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Abstract

Various categories have been proposed as targets for the denotational semantics of higher-order probabilistic programming
languages. One such proposal involves joint probability distributions (couplings) used in Bayesian statistical models with
conditioning. In previous treatments, composition of joint measures was performed by disintegrating to obtain Markov kernels,
composing the kernels, then reintegrating to obtain a joint measure. Disintegrations exist only under certain restrictions on
the underlying spaces. In this paper we propose a category whose morphisms are joint finite measures in which composition
is defined without reference to disintegration, allowing its application to a broader class of spaces. The category is symmetric
monoidal with a pleasing symmetry in which the dagger structure is a simple transpose.
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1 Introduction

Bayesian inference and conditioning are important tools in probabilistic programming. Modern proba-
bilistic languages for machine learning, e.g. Church [8] and Anglican [12], generally incorporate these tools
in some form. To formalize the semantics of such languages, several authors have proposed categories for
modeling Bayesian inference and conditioning via disintegration.

Approaches based on disintegration have the disadvantage that they can only be applied to cer-
tain spaces. At the core of the matter is the disintegration theorem which only holds under certain
assumptions—usually that the spaces are standard Borel, as in e.g. [9,2,1,6,10,5]. This theorem connects
joint distributions and Markov Kernels. A Markov kernel P gives rise to a joint distribution JP on X xY
with marginals ¢ and v in a natural way. The disintegration theorem says that this construction can be
inverted: for any joint distribution # on X x Y with marginals p and v, there is a kernel P, unique up to a
p-nullset, such that § = JP. The inversion can be explored in defining composition and proving properties
of the underlying category; we will give two examples below.

In this paper, we want to show that the category JDist whose objects are measure spaces (X, A4, i)
and whose morphisms (X, A, ) — (Y, B,v) are joint distributions # on X x Y with marginals p and v
can be taken as first-class citizen to formalize semantics of probabilistic languages. In particular, we will
show that composition in JDist can be defined without having to use disintegration, thereby making this
category more generally applicable than previous approaches.
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One recent proposal by Dahlqvist et al. [5] was the category Krn, whose objects are probability spaces
(X, A, n) with A a standard Borel space. The morphisms (X, A, u) — (Y, B,v) are equivalence classes
modulo g-nullsets of Markov kernels P: X — Y such that

v(B) = /GX P(s,B)du(s).

Dahlqvist et al. [5] use disintegration to show that Krn is a dagger category with involutive functor
t: Krn — Krn°?. Thus PT: Y — X is a kernel in the opposite direction that models Bayesian inference
of an input distribution conditioned on output samples. This works even for continuous distributions in
which outcomes can occur with zero probability. We will show that the category Krn to be embedded
faithfully in the category JDist, and this is a symmetric monoidal category with joint distributions as
tensors and transpose as symmetry: 67(A x B) = (B x A).

Another category was proposed by Abramsky et al. [1] who studied a subcategory of JDist on Polish
spaces called PRel, using disintegration to define composition: to compose two joint distributions, one
disintegrates to obtain Markov kernels, composes the kernels as in Krn, then reintegrates to obtain a joint
measure. This construction can be performed only under various restrictions admitting disintegration
[1,6,10,4,3]. The most common assumption is that the spaces are standard Borel. The most general
result of this type seems to be that of Culbertson and Sturtz [4] based on work of Faden [7], who assume
countably generated spaces but that the measures are perfect.

In this paper, we show that composition in JDist can be defined independently without reference to
disintegration and without any restriction on the underlying spaces. This allows probabilistic programs
to be interpreted in a more general class of spaces with a pleasing symmetry in which the notion of
equivalence up to a nullset is built in. We will illustrate our approach in defining the composition in JDist
through an example in Section 2. We will then define the composition in JDist in 3 steps. We will first
present the definition in the discrete setting (Section 3), as this is a simpler case which does not require
extra measure infrastructure. Second, we will define and prove some results akin to Radon-Nikodym
approximants (Section 5). This will provide the necessary results to define composition in JDist and a
functor J: Krn — JDist that provides a faithful embedding of categories (Section 6).

