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—— Abstract

The HOM-problem asks whether the image of a regular tree language under a given tree homo-

morphism is again regular. It was recently shown to be decidable by Gopoy, GIMENEZ, RAMOS, and
ALVAREZ. In this paper, the N-weighted version of this problem is considered and its decidability is
proved. More precisely, it is decidable in polynomial time whether the image of a regular N-weighted
tree language under a nondeleting, nonerasing tree homomorphism is regular.
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1 Introduction

The prominent model of finite-state string automata has seen a variety of extensions in the
past few decades. Notably, their qualitative evaluation was generalized to a quantitative
one to yield the weighted automata of [26]. These automata are able to neatly represent
process factors such as costs, consumption of resources or time, and probabilities related to
the input, and have been extensively studied [25]. Semirings [17, 18] present themselves as a
well suited algebraic structure for evaluating the weights because of their generality as well
as their reasonable computational efficiency that is derived from distributivity.

Parallel to this development, finite-state string automata have been generalized to process
other forms of inputs such as infinite words [23], graphs [3] and trees [5]. Finite-state
tree automata and the regular tree languages they generate have been widely researched
since their introduction in [7, 27, 28]. These models prove to be useful in a variety of
application areas including natural language processing [19], image generation [8], and
compiler construction [29]. Many applications require both features: trees as more expressive
input structure and quantitative evaluation. This led to the development of several weighted
tree automata (WTA) models. An extensive overview can be found in [12, Chapter 9].

Finite-state tree automata have serious limitations; notably, they cannot guarantee that
two specific subtrees are always equal in the accepted trees provided that those subtrees can
be arbitrarily large. Similarly finite-state string automata cannot ensure that the number
of a’s and b’s in the accepted words is equal. These restrictions are well-known [13], and
the mentioned drawback was addressed in [21], where an extension was proposed that can
explicitly require certain subtrees to be equal or different. This extension is very convenient
in the study of tree transformations [12] that can duplicate subtrees, and it is also the primary
tool used in the seminal paper [15] to prove the decidability of the HOM-problem.
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The HOM-problem, a previously long-standing open question in the study of tree lan-
guages, asks whether the image of a regular tree language under a given tree homomorphism
is also regular. The image need not be regular since tree homomorphisms can also duplicate
subtrees. Indeed, if this duplication ability is removed from the tree homomorphism (e.g.,
linear tree homomorphisms), then the image is always regular [13]. The HOM-problem
was recently solved in [15, 16], where the image is represented by a tree automaton with
constraints, for which it is then determined whether it generates a regular tree language.
Later the HOM-problem was shown to be EXPTIME-complete [6].

In the weighted case, decidability of the HOM-problem remains wide open. Previous
research on the preservation of regularity in the weighted setting [4, 9, 10, 11] focuses on
cases that explicitly exclude the duplication power of the homomorphism. Recently, the
weighted HOM-problem over zero-sum free semirings was addressed, but only solved for
significantly restricted inputs [22]. In the present work, we prove that the HOM-problem for
regular weighted tree languages over the semiring N of nonnegative integers can be decided
in polynomial time. The proof outline is as follows: Consider such a regular N-weighted tree
language and a nondeleting, nonerasing tree homomorphism. First, we represent this image
efficiently using an extension (WTGh) of weighted tree automata that permits constraints [20].
Next, we ask whether this WTGh generates a regular weighted tree language. This semantic
problem is reduced to an easier, essentially syntactic property: the large duplication property.
In turn, this allows us to prove decidability of the weighted HOM-problem in polynomial time
by directly proving it for the large duplication property. If the WTGh for the homomorphic
image does not have this property, then we give an effective construction of an equivalent
N-weighted tree automaton without constraints (albeit in exponential time), thus proving
its regularity. Otherwise, we use a pumping lemma presented in [20] and isolate a strictly
non-regular part from the WTGh. The most challenging part of our proof and our main
technical contribution is showing that the remaining trees in the homomorphic image cannot
compensate for the non-regular behavior of this isolated part. For this, we employ RAMSEY’s
theorem [24] to identify a witness for the non-regularity of the whole weighted tree language.

Compared to the unweighted case where the HOM-problem is EXPTIME-complete [6],
the N-weighted HOM-problem can be decided in polynomial time. Both proofs reduce the
(non)regularity of the homomorphic image in question to a decidable property of the tree
grammar with constraints representing it; however, the unweighted regularity notion is
very different from the corresponding notion for weighted tree languages over N. Unlike
the BOOLEAN semiring B, which corresponds to the unweighted case, the semiring N can
be embedded into a field, which allows us to apply methods of linear algebra. The large
duplication property, to which we successfully reduce the N-weighted HOM-problem, is
certainly necessary, but insufficient in the unweighted case. This is due to the fact that the
BOOLEAN semiring is idempotent, which permits covering an irregular tree language with the
help of a regular one (e.g., the union L UTy, = T, of an irregular tree language L with the
regular tree language Tx; of all trees is again regular). We will prove that such covers cannot
happen in the semiring N of nonnegative integers. As a consequence, the large duplication
property is necessary and sufficient for non-regularity of weighted tree languages over N. In
summary, our overall strategy for approaching the HOM-problem is similar to [15], but the
required notions and details of the proofs significantly differ.

Tree automata and grammars with constraints are applied in domains such as automated
deduction [2] or security verification [1]. In this context, studying quantitative extensions of
these models is naturally relevant. Tree structures are also central in XML, and homomorphic
transformations on trees allow us to modify the codes while preserving the hierarchical
structure. Moreover, the HOM-problem plays a role in the context of term rewriting [14]: For
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a term rewrite system, the set of normal forms (i.e., terms to which no rule can be applied)
can be expressed as the complement of a homomorphic image; a better understanding of
these images can help generalize known results in this field.

2 Preliminaries

We denote the set of nonnegative integers by N. For i,5 € Nwelet [¢,j] = {k e N | i < k < j}
and [j] = [1,j]. Let Z be an arbitrary set. The cardinality of Z is denoted by |Z|, and the set
of words over Z (i.e., the set of ordered finite sequences of elements of Z) is denoted by Z*.

Trees, Substitutions, and Contexts

A ranked alphabet (2, 1k) consists of a finite set 3 and a mapping rk: ¥ — N that assigns
a rank to each symbol of X. If there is no risk of confusion, then we denote the ranked
alphabet (¥,rk) by X alone. We write 0(®) to indicate that rk(c) = k. Moreover, for
every k € N we let ¥, = rk™ ! (k) and rk(¥) = max {k € N | £ # (0} be the maximal rank of
symbols of ¥. Let X = {z; | i € N} be a countable set of (formal) variables. For every n € N,
we let X,, = {z; | ¢ € [n]}. Given a ranked alphabet ¥ and a set Z, the set Tx(Z) of
Y-trees indexed by Z is the smallest set such that Z C Tx(Z) and o(ty,...,t;) € Ts(Z) for
every k € N, 0 € X, and t1,...,tx € Ts(Z). We abbreviate Tx (@) simply by T%, and any
subset L C Ty is called a tree language.

