1, (i, Lp)), d2) — (d1, d2)

when dy ¢ [Lp]|r and dy ¢ [Lp]s.
no problems

right hand side
(d, Lp)— (Llp,d)— Lp

and left hand side
<d, J_D> — Lp

when d R 1 p, and right hand side
<d7 <|a J—D>> = <<|a J—D>a d> —d

and left hand side
<d, <i, LD>> — d

when d ¢ [Lp]g.

the warm feeling, that we know how to rearrange pairs. . .

(d1, (d2,d3)) — ((d3,d1),dz)

14



Proposition 31 AdmPer(D), is symmetric monoidal

Proof: It is monoidal by lemmas 26, 27, 28 and 30, and then symmetric monoidal
by lemmas 29 and 30. O

We wish to define a closure operation, and use the idea from the cartesian closed
category AdmPer(()D). In our current category, however, we only allow strict
morphisms and we still want exponentials to be internal hom sets. So we only
relate elements that code strict morphisms, i.e. that codes strictifiable realizers.

Lemma 32 For all admissible pers R and S, R — S given by
dR—-Sd < dStd A (d R1p=®d)(d)S LpS &d)d"))
s also an admissible per.

Proof: As S is an equivalence relation, R —o S is readily a per. Let (2, )nen
and (yn)nen be chains so that

VneN. z, R— S y,.

Then | |,y i SE L cnvi as Vn € N.ay, ST 4. We just have to show, that

dR 1p=o(| |z)d) S Lp SO | ya)d)

neN neN
But
dR1lp = VneN®(z,)(d) S Lp S P(y,)(d)
= |_|ne[N ®(x,) S Lp S |_|ne[N @(yn)
= O(U,enza)(d) S Lp S (L, ep yn)(d)-
O

Lemma 33 For all objects R of AdmPer(D),, the map R — — extends to a
functor AdmPer(D); — AdmPer(D), .

Proof: For f:S — U with strict realizer ¢ty define R — f as the morphism
tracked by formerly introduced oty.

We know, that oty € Z (ST, U"), and if for some d, d’ R Lp = ®(d)(d') S Lp,
then

d R 1lp = (I)(d)(d/> S 1p

= t5(®(d)(d) U Lp
= Nd" € D.ty(®(d)(d")(d) U Lp
= ®(oty(d))(d)U Lp
U),

sooty € F(R— S,R—o and since ty is strict, so is oty

Otf(J_D) = \I/(Xd/ S th(‘I)(J_D)(d/))) = \I/(Xd/ S D.tf(J_D)) = \I/(Xd/ € D.J_D) = 1lp,

15



so oty € F(R — S,R — U) . The morphism is independent of the choice of
realizer; if ty g~y t}:

dR—Sd = dS®d A (d RLlp=®(d)(d)S Lp)
= otf(d) UR oth(d) A (d RLp= ®(ots(d))(d) U Lp U d(ot)(d))(d)
= otg(d) R— S ot}(d)

And the operation is still functorial; for identities, we know

dR—oSd = oidp(d) S®d A (d R L1p= ®(d)(d)S Lp)
= oidp(d) SBd A (@ R Lp — ®(oidp(d)(d) = d(d)(d) S Lp)
= oidp(d) R— S d,

and composition already works on the level of realizers. O
Now we aim to show, that AdmPer(D), is SMCC.

Proposition 34 For all objects R, — @ R4 R — —.

Proof: For objects S and T, we consider AdmPer(D) | (T®R, S) and AdmPer(D) (T, R —
S). A natural isomorphism ~ between these is given by considering

1€ FTQO®R,S), +— Tp=Nd¢€ DY\ € D.7¢((d, d')))
which sends 7 to a strictifiable realizer

AT Lp = (& Rd = r(({d,d)) S Lp)
~ WO € Dorj((d,d') SR U0 € D.Lp)
= Tif(d) SE 1p

that produces codes of strictifiable functions

dTd = (dRL1p=7:((dd))S Lp)
= (& R Lp=\d" € D.rp({d,d"))(d') S Lp)
= (&R L1p= 0(F(d)(d) S Lp)

and whose strictification thus is in % (T, R — S) |

ledll = (dZRd/22><d17d2>TXR< /17d12>)
= (d2 Rdy = 7¢((d1,d3)) S 74((d},d3)))
= WO\ € D.rp({dy,d))) SE WD € D.rp((d,,d')))

and whose equivalence class under 7 ~gr and thus under 1 ~p_.s we know
is independent of the choice of realizers, so that it is well-defined. That it is a
isomorphism is obvious, once one have found the inverse -

ty € F(T,S%) — t,=\d € D.®(t,(n(d)))(7'(d))

which is in Z# (T x R, S), and also in .# (T ® R, S)L as it is strict

ty(Lp) = @(ty(m(Lp)))(n'(Lp)) = @(ty(Lp))(Lp) = ®(Lp)(Lp) = Lp.

