Acta Cybernetica 19 (2009) 411-439.

Recognizable Tree Series with Discounting

Eleni Mandrali and George Rahonis*

Abstract

We consider weighted tree automata with discounting over commutative
semirings. For their behaviors we establish a Kleene theorem and an MSO-
logic characterization. We introduce also weighted Muller tree automata with
discounting over the max-plus and the min-plus semirings, and we show their
expressive equivalence with two fragments of weighted MSO-sentences.

Keywords: semirings, discounting, weighted tree automata, rational opera-
tions on tree series, weighted Muller tree automata, weighted MSO-logic over
finite and infinite trees.

1 Introduction

Weighted tree automata over finite trees have been considered by many researchers
(cf. [22] for an extended literature) and have contributed in important areas of
Computer Science like code selection [3, 20] and monadic second-order evaluations
on graphs [33]. Weighted tree automata models are obtained by classical tree
automata, top-down or bottom-up, whose transitions are equipped with weights
mainly from a semiring. The weights might model resources used for the execution
of transitions, the time needed or reliability. For an excellent survey on weighted
tree automata we refer the reader to [22] (cf. also [2]).

If we require that weighted tree automata can work also on infinite trees, then
clearly the underlying semiring should admit infinite sums and products satisfying
special axioms (cf. [32]). Discounting is a common strategy to face problems arising
on systems with non-terminating behavior, in particular in economic mathematics,
in Markov decision processes, and in game theory (cf. [9, 21, 34]). This method
was incorporated for weighted automata over infinite words by Droste and Kuske
in [14]. More precisely, the authors considered weighted automata over the max-
plus and min-plus semirings, acting on infinite words, and employed a discounting
parameter which permitted the summation of infinitely many values. In this way,
they achieved a Kleene theorem for the infinitary series obtained as the behav-
iors of their automata. They also considered weighted automata with discounting
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over finite words, and they showed a Kleene-Schiitzenberger theorem for the se-
ries accepted by these automata. In [5, 6] further properties of weighted automata
with discounting over infinite words were investigated. A weighted MSO-logic with
discounting has been introduced in [16] and a Biichi-type characterization of infini-
tary recognizable series with discounting has been established. Kuich [27] proved
Kleene theorems for weighted automata with discounting acting on finite and in-
finite words over Conway semirings. Recently, in [17] the authors investigated
weighted automata with discounting over semirings and finitely generated graded
monoids.

In this paper, we introduce weighted tree automata with discounting, acting on
finite trees, and our first goal is a Kleene theorem for their behaviors. Furthermore,
we consider a weighted MSO-logic on trees with discounting, and in our second
main result we show the expressive equivalence of weighted tree automata with
discounting with two fragments of this logic. One of these fragments has a purely
syntactic definition provided that the underlying semiring is additively locally finite.
Our MSO-logic is a slight modification of the MSO-logic in [18] and goes back to
the pioneering work of Droste and Gastin [11] (cf. also [13]) in which weighted
logics over semirings were considered for the first time. Very recently, in [19] (cf.
also [22]) the authors achieved a purely syntactic description in terms of MSO-logic
for weighted tree automata over arbitrary semirings. The discounting method for
stochastic tree automata has been also considered in [30, 31].

Infinite trees play a crucial role in practical applications, namely in program
optimization [23], and in proving termination of non-deterministic or concurrent
programs under any reasonable notion of fairness [25]. Furthermore, tree automata
over infinite trees contribute to program synthesis in model checking [38]. All
these applications are based on the fundamental fact that every program can be
described by an infinite tree (cf. [8, 23, 39]). Weighted Muller tree automata were
investigated in [32] but for the underlying semirings special completeness axioms
were required. Currently, several tools for model checking are built in a weighted
setting, in particular over De Morgan algebras (cf. [4, 7, 24]). Therefore, taking
into account the contribution of tree automata to program synthesis [38], we wish
to study the extension of these models in a weighted setting for semirings, like max-
plus and min-plus, which are already used in practical applications. For this we
introduce weighted Muller tree automata with discounting, over the max-plus and
the min-plus semirings, and in our third main result we state their characterization
in terms of weighted (purely syntactically defined) MSO-logic.

The proofs of our results are similar to the corresponding ones in [15, 18, 32].
Nevertheless, they are more technical because of the involvement of discounting
parameters. We present only a few of them which are representative for the dis-
counting techniques. The reader can find detailed proofs in [28]. In the paper, we
notify the corresponding results from [15, 18, 32] by e.g. (cf. [15], Lm 4.8).
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2 Preliminaries

2.1 Trees

We denote by N the set of natural numbers and let Ny = N\ {0}. The prefiz relation
< over N* is a partial order defined in the usual way: for every w,v € N*, w < v iff
there exists u € N* such that wu = v. A set A C N* is called prefiz-closed if v € A
implies w € A for every w < v.

A ranked alphabet ¥ is a pair (X, rky) (simply denoted by X) where ¥ is a finite
set and rky : ¥ — N. As usual, we set X, = {0 € X | rks(c) = k} for every k > 0,
and deg(X) = max{k € N | Z) # 0}.

A tree t over ¥ is a partial mapping ¢ : N% — ¥ such that the domain dom(t)
of ¢ is a non-empty prefix-closed set, and for every w € dom(t) if t(w) € Ex k > 0,
then for i € Ni, wi € dom(t) iff 1 < i < k. The elements of dom(t) are called the
nodes of t. For every o € ¥ we set dom,(t) = {w € dom(t) | t(w) = o} and, for
every A C X we let dom4(t) = {w € dom(t) | t(w) € A}. A tree t is called finite
(resp. infinite) if its domain is finite (resp. infinite). As usual, we shall denote by
T, (resp. T¥) the set of all finite (resp. infinite) trees over X. Clearly, Ty, = 0 iff
ZQ = (Z)

The set T, can also be inductively defined as the smallest set 7" such that (i)
Yo C T and (ii) if k > 1,0 € Xk, and ¢1,...,t € T, then o(t1,...,t;) € T. For
every finite set A with ANY = (), we shall write Tx(A) for the set of finite trees
over the ranked alphabet ¥/, where X = ¥y UA and X}, = X, for every k£ > 0. The
height ht(t) of every finite tree ¢t € Ty is defined by ht(t) = max{|w| | w € dom(t)}
where |w| denotes the length of the word w. Let a € ¥¢ and ¢t € Ty, with dom,(t) =
{wi,...,wm,} such that wy <jep ... <jex Wy where <j., is the lexicographic order
over N*. Then, for t1,...,t, € Tsx we write t - (¢t1,...,tn) for the tree obtained
by substituting ¢; for a at w; (1 <4 <mn) in t.

In the rest of the paper, ¥ and T" will denote an arbitrary ranked alpha-
bet, if not specified otherwise. Moreover, we assume that Yo # () and

Ty # 0.

A relabeling from X to T is a surjective mapping h : 3 — T such that h(o) € Ty
for every o € ¥, k > 0. Then h is extended to a mapping h : Ty, — T by letting
dom(h(t)) = dom(t) and h(t)(w) = h(t(w)) for every t € T, and w € dom(t).

2.2 Semirings

A semiring (K,+,-,0,1) consists of a set K equipped with two binary operations
+ and -, and two constant elements 0 and 1 such that (K, +,0) is a commutative
monoid, (K-, 1) is a monoid, multiplication distributes over addition, and 0-a = a-
0 = 0 for every a € K. If the operations and the constant elements are understood,
then the semiring is simply denoted by K. A semiring K is called commutative
if the monoid (K-, 1) is commutative. The second main result of our paper will
apply to commutative semirings K which are additively locally finite, i.e., such



414 Eleni Mandrali and George Rahonis

that every finitely generated submonoid of (K,+,0) is finite. For examples of
additively locally finite semirings we refer the reader to [16]. In this paper we
mainly deal with the additively locally finite semiring maz-plus (or arctic) Ryax =
(R4 U {—o0}, max, +, —00,0) where Ry = {r e R |r > 0} and —oco + x = —oo for
every € Ry U{—oo}. Our results remain valid as well, over the additively locally
finite semiring min-plus (or tropical) (Ry U {oo}, min, +, 00,0) with co + = = oo
for every € Ry U {oo}.

