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—— Abstract

We prove that every finitely generated convex set of finitely supported probability distributions has
a unique base. We apply this result to provide an alternative proof of a recent result: the algebraic
theory of convex semilattices presents the monad of convex sets of probability distributions.
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1 Introduction

Models of computations exhibiting both nondeterministic and probabilistic behaviour are
abundantly used in computed assisted verification [1, 12, 19, 5, 35, 11, 27], Artificial Intelli-
gence [4, 17, 26], and studied from semantics perspective [14, 29, 13]. Indeed, probability
is needed to quantitatively model uncertainty and belief, whereas nondeterminism enables
modelling of incomplete information, unknown environment, implementation freedom, or
CONCUITENCY.

Since several decades, computer scientists have found it convenient to exploit algebraic
methods to analyse computing systems. From an algebraic perspective, the interplay of
nondeterminism and probability has been posing some remarkable challenges [34, 18, 20, 16,
33, 24, 9, 31, 23]. Nevertheless, several fundamental algebraic structures have been identified
and studied in depth.

In this paper we focus on one such structure, namely convez sets of probability distributions.
These sets give rise to a monad that is well known in the literature and has found applications
in several works [24, 9, 31, 33, 34, 16, 10, 22]. In recent work [3], we proved that this monad
is presented by the algebraic theory of convexr semilattices. In this paper, we provide an
alternative proof based on a simple property: We show that every (finitely generated) convex
set of distributions has a unique base.
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Presenting convex sets of probability distributions by unique bases

This alternative proof technique is based on a categorical machinery together with a more
syntax-based approach, which has already proven useful in extensions of the presentation
results to the setting of metric spaces and quantitative equational theories [22, 21].

Synopsis: In Section 2, we show the unique base theorem. Our alternative proof of the
presentation of the monad is based on exhibiting a monad map which is an isomorphism.
We recall the relevant categorical notions in Section 3, and introduce a general recipe for
building a monad map. In Section 4 we illustrate the monad of interest as well as the theory
of convex semilattices, and in Section 5 we apply the recipe from Section 3 to build a monad
map relating the monad and the theory. In Section 6 we prove that this monad map is an
isomorphism, by relying on the unique base theorem to derive a normal-form argument.

2 A unique base theorem for convex sets of probability distributions

Given a set X, a probability distribution is a function d: X — [0, 1] such that }__ d(z) = 1.
A probability distribution d is finitely supported if d(z) # 0 for finitely many x. We
call D(X) the set of finitely suported probability distributions over X. A probability
distribution d € D(X) is a convex combination of the distributions di,...d, € D(X) if there
exist ai,...,0p € [0,1] such that >, a; = 1 and for all z, d(z) = >, a;d;(x). Hereafter
we will just write the latter condition as d = ), a;d;. The convex closure of a subset
S C D(X), written conv(.S), is the set of all the convex combinations of the distributions
in S. A subset S C D(X) is convez if S = conv(S). A convex set is finitely generated
if there exist dy,...,d, € D(X) such that S = conv({dy,...,d,}). We let C(X) denote
the set of non-empty, finitely-generated convex sets of distributions over X. A base for
S € C(X) is a set {dy,...,d,} such that S = conv({dy,...,d,}) and for all ¢ € 1...n,
d; & conv({d; | #,1 < j < n}).

» Theorem 1. For every S € C(X), there exists a unique base.

We show here a direct proof (Proof I) and an alternative proof using functional analysis
tools and the strong theorem of Krein-Milman [25] (Proof II).

Proof I. Existence of the base comes from the property that S is finitely generated. In the
rest of this section we prove uniqueness; namely if {dy,...,d,} and {d},...,d],} are two
bases for some S € D(X), then {di,...,d,} ={d},...,d.,}.

Let {di,...,d,} and {d},...,d],} be two bases for S € D(X). Then foralli € 1...n
it holds d; € conv({d},...,d;,}) and for all j € 1...m it holds d} € conv({dy,...,d,}). By
unfolding the definition of conv, this means that for all 7 there exist a; ; such that 3, o j = 1
and for all j there exist o} ; such that }_; o} ; = 1 and such that

di= > a;d; and dj= Y dfdi (1)
je{l..m} ie{l..n}

Hence, for all 4 it holds

/ !
di= ) oig| D ojude|= ) Y. iy | di

je{l...m} ke{l..n} ke{l..n} \je{l..m}

where the fist equality follows by replacing the d; in the left equation in (1) with the one in
the right equation in (1). So we have

d; = Z ijas; | di + Z Z ;o | di (2)

je{l..m} ke{l..n\{i} \je{l..m}
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We now prove by contradiction that

Z o ja; =1forallie {1...n} (3)
je{l...m}

Let i € {1...n} and let B = > ey, @i, If B # 1, then by (2) we have

> mt QO
di=pfidi + (1-5) Y ( pm S
ke{l..n}\{i} v

and from this we derive

Zje{l...m} O‘i,ja;',k
d; = Z ( -5, dy,

ke{1..n}\{i}

This means that d; is expressible as a convex combination of {d;...,d,}\{d;}, which
contradicts the hypothesis that {d; ...,d,} is a base. Hence, §; = 1, which proves (3).

