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Abstract: KLEENE’s theorem on the equivalence of recognizability and ratio-
nality for formal tree series over distributive multioperator monoids is proved.
As a consequence of this, KLEENE’s theorem for weighted tree automata over
arbitrary, i.e., not necessarily commutative, semirings is derived.

1 Introduction

KLEENE’s theorem on the equivalence of recognizability and rationality of languages [14]
has been extended to various discrete structures such as, e.g., trees [25], trace monoids [21],
and pictures [13]. This equivalence (or a slight modification of it) has also been proved for
the weighted counterparts where the weights are taken from some semiring, i.e., for formal
power series in non-commuting variables [24], formal power series of trees [2, 15, 10, 23, 22,
7], formal power series in partially commuting variables |6], and picture series [19, 20, 4].

Here we focus our attention on formal power series of trees, for short: tree series. These
are mappings from the set Ty, of trees over some ranked alphabet 3 to some monoid A of
which the elements are called weights. Given a semiring K, the concept of a weighted tree
automaton (for short: wta) over K can be defined. A wta over K recognizes a tree series
over the additive monoid of K. The various versions of KLEENE’s result for tree series
differ in the classes of semirings over which recognizability and rationality are defined.
In [2, 15] the equivalence between recognizability and rationality is proved for semirings
that are commutative, complete, and continuous; the latter two properties are needed in
order to solve systems of equations. This result is generalized in [23, 22, 7] in the sense that
completeness and continuity can be dropped from the list of restrictions on the semiring;
however, commutativity remains as requirement. It is needed in the proof of the fact that
the class of recognizable tree series is closed under concatenation (cf. Lemma 6.5 of [7]).

In this paper we will prove KLEENE’s result for tree series which are recognized by wta over
distributive multioperator monoids (cf. Theorem 8.3). As a consequence of this, we can
prove KLEENE’s result for wta over arbitrary (i.e., not necessarily commutative) semirings

(cf. Theorem 8.10).
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Now let us briefly recall the concept of a wta over multioperator monoids from [17]. A
multioperator monoid (for short: M-monoid) is an algebraic structure A = (A4, ®,0,)
where (A, @, 0) is a commutative monoid and 2 is a set of operations on A. It is distributive
if every operation of 2 distributes over @& and has 0 as annihilator. In a wta M over some
M-monoid every transition is associated with an operation of 2. Moreover, if the transition
is made at a k-ary input symbol, then the associated operation has arity k. Then, given
an input tree ¢ and a run r on ¢, i.e., a choice of some transition at every node of ¢,
the operations which are associated to transitions occurring in r, are composed according
to the structure of ¢. Eventually, M computes for every run r on ¢ a value in A (and
not an operation), because the leaves of ¢ are associated with nullary operations. This
value is called the weight of r. If there is more than one run on ¢, then the weights of
the runs are summed up by @ to obtain the weight of ¢, which is denoted by (S(M),1).
In this way M recognizes a tree series S(M) such that, for every ¢ € Ty, the value of
S(M) for t is (S(M),t). In [17], wta over a distributive M-monoid A, called A-wta, are
investigated. The origin of this automaton concept goes back to [2, 15| where it is required
that the operations in ) are multilinear mappings. That means, besides distributivity, it
is required that factors can be pulled out of their arguments. Under this requirement, wta
over M-monoids are equivalent to wta over commutative semirings (cf. Theorem 8.6 of [12]).
In [17] this requirement is dropped, i.e., for distributive M-monoids it is not required that
factors can be pulled out of arguments of operations.

It turns out that wta over M-monoids as investigated in [17] are not sufficiently general to
prove KLEENE’s result. To obtain such a result, we have to add variables which may label
leaves in the input trees. Every variable is associated with a unary operation, and thus,
variables are handled differently from nullary symbols of the input ranked alphabet. As a
consequence, such a wta M recognizes a so called uniform tree valuation (again denoted by
S(M)), i.e., it maps a given input tree ¢ to an operation on A (again denoted by (S(M),t))
of which the arity is equal to the number of occurrences of variables in ¢. In fact, we will first
prove KLEENE’s result for wta with variables over M-monoids (cf. Theorem 8.2). Therefore
we will consider recognizability and rationality of uniform tree valuations instead of tree
series.

In order to understand the use of commutativity in [7] and to explain why it can be avoided
in the general framework of wta with variables over M-monoids, let us first recall briefly
the way in which a wta M over some semiring K = (K,®,®,0,1) computes a weight
(S(M),t) € K for a given input tree t. With every transition of M a weight in K is
associated. Then the weight of a run on ¢ is simply the ®-product of the weights of the
chosen transitions. Clearly, if K is not commutative, then we have to prescribe an order
on the factors of this product; let us call this order for the time being the product order.
Finally, if there is more than just one run on ¢, then (S(M ), t) is the @-sum of the weights of
all the possible runs on t. Now, assume that there are two recognizable tree series S; and S
(recognized by wta M7 and Ms, respectively) and a nullary input symbol «; then, roughly
speaking, the a-concatenation of S; and Sy is the tree series .S such that for every tree ¢,
the weight (.5, %) is the sum of the products (S1,$) ® (S2,%1) @« - ® (So, t) where the sum
ranges over all the tuples (s, t1,...,%;) such that ¢ is obtained by substituting in s for the
ith occurrence of « the tree ¢;. Now it becomes clear that there is no product order which
can be used by M; and Ms and by the wta that recognizes S: every such product order
can be corrupted. And this is the reason why commutativity is assumed in [7].

In wta with variables over M-monoids the problem with the product order disappears. In
fact, the concatenation of S; and So now takes place at a variable z and not at some
nullary input symbol «; moreover, S; and Sy are uniform tree valuations. Then, the z-
concatenation of S; and Sy is the uniform tree valuation S such that (S,¢) is the sum



of all operations (Si,s) o ((S2,t1),...,(S2,tx)) where the sum is taken over all tuples
(8,1, ..,t) defined as above (since the sum now operates on operations, this has to be
defined appropriately). Moreover, o is the composition of operations according to the
occurrences of z in s (cf. Definition 5.1).

There is one more technical problem that we want to recall from [25]. If a tree automaton M
is analyzed, then the corresponding rational expression has to use the states of M as
extra symbols, viz. as concatenation points. Basically this necessity appears because tree
concatenation replaces leaves of trees. This does not cause any problem, because for a tree
language L C T, which is accepted by an automaton M, also L C T5(Q) holds (where Q is
the set of states of M, and Tx(Q) is the set of trees over 3 of which the leaves may also be
labeled by elements taken from @), and the rational expression 7 is constructed such that
it uses symbols from @ but its semantics [1] is equal to L, i.e., disregards trees that contain
symbols of ). Clearly, the same need for extra concatenation symbols occurs in the case
of wta, both, over semirings and M-monoids. Here however, the tree series S(M) which is
recognized by M, is a mapping of type Ts; — A (i.e., a set of pairs from T x A) whereas
the semantics [n] of the corresponding rational expression has the type Tx(Q) — A, and
[n] maps trees in Tx(Q) \ Tx to 0; thus S(M) C [n] (in this sense Theorem 5.2 of [7]| and,
in particular, Equation () in the proof of that theorem contains a flaw). Of course, there
is an easy way out: we simply lift the type of S(M) such that liftg(S(M)): Tx(Q) — A
where every tree in Tx(Q) \ T is mapped to 0. Then we have liftg(S(M)) = [n]. We
will formally define this lifting in Section 8 and obtain as our main result for wta over
some distributive M-monoid A the following KLEENE theorems (where A has to fulfill mild
closure properties):

e for wta with variables (cf. Theorem 8.2):

lift(Rec(E, fin, A)) = lift(Rat(Z, fin, A)),

e and for wta without variables (cf. Theorem 8.3):

Rec(Z, 0, A) = Rat(X, fin, A) |T27

where, as in [10, 7], we define Rec(X,fin, A) = Uy fnite set R€C(E, Z, A) and similarly for
Rat(3, fin, A); the expression Rec(3, Z, A) (and Rat(X, Z, A)) denotes the class of all rec-
ognizable (respectively, rational) uniform tree valuations over X, Z, and A. Moreover, as
usual, for a class ® of functions, ®|¢ is the class of restrictions f|o for f € ®.

Finally, by simulating the semiring K by an appropriate distributive M-monoid D(K) and
by applying Theorem 8.3, we obtain the following KLEENE result for wta over an arbitrary
semiring K (cf. Theorem 8.10):

Recsr(EaK) = Rat(za fin, Q(K))‘TE

where Recg (3, K) denotes the class of all tree series that are recognizable over K. Thus,
in particular, we can express a tree series that is recognized by a wta over a semiring K, by
a rational expression over the distributive M-monoid D(K). We will also show that, when
restricted to a commutative semiring K, our rational expressions over D(K) naturally
correspond to the rational expressions of [7]. In this way, we reprove the KLEENE theorem
of [7].

The proof of KLEENE’s theorem for wta with variables over distributive M-monoids follows
the usual main line as taken, e.g., in |25, 7]. However, the technical framework of the present
paper is more involved, because we now have to deal with uniform tree valuations rather



than tree series. In particular, the proof employs normal form results which, in their turn,
require that the set Q of operations of the M-monoid is appropriately closed.

In Section 2 we recall the notions of operations, trees, (l-algebras, monoids, semirings,
M-monoids, and tree series. In Section 3 we introduce wta with variables over M-monoids.
In particular, we define the concept of a uniform tree valuation and some useful operations
on uniform tree valuations. For wta we define a run semantics and an inductive semantics
and prove that they are equivalent if the M-monoid is distributive. In Section 4 we prove
normal forms for wta that concern uniqueness of particular states. In Section 5 we intro-
duce rational operations over M-monoids. In Section 6 we analyze a wta and construct
a corresponding rational expression; here we use the notion of a decomposition of a run.
And in Section 7 we synthesize wta from rational expressions; there we use the closure of
the class of recognizable uniform tree valuations under relabelings. In Section 8 we present
the KLEENE result for wta with variables over M-monoids, and we apply this result to the
case of semirings and obtain KLEENE’s result for arbitrary semirings.

2 Preliminaries

2.1 Sets, mappings, and operations

For a set A we denote by P(A) the power set of A and by A* the set of strings over A.
The symbol & denotes the empty string. We denote the set of nonnegative integers by N,
and for k € N, we denote the set {1,...,k} by [k]. Thus [0] = 0.

We use the lezicographic ordering on N* and write v <jex w whenever v is smaller than w
with respect to the usual lexicographic ordering on sequences of natural numbers. We
extend this relation to nonempty sets U,V C N* by defining U <jex V if u <jex v for every
u € U and v € V. Note that <jex is does not yield a partial order on P(N*) \ {0}.

Let f: A — B be a function and ¢ C A. The restriction of f to C is the map-
ping flc: C — B that is defined for every ¢ € C by flc(c) = f(c¢). For a class
® C{f|f: A— B} of functions we extend the restriction by ®|c = {f|c | [ € ®}.

Let A be nonempty. For every k > 0, we denote the set of all k-ary operations over A and
the set of all operations over A by Ops*(A4) and Ops(A), respectively. For Q C Ops(A) we
let Q) = QN Ops¥(A). For w € Ops®(A4) and C C A, we abbreviate w|o: by w|c and we
lift up this abbreviation to sets of mappings, i.e., we set Q¢ = {w|¢ | w € Q}. As usual
we identify every nullary operation f: A® — A over A with the element f() € A. Thus
we do not distinguish between Ops’(A) and A. Moreover, we denote by id4 the identity
function over A, which is defined by id4(a) = a for every a € A.

2.2 Ranked alphabets and trees

A ranked set is a pair (,rk) where Q is a set and rk: © — N (called rank function).
Usually we denote the ranked set simply by €. For every £ > 0 we denote the set
{w e Q| rk(w) = k} by Q¥ In the rest of the paper we assume that Q0 # @ for
every ranked set ) that we consider. Given two ranked sets (Q, k) and (€', rk’) such that
QNQ =0 we write QU Q' to denote the ranked set (Q U Q',rk”) where rk”(w) = rk(w)
for every w € Q and rk”(w') = 1k’ (') for every w’ € . A ranked set (X, k) with ¥ finite
is called a ranked alphabet.

Let 3 be a ranked alphabet and H an arbitrary set. The set of ¥ H -trees, denoted by Tx(H),
is defined as usual inductively as the set of well-formed expressions over > which may have



elements of H as leaf labels. If H = (), then we write T%, rather than Tx(H).

We define the set of positions in a tree by means of the mapping pos: Tx(H) — P(N*),
which is inductively defined as follows: (i) if + € () U H, then pos(t) = {e}, and
(ii) if t = o(ty,...,tx) for some o € BF k > 1, and ty,...,t; € Ts(H), then
pos(t) = {e} U {iw | i € [k],w € pos(t;)}. We write ht(¢) for max{|w| | w € pos(t)}
and call it the height of t. The size of ¢ is the cardinality of pos(t).

For every tree t € Tx,(H) and each of its positions w € pos(t), we define the label of t
at w, the subtree of t at w, and the replacement in t at w by a tree s, denoted by t(w), t|y,
and t[w <« s], respectively, by induction as follows:

o if t € 2O UH (and thus w =€), then t(¢) = t|. = ¢ and t[¢ + s] = s; and
o if t =o(ty,...,1t) for some o € £ with k > 1 and ¢1,...,t, € Tx(H), then

— t(e) = o0 and t|; =t and t[e < s] = s; and
— t(w) = t;(v) and |y = ti]y and tfw « s] = o(t1,. .., i1, Li[v < s],tig1, ..., 1k)
whenever w = v for some 1 <14 < k and v € pos(t;).

We abbreviate several replacements t{fw; < si][wz < s2]---[w, < sp] in incomparable
(with respect to the prefix-order) positions wy, ..., wy, of t to tfwy < s1,...,w, + sp].

Let V.C ¥ UH. The set {w € pos(t) | t(w) € V} of all positions of ¢ that are labelled
with an element of V' is denoted by posy-(t). The cardinality of the set posy-(¢) is denoted
by |t|v. We write pos,(t) and [¢], if V = {v}.

Let « € H and r = [t|,. Moreover, let s1,...,8, € T (H). Define t[a « (s1,...,8.)] =
tlwy < s1,...,wy < 8] where {wq,...,w,} = pos,(t) and wy <pex -+ <lex Wy-

For a finite set Q, we write (3, Q) for ¥ x Q and define the ranked alphabet ({3, Q), rk')
by letting rk’({(c,q)) = rk(o) for every 0 € ¥ and ¢ € Q. We define the two projection
mappings m: (3, Q) — X and my: (X, Q) — @ in the obvious way. We will also use these
notations and projections for an arbitrary set H instead of the ranked alphabet 3. We ex-
tend 71 to a mapping m1: T(x,q)((H, Q) — Tx(H) such that, for every t € Ti5; oy((H, Q)),
the tree mi(t) is the X H-tree obtained from ¢ by dropping ¢ at every node of the form
(0,q) or {h,q) with 0 € ¥ and h € H.