Let K7 and K5 be two semirings. A mapping f : K1 — K5 is called a semiring
homomorphism (or simply a homomorphism) if f(a+0b) = f(a)+ f(b) and f(a-b) =
f(a) - f(b) for every a,b € Ky, and f(0) = 0 and f(1) = 1. A homomorphism
f+ K — K is an endomorphism of K. The set End(K) of all endomorphisms of
K is a monoid with operation the usual composition mapping o and unit element
the identity mapping on K. If no confusion arises, we shall alternatively denote the
operation - of K and the composition operation o of End(K) by concatenation.

Example 1. Consider the max-plus semiring R,,,x and extend the multiplication
- over Ry by letting p - (—o0) = (—o0) - p = —oo for every p € Ry U {—o0}. Then
the mapping P : Ripax — Rmax (p € Ry) given by  — p-z is an endomorphism of
Rpmax. Conversely, every endomorphism of R,y is of this form (cf. [14], Lm. 15).

In the rest of the paper, K will denote an arbitrary commutative semi-
ring if not specified otherwise.

2.3 Discounting

A discounting over ¥ and K is a family ® = (<I>;€)k,21 of mappings @ : X —

(End(K))* for k > 1. For every o € ©; (k > 1) we shall write (®L,...,®F) for
the k-tuple @ (o) . If no confusion arises with the rank of o, then we simply denote
Oy, (o) by ®,. The discounting P is alternatively called a ®-discounting. For every
t € Ty, and every w € dom(t), we define the endomorphism ® of K as follows:

_{id fw=e

CI)&E) o @;?il) 0...0 <I>;’(Lz.1min_l) fw=i1...0n,%1,...,9n € Ny,n >0

where id is the identity endomorphism of K.

In Sections 3-5, ® will denote a discounting over ¥ and K.

2.4 Tree series

A formal tree series (or tree series for short) over ¥ and K, is a mapping S :
Ty, — K. As usual we denote by (S,t) the coefficient S(t) for every t € Tx. The
support of S is the tree language supp(S) = {t € Tx | (S,t) # 0}. The class of all
tree series over ¥ and K is denoted by K ((T%)), and the class of polynomials (i.e.,
tree series with finite support) is denoted by K (Tx).
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For every tree language L C T, the characteristic series 15, € K ((Ts)) of L
with respect to K is determined by (11,t) = 1ift € L, and (11,t) = 0 otherwise, for
everyt € Ts.. Let S,T € K ({Ix)) and k € K. The sum S+T, the scalar products k.S
and Sk, and the Hadamard product S®T are defined by (S+T,t) = (S,t)+ (T, t),
(kS,t) = k- (S,t) and (Sk,t) = (S,t) - k, and (S © T,t) = (S,t) - (T,t) for every
t € Ts. Clearly, (K {{T%)),+,©,0,1) and (K (Ts),+,©®,0,1) are commutative
semirings, where 0 is the tree series (over ¥ and K) with all its coefficients being
0, and 1 is the tree series (over ¥ and K') with all its coefficients being 1.

Let h : ¥ — T be a relabeling. For every tree series S € K ((T%)) the tree

series h(S) € K ((Ir)) is defined for every s € It by (h(S),s) = > (S,t).
teh—1(s)

Similarly, for every T € K ((Ir)) the tree series h=*(T) € K ((Tx)) is determined
by (h=1(T),t) = (T, h(t)) for every t € Tk.

3 ®-recognizable tree series

In this section, we study ®-recognizable tree series obtained as behaviors of weighted
tree automata with ®-discounting. Intuitively, for every input tree ¢ the weight of
every node of t is discounted according to the distance of the node from the root
of t; the longer the distance is the greater the grade of discounting is; nodes of the
same level get a weight with the same grade of discounting. Our weighted tree au-
tomata are bottom-up models without initial distribution. By standard automata
constructions, it can be seen that they are equivalent to weighted tree automata
with initial distribution. Furthermore, they are equivalent to the corresponding
top-down models, with and without terminal distribution (cf. [28]). Firstly, we in-
troduce our weighted tree automata with ®-discounting and we state normalization
results. Then, in Subsection 3.2 we investigate closure properties of ®-recognizable
tree series.

3.1 Weighted tree automata with ®-discounting

Definition 1. A weighted tree automaton with ®-discounting (®-wta for short)
over ¥ and K is a triple M = (Q,wt, ter) where Q is the finite state set, wt :

U Q% x ¥y x Q — K is the mapping assigning weights to the transitions of the
k>0
automaton, and ter : Q — K is the final distribution.

Let t € T (Q) (without any loss we assume that XNQ =0) and P C Q. A run
of M over t using P is a mapping r; : dom(t) — @ such that r, (w) = t(w) for
every w € domg(t) and ry (w) € P for every w € dom () \ (domg(t) U{e}). The
run 7y is called a g-run whenever r¢(g) = g. We shall denote by RY, (¢, q) the set of
all g-runs of M over ¢ using P, and by Rx (¢, q) the set R%t (t,q) . Moreover, we

let Ry (t) = LEJQRM (t,q).
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The weight of a run ry € RY (t,q) at w € dom(t) is given by

wt (ry, w) =

{ wt ((re(wl), ..., re(wrks(t(w)))), t(w), re(w))  if t(w) € T, k>0
1 if  (w) € Q.

The running ®-weight of ry, denoted by rweighta (r¢) (or simply rweight (r;)), is
the value
rweight p(ry) = H ! (wt(ry,w))
wedom(t)

and the ®-weight of r¢, denoted by weight s (r¢) (or simply weight(ry)), is given
by
weight pm (1) = rweight p(re) - ter(re(e)).

For every P C Q,q € Q we let | M]| (P, q) be the tree series in K ((Tx(Q))) deter-
mined by

> rweightp () ifteTs(Q)\Q
(HMH (Pa q) 7t) = TteR/Iz/((t»Q)
0 otherwise.

The ®-behavior (or simply behavior) of M is the tree series |[M] € K ((Tx))
defined for every t € Ty, by

(Ml 8y = D weighta(r).

re ER M (T)

Clearly,
(M1 8) =~ (M@, ) +t) - ter(q).

q€Q

for every t € Ty,

A tree series S € K ((Ty)) is called ®-recognizable if there is a ®-wta M over
Y and K such that S = || M]|. We shall denote by Rec(X, K, ®) the class of all
®-recognizable tree series over X and K. Clearly, if our ®-discounting employs only
the identity mapping on K, i.e, ®, = (id,...,id) for every o € ¥ (k > 1), then
Rec(X, K, ®) = Rec(3, K) the class of recognizable formal tree series over ¥ and
K (cf. [1, 22]). Two ®-wta M and M’ are equivalent if || M| = ||M'].

Next, we give examples of ®-recognizable tree series over Ry .x obtained as
behaviors of deterministic ®-wta. More precisely, a (®-)wta M = (Q,wt,ter)
over X and K is called deterministic (cf. [2]) if for every k > 0,0 € X, and
q1,---,qx € Q there is at most one ¢ € @ such that wt ((¢1,...,qx),0,q) #0.

Example 2. Let 3 be a ranked alphabet with ¥y = {a}, X2 = {0,7}, and X3 =
{6}. We consider the ®-wta M = ({q}, wt,ter) over ¥ and Ry, with its weight
assignment mapping defined by wt((q, q),c,q) = 1 and wt(a,q) = wt((¢,q),7,q) =
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wt((q,q,q),9,q) = 0. The final distribution is given by ter(q) = 0. We define a -
discounting over ¥ and Ryax specified by @, = (1,1), @, = (0,0), and &5 = (0,0,0)
(cf. Example 1).

Then for every t € Tx, the coefficient (|| M||,t) equals the number of occurrences
of ¢ in the greatest initial o-subtree of t. One can easily show that there is no
deterministic wta without discounting over > and Ry« accepting the same tree
series.