From (3) and (2) we derive that for all k € {1...n}\{i}, 3°;cy 0y iy, = 0. Since
all the summands are non-negative, this entails that

a;jaf, =0forallie{l...n}, ke {l...n}\ {i} and j € {1...m}. (4)
By reasoning in the same way, we obtain the following
ojap=0forall je{l...m},le{l...m}\{j}andie {1...n}. (5)

We now prove that for all i there exists one j such that o j = 1. As 3, a;,; = 1, there
is at least one j such that a; ; > 0. By this and (4) one has that for all k£ € {1...n}\ {i},
o = 0. Since 3 o,y 0, = 1, we have that o) ; = 1. Hence we derive by (5) that
oy =0forall € {1...m}\ {j}. Since }>;cy ,,y @iy =1, we have o ; = 1.

Using this fact, we conclude by the left equation in (1) that for every 4 there exists one
Jj such that d; = dj. Hence, we have {di,...,d,} C {d},...,d;,}. The opposite inclusion
follows symmetrically. |

Proof II. Let S € C(X). Note that then S is a subset of D(X) C R¥ and hence a subset
of a locally convex topological vector space (R* with the product topology). Consider the
family B={B C S | S = conv(B)}. It is obvious that B is minimal in B if and only if no
element d € B satisfies d € conv(B \ {d}). We now show that B contains a smallest element.

First, note that for all B € B, Ext(S) C B, with Ext(S) being the set of extreme
points of S. Indeed, let d € Ext(S). Then d € S and can be written as d = 3, cppid; =
p;i - di + (1 — p;) - e for some p; # 0 and e € S, and hence by extremality of d we have
d = d; = e yielding d € B.

Next, we show that S = conv(Ext(.5)), which means that Ext(S) € B and hence together
with Ext(S) C B shows that Ext(S) is the smallest element of B. This smallest element
Ext(S) is the unique base of S. Pick a finite By = {d1,...,d,} € B. Then S = ®(A,,) for

A, ={(z1,...,2n) ER" | z; € [0,1],2:@ =1}

and ®: R" — RX given by ®(z1,...,2,) = >; zid;. Note that A, is compact, by Heine-
Borel, as it is a closed and bounded subset of R™, and ® is continuous, since we are in a
topological vector space and hence algebraic operations are continuous. As a consequence, S
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is compact as a continuous image of a compact set. Now, Krein-Milman applies, yielding
that S = conv(Ext(S)) with conv denoting the closed convex hull and hence

S = conv(Ext(S)) = conv(Ext(S))
since by the same argument as above conv(Ext(S)) is compact and hence closed. <

Instead of the Krein-Milman theorem, one could use in this proof its predecessor from
classical convex analysis in R™, e.g. [32, Theorem 18.5]. The reason is that since we deal
with finitely generated convex subsets of finitely supported distributions, such subsets are
actually elements of C'(X) for a finite set X.

3 Monads and presentations

Theorem 1 states the existence of a unique base for every finitely generated convex set
of probability distributions. In the remainder of this paper, we exploit this result to
illustrate an alternative proof of Theorem 4 in [3] that provides a presentation of the monad
C [24, 9, 31, 33, 34, 16]. In Section 4, we recall the monad as well as its presentation given
in [3]. In this section, we recall some basic facts about monads and presentations.

A monad on Sets is a functor M: Sets — Sets together with two natural transformations:
a unit 7: Id = M and multiplication p: M? = M that satisfy the laws p o nM = p o
Mn=idand po Mu = po uM.

A monad map from a monad M to a monad M is a natural transformation o: M = M
that makes the following dlagrams commute, with 1,y and 7, ,u denoting the unit and
multiplication of M and ./\/l respectively, and oo = 0 0o Mo = Mooo M-

X 21 MX MMX —2%5 MMX
* \LU “\L \Lﬂ
MX MX MX

If 0: MX — MX is an iso, the two monads are isomorphic.

An important example of monad is provided by the free monad of terms. Given a
signature X, namely a set of operation symbols equipped with an arity, the free monad
Ty, : Sets — Sets of terms over X maps a set X to the set of all 3-terms with variables in
X, and f: X — Y to the function that maps a term over X to a term over Y obtained by
substitution according to f. The unit maps a variable in X to itself, and the multiplication
is term composition.

Given a set of axioms F over Y-terms, one can define the smallest congruence generated
by the axioms, denoted by =p. Hereafter we write [t]g for the =g-equivalence class of
the X-term ¢t and T% g(X) for the set of E-equivalence classes of ¥-terms with variables
in X. The assignment X — T g(X) gives rise to a functor T% g: Sets — Sets where
the behaviour on functions is defined as for T%. Such functor carries the structure of a
monad: the unit n¥: Id = T g and the multiplication pf: Tk pTs g = Ts g are defined
as 1P (2) = [o]p and pP[H{[t] 5/ e = [tt:/v:} e

An algebraic theory is a pair (X, E) of signature 3 and a set of equations E. We say that
(X, E) provides a presentation for a monad M if Ty, g is isomorphic to M.

We next introduce several monads on Sets together with their presentations.

Nondeterminism. The non-empty finite powerset monad P,. maps a set X to the set of
non-empty finite subsets P,.X = {U | U C X, U is finite and non-empty} and a function
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[ X 2Y t0Puef: PreX = PueY, Pnef(U) ={f(u) | u€ U}. The unit n of Py, is given
by singleton, i.e., n(z) = {x}, and the multiplication y is given by union, i.e., u(S) = Uycg U
for S € PpePreX.