2 Illustrative Example

To explain how composition in JDist circumvents disintegration, we <
consider a modified version of the example from Dahlqvist et al. [5], y

1 normal (0,1);
2
pseudocode presented on the right: the goal is to measure the prob- 3z
4

normal (x,1);
normal (y,1);
observe (z > 0.5);
return (x > 1);

ability that z > 1 for  ~ N(0,1) given an observation z > 0.5 for
z ~ N(y,1), and y ~ N(z,1). That is, = is a standard Gaussian
sample (Line 1) and y and z are normally distributed with means x
and y respectively, and both with variance one (Lines 2 and 3). Intuitively, Line 4 conditions on the
observation that z is greater than 0.5, and Line 5 returns the probability of x being greater than one given
this observation.

To illustrate the nature of the category JDist, we somewhat informally explain the semantics of this
program: first in terms of Markov kernels (Krn), and after that in terms of joint distributions (JDist).

e In Krn, the state of the program after Line 1 can be thought of as a measure space (X, A, ) with
(X, A) = (R, Br) the Borel o-algebra on R, and p the standard Gaussian measure.

¢ Line 2 constructs a Markov kernel P : (X, A) — (Y, B), where (Y, B) = (R, Bgr), that, for every z, yields
the Gaussian measure with variance one centered around :B The state of y in the program after Line 2
is then the measure space (Y, B,v) where v(B f ex P(z, B) dpu.

* Analogously, Line 3 constructs a kernel @ : (Y, B) (Z,C) of Gaussian measures Q(y,—) on (Z,C) =
(R, Br) centered around y, and the state of z is the measure space (Z,C, p) with p(C) := fer (y, C) dv.

Equivalently, p is obtained by integration of the kernel composition P ; @ w.r.t. u.
e Lines (4-5) compute an inverse kernel of P ; @) as follows: the composition is integrated w.r.t. u to
obtain a joint measure ¢ on X x Z. This joint is transposed to ¢ on Z x X and then disintegrated
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to the inverse kernel R. Then fz
result.

€(0.5,00) R(z,—) dp evaluated on the interval (1,00) yields the desired

Lines (1-3) can be pictorially represented using three concrete samples x,y, z as follows:

P Q
. Yy e » B ///>
. ot e £ Qo)
Iz v=[Pdu p=/Qdv
X Y Z

Interpreting the program in terms of joint distributions can be done as follows:
e Line 1 constructs the measure space (X, A, u) with p standard Gaussian as above.

* Line 2 constructs a joint measure as follows: let (Y, B) and P be as above. Define the joint measure 6
on X x Y on its rectangles as
(A x B) := P(x,B) du
€A
Then the left marginal (— x Y") of 0 is p and the right marginal 6(X x —) is v. We consider the state of
the program after Line 2 to be the joint distribution 6. Intuitively, this is a way to remember the input
distribution, and this is, computationally speaking, crucial for Bayesian inference.

¢ Similarly, Line 3 can be thought of as constructing a joint 7 on Y x Z using (Z,C) = (R, Br) and Q
as above. This joint will have marginals v and p. The joint measures obtained from Lines (1-3) can be
visualized as follows:

JTA

In order to say anything about the state after Line 3, we have to be able to compose the joint measures
0 and 1 to ( = 0 ; n. How to define this composition without assumptions on the underlying space is
the central contribution of this paper, explained in the following sections.

 Lines (4,5) transpose the joint measure ¢ on X x Z to ¢t on Z x X and the output of the program is
the ¢f-measure of the rectangle (0.5,00) x (1,00). '

Our goal now is to define how to compose joint measures 6 and 7 (as above) to a joint measure on X and
Z such that

(i) the marginals of 6 ; n are p and p, and

(ii) integration of the kernel composition P;(@Q with respect to u yields 6 ; 7.
Before our general treatment of this problem with continuous measures, we describe the problem and its
solution in a discrete setting for instructive purposes.

1 Computing the result with observe statements on zero measure events, e.g. z = 0.5, still requires disintegration:
the joint (T is disintegrated at z = 0.5 and then evaluated on (1, 00).

3
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3 Discrete Approach

We consider a finite state space; with the appropriate convergence assumptions, this generalizes straight-
forwardly to countable state spaces.

3.1 Preliminaries

Formally, a probability measure on a finite set {1,...,n} (from now on overloadingly written n) is a finite
additive set function 2" — [0, 1] defined uniquely on its points by i — z; (sometimes written x(7)) such that
>, @; = 1. Equivalently, it is a vector z € [0,1]" such that 27 -1 = 1, where 1 denotes the n-dimensional
vector of ones. Integrating a function f : n — R (always measurable) w.r.t. x is done by weighing each
element f(i) with its corresponding probability measure z;. Thus, integration in the discrete world is just
matrix multiplication z7 f.