Example 3. Consider the ranked alphabet ¥ of the previous example and let
t € Ts,. We say that the pattern (o, 0,d) occurs in ¢ if there are trees t', s, s; € Tx
(1 <4 < 7)such that ¢ = ¢ - s and s = (0 (s1,82),0(83,54),9 (85,56, 7)) -
We construct a deterministic ®-wta M =(Q, wt, ter) over & and Ry,ax, whose -
behavior returns for every input tree ¢t € Ty the number of occurrences of the
pattern d(o,0,d) in the greatest initial subtree of ¢ which does not contain any
symbol 7. Our ®-discounting now is given by @, = (1,1), ®, = (0,0), and &5 =
(1,1,1). The ®-wta M is determined by Q = {q1,q2,q3}, ter (¢) = 0 for every
q € Q, and

-wt(a,q1) =0

- wt ((p1,p2),0,q2) = wt ((p1,p2),7,q1) =0 for every p1,p2 € Q,

- wt ((g2,92,93) ,9,q3) = 1, and

- wt ((p1,p2,p3) . 0,q3) = 0 for every p1,p2,p3 € Q with (p1, p2, p3) # (2. 42, a3)-
Any other transition is assigned the value —oo. Clearly, M is deterministic and by

standard arguments we can show that || M|| cannot be accepted by any deterministic
wta without discounting over ¥ and Ry, ax.

Next we establish two normalized forms of ®-wta; they will be used for the
proofs of the results in Section 4.

A -wta M = (Q,wt, ter) is final weight normalized (cf. [15], Def. 4.7) if there
is one state ¢y € @ such that

o ter(qr) =1 and, for every ¢ € Q with ¢ # gy, ter(q) =0,

o foreveryk>0,06 Ek7q17"‘>qk7qu7 if there is anlglgkwn}hquQJc’
then wt ((q1,...,qx),0,q) = 0.

In this case we write M = (Q,wt, qy) .

Lemma 1. (¢f. [15], Lm 4.8) For every ®-wta M there is an equivalent final
weight normalized ®-wta M’. Moreover, M’ can be chosen to have one more state
than M.

Let a € ¥g. A tree series S € K ((T%)) is called a-proper if (S,a) = 0. We shall
denote by K ((T%)) the class of all a-proper tree series over ¥ and K. Consider
a ®-wta M = (Q, wt,ter) over ¥ and K. We let I, = {q € Q | wt (a,q) # 0}, and
we call I, the set of initial a-states of M. The ®-wta M is called initial a-state
normalized (cf. [15], Def. 4.10) if there is a state g, € @ such that I, = {q.},
wt (a,qq,) = 1, and wt ((¢1,.-.,qk),0,q.) = 0 for every o € ¥\ {a}.
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Lemma 2. (¢f. [15], Lm. 4.11) Let M =(Q,wt, ter) be a ®-wta over ¥ and
K and a € Xo. Then there is an initial a-state normalized ®-wta M’ such that
(M), 8) = (Ml ,t) for every t € Tx \ {a}. Moreover, M’ can be chosen to have
one more state than M.

Proof. We construct the ®-wta M’ = (Q', wt’, ter’) with @ = Q U {q,} . The final
distribution ter’ is given by ter’ (¢,) = 0 and by ter’ (¢) = ter (q) for every q € Q.
The weight assignment mapping wt’ is defined as follows:

o wt' ((q1,-.-,qr),0,9) =

Z H (fo (wt(avpi)) "LUt((p17...,pk),O'7Q) |

1<i<k
4di=(ga .
P10k €Q, and p; = ¢; if ¢; € Q

for every k > 0,0 € .\ {a},q1,...,qx € @', and ¢ € Q
o wt' ((q1,...,qr),0,qa) =0 for every k > 0,0 € X; \ {a}, and q1,...,qx € Q’
e wt' (a,q) =0 for every q € Q
o wt' (a,q,) = 1.

Obviously, M’ is initial a-state normalized and g, is the initial a-state. Observe
that for every ¢ € T, r;, € Ry (), and w € dom (t), if t (w) # a and 7} (W) = ¢q,
then weightaq (r;) = 0. We will show that (||M'||,t) = (||M]],t) for every t € Ts\
{a}. Let t # a. For every ¢ € @, we define the mapping v : Raq (t,q9) — Ra (t,q)
as follows. For every run r; € Raq (¢, q) and every w € dom(t) we put

qa otherwise.

(v (re)) (w) = { re(w) ift(w)#a

We set pre, (t) = {w € dom (t) | there exists an ¢ € N such that t(wi) = a},
i.e., the set of all nodes of ¢ which are predecessors of the a-labeled nodes. Let

preq (t) = {wi,...,wn}. Then for every 1 < j < m, we set domg ;(t) =

{i| t(wji) =a} = {ij1,... i, } (with ij; <...<i;,) which indicates the set of

all a-labeled nodes following w;. Clearly, dom, (t) = U {w;i|i € dom,;(t)}.
1<j<m

Finally we define the a-surrounding of t to be the set sur, (t) = pre, (t)Udom,, (t) .
Let ¢ € Q and r, € Ray (t,q) with 7} (w) = g, for every w € dom, (t). Then we
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calculate

Z H ! (wt (¢, w))

re€vH(r))wesury (t)

= Z H ol Ji (Wt (e, ;i) -<I>fuj (wt (re, wy))

re€v=1(r)1<j<m \i€domg ;(t)

- H H (I)w u (wt (a,r (wjiji)))

re€v ( 11<j<m \1<I<k;
Ty w] e (wy (1 — 1)) e (wyign),
t (w; %1 +1)) c1e (wj (12 — 1)), e (wyija)
Tt (w; %(k —1)+1)) e (wy (e — 1)), ]
T wjz]k 7 (W (ljk_ +1)),...,rt (w;p;)

t(w;), re (wy)

1<1l1k (I)fu i1 (U}t (avpjl))

B H Z /rg(wjbl)v""rt<wj(fj1_1.))7pj17
= ot | we e (wy (i1 + 1)), (wy (B2 = 1)), ],
j pjg,...,pjkj,...,Ti(wjpj)
t(wy),ry (wy)
| D1y -5 Pjk; € Q

where for every 1 < j < 'm we assume that rk(t (w;)) = p;. On the other side

[T @t ¢w)

weEsury (t)

= H (b’tu)] (wt/ (T;f’ wj)) : H (I)fu]z (wt/ (Ti/f’ wjl))
1<j<m i€domg ;(t)

= [I o, ' (r],wy))

1<j<m

= I @, @t ((rf (wi1),.oor (wipg)) s twy ), vt (wy)),

1<j<m
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which equals

1 @, (wt (a,pﬂ»)

1<I<k;
ri(wl), .o (w; (i1 = 1))
IT o, | > ppri (g i 1), |
1<5<m ‘wt Ty (wj (ng — 1)),pj2,...,pjkj,...,
ri (wjp;)

t(wy), 7y (wy)
| D1, Pk, € Q

[, <wt<a,pﬂ>>> ~

1<Ii<k
T;(wj].),77’£ (U)j (ijl —1))7
— H Z pj177“'£(wj(lj1+1>),...7
1<j<m q)fu] wt Té (w] (Zj2 - 1/))apj27"'7pjkj7
ooy (wipg)

t(w;), ry (w))
| pj1, - Djk; € Q

Now, we can easily show that (||M]|,¢) = (||M’]], ). O

3.2 Properties of ®-recognizable tree series

Proposition 1. (i) (¢f. [18], Lm. 3.3) The class Rec(X, K, ®) is closed under
sum, scalar product, and Hadamard product.

(i) (cf. [18], Lm. 8.4) Let h : ¥ — T be a relabeling. Furthermore, for the
O-discounting over ¥ and K assume that &, = O, whenever h(c) = h(o’)
for every 0,0’ € X,k > 1. Let ®' = (®)),~, be the discounting over I' and
K determined for every vy € Ty, (k> 1) by (I;; =, foreveryo €%y, (k>1)
with h(c) = 7. If S € Rec(X, K, ®), then h(S) € Rec(T', K, ®'). Furthermore,
if T € Rec(T', K, ®'), then h=X(T) € Rec(3, K, ®).!

(iii) (cf. [18], Lm. 3.3) Let L C Tx, be a recognizable tree language. Then 11, €
Rec(X, K, D).

