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Abstract

Valuation algebras, are the algebraic structure associated with the
treatment and management of information packages. These kind of struc-
tures are frequently used on statistics and strongly linked to artificial in-
telligence.

Along this dissertation we will generalize the concept of semiring in-
duced valuation algebra so that set-based valuation algebras and some
algorithms like Action-GDL [12] or the Graph Coalition Structure Gener-
ation algorithm described in [13], can be fit into a new single wider unified
framework.

This document is based on the Bachelor Degree Dissertation written by
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1 Introduction

Description and objectives of the project

Valuation algebras, are the algebraic structure associated with the treatment and management
of information packages.

These kind of structures are frequently used on statistics and strongly linked to artificial intel-
ligence. Furthermore, there are several articles [5, 9, 10] refering valuations algebras as an al-
gebraic structure used in order to solve Distributed Constraint Optimization Problems (DCOPs).

A DCOP [5, 9, 12] is a formalism that captures the rewards and costs of local interactions
in a multiagent system where each agent chooses a set of individual actions. Thereby, it is a
framework which can model a large number of coordination, scheduling and tasks allocation
problems in multiagent systems [12].



In order to solve DCOPs researchers and engineers have developed lots of algorithms relying on
valuation algebras. Omne of these algorithms is Action-GDL [12|, which was also presented as
finding solutions without distribute in a semiring induced valuation algebra [4, 8].

In spite of DCOPs being that important, there are still some problems that cannot be efficiently
mapped there. Hence, Pouly created in [6] a wider framework called set-based valuation algebras
which include the valuation algebras used in DCOPs.

Nonetheless, in [13] an algorithm similar to Action-GDL is proposed in order to solve the coalition
structure generation problem (CSGP). This problem is equivalent to the complete set partition-
ing problem, one of the fundamental problems in combinatorial optimisation. Nevertheless, there
is no known way to map this problem to a set-based valuation algebra.

Hence, the objective of this dissertation is to generalize the concept of semiring induced valuation
algebra so that Action-GDL, the algorithm described in [13] and set-based valuation algebras
can be fit into a new single wider unified framework.

Contents

This dissertation is divided into six chapters, being the introduction the first one.

The second chapter refreshes some properties of lattices and defines the concept of valuation
algebra in the most general way.

The third one, which is based on Pouly and Kohlas book Generic inference [8], introduces
covering join trees and describes the collect algorithm, bringing a new proof in order to show
that it works.

On the fourth chapter we define valuation algebras over semirings using a partition lattices as
background.

Finally the fifth chapter shows that the Action-GDL algorithm holds on the valuation algebras
defined on chapter 4.

The last chapter include the conclusions of the dissertation as long as some ideas for future work
on this subject

For completeness and ease of reading, the appendix contains some bagic and important informa-
tion about ordered sets and lattices.



2 Valuation Algebras on Modular Lattices

Information treatment and manipulation on huge domains is usually infeasible for informatic
systems. The way of solving this issue is breaking the entire information package on small data
packages over smaller domains in such a way that one can obtain the original information by
combining the small packages.

The main advantage of this procedure, known as factorization, is the fact that the information
packages created are more operable than the original package due to the difference between the
sizes of their respective domains.

Valuation algebras are the algebraic structure associated to the treatment of information pack-
ages, thus they are strongly linked with information management.

In this chapter we will introduce the notion of valuation algebra as long as some other concepts
which will turn out important for the objectives of our work.

2.1 Valuation algebras

Valuation Algebras are built on top of lattices. Therefore we need to know what is a lattice.
Informally, we say that a lattice is a partially ordered set in which any two elements have a
supremum and an infimum. Further information about lattices can be found in the appendix.

Definition 2.1.
Let D be lattice. A set ® is called a set of valuations with domain in D if we can define three
operations on ® and D:

o Labeling: ® — D; ¢ — d(¢)
o Combination: ® X & — ®; (¢,9)) —» ¢ R
e Projection: ® x D — ®; (¢,a) — ¢** for a < d(¢)

An element ¢ € ® is called a valuation

Example 1. Valuations over discrete variables

In this example we are going to see the set of valuations that is used in order to define and solve
a DCOP.

Counsider U = {z1,...,z,} a finite set of discrete variables.

For any variable x; € U we denote the set of its possible values by €, and we will call it the
frame of x;. Moreover, given a subset s C U we define its set of configurations or its frame as

Q=[] Q.
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Hence, we will take the powerset lattice of U, P(U), as the domain lattice of the valuation
algebra defined over discrete variables, whereas a valuation with domain d € P(U) will be any
function ¢ : Qg — R from the possible configurations of the variables in d to the real numbers set.

Before defining the operations it is necessary to remark that for any d € D and any s C d it
is possible to break the configurations of d as the configurations of s and the configurations of
s'={x; €d:x; ¢ s}, ie all x € Qy can be written as (a,b) where a € Qg and b € Qy. We will
denote a as z** and b as 2+

Now we are ready to define all the operations in the valuation algebra defined over discrete vari-
ables.

Recall that labeling just maps every valuation to its domain, thus we only have to define the
combination and projection:

e Combination: Given ¢, € ® with respective domains s, ¢ we define:

(d) ® w) : QsUt — R
o pat) x P(xt)

e Projection:Given ¢ € ® with domain s , for all ¢ C s we define:

d)‘LtZ Qt — R
o Y dx,y)

yEQt/

For instance, consider U = {z,y,z} were z,y,z are binary variables and the valuations
¢ Qppy — Rand ¢ : Q) — R defined as it follows:

¢ y=0 y=1 Y z2=0 z=1
=0 -2 5 y=0[ 0 2
z=1 1 -3 y=1 -1 1

It is clear that d(¢) = {z,y} and d(¢) = {y, 2}, thus we are going to calculate (¢ ® v¥)(«) for all
a < Q{z,y,x} :

a | oo [ oMot [ g(avh) [ () | (¢ )(a)
000 | 00 00 -2 0 0
001 | 00 01 -2 2 4
010 | 01 10 5 -1 5
011 | 01 11 5 1 5
100 | 10 00 1 0 0
101 | 10 01 1 2 2
110 | 11 10 -3 -1 3
11| 11 11 -3 1 -3




Finally, we will take s = {y, 2} and we will calculate (¢ ® ¥)¥*(3) for all 8 € €.

Notice that Qg = Qg = {0,1} , thus we obtain (¢ ® ¥)¥*(8) = (¢ @ ¥)(0, 8) + (¢ @ ¥)(1, B).

Hence:
B1e2¢)(0,8) ] (9@¢)(1,8) | (d®1)*(B)
00 0 0 0
01 4 2 2
10 -5 3 -2
11 5 -3 2

Definition 2.2.

Let D be lattice and ® be a set of valuations with domain in D.

We say that the tuple (®, D) is a waluation algebra on D if the following axioms are satisfied by
the three operations defined above (labeling, combination and projection): .

A1 Commutative Semigroup: ® is associative and commutative under ®.
A2 Labeling: For ¢, € P,
d(¢p @) = d(¢) vV d(¢)

A3 Projection: For ¢ € ®, a € D such that a < d(¢),

d(¢**) = a
A4 Transitivity: For ¢ € ®, a,b € D such that a < b < d(¢),

() = g
A5 Combination: For ¢,9 € ®, a € D such that d(¢) < a < d(¢) Vd(¥),
(6@ P)H =g ® (prerh)

A6 Domain: For ¢ € @,

HH9) = ¢
It can easily be shown that the valuations and the operations defined on the example above

satisfy all the axioms of valuation algebras.

Next, we are going to prove a result that we will use in the last part of the dissertation. We
want to do it now because later on we will work with a specific kind of valuation algebras and
we want to show that this result holds for any valuation algebra

Proposition 2.3.
Let (®, D) be a valuation algebra. Let ¢,1p € ®.Then:

(p® w)id(qﬁ)/\d(w) = GHAONA(Y) g ytd(@)Nd(Y)
Proof.
Using transitivity and combination axioms it holds:
(¢®¢)¢d(¢)/\d(w) - ((¢®¢)id(¢))id(¢)/\d(¢) (¢®¢¢d(¢)Ad(¢))id(qﬁ)/\d(w) = GHADNAY) g g td(@)Ad(Y)

O



2.2 Valuation algebras can only be defined on modular lattices

In [8], Pouly and Kohlas say that valuation algebras can be defined over any kind of lattice. We
will show that modular lattices are the most general lattices which admit a valuation algebra
structure if we want to be able to define a valuation over any element of the domain D.

First of all, we will introduce the concept of modularity, which can be seen as a weaker notion
of the distributive property. Further information about modular lattices can be found in [11].

