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ABSTRACT. Nested words, a model for recursive programs proposed by Alur and Mad-
husudan, have recently gained much interest. In this paper we introduce quantitative
extensions and study nested word series which assign to nested words elements of a semi-
ring. We show that regular nested word series coincide with series definable in weighted
logics as introduced by Droste and Gastin. For this we establish a connection between
nested words and the free bisemigroup. Applying our result, we obtain characterizations
of algebraic formal power series in terms of weighted logics. This generalizes results of
Lautemann, Schwentick and Thérien on context-free languages.

1. INTRODUCTION

Model checking of finite state systems has become an established method for automatic
hardware and software verification and led to numerous verification programs used in in-
dustrial application. In order to verify recursive programs it is necessary to model them
as pushdown systems rather than finite automata. This has motivated Alur and Madhusu-
dan [3,[4] to define regular nested word languages and visibly pushdown languages. The
latter is a proper subclass of the context-free languages and exceeds the regular languages.
Both classes are closely related. Nested words on the one hand have a linear sequential
structure and on the other hand have a hierarchical structure. This way they may also
be used to model linguistic data as well as semistructured data such as XML documents.
Nested words and visibly pushdown languages gained much interest and set a starting point
for a new research field (see e.g. [IL2L[7] among many others).

The goal of this paper is: 1. to introduce a quantitative automaton model and a
quantitative logic for nested words that are equally expressive, 2. to establish a connection
between nested words and alternating texts, a graph representation of the free bisemigroup
which is an object studied by Esik and Németh [17] and Hashiguchi et al. [I9/21], 3. to
give a characterization of the important class of algebraic formal power series by means of
weighted logics.
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In order to model quantitative aspects, extensions of existing models such as weighted
automata were investigated. There, transitions of automata additionally carry a weight
which can be of very different nature (e.g. counting, probabilities, etc.). In fact, weighted
automata have found many different applications e.g. in image processing [10], in speech
recognition [34] or as a model for probabilistic systems [5[6]. In this paper we introduce
and investigate weighted nested word automata which may serve as a quantitative model
for sequential programs with recursive procedure calls. Due to the fact that we define them
over arbitrary semirings, they are very flexible and can model, for example, probabilistic or
stochastic programs of recursive nature as well as quantitative database queries.

Since weighted nested word automata and weighted pushdown automata are closely
related, one should also mention that weighted pushdown systems have been applied to
data flow analysis (see e.g. [23,24]). There, however, the emphasize lies on the (weighted)
configuration graph of the system which is used to model the state space of a program.
Weights are incorporated in order to model, for example, the data of the program. In [23/[24]
weighted versions of reachability problems in such graphs were considered.

In this paper we are interested in the semantics of a weighted automaton given as a
mapping which assigns a value to each nested word. As the first main result of this paper
we characterize the expressiveness of weighted nested word automata using weighted logics,
generalizing a result of Alur and Madhusudan. Weighted logics were introduced by Droste
and Gastin [I1]. They enriched the classical language of monadic second-order logic with
values from a semiring in order to add quantitative expressiveness. This way one may now
e.g. express how often a certain property holds, how much execution time a process needs
or how reliable it is. The result of Droste and Gastin has been extended to infinite words,
(infinite) trees, texts, pictures and traces [14}[15,[18,28.33.[36]. We note, moreover, that a
restriction of Lukasiewicz multi-valued logic coincides with this weighted logics [38].

In order to prove our result mentioned above we establish a new connection between
alternating texts and nested words and reduce the result to an analogous one for alternat-
ing texts. The class of alternating texts, introduced by Ehrenfeucht and Rozenberg [16],
forms the free bisemigroup which was also investigated by Hashiguchi et al. [T9H21]. More-
over, a language theory for series-parallel-biposets, a different representation of the free
bisemigroup, was developed by Esik and Németh [17]. Besides the author’s opinion that a
reduction to a previously known result is mathematically more elegant than e.g. a struc-
tural induction, the approach admits the advantage that it gives insight into relationships
and similarities between different structures considered in the literature and therefore offers
benefits. For example, decidability results for the emptiness and equivalence problem come
almost for free as a corollary. Note that this extends the classical satisfiability problem for
monadic second order logic, which is one motivation of transforming formulas in automata.

Furthermore, we can use the connection again in this paper to obtain a new charac-
terization of algebraic formal power series. The latter form an important generalization
of context-free languages. Algebraic formal power series were considered initially already
by Chomsky and Schiitzenberger [8] and have since been intensively studied by Kuich and
others. For a survey see [25] or [26]. Using projections of nested word series and apply-
ing the logical characterization of weighted nested word automata, we are able to give a
characterization of algebraic formal power series in terms of weighted logics, generalizing a
result of Lautemann, Schwentick and Thérien [27] on context-free languages. The connec-
tion between alternating texts and nested words is then used to also generalize a second
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characterization of [27], thereby giving a different proof also for the result of Lautemann,
Schwentick and Thérien.

The paper is organized as follows. In Section [ we introduce nested words, weighted
automata for nested words and give an example for them. In Section Blwe introduce weighted
logics for nested words, introduce different fragments of the latter and state the first main
result, the characterization of regular nested word series in terms of weighted logics. In
Section M we introduce alternating texts, a graph representation of the free bisemigroup
and define a weighted version of Esik and Németh’s parenthesizing automata operating
over elements of the free bisemigroup. Next, in Section Bl we define an embedding of nested
words into alternating texts and show that we can translate weighted formulae as well as
automata back and forth with respect to this embedding. This gives the proof of the first
main result. After that, in Section [6] we apply the result and obtain characterizations of
algebraic formal power series in terms of weighted logics.

An extended abstract of this paper appeared as [29]. This paper differs from it in the
following way. First, full proofs are included. Second, the first main result, the logical
characterization of regular nested word series, has been extended and it is shown that an
existential fragment of weighted logics suffices to characterize weighted automata over nested
words. Third, rather than translating nested words to sp-biposets, the graph representation
of the free bisemigroup used by Esik and Németh [17], we translate it to alternating texts, a
different representation. This admits the advantage that we can more easily obtain a second
characterization of algebraic formal power series in terms of weighted logics. This second
characterization, which we include here in full length, was only sketched in the concluding
remarks of [29] and gives the fourth main difference.

2. WEIGHTED AUTOMATA ON NESTED WORDS

In this section we recall the notion of nested words which was introduced by Alur and
Madhusudan [4] and we define weighted automata for them. Let A be a finite alphabet
and let AT be the free semigroup of finite but non-empty words. Let w = a;...a, € AT,
The length of w is |w| = n. A nesting relation v of width n (n € N) is a binary relation on
[n] ={1,...,n} such that for all 1 <i,j < n:

(1) if v(i, ), then ¢ < j,

(2) if v(4,5) and v(i,j"), then j = j' and if v(i,j) and v(¢', ), then i = 7',

(3) if v(4,5) and v(i',j") and i < i’ then either j < i or j' < j.

If v(i,7), we say i is a call position and j is a return position. Any 1 < i < n which is
neither a call nor a return position is called an internal position. We collect all nesting
relations of width n in Nest,,.

Definition 2.1 (Alur & Madhusudan [4]). A nested word (over A) is a pair (w,v) such
that w € AT and v is a nesting relation of width |w|.

Figure 1: A visualization of the nested word (aacacabb,{(1,2),(3,8),(5,7)})
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We collect all nested words over A in NW(A). Let nw = (w,v) € NW(A) where
w=ayj...a,. The factor nw[i,j] for 1 <i < j < n is the restriction of nw to the positions
from i to j; more formally nwli,j] = (a;...a;,v[i,j]) where v[i,j] = {(k,¢) | 1 < k, £ <
j—i+1,(k+i—1,0+1i—1) € v}. Furthermore, we say a pair (k,f) € v is a surface arch
of nw if there does not exist (k',¢') € v with ¥’ <k < < ',

Nested words have been introduced in order to model executions of recursive programs
as well as nested data structures such as XML documents. Here, we model quantitative
behavior of systems or documents such as the runtime or the probability of an execution of
a randomized program, or the number of occurrences of a certain type of entry in an XML
document. We do this by assigning to a nested word a quantity expressing, for example,
the runtime or the probability or the number of entries.

Example 2.2.

(1) As Alur and Madhusudan point out, XML documents or bibtex databases can naturally
be modeled as nested words, where the nesting relation captures open and close tags [4].
Suppose we model bibtex databases as nested words. Then we may assign to a nested
word e.g. the number of technical reports it stores.

(2) Probabilistic automata have been used to model sys- proc bar(){
tems with uncertainty, such as communication systems read(x);
over lossy channels, to model fault-tolerant systems or to £1ip(Y) ;if(Y==head)
model randomized programs. Consider the randomized beep;
recursive pseudo-procedure bar where £1ip(Y) means else
flipping a fair coin Y. Consider furthermore the alphabet bar () ;

A = {r,w,b,call,ret} of atomic events which stand for £1ip(Y) ; while (Y==head)
read, write, beep, call and return. Now, an execution write (x);

of bar could be as follows: read(x), flip a coin and see £1ip(Y);

tail, call recursively bar, read(x), flip a coin and see
head, beep, flip a coin and see tail, return from the re-
cursive call, flip a coin and see head, write(x), flip a coin and see head, write(x),
flip a coin and see tail, exit the program. Then the nested word nw = (w,v) defined
by w = r.call.r.b.retw.w.ret and v = {(2,5)} models this execution of bar where v
encodes the recursive call of bar. We calculate the probability of the execution by mul-
tiplying the probability of each atomic action (probability 1/2 for those actions that
depend on a coin flip), ie. 1-1/2-1-1/2-1/2-1/2-1/2-1/2 = 1/64. We will model
bar using a weighted nested word automaton in Example 2.4] below.

exit; }

To be as flexible as possible, we take the quantities we assign to a nested word from a
commutative semiring. A commutative semiring K is an algebraic structure (K, +,-,0,1)
such that (K,+,0) and (K,-, 1) are commutative monoids, multiplication distributes over
addition and 0 is absorbing, i.e. 0-k = k-0 = 0 for all kK € K. For example the nat-
ural numbers (N,+,-,0,1) form a commutative semiring. Other important examples are
also the tropical semiring (Z U {oco}, min, +,00,0) and the arctic or max-plus semiring
(Z U {—o0}, max, +,—00,0) which have been used to model real-time systems or discrete
event systems. These semirings possess the property that any finitely generated submonoid
of (K, +,0) is finite. Such semirings are called additively locally finite. Another important ex-
ample of an additively locally finite semiring is the probabilistic semiring ([0, 1], max, -, 0, 1).
We call a semiring locally finite if any finitely generated subsemiring is finite. Examples
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include any Boolean algebra such as the trivial Boolean algebra B = ({0,1},V,A,0,1) as
well as (R4 U {oo}, max, min, 0, 00) and the fuzzy semiring ([0, 1], max, min, 0, 1).
In the following let K be a commutative semiring such that 0 # 1.

Definition 2.3. A weighted nested word automaton (WNWA for short) is a quadruple
A= (Q,t,0,k) where 6 = (Jcall, dint, Oret) Such that

(1
(2
(3
(4

) @ is a finite set of states,

) Ocalls Oint : @ X A x Q — K are the call and internal transition functions,

) Oret 1 @ X Q X A x Q — K is the return transition function,

) 1,k Q — K are the initial and final distribution.

A run of Aon nw = (ay...an,v) is a sequence of states r = (qo,-..,qn); we also write
r:qo =3 qn. The weight of r at position 1 < j < n is given by

dean(¢j—1, a5, qj) if v(j,4) for some j <i<n
wegta(r, J) = 5int(qg'—1,aj, (]j) if j is an internal position
Oret (¢j—1,4i—1,0a5,q;) if v(i,7) for some 1 <@ < j.

