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—— Abstract

For a given binary relation of finite trees, we consider the synthesis problem of deciding whether
there is a deterministic top-down tree transducer that uniformizes the relation, and constructing
such a transducer if it exists. A uniformization of a relation is a function that is contained in
the relation and has the same domain as the relation. It is known that this problem is decidable

if the relation is a deterministic top-down tree-automatic relation. We show that it becomes
undecidable for general tree-automatic relations (specified by non-deterministic top-down tree
automata). We also exhibit two cases for which the problem remains decidable. If we restrict the
transducers to be path-preserving, which is a subclass of linear transducers, then the synthesis
problem is decidable for general tree-automatic relations. If we consider relations that are finite
unions of deterministic top-down tree-automatic relations, then the problem is decidable for
synchronous transducers, which produce exactly one output symbol in each step (but can be
non-linear).
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1 Introduction

A uniformization of a (binary) relation is a function that selects for each element in the
domain of the relation a unique image that is in relation with this element. Originally,
uniformization has been studied in set theory, where the complexity of a class of definable
relations is related with the complexity of uniformizations for these relations (see [20] for
results of this kind). The basic uniformization question for a class C of relations is whether
each relation from C has a uniformization in C.

Automata provide a natural framework for defining relations (over words or trees), and
uniformization problems in this setting have been studied since the early days of automata
theory. Word relations defined by asynchronous finite automata [9], also called rational
relations, were first shown to have rational uniformizations in [15, Theorem 3] (with many
alternative and simplified proofs following later). For relations of infinite words that are
accepted by synchronous finite automata, or equivalently definable in monadic second-order
logic (MSO) over the structure consisting of natural numbers equipped with the successor
relation, the uniformization property is shown in [23]. Over infinite trees, the uniformization
property fails for MSO definable relations (corresponding to synchronous tree automata)
[12, 2], while it has been shown recently that uniformization is possible for synchronous
relations over finite trees [16, 4]. These relations defined by synchronous automata are usually
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referred to as automatic, w-automatic, tree-automatic and w-tree-automatic relations (for
finite words, infinite words, finite trees, and infinite trees, respectively).

In a more algorithmic setting, uniformization is often referred to as synthesis: The relation
is viewed as a specification between inputs and outputs, and the function is supposed to
be realized by a device that produces the output while processing the input. This means,
that the class for the uniformizations is usually different from the class of the specifications,
and the problem of interest is now the decision problem whether a given relation admits a
uniformization in the desired class.

The classical setting, originating from Church’s synthesis problem [3], is the one of infinite
words. The specification is given by an w-automatic relation (orginally in MSO), and the
question is whether it can be uniformized by a synchronous sequential transducer that
produces, letter by letter, an infinite output word while reading an infinite input word. The
seminal paper of Biichi and Landweber [1] shows the decidability of this problem, and has
been extended later to uniformizations by asynchronous sequential transducers [14, 13]. A
detailed study of the synthesis of sequential transducers for asynchronous automata on finite
words is provided in [6].

Our aim is to study these uniformization questions for relations over finite trees. Tree
automata are used in many fields, for example as a tool for analyzing and manipulating
rewrite systems or XML Schema languages (see [7]). Tree transformations that are realized
by finite tree transducers thus become interesting in the setting of translations from one
document scheme into another [19]. As class for the uniformizations we consider deterministic
top-down tree transducers (D{TTs), which are a natural extension of sequential transducers
on words. A first result in this setting was obtained in [18], where we show that it is
decidable whether a tree-automatic relation that is defined by a deterministic top-down tree
automaton (DJTA) can be uniformized by a D{TT. A representation of the specification by
a deterministic automaton model is essential in many synthesis algorithms for automata. A
standard approach is to build a game in which the two players produce input and output.
The aim of the output player is to ensure that the pair of input and output produced along
a play satisfies the specification. This property is ensured in the game by simulating a
deterministic automaton for the specification on the moves of the players. A winning strategy
for the output player then corresponds to a uniformizer.

In this paper, we show that the synthesis problem for D{TT from nondeterministic tree-
automatic relations is indeed undecidable, showing that the nondeterminism does not only
destroy the game theoretic approach (as sketched above) but makes the problem intractable
in general. On the positive side, we prove two decidability results for restricted classes of
uniformizers and specifications: 1. For nondeterministic tree-automatic relations uniformiza-
tion by path-preserving D|TTs is decidable. Intuitively, we call a D|{TT path-preserving
if every node of the output tree is produced from a node of the input tree that is above
or below the output node (this implies that each path-preserving D|{TT is in particular
linear). For this class of uniformizers we can adapt the game theoretic approach by using
guidable automata [5, 17] instead of deterministic automata for the specification. 2. If we
restrict the specifications to unions of D] TAs with disjoint domain, we obtain decidability
for uniformizations by synchronous D] TTs. We call a D{TT synchronous if it produces one
output symbol in each transition (but the transitions can be non-linear). While this is a
rather specific result, it is the first decidability result for synthesis of transducers in which in
the synthesized transducer may need to be non-linear.

The paper is structured as follows. In Section 2 we fix some basic definitions and
terminology. In Section 3 we show undecidability for synthesis of D] TTs from tree-automatic
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specifications, and the decidability results are presented in Section 4.

2 Preliminaries

Words and trees. The set of natural numbers containing zero is denoted by IN. For a set
S, the powerset of S is denoted by 2°. An alphabet ¥ is a finite non-empty set of letters. A
finite word is a finite sequence of letters. The set of all finite words over X is denoted by
¥*. The length of a word w € ¥* is denoted by |w|, the empty word is denoted by e. For
w=aj...a, €3* for some n € N and ay,...,a, € X, let w[i] denote the ith letter of w,
i.e., w[i] = a;. Furthermore, let w(i, j] denote the infix from the ith to the jth letter of w,
ie., wli,jl = a;...a;. We write u C w if there is some v such that w = uv for u,v € ¥*. A
subset L C ¥* is called language over .

A ranked alphabet ¥ is an alphabet where each letter f € ¥ has a rank rk(f) € N. The
set of letters of rank i is denoted by X;. A tree domain dom is a non-empty finite subset
of (N'\ {0})* such that dom is prefix-closed and for each v € (N \ {0})* and 7 € N\ {0}
if ui € dom, then uj € dom for all 1 < j < i. We speak of ui as successor of u for each
u € dom and i € N\ {0}.