Let X be the signature consisting of a binary operation @. Let E be the following set
of axioms, the axioms of semilattice:

A c I
(x@y)@z(z)x®(y@z) x@y(z)y@x x@x(:)x

It is easy to show that the algebraic theory (X, En) provides a presentation for the monad
P, in the sense that there exists an isomorphism of monads ™ : T%; ~.En = Pre.

Probability. The finitely supported probability distribution monad D is defined, for a set X

and a function f: X — Y, as DX = {¢: X — [0,1] | > cx @(z) = 1, supp(yp) is finite} and

Df(e)y)= >,  @(z). The unit of D is given by a Dirac distribution n(z) = §, = (z — 1)
zef~1(y)

for € X and the multiplication by u(®)(z) = X cqupp(a) 2(#) - p(2) for © € DDX. We

sometimes write D, ; p;x; for a distribution ¢ with supp(yp) = {z; | i € I'} and ¢(z;) = p;.

Let X p be the signature consisting of a binary operation +, for all p € (0,1). Let Ep be
the following set of axioms, the axioms of a barycentric algebra, also called convex algebra:!

(Ap) (Cp) (p)
(+qy) +p2 = x"‘pq(y"‘wz) T+py :;)y+17pm fC‘f'p«T:pr
—prq

The algebraic theory (Xp, Ep) provides a presentation for the monad D [30, 28, 7, 8, 15], in
the sense that there exists an isomorphism of monads *': T%., g, = D.

3.1 A well known recipe for constructing monad morphisms

To prove that an algebraic theory (X, E') presents a monad M, one has to provide ¢: T% g =
M that (a) is a monad map and (b) is an isomorphism. While the proof of (b) often requires
some specific normal form arguments, the proof of (a) can be significantly simplified by using
some standard categorical machinery.

In this section, we illustrate a well known recipe which allows for constructing a monad
map ¢: Ix g = M in a principled way. We begin by recalling Eilenberg-Moore algebras.

To each monad M, one associates the Eilenberg-Moore category EM (M) of M-algebras.

Objects of EM(M) are pairs A = (A, a) of a set A € Sets and a map a: MA — A, making
the first two diagrams below commute.

AL mA MeAME A mMAME MmB

Nt ooy b

A MA—>A A—>B

A homomorphism from an algebra A = (A, a) to an algebra B = (B,b) is a map h: A — B
between the underlying sets making the third diagram above commute.

It is well known that, when M is the monad Tx g for some algebraic theory (X, E),
EM(M) is isomorphic to the category Alg(X, E) of (X, E)-algebras and their morphisms. A
S-algebra (X, X x) consist of a set X together with a set ¥ x of operations 6x: X" — X,
one for each operation symbol o € 3 of arity n. A (3, E)-algebra is a X-algebra where all the

1 There is another equivalent presentation for convex algebras with a signature involving arbitrary convex
combinations and two axioms, projection and barycenter. In this paper we will mainly use the binary
convex operations.
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equations in E hold. A homomorphism h from a (X, F)-algebra (X, X x) to a (X, E)-algebra
(Y,2y) is a function h: X — Y that commutes with the operations, i.e., ho dx = dy o h"
for all n-ary o € X.

For instance, (X, En)-algebras are semilattices, namely a set X equipped with a binary
operation @ x that is associative, commutative and idempotent. A semilattice homomorphism
is a function h: X — Y such that h(z1®xx2) = h(z1)Dyh(zs) for all 21,20 € X.

Now we can display an abstract recipe for constructing a monad map ¢: Tx, g = M,
which consists of three steps:

(A) For each set X, provide MX with the structure of a (3, E)-algebra, namely functions
O0x: (MX)" —» MX for each o € X, that satisfy the equations in F;

(B) Prove that for each function f: X — Y, Mf is a (X, E)-algebra homomorphism;

(C) Prove that for each set X, puit: MMX — MX is a (%, E)-algebra homomorphism.

By the correspondence of (3, E)-algebras and Eilenberg-Moore algebras for Ty, p and
(A), we obtain a Tx, g-algebra ag(: Ty pMX — MX for each set X. These ag( give rise
to a natural transformation of: Ty, M = M by (B) and the correspondence of (X, E)-
homomorphisms and Ty, g-homomorphisms. The monad morphism ¢: Ts, p = M is then

obtained by (C) and the following theorem?.

» Theorem 2. Let (M, ™, ™M) and (M, ™, p™M) be two monads. Let of : MM = M
be a natural transformation such that ag(: MMX — MX is an FEilenberg-Moore algebra

for M and that ,uﬁ;t: MMX — MX is an M-algebra morphism from (MMX, ag\hx) to
(/\;IX7 a&). Then the following is a monad map:

MnM ~ ot ~

L= M MM M.

Proof. In order to prove that ¢ is a monad map, we need to prove that the following two
diagrams commute.

779(/1 Mex ~ Larx A A
X MX MMX 5 MMX 25 MMX (6)
\ iLX u??l lué}h
ni! R R
MX MX MX

Lx

For the diagram on the left, it is enough to recall that : = af o /\/lnM and observe that
the following diagram commutes: the top square commutes by naturality of n” and the

bottom triangle commutes since aﬁX is an Eilenberg Moore algebra for M.

ny'

X MX

nﬁ?‘l iMnﬁ}}l
M

MX % MMX

#
(03
idx l X

MX

2 This theorem is known, but it is not easy to find an original reference for it. We thank Jurriaan Rot for
recalling the theorem and the proof with us.
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In order to prove the commutation of the diagram on the right in (6), by ¢ = af o /\/lnM
it is enough to prove that the following commutes:

./\/l./\/lnf(;l ~ Mag( ~ L x PN
MM — MMMX ———— MMX —————— MMX

M M
nx l “Mxi laﬁx/
M
Hx

MX — > MMX

Mn3t Ox

The left square commutes by naturality of u™. The central square commutes since ag( is an

Eilenberg-Moore algebra for M. It remains to prove that the right triangle commutes.
First, observe that the diagram below commutes: the left triangle commutes by definition
of ¢, and the right square commutes by the assumption that ,uﬁ’t is an M-algebra morphism.