Now, the weight of r is wgt 4(1) = [[1<;<, Wet (7, j) and the behavior ||All: NW(A) — K
of A is defined by

Ml (nw) = D" lao) - D wetalr) - wlan).

q0,9n€Q r;qo’ri)vqn

A function S : NW(A) — K is called a nested word series. As for formal power series
we write (S, nw) for S(nw). We define the scalar multiplication . and the sum + pointwise,
i.e. for k € K and any two nested word series Sy, Sy we let (k.S1,nw) = k- (S1,nw) and
(S1 + So,nw) = (S1,nw) + (S2,nw) for all nw € NW(A). For L C NW(A) let 11, be the
characteristic series of L, i.e. the series that assumes 1 for all nw € L and 0 otherwise. A
nested word series S is regular if there is a WNWA A such that || A]|=S. For K = B, i.e.
when dca, Oint and d,e; are subsets of Q@ X A x @ and Q X Q x A x @, or in other words
when the transitions do not carry a weight, Definition 2.3]is equivalent to the definition of a
(unweighted) nested word automaton [4]. A language of nested words L C NW(A) is then
called regular if it is accepted by a nested word automaton. It is easy to see that this is the
case iff the characteristic series 17, : NW(A) — B is regular.

Example 2.4. The procedure bar of Example can be modeled by a WNWA over
K = ([0, 1], max, -,0,1) with four states {q1,...,q4}. The transitions (only those with non-
zero weight) are given as follows. We let 1(q1) = 1 and k(q4) = 1. Moreover,

Oint(q1,7,q2) = 1, Sint (42, b, ¢3) = Oint (g3, w, q3) = Sint (g3, 7€t qa) = 1/2
5call(Q2a call, Q1) = 1/27 6ret(q37 q2,ret, Q3) = 1/2'

Intuitively, each of the states corresponds to a line in the procedure bar which is the next
to be executed. ¢ corresponds to line 2, g2 corresponds to line 3, g3 corresponds to line
7 and ¢4 is only reached at the end of an execution. Consider the nested word nw of
Example Z2(2). There is exactly one run 7 : q; — q4 with wgt(r) # 0. We start in state g
execute r and change to ¢o. We then call and change back to ¢;. After that we execute r
again and change to state gs. We then execute b and change to ¢3. We return and stay in
q3. Now we execute w twice while staying in g3 and finally end at state g4. Observe that
the automaton assigns 1/64 to the nested word nw.
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3. WEIGHTED LOGICS

In this section we introduce another formalism for specifying nested word series. For
this we interpret a nested word nw = (aj ...ay,v) as a relational structure consisting of the
domain dom(nw) = [n] together with the unary relations Lab, = {i € dom(nw) | a; = a}
for all @ € A, the binary relation v and the usual < relation on dom(nw).

First, we recall classical monadic second-order logic. The set MSO(A, <,v) (we also
write MSO for short) is given by the following grammar.

¢ u= xz=y|Laby(x) |z <y|v(z,y)|zeX|pVe|p|Ire|IXp

where a ranges over A, where x,y are first-order variables and where X is a second-order
variable. As usual we abbreviate z < y = =(y < ), p > ¥ = 7p VY and ¢ < Y =
(¢ = ) A (Y — o) for any ¢, € MSO.

Let ¢ € MSO and let Free(p) denote the set of variables that occur free in . Let V
be a finite set of first-order and second-order variables such that Free(¢) C V. A (V,nw)-
assignment 7 is a mapping from V to the powerset &?(dom(nw)) such that first-order
variables are mapped to singletons. For i € dom(nw) and T' C dom(nw) we denote by
[z — i] (resp. v[X — T]) the (VU {z}, nw)-assignment (resp. (VU {X}, nw)-assignment)
which equals v on V\ {z} (resp. V\ {X}) and assumes {i} for = (resp. T for X). We write
(nw, ) = ¢ if ¢ holds in nw under the assignment v. We write p(x1,...,2n, X1,..., Xpm)
if Free(p) C {z1,...,2n, X1,..., X;n}. In this case write nw | @[i1, ..., in, T1,...,Tp]
whenever we have (nw,v) = ¢ if y(z;) = {i;} and v(X;) = T;. This is justified by
the fact that (nw,v) = ¢ only depends on the restriction 7|mec(p) Of 7 to Free(y). Let
L(p) = {(nw,v) | nw € NW(A),~ is a (V, nw)-assignment, (nw,vy) = ¢}. Abbreviate
Z(¢) = Lrree() (). Note that in case that ¢ is a sentence, i.e. Free(¢) = ), we consider
Z(p) as a subset of NW(A).

Let Z C MSO. A language L C NW(A) is Z-definable if L = Z(yp) for a sentence
@ € Z. Formulae containing no quantification at all are called propositional. First-order
formulae, i.e. formulae containing only quantification over first-order variables are collected
in FO. The class EMSO consists of all formulae ¢ of the form 3X;....3X,,.9 where ¢» € FO.
Alur and Madhusudan showed that monadic second-order logic and nested word automata
are equally expressive.

Theorem 3.1 (Alur & Madhusudan [3l[4]). A nested word language L C NW(A) is regular
iff L is MSO-definable iff L is EMSO-definable.

We now turn to weighted monadic second-order logic as introduced in [I1I]. The set
MSO(K, A, <,v) (once again we shortly write MSO(K)) of weighted MSO formulae over K
is given by the following grammar:

¢ u= k|lx=y|Laby(z) |z <y|v(r,y)|zeX
| =(z =y) | "Labg(z) | ~z <y | ~w(z,y) | ~(z € X)
leVoloAe|Frp|3Xp | Vep|VX.p

where k € K, where a ranges over A, where x,y are first-order variables and where X is a
second-order variable. Note that we allow negation only for atomic formulae, i.e. for the
formulae x = y, Lab,(z), x <y, v(x,y) and x € X. This is because in general semirings
we do not have a natural complement and hence it is not clear how to define the semantics
of negation for values other than 0 and 1 (cf. [11]).
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Let ¢ € MSO(K) and Free(¢) C V. The weighted semantics [p]y of ¢ is a function
assigning a value in K to a nested word nw and a (V, nw)-assignment . To each such pair
(nw, ) we assign an element of K inductively as follows. For k € K we put [k]y(nw,vy) = k.
For every other atomic formula or negated atomic formula ¢ the semantics [¢]y is given by
the characteristic function 1 g, (). Moreover, we define

[e vV Ylv(nw,7) = [elv(nw, ) + [¥]v(nw, ),

[ A Y]y (nw,7) = [elv(nw, ) - [¢]v(nw, ),

[Fz- v (nw, ) = D om0ty (10, [ = ),
[3X ]y (nw, ) = D ooy [FIVULx} (20, A1X = T]),
[Va-elv(nw, ) = 1L oy [ D00y (20,71 = D),
[VX.]y(nw,7) = Hngom(nw) [elvuixy (nw, v[X — TY).

We put [¢] = [¢]rree(s)- Observe that in the case where ¢ is a sentence, [¢] can be
considered as a series from NW(A) to K.

Remark 3.2. A formula ¢ € MSO(K) which does not contain a subformula k € K can be
interpreted as an unweighted formula. We will use this implicitly in the sequel. Moreover,
note that if K is the Boolean semiring B, then weighted logics and classical MSO logic
coincide. In this case k is either 0 (false) or 1 (true).

Example 3.3.

(1) As in Example suppose we model bibtex databases as nested words. Moreover,
assume that tecrep € A marks the beginning of an entry containing a technical report.
Now, let K = N be the semiring of the natural numbers. Then ([Iz. Labgecrep (2)], nw)
counts the number of technical reports of the bibtex database modeled by nw.

(2) Again let K = N. Consider the formula ¢ = Va.3y.1. Then ([Fz.1], (a1 ...an,v)) =n
and ([Vy.3z.1], (a1 ... an,v)) = n™. It can be shown as for words that [¢] is not regular
as it grows too fast (cf. Example 3.4 in [11]).

Let Z C MSO(K). A series S : NW(A) — K is Z-definable if S = [¢] for a sentence
¢ € Z. Example B3[(2) shows that unrestricted application of universal quantification does
not preserve regularity. Therefore we now define different fragments of MSO(K).

Note that the fragment RMSO(K), the collection of restricted formulae, which was con-
sidered in [I1] and which characterizes regular formal power series is a semantic restriction,
and it is not clear whether membership in RMSO(K) can be decided. In order to have a
decidable fragment, we now syntactically define the fragment SRMSO(K). For this we follow
the approach of [12].

The idea is to restrict universal first-order quantification to formulae having a semantics
that takes on only finitely many values. To this aim we start by identifying a class of
formulae ¢ that take on values 0 and 1 only, more precisely we will have 1 4,,) = [¢]v.
The problem that arises is that by definition of the semantics, V gets translated by means
of 4. Hence, for a formula ¢ = 1 V @9 we only want to evaluate s if 1 evaluates to 0,

otherwise we might end up with a sum greater than one. A similar problem occurs for Jx.
and 3X.
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Given a classical (unweighted) MSO-formula ¢ we assign to it formulae ™ and ¢~ such
that [¢"] = 1, and [¢~] = Lg(,). The crucial point is that we have a linear order at
disposal.

(1) If ¢ is of the form = = y, Lab,(z), * <y, v(z,y), * € X then ¢ = ¢ and ¢~ = —¢.
(2) If ¢ = —p, then T =19~ and p~ =¢T.

(3) Ifp =9 VY, then T =¢F V (Y~ A7) and o~ =y~ AP~

(4) If ¢ = Jz.ah(x), then ot = Jzah(z)T AVy.(y <z AU(y))” and ¢~ = Va.ah(z)".

In order to disambiguate set quantification, we have to define a linear order on the subsets
of the domain of a nested word or equivalently on nested words (of fixed length) over the
alphabet {0,1}. We take the lexicographic order < which is given by the following formula.

X<Y=FyeYANyeXAVe[z<y—=(z€X < 2z€Y)]"
Now we proceed:
(5) If ¢ = IX.4H(X), then pt = IXYP(X)T AVY(Y < X AY(Y))” and ¢~ =VX.p(X)~.
Formulae of the form @™ or ¢~ for some ¢ € MSO are called syntactically unambiguous.
Observe, if ¢ is syntactically unambiguous, then [p]y = 1 4, (. for any finite set of variables

V D Free(y). In the following, we shortly write ¢ & 1 for o~V (pt AY) for any two weighted
formulae ¢, 1) where ¢ does not contain subformulae of the form k (k € K) and hence is also
a classical formula.

We define aUMSO(K), the collection of almost unambiguous formulae, to be the smallest
subset of MSO(K) containing all constants k& (k € K) and all syntactically unambiguous
formulae which is closed under conjunction and disjunction. Using the distributivity, observe
that for any ¢» € aUMSO(K) there is a formula ¢’ of the form ¢' = \/7"_, (k; A ¢;) for some
k; € K and syntactically unambiguous 1; such that [¢] = [¢'] (cf. [12]). We are now ready
to define the fragment sRMSO(K).

Definition 3.4. A weighted formula ¢ is in SRMSO(K) (syntactically restricted MSO) if
for every subformula 1 of ¢ the following two conditions hold:

(1) If ¥ = VX .1 for some 1p € MSO(K), then # is syntactically unambiguous.
(2) If ¥ = Vx.¢p for some p € MSO(K), then ¢ € aUMSO(K).

We collect in sRFO(K) all ¢ € sSRMSO(K) which do not contain any set quantification and
we collect in SREMSO(K) all ¢ € SRMSO(K) of the form 3X;....3X,,.14» with ¢ € sSRFO(K).

Let now wUMSO(K), the collection of weakly unambiguous formulae, be the smallest
subset of MSO(K) containing all constants k& (k € K) and all syntactically unambiguous
formulae which is closed under conjunction, disjunction and existential quantification (both
first- and second-order). We define the fragment swRMSO(K).

Definition 3.5. A weighted formula ¢ is in swRMSO(K) (syntactically weakly restricted
MSO) if for every subformula 9 of ¢ the following two conditions hold:

(1) If ¥ = VX1 for some 1p € MSO(K), then # is syntactically unambiguous.
(2) If ¥ = Vx.¢p for some ¢ € MSO(K), then ¢ € wUMSO(K).

Clearly, aUMSO(K) ¢ wUMSO(K) c sRMSO(K) c swRMSO(K) ¢ MSO(K). The first
main result of this paper is the characterization of regular nested word series using weighted
logics. It reads as follows.
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Theorem 3.6. Let K be a commutative semiring and let S : NW(A) — K be a nested word
series. Then the following holds.

(a) S is reqular iff it is SRMSO(K)-definable iff it is SREMSO(K)-definable.