A (finite X-labeled) tree is a pair t = (domy, val;) with a mapping val; : dom; — X such
that for each node u € dom; the number of successors of u is a rank of vals(u). The height h
of a tree t is the length of its longest path, i.e., h(t) = max{|u| | u € dom;}. The set of all
Y-labeled trees is denoted by T%. A subset T' C T%; is called tree language over X.

A subtree t|, of a tree t at node u is defined by domy, = {v € N* | uv € dom;} and
valy), (v) = valy(uv) for all v € domy,. In order to formalize concatenation of trees, we
introduce the notion of special trees. A special tree over ¥ is a tree over ¥ U{o} such that o
occurs exactly once at a leaf. Given t € Ty, and u € domy, we write t[o/u] for the special
tree that is obtained by deleting the subtree at u and replacing it by o. Let Sy be the set of
special trees over Y. For t € Sy, and s € Ty, or s € Sy, let the concatenation t - s be the tree
that is obtained from ¢ by replacing o with s.

Let X,, be a set of n variables {z1,...,2,} and ¥ be a ranked alphabet. We denote by
T5(X,,) the set of all trees over 2 which additionally can have variables from X,, at their
leaves. We define Xy to be the empty set, the set Tx(0) is equal to Tx. Let X = J,,50 Xn-
A tree from Tx(X) is called linear if each variable occurs at most once. For t € Tx(X,,)
let t[xy < t1,...,2, < t,] be the tree that is obtained by substituting each occurrence of
x; € Xy, by t; € Ts(X) for every 1 <i <mn.

A tree from Tx(X,,) such that all variables from X,, occur exactly once and in the order
T1,...,T, when reading the leaf nodes from left to right, is called n-context over 3. Given
an n-context, the node labeled by z; is referred to as ith hole for every 1 < i < n. A special
tree can be seen as a 1-context, a tree without variables can be seen a 0-context. If C' is an
n-context and ti,...,t, € Tx(X) we write C[t1,...,t,] instead of Clxy < t1,...,2, < tp].

Tree automata. We fix our notations. For a detailed introduction to tree automata see
e.g. [10] or [7]. Let X = |J!*, X; be a ranked alphabet. A non-deterministic top-down tree
automaton (an N|TA) over ¥ is of the form A = (Q, X, Qo, A) consisting of a finite set of
states Q, a set Qo C @ of initial states, and A C [J*,(Q x ¥; x Q") is the transition relation.
For i = 0, we identify Q x X; x Q° with Q x . Let ¢ be a tree and A be an N|TA, a
run of A on t is a mapping p : dom; — @ compatible with A, i.e., p(e) € Qo and for each
node u € dom; with i > 0 successors (p(u), vals(u), p(ul),..., p(ui)) € A. A treet € Ts,
is accepted if, and only if, there is a run of A on t. The tree language recognized by A is
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T(A)={t € Tx | A accepts t}. A tree language T C T% is called regular if T is recognizable
by a non-deterministic top-down tree automaton.

A top-down tree automaton A = (Q, X, Qo, A) is deterministic (a DL TA) if the set Qo
is a singleton set and for each f € X; and each ¢ € @ there is at most one transition
(¢, f,q1,--.,q) € A. However, non-deterministic and deterministic top-down automata are
not equally expressive. It is effectively decidable whether a regular tree language is top-down
deterministic [10].

In Section 4.1 we use guidable tree automata [17]. The concept of guidable tree automata
is that another tree automaton can act as a guide, meaning that a tree automaton B can guide
a tree automaton A if an accepting run of 5 on a tree ¢ can be translated deterministically
into an accepting run of A on t.

Formally, an NJTA A can be guided by an N|TA B if there is a mapping g : Q4 XA — Ay
such that ¢(q, (p,a,p1,.--,p:)) = (¢,a,q1,-..,q;) for some q1,...,q € Q4, and for every
accepting run p of B over a tree t, g(p) is an accepting run of A over ¢, where g(p) = p’ is the
unique run such that p’(e) = ¢g', and for all u € domy : (p'(u), vals(u), p'(ul),. .., p (ui)) =
g (' (u), (p(u), valy(w), p(ul), ..., p(ui))). An NJTA A is called guidable if it can be guided
by every NJTA B such that T'(B) C T'(A).

Tree-automatic relations are defined by using tree automata over a product alphabet. For
nodes that belong only to one of the trees one uses a padding symbol. Formally, let >, T’
be ranked alphabets and let ¥ = ¥ U{L}, 'y =TW{Ll}, where L is a new symbol with
rank 0. For an é-ary symbol f € ¥ and a j-ary symbol g € T}, let rk((f, g)) = maxz{i, j}.
The convolution of (t1,ts) with t; € T, to € Tr is the X; x ') -labeled tree t = t; ® to
defined by dom; = dom;, U domy,, and val(u) = (vali (u), valf; (u)) for all u € dom;, where
vali(u) = valy, (u) if u € domy, and vali(u) = 1 otherwise for i € {1,2}. As a special case,
given t € Ty, we define t® L to be the tree with dom;g 1 = dom; and valyg | (u) = (valy(u), L)
for all u € dom;. Analogously, we define | ® t. We define the convolution of a tree relation
R C Tx x Tr to be the tree language Tr := {t1 @ t2 | (t1,t2) € R}.

We call a (binary) relation R tree-automatic if there exists a regular tree language T
such that T = Tr. For ease of presentation, we say a tree automaton A recognizes R if it
recognizes the convolution Tx and denote by R(A) the induced relation R.

A wuniformization of a relation R C X x Y is a function fg : X — Y such that
(z, fr(z)) € R for all x € dom(R). We are interested in uniformizations of tree-automatic
relations by deterministic top-down tree transducers.

Tree transducers. We consider top-down tree transducers, which read the tree from the
root to the leaves and produce finite output trees in each step that are attached to the
already produced output (see [7] for an introduction to tree transducers).

