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Abstrakt

V prici definujeme a skiimame nové rozsirenie alternujicich konec¢nych automatov, v ktorom
ma kazdy prechod priradenti vahu z nejakého komutativneho polokruhu, disjunkcie st nahradené
stctami a konjunkcie st nahradené suc¢inmi. Takto definované automaty nazyvame alternujicimi
automatmi s vdhami. Skimame triedu formélnych mocninovych radov realizovanych alternuja-
cimi automatmi s vAhami a rézne sposoby, ktorymi mozno tuto triedu charakterizovat. Hlavnym
vysledkom dokdzanym v praci je charakterizacia triedy komutativnych polokruhov, pre ktoré su
automaty s vahami a alternujice automaty s vahami rovnako silné. Skimame uzdverové vlastnosti
tried formélnych mocninovych radov realizovanych alternujicimi automatmi s vaihami.

KItcové slova: alternujuci automat s vdhami, alternacia, formalny mocninovy rad, komutativny
polokruh



Abstract

We define and begin the study of alternating weighted automata, a new extension of alternating
finite automata, in which transitions carry weights given by elements of some commutative semir-
ing. In this extension, disjunctions are replaced by sums and conjunctions are replaced by products
of the semiring in consideration. We study various different ways, in which one can characterize
formal power series realized by alternating weighted automata. We prove a characterization of the
class of commutative semirings, for which weighted automata and alternating weighted automata
are equally powerful. We also examine closure properties of the classes of formal power series
realized by alternating weighted automata under several standard operations.

Keywords: alternating weighted automaton, alternation, formal power series, commutative
semiring
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Introduction

The goal of this thesis is to define and begin the study of alternating weighted automata, a
new extension of alternating finite automata [2], in which transitions carry weights given by
elements of some commutative semiring. In our extension, disjunctions are replaced by sums,
while conjunctions are replaced by products of the semiring in consideration. Alternating weighted
automata realize formal power series and one can also view them as an extension of weighted
automata [4].

This thesis continues in the study of alternation in weighted automata initiated by Chatter-
jee, Doyen and Henzinger [3]. In their article, they introduced and studied (among some other
particular settings) weighted automata over infinite words and over the tropical semiring with
states performing both “min” and “max” operations. The usefulness of this model was justified
by its possible applications in formal verification of reactive systems. The study of alternation in
weighted automata over the tropical semiring was later continued by Almagor and Kupferman [1],
who have focused on automata over finite words. Besides automata with “min-max” alternation,
they have also studied “min-sum” alternating automata, arguing that this type of alternation is
useful for the purposes of formal verification as well. Note that in this setting, addition in the
tropical semiring alternates with multiplication in the same semiring.

Alternating weighted automata as we define them in this thesis are a generalization of weighted
automata with min-sum alternation to an arbitrary commutative semiring; in our model, addi-
tion in some commutative semiring alternates with multiplication in the same semiring. This
makes weighted automata with min-sum alternation studied by Almagor and Kupferman [1] just
a special case of our object of study. The goal of this thesis is to study alternating weighted au-
tomata in this more general setting from a theoretical point of view. Our definition of alternating
weighted automata will not incorporate min-max alternating automata of Chatterjee, Doyen and
Henzinger [3].

We shall give two alternative definitions of alternating weighted automata. To be more pre-
cise, we shall introduce two different, but equivalent models with these definitions. In one of
these models, there are two types of states: “sum” states that can only perform addition and
“product” states that can only perform multiplication. In the other model, each state can com-
bine additive and multiplicative operation. Once we state these two definitions, we shall prove
that our two models are equally powerful. As a next step, we shall prove some basic results on
alternating weighted automata. We shall present a construction that can be used to eliminate
e-labelled transitions in alternating weighted automata. Subsequently, we shall introduce systems
of H-polynomial equations that provide a different characterization of formal power series realized
by alternating weighted automata.

After these basic considerations, we shall focus our attention on the main result of this thesis:
the comparison of power of weighted automata and alternating weighted automata. Weighted
automata are just a special case of alternating weighted automata and for this reason, alternating
weighted automata are at least as powerful as weighted automata. Almagor and Kupferman
showed that alternating weighted automata over the tropical semiring are strictly more powerful
than weighted automata over the same semiring [1]. On the other hand, it is a well known fact that
every alternating finite automaton (without weights) realizes a regular language [2]. This implies
that weighted automata over the Boolean semiring and alternating weighted automata over the
Boolean semiring are equally powerful. We conclude that commutative semirings can be divided
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into two nonempty classes: the class of commutative semirings, for which alternating weighted
automata and weighted automata are equally powerful and the class of commutative semirings,
for which alternating weighted automata are strictly more powerful than weighted automata. In
the most significant result of this thesis, we shall give a characterization of these two classes of
commutative semirings.

Finally, we shall examine some standard closure properties of classes of formal power series
realized by alternating weighted automata. For each commutative semiring .S, one might examine
the class of formal power series realized by alternating weighted automata over S. We shall prove
that this class is closed under sum and Hadamard product for every commutative semiring S. On
the other hand, we shall prove that these classes are not in general closed under Cauchy product
and under reversal.



Chapter 1

Preliminaries

The aim of this thesis is to define and study alternating weighted automata, a new model that
generalizes two well known extensions of finite automata: alternating finite automata and weighted
automata. One of the goals of this chapter is to review the definitions and some of the basic
properties of these two models. We shall also give the definition of semirings and explain some
other basic notions from semiring theory that we shall need at some point in this thesis.

1.1 Semirings and Polynomials

Definition 1.1.1. A semiring is a tuple (S,+,-,0,1), where S is a set, 0 and 1 are elements of
S, and 4+, - are binary operations on S such that

(S,+,0) is a commutative monoid, ie., a + (b+¢) = (a+b) +¢, a+b = b+ a, and
a+0 =0+ a = a holds for every a,b, c in S,

(S,-,1) is a monoid, i.e.,, a-(b-¢) =(a-b)-cand a-1=1-a = a holds for every a,b,c in S;

multiplication distributes over addition, i.e., a- (b+¢) =a-b+a-cand (a+b)-c=a-c+b-c
holds for every a, b, c in S;

a-0=0-a=0 holds for every a in S.

Definition 1.1.2. A semiring (S, +,-,0,1) is commutative if the multiplication is commutative,
ie,ifa-b="0-a holds for every a,b in S.

We shall be primarily interested in commutative semirings. Some of the more important
commutative semirings are mentioned in the following list:

The set B = {0, 1}, together with the logical disjunction as addition and the logical conjunc-
tion as multiplication forms the Boolean semiring (B, V, A,0,1).

The set of nonnegative real numbers R, with the standard operations of sum and product
constitutes a semiring (R, +,-,0,1).

The set R U {oco} of real numbers with positive infinity, together with minimum as addi-
tion and the standard addition of real numbers as multiplication forms a tropical semiring
(R U {0}, min, +, 00, 0).

The set RU{—00} of real numbers with negative infinity, together with maximum as addition
and the standard addition of real numbers as multiplication constitutes an arctic semiring
(RU {—o0}, max, +, —0, 0).

The powerset Z2(U) of an arbitrary set U with union as addition and intersection as multi-
plication forms the semiring (2 (U),U,N,H,U).
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o The set 219}" of languages over a singleton alphabet {a}, together with union as addition
and concatenation as multiplication forms the semiring (223" U, -, 0, {¢}).

A subsemiring of a semiring (S, +,,0,1) is a subset T of S that contains 0, 1 and is closed
under addition and multiplication. If T" is a subsemiring of .S, then T forms a semiring together
with the operations + and - restricted to T. One can easily show that if U is a collection of
subsemirings of S, then (., T is a subsemiring of S as well. If X is a subset of S and U is
the collection of all subsemirings of S that contain X, we say that [\, T is the subsemiring
generated by X. The subsemiring generated by X is the smallest subsemiring of S (with respect
to inclusion) that contains X. We say that a semiring S is finitely generated if it is generated by
some finite subset of S.

Let a be an element of a semiring S. For every nonnegative integer n, we define na := >, a
and a” := [["; a. In particular, 0a = 0 and a® = 1. The use of the symbols 0 and 1 to denote
both the semiring elements and the integers may sometimes be confusing. For this reason, we
sometimes prefer to write Og instead of 0 and 1g instead of 1 to denote the zero and the unity
element of S. More generally, we shall use the notation ng to denote the element nlg for every
nonnegative integer n.

We say that an element a of a semiring S has finite additive order if the set {na | n € N} is
finite. Otherwise, we say that a has infinite additive order. Similarly, we say that a has finite
multiplicative order if the set {a™ | n € N} is finite, and we say that a has infinite multiplicative
order otherwise. The reader can easily check that a in S has finite additive order (or finite
multiplicative order) iff there exist two distinct nonnegative integers n, m such that na = ma (or
a™ =a™).

For every commutative semiring S, let S[z1,z2,...,z,] denote the set of all polynomials in
indeterminates x1,x2,...,x, with coefficients in S. This set, together with the operations of
addition and multiplication of polynomials derived from the operations of the semiring S in the
usual way, constitutes a commutative semiring. If m in S[z1,...,x,] is such that

m = cz’flx;” ke

for some c in S and nonnegative integers k1, . . ., k,, we call m a monomial. For each such monomial
m, the coefficient ¢ of m shall be denoted by coef(m) and the exponent k; of the indeterminate
x; shall be denoted by exp(m,i) fori =1,...,n. If ky = kg = ... =k, =0, we say that m is a
constant. The whole semiring S[x1,...,x,] is generated by its monomials. If P in S[zy,...,z,)
can be written as a sum of nonconstant monomials," we say that P has zero constant term.
The subset of S[x1,...,2,] that consists of all polynomials with zero constant term is denoted by
S[x1, %2, ..., Tnlconst—0. Note that although this subset is closed under addition and multiplication,
it is not a subsemiring of S[x1, ..., z,], since it does not contain the unity of S[x1,...,x,].

For every commutative semiring S, we write S(z1,xa,...,z,) to denote the set of all polyno-
mial functions in indeterminates x1,xs,...,z, with coefficients in S. This set, together with the
operations of addition and multiplication of polynomial functions derived from the operations of
the semiring S in the usual way, constitutes a commutative semiring.

1.2 Alternating Finite Automata

Alternating finite automata are an extension of finite automata that combines nondeterminism and
parallelism. They were first formally defined and studied by Chandra, Kozen and Stockmeyer [2].
In one of the possible definitions, the states of an alternating finite automaton A are of two types:
“existential” states and “universal” states. If a run in A is in some state ¢, there might be several
transitions, which the run might follow. If ¢ is an existential state, one of the transitions is chosen
and the run follows this chosen transition. If the state ¢ is universal, the run splits into multiple
parallel branches and each transition is followed by one of these parallel branches.

IThis is in particular true if P = 0.
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In this thesis, we shall adopt a slightly more general definition of alternating finite automata
[2], in which states are not strictly labelled as existential and universal, but nondeterminism and
parallelism might be combined in each state instead. These combinations are expressed by positive
Boolean formulae without constants. A positive Boolean formula without constants is a Boolean
formula that contains only symbols for conjunction, disjunction, and variables (as an exception,
the zero Boolean constant is also a positive Boolean formula without constants). We shall write
Blx1, X2, ..., ZTn]const=0 to denote the set of all positive Boolean formulae without constants in
variables 1, xa, ..., Tp.>

Inspired by the theory of formal power series, we shall also use the following notation. If L is
a language and w is a word in L, let (L,w) be 1. If w is not in L, let (L, w) be 0. We are now
prepared to give the definition of alternating finite automata.

Definition 1.2.1. A (Boolean) alternating finite automaton is a tuple A = (Q, X, 4, ¢o, 7), where
Q is a finite set of states with n := |Q]; ¥ is an alphabet; ¢ : (Q x X) — Blx1, ..., Zn]const=0
is a formula assigning function; ¢¢ in B[z, ..., Zn]const=0 iS an initial formula; 7 C @ is a set of
terminal states.

We shall always assume that the states of each alternating finite automaton are somehow
linearly ordered. Although this linear ordering is not part of the definition above, it is nevertheless
important, as we shall see in the following definition. Moreover, whenever we refer to “the i-th
state”, where i is a positive integer, we mean the i-th state with respect to the linear ordering of
the states of the automaton in consideration.

Definition 1.2.2. Let A = (Q, X, ¥, ¢o,7) be an alternating finite automaton, let n = |Q|. For
each p in @, we define a language | A, (also denoted by |Al; if p is the i-th state of A) over X as
follows:

1. The language |A|, contains ¢ iff p is in 7.

2. For each ¢ in ¥ and w in ¥*, the language |A|, contains aw iff
w[pa Cl]((|./4‘1, ’lU), (|A|2,UJ), R (|A|n7w)) =1

The behaviour of A is a language |A| over ¥ defined as follows: for each w in ¥*, the language
|A| contains w iff

¢0((|~A|17w)7 (|A|2’ w)v R (‘A|n7w)) =1

Let us now discuss the relationship between alternating finite automata and nondeterminis-
tic finite automata. We shall say that an alternating finite automaton A = (Q, %, ), ¢o,7) is
“disjunction-only” if the formula ¢ contains no conjunction and neither does the formula [p, a]
for each p in @ and a in X. Intuitively, a disjunction-only alternating finite automaton uses no
parallelism. Indeed, it is quite easy to see that every nondeterministic finite automaton can be
viewed as a disjunction-only alternating finite automaton and vice versa. Hence, every regular
language is accepted by some alternating finite automaton. The less obvious fact is that the con-
verse holds as well, i.e., every language accepted by an alternating finite automaton is regular.
This is already a well known fact [2], but it will also follow from a more general statement on
alternating weighted automata that we shall prove in Chapter 3.

