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Abstract

Starting with a Fully Abstract denotational semantics for an Algol-
like programming language, we investigate how we can use techniques
of categorical algebra to adapt the semantics when the original lan-
guage is extended with various nondeterministic effects. Our running
example for the base denotational semantics is Abramsky and Mec-
Cusker’s game semantics for Idealized Algol [AM96]. We give a full
presentation of this game semantics, including an alternative proof of
Computational Adequacy that uses Laird’s concept of a sequoidal cat-
egory [Lai02] rather than the combinatorial proof from Abramsky and
McCusker’s original paper.

We introduce the familiar concepts of monads and Kleisli cate-
gories, and prove a Full Abstraction result that shows how the pro-
cess of passing to certain Kleisli categories corresponds to particular
language extensions. We link these language extensions to may- and
must-testing for finite and countable nondeterminism, showing how
we can construct Fully Abstract models of these effects using Kleisli
categories.

We introduce a generalization of monads: lax actions, also known
as parametric monads. We investigate various corresponding general-
izations of Kleisli categories, and prove a Full Abstraction result for
one such generalization, showing how it too can be used to construct
a model of an extended version of our original Algol-like language. We
show how a special case of this construction can be adapted to model
a probabilistic language.

10



Chapter 1

Introduction

1.1 Denotational Semantics and Program Equiva-
lence

Given two pieces of computer code, in what circumstances can we say that
they are interchangeable? I.e., when can we be absolutely sure that we can
replace one with the other and know that the behaviour of the program will
not change? This is a simple question with a complicated answer.

A starting point is to require that the two pieces of code should return the
same output for any choice of input values. But that is not necessarily
enough. For example, the following two Haskell functions appear to do the
same thing: indeed, both return 0, whatever input is passed in.

f :: Int — Int
fn=1if (n = 0) then 0 else 0

g Int — Int
gn=20

However, if we introduce a non-terminating function

diverge :: Int —> Int
diverge x = diverge x

then it becomes clear that f and g are not interchangeable: indeed, since
Haskell evaluates inputs to functions lazily, evaluating g (diverge 0) will
not evaluate the non-terminating term (diverge 0) and will terminate at
the value 0, while f (diverge 0) will evaluate (diverge 0) and will itself fail
to converge.

11



This is not itself a difficult problem to get around: all we have to do is treat
non-termination as a separate input value in itself. Thus, we add to each
datatype an extra distinguished value L representing non-termination (so,
for example, the type of integers is represented by the set Z, = Z + {L1}),
and then function types are interpreted as functions between these sets —
so a term of type Int —> Int is represented by a function Z, — Z,. We
can then tell that our functions f and g are different, since g corresponds to
the constant 0 function Z, — Z,, while f corresponds to the function that
sends n € Z to 0 but sends L to L.

Every program gives rise to a function in this way, but not every such
function arises from a program. For example, we cannot write a program
corresponding to the function y: Z, — Z, that sends L to 0 and all other
values to 1: since x is not constant, such a program would have to evaluate
its argument, and would consequently fail to terminate if that argument did
not terminate, so it would have to send L to L.

If our language admits higher types, then it becomes especially important to
exclude such ‘impossible’ functions from our model. For example, if F' and
G are two programs of type (Int —> Int) —> Int — i.e., functions that take
in a function from integers to integers and return an integer — then we do not
want to declare that F' and G are different on the basis that F'(x) # G(x).

In order to rule out these ‘impossible’ functions, we define a partial order on
the sets T'| corresponding to types, defined by setting x < z and 1 < x for all
. We then require that functions should be monotonic and continuous with
respect to this order. For example, a monotonic function Z, — Z, is either
constant (corresponding to a function that does not evaluate its argument
at all) or sends L to L and is otherwise unconstrained (corresponding to a
function that evaluates its argument). It turns out that if we order functions
pointwise, then we get the correct constraints at higher types as well.

Even if we get round the problems with divergence, there are other language
features that we may need to consider if we want to determine whether two
pieces of code are equivalent. If our functions have access to global variables,
then we need to check that these variables end up taking the same final value,
whatever their initial values were. If we have 1O calls in our language, then
we need to check that the functions print out the same text, whatever the
user input was. If we have a random number generator, then we need to
check that our functions return the same set of values, whatever the input.

What we have been doing in all these examples is denotational semantics:
the art of using mathematical objects to study logic and programming lan-
guages. In the first case, our denotational semantics was expressed through
the mathematics of sets and functions, where we captured the behaviour of
a (programming language) function via a (mathematical) function.

12



Then, following Scott [Sco76], we refined this model to one based on par-
tially ordered sets — more specifically, Scott domains — in which we modelled
the behaviour or a program via an associated Scott-continuous functions be-
tween domains.

In our other examples, we need to come up with further refinements to our
model in order to incorporate the new computational effects. For example, to
handle nondeterminism, we might want to switch to using nondeterministic
functions, or relations, instead of ordinary functions.

The advantages in all of these cases is that the mathematical objects we
use are often fairly simple, whereas computer programs, even in simple ‘toy’
languages, are very complicated to study. A program is, at its heart, a string
of symbols governed by a collection of operational rules that govern how such
strings should behave. Such an object is very fiddly to reason with directly;
indeed, the only way to think about it is as some kind of ‘function’ from
input to outputs. Denotational takes this basic intuition further, and aims
to capture features of programming languages through a diverse collection
of different mathematical models.

A word of warning: the principal mode of denotational semantics which
we shall be studying in this thesis is game semantics, which is much more
complicated than the semantics of sets and functions.

1.2 Computational Adequacy & Full Abstraction

In order for a denotational semantics to tell us anything, we first need to
prove some results that relate it to the language we are studying. For ex-
ample, if we are hoping to model a programming language using sets and
functions, then we need to define a mapping [—] (the denotation) that takes
program types to sets and program functions to functions between those sets,
and we also need to prove that this denotation respects the operational rules
of the language. For example, we might want to prove that if f: int — int
is a function and M : int is a term that evaluates to the integer n, then the
term fM will evaluate to the integer [f] (n).

This type of result is called Computational Adequacy, and relates to a pro-
gram’s observable behaviour. Some programs have an automatic notion of
observable behaviour: if we run them, then they will return a concrete value
or fail to terminate. In a typed setting, these are the programs of ground
type. Others — for example, programs of function type — require input before
they can return a value. These programs have no observable behaviour of
their own, but if we insert them into a hole in a larger context, then they
may influence the observable behaviour of the complete program.

Briefly speaking, a Computational Adequacy result tells us that the observ-

13



able behaviour of a program of ground type may be deduced exactly from its
denotation. For example, in a domain-theoretic semantics, we might want
to say that a program M evaluates to a value v if and only if [M] = v and
that M fails to terminate if and only if [M] = L.

Such a computational adequacy result extends readily to terms not of ground
type. Given two programs M and N of the same type, we say that M and N
are observationally equivalent if C[M] and C[N] have the same behaviour for
any one-holed context C[—] of ground type. If our semantics is compositional
— so that the denotation of C[M] is obtained by ‘applying’ the denotation
of C]—] to the denotation of M — and computationally adequate, then it
follows that the semantics is equationally sound: if two terms M and N
have the same denotation, then they are observationally equivalent.

If we have an effective way of computing denotations, then this can give us
an easy way to prove observational equivalence of terms. However, it gives
no guarantee that this technique is always going to work: the terms M and
N might be observationally equivalent despite having distinct denotations.
The gold standard of denotational semantics — Full Abstraction — asserts
in addition that the converse of equational soundness holds, so that the
denotational semantics completely captures the observational equivalence
relation. This means that if two terms are observationally equivalent, then
we can always prove that they are observationally equivalent by showing
that they have the same denotation.

An important early success in this direction came with Plotkin’s introduction
of the stateless sequential programming language PCF [Plo77]. Plotkin was
unable to provide a fully abstract denotational semantics for PCF itself,
but he showed that if we add a simple parallel constructﬂ to PCF, then a
denotational semantics based on Scott domains is fully abstract. This result
presents us with a world in which we can practically and systematically
check observational equivalence (for terms of this extended version of PCF)
by computing denotations. If two term displays infinitary behaviour, then
it is not necessarily possible to check whether their denotations are equal,
but if they are finitely presentable in some sense, so that their denotations
as functions between Scott domains can be computed and compared, then
the Full Abstraction result gives us, at least in principle, a systematic recipe
for checking observational equivalence.

Unfortunately, this stops working once we remove the extra parallel con-
struct. PCF is a sub-language of the parallelized version, and therefore can
also be given a denotational semantics via Scott domains, but the absence of

!Specifically, ‘parallel or’, which evaluates its two boolean arguments in parallel, and
is thus able to return true if either the left or the right argument returns true, even if the
other fails to terminate.

14



parallelism also means that the observational equivalence relation is coarser:
there may be terms that can be distinguished by a context including the
parallel construct that cannot be distinguished inside any purely sequential
context. This means that the Full Abstraction result does not automatically
pass over to sequential PCF.

Any hope of solving the problem with a tweaked model was brought down
to earth by Ralph Loader’s 2001 theorem that observational equivalence
for PCF is undecidable, even if we restrict ourselves to a finitary version
of the language with no infinite datatypes or recursion beyond a simple
non-termination primitive L. This in particular tells us that no concretely
presentable denotational semantics for PCF can possibly be fully abstract,
or it would in principle give us an algorithm for deciding observational equiv-
alence in this finite version.

Despite this fact, there were, roughly contemporaneous with Loader’s result,
several fully abstract models of PCF published, in a watershed moment for
the subject. The model published by O’Hearn and Riecke [OR95] was more
or less along domain-theoretic lines, while those of Abramsky, Jagadeesan
and Malacaria [AJMO00], Hyland and Ong [HOO00Q], and Nickau [Nic94] used
the relatively new Game Semantics.

These models took a slightly oblique approach to Full Abstraction, which
is how they reconcile themselves with Loader’s Theorem. First, they de-
fined the notion of intrinsic equivalence of terms of the same type T in a
denotational model, where two elements o and 7 of the denotation of 1" are
intrinsically equivalent if a(o) = a(7) for all functions a: [T — [o] from
the denotation of T to the denotation of some fixed ground type o. This
definition is very closely linked to that of observational equivalence; indeed,
if two terms M and N are observationally equivalent, and we are working
in a computationally adequate and compositional denotational semantics,
then the denotations of M and N will be intrinsically equivalent, since for
any ground-type context C[—], we can take a to be the denotation of C[—]
in the above definition.

Proving the converse — that intrinsic equivalence of denotations implies ob-
servational equivalence — entails going in the opposite direction; i.e., starting
with some element « in the model and coming up with a context C[—] in
the language whose denotation is . Thus, proving this direction normally
reduces to some kind of definability result. Typically, we do not actually
need to prove that every « is definable within the language — and, indeed,
this is often not the case. Instead, we try to show that each element « in
the language can be written as the least upper bound of elements o liv-
ing in some more restricted class whose members can all be defined in the
language. This class usually consists of those elements which are compact
or finitary in some sense, though McCusker’s Fully Abstract relational se-
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mantics for SCI [McC02] is an important exception. Under mild continuity
assumptions, this suffices to prove Full Abstraction, for we can then deduce
that if a(o) # «a(r) for some «, then there is some definable o such that
o/(0) # /(7). This is the approach taken by the fully abstract semantics
that have been given for PCF; there is no contradiction of Loader’s theo-
rem, because the intrinsic equivalence relation is itself undecidable, even for
finitary terms.

If we can prove, for some denotational model of a language, that obser-
vational equivalence of terms is equivalent to intrinsic equivalence of their
denotations, then we can form a fully abstract model by passing to equiva-
lence classes under the intrinsic equivalence relation. In this thesis, we shall
skip the final step of passing to equivalence classes and declare a denota-
tional semantics to be fully abstract for a language if we can prove that
observational equivalence of terms is equivalent to intrinsic equivalence of
their denotations. Thus, the Full Abstraction results that we prove will
have three main ingredients: compositionality, computational adequacy and
definability.

Lastly, we note that the conclusion of Loader’s theorem does not necessarily
hold for other languages. For example, in Section |3.8], we shall demonstrate a
denotational characterization of observational equivalence in Idealized Algol,
due to Abramsky and McCusker [AM96], which can be adapted to give us
an algorithm for deciding observational equivalence for a finitary version of
Idealized Algol.

1.3 Categorical Semantics

There is a close link between (typed) programming languages and cate-
gories. Most programming languages have things called types, and many
have functions that go from one type to another. Typically, it will be possi-
ble to compose two functions together in the language in an associative way,
giving us a category. It should come as no surprise, then, that a very im-
portant branch of denotational semantics is categorical semantics, in which
we take some existing category from mathematics, and use its objects and
morphisms to represent the types and terms of a programming language.

Typically, each type T of the language will correspond to some object [T] of
the category, while a term of type T will correspond to a morphism 1 — [T7],
where 1 is some fixed object in the category (usually a terminal object).

Particularly important [Lam68] are the Cartesian closed categories, which
have a number of properties making them suitable for denotational seman-
tics:

Product and function spaces Given types S and T, we can define the
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denotations of the product type S x T and the function type S — T
to be given by [S] x [T7] and [T]].

Compositionality Given types S and 7', and corresponding objects [S]
and [T7] of the category, we can define the denotation of the function
type S — T to be given by the exponentiation [717] [5T a5 above. Then
we automatically have a recipe for substituting a term of type S into
a function of type S — T via the canonical morphism

(7787 % [S] — [77] -

Abstraction Given a morphism o: A x B — C, we may form a morphism
A(o): A — COB. This gives us the semantics for A\-abstraction, whereby
we pass from a term-in-context

Lx: SEM:T
to the term-in-context

FFXxeM:S—T.

These rules allow us to build up a model of the simply-typed A-calculus
within any Cartesian closed category, which means we get a large part of
the denotation (and the subsequent proof of Computational Adequacy) for
free.

This alone would be a good justification for using category theory in denota-
tional semantics, but the benefits go further. The development of program-
ming languages such as Haskell has been strongly influenced by category-
theoretic concepts. For example, Moggi’s 1991 observation [Mog91] that
monads on categories provide us with a way of modelling computational
effects influenced work that led directly to the introduction of support for
monads in Haskell [Jon95|], where they have become the primary tool for
abstracting out effectful computation.

Monads will be particularly important in this thesis, so it is worth dwelling
on them a little further. A monad on a category C is given by a functor
M: C — C, together with natural transformations

e: ide=M m: MoM=M

that endow M with an algebraic structure. One example is the non-empty
powerset functor on the category of sets, together with the natural transfor-
mations given by

e: A— P(A) m: P(P(A)) — P(A)
a — {a} A = U A.
AcA
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This powerset monad indicates some kind of nondeterministic choice be-
tween elements of A, particularly if we modify the construction to the non-
empty powerset functor Py.

Another example in the category of sets is the functor A — A + {1}, that
appends an additional element on to a set. We have natural functions A —
A+ {Ll}and A+ {1} +{L} = A+ {1} that make this into a monad as
well. In the study of programming languages, this is often called the maybe
monad, because A+ {_L} indicates an element of A that may or may not be
present (with the distinguished value L indicating no value).

Given a monad M on a category C, we can form a new category Kly; C —
the Kleisli category of M — whose objects are the objects of C and where
a morphism from A to B is given by a morphism A — MB in C. The
monadic coherence gives us the correct notion of composition: given Kleisli
morphisms 0: A - M B and 7: B — MC, we may compose them to give a
morphism A — MC via the following formula.

A% MBMT myvc ™ e

The Kleisli category of the powerset monad is the category of sets and
relations, while the Kleisli category of the maybe monad is the category of
sets and partial functions.

There are numerous other monads that can be used to model computational
effects, such as the state monad and the exception monad. Work by Plotkin
and Power [PP02] makes this more precise, by studying monads that can
be built up via algebraic operations and equations. For example, we might
want to model nondeterministic choice on a set A via an operation »  that
takes in infinitely many elements of A —so ) a; gives us a choice between
the a;. We then impose some axioms on this operation.

Idempotence If a; = a for all 4, then ) a; = q;

Commutativity > a; =) ) for any permutation 7; and

A (g

Associativity >, ; aij) = >, ; aij-
This is an algebraic theory akin to the theory of groups, and its category of
free algebras is isomorphic to the Kleisli category of the powerset monad.

1.4 Game Semantics

Game Semantics gives us a particularly fruitful categorical semantics for
programming languages. The underlying idea is that a computer program
behaves like a strategy for a two-player game, in that it needs to respond
to arbitrary inputs (opponent moves) with its own behaviours (proponent
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moves). Thus, we represent a programming language type by an idealized
game between two players O and PEL and represent a term of that type by
a strategy for that game.

The power of game semantics comes from the fact, first noted by Blass in
[Bla92|, that certain natural operations on games correspond to some of the
connectives of linear logic. For example, if A and B are two-player games,
then we may form their tensor product A ® B, which is played by running
the games A and B together in parallel, with the opposing player O allowed
to switch between games when it is his turn.

A closely related construction takes games A and B and forms their linear
implication A — B, in which B is played in parallel with the dual of A, in
which the roles of players P and O are swapped round. This time, player P
can choose to switch game when it is her turn.

The remarkable thing about the —o construction, first pointed out by Joyal
in [Joy77], is that if A, B and C' are games, then we may compose a P-
strategy for A — B with a P-strategy for B — C to get a P-strategy for
A—C.

In order to form her strategy, player P sets up a ‘scratchpad’ consisting of
the games A — B and B — C side by side. Now suppose that player O
makes a move in A —o C' that originally came from the game C'. Then player
P treats this move as a move in B — (', and uses her strategy for that game
to come up with a reply. If that reply is a move in C, then she plays it as her
response. Otherwise, if it is a move in B, she treats that move as an O-move
in A — B, and therefore has a reply in A — B according to her strategy
for that game. Eventually, if she plays a move in A or C, then that will be
her reply in the composite strategy. See Figure for an illustration.

It is possible instead that player P flips between her two strategies for ever,
always playing moves in B and never coming out into A or C'. Computa-
tionally, this represents ‘livelock’: a computation that does not terminate
because two subroutines are continually deferring to each other without re-
turning values of their own.

This composition of strategies gives us a category G in which the objects
are games and a morphism from a game A to a game B is a strategy for the
game A — B. In this category, the identity morphism on a game A is the
copycat strategy for A — A, which responds to an O-move in either copy of
A with the identical move in the other copy.

What is more, the connectives ® and — make G into a symmetric monoidal
closed category. We typically apply some category-theoretic construction

2 Another convention is to refer to player O as Vbelard and player P as Jloise, so I will
refer to player O as ‘he’ and player P as ‘she’ throughout.
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Figure 1.1: Illustration of the composition of strategies in Game Semantics.
Working top-to-bottom, the symbol o denotes a move by O and the symbol
e a move by P. A dotted line indicates that a move is determined by one
of player P’s strategies for the games A — B and B — C. Note that the
moves in B are duplicated, so that they may always be considered as an
O-move in either A — B or B — (. Moves from B are hidden in the
composite strategy: in this case, player P’s first ‘real’ move is in C, her
second in A and her third in C.

to G to get a Cartesian closed category, by passing either to the Kleisli
category for a linear exponential comonad on G (as in [AJMO0]; see [Sch04]),
or to a subcategory of the category of cocommutative comonoids in G (as
in [HOO00, [AM96]; see [Har99, §3.5.2]). Once we have a Cartesian closed
category, we automatically have a way to interpret the simply-typed lambda
calculus.

1.5 Game Semantics for Programming Languages

The first triumph of Game Semantics was to solve the Full Abstraction prob-
lem for PCF, but a more lasting application of the discipline has been to
model more general programming languages with effects such as state. By
making changes to the definitions of game and strategy, Game Semantics has
proved to be applicable to a wide variety of programming language effects,
including exceptions [Lai0l], coroutines and continuations [Lail6], nonde-
terminism [HM99], probability [DHO00], and general references [AHM9S].

The precise definition of a strategy that we use depends on the language
that we are trying to model — a language with less expressive power can
realize fewer strategies. For example, the denotations of terms in a stateless
language such as PCF are history-free or innocent, in which the proponent’s
moves can only depend on a particular subsequence of the current sequence
of moves — the P-view — rather than on the whole sequence. So for a lot
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of computational effects, particularly ones that have something to do with
state, adding that effect corresponds to a relazing of conditions on strategies.

We model other types of effects by extending the definition of a strategy.
For example, if we want to provide a semantics for a language with nonde-
terminism, then we modify the definition of a strategy so that the proponent
can have multiple replies to each opponent move, as in the work of Harmer
and McCusker [HM99]. If we want to model a probabilistic language, then
we decorate these different moves with probabilities, as in the work of Danos
and Harmer [DHOQ].

When choosing a definition of a strategy, the aim is to prove a definability
result, so that we can prove Full Abstraction. The original proofs of de-
finability of compact innocent strategies in PCF from [AJMO00] and [HOQ0]
were intricate and technical. Subsequent work on languages that extend
PCF tends to try to prove definability via a factorization result, in which we
show that every strategy in an extended category of games may be written
as the composition of a strategy in an original category of games with some
fixed strategy in the new category. Then, if we have a definability result for
the original semantics, we can extend it to a definability result in the new
category.

For example, the language Idealized Algol is an extended version of PCF
that adds some stateful primitives. Abramsky and McCusker’s proof of com-
pact definability for Idealized Algol in [AM96] first proves that each compact
strategy in their model may be written as the composite of a compact inno-
cent strategy with the (non-innocent) denotation of one of the new stateful
constants. Thus, they can deduce compact definability for Idealized Algol
from Hyland and Ong’s result that every compact innocent strategy is the
denotation of a term of PCF.

Similarly, Harmer and McCusker develop in [HM99] a model of game se-
mantics in which strategies can be nondeterministic. They show that every
such strategy can be written as the composite of a deterministic strategy
with some particular fixed nondeterministic strategy. Then, to prove com-
pact definability for nondeterministic Idealized Algol, it suffices for them to
exhibit a nondeterministic term whose denotation is that fixed strategy.

We can now summarize the typical process of proving a Full Abstraction
language for a language £’ that extends a language £ as follows.

e Starting with an existing computationally adequate model C of £ that
satisfies compact definability, define a categorical model C’ that ad-
mits an identity-on-objects functor J: C — C’. For example, if C is
a category of games and strategies, C' might be a category whose ob-
jects are the same games as C, but where the strategies are less rigidly
constrained.
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e Prove that the model C’ is a Cartesian closed category and is compu-
tationally adequate for £’

e Prove a factorization result that exhibits every morphism ¢ in C’ as
the composition of some morphism Jf in the image of J with one of
some fixed collection of morphisms that are known to be definable in
L' (for example, single terms from £'\ £). In addition, if g is compact,
then f should be compact in C.

The third bullet point allows us to deduce a compact definability result
for £ in C' from the compact definability result of £ in C, and then Full
Abstraction follows as we have outlined in Section [1.2l

The proofs of Full Abstraction for stateful and nondeterministic languages
that we have mentioned [AM96, HM99|] prove Full Abstraction in this way.
Other important Full Abstraction results in Game Semantics that follow
this pattern include Danos and Harmer’s result for a probabilistic variant of
Idealized Algol [DHO0], the Full Abstraction result for general references of
Abramsky, Honda and McCusker [AHMO98], Laird’s result for local excep-
tions [LaiO1], Murawski and Tzevelekos’s Nominal Game Semantics [MT16]
and the result for countable nondeterminism by Laird and the present author
[GL18].

Lastly, it is worth mentioning several papers that prove Full Abstraction
without going through a factorization result. This is usually because they
depart more radically from traditional game semantics. Such papers include
Tsukada and Ong’s sheaf-based models for nondeterministic PCF [TO15,
TO14], Laird’s categorical semantics for coroutines [Lail6] and the results
for probabilistic PCF by Castellan, Clairambault, Paquet and Winskel using
concurrent games [CCPW18§].

1.6 Full Abstraction for Kleisli Categories

One thing which these Full Abstraction results have in common is that they
rely on some degree of human intuition to build the original model. This
process can often be very difficult. For instance, it seems obvious that if
we want to model a nondeterministic programming language, then we need
to relax the determinism constraint on strategies. However, relaxing the
determinism constraint turns out not to be enough on its own: recall that
we model a nonterminating computation in game semantics by a strategy
that has no P-reply to a particular O-move. How then do we model a term
which chooses between terminating at a value v and not terminating, and
how do we distinguish it from a term which always terminates at v? In both
cases, player P has the reply v to player O’s initial move, but now there is
nothing to indicate the possibility of non-termination.
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Harmer and McCusker are able to solve this problem, in the finite nondeter-
minism case, by separately keeping track of divergences in the strategy, but
further problems arise when we start to consider countable nondeterminism.
Since Game Semantics usually keeps track of finite sequences of moves, non-
deterministic strategies are unable to distinguish between a program that
nondeterministically chooses a number n and prints “Hello, world” n times,
and a program that either does the same thing, or prints out the message
infinitely many times. So now we have to add extra information in about
infinite sequences of moves (see Levy’s work on infinite trace equivalence
[Lev08|] and the work of Laird and the present author on nondeterministic
Idealized Algol [GL18]).

Things get even more difficult when we consider nondeterministic versions
of stateless languages such as PCF. Naively relaxing the determinism con-
straint on the usual definition of an innocent strategy does not give the
right notion of a nondeterministic innocent strategy [TO15]. There are def-
initions of nondeterministic innocence due to Levy [Lev14], to Tsukada and
Ong [TO15], and, via concurrent games, to Castellan, Clairambault, Hay-
man and Winskel [CCHW1S]|, that use the concept of morphisms between
plays, but these are already some distance removed conceptually from Hy-
land and Ong’s original paper that introduced deterministic innocent strate-
gies. Tsukada and Ong’s paper involves a complete recasting of strategies
as sheaves in order to understand what happens when we try to mix nonde-
terminism and innocence.

This is just one example that shows that the process of adding different
computational effects into a game semantics can be very hard and can require
some ingenuity. Meanwhile, there is plenty of well-known theory that deals
with computational effects in a purely systematic way. We have already
met two such techniques in section monads (and Kleisli categories) and
Lawvere theories. Put simply, the purpose of this thesis is to investigate
what happens when we try to use these systematic techniques to prove Full
Abstraction results for effectful languages.

Let us start by looking at Kleisli categories for monads. Recall that a monad
M on a category C is a functor M : C — C that satisfies certain conditions,
and that the Kleisli category Klys C of M has the objects of C as its objects,
and that a morphism a — b in Kl; C is given by a morphism a — Mb in C.
There is a natural identity-on-objects functor J: C — Kl; C.

In particular, if a is any object of C, then we have a distinguished Kleisli
morphism ¢4: Ma — ain Kl C given by the identity morphism Ma — Ma
in C. Now let f: a — b be an arbitrary morphism in Kl;;C, given by a
morphism f :a— Mbin C. Then we can write f as the following composite
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in Kl C.
a 2L vp 2

In other words, the Kleisli category Kl C automatically satisfies a factor-
ization result of the type we have been talking about. So if C is a model of a
language £ that satisfies compact definability, then Kl; C will automatically
satisfy compact definability for any denotational semantics for a language
language £’ that includes (via the functor J) the existing denotational se-
mantics for £ and in which the morphisms ¢, are all definable.

Proving computational adequacy is not so automatic. One approach is to
treat Kly; C like any other model and to apply the usual arguments for
proving adequacy. Most computational adequacy arguments rely on order-
enriched properties of the underlying categories, particularly for dealing
with recursion, and the Kleisli category Kl,s C automatically inherits order-
enriched structure from C, by saying that f < g:a - bin Kl Cif f < g
when considered as morphisms a — Mb in C.

An alternative approach, which we shall use in this thesis, is to try and
deduce computational adequacy for Kly; C from a computational adequacy
result for the original language £ in C. In this approach, we take a term
N of the extended language £' and note that its denotation [N]: a — b in
Kl C is given by some morphism f: a — Mb in C. Typically, it is easy to
construct a term P of £ whose denotation in C is f. We then prove results
to peg the operational behaviour of NV in £’ to that of P in L, allowing us
to deduce a computational adequacy result for our model of £ from the
corresponding result for L.

The last ingredient that we need is to prove that Kl C is a Cartesian closed
category. This is not immediate either: Kly; C need not be Cartesian, even
if C is. For the purposes of this thesis, we will be considering only monads of
a very special form — the reader monads R, on Cartesian closed categories,
given by R,a = z — a. The Kleisli category for a reader monad on a
Cartesian closed category is always Cartesian closed [Lam74].

1.7 Difficulties with Countable Nondeterminism

This thesis will focus on nondeterministic effects. Of these, perhaps the
trickiest to work with is countable nondeterminism, in which a program can
nondeterministically choose between a possibly infinite number of different
options, without the possibility of non—termination[ﬂ

31f we have a source of finite nondeterminism, then we can get infinite branching if we
accept the possibility that our program might never terminate — for example, count the
number of coin tosses it takes before we get the first head.
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There are three main difficulties when dealing with countable nondetermin-
ism in game semantics. We have covered the first in the previous section: we
cannot tell everything about a program’s behaviour by looking at its possi-
ble finite traces, even when the traces are allowed to be arbitrarily long, as
in the example where a program nondeterministically chooses a number n
and prints out a message n times vs the program which may print out the
message infinitely many times.

The fact that finite nondeterminism avoids this behaviour comes down to
Ko6nig’s Lemma, which asserts that any finitely branching tree without an
infinite branch has bounded height.

Related is second problem, which is the failure of continuity of composition.
This was noticed by Dijkstra in [Dij97, Ch. 9] and later studied by Plotkin
and Apt in [AP8]1].

In order to explain what we mean by continuity, we define the observational
preorder on terms of a language. If M, N: T, we write M < N if for all
ground-type contexts C[—] with a hole of type T we have

C[M] always terminates = C[N] always terminates.

In particular, M and N are observationally equivalent if and only if M < N
and N < M.

Continuity of composition means that least upper bounds with respect to
this order are preserved by function application. Consider, for example, the
infinite sequence of terms <,,: N — N for m = 0,1, ... that return 0 if their
argument is less than or equal to m and go into an infinite loop otherwise. It
is fairly clear (with a straightforward rigorous proof once we have introduced
the denotational semantics) that a least upper bound for the <,,, is the term
<o that evaluates its argument and then returns 0 regardless of what value

it finddl

But now notice what happens if we have a countable nondeterminism prim-
itive 7 in our language which when evaluated returns an arbitrarily large
natural number. Then the terms <,,? are all observationally equivalent:
they either return 0 (when 7 returns a number less than or equal to m),
or fail to terminate (when ? returns a number greater than m). We might
write

<n?=0+0Q.

Therefore, the sequence <,,? is a constant sequence and its least upper
bound is that constant value 0 + €.

4< differs slightly from An.0 — also an upper bound for the <,,, but not the least
upper bound — in that it evaluates its argument before returning 0. This means that it
will fail to terminate if its argument fails to terminate.
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Meanwhile, <.,7 always returns 0. Therefore, application to 7 does not
preserve least upper bounds.

The reason that this is a problem is that a typical strategy for proving
computational adequacy is via an order-enriched category in which the ob-
servational preorder at a type matches up with the ordering of morphisms
into the denotation of that type. The standard adequacy proof uses con-
tinuity of composition in the model in an essential way — see Lemma [3.4.6
for an example of such an argument being used to prove computational ad-
equacy for a deterministic language. But if the ordering of morphisms in a
denotational model of a language with countable nondeterminism faithfully
respects the observational ordering of terms, then composition of morphisms
is necessarily not continuous — since it is not continuous in the language it-

self.

Our strategy for getting around this problem goes back to Levy’s paper
Infinite Trace Equivalence [Lev08|, and essentially involves going via an
auxiliary language, in which the nondeterministic oracle 7, when it chooses
a value, must print that value to a log. Given a term P of ground type,
we write P |}, if P terminates whenever it prints the sequence u to the log.
We then replace our earlier definition of the observational preorder with a
stronger one: we write that M < N if for all suitable contexts C[—] we have

CM] du= C[Ny -

This ordering on terms is continuous. For example, the extra requirement
wrecks our previous example of failure of continuity of composition. Indeed,
the sequence <,,? is no longer constant, since, for example, <57 does not
terminate if it prints 6 to the log, whereas <jggp? does. The least upper
bound of the <,,?7 is then the term that terminates whenever it prints a
single number to the log; i.e., <..7.

We can prove continuity of composition in general for the new language,
which allows us to prove computational adequacy in the usual way. Hav-
ing done this, we then use operational methods to find a way to identify
terms that should be observationally equivalent in the original sense. This
allows us to quotient out our model for the new language to get one that is
computationally adequate for the ordinary nondeterministic version.

The last problem is to do with definability. First note that there are two
different reasons why an element of a denotational model (e.g., a strategy)
might not be definable in a particular language. One reason is structural:
for example, a stateless language such as PCF cannot define a strategy
whose behaviour depends on its entire history, since that would indicate
stateful behaviour. The other reason is purely computational. Given a non-
computable function f: N — N (for example, the function that returns 0 if
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its argument is source code for a terminating program and 1 otherwise), we
have a perfectly well-behaved history free strategy that represents f, but f is
nevertheless still not definable in most programming languages. Historically,
the study of Full Abstraction has not been too concerned with non-definable
elements of the second kind: the reason is that they do not usually play a
role in determining the intrinsic equivalence relation. However, in the pres-
ence of countable nondeterminism, there exist definable terms that can be
distinguished in the model that cannot be distinguished by definable ele-
ments, but can be distinguished by non-computable functions. An example
of such a function is found in Section the general idea is due to Kleene
and can be found in [Bau06].

What this means is that if we want to model countable nondeterminism then
structural constraints are not enough: we need to impose computability con-
straints on strategies as well. Happily, such notions are well studied already,
even appearing in the original Hyland-Ong and AJM papers [HO00, [AJMO00],
in which the authors give a complete characterization of those strategies de-
finable in PCF — a universality result for the model. Similar results can also
be found in earlier work on Full Abstraction, such as Plotkin’s original PCF
paper [Plo77].

The difficulties with countable nondeterminism that we have outlined are
essentially domain-theoretic, and can be summed up by saying that compo-
sition of countably nondeterministic functions is not continuous — i.e., does
not preserve least upper bounds — with respect to the natural orderings on
terms.

1.8 Plan for this Thesis

This thesis will develop the theory of Full Abstraction from the point of
view of techniques of categorical algebra such as Kleisli categories.

Chapters [2| and [3] give a fairly traditional presentation of a Fully Abstract
game semantics model for Idealized Algol. All subsequent results will
be for extended versions of Idealized Algol, so this model can serve
as the foundation for the rest of our work. Although these chapters
form by some distance the longest part of the thesis, they also contain
the smallest amount of new material, and essentially cover the same
material as Abramsky and McCusker’s Fully Abstract game semantics
for Idealized Algol [AM96]. The main difference, which ties in with
the general theme of the thesis, is that we prove Computational Ad-
equacy using techniques of categorical algebra rather than via the ad
hoc combinatorial arguments found in [AMO96]. Specifically, we use
the concept of a sequoidal category and of the exponential as a final
coalgebra, introduced by Laird in [Lai02] to prove Full Abstraction for
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a language with general references. We present the first application of
this technique to a language with purely local state of ground type.
The remainder of the Full Abstraction result is largely as in [AM96].

Chapter [4] presents the general theory of monads and Kleisli categories. It
then presents a technique which can be used to prove Full Abstraction
for several nondeterministic effects, along the lines we outlined in the
previous section.

For the remainder of the thesis, we deal with a generalization of monads
— parametric monads, in which the action of the monad is parameterized
by an object of some monoidal category X (so that we deal with a functor
X x C — C rather than a functor C — C).

Chapter [5] introduces and defines parametric monads (also known as lax
actions), and proves a number of technical results which we need. It
also introduces the Melliés category and the oplax 2-limit C/X, which
give us two related analogues of the Kleisli category in the parametric
case. The Mellies category is an enriched category, while C/X is an
ordinary category obtained from it by change of base. As with monads,
we need to specialize to a small class of parametric monads — the reader
actions — in order to ensure that C/X is a Cartesian closed category.

Chapter [6] uncovers a large source of these reader actions; in this chapter,
we prove that reader actions on the category Set of sets are equivalent
to lax monoidal functors Set — Set.

Chapter [7] takes a small detour away from the main narrative to study the
Mellies category from the point of view of profunctors.

Chapter 8| completes our study of parametric monads by proving a Full
Abstraction result for categories derived from Mellies categories, using
similar techniques to Chapter [ As an example, we give a semantics
for a probabilistic language for a category derived from a particular
parametric monad, and show that it is Fully Abstract.

Lastly, our conclusion in Chapter [9] provides a glimpse into several further
directions that are left unexplored by the rest of the thesis.

28



Chapter 2

A Sequoidal Game Semantics
for Idealized Algol

To introduce our material, we will go back over some old ground, namely the
fully abstract game semantics for Idealized Algol developed by Abramsky
and McCusker in [AM96]. In keeping with the spirit of this thesis, we will
aim to use category theoretic methods, and so our proofs of soundness and
adequacy will depart from those given by Abramsky and McCusker, and will
instead involve coalgebraic ideas developed by Laird in [Lai02] and [Lail6].

2.1 Idealized Algol

The ground types of Idealized Algol are called com, bool, nat and Var.
The first three are data types corresponding to the sets C = {a}, B =
{t,f} and N =1{0,1,2,---}. com takes the role of a command or void type;
typically, although the return value of a function 7" — com does not convey
any information, the function will have side effects that do make a difference.

The type Var is the type of a variable holding elements of N. It is best
understood as corresponding to the following pseudo-Java ‘interface’.

public interface Var

{

nat read ();
com write(nat value);

}

In other words, any term M of type Var supports two operations: one ‘read’
operation that returns a natural number and one ‘write’ operation that
accepts a natural number. The most natural case to consider is when M
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actually corresponds to a storage cell, with ‘write’ updating the value and
‘read’ returning it, but our language will permit any other implementation
of the Var interface, including, for example, a term of type Var that ignores
any values ‘written’ to it and always returns 0 when read: such terms,
which fulfil the type-theoretic contract of a storage cell without replicating
its behaviour, are sometimes called ‘bad variables’ (e.g., in [AM99, §2]).

The types of Idealized Algol are then defined by the following inductive
grammar.

T == com | bool |nat |Var | T — T.

Next, we present the typing rules for the language. Here, I' will stand for a
context; i.e., a list x1: Ty, -+ ,xy: 1), of variable names together with their

types.

First, we have the usual rules for the simply typed lambda calculus.

I'tM:S—T I'EN: S Lx: SEM:T
D,o:Thx: T CFMN:T PEXSM:S—T

We then have rules for each of the base types. At type com we have:
I'-M: com I'EN:T
I'skip: com I'M;N:T

T € {com,bool,nat}

Here, skip is a generic command with no side-effects that returns the unique
element a of the singleton set C. M ; N represents the sequential composition
of M with N; i.e., the term that first evaluates M, performing any of its
side-effects, and then evaluates N and returns the result.

At type bool we have true/false values and conditionals.

I'+t: bool I'+1: bool

I'M: bool I'-N:T I'=P:T
'+ If M then N else P: T

T € {com,bool,nat}

At type nat we have numerals, arithmetic operators and a conditional that
tests whether a number is equal to 0 or not.

'k M: nat 'k M: nat
I'Fn: nat I'Fsucc M : nat I'F pred M : nat

' M: nat 'EN:T T'HP: T
I'FIfOM then N else P: T

T € {com, bool,nat}
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At type Var, we have terms that call the read and write ‘methods’ to assign
a new value to the variable or to get its current value.

I'-V:Vvar I' E: nat I'-V:Vvar
'V «+ E: com I'+1!V: nat

We have the let keyword that allows us to evaluate an expression and bind
the result to a variable name.

r=m:S I'z: SEN:T
I’I—IetsyTx:Min N:T

S € {bool,nat}; T € {com,bool, nat}

We have two ways to create terms of type Var. The first gives us the storage-
cell behaviour.

T'x:Var-M:T
I'tnewp e . M: T

T € {com, bool,nat}

The idea here is that if M is a term that refers to some free variable x of type
Var; then new A\zx.M makes x behave like an actual (zero-initialized) storage
cell (so, for instance, the result of the computation newpay Az.(x < 5);!z
will be 5).

The second way of creating terms of type Var is using the mkvar keyword.
mkvar can be used to create ‘bad variables’: arbitrary pairs of read and write
methods that do not necessarily actually behave like actual storage cells. If
we think back to our earlier illustration of the Var type as an interface,
this becomes clearer. mkvar creates a new anonymous instance of the Var
interface, using the ‘methods’ supplied through its arguments.

I'M: nat I' N:nat — com
I' = mkvar M N : Var

Lastly, we have fixpoint combinators at all types that we use to implement
recursion.

'-M:T—>T
'tYrM: T

2.2 Games and Strategies

We adopt the game semantics from [AM96]. For the most part, these are
very similar to the arenas defined by Hyland and Ong in [HOOQ]; however,
they are slightly modified (through the prescription of a set of legal plays) in
order to give us access to the substructural logic (in particular, linear logic)
that we will use as the basis of the model of local state.
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Definition 2.2.1. An arena is a tuple A = (Mg, Aa,F4), where
e My is a set of mowves,

e \y: My — {O,P} x{Q, A} is a function that identifies each move as
either an O-move or a P-move, and as either a question or an answer,
and

e (4 is a relation between M4 + {*} and M4 such that
— if x4 a, then Ay(a) = (0,Q), and if b4 a then b = x,
— if a4 b and a is an answer, then b is a question, and

— if a4 b and a # *, then either a is an O-move and b a P-move,
or the other way round.

If x F4 a, then we say that a is an initial move in A. If a4 b, the we say
that a enables b.

As a shorthand, we write )\gpz My — {O, P} for pry oA4 and )\gA: My —
{Q, A} for pryoly.

Definition 2.2.2. A justified sequence in an arena A is a finite sequence s
of moves together with, for each non-initial move a occurring in s, a pointer
from a back to some move b occurring earlier in s such that b4 a. We say
that b justifies a or that b is the justifier of a.

Given such a justified sequence, we define the P-view s and O-view Ls_
of s inductively as follows.

Fsam="s"a if a is a P-move
Fsav=a if a is initial
Fsbta ="s 'ba if a is an O-move justified by b
LEL =€
LSal = Lsia if a is an O-move
Lsbtas = Lsuba if a is a P-move justified by b

A justified sequence s is well-bracketed if whenever a question ¢ justifies
some answer a, then any question ¢’ occurring after ¢ and before a must
justify some answer a’ occurring between ¢’ and a, and if a is, moreover, the
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only answer justified by g:

a

We say that a justified sequence s is alternating if it alternates between O-
moves and P-moves, and that it is well-formed if it is both well-bracketed
and alternating.

We say that a well-formed justified sequence is wvisible if whenever ta C s,
and a is a P-move, then the justifier of a occurs in the P-view of ¢, and if
whenever tb C s, and b is a non-initial O-move, then the justifier of b occurs
in the O-view of t.

We say that a justified sequence s is legal if it is well-formed and visible,
and write L4 for the set of legal sequences occurring in A.

Note that since every non-initial move in a justified sequence s must be
justified by some previous move, then the first move in the sequence must
be initial and therefore an O-question. If s is alternating, this means that s
ends with an O-move if it has odd length and with a P-move if it has even
length.

We shall call an odd-length sequence s € P4 an O-position and an even-
length sequence a P-position.

Definition 2.2.3. A game is a tuple
A= (Ma,Aa,ta, Pa)

where (Mg, Aa,F4) is an arena and Py is a non-empty prefix-closed subset
of L A-

Ezample 2.2.4 (Empty game). The empty game I is given by the tuple
(2,2,2,{c}),

where € is the empty sequence.

Ezample 2.2.5 (Data-type games). Let X be some set. Then we have a
game, which we shall also call X, given by:
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o Mx ={¢} +X;

* Ax(q) =(0,Q) and A\x(z) = (P, A) for all z € X;

e gFx x for each x € X; and

o Px ={e,q}U{qr : = € X}, where the x in gz is justified by q.

In particular, we have games C, B and N, which we shall use to model the
datatypes com, bool and nat of Idealized Algol.

Given a game A, there are several ways to capture the natural notion of
a strategy for A for player P. The most convenient way is to identify a
strategy with the set of P-positions that may occur if P plays according to
that strategy.

Definition 2.2.6. Let A be a game. Then a strategy for A is a non-empty
even-prefix-closed set o C P4 of P-positions in A such that if sab, sac € o
then b = ¢ and the justifier of b is the justifier of c.

Here, we have identified a strategy for a game with the set of P-positions
that can occur when player P plays according to that strategy. So the
condition we have given is one of determinism: in any O-position sa that
can occur in the strategy, player P must have at most one reply.

Note that there may be O-positions for which player P has no reply at all;
we use these to model non-terminating computations.

We write o: A to denote that o is a strategy for the game A.
Definition 2.2.7. A strategy o for a game A is called innocent if player P’s

moves only depend on the current P-view; i.e., if whenever sab € o, t € o
and ta € P4 such that "sa = "ta™, then we have tab € o.

2.3 Connectives on Games

In the product A x B of games A and B, player O chooses either A or B on
the first move and subsequent play is that game.

Definition 2.3.1. Given games A, B, define the product of A and B to be
the game A x B given by

® Maxp=Ma+ Mp;

® \xp = [Aa, ABl;

o xFaypaif and only if x4 a or xFpa and aFaxp b if and only if
ababoraltphb; and
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e Piup={s€Laxp: sla€ Py &s|lp=cors|a=¢€& s|p € Pp}.

Here, we have written s|4 for the subsequence of s consisting of all moves
from M4 and s|p for the subsequence consisting of all moves from Mp.

We extend this to arbitrary products [ [, A; in the obvious way. In particular,
the product 1 of the empty collection is the same as the empty game I defined

in Example [2.2.4]

Our interpretation of the type Var will be given by a particular infinite
product; namely, the product of countably many copies of the game C, each
one corresponding to the action of writing a particular natural number into
the variable, together with a copy of the game N, corresponding to requesting
the current value of the variable.

In the tensor product A ® B of games A and B, the games A and B are
played in parallel, and player O may switch between games when it is his
turn.
Definition 2.3.2. Given games A,B, define a game A ® B by

o Mg = Ma+ Mp;

* MeB = [A, AB;

e xFaepaif and only if x4 a or xFp a and aFapgp b if and only if
ababoraltphb; and

o Pygp={s€ Lagp : s|a € P4 and s|p € Pp}.
In the linear implication A — B, the game B is played in parallel with a
version of A in which the two players’ roles have been switched around, and
player P may switch between the two games when it is her turn.
Definition 2.3.3. Given games A,B, define a game A — B by

e My_.p= My+ Mp;

® A op = [70Aa,AB];

e x4 paifand only if xFpa, and a4 .5 b if and only if a4 b or
atpb, or if a is initial in B and b is initial in a; and

e Py.p={s€La.p: sla € Pyand s|p € Pp}.

Here, =: {O, P} x {Q, A} — {0, P} x {Q, A} is the function that reverses
O and P, while leaving {@, A} unchanged.

In the exponential of a game A, infinitely many copies of A are played in
parallel, and player O may switch between copies whenever it is his move.
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Definition 2.3.4. Given a game A, define a game !A by

o Mgy = Mua;

o \ia= Ay

e F1y =F,4; and

o Py={se€Lig: s|p € Py for each initial move b occurring in s}.
Lastly, the sequoid A @ B of two games A and B behaves like the tensor
product A ® B, except that the opening move must take place in A.

Definition 2.3.5. Given games A, B, define a game A © B by
® Mo = MawB;
® \MpB = \eB;
® Fapp =Fagp; and

e Pipp ={s € Pagp : s=cor s begins with a move from A}.

2.4 Composition of strategies

Definition 2.4.1. Let A, B, C be arenas. An interaction sequence between
A, B,C is a justified sequence s of moves drawn from M, Mp and Mg
such that 5|4 p € La_.p and s|p,c € Lp_.c. Here, 5|4 p is the subsequence
of s consisting of those moves from s that occur in A or B, together with
all justification pointers between moves in A and B, and s|p ¢ is defined
similarly.

We write int(A, B, C) for the set of all interaction sequences between A, B, C'.

Given s € int(A, B, C), we write 5|4 ¢ for the subsequence of s consisting of
those moves from s that occur in A or C. A move b in s|4 ¢ justifies a move
a either if b justifies @ in either the A or the C' components, or if b justifies
in s some initial move ¢ in B, which itself justifies a.

Definition 2.4.2. Let A, B,C be games, let o be a strategy for A — B
and let 7 be a strategy for B —o C. We define o||T to be given by the set

{s €int(4,B,C) : slap€oands|pceT}.
Then we define the composition o;7 of o and T to be given by the set

{s|lac: seao|r}.
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We have not yet shown that this is indeed a well-formed strategy; the proof
of this fact will take us a few pages. We start by proving some lemmata and
making some definitions.

Lemma 2.4.3. We extend the function Agp to alternating sequences of
moves by

e \F(e) =P and

e \3F(sa) = Aa(a).
If s € Pap, then A 5(s) = (AQF(s|4) = B (s|p)), where = is the

binary operation on {O, P} defined by
Q

Qv
Q Qv vl

v
5Ol

Moreover, if \QF (s|4) = O then \QF(s|g) = O. In other words, the second
row of the table above never occurs.

Proof. Induction on the length of s. If s = ¢, then s|4 = s|p = ¢, and so

(XX (s4) = A5"(s1p)) = (P = P) = P = A3 5(s).

Suppose then that s = ta, and that /\AQZB(t) = (. This means that
AQP(ta) = P AgP(tls) = 0.

Then, whether a is a move in A or a move in B, adding it will flip exactly
one of these components — so

A—p(sla) =0 X3E5(slB) = O
if @ is a move in A, and

Aa—p(sla) =P AqLp(sls) = P
if @ is a move in C.

Suppose instead that )\(ji g(t) = P. By induction, this means that either
AG"(ta) = P NG (t]p) = P
or that

A3 (tla) =0 Mg (tls) = 0.
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In the first case, this means that either ¢|4 is empty or its last move is a
P-move in A (and therefore an O-move in A — B), and so the move a must
take place in C, meaning that AQ”(s|4) = P and \9P(s|p) = O.

Similarly, in the second case, the last move in t|¢ must be an O-move in B
(and therefore an O-move in A — B, and so the move a must take place in
A, meaning that AQ(s|4) = P and A\8P(s|p) = O. O

It follows that

Corollary 2.4.4 (Switching condition). Only player P may switch between
games in A — B; i.e., if tab € Po_.p, and a occurs in A and b in B, or if
a occurs in B and b in A, then b is a P-move.

Proof. Otherwise, Ay_.p(t) = O, so Aa(t|a) = P and A\p(t|p) = O. But we
must also have Ag_op(tab) = O, so Aa(tabla) = P and Ap(tab|p) = O. But
this is a contradiction, since tab|4 and tab|p are both one move longer than
the plays t|4 and t|p, so Aa(tabla) # Aa(t|a) and Ap(tab|p) # Ap(t|p). O

Definition 2.4.5 ([Har06, §3.1]). Given s € int(A4, B,C), we define the
P-view "s7 of 5 inductively as follows.

=€
"sa'="s'a if a is a move in B, an O-move in A or a P-move in C
Tsc'=c if ¢ is an initial move of C

Tsbta' = "sa if a is a P-move of A or an O-move of C
and is justified by b

Lemma 2.4.6. Ifs € int(A, B,C), then "s|ac ="slac .

Proof. Induction on the length of s. This is clear if s = e.

If a is an O-move in A or a P-move in C, then a is a P-move in A — C.
We have "sa|4,c = "s'|a,ca, which by the inductive hypothesis is equal to
"s|4,c 'a, which is the same as "sa|4 ¢ . If bis a move in B, then

"sbac="s"bac="5"ac="slac'="sblac’,
by the inductive hypothesis.
If ¢ is initial in C, then "sc|ac =c="sclac "

Suppose a is a P-move of A or an O-move of C' — so a is an O-move in
A —o C — and suppose that a is justified by b in the sequence sbta. Since a
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cannot be an initial move in A, b must occur in the same game as a, and in
particular must not occur in B. Then we have

'—Eb’ca—'|A7C = rs—'ba\A@ = '_5—I|A,Cbaa
which by the inductive hypothesis is equal to "s|4 ¢ 'ba = "sbala ¢ . O

Lemma 2.4.7 ([Har06, §3.1]). Let sa € int(A, B,C) (so, in particular, s|a g
and s|p ¢ satisfy the visibility condition). If a is a move in B, an O-move
in A or a P-move in C, then "sa™ € int(A, B, C).

Proof. Induction on the length of 5. If s = ¢, then this is clear. Otherwise,
suppose that s is non-empty.

First, we claim that "s7 € int(A, B,C). If s ends with a move in B, an
O-move in A or a P-move in C, then this follows immediately from the
inductive hypothesis. Otherwise, suppose that s ends with a P-move in
A or an O-move in C. If this last move is initial, then "s' is a single
move, so the claim is trivial. Otherwise, write s = tpur, where p justifies
r. By the inductive hypothesis, we have "tp7 € int(4, B,C), and then
FsT="Ttpur’="tpr = "tpr € int(A4, B, C).

Now, since a is a P-move in A — B or in B — C, its predecessor b is an O-
move and has some justifier ¢ contained in "s|x ', where X € {A — B, B —o
C'} is that component in which a is a P-move. Then this ¢ is preceded by
some other O-move o', which is necessarily also contained in "s™, and so has
some justifier ¢/, contained in "s|x ' by visibility. Continuing in this way
until we reach an initial move, we build up the whole of the sequence "s|x '
as a subsequence of "s'. Therefore, the justifier of ¢ must be contained in
s, and so "sa’ ="sa € int(A, B, C). O

Lemma 2.4.8 (O-views in the linear implication, [HO00, 4.2,4.3]). Let A, B
be games, and let bs be a non-empty play in A — B beginning with an initial
move b in B.

i) If bs ends with a P-move in B, then tbsia—.p = Lbs|pap.

ii) If bs ends with a P-move in A, then Lbsisop = b'—s|A—'A.

Proof. Induction on the length of s. If s = ¢, then bs ends with an O-move
in B, and we have (b,A8 = p = p 5.

Otherwise, suppose that bs ends with a P-move c in B. Let d be the justifier
of ¢. Then d must be an O-move in B. Write bs = tduc, where t,u are
sequences. Then Ltducigop = Ltigopdc and Ltduc|pap = Lt|papde. By
Corollary t must end with a P-move in B, or be empty, so by the
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inductive hypothesis we have (ti4.p = rt|gap. Therefore, Lbsig op =
Ltducip_op = Ltupde = Ltduc\B_nB = \_bS‘B_IB.

Next, suppose that bs ends with a P-move a in A. Let ¢ be the justifier
of a. Then ¢ must be an O-move in A. Write s = tcua, where t,u are
sequences. Then Lbtcua_s.p = Lbtoa .pca and '_tcua|A—'A = '—t|A—'Aca,
since the roles are reversed in A. By Corollary t must end in a P-
move in A, or be empty, so by the inductive hypothesis we have Lbtis .5 =
b'—t]A—'A. Therefore, Lbsia_p = Lbtcuaigop = Lbtug_pca = b'_t\A—'Aca =
b tcual 4 = b s| 4. O

Proposition 2.4.9. o; 7 is a strategy for A — C.

Proof. First, we claim that s|4c € Paop for any s € o|7. Since we cer-
tainly have s|4,cla = sla,pla € Pa and s|aclc = slc = s|pclc € Fc, it
suffices to show that s|4c € La—c-

Suppose that ta C s[4 c. We claim that Ay_.c(t) = "Aa—-c(a). By Lemma
we are in one of the following configurations.

In the configuration PPP, the move a cannot be a move in A, since that
would leave ta|4—p in the configuration O P, which is impossible by Lemma
Therefore, it must be a move in C, and must therefore be an O-move
in C and hence an O-move in A — C.

In the configuration PPO, once again the move a cannot take place in A,
since this would leave ta|4_.p in the illegal configuration OP. Therefore,
it must occur in C, and must be a P-move in C and hence a P-move in
A — C.

In the configuration POO, the move a cannot take place in C, or it would
leave ta|p ¢ in the illegal configuration OP, so the move a takes place in A.
Therefore, it must be an O-move in A and hence a P-move in A — C.

Lastly, in the configuration OOQO, the move a cannot occur in C, or it
would leave ta|p ¢ in the configuration OP, and so it must take place in A.
Therefore, it must be a P-move in A, and hence an O-move in A — C'.

Having established that s|4 ¢ is alternating, we now show that it is well-
bracketed. Suppose that a question move ¢ in s[4 ¢ justifies some answer
move a. ¢ and a must occur in the same component, since the only case in
which a move from one of A and C can justify a move in the other is when
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both moves are initial, and hence questions. Suppose first that ¢ and a both
occur in the game C. Suppose that some other question move ¢’ occurs
between ¢ and @ in s[4 ¢. If ¢’ occurs in C, then it must be answered by
some a’ occurring between ¢’ and a, since s|c is a well-bracketed sequence.
Otherwise, suppose that ¢’ occurs in A.

By examining the table above, we see that there must be some move in B
occurring between ¢ and ¢’ in s, since moves in A move between configu-
rations OOO and POOQO, while moves in C' move us between configurations
PPP and PPO. Let b be the earliest such move. Then b must be a question;
indeed, if it is an answer, then it is non-initial and so can only be justified
by questions in B. But such a question must occur earlier in s|p ¢ than g,
which would mean that ¢ was an unanswered question when the move b was
played, contradicting well-bracketedness of s|p . Since b is a question, it
must be answered by some a” occurring between b and a. Therefore, since
s| 4 p is well-bracketed, the move ¢’ must be answered by some a’ occurring
between o’ and a” in 5|4 p, and therefore between o’ and a in s|4 ¢.

The case when ¢ and a both occur in A is similar.

Lastly, we need to show that s|4 ¢ satisfies the visibility condition. Let
ta C 5|4 c. Choose some ta C s such that ta|4c = ta.

Suppose a is a P-move. Then by Lemma [2.4.7, "ta" € int(A, B,C). By
Lemma we know that "t7a = "ta™ = "ta |4 ¢, and therefore that the
justifier of a must be inside "¢

Secondly, suppose that a is an O-move. If @ is an O-move in C, then
either it is initial or t ends with some P-move in C, and therefore Ltig_.c =
Lt|cac = Lt|g,cdc by Lemma|2.4.8, Therefore, since t| g ¢ satisfies visibility,
the justifier of @ must lie in Ltis oc. If a is an O-move in A, then write
t = cu and t = cu, where c is the starting move in C. We have Lcuaig .c =
c'—u]AajA = rcu|4,B1a—op. Therefore, the justifier of @ must lie in Lt14_oc.

Therefore, 8|40 € La—c, 50 8|a,c € Pa—oc.

It is fairly clear that o; 7 is even-prefix closed, since o and 7 are. Indeed, if
s|a,c € o;7 and t C 8|4 ¢, then we may choose some prefix t of s such that
t= ’L‘Ac. Then t‘A,B EE‘AB € o and ’L‘Bc 25‘8,0 er,soteo|r.

We claim that every sequence in ;7 has even length. Indeed, if 5|4 p € o
and s|pc € 7, then both s|4 p and s|p ¢ must have even length, so must
be in configuration OO or PP. This means that s as a whole must be in
configuration OOO or PPP, and so s|4 ¢ must be in configuration OO or
PP, so must have even length.

