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Abstract

We study the category Cstaby, of measurable cones and measurable
stable functions—a denotational model of an higher-order language
with continuous probabilities and full recursion [7]. We look at
Cstaby, as a model for discrete probabilities, by showing the exis-
tence of a cartesian closed, full and faithful functor which embeds
probabilistic coherence spaces—a fully abstract denotational model
of an higher language with full recursion and discrete probabili-
ties [8]—into Cstaby,. The proof is based on a generalization of
Bernstein’s theorem from real analysis allowing to see stable func-
tions between discrete cones as generalized power series.
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1 Introduction

Probabilistic reasoning allows us to describe the behavior of sys-
tems with inherent uncertainty, or on which we have an incomplete
knowledge. To handle statistical models, we can employ probabilis-
tic programming languages: they give us tools to build, evaluate and
transform those models. While it is sometimes enough to consider
discrete probabilities, we may also want to model systems where
the underlying space of events has inherent continuous aspects: for
instance in hybrid control systems [1], as used e.g. in flight man-
agement. In the machine learning community [10, 12], statistical
models are also used to express our beliefs about the world, that we
may then update using Bayesian inference—the ability to condition
values of variables via observations.

As a consequence, several probabilistic continuous languages
have been introduced and studied, such as Church [11], Angli-
can [19], as well as formal operational semantics for them [2].
Giving a fully abstract denotational semantics to a higher-order
probabilistic language with full recursion, however, has proved to
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be harder than in the non-probabilistic case. For discrete probabili-
ties, there are two known such fully abstract models: in [5], Danos
and Harmer introduced a fully abstract denotational semantics of a
probabilistic extension of idealized Algol, based on game semantics;
and in [4] Ehrhard, Pagani and Tasson showed that the category
Pcoh of probabilistic coherence spaces gives a fully abstract model
for PCF g, a discrete probabilistic variant of Plotkin’s PCF.

While we currently don’t know any fully abstract denotational
semantics for a higher-order language with full recursion and con-
tinuous probabilities, several denotational models have been in-
troduced. The pioneering work of Kozen [13] gave a denotational
semantics to a first-order while-language endowed with a random
real number generator. In [18], Staton et al give a denotational
semantics to an higher-order language: they first develop a dis-
tributive category based on measurable spaces as a model of the
first-order fragment of their language, and then extend it into a
cartesian closed category using a standard construction based on
the functor category. Recently, Ehrhard, Pagani and Tasson intro-
duced in [7] the category Cstaby, as a denotational model of an
extension of PCF with continuous probabilities. It is presented as a
refinement with measurability constraints of the category Cstab of
abstract cones and so-called stable functions between cones, con-
sisting in a generalization of absolutely monotonic functions from
real analysis.

Here, we look at the category Cstaby, from the point of view
of discrete probabilities. It was noted in [7] that there is a natural
way to see any probabilistic coherent space as an object of Cstab.
In this work, we show that this connection leads to a full and
faithful functor ¥ from Pcoh;—the Kleisli category of Pcoh—into
Cstab. We do that by showing that every stable function between
probabilistic coherent spaces can be seen as a power series, using
McMillan’s extension [15] to an abstract setting of Bernstein’s
theorem for absolutely monotonic functions. We then show that
this functor ¥ is cartesian closed, i.e. respects the cartesian closed
structure of Pcohy. In the last part, we turn ¥ into a functor F™ :
Pcoh; — Cstaby,, and we show that #™ too is cartesian closed.
To sum up, the contribution of this paper is the construction of
a cartesian closed full embedding from Pcoh, into Cstaby,. Since
Pcoh; is known to be a fully abstract denotational model of PCFg,
an immediate corollary is that Cstabpy too is a fully abstract model
of PCF@

An extended version of this paper with more details is available
online [3].

2 Discrete and Continuous Probabilistic
Extension of PCF: an Overview.

A simple way to add probabilities to a (higher-order) programming
language is to add a fair probabilistic choice operator to the syntax.
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Such an approach has been applied to various extensions of the
A-calculus [14]. To fix ideas, we give here the syntax of a (minimal)
probabilistic variant of Plotkin’s PCF [16], that we will call PCFg.
It is a typed language, whose types are givenby: A:=N | A —
A, where N is the base type representing naturals numbers. The
programs are generated by the following grammar:

MN €PCFg == x | Ax* M | (MN) | (YN) | let(x, M, N)
| ifz (M,N,L) | n | succ (M) | pred (M) | M@ N.

The operator & is the fair probabilistic choice operator, Y is a recur-
sion operator, and n ranges over natural numbers. The ifz construct
tests if its first argument (of type N) is 0, reduces to its second
argument if it is the case, and to its third otherwise. We endow this
language with a natural operational semantics [8], that we choose
to be call-by-name. However, for expressiveness we need to be able
to simulate a call-by-value discipline on terms of ground type N it
is enabled by the let-construct.

We can see that the kind of probabilistic behavior captured by
PCFg is discrete, in the sense that it manipulates distributions on
countable sets. In [4], Ehrhard and Danos introduced a model of
Linear Logic designed to model discrete higher-order probabilistic
computations: the category Pcoh of probabilistic coherence spaces
(PCSs). It has been shown in [8] that Pcoh, the Kleisli category of
Pcoh is a fully abstract model of PCF g, while the Eilenberg-Moore
category of Pcoh is a fully abstract model of a probabilistic variant
of Levy’s call-by-push-value calculus.

We give here some examples to illustrate the denotational se-
mantics of PCFg in Pcohy. Basically, the denotation of a program
consists of a vector on Rf , where X is the countable set of possible
outcomes. For instance, the denotation of the program 0 & 1 of type
N is the vector x € le, defined by xp = %, x1 = %, and x; = 0 for
k ¢ {0,1}. Morphisms in Pcohy, on the other hand, can be seen as
analytic functions (i.e. power series) between real vector spaces.
Let us look at the denotation of the simple PCFg program below:

M= 2N - (0@ ifz(x, 1ifz(x, 0, ) ),

where Q is the usual encoding of a never terminating term using the
recursion operator. The denotation of M consists of the following
function Rl:\_q - RET:
%+%Zi¢0xi-xo ifk = 0;
fek =1 3% ifk=1;
0 if k ¢ {0,1}.

We can see that f(x)j coincides with the probability of obtaining
k if we pass to M a term N with x as denotation. A monomial of the
forma-x;, ... x;, expresses that the following event has probability
a to occur: M extracts n samples from N, and the result of these
(potentially distinct) samplings, seen as a multiset, is [i1, ..., in]-
Observe that f here is a polynomial in x; however since we have
recursion in our language, there are programs that do an unbounded
number of calls to their arguments: then their denotations are not
polynomials anymore, but they are still analytic functions. It has to
be noted that the analytic nature of Pcoh; morphisms plays a key
role in the proof of full abstraction for PCFg.