(b) If K is additively locally finite, then S is reqular iff it is swRMSO(K)-definable.

(¢) IfK is locally finite, then S is regular iff it is MSO(K)-definable.

We prove the result at the end of Section [B] by interpreting nested words in alternating
texts. In the next section we introduce alternating texts and weighted automata for them.

Example 3.7. The nesting depth of a position i of a nested word nw is the number of open
call positions (i.e. where the corresponding return position has not occurred yet including
the position itself). The nesting depth of a nested word is the maximum nesting depth of
its positions. Let K = (Z U {—o00}, max, +, —0, 0).

open(z) = Vy.(y < z Acall(y)) = 1 A (y < A return(y)) = —1 where
call(x) = Jy.v(z,y) and return(z) = Jy.v(y, )

Then [3z.open(z)] assigns to a nested word its nesting depth. Hence, since Jz.open(z) €
sRMSO(K), the series is regular by Theorem

4. ALTERNATING TEXTS

A bisemigroup is a set together with two associative operations. Several authors in-
vestigated the free bisemigroup as a fundamental, two-dimensional extension of classical
automaton theory, see e.g. Esik and Németh [17] and Hashiguchi et al. (e.g. [19-21]). Esik
and Németh considered as a representation for the free bisemigroup the so-called sp-biposets,
a certain class of biposets. A different representation of the free bisemigroup over some fi-
nite set A are the so-called alternating texts [16L22]. A text over A is a tuple (V, A\, <1, <s)
where <y and <5 are linear orders over a finite but non-empty domain V and A : V — A is
a labeling function. Of course we consider texts only up to isomorphism. Therefore, unless
otherwise specified, the domain of a text will be [n] = {1,...,n} for some n € N and <;
will correspond to the canonical order on [n].

We define the binary operations o and e, called the horizontal and vertical product,
on texts as follows: Let 7 = (V, A\, <y,<3) and 7" = (V', X, <, <)) be two texts where we
assume that V' and V' are disjoint. Then

o =(VWV AUN < U< UV xV <u<hur x V),
ey = VWV AUN U< UV x V<o u<buv x V).

Figure 2: A visualization of the alternating text given by (¢ ea)o (ceae (coaocbd)eb).
Here we only give the successor relation of the second order. The first order is
given simply from the left to the right.
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Let TXT(A) be the class of texts which can be obtained from the singleton texts
by finite applications of o,e. This class was named the class of alternating texts in [16].
The class TXT(A) together with the operations o, e is the free bisemigroup over A [22].
Let monadic second-order logic MSO(A, <;,<5,) and weighted logics for texts, denoted
MSO(K, A, <1, <3) be defined along the same lines as for nested words. Moreover, define
sRMSO(K, A, <1, <5) and swRMSO(K, A, <;, <9) using the linear order <;.

Now we introduce weighted parenthesizing automata (cf. [28]) operating on the free
bisemigroup generalizing parenthesizing automata as introduced by Esik and Németh [17].

Definition 4.1. A tuple A = (H,V,Q, i, flop, thel, A, 7Y) is a weighted parenthesizing automa-

ton (WPA) provided that

e H and V are finite, disjoint sets of horizontal and vertical states, respectively,

e (2 is a finite set of parentheses, [

o :(HxAXH)U((VxAXxV)— Kis the transition function,

® fiopsflal ¢ (H X QxV)U(V x QxH) — K are the opening and closing parenthesizing
functions, respectively,

o \,v:HUY — K are the initial and final weight functions, respectively.

We now come to the notion of a run r of A. We given an inductive definition where we also
define its label lab(r) € TXT(A), its weight wgt 4(r) € K, its initial state init(r) € HUV
and its final state fin(r) € HUV. Formally the set of runs of A is the smallest set of words
over the alphabet AUQUHUVU{(,)} U{,} such that:

(1) The word (q1,a,qz) is a run for all (¢1,q2) € (H x H)U(V x V) and a € A. We set

lab((q1,a,¢2)) = a € TXT(A),  wgta((q1,a,q2)) = pla1, a, ¢2),
init((q1,a,q2)) = ¢1 and fin((q1,a,q2)) = qa.
(2) If ry and 7o are runs such that fin(r;) = init(rq) € H (respectively such that fin(ry) =
init(r2) € V), then r = 173 is a run having
lab(r) = lab(rq) o lab(rs), (resp. lab(r) =lab(r;) e lab(rq)),
wgt 4 (1) = wgt 4 (1) - wgt 4(r2), init(r) = init(r;) and fin(r) = fin(rs).
(3) If a run r resulting from 2 has init(r) € H (resp. init(r) € V) and if g1, ¢2 € V (resp. if
q1,q2 € H) and s € Q, then 1’ = (q1, (s, init(r)) r (fin(r),)s, ¢2) is a run. We set
lab(r’) = lab(r), init(r") = ¢ and fin(r') = go,

wgt4(') = pop((q1, (5, 1nit(r))) - wet 4 (1) - pa((fin(r), )s, g2))-
Let 7 € TXT(A). Since in (3) above we require that the run r we start with results from
(2), we do not allow repeated application of (3) and therefore there are only finitely many
runs r of A with label 7. Intuitively, we do not allow for doubled parentheses. If r is a run
of A with lab(r) = 7, init(r) = ¢y, fin(r) = ¢, we write r : ¢; — g2. The behavior of A is a
text series ||A||: TXT(A) — K. It is given by

(MLm= D> Ma)- D watalr) - v(g2).

q1,q2€HUY riq1qo

A text series S is regular if there is a WPA A such that [|A||=S.

L We let s € Q represent both an opening and a closing parentheses. To help the intuition we also
write (s or )s for s.
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Theorem 4.2 (see [30]). Let K be a commutative semiring and let S : TXT(A) — K be an
alternating text series. Then the following holds.

(a) S is reqular iff it is SRMSO(K)-definable iff it is SREMSO(K)-definable.

(b) If K is additively locally finite, then S is reqular iff it is swRMSO(K)-definable.

(¢) If K is locally finite, then S is regular iff it is MSO(K)-definable.

We note that the proof in [30] is effective, i.e. given an sSRMSO(K) (resp. swRMSO(K),
resp. MSO(K)) formula ¢ we can effectively construct a WPA A such that [¢] =| A,
and conversely, given a WPA A we can effectively construct ¢ € sREMSO(K) such that

[o] =IAll

5. INTERPRETING NESTED WORDS IN ALTERNATING TEXTS

We will now derive similar results for nested words as for alternating texts by interpret-
ing the different structures within each other. For this we utilize definable transductions
as introduced by Courcelle [9]. We only have to ensure that they preserve definability, now
with respect to weighted logics. First, we introduce the notion of definable transductions.
For this let o1 and o9 = ((R;)ic1, p) be two relational signatures where p: I — N assigns
to each relation symbol R; a positive arity. Moreover, let C; and Cs be classes of finite o1-
and og-structures, respectively. Let monadic second-order logic MSO(o1) and MSO(o3) be
defined along the lines as for nested words.

By a (01, 02)-1-copying definition scheme with parameters Xy, ..., X, we mean a tuple
D = (9,0, (¢i)icr) of formulae in MSO(o1) such that Free(d) C {Xy,...,X,}, Free(d) C
{r1, X1,..., Xpn} and Free(p;) C {z1,...,7,3), X1,... X, } for all i € I.

Let D be a (01, 02)-1-copying definition scheme, let sy € C; and let T1,...,T, subsets
of the domain dom(sy) of s; such that s; | ¥[11,...,T,]. Then define the o-structure
defp(s1,Th,...,T,) = s2 with domain dom(sz) C dom(s;) and interpretations of relation
symbols R;? given as follows:

v € dom(sg) < s1 = 0[v,T1,...,T,)] for all v € dom(sy).
(V1,.,9)) € B? < 51 @i[vr, .-, 00), T1, - -, Ty for all i € T and
all vy, ..., v, € dom(sz).

By abusing notation, we define the transduction defp C C; x Cy by letting (s1, s2) € defp
iff s1 € C; and there are sets 11, ...,T,, C dom(sy) with s; = 9[T1,...,T},] such that sy =
defp(sy). Let us call a definition scheme D with parameters X, ..., X, unambiguous if for
any pair (s1,s2) € defp there is at most one assignment of parameters v : {X1,..., X} —
Z(dom(sy)) such that defp(si,v(X1),...,7(Xn)) = so.

Definition 5.1. A transduction ® C C; x Cy is unambiguously definable if there is a unam-
biguous definition scheme D such that ® = defp. It is unambiguously FO-definable if there
is an unambiguous definition scheme D = (4,9, (¢;)icr) defining ® with 9,4, (¢;)ier € FO.

A transduction which is given by a less restricted definition scheme, where one allows
for more than one copy of s; and which is not necessarily unambiguous, is called definable.
Courcelle [9] showed that the preimage of a definable set under a definable transduction
is again definable. We will show a similar result for series. Let ® : C; — Cy be a partial
function with domain dom(®) and let S : Co — K. Define ®~1(S) by letting (®~1(S), s1) =
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(S, ®(s1)) for all s; € dom(®) and (®~1(S),s1) = 0 otherwise. If ® is injective, we let
®(S) = (27)7H(S).

Clearly, MSO(K) can be defined for C; and Cs along the same lines as for nested words.
In order to disambiguate a formula, we need a linear order on each s € C; (resp. Cz). For
the next proposition we therefore assume that there are binary relation symbols <;€ o7 and
<s€ o9 such that the interpretation of <; in s is a linear order for any s € C; (i = 1,2). Using
these linear orders we can define syntactically unambiguous formulae and then sSRMSO(K)
and swRMSO(K) over o1 and o9.

Proposition 5.2. Let ® : C; — Co be an unambiguously definable partial function. Then

the following holds:

(1) If S : Co — K is MSO(K)-definable, then so is ®~1(5).

(2) If S : Co — K is SRMSO(K)-definable, then so is ®~1(S).

(3) If S : Co — K is swRMSO(K)-definable, then so is ®1(S).

(4) If ® is unambiguously FO-definable and S : Co — K is SREMSO(K)-definable, then
®~1(S) is SREMSO(K)-definable.

Proof sketch. Full proof and more general results can be found in [30,[51).
Let D = (19,6, (¢; )icr) be an unambiguous definition scheme defining ®. Let ¢ € MSO(K).
By induction on the structure of ¢ we now define the formula g € MSO(K, o1).

k=k T=y=(z=y) reEX=z€X Ri(xl,/.ja:p(i)) = @i(x1. .. ), X1, ..., Xn)T
Ifpisz=y,v€ X or Ri(z1,..., 7)) let —/n,\b = (12)\)_ Moreover, let
U1 Ao =1 Ao

¢/\/\¢ _ (:ﬁ; Vv @)Jr if 91 V 1o is syntactically unambiguous
! 2 Y1 V g otherwise

ﬂ ) [Br(6(z, X1y, X)) A 12)]Jr if dx.1) is syntactically unambiguous
T 32.(8(x, Xy, ..., X))t AYp)  otherwise

~

X [(AXVz.(z € X = 6(z, X1,..., X)) Ap]T if 3X .9 is synt. unambiguous
T 13X Ve (z e X = 6z, X1,..., X))t A otherwise

V/x?b =Vr.d(z, X1,...,Xp) 9
V/X.\¢:VX. (Voo € X — 6(z, X1,..., X)) > .

Now let ¢ be as required such that [¢] = S. One can show by induction on the structure
of ¢ that [3X7,... X, 9(X1,..., X,)T A @] = ®71(S). By construction we get that if ¢ is
syntactically unambiguous, then so is its translation @. Again by induction it is therefore
not hard to see that @ is in aUMSO(K) (resp. wUMSO(K)) if ¢ is in aUMSO(K) (resp.
wUMSO(K)). From this we conclude that the translation is as required. L]

We are now going to show that regular series coincide with SRMSO(K)-definable ones.
For this we define two embeddings of nested words into alternating texts and use the char-
acterizations of text series. The connection we establish turns out to be useful again in
Section [6l Define ®,,®, : NW(A) — TXT(A) as follows. Let nw = (w,v) € NW(A)
where w = aj ... a,. If v =0, then let ®,(nw) =ajo...0a, and Pe(nw) =aje...ea,.
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If v # 0, let ¢ be the minimal call position and j the corresponding return position. Let
nw' =nwli+ 1,7 — 1] and nw” = nw[j 4+ 1,n]. Suppose for the moment that i +1 < j —1
and j + 1 < n. We define

o(nw) =ajo...0a,10 (a; ® Pe(nw') @ a;) o ®o(nw’),
Po(nw) =are...0a,_1 e (a;0P(nw')oa;)ede(nuw”).

