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Abstract

This paper studies basic properties of probabilistic multirelations which are
generalized the semantic domain of probabilistic systems and then provides two
probabilistic models of complete IL-semirings using probabilistic multirelations.
Also it is shown that these models need not be models of complete idempotent
semirings.
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1. Introduction

In this paper we generalize semantic domain of probabilistic distributed systems.
Mclver and Weber (2005) introduced a notion of probabilistic programs in the form of
subsets of (AU {T}) x D1(A U {T}) where T is a special state assumed to be not
in A and D;(A) is the set of all probabilistic distributions over a set A. And they
proved that the set of all probabilistic programs forms a probabilistic Kleene algebra,
with three restrictions called up-closed, convex and Cauchy-closed. Using probabilistic
Kleene algebras, Cohen’s separation theorems (cf. Cohen (2000)) are generalised for
probabilistic distributed systems and the general separation results are applied to Ra-
bin’s solution (cf. Rabin (1982)) to distributed mutual exclusion with bounded waiting
(cf. Mclver, Cohen, and Morgan (2006)). This result shows that probabilistic Kleene
algebras are useful to simplify a model of probabilistic distributed system without nu-
merical calculations which are usually required and makes difficult to analyze systems
while we consider probabilistic behaviors. However a model of probabilistic systems
used in these results is too complicated because it includes probabilistic calculus. So it
is difficult to put their verification method using probabilistic Kleene algebra in practi-
cal use. Then we have to find more abstract semantic domain for probabilistic systems,
before their verification method can be put into practical use. For that purpose, it is
necessary to clarify the algebraic properties of semantic domain of probabilistic systems.

Complete idempotent left semiring (IL-semiring) is introduced by Moller (2004)
as a relaxation of complete idempotent semiring (or quantale) related Kleene algebra
deeply. In fact, it has already known that every complete idempotent semiring forms a
Kleene algebra. Though the relational models of complete IL-semirings are studied by
Nishizawa, Tsumagari and Furusawa (2009) using up-closed multirelation which is an
extention of binary relations, the probabilistic models of this algebraic structure have
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88 N. TSUMAGARI

never been discussed. This paper would be the first one to introduce probabilistic models
of complete IL-semirings.

By the way, probabilistic programs introduced by Mclver et al — in the form of
subsets of (AU{T}) xD1(AU{T}) — could be translated to subsets of A x D(A) where
D(A) is the set of all probabilistic sub-distributions. Using this simple form, we introduce
a notion of probabilistic multirelations and study basic properties of them. And then
we show that the set of all finitary O-included down-closed and convex probabilistic
multirelations forms a complete IL-semiring preserving all right directed join and the
right 0. Additionally we also show that the set of all total D;-convex probabilistic
multirelations forms a complete IL-semiring preserving the right 0.

This paper is organized as follows. Section 2. reminds us the definition of com-
plete idempotent left semiring and shows well-known relational models of it. Section
3. provides basic notions for probabilistic distributions which will appear in this paper.
In section 4. we introduce the definition and basic properties of probabilistic multirela-
tion. Section 5. provides a probabilistic model of complete IL-semirings, using finitary
O-included down-closed and convex probabilistic multirelations. Finally we introduce
another notion of probabilstic multirelations with the different restrictions and provide
another probabilistic model of complete IL-semirings, using total D;-convex probabilistic
multirelations in section 6. and 7..

2. Complete Idempotent Left Semiring
We recall the definition of idempotent left semirings introduced by Méller (2004).

DEFINITION 2.1. Let (K,0,1,4,-) be a tuple of a set K, two elements 0 and 1 of
K, and two binary operations + and - on K. An idempotent left semiring (IL-semiring)
is a tuple (K,0,1,+,-), satisfying the following properties:

1. (K,+,0) is an idempotent commutative monoid, that is

O4+a = a (1)
a+b = b+a (2)
a+a = a (3)
a+((b+c) = (a+bd)+c (4)
2. (K,-,1) is a monoid, that is

a(bc) = (ab)c (5)
la = a (6)
al = a (7)

3. The left semi-distributive laws:
ab+ac < alb+c) (8)
ac+bec = (a+b)c (9)
0a = 0 (10)

for all a,b,c € K, where - is omitted and the order < is defined by a < b iff a + b = b.
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An IL-semiring (K,0,1,+,) is called complete if it has joins (the least upper
bounds).

DEFINITION 2.2. A complete IL-semiring is a tuple (K,0,1,+,-,\/) with the fol-
lowing properties:

1. (K,0,1,+,") is an IL-semiring.
2. (K, <) has the join \/ S for each subset S of K.
3. (VS)-a=V{x-alx e S}

A complete IL-semiring also has the meet (greatest lower bound) for each subset.
A typical example of complete IL-semirings is given by multirelations. A multirelation
over a set A is a subset of A x p(A) where p(A) is the powerset of A. A multirelation
R is called up-closed if (a,X) e RAX CY = (a,Y) € R.

EXAMPLE 2.3. For a set A the set K of all up-closed multirelations over A forms a
complete IL-semiring (K,0,1,+,-,\/) where

e R+ () is the binary union of R and @,

e 0 is the empty set,

e (a,X)eER-Q < TY.(¢,Y)eRand Vy € Y.(y,X) € Q,
o 1={(a,X)|ae X, X CA}, and

e \/ is the union operator.