Observe that this way of building a model for PCFg is utterly
dependent on the fact that we consider discrete probabilities over a
countable sets of values. In recent years, however, there has been
much focus on continuous probabilities in higher-order languages,

Raphaélle Crubillé

with the aim of handling classical mathematical distributions on
reals, as for instance normal or Gaussian distributions, that are
widely used to build generic physical or statistical models, as well
as expressing transformations over these distributions. An example
of such language is PCFsamp1e, defined by Ehrhard, Pagani and
Tasson in [7], that can be seen as a continuous counterpart to
PCFg. The base type of PCFgamp1e is the real type R, and types are
generated by: A := R | A — A. The programs are generated by
the grammar below:

M,N € PCFyple == x | Ax*-M | (MN) | (YN)
| let(x, M,N) | ifz(M,N,L) | r | sample | f(Mi,...,Mp),

where r is any real number, and f is in a fixed countable set of
measurable functions R” — R. The constant sample stands for
the uniform distribution over [0, 1]. Observe that since we can
choose arbitrarily the countable set of measurable functions we
take as primitives, we can encode classical probability distribu-
tions as soon as they can be obtained in a measurable way from
the uniform distribution, as verified for instance by Gaussian or
normal distributions. This language is actually expressive enough
to simulate other probabilistic features, as for instance Bayesian
conditioning, as highlighted in [7]. Moreover, we can argue it is also
more general than PCFg: first it allows to encode integers (since
N € R) and basic arithmetic operations over them. Secondly, since
the orders operator >: RX R — {0,1} € R is measurable, we can
construct in PCFgyppe terms like this one:

if2(z (sample, %),M, N), (1)

which encodes a fair choice between M and N.

We see, however, that Pcoh; cannot be a model for PCFgypp1e:
indeed it would only allow to represent discrete distributions over
reals, but not continuous ones. In [7], Ehrhard, Pagani and Tasson
introduced the cartesian closed category Cstaby, of measurable
cones and measurable stables functions, and showed that it pro-
vides an adequate and sound denotational model for PCFgapp1e.
The denotation of the base type R is taken as the set of finite mea-
sures over reals, and the denotation of higher-order types is then
built naturally using the cartesian closed structure. From there,
it is natural to ask ourselves: how good Cstabp, is as a model of
probabilistic higher-order languages ?

The present paper is devoted to give a partial answer to this ques-
tion: in the case where we restrict ourselves to a discrete fragment
of PCFsamp1e- To make more precise what we mean, let us consider
a continuous language with an explicit discrete fragment which has
both R and N as base types: we consider the language PCF g samp1e
with all syntactic constructs of both PCFg and PCFgapp1e, as well
as an operator real with the typing rule:

I'rM:N
Trreal(M) : R
designed to enable the continuous constructs to act on the discrete
fragment, by giving a way to see any distribution on N as a distri-
bution on R. The language PCF g samp1e is designed to talk about
approximating by discrete tests the programs in PCFgapp1e: for in-
stance if we consider a PCFgapp1e program M : R — R, we can
approximate its behavior by considering all programs Ax - KM (Lx) :
N — N, where L and K are PCFg_samp1e programs of type respec-
tively N — R,and R — N. Observe that the program K may be built
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using for instance the order operators as in (1), while the existence
of such programs L is guarantee by our real(-) construct. We can
extend in a natural way the denotational semantics of PCFsapp1e
given in [7] to PCFg sample: in the same way that the denotational
semantics of R is taken as the set of all finite measures on R, we
take the denotational semantics of N as the set Meas(N) of all finite
measures over N. We take as denotational semantics of the operator
real the function: [realllcgtap,, : # € Meas(N) = (A € 3g
> nenna f(n)) € Meas(R). We will see later that this function is in-
deed a morphism in Cstaby, (Meas(N), Meas(R)). What we would
like to know is: what is the structure of the sub-category of Cstaby,
given by the discrete types of PCFg _sample, i.€ generated inductively
by [Nlcstaby, = % ?

The starting point of our work is the connection highlighted
in [7] between PCSs and complete cones: every PCSs can be seen as
a complete cone, in such a way that the denotational semantics of
N in Pcoh becomes the set of finite measures over N. We formalize
this connection by a functor F" : Pcoh; — Cstaby,. However, to
be able to use Pcoh; to obtain information about the discrete types
sub-category of Cstaby,, we need to know whether this connec-
tion is preserved at higher-order types: does the = construct in
Cstaby, make some wild functions not representable in Pcoh; to
appear, e.g. not analytic? In this paper, we show that this is not the
case, meaning that the functor F'” is full and faithful, and cartesian
closed. Since Pcoh; is a fully abstract model of PCF g, it means that
the discrete fragment of PCFg samp1e is fully abstract in Cstabp,.
More generally, it tells us also that for any PCFsamp1e program M,
regardless of the continuous computations it does, every approxi-
mation of M by discrete tests has for denotation in Cstaby, a power
series: hence we are able to gather information on the behavior of
M by looking only at power series, that are much easier to handle
that general functions between cones.

3 Cones and Stable Functions

The category of measurable cones and measurable, stable functions
(Cstaby,), was introduced by Ehrhard, Pagani, Tasson in [7] as a
model for PCFgsamp1e. They actually introduced it as a refinement of
the category of complete cones and stable functions, denoted Cstab.
Stable functions on cones are a generalization of well-known abso-
lutely monotonic functions in real analysis: they are those functions
f :[0,00) = R, which are infinitely differentiable, and such that
moreover all their derivatives are non-negative. The relevance of
such functions comes from a result due to Bernstein: every abso-
lutely monotonic function coincides with a power series. Moreover,
it is possible to characterize absolutely monotonic functions with-
out explicitly asking for them to be differentiable: it is exactly those
functions such that all the so-called higher-order differences, which
are quantities defined only by sum and subtraction of terms of the
form f(x), are non-negative. (see [20], chapter 4). The definition of
pre-stable functions in [7] generalizes this characterization.

In this section, we first recall basic facts about cones and stable
functions, all extracted from [7]. Then we will prove a generaliza-
tion of Bernstein’s theorem for pre-stable functions over a particular
class of cones, which is the main technical contribution of this paper.
We will do that following the work of McMillan on a generalization
of Bernstein’s theorem for functions ranging over abstract domains
endowed with partition systems, see [15].
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3.1 Cones

The use of a notion of cones in denotational semantics to deal with
probabilistic behavior goes back to Kozen in [13]. We take here the
same definition of cone as in [7].

Definition 3.1. A cone Cis a R -semimodule given together with
an R, valued function || - || called norm of C, and verifying:

(x+y=x+y) = y=y laxlc = allxlc

lx +x"llc < lxlle + 11Xl Ixllc=0=x=0

lixllc < llx+xllc

The most immediate example of cone is the non-negative real
half-line, when we take as norm the identity. Another example is
the positive quadrant in a 2-dimensional plan, endowed with the
euclidian norm. In a way, the notion of cones generalizes spaces
where all elements are non-negative. This analogy gives us a generic
way to define a pre-order, using the + of the cone structure.

Definition 3.2. Let be C a cone. Then we define a partial order
<c on Cby: x Zcy if there exists z € C, withy = x + z.

We define ZC as the set of elements in C of norm smaller or
equal to 1. We will sometimes call it the unit ball of C. Moreover,
we will also be interested in the open unit ball 28°C, defined as the
set of elements of C of norm smaller than 1.