A Markov kernel is a map A : n — [0, 1] (always measurable) such that A(7) is a probability measure
for every i € n. Equivalently, it is a matrix A € [0, 1]™*"™ such that A1 = 1. Integrating a Markov kernel
A w.r.t. a probability measure x yields a new probability measure y = 27 A. This procedure is given
componentwise by y(j) = > A(i,7) - (i) (c.f. (2) below).

A (joint) probability measure on the product space n x n is a matrix a € [0, 1]"*™ whose entries all
sum to one. We have 1 = Zm a(i,j) = 17a1 = 1Ta’'1, so that the rowsums al and the columnsums

a1l are probability measures; they are the left and right marginal, respectively. A joint measure a on
n X n defines unique marginals by definition, but the converse is not true in general: there can be many
joint measures for two given marginals. (In this setting it is solving 2n linear equations of n? unknowns.)

3.2 Discrete Markov Kernels to Joint Distributions

We now describe what the functor J: Krn — JDist does to discrete Markov kernels. Through the below
development, we will have forward pointers to the analogous definitions of the general case which we will
present in Section 4, we mark this as “c.f. (n) below”.

For a Markov kernel A, first define the map A’ : n — [0, 1]"*™ by (c.f. (4) below):

- A(i k) ifi=j
A/ k — ’
.0 ={

otherwise

Equivalently, A’ is a n X n x n matrix where each page (ranged over by k) is a diagonal n x n matrix, and
the diagonal of the k-th page is given by the k-th column of A.

Then, we have that (z7 - A’)(i, ) = A(i,j) - x; for every 4,7 € n and measure = € [0,1]" (c.f. (5) below).
So, each i-th row-sum of 27 - A’ is just x; (because the row-sums of A are one) and the column-sums are
just entry-wise computations of ATz. This means that 27 - A’ is a measure on n x n with left marginal z
and right marginal y = AT2. The functor J maps the kernel A to the joint measure 7 A’. It implicitly
depends on x.

Disintegrating the joint measure JA back to a kernel is always possible for discrete kernels, but does
this give us back A? In the finite setting, to disintegrate a joint measure a € [0, 1]™*"™ on the product
space ny X ny (where ny = ny = n), let 7 : ny X ng — ny be the first projection, and z = a o 71 be the
pushforward measure of « through this projection. The choice of name for z is not a coincidence; it is the

left marginal of a:
n

z(i) =) ali,j).

j=1
A disintegration of a along 7 is defined as a finite set { a(i)}i eny of measures on ng such that
V(i,j) €ny xny:  a(i,j) = a?D(j) - z()

Equivalently, this is a kernel n; — [0,1]"2, or a matrix in [0, 1]™**"2. The condition for disintegration in
a non-discrete setting contains an integral amounting to a finite sum here, but the measures are uniquely

4
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defined by their point masses, so this condition suffices. In addition, the usual definition involves measura-
bility conditions, but these are trivially satisfied here. The kernel A such that 7 A = y7 is a disintegration
of the joint measure JA = 27 A’ defined in the previous paragraph.

The question is now whether A is the only disintegration of JA. The answer is yes, but only up to
negligible events. More precisely, given «, the disintegration a() at i — the i-th row of the kernel A — can

be anything if z(¢) = 0. It is then natural to consider an equivalence class =, on kernels A, B € [0, 1]"*"
defined by
A=, B :<= Vien (z; >0 = A(i) = B(i)) (c.f. (6))
Recall that, for all 4, j, JA(i,j) = A(4,J) - ; and JB(i,j) = B(3, ) - ;. So, we will have that
JA=JBif and only if A=, B (1)

This is exactly the analogue of Lemma 4.1 in the discrete case.

The goal of our work is to compose joint measures «, § € [0,1]™*" with marginals z,y € [0, 1]" for «
and marginals y, z € [0, 1]™ for /3, to a joint measure 7 € [0, 1]™*", without disintegrating them to kernels
first. We want this composition to satisfy some sensible properties: if A and B are kernels such that
a=JA=2TA"and p =JIB =y’ B’, then

(i) the marginals of v are x and z;
(ii) v =J(A- B) = 27 (AB)' (c.f. Theorem 6.3, J is a functor); and
(iii) if C is such that v = JC then AB =, C (faithfulness of J, c.f. Lemma 4.1).