This example is given by Nishizawa, Tsumagari and Furusawa (2009).

Complete IL-semirings are relaxations of complete I-semirings (or quantales). In
fact, a complete IL-semiring could be called a complete I-semiring, satisfying some ad-
ditional restrictions.

DEFINITION 2.4. A subset S of a lattice is called directed if each finite subset of S
has an upper bound in S.

A directed set always has an element, since a directed set must have an upper bound of
the empty subset.

DEFINITION 2.5. A complete IL-semiring (K,0,1,+,-,\/) preserves
e the right 0 if a -0 =0 for each a € K,
e the right + ifa-(b+¢)=a-b+a-cfor each a,b,c € K, and

o all right directed joinsif a-\/ S = \/{a-z | z € S} for each a € K and each directed
SCK,

respectively.
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A tuple (K,0,1,+,-,\) is a complete I-semiring (or a quantale) if and only if it is
a complete IL-semiring preserving the right 0, the right +, and all right directed joins.
This fact has shown by Nishizawa, Tsumagari and Furusawa (2009).

EXAMPLE 2.6. For a set A the set K of all binary relations over A forms a complete
IL-semiring (K,0,1,+,-,\/) where

e R+ @ is the binary union of R and @,

e 0 is the empty relation,

e R-(Q is the composition of R and @,

e 1 is the identity (diagonal) relation on A, and
e \/ is the union operator.

Actually this tuple is a complete I-semiring.

3. Probabilistic Distribution

For a set A we denote pyr(A) for the set of all finite subsets of A. A probabilistic
sub-distribution over a set A is a mapping d from a set A to the interval [0, 1] such that
Y acad(a) <1 where Y7 4d(a) := sup{d_,cqd(a) | S € py(A)}. We denote D(A) for
the set of all probabilistic sub-distributions over A. Also a probabilistic sub-distribution
d over a set A is simply called probabilistic distribution if d satisfies ), 4d(a) = 1. We
denote Dy (A) for the set of all probabilistic distributions over A. For convenience, we
often call a sub-distribution simply a distribution.

Also we denote spt(d) for the support of d € D(A) defined by

spt(d) :={a € A|d(a) > 0}

If spt(d) is finite, d is called finitary. And Df(A) denotes the set of all finitary proba-
bilistic distributions over A.

The order Cp on D(A) is defined by d Cpd <= Va € A. d(a) < d'(a) for each
d,d € D(A).

We write §, and 0 for the point distribution at x € A and the zero distribution
respectively, defined by

d:(a) = { (1) EZ ; g , 0(a):=0, foreachae A .

Let p be a real number in [0, 1], and d a distribution. Then we write p - d for the
p-weighted distribution of d, defined by (p - d)(a) = p - d(a). Also for p € [0,1] and
distributions d,d’ € D(A), we write d ,& d’ for the p-weighted sum of d and d’, defined
by

(dp®d)(a) =p-d(a) + (1 -p)-da) .
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4. Probabilistic Multirelation

The binary multirelations are studied by Rewitzky (2003) and Brink (2006) as a
semantic domain of programs. An multirelation over a set A is defined as a subset of
A x p(A) but now we define the probabilistic multirelation using D instead of .

DEFINITION 4.1. A probabilistic multirelation over a set A is a subset of A x D(A).
For a probabilistic multirelation R over A and a € A, we denote R[a] for the set {d €
D(A) | (a,d) € R}.
Next we introduce a fundamental restriction for probabilistic multirelations.
DEFINITION 4.2. A probabilistic multirelation R over a set A is convez if
(a,d),(a,d)€R = (a,d pd)€ER
for each a € A, d,d’ € D(A) and p € [0,1].

pMR(A) denotes a set of all convex probabilistic multirelations. The partial order
on pMR(A) is the inclusion C on sets.

Next, we introduce three restrictions — finitary, 0-included and down-closed —
for probabilistic multirelations, and then we provide a probabilistic model of complete
IL-semirings. This model is laxer than the model for probabilistic systems given by
Mclver and Weber (2005), without Cauchy-closed.

DEFINITION 4.3. A probabilistic multirelation R € pMR(A) is called
- finitary if R[a] C Ds(A) for each a € A,
- O-included if (a,0) € R for each a € A, and
- down-closed if (a,d) € RAd' Cpd implies (a,d') € R for each a € A, d,d’ € D(A).

We denote pMR,, ; ;(A) for the set of all finitary 0-included down-closed and convex
probabilistic multirelations over a set A.

We prove that pMR,, ; f(A) forms a complete IL-semiring preserving the right 0
and all right directed join. First, we consider the arbitrary join and the least element
on pMR, ; £(A4). We have the following lemma.

LEMMA 4.4. For each subset x of pMRy 4 ¢(A), the union |J x is finitary, 0-included
and down-closed.

PROOF. Let x be a subset of pMR ; ;(A). Obviously |Jx is finitary and 0-
included. If (a,d) € |Jx and d’ Cpd, then there exists @Q € x such that (a,d) € Q. We
have (a,d’") € Q since Q is down-closed. Therefore (a,d’) € Q C |J x. |

However, P U @Q need not be convex for each P,Q € pMR ; +(A).
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EXAMPLE4.5. Let A be a set {z,y} and P,Q C A x D(A) as follows:
P = {(a,d)|a€ A, dCpd,} ,
Q = {(a,;d)]ac A, dCTpdy} .