In [7], the authors restrict themselves to cones verifying a com-
pleteness criterion: it allows them to define the denotation of the
recursion operator in PCFgymple, thus enforcing the existence of
fixpoints.

Definition 3.3. A cone C is said to be:

o sequentially complete if any non-decreasing sequence (X, ), en
of elements of ZC has aleast upper bound sup,, . xn € BC;

o directed complete if for any directed subset D of #C, D has
a least upper bound sup D € %4C;

o a lattice cone if any two elements x, y of C have a least upper
bound x V y.

Observe that a directed-complete cone is always sequentially
complete. We illustrate Definition 3.3 by giving the cone used in [7]
as the denotational semantics of the base type R in PCFgypple-

Example 3.4. We take Meas(R) as the set of finite measures over
R, and the norm as ||ullyeasr) = H(R). Meas(R) is a directed-
complete cone. For every r € R, the denotational semantics of the
term r in [7] is &y, the Dirac measure with respect to r defined by
taking 6,(U) = 1if r € U, and 6, (U) = 0 otherwise.

In a similar way, we define Meas(X) as the directed-complete
cone of finite measures over X, for any measurable space X.

In [7], the authors ask for the cones they consider only to be
sequentially complete. It is due to the fact they want to add mea-
surability requirements to their cones, and as a rule, sequential
completeness interacts better with measurability than directed com-
pleteness since measurable sets are closed under countable unions,
but not general unions. In this work however, we are only interested
in cones arising from probabilistic coherence spaces in a way we
will develop in Section 4. Since those cones have an underlying
discrete structure, we will be able to show that they are actually
directed complete. We will need this information, since we will apply
McMillan’s results [15] obtained in the more general framework
of abstract domains with partitions, in which he asks for directed
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completeness. That’s because directed completness for cones also
enforces the existence of infinum, as stated in the lemma below,
whose proof can be found in the long version.

Lemma 3.5. If a cone C is:

e sequentially complete, then every non-increasing sequence
(xn)nen has a greatest lower bound inf (x,),en;

e directed complete, then for every D C C directed for the reverse
order, D has a greatest lower bound inf D.

3.2 Pre-Stable Functions between Cones

As said before, the notion of pre-stable function is a generalization
of the notion of absolutely monotonic real functions.

First, we want to be able to talk about those i = (uy,...,un),
such that ||[x + > uj|]lc < 1 for a fixed x € AC, and n € N. To
that end, we introduce a cone C} whose unit ball is exactly such
elements. It is an adaptation of the definition given in [7] for the
case where n = 1, and we show in the same way that it is indeed a

cone.

Definition 3.6 (Local Cone). Letbe C acone,n € N, and x € #4°C.
We call n-local cone at x, and we denote C§ the cone C" endowed
with the following norm:

. 1
||(u1,...,un)||c;(l =1nf{; | x+r- Z u; € AC Ar > 0}.

1<i<n

We can show that whenever C is a directed-complete cone, C%
is also directed-complete. We first give an inductive definition of
pre-stability, following [7].

Definition 3.7. A function f : C — D is n-pre-stable when:
e f is non-decreasing;
e ifn>0,Vx € BC,ye BCL f(x+y)— flx)is (n—1)
pre-stable.

f is pre-stable if it is n-pre-stable for every n € N.

In [7], the authors also give an alternative, handier to use, char-
acterization of pre-stable functions, which is the one that we will
use in the following. The idea, similarly to what is done in real
analysis, is to define so-called higher-order differences, and force
them to be non-negative. For n € N, we use P4 (n) (respectively
P_(n)) for the set of all subsets I of {1, ..., n} such that n — card(I)
is even (respectively odd). Since we have only explicit addition,
not subtraction, we define separately the positive part AT and the
negative part A” of those differences: For f : #C — D, x € %C,
i € $CL and € € {—, +}, we define:

AL @) = Y flet ) u).
IePc(n) iel
Definition 3.8. We say that f : C — D is pre-stable if, for every
n € N, for every x € AC, i € BCL, it holds that:
AZ(f)(x 1) < AE(f)(x | d).

If f is pre-stable, we will set A” f (x | i) = A% f(x | ) —A” f(x |
il). Observe that the quantity A™ f(x | 4) is actually symmetric in
i, i.e. stable under permutations of the coordinates of 4.

Definition 3.9. A function f : 8C — D is called a stable function
from C to D if it is pre-stable, sequentially Scott-continuous, and
moreover there exists A € Ry such that f(#C) C 1 - %D.
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Definition 3.10. Cstab is the category whose objects are sequen-
tially complete cones, and morphisms from C to D are the stable
functions f from C to D such that f(%C) C £D.

In [7], the authors endow Cstab with a cartesian closed structure.
The product cone is defined as [[;¢; Ci = {(xi)ier | Vi € L x; € Ci},
and ||xll1,.; ¢; = sup;er lIxillc,;- The function cone C = D is the
set of all stable functions, with || fllc—p = supycgc IIf () p- It
was also shown in [7] that these cones are indeed sequentially
complete, and that the least upper bound in C = D is computed
pointwise. We will use also the cone of pre-stable functions from C
to D, which is also sequentially complete.

3.3 A generalization of Bernstein’s theorem for pre-stable
functions

In [15], McMillan generalized Bernstein’s Theorem on absolutely
monotonic function from real analysis to general domains with
partitions systems. Here, we present its result in the more restricted
setting of pre-stable functions on directed-complete lattice cones.
Its approach consists in first defining an analogue of derivatives for
pre-stable functions, and then showing that pre-stable functions
can be written as the infinite sum generated by an analogue of
Taylor expansion on Z°C. We give here the main steps of the
construction directly on cones, and highlight some properties of
the Taylor series which are true for cones, but not in the general
framework McMillan considered.

3.3.1 Derivatives of a pre-stable function

We are now going, following McMillan [15], to construct deriva-
tives for pre-stable functions on directed complete cones. This
construction is based on the use of a notion of partition: a par-
tition of x € AC is a multiset 7 = [uy,...,un] € Mf(C) such
that x = }1<;<, ui. We write 7 ~ x when the multiset 7 is a
partition of x. We will denote by + the usual union on multiset:
i, .. synl+[z1s--5z2m] = Y1+ - - Yn, 215 - - -, Zm]. We call P(x)
the set of partitions of x.

Definition 3.11 (Refinement Preorder). If 71, 72 are in P(x), we
says that my < mp if r1 = [u1,...,up),and 13 = @1 + ... + a, with
each of the a; a partition of u;.

Observe that when 7 and 7 are partition of x, 72 < 71 means
that 71 is a more finely grained decomposition of x. If # is an n-tuple
in AC, we extend the refinement order to P (i) = P(u1) X ... X
P (un).

Lemma 3.12. Let C be a lattice cone, and x € C. Then P(x) is a

directed set.

The proof of Lemma 3.12 may be found in the long version.
Observe that, as a consequence, the refinement preorder turns also
P (i) into a directed set.

