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Abstract

The paper proposes two types of convex relations into algebras of probabilistic distributions as a relational
algebraic foundation of semantic domains of probabilistic systems [4, 7, 8]. Following previous results by
Tsumagari [16], we particularly focus on the associative law for the convex compositions defined via bounded
combinations of probabilistic distributions, and prove that the convex compositions are associative for convex
relations.
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1. Introduction

The concept of rings is basic in mathematics as a framework of numbers. Recently from a view point
on algebraic study [1] of semantic domains for distributed algorithms, the importance of variants of rings,
such as Kleene algebras [5] and idempotent semirings, has been increased. It is well-known that the set of
all binary relations on a set forms a typical example of complete idempotent semirings.

When constructing a concrete model of semirings with preferable properties, we have to first focus our
attention on the associativity of possible composition. For relations a: X — Y and 8:Y — Z the ordinary
composite aff : X — Y is defined as

(z,2) €af < JyeY. (z,y) €an(y,z) €p.

Of course the ordinary composition of relations is associative. A multirelation is a relation of a form
a: X — p(Y), where p(X) denotes the power set of X. Depending on applications, two definitions
of composition of multirelations are known. One of them is called the reachability composition studied by
Peleg [13] and Goldblatt [3] for concurrent dynamic logic. The reachability composition «- 8 of multirelations
a: X —pY)and f:Y — p(Z) is defined by

(@, T)ea-B <+ Uepl) [(z,U)caNIH{T,}yev C p(Z).
VyeU. (y,T,) € BAT = UyevTy .

Another composition of multirelations is given by Parikh and Rewitzky. Their composition «; 8 : X — p(Z)
of multirelations a: X — o(Y) and 8:Y — p(Z) is defined by

(2, T) e ;8 «+ U € pY). [(z,U) eanVyeU. (y,T) € 5].

It is readily seen that the definition of a; 5 is making use of the membership relation and residual composition.
For the associativity of this composition we need a condition called wup-closed. Up-closed multirelations
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provide a model of Parikh’s game logic [11, 12]. Rewitzky [6, 14] studied them as a semantic domain of
predicate transformer semantics of nondeterministic programming language. Further Nishizawa, Tsumagari
and Furusawa [10] demonstrated that the set of all up-closed multirelations forms a complete idempotent
left semiring (complete IL-semiring) introduced by Moller [9].

On the other hand, Mclver et al. [4, 7, 8] introduced a semantic domain of probabilistic programs
and probabilistic Kleene algebra, and indicated that probabilistic Kleene algebras are useful to simplify a
model of probabilistic distributed systems. Based on their works, Tsumagari [16] initially introduced two
probabilistic (non-numerical) models of complete IL-semirings with the set of maps from a set into the unit
interval [0, 1], and studied probabilistic multirelations and the point-wise convexity of them. The point-wise
convexity plays an important réle for both models to satisfy the associativity of composition.

The aim of the paper is to expand Tsumagari’s work [16] and to give a relational foundation for relations
into algebras of probabilistic distributions. Following his work we will reformulate probabilistic multirelations
as certain convex relations, together with stepwise refinement. Then we will clarify how the convexity works
in the associativity of composition of convex relations.

In section 2 we review the basic properties of algebras consist of maps from a set into the unit interval [0, 1]
together with scalar products, multiplications and bounded sums. Section 3 studies convex combinations
of probabilistic distributions. In section 4 we introduce convex composition of relations into algebras of
probabilistic distributions by using convex combinations. In section 5 we show the associative law of convex
composition. Section 6 introduces two types of convex relations, and study the distributive laws of convex
composition over joins. Section 7 summarizes this work.

Notation. In the paper we will denote by I, a singleton set. A (binary) relation « from a set X to a set
Y, written o : X — Y, is a subset @« C X x Y. The empty relation fxy : X — Y and the universal relation
Vxy : X — Y are defined by 0 xy = () and Vxy = X XY respectively. The converse of a relationa : X — Y
is denoted by af. The identity relation {(x,z) | * € X} over X is denoted by idx. The ordinary composition
of relations (which include functions) will be denoted by juxtaposition. For example, the composite of a
relation a : X — Y followed by 8 : Y — Z is denoted by af, and of course the composition of functions
f:X—>Yandg:Y — Z by fg. Also the traditional notation f(z) will be written by zf as a composite
of functions z : I — X and f: X — Y. However, the evaluation of a map p: X — [0,1] at x € X will be
expressed by pp,] € [0,1]. Note that the symbols of multiplication for reals and the ordinary composition of
relations are omitted. Some proofs refer the point axiom (PA) and the Dedekind formula (DF.,), i.e.