P and @ are finitary, 0-included, down-closed and convex, that is P,Q € pMR; ;4 +(A).
Then (z, I, 1@ 0y) & PUQ though (z,9,),(x,d,) € PUQ. Therefore P U Q is not

Convex.
We introduce the convex hull to construct the binary join on pMR, ; ((A).

DEFINITION 4.6. For a probabilistic multirelation R € pMR(A), the conver hull
H.(R) of R is defined by

{(a7 Zld(z) -F(i)) € Ax D(A) | I : finite set, d € D1(I), F: I — R[a}} .
i€

H.(R) is the smallest convex set containing R € pMR(A).

REMARK. H. is a closure operator on pMR(A).
We obtain the followings immediately.

LEMMA4.7. If R € pMR(A) is finitary (resp. O-included), then H.(R) is finitary
(resp. O-included).

LEMMA 4.8. If R € pMR(A) is down-closed, then H.(R) is down-closed.

PROOF. Let R € pMR(A) be down-closed. And assume that (a,h) € H.(R) and
h' Cp h. Then there exists a finite set I, d € Dy(I), and F : I — R[a] satisfying

h=S2d(i) - F(3).

i%\lfe take F' : I — R[a] as follows
d(a) .
F(i)(a) = d(a) F(i)(a) (d(a) > 0)
0 (d(a) =0)
Therefore h' =3, d(i) - F'(i) € H.(R). O

For each subset x of pMRy, ; ;(A), the join \/ x of x is given by as follows.

\/x::Hc(Ux>

Especially, we denotes P + @ for the binary join of P,Q € pMR, ;4 ¢(A). The operator
+ is monotone, i.e.

PCP AQCQ = P+QCP +Q

for P, P',Q,Q € pI\/IRO,d’f(A).
The least element 0 on pMR, ; ((A) is given by

0:={(a,0) | ac A} .

We immediately obtain that 0 C P, P=0+P, P+Q =Q + P, and P+ P = P for
each P,Q € pMR ; ¢(A).
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LEMMA 4.9. The operator + is associative, that is
(P+Q)+R=P+(Q+R)
for P,Q,R € pMRO’d’f(A).

PRroOF. It is sufficient to show that (P 4+ @) + R € P + (Q + R) since + is
commutative. P+Q C P+ (Q+ R)and RC Q+ R C P+ (Q + R) hold since + is
monotone. Therefore P + (Q + R) is a convex set containing P + @ and R. We have
(P+Q)+R=H.((P+Q)UR)C P+ (Q+ R) by the definition of H.. O

Therefore the following property holds.

PROPOSITION 4.10. (pMRy 4 +(A), +, 0) is an idempotent commutative monoid.

For X € p(A), a mapping F' : X — D(A) and @ € pMR(A4), F C @ denotes that
(u, F(u)) € Q for each u € X.
For P,Q € pMR ; ¢(A), the composition P - Q of P and @ is defined by

{ > d(w)- F(u)) | d € Pla), F:AﬁD(A)s.t.F;Q}

ucA

LEMMA 4.11. pMRy ; +(A) is closed under the composition -.

PROOF. Suppose P,Q € pMR ; ;(A). We show that P - Q € pMR, ; ;(A).
First we prove that P - Q is 0-included. We have (a,0) € P for each a € A. Let
F : A — D(A) be a mapping such that F(u) = 0 for each u € A. Then F C Q holds.

Therefore
a, » 0(u) YeP-Q .
u€EA

We prove that P - @ is finitary. If (a,h) € P - Q then there exists d € Pla] and
F : spt(d) — D(A) satisfying F CQ and h =) . ,d(u) - F(u). Then

spt(h) = U spt(F(u)) .

u€spt(d)

Since spt(d) and spt(F'(u)) are finites sets, then spt(h) is finite.

Next, we prove that P - @ is down-closed. Suppose (a,h) € P-Q and h' Cph then
there exists d € Pla] and F : A — D(A) satisfying (u, F(u)) € Q for each u € A and
h =73, cad(u)- F(u). We take F' : A — D(A) as follows

d(a)
P =) G F)  @e ()
0 (a ¢ spt(d)

Since d’ Cpd, F'(u) Cp F(u) holds for each u € A. So we obtain that F' C @ by the
fact that @ is down-closed. Therefore

(a,d) = (a, Y _d"(u) YeP-Q .

ucA
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P - @ is down-closed.

Finally, we prove that P - @ is convex. Suppose that h,h' € (P;Q)[a]. Then there
exists d,d’" € Pla], F : A — D(A), and F' : A — D(A) such that h =} _,d(u) - F(u)
and b/ =3 _,d'(u) - F'(u). Then for each s € A and p € [0, 1], we obtain that

(hp@H)(s) = p- 2 du)-Fu)(s)+ (1 —p)- 2 d'(u)- F'(u)(s)

- E:(GPA' d(u) - F(u)(s) + (1 = p) ?cel’f(lU)-F’(U)(S)) :

For u € A, let F” be a mapping from A to D(A) such that

F'"(u) := F(u) qu® F'(u)

p- d(u) " : :
where g(u) = . We have F"' C @ since @ is convex. Then
W W 1)
(hp@W)(s) = > (dp®d)(u)- F"(u)(s)
ucA
holds. And we have d ;& d’ € Pla| since P is convex. Therefore P - Q) is convex. O

The composition operator is monotone, i.e.,
PCP ANQCQ = P-Q C P'-Q
for P, P', Q, Q" € pMRy ; ;(A).
LEMMA 4.12. The composition operator - is associative, that is
(P-Q)-R=P-(Q-R)

for P,Q, R € pMR ; +(A).