1.3 Weighted Automata and Formal Power Series

Weighted automata, first introduced by Schiitzenberger [6], are an extension of nondeterministic
finite automata, in which transitions carry weights given by elements of some semiring. If arunin a

2There is an obvious correspondence between positive Boolean formulae without constants and polynomials over
the Boolean semiring with zero constant term. For this reason, we write B[z1, ..., Zn]const=0 to denote sets of both
the former and the latter.
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weighted automaton is in some state ¢ and there are more transitions, which the run might follow,
only one of these transitions is always chosen. Weights of the transitions that the run chooses to
follow determine the weight of the run; this weight is obtained as a product over weights of all
transitions that the run passes. A weighted automaton is nondeterministic in general and hence,
multiple runs might be possible on the same word w. All these runs determine the weight of the
word w; it is obtained as a sum over weights of all possible runs on w.

The behaviour of a weighted automaton is not a language; instead, it is a map that assigns a
weight — a semiring element — to each word over its alphabet. Such maps are called formal power
series [4].

Definition 1.3.1. A formal power series over a semiring S and over an alphabet X is a map from
>* to S.

If r is a formal power series over S and ¥ and w is in *, then the value r(w) is usually denoted
by (r,w) and we call it the coefficient of w in r. The formal power series r itself is written as

r= Z (r,w)w.

wex*

The set of all formal power series over S and ¥ is denoted by S{¥X*).

We shall now define some operations on the set S{X*). For every r1 and ro in S{X*)), the sum
of r1 and ro is a formal power series r1 + r2 in S{X*)) such that (r1 + ro,w) = (r1,w) + (r2, w)
for every w in ¥*. The Cauchy product of r1 and ry is a formal power series r1 - ro in S{X*)) such

that
(rl-rg,w): Z (’I"l,Ul)(T‘g,’Ug)

v1,02€X"
V1vV2=w

for every w in ¥*. By 71 ©® 72 we denote the formal power series in S{¥*)) satisfying (r1 @ rq, w) =
(r1,w)(re,w) for every w in X*. We say that ry @ ro is the Hadamard product of 1 and r9. The
n-th power r™ of a formal power series r is defined inductively by

r0 = 1e,

n n—1

rt=r T, n > 1.

Similarly, for every nonnegative integer n, we define a formal power series r®™ inductively by

ro0 = Z 1w,

weX*
rOn = pon-l oy n>1.
For every finite sequence r1, 79, . .., ry, of formal power series in S(X*)), we define >, 7, [T 74,

and @?:1 r; to denote the sum, the Cauchy product, and the Hadamard product taken over all
formal power series in the sequence r1,73,...,7,.
Let us now define weighted automata.

Definition 1.3.2. Let S be a semiring. A weighted automaton over Sis a tuple A = (Q, X, T, v, t,T),
where @ is a nonempty finite set of states; ¥ is an alphabet; T is a finite set of transitions, with
which we associate maps init,ter : T — Q and ¢ : T — Y U {e}; v : T — S is a transition
weighting function; ¢ : Q — S is an initial weighting function; 7 : @ — S is an terminal weighting
function.

A weighted automaton can be viewed as a directed multigraph with labelled edges, where @

is the set of vertices and T is the set of edges. The maps init and ter assign initial and terminal
vertex to each edge, while o assigns labels.?

3Notice that the definition allows parallel edges (transitions) with the same label in the graph. This makes
our definition rather unusual in comparison with definitions of majority of the authors [4]. Soon, we shall see
that this nuance is inconsequential, meaning that it cannot change the expressive power of weighted automata.
However, parallel transitions with the same label will play a significant role in our definition of alternating weighted
automata and so we chose to allow them also in our definition of (nonalternating) weighted automata, as we want
the definitions of these two models to be as similar as possible.
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Let A= (Q,%,T,v,t,7) be a weighted automaton, p be in @ and a be in ¥ U {e}. We shall
write T4(p) to denote the set of all transitions ¢ in T such that init(t) = p, while T4 (p, a) shall be
used to denote the set of all transitions ¢ in T satisfying init(t) = p and o(t) = a. We shall write
T to denote the set of all e-labelled transitions of A. If clear from the context, we shall often
omit the subscript denoting the automaton in consideration.

It is problematic to define the behaviour of a weighted automaton if its graph contains cycles
of e-labelled transitions. One of the usual solutions to this problem is to define the behaviour only
for so-called cycle-free automata [5]. Under some conditions, a cycle-free weighted automaton
might still contain cycles of e-labelled transitions. It does not seem to be straightforward to make
an analogous definition of cycle-free alternating weighted automata in such a manner that the
definition does not become awkward. Therefore, our solution is to simply consider only those
alternating weighted automata that contain no cycles of e-labelled transitions. We shall follow the
same approach for “ordinary” weighted automata as well, since we want to view them as a special
case of alternating weighted automata.

Definition 1.3.3. Let A = (Q,X,T,v,t,7) be a weighted automaton. We say that A is without
e-cycles if the directed graph with vertex set @ and edge set T° contains no cycle.

It can be shown that every cycle-free weighted automaton is equivalent to a weighted automaton
that contains no e-labelled transitions at all [5]. This fact justifies our choice to consider only
weighted automata without e-cycles. From now on, whenever we refer to a weighed automaton,
we shall always mean a weighted automaton without e-cycles.

We can now finally define the behaviour of weighted automata.

Definition 1.3.4. Let S be a semiring and A = (Q, %, T, v,¢,7) be a weighted automaton over S
without e-cycles. For each p in @, let us define a formal power series |Al, in S(X*)) as follows:

1. The coefficient of ¢ in |A|, is defined by

([Alp, ) =7() + Y () (Altere)» €)-

teT (p,e)
2. If aisin ¥ and w is in ¥*, then

([Alp,aw) = > () - (Mlrerryw) + D v(t) - ([Alrergr), aw).

teT (p,a) teT (p,e)
The behaviour of A is a formal power series |A| in S{X*)) defined for all w in ¥* by

(Al w) =Y e(p) - (1A, w).

PEQ

The definition of behaviour of weighted automata given above might seem to be quite different
from the definition that we have anticipated at the beginning of this section. This difference
is only superficial, though. If A = (Q,%,T,v,:,7) is a weighted automaton and w is a word
over Y, we can define a run on w as a sequence qi,t1,q2,t2,...,tn_1,qn, such that ¢; is in @Q for
it =1,...,n, such that ¢; is a transition with init(¢t;) = ¢; and ter(t;) = giy+1 fori =1,...,n—1, and
w=o(t1)o(t2)...0(tn—1). For each such run, we define its weight to be ¢(q1)- (H?:_ll l/(ti)> T(qn)-
The reader can check that for every word w over X, the coefficient of w in |.A| is equal to the sum
of weights of all runs on w.

We say that a formal power series r in S{X*)) is rational over S if it is realized by some
weighted automaton over S. The reader might have noticed that a weighted automaton over the
Boolean semiring B can actually be viewed as a nondeterministic finite automaton and vice versa.
Indeed, if r is a formal power series in B{X*)) and L is a language that consists of all w in X* for
which (r,w) = 1, then r is rational over B iff L is regular.
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The theory of weighted automata constitutes a rich field in automata theory. In this section,
we have only stated some definitions that are necessary for the purposes of this thesis. For
a more comprehensive source of information, we refer the reader to the Handbook of Weighted
Automata [4].



Chapter 2

Definitions and Basic Results

In this chapter, we introduce and begin the study of alternating weighted automata, a new model
that extends both alternating finite automata (without weights) and weighted automata. In
the previous chapter, we have described weighted automata as nondeterministic finite automata
that assign a weight to each word over their alphabet. We saw that a nondeterministic finite
automaton can be viewed as a weighted automaton over the Boolean semiring. In the same way,
we shall define alternating weighted automata as a weight-assigning extension of alternating finite
automata (without weights). Every state of an alternating finite automaton (without weights)
is equipped with a set of positive Boolean formulae. In our generalization, we replace these
formulae with polynomials over some commutative semiring; sums in such polynomials take the
role of disjunctions, while products take the role of conjunctions. We shall see that an alternating
finite automaton (without weights) can be viewed as an alternating weighted automaton over the
Boolean semiring; this will be guaranteed by the obvious correspondence between positive Boolean
formulae and polynomials over the Boolean semiring.

The term “alternating weighted automaton” was first used by Chatterjee, Doyen, and Hen-
zinger [3]. Most importantly, they introduced weighted finite automata over infinite words and over
the tropical semiring with states performing both “min” and “max” operations. Later, Almagor
and Kupferman [1] studied “min-max” and “min-sum” alternation, this time in automata over fi-
nite words. With some changes in the definition of the min-sum model presented by Almagor and
Kupferman, one can define alternating weighted automata with states performing operations of an
arbitrary commutative semiring. Our goal is to define and study alternating weighted automata in
this more general setting, the one defined by Almagor and Kupferman being just a special case of
our object of study. On the other hand, our more general definition will not incorporate min-max
alternating automata of Chatterjee, Doyen and Henzinger [3].

In this chapter, we shall first give a definition of alternating weighted automata as described
above. Next, we shall introduce yet another new model — two-mode alternating weighted automata.
The definition of two-mode alternating weighted automata will be very similar to the definition
of (nonalternating) weighted automata; we shall simply introduce a new type of states. We
shall prove that alternating weighted automata and two-mode alternating weighted automata are
equally powerful. Therefore, the definition of two-mode alternating weighted automata can be
viewed as an alternative definition of alternating weighted automata. Finally, we shall introduce
what we shall call systems of H-polynomial equations. This new notion will allow us to give a
different characterization of the formal power series realized by alternating weighted automata,
which goes in the same lines as the well-known characterization of rational series in terms of linear
systems [5].
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2.1 Examples

Before we give a formal definition of alternating weighted automata, let us demonstrate their
abilities on several examples. The following examples will hopefully provide the reader with a
good enough intuition about the way alternating weighted automata operate.

As we have already anticipated, we shall give two alternative definitions of alternating weighted
automata. To be more precise, these two definitions introduce two different models that are
nevertheless equivalent. The first definition is given in the next section and it introduces automata
that we shall simply call “alternating weighted automata”. The definition of the second model
is given in Section 2.4; instances of this model shall be called “two-mode alternating weighted
automata”. We chose to first give the definition of the former model, because it is simpler and
also more general. On the other hand, the advantage of two-mode alternating weighted automata
is that they are probably more intuitive and can be easily depicted by diagrams. For this reason,
all examples that we give in this section describe constructions of two-mode alternating weighted
automata.

Example 2.1.1. In Figure 2.1, we depict a two-mode alternating weighted automaton over the
alphabet ¥; = {a,b} and over the semiring of natural numbers with standard operations of
addition and multiplication. Let us first explain the diagram in Figure 2.1. States of the automaton
A are depicted by circles labelled either with “+” or with “x”. If there is an arrow between two
states of the automaton A;, this means that there is a transition between these two states. Every
such arrow is labelled with a symbol from ¥;; this symbol represents the label of the transition.
The symbol of a transition might be preceded by a coefficient from the semiring (N, +,-,0,1) and it
represents the weight of the transition. If the symbol of a transition is not preceded by a coefficient,
then the weight of the transition is 1 (the unity element of the semiring in consideration). In the
diagram, there are also arrows that end in a state, but do not start in one. These arrows are
always labelled with an element of the semiring (N, +,-,0,1). If ¢ is a state that has an arrow
“from nowhere” with label s entering it, this means that the initial weight of ¢ is s. Similarly,
if ¢ is a state that has an arrow with label s leaving it “going nowhere”, then s is the terminal
weight of g. On the other hand, if there is no arrow “from nowhere” entering ¢, then the initial
weight of ¢ is 0 (the zero element of the semiring in consideration). The same holds for arrows
“going nowhere” and terminal weights. In a similar manner, we shall draw diagrams of two-mode
alternating weighted automata over an arbitrary commutative semiring.

There are two types of states in the automaton .4;. The states with “+” label are called “sum
states”, while the states with “x” label are called “product states”. For every state p of A, we
define a formal power series |A;|,. If p is a sum state, then the definition of the power series
|A1|p is the same as it was defined for (nonalternating) weighted automata; the coefficient of ¢
in |A;|, is equal to the terminal weight of p and for every ¢ in ¥; and w in Xj, the coefficient
of cw in |Axlp I8 32y p(p,e) weight(t)(|Axlser(r), w), where T(p,c) is the set of all transitions that
start at p and are labelled with c¢.! If p is a product state, the power series |A;|, is defined as
follows: the coefficient of € in |A], is equal to the terminal weight of p and for each ¢ in ¥;
and w in X7, the coefficient of cw in [Asl, is [[,cq(, o) weight(t)([Arlterr), w). In case T'(p,c) is
empty, we define (] A1|p, w) = 0. The reason why the states of a two-mode alternating weighted
automaton are called sum states and product states is now evident: a sum state performs addition
to calculate the coefficient of a word w in |.A;|, while a product state performs multiplication to do
this. The behaviour of the two-mode alternating weighted automaton A; is defined in the same
way as it was defined for (nonalternating) weighted automata, i.e., for every w in Xf, we have
(AL, w) = 37 ¢ g initial-weight(p) (| Ai]p, w), where Q is the set of all states of A;.