Let ¥ be a ranked alphabet, Z a set, and consider a tree t € T%(Z). The
set pos(t) of positions of t is defined by pos(z) = {e} for all z € Z and
by pos(o(ti,...,tx)) = {e} U {iw | i € [k]l,w € pos(t;)} for all k € N, 0 € Xy,
and ti,...,t, € Tx(Z). With their help, we define the size ‘size(t)’ and height ‘ht(t)’
of t as size(t) = |pos(t)| and ht(t) = max,cpos(x)|w|. Positions are partially ordered by
the standard prefix order < on [rk(X)]*, and they are totally ordered by the ascending
lexicographic order < on [rk(X)]*, in which prefixes are larger; i.e., ¢ is the largest element.
More precisely, for v, w € pos(t) if there exists u € [rk(X)]* with vu = w, then we write v < w,
call v a prefiz of w, and let v~'w = u because u is uniquely determined if it exists. Provided
that u = wuy - - - u, with ug, ..., u, € [rk(X)] we also define the path [v,...,w] from v to w as
the sequence (v, vuy, vujus, ..., w) of positions. Any two positions that are <-incomparable
are called parallel.

Given t,t' € Tx(Z) and w € pos(t), the label t(w) of t at w, the subtree t|,, of t at w,
and the substitution t[t'],, of t' into ¢t at w are defined by z(¢) = z|. = z and z[t']. =
for all z € Z and by t(e) = o, t(iw') = t;(W'), tle = t, tliw = tilw, t[t']e = t/, and
)i =0 (t1, .. tic1, Gt s tigrs - - -, ti) for all trees t = o(ty,..., ) with k € N, 0 € 5y,
t1,...,tx € T(Z), all i € [k], and all w’ € pos(t;). For all sets S C X U Z of symbols,
we let posg(t) = {w € pos(t) | t(w) € S}, and we write pos,(t) instead of posg,,(t) for
every s € X U Z. The set of variables occuring in ¢ is var(t) = {z € X | pos,(t) # 0}.
Finally, consider n € N and a mapping 6': X,, — Tx(Z). Then by substitution, ¢’ in-
duces a mapping 6: T (Z) — Tx(Z) defined by 0(z) = 0'(x) for every z € X,,, 0(z) = =
for every z € Z \ Xy, and 0(o(t1,...,tx)) = o(0(t1),...,0(tx)) for all k € N, 0 € Xy,
and t1,...,t, € Tu(Z). For t € Tx(Z), we denote 6(t) by tf or, more commonly, by
tlzy < 0'(z1),..., 20 + 6 (x,)].

Let O ¢ X. A context is a tree C € Tx(0O) with posg(C) # 0. More specifically, we
call C' an n-context if n = |posg(C)|. For an n-context C and t1,...,t, € Tx, we define the
substitution Clti,...,t,] as follows. Let posg(C) = {w1,...,w,} be the occurrences of O
in C in lexicographic order w; < -+ < wy. Then we let C[t1,...,tn] = Clt1]w, - [tn)w, -
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Tree Homomorphisms and Weighted Tree Grammars

Given ranked alphabets ¥ and T', let h’': ¥ — Tr(X) be a mapping with h'(c) € Tr(X%)
for all k € N and o € 3. We extend /' to h: T, — Tr by h(a) = b/ (a) € Tr(Xo) = Tr
for all @ € X and h(o(t1,...,tx)) = h'(0)[x1 < h(t1),...,zr < h(ty)] for all k£ € N,
o € Xy, and t1,...,t; € Ts. The mapping h is called the tree homomorphism induced by h',
and we identify A’ and its induced tree homomorphism h. For the complexity analysis of
our decision procedure, we define the size of h as size(h) = ) .y size(h(c)). We call h
nonerasing (respectively, nondeleting) if h'(c) ¢ X (respectively, var(h'(c)) = Xj) for
all k € N and o € 3. In this contribution, we will only consider nonerasing and nondeleting
tree homomorphisms h: Tx — T, which are therefore input finitary; i.e., the preimage h=(u)
is finite for every u € Tt since |t| < |u| for every t € h™!(u). Any mapping A: T — N is
called N-weighted tree language, and we define the weighted tree language h4: Tt — N for
every u € Tr by ha(u) = 3, cp,-1(,) A(t) and call it the image of A under h. This definition
relies on the tree homomorphism to be input-finitary; otherwise the defining sum is not finite,
so the value h4(u) is not necessarily well-defined.

A weighted tree grammar with equality constraints (WTGc) [20] is a tuple (Q, X, F, P, wt),
in which @ is a finite set of states, ¥ is a ranked alphabet of input symbols, F: Q — N
assigns a final weight to every state, P is a finite set of productions of the form (¢,q, E)
with £ € T5(Q) \ Q, ¢ € Q, and finite subset E C N* x N* and wt: P — N assigns a
weight to every production. A production p = (¢,q, E) € P is usually written p = ¢ O q

orp=1/{ &Wt(p) q, and the tree / is called its left-hand side, q is its target state, and FE
are its equality constraints, respectively. Equality constraints (v,v’) € E are also written
as v =v'. A state ¢ € Q is final if F(q) # 0.

Next, we recall the derivation semantics of WT'Gce from [20]. Let (v,v") € N* x N* be
an equality constraint and ¢ € Tx. The tree ¢ satisfies (v,v’) if and only if v,v" € pos(t)
and t|, = t|,, and for a finite set C C N* x N* of equality constraints, we write ¢t = C
if ¢ satisfies all (v,v") € C. Let G = (Q,%,F, P,wt) be a WTGe. A sentential form
(for G) is a tree £ € Tx(Q). Given an input tree t € T, sentential forms &,( € Tx(Q), a
production p = ¢ -2 ¢ € P, and a position w € pos(§), we write & = Cif £l = £,
¢ = &[qlw, and t|,, E F; ie., the equality constraints E are fulfilled on t|,. A se-
quence d = (p1,wy)-- (Pn,wyn) € (P x N*)* is a derivation (of G) for t if there ex-
ist §o,...,&n € Tx(Q) such that & = t and &1 =4, & for all i € [n]. We call d
left-most if additionally w; < wy < --- < w,. Note that the sentential forms &,...,&,
are uniquely determined if they exist, and for any derivation d for ¢ there exists a unique
permutation of d that is a left-most derivation for t. We call d complete if £, € @, and in
this case we also call it a derivation to &,. The set of all complete left-most derivations
for ¢t to ¢ € Q is denoted by DE(t). A complete derivation to some final state is called
accepting. If for every p € P, there exists a tree ¢t € Ty, a final state ¢ and a deriva-
tion (p1,w1) -+ (Pm, Wm) € D&(t) such that F(q)-[[;_, wt(p;) # 0 and p € {p1,...,pm}; i-e.
if every production is used in an accepting derivation with nonzero weights, then G is trim.

Let d = (p1,w1)- - (pn,wn) € DE(t) for some t € Tx and ¢ € [n]. Moreover,
let {j1,...,je} be the set {j € [n] | w; < w;} with the indices j1 < --- < jg of those positions
of which w; is a prefix. We refer to (pj,, wi_lel)7 . (pje, wi_le[) as the derivation for t|.,
incorporated in d. Conversely, for w € N* we abbreviate the derivation (py, wwy) - - - (pn, wwy,)
by wd.