Definition 3.13 (from [15]). Let C be a lattice cone, D a cone, and
let f : C — D be a pre-stable function. Then for every x € %C,

and i = (uy,...,un) € BCY, we define @i; : P(d) — D as:

q{:;(ﬂ'l,...ﬂ'n)z Z Z Anf(x|y1,”_,yn)‘

Yy1€m Yn €T

It holds (see [15] for more details) that tI{C g, is a non-increasing

function whenever f is pre-stable. Since P (i) is a directed set (by
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Lemma 3.12), CI?{C ; has a greatest lower bound whenever D is a
directed-complete cone.

Definition 3.14 (from [15]). Let be C a lattice cone, D a directed-
complete lattice cone, and f : C — D a pre-stable function. Let
be i € BCL. Then the derivative of f in x at rank n towards the
direction 4 is the function D" f(x | -) : BCE — D defined as
D"f(x @)= inf o (7).
feeti = inf ol ()
In order to highlight the link with differentiation in real analysis,
we illustrate Definition 3.14 on the basic case where f : R, = R,

Example 3.15. We take C and D as the positive real half-line, and
x € [0,1). Let be h such that x + h < 1. Then:

D! hy= inf +y) - f(x).

fely=inf Y fG+y) = fx)
YyET

Since f is pre-stable hence an absolutely monotonic function on
reals, f is convex, and moreover differentiable (see [20]). From
there, by considering a particular family of partitions, we can show
that D! f(x | h) = h- f’(x) (the proof can be found in the long
version).

Lemma 3.16 (from [15]). Let C be a lattice cone, D a directed com-
plete cone, f a pre-stable function from C to D. Let bex € 98°C. Then
D" f(x | -) is a symmetric function (C%) — D such that moreover:
* 0<D"f(x|u) <A"f(x | u);
e bothii— D" f(x | i) andii — A" f(x | &) — D" f(x | i) are
pre-stable functions from C¥ to D.

We have seen in Example 3.15 that our so-called derivatives
of pre-stable functions play the same role as the differential of a
differentiable function, which are actually linear operators dfy! :
R"™ — R. While the abstract domains considered in [15] do not
have to be Ry semi-modules, so have no notion of linearity, we are
able to show in our case (see the long version for the proof) that
the D" f are linear in the sense of Lemma 3.17 below.

Lemma 3.17. Let C, D be two directed complete lattice cones, x €
p°C.
o Let f : BC — D be a pre-stable function. Then D" f(x | -) :
AB(CE) — D is n-linear, in the sense that:
D" f(x|ut,....,. A - v+w,...up) =AD" f(x|ut,...,0,...up)
+D"f(x | ug,...

e Foranyi € B(CY), the function f € Cstab(C,D) + D" f(x |
i) € D is linear and directed Scott-continuous.

S W, .. Up).

The proof of Lemma 3.17 can be found in the long version. The
linearity of the derivatives means that for every x € %°C, we can
extend D" f(x | -) to a function C}; — D. We will use implicitly
this extension in the following, especially in Definition 3.18.

3.3.2 Taylor Series for pre-stable functions

We have seen above that the D" f are a notion of differential for pre-
stable functions. Following further this idea, McMillan defined an
analogue to the Taylor expansion. We give here a slightly different,
but equivalent, formulation, taking advantage of the linearity of
the derivatives for cones (the original formulation, as well as the
proof of equivalence, are detailed in the long version). In all this
section C and D are going to be directed complete lattice cones,
and f : C — D a pre-stable function.
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Definition 3.18. Let be x € °C. We call Taylor partial sum of f
in x at the rank N the function TfN (x | -) : BCL — D defined as:

N
TG = 1)+ Y 2D ),
k=1"

The next step consists in establishing that the TN f are actually
a non-increasing bounded sequence in the cone of pre-stable func-
tions from C to D, which will allow to define the Taylor series of f,
as the supremum of the TN f (see the long version for more details
on the proof).

Lemma 3.19. Let bey is in #°C, and x in %C; Then VN € N,
TFN(x | y) < f(x +1y), and the function (x € Q%’C; - fx+y) -
TFN(x | y)) is pre-stable.

Since we have shown that the partial sum of the Taylor series
of f was a bounded non-decreasing sequence in the sequentially
complete cone of pre-stable functions from CL to D, we can now
define the Taylor series of f as its supremum.

Definition 3.20. We define Tf(x | -) : BCL — D the Taylor

series of f inx as: Tf(x | y) = supnen TFN(x | y).

3.3.3 Extended Bernstein’s theorem

McMillan’s main result is to show that f coincides with its Taylor
series in 0 on the open unit ball of the cone. The proofs are done
in [15], and a sketch can be found in the long version.

Proposition 3.21 (Extended Bernstein’s Theorem). Let be C, D
directed-complete lattice cones, and f : 8C — D a pre-stable func-
tion. Then for every x € 28°C, it holds that f(x) = Tf(0 | x).

4 Cstab is a conservative extension of Pcoh,

Probabilistic coherence spaces (PCS) were introduced by Ehrhard
and Danos in [4] as a model of higher-order probabilistic computa-
tion. It was successful in giving a fully abstract model both of PCF g,
and of a discrete probabilistic extension of Levy’s Call-by-Push-
Value. In this section, we present briefly basic definitions from [4]
and highlight an embedding from PCSs into cones.

4.1 Probabilistic Coherence Spaces

The definition of the PCS model of Linear Logic follows the tradition
initiated by Girard with Coherence Spaces in [9], and followed for
instance by Ehrhard in [6] when defining hypercoherence spaces.
A coherent space interpreting a type can be seen as a symmetric
graph, and the interpretation of a program of this type is a clique
of this graph. Interestingly, such a graph A can be alternatively
characterized by giving its set of vertices (that we will call web),
and a family of subsets of this web, meant to be the family of the
cliques of A. Then we know that an arbitrary family of subsets of a
given web arises indeed as a family of cliques for some graph when
some duality criterion is verified.

PCSs are designed to express probabilistic behavior of programs.
As a consequence, a clique is not a subset of the web anymore, but
a quantitative way to associate a non-negative real coefficient to
every element in the web.

Definition 4.1 (Pre-Probabilistic Coherent Spaces). A Pre-PCS is
a pair X = (|X|, PX), where |X| is a countable set called web of X,

PX is a subset of C RLXl whose elements are called cliques of X.
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We need here to introduce some notations to deal with infinite
dimensional R-vector spaces. Given a countable web A, and a an
element of A, we denote e, the vector in Rf which is 1 in a, and
0 elsewhere. We are also going to introduce a scalar product on
vectors in Rf: ifu,ve Rf, we will denote (u, v) = X 4¢|x| UaVa €
R U {oo}. Moreover, if A and B are countable sets, x € RfXB ,and
u € R%, we denote by x - u the vector in (R, U {co})B given by
(x - u)p = Yaea Xq,pUa for every b € B.

We are going to give examples of pre-PCS modeling discrete
data-types. First, we define a pre-PCS 1 to correspond to unit type.
Since unit-type programs have only one possible outcome (that
they can reach or not), 1 has only one vertex: |1] = {*}. We want
the denotation of a unit-type program to express its probability
of termination: consequently, we take the set of cliques P1 as the
interval [0, 1]. Let us now look at what happens when we consider
programs of type N: a program can now have a countable numbers
of possible outcomes, so the web will consist of N, and cliques will
be sub-distributions on these vertices.