A top-down tree transducer (a L TT) is of the form T = (Q, X, T, go, A) consisting of a finite
set of states (), a finite input alphabet 3, a finite output alphabet I', an initial state ¢y € @,
and A is a finite set of transition rules of the form ¢(f(z1,...,2;)) = wlgi(xj,), ..., an(xj,)],
or ¢(x1) = wlqi(z1),...,qn(z1)](e-transition), where f € ¥;, w is an n-context over T,
4,q1,---,qn € Q and variables z;,,...,z; € X;. A deterministic top-down tree transducer
(a DJTT) has no e-transitions and no two rules with the same left-hand side.

A configuration of a top-down tree transducer is a triple ¢ = (¢,¢',¢) of an input tree
t € Tx, an output tree t' € Ty and a function ¢ : Dy — domy, where

valy (u) € T; for each w € domy with ¢ > 0 successors, and
valy (u) € Ty or valy (u) € Q for each leaf u € domy, and
Dy C domy with Dy = {u € domy | valy (u) € @}, i.e., ¢ maps every node from the
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Figure 1 The configuration sequence co to ¢s of 7 on t from Example 1.

output tree ¢’ that has a state-label to a node of the input tree ¢.

Let ¢1 = (t,t1,91) and co = (t,ta,p2) be configurations of a top-down tree transducer
over the same input tree. We define a successor relation —7 on configurations as usual
by applying one rule. Figure 1 illustrates a configuration sequence explained in Example 1
below. Formally, for the application of a non-e-rule, we define ¢; —7 ¢o :&

There is a state-labeled node u € Dy of the output tree ¢; that is mapped to a node
v € domy of the input tree t, i.e., v1(u) = v, and

there is a rule valy, (u) (vale(v)(21,...,2;)) = wlgi(z;,), ..., qn(z;,)] € A such that the
output tree is correctly updated, i.e., ta = t1[o/u] - w[q, ..., ¢n], and

the mapping ¢ is correctly updated, i.e., p2(u') = 1 (v') if v’ € Dy, \{u} and pa(u') = v.j;
if ' = u.u; with u; is the ith hole in w.
Furthermore, let —7 be the reflexive and transitive closure of —7 and —% the reachability
relation for —7 in n steps. From here on, let ¢ always denote the mapping ¢o(e) = . A
configuration (¢, qo, o) is called initial configuration of T on t. A configuration ¢ = (t,t', ¢)
is said to be reachable in a computation of 7 on t, if ¢ =% ¢, where ¢q is the initial
configuration of 7 on ¢. The relation R(7) induced by a top-down tree transducer T is
R(T) =A{(t,t') € Tx x Tr | (t,q0, p0) =% (t,t',¢)}. For a (special) tree t € T, or t € Sy, let
T (t) € Trug be the set of final transformed outputs of a computation of 7 on ¢, that is the
set {t' | (t,qo0,0) =% (t, ', ) s.t. there is no successor configuration of (¢,t',¢)}. Note, we
explicitly do not require that the final transformed output is a tree over I'. In the special
case that 7 (¢) is a singleton set {¢'}, we also write T (¢) = t’. The class of relations definable
by | TTs is called the class of top-down tree transformations.

» Example 1. Let X be a ranked alphabet given by Y5 = {f}, 31 = {g,h}, and 3¢ = {a}.
Consider the [TT T given by ({¢},%,%, {q},A) with A = { g(a) — a, q(g(z1)) = q(x1),

q(h(x1)) = h(q(z1)), ¢(f(z1,22)) = f(q(x1), q(x2)) }. For each t € Ty, the transducer deletes
all occurrences of g in t. Consider ¢t := f(g(h(a)),a). A possible sequence of configurations
of T on tis co =5 ¢5 such that ¢ := (¢,q,p0) with @o(e) =€, ¢1 := (¢, f(q,q), p1) with
<P1(1) =1, 901(2) =2,c:= (t,f(q,q),wz) with @2(1) =11, @2(2) =2, ¢3:= (thf(Qa a)a‘ﬂS)
with ¢3(1) = 11, ¢4 := (¢, f(h(q), a), p4) with @4(11) = 111, and ¢5 := (¢, f(h(a),a),5). A

visualization of this sequence is shown in Figure 1.

We consider two restricted types of top-down tree transducers. The first type are
transducers with bounded (output) delay. Intuitively, delay occurs in a computation of a
transducer if there is a difference between the number of produced output symbols and
read input symbols. If the output is behind this is called output delay. More formally, in a
configuration (¢, ', ¢) occurs delay d w.r.t. a node u € Dy if the absolute value of |p(u)| — |u|

equals d. We speak of output delay if |p(u)| — |u| is a positive integer. We say the delay (resp.

output delay) in a | TT T is bounded by k, if there is a k € N such that for every reachable

configuration ¢ of T the maximal delay (resp. output delay) that occurs in ¢ is at most k.
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We speak of synchronous | TTs if the delay is bounded by 0. Consider 7 from Example 1
and the configuration sequence of 7 given in Example 1. In cs occurs output delay 1 resp. 0
w.r.t. node 1 resp. 2 of the output tree. It is easy to see that the transducer has unbounded
output delay, because it deletes all occurrences of ¢ in an input tree.

The second restricted type of top-down tree transducer concerns the ability to copy and
swap subtrees. A |[TT is linear if all the trees in the transitions are linear. In Section 4.1,
we consider a special case of linear | T'Ts called path-preserving. Intuitively, a JTT is said to
be path-preserving if in every computation the read input and correspondingly produced
output are always on the same path, i.e., every node of the output tree is produced from
a node of the input tree that is above or below the output node. More formally, in every
reachable configuration (t,t’, ) of the transducer it holds either u C ¢(u) or ¢(u) C u for
every node u € Dy. We refer to this kind of [ TTs as P} TTs for short.

3 Undecidability Results

» Theorem 2. [t is undecidable whether a given tree-automatic relation has a uniformization
by a deterministic top-down tree transducer.

Proof Sketch. We give a reduction from the halting problem for Turing machines (TM).
Given a TM M, our goal is to describe a tree-automatic specification Rj; which can only
be realized by a deterministic top-down tree transducer if M does not halt on the empty
input tape. In order to save space, we draw trees from left to right rather than from top to
bottom. For explaining the idea, we provide for a given Turing machine a specification S
and a uniformizer 6 and a D] TT-realizable transformation # such that 6 uniformizes S if,
and only if, M does not halt on the empty tape. For the full proof, the specification and the
uniformizer have to be adapted such that € becomes the only candidate for uniformizer of .S,
which then implies the undecidability of the existence of a uniformizer.