2.3 (-algebras, monoids, semirings, and M-monoids

Let Q be a ranked set. An Q-algebra (A,Q4) consists of a nonempty set A and a family
Qp=(wa:A™ = A|m>0,we Q™)

of operations on A. If the meaning is clear from the context, then we do not make a
distinction between w and w4 and simply drop A from w4. Also we identify the ranked set
Q with the family Q4. If Q is the finite set {f1,..., fx}, then we also denote the {2-algebra

by (Avfla-“afk)'

A monoid is an algebra (A, ®,1) where ® is a binary, associative operation over A and
1 is the neutral element with respect to ®. A monoid is commutative if ® is commutative.

A semiring is an algebra K = (K,®,®,0,1) where (K, ®,0) is a commutative monoid
(called the underlying additive monoid), (K, ®, 1) is a monoid (called the underlying mul-

tiplicative monoid), and the distributivity laws (d1-SR) and (d2-SR) and the absorption
law (a-SR) hold, i.e., for every a,b,c € K:

a®b®c)=(a®b)®(adc) (d1-SR)



(a®b)Oc=(a@c)®(bO¢) (d2-SR)
a®0=00a=0. (a-SR)

A semiring is commutative if the underlying multiplicative monoid is commutative. We
adopt the convention that ® has a higher binding priority than ¢ and drop the parentheses
around products.

Let (A,®,0) be a commutative monoid. For every k > 0, we define the operation
0k: Ak — A by 0%(ay,...,a;) = 0 for every ay,...,ar € A. Moreover, let w: A¥ — Abea
k-ary operation on A. We say that w is distributive (with respect to (A, @, 0)) if for every
a,...,a; € A, 1 <4<k, and a,a’ € A, the distributivity law (d-M) and the absorption
law (a-M) hold, i.e.,

w(a’h ey Gi—1,0 D al;ai+17 cee 7a’k‘)
=w(@,...,0; 1,0,041,-..,05) O wlay,...,a; 1,a a;11,...,a;) (d-M)
0=w(ay,...,a;-1,0,ai41,...,a%). (a-M)

A multioperator monoid (shortly, M-monoid) is an algebra A = (A, ®,0,), where

- (A,®,0) is a commutative monoid (called the underlying monoid),
- (A,9Q) is an Q-algebra, and

- idyg € QM) and 0% € Q) for every k > 0 (note that this condition slightly restricts
the general notion but simplifies the following development).

An M-monoid A is distributive if for every w € Q the operation is distributive (with respect
to (A4, ®,0)). Clearly, 0% and id 4 are distributive for every k > 0. We call a distributive M-
monoid a DM-monoid. We note that in [10] and [17] a DM-monoid A is called distributive
Q-algebra. Also we note that in [5] a distributive M-monoid with an idempotent addition
is called distributive £2-magma.

2.4 Tree series

Let A = (A4,®,0) be a commutative monoid and ¥ a ranked alphabet. A tree series
(over ¥ and A) is a mapping ¢: T — A. For every ¢ € Tk, the element ¢(t) € A is called
the coefficient of ¢, and it is denoted by (¢, t). If there exists an a € A such that for every
t € Tx, we have (¢,t) = a, then @ is a constant and also denoted by a. The set of all tree
series over ¥ and A is denoted by A{(T%)).

The support of a tree series ¢ € A({(Tx)) is the set supp(p) = {t € Tx | (¢,t) # 0}.
Moreover, ¢ is called a monomial if supp(¢) is empty or a singleton. A monomial ¢ is
denoted by a.t if (¢,t) = a and (p, s) = 0 for every tree s # t.

In fact, (A{(T%)), @, 0) is a commutative monoid where, for every tree series ¢, € A{Tx))
and t € Ty, we define (¢ @ ¥,t) = (¢,t) ® (¢,t). Let I be an index set and
(p; € A(Tx)) | i € I) a family of tree series. The family is locally finite if for every t € Ty,
the set Igupp(t) = {¢ € I | t € supp(yp;)} is finite. Now, if the family of tree series is locally
finite, then we can define the sum @, ; @i € A(Tx)) by (Dic; vi):t) = @z‘elsupp(t)(‘»"ivt)
for every t € Tx. It is easy to see that, for every tree series ¢ € A{Tx)), the equation
¢ = @yer, (p,1). holds, because the family ((p,2).t | ¢ € Tx) of monomials is locally
finite.



3 Weighted tree automata over M-monoids

In this section we define the concept of weighted tree automata with variables over some
M-monoid. As already indicated in the Introduction, such an automaton M recognizes
a mapping S(M) of the type T5(Z) — Ops(A) where Z is the finite set of variables
used by M, and A is the carrier set of the M-monoid of M. Moreover, for every input
tree t € Tx(Z) the arity of S(M)(t) is equal to the number of occurrences of variables in ¢.
We will call a mapping with this property a uniform tree valuation and we denote the set
of all uniform tree valuations over ¥, Z, and A by Uvals(X, Z, A). In the next subsection
we will formally define the concept of a uniform tree valuation and some useful operations
on Ops(A4).

Throughout this paper, let ¥ be a ranked alphabet, Z a finite set (of variables), and
A= (A,8,0,Q) an M-monoid. We abbreviate id4 to simply id.

3.1 Uniform tree valuations

Uniform tree valuations are a slight generalization of tree series. In fact, if Z = (), then
Uvals(X, Z, A) = A{(Tx)). For this reason we will henceforth use the notation introduced
for tree series in Section 2.4 also for uniform tree valuations. So, let 1 € Uvals(3, Z, A).
We write (,t) instead of 4(¢). Moreover, we use 0 to denote the uniform tree valuation
with (0,%) = 0tz for every ¢ € Ty(Z). When speaking about a uniform tree valua-
tion 1), the arity of (¢,t) is fixed for every ¢ € Tx(Z). Thus, we will write (¢,t) = 0
when formally we mean (¢,t) = 0l1Z2. The support of 1 is defined to be the set
supp(¢) = {t € Ts(Z) | (1,t) # 0}. Finally, given ¢ € T5(Z) and w € Opsl'Z(A) we
write w.t for the uniform tree valuation such that (w.t,t) = w and (w.t,s) = 0 for every
s € Tx(Z) with s # t. Such a uniform tree valuation is also called a monomial. For the
summation of two uniform tree valuations, we first need a summation of operations. We
return to uniform tree valuations at the end of this section.

We proceed by considering two partial operations on Ops(A), which can, in particular, be
used to construct uniform tree valuations. In addition, we state some simple properties of
those operations.

Definition 3.1. Let &k > 0.

o Let wi,wy € Opsk(A). The sum of w1 and we is the k-ary operation wy ® wy that is
defined, for every @ € A*, by (w1 @ wy)(a@) = w1(@) & wa(@).

e Let w € Ops®(A) and wj € Ops'i (A) with l[; > 0forevery 1 < j < k. The composition

of w with (w1, ...,wg) is the (I; +- - -+ )-ary operation w(ws,...,wy) that is defined
by

—

(w(wl, .. ,wk))(a_i, cooyar) = w(wi(al), ..., wi(dr))
for every dj € Al with 1 < j <k.
By the above definitions, (Ops*(A), ®, 0F) is a commutative monoid for every k > 0, which

for k = 0 is isomorphic to the monoid (A, ®,0). Next, let us observe left-distributivity,
right-distributivity, and associativity of composition.

Observation 3.2. Let k > 0 and w,w’ € Opsk(A). Moreover, for every 1 < j < k let
l; >0 and w; € Ops(A). Then

(W W) (wi,. .. ,wg) = w(wy,...,w) Ow(wiy...,w).

Moreover, 0% (wy, ..., wg) = 0L+,



Observation 3.3. Let £ > 0 and w € Ops¥(A4) be distributive. Moreover, for every
1<j<kletl; >0andw; € Opslf(A). Finally, let 1 <7 < k and v,V € Opsi (A). Then

!
wwi, Wi 1, VOV, Wit 1, -, W)
_ '
= w(wl,. ey Wi, Y Wity . ,wk) @w(wl, e Wi,V Wity - - .,wk).
Moreover, 01+ = w(wy, ..., wi1,0% wiyq,...,wE).

Observation 3.4. Let £ > 0, w € Ops¥(A), and let I; > 0, w; € Opsli(A) for every
1 <j <k. Finally, let w;; € Ops(A) for every 1 < j <k and 1 <i <l;. Then

w(wl, PN ,wk))(le,. N AR Y PR ,wkilk)

= w(wl(wm, . 7w1:l1)’ . ,wk(wkyl,. . -awk,lk))-

Let us return to uniform tree valuations and define the sum of two uniform tree valuations
P1,9 € Uvals(X, Z, A). The sum of 11 and 1y is the uniform tree valuation that we
denote by 11 @" 1)9 and define by (1)1 @™ 1po, t) = (¢1,t) @ (1h9,1) for every t € Tx(Z). In
fact, this summation will be one of the rational operations.

We note that (Uvals(Z, Z, A), ®",0) is a commutative monoid; for Z = 0 it is the com-
mutative monoid (A{(Tx)),®,0). Let I be an index set and (¢; € Uvals(X, Z, A) | i € I)
a family of uniform tree valuations. The family is locally finite if for every ¢ € Tx(Z),
the set Isypp(t) = {¢ € I | t € supp(¢;)} is finite. Now, if the family of uniform tree
valuations is locally finite, then we can define the sum @ ;v¢; € Uvals(X,Z,A) by
(Bic; i), 1) = @igs“pp(t)(z/)i,t) for every t € Tx(Z). It is easy to see that, for ev-
ery uniform tree valuation ¢ € Uvals(3, Z, A), the equation ¢ = GB%ETE(Z) (1, 1).t holds,
because the family ((1,t).t | t € Tx(Z)) of monomials is locally finite.

3.2 The automaton model

As mentioned in the Introduction, the weighted tree automaton model of [17] processes
trees of Tx. We will now extend this model to one that is able to process trees of Tx.(Z). In
the theory of unweighted tree automata this is usually achieved by stating that T5(7) is es-
sentially Txz where all the elements of Z are treated as nullary symbols. For our purposes
the variables are special. They act as nullary symbols for all purposes of constructing trees,
but they are assigned a unary operation (i.e., one of Q(l)) by the automaton because in
our intention they are placeholders. While a tree replaces the variable it is substituted for,
the weight of the tree to be substituted is processed by the unary operation associated to
the variable. Often this operation will be the identity operation, which would correspond
to a replacement.

Let us define the syntax of our extended model first. Basically, we introduce a new com-
ponent that will handle variables. In the absence of variables this component becomes
meaningless.

Definition 3.5. A  weighted tree automaton with wvariables is a tuple
M = (Q,E,Z,A,F,M,V) where

e () is a finite, nonempty set of states,
e > is a ranked alphabet of input symbols,

e Z is a finite set of variables,



A= (A,8,0,9) is an M-monoid,

F e (QM)Q is a final distribution function,

= (pp: 20 — (Q(k))QkXQ | £ > 0) is a family of transition mappings, where we
view QF as the set of strings over @ of length k, and

o v: Z — (QU)9 is a variable assignment.

Such an automaton M is said to be over ¥, Z, and A. In order to save parentheses, we
will write pr(0)g,..qu.9» £y, and v(z), rather than pg(o)(qi...qx,q), F(q), and v(z)(q),
respectively. We commonly call F; the g-entry of F' and use the same terminology also
with p and v. In the sequel, we will abbreviate ‘weighted tree automaton with variables’
by wta (and we use that also for the plural). Since the arity of an entry in ug(o) with
k>0 and o € ) is fixed to k, for every ¢, qi,...,qx € Q we will write () gr.qug =0
when we mean that pi(0)g..q. = 0%. We apply analogous conventions also to F and v.
Moreover, we will say that there exists a o-transition (in M) from q; ... g; into g, whenever
1ie(0)gr...qn.g 7 0. Analogously, we will say that there exists a z-transition into ¢ whenever
v(z)q # 0, and that v(z)4 is the weight of the z-transition into g.

We will introduce both a run semantics and an inductive semantics for wta. Our reference
semantics will be the run semantics but we will resort to the inductive semantics in several
proofs. We show that if the underlying M-monoid of a wta M is distributive, then there
is no difference between the run semantics and the inductive semantics of M. Let us start
with the run semantics.

For the rest of this section, M = (Q, 3, Z, A, F, i, v) stands for an arbitrary wta.

Definition 3.6. Let t € Tx(Z), X C Z, P C Q, and q € Q.

The set Ry of all runs of M is the set Ty oy((Z, Q))-

The set R)Ai,’P of all runs of M that use only states from P at symbols of X and at
variables in Z \ X (for short: using P outside X ) is

{r € Ry | Yw € pos(r) \ {e}: r(w) € (SUZ\ X,P)U(X,Q)} .

(Note that the root of r is not restricted.)

The set R)]\i,’P(t) of all runs of M on t using P outside X is {r € R)]\(jp | T (r) = t}.

e The set R)]\Z’P(t,q) of all q-runs of M on t wusing P outside X is
{re Ry (1) | m(r(e) = g}.

If X =Z or P=Q, then we drop the corresponding superscript(s) from R)A(J’P, R)Ai,’P(t),

and R)A;P(t, q). We note that the two parameters X and P provide the flexibility that is
needed in Sections 6 and 7. Using these notions of runs, we now define a semantics based
on runs for wta.

Definition 3.7.

e The weight mapping cpr: Ry — Ops(A) is defined by induction as follows. For every
z € Z and g € Q we define ey ({2, q)) = v(2)q, and for every k > 0, 0 € »k) qeq,
and rq,...,7rx € Ry we define

({0, @) (r1s ooy mk)) = pk(0)gr.gpa(car(r1), - oo enr(T),



where g; = ma(r;(e)) for every 1 <4 < k and pp(0)g,..quqlcrr(r1), ..., ear(ry)) is a
composition of operations, as defined in Definition 3.1. Note that for every ¢t € T%(2)
and 7 € Ry (t) we have ep(r) € Opsltlz(4).

e Let ¢ € () be a state. The uniform tree valuation recognized by M in state q is the
mapping S(M),: Tx(Z) — Ops(A), which is defined for every ¢ € Tx;(Z) by

(S(M)g.t) = P cm(r).

reRy (t,q)

e Finally, the wuniform tree waluation recognized by M is the mapping
S(M): Ts(Z) — Ops(A) defined for every t € Tx(Z) by

(S(M), 1) = €D Fy((S(M)q, 1))

qeqQ

Thus S(M), and S(M) are uniform tree valuations.