Definition 2.4.
A lattice L = (£;V, A) is said to be modular if for all z,w,y € L such that x <y we have:

zV(wAy)=(zVw)Ay

Proposition 2.5.
Let L be a lattice. Then L is modular if and only if

r<z<zVy=zV(yAz)=zforalzyzeclL

Proof.

Suppose that L is modular, and x,y,z € L such that z < 2 <z Vy

Using « < z and the definition of modular we obtain zV (y A z) = (z Vy) A 2.
Aslong as z <z Vy we have (z Vy) Az = 2.

Now suppose that x V (y A z) = z for all z,y,z € L such that z < z < x Vy.
Given z,y,w € L such that z <y, we set z = (x Vw) A y.

Due to V definition we know that z < zVw. Equivalently we obtain x <y < z using A definition,
so in particular z < z < x Vw

Using the hypothesis above we obtain zV (w A z) =z = (xVw) Ay
Furthermore, since w = w A (z Vw),we obtain x V (wAy) =zV (wA (xVw)) Ay)=zV (wA
(xVvw)Ay)=zV(wAz)=z=(xVw)Ay

O

Theorem 2.6.
Let (®, D) be a valuation algebra such that for all d € D, there is a ¢ € ® such that d(P) =d
Then:

D is a modular lattice

Proof.
Given z,y, z € D such that z < z < xVy we can take ¢, 9 € ® such that d(¢) = z and d(¢p) =y
due to hypothesis.

Using the combination axiom (A5) we obtain (¢p®v)¥* = ¢@ (p+* %)) _ Therefore, if we use the
labeling and projection axioms ((A2) and (A3)), we obtain z = d((¢®1)¥?) = d(¢® (P H¥))) =
zV(zAy).

As long as we can do it for every x,y € D we obtain that D is modular by proposition 2.5.
O



3 Finding marginals on a factorized valuation

As we previously said, valuation algebras are used to break big information packages on smaller
and more operable data packages. Nonetheless, we want to do it in such a way that we can
obtain the initial information by combining the small data blocks.

Thereby, along this dissertation we will study which information related to ¢ can be obtained
from the elements of a given factorization factorization.

In particular, we will suppose that we are given a valuation ¢ by means of a set of valuations
®1,...,¢n such that ¢ = ¢1 ® --- ® ¢,. Moreover, as long as we want the data packages to be
smaller we require that the domains of ¢; are far smaller than the domain of ¢.

Since ¢ itself is intractable (its domain is supposed to be too big), we will be interested in de-
termining the projection ¢** of ¢ to a smaller domain s < d().

This is known as the projection (or marginal) of ¢ to s and it gives us information related to
s which can only be obtained from ¢. Therefore it would be pretty interesting to find how to
obtain ¢** for some s € D using a factorization of ¢.

The aim of this chapter is to prove that there is an algorithm, called collect algorithm, which
can be used for finding some marginals of ¢ from a given factorization.

The collect algorithm [3, 8] uses a covering join tree as its main data structure. Thus we start
introducing covering join trees in section 3.1 and continue with the description of the algorithm
in the section 3.2. Finally we will give a new proof about the collect algorithm which is valid on
any valuation algebra on a modular lattice.

3.1 Covering Join Trees

The collect algorithm is based on message-passing between the elements of the factorization. It
is important to know when the messages are sent and who the sender and the receiver are. In
order to understand why the collect algorithm works we will introduce the concept of covering
join tree:

Definition 3.1.
A labeled tree is a tuple T = (V, E, A, D) such that:

o (V,E)is a tree, in particular |V| = |E| + 1
e Dis aset
e \: V—D

We say that a labeled tree is a lattice-labeled tree if D is a lattice.

Thinking about the example 1, one can deduce that given two valuations such that their domains
share a variable x they must be able to talk about information related to this variable.



Nonetheless, when these domains are placed on a labeled tree and they are not neighbours, it
turns necessary to send the information through the nodes in the path between them. In order
to guarantee that no information is lost during this process we must demand the labeled tree to
satisfy the property below.

Definition 3.2.
A lattice-labeled tree T = (V,E, A, D) is said to satisfy the running intersection property if
for any 7,5 € V it holds that A(i) A A(j) < A(k) for all nodes k on the path between ¢ and j.

A lattice-labeled tree that satisfies the running intersection property is called join tree.

Definition 3.3.
Let (®, D) be a valuation algebra and ¢ € ® such that ¢ =1 @ -+ ® ¢,.

A join tree T = (V, E,\, D) is called covering join tree for the factorization ¢1 ® -+ ® ¢y, if
|V| = n and for all ¢; there is a node v; € V such that d(¢;) < A(j).

Notice that this definition of covering join tree is different to other definitions given in [8, 10]
because we enforce |V| = n. Nevertheless one can easily deduce that it is possible to obtain a
new factorization, based on the original one, with the adequate number factors for fitting the
number of tree nodes. On the other side, taking |V| = n allows us to link any valuation ¢; of
the factorization with a single tree node.

Taking this into account, we are going to enumerate the nodes in such a way that it will be easier
to work. After doing that we will be able to introduce the concept of node separator which will
also become really helpful.

Given 7 = (V, E,\, D) a covering join tree for the factorization ¢ ® --- ® ¢, we will number
the nodes v; € V' in the following way:

e The root node, vy, will be numbered as w(k) = |[V|=r

e Given two nodes v;,v; € V' \ {vg} if v; is in the path from node v; to the root node, we
will write 7(v;) = a < b = 7w(vj).

From now on we are going to assume that all the covering join trees are numbered in this way,
and thus we will refer to a = 7(v;) instead of v;. Moreover, we will suppose that d(¢;) < A(i),
thus we will link each valuation ¢; with the node numbered by i (see definition 3.6).

Before defining the separators we must remember some properties about trees.

Definition 3.4.
Let 7 = (V, E) be a tree and let r be the root node.

For each i # r we define the parent of the node i, denoted by pa(i), as the first node after ¢ in
the path between ¢ and r.

Furthermore, for each node i we define the set of its children as ch(i) = {j € V : pa(j) = i}.

Similary, for each node i we define the set of its brothers as br(i) = {j € ch(pa(i)) : j # i}



Definition 3.5.
Given T = (V, E, A\, D) a covering join tree , the separator sep(i) of a node i < |V| is defined by

sep(i) = A(i) A A(pa(i))

Although we are ready to formulate the collect algorithm and to prove that it can be used for
finding some marginals using the notion of covering join tree we have just defined, we want to
improve the nodes’ labels. In other words, we want the domains linked with the tree nodes and
the factorization valuations to be as small as possible.

For instance, it is clear that for any given factorization ¢ = ¢1 ® - - ® ¢, we can take any tree
with n nodes and link each one of these nodes with the whole domain d(¢), obtaining a covering
join tree. Nevertheless, this procedure has the problem that the collect algorithm manipulates
information related to the domains linked with the covering join tree, so we gain nothing by
factorizing the valuation ¢, because we will have to use information packages domains as huge
as the original one.

Definition 3.6.
Let T = (V,E,\, D) a covering join tree for a given factorization ¢ = ¢1 @ - - - ® ¢y,

For each node 7 we set

OCti:d(¢i)\/ \/ Q; fori=1,...,r
jE€ch(i)
o (i =d(¢i)V \/ (o N ag) fori=1,...,r
j,k€ch(7)
ik
o N (i) =BV (Apa(i)) A a(i)) fori=nr,...,1

Then we define the optimized covering join tree over T as T' = (V,E, N, D)

Remark: Notice that «; and §; are well defined because j € ch(i) implies j < i. Similarly X (4)
is well defined due to the fact that ¢ < pa(z).

Before getting introduced to the collect algorithm we will prove that any optimized covering join
tree is itself a covering join tree. We will use the proposition below in order to obtain that result.

Proposition 3.7.
Let T = (V, E, \, D) be an optimized covering join tree for a given factorization ¢ = p1®- - Qpy,.
Then:

Ai) <, forallieV

Proof.
It is immediate to see that 8; < «;.
Then:

A(@) = 5 V. (Mpa(i) A i) < o V (A(pa(i)) A a;) =



Theorem 3.8.
Let T = (V, E, X\, D) be an optimized covering join tree for a given factorization ¢ = p1®- - Q.
Then:

T is a covering join tree

Proof.

First, one must notice that for all ¢(i) it is satisfied d(¢(i)) C B; € N (). Therefore we only have

to prove that the running intersection property is satisfied.

Set p1,p2, ..., Pm the unique path between two given nodes p1,pn,, € V. We want to see that
P1ADm <pi, forl<i<m

Notice that if m < 2 it is immediate to prove it. Therefore we will suppose m > 3.

As long as 7 is a tree, the path can be seen as the composition of two different paths. The first

part grows up from p; path to some node p; such that p; = pa( ~! (pa(i))..)). On the other

side, the second part descends from p; to py,, satisfying p; = pa( mJ (pa(m))..)) . Notice that
if p1 # pm at most one of these subpaths may be empty.