The weight of a derivation d = (p1,w1) -+ (pn, wy,) is defined as wte(d) =[], wt(p;)-
The weighted tree language generated by G, written [G]: Ts — N, is defined for all ¢ € T%; by
[G](t) = quQ,deDg(t) F(q) - wtg(d). For t € Ty and ¢ € Q, we will often use the
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value wtl,(¢) defined as wtg, (t) = ZdquG(t) wtg(d). Using distributivity, [G](¢) then sim-
plifies to [G](t) = >_ o F(q) - wt§(t). We call two WTGce equivalent if they generate the

same weighted tree language.
We call a WT'Gce (Q, X, F, P,wt) a weighted tree grammar (WTG) if E = ) for every

production /¢ N q € P; i.e., no production utilizes equality constraints. Instead of ¢ l> q we
also simply write £ — g. Moreover, we call a WTGc a weighted tree automaton with equality
constraints (WTAc) if posy(¢) = {e} for every production ¢ L, qeP, and a weighted tree
automaton (WTA) if it is both a WTG and a WTAc. The classes of WTGc and WTAc are
equally expressive, and they are strictly more expressive than the class of WTA [20]. We call
a weighted tree language regular if it is generated by a WTA and constraint-regular if it is
generated by a WT'Gc. Productions with weight 0 are obviously useless, so we may assume
that wt(p) # 0 for every production p. Finally, we define the size of a WTGc as follows.

» Definition 1. Let G = (Q, %, F, P,wt) be a WI'Gc and p =¢ ECN q € P be a production.
We define the height of p as ht(p) = ht(¢) and its size as size(p) = size(£), the height of P
as ht(P) = maxpep ht(p) and its size as size(P) = 3_  psize(p), and finally the height of G
as ht(G) = |Q| - ht(P) and its size as size(G) = |Q| + size(P).

It is known [20] that WTGc of a particular shape can represent homomorphic images of
regular weighted tree languages. This subclass of WTGc will be central in our work.

» Definition 2. A WTGc (Q, >, F, P, Wt) is classic if every production p =/ N qeP
satisfies B2 C posg (0)%; d.e., all equality constraints point to the Q-labeled positions of its left-
hand side. Without loss of generality, we can assume that every set E of equality constraints is
reflexive, symmetric, and transitive, that is, an equivalence relation on a subset D C posQ(E),
so not all occurrences of states need to be constrained.

A classic WTGe is eq-restricted if it has a so-called sink state L € Q \ F' such that (i)
o(L,..., 1) —1 L belongs to P for all 0 € ¥, and no other productions target L, and (ii)
for every production ¢ £, q with q # L, if posqg(€) = {p1,...,pn} and q; = £(p;) fori € [n],
the following conditions hold:

1. For each i € [n], the set {q; | pj € [pil=5} \ {L} is a singleton.
2. There exists exactly one p; € [p;|=, such that g; # L.

In other words, an eq-restricted WTGc G has a designated nonfinal sink state 1 € @
such that F'(L) =0 as well as p, =y(L,..., 1) = L € P and wt(p,) = 1 for every v € I.

In addition, every production p = ¢ EIN q € P satisfies the following two properties.
First, £ C posQ(€)2; i.e., all equality constraints point to the @-labeled positions of its
left-hand side. Second, ¢(v) = L and ¢(w) # L for every v € [w']g \ {w} and w’ occurring in
E, where w = min<[w']g; i.e., all but the lexicographically least position in each equivalence
class of E' are guarded by state L. Essentially, an eq-restricted WTGc G performs its
checks (and charges weights) exclusively on the lexicographically least occurrences of equality-
constrained subtrees. All the other subtrees, which by means of the constraint are forced to
coincide with another subtree, are simply ignored by the WTGc, which formally means that
they are processed in the designated sink state L. In the following, we will use L to denote
such a sink state, and write Q U {_L} to explicitly indicate its presence.
To simplify our terminology, we will refer to eq-restricted WTGc simply as WTGh.

» Theorem 3 (see [20, Theorem 5]). Let G = (Q, X, F, P, wt) be a trim WTA and h: Ts, — Tt
be a nondeleting and nonerasing tree homomorphism. Then there exists a trim WTGh G’
with [G'] = hyg). Moreover, size(G') € O(size(G) - size(h)) and ht(G’) € O(size(h)).

51:5
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» Example 4. Let G = (QU {L},I, F, P,wt) with Q = {q,qs}, T = {a@ 41 &},
F(q) = F(L) =0 and F(qf) = 1, and the following set P of productions.

1=21
{a —14, ’Y(Q) —2 q, 5(q77(i)7Q) —1 qf, a —1 J—v ’Y(L) —1 J—a 6(LaJ~7J~) —1 L}

The WTGc G is a WTGh. It generates the homomorphic image [G] = ha for the tree
homomorphism h induced by the mapping o — «, v — y(21), and o — 5(332,7(332),901)
applied to the regular weighted tree language A: Tx, — N given by A(t) = 2lpos, (M1 for
every t € Ty, with ¥ = {a(®, v ()1 The weighted tree language [G] is itself not regular
because its support is clearly not a regular tree language.

The restrictions in the definition of a WTGh allow us to trim it effectively.

» Lemma 5. Let G = (QU{L}, X, F, P,wt) be a WTGh. An equivalent, trim WTGh G’
can be constructed in polynomial time.

Proof. First, recall that we may assume wt(p) # 0 for every p € P because wtg(d) = 0 for
every derivation d of G that contains a production p with wt(p) = 0. For the proof, we
employ a simple reachability algorithm. For every n € N and U C Q, let

Q=0 Quu=@.U |J {&¢ o= J {(¢¢)e€U? | pos,(0)#0} .
(éiq)GP (Zi)q)GP
ZGTE(Qn) ZGTE(U)

Since @ is finite, there exists N with Qn = Qni1. Let Q' = Qn. A straightforward proof
shows that ¢ € Q" if and only if for some ¢ € T, there exists d € D (t) with wtg(d) # 0. To
ensure the reachability of a final state, we let < be the smallest reflexive and transitive relation

on @' that contains IIg/. Then P’ = {¢ Ligep lge @', Jqs € Q': Fgr) #0, gs < g}, and
the desired WTGh is simply G' = (QU {L}, X, F, P',wt |p/). <

3 Substitutions in the Presence of Equality Constraints

This short section recalls from [20] some definitions together with a pumping lemma for
WTGh, which will be essential for deciding the integer-weighted HOM-problem. First, we
need to refine the substitution of trees such that it complies with existing constraints.