(PA) Uzexx = Vrx,
(DF.) afnyC (anyph (8 aty),

where z € X is identified as a function = : I — X. Note that (PA) is equivalent to idx = U,ecy #*z and
that so is (DF.) to a3 M~y C a(B M aky). See [15] for more details on basic properties of relations.
2. Maps to the unit interval

We consider maps from a set X to the unit interval [0,1]. Such a map p : X — [0, 1] is often called a
fuzzy set. The support |p| of a map p is the subset of X defined by |p] = {z € X | p;) > 0}. The set of all
maps from X to [0, 1] will be denoted by Q(X). As we will discuss later, maps in Q(X) will be restricted
as to be probabilistic (sub-)distributions. The point-wise order < on Q(X) is a binary relation such that

p<q < VT €X. p < g

for p,q € Q(X). For areal k € [0,1] a map kx : X — [0,1] such that kx[,) = k for all z € X is called the
constant map over X with value k. For a € X define a map a : X — [0,1] by

. J1 if x = a,
YW= 0 otherwise.



The constant maps Ox and 1x over X are the least and the greatest elements of Q(X), respectively.

We introduce the following operators to discuss algebras of probabilistic distributions. For areal k € [0, 1]
and maps p, ¢ € Q(X) we define maps k-p, pxq, p®q € Q(X) by
(k- P)jz) = kpla), (P * Q)] = Pla)¥(a)
and
(P ® q)[z] = min{pp) + qpa); 1}
for all x € X, respectively. The set Q(X) forms an algebra called a prering.
Proposition 1. Let p,q € Q(X) and k, k' € [0,1]. Then the following hold:

(a) (pxq)*xr=px(g*r), prqg=qx*p,
) p@q)dr=pd(q®dr), pOe=qDp,
) k-p=kxx*p, 0.-p=0x, 1l-p=p, (k') -p=k-(K p),
(d) p®0x =p, pdlx=1x,
)
)
)

Proof is omitted. O

In general the distributive laws p* (¢®r) = (pxq) ® (p*r) and k- (¢@r) = (k-q) ® (k-r) do not always
hold.
The following proposition shows the basic properties about the support of maps in Q(X).
Proposition 2. Let p,q,r € Q(X) and k € [0,1]. Then the following hold:
(a) [0x] =0, and |kx| =X if k>0,
(b) la] = {a},
(c) [p*q] =1Ip] N4l
(d) lp®q] =[p]Uld]

Proof is omitted. O

Proposition 3. Let p, g € Q(X). Then
g<p ¢ FHeQX). q=p=xt.

Proof. (+) qlz] = Pla)tlz] < Pla) SiNCE L[g), Pla] € [0, 1].
(—) Assume ¢ < p. Define a map ¢t : X — [0, 1] by

L=

[]
Ve e Xty = Pla]

if Dlz) > 0,
otherwise.

Then it is trivial that ¢ = p * t. t

The sum of a map p € Q(X) is the least upper bound of the set {>° ppp | F : finite subset of X},
which is denoted by ||p||. It is well-known that the sum [|p|| of p exists iff the above set is bounded.
Also |p] is a countable subset of X if ||p|| exists. (For each positive integer n define a subset |p],, of X by
lp], ={z € X | 1/n < pj3)}. Then each |p],, has finite (at most (n—1)-|n|) members and so |p| = Un>olp],,
is countable.)

We define three types of maps in Q(X) which are used in this paper.
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Definition 1. Three subsets of Q(X) are defined as follows:

(a) p€ Q(X) + peQX) A |lpl| <1,
(b) pe Qi(X) « peQ(X) A pl| =1,
(c) p€ Qu(X) & pe Qo(X) A |p] : finite subset of X. O

Note that Ox € Q.(X), z € Q.(X)N Q1(X) and p*xq € Q.(X) for all z € X, p, ¢ € Q,(X). Elements
of Q. (X) are probabilistic sub-distributions, and those of Q,(X) N Q;(X) are probabilistic distributions.
Essentially, Mclver et al. [4, 7, 8] have studied either the case of Q. (X) or the case of finite set X in order
to develop models of probabilistic systems.

The restriction of the point-wise order <: Q(X) — Q(X) onto Q,(X) is denoted by £% : Q- (X) —
Q. (X), that is,
Vp.g € Q(X). (p,g) €€k < p=<gq,
where the subscript/superscript 7 is one of 0, 1, and *. Remark that the restricted order €% on Q1(X) is
discrete, that is, for £% =idg,(x). Thus the order on Q;(X) will not be used in the rest of the paper.

For 7 € {0,*} every map t € Q(X) yields a map . : Q,(X) — 9O, (X) by
Vp € Q- (X). pte =pxt.

Corollary 1. (£%)* = Uieg(x)ts for 7 € {0,x}.

Proof.

(p,q) € (€%)F q<p
Jdte 9(X).g=pxt=pt, {Prop3}
It e Q(X). (p,q) € t«

(p7 q) € utEQ(X)t*

tTTe

g

A map ex : X = Q,(X) is defined by zex = & for each z € X, where 7 € {0,1,*}. Also, for 7 € {0, *}
we define a relation €% : X — Q,(X) by €% = ex(€%)%. As discussed in detail later, ex and €% are the
units of convex composition over certain convex relations, respectively.

3. Convex combinations
Extending finite bounded sums

n
Po=anope - oqn
=1

of maps ¢1,q2,..,q, € Q(X), we will define the bounded sum of an arbitrary set of maps in Q(X). For a
set {q; | j € J} of maps in Q(Y) define a map P, ;¢; in Q(Y) by

{ ZjeJ(qJ')[y] if ZjeJ(‘Ij)[y} <1

1 otherwise.