Then there are three possible configurations for the paths:
1. No subpath is empty, i.e. 1 £i < m

In this case, by proposition 3.7 we have that A(p1) < ap, < a(pi—1) and X(pm) < ap,, <
a(pi—1). As long as pp—1,Pm+1 € ch(p;) we obtain:

A1) AApm) < alpic) Aepic) <\ (o Aag) < Bi < A(4)
J,k€ch(7)
J#k
2. The descendant path is empty, so i =m

In this case, we use proposition 3.7 in order to obtainA(p1) A A(pm) < A(p1) < a1 < am—1
On the other side we know that A(p1) A A(pm) < A(pm) = A(pa(pm—-1))
In conclusion we obtain A(p1) A A(pm) < @m—1 AAPa(Pm—-1)) < A(Pm—1). Moreover:

A1) A ADPm) < AP1) AXDPm) AAPm-1) < A1) A ANPm-1)

Then we have that A(p1) A A(Pm) < A(P1) AAPm—1) < -+ < A(p1) A A(p2)
< X

Therefore A(p1) A A(pm) < A(p1) A A(pi) pi), forl<i<m
3. The ascendant path is empty so i =1

In this case we will consider the path from p,, to p; and use the proof for empty descendant
path, as long as pp,, Pm—1, - - ., p1 would be an ascendant path.

O
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3.2 Collect Algorithm

Given (®, D) be a valuation algebra and ¢ € ® such that ¢ = ¢1 ®---® ¢y, the aim of the collect
algorithm is compute ¢4 for some fixed i by only using ¢1, ..., dn.

In order to do that we suppose that we are given an optimized covering join tree for that factor-
ization. Notice that such a tree always exists, due to definition 3.6.

The algorithm is based on sending messages up the tree, through the edges of the covering join
tree, until the root node is reached. The message sent from each node summarizes the infor-
mation in the corresponding subtree which is relevant to its parent. As we will see the running
intersection property guarantees that no information is lost.

The collect algorithm may be described by the following rules:

R1 Each node sends a message to its parent once it has received all messages from its children.

R2 When a node is ready to send a message, it computes the message by projecting its current
content to the separator.

R3 When a node receives a message it updates its current content by combining it with the
incoming message

As one can deduce from these rules, the content of the nodes may change during the algorithm’s
run. In order to simplify the lecture we will introduce the following notation:

° ¢§.1) = ¢; will denote the initial content of node j

° ¢§i) will denote the content of node j before step ¢ of the collect algorithm.

oy = \/)\(2)

Due to the way of numbering the nodes of the covering join tree we can suppose that during the

i-th step of the algorithm the node ¢ sends a message to its parent. This fact allows us to define
the message-passing as it follows:

e At step ¢, the node i computes the message
Hi—pa(i) = ((bl(l))isep(i)

e The receiving node pa(i) combines the message with its node content:

(+1) _ (3)

pr G — qbpa(i) ® Hi—spa(i)

e The content of all other nodes remains unchanged:
¢ =gl for all j # pa(i)

One can easily deduce that the algorithm has r—1 = |V| —1 steps as long as |E| = |V|—1. Thus

the content of any node at the end of the collect algorithm will be denoted by ¢§-T). Moreover,
looking at the structure of the collect algorithm it is immediate to prove that:

o)) =69 Q) ping
)

i€ch(j

11



Proposition 3.9.
Let T = (V, E, X\, D) be an optimized covering join tree for a given factorization ¢ = p1®- - Q.
Then fori=1,...,r it holds:

A7) = \(i), forj>i

Proof.
Due to how the collect algorithm works, we obtain that if j > ¢ it holds that
d(@P) = d(¢{)g; = d(di ® &) pisy)
i€ch(j)

(J))

Therefore we can write d(¢;”’) as it follows:

d¢?) =d¢") = d(¢i® Q) i) =d@) Vv \ moi) =dg) v\ sep(k) =

kech(i) kech(i) kech(i)
= dg) v\ (A(R) AND)
kech(i)
Moreover d(qﬁgj)) = \/ Ak ) due to modularity (because d(¢;) < A(7)).
kech(7)

Therefore d(gf)(])) < A(7).

On the other hand by A definition we know that A\(k) = Bk V (AM(pa(k)) A ar) > A(pa(k)) A ag.
Then, as long as pa(k) =i for all k € ch(i) we obtain:

d@) v\ AR AXD) = digi) v\ (A0 Aak) AND) = d(g) v\ (alk) AA(D))
kech(i) kech(i) kech(i)

Finally, using again the modularity we obtain:

d@) > dg)v \/ A Aak)=( dé)v \ alk))AAGE) = ali) AN = A(D)

kech(i) kech (i)
O

The following theorem proves that some marginals can be obtained from a given factorization.
A similar result can be found in the third chapter of [8], but it only holds for valuation algebras
on distributive lattices (like powersets in example 1), whereas the following theorem provides the
result for valuation algebras on modular lattices.

Theorem 3.10.
Let T = (V, E, \, D) be an optimized covering join tree for a given factorization ¢ = 1@+ Q ¢y,.
Then fori=1,...,r it holds:

®¢§2) _ ¢~Lyi7
j=i

In particular, for i = r we obtain that at the end of the collect algorithm, the root node r contains

the marginal of ¢ relative to \(r).
¢7(j“) — ¢¢/\(7~)

12



Proof.
For ¢ = 1 notice that y(1) = d(¢) because T covers a factorization ¢ ® - -+ ® ¢, of ¢. Therefore
we obtain:

P =g == 410 6= o) ® ..o = Q8"
j=1

Now we will suppose that the equality holds for ¢« and we will prove it for ¢ + 1:
We know that y;41 < y; due to how we defined y;, from that we obtain:
Wit = (i Wit = (@@ ® ¢Z(f21 Q- ® ¢§F))¢yi+1 — ((ﬁbgi)) ® (¢Z(f21 Q- ® ¢§F)))¢yi+1
Notice that as long as d(qbgi)) < A(j) for all i we obtain d(¢§-21 ®:-® ¢£¢)) < Yit1
In particular we can apply the combination axiom A5 obtaining:
(@) @ (), ® - @ ) wirt = (@O g (60 @ @ 69)

Considering the way we numbered the tree nodes we obtain that d(qﬁgi)) AYir1 = d(d)l(.i)) AX(pa(i))
due to the running intersection property and the fact that i < pa(i)

Furthermore, by theorem 3.9 we obtain d(gbgi)) AYir1 = A(i) A X(pa(i)) = sep(i).
So:

: i ) Ay; i i i)y sep(i i i
pWit1 = (¢§ ))id(@ NYit1 ) (¢5421 R ® ¢$ )) — ((¢l( )) ZONS ¢;a)(i)) ® ® d)g) =

je{i+1,...,r}
J#pa(i)
o (1) (7,) o (i+1) (i+1) o (i+1)
= (:ui—>pa(i) X ¢pa(i)) ® ® ij = Gbpa(i) ® ® ij = ® ij
je{i+l,...r} je{i+1,...r} je{i+1,...r}

J#pa(i) J#pa(i+1)
O
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4 Valuation Algebras on Partition Lattices

Next, we are going to show how to define a semiring induced valuation algebra on a partition
lattice domain.

The reason to take partition lattice domains is that they are the most general finite lattices
(see theorem 4.4,). Therefore any result on a partition lattice can be used on any lattice.

On the other hand, we define the valuation algebra over a semiring because Action-GDL need
this algebraic structure.

Thus in section 4.1 we recall what partition lattices are, whereas next section will introduce the
raise and decrease operations which will be useful to define valuations on partition lattices.

Finally, the last sections of the chapter refresh what semirings and multisets are and we use these
concepts to define a semiring induced valuation algebra on a partition lattice. It is important
to remark that most of the results and concepts that one can find in this section are completely
original and have been designed in order to define this valuation algebra.

4.1 Partition Lattices

Definition 4.1.
A partition I1 = {B; : 1 < i < n} of a set X called universe consists of a collection of subsets
B; C X called blocks such that:

o B;# 10
e BiNBj=0fori#jand 1<i,j<n
e U Bi=X
We denote the set of all possible partitions of a universe X by Part(X)

Definition 4.2.

Let X be a set and 71, m € Part(X).

We say that m; is finer than me ,or m is coarser than my, if every block of 7 is contained in
some block of 7y or equivalently if every block of 71 is a union of blocks from .

Figure 1 shows an example of two partitions which can be compared. Notice that each block in
the finer partition is contained in some block of the coarser partition.

14



Coarser Finer
Figure 1: Partitions
Definition 4.3. Using the last definition we can induce two different partial order relations over
Part(X):
1. m <4 my & my is coarser than .