In the following, we explain the simple versions of S and . Let Qs denote the state set of
M, qo denote the initial state of M, and I'j; denote the tape alphabet of M. We can represent
a configuration c of M, as a unary tree, i.e., as a string, of the form u; —---—up—q—vy - - - —uy,
where w1, ..., Uk, V1,...,0 € ['pg, up ... upvy ... v is the content of the tape of M, ¢ € Qs
is the current control state of M, and the head of M is on v.

We start with the first step. Concerning the specification S, we are interested in pairs
(t,t') of trees over @y U T U{f,a} which have the form

f—f-—f—a J‘f,J‘f,...f]‘ffa

C‘o 0‘1 C‘n ’ ki ko km, ’
where m > n, each ¢; (resp. k;) is a configuration of M, ¢ is the initial configuration of M
on the empty tape and c¢,, is a halting configuration of M. Note that the numbering of the ¢;
starts with 0 and the numbering of the k; with 1, this is intended. Such a pair of trees is part
of the specification S if it additionally satisfies the following: There is an ¢ € {0,...,n — 1}
such that suce(c;) # ki1, where suce(c;) is the successor configuration of ¢;.

The specification S is tree-automatic. Note that for a pair (¢,t") of the correct form, the
configurations ¢; and k;11 overlap for each i € {0,...,n —1} int®t'. A tree-automaton can
guess a branch and verify that succ(c;) # k;11 holds.

Now, we consider the function 6: dom(S) — Tq,,ur,,u{f,qa} defined by

I .

Co C1 Cn C1 C2 Cn
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Assuming that a transducer is only given input trees that have the desired form, this function
is realizable by a deterministic top-down tree transducer, e.g., by some transducer that
produces no output in the first step, continues at the right child and then simply copies the
rest of the input tree.

Assume that M does not halt on the empty input tape and consider an input tree
t € dom(S), then there are configurations ¢; and ¢;4; such that ¢;1;1 is not the successor
configuration of ¢;. The transformation 6 yields ¢;11 = k;11, it follows that suce(c;) # kit1,
ie., (t,0(t)) € S. Conversely, assume that M halts on the empty input tape. Consider
an input tree t € dom(S) such that cpey - - - ¢, is the halting configuration sequence. It
follows that k; 1 = succ(c;) = ¢i4q for all i € {0,...,n — 1}, ie., (¢,0(t)) ¢ S. Clearly, S is
uniformized by 6 if, and only if, M does not halt on the empty input tape.

However, the specification S does not suffice to enforce that this kind of transformation
is the only possible uniformizer. This can be achieved by extending the alphabet and the
specification. <

From the undecidability proof one can derive that the uniformization problems remain
undecidable if we restrict the D|{TTs, as stated in the following two theorems. Together
with the decidability result from Section 4.1 this gives an almost complete picture of the
frontier between decidability and undecidability (for the case of all tree-automatic relations
as specifications, and subclasses of D|{TTs as uniformizers).

» Theorem 3. It is undecidable whether a given tree-automatic relation has a uniformization
by a linear deterministic top-down tree transducer with delay bounded by 1.

» Theorem 4. [t is undecidable whether a given tree-automatic relation has a uniformization
by a synchronous deterministic top-down tree transducer.

4 Decidability Results

In the previous section we have seen that the uniformization problem for general tree-
automatic specifications is undecidable. In order to regain decidability of the uniformization
problem for non-deterministic top-down specifications we present two approaches. In Section
4.1, we consider general non-deterministic top-down specifications and restrict the uni-
formizer, whereas in Section 4.2 we consider a restricted class of non-deterministic top-down
specifications and ask whether there is a synchronous uniformizer.

4.1 Path-preserving uniformization

In this section, we consider general non-deterministic tree relations and restrict the uniformizer;
we are looking for a uniformization by a deterministic path-preserving top-down transducer.
We solve the following uniformization problem.

» Theorem 5. [t is decidable whether a given tree-automatic relation has a uniformization
by a deterministic path-preserving top-down tree transducer.

In the following we show that deciding whether a general non-deterministic top-down
tree relation has a path-preserving uniformization reduces to deciding the winner in a safety
game between two players. We show that the use of guidable tree automata [17] for the
specifications makes it feasible to adapt a decision procedure presented in [18], where the
uniformization problem for deterministic top-down tree relations was reduced to deciding
the winner in a safety game.

66:7
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Before we present the decision procedure, we need to fix some notations. Given ¥ =
Ui i, let diry, = {1,...,m} be the set of directions compatible with X. For ¥ = |JI" , ¥,
the set Pathy, of labeled paths over ¥ is defined inductively by:

¢ is a labeled input path and each f € ¥ is a labeled input path,
given a labeled input path 7 = z- f with f € ¥; (i > 0) over X, then 7-jg with j € {1,...,4}
and g € ¥ is a labeled input path.

For m € Pathy, we define the path path(w) € dir§;, and the word labels(w) € ¥* induced
by 7 inductively by:

if m =€ or m = f, then path(e) = path(f) = e, labels(e) = € and labels(f) = f,
if m=x-jf with j € dirg, f € X, then path(n) = path(z) - j, labels(w) = labels(x) - f.

The length || || of a labeled path over ¥ is the length of the word induced by its path, i.e.,
[|7]| = |labels()].

For m € Pathy let TE := {t € T% | valy (path(m)[1, (i—1)]) = labels(m)[i] for 1 < i < ||x|[}
be the set of trees t over 3 such that 7 is a prefix of a labeled path through t. For a tree-
automatic relation R C Tx x Tr recognized by an NJTA A, 7 € Pathy and ¢ € Q4 let
R™:={(t,t') € R|t € T&} and R] := {(t,t') € R(A,) |t € TE}.

Since we consider labeled paths through trees, it is convenient to define the notion
of convolution also for labeled paths. For a labeled path z € Pathy with ||z|] > 0, let
domy = {u € diry;, | u C path(z)} and val, : dom, — X, where val,(u) = labels(z)[i]
if u € dom, with |u| = i+ 1. Let € Pathy, y € Pathp with path(y) C path(z) or
path(zx) T path(y), then the convolution of x and y is z®y defined by dom, g, = domzUdom,,,
and valye, (u) = (valy (u), valyL (u)) for all u € domae,, where valr (u) = val,(u) if u € dom,
and wal}(u) = L otherwise, analogously defined for valj(u).