Let us finally examine the behaviour of the automaton A;. Clearly, we have (|A;],e) = 1
and (|A;1],b) = 0. The reader can easily check that for every w in X3, we have (|A;],aw) =

1 For simplicity, all the examples that we give in this section describe constructions of automata without e-labelled
transitions. This makes the definition of behaviour of two-mode alternating weighted automata that much simpler
as well.
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Figure 2.1: The automaton A;.
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Figure 2.2: The automaton As.

2(|A1],w) + 1, (JA1],bbw) = 3(]A1],w)? and (]A1|,baw) = 0. These relations fully describe the
formal power series |A1].

Example 2.1.2. In Figure 2.2, we depict a two-mode alternating weighted automaton Ay over
the alphabet ¥ = {a} and over the semiring of natural numbers with standard operations of
addition and multiplication. For every nonnegative integer n, the coefficient of a” in |As| is n!.

Example 2.1.3. In Figure 2.3, we depict a two-mode alternating weighted automaton A3 over
the alphabet X3 = {1} and over a commutative semiring containing an element s. For every
nonnegative integer n, we have (|A4sl, (1)?) = s2".

Example 2.1.4. We can make the previous example more general. In Figure 2.4, we depict a
two-mode alternating weighted automaton A4 over an alphabet ¥4 = {0,1} and over a commuta-
tive semiring containing an element s. From now on, we shall often label some arrows in diagrams

1s
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Figure 2.3: The automaton As.
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of two-mode alternating weighted automata with a set of symbols or with a set of symbols with
coefficients. If an arrow leading from state p to state ¢ is labelled with a set of symbols, then
there is a transition from p into ¢ with label a and weight 1g for every symbol a in this set. If this
arrow is labelled with a set of symbols with coefficients, then there is a transition from p into ¢
with label a and weight s for every symbol a with coefficient s in this set. If we want to label an
arrow with a set {dy,ds,...,d,}, we often simply label it with elements dy, ds, ..., d,, separated
by commas, omitting the braces. We can see this practice being used also in Figure 2.4.

Every word w over ¥4 = {0, i} can be viewed as a binary representation of some nonnegative
integer n; we shall write int(w) to denote this nonnegative integer n. The reader can check that

for every w in %, the coefficient of w in | Ay] is s™H(®),

Example 2.1.5. We shall now give an example of a (nonalternating) weighted automaton, which
we shall later modify into a two-mode alternating weighted automaton. Figure 2.5 depicts a
weighted automaton A5 over a commutative semiring S and over an alphabet ¥5; for some par-

ticular elements si, Sa, ..., s, of S, the alphabet X5 consists of the symbol + and symbols §; for
i=1,...,k.

Let us examine the behaviour of the automaton As. Let L’ consist of all words w over X5
such that w = §;,5;, ..., where m is a nonnegative integer and i1, ...,%,, are positive integers
such that i; < k for j = 1,...,m. For each such w, we define elem(w) to be the semiring
element H;nzl si;- Let Lejem consist of all words w over X5 such that w = +u; + ug ... + Up,
where m is a nonnegative integer and u; is in L’ for ¢ = 1,...,m. For each such w, we define

elem(w) = " | elem(u;). 1t is easy to see that (45|, w) = elem(w) for every w in Lejem,. The
reader might want to try to determine the coefficient of w in |As| if w is in f — Lejem.

Example 2.1.6. We shall now modify the (nonalternating) weighted automaton As into a
two-mode alternating weighted automaton Ag over S and over the alphabet Y5 = 35 U {z}.
This new automaton is depicted in Figure 2.6. We can see that (|4g|,2™u) = (elem(u))™ for each
nonnegative integer m and each word u in Lejen,. The automaton Ag has the ability to calculate
exponents of semiring elements.

Example 2.1.7. We can go even further with the previous example. Let X7 = X U {&, #}. Let
L" consist of all words w over X7 such that w = @z™ @ 2™2 ... ® ™ for some nonnegative
integers [ and m1,...,m;. For each such w, let the polynomial 22:1 2™ in S[z] be denoted by
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Figure 2.6: The automaton As.
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Figure 2.7: The automaton As.
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poly[w]. In Figure 2.7, we depict a two-mode alternating weighted automaton A; over S and X7
such that (|A7|, u#v) = poly[u](elem(v)) for each v in L” and v in Lejem.

Example 2.1.8. To make the previous example even more general, let ¥g = X7 U {(, )} (i.e., Xg
consists of symbols from 7 and symbols for angle brackets). Let L, consist of all words w over
Yg such that w = @ (ug)x™ @ (uz)x™2 ... B (u;)x™ for some nonnegative integers [ and my, ..., my
and words u1,...,u; in Lejem. For each such w, let the polynomial Zi:l elem(u;)z™ in S[z] be
denoted by poly[w]. In Figure 2.8, we depict a two-mode alternating weighted automaton Ag
over S and g such that (|.Asg|, u#v) = poly[u](elem(v)) for each w in Ly, and v in Lejem. The
automaton Ag has the ability to substitute into polynomials.

2.2 Definition of Alternating Weighted Automata

We shall now state the key definition of this thesis — the definition of alternating weighted au-
tomata. We have already anticipated that we shall give two alternative definitions of alternating
weighted automata. In one of these definitions, every state is either a “sum” state or a “product”
state, where a sum state can perform addition only and a product state can perform multiplica-
tion only. We shall first give the more general definition, in which every state can perform both
addition and multiplication.

Definition 2.2.1. Let S be a commutative semiring. An alternating weighted automaton over
S is a tuple A = (Q,%,v, Py, 7), where @ is a nonempty finite set of states with n := |Q|;
Y is an alphabet; ¢ : (Q x X) — S[z1,...,Zn]const=0 iS & polynomial assigning function; Py in
S[21,. .., Tn]const=0 18 an initial polynomial; 7 : @ — S is a terminal weighting function.

We shall always assume that the states of each alternating weighted automaton are somehow
linearly ordered. Although this linear ordering is not part of the definition above, it is nevertheless
important, as we shall see in the following definition. Moreover, whenever we refer to “the i-th
state”, where 7 is a positive integer, we mean the i-th state with respect to the linear ordering of
the states of the automaton in consideration.

For every alternating weighted automaton A = (Q, X, 9, Py, T), every p in @, and a in X, the
polynomial [p, a] can be denoted also by [i,a] if p is the i-th state of A. In some cases, we
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Figure 2.8: The automaton As.

shall also write 7(4) instead of 7(p). We shall shortly introduce also some other notation, in which
states are interchangeable with their numerical order.

Definition 2.2.2. Let A = (Q, %, 9, Py, 7) be an alternating weighted automaton over a commu-
tative semiring S, let n = |Q|. For every p in @, we define a formal power series |.A|, (also denoted
by |A|; if p is the i-th state) in S{X*) as follows:

1. The coefficient of € in |A], is defined by
(IAlp,€) = 7(p).
2. For each ¢ in ¥ and w in ¥*, the coefficient of aw in | A, is defined by
([ Alp, aw) = ¥[p, a] (| Al1, w), (| Al2, w), ..., (A, w)).
The behaviour of A is a formal power series | A| in S{X*) defined for all w in ¥* by
(Il w) = Po(([A]1, w), (|Al2,w), . -, (A, w)).

Let us now discuss the relationship between alternating weighted automata on the one hand,
and Boolean alternating automata and (nonalternating) weighted automata on the other hand.
First, a Boolean alternating automaton can be viewed as an alternating weighted automaton
over the Boolean semiring and vice versa. The only difference between the definitions of these
two models is that one is defined with positive Boolean formulae and the other is defined with
polynomials over the Boolean semiring. However, this difference is trivial due to the obvious
correspondence between positive Boolean formulae and polynomials over the Boolean semiring.

We shall now look at the relationship between alternating weighted automata and (nonalter-
nating) weighted automata. Let S be a commutative semiring and £ be the set of all polynomials
of the form ciz1 + cox2 + ... + ¢hzn, Where n is a nonnegative integer, ¢; is in S, and x; is an
indeterminate for ¢ = 1,...n. An alternating weighted automaton A = (Q, X%, 4, Py, 7) over S
shall be called “sum-only” if the polynomial Py is in £ and so are the polynomials v[p,a] for
every p in  and a in ¥. One can easily see that a (nonalternating) weighted automaton without
e-labelled transitions can be viewed as a sum-only alternating weighted automaton and vice versa.
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2.3 Evaluation Polynomials

Let A = (Q, X, 9, Py, 7) be an alternating weighted automaton, let n := |@Q|. Assume that a word
W = aias . ..an is given, where aq, ..., a,, are in 3, and that our task is to calculate the coefficient
of w in |A|. One obvious approach is the “bottom-up evaluation”. We start with the values 7(p)
for each p in Q. Substituting these values into the polynomial ¥[p, a.,], we can evaluate (A, am,)
for each p in Q. If we substitute these values into the polynomial ¥[p, a,;,—1], we can evaluate
(|Alps @m—1am) for each p in Q. By repeating this process, we are eventually able to evaluate
(|Alp, aras . .. ay,). If we now substitute these values into the polynomial Py, we obtain the weight
of the word w.

Another approach to calculate the weight of the word w is the “top-down” method. We start
with the polynomial Py. Substituting x; = 9[i,a1] for ¢ = 1,...,n into the polynomial Py, we
obtain a polynomial P;. In the next step, we substitute x; = 9[i,as] for ¢ = 1,...,n into the
polynomial P, and obtain a polynomial P,. This process is repeated, successively constructing
polynomials P3, Py, ..., until the polynomial P,, is constructed. If we now substitute xz; = 7(¢) for
i=1,...,n into the polynomial P,,, we obtain the weight of the word w. The same approach can
be used if one wishes to calculate the coefficient of the word w in |A|; for some ¢ in {1,...,n}.
The only difference is that in this case, we start with the polynomial Ry = x; instead of the
polynomial Py, constructing polynomials Ri, Ro, ..., R,, in the following steps. The polynomials
Py, Py,..., P, and Ry, Ry, ..., R,, shall be called evaluation polynomials.

Definition 2.3.1. Let A = (Q, X, 9, Py, 7) be an alternating weighted automaton over a commu-
tative semiring S, let n = |@|. For every p in @ and w in ¥*, we define the evaluation polynomial
P4 [p,w] (also denoted by Pali,w] if p is the i-th state in A) in S[xy,...,z,] as follows:

1. If p is the i-th state of A, then
Pyp, ] = ;.
2. If ais in ¥ and w is in ¥*, then
Py[p, wa] = Palp,w] (w[l,a},w[Q, al,...v[n, a]).
For every w in ¥*, we define the evaluation polynomial P4[w] in S[z1,...,zy] by
Pylw] = Py (PA[I, w], P4[2,w], ..., PA[n,w]).

The following lemma shows the usefulness of evaluation polynomials. The proof of this claim
is left to the reader.

Lemma 2.3.2. Let A = (Q,X%,%, Py, 7) be an alternating weighted automaton, let n = |Q|. If
v,w are in X* and p is in Q, then

([ Alp, vw) = Palp, o] ((|A]1, w), (A2, w), - .., (| Aln, w)),
(], vw) = Palv] (A1, w), (A2, w), .. ., ([Aln, w)).

2.4 Two-Mode Alternating Weighted Automata

In this section, we shall give a definition of two-mode alternating weighted automata. This definition
can also be viewed as an alternative definition of alternating weighted automata; although these
two models are not formally identical, they are the same in their essence. The main difference
between alternating weighted automata and two-mode alternating weighted automata is that the
latter has two types of states: “sum” states, which can only perform addition, and “product” states,
which can only perform multiplication. Another feature that sets two-mode alternating weighted
automata apart from alternating weighted automata is the presence of e-labelled transitions. The
definition of two-mode alternating weighted automata is actually very similar to the definition of
(nonalternating) weighted automata given in the previous chapter.
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Definition 2.4.1. A two-mode alternating weighted automaton over a commutative semiring .S
is a tuple A = (Q%®,Q%®,%,T,v,1,7), where Q¥ Q® are finite sets of states with Q¥ U Q® #
and Q¥ NQ® = 0; ¥ is an alphabet; T is a finite set of transitions, with which we associate maps
init,ter : T — (QPUQ®) and 0 : T — X U{e}; v: T — S is a transition weighting function;
L (QPUQ®) — S is an initial weighting function; 7 : (Q® U Q®) — S is a terminal weighting
function.

A two-mode alternating weighted automaton can be viewed as a directed multigraph with
labelled edges, where Q® UQ® is the set of vertices and T is the set of edges, while init, ter, and o
are the maps that assign initial vertex, terminal vertex and label to each edge, respectively. The
elements of Q® and Q® shall be called sum states and product states, respectively.

Let A = (Q9,Q%,%,T,v,1,7) be a two-mode alternating weighted automaton, let p be in
QP UQR® and a be in XU {e}. We shall write T'4(p) to denote the set of all transitions ¢ in T such
that init(t) = p, while T'4(p, a) shall be used to denote the set of all transitions ¢ in T" satisfying
init(t) = p and o(t) = a. We shall write T3 to denote the set of all e-labelled transitions of A. If
clear from the context, we shall often omit the subscript denoting the automaton in consideration.

The behaviour of a two-mode alternating weighted automaton will be defined only if the au-
tomaton contains no cycles of e-labelled transitions.

Definition 2.4.2. Let A = (Q%,Q%,%,T,v,t,7) be a two-mode alternating weighted automaton.
We say that A is without e-cycles if the directed graph with vertex set Q¥ U Q® and edge set T°¢
contains no cycle.