» Definition 6 (see [20] and cf. [15]). Let G = (QU{L}, %, F, P,wt) be a WTGh. Moreover,
let . € Q, t,t' € T, and d € D{(t) as well as d' € Dg(t’) such that ¢ # L # ¢’ and
d = d(p,e) uses p = c[qu,-- -, q) E—’m> q € P as its final production. For every i € [k]
let w; = pos,, (c) and d; be the unique left-most derivation for t; = t|yos, (c) incorporated
in d. Finally, for every u € Ts let d- be the unique left-most dem’vationlfor u to L. For
every w € pos(t) at which the production used in d targets ¢', we recursively define the

derivation substitution d[d'], of d' into d at w and the resulting tree t[t']% as follows.
Ifw=¢, then d[d']. = d and t[t']¢ =t'. Otherwise w =w;w for some j € [k] and we have

d[[d/ﬂw = dll e d;c(p7 6) and t[[t/]]i = C[tllv ceey t;c] 5

where for each i € [k] we have
ifi=7j (ie., w; is a prefix of w), then d; = w;(d;[d']w) and t; = ti[[t’ﬂi,
if ¢ = L and w; € [wjl=, (i.e., it is a position that is equality restricted to w;), then
d,
d, = w;dt and t; = u with u = t;[t']}, and
otherwise d; = w;d; and t; =t; (i.e., derivation and tree remain unchanged).

It is straightforward to verify that d[d']. is a complete left-most derivation for t[t']% to q.
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» Example 7. Consider the WTGh G of Example 4 and the following tree ¢ it generates
into which we want to substitute the tree ¢’ = v(a) at position w = 11.

/N
|

v
| MW= a
:

|
v
|
Y
|
a

We consider the following complete left-most derivation for ¢ to gy.

d— (a S, 11) (’y(q) S, 1) (a S, 211) (7(1_) ey 21)
(0= a.31) (v@) = .3) (8(a.7(1).0) = gp.2)

Moreover, let d = (o — ¢,1) (v(¢) = ¢,¢) and d| = (o — L,1) (y(L) = L,e).
With the notation of Definition 6, in the first step we have vy = 1, vo = 21, v3 = 3,
dy =d3 = d, dy = d|, and & = v;'w = 1. Respecting the only constraint 1 = 21,
we set d = di[d']e = d'[d']1, dy = d2[d' e = d|[d]1, and d = d3 = d’. Eventually,
1=(a = ¢,11)(v(¢) = ¢ )(7(a) = ¢,¢) and dy=(a — L, 11)(y(L) = L, 1)(v(L) = L,e).
Hence, we obtain the following derivation d[d']11 for our new tree t[t']11.

d[d] = (a 4, 111) (’y(q) 4, 11) ('y(q) S, 1) (a - J_,2111> (7(L) - L,211)
(V(L) S 21) (a - q,31) (’y(q) 4, 3) (5(q,’y(J_), g) =2 qf,e)

Although t|31 = « also coincides with the subtree t|1; = a we replaced, these two subtrees
are not equality-constrained, so the simultaneous substitution does not affect ¢|3;.

The substitution of Definition 6 allows us to prove a pumping lemma for the class of
WTGh: If d is an accepting derivation of a WITGh G = (Q U {L}, %, F, P,wt) for a tree ¢
with ht(t) > ht(G), then there exist at least |@Q\ {_L}|+1 positions wy > -+ > w|g|41 in t at
which d applies productions with non-sink target states. By the pigeonhole principle, there
thus exist two positions w; > w; in ¢ at which d applies productions with the same non-sink
target state. Employing the substitution we just defined, we can substitute |, into w; and
obtain a derivation of G for t[t|.,]w,. This process can be repeated to obtain an infinite
sequence of trees strictly increasing in size. Formally, the following lemma was proved in [20].

» Lemma 8 ([20, Lemma 4]). Let G = (QU{L},X, F, P,wt) be a WTGh. Consider some
tree t € Tx, and non-sink state ¢ € Q \ {L} such that ht(t) > ht(G) and D (t) # 0. Then
there are infinitely many pairwise distinct trees to,ty,... such that D& (t;) # 0 for all i € N.

» Example 9. Recall the WT'Gh G of Example 4. We have ht(P) = 2 and ht(G) = 4, but
for simplicity, we choose the smaller tree t = §(v(a),v(v(«)), v(«)), which we also considered
in Example 7, since it also allows pumping. The derivation d presented in Example 7 for ¢
applies the productions (o — ¢) at 11 and y(q) — ¢ at 1, so we substitute t|; = v(«) at 11
to obtain t[y(a)]11. In fact, this is exactly the substitution we illustrated in Example 7.
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4 The Decision Procedure

Let us now turn to the N-weighted version of the HOM-problem. In the following, we show
that the regularity of the homomorphic image of a regular N-weighted tree language is
decidable in polynomial time. More precisely, we prove the following theorem.

» Theorem 10. The weighted HOM-problem over N is polynomial; i.e. for fized ranked
alphabets T’ and %, given a trim WTA A over T, and a nondeleting, nonerasing tree homo-
morphism h: Ty — Ty, it is decidable in polynomial time whether hya) is regular.

In the beginning, the proof of Theorem 10 resembles the unweighted case [15]: Given a
regular weighted tree language A (represented by a trim WTA) and a tree homomorphism h,
we first construct a trim WTGh G for its image [G] = ha applying Theorem 3. We then
show that [G] is regular if and only if the equality constraints used in G only act on subtrees
of height at most ht(G). In other words, if there exists a production ¢ B, q in G such that
for some equality constraint (u,v) € E with non-sink state ¢ = ¢(u) there exists a tree t € T,
with ht(¢) > ht(G) and D{(t) # 0, then [G] is not regular, and if no such production exists,
then [G] is regular. There are thus three parts to our proof. First, we show that the existence
of such a production is decidable in polynomial time. Then we show that [G] is regular if
no such production exists. Finally, we show that [G] is not regular if such a production
exists. The latter part employs RAMSEY’s theorem [24] and is the most significant technical
contribution in our paper. For convenience, we attach a name to the property described here.

» Definition 11. Let G = (QU{L}, X, F, P,wt) be a trim WTGh. We say that G has the large

duplication property if there exist a production ¢ N q € P, an equality constraint (u,v) € F
with £(u) # L = £(v), and a tree t € T, such that ht(t) > ht(G) and Dgu) (t) #0.

We start with the decidability of the large duplication property.

» Lemma 12. Consider a fixed ranked alphabet 3. The following is decidable in polynomial
time: Given a trim WTGh G, does it satisfy the large duplication property?