Lastly, we need to show that ;7 is deterministic. Suppose that sab, sac €
o; 7, and suppose that b # c. Suppose that s|4 ¢ = sab and t|4.c = sac,
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for s,t € o||r, and let u be the longest common prefix of s,t. s and t are
certainly incomparable under the prefix ordering, since s|4,¢ and t|4, ¢ are,
so we have up C s and ug C t, where p # ¢q. Now p and ¢ cannot be O-
moves in A, P-moves in C or moves in B, or they would have to be equal
by determinism of ¢ and 7. Therefore, they are P-moves in A or O-moves
in C, but this contradicts s|4,c = sab and t|4 ¢ = sac.

Therefore, the composition o; 7 is a strategy. O
We also want to show that the composition of innocent strategies is innocent.
We follow the proof given in [Har06]. First, we use a lemma.

Lemma 2.4.10 ([Har06, 3.3.3]). Let sa € int(A, B,C).

i) If a is a P-move of A or an O-move of B, then "salap'=""sa"|ap .
i) If a is a P-move of B or an O-move of C, then "sa|pc'=""sa"pc .
Proof. Induction on the length of s. We prove (i); the proof of (ii) is exactly
the same.

If a is a P-move of A or an O-move of B, then it is an O-move of A — B.
If a is an initial move of A — B, then we have "s|ypa' =a ="a"|ap =
M504 p. Otherwise, write s = thu, where b justifies a. Then "sa|sp'=
"t 4,Bbula,pa’ = "t|4 B 'ba, which by the inductive hypothesis is equal to
"7t 4,8 'ba, which is equal to ""thua |4 p ' =""saa B . O

Proposition 2.4.11. Ifo: A — B and 7: B — C are innocent strategies,
then o;7: A — C' is innocent.

Proof. Suppose there are sab,t € o;7 such that ta € P4 .c, "sa™ = "ta™.
Let 'b be such that s'b|4 ¢ = sab and choose the minimal prefix s C s’ such
that sala.c = sa.

Let ta be such that ta|4,c = ta. Since "sa™ = "ta”, we have "sa”|4c =
"salac'="sa’ ="ta’ = "ta|ac' = "ta|ac by Lemma Let u be
the longest common prefix of "sa and "ta™. If sa and ta are not equal,
then without loss of generality there is some up C s, where up £ t. Then,
by determinism of ¢ and 7, this p cannot be a P-move in either A — B or
B — C, so it must be a P-move in A or an O-move in C, and is therefore
preceded by another move in A or C, which contradicts "sa |4, c = "ta™
Therefore, "sa' = "ta .

AC-

Now write §' = saby - - - b,b, where each b; is a move in B. We show by
induction that taby ---b; € o||7. Indeed, if tab; ---bj_1 € o||7, then b; (or
b) is a P-move in either A — B or B —o C, and b;_; is an O-move in that
same component. Write X for the component (A — B or B — () in which
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b; is a P-move. Repeating the argument above, we see that "taby ---b;_1 1=
"saby - -- bj_l—', and so we have that "tab; - - - bj_l‘X—l ="saby - bj_l‘X—l by
Lemma Therefore, by innocence of o (if X = A — B) or 7 (if X =
B — (), we see that taby ---b; € of|7. It follows that tab;---byb € o,
and therefore that tab € o; 7. O

2.5 Associativity of composition

In this section, we shall prove that composition of strategies is associative;
ie., that if 0: A — B, 7: B — C and v: C — D are strategies, then
(o;7);v = oy (1;v). To do this, if A, B,C, D are arenas, we define the set
int(A, B,C, D) to be the set of all sequences u of moves such that ujs p €
Lo, Upc € Lpwc and ulcp € Loop. Given such a sequence u, we
define u| 4, p as before; i.e., we take all moves from u occurring in A and D,
together with justification pointers within these games, and if an initial move
in A is justified by an initial move in B, which is justified by an initial move
in C, which is justified by an initial move in D, then we add a justification
pointer from that move in A to that move in D.

Given strategies o, 7,v as above, we define o||7]jv to be the set of all u €
int(A, B,C, D) such that u|a p € 0, u|p,c € 7 and u|c,p € v. We then claim
that:

Proposition 2.5.1.

(o;7);0 ={ulac : ueao|r|v} =0;(r;0).

Proof. Firstly, if u € o||7||v, then it is clear to see that u|4 pc € o||7 and
that u|p.c,p € 7||v, and therefore that {u|4c : u € o||7||v} C (o;7);v and
{ulac : uea|r|v} Co;(r;v).

Conversely, suppose that t € (o;7)||v, so that t{4c € o;7 and t|cp € v,
and choose some s € |7 such that s|4c = t|4,c. We may write

s =c1bja; ---c,bpa,

for some (possibly empty) sequences of moves a; from A, b; from B and c;
from C. We may then write

t=dicia; ---d,cra,

(for the same a;, c;), and we can therefore interleave these sequences into
the sequence
u= dlclblal to dncnbnan )

which is in o||7||v. Then we have u|4 p = t|a,p, and it follows that (o; 7); v C
{ulac : u € o|7||v}, and the case for o; (7;v) is identical. O
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2.6 Copycat strategies

Definition 2.6.1. Let A, B be games. Then a subset inclusion of A into B
is a partial injection 7: M4 — Mp such that

e if i is defined at a and b then %t 4 a if and only if *Fpi(a), and a4 b
if and only if i(a) Fp i(b);

e i(a) is defined for every move a occurring in a play in P4; and
e i.(s) € Pp for every s € Py.

Here, i,(s) means the function i applied pointwise to the elements of the
string s, leaving justification indices as they are in s.

If 4 is a subset inclusion of A into B, then we get an innocent strategy
subs;: B — A defined by

subs; = {s € Pp_,4 : for all even-length t C s, t|p = i(t|4)} .

If Pp = {i«(s) : s € Pa}, then we call i a structural isomorphism, and we
write cc; (‘copycat’) instead of subs;.

Example 2.6.2. If, in particular, A = B and ¢ is the identity, then the
resulting strategy is sometimes called the copycat strategy on A — A. It
will take the role of the identity in our categorical semantics.

Example 2.6.3. If A and B are games, then the set of plays of A ©® B is
a subset of the set of plays of A ® B. This will give us a subset inclusion
morphism A® B — A @ B.

Ezample 2.6.4. If (A4;) is a collection of games, then there is a natural injec-
tion from the set of plays for A; into the set of plays for [[, A;. This gives
us projection morphisms [[, A; — A; for each j.

Proposition 2.6.5. subs; is an innocent strategy.
Moreover, if 0: C — B is a strategy, then
o;subs; = {[ida., i «(s) : s €0, 8| €ix(Pa)},

where i~ Mp — My is the canonical partial right-inverse to i, and if
7: A — D is a strategy, then

subs;; 7 = {[i,idpm, ]«(s) : se€T}.

Proof. subs; is clearly prefix-closed by definition. Suppose that sab, sac €
subs;; then s|4 = i.(s|p) and sabla = i.(sab|p). It follows that ably =
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ix(ablp), so either a is a move in A and b = i(a) or a is a move in B and
a = i(b). Since the same applies to ¢, and since i is injective, we have b = c.

This argument also shows that subs; is history-free —i.e., that its reply to an
O-position is entirely determined by the last O-move — and therefore that it
is certainly innocent.

Now let 0: C' —o B be a strategy. Suppose that s € o| subs;. Thens|cp € o
and s|p = i.(s|a); 1.e.,

slop = [idae, i« (slc,a),

and therefore
s|c,a = [idume. 1]« (slc,B)

where s|p € i,(Pa).

Conversely, given s € o, where s|p € i.(Pa), for each P-move b = i(a) in
s occurring in the component B, insert the move a immediately after it,
and for each O-move b’ = i(a’) in s occurring in the component B, insert
the move a’ immediately before it. Let these extra moves in B be justified
according to the original moves in A, and let all initial moves in B be justified
by the initial moves in A that occur immediately before them. Then the
resulting sequence s is contained in || subs;, and s|4.c = [ida, i . (s).

The case for composition in the other direction is similar. ]

An easy corollary of this fact is that composition of copycat strategies re-
spects composition of the underlying subset inclusions.

Corollary 2.6.6. Let i be a subset inclusion from A to B and let j be a
subset inclusion from B to C. Then joi is a subset inclusion from A to C
and subs;o; = subs;;subs;: C' — A.

It is also easy to see from Proposition that the identity function
id: My — My is a structural isomorphism from A to itself, and that the
resulting copycat strategy cciq is an identity for composition. Combining
this with our result for associativity in the previous section (Proposition

2.5.1]), we get that

Theorem 2.6.7. The collection of games forms a category G, where the
morphisms A — B are strategies for A — B, composition is as above and
the identity morphisms are the copycat strategies induced from the identity
functions on mowves.

In this setting, Proposition [2.6.5]tells us that a structural isomorphism gives
rise to an isomorphism in G.
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Proposition 2.6.8. Let [ be a structural isomorphism from a game A to a
game B. Then ccy is an isomorphism in G from A to B.

Proof. The underlying partial injection f: M4 < Mp has an inverse partial
injection f~': Mp — My, inducing a structural isomorphism from B to A.
Then Proposition tells us that ccy and cc f-1 are inverses in G. OJ

General subset inclusions are not, of course, isomorphisms, but we can still
say something category-theoretic about them.

Proposition 2.6.9. Let ¢ be a subset inclusion from a game A to a game
B. Then the strategy subs; is an epimorphism from B to A.

Proof. In fact, it is a split epimorphism: we can define a retract
ret; = {s € P4_p : for all even-length ¢t C s, t|4 = i.(t|B)}.

The same argument as in Proposition tells us that this is indeed a
strategy for A — B. Note that although subs; is always a total strategy
(i.e., if s € subs; and sa € Pp_. 4, then there is always sab € subs; for some
b), the same is not in general true about ret;.

In any case, if § € ret; || subs;, then s|,r = i.(s|p) = 5|4r, and the same is
true of any even-length substring of s, and so s/4 4 € ida. Conversely, given
any s € ida, we can form some s € ret; || subs; such that s|4 4 = s as in

Proposition [2.6.5

We can also prove that subs; is an epimorphism directly, which might be
useful, for example, in a setting in which non-total strategies such as ret;
are disallowed. In this setting, let o,7: A — C be strategies such that
subs;; 0 = subs;; 7. Then, by Proposition [2.6.5 we know that

{[t,idpmg]«(s) © s € o} ={[i,idm.]«(s) : seT}.
Then, since the function [z,idps,]«: Pa—ec — Pp—oc is an injection, we
deduce that o = 7. O

2.7 G as a Symmetric Monoidal Category

We now claim that the tensor product connective ® makes G into a sym-
metric monoidal closed category, with internal hom given by —. We shall
prove this result over the next two sections.

Definition 2.7.1. Let 0: A — B and 7: C' — D be strategies. We define
a strategy c ® 7: (A® C) — (B ® D) by

ocRT = {S S P(A®C)H>(B®D) : 3|A,B € o and S‘C’,D € T}.
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To prove that this is a strategy, we prove a lemma analogous to our Lemma

243l

Lemma 2.7.2. Let s € Pagp. Then AQE5(s) = AQP(s|a) A ABP(s]p),
where A is the binary operator on {O, P} given by

PAgq

S v Qs
S O o=
SRGRG R

Moreover, either Q¥ (s|a) = P or \3F(s|g) = P; i.e., the bottom row of
the table above does not occur.

Proof. Mutual induction on the length of s. This is obvious if s is empty.
Suppose that sa € Pagp, where a is an O-move. By induction, since
Mgp(s) = P, we must have Agp(s|a) = P and Aagp(s|g) = P. There-
fore, depending on which game a is played in, either A4(saja) = O and
Ap(salp) = P or Aa(sala) = P and Ag(sa|p) = O.

If sb € Psgp, where b is a P-move, then by induction either A4(s|4) = O
and Ap(s|p) = P or Aa(s|a) = P and Ap(s|g) = O. In either case, player
P must play in whichever game is currently in an O-position, returning us
to configuration PP. O

The above proof gives us the following result, which is analogous to Corollary

244

Corollary 2.7.3 (Switching condition for ®). Player O switches games in
A® B; i.e., if sab € Pagp, where a and b take place in different games (i.e.,
ainAandbin B orain B and b in A), then b is an O-move.

Proposition 2.7.4. 0 ® 7 is a strategy for (A® C) — (B® D).

Proof. o ® T is certainly an even-prefix-closed subset of P&’é”c)%( BeD)"

Let s be a play of Pagp)—(cep)- We consider the possible configurations
of s; i.e., the tuples (Aa(s|a), AB(s|B), A\c(s|c), Ap(s|p)).

By Lemma [2.4.3] we must avoid the overall configuration OP for the linear
implication, and by Lemma [2.7.2) we must avoid the configuration OO inside
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either tensor product, so we end up with the following possibilities.

Aa(sla) Ac(sle) As(sle) Ap(sIp) | Aagc(sla,c) ABep(sle,o) | Aasc)—(BeD)(S)
P P P P P P P
P P P O P o O
P P O P P o O
P O P O O o P
O P O P O o P
P O O P O o P
O P P O O o] P

If s € o ® 7, or an odd-length sequence formed by adding an O-move to
the end of a sequence in o ® 7, then we also know that s|4p € 0 C P4_p
and that s|c.p € 7 € Po_.p. This means that we can discount the last two
configurations in the table above, since one contains the illegal configuration
OP in C' — D and the other contains the illegal configuration OP in A — B.

Now suppose that sab, sac € 0 ® 7. Then sa is an O-position in (A® C) —o
(B® D), and is therefore in configuration PPPO or PPOP. By inspecting
the table above, we see that if sa is in configuration PPPQO, then b and
¢ must both occur either in C' or in D, and that if sa is in configuration
PPOP, then b and ¢ must both occur either in A or in B. In either case,
we must have b = ¢, by determinism of 7 (in the first case) or of o (in the
second case). O

We need a lemma to prove that the tensor product of two innocent strategies
is innocent.
Lemma 2.7.5. Let s€ o ®T.

i) I s ends with a move in A or B, then s A®C)—=(B&D) _ g ad=B

A,B

ii) If s ends with a move in C' or D, then rg(A®C)—~(B&D) — FS\c,D—'C_OD.

Proof. Induction on the length of s. We prove (i); (ii) is exactly the same.

If a is a P-move, then we have "sa' = "s'a. By our analysis in the proof
of Proposition player P only switches moves between A and B, and
between C' and D, so s must end with a move from A or B. Therefore, by
the inductive hypothesis, "s' = "s|4p'. Then "sa? ="s"a ="s|ap 'a =
FsalaB .

If @ is an initial move, then "sa™’ =a ="sa|ap .

If a is an O-move justified by b in sbta, then "sbta' = "sa. Then b is a
P-move, so s must end with a move in A or B, as before. Therefore, by the
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inductive hypothesis, "s™7 = "s|4,p . Then "sbta’ = "s"ba = "s|4p 'ba =
Fsbta|ap - d

Proposition 2.7.6. Leto: A — B, 7: C — D be innocent strategies. Then
o ® T 1s innocent.

Proof. Suppose sab,t € c®T such that ta € P agc)—(Bop) and "sa' = "ta’.
Suppose without loss of generality that a is a move in A or B. Then "sa' =
"sala,p 'and "ta? ="tala p ' by Lemma and therefore tabla p € o by
innocence of o, and so tab € 0 R T. O

The most important thing we need to prove is that ® is a functor.

Proposition 2.7.7. Let o/: A” — A, 0: A — A, 7: B” — B’ and
7: B" — B be strategies. Then (¢’ @ 7'); (c @ 7) = (¢/;0) @ (7'; 7).

Moreover, if A', A, B, B are games, i is a subset inclusion from A to A’ and
J is a structural isomorphism from B to B’, then subs; @ subs; = subsy; -
In particular, if A and B are games, then idg ® idp = idagn.

Proof. First suppose that s € (0! @ 7'); (0 ® T); s0 s = §|a» pr 4B, Where
s€ (0! ®7)||[(c ®7). Then s|gn a4» € 0’ and s|ar 4 € 0, 50 8|ar 4.4 € 0'||0
and therefore s| a7 4 = 8|4 4 € 0';0. Similarly, s|g» g € 7/; 7, and therefore
s€(oyo)® (1/;7).

Conversely, suppose that s € (0’;0)®(7';7). Choose some s € o'||o, t € 7/||T
such that s|47 4 = s|ar 4 and s|gr g = s|pr p. By our analysis, the only
time we switch from the A”, A-component to the B”, B component in s, or
vice versa, is when player O switches between the games A and B. Thus,
we may divide s up into blocks, each starting and ending with a move in the
outer component A ® B. This then gives us a way to divide up s and t into
blocks, such that each block of s or t projects on to a block of s. Lastly, we
can string these blocks together to give us some u € (¢/ ® 7)||(c ® 7) such
that u‘AN’B//’AVB =s.

For the second part, let A’, A, B’, B be games, let i be a structural isomor-
phism from A to A’ and let j be a structural isomorphism from B to B’.
Suppose that s € subs; ®subsj. Then s|4 4 € subs; and s|p/ p € subs; —
so if u T s|4,4 has even length, then u|4 = i.(ula), and if v C s|p p has
even length, then v|p = i.(v|g). Suppose that ¢ C s is of even length.
Then, since only player O switches between the A’, A-component and the
B', B-component, both t|4/ 4 and t|p p are of even length, it follows that
tlar,pr = [i, j]«(t|a,B). Since t was arbitrary, this means that s € subsy; .

Conversely, suppose that s € subsj; ;;. Then for all even-length ¢ C s,

tlar = i.(t|a) and t|pr = j«(t|p). Since any play in o or in 7 is itself a
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play of o ® 7, then if w T s|a/, 4 has even length, then u|ls = ix(u|a),
and if v C s|p g, then v|p = j.(v|g). It follows that s[4/ 4 € subs; and
s|pr.p € subsj, and therefore that s € subs; ® subs;. O

Now it is fairly clear that if A, B,C are games, then we have structural
isomorphisms

(A B) e C=ZA® (B®C)
AZARI A=TI®A
ARBX=2B®A,

induced by the associators, unitors and symmetry of the category of sets
with coproduct. We claim that these are natural transformations.

Proposition 2.7.8. The families of morphisms

CCassocr y wpnig S (A®B)@©C = A® (B®O)
CClunityy , ° A—-TI®A CCrunityy, : A—-ARIT
CCsym My, Mp: AR® B - B®A
are natural transformations in G.

Proof. We prove this for the associator; the other cases are similar.

Let 0: A’ — A, 7: B’ — B, v: C' —o C be strategies. By Proposition [2.6.5]
we have

(c@T1)®0v); CCassocmr 4, Mg, Mg

= {[idMM/@B,)@CnaSSOCMA,MB,Mc]*(S) D s€E(o®T)®U}

. s € P aeB)oC)—((A2B)2C)

=< [id assoc s

{[ M(A’@B’)@C” MA,MB,MC]*( ) S|A’,A €0, SIB’,B €, 8‘0/70 cu
= {s € Pyarep)ec)—(Ax(BoC)) * Slara € 0,s|p B € T,8lcr 0 € v}

s € Parg(B'oc!))—(A(BaC))
SIA’,A co, 8’3/’3 €T, S‘C’,C c v

= {[aSSOCMA/,MB/,MCMidMA@(B@C)]*(S)
= {[aSSOCMA,,MB/,MCHidMA®(B®c)]*(S) PSET® (T ® U)}

= CcassocMA,,MB,yMc,;<O-® (T®U))‘ =
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This proves that the coherences we have defined are natural transforma-
tions. By Proposition [2.6.5] again, these natural transformations satisfy the
same coherence diagrams (pentagon, triangles, hexagon etc.) satisfied by
the original associators, unitors and symmetry in (Set, +).

It follows that ® makes G into a symmetric monoidal category.

2.8 (G as a Symmetric Monoidal Closed Category

Definition 2.8.1. Let A, B,C, D be games, let o be a strategy for A — B
and let 7 be a strategy for C' — D. Then we define a strategy

og—oT1:(B—-oC)—(A— D)

by

0 —T={5€ PBoc)o(a—D) : SlaB €0, slcpET}.

Proposition 2.8.2. ¢ — 7 is a strategy for (B — C) — (A — D).
Proof. 0 —o 7 is certainly a prefix-closed subset of P&y | 4 . p)-

We examine the sign configuration of a play in (B — C) — (A — D), using
Lemma Since we must avoid the configuration OP in either B — C,
A — Dorin (B — () — (A — D), we arrive at the following list of
possibilities.

AQP(sl5) A2P(sle) AQP(s1a) AGP(s1p) [ ABFc(sl,0) AEn(s14,0) AT oo ey ()
P o P O O O P
P P P O P O 0]
O o P O P O o]
P P P P P P P
O o ] O P P P
P P o O P P P
O o P P P P P

If s € 0 — 7, then we can immediately discount the last two of these
possibilities, since one includes the illegal configuration OP in A — B, and
the other includes the illegal configuration OP in B — D.

By examining the remaining possibilities, we arrive at the conclusion that
any O-position in configuration PP PO constrains player P to play in C (to
reach configuration POPQO) or to play in D (to reach configuration PPPP),
and that any O-position in configuration OO PO constrains player P to play
in A (to reach configuration OOOO) or to play in C' (to reach configuration
POPO).
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Now suppose that sab, sac € 0 —o 7. Then, by our above analysis, b and ¢
must either both take place in the B, A-component, in which case b = ¢ by
determinism of ¢, or both in the C, D-component, in which case b = ¢ by
determinism of 7. O

To prove that ¢ —o 7 is innocent if o and 7 are, we need a lemma analogous
to Lemma [2.7.5)

Lemma 2.8.3. Let s€ 0 —o 7.

i) If s ends with a move in A or B, then rg(B—eC)—e(A=D) _ I—S’A,B—'AﬂB.

I_S—I(B—OC)—O(A—OD) — TC‘OD

ii) If s ends with a move in C or D, then "sle.p

Proof. Exactly the same as in Lemmal[2.7.5] using the analysis from the proof
of Proposition to show that player P only switches moves between A
and B, and between C and D, in ¢ — 7. O

Proposition 2.8.4. Leto: A — B, 7: C'— D be innocent strategies. Then
o —o T 15 innocent.

Proof. Suppose sab,t € 0 —o 7 such that ta € Pp_.c)a—p) and "sa' =
Tta. Suppose without loss of generality that a is a move in A or B.
Then "sa™ = "sa|ap ' and "ta? = "ta|a,p ' by Lemma and there-
fore tab| 4, p € o by innocence of o, and so tab € o0 —o 7. O

We now need to prove that —o is a functor G°° x G — G.
Proposition 2.8.5. Let 0/: A” — A, 0: A — A, 7: B” — B’ and
7: B’ —o B be strategies. Then (0 — 7'); (0" — 1) = (0';0) — (7/; 7).

Moreover, if A', A, B', B are games, f is a structural isomorphism from A’
to A and g is a structural isomorphism from B’ to B, then ccy —o ccq =
CCf—1,q]- In particular, if A, B are games than id4 — idp = id4_.p.

Proof. As in Proposition O

Now it is easy to see that the associator assocps, np Mo is a structural
isomorphism from (A ® B) — C' to A — (B — (), so it induces a copycat

isomorphism Ay o = CCassoca M Mg - (A®B) - C —- A — (B — ().

Proposition 2.8.6. Ay g ¢ is natural in A, B,C.

Proof. The same argument as in Proposition [2.7.8 O
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We have proved the following.

Theorem 2.8.7. G is a symmetric monoidal closed category, with tensor
product given by ® and internal hom given by —o.

2.9 Tree Immersions and Zigzag Strategies

So far, the strategies we have been considering have all been innocent. For
our model of state, we are going to need to start using some non-innocent
strategies as well. We begin with a generalization of the idea of a subset
inclusion to that of a tree immersion, which gives us a similar recipe for
constructing strategies. Tree immersions are similar to subset inclusions,
but generated by a function between plays, rather than between moves. A
consequence of this is that while tree immersions do give rise to strategies,
these strategies are not in general innocent.

Definition 2.9.1. Let A, B be games. A tree immersion from A to B is a
function ¢: P4 — Pp such that

e ¢ preserves length and justification indices;

e for all sequences s,t € Py, if t C s then ¢(t) C ¢(s); and

o if ¢(sb) = ¢(sc), where b, ¢ are P-moves in A, then b = c.

Given a tree immersion ¢ from A to B, we define a strategy zz4: B — A by
zz4 = {s € Pp_oa : for all even-length t C s, t|p = ¢(t|a)} .

We shall refer to strategies of the form zz4 as zigzag strategies.

Ezample 2.9.2. If 7 is a subset inclusion from A to B, then i, is a tree
immersion from A to B and zz;, = subs;.

Example 2.9.3. If A, B, C are games, then we have a natural morphism
(AoC)x(BoC)— (AxB)oC,

given by a tree immersion from the set of plays of (A x B) @ C to the set of
plays of (A@ C) x (B @ C). Note that this is not a subset inclusion: if s is
a play of (A x B) @ C ending in a move in C, then the copy of C' that that
move ends up in is determined by whether s begins with a move in A or in

B.

Proposition 2.9.4. zz4 is a strategy.
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Proof. zz4 is a prefix-closed subset of Pp_.4 by definition. If sab,sac €
zz4, then we have s|p = ¢(s|4) and sab|p = ¢(sabl4). Since ¢ is length-
preserving, s|4 and s|p must have the same length, and the same is true
of sab|4 and sab|p. Therefore, either a is a move in A and s|gb = ¢(s|aa)
or a is a move in B and s|pa = ¢(s|4b). The same applies to ¢: so either
s|pb = ¢(s|aa) = s|pc or ¢(s|ab) = s|pa = ¢(s|ac). In either case, we have
b=c. O

We want an analogue of Proposition [2.6.5)

Definition 2.9.5. Given a tree immersion from A to B, and a play s €
Po_, 4 for some C, we write s? for the play obtained by replacing the moves
of s|4 wholesale with the moves of ¢(s|4). Since ¢ preserves length and
justification indices, the resulting play is a legal play of C' —o A.

Proposition 2.9.6. If o: C — B is a strategy, then o;2z4 is given by

{SEPch: S¢€G}.

In particular, if ¢ is a tree immersion from A to B and 1 is a tree immersion
from B to C, then ¢ o ¢ is a tree immersion from A to C and zzyoy =
23 2.

Proof. Suppose that s € o||zz4. Then s|cp € o and t|p = ¢(t|4) for all
even-length t C 5|5 4. Then it is clear that (s|c.4)? = s|c 5.

Conversely, suppose that s € Po_,4 and that s® € 6. We construct a se-
quence s € o|| zz4 such that s|c p = s® and s|c,4 = s by taking the sequence
s and inserting, in order, the elements of the sequence ¢(s|4) immediately
after each O-move in s|c and immediately before each P-move in C, leaving
the rest of s intact. Then s|c p = s® € o and S|B,A € 7z4, by construction.
So s =s|c,.A € 0;724. dJ

Definition 2.9.7. We say that a tree immersion ¢ is a tree isomorphism if
it is a bijection.

Proposition 2.9.8. If ¢ is a tree isomorphism from a game A to a game
B, then zz4 is an isomorphism in G.

Proof. If ¢ is a tree isomorphism, then its inverse ¢! is also a tree iso-
morphism, and Proposition tells us that zz4 and zz,-1 are inverses in
G. O

More generally:
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Proposition 2.9.9. If ¢ is a surjection, then zz4 is a monomorphism.

Proof. Let o,7: C — B be strategies. Then, by Proposition we have
{s€Poon: s?cCof={scPoos: s?cT}.

Let t € 0. Then, since ¢ is surjective, there is some u € P4 such that
¢(u) = t|p. As before, we may construct some sequence t' such that |4 = u
and t = (¢)®. Then, since (#)? =t € o, we must have (#)? € 7; i.e., that
ter. Soo Cr.

Similarly, 7 C o, and so ¢ and 7 are equal. O
Applying this to subset inclusions using Proposition [2.6.9] we see that a

surjective subset inclusion is both a monomorphism and a split epimorphism,
and hence an isomorphism.

2.10 Products in G

Proposition 2.10.1. Given some family A; of games, the game []; A, as
defined in Definition is the category-theoretic product of the A;.

Proof. We have natural injections inj: My, < MHZ, A, giving rise to subset
inclusions. Then our projections are given by the morphisms

pr; = subsjy; : H A — Aj.
i

Now suppose we have some game B, and strategies o;: B — A; for each 1.
Define a strategy

(05) = lidasy, iniu (o) -
i
We claim that this is indeed a strategy for B —o [, A;. Indeed, it is certainly
a prefix-closed subset of Po o1, A;-

Moreover, if sab, sac € (o;), then there is some unique j such that a comes
from a move in A;, and therefore sab, sac are both plays in o}, so b = c.

Next, we claim that (o;); pr; = 0;. Indeed, we have

(0i);prj = (0); subsin,
= {lidary;, inj Ju(s) : s € (03), |7, 4 € (in))«(Pa,)} Prop.[2.6.9

=0j.

Lastly, suppose 7: B —o [[; A; is a strategy such that 7; pr; = o; for each j.
We claim that 7 = (0;). Indeed, by the argument above, we must have

{[idMB7inj_1]*(S) P sET, S‘HiAi € (inj)*(PAj)} =0y
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for each j. Suppose that s € 7. Then 5|1_L- 4, € (inj)«(P4,) for some j, by
the definition of []; A;. Therefore, s € [ida,, in;l«(o;).

Conversely, let ¢ € 0j. By the above equation, we know that there is some
s € 7 such that s[[1. 4, € (inj)«(Pa;) and [idMB,inj_l]*(s) = t. It follows
that [ida,,in;l.(t) =s e 7. O

An examination of the definitions tells us that

Proposition 2.10.2. Let A;, B be games and let ¢; be tree immersions from
A; to B. Then (zz4,) = zz4, where ¢ is the tree immersion from [[, A; to
B given by

d)(s):{e ifs=¢

¢i(sla,) if s starts with a move from A;

Proof. The only thing we really need to check is that this is indeed a tree
immersion. Let sb, sc be positions in []; A;, where b, ¢ are P-moves. Then
sb, sc must start with the same move, so if ¢(sb) = ¢(sc) then we have
¢i(sb) = ¢i(sc) for some i and therefore b = c. O

Note that (o;) is not in general innocent, even if all the o; are, and Propo-
sition cannot be adapted to use subset inclusions rather than tree
immersions. Of course, since a subset inclusion is a special case of a tree
immersion, then (subs; : i € Z) is always a tree immersion strategy for any
set Z of subset inclusions.

2.11 Sequoidal categories

We have given the category-theoretic properties of all the connectives from
section [2.3] with the exception of the sequoid @ and the exponential |. In this
section, we will introduce the categorical semantics of the sequoid operator
_ © _. The sequoid is a non-standard operator and does not fall into any
of the established patterns of categorical algebra; rather, it gives rise to the
new notion of a sequoidal category introduced by Laird in [Lai02].

To start with, we would like to be able to say that _ @ _ is a functor from
G X G — G, as is the case with the tensor product = ® . However, this
does not quite work: given strategies 0: A — B and 7: C — D, we would
like to say that we get a strategy c@7: A©C — B@ D. However, this does
not quite work as we might expect: suppose player O begins (as he must)
with some move b in B, and suppose that o’s reply to b is another move b’
in B. Suppose then that player O switches and plays a move d in D, and
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suppose that 7’s reply to d is a move ¢ in C. Then player P is unable to
play according to 7, because d is not yet a legal move in (A2 C) — (B@ D)
since no move has yet been played in A.

We can fix this problem by imposing some constraints on the strategies o
and 7. The problem occurs when player O’s initial move in B is not reflected
by an initial move by player P in A; therefore, if ¢ is such that player P
always responds to the initial move in B with a move in A, then we can
form a strategy c @ 7 for (A@ C) — (B®@ D). Moreover, this strategy o @ 7
will inherit this property that the first move on the right is always replied
to by a move on the left.

Definition 2.11.1. Let A, B be games. A strict morphism from A to B
is a strategy o for A — B such that any player P response to an opening
move in B is a move in A; i.e., such that if b is an initial O-move in B and
ba € o, then a is a move in A.

We will call such a o a strict strategy for A — B, although this is a slight
abuse of language, since the definition depends on the constituent games A
and B, which may not be recoverable from A — B.

It is clear that the composition of strict morphisms is again a strict mor-
phism, and that any morphism of the form subs; is a strict morphism, and
so we get a wide subcategory Gs of G whose objects are games and where
the morphisms are the strict strategies. We then have a natural inclusion
functor J: Gy — G.

Definition 2.11.2. Given games A, B,C, D, a strict morphism o: A — B
and a strategy 7: C' — D, we define a strict morphism c @ 7: (A @ C) —o
(B @ D) by

ocQT = {8 € P(A@C)w(B@D) : 3|A,B € o, 3|C,D € T}.

Proposition 2.11.3. ¢ © 7 is a strategy.

Proof. 0@ is certainly a prefix-closed subset of P4c)—(Bop)- Moreover,
if sab, sac € o @ T, then sab,sac € 0 ® T, s0 b = c. ]

Of course, P4pp is a subset of Pogp, which means that the identity function
Ma+ Mg — My + Mp gives us a subset inclusion from A @ B to A ® B,
and hence a strategy subsiq Ma+Mp for AQ B — A @ B, which we shall refer
to as wka B.
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Proposition 2.11.4. Let A, B,C,D be games, let 0: A — B be a strict
strategy and let 7: C — D be a strategy. Then the following diagram com-
mutes.

A®C 22T, B D

WkAVCJ’ J,WkB’D

AoC 22 BeD

Proof. By Proposition and the definition of wk, we know that

oc®@T;wkpp = {s€eo®m, SIB,D € Ppop}
wkacio0T=00T,
as sets of plays.

Now we know that c@ 7 ={s€o®71: s € P(A®C)_O(B@D)}, so it suffices
to show that if s € c®7 is such that s|p p € Pppp then s € P(A@C)%(B@D)-

Indeed, if s|p,p € Ppep then s begins with an initial O-move in B. Then,
since o is strict, the next move in s must be a move in A, and therefore
s|a,c begins with a move in A. Since we also have s|4,c € Pagc, we must
have that s|4.c € Pagc- O

Remark 2.11.5. If ¢ is not a strict strategy, then the set

{SEJ@T: SeP(A@C)w(B@D)}

is still a valid strategy for P 4oc)—(Bop), but now the conclusion of Propo-

sition no longer holds.

Remark 2.11.6. Of course, we would like to restate Proposition [2.11.4] by
saying that wk is a natural transformation, but it doesn’t make sense to do
80, because we don’t yet know that _ @ _ is a functor.

Proposition 2.11.7. If we have strict strategies o': A” — A’ and o: A’ —o
A, and strategies 7': B” — B’ and 7: B’ — B, then we have

(o) (cor)=(d"50)0 (7).

If A', A, B', B are games, i 1s a subset inclusion from A into A’ and j is a
subset inclusion from B into B’, then

subs; @ subs; = subsy; j: AoB —-A0B.

In particular, if A, B are games, then ids ©idp = idagB-
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Proof. Let A” A", A,B",B', B and ¢’,0,7’,7 be as above.
We have

wkar gr; (0’ @ 7');(c071) = (o' @ 7');wkar prs(c@7)  Prop. 2.11.)
= (0’ ®@71");(c @7);wkap Prop. |2.11.4
= ((o";0) @ (7';7)); wkap Prop. (2.7.
= wkar gr; ((0';0) @ (7';7)) . Prop. |2.11.}

By Proposition wky» pr is an epimorphism, and therefore we have
that
(dorm)(cor)=(c;0)0 (7).

Now let A’, A, B, B be games, let i be a subset inclusion from A into A’
and let j be a subset inclusion from B into B’. Then, since subset inclusion
strategies are automatically strict, we have

wk s pr; (subs; @ subs;) = (subs; @ subs;); wka g Prop.
= subsy; j; wka B Prop.
= subsy; j Prop.
= wka pr;subsy; j - Prop.

As before, we know from Proposition that wk 4/ g/ is an epimorphism,
and so
subs; @ subs; = subs; ; . O

Proposition tells us that _ @ _ is a functor Gs x G — G. As before,
write J for the inclusion functor G; < G. Then we can restate Proposition
2.11.4]in a more natural way.

Proposition 2.11.8. wky p is a natural transformation

JA® B — J(AO B).

We have some additional structure on the ® and © operators. By inspect-
ing the definitions, we can see that if A, X,Y are games then the associator
assoOC 4 My, My and unitor runitys, in (Set, +) give rise to structural iso-
morphisms

(AoX)oY 2 A0 (X®Y) A= AOT.
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Indeed, in the first case, both games are the game in which A, X and Y are
played in parallel, but where the first move must take place in A. In the
second case, we have A@ I = A® I, because there are no moves in I anyway,
and the copycat morphism induced from the right unitor in (Set,+) is the

same strategy as the right unitor ASA®I

We formalize the structure we have uncovered so far in the concept of a
sequoidal category.

Definition 2.11.9 ([Lai02]). A sequoidal category C is given by

e a symmetric monoidal category (C,®, I) (with coherences assoc, lunit,
runit, sym);

e a (strong) right action of C on a category Cs; i.e., a functor _ @ _ : Cgs X
C — C; together with natural isomorphisms

[

passoc, . ,: (a@x) @ y=>a 0 (z®y) ro: a—a @ I
that make the diagrams

passoc, . ., @z Passoc, ;wy. -

(coz)oy)oz —— (a0 (t®yY) 0z —— a0 ((z©yY) ©2)

!
PassCaoa.y.2 a@assoc
- T,y,z
PassoC, . (y@z)

(a02)0(Y®z2) —3 a0 (2@ (y® 2))

a0z a@lunit,, a0 I®$) a0 a@runity @ T ®I)

ra @zl / r(L@Tl /
passoc, 1 . passoc, ,

(a@

commute; and

e alax morphism of actions from _ @ _ to the right tensor multiplication
action _ ® _ of C on itself; i.e., a functor J: Cs — C and a natural
transformation wk, ,: Ja ® x —> J(a @ z) that makes the following
diagrams commute.

kaz ka:l:
(Ja®z) @y =X Jaoz) @y 2% J((a@z) 0 y)

aSSOCJa,z,yl /
J passoc,

Ja® (z®y) =2 J(0o (z®y))

Ja—>J olI)

runit j,
Wka I

Ja® I
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Remark 2.11.10. The definitions of laz action can be found at the start of
Chapter [p| while that of an oplax morphism of actions is found at Definition
The definitions we have used here are not quite the same as the ones
from Chapter [ but they are similar: a strong action is a lax action in
which the coherences (called m and e in Chapter [5| and passoc and r here)
are isomorphisms. A lax morphism of actions is defined in the same way as
an oplax morphism, except that the coherence (called p in Definition m
and wk here) goes in the opposite direction.

Proposition 2.11.11. The monoidal category G, together with the category
Gs, the natural transformations

PassoCy xy = CCassocrs, aiyry | (AQX)OY—=A0 (X QY)

ra= CCrunitMA : AiA © I?
the inclusion functor J: Gy — G and the natural transformation
wkax: JAOX =A0X > A0X=JA0X)

form a sequoidal category.

Proof. We have shown most of this already; all that remains is to show
that passoc and r are natural transformations and that the five diagrams in
Definition 2.11.9 commute.

Let us start with the diagrams. By Proposition [2.6.5] commutativity of
these diagrams follows from commutativity of the diagrams formed from
the corresponding subset inclusion functions in Set. For example, to show
that the first diagram commutes in G, we must show that the following
diagram commutes in Set.

[assocar 4, My, My »id ;]

((MA—i-Mx) +My) +MZ — (MA+ (MX +MY)) +MZ
aSSOC]WAJ,-MX,My,Zl aSSOCZ\/[A,IWX +My Mz
(MA+Mx)+(My+Mz) MA+((Mx+My)+Mz)

assOCM 4 My ,My +My [idar 4 ,a850C1 ¢ My My ]

MA+(MX—|-(My+Mz))

This diagram is, of course, none other than the pentagon diagram for the
coproduct + in Set. Similarly, the second and third diagrams in Definition
2.11.9| reduce in this case to the triangle diagrams for the coproduct + in
Set.
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For the fourth diagram in Definition [2.11.9] since wk is a subset inclusion
strategy induced from an identity map, Proposition tells us that both
arms of the diagram are the strategy induced by the subset inclusion

asSOCM 4 My My : (Ma + Mx)+ My — Ma + (Mx + My)

from (A® X)®Y to A® (X ®Y). Similarly, both arms of the last dia-
gram in Definition [2.11.9| are the strategies induced by the subset inclusion
runitps, : Mg — M+ @ from A to Ao 1.

It now remains only to show that passoc and r are natural transformations.
For passoc, suppose that A", X', Y', A, X, Y are games, that o: A — A is
a strict strategy and that 7: B’ — B,v: C' — C are strategies. Then we
need to show that the following diagram commutes.

passocC 41 x1 y/
E——

(A/®X/)®Y/ A/®(X/®Y/)
(a@T)@vl lo@(‘r@v)

passocy x .y

(AoX)oY — 2%, Ap(X®Y)

We have
(Wkar xr QY"); wkarg x1 yr; passocar xr yr; (0 @ (T @ v))
= assocq xy'; Wkar x/ey7; (0 O (T @ v)) (see above)
= assoca’ x/y’; (0 ® (T ®v)); wka xev Prop.
= ((c ® T) ®v);assoca xy; Wka xev Prop.

=((c®@71)®v);(wka x ®Y);wkaox,y; passoc x y (see above)

= (wka,x' ®Y"); ((0 @ 7) ® v); Wkapx,y; Passoc y y Prop.

= (wkar,x' ®Y");wkargxryr; (0 @ 7) @ v);passocy xy - Prop.
Now observe that wku/ x/ ®Y = subsjq NESTIUE I by Proposition

so it is an epimorphism by Proposition m Proposition [2.6.9 also tells us
that wka/px’y+ is an epimorphism. Therefore, we have

passocys xryr; (0 @ (T®v)) = ((0 @ T) @ v);passocy xy

forany A", X" Y', A, X,Y, 0, 7,v as above. It follows that passoc is a natural
transformation.

The proof that r is a natural transformation is similar. Let A’, A be games
and let 0: A’ — A be a strict strategy. We need to show that the following
diagram commutes.

A AT

| e

A2 Aol
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Indeed, we have

ra; (0 @ I) =runita; wka (0 ® I)  (see above)

= runity; (o ® I);wkar Prop.
= o;runit4; wka Prop. [2.7.§
=o0;ra . (see above)

Therefore, r is a natural transformation, which completes our check of the
criteria required by Definition [2.11.9 O

2.12 Sequoidally decomposable categories

The definition of a sequoidal category captures some of the important prop-
erties of the sequoid operator @ in the category of games, but not all of them.
In this section, we will consider some further category-theoretic properties
of the sequoid operator.

Definition 2.12.1 ([CLM11]). Let C be a sequoidal category such that Cj
has arbitrary products (including a terminal object 1). We say that C is
distributive if whenever a; is a collection of objects of C’ and x is an object
of C, the morphism

dist(y,),» = (pr; ©7): (H ai> Qx— H(ai @ x)

is an isomorphism.
Remark 2.12.2. In particular, taking (a;) to be the empty collection, the
morphism |, = (): 1 @ 2 — 1 is an isomorphism.

Proposition 2.12.3. G is a distributive sequoidal category.

Proof. Let (A;), X be games. By Proposition[2.10.2} the morphism (pr; ©.X)
is given by the tree immersion ¢: Pr.(aex) = Pr1, a0x defined as follows.

¢(S):{e if s=c¢

[ina;,inx]«(s) if s begins with a move in the j-th component

When we say [ina;, iny;]«(s), we have considered s as a sequence in (M4, +
MXj )* .

We claim that ¢ is a bijection. Indeed, it is certainly injective, since if
#(s) = ¢(t), then the first move of ¢(s) = ¢(t) occurs in one of the A;,
which means that s,¢t must both come from the j-th component. Then,
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if we have a non-empty sequence s € Pri, a0x) then s must start with a
move in some A;, and must thereafter take place in the games A; and X.
Then s = ¢([ing;,inx;]«(s)), where we have considered s as a sequence in
(M Aj + M X )*

Therefore, ¢ is a tree isomorphism, so dist(4,) x = 7% is an isomorphism by
Proposition [2.9.6] O

We can get a distributivity result in the other direction, but this one is
not as strong, since the morphism we get is only a monomorphism, not an
isomorphism.

Definition 2.12.4. Let C be a distributive sequoidal category. We say that
C is strongly distributive if whenever (4;), (B;),C are objects of Cs, where
(B;) is a non-empty collection, then the morphism

(JC®J(A1 0 (-0 (Ay @ J(pry))--+)))

is a monomorphism

JC®J<A1@(...@(AH@J<1;[Bi))...>) S

[[Uce (Ao (o0 I(B)).

1
Proposition 2.12.5. G is a strongly distributive sequoidal category.

Proof. We first ignore the JC ® _ part.
By Proposition [2.10.2} the morphism ((4; @ (--- @ (A, @ pr;)---))) is given

by the tree immersion

¢: PIT,(a10(-0(An0B)-)) = Pajo(-o(anell, B.)

defined as follows.

€ ifs=¢e¢
¢(s) = [ina,, . A,,inp;]«(s) if s begins with a move in the j-th
component

Note that ¢ is not in general injective, since if s occurs entirely inside one of
the copies of the A;, then ¢(s) = ¢(s’) for any identical sequence s’ occurring
inside one of the other copies of the A;.

We claim that ¢ is surjective. Indeed, let t € PA1®(-~®(H¢ B;)) be a non-
empty sequence. If ¢ contains moves in one of the B;, then we have ¢t =
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#([in 45, inp,]«(t)), where Az is the copy of A; in the j-th component of the
produét and we have considered t as a sequence in (My, + --- + Ma, +
M Bj)*. If ¢ only contains moves in the A;, then pick some fixed index 0;
then we have ¢ = ¢([in 40]«(¢)), where we have considered ¢ as a sequence in

(Ma, + -+ Ma,)"
Therefore, ¢ is a monomorphism by Proposition [2.9.9
Now, if we take the tensor product on the left by JC', we still get a surjective

tree immersion and hence a monomorphism. ]

Definition 2.12.6. A sequoidal category C is inclusive if Cs is a full-on-
objects subcategory of C containing wk and all isomorphisms of G, and the
functor J is the inclusion functor.

In such a situation, we will sometimes drop the mention of the functor J.
Proposition 2.12.7. G is an inclusive sequoidal category.

Proof. The only thing we really need to check is that isomorphisms in G
are always strict strategies. Indeed, if o is a strategy for A — B and 7 a
strategy for B — A such that o;7 = id4, then for any opening move a in
A on the right of 7 there is some s € int(A, B, A) such that 5|4 4 = aa, and
therefore the reply to a in 7 must take place in B. O

An important fact about the sequoid operator for games is that it gives us
a way to decompose the tensor product as

A®B=(A@B)x (B0 A).

Informally, this is because both sides allow player O to start either in A or in
B on the first move, and thereafter switch between A and B as he chooses.

Definition 2.12.8. Let C be a distributive inclusive sequoidal category,
where C is a symmetric monoidal category. We say that C is decomposable
if the morphisms

decyp = (Wka, jb, SYmM 14 jp; WKp ja) : Ja ® Jb — (a @ Jb) x (b© Ja)

(O):I—1

are isomorphisms in Cs.

Proposition 2.12.9. Let C be a decomposable sequoidal category and sup-
pose that ay,--- ,an is a list of objects of Cs. Then we have an isomorphism

n
0@ Qa2 [[(@o(@me ®a@an® - @a)).
=1
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Proof. Induction on n. If n = 0, then we have the isomorphism (): I — 1.
More generally, we have

a1 @ -+ Q ant1
(a1 @+ R ap) ® apt1

I

d
= (@ ®®an) D anpl X a1 @ (a1 @ -+ @ ay)
n j<n
~ H ai®®aj @an+1xan+1®(a1®---®an)
i=1 G
n i<n
dist x id
=25 H az®®a] D ant1 | X ant1 @ (a1 @+ @ ap)
i=1 jF#i
(passoc) xid_ T+ =
passoc) X i
—>H ®aj®an+1 X120 (a1® - @ an)
i=1 G
n+1 j<n+1
o H a; X ® aj | X ant1 @ (a1 @+ ® ay)
=1 VED
n+1
= ;0 (a1 ® - ®ai—1 ®ai41 @+ Q@ ant1)),
i= 1
where each of the arrows is an isomorphism. O

The formula for the isomorphism given in the proof of Proposition [2.12.9)is
rather complicated. Our next task will be to give an equivalent formulation
that will be simpler to work with later.

Definition 2.12.10. Given objects aq,--- ,a, of a monoidal category, we
write sym]' for the unique symmetric coherence isomorphism

Q- Qap =001 Qai—1 ai+1 ® ap .

Proposition 2.12.11. The isomorphism in the proof of Proposition
s given by
dec?ai) = <Sym?§ Wkai»al®"'®ai71®ai+1®“'®an> .

Proof. Induction on n. We will make use of the coherence theorem for
symmetric monoidal categories [Mac71, §11] to allow us to elide associa-
tors. The base case is obviously true, because (): I — 1 is the unique
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morphism between these objects. Otherwise, we observe that the mor-
phism into H?:Jrll (ai %) ®;§?+1 aj) is given component-wise by morphisms

a1 ® - Qapy1 — a; @@;;?H for each i =1,--- ,n+ 1; we need to check

that each of these components is equal to sym?“; Wk%@#i a -
If i < n, then the i-th component of the morphism in the proof of Proposition
2.12.9| is given by the composite thick dashed arrows in Figure [2.1] and
is therefore equal to the composite of the solid arrows, which is equal to
sym?ﬂ; Wkai’®#i a; as desired. The n + 1-th component of the morphism

in the proof of Proposition [2.12.9]is given by the composite

n+1 n n n
SYM@?_ 1 aj.ant1 Wkﬂn+1v®;~l:1 aj

Rt Qs Sanst I @ ay Y 0 @)as

j=1 j=1 Jj=1 Jj=1

and then we use the fact that the leftmost two morphisms in this composite

compose to give us symZﬂ. O

Proposition 2.12.12. G is a decomposable sequoidal category.
Proof. Let A, B be games. By Proposition the strategy
(wka,B, symy g; wka B)
is given by the tree immersion ¢ from (A@ B) x (B® A) to A® B) given by
€ ifs=¢e

#(s) =< s|lapp if s takes place entirely within A @ B .
s|ppa if s takes place entirely within B ® A

We claim that this tree immersion is a bijection. Indeed, it is certainly
injective. Now let s € Pagp be a non-empty play. Then, if s begins with
a move in A, we have s = ¢((inapn)«(s)), and if s begins with a move
in B, we have s = ¢((inppAa)«(s). Therefore, ¢ is a tree isomorphism, so
deca p = zz4 is an isomorphism in §G.

Lastly, we have I = 1 in G, and the unique morphism I — 1 is the identity.
O

Definition 2.12.13 ([Lai02]). A sequoidal closed category is an inclusive
sequoidal category C such that C is a monoidal closed category (with inner
hom —o) and such that the map f — A(wky p; f) defines an isomorphism

Ay: Cs(AQ B,C)=5Cy(A, B — C).
Proposition 2.12.14. G is a sequoidal closed category.
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n+1 n ] 1% %+1 n
Qi aj —===» Qj10j@ans1 ——=——====3 > @71 aj O anp
|
sym; Qan41 : sym? @ant1
v W N
a; ®® ;i sAn 41
i<n #i Y j<n wk ) oa
sym?t1 (ai X ®]¢l a]) & Ap+1 (aZ & ®j¢z aj) @ apy1 ——~_ - ai’®§‘§é? o) n+1
~
. \\\
assoc Qa
az’®g;&L aj,an+41 0/7,1®;;Zl ntl \\
+ ~ ey wk ®® NG
J<n+1 Jj<n Jj<n e i entl j<n
a; @ ®j¢l a; a; @ ®j7$i aj & Apt1 a; @ ®j;ﬁi ® ant1 > la; @ ®j7éi aj | © ap41

Figure 2.1: Diagram used in the proof of Proposition [2.12.11| The pentagon at the heart of the diagram is the coherence
diagram for passoc and wk from Definition [2.11.9



Proof. Since wky p is an epimorphism and A is a bijection, the map is
certainly injective. Showing that it is surjective comes down to proving that
uncurrying of a strict strategy for A —o (B —o () is a strict strategy for
(A@ B) — C. Indeed, after the opening move in C, in both cases player P
must play the next move in A. O

2.13 A Formula for the Exponential

We now move on to the categorical semantics of the exponential operator ! _ .
As the name suggests, this operator gives us a way to model the exponential
connective from linear logic. More specifically, we shall show that, for a
certain class of games A (the well-opened games), A is the carrier for a
cofree commutative comonoid over A. We use a result of Mellies, Tabareau
and Tasson to show why this is the case.

Definition 2.13.1. Let C be a symmetric monoidal category. Given objects
Aq,---, A, of C and a permutation m € &,,, there is a unique canonical
symmetry isomorphism

sym,: A1 ® "'®AniATr(1) ®'”®A7T(n)'

Given an object A of C, an n-th symmetrized tensor power of A is an equal-
izer (A™, eq™) for the diagram given by all morphisms of the form

sym, : A% — A®™,

We say that the symmetrized tensor power A™ commutes with the tensor
product if (B ® A", B ® eq,,) is an equalizer for the diagram given by mor-
phisms of the form

B®sym,: B® A®" — B® A®".

Proposition 2.13.2 (|[GL17]). Let C be an inclusive, strongly distributive,
decomposable sequoidal category. Then C has all symmetrized tensor powers
and they commute with the tensor product.

Proof. Let A be an object of C (equivalently, an object of Cs). We inductively
define objects A" by

o A0 = I; and
e AQ(n+1) — J(A@A@TL).

We claim that A“™ is a symmetrized tensor power of A.
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Given n, we inductively define a morphism wk”: A®" — A" where wk® =
id7, and wk™ ! is given by the composite

A®(n+1) N A®A®n AQwk"™ A®A®n WkA7A®n A®A®n

We show by induction on n that if B is an object of C and k > 0 then the
composite

(BR(AQ _)F sym
—)

)y (Be(Ag )k asmyn (OO )T w)

B®(Ap _)ka®n

(B®A®(k+n))n!

(i.e., the morphism (B ® (A @ _ )*(sym,;wk™))) is a monomorphism. In
particular, taking k& = 0, we will have shown that (B ® (sym,;wk")) is a
monomorphism.

The hypothesis is clearly true for n = 0; in the general case, we have a
composite

BR(AD _)*(sym] T iwk, 4on)

B (Ao _)M(Ao A=)

(B ® (A %) 7)k+1A®n)n+1
(B ® A@(k+n+1))(n+1)!

(B(A@ __)*;pr,)

)

where the last arrow is the tensor product of B with the (n + 1)-th power
of the composite given by

(Ap )e+ig®n (Ao _)F+!sym,) (Ao _)F+ta®mnt (A0 _ )Rt wkm)™! (A2k+ntD)ynt

which is a monomorphism by the induction hypothesis. Then the previous
composite is the composite of monomorphisms (by our assumptions on C),
and is therefore itself a monomorphism. Now this composite may be written
as

(B® (Ao ) (symi* why gon; (A @ sym,); (A0 wk™)))
which, since wk is a natural transformation, is equal to

(Bo (A0 _)*(sym"'; (A @sym,); (A ® wk"); wka q0n)) ,
where ¢ ranges over the permutations in &,. Moreover, by the definition of
wk”, this is equal to

(Bo (Ao _)F(symi*; (A @sym,); wk"H).

Now, given i € {1,---n+1} and 0 € &,,, there is a unique permutation 7 €
S,11 such that sym?“; (A ® sym, = sym_); moreover, the map (i,0) — m

defines a bijection from {1,---,n + 1} x &, — &,41. Therefore (after
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choosing an appropriate enumeration of our permutations), we see that this
composite is in fact equal to

(B (A0 _)*(sym, ;wk™ 1)),

Therefore, (B ® (A @ _ )*(sym,;wk™)) is a monomorphism as desired,
completing the induction.

Next, we define morphisms eq,,: A°" — A®" inductively, where eq, = id
and eq,, | is defined by the following composite

((Aeq,,)T)
D

A@(n+1) —AQ A@n (A %) A@n)n o~ A®(n+1) ’

where the final isomorphism is as in Propositions [2.12.9] and 2.12.11]

First, we show inductively that eq,,; sym,; wk™ = id gon for all permutations
m of Sp,. This is certainly true for n = 0; in the general case, let 7 € &1
be a permutation. Let j = 7~1(1) be the element sent to 1 by 7 and let o be
the permutation of 1, - - - , n such that applying o to the elements 2,--- ,n+1
and composing with 7 gives us the j-cycle (1 ... j). Then we have

sym[ 1 (A® sym,) = sym,

Now we get
€qy, .15 symy; wk !
= (4.0 eq,)f); (dec”!
= (A eq,)T); (decs
= ((A©eq,)T); (dec
(

= ((A®eq,)T); (dec
= A © (eq,,;sym,; wk"),

) symy; (A ® wk™); wky gon
)~ hsym] T (A @sym,, ); (A @ wk™); wk g aon
7 b wk gy g0n; (A @ sym,); (A © wk™)
Hh (Sym Y whky aon); prj; (A @ sym,, ); (A © wk™)

:mls :>¢

mli BN

which is equal to the identity on A2("*+1) by the induction hypothesis.

Now let p be a permutation in &,,. We claim that eq,, = eq,,; sym,,.

Indeed, we have
eq,,; (sym,; wk™) = (eq,,; sym,; wk™)
= (id)
= (eq,,; sym,,; wk")
= €qy; Sym,; <Sym7r7 Wkn> :
Since (sym,;wk") is a monomorphism, this means that eq,, = eq,,;sym,, as

desired. Therefore, eq,, equalizes the morphisms eq,,. We claim that it is an
equalizer, and that this equalizer is preserved by the tensor product.
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Indeed, let B,C be objects of C, and let f: C — B ® A®™ be a morphism
such that f = f; (B ®sym,) for all m € &,,.

Let f = f;(B® wk™): C — B® A2". We claim that f;(B ® eq,) = f;
indeed, we have

f; (B®@eqy,); (B ® (symy; wk™)) = (f; (B @ (wk"; eqp,; sym,; wk™)))
= (f; (B ® wk™))
= f; (B ® (sym,;wk™)).

Therefore, since (B®(sym,; wk™)) is a monomorphism, we know that f; (B®
eqn) =f.

Now suppose that h: C — B® A" is such that h; (B®eg,) = f. We claim
that h = f. Indeed, we have

f=fi(Bowk") =h;(B®eq,); (B®wk") =h.

Therefore, (B ® A", B®eq,,) is an equalizer of the arrows B ® sym,: B ®
A®" 5 B® A®", as desired. O

We are interested in symmetrized tensor powers because of an important
result of Mellies, Tabareau and Tasson. Suppose C is a monoidal category
with a terminal unit object, and that C has symmetrized tensor powers that
commute with the tensor product. Given n, we have a morphism

AP @ () ARy A8

where () is the unique morphism into the terminal object. Then, if A™ and
A" are the n-th and n+1-th symmetrized tensor powers of A, and eq,, 11,€q
the corresponding equalization, for any © € &,, we have a commutative
diagram

B®ed,, 1 BRA®"®()
—_—

B @ A®(n+1) B A®"

sym,r/l lsym7T s

Rn
B®A®(n+1) M) B ® A®n

B ® An+1

where 7’ is the permutation of 1,--- ,n + 1 that fixes 1 and applies 7 to the
remaining elements 2,--- ,n + 1.