PRrROOF. For (P-Q)-R=P-(Q- R) it is sufficient to prove ((P-Q)- R)|a]
(Q-R))[a] for each a € A. First, we show that the inclusion ((P-Q)-R)[a] C
holds. Let h € ((P- @) - R)[a]. Then there exists d € (P - Q)[a] and F :
satisfying Vu € A. (u, F(u)) € R and

h="> d(u)- F(u)

ucA

holds. Also there exists d’ € Pla] and F' : A — D(A) such that F’' CQ and

d=> d(t) F'(t)

teA
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holds. Then we have

h= > d(u)-F(u)

ucA

- £ (geo-row) Fw

ueA \tcA

= 2 2 (d@) F(t)(w)- F(u)

uceA teA

= 2 2 (d@) F'()(w) - F(u)

teA ueA

- - (S 0w Fw)

teA u€eA

- 0 (SFOW-Fw)

teA u€A

= S d)-F0)

teA
where F”' : A — D(A) is defined by

F'(t) =Y F'(t)(u) F(u) .

ueA

Since F" £Q - R, we have h € (P - (Q - R))]al.

Conversely, if h € (P - (Q - R))[al], then there exists d € Pla] and F : A — D(A)
satisfying F' C @ - R and

h="> du)- F(u) .

ucA

In addition, for each u € A, there exists e, € Q[u] and G, : A — D(A) satisfying
G, C R and

F(u) = Zeu(t) CGy(t) .

teA

Since R is O-included, 0 € RJ[t] for each ¢t € A. For u € A let G, : A — D(A) be as
follows:

Sy Gut) (e spt(e,))
GJ“f{o (t & spt(ca)) -
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Obviously G, C R. We have
ho= > du) F(u)

u€A

= T (Zan-cuo)

= T (Zeo o)
= > 2 (d(u)-eu(t) - Gi(1))

ucA tecA
= > > (du)-eu(t) - Gi(1))

teA ucA
) ) dw)-eut)
- ((Ei” ulf )) %(;Adu 0 G“(t)))
) SRS dw e,
B t§4 (u%:Ad() u(t)) ueg(@ 622 )d() eu(t) Gult)

Let G: A — D(A) be a mapping satisfying

_ a) eul)
C0= 2 TS e

u€Espt(d)

Then we have G(t) € R[t] for each t € A, since spt(d) is finite, R is convex and

dw) ()
2 TS dw) e

u€Espt(d)

‘() =) d(u)-eu(t) .

u€A
Then it holds that d’ € (P - Q)[a]. Therefore

h=) d(t)-Gt)e((P-Q) R .

teA

u€Espt(d)

Let d' € D(A) as follows.

PROPOSITION 4.13. Let R € pMR) ; ¢(A). 0-R=0 and R-0 =00

ProOOF. We have 0 C 0- R and 0 C R- 0 because it already has been proved that

0-R and R- 0 are 0-included in the lemma 4.11.

If (a,h) € 0 - R, then there exists d € 0[a] and F : spt(d) — D(A) such that

FCRand h =} 4
> ueal(u) - F(u) =0 . Therefore (a,h) = (a,0) € 0.

d(u) - F(u). Since d = 0 by the definition of 0, we have h =
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Finally we show that R- 0 C 0. If (a,h) € R - 0, then there exists d € R|a]
and F' : spt(d) — D(A) such that F £ 0 and h = ) _,d(u) - F(u) . Therefore h =

> uead(u)-0=0¢ 0fal. -

The identity 1 € pMR, ; ;(A) is defined by
1:={(a,d) | a€ A, dCpd,} .
LEMMA 4.14. The identity satisfies the unit law, that is
1 -R=Rand R-1 =R
for each R € pMR ; +(A).
PROOF. First, we prove that 1 - R = R. If (a,h) € 1 - R then there exist d € 1[a]

and F': A — D(A) such that h=>_, _,d(u) - F(u) and F C R . Since the definition of
1, we have

u€cA

h = %:Ad(u) - F(u)
= d(a)- F(a) .

Then (a, F(a)) € R and h Ep F(a). Therefore (a,h) € R since R is down-closed.
Conversely, suppose (a,h) € R. If we take F': A — D(A) such that

then we have
(a,h) = (a, Z (5a(u)F(u)> €1-R.
u€A

Next we show that R- 1 = R. Suppose (a,h) € R- 1. Then there exists d € R|a]
and F': A — D(A) such that h =} _,d(u)- F(u) and F' C 1. By the definition of the
identity, we have F(u) Cpd, for each u € A and

h="> d(u) F(u)Cp» du) 6, =d .

u€eA u€eA

Therefore (a,h) € R since R is down-closed.
Conversely, assume (a, h) € R. If we take F' : A — D(A) such that F(u) = 4, for

each u € A, then
(a,h) = <a, Zh(u) F(u)) ER-1 .

u€eA

Lemma 4.12 and 4.14 show the following property.