~

Mn/\j\?lX PN Muﬁ\(}l ~
MMX —— MMMX ————— MMX

# i
Laax \LOLMX iax

MMX MX

ny

This completes the proof as Mug o Mnﬁx = M(u?{l o nﬁx) = M(id o) = id o <

The function tx : T g X — MX obtained by the above recipe can be inductively defined
forall x € X, t1,...,t, € Tx X and n-ary operations o in X as follows.

ux ([2]p) = ni (@) tx ([o(ty, .. to)lE) = O0x (tx[ti]E, - - ix[tnlB)- (7)

The fact that the functions 6x form a (X, F)-algebra ensures that ¢ is a well defined function,
namely if ¢t =g ¢/, then «([t]g) = «([t'] 5).

We conclude this section by shortly illustrating how to apply the above recipe to the
monad for nondeterminism and the one for probability discussed above. To construct a monad
map 1V : Ty gy = Pre, we define for all sets X the binary function @: Ppe(X) X Ppe(X) —
Pne(X) as the union U. This is associative, commutative and idempotent, so the axioms in
Ey are satisfied, or in other words, this forms a semilattice. This corresponds to point (A)
of the recipe. It is not difficult to check (B) and (C). The resulting monad map is defined for
all sets X as

K(lzley) ={z} X[t @ta]ry) = X ([ta]ey) U X ([t2] 2y )-

To construct the monad map ¢% : T, Bp = D, we define for all p € (0,1) and all sets X the
binary function 4,: D(X) x D(X) — D(X) as d1+,d2 = pdi + (1 — p)da. One can check
that the three axioms in Ep are satisfied (distributions form a convex algebra), and that
points (B) and (C) of the recipe hold. The resulting monad map is defined for all sets X as

k([2]pe) =00 K ([t +ptelpe) = pik ((tilee) + (1= )ik (2] ep)- (8)

4 The monad for nondeterminism and probability

In this section, we recall the monad for nondeterminism and probability, its presentation,
and we illustrate some interesting properties.
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The monad C': Sets — Sets maps a set X into CX, namely the set of non-empty,
finitely-generated convex subsets of distributions on X (as defined in Section 2). For a
function f: X =Y, Cf: CX — CY is given by Cf(S) = {Df(d) | d € S}. The unit of
Cisn: X — CX given by n(z) = {d,}. The multiplication p: CCX — CX of C can be
expressed in concrete terms as follows [16]. Given S € CCX,

u(S) = U{ 3 <I>(U)~d|deU}.

PeS Uc€supp ®

Let X be the signature X UXp. Let E be the sets of axioms consisting of En, E, and
the following distributivity axiom:

D
(@@Y) +p2 2 (@ 4p2) & (y + 2)

This theory (X, E) is the algebraic theory of convezr semilattices, introduced in [3].
» Theorem 3. (X, F) is a presentation of the monad C.

The above theorem has been proved in [3]. In the remainder of this paper, we will provide
an alternative proof of this fact by exploiting the unique base theorem (Theorem 1).

We begin by observing that the assignment S — conv(S) gives rise to a natural trans-
formation conv: P,.D = C [20, 2]. Theorem 1 provides a way of going backward, from C
to PpeD: we call UBx: CX — Pp.DX the function assigning to each convex subset S its
unique base. However such UBx does not give rise to a natural transformation, in the sense
that the diagram on the left in (9) only commutes laxly for arbitrary functions f: X — Y.

cf cf

CX cy CX cy (9)
UBX\L f)/ lUBy UBx l Tcoan
PreDX —— P,.DY PreDX ——=P,.DY
PreDf PreDf

It holds that UBy o Cf C P,.Df o UBx but not the other way around, as shown by the
next example.

» Example 4. Let X = {xz,y,z}, Y = {a,b} and f: X — Y be the function mapping both
x and y to a and z to b. Consider the set S = {%x + %y, %x + %z, 0, }: this set is a base
since none of its element can be expressed as convex combination of the others. However,
the set PpeDf(S) = {04, 3a + 3b, 0y} is not a base since $a + b can be expressed as a
linear combination of J, and d,. Now, by taking the convex set conv(S) € CX one can
easily see that UBy o C'f 2 P,.Df o UBx. Indeed P,.Df o UBx(conv(S)) = P..Df(S) =
{64, 3a+ 3b, 8}, while UBy o C f(conv(S)) = {44, 6} since C f(conv(S)) = conv(Df(S))
by Lemma 5 below.

Interestingly enough, while the diagram on the left in (9) does not commute, the diagram
on the right in (9) does. This is closely related to Lemma 37 from [3], which provides a
slightly different formulation. Below, we illustrate a proof: to simplify the notation of the
natural transformations, we avoid to specify the set X whenever it is clear from the context.

» Lemma 5. Let S€ C(X) and f: X =Y. Then Cf(S) = conv({Df(d) | d € UB(S)}).