This means that for each m € &,, we have

(B®eq,1); (B®A®" @ () = (B®eq,.1); (B@sym,); (B® A" @ ()
= (B®eq,1); (B® A" @ ()); (B ®sym,),
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and that there is therefore an induced morphism
B® A" 5 B A",

by the universal property of the equalizer.

Note also that if m,n are integers, then any permutations ¢ of 1,---,m
and 7 of 1,--- ,n induce a permutation [0, 7| of 1,--- ,m + n. Then we get
morphisms

Ay AS(min) _, g8m @) ASn

which are equalized by all symmetries on A¥™ and A®" individually. Since
the equalizers A™ and A™ are preserved by the tensor product, then we get
an induced morphisms

AT A AT

Theorem 2.13.3 ([MTT09]). Let C be a monoidal category such that the
monoidal unit for C is a terminal object. Suppose that C has symmetrized
tensor powers that commute with the tensor product.

Then, for any objects A, B of C, there is a natural sequence
B+ BRA+ BRA*+ B A%+ ---.
In particular, there is a sequence

T A A% A3 ...

Suppose that this sequence has a limit 'A, and suppose moreover that ten-
soring this limiting cone with B exhibits B @ |A as the limit of

B+ BRA+ BRA>+ BRQA>+ ---.

for any B.

For each m, we can define morphisms
A — AT 5 A @ A"

for each n, which commute with the morphisms A" — A" and hence
induce a morphism !A — A™ QA. Then these morphisms themselves com-
mute with the morphisms AMT1 @A — AT ®!A, and so we get a morphism
pa:lA—1A®!A.

The morphisms pa:'A - 1A ®!1A and (): A — I give A the structure
of a commutative comonoid in C. In fact, this is the cofree commutative
comonoid over A in C. The corresponding counit ders: 'A — A is the
morphism in the limiting cone.
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We want to show that this theorem applies in G. First, we find an explicit
formula for the morphisms B ® A2("+Y — B g A9".

Proposition 2.13.4. Let C be an inclusive, strongly distributive, decompos-
able sequoidal category — so G has symmetrized tensor powers preserved by

the tensor product as in Proposition |2.13.2

Then the canonical morphisms B ® A"t — B @ A9™ are given by
B (Ao _)"),

where (): A — I is the unique morphism into the terminal object.

Proof. First, we show by induction on n that the following diagram com-

mutes.
A8n+1) ATM20 en

A®wk"+1l wk™
A2 +1)A2 )0 4on

This is clearly true for n = 0; in the general case, we have the following
commutative diagram —

ABMH2) L f g AR ASATO0) 4 o yan , AB(+D)

A®wk"+1l lA@wk"
A n _
— ~
Wk, 4o(n+1) Wk aon
(Ao _)m+1() e

where the middle square is the inductive hypothesis (tensored by A), the
outer trapezia are the definitions of wk™™2 and wk™"!, and the bottom
trapezium commutes because wk is a natural transformation.

Now, by the proof of Proposition [2.13.2] the canonical morphism B ®
A2+l B @ A9 must be constructed as the composite

B @ (e 13 (A%" @ ()); wk™)
which we have shown is equal to

B® (eq, ;WK™ (A0 _)*())=B® (Ao _)"(). O

Definition 2.13.5. Let A be a game. We say that A is well-opened if initial
moves of A can only occur as the very first move in a play.
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It is immediate from the definitions that:
e the empty game [ and our data-type games C,B, N are well opened;
o if A; are well-opened games, then so is [ [, A;; and
e if B is a well-opened game, then so is A — B;
but that A® B, A@ B and !A are not in general well-opened, even if both
A and B are.

Proposition 2.13.6. Let A be a well-opened game. Then we have natural
morphisms
1A — A9"

for each n, and these commute with the natural morphisms A2+ — Ao
and make 'A the limit of the sequence

T A A9 A9 ...,
Moreover, if B is any game, then B ® |A is the limit of the sequence

B+ BRA+ BRA%? + B® A93 « ...

Proof. For the sake of notational simplicity, we will only prove the first part
of the Proposition, but the second part (the B ® --- version) goes through
in exactly the same way.

The morphism in question is the (non-innocent) zigzag strategy given by
the tree immersion ¢, : Pyon — Pia defined by

Pn(s) = Vi(s),
where V: My + --- + My is the co-diagonal.

We have seen already that the natural morphism A2™+D — A" ig the
copycat morphism generated by the inclusion n.(My) — (n+1).(Ma), and
so it is clear that these commute with zz4 by Proposition [2.9.6]

Now let C be a game and suppose that there are strategies o,,: C —o A9"
that commute with the natural morphisms A2+t — 42" Then we define
a morphism o: C' — A by

for some n, s|i4 contains
0 =1 s € Po_14|at most n initial moves, and
[in,ing,,-- - ,ing,]«(s) € on.

Here we have used the fact that A is well-opened to tell us that s| 4 is indeed
a valid play in A9".
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We claim that o is indeed a strategy. First we show that o is prefix
closed. If s € ¢ and t C s, write n for the number of initial moves in
s. Then ¢ has at most n initial moves; if [id¢,ing,, -+ ,ing, |«(s) € oy, then
[ido,ing,, -« ,ing,]«(t) € op, and therefore ¢ € o.

Now note that if s € Cc_o14 is such that s|i4 contains k initial moves, and
if m,n > k, then

[in,ina,, - ,ing, J«(s) = [ing,ing,, -+ ,ing, J«(s),

since the ¢, commute with the natural morphisms A2M*1) — A7 Qo if
sab, sac € o, then we can assume that

[inc,ing,, - ,ing, J«(sad), [inc,inga,, - - - ,ing, J«(sac) € oy,
for some common k, and therefore that b = c.

Now we have 7; 224, = o, for each n by Proposition [2.9.6]

Suppose that 7 is some other strategy for C' —o !A such that 7;zz4, = o0,
for each n. By Proposition we have

On = T;22¢, = {5 € Po_opon : s e 1},
Suppose s € ¢ and that s contains n initial moves. Then

[inc,ing,, - ,ing, J«(s) € op
for some n. Therefore, s = ([ing,ina,, - - ,ina,]«(s))? € 7. So o C 7.

Conversely, suppose that t € 7. Suppose that ¢|;4 contains n initial moves.
Then t = s%n for some sequence s € Po_,40n, and we must have s € oy,.
Therefore, t € 0. So 7 C 0. O

Therefore, by Theorem [2.13.3] if A is a well-opened game, then !A inherits
the structure of a cofree commutative comonoid on A.

Let G, denote the category of well-opened games and strategies. Let
CCom(G) denote the category of commutative comonoids with respect to
the symmetric monoidal structure on G.

In general, given two commutative comonoids M, N in a symmetric monoidal
category C, we can form the tensor product

M@N—->MM)(N®N) = (M®N)®(M®N)
MN—-I®RI—1T,

and this makes CCom(C) into a Cartesian category.
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Now note that we have defined a functor
Guwo — CCom(G)

We define a category G, to be the span of this functor inside CCom(G).
Then the corresponding functor

!
Gwo = Guo

is a right adjoint, and therefore preserves products. So if A, B are well-
opened games, then we get a natural isomorphism of comonoids between
the tensor product of the comonoids on !A and !B and the comonoid on
(A x B). In particular, we have a natural isomorphism

A®!B=!(AxB).
G!,, therefore inherits the structure of a Cartesian category.

This gives us a category in which the objects are commutative comonoids
over well-opened games. A more convenient description of this category is
that it is the category where the objects are well-opened games and where
the morphisms

A—B

are morphisms !4 — B in the original category G. We compose two such
morphisms ¢: !A — B and 7: !B — (' as

4B 5,

where the promotion operator T from strategies o: 1A — B to strategies
of: 1A — B is the right half of the adjunction between G, and g{w.

Since the functor G, — CCom(G) preserves products, G, obtains a Carte-
sian structure given by the category-theoretic product x. We claim that it
is Cartesian closed, with the function object from A to B given by !4 — B.
Indeed, we have

G\ o(A,1B — C) 2 G(IA,1B —o C)

~G(IA®!B,0C)
>~ G((A x B),C)
> G,o(A x B,C).

We have one thing left to prove.
Proposition 2.13.7. Let 0: A — B, 7: !B — C be innocent strategies,
where A, B, C are well-opened games. Then the composite of o and T in Q;UO

18 an 1nnocent strategy.

Proof. Tt suffices to show that o' is innocent, which follows by an argument
similar to that in Proposition [2.7.6 O
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2.14 The Exponential as a Final Coalgebra

Our proof in the previous section that ! A is the cofree commutative comonoid
over A (if A is well-opened) leads us towards another category-theoretic
property enjoyed by ! A, one that is more closely tied to the sequoid operator.
This property will be key to our treatment of the semantics of state.

Definition 2.14.1. Let F: C — C be a functor. A coalgebra for F or
F'-coalgebra is an object a of C, together with a morphism f: a — Fla.

A coalgebra homomorphism from (a, f) to (b,g) is a morphism h: a — b
such that the following diagram commutes.

Clearly, the coalgebras for a given functor F' form a category. A final coal-
gebra for F' is a terminal object for this category; i.e., an F-coalgebra (t, «)
such that for all F-coalgebras (a, f) there is a unique morphism € f D: a — ¢
such that the following diagram commutes.

a%Fa

GfDl |Faso

t —2 5 Ft

We call C f ) the anamorphism of f.

We use two standard pieces of theory about coalgebras.

Theorem 2.14.2 (Lambek’s Theorem, [Lam68|). If (¢, «) is a final coalge-
bra for a functor F', then a:t — Ft is an isomorphism with inverse given
by C Fa .

Theorem 2.14.3 (Adamek’s Theorem, [Ad403]). Suppose C has a terminal
object 1. By repeatedly applying F' to the morphism F1 — 1, we build up a
sequence

1 Fl F?1 F31 ¢ ..

If this sequence has a limit F*1, and if the morphism (: F(F“1) — F“1
induced from the universal property of the limit is an isomorphism, then
(F“1,57Y) is a final coalgebra for F.
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Now we have already shown that if A is well-opened, then !A is the limit of

the sequence
T A A9% A3 ...

and this sequence is precisely the sequence from Addmek’s Theorem, when
F=JA® _): G — G. Moreover, this limit is preserved when taking the
sequoid with A on the left, and so we get that

Corollary 2.14.4. If A is a well-opened game, then A is a final coalgebra
for the functor J(A® _): G — G.

In this case, the morphism !A — A @ !A is the zigzag strategy that plays
copycat between the different copies of A; i.e., zz4, where ¢: Pygia — Pia
is the tree isomorphism given by

¢(S) - [ianid]*(s)'

One small thing we need to do is to relate the two structures on the expo-
nential.

Proposition 2.14.5. The final coalgebra

a:!lA— AolA
1s giwen by the composite
ka
1A 24 14 @14 259, 414 T8 A g4,

Proof. By Theorem [2.13.3] we can tell that this composite is a copycat
strategy between !A and A @A, as is a. Since A is well-opened, there is a
unique such strategy. O

2.15 Denotational Semantics of Idealized Algol

At last we are in a position to interpret Idealized Algol within our category
g{w. The base types com, bool and nat are interpreted by the games C, B
and N, while the type Var is interpreted by the game

Var = CN x N,

where C is the product of countably many copies of C (so we have used the
symbol N to denote both the set N and the game N in the same formula).
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Given types S, T, the denotation [S — T of the type of functions from S
to T' is given by
[S] — [T = '[S] — [1] .

This gives us the denotation of the types of Idealized Algol.

We inductively define a denotation of terms-in-context I' - M of IA, where
[x1: T1,- -+ ,xn: Ty b M: T is a strategy

[Th] x - x [T.,] — [T] -

First note that we have natural innocent strategies a: C, t,f: B and n: N,
which give us the denotations of I' Fskip, ' -¢, I' - f and I' Fn.

Moreover, if we have a strategy

[T,xz: SEM:T]: [I] x[S] — [T] ,
then, since G, is Cartesian closed, we get a strategy
[TFXe®.M]: [T] = [S] — [1] -
In addition, we have natural morphisms
[C,z: TFa: T] = [T] x [T] 222 [17 .
Lastly, if we have strategies
[TEM:S—T]: [I] = [S]— 7] [TEN:S]: [T]—[S],
then we get a strategy

[CHM] x[THN]
e

[CFMN:T] =[] 2 [I] % [] (IST = [T] x [S] <% [S] -

In order to form the denotation of the next lot of terms, we need a new
definition.

Definition 2.15.1. Let X be a set, and let (0, : x € X) be a collection of
strategies for a game A. Write X for the datatype game corresponding to
X. Then we define a strict strategy (o,): X — A by

(0z) ={e}U{xq : x € Pa}U{xqys : xs € oy}.

In other words, after the initial move in A, (0,) requests some element
y € X, and thereafter plays according to o, in A.

Proposition 2.15.2. If the o, are innocent strategies, then (o) is an in-
nocent strategy.
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Proof. If xs € oy, then "xqysa™ = *qy"sa”. Then, if t € (0,) and "ta” =
*qy"sa”, we have t = xqyt’ for t’ € o, and "*t'a’ = "xsa. So if xsab € oy,
then «t'ab € o, and therefore tab € (o). O

The most important feature of strategies of the form (o) is the most obvious
one: given X, and y € X, we have a strategy y for the game X with maximal

play qy. Then y; (0,) = oy.
Now we define morphisms
e seqy = (idx): C — (X — X);
o Ifx = Az y.z, Az \yy): B— (X - X — X);
e succ=(1,2,3,4,---): N—o N;
e pred =(0,0,1,2,---): N — N;
o If0x = Az \y.z, \e.  y.y, \e A\y.y, - ): N— (X = X — X);
e assign = (prg,pry,---): N —o (Var — C);
o deref = pry: Var — N;
o letg x = (A\f.ft,Af.fl):B— (B— X)— X;
o lety x = (Af.fO,Af.f1,---): N— (N—= X) = X; and
o mkvar = Aw.Ar.((wn)pen, 7): (N— C) - N —o Var.

Here, pr,, and pry are the natural projections on to C and N from Var =
(C)™ x N.

These morphisms give us an obvious way to interpret most of the rest of the
terms of Idealized Algol. For example, if we have strategies

[C+V: Var] [C-E:N],

then we get a strategy

THE]x[THV]
I

[0V« B: ] =[] % [F] < [r] < N x Var 2587, ¢

that we can use as the denotation of the term I' =V « FE.

We use seq y for the denotation of M; N and deref for the denotation of V.
The role played by the remaining morphisms can easily be deduced from
their names.
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2.16 Order-Enrichment of ¢

The remaining parts of Idealized Algol that we have yet to define are the
fixpoint combinator Y and the new variable constructor new.

To define Y7, we use order-enriched properties of G.

Note that if A is a game, then we can order the strategies for A by subset
inclusion. This order is clearly preserved by composition.

Proposition 2.16.1. The partial order of strategies for A, ordered by in-
clusion, is directed-complete. So is the partial order of innocent strategies

for A.

Proof. Let 3 be a directed set of strategies for A; so if o, 7 € X then there
is some v € ¥ such that 0 C v and 7 C v. We claim that | J X is a strategy
for A. Indeed, it is certainly even-prefix-closed, and if sab, sac € | JX, then
sab € o and sac € 7 for 0,7 € X, and therefore sab, sac € v for some v € X
and so b =c.

Now suppose that all o € ¥ are innocent. Let sab € | JX and suppose that
t € X is such that "ta™ = "sa™. Then, as before, we have sab,t € v for
some innocent v € ¥, and therefore tab € v C JX. O

It is clear then that composition of strategies is Scott-continuous with re-
spect to this ordering.

Writing 1 = {e} for the bottom strategy for a game A, if we have a strat-
egy 0: A — A, then the Kleene fixed point theorem tells us that we may
construct a fixed point for ¢ as the union of the chain

1lCl;oC Lijo;0C -

Given a game A, we define a strategy Y : (A — A) — A as the fixed point
of the strategy

AFAff(Ff): (A= A) - A) (A=A — A.
We can then use Y 4 to interpret the term I' = Y7 M : T for any term I' -
M:T—T.

We will later require other order-theoretic properties of the set of strategies
for a game A. Recall that an element o of a directed-complete partially
ordered set is called compact if whenever we have o = [J ¥ for some directed
set 3, then o € X.

A little thought convinces us that a strategy o: A is compact if and only if
it is finite as a set of plays; indeed, suppose o is a finite set and o = |J .
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For each s € o, we have s € 75 for some 75, € ¥; since ¥ is directed, then
there is some v € X such that 74 € X for each s, and therefore o C v C 0.
Conversely, if ¢ is infinite, then by Ko6nig’s lemma, it either has an infinite
branching point (i.e., s € o such that there are infinitely many plays sab € o)
or an infinite branch (i.e., an infinite increasing sequence s; C s9 T -+ in

o). In either case, it is easy to construct some directed set 3 such that
c=UJXbut o ¢X.

Recall that a directed-complete partial order P is said to be algebraic if
whenever p € P, the set of compact elements of P lying below p is directed
and its supremum is p.

Proposition 2.16.2. The set of strategies for a game A is an algebraic
directed-complete partial order.

Proof. Let o be a strategy for a game A and let 71,79 be two finite sub-
strategies such that 71,7 C ¢. Then 71 U C ¢ and is finite; moreover, if
sab, sac € T U 19, then sab, sac € o, so b = c.

Lastly, given any s € o, there is a compact strategy os containing s; namely

os ={t : t C s has even length}. O

It is possible to prove an innocent version of this (see [HO00]), but we will
not need this to prove Full Abstraction for Idealized Algol.

2.17 The Strategy cell

Now we come to the denotation of new. For this, we shall define a strategy
cell: IN —o ! Var by using the universal property of ! Var that arises from the
fact that it is a final coalgebra for Var @ _ .

Given n € N, we define a strategy write,: IN — C @ N by

write, = IN & 722y Jwnitey 7oy PN o N Y c o IN

Let read: IN —o N @ IN be the morphism part « of the limiting coalgebra.
In other words, by Proposition read is the composite

Wwkp 1
read = IN % IN @ IN 22N, N o Iy 2 N o IN.

Then we get a coalgebra celly: N — Var @!N given by
dist

((writen )nen,read) (C)N,N,IN

IN (Co'N)Nx (No!N) (CYxN)2!N = Var ©!N.
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We then define the strategy cell to be the anamorphism ¢ cellg D: IN —o ! Var;
i.e., cell is the unique morphism making the following diagram commute.

IN — \ Var oIN

ceIIJ/ iVar @cell

'Var —2Y2'y Var ! Var

Concretely, the strategy cell behaves as follows, as we shall prove in Propo-
sition When player O plays in !Var, he chooses to play either in one
of the copies of C or in N. If he plays the initial move g, in the n-th copy of
C, player P updates the value she has stored in her head to n. If he plays
the initial move ¢ in N, then player P replies with this stored value. Lastly,
if he plays this initial move ¢ without having played in any of the copies of
C, then player P interrogates the argument in order to find out which value
to play.

This strategy cell now gives us a morphism new 4: !(! Var —o A) — A (for A
well-opened), given by

der

I(!'Var —o A) ———— (! Var — A)
unit I ® (! Var — A)
08 Var—=A) o (IVar —o A)
celOCVar=A) | yar ®(!'Var — A)
% L A.

We use this to provide the denotation of the term new.

Lemma 2.17.1. cellp; (pr,, ©!N) = write,, for each n and celly; (pry ©!N) =
read, where pr,,: Var = CY x N —o C is the projection on to the n-th copy
of C and pry: Var = CN x N —o N is the projection on to the copy of N.

Proof. We have
dist ¢y, v, v; Pry, = ((Pry, @!N)nen, pry @IN); pr,, = pr, ©IN

and
dist ¢y, v Py = (P, @!N)nen, pry ©!N); pry = pry ©IN,
SO
cellp; (pr,, @'N)
= ((writey, )nen, read); dISt(_(Cl)N,N,!N; (pr,, ©'N)
= ((writep, )nen, read); diSt(_Cl)N,N,!N dist )N, PTy,
= ((writey, )nen, read); pr,,

= write,
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and

cellp; (pry ©!N)

= ((writey, )nen, read); dist(}:l)NN,!N; (pry ©!N)

= ((writey, )nen, read); diSt((Jl)N,N,!N diSt((C)N,N,!N§ pry

= <(Writen)n€Na read>? Pr'y
=read . O

While this coalgebraic definition of the cell strategy will be sufficient for most
of our purposes, it will also be convenient to have a more direct definition.

Proposition 2.17.2. The strategy cell is the strategy on N —o !'Var that
behaves as follows. It replies to a move q, (i.e., the initial move in the n-th
component of C in Var) with the unique answer a, and replies to the move
q in the N component of Var with that number n such that g, was the most
recently played O-move in the CN component, or, if no such move has been
played, it interrogates \N on the left and copies the value back on to the right.

Proof. Tt will suffice to show that the strategy cell as described in the state-
ment makes the diagram

cellp

IN Var !N

celll lVar @cell

' Var —Y2's Var @! Var

commute. Since dist(c), n is a natural isomorphism, it will suffice to show
commutativity of the diagram formed by composing by dist(c),n on the
right to give us the diagram

diSt(C)N,N

(C @ IN)N x (IN@ IN)
celli l((C@ceII)NX(N@:eII)
diSt(C)N,N N
(Co!Var)" x (N@!Var),

N — <l | VaroIN

' Var —— Y2 s Var@! Var

which, by the definition of cellp, is the same as the diagram

((writen )nen,read)

IN (C 2NN x (IN@ IN)
celll l((C@ceII)NX(N@:eII)
dist
Ot (Co!Var)Y x (N ! Var).

|'Var —— Y2 s Var@! Var
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That is, we need to show that the following diagrams commute, where n in
the first diagram ranges over the natural numbers.

IN writen Co!N
celli l@@cell
' Var —2Y2 3 Var ! Var m Co!Var

IN read N o N
celll lN@cell
| Var —2Y2 5 Var ol Var 222 N o 1 Var

Consider the first diagram. We may identify plays of cell; ayay; (pr,, @! Var)
with those plays in cell that begin with the initial move ¢, in Var (i.e.,
the initial move ¢ in the n-th copy of C). We need to show that plays in
writey; (C @ cell) take the same form. Indeed, the response to the initial
move in C in write,; (C @ cell) is the unique response a, by the definition of
write,; thereafter, play continues in ! Var according to cell — so the response
to a move ¢, will be a, while the response to ¢, if some g,, has been played
already in ! Var, will be the most recently occurring value of m.

If no ¢, has been played in ! Var, then the behaviour of cell tells us that
we must interrogate the IN in C @ IN in order to get the value. By the
definition of write,, the value returned will be n, mirroring the behaviour
in cell; avvay; (pr,, @! Var).

Now consider the second diagram. We may identify plays of the strategy
cell; avar; (pr, @! Var) with those plays in cell that begin with the initial
move ¢ in Var (i.e., the initial move ¢ in the copy of N). We need to show
that plays in read; (N@cell) take the same form. Indeed, the response to the
initial move will be to interrogate !N on the left to get the value. Thereafter,
play will continue between !N and ! Var according to the cell strategy — so
once again the response to a move ¢, will be a, while the response to ¢, if
some ¢, has been played, will be the most recently occurring value m.

If no ¢, has been played in ! Var, then, by the definition of read, the strat-
egy will interrogate !N in order to get its response, just as in the strategy
cell; ayar; (pry @! Var). O
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Chapter 3

Operational Semantics,
Computational Adequacy
and Full Abstraction

3.1 Big-Step Operational Semantics

We now introduce the operational semantics of Idealized Algol. When we
have done so, we will link it to our denotational semantics by proving Com-
putational Adequacy and Full Abstraction.

We first define a canonical form of the language to be
e at type com, the term skip;
e at type bool, the terms ¢ and f;
e at type nat, the numerals n;

e at type Var, variable names z: Var and expressions taking the form
mkvar W R; and

e at type S — T, expressions of the form Az%.M.
These are the terms that cannot be evaluated any further.

We define a Var-contezt to be a context I' of the form x;: Var,--- ,xz,: Var.
Given a Var-context I', we define a I'-store to be a function s from the set
of variable names occurring in I' (i.e., the z;) to the set of natural numbers.
Given such a store s, we write (s|x +— n) for the store given by

(sl 5 m)(y) = {” Hy=z

s(y) otherwise
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We now inductively define a relation I', s M |} ¢, s’, where
e ['is a Var-context;
e s and s’ are I'-stores; and

e ' M, I't-c are Idealized Algol terms-in-context, where c is a canonical
form.

The definition of this relation is shown in Figure The idea behind it is
that the predicate I', s+ M || ¢, s’ should represent the assertion that, given
initial state s, the term M will evaluate to the canonical form ¢, leaving the
state s’

3.2 Small-Step Operational Semantics

We also give an equivalent small-step operational semantics for Idealized
Algol. For a lot of our purposes, the small-step semantics will be easier to
work with.

This time, instead of defining a relation I', sk M |} ¢, s’, we define a relation
IstEM —T,A,s'= M, where

e ', A are disjoint Var-contexts;
e sisa I-store and s’ a I', A-store; and
e ' M, T, A M are Idealized Algol terms-in-context.

As an auxiliary definition, we need the notion of an evaluation context, as
introduced by Felleisen in [FH92]. An evaluation context is a single-holed
context defined inductively by the following BNF formula, where M ranges
over TA terms (subject to typing rules).

E:=—|EM |succE | predE | E; M | If E then M else M |

IfOE then M else M |'/E | M < E|E<«+ n|letz =Ein M

The idea behind the evaluation contexts is that they tell us about the order
of evaluation of a term: if we want to evaluate the term E[M] for one step,
then we first evaluate M for one step, yielding another term M’, and then
replace E[M] with E[M’].

Next, we define a relation I',s, M --» I'; A, s’, M’. The definition of this
relation is in Figure we interpret the judgement I', s, M --» T', A, s, M’
as saying that if we start in state s and evaluate the term M for a single
step, then we get the term M’ in the state s’, possibly adding some new free
variables through the Var-context A.
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I,s-MJy M. M, s [,s'-M[N/z]|ec,s"

I''skecles I's-MN | ¢ s
I,sEM(YM) e, s I,sEM{n,s
I,sEYM|es I',sksuccM n+1,s
I,sEM{yn+1,s I's-MO0,s
I',skpred M || n,s I',stpred M || 0,5

I, s+ M | skip, s’ Is'+=Nles"
I',s-M;N | cs"

Is-Mt,s IsFNles"
I',skIf M then N else P | c,s”

I,s-Mf,s IsFPlcs"
I', sk If M then N else P | ¢, s”

Is-Mo0,s IsFN{ecs"
I', st IfO M then N else P | ¢, s”

I,sEM{yn+1,s I'sFP|cs"
I', st If0O M then N else P | ¢, s”

I,sHMles I',s'+Nlc/z] | &, 5"
I'skletz=MinN | c,s”

Is-E|n,s IsdFV{§axs . L,stEV{zs
S - A
T,sFV ¢ E {skip, (5"[x —»n) T.s-W § s

|
S

[, 2: Var, (s|lz— 0)F M | ¢, (s'|x — n)
I',sknewAz.M | ¢, s

I'skFE|n,s I',s' -V | mkvar WR, s” I,s" - Wn | skip, s”
I',skV « E | skip,s”

I'sEV | mkvar WR, s IsFR{n,s"
I, sHV I n,s”

Figure 3.1: Operational semantics for Idealized Algol. See [Har99] and
[AMO96].
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IyskE(Ax.M)N --» T, s+ M[N/z] I,sEYM --»T,s+-M(YM)
I',sksuccn --»T',skn+1
Iskpredin+1) --»T,skn I'stkpred0 -->T',sF0
I'skskipyM --» ', s+ M
I',skIftthen Nelse P-->1,sFN I'skIft then Nelse P--»T',sHP
I'ysFIf0Othen Nelse P--»1',sF N
I',skFIf0(n+ 1) then N else P --» T', s+ P
x,I',skx+n--»zT, (s|lz— n)tskip z,Iyskle --» 2, T, stk s(x)
I'sknewAz. M --» Tz, (s|lx — 0)F M
I'ysk (mkvarW R) <~ n --»T',s-Wn I'ysk!l(mkvarWR) --»T',sF R
Iyskletx=tin M --»T, st M[t/z]
Istletz =fin M --»T, s M[f/z]
Iyskletx =nin M --»T, s+ M[n/z]

Figure 3.2: Felleisen-style small-step operational semantics for Idealized Al-
gol.

Lastly, we define the relation — as

IsM-——T,A, s+ M
[,s-E[M] —T,A, s +E[M]

for each evaluation context E whose free variables lie in I'.
We need to prove that this is equivalent to our original semantics.
Given a I', A-store s, write s|p for the restriction of s to I.

Lemma 3.2.1. Suppose that I',s+ M --» T A, s’ M’ and that T, A,s' -
E[M'| | ¢,s". ThenT,st-E[M] | ¢, s"|p.

Proof. Structural induction on E. The base case, when E = —, covers
the interesting cases, so we shall leave it to last. The remaining cases are
quite similar, so we will show the proof for the case where E = E' N for
illustration.
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If E=E'N, for some term N, then we have I'; A, s' - E'[M'| N |} ¢, s". By
inspection of the rules in Figure the derivation of this must end with a
rule of the form
IA 8 -E[M]§ Ao M" A t-M"[N/x] | c,s”
A8 FE[M'|N | ¢,s"

Thus, T'A, ' F E'[M'] | Me.M",t and T,A+ M"[N/z] || ¢,s” must be
provable for some M”,t. By the induction hypothesis, this means that
[, st E'[M] | Az.M" t is provable. Then we have a derivation
A sEE[M] | A\e.M" At M"[N/z] |} e, s”
LA sEE[MIN §c,s"|ra

Then, because any variables in A are not mentioned in E'[M| N or in ¢, we
have

[,sFE[M]N | cs"|r.
The remaining cases when E # — are quite similar. Now, let us suppose

that E = —, so that E[M'] = M'.

Then there are a number of cases, depending on the particular --+ rule we
are using. Many of these cases are similar, so we will cover a few of them
for the purposes of illustration.

e For function application, suppose that I, s M[N/z] || ¢, s’. Then we
have a derivation

I stXx. M|  \x.M,s [,sM[N/z] | ec,s
IsE(Aa.M)N | c,s

e For variable assignment, we have a derivation

Iystaxlxs I''skn{n,s
[, sk ax < n | skip, (s|z — n)

e For variable dereference, we have a derivation

Iskxlx,s
IysHlz | s(x),s .

e For new, suppose that T',z, (s|x — 0)F M | ¢,s'. Then we have a

derivation
Iz, (sle—=0)FMlecs
[,sknewz.M | ¢,s'|r
since s’ = (¢'|p|z — §'(2)). u
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We have proved:

Proposition 3.2.2. Suppose that we have a sequence
Fl, S(l), M — - — Fn, S(n), Mn s
where M, is a canonical form. Then I', s+ I M,, s(")|pl.

Proof. Induction on n. The inductive step is Lemma while the base
case (n = 1) is given by the derivation

I'skcle s . O
We can also prove the converse.

Proposition 3.2.3. Suppose that T, st=M | ¢, s’. Then there are sequences
I =T4,---,T, =T,A of Var-contexts, s = sV ... s of T,-stores and
M =M, -, M, = c of terms such that

Iy, sOFM — - — Ty, s+ M,,
and s = ¢
Proof. Induction on the derivation of I',s = M | ¢,s’. Since most of the
cases are similar, we cover a selection for illustration.

e Suppose that the last step in the derivation is

I''skecles .
Then we have the one-element sequence I', s - c.

e Suppose that the last step in the derivation is
I,sHMJ e M, s I,s'-M[N/z]|ec,s"
I',s-MN | cs"

Then, by the inductive hypothesis, we have small-step derivations
IskM — -« — T, AV, Az. M’
I,s'+-M[N/z] — - — T, A" c,

where | = ¢ and t"|p = s”. Note that we can easily enlarge T' to
make sure that it contains all the free variables in N.

If we apply the evaluation context —N pointwise to the first small-step
derivation, then we have another valid small-step derivation

[,skMN — - —T,A ¢, \x.M'N.

Then we can join the two together to get the derivation
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Isk-MN — - — T, At', Ae.M')N —

LAY, M [N/z) — -+ — T, AUA "\ ¥, c,
where t” \ ¢ is the I'; A U A’-store that agrees with ¢” on I';) A’ and
with ¢ on A\ A’. Then (¢ \ ¢)|r = s".
Suppose that the last step in the derivation is

Is-E|n,s IdFV s
[,skV « E | skip, (s"|z — n)

By the inductive hypothesis, we have small-step derivations
IskE — - —T, At n rs+rvV — .. —T ANtz

where t'|p = §' and t"|p = §".

We may apply the evaluation context V < — pointwise to the first
derivation and the evaluation context — <— n pointwise to the second,
and then string the two together to get

IskVeE—  —T At Ven—- - —

LLAUA U\, 2 +n—T,AUA "\ t|z—n),

where we have (¢ \ |z — n)|p = (s"|z — n).
Suppose that the last step in the derivation is

IsEV {zx,s
L,sH1W | §'(z),s .

Then, by the induction hypothesis, we have a small-step derivation
stV —... —=T A tFx,

where t'|r = s’. Then we may compose this derivation pointwise with
the evaluation context !—, and add an extra term on the end, to arrive
at the derivation

[sEW — oo — T AR — T, A (),

where t'(z) = §'(z).
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e Suppose that the last step in the derivation is

[z, (sl —0)FM ¢ (sx—n)
I',sFnew\z.M | c, s

By the induction hypothesis, we have a small-step derivation
Oz, (slt—0)FM— - — T, Az, (t'|x — n),c,

where ¢'|p = s’. Then we may add a term at the beginning to give us

I'yskFnewAz. M — Tz, (slt — 0)FM —

e — T Az, (V| = n),c,

where (¢'|z — n)|p = §. O

3.3 Soundness

To prove soundness of our model, we shall use the small-step formulation.
Our reason for this is that the most difficult part of the denotational seman-
tics we are using is the part to do with state. In the big-step formulation,
nearly every rule involves the state changing in some way, whereas in the
small-step formulation, only the rules that specifically pertain to the stateful
components of the language do.

Given a Var-context I', we will write St for N x --- x N.
Given I', we have a morphism cell' : IS —o ! [I'], given by

ISP 2 ING - - @ IN @l

'Var®--- @ ! Var = I [I'] .
Lemma 3.3.1. For j=1,---|I'|, the following diagram commutes.

T
1Sp < 1

!pr]i ll pr;

IN —< 1 Var

Proof. We have a commutative diagram

1Sp ——— IN® -+ @ IN L2 v @ | Var ——— 11
()@...@!N@,..@() ()®~~~®!Var®~~-®() ' 5
!prj l l Fprj
IN cell | Var
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where the outer triangles commute because the vertical arrows are the pro-
jections in the tensor product of comonoids. O

Given a I'-store s, we will write [s] for the corresponding morphism I — Sr.

We start our proof of soundness with a structural result about evaluation
contexts. Recall that the most important property of an evaluation context
E is that if a term M fits into the hole in E, then M is the first part
of E[M] to be evaluated. Using the sequoid operator, we can capture in
category-theoretic terms an analogous property for the denotation of E.

Lemma 3.3.2. Let '+ M: T be an Idealized Algol term-in-context (where
I is an arbitrary context), and let E be an evaluation context with a hole of
type T, where E[M]: U. Then there are (independent of M) a game A, a
strategy o: [I'] — A and a strict strategy 7: [T] @ A — [S], such that the
denotation [I' = E[M]] factors as

[TFM]®c wkir],4

] 2% 1] @ 1) [T]® A2 oA S U] .

Proof. Structural induction on E.
o If E = — is a hole, then we may take A =1, o = () and 7 = r[y.

e If E = E'N for some term N, where E’ has type S — T, N has type
S, and M: S’ fits into the hole, then the denotation [I'F E[M]] =
[T+ E'[M] N] is given by the composite

[PHE'[M]]Q[THN]

NN (1[S] —o [T])! [S] LU, 177 .

By the inductive hypothesis, [I' - E'[M]] factors as

[C-M]®o’
_—

] 2% 1 r]e!r] [S']@A i G BN [SToA" 25 (1[S] — [1]),

for appropriate A’,¢’,7’. Then [I'+E[M]] = [['+ E'[M] N] is given
by the thick dashed arrows in the diagram in Figure[3.3] But this com-
posite is equal to that given by the thin solid arrows in the diagram,
which is of the required form, with

A=A ®![9] U:u[[r]];(J/@)[[FI—N]]T)

7 = passocygy y sy (T @ [S]);eve sy oy -

95



1[Iy au [T ®![r]

M[m]\:/ J(!HFH(@H[[F]]
I & NI N @ (r] < 1)
H[[F]I@!ﬂrﬂl assocC ] 110 1 F'“ R o }
< T [T],! (], r] l[FkMﬂ@)( QICFNTH)
(T T @ ] [S'T® (A @![S])
Ly
([T-M]®e")R[THN]T : assoCs/],a’ 11s] ka[[s’]],A/@[[sJ]
~ RS
([T @A) @![S] [STo (A" ®![S])
wk ’ ’ s I —1
[s'].A ! ]]\lf J{passoc[[s,]],A/,![[S]]
([STo4)@![S] wh[s'Joar sy > ([T @ A') @ 1[S]
@] ! o
<+ [roust

('[S] — [T]) @ [S] - whisi—pzpaess > (1 [S] — [T]) @ ! [S]

evi[s][7] :
g (S22 1[S1,I[T]
[7]

Figure 3.3: The property in Lemma is preserved by function applica-
tion. Here, ev, "S1LIT] = As_l(idg[[sﬂﬂ[[T]]).

e If E = succE’ or pred E/, where E’ is a context of type nat, and M : T
is a term that fits into the hole, then the denotation [I'+ E[M]] is
given by the composite

oy ML 4

where 6 is either pred or succ. By the inductive hypothesis, [T'+ E'[M]]
factors as

[C-M]®o’ wkiry, 4/ T

[r] 252 1) @ 1T [T]® A —22% [T] o A’ 5 N,

for appropriate A’, o', 7. When we compose on the right by 6, we are
already in the required form, for

A=A oc=o0 r=1:0.

e Similarly, if E = !E/, where E’ is a context of type Var, and M: T is
a term that fits into the hole, then the denotation [I' - E[M]] is given
by the composite

[CHE'[M]]

I[T] Var 2, N
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By the inductive hypothesis, [I' - E'[M]] factors as

1] 258 1] o 1y EE20e7,

Wk[[T]] A

[T]}@A’—>[[T]]®A'T—I>Var,

for appropriate A’,¢’, 7. When we compose on the right by deref, we
are already in the required form, for

A=A o=o 7 =7 deref .

If E = E’; N for some term N of type X € {com,bool, nat}, where E’
is an evaluation context of type com, and if M : T fits into the hole in
E’, then the denotation [I' - E[M]] is given by the composite

I[T] 25 0[] o 1pr] LEERMISIONT, @ o)y A7Geax), y

If E= N < E/, for some term N of type Var, where E’ is an evaluation
context of type com, and if M: T fits into the hole in E’, then the
denotation [I' - E[M]] is given by the composite

[TFE[M]]®[T'®N] —1(assign) C

A
> N® Var

] 25 1) @ 1]

Write Y = C, X' = X, Z = X and v = seqy in the sequencing
case, and Y = N, X/ = Var, Z = C and v = assign in the variable
assignment case. By the inductive hypothesis, [I' - E'[M]] factors as

[T-M]&o’ wkiry,ar '

] 255 ) @ 1y [I]eA —2% rod 5y,

for suitable A’,¢’,7/. Then [I'+ E[M]] is given by the thick dashed
arrows in the diagram in Figure 3.4, But this composite is equal to
that given by the thin solid arrows in the diagram, which is of the
required form, with

A=A X o = pqry; (o' @ [T+ NJ)

T = passoc[[*Tl]] A X (7" @ X"); Ay (v).

If E = If E' then N else P for a context E’ of type bool, where N and
P are terms of type X € {bool, com,nat}, then write Y = bool and
n=Ifx. If E = IfOE then N else P for a context E’ of type nat,
where N and P are terms of type X € {bool, com,nat}, then write
Y =nat and n = If0x. In either case, if M : T is a term that fits into
the hole, then the denotation [I' - E[M]] is given by

0] 25 ] @ ey 2228 ([0 e ) @ I

([CFE/ [M]]Q[TFN])Q[THP] A~H(AT ()

YoX)eox —— x.
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'] e I[I] ® ![T]

um\:/ lz[[r]]eguﬂpﬂ
[T & ![T] T & (T T
uurn@l[[r]]\:/ N“?LSSOC[[F]]»[[F]]W[[F]]‘“ 7 J{[[FI—M]]@(U'(X)[[FI—N]])
([r] @ '[1]) @ '[T] 7] ® (4 © X)
([[FFM]}@U/)@[[FFN]]\:/ M,assocum,m,x/ Ly ka[[T]],A/@X/
(TleA)oX' [T] o (A ® X')
(TJoA) e X’ whirjoarx o ([T @ A @ X!
T'®X'\:/ JT@X,
YoX why, x/ Y o X'
A L(w)!
h AT ()
(7]

Figure 3.4: The property in Lemma is preserved by sequencing and
variable assignment. We use the fact that v € {seqy,assign} is a strict
strategy, so that A;!(v) is well-defined.
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By the inductive hypothesis, [I' - E'[M]] factors as

Wk[[T]],A’ 7

e’ iy e 4 Y o A’ Ty,

Iy 2% 1[0y @ 1)
for appropriate A’,¢’,7’. Then [I'+E[M]] = [['+ E'[M] N] is given
by the thick dashed arrows in the diagram in Figure|3.5] But this com-
posite is equal to that given by the thin solid arrows in the diagram,
which is of the required form, with

A=A oX)oX o=y (prp@!T]): ('@ L+ N]))®[TF P])

PassOCy 4px.x3 (PAsSOCTy 4 x @X); (7' @ X) @ X): AT (AT () -

IfE =letyxz=E'in N, for X € {C,B,N} and Y € {B, N}, then the
denotation [I' - E[M]] is given by

/ x. —1(le
[CFE/ [M][@[THAz.N] A1 (let)

] 25 1 r) e r] X.

Y ® (Y —o X)
By the inductive hypothesis, [I'+ E'[M]] can be written as

Wk[[T]] ,A’ 7_/

W[[T]]®A’—>HT]]®A’—>Y,

) 255 ) © 1]

for suitable A, o, 7. This means that [I' - E[M]] is given by the thick
dashed arrows in the diagram in Figure |3.6 But this composite is
equal to that given by the thin solid arrows in the diagram, which is
of the required form with

A=A (Y — X) o = pyry; (0 @ [T F Az.N])

T= PaSSOC[[_Tl]],A',(!yﬂx); (7' @ (Y — [T])); Ay ' (let).

Lastly, suppose that E = E’ < n for some numeral n, where E’ is a
context of type Var, and suppose that M: T fits into the hole. The
denotation [I' - E[M]] is given by

I'~E'[M Vi assign
[ [M]] n®Var CUNel

Var lunitvas I ® Var —— N ® Var

I[L]

By the induction hypothesis, [I' - E'[M]] takes the form

o' wk / !
] 2% ey e ey 9 1) @ 4 T (1] 0 A7 T Var,
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00T

HIr]

I ] & !
|
H[r] : T ®upry
e pry®T] associ[ry,1[r],! [T
I[T] @ [T il » ([T @ ![I]) ® '[I] R M @ (1] @ 1))
|
prry @] : (TI®piry) @I Ir]@(pry@![r])
' ~
([T] ® [T]) ® ![r] o (I @ (r] @ r]) @ ] R @ (0] © ') © Y[T])

assocyry,iiry,r] ®!T'T

(H[[F]]®I[[F]])®![[F]]: ([P-M]@ (o’ RTFN]))®[IH-P] [TFM]@((o'®[T-NDS[THPT)
(Cr © D) & ) @ T o ([TIO W RX)OX - morvexx > [T]@ (4 X)© X)
(([[FI—M]]®0')®[[F|—N3])®[F!—P]] ) _a_s_sff)CHTllwA’vX ®X wkp argx ®X wkir] (A’ X)® X
(1T 4) 8 X) 8 X (7] (4 @ X)) & X 7)o (4 @ X) @ X)
(wWkppy, ar ®X)®Xi passocpy, A/, x ®X ”"%Nk[[Tu@(A'@X)*’? “ passocE;ﬂ’A,®X’X

Wk[[T]]®A’,X QKX

([T]o A) ® X)® X s ([T o A o X)® X ([T (A& X) o X

(T’®X)®X): (T"oX)®X Wk(ﬂTﬂ@A,)Qx’X passocﬂleﬂﬁA,YX X
(Yo X)0 X ’ P (YO X)®X ([Tlo4)oX) o X
A*l(Afl(n)): Ail(Agl(n)) R wky px,x . (T’@X)@X
hd i . ey
X & . (A () YoX)oX

Figure 3.5: The property in Lemma is preserved by conditionals. We use the fact that n € {Ifx, If0x } is a strict strategy,
and that the A; ! is a function from strict strategies to strict strategies, so that A;*(A;1(n)) is well-defined and strict.



1[I] ) » 1[I @ [T
|

Hr] : MI®pr
v
[T @ I [T @ ('[T] @ ![T])
I T
ury LT assocy[ry,ry,r] [CFM] (o’ @[T-Aa.N])
hd e ~
([Ile!r)e!r] [T]® (A ® (Y — X))
I T
([[F)—M]]@a)@[[FI—Ax.N}]: aSSOC[[T]],A/,!y;:X WKy, A/g (1Y —X)
e ~N
([MTeA) @ (Y — X) [T] (A @ (1Y —o X)
|
Wk[[T]]®A/’!y40X : passoc@}ﬂ!Ay!Y%X
Y k Iy ~
([T] 2 A) @ (1Y — X) 251 0 4) 0 (1Y — X)
|
T/®(!Y40X): T'o(lY —X)
e ~
Y®('Y—OX) wky 1y ox > Y@('Y—OX)

V%
X

Figure 3.6: The property in Lemma is preserved by the let keyword.
We use the fact that lety y is a strict strategy, and that the A ! is a function
from strict strategies to strict strategies.
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for suitable A’,¢’,7/. When we compose on the right by the mor-
phism lunity,,; (n ® Var); assign, in order to give us the denotation
[T +E'[M] + n] = [['+E[M]], then we are already in the required
form, with

A=A o=o 7 = 7/; lunitva; (n ® Var); assign . O

Having proved this result about evaluation contexts, we now give an outline
of the general soundness proof. We would like to represent a term-with-store
I',sk M: T by its denotation

HS]] 'S cell '[[F]] HFFME

[77 -

This composite tells us what the behaviour of M is when we evaluate it
with state s. However, it tells us nothing about the state that M leaves
after it has evaluated, and is therefore inadequate for inductive proofs along
a derivation.

Instead, we want to capture information about the state that M leaves,
which we do using the following derivation.

e We use the comonoid structure of ! [I'] to create two separate references
to the storage cells — one for the use of M and one for the use of any
code that will run after M has finished.

e We then use the sequoid operator to indicate the temporal relationship
— namely, that M runs first and all other accesses to the storage cells
will receive the state that M left behind.

Definition 3.3.3. Let I';s = M : T be a term with store. Then we define
the sequoidal denotation [I';st M] to be the composite

1 g < g M rpe ry B e ey SR frjer] .

Our next lemma will help us deal with the base --+ rules. We will then use
Lemma [3.3.2] to extend this to the — relation.

Lemma 3.3.4. The relation --+ between triples I', s = M preserves the se-
quoidal denotation [T',st+ M].

In other words, if ;s M --»T,A,s'= N, where M, N have type T, then
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the following diagram commutes.

ATl

s e N
\
s’ [P-M]Q!Vi
4
!SRA [[Tﬂ QW
|
celll2 wkrp,1[ry
[T, A [T]o![I]
4\
HIr,A] [T]o!prp
~ wk 1 |
[T, A] @ /[T, A] LANMEMCAL o e, A] IR g o, AT

Le., ifU,stM --»T,A, s’ N, then [T,stM] = [T',A, s NJ;!prp.

Proof. We prove this on a case-by-case basis.

e For most of the rules, A = _ and s = s'; i.e., the rule is of the form
I'stkM --»T,sEN

for some M, N. In such a case, it suffices to show that [I'F M] =
[I' = NJ. Indeed, we have

— [I'F (Az.M)N] = [I' = M[N/z]] (by a usual substitution-lemma
argument);

— [CEYM] =[TFAFAf(Ff)O)YM] =[T'FM(YM)];
— [I'Fsucen] = [I'Fn+1];

— [I'Fpred(n+1)] = [I'Fn];

— [I'F pred 0] = [I" - 0];

— [DF skip: M] = [T+ M];

— [CFIft then N else P] = [T+ (Az.\y.z)NP] = [['F N;
— [C'FIf f then N else P] = [I'+ (Az.A\y.y)NP] = [I'+ PJ;
— [T’ 1f00 then N else P] = [I'+ (Az.A\y.2)NP] = [I'+ NJ;
— [CF1f0(n + 1) then N else P] = [T+ (Az.\y.y)NP] = [T+ PJ;
— [THletz =t in M| = [(Az.M)t] = [M[t/x]];

— [TkHletz =t in M| = [(Az.M)t] = [M][t/x]];

— [PEletz =nin M] = [(Az.M)n] = [M[n/z]];

103



— [['F(mkvar W R) <= n] = ([['FWn], oy, ['FR]);pr, =
[T'FWn]; and

— [['E!(mkvarW R)] = ([I'F Wn] o, [I' F R]); pry = [I' - R].

Now consider the rule
[ysknewAz. M --» Tz, (s|lz— 0)F M,

where I' = M : T. The first observation to make is that the denotation
[T+ new Az.M] may be written as

runit, H ! L
] 2 1 rjer T rjer var - 1, o~ 22 gy

where, of course, A~!(['F Az.M]) = [T, 2 - M], and that the projec-
tion prp: ![I',z] is a right inverse for the composite runitjry; (![I'] ®
(0; cell)); =, since we have a commutative diagram

| [[1—‘]] runitpr | [[]_"]] QI M ! [[Fﬂ ® ! Var
H id![[\li]]@] o i@ - l
Ny PRy P [T, 2] .
'prp

Then we may prove this case using the commutative diagram in Figure

B

Now consider the rules
z, I, skx < n--» 2,0, (s|lz —n)kskip  z,T,sklz --» 2, T, sks(z) .

In each of these cases, the outer context I' is unchanged by the rule;
moreover, each term ignores the variables in I'. So the denotations of
the terms-in-context x, ' M : T on either side of each rule are of the
form

[z, T] 22 1 Var B2 17y
Now the diagram in Figure 3.8|tells us that each [T', z, sk M ] may be
written as the composite

[s|p] ; cell™; lunityry;
((M[sl] 5 cell; pvars ([x = M] @ ! Var); wkzy 1var) @ HIT);

WK[T)21 Var \[I]; PASSOCT] 1 Var [T =
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GoT

KTl

I '] y 1Sp cell” 1[r7]

— |

1St Lpry ] &[] <2t

! prp ®! prp [I,z]®prp

~

[T, x]

KT, z]

N

runitygrp; (] (0;cell));22

Prr ®![I]

celll® / /[[F z-M] !

|

", =] @ I

~

[T] @ !'[I]

wkiry,1ry

0, 2] @[T, 2] —— [T] @[T, 2] —— [T]@![[,2] —— [T] @ ![L]

[,z M]®![,2] WK[T] /[, 2]

Figure 3.7: The conclusion of Lemma holds for the new rule.

Prr



(where 2 represents the natural isomorphism between the games [T] @
(I'Var®![I']) and [T] @ ![z,T]), and so is completely determined by
the value of the composite

Hsle] s cells povars ([ = M] @ ! Var); wkiry 1 var ;

i.e., the sequoidal denotation [z, s|, = M].

This tells us that we can assume that I' is the empty context, so that
the rules take on the form

x, stz n--»x,(x— n)kskip x,sHle --» x, st s(x).

Now the commutative diagrams in Figure [3.9| prove that
[z, 8]z Fx <« n] = [z, (x — n)Fskip]

and that
[z, sl Flz] = [z, s, Fs(z)],

completing the proof. O

Now that we have dealt with the base rules, we can move on to the full
relation —.

Lemma 3.3.5. The relation — between triples I', s = M preserves the se-
quoidal denotation

[T, sEMJ=1[s] ;ceIIF;M[[p]]; ([T M) @ [IT); wkizrp ey -

Le., ifI',stbM --» T, A,s'"=N, where M, N have type T, and E is a context
of type U with a hole of type T, then the following diagram commutes.

B g e irl NN
\[] [[FFE[]\J{]]}@!VF
15 A [U] & 1Vi
celll:2 Wk[[U‘HJ[[F]]
[T, A [U] & ![T]
HIr,A] [[U]]é\' prr

[T, AFE[N]]&!T,A]

\[T, A] & [T, A] [U] & [, A] “MUHAL 111 o, A,
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201

I '[sIr]

1Sy cell” ] oty s To![r]
'[[S]] ' lunitysr B I®ceIIF et
NN I ®!Sr sl 1T
: = 1[s|=]1®!Sr
ce.n:”vF P IN® IS - IN®cell” » IN® ![I']
: " cell@cell” cell@ [
~ ~ SR v
[z, T] co IWVar@! T
| Hvar @Ur] |
Hz,T] = : pvar®![T]
< L (Vare! Vane(Oe![T]) W
Nz, T] @ [a,T] » (! Var®! [I']) @ (! Var @! [I']) > (!'Var®! Var) @ (I [T'] @ ! [I']) 7 (!'Var®! Var) @ ! [I']
// aSSOCr\}ar,!Var,!ﬂF]] e |
// 'pry ®![z,I] (! Var ®())®(! Var Q![T']) o ([zFM]®! Var)Q![T']
[e,CFM]®![2,I]
' o [zFM]®(! Var @![T']
\ IWVar @[z, T

= > IVar@(! Var @! [I)

\\ [z-M]®![z,T] -
[7] ® ![z, I
1

wkpr],1[2,1]
v

~

(1] 0o T] —=s [T] @ (Vars! [1])

WK{T], (1 var @1[T])

i ® (1 Var ! Iy T @ 1 Var) @ V[T

wkiry, var @[]
v

([T] @ ! Var) @ H[I']

>
Y

wk([T]@! Var),1[T]

PassoC ] 1 var,![I']

([T] @ ! Var) o H[I']

Figure 3.8: Diagram proving that if we want to prove the conclusion of Lemma|3.3.4/for a small-step rule that does not change
the context and only mentions one variable, then it suffices to assume that that variable is the only variable in the context.



cell ! Var Hvar ' Var @! Var

I IN
" (‘) \cell \ deryar®! Var
I { ~ e P.2.145 l

I

'N < Var !N Var ®! Var
o _—
L. Pl oIN Var @cell WkVar,! Var
I u©L
cell lunityy C® !N Var @! Var pr,, ®! Var
\‘smp@lNkc IN \
!'Var 1 ® N (C®ce|| Co !N R0'Var C® ! Var

‘ ™~ \
KVar lunits var I®ce|| C@cell wke,1 var

'Var@!Var ——— I ® !Var ———— IC® !'Var —— C® ! Var
()®! Var skip®! Var wke,1 var

i
1 'o(@) cell 'Var Y% 1 Var ®! Var
| (‘ ) ,u derval!@!\/ar
Sl N
¢ PEIIH |
'N I®I Des(g 'N® IN Var ! Var
n o) 5 ) dem Ceno
unityy  I®!s(x) s(z)R!s(x QVar
N, /L m
cell I (039 N W N X ‘N Var @'N pry ®! Var
S(x .
\k \ Var Qcell whkvar, Var
WENJIN - pro @!IN /
Ny \A
!Var I®cell N N @ N Varo! Var N ® ! Var
‘ ®cell ‘
Kvar 1unltvar prN @! Var kNJ Var
) N@cell B
'Var@'Var4>I®'Var N®'Var%N®'Var
O® z)®! Var kN, var

Figure 3.9: Diagrams to prove that the conclusion of Lemma 4 holds for
the storage cell rules. References in the middle of a shape refer to Lemma

and Proposition above. Note the prominent role played in both
diagrams by the anamorphism square for cell given in Section
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Proof. We use Lemma and Lemma Lemma, tells us that
for any I', s M, [I' - E[M]] may be written as

wkir], 4

IreMd®o, 1) @ 4 XA 17 0 A T [U]

VRN
for suitably chosen A, o, T.

Let us write [I', s = M for the composite
sl s celt®s pgrys (I0 F M @ ! [T]); whzpprys (IT] @ (T +04)) -

So we are trying to show that [T, st E[M]] = [T, A, s'EE[N]]; ([U] @! prr).

Now the diagram in Figure[3.10|shows us that for any I', sk M we may write

T SFEIM] = [T s MJ; (IT1@ (ogey; (08! [T]))s passocih 4 yrys (72! ITD).

Therefore, Lemma tells us that if I, s+ M --» T, A, s’ = N, then we
have

[T, s+ E[M]]
= [T, s+ MJ; ([T] @ (uqry; (o @ [T])); passoc™; (7 @ ! [I])
= [T, s+ NJ;([T] @ pre); ([T] @ (uqrys (0 @ L [T])); passoc™; (1 @ ! [T])
= [T+ NJ(IT] @ (uge ap; ((pres o) @ [T, AD))); passoc;
(ro![TD; ([U] @!pry)
= [T, s FE[N]]; ([U] @ !pry),

as desired. O

It is now a simple induction to lift this result from the small-step — relation
to the big-step | relation.

Lemma 3.3.6. Suppose that T',s = M | ¢, s’, where M,c: T. Then the
following diagram commutes.

11s]

Hr]

I » 1Sp cell” s 1[I s 1[I @[]
| I
'[s'] [FFM]&!I]
2 ~
1Sp [T1®![I]
| I
celll wkiry,1r]

[CFc] &I

O] T [ e ! [T [T] @ | [I] —E00, 17 o1 [
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01T

wk |

1[r] i s 1[r] @ 1] — s [y @] My (7] o ![r]
!

iy

\"(

T] & [T Mr®pry [T1®pry [T1oury
|
prp @]
v associ[ry,1[r],![r] v %FFM]]@(![[I‘]]@![[I‘[[]]) M WK re!r]
(] @' & !'[1] »y T @ (NI ') y [T] @ (N[T] <! » [T] @ (] ']
| s |
([Ir-M]&o)@!I] [P-M]@(e@!I])  [TTe(@@!IT) [T]o(e@!TT)

<
wkiz], Ac![r]

([T]® A) &[] = [T ® (A [T) s [T] @ (A®[I])

|
k "
w. [[T]],f1® [r] passoc|ry, A,1[r]
~

WK[T]4,1[r]
([TTo A) & ![I] » ([T] @ A) 2 ![17]

SOC[T], A I']

T®;HFH JT@![[F]]
16 1] ---"EE ] o]

Figure 3.10: Diagram proving that the conclusion of Lemma can be lifted to the — relation.



Proof. By Proposition there are sequences I' = I'y,--- ,I',, = I, A,
s=sM ... s M =M, - M, =csuch that

Iy, sMWEM — o — Ty, s H M,
and s |p = ¢

By inductively applying Lemma [3.3.5] we see that we have a commutative
diagram

B e e aul InENN
1[s™] [CFM] Vi
1Sr.a (7] & Vi
cell™2 | Wk[@,!m
[T, A] [7] o ![r]
Hr,Aa] [[T}]gl pIT
[T, A] @ ![T, A] DATARIEAL ppg o ip A SRR g o A

Now, since s(”)|p = s’, we have a commutative diagram

I L] 1Sr
[s™] !prp
ISr.A — cell”
celll»4
[T, A] P I
Hr,A] K]
[T, A] @ [0, A] PP, 1] @ 1]
[T, AR ®!T,A] [Crc]@T]
[T] & [T, A] —1EP 17y o1
WK7],1[r,A] WKy 1]
[T] @[T, A] —H2Pr 1) o1

which, together with the diagram above, gives us the commutative diagram
in the statement. O]

So we have now proved that if I", s=M | ¢, s’, then the sequoidal denotations

[T, s+ M] [T, s Fc]
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are equal.