Proof. Let G = (QU {L}, %, F, P,wt) and construct the directed graph G = (Q, E) with

edges F = Ueiqep{(q/’q) | ¢ € Q,pos, (£) # 0}. Clearly, the large duplication property

is equivalent to the condition that there exists a production ¢ ECN q € P, an equality
constraint (u,v) € E with £(u) # L = {(v), and a state ¢ € Q \ {_L} such that there exists a
cycle from ¢’ to ¢’ in G and a path from ¢’ to #(u) in G. This equivalent condition can be
checked in polynomial time. The equivalence of the two statements is easy to establish. If
the large duplication property holds, then the pumping lemma [20, Lemma 4] exhibits the
required cycle and path. Conversely, if the cycle and path exist, then the pumping lemma [20,
Lemma 4] can be used to derive arbitrarily tall trees for which a derivation exists. |

Next, we show that if a WTGh G does not satisfy the large duplication property, then its
generated weighted tree language [G] is regular. To this end, we construct the linearization
of G. The linearization of a WTGh G is a WTG that simulates all derivations of G which
only ensure the equality of subtrees of height at most ht(G). For this, we replace every
production ¢ N g in G by the collection of all productions £/ — ¢ which can be obtained by
instantiating F, i.e., substituting each position constrained by E with a compatible tree of
height at most ht(G) that satisfies E. Note that positions in ¢ that are unconstrained by E
are unaffected by these substitutions. Formally, we define the linearization following [15,
Definition 7.1].
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» Definition 13. Let G = (Q U {L}, X, F,P,wt) be a WIT'Gh. The linearization lin(G)
of G is the WTG lin(G) = (QU {L}, X, F, Pin, Wtyin ), where Py, and wty, are defined as
follows. For ¢ € Ts(Q)\ Q and q € Q, we let (!’ = q) € Pin if and only if there exist a
production (¢ N q) € P, positions wy,. .., wg € posgui11(£), and trees t1, ... ty € Ts with
{wy,...,wi} = UweposL(f) [w]g; i.e., E constrains exactly the positions wy, ..., wy,

t; =t; if (w;,w;) € E foralli,j € [k],
0 =Lt1]w, « - [tk|ws, and
DA™ (1) # 0 and ht(t;) < ht(G) for all i € [k].

For every such production ¢! — q we define wty, (¢ — q) as the sum over all weights

wt(¢ 5 q) - [ wte (t:)
i€ k]

for all (£ £, q) € P, wy,...,wg € posQU{J_}(f), and ty,...,tx € Ts as above.

If a trim WTGh G does not satisfy the large duplication property, then every equality
constraint in every derivation of G only ensures the equality of subtrees of height at most ht(G).
Thus, lin(G) and G generate the same weighted tree language [G] = [lin(G)], which is then
regular because lin(G) is a WT'G. Thus we summarize:

» Proposition 14.  Let G be a trim WTGh and suppose that G does not satisfy the large
duplication property. Then [G] is a regular weighted tree language.

Finally, we show that if a WTGh G = (QU{L}, X, F, P, wt) satisfies the large duplication
property, then [G] is not regular. For this, we first show that if G satisfies the large duplication
property, then we can decompose it into two WI'Gh G7 and Go such that [G] = [G1] + [G2]
and at least one of [G1] and [G2] is not regular. To conclude the desired statement, we then
show that the sum [G] = [G1] + [G2] is also not regular. For the decomposition, consider

the following idea. Assume that there exists a production p = (¢ £, q) € P as in the large
duplication property such that F'(q) # 0. Then we create two copies G1 and Go of G as
follows. In G; we set all final weights to 0, add a new state f with final weight F'(q), and

add the new production (¢ N f) with the same weight as p. On the other hand, in G
we set the final weight of ¢ to 0, add a new state f with final weight F'(¢q), and for every

production p’ = (¢ =, q) € P except p, we add the new production ¢ N f to G2 with
the same weight as p’. Then [G] = [G1] + [G2] because every derivation of G whose last
production is p is now a derivation of GG; to f, and every other derivation is either directly a
derivation of G5 or, in case of other derivations to g, is a derivation of G5 to f.

By our assumption on the production p = (¢ -z, q), there exist a tall tree t € T
with ht(¢) > ht(G) and a constraint (u,v) € E with £(u) # L = £(v) and Dgu)(t) # (. Thus,
every tree t’ generated by G satisfies t'|,, = ¢|,, and by Lemma 8, there exist infinitely many
pairwise distinct trees with a derivation to ¢(u). The support (i.e., set of nonzero weighted
trees) of [G1] is therefore not a regular tree language. This implies that [G1] is not regular,

as the support of every regular weighted tree language over N is a regular tree language [12].

In general, we cannot expect that a production ¢ B, q as in the large duplication property
exists that already targets a final state. We therefore “grow” productions from the top,
beginning with a production whose target state is final, by substituting @-labeled positions
with left-hand sides of other productions until we have “synthesized” a production which
satisfies the large duplication property. We then construct Gy by adding this newly formed
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production as a production to a new state f. We construct Go simply to ensure that it
simulates all derivations of G that are not already accounted for by G;. Formally, we show
the following lemma.

» Lemma 15. Let G = (QU {L}, X, F, P,wt) be a trim WTGh that satisfies the large

duplication property. Then there exist two trim WTGh G = (Q1 U{L}, X, F1, P1,wtq1) and

G2 = (Q2U{L}, X, Fy, Py, wto) such that [G] = [G1] + [G2] and for some f € Q1 we have
Fi(f) #0 and Fi(q) =0 for allg € Q1 \ {f}, and

there exists exactly one production pr = ({¢ 2N f) € Py with target state f, and for this
production there exists (u,v) € Er with £s(u) # ¢i(v) = L and an infinite sequence of
pairwise distinct trees to,tq,ts,... € Tx, such that Dgi") (t;) # 0 for all i € N.

Proof. Let p= (¢ EEN q) € P be a production as in the large duplication property. Since
G is trim, there exist a tree t' € T%, a final state ¢f € Q with F(gs) # 0, a deriva-
tion d = (p1,w1) - (Pm,wy) € DE(t'), and i € [m] such that p; = p. In other words,

there is a derivation utilizing production p. We let p; = ¢; i q; for every j € [m], and
let w;, > -+ > w;, be the sequence of prefixes of w; among the positions {ws,...,wy,} in
strictly descending order with respect to the prefix order. In particular, we have w;, = w;
and w;, = €.

For a position w and a set E’ of constraints, we define wE’' = {(wu,wv) | (u,v) € E'}.

We want to join the left-hand sides of the productions p;,,...,p;, to a new produc-
. E .

tion Ly (0o, Jw,, | - [l Jws, — gr with Ef = U e wi; Ei;- However, we need to ensure

that w;,,...,w;, do not occur in Ef. Therefore, we assume that p, t’, ¢, d, and i above are

chosen such that w; is of minimal length among all possible choices. Then we see as follows
that w;,,...,w;, do not occur in Ej.

Let (u,v) € E with £(u) # £(v) = L and t € Tx with ht(t) > ht(G) and DA™ (t) # 0.
Suppose there exists j € [k] such that w;, occurs in E;. Then there exists (u',v") € E
with w;; = w;, ,u'. Then the tree t'[t]y,u
the large duplication property, but |w;, | < |w;|, so w; is not of minimal length.

We define G; = (Q1 U {L}, X, Fy, P1,wt;) as follows. Let f ¢ QU {L} be a new state.
We set Q1 = QU {f}, Fi(f) = F(qgs), and Fi(¢’) = 0 for all ¢ € Q. For the produc-
tion pr = (i, [¢,_,] i), 5 f) with By = Uy wi, By, we let P = P U {pr},
wti(pr) = [I;ep Wtlps;), and witi(p') = wt(p') for all p’ € P. Then G, simulates all
derivations of G' with productions p;,,...,p;, at the positions wj,,...,w;,, respectively.
For the existence of the infinite sequence of trees, let (u,v) € E with f(u) # ¢(v) = L
and t € Ty with ht(t) > ht(G) and Dgu) (t) # 0. By Lemma 8, there exists an infin-
ite sequence tg,t1,%2,... € Ty, of pairwise distinct trees with Dgu) (t;) # 0 for all i € N.
Since Dgu) (t;) C Dgf) (t;) for all 4 € N, this is the desired sequence. We conclude the
definition of G; by noting that (w;u,w;v) € Ef and that the left-hand side ¢ of p¢ satis-
fies le(wiu) = £(u).