Proof. We prove C'f(S) C conv(Uzeup(s){Pf(d)}). Let e € Cf(S). Then e = Df(d) for
some d € S, which implies that d is a convex combination of elements of UB(S), that is,
d=7>_,;pi-d; with d; € UB(S) for all i. Hence, e = >, p;-Df(d;) € conv(Uyeups){Pf(d)}).
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For the opposite inclusion, let e € conv(U,cypsy {Pf(d)}). Hence, e = 3=, p;i - Df(d;)
with d; € UB(S) for all i. We have >, p; - Df(d;) = Df (>, pi - di) and, from ), p; - d; € S,
we conclude e € C'f(S).

<

5 The monad map v: Ty, p = C

In this section we apply the standard recipe from Section 3.1 to construct a monad map
L: TZ,E = C.

For this aim, we first recall two well-known operations on convex sets: the convex union
@: O(X) x C(X) = C(X) defined for all S;,5; € C(X) as

S1 @ Sy = conv(S; U Ss)
and, for all p € (0,1), the Minkowski sum +,: C(X) x C(X) — C(X) defined as
S1+p Sa ={d|d = pdy + (1 — p)ds for some d; € Sy and dy € S>}.
Points (A) and (B) of the recipe hold by the following result from [3, Lemma 38].

» Lemma 6. With the above defined operations (CX,®, +p) is a convex semilattice. Moreover,

foramap f: X =Y, the map Cf: CX — CY is a convex semilattice homomorphism from
(CX,&,+,) to (CY, &, +)). <

The following lemma proves point (C) explicitly, namely that p is a (¥, F)-homomorphism.?
» Lemma 7. For all 51,52 € CC(X), it holds that:

1. u(S1 @ S2) = u(S1) ® p(S2)
2. p(S1 +p S2) = p(S1) +p u(52)

Proof. Through this proof, we will often use the following key observation: d € p(S) iff

3¢ € S such that d = Z o(U)-f(U) , for f: supp(®) — D(X) such that f(U) € U.
U esupp(P)

1. We first prove the inclusion p(S7) @ p(S2) C (S, @ S2). As Sy C S1 @ Sy we derive that

u(Sy) = Ucbesl{ZUesupp(@) ®U)-d|deU}
g U‘PESIQ}SQ{ZU€supp(¢) @(U) -d | d € U} (10)
= (S @ S)

Symmetrically, by S C S1 @, S2 we have

M(SQ) d:ef U‘PESz{ZUESW;)p((b) @(U) -d | de U}
< U¢€S1@SQ{ZU€Supp(¢') eU)-d[deU} (11)

def

= (S ®5)

3 In [3], we show that (CX,@®,+,) is the free convex semilattice generated by X and then prove that

= idﬁ «» see [3, Lemma 41]. An implicit consequence of this is that y is the unique homomorphism
from the free convex semilattice generated by C'X to the free convex semilattice generated by X that
extends the identity map on CX.

13:9
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Hence,

p(S1) © p(S2)

—cov (| { X ewyalaevju Y { X ow)-dldevy)

®€S1  U€supp(®) ®eSs  Uesupp(®)
C conv(u(51 © 52) (by (10), (11))
= u(S1 & S2) (by u(S1 @ S2) a convex set)

We then prove the inclusion p(S1 & S2) C u(S1) @ p(S2). Take d € pu(S1 @ S2). Then
there is a ® € 51 @ S such that d = > y;c o pp@) P(U) - f(U), with f : supp(®) — D(X)
such that f(U) € U. As ® is a convex combination of distributions in Sy U Sa, we have
O =>".p; - ®; with &; € (S; USy) for all i. Then for all z € X we have

> eSO = Y (e ®)U) - fO))

U esupp(P) UeuU, supp(®;)

= Y (Ewem o))

Ueu, supp(®;) A

=S (X W) r0)w)

UeU,; supp(®;)

=YX w0 r0w)

U esupp(®;)

Hence, the result follows as

=Y (X aw-rw)

U esupp(P;)

Gconv( U { Z @(U)od\déU})

Pe(S1US2)  Ué€supp(®)
= u(Sl S SZ)-

2. We first prove u(S1) +p 1(S2) C (St +p S2). Let d € pu(S1) +p £(S2). Then

d:( > @1(U)~f(U)) +p( > <I>2(U)'9(U))

U esupp(®1) U esupp(P2)

with &1 € S1,®2 € Ss, with f : supp(®;) — D(X) such that f(U) € U, and with
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g : supp(®2) — D(X) such that g(U) € U. For all x € X, we have

d@)=(( > @)U+ (Y (U)90))) @)

Uéesupp(P1) Uesupp(P2)

=( Y @O fO)@)+( D (1-p)-2(U) g(U)()))

Uéesupp(P1) Uéesupp(P2)

= ( (p- @1(U) - f(U)(x)))

Uéesupp(®1)\supp(®2)

+( > (1= p) - ®2(U) - g(U)()))

Ué€supp(®2)\supp(®P1)

+( (0 @1(U) - F(O)@)) + (1= p) - (U 9(U)())) )

Uesupp(®1)Nsupp(P2)

@ S (B1 45 22)(U) - F(U)()))

+ ( > (21 +p B2)(U) - g(U)(2)))

U esupp(P2)\supp(®P1)

+( (@14, ©)(V) - (FO)@) + s g(U)(@)))

(®1+p®2)(U)
U€supp(®1)Nsupp(P2) !