From now on, whenever we refer to a two-mode alternating weighted automaton, we shall
always mean a two-mode alternating weighted automaton without e-cycles. We are now prepared
to define the behaviour of a two-mode alternating weighted automaton.

Definition 2.4.3. Let A = (Q®,Q%,%,T,v,(,7) be a two-mode alternating weighted automaton
without e-cycles over a commutative semiring S. For each p in Q¥ UQ®, we define a formal power
series | A|, in S{X*) as follows:

1. If pis in Q®, then
(a) the coefficient of € in |.A|, is defined by
(Alpse) =7() + Y (1) (Mlterey);
teT (p,e)
(b) for each a in ¥ and w in ¥*,
([Alp,aw) = > v(t) - (Aler@y,w) + D v(1) - ([Alseray, aw).
teT(p,a) teT(p,e)
2. If pis in Q®, then
(a) if T(p,e) # 0, then
(|-A|pa5) = T(p) + H V(t) : (‘A|ter(t)>5);
teT (p,e)
otherwise
(IAlp, &) = 7(p);
(b) for each a in ¥ and w in 3*, if T'(p,a) UT (p,€) # 0, then
(Mpraw) =TT (v®- (Aleerrw)) - TT (0 (Alreri aw) ).
teT(p,a) teT (p,e)

otherwise

(|Alp, aw) = 0.
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The behaviour of A is a formal power series |A| in S{X*) defined for all w € ¥* by

([ALw) = Y up) - (Al w),

pEQOUQ®

Another way to describe the behaviour of a two-mode alternating weighted automaton is
through the notion of a run tree. If a run in a two-mode alternating weighted automaton is in
some state ¢, there might be multiple transitions, which the run might follow. If ¢ is a sum state,
only one of these transitions is followed, but if ¢ is a product state, all of them are followed. So
the flow of a run in a two-mode alternating weighted automaton can be viewed as a rooted tree,
which branches whenever it passes a product state. A run tree is supposed to represent the flow
of a run, capturing all states and transitions it passes.

We shall now give a formal definition. Let A = (Q®, Q®, ¥, T, v, t,T) be a two-mode alternating
weighted automaton over a semiring S, let w be a word in ¥*. We shall construct a run tree
R on the word w as a directed rooted tree with node set V and edge set E, node labelling
state : V — Q® U Q® and edge labelling transition : E — T U {start, finish,terminate}. The
state and transition labels represent the current state and transition, respectively. If z and y
are two nodes in R that are connected by an edge from x to y, we shall write xy to denote this
edge. We also want to capture the start and the ends of a run in its run tree; we shall use directed
half-edges for this purpose (a half-edge is an edge with only one end). The start of a run will be
represented by a half-edge entering the root of R. To represent the ends of a run, every leaf of
R will have an half-edge leaving it. These half-edges shall be called a start-edge and finish-edges,
respectively and we shall include them in the edge set E as well. We require that each node has
at most one start-edge and at most one finish-edge. Moreover, a node x has a start-edge iff x
is a root and a finish-edge iff x is a leaf. The transition label of a start-edge is always start,
while a finish-edge is always labelled either with finish or with terminate. The finish label
symbolizes the fact that a particular branch in the run tree has successfully ended. On the other
hand, the terminate label symbolizes the fact that a particular branch in the run tree has ended
prematurely, because the automaton got “stuck”.

We shall define run trees through the notion of “partial” run trees. A partial run tree R is a
directed rooted tree with node labelling state, edge labelling transition, and finish-edges leaving
the leaves of R. It has the same structure as an “ordinary” run tree as described in the previous
paragraph with the single difference that its root has no start-edge. For each p in Q% U Q® and
w in ¥*, we define a class Z(p, w) of partial run trees. A tree R is in Z(p,¢) iff the state label of
its root x is p and one of the following conditions is satisfied:

1. The root x of R has no children and the transition label of its finish-edge is finish.

2. The state p is in Q®, x has exactly one child y and there exists ¢ in T'(p,e) such that
transition(zy) =t and the subtree of R with root in y is in Z(ter(t),e).

3. The state p is in Q% and there exists a 1-1 correspondence between transitions in nonempty
set T'(p,e) and the children of z such that the following is satisfied for each ¢t in T'(p,¢): if y
is the child of = that corresponds to ¢, then transition(xy) = t and the subtree of R with
root in y is in Z(ter(t),¢).

Let w = av, where a is in ¥ and v is in ¥*. A tree R is in Z(p, w) iff the state label of its root =
is p and one of the following conditions is satisfied:

1. The set T(p,a) UT(p,e) is empty, the root x has no children, and the transition label of
the finish-edge of x is terminate.

2. The state p is in Q®, z has exactly one child y, and there exists ¢ in T'(p,e) U T (p, a) such
that transition(zy) = t and the subtree of R with root in y is in Z(ter(t),u), where u is a
word in 3¥* such that o(t)u = w.
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Figure 2.9: The two-mode alternating weighted automaton A from Example 2.4.1.

3. The state p is in Q¥ and there exists a 1-1 correspondence between transitions in nonempty
set T'(p,e) UT(p,a) and the children of z such that the following is satisfied for each ¢ in
T(p,e)UT (p,a): if y is the child of x that corresponds to ¢, then transition(zy) = t and the
subtree of R with root in y is in Z(ter(t),u), where u is a word in ¥* such that o(t)u = w.

A tree R is a run tree on a word w in X* iff there exists a state p in QP U Q® such that the
following two conditions are satisfied:

1. The start edge of the root of R is labelled with start.

2. The partial run tree, which is obtained from R if we remove the start-edge entering its root,
is in Z(p, w).

The set of all run trees on w shall be denoted by Z(w).

Example 2.4.1. In Figure 2.9, we give an example of a two-mode alternating weighted automaton
A over the alphabet ¥ = {a, b} and over the semiring R of real numbers with standard operations
of addition and multiplication. The set of states of A is {1,2,3,4}.

In Figure 2.10, we depict all run trees on aab in the automaton A. In each of the depicted run
trees, each node is labelled with a number representing the state label of the node. Each node is
also labelled either with “+” or with “x” — this label indicates, whether the state corresponding
to the given node is a sum state or a product state. Each edge in the depicted run trees is labelled
with a symbol from ¥, which might be preceded by a coefficient from R — the symbol and the
coeflicient represent the label and the weight of the transition of A corresponding to this edge. If
the symbol is not preceded by a coefficient, then the weight of the corresponding transition is 1.2

Every run in a two-mode alternating weighted automaton A = (Q¥,Q®,%,T,v,t,7) has a
weight that depends on the transitions it passes. For each edge e in a run tree R, we define

2By the definition above, each edge in a run tree is labelled with a transition (or with start, finish, or terminate).
In this example, we have nevertheless decided to label the edges with symbols and weights of corresponding tran-
sitions instead, because we believe that this makes the example easier to understand.
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Figure 2.10: All run trees on aab in the two-mode alternating weighted automaton A from Example 2.4.1.
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its weight weight(e) as follows. If e is an “ordinary” edge (i.e. an edge with two ends) and
transition(e) = t, where t is in T, then weight(e) = v(t). If e is a start-edge entering the
root x of R and state(z) = p, then weight(e) = t(p). Similarly, if e is a finish-edge leaving
a leaf y of R, transition(e) = finish, and state(y) = p, then weight(e) = 7(p). Finally, if e
is a finish-edge and its transition label is terminate, then weight(e) = 0. We now define the
weight weight(R) of a run tree R with edge set E to be the product of weights of all edges in
E, ie., weight(R) = [] cpweight(e). Similarly, if R is a partial run tree with edge set E, we
define weight(R) = [].cpweight(e). The following theorem characterizes the behaviour of an
alternating weighted automaton through the notion of a run tree.

Theorem 2.4.4. Let A be a two-mode alternating weighted automaton over a commutative semir-
ing S and over an alphabet ¥.. Then for each w in X%,

(| A], w Z weight(R

ReZ(w)

Proof sketch. Let A= (Q%,Q%,%,T,v,1,T) be a two-mode alternating weighted automaton over
a commutative semiring S. We shall prove that

(JA]p, w) = Z weight(R) (2.1)

ReZ(p,w)

for every p in Q¥ U Q® and w in ¥*. The proof shall be done by mathematical induction on
depth(p, w), which we define to be the maximal depth of all run trees in Z(p, w).

Let depth(p,w) = 0 and w = €. The set T(p,¢) is empty (for otherwise depth(p,e) would be
greater than zero). Therefore, Z(p,e) = {Ro}, where Ry is a partial run tree that consists of
a single node z and the weight of the finish-edge of  is 7(p). We have }_p 4, .) weight(R) =

7(p) = (A, ).
Let depth(p,w) = 0 and w = av, where a is in ¥ and v is in ¥*. The set T'(p,¢) U T(p, a) is
empty (for otherwise depth(p, w) would be greater than zero). Therefore, Z(p,w) = { Ry}, where
Ry is a partial run tree that consists of a single node x and the weight of the finish-edge of x is 0.
We have 3- pe (.0 Weight(R) = 0 = (|Al,, w).
Let depth(p,w) > 0, w = € and p be in Q®. It is quite easy to see that

Z weight(R) = weight(Ro) + Z (I/(t) . Z weight(R)),
ReZ(p,e) teT (p,e) ReZ(ter(t),e)

where Ry is a partial run tree that consists of a single node x and the weight of the finish-edge of
x is 7(p). By the induction hypothesis, we thus have

Y weight(R)=7(p)+ Y v(t): (Mlery:€) = ([Alp, 2)-

ReZ(p,e) teT (p,e)

Let depth(p,w) > 0, w = ¢ and p be in Q®. Tt is quite easy to see that
Z weight(R) = weight(Ry) + H (I/(t) . Z weight(R)),
ReZ(p,e) teT (p,e) ReZ(ter(t),e)

where Ry is a partial run tree that consists of a single node x and the weight of the finish-edge of
z is 7(p). By the induction hypothesis, we have

Z weight(R) )+ H ([ Alter@),€) = (| Alp, €)-

ReZ(p,w) teT(p,e)

We are left with two more cases. The first case is when depth(p, w) > 0, w is nonempty, and
pis in QP and the second case is when depth(p, w) > 0, w is nonempty, and p is in Q®. One can
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deal with these cases in pretty much the same way as with the previous two cases. We leave this
for the reader.

We have thus proved that (2.1) holds for every p in Q% UQ® and w in X*. For every w in X*,
we have

([ALw) = > up)- (Alp,w) =

pEQOUQ®

Z (L(p)' Z weight(R)):

pPEQOUQR® ReZ(p,w)

= Z weight(R).

ReZ(w)

The theorem is proved. O

Evaluation polynomials, which we have defined for alternating weighted automata, can be de-
fined for two-mode alternating weighted automata as well. The definition of evaluation polynomials
is valid only in connection with some linear ordering of the states of the automaton in considera-
tion. For this reason, we shall always assume that the set of states of each two-mode alternating
weighted automaton is already somehow linearly ordered. Whenever we refer to “the i-th state”,
we mean the i-th state with respect to this linear ordering. It is also sometimes convenient to
replace a state with its numerical order in our notation. For example, if A = (Q®,Q%®, X, T,v,1,7)
is a two-mode alternating weighted automaton and p is its i-th state, then we can write |.A|;, ¢(7),
and 7(7) instead of | A|,, ¢(p), and 7(p), respectively.

Definition 2.4.5. Let A= (Q%,Q%,%,T,v,t,7) be a two-mode alternating weighted automaton
over a commutative semiring S, let n = |Q® U Q®|. For each w in ¥* and p in Q% U Q®, we
define the evaluation polynomial Pa[p,w] (also denoted by Py[i,w] if p is the i-th state of A) in
Slx1,...,xy,] as follows:

1. If p is the i-th state in Q® U Q®, then
Pylp, ] = ;.
2. If pisin Q@, a is in ¥, and w is in ¥*, then

Palp,aw] = Y v(t): Palter(t),w]+ »_ v(t)- Palter(t), aw].
teT (p,a) teT (p,e)

3. If pisin Q®, ais in ¥, and w is in ¥*, then

Pyp, aw] = H (l/(t) ~PA[ter(t),w]> . H (V(t) -PA[ter(t),aw]),

teT (p,a) teT (p,e)

unless T'(p,a) UT(p,e) = 0, in which case we define

P4p, aw] = 0.
For each w in ¥*, we define the evaluation polynomial Palw] in S[z1,...,2,] by
Pylw] = Z t(p) - Palp,w].
pEQTUQ®

The following lemma is an analogy to Lemma 2.3.2. We leave the proof of this fact for the
reader.
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Lemma 2.4.6. Let A= (Q%,Q%, X, T,v,1,7) be a two-mode alternating weighted automaton, let
n=|Q¥UQ®|. Ifv,w are in ©* and p is in Q¥ UQ®, then

(| Alp, vw) = Palp, o] (|1, w), (A2, w0), - .., (| Aln, w)),
(JA[, vw) = PA[U](OA‘D w), (JA[2, w), ..., (|~A|n7w))

We have already mentioned at the beginning of this section that the definition of two-mode al-
ternating weighted automata can be viewed as just an alternative definition of alternating weighted
automata. The following theorem justifies this claim.

Theorem 2.4.7. A formal power series r over a commutative semiring S and over an alphabet &
is realized by an alternating weighted automaton over S iff it is realized by a two-mode alternating
weighted automaton over S.