If i+1 = j or j = n, then we just ignore the terms ®,(nw’), ®,(nw”), ®o(nw') and ®4(nw”),

respectively, in the definition above. Intuitively, we transform the nesting relation into well-

matched brackets. As an example consider the nested word nw given in Figure[ll Its coding

O, (nw) is the alternating text in Figure 2.

Let ®,(nw) = (V°,X°,<§,<9) and Pq(nw) = (V*, A%, <}, <3). The following observa-
tions can easily be made by induction either on n or on |v|:

(a) Both V° and V*® have cardinality n. We therefore assume from now on that V° =
V*® = [n] such that <j as well as <{ is the usual order on [n]|. It is easy to see that
A°(i) = A%(i) = a,.

(b) Both ®, and ®, are injective.

Recall that a position of nw has odd nesting depth if the number of open call positions is
odd (see Example [3.7]).

Lemma 5.3. Let nw = (aj...an,v) € NW(A), let &o(nw) = ([n], A, <3,<5) and let
P, (nw) = ([n], A\, <3,<8). Moreover, let 1 <i < j <mn. Then we have, i >$ j iff i <3 j iff
there is some (k,0) € v with 1 < k < i < j < < n such that there is no (k',0') € v with
k<k <i<j</t <{landk has odd nesting depth.

Proof. The proof is by induction on |v|. For |v| = 0 this is trivial. Now let |[v| > 1. We only

prove that ¢ >§ j iff there is some (k,¢) € v with 1 < k < i < j < £ < n such that there is

no (K, ¢') e v with k < k' <i < j < /¢ < ¢ and k has odd nesting depth. That this holds iff

i <3 j can be shown analogously. Let ¢’ be the minimal call position and j’ the corresponding

return position. Let nw’ = nw[i’ + 1,5 — 1] and nw” = nw[j’ 4+ 1, n| provided they exist.

Moreover, let ®q(nw') = ([j' — ¢ — 1], N, <}, <b) and @ (nw”) = ([n — 5/, N, <!, <f). We

consider three cases:

(1) Assume i < i’ or i < j/ < j. Then ¢ <§ j and there is no (k,¢) € v with 1 <k <i <
J<l<n.

(2) Assume ¢/ <i < j<j'. Ifi=4orj=j, then i >3 j and choosing (k,¢) = (i, ) gives
(k,¢) as required since i has nesting depth 1. If ¢/ < i < j < j/, then we get:

i>5) < i—i>hLj-1
<~ moti—i <hLj—17

either there is some (k,¢) € v[i' + 1,5/ — 1] with 1 <
k<i—i <j—1 <<j —1i —1 such that there is no
— (K 0)ev[i'+1,7/—1]withk <k <i—i' <j—i' <0 <¢
and k has even nesting depth in nw’, or there is no (k, ¢) €
Vil +1,7 =1 with1 <k <i—i <j—i <l<j —i—1

there is some (k,¢) € v with 1 < k <i < j < ¢ <mn such
<= that thereisno (K,¢/) e v withk <k <i<j</l </
and k has odd nesting depth.
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(3) Assume j' < i. Then we get
i23) = i—j>3j-7

there is some (k,f) € v[j’ + 1,n] with 1 <k <i—j' <
j—j' <€ < n—j such that there is no (¥, ¢') € v[j'+1,n]
with k < k¥ <i—j < j—j < ¥ < { and k has odd
nesting depth

such

there is some (k,¢) € v with 1 < <n
<l <

<= that there is no (¥',¢') € v with
and k has odd nesting depth.

k<i<j</t
k<K S <j

L]
Corollary 5.4. The functions ®, and ®o are unambiguously FO-definable.

Proof. We only show that ®, is FO-definable. For ®, the claim can be shown analogously.
We give a l-copying definition scheme (9,0, (¢rLab, )acA, ¥<,,P<,) With four parameters
X17 X27 Yi) Y2-
Let the macros call(xz) and return(z) be as in Example 37l Moreover, let
Frst, (z) = call(x) A Vy.call(y) -z <y
The next macro defines y, the next call or return position following position z.
next, (z,y) =z < y A (call(y) V return(y)) A Vz.(z < z < y) — (—call(z) A = return(z))

We now define the formula 9¥(X;, X9, Y7, Ys) which for all nw = (a; ... an,v) € NW(A) and
C4,C4, Ry, Ry C [n] has the property that nw | ¥[C1, Ca, Ry, Ra] iff Cy is the set of all call
positions of odd nesting depth, C5 is the set of all call positions of even nesting depth, Ry is
the set of all return positions of even nesting depth and Rs is the set of all return positions
of odd nesting depth.
79(X1,X2,Y1,Y2) = (Xl NXy = (Z)) /\VZ.(Z eX1Vze Xg) — call(z)
ANY1NYy=0)AVz.(z € Y1V z €Ys) — return(z)
A Vz.Frst,(z) = z € Xj

AVz1,29.((21 € X1 Anext,(z1,22) Areturn(zz)) — 29 € Y7)
AVz1,29.((21 € X1 Anexty(z1,22) Acall(zg)) — 29 € X2)
AVz1, 22.((z1 € X2 Anext, (21, 22) Areturn(zz)) — 22 € Y2)
AVz1, 22.((z1 € X2 Anext, (21, 22) Acall(z2)) — 22 € X7)
AVz1, 2z2.((z1 € Y1 Anexty(z1, 22) Areturn(zz)) — 22 € Ya)
AVz1, z2.((z1 € Y1 Anexty,(z1,22) A call(z2)) — 22 € X7)

(( (21,22) (

AVz1, 20.((z1 € Yo A next, Areturn(zz)) — 22 € Y7)
AVz1,29.((21 € Ya Anexty(z1,22) A call(z2)) — 22 € X5)
where X NY = () abbreviates =(3z.2 € X Az € Y). We let 6(x, X1, X2,Y1,Ys) be some

tautology. Now we define the interpreting formulae. We set ¢rap, (z, X1, X2,Y1,Y2)) =
Lab,(x) and let o<, (z,y, X1, X2,Y1,Y2)) = < y. Furthermore, we define ¢,(x,y, X1) to
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be the following formula which expresses the condition of Lemma [5.3]

wolx,y,X71) = [m <yA <E|Z1,Z2. (71 <x<y<z)Av(z:,22)Nz1 € X1 A

ANV, 2h (1 <2) <z <y<2h<z)— —W(zi,zé))]
and let
v (@9, X1) = x=y V (y <z Apo(y,z,X1)) V (2 <y A -po(@,y, X1)).

This completes the definition scheme for ®, which is unambiguous. L]

Let 7 = ([n], A\, <1,<2) be a text. An interval [i,j] = {k € [n] | i <1 k <; j} of the
first order is a clan if it is an interval also of the second order. A prime clan is a clan that
does not overlap with any other, i.e. there is no clan [k, /] such that k <3 ¢ <1 £ <1 j or
1<1 k<4 7 <1 £.

Lemma 5.5. Let nw = (aj...an,v) € NW(A), let Oo(nw) = ([n], A, <7,<5) and let

Qo (nw) = ([n], A, <}, <8). Moreover, let 1 <i < j<n.

Then (i,7) € v iff [, 7] is a prime clan of ®o(nw) and we have either i # 1, j #n orl >5n
iff 14, 7] is a prime clan of Po(nw) and we have eitheri # 1, j #n or1 <§ n.

Proof. The proof is again by induction on |v|. If v = (), then [1,n] is the only prime clan
of both ®,(nw) and ®(nw) (since any other clan can be overlapped) and we have 1 <§ n
and 1 >$ n. Now let |v| > 1 and let (i1, 1), (42, j2), - ., (i, jr) with 43 < iy < ... < i be
the sequence of surface arches (see definition after Def. 21]). By definition we have

O, (nw) = Po(nwlliy —1]) o ®o(nwliy,j1]) o -+ o
o Po(nwlji—1 + 1,4y — 1]) o Po(nwlig,ji]) o Po(nwlj + 1,n)),

where we ignore a factor if the corresponding interval is empty. We show that (i,5) € v iff
[i, 7] is a prime clan of ®,(nw) and we have either ¢ # 1, j # n or 1 >§ n. That this holds
iff [z, 7] is a prime clan of ®4(nw) and we have either i # 1, j # n or 1 <$ n can again be
shown analogously.

(Only if). Let (i,7) € v. Then there is some r such that i, < i < j < j,.

If i =4, or j = j,, then ¢ = 4, and j = j,. Clearly, [i,,j,] is a clan. Suppose for
contradiction that there is a clan [¢, k] overlapping [ir,j,]. Assume ¢ < i, < k < j, (the
case i, < ¢ < jr < k is similar). By definition of ®, we get ¢ <§ j, <§ i,. Contradiction.
Thus [ir, jr] is a prime clan. In particular if i, =1 and j, = n, we get 1 >3 n.

Otherwise, in case of i, < i < j < j,, the interval [i — i,,j — i,] is a prime clan of
@4 (nwliy + 1,7, —1]) by induction hypothesis. Thus, [i,j] must be a clan, since [ir, j;]
is a clan, too. Suppose for contradiction that there is a clan [¢, k] overlapping [i,j]. As
[i —ir,j —ir] is a prime clan of @4 (nw(i, + 1, j, — 1]) we get either £ < i, or k > j,. Assume
¢ < i, (the other case is similar). Now, if ¢ < i,, we can argue as above and separate ¢ and
ir. Contradiction. If 4, = £ and i, + 1 < ¢, then [1,k —i,] is a clan in ®4(nwli, + 1,5, —1])
which overlaps [i — i,,j — i,]. Contradiction. And if ¢ = ¢, and i, + 1 = 4, we get by
definition i <§ j <§ ¢,. Again contradiction. Thus [i, j] must be a prime clan.

(If). Let [i, j] be a prime clan such that not i =1, j =nand 1 <§ n. Ifi =1 and j = n,
then 1 >§ n and (i,j) € v by definition of ®,. Now suppose 1 < i or j < n. The following
intervals (provided they exist) can easily seen to be clans: [1,4; —1], [i1,j1], [71 +1,n], [1,71]
and [¢,n] for any ¢ < i;. From this we conclude that either i; < i < j < j; or j; < i since
otherwise one of the clans above would overlap [i,j]. If i =41 or j = j; then i = i; and
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j = j1, since [i1,j1 — 1] and [i1 + 1, j1] are clans, and hence (i,5) € v. In the case where
i1 <i<j<j, we get that [{ — 41,7 — i1] must be a prime clan of ®4(nwli; + 1,71 — 1])
and if j; < 7, we get that [i — j1,j — j1] must be a prime clan of ®,(nw[j; + 1,n]). Hence,
in both cases (i,7) € v by induction hypothesis. []

It is not hard to see that the domains of the partial functions ®;! and ®,! are FO-
definable. Hence, by the last lemma there is a definition scheme without parameters con-
sisting of FO-formulae which defines ®3! (or alternatively ®,1).

Corollary 5.6. The partial functions ®;1 and ®;1 are unambiguously FO-definable.

So far we have seen that we can translate a formula over nested words into a formula
over texts (and vice versa) such that the formulae correspond to each other with respect to
®, resp. P,. We will now show that also WPA can simulate WNWA (and vice versa) with
respect to @, resp. ®,.

Proposition 5.7. Let S : TXT(A) — K be regular. Then ®;1(S), ®;1(S) : NW(A) — K

are reqular.