It is then an easy corollary to show the sense in which our semantics is
sound.

Proposition 3.3.7 (JAM96]). Suppose that T',st M | ¢,s'. Then

[s];cell’; [T+ M] = [s] ;cell'; [T (] .

Proof. Lemma [3.3.6} plus the fact that if I', s P: T, then we have a com-
mutative diagram

13 s Sy -2y ey -2 ey
r ,‘ rnityry [0 ) :
i e mle0 |
[T+P] Wk[[[p]],}" .[[.FI—P]]®I E wk[[TIH,,HFH
TNEY er i
J wrler e g
7] r Mol 20 rpem,
allowing us to recover [s] ;cell’; [I'+ P] from
[T, st PJ = [s];cell™; ppry; (IT = P] @ T]); whigpary »
for P=M,c. O

3.4 Computational Adequacy

Our proof of computational adequacy is based on that from [AM96], but
modified to make use of the coalgebraic definition of the cell strategy. As
is usual in proofs of computational adequacy, our proof relies on logical
relations.

First, we note some additional order-theoretic properties of our model. For
any game A, we have a strategy L 4: A, given by L4 = {€}; i.e., the strategy
that has no reply even for the very first move. It is clear that L is the bottom
element of the set of strategies for A, ordered by inclusion.

It is then easy to see the following.

Proposition 3.4.1.
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Giveno: A—o B, 0; 1l .0 = LA oc-

Given a strict strateqgy 7: B — C, La ;7= 1A oc.

o 14 .5 s a strict strategy and 1L a_.p © o = Laoc)—-(BoD) for any
o:C — D.

A(LagB—-c) = Lao(B—c)-

Given a zigzag (copycat) strategy zz4: B — C' and a strategy o: A —o
B, if 0;22y = Lo oc then o = Ly .B.

Definition 3.4.2. Given a Var-store I', a strategy o: ![I'] —o A and a
I'-store s, we write
[s,0]

for the composite

[MHSF cell” n Pl [I] &[] m/l@![[f‘]] MA®![[F]].

In particular, if '+ M: T is a term in context, then [s, [['+ M] ] is equal
to the sequoidal denotation [T, s+ M].

Definition 3.4.3. We inductively define a relation qg, where I' is a Var-
store and T a type, between strategies o: | [I'] —o [T] and terms ' M : T
in context as follows.

o If X € {C,B,N} is a datatype, M: X, u € X and o: ! [I'] — X, then
we say that o < w if for all I-stores s, either [s,o] = Loy or
[s,0] = [T, s u] for some I'-store s’ such that T', s M | u,s’.

e If : | [I'] — Var and I'- M : Var, we say that o <, M if
o;pr, <hon M < n

for all n, and if
0;Pry <]rIlﬂat IM .

o If o: I[I] — (1[S] — [T]) and M: S — T, we say that o <§_,, M
if whenever 7: | [I'] —o [S] is a strategy and N: S is a term such that
T <1£~ N, then

<! IT] M—“H[[F]]@![[F]] LiaR (IS] — [T]) &' [S] = [[T]]) < M N.

We now prove some lemmata about this new relation.

113



Lemma 3.4.4. LetI'- M, N: T be terms in context of Idealized Algol such
that
I''stkM —T,sEN

for all D-stores s. Suppose o: | [T] —o [T] is a strategy such that o <t N.
Then o < M.

Proof. Induction on 7.

Suppose that I', s = M, N - X, where X is some datatype, and that I', s -
M — T', s N for all I'-stores s. Fix some I'-store s and some strategy
o: ![T] —o [T], and suppose that o <t N.

If [s,0] # Lirj—x, then by hypothesis it is equal to [, u] for some u such
that I', s N | u,s’. Then, by Lemma [3.2.1, I',s = M |} u, s'.

If I,s-M,N: Var and o <, N, then we have o;pr, <L, N < n for each

n and o;pry <, IN. If T,s+-M — I',s N, then I',s M + n —
I'sk N+ nforeachnand I',s-!M — I',sIN. Then, by the previous
paragraph, we must have o;pr,, <11:om M < n for each n and o; pry < IM,

nat
and therefore o <}, M.

Lastly, suppose that I', s M, N: S — T and suppose that I', st M — T', sk
N. Let o: I[I'] — (![S] — [T]) be a strategy and suppose that o <g_7 N.
We claim that o <7 M. Indeed, let 7: ! [I'] —o [S] be a strategy and let
I'P: S be a term in context such that qg P. Then, since o <g_,7 N, we
must have that pipy; (o @71H);ev <1:I} NP. Since I',skF M — I',sF N, we
must have I', sk M P — T, st N P, and therefore pipy; (c@th);ev <lg~ MP
by induction. O

Lemma 3.4.5. Let T be a type of Idealized Algol, and let T be a Var-context.
Then Lyr)—[r) <1:Fp M for any term-in-context ' = M : T.

Proof. Induction on T. If T is a datatype and s a store, then for any
o: [I'] —o [T] we have

U[s];cell™so = [s,0]; ([T] @ ()i ryry »

as in the proof of Proposition since ([T]@()); rpry is a zigzag strategy,
if 0 = Lijry—opry, then ![s];cell" ;0 = L7y, and therefore [s, o] = Lygyry-

Suppose I' - M : Var. Since the projections are strict strategies, we have
Li[rj—ovar; Py = Li[rj—c War M and L) —ovar; Pre = Lirj—on <y M, and
therefore Lyr)_ovar Har M.

Suppose that T'+M: S — T. Fix some N: S and 7: ! [I'] — [S] such that
r
T <g N.
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We are required to show that

( [r] 2% 1 r] e ! r] 225 (] — [7]) @S] = wru) G MN,
which, by induction, we can do by showing that it is equal to Lyrj—[7]-
Indeed, we may write this composite as

et
—

AL(L, —o(1 e
] 222 1] @ V[T | [I] @ 1 [§] ~— =S,y

which is equal to Lyry—o[7]- O

Lemma 3.4.6. Let T be an idealized Algol type, and let T M: T be a
typing judgement, where I is a Var-context. Suppose that o1 C o9 C -+ is
a nested sequence of strategies for | [I'] —o [T] such that o; <. M for all i.
Let o =\J; 04. Then o <t M.

Proof. If X is a datatype, I' is a Var-context, s is a I'-store and I' - M : X
is a typing judgement, then if [s,0;] = Lxgyry for all 4, then we must
have [[s,0:] = Lxgir] = Lxoury by continuity of composition. Otherwise,
[s,0:] = [T, s Fu] for some i, some I'-store s’ and some u € X such that
I'sEM | u,s'. In that case, since [I',s' F u] is a maximal strategy for
X @![I'], we must have [s,o0;] = [T',s'-u] for all j > i, and therefore that

[s,0] = [T,s" Fuf.

By induction on 7', this extends to higher types by continuity of composition.
For example, suppose that we have ' M : S — T, and that the o; are
strategies ! [I] — (! [S] — [T]) such that o; <k ., M for all i. We claim
that (J; 0 <5 o M.

Indeed, suppose that 7: ! [I'] —o [S] is a strategy and N: S a term such
that 7 <1g N. Then, by hypothesis, we have

<! [r] 4% 1) @ 1 [T 2275 (1]S] — [T]) @ ![S] <% [[T]]) < M N

for each 4, and so, by the inductive hypothesis applied to T, we know that
we have

U( 0] 2 1 [ @ 1] 227 (1[S] — [T]) @ ![S] <% [[T]}) 4 MN .

)

But continuity of composition tells us that this composite is equal to

(Hﬂmmwwm Yool (1] — MMWﬂ%HD%MM

and so the result follows. O
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Now we are ready to prove our main adequacy Lemma.

Lemma 3.4.7. Let I be a Var-context, let A be an arbitrary context and let
T be an Idealized Algol type. Write A = x1: Ty, -+ ,xpn: Ty. Suppose that
0;: H[I'] — [T3] are strategies and I'F N;: T; are terms-in-context such that
o; <1%, N; for each 1.

Given a strategy o: |[I', A] — [T, we write
(07);0
for the composite

der,o1, - ,0

( Y o
1[I] [0, A]  [17] .

Then for any term-in-context I') A+ M : T, we have

(o) ; [T, A+ M] <& M[N; /] .

Proof. Induction on the typing derivation I', A+ M : T.

e Let z;: T; be a variable occurring in A. Then z;[N;/x;] = N;. More-
over, it is clear that (o;); [I', AF 2;] = 0;. And we have o; 4% N; by
hypothesis.

e Next, suppose that x: Var is a variable occurring in I'. Then we have
x[N;/x;] = x, and it is easy to see that we have

(07);[T,AbFz] =[THz] .

Now we have [I'Fz];pr,, = [I'F 2 < n] and [I'+ 2] ; pry = [I' + IN].
From the proof of Lemma m (in particular, Figures and ,
we know that if s is a I'-store, then

[s,[TFx <« n]]=[T stz n]=]L(s|lx—n)kskip],
where I', s -z <— n |} skip, (s|x — n), and that
[s,[THz] ] =[T,stx] = [T, st s(x)],

where I', s 1z | s(z), s.

e Next, suppose that I, AFM:S — T and ', A+ N: S, where we
already know that

(03); [0, A+ M] <y M[N;/x;]
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and that
(0:); [T, A+ NJ <k N[N; /] .

Then it easy to see that
(07); [T, AF M NJ

is given by the composite

)i AFM]@((04);[T,AFNT)

0] Lyt ] (1[S] — [T])®! [S] % [17].
Therefore, by the definition of <1g _,» it must be the case that

Next, suppose that I'y A, x: S+ M: T. We claim that
(07) 5 [0, A, Ao M <s_p (M. M)[N; /4] .

Let o’: | [I'] —o [[S] be a strategy and let 'V : S be a term in context
such that o <1g N. Then, by the inductive hypothesis (with x lying in
the ‘A-part’, we know that

(0i,0"); [T, A, z: SFM: T] < M[N;/z;, N' /] .

Then, since ', s+ (Az.M[N;/z;]) N' — T', s+ M[N;/x;, N'/x] for any
I'-store s, by Lemma we know that

(0i,0"); [0, A, z: S+ M| < (M. M)[N;/z;]) N’
Finally, observe that (o;,0”); [I',A,z: S+ M: T] is the composite

der,01, 00,0 )1 [T,A,z: S-M]
—

INE I[T, A, 2] (7],

which can alternatively be written as

der,o1,,0

T
INE e, A] AL I Al @ [T, A

[T, AR z. M@ (o)t

(8] — [TD &S] = 71 -

Now we move on to the structural constants for the datatypes. We deal with
the case of the type nat (i.e., the terms n, succ M, pred M and If0 M then
N else P), and it should be clear how our ideas translate to the correspond-
ing rules at the types com and bool (i.e., skip, t/f, sequencing and the
boolean conditional).
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Before we cover these cases, we make an important observation. Suppose
that ', AF M, N: T, and that

[s,((0i) ; [T, A= M])] = [, () ; [T, A N] ] .
Let E be an evaluation context of type U with a hole of type T'. Then
[s,((03); [T, AFEM]])] = [, ((03) ; [T, AFE[N]] ] .

We can prove this by precomposing both directions of the diagram in Figure
(with T" in that diagram standing for I, A) with the composite

1B gy <y

der,01,,0n

>T
e, A,

in order to prove that the value of [s, ((0;); [I', A+ E[M]] ] depends only
on the value of [s, ((o;); [I'; A+ M])J] and E.

e Given a numeral n and a I-store s, we have (0;); [I', AFn] = [['Fn]
and [s,[I'Fn] ] = [T, skn], where ', sn | n, s.

e Suppose I'; A+ M : nat, and that we already know that
(0:); [T, A M] <. M[N;/z;].

nat

So for all I'-stores s, either [s, ((0;); [[', AF M])] = Lygry or it is
equal to [T, s’ - nJ for some numeral n.

Now we have
(07); [T, AFsucc M] = (o) ; [T, AF M]; (succ ! [I]) ;
since succ: N —o N is a strict strategy, we know that either
[s,((03) ; [T, A suce M])] = Lneyry
or
[s,((03);[T, At succ M])] = [T, s'Fn]; (succ®! [T]) = [T, s'Fn+1],
and we have I', s - succ M[N;/xz;] | n+ 1. Therefore,

(03); [T, A+ succ M| <L, succ M[N,/z;].

A similar argument proves that

(0:); [T, A+ pred M] <L, pred M[N;/z;] .
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e Now we move on to the conditional. Suppose that we have I') A F
M : nat and I', AF N, P: X for some datatype X. Let s be a I'-store.
Since If0 is a strict strategy, if [s, ((0:) ; [[', A+ M])] = Lygyry, then

[s; ((o3) ; [T, A= 1f0 M then N else P] ] = Lxoiry -

Otherwise, by induction we know that [s, ((o;);[I', A+ M] ] = [T, s+
nJ for some numeral n such that I, st M[N;/x;] | n,s’. Without loss
of generality, suppose that n = 0. Then we have

[s, (o) ; [Ty A+ 1f0 M then N else P])]
=[5, ((0); [T, A 1f00 then N else P])]

= [3/7 ((UZ) ; [[F,A l_N]])ia

where the first equality is by our observation above (since If0 — then
N else P is an evaluation context), and the second is by the definition
of If0. Then, by induction, this last term is either equal to L x¢ry,or is
equal to [T, " Fuf for some u € X such that ', s' = N[N;/z;] | u, s”.
In this second case, we have I',s F If0 M[N;/x;] then N[N;/xz;] else
P[N,/a;,] U u, s".

The argument for let is similar.

e Suppose that I, AFM:Y and I', A,z: Y - N: X, where Y is either
bool or nat and X is either bool, nat or com. Let s be a I'-store.
Since let: Y — (Y — X) — X) is a strict strategy, if [s, ((oi) ;
[[F, AF M]])] == J—Y@![[F]]a then

[s,((0:i); [T,AFletx = M in N] | = Lxenry -

Otherwise, by induction we must have [s, ((o;);[I',AF-M] ] = T, s+
yJ for some y € Y such that I, sk M[N;/x;] F y,s’. Then we have

[s,((07); [T, Ak letx = M in N|)J
= [, ((0:); [T, Ak letx =y in N]| ]
=[5, ((0:) ; [T, A Az Nyl ],
=[5 ((0:) ; [T, A Ny/=]] ],

where the first inequality holds because letx = — in N is an evalua-
tion context, and the second holds by the definition of let. Then, by
induction, this last term is either equal to L xgrp or it is equal to
[T, s" Fuf for some u € X such that

[,s' - Nly/z, N;/z;] Fu,s".
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In this second case, we have

I',skletx = M[N;/z;]in N[N;/x;] | u, s".

Next, we deal with the rules for variables.

e Suppose I', A+ V': Var, and suppose we already know that
(03) 5 [T, A F V] oy V[Ni/2i] .
Then by definition we have
(0:) [0, AF!WV] = (04); [T, A+ V];pry <k 'V[N; /] .

Suppose I'; A F E: nat, and suppose we know already that (o) ;
[T',AF E] <y E[N;/z;]. Then, for all s, either [s,(0;);[[,AFE] ] =
Lngiry — in which case

[S, (O'z) ) [[F, AFV «+ E]]] = J—(C@![[F]]

(since assign is a strict strategy) — or it is equal to [s',n] for some
n € N such that T', s+ E[N;/x;] | n,s’. In the second case, we have

[s,((c:); [T, AEV « E])]
=[5, ((0:); [T, AV < n] ]
= [Slv ((Ul) ; [[F7A H V]] ;prn)] :

Now we have (o;); [T, A+ V];pr, <t., V[Ni/xi] < n by induction, so

com

this composite is either equal to Lcegyry or it is equal to [T, s" +skip]
for s” such that T',s' = V[N;/z;] < n | skip,s”. In this second case,
we have T, s = V[N, /x;] < E[N;/z;] |} skip, s”.

e Suppose that I', AFW: nat — com and that I', A R: nat. We claim
that

(o) ; [T, A+ mkvar W R]; pr,, <L, (mkvar W[N;/z;] R[N;/z]) < n

for each n and that

(0:); [T, A+ mkvar W R]; pry <L, !(mkvar W[N;/z;] R[N;/z]) .

nat

For the first of these, let s be a I'-store. We have

[s,((oi); [T, A+ mkvar W R];pr,,)]
=[5, ((03) ; [T, AEWn])] .
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By induction, we have (o;); [[,AFWn] <L, W[N;/z;]n. There-
fore, this last composite is either equal to Lcgry, or it is equal to
[T, s skip] for some s’ such that T', s =W n | skip, s’. In this second

case, we have I', s = (mkvar W R) < n |} skip, s’

For the second, we have

[s, ((o:); [T’y A+ mkvar W R] ; pry)]
= [s,((o:) ; [T, AFR])J.

By induction, we have (0;) ; [T, A+ R] <L, R[N;/z;]. Therefore, this
last composite is either equal to Lcgry, or it is equal to [T, s, n]
for some s’,n such that I, s, R || n,s’. In this second case, we have

T, st !(mkvar W R) |} n, s’

Suppose that I', x: Var, AFM : X, where X is a datatype, and suppose
we already know that

. I
(0:); [T @: Var, AF M] <" M,

where x is considered as belonging to the ‘I'-component’. Let s be a I'-
store — then we get a I', z-store (s|z — 0). So either [(s|z — 0), ((0y);
[Tz, A= M])] = Lxeury, or it is equal to [T, 2, (s'|x = n),u] for
some s',n,u such that T, (s|z — 0) = M[N;/z;] | u, (s'|z — n).

But by the definition of new, we have

[(s]z = 0), (o) ; [T', 2, A= M])[J; (X @ ! pry)
= [s,((03); [T, AF new Ax.M])] .

It follows that either [s, ((0;) ; [I', AFnew Az.M])] = Lxqry or it
is equal to [Tz, (s'|z — n),uf; (X @ !prp) = [T,s,u] for some u
such that T, (s|lx — 0) - M[N;/z;] | u,(s'|z — n). In this case,
I,sknewAz.M | u,s'.

It remains to deal with the case of the recursion combinator Y. First
recall that if h: (([T] — [T]) — [T]) — ([T] — [T]) — T (where we write
A — B for A — B) is the morphism corresponding to the A-term

AF(T—)T)—)T‘)\fT—)T‘f(F f) ’

then Y7 is constructed as the limit of the chain

Lirsrmor € Losnysrih € Loy hsh ©-

By Lemma then, it suffices to show that if I, A-M:T — T then
(0i) ; [0, A M5 (Lirsrysr) s B <5 Yo M[N;/z;] for each n.
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We do this by induction on n. Lemma takes care of the initial case,
and it will therefore suffice to prove that if o dg Y M then o;h 45 Y M.

Suppose T' =17 — -+ = T, — X, where X is a datatype. Fix terms M;: T;
and strategies 7;: [I'] — [T;] such that 7; <1% M; for each i.

Since o 45 YrM, we know that (ri,---,7,);0 <1§( YrMM,---M,. It
follows that (11, ,7);0;h < M(Y7M) My, -+ M,. Then, since
Ly, YrM My, M, — DU, s, M(YrM) M, --- M,
for any I'-store s, by Lemma we have that
(r1,-+ - ma)sosh < YoM My, My,

and therefore that o;h <1§ Y M, since the M;, 7; were arbitrary. ]

This is now enough to prove a computational adequacy result for our deno-
tational semantics.

Definition 3.4.8 (Computational Adequacy Result). Suppose we have a
programming language £ and a denotational semantics [—] of £ in some
category C. Let o be a ground type of £ and let || be some operational
predicate on closed terms of L of type o. Let | be a predicate on morphisms
1 — [L] in C. Then a computational adequacy result for the semantics is a
result that says that for all terms M : o in L,

M |} if and only if [M] | .

We will prove a computational adequacy result for our semantics of IA,
taking o = com. If M : com is a term of TA, we say that M | if _, ()M |
skip, (). If o: 1 —o C is a strategy, we say that o | if 0 # Lcon-

Theorem 3.4.9 (Computational Adequacy). Let M : com be a closed term
of Idealized Algol. Then M | if and only if [M] # Lcon-

Proof. First suppose that M |}. Then Proposition tells us that [M] =
[skip] # Lcon.

Conversely, suppose that [M] # Lcon. Lemma tells us that [M] <con
M. Since [M] # Lcon, the only possibility is that _, () F M | skip, (). O

We can now prove an equational soundness result. First, we recall the
definition of observational equivalence of terms.
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Definition 3.4.10 (Observational Equivalence). Suppose we have a lan-
guage L, together with a distinguished ground type o and operational pred-
icate |} as above. Given two closed terms M, N: T in L, we say that M and
N are observationally equivalent if for all contexts C[—]: o in £ with a hole
of type T, C[M] |} if and only if C[N] .

Next, we create a definition that mirrors this one within the denotational
semantics.

Definition 3.4.11 (Intrinsic Equivalence). Suppose we have a language L,
together with a denotational semantics [—] in a Cartesian closed category
C, a distinguished ground type o and a predicate | on morphisms 1 — [o]
as above.

Given objects A, B of C, and morphisms o,7: A — B, we say that o, are
intrinisically equivalent, and write o ~ 7, if for all a: (A — B) — [o],
A(o);a ] if and only if A(7);a |.

Definition 3.4.12 (Equational Soundness Result). An equational sound-
ness result for a semantics as above is a result that says that if M, N: T are
such that [M] ~ [N], then M and N are observationally equivalent.

Proposition 3.4.13. Any compositional semantics that satisfies Computa-
tional Adequacy satisfies Equational Soundness.

Proof. Suppose that [M] ~ [N]. Let C[—]: o be a context with a hole
of type T. Then, since C is Cartesian closed, the g-rule is valid in C, and
therefore we have

M7 [z: THC[z]]

[CIM]] =1 — [T] [o] ,

and similarly for C[N]. Therefore, taking a = [zt C[z]] in the definition
of ~, we get that [C[M]] | if and only if [C[N]] J. By Computational
Adequacy, this means that C[M] | if and only if C[N] |}. Since C was
arbitrary, it follows that M and N are observationally equivalent. O

This proof relies on the fact that the context C gives rise to a morphism
a = [z C[z]]. To go in the other direction (full abstraction), we need a
definability result, to allow us to transform a morphism in G into an Idealized
Algol context. This will be the subject of the next section.

3.5 Innocent Factorization

The aim of this section will be to show that any strategy between the deno-
tations of Idealized Algol types may be factorized as the composite of some

123



innocent strategy with the strategy cell. This will reduce the problem to
showing that certain innocent strategies are definable, for which we can use
known results.

Again, we follow the proof from [AM96] very closely.

Proposition 3.5.1 (Innocent Factorization, [AM96, 14]). Let A be a game,
and suppose A has the property that whenever sb € Py is an O-position and
tbc € Py is a P-position such that "sb' = "tb", then sbc € P4. Suppose
also that M 4 is a countable set. Let o be a strategy for A. Then there is an
innocent strateqy & for ! Var — A such that o factorizes as the composite

10 1 Y
I =5 IN1var S A

Proof. Fix some injection £4 — N, thought of as giving a ‘code’ to each
legal sequence, such that the code of the empty sequence is 0. & proceeds as
follows. At each position sb ending with an O-move a in A, player P first
plays the move ¢ in ! Var, after which player O returns some natural number
n. If n is not the code of a sequence in P4, or if it encodes some sequence t
such that "tb™ # "s| 40", then player P has no reply. Otherwise, let ¢ be the
reply to ta that player P would have made under o. Player P computes the
code k of the sequence tbc and plays g in ! Var. After the O-reply a, player
P then plays the move b in ! Var.

Since tbc € P4 and "tb" = "tc, we have s|4bc € P4 by our hypothesis on
A, which implies that this is a valid strategy. We claim that it is innocent.
Moreover, since player P’s moves depend only on the number n returned
and on the current P-view within A, this strategy is innocent.

Lastly, if we compose with !0; cell, then we ensure that this number n that
is returned is always the code of the current sequence in A, and therefore
that 10;cell; 6 = o by the explicit description of the cell strategy given in

Proposition 2.17.2 O

We want to apply this result in the case that A is the denotation of an TA
type, so we need to show that for any IA type T', the game [T satisfies the
hypotheses of Proposition [3.5.1] In fact, we show something stronger.

Lemma 3.5.2 ([AM96, Lemma 15]). Let T be a type of Idealized Algol.
Then Pyr) s the set of all sequences in L) that contain at most a single
inatial move.

Proof. This is obvious for the datatypes and for Var. Let S,T be types —
so [S—T] = ![S] — [T] - and let s € Pjgj_opry- An initial move in
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[S] — [T7] is an initial move in [T]; by induction, s[jry € Pyrp contains at
most one initial move, and so s contains at most one initial move.

Conversely, suppose that s € L)) contains at most one initial move.
We show by induction on the length of s that s € Pygy_- This is obvious
if s = ¢ if s = ta for some ¢, then by induction we have t € Pjs)o[17s
so tlis) € Pysy and t[grp € Pprp. We need to show that ta € Pygp, for
which it suffices by induction to show that ta|![[g]] and ta][m] are both legal
positions, talijs)|» has a unique initial move in [S] for each initial move n of
[S], and ta|fry has a unique initial move in [77]. Indeed, we can show that
they are alternating using the same arguments we used in Proposition [2.4.9
and they are clearly well-bracketed sequences. Visibility then follows from
Lemma[2.4.8| and from Proposition 4.3 from [HOQ0], which states that if s is
a play in A —o B, then "s 5| is a subsequence of "s| 4 and Ts4 8| 5
is a subsequence of "s| 3 ¥, This means that the justifier of the move a must
occur within the appropriate O- or P-view, since we know that t]![[sﬂ and
t|[[T]] are both visible sequences.

Proposition 3.5.3. Let T be a type of Idealized Algol. Then [T] satisfies
the hypotheses of Proposition [3.5.1]

Proof. Suppose that sb,tbc € P, where ¢ is a P-move, are such that
Fsb! = "tb'. It is clear that sbc is an alternating and visible sequence;
moreover, it is well-bracketed, since the most recently unanswered question
in sb is the same as in tb. Therefore, sbc is a legal sequence with a unique
initial move, and so it is contained in Pyry by Lemma O

3.6 Arena-only Semantics

Before we complete our definability proof, and hence our proof of Full Ab-
straction, we take a detour to consider a variation of our game semantics
in which we do away with the sets of plays P4. We call this an arena-only
semantics, since the objects of our category are plain arenas. Since the
semantics given in [HOO0|] are of this form, and since we want to quote de-
finability results from this work, it makes sense to cast our own work in this
form.

Definition 3.6.1. Let A be a game. We say that A is full if P4 = L4.

Let A be a game. Since the underlying arena of ! A is the same as that of A,
and since we have P4 C P4, we have the following result.

Proposition 3.6.2. If A is full, then A =1A.
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Note that the definition of the ! connective, together with Lemma [3.5.2
implies the following.

Proposition 3.6.3. Let T be an Idealized Algol type. Then [T is full.

This does not immediately seem very useful: ![T] may be full, but [T
itself is not, and [77] is the game that we are using to model the type T in
our semantics. Recall, however, that the ‘co-Kleisli’-style morphisms in our
category, which are strategies for !A — B, may alternatively be regarded
as comonoid homomorphisms from the comonoid on !A to the comonoid
on !B. Thus, if S,T are Idealized Algol types, then the set of morphisms
'[S] — [T7] in our original category is precisely the same as the set of
morphisms ! [S] — ! [T] that are comonoid homomorphisms. We will take
up the rest of this section giving a combinatorial characterization of these
morphisms.

Definition 3.6.4. Let A be a game and let sa be a play in A. Then the
current thread [sa] of sa is sal,, where n is the unique initial move that
hereditarily justifies a.

Let o be a strategy for A. We say that o is single-threaded if player P’s
moves only depend on the current thread; i.e., if whenever sab € o, t € ¢
and ta € P4 such that [sa] = [ta], then we have tab € o.

Note that this definition is identical to the definition of an innocent strategy,
except with the current thread [—] taking the role of the P-view "—". Since
Ms7is a subsequence of [s] for any sequence s, we get:

Proposition 3.6.5. Any innocent strategy is single-threaded.

We now make a new definition.

Definition 3.6.6. Given a legal sequence s € L4, and a move b in s, we
say that a move a in s is hereditarily justified by b if there is a chain of
justification pointers going back from a to b.

We write s|, for the subsequence of s given by all moves in s that are
hereditarily justified by b. Given a set I of initial moves, we write s|; for the

subsequence of s given by all moves that are hereditarily justified by some
bel.

We say that a game A is thread-closed if s|; € Py whenever s € P4 and I is
some collection of occurrences of initial moves in s.

If A and B are non-empty games, then the sequoid A @ B is never thread-
closed: if we take some play s with moves in both A and B, then s|p is not
a play of Ao B.
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However, if A is a well-opened game, then !A is always thread-closed.

Lemma 3.6.7 ([Har99, 3.5.1]). Let A be a thread-closed game and let o: A
be a single-threaded strategy. Suppose s € o, and let I be a set of occurrences
of initial moves in s. Then s|; € o.

Proof. Induction on the length of s. Suppose that sab € o. Since sab is
a visible sequence, we know that the justifier of b occurs in "sa™, and in
particular in [sa]. Now a must be hereditarily justified by that initial move
that hereditarily justifies b; if this initial move is not contained in I, then we
have sab|r = s|; € o by induction. Otherwise, we have sab|; = s|rab. Then,
since we have [sa| = [s|ra], we must have s|rab € o by single-threadedness
of 0. O

We now link the concept of single-threadedness to the idea of a comonoid
homomorphism.

Proposition 3.6.8. Let A, B be well-opened games. Given a strategy
c:1A — B,

o is single-threaded if and only if it is a comonoid homomorphism with
respect to the natural comonoid structures on !A and !B; i.e., it makes the
following diagrams commudte.

'1A—>—— B 1A —2— B

o [ ) % i

IA®1A 227, \B® !B

Proof. Of course, the second diagram is automatically satisfied by any strat-
egy o, since I is a terminal object.

Since A, B are well-opened, ! A and !B are the cofree commutative comonoids
on A, B, and therefore the comonoid homomorphisms o: !A — !B are pre-
cisely the strategies of the form 71, where 7: !A — B is an arbitrary mor-
phism. It is easy to check that such a strategy is single-threaded; indeed,
the plays of 71 are precisely those plays s € P4_.p such that s|,, € 7 for
any occurrence n of an initial move in s.

Conversely, let 0: !A —o |B be single-threaded. Let 7 = o N P4 . —so T
consists of all sequences in ¢ that have at most one initial move. Then 7
is clearly a strategy, since it is a prefix-closed subset of 0. We claim that
o = 7T. Indeed, suppose that s € o. Let n be an occurrence of an initial
move in s. Then, by Lemma s|n € o and has a unique initial move,
and is therefore contained in 7. Therefore, o = 71. O
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Now consider the category whose objects are arenas and where the mor-
phisms from A to B are single-threaded strategies for A — B, where we
identify A and B with their corresponding full games. Then, if T is any
Idealized Algol type, there is some corresponding arena such that the full
game on that arena is isomorphic to ! [T]. We shall write [77] for this arena,
relying on context to distinguish the two notions of denotation. This means
that our semantics of Idealized Algol lives within the new category, since a
single-threaded strategy for [S] — [77] is the same thing as a strategy for
'[S] — [T] in the original semantics.

We end up with a game semantics entirely based around arenas, without
having to talk about distinguished sets of legal plays. This semantics is
much closer to the game semantics of PCF developed by Hyland and Ong
in [HOOO|; the difference there is that they use innocent rather than single-
threaded strategies.

We might ask why we did not try to work with this arena-only semantics
from the start (as has been done in other work — see [Har99] and [Har06],
for example). The reason is that this semantics is unable to accommodate
the tensor and sequoid operators, which — although not involved in the
denotation of any Idealized Algol type — have been essential to our proof of
Computational Adequacy.

3.7 Full Abstraction

We now quote a definability result from [HOO0].

Theorem 3.7.1 ([HOO00, 7.1)). Let T be a PCF type, and let o be a compact
innocent strategy for [T] (within the arena-only semantics). Then there is
some closed PCF term M: T such that [M] =o.

Here, PCF is the sub-language of Idealized Algol generated by the types
nat and bool, together with their structural constants. Notably, it does not
contain let or any of the explicit stateful structure of Idealized Algol.

We will take it as read that this result may be extended to the types com
and Var, so that we can say that if T is an Idealized Algol type, then any
compact innocent strategy for [T is the denotation of some IA term. Then
our factorization result (Proposition gives us the following definability
result.

Proposition 3.7.2. Let T be an Idealized Algol type, and let o: [T] be

a compact strateqy. Then there is some closed IA term M: T such that
[M] =o.
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Proof. We work in the arena-only semantics so that we can apply Theorem
By Proposition we know that o = 10; cell; & for some innocent
strategy 6: Var — [T']. By looking at the proof of Proposition we
can see that ¢ is compact if ¢ is. Then, by Theorem we know that
there is some IA term Ax.M: Var — T such that [Ax.M] = . It follows
that o is the denotation of the term new(A\x.M): T. O

Definition 3.7.3 (Full Abstraction result). A full abstraction result encom-
passes both an equational soundness result and its converse, asserting that
two programs are observationally equivalent if and only if their denotations
are intrinsically equivalent.

Theorem 3.7.4 (Full Abstraction). Let M,N: T be closed terms of Ide-
alized Algol. Then M and N are observationally equivalent if and only if
[M] ~ [N]-

Proof. We have already proved that our semantics is computationally ade-
quate, and therefore that the reverse direction (equational soundness) holds.
Now suppose instead that [M] ¢ [N]. Without loss of generality, suppose
there is a: [T — C such that [M]"; # L¢ and [N]" ;0 = Le.

Since « is the supremum of all its compact sub-strategies, if [M ]]T ;o = L¢
for all compact o/ C «, then [M ]]Jr ;a = L¢ by continuity of composition.
Therefore, there is some compact o’ C « such that [M ]]T ;a0 # L ¢; moreover,
we have that [N]";o/ = L¢ by monotonicity of composition.

Then o is the denotation of some term P: T — com, and we have P M |}
and PN J by Computational Adequacy. Therefore, M and N are not
observationally equivalent. O

3.8 The Intrinsic Equivalence Relation

We conclude by giving a more concrete description of the intrinsic equiva-
lence relation on strategies. This will give us a concrete representation of a
morphism in the quotiented category, and hence an algorithm for deciding
observational equivalence of (finitary) terms of Idealized Algol.

Definition 3.8.1. We say that a justified sequence s is complete if every
question move ¢ occurring in s has some answer move « justified by gq.

Proposition 3.8.2 ([AM96, 25]). Let o,7: !A — B be strategies, where

A, B are well-opened games. Then o ~ 7 if and only if o and T contain the
same complete plays.
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Proof. Suppose first that ¢ and 7 do not contain the same complete plays.
So, without loss of generality, there is some complete s € o \ 7. Then we
may define a strategy a: (A — B) —o C that behaves as follows. After
the opening move ¢ in C, player P plays precisely those moves in !A — B
that make up the sequence s. If player O deviates from the sequence s at
any point, then player P has no response under «; if player P succeeds in
building up the entire sequence s, then she finishes by playing a in C. Note
that « is not innocent in general. It is clear then that of; o = skip and
T a=1c.

Conversely, suppose that o ¢ 7. Then, without loss of generality, there is
some a: (A — B) —o C such that of; o = skip and 71; &« = L¢. Therefore
we must have some 5 € o ||a such that s|c = qa, and s|;4_.p decomposes into
‘threads’ which are plays of !A — B, one for each initial move occurring in
that sequence. By the well bracketing condition, every one of these threads is
itself a complete play in !A — B. Every one of these sequences is contained
in o; if they were all contained in 7, then we would have s € ||, which
would be a contradiction, so we end up with a complete sequence contained
ino\T. O
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Chapter 4

Monads and Kleisli
categories

4.1 Monads

Let C be a category. Then the category [C,C] of functors C — C and natural
transformations has a (strict) monoidal structure given by composition. A
monad [Mac71l, §VI] in C is a monoid in [C,C].

In other words, a monad is a functor M: C — C together with natural
transformations my: MMa — Ma and ug: a — Ma such that the following
diagrams commute for all objects a of C.

MMMa 2 M Ma Ma MUy MMa Ma My M Ma

Ma Ma

MMa —22— Ma

Ezxample 4.1.1. In the category of sets, the nonempty powerset functor P
sends a set A to the set of nonempty subsets of A. This functor has the struc-
ture of a monad on Set, since we have a natural transformation (union) from
PiP+A to P+ A and a natural transformation (singleton) from A toP;A
that obey the diagrams given above.

Ezxample 4.1.2. Let M be a monoidal category and let x be a monoid in
M. The writer monad W, on M is defined by W,y = y ® x, with natural
transformations

My YRLITRXTr >y Uy: Yy > YyRx

given by the monoid structure on =x.
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Going the other way, if M is monoidal closed with inner hom —o, and if 2z
is a comonoid in M, then the reader monad R, is given by R,y = z —o y.
Then the monadic coherences

My:z-—o0z-—oy—>z-—oy Uy: Yy —> 2oy

are induced from the comonoid structure on z.

If the monoidal structure on M is Cartesian, then a comonoid in M is the
same thing as an object a of M (with the diagonal a — a x a and terminal
a — 1 morphisms). In such a case, every object a of M gives rise to a reader
monad on M.

i}
Ezample 4.1.3. If CiD is an adjunction with counit e: LR — 1 and unit

R

n: 1 — RL, then the/composite RL: C — C has the structure of a monoid
on C, where the multiplication and unit are given by

ReL: RLRL — RL n:1— RL.

We will see in the next chapter that every monad is induced by an adjunction
in this way.

Let us look at an example of a monad that arises from an adjunction in this
way. Recall that the definition of a monoidal closed category M is that it
admits an adjunction between functors — ® w and w — _ for any object
w of M. If M is a monoidal closed category and w is an object of M, then
the functor S,, on M defined by

Spr =w —o (x @ w)

is the composition of these adjoint functors and therefore inherits the struc-
ture of a monad, known as the state monad.

Example 4.1.4. Another example that arises from an adjunction is the list
monad on Set that arises from the adjunction between the category Set of
sets and the category of monoids. The underlying set of the free monoid on
a set A is the set A* of finite lists of elements of A, and the functor A —
A* inherits a monoid structure where the multiplication m4: (A*)* — A*
concatenates a list of lists into a single list and the unit u,: A — A* forms
a list with a single element.

Example 4.1.5. A monad on C°P is called a comonad on C. The carrier of a
comonad is still a functor M: C — C, but now the multiplication and unit
are natural transformations M = MM and M = 1, rather than the other
way round.
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L

—)

An adjunction C L D gives rise to a comonad structure on LR in much the
—
R

same way as it gives rise to a monad structure on RL. So, for example, we

have the store comonad S, for any object r of a monoidal closed category
M, given by
Slx=(r—ox)®7.

4.2 Kleisli Categories

Let C be a category and let M be a monad on C. Then [Kle65|] there is a
category Kl,;, called the Kleisli category of M, whose objects are the objects

of C and where a morphism from an object a to an object b is a morphism
a— Mbin C.

Identity arrows are given by the morphisms wu.: ¢ — Mc (considered as
morphisms ¢ — ¢ in Klps) and the composition of arrows f: a — Mb and
g: b— Mec is given by the following composite in C.

a L e M9 Mrnvre e Me

There is a natural identity-on-objects functor J: C — Kl that sends a
morphism f: a — b in C to the composite

aLs b M,

considered as a morphism a — b in Kl,;.

In the other direction, we have a functor S: Klp; — C that sends an object
a of Kls to the object Ma of C and sends a morphism f: a — Mb from a
to b in Kl to the composite

Ma s vy ™ arp

in C. Note that SJ = M, by one of our coherence conditions on m and wu.
Meanwhile, JS is the functor Kly; — Kl that sends an object a to Ma
and sends a morphism a — b given by a morphism f: a — Mb in C to the
morphism M f: Ma — M Mb, considered as a morphism Ma — Mb in Kly,.

Proposition 4.2.1 ([Kle65]). S is a right adjoint to J. The unit of the

adjunction isu: id = M. The counit e, : J(Sa) — a is given by the identity
morphism Ma — Ma in C, considered as a morphism Ma — a in Kly;.
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4.3 Multiplicative natural transformations

Given a monad M on a category C and a functor F': C — D, where D is
another category, we say that a natural transformation v¢,: FMa — Fa is
M -multiplicative if it makes the following diagrams commute.

FMMa -2 FMa Fa -2 FMa

FmaJ/ \L"/’a k \L@/)a
i Fa

FMa —— Fa

Given two triples (D, F, ), (D', F',4)'), where F: C — D, F': ' — D’ are
functors and ¢: FM = F,4': F'M = F' are functors, we define a mor-
phism from (D', F',4') to (D, F,1) to be a functor H: D' — D such that
F = HF' and ¢ = H1)'. This gives us a category.

A defining property of the Kleisli category is that it is an initial object in
the category of such triples (D, F,):

Proposition 4.3.1 ([Stx72al). i) Given an object a of C, consider the iden-
tity morphism Ma — Ma as a morphism ¢o: JMa — Ja in Kly;. Then ¢,
is an M -multiplicative natural transformation.

ii) Let D be a category, let F: C — D be a functor and suppose that
Yo FMa — Ma is an M -multiplicative natural transformation. Then there
is a unique functor F': Klpyr — D such that F' = FJ and ¢ = F¢.

Another way to characterize the Kleisli category Klys is to say that the
adjunction we described above is initial among all adjunctions giving rise
to the monad M. This can be deduced from Proposition [£.3.1] using the
following result.

Lemma 4.3.2 ([Str72a]). Let C be a category and let M be a monad on C.

L

_>

If CiD is an adjunction (with counit € and unit n), we say it gives rise to
R

M if M = RL, m = ReL and u = 1.

Any such adjunction gives rise to an M -multiplicative natural transforma-
tion : LM = L. This gives us a fully faithful functor from the category of
adjunctions giving rise to M to the category of triples (D, F,1) where 1) is
M -multiplicative.

The proof of Proposition essentially comes down to the following fac-
torization result. If f: a — bis a morphism in Kl;;, then f may be factorized

as
F=a2L mp2p,
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where we use ‘f’ to refer both to the morphism a — b in Kly; and to the
underlying morphism a — Mb in C. Indeed, if we compute this composite
inside C, we get
f UMD Mid mp
a= Mb—2> MMb—— MMb—> Mb,
which is equal to f by the coherence conditions on m and u. This means

that the Kleisli category may be thought of as being freely generated from
the original category C and an M-multiplicative natural transformation ¢.

Ezxample 4.3.3. The morphisms in the Kleisli category for the nonempty
powerset monad P, on Set are functions A — P, B, which can be thought
of as nondeterministic functional programs. Given a set A, the morphism
pa: PrA — Ain Klp, can be interpreted as a ‘nondeterministic choice’
function that accepts a nonempty set of elements of A and nondeterministi-
cally chooses one of them. The factorization then means that the category
is freely generated over C by these nondeterministic choice morphisms.

Example 4.3.4. Let C be a Cartesian closed category and let z be some fixed
object of C. Then the Kleisli category for the reader monad R, on C is gen-
erated over C by a natural transformation ¢,: (2 = y) = y. As a Cartesian
closed category, C may be regarded as being enriched over itself. By the en-
riched Yoneda lemma, then, such a natural transformation is always given
by precomposition with some fixed morphism ask,: 1 — z. This means that
Klp, is suitable for modelling any situation in which we are generally work-
ing in C, but need the ability to request a value of type z (for example, a
config file, a piece of user input, a random number or something else that
isn’t being passed into the function in question).

A particularly important fact about the reader monad in Cartesian closed
categories is the following.

Theorem 4.3.5 ([LamT74]). Let C be a Cartesian closed category and let z
be an object of C. Then the Kleisli category Klg,_ for the reader monad over
z on C is Cartesian closed.

The functional completeness theorem [Lam74] can be thought of as a special
case of our remarks above.

4.4 Denotational Semantics

Having given an overview of the general theory of monads and Kleisli cate-
gories, we now examine the relationship between Kleisli categories and Full
Abstraction. From now till the end of the chapter, we fix an base Carte-
sian closed category G that admits a denotational semantics of Idealized
Algol satisfying Computational Adequacy. In addition, we require that G

135



can be interpreted as being enriched in algebraic partial orders, in such a
way that any compact morphism between the denotation of TA types is the
denotation of some IA term. The prototypical example, of course, will be
the category of games and visible strategies that we met in Chapter [2, but
we will not exploit any properties of this model beyond the ones we have
already mentioned, mentioning it only in examples where appropriate.

In addition, we will specialize to reader monads. The rationale behind this
is twofold: firstly, we do not wish to assume too much about the underlying
category G beyond the fact that it gives us a good model of Idealized Al-
gol. Reader monads can be constructed for any object inside any Cartesian
closed category. Secondly, in order to get a compositional semantics for the
A-calculus, it is important that the Kleisli categories we consider are them-
selves Cartesian closed. Theorem tells us that this is the case for the
Kleisli categories of reader monads on categories that are themselves Carte-
sian closed, but this may not be the case for other monads we can build from
the Cartesian closed structure on our base category, such as state monads.

Let X € {B,N,C} be a set that has an interpretation as an Idealized Algol
type X, and write X also for the corresponding object of G. We shall write
Gx as a shorthand for Klg, G, the Kleisli category for the reader monad on
G that corresponds to the object X. The purpose of the rest of this chapter
will be to define a new language, give it a denotational semantics in Gx, and
prove a full abstraction result for this denotational semantics.

Definition 4.4.1 (The language IAx). The language IAx is formed by
taking Idealized Algol, and adding to it a new constant

askx

with typing rule

I'Faskyxy: X

From Proposition [£.3.1] we know that there is a distinguished natural trans-
formation ¢4: (X — A) — A in Gx; in particular, we have a morphism

¢ = A(lunitx;idx); ox

(where A(lunitx;idyx): 1 — (X — X) is the interpretation of the A-term
Az.z), which will be the denotation of the term askx. Together with the
existing denotational semantics of Idealized Algol within G, this gives us an
inductively defined denotational semantics of IA x within Gx.

Clearly any term-in-context of IA x is of the form

'+ Mlaskx /z|: T,
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where
ax: XEFM:T

is a judgement of Idealized Algol. Given such a term-in-context, we know
that the denotation of
'E(A\z.M)asky: T

is given by the composite

¢

- X

1 [T,z-M]

[7] .

Now this last term is -equivalent to our original term-in-context I' = M.
Since Gy is Cartesian closed (by Theorem , the (8 rule is valid in Gy,
and this means that the composite above is an alternative definition of the
denotation of I' = M.

4.5 Operational Semantics

We now define the operational semantics of IA x and prove a computational
adequacy result for our denotational semantics.

Definition 4.5.1 (Operational semantics of IAy). Let X* be the free
monoid on the set X; i.e., the set of all finite strings of elements of X.
Given u,v € X* we shall write u # v for their product in X*; i.e., the con-
catenation of the two strings. We shall write € for the unit in X*; i.e., the
empty string.

If u € X*,we write |u| for the length of u. If 0 < n < |u|, then we write u(™
for the corresponding element of u, numbering from 0.

We inductively define a relation I', s = M |}, ¢, s’, where I is a Var-context,
M, ¢ are terms of TA x with all free variables in I', where ¢ is an TA canonical
form, s, s’ are I'-stores and u € X*. The definition of this relation is shown
in Figure 4.1

Closer examination of the rules in Figure [4.1] reveals an alternative, indirect
definition of the operational semantics of IAx. Note that each rule from
ordinary Idealized Algol takes the form

L,sOF M § e, s e L, s F M, § ey, 5™
0,59 M | ¢, s™

)

Here, we have interpreted each IA rule as an infinite scheme of rules ranging
over the different terms M;, M that the rule can apply to. We first extend
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T,sFM |, \x.M' s s+ MI[N/x] |, c,s"

I'skclee,s I,sFMN Jyyoc,s”
[,sEM(YM) |, c,s I,sEM |, n,s
I'skFYM |,cs I',sksuccM |, n+1,s
I,sFM{,n+1,s I's-M,0,s
I',skpred M {, n,s I',skpred M |}, 0,s

I',s+M |, skip, s’ I's'FN {,cs"
I,sFM;N Jyyo,c,s”

I,s-M|,t,s I',sFN{,cs" I,s-MJ,f,s Is'FPl,c s’
I, sk If M then N else P {4 c,s” I, sk If M then N else P {4, c,s”

I,s-MJ,0,s I,s'FN {,cs"
I, st If0 M then N else P |}y, ¢, s”

I,s-M{,n+1,s I,s'FPl,cs"
T, st If0 M then N else P |}y, c, s

I,sFM|cd,s I,s'FN[d/z] | e, 8"
I'skletz =Min N | ¢,s”

I'sFE |,n,s I,sFV {,zs" I,sFV |, z,s

€ "(x) =
F, sEV + FE llu-H—u Skin (SH|I — n) o F, sHIV ‘Uu n, 5/ 5 (ZC) "

[, x: Var, (s|lz — 0) = M |, ¢, (s'|x — n)
I',sFnewlz.M |, ¢, s

Isk-E{,n,s I,V |, mkvar WR, s” I,s" -Wn |, skip,s”
F, sEV «+ F ‘uu-H-U-H-w Sl(ip7 s

I,s-V |, mkvar WR, s’ IsFR|,n,s"’
T, sV Yo n, 8"

rzeX

I',skaskx {z z,s

Figure 4.1: Operational semantics for TAx. All the rules except the last
one are deterministic and may be obtained from the corresponding rules of
Idealized Algol by suitably annotating the | relation with sequences from
X*.
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this scheme of rules to a scheme of rules for TA x, by allowing the M;, M to
range over terms of IA x. We then replace the rule with the new rule

T, 5O My, c, s e I, s | M, A, cn, s
L, s M Uy gpeson, € 5™

Y

to give us an operational rule for IAx (if n = 0, then we treat the empty
string € as the empty concatenation). Lastly, we add the rule for the new
constant askx:

reX
I'yskaskx |z x,s .

This rule is the only nondeterministic one in our language, as well as being
the only one in which the sequence annotating the || symbol at the bottom
is not formed from concatenating together the sequences on the top.

Ezxample 4.5.2. If X = C, then, since X has a single element a, a sequence
u = a---a of elements of X may be identified with its length n. In this

n
case, the language IAx gives us a way to model time complexity, and the
term asky may be considered as a subroutine sleep: com whose semantics is
to wait for some fixed period of time before continuing. In this case,

I,sEM,c,s

is interpreted to say that ‘starting with the store s, M converges to c in time
n, leaving store s’’.

Example 4.5.3. If X = N, we can interpret the language IA x as giving us
a way to model user input. When we call asky, we are asking the user to
provide us as a string of text (which we interpret as a binary string and
hence as a natural number). Then we interpret the judgement

I,sEM{,c,s

as saying that ‘starting with the store s, and the sequence u of pieces of user
input, M converges to ¢, leaving store s’.

Ezample 4.5.4. If X € {B,N}, then the language IAx gives us a way to
model nondeterminism, where askx behaves as a nondeterministic oracle;
i.e., a device that nondeterministically returns an element of X.

If X = B then we have a model of binary (i.e., finite) nondeterminism,
whereas if X = N then we have a model of countable nondeterminism.

In these cases, we interpret the relation
I,sEMy,cs

as saying that M converges to ¢ in the case that the sequence of values
returned by the nondeterministic oracle is given by the sequence u.
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4.6 Soundness

To prove our adequacy result for the operational semantics of 1A x, we first
give some definitions.

Definition 4.6.1. We inductively define terms in context tr,: nat — X of
ordinary deterministic Idealized Algol for each u € X™* as follows.

tre = An.Q tryy, = An.lety = nin If0y then z else tr, (pred y)

In other words, tr, is the function that will return the i-th term of the
sequence u when given ¢ as an input, or will fail to terminate if passed some
index k > |ul.

Proposition 4.6.2. Let w € X* and let n < |u|. Then it is possible to

deduce that
I,sEM{n,s

Isktry, M llu("),s’

in Idealized Algol.

We start our soundness proof with a small lemma to help us deal with
substitution.

Lemma 4.6.3. Let

L, s F M ep,sM e T, s V=M, | ¢, s™
L,sOFM e s™

be an inference, where the M;,M are terms of IAx and the whole inference
satisfies one of the patterns of the Idealized Algol rules. Let Q@ be a fized
term of type X. Then

I, 50 Mi[Q/ askx] | c1, s
T, sV - M, [Q/ askx] | cn, s™
T, O F M[Q/askx] | ¢, s™

is a valid inference of Idealized Algol.

Proof. Informally, this is true because the term askx is not mentioned any-
where in the TA rules, so substitution of the term @ for askx could not
possibly break the pattern. Formally, we can show this by inspection on
each of the different rules. For instance, if the original rule is the one for
sequencing:
I, sk M | skip, s’ IsFNlecs"
I's-M;N |cs"

)
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then we have (M; N)[Q/ askx] = M[Q/ askx]; N[Q/ askx] and the inference

[, sk M[Q/ askx] | skip, s’ I,s' = N[Q/askx] |} c,s"
I, sk M[Q/ askx]; N[P/askx] | ¢, s”

is still a valid instance of the sequencing rule. O

We can now state and prove our soundness lemma. As suggested by the
substitution lemmas we have just proved, we will be taking a term M of
nondeterministic IA and replacing all instances of askx in M with some
particular term (). The @ that we will use is

Tv:VarFov > lustry, lv: X,

where w is some sequence of elements of X. The idea is that this term will
trace the effect of a particular evaluation path of askx, similarly to how we
sometimes ‘mock’ a random number generator when writing unit tests.

Each time we call the term above, we increment the value of v, and successive
invocations will end up spelling out a particular substring u of w — depending
on the initial value of v and assuming that w is long enough. This will allow
us to study one particular evaluation path of the original term M — namely,
the one where the successive values returned by askx spell out the sequence
U.

Lemma 4.6.4. Suppose that

I,sHMy,cs

is derivable in IAx. Fiz k € N and let w € X* be a sequence such that u is
the substring of w starting at position k + 1 (i.e., u) = w7+ for each
j=0,---,|ul —1). Then

T',v: Var, (s|v — k) = M[v + succlv; tr,!lv/ ask,] | ¢, (s'|v — k + |u])
in Idealized Algol.

Proof. Structural induction on the derivation.

Suppose that the last rule we use comes from one of the Idealized Algol
rules. That is, there is an inference

T, ROy, Ve, 5™

)

derived from one of the Idealized Algol schemas, and we have replaced it
with the rule

F7 8(0) |_ Ml ‘U’Ul Cl, 5(1) s F7 S(n_l) |_ MTL llun Cn’ S(n)
L, 5O M Yoy g, € 5™

)
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where each of the relations T, s~V - M Y, G, s is derivable in IA y.

Fix £k € N and a sequence w such that u; 4 --- H# u, is a subsequence of
w starting at position k + 1. In particular, for each ¢ = 1,--- ,n, u; is a
subsequence of w starting at position k + Z;;ll lu;| + 1.

Then by the inductive hypothesis, we know that for each ¢ = 1,--- ,n, the
relation

i—1 i
Lo, (s Do k‘—&—z lu;|) = M;[v  succlv; try,lv/ ask,] I ¢, (s v ]H_Z luj)

j=1 j=1

is derivable in Idealized Algol. Then we may apply the Idealized Algol
inference and Lemma [4.6.3] to deduce that

T, v, (s k) F M < succlv; trylv/ ask,] 4 ¢, (s™|v — k + Z lunl) ,
i=1
as desired.

Now suppose instead that the last rule was the new one for askx; i.e.,

I',stFasky g 2,5’

where ¢ € X. Fix some k£ € N and some w such that the single term z is a
subsequence of w starting at position k + 1; i.e., that = = w* D Then we
would like to derive that

v, (s|lv— k) F o+ succlo;trylo |z, (slo = k4 1),

which we can do using the derivation in Figure where we have used
Proposition [£.6.2] to deal with the tr,, term.

This completes the induction. O

In light of Lemma we can state our soundness result.

First recall the statement of Computational Adequacy for G (Theorem
if G is the category of games):

Theorem 4.6.5. Let M : com be a closed term of Idealized Algol. Then

— () M § skip, () -

if and only if [M] # L.
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eVl

Lo, (slv—=k)Foul v, (slv— k)

L,v, (slv— k) |k, (s|lv — k) Lo, (slv—=k+1)Fov o (slo—k+1)
T,v,(slv— k)Fsucclo J k41, (s|v — k) Lo, (slv— k) vl v, (slv— k) Lo, (slv—=k+DHv  k+1,(slo— k+1)
T, v, (s|lv— k) F v« succlv | skip, (s|v — k+ 1) Lo, (sl k+1)Ftrylo o, (slv— k+1)

T,v, (slv— k) F v+ succlojtry,lv | o, (sl — k+ 1)

(a) TA derivation that if s(v) = k, then I, s - v < succlv; tr,,!v converges to the k + 1-th term of w, leaving state v — k + 1.

v, (v |u))Fod v, (v ul)
v, (v = 0) F M[v « succlu; tr,, v/ asky] | skip, (v = |u]) v, (v — |u)Flov § |ul, (v |u])
v, (v 0) F M[v + succlu; tr,tlv/askx];v U |ul, (v — |u|)
_, O Fnew(Av.M[v + succlv; tr,tlv/ askx]; 1) | |ul, ()

LeMm. [4.6.4]

(b) TA derivation used in the proof of Proposition m

Figure 4.2: Some useful IA derivations



Definition 4.6.6. Let u € X*. Let u' be the sequence formed by appending
some fixed value T € X to the start of u, so that u is the subsequence of u "
running from position 1 up to position |u|. Define a morphism

nu = [f: X — combF Av.f(v < succlv; tr,vlv); 0] : (X — C) — (Var — N)
in G.

Definition 4.6.7. Let n be a natural number. We inductively define terms
test,,: nat — com by

testg = Am. If0 m then skip else 2
testp+1 = Am. letz = m in If0 z then Q else test,, (pred x)
So test,, converges if its input evaluates to n and diverges otherwise.

We then define t,,: N — C to be the denotation of test,, in G.

Definition 4.6.8. Let 0: 1 — C be a morphism in Gx, considered as a
morphism (X — C) in G. We say that o |, if the composite

[new]

1% (X = C) ™ (Var — N) LN

is not equal to L.

Proposition 4.6.9. Let M : com be a closed term of [Ax, let u € X* be a
sequence and suppose that

f7()'_MUu skip, ()

Let the denotation [M] : 1 — com in Gx be considered as a morphism 1 —
(X - C)inG. Then [M] Ly; i.e., the composite

1 M x o ©) My (var — Ny e i D ¢

s not equal to L.

Proof. Since the § rule is valid in Gx, this composite is equal to the deno-
tation of the term

test|,| (new(A\v.M[v < succlv; tr,v1v/ askx]; Iv))

in TA. By the adequacy result for Idealized Algol, it suffices to show that
this term converges to skip; i.e., that the term

new(Av.M[v < succlv; tr,vlv/ askx]; lv)
converges to |u| in TA.