Proof. Let A = (Q,%,v, Py, 7) be an alternating weighted automaton over S. We shall con-
struct a two-mode alternating weighted automaton A’ = (Q®,Q%, %, T,v,1,7') over S such that
|A'] = | Al

For each p in @ and a in X, the polynomial ¢[p, a] can be written as a sum of distinct nonzero
monomials my,ma,...,mg. Let M(p,a) = {m; | i =1,...,k} and M = UpEQ,aEZM(p7a’)'
Similarly, the polynomial Py can be written as a sum of distinct nonzero monomials m), m5, ..., m;.
Let Mo ={m}|i=1,...,1}.

First, let us construct the sets of states Q¥ and Q® by taking Q¥ = Q and Q¥ = M UM,. The
set of transitions T shall be constructed with the following modus operandi (it will be followed also
in some later constructions). The set T will consist of tuples, where the first entry of each tuple is
the initial state, the second entry is the label, the third entry is the weight, and the fourth entry is
the terminal state of the transition. The fifth entry, if present, is an index. This entry is present in
the tuple representing a transition ¢ only in case the constructed automaton contains transitions
that are parallel with ¢t and have the same label as t. Now that we have clarified this, we can
return to the construction of 7. This set will be constructed from the following two components:

e The set T, that consists of all tuples (p, a, s, m), where p is in @, a is in X, m is a monomial
in M(p,a), and s = coef(m).

o The set T3 that consists of all tuples (m,e, 1g,p,4), where m is in M U My, p is the j-th
state in @) (with respect to the ordering of states of A) and 4 is a positive integer such that
i < exp(m,j).

We now define T' = T, UTs. The maps init,ter,c and v are defined by the corresponding entries
of the transitions.

Let us now define the initial weighting function ¢. If m is a monomial in M, we define
t(m) = coef(m). For every other state p in QP U Q®, we define 1(p) = 0. Finally, let us define
the terminal weighting function 7. If p is in @, we define 7/(p) = 7(p). For every other state p in
Q% U Q®, we define 7/(p) = 0.

We have now fully defined the two-mode alternating weighted automaton A’. It is not too
hard to show that |A’'| = |.A|. We shall omit the proof.

To prove the converse implication, let A = (Q%,Q%®,%,T,v,t,7) be a two-mode alternating
weighted automaton over S, let n = |Q® U Q®|. We shall construct an alternating weighted
automaton A" = (Q, X, ¢, Py, 7") over S such that |A'| = |A].

Let Q@ = Q¥ UQ® and let Q keep the linear ordering of Q® U Q®. The initial polynomial P
is defined by Py = > ; ¢(i)z;. For each p in Q and a in X, we define ¢[p,a] = Palp,a]. The
terminal weighting function 7/ is defined by 7/(p) = (|Alp, €) for each p in Q.

The reader can easily show that |A’| = |.A|. We shall omit the proof of this fact as well. O

2.5 Elimination of e-Labelled Transitions

Unlike in the case of alternating weighted automata, the definition of two-mode alternating
weighted automata allows e-labelled transitions. It would have been possible to allow e-labelled
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transitions also in the definition of the former, but we believe that they would not be particularly
useful. On the other hand, e-labelled transitions have already proved to be handy when construct-
ing two-mode alternating weighted automata. We shall now show that they are nevertheless not
strictly necessary in the definition of two-mode alternating weighted automata.

Definition 2.5.1. A two-mode alternating weighted automaton A is e-free if it contains no
e-labelled transitions.

Theorem 2.5.2. For every two-mode alternating weighted automaton A; over a commutative
semiring S, there exists an e-free two-mode alternating weighted automaton As over S such that

|A2| = | A4

Proof. Let Ay = (QY,QF,%, Ty, v1,11,71) be a two-mode alternating weighted automaton over a
commutative semiring S. We shall construct an e-free two-mode alternating weighted automaton
As = (QF, Q% , %, Ty, v, 12, 72) over S such that |As| = [Ay].

Let us first describe the construction informally. In a “naive” approach, one could argue as
follows. For each p in QF U QY and each a in X, we need to modify the transitions in T4, (p, a)
in such a way, that p “realizes” the polynomial P4, [p,a]. The terminal weight 7(p) then needs
to be changed to (].41],¢). If we manage to do this, no e-labelled transitions are needed in the
modified A;. The problem with this approach is that it might not be possible to make the state
p realize the polynomial Py, [p,a]. Each state in a two-mode alternating weighted automaton can
perform either addition only or multiplication only, but the polynomial P4, [p, a] might combine
both addition and multiplication of indeterminates. This means that the polynomial Py, [p, a]
can be realized only in two steps: in the first step, a sum state realizes the addition in Py, [p, a]
and in the second step, a set of product states realizes the multiplication in this polynomial. The
problem is that we need to “read” only one symbol during these two steps. This is impossible in
an e-free two-mode alternating weighted automaton.

To make the naive approach work, we need to modify each state p in QF U QY in such a
way that it realizes the polynomial P4, [p, ab] in two steps for each a,b in . We shall do this as
follows. Each state p in Q? U Q? is changed to a sum state and the transitions in Ty, (p,a) are
changed in such a way that they realize the addition in P4, [p, ab] when reading the symbol a. For
each monomial m in Py, [p, ab], we add a product state ¢, to A; that realizes the monomial m
on reading the symbol b. Of course, we need to deal also with the case when there is only one
symbol ¢ left on the “input”. For this reason, we need to add a transition with label ¢ and weight
(JA1lp, ) to T'(p,c) and lead it into a new state g4 that has no transitions starting in it; if there
is more than one symbol left on the input, the branch that visits this state “returns” zero.

We shall now give a formal description of the construction. For each p in QF U QY and
w in ¥*, the evaluation polynomial Py, [p, w] can be written as a sum of distinct nonzero monomials
my, ma,...,mg in S[xy,...,x,] (where n = |QF UQTY|). Let M(p,w) = {m; |i=1,...,k}.

First, let us take QY = QF U QY U {q4}, where ¢4 is a new state that is not in QP U QY, and
let QS consist of all pairs (m,b), where b is in ¥ and m is in M (p, ab) for some p in QF U QY
and a in . Let the states of Ay be somehow linearly ordered — we require only that each state in
QT U QY keeps its numerical order from the ordering of states of A;.

The set of transitions T will be constructed from the following sets:

o T, that consists of all tuples (p, a, s, ¢4), where p is in Q¥ UQYT, a is in 2, and s = (A4, a).

o Tj that consists of all tuples (p,a, s, (m,b)), where p is in QF U QF, a,b are in %, m is
a monomial in M (p, ab), and s = coef(m).

o T, that consists of all tuples ((m,a),a, lg,p,i), where m is in S[x1,...,xy], a is in X, (m, a)
is in QF, p is the j-th state in QY U QP and i is a positive integer such that i < exp(m, j).

We now define T, = T, U T3 UT,. For every transition ¢ in Tb, we define init(t), o(t), v(t) and
ter(t) to be the first, the second, the third, and the fourth entry of ¢, respectively.
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Finally, the initial and the terminal weighting functions are defined by

0 otherwise,

() = {n(p) ifp e QF UQF,

(lAilp, ) ifpe QP UQY,
T2(p) =1 if p = qu,
0 otherwise.

We shall now prove that |As| = |A;|. First, we shall show that (|Asz|p,w) = (|A1]p, w) for
every p in Q? UQ? and w in ¥*. The proof will be done by induction on the length of the word w.

Assume that w = . Since Aj is e-free, we have (|Asz,,e) = 72(p) = (JA1]p,€). Let us now
assume that w = a, where a is in X. Since Aj is e-free, we have

([Azlpa) = > wa(t) - mlter(t)).

tETAQ (pva)

There is a single transition ¢’ in T4,(p,a) that ends in state g and this transition satisfies
vo(t') = (JA1]p,a) and 7o(ter(t')) = 1. Every other transition ¢ in T4, (p,a) ends in Q5 and
hence m(ter(t)) = 0 by the definition of the terminal weighting function 7». It follows that

(| Az2lp, a) = v2(t') - ma(ter(t)) = (| A1lp, @)

Finally, let us assume that w = abv for some a,b in ¥ and v in ¥*. The reader can easily check
that Py, [p, ab] = P, [p, ab] (here we use the fact that for each state ¢ in QF UQF, the numerical
order of ¢ in A; and Ay is the same). By the induction hypothesis, we have (|Az|q, v) = (JA1lg, v)
for every ¢ in QF U QP. If we put all these facts together and use Lemma 2.4.6, we obtain

(|A2‘pvw) = Py, [pv ab]((|,42\1,v), (‘A2|27’U)7 ) (‘*A2|mvv)) =
(

= Py, [p, ab] (|A1‘1a U)7 (‘A1|27v)7 ) (‘A1|n’v)) =
= ([Arlp, w),
where m = |QF U QY| and n = |QF U QT|.
It is now easy to show that |As| = |A;1|. For every w in ¥*, we have
(J A2, w) = Z t2(p) - (| Az[p, w).
PEQFUQY

If pis in QP UQY, then t2(p) = t1(p) and (|As|,, w) = (JA1]p, w), as we have already proven. For
every other state p in QY U QY, we have t5(p) = 0. These facts imply

(Azlw) =" > u®) (Ailpw) = (] w).

peQPUQ?

The theorem is proven. O

2.6 Systems of H-Polynomial Equations

In this section, we introduce the notion of systems of H-polynomial?® equations. We shall use this
notion to give another characterization of formal power series realized by alternating weighted
automata.

3An abbreviation for Hadamard-polynomials.
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Definition 2.6.1. A system of H-polynomial equations & over a commutative semiring S and

over an alphabet ¥ in indeterminates X1, Xo,..., X, is a system of n equations
i n
Xi = Z (Sivja’i,j ’ (QXI?mLYJk)> + ti€, i = 1a R (22)
j=1 k=1
where [; is a nonnegative integer, s; ; and ¢; are in S and a;; is in ¥ for ¢ = 1,...,n and
Jj=1,...,1; (so s;ja; and t;e are power series in S{¥*))), m; ;, is a nonnegative integer for
i=1,...,n,j=1,....;,andk=1,...,n,and > ;_,m;j >0fori=1,....,nand j=1,...,1,.
A n-tuple (r1,79,...,7,) of power series in S{X*)) is a solution to &2 if
7 n
=y (si,jai,j : (@7“;? m”)) + tie
j=1 k=1
for every i =1,...,n.

Proposition 2.6.2. Every system & of H-polynomial equations over a commutative semiring S
and over an alphabet ¥ has exactly one solution.

Proof. Let & consist of n equations of the form (2.2). For i = 1,...,n, we shall inductively define
a formal power series r; in S{X*). Let the coefficient of € in 7; be ¢;. For every a in X, let J, ; be
the set of indices j, for which a; ; = a, and let us define

n

(ri;aw) = 3 (Sz‘,j'H(mw)m”*k)

j€Ja k=1
for each w in ¥*. These relations define the formal power series r; for ¢ = 1,...,n. Clearly, the
n-tuple (r1,79,...,7,) is a solution to &?. Moreover, this n-tuple is evidently the only possible
solution to Z. O

Let &2 be a system of n H-polynomial equations and (r1,7s,...,7,) be the solution to &2. We
shall write |Z|; to denote r; for i = 1,...,n. We claim that a power series r over a commutative
semiring S and over an alphabet X is realized by an alternating weighted automaton over S iff
there exists a system & of H-polynomial equations over S and ¥ such that |#|; = r. We start
the proof of this claim with the following lemma.

Lemma 2.6.3. For every alternating weighted automaton A over a commutative semiring S,
there exists an alternating weighted automaton A" = (Q, X, 4, Py, ) over S such that Py = x1 and

| A’ = |A].

Proof. Let Ay = (Q1,2,v1, Po,1,71) be an alternating weighted automaton over S, let n = |Q1].
We shall construct an alternating weighted automaton Ay = (Q2, X, Y2, Py 2, 72) with n + 1 states
such that Pyo = zp41 and |As| = |A;|. Once this is done, the initial polynomial P2 can be
changed to z; if the states of Ay are suitably rearranged.

Let us define Q2 = Q1 U {qo}, where ¢ is a new state that is not in ;. The numerical order
of qp is n + 1, while the rest of states in @2 keeps its ordering from @;. For every a in X, let
us define ¥2[qo,a]l = Po1(¥1[1,a],%1[2,al,...,11[n,a]). The terminal weight of gy is defined by
72(q0) = Po1(m1(1),71(2),...,71(n)). For every p in Q2 — {qo} and a is in 3, the polynomial
12[p, a] and the terminal weight m5(p) does not change, i.e., ¥a[p, a] = ¥1[p, a] and m2(p) = 71(p).
Finally, let Py o = #,,41. It is easy to show that |Ag| = |A;]. O

The following theorem gives a characterization of formal power series realized by alternating
weighted automata in terms of systems of H-polynomial equations.

Theorem 2.6.4. Let v be a formal power series over a commutative semiring S and over an
alphabet X. There exists an alternating weighted automaton A over S such that |A| = r iff there
exists a system of H-polynomial equations & over S such that | 2|1 = r.
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Proof. Let & be a system of H-polynomial equations over S and ¥ that consist of n equations of
the form (2.2). We shall construct an alternating weighted automaton A = (Q, 3, ¥, Py, 7) such
that |A| = |2|:.

Let us define @ = {1,2,...,n}. For every 7 in  and a in X, let J,; be a set of indices j for
which a; ; = a and let us define

n
w[iaa’] = Z Si,j H x;n??k
k=1

jeJa,i

We define Py = 1 and 7(i) = t; for every i in Q. It is not too hard to show that |A| = |Z?|;. The
proof of this fact is left for the reader.