PROPOSITION 4.15. A tuple (pMR, 4 ;(A), -, 1) is a monoid.
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Next, we consider the left distributivity.
PROPOSITION 4.16. Let x be a subset of pMRy ;4 ¢(A). Then
Vx R=\Q-R
Qex
for each R € pMR ; +(A).

PROOF. Obviously, it is satisfied \/ ., @-R C (V/ x)- R by the monotonicity of the
composition -. We show that (\/ x)-R C Ve, @ R. If (a, h) € (V/ x)- R then there exists
de (Vx)a] and F : A — D(A) such that h =} _ ,d(u) - F(u) and F E R. Also, there
exists I € ps(A) 0 d' € D1(I), and F' : I — (Ux) [a] such that d =", _,d' (i) - F'(3).

So, we have
h = > du)-F(u)

i€l

ucA
- £ (S0 row) Fu
- T @) PO F)
= S S @) FO)w) - Fw)
i€l ueA
= ) (EAF'@)(U) - F(u))

Therefore (a,h) € V¢, @ - R since

Y F(i)uw) Fuye | | JQ R|Ia] .

u€A QEX
for each 7 € I. O

Also we have (P+Q)-R=P-R+Q-Rfor P,Q, R € pMR ; ;(A). Therefore, we
obtain the following property by Proposition 4.10, 4.13, 4.15 and 4.16.

PROPOSITION 4.17. A tuple (pPMRy 4 £(A), 0, 1,+,-) is an idempotent left semiring.

5. First Probabilistic Model of Complete IL-semiring

We have already shown that a tuple (pMRy 4 ¢(A),0,1,+,-, /) is a complete IL-
semiring preserving the right 0 by Proposition 4.13, 4.16 and 4.17. Additionally, it also
preserves all right directed joins.

LEMMA5.1. If x € pMR 4 ((A) is directed 0 Jge, @ is convex.

PROOF. Assume that x C pMR, ; ¢(A) is directed, and p € [0,1]. We show that
(a,d), (a,d") € Uge, @ implies (a,d & d') € Uge, Q- If (a,d), (a,d’) € Uge, @ then
there exists P, P’ € x such that (a,d) € P, (a,d’) € P’. Since x is directed, there

exists R € x such that P C R and P’ C R. Therefore (a,d ;© d') € R C [Jg¢, @ since
d,d € R[a] and R is convex. 0
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By Proposition 4.4 and Lemma 5.1, UQ er is 0-included finitary down-closed and

convex. This fact indicates that the directed join \/ x of x C pM Roa,¢(A) is given by
the union of all probabilistic multirelations in y, that is,

Vx=ye.
Qex
PROPOSITION 5.2. Let x be a directed subset of pMR, ;4 +(A). Then
R- (\/ X) = \/ R-Q
Qex

for each R € pMR, ; ¢(A).

Proor. Obviously, it is satisfied \/ 5, R- @ C R~ (V x) by the monotonicity of
the composition -. We show that R - (V x) C Ve, 12 Q-

Assume that (a,h) € R - (\/ x).Then there exists d € R[a], F T \/ x such that
h=73,cad(u) - F(u)O Since x is directed,

Fu)e (\/x) = | Qlul
QeX

for each u € A. Then there exists Q, € x satisfying F(u) € Q,[u] for v € A. Since
x is directed and {Q,, | u € spt(d)} is finite, there exists P € x satisfying Q, C P for
u € spt(d) . Then we have

h=73 dw) Flu)= Y du)- Fue(R Pldc J(R Q)ld .

u€A u€spt(d) QEx
Therefore (a,h) € Voo, R- QD0 0
The following theorem summarises this discussion.

THEOREM 5.3. A tuple (pMR, 4 ¢(A), 0,1,+,-,\) is a complete IL-semiring pre-
serving all right directed joins and the right 0.

Using previous results given by Nishizawa, Tsumagari and Furusawa (2009), we
also obtain the following lemma from the above theorem.

LEMMA 5.4. pMRy ; +(A) forms a lazy Kleene algebra satisfying the 0-aviom and
the D-axiom, or a probabilistic Kleene algebra.
The following example shows that
P-Q+P-R=P-(Q+R)

need not hold on pMR,, ;4 ¢(A).
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EXAMPLE5.5. Let A be a set {z,y}, and P,Q € pMR, ; ((A) be as follows.

P={(a,d)|ac ANVue A d(u) < 1}
Q@ ={(a,d) | d(a) = 0}

Then, we have (z,d,) € P;(Q + 1) because

x

O0p = 1)

<0y +
(z) -9

and 0, € (Q+ 1)[u] for each u € A. On the other hand, we have P-Q+ P-1 = P since
P-QCPandP-1=P. Therefore (z,0,) ¢ P=P-Q+ P- 1.

|
Q. ol
_"_NJ\H

x

6. Another Probabilistic Multirelation

The previous probabilistic model of complete idempotent left semirings preserves
all right directed join and the right 0. In this section, we study a probabilistic model of
complete idempotent left semiring preserving the right 0 and show that this model need
not preserve all directed join.