In the discretely case, the composition v can be defined entry-wise by

Y k) =" w (c.f. (16))
i

We can then verify the above properties. First, the left marginal of v is x:

n

)=y 3 APl Z(ZB G)) s i ) = D i) = (1)) = 4

k=1 j=1 j=1 j=1
y;>0 y; >0

Here, we have used that Y, 8(j, k) = y; and, if, for some j, y; =0, then > " | a(i,5) =0, so (i, j) =0
(which is why we can leave out the subscript y; > 0 from the sum). A similar calculation shows that its
right marginal is z, so property (i) is verified. For property (ii), we have

n

J(A-B)(i,k) = (A- B)( ZAZ] k) _Za(i’j)'B(j’k)'?:ZOW
j=1 J j=1 J
y;>0 y; >0

identifying J(A - B) with ~. Property (iii) is immediate from (1) and property (ii).

4 Krn and JDist

We will define the basics to introduce the categories Krn and JDist, though the composition of the
latter will be defined in Section 6 as we will need a few more results to provide it without resorting
to disintegration. However, we can already give the mapping J: Krn — JDist and prove that it is
well-defined (Lemma 4.1).
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4.1 Preliminaries

Let (X, A) and (Y,B) be measurable spaces. We abbreviate (X,.4) by X when A is understood. The
letters A, B, C, D denote measurable sets. The space (X, .A) is a standard Borel space if A are the Borel
sets of a Polish space (separable and completely metrizable). The space (X,.A) is countably generated if
there exists a countable set Ay C A such that A is the smallest o-algebra containing 4g. All standard
Borel spaces are countably generated.

A Markov kernel P: X — Y is amap P: X x B — [0,1] such that

e for fixed s € X, P(s,—) is a probability measure on Y,
e for fixed B € B, P(—, B) is a measurable function on X.

These properties allow kernels to be sequentially composed by Lebesgue integration. The measurable
spaces and Markov kernels form a category SRel [10,6], which is isomorphic to the Kleisli category of the
Giry monad. We write P : X — Y for the kernel P regarded as a morphism in this category.

For P: X — Y a Markov kernel and p a finite measure on X, write p ; P for the measure on Y such
that

wﬂwmz/P@MW@. 2)

X

This gives a bounded linear map (— ; P) : Meas X — Meas Y that is monotone and continuous in both
the metric and Scott topologies.
For A € A, let A also denote the subidentity kernel

1, s€ ANB,
A(S,B)—IX(S,AOB)—{07 s¢ANB.
Then for all A € A and B € B,

<mAﬂwm=/P@mmm» 3)

A

The category Krn? has as objects probability spaces (X, A, ). The morphisms (X, A, ) — (Y, B,v)
are equivalence classes modulo p-nullsets of Markov kernels P: X — Y such that

v(B) = P(s,B)du(s).
seX

4.2 From Krn to JDist

The category JDist is the category whose objects are probability spaces (X, .A, u) and whose morphisms
(X, A,u) — (Y,B,v) are joint distributions or couplings on X x Y with marginals p and v. We will
define composition in JDist formally in Section 6, but we can already define the embedding functor
J : Krn — JDist. It is the identity on objects, and for morphisms P : X — Y, let P/ : X — X x Y be
the kernel that behaves like P, but also remembers its input state: on measurable rectangles A x B,

P(s,B), ifse A,

P’(s,AxB):{O fsd A (4)

2 Tt is worth noting that the category Krn mentioned in the introduction, considered by Dahlqvist et al. [5], restricts
A to be standard Borel; we do not impose this restriction.

6
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The kernel P’ together with the probability measure x on X induce a joint measure JP on X x Y whose
value on measurable rectangles A x B is

P(AXB):/XP’(SAde,u /PsBd,u (5)

Since morphisms in Krn are equivalence classes of kernels, there is at this point an obligation for proof of
well-definedness. For P,Q : X — Y Markov kernels and g a measure on X, the equivalence is defined as

P=,Q & VBeB u({s|P(s,B) # Q(s, B)}) = 0. (6)

The following lemma now shows that J is well-defined:

Lemma 4.1 Let (X,.A) and (Y,B) be measurable spaces, B countably generated. Let P,Q : X — Y be
Markov kernels and v a probability measure on X. The following are equivalent:

(i) P=,0Q

(ii) P =¢Q for all £ absolutely continuous with respect to p (notation: § < )
(iii) forall Ac A, u; A;P=p; A;Q
(iv) JP =JQ, conszdermg P and Q as Krn-morphisms (X, A, u) — (Y, B,v), where v =p; P =pu; Q.
Proof. The equivalence of (i) and (ii) is clear from the definition (6).