2. m <9 My & o is finer than my.

It can be proved that (Part(X),<;) is a complete lattice with L; = {{z} : x € X} as a bottom
element, and T1 = {X} as a top element.

Equivalently, (Part(X),<s) is a complete lattice with 1o = {X} as a bottom element, and
To={{z}:2 € X} as a top element.

From now on, we will call (Part(X), <s) the partition lattice of a universe X and we will denote
it by (Part(X), <) or Part(X).

We will also denote it’s bottom element {X} by L, and its unique block X by ¢

Next theorem will allow us to generalize valuation algebras in order to contain DCOP valuation
algebra in example 1 as long as the valuation algebra related to CSG problem. The proof of this
theorem can be found on [2].

Theorem 4.4. For every finite lattice L there is o finite set X such that L can be embedded in
Part(X)

It is important to remark that, despite theorem 4.4 just refers to finite lattices, the same result

holds for infinite lattices [2].

Although most definitions and some results in this chapter hold for partiton lattices of infinite
universes, we will consider them to be finite later on, as long as one can only store a finite
quantity of information.

4.2 Rise and Decrease

In this section we will talk about rise and decrease, two operations on partition lattices which
we defined in order to generalize the projection of variables and the union of projections seen in
example 1.

15



4.2.1 Definition of rise and decrease

Definition 4.5.
Let X be a set and 71, m9 € Part(X) such that m < m. We define the raise of a block b € m;
to m9 as:

bftmy={zem:z b}

Figure 2 shows the raise of a block using the partitions shown in figure 1:

b bt mo

T 2
Figure 2: Raise of a Block

Definition 4.6.
Let X be a set and mp,my € Part(X) such that m; < mo. We define the decrease of a block b € o
to m1 as:

bm={zem:bCx}

Figure 3 shows the decrease of a block using the same partitions that where used in the previous
figures:

b bl m

™o 1
Figure 3: Decrease of a Block

Proposition 4.7.
Let X be a set and w1, 7o € Part(X) such that my < ma. Let b € mo be a block. Then:

b | w1 has only one element.

Proof.

Let x,y € m such that z,y € b | m1.

(z,y) € b{ m implies that b C x and b C y, thus b C z Ny, in particular x Ny # (.

As long as xz,y € 7 are blocks, we know that o # y implies z Ny # ), thus we obtain z =y [

Definition 4.8.
Let X be a set and 71, me € Part(X) such that m; < my. Let b € w2 be a block. We will denote
the only element in b || 71 as by,
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4.2.2 Properties of rise and decrease

As long as rise and decrease will generalize the projection it turns necessary to know which prop-
erties do they satisfy. Next proposition just enumerates some properties, whereas the following
lemmas will be necessary to define a valuation algebra.

Proposition 4.9. Properties of rise and decrease
Let X be a set and w1, 7y € Part(X) such that my < me. Let a € mp and b € wy be blocks. Then:

1. x#by, =bNz=0, Ve e m
2. a= U T
rEaf T2

3. Vre(aftm) =2 =a
4. be (bﬂ-1 ﬂ?TQ)

Proof.
They are direct from the definition of raise and decrease. O

Lemma 1.
Let X be a set and 7o, w1, 79 € Part(X) such that 1o < m1 < me. Let b be a block from wo. Then:

bﬂ’o = (bﬂ'l )7T0

Proof.
We know that b C by, C (b, )r, € mo. We also know that it only exist a block in 72 that contains
b and this block is by, Proposition 4.7 O

Notice that Figure 4 shows that by, = (bx, )x,, therefore it is an example of lemma 1.

b bﬂ' il bﬂ‘o

2 ¢ 5l ™0

Figure 4: Lemma 1 representation

Lemma 2.
Let X be a set and 7o, 71,72 € Part(X) such that 7o < w1 < mo. Let b be a block from my. Then:

b m = U T ) o

e

17



Proof.
Let z € my such that z € U x 1 mo.
zebtm
Then it exist a block = € (b f} 1) such that z € (z f} m2), which implies that z C b and z C «x,
so z C b. Hence, in particular z € (b} m2)

Suppose now that z € b 1} ma.
We know, by property 4, that z € z;, 1 m2 so we only need to prove that z,, € b} 7.

We also know that b = zr, property 3, and the previous lemma tells us that z-, = (2, )r,, but
Zm, = b which means that z, € (b1 m) property 4.
O

Figure 5 shows an example of lemma 2. Notice that if we raise both blocks in b {} m; we just
obtain the blocks in b ) ms.

b bﬂﬂ'l b'ﬂ‘ﬂ'g

0 Vs T2
Figure 5: Lemma 2 representation

4.2.3 Rise and decrease of block sets

We have already defined how to raise and decrease a block, but looking at lemma 2 one may
deduce that sometimes it turns necessary to raise or decrease a set of blocks. Next we will give
a formal definition for set raising and decreasing. In addition, we will rewrite the properties
already seen in such a way that they will hold for block sets.

Definition 4.10.
Let X be a set and m,my € Part(X) such that m; < ma. We define the raise of a subset A C mp
to mo as:

A mo = Uzﬂwz
€A

Definition 4.11.
Let X be a set and 71, m € Part(X) such that m; < my. We define the decrease of a subset
A C 7y to m as:

Alm = lelmz{xm:ajeA}

€A

Remark: {b} || m1 = {bx, }
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With these definitions above we can rewrite lemma 1 and lemma 2 as it follows:

Lemma 1
Let X be a set and mo, w1, m9 € Part(X) such that 1o < w1 < m9. Let A be a subset of my. Then:

Almg=(Alm)

Lemma 2
Let X be a set and mo, w1, 79 € Part(X) such that 1o < w1 < m9. Let A be a subset of mg. Then:

APy = (A ) m

Moreover, given X a set, m,my € Part(X) such that m < mg, A C 7 and B C my we can also
rewrite the properties 3 and 4 of the rise and decrease:

3. A=A mo || m.
4. BQBUmﬂWQ.

As it’s clear than A = B implies that their rise and decrease will be equal we obtain the following
result.

Proposition 4.12.
Let X be a set and m, 79 € Part(X) such that my < mo. Let A,B C 71 . Then:

Aftm=Bfm<s A=HB

Proof.
A =B = A1 o = B 1 ms is clear, so we only have to demonstrate Ay mo =By mo = A= B.
Due to the property 3 we obtain:

Aﬂﬂ'QZBﬂﬂ‘QiA:Aﬂﬂ'gl}Trl:Bﬂ‘ﬂ'gllﬂ'lzB
O

Remark: Al m = B || m doesn’t imply that A = B, because property 4 doesn’t give an
equality but an inclusion.

As we will see later, the following lemma will allow us to know when it is possible to define a
valuation algebra on a partition lattice.

Lemma 3.
Let X be a set and mo, 71,72, 73 € Part(X) such that 7o < m1 < 73 and mo < mo < w3 . Let
b e my be a block . Then:

bfrmsdm Cbldmofm

Proof.
The property 3 tells us that x  mo t 711 = | mo t 71 ) 73 | 1.

Then, by lemma 2 we obtain: z  mofmi sy m=xm s m=xlmNhmrsl
w1 = (x J 7o} m2) It w3 { 71 which is a superset of z {} w3 || 71 due to property 4. O
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4.3 Semirings and Multisets

Before being able to define a valuation algebra on partition lattice we need to recall what R —
multisets are, as long as define the raise and decrease of multisets. In order to do that, we will
introduce the needed concepts during the following pages.

Definition 4.13.
A semiring is a tuple (A, +, X), where 4+ and X are binary operations such that:

e + and x are both associative

e + is commutative

o fora,bcc R:ax (b+c)=axb+axc
o fora,b,ce R: (a+b)xc=axc+bxc
e + has a neutral element e

e x has a neutral element ey
eaxey=eyxa=eyforallae R

A semiring is called commutative if a x b =5b x a for all a,b € A

A semiring is called cancellative if for all a,b,c € A we have:
axb=axc=b=c

Definition 4.14.
Let X be a finite set and R be a semiring. Given I € Part(X) a R-multiset over II is a mapping

d:1II - R
b— ®(b)

We say that II is the domain of ® and we denote it by d(®)
Example 2. R—Multiset over a partition

This example will show how a R— Multiset over a partition can be represented.

Let R = (Z,+, x) and II = {by1, by, b3} be a partiton with three blocks.
Then the R-multiset defined by

®:II—-7Z
bl — 3
bQ — —1
b3 — 2
will be represented as:
b1 3
bo -1
b3 2
s 0]
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Next, we are going to define the raise and decrease of multisets, which will turn very important
in order to define combination and projection operations in section 4.4.