We treat only the subsets of A x D;(A) as probabilistic multirelations from this
section. pMR; (A) denotes the set of all probabilistic multirelations in the form of subsets
of A x D;y(A), that is

pMR;(A) = {R € pMR(A) |Va € A. R[a) C D1(A)} .
The partial order on pMR;(A) is the inclusion relation C.

DEFINITION 6.1. R € pMR;(A) is called

- total if
R#0) = VYa€ A. Rla] #0 .

- Dy-conver if

> "d(i) - F(i) € Rla]

iel
for each a € A where I is a finite set, d € D1(I) and F : I — Rla].

We denote pMR, ;(A) for the set of all total Dj-convex probabilistic multirela-
tions over a set A. We prove that pMR, ;(A) forms complete idempotent left semiring
preserving the right 0.

First, we think the arbitrary join and the least element on pMR, ;(A4). PUQ need
not be D;-convex for each P, Q € pMR, ;(A).

EXAMPLE6.2. Let A be a set {z,y} and P,Q C A x D1(A) be as follows:

P = {(a,0;)|ac A} ,
Q@ = {(a,dy)|ac A} .
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Then P and @ are total and D;-convex. Obviously we have (P U Q)[z] = {05,d,}. Let
2 be {0,1}. Assume that d € D;(2) satisfies d(0) = d(1) = 1 and F : 2 = (P UQ)|z]
satisfies F'(0) = 0, F'(1) = d,, then

1 1
> "d(i) - F(i) = d(0) - F(0) +d(1) - F(1) = 5 0at 5Oy =02 180,
i€2
Therefore P U Q is not Dy-convex since 6, 1B 6y & (PUQ)[z] .
We define the D;-convex hull to construct the join on pMR, ;(A).
DEFINITION 6.3. For a total Dj-convex probabilistic multirelation R € pMR;(A),
the Dj-convex hull Hy(R) of R is defined by
{(a, >-d(@) - F(3)) | I : finite set, d € D1(I), F: I — R[a]} .
i€l
Hi(R) is the smallest D;-convex set containing R € pMR, (A).
REMARK. H; is a closure operator on pMR; (A).

For each subset x of pMR, ;(A), the arbitrary join \/ x is given by as follows.

\ x:=H (Ux)

Especially, we write P + @ for the binary join of P,Q € pMR, ;(4).
The operator + is monotone, i.e.,

PCP ANQCQ = P+QCP +Q

for Pa PvaaQ/ € pMRt,l(A)
The least element on pMR, ;(A) is the emptyset (. Obviously it holds that () C P,
P=0+P, P+Q=Q+ P,and P+ P =P for P,Q € pMR, ;(A).

LEMMA 6.4. The operator + is associative, that is
(P+Q)+R=P+(Q+R)
for P,Q, R € pMR, 1 (A).

PRrROOF. It is sufficient to show that (P + Q) + R C P + (Q + R) since + is
commutative. P+ Q C P+ (Q+ R) and RC Q+ R C P+ (Q + R) hold since + is
monotone. Therefore P+ (Q + R) is a Di-convex set containing P + @ and R. We have
(P+Q)+ R=H(P+Q)UR) C P+ (Q+ R) by the definition of Hj. 0

Therefore the following property holds.

PROPOSITION 6.5. (pMR, {(A), +,0) is an idempotent commutative monoid.

The composition P - Q of P,Q € pMR, ;(A) is defined as follows:

{(a, Zd(u) . F(u)) |d € Pla), FF: A— Di(A) s.t. F EQ} .

u€A
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LEMMA 6.6. pMR, ;(A) is closed under the composition -.

PRrROOF. We show that P -Q € pMR, ;(4) for each P,Q € pMR, ;(4).
First we prove that P - Q is total. If P-Q # () then there exists (a,h) € P-Q. By
the definition of the composition, there exists d € Pla] and F' : A — D;1(A) such that

h=> d(u)- F(u)

uceA

and F C Q. We obviously have P is not empty by d € Pla]. Since P is total, there exists
d € Pla] for each a € A. We also obtain that @ is not empty, because F' : A — D;(A)
satisfies F' C Q. Therefore ) satisfies that for each u € A there exists f,, € D1(A) such
that (u, f,) € @ since @ is also total. It holds that

a, Y dw) f.)€P-Q .

ueA

for each a € A. Therefore P - @ is total.
Finally, we prove that P-(Q is Dy convex. Let I be a finite set, d € D;(I) and
F:1— (P-Q)[a]. We show that

> d(i) (P-Q)la] .

i€l

By the assumption, for each ¢ € I there exists e; € P[a] and G; : A — D;(A) satisfying
G; EQ and F(i) = >, c 1€i(u) - Gi(u). Then we have

Sdi) - F(i) = Y d(i)- <Zei<u> : Gi<u>>

iel iel u€A
= ZZ(d(z’)fi(U)'Gi(U))
i€EluEA
= D> (d(i) - ei(b) - Gi(u))
uceAiel
UEZA (;d(i). ) ;2 e Gi(u)
= Zd’(u) G(u
u€EA
where
=20 e Gl iezl;,(d(i).ei(u)) G

It holds that (a,d’) € P since P is Dj-convex. And also we have G C @ since @ is
D;-convex. Therefore we obtain ), ,d(i) - F'(i) € (P - Q)la]. O
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The composition operator is monotone, i.e.,
PCP ANQCQ = P-Q C P'-Q
for P, P', Q, Q" € pMR, ;(A).
LEMMA 6.7. The composition operator - is associative, that is
(P-Q)-R=P-(Q-R)

for P,Q,R € pMRt’l(A).