VyeY. (@Pa)y =

jeJ

Of course, we mean (B¢ ;j),) = 1 even if the sum . ;(g;)p,) diverges.
The support of bounded sums of a set of maps in Q(X) is given by the union of supports of their maps
contained in the set.

Proposition 4. For all subsets {q; | j € J} C Q(X) the following holds:

P a4l = Yjesly;)-

jeJ



Proof.

yé¢ L@je.] q;] (@je.] )iy =0
ZjeJ(Qj)[y] =0
Vj e J. (Qj)[y] =0
vjieJyé g
—[F5€J oy e lgl]
y ¢ Ujeslys]-

rrTeee

Let f: X — Q(Y) be a map. Define a map f, : Q(X) — Q(Y) by

pfo = P Py (zf)

zeX

where p € Q(X). The map pf, is called a convexr combination of p and f. We need this notion to raise the
composition of convex relations.

Example 1. Set X = {x,y} and define maps f, f', g, h: X — Q(X) by «f = yf =, of =yf =1y,
xg =&, yg = 0x, zh = ¢ and yh = 0x. We have f,, f], go and h, such that

Pfo = Dl © plyd,  Dfo = Pl Y S Py Yy PIo = Pla) Ly Pho = Pla) ¥,
for all p € Q(X). Especially for p' € Q1(X), p'fo =& and p'f, = ¢ hold. O
The basic properties of convex combinations are listed below.
Proposition 5. Let k € [0,1], p € Qo(X) and f: X — Q(Y). Then the followings hold:
(@) (pfo)l) = 2vex Pla) ()1

(b) [lpfoll = > sex Prallz £,
(¢) Ipfo) = Uselp)lzf],
(d) 0x fo = Oy,
(e) xfo = xf:
(f) p(eX)O =D,
(2) p(Vxrky)o = (Kllpll)y
(h) k'(pfo) = (k'p)fo-
Proof. (a) (pfo)iy) = D vex Pla)(®f)y
YowexPa(@f)y S Diexpn {2feQY)}
< L {peQ(X)}
(pfo)yy = min{d v pu(@f)y), 1}
= Yaex Pal(@f)y-

(b) [Ipfoll = Xsex Pl fIl -

Ipfoll = Zer(pfO)[y]

doyey 2wex Pa(@fy {(a) }
erX Pla) Zer(xf)[y]

> wex Pallzfl]-

(c) [pfo] = Uzelp)laf] -
[pfo] Uzex [Py (2 f)]
= U:EEI_pJ I_'rfJ
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(d) OXfo =0y :

Oxfo = Drex(0x)p(zf)

= @rEX 0(.’£f)

= Oy. {0g=0yifge Q) }
(e) ifo =xf:

tfe = @w’eX m'[xz]-(x'f)
= zf.
(f) plex)o =p:
(p(ex)o)a) Yowex P(@ex)m { (a)}

»'ex Pla’] xim]
Pla]-

(&) p(Vxiky)o = (Kllpl])y :

p(Vxrky)o = @Dpex Pl (@Vxrky)
= @xeXp[x]’kY {vaI:idI}
= (XiexPu))ky {pe Q(X)(a) }
= |lpll-ky
= (llpllk)y- { Kky = (Kk)y }
(h) k-(pfo) = (kp)fo
(k-(pf )y = k®fo)y
= k) pexPu(@f)y  {(a)}
= D sex(BD) (@
= (k'p)fo-

The convex combination also satisfies the following properties.
Proposition 6. For 7 € {0,1,x} the following hold:

(a) Ifpe Q. (X) and f: X — Q. (Y), then pf, € Q. (V).
(b) If p € Q-(X) and f : X — Q.(Y), then there exist p' € Q.(N) and f' : N — Q. (Y) such that
pfo=1'f5.

Proof. (ag) [p € Qo(X) A f: X — Qu(X)] — pfo € Qu(Y) :

lIpfoll = YaexPwllzfll { Prop.5(b) }
< %TIEX Dl {xf e QoY) }
= p
< L {preQ(X)}

(a1) [p€ Q1(X) A f: X = Q1(X)] = pfo€ Q1(Y):

||pf<>H Zze lpJ p[z]foH { PI‘Op.5 (b> }
Zme ] Plx) { ‘Tf € Ql(Y) }
L. {peau(Y)}

(ax) [P € Qu(X)A f: X = Qu(X)] = pfo € Qu(Y) is immediate from (ag) and Prop.5 (c).