Definition 4.15.
Let X be a finite set and R be a semiring. Let m, 7y € Part(X) such that m < me. We define
the raise of a R-multiset ® : m; — R over w1 to mo as the R-multiset over mo defined by:

(®fmg) :m — R
br— ®(bs,)

Although one may imagine how the raise of a R—multiset looks like, figure 6 shows it.

-1

¢ ¢t m2
Figure 6: Raise of a Multiset

Definition 4.16.
Let X be a finite set and R be a semiring. Let m, 7y € Part(X) such that m < me. We define
the decrease of a R-multiset ® : m9 — R over my to w1 as the R-multiset over my defined by:

(@m): m —

R
b o— > ®(a)

a€(bfrm2)
Figure 7 shows an example of a Multiset decrease.
-1 2
3
5 .
2
0 0
¢ ¢4 m

Figure 7: Decrease of a Multiset

4.4 Defining a valuation algebra on a partition lattice
Notice that R—multisets over partitions can be seen as information contained in each block. We

will use this fact in order to define a valuation algebra on partition lattices.

First of all we must define the operations of labeling, combination and projection. This will
be done in the following section, whereas in section 4.4.2 we will create the desired valuation
algebra.
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4.4.1 Valuations and operations on partition lattices

Definition 4.17.

Let X be a finite set and R be a semiring. Let ¢ be a R-multiset over m; € Part(X). Let ¢
be a R-multiset over mo € Part(X). We define the combination of ¢ and v as the following
R-multiset over m; V ma:

(p@vY): m VT — R
b > @(br,) X Y(bry)

Notice that as we can see in figure 8 it holds that ¢ ® ¢ = (¢ ft (m1 V m2)) X (¢ } (m1 V m2)).

3 3 3
-2 2 (-2
10) o (m V ma) 016
0 | -4
0| 2 ,
02 Py
0 2
(] Y f (7 Vo)

Figure 8: Combination

Definition 4.18.
Let X be a finite set and R be a semiring. Let w1, m2 € Part(X) such that m < w9 and let ¢ be
a R-multiset over mo. We define the projection of ¢ to m as:

P = (¢ 4 m)

Definition 4.19.
Let X be a finite set and D C Part(X)
Let R be a commutative semiring.

We denote by ® the finite set of R-multisets over elements from D
For each m € D we define @, as the set of R-multisets over .

We define a R-wvaluation algebra candidate over D as the tuple (®, D) with the following opera-
tions:

o Labeling:® — D; ¢ — d(¢)
o Combination: ® R & — @; (p,9)) —» ¢ R
e Projection: ® x D — ®@; (¢, 7) — ¢ || m , for m < d(¢)
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4.4.2 Valuable partition lattices

Although we have just defined valuations on partition lattice we still must prove that the satisfy
the valuation algebra axioms (see definition 2.2). Unfortunately, valuation algebra axioms don’t
hold for any set of valuations on partition lattices, therefore we must define when it is possible
to define a valuation algebra.

Definition 4.20.
Let X a finite set. A wvaluable partition lattice over X is defined as any sublattice D C Part(X)
such that for all 71, 79, m3 € D such that m < 73, my < 73 we have:

bl (mAm)tm=bfnmslm for all b € mo

Recall that Lemma 3 told us that b |} (w1 Am) 1 71 C by w3 | 71 is always satisfied. Therefore
valuable partition lattices satisfy the equality instead of the subset relation in Lemma 3.

Figure 9 shows this property that all blocks in a valuable partition lattice must satisfy. Hence,
the partition lattice ({m1, ma, w3, 1 A w2}, V, A) is in fact a valuable partition lattice.

T3 3
2 US| T2 ™
TV T w1V T

Figure 9: A valuable partition latice

Notice that in Figure 9 we have that w3 = m; V mo. This has been made on purpose in order to
introduce the following proposition. It will give us an alternative definition for valuable partition
lattices, as long as an important property which they satisfy.

Proposition 4.21.
Let X be a finite set and D C Part(X) a sublattice. Then:

D is a valuable partition lattice over X
if and only if
bl (mAm)tm=bf(mVame)lm forall m,m € D, b€ mo

Proof.
It’s clear that m < 73 and 7o < 73 implies (71 V ma) < 3.

In particular if mo |} (71 Am2) t 711 = mo t (m1 V w2) | 71, for all w1, m9 € D we can use some
results already proven in order to obtain that D is a valuable partition lattice over X:

bll(Trl/\Trg)’[Tﬂ'l:bﬂ(7T1\/7F2)U7T1:bﬂ(W1V7T2)ﬂ7T3U(7T1V7T2)U7T1:bﬂTrgU,ﬂ’l
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On the other side, if we set m3 = w1 V 7o it holds that 7 < 73 and me < ms.

So using the valuable partition lattice definition we obtain b |} (71 A m2) ft m1 =1 73 | 71 =1
(71'1 V 7T2) u 7. O]

Proposition 4.22.
Let D be a wvaluable partition lattice over a finite set X and let wg,m,m0 € D such that my <
Ty < mo V 1. Then we have:

O (mAm)fm=0BN(mVr))m, for all b € mo

Proof.

Using V definition, one can easily deduce w9V m = mo V7 from the expression my < my < mo V1.
Thus from the definition of valuable partition lattice we obtain (b | (71 A m2)) f+ 11 = (b
(7T1\/7T2))u71'1:(bﬂ(ﬂ'g\/ﬂ'l))llﬂ'l. O

Thinking about valuation algebras axioms, one may deduce that most problematic axiom when
defining valuation algebras is the combination axiom (A5). Recall that theorem 2.6 shows that
a modular lattice is needed in order to define a good valuation algebra. On the other side last
proposition will allow us to prove that valuations on a valuable partition lattice satisfy the axiom.
Therefore we obtain the following theorem:

Theorem 4.23.
Let X be a finite set and D C Part(X) and let (P, D) be a R-valuation algebra candidate. Then:

D modular valuable partition lattice = (®, D) is a valuation algebra.

Proof.

We have to verify the six axioms related to valuation algebras. In order to that we will use
the combination and projection definitions given in section 4.4.1. Therefore we will write the
valuation algebras’ axioms as it follows:

A1l @ is associative and commutative under ®.

As long as commutativity is guaranteed by X commutativity on R we only have to verify
the associativity.

Let ¢, v, € ® with domains 71, o, 73 respectively.

First of all we must verify that d(¢ @ ¥) ® ¢) = d(¢ ® (Y ® ¢))
dp@Y)@¢)=(mVm)Vmry=mV(m2Vr3) =d¢® (Y& p))
Now, let b € m1 V w9 V 73 be a block.

((¢ ® ¢) ® 90) (b) = (¢ ® /l/})(bﬂ'l\/ﬂ'Q) X Sp(bﬂ.’s) = ¢((b7T1V7r2)7T1) X w((bm\/ﬂz)ﬂz) X Qo(bﬂg) =
¢(bry) X Y(br,) X p(bry)
By a similar reasoning we obtain (¢ ® (¢¥ ® ¢)) (b) = ¢(bry) X ¥(br,) X @(bry)

A2 For ¢,7) € ® we have that d(¢ ® ) = d(¢) V d()

It’s clear due to the definition of the combination.
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A3

A4

A5

A6

For ¢ € &, m € D such that m < d(¢) we have that d(¢ | 7) =7

It’s clear due to the definition of the projection.

For ¢ € ®, mg, w1, m2 € D such that 7y < m < my = d(¢) we have that (¢ | m1) | mo =
¢} mo

Let b € mg be a block. By the lemma 2 we have:

(@Um)Um) )= D (@dm)(@= > > d@= >  ¢@=

a€(bfrm) a€(bftmy) z€(afrms) €(Upgn, )
Yo o s@= D ¢(x)=1(¢4mo) (b)
z€(brm1) 2 TEbm2

For ¢,¢ € ®, with domain my and m; respectively and for all m» € D such that
o < my < mo V 1, we have that (¢R1¢Y) | mo = & (¢ |} ma Am))

First of all we must verify that d((¢ ® ) | m2) = d(¢ ® (¢ || m2 A m1))).

It’s clear that d((¢®1)) || m2) = m2. On the other side d(¢p® (¢ | maAT))) = moV (T2 AT) =
w9 due to Proposition 2.5

Now, let b € w2 be a block.
(@ © (Y I me A1) () = ¢bry) X (Y U (T2 AT1)) (broams) = D(0mo) X Doge(bry nmy ) ()

(@) I m) (b) = Zme(bﬂ(wo\/m))(¢ ®Y)(z) = er(bﬂ(wo\/m)) ¢(xmy) X Y(2r,).