For (i) = (iii), suppose that P =, Q. Let Eg = {s | P(s, B) = Q(s, B)}. By definition, u(X\Ep) = 0.
For all A € A and B € B,

(ns; A P)( P(s,B)du(s
A
/ P(s,B)du(s) + [ Pls.B)du(s) (")
AQEB A\EB
—/ Q(s, B) dy(s) + / Q(s, B) dy(s) (8)
ANER A\EB

:AQ@&W@ZWM%@@)

The left-hand terms of (7) and (8) agree because the integral is restricted to Ep, and the right-hand terms
are 0 because A\ Ep is a p-nullset. As B was arbitrary, u; A; P=pu; A; Q.

Conversely, for (iii) = (i), if P #, Q, then u({s | |P(s,B) — Q(s, B)| > 1/n}) > 0 for some B € B and
n > 0. Letting A be this set, we have

[ 1P(s.B) = QUs. B) duts) = () > 0.

(MAJWE=AP@EW®#AQ@EW@ZWh&@@)

The equivalence of (iii) and (iv) follows from (3) and (5). O

Let (X,.A) be a measurable space. The countable measurable partitions D of X form an upper semi-
lattice ordered by refinement, denoted C, with least common refinement as join, denoted LI. We will often
consider the limiting behavior of functions defined on increasingly finer such partitions. For any such map
¢ taking values in a topological space, if ¢(D,,) converges to the same value for all chains Dy C Dy C
that eventually become sufficiently fine, we write limp ¢(D) for this value.

7
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5 Radon-Nikodym Approximants

Integration and Radon-Nikodym derivatives are typically defined in terms of approximants. We will use
a similar technique to define the composition of joint measures in JDist. In this section we develop the
necessary infrastructure.

Let v and p be finite measures on (X,.A). For any B € A, consider the set

v(C
{41 CC B, u(C) >0} CR. 9)

This set is nonempty iff u(B) > 0. In that case, the set has a finite infimum, since v(B)/u(B) is a member,
but it may be unbounded above.

Lemma 5.1 Let v and p be finite measures on (X, A). For any e > 0, there exists a countable measurable
partition D of X such that for all B € D with p(B) > 0, the set (9) is bounded above and

v(@ e v(0) v(@ e v(©) v(C) 2
sup Loy — b Loy <e (sup Urgy — inf S@)(sup o) <& (10)
u(C)>0 n(©)>0 u(C)>0 n(€©)>0 1(C)>0

Moreover, these properties are preserved under refinement; that is, if D C D' and D satisfies the inequalities
(10) for all B € D with u(B) > 0, then the same is true of D’'.

Proof. For k& > 1, consider the signed measure® v — (¢lnk)u. By the Hahn decomposition theorem,

there exists a family of measurable partitions {A;r, A} of X, one for each natural number £ > 1, such
that v — (eInk)p is purely nonegative on A;r and purely nonpositive on A, . That is, for all measurable
C C A, v(C) > (elnk)u(C) and for all measurable C C A, v(C) < (elnk)u(C). Without loss of
generality we can assume A = X and A7 = (. Let the partition D consist of the pairwise disjoint sets
ﬂle AF N AL, k> 1, along with (72, AF. The last is a p-nullset, since if 4(C) > 0, then C € A} for

any k > exp(;(((g)).

For any measurable C C N, A+ n Aj 1, we have (elnk)u(C) < v(C) < (eln(k + 1))u(C), so if
wu(C) >0, then v(C)/u(C) exists and lies in the interval [elnk, eIn(k 4+ 1)]. Since In(1+z) < z for z > 1,

k+1 1
eln(k+1) —elnk = eln( i )zeln(l—FE)S%Sa
1
(cln(k+1) —clnk)ln(k +1) = cln(l + )eln(k+1) < % ek = €2,
from which the bounds (10) follow. O
Let D be a countable measurable partition of A. For s € X, define
Fp=|J{B D | uB) >0} (11)
v + v(C v\ . v(C
(2) )= > sw 2F-1x(sB) (%) ()= Y inf 4F-1x(sB).  (12)
BeD (5% BED u(C)>0
w(B)>0 w(B)>0

The set Fp is measurable with x(X \ Fp) = 0, and the functions (dv/du)5 and (dv/du);, are measurable

3 The signed measure v — ek already implies the left-hand inequality of (10), which suffices for most purposes, and
standard treatments use this. But v — (¢Ink)u gives the right-hand inequality as well, which will be useful in §6 in
the definition of composition in JDist.
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step functions that vanish outside Fp. From Lemma 5.1, we have that for sufficiently fine D,

These definitions lead to an enhanced version of the Radon-Nikodym theorem.