(bo) Vp € Qo(X)Vf: X = Qo(Y)Ip' € Qo(N)If' : N— Qo(Y). pfo =p'f5 :
As already stated the support |p| is countable if ||p|| exists and so there is an injection i : [p| — N. Define
amap p’ € Q(N) and a map f/: N — Q(Y) by

;_ J pw if3ze|pl.n=umi
Pln) = 0 otherwise
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and
nf'—{ xf if3xe|pl.n=uxi

Oy  otherwise,

respectively. Remark that n € [p'| if and only if there exists z € |p] such that n = zi. Hence

pfo = @xexp[x (zf)

= @HENP n] (nf)

= v
(bs) In the case of 7 =%
Let p € Qu(X) and f : X — Q.(Y), and take the same p’ and f’ defined in (bg). Then it is clear that
p € Q.(N)and f/: N — Q,(Y).
(b1) In the case of 7 =1:
Let p€ Q1(X) and f: X — Q1(Y), and take the same p’ defined in (bg) and define f' : X — 901(Y) b

nf/{ zf if3xe|p|.n=uaxi

Yo  otherwise,

where yo is an arbitrary point of Y. Then it is clear that p’ € Q1(N) and f': N — Q;(Y). O

4. Convex composition

In the rest of the paper the subscript 7 is one of 0, 1 and *, unless otherwise stated. For a map
f:X — Q,(Y) the convex combination induces a map f, : Q-(X) = Q,(Y) by Proposition 6 (a). We now
list some basic properties of the induced maps.

Proposition 7. Let f : X — Q,(Y), g:Y — Q. (Z) and h : X — Q,(X) be maps. Then the following
hold:

(a) fogo = (fgo)o,

(b) exfo =1,

(c) (ex)o =idg, (x),

(d) hC F(ER)F = ho C fo(€X)F forT #1,
(e) (€%)"fo C fo (&7)F forT #1,

(£) (Vxi0y)s = VQ yi0y  for T #1.
(8) (%) ho(€%)F = (§X)lj for T #£ 1.

Proof. (a) fogo = (fgo)o

p(fgo)e = [x]'(mfgo)
(P2 (ﬂff))go { Prop.5(h) }

)
=

I Il
PODDOD
O P

<

8
—
=
8
/\/—\/—\
%%
\_/\_/\_/
\_/
~
<
)
~

<

<
S
?h
S—

=
~
<
<
S~—

|
=S
Xu
Ne}
&
~ O

(b)exfo=f:
zexfo = ifo {zex =21}
xf. { Prop.5(e) }
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(c) (ex)o = idg, (x) is direct from Proposition 5 (f).
() R E fEX)" = ho T fol€k)*
For p € Q,(X) and z € X we have

(Pho) iz} 2o Pl (71 1a)
Yo Pen(@' Nl {2'h <a'f < hE f(ER)* }
(pfo)[z]

VAN

which proves ph, < pf, and hence pho C pfo (%)%
(e) (€%)%fo T fo (67

= p<p = pfe<pfs
© X C e s
o (ER)FE fo ()4
x4 (5;()ﬁf<> Cfo (5;’/)11 { fo :tin }
(f) (Vx10y)e = Vg, (x) 10y :
(Vxi0y)e = Upeo.x)Pp(Vxr0y)e { (PA)}
= Upeo, 0P (lpll0)y  { Prop.5(g) }
= Upeo, (x)p* Oy {llpl[0=0}
= Vg, x)10y. { (PA) }
(8) (€%)*ho(€%)* = ho(€%)* -
(EX)Pho(€%)F T hol(€%)*(€%)* {(e)}
= ho(€%)% { (€R)HER)F = (%) }
ho(€%)F = idQT§X)ho(f§)ﬁ
T (€%)*ho(€%)%.

For a relation a: X — Q. (Y) define a relation a, : Q,(X) — Q,(Y) by
Qo = I—IfEaan

where f C o means that f isamap f: X — Q,(Y) such that f C «. This notion allows convex composition
to be treated in ordinary relational calculus.

Remark. By the relational axiom of choice (AC) there exists a map f C « iff « is total. Such a map f is
often called a choice function of a. Also « is total if « is total, and a, = @QT(X)QT()/) otherwise.

Example 2. Consider relations v = gLl h and v/ = hUex where g, h: X — Q,(X) appeared in Example
1. Since there is no maps included in v = g U h other than g and h, the identity ~, = g, U h, holds.
For a relation 4/, the identity 7, = he U ex, does not hold. Because v consists of four maps, that is
hUex = f'UgUhUex where f',g: X — Q,(X) are maps defined by xf' = yf' = ¢, g = &, and yg = Ox.
Therefore v, = f; U g, U ho U ex,, holds. O

Proposition 8. If a: X — Y is a total relation, then o = Usco f.

Proof. Assume « is total. By the axiom of choice (AC) there is a function fy : X — Y such that fo C .
For each (xg,yo) € a define amap f: X — Y by

_ Yo ifr = Zo,
Vee X xf = { zfy otherwise.
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Then it is clear that (z,¢q) € f and so

Hence

which shows o = Uy, f.

f = Ugexzlzf { (PA) }
= x(ﬁ)yo U (|_|z7éxoxnxf0)
C alfy {@fz Cidx }
= . { foCa }

(zo,90) € —  3f. (wo,y0) € fA(f E )
—  (0,%0) € Uscaf,

O

A relation a : X — Q,(Y) is called down-closed if it satisfies a(£].)* = . The next proposition indicates

that a relation « is total and down-closed iff it is O-included [16], namely, Oy € za for each z € X.