Proof. We show that ®5'(S) is regular. Analogously one can show that ®;1(S) is regular.
Let P = (H,V,Q, i, fop, fcls A, y) be a WPA such that ||P||= S. We construct a WNWA

= (Q,,0, k) with state space Q@ = (HW V) x (QW {i}) such that for all hg,h, € H,
Vo,V € V and w € QW {i} we have

Z wgt 4(r) = Z wgtp(r)  and Z wgt 4(r) = Z wgtp(r).
r:(ho,w)w)(hn,w) T:hoq)‘D(_";”)hn r:(vo,w)ﬂ(vn,w) - <P°(_”>“’)
(5.1)
Intuitively, in the first component one simulates the states of the WPA and in the
second component one stores the most recent open bracket. This has to be updated when
reading a return position using the look-back ability of the WNWA. We give now the formal
definition of the transition functions. We give it only on certain subsets of their domains.
In all other cases we set the values to 0. Let a € A, hy,hy € H, v1,v2 € V, w1 € QW {i}
and wy € ). Define

it ((h1,w1), a, (ha,w1)) = p(hi,a, ha)
Oint ((v1,w1), @, (v2,w1)) = p(v1, a, va)

Seant (P, 1),y (v1,w2)) = Y ptop(h1, (s, v) - (v, @, 1)
veY

5call((vly Wl) h1, W2 Z /Lop Ul, wzy (h, a, hl)
heH

5ret((h17 O.)Q), (U17w1)7 a, (U27w1)) = Z N(hla a, h) . Ncl(h7 )wzaUZ)
heH

5ret((vlaw2)7 (hlywl) h27w1 ZM U1, a, U /Lcl( )w27h )
veY

Observe that for any nw € NW(A) and any run r : o —— ¢y, of A such that wgt 4(r) # 0
the second components of ¢y and ¢, coincide and the first components are either both in H

or both in V.
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Let nw = (ay ...an,v). We show Equation 5] by induction on |v|. First let v = (.
Then for all kg, h, € H and w € QW {i} we have

Z WgtA(T‘) = Z H51nt j—1, W aj7 (hjvw)) =

7:(ho,w) =5 (hn,w) hi,....hn_1€H j=1

= Z Hu(hj_l,aj,hj) = Z wetp(r).

hi,oc.,hp— =1
1yeeshn—1€EH J T:ho%(—n>w)h7L

Similarly we get the claim for ®,. Now, let v # (), let k& be the minimal call position and
let ¢ be the corresponding return position. Let nw; = nw[l, k — 1], nwe = nw[k + 1,¢ — 1]
and nws = nw[¢ + 1,n] (we assume that all nested words exist, the cases where they do not
exist are similar). Then for all hg, h, € H and w € QW {i} we have

Z wgt4(r) =
r:(ho,w)ﬂ)(hn,w)

= Z Z WgtA(Tl) : 5ca11((hk—17w)7 ag, (vkvwl)) ’

hig—1,he€H . nw
vp g ey :(how) —H(hi—1,w)

w1 €N
> wata(ra) - Grer((ve—1,w1), (hr—1,w), ag, (he,w)) - > wet 4(r3)

r2: (Vg w1) 3 (Vg—1,w1) 73:(he,w) —3 (hp,w)
= Z Z WgtP(rl) : Zﬂop(hk—ly(u}pv) '/L(’U7akyvk) :
hi_ 7h cH a10...0ap_ cy
vz,vle,fev r1:ho — 1hk,1 v
w1EN

> watp(ra) - Y p(vrr,a,v) - pa( e he) - D wetp(rs)

Do (nwg) v'ey Po (nwg)

rovE — vp_1 r3:hy hn
= Z wgtp(r).
o (nw)

rhog — "hn
Again, the claim is shown similarly for ®,. This concludes the proof of Equation (5.1]).
Now consider the WNWA with states Q' = {1,7, s,0,e} and transition functions
15005 Oy given for all a € A and p € Q" \ {L} by

int>

5call(J- a, ) - 51nt(J— a, 8) = 5ca11(87 a, O) = 5int(87 a, O) - 503,11( 7) = 5i/nt(?7a7 7) =

= 5ret( P, a, ) = 5ret(? 1,a, .) = éall(.vav O) = i/nt(.’a’ O) = 5ca11(0,a, O) =

- 51nt(o a, O) = ll“et(o b, a, O) =1
Set any other values of d. 0,0l to 0 and let the initial distribution ¢/ be given by
/(¢") =11if ¢ = L and 0 otherwise. Observe that in the case where the final distribution
k' is given by «/(¢) = 1 if ¢ = o and 0 otherwise, the behavior of the automaton is the
characteristic series of the set of nested words nw such that ®,(nw) is a o-product. We
collect such nested words in NW°. In the case where the final distribution ' is given by
k' (¢") = 1if ¢ = e and 0 otherwise, the behavior of the automaton is the characteristic
series of the set of nested words nw such that ®,(nw) is a e-product. We collect such nested

5!

cal
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WOI‘dS in NW*®. Finally, in the case where the final distribution «’ is given by «/(¢’) = 1 if
¢ = s and 0 otherwise, the behavior of the automaton is the characteristic series of the set
of all singleton nested words, i.e. A.

Now consider the product of this automaton with A which has states @ x Q' and whose
transition functions 6call761>r<1t76ret is given by letting 0,,((¢,¢),a, (p,p") = dcan(q,a,p) -
5(¢',a,p') for all ¢,p € Q and ¢',p’ € Q'. If we define the initial and final distribution ¢*
and k* by letting for all h € H and w € Q

((hyi), L) = A(h) = A®) * pop(v, (w: 1)

veVY

’{((hv Z)v O) = V(h) ’{((hv Z)v O) = Z ,ucl(hv )wa U) ’ /7(,0)7
veY
and in any other case by setting the value to 0, then the behavior of the resulting automaton
is Ixywe © ®51(S). Changing the definitions of 1, k* appropriately gives automata with
behavior Iywes © ®51(S) and 1o ® ®51(S). The automaton obtained from disjoint copies
of these three automata has hence the behavior ®;1(95). U]

Proposition 5.8. Let S : NW(A) — K be a regular series. Then ®5(S), Po(S) : TXT(A) —
K are regular.

Proof. Let A = (Q,t,6,k) be a WNWA. We define a WPA P = (H,V,Q, 4, ttop, ftcl, A, 7Y)
with

H={q" | q€Q} x({c,i}wA) and V={¢"q€@Q}x({ci}wA)
as well as Q = @ such that (||P||, ®o(nw)) = (||A||, nw) for all nw € NW(A). To prove the
result for ®, only A and v have to be changed.

Intuitively, in the first component one simulates the states of the WNWA, in the second
component one either selects whether the next transition is a call or an internal transition, or
one stores the letter to simulate a return position with the next bracket. Look-back behavior
is simulated by storing a state in the opening bracket and closing it at the appropriate return
position.

We formally define p, fiop, i1 as follows. We give the definition only on certain subsets
of their domains. In all other cases we set their values to 0.

p((aft,4), a, (g3,4)) = Gini(q1, @, g2) p((at'si), a, (gy 7)) = Gint(q1, @, g2)
1((alt.e),a, (g, 9) = Scan(qr, @, q2) 1((qt,c),a, (g¥,4)) = Scan(qr, a, g2)
u((ql' i), a, (¢t a)) =1 p((ay,i),a,(qf,a)) =1
pop((4,1), (g0, (a7, ©)) = 1 pop((a7,1), (g1 (41, 0)) = 1
pa((gl',a), )g, (% ,4)) = Gret (1,2, 0, q3) (a7, @), ) gy (a35)) = bret (1, g2, @, q3)
Aait,i) = u(q) Yait,i) = (@)

We use induction on nw = (ay...a,,v) € NW(A) to show that the defined WPA
behaves as required. More precisely we show that for all ¢q1,¢2 € Q

Z wgtp (7 Z wgt 4 (r Z wgtp (7).

Do (nw Do (nw
>89 (g24.1) T ri(a? i) "2 (Y i)

(‘hv)
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This is easy to see if v = (). Let v # () and let k£ be the minimal call position and let ¢
be the corresponding return position. Let nw; = nw[l,k — 1], nwe = nwl[k + 1,¢ — 1] and
nws = nwlf + 1,n] (we assume that all nested words exist, the cases where they do not
exist are similar). Then

Z wgtp(r) =

A Po (nw .
ri(al )2 (g2 0)

= Z Z WgtP(rl) 'MOP((qg-l’i)’(%v(qg’f’c)) -u((q},},C),ak,(qX,i)) '

43,94,45,96 €Q £10 0%k gy
R ’r‘y(q%‘,l) — (q;[vl)

Z WgtP(TQ) : N((q?’)jv i)? ag, (qg)v ag)) : NCI((q?’)j? CL[), )%7 (qé-L, Z)) :

Do (nwy) .
ra:(g) i) =7 (q¥ i)

> wetp(rs)

. Po (nwg) .
T3:(Qg{72) O—) (quz)

- > > wata(r) - Sean(as ak,qa) - Y weta(r2) - Sret(gs, a3, ar, g6) -

nw nw
43,44,95,96€Q ;. .0 " 0 r2:q4—3qs

D waty(rs)

nw
T3:96 4‘12

= > watu).
7’3‘11qu

We can proceed analogously for ®,. Now the result follows from the definition of A and

V. N
We can now prove Theorem

Proof of Theorem [3.60. We prove Theorem [B.6(a). Let S : NW(A) — K be regular. By
Proposition 0.8, ®,(S) : TXT(A) — K is regular and hence SREMSO(K)-definable by
Theorem @2 Now we get that &1 (®,(S5)) = S is SREMSO(K)-definable by Proposition [5.2]
and Corollary £.4]

Conversely, let S : NW(A) — K be sSRMSO(K)-definable. By Corollary and Propo-
sition 5.2, ®,(5) : TXT(A) — K is sSRMSO(K)-definable and thus by Theorem regular.
From Proposition 5.7 we conclude that ®51(®,(S)) = S is regular, too.

Similarly we get Theorem B.6l(b) from Theorem [2(b). Theorem B.6l(c) follows from
Theorem [L2(c). O

Again note that all proofs are constructive. Hence, given a sentence ¢ in sSRMSO(K)
(resp. swRMSO(K), MSO(K)) we can effectively construct a WNWA A such that ||Al|= [¢].
Conversely, given a WNWA A we can construct an sSREMSO(K) sentence ¢ such that
|lAll= [¢]. The following results follow now easily form the corresponding results for series
over alternating texts [30].

Corollary 5.9. Let K be a locally finite semiring or let K be a ring and let S : NW(A) — K
be regular such that S(NW(A)) C K is finite. Moreover, let A C K. Then S™'(A) is regular.

Corollary 5.10. Let K be a computable field or a computable locally finite semiring and let
51,52 : NW(A) — K be regular. It is decidable whether S1 = Sa.
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Corollary 5.11. Let K be a computable zero-sum free semiring and let S : NW(A) — K be
regular. It is decidable whether (S,nw) =0 for all nw € NW(A).

Note that one motivation of transforming formulae in automata is solving their sat-
isfiability problem. The last two corollaries can be seen as a extension of this: We have
shown that given a formula in ¢ € SRMSO(K) (resp. ¢ € swRMSO(K), resp. ¢ € MSO(K))
we can effectively translate it into a weighted nested word automaton A. Now, provided
the semiring is either zero-sum free or locally finite or a field, using the last two corollaries
we can test whether there is a nested word nw which gets assigned a non-zero value, i.e.

(IAll; nw) = ([e], nw) # 0.

6. AN APPLICATION TO ALGEBRAIC FORMAL POWER SERIES

In this section we consider algebraic formal power series and show that they arise as the
projections of regular nested word series and regular alternating text series. Applying then
our logical characterizations of the latter we obtain characterizations of algebraic formal
power series in terms of weighted logics generalizing results of Lautemann, Schwentick and
Thérien [27] on context-free languages. Algebraic formal power series have been considered
initially already by Chomsky and Schiitzenberger [8] and have since been intensively studied
by Kuich and others. Textbooks containing several aspects of algebraic formal power series
are [37] and [26]. The reader is also referred to the survey articles [25] and [35].