Example 4.2 (Pre-PCS of Natural Numbers). We define the Pre-
PCS NPeoh by taking [N|PeOh = N, and PNPeoR = (4 e R |
YneN Un < 1}.It corresponds to the denotational semantics of the
base type N of PCFg in Pcoh;.

We now need to give a quantitative bi-duality criterion, to specify
which one of the PX C RLXI are indeed valid families of cliques.
To do that, we first define a duality operator: if X = (|X|, PX) is
a pre-PCS, we define the pre-PCS (X)* = (|X|,{u € RLXl | Yo e
PX,(u,v) < 1}).

Definition 4.3 (Probabilistic Coherent Spaces). A pre-PCS X is a
PCS if ((X)*)* = X and moreover the following technical condi-
tions hold:

e Ya € |X|, A > 0 such that Ae,; € PX;

e VYa € |X|,dM > 0, such that Yu € PX, u, < M.

We may see easily that both 1 and NP°R are indeed PCSs.

As highlighted in Example 4.4 from [7], we can associate in
a generic way a cone to any PCS: we consider the extension of
the space of cliques by all uniform scaling by positive reals. We
formalize this idea in Definition 4.4 below.

Definition 4.4. Let be X a PCS. We define a cone Cx as the R,
semi-module {a - x | « > 0,x € PX} where + is the usual addition
on vectors. We endow it with || - [|c,, defined by:

llxllcy = sup <(x,y) = inf{1 | r-x € PX}.
yeP(X)* r

It is easily seen that it is indeed a cone (the proof uses the so-
called technical conditions from Definition 4.3); we will call discrete
cones all cones obtained from some PCS. We can see that Cx
consists exactly of the set PX of cliques of X. Looking at the cone
order <, , as defined in Definition 3.2, we see that it coincides on
PX with the pointwise order in RLX‘. It is relevant since we know
already from [4] that PX is a bounded-complete and w-continuous
cpo with respect to this pointwise order.

Lemma 4.5. Forevery PCS X, Cx is a directed-complete lattice cone.

4.2 The Category Pcoh.

Intuitively a morphism in Pcoh(X, Y) is a linear map from RL_Xl to

RLYl preserving the cliques.
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Definition 4.6 (Morphisms of PCSs). Let X, Y be two PCSs. A

IXIx1Y]|
R+

morphism of PCSs between X and Y is a matrix x € such

that for every u € PX, it holds that x - u € PY.

We now illustrate Definition 4.6 by looking at the morphisms
from Bool to itself: they are the x € Rf’ﬂx[t’f} withxge + xe ¢ < 1,
and similarly xg ¢ + xg ¢ < 1, i.e. those matrices specifying the tran-
sitions for a probabilistic Markov chain with two states t and f.

We call Pcoh the category of PCSs and morphisms of PCSs. In [4],
it is endowed with the structure of a model of linear logic. We are
only going to recall here partly the exponential structure, since
our main focus will be on the Kleisli category associated to Pcoh.
The construction of the exponential structure is done by defining a
functor !, as well as dereliction and digging making Pcoh a Seely
category, and consequently a model of linear logic. Here, we are
only going to recall explicitly the effect of ! on PCSs. We denote by
My (1X1) the set of finite multisets over the web of X, and we take it
as the web of the PCS !X. If u € My (A), we call support of 1, and we
denote Supp(y), the set of elements a is A such that a appears in p.
Moreover, we will use the following notation: for every x € RLX‘,

and pi € Mg (IX]), we denote x* = []esupp(p) x‘al(a) eR,.

Definition 4.7. Let be X a PCS. We define the promotion of x €
Me(1X
PX, as the element x' € R+f(‘ D

IX = (Mp(IX]) {x* | x € X}H).

given by x;l = x#. We define

4.3 The Kleisli Category of Probabilistic Coherence
Spaces

Morphisms in the Kleisli category represent programs that can
use several times their argument, while morphisms in the original
category are linear. The Kleisli category for Pcoh, denoted Pcohy,
has also PCSs for objects, while Pcoh;(X,Y) = Pcoh(!X,Y). We
give here a direct characterization of Pcohy morphisms.

Lemma 4.8 (from [4]). Let be f € Rﬁff(lx‘)xlyl. Then f is a mor-
phism in Pcohy (X, Y), if and only if for every x € PX, f - x' € PY.

What Lemma 4.8 tells us is that any f € Pcohi(X,Y) is en-
tirely characterized by the map ]7 :x €PX - f- x' € PY. We
call fthe functional interpretation of the morphism f, and denote
by EX-Y the set of all functional interpretations of morphisms in

Pcoh; (X, Y). It has been shown in [4] that (-) is actually a bijec-

tion from Pcoh (X, Y) to 8X-Y; we will denote by 6_1 its inverse.
Observe that we can see the maps in EXY as entire series, in the
sense that they can be written as the supremum of a sequence of
polynomials. Indeed, for any morphism f, and x € PX, we can
write:

fey=sp > (>

Fub - %) ey
NENbElY\ 1 with card(p) <N

As the Kleisli category of the comonad ! in a Seely category,
Pcohy is a cartesian closed category. We give here explicitly the
construction of the product and arrow constructs: if X and Y are
PCSs, X = Y is defined by | X = Y| = Mf(le) X Y| and P(X =
Y) = Pcoh(X,Y). If (X;)jeg is a family of PCSs, []; ¢y X; is defined
by ITrer Xil = Uicrli} x IXi| and PX = {x € R X! | vi e
I, m; (x) € PX;}, where ﬂi(x)a = X(i,a)-
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4.4 A fully faithful functor ¥ : Pcoh; — Cstab.

Recall that Definition 4.4 gave a way to transform a PCS into a cone.
Moreover, as stated in Proposition 4.9 below, a morphism in Pcoh,
can also be transformed into a stable function:

Proposition 4.9. For every f € Pcoh(X,Y), f is a stable function
fromCx toCy.

Proof. We know from [4] that f: PX — PY is sequentially Scott-
continuous with respect to the orders <c,. , <c, . Moreover fis
pre-stable: it comes from the fact that ]?can be written as a power
series with all its coefficients non-negative. Finally, we have to
show that f(%Cx) C %Cy. Since ZCx = PX, #Cy = PY, and
moreover f € Pcoh(X,Y), the result holds by Lemma 4.8. O

Thus we can define a functor # : Pcoh; — Cstab, by taking
FX=Cx,and F f = f As mentioned before, it was shown in [4]
that ~ is an injection from Pcoh, (X, Y), hence ¥ is a faithful functor.
In the remainder of this section, we are going to show that ¥ is
actually also full, hence makes Cstab a conservative extension of
Pcoh;.

In the following, we fix X and Y two PCSs, and a stable function
g € Cstab(F X, FY). Our goal is to show that there exists a mor-
phism f € Pcohy(X, Y), with g as functional interpretation. First,
recall that we have shown in Lemma 4.5 that for every PCS Z, the
cone ¥ Z is a directed complete lattice cone. It means that all results
in Section 3.3 can be used here: in particular, g has higher-order
derivatives D" g, which makes Definition 4.10 below valid.