Proposition 9. Let 7 # 1. If a: X — Q,(Y) is a total relation such that 04({{,)ji = a, then Vxi0y C «

(0-included).

Proof. Assume a is total and a(£])F = a. By the axiom of choice (AC) there is a function fy : X —

9.(Y) such that fy C a.

Vxr0y

The diamond operator defined via convex combinations satisfies the following additional rules.

= uzex.%u()y {(PA) }

C Usexafzfo(65) {Vae Q- (Y). Oy Cq(&)" }
= fo(&) { (PA) }

C o) {foCa}

- o (ol =a)

Proposition 10. Let 7 # 1. For a map f : X — Q.(Y), a relation a : X — Q. (Y) and t € Q(Y) the

following hold:

(a) fots = (fti)o,
(b) aot. C (at.)o,
(€) ao(€7)F E (a(€F)"o,
(d) (F(E)Mo = fol€X)"-
Proof. (a) fot« = (fti)o:
For p € Q.(X) we have

(b) aots C (ats)s

p(fots) = (pfo)ts

= (pfo) 1
= (DpexPu(xf)) -t
= D.exPp(@f)) -t
= @xexp[x]((xf) t)
= B.cxpu(@ft)
= p(fts)s
Aoty = (Ufgafo)t*

= Uscafols

= Upcalfta)e {(a)}

C Upcar.fo {ftiCoati}

= (aty)se.



() o (67 )% C (a7 )%)o -

(€)= ao(Ureomts) { (§5)F = Ucomts }

= Uiegy)®ot«

c '—'teQ(Yg (ati)o {(b)}

C (al&F)Do- {t. S}
(d) (f(E%)")o = fol€X)F:

(f(€)He = Uncf(er )t ho
C fo(€%) { Prop.7(d) }

The opposite direction f,(£%)* C (f(€%)%)o follows from (c). O

Now we will define a composition [4, 7] for relations into algebras of probabilistic distributions.

Definition 2. Let o : X — Q,(Y) and §: Y — Q.(Z) be relations. The convex composite oo 5 : X —
Q,(Z) of «a followed by £ is defined by

ao = afs. 0

Remark. In some aspects, convex composition seems to be concrete examples of Kleisli composition of the
powerset monads studied by Eklund and Géaehler [2]. However, in our case the composition chooses a map
from latter argument in nondeterministic way, whereas Kleisli composition chooses in deterministic way.

We show the basic properties on convex composition of relations.
Proposition 11. Let a,0 : X — Q. (Y), 8,6 :Y — Q. (Z) and v : Z — Q.(W) be relations. Then
(a) BC B — B C A,

(b) aCo/ ABLS — aoBLa off,

(C) oo C (aoﬂ)o;

(d) (aeB)oyEaoc(Bon),

(e) a:total — exa, = a,

(f) a:total - aoVy 0z =Vxi0z fort#1,
(g) a:total - Oxoa =0y fortT#1,

(h) (@0 B)(EL) CaoBER) forT#1.

Proof. (a) BC B — B, C B
Assume S C 3’. Then

Bo = UgCpge
L Ugcs 9o {BCF}
b)aCdo ABES — aofCaof:
Assume o C o and 8 C 3. Then
aof = af
C of {aCd,BEH, (a) }
= o of.

(c) @sfBs E (a0 f)s
Note that for maps f: X — Q,(Y) and g: Y — Q.(Z) such that f C « and g C 3, we have

fo9o = (fg0)o { Prop.7(a) }
C Eaﬂo)<3 { (@), (b) }
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Hence

aoﬁo = (l—lfgafO)(l—lgEBgO)
= Usca Uges fogo
C (ao,@)o. {fogog(aoﬁ)o }
(d) (a0 B)oyEao(Boy):
(aofB)oy = (aBs)7e
= a(ﬁo')/o)
C aBov)e {(c) }
= ao(foy).
(e) a:total = exa,=a:
exao = ex(Urcalfs)
= Uscaexfo
= Uscaf { Prop.7(b) }
= a. { a:total }
(f) a:total - aoVyj0z =Vx0z:
aoVyr0z = a(Vyr0z),
= OAVQT(y)[OZ { Prop.?(f) }
= VXIOZ- { a total }
(g) a:total - Ox oa =0y :
Oxoa = Ox(Uscafs)
= UpcaOx fo
= 0Oy. { Prop.5(d) }
(h) (o B)(£7)F E o B(£R)* :
(a0 B)(E)F = (aBs)(En)!
= a(ﬁ@(f})ﬁ)
C a(B(€g)"s { Prop.10 (c) }
= aop(&y)t

O

By Proposition 7(c) and Proposition 11(e), if « is total then ex is neutral for convex composition, that
is, xoex =ex oa = q.

The following proposition shows that €% is identity element for convex composition in the case of 7 # 1
and a(¢7)F C a (down-closed).

Proposition 12. Let a: X — Q. (Y) be a total relation for 7 # 1. Then the following holds:
(a) a Ce%oaC al&l)f,
(b) a Caocy Cal ).