Next, we construct G5 such that it simulates all remaining derivations of G in the following
sense. If d is a derivation of G to a state different from g¢¢, then it is a derivation of G5 to that
same state. If d is a derivation of G to ¢¢ but its last production is not p;, , then it is simulated
by a derivation of G5 to a new state f. If d is a derivation of G and its last production
is p;, but the production at w;, , is not p;, ., then it again is simulated by a derivation

1
wi, shows us that p;,,, is also a production as in

Wiy

of G5 to f, and so on. To have a more compact definition for G2, we use the symbol [J to
denote a tree of height 0 and a term O[6;, Ju,, -~ [li,y, Jw,,, [(']w,, for j =k is to be read

as D[ﬂ’]wij. We let f ¢ QU {L} be a new state and define Go = (Q2 U {L}, X, Fy, Py, wto)
by Q2 = QU{f}, Falgr) = 0, Fa(f) = Fqr), and F3(q') = F(¢') for all ¢’ € @ \ {gs}.
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V= /0\ pp = /g\ 111_:1)128 f
Y1 « Y1 do
o o
« « 9o 1
Figure 1 The tree ¢’ and the new production py.
For the set P, of productions, we let
Ef E'
Py=PU {0, - iyl €, =5 1 [0 = (€55 ;) € P\ {p ),
JE(R] k
Ef:wijE/U U wij,Eij,} .
Jr=j+1

E
For a production py = O[¢;, Ju,, -+ [Eij+l]wij+1 [ﬁ’huij —% f constructed from p’ as above we

let wto(py) = wt(p') - Hf/:j+1 wt(pi,,) and for every p' € P we let wt2(p') = wt(p'). Then
we have [G](t) = [G1](t) + [G2](t) for every t € Tx. Note that trimming G; and Gy will

not remove any of the newly added productions under the assumption that G is trim. <«

» Example 16. We present an example for the decomposition in Lemma 15. Consider the
trim WTGh G = (QU {L},%, P, F,wt) with Q = {qo,q, g}, & = {a(o),7(1),0(2),751),751)},
final weights F'(¢r) = 1 and F(qo) = F(q) = F(L) = 0, and the set P = P, U P’ defined
by P’ = {a =1 qo, 7(90) —1 90, 0(q0, L) =254, m(@) =2 @ 12(7) =2 @ 7(3,q0) =2 ar }
and the usual productions targeting L in P, . Trees of the form ~(--- (y(«))---) of arbitrary
height are subject to the constraint 1 = 2, so G satisfies the large duplication property.

We consider ' as in Figure 1 and use its (unique) derivation in G. Following the approach
sketched above, we choose a new state f and define Gy = (QU {f} U{L}, X, F1, P, wtq),
where Fi(f) = 1 and Fi(q) = 0 for every ¢ € QU {L}, and P, = P U {p¢} with the new
production pf depicted in Figure 1, which joins all the productions of G used to derive t/,
from the one evoking the large duplication property to the one targeting a final state. It
remains to construct a WI'Gh Gz such that [G] = [G1] + [G2]. All productions of G still
occur in Go, but ¢; is not final anymore. Instead, we add a state f with Fa(f) = F(gr) =1

and make sure that this state adopts all other accepting derivations that formerly led to g;.

For this, we handle first the derivations that coincide with the derivation for ¢’ at the juncture
positions € and 1, but not at 2. This leads to the following new productions p} and pi:

pi= o —s f P = o s f.
/\ /\
Mmoo no
; ;
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Next we cover the derivations that differ from the derivation for ¢’ at the position 1 but
coincide with it at the root. This leads to the new productions
— 4 f p% = g —4 f .

A N
N, |

q0

2 _ 11=12
b1 =

Apart from the production incorporated at the root of ps, no other production of G targets g¢
directly, so no more productions are added to Ps.

Finally, we define the WTGh Go = (QU{f}U{L}, X, F, P5, wto) with Fo(f) = F(¢t) = 1,
Fy(ar) = Fa(q0) = F2(q) = Fo(L) = 0, and P, = PU{p1,p3} U {pi,p3}.

It remains to show that the existence of a decomposition [G]] = [G1]+][G2] as in Lemma 15
implies the non-regularity of [G]. For this, we employ the following idea. Consider a ranked
alphabet ¥ containing a letter o of rank 2, a WTA G’ = (Q, X, F, P,wt) over X (which
exemplifies G), and a sequence tg, t1, ta, ... € T of pairwise distinct trees. At this point, we
assume that P contains all possible productions, but we may have wt(p) = 0 for p € P. Using
the initial algebra semantics [12], we can find a matrix representation for the weights assigned
by G’ to trees of the form o(t;,t;) as follows. We enumerate the states Q = {q1,...,¢n}
and for every i € N define a (column) vector v; € N™ by (1), = wtdi (¢;) for k € [n].
Furthermore, we define a matrix N € N"*" by Ny, = > o F(q) - wt(o(qx, qn) — ¢) for
k,h € [n]. Then [G'](c(ti,t;)) = vENv; for all i, j € N, where v is the transpose of v;.

We employ this matrix representation to show that the sum of [G’] and the (non-regular)
characteristic function 17, of the tree language L = {o(t;,t;) | i € N} is not regular. We
proceed by contradiction and assume that [G'] + 11 is regular. Thus we can find an
analogous matrix representation using a matrix N’ and vectors v for [G'] + 1. Since the
trees tg,t1,%o,... are pairwise distinct, we can write

([[Gl]] + 1L) (O'(ti7tj)) = (I/Z{)TN/ jl = [[GIH (O’(ti,t]‘)) + 51‘]’ = V;-TNVJ' + (51‘]‘

for all 4,7 € N, where 0;; denotes the KRONECKER delta. The vectors v; and v; contain
nonnegative integers, so we may consider the concatenated vectors (v}, v;) as vectors of Q™
where m € N is the sum of number of states of G’ and of the WTA we assumed recog-
nizes [G'] + 1. Since Q™ is a finite dimensional Q-vector space, the Q-vector space spanned
by the family ((¢/,;))ien is also finite dimensional. We may thus select a finite generating
set from ((v], 14));en. For simplicity, we assume that (v],141),..., (V), Vi) form such a gener-
ating set. Thus there exist ay,...,ax € Q with (Vi 1, VK1) = D25 @iV, vi). Applying
the usual distributivity laws for matrix multiplication, we reach a contradiction as follows.