We can prove this using the derivation tree in Figure [4.2b O
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Remark 4.6.10. Definition looks a bit odd. This is a result of working
at such a high level of generality: since we have not assumed much about G
beyond the fact that it is a suitable model of Idealized Algol, then we have
to define everything in terms of Idealized Algol denotations.

If G is the category of games and visible strategies, then the statements of
Proposition m (and our later Adequacy and Full Abstraction results) be-
come clearer. Observe that if 0: 1 — (X — C) is a strategy in G (considered
as a strategy for !X —o C, then the maximal plays in the interaction

o |[(1hu; [new])

take the form

X C N
q
q
q
RO
q
(k=)
a
k,

for k < |u|, where the component in X, C is a valid play of o. Moreover, the
strategy t, is the one with maximal plays of the form

N C
q
q
n
a
or
N C
q
q
m
for m # n.

This means that the composite

t‘u\

N —

[new]

1% (X - C) 2 (Var — N) C
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is not equal to L if and only if o contains the sequence

X C
q
q
w0
q
(lul=1)
a

Since complete plays in the game !X —o C are always of the form ¢, followed
by some sequence of pairs of the form qz; for x; € X, followed by a, it is
very natural to consider conditions on those z; when dealing with a strategy
o:1X — C.

4.7 Computational Adequacy

Now we want to prove Computational Adequacy; i.e., the converse to Propo-
sition [£.6.9] To do this, we need to prove a converse to Lemma

First of all, we need to prove a reverse result to Lemma[4.6.3] that deals with
substitution in the opposite direction. That is, instead of telling us what
happens when we substitute a term for asky, we will look at what happens
when we substitute a term for v < succlv; tr,!v.

In most cases, this will not disrupt the structure of the TA rule. For instance,
we always have

("W)[Q/v < succl; tr,lv] =/(V[Q/v « succlv; try,lv]) ,

and so the derivation

[, sk V[Q/v + succlv; try!v] | v, s
S
[, sHV[Q/v « succlv; trylv] | n, s’

/

v)=mn

still follows the pattern of the Idealized Algol rule for variable dereference.

There is only one case where this breaks down. Consider the following
instance of the sequencing rule.

I',v,s kv < succlv | skip, s’ I,v,8Ftryv | z,s”

/)
I, v, sk v+« succlu; trylv | x, s”
9 M b) u b
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In this case, substituting some term @ for v < succlv; tr,!v in the top two
terms will have no effect, whereas it will replace the whole of the bottom
with @), invalidating the whole inference.

We have proved the following.

Lemma 4.7.1. Let

F,S(O) FM e, 5™

be an inference of Idealized Algol. Letuw € X™* and let Q: X be a term of [Ax.
Fix an unused variable name v and suppose that M # v < succlv;tr,!v.

Then
I, s+ M [Q/v + succlv; trylv] I ¢1, sV
T, 51 M, [Q/v <+ succlv; trylv] ) ¢p, s

T, 5 - M[Q/v + succlv; tr,!v] I ¢, s™)

conforms to the same Idealized Algol pattern. In particular, if wi, - ,w, €
X*, then

DO b M/  succlvs rylo] b, 1,5
T, s D+ M, [Q/v < succlv; try 0] Yo, cny 5™
T, s F M[Q/v + succlv; tr!0] Yy 4wy, €5 5™

is a valid inference of [Ax.
We need one more lemma to help us deal with substitution.
Lemma 4.7.2. Suppose that I,y M : T is a typing judgement of Idealized

Algol, where T" is a Var-context and y is a free variable of type X. Fix
u € X*. Suppose that M # y and that we have some inference

DsOEN Yoy, s® 0 DD EN, ey, s™
T, s0 - M{v « succlv; trylv/y] | ¢, s .

of Idealized Algol. Then each N; may be written as M;[v < succlv; trylv/y]
for some I', y - M,;.

Proof. This can be checked case-by-case. The most interesting is the case
for sequencing: if M[v < succlv;trylv/y] # v < succlv; trylv, then we must
have

M{v < succlv; trylv/y] = Nv < succlv; tr,lv/yl; Plv < succlo; tr,lv/y],

which is deduced from N[v < succlv;tr,lv/y] and Plv < succlv;trylv/yl.
O
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Now we can state and prove our adequacy lemma.

Lemma 4.7.3. Suppose that w € X* is a sequence of length greater than
or equal to k,l and that

T, v, (s|v = k) = Mv + succlv; trylv/y] e, (s'|v — 1)

is derivable in Idealized Algol, where v is not free in M and y is a variable
name of type X. Thenl > k and

[, st Mlaskx /y] du ¢, s

in IAx, where u is the subsequence of w consisting of all terms from k + 1
up to l.

Proof. Induction on the derivation.

Suppose that M # y. Then, by Lemma[£.7.2] the last step in the derivation
of Mv < succlv; tr,!v/y] must be of the form

r,sO My [v <= succlv; trylv/y] I 1, st
T, s b M, v + succlo; tro!v/y] I ¢, s
T, s0 1 Mv < succlv; try,lv/y] | c, st

9

where each M;[v < succlv; tr,lv/y] is derivable in Idealized Algol.

By the inductive hypothesis, s¢~1(v) < s (v) for each i and so 50 (v) <
5(M(v), as desired (in the case that there are no premises — i.e., the case of
the rule for canonical forms — we have 50 (v) = 59 (v)). Moreover, by the
inductive hypothesis, it is derivable that

T, 50D - M;[askx /y] Y, ¢, 89,
where u; is the subsequence of w going from term s~ (v) 41 up to 5@ (v).
Now for any term I', y - P, we have
Plaskx /y] = Pv < succlv; tr,lv/yl[askx /v < succlv; try,lv],
and so by Lemma we may derive
T, s+ Mlaskx /y] duyspospu, ¢ 5™

But w14+ - -4-u,, is precisely the subsequence of w going from term s(9) (v)41
up to 5™ (v)!

This completes the first case. The second case is where M = y. Suppose,
then, that

T, v, (s|v = k) v+ succlv; trylv | 2, (8'|v — 1)
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is derivable in Idealized Algol.

Since IA is a deterministic language (so if I', st M || ¢, s’ and ', sk M |} ¢/, s”
then ¢ = ¢ and s’ = s”), then the derivation of this term must agree with
the valid TA derivation given in Figure It follows that [ = k + 1 and
that = is the (k + 1)-th term of w, so the single-term sequence x is the
subsequence of w going from k + 1 to [.

Then we have the derivation

I',stasky |y z, s

in IAx. This completes the induction. O

We can now prove computational adequacy for our model. We have proved
one direction already in Proposition so it suffices to prove the other
direction.

Proposition 4.7.4 (Computational adequacy). Let M: com be a closed
term of IAx. Consider the denotation [M]: 1 — C in Gx as a morphism
1= (X =-C)inG. Let u € X* be a sequence and suppose that [M] Ju;
i.e., that the composite

[M]

1 M x o) ™ (var - N) ikl

N —

[new]

C

s not equal to L. Then

() F My skip, ().

Proof. As before, the composite given in the statement is the denotation of
the term
test|,|(new(Av. M[v < succlv; tr, v/ askx]; 1v)) .

By the adequacy result for Idealized Algol, the fact that this denotation is
not equal to | means that the term converges to skip, from which we can
deduce that

new(Av.M[v < succlv; tr,vlv/ askx]; lv

converges to |u.

It is easy to see that this is equivalent to asking whether we can derive the
following relation in Idealized Algol.

v, (v 0) F M[v < succlv; tr,7lv/ askx] { skip, (v — |u|)
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Now u is the subsequence of u' going from position 1 to position |u|. So
Lemma 73] tells us that we must have

() F M 4 skip, ()
in IAX ]

Remark 4.7.5. Recall that if G is the category of games, then we have o |,
if and only if o contains the play

X cC
q
q
40
q
(lul=1)
a

Therefore, we have now proved that we have _,()F M |, skip, () if and
only if [M] contains that sequence.

4.8 Full Abstraction

To prove full abstraction of our semantics for IA x, we introduce the usual
intrinsic equivalence on terms.

Definition 4.8.1. Let 0,7: A — B be morphisms in Gx. By currying, we
may consider A and B as morphisms 1 — (A — B) in Gx. We say that
o ~ 7 if for all morphisms a: (A — B) — C and for all sequences u € X*,
if we regard o;a, 7;: 1 — C as morphisms 1 — (X — C) in G, then the
composites

[new]

1 7% (X = C) ™ (Var — N) LN

U

N —

[new]

1% (X - C) ™ (Var — N) C

are equal.

Theorem 4.8.2 (Full abstraction). Let M,N: T be closed terms of IAx.
Then M, N are observationally equivalent — i.e., for all contexts C[—]: com
of IAx with a hole of type T and for all sequences u € X*,

i7() l_C[M] U skip, () <~ —7() l_C[N] {, skip, () -
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if and only if [M] ~ [N].

Proof. First, suppose that [M] ~ [N]. Let C[—]: com be a context with a
hole of type T'. Then the denotation of ¢t - C[t] is a morphism «a: [T] — C.
Moreover, the denotation of C[M] is the composite [M]; a and that of C[N]
is the composite [N] ; a since we are working in a Cartesian closed category.

Then the composites

12% (X =€) 2 (var — N) 220y 1 ¢

[new]

1 7% (X - C) ™ (Var — N) NN

are equal, so C[M] |, skip if and only if C[N] |, skip by Propositions
and {741

Conversely, suppose that M ¢ N. So there is some a: [T] — C in Gx and
some sequence u such that (without loss of generality),

(TMT 5 ); mus [new] 5 ¢ # L (INT5 a); nu; [mew] 3¢, = L.

Here, we have enclosed [M];« and [N];« in brackets to indicate that the
composition is taken in the Kleisli category Gx, and then the whole thing
is considered as a morphism 1 — (X — C) in G.

More specifically, these composites are given by the composites

1M xS X2 (xS (x =) B (X s o)

1 xS X2 (v s (x =) B (X o0

in G, where p indicates precomposition with the diagonal.

Now « is the least upper bound of its compact approximants, so it follows
that there is some compact o/ C « such that

[M]; (X = a'); 5 nu; [new] 5ty # L
[NT; (X = o); ps nu; [new] s, = L.

Then, by compact definability in G, o is the denotation of some IA term
x: THC[z]: X — com, which is therefore the denotation of the term z: T'F
Clz] askx : com in Gx. So we get

[CIM]] 3 nu; [new] ;¢ # L [CINIT ;s [new] 521y = L,

and so C[M] |, skip by Proposition while C[N] {},, skip by Proposition
[4.6.9] Therefore, M and N are observationally inequivalent in IAx. O
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4.9 Comparison with Ghica’s slot games

For this section, let us suppose that G is the category of games and visible
strategies, and that X = C. As we remarked above, this means that IAx
can be interpreted as a language for modelling time complexity.

We compare our approach to a different one, due to Dan Ghica [Ghi05].
Given a game A, Ghica defines a play with costs in A to be a justified
sequence s € (My + {®})* such that s|p;, € P4. Here, ® is a special
symbol called a slot or token-action, which can be interleaved throughout
the play s|ar, from A. We shall also impose the requirement (not found in
[Ghi05]) that an occurrence of the special symbol ® must take place either
after an O-move in A or after another instance of (§). The token actions do
not carry justification pointers.

Following Ghica, we define a strategy with costs to be a prefix-closed set o of
plays with costs such that the set o]y, = {s|am, : s € o} is a valid visible
strategy for A and such that determinism applies to token actions as well as
ordinary moves — i.e., if s is an O-play with costs in A such that s®a € o
for some ordinary move a, then sb € o for all ordinary moves b.

The identity strategy with costs is the usual identity strategy, without any
token actions. We can similarly define an interaction sequence with costs
to be a sequence s € (M4 + Mp + Mc + {®})* such that s[4 pc is an
interaction sequence for A, B, C and such that each occurrence of the token
action % occurs after a move that could be considered as an O-move in either
A—-oBorB—C(C.

Given such an interaction sequence s € (Mg + Mp + Mc +{®})* between
the games A, B and C, write 5|4 p for the subsequence consisting of all those
moves in A and B, together with all token actions such that the previous
move was an O-move in A — B. Define s|p ¢ similarly. Then if 0: A — B
and 7: B —o (' are strategies with costs, we define o||7 to be the set of all
such sequences s such that s|4 p € o and s|g ¢ € 7. Lastly, we define o;7
to be the set of all sequences obtained by taking a sequence s € o|7 and
removing all the moves in B (but retaining all the token actions, including
those that arise between moves in B). The usual arguments apply to show
that this is indeed a category.

This seems like a purely combinatorial construction, but it can actually be
subsumed into our category-theoretic apparatus.

Proposition 4.9.1. Let A be a game. Then there is a bijection
c: {normal strategies for |C — A} < {strategies with costs for A}

Moreover, this bijection respects composition and identity in the Kleisli cat-
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egory: let 0:1C — (A — B) and 7: IC — (B — C) be strategies. Write
o; 7 for the Kleisli composition of o and T in Gg; i.e., the composite

IC 5 1C®IC 22 (A—-B)® (B —-C) % (A—C).

Then c(o;7) = c(o);¢(T). Moreover, c(ida) is the identity in the category
of games and strategies with costs.

Proof. The map c is the unique functor given by the functional completeness
theorem (Proposition [4.3.1)) that sends the canonical strategy ¢: 1 — C to
the strategy with costs for C with maximal play

¢®a .

More synthetically, we get from a strategy for o: |C —o A to a strategy with
costs for A by replacing each occurrence of the pair ga occurring in the C
component with the token action @ in each play of o.

This functor is the identity on objects, and it is fully faithful, since it has
an obvious inverse, given by taking a strategy with costs and replacing each
occurrence of the token action with a pair of moves qa in !C, where ¢ justifies
a and is itself justified by the most recently occurring O-move in A. Since
each token action must always occur after an opponent move or after another
token action, and since player O has no reply to the move g other than the
move a, this always gives us a legal strategy. ]

Therefore, we see that the category of games and strategies with costs is
isomorphic to the Kleisli category Gc, which we have already shown to be
fully abstract for a language with time complexity.

4.10 Alternative Reduction Rules - May Testing

We remarked above that if X € {B,N}, then IAx is a model of nondeter-
minism, finite in the case of B and countable in the case of N. However, we
have given a rather strange operational semantics for these languages (the
relation J},,) that does not accurately reflect how they are normally used.

For example, the terms
If askp then t else f: bool If askp then f else t: bool

are not observationally equivalent in our operational semantics; indeed, we
have

If askp then ¢ else f {4 ¢ If askg then f else ¢ {¢ .
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However, these terms (which both nondeterministically choose either the
true or the false value), should be observationally equivalent in any sensi-
ble nondeterministic semantics. The issue is the labelling on the reduction
relations, which is saving too much information about the reduction of the
term. Indeed, this is sort of the point of nondeterminism: we should be able
to make nondeterministic choices without recording which value we used for
that choice.

Definition 4.10.1 ([HM99]). If X € {B,N}, we define an operational re-
lation |} (‘may converge’) on the language IA x as follows. The rules for |
are identical to the operational rules for Idealized Algol, with the addition
of the following rule for the primitive askx.

rzeX

I',skaskx | z,s

These rules are exactly the same as our original operational semantics for
TIA x, but with the sequences u removed. Moreover, if we have a valid deriva-
tion of I', st M |} u, s, then it is clear (by induction) that we may annotate
all the occurrences of |} with suitable sequences in order to obtain a deriva-
tion of ', st M |}, ¢, s’ for some u € X*. So we get the following alternative
definition of may convergence.

Definition 4.10.2. We say that I',s = M |l ¢, s’ if there is some u € X*
such that I', s+ M |}, ¢, 5.

We can reflect this operational relation in the semantics by modifying the
definition of intrinsic equivalence.

Firstly, an obvious consequence of Propositions [£.6.9] and [4.7.4] is that

Corollary 4.10.3 (Computational Adequacy for May Testing). Let M : com
be a closed term of IAx. Consider the denotation [M]:1 — C in Gx as
a morphism 1 — (X — C) in G. Then there exists some sequence u € X*
such that the composite

[M]

1 B x o 0) ™ (var - N) ikl

N —

[new]

C

s not equal to L, if and only if

— (O F M § skip, ().

In light of this result, we can define a new intrinsic equivalence on morphisms
in gxi
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Definition 4.10.4. Let o,7: A — B be morphisms in Gx, considered as
morphisms 1 — (A — B) in Gx. We say that 0 ~pyay 7 if for all u € X*
there exists v € X* such that the composites

0 (X - C) ™ (Var —» N) L2 § I ¢
Inew], - tio

T4 (X - C) B (Var - N) /5 N =5 C

are equal, and vice versa.

Then exactly the same argument as before gives us a full abstraction result
for may-equivalence.

Theorem 4.10.5. Let M, N: T be closed terms of IAx. Then M, N are
may-observationally equivalent —i.e., for all contexts C[—]: com of IAx with
a hole of type T,

if and only if [M] ~may [N].

Proof. Suppose that [M] ~may [N]. Let C[—] be a context of IAy, inter-
preted as a morphism «a: [T] — C.

Suppose that _, ()= C[M] | skip, (). So there is some sequence u € X* such
that _, () F C[M] |, skip, () and therefore the composite

HM]] [new] bl

— 5 (X >C) ™ (var - N) —5 N -5 C

is not equal to L. This means that there exists some v € X™* such that the
composite

[N];

[new]

1 — (X —=>C) ”(Var—>N)—>N — C

Therefore, _, ()FC[N] |, skip, (), and so __, ()FC[N] { skip, (). The reverse
direction is identical.

Conversely, suppose that M, N are may-observationally equivalent. Then,
as before, we can take « to be compact, whence definable, in Definition
and the proof continues as in the first part, but in reverse. O

Let us examine what this means in the category of games. If o: !X — C is
a strategy, then, by our discussion at the end of we know that, for any
sequence u, the composite

[new]

% (X = C) ™ (Var — N) LN
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is not equal to L if and only if o contains the play

X C
q
q
w0
q
y(lul=1)
a

Moreover, since any complete play in !X — C must take this form, we can
see there exists such a u making the composite above not equal to L if and
only if

ga € {s|c : s € o is complete}.

This suggests a general equivalence relation on Kleisli morphisms in Gx:
given a strategy o: !X — A, we write o|4 for the set

{sla : s €0 is complete} .

We say that two strategies o,7: !X —o A are may-equivalent, and write
O Rmay T, if

ola="7la.
In this case, Corollary tells us that M |} skip if and only if o ~pay 7.

We need to show that this respects composition, so that we get a category
if we take the quotient by this equivalence relation.

Proposition 4.10.6. Let 0,0': A — B, 7,71 B — C be morphisms in Gx.
Suppose that 0 Rmay 0" and T Xmay 7. Then o; T Rpay 0’57

Proof. A complete play in o;7 is given by a sequence s|x 4 ¢, where s €
(Mx+Ma+ Mp+ Mc)* is a legal interaction of a complete play in 7 with a
collection of complete plays in o, B-components being identified. Then s|4 ¢
can alternatively be characterized as t|4 ¢, where t € (M + Mp + M¢)* is
a legal interaction of a sequence from 7|p ¢ with a collection of sequences
from 0|4, B.

It follows that if olap = o'|ap and 7|pc = 7'|Bc, then o;7|ac =
-
a;m'ac. d

Now we can also see that this equivalence we have just defined is subsumed
into the intrinsic equivalence.
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Proposition 4.10.7. Let 0,7: !X — A be strategies. If 0 Rmay T then
0 ~may T-

Proof. Given strategies o,7: A in Gx, we have 0 ~pay 7 if and only if
03 0 Rmay T; « for any morphism a: !4 — Cin Gx. If 0 &pay 7, we have

o;alc = (o|c);a = (Tle);a = T3 alc . ]

Note that it is also the case that if o ~pay o' and o Rmay T then o;a ~pyay
7;a’. Therefore, the Full Abstraction result we have just proved applies to
the quotiented category.

The definition of the relation ~n,.y suggests that we might forget about the
!X component of a strategy o: !X —o A altogether, and consider only the
set o] 4. This set is not a strategy, since it does not satisfy the determinism
requirement, but it satisfies every other requirement.

Definition 4.10.8. Given a game A, a nondeterministic strategy is a prefix-
closed set of even-length legal plays from A.

We can compose nondeterministic strategies using ‘parallel composition plus
hiding’, just as for deterministic ones, and we get a Cartesian closed category
in the same way. We interpret all the Idealized Algol terms in the usual way
as deterministic strategies, interpreting the nondeterministic primitive askx
as the nondeterministic strategy for X with maximal plays

qxr

for every x € X.

Now, if we have a Kleisli morphism o: !X —o A, then o|4 is a nondetermin-
istic strategy for A. The composition of nondeterministic strategies respects
the composition and identity in the Kleisli category; moreover, any two
Kleisli morphisms that give rise to the same nondeterministic strategy are
intrinsically equivalent.

It is already known (see [HM99]) that this model is fully abstract for (finitely
or countably) nondeterministic Idealized Algol with may-contextual equiv-
alence. We have just provided an alternative proof of this fact.

4.11 Alternative Reduction Rules - Must Testing

A more interesting, and more complicated, reduction rule for nondetermin-
istic TA is the must-convergence relation.

We shall define this indirectly via its negation.
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Definition 4.11.1. We define a relation
I',stMA1

(M ‘may diverge’) between Var-contexts I', I'-stores s and terms I' =M : T
of Idealized Algol.

The rules for this relation may be deduced from the rules for Idealized Algol.

If
F;S(O) l_Ml ‘U’Clas(l) Fa S(n_l) I_Mn U’Cn’S(n)

L8O M| e s™

)

is an TA rule, then for each j = 1,--- ,n we have a rule
Ok M §ep, s e
F,S(j_2) '—Mj,1 llefl,S(j_l) F, S(j_l) |—Mj ﬂ‘
L,sOF M

In other words, if the evaluation of the term M diverges at any step, then
the whole thing diverges. Note that since the rules for the canonical forms
have no premises, there are no rules relating them to the { predicate.

Crucially, these rules are interpreted not inductively but coinductively; in
other words, the derivation trees for {} are allowed to have infinite height.
Indeed, since every rule for {} has at least one premise, any valid tree must
be infinitely tall.

If there is no such derivation tree, then we say that M must converge, and
write ', s = M (Jmust,

Ezample 4.11.2. If T' I ¢ is a canonical form, then I' F ¢ ™!, since there
is no inference that we can apply that will yield the term I' - ¢ f} on the
bottom.

Ezample 4.11.3. _,() F Y(Az.z) ft because it has the following infinite
derivation tree.

L O0FAzx) d (Az.2), () _LOFY(Az.2)
L, OFAzx)(Y(Ax.x))
L, OFY(Az.x)

Remark 4.11.4. Tt is possible to characterize the (™! predicate directly via
an inductive relation (see [Har99], for instance).

We will next give an alternative definition of ™%t that will relate it to our
existing rules {,.
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Definition 4.11.5. We say that ', si- M [|™%t if for every infinite sequence
w € X“ there is some finite prefix u & w such that ", sk M |, ¢, s’ for some
canonical form ¢ and some I'-store s’.

Before we show that the two definitions are equivalent, we shall examine why
this one makes sense. Recall that we said that the statement I', s-M |}, ¢, s’
meant ‘M will converge to c in the case that the values we obtain by querying
the nondeterministic oracle form the sequence w’. Our initial thought, then,
might be to declare that I', s = M ™%t if for all u € X*, I',s M |, ¢, s
for some c, s’. However, this is not the case even for terms that clearly have
to converge. For example, if we have

M = If askg then t else f,

then M |4 t and M g ff, and it is certainly true that M |™USt. However, it
is not the case that, for example, M | ¢; nor is it the case that M g €
for any c. In the first case, the sequence is too short: we can extend it to the
sequence t and then we get convergence. In the second case, the sequence is
too long: we have already converged after the first term ff, so we never get
the chance to read any other terms.

The idea is that if we fix beforehand an infinite sequence made up of all the
values that the nondeterministic oracle could possibly give, then we know
that the term will always end up reading some finite sequence of values from
the beginning of the sequence and then terminating at a value.

Proposition 4.11.6. The two definitions of the ™" predicate given in
Definitions|4.11.1| and|/.11.5] are equivalent.

Proof. Suppose that I';s = M f. We coinductively construct a sequence
w € X% such that ', s = M |, c, s for any finite prefix u & w and any c, s'.
We shall use the notation I', s = M }* to indicate this w.

Given any rule
F, S(O) F M1 ll Ci, 8(1)
0,592 -M e T,sU DM
L, s M4

Y

by our definition of |}, there are uy, - -- ,uj—1 € X* such that I, sE=DE M, Y,
ci,s® foreachi=1,---,j—1.

The corresponding coinductive rule is then

r, 5O 1 My 4, e, st
r, s=2) | M;_4 lluj'—l cj—1 T, U1 M; 1
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In other words, the sequence w at the bottom of the tree may be character-
ized as the concatenation of all the sequences u constructed for the |} relation
in the tree, working bottom to top and left to right. If the w so formed is a
finite sequence, then pad it with arbitrary values so that it becomes infinite.

Now suppose that u & w is some finite prefix such that I, s+ M |}, ¢, s’ for
some c, s’. We claim that I', s = M 1, giving us a contradiction.

The proof of the claim is via induction on the derivation of T, s+ M |}, c, s'.
Suppose that the last rule takes the form

D, 5O b M Yoy s, € 5™

Then inspection of the IA rules tells us that the last step in our derivation
of T, 59 M 4 must look like

r, 5O 1 My Y, e, st
r, S(j—2) - Mjfl uuj71 Cj—1 r, s(j—l) - Mj A
Y

for the same M; and ¢;. But we had I, st=1) =M Y, ¢, s\, By hypothesis,
ui - - 4 up, is a finite prefix of uy H -+ H# w1 # w, and so u; is a finite
prefix of w. Therefore, by the inductive hypothesis applied to M;, we cannot
have T, sU—1 | M; 1, leading to the desired contradiction.

For the converse, define an n-truncated derivation tree to be a derivation
tree of height n such that premises of the form I', sk M (" may occur at the
top level without proof. We now define, for any infinite sequence w € X%,
any triple I', s - M and any ¢ > 0, either

e a proof of height < i that I', s+ M |, ¢, s’ for some v & w (and some
/
¢, s'); or

e an i-truncated proof F;(w,I", sk M) of I', s M 4V for some (possibly
infinite) v C w.

Moreover, the F;(w,T', st M) will form an infinite sequence, so that if i < j
then Fj(w,T', s+ M) is the result of truncating Fj(w,I’, st M) at the i-th
level.

For : =0, F;(w,T, st M) is the tree of the form
IsEMAY,

where this statement is treated as an unproven (and in many cases untrue)
hypothesis.
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Now we define Fjq(w, ', s M) as follows. If M is a canonical form, then
Fit1(w, Iy s+ M) is the derivation.

I'sk-M | M,s .

If M = asky, then F;1(w,T', s+ M) is the derivation

IysE=M 4,0 fw(o),s .

Otherwise, based on the structure of M, we choose a first premise M; for M.
In most cases, there is a unique IA x rule that applies to M, but sometimes
(i.e., if M is pred M’, If M' then N’ else P, If0 M’ then N’ else P', |V
or V < E) there may be more than one possible rule. However, in all
of these cases, the first premise of each rule is the same. For instance, if
M = If M’ then N’ else P’ then the first premise of both the possible IA
rules is M’, and the value that this converges to then determines which
instance of the If rule we use.

We evaluate F;(w,I', st Mj). If Fj(w,I',st M) is a complete proof that
st M Yy, 1, s for w & w, then write w = ujws and move on to
the next premise, computing F;(we,T', s = Ms). Note that now the value of
c1 completely determines the IAx rule we are using; for example, if M =
If M’ then N’ else P', and I, s+ M’ |}, ¢, ', then c is either ¢ or f, and there
is a unique IA x rule that applies in each case.

We keep going through the premises of M in order. If we satisfy them all,
so that Fj(w;, T, s~Y F M;) is a proof that T', =D - M; |, ¢;, s for each
M;, then we can put these together to get a derivation of

UystEM Juysetru, C s

of height <4 + 1, where uy # --- # u, is a finite prefix of w.

Otherwise, at some point F;(w, T, sU=D M;) must be an i-truncated proof
that '
T, sV - M

for some v © w. In that case, since we have a proof of height < ¢ for

L, s® D+ My, Juy Chs s for each k < 7, we can apply the appropriate rule
for ¥ to get an (i + 1)-truncated proof that

F, sEM ﬂU1+*r-~-+Fu]'_1+Fv ,
where w1 4 -+ # v/~ 4 v is a prefix of w.

Now, given w and T, sk-M, either F,,, (T, st-M) is a proof that I, s M |, ¢, s
for u & w and m sufficiently large, or the F;(w,T, st M) form an infinite
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sequence of trees of increasing height that all extend one another. In the
second case, we can stitch the trees together to form an infinite derivation
tree for I', s = M 1.

It follows that if there is some w such that I',s = M I, ¢, s’ for any finite
prefix u & w, then there is an infinite derivation tree for I',s = M 1. O

We can now get an adequacy result for must testing.

Definition 4.11.7. Given a morphism o: 1 — C in Gx, considered as a
morphism X — C in G, we write 0 |must if whenever w € X% is an infinite
sequence, then w has a finite prefix u such that the composite

tlul

— C

[new]

1% (X - C) 2 (Var — N) N

is not equal to L.

Corollary 4.11.8. Let M: com be a closed term of [Ax and consider the
denotation [M] :1 — C in Gx as a morphism 1 — (X — C) in G. Then
L O M st if and only if [M] dmust-

Once again, this slightly abstruse Definition becomes much more nat-
ural when G is the category of games, though in this case things are a bit
more subtle. Let o be a strategy for !X — C. We observed earlier that
o3 nu; [new] st # L if and only if the sequence

1X — C
q
q
w(0)
q
wllul=1
a

is contained in o¢. Now fix some infinite sequence w € X* and consider
what it means if we say that such a sequence is not contained in ¢ for any
u & w. By the definition of a strategy, there are two reasons why this might
happen. Either there is a partiality in the strategy, so that for some finite
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v & w, player P has no reply at all to the O-position

1X — C
q
q
()
pvl=1
a.

Or, o contains an infinite increasing sequence of plays, whose limit is the
infinite sequence

X —o C
q
q
2(0)
q
ey

Definition 4.11.9. We say that a strategy o: !X —o C is winning if o is
total and contains no infinite plays.

We have shown the following adequacy result.

Corollary 4.11.10. Let M : com be a closed term of IAx and consider the
denotation [M] : 1 — C in Gx as a morphism X — C in G. Then

O F Mg
if and only if this strategy is winning.

4.12 Full Abstraction for Finite Nondeterminism
Under Must Testing

We now extend our earlier definitions using the new ™"t rule.

Definition 4.12.1. Given closed terms M, N: T of IAx, we write
M =must N
if for all contexts —: T+ C[—]: com, C[M] |}™* if and only if C[N] {J™ust,

We write M =,,8m N if M =pay N and M =6 N.
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Definition 4.12.2. Given morphisms o,7: 1 — Cin Gx, we write 0 st T

if 0 Lmust and 7 st o1 if o »Vmust and T »Vmust-

We write 0 Rpgm T if 0 Rpmay 7 and o Ryt 7

Definition 4.12.3. Given morphisms o,7: A — B in Gx, considered as
morphisms 1 — (A — B), we write 0 ~yyst 7 if whenever a: (A — B) — C
is a morphism in Gx, then o; a ~pue 75 .

We write 0 ~pgm T if 0 ~may 7 and o ~pust 7

Remark 4.12.4. In the category of games we can simplify the definition of
~m&m to saying that o ~pepn, 7 if for all a: (A — B) = C, 0;a ®pay 75
and either o; @ and 7;  are both winning, or neither is.

Now we might expect to be able to prove a full abstraction result as before,

namely that [M] ~gm [N] if and only if M =,,¢m, N. In the case of finite
nondeterminism, this is possible.

Theorem 4.12.5. Let M, N: T be closed terms of IAg. Then M =,,6m N
if and only if [M] ~mem [IN].

Proof. We already know that [M] ~may [N] if and only if M and N are
may-contextually equivalent, so it is sufficient to prove that [M] ~must [IV]
if and only if M =6t V.

One direction is easy, as usual. Suppose that [M] ~must [N], and let
C[—] be a context. Suppose that C[M] ™' and fix w € X¥. Then
[CIM]] = [C];[M], so there is some finite prefix u & w such that the
composite

1 ML ) P (var - N) 22 N D

is not equal to L. Since M ~pust IV, there is some finite prefix v & w and
some compact «: [T] — C such that the composite

tol

1N (X - C) ™% (Var — N) Trewl, iy 21, ¢

is not equal to 1, and therefore C[N] ||™t. The other direction is com-
pletely symmetric.

The converse is harder. Let a: [T] — C be an arbitrary morphism. Suppose
that for all w € B“ there is some finite u & w such that the composite

[M]; (X = a); w5 mu; [new] 5 £y,

is not equal to L. Let V be the set of all sequences v € B* such that v has
no prefix u with this property. Then V is a finitely branching tree with no

164



infinite path so, by Konig’s Lemma, it is finite. Therefore, there is some
finite set of sequences U C B* such that for every sequence w € B%, w has
some prefix u € U such that [M]; (X — a); w;nu; [new] 5 ¢, # L.

Since G is enriched in algebraic cpos, for each u € U there is some compact
a* C «a such that

[M] 5 (X = a™); 5105 [new] 5ty

is not equal to L. Since the set of compact elements below « is directed,
there is some compact o/ C « such that a* C o/ for each u € U.

So we now know that: for any infinite sequence w € B“, there is some finite
prefix u & w such that the composite

[M] 5 (X = &) 5105 [new] 5 ¢y,

is not equal to L. Now if [N] #must [M], then there is some infinite w € BY
is such that for every v & w the composite

[NT: (X — a); s mo; [mew] 5 2y,

is equal to L; since o’ C «, the same is true if we replace o with o/.

Now, since o/ is compact, it is definable as a term in IA and hence as a term
L in TAg. By Corollary [4.11.8] this means that LM ™% while LN {, so
M iémust N. O

This last result makes crucial use of the finiteness of B in order to apply
Konig’s lemma. In the case of TAy, the argument we have just used does
not apply, since we can certainly have infinite bounded-height trees if we
allow infinite branching.

In fact, this point is essential: not only does this specific argument not
work for our model of TAy, the model is not necessarily Fully Abstract
at alll In particular, if G is the category of games, then the semantics of
must testing in Gy is not Fully Abstract. The next result will show that no
model of countable nondeterminism can be Fully Abstract, subject to some
rather mild assumptions. We will then explore how we can come up with a
model for which these assumptions do not hold, and eventually prove a Full
Abstraction result.

4.13 The Kleene Tree

In order to show that our model is not Fully Abstract, we start by introduc-
ing the Kleene tree.
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We define a binary tree to be a prefix-closed subset of B*. Using the binary
representation, we can identify B* with N, meaning that every such tree can
be specified by its characteristic function y: N — B.

We say that the tree is computable if there is some A term M : nat — bool
such that Mn converges to x(n) for all n € N.

In this section, we will show the construction of the Kleene tree (see [Stil8],
4.5] and [Bau06]). This is a tree K that has the following seemingly para-
doxical properties.

e It is computable.

e It has an infinite path; that is, there are bg, b1, -+ € B such that for
all k, the string by - - - b1 is contained in K.

e [t has no computable infinite path. Le., if M : bool — nat is a term of
IA such that Mi converges to some a; € B for each 7 € N, then there
is some k such that the string ag - --ar_1 is not contained in K.

In order to construct K, we are first going to assume that we have fixed
some sensible encoding of TA terms as binary strings and hence as natural
numbers. We shall further assume the existence of an interpreter for IA
terms of type bool; that is, a term int: nat — nat such that:

e if n is the encoding of some M : bool such that M || t, then intn | 0;
e if n is the encoding of some M : bool such that M | f, then intn | 1;

e if n is the encoding of some M : bool such that M diverges, then intn
diverges; and

e if n is not the encoding of a term of type bool, then intn | 255.

The construction of int is more a matter of software engineering than any-
thing else. The idea is to use pattern matching and recursion to implement
the small-step semantics of Idealized Algol within the encoding we have
fixed.

In fact, we shall need a slightly modified version of int that accepts an extra
timeout parameter. That is, we require some int’: nat — nat — nat such
that

e if n is the encoding of some M : bool such that M | ¢ in under k
steps, then int’ kn | 0;

e if n is the encoding of some M : bool such that M || f in under &
steps, then int’ kn | 1; and

e if n is the encoding of some M : bool such that M does not converge
after k steps, or if n is not the encoding of a term of type bool, then
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int’ kn | 255.

This modification to the original int is not too hard to make, but now we
can be assured that int’ will always converge, even if fed the encoding of a
divergent program. This will be important later.

Definition 4.13.1 (Kleene tree). We construct the tree K as follows. Sup-
pose b = by, - -+, br_1 is a finite sequence of binary digits. Then b is contained
in K if and only if for all n = 0,--- ,k — 1, if n is the encoding of a pro-
gram M : nat — bool such that Mn converges in under k steps, then Mn
converges to a value different from b,,.

Remark 4.13.2. We can use int’ to construct an IA term nat — bool that
computes the characteristic function of K. Since the syntax of IA is not very
transparent, we shall describe the operation of the term informally. Given
an input n, treated as a sequence bg - - - by_1, we iterate from O up to k — 1.
For each number p, if p is the encoding of a term M : nat — bool, we pass
the encoding of Mp to int’, giving k as the timeout parameter. If we get
0 (true) or 1 (false) back, then we compare against b,, returning f if the
values are equal and ¢ if they are different. If we get the error value 255
back, then we return t.

Lastly, if we have got t back for each p, we return t; otherwise, we return f.

Proposition 4.13.3. i) K has an infinite path.

it) K has no computable infinite path.

Proof. (i): For each p such that p is the encoding of some M : nat — bool
such that Mp converges, let a, be t if Mp || £ and f if Mp || t. Otherwise —
i.e., if Mp does not converge or if p is not the encoding of a term nat — bool
— then return any value — f, say. Then any sequence ag - --ap_1 must be
contained in K.

(ii): Let M: nat — bool be such that there are b; € B for which Mi | b;
for all 4, let p be the encoding of M and suppose that Mp converges in k
steps. Let N = max{k — 1,p}. We claim that bg---by is not contained
in K. Indeed, p is the encoding of M and Mp converges to b, in under N
steps. [

4.14 Non-computable functions and Observational
Equivalence

The presence of non-computable functions in the semantics for a language
does not normally present a problem for Full Abstraction. In previous sec-
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tions, we have been able to appeal to continuity results that tell us that the
intrinsic equivalence relation in our model is determined entirely by some
collection of compact (and hence computable) morphisms. In the presence
of countable nondeterminism, these continuity results no longer hold, and
the intrinsic equivalence becomes sensitive to noncomputable elements in
the semantics.

To investigate this, we define a language IA+Functions by extending IA
with, for each (set-theoretic) function f: N — B, a primitive ®¢: nat —
bool with the following operational semantics.
I'sk-N{n,s
F,s|—<I>le}f(n),3'

We make some new claims.

Proposition 4.14.1. i) The Game Semantics model from Sections and@
is Computationally Adequate and Fully Abstract for IA+Functions.

ii) Two terms of IA are observationally equivalent within IA if and only
if they are observationally equivalent when we consider them as terms of
IA+Functions.

Proof. (i): The denotation of @ is the strategy with maximal plays of the
form

N N
q
q ,
n
f(n)

for n € N. In the notation of Section this is the strategy given by the
formula

(£(0), (1), £(2),---).

Computational adequacy for this function follows by exactly the same ar-
guments as for the functions succ and pred; note that we used no special
properties of the successor or predecessor functions in Chapter [3] so exactly
the same arguments go through for any function N — N. Full Abstraction
also goes through without modification.

(ii): This follows from (i), since the two languages share a Fully Abstract
model. O

In the presence of countable nondeterminism, however, we shall show that
the equivalent of (ii) does not hold; i.e., that there are observationally equiv-
alent terms of nondeterministic IA that are observationally distinguishable
within TA+Functions+Countable nondeterminism.
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This will then give the reason why our proposed semantics cannot be fully
abstract: our starting model is fully abstract for both TA and IA+Functions
and we have already proved that the nondeterministic version is Equa-
tionally Sound for nondeterministic IA (and, by a similar argument, for
IA+Functions+Countable nondeterminism). Equational Soundness tells us
that any observationally distinguishable terms of IA+Functions+Countable
nondeterminism must therefore be distinguished by the model, proving that
it cannot be fully abstract for IA+Countable nondeterminism.

Let us now examine the two terms that we shall be considering. First, we
define M : (nat — bool) — com by the formula

M =\f.letk =7 in
If K((f0)---(f(k—1))) then (skip orskip) else (skipor ),

where

((f0)---(f(k=1)))
is shorthand for the natural number corresponding to the binary sequence
given by (f0) up to (f(k — 1)), or is binary choice and K is the Kleene
tree from the previous section. Now define N: (nat — bool) — com by the
formula

N =Xf.letk =7in (f0);---;(f(k—1));
skipor €2,

where we have used the notation P; @ (for P: nat) as a shorthand for
If0 P then Q) else @ ;

i.e., the program that evaluates P, forgets the result and then evaluates Q.
The reason for evaluating (f0),---,(f (k — 1)) before either returning or
diverging is to make sure that any side effects of the evaluation of f are the
same for both programs (we shall assume that K operates in such a way
that it evaluates each of the (f i) exactly once).

We now claim that M and N are observationally equivalent in nondeter-
ministic TA. We will postpone the formal proof of this fact until we have a
working Fully Abstract semantics for that language, but a rough argument
is as follows. M and N can only be distinguished by an f such that

K((f0)---(f(k=1)))

evaluates to ¢ for all k. Otherwise, both terms may diverge. But we have
shown in the previous section that there is no computable f with this prop-
erty.

Meanwhile, M and N are not observationally equivalent in nondeterministic
TA+Functions; indeed, if k: N — B is an infinite path in the Kleene tree,
then M and N are distinguished by ®.
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4.15 Full Abstraction for Countable Nondetermin-
ism under Must Testing

The previous two sections make it clear that the problem is the existence in
the semantics of morphisms that behave like certain noncomputable func-
tions. The presence of such morphisms is normally an orthogonal issue to
full abstraction, since we can usually assume that the strategy « in the defi-
nition of intrinsic equivalence is compact. However, in our case, the presence
of these noncomputable morphisms is a big problem.

In order to get around this problem, then, we will clearly need to disal-
low noncomputable functions N — N, which quickly entails that we should
disallow all morphisms that are not computable.

Such models were considered by Hyland and Ong [HOQ0] and by Abramsky,
Jagadeesan and Malacaria [AJMOQ] in their original proofs of Full Abstrac-
tion for PCF. In these models, a game (or arena) A comes equipped with
an encoding function M4 — N; a strategy is said to be recursive if it can be
defined by a recursive function N — N. The remarkable thing about these
models is that they satisfy a property called universality: every morphism
into the denotation of one of the types of the language is definable.

Suppose our model G of Idealized Algol satisfies universality. Then it is
relatively easy to pass from Computational Adequacy to Full Abstraction.

Theorem 4.15.1. Let M, N: T be terms of [Ax and suppose that our base
semantics of IA in G satisfies universality. Then M =,,8m N if and only if

[M] ~mgem [N]-

Proof. See the proof of Theorem |4.12.5|for the proof that if [M] ~.&m [IV]
then M =,,6m N.

Conversely, if [M] #m&m [IN], then without loss of generality there is some
a: [T] — C such that [M]; a Jmust and [N]; @ Jimust- But by universality
[M];a = [LM] and [N];a = [LN] for some term L: T — com of TA.
Therefore, the result follows from Corollary O

The next step is to find an example of such a G. As we said earlier, we
will do this by cutting our game semantics down so that it only contains
computable strategies. The first step is to fix an enumeration e4: M4 — N
of the moves of each game A. We do this for the ground type games and
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then extend to the connectives. For example:

ec(q) =0 ec(a) =1 es(q) =0 ep(t) =1 ep(f) =2

en(q) =0 en(n) =n+1 evar(q) = 0 evar(n) = 3n + 1
evar(qn) = 3n + 2 evar(an) = 3n +3
eapp(ing(a)) = 2e4(a) eapp(ing(b)) = 2ep(b) +1
...and so on.

We can extend the enumeration of moves to an enumeration of (justified)
plays in A. We then say that a strategy o is recursive if it is a recursively
enumerable subset of P4. Recursive visible strategies give us a Cartesian
closed subcategory of the original category of games and visible strategies.

We now appeal to some results about these recursive strategies. For example,
the following was proved in [HOO0].

Theorem 4.15.2 (Universality for PCF). Let A be the denotation of a PCF
type T Then every recursive innocent strategqy for A is innocently intrinsi-
cally equivalent to the denotation of some PCF term M: T.

This result is not quite enough for us, since the innocent intrinsic equivalent
is coarser than that for visible strategies. However, if we add the constant
let to PCF, then we can get a stronger result that gives us definability on
the nose.

Theorem 4.15.3 (Unpublished, but see [LN15, §7.1.5]). Let A be the de-
notation of a PCF type T. Then every recursive innocent strategy for A is
the denotation of a term M : T of PCF+let.

Moreover, these results are all easily extended to the IA ground types that
are not present in PCF. So we see that any recursive innocent o: [17 is the
denotation of some Idealized Algol term M: T

Lastly, we observe that our innocent factorization result (Proposition
will always produce a recursive innocent strategy if the original strategy is
recursive. It follows, then, that any recursive visible o: [T'] is the denotation
of some Idealized Algol term M : T. Thus, the category G"¢¢ of games and
recursive visible strategies is universal for Idealized Algol, and therefore its

rec

Kleisli category G5 is fully abstract for IA x.

As an application of this fully abstract semantics, we clear up a loose end

from Section {141

171



Lemma 4.15.4. The terms M,N: (nat — bool) — com, as defined in
Section[{.1]}, are observationally equivalent in Idealized Algol with countable
nondeterminism.

Proof. The denotations for M and N both have maximal plays that look

like this:
N N B C

q
q
k
q
q
0
ao
q
q
(k—1)
ap—1
q
n

(a)
Here, the copy of N on the left denotes the nondeterministic oracle given by

the Kleisli category. The final move a is in brackets to indicate that it does
not always occur, depending on the moves that have gone before.

More specifically, in [M], the final move a always occurs if ag---ap_1 is a
finite path in the Kleene tree; otherwise, it may or may not occur, depending
on whether n is 0 or not.

Meanwhile, the final move a is present in [N] if and only if the number n is
equal to 0. This means that [N] is a subset of [M].

Fix some strategy a: (N — C) — C) — C in Gx and suppose that
[[M]] & h’?ém&m [[N]] Q.

First note that we always have [M];a ~may [IN];« for arbitrary a, which
we can deduce by ignoring the copy of N on the left and considering [M]]
and [N] as nondeterministic strategies. In this setting, [M] and [N] are
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equal, since both have maximal plays of the form

N B C
q
q
q
0
aop
q
q
(k—1)
ak—1

where k is arbitrary.
Therefore, we must have [M]; & #must [N]; .

Since [N] C [M], it must be the case that [M];a Jmust and [N]; a Joust;
i.e., that [M];« is a winning strategy, when considered as a strategy N — C
in G, but [N];« is not.

Since [M] and [N] do not differ until the very last move, this means that
« must respond to the initial move ¢ in the rightmost copy of C with the
move ¢ in the copy of C on the left (otherwise, [N]; « is winning), and that
a must be total (otherwise, [M];« is not winning). « replies to each move
7 in N with some move in B, and this defines a function N — B. Since « is
total, this function must trace out an infinite path in the Kleene tree.

But if o were recursive, then we would be able to recover this infinite path
from « via a recursive algorithm, and we know that this is not possible
Therefore, « is not recursive.

It follows that M and N are observationally equivalent in Idealized Algol

with countable nondeterminism under may-and-must testing. O

Note that we certainly have o¢; [M] lmust, while 0¢; [N] Vmust, demonstrat-
ing that the recursivity requirement is essential to the full abstraction result
in this case.
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4.16 The Intrinsic Equivalence Relation

We conclude this chapter by examining the intrinsic equivalence relation in

Ox.

Proposition 4.16.1. Let o,7: A — B be two morphisms in Gx, If o ~ T
when considered as morphisms X — (A — B) in G, then o ~ 7 in Gx.

Proof. Suppose that a: (A — B) — C separates ¢ and 7 in Gx, so without
loss of generality, we have

(o30) [new] b

12 (X -0 (Var - N) /—mS N5 C= 1

159 (x 50y ™ var - N) I § v oo g

for some u. Expanding the Kleisli compositions o; « and 7; «, we get
o3 (X = a); p; nu; [new] 5t = L
75 (X = ); ;1 [new] sty # L,

and so (X — a); 13 nu; [new] ; ¢, distinguishes o and 7, when considered as
morphisms X — (A — B) in G. O

As a special case, if 0,7: A — B are morphisms in G, then ¢ ~ 7 in G if
and only if Jo ~ J7 in Gx. Combined with our Full Abstraction results,
this tells us that IA x is a conservative extension of Idealized Algol.

What is more, we have
o~T=Jo~Jr = Jo ~peem JT=0 ~T.

This proves that the finite and countable nondeterministic variants of Ide-
alized Algol are conservative extensions of Idealized Algol.
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Chapter 5

Parametric monads

Since a monoid in a monoidal category X is the same thing as a lax monoidal
functor from the unit category into X', the definition of a monad on a cat-
egory C (i.e., a monoid in [C,C]) may be generalized to that of a lax action
[JKO02] of a monoidal category X on C; i.e., a lax monoidal functor X — [C, C]
(so that a monad on C is a lax action of the unit category on C).

Equivalently, a lax action is given by a functor _._ : X x C — C together
with natural transformations

Mg yat TY.a = (T RY).a eq:a— I.a

such that the following diagrams commute.

Ty.z.a — R z.(y®z).a LN (r®(y®=z2)).a

Mma,y,z.a
v assoCg,y,z -0

(2@ y).z.a 2228 (2 @y) @ 2).a

€x. x.e
z.a —— I.x.a r.a —— z.1.a
mr x,a My I,a
lunim \L runim \L
(I®x).a (x®1).a

Since lax actions are a generalization of monads, we shall sometimes follow
Mellies [Mell7] and refer to them as parametric monads. We shall not be
considering strong actions (for which m, e are required to be isomorphisms),
so we shall sometimes say ‘action’ to mean ‘lax action’.

Ezxample 5.0.1. If X is a monoidal category, C is a monoidal closed category
and j: X — C is an oplax monoidal functor, then we have a lax action of
X°P on C given by

r.a=jr —a,
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together with the natural coherences
. . . . mg‘c,y‘c’a .
jr —o jy —a—— (jz®jy) —~a——— jlz®y) —~a

ej—oa .
a——I —oa——jl —a.

This generalizes the reader monads that we met earlier, so we shall call a
parametric monad of this form a parametric reader monad or lax reader
action.

Definition 5.0.2. Suppose that a monoidal category X acts on a category
C and that it also acts on a category D. An oplaz morphism of actions
from one action to the other is given by a functor F': C — D together with
a natural transformation p,q: F(xz.a) — xz.Fa that makes the following
diagrams commute for all objects =,y of X and a of C.

F(z.y.a) AN z.F(y.a) ey 4y Fa Fa
sz,y,al J/mz,y,Fa Feal XF(:
TQRY,a HI,a
F((z®7y).a) ey, (z®y).Fa F(l.a) 2“5 I.Fa

5.1 The Mellies category

The main thing we want to do with lax actions is to perform a construction
analogous to that of the Kleisli category of a monad. Fujii, Katsumata and
Mellies give a construction called a ‘Kleisli resolution’ in the paper [FKMI16],
but we shall prefer an alternative construction due to Mellies.

Suppose that a monoidal category X acts on a category C.

Definition 5.1.1. A Melliés morphism from a to b is a morphism of the
form
a—x.b,

for some object x of X.

Remark 5.1.2. In what follows, the object  will be part of the data of the
Mellies morphism, so a Mellies morphism from a to b is a pair (x, f), where
f:a — x.bis an ordinary morphism. We will omit the & when it is clear
from the context.

Definition 5.1.3. Given Mellies morphisms f from a to b and g from b to
¢ given by

fra—xb g:b—y.c,
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their Melliés composition is given by the composite

N N z.y.c B, (r®y).c,

which is a Mellies morphism from a to c.

Having defined our basic notion of composition, we can move on to our main
constructions. We start with some definitions that will help us navigate size
issues.

Definition 5.1.4. Let C be a category. An ancestral set (see [KK81]) for C
is a set A of objects of C such that for any object a of C, there is an object
a’ € A and a morphism f: a’ — a. A descendend| set for C is an ancestral
set for C°P; i.e., a set D of objects of C such that for any object a of C, there
is an object a’ € D and a morphism f: a — a’.

We are interested in (small) ancestral and descendent sets, because they
help guarantee the existence of certain large limits and colimits in Set.
Proposition 5.1.5 ([KK81]). i) Let J: X — Set be a diagram, where X
has a small ancestral set A. Then J has a limit in Set.

ii) Let J: Y — Set be a diagram, where Y has a small descendent set D.

Then J has a colimit in Set.

Proof. (i): The limit is given by the set

1= {(@) e[T7@ : Vfia—ag:b—a J(F)E) = J<g><ab>} ,

acA

where f and g range over all morphisms from objects in A to general objects
of X.

(ii): The colimit is given by the set

e=3J(d)/ ~,

deD

where ~ is the equivalence relation on pairs (d, ng) (for d € D and ng € J(d)),
generated by

By: YV, frd—y,g:e—y. J(f)na) = J(9)(ne)) = (d,na) ~ (e,me) -

The proofs that these are indeed a limit and a colimit for the corresponding
diagrams are very similar to the proofs for ordinary small limits and colimits
in Set. However, the constructions we have made above rely on more than

1This is not a typo — descendent is the adjectival form of the noun descendant.
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the fact that Set is complete and cocomplete. We also need to be able
to perform universal and existential quantification over large collections of
objects; this corresponds to the category-theoretic fact that if we have any
(possibly large) collection of monomorphisms

AZ'—>B

in Set (for fixed B), then we can form their intersection (i.e., a category-
theoretic pullback for the collection), and similarly that we can form the
pushout of any (possibly large) collection of epimorphisms out of a set. See
[KK81] for full details. O

Definition 5.1.6. Let X be a monoidal category. Given an object  of X' a
tensor-descendent set for x is an ancestral set for the category of elementsﬂ
of the functor X(_ ® _,x): AP x X°P — Set; i.e., a set D, of objects of
X such that for any morphism

fry®z—=x

there exist ¢/, 2/ € D, and morphisms h: y = ¢/, k: 2 > 2/, [y @2 —
such that the following diagram commutes.

y®zﬂ>y’®z’

\y

We say that X is well-tensored if every object z of X has a small tensor-
descendent set.

Definition 5.1.7 (|[Day70]). Let X be a well-tensored monoidal category
and let
F,G: X — Set

be functors. Then the Day convolution of F' and G is a functor
F ®@pay G: X — Set

given by the coend

y,z: X
(Fony Q)= [ Fly) x Gla) x Xy o 2.0).

This makes [X,Set] into a monoidal category (the monoidal unit is the
functor X' (I, _): X — Set).

2See the proof of Proposition m
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Remark 5.1.8. The reason that we need well-tensoredness of X is to ensure
that the coend above is a small set. Indeed, let

ty?Zua)bu f]

be an arbitrary element of the coend (for y,z: X, a € F(y), b € G(z)
and f:y® z — x). Given a small tensor-descendent set D,, we can find
y,7 € Dy and morphisms h:y — ¢/, k: 2 — 2/ and f: y @ 2 — x as in
Definition £.1.6l Then we have

[y, 20,6, f] = [y, 2, F(h)(a), F(K)(b), f].-
It follows that the coend is a subset of the small set
Z F) x G2 )Y x X(y @ /,x),
y',2' €Dy
and is therefore itself small.

We could alternatively have deduced this from Proposition [5.1.5} using the
fact that the coend above may be recast as a colimit indexed by the opposite
of the category of elements of X(_ ® _,x).

Definition 5.1.9 ([Mel12]). Given a lax action of a well-tensored monoidal
category X upon a category C, the Melliés category of the action is an
[X, Set|-enriched category Melly C whose objects are the objects of C and
where the hom objects are given by

Melly C(a, b)(x) = C(a,x.b) .
The composition is given by the natural transformation
(Mellx C(a, b) ®pay Melly C(b, c))(x)

y,z: X
/ C(a,y.b) x C(b,z.c) x X(y ® z,x)

2 X
5 [T e ve 9 x X )
_Ca$0)
= Melly C(a,¢)()

where the arrow on the third line is induced by the Mellies composition
C(a,y.b) x C(b, z.c) = C(a, (y ® z).c).

The identity transformation
C(l,z) = C(a,z.a)

is the one sending a morphism f: I — x to the composite

a .a
ae—>I.af—>a:.a.
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5.2 The category C/X

We will mainly be concerned not with the Mellies category itself, but with a
closely related ordinary category. The usual method for turning a V-enriched
category into an ordinary category is via base change along a monoidal
functor ¥V — Set.

For example, any V-enriched category has an underlying ordinary category,
obtained via base change along the functor V(I, _). If a and b are objects
of the base category C, then the set of morphisms in the underlying ordinary
category of the Mellies category is the set of natural transformations

C(I,z) — C(a,x.b),

which by the Yoneda lemma is the same as the set C(a, I.b). In other words,
this underlying ordinary category is precisely the Kleisli category for the
monad on C given by the composite

14 ¥ == End[C];

in other words, the monad on C given by Ma = I.a.

More generally, if m®m — m is a monoid in X', then we can construct a lax
monoidal functor [X, Set] — Set that sends F' to F(m). If we change base
through this functor, then the morphisms a — b in the resulting ordinary
category will be elements of C(a, m.b); i.e., morphisms a — m.b in C, and the
category turns out to be the Kleisli category corresponding to the monad
on C given by Ma = m.a. So the Mellies category can be thought of as
classifying all the Kleisli categories that arise from the action _._ through
the monoids in M.

For our purposes, however, we will want to use a single ordinary category
that captures as much as possible of the structure of the Mellies category.
Suppose that X has, in addition, a small descendent set. Then we have a
functor

[X,Set] —»  Set
F - colim F(x)
z: X

given by the colimit in Set.
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Moreover, this functor is lax monoidal, via the multiplicative

VRORVED)

y7z

— F(y) x G(z)

S T Ry <G x Xy o 2, a)

= [[(Feny @)

(where the second morphism sends picks out the inhabitant inyg.(idyg-) of
colim . X(y® z,z)), and via the unital

1 — %X(I, z)
() — in[(id]) .

We then conclude by changing base through this colimit functor. It turns
out to be fairly easy to describe the resulting category directly, and we can
drop the well-tensoredness condition.

Definition 5.2.1. Let a monoidal category X with a small descendent set
act on a category C via a lax action. Then we define a new category C/X
where

e the objects are the objects of C;

e given objects a,b of C, the set of morphisms a — b is given by the
colimit

colim Cla,z.b);
r: X

i.e., a morphism in C/X from a to b is an equivalence class of Mellies
morphisms
a—x.b

in C, where z ranges over the objects of X, and where the equiva-
lence relation on morphisms is generated by identifying two morphisms
fra—xb, g: a— y.bif there is a morphism h: x — y in X such that
the following diagram commutes (we say that h mediates between f
and g);

a%m.b

g lh.b
y.b
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e composition of morphisms is via the Mellies composition of Definition

and

e the identity a — a is given by the equivalence class corresponding to
the morphism
eq:a— I.a

in C.