Definition 4.10. We define f € Rﬁlf(le)XlYl by taking:
Yai,...,ax]
fran,...axlb = % (Dkg(O | eal,...eak))b e RY,

.,Ck) € |X|k Withp = [Cl, .. .,Ck]}.

We want to show now that f € Pcoh(X, Y), and that f has g as
functional interpretation. The key observation here is that f has
been built in such a way that its functional interpretation coincides
with Tg(0 | -)—the Taylor series of g defined in Definition 3.20—on
all elements in PX with finite support.

where ay, = #{(c1, ..

Lemma 4.11. Let be x € PX, such that Supp(x) = {a € PX | x4 >
0} is finite. Then it holds that f - x' is finite (i.e for every b € |Y]|,
(f - x")p < ), and moreover f - x' = Tg(0 | x).

Proof. Let A = {a1,...,am} € |X| be the set Supp(x). For any
b € Y|, we can deduce from the definition of f that:

00

Fxw =2 >

a

BNk

o -Dg(0 | ec,,. .. ec.)p - xH,
k=0 p=ley, ...,cr]eME(4)

where M fk (A) stands for the set of multisets over A of cardinality k.

Looking at the definition of &, we see that this implies:

o0 k
Fm=> D D90 e ey | [xerr @)
’ i=1

k=0 (cy,...,ck) €A

By Lemma 3.17, we know that D¥¢(0 | -) is k-linear. As a conse-
quence, and since x = Zl’.'i 1%c; " e and that moreover A is finite,
we see that (2) implies the result:

(F = ) 5DRg(0 | x)p = (Tg(0 | X)),
k=0
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]

Since g is a stable function between directed complete lattice
cones, we can apply the generalized Bernstein’s Theorem as stated
in Proposition 3.21.

Lemma 4.12. Vx € B°Cx such that Supp(()x) is finite, f - x' =
9(x).

Proof. Proposition 3.21 tells us: Yx € B°Cx, g(x) = Tg(0 | x). We
conclude by using Lemma 4.11. O

Using Lemma 4.12, we show now that fand g coincide on PX.
Lemma4.13. ¥x € PX, f-x! = g(x), and moreover f € Pcohy(X,Y).

Proof. Let be x € PX. We define a sequence (yn), € N of el-
(1- ) xqifA(a) <n
0 otherwise,

where we have fixed A an arbitrary enumeration of the elements
of |X|—A exists since |X| is a countable set. Observe that the se-
quence (yn)nen is non-decreasing, with x = sup,, ¢ yn. Since g
is a morphism in Cstab, g is sequentially Scott-continuous, hence
g(x) = sup,, ¢y 9(Yn). Moreover, for every n, yy has finite support
and [lynllc, < 1.Soby using Lemma 4.12: we see that g(yn) = fy'n

ements in PX, by taking: (yn)q =

>

As a consequence, g(x) = sup, ey f y},. Since moreover, we know
from [4] that both x — x' and x ~ u - x are Scott continu-
ous, sup,en f * yh, = f - ', and finally we obtain f - x' = g(x).
Since g(#ACx) C ACy, it implies also that f(PX) C PY. Thus by
Lemma 4.8 f € Pcoh(X,Y). O

Lemma 4.13 shows that for any morphism g in Cstab(¥ X, ¥Y),
there exists an f € Pcoh;(X,Y) such that ¥ f = g, thus it shows
that ¥ is full.

4.5 ¥ preserves the cartesian structure.
We want now to show that the functor ¥ is cartesian closed, mean-
ing that it embeds the cartesian closed category Pcoh, into the
cartesian closed category Cstab in such a way that:
e ¥ preserves the product: for every family (X;);ey of PCSs,
T(Hf;?h’ Xj) is isomorphic to ]_[l(.::}ab"‘ F Xi;
e ¥ preserves function spaces: for every X, Y PCSs, F (X = Y)
is isomorphic to FX = FY.

Lemma 4.14. ¥ preserves cartesian products.

Proof. We fix a family .# = (X;);er of PCSs. In order to construct
an isomorphism, we have a canonical candidate, given by:

Pcoh, Cstab,,
v =(F(m) lieheCstab(F ([ | X0, [ | Fx0). @)
iel iel

where (-) is the cartesian product on morphisms in Cstab. We show
that ¥ is an isomorphism, i.e. that it has an inverse. The only can-
didate is @7 : y € (1S FX;) - O(y) € (F(The™ Xy)),
defined by: Vi € I,a € |X;|,0Y)i,a = (yi)a- We see immedi-
ately that @~ is linear, hence pre-stable, and that moreover it is
Scott-continuous. Besides, it is also preserves the unit ball, since

7 —
Yy € AD, ||© (y)IIT(nli):[;h! x) = IIyIIHIQ;}ab FX; (the proof can

be found in the long version). Thus © is a morphism in Cstab. O

Lemma 4.15. F preserves function spaces.
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Proof. Let X,Y two PCSs. As previously, there is a canonical candi-
date for the isomorphism: we define Y%>Y as the currying in Cstab
of the morphism:

eX=Y.X F (evalx,y)
FX=2Y)XFX— FX=2VXX) —— FY,

where ©X=Y-X is as defined in the proof of Lemma 4.14 above. Un-
folding the definition, we see that actually: YX-Y : f € ZF (X =
Y) > ]7 € (FX = FY). In section 4.4 we have shown that 6
is a bijection from Pcoh;(X,Y) into Cstab(Cx,Cy): it means we
can define XY = 6_1 the inverse function of YX>Y . From there,
we only have to show that %> is a morphism in Cstab(F X =

FY,FX =Y). Recall from Section 4.4 that for every multiset

p=la1,...,ar] € Mp(IX]), and b € |Y]:
a
EXY (P = 7 (D FO T ey ea)) -

By Lemma 3.17, it holds that for any 4 € ,%’(TX)IS, the func-
tion f € Cstab(FX,FY) — DXf(0 | i) € FY is linear and
Scott-continuous. As a consequence, =X.Y t00 is linear and Scott-

continuous. Moreover, it also preserves the unit ball (see the proofin
the long version), hence is in Cstab(F X = FY,F (X = Y)). O

As a direct consequence of Lemma 4.14 and Lemma 4.15, we can
state the following theorem:

Theorem 4.16. 7 is full and faithful, and it respects the cartesian
closed structures.

5 Adding Measurability Requirements

In 7], the authors developed a sound model of PCFg,p1e based on
stable functions. However, as explained in more details in [7], they
need to add to their morphisms some measurability requirements,
both on cones and on functions between them, since the denota-
tional semantics of the let(x, M, N) construct uses an integral, to
model the fact that M is evaluated before being passed as argument
to N.

We call Borel-measurable functions R” — R¥ those functions
which are measurable when both R” and R¥ are endowed with the
Borel 3-algebra associated with the standard topology of R. The
relevant properties of the class of measurable functions R” — R¥
is that they are closed by arithmetic operations, composition, and
pointwise limit, see for example Chapter 21 of [17].