A tree series S € K ((Ixn)) is called a recognizable step function if S =
> kjlp, where k; € K and L; C Ty (1 < j < n and n € N) are recogniz-
1<j<n
able tree languages. By Proposition 1 such a tree series is ®-recognizable. The
class of recognizable tree languages is closed under the Boolean operations, there-
fore for every recognizable step function S = > k;17, we may assume the family
1<j<n
(L) ;e s to be a partition of Tk.

IStatement (ii) requires that deg(X) = deg(T") which is guaranteed by the surjectivity of the
relabeling h (cf. definition of relabeling on page 413).
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Proposition 2. (i) (¢f. [12]) The class of all recognizable step functions over ¥
and K is closed under sum, scalar product, and Hadamard product.

(ii) Let h: % — T be a relabeling. If T € K ({Tr)) is a recognizable step function,
then h=Y(T') € K ({(T%)) is also a recognizable step function.

(iii) (cf. [16], Prop. 16) Let K be additively locally finite, h : ¥ — T a relabeling,
and S € K {((Tx)) a recognizable step function. Then the tree series h(S) €
K ((Tr)) is also a recognizable step function.

4 d-rational tree series and a Kleene theorem

In this section we introduce the ®-rational operations on formal tree series and we
show a Kleene theorem for ®-recognizable tree series.

Let £k > 1,0 € Y. The ®-top-concatenation with o is the operation og¢ :
K ((Tg))" — K ((Ts)) on tree series defined for every Sy,...,8, € K ((Tt)) and
t € Ty by

L ((S1th)) e OF((Skot)) it =0 (t1,... t)
(72 (S, k), ) = { 0 otherwise.
Let S,T € K ({(Tx)) and a € Xy. The (a, ®)-concatenation of S and T is the
tree series S 4.0 T € K ((Tx)) defined for every t € Tx, by

(S g0 T,t) = > (S,s) - @, (T,t1))-...- @, (T,t,)).
Syt1yetr €T t=5¢ (t1,...,tr)
domg (s)={w1,...,w,}

Proposition 3. (¢f. [15], Lm. 3.3) The (a, ®)-concatenation of tree series is asso-
ciative, i.e., for every S,T, R € K ((Ix)) it holds S-4.¢ (T 4,0 R) = (S 0.0 T)a.0R.

Proof. For every t € Ts; we have

(S ‘a,® (T ‘a,® R) 7t)
= > (S.5) - [[®L, (T a0 R.t:))
S,tl,.H,treTz,t:s-a(tlp..,t,«) i=1
domg (s)={w1,...,w,}

= Z (S,S)

8,815yt €T t=5 (t1,.0 05t 1)
domg (s)={w1,...,wy}

i

Tl 3 (o) [T 2% (Buiy)
i=1

Vi UilyeeyUing ETz,ti:w‘a(u“ ’“"u’i“i) Jji=1

dom,,,(v,;):{wi ..... w;ili
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= Z (57 S)

8.t tr €T t=580 (t1,...,tr)
domg (s)={w1,...,w,}

2 @7, ((T.vi))

r ViyWilseyUing GTz,ti:Ura(uil ,,,,, umL)
. H dom@(v {wi7 ,w,; }
=1
' e, o, (B u4,)
Ji=1

= Z (Sa S)

8515y by Vi Ui 5 Uin, €TSS
tzS'a(tl7---7t7‘)1t11:Ui'a(uilvn-yuini)

domg (s)={w1,..., wr},doma(vi):{wi ..... w'f,yl}

ﬁ T ’Uz ﬁ(I) R,le))
i=1 ji=1

On the other side

((S ‘a,P T) ‘a,P Rv t)

= Z (S -a0T,v)- H f,u ((R,uy))

VUL, Ug €T, E=0 0 (U1 ,.00,Uq) Jj=1
domg (v)={w1,...,wq}

(S.5) - 122, ((T.5))

8,81,:87 €TE,v=54(81,---,57) i=
= E doma(s):{w’l,...,w;}
q
VUL, Ug €T E=0" 0 (U1,...,Uq) ¢ ]
domg (v)={w1,...,wq} jl;Ich)w]‘ <(R7 u]))
T q
— t
_ > (5:9) TTo% (@50 T[0%, ()
VUL ey Ug ;8,81 500,85, €ETS i=1 j=1

t=vq(U1,...,Uq),v=5q(51,...,57)

domg (v)={wi,...,wq },domg (s):{wi ,.A.,w’r}

The last equality is true since every node of v is also a node of t. Clearly, there is a
one to one correspondence between the two ways of decomposing ¢. This also implies
that the occurred endomorphisms at each node of the corresponding decompositions
coincide. Therefore, we get (S 4.6 (T g0 R),t) = ((Sa,06T) 0.0 R,t) for every
t € Tx; and thus S ‘a,® (T ‘a,® R) = (S ‘a,® T) ‘a,® R. O
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Following [15] we introduce power discounted iterations of tree series. More
precisely, let S € K ({(Tx)) and a € ¥g. The nth (a, ®)-iteration of S is the tree
series Sy ¢ € K ((Tkx)) defined inductively as follows:

(i) S =0and
(ii) Sg’gl =5-a,0 5, ¢ + la for every n > 0.

Lemma 3. (¢f. [15], Lm. 3.10) Let S € K®{((Tx)) and t € Tx.. If n > ht (¢) + 1,
then (Sg’gl,t) = (Stg.t).

a
Now we are ready to define the (a, ®)-Kleene star of a-proper tree series.

Definition 2. (¢f. [15], Def. 3.11) Let S € K* ({(Ix)). The (a,®)-Kleene star
(or simply (a, ®)-star) of S is a tree series Sj; i € K ((Tx)) which is defined in the

following way. For every t € Ty, we set (S*ﬁq),t) = (Ss’tg)ﬂ,t) .

Lemma 4. (c¢f. [15], Lm. 3.13) Let S € K*((Tx)). Then S} 5 = S 4,0 5  + la.

Definition 3. The set Rat-FExp(X, K, ®) of ®-rational expressions (over ¥ and K )
is defined inductively as the smallest set R satisfying the following conditions. For
every ®-rational expression ¢ € Rat-Exp(X, K, ®) we define its semantics ||C]| €
K ((Tx)) simultaneously.

o For every a € ¥y, the expression a € R and ||a|| = la,

o foreveryk > 1,0 € ¥, and (1, ...,k € R, the expression og (C1,...,(k) € R
and [[ow (C1, -, Ge)ll = o (IG5 - - 161D

o for every ( € R and k € K, the expression k¢ € R and ||kC|| =k - ||<|],
o for every (1,(2 € R, the expression (1 + (2 € R and ||(1 + G| = |G| + |12l

o forevery (1,(2 € R anda € Xy, the expression (1-q,0C2 € R and ||(1 -a,0 G2l =
¢l -ae G2l s and

e for every ¢ € R and a € g such that ||C|| is a-proper, the expression (; 4 € R
and || ]| = lI<llc.a -

A tree series S € K ((Ix)) is called ®-rational over ¥ and K if there is a
¢ € Rat-Fxp(X, K, ®) such that S = ||¢||. The class of all ®-rational tree series
over Y. and K is denoted by Rat(3, K,®). Clearly, the first four conditions in
the above definition imply that K (T%) C Rat(X, K, ®). Moreover, Rat(X, K, ®) is
the smallest subclass of K ((Tx)) which has this property and is closed under the
d-rational operations on tree series.

Next, we wish to establish a Kleene theorem showing the coincidence of ®-
recognizable and ®-rational tree series. For this, we shall need the subsequent
lemma.
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Lemma 5. (¢f. [15], Lm. 5.1) Consider a ®-wta M = (Q,wt, ter). Let P C Q,q €
Q, and p € Q\ P. Then

IMI[(PUA{p}, @) = IM]| (P.q) pa M (Pp),q -

Let @ be a finite set of nullary symbols with @ NY = ). Then Rat(XUQ, K, @)
denotes the class of ®-rational tree series over ¥ U ) and K defined by ®-rational
expressions from Rat-Exp(X U Q, K, ). We set

Rat(S+ fin,K,®) = | ) Rat(SUQ,K,®)
Q finite

and
Rece(S + fin, K,®) = | J Rec(SUQ, K, ®).
Q finite

Now, we are ready to prove one half of our Kleene theorem.
Proposition 4. (¢f. [15], Thm. 5.2) Rec(Z, K, ®) C Rat(X + fin, K, ®)|r,.