16



and whose equivalence class under 7xgr~g and thus under 7ggr ~g is inde-
pendent of choice of realizers, so that it is well-defined.

We know, that the two operations form a bijection, and that this bijection
is natural even if non-strict functions were allowed. O

Theorem 35 AdmPer(D) is symmetric monoidal closed

Proof: This is precisely the content of lemma 34. O

3 Lifting
Define the map Lo: 2 (D) — 2(D) by
Lo(A) = {d € D|m(®(d)(i)) =i A7 (®(d)(i)) € A}.
for A C D. And then the map .%: AdmPer(D), — AdmPer (D), by
Z(R) ={L(K)|K € D/R}U{{Lp}}.

Similarly define, for strongly admissible pers R and S, the map Li: #(R,S) —
F(Zo(R), Zo(S)) L by

Li(f) =\d € D.2(x(2(d)(i))) (T’ € D.(i, f(n'(2(d)(0))))))

And then the map Z;: AdmPer(D); — AdmPer(D), , by

A(f) = L] sy mpezgcs)
for f:R— S.
Lemma 36 The definitions of Lo, £y, L1 and £, make sense.
Proof: They do make sense in the listed order.
Lo: If A is a subset of D then so is Lo(A), quite trivially.

Zb: We first need to show that % (R) is a per, i.e. that all the alleged
equivalence classes are disjoint: First notice, that 7(®(Lp)(i)) = Lp #1,
so {{Lp}} is disjoint from all the other subsets of D. Now assume d € D
and K, K’ € D/R so that d € Lo(K) and d € Lo(K'). Then «'(®(d)(i)) €
K and #'(®(d)(i)) € K’, so that K = K'.
d %H(R) d, d 4 (R) Lp and d < d' implies d = d’ = Lp and thus
d %(R) Lp.

Let (2;)ier and (y;)ier be chains in D such that

17



Lli

.,gl:

Then
(7' (@(2i)())ier and  (7(2(y:)(0))ier
are chains in R, and by continuity of ®, application and 7’
|7 (@@ @) = «'(@(|=)(0) and | |#'( = '(@(| ]y ()
icl iel i€l icl

As R is chain complete, there is then a K € D/R, containing both
7 (®(;c; 2:) (i) and 7' (®(||;c; v:)(i)). Similarly, by continuity of ®, ap-

plication and m, m(®(||;c; z:)(i)) = 7(®(;c; %:)(i)) = i, and so fo( )
contains both | |,.; z; and | |;c; i

Observe that for all d € D
7(®(¥(Nd" € D.(i,d))(i)) =i

and
' (@(T(\d" € D.(i,d))(i))

)
so that if d € A C D then Y(\d' € D.(i,d)) €
we can argue that if f € #(R,S) then

) =
Lo(A ) With this in mind,

dKeD/R.de KNd e K = 3K e€D/S. f(d)e K'A f(d) e K’
= 3K'e D/S. U(\d" € D.(i, f(d))) € Lo(K") A
T\ € D.(i, f(d))) € Lo(K")
= WO\’ € D.(, f(d))) Z(S) ¥(\d" € D.(i, f(d)))

and thus
d 4(R)d = JKeD/R de Ly(K)Nd € Lo(K) V
d=d =
= dK € D/R. (®(d)(i)) e K A7 (®(d)(i)) e K V
d d =

= ()(d) (S) () v
Li(f)(d) = Li(f)(d') = Lp

= Li(f)(d) Zo(S) L (F)(d)

)

so that L, (f) eF (fo( O(S)) And

Li(f)(Lp) = @(m(2(Lp)(1))(T(\d" € D.(i, f(Lp)))) = ©(Lp)(T(\d" € D.(i, f(Lp)))) =

so that L1(f) € y(fo(R),go(S))L

Consider f € AdmPer(D)(R, S). Taking two realizers ¢y and ¢, for f, we
find firstly that