PRrROOF. First, we show that (P-Q)-R C P-(Q - R) holds. Suppose (a,h) €
(P-Q) - R. Then there exists d € (P-Q)[a] and F : A — D;(A) such that F C R and
h =73 ,cad(u)-F(u). Alsosince d € (P-Q)|a], there exists d’ € Pla] and ' : A — D;(A)

such that F' CQ and
d=> d(t) F'(t)

teA

Then we have

ho= > du) F(u)

= Z(Zd’ CF(t > u) - F(u)

u€A \teA

= > D (@) F't)(w)- Flu)

ucA teA

= > > @) ) Fu)

teA ueA

= > d)- (ZF’(t)(U) -F(U)>

teA u€A

— Zd/ F//

teA

where

F// Z F/

ucA

Since F”" £ @ - R, we have (a,h) € P-(Q - R).
Conversely, if (a,h) € P-(Q - R), then there exists d € Pla] and F': A — D1(4)
satisfying FEQ-Rand h =} _,d(u) - F(u). In addition, for each u € A, there exists

ey € Qu] and G : A — D1 (A) satisfying G, E R and F(u) = >, seu(t) - Gu(t). Then
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there exists f; € R(t) for each t € A since R is non-empty and total. We have

h = Zd(u) - F(u)

u€A
= Y d(u)- (Zeu(t) : Gu(t)>
ucA teA
= D> (d(u)-eu(t) - Gu(t)
uEA teA
— Z Z (d(w) - ey(t) - Gu(t))
teA ucA
d(u) - e, (t
— tGZA (;d(u) . eu(t)> 'uze; EW ~Gu(t)

uceA

Let
d = Zd(u)-eu and G(t) := Z (% .Gu(t))

ueA u€A ucA

It is satisfied that G/, C R. Since R is D;-convex, we have G C R. Also it holds that
d' € (P-Q)[a]. Therefore

h=7 d(t)-G(t) e (P-Q)-R)d] .

teA

LEMMA 6.8. Let R € pMR, ;(A). - R=00

PROOF. By the definition of @, § C () - R holds obviously. Conversely, we show
that - R = 0. Assume (a,h) € (- R. Then there exists d € §[a]. However it contradicts
the fact that 0[a] = 0. 0

LEMMA 6.9. Let R € pMR, ;(A). R-0 =00
PROOF. It holds that ) C R - () obviously. Conversely, we show that R - () = (.
If (a,h) € R -0, then there exists d € R[a] and F : A — D;(A) such that F C § and
h=73,cad(u) - F(u). However there is no such mapping F. O
The identity 7 € pMR, ;(A) is defined by
1:={(a,0,) | a€ A} .
LEMMA 6.10. The identity satisfies the unit law, that is
I -R=Rand R-1=R

for each R € pMR, ;(A).
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PROOF. First, we prove that 1 - R = R. If (a,h) € 1 - R then there exist d € 1[a]
and F': A — D1(A) such that FC Rand h =) ,d(u) - F(u). By the definition of
the identity, we have

h = Zd(u) -F(u) = Zéa(u) -F(u) =F(a) .

u€A u€eA

ueA

Therefore (a,h) = (a,F(a)) € R since FF C R. Conversely, suppose (a,h) € R. Then
there exists f,, € R(u) for each u € A because R is total. Let F': A — D;(A) as follows:

h (u=a)
F(u) =
v {fu (u# a)

Then we have

(a,h) = (a, F(a)) = (a, Z do(u)-F(u))€1-R .

ucA
Next we show that R-1 = R. Assume (a,h) € R. Let F: A — D;(A) be a mapping
satisfying F'(u) = §, for each u € A. Then

(a,h) = (a, Zh(u) -F(u))eR-1 .

u€A

Conversely, assume that (a,h) € R- 1. Then there exists d € Rla] and F : A — D;(A)

such that
h = Zd(u) - F(u)
u€EA

and F' C 1. By the definition of the identity, we have

(a,h) = (a, > _d(u)-b,) = (a,d) € R

u€A

Lemma 6.7 and 6.10 show the following property.
PROPOSITION 6.11. A tuple (pMR, 1(A), -, 1) is a monoid.
Next, we consider the left distributivity.
PROPOSITION 6.12. Let x is a subset of pMR, 1(A), then
\Vx-rR=\V@QR
Qex
for each R € pMR, ;(A).