Proof. Let M =(Q,wt,qf) be a final weight normalized &-wta with
Q= {q1,...,¢n}. We show that [|[M] € Rat(X U Q, K, ®). Note that (|M|,t) =
(IM|1(Q, g5) ,t) for every t € Tx. So

M= (- ((IMI(Q: 47) -@,0: 0) 2.9, 0) ) “@,q,, Ol -

Thus it remains to prove that for every P C @ and ¢ € @, the tree series
IM]| (P,q) € Rat(X U Q, K, ®). To this end, we apply induction on the number
of elements of P. Let P = (). For every k > 0,0 € X, and p1,...,pr € Q, we
define the run r¢ s dom (o (p1,-..,pk)) — Q of M over o (p1,...,p) using

PLsesPryq
0, such that ry (6) = ¢, and 17 (i) = p; for every 1 < i < k. Then we

yesPkyq oo Pkyd
have
0 {rgl’,,,,pk,q} ?ft:a-(plw'wpk),k207062k7p17"'7pk)662
Ry, (t,q) =< {rq} ift=gq

0 otherwise.

Note that (|| M|| (0, q),q) = 0 by definition. Thus supp (||M]| (0,q)) C T (Q) where
Y(Q) ={o@1,---.px) | k>0,0 € Zp,p1,...,pk € Q}, L., [M](D,q) is a poly-
nomial, and hence a ®-rational tree series.

For the induction step, assume that for every ¢ € @ the tree series ||M]| (P, q)
is ®-rational over ¥ U @ and K. Let p € @\ P. Then, by Lemma 5 we get
that M|l (P U {p},q) is ®-rational over ¥ U @ and K which in turn implies that
IM] € Rat(XU Q, K, ®). O

Example 4 (Example 3 continued). We shall construct a ®-rational expression for
the ®-recognizable tree series || M|| of Example 3 on page 417. Consider the next
expressions
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Co=0+a, (; =0+4¢ foreveryi=1,2,3,

G = ( max (0 + s (phpz))) , G = ( max (0+og (phpz))) ;
P1,p2€Q a,® P1,p2€Q 42, ®

(=140 (q2,92,q3), Ca= max (0+ 0 (p1,Pp2,p3)) , and

P1,p2,P3€EQ
(p1,p2,p3)#(q2,92,93)

(5 = max ((maX (€3:64)) g5 0 7qu>
We have that ||M|| equals the restriction on Tx of the semantics of the ®-rational
expression

((((C5 “ga,® Max (C2,Cqy ) *qr,@ max (C1, ng)):;?”@) ‘q1,® Co) “g2,® —OO) “g3,® —00,

where we identify —oo and the constant tree series that takes all trees to —oo.

In the sequel, we establish the inclusion Rat (X, K, ®) C Rec(X, K, ®). For this,
it suffices to show that the class Rec(X, K, ®) contains the tree series la (for every
a € ¥p) and is closed under the ®-rational operations on tree series.

Lemma 6.
(i) (cf. [15], Lm. 6.1) For every a € Xy, the tree series la € Rec(%, K, ®).

(i) (cf. [15], Lm. 6.2) The class Rec(3, K, ®) is closed under ®-top-concatena-
tion.

(iii) (cf. [15], Lm. 6.5) Let S1,S2 € Rec(X, K, ®) and a € ¥g. Then the (a, P)-
concatenation of Sy and S is a ®-recognizable tree series, i.e., So g0 S1 €
Rec(X, K, ®).

() (cf. [15], Lm. 6.7) Let a € £ and S € K ((Tx)) be ®-recognizable. Then
Sy o € Rec(X, K, ®).

Proof. (ili) Let M1=(Q1,wt1,qy,) and Mo=(Q2,wts,qy,) be final weight nor-
malized ®-wta with ||[M;| = Si and ||[Myz|| = S, and let us assume that Q1 N
Q2 = 0. We consider the final weight normalized ®-wta M = (Q,wt, qs,) with

Q= (Q1UQ2)\{gs, }. Forevery k> 0,0 € Sy, q1,...,qk,q € Q we set

Wt((q1,--~7qk)’0'7q)

wty ((q1,---, %) ,0,q) ifqr,...,qx,q € Q1

wty ((q1,---5qx),0,q7,) -wta (a,q) £ k#0, q1,...,q € Q1,and g € Q2
_ ) wta((q1,---,qk),0,9) ifk#0, g, ., qr,q € Qo

wia (UaQ)+wt1(07Qf1)'th(aaQ) iszO,J#a, andquQ

wtl(aaqfl).th(aaQ) ifk:(),a:a, anquQQ

0 otherwise.

Then we can show that |[M]| = Mzl ‘a0 [|M1]]. O
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Theorem 1. (¢f. [15], Thm. 6.8)
(i) Rec(X, K, ®) is closed under the ®-rational operations.
(ii) Rat(Z, K,®) C Rec(X, K, D).

Let Qo be an infinite set such that Q C @ for every finite set Q). We define
the operation lifto : | K ((Tx(Q))) — K {({(Tx (Q))) in the following way.

Q@ finite set

Let @ be a finite set and S € K ((Tx (Q))) . For every t € T (Qs) we let

it (9.0 = { 7 Tl em?

Now, we are ready to state our first main result, namely the Kleene theorem for
®-recognizable tree series.

Theorem 2 (Kleene theorem). (cf. [15], Thm. 7.1)
lifteo (Rec(Z + fin, K, ®)) = lifteo (Rat(X + fin, K, ®)).

Proof. By Theorem 1(ii) we have Rat(X, K, ®) C Rec(X, K, ®). This implies that
Rat(XUQ, K, ®) C Rec(X U Q, K, ®), for every finite set Q. Therefore
Rat(X + fin, K,®) C Rec(X + fin, K, ®) and thus

lifteo (Rat(X + fin, K, ®)) C lifte (Rec(X + fin, K, ®)).

Conversely, let S € lifto, (Rec(X + fin, K, ®)). Then, there is a finite set Q and
S" € Ree(XUQ, K, ®) such that S = lifts (S”). Then, by the proof of Proposition
4, there is another finite set @’ and a rational expression ¢ € Rat-FEzp(X U Q U
Q', K, ®) such that || (|| |1y, = S’ and for every ¢ € Q', we have (||(]|,¢) = 0. Then
lifteo (87) = lifteo (IC]), hence S = li ftuc (|C]) € liftoo (Rat(S + fin, K, ®)). O

5 Weighted MSO-logic with ®-discounting over
finite trees

In this section, we introduce a weighted monadic second-order logic (abbreviated
to weighted MSO-logic) with ®-discounting over finite trees, and characterize the
class Rec(X, K, ®) in terms of this logic. The syntax of our MSO-formulas is the
one used in [18] but here we exclude second-order universal quantifiers since we do
not need them for the description of our automata. For the semantics of our MSO-
formulas, we employ the ®-discounting. Let us first recall some basic terminology
and definitions from [18].

Let V be a finite set of first and second-order variables. A tree t € Ty is
represented by the structure (dom(t)7 edgei, . .., edgegeg(s), (labela)gez) where for
every w,u € dom(t) and j € {1,...,deg(X)}, edge;(w, u) holds true iff u = wj and
labely (w) holds true iff t(w) = . A (t,V)-assignment p is a mapping assigning
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elements of dom(t) to first order variables from V), and subsets of dom(t) to second-
order variables from V. If z is a first order variable and w € dom(t), then we denote
by plz — w] the (¢,V U {x})-assignment which associates w to x and acts as p on
V\ {z}. The notation p[X — I] for a second-order variable X and a set I C dom(¢)
has a similar meaning.

In the rest of the paper, V will denote an arbitrary finite set of first and
second-order variables.