3K € D/R.de K = 3K'eD/S.ty(d) e K'At)(d) € K’
= 3K’ € D/S. U(\d' € D.(i,t;(d))) € Lo(K') A
V(' € D.(i,t(d))) € Lo(K")
= U\ € D.(i,t;(d))) Z(S) T(\d' € D.(i,t;(d)))

18
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and thus
d 4%R)d = IJKe€D/R.de K V

d=1p
= 3K € D/R. ' (®(d)(i)) e K V
d=1p

= Ll(tf)(d) fQ(S) L1
Li(tg)(d) = Li(t})(d) = Lp

SO that Ll(tf) fo(R) NXO(S) fl(tlf)

O
Notice the “if construct” available on a lifted relation: If R is an admissible per
then

dZR)Vd = d=1p VvV =(@d)3) =i
= w(@d)()=1p Vv w((d)(i)) =
= (@ (®(d)i) =Lp_p VvV 2(x(2(d)(i)=1idp-p

Thus ®(7(®(d)(i)))(d') can be read “if d ¢ L o gy then d’ else Lp”, where Lp
of course lies in the bottom class of any admissible per.

We also has a “lift” and an “unlift”: If d € A then Y(N\d’ € D.(i,d)) € Z(A)
and if d € Z(A) then 7'(®(d)(i)) € A.

This is convenient for constructing realizers. We here used .Z without a
subscript because

Lemma 37 (%, %) = %: AdmPer(D) — AdmPer(D) is a functor

Proof: We only need to show proper behavior with respect to identities and
composition. Identities are tracked by idp, and

Li(idp) =\ € D.®(x(2(d)(i))(¥(\d' € D.{i, 7' (2(d)(i)))))

Assuming d % (R) d we either have d = L p, in which case L;(idp) being strict
ensures L1 (idp)(d)-Z(R) d, or there is a K € D/R, with d € Lo(K). For this
case, we calculate

deLo(K) = @))€ K Ar(®d)i) =i
= (@))€ K A
L(idp)(d) = () (T € D.{i, #/(B(d)(0))))
= (@))€ K A
Li(idp)(d) = W0\’ € D.{i, 7 (®(d)(i)))
= (@) € K A
w(®(Ly (idp)(d)) () = i A
7 (®(L1(idp)(d))(i)) = ' ((d)(i))
— (D(La (idn) (d)(0)) = i A
7' (®(L1(idp)(d))(i)) € K



SO Ll(idD) Lo(K) ~Lo(K) idD.
To address composition, consider two composable morphisms f:.S — T and
g: R — S, with realizers t; and t,:
KeD/R AN de Ly(K) =
Ly(ty)(La(tg)(d) = La(te)(@(m(2(d)(i)))(Y(Nd" € D.(
— L) (WO € D.iyty (7 (@(d)(0))
(i) (YN € D.(i, t5(ty(x"(2(d)(i)))))))
= V" € D.(i,ty oty(w'(2(d)(i)))))
€ Lo(tyoty(K))
and of course
KeD/RAde Ly(K) = Li(ty)(L1(ty)(d)) € Lo(ty o ty(K))
so that the two maps are equivalent. O
There is an obvious forgetful functor % : AdmPer(D); — AdmPer(D)
Lemma 38 The morphisms (Ng: R — % £ (R))re AdmPerD, 0l tracked by
ty =\d € D.UY(Nd' € D.(i,d))
form a natural transformation 1:idadmper(p) = % L .
Proof: First we must show, that for all R, t, € (R, % £ (R)): If d€ A C D,
then ¢,(d) = ¥(A\d' € D.(i,d)), and
m(®(ty(d))(i)) = 7((Ad" € D.(i,d))(i)) = m((i,d)) =i
' (®(ty(d))(i)) = '(A\d' € D.(i,d))(i))) = «'((i,d)) =d € A
thus ¢,(d) € L(A). We then calculate
dRd = JdKeD/R.de KANd €K

= 3K € D/R. t,(d) € L(K) AN t,(d') € L(K)
= dZ%(R)d

For 7 to be a natural transformation, we need

R R—2ZE % 2(R)

[T

to commute for all f: R — S. Assuming a realizer ¢ of f, we calculate

L(t5)(tn(d)) O(m(®(ty (d)) () (WA" € D.(is t (7' ((t,(d))(7))))))
o(i) (W O\d ED( £(d))))
U’ € D.(i,t (d)>)