(IGT+1L) (oltrs1tusr) = Wiy "N = Y ai@) " N'viey,
1€[K]

= > @i Nvgy = vig N = [G(0(tk 1, ti11))
1€[K]

For the general case, we do not want to assume that [Gs] is regular, so we cannot assume
to have a matrix representation as we had for [G'] above. In order to make our idea work, we
identify a set of trees for which the behavior of [G1] + [G2] resembles that of [G'] +11; more
precisely, we construct a context C' and a sequence tg,t1,ts,... of pairwise distinct trees
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such that ([G1] + [G2])(C(ti, t;)) = l/i(l)NV](-Q) + ;5 for all i, j € N and additionally, ; > 0
for all ¢ € N. This representation then allows us to perform linear algebra computations in
order to prove that [G1] + [Gz] is non-regular. Unfortunately, working with a 2-context C
may be insufficient if G; uses constraints of the form {v = v',v" = v”}, where more than
two positions are constrained to be pairwise equivalent. Therefore, we have to consider more
general n-contexts C' and then identify a sequence of trees such that the equation above is
satisfied on C(¢;,t;,t;,...,t;).

Isolating this desired sequence of trees is the most technically involved proof in our paper.
We illustrate the effect of this selection in Example 19 below. Along the way, we will use the
following version of RAMSEY’s theorem [24]. For a set X, we denote by ()2( ) the set of all
subsets of X of size 2.

» Theorem 17. Let k > 1 be an integer and f: @) — [k] a mapping. There exists an infinite
subset E C N such that f|(E) =1 for some i € [k].
2

» Lemma 18. Let G = (QU{L}, X, F, P,wt) be a trim WTGh. If G satisfies the large duplic-
ation property, then there exists an integer r > 2, an r-context C € Tx,(O), trees (¢;)ien C T,
an integer m € N, row vectors (Vi(l))neN C N™, column vectors (I/iZ Jnen € N™ a matriz
N e N™*™ " and weights (1;)ien C N\{0} with [G](C(tk, th,th,--.,tn)) = V](Cl)NV,(lQ)—F(Skh,uk
for all k, h € N.

Proof. By Lemma 15 there exist two trim WTGh G; = (Q; U{L}, X, Fy, P1,wt;) and
G2 = (QQ U {J_}, 27 FQ,PQ,WtQ) with [[Gﬂ(t) = [[Glﬂ(t) + [[Gzﬂ(t) for all t € Tz. Additionally,
there exists f € @ with Fi(f) # 0 and Fi(q) = 0 for all ¢ € Q1 \ {f} and there exists
exactly one production py = (¢ 2N f) € Py whose target state is f. Finally, for this
production pg there exists (u(,v(M) € Ef with £e(u™) # ;(v™M) = L and an infinite
sequence tg, t1, ta,... € T of pairwise distinct trees with Dggu(l))(ti) # () for all i € N.

Let t € Ts; be such that Dgl (t) # 0, and let ugl), e 7u,(~1) be an enumeration of all

positions that are equality-constrained to u(!) via Ef, where we assume that ugl) =uM), We
define a context C' = t[0J] ) ---[0] ). Then [G1][(C(t:,t5,t5,...,t;)) > 0iff i = j.

Let us establish some ;dditionaf notations. Let k,h € N and assume there is ¢ € Q2
with F5(q) # 0 and d = (p1,w1) -+ (Pm, W) € D'(I;Q(C(tk,th,th, ..y tn)). Let p; =4 LN Qi
for every i € [m], and for a set X C pos(C(tk,th,th,.--,tn)), we let i3 < --- < i, be such
that w;,,...,w;, is an enumeration of {wy,...,wy,} N X; i.e., all positions in X to which d
applies productions. We set d|x = (pi,, wi,) - - (pi,., wi, ), wha(d|x) = [1;¢p,) wt2(pi; ), and
Din = {d'|pos(oy | 34" € Q2: F2(¢') #0, d" € DgQ(C(tk,th,th, ceth)) )

We now employ RAMSEY’s theorem in the following way. For k,h € N with k£ < &,
we consider the mapping {k, h} — Dyyp. This mapping has a finite range as every Dyy, is
a set of finite words over the alphabet P, x pos(C) of length at most size(C). Thus, by
RAMSEY’s theorem, we obtain a subsequence (t;;)jen with D;,;, = D for all k,h € N and
some set D_.. For simplicity, we assume Dy, = D for all k,h € N with k£ < h. Similarly,
we select a further subsequence and assume Dy, = D~ for all k, h € N with k£ > h. Finally,
the mapping k — Dy, also has a finite range, so by the pigeonhole principle, we may select
a further subsequence and assume that Dy, = D_ for all k € N and some set D_. In the
following, we show that D = D- C D_.

For now, we assume D # (), let (p1,w1) - (Pm,wm) € D<, and let p; = ¢; LN i
for every ¢ € [m]. Also, we define Cyp, = C(tg,tn, tn,...,trn), Cro = C(tx,0,0,...,0),
and Cop, = C(O, th, th, ..., ty) for k,h € N. We show that every constraint from every E; is
satisfied on all Cyj, with k, h > 1, not just for k < h. More precisely, let i € [m], (v/,v") € E;,
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and (u,v) = (w;u', w;v"). We show Ciply, = Ciplo for all k,h > 1. Note that by assumption,

Crhlu = Cknlv is true for all k,h € N with k& < h. We show our statement by a case

distinction depending on the position of u and v in relation to the positions ugl), ceey u&”.

1. If both u and v are parallel to u(*)1, then Cijlw and Cyj], do not depend on i. Thus,
Cojlu = Cojlv for all 7 > 1 implies the statement.

2. If w is in prefix-relation with u(!); and v is parallel to «(!)1, then Cj;|, does not depend
oni. If u < v, then by our assumption that (¢;);cx are pairwise distinct, we obtain the
contradiction Coa|, = Cozlu # Ci2|lu = Ci2]y, where Cpal|, = Cia|, should hold. Thus,
we have (1) < v and in particular, Cijlu does not depend on j. Thus, for all 4,j > 1
we obtain Cij|u = Ci,z‘+1\u = Ci,i+1|u = CO,i+1|v = Co,i+1|u = C0j|u = Coﬂu = Cij|v~ If
v is in prefix-relation with vV and wu is parallel to (1), then we come to the same
conclusion by formally exchanging v and v in this argumentation.

3. If u and v are both in prefix-relation with «(!);, then u and v being parallel to each
other implies vV, < w and vV, < v. In particular, both u and v are parallel to
all u(21), . ,u(rl). Thus, we obtain, as in the first case, that C;;|,, and Cj;|, do not depend
on j and the statement follows from C; 41|y = Cjiy1|, for all ¢ € N.

Let k,h > 1and dc € D, and let ¢ € Q2, di k41 € DéQ (Ck,k-i-l)y and dp—1,4 € Dgz (Ch—l,h)

such that do = dik+1lpos(c) = dh—1,n

pos(C)- Then for dj, = dk7k+1|pOS(Ck,k+1)\pOS(CD,k+1)
and dj, = dh—Lh|pOS(Ch,17h)\pos(Ch71YD)’ we can reorder d = dpdpdc to a complete left-most
derivation of Go for Cyp, as all equality constraints from dj are satisfied by the assumption
on di i+1, all equality constraints from dj, are satisfied by the assumption on dj_1 5, and
all equality constraints from d¢ are satisfied by our case distinction. Considering the
special cases k = 2, h = 1, and kK = h = 1, and the definitions of Ds and D_, we
obtain do € Dy = D~ and d¢ € D13 = D—, and hence, Do C D+ and D C D_.