Proof. (a) a C el oa C a(&f)?:
a = exa, { «: total, Prop.11 (e) }
C ex(ék)fao {ex Eex(&k) =<k }
= ex (&%) (Urcafo)
C ex(Uscafo)(€%)* { Prop.7(e) }
= exao(éy)!
= alg)
(b) a Caocel C a(&h)k:
a = aley)o {Prop.7(c)}
C aley)o {evCeyp}
C agh) {(5)o E(EP)F} O



5. Associative law

In this section we will introduce the convex relations and study the associative law of convex composition
on their relations. For a relation v : Z — Q. (W) define a relation v* : Z — Q. (W) by

Vz€ Z. 2v* = Vg, (v © Vnrzy.

Note that p* = Vg ) o Vnrp for a relation p: I — Q- (W).

Remark. The definition of 7* explicitly contains an element (or a variable) beyond preferable relational
expressions.

The notion of v* derives a property called convez for relations to satisfy the associativity of convex
composition. A relation v : Z — Q,(W) is called convex if it satisfies v* = +.

Example 3. Consider on the same X as in previous examples. Define a relation o : X — Q1(X) by
zo=ya = (3)x. Then a® : X — Q;1(X) satisfies a® = a. However when we regard a as a : X — Q.(X),
a1 X — Q.(X) satisfies za® = ya® = (3)x (%)%, that is a® # a. For a relation v : X — Q,(X) which

appeared in Example 2, we obtain that v* # v since zv°* = Q. (X) though zv =z U y. O
Proposition 13. Letvy: Z — Q. (W) be a relation.
(a) If v is total, then v C ~°,
(b) Vig.(v)o Vyrzy E 2v° for all sets Y.
(c) v** E*.
(d) v (&) T (V&R (T #1).
Proof. Set p = z7y. Then p* = 27*, p** = 27** and (p(¢5,)%)® = 2(7(&])*)*. Thus it suffices to show

the following statements for p.
(a) y:total — pC p*®:

VinVnip {N#0}
= Vinen(Vnip)o { Prop.11 (e), p: total }
C Vie, m(Vnrpo-

)
Il

(b) Vig,(v)yoVyip E Vig, o Vnip:

Vio,v)(Vyip)e = (Upeo.P)(Uscwypfo)

Upco. (v) Urcvyip pfo

Upca, ) Upcvu, (0'f;) { Prop.6(b) }
Vio. @) (Vnip)e-

i

(c) Recall that
¢Cp** — FecQ(N)If:N-= Q. (X)
¢ =pfiAVneEN. nf Cp*
nf'Cp* — Ip,€ Q(N)Ifn:N— O (X)
nf' = pn(fn)e AVm € N. mf, C p,
and so
¢ = 7
= Dnen P (nf)
= Dnenply (Pn(fn)o)
= @neNp/(n)(eamean[m](mfn))
= Onen OmenPlaprpm) (Mfn).
12



Define p € Q- (N x N) and f: Nx N = Q,(X) by (n,m)p = PlpPrm) and (n,m)f = mf,, respectively.
Then

/

q ﬁfo
Vig, mxw) © (Vixnip)
Vrio v (Vurp) { ()}

pe.

[

This proves p®*® C p°®.

(d) P EFE (D (T #1)
p* (&) Via.m (Vi) (& )?

Vie.m(Virp(&j)*e  { Prop. 10 (c) }

(p(&R)H)*.

Iim|

Now we define two kinds of convex relations, named Q.-convex relation and Q;-convex relation.

Definition 3. A relation o : X — Q.(Y) is called Q,-convez if idx C aa? (total), a(&5)* = a (down-
closed) and a® = « (convex). A relation a : X — Q;(Y) is called Q;-convez if idx T aaf (total) and
a® = «a (convex). 0

By Proposition 9, a 9Q,-convex relation « is 0-included, that is « satisfies Vx;0y C a.
We need the following lemma to derive the associative law of convex composition.

Lemma 1. Let f: Y — Q. (W) be a map, and 5:Y — Q.(Z) and v : Z — Q. (W) relations. If f T B,
then fo C Bo(7*)o-

Proof. Let f C v, and p € Q,(Y). Then
(1) 3gC B fC g%
As f C (B~ it holds that

idy = ffﬁ Midy { f:thn }
C 5’Y<>fﬁr|idY {fEB’Yo}
C (BB Myfh). { (DF.)}

Hence 31 f(7,)* is total and by the axiom of choice (AC) there exists a tfn g : Y — Q,(Z) such that
g C B f(7)*, which is equivalent to g C 3 and f C g7e.
(2) Yy € Y 3hy T . yf = yg(hy)o

Note that
uf T yg7 {fCov }
= Uncyygho. { 7 = Uncyho }

Thus there exists h, T v such that yf = yg(hy)o.
(3) Define a map r, € Q(Y) by

Py (Y91 .
————==if (pgo)5) > 0,
g =9 (Pgo)p o/
Ply] otherwise.