= ty(ty(d))

20



Proposition 39 £ 4%

Proof: According to [6, p.83] we need only to define the unit 7:idadmper(p)y =
U.Z, and find for each f: R — % (S) in AdmPer(D), a unique h: Z(R) — S
in AdmPer(D), such that % (h) ongr = f:

R—Z % Z(R) Z(R)
i@/(h) : h
\
% (S) S

We have 7 by lemma 38, if we can produce a unique h. Let f: R — % (S) be
given. Let £ be a realizer for f. Define h through

th =Nd € D.®(n(®(d)(i)))(ts (7" (2(d)(i))))
which is strict
th(Lp) = @(m(®(Lp)())(ts (7' (2(Lp)(i))) = ®(Lp)(ts (7' (2(Lp)(i))) = Lp
and in F(Z(R),S),

d2(R)d = (3IKeD/R de LKA € L(K)) v
d=d =1p
o (n(@(d)) = m@@)0) =i A
dK € D/R. ©'(®(d)(i)) e K A7 (®(d)(i)) e K ) V
d=d =1p
= ((m(2(d)(i))) = @(n(2(d')(i))) = idp A
AK € D/% (S). t;(r'(2(d)(i))) € K ANtp(n'(®(d)(i))) € K )
O (m(2(d)(i)) = @(m(2(d')(i))) =N\d € D.Lp
= (IKeD/%(S). th(d) e KAtp(d)e K ) V
th(d) = th(d/) =1p
= tn(d) Z(S) tn(d)

and independent of the choice of realizer for f: Let ¢ o (r)~s t} and build ¢,
from t’f as t, was build from ¢y, then

d¥YR)d = 3IKeD/R. deL(K) Vv d=l1p

= (n(®d)()=i A IK € D/R. #(®(d)(i) e K) Vv d=Llp

= (2(m(®(d)(7)) = idpA

\

3K € DJU(S). t;(x'(@(d)(i)) € K Aty(x' (D)) € K ) Vv

B(m(®(d)(i))) =\d € D.Lp

= (3K eD/U(S). th(d) e KAty (d) €K ) V
tn(d) =t,(d) = Lp

= tn(d) %(95) t},(d)

Now % (h) ongr = f:



and h is unique with this property: First observe that nr almost is surjective,
in the sense that

VK € D/R3K' € D/Rngp(K') = L(K)

since nr(K) = L(K).
Now assume h': £ (R) — S so that % (k') ong = f. Then
d £(R) d JKeD/R.de L(K) VvV d=1p
dJK e D/R.deng(K) VvV d=l1p
% (W)(ldzry) = fldlzw) Vv %0)derw)=1b
U (W)(dlzr)) = % (h)([d] 2r))

R

Theorem 40 £ 4 % is a monoidal adjunction

Proof: According to [8, p.6] it is enough to show, that £ - %, and that & is
a strong symmetric monoidal functor. By proposition 39 we have ¥ 4 %, and
we now show, that . is a strong symmetric monoidal functor.

We must provide an isomorphism mi: I — Z(1) and a natural isomorphism
mps: L (R)QZL(S) — L(R xS).

mi: I — £(1): Recall, that 1 is {{Lp}}, and thus £ (1) is
{Lp}h{deD|x(@(d)) =i n «'(2(d)(i) = Lp }}

whereas [ is
Lo} {(, Lo)}}

It is obvious, what the (strict) isomorphism must do, all we need is a

realizer such as
\d € D.¥(\d' € D.{d))

and a realizer for the inverse, such as

Nd € D.(m(®(d) (i), «'(®(d)(i)))

mps: ZL(R) @ Z(S) - Z(R x S): Again it is obvious what the morphism
should do, but we must define the realizers and check naturality.

For all strongly admissible pers R and .S, let mpg g be the morphism tracked
by

Nd € D.®(m(®(m(d)) (i) @ (m((n’(d)) (D)) (¥’ € D.(i, (' (B (m(d))(0)), ' (2(w' (d))(0))))))
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which reads “if w(d) # L then if 7'(d) # L then lift of (unlift(w(d)),
unlift(7’(d)))”. Thus the idea is the following:

unlift

Lo(U) ——=U \
(Lo(U), Lo(V)) U, vy —L Lo, vy)

Following a similar chain of thought, the inverse is tracked by
Nd € D.®(n(2(d)(i))((¥(Ad" € D.(i,w(x"(2(d)(i))))), ¥(\d’ € D.(i, ' (x'(2(d)(i)))))))

Here the idea is

lift

Lo(U, V)™ (0, v) (Lo(U), Lo(V))

Once we view this isomorphism as a switch between two isomorphic en-
codings, and realize, that the two functors Z(R) ® Z(S) and Z(R x S)
simply perform these encodings and otherwise preserve the operation of a
given morphism, naturality becomes obvious.