Let us now prove the converse implication of the theorem. Let A = (Q,X,, Py, 7) be an
alternating weighted automaton over S. We shall construct a system of H-polynomial equations
2 over S and X such that | 22| = | Al

By Lemma 2.6.3, we can assume that Py = ;1. The system of H-polynomial equations & shall
consist of n := |Q| equations. Let us construct the i-th equation of & for some positive integer @
in {1,...,n}. For every a in X, we can write

la n
Yli,a] = Zs“-j H z
k=1

Jj=1

where [, is a nonnegative integer, s, ; isin S for j = 1,...,1,, the exponent m,_; » is a nonnegative
integer for j = 1,...,l, and k = 1,...,n, and Y p_;mgjr > 0 for j = 1,...,l,. Let the i-th
equation of & be

n

X; = Z (lzasa’ja- (QX,?m”’j‘k>) + 7(i)e.

a€ey  j=1 k=1

It is easy to show that | 22|, = |A|. O



Chapter 3

Series Realized by Alternating
Weighted Automata

3.1 Expressive Power

Since (nonalternating) weighted automata are just a special case of alternating weighted automata,
the expressive power of the latter is at least as big as that of the former. A natural question is
if alternating weighted automata are strictly more powerful. A positive answer to this question
was already given by Almagor and Kupferman [1], who constructed a simple alternating weighted
automaton over a tropical semiring (R U {oo}, min, +, 00, 0) and showed that no (nonalternating)
weighted automaton over the same semiring is equivalent to it. Therefore, alternating weighted
automata over the tropical semiring are strictly more powerful than (nonalternating) weighted
automata over the tropical semiring. However, not the same can be said about the Boolean
semiring. It is already well known that a language accepted by a Boolean alternating automaton
is necessarily regular [2]. This shows that alternating weighted automata and (nonalternating)
weighted automata over the Boolean semiring are equally powerful.

We conclude that commutative semirings can be divided into two nonempty classes: the class of
commutative semirings, for which alternating weighted automata and (nonalternating) weighted
automata are equally powerful and the class of commutative semirings, for which alternating
weighted automata are strictly more powerful than (nonalternating) weighted automata. Let .
denote the former class, i.e., let . be the class that consists of all commutative semirings S such
that the behaviour of every alternating weighted automaton over S is rational over S. For the rest
of this section, we shall be proving the following simple characterization of the class .%.

Theorem 3.1.1. For every commutative semiring S, the following assertions are equivalent:
1. The semiring S is in .
2. Every finitely generated subsemiring of S is finite.
3. Every element of S has finite multiplicative order.

As a first step, we shall prove the equivalence of assertions 2 and 3. Let us state this equivalence
once more in the following lemma and prove it.

Lemma 3.1.2. For every commutative semiring S, the following two assertions are equivalent:
1. FEwvery finitely generated subsemiring of S is finite.

2. Every element of S has finite multiplicative order.
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Proof. Let us suppose that every finitely generated subsemiring of S is finite. In particular, this
implies that the subsemiring 75 generated by a semiring element s is finite for each s in S. The
subsemiring T, contains s* for every nonnegative integer i and therefore, there is only a finite
number of such elements. This means that s has finite multiplicative order.

For the converse implication, let us suppose that every element of S has finite multiplicative
order. First of all, let us note that every element of S has a finite additive order as well. Since
2g has finite multiplicative order, there exist two distinct nonnegative integers ki, ko such that
(25)% = (25)*2. We have

2M1g = (2M)g = (25)" = (25)" = (27)5 = 27215,

which shows that there exist two distinct nonnegative integers I; = 2¥t and Iy = 2*2 such that
l11g = lo1g. Therefore, if ¢ is in S, then Iyt = (I11g)t = (Ialg)t = lot. We have thus shown that
[t = lot for two distinct nonnegative integers I, ls, which means that ¢ has finite additive order.

Let T be a subsemiring of S generated by elements s, s2,...,s, in S. We shall show that T

is finite. Let M be a subset of S that consists of all elements [}, s¥*, where k; is a nonnegative

i=15 »
integer for ¢ = 1,...,n. Since s; has finite multiplicative order for ¢ = 1,...,n, the set M is finite.
Let K be a subset of S that consists of all elements ), ki, where k; is a nonnegative integer

for every t in M. Since every ¢ in M has finite additive order, we can see that K is finite as well.

Moreover, it is quite easy to show that K is a subsemiring of S that contains si,...,s, and is
contained in every subsemiring of S that contains si,...,s,. This means that K is a subsemiring
generated by si,...,s, and hence, K = T. This proves that T is finite. O

We shall now prove the following part of Theorem 3.1.1: if every finitely generated subsemiring
of S is finite, then S is in .. First, we shall prove this claim in the case when S is itself finitely
generated and hence is finite.

Lemma 3.1.3. If S is a finite commutative semiring, then S is in & .

Proof. Let A= (Q,%,v, Py, T) be an alternating weighted automaton over S. We shall construct
a (nonalternating) weighted automaton A" = (Q', %, T, v,¢,7') over S such that |A’| = |A|. This
construction was already done by Chandra, Kozen and Stockmeyer [2] in the special case when S
is the Boolean semiring. The construction for an arbitrary finite commutative semiring S that we
present here is a generalization of the construction by Chandra, Kozen and Stockmeyer.

Let n = |Q|. Since S is finite, there exists a finite set p1, pa, ..., pm of polynomial functions
in S(x1,...,2,) such that every polynomial function 7 in S(z1,...,2,) is a linear combination of
polynomial functions p1, ..., pm, i.e., we can write n = Y " | ¢;p;, where ¢; isin S fori = 1,...,m.
Fori=1,...,m, let R; be a polynomial in S[zy,...,x,] such that p; is its corresponding polyno-

mial function.

The set of states Q' shall be defined by Q' = {1,2,...,m}. Let us now define the set of
transitions 7" and the transition weighting function v. For every k in Q' and every a in X, we
shall construct the set of transitions T'(k, a) that start in k and are labelled with a. Let n be the
polynomial function that corresponds to the polynomial Ry (v[1,a],%[2,al,...,9¥[n,a]). We can
write 7 = >_i" | ¢;p;, where ¢; is in S for ¢ = 1,...,m. We define the set T'(k,a) in such a way
that for every integer 4, for which ¢; is nonzero, there is exactly one transition in T'(k, a) that ends
in i; the weight of this transition is ¢;. In this way, we construct T'(k, a) for every k in Q" and a
in 3. We now define T' = .o/ T(k,a). For each transition ¢ in T, we have also defined the
weight v(t) of ¢.

Let us now define the initial weighting function ¢. Let ¢y be the polynomial function that
corresponds to the polynomial Py. We can write ¢g = Z:ll cipi, where ¢; isin S forv=1,...,m.
For every k in Q’, we define ¢(k) = c.

Finally, let us define the terminal weighting function 7’. For every k in @', we define 7/(k) =
pr(7(1),7(2),...,7(n)).

Let us now show that |A’| = |A|. First, we shall prove that

(A e, w) = pi (A1, w), (JAL2,w), - ., (A, w)) (3.1)

,aEX
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for every k in Q’. The proof will be done by mathematical induction on the length of the word w.
Let w = e. We have (|Al;,¢) = 7(i) fori = 1,...,n. Since A’ is e-free, we have (|A'|, e) = 7/(k)
and

(A |k, ) = 7' (k) =
= pk(T(l)vT(2)a cee 77_(77’)) =
= pk((‘Ah?E)v (|A‘2,€), ceey (|~A|n75))

We have thus proved (3.1) for w = ¢.

Let w = av, where a is in ¥ and v is in ¥*. Let n be the polynomial function that corresponds
to the polynomial R (¥[1,a],%[2,al,...,9¥[n,a]). For every i in @', let ¢; be the weight of the
transition that starts at k, ends in ¢, and is labelled with a. If there is no such transition,
let ¢; = 0. By the definition of the set of transitions T', we have n = Y I ¢;p;. Since A’
is e-free, we also have (|A'[x,av) = Y7", ¢;(|A'[;,v). Moreover, by the induction hypothesis,
(JA';,v) = pi((JA]1,v), ..., (JA]n,v)) for i = 1,...,m. These facts imply

3

|A |k7av Z |A/‘Z7 -

Zczpz ‘-’4|1’ (|A|2>U>7"'7<‘A|n’v)) =

(A1), (JAl2,0), - . ., ([Aln, v)) =
By (V11 @) (1A ), (1412, ), (Al 0)),
$[2,a]((|Al1,v), (|Al2,0), -+, ([A]n, v)),

Bl al (A1), (1A, ), -, (A, 0)) ) =
= pk((‘Ahv (I’U), (|A|2,CL’U), RS} (|A|n7 (ZU)).
We have thus proved (3.1) for w = av.
We shall now prove that (JA'|,w) = (JA],w) for every w in ¥*. Let ¢y be the polynomial

function that corresponds to the polynomial Py. By the definition of the initial weighting function
¢, we have ¢g = >, 1(i)p;. This fact and (3.1) imply

(I, w) = ZL(Z')(M’M,U)) =
= L() ((\A|1,w),(|A|2,w),,(|.A|n,w)) =
= ¢0((|-A|17 ) (|A|27w)’ R (|'A‘n7 w)) =
= (|~A|7w)
The lemma is proven. U

We now wish to prove the more general claim: if every finitely generated subsemiring of S is
finite, then S is in ./, regardless of whether the semiring S is finite or not. This claim follows
easily from the special case when S is finite. The reason is that even if S is not finite, every
alternating weighted automaton over S still “makes use” of only some finite part of it. Let us
suppose that A is some two-mode alternating weighted automaton over S. If X is the set of all
elements of S that are either carried by some transition of A or are assigned to some state as an
initial or a terminal weight, then A can be viewed as a two-mode alternating weighted automaton
over the semiring T that is generated by the elements of X. The set X is clearly finite, so the
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semiring 7' is finitely generated. The same reasoning stands also if A is a (general) alternating
weighted automaton. We shall now summarize these observations in the following lemma.

Lemma 3.1.4. For every alternating weighted automaton A over a commutative semiring S, there
exists a finitely generated subsemiring T of S and an alternating weighted automaton A’ over T
such that |A'| = |AJ.

We are now prepared to give a proof of the following part of Theorem 3.1.1.

Lemma 3.1.5. If S is a commutative semiring such that every finitely generated subsemiring of
S is finite, then S is in 7.

Proof. Let A be an alternating weighted automaton over S. We shall prove that there exists
a (nonalternating) weighted automaton B over S such that |[B| = |A|. By Lemma 3.1.4, there
exists a finitely generated subsemiring T of S and an alternating weighted automaton A’ over T’
such that |A’| = | A|. The semiring T is finite and so it is in . by Lemma 3.1.3. Therefore, there
exists a (nonalternating) weighted automaton B over T such that |B| = | A’| = | A|. Clearly, B can
be viewed as a (nonalternating) weighted automaton over the semiring S. O

To finish the proof of Theorem 3.1.1, we shall prove the following: if a commutative semiring
S is in ./, then every element of S has finite multiplicative order. This is the most difficult part
of our proof of Theorem 3.1.1 and requires some preparations.

For every nonnegative integer n, let (n) denote the binary representation of n ((n) is a word
over the alphabet {0,1}). Let X = {s1, s2,..., 5.} be a finite subset of a commutative semiring S.
It is not too hard to construct an alternating weighted automaton A over S and over the alphabet
{0,1,#} such that

(AL, (o) (ko) - #(k2)) = [ s (3.2)
i=1
for every z-tuple of nonnegative integers k1, ks, ..., k,.! A diagram of one such automaton for case

z = 3 is depicted in Figure 3.1. For every finite subset X = {s1,...,s,} of S, let rx be a formal
power series over S and over {0, 1, #} that is realized by an alternating weighted automaton over S
and satisfies (3.2) for every z-tuple of nonnegative integers k1, ..., k,. We claim that if the formal
power series rx is rational over S for every finite subset X of S, then every element of S has finite
multiplicative order. We shall now give some definitions that will help us to prove this.

For every finite subset X = {s1,$2,...,8.} of S and every nonnegative real number ¢, let
Gx (c) be the set that consists of all elements s in S such that

z
_ ki
11
=1

for some nonnegative integers ki, ko, ..., k. satisfying > ;_, k; < ¢. Furthermore, for every pair
of nonnegative real numbers ¢, d, let Hx(c,d) be the set that consists of all elements s in S such

that
k
5= Z 9is
i=1

where k is a nonnegative integer satisfying k < d and g; is in Gx(c¢) for i = 1,..., k. If X contains
only one element s, we can write G(c) and Hs(c,d) instead of G4 (c) and Hgy(c,d).

The sets Gx (c) and Hx (c, d) are clearly finite for every finite subset X of S and for every pair
of nonnegative real numbers ¢, d. Is is easy to see that if X consists of z elements, then the sizes

INote that (3.2) does not specify value of rx on each word in {0,1,#}*, but this is not important for our
purposes.
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Figure 3.1: A two-mode alternating weighted automaton A over the alphabet {0,1,#} and over a
commutative semiring S that contains some particular elements s1, s2,s3. The formal power series |.A|
satisfies (A, (k1)# (k2)#(ks)) = s¥1 55255 for every triplet of nonnegative integers ki, k2, ks.

of these sets can be estimated by

extal< (1917 <o

ld] +1Gx(e)]
G x(c)]

For our purposes, we shall manage with the weaker estimates

z

Hx(c.d)] < ( ) < (d+Cx (@O < (d+ (c + 2))+)

[Gx(c)] < (c+2)7 (3-3)
[Hx (e, d)| < (d+ (c+2)7) "

Let us remind that our goal is to prove the following: if S is a commutative semiring in %,
then every element of S has finite multiplicative order. In what follows, we shall state and prove
three lemmas that we need for our proof of this fact.