Now, we consider the ranked alphabet Yy, = ¥ x {0,1}Y with rks,, (0, f) =
rks (o) for every o € ¥ and f € {0,1}Y. For every (o, f) € ¥y we denote by (o, f);
and (o, f)2 the symbols o and f, respectively. A tree s € Tx,, is called valid if
for every first order variable x € V), there is exactly one node w of s such that
(s(w)2) (z) = 1. The set of all valid finite trees over ¥y is denoted by 7% . Every
valid tree s € T, corresponds to a pair (t,p) where ¢t € Tx, and p is a (¢,V)-
assignment, in the following way. It holds dom(t) = dom(s) and t(w) = s(w); for
every w € dom(s), and for every first order variable z, second-order variable X,
and every node w € dom(s), we have p(z) = w iff (s(w)2) () =1, and w € p(X)
iff (s(w)2) (X) = 1. Then, we say that s and (¢, p) correspond to each other. In the
following, we identify every valid tree s with its corresponding pair (¢, p).

Corollary 1. The characteristic series 1T§v : Ty, — K 1s ®-recognizable.

Let ¢ be an MSO-formula over trees [36, 37] with Free(y) C V. As usual we
shall write X, for Ypcepy. For every (t,p) € Tx, we let (t,p) = ¢ whenever
(t, p) satisfies ¢ (cf. [26]). The well-known result of Thatcher and Wright [35], and
Doner [10] states that the tree language Ly (p) = {(t,p) € T | (t,p) = ¢} is
recognizable; conversely, for every recognizable tree language L C Ty there exists
an MSO-sentence ¢, such that L = L(p) where L() = Lpree(p)(¢)-

Next we introduce our weighted MSO-logic with ®-discounting over trees. For
this we extend our ®-discounting over > and K to a discounting over ¥y and K.
For simplicity we shall use the same symbol ®. More precisely, for every (o, f) € 3y,
we set D, ) = Dy

Definition 4. The set MSO(X, K) of all formulas of the weighted MSO-logic with
®-discounting over ¥ and K on finite trees is defined to be the smallest set F' such
that

o F contains all atomic formulas k,label,(x),edge;(x,y),x € X and the nega-
tions —label,(x), —edge;(z,y), ~(z € X), and

o if p,p € F, then also Vi, o AN, Fx e, AX .o,V .0 € F,

where k € K, 0 € ¥, 1 < i < deg(X), x,y are first order variables, and X is a
second-order variable.

Next we define the semantics of the formulas in MSO(X, K) as tree series in
K ((Ts,)). As in the word case [16], we employ the ®-discounting only in the
semantics of first order universal quantifications.
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Definition 5. Let ¢ € MSO(X, K) with Free(p) C V. The ®-semantics of ¢ is
a tree series ||¢|,, € K ((Ix,)) defined as follows. Let s € Tx,,. If s is not a
valid tree, then (||¢l,, ,s) = 0. Otherwise, let p be a (t,V)-assignment such that s
and (t,p) correspond to each other. Then, we inductively define (||¢||,,,s) € K as
follows:

- (1]l ,5) = &
- (Mabely ()]l . 5) :{ L if t(p(x)) =

0 otherwise

- ledgestoanly o) = { o o) 2 P!

otherwise
if p(x) e p(X)
(e Xlly <) { otherwzse
(=l 8) = L if ([lelly,,s) =0  provided that ¢ is of the form
- A V’S B 0 Zf (”‘P”V? )* 1 ’ labela(x), edgei(x’y)’ or T GX

- (e velly,s) = (lelly,s) + (Il 5)
- (e A9l s 8) = lelly » 5) - Il 5 8)

SFely) = 2 (Il ssle — w])

wedom(t)

(
(

SUBX el = 5 (Ielvo sIX = 1)
ICdom(t)

(el = T @ (Il - sle =)

wedom(t)

We shall simply write ||| for [|¢[| p.e(,) - If ¢ has no free variables, i.e., if it is
a sentence, then |¢|| € K ({(Tx)) . One should observe that the ®-semantics o],
of every formula ¢ € MSO(X, K) is defined according to a finite set of variables V
containing Free(yp). Actually, this is not an essential restriction as it is announced
in the subsequent proposition.

Proposition 5. (¢f. [11], Prop. 8.3) Let ¢ € MSO(X, K) with Free(p) C V.
Then

(lelly,,s) = (||<PH ’SIF'r’ee(Lp))
for every s € Ty, . Moreover, the tree series ||¢|| is ®-recognizable (resp. a recog-

nizable step function) over X, iff ||¢l|,, is ®-recognizable (resp. a recognizable step
function) over Xy.

Definition 6. (i) A formula ¢ € MSO(X, K) is called restricted if whenever ¢
contains a universal first order quantification V), then |1 is a recognizable
step function.
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(ii) A formula ¢ € MSO(X, K) is called almost existential if whenever ¢ contains
a unwversal first order quantification Yx « 1 and ¥ contains a universal first
order quantification Yy.1)', then v’ is composed from conjunctions of negations
of atomic formulas of the form edge;(z,z"), where 1 < i < deg(X).

We denote by RMSO(X, K) the class of all restricted formulas of MSO(%, K),
and by REMSO(X, K) the class of all restricted existential MSO(X, K )-formulas,
i.e., formulas of the form 3X;...3X,, . ¢ with v € RMSO(X, K) containing no
set quantification. Furthermore, we let AEMSO(X, K) for the class of all almost
existential formulas of MSO(X, K). A tree series S € K ((Tx)) is called RMSO-®-
definable (resp. REMSO-®-definable, AEMSO-®-definable) if there is a sentence
v € RMSO(X,K) (resp. ¢ € REMSO(X,K), p € AEMSO(X, K)) such that S =
Il We let r-Mso(X, K, ®) (resp. er-Mso(3, K, ®), ae-Mso(X, K, ®)) comprise all
RMSO-®-definable (resp. REMSO-®-definable, AEMSO-®-definable) tree series
over ¥ and K.

Our second main result is the following.

Theorem 3. (i) Rec(3, K, ®) =r-Mso(3, K, ®) = er-Mso(%, K, ®).
(1) If K is additively locally finite, then Rec(X%, K, ®) = ae-Mso(Z, K, @).

For the proof, we firstly show by induction on the structure of formulas ¢ that
r-Mso(%, K, ®) C Rec(X, K, ®), and whenever K is additively locally finite, then
ae-Mso(%, K, ®) C Rec(X, K, ®). This is incorporated in the subsequent lemma.

Lemma 7. Let ¢, € MSO(X, K). Then

(i) (cf [18], Lm. 5.2) if ¢ is an atomic formula or the negation of an atomic
formula, then ||¢|| is a recognizable step function,

(it) (cf. [18], Lm. 5.8, and [16], Lm. 13) if |l¢|l, ||¢| are ®-recognizable (resp.
recognizable step functions), then |o V| and || AY|| are ®-recognizable
(resp. recognizable step functions),

(iii) (cf. [18], Lm. 5.4) if ||¢|| is ®-recognizable, then ||3x . ¢l and ||3X .|| are
D-recognizable,

() if K is additively locally finite and ||| is a recognizable step function, then
I3z . || and ||3X . ¢|| are recognizable step functions,

(v) if |||l is a recognizable step function, then ||Vx .| is ®-recognizable, and

(vi) if |||l = 1L, where L C T3 is a recognizable tree language, then ||V . ol| is
a recognizable step function.

Proof. (iv) We follow the proof of Lemma 17 in [16] using our Proposition 2(iii) on
page 421.
(v) Let W = Free(p) U {z} and V = Free(Vz.p) = W\ {z}. By Proposition

5 (in case x ¢ Free(p)) let [¢ll,, = > kjlz,, where k; € K and L; C Ty, = are
j=1
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recognizable tree languages (1 < j < n). Furthermore, we assume that the family
(Lj)1<j<, is a partition of Ty .