Theorem 5.2 (Lebesgue-Radon-Nikodym) Let v and u be finite measures on (X, A). There exist
measures vy, V1, a measurable set F' € A, a measurable real-valued function f defined on X, and a countable
C-chain Dy & Dy C --- such that

(i) (Lebesgue decomposition) vy and vy form a Lebesque decomposition of v on F with respect to p; that
18,

v=19+uv; vy < U vi(F)=0 WX\F) = 0;

(ii) (Radon-Nikodym theorem) f(s) =0 for all s ¢ F and
[ e dnts) = (), A€ .4 (13)

(iii) (Uniform approzimation) The sequence (dv/du),, = (dv/du)p, —is monotone nondecreasing on F, the

sequence (dv/du)t = (dl//du);gn is monotone nonincreasing everywhere, and both sequences converge
pointwise to f and converge uniformly on F'.

If v < p, we can take vy = v and v; = 0 in (i), in which case (i) gives [, f(s) du(s) = v(A). In this
case, f is the standard Radon-Nikodym derivative dv/dpu.

The version [11, Theorem 3, p. 258] asserts (i) and (ii) only without reference to the approximants
(dv/du)} and (dv/dp),,, but (iii) is essentially how it is proved. In fact, [11] gives three proofs. We give
a fourth here for completeness.

Proof. Let (dv/du)5, (dv/du)y,, and Fp be defined as in (11) and (12). By definition,

- v(B) v\
(%), < B;) ) 1x(s.B) < (), ()
w(B)>0

If D C D, then Fp C Fp, (dv/du)p < (dv/du)p, pointwise on Fps, and (dv/du),, < (dv/dp)s, <
(dv/du)4 pointwise everywhere. Moreover, by Lemma 5.1, for all e > 0 there exists a sufficiently fine D that
(dv/du)3 — (dv/du);, < e pointwise. It follows that for any countable chain Dy C Dy C - - - of sufficiently
fine countable measurable partitions, (dv/du);" and (dv/du),, converge pointwise to a measurable function
f =inf,(dv/dp); and converge uniformly on F' =), Fp,. In addition, the region of uniform convergence
F is of full y-measure, as u(F) = inf, u(Fp, ) = u(X), and f vanishes outside F. This establishes (iii).

For (i), if u(C) = 0, then v(C N A, ) < (elnk)u(C N A, ) = 0 for all k, where the A_ are the Hahn
decomposition sets constructed in the proof of Lemma 5.1. Assuming D,, refines one of the partitions
defined in that lemma, we have F' C Fp, C (J, A, so v(CNF) = 0. Taking v(C) = v(C N F) and
v1(C) =v(C\F) give a Lebesgue decomposition of v on F' with respect to u; in particular,

w(C)=0=v(C)=v(C\F)=urv/(C). (14)

9
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For (ii), for sufficiently fine D,

[ () @ = 3 s G wanB) < 30 (ot {G 4 panB)

ccB 123 cCB M
(B0 > u(Brm0
B
< Y (EF o) uB) < w(X) +ep(X),
BeD
w(B)>0

thus the integral exists and is finite. Moreover,

T v(C v(C
[ (&) @auts) = > s 4F-uanB) = Y sw HFouanp).  (5)
A n BED, (5% BEDn (20
w(B)>0 uw(ANB)>0

The right-hand equality in (15) follows from the observation that all summands corresponding to B € D,
with u(ANB) = 0 vanish, whereas for those with u(ANB) > 0, the test u(B) > 0 is redundant. Specializing
the supremum in (15) at C = AN B,

A(Z—Z):(s) du(s)> > v(ANB)=v(A)— > v(ANB)

BeD, BeD,
w(ANB)>0 w(ANB)=0
=v(A)— > wn(AnB) by (14)
BeDn
nw(ANB)=0
>v(A) = Y n(ANB) =v(A) - vi(A) = vp(A).
BeD,
Similarly,
v - . v(C . v(C
(), @at = S GG a0 = St HGaan B0
A BED, u(C)>0 BED,  u(C)>0
nw(ANB)>0 p(ANBNF)>0

The former equality follows from an argument similar to (15), the latter from the fact that u vanishes
outside F. Specializing the infimum at C = AN BN F,

/ (Z—Z)_(S) du(s) <) V(ANBNF)< Y v(ANB) = 1y(A).
4 " BED» Bep,
w(ANBNF)>0

Thus v9(A) is the limit (13). O

The value of the integral (13) is independent of the choice of the C-chain Dy, but F' and f are not,
and there is no one choice that works uniformly for all C-chains. That is why dv/dp is only defined up
to a p-nullset. However, by taking least common refinements, one can find F' and f that work for several
C-chains at once. That is one reason for making (iii) explicit.