Definition 3.8. Let ¢ € Uvals(X, Z, A). We say that ¢ is recognizable, if there exists
a wta M over X, Z, and A such that S(M) = 1. The class of all recognizable uniform
tree valuations of Uvals(3, Z, A) is denoted by Rec(X, Z, A). Furthermore, we abbreviate
UZ finite set Rec(27 Z7 A) by Rec(zv ﬁn7 A)

Now we relate our wta model to the wta model of [17|. In fact, we show that our wta
with Z = () is semantically equivalent with the wta of [17] if the underlying M-monoid is
distributive.

Observation 3.9. If A is distributive, then (S(M),t) = D, cp,, ) Fr(r(e)) (car(r)) for
every t € Tx(Z).

Proof. We observe that (S(M),t) = @,cq Fo@,epy, (g cm(r)) by Definition 3.7. Due
to Observation 3.3 (with w = Fy) the latter equals @ycq DBrer,, 1) Falenm(r)). Clearly,
this is the desired result. O

Next let us give three examples of wta over M-monoids in order to illustrate the power of
this concept and to show several M-monoids and DM-monoids.

Example 3.10. Let X be a ranked alphabet. The simple function ht : Ty, — N can be
computed by wta over M-monoids as follows. Let M = (Q, %, 0, A, F, i, v) be a wta where
Q=1{q}, A= (N,—,—, Q) with {7 | 0 € X} U {id} C Q and for every k > 0, o0 € Xk},
and ny,...,n; € N, we define o(ny,...,n;) = 1 + max{ni,...,ng}; in fact, the addition
and the 0 of A are irrelevant. Moreover, Fy; = id and for every £k > 0 and o € 2k) | et
pi(0)q...q.q0 = 0. We observe that M is deterministic. Clearly S(M) = ht.

Example 3.11. Next let us construct a wta M which takes any tree t € T (Z) with
¥ = {0®, o9 and Z = {z} and, provided that ¢ contains exactly one occurrence of z
and this labels the leaf on the zig-zag-path through ¢, S(M) maps ¢ to a unary language
function f, such that f(L) = {w}[z < L] where w has the form of the zig-zag-path
through ¢, and the deleted subtrees are represented by certain a-strings. For instance: for
arbitrary trees £1,%o,t5 € T,

(S(M)’ a(a(t, U(z7t2))7t3)) =Az.12a™ 1z a™ o™

where n; is the size of ¢; for every i € {1,2,3}. Then Az.12a™ 1z a™ o™ is a unary
language function of type P(A*) — P(A*) which takes any language L C A* as argument
and delivers the language {12a™ 1w a™ o™ | w € L} as result. For this, we construct
the wta M = (Q, %, Z, A, F, u,v) where:
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e () = {e,0,x} where e and o abbreviate even and odd, respectively, for counting
modulo 2, and % is needed to accumulate the a-strings.

o A= (P(A*),U,0,9Q) where A = {1,2,a} and

Q = {one®? two?, alphal? alphal” null®} U {id} U {0* | k > 0}

where for every Ly, Ly € P(A*) we define
one(Lq,Lo) ={1}-Ly- Lo alphay() = {a}
two(Ly, L) = {2} - Ly - Lo null() = {e}
alphay (L1, Lo) = {a} - Ly - Lo.
Note that A is in fact a DM-monoid.
e I, =idand F, = F, = .
e The transition mappings are given by
12(0) ox,e = OnE po(a)e e = null 12(0 )ik« = alphay
12(0) se,0 = two po()e,o = null po(a)e = alphag
and every other entry in uy(o) is mapped to 0.
e v(2)e = v(2), = id and v(2)x = 0.

Now consider again the tree t = o(o(t1,0(z,t2)),t3) and the run

r = (0,€)({0,0)(t1, (7, €) ({2, 0), 13)), t3)

in Ry (t, e) where for every i € {1, 2,3} the tree ¢} is obtained from ¢; by adding the state x
to every node symbol. It should be clear that car(t;) = {a™} where n; is the size of ;.
Then

ey (r) = one(two({a™ }, one(id, {a™?})), {a"})

Then, e.g., the subexpression one(id, {a"2}) evaluates to the unary language function g
such that for every language L we have:

g(L) = one(id(L), {a"?*}) = one(L, {a?*}) = {1lwa™? | w € L}.

Thus ¢pr(r) evaluates to the unary language function Az.12 a1z ™2 o™3. Then

t) = |J Fo((5(M)q, 1))

q9€Q

= Fe((S(M)e, 1)) U Fo((S(M)o,1)) U Fu((S(M )4, 1))
=id((S(M)e, 1)) UD ((S(M)o, 1)) UD ((S(M),, 1))
= (S(M)e,t) UB UL = (S(M)e, 1).

Also it is obvious that for every other e-run 7' on ¢, cp(r') = (). Thus we obtain that
(S(M),t) =Az.12a™ Lz a™ a”s.

Example 3.12. In [17] it has been shown that wta (without variables) over particular
DM-monoids exactly characterize the bottom-up tree series transducers [9, 11, 16, 18].
Roughly speaking, if a bottom-up tree series transducer is specified over some ranked
input (output) alphabet ¥ (A, respectively) and some semiring B, then the DM-monoid
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A for the wta has the form (B{(Ta)),®,0,Q) where @ = I'U {id} U {0* | k¥ > 0} and
I'®) = {5, | ¢ € A(Ta(X}))}. The k-ary operation @y, : B{Ta)* — B{Ta)) is defined
by @i (Y1,... %K) = @ < (¥1,...,1,) where < is the IO-substitution of tree series [3, 9]
(using the elements of X}, = {z1,...,zx} as substitution variables). For more details we
refer to [17].

Finally, let us present an inductive way to compute the run semantics of a wta. For this,
we need that the underlying M-monoid A is distributive (see Proposition 1 of [17]). In
the sequel we will use the notation M (t)4, which supports the inductive definition, as an
abbreviation of (S(M)4,t) for every t € Tx(Z) and g € Q.

Lemma 3.13. If A is distributive, then
() M(2)g = 1(2)g and
(ii) M(o(t1,... 7tk))q = @ql,...,qkeQ :“‘k(g)qlm%ﬂ(M(tl)QU s 7M(tk)%)

forevery g€ Q,2z€ Z, k>0,0 € ¥ and t,,....t, € Ts(Z).

Proof. Clearly, M (2)q = @, c R,y (z,q) cM(r) = ear((2,4)) = v(2)q, which proves (i). For (ii),
we calculate as follows where t = o(t1,...,t):

M(o(tr, . t))g = em(r)
r€RNM(,q)
= (since Rps(t,q) = {{o,q)(r1,...,7mk) | 1 € Rp(t1),..., 16 € Rpr(te)})
@ CM(<O-7Q>(T17"'7T]€))
r,€RM(E)
= (by definition of Rps(t;) and ¢py)
@ @ o k() grgeng (o enr (i), )
a1, qk€Q  TiERN(ti,q:)

= (by distributivity; see Observation 3.3)

@ Mk(a)ql...qk,q(..., @ cM(ri),...>

Q15K €EQ ri € R (ti,4:)
= (by definition of S(M),)
@ Mk(a)q1...qk,q(M(t1)qlv--~7M(tk)qk-)‘ [
q1,e-qk €EQ

We note that Lemma 3.13 presents an inductive definition of M (t),. We will use this
inductive definition in several of the following proofs.

4 Normal forms for wta

In this section we will present certain normal forms of wta with respect to the vari-
ables or the final distribution function. Moreover, we show constructions that normal-
ize wta provided that the underlying M-monoid has certain properties. To this end, let
M = (Q,%,Z,A, F,u,v) be an arbitrary wta with A = (A,®,0,Q) for the rest of this
section.

First we consider a normal form which concerns the variables. More specifically, for a
variable x of a subset X C Z, there shall exist a state g in the wta such that there exists
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an z-transition with weight id into ¢ and for all other states there shall not be an z-
transition. Clearly, such a state ¢ is unique, whenever it exists. Consequently we call such
a state ¢ the x-initial state. If, moreover, there shall not be a z-transition into ¢ for any
z € X with z # z, then we call it the X -private x-initial state. A Z-private z-initial state
is just called private x-initial state.

The concept of X-private z-initial state with X # Z will only be considered in Section 6.2.
Another important concept will be variable states. A state ¢ € @ is a variable state,
whenever it is not reachable in p; i.e., there does not exist a transition in y leading into gq.
Hence there may only be z-transitions (of v) that lead to ¢. Then we call a state an
X-private z-initial variable state if it is both, a variable state and X-private z-initial.
A wta that has a private z-initial variable state is called initial z-state normalized in
Definition 4.10 of [7].

Definition 4.1. A state ¢ € Q is a variable state, if p(0)g,..q0,¢ = O for every k > 0,
ceX® and q,....q € Q.

Clearly a variable state cannot accept any tree that contains any symbol of X. This is
formalized in the next observation.

Observation 4.2. Let ¢ € @ be a variable state. Then supp(S(M),) C Z. More-
over, if ¢ is the private z-initial variable state for some z € Z, then S(M), = id.z and

x ¢ supp(S(M),) for every p € Q with p # ¢.

For the results in the sequel we need the following properties of M-monoids.

Definition 4.3. Let & C Ops(A). We say that ¢ is

o sum closed, if w1 B wy € oK) for every k > 0 and wi,ws € oK)
o (1,%)-composition closed, if w(w') € ®*) for every k >0, w € @V and ' € &),

o (%,1)-composition closed, if w(wi,...,wy) € ®®) for every k > 0, w € ®*) and
Wiyeo., W € o).

e unary-composition closed, if ® is (%,1)- and (1, *)-composition closed.

We say that A is sum closed (respectively, (1,x)-composition closed, (%,1)-composition
closed, and unary-composition closed), if €2 is so.

Let us show that for every distributive A we can construct a DM-monoid (4, &, 0, ') with
Q C Q' that is sum closed and unary-composition closed.

Lemma 4.4. Let A be distributive, and let B = (4,®,0,Q') be the M-monoid such
that €' is the smallest sum closed and unary-composition closed subset of Ops(A) that
contains §2. Then B is a sum closed and unary-composition closed DM-monoid.

Proof. By definition, B is sum closed and unary-composition closed. It remains to prove
that distributivity is preserved. For this it suffices to show that the set of distributive
operations on A is sum closed and unary-composition closed. This is straightforward and
hence omitted. O

Next we show that, under appropriate conditions on A, there exists an equivalent wta M’
with a private z-initial variable state (z € Z).
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Lemma 4.5. Let A be a (%,1)-composition closed and sum closed DM-monoid, and

let z € Z. There exists a wta M’ with a private z-initial variable state such that
S(M'"y = S(M).

Proof. Without loss of generality, let us suppose that z ¢ @Q. Define the wta
M =(Q,%,Z,A F', i/, V') such that:

e Q' =QU{z};
o F! = @qEQ Fy(v(z)q) and Fq’ = F, for every q € Q;

z
e V/(z), =id and V/(z), = 0 for every q € Q;
o V(z), =0 and V' (z), = v(z)4 for every z € Z with z # z and ¢ € Q;

o forevery k>0,0 €25 q1,...,q € @, and ¢ € Q let

!/

15(0) g1.qrq = @ 1450 )py.ppa(Fprans - - - Forar)

. D1,PREQ,
(Vielk]): pi=q; if ¢;#2

where for every p € Q and ¢q € Q'

id otherwise

o for every k> 0,0 € %) and q1,...,qc € Q' let y}(0)g, gz = O

We note that M’ is well defined because of the given properties of A. Obviously, z is a
variable state in M’, and z is the private z-initial state. It remains to show that the wta
M and M’ are equivalent; i.e., S(M') = S(M). Since A is a DM-monoid, we use the
inductive semantics given in Lemma 3.13 for the proof.

By Observation 4.2 we have that S(M'), = id.z and z & supp(S(M'),) for every ¢ € @, and
thus (i) M'(t), = 0 for every t € T (Z) with ¢ # z, (ii) M'(z), = id, and (iii) M'(z); =0
for every ¢ € Q. Using these facts we now prove that M'(t), = M (t), for every ¢t € Tx(Z)
with t # 2z and ¢ € ). We achieve this by induction on t.

For t = = with z € Z and ¢ # 2z, we have M'(z), = V'(z)q = v(z)q = M(z), by
Lemma 3.13. In the induction step suppose that t = o(ty, ..., ) for some k > 0, ¢ € 1*),
and trees {1,...,4; € Tx(Z). By the induction hypothesis we have M'(¢;)q = M(¢;)q for
every g € @ and i € [k] such that ¢; # z. Then

M,(U(tla s 7tk))q
= (by Lemma 3.13)

@ 11() graig (M (T g5+ M (t1) 1)
415Gk €Q’

= (by definition of u')
D ( D sl Foa) (02 M (0)g0))

qu,eqk€Q"°  P1ePREQ,
(Vi€[k]): pi=qi if qi72

= (by Observation 3.4)
@ < @ Nk(a)pl-..pmq(fphql(Ml(tl)q1)7---vfpk,qk(M,(tk)qk))>

q1;--,qx €Q’ . p15'~'5pk€Qa
(Vi€lk]): pi=q; if ;72
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= (because M'(t;), =0 and M'(z),, =0 for t; # z and ¢; # z by (i) and (iii))
@ ( @ /j’k(o—)plnﬁk,q(fpl,m(Ml(tl)lh)’"'7fpk,qk(Ml(tk)qk)))

q15-- JleQ . P1,PLEQ,
(ViElk]): qi=2 iff t;=z (Vi€[k]): pi=q; if gi#2

= (by evaluation of fp, g, (M'(t;)g,) using (ii))

A ( B m@nmaleran ), g )

q1;-.. 5qk€Q . plv“'apkEQ.;
(ViElk)): gi== iff t;=z (Vi€[k]): pi=q; if gi#2

where for every p € @, ¢ € @', and t € Tx(Z), we define g(p,¢',t) = v(z), if t = z,
and M’'(t), otherwise. Thus by induction hypothesis and Lemma 3.13 we have that
g(p,q',t;) = M(t;)p. Hence we continue with

D (D M M1)y)

q1,--,k €Q’, P1sePREQ,
(ViElk)): gi=z iff ti—z (ViE[k]): pi=q; if gi#2
= @ 15(0)pypiesg (M (1) pys - s M (Lk)py)
pl:'“:pkEQ

= (by Lemma 3.13)
M(U(tla cee 7tl€))Q'

Note that we used the absorption property freely. Now we can finish the proof. For every
t € Tx(Z) with t # 2z we immediately obtain (S(M’'),t) = (S(M),t). For t = z we can
compute as follows:

= P Fj(M'(2),) = Fl(id) =P F,(v(2)g) = (S(M), 2),

qcQ’ q€Q

where we used (ii) and (iii) in the second step and the definition of F} in the fourth step.
Hence we proved that S(M') = S(M). O

So far, we have moved weights from the initial transitions at variables towards inner tran-
sitions. In essence we moved the weight upwards away from the leaf. Now we turn to the
final distribution and will move weights of it down to the last transition (at the root) of
the input tree.