4 Going fibred

As i [1, 3.3] define split indexed categories, and apply the Grothendieck con-
struction:
The contravariant functor P : SET — Cat gives on

sets: For I set, P(I) is the category with

objects: (R;)icr where for all i € I, R; is an object of AdmPer(D).

morphisms: (a;)ier: (Ri)ier — (Si)ier where for alli € I, a; € AdmPer(D)(R;, S;)
and Ja € [D - D].Viel. a; =[a] ~g, -
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functions: For f:I — J a function, P(f) is the functor from P(J) to P(I)
with values on

objects: P(f)((Rj)jes) = (Ry@))ier
morphisms: P(f)((e)je7) = (@fi))ier
The contravariant functor Q) : SET — Cat gives on
sets: For I set, Q(I) is the category with

objects: (R;)icr where for all i € I, R; is an object of AdmPer(D), .
morphisms: (Oéi)z‘e[: (Ri)ie[ — (Si>iel where for all i € I, a; € Adeer(D)J_(Ri, Sz)
and 3a € [D — D). Vi€ I. a; = [a] s, -

functions: For f:I — J a function, Q(f) is the functor from Q(J) to P(I)
with values on

objects: Q(f)((Rj)jes) = (Rs(i))ier
morphisms: Q(f)((a;)jes) = (afg))ier

That we have two contravariant functors is obvious. The Grothendieck con-
struction then gives us two split fibrations, U Fam(AdmPer(D)) and U Fam(AdmPer(D) ).
We now wish to view £ and % as split fibred functors forming a split fibred
adjunction. We thus define two new functors and wildly abuse notation, by
naming them . and %:

The functor .Z: U Fam(AdmPer(D)) — UFam(AdmPer(D)_ ) is defined on

objects: Z(I,(R;)icr) = (I, (Z(R;))ier)
morphisms: Z (1, (fi)ier) = (I, (L (fi))ier)
The functor % : U Fam(AdmPer(D) ) — UFam(AdmPer(D)) is defined on
objects: % (I,(R;)icr) = (I, (% (R;))icr)
morphisms: % (I, (fi)ier) = (I, (% (f:))icr)
These are not recursive definitions, they simply look so due to name clashes.
Theorem 41 £ and % are split fibred functors

Proof: Clearly fibers are sent to fibers by both functors. To see that they
commute with reindexing we calculate: Take f: I — J in Set. Then for (R;);ecs
in UFam(AdmPer(D))

L(f*((Rj)jen) = L(Ryeiy)ier) = (L (Ryi)))ier = [T(L(Ry))jeq) = [T (L ((Rj)jer))
and for (S;);es in UFam(AdmPer(D) )
U (f*((Sj)jer)) = % ((Syqy)ier) = (% (Spw))ier = [* (% (S;))jer) = [ (% ((S))jer))

where hopefully the name clashes are not too confusing. O
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Theorem 42 £ 4 % is a split fibred strong monoidal adjunction

Proof: Immediate from theorems 40 and 41 O

5 PILL
We now have the picture, we are looking for:
-z
UFam(AdmPer(D) ) R UFam(AdmPer(D))
wU
P
a
SET

What remains to check is essentially the parts, that make p a A\-2 fibration.

Lemma 43 The set Q = Obj(AdmPer(D),) = Obj(AdmPer(D)) is a split
generic object of the fibration q.