Remark 5.2.2. 1f we follow Proposition [5.1.5] exactly, then the object x in
the Mellies morphism a — x.b has to be contained in the small descendent
set of X. Instead, we shall stick to the traditional formulation of the colimit,
as for small diagrams, only using Proposition so that we can be sure
that the colimit is a small set.

Proposition 5.2.3. C/X is a well defined category.

Proof. Let us first check that Mellies composition is well defined with respect
to our equivalence relation. Suppose that

fra—xb

flia—a2'b

g:b—y.c

gd:b—19y.c
are Mellies morphisms, and that f is equivalent to f’ and ¢ is equivalent
to ¢’. By induction, we can assume that f, f/ and g, ¢ are related by the
relation that generates the equivalence relation on Mellies morphisms, so

that there are morphisms h: x — 2/, k: y — 3/ in X such that the following
diagrams commute.

a—1 5 2b b—2— ye

p lh.b N lk.c
) y.c

Then we have the following commutative diagram, since m is a natural
transformation.

f T.g Ma,y,c
a x.b r.y.c —2% (x@7y).c

AN [

) h.b h.g h.y.c
f + NV

2’ -2'.g3 2 y.c |hkc (h®k).c

|

g x’f,c

m

! oyl e
T,y ¢

2y —= (@ ®y).c
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This proves that the Mellies composition of f and g is equivalent to the
Mellies composition of f/ and ¢'.

We should check that Mellies composition is associative with respect to our
equivalence relation. Let f:a — x.b, g: b — y.c, h: ¢ — z.d be Mellies
morphisms. Then we have the following commutative diagram.

a

i

x.b
1
vy =22 ayzd -2 2 (y©2).d SEES (2@ (y© 2)

R 4
My .,y cl Mg,y,z.d éssocw,y,z d
h TQY,

(@ y)c “F (¢ @) 2d ™5 (@ ®y) © 7).

Here, the pentagon at the right is one of the coherence diagrams for a lax
action, while the left-hand square commutes because m is a natural transfor-
mation. The composite given by the thick dashed lines is the Mellies com-
position f;(g;h), while that given by thin lines is the Mellies composition
(f;9); h. The arrow assoc, , . in X then mediates between these morphisms,
so they are equivalent, and therefore correspond to the same morphism in

C/X.

Lastly, we need to check that the identity we have defined is indeed an
identity for the composition. The following diagrams show us that the mor-
phism lunit, in X mediates between a Mellies morphism f: a — x.b and
the Mellies composite eg; f, and that the morphism runit, in X mediates
between f and the Mellies composite f;ep.

a—)xb a f b — 5 2. I.b
eal ezbl ww \ lmzlb
runitz .b
La 11 14 b*> (I ®x).b (zr®1).b

Remark 5.2.4. This generalizes the Kleisli category of a monad. Indeed, if
M is a monad on C, then we may consider M as a lax action of the unit
category 1 on C. Then composition of morphisms f: a — 1.b, g: b — I.c in
the category C/1 is given by

mr 1.

ERY S NEE N PLEEN

Writing M for I.__, we see that this is precisely the definition of composition
in the Kleisli category for M (and the identity is the same thing too). Note
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that since the unit category has only an identity morphism, the equivalence
relation on morphisms in C/1 is discrete, so C/1 is the Kleisli category for
M.

There is an identity-on-objects functor J: C — C/X given by sending a
morphism f: a — b to the Mellies morphism

PRI SS

It is easy to show that this is a functor, and we will prove that it is in a
more general context in Proposition

A special role will be played by the identity morphisms
idpg: z.a — .0,

considered as Mellies morphisms z.a — a. We will see later that these are the
components of a natural transformation ¢, ,: .a — a in C/X, generalizing
the natural transformation ¢,: Ma — a in the Kleisli category for a monad
M that we met in Proposition 4.3.1

5.3 Lax 2-colimits

In the previous chapter, we approached the category C/X via the Mellies
category. In this chapter, we will show that C/X has important properties
in its own right: namely that it is a certain lax 2-colimit in Cat. We will
briefly return to the Mellies category in chapter |7}, when we will approach
it from the point of view of profunctors.

Definition 5.3.1 ([Stx72b]). Let C, D be bicategories. A lazx functor F': C —
D is given by

e a map F' from the objects of C to the objects of D;

e for each pair a,b of objects of C, a functor

F: C(a,b) — D(F(a), F(b));

e for each triple a, b, c of objects of C, a transformation

myg: F(f); F(g) = F(f;9)
natural in f: a — b, g: b — ¢; and

e for each object a of C, a 2-cell

€q: dpy, = F(idy): Fa — Fa;

185



such that for all tuples a,b,c,d of objects and all morphisms f: a — b,
g: b—c, h: ¢ — d, the following diagrams commute.

(F(f): F(9)); F(h) —— LIS B 1) (F(g); F(h)
)

mf,g§F(h)l F(f Mg h
F(f;9); F(h) F(f); F(g;h)
mf;gvhl mf,g;h
F(assocy g 1)
F((f;9);h) F(f;(g;h))
lunitpy runitp ¢ .

Ff——idpg; F'f Ff—— Ff;idp
Flunitfl lea;Ff Frunitfl lFf;eb
F(idg; f) £ Fidy; Ff F(f;idy) <7 Ff; Fidy

Ezxample 5.3.2. Given a monoidal category X', write BX™ for the bicategory
having a single object *, where BX (%, %) is the category & and composition
of 1-cells z,y: * — % is given by

Y==Y.

If C = BX, D = BY are the delooping bicategories of monoidal categories
X,Y, then a lax functor C — D is the same thing as a lax monoidal functor
X = ).

Example 5.3.3. More generally, a lax functor F': BA — D is the same as
a lax monoidal functor from X to the monoidal category of 1-cells F'(x) —
F(x). In particular, a lax functor 1 — Cat is the same thing as a monad
and a lax functor BX — Cat is the same thing as a parametric monad
parameterized by X.

Definition 5.3.4. Let F': C — D be a lax functor of bicategories. Then
an oplax cocone under F' is given by an object d of D (called the tip of the
cocone), together with 1-cells

le: F(c) = d
for each object ¢ of C and 2-cells
pn: F(h)jly = 1.0 F(c) = d

for each 1-cell h: ¢ — ¢ in C, such that for all 2-cells ¢: h' = h: ¢ — ¢ the
diagram
F(W)le =225 1,



commutes, and such that for all h: ¢ — ¢, h': ¢ — ¢, the diagrams

(F(h); F(R)); Lo 2200 fo( By (P (R ) =20 ()1,
mhyhl;lcuﬂ L
F(h; h);len i le
lc lunit;,, idc; lc

idlcﬂ ﬂec;lc

le <2= F(ide); L
commute.

Definition 5.3.5 ([Lei98]). Let (d,l,u), (d',l', ') be oplax cocones for a
lax functor F': C — D. Then a modification of oplax cocones | — 1’ is given

by a collection of 2-cells
Sci le =1L,

for each object ¢ of C, such that the following diagram commutes for any
1-cell h: ¢ — ¢ inC.
F(h);ly =21,

F(h);ac/ﬂ ﬂ .

F(h)l, =2 1!
Definition 5.3.6 ([GHN17]). Let F': C — D be a lax functor of bicategories.
Then a lax colimit of I is an oplax cocone (u, k, ) under F' such that

o if (d, L w) is any other oplax cocone under F' then there is a unique
1-cell [: uw — d such that kc,l = [, for each object ¢ of C and such that
vpl = pp, for any 1-cell h: ¢ — ¢ in C; and

e if (d,l', ) is another oplax cocone under F' with tip d and §: [ = I’ is
a modiﬁcatior} of oplax cocones, then there is a unique 2-cell §: [ = I
such that h.;d = d. for all objects ¢ of C.

For the justification of the terminology we have used whereby a laz limit is
a limiting oplax cocone, see [nLal9].

Remark 5.3.7. Our definition of a lax colimit (u, k,v) tells us that if d is an
object of C, then there is an isomorphism of categories from the category
C(u,d) to the category of oplax cocones under F' with tip d, with morphisms
given by modifications of oplax cocones. As a consequence, any two lax
colimits for the same diagram are uniquely isomorphic as cocones.
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There is a more usual definition of an oplax cocone, in which this isomor-
phism of categories is weakened to an equivalence. The distinction is not
important for our purposes, since the lax colimits we will be considering will
all satisfy our stronger definition.

We shall sometimes write
colimy F'(c)
-
c: C
for the lax colimit of the functor F'.

5.4 Lax natural transformations and functoriality
of lax colimits

Definition 5.4.1 ([Lei98]). Let F, G: C — D be lax functors of bicategories.
A oplax natural transformation C — D is given by a family of 1-cells

te: F(c) = G(c),
for each object ¢ of C, together with a family of 2-cells
pn: F(h);ty = te;G(h): F(c) = G(c)

for each morphism h: ¢ — ¢’ in C, such that for all 2-cells ¢: ' — h: ¢ — ¢
the diagram

F(W);te SN te; G(R)
F(qa);tc/ﬂ ﬂTC;F(m
F(h);ty =2 t.:G(h)

commutes, and such that for all h: ¢ — ¢/, h': ¢ — ¢”, the diagrams

(F(h); (W) ter =252 P(h); (F(K); tor) 22 p(h); (103 G (M)

mf h’;tC”ﬂ ﬂassoc

F(h:h/)ito (F(h);te); G()

uh;h/ﬂ ﬂﬂh?c(h/)

te; G(h; b)) === t.; (G(h); G(N)) === (t;G(h)); G(R')

assoc
m
© h,h/

lunit;,

ide; le

le
runitlcﬂ

le;ide elile

lc;efﬂ

le; G(id,) <= F(id.); L

Mide
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commute.

As we would expect, the horizontal /vertical composition of two oplax nat-
ural transformations is also an oplax natural transformation, and there is
an identity oplax natural transformation F' = F' for any lax functor F of
bicategories.

Ezxample 5.4.2. An oplax natural transformation between two lax functors
BX — Cat is the same thing as an oplax morphism between the corre-
sponding actions, as defined in Definition [5.0.2

Example 5.4.3. If F': C — D is a lax functor of bicategories, then an oplax
cocone under F' with tip d: D is the same thing as an oplax natural trans-
formation F — %4, where x4 is the constant functor taking the value d.

We can then get a functoriality result similar to the usual one for ordinary
colimits.

Proposition 5.4.4. Let F,G: C = D be lax functors and let t: F = G be
an oplax natural transformation. Suppose that F' and G have lax colimits
with tips F and G. Then t naturally gives rise to a lax functor F—-Gina
way that respects composition and identity of lax natural transformations.

Proof. Composing the limiting oplax cocone k¢: G — *& with ¢ gives us
an oplax natural transformation F' — *z and hence a unique lax functor
(t;kCY: F — G such that kY (t; k9Y = t; kS and v} (k¢ = v¢ for all
objects ¢ and morphisms A in C.

We can prove that this procedure preserves composition and identities via
the usual technique: if we have oplax natural transformations t: F' = G
and t': G = H, then the composite of the induced lax functors F — G and
G — H satisfies the same property that uniquely defines the lax functor
F — H induced from the composite of ¢ and t'. ]

Another similar functoriality result tells us what happens to lax colimits
when we precompose with a lax functor.

Proposition 5.4.5. Let F': C — D, G: D — £ be lax functors. Suppose
that lax colimits exist for G and for F'; G. Then we get a natural lax functor
F' from the lax colimit of F; G to the laz colimit of G such that for all objects
¢ and all morphisms h in C we have

; ;- FiG +
kf’GSF: ke v, F = Vgha
where (kG G s the limiting cocone for the lax colimit of F;G and
(K&, v9) is the limiting cocone for the lax colimit of G.
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Proof. Composing the limiting cocone (kg, 1/,? ) for the lax colimit of G' with
F gives us an oplax cocone (k% Vﬁh) under F; G, inducing a functor from
the lax colimit of F';G to the lax colimit of G that satisfies the required
properties. O

5.5 Lax 2-colimits in Cat

Let C be a bicategory, and let F': C — Cat be a bifunctor.

Definition 5.5.1 ([Str80]). The Grothendieck construction associates to the
bifunctor F' a bicategory [ F, where

e the objects of [ F are pairs (a,m), where a is an object of C and m
an object of F(a);

e the 1-cells (a,m) — (b,n) are pairs (h, f), where h is a 1-cell b — a
and f is a morphism m — F'(h)(n) in F'(a); and

e the 2-cells (h, f) = (k,g): (a,m) — (b,n) are 2-cells ¢: h = k in C
that make the following diagram commute.

m —L s F(h)(n)

x l(ﬂb)n
F

(F)(n)

The identity 1-cell (a,m) — (a,m) is given by | id,, m {ea)m, F(id)(m)
The composite of a 1-cell (h, f): (a,m) — (b,n) with a 1-cell (k,g): (b,n) —
(c,p) is the pair (k;h, f * g), where f * g is the following composite.

m

m L F)m) S FR)(ER)(0) "5 F (s h) (n)

Remark 5.5.2. For the Grothendieck construction see [SGAI, VL8] and
[Joh02, B1.3.1] — in the original formulation, the category F' is a pseud-
ofunctor C — Cat (i.e., a lax functor where the coherences m and e are
isomorphisms), where C is an ordinary category — then [ F contains only
identity 2-cells, so we can consider it as an ordinary category as well. For

the version where C is an arbitrary bicategory (and [ F is a bicategory), see
[Str80].

There are many different variations of this construction, where various com-
binations of arrows are reversed. We have chosen the variation that suits
our needs.
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Definition 5.5.3. Let C be a bicategory, and suppose that whenever a, b
are objects of C, the category C(a,b) of 1-cells has a small descendent set.
Then we write 7,C for the ordinary category whose objects are the objects
of C and where the morphisms a — b are the connected components of
the 1-cells a — b in C: i.e., equivalence classes of 1-cells a — b under the
equivalence relation generated by relating f: a — b to g: a — b if there is a
2-cell p: f — g.

Proposition 5.5.4 ([nLal9l §3]). Let C be a bicategory such that C(a,b) has
a small descendent set for every pair (a,b) of objects of C, and let F: C —
Cat be a lax functor. Then m, [ F is a lax colimit for F.

Proof. First, we need to show that 7, [ F is well defined; i.e., that each
category [ F'((a,m), (b,n)) of morphisms in [ F has a small descendent set.
Suppose that D is a small descendent set for C(b,a). We claim that

{(W,f): WeD,f:m— F(h)(n)}
is a descendent set for [ F((a,m), (b,n)).

Indeed, let (h, f): (a,m) — (b,n) be a morphism in [ F —so h:b— ais a
1-cell in C and f is a morphism m — F(h)(n) in F(a). Let b’ € D be such
that there exists a 2-cell ¢: h = h' and let f': m — F(h')(n) be given by

the composite

m L Py () L2 P(W)(n) .

Then ¢ is a 2-cell from (h, f) to (1, f') in [ F((a,m), (b,n)).
Now we have assured ourselves that there are no size problems, we define

the oplax cocone under F' with tip . f F'. Given an object a of C, the arrow
from F(a) to m, [ F is the functor k defined by

ko(m) = (a,m) kq (m ERN n) = <ida,m Iy g Lok, F(ld)(n)> .
We should check that this is indeed a functor; clearly it preserves the identity,

so we need to check that it preserves composition. Let m i> n 2 p be
morphisms in F(a). We need to show that kq(f); ka(g) = ka(f;9) in me [ F,
for which it suffices to exhibit a 2-cell in [ F mediating between these two
1-cells. Indeed, such a 2-cell is given by lunitiq, : id, — idg;id, (see Figure

51).
Next, if h: a — @ is a morphism in C, then we define a natural transforma-
tion
vy F(h);ky = ke
by
Wn)m = (h,idphymy): (@', F(R)(m)) = (a,m).

191



m—t 3 g - L y Fida)(n)
QJ AP0
(ea)p . F(ida)(ep) . .
p—— Flida)(p) ===~ F(ida)((F(ida) (p)))
F(lunitiq, )p Ty v

F(idg,ida)(p)

Figure 5.1: The square commutes because (e,) is a natural transfor-
mation, while commutativity of the triangle is one of the conditions
for a lax functor. The composite kq(f);kq(g) is given by the pair

<ida;ida, m ——— F(idg,id,)(p) > (thick dashed arrows), while k,(f;g) is

given by (idy,m — F(id,)(p)) (normal arrows). The 2-cell lunitiq, : idg —
id, from [ F' mediates between them (dotted arrow).

We want to show that this is a natural transformation; i.e., that for any
morphism f: m — n in F(a), the following diagram commutes.

(Vh)m

i (F(h)(m)) 2255 ey (m)
b (P () | Jkats)
ko (F(h)(n)) = ka(n)
Here, the top right composite is given by

F(h)(m) 29, by ) SO, pin) (P (id,) (n) ZH4S Fhsida)(n),

which is related to F'(h)(f) via runity, while the bottom left composite is
given by

Fh)(m) 2% Py (n) N Bidy)(F(R)(n) T Fidg; F(R)) (),

which is related to F'(h)(f) via lunity,.

We now need to show that the appropriate diagrams commute to ensure
that (77* f F,k:,y) is a oplax cocone under F. For the first diagram, we
must show that the following commutes for any 2-cell ¢: ' = h:a — a
and any object m of F(a).

o (F(R)(m)) 225 oy (m)
ka/(u%)mm
ki (F(h)(m)

(Vn)m
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Since the arrow along the top is given by the identity on F(h')(m), it will
suffice to show that the arrow along the bottom is of the form F(v)),, for
some 2-cell ¥ in C, and that it is therefore equal to the identity in m, [ F.
Indeed, writing this composite out in full, we get

F)(m) L () m) E50, pGa)Fh)n)) T4 Fid; B n) .
By the conditions on a lax functor, the composite of the last two morphisms
is F'(lunity,),,, and so the whole thing is equal to F(¢;lunitp,)y,.

Lastly, we need to show that the following diagrams commute for any 1-cells
h:a—d', h:ad — ' and any object m of F(a).

(Vh)F(h)(m)
T,

kor (F(R)(F(R)(m))) ko (F'(R)(m))
kg ((my, s )m) Vh)m
l , (Vh;h’)m l( )
ket (F(hy B)(m)) > kq(m)
Fa((ea)m)

ko(m) ———= kq(F(id)(m))
iy (o) \L(Vid)m
kq(m)

This time, we can compute that both composites in the first diagram are
equal to
m ’
FO)(E(h)(m)) 2225 B (s 1) (m)

while in the second diagram the top left composite is equal to

m 0 P ) (m) O, pa)y(Fd) (m)) L4 Fid;id)(m).
and the diagonal arrow is given by

m L™ ) (m) .

These 1-cells in [ F are related by F(lunit,,), so they correspond to the
same morphism in 7, [ F.
This completes the definition of the universal cocone under , f F.

Now, suppose that (D, [, u) is another oplax cocone under F'. We define

~

l(a,m) = l,(m)



Figure 5.2: Proof that [ respects composition. The thick dotted line repre-
sents I((h, f); (k,g)), while the thin solid line represents I(h, f);1(k, g). The
top square commutes because up, is a natural transformation, while the bot-
tom is one of the conditions on a cocone.

We need to show that [ is a functor T f F — D. First, observe that it sends
the identity on (a,m) to the composite

fa(m) = 1, (P ) (m)) 75 1 (m).

which is equal to the identity on l,(m) since [ is a cocone under F. Now
suppose we have morphisms
h k
(a,;m) 225 (b,m) 25 (c,).

Using the formula for the composition of morphisms in the Grothendieck
construction, we see that I((h, f); (k;g)) is given by the thick dotted com-
posite in Figure while I(h, f);I(k, g) is given by the thin composite. We
can deal with the identity in a similar way. Therefore, [ is a functor.

Moreover, if a is an object of C and m and object of F'(a), we have nga(m)) =
l(a,m) = lg(m), and if f: m — n is a morphism in F'(a), then I(k,(f)) is
given by the composite

la(f)

lo(m) lo(n) 228y pGd)(n)) Y 1 )

which is equal to [,(f) by the cocone condition on p. Therefore, kq; =1,
for each object a of C.

Lastly, if h: a — b is a morphism in C, then

U(vn)m) = U(hy idpmym) = (Ba)m -

and so vl = pp. This completes the existence part of the proof.

For uniqueness, suppose that j is another functor . f F — D such that
ka;j = lg and vpj = pp, for each object a of C and each morphism h: a — b
in C.
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Let (a,m) be an object of m, [ F. Then j(a,m) = j(kq(m)) = lo(m) =
I(a,m).

Now let (h, f): (a,m) — (b,n) be a morphism in 7, [ F. We claim that we
may decompose (h, f) as the composite

i i w

(a, F()(n)) > (b.1)

Indeed, if we work out what that composite is, then we get

m L F(h)(n) 2% Fid)(F(R)(n) L2222 pid; h)(n),

which is related to (h, f) in [ F by the 2-cell lunit, (since F is a lax functor),
and is therefore equal to (h, f) in 7, [ F.

We therefore have

(b ) = 3 (ka(); Wn)n) = 5(ka(£)); 5((WR)n) = La(f); (1n)n = 1(h, f),
and therefore j = L.

Lastly, suppose that (I, ') is another oplax cocone with tip D under F', and
let 0: 1 = I’ be a modification of oplax cocones. Then, for each object a of
C and each object m of F'(a), we have a morphism

Sam: la(m) = I, (m).
We claim that these 0,4, form the components of a natural transformation
6: 1 = I'. Indeed, if (h, f): (a,m) — (b,n) is a morphism in [ F, then we
have the following commutative diagram.
lo(m) —"— 11,(m)
()| |t
Lo (F(h)(m) "2 (P (1) (n)

mnl |6

§b,n
l(n) —————— I(n)
Here, the top square commutes because d, is a natural transformation, while
the bottom commutes because ¢§ is a modification of oplax cocones.

Now we have

A~

(ka; 5)m = Ska(m) = 6a,m s
as desired. O
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5.6 Examples of lax 2-colimits in Cat

Suppose that M is a monad on a category C, considered as a lax functor
F:1— Cat
such that F(x) =C.

If we apply the Grothendieck construction to F', then the category we get
has pairs (%,a) for objects, where a ranges over the objects of C; and the
morphisms from (x,a) to (*,b) are morphisms a — F(id)(b) in C, where
F(id) = M. In other words, [ F' is precisely the Kleisli category for M. In
this case, Proposition reduces to Proposition

More generally, if X is a monoidal category with a small descendent set, then
BX satisfies our smallness condition (all categories of 1-cells have a small
descendent set). If F: BX — Cat is a lax functor, corresponding to a lax
action of X upon C = F(x), then it is easy to see that 7, [ F is isomorphic to
the category C/X that we defined earlier. Indeed, in both cases the objects
may be identified with the objects of C, and the morphisms from an object
a to an object b may be written as equivalence classes of morphisms a — x.b
in C under the equivalence relation generated by relating f: a — x.b to
g: a — y.b if there is a morphism h: z — y in X such that g = f; (h.b).

In this case, we can recast Proposition to get a result about C/X.
Corollary 5.6.1. Let . be an action of a monoidal category X on a

category C. If we identify this action with a lax functor F': BX — Cat,
then C/X is the lax colimit of this functor.

In particular, there is a functor J: C — C/X and a natural transformation
Gra: J(x.a) = Ja

making the following diagrams commute

J(z.y.a) Pz, J(y.a) Ja
J(mzyyya)l l(by’a J(Ia)l id ,
®l,a
J((z ®y).a) 222 Ja J(I.a) 225 Ja

such that if F': C — D is a functor and
Vpa: F(x.a) = Fa

s a natural transformation making the following diagrams commute

F(mya)%F(ya) Fa
F(mg,y a)l lq/)y o F(la) N s
© a P ,a
F((z @ y).a) 22229 P F(l.a) 2“5 Fa
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then there is a unique functor F: C/X — D such that F = FJ and Y= Fqb

Remark 5.6.2. Here, J: C — C/X is the identity on objects and sends a
morphism f: a — b in C to the Melliés morphism

a i> b Ib,
while the component ¢, , of ¢ is the identity
r.a — x.0,

considered as a Mellies morphism z.a — a.

Corollary tells us that C/X is generated as a category by the objects
and morphisms in C, together with the special morphisms making up the
natural transformation ¢, q: x.a — a.

In this special case, the proof of Proposition tells us that C/X always
satisfies a ‘factorization result’ akin to those in [AM96] (our Proposition
and [HM99]: if f: a — b is a morphism in C/X, given by some
morphism f: a — 2.b in C, then we may write f as the composite

a %](f) z.b —>¢z’b b

in C. This means that if we have a definability result for the category C — for
example, that every compact morphism in C is definable in some language
L — then we can automatically get a definability result for the category C/X
— for example, that every compact morphism in C/X" (i.e., every morphism
a — bin C/X that is given by a compact morphism a — x.b in C) is definable
in the language £ + ®, ,, where ®,, is a new family of primitives in the
language whose denotations are given by the ¢ 4.

In the case that X = 1 and the action is a monad, this factorization result
is Proposition which played an important role in our main Full Ab-
straction result (Theorem . We shall use our new factorization result
to prove a Full Abstraction result in a similar way.

5.7 Finite products distribute over lax colimits in
Cat

The next result mirrors the result for distributivity of finite products over
arbitrary colimits in a Cartesian closed category (which is essentially because
the functor A x _ is a left adjoint, so preserves colimits).
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Proposition 5.7.1. Let F': C — Cat be a lax functor of bicategories, where
C(a,b) has a small descendent set for any pair (a,b) of objects of C. Let A be
a category. Then the lax colimit of Ax F' (defined by (Ax F)(c) = Ax F(c)
and (A x F)(f) = (id, f)) is given by the product of A with the lax colimit
of F.

Proof. 1t is easiest to compute the colimit of A x F' directly using Proposition
5.5.4L The objects are tuples (c, (a,m)), where ¢ is an object of C, a is
an object of a and m is an object of F(c). 1-cells from (¢, (a’,m’)) to
(¢, (a,m)) are given by pairs (h, (¢, f)), where h is a morphism ¢ — ¢’ in C,
f is a morphism a’ — F(h)(a) in F(a’) and ¢ is a morphism a’ — a in A.
Two 1-cells (h, (g, f)) and (I, (¢, f')) from (¢, (a’,m’)) to (¢, (a,m)) define
equivalent morphisms if there is a 2-cell ¢: h = h’ such that f; (F¢),, = f’,
and if ' = a.

Meanwhile, the product of A with the lax colimit of F' has tuples (a, (¢, m))
for objects, where a is an object of A, ¢ an object of C and m an object of
F(c). 1-cells (d', (¢, m")) — (a,(c,m)) are given by tuples (g, (h, f)), where
q is a morphism @’ — a, h is a morphism ¢ — ¢ and f is a morphism
m' — F(h)(m). Two 1l-cells (¢, (h, f)) and (¢, (h', f")) from (d’,(c',m’))
to (a,(c,m)) define equivalent morphisms if ¢’ = a, and if there is a 2-
cell ¢: h = h' such that f;(F¢),, = f’. These two categories are clearly
isomorphic. O

Corollary 5.7.2. Let F': C — Cat, G: D — Cat be lax functors of bicate-
gories. Then

colim; (F'(¢) x G(d)) = colimy F'(c) x colim; G(d) .
c:Cd: D c:C d: D

Proof. By Proposition [5.7.1], we have

colimy F'(¢) x colim; G(d)
— s

c:C d: D
= colimy (F lim; G(d
C(Z,lznl( (c) x czlgll (d))
= colimy colimy (F'(c) x G(d))
c:C d:D
= colimy (F(c) x G(d)). O
c:C,d: D

In the particular case of a bifunctor out of BX, for X a monoidal category,
we get the following.
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Corollary 5.7.3. Suppose we have actions of a monoidal category X on a
category C and of a monoidal category Y on a category D. We get an action
of X x)Y onC xD by

(z,9).(c,d) = (x.c,y.d).

Then
(CxD)/(XxY)=(C/X)x (D]Y).

Proof. Since the C/X construction is a special case of a lax colimit in Cat,
this is a direct application of Corollary where we are using the fact
that B(X x )V) = BX x B). O

5.8 Monoidal structure of C/X

We shall now consider the C/X construction in more depth, looking at the
properties that C/X has when C is also a monoidal category. Until the
end of the chapter, we assume that the monoidal category X has a small
descendent set.

Definition 5.8.1. Suppose that X is a symmetric monoidal category acting
on a monoidal category C, and suppose moreover that the underlying functor
X x C — C is a lax monoidal functor.

Then the functor X x X xC — C that sends (z,y, a) to x.y.a is lax monoidal.
Since X is symmetric monoidal, the tensor product _ ® _: X x X — X
is a strong monoidal functor and so the functor X x X x C — C that sends
(z,y,a) to (x ® y).a is also lax monoidal.

We say that the action of X on C is monoidal if the underlying functor
X x C — C is a lax monoidal functor and the natural transformations

Mypya: £Y.0=> (2@y)a: X XX xC—C eo:a=>Ia:C—C

are monoidal natural transformations.

Example 5.8.2. If X,C are symmetric monoidal categories, where C is sym-
metric monoidal closed, and j: X — C is an oplax symmetric monoidal
functor, then the parametric reader monad action

r.a=jr—oa

is a symmetric monoidal lax action of A°P on C.
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Remark 5.8.3. This generalizes the definition of a monad being monoidal;
i.e., when the underlying functor C — C is a monoidal functor and the mul-
tiplication and unit for the monad are monoidal natural transformations.
However, although a monoidal monad can be defined to be a monoid in the
category of monoidal functors C — C and monoidal natural transformations
between them, a monoidal parametric monad parameterized by a symmet-
ric monoidal category X cannot be defined as a monoidal functor from X
into this category. Indeed, that would mean we had, inter alia, a natural
transformation
ra®xrb—x(a®b),

whereas we want to specify that there should be a natural transformation

r.a®yb— (r®y).(a®Db).

Proposition 5.8.4. Suppose that X is a symmetric monoidal category, and
that we have a monoidal lax action of X on another monoidal category C.
Then C/X inherits the structure of a monoidal category and the natural
functor J: C — C/X is strict monoidal.

Proof. By taking the product of the action with itself, we get an action of
X x X on C x C; i.e., the action given by (z,y).(a,b) = (z.a,y.b). Since X
is symmetric monoidal, the tensor product functor X x X — X is strong
monoidal, so by composing it with the action of X on C we get a lax action of
X x X on C; i.e., the action given by (z,y).a = (z®y).a, with multiplicative
coherence My ) (4 ,4).a 8lven by

M(2®y),(='®y’),a

(z0y).(2'®y).a ———— ((z0y)0(z'®Y)).a = ((z@2")@(yey')).a,

where the last arrow is given by the unique symmetric monoidal isomor-
phism; and with unital coherence e, given by

aTa—(I®l).a.

We claim that the functor ~ ® _ : C x C — C and the monoidal coherence
My yab: -0 R Y.b— (x®y).(a®b)

of the monoidal functor _._: X x C — C give rise to an oplax morphism
from the action of X x X on C x C to the action of X x X on C.

200



Indeed, the first diagram in Definition in this case is given by

m
z,x! y.a,y’.a’

(zy.a) @ (29 .d) —————"—— (z®2).(y.a®y'.d)
mz,y,a®mx/’y/7a/i J((x@x’).my’y/ﬂ’a/
(z®y).a)® (@' @y).d) (z@2).(y@y).(a®d)
mz®y,w’®y’,a,a’l lmwé@z’,y@y’,a@a’

(reye@ey)).(@vd) — (o) (yoy)).(awd)

)

which is precisely the diagram saying that m is a monoidal natural trans-
formation. Similarly, the second diagram from Definition [5.0.2] is the same
as the diagram saying that e is a monoidal natural transformation.

Therefore, by Proposition [5.4.4] this lax morphism of actions gives rise to a
functor
(CxC)J(XxX)—=C/(X xX).

The lax monoidal functor X x X — X gives rise by Proposition to a
functor C/(X x X) — C/X, which we may compose with the functor above
to give us a functor

(CxC)/(X x X) = C/X.

Moreover, Corollary tells us that (C x C)/(X x X) is isomorphic to
(C/X) x (C/X), giving us our desired functor

@ (C/X) % (C/X) = (C)X).

The construction of this functor tells us that it commutes with the identity-
on-objects functors out of the original categories:

CxC—2= ¢

s Js

C/x) % (C/x) =25 ¢/x

This means that the functor J preserves the tensor product. It also means
that we may lift the associators and unitors for the tensor product on C
along the functor J morphisms in C/X, and that these morphisms satisfy
the appropriate coherence diagrams. It remains to show that they are still
natural transformations in C/X, and we do this in Figure O

Having defined the monoidal structure on C/X in a very formal way, let

us unpack what it actually is. The tensor product on objects is defined
exactly as in C, while the tensor product of morphisms f: a’ —a, g: b — b
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assoCy/ y/ ot

(d V) d ya' @ (V@)

(f®9)®hv Vf®(g®h)
(r.a®y.b) ® z.c Dbz » x.a® (y.b® z.c)
Mg y,a,b@2.C T.aQMy b 2.c
((m@y).(aV® b)) ® z.c z.a® ((y éz).(b@c))
MrRy,z,a®b,c My yRz,a,bRc
(z®y) ®2).((a®b) @ ¢) ———WZ PPN 4 (10 (y @ 2)).(a® (b c))
o lunit,,/ I9a
fl il®f
v — Wt 1 (z.a)
lunitxilunita J(e@x,a

(I®2).(I®a) <2 (1.1) ® (2.0)

o runit a®
fJ J(f@]
v.q —Witea (x.a)®1

runity ‘.runita ix.a@e
3

(@ 1).(a®I) <2 (3.0) ® (1.0)

Figure 5.3: Proof that the associators and unitors in C/X are indeed natural
transformations. Here, f: a’ — a, g: ¥ — b, h: ¢ — ¢ are morphisms in
C/X, considered as morphisms o’ — z.a, b/ — y.b, ¢ — z.c in C.
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(considered as morphisms f: a' — x.a, g: b — y.b in C) is given by the
composite

Y ﬂ&) (2z.a) ® (y.b) May,ab, (x®y).(a®b),

where the right hand arrow is the multiplicative coherence for the monoidal
functor . : X xC —C.

The reason we need some kind of symmetry in X is for this to be a functor:
indeed, suppose that we have morphisms f': ”/ —d’, f: a' = a, g : 0" =V
and g: b’ — bin C/X, considered as morphisms f': o’ — 2'.d/, f: ' = x.qa,
g: b —yb and g: v — y'bin C. Then (f' ® ¢'); (f ® g) is given by the
composite

a1/®b/l
f'ed
> (a'd) @ (y'V)
m /, /7 ',b’
e (@' ®y).(d @)

(@' @y).(f®9)

(SL‘/ @ y/) My y.a,b

(7' @ y).((z.a) ® (y.b))
y).(z®y).(a®b)
¢ @y)®(rey))(a®b),

(v
(a
(
(

m$'®y',z®y7a®b ((

while (f'; f) ® (¢'; g) is given by
a// ® b//

L899 )@ (1)

2. f®oy.g

My g0 @ My y b

/

(.
(2 .x.a) @ (y.y.b)

(@' ®z).a)® (Y ®y).b)
(@"e@r)e (Y ey)e(@2b).

Ma! @z,y' ®y,a,b

Since X is symmetric, and since m, , 4 is a monoidal natural transformation,
the natural symmetric monoidal coherence

(@' ®y) @ @@ey) (@ 0o Y @y)

mediates between these two composites, so they give us the same morphism
inC/X.

5.9 Symmetric monoidal structure of C/X

Definition 5.9.1. Let a symmetric monoidal category X act via a monoidal
lax action on a monoidal category C. If C is symmetric monoidal, then we say
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that the action of X on C is symmetric monoidal if the underlying functor
X x C — C is a symmetric monoidal functor.

Ezample 5.9.2. If j: X — C is a symmetric oplax monoidal functor, where
C is symmetric monoidal closed, then the reader action of X°P on C induced
from j is a symmetric monoidal lax action.

Proposition 5.9.3. Let a symmetric monoidal category X act via a sym-
metric monoidal lax action on a symmetric monoidal category C. Then the
category C/X is symmetric monoidal.

Proof. As with the associators and unitors, we can lift the symmetry iso-
morphisms from C on to C/X, and these isomorphisms will satisfy the ap-
propriate coherence diagrams.

We need only show that they are natural transformations in C/X. Let
f:ad —a, g: b/ = b be morphisms in C/X, considered as morphisms

f:d = xa g: b —yb

in C. Then we need show that the following diagram commutes.

Syms pr

a @b b ®a

f®gl lg@f

(x.a) ® (y.b)

symg , .Sym,
(z®y).(a®b) L

Indeed, the top square commutes because sym is a natural transformation
in C, and the bottom square commutes because the action is a symmetric
monoidal functor. O

5.10 Monoidal closed structure of C/X

Let a symmetric monoidal category X act on a symmetric monoidal cate-
gory C via a symmetric monoidal action. Since any lax monoidal functor
between monoidal closed categories is automatically lax monoidal closed, we
might expect that in such a situation the category C/X would be symmetric
monoidal closed.

In fact, this is not the case. For example, suppose that X" is the unit monoidal
category, and that X acts on the category of sets via the powerset monad.
Then the category Set/X is the Kleisli category for the powerset monad —
i.e., the category of sets and relations.
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Since the powerset functor is lax monoidal, it induces a monoidal structure
on the Kleisli category — i.e., the familiar Cartesian product. In fact, the
category of sets and relations s monoidal closed with respect to this choice
of product, but this is a bit of a coincidence: in particular, the internal hom
functor this category (which is also given by Cartesian product) does not
agree with the function-space construction in the category of sets.

We are going to need to impose some stricter constraints on our action,
then, in order to ensure that C/X is monoidal closed. It turns out that we
only need C to be monoidal closed, but that we need the action of X on C
to preserve the internal hom strictly.

Definition 5.10.1. Let a symmetric monoidal category X act on a sym-
metric monoidal closed category C via a symmetric monoidal lax action.
We say that the action is symmetric monoidal closed if there is a natural
isomorphism

Spabi G —o (az.b)i:p.(a —o b)

that makes the following diagram commute for any object x of X and any
objects a, b of C.

My I,a—0b,a

(x.(a — b)) ® (.a) (x®1).((a —b) ®a)
Sa:,a,,b@eaT lmmit_1 ®evap

€Va,x.b
x.b

(a—ozb)®a

Example 5.10.2. If j is an oplax symmetric monoidal functor from a sym-
metric monoidal category X to a symmetric monoidal closed category C,
then the reader action of X°P on C induced by j is symmetric monoidal
closed, via the isomorphism

(jx —b) = jx — (a —o b).

Proposition 5.10.3. Suppose that a symmetric monoidal category X acts
on a symmetric monoidal closed category C via a symmetric monoidal closed
action. Then the category C/X is symmetric monoidal closed.

Proof. Given objects a,b of C, we define a —o b in C/X to be the same as
a — b in C, and we define

evep = J(evgp): (a —b)®a—b,

to be given by the same morphism as in C.
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Let f: ¢® a — b be a morphism in C/X. It is necessary and sufficient to
show that there is a unique morphism

h:c—a—ob

in C/X such that f = (h® a);evgp.

Suppose that f is given by a morphism
f tc®a—axb

in C. This then induces a morphism

f:W(f):c%(a—ox.b),

which we can compose with s, , 5 to give us a morphism

h=W(f);Szap: ¢ = x.(a —b),

which we may consider as a morphism h: ¢ — (a — b) in C/X. We claim
that (h ® a);evep = f; indeed, the composite (h ® idg);evyp is given in C
by the composite
My, I,a—0b,a
(x.(a—b))®(I.a) (z®1).((a —-b)®a)
Sz,a,b®ea1\ lid;C@[ Revep -

c®a$>(a—om.b)®a (x®1).b

Using the diagram in Definition [5.10.1] we see that this is equal to the
composite

f® €Va, x.b

c®al= (a—oz.b)®a

. Litite b, (x®1).b.

The composite of the first two morphisms is equal to f , and so the whole
thing defines the same morphism as f in C/X’, with runit, mediating between
the two.

Now suppose that h: ¢ — a —o bis a morphism in C /X, given by a morphism
h:c— x.(a —b)inC. Let f: ¢c®a — b be given by the morphism

A

f=wlh;st)).

' 2x,a,b

Then h may be recovered from f just as in the first part of this proof, and
the equation f = (h ® a);ev,, determines f. It follows that the choice of h
is unique. O
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5.11 Cartesianness of the monoidal structure

Suppose that a symmetric monoidal category X acts on a Cartesian category
C via a symmetric monoidal lax action. In this chapter we will consider
what properties of the action we need in order to ensure that the induced
monoidal structure on C/X is Cartesian. Remember that the category of
sets and relations is not Cartesian, even though it arises from an action of
the unit category on the category of sets.

Since C is Cartesian, the diagonal and terminal maps in C gives every object
a natural comonoid structure:

2% axa a Q> 1.
The tensor product of objects A, B in C/X is the same object A x B that de-
fines the Cartesian product C, so we can lift this comonoid structure through
the functor .J to give us a natural comonoid structure on each object of C/X":
J
a 282 ®a a —()—> I.
We have replaced the symbol x with the symbol ® when we are working in

C/X, since we do not know whether this tensor product is still Cartesian in
C/Xx.

If every morphism f: a — b in C/X is a comonoid homomorphism with
respect to this comonoid structure; i.e., if it makes the diagrams

/ f

a—1 5 a—1-5b
JA{ lJAb J()J /
fof 70
aRQa —=>b®b I

commute, then we may identify C/X with a full subcategory of its own
category of comonoids, closed under tensor product. Since the category of
comonoids in a monoidal category is always Cartesian, this will tell us that
C/X is Cartesian.

What does it mean for every morphism in C/X to be a comonoid homo-
morphism? Firstly, since C itself is Cartesian, every morphism in C is a
comonoid homomorphism with respect to the diagonal, and it follows that
every morphism of the form Jf: a — b (where f: a — b is a morphism in C)
is a comonoid homomorphism in C/X. Since every morphism in C/X may
be written as the composite of a morphism of the form Jf with a morphism
of the form ¢, , it will suffice to show that the morphisms of the form ¢, q
are comonoid homomorphisms in C/X; i.e., that they make the following
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diagrams commute.

d)z,a ¢zy
raq ——> Q r.a —— a

JAz.a b0 iJAa J()% A

r.aRQr.a —— a®a

Let us compute the two arms of the first square directly in C. The composite
along the top right is given in C by the morphism

z.a T2 z.(a x a),

while that along the bottom right is given by the composite

Mz,z,a,a

R =N ALIN (r®@x).(a xa).

Proposition 5.11.1. Let a symmetric monoidal category X act on a Carte-
sian category C via a symmetric monoidal lax action. Suppose that either

e for every object x of X there are morphisms f: x — x@x and fo: © —
I that make the following diagrams commute;

xI.a

fA xr.a
AJ/ \ 0| Y()

Max,x,a,a

r.axzx.a —> (r@x).(a X a) 1 —5— 11

or

e for every object x of X there is are morphisms g: x @ x — x and
go: I — x that make the following diagrams commute.

:an'—A“HE(axa) 20

: . r.a —— z.1
Al Tg«axa) ()l Tgo-l
z.aXz.a =% (@ x).(a X a) 1——— 11

Then the monoidal structure on C/X is Cartesian.

Proof. In either case, the morphisms f, fy or g, go mediate between the com-
posites from our earlier discussion. ]

Note that these results are not the sharpest possible: there may well be
more complicated zigzags mediating between the morphisms. Nevertheless,
they are sufficient for our purposes.
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An obvious idea for constructing the morphisms f, fy is to look at the case
that X is itself Cartesian, taking f to be the diagonal and fy the terminal
morphism. Note, however, that this does not automatically mean that the
diagrams in Proposition [5.11.1] commute: for example, the trivial category
and the category of sets are both presheaf categories and hence Cartesian
closed, but if 1 acts on the category of sets via the powerset monad then the
resulting monoidal category Set/1 (i.e., the category of sets and relations
with the set-theoretic product) is not Cartesian.

If X is Cartesian and A°P acts on C, then we can try taking g and gg to
be (the opposites of) the diagonal and terminal morphism in &X'. This will
be particularly useful for reader actions, where an oplax monoidal functor
j: X — C gives rise to an action of the opposite category X°P of X on C.
If C is Cartesian and we want to show that C/X" is Cartesian, then it will
be sufficient to find, for each object x of X, morphisms f: + — z ® x and
fo: x — I such that the following diagrams commute.

jr—Ag

jr —a » jx — (a X a)

Bemsa| J7—(axa)
; j I

(jx = a) X (jx — a) — (jmxjx)%(axa)m)j(x@)x)—)(axa)

jr —a fz=0 > jx — 1

0] Jiso

1 151925 47 4

For these to commute, it is sufficient that the composite

. i
jx iﬁj(w@x) LN T X jx

should be equal to the diagonal on jx, and that the composite

jo 20 51 <1
should be equal to the terminal morphism jz — 1. Of course, this second
condition is automatically satisfied by the definition of a terminal object, so
all we require is that some morphism fo: x — I should exist.

We have proved:
Theorem 5.11.2. Let j: X — C be an oplax symmetric monoidal functor
between symmetric monoidal categories, where C is Cartesian closed. Then

J induces a reader action of X°P on C, and the category C/X°P is symmetric
monoidal closed.
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Suppose that for every object x of X, there are morphisms f: x — x®x and
fo:x — I in X such that jf;m2 . = Nj,. Then C/X°P is Cartesian closed.

In the next chapter, we will investigate a class of reader actions, and give a
more concrete property for the category C/X°P to be Cartesian closed. We
will start to see how we can come up with reader actions to model differ-
ent computational effects and come closer to our eventual Computational
Adequacy and Full Abstraction results.
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Chapter 6

Reader actions on Set

6.1 Colimits of actions are monoidal functors

Proposition 6.1.1. Let C be a cocomplete monoidal category, and suppose
that a symmetric monoidal category X with a small descendent set acts on
C via a symmetric monoidal action in the sense of Definition[5.8.1. Define
a functor C — C by

Fa = colimz.a.

r: X
Then F is a lax monoidal functor.
Proof. We have morphisms
colim z.a @ colim .b
z: X y: X
— M r.a® y.b
ry: X
— colim(z ® y).(a ®b)
zy: X
— colim z.(a ® b) .
z: X
and
1= I.1 = colima.1.
z: X
Figures and show that these satisfy the coherence conditions for a
monoidal functor. O

Proposition 6.1.2. If C is a cocomplete symmetric monoidal category and
the action of X on C is symmetric monoidal, then

colig T.
x: X
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¢le

assoc
(colim z.a ® colim y.b> ® colimz.c colimz.a ® (COIiIT\l y.b ® colim z.c>
z: X y: X z: X z: X y:X’ z: X

| |

<colig z.a® y.b) ® colim z.c colig z.0Q® (colig(y.b ® zc)>
: T X

zy: X z: X y,z: X

| |

colim assoc

colim (r.a ®y.b) ® z.c ——"— colim z.a ® (y.b® z.c)

T,y,z2: X z,y,2: X
colimmx’y,a’b®z.cl lcolimx.a@my,z’b’c
colim t.(a®b)® z.c + colim (r®Y).(a®b)® z.c colim z.a ® (y®2).(b®@c) < colimz.a ® t.(b®c)
t,z: X z,y,z: X T,y,z: X Tt X

colim mz@y#,ﬂ@hCl lcolim Me,y®z,a,b@c

colim ((z ® y) ® 2).((a ® b) %ligl)aiw% (r®(yY®2).(a®(b®c))

) T,y,z: X T,y,z: X .
colimmy . agb,c colimmy ¢ 4 bge

l l
\ m(t@)z),((a@b)@c) (M(:c@)t).(a@(b@c)) /

t,z: X zt: X

l l

colim u. assoc

colimu.((a ® b) ® ¢) » colimu.(a ® (b® c))
u: X u: X

Figure 6.1: Proof that coligx_ LT satisfies the multiplicative criterion for being a monoidal functor. The bottom hexagon
is the multiplicative coherence for _ ._ as a monoidal functor, after applying the colimit.



Coﬂz.(l ® a)

z: X
colim y%hmunéglig(l ®y).(1®a) — colim(z ®y).(1 ® a)

colimid . lunit

y: X y: X zy: X
| A
colim lunit colimmy y 1.a Tcolim Ma,y,1,a
|
. colim e®id . .
cohg 1®y.a —— cohg Il1®ya —— cohg z.1®y.a
lunit y: X y: X Ty: X
g | [
. e®id . . .
1® cohg yaoa —— 1.1 ® cohg y.a — cohg z.1® cohgy: Ly-a
y: X y: X r: X
colim z.(a ® 1)
colimid . runit R
z: X
. 7 colimrunit . runit_ ]\ .
colim 2.a. —— coli (z®1).(a®1) — colim(z ®@y).(a® 1)
z: X r: X zy: X
| A
colim runit colimmyg, 1.a,1 Tcolim Ma,y,a,1
runit colimid ®e !

colig ra®l —— colig ra®@l1l — colig r.a®y.1
r: X zy: X

o ; |

id ®
(coliX x.a) ® 15" (coli x.a> ®Il.a < c_oli;gx.a ® C_Olin&y: 1 y-1
T: z: x:

X

Figure 6.2: Proof that coligx‘ 2T satisfies the unital criteria for being a
monoidal functor. The top-right squares are the unital coherence for _ .
as a monoidal functor, after applying the colimit.
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is a symmetric monoidal functor.

Proof. We have a commutative diagram

coli){g T.a® coligy: x y.b 2, coﬂ){y.b @ coli v x T
o y:

! |

colim sym

colig r.a®yb —mM colig y.b®x.a
T,y X T,y: X
colim mLy,a,bl lcolim My, z,b,a
colim(z ® y).(a® b)conmsw;ncolig(y ®x).(b®a)
zy: X zy: X

[ l

colimid . sym

colim z.(a ® b) colim z.(b @ a)
z: X z: X

Here, commutativity of the middle square is by applying the colimit to the
diagram for _ ._ to be a symmetric monoidal functor. O

6.2 Reader actions on Set vs change of base

For our next result, we will go via the Mellies category. First, we need a
standard result about the Day convolution product.

Proposition 6.2.1 ([Pisl4]). Let X',) be monoidal categories, where X is
well-tensored, and let the functor category [X,Set| be equipped with the Day
convolution product.

Given a functor F': Y x X — Set, we have an associated functor A(F): Y —
[X,Set]. Then F' is lax monoidal if and only if A(F') is lax monoidal.

In particular, if X acts on the category of sets via a monoidal action, then
it gives rise to a monoidal functor Set — [X, Set].

Proposition 6.2.2. Let j: X — Set be an oplax symmetric monoidal func-
tor between symmetric monoidal categories, where X is well-tensored. Let
X°P act on Set via the reader action induced by j. Then the Melliés category
Mell yop Set is isomorphic to the category obtained via base change along the
functor Set — [X, Set] obtained from the action _._

Proof. The objects of both categories are sets. The morphism objects in the
Mellies category are given by

Melly Set(A, B)(z) = [4, [jz, B]],
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while those in the base-changed category are given by
(_._)«Set(4, B)(x) = [jz, [A, B]],

and these may be related by the symmetry isomorphism
sjz.a.8° [4, [z, Bl] = [jz, [A, B]].

We need to show that this preserves composition of morphisms. Recall that
composition in the Mellies category is given by

1A, Uy, Bl x (B, [jz €l x X(y © 2, 2)

%/yz Jly®2),Cll x X(y® z,x)
SVENCIR

where the first arrow is induced via the Mellies composition, while compo-
sition in the base changed category is given by

[ U 4B . B.C) x Xy 2.1)

JP myy 4B B0y X X (Y © 2, 95)/”

iy x jz, [A, B] x [B, O] x X(y,®z, x)

J' Imye] x X(y © z,2)

[ iveaacnx xe s
~ . [4, 1),

where ; is the internal composition in Set.
Using the diagram in Figure [6.3] we see that the expressions inside the
coends are related by the symmetry isomorphisms as follows.
(A, iy, Bl x [B, [jz,C1] =5 [A,[j(y @ 2), 0]
ij,A,BXS]’y,B,Cl L%‘(z@y)vAvC
iy, [4, B]] x [jz,[B, C]] —= [j(y ® 2),[4, C]]

It follows that the functor induced by s is an isomorphism of [X,Set]-
enriched categories. O

By applying base change along the colimit functor to both these categories,
we get the following.

Corollary 6.2.3. Let j: X — Set be a symmetric monoidal functor, where
X has a small ancestral set (so X°P has a small descendent set). Let X°P
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91¢

Sy,A,BXSz B,C

(4, [y, B]] x [B, [z, C]] > [y: [A, Bl x [z, [B, C]]

[A,[jy,B]]xLJ,;y,[jz,c]\:/ lmjy,jz,[A,BMA,CJ
[Aa []va]] X [[]ya B]a []ya [jZ, C]H []y X jZ, [A?B] X [B7 CH [my.= 3]
(A . B x [y, BLW 1] | <z \
. o Y [y, [A,C]] .
[A, [7y, B]] x [[jy, B, [jy x jz,C]] Ly % jz, [A,C]] : » iy ®2),[A, 0]
| Y Y
|
I SjyxjzAC o 5j(y®2),4,C
|
|
|
e .
[A,[my,2,C]] .
[Aa [jijZ,CH ________ e > [A7 [j(y®z)70”

Figure 6.3: Proof that Mellies composition agrees with base-changed composition in the case of a symmetric reader action
on Set. The Mellies composition is given by the thick dashed arrows, while the composition in the base-changed category
is given by the thin arrows. The dotted lines at the top and at the bottom right — given by the symmetry isomorphisms —
mediate between the two. We can verify that the main heptagon commutes by directly computing each direction: in each
case, a pair (f,g) of functions is sent to the function h: A — [jy X jz, C] given by

ha)(Y, Z) = g(f(a)(Y))(Z) .



act on Set via the induced reader action. Then the category Set/X°P is iso-
morphic to the category obtained from Set by base change along the functor

colig x. :Set — Set.
r: X

Thus, the theory of reader actions on Set is subsumed into the theory of
base change in Set along monoidal functors Set — Set.

6.3 From monoidal endofunctors to reader actions

We can get a result in the other direction; i.e., a kind of converse to Propo-
sition in the case of reader actions on Set.

Proposition 6.3.1. Let F': Set — Set be a lax symmetric monoidal func-
tor. Then there is a symmetric monoidal category X and an oplax monoidal
functor j: X — Set such that for all sets A, we have

FA=co im [jz, A],
z: X

and the monoidal coherences of F arise from the reader action of X°P on
Set as in Proposition|6.1.1].

Proof. By considering each set F'(A) as a category with only identity mor-
phisms, we can imagine F' as a 2-functor Set — Cat. Let X = ( i F)Op be
the opposite of its Grothendieck construction. Since Set is an ordinary cate-
gory (as opposed to a proper bicategory), X" has only identity 2-morphisms,
so may be considered as an ordinary category.

More concretely, the objects of X' are pairs (A, m), where A is a set and
m € FA, and morphisms

(A,m) — (B,n)

are given by functions h: A — B such that F(h)(m) = n. X is normally
called the category of elements of F.

We define a symmetric monoidal structure on X' by setting
(A,m)@(B,n):(AxB,min(m,n)) I=(1,e"),
using the fact that the monoidal coherences for F' are given by functions

m! p: FAx FB — F(A x B) 1 F1.
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We now need to show that the monoidal coherences in Set give rise to
morphisms

assoca .o ((Ax B) x C,mly, g o(mh g(m,n),p)) —
(A x (B x C),mj pxc(m,mp c(n,p))
lunit4: (A, m) — (1 x A,mfA(eF,m))
runit4: (A, m) — (A4 X a, mil(m,eF))

SymA,B: (A X B7m£,B(m7n’)) — (B X Aa mg,A(nvm))

in X. Happily, the diagrams we need for this are precisely the coherence
diagrams for mf', el that we get from F being a lax symmetric monoidal
functor.

Since assoc, lunit, runit, sym satisfy the pentagon, triangle and hexagon iden-
tities in Set, so they do in X'. Therefore, X’ is a symmetric monoidal cate-

gory.

There is an obvious forgetful functor X — Set that is, in fact, strict
monoidal.

We claim that if A is a set, then we have

colimg  [X, A] = FA.
(X,m): Xop

To see this, note that for each object (X, m) of X there is a function

[X,A]—- FA
foo= F(f)(m).

We claim that this defines a cocone under the functor
(X,m) — [X,A]: X — Set.
Indeed, if h: (Y,n) — (X, m) is a morphism then by definition we have
F(h)(n) =m,

and so we get a commutative triangle

X, 4] SEOm)
fH’“fl G-F(g)m)
Y, A]
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F(h; f)(n) = E(f)(F(h)(n)) = F(f)(m) .

Therefore, there is an induced map

colimy [X, A] - FA
(X,m): X

that sends ((X,m), f) to F(f)(m).

Now we define a map in the other direction.

FA— colim [X, A]
(X,m): X
m — ((A,m),id,)

We claim that these two maps are inverses. Indeed, we certainly have
F(idg)(m) = idpa(m) =m.
In the other direction, we need to show that

((A, F(f)(m)),ida) = ((X,m), f)

in the colimit. But we have a morphism f: (X,m) — (A, F(f)(m)) in
X°P and f;ids = f. Therefore, our map colig(Xm): X[X, Al —» FA was a
bijection.

Lastly, we need to show that this decomposition as a colimit gives rise to
the monoidal structure on the functor F’; i.e., that the following diagrams
commute.

» F(A x B)

ZIIJ lIIZ

colim [X, A] x colim [V, B] —— colim [Z, A x B]

(X,m): X (Yn): X (Zp): X
F
1 ——— F1
lllz
colim [X,1]
(X,m): X

Here, the arrows marked with the isomorphism symbol & are the isomor-
phisms that we have just defined, while the arrows at the bottom of the first
diagram and at the bottom left of the second are as in Proposition [6.1.1
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We can check by hand that these diagrams commute: that in the first dia-
gram, both directions send the pair (m,n) € FA x FB to

((Ax B,m,p(m,n)),idaxp) € colim [Z,A x B],
(Zp): X

and that in the second diagram both directions pick out the element

((1,€e"),idy)

of colig(Xym): LT O

Remark 6.3.2. If the category X that we have constructed has a small an-
cestral set, this means that Set/X°P is isomorphic to the category obtained
from Set via base change through F'.

If X has not got a small ancestral set, then this is still true, except that
now Set/X°P is not technically defined. This is not really important: we
only need X°P to have a small descendent set so that we can prove that
colim iz, A] is a small set, but in this case we know that anyway —
colim  [jz, A] = F(A)!

In any case, our main examples will satisfy the smallness conditions on X
that we have been working with up to this point.

Ezxample 6.3.3. Let P,: Set — Set be the non-empty powerset functor.
Then the category X of elements of P, has pairs (A, M) as elements, where
A is a (necessarily non-empty) set and M a non-empty subset of A. Mor-
phisms (A, M) — (B, N) are functions f: A — B such that f(M) = N.

The nonempty powerset functor has a natural monoidal structure:
P+AXP+B*)P+(AXB) 1*>P+1

sending (M,N) to M x N C A x B and picking out the subset 1 C 1.
Therefore this category of elements is a monoidal category, and has a natural
induced action as in Proposition The colimit of this action then gives
us the original functor. Therefore, by Corollary the category Set/X
is isomorphic to the category (P4 ).Set obtained by base change along the
non-empty powerset functor Py : Set — Set.