The converse inclusion D~ C D_ follows with an analogous reasoning. In conclusion, we
obtain D. = D~ C D_. By the reasoning above, the case Do = () we excluded earlier is
only possible if also D~ = (), in which case we again have D = D~ C D_.

Let dy,...,d, be an enumeration of D, i € [n], and k € N. We define the sets

1
Dik) = {d|pos(Ck,k+1)\pos(CgﬁkJrl) ‘ de Dg,z (Ck,k+1)a dl = dlpos(C)7 qc QZ}

2
Dl(,k) = {d|pos(ck+1J«)\Pos(ck+1,[]) ‘ de Dglz (Ck+1,k)? d; = d|pos(C)> qe QQ}

and the corresponding weights l/l(lk) = ZdeD(“ wta(d) and 1/1(2,3 = ZdeD(2> wto(d). Let ¢;
? ik ’ ik

be the target state of the last production in d; and define v; = Fy(g;) - wto (d;). Then for
all k,h € N we have [G2](Ckpn) = Zie[n](ui(}k) 7K ul(2h)) + knpty, for nonnegative (1});en,
which stem from the fact that potentially D_ \ Do # (). We arrange the weights I/z(lk) into
a row vector V](cl), and the weights VZ(Zh) into a column vector 1/}(12), and the weights v;
into a diagonal matrix N such that [G2](Crn) = V,il)N 1/,(12) + Okppty,. Finally, recall
that [G1](Ckn) > 0 iff kK = h for all k,h € N. Thus we set pu = ), + [G1](Crx) and ob-

tain [G](Crn) = [G2l(Cin) +[G11(Cin) = v\ N 465 s with i, > O forall k,h € N, <

Before concluding the correctness of our decision procedure for the weighted HOM-problem,
we want to exemplify how the Lemma 12 acts on a simple weighted tree language.

» Example 19. Consider the WTGh G = ({q,qy, L}, {a®, g1, f@}, F, P,wt) with final
weights F'(q¢) =1, F(q) = F(L) = 0 and the following productions:

1=2 1=21
P={a—1q, g(qg) 229 fle,L) =1qr flg9(L)) —1qr} U PL
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where P| = {a —1 L, g(L) =1 L, f(L, 1) =1 L}. The production f(g, L) =, qf and the
tree ght(G)(a) satisfy the conditions in the large duplication property, so let G; denote the
WTGh constructed according to Lemma 15 which simulates all derivations of G that use this
production at . Consider the sequence t; = ¢'*'*(%)(qa) for i € N. The context C = f(O,0)
satisfies [G1](C (ti,t;)) # 0 iff i = j. In order to reproduce the linear-algebra argument
from the special case of [G'] + 11, described above, we need a matrix representation for the
remaining part [G2], possibly with an additional factor d;;. In terms of the weights computed
by G, we can achieve this by the condition that [G2](C/(t;,t;)) # 0 either for all i,5 € N,

or for none, or only if 4 = j. However, because of the production f(q,g(L)) 1:—>211 qs, for
each i we have [G2] (C(t;,ti11)) # 0 and [G2](C(t;,t;)) = 0 for all j # i + 1. To fix this
issue, we may select the subsequence (t2;);en: In that case, we have [G3] (O(tgi, tgj)) =0 for
all i,j € N, and the matrix representation for [Gs] is trivial.

Let us now conclude the decidability of the N-weighted HOM-problem.

» Theorem 20. Let G = (QU {L}, 3, F, P,wt) be a trim WTGh. If G satisfies the large
duplication property, then [G] is not regular.

Proof. Let C € Ts(O), (t;)ien € T, m € N, (Vi(l))neNa (Vi(Q))neN CN™ N e N™*™ and
(Mi)ieN Q N \ {0} be as in Lemma 18, i.e., [[G]](C(tk,th,th, e ,th)) = Ulil)NV]S2) + 5khﬂk
for all k,h € N. If [G] is regular, then we can assume a representation for all k,h € N as
[GIC(tk, thsthy .- th)) = g(Kky Eh, Khy - - -, K1), Where Ky, is a finite vector of weights over N
where each entry corresponds to the sum of all derivations for ¢, to a specific state of a
WTA, and g is a multilinear map encoding the weights of the derivations for C(O,,...,0)

depending on the specific input states at the [J-nodes and the target state at the root e. We

choose K such that the concatenated vectors (rq, 1/{1)), oo (KK, I/S)> form a generating set
of the Q-vector space spanned by ({x;, yi(l)>)ieN. Then there are coefficients a,...,ax € Q

with rr1 =37,k airs and 1/}(11_1 = Y ielK] aiyi(l). Thus, we reach our contradiction by

V%llNVSil + k1 = g(KK41, KR4 1, - KE41) = Z a;g(Fiy KK 415+ KK 1)
ie[K]
= Z ailji(l)Nng_l = yﬁ(lz_lNygi_l. <
1€[K]

5 Conclusion

In this contribution, we proved that the N-weighted HOM-problem is decidable. Formally,
given a regular weighted tree language A over N and a nondeleting, nonerasing tree homo-
morphism h as input, it is decidable in polynomial time whether the homomorphic image h 4
is again regular. This was achieved by reducing the HOM-problem to the newly introduced
large duplication property, which formalizes the non-regular behavior of the investigated
weighted tree language h 4, and then showing that this property is decidable.

Initially, h4 is represented by a generalized tree grammar (WTGh) as introduced in [20].
Such a device expresses the duplication of subtrees performed by h by means of explicit equality
constraints. This WTGh is trimmed and tested directly for the large duplication property. If
it does not satisfy this property, we construct an equivalent weighted tree grammar without
constraints, which proves regularity of the generated weighted tree language. However, if the
trim WTGh for hy does satisfy the large duplication property, then no equivalent weighted
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tree grammar exists. To prove this, we first identify a special sequence of productions, isolate
it from the remainder of the WTGc, and then prove that it induces a non-regularity which
cannot be compensated by the remaining derivations of the WTGh.

We require h to be nondeleting and nonerasing simply to ensure that h 4 is well-defined
in general. These properties have no impact on the correctness of the reduction or the
computational complexity of the large duplication property, to which we reduce the N-
weighted HOM-problem. Indeed, our decision procedure for this problem is polynomial,
while the unweighted HOM-problem is EXPTIME-complete [6]. In the N-weighted setting
we proved that the large duplication property is sufficient for non-regularity; this is the main
technical difficulty and utilizes RAMSEY’s theorem to identify a sequence of trees that acts
as a witness for the non-regularity of the homomorphic image. A matrix representation
that resembles the initial algebra semantics is then utilized to prove non-regularity. In the
unweighted case the large duplication property is clearly necessary, but not sufficient. This
difference is caused by the different algebraic structures of the underlying semirings. Whereas
the semiring N embeds into a field, the BOOLEAN semiring is idempotent, which can be used to
cover non-regular behavior with regular behavior making it irrelevant. Essentially we proved
that such covers are impossible in N, which simplifies the execution of the decision procedure
and allows us to prove polynomial-time decidability of the N-weighted HOM-problem.
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