Proof: This is obvious. Taking a morphism in the base category from any object
A to Q, we simply get the object (Rg)qca in the fiber UFam(AdmPer(D) ) 4.
The two sets Obj(UFam(AdmPer(D) 1)) and Set(A,Q) are not merely iso-
morphic, they are identical. O

Lemma 44 If for all i € I, R; is a strongly admissible per, then so is | J;c; Ri
defined by
d|JRid & Viel.dR d
icl
Proof: That it is a per is obvious. Let (z;);es and (y;);es be chains in D, such
that Vj € J. 2; U,c; Ri yj. Then

VjGJ.ZCj UieIRiyj = WEI.VjGJ.ijZ-yj
= Viel |_|j€J z; R |_|j€J Yj
= LIjeJ Ly Uie[ R; I_ljeJ Yj

AndViel. 1p R, Lp=1p UiEIRi 1p.
Now take d (J;c; Ri d and d' |J,c; Ri Lp such that d < d’. Then

dUjeRid N d U Rilp A d<d
= Viel(dR;d N dR;,lp AN d<d)
= Viel.dR;, 1p
= dUie]RiJ-D
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Lemma 45 If for all i € I, R; and S; are strongly admissible pers and o €
[D — D], then

ViEI.OzEy(Ri,SZ‘) = aeﬁ(URi,USi)

iel el
Proof: We simply calculate:

d Uy Rid = VieldRid
= Viel. ald)S; ald)
= a(d) Uer Si a(d)

Proposition 46 The fibration q has simple split Q-products satisfying the Beck-
Chevalley condition.

Proof: Given any projection m4: A X @ — A in Set, we must exhibit a right
adjoint V4 to 7% and then show that the collection of these satisfy the Beck-
Chevalley condition.

Simple 2-products
Let m4: A x Q — A in Set be given. Construct the functor
Va:UFam(AdmPer(D) ) axg — UFam(AdmPer(D) )4

as follows, on

Objects: Form the intersection:

Va((Raw))(@awyeaxa) = ( U R(qw))aca
w€eN

Morphisms: Simply take the uniform realizer:
Val(la] r, s Jawreaxa) = ([0 g, Lo v o Unen 5, JacA

This definition makes sense due to lemmas 44 and 45. Surely this map preserves
identities and composition, so it is a functor. To see, that it is right adjoint to
7%, we consider for objects (Ry)aca and (S(a,w))(aw)caxq the hom-sets

UFam(Adeer<D)J_)AXQ(T‘-Z((Ra)aEAL (S(a,w))(a,w)GAXQ)

and
UFam(AdmPer(D) 1) a((Ra)aca, Ya((S(a,w)) (a,w)eaxa));
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i.e. morphism of types

(Ra)(a,w)eAXQ - (S(a,w))(a,w)eAxQ

and

(Ra)aeA - ( U S(a,w))aeA .

weN

A natural bijection b is now evident from the fact, that for f € [D — D]:

V(a,w) cAxQ. f S y(Ra,S(G)w))

)
Va € A. f S y(Rav UUJEQ S(ﬂ7w)))

which we hasten to prove:
: We have for all a € A:
dRy,d = YweQ. f(d) S, f(d)
= () Usea Staw) f(d)
f: We have for all (a,w) € A x Q:

d R, d = f(d) UwEQ S(a,w) f(d/)
= Ywe Q. f(d) Saw f(d)

= f(d) S(a,w) f(d/>

Beck-Chevalley
Given u: A — B we must verify, that
u*oVp =V4o(uxidg)”

So once again we calculate. . .on objects we get

(u* 0 VB)(Rpw)) pwyenx) = u (| Rpw)ren) = (| Rua)w))aca
w€eR weN

and

(Vao(uxida)™) (Rpw)) srenx) = Ya(Ru(@)w) (@wyeaxa) = (| Ru(a)w))aca
weN

... wow, and on morphisms:
(w0 V5)([0] ny, sy, Joircmne)

= u((la beB)
= ([o]

Uwea Bb,w) Uwea S(b,w)

Uwen Ru(a),w) ™~ Uwen S(u(a),w) / 1EA
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and ’
(Va o (u x id0) )(([0] o) Dbrenne)
= Va(([o] Rlu(a).o)™S (u(a) o) )(U(a),w)eAxQ)
= ([ €A

... Hallelujah! So we just need the canonical natural transformation to be the
identity. It just so happens, that the canonical natural transformation being
the identity is equivalent to the following equation among the counits of the
adjunctions:

Uwe B(u(a),w) “VUwea S(u(a),w) 7 ¢

(u x idg)* (€75 VEY) = ema VA (y x idg)*

The counits, however, are easy to calculate. Remembering that transposition
is merely reinterpretation of realizers, we see, that both counits are tracked by
idp. As (u x idg)* does not change the underlying realizer, both sides of the
equation are tracked by idp. Having the same domain and codomain? the mor-
phisms are identical. O

Theorem 47 The considered setup constitutes a split PILL model.

Proof: Immediate from the preceding propositions. O
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