Definition 4.6. A state p € Q is a terminating state, if F, = id, F, = 0 for every
q € Q with ¢ # p, and, for every k > 0, 0 € ®) and ¢,¢1,...,qx € Q we have that
1k(0)q1...qn.g = 0 whenever there exists 1 <4 < k such that ¢; = p. Clearly, such a state is
unique if it exists.

First we observe that the semantics of a wta with a terminating state can be simplified be-
cause the final distribution entry is either 0 (non-terminating state) or id (the terminating
state). This simplification is stated in the next observation.

Observation 4.7. If p € @) is a terminating state, then S(M) = S(M),.

Next we show that there exists an equivalent wta M’ with a terminating state. For this we
need that A4 is a (1,)-composition closed and sum closed DM-monoid. The construction
pushes the final weight down to the last transition, and nondeterminism is used to guess
whether the next transition is the last transition or not.
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Lemma 4.8 (cf. Lemma 4.8 of [7] and Lemma 22 of [2]). Let A be a (1, %)-composition
closed and sum closed DM-monoid. There exists a wta M’ with a terminating state such
that S(M') = S(M).

Proof. Let p ¢ @ be a new state. The wta M’ = (Q', %, Z, A, F', ',v') is constructed as
follows.

Q' =QU{p}h
e I, =0 for every ¢ € Q and F}, = id;

o V(2)g = v(2)g and V' (2)p = @ cq Fy (v(2)y) for every z € Z and ¢ € Q; and

() g1 anig = Hr(0)grarg a0 13 (0)qr a0 = Byeg Fo (1k(0)qr..qpq) for every
k Z 0, o c E(k)y and q,491,..-,4k € Q

All remaining entries in u' are 0.

It is immediately clear that p is a terminating state. We leave it as an exercise to the
reader to prove the statement M'(t), = M(t), for every t € T5(Z) and ¢ € @Q by a
straightforward induction on ¢ (see Lemma 3.13). With this statement, it is easy to see
that M'(t), = @ eq Fy (M(t)y), which yields the desired S(M') = S(M). O

Finally, let us consider the combination of a private z-initial variable state and a terminat-
ing state. Recall that z-initial variable states required us to move weights upward (away
from the variable leaves) and the terminating state requires us to move weights downward.
In case the input tree is just a variable, there exists no transition such that we can perform
those two moves consistently. However, for every uniform tree valuation ¢ € Uvals(X, Z, A)
such that (1, z) = 0 this approach is possible.

Definition 4.9. Let z € Z. A uniform tree valuation ¢ € Uvals(X, Z, A) is z-proper if
(,2) = 0.

Lemma 4.10. Let A be a unary-composition closed and sum closed DM-monoid. More-
over, let z € Z and 9 € Rec(X, Z, A) be z-proper. Then there exists a wta that

e recognizes 1;
e has a private z-initial variable state; and

e has a terminating state.

Proof. Let M' = (Q', %, Z, A, F',ii', V') be a wta with a private z-initial variable state ¢
such that S(M') = 1. Such a wta exists by Lemma 4.5. By Observation 4.2,
(S(M'),2z) = Fi(V'(2)q) = F,. However, (¢,2) = 0 and thus F; = 0. Let M" be the wta
with terminating state that results from the application of the construction of Lemma 4.8

to M'. Because Fq’ = 0 we observe that ¢ is still a private z-initial variable state. Moreover,
S(M") = S(M") = 1. O
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5 Rational operations and rational expressions

In this section we introduce the rational operations (and correspondingly the rational
expressions) on uniform tree valuations over M-monoids.

Before we are ready to define the rational operations, we need one more composition
operation. More specifically, we need a composition that composes a function w with
several other functions wi,...,wy such that the result of the operation w; is forwarded to
a certain parameter of w. The selection of the exact positions is driven by two subsets
of N*. The first gives references to all parameters and the second subset singles out the
parameters at which the composition should take place.

Definition 5.1. Let k,n > 0 and let W,V C N* such that V. C W, card(W) = n,
and card(V) = k. Suppose that W = {w,...,w,} and V = {v1,...,vx} such that
Wy <ex "+ <lex Wp and v1 <lex -+ <lex Vk. We define the mapping

oy : Ops™(A) x Ops(A)* — Ops(A4)

for every w € Ops"(A4) and wi,...,wy € Ops(A) by wow,y (wi,...,w) = w(w],...,w),)
where for every 1 <i<n

g =

,_{wj if w; = v; for some 1 < j <k,

id otherwise.

In the sequel, we will mostly use o,os (1),pos. () for some ¢ € Tx(Z) and z € Z. Thus
we abbreviate it to simply o; .. Before we define the rational operations, let us prove the
associativity of oy y .

Proposition 5.2. Let m > 0, W; C W, and V; C V such that V; C W;, n; = card(W;),
and k; = card(V;) for every 1 < 4 < m. Finally, let w € Ops™(A), w; € Ops™i(A) for
every 1 <i < m, and w;; € Ops(A4) for every 1 <i <m and 1 < j < k;. Provided that
W1 <iex +*+ <tex Wk,

w(wi oWy vy (W11, Wik )y - -+ s Win OWi Vi (Win,1s <+ > Wik ))

— w(wh' . 7wm) ow,v (w1717' . '7w1,k17 ceesWm Ty e 7wm,km)

where W =J, W; and V = U2, Vi.

Proof. Suppose that W; = {w;1,...,win } and V; = {v;1,..., v} such that we have
Wil <lex *** <lex Wi, and v51 <lex * -+ <lex Vi, for every 1 <4 < k. For every 1 <4 <m
and 1 < j5 < n; let

/ {wm/ if Wy 5 = Vjjt for some 1 < j’ < ki,
i)j =

id otherwise.

Then we obtain

w(wl OW1 Vi wl Jlg e y W1 k:l))"'awm OWm,Vm (wm,la---awm,km))
:w(w1 (W) qre e wlnl) ,wm(w;ml,...,w;%nm))
(w wl,...,wm))(w171,...,w'1,m,...,w;njl,...,w;nmm)

— (AJ(U}17 R 7wm) ow,v (w1717' v 7w1,k‘17 s Wmly - e 7wm,km)

by definition of oy, v;, Observation 3.4, and the definition of oy, respectively. O
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Next we define four kinds of operations, called (complex) rational operations, on
Uvals(X, Z, A). In fact, we will not prove that the result of the operations applied to
uniform tree valuations is again a uniform tree valuation because this is obvious.

Definition 5.3. We define the following rational operations on Uvals(X, Z, A).

1. The sum @" is a rational operation (for the definition, cf. Section 3.1).

2. For every k > 0, 0 € 2% and w € Q¥ the top-concatenation (with o) top,, is
rational. For all uniform tree valuations 11,...,9, € Uvals(X, Z, A), the uniform
tree valuation top, (11, ., %) is defined by

60D (W1 o) = @D w((Wrst1)s s (s tr))-0(try o )

tla“'atk‘ETE(Z)

3. For every z € Z the z-concatenation -, is rational. For every 1,4’ € Uvals(X, Z, A)
the z-concatenation of 1 and ¢’ is the uniform tree valuation which is defined by

gt = @D (@) o (@t (1)) slz 4 (b1, t)]
s€Ts(2),1=|s|2
tl,...,tlETE(Z)

4. For every z € Z the z-KLEENE-star is rational. For the definition of it, we need the
iteration first. For every 4 € Uvals(X, Z, A) and n > 0 we define the uniform tree
valuation 97} inductively over n as follows:

(i) 92 =0; and
(ii) P2t = (¢ -, P?) &% id.2.

The z-KLEENE star of a z-proper ¢ € Uvals(3, Z, A) is the uniform tree valuation,
denoted by %, that is defined by (7,¢) = (W2OF! 4) for every ¢t € Ts(Z). For

every non-z-proper 9 € Uvals(X, Z, A) we define ¢} = 0.

We note that the top-concatenation operation can be considered basic (if k¥ = 0) or complex
(if £ > 1). In the basic case top-concatenation yields the series w.ov where w € Q) and
o € 20 In essence, our top-concatenation is different from the one of [7] in the fact that
we not only concatenate a symbol from » and accumulate the weights, but apply a k-ary
operation as well. In this sense, it can be seen as a combination of the top-concatenation
of 7] immediately followed by a scalar multiplication with the corresponding transition
weight. In [7] these operations could be applied independently, because the weights could
be permuted due to the required commutativity of the underlying semiring.

The following lemma justifies the definition of the z-KLEENE-star in Definition 5.3.

Lemma 5.4 (cf. [1] and Lemma 3.10 of [7]). Let z € Z, ¢ € Uvals(X, Z, A) be z-proper,
and t € T5:(Z). If n > ht(t) + 1, then (Y71 £) = (47, 1).

Proof. We prove the statement by induction on ht(¢).

Induction base: Let ht(¢) = 0. First let us consider the case t = z. We now show that, for
every n > 1, (¢7, z) = id. In fact,

("/},Tzla Z) = (¢ ‘2 ¢?715 2:) D (id'zv 2:)
= ((1:2) oy 1y (W21, 2)) @ (idoz, 2) = 01 (927, 2)) @ (id.2, 2)
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=0®id =id.

Secondly, we consider the case that t # z. We show that, for every n > 1, we have
(2,t) = (,1). In fact, (P7,t) = (¢ - 2", 1) @ (id.z, 1), which equals

((@bﬂf) Oposy(t),0 ()) S ((10; Z) Oled,{e} (W;*la t)) 2 (id'Z7 t)7

which is equal to (,t) @ 01 ((¢7 1, 4)) @0 = (¢,t) ®OD O = (3, 1).

Induction step: Let ht(¢) > 0 and n > ht(¢) +1. By the induction hypothesis the statement
holds for every tree ¢’ such that ht(#') < ht(¢). Then (271 ¢) = (¢ -, 7, t) @ (id.2, ).
This is equal to (¢ -, 97, t) because t # z. By definition of -, this equals

D@, 5) ose (W2, 1), (B2, 1))

E
where E abbreviates {(s,t1,...,t) € Tx(Z)*! | s # 2,1 = |s|,,t = s[z + (t1,...,1)]}.
Note that we can take s # z because for s = z we have (¢,s) = 0. Now, since s # z,
we have that ht(#;) < ht(¢) and so n — 1 > ht(#;) + 1. Hence (¢7,t;) = (21, ¢;) by
the induction hypothesis. Obviously, substituting this in the above expression we obtain
(12, t) by the same computation as above (for n instead of n + 1). O

This yields the following important property concerning z- KLEENE-stars.

Lemma 5.5. Let z € Z, and let ¢ € Uvals(X,Z,4) be z-proper. Then
Y= (Y ¢7) @"id.z.

Proof. Let t € Ts(Z). Then (¢%,t) = (2O 1) = @™ ) by Lemma 5.4. By
definition, this is equal to ({1, Qb?t(t)ﬂ) ®o%id.z, t) = (¢, 'L/Jgt(t)ﬂ,t) @ (id.z, t). Using the
definition of -,, we obtain

(1/} ‘z 1/},lzlt(t)+17t) = @(/@ba 3) OS,Z (( ,}zlt(t)+17t1)7 cey ( Bt(t)+1atl))
E
where E abbreviates {(s,t1,...,%) € Ts(Z)F | I = |s|,,t = s[z + (t1,...,1;)]}. Since
ht(t) + 1 > ht(4;) + 1, it follows that (2O 1) = (@2 ) = (%, 4;). Thus we
obtain

(1/} 'z wilt(t)—i_lvt) = @(¢a 3) Os,z ((w;katl)a ety (¢:atl)) = (¢ ‘z ¢Za t)‘

E

Consequently, (¢3,t) = (¢ -, w,};t(t)ﬂ,t) & (id.z,t) = (¢ -, ¥i,t) ® (id.z, t), which proves
the statement. O

After we have defined the rational operations and proved some essential properties of the
z-KLEENE-star, we are now ready to define rational expressions and their semantics.

Definition 5.6. The set RatExp(X, Z, A) of rational expressions (over ¥, Z, and A) is
defined inductively as the smallest set R satisfying Conditions (i)—(v). For every rational
expression n € RatExp(X, Z, A) we define its semantics [n] € Uvals(X, Z, A) simultane-
ously.

(i) For every z € Z and w € QM) we have w.z € R and [w.z] = w.z.

(ii) For every k > 0,0 € 2*) . w e QF) | and rational expressions 71, ...,n, € R we have
topa,w(nlv e 77]]6) € R and [[tOPa,w(ﬁh < 777k)]] = topa,w([[nl]]7 SRR [[Uk]])
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(iii) For every ni,m2 € R we have 11 + 12 € R and [n1 + n2] = [m1] ®"[n2]-
(iv) For every n1,7m2 € R and z € Z we have 0y -, o € R and [n1 -, n2] = [m] = [n2]-

(v) For every n € R and z € Z we have n} € R and [n}] = [n]}-

Definition 5.7. We call ¢ € Uvals(X, Z, A) rational, if there exists a rational ex-
pression 1 € RatExp(X,Z,A) such that [n] = 9. The set of all rational uniform
tree valuations of Uvals(X, Z, A) is denoted by Rat(X, Z, A). Moreover, we abbreviate
UZ finite set Ra’t(27 Z7 A) by Ra’t(27ﬁn7 A)

Let us conclude this section by a small example and an easy property.

Example 5.8. Let ¥ = {0 o} and A = (N,—,—,Q) be the M-monoid with
Q = {7, @9 id} and for every ni,ny € N, we define &(ni,n9) = 1 + max{ny,ny}
and @() = 0. Moreover, let
n = top, 7(id.z,id.z) + top, 5() and 7' =1n].