Furthermore, it is useful to relax the notion of runs to labeled paths. Let x € Pathy,
y € Pathr such that x ® y is defined, i.e., path(y) C path(xz) or path(z) C path(y). We
define the run of A on = ® y such that it maps all nodes from domgg, as well as all nodes
that are a direct successor of a node from dom,g, to a state of A. Formally, let the (partial)
run of A on x ® y be the partial function p : dirs — Q4 such that p(e) = ¢g', and for each
u € domgg,: if ¢ := p(u) is defined and there is a transition (g, valyey(u),q1,--.,¢) € A4,
then p(u.j) = g; for all j € {1,...,i}. Let path(z ® y) = v and i € diry. Shorthand, we
write A : gg' LN q, if g := p(vi) is defined. We write A : gg' 28, Ace if rk(valygy(v)) =0
and (p(v), valygy(v)) € A4 to indicate that the (partial) run p of A on x ® y is accepting.

We explicitly state a simple lemma that is used in several places.

» Lemma 6 ([18]). Given a | TA A and a state q of A, the following properties are decidable:
LvteTy: t@ Ll eT(Ay), 2.3t €elr: Lot eT(A,), 3.3 € TrVt € Ty : t@t € T(Ay).

Towards the decision procedure, we consider the relationship between the delay that a
transducer introduces and uniformizability. Intuitively, if a specification is uniformized by
a transducer such that the uniformizer introduces long delays between outputs, then only
one path in an input tree is relevant in order to determine an output tree. We express this
property by introducing the term path-recognizable function, meaning that there is a D{TT
that first deterministically reads a path from the root to a leaf in an input tree and then
outputs a matching output tree. Note that such a uniformizer is always path-preserving.

Formally, we say a relation R C Tx, x T is uniformizable by a path-recognizable function,
if there exists a D) TT 7 that uniformizes R such that A+ only contains transitions of the
following form: 1. ¢(f(z1,...,2:)) — ¢'(z;), or 2. ¢(a) — t, where f € ¥;, 1 > 0, a € X,
¢, € Qr and j € {l,...,i} and t € Tr.

This notion was introduced in [18], where it was shown to be decidable whether a top-down
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deterministic relation can be uniformized by a path-recognizable function. Using guidable
automata, the result carries over to general tree-automatic relations.

» Theorem 7. It is decidable whether a given tree-automatic relation can be uniformized by
a path-recognizable function.

Given a specification, we can show that there exists a computable bound with the
following property: If it is necessary for a D{PTT to introduce delay that exceeds the bound
in order to satisfy the specification, then either the remaining specification has a simple
uniformization by a path-recognizable function, which is decidable by the above theorem, or
is not D|PTT-uniformizable.

Towards the definition of the game, we need one more notion. We introduce a relation that
contains state transformations of a given specification automaton that a labeled path together
with some output sequence on this path induces. However, we are only interested in the result
of a state transformation if it suffices for a uniformizer to read this labeled path segment
in an input tree to (partially) determine a matching output tree. Formally, let = € Pathy,
y € Pathr and 7 € diry such that  ® y is defined. We define the relation 7,5, € Q4 X Q4

such that (¢,¢’) € Ty, if there is a partial run p, of A, on z®@y with A, : ¢ %i q' and for
each uj with u € domggy, uj Z path(z ® y)i, and j € {1,... ,rk((vali‘(u), Ual;‘(u)))} holds
if r := pg(uj) and j < rk(valj(u)),rk(vali(u)), then there exists ¢’ € Tr such that
tet € T(A,) for all t € Ty, and
if r:= pg(uj) and rk(valj(u)) < j < rk(valE(u)), then t ® L € T(A,) for all t € T, and
if r:= py(ugj) and rk(valy(u)) < j < rk‘(val;‘(u)), then there exists t' € Tr such that
Lot eT(A).
Lemma 6 implies that it is decidable whether (g, q’) € 7,i,,. Basically, if ¢ is in the domain
of 7,i,4, then there exists a fixed (partial) output tree s’ € S¥° such that for each input tree
t € TE Ndom(T'(A,)) there exists some t' € Tt such that t ® (s" - t') € T(A,).

Now, we are ready to show that the uniformization problem posed in this section reduces
to deciding the winner in a safety game, provided that the specification is given by a guidable
automaton. The game is played between In and Out on a game graph parameterized by k,
where In can follow any path from the root to a leaf in an input tree such that In plays one
input symbol at a time. Out can either react with an output symbol, or delay the output a
bounded number of times (at most 2k times) and react with a direction in which In should
continue with his input sequence. As stated after Theorem 7, when the output delay increases
to a computable bound, then uniformization is either impossible or can be realized by a
path-recognizable function (Out then wins automatically, see o4. in the construction below).
To make the decision procedure sound, the parameter k has to be chosen as this bound.

Given a tree-automatic relation R C T%; x 11, we assume its domain to be deterministic,
otherwise no deterministic | TT can recognize the domain. Let R be recognized by a guidable
N{TA A and let dom(R) be recognized by a D{TA B. Formally, the game graph Gﬁl,B is
constructed as follows.

Vin = {(p,q,7j) € Qp x Q4 x Pathy -dirs | ||7]| < 2k+1,7 € Pathy, j € dirg} U29sxQ4

is the set of vertices of player In including the initial vertex {(¢5,qg')}

Vout = {(p,q,7) € Qg x Q4 x Pathy | ||7|| < 2k + 1} is the set of vertices of player Out.