We must remark that for all z € (b1 (o V 71)) we have ¥z, = T(xovr )., = bmg-

0

From that, we obtain ((¢ ®¥) | m2) (b) = &(bry) X X pc(vp(movm)) ¥ (Tm ), s0 for ending the
proof we have to verify that

Yoo @)= Y ()

xE(bTrQ/\ﬂ—l'ﬂﬂl) IG(bﬂ(ﬂ'QVﬂ'l))
Equivalently we can verify broar, + 71 = {2z, : 2 € (bt (mo V m1))} but as long as D is a

valuable partition lattice we have bpjpr, 71 =0 m AT 711 =01 (mo V) | m1 =
{Zr, :x € (b1 (w0 V 1))} where the second equality is due to Proposition 4.22.

For g € ®, ¢ | d(¢) = ¢

It’s clear that for each m € Part(X) we have by = b for all b € 7.
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Although we have just shown how to define a valuation algebra on a partition lattice, we would
like to prove that it has been done in the most general way possible.

Notice that it can easily be proven that if (®, D) is a valuation algebra it holds that D is a
modular valuable partition lattice. We already know that modularity is needed and we only
have to accept the axiom 5 in order to obtain that valuable partition lattices are also needed.

Theorem 4.24.
Let X be a finite set and D C Part(X) and let (®, D) be a R-valuation algebra candidate. Then:

D modular valuable partition lattice < (®, D) is a valuation algebra.

From now on we will do a distinction between the valuation algebras notation and the R—multisets
and partition notation.

Therefore, when talking about valuation algebras domains we will write elements of the lattice
x,7, z instead of the partition notation 7,7, . Moreover, we will write ¢** instead of ¢ | 7 .
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5 Dynamic Programming

As we saw in chapter 3, the collect algorithm can be generalized from distributive lattices to
modular lattices. In this chapter we will generalize the Action-GDL algorithm, which was cre-
ated to solve DCOPs.

This chapter relies in the chapter 8 of [8], where it is shown the Action-GDL under the name
of computing solutions without distribute. Therefore, the domain lattices in that chapter are
powerset lattices, which are boolean lattices. In fact, most of the proofs and definitions are made
using the existence of a complementary domain.

On the other hand, we will work on modular valuable partition lattices domains, which in general
do not satisfy neither the existence of a complementary nor the distributive property, therefore
we will do a generalization of the contents in [8].

It is important to remark that during the study of chapter 8 in [8] we came across with a coun-
terexample of theorem 8.1. That theorem plays a very important role on that chapter because
all the algorithms proposed there rely on it.

Fortunately we found how to fix the problem with a little change in the theorem statement, but
it has a little cost: the semiring (A, 4+, x) employed to define the valuation algebra must be
cancellative.

Nevertheless, in most practical applications, Action-GDL uses the tropical or the arctic semirings,
defined as (R U {400}, min,+) and (R U {—oo}, maz,+) respectively, which are cancellative
semirings [4].

5.1 Idempotent Valuation Algebras on Partition Lattices

As long as Action-GDL works on tropical or arctic semirings induced valuation algebras it makes
sense to think that it would work on any valuation algebra over a semiring with the same prop-
erties.

These properties, apart from cancellativity, are a total order and an idempotent +. We will
define these concepts as long as some important results related to them in this section.

Definition 5.1.
A semiring (A, +, X) is said to be idempotent if a + a = a for all a € A.

In order to know whether + is idempotent or not we will write ® instead of + when it must be
an idempotent operation.

Definition 5.2.
Given R = (A, 4+, X) a semiring, we define the canonical partial order < in R by setting

a<b<« thereisc€ Asuch thata+c=10

If this order is a total order, then we will say that our semiring is a totally ordered semiring.
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The proposition below will be useful in order to work with idempotent semirings.

Proposition 5.3.
Let (A, @, x) be an idempotent semiring. Then:

a<b&sadb=0b

Proof.
It is clear that a ® b =b = a < b. Therefore we only have to prove the opposite implication.

Suppose a < b, i.e. there is ¢ € A such that a @ ¢ = b. Then by idempotency we obtain:
abb=a®adc=aPc=0D
O

Notice that in any totally ordered idempotent semiring we have that a ® b = maxg/(a,b), where
mazg is the maximum according to the canonical order defined by .

The propositions below generalize this idea showing that @ r = maxg{zr:x € X}.
rzeX

Proposition 5.4.
Let (A, @, x) be a totally ordered, idempotent semiring and let X = {x1,...,z,} C A. Then:
There is x; € X such that @ T =x
zeX

Proof.
The case n = 1 is immediate.

For | X| > 2 we will suppose that our proposition holds for any Y C A such that |Y]| <n — 1.

By the associative property of @& we obtain @ rT=x1 P @ T

rzeX z€X\{z1}
As long as (A4, ®, x) is a totally ordered semiring, at least one of the following expressions must
be satisfied:

° 1> @ x, which would imply that z1 ® @ T =1
ze€X\{z1} reX\{z1}

o 11 < @ x, which would imply that = & @ T = @ x = xj for some 1 < j
zeX\{z1} zeX\{z1} zeX\{z1}

O

Remark: Notice that due to the proof, it is immediate to see that x; > x; for all z; € X. In
particular we obtain:

EBx: maxg{zr:z € X}

zeX
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Proposition 5.5.
Let (A, @, x) be a totally ordered, idempotent semiring and let X CY C A with |X| < oo and

Y| < co. Then:
@x < @y

rzeX yey
Proof.
As long as X C Y we have @ y = @ x ® @ z. In order to simplify the notation we can
yey zeX zeY —X
write o = @xandﬁ: @ z.

rzeX zeY —-X

In particular @ y=a®dp
yey
Using that (A, @, X) is totally ordered, at least one of the following expressions must be satisfied:

e a<f: Thena@ﬁzﬁ,soaSBZ@y
yey

e < a: Then aa ® B = . Therefore, we have a =a ® 8 = @ y. In particular o < @y
yey yey
O

From now on we will consider (®, D) to be a valuation algebra on a modular valuable partition
lattice defined over a totally ordered, idempotent semiring.

5.2 Solutions and Extensions

Given ¢ a valuation, the Action-GDL aim is finding the configuration of its domain which max-
imizes or minimizes ¢.

In fact, Action-GDL computes mazxg using the tropical or the arctic semiring depending on what
are we looking for, i.e. we use @ = min if we want the minimum configuration whereas we use
@ = max if we want to maximize the valuation.

Notice that finding the maximum configuration is the same that find a configuration x such that
¢(r) = maxg{p(x) : © € d(¢)}. Therefore, according to proposition 5.4 remark we have that
finding the maximum value is equivalent to find x € d(¢) such that

¢(x) = maxp{d(x) iz € X} = P ¢(x) = o™ (o)
z€d(¢)

On the other hand, compute the projection from d(¢) to L could be so difficult due to d(¢) size.
Therefore, we will use the projection axiom of valuation algebras in order to compute ¢ from
¥ with some intermediate steps which we will call extensions.

In this section we are going to define the notion of extension sets and the notion of solution,
which will allow us to do the process defined above.
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Definition 5.6.
Given ¢ a valuation, s € D such that s < d(¢) and § € s we define the set of extensions of
with respect to ¢ as:

W3 (8) = {b € (81 d(¢)) : 6(b) = ¢"(8)}

Lemma 4.
Let ¢ be a valuation and s € D such that s < d(¢). Let f € s and b € (Bt d(¢)). Then, for all
u such that s < u < d(¢) it holds:

¢(b) = ¢*(bu) = ¢**(B) & ¢(b) = ¢+*(B)
Proof.
It’s clear that ¢(b) = ¢*(b,) = ¢**(8) = 6(b) = ¢*(B).
Therefore we only have to prove ¢(b) = ¢**(3) = ¢(b) = ¢*(b,) = ¢**(3)

We must remark that b € (8 1 d(¢)) = b C 3, moreover, as long as s < u < d(¢), we obtain
b C b, Cbs=p. Thus, in particular {b,} C (5 1t u).

Using that fact, we can secure that b, 1} d(¢) C (5 1t u) 1} d(¢), obtaining:

)= P o)< P o) =" (B) =)
a€by () ac(Bfru)nd()

But as long as b € (by 1} s) we have D¢, na(s)) (@) = ¢(b), hence ¢(b) = d¥(by,).
OJ

The following theorem shows that the extension from a block § to a bigger domain d(¢) can be
made in two steps: first we extend 8 to some domain u bigger than 8’s domain but smaller than
d(¢), and then we extend the elements of this extension to d(¢).