= > (@4 ®)(U) h(U)(x)

Uesupp(®P1+,P2)

where h : supp(®y +, ®2) — D(X) is defined as:

flu if U € (supp(®1) \ supp(®Ps2))
v if U € (supp(®2) \ supp(®1))
(fU)+_parer g(U)) iU € (supp(®1) Nsupp(P2))

(®1+p®2)(U)

<
~— ~—

WU) =

and the equality (x) holds by (p1-¢1) + (p2-q2) = (p1 +p2) - (@1 o q2), Yp1, D2, q1, G2
Then, observe that for every U € supp(®; 4+, ®2) we have h(U) € U, since every U is a
convex set, and thus if U contains f(U) and g(U) then it also contains f(U) +, g(U), for
all ¢. Thereby, we conclude d € u(S1 +, S2).

We now prove the remaining inclusion, i.e., u(S1 4+, S2) C u(S1) +p #(S2).

Let @ € 51+, S2 and let d = 3"y 0@y @(U) - f(U), with f : supp(®) — D(X) such
that f(U) € U, be an element of 1(S1 +,52). Then, ® = &1 4, Py, with ®; € 51, Py € S.
For every x € X we have

() = > (@14, ®2)(©) - F(U) ()
U esupp(P1)Usupp(P2)
= > (p-él(U)-f(U)(z))Jr((l—p)~<I>2(U)~f(U)(o:)))
Ué€supp(®P1)Usupp(P2)
(X o s@)+( X 1-p)- ) f0)E)
Uesupp(P1) Uesupp(®2)
(X a@ @)+ (Y ) f0)@)
U esupp(®1) U esupp(P2)
which implies d € p(S1) 45 1(S2). <
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By applying the recipe from Section 3.1, we obtain from Lemmas 6 and 7 a monad map.

» Proposition 8. The natural transformation v: Ts, g = C is a monad map, defined as:
Wlz]p) = {0} u[tr ®to]p) = ([tilE) ® u([te]p)  u([t1 +p t2]B) = W[ta] &) +p ¢([t2]E)

Lemma 7, together with the existence of unique bases, also allows us to derive a useful
characterization of the multiplication p of the monad C.

» Lemma 9. For S € CCX,

u(S):conv( U { 3 <I>(U)-d|deUB(U)}).

PcUB(S) Uesupp®

Proof. We have S = conv(Ugcyp(s){®}) which means that S is a convex union of the
sets {®}, for @ € UB(S). Then by Lemma 7 we derive u(S) = conv(Ugeyps) #{®})- By
definition, pu{®} = {3 ycqupp(@) (V) - d | d € U}, hence

,u(S):conV( U { 3 @(U)-d\deU}). (12)

PcUB(S) Uesupp(®P)

Observe that the Minkowski sum operation, which is equivalently defined on arbitrary
(i.e., not necessarily convex) sets of distributions, enjoys the following property:

for any sets of distributions X,Y, conv(X) +, conv(Y) = conv(X +, Y. (13)

Indeed, X +, Y C conv(X) 4, conv(Y'), and as the Minkowski sum of convex sets is convex
we have conv(X 4, Y) C conv(conv(X) +, conv(Y')) = conv(X) +, conv(Y’). For the other
direction, take p(3_; piz:) + (1 — p)(3_; ¢jy;) € conv(X) +, conv(Y'). We have:

.3 1,9 2¥]

p(z pizi)+(1—p)(z 4v;) = O _(ig))=:)+(1-p)O_(pigj)y;) = Y _ (i) (pri+(1—p)y;)

which is then an element of conv(X +, Y"). This shows (13).

For every @, the set {3 r;cqupp(a) P(U)-d | d € U} is a Minkowski sum over the elements
U of supp(®), which are themselves convex sets satisfying U = conv(UB(U)). Then by (13)
we derive:

3 <I>(U)~d\deU}:conv({ 3 @(U)-d\deUB(U)}). (14)

Uesupp(P) Uesupp(P)

By (12) and (14) it holds:

u(S) = conv U conv({ Z <I>(U)~d|d€UB(U)})

PcUB(S) U esupp(P)

Then, by using the property that conv(conv(X)UY) = conv(X UY") for any sets of distribu-
tions X,Y (as shown in the proof of [3, Lemma 38]), we conclude that the latter is equal
to

conv( U { 3 <I>(U)-d|deUB(U)}).

®EUB(S)  U€supp(®) <
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6 Proving the isomorphism

In the previous section we have constructed a monad map ¢: Tx, g = C (Proposition 8). In
this section, we prove that it is an isomorphism by exploting Theorem 1.

We start with a simple observation: for each set X, there is a trivial injection ix : T%, (X) —
T5(X). A term in T is said to be a purely probabilistic term (p-term, for short) if and only
if it lays in the image of . We overload the notation and also denote with ¢ its extension to
equivalence classes ix: T, gp(X) — Ty g(X), which is well defined as Ep C E.

» Lemma 10. Let {—}x: D(X) — C(X) be the function mapping every distribution d into
the convex set {d} and let JF': T, g, = D be the monad map from (8). The following
diagram commutes.