From a vertex of In the following moves are possible:

il. (p,¢.7j) — (p,q,mjf) for each f € ¥ such that B: p =, p’ and there exists

W, fip1,.-,pi) € Apif ||| < 2k +1 (delay; In chooses the next input symbol)
i2. {(p1,q1):---, (Pnsqn)}— (pj. g5, f) for each f € such that there is (p;, fp}, .. ph) €
Ap and each j € {1,...,n} (no delay; In chooses the next direction and input symbol)
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From a vertex of Out the following moves are possible:
ol. (p.q,f) S A1, q1)s - - -5 (pi,q0)} if there is r = (¢, (f,9),q1s - -+, qn) € A,
(p, fyp1,-..,pi) € A, f € ¥ is d-ary, g € ¥ is j-ary, n = maxz{i,j}, and if j > ¢
there exist trees t;11,...,t; € Tp such that L ®t, € T(A,,) for all i < £ < j.
(no delay; Out applies a transition; Out can pick output trees for all directions where the
input has ended; In can continue from the other directions)
Note, if f € Xg, i.e., the input symbol is a leaf, then the next reached vertex is ) € V},,
which is a terminal vertex.
02. (p.q, fim) = (pj,qj, ) if there is r = (¢, (f,9),q1,--.,qn) € A4 such that (¢, q;) €
Ttjg and (p, f,p1,...,pi) € Ap.
(delay; Out applies a transition, removes the leftmost input symbol and advances in direction
of the labeled path ahead; Out can pick output trees for all divergent directions)

o3. (p,q,ﬂjf) — (p,q,wjfj’) for each j' € {1,...,i} for f € X; if |mjf|| <k+1

(Out delays and chooses a direction from where In should continue)

o4. (p, q, 7r) — (p, q, 7r) if Ry is uniformizable by a path-recognizable function.

(Out stays in this vertex and wins)
Note that the game graph can effectively be constructed, because Lemma 6 and Theorem 7
imply that it is decidable whether the edge constraints are satisfied.

The desired winning condition expresses that player Out loses the game if the input can
be extended, but no valid output can be produced. This is represented in the game graph by
a set of bad vertices B that contains all vertices of Out with no outgoing edges. If one of these
vertices is reached during a play, Out loses the game. Thus, we define gﬁw = (Gi,Ba V\ B)
as safety game for Out.

The following two lemmata show that from the existence of a winning strategy a top-down
tree transducer that uniformizer the relation can be obtained and vice versa.

» Lemma 8. Given k, if Out has a winning strategy in gi,B; then R is D} PTT-uniformizable.

The key idea in order to lift the proof in [18] from deterministic to general non-deterministic
specifications is, given a guidable automaton for the specification, to turn a uniformizer into
a guide for the specification automaton in order to construct a winning strategy.

» Lemma 9. If R is D] PTT-uniformizable, then Out has a winning strategy in g’;"B, where
k is a number effectively computable from A.

As a consequence of Lemmata 8 and 9 and the fact that a winning strategy for Out in
Qﬁ" g can effectively be computed, together with the fact that for each tree-automatic relation
a guidable N|TA can effectively be constructed, see [17], we immediately obtain Theorem 5.

4.2 Union of top-down deterministic specifications

In this section, we assume that R C T x T is given as the union |J]_; R; of n relations
with pairwise disjoint domains, where each R; is recognized by a D|TA A; and its domain
is recognized by a D] TA B;. Furthermore, we assume that the domain of the relation is
DJTA-recognizable, otherwise there exists no uniformization by a deterministic top-down
tree transducer.

» Example 10. Let ¥ be an input alphabet given by ¥1 = {h} and ¢ = {¢, d} and let T be an
output alphabet given by I's = {f}, I'1 = {h} and Ty = {¢,d}. We consider the relation R C
Ts, x Tr defined by {(h(t), f(t,t")) | t,t' € Tx such that ¢ and ¢’ have the same leaf symbol}.
This specification can be obtained by the union of two deterministic top-down specifications,
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one specification for each leaf symbol. Clearly, a deterministic top-down transducer can
realize the specification by producing f(¢,t) for a unary input tree h(t), e.g., by starting
with go(h(z1)) = f(q(21),q(2z1)). However, there is no linear synchronous uniformizer for R,
because in the first step a linear D{TT would have to pick for either the right or the left
subtree an output tree with a fixed leaf symbol. As the actual leaf symbol of the input tree
is yet unknown it is not possible to fix a correct output tree.

We provide a decision procedure for the following problem.

» Theorem 11. [t is decidable whether the union of D] TA-recognizable relations with pairwise
disjoint D] TA-recognizable domains has a uniformization by a synchronous deterministic
top-down tree transducer.

We show that the existence of a synchronous uniformizer for such a relation is a regular
property over infinite trees that can be checked by a parity tree automaton. For an intro-
duction to parity tree automata, see e.g. [24]. We define a regular infinite tree, given as the
unfolding of a finite graph, such that each vertex of the infinite tree represents a node in
an input tree together with a set of output nodes produced from this input node. Since the
uniformizer might be non-linear, output at different positions in the output tree can depend
on the same position in the input tree. Our construction bounds the number of required
output choices by making the choice only depending on the state transformation that the
current output sequences together with the input sequence induces.

Before we formally define the finite graph, we describe its components. Recall, R =
U, Ri, where R; is recognized by a D|/TA A; and dom(R) is recognized by a D] TA D.
The graph keeps track of the state of D on the input, and the states of Aj,..., A, on the
produced output. For the latter we use vectors with n elements. We define a function A,
that returns the /th element of a vector, for each 1 < ¢ < n. Let L denote such a vector,
then A¢(L) stores the information w.r.t. A,. We model that read input and produced output
can be on the same or on divergent paths as follows: In case that input and output are on
the same path, A¢(L) is the state of .4, on the combined input sequence and output sequence.
In case that the output is mapped to a divergent path, A¢(L) is a set of states of A, that is
obtained by combining all possible input sequences with the produced output sequence. Now
we are ready to formally define the graph G:

From a vertex v of the form (p,{L1,..., Ly }), where p is a state of D and each L, is a
vector of states resp. sets of states over Ay, ..., A,, the following edges exist:
v — (v, f) if there is (p, f,p1...,pi) € Ap (edges for every possible input symbol)

An edge ((p,{L1,..-,Lm}),f) obgom [(p1,@1), .-, (pi,Q;)] defining output choices
01,...,0m exists if (p, f,p1...,p;) € Ap and the following conditions hold:

0j € I'(X;) for each 1 < j <m, and

(for each L; an output o; consisting of one symbol and directions to continue is chosen)
the set @)y is constructed as follows for each 1 < d < i:
if for output o; = g(xj,,...,x;,) thereis k € {1,...,r} with ji =d,