PROOF. Obviously, it is satisfied V5, @ - R € (\/ x) - R by the monotonicity of
the composition. We show that (\/ x) R C Ve, @ R . Assume that (a,h) € (V x) - R.
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If R =0, then (Vx)-0=0C Vg, @ R Suppose that R # 0. Then there exists

de (Vx)la]and F: A — D(A) such that FCRand h =3 d(u) - F(u). In addition,
there exists d’ € D1(A), and F' : A — (|J x) [a] such that

d=> d(i)-F'(i
€A

So we have

ho= Y d(u)- F(u)

= Z(Zd’ FF'(i >-F(u)

u€A \i€A

= > > (@) F'(i)(u) - F(u))

u€A i€A

= 22 (@) Fi)(w) F(u)

i€EA uEA

= > d@)- <ZF’(Z')(U) ‘F(U)>

€A u€A

Let G be a mapping from A to (UQer . R) [a] such that

G(i) := ZF/(Z>(U> -F(u) .

ucA
Therefore h =37, ,d'(i) - G(i) € (V e, @ - R)la] - 0

From the above we obtain (P+@Q)-R = P-R+Q-R for P,Q, R € pMR, ;(A). Therefore,
we obtain the following property by Proposition 6.11.

PROPOSITION 6.13. A tuple (pMR, 1(A), D, 1,+,-) is an idempotent left semiring.

7. Second Probabilistic Model of Complete IL-semiring

We have already shown that a tuple (pMR,(A),0,1,+,-,\/) is a complete IL-
semiring by Proposition 6.12 and 6.13. In addition, we have the following theorem by
Lemma 6.9.

THEOREM 7.1. A tuple (pMR, 1(A), D, 1,+,-,\) is a complete IL-semiring preserv-
ing the right 0.

Using previous results given by Nishizawa, Tsumagari and Furusawa (2009), we also ob-
tain the following lemma from the above theorem.

LEMMA 7.2. pMR, ;(A) forms a lazy Kleene algebra satisfying the 0-aziom.

The following example shows that complete IL-semiring pMR, ; (A) need not pre-
serve the right 4, that is
P-Q+P-R=P-(Q+R)

need not hold for P,Q, R € pMR, ;(4).
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EXAMPLE 7.3. Let A be a set {x,y}, and P, Q probabilistic multirelations such that

P = {( 8 @0, aca}
Q = {(x,0y),(y,02)} -
Then P,Q € pMR, ;(A).
We have (x,0,) € P-(Q + 1) since

0y = Z(‘Sz 10 dy)(u) - 6z

u€eA

and 0, € (@ + 1)[u] for each v € A. On the other hand, we have P-Q + P -1 = P since
P-QCPandP-1=P. Therefore (z,0,) ¢ P=P-Q+ P -1

In addition, complete IL-semiring pMR, ;(A) need not preserve all right directed

join, that is,
PV = Vo

QEx

need not hold for P,Q € pMR, ;(A) and directed subset x C pMR, ;(4).

EXAMPLE 7.4. Let N be a set of all natural numbers, and P a probabilistic multirelation

P={(0,d)} U{(a,d4) [ a >0}

1
where d € D(N) satisfies d(n) = PTESY for each n € N. For i € N, let ; be a probabilistic

multirelation as follows.
Qi ={(a, do p®61) | a <i, pe[0,1]}U{(a, &1)|i<a} .

Then it holds that P € pMR, ;(N) and {Q; € pMR, ;(N) | i € N} is directed.
Note that (i,dp) € Q; for each i € N. Let F : N — D;(N) be a function such that

F(i) = do for each i € N. Then 69 = ) d(i) - F'(i). Since d € P[0] and F C\/,_Qi, we
ieN

(0,00) € P~ (\/QZ)

€N

have

Now we prove that (0,d0) & \/;cnP - Qi- It is sufficient to show that
(0, e \/P-Q = h(0)<1.
€N
If (0,h) € V;enP - Qs, then there exists a finite set J, e € D;(J) and a mapping
F:J = (UjenP - Qi) [0] such that
h=> e(@) F) -

jeJ
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We consider F(j) € (U;enP - Qi) [0]. For j € J, there exists k; € N satisfying F(j) €
P - Q,[0]. Then there exists d; € P[0] and G : N — D;(N) such that

F(j) = dj(u) - Gj(u)

ueN
and G CQy,. By the definition of P, d; = d for each j € J. Then we have
K@) = ZNdj(U) - Gj(u)
ue
= T dw-Gw
ue
= 2 duw) - Gju)+ X d(u) - G;(u)
uék‘] 1L>kj
= > d(u)- (o @)+ > d(u)-dr .
u<k; u>k;
That is, F(5)(0) = > d(u) - pl. Therefore we obtain h(0) < 1 because
u<k;

h0) = e F(5)(0)

jedJ
= Xel)- 3 dw-p
< Ye(i)r Y d(u)
jedJ u<k;
1
< Ye(j)
jeJ
= 1.

Therefore (0,00) & V;enP - Qi though (0,4d0) € P+ (V,cny@Qi)-

8. Conclusion

In this paper we provided two probabilistic relational models of complete IL-
semirings. At first we have introduced a notion of probabilistic multirelations which
is generalized semantic domain of probabilistic distributed systems given by Mclver et
al. And then we proved that pMR, ; ((A) — the set of all finitary 0-included down-closed
and convex probabilistic multirelations — forms a complete IL-semiring preserving all
right directed joins and the right zero, and it also forms even a probabilistic Kleene
algebra.

In addition we have studied another type of probabilistic multirelations, and have
proved that pMR, ;(A) — the set of all total Dy-convex probabilistic multirelations —
forms a complete IL-semiring preserving the right 0.
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