Theorem 5.7.
Let ¢ be a valuation, s € D such that s < d(¢) and f € s. Then, for all uw € D such that
s <wu <d(¢) it holds:

W (B) ={be (B d(¢)): bu € W (8) and b e Wi (bu)}

Proof.
Using definition 5.6 we have that

Wi (B) = {a € (B u) : ¢"(a) = ¢"*(B)}
Wi (by) = {a € {bu 11 d(¢)} : d() = ¢*"(bu)}

In particular:

o € Wi (B) & ¢"(a) = ¢*(B)
@ € Wi(ba) & ¢(a) = ¢+ (aw)
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Hence, we obtain:

{be@Bnd(9):bue ng(ﬁ) and b € Wg(bu)} =
{be (B d(@)): " (bu) = ¢*(8) and ¢(b) = ¢**(b,)} =
{be (B1d(9)): ¢(b) = 6" (bu) = ¢**(B)} = W5(B)
Where the last equality is due to lemma 4

Definition 5.8. Given ¢ a valuation, we define it’s solution set as follows:
co =Wy (o)
Remark
co =Wy (o) ={b € (o d(9)): ¢(b) = ¢"(0)} = {b € d(9) : p(b) = ¢** (o)} =
{bed(¢): ¢(b) = ¢**(br) = p*(0)} for all 5 < d(9)

Lemma 5.
Let ¢ be a valuation and s € D such that s < d(¢)
Then:

Cots = (cg)d's
Proof.

Given a € ¢y |} s, then, for all a € (a {} d(¢)) it holds ¢(a) = ¢**(as) = ¢+ (o) = ¢**+1 (o). In
particular a = as € cyus

On the other side, 8 € cys = ¥ (B) = pts+ (o) = ¢ (o).

Aditionally ¢¥*(8) = @ ¢(b) = maze{p(b) : b € (B d(¢))}-

be(Bd())
By proposition 5.4 we can secure that it exist some b € (3 f} d(¢)) such that ¢(b) = ¢**(3) =
¢+ (o). Then, as long as B = bs we obtain 3 € ((cg) | s) H

5.3 Optimization on General Valuation Algebras

Notice that given a factorized valuation ¢ = ¢1 ® -+ ® ¢, the collect algorithm allows us to
compute ¢*M7) | where 7 denotes the factor linked with the root node of the optimized covering
join tree (see section 3.2).

As long as A(r) is supposed to be small enough, we are able to compute &) by projecting
¢ to 1. Therefore we know which is the best value that ¢ can take.

In this section we will show and give different algorithms in order to compute elements b € d(¢)
such that b € ¢4 . Notice that if we work with an idempotent induced valuation algebra it
is equivalent to compute elements such that ¢(b) is the best, according to the canonical order
defined in the semiring.

In order to do it we will suppose that we work with a valuation algebra (®, D) defined on a

modular valuable Partition Lattice such that the semiring that induces it is a totally ordered,
idempotent and cancellative semiring R = (4, ®, X).
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The following theorem shows us that given a factorized valuation ¢ and a domain u < d(¢), we
can compute (i) and extend its elements to d(¢) in order to obtain the whole solution set.

Theorem 5.9.
Let ¢ € ® such that there are ¢g, ¢y € ® with domains s and t such that ¢ = ¢ps @ ¢¢.
Then, for all uw € D such that u Nt < s < u < d(¢) we have:

co ={b€ (sV1t):by € cyiuy and by € Wd)“ (bunt)
Proof.
Set m := ¢+ (o), and u such that u At < s < u < d(¢).
First we will prove that ¢4 C {be (sVt):b, € C(piny and by € Wgﬁt(bu/\t)}

Given b € ¢, we can guarantee that ¢+*%(b,) = m for all u < d(¢)(= (s V t)) due the remark of
definition 5.8. In particular we obtain:

o p¥(by) =m
o V(b)) =m = b, € C(phu)

o ¢4 (by) = m and X (byn) = m = @H(b) = $H D (bune) = b € WL (bunt)

So in order to complete the proof we must demonstrate the opposite inclusion
Given b € {b € (s V1) : by € cgiuy and by € Wq”;‘f}t(bu/\t)} we have:
o bu € cipmmy = O (bu) = (67 (0) = 9H(0) = m
= bunt € Cpuuny = (G bune) = m
o b € W(bﬁt(bu/\t) = ¢“(bt) = ¢w/\t(bu/\t) =m

Then using the combination axiom (A5)we obtain:

m = ¥ (by) = (s @ ¢V (bu) = (65 @ (7"""))(bu) = s (bs) x 81" (bunt)
m = ¥ (by) = (du @ ¢ )Y (br) = (8¢ @ ($5"))(br) = be(br) x 32" (bune)

Finally, using the associative and commutative property of x we obtain:

m X m = Qbs(bs) % ¢¢u/\t< u/\t) % ¢t(bt) % ¢¢u/\t< u/\t) (¢S( s) X ¢t(bt)) X ( %u/\t(bu/\t) X
0" (bunt)) = B(b) x " (bunt)) due to proposition. 2.3

Hence m x m = ¢(b) x ¢**N(byat)) = (b)) x m
Recall that we supposed that we work on a valuation algebra induced by an idempotent totally
ordered and cancellative semiring, thereby we obtain m = ¢(b) due to the cancellativity. In

particular, b € cg
O
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Recall that both, arctic and tropical semiring, are cancellative, therefore, as long as the theorem
above works for modular domains instead of boolean domains we will consider that it is a gen-
eralized and corrected version of theorem 8.1 in [8].

As it is done in [8] with theorem 8.1, we will use theorem 5.9 to create all the desired algorithms.
In order to do that we will suppose that we are given an optimized covering join tree for a fixed
factorization ¢1 ® ... ¢p

Corollary 5.10.
Fori=1,.,r—1and s=AXi+1)V---VA(r) it holds:

sVA(2 . s sep(
Cf,g VAQ@) _ {besVAi): bse cé and by;) € Wwf((i))(bsep(i))}

Proof. A

By Theorem 2.6 we have Cs = Cigisva()) = C(¢Ei)®¢§21®m®¢£i)) = C((¢£i))®(¢521®"'®¢(ri)))

Using the proposition 3.9 we obtain d((gbgi))) = A(i). Therefore, if we take s = d(gf)g&l ®- - -®¢>£”)

Ai+1)V---VA(r) =wand t = A\(¢) we have that u At =sAt <s<wu<sVt Thus we can
apply the previous theorem obtaining:

eg M = {be (s V1) by € gy and by € Wi (bune)}

Finally, as long as i < pa(i) we can apply the running intersection property and obtain:
uNt=sAt=sANi)= Apa(i)) N \(i) = sep(i)
O

Recall that the collect algorithm allows us to know ¢**"). As long as for any given tree one
can fix any node as root node it makes sense to think that one compute ¢**® for i = 1,...,r
by running the collect algorithm r times. Nevertheless a multi-query procedure was created in
order to do that using a single covering join tree.

Although in [8] this procedure, called collect-distribute algorithm, is only described on valuation
algebras with boolean domains, in [11] it is given a generalization to modular domains. Therefore
we can use the corollary above to compute all the solutions with the following algorithm:

1. Execute the collect-distribute algorithm on {¢1, ..., d,}

2. Identify c;)‘(r) in the root node.
3. Fore=r—1,...,1
a) Compute W;ff((f)) in node i
b) Build ci)‘(T)vmv}‘(i) by application of Corollary 5.10

APV VAL
4. Return ¢y = Cs ) (1)

This procedure allows us to create the following algorithm:

33



Algorithm 1. Computing all solutions with distribute

input: o) fori=1,...r
begin:
c:= W;WT) ()
fori=r—1,...,1 do
s=Ar)V---VA>i+1)
ci={besVAG): by € and by € WA (baepn))}
endfor
return c
end

Nevertheless we want to be able to compute solutions using only the collect algorithm instead
of the Collect-Distribute algorithm. Moreover, in most cases we will be interested on finding a
single solution. Next we will bring some results in order to do it, and finally we will show the
algorithms without distribute phase.

Theorem 5.11. If the configuration extension sets satisfy that for all ¢s, ¢ € D with domains
s and t such that t < s it holds that W¢t>s (x) C WQZS@% (x)
Then fori=1,...,r—1 and s = A(i+ 1)V ---V X(r) it holds:

sVA(4 ; § sepli
st VA(4) D{besVA®l): bs € Cfb and by;) € W¢(g( )(bsep(i))}
Proof. ' .
The previous theorem tells us that CfVA(Z) ={besVA(i): bs € Cf and by € W(fo((:} (Bsep(iy) }-

Pouly and Kohlas proved in [8] that ¢p+*(®) = ¢ET‘) ® ¥ due to the the message-passing in
distribute algorithm.