Let ¥ = ¥ x {1,...,n} be the ranked alphabet with rks ((0,7)) = rks (0)
for every (o,j) € . Every tree s € T%V can be written as a triple (¢,v, p) where
(t,p) € Ts,, dom(t) = dom(s), and v is a mapping v : dom (s) — {1,...,n}
determined by v (w) = j whenever s (w) = (o, j, f) for some o € X and f € {0,1}".
Conversely, every such triple (¢, v, p) corresponds to a tree s € TE”V. Hence in the
sequel, we write the elements of Tivv in the form (t,v,p). Let L be the set of all
trees (t,v,p) € Tgv such that for every w € dom (t) and 1 < j < n if v (w) = j,

then (¢, p[z — w]) € L;.
Since (L;), <<, is a partition of Ty, for every (¢,p) € Ty, there is a unique

v : dom(t) — {1,...,n} such that (t,v,p) € L. By Lemma 5.5 in [18], we get
that L is recognizable. Let M = (Q, iy, 6, F) be a deterministic bottom-up tree
automaton accepting L. We consider the ®-wta M = (Q,wt, ter) over Yy and K
with weight assignment mapping wt defined for every m > 0, (0,7, f) € (f]v) ,
and q1,...,q¢m,q € @ by "

. ki i 80 (G1ee e qm) =
wt () (o f) o) = { 7 Bl (@) =

otherwise.

The final distribution ter is determined by ter (q) = 1 if ¢ € F, and ter (¢) = 0
otherwise for every ¢ € Q.
Since M is deterministic, for every (t,v,p) € T2 there is at most one run
v

T(t,0,p) Of M over (t,v, p). Moreover, since ‘MV‘ =L we get

11 v (wt (r(t)wp),w)) if (¢t,v,p) € L
(M5t 0, p)) = § wedom((tv.0))
0 otherwise.
Let (t,v,p) € L. For every w € dom (t) with v (w) = j, we have wt (r(t,w)), w) = kj,
and (¢, p[z — w]) € L; which in turn implies that (”‘P”vu{x} ,(tplz — w])) =Fk;.
We consider the relabeling h : Sy — Sy by h((0, 4, f)) = (o, f) for every (0,4, f) €
Yy. Then for every (t,p) € T3,

(R (M) (8 p)) = > (M @0, p)) = (ML (&0, 0))
(t,v,p)€R™1((t,0))
(where (t,v,p) € L)

= JI o0 (wt (rmw))

wedom((t,v,p))

IT @ ((Ielvop tole = w]))) = (0. ¢l ¢ p).
)

wedom(t
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Therefore, ||Va .| = h (]| M||) which by Proposition 1 on page 420 is ®-recogniz-
able. O

Proposition 6.

o r-Mso(X, K,®) C Rec(%, K, D).

o If K is additively locally finite, then ae-Mso(X, K, ®) C Rec(%, K, ).
Proposition 7. Rec(X, K, ®) C er-Mso(3, K, ®) Nae-Mso(X, K, ).

Proof of Theorem 8. It is immediate by Propositions 6 and 7. O

6 Weighted Muller tree automata with
®-discounting

In this section, we investigate weighted Muller tree automata with ®-discounting
acting on infinite trees. The underlying semiring is the max-plus semiring Ry,.x =
(R4 U {—00},sup, +, —00,0), where we consider sup instead of max since we need
to compute over infinite trees. Our results can be applied to the min-plus semi-
ring (R4 U {oo},inf, +,00,0) as well. A weighted Muller tree automaton with
®-discounting computes the weight of a run (of an input infinite tree) by applying
the ®-discounting over Ry,.x. By considering suitable endomorphisms for ®, we do
not require any completeness axioms (for the sum operation) in Ry (cf. [32]).
For a study on weighted Muller automata with ®-discounting over infinite words
cf. [16].

An infinitary tree series S over X and Rpax is a mapping S : Ty) — Rpyax. The
class of all infinitary tree series over ¥ and Ryyax is denoted by Ryax ((1%)). Let S €
Rmax ((T¥)). The image Im(S) of S is the set Im(S) = {k € RyU{—o0} | Tt € TY
with (S,t) = k}. We say that S has bounded image if there is an m € Ry such
that k < m for every k € Im(S). Consider an infinitary tree language L C T¥. The
characteristic series 0r, : Ty) — Rpax of L is defined in a similar way as for finitary
tree languages. Furthermore, for S,T € Rpyax ((T%)) and k € Ryax, the sum, the
scalar product, and the Hadamard product are now written as max(S,T),k + S,
and S + T, respectively, and defined in the obvious way.

Let h : ¥ — I' be a relabeling. Then h is extended to a mapping h : Ty —
T¢ such that dom(h(t)) = dom(t) and h(t)(w) = h(t(w)) for every t € T and
w € dom(t). Moreover, h can be extended to a partial mapping h : Ryax ((T¥)) —
Rmax ((T¥)) in the following way. For every S € Ryax ((T%)) with bounded image,
we define the series h(S) € Ruyax ((T¥)) by (h(S),s) = sup{(S,t) | t € h™1(s)}
for every s € T¥. Furthermore, for every T € Rpax ((T¥)), the series h=1(T) €
Riax ((T%)) is determined by (h=*(T),t) = (T, h(t)) for every t € T.

Let ® = (®y),~, be a discounting over ¥ and Rpax. Recall (cf. [14], and
Example 1 on page 414) that every endomorphism of Ry, is of the form p :
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Rimax — Rpax where p € Ry and © —— p -z for every z € Ry U {—o0} with
the convention that p - (—o0) = (—o00) - p = —oco for every p € Ry U {—o0}. For
our ®-discounting here, we require for every k > 1,0 € X that &, = p: with
0 < p! < 1. Then, we simply write &, = p, = (g, e ,ﬁ) for every k > 1 and
o € Y. Furthermore, for every ¢ € T and every w € dom(t) we write pf, for ®f
where

. [ 1 _ _ ifw=e
Po = Umity iy Py T =i with i, € Nyn > 0.

We let mg = max {pﬁ, |k>1,0 €3, and 1 <i < k:} In the sequel, we shall use
also the concatenation notation for the multiplication in Ry U {—o0}.

Definition 7. A weighted Muller tree automaton with ®-discounting (®-wmta for

short) over ¥ and Ry @s a quadruple M =(Q,in,wt, F), where Q) is the finite

state set, in : Q — Ryay is the initial distribution, wt : |J Q x Xp x QF — Ryax is
k>0

the mapping assigning weights to the transitions of the automaton, and F C P (Q)

is the family of final states sets.

Let t € T¢. A run of M over t is a mapping 7, : dom(t) — Q. The weight of
ry at w € dom (t) is the value

wt (re, w) = wt (ry (W), t(w), (re (W), ... 1 (wrks (¢ (w))))) .

The ®-weight (or simply weight) of 7, which is denoted by weight o4 () (or simply
weight (r¢)), is defined by

ph

T ool wt (Tt7’LU) .
 deg (1)

weightp (1) = in (1 (€)) +
wedom(t

One should observe that in comparison to the finitary case, here we divide every
summand of the infinite sum with a power of deg(3). This is needed to achieve the
convergence of the infinite sum. Indeed, let M =

max{wt(r) |7e UQx Ik x Qk}. Then we have

k>0

¢ \wl
Py
w Tt’ <M Z Z w
wedom(t)deg (Z)l I n>0wedom(t) deg ‘ |
lw|=n
myg 1

<MY deg(R)'—2 5 =M- :
= 2;6 )" G )" 1—me
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Every infinite prefix-closed chain m C dom(t) is called an infinite path of t. The
run 7; is called successful if for every infinite path 7 of ¢, the set of states that
appear infinitely often along 7, constitutes a final state set. We shall denote by
Raq(t) the set of all runs of M over ¢, and by R34°(t) the set of all successful runs
in R./\/l (t)

The ®-behavior (or simply behavior) of M is the infinitary tree series |[M|| €
Rmax ((T¥)) whose coefficients are determined for every ¢ € T¢ by

(IM], £) = sup{(weightr (r1)) | 7+ € RIG(£)}-

Clearly, this supremum exists in Ryyax since the values weightaq(r;) are bounded
by N + M - ﬁ, where N = max{in(q) | ¢ € Q}.

A tree series S € Ryax ((T%)) is said to be (®,w)-recognizable (or ®-Muller
recognizable) if there exists a ®-wmta M over ¥ and Rp,ax such that S = || M]].
The family of all (®,w)-recognizable tree series over ¥ and Ry.x is denoted by
w-Rec(Z, Ryax, ). Clearly, every (®,w)-recognizable tree series S € Rpyax ((T¥))
has bounded image. The next proposition collects closure properties of (®,w)-
recognizable tree series.

Proposition 8. (i) (c¢f. [32], Prop. 8) The class w-Rec(X, Rypax, P) is closed
under sum, scalar product, and Hadamard product.

(i) (cf. [32], Prop. 9) Let h : ¥ — T be a relabeling. Furthermore, for the ®-
discounting over 3 and Ryax we assume that b, = P,r whenever h(c) = h(o’)
for every 0,0’ € X, and k > 1. Let &' = (®},),~, be the discounting over
' and Ry.x determined for every v € Ty (k > 1) by pTY = Po for every
o €3 (k>1)with h(o) = ~. If S € w-Rec(X, Ryax, P), then h(S) € w-
Rec(T, Ruax, ®'). Furthermore, if T € w-Rec(T, Ryax, '), then h=1(T) € w-
Rec(X, Rpax, ).

(i1i) (cf. [32], Prop. 10) Let L C T¢ be an w-recognizable tree language. Then
01, € w-Rec(E, Rypax, P).

An infinitary tree series S € Ryax ((I)) is called an w-recognizable step function

(or Muller recognizable step function) if S = max (kj +0LJ) where k; € Ry U
<j<n

{—o0} and L; is an w-recognizable tree language for every 1 < j < n.

Proposition 9. (i) (¢f. [32], Prop. 11) The class of w-recognizable step func-
tions over 3 and Ry, is closed under sum, scalar product, and Hadamard
product.

(i1) (cf. [32], Prop. 12) Let h : & — T be a relabeling. Then h : Ryax ((TY)) —
Ronax ((T)) and h™' @ Ryax ((T¥)) — Rumax ((TY)) preserve w-recognizable
step functions.
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7 Weighted MSO-logic with ®-discounting over
infinite trees

In this section we deal with weighted MSO-logic with ®-discounting over the semi-
ring Ryax, and we interpret the semantics of weighted MSO-formulas as formal
series over infinite trees. In our logic here, we inlude the atomic formula z = y and
its negation as well as second-order universal quantifiers (cf. [32]).

Every infinite tree t € Ty is represented by the structure (dom(t),edges, ...,
edgeqeg(s); (labels) ,cx). The notions of a (t,V)-assignment and the set Ty,’" of all
valid infinite trees over Xy, are defined as in the case of finite trees. Similarly, every
valid tree s € Ty;" corresponds to a pair (¢,p) where t € Ty and p is a (t,V)-
assignment. The infinitary tree language T is w-recognizable (cf. [32]), and thus
the characteristic series OTS\’;’ € Riyax <<T§V>> is (®,w)-recognizable.

Let ¢ be an MSO-formula [36, 37] over trees. Then for F'ree(y) C V, the well-
known result of Rabin [29] states that the tree language L$)(¢) = {(t,p) € T5))] |
(t,p) E ¢} is w-recognizable; conversely, for every w-recognizable tree language
L C T¥ there exists an MSO-sentence ¢, such that L = £¥(¢), where we simply
write £%(¢p) for L, .., (#)-

Definition 8. The set MSO(X,Ruyax) of all formulas of the weighted MSO-logic
with ®-discounting over ¥ and Ryax on infinite trees is defined to be the smallest
set F' such that

o F contains all atomic formulas k,label, (), edge;(z,y),x = y,x € X and the
negations —label, (x), ~edge; (x,y), ~(x = y), ~(x € X),

o if o, € F, then oV ih,o AN,z ., 3X .o,V .0 € F, and if ¢ does not
contain any constant k € Ry \ {0}, then VX .o € F

where k € Ry U{—o0}, 0 € X, 1 < i < deg(X), z,y are first order variables, and
X s a second-order variable.

Next we define the semantics of the formulas in MSO (Ryax, 2) as infinitary tree
series in Ry ax <<T§’V >> .

Definition 9. Let ¢ € MSO(X,Rpnax) and Free(p) C V. The ®-semantics of
@ is an infinitary tree series ||, € Rpax <<T§’v>> defined as follows. Let s €
Ty,. If s is not a valid tree, then (||¢lly,,s) = —oo. Otherwise, let p be a (t,V)-
assignment such that s and (t,p) correspond to each other. Then, we inductively
define (||||,, , 5) as in Definition 5, where K = Ryax, except for the formulas v =y,
V., and VX .« o where we set

- (e =ylly»9) :{ 0 i o) =oly)

otherwise

SNl = S e (Ielhyugey »sle = ).

wedom(
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- (VX ey )= X (\|<pHVU{X},s[X—>I]).
ICdom(t)

Note that in the above definition of the semantics, the sums and products in
Definition 5 on page 428 are replaced respectively, by suprema and sums in Ry .-
Moreover, in case of VX . ¢ the infinite sum is well-defined, because by definition
the semantics of ¢ takes on only the values 0 and —oo. We shall simply write ||]|
for |l prec(p)- As in the case of finitary tree series we can show the subsequent
result.

Proposition 10. Let ¢ € MSO (X, Ryax) with Free(p) CV. Then

(H@”V 78) = (”(pH 78‘Free(¢))

for every s € T3)". Moreover, the tree series ||¢|| is (®,w)-recognizable (resp.
an w-recognizable step function) over X, iff ||lo|, is (®,w)-recognizable (resp. an
w-recognizable step function) over Ly .

Definition 10. A formula ¢ € MSO(X,Ryax) is called restricted if whenever ¢
contains a universal first order quantification YV .1, then ||¢| is an w-recognizable
step function.

Definition 11. A formula ¢ € MSO(3,Ruyax) is called incomplete universal if
whenever ¢ contains a subformula V.1 such that 1 contains universal quantifiers,
then 1 cannot contain any constant k € Ry \ {0}.

We denote by RMSO(X,Rpax) (resp. IUMSO(X,Rpnax)) the class of all re-
stricted (resp. incomplete universal) formulas of MSO(X,Ryax). A tree series
S € Runax ((T¥)) is called RMSO-®-definable (resp. IUMSO-®-definable) if there is
a sentence ¢ € RMSO(X, Ryax) (resp. ¢ € IUMSO(X, Ryax)) such that S = ||¢||.
We denote by w-r-Mso(3, Ryax, P) (resp. w-iu-Mso(X, Ryax, ®)) the class of all
RMSO-®-definable (resp. ITUMSO-®-definable) infinitary tree series.

The main result of this section is the subsequent Rabin-type theorem.

Theorem 4. w-Rec(X, Ryax, P) = w-r-Mso(X, Rypax, @) = w-iu-Mso(Z, Ryax, D).

First, using induction on the structure of formulas, we state the inclusions
w-r-Ms0(Z, Ripax, ®) C w-Rec(X, Rypax, P) and w-iu-Mso (X, Rpax, ) C
w-Rec(X, Ryax, D).

Lemma 8. Let ¢, € MSO(X,Ryax). Then

(i) (cf- [32], Lm. 22) if ¢ is an atomic formula or the negation of an atomic
formula, then ||¢|| is an w-recognizable step function,

(i) (cf. [32], Lm. 23) if |||, |9 are (®,w)-recognizable (resp. w-recognizable
step functions), then || V| and |jo A Y| are (D,w)-recognizable (resp. w-
recognizable step functions),
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(iwi) (cf. [32], Lm. 24) if |¢ll is (P,w)-recognizable (resp. an w-recognizable
step function), then |3z .|| and ||3X .|| are (®,w)-recognizable (resp. w-
recognizable step functions),

(i) (cf. [32], Lm. 25) if ||¢|| is an w-recognizable step function, then ||Vzx .|| is
(P, w)-recognizable, and

(v) (cf. [32], Lm. 26) if |l¢|| = Or where the tree language L C TZ“’:) is w-
recognizable, then ||VX .|| is an w-recognizable step function.

Therefore, we get
Proposition 11.
o w-r-Mso(X, Ryax, ®) C w-Rec(X, Ripax, D).
o w-iu-Mso(X, Ryax, P) C w-Rec(X, Ripax, D).
Conversely, following the proof of Proposition 29 in [32] we state
Proposition 12.
w-Ree(Z, Riax, @) C w-r-Mso(Z, Ryax, ®) Nw-iu-Mso(2, Ryax, P).

Proof of Theorem 4. It is immediate by Propositions 11 and 12. O
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