T, pp X =Ty pX

DX ——CX
{-}x

Proof. We prove by induction that {t£([t|g,)}x = tx(ix(([t]g,))) for all t € Ts,. If
t=x€ X, then {1¥([2]r,)}x = {0z} = ex([2]p) = ex(ix(([]s))). It =t1 + ta, then

{5t +p talmp)x = {p- o5 ([]ep) + (1 —p) - & ([t1]mp)}
= (X ([tilee)} +p (X (t2]5p)}
= ux(ix([t1]Ep)) +p ex (ix([t2] B ))
x ([t1]p) +p ex([t2]E)
ux ([tr +p t2]B)
(ix ([t +p t2]Bp))-

Lx
<

Recall that the monad map (*: 7%, g, = D defined in (8) is an isomorphism. We call
P. D = Ts, g, its inverse. By exploiting k" and Theorem 1, it is easy to define a function
kx: C(X) — Ty g(X) as follows: for S € C(X) with base {d1,...,d,}

kx(S) = [i(kV(d) @ ... ®i(k"(dn))]E. (15)
» Proposition 11. 1 o k = id¢

Proof. Let S € C(X) be a convex set with base {dy,...,d,}. By definition of £ and ¢,

U(15(8)) = u([i(k" (d1))]p) ® - & o([i(x" (dn))])-
By Lemma 10, ¢(k(S)) = {d1} @ - -- ® {d,,} which is exactly S. <

» Remark 12. Proposition 11 and Lemma 10 entail that ix: Tx, g,.(X) = T g(X) is
injective. Hence, two p-terms are equal in F if and only if they are also equal in Ep.

We are now left to prove that x o ¢ = idp, ;. This means that any term ¢ is in the
equivalence class of x o (([t]g), which by definition of x is [i(kF(d1)) @ ... @ i(kF(dn))]E
where {dy,...,d,} is the base of ¢([t]g).

The first step consists in showing that every term is equivalent, modulo F, with a term
of a certain shape: a term t € T (X) is said to be in nondeterministic-probablistic form, n-p

13:13
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form for short, if there exists ¢1,...,t, € Tx,(X) such that ¢t = i(t1) @ ... @ i(¢,). This can
be thought of as an analogous of the disjunctive-conjunctive form that is commonly used in
propositional logic.

» Example 13. The term (z @ y) +1 (y +1 z) is not in n-p form, since x ® y occurs inside
+1. However, by using the distributivity axiom (D), we have that (z ®y) +1 (y +1 2) =g
(+1 (y+12)) @y +1 (y+1 2)) which is in n-p form.

The following proposition ensures that every term is equivalent to one in n-p form.
» Proposition 14. For allt € Ts,(X), there exists t' in n-p form such that t =g t'.

Proof. Intuitively, by virtue of the axiom (D) all the occurrences of +, can be pushed inside
some @. This can be proved formally by means of the following term rewriting system.

(t1®t2) +pts~ (1 +pt3) & (T2 +pts)  t1+p (L2 ®ts) ~ (b1 +pt2) © (1 +p ts)

If t € Tx(X) rewrites to ¢’ € Tx(X), then t =g ¢’ since the left rule is just the axiom (D),
while the right can be derived using (C,), (D) and (C}) again. Using standard term rewriting
techniques from [6] we can prove that the rewriting system terminates:

(1) Define the partial order +, > @ on ¥;

(2) Observe that the generated recursive path ordering on 7% (X) is a simplification ordering
(see e.g., Example A in Section 5 of [6]);

(3) Conclude by the First Termination Theorem.

Finally, we observe that a term ¢ is in n-p form iff ¢ /4: Indeed, if ¢ is in n-p form then
there is no redex for the two rules above. On the other hand, if ¢ is not in n-p form, then
some @ should occur inside a +, and then one of the rules applies.

Therefore, each term ¢ can be rewritten into an E-equivalent term ¢’ in n-p form. |

Given a term ¢ € Ty (X) in n-p form and ¢1,...,t, € Ty, (X) such that ¢/ = i(t;)®...®
i(tn), one would like {t¥([t1]E,), .-, tF ([tn]Ep)} to be the base for «([t]g). But this is not
always the case since some .7 ([t;]g,) can be a convex combination of the other .7 ([t;]g,)-

» Example 15. The term (z +1 y) D (z +2 (z ®y)) is not in n-p form. By applying the
rewriting procedure in the proof of Proposition 14 one obtains: (z+1 y) @ (z +2 (x®y)) =k
(+1y)®(@+22)®(x+2y). Observe that this is equivalent to (z+1y) @z ® (r+2y). The
convex set ¢([(z+1 y) ®r® (x+2 y)|p) has base {¥([z+1 Y] pp), p([2]ep)} = {32+ 3y, 02 }-
Indeed the distribution *([z +29lE,) = 2z + 3y is a convex combination of {3z + 1y, .}
w 3o+ by =30k + ) + o

The next two lemmas are necessary to show that, using the axioms in F, we can remove
from #' those summands i(t;) such that ' ([t;]g,) is a convex combination of the other
tP([t;]Ep). The first lemma is a well known observation (see e.g. [23, 33]), but we report its
instructive proof; the second lemma follows easily from the first one and properties of convex
algebras. We defer its proof to the Appendix.