As long as sep(i) < A(pa(i)) < s we obtain W;ffff))(bsep(i)) 2 WseP(i)(bsep(i)) due to the theorem

hypothesis.
O

Proposition 5.12.
Let (9, D) is a valuation algebra defined on a modular valuable partition lattice over a totally
ordered, idempotent,cancellative semiring. Then for all ¢s,¢¢ € D with domains s and t such
that t < s 4t holds that

W;)s (.’L') g Wés@‘ﬁt (flf)

Proof.
Fixed x € t we know that

W (z) = {b € (@1 t) : ¢s(b) = 65" ()}
) =

W(;tﬁs®¢t ($) = {b € (l‘ ﬂ t) : (¢s ® th)(b (¢s & th)u(x)}

Then, given b € W} () C s it holds that:

(65 ® ¢ (b) = s (b) X Gu(20) = D (b) X Pp(w1) = 3" (x) X Bu(w1) = (B8 ® Py) (@) = (65 ® wt(ﬁ
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Therefore, the proposition above allows us to use theorem 5.11 in order to compute some solutions
after using the collect algorithm. This can be done with the following procedure:

1. Execute the collect algorithm on {¢1,...,dn}

2. Compute cj;\(r) in the root node.
3. Fore=r—1,...,1
a) Compute W(‘;fg(i) in node i

K3

b) Build a subset of ci)‘(r)v’“v}‘(i) by application of Corollary 5.11

4. Return the subset ofcy, = CéA(T)V"’VA(l)

Notice that some solutions can mean a single one, therefore, by using the procedure above we
can obtain two algorithms. One of them will compute some solutions while the other one will
compute a single solution (as Action-GDL does).

Algorithm 2. Computing some solutions without distribute

input: gzﬁlm fori=1,...,r
begin:
c:= Wdi” (¢)
fori=r—1,....1do
s:=Ar)V---VA@I+1)
ci={besVA®i): by €c and by € W;f£<l)(bsep(i))}
endfor '
return x
end

It is important to notice that if b € W(;S@@ () then ¢y (b) X ¢r(xs) = (s ® ) (z) = ¢5'(2) x
Pi ().

Thus, if ¢;(x;) is invertible for all x then we do not have an inclusion but an equality in theorem
5.11 and the following proposition. Therefore algorithm 2 will compute all solutions instead of
some solutions.

To finish the content of the dissertation we show the Action-GDL generalization to modular
lattices:

Algorithm 3. Computing one solutions without distribute (General Action-GDL)

input: gzﬁlm fori=1,....r
begin:
choose x € W(;T,) (©)
forz':r—l,.r..,l do
s:=Xr)V---VA@IE+1)
choose x € {b€ sV A(i): bs € cf and by € W;fg(z)(bsep(i))}
endfor

return c
end
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6 Conclusions and future work

Along this dissertation we have introduced a new valuation algebra on partition lattices and we
have proved that some algorithms related to valuation algebras hold there. This leads us to
several original results:

e We proved that the only requirement for defining a (good enough) valuation algebra is a
modular domain in the second chapter.

e On the third chapter we generalized the collect algorithm from distributive domains to
modular domains.

e Although optimized covering join trees have been already used by engineers and statisti-
cians ,to the best of our knowledge they have never been formalized. We bring a formal
description of these trees on definition 3.6

e During chapter 4 we defined the raise and decrease in different environments, such as
blocks, block sets and multisets; which leaded us to define a new valuation algebra, which
can be used as the most general valuation algebra over semirings (see theorem 4.24).

e In chapter five we generalized some algorithms to some specific valuation algebra (we ask
for idempotent, totally ordered and cancellative semirings). Moreover, taking into account
that previous algorithms do use valuation algebras with boolean domains we were greatly
surprised that we can generalize the algorithms to modular domains.

In addition, it is important to remark that we found a wrong theorem in [8] (theorem 8.1 or
theorem 1 in [7]), as long as a theorem with an incomplete proof (theorem 8.4):

e Theroem 8.1 has been generalized and fixed in this dissertation (see theorem 5.9).

e Theorem 8.4 has been generalized and its proof has been completed using lemma 4 (see
lemma 4 and theorem 5.7 in chapter 5).

On the other side there are still several chapter and results in [3, 8] that might be generalized.

Moreover, there are also some generalized results in chapter 5 of this dissertation that can be
improved. In particular, we would like to proof theorem 5.9 without using the cancellative
property, obtaining a better generalization. Furthermore, we believe that it would be possible to
prove the results in section 5.3 using the property of extensions defined in theorem 5.7. In that
case we should be able to generalize the results in [7].

In addition, we think that it is possible to generalize the results in chapters 4 and 5 to partition
lattices with infinite universes if we use an adequate semiring.

Finally, in order to complete all the aims of the dissertation we would like to show how to embed
the valuations in example 1, the valuations used in CSGP and the set-based valuation algebras
described in [6] in the generalized valuations described on chapter 4, proving that we have created
a wider unified framework.
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Appendix A: A brief summary on lattices

Definition A.1.
A partial order is a binary relation < over a set P such that:

1. a<a, Vae P (< is reflexive)
2.a<bandb<c = a<cVa,bce P (<is transitive)
3.a<bandb<a = a=0bVa,be P (<is antisymmetric)

An ordered set is a tuple (P, <) where P is a set and < is a partial order over P. We can also
denote it by P.

Definition A.2.
A partial order over a set P is called total order if for all x,y € Pit holdsz <yory <=z

A totally ordered set is a tuple (P, <) where P is a set and < is a total order over P. We can
also denote it by P.

Definition A.3.
Let P be an ordered set.

e P has a bottom element if there exists an element L € P such that L <a Va € P.

e P has a top element if there exists an element T € P such that ¢ < T Va € P.

Definition A.4.
Let P be an ordered set and S C P.

e An element x € P is called supremum, least upper bound or join of S if:
1. a<zVacelb.
2. for any y € P such that a < y Va € S it holds that = < y.

e An element x € P is called infimum, greatest lower bound or meet of S if:
1. x<aVaceb.
2. for any y € P such that y < a Va € S it holds that y < z.

If supremum or infimum of a subset S C P exist, then they are always unique and we write \/ .S
for supremum and A S for infimum .

Moreover, if S = {a, b} consists of two elements, we generally write aAb or sup{a, b} for supremum
and a V b or inf{a, b} for infimum.
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Definition A.5.
Let £ be a non-empty ordered set. Then L = (L£;V, A) is called a lattice if a Ab and a V b exist
Ya,b e P.

Example:
Let X be a set, then (P(X), Q) is a lattice with L =0, T =X ,aVb = aUband aNb = anb

Definition A.6.
A lattice K = (K; Vi Ag) is said to be a sublattice of the lattice L = (£;Vp,Ar) if

e a,beK=aVrbaApbeK
e Vi and Ag are the restrictions to IC of Vi and A respectively.
In that case we will write K C L

Definition A.7.
Let L be a lattice.

e [ is said to be bounded if it has a bottom and top element.
o L is called a complete lattice if \ S and \/ S exist VS C P.

e [ is said to be modular if for all z,w,y € L such that x <y we have:
xV(wAy)=(zVw)Ay

e [ is said to be distributive if for all a,b,c € L:

Remark: If a lattice is distributive then it is also modular.

Proposition A.8.
Let L be a lattice and K C L a sublattice. Then:

K complete = L complete

Proposition A.9.
Let L be a lattice and K C L a sublattice. Then:

K modular = L modular

Proposition A.10.
Let L be a lattice and K C L a sublattice. Then:

K distributive = L distributive
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Proposition A.11. Let L be a lattice. Then L is modular if and only if
r<z<zVy=zxzV(yAz)=zforalz,yzeclL

Proof. Suppose that L is modular, and x,y,2z € Lsuch that z <z <z Vy
Using = < z and the definition of modular we obtain z V (y A 2) = (x Vy) A 2.
Aslong as z <z Vy we have (x Vy) Az = z.

Now suppose that x V (y A z) = z for all z,y,x € L such that x <z <z Vy.
Given z,y,w € L such that z <y, we set z = (x Vw) A y.

Due to V definition we know that z < xVw. Equivalently we obtain z < y < z using A definition,
so in particular x < z <z Vw

Using the hypothesis above we obtain z V (wAz) =z=(xVw)Ay
Furthermore, since w = w A (z V w),we obtain z V (w Ay) =z V (wA (xVw))Ay) =z V (wA
(xVw)Ay)=zV(wAz)=z=(xVw)Ay

OJ

Definition A.12.
Two lattices L = (£,Vr,Ap) and K = (K, Vi, Ak ) are said to be isomorphs if it exist a bijective
function ¢ : £ — K such that:

d(aVrb) = ¢(a) Vi ¢(b) for all a,b, € L
d(a AL b) = ¢(a) Ak ¢(b) for all a,b,€ L

In that case we will write L 2 K and the function ¢ is called an isomorphism.
Remark: Every isomorphism is a bijective V-homomorphism and A-homomorphism.

Definition A.13.
We say that a lattice D can be embedded in a lattice L if there is a sublattice K C L such that
D=K.

Theorem A.14. Grdtzer 2011 [2]
For every finite lattice L there is a finite set X such that L can be embedded in Part(X) [1]
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