Example 6.3.4. Let DG: Set — Set be the functor that sends a set A to the
set of discrete probability measures on A and sends a function f: A — B to
the function DG(A) — DG(B) that sends a probability measure P on A to
the probability measure f,IP on B given by

FPX) =P(f71(X)).
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Then the category of elements of DG is the category whose objects are
pairs (A,P) and where the morphisms (A,P4) — (B,Pp) are functions
f: A — B such that Pg = f.P4. In other words, it is the category of
discrete probability spaces and probability-preserving functions.

The functor DG has a natural monoidal structure: given a discrete proba-
bility measure on a set A and a discrete probability measure on a set B, we
can get a discrete probability measure on the set A x B by

Paxp({(a,0)}) = Pa({a}) x P({b}).

This then gives us a monoidal structure on the category of discrete prob-
ability spaces, where the tensor product of probability spaces (A,P4) and
(B,Pp) is given by the set A x B, together with the probability measure as
described above.

Now suppose that F': Set — Set is a lax symmetric monoidal endofunctor.
We have shown that F' gives rise to a strict symmetric monoidal functor
j: X — Set, for some monoidal category X, and that the induced category
Set/X°P is isomorphic to the category obtained from Set by base change
along F'.

Since the action of X on Set is the reader action of a symmetric monoidal
functor, by Theorem [5.11.2| we know that the category Set/X°P must be
symmetric monoidal closed.

Now recall that in order to apply the second part of Theorem and
deduce that Set/X°P is Cartesian closed, we must prove that for every
object x of X, there are morphisms f: z — z ® z and fo: * — I such
that jf = Ajz;m? and jfy = ();¢/. This is particularly useful in our
case, since the functor X — Set is faithful, making X into a concrete cate-
gory. Then the morphisms between two objects in X may be thought of as
‘structure-preserving functions’ between the corresponding sets. The crite-
rion from Theorem [5.11.2| then says that the composites Aj,;m?% and (); el
are structure-preserving.

In other words, for every set A and every p € F A, the function A4 must
define a morphism

(A,p) = (Ax A,m} 4(p,p)) -

i.e., we must have
F(Aa)(p) = ml a(p,p) -

and the function () must define a morphism

(A,p) = (1,el)~
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i.e., we must have
F(())(p) =e".

Let us see what this means in some examples.

Example 6.3.5. The finite powerset functor does not satisfy the condition
given above; indeed, we have

Pr(Ag)(X)={(z,z) e AxA: ze€ X}
M (X, X) =X x X ={(z,y) EAx A: z€X}.

Similarly, the discrete probability measure functor does not satisfy the con-
dition we have given, since the diagonal map

AA: (A,IP’A) — (A X A,]P’AXA)

does not preserve probability in general.

Example 6.3.6. An alternative way of dealing with probability that does
satisfy the condition for Cartesianness of the resulting category. If (Q2, F,P)
is a fixed probability space, then a discrete random variable taking values in
a set A is a measurable function

V:(Q,F)— (A, PA).
Given X C A, we define
P(V € X) =PV 1(X)).

This then gives us a discrete probability measure on X.

Suppose that (2, F,P) is such that F contains all singleton sets (and hence
all countable sets) and that if Y € F has measure 0 (i.e., P(Y) = 0) and
Z CY, then Z € F. Write RVq: Set — Set for the functor that sends a
set A to the set of all random variables taking values in the set A and sends
a function f: A — B to the function

RVq(A) — RVq(B)

given by composing on the right with f.

Moreover, RV is a lax monoidal functor: if V, W are discrete random vari-
ables taking values in sets A, B, then we can define

(V,W): Q= Ax B

given by pairing.
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Proposition 6.3.7. (V,W) is a measurable function, so this is a random
variable.

Proof. Any discrete randgm varia}ble is countably Suppprted. This means
that there are countable A C A, B C B such that V~1(A) and W~!(B) are
measurable and have measure 1. Now let U C Ax B. Write U = UN(Ax B).
Then

(V,W)"H(U) = (v, W)~ (U)
= (V, W) 1(U)

which is countable and therefore measurable, while
(V,W)"HU\U) € (Q\ A)u(Q\B),

which is measurable of measure 0, meaning that (V, W)=Y (U \ U) is mea-
surable and has measure 0, by hypothesis. Therefore, (V, W)~1(U) is the
union of two measurable sets and is therefore measurable. O

Now if we apply the construction from Proposition [6.3.1] we get the category
whose objects are pairs (A, V), where A is a set and V' a discrete random
variable taking values in A and where the morphisms (A, V) — (B, W) are
functions f: A — B such that W = V; f. This category, which we will call
Rvq, admits a strict monoidal forgetful functor into the category of sets,
giving us a lax reader action of Rv) on Set. Once again, we can pass to
the symmetric monoidal category Set/Rvgy, giving us a way of modelling
probability that is equivalent to taking base change through the functor
RVq.

The difference now is that the diagonal map
Ay (AV) = (Ax A (V,V))

s probability preserving. In the language of probability, the two copies of
the random variable V' are dependent random wvariables, so the probability
of obtaining the reading (v, v) from (V, V) is the same as the probability of
obtaining the reading v from V. Since the terminal morphism from (4, V') to
(1,()) is also probability preserving, the category Set/Rvgy will be Carte-
sian closed.

6.4 Actions of categories with terminal objects

The probability example above lends itself to further examination. Recall
that if a monoidal category X acts on a category C, and x is a monoid in X
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with multiplication m® and unit e*, then we get a monad on C given by the
composite
1% X —= End[C]

of lax monoidal functors.

More explicitly, this monad is given by
Mya =2x.a,

with the monadic coherences given by

Lz z,
My Mga = z.x.0 —= (@ x).0a —% 2.0 = Mya

a2 Ta<% r.a= Ma.

If j: X — C is an oplax monoidal (in particular, comonoid-preserving) func-
tor, yielding a reader action of X°P upon C, and z is a monoid in X°P (i.e., a
comonoid in X), then the monad M,, will be the reader monad corresponding
to jx.

Now suppose that the category X has a terminal object 1. Then 1 automat-
ically has the structure of a monoid in X, via the unique morphisms

1®1Q>1 Igl.

Proposition 6.4.1. Let a monoidal category X act on a category C via a
laz action. Suppose that X has a terminal object 1. Then the category C/X
is isomorphic to the Kleisli category for the monad M;.

Proof. In both cases, the objects are the objects of C. Note also that we
have an isomorphism

(€/X)(a,b) = /xC(a,m.b) ~ /IC(a,x.b)xC(:n,l) ~ C(a,1.6) = Klay, (a,b)

More concretely, this isomorphism sends a Melliés morphism f: a — x.b to
the Kleisli morphism given by the composite

aimv.bo—'% 1.b.

By Proposition this gives us a functor
C/X — K1M1 s

which is fully faithful and the identity on objects. O
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Now we can get a clearer idea of what is going on in the probability example:
the new category Rvgq almost has an initial object (i.e., a terminal object
in Rv{}), given by the pair

(Q,idq) .
In fact, if 7 = P(Q) then this is indeed an initial object. However, if
F # P(R), then the function

ido: (Q,F) — (2,PQ)
is not measurable, and so idg is not a discrete random variable.
If Rvq has an initial object (£2,idq), then the category
Set/Rvyy

is isomorphic to the Kleisli category for the reader monad for the set 2
on Set. Now, from Theorem [4.3.5] we know that this Kleisli category is
automatically Cartesian closed.

What is going on in the general case is that the category Rvgq is just close
enough to having an initial object for the category Set/Rvgy to be Carte-
sian, even though it is not a Kleisli category.

Remark 6.4.2. We could redo this whole probability example using the
nonempty powerset functor, in an effort to model nondeterminism. To do
that, we’d construct a new category whose objects were pairs (A4, f), where
f:Q — Ais a function out of some fixed set €). However, in that case the
resulting monoidal category would always have an initial object (namely,
(Q,idg)), and our resulting action would collapse to an ordinary monad,
taking us back to Chapter

6.5 Reader actions and denotational semantics

Suppose that we have an oplax monoidal functor j: X — Set, giving rise to
a lax reader action of X°P on Set. Let G be a (Cartesian closed) model for a
programming language P, and suppose that there is a functor D: Set — G
that gives us the denotation of the datatypes in G.

For example, if G is the category of games, then we can define D(A) to be
the game given by Mp(4) = {¢} UA with A(¢) = O and A(a) = P for a € A,
where ¢ is initial and justifies the moves a € A and the legal plays are those
of the form ¢, q or qa.

In general, since the source category Set and target category G are Carte-
sian, such functors automatically carry an oplax monoidal structure, given
by

) <D(p1‘1),D(pI‘2)>

map=D(Ax B D(A) x D(B) e=D(1) L1.
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Then we may compose the functors j and D to get a new oplax monoidal
functor X — G, inducing a reader action of X°P on G.

Now the category G/X°P has its universal natural transformation
¢x,A: (D]I’ — A) — A,

which, by the enriched Yoneda lemma, may be equivalently given by the
natural transformation

UD(ja) ba,D(ja)

wy =1 (D(jx) = D(jx)) D(jz).
We can use this natural transformation to model primitives in the language
of the form

choose,: jx,

for each object x of X', where we use jx to refer to the datatype correspond-
ing to the set jx.

The purpose of the final chapter will be to define a language with an op-
erational semantics for which these primitives make sense, and prove a full
abstraction result for it.

But first, an interlude.

226



Chapter 7

Promonads and parametric
promonads

The purpose of this short chapter is to shine some light on the definition of
the Mellies category for a parametric monad, showing why it is natural to
think of it as being an analogue for the Kleisli category on a monad.

As a technical tool to prove the results we want, we shall introduce mul-
ticategories, which are a small generalization of monoidal categories. The
main purpose of this generalization is to allow us to do without coends wher-
ever possible: for example, while we need coends to make [X, Set] into a
monoidal category, we do not need them to make it into a multicategory.

The first half of this chapter is, in the interests of completeness, fairly tech-
nical, and may be skimmed over on a first reading. In Section we
introduce the multicategory of endoprofunctors on a category C, which gen-
eralizes the monoidal category of endofunctors on C. As monoids in End(C)
are called monads on C, so we will call monoids in Endoprof(C) promonads
on C. We will observe that a promonad may be regarded as a sort of cate-
gory, and that the Kleisli category for a monad M is precisely the category
we get by considering M as a promonad.

The main result will then be to show that an AX-parametric promonad on a
category C — i.e., a multifunctor X — Endoprof(C) — may be regarded as a
sort of [X, Set]-enriched category, and that the Mellies category for a para-
metric monad may similarly be regarded as the [X, Set]-enriched category
that we get by regarding that parametric monad as a parametric promonad.
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7.1 Multicategories

Definition 7.1.1 ([Lei04]). A multicategory M is given by a set of objects
Ob(M) whose elements are called objects and, for each (possibly empty) list
ai,- -+ ,an of objects and each object b, a set

Mn(a17 o 7an§b)

whose elements are called the (n-ary) multimorphisms ay,--- ,a, — b.

Given collections (a;j: i = 1,---,n,j = 1,--- k;),(bj: i = 1,--- ,n),c of
objects and multimorphisms

fi:ai1,~-,ai7ki%bi g:bl,--',bn*)C,
there is an operation that forms the composition
(f17"'3fn);g:all;"'7a1k1;"')an1"'7ank‘n—>c'

Moreover, for each object a of M, there is a distinguished multimorphism
id,: a — a called the identity on a.

The composition and identity are subject to associativity and unitality con-
ditions. Namely, let

b ]-a' , N
1, N
Qpqr q 17' 7kp bpq P
qg=1--,kp
r=1,--,lp
(cp:p=1,---,n) d

be collections of objects and let
Jpat Qpqls 5 pging = bpg Gp: bp1, e bp, = cp h:ci, - ,cp —d
be multimorphisms. Then we require that

(((fllv"' 7f1k1);gl)a"' >((fn17"' 7fn,kn)§gn));h

(flla"' aflkp"' 7fn17"' afn,kn);((gla"' 79”)7h)

Furthermore, we require that if f: aq,--- ,a, — b is a multimorphism, then
(idala"'aidan)?f:f f:(f>5idb-

Remark 7.1.2. We will use a slightly different form of commutative diagrams
for multicategories, which should be fairly straightforward to understand. If,
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for example, we say that the following diagram commutes,

ai,--- ,0n fhm’fj} blu'”)bj
v J
Clyree o ——— d
where the arities of fi,---,f; sum to n, as do the arities of g1,---,gi,
then we mean that the composite (f1,---, fi); h is equal to the composite
(g1, ,9x);i. We leave it to the reader to extend this to more complicated

diagrams.

Ezxample 7.1.3. If C is an ordinary category, then C may be regarded as a
multicategory C' in which C(a;b) = C(a,b) and Cy (a1, --- ,an;b) = @ for
n # 1. At the same time, if M is a multicategory, then it has an underlying
ordinary category My whose morphisms are the morphisms in M with a
single source object.

Ezample 7.1.4. It M is a monoidal category, then M may be regarded as a
multicategory M with

Mup(at, - an;b) = M(a; ® --- @ an,b) n>1 Mo(;b) = M(I,b)

If we’re being careful, then we should note that the expression a; ® -+ ®
an does not define a single object of M. Since the tensor product is not
necessarily strictly associative, the choice of bracketing in the expression
a1 ® -+ ® a, affects which object we end up with. It is enough to fix any
one of the possible bracketings (e.g., to make _ ® _ always associate to the
right).

Composition is then given by

a1 Q- Ragy ® - ® Gn1 @ Q ank,
—— (@ ® - ®ayy)® 0 @(an @ @ ang,)
SoBh, b ® - ® b
g c.

where the first arrow is induced from the normal monoidal coherences (ex-
actly which ones depends on how we choose to interpret the iterated tensor
product).

7.2 Representable multicategories

We call a multicategory representable if it isomorphic to a multicategory that
arises from a monoidal category as in Example The next theorem gives
a criterion for a multicategory to be representable.
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Theorem 7.2.1 ([Her00]). Let M be a multicategory and suppose that for
each natural number n and each sequence ai,--- ,a, of objects of M there
s an object @a and a multimorphism

Tz A1, , 0 — Q.
Suppose that the mz are strongly universal in the sense that if
bla"'bk‘acl e,

are two (possibly empty) lists of objects, and d is an object, then any multi-
morphism
b bg,an, - san, e, = d

factors uniquely through wz; i.e., there is a unique morphism
f: blv"' ,bk,®6701,"' y Cl —d

such that

f = (idbp' tr 7idbk77r67id617"' 71dcl)7f
Given objects a,b of M, define a ® b = ®a,b, and let I be the object e,
where € 1s the empty list. Then the operation _ ® _ and I make M into a
monoidal category M such that M and M are isomorphic multicategories.

e _®_ andlI are the monoidal product and unit of a monoidal category
on My, the underlying category of M.

e For any sequence ay,---ay of objects of M there is a canonical iso-
morphism
a1®"‘®ang®6a

for any bracketing of the left hand side, and the associators and unitors
in My are induced from these isomorphisms.

o The set of multimorphisms ay,--- ,a, — b is in bijection with the set
of morphisms a1 ® --- @ a, — b for n > 1, and the set of multimor-
phisms — b is in bijection with the set of morphisms I — b, and these
bijections commute with the multicategory composition in M and the
composition in M.

Definition 7.2.2. A symmetric multicategory is a multicategory M to-

gether with an action of the symmetric group on the sets M, (a1, - ,an;b)
that respects composition. In other words, for each natural number n, each
multimorphism f: aj,---,a, — b and each permutation o of {1,--- ,n}

there is a multimorphism

oxf1ag1)) o) — b
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such that if (a;;: i=1,---,n),(b;j: i =1,--- ,n) are objects,
Jivain, - aik — b g:bi, by —c

are multimorphisms, o; is a permutation of {1,--- ,k;}, and 7 is a permuta-
tion of {1,--- ,n}, then

(Ul*fqa"‘ ao'n*fn);(T*g) = (T* (Ulv"' ,O'n))*((fl,"‘ 7fn);g)a

where 7 % (01, -+ ,04) is the permutation of

{(Ll)a"' ,(1,]{31),"' a(nvl)f" 7(nakn)}

that sends (i,7) to (7(4),0:(4))-

Moreover, we require that for any morphism f: a1,--- ,a, — b and permu-
tations o, 7 of {1,--- ,n} we have
oxTf = (0 oT)sf ide f=f

Example 7.2.3. Any multicategory arising from an ordinary category is sym-
metric.

Example 7.2.4. A monoidal category is a symmetric multicategory if and
only if it is a symmetric monoidal category.

7.3 Product and unit multicategories

Definition 7.3.1. Let M, N be multicategories. The product multicategory
M x N has, as objects, pairs (a,b), where a is an object of M and b an
object of A/. The multimorphisms are given by

(M x N)p((ar,b1), -+, (an, bn); (¢, d)) =
M (ar, - yan;c) X Np(br, -+, by;d) .

Composition and the identity are similarly defined pointwise.

Definition 7.3.2. The unit multicategory 1 has a single object I, and for
each n, the set
1,(I,---, I; 1)

is a singleton.

This is a representable multicategory; indeed, it may be identified with the
usual unit monoidal category.
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7.4 Multifunctors & multinatural transformations

Definition 7.4.1. Let M, N be multicategories. A multifunctor from M
to N is a map F from the objects of M to the objects of N together with,
for each list a1, -+ ,an, b of objects of M, a function

M’n(ala"' aan;b)%Nn(Falv"' 7Fa/’nan)

that commutes with the composition operator.

Definition 7.4.2. Given multicategories M, N and multifunctors
F,.G: M — N,
a multinatural transformation ¢: F = G is given by morphisms
¢o: Fa— Ga

for each object a of M, such that if f: ay,---a, — b is any morphism in
M, then the following diagram commutes.

¢a 7“'7¢a
Faq, -, Fay, 1—;LGCL1,"‘ ,Gay,

g los
Fb il Gb

Proposition 7.4.3. If M, N are monoidal categories, considered as multi-
categories, then multifunctors M — N are the same thing as laxz monoidal
functors. Multinatural transformations are the same thing as monoidal nat-
ural transformations.

Definition 7.4.4. Let M, N be multicategories, where M is symmetric.
Then the collection of multifunctors M — AN forms a multicategory. A
multimorphism Fy,---,F, = G, where F,---,F,, G are multifunctors
M — N, is given by a family

¢o: Fi(a), -+, Fy(a) = G(a)

such that for any multimorphism f: a1,--- ,a,;, — b in M, the diagram
¢a17“'7¢am
Fl(al)v te 7Fn<a1)7 T 7F1(am)v T 7Fn(am) I G(a1)7 T 7G(am)

a*l

Fl(al), . 7F1(am)’ .. ,Fn(al), . ,Fn(am) Gf
Flf’...’anl
Fi(b),- -+, Fu(b) & G(b)
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commutes, where o is the map
(171)7 7(na1)7"' 7(17m)7"' 7(n7m) —

(171)7... 7(177n)7... ,(n71)7... 7(n’m)

sending (7, j) to (4,7), considered as a permutation of {1,--- mn}.

7.5 Monoids in multicategories

Definition 7.5.1. Let M be a multicategory.
Then a monoid in M is an object a of M together with multimorphisms
m:a,a—a e: —a

satisfying the following associativity and unitality laws.

m,idg
a,a,a — a,a a *> a

idg
a ——
idmml \Lm ea,ldal / idayeal %
m a,a

a,6 —— a

a

Note that a monoid in a multicategory M may equivalently be defined as a
multifunctor 1 — M [Lei04, 2.1.11].

7.6 Categories enriched over multicategories

Definition 7.6.1. Let V be a multicategory. Then a V -enriched category
C is given by a collection Ob(C) of objects together with, for each pair a,b
of objects, an object

C(a,b)
of V and, for objects a, b, ¢ of C, composition and identity multimorphisms
jabe + C(a,b),C(b,c) = C(a,c) Na: — C(a,a)

that satisfy the following associativity and unitality laws for all objects
a,b,c,d of C.

;a,b,cvidc(c,d)
- s

C(a,b),C(b,c),C(c,d) C(a,c),C(c,d)

idC(a,b)z;b,c,dl l?a,c,d

C(a,b),C(b,d) o0 C(a,d)
(a,b) —<@¥ 4 (a,b) a,b) —eD  o(q,b)
Naride a,p l A' ide (a,p) ,nbl %
C(a,a),C(a,b) C(a,b),C(b,b)
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Remark 7.6.2. These definitions clearly generalize the same definitions for
categories enriched over a monoidal category.

In particular, a monoid in a multicategory M is the same thing as an M-
enriched category with a single object.

Remark 7.6.3. If V is a symmetric multicategory and C is a V-enriched
category, then we may define the opposite category C°P whose objects are
the objects of C and where

C°®(a,b) =C(b,a).
Composition is defined by
C(b,a),C(c,b) = C(e,b),C(b,a) 2% (e, a)

where 7 is the permutation that transposes the two values.

7.7 Multicategory-enriched functors and natural
transformations

Definition 7.7.1. Let C, D be categories enriched over some multicategory
V. An V-enriched functor F: C — D is a map F from the objects of C to
the objects of D together with, for each, pair a, b of objects of C, a (unary)
multimorphism

F: C(a,b) — D(F(a), F(b))

such that for all a, b, ¢ the following diagrams commute.

C(a,b),C(b, c) b C(a, c)

e |r

D(F(a), F(b)), D(F(b), F(c)) "9 D(F(a), F(c))

S CEN C(a,a)

Mll:

D(F(a), F(a))

Definition 7.7.2. Let C,D be categories enriched over a multicategory V
and let F,G: C — D be V-enriched functors. An V-enriched natural trans-
formation ¢: F = G is given by a family of 0-ary multimorphisms

Ga: — D<F(a>vG(a)>
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such that for all objects a, b the following diagram commutes.

C(a,b) e D(F(a), F(b)), D(F(b), G(b))
¢a7G\L l;F(a%F(b)yG(b)
D(F(a),G(a)), D(G(a), G(b)) ~—22EDs D(F(a), G(b))

7.8 The categories enriched over a symmetric mul-
ticategory form a multicategory

Definition 7.8.1. Let V be a symmetric multicategory. Given V-enriched
categories Cq,- -+ ,Cp, D, a multimorphism

F:Cy,---,C, > D
is given by a function
F: Ob(Cy) x -+ x Ob(C,,) — Ob(D)
together with, for each a;, b; € Ob(C;), a multimorphism
F:Ci(a1,b1), -+ ,Cplan,by) — D(F(a1, - ,an), F(b1, -+ ,by)),

such that the diagrams in Figure [7.1 commute.

In the case n = 1, this is the same thing as a V-enriched functor from C; to
D.

7.9 Change of base

Let M, N be multicategories, let F': M — A be a multifunctor and let C
be an M-enriched category. Then we can form an A-enriched category F.C
whose objects are the objects of C and where the morphisms are given by
the formula

F.C(a,b) = F(C(a,b)).

We get composition and identities by applying the multifunctor F' to the
composition and identity multimorphisms in C. By functoriality of F', these
composition and identities are associative and unital, meaning that F.C is
indeed an N -enriched category.

This process is called base change along F.
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9¢¢

;al,bl,cl 3 ysam,bn,cn

Cl(ala bl),Cl(bl, Cl)? e 7Cn(a'n7 bn)7c7’l(bn7 CTZ)

a*l

Ci(a1,b1), -+ ,Cplan,by),Ci(b1,c1), -+ ,Cn(bn,cn) F

Cl(CLl, Cl)7 e 7C7'L(a/7’l7 CTL)

Fl
;F(ala"' yan),F (b, ,bn),F(cy, - ,cn)

D(F(ay, -+ ,an), F(bi, -+ ,by)),D(F(b1, - ,bp), F(c1, -+ ,¢n)) ————— D(F(a1, - ,an), Flc1, - ,¢n))

7Ia1 s s Tan,

Cl(ala al)» ce acn(aman)
nFm lF

D(F(a1,--- ,an), Flai, -+ ,an))

Figure 7.1: The rules for preservation of composition and identity by multimorphisms of V-enriched functors are similar to
those for ordinary enriched functors. Note that it is essential for the V to be a symmetric multicategory. This generalizes the
usual construction for categories enriched over a symmetric monoidal category.



7.10 Closed multicategories

Definition 7.10.1 ([Manl2]). We say that a multicategory M is closed if
for any pair a, c of objects, there exists an object

M(a, c)
and a multimorphism
evge: a, M(a,c) = c
such that for any sequence b1, --- , b, of objects of M, the function

Ra,by,- bn,c* Mn(blv to 7bn;M(aa C)) — Mn+1(a7 b17 to 7bn; C)
f = (idaa f)?eva,c

is a bijection.

Proposition 7.10.2 ([Manl2]). If V is a closed multicategory, then V gives
rise to the structure of a V-enriched category on the underlying category Vi
of V. We will also call this category V1, relying on context to distinguish the
two. The objects of V1 are the objects of V, while the morphisms are given
by

Vi(a,b) = V(a,b).

If V is a closed multicategory and Cq, - - - ,C,, are V-enriched categories, then
a functor Cy,--- ,C, — V is given by a map Ob(C;) x - - - x Ob(C,,) — Ob(V)
and, for each a;, b; € Ob(C;), a multimorphism

Cl(alabl)a“‘ ,Cn(anvbn) %X(F(ala“' 7an)aF(b1"" abn))

By the definition of a closed multicategory, this is equivalent to providing a
multimorphism

F(CL]_,"' ,an),C]_((I]_,bl),"' 7Cn(an7bn) — F(b17 7bn)

In what follows, we will denote these multimorphisms (and their various
permutations) with the letter p.

We have seen so far that multicategories provide us with a rather straight-
forward generalization of monoidal categories. We might ask the question,
then: why make this generalization?

To answer this question, we introduce some natural multicategories that are
not representable.
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id,¢,/ 5 .id
Cla,a’), Fi(a',by), -, Fp(bn_1,c),Clc,d) —25 Cla,a’),G(d,c),G(c, )

piid,-- 7id7pl

¢aﬂc’
Fl(aa b1)7 o 7Fn(bn—lac/) i 7 g(a7cl)
Fl(@, bl)ac(bl7b ) F2 b17b2 Fn—l(b;fL 27 n 17b;L 1) Fn(b;1717c)
7/ m;
Fl(a7b/1)7"' 7F n— b 7Fn(bn—lac)

7p7
1:€C a 1

Figure 7.2: Extranatural transformations between endoprofunctors. The
coherences we require on the multimorphisms between endoprofunctors are
essentially the axioms for an extranatural transformation as in [EK66].

7.11 The multicategory of endoprofunctors

Let C,D be ordinary categories. Recall that a profunctor F': C-+D is an
ordinary functor C°? x D — Set.

More generally, if C,D are enriched over some symmetric closed multicat-
egory V, then a V-enriched profunctor F': C-++D is a V-enriched functor
CPxD— V.

Let Fi, -+, F,,G: C°°® x C — Vi be V-enriched profunctors C+C, where C
is a V-enriched category.

We then define a multimorphism ¢: Fi,--- , F,, = G to be given by a family
of multimorphisms

Pabr - b 1,ct F1(a,b1), - Fo(bp—1,¢) = G(a,c)
that make the diagrams in Figure [7.2] commute.

A 0-ary multimorphism — G is an ordinary enriched natural transformation

C(a,c) = G(a,c).
We say that ¢qp, ... b, 1,c 15 natural in a and ¢ and extranatural in the b;.

We will often drop the component objects from ¢ and from the profunctors
in question where they can be inferred from context.

We compose these multimorphisms pointwise. The following proposition
shows that this is indeed a well-defined composition.
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Proposition 7.11.1. Let V be a symmetric closed multicategory and let C
be a V-enriched category. Let Fy,--- Fy, Gy, ,Gm, H be profunctors C+C,
and let 0 = kg, -+ ,km = n be a (not necessarily strictly) increasing subse-
quence of {0,---,n}. Let ¢(9: Fov1,-  Frpy = Giyp: Gr,- -+ Gy = G
be multimorphisms of profunctors.

Then the family of multimorphisms

g1, ) Y
P, By ———— Gy, Gy = H
forms a multimorphism Fy,--- , F, — H.
Proof. For the first condition (naturality), we have
id,¢(M, 60 id id,),id
C,Fly"'aFnac—>C,gla"'agm7C CaHaC
p7id"" »ldvpl lpﬂd’ 7id7p lp ?
g1, pm) Y
F,--- y G1,+++ , Gy >y H

where commutativity of the left hand square is the naturality condition on
#1) and ¢™), while commutativity of the right hand square is the naturality
condition for .

For the second condition (extranaturality), see Figure O

This composition is associative, because it is given pointwise by composition
in V, and its unit is given by the identity natural transformation. This gives
us a multicategory.

Suppose that V is the category of sets, so that the multimorphisms
F,---F,—G
are ordinary extranatural transformations
gba,g,c: Fi(a,b1), -, Fp(bp-1,¢) = G(a,c).

Then the definition of the coend
/ Fl((l,bl) Xoeee XFn(bn_l,C)
b1, bp—1:C

is that it is universal among all objects admitting such an extranatural trans-
formation out of them. It follows that in this case (and more generally, if V is
a cocomplete monoidal category), that the multicategory of endoprofunctors
on C is representable, with monoidal product given by

F®G(a,c):/b‘cF(a,b) < Glb,c).
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0ve

idpy o idp Py

7p71dka—l+1 3ttt 71an

id7p7'“7p
Fkla y T Cka 127" G17 '7Gm
| / . . ¢
id,p, - ,p,idc,* ,idc,id, - oM id, - id, (™) id,p,--,p
F17C17F27'”5Fn—1achn G17C7G25"'7Gm—17C7Gm H
Dy 7pvid’idC7"' 7idC7p7“' 7p’id (z)(l),ld, ,ld,(b(n> Dy 7p’id Qﬂ
"'7Fklacv"'7caka_17"'7Fn G17"'7Gm

idpy o idpy P pidr, idpy,

71+1 "

Figure 7.3: Proof that extranaturality is preserved by composition. Commutativity of the central square is by extranaturality
of the ¢, while that of the four-cornered triangle at the right is by extranaturality of ¢». The triangles on the left commute
automatically, while the parallelograms at the top and the bottom commute by naturality of the ¢



This is the usual notion of composition for Set-enriched profunctors. How-
ever, it relies on the appropriate coends existing in Set; for more generally
V-enriched profunctors, the multicategory of endoprofunctors on C need not
be representable, even if V is a monoidal category.

We have only considered profunctors going from a category into itself. Pro-
functors in general form a structure called an fe-multicategory [Lei04], but
we shall not be using this notion.

7.12 Functors are a special case of profunctors

The reason why we refer to a functors F': C°°’, D — V as a profunctors
C-»D is that they generalize ordinary functors. Specifically, if F': D — C is
a functor, then we can identify it with the profunctor

F(c,d) =C(c,F(d)): C°, D = V.

This gives us an embedding of the monoidal category of endofunctors C — C
into the multicategory of endoprofunctors C—+C:

Proposition 7.12.1. Let V be a closed symmetric multicategory and let C
be a V-enriched category. Let Fy,---  F,,G: C — C be functors. Then the
set of natural transformations Fyo---oF, — G s naturally in bijection with
the set of extranatural transformations

Fi,- B, —G.

Proof. We have a natural multimorphism
C(CL, Fl(bl))a o 7C<bn—17 Fn(C))
Cla, F1(b1)), -+ ,C(Fro-- 0 Fy1(bp—1), F1 o0 Fy(c))

% Cla,Fio---0F,(c)),

id,--- ,F1o--0F,_1
A

which is natural in a, c and extranatural in the b;.

If ¢: F1o---0 F, — G is a natural transformation, then it gives rise (via
postcomposition) to a natural transformation

Cla, F(--- (Fu(c)) ---)) = C(a,G(c)),

which we can compose with the multimorphism above to get the required
extranatural transformation

Cla, Fi(0)), -+ ,C(bn_1, Fu(c)) — Cla,G(c)).
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In the other direction, suppose that we have some extranatural transforma-
tion

¢a,g,c: C(a7 Fl(bl))’ T >C(bn71a Fn(c)) — C(CL, G(C)) .

Then we can take components of the form

Pa,FromoF,(c), ,Fu(e)e: Cla, Fio---0Fy(c)),- -+ ,C(Fn(c), Fulc)) — C(a,G(c))

and compose with id,n,--- ,7n to get our natural transformation
Cla,Fyo0---0F,(c)) — C(a,G(c)).

It is easy to check that these two constructions are inverses and that they
respect composition of natural transformations. O

7.13 Promonads are categories

Since a monad was defined to be a monoid in the category of endofunctors on
a category C, we can define a promonad to be a monoid in the multicategory
of endoprofunctors on C.

Proposition 7.13.1 (See, e.g., [SG12]). Let V be a symmetric closed multi-
category. Let C be a V-enriched category. Then a promonad D: C-»C is the
same thing as a V-enriched category D together with an identity-on-objects
functor j: C — D.

Proof. This is a matter of unwrapping the definitions.

Let D: C-+C be such a promonad. So D is given by a V-enriched functor
D: C°,C — V1, together with extranatural transformations

Mapc: D(a,b),D(b,c) = D(a,c) eap: C(a,b) = D(a,b)
such that the following diagrams commute (see Definition [7.5.1)).

Mg, b,c ,id

D(a,b),D(b,c),D(c,d) D(a,c),D(c,d)

idvmbﬁc,d Ma,c,d
l Ma.b,d l
D(a,b),D(b, d) - (a,d)

C(CL, b),D(b, C) L D((I, C) D(a’ b),C(b, C) L D(a> C)
e“’b’idl %c id’e“*”l %c
D(a’7 b),D(b, C) D((I,b),p(b, C)

If we set @ = b in the second diagram and b = ¢ in the third, and compose
with the identity multimorphisms n, then these are exactly the diagrams
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(see Definition [7.6.1)) for D to have the structure of a V-enriched category
on the collection of objects of C!

Then the full versions of the second and third diagrams give us our desired
enriched functor C — D. It is the identity on objects and is the multimor-
phism e, on morphisms.

We can show that this is indeed a functor using the diagram in Figure [7.4]
O

C(a,b),C(b, c) » Cla, )
ideb’c

€a,b5€b,c C(CL, b)7 D(b, C) €a,c
— ~_

ea,bvid p

~

Ma.b,c

Ve
D(a,b), D(b, ) D(a,c)

Figure 7.4: Proof that the identity-on-objects functor arising from a
promonad is indeed a functor. The proof uses naturality of e, for com-
mutativity of the large triangle at the top right.

Consider the case that D is an actual functor, so that D(a,b) = C(a, F (b))
for some endofunctor F': C — C. Then, by Proposition [7.12.1] a promonad
structure on D is the same thing as a monad structure on F'. If we consider
D as a category, then the objects of D are the objects of C, and morphisms

from a to b are morphisms from a to F(b) in C; i.e., Kleisli morphisms for
F.

If we work the definitions through the proof of Proposition then we
see that the composition of morphisms f: a — F(b) and g: b — F(c) in D
is given by the composite

atLs Fo 2% FRc = Fe,

where the rightmost arrow arises from the promonad structure on D. In
other words, D is precisely the Kleisli category for the monad F":

Slogan 7.13.2. The Kleisli category is the category we get by considering
functors as profunctors.
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7.14 The multicategory of functors

Let & be a monoidal category and let M be a multicategory. We define a
multicategory [X, M] where the objects are ordinary functors

X = M,
and where multimorphisms Fi,--- , F,, — G are natural transformations
Gpy ezt Fi(x1), -, Fr(zn) > G1®@ -+ Q@ xy)
Remark 7.14.1. Suppose that X is small and suppose that M is the category

of sets, regarded as a multicategory through its Cartesian structure. Let
T1,°* ,Tn, Y1, ,Yp be objects of X. Then for any collection of functors

Fi,--  F,,Gy,--- ,Gp,H: X — Set,
the set of natural transformations

OENE HFz‘(ﬂ%') X HGj(yj) - H@Z1® @1, 0y Qyp)
( J

may be written as the end

We may then perform some co/end calculus (See the similar computation
in [Pis14], but note that that version is not quite sufficient to prove repre-
sentability according to Theorem [7.2.1]).

/ﬁﬁ HFi(wi)XHGj(yj),H ®3}i®®yj

%l ) X(@xi,z>, HFi(xi)XHGj(yj>vH Z®®yj
L[5 (@) T [
y i i J J

g/z,g /£<HFi($i)XX<®$i,Z>>XHGj(Z/j),H Z®®yj

In other words, this multicategory is representable by the Day convolution
that we met in Definition

(Fony &) = [ " (o) x G) x X(z©y.7).
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However, this multicategory is not representable in general, particularly in
the cases when we are working with enriched multicategories (not defined
here), where the enriching multicategory is not cocomplete, if X’ is large, or
when the category M is not the enriching multicategory.

7.15 Monoids on functors are multifunctors

It might seem strange that the objects of the multicategory of functors are
ordinary functors rather than multifunctors. We appear to have ignored the
monoidal structure of X and the multicategory structure of M.

One way to make sense of this fact is to note that an object of a category C
is the same thing as a functor

1—-C.

In the same way, perhaps the correct way to think of an ‘element’ of a
multicategory is that it is a multifunctor

1— M;

i.e., a monoid in M.

Then the following proposition tells us that the ‘elements’ of X — M in
this sense are the multifunctors.

Proposition 7.15.1. Let X be a monoidal category and let M be a mul-
ticategory. Then a monoid in [X, M] is the same thing as a multifunctor
X —- M.

This can be proved by setting A/ = 1 in the following stronger result.
Proposition 7.15.2 ([Pisl4, 2.8]). Let X be a monoidal category and let

M, N be multicategories. Then a multifunctor N' — [X, M] is the same
thing as a multifunctor N x X — M.

7.16 Two perspectives on monoids in Set

We now come to our main result of the chapter. We will approach it from
an oblique perspective. First note the following two rather different gener-
alizations of the notion of an internal monoid in Set.

1. A monoid in Set may be regarded as a lax monoidal functor (i.e., a
multifunctor) 1 — Set. This generalizes to arbitrary lax monoidal
functors X — Set, for monoidal categories X.
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2. A monoid in Set may also be regarded as a category with a single
object. This generalizes to arbitrary categories.

We shall now attempt to unify these into a single grand unifying generaliza-
tion of a monoid. From Proposition we know that a category with
one object is the same thing as a monoid in the category Endoprofge (*),
where * is the category with a single object and only an identity morphism.

We can clearly generalize this to the idea of a monoid in Endoprofge(C)
for an arbitrary category C. This then generalizes to the universal idea of a
multifunctor

X — Endoprofge(C) ,

(which we might call a parametric promonad on C parameterized by X),
which generalizes both lax monoidal functors X — Set (when C = %) and
Set-enriched categories (when X = 1).

However, we can also do things the other way round. From Proposition
a lax monoidal functor X — Set is a monoid in the multicategory
[X,Set]. This is the same thing as an [X, Set|-enriched category with a
single object, so another way of generalizing monoids in Set is to generalize
them to monoids in the multicategory

Endoprofy ge)(C)

for some monoidal category X and some [X, Set]-enriched category C.

This generalizes categories in the case that X = 1. It generalizes monoidal
functors X — Set in the case that C is the [X, Set]-enriched category *|x get
with a single object (), where the morphisms () — () are given by the functor
[, _], for I the monoidal unit in X', this being the initial object in [X, Set].

Our main result will tell us that it doesn’t actually matter which way round
we choose: these two ways of unifying the two generalization of a monoid
in fact give the same result. The only ingredient we are missing is an ap-
propriate change of base to move from ordinary Set-enriched categories to
[M, Set]-enriched categories.

Definition 7.16.1. Let X be a small monoidal category. We have a multi-
functor
X — [Set, Set]

given by
x> X(I,z)x _

By Proposition [7.15.2] this may equivalently be given as a multifunctor

Ox: Set — [X, Set]
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that sends a set A to the functor

X, _)xA.

The important property of this particular multifunctor is as follows.

Proposition 7.16.2. If Cy,---,C, are categories, then [X,Set|-enriched
functors OxCi,- -+ ,0x,Cp, — [X,Set] are the same thing as ordinary func-
tors from Cy x --- x Cp, to [X, Set)].

Proof. Let Cy,--- ,Cy be categories. An [X, Set|-enriched functor
F:0x,Cy,- - ,0x.Cp — [X,Set]
is given by a map
F: Ob(Cy) x --- x Ob(C,,) — Ob([X, Set]),
together with, for all objects a;, b; of C;, a multimorphism
Ox+Ci(a1,b1), - ,0xsCplan,by), F(at, -+ ,an) — F(b1,--+ ,bn);

i.e., a natural transformation
(H X(Iwr’b) X C(ai7 bl)) X F(a17 T 7an)(y) —

By the Yoneda lemma, such a natural transformation is the same thing as
a natural transformation

Hc(ai7bi) XF(alf" 7an)(y)_>F(bl7"' 7bn)(1®"'®l®y>;

i.e., a natural transformation
C(a17b1) X X C(a’n7bn) X F(a17 co 7an)(y) — F<b17 o 7bn)(y) .

But this is precisely the data of an ordinary functor Cy x - - - xC,, — [X, Set].

By naturality of the Yoneda transformation (and the left unitor), this process
preserves and reflects the property of respecting composition and units. [J

Theorem 7.16.3 (‘Stokes’s Theorem’). Let X' be a small monoidal category
and let C be a category. Then we have an isomorphism of multicategories

[X, Endoprofge (C)] = Endoprof(x ge) (9x+C) -
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Proof. Let F: X x C°? x C — Set be an ordinary functor. We may view F
either as the object

F(z, _,_): X — Endoprofg.(C)1
of [X, Endoprofge (C)] or, by Proposition as the object
F(_,a,b): C°® x C — [X, Set]

of Endoprofy get)(Ox«C). Moreover, every object of each of the two cate-
gories arises in such a way. Our aim is to show that the two categories give
rise to identical notions of multimorphisms between such F.

Let F1, -+, F,,G: X X C°? x C — Set be functors. Considering the F; as
objects of [X, Endoprofge:(C)], a multimorphism Fi,---, F, — G is given
by a transformation

Fi(xy, _, )y Fo(xpn, _, )= G@1® - Qxp, _, _);
natural in the z; i.e., a transformation
Fi(z1,a,b1) X -+ X Fp(zp,bp—1,¢) = G(x1 @ - - @ xp, a,¢) .
natural in the x;, a, c and extranatural in the b;.
A multimorphism — G is given by a multimorphism
-G, _, _);
i.e., a morphism

C(a,c) - G(I,a,c).

Now let us consider the F;, G as objects of Endoprof [y gt (0x+C). A multi-
morphism F,--- , F, — G is given by a transformation

Fi(_,a,b1),- ,Eo(_,bp_1,¢) > G(_,a,c)

natural in a, ¢ and extranatural in the b;; i.e., a transformation

Fi(z1,a,b1) X -+ X Fy(xp,bp—1,¢) = G(x1 @ - -+ @ Ty, a,¢)
natural in a, ¢ and the x; and extranatural in the b;.
A multimorphism — G is given by an extranatural transformation

ox(C(a,c)) - G(_,a,c);
i.e., a natural transformation
X(I,z) xC(a,c) = G(x,a,c),
which by the Yoneda lemma is the same thing as a natural transformation
C(a,c) = G(1,a,c).

Thus, the two multicategories are isomorphic. ]
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Now consider the case that we have a parametric monad . : X xC —C
on a category C. By considering functors as profunctors, we may identify
this with a multifunctor X — Endoprofge(C), which is the same thing as a
monoid in [X, Endoprofg(C)]. Then, by Theorem we may identify
this multifunctor with a monoid in Endoprof(y get(0x+C); i.e., an [X, Set]-
enriched promonad on Jy,.C.

But now, by Proposition this promonad is the same thing as an
[X, Set]-enriched category that has the same objects as C and admits an
identity-on-objects [X, Set]|-enriched functor out of dx,(C).

The objects of this [X, Set]-enriched category are the objects of C. By work-
ing the definitions through the proofs of Proposition and Theorem
7.16.3 we see that the object of morphisms from a to b is the functor

z+—C(a,xz.b): X — Set,
and that composition of morphisms is the multimorphism
C(a,z.b) x C(b,y.c) = C(a, (xr ®y).c)

in [X,Set] given by sending morphisms f: a — z.b, g: b — x.c to the

composite

ads b 29 ry.c 2 (z®y).c,

which is precisely the definition of composition in the Mellies category.

We get a new analogue of Slogan

Slogan 7.16.4. The Mellies category is precisely the [X, Set]-enriched cate-
gory that we get by considering functors as profunctors.
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Chapter 8

Parametric Monads and Full
Abstraction

Let a monoidal category ) with a small descendent set act on a category
G, where G is a suitable model of some programming language. In this
chapter we will investigate the adequacy and full abstraction properties of
the resulting category G/X, as we did with Kleisli categories in Chapter

As in Chapter 4] we shall generally require G to be a Cartesian closed cat-
egory that admits a computationally adequate denotational semantics of
Idealized Algol, and we shall require that G may be regarded as being en-
riched in algebraic directed-complete partial orders in such a way that every
compact morphism between the denotations of types is the denotation of
some term.

As hinted at in Chapter [5, we shall also require the action of Y on G to
be a reader action corresponding to an oplax symmetric monoidal functor
Y°P — G that satisfies the condition in Theorem [5.11.2] so that the category
G/X is Cartesian closed.

We fix a symmetric monoidal category X (corresponding to Y°P above) with
a small ancestral set and an oplax monoidal functor j: X — Set such that
for any object p of X there are morphisms h: p — p®p and hg: p — I such
that the composite

NS mhp .
j(p) = j(p©p) = j(p) * j(p)
is equal to the diagonal on j(p).

Fix a model G of Idealized Algol as above and suppose that the datatypes in
G are interpreted via an oplax monoidal functor Set — G. Then we get an
oplax monoidal functor X — G, inducing a reader action of X°P? on G such
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that the category G/X°P is Cartesian closed. We will define a language and
an interpretation of this language in the category G/X°P.

8.1 The language 1Ay

Definition 8.1.1 (The language IAx). The language IAy is formed by
taking Idealized Algol, and adding to it new constants

choose,,

for each object p of X such that j(p) € {C,B, N}, with typing rule

I' - choose,: j(p)

The interpretation of choose,, is that it requests an element a of the set j(p).

Let G be a model of Idealized Algol as described above, and suppose that
there is an oplax monoidal functor Set — G that is used to interpret
datatypes. We will use an underline to indicate this functor; so, for ex-
ample, the object of G that is used to denote the natural number type is
written N.

By our description of G/X°P as a lax colimit in Cat (i.e., Corollary ,
we have a natural functor J: G — G/X°P and a natural transformation
Opa: J(jp = a) = Ja. We define our denotational semantics of IAy in
the category G /X°P as follows. The denotation of any type T of Idealized
Algol is the object J([T]g), where [T]; is the original denotation in G. The
denotation of any sequent I' = M the morphism [['F- M] = J([I'+ M]g),
where [—]; is the original denotation in G. The denotation of choose,, is the

morphism wy,: 1 — j(p) given by the composite

A(idyjp) Dp.j
1 —25 (Jjp — Jip) — J(jp — jp) —= Tip.

This denotation may alternatively be defined in a non-compositional way:
given a term ' = M : T in context of IA y, we can write

M = N{choose, /z,],
where (z,) is a finite collection of free variables in M.

Since the categories G and G/X are Cartesian closed, the S-rule is valid in
the semantics, and so if N is a term of IAx that refers to (choose,),cp for
some finite collection P of objects of X', then we may write the denotation
of I'- N as the composite

[T,(zp)-Nzp/ choosep]

] 2% 1 (2,)] 7],
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where the denotation at the right is that of ordinary Idealized Algol.

This is a morphism in G/X°P. If we consider it as a morphism in G, we see
that it is given by the curried form of the composite

. TIxm? . I',(zp)FN[zp/ choose,
urﬂxa(®p>”~ﬂi~>nruxﬂm” el
p p

The example to have in mind is that of probability; here, the objects p of our
category X are discrete random variables, with j(p) giving the codomain of
the random variable, and the term choose,: j(p) can be thought of as ran-
domly sampling a single element of that set with the probability distribution
coming from that random variable.

8.2 Operational Semantics
We inductively define a relation
I',sEMlpes,

where T is a Var-context, s, s’ are I'-stores, ' = M, T'F ¢ are IAy terms-in-
context such that ¢ is an TA canonical form, and U is a sequence of pairs of
the form (p : a), where p is an object of X and a € j(p). The definition of
this rule is shown in Figure 8.1

We notice immediately that all but one of these rules are exactly the same as
the corresponding rules from IA x, except that the symbol |} is now decorated
with a sequence of pairs rather than a simple sequence. The one major
difference is the rule for choose,,.

8.3 Translation into TA x

Having noted the connection between the operational semantics of IA x and
TA x, we now link the denotational semantics of the two languages. Recall
that a morphism A — B in our model of IA x was a Kleisli morphism; i.e.,
a morphism of the form

A— (X — B)

in the original category, while a morphism A — B in the category G/X°P is
a Mellies morphism; i.e., a morphism

A= (j(z) = B)

for some object x of X'. Now, if we can ensure that j(z) is a set corresponding
to an TA datatype, then we can treat this Mellies morphism as a Kleisli
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I,s-M |y dxe.M’, s I,s'-M'[N/x] |y ¢, s"

I',skclcc,s I's-MN Jyyvc,s”

IysEM(YM) |y c, s Is-M {ymn,s I,sEMyn+1,8
I'sEYM Jycs I'sksuccM yyn+1,s I',skpred M |y n,s
I,s-M |y 0,s I, s+ M |y skip, s’ I,sFN {yecs”

I,skpred M |y 0,5 IsEM;N Jyyy c,s”

I,s-M |y t,s I's'-N|ycs”
T, st If M then N else P yyv ¢, s”

I,s-M |y £, s I,sFPlyecs”
T, st If M then N else P yyv ¢, s”

I's-M |y 0,s Is'N |y c,s"
I, s+ If0 M then N else P yyv ¢, s”

IskFM{yn+1,s Is'FPlycs’
I, s+ If0 M then N else P |y v ¢, s”

IsEM | c,s I,s'+N[d/z] | e, s”
I'skletz=Min N | ¢, s

Is-Elyn,s s~V iya,s”
stV « E Jyyy skip, (8" |z — n)

IsEV iy z,s
I, sHFV 4y n,s

I, z: Var, (s|lz — 0)F M Yy ¢, (s'|z — n)
I',sFnewAz.M |y c, s

s'(x)=n

IsFE |yn,s I,s' -V {ly mkvar WR, s” I,s" = Wn U skip, s”
F7 sEFV +« FE @U%V«&W Skip7 s

I',sFV Jy mkvar WR, s’ I,s'FR{yn,s’
F, sHIV llUﬂ-H/ n, SH

c i
I, st choosey, | (p:q) a, s @€ i)

Figure 8.1: Operational semantics for A y.
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morphism and start to pull results from Chapter [4 over to the parametric
monad case.

We have already required that the terms choose, are such that j(p) is al-
ways an IA datatype. However, when we compose two Mellies morphisms
together, we take the tensor product of the corresponding objects of X.
Therefore, we need to ensure that we can represent j(p; ® -+ ® py,) using
an IA datatype, for any finite collection p; of objects of X’ such that j(p;) is
an [A datatype for all i.

We shall therefore assume that, whenever pq,--- ,p, is a finite collection of
objects of X' such that the set j(p;) is an IA datatype for all 4.

The case we have in mind is when the j(p;) = B for all i and N is the natural
number object, so that we can choose some way of representing elements of
jp as elements of V.

Definition 8.3.1. Let p1,--- ,pn be a sequence of objects of X and let N
be an object of X such that j(N) is a datatype of Idealized Algol (i.e.,
j(N) € {C,B,N}). Suppose we have a morphism

[TN=>p® - Qp,

in X such that jf is a surjection. Define functions m;: j(N) — j(p;) (de-
pending on f) to be given by the composites

. if . J o . pr; .

GIN) 25 j(p1 @ - @ pn) T ji(p1) X -+ X j(pn) = j(ps) -
Let u € j(N)* be a sequence of elements of j(N), and let U be a sequence
of pairs (p : a), where each p is one of the p;. We say that u covers U with

respect to f if U and u have the same length and if whenever U®) = (p; : a),
we have a = m;(u®).

Recall that, in the definition of the category G/X°P, the Mellies morphisms
are left unchanged by precomposing with a morphism in the image of the
functor j; therefore, if M: T is a closed term of IAy referring to choose,,,
--+, choosey,, , then we may write the denotation of M as the composite

[[xl,--- JntM[z;/ choosepi]]]g

77 ;

o 2 i .

i.e., as

] ) [[;vl,m ,:vnl—M[a:i/choosepi}]]
Jp1X e X jpn =[] .

(1, 7n)

JN

Lemma 8.3.2. Let ' M be an IAy term-in-context, where M refers to
terms choosep, , - - -, choosey,, , and no other choose terms. Let N be an object
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of X such that j(N) is an IA datatype and let f: N — p1 ® --- Q@ p, be a
morphism, as in Definition [8.3.1. Suppose that the functions m; are all
definable in Idealized Algol; that is, that there are terms IL;: j(N) — j(p;)
of IA such that the following inference is valid.

I,s-MJ{m,s
I, sHILM ) m(m), s

Let s,s" be T'-stores, and let ' ¢ be a canonical form. Suppose U is a
sequence such that we have

I,s-Mlpe,s.

Then
T, st M[new(Av.v < ask;(ny: IL;!v)/ choosey, ] | ¢, s
in IA;ny for all sequences u € j(N)* that cover U.

Proof. Induction on the derivation of I',s = M |y ¢,s’. Suppose that the
last rule in the derivation takes the following form.

1,59 F M g, cr, 50 T, sV EM Uy, cp,s™
5O+ M Yy 4pv, ¢ 8™

Suppose a sequence u covers Uy # --- 4 U,. Then we may write u =
uy H# - - - H# up, where u; covers Uj.
By induction, then, we may derive that

Ti, s b My[new(Av.v ask;(ny; I;!v) / choosey, | u,, c, sk

for k =1,--- ,n. Now note that Lemma still holds if we use the terms
choose),, instead of the askx; this means that we have a valid IA ) inference
given by

Iy, sO -y [new(Av.v < ask;( ;3 II;v)/ choosey,] |, c1, s
Ty, sV F M, [new(\v.v + ask;j(ny; I1;!v) / choosey, | u, cn, s
T, s F M[(\z.IL) ask;(y - choosey,| ., ¢, s ,

from which we can deduce that
T, 5 - Mnew(\v.v ask;(ny; IL;1v) / choosey, | | c, s,
as desired.

The other possibility is that the final step in the derivation takes the form

I', st choosep, 4(y;.0) ;5 .
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Let U be a (length 1) sequence covering (p; : a). So U = t, where t € j(P)
is such that 7;(t) = a.

Then
choose,,; [new(Av.v < ask;(x); I;!v)/ choosey, | = new(Av.v < ask;(ny; II;!v),
and we may derive

[, s new(Av.v « ask;nvy; IL1v) Yt a, 5. O

To prove the converse, we prove a lemma about substitution analogous to
Lemma 711
Lemma 8.3.3. Let

I, 50 My o, c1, s I, (=1 1 M, A, cn, s
L, 8O b M Yoy g, € 5™

be an inference of IA;n), where every instance of ask;yy occurs as part of
some term of the form new(A\v.v askj(N);Hilv), and suppose that M #
new(Av.v <= ask;(ny; ILjlv) for any j. Suppose we have sequences Uy, -+ ,Up
such that uy covers Uy fork=1,--- ,n. Then

I, s+ My [choose,, / new(Av.v «— ask;(ny; IL;1v)] Yo, ci, st
I, s M, [choosey, / new(Av.v < ask;ny; I;1v)] Ju, cn, s

r,s0 M choosey, / new(A\v.v < ask;(n); Ii!v)] duy 4 v, € s

is a valid inference of IAx.

Proof. As in Lemma we can prove this by looking at cases. For ex-
ample, consider the sequencing rule

I, s+ M |, skip, s’ I's'N ¢, s"
I'skM;N | cs" ‘

We have

(M; N)[choosey, / new(Av.v < ask;ny; IL;1v)]
= M/|choosey, / new(Av.v < ask;(n); [1;!v)];
Nchoose,, / new(\v.v <= ask;(ny; IL;!v)]

and so we certainly get a rule

T, s Mlchoose,, / new(Av.v < ask;(y); I;!v)] Iy skip, s’
[, 5" N|choose,, / new(Av.v < ask;(n); ;1)) Yy ¢, s”
', st (M; N)[choose,, / new(Av.v < ask;(ny; Ii0)] I ¢, s” .
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The only case where we need to be careful is for the new rule:

Tz, (sl — 0)F M |y c, (5|2 n)
I',sknewAz.M |y c, s

If new Az. M # new(Av.v <= ask;(n); I1;!v), then we have

(new A\x.M )[choosey, / new(Av.v < ask;(yy; 11;!v)]
= new \z.(M|choose, / new(Av.v < ask;(n); II;!v)]) .

Then we can apply the rule

T, z, (sl — 0) - M|choose,, / new(Av.v < ask;(n); ILi10)] Yu ¢, (s'| — n)
[, st (new Az.M)[choosey, / new(Av.v < ask;(n); IT;1v)] § Ue, s’

O
We now prove the converse to Lemma [8.3.2]

Lemma 8.3.4. Let I',y1: j(p1), - ,yn: j(pn) FE M: T be a term-in-context
of ordinary Idealized Algol, where I' is a Var-context. Let U be a sequence
and let N,m;,II; be as above. Suppose that there exists some sequence u €
J(N)* such that u covers U and such that

T, s+ Mnew(Av.v < ask;ny; Ii!v) /yi] Yu ¢, s

Then
[, st M|choosey, /yi| Vu ¢, s .

Proof. Induction on the derivation. Suppose that M is not one of the y;; then
Mnew(Av.v <= ask;ny; I1;1v) /y:] is not equal to new(Av.v < ask;(ny; ILilv).
Moreover, every instance of ask;y) in M occurs as part of an expression of
the form new(Av.v < ask;(yy; IL;!v), and so we win by Lemma and the
inductive hypothesis.

Otherwise, M = new\v.v < askj(N);Hj!v for some j. Now, if we have
[, s Fnew(Av.v < ask;(n); ;) Ju ¢, s,

then a simple examination of the reduction tells us that we must have s’ = s,
and that u must have length 1 — say u = m — where the single element m of
u satisfies 7;(m) = c.

But now we certainly have
I', s choosep, 4(y.0) €, 8,

and the sequence m covers the sequence (p; : c). ]
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Lemmas and together prove the following.

Lemma 8.3.5. LetI',z1, - ,x,FM be a term-in-context of Idealized Algol,
where I" is a Var-context. Then the following are equivalent.

i) I', s = M|choose,, /,,] Vv ¢, s" in [Ax.

i) I', s = M[new(Av.v < ask;(ny; v /2] by ¢, 8" in TAN for all u covering
U.

i) T', sk=-M[new(Av.v < ask;(ny; Tilv /2] Yo ¢, 8" in IAN for some u covering
U.

Proof. (i) = (ii): Lemma [8.3.2]
(ii) = (iii): By assumption, the function j(f): N — j(Q),pi) is surjective,

so for any U there is some u € j(N)* covering U.

(iii) = (i): Lemma [8.3.4] O

8.4 Computational Adequacy

We are now ready to make the definitions we need to state our Computa-
tional Adequacy result.