» Lemma 16 (Convexity law). For all terms t1,ty € Tx(X), for all p € (0,1),

t1 Bty =g t1 Bte P (t1 +pt2).
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Proof. We first prove that

—

t1 Dt (t1 B t2) +p (11 B t2)
((t1 D ta) +p t1) ® ((t1 ® t2) +p t2)
(1 +pt1) @ (ta +pt1)) ® ((F1 +p t2) © (t2 +p t2))

1B (ta+pt1) @ (t1 +pta) Bt

~ ==
o o IIs
AR

ﬁ
[}
T

Then, by applying first this equality and then idempotency, we derive the result:

t1 D ta ® (t1 +p t2) t1 @ (t2 +pt1) © (t1 +p t2) D ta @ (t1 +p t2)

Ip)
= O (ta+pt1) ®(t1+pt2) Do

—

|
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» Lemma 17. Lett ty,...,t, € T, (X) such that ¥ ([t|g,) € conv{.F ([t1]gp), .-, T ([tnlEp)}-

Then
i(fl) D...D Z(tn) =E i(tl) D...D Z(tn) D Z(t)

» Proposition 18. For all terms t € T (X), there exist t1,...,t, € Tx, such that
t=gi(t1)®...Di(t,)
and {eF () gp)s -t ([ta]ep)} is the base of o([t]E).

Proof. By Proposition 14, there exists a t' € Tx(X) in n-p form such that t =g t'.
Take t},...,t,, € Tx, such that ¢ = i(t1) ® ... @ i(t,,). By definition of ¢, «([t]g) =
Wi[]p)) @ © (i([tm] s, ) which by Lemma. 10 s {"([1]5,)} @ - ® (" (tm]p)}-
By definition of @, this is just conv{t"([t1]g,),..., T ([tm]E,)}. Therefore, to conclude
that {t"([t1]E,), -+, tF ([tm]E,)} is the base of ¢([t]z) we only need to show that none of
the P ([t;]p,) is in the convex combination of the others .”([t;]g,). This is not true
in general, but thanks to Lemma 17 all such ¢; can be removed, while preserving FE-
equivalence. To be more precise, by associativity and commutativity of &, we can as-

sume that ¢ ([t1]g,), - - ., 17 ([tn] &) form the base, while o7 ([tp11]p),- -, tF ([tm]E,) are in
conv{P([t1]gp),s - -, T ([t,]E,)}. Then, by repeating (m — n)-times Lemma 17, we conclude
that ¢/ =g Z(tl)@@l(tn) <

» Proposition 19. ko = idp,

Proof. We need to prove that for all terms ¢ € Tx(X), [t|g = & o ¢([t|g). By Proposition 18,
there exists t1,...,t, € Ty, (X) such that

t=pi(t1)®...0i(t,)

and {tF([t1]E,), ... T ([ta]Ep)} is the base for «([t]g).
By definition of &, k(1([t]g)) is exactly [i(kF otP[t1] g, ). . . @i(kF ol [thEu)]E = [tlE. <

This is enough to conclude the proof of Theorem 3. Indeed we have that ¢: Ty, g = C' is
a monad map and that, by Propositions 11 and 19, it is an isomorphism.
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A Proof of Lemma 17.

» Lemma 20. Lett, tq,...,t, € T, (X) such that /£ ([t|,) € conv{tF ([t1]Ep), .-, tF ([talEp)}-
Then there exist p1 ...pn—1 € (0,1) such that t =g, (... (t1 +p, t2) +py ---) Fpo_y tn-

Proof. 1f 7 ([t]g,) € conv{e”([t1]gp ) - - e([tn]p) }, then P ([t s ) = uP (3, @i (F ([t )
for some Y, ¢; = 1. Since .7 is a monad map, its inverse k”: D = T, g, is also a monad
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map and in particular it makes the following diagram commute.

P
ni Tsp,EpX
DPDX — > o DTy, 5, X — 2 o Ty 5, Top 50 X

D Tsp,E
#xl iNXP P

DX T2P7EP

Therefore, we have that

[tlee = &7 0" ([tEs)

=01 ( 3 (e )

= e ok, o, oD (a0 (ter)

i

= puT=rEpr o /@%p,EP (qu ("0 LP([ti]EP»)
i

— MTZP,EP o FL;EP,EP (Z(h [ti]Ep)
7

Observe that ) . q; [ti|g, € DTx, g,(X) and that K;;E;D»EPX maps it into an element of
Tx, g:Tx, £p(X), namely a term obtained by the operations +, and the constants [t;]z,.
Using the axioms in Ep any such term can always be written as (... ([t1]g, +p; [t2]Ep) +ps
o) +pu_, [tn]Ep for some p; € (0,1). Then, the application of p’=r-2r to [(...([t1]Ep +p,
[t2]EP) Fpsy - ) FTpa_1 [tn]EP]EP gives [( . (tl +p, t2) Tpy - ) FTpa_1 tn]EP' Thus t —Ep
(o (t1+p, t2) Fpo o) Fpoy tn- <

Proof of Lemma 17. By Lemma 20, we take pi,...,p,—1 such that
t=pp (.- (1 +py t2) Fpo o) Fpay tn- (16)

By Lemma 16, i(t1) @ ... @ i(t,) is E-equivalent to i(t1) @ ... @ i(t,) ® i(t1 +p, t2). By
applying Lemma 16 again, one obtains i(t1) @ ... @ i(t,) ® i(t1 +p, t2) B i((t1 +p, t2) +ps t3).
We can then remove i(t1 +p, t2) using Lemma 16, to obtain

i(t) & ... ®i(tn) ®1((tr +p, t2) +p, t3)-
By iterating this procedure, one obtains
(1) @ ... & i(tn) B (... (t1 +p, t2) +py---) Fpot tn)

which, by (16), is i(t1) ... D i(t,) ® i(t). <
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