Clearly, ' € RatExp(X, {z}, A). For the sake of illustration, let us prove that [1']|z, = ht.
For t = a, we have ([1'], @) = ([7]%, @) = ([n]},a) =@ = 0 = ht(a). Next, let t = o(t1,ts)
for some t1,t2 € Tx. By induction hypothesis, ([#'],¢1) = ht(t1) and ([7],t2) = ht(t2).
Then

([[77/]]7 U(tla tQ)) = ([[TI]];, U(tlv t2))
= (by Lemma 5.5)
(min"(min"(7.0(z, 2), @.ct) - [n]},id.2), o (t1,£2))
= 5(([[77]]27 t1)7 ([[77]]:’ tQ)) = 5(([[77']]7 t1)7 ([[77,]]’ t2))
= (by induction hypothesis)
o (ht(t1), ht(t2)) = 1+ max{ht(¢1), ht(¢2)}
= ht(a(tl, tg)).

Finally, we present an easy observation that will prove useful in the proof of Theorem 6.8.
For a unary operation w € Q) and a uniform tree valuation ¢ € Uvals(X, Z, A) let us
define the uniform tree valuation w o ¢ € Uvals(X, Z, A) by letting (w o ,t) = w((¢,1))
for every t € Tx,(Z).

Observation 5.9. Let Z # (), ¢ € Uvals(Z, Z, A) be rational, and w € Q). Then w o 1
is rational.

Proof. Let n € RatExp(X, Z, A) be a rational expression such that [n] = 9. We set

!

n' = (w.z) -, n for some arbitrary z € Z and prove that [1] = wo 1. For t € Tx(Z), we
have ([1f],1) = (w.2 2 %, 1) = worg o} ($,1) = w((¥,1)) = (worh,1). O

This means that the operation ¢ can be added to the rational operations. It corresponds
to scalar multiplication in |7] where w is the scalar.

6 From wta to rational expressions

6.1 Decomposition of runs

Here we will decompose runs of a wta at certain nodes for which a particular prop-
erty U holds. The used notion of decomposition (and the used notation) was intro-
duced in [7], and we extend this here to wta which can handle variables. Henceforth,
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let M = (Q,%,Z,A, F,u,v) be a wta. We decompose a run r of M by cutting off the
prefix 7' of r, whose leaves are nodes that have the property U and no inner node (except
potentially the root) of v’ fulfils U. Let us first define the used properties, called node
properties, formally.

Definition 6.1. A node property (of M) is a mapping U: Ry; — P(N*) such that
U(r) C pos(r) for every r € Ryy.

In essence a node property just selects some nodes of a run. Now we define the decomposi-
tion of a run r of M into subruns according to a given node property U. It is convenient to
consider a special (uniquely determined) decomposition, such that the cuts are (uniquely)
determined by U. We achieve this by performing the decomposition at the topmost po-
sitions of r (disregarding the root) for which the node property U holds, i.e., which are
elements of U(r). Those nodes w at which the cuts occur are replaced by the variable z.

Definition 6.2. Let U be a node property, z € Z, and r € Rp;. We define the (U, z)-
decomposition of r, denoted by decy . (r), by

deCU,z('r') = ('rla (wla T|w1)7 s (wm7 T‘wm))

with
r’ = rlw; < (z,mo(r(w;))) | 1 € [m]]

where (i) {wi,...,wy} is the set of all positions w € U(r) \ {} such that v ¢ U(r) for
every prefix v € pos(r) \ {e} of w and (ii) w1 <lex -+ <lex Wm.-

Intuitively speaking, given a run r, the decomposition yields the prefix run, in which
the label of each cut-point w is now (z,q) where g was the state associated to node w
in 7, and the subruns that were cut off from r together with their positions in r. It is
important to note that given U and z the decomposition is uniquely determined and the
decomposition also uniquely determines the run r (see Observation 6.4(3)). In other words
the mapping decy,; is injective.

We will need the fact that the weight mapping cas distributes over the replacement of runs.

Lemma 6.3. For every ' € Ry, V = {wi,...,wpn} C W = pos;; o (r') with
w1 <jex - <lex Wm, and for all r1,...,r, € R such that mo(ri(e)) = mo(r'(w;)) for
every i € [m], if v(z)q = id for every (z,q) € {r'(w;) | i € [m]}, then

ev (r'wy <= 71, .o wm <+ m]) = ear(r') ow,v (ear(r1), ... cm(rm)).

Proof. The proof is done by induction on r’. Since this is straightforward, we will only
discuss its main steps and leave the details to the reader. Assume that v’ is of the form
(0,q)(r,...,7}). Then the replacement [wy < r1,...,wy < ] is split and distributed
to the subruns 71, ..., 7, appropriately. After having used the definition of ¢y on the root
(o, q) of the run r'[wy < r1, ..., Wy < 14], we can apply the induction hypothesis. Finally
we can apply Proposition 5.2, use the definition of ¢j; on the run 7/, and obtain the desired
equality. O

The next statement collects some further trivial observations about (U, z)-decompositions,

where the fourth part follows from Lemma 6.3.

Observation 6.4. Let X C Z, z € X, P C ), and U be a node property. Moreover, let
r € R)Af[’P and decy . (r) = (', (w1,71), ..., (W, 7). Finally, let W = pos ;o (r') and
V ={wi,...,wn}. Then
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1. e Rﬁ’P and 17(e) = r(e);
2.1 € R)A?P and mo(ri(e)) = ma(r' (w;)) for every i € [m];
3. r=r'lwy < ri,...,wy < ryl; and

4. if v(z), = id for every (z,q) € {r'(w;) | ¢ € [m]} then
em(r) = e (r’) owv (ear(r1)y - -y ear(rm))-

We note that in Observation 4.6(4) of 7] the commutativity of the semiring is needed.

6.2 The analysis of the wta

In this section we will show that, for every wta over a DM-monoid, a (semantically) equiv-
alent rational expression can effectively be constructed. We will use the concept of an
X-private z-initial state in the wta, which is established in Section 4.

Definition 6.5. For every P C @, X C Z, and ¢ €  we define the mapping
S(M)" € Uvals(X, Z, A) such that for every t € Tx(Z)

@TERﬁ‘P(t,q) ev(r) ifteTs(Z)\ X,

S(M)XT 1) =
(S0 {0 if t € X.

Note that, by definition, S(M)é(’P is z-proper for every x € X. The mappings S(M)g(’P

(which are due to [8]) are central in the following development. We now show a re-
cursion equation which specifies S(M)é(’PU{p} only in terms of S(M)?’P, S(M)i(’P,
z-concatenation, and z-KLEENE-star. If we apply the obtained recursion equation
exhaustively, then this allows us to compute S(M )gf,Q using the rational operations

(z-concatenation and z-KLEENE-star for various z € Z) and S(M)gf’@ for every q € Q.

Lemma 6.6 (cf. [8]). Let A be distributive. Moreover, let X C Z and z € X be such that
p € Q is an X-private z-initial state. For every P C @ with p ¢ P and ¢ € Q,

S(M)é(’PU{p} — S(M)?’P . (S(M)X’P)*

p -2

Proof. Tt is easily shown that both the left and the right hand side are x-proper for every
z € X. Welet U: Ry — P(N*) be the node property such that

U(r) = {w € pos(r) | ma(r(w)) = p}

for every r € Ry, i.e., all nodes of the run r that are labelled with the state p. Let
P' = PU{p}. It remains to prove the statement for every ¢t € Tx(Z) \ X. This is achieved
by induction on ¢, as follows:

SMF = P eunlr)
rERf\(/[’P,(t,q)

= (by Observation 6.4 which is applicable because r'(w;) = (z,p) and v(z), = id)

@ CM(TI) Cpos 7 0y (11):p08 (. py (1) (em(r), .- enm(rm))

- ’
TGRiiP (t,9)
deCU,;(T’):(T,,(wl,1”1),...7(’wm,1“m))
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= (because (i) the subruns uniquely determine a run; and
(ii) ep(r') = 0 if v’ contains a node (z,q') for some ¢' € Q \ {p} as v(z)y = 0)

@ e (r') oy (e (r1)y - e (rm))

Y eTs(Z)\Xr' €Ry” (H q),m=It'2,
!
(Vig[m]): ri€Ray" (ti,p),
E

where B = {(t1,...,tm) € To(Z)" |t =tz + (t1,...,tm)]}
= (by distributivity, c¢f. Observations 3.2 and 3.3)

@ < @ cM(r')) oy < @ ca(ri), ..., @ CM(Tm))

’ X,P ’ li
tijlz‘glz‘)\é(v TIGRJW (t’,q) 71 ERﬁ’P (tl,p) TWLER)]\?P (tm ,p)
=\t |z,

= (by definition of S(M);*"" because t' ¢ X, and by definition of S(M);QPI
because v(z), = id and v(z), = 0 for every z € X with z # 2)

D (SMIF ) op, <(S(M)§(’P' 8" id.z, 1), ..., (S(M)XF @ id.2, tm)>

t,ETE(Z)7
m=|t'|:,E

= (by induction hypothesis because #; is a proper subtree of #)
P (SONXT ) op (SAOXT - (SMFT)Y) @ idoz ).,

Vel (2Z),
m=|t'|-,E

((SANXF -, (SAOFT)T) 0 idz )

= (by definition of -,)
(S@OFT . (SGOFT -2 (SM)FF)]) & id.2) )

p z
= (by Lemma 5.5)

(S(M)f’P . (S(M)fp):,t). O

Using the previous lemma, we can analyse the uniform tree valuations which are recognized
by a wta.

Lemma 6.7. Let A be distributive, and let X C Z be such that for every ¢ € @Q there
exists an « € X such that ¢ is the X-private z-initial state. For every P C ) and ¢ € @
there exists a rational expression € RatExp(X%, Z, A) such that [n] = S(M)?’P.

Proof. We prove the statement by induction on the size of P.

Induction base: Let P = (). We distinguish two cases. On the one hand, let

t = o(ty,...,t;) for some k > 0, o € X® and ¢1,...,¢y € Tx(Z). Then

(S(M)é(’@,t) = ®TERX’0(tq) cy(r). This equals 0 if {t1,...,%x} € X, because then
M ;

R)]\i,’@(t, q) = 0. For t1 = x1,...,t; = 2 € X, the last sum equals
@ CM(<07q>(<x1,q1>,---,(wk,Qk») = @ Mk(U)IJLn(Jk,q(V(ml)QM"'ay(xk‘)lyg)
4150k €Q q1,,0K€Q
by definition of cj,.
On the other hand, suppose that t = z for some z € Z. We immediately have
(S(M)0,2) =

q

0 itzeX
v(z), otherwise.
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Thus we obtain

S(M)f’q) = ( @ topa,uk(a)ql___qk,q(V(xl)‘h'xh‘"’V(xk)Qk‘wk))'

£E>0,0exk)
Tl €EX
q15--5qk EQ

We let

n = ( Z tOpa,/Lk(O)ql___qk,q(V(ml)qrxh‘"7V(xk)Qk‘wk))'

kE>0,0exk)
Tl EX
g, qk €EQ

Note that (S(M)g(’@, z) = 0 for z € Z\ X. This follows from the fact that ¢ is an X-private
z-initial state, which yields v(z), = 0 for every z € Z \ X.

Clearly, n € RatExp(X, Z, A) and [n] = S(M)g(’@. This completes the induction base.

Induction step: Let p ¢ P and = € X be such that p is the X-private z-initial state. By
Lemma 6.6, S(M)‘;(’Pu{p} = S(M)é(’P ‘r (S(M)i(’P):. By induction hypothesis there exist
n1,72 € RatExp(Z, Z, A) such that [n] = S(M)g-" and 2] = S(M);F. Since S(M);

is z-proper, [ -» (n12)%] = S(M)é(’PU{p}. O

Finally, let us present the relationship between wta and rational expressions in a theorem.
We use additional variables in the rational expressions. These variables correspond to the
states of the automaton.

Theorem 6.8. Let A be distributive and Z N Q = 0. There exists a rational expression
n € RatExp(¥, Z U Q, A) such that S(M) = [n]|n,(z). Hence, if Z is finite, then we have
ReC(E, Z, A) g Rat(E, ﬁn, A)‘TE(Z)'

Proof. We first extend M to a wta M' = (Q,%,ZUQ, A, F, u,v/') as follows:

e /(q)g =1id and v/(¢), = 0 for every p,q € Q with p # ¢; and

o V(z)g =v(z)q for every z € Z and ¢ € Q.

Clearly, every ¢ € @ is the Q-private g¢-initial state in M’. Moreover, we have that
(S(M"),t) = (S(M),t) for every t € Tx(Z) and thus S(M')|ryz) = S(M). Tt re-
mains to prove that there exists a rational expression n € RatExp(X,Z U @, A) such
that [n] = S(M").

By Lemma 6.7 for every ¢ € ) there exists a rational expression 7, € RatExp(¥,ZUQ, 4)
such that [n,] = S(M')qQ’Q. We obtain for every t € T5(Z U Q)

(S(M"),1) = P Fy((S(M")q, 1))
q€Q
= (by the proof of Observation 5.9)
(@ (Fq-q "q S(Ml)q)vt)
q€Q
= (by definition of S(M'), and S(M")2% because ¢ is the Q-private g-initial state)

(@ (Fpq-q (S(M)ZC @" id.q),t).

qcQ
We thus set n = > o(Fg.q ¢ (g +id.q)). Obviously n € RatExp(%,Z U Q,A) and
[n] = S(27). m
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7 From rational expressions to wta

7.1 Recognizable uniform tree valuations are closed under relabeling

In this subsection we show that recognizable uniform tree valuations are closed under
(total and deterministic) relabelings. Let us first introduce the required notions. Let 3,
A be ranked alphabets and Z, Y finite sets of variables which are disjoint to 3 and A. A
relabeling is a mapping f: ¥ — A such that f(o) € A% for every k > 0 and 0 € ). Let
g: Z — Y be another mapping. Then (f,g) induces a mapping h: Ts(Z) — Ta(Y), also
called a relabeling, which is defined as follows. We have h(z) = g(z) for every z € Z, and
h(o(ti,...,t8)) = f(0)(h(t1), ..., h(t)) for every k >0, 0 € £ and t1,...,t, € Ts(Z).
Now let 1 € Uvals(X, Z, A) be a uniform tree valuation. By h(1) we denote the uniform
tree valuation h(1) € Uvals(A,Y, A) which is given by

(), u) = €D (9,1)

teh—1(u)
for every u € TaA(Y).

Lemma 7.1. Let A be a sum closed DM-monoid. Let f: ¥ — A be a relabeling,
g: Z — Y a mapping, and h : Ts(Z) — Ta(Y) the relabeling induced by (f,g). For
every 1) € Rec(X, Z, A) we have h(¢)) € Rec(A,Y, A).