(the kth child of the output o; depends on the dth child of the input)
we add a vector V}, to g4, where the component Ay(V}) referring to Ay is build up
from A¢(L;) and o; as follows:

if Ae(L;) € Qa,, 58y ¢ € Q4,, (input and output are at the same position)
and there is (q, (f, 9),q1, - - - 7q"mw{'r‘k(f),7‘k(g)}) € Ay,
then A\g(Vy) = {

qx if d=%k, (input and output continue in the same direction)

{qr} otherwise. (input and output continue in divergent directions)
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(the corresponding transition in A, is applied)
if Ae(L;) € 2@4, (input and output are on divergent paths)
then set A¢(V%) to 00 and for each ¢ € A\¢(L;) and each f’ € ¥ such that there is

(Qa (f/7g)a qi, ... 7Q'ma7;{rk(f’),rk(g)}) € A.AU add g to A@(Vk)
(all possibly reachable states in A, are collected)

From [v1,...,v;] an edge to v; exists for all 1 < j <. (edges to all directions)

The initial vertex is (po,{L}), where L = [q(’;‘l, - 7q(“;‘"] and pq is the initial state of D.

Now that we have defined G, we consider the unfolding H of G which is a regular infinite
tree. Consequently, each vertex of H is associated with a labeled path, interpreted as an
input sequence m, and additionally it is associated with a bounded number of labeled paths,
interpreted as output sequences produced by a transducer while reading the input sequence
7. Note that different vertices of H may represent the same input sequence, but differ in the
associated output sequences. This is a regular infinite tree that has the desired property,
namely, each input sequence together with a (sufficiently large) number of possible output
sequences is represented in the tree.

Our goal is to construct a parity tree automaton, whose tree language is non-empty iff R
has a uniformization by a synchronous deterministic top-down tree transducer. The idea is
to annotate H with an output strategy o. The strategy selects for each node of the form
(v, f) with f € ¥ one child, i.e., o fixes an output choice. Let H ¢ denote the tree H with
annotations encoding o. Given H ™o and some input tree t € dom(R), the output choices
defined by o identify a unique output tree that a D{TT can produce while reading ¢. For an
input tree ¢, let o(t) denote the corresponding output tree. The strategy o corresponds to a
uniformizer if for all ¢ € dom(R) holds that (t,0(t)) € R. The following lemma shows that
the set of trees H ™o such that o corresponds to a uniformizer is a regular set of trees.

» Lemma 12. There exists a parity tree automaton C that accepts exactly those trees H ™o
such that (t,0(t)) € R for allt € dom(R).

The next lemma shows that the uniformization problem posed in this section reduces to
deciding the emptiness problem for C. It directly implies Theorem 11 because emptiness of
parity tree automata is decidable (see [24]).

» Lemma 13. The tree language T'(C) is non-empty if, and only if, R has a uniformization
by a synchronous deterministic top-down tree transducer.

5 Conclusion

We have considered uniformization of tree-automatic relations by D] TTs. Using the subclasses
of bounded-delay, linear, and path-preserving D] TTs, we have obtained an almost complete
picture of the frontier between decidability and undecidability. We have also presented a class
of tree-automatic relations for which the uniformization problem is decidable but requires, in
general, non-linear uniformizers.

As further research questions it would be interesting to extend the class of specifications
beyond those of tree-automatic relations. In [6] decidability results for word transformations
have been obtained for deterministic rational relations, and for uniformization questions in
which the delay of the uniformizer is related to the one of the specification. We plan to study
extensions of these ideas from words to trees.
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A Details for Section 3

» Theorem 2. [t is undecidable whether a given tree-automatic relation has a uniformization
by a deterministic top-down tree transducer.

Proof. We build on the description of the proof idea given in the main part. We describe
the desired specification Rj; which is a refined version of S such that the following holds: If
M halts on the empty tape, then Ry is D) TT-uniformizable in a 6-like fashion. Otherwise,
if M does not halt on the empty tape, then Ry is not D] TT-uniformizable.

First, we need to adapt the form of the input and output trees as follows. From now on,
an input tree over ¥ with ¥ = Qp UTy U{f, g,a,b, A, B} is said to be a correct coding if it
is of the form

T

C(O Cl Cn
where $ € {f, g}, X € {A, B} is a special leaf symbol, and each C; is a binary tree of the
form

u‘l—u‘z—'-~—U<k‘71>—u‘k—c‘l—v‘l—ﬁz—-~-—v<e‘71>—v‘zfﬁe+1 )
a2 Qk-1) arx By 1 P Bu-1) B
where uy,...,ug,v1,...,00 € Tar, ¢ € Qury 14y, Boy 1y - -+ Bos Ber1 € {a, b} are leaf

symbols and u; ... ugqu; ... ve encodes the configuration ¢;. Wlog, let |uy ... ux| > 2 and
|v1 ... ve| > 1. Furthermore, ¢ is the initial configuration on the empty input tape and ¢, is
a halting configuration. The special letter X determines which requirements an output tree
(additionally to being a correct coding; the form of a correct coding is specified below) has
to satisfy.

We actually can show a more specific statement than the statement given in this theorem.
Our goal is two give two variants of Rj; such that the following holds. If M halts on the
empty input tape, then the first resp. second Rjs-variant can be uniformized by a linear
DJTT with delay bounded by 1 resp. by a synchronous D|{TT. Otherwise, if M does not
halt on the empty input tape, then non of the variants is D{TT-uniformizable. Therefore,
we distinguish between two (very similar) variants of Ry, in the remainder of this proof.

An output tree over X resp. over X U {e} is said to be a correct coding if it is of the form
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g—§— i —g— X $—¢——8%—X
(Variant 1) | | | resp. (Variant 2) + + + ,
K, K> K K, K, K.,

where § € {f, g}, X € {A, B}, and each K; is a binary tree of the form

/LL‘Ii’lﬁ‘Qi...iu(k/—l)iu‘k/iﬁi/u‘li/lj‘gi...iv(el_l)7/Uélfﬂ£/+l )
a1 Qg Q-1 o By P11 P2 Bu-1) Br
where ULy« ey URr 5 ULy - e, Vg €PM,(]€ QMv alv"',ak’aﬁovﬂla"'365’3ﬁ5’+1 € {(l,b} are

leaf symbols and u ... ug quy ...vp encodes the configuration k;. The occurrences of e are
introduced because for the second variant we want to be able to construct a synchronous
uniformizer for Ry, if M halts on the empty tape.