6 Composition in JDist

To show that JDist is a category and that J : Krn — JDist is a functor, we must define composition
and the identity morphisms in JDist and show that they are preserved by J.

10
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Composition in JDist is defined as follows. For 0 : (X, A, u) — (Y,B,v) and n : (Y,B,v) — (Z,C,¢),
define

(A x B)-n(Bx(C)
v(B) ’

(0:m(AxC) = lm (16)

BeD
v(B)>0

where the limit is taken over countable measurable partitions D of the mediating space Y. We argue below
(Theorem 6.1) that the limit exists.

The identity morphisms are the joint distributions J1x obtained from the identity kernels 1x : X — X.
Checking associativity of the composition is a mechanical exercise, where one employs commutativity of
the countable limit sums over the partitions of the two intermediating spaces: for 6 and n as above, and
C:(Z,C,€) — (W, F, p), one has

0(Ax B)-n(BxC)-((CxF)
v(B)-¢(C)

(0575 ¢)(Ax F) = lim > lim >
BeD Ce€
v(B)>0 £(C)>0

where D and & range over countable measurable partitions of Y and Z, respectively.
Note that the definition of composition is completely symmetric in the input and output space. The

category JDist is thus a dagger category whose involution T is composition with transpose: 87(C' x A) =
(A x C).

Theorem 6.1 Let u, v, & be finite measures on Y. Let (dv/dp)}, and (d€/dp)s, be the approzimants
defined in (12). If there exists a countable measurable partition D such that

| (&), (%), @dut) < .

then the limit

: v(B) - §(B)
LD T "
BED
w(B)>0
exists and is equal to
[ fOg@due =it [ (%)) © (%), ©duto) (18)
. Y I w Jy \du)p, ) p, 12
for any sufficiently fine countable C-chain Dy T Dy T ---, where f = infn(dl//du);gn and g =

inf,, (d€/dp), .

Proof. By definition of (dv/du)5 and (d€/du)5,

| (&), 0 (%), 0o - | S s Gnen)| | X s S s | do)

CCB Bep DCB

1(B)>0 MO)>0 u(B)>0 p(D)>0

— v(C) 3€2)
=2 | i | | s iy | #(B):
MfBe)go #(C)>0 u(D)>0

11
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To show (17) and (18), for arbitrarily small positive ¢, we have by Lemma 5.1

BeD
n(B)>0 n(B)>0

IN

BeD
n(B)>0

> (i3

n(C)>0
BeD

7 +e) (iF
w(B)>0

S (H2EE | (B) 1 cv(B) + ()

BeD
wn(B)>0

IN

£) u(B)

IN

< | D0 HEEE | eg(v) +en(Y) + 2u(Y).
M?BG)ZO

> ( inf 55 ( u(B)
_|_

14 14 v +
SR = S s e < [ (%), 0 (£), 0o
BeD

For the remaining statement (18), we use the stronger claim (10) of Lemma 5.1. Since

(#),0 <0< (%), 0 (2) 0 <o <

we have

(%), 0 (%), 0 < o0 < (%), 0 (%), ©

We must choose D,, so that
(&) 0 (£) 0- (%) o(£) o
becomes arbitrarily small. By (10) of Lemma 5.1, D can be chosen so that
(%), 0 (%), 0 (%), 0 (%), o

< (#),0- (), 0 (), 0+ (&), 0(5), 0 - (

Corollary 6.2 The map 0 ; n as defined in (16) on measurable rectangles extends to a joint probability

measure on X X Z.