Recall that if o was a Kleisli morphism 1 — C (i.e., a morphism 1 — (X —
C) in the original category, where X was an Idealized Algol datatype), then
we wrote o ., if the composite

new |

1% (X -0 (Var - N) ™5 N C

was not equal to 1, where 7, was the denotation of the Idealized Algol
term-in-context

f: X — comF Av.w « 0; f(v < succlv; try, lv); lv: Var — nat .

We want to extend this definition to morphisms in the category G/X°P.
There are a couple of problems here.

Firstly, the morphisms in G/X°P are equivalence classes of Mellies mor-
phisms, and the equivalence relation does not respect this predicate |, —
especially since the X in the above formula could change when we choose a
different representative of the equivalence class.

Secondly, a morphism 1 — C in G/X°P is given by an (equivalence class
of) morphisms 1 — (j(p) — C) in G, and the object j(p) need not be an
Idealized Algol datatype.
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To solve the second problem, we make an additional small assumption on
our category G. We require that our category G contains morphisms

& (X —->C)—=C

for any set X and any finite sequence u € X™* such that for any function
[: X =Y, wehave (f = C);& = &, (where fiu is the sequence formed
by applying f pointwise to u), and such that if X is an IA datatype, then

new

€, = (X = C) ™ (Var - N) "% § 24y ¢

Ezxample 8.4.1. In the category of games, the morphisms £, can be taken to
be the strategies containing the plays €, gg and plays of the form

X cc
X CccC q
q q
q q
q u®
u® :
. q
q ullel=1)
U(k) a
a

(so the strategy has no reply if player O asks the question in X fewer than
|u| times before returning, or tries to ask it more than |u| times).

Definition 8.4.2. Given a set X and a morphism o: 1 — (X — C), we say
that o accepts a sequence u € X* if 07§, # L. We write Acc(o) for the set
of all sequences accepted by o.

Recall that a morphism 1 — C in G/X°P is given by an equivalence class of
Mellies morphisms 1 — (j(p) — C) in G, where p ranges over the objects of
X, and where the equivalence relation is generated by identifying all pairs
of morphisms o: 1 — (j(p) — C) and 7: 1 — (j(¢q) — C) such that there is

a morphism f: p — ¢ such that 7; (j(f) = A) = 0.

Definition 8.4.3. We define an equivalence relation on pairs (p,U), where
p is an object of X and U C j(p)* is a set of finite sequences drawn from
j(p) to be the equivalence relation generated by identifying (p, /) and (g, V)
whenever there is a morphism f: p — ¢ in X such that for all u € j(p)*, we
have v € Y if and only if j(f).u € V.
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It is instructive to consider the equivalence relation on pairs (p,U) in the
case that X = Rwvq is the category of random variables on some probability
space ). Given a random variable V taking values in a set X, we get an
induced notion of probability for the elements of X*: given a sequence u of
elements of x, we write

|ul—1

P(u)= [] BV =u).
=0

If we have a random variable W on a set Y and a function f: X — Y such
that W = fo X, and if Y C X* and ¥V C Y* are such that v € U if and only
if fru € V, then the induced probabilities of the sets U and V are the same.
So, in this case, the equivalence relation on sets of sequences is subsumed
into the very natural equivalence relation of having the same probability.

Proposition 8.4.4. Let 0: 1 — (j(p) = A), 7: 1 — (j(q) — A) be two
representatives of the same morphism 1 — A in G/X°P. Then (p, Acc(o))
and (q, Acc(T)) are equivalent.

Proof. Since the relation on pairs (p,U) is an equivalence relation, it suf-
fices to assume that o and ¢’ are related by the relation that generates the
equivalence relation on Mellies morphisms; i.e., that there is a morphism
f:p— qsuch that o = 7; (§(f) — C).

Let u € j(p)*. Then we have

u € Acc(o) & 036, # L
&7 () = Al # L
& 7Ej(fu F L
< j(f)su € Ace(r).

Therefore, (p, Acc(o)) and (g, Acc(T)) are equivalent. O

We can now state and prove our Computational Adequacy result. For this
result, given a term M : com mentioning objects p1, - - - , pp, we shall assume
the existence of some A datatype N admitting a morphism f: N — p; ®
-+ ® pp, such that the corresponding projections m; on to the objects j(p;)
are [A-definable.

For example, if j(p;) = B for all i, then we can take N = N and use the
binary encoding.

Definition 8.4.5. Let M be a closed term of Ay of type com mentioning
P1,- - ,Pn. Let S(M) be the set of all sequences U such that M |y skip.
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We define B(M), the behaviours of M, to be the equivalence class corre-
sponding to the pair
(p1® - @pn,U),

where U is the set of all sequences u € j(p; ® --- ® py)* that cover some
sequence U € S(M), via the projections

. J . . pr; .
ip1®@ - @pp) T (1) X - X Gpn) — 5 (pi) -

Theorem 8.4.6 (Computational Adequacy for TAy). Let M: com be a
closed term of IAx referring to p1,--- ,pn. Suppose the denotation of M
is given by a morphism 1 — (j(p) — C) in G/X°P.

Then (p, Acc([M])) is equivalent to B(M).

Proof. By Proposition we may assume that the denotation of M is in
a particular form, namely the (curried form of) the composite

[[xl,--- JntMz;/ choosepi}ﬂg

(1, ,Tn) .
J

JN) ——= (1) x--- ¥ j(pn)

But if we consider this as a Kleisli morphism in the category Klg, ™) g, then
this is the denotation of the IA ) term

Mnew(Av.v <= ask;(ny; IL;!v) / choosey, | .
By Lemma if u € j(N)* is a sequence, then
Mnew(Av.v <= ask;n); I;!v)/ choosey, | {1 skip

if and only if u covers a sequence U such that M |y skip. By our Compu-
tational Adequacy result for IA x (Propositions and , this means
that for all u € j(N)*, u € Acc([M]) (for this particular form of [M]) if
and only if uw € U. Therefore, (N, Acc([M])) = (N,U"), where U" C j(N)*
is the set of all sequences u that cover some U such that M |}y skip via the
projections ;. Lastly, we note that (N,U’) is equivalent to B(M), through
the morphism f: N — p1 ® -+ Q py. O

8.5 Equational Soundness

We transfer to an Equational Soundness result in our standard way. First,
we make a definition of observational equivalence of 1A y terms.

Definition 8.5.1 (Observational Equivalence). Let M, M': T be closed
terms of TAy. We say that M and M’ are observationally equivalent if
B(C[M]) and B(C[M']) are equivalent for all contexts C': com with a hole
of type T.
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We then make definitions that will mirror this equivalence in the denota-
tional semantics.

Definition 8.5.2 (Equivalence of morphisms 1 — C). Let o,7: 1 — C be
morphisms in G/X°P, considered as morphisms o: j(p) — C and 7: j(q) —

C in G. We say that o ~ 7 if (p, Acc(0)) is equivalent to (g, Acc(7)).

Definition 8.5.3 (Intrinsic Equivalence). Let o,7: A — B be morphisms
in G/X°P. Then we say that o ~ 7 if for all a: (A — B) — C, we have
Alo);a =~ A(T); a.

Now we can prove Equational Soundness as we did in Proposition [3.4.13]

Theorem 8.5.4 (Equational Soundness for IAy). Let M, M': T be closed
terms of IAx such that [M] ~ [M']. Then M and M’ are observationally
equivalent.

Proof. First suppose that M and M’ are not observationally equivalent — so
there is some context C such that B(C[M]) and B(C[M']) are inequivalent.
Now B(C[M]) is equivalent to (N,U) and B(C|[M']) is equivalent to (N,U’),
where U C j(N)* is the set of sequences that cover some U € S(C[M]) and
U’ the set of sequences that cover some U € S(C[M’]) via the projections
5.

Let a be the denotation of the term-in-context f: T'+C[f]. Then A([M]); «
is the denotation of C[M] and A([M']);« the denotation of C[M’']. By
Theorem [8.4.6] the sets (N, Acc(A([M]); @) and (N, Acc(A([M'];«))) are
inequivalent, and so [M]  [M']. O

8.5.1 Full Abstraction for IA

In order to prove Full Abstraction, we first prove a compact definability
result.

Definition 8.5.5. Let 0: A — B be a morphism in G/(Rv5)°P. We say
that o is compact if it is compact when considered as a morphism in G.

Remark 8.5.6. When we say ‘considered as a morphism in G’ in the above
definition, we mean ‘in at least one of its possible interpretations as a mor-
phism in G’. Note, however, that the continuous image of a compact element
is compact, and so if we pass to a new representative of o by composing on
the left by the image of some morphism in Rvgs , then the resulting repre-
sentative of ¢ will also be compact.

Lastly, if G is the category of games, this compactness property is invariant
under the choice of representative for o.

262



In order to prove compact definability, we need to make a further assump-
tion.

Proposition 8.5.7 (Compact Definability for IAy). Suppose the functor
j: X — Set is strong monoidal and that for any object x of X there is a
finite collection pi,--- ,pyn such that j(p;) is an IA datatype for each i and
such that there is a morphism

hipy®- - Q@pp —w.

Then any compact morphism in G/X°P between denotations of IA types is
definable.

Proof. Let o: [S] — [T'] be a morphism in G/X°P, where S and T are TA
types. After composing with some suitable h as above, we may assume that
o is given by a compact morphism

[S] = ip ®--- @p,) = [T]

in G. After precomposing with the multiplicative coherence for j on the p;,
we get a compact morphism

[ST = (pr) x --- % j(pn) = [T]),

which is the denotation of some term-in-context

v:S,a1:p1, ,an: pnEM:T

by compact definability for G. Then, by our earlier work, we know that o
itself is the denotation of the term

v: S+ Michoose,, /a;|: T. O
We can now prove Full Abstraction.

Theorem 8.5.8 (Full Abstraction for IAy). Suppose that our action sat-
isfies the conditions of Proposition . Let M,M': T be closed terms
of IAx. Then M and M’ are observationally equivalent if and only if
[M] ~ [M]"

Proof. The right-to-left direction is Theorem [8.5.4] For the other direc-
tion, suppose that [M] ¢ [M]’. Then, without loss of generality there
is some « such that the sets (N, Acc(A([M]); «)) and (N, Ace(A([M']; «))
are inequivalent. Since G is enriched in algebraic domains, @ may be taken
to be compact, and is therefore the denotation of some term-in-context
L: T — com. Then, by our Computational Adequacy result, we have that
B(LM) and B(LM') are inequivalent; i.e., that M is not observationally
equivalent to V. ]
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8.6 Probability

We now specialize to the case where X is a category of random variables
on some fixed probability space (2, F,P), in order to model a probabilistic
language. For our purposes, it will suffice to take €2 to be the real interval
(0,1) with its Lebesgue o-algebra and measure. Note that the Lebesgue
measure satisfies the conditions from Example and Proposition -
every countable set is measurable and every subset of a measure-zero set is
measurable.

A random wvariable on () is a measurable function V: Q — X. Given such
a random variable, and A C X, we write P(V € A) for P(V~1(A)), and
P(V =z) for P(V € {x}).

The category X = Rvgs will then be the category whose objects are random
variables of finite support; that is, discrete spaces X together with measur-
able functions V: @ — X, such that there is some finite subset ¥ C X
satisfying P(V € V) = 1.

The morphisms in RVSS from V:Q — X to W: Q — Y are probability-
preserving functions X — Y i.e., functions X — Y such that for all A C Y,
we have P(f(V) € A) =P(W € A).

There is a natural strict monoidal functor Rv5® — Set (sending V': Q — X
to the set X), which gives us an oplax monoidal functor RVSS — G and
hence a lax reader action of Rv5® on G. By our discussion in Chapter @ this
action satisfies all of the requirements we imposed in the previous section.

Recall that the tensor product of two random variables V: Q — X and
W:Q =Y is their pairing VoW =(V,W): Q - X x Y.

We define a language Probabilistic Algol (PA) to be the sublanguage of
IARv{;S generated by the terms of Idealized Algol and the terms

choosey, ,

where p € [0,1], and where we have identified V,, is the Bernoulli random
variable
B,: Q0 — B

that returns ¢ if its input is less than p and f if it is greater than or equal
to p.

The denotation of a base term of PA of type S is a Melliés morphism taking
the form

(1) = [5]

(for the IA terms) or the form

(B) = [5]
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for the term choose,. When we compose or tensor these together, we take
the tensor products of the objects on the left in X', which corresponds, after
application of the oplax monoidal functor j, to taking Cartesian products
in Set, and thence to taking Cartesian products in G.

The denotation of any term of PA of type T, then, will be an (equivalence
class of) morphisms

B" & B" — [T],
together with some random variable taking values in B™ (formed by taking
the tensor product of Bernoulli random variables).

Lastly, given such a random variable V': 2 — B™ there is a random variable

V. Q — N such that for each ¥ € B"™, we have

P (f/ = 2i—117i> =P(V =7)
=1

and such that P(V = k) = 0 for any k& > 2". Then there is a function
f: N — B" that sends Y. ;2 ta; to (a1, -+ ,a,) and sends k > 2" to
some fixed value (say, (f,--- ,f)). This function f satisfies

foV=V.
Moreover, V has finite support.

Now suppose that X is a finite discrete probability space. Then the set X
of all infinite sequences of elements of X may be given the product topology,
and equipped with the resulting Borel o-algebra. A basic open subset of X“
is a set © C X for which there exists some n such that if s € & and ¢ is
a sequence such that s and ¢ are identical on the first n terms, then t € &.
We can define a pre-probability measure on these basic open sets by setting

n—1
P) = Y [[Pw?),

where &, is the set of all length-n prefixes of elements of &.

Then the Carathéodory Extension Theorem tells us that there is a unique
extension of this to a probability measure on the whole space (see, for ex-
ample, [Shr04l 1.1.4]).

If V:Q — Z is a finitely-supported random variable, then V induces a
probability measure on its support Im(V') C Z. This gives us a probability
measure on Im(V)*, which we can extend to a probability measure on Z*
by setting

P(A) = P(ANIm(V)¥)

for any A C Z*.
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Definition 8.6.1. Let V: 2 — X be a finitely supported random variable
and let U4 C X™* be a set of sequences. Then we define

P(V,U) =PU”),

where U* C X“ is the set of all infinite sequences having some prefix in U.
Note that &“ is an open subset of X%, so is in particular measurable.

An easier way to define P(V,U) is that it is the sum of the probabilities of
all the sequences in U; i.e.:

|ul—1

PV - 3 T P).

ueU 1=0

where the infinite sum refers to the supremum of the sums over all finite
subsets of U.

Proposition 8.6.2. Suppose that (V,U) and (W, V) are equivalent pairs, in
the sense of Definition where V:Q — X, W: Q — Y are finitely-
supported random variables, and U C X*, V C Y™ are sets of sequences.
Then B(V,U) = B(W, V).

Proof. Without loss of generality, we may assume that there is a probability-
preserving function f: X — Y i.e., a function such that for any A C Y we
have P(W € A) = P(f(V) € A) and such that & = f;*(V). Then we have

P(V,U) =PV, £ (V)
ful—1

= Z H P(V = u®)

uex* 1=0
f*uev

ul-1

DI IETE

veY uwex* =0
fru=v

v[-1

SIS e =e)

veY =0 zeX

f(@)=v



We now define the operational semantics for Probabilistic Algol.

Definition 8.6.3. Let M : com be a closed term of PA mentioning proba-
bilities py,- - ,pn. We define P(M |}) to be P(B(M)); i.e.,

P(V;Jl ®'”®Vpnvu)7

where U is the set of all sequences u € j(V,, ® ---® V), )* that cover some
sequence U such that M |y skip.

We can define a corresponding notion for morphisms in the denotational
semantics.

Definition 8.6.4. Let 0: 1 — C be a morphism in G/(Rv5®)°P, considered
as a morphism o: 1 — (X — C) in G, together with a finitely-supported
random variable V: Q — X.

Then we define P(o |) to be

P(V, Acc(o)) .

Remark 8.6.5. By Propositions [8.6.2] and [8.4.4], Definitions [8.6.3] and [8.6.4]
are well defined.

Now we are ready to prove computational adequacy.

Proposition 8.6.6 (Computational Adequacy for PA). Let M: com be a
closed term of PA. Then P(M |}) = P([M] |).

Proof. By Theorem B(M) is equivalent to (p, Acc([M])). Therefore,
by Proposition [8.6.2

P(M ) =P(B(M)) = P(V, Acc([M])) = P([M] ). O
We can define observational equivalence for terms.
Definition 8.6.7. Let M, N: T be closed terms of PA. Then we say that

M and N are (probabilistically) observationally equivalent if for all contexts
C': com with a hole of type T', we have

We then have the usual corresponding definition in the denotational seman-
tics.
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Definition 8.6.8. Let o,7: A — B be morphisms in G/(Rv5%)P. We
write o ~p 7 if for all morphisms a: (A — B) — C in G/(Rv§5¥)°P we have

P(A(o);ad) =P(A(r);a l).

Then, by our standard argument, we may derive Equational Soundness from
Computational Adequacy.

Proposition 8.6.9. Let M, N: T be closed terms of PA such that [M] ~p
[N]. Then M and N are probabilistically observationally equivalent.

Our next goal will be to prove the converse to this result: Full Abstraction.

8.7 Full Abstraction for Probabilistic Algol

In order to prove a definability result, we would like to know that any
morphism A — B in G/(Rv5”)°P may be considered as a pair

(Vo @@V, f: A= (B" = B))

for appropriately chosen pi,- -, pn.
This is because every morphism definable in PA takes this form. By Propo-
sition it will suffice to prove the following.

Proposition 8.7.1. Let V: Q — X be a finitely supported random variable.
Then there exist p1,--- ,pn and a function

f[:B" =X
such that for all v € X we have P(V =x) =P(f(Vp,, -, Vp,) = ).

Proof. Recall that the V), are not independent in our formulation; indeed, if
p<gq, thenV, =t =1V, =t.

Enumerate those elements x € X such that P(V = z) # 0 as x1, -, =y,
and for each k=1, --- ,n, define

Note that we must have p,, = 1. Then we define

f(g):{xl ifb=f

min{k : by =t} otherwise.
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Fix z € X. If x is not one of the z;, then we have P(f(Vp,,---,V,,) =) =
0 = P(V = ). Otherwise, suppose x = . If w € Q and pr_1 < w < pg,
then Vp, (w) = t, and V), (w) =t foralli < k. So f((Vp, @ --®V,,)(w)) = x.
If w < pr—1, then V,,, ,(w) =1t,50 f(Vp, @@V}, )(w)) # xp. If w> py,
then V, (w) =1, so f(Vp, ® - ®V,,)(w)) # k. Therefore,

P(f(‘/}m T 7vak) = xkz) = P([pk_l,pk)) =Pk — Pk—-1 = P(X = a:k) .

It follows that f is probability preserving in the sense required. O

Remark 8.7.2. This also proves that Rvh® has a small ancestral set.

Then if we have an arbitrary morphism o: A — B (given by a morphism
&: A — (j(X) — B) in the base category), Proposition [8.7.1] gives us the
morphism f mediating between & and a morphism of the form specified at
the start of this section.

We can now prove our compact definability result.

Proposition 8.7.3 (Compact definability for PA). Let T be an Idealized
Algol type and let o: 1 — [T] be a compact morphism in g/(RVSS)Op.
Then there is some closed term M: T such that o = [M].

Proof. Let (V,o:1— (X — [T])) be a compact representative of o, where
X is a set and V is a finitely-supported random variable taking values in
X. By Proposition [8.7.1, we may choose pi,--- ,p, such that there is a
probability-preserving function

foVp @@V, = V.

After composing on the right by (f — [T]), we may assume that o is of the
form

(Vo @@ Vp,,0: 1= (B — [T7)).

Now this ¢ necessarily factors as

m—[1])

1% B - 1)) - (B™ — [T7),

where & is compact. Then, by compact definability in G, & is the denotation
of some term N: bool — --- — bool — T, and it follows that our original
morphism o in G/(RvE)°P is the denotation of

N choosey,, --- choose,,, . ]

Theorem 8.7.4 (Full Abstraction for PA). Let M, N: T be observationally
equivalent terms of PA. Then [M] ~p [N].
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Proof. Suppose that [M] #p [N]. So there is some «: [T] — C such that
P([M]; e d) #P(IN] 50 )).

Let P([M];« }) = p and P([N]; « }) = g, and suppose without loss of gen-
erality that p > ¢. Now there must be some finite subset V of Acc([M];a )
such that the combined probability of the sequences in V is still greater than
q. For each v € V, we can choose some compact o, C « such that u is still
accepted by [M];a,, by algebraicity. Since the set of compact elements
below « is directed, there is some o’ C « such that «, C o for each u € V.
Then we have

P([M];a" ]) >q P([N];a' |) <q,

and therefore P([M]; o’ |) #P([N];a ).

By Proposition o’ is the denotation of some term L: T — com, and
our Computational Adequacy result (Proposition [8.6.6)) then tells us that

P(LM ) = P(IM]:o’ 1) # B(IN];0' |) = P(LN ).

Therefore, M and N are not observationally equivalent. O

8.8 Comparison with a Kleisli Category Model

The probabilistic language is our main example of an application of the the-
ory of parametric monads that we have developed. However, it is worth
noting that it is possible to model a probabilistic language within the lan-
guage [Ap from Chapter [dl Specifically, we can consider the language [Ap
as a probabilistic Algol variant, by treating the term askp as a coin flip that
returns ¢ or f each with probability %

Given a closed term M : com of IAg, we define

P(M )= Y 27,

u€B*: M skip

since 271"l is the probability of a particular sequence u of ¢ and £ values oc-
curring. Here, the infinite sum means the supremum over all sums over finite
subsets. Similarly, given a Kleisli morphism ¢: 1 — C — i.e., a morphism
0:1— (B—C)in G, we can define

Plol)= Y 27

u€Acc(o)

Our Computational Adequacy result for IA x (Propositions and 4.7.4)
then gives us a Computational adequacy result for this model.
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Proposition 8.8.1. Let M: com be a closed term of IAg. Then P(M ) =
P([M] ).

Proof. Propositions [4.6.9] and [£.7.4] tell us that the set of sequences u such
that M |}, skip is the same as the set Acc([M]). O

We can define probabilistic observational equivalence and the probabilistic
intrinsic equivalence ~p in exactly the same way as we did for PA. Then the
same argument we used in Theorem proves Full Abstraction for this
model.

Theorem 8.8.2. Let M, N: T be closed terms of [Ag. Then M and N are
probabilistically observationally equivalent if and only if [M] ~p [N].

Since this model relies on a lot less theory, it is worth spending a bit of time
thinking about what our existing parametric monad model gives us that this
one doesn’t.

The most obvious answer is that our original model allowed us to work
with arbitrary probabilities, rather than using a fixed coin with probability
%. However, this is not such a great advantage as it might seem, since
if p € [0,1] is any real number whose binary expansion is computable as
a function N — B, then we can simulate choose, within the probabilistic

version of TAg[]

Perhaps a better way of thinking about the difference between the two mod-

els, then, is to consider what the denotation of a term actually looks like.

For comparison, we look at the denotations of the term choosez in the two
3

different semantics.
In the language [Ap, we can define a term that converges to t with proba-
bility % and to f with probability % by
Y001 (Ab. If choose: then t else (If choose: then b else f)) .
2 2
Here, we have renamed askg to choose: to give a better idea of what the
2
term does in the probabilistic setup.

Now the denotation of this term in Klg, G is given by the denotation of the
term-in-context

¢: bool F Ypoo1(AD. If ¢ then ¢ else (If ¢ then b else )

Tdea: build up a sequence of intervals I,, of width 2™ by repeatedly flipping the coin
and using the result to choose either the lower or the upper half of I,,_1. If at any point
the upper bound of I, is less than or equal to p (which can be checked by computing the
first n terms of the binary expansion of p), then return t. If at any point the lower bound
of I,, is greater than or equal to p, return f.

271



in G. If G is the category of games, then this morphism is the strategy with
maximal plays taking one of the following two forms.

q(qfqt)"qtt q(qfqt)" gt gt

In other words, it is not at all clear from the denotation that the term should
give t with probability % and T with probability %

In G/(RvE5¥)°P, however, we can model a term that has the same behaviour
using the morphism
(vasids) |
3

which makes it much clearer what the probabilistic behaviour is.
Let us now examine two more models based on Kleisli categories.

One idea we might have is to use the datatype game (0, 1) (corresponding
to the open unit interval of reals) as our reader object. That way, we could
model the term choose, as the morphism

(0,1) = B

that returns t if its input is less than p and f if its input is greater than or
equal to p. Unfortunately, however, this model allows us to construct too
many strategies, including some that have no probabilistic interpretation.
If X C (0,1) is a non-measurable set, for instance, then there is a perfectly
valid morphismﬂ

XX (0, 1) — B

corresponding to the indicator function of X, but there is now no sensible
answer to the question ‘What is the probability that xx returns fu?ﬂ Fixing
this problem would require us to impose further measurability conditions
on strategies, taking us away from our core idea of sticking to the category-
theoretic constructions as closely as possible.

A more successful approach is to replace the datatype (0, 1) with the (game-
theoretic) product of a countably infinite collection of copies of B, indexed
by (0,1), each corresponding to one of the choose,. Computationally, this
corresponds to ‘encapsulating’ the chosen value in (0, 1) behind a countably
infinite family of ‘methods’, each of which will only tell you whether the
value is less than some fixed number. Since any program can call only

2 At least, in the category of games and any other model satisfying the condition from
Definition [2.15.1]
3 . . . e . .

Recall also from Section that this Kleisli category is precisely what we end up
with if we relax the discreteness condition on random variables — so we are left trying
to model continuous probability distributions (such as the uniform distribution on (0, 1))
with games that are very much discrete.
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finitely many of these ‘methods’, we avoid introducing any non-measurable
behaviour.

There is then, at least in the category of games, some clear idea about how to
define the probability of a particular play occurring in a strategy. Since any
play must make at most countably many appeals to the product-of-booleans
oracle, and since each such appeal has an associated probability, we can
associate a probability to each such play by multiplying these probabilities
together.

It is less clear, however, how to prove Adequacy and Full Abstraction for this
model. The approach that we have adopted in this chapter — a translation
into IA x— does not work for a strategy of the form

o: H B— A,
p€(0,1)

where the left-hand side is an uncountable product of booleans and certainly
cannot be embedded inside any IA datatype game.

We could reason about such a strategy by asking whether it factored through
any finite product of booleans; i.e., whether there was any & such that o
factors as
H B —><prp17 ’prpn> Bn i) A7
p€(0,1)

for some finite collection pq,--- ,p, of probabilities. We could then reason
about the strategy 6. But if we are doing that, then why not reason about
the strategy & from the start? And if we have two possible choices for
this &, why not make it explicit in the model that they are equal? This
is exactly what our G/ (Rvgs )°P model is doing. Rather than try and rely
on some global probabilistic oracle, our strategies can form their own mini
(i.e., finite/countable) oracles that give them what they need. Composition
of morphisms automatically groups these mini oracles together into one, and
the equivalence relation on morphisms ensures that we can always enlarge
our mini oracle if we need to (for example, by converting from a product

of finitely many booleans to a natural number to help the translation into
IAx).

8.9 Game Semantics and Probability

So far, we have considered things in the abstract. We now specialize to
the case that G is the category of arenas and single-threaded strategies that
we developed in Chapters [2[ and This will allow us to capture the close
relationship between the sequences u that we have been considering and the
plays in a strategy.
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Definition 8.9.1. Let X be a set and let ©w € X* be a sequence. Consider
X as an arena X. Then we write qu for the play in X given by

qu(l) e qu(lul_l) .
Note that any P-position in X is of the form qu for some sequence wu.

Definition 8.9.2. Let A be an arena, let V' be a random variable taking
values in a set X, and let o: X — A be a single-threaded strategy. We may
consider X as a game X. Let s be a legal play of A. If t € o, we write
t/s if t|4 = s and if the last move of ¢ is the last move of s (this implies in
particular that t|y is a P-position in X). Then we define

Accs(o) ={ue X* : Jteo.t/s, t|x =qu}.

We define
Py (s € o) =P(V, Accs(0)) .

We would like use this definition to define P(s € o) for o a morphism in
G/(RvE®)°P, but we first need to check that this is well-defined with respect
to the equivalence relation on Mellies morphisms.

Proposition 8.9.3. Let
V:Q—X,0: X > (A— B)) W:Q—=Y,0:Y - (A— B))

be representatives of the same morphism A — B in G/(Rvgs)op, where X
and Y are sets. Let s be a legal play of A — B. Then (V,Accs(0)) and
(W, Accs(0”)) are equivalent as pairs in the sense of Definition [8.4.5,

Proof. 1t suffices by induction to prove this in the case that the two repre-
sentatives are related by the relation that generates the equivalence relation
on morphisms; i.e., that there is a probability-preserving function f: X — Y
such that o = o’; (§(f) — A).

Let v € X*. Then we have

u € Accs(o) &It eo.t/s, tlx =qu
@HtEJ/;(M%A)-t/Sa tlx = qu
&3t ed . t/s, tly = q(fiu)
& fou € Accy(d').

Therefore, (V, Accs(o)) and (W, Accs(o”)) are equivalent. O

It follows by Proposition that Py (s € o) = Py(s € o) for all s.
Therefore, the following is well-defined.
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Definition 8.9.4. Let 0: A — B be a morphism in G/(Rv5?)°P, where G
is the category of arenas and single-threaded strategies, and suppose that o
is given (after currying) by a morphism

: X > (A— B)
in G, together with a random variable V' taking values in X. Then we define

P(se€o)=Py(s€q).

Definition 8.9.5. Let 0,0’: A — B be morphisms in G/(Rv5®)°P, where G
is the category of arenas and single-threaded strategies. We say that o ~p o’
if for all legal plays s of A — B we have

P(s€o)=P(s€d’).

We now relate this definition to Mellies composition of strategies.

Definition 8.9.6. Let A, B, C be arenas and let s be a play in A — C. We
write
witg(s) = {s € int(A4, B,C) : s|ac =s}.

Proposition 8.9.7. Leto: A — B, 7: B — C be morphisms in the category
G/(RvE®)P. Let s be a legal play in A — C. Then

P(se€o;7) = Z P(s|ap € 0)P(s

sewitp(s)

B,CET).

Proof. Suppose that o and 7 are given by (equivalence classes of) pairs
(V:Q—=X,6: A— (X — B)) W:Q-=Y,7: B—= (Y —0)),
where V and W are random variables and &, 7 are strategies in G. Then the
composition o; 7 in G/(Rv5?)% is given by V@ W: Q — X x Y, together

with the Mellies composition
AB (X5 B) =5 (X - (Y~ 0) > (X xY) = 0)

PEOX XY = O),

where p1 is (pry, pry).
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First suppose that s is a sequence in A — C, and let s € witp(s). Let t
be a sequence in ||(X — 7) such that t|4 pc = s. Then t|4 x5 € & and
tly,c€eT.

Moreover, since we have t|4 g = |4 p and t|p,c = s|p,c, we must have
f’& S ACCs‘A,B (&) f‘x S ACC5|B,C(7~') ,

where we have identified a play qu occurring in the arena X with its under-
lying sequence u of elements of X, and likewise for Y.

This gives us a function
{teo(X—7): apc=5}— Accs‘AyB(ar) x Accy|, () -

We claim that this function is a bijection.

Indeed, suppose that t,t are two interactions in &|[(X — 7) such that
tlapc ="t|aBc=s, t|lx =t|x and t|y = ¥|y. Next we claim that t = .

To see why, suppose for a contradiction that t # t': then there are prefixes
tp C t and vq C t/, where t is the longest common subsequence of t and t/
and p # ¢ are moves.

By our earlier analysis (see, for example, the proof of , we know that
p and ¢ must either both occur in the A — (X — B)-component, or both in
the (X - B) = (X — (Y — C))-component. But since t,t' € 5||(X — 7)
are both interactions of deterministic strategies, we also know that they
must both be O-moves in that component — otherwise, they would have
to be equal. In particular, neither p nor ¢ may be a move in the middle
component X — B, since then it would be a P-move in one of the two
components.

Therefore, p and ¢ are both O-moves in one of the outer components A and
X—- Y —C). By Corollary we know that only Player P may switch
between games in X — (Y — C), and therefore p and ¢ must occur in the
same component game — i.e., both in A, both in X, both in Y or both in
C. But now the conditions that t|4 p.c = t|aB.c, t|ix = t|x and t|y = t'|y
mean that we must have p = ¢q. For example, if p and ¢ are both moves in
C, then we have t|cp C t|¢ and t|cq C ¥|¢; since t|o = t'|¢, we must have
p = q. This is the desired contradiction.

For surjectivity, let u € Acc,|, (o) and v € Accy, (7). We seek a sequence
t€ 7||(X — 7) such that t|a pc =s, {x = qu and t|y = qu.

Since u € ACC5|A’B (0), there is some sequence s € o such that s|4 g = s|aB
and s|x = qu. Similarly, since v € Accy 5. o (7), there is some sequence ¢t € 7
such that t|p.c = s|p,c and t|y = quv. We form the sequence t as a suitable
interleaving of s and ¢, noting that they have the same B-components: we
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start with the sequence s, and then insert the appropriate moves from (the
left-hand copy of) X and Y between the corresponding moves from A, B
and C. Lastly, we insert moves from the right-hand copy of X adjacent
to the corresponding moves in the right-hand copy, inserting an O-move ¢
in the right-hand copy of X immediately after each O-move ¢ in the left-
hand copy, and a P-move z in the right-hand copy immediately before each
P-move z in the left-hand copy.

This tells us that we have

P(5|A,B S U)P(H’B@ S T)

ul—1 lv]—1
= > I rv=u) > I Pw =)
’U,EACC&(5|A’B) =0 UGACC;—(5|A’B) =0
ul-1 |v]—1

= > I1 Pv =u?) IT POV = 01)
=1

(u,v)€Accs(s|a,B) xAccz(s|p,c) =0

|| —1 lo|—1 where

= > [T e =u® J] POV = o) | tx = qu
1=0

esl(x—7) | i=1 tly = qu
tla,B,c=5

Now let s € L4,c and let t € o;7 be such that ¢/s. By the argument in
Proposition there is a unique interaction sequence

Seal(X —n)lI(A™u)

such that S|a xxy»c =t. Define t = S|4 x5 x> (y—c), and s = t|4 B c.
Now we must have 5|4 c =t|a,c = s, so s € witg(s).

Consider the sequence t|x y, which has the same length as S|xxy = t|xxy-
This sequence is made up of pairs of moves gz for x € X or qy for y € Y.

By the definition of p, we know that if the i-th pair of moves in t|xy is
gr for x € X, then the i-th pair of moves in t|xxy is g(x,yp) for some yo,
and if the i-th pair of moves in t|x y is qy for y € Y, then the i-th pair of
moves in t|xxy is ¢(xo,y) for some zg € X. Moreover, if ¢’ is some other
sequence such that ¢’ /s and such that ¢’ differs only from ¢ in the choice of the
‘irrelevant” moves g, 3o, then there is some S’ € o||(X — 7)||(A™%; u) such
that S|4 xxyc =t and S|4 x_(y—c) = t. Then the combined probability
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of all such sequences is given by

lu|—1 lv|—1 where
Z H P(V = u®) H PW =v®) | t|x = qu| ,
tes|(X—7) | i=1 i=0 t‘X = qu

tla,B,c=5

and we can combine this with our calculations above to get the desired
result. O

A consequence of Proposition [8.9.7]is that the probabilistic equivalence re-
lation defined in [8.9.5] is respected by composition of strategies. We may
therefore take the quotient of this category by the probabilistic equivalence
relation to form a new category

(G/(Rv*)P)\ =2

Then next proposition shows that we do not lose anything by doing this,
since the probabilistic equivalence relation gets subsumed into our intrinsic
equivalence.

Proposition 8.9.8. Suppose that [o],[T]: A — B are morphisms in the quo-
tiented category, given by equivalence classes of strategies in g/(Rvgs)Op.
Then [o] and [T] are probabilistically intrinsically equivalent in the quotiented
category if and only if o and T are probabilistically intrinsically equivalent
in the original category.

Proof. If o,7 are not intrinisically equivalent, then there is some a: (A —
B) — C such that P(A~1(0);a |) # P(A"1(7);;}). Then we have P(qa €
A7Y(0);a) # P(ga € A=1(7); ), and therefore A= (0); a %p A~1(7); .

Conversely, if [o], [7] are not intrinsically equivalent in the quotiented cate-
gory, then there is some [a]: (A — B) — C such that

A~ (0);a #p [A'(7); 0]
It follows that
P(qa € Afl(a); a) # P(qa € Afl(T); a);

i.e., that
P(A™ (o);a }) #P(A (7)),

and so o and 7 are not intrinsically equivalent in the original category. [J
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8.10 The Probabilistic Game Semantics of Danos
and Harmer

The work in the previous section shows that two strategies that are related
by the probabilistic equivalence relation ~p are automatically observation-
ally equivalent. This suggests that the real content of a probabilistic strategy
consists in the quantities P(s € o). An idea, then, is to take the quantities
P(s € o) as primitives, rather than defining them indirectly.

That is the approach taken by Danos and Harmer in [DHO0] — the original
game semantics for a probabilistic variant of Algol. Danos and Harmer
define an arena as we do, but define a probabilistic strategy on an arena A
to be given by a function

o: LG — [0,1]
such that for any even-length s, and any extension sa, we have
o(s) > Z o(sab) .
sabeL o
for any even-length s, and any extension sa, we have
o(s) > Z o(sab) .
sabeL o

These quantities o(s) take the role of our P(s € o), but now they are part
of the definition of the strategy o, rather than being a calculated quantity.

Proposition 8.10.1. For any Mellies strategy o: A — B given by a random
variable V' taking values in a set X and a strategy 6: A — (X — B), we get
a probabilistic strategy in the sense of Danos and Harmer by setting

o(s) =P(s€o).

Proof. We need to check that for any odd-length legal play sa € £ 4 we have
P(seo) > Z P(sab € o).
sabeL 4

But for any u € Accgep(o), there must be some prefix v of u such that
v € Accg(o). Then all the sequences u arising in this way that have v as a
prefix are pairwise incomparable (since & is a deterministic strategy), and
so their combined probability is at most the probability of v. O

Clearly, two morphisms in G/ (Rvgs )°P give rise to the same probabilistic
strategy in this way if and only if they are probabilistically equivalent.

Danos and Harmer then define the composition of two probabilistic strate-
gies using the formula that we derived in Proposition [8.9.7]
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Definition 8.10.2. Let 0: A — B, 7: B — C be probabilistic strategies.
Then their composition ;7 is given by

(aim)(s) = Y olslap)r(slpe).

seEwitp(s)

By Proposition [8.9.7] the composition of strategies in the quotiented cate-
gory agrees with this composition of Danos and Harmer. Our proof above
then gives an alternative proof of Full Abstraction for Danos and Harmer’s
probabilistic game semantics.
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Chapter 9

Further Directions

We conclude by examining a few avenues that we are left unexplored in this
thesis.

9.1 Stateless Languages

So far, the base language we have used has been the stateful language Ide-
alized Algol. One further question to ask is whether the techniques we have
developed allow us to build models of effectful versions of stateless languages
such as PCF.

One immediate problem we face is that the addition of nondeterministic
effects to PCF allows us to distinguish terms that cannot be distinguished
within PCF itself. For instance, the PCF term

M = \zP°°L.If x then Q else (If z then t else )

is observationally equivalent (in PCF) to Q — informally, because the term
x must have the same ‘value’ both time it is called, so if it is false the first
time, then it must be false the second time. However, the same term inside
PCF with finite nondeterminism is not observationally equivalent to €2: if
we substitute a nondeterministic oracle in for z, then the nondeterministic
oracle could return false the first time and true the second, causing the
term to converge to t. Note that this problem does not arise in Idealized
Algol: nondeterminism does not allow us to distinguish terms that were
indistinguishable in the deterministic language, as we proved in Section [4.16]

This means that if G is a ‘truly Fully Abstract’ model of PCF — i.e., one
in which observational equivalence of terms corresponds to equality of mor-
phisms rather than intrinsic equivalenceﬂ — then there can be no natural

! As an example, take any model that is full abstract in our sense, and take the quotient
by the intrinsic equivalence relation.
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inclusion functor from G into a model of PCF with finite nondeterminism.
Indeed, in such a model [M] and [2] are the same morphism, so they would
have to be sent to the same morphism in the model of nondeterministic PCF.

This is a problem for us, since it means that our model of PCF cannot be
the Kleisli category for a monad on G (or a category of the form G/X), since
then we do have a functor coming out of G.

A way to get around this program is to insist that our category G is not ‘truly
Fully Abstract’, but is still fine-grained enough to distinguish between terms
that will eventually be distinguished when we add in the nondeterminism. A
convenient requirement to make is that G should be embeddable into some
model G'4 of Idealized Algol (as is the case for Hyland and Ong’s game
semantics). The idea is that since G/ A must necessarily distinguish between
observationally inequivalent terms of nondeterministic PCF, then G must
distinguish between them too.

The other advantage of going via an Idealized Algol model is that we can
automatically apply many of the results that we have already obtained.

Let us try this out with an example. Fix X € {B,N} and let Nondetermin-
istic PCF' be the language PCF, together with a constant askx : bool that
plays the role of a nondeterministic oracle. It is the language with types
given by

T :=bool |nat | T — T,

and with a type theory as shown in Figure We endow this language
with an operational semantics of may testing. Define a canonical form of
the language to be a term taking one of the following forms.

e At type bool, the constants t and f;
e at type nat, the numerals n; and
e at type S — T, terms of the form AzS. M.

We then define a relation M | ¢ (read ‘M may converge to '), for M a term
of Nondeterministic PCF and ¢ a canonical form, inductively as in Figure
This rule is the restriction of the |} rule from Nondeterministic Idealized
Algol to the set of those terms that are terms of Nondeterministic PCF.

It is a quick check to see that every term of Nondeterministic PCF may
be regarded as a term of IAx, giving us a denotational semantics of the
Nondeterministic PCF within Klg, G, where G is the category of arenas
and single-threaded strategies. But we can be more precise than this: we
know from [HOOQ] that the denotation of any term of ordinary PCF is
an innocent strategy, so that the denotational semantics of PCF within G
factors through the inclusion G;,,, < G, where G;,., is the category of arenas
and innocent strategies. In particular, the denotation within Klg, G of any
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'M:S—T TFN:S L,z: SEFM: T
Doo:Tha: T CFMN:T X M:S—T

I'1t: bool I'+1: bool

' M: bool I'-N:T 'HP: T
T'HIf M then N else P: T

T € {bool,nat}

'k M: nat 'k M: nat
I'Fn: nat I'Fsucc M : nat I'F pred M : nat

I'M: nat I'-N:T I'=P:T
'+ 1fOM then N else P: T

T € {bool,nat}

r=m:S I'z: SEN:T r-m:7T->T
- S, T € {bool,nat} _—
I'tlete =M inN:T I'tYrM: T

askx : bool

Figure 9.1: Type theory for a variant of PCF with nondeterminism. Note
that although ordinary deterministic PCF does not include the let construct,
it has to be included in the nondeterministic (see [Lail5]) and probabilistic
(see [EPT18|) versions.

In ordinary PCF, we may simulate the term letz = M in N by the term
(Az.N)M, which is less efficient than the version with let (If N contains
multiple occurrences of the variable x, then we end up compute M multiple
times), but which still gives the same result.

In nondeterministic variants of PCF, however, evaluating M multiple times
may give a different answer each time, in contrast to the version with let, in
which we get a single answer and use it multiple times.
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M | o.M’ M'[N/xz] | c

clc MN|c
Mt Nle Myt Plec
If M then N else P || ¢ If M then N else P || ¢
Mn Min+1 M0
succM n+1 pred M || n pred M || 0
M0 Nl ec M{n+1 Plc
If0 M then N else P |} ¢ If0 M then N else P | ¢
M(YM) | c
YM|c askx | ¢ askx | f

Figure 9.2: Big-step operational semantics for Nondeterministic PCF and
may testing

term of ordinary PCF lives within Klg, G;nn. Moreover, the denotation of
the new term asky, being given by the identity morphism in G, also lives in
the category

ginn,X = KIRX Ginn )

giving us a denotational semantics of Nondeterministic PCF within Gy, x.

It is also quick to check that our operational semantics in Figure may be
regarded as a subset of the rules for IA x with May Testing, as we studied
in Specifically, if M is a term of PCF and ¢ a canonical form, then
M |} cif and only if

LOFM e

in TAx.

We want to use our Computational Adequacy result for TA x with May Test-
ing (Corollary to get a Computational Adequacy result for Nondeter-
ministic PCF. The only slight problem is that Corollary is stated for
terms of type com, whereas our language has no such type. We get around
this by using nat as our main ground type rather than com, and by using
the following easy lemma.

Lemma 9.1.1. Let M : nat be a term of IAx. Then there exists n such
that T, s+ M |} n, s’ if and only if

I, s - If0 M then skip else skip |} skip, s’

284



We will write §: N — C for the denotation of the term-in-context
x: nat F If0 x then skip else skip: com.

Then we immediately get the following result as a special case of Corollary

4103l

Corollary 9.1.2 (Computational Adequacy for Nondeterministic PCF).
Let M : nat be a closed term of Nondeterministic PCF. Consider the deno-
tation [M] : 1 — N in Klg, Ginn as a morphism 1 — (X — N) in Gy, and
thence as a morphism 1 — (X — N) in G.

Then there exists some sequence u € X™* such that the composite

1 ML x Ny X2 (xS o) ™ (Var — N) 22§ D ¢

is not equal to L, if and only if M |} n for some n.

Note that Corollary which does not depend on any specific details
of the models G;,, and G beyond the fact that they are computationally
adequate for ordinary PCF and Idealized Algol, uses morphisms 4, 7,,, [new]
and t,,| that do not occur in the category Gins.

In the case that G is the category of arenas and single-threaded strategies,
and G;n, the category of arenas and innocent strategies, we can restate
Corollary in a way that does not refer to Idealized Algol terms at all.

Corollary 9.1.3. Let M : nat be a closed term of Nondeterministic PCF
and consider the denotation [M] : 1 — N in Klg, Ginn as a morphism 1 —

Then, for all n € N, there exists some sequence s € [M] such that s|y = qn
if and only if M | n.

Proof. Corollary together with our earlier analysis, immediately tells
us that we have

ds € [M] . s|y=gn for somen< 3In. M |n.

The problem is that the two n’s might be different. However, we can obtain
the desired result for a given n from this one by composing with an appro-
priate term nat — nat that converges if and only if its input is equal to
n. O

The passage to full abstraction, via innocent definability for PCF is essen-

tially the same as for Idealized Algol (though, as before, if X = N, then we
need to cut down to a category of recursive strategies).
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If we so desire, we can continue with the programme from declaring
two Kleisli strategies A — (X — B) to be equivalent if they contain the
same plays after restriction to A — B. We can then do away with the
plays in X altogether and give a model that involves only nondeterministic
strategies.

At this point, we run into a well-known problem: under what circumstances
should a nondeterministic strategy be described as innocent? The answer
that we get from our model is that it is innocent if and only if it takes the
form

laskx]—B
_

A% (X = B) B,

where ¢ is an innocent deterministic strategy. This is the definition con-
sidered — and ultimately rejected for being too indirect — by Harmer in his
thesis [Har99, §3.7]. This definition is correct, but, perhaps surprisingly,
does not coincide with what we would get by naively applying the usual
definition of innocence to nondeterministic strategies.

Consider, for example, the denotation of the term
If askp then (Af.ft) else (Af.ff),
which has maximal plays taking one of the following two forms.

/q /q

q

.
\

a a

Note that this strategy displays typically non-innocent behaviour: if player
P has played ¢ on the left, then she must play ¢t again whenever player O
asks, even though the original move ¢ occurs outside the current P-view.

In the Kleisli category model, the innocence of this strategy becomes clear:
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plays are either of the form

/—>q

(;
/q
(.
:

s

or of the form

|

a,

where now the move t or f in the nondeterministic oracle game (on the very
left) locks the ‘branching-time information’ into the P-view.

Moving away from our Kleisli-category model, there is a surprising and el-
egant definition of nondeterministic innocence within the usual category of
games (see Levy [Levl4], with the correction given by Tsukada and Ong
in [TO15, Proposition 46]), which we shall not detail here. Tsukada and
Ong have also demonstrated that it is instructive to consider strategies as
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presheaves over plays, where we assign to each individual play a set of pos-
sible branches that lead us to that play. In this formalism, the innocent
nondeterministic strategies are precisely those presheaves that are sheaves
with respect to a certain natural Grothendieck topology.

Even given this theory, however, our Kleisli category model is still worth-
while, since it provides a general setting in which we can prove results such as
adequacy without worrying about the specific details of a nondeterministic
construction. For example, we can prove a computational adequacy result
for Tsukada and Ong’s model Gro from Corollary by noting that the
denotational semantics in that category factors through the natural functor
Klg, G — Gro. Tsukada and Ong have provided their own proof of Compu-
tational Adequacy in the finite nondeterminism case, but this method could
be useful if, for example, we wanted to extend their model to deal with
countable nondeterminism.

9.2 Stateful Effects

In Chapters [2| and |3 we presented a categorical algebra of scoped state via
sequoidal categories. The category theory that we used in those chapters is
fairly non-standard, and a natural question to ask is whether we can come
up with a treatment of state from the point of view of monads or lax actions.

Indeed, there is a well known state monad
A= (W= (AxW)),

which can be constructed in categories of games. More ambitiously, we
might hope to capture a parametric notion of local state, via the action

(RRW)A=R— (AxW).
of G°P x G on G.
In this section, we will present some of the problems involved in this case.

One issue, which we have touched on already, is that the state monad is not
a monoidal functor, which was the condition we needed in order to ensure
that its Kleisli category inherited a monoidal structure. Indeed, there is no
obvious natural morphism

(W= (AxW))x (W= (BxW))— (W= ((AxB)xW)).

The parametric version suffers from a different problem. Suppose we have
two Mellies morphisms

f: A= (R— (BxW)) g: B— (R — (CxW).
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Then their composition will be given by a Mellies morphism
fig: A= (Rx R)— (Cx (W xW")) :

in other words, we will have combined the two inputs R and R’ and the two
outputs W and W”.

This works well up to a point, but the main point of state is that we want
to be able to write to a variable once and then read from it later. So we’d
need some way of wiring up the output on the right to the input on the left,
and it’s not clear how to deal with this in a category-theoretic way.

Linear type theory provides a perspective on this problem. Note that the
state monad and the parametric action above can both be defined inside an
arbitrary monoidal category. However, if we want our language to exhibit
any typically stateful behaviour, then we need to be able to refer to the
same variable more than once: there is little point writing a value into a
cell if we are not able to read from it later. This is not a problem in a
monolithic stateful system — such as we have with the state monad — but if
we want to refer to individual storage cells using variables in the language,
then we need our category to admit diagonals, to allow us to refer to a
storage cell twice. Since the state action above does not interact in any way
with the Cartesian structure of the category (i.e., the diagonals and terminal
morphisms), it cannot hope to capture local state in this way.

One avenue that could shed some light on this issue is the sequoidal seman-
tics which we developed for game semantics, in which the stateful behaviour
is intimately connected to the Cartesian structure of the category, via the
exponential.

There is also a local state monad, due to Plotkin and Power [PP02] and based
on a construction by Levy [Lev01], which is defined on the category [Inj, Set]
of functors from Inj, the category of natural numbers and injections, into
the category of sets. It is given by the following formula, where V' denotes
a fixed set of values.

(TA)(n) = V" — (/p o A(p) x Inj(n,p))

Here, if A: Inj — Set is a functor, then we think of A(n) as the set of all
values that A takes on in the presence of n local variables taking values in
V.

We cannot construct this coend in the category of games, but there is a clear
link with our constructions with probabilistic monads. Note that the ‘state
action’

(W, A) =W — (Ax W)
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has mixed variance in W, suggesting a modification of our C/X construction
that uses a coend rather than an ordinary colimit.

9.3 Relational Models

The archetypal Cartesian closed category is the category Set of sets and
functions. Most of the work in this thesis has been to do with reader actions
(including reader monads as a special case), and we have already provided
a classification of the reader actions on Set in Propositions and
namely, they are classified by lax monoidal functors F': Set — Set, in such
a way that if a reader action given by an oplax monoidal functor j: X — Set
corresponds to the functor F': Set — Set, then Set/A°P is isomorphic to
the category F.Set formed from Set by base change along F'. Thus, the
theory in the case of Set reduces to the theory of Set-enriched base change.

There are, however, many more examples in the literature of models of
programming languages that ultimately derive from Kleisli categories for
monads not of the reader kind. The problem with this, from our point
of view, is that the resulting Kleisli categories will not be automatically
Cartesian. This means that we need different methods to ensure that we
end up with a category suitable for modelling a compositional semantics.

For example, the Kleisli category for the powerset monad on Set is the
category Rel of sets and relations. This is a monoidal closed category, so
can be used to model multiplicative linear type theory. By using a linear
exponential comonad based on finite multisets, we can transform it into a
Cartesian closed category.

An important category derived from the category of sets and relations is the
category Coh of coherence spaces. A coherence space is a set with some
additional structure on it — namely, the structure of an undirected graph —
and a morphism between coherence spaces is a relation between sets that
respects this structure in a particular way (see [Mell4] for details).

Danos and Ehrhard in [DEII] develop a probabilistic version of coherence
spaces, which is still monoidal closed. By using the finite multiset comonad,
we can transform it into a Cartesian closed category. A striking result of
Ehrhard, Pagani and Tasson [EPT18] is that this category is already fully
abstract for a probabilistic variant of PCF.

This suggests an alternative way to get round the Cartesianness hurdle when
adding effects: start with a model of the base language that is constructed
by applying a linear exponential comonad to a monoidal closed category,
and then delay application of the linear exponential comonad until after we
have added the effect.
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Unfortunately, there is no real guarantee that a linear exponential comonad
on the base category will give us a linear exponential comonad on a Kleisli
category or one of the other effectful categories we have considered. Some
work is required to investigate the conditions in which we can lift an expo-
nential construction in this way, given the functorial results from Chapter
This will pave the way for us to understand the relational and coherence-
space models using the ideas developed in this thesis.

9.4 Adequacy Proofs

In Chapters 4] and |8| we proved Computational Adequacy via a factorization
and operational techniques. This is good, because it allows us to assume very
little about the underlying model, other than that it is itself computationally
adequate. Nevertheless, our techniques rely very heavily on the fact that our
base language is Idealized Algol. Although we outlined ways to get around
this in Section it would also be useful to have a conventional logical
relations-based proof of Computational Adequacy.

Assume that G is a Cartesian closed category enriched in directed-complete
partial orders (dcpos). If M: G — G is a monoidal monad, then the Kleisli
category associated to M inherits an order, whereby ¢ < 7: A — B in
KlyGifo<7: A— MB in G. Moreover, since composition in the Kleisli
category is given by a composition in the base category, this partial order
will be respected by composition, as will be limits of directed sets.

Suppose again that G is a dcpo-enriched category, and that a monoidal
category X acts on G via a lax action. Then the construction of Mellies
yields an [X', Dcpol-enriched category Melly G. Since Dcpo is cocomplete
[Mes77], we can construct the coends we need to define the Day convolution
product in [X, Dcpo].

If X is small, or if the required colimits exist for other reasons, then we may
take the change of base with respect to the colimit functor [X, Dcpo| —
Dcpo to Melly G to give us a Dcpo-enriched category G/X.

Concretely, the underling set of morphisms in G/X contains all the usual
morphisms from the Set-enriched case, while the order structure is given by
a transfinite construction as in [Fie96l 2.17]. In particular, if o,7: A — B
in G/X are given by morphisms

: A— X.B 7:A—=Y.B
in G, and if there are morphisms h: X — Z, k: Y — Z in X such that
o;(h.B) <T;(k.B),

then o < 71in G/X.
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A slight problem is that it is not true in general that the colimit of cpos
with bottom elements has itself a bottom element. For example, let —[n]
be the partial order {—n < --- < 0}. Then, —[n] is a dcpo with a bottom
element for each n, but the colimit of the chain

(0] > —[1] = —[2] = -+

is the partial order of non-positive integers.

However, if all the morphisms in a diagram of dcpos are such that they
preserve bottom elements, then the colimit of that diagram will have a
bottom element.

In particular, if the action of X on G is a reader-style action that factors
through the category of sets (as in all our examples), then every arrow in
the colimit diagram that defines G/X (A, B) will be of the form

G(A,f.B)
_—

G(AY — B) G(A, X —» B)

for some sets X,Y, considered as objects X,Y of G, and some function
f: X — B considered as a morphism f: A — B such that composition with
f preserves bottom elements. Therefore, the map G(A, f.B) of dcpos will
also preserve bottom elements. B

A second problem is that the setwise colimit of the G(A, X.B), with the
order from [Fie96], is not necessarily itself a decpo. In fact, to get the correct
colimit of the diagram, we need to perform an extra step of completion.
However, with a little more care, we can show that if the action is a reader
action that factors through the category of sets, then the colimit is already
directed complete under the order, at least in the category of games.

Having given the definition of the order-enriched structure of G, we may
define the interpretation of the fixpoint combinator Y using the properties
of this new order, which will be enough to prove adequacy along the lines
of Theorem [3.4.91

It is worth mentioning that although we can prove computational adequacy
for our various Kleisli categories (and categories of the form G/X), it does
not automatically follow that we can prove adequacy in the same way for
the various quotiented categories. An important example is our model of
countable nondeterminism with must testing. It is well known (see, e.g.,
[AP86l [AP&1]) that countable nondeterminism is inextricably linked to dis-
continuity of composition, which robs us of an important ingredient in the
standard order-theoretic proof of adequacy.

The solution is to prove adequacy in the normal way for the semantics of
TAy in Gy, and then to apply the argument from Corollary [4.11.8|to reduce
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this to a Computational Adequacy result for the semantics of Idealized Al-
gol with countable nondeterminism and must testing. Here, we are using an
idea due to Levy [Lev0§|: that if we want to prove adequacy for countable
nondeterminism, then we need a form of ezplicit forcing, in which we un-
cover some information about the points at which we have made an infinite
nondeterministic branch. In our case, the explicit forcing is done through
the language IAy, which creates a complete record of the nondeterministic
values we have chosen along the way. We have then applied the second part
of Levy’s technique — hiding — to remove the explicit information and yield
a pure, computationally adequate model of countable nondeterminism.

9.5 Afterword

The aim of this thesis was to demonstrate how techniques of categorical
algebra can be applied to the study of Full Abstraction for programming
languages. I can think of two main benefits of this combination. The first is
a technical one: the results that we have proved are very generally applica-
ble, and it would not be unreasonable to hope that they could be applied in
the future to help construct new Fully Abstract models of programming lan-
guages. The second reason is less precise, but equally important: throughout
this thesis, we have endeavoured to clear up some of the mystery surrounding
Full Abstraction, particularly in Game Semantics. The idea of using monads
and Kleisli categories to model computational effects has a long history, but
work in Full Abstraction, though it sometimes uses category-theoretic tech-
niques, has often seemed fairly ad hoc. My hope is that the work presented
here — including both the sequoidal-exponential semantics for Idealized Al-
gol and the work on Kleisli categories and parametric monads — has gone
some way towards explaining where some of the constructions used in Game
Semantics come from.

One of the themes in this thesis has been an attempt to push results as
far as they can go: thus, we have tried as far as possible to use, for exam-
ple, Computational Adequacy results for a base language in order to prove
Computational Adequacy for an extended language, rather than writing on
a stand-alone proof. To an extent, we have been forced to do this by the
level of generality we have been working at, but I hope that our focus on
syntactic rather than semantic results has helped shift the focus away from
the properties of any particular model.
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