(4) (Pgo) 2721y = Ply)(W9) [z and 7. € Q- (Y), ie., 7. E Vg, (v) :
If 7 =1 then (pgo)[z;) = 0 implies (yg)[.) = 0 for each y € Y. Even if 7 # 1, (pgo)(;) = 0 implies p = Oy or
(Y9)(z) = 0 for each y € Y. In each case it is clear that (pgs)[)7z[y) = Ply)(¥9)(2)-

13



If (pgo)s) = 0 then r, = p € Q- (Y). If (pgo)[z) # O then

P11 (¥9)12)

Y (pgo) z]
>y Ply) (ygs

(2]
(pgo)[z]
(pgo)[z]

(pgo)[z]
1

)

Ir=l] =

and |7.| C |p], since pp,) = 0 implies r,[,; = 0. Hence r, € Q,(Y).
(5) For all z € Z define amap h, : Y — Q. (W) by Vy € Y. yh. = zhy,.
(6) (hz)o E (Vyrz7)o :

sz = I_Iyeyyﬁzhy
C Upevy'zy {hyCrv}
= Vyr2v, { Uyey ¥* =Vy1 }

which implies (ﬁz)o C (Vyrzv)o-
(7) Define a map h: Z — Q. (W) by

Vze Z. zh =r1,(hy)s.

(8) hC ~*:
zh = r.(hs)s {(M}
C Vio.w)(Vyvrzy)e {(4),(6)}
C zv. { Prop.13 (b) }
(9) pfo = Pgoho
pfo = @, pw (Yf)
= @, (vghy)o) {(2) yf =yg(hy)s }
= @y(p[y]'(yg))(hy)o { Prop.5 (h> }
= @D, D. (W91 (zhy)
= B.D,((pge)ayr=14))-(hy)  { (4) Pry)(W9) (e = (Pgo) (7214 }
= @z @y((pgo)[z]'fz)[y]'(yhz) { (5) Zhy = yhz }
= @Z((pgo)[z]'rz)ghz)o
= @D.(pge)):(r=(hz)s) { Prop.5(h) }
= ©D.(pgo)1)-(2h) {(7) zh =r.(h.)s }
= (p o)ho-

Note that h depends on p and so f, = gohe may not hold.

(10) fo E Bo(7%)o :
For each p € Q.(Y) we have

pfo PYoho { (9) }
g

C pfo(%)o, { (1)
and hence f, C B,(7*)o. This completes the proof.
Corollary 2. Leta: X — Q. (Y), :Y — Q. (Z) and v : Z — Q. (W) be relations. Then
(a) ao(Boy) E(acf)on?,
(b) If* =7, then ao (Boy) = (aof)on.

14



Proof. (a)

ao(Boy) = a(foy)e

= a(Uscpor fo)

C a(ﬂo(’y.)o) {Lem.l, fogﬂo(V.)o}

= (aBs)(7*)s

= (aof)on®

(b)
ao(Boy) E (aoB)or® {(a)}

= (aof)oy {7*=~}
C ao(Box). {Prop.ll(d)}

O

We proved the associative law of convex composition for convex relations. However, the following example
shows that the convex composition o need not be associative in general.

Example 4. Consider maps f, g, h : X — Q.(X) which appeared in Example 1. For all p € Q;(X) we
have

pfo = ia PGo = Pla] - J.C, and pho = Dla] - y

Thus fg, = f, ©fhe = yfho = ¥, and p(fhe)e = y for p € Q1(X). Shown in Example 2, the identity
Yo = go U ho holds, and so pfoy, = & U g for all p € Q1(X). Note that v* # 7. On the other hand, except
for two maps fg, and fh, there are just two maps k and k' included in f~,, where zk =z, yk =y, 2k’ =y
and yk' = z. Let pp = (%)X, the middle point of # and y. Then we have

pO(fgo)o Upo(fho)o U poko Upoké
i Uy U poke U poks,

Uy Upo

Uy

Do foYos

pO(f’Yo)o

[ N

which proves that afoye # a(fvs)o for a map a : X — Q1(X) such that xa = ya = py. Therefore
(o floy=afere #a(fre)e =ao(for). O

6. Convex relations and distributivities

Now we discuss the convex relations and the distributive laws of convex composition over the joins.

Proposition 14. Let a : X — Q. (Y) and f: Y — Q.(Z) be Q.-convex relations. Then the following
holds:

(a) ao B is total,
(b) (a0 B)(€z)F Eaop,
(©) (@0 B)* =aop.

Proof. (a) awo g3 is total :
Since o and S are total, 8, is total by the definition and so a0 8 = af, is total.
(b) (@0 B)(EGF Caop:
(a0 B) () afe (€7)F  { Def. 2}
a(B(€z)")e  { Prop. 10 (c) }
alBs. {8y =8}

e
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z(aofB)® = Vig. o Vnz(aop)
Vio.m) o (Vnrza o B)

{ o /8 = Ofﬁo }
(Vig. vy o Vnrza)o B {
{

o
B* = B, Associative law }

a}

= za®of
raof

= z(aof).

L,

O

Proposition 15. If a : X — Q1(Y) and B : Y — Q1(Z) are Qq-convex relations, then so is the convex
composite oo f3.

Proof. The proof is the same as the proof (a) and (c¢) of Proposition 14. O

In the rest of paper, the subscript 7 is one of 1 and *. For a set x of Q,-convex relations o : X — Q,(Y)

define
V=

It is trivial that \/ x gives the join (the least upper bound) of x.