5.1 The category Cstaby,

Cstabyy, is built as a refinement of the category Cstab. The objects
of Cstaby, are going to be complete cones, endowed with a family
of measurability tests.

If C is a complete cone, we denote by C’ the set of linear and
Scott-continuous functions C — R.

Definition 5.1. A measurable cone (MC) is a pair consisting of a
cone C, and a collection of measurability tests (M"(C)),en), where
for every n, M™(C) C ¢’®" | such that:

e foreveryn e N, 0 e M"(C);

e for every n,p € N, ifl € M"(C), and h : R? — R" is
Borel-measurable, then [ o h € MP(C);

e for any | € M™(C), and x € C, the function u € R" —
I(u)(x) € R is Borel-measurable.

Raphaélle Crubillé

Example 5.2 (from [7]). Let X be a measurable space. We endow
the cone of finite measures Meas(X) with the family M (X) of
measurable tests defined as:

MU (X) ={ey | U €Zx} where ey(F)(p) = pU),
where X x is the set of all measurable subsets of X. Observe that

in this case, the measurable tests correspond to the measurable

sets. In the following, we will denote Meas(X) the measurable cone
(Meas(X), (M™(X))nen)-

We define now measurable paths, which are meant to be the
admissible ways to send R" into a MC C.

Definition 5.3 (Measurable Paths). Let (C, (M"(C)),en) be a MC.
A measurable path (MP) of arity n on C is a function y : R" — C,
such that y(R") is bounded in C, and Yk € N, VI € MK(C), the
function (7, 5) € RF*" I(P)(y(s)) € R, is Borel-measurable.

We denote Paths™(C) the set of MPs of arity n for the MC C.
When a MP y verifies y (R™) € ZC , we say it is unitary. In [7], the
authors add measurability requirements to their definition of stable
functions: they ask them to preserve measurable paths.

Definition 5.4. Let be C, D two MCs. A stable function f : AC —
D is measurable if for all unitary y € Paths"(C), f oy € Paths™ (D).

The category Cstaby, is therefore the category whose objects
are MCs, and whose morphisms are measurable stable functions
between MCs.

Example 5.5. Recall the function [reallcgtap, @ Meas(N) —
Meas(R), defined in Section 2 as:

[[real]]cstabm /g (U € ZR [ Z /l(l’l))
neNNU

[realllcstan,, is linear, Scott-continuous, and norm-preserving, and

moreover it is a measurable function from Meas(N) into Meas(R),
hence it is a morphism in Cstaby,. In the same way, taking Meas(IN)
as the denotational semantics of type N, we could complete the
denotational semantics given in [7] for PCFgapp1e in Cstaby, into
a denotational semantics for PCFg_sample-

Observe that [real]lcstap,, Would not be measurable, if we en-
dowed Meas(N) with for instance {0} as measurability tests instead
of M(N): indeed in that case, every y : R"™ — Meas(N) would be a
MP. As a consequence, to be a measurable function, [realllcstab,
should verify: for every arbitrary function y : R? — Meas(N),
[reallcstan,, © v is @ MP on Meas(R). However, we can see this
is not the case, for instance by considering y of the form y(s) =
a(s) - {0}!, where a : R — R, is not Borel-measurable.

In [7], the cartesian closed structure of Cstaby, is derived from
the one of Cstab by endowing its exponentials and products with
the measurability tests presented in Figure 1.

M"(l—[a) = {@ll |Viel l; € M"(C;)} with I finite set.
iel iel
M™(C =, D) = {y>m | y €Paths"(C), m ¢ M" (D)},
with (B;c; Li(P)((xi)icr) = Bier Li(F)(x;) € Ry
and (y > m)(P)(f) = m(F)(f (y (F)))-

Figure 1. Cartesian Closed structure of Cstaby,.
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5.2 Pcoh, is a full subcategory of Cstabp,

We want now to convert the functor ¥ : Pcoh; — Cstab into
a functor ™ : Pcoh; — Cstaby,. To build ¥ ™, we are going to
endow each ¥ X with measurability tests, in such a way that for any
morphism f € Pcohy, 7 (f) will become measurable. Observe that
we have an additional requirement, which would not be verified
if we take for instance {0} as measurability tests for every ¥ X: as
explained in Section 2, we want also F " (NPP) to be isomorphic

to [Nlcstab,, = Meas(N), and (as highlighted in Example 5.5), we

need to have enough measurable tests on Meas(N) to guarantee
the existence of [real]lcgtap,, as a morphism.

Definition 5.6. Forany X € Pcoh, we define EX as the measurable
cone Cx endowed with the family M™(X),, ¢y of measurability
tests defined as M™(X) = {0}U{eq | a € |X|}, where 4 (F, x) = xq.

We see that the €, are indeed linear (i.e commuting with lin-
ear combinations), and moreover Scott-continuous: hence they are
indeed elements of C% . It is easy to verify that the other condi-
tions are verified, and so Cy is indeed a MC. We give below a
characterization of measurable paths on Cx.

Lemma 5.7. Let be X a PCS. Then Paths™(Cx) is the set of all y :
R"™ — Cx such that:

e dAeR,y(R") C AHBCx;

e Vac |X|,yq: 7 €R" > y(Fq € R, is Borel-measurable.

Two MCs with the same underlying cone, but different measura-
bility tests may be isomorphic in Cstab: it is enough for them to
have the same measurable paths. It is what happens in the exam-
ple below, where we consider ENpmh and Meas(N). It is actually
also what happens at higher-order types, as we will explain in
Section 5.3.

Example 5.8. The two measurable cones ENPcoh and Meas(NN)
have the same underlying cone, but they do not have the same
measurability tests. Indeed M"(ENPC(,h) = {en | n € N}, while
M"*(Meas(N)) = {ey | U € N}. However, we can prove that
they have the same MPs. First, Paths™ (Meas(N)) C Paths™ (5Npmh),
since M"@prh) is a subset of M"(Meas(N)). We detail now the
proof of the reverse inclusion. Let y € Paths"(aNpcoh). We have
to show that for every U C N, the function (7,5) € Rk*" s
ey (P)(y(5)) is Borel measurable. The key observation here is that
e (MY B) = Ymev €m(P)(y(5)). Since y € Paths™ (Cygpeon ) it holds
that for every m € N, the function ((7,5) € Rk+R em (P, y(S)) €
R, ) is Borel measurable. Since the class of Borel measurable func-
tions is closed by finite sum and pointwise limit, it leads to the
result.

Lemma 5.9. Let X,Y be two PCSs, and f € Pcohy(X,Y). Then F f
is measurable from Cx intoCy.

The proof can be found in the long version. It uses the charac-
terization of Paths” (Cx) given in Lemma 5.7.

Theorem 5.10. The functor ¥'™ : Pcohy — Cstaby, defined as
FMX =Cx,and F™f = F f, is full and faithful.