Let A* be the free monoid over A and let ¢ denote the empty word. A formal power
series is a function S : A* — K. We denote the empty word by . Given two formal power
series S7, Sg, their Cauchy product, denoted Sy - So or S1S9, is given by (S7 - Sy, w) =
Zwlw2:w(51, w1)(S2,ws) for all w € A*. By S; ® S2 we denote the pointwise product also
called the Hadamard product and by S; + Sy their pointwise sum. Moreover, if k € K, then
the formal power series k.S is given by (k.S,w) = k- (S, w) for all w € A*. Let 11, denote the
characteristic series of a language L C A*. We identify w and 1y,,;. Let X’ be an alphabet of
variables such that ANX = (. A polynomial P over (AUX) is a mapping P : (AUX)* — K
such that its support is finite, i.e. the set supp(P) = {w € (AU X)* | (P,w) # 0} is finite.

Definition 6.1. A collection of polynomials (Px)xex over (AU X) is called an algebraic
system with variables in X.

The supports of the polynomials Px in the last definition are thus finite sets consisting
of words of the form u1 X7 ... up Xgup41 where u; € A* and X; € X. We say that a collection
(Sx)xex of formal power series Sx : A* — K is a solution of the algebraic system (Px)xecx
if for all X € X,

Sx = Z (Px,u1 X1 .. up Xpupy1) u1Sx, - upSx, Ugs1-
u1 X1..up Xpup 1 €supp(Px)

An algebraic system (Px)xex is proper if (Px,Y) = (Px,e) =0forall X,)Y € X. A
formal power series S having the property that (S,e) = 0 is called quasiregular. A proper
algebraic system has a unique quasiregular solution [37], more precisely a proper algebraic
system has exactly one solution (Sx)xex such that (Sx,e) =0 for all X € X.

Definition 6.2. A formal power series S : A* — K is an algebraic formal power series if it
is a component of the quasiregular solution of a proper algebraic system.

2 This definition is given in [37]. In [25,26] a series S is called algebraic if its quasiregular part 1+ ® S
is the component of the quasiregular solution of a proper algebraic system.
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We note that over the 2-valued Boolean algebra B these series correspond exactly to
the e-free context-free languages. The bijection is given by supp.

To warm up let us discuss some easy manipulations of algebraic systems. For this, let
us consider some algebraic system (Px)xex. Let X,Y € X. Clearly, it follows directly
from the definition of a solution that we can substitute an occurrence of Y in some word
of the support of Px by Py without altering the solutions of the system. More formally:
Let uYv € supp(Px). Let (P%)xex be given from (Px)xex by replacing Px with the
polynomial

<Il-supp(PX)\{qu} © Px) + (Px,uYv).uPyv.

Then (Px)xex and (Py)xex are equivalent, i.e. any solution of (Px)xex is a solu-
tion of (Py)xex and vice versa. An algebraic system (Px)xex is called weakly strict,
if supp(Px) C {ec}UA(AUX)* for all X € X. Let us now assume that (Px)xex is weakly
strict. Then for any fixed £ € N by repeated substitution we can obtain an equivalent
algebraic system (PX)xecx such that for all X € X any w € supp(P%) \ A* contains at
least k letters from A. We conclude that any weakly strict algebraic system (Py)xex has
a unique solution (Sx)xex which is given by (Sx,w) = (P¥,w) for all w € A* such that
lw| < k.

Now, we continue by manipulating (P)’f{) xex. Let again X € X and let w € supp(P)’f()
with |w| < k. Let Y € X\ {X}. For any possible choice of occurrences of X in the support
of Py we substitute these occurrences by w. More precisely, for all Y € X'\ {X} replace
P{i by the polynomial

Z (P{i,ulXu2 cooui X i) ug - (P)k(,w).w “Ug UG (P)k(,w).w CUjyq-
€N
UL, U2, U Ui 1 €(AUX)*
Furthermore, replace P)k( by the polynomial
Liavay\fw} ©

Z (P)l‘},ulXug v Xuipq).ug (P)k(,w).w CUg U (P)k(,w).w CUjyq-
ieN
UL, U2 ,5ee e Wiy U1 E(AUX)*

Observe that these sums are in fact finite and note that in these definitions the factors
UL, U2, .« -« Ui, Uit € (AUX)* may contain occurrences of X. The resulting system is again
weakly strict and has thus a unique solution (S%)xecx. A straightforward but cumbersome
calculation, which we omit here, shows, using the distributivity of the semiring of formal
power series, that Sy, = Sy for all Y € X\ {X} and S% = Laux)-\fu} @ Sx. For
fixed 0 < k' < k by repeated application we can thus obtain a proper and weakly strict
algebraic system (Rx )xex such that the quasiregular and unique solution (T'x)xecx is given
by (Tfw | k<jw]} © Sx)xex. In particular, it follows that the quasiregular part 1o+ © Sy
of Sx is algebraic for any X € X.

6.1. Nested Word Series and Their Projections. Next, we consider the projections
of regular nested word series and show that they give rise exactly to the algebraic series.
The projection m(nw) of a nested word nw = (w,v) € NW(A) is simply the word w,
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i.e. we forget the nesting relation. This projection is canonically generalized to languages
L CNW(A) by setting m(L) = {n(nw) | nw € L} and to series S : NW(A) — K by letting

m(S): A* = K
w Z (S, nw).

nweNW(A)

w=m(nw)
Proposition 6.3. Let S : NW(A) — K be regular. Then w(S) : A* — K is an algebraic
formal power series.

Proof. Let A= (Q,t,0,k) be a WNWA such that ||A||= S. We define a weakly strict alge-
braic system (P, 4,))q1,q2€0 With variables in Q? such that for its solution (S(, 4))a1.02€Q
we have for all w € A* with |w| > 1:

(S(q1,q2)7w) = Z Z wgt (7). (6.1)
NWENW(A) g, gy
w(nw)=w

The idea is to simulate the transitions of a weighted nested word automaton. For this
we will partition the set of nested words of length at least two in three different classes.
First the class of nested words where the first and the last position are either corresponding
call and return positions or both internal positions. The second class consists of nested
words where either the first position is a call position and the last position is an internal
position or the last position is a return position and the first position is an internal position.
And the last class consists of any other, i.e. where the first position is a call position and
the last position is a return position which do not correspond to each other. Using this

partition we define for all q1, g2 € @ the polynomial P, 4,) : (AUQ?* — K as follows:

(Pg1,q2), W) =
1 ifg1=¢ and w=c¢
Oint (g1, a, q2) if w=a for some a € A
Oint (q1, @, G3) - Oint (94, b, q2) + if w = a(gs,qa)b
Ocall (1, @, 3)  Oret (94, q1, b, G2) for some a,b € A, g3,91 € Q
Ocatl (1, @, q3) - Oret (G4, 1,6, q5) - Oint (g6, ¢, g2) +  if w = a(q3, q4)b(gs, gs)c
dint (q1, @, q3) - Ocatl (94, 0, G5) - Oret (g6, 44, ¢, G2) for some a,b,c € A
and g3, 44, 95,96 € Q
Ocanl (q1, @, q3) - Oret (44, 41,0, 5) - if w = a(qs,q4)b(q5,q6)c(q7, q8)d
dcarl (g6, ¢, q7) - Oret (g8, g6, d, q2) for some a,b,c,d € A
and g3, ¢4, 45, 96,47, s € @
0 otherwise.

This is a weakly strict algebraic system having a necessarily unique solution (S(g, ¢»))q1.02€Q-
We show by induction on the length of w that (6.I]) holds. For |w| = 1 this is easy to see.
Now let |w| > 1. Then
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(S(ql,qz)’w) =

=) € Q[5int(q1,a1,q3) * Gint (¢4, an, G2) + dcan(q1, a1, q3) '5mt(q4,q1,an,q2)]

e * (S(gsq0)» @2 - - A1) +

+ Z Z {5@11((]1,@1,(13) - Oret (G4, q1, @4, q5) - Oint (g6, Gn, q2) +
2<i<n—1¢3,94,95,96 €Q
+ Oint (q1, @1, ¢3) - Ocan (¢4, @i, g5) - Oret (g6, G4, an7Q2):|

. (S(q37q4), as ... ai_l) . (S(q&%), [0 7 P an_l)
+ Z Z dcal (q1,a1,q3) - Oret (94, 1, Gis q5) - Ocant (g6, a5, q7) - Oret (48, g6, An, G2)

2<i<j<n—1 43,44,
45,96,97,98€Q

. (S(q37q4), as ... ai_l) . (S(q&%), [ 77 aj_l) . (S(q7,q8)7 aj+1 e an_l)

= > |:5int(QIaa17Q3)' > > watalr) - Sulqs, an, q2) +

q3,94€Q nweNW(A) g™,
m(nw)=az...an—1
+ 50a11(Q17 ag, Q3) : Z Z WgtA(T) . 5ret(q47 q1, Gn, Q2)] +

nweNW(A) g™,
m(nw)=az...an—1

+ > > [5call(Q1,al,Q3)' > > wata(r1) - Sren(qa, 41, i g) -

2<i<n—1 943,94, nw1 ENW(A) g™
95,96 w(nwl):ag...ai,1 s da
E E wgt 4(r2) - dint (g6, An» q2) +
nwaNW(A) roigs S ge

7(nw2)=a;4+1...an—1

+ Oint (91,01, q3) - Z Z wgta(ri) -

nwi ENW(A) rl:qgng>1q4
m(nwi)=az...a;—1
Ocan(qa, 0 G5) D > weta(ra) - Sret(gs, 4, an, g2) | +
nwaNW(A) Tz:qsnﬁgqe

7(nw2)=a;4+1...an—1

+ Y > bean(qr,a1,q3) - Y > weta(r1) - Sren(qa, a1, a4, gs) -

2<i<j<n—1 93,94:95; nwiENW(A _ nwp
46,97,98€Q W(nwi):a%(.ai)ﬂ T1q3 — g4
Z E : wgt 4(r2) -
nwyENW(A) . mw2
7(nw2)=a;+1...a5-1
- Ocan (g6, a5, q7) - E E wgt 4 (13) - Oret (48, g6, An,s 2)
nwseNW(A) . "3,

T(nw3)=a;j41...an-1

= Z wgt 4(r).

T(nw)=w r:q; g,
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Now, let X be a fresh variable and extend (Pg, ¢,))q1,02€@ Py adding the new polynomial
Px =3 weqt(q1) - £(q2)-Pg 40)- Clearly, the unique solution of this extended system is
obtained by adding Sx = >_, ..cot(q1)  £(92)-S(g1,4) t© (S(q1,42))a1,02€@- The quasiregular

part of Sx equals 7(||4||) which is thus algebraic by our considerations after Definition
(]

Given an algebraic system (Px)xecx over (AU X) and some X € X, we define the
underlying grammar Gx = (A, X, X, F') where the set ' C X x (X UA)* of productions is
given by letting (Y,w) € F iff (Py,w) # 0. Let u € A*. A derivation tree of v under Gx
is a finite tree t such that the following holds:

(a) The root is labeled with (X, w) for some w € supp(Px).

(b) For each inner node v with label (Y, w) the first component of the labels of the children
of v from left to right yield w.

(¢) The labels of the leaves from left to right yield w.

We collect all derivation trees ¢ of w under Gx in Der(Gx,u). Clearly, if (Px)xex is
proper, then each inner node of ¢ either has a single leaf attached or branches at least
binarily. Hence, in this case Der(Gx,u) is a finite set. Let v be a node of ¢. If v is an inner
node and (Y, w) its label, then we let wgt(¢,v) = (Py,w). If v is a leaf, we let wgt(t,v) = 1.
Now we define the weight wgt(t) of t by wgt(t) = [, 0de of ¢ WEE(¢, v). The following lemma
seems to belong to what is sometimes called folklore, it can easily be shown by induction on
the length of w. A proof of a similar but weaker result can be found in [37, Theorem IV.1.5].

Lemma 6.4. Let (Px)xex be a proper algebraic system and let (Sx)xex be its unique
quasireqular solution. Then

(Sx,w) = Z wgt(t) for all X € X and w € A*.
te€Der(Gx,w)

We now show the converse of Proposition

Proposition 6.5. Let R : A* — K be an algebraic formal power series. Then there is a
regular nested word series S : NW(A) — K such that w(S) = R.