Lemma 3.1.6. Let S be a commutative semiring and ¥ be an alphabet. If r in S{3*) is ra-
tional over S, then there exists a finite subset Y of S and a real number ¢ such that (r,w) is in
Hy (Jw| + 1, ™) for every w in $*.

Proof. Let r be realized by a weighted automaton A = (Q,%,T,v,t,7) over S. We can assume
that A is e-free and that «(p) = 0 for every p in @ except for some ¢q in @ for which ¢(qo) = 1. It
is a well known fact that every rational power series is realized by some weighted automaton that
satisfies these conditions [5]. Clearly, we can also assume that there are no parallel transitions
with the same label in A.

Let Y be the set that consists of all elements of S that are carried by some transition in 7" or
are assigned to some state in () as a terminal weight, i.e.,

Y ={v(t)|teTrU{r(p)|peQ}

Let ¢ = |Q]. We claim that for every p in @ and w in X*, the coefficient of w in |A|, is
in Hy (Jw| + 1,c*l). Once we prove this claim, the proof of Lemma 3.1.6 is finished, because
| Al = | A|g . We shall prove the claim by induction on the length of w.
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If w = ¢, then (JA|p,w) = 7(p). Since 7(p) is in Y, the coefficient of w in |A|, is in
Hy(1,1) = Hy (Jw| + 1,¢!™!). Let us now assume that w = av for some a in ¥ and v in X*.

We have
(Alp,av) = > v(t) - (|Aler, v)- (3.5)
teT (p,a)

By the induction hypothesis, (|Aler),v) is in Hy (Jv| + 1,cl?l) for every t in T(p,a) and so
v(t) « (| Aliert), v) is in Hy (Jv| + 2,¢!’l) for every ¢ in T'(p,a). Moreover, there are no more than

¢ = |Q| transitions in T'(p,a), since A has no parallel transitions with the same label. So the
sum in (3.5) is taken over at most ¢ elements from Hy (Jv| + 2,c/’!) and hence, (A, w) is in
Hy (Jv] + 2, P = Hy (Jw| + 1, cl®h. O

Lemma 3.1.7. Let S be a commutative semiring in .. For every finite subset X of S, there
exists a nonnegative integer ni, a real number di and a finite subset Y of S such that Gx(n) C
Hy (dy logn,n%) for every n > ny

Proof. Let X = {s1,$2,...,8.}. Since S is in ., the series rx is rational over S. Let Y be a
finite subset of S and ¢ be a real number such that ¢ > 1 and

(rx,w) € Hy (Jw| + 1,0‘“") (3.6)

for every w over the alphabet {0, 1, #}. Existence of such Y and c is guaranteed by Lemma 3.1.6.
Let ny be an integer and d; be a real number such that

z(logn+2)+1<d;logn and c**n*'°8c <nh (3.7

holds for every n > n;.
Let n be an integer satisfying n > nj, let s be in Gx(n). Our goal is to prove that s is in
Hy (dylogn,n®). We can write
z
5= H sk
i=1

where >°7_, k; < n. The element s is also the coefficient of the word w := (k1)#(ko)# ... # (k=)
in rx. The reader can easily check that |w| < z(logn + 2). By (3.6), the element s is in
Hy (z(logn + 2) + 1,c*1°87+2)) = Hy (2(logn +2) + 1, ¢**n?1°8¢). By (3.7), this set is included in
Hy (dy logn,n). So s is in Hy (d; logn,n®) and the lemma is proven. O

Lemma 3.1.8. Let S be commutative semiring in .. For every s in S, there exists a nonneg-
ative integer ng, real numbers c1, ca, and a finite subset Y of S such that G4(2™) is included in
Hy (¢1logn,n®) for every n > ng.

Proof. Let ny be an integer, d; be a real number, and X be a finite subset of S such that
G(n) C Hx(dylogn,n™) (3.8)

holds for every n > n;. Existence of such n1, di, and X is guaranteed by Lemma 3.1.7. Assume
that d; > 1. If X does not contain 2g, let us add this semiring element to X (this has no effect on
the inclusion (3.8)). Similarly, let n2 be an integer, do be a real number, and Y be a finite subset
of S such that

Gx(n) C Hy (dalogn,n) (3.9)

holds for every n > ny. Let us denote z = |Y|. Let ng be an integer and ¢; be a real number such
that
dalog(2din) < ¢y logn, (3.10)

holds for every n > ng. Let n4 be an integer and ¢y be a real number such that

$(2din) =t (din + 2)* < n® (3.11)
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holds for every n > ny4. Finally, let ng = max{ny, na,ns,n4}.
Let n be an integer satisfying n > ng, let ¢ be in G4(2"). Our goal is to prove that ¢ is in
Hy (c1logn,n®). By (3.8), t is in Hx(dylog2™, (2")%4) = Hx(din,2%"). This means that we

can write
t= > ke, (3.12)
gGGX(dln)

where k4 is a nonnegative integer satisfying
k, < 20 (3.13)

for every g in Gx(din). Let us pick some g from Gx(din) and examine the semiring element
h := kgg. If we take into account the binary representation of the integer k,, we can see that

l
kg =) 2™
=0

for some | < log(ky) and m; < log(ky) for i =0,1,...,1. We thus have

h=> hi. (3.14)

where h; := (2g)™ig fori=0,1,...,1. Since g is in Gx(dyn), the element h; is in G x (m;+din) for
i=0,1,...,1. The set Gx(m;+din) is included in Gx(2din), since m; < logk, < log 2017 — (din
(the second inequality follows from (3.13)). Furthermore, the inclusion (3.9) implies that Gx (2d1n)
is included in Hy (dzlog(2din), (2d1n)%2). We conclude that h; is in Hy (d2log(2din), (2d1n)%)
fori =0,1,...,l. This fact, together with (3.14), implies that h is in Hy (d2log(2d1n), (2d;1n)?1).
Since I < log(k,) < log2%¥™ = din (the second inequality follows from (3.13)), this set is
a subset of Hy (dolog(2din), (2din)?2din) = Hy (dslog(2din), 2(2din)%*1). Therefore, h is in
Hy (dlog(2din), £(2din)?T1). The element h was chosen as kyg for arbitrary g in Gx (din), so
we conclude that

kg € Hy (dolog(2din), 1(2din)® ") (3.15)

for every g in Gx (din).

Finally, let us return to equality (3.12). By (3.3), Gx(din) contains no more than (din + z)*
elements. Together with (3.15), this upper bound for the size of Gx(din) implies that ¢ is in
Hy (dzlog(2din), £(2din)®™ T (din+ z)?). By inequalities (3.10) and (3.11), this set is included in
Hy (¢q logn,n?). We have thus shown that ¢ is in Hy (¢; logn,n?) and the proof of Lemma 3.1.8
is complete. O

In the following lemma, we prove the remaining part of Theorem 3.1.1.

Lemma 3.1.9. If a commutative semiring S is in .7, then every element of S has finite multi-
plicative order.

Proof. Let s be in S. We shall prove that s has finite multiplicative order. Let ng be an integer,
¢1, ¢ be real numbers and Y be a finite subset of S such that G¢(2") is included in Hy (¢; logn, n?)
for every n > ng. We have just proven in Lemma 3.1.8 that this assumption is valid. Let z = |Y|.
By (3.4), the size of Hy (¢1logn,n®) is at most

((Cl IOg n+ Z)Z + ez )(cl logn+z)* _ 210g((cl logn+2z)*+n?)(c1 logn+z)* )

Clearly, there exists an integer n; such that |Hy (c1 logn,n?)| < 2" for every n > ny. If n =
max{ng,n1} then G4(2") is a subset of Hy (c1logn,n?) and therefore also |G4(2™)| < 2™. This
implies, that s™* = s™2 for two distinct nonnegative integers mi, mo, which means that s has
finite multiplicative order. O
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The proof of Theorem 3.1.1 is now at its end. Let us state the Theorem 3.1.1 once more.
Theorem 3.1.1. For every commutative semiring S, the following assertions are equivalent:

1. The semiring S is in ..

2. Every finitely generated subsemiring of S is finite.

3. Every element of S has finite multiplicative order.

Proof. The equivalence of assertions 2 and 3 is guaranteed by Lemma 3.1.2. By Lemma 3.1.5,
the assertion 2 implies the assertion 1. Finally, Lemma 3.1.9 shows that assertion 1 implies the
assertion 3. O

Now that we have proved Theorem 3.1.1, we can use it to examine the expressive power of
alternating weighted automata over some particular commutative semirings. The class of com-
mutative semirings, for which weighted automata and alternating weighted automata are equally
powerful, includes the following semirings:

o All finite commutative semirings, e.g., the Boolean semiring (B, V,A,0,1), the semiring
(Zg,+,-,0,1) of integers modulo k (for some k > 2) with standard operations of addition
and multiplication, etc.

e The semiring (£ (U),U,N, D, U) on the powerset F(U) of an arbitrary set U with union as
addition and intersection as multiplication.

On the contrary, we shall now list some commutative semirings, for which alternating weighted
automata are strictly more powerful than (nonalternating) weighted automata:

o The semiring (R4, +,-,0,1) of nonnegative real numbers with the standard operations of
addition and multiplication.

o The tropical semiring, i.e., the semiring (R U {oo}, min, +, 00, 0) on the set of real numbers
with positive infinity, together with minimum as addition and the standard addition of real
numbers as multiplication.

o The arctic semiring, i.e., the semiring (RU{—o00}, max, +, —00, 0) on the set of real numbers
with negative infinity, together with maximum as addition and the standard addition of real
numbers as multiplication.

o The semiring of polynomials S[z1,...,z,] for an arbitrary commutative semiring S and
positive integer n.

o The semiring (2{%}", U, -, 0, {€}) of formal languages over a singleton alphabet {a}, together
with union as addition and concatenation as multiplication.

3.2 Closure Properties

For any individual commutative semiring S, one can examine the closure properties of the class
of formal power series realized by alternating weighted automata over S. Naturally, the closure
properties of these classes might vary for different semirings. In this section, we shall examine
several standard operations on formal power series and for each one of them, we shall determine if
the following is true: for every commutative semiring .S, the class of formal power series realized
by alternating weighted automata over S is closed under the operation in consideration.

We start with the examination of sum and Hadamard product of formal power series.

Theorem 3.2.1. For every commutative semiring S, the class of formal power series realized by
alternating weighted automata over S is closed under sum.
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Proof. Let A1 = (Q1,%1,¢1,Po1,m) and Ay = (Q2,X2,%2, P2, T2) be alternating weighted
automata over S with ny := |Q1| and ny := |Q2|. Let us assume that Q1 N Q2 = . We shall
construct an alternating weighted automaton Az = (Q3, %1 U 3o, 93, Py 3,73) over S such that
|As| = |A1] + | Azl

First, we define Q3 = Q1 U Q2. If p is the i-th state of A;, we choose it to be the i-th state
in As. If p is the i-th state of A, we choose it to take the (i + nq)-th position in the ordering of
states of As.

We shall now define the polynomial assigning function ¢3. If P is a polynomial in S[z1, ..., Zy,],
we shall write shift(P) to denote the polynomial in S[@n,+1, Tny+2; - - - » Tny4ny) that is obtained
from P if each occurrence of the indeterminate x; in P is replaced by the indeterminate x4, for
i=1,...,n9. If pisin @y, we define ¢3[p,a] = ¥1[p, a] for each a in X; and 5[p,a] = 0 for each
ain Yo — Xy, If p is in Qq, we define ¥3[p, a] = shift(wz[p,a]) for each a in Xy and 3[p,a] = 0
for each a in ¥ — Xs.

Finally, we define Py 3 = Py 1 + shift(Pp2). Every state in Q3 keeps its terminal weight from
Aj or As. Tt is easy to show that |As| = |A1| + |Asl. O

Theorem 3.2.2. For every commutative semiring S, the class of formal power series realized by
alternating weighted automata over S is closed under Hadamard product.

Proof. Let A1 = (Q1,%1,¢1,P01,71) and Ay = (Q2,%X2,%2, Py 2, ) be alternating weighted
automata over S with n; := |@Q1| and ny := |@2]|. We shall construct an alternating weighted
automaton Az = (Q3, X1 U X9, 93, Py 3,73) over S such that |Az| = |A1] © | As.

In this construction, one proceeds in pretty much the same way as in the construction of
automaton realizing the sum of |A;| and |Az|. The only difference is in the construction of the
initial polynomial Py 3, where one defines Py 3 = Py 1 - shift(Po2). It is quite easy to show that
an automaton constructed in this way realizes the Hadamard product of |A;| and |As|. O

We shall now show that there exists a commutative semiring S such that the class of formal
power series realized by alternating weighted automata over S is closed neither under reversal, nor
under Cauchy product. More specifically, we shall show this for the semiring B[y] of polynomials
in indeterminate y with coefficients in the Boolean semiring B.

We have already explained the operation of Cauchy product in Chapter 1. Let us now briefly
explain the reversal of formal power series. If w = aq1as...a, is a word over an alphabet X, where
ai,...,ay, are symbols in 3, we write w’® to denote the word a,a,_1 ...a; over ¥. If r is a formal
power series over a commutative semiring S and over an alphabet X, the reversal of r is a formal
power series 7 in S{(X*)) such that

(rf w) = (r,wh)
for every w in 3*.