Proof. Let M = (Q,%, Z, A, F,u,v) be a wta such that S(M) = 1. We construct the wta
M =(Q,AY, A F,p/,V') where

o V(y), = @zeg—l(y) v(z)q for every y € Y and ¢ € Q; and

.”’?f((s)ql--'mmq = @aeffl(é):uk(a)(hm%yq for every k > 0, & € A(k)'/ and
q7qla"'7qk€Q~

Using the inductive semantics, it can be shown straightforwardly that S(M'), = h(S(M),)
for every ¢ € Q. From this we can derive the result as follows for every u € Ta(Y):

(S(M'),u) = @Fq((S(MI)qvu)) = @Fq((h(S(M)q)au))

qeqQ q€Q
~Pr( D sunen)= B (Prstn.,n)
qeqQ teh—1(u) tch=1(u) ¢€Q

= (h(S(M)),u)

where the one-before-last step is by distributivity (Observation 3.3). O

7.2 The synthesis of the wta

Now we show that every rational uniform tree valuation is indeed also recognizable provided
that the underlying M-monoid A = (A, ®,0, ) is distributive and expressive enough. We
begin with showing that the basic rational uniform tree valuation w.z, where w € Q)
and z € Z, is recognizable. Then we show that recognizable uniform tree valuations are
closed under rational operations. This proves the desired inclusion, because the set of
rational uniform tree valuations is the smallest set containing w.z and being closed under
the rational operations.
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Lemma 7.2. For every z € Z and w € Q1) we have w.z € Rec(X, Z, A).

Proof. Construct the wta M = ({¢}, X, Z, A, F, i, v) such that F, = id and v(z); = w. All
remaining entries in v and p are 0. It should be clear that S(M) = w.z. O

Next we consider the sum operation. We present the construction and its correctness proof
separately, because they will also be useful when considering top-concatenation.

Definition 7.3. Let M' = (Q", %, Z, A, F',u',v') and M" = (Q", 3, Z, A, F" n", V") be
wta such that @' N Q" = (). We define the wta M' & M" = (Q, %, Z, A, F, i, v) as follows.
.« Q=QuUQ"
o [}, = F, for every p € Q' and F, = F for every q € Q";

e for every k> 0 and o € =) let

1k (O)py.ppp = M%(U)mmpk,p and  1k(0)qr..qug = M%(U)41~-~Qkaq

for every p,p1,...,pr € Q and q,q1,...,q € Q"; and

e for every z € Z let v(z), = V/(z), for every p € Q' and v(z), = V'(z)4 for every
q c QII.

Note that p is 0 at all unmentioned entries.

Observation 7.4. S(M'® M") = S(M')@" S(M"), and in particular, S(M' & M"), =
S(M'), for every p € Q" and S(M' @& M"), = S(M"), for every q € Q".

Proof. Let M = M' @ M". The proof is straightforward using the following argument: if
arun r € Ry(t,¢") with ¢’ € Q' uses states from Q" then it has weight cp;(r) = 0. Thus
the set Rps(t) can be partitioned into Rz (t) and Ram(t). O

Lemma 7.5. The set Rec(X, Z, A) is closed under sum.

Next let us consider the top-concatenation top, , for some k > 0, o € 2®) and w e Q).

Lemma 7.6. Let A be a (1,%)-composition closed and sum closed DM-monoid, and let
k>0, 0ex® and we QF). The set Rec(X, Z, A) is closed under L78) Y

Proof. For every i € [k] let ¢; € Rec(X,Z,A) and M; = (Q;, %, Z, A, Fi, i, vi) be a wta
such that S(M;) = ;. Since A is (1, %)-composition closed and sum closed, we can as-
sume by Lemma 4.8 that Mi,..., My are wta with terminating states, say, pi,..., Pk,
respectively. Without loss of generality, we can assume that Q1,..., Q) are pairwise dis-
joint. Moreover, let x ¢ Uz'e[k] Q;. Finally, let M' = M; & --- & Mj. Suppose that
M =(Q,%,Z,A F',i/,v"). We construct the wta M = (Q, %, Z, A, F, u,v) as follows:

e @=Q U{xk

e F, =id and F, = 0 for every ¢ € Q)’;

o U(z)y =1'(2), for every z € Z and q € Q';

* 1i0(8)gr.qng = Hin(6)gr...quq T every > 0,6 € %™, and g, q1,...,qn € Q;

® 14(0)py.ppx = w (let us note that F) = id).
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e All remaining entries in v and y are 0.

We claim that S(M) = top,,(¥1,...,9r). Since M is a wta with terminating state
* we immediately conclude that S(M) = S(M), by Observation 4.7. Now we prove
(S(M)s,t) = (topy 4, (1, - -, 91), t) for every t € T(Z) by case analysis.

Suppose that ¢ = z for some z € Z. Then (S(M )y, z) = v(2)x = 0 = (top, ,(P1, - - -, Yk), 2).-
Now suppose that ¢ = §(ty,...,t,) for some n >0, 8 € ™ and t,...,t, € Ts(Z). If

d # o, then we have (S(M),t) = 0 = (top, ,(¥1,---,%k),t). Now let § = 0. Then, by
the fact that the state sets @Q1,..., Q) are pairwise disjoint, we have that

(S(M)s,1) = @ 1k () ququ(Cry (1) - g (Tk))-
N EQ1,-,qrEQL

(Vig[k]): ri€Ru; (ti,qi)
By construction of p (o), this is equal to @ ep)- ri€ R, (t:.07) wlenr (1), -+ -5 e (1))
By distributivity and the definition of (S(M;)p,,t;) this is equal to
w((S(M1)p,,t1), ..., (S(Mg)p,,te)). Since p; is the terminating state of M;, we have
that (S(M;)p,,ti) = (S(M;),t;) = (4, %;), and hence we obtain that

w((S(Ml)p17t1)7 SER) (S(M/ﬂ)]?k?tk)) = (topa,w('l/)h cee 71/%)7 t)' 0

Let us proceed with concatenation.

Lemma 7.7. Let A be a (1,%)-composition closed and sum closed DM-monoid and z € Z.
The set Rec(X, Z, A) is closed under z-concatenation.

Proof. Let 9’4" € Rec(X, Z, A). Moreover, let M' = (Q', 3, Z, A, F', i/, /') be a wta with
a terminating state ¢’ € @’ such that S(M') = S(M')y = ¢’ (see Lemma 4.8 and Observa-
tion 4.7). Moreover, let A be a ranked alphabet such that X N A = () and there exists a bi-
jective relabeling f: ¥ — A. Let Y be a set such that ZNY = @ and there exists a bijective
mapping g: Z — Y. Let 6 be the (f, g)-induced relabeling. By Theorem 7.1 we have that
O(¢") € Rec(A,Y, A). Finally, let M" = (Q", A, Y, A, F" 1", V") be a wta with Q'NQ" =0
and a terminating state ¢” € Q" such that S(M") = S(M")y = 60(¢") (see again
Lemma 4.8 and Observation 4.7). We construct the wta M = (Q,XUA, ZUY, A, F, i, v)
as follows:

e Q=0 UQ"

e Fy =id and F, = 0 for every p € Q \ {¢'};

e v(z)g =0 and v(z), = V'(z), for every « € Z such that x # z and ¢ € Q';

o v(y), =1"(y), for every y € Y and p € Q";

o v(y)g =1'(2)(V'(y)g) for every y € Y and g € Q';

o k() grogig = 1e(0)qr.gi,q Tor every k>0, 0 € %) and q,q1,...,q; € Q';

)prepip = Bh(0)p1..ppp for every k>0, 6 € AR and p.p1,...,pp € Q"; and

o k() prpg = V' (2)gWi(0)py . prgr) for every k € N, 6 € A®) ¢ € @', and
pis..,pp €Q".

e All remaining entries in v and y are 0.
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Clearly, M is a wta with terminating state ¢’. We claim that S(M) = ¢ -, 6(x)"). In order
to prove this, we first prove that

M(t[z < (s1,-- -, 5n)])g = M'(t)q 01,2 ((0(4"), 51),-., (0(4"), 5n)) ()

for every n > 0, t € T (Z) with |t|, =n, ¢ € Q', and s1,...,3, € Ta(Y). We prove this
statement by induction on .

Induction base: Suppose that ¢t = z and thus n = 1. Moreover, suppose that s; = y for
some y € Y. Then M(z[z < (y)])g = M(y)q = V'(2)q(v"'(y)¢) by Lemma 3.13. Since ¢”
is the terminating state of M" and by Lemma 3.13, the latter equals M'(2),((S(M"),y)),
which in turn is equal to M'(2)q of-y e ((0(¥"),9))-

Now suppose that ¢t = z (and hence n = 1) and s; = §(¢y,...,t;) for some k > 0, § € AK),
and t1,...,t € TA(Y). Then M (z[z < (0(¢1,...,tk))])q equals

M((s(tla“wtk))q = @ Mk(a)qlu-tIk:q(M(tl)ql:"'7M(tk)Qk)
q15-4k€Q

by Lemma 3.13. Clearly, M (t), = M"(¢), for every t € Ta(Y) and p € Q". So by definition
of pi(9), the latter equals

@ (Vl(Z)q(M%(5)p1.--pk,q”)) (M"(t1)pys- - M" (k) py.),

P1,,PREQ"

which by distributivity and associativity (see Observations 3.3 and 3.4) and the inductive
definition of S(M") (see Lemma 3.13) can be rewritten to

M'(2)g((S(M"),6(t1, ... 1)) = M'(2)q 0 ey gey (O(4"), (k1. tk))

We complete the induction base with the case that ¢ = x for some x € Z such that z # z
and thereby n = 0. Then M (z[z < ()])g = M(z)q = M'(z)y = M'(x)q ofe10 ()-

Induction step: Let t = o(t1, ..., 1) for some k>0, 0 € X% and ty,..., 1, € Ts(Z). For
every i € [k] let mi =3 cpyltjl.- Then

M(o(ty,....te)[z < (s1,---,50)])q
=M(o(tilz < (s15- s 8mi)], - tk[2 < (Smp_1+15---550)]))q
= (by Lemma 3.13)

@ :uk(a)ql-nfhmq (M(tl[z — (317 S 3m1)])q17 S

QIV“aqkeQ
M(ti[z < (Smy_ 415+ ->50))q)

= (by induction hypothesis and because g (0)g,.. g0 7 0 only if g1,...,qx € Q")

@ M;C(U)Q1~..qk,q (M,(tl)lh otl,Z ((9(1/}”)7 31)7 crr (9(1/}”)7 Sml))a try

QIa“'aq}zEQl

M,(tk?)qk Otr,z ((6(1/}”)7 smk_1+1)7 e (9(1/111)7 Sn)))
= (by Proposition 5.2)

(D Mo)aaaM gy M (111, ) 01 (O, 51), -, (OF"), 50)

15k €Q'
= (by Lemma 3.13)

M'(o(t1,. .. tk))q or. (04", 51),. .., (B(Y"), sn)).
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We have thus proved Equation (f). It remains to prove that S(M) = ¢’ -, 0(¢"). Let
Tx.(Z)[z < Ta(Y)] denote the set of all trees t[z < (s1,...,sn)] where t € Tx(Z),
|t|, = n, and s; € Ta(Y). Then clearly, supp(S(M)) C Tx(Z)[z + Ta(Y)] and
supp(¢’ -, 0(¢")) C Tx(Z)[z + Ta(Y)]. Moreover, for each u € Tx(Z)[z + Ta(Y)]
there exists a unique decomposition into ¢ € Tx(Z) and $1,...,8, € Ta(Y) such that
u =t[z < (s1,...,5p)]. Then

(S(M),t[z < (s1,...,5n)])

= (by Observation 4.7 because ¢’ is the terminating state of M)
M(t[z < (s1,---,50)])g

= (by Equation (7))

M'(t)q o1z ((0(4"), 51), -, (O(4"), 50))
= (by Observation 4.7 because ¢’ is the terminating state of M")

(S(M,)v t) Otz ((9(¢,’)a 31)5 SRR (9(¢,’)a Sn))

= (by definition of -, because the decomposition is unique)
(d/ "z 9(¢,,)7 tlz « (s1,-- -, Sn)])

Hence 9", 0(¢") € Rec(XUA, ZUY, A). Now consider the additional relabeling ¢’ induced
by the mappings (f’,¢') where f': SUA — X and ¢': ZUY — Z are defined for every
seXUAandxz e ZUY by

if by if VA
Plo=2" 0T ad @ =4t D
fHs) ifseA, g lz) ifzeY.

Clearly, 6'(¢/' -, 0(x")) = ¢’ -, 4" and, since recognizable uniform tree valuations are closed
under relabeling (see Theorem 7.1), we proved the theorem. O

Finally, we consider the KLEENE-star. We will prove closure under z- KLEENE-star provided
that the underlying DM-monoid is (1, x)-composition closed and sum closed. However, we
first prove the closure in unary-composition closed and sum closed DM-monoids and later
use this result for the proof of the correctness of the construction that uses the relaxed
requirements.

Lemma 7.8. Let z € Z and A be a unary-composition closed and sum closed DM-monoid.
The set Rec(X, Z, A) is closed under z-KLEENE-star.

Proof. If 1 € Rec(Z, Z, A) is not z-proper, then 4% = 0, which is trivially recogniz-
able. So, let ¢ € Rec(X,Z,A) be z-proper; i.e., we have (¢,z) = 0. Moreover, let
M = (Q,%,Z,A, F,u,v) be a wta such that S(M) = . Without loss of generality, let
us suppose that M has a private z-initial variable state p and a terminating state p’
(see Lemma 4.10). Note that p # p' because 1) is z-proper. We construct the wta
M =(Q", %, Z,A, F', i/, V') as follows:

e Q'=Q\{p'};
F, =id and F, = 0 for every ¢ € Q" \ {p};

V' (z)g = v(z)q for every 2 € Z and q € Q' with g # p;

V'(z)p = id and V'(z), = v(z)y for every z € Z with z # z;

L) grqesa = Pk(0)gr...qu,q for every k >0, 0 € 2®) and q,q1,...,q € Q with
q # p; and
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o () qrqp = 1k(0)gy..qup fOT eVery k>0, 0 € E(k)a and qi,...,q; € Q.

For every t € Ty(Z), we have (S(M"), 1) = (S(M"),, 1) = (S(M")F1? @id .z, ¢) where the
last equality is due to the definition of (M’){Z} @ Clearly, p is the {z}-private z-initial
state, so by Lemma 6.6 we obtain

((S(M');z}@’\{p} L (S(MHFHNEN ) grid. t) ((S(M) ., S(M)?) @ id.z,t)

because (S(M),z) = 0 and S(M’)Z{,Z}’QI\{]J} = S(M)y = S(M) (note that the runs in
RE}’QI\{p}(t,p) are the same as the runs in Rj(¢,p’), apart from the labels of the roots).