Proof. Let (Px)xex be a proper algebraic system with quasiregular solution (Sx)xex
and let Y € X such that R = Sy. We construct a WNWA A = (Q,t,d,x) such that
©(||A]]) = Sy. Any element in the support of some Px will define a transition in the
automaton. In order not to produce e-transitions, we require that each word in the support
of some Px contains an element of A, and in order to produce at most one call for each
transition, each word in the support of some Py contains at most two elements of X.
Therefore we assume the algebraic system (Px)xex to be in Greibach normal form [26], i.e.
we require that supp(Px) C AUAXUAXX for all X € X. Elements of AXX produce call
transitions, elements in AX produce internal transitions and elements in A produce return
transitions. More precisely, let @ = (XY U{L}) x (X U{L}) for some fresh symbol L, and
for all X7, X3, X, € X and Xo € Y U{L} let

Seatl (X1, X4), a, (X3, X2)) = (Px,,aX3Xy)
5int((X17X2)7a7 (X37X2)) = (PX17aX3)
5ret((X17 X2)7 (X37 X4)7 a, (X47 X2)) = (PXl ) (I).
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Moreover, let din((X1,L1),a, (L, L)) = (Px,,a). Any other transition gets weight 0. Fur-
thermore, for all X, Z € X U {L} we let

L(X,Z):{l X =Y H(X,Z):{

0 otherwise

The idea is to simulate a derivation tree of the underlying grammar Gy traversed
from the left to the right. More precisely, when processing a production (X7,aX3Xs2) in
a derivation tree, then a call transition is executed and we continue in a state with first
component X3. At the return position the automaton changes to Xs. Since the automaton
looks back to the state in which the automaton was before the corresponding call position, it
has to guess X5 in advance. This is stored in the second component which was introduced
for this reason. Ome can show by induction on |w| that for all w € A*, X € X and
Z'e X U{L} we have

(Sx,wa) = ) > wegt 4(r) - (Px, a) (6.2)
veNest),,| X'€X,ZeXU{l}
r(X,2) " (X7, 7"

1 fX=2=1

0 otherwise.

where we make the convention that there is a run r : (X, Z) (9 (X', 7') iff X = X’ and
Z = Z'. Moreover, for this run we let wgt 4(r) = 1. Now the result follows easily from the

observation that by the definition of ¢ the last transition of a run r : (Y, 2) () (L, 1)
with wgt(r) # 0 must be an internal transition. L]

Subsequently we make use of the following well known result [26]. We just indicate
how it can be obtained in this context using Propositions and [6.5 but note that a more
elementary proof and more general results can be found in |26, Chapter 15].

Corollary 6.6 (Kuich & Salomaa [26, Lemma 15.2]). Let S : A* — K be an algebraic
formal power series. Then there is an algebraic system (Px)xex such that supp(Px) C
AUAAUX)*A for all X € X and S = Sx for some X € X.

Proof. By Proposition 6.5 S is the projection of some regular nested word series R :
NW(A) — K. Now let A be a WNWA and @ its set of states such that || A||= R. Consider
the weakly strict algebraic system (Px, (P4, ,42))a1,42€@) Of the proof of Proposition [6.3] and
its unique solution (S, (S(g;,¢2))q1,42€@)- Using the manipulations given after Definition
we can transform this system into a system of the required form having as a solution the
quasiregular part of Sy which equals S. ]

6.2. A Logical Characterization of Algebraic Formal Power Series. Our aim is to
give a logical characterization of algebraic formal power series in the spirit of Lautemann,
Schwentick and Thérien [27]. They showed that the context-free languages are precisely
the languages which can be defined by second-order sentences over words of the form Jv.

where ¢ is a first-order formula and v a binary predicate ranging over nesting relationsép.
We identify a word aj ...a, € A* with the structure ([n], <, \), where < is the canonical
order of [n] and A : [n] — A is given by A(i) = a; for all i € [n]. Let ¢ be a weighted
second-order formula over words containing, apart from a single 2-ary relation variable v,

3In [27] nesting relations were named matchings.
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only l-ary relation variables. In other words let ¢ € MSO(K, A, <,v). Let Free(¢) C V,
w € A* and v a (V,w)-assignment. We define the semantics [Iv.¢]"* : A* — K by letting

([Brel™, (w, ) = Y ([, ((w,v),7))-

vENest |

Using our characterization of nested word automata by means of weighted logics (The-
orem [3.0]), we may reformulate Proposition [6.3] as follows:

Corollary 6.7. Let ¢ € sSRMSO(K, A, <,v) be a sentence. Then [Fv.p]"¢t: A* — K is an
algebraic formal power series.

Next we show a result which sharpens Proposition For this we follow the proof of
Lautemann, Schwentick and Thérien [27, Theorem 2.1] with small changes in the details.

Proposition 6.8. Let S be an algebraic formal power series. Then there is a sentence
¢ € sSRFO(K, A, <,v) such that S = [Fv.] e

Proof. We use an idea of Lautemann, Schwentick and Thérien [27] and adapt it to the
weighted setting. This requires that we have to be more careful in order not to count
weights twice.

A normal form. By Corollary we may assume that S is the component of the
solution of an algebraic system with variables in X having all supports in AUA(AUX)*A.
By the transformations discussed after Definition we obtain from this a proper algebraic
system (P%)xex with solution (Sx)xex such that for all X € X, supp(P%) does not
contain elements of AU{e} and Ly,eax | jwj>1} @S is a component of the solution. Clearly,
it suffices to show the proposition for the latter series instead of S.

Now we proceed as in [27] and transform the system (P% ) xecx into an equivalent system
(Px)xex. Let w € supp(P%) for some X € X. The image of w under the homomorphism
which is the identity on A and maps any Y € X to the fresh symbol | is called the pattern
patt(w) of w. Let us now fix a strict linear order < on X. Similarly to [27], we proceed
along this linear order. Let X be the current symbol. In order to obtain Px we substitute
iteratively some Z € X in some w € supp(P% ) by P} (cf. considerations after Definition [6.2))
until for all Y € X, with ¥ < X, patt(w) # patt(w’) for all w' € supp(Py) \ A* and
w € supp(Px) \ A*. This is possible since by our considerations after Definition we can
ensure that all elements in supp(Px )\ A* are longer than all elements in supp(Py) \ A* for
all Y < X. We finally obtain a proper algebraic system (Px)xex equivalent to (P )xex
having the following properties:

(1) supp(Px) C A(AUX)TA for all X € X.

(2) For all X,Y € X, if patt(w) = patt(w’) for some w € supp(Px) \ A* and v’ €
supp(Py) \ A*, then X =Y.

Let us fix Y € X. We now proceed by giving a sentence ¢y € sSRFO(K) such that 7([ey]) =

Sy. This will conclude the proof.

Some macros. Let Gy be the underlying grammar (see the definition after the proof
of Proposition [6.3]) and let v € A*. The basic idea now is to assign to each derivation
tree t € Der(Gy,u) a nesting relation v; of width |u|. This is done by letting (i,75) € v
if there is an inner node of ¢ such that the leaves of the subtree rooted at this node are
exactly the leaves between the ith and the jth leaf of ¢ (in lexicographic order including
the ith and the jth leaf). Clearly, due to the special form of (Px)xecx this binary relation
is indeed a nesting relation. Let us now define some macros for nested words. Let nw =
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(u,v) = (a1 ...ag,v) € NW(A). Then let min(x) and max(y) express that x is assigned the
first position and y the last position. Furthermore, the formula inchild(z,y) express that
(x,y) € v corresponds to an inner node of ¢ which has an inner node as a child.
inchild(z,y) = v(z,y) A3z, 2. (x < 2 < y) Av(z,72)
The macro surf(z,y, z1,y1) says that (x1,y1) is a surface arch of nw|x, y]:
surf(z,y, z1,y1) = (2 <21 <y1 <y) Av(z1,y1) A
AV2, 2 (z<z<m <y <2 <y)— w(z7).
As in [27], for v € A* let ¥, (x,y) be a first-order formula that expresses there is no call

strictly between positions x and y and that the substring given by the positions strictly
between position z and y equals v. For a word w = avb € AT define 9, (x,y) as follows.

Y (x,y) = Lab,(z) A Laby(y) A vy (x,y).

Now we will need the notion of a pattern also for nested words [27]. Let (i1,71), .-, (is,Js)
be the sequence of all surface arches of nw. The pattern patt(nw) of nw is the string
ai...Qij—1 | Ajy+1--- Gig—1 | Ajgt1 - - - Q. Now, let X € X, let w = avgXqv1...vs_1Xsv0sb €
supp(Px) \ AT and let p = patt(w) = avp|vy ... vs—1|vsh. We define the formula x,(z)
(cf. [27]) which states that x is a call position with return position y and patt(nw[z, y]) = p.

Xp(z) =3y. v(x,y) A Labg(z) A Laby(y) A
/\Elxl,yl,...,:ns,ys.[(:n <z <Y1 <Ys <Y) ANy (x, 1) Ao Ay, (Ys, y) A
A (surf(@, y, o1, p0) A Asuri(e, g, 2, p,)]

Now let X x () be the disjunction of all x,(x) over all patterns p of words w € supp(Px)\A™

and let ¥x(z,y) be the disjunction of all ¥,,(x,y) over w € supp(Px) N AT. Let again
w = avg X101 ... vs_1 Xsvsb € supp(Px) \ AT. Similarly to [27] we define now the formula

Xuw (2, y):
Xw(z,y) = Jy. v(x,y) A Labg(z) A Laby(y) A

/\Ela:l,yl,...,xs,ys.[(x <X <Y1 <Ys <Y) Ay (@, 21) Ao Ay, (Ys, y) A
A (surf(z,y, x1,y1) A ... Asurf(z, y, s, ys)A

A (R @) V0, (@1, 90)) A A (R (@) Vi (o)) |-

We show in the next paragraph that there is a bijective correspondence between the set of
derivation trees t € Der(Gy,u) and the nested words (u, v) satisfying the following formula

Yy = Jx,y. min(x) A max(y) Av(z,y) A <>Zy(x,y) V 5y(:17,y)) A

A Vz,2. inchild(z, ') — \/ Xw(z,2).
Xex
wesupp(Px)\AT
The formula. Given a derivation tree ¢t € Der(Gy,u) we assign to it a nesting relation
vy as described above. Clearly, (1,n) € v, and either (u, ) = 9y [1,n] or (w, 1) E Xy[1,n).
Furthermore, if 1 < i < j < n and (u,1) | inchild[s, j], then there is an inner node of ¢
such that the leaves of the subtree rooted at this node are exactly the leaves between the
ith and the jth leaf of t. Let (X, w) be the label of this inner node, then (u, ;) E Xuwl, J]
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by construction and hence (u,1) = ¥. Conversely, let v be a nesting relation such that
(u,v) = 9. We define a derivation tree ¢, inductively as follows. If {(1,n)} = v, then
t, consists of a single inner node, the root, labeled by (Y,u). In this case we must have

(u,v) = 5;/[1, n| and hence ¢, is a derivation tree. Otherwise, let (i1,71),..., (is,js) be the

sequence of surface arches of (u,v \ {(1,n)}) and let a}...al |...|aj... ais|ai+1 e afljjl

be the pattern of (u,v \ {(1,n)}). Moreover, for 1 < k < s let u[ig, ji] be the subword of u
from the iith position to the jpth position. Then we must have

@k Tl
Xex
wesupp(Px)\AT
and hence for all 1 < k < s we have (u,v)[ix, ji] = ¢x, for some X} € X. Thus by induc-
tions hypothesis there are ¢, € Der(Gx, ,ulix, ji]). We define ¢, to be the tree whose root
is labeled (Y, ai...a} Xi... Xga5th . azt! ) and where the trees rooted at the children of

capt
the root are as follows from left to right: ai,... ,a,lll,tl, R af“, . ,afljjl.

that ¢, is a derivation tree, since (u,v) = Xy|[1,n].
Now we can give the formula ¢y

oy = v A Voy ey >\ (inchild(z,y) 5 (Ruley) " A (Px,w) A
XeX
wesupp(Px)

We conclude

A —inchild(z,y) 5 (Y (2, )T A (Px7w))>

Let t € Der(Gy,u) and let 14 be the corresponding nesting relation. By construction
(ley], (u,vp)) = wet(t) and thus [Fv.py ]t = Sy by Lemma [6.41 O

Let us summarize our results of this section so far.