The following proposition shows the right distributivity over all joins.
Proposition 16. Let a: X — Q. (X) and f: X — Q.(X) be relations.

(a) a*o B C (aop)*,
(b) (Vx)eB=Vixep).

Proof. (a) a® oS C (a0 f3)*

Vee X. z(a®of) = za®fs

= Vig, m(Vnrza)sfs

C VIQT(N)(VNIxaIBQ)Q { Prop.11 (c) }

= z(afs)®.

(b) (Vx)eB=V(xeoh):
(Vx)ep = (Ux)*op
C ((Ux)op) {(a)}
= (U(xeop))*
= Vixep).
aex — aofL(Vx)op {aEVX}
S V(@oB) T (Vw)ob .

The following example shows that the left distributivity a0 \/ x = \/(« o x) needs not hold in general.

Example 5. Let o/, 3 : X — Q.(X) be Q,-convex relations such that o/ = a(¢%)*, 8 = h(¢%)* where X,
« and h are appeared in Example 4. Then ah, T a(£%)* = o/ holds since zah, = yah, = poh, = %y <
po = ra = ya. Shown in Example 2, a relation hUex consists of four maps, that is hlex = f'UglUhllex.
Then we have

pofs T zd'(hUex)s {po=zaCad, f',C(hUex), }
C zo/(h(€%) Uex(£%)%o
= za(BUcek)o
= I( "o (BUEY))
C xz(a'o(BVeX)).
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On the other hand, we have pof, =y Z za/ = z(a/ 0 BV &' 0 e%) since

odofUdoeyk = dB.Ud(e)s

o/ (R(€5)%)o U o (ex (§%))o

a'ho (€ )F Ua'idg, (x)(€%)F  { Prop. 10 (d), 7 (c) }
(€5 ho (85 )F Lo/ (€% )

= ah(&)fud { Prop. 7 (g), «: convex }
= d. { ah, Cd/, o't convex }
Therefore o o (5’ Veyk) #a' o' Va oek. O

Finally, we state several results about directed sets of Q,-convex relations and their joins.

Lemma 2. If x is a directed set of Q.-convez relations a: X — Q. (Y), then

(UX)o = UaexQo-

Proof. The inclusion Uyey o T (Ux)s is trivial. We will show that p(Lx)e T UgeyPoro for all p € Q. (X).
For amap f: X — Q.(Y) we have

f C Uy Ve e X. xf C x(Uy)

%

— 2f C Ugeyra

— Jdag € x. 2f Czay

5 JayexvVz e |pl|. of Caay

Note = follows from the assumption that |p| is finite and y is directed. Define a map f’': X — Q,(Y) by

VxEX.a:f’{ of i€ pl,

Oy otherwise.

It is clear that pf, = pf.. Also f' C ay holds, because Vx0y C a (« is total and a(£f)* = ). Hence
pfe = pfl C pa, and so

p('—'fQ—leO)

Urcundfo

UaexPo { pfo E por }
p(l—laexO%)'

p(UX)o

i

The following proposition gives the directed join of Q.-convex relations.

Proposition 17. Let x be a directed set of Q.-convex relations o : X — Q.(X). Then
V=[x

z(Lx)*

Via.m(Vnrz(Ux))o
VIQ*(N)(I—laexVNIxO‘)o

VIQ*(N) Uaey (VNIJEQ)O { Lemma 2 }
Uaex Vg, v (Vnrza)s

Uaeyra®

Uaeyra

= z(Uy).

Proof.

A

<

s
|

The composition of Q,-convex relations distributes all directed joins from the left-hand side.
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Proposition 18. Let o : X — Q,(Y) be a Q.-convex relation and x a directed set of Q.-convex relations

B:Y — Q.(Z). Then
ao\/x=Vias.

Proof.
aolVx = alllx)e { Prop.17 }
= oa(UgeyBo) { Lemma. 2}
= U,BEXQ/BO
= Ugeyaof
= Ulaox)

= V(aox).

7. Conclusion

In this paper we have studied the relations into algebras of probabilistic distributions using relational
calculi, although Mclver et al. [7] and Tsumagari [16] studied in set-theoretical way. We have shown the
following.

e The set of Q.-convex relations forms a category with the convex composition, and the identity mor-
phisms depending on 7 € {*,1}.

e For 7 € {x,1} the convex composition of Q.-convex relations distributes over all non-empty joins from
the right hand side.

e The convex composition of Q,-convex relations distributes over all non-empty directed joins even from
the left hand side.

We have proved the associative law of convex composition for Q,-convex relations and Q;-convex relations
in the same framework, though Tsumagari [16] had studied as their two convex-relations are different.
Additionally we have given a counter example for the associative law of the convex composition in the
absence of convexity.

The convex composition studied in this paper seems to be a generalization of reachability composition of
multirelations. So we might be interested in the another composition of Q.-convex relations, corresponding
to the composition of up-closed multirelations studied by Parikh [11, 12] and Rewitzky [6, 14].
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