Finally, by Lemma 5.5, the latter is equal to (S(M)%, ). O

Let us show now that (x, 1)-composition closedness of the DM-monoid is actually not nec-
essary for the previous statement. We chose to present the matter in this way because the
proof of the statement with the relaxed condition is now easier. We present a construc-
tion that utilizes only (1, *)-compositions and sum and then show that the construction is
correct by showing the resulting automaton recognizes the same uniform tree valuation as
the automaton in the previous lemma. This can be done since each DM-monoid can be
extended to a unary-composition closed and sum closed DM-monoid (see Lemma 4.4).

Lemma 7.9. Let z € Z and A be a (1, %)-composition closed and sum closed DM-monoid.
The set Rec(X, Z, A) is closed under z-KLEENE-star.

Proof. Again, if ¢p € Rec(X, Z, A) is not z-proper, then v} is trivially recognizable. In
the sequel, let 1 € Rec(X, Z, A) be z-proper; i.e., we have (¢,z) = 0. Moreover, let

= (Q,%,Z,A F,u,v) be a wta such that S(M) = 1. Without loss of generality,
suppose that M has the terminating state p (see Lemma 4.8). TLet f: Q — P be a
bijection for some set P such that PN Q = 0. Let g: QU P — @ be the mapping defined

for every ¢ € QU P by
q ifgeQ,
9(@) =1, .
f~(q) ifqeP.
We construct the wta M' = (Q', %, Z, A, F', i/, /") as follows.

e Q' =QUP;
= id and F, = 0 for every ¢ € Q U P with ¢ # p;

V(2)p = id, V'(2)q = 0 for every ¢ € Q \ {p}, and v/'(2) () = v(2) for every q € Q;

V(z)q = v(x)g and V' (z) p(q) = v(2)4(v(2)p) for every z € Z with z # z and q € Q;

forevery k> 0,0 e 2% geQand qi,...,q € QUP

1) g = k(0 ) g(q1)--9(ax)sa
M%(U)qy..qk,f(q) ( ) ( (U 9{(q1)---9{qx) ,p)

It remains to prove that S(M') = S(M)%. For this we show that S(M') = S(M") where
M" =(Q,%,Z,B,F", ", V") is constructed according to the proof of Lemma 7.8. Note
that this requires several steps. First the wta M can be seen as a wta over X, Z, and B,
where B is the sum closed and unary-composition closed DM-monoid constructed from A
in Lemma 4.4. To this wta we apply Lemma 4.5; note that p is a terminating state of the
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resulting wta because (9, z) = 0 and hence v(z), = 0. Then, we apply the construction
in Lemma 7.8 to the resulting wta and obtain the wta M”. We repeat the combined
constructions of Lemmata 4.5 and 7.8 for the convenience of the proof (note that in M",
for convenience, we renamed the state z into p). The wta M" = (Q, %, Z, B, F", ", V") is
given by

. ng =id and Fé’ =0 for every g € Q \ {p};
o V//(Z)p — id and V"(Z)q = 0 for every ¢ € Q \ {p};
o V'(z)y =v(z), for every z € Z with z # z and ¢ € Q;

o forevery k> 0,0 €% and ¢, q1,...,q5 € Q

/‘Z(U)(IL--%,Q = @ lu’k(o.)pl-npkﬁ(fph(JN Tt fpk:‘]k)

P15--5Pk EQ\{p}a
(Viclk]): pi=q; if ¢i#p

where for every p',q' € Q

id otherwise.

v(z)y ifq =p,
fp’7q’:{.( )P

We first prove that M"(t), = M'(t)q and v(2),(M"(t),) = M'(t) 44 for every ¢ € Q and
t € Tx.(Z). This is achieved by induction on t.

Induction base: Since this is immediate we leave it to the reader.

Induction step: Let ¢t = o(ty,...,1;) for some k > 0, 0 € ¥ and t,...,t, € Tu(Z).

Then we have M"(o(t1,...,t))q = @y e P2 arguaM" (E1) g, M"(tk)g,) by
Lemma 3.13. We continue as follows:

@ ( @ /’['k(a)pl"'pkaq(fphql’""fpk7Qk)) (M”(tl)(h"‘"M”(tk)Qk)
q1,qL€Q P1,--PRE€EQ\{p},
(Vi€[k]): pi=q; if g:#p

= (by Observations 3.2 and 3.4)
@ 1500 py preng (For s (M (#1) 1) -+ < Fosar (M (t1) 1))

QI7~"aq}€€Q
P1,--PR EQ\{p}
(Vic[k]): pi=q; if qi#p

= (by definition of f, 4, and induction hypothesis)

M'(t1) ifq=p
@ :U‘k(O')pl...pk,q ({Ml(t )f(pl) herwice 7
q15-qL€Q 1)p1 TW1
p177pk€Q\{P}

(Vielk]): pi=q; if ¢i#p

ey

M'(te)rpy Hae=p
M'(tk)p, otherwise
= (by case analysis)

@ Hk(O)Q(QI)---Q(‘]k)7q(MI(tl)lh7 R Ml(tk)lIk)
ql:aqke(QUP)\{paf(p)}

= (by definition of y')

@ M;c(a)lhqu,q(M,(tl)qU-~~aMl(tk)qk)
q15--,qk €(QUP)\{p.f (p)}
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= (because py,(0)g,...q0,q = 0 if there exists an 4 such that g(q;) = p;
this holds because p is a terminating state)

@ /‘;ﬂ(a)m-ume(Ml(tl)m’ RS Ml(tk)%) = Ml(a(tlv s 7tk))q
q1,---,qL EQUP

where the last step is by Lemma 3.13. Let us continue with the second equality:

v(2)g(M" (1))
= (by the previous chain of equations)

V(Z)Q( @ 'uk(U)Q(Q1)~~~9(Qk),P(MI(t1)Q17"'7M,(tk)Qk))
qlazqke(QUP)\{pzf(p)}
= (by Observations 3.3 and 3.4)

@ (V(z)q(:uk(a)g(m)...g(qk.),p)) (Ml(tl)lh? sy Ml(tk)lﬂc)
91,9k E(QUP)\{p,f(p)}
= (by definition of y')
@ ,U;c(a)ql...qk,f(q)(Ml(tl)qla"'7Ml(tk)Qk)
a1, €(QUPN\{p.f ()}
= (by the last two steps in the previous chain of equations)

M,(U(t17 v 7tk))f(q)

Now, for every t € Tx(Z), we have (S(M"),t) = M"(t), = M'(t), = (S(M'),t). Thus
S(M'y = 8S(M") = S(M)% by Lemma 7.8, which proves the statement. O

Theorem 7.10. Let A be a (1,%)-composition closed and sum closed DM-monoid. More-
over, let Z be a finite set. Then Rec(X, Z, A) contains the uniform tree valuation w.z for
every z € Z and w € QW and it is closed under the rational operations as defined in
Definition 5.3. In particular, Rat(X, Z, A) C Rec(%, Z, A).

Proof. The statement follows from Lemmata 7.2, 7.5, 7.6, 7.7, and 7.9. Ul

8 The main result and the special case of semirings

Now we put the analysis and synthesis of automata together and prove KLEENE’s result
for wta with variables over M-monoids. Then we instantiate this to the case of semirings.

First, we define the concept of lifting in order to have type correct results (as discussed in
the Introduction). For this, let ¢ € Uvals(X, Z, A) and @ be a set. We extend 1 to the
mapping liftg(y) € Uvals(E, Z U Q, A) by defining that for every ¢ € Tx(Z U Q)

(’Q/),t) ifte TE(Z),
0 otherwise.

(liftq (), t) = {

Also, let us assume that there is a countable infinite set © such that every finite set (in
particular, state sets Q and variable sets Z) can be chosen as subset of ©. Then, for every
1 € Uvals(X, Z, A), the lifting to © results in liftg(y)) € Uvals(¥,©, A). Henceforth we
will drop © from liftg and just write lift.

As second technical preparation for KLEENE’s result, we consider again Theorem 6.8. In
the right hand side of that statement, we have restricted the semantics [n] to T (Z). This
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was necessary in order to have the same functional type on both sides of the equation.
Clearly, there is also the dual way, i.e., extend the mapping S(M) by liftg. Let us now
show that as long as @ is finite, there exists no difference (so far as rationality is concerned)
in the two approaches.

Lemma 8.1. Let ¢ € Uvals(3,Z, A) and @ be a finite set. There exists a rational
expression 1 € RatExp(Z, Z U Q, A) such that [n]|n,z) = ¢ if and only if there exists a
rational expression ' € RatExp(X, Z U @), A) such that [1'] = liftg ().

Proof. The proof of the if-direction is trivial because if there exists
n' € RatExp(%,Z U Q, A) such that [n'] = liftg(y) then in particular [n']lry,z) = ¥-
For the opposite direction, assume that there exists n € RatExp(2, Z U Q, A) such that

[90l1y(z) = . Moreover, let Q = {q1,...,qr} and let n' = (--- (1 ¢, 0.q1) -+ ) g, 0.q4-
Clearly, 7' is in RatExp(X, Z U Q, A) and ['] = liftg(¢). O

Now we can prove KLEENE’s result for wta with variables over M-monoids. Here we assume
that the function lift is extended to classes of uniform tree valuations in the usual way.

Theorem 8.2. For every (1, x)-composition closed and sum closed DM-monoid A, we have
that lift(Rec(, fin, A)) = lift(Rat(3, fin, A)).

Proof. First we prove the inclusion from right to left. Let Z C © be a finite set. Then,
by Theorem 7.10, we have Rat(X, Z, A) C Rec(X%, Z, A), and thus the application of lift to
both sides yields the desired inclusion.

Second we prove the inclusion from left to right. Let ¢ € lift(Rec(Z, fin, A)). Then there
exists a finite set Z and 1 € Rec(X, Z, A) such that ¢ = lift(¢)). Since 1) is recogniz-
able, there exists a wta M = (Q, 3, Z, A, F, u,v) such that S(M) = ¢. Without loss of
generality, we can assume that Z N Q = (. We note that lift(¢y) = lift(lifto(1)).

By Theorem 6.8 and Lemma 8.1, there exists n € RatExp(X,Z U @, A) such that
[n] = liftg(S(M)) = liftg(+). Thus, liftg(y) € Rat(X, ZU Q, A) C Rat(X, fin, A). Apply-
ing lift we obtain that ¢ € lift(Rat(X, fin, A)). O

We can also derive KLEENE’s theorem for A-wta of [17], i.e., wta over DM-monoids (without
variables).

Theorem 8.3. For every (1, *)-composition closed and sum closed DM-monoid A, we have
that Rec(X,0, 4) = Rat(X, fin, A)|r,.

Proof. By Theorems 6.8 and 7.10, we have that
Rec(X, 0, A) C Rat(X, fin, A)|1, C Rec(, fin, A)|7, C Rec(X,0, A)

where the last inclusion can be seen as follows. Let ¢ € Rec(3, fin, A)|7y,. Thus, there
exist a wta M = (Q, %, Z, A, F, i, v) such that ¢ = S(M)|r,. It is easy to see that for the
wta N = (@, X, 0, A, F, 1, 0) we have that S(N) = S(M)|r,. Thus ¢ € Rec(2,0,4). O

In the next part of this section, we show how to obtain KLEENE’s result for recognizable
tree series over an arbitrary semiring from our KLEENE result for wta over DM-monoids.
To this end, we need some preparations. First we recall the definition of a wta over an
arbitrary semiring. In fact, we adapt Definition 4.1 of |7], where a wta over a commutative
semiring was defined. However, we deviate in the definition of the weight of a run on an
input tree.
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Let K = (K,®,®,0,1) be an arbitrary semiring. A wta over K is a tuple N = (Q, %, 6, F),
where ( is a finite set of states, 3 is the input ranked alphabet, F C @ is the set of final
states, and 0 = (0, | 0 € ¥) is a family of state behaviors with weights, such that,
for every k > 0 and 0 € ), we have a mapping 0, : Q¥ x Q — K. The equation
8s(q1s---,qr,q) = a means that the weight (or: cost) of the transition (qi,...,q) — ¢
is a. The semantics of N is the tree series S(N) € K((Tx)), which is defined as follows.
For an input tree ¢ and a state ¢ € @, a g-run 7 on { is a tree r € Tix gy such that
m1(r) =t and m(r(e)) = q. Hence, r = (o, ¢)(r1,...,7%) for some k >0, 0 € *) ¢ € Q,
and g;-runs r; for some ¢; € @, 1 <4 < k. The weight of r is defined by the equation
en(r)y=cn(r) @~ ®en(re) ©do(q1,- -+, qk, q)- (Thus, referring to the discussion in the
Introduction, we fix the postorder tree walk as product order. But we could as well take
the preorder tree walk, and adapt the definition of mul, in Definition 8.4 appropriately.)
Finally, for every t € Ty, we define

(s, =B( B evn),

qeEF reRpn(t,9)

where Ry (t,q) is the set of g-runs on .

For a ranked alphabet 3 and a finite set Z (of nullary symbols) with 3N Z = (), we denote
the class of tree series which are recognized by wta over the ranked input alphabet > U Z
and semiring K by Recg (X, Z, K). We abbreviate Recg (3, 0, K) by Recg (2, K) and the
union Uy gpite set R€Csr(2, Z, K) by Recg (X, fin, K).

Next, for a semiring K, we define an M-monoid D(K) such that we can express recogniz-
ability of K by recognizability over D(K). In particular, the right-multiplication of the
k-fold product a1 ® -+ ® a; with an a € K is simulated by the k-ary operation mulgk)

of D(K) which is defined as follows.

Definition 8.4. Let (K, ®,®,0,1) be a semiring, a € K, and k > 0 an integer. The k-ary

multiplication with a is the mapping mulgk): K* — K that is defined as follows: for every

al,...,ak6Kwehavemul,(lk)(al,...,ak):a1®-~~®ak®a.

Note that mulgo)() = a. Next we simulate a semiring with the help of a DM-monoid.

Definition 8.5. Let K = (K,®,®,0,1) be a semiring. For every integer k > 0, let
k) = {mulgk) | a € K}. We denote by D(K) the M-monoid (K, ®,0,Q). Note that
dg = mul(ll) and 0F = mulgk) for every k > 0.

Lemma 8.6. For every semiring K, the M-monoid D(K) is distributive, sum closed, and
(1, x)-composition closed.