Proof. Observe that we can decompose the functor ¥ as ¥ =
Forget o #™, where Forget is the forgetful functor from Cstaby,
to Cstab. As shown in Section 4.4, F is full and faithful. Moreover,
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Forget is faithful. From there, we are able to deduce the result (see
the long version for more details). O

5.3 F ™ is cartesian closed.

We want now to show that # ™ is cartesian closed too. Since Forget
is cartesian closed, and is the identity function on morphisms, it
is enough to show that the Cstab-morphisms ¥, @, YX-Y and
=X.Y defined in Lemmas 4.14 and Lemma 4.15 proofs, are also
morphisms in Cstabp.

Lemma 5.11. Let X be a PCS, C any MC, and f a morphism in
Cstab(Forget(C), 7 X). We suppose that for every y a unitary MP
on C, Va € |X| it holds that (f o y)a is Borel-measurable. Then
f € Cstaby, (C, F™X).

Proof. We already know that f is a morphism in Cstab, hence
we have only to show that it preserves MPs. Let y be unitary in
Paths™(C). Since both f and y are bounded, f o y is bounded too.
Using the characterization of MPs on #"X given in Lemma 5.7,
we obtain that f o y € Paths" (¥ ™X). O

Lemma 5.12. Forall ¥ = (X;)ies a finite family of PCSs:
o 7 € Cstabg (F ™ ([Tr0™ Xi). [Teei™ FX);

iel iel
o @7 € Cstaby ([T X, F ™ ([Toer™ Xi).
Proof. o Recall that ¥ = (F(r;) | i € I)cgtab. Since the
cartesian product on morphisms in Cstaby, is the same as
the one in Cstab (see [7]), and moreover F (r;) = F ™ (1;),
we see that ¥ is also a morphism of Cstabp,.

e Let y be any unitary MP on ]—]l.ces;ab“‘ F™X;, and (i,a;) €

ITTE™ X;| = Uje s {i}XIXi|. We see that (07 oy ) ;. gy () =

(y(P)i)a. We consider the measurability test of arity 0 defined

by m = @je[lj : H?:}abm FmX; — R,, with lj =0ifj # i,

and l; = eg,. Since y is a MP on H?:}ab‘“ FmX
a measurability test on the same cone, the function (7 €
R"™ = m(y(¥)) € R,) is Borel-measurable. Since m(y ()) =
(y(Pida = (O 0y)(i,q;) (P, it holds that (@7 o y)(; 4,) is
Borel-measurable, and by Lemma 5.11 the result holds.

i,and m

[m]

Lemma 5.12 allows us to see that ¥ is a cartesian functor. We
want now to show that it also respects the = construct. First, we
show that the Cstab morphism YX>Y is also a morphism in Cstabp,.

Lemma 5.13. Forall X, Y PCSs,
YXY e Cstabm (F™(X = Y), F™X = F™Y)

Proof. Recall that Y%V is defined using currying in Cstab, @X=Y-X,
and the eval morphism in Cstab. Since currying and structural mor-
phisms are the same in Cstaby, as in Cstab, and moreover we have
shown in Lemma 5.12 that ©X=Y-X is a morphism in Cstab, we
have the result. O

Our goal now is to show that 2X-Y also is a Cstaby, morphism,
again by using Lemma 5.11. However, the proof is going to be more
involved as in the previous cases. By looking at the definition of
2% Y we see that we need to show that for every unitary MP y on
FMX = F™Y, and any (4, b) € Mg (1X]) X |Y], the function 7

—~ -1
Y@ ) 1, b is Borel-measurable. But contrary to what we’ve done
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in the proof of Lemma 5.12 for ©, the function f € (F™X =
~-1

FMY) = (f )b € R, cannot be written as a measurability test.

We solve this problem by showing that we can write it as some

partial derivative of a measurability test, as expressed in Lemma 5.14

below.

Lemma5.14. LetX beaPCS, 1 € Mf(|X|),b € |Yl,and{ay,...,ap}
the support of p. There exists a measure-ability test m of arity p on
FMX = F™Y,andc,f > 0 such thatVf € B(F "X = F™MY),
the function ¢/ : 7 € RP > m(A)(f) € R, admits a partial de-
a((}S')c)r:ard(,u)
3r1u(a1)_._5rpu(ap)

~—1
B-(f ub-
Proof. We take m = § > €, where § is the MP on ¥ X defined as:

.
rivative on [0, c]?, and moreover its value in 0 is

ZISiSm ti . edi lftl > OVl and leism ti < l,

0 otherwise.

§:TeRP >

€p is a measurability test on ™Y, and moreover by Lemma 5.7, we
can see that § is indeed in Paths? (F ™X), hence m is a measurability
test on ¥ X = F ™Y built following the rules of Figure 1. We
see that ¢/ (7) = ZvISupp(v)Clay,....an) Jv,b - T - From there, by
using theorems of real analysis for normally convergent series of
functions, we can deduce the result (the complete proof may be
found in the long version). ]

Lemma 5.15. For every unitaryy € Paths"(F "X = F™Y), and
(1, b) € |X = Y], it holds that (%Yo ¥)u,b is Borel measurable for
every (u,b) € | X = Y|.

Proof. Let {ay, ..., ap} the support of . We take m, c as given by
Lemma 5.14. Since m is a measurability test for (F X = F™Y),
the function (7,5) € RP*™" ¢Y<§') (P) € R, is Borel-measurable
(where qSY(;) was defined in Lemma 5.14). Since K = [0, c)? X R" is
an element of the Borel algebra over RP*", the restriction (that we
denote ¢) of this function to K is measurable too. Since y is unitary,
YR™) € B(F™X = F™Y), and as a consequence Lemma 5.14
Oyeard(p)

@), = O (G %), From th ded
Y(‘?)[J,b =% m( ,5). From there, we can deduce

tells us that exists, and moreover it holds that:

that § € R" i y(5) ‘u’lb € R, is Borel-measurable. It comes from
the fact that whenever a Borel-measurable function has a partial
derivative, this derivative is measurable too, since the class of real-
valued measurable functions is closed by addition, multiplication
by a scalar and pointwise limit (more details can be found in the
long version). Since (%Y o Vb = }:(‘Ed’);’lb, the result holds.

]

Lemma 5.16. For all X, Y PCSs,
%Y € Cstaby (F™X = F™Y, F™(X = Y)).
Theorem 5.17. F™ is a cartesian closed full and faithful functor.

6 Conclusion

Our full embedding of Pcoh; into Cstab implies that every stable
function f from PX to PY can be characterized by an element
=XY(f) e RMr(IXDXIY] that has to be seen as a power series. It
gives us a concrete representation of stable functions on discrete
cones, similar to the notion of trace introduced by Girard in [9] for

Raphaélle Crubillé

stable functions on quantitative domains. There are well-known
real analysis results on power series, as for instance the uniqueness
theorem—any power series which is null on an open subset has
all its coefficients equal to 0—on which is based the proof of full
abstraction for PCFg in Pcoh; [8]. While we have not been able
to extend such a concrete representation to cones which are not
directed-complete, as for instance the cone Meas(R) =, Meas(R),
our result could hopefully be a first step in this direction. This kind
of characterization could lead to a way towards a full abstraction
result for the continuous language PCFg,mple in Cstabp, and more
generally gives us new tools to reason about continuous probabilis-
tic programs.
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