Proof. This can be done using the Carathéodory-Hahn-Kolmogorov extension theorem. It suffices to

verify the premises of that theorem, namely

(i) @ ; n is finitely additive on measurable rectangles: if {A4,, x Cy}, is a finite set of pairwise disjoint

measurable rectangles whose union is a measurable rectangle, then

03 m(J(An x Ca)) =D (05 0)(An x Cn).

n n

12

dg

dp

), ®.
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(ii) If for each i > 0, {A! x Ci}, is a finite collection of pairwise disjoint measurable rectangles with

A > 0, { A , ! :
U, (A5 x Citly C U, (A% x CF), and if N, U, (A% x C%) = 0, then
inf(0 5 n)((J(4), x C1)) =

For (i), we can assume without loss of generality that the A,, are pairwise disjoint and the C,,, are pairwise
disjoint, and we are to show

@5 m(JAn x [JCm) =D (05 0)(An x Cr).

Since limits commute with finite sums,

@;n) UA XUC _hmz9(U An XB)??(BXU Cm) hmzzz (An XBngCm)

BeD BeD n m

—ZthZ AXB BXC ZZHnAXC)

BeD

inf (6 5 n)(| (4, x CL)) =inf > (6 ; n)(A}, x Cp)
. . 0(AL xB)n(BxCL) A1><B (B><CZ)
—IIngIIZI)nZ A(B) mfhmzz

BeD BeD n

We argue that if (), |, (4% x C%) = 0, then either (), U,, A% = 0 or N, U,,C, = 0. Suppose not. Let
s €U, A, and t € N, U, C.. Then for all i there exists n such that s € A% and there exists m such
that ¢t € C!. By renumbering if necessary, we can assume that for all i, s € A} and t € C{. Then

(s,t) € (A} x CF) €N U, (4], x C). ‘
By symmetry, assume without loss of generality that (), J,, A}, = (. Since

n(B x Ci)/v(B) = n(B x Ci)/n(B x Z) < 1

we have

1nfhm Z Z EH XB 77 (BxCy) < mfhm Z ZH 1nf9 UAl xY)=0.

BeD n BeD n

Theorem 6.3 The map J constitutes a faithful embedding J : Krn — JDist.

Proof. Composition in Krn is defined by [P], ; [Q], = [P ; Q],. This is well defined by Lemma 4.1. To
confirm functoriality, we show that J(P ; Q) = JP ; JQ and that the J1x are identities for composition
in JDist.

For composition, using the fact that for any P, JP(A x B) = (i ; A ; P)(B), the left-hand side gives

J(P;QUAXC)=(u; A; P;Q)O).

For the right-hand side, we observe that

inf @(.0) [ vt < [ Q(.C)viat) <supQ(t.C) [ vian),

teB

13
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or in other words,

inf Q(t,C)v(B) < (v; B; Q)(C) <supQ(t,C)v(B),

teB teB
so for v(B) > 0,
. (v;B;Q)(C)
< — 2 <K .
nfQtC) < (B < félg@(t,c)
Thus
. 1 IP(AXB)JQ(BXC) _ 1. (1sA;P) (B)-(1:B:Q)(C)
(IP;JQ)(A x C) =lim > 5 = lim > )
BeD BeD
u(B)>0 u(B)>0
—tig Y (3 43 P)(B) - swpQUC) = [ (5 A5 P)(d) - Q1. C) = (13 45 P Q)(C).
v teB Y
w(B)>0

For the identities, J1x ; JP = J(1x ; P) = JP and JP ; J1 = J(P ; 1y) = JP. The equivalence of
Lemma 4.1(i) and (iv) establish the faithfulness of the embedding. O

The embedding is also full when Krn is restricted to standard Borel spaces—hence, the category
considered by Dahlqvist et al.[5] can be fully and faithfully embedded in JDist.

7 Conclusion

We have presented a category of joint distributions JDist in which composition can be defined without
reference to disintegration. To define this composition we explored approximants and an enhanced version
of the Radon-Nikodym theorem. Our motivation to define this new category is to provide a setting in
which semantics of probabilistic programs can be done under weaker assumptions than previous work
(where e.g. standard Borel spaces were considered). We showed that the category Krn of Markov kernels
on countably generated spaces can be faithfully embedded to JDist and, when Krn is restricted to
standard Borel spaces, the embedding is also full.

Although the assumption of spaces being standard Borel may not seem to be a very restrictive one,
we believe our new way of composing joint measures will be profitable nevertheless. The category JDist,
with its definition of composition, is a natural domain to contrive and prove correctness of approximation
schemes of joint distributions for probabilistic semantics. This is something we already hinted at with the
discrete approach in Section 3.

A natural direction for future work is to explore the formulation of a point-free treatment based on
the observation that the objects (X, A, u) of Krn and JDist do not really depend on the measure p, but
only its o-ideal of nullsets.
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