Let ¥ = {a,b,#} and let rg be a formal power series in B[y](3*)) such that (rg,a‘#b’) =
(1 + y*)? for every pair of nonnegative integers i and j and (rp,w) = 0 for every other word w in
¥*. For each i and j, we can equivalently write (rp, a’#b) = > 1_, y**. In Figure 3.2, we depict
a two-mode alternating weighted automaton over B[y| that realizes the reversal of rg. Moreover,
the series rp can be obtained as a Cauchy product of two formal power series r; and 7o that can
be realized by alternating weighted automata over B[y]. Let us describe one possible choice of r;
and ro. For every pair of nonnegative integers i, j, let (11, a‘#b’) = (y*)? and for every other word
w in ¥*, let (r,w) = 0. For every word w in {b}*, let (re,w) = 1 and for every other word w in
¥* let (ro,w) = 0. It is easy to see that r = r17o. In Figure 3.3, we depict a two-mode alternating
weighted automaton over B[y] that realizes r1. Trivially, ro is realized by an alternating weighted
automaton over B[y] as well.

We see that the series rg can be obtained as a reversal of a formal power series that is realized
by an alternating weighted automaton over B[y]. It can also be obtained as a Cauchy product of
two formal power series that are realized by an alternating weighted automaton over By]. We
shall now prove that the series rp is not realized by an alternating weighted automaton over B[y].
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Figure 3.2: A two-mode alternating weighted automaton realizing the reversal of rp.
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Figure 3.3: A two-mode alternating weighted automaton realizing series 71 such that (ry,a‘#b’) = y*
for every pair of nonnegative integers ¢ and j and (r1,w) = 0 for every other word w in {a, b, #}*.
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As a result, the class of formal power series realized by alternating weighted automata over B[y]
is closed neither under reversal nor under Cauchy product.

Before we prove this statement, some preparations need to be made. Let S be a commutative
semiring and X an arbitrary set. We shall define a commutative semiring on the set SX of all
functions from X to S as follows: the sum of functions f;, fo in S¥X is a function f; + f» in S¥
such that (f1 + f2)(x) = fi(x) + f2(z) for every x in X. Similarly, the product of functions fi, f2
in SX is a function f;fo in S¥X such that (fif2)(z) = fi(x)f2(x) for every z in X. The zero of
the semiring S¥ is a constant function hgy such that ho(z) = Og for every = in X and the unity
of the semiring S¥ is a constant function h; such that hi(z) = 1g for every z in X. In what
follows, we shall work with the semiring (B[y])Y with operations of sum and product as we have
just described them.

Let S be a commutative semiring, X be an arbitrary set, and F' be a set of functions from X
to S. We say that functions in F' have the same support if the following is true for every fi, fo in
F and every z in X: fi(z) = 0g iff fo(z) = 0g.

For the purposes of the proof that follows, we shall also introduce the following terminology.
Let S be a commutative semiring and P be a polynomial in S[xy,...,2,]. The number of terms in
a polynomial P, denoted by #terms(P), is the number of different monomials that occur in P. To
be more precise, the number of terms in P is the smallest number k£ such that P can be obtained
as a sum of k monomials. If m is a monomial in S[x1,...,x,], we shall write J,, to denote the set
of indices ¢ in {1,...,n} such that x; occurs in m.

Lemma 3.2.3. The formal power series rg is not realized by an alternating weighted automaton
over B[y].

Proof. Suppose for the purpose of contradiction that rp is realized by an alternating weighted
automaton A = (Q, X, ¢, Py, 7) over Bly]. Let n =|Q|. Fori =1,...,n, let f; be a map from N to
B[y] such that f;(k) = (|A;,b*) for every nonnegative integer k. For every nonnegative integer 1,
let g; be a map from N to B[y| such that g;(k) = (1 + y*)* for every nonnegative integer k.

For every nonnegative integer i, let P; = P4[a’#]. We have

gi(k) = (A, a'#b") =
= PA[GJZ#](“A‘M bk)’ (|A|27bk)a R (|A|ﬂ7bk)) =
= Pi(f1(k), fa(k), ..., fn(k)) (3.16)

for every nonnegative integer k. Let us now interpret each coefficient ¢ in P; as a constant
function h. from N to Bly] with h.(k) = ¢ for every nonnegative integer k. If we do this, P; can
be viewed as a polynomial in (B[y])N[z1, ..., z,]. With this in mind, the equation (3.16) says that
Pi(f1,..., fn) = g; for every nonnegative integer i.

Let ¢ be a nonnegative integer. The polynomial P; can be written as a sum of some monomials
with nonzero coefficients. For each such monomial m, we would like the functions in {f;};c,.
to have the same support. Of course, this might not be the case. To make this true, we shall
modify the polynomials Py, Py, Ps, . .. to polynomials P}, Py, P, ... in (B[y])N[x1, ..., 2] (polyno-
mials in n’ indeterminates, where n’ is some nonnegative integer) and replace the set of functions
F:={f1,..., fn} with some other set of functions F’ := {f{,..., f.,} in (B[y])N. This modifica-

tion needs to be done in such a way that we still have P/(f{,..., f!,) = g; for every nonnegative
integer 1.
Let us first construct the set of functions F’. For i = 1,...,n, let x; be a function from N to

B[y] such that x;(k) = 0if f;(k) = 0 and x;(k) = 1 otherwise. The set of functions F’ consists of
all functions ijeJva where f is in F and J is a subset of {1,...,n}. Let n’ be the size of F".
Let the functions in F’ be somehow linearly ordered and let the i-th function of F’ with respect
to this ordering be denoted by f/.

Let i be a nonnegative integer. We shall now show how the polynomial P/ can be constructed.
We can write P; = Zme M CmM, where M is a finite set of monomials with coefficient 1 and ¢,
is a constant function in (B[y])" for each m in M. We have g; = >, s cmm(f1,. .., fn). Let m
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be a monomial in M and let us look at the function m(f1, ..., fn). By its definition, this function
can be obtained as a product of some functions in F'. For every j in J,,, let us replace each
occurrence of f; in this product with f; ], 7, Xk- We obtain a product of functions in £ " that
evaluates to m(f1,..., fn) and all functions in this product have the same support. It is now clear
that we can find a monomial m' with coefficient 1 such that m/(f{,..., f.,) = m(f1,..., fn) and
functions in { fj’ }jes ., have the same support. We can do this for every monomial m in M and so
we conclude that we can construct a polynomial P] such that P/(f1,..., fl,) = Pi(f1,..-, fn) = g
and functions in {f}};e,,, have the same support for every monomial m’ that occurs in P;.

Let J°° be the set of indices j in {1,...,n’} such that z; occurs in P/ for infinitely many
indices i. We shall show that for every j in J°° and every nonnegative integer k, the number
of terms in the polynomial f}(k) in B[y] is at most 1 (i.e., either fi(k) = y® for some positive
integer i, or fi(k) = 1, or fj(k) = 0). In order to obtain a contradiction, let us suppose that
fi(k) = Yy +y'2 + By for some j in J°°, nonnegative integers k, I; and I satisfying I; < Iy, and
By in B[y]. Let ¢ be a nonnegative integer such that ¢ > Il — Iy and P} contains z; (such 7 exists,
since x; occurs in infinitely many polynomials in {P{, P;, P3,...}). Let m be a monomial in P/
that contains ;. We can write m = z;m’, where m’ is a nonzero monomial. We thus have

m[.ﬁ?? ;L’Kk) = f]/(k)m/[f{77 ;L/](k) =

= (" +y"= + B [f, - fl(R).
Since f}(k) is nonzero and functions in { f;}c,, have the same support, the value of m/[f], ..., f,,]
at k is nonzero as well. We can write m/[f],..., f,,](k) = y'* + Ba, where I3 is a nonnegative

integer and By is in B[y].? We have

m[f{> . af'r/L’](k) = (yll +y12 +Bl)m/[f{a N 7f7lz’](k) =
= (" +y" + B)y" + B) =
:yll‘HS _|_yl2+13 +B3

for some By in B[y]. We conclude that P/[fi,..., f..](k) = y"1tl + yl2tl + B, for some By in
B[y] and

= P;[f{,,fé:](k) =
— yll+l3 + ylz+l3 _|_ B4.

This is clearly a contradiction, since ¢ > Iy — 5.

We have thus proved that if j is in J*° and k is a nonnegative integer, then the number of terms
in fj’(k) is at most 1. Let ¢ be a nonnegative integer such that every indeterminate that occurs
in P} is in {x;};ej~. We can write P{ = ) ), cmm, where M is some finite set of monomials
with coefficient 1 and ¢, is a constant function in (B[y])Y. Let k be a nonnegative integer. We
have gi(k) = >, car em(K)m[fi, ..., fi/](k). Since the number of terms in f}(k) is at most 1 for
every j in Jy,, the number of terms in m[fi,..., f/,](k) is also at most 1 for every monomial m
in M. This implies that the number of terms in ¢, (k)m[f{,..., f1,](k) is at most the number
of terms in ¢, (k) = ¢,,(0) for every monomial m in M. We conclude that the number of terms

ing;(k) =3 cp em(k)m[fi, ..., f}.](k)is at most )\, #terms(c,,(0)) for every nonnegative
integer k. This is clearly a contradiction. O

We have thus proved the following two theorems.

Theorem 3.2.4. There exists a commutative semiring S such that the class of formal power series
realized by alternating weighted automata over S is not closed under reversal.

2Note that m/ f1s--s L,}(k) might be 1 + By for some By in B[y].
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Proof. In Figure 3.2, we depicted a two-mode alternating weighted automaton over B[y] that
realizes a formal power series 7 such that r = rp. By Lemma 3.2.3, series rp is not realized by
an alternating weighted automaton over B[y]. This means that the class of formal power series
realized by alternating weighted automata over B[y] is not closed under reversal. O

Theorem 3.2.5. There exists a commutative semiring S such that the class of formal power series
realized by alternating weighted automata over S is not closed under Cauchy product.

Proof. In Figure 3.3, we depicted a two-mode alternating weighted automaton over B[y] that
realizes a formal power series r; over Bly] and ¥ = {a, b, #} such that (r1,a’#b’) = (y*)? for every
pair of nonnegative integers 4,5 and (r1,w) = 0 for every other w in ¥*. A formal power series
ro over Bly] and ¥ such that (re,w) =1 for every w in {b}* and (rq, w) = 0 for every other w in
¥* is trivially realized by an alternating weighted automaton over By| as well. The reader can
easily check that r179 = rp. By Lemma 3.2.3, series rp is not realized by an alternating weighted
automaton over B[y]. This means that the class of formal power series realized by alternating
weighted automata over B[y] is not closed under Cauchy product. O



Conclusion

We have defined and initiated the study of alternating weighted automata over an arbitrary com-
mutative semiring S. These form a new extension of alternating finite automata [2], in which
transitions carry weights given by elements of S. Moreover, disjunctions are replaced by sums and
conjunction are replaced by products of the semiring S. The behaviour of an alternating weighted
automaton is thus a formal power series. We have seen that both alternating finite automata
(without weights) [2] and (nonalternating) weighted automata [4] can be viewed as a special case
of alternating weighted automata.

Thesis partially builds on the line of research initiated by Chatterjee, Doyen and Henzinger [3]
and later continued by Almagor and Kupferman [1]. These two studies both focused on alternation
in weighted automata over the tropical semiring and were motivated by certain problems in formal
verification of reactive systems. Our goal has been to study alternating weighted automata over
general commutative semirings and from a theoretical point of view.

We have given two alternative definitions of alternating weighted automata. In the first defi-
nition, each state was equipped with a set of polynomials so that it could combine additive and
multiplicative operation. In the second definition, each state was either a sum state or a product
state: a sum state could only perform addition and a product state could only perform multiplica-
tion. To be more precise, these two definitions introduced two different models: the first definition
introduced automata simply called alternating weighted automata and the second definition intro-
duced automata called two-mode alternating weighted automata. Nevertheless, we have proved
that these two models are equivalent.

We have introduced the notion of a run tree, which allowed us to give an alternative charac-
terization of the behaviour of two-mode alternating automata. Two-mode alternating weighted
automata are allowed to contain e-labelled transitions. Although these transitions might be quite
handy, they are not strictly necessary: we have presented a construction that can be used to
eliminate e-labelled transitions in a two-mode alternating weighted automaton.

We have also introduced systems of H-polynomial equations, which provide us with a different
characterization of formal power series realized by alternating weighted automata: a formal power
series r is realized by an alternating weighted automaton iff it is the solution to some system
of H-polynomial equations. The characterization of formal power series realized by alternating
weighted automata in terms of systems of H-polynomial equations goes in the same lines as the
well-known characterization of rational series in terms of linear systems [5].

We have studied the relationship between the expressive power of weighted automata on the one
hand and the expressive power of alternating weighted automata on the other hand. In the most
important result of this thesis, we prove that alternating weighted automata over a commutative
semiring S have the same expressive power as (non-alternating) weighted automata over S iff the
semiring S is such that every finitely generated subsemiring of S is finite. Otherwise, alternating
weighted automata over S are strictly more powerful.

Finally, we have also examined some closure properties of the classes of formal power series
realized by alternating weighted automata. We have proved that for every commutative semiring S,
the class of formal power series realized by alternating weighted automata over S is closed under
sum and Hadamard product. We have also shown that there exists a commutative semiring S such
that the class of formal power series realized by alternating weighted automata over S is closed
neither under reversal nor under Cauchy product.
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