We are ready to define the (two variants of) Rj;. For notational convenience, let C;(a;)
refer to the aj-position in the Cj-tree and let val(C;(c;)) refer to its value, and so on. Since
the two Rjs-variants are very similar, the requirements given below should be satisfied in
both variants if not stated explicitly otherwise. The specification Rj; contains a pair of
trees (t,t') from Tx x Ty resp. Tx x Ty} if conditions 1., 2., A., and B. are satisfied, or
condition 3. is satisfied.

1. tis a correct coding and ¢’ is a correct (V1- resp. V2-)coding with m = n.
2. Recall, w.r.t. positions, 2¢ is short for the node 2...2 and 2° is short for the root «.
7 times
Depending on the variant, we require that
V1. valy(2%) = valy(2171) for all i € {0,...,n — 1}, resp.
V2. valy (2%) = valy(2%) for all i € {0,...,n — 1}

Furthermore, we require that
A. if the right-most leaf of ¢ is A, then there is an ¢ € {0,...,n—1} such that succ(c;) # ki1

Next, we add additional requirements to enforce the desired 6-like transformation. Recall,
we want to ensure that a transformation yields k; = ¢; for all ¢ € {1,...,n}. However, k;
and ¢; do not overlap in t ® ¢, and we have to make sure that the specification remains
tree-automatic. Since the length of configurations can be arbitrarily large, we can only talk
about a finite amount of positions.

The principle behind the next requirements is that a DJTT is not aware of the next
symbol in a configuration. Since a D|{TT can make no guesses, it then has to fulfill the
requirements for all positions to be safe, because the current position could already be the
position in question.

Therefore, in order to guarantee k; = ¢; for all i € {1,...,n}, we require that

B. if the right-most leaf of ¢ is B, then for all i € {1,...,n} holds
val(K (ak/_l)) = val(Ci(ak_l)), and
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Figure 2 Tllustration of the functioning of the DL TT 75 as defined in the proof of Theorem 2. A pos-
sible configuration sequence cg to ¢z of T3 on an input tree of the form f(Co, g(C1, f(C2,g(Cs,...))))
is shown. The input tree is always depicted on the left-hand side and the so far produced output
tree on the right-hand side of each subfigure. The respective mapping of output positions to read
input positions in shown in gray.

Finally, in order to make the specification Ry, total, we include also all pairs of trees (t,t)
from T, x T, resp. T X Tx(e} such that

3. tis not a correct coding.

We argue that Rj; defines a tree-automatic specification. First, note that the conditions
1., 2., and 3. are clearly tree-automatic. A specification automaton guesses whether conditions
1., 2., A., and B. are satisfied, or whether condition 3. is satisfied. Depending on its guess,
it checks that the respective requirements hold. Since the if-conditions of A. and B. are
mutual exclusive, the automaton guesses the right-most leaf symbol in ¢ and verifies that
the respective then-condition is satisfied and also verifies that the guess of the leaf-symbol
was correct. To verify the then-condition of A., the automaton guesses a ¢;-configuration
branch and verifies that succ(c;) # ki1 is true. This can be done, because ¢; and ki1
overlap. To verify the then-condition of B., the automaton guesses and verifies the correct
labeling of the 16 positions in question for each pair of k;-configuration branch and successive
¢;-configuration branch.

We claim that each variant of Ry, is uniformizable if, and only if, M does not halt on
the empty input tape. If M does not halt, then the first resp. second R,;-variant can be
uniformized by a linear DJTT 771 = (Q1, %, %, g0, A1) with delay bounded by 1 resp. by a
synchronous DJTT T3 = (Q2, X, X U {e}, qo, A2). The part of the transition rules relevant
for input trees that are a correct coding is given below. The state g. stands for “copy”-state.
An illustration of the functioning of the latter transducer is shown in Figure 2.

Let A; ={ qo($(z1,22)) = qc(x2) for all $ € {f, g},
Ge(o(z1, .. x5)) = 0(qe(21), - - -, ge(4)) forall o € ¥;,4 >0 }.

Let Ay = { qo($(z1,z2)) = $(g(z2), go(x2)) for all $ € {f, g},
q(X) — X for all X € {4, B},
q(8(z1, 22)) — o(ge(z1)) for all $ € {f, g},
ge(o(z1, ..., x;)) = o(qe(x1), -+, ge(xy)) forall o € 3;,: >0 }.

It is easy to see that 7y uniformizes the first Ry;-variant and 75 uniformizes the second
Rps-variant; the same argumentation as for § and S can be applied.

Conversely, assume M does halt on the empty input tape. We show that neither the first
nor the second Rjs-variant is D] TT-uniformizable. Towards a contradiction, assume there
exist uniformizer U, and Us of the first resp. second Rj;-variant.
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To begin with, we show that U; produces no output in the first computation step. For
the first Rjs-variant it has to hold that the root symbol of the output tree is equal to the
second symbol on the right-most path of the input tree (condition 2.), hence U; has to delay
at first.

Next we show that (apart from the first step of U ) both U; and Uy work synchronously
and the transformation yields ¢; = k; for all ¢ € {1,...,n} for both uniformizers. Since the
argumentation is analogous for Uy and Us, in the following we only talk about ; and the
first Rp-variant.

Consider an input tree ¢ that is a valid coding and let ¢’ denote the output tree produced
by U;. First, we show that the right-most path in ¢’ is produced synchronously (after the
initial delay of 1). We distinguish two cases. For the first case, assume at some point U;
produces at once more than one output symbol mapped to the right-most path. Say, U, reads
the node 2*! in ¢ and produces output at the nodes 2 and 2+! in #'. Let valy (20+!) = f.
If the next input symbol at 2°72 is ¢, then condition 2. is not satisfied. For the second case,
assume {; reads the node 2! and produces no output. Either 2/, continues to read at node
2711 or at 2712, At the left child, the ¢;-configuration branch begins. If the input tree
ends in B, ¢; has to be read in order to make it possible to satisfy the then-condition of B.,
thus U, has to continue reading at 2°+11. As a consequence, the right-most path can not be
accessed any longer. However, the right-hand path must also be fully read by U; in order to
satisfy condition 2..

Secondly, we show that U; synchronously realizes k; = ¢; for all ¢ € {1,