Theorem 6.9. Let K be a commutative semiring and let S : A* — K be a formal power
series. Then the following are equivalent:

(1) S is an algebraic formal power series.
(2) S =n(R) for some reqular R : NW(A) — K.
(3) There is a sentence p € sSRFO(K, A, <,v) such that [Jv.o]"' = S.

Proof. (1) = (3). This is Proposition [6.8
(3) = (2). Follows from Theorem [B.6(a) and the definition of .
(2) = (1). This is Proposition L]

Let K= N and let S : {a}™ — N be an algebraic series. As S = 7(R) for some regular
nested word series R, it is not hard to see that (S5,a"™) < 27° . ¢ for some constant ¢ and all
n € N. Using weighted pushdown automata (cf. [26]) one can even show that (S, a™) < ¢”
for some constant ¢ and all n € N. Thus in item 3 of the last result we may not replace
sRFO(K) by FO(K) since ([Vx.3y.1],a™) = n™.

Again we note that all proofs are effective and given a proper algebraic system (Px ) xex
with solution (Sx)xex and an effectively given semiring K, we can compute an sRFO(K)
sentence ¢y for all Y € X such that Sy = [Fr.py ] and vice versa.
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6.3. Yet Another Characterization of Algebraic Formal Power Series. Even though
our logical characterization of regular nested word series (Theorem B.6]) might also be ob-
tained by structural induction, the connection between alternating texts and nested words
we established enables us now to also obtain a generalization of the second main result
of [27]. In this paper another logical characterization of context-free languages was given
where quantification over nesting relations is now replaced by quantification over tree-
definable orders. In [27] a linear order < on [n| was called tree-definable if there is a binary
tree t with n leaves which are labeled 1,...,n in lexicographic order and whose internal
nodes are labeled with {,\,} such that ¢ < j iff 7 is visited before j in the depth-first
traversal of ¢ in which, at every node with label /, first the left, and at every node with
label N\, first the right child is visited. We will give a slightly different definition which is
easily seen to be equivalent by simply replacing ,/ by e and \, by o.

Definition 6.10. Let n € N4 and let <; be the canonical order of [n]. Moreover, let
A :[n] — A be a labeling. A linear order <5 of [n] is tree-definable iff ([n], \, <1,<s) is an
alternating text.

We collect all tree-definable orders of [n] in TDO,,. Our aim is now to extend the
above mentioned result of [27] and to show, using the connection between nested words and
alternating texts, that a formal power series is an algebraic formal power series iff it can be
defined by a second-order sentence over words of the form 3 <5 . where ¢ is a first-order
formula and <5 a binary relation symbol ranging over tree-definable orders. Note that like
matchings, tree-definable orders are first-order definable relations [22,[30]. First, we start
by defining the projection 7(7) of an alternating text 7 = ([n], <1, <2,A) € TXT(A) to be
the word ([n], <1, ), i.e. we forget the second order. As for nested words, this projection
is canonically generalized to languages L C TXT(A) by setting n(L) = {n(7) | 7 € L} and
to series S : TXT(A) — K by letting

m(S): A* = K

wi > |

TETXT(A)
w=m(T)

Proposition 6.11. Let S : TXT(A) — K be regular. Then ©(S) : A* — K is an algebraic
formal power series.

Proof. Consider a WPA A = (H,V,Q, i, fiop, fic1, A,y) such that || A= S. Let X =
(H% x {0,1})U(V? x {0,1}). We define an algebraic system (Px)xex as follows: For all
hi,ho € H and v,v9 € V we let

(Pthy ha1)s ZM hi,a,hs).a + Z Zuop hi, (s,0) - pea(v',)s, ha).(v,0',0)

ac€A v,v' €Y s€N)

(Pthy hy0)> W) = Z (h1,h3,1)(h3, ha, 1) 4+ (h1, h3, 1)(h3, ha,0)
hseH

(P(vl,vz,l)uw) = Z /,L(Ul, a, UQ).CL + Z Z ,Ltop(?)l, (87 h) : ,LLC](h/, )87 7}2)’(}17 h,7 O)
acA h,h/eH s€2

(Ploy v,0), W) = Z (v1,v3,1)(v3,v2,1) + (v1,v3,1)(v3,v2,0)
v3EH
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We claim that this algebraic system has a unique quasiregular solution (Sx)xex which
consists of algebraic formal power series. Indeed, if we replace the polynomial P, 5, 1) by
the polynomial

Z (hlya h2 .a+ Z Z,Ufop hl: 87 /’LCI( )87h2)'P(v,v’,0)

aEA v, €V SEN

and the polynomial P,, ., 1) by the polynomial

ZM(U17G7U2)'G+ Z Z,Uop(vly(s’h) 'Mcl(hly)syrUQ)'P(h,h’,O))

a€A h,h' €M s€Q

we obtain an equivalent system (cf. manipulations after Definition [6.2]) which is proper and
has thus the unique quasiregular solution (Sx)xex which consists of algebraic formal power
series. Let TXT® C TXT(A) be the set of all alternating texts which are either singletons
or o-products. Analogously let TXT® C TXT(A) be the set of all alternating texts which
are either singletons or e-products. We will show by induction that we have for all w € A*
with |w| > 1

(S(hi,ha,1)s Z Z wgt 4(r) and (6.3)
ZG(I)XEJ rih1Soho

(S(ULU% Z Z wgt 4 (7 (6.4)

TETXTC oy Ty
m(T)=w

as well as
(S(h1,ha,1), W) + (S(hy hoy0), W) = Z Z wgt 4(r) and (6.5)
Te?g(A) rih1-Sho

(S(Ul,vz,l)7 w) + (S(v1,l}2,0)7 w) = Z Z WgtA(T) (66)

TGTXT(A) rivy 1)1)2

w(T)=w
The result then follows immediately from the fact that algebraic formal power series are
closed under pointwise sum and scalar multiplication. Let w = a for some a € A. Since the
series Sy, ny,1) and S(y, 4,,1) are quasiregular, we obtain that (S(y, v,,0),@) = (S(hy,hs,0), @) =
0. From this it is easy to deduce the induction base. Let now |w| > 1. Then

(S(hl,hz, Z Z:uop h17 s,V ,ucl( )S7h2) : (S(v,v’,0)7w)

v, €V SEQN

= Z Zﬂop(hh (va)

v,v' €V s

< Z Z (v,v3,1 wy) - (S(va,v’,l)’w2) + (S(v,va,l)’wl) : (S(v3,v’,0)’w2)) ':ucl(vl’ )s> h2)

v3EY W=wiw2

= Z Zﬂop(hl’ (va)

v,v' €V sE)

( Z Z (v,v3,1 wy) - ((S(v37v’71)’w2) + (S(vs,v’,O)’w2))) ’ :Ucl(v/’)Sa h2)

v3EY W=wiwse
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= Z Zﬂop(hl’(svv) :

v,v' €V sef)
(XX X X wenbr) XX wetar) palt’)sho)
v3€Y w=wiw2 7 €TXT° r1:v3v3 T €TXT(A) Tl:vgzv,

(T )=w1 w(T2)=w2

Since TXT(A) is the free bisemigroup, given some w of length at least two, each 7 € TXT*®
with 7(7) = w decomposes uniquely into 7 = 71 @ 79 with 73 € TXT® and 7, € TXT(A).
Hence we can continue

= Z Z wegt 4(7).

TETXT® 1:hy Tohy

w(T)=w
Analogously we get Equation (6.4]). Similarly we get:
(S(h17h2,1)7 w) + (S(h1,h2,0)7 w) =
— Z Z WgtA(T) + Z Z (S(hl,hg,l)awl) . ((S(hg’h%l),'wg) + (S(h37h2’0)7w2))

T€TXT* T1h1;h2 h3eH w=wiw2
w(T)=w

= Z Z wgt 4(r) +

T7€TXT* rih1Dhe

w(T)=w
D02 2 > vl D ) wet(n)
hseH w=wiw2 11 eTXT*® 1 Bhs T2 €TXT(A) r1:hs3ho
m(r)=wi m(T2)=w2 o
= 2w+ ), ) weta()
TETXT® by Shy TETXT® :hy Shy
w(T)=w w(T)=w

= Z Z wgt 4(r).

TETXT(A) r:hy Dby
w(T)=w

Again Equation (6.6 can be shown analogously, which concludes the proof. L]

Now we get our second characterization of algebraic formal power series. For this, we
proceed as follows: Let ¢ be a weighted second-order formula over words containing, apart
from a single 2-ary relation variable <5, only 1-ary relation variables. In other words, let
v € MSO(K, A, <1, <9). Let Free(p) CV, w = ([n], <1,A) € A* and v a (V, w)-assignment.
We define the semantics [3 <5 .]'9° : A* — K by letting

([[El <2 ’(P]]td07(w7'7)) = Z ([[90]]7(([”]7§17§27)‘)7’Y))’

SQ GTDOn

Theorem 6.12. Let K be a commutative semiring and let S : A* — K be a formal power
series. Then the following are equivalent:

(1) S is an algebraic formal power series.

(2) S =mn(R) for some regular R : TXT(A) — K.

(3) There is a sentence ¢ € sSRFO(K, A, <1, <s) such that [3 <5 .p]!% = S.
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Proof. (1) = (3). Let S : A* — K be an algebraic formal power series. By Theorem
there is an sSRFO(K) sentence over nested words such that [Jv.]"** = S. By Corollary
the partial function ®2! is FO-definable without parameter. Similar to Proposition [5.2] one
can show that there is thus an sRFO(K) sentence ¢’ over texts such that ®.([¢]) = [¢]
Now we can calculate using observations (@) and () before Lemma [5.3] as follows.

[Brelwy= Y (elnw)= > ([¢]nw)

nweNW(A) nweNW(A)
w(nw)=w m(Po (nw))=w
= Y (et = Y. (¥ =(E<2 ¢ w).
TE€D,(NW(A)) TEDL(NW(A))
w(T)=w w(T)=w
(3) = (2). Follows from Theorem [£.2] and the definition of .
(2) = (1). This is Proposition ]

7. CONCLUDING REMARKS AND FUTURE WORK

We introduced a quantitative automaton model and a quantitative logic for nested
words and showed that they are equally expressive. This generalizes the logical character-
ization of the unweighted case as given in [4]. Moreover, we established a new connection
between nested words and alternating texts. Applying the result, we obtained a charac-
terization of algebraic formal power series in terms of weighted logics. Presumably, the
logical characterization of regular nested word series could also be obtained by structural
induction. However, the connection between alternating texts and nested words enabled
us to also obtain a second characterization of algebraic formal power series. Note that
even though the characterizations of algebraic formal power series are generalizations of
the results of [27] to a weighted setting, in contrast to the latter paper we gave a different
proof using this connection as well as (weighted) nested word automata and (weighted)
parenthesizing automata. Also note that weighted nested word automata and weighted
parenthesizing automata were characterized algebraically in [31].

Let us remark that regular formal power series also fall into the pattern of our char-
acterizations (Theorem and Theorem [6.12]) of algebraic formal power series. In fact,
Thomas showed that a single existential monadic second-order quantifier suffices to charac-
terize finite automata [39, Theorem 5.2]. That is, in the pattern of the last results we can
formulate that L C A* is regular iff L = [3M.p]*¢* for some first-order formula ¢ (where
[3M.]*°" means that we sum over all subsets M of the domain of a given structure). Let
us explain the idea of the proof with an example. Given an automaton A with set of states
Q = {0,1}* for L and some word a; ... ag, € L, the idea is to think of the interpretation of
M as a word ujus where uy,us € {0,1}* = @ and to express by ¢ that u; is an initial state,
that there is a run from wuq to ug on aj...a; and that there is a run from wy into a final
state on agiq...a9,. Alternatively, one can prove the result similarly to Proposition [6.8]
where one starts with a right-regular system and applies a similar transformation. Then a
set M suffices to encode a derivation tree since any inner node has at most one non-terminal
child whose position is collected in M. In any way, it is not hard to see that the proof can
be adapted to a weighted setting. So, also in the weighted case we can restrict ourselves to
a single existential monadic second-order quantifier.
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Following these pattern it might be interesting to further investigate whether other

important classes of formal power series can be characterized in this manner. Again, the
work of Lautemann, Schwentick and Thérien [27] can be used as a starting point where the
so-called k-linear languages were considered.
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