Proof. Let K and D(K) be as in Definition 8.5. We observe that D(K) is distributive
because equations (d-M) and (a-M) easily follow from the semiring properties (d1-SR),
(d2-SR), and (a-SR). It is sum closed and (1,x)-composition closed because, obviously, for
every a,b € K, mul® @mul(gk) = mulgzéb (using (d1-SR)) and mulgl)(mull()k)) = mull()lga,
respectively. O

Next we show that, for every ranked alphabet 3 and semiring K, the tree series recognizable
by wta over K and the uniform tree valuations with empty variable set Z recognizable by
wta over the DM-monoid D(X) in the sense of Definition 3.5 coincide. (Let us recall, that
uniform tree valuations with empty variable set Z are in fact also tree series.) We will
need the following concept.
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Definition 8.7. Let K = (K, ®,®,0,1) be a semiring. A wta M = (Q, %, d, F) over K and
awta N =(Q,%,0,D(K), F,u,0) over the DM-monoid D(K) are related if the following
conditions hold.

e For every g € Q,

qg=

- _Jid ifger
0 otherwise.
e Forevery k > 0,0 € X and qi,...,qx,q € Q, () g qeg = mul,(lk) if and only if
50(611, - Gk Q) = a.

The following observation is obvious, the proof is left as an exercise.
Observation 8.8. If M and N are related, then we have S(M) = S(N).
Lemma 8.9. For every semiring K, we have that Recg (2, K) = Rec(X, (), D(K)).

Proof. The inclusion Recs (2, K) C Rec(X, 0, D(K)) is immediate from Observation 8.8.
To prove Rec(3, 0, D(K)) C Recg (%, K), let us take a wta M = (Q, 3,0, D(K), F, u, )
over D(K). By Lemmas 8.6 and 4.8, there exists a wta M’ = (Q',%,0, D(K), F', 1', ()
with a terminating state such that S(M) = S(M’). Then, there also exists a wta N
over the semiring K such that N and M’ are related (cf. Definition 8.7). Moreover, by
Observation 8.8, S(N) = S(M'). O

Now we prove KLEENE’s theorem for tree series over an arbitrary semiring.

Theorem 8.10. For every semiring K, we have that Recg, (2, K) = Rat(X, fin, D(K))| ..

Proof. By Lemma 8.9, Lemma 8.6, and Theorem 8.3, we have
Recsr (2, K) = Rec(X, 0, D(K)) = Rat(X, fin, D(K)) |1y, - O

Now we turn to commutative semirings and show that KLEENE’s theorem for commutative
semirings [7] is a special case of the main result of this paper. For this, we will relate the
rational expressions over a commutative semiring K to our rational expressions over D(K).
In order to be able to do this, we slightly modify the definition of the rational expressions
of both [7] and our paper. However, we manage these changes in a way that the results of
both papers remain valid. First let us recall and modify the definition of rational tree series
from [7]. Let ¥ be a ranked alphabet, Z a finite set (of nullary symbols) with ¥ N Z = (),
and K a commutative semiring. By a rational expression over 3, Z, and K, we mean
a rational expression over ¥ U Z and K in the sense of Definition 3.17 of [7| with the
following two modifications. Firstly, as opposed to (5) and (6) of that definition, we allow
the a-concatenation and the a-KLEENE star only for a € Z. Secondly, as opposed to (6),
we allow to form the a-KLEENE star n, for an arbitrary rational expression 7. Note that in
(6) of the discussed definition, 7}, is a rational expression only if the semantics [n]s of 7 is
an a-proper tree series and in that case ([n}]s,t) = (ﬂn]]?rtg)ﬂ, t) for every t € Tx,. (Here
[n]s: denotes the “semiring semantics” of  according to Definition 3.17 of [7]|.) Therefore
we complete the definition of the semantics of n; such that if [n]s is not a-proper, then we
define [:]sr = 0. We denote by Rats (X, Z, K) the set of all rational tree series that are
defined by these rational expressions over 3, Z, and K. Moreover, we abbreviate the class
U2 finite set Ratsr(2, Z, K) by Rats (3, fin, K). Now we recall KLEENE’s theorem from [7]
and give a sketch of the proof in order to demonstrate that the two changes we made in
the definition of rational tree series have no effect on the correctness of the theorem. At
the same time, we correct the small flaw (mentioned in the Introduction) by adding ‘lift’.
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Proposition 8.11 (Theorem 7.1 of [7]). For every commutative semiring K, we have that
lift (Recgr (2, fin, K)) = lift(Rate (X, fin, K)).

Proof. The proof of the inclusion from right to left is based on the fact that recognizable
tree series are closed under the rational operations, which is shown in Theorem 6.8 of
[7]. We have to check whether this theorem remains valid because we allowed to apply
the a-KLEENE star not only to an «-proper but to an arbitrary tree series 1. In fact, if
1 € Recgr (2, Z, K) is a-proper, then Lemma 6.7 of [7] proves that ¢} is recognizable. If,
on the other hand, ¢ € Recg (3, Z, K) is not a-proper, then ¢} = 6, which is obviously
recognizable. Hence Ratg (2, Z, K) C Recy (2, Z, K) follows, which verifies the desired
inclusion. Moreover, by a careful reading of the proof of Theorem 5.2 of [7], we can see
that for every 1 € Recg (X, Z, K) there exists a finite set @ (in fact the state set of the wta
recognizing ) such that liftg(¢) € Rats (2, ZU Q, K) because only g-concatenations and
¢-KLEENE stars with ¢ € @ appear in the constructed rational expression. This proves
that the left-hand side is a subset of the right-hand side. O

Next we show that Proposition 8.11 is in fact a consequence of our Theorem 8.10. For
this, let us change the definition of rational expressions over ¥, Z, and D(K). We de-
fine RatExp'(X, Z, D(K)) in the following way. We change (i) of Definition 5.6 such that,
for every z € Z, we have z € RatExp/ (X%, Z, D(K)) with semantics [z] = id.z. More-
over, we change (ii) of the same definition such that for every £ > 0, 0 € X*) and
rational expressions 71, ..., 7Nk, we have (11, ...,nx) € RatExp/ (3, Z, D(K)) with seman-
tics [o(m,...,me)] = topa’mm(lk)([[m]L...,[[nk]]). Then, we take over (iii), (iv), and (v)
of Definition 5.6. Finally, for every a € K and rational expression 7, we allow that
an € RatExp’ (%, Z, D(K)) with semantics [an] = mulf” o [n] (where ¢ has been defined
at the end of Section 5). By Observation 5.9, [an] is a rational uniform tree valuation (if [n]
is one). It is easily seen that Rat(Z, Z, D(K)) = Rat' (3, Z, D(K)), where the latter is the
set of uniform tree evaluations defined by the rational expressions in RatExp/ (2, Z, D(K));
note, for instance, that [[mul,(ll) .z] = [az] and [[tOpg,mulff) M5 -me)] = [ac(m, -, )]
On the other hand, with this definition of RatExp’(X, Z, D(K)) and the modification of
the rational expressions of [7], we have achieved that rational expressions over ¥, Z, and
the semiring K are syntactically the same as rational expressions over >, Z, and the DM-
monoid D(K). Thus we can relate rational tree series over ¥, Z, and K and rational
uniform tree valuations over X, Z, and D(K). For this we will need the auxiliary function
one : Uvals(X, Z, D(K)) — K({Txuz)) which is defined in the following way. For every
€ Uvals(X, Z, D(K)) and t € Tsyyz, let (one(y),t) = (¢,¢)(1,...,1), where the number
of arguments 1 is [t|z. Note that we identify Tx(Z) and Txyz and that (one(),t) = (¢, t)
for every ¢ € Tx,. We extend one to classes in the usual way.

Lemma  8.12. For every commutative semiring K, we  have  that
Ratsr (%, Z, K) = one(Rat (X, Z, D(K))).

Proof. Tt suffices to show that, for every n € RatExp/(%,Z, D(K)), we have
[n]s: = one([n]), where [n]sr denotes the semantics of  according to Definition 3.17 of [7].
This follows from the statement (1): for every n € RatExp'(X, Z, D(K)), t € Ts(Z), and
ai,...,a, € K, we have that

([[77]]775)(@17 . '7an) = ([[n]]sﬁt) ©aO...0a

which we prove by induction on 7. The proof is obvious when 7 has one of
the forms z, o(n1,...,Mk), M + 12, or an. Therefore, let n = mn -, 7o with
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z € Z and t € Tx(Z). We abbreviate the sequence ay,...,a, by @ and the set
{(s,u1, - Up) € T (Z)™ | m = |s|,,t = s[z + (u1,...,um)]} by E. Then

(I -2 m2], 1) (*) = (] [l ) (@)
= (B 1.5 os: ([d w), -, (Ine] wn)) ) (@)
E

= D[l ) o5z (L], 1), -, (], wm))) @) (i)

E

Now we apply the definition of o, which yields ([n1], s)(seq) where seq is a sequence of
identities interleaved with the operations of the form ([n2], u;). Now, due to the definition
of composition, the a;’s are distributed over the entries in seq; in particular, the operations
([m2], wi) are applied to appropriate subsequences of a. For such applications we can use
the induction hypothesis. Finally, we apply the induction hypothesis also to ([n1], s) with
its arguments, and continue with:

- @ [[nl]]sra [[772]]51?7“1) ([[772]]51“5 U’m ® Haz

k

= ([[771 ‘z 772]]sr7t) © Hai.

1=1

Now we consider the z-KLEENE star. First we show the following statement ({17) by induc-
tion on n. For every n € RatExp (3,Z,D(K)), t € Ts(Z), and (@) = (a1,...,an) € K",
it ([n], @) = ([nlss, ) © [Ty @iy then ([n]2,)(@) = ([n] 0 1) © TTi, @i for every z € Z
and n > 0. The case n = 0 is clear because ([]°), )(@) = 0(a@) = 0. The induction step is
proved as follows.

([, 1) (@) = ([n] = [n]% ©" id.z, t)(a) = ([n] -+ [1]%, 1) (@) @ (id.2, 1) (@).

The subexpression ([1] - [7]%,1)(@) is equal to ([n]s: -z [n]& ., t) © IT;Z, @ which is proved
in exactly the same way as (f) for the concatenation of 7, and 72 except that at (}7)
the induction hypothesis of statement ({11) has to be applied at the inner subexpressions.
Then we can continue with:

([7lse = [0 ) © [ [ @i @ (Lelse ) © [ [ @i = ([l&t ) © [ i -
i=1 i=1 i=1
Now, let n € RatExp'(X, Z, D(K)), z € Z, and assume first that [n] is z-proper. Then
k k
([72],t)(@) = (13, 0 (@) = (WP ) © [T ai = (il ) © [J s
i=1 i=1

If [n] is not z-proper, then obviously ([n:],t)(a) = 0 = ([n;]s,t) ® [1;—, ;- This finishes
the proof of our lemma. O

Now we can show that the main result of |7] is a consequence of Theorem 8.10.

Proposition 8.13. For every commutative semiring K, we have that
Recs (2, K) = Ratg (X, fin, K)|7y,.
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Proof. By Lemma 8.12 we obtain Rats (2, Z, K)|1,, = Rat(X, Z, D(K))|ry, because, for
every 1 € Rat(X,Z,D(K)) and t € Ty, we have (one(t)),t) = (¢,t). Consequently,
Rats (2, fin, K)|1y, = Rat(3, fin, D(K))|r, and thus the statement easily follows from The-
orem 8.10. 0

Now it can be seen as follows that Proposition 8.13 implies Proposition 8.11. For the
inclusion lift(Recg (2, fin, K)) C lift(Ratg (%, fin, K)) we first use Proposition 8.13, next
that Rate: (X U Z, @, K) C Ratg (X, Z U @, K), and finally an analogue of Lemma 8.1 for
Rats,. For the other inclusion we can prove that Ratg (3, Z, K) C Recg (%, Z, K). This
follows from Ratgs (3, Z, K) C Ratg (X U Z, Q, K)|7y,(z) for some @ (in bijection with Z),
and Proposition 8.13.

Finally, as an example of Theorem 8.10, we present a tree series, called post, which is
recognizable by a wta over a non-commutative semiring, and we show how to construct
a rational expression for post in the sense of Theorem 8.10. As semiring we choose the
formal language semiring P(X*) over some alphabet ¥ where P(X*) = (P(Z*),U, -, 0, {e}),
where -, the multiplication in P(3*), is the concatenation of languages. Note that P(X*)
is not commutative.

Now add also ranks to the symbols in X, i.e., ¥ is a ranked alphabet. The tree series
post: Ty, — X* drops the parentheses ( and ) and the commas from its input tree ¢ and
shows the symbols of ¢ in post order. More formally,

post(o(ty,...,tk)) = post(ty) - ... post(tg) - o
for every k> 0, 0 € S5 and tq,..., ¢ € T.
Obviously, post € Recg (X, P(X*)) because there is a wta M over P(X*) such that

S(M) = post. Indeed, let M = (Q,%, 4, F) be the wta with @ = {q}, F = @, and
05(q,...,q,q) = {0} for every k > 0 and o € £(¥)_ Tt should be clear that S(M) = post.

Next we give a rational expression 7 in the sense of Definition 5.6 such that [n]|r, = S(M).
For this, consider the DM-monoid D(P(3*)) and the wta N = (Q, 2, 0, D(P(X*)), F, u, )

such that M and N are related (cf. Definition 8.7). Note that pg(0)q. 49 = mull®) for

- {o}
every k > 0 and o € (%) and F, =id. For the sake of simplicity, let ¥ = {0, 41 0},
By Observation 8.8, S(M) = S(N). Thus it suffices to give a ratio-
nal expression 7 such that [n]ln, = S(N). By Theorem 6.8, there is

such a rational expression 7 € RatExp(X,Q,D(P(X*))) and it has the form
n = id.q -q (ng + id.q)), where 1, € RatExp(Z,Q, D(P(X*))) with [r,] = S(N)9 and
N'=(Q,%, {Q}ag(@),ﬁ,u, v) with v(q)q = id.

Next we give 1. By Lemma 6.6

S(N"FQ = S(N)@0 -, (S(N)@O)?,

hence if we find 6 € RatExp(3, Q, D(P(X*))) such that [0] = S’(N’)qQ’w, then we are ready
because 1y = 6 -4 0; is suitable. Now, by Lemma 6.7,

© ()-

0 = top
7 {a}

,mul}?} (id.q, id.q) + top%mulg)} (id.q) + ‘copa’n[lul

This finishes the example.

Finally, we strongly conjecture that there is a semiring K such that

lift(Rat(Z, fin, D(K))) \ Lift(Rats (3, fin, K))
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contains a tree series 9: Tx;, — K. As an element of this difference set we might consider
the tree series S(M) of Example 3.11 (the semiring here is P(A*) for some suitable A).
We think that there is no semiring-rational expression which can express this tree series.
In fact, the semiring-rational expressions as they are defined in Definition 3.17 of [7] also
implement a particular product order (cf. the discussion in the Introduction), and this is
probably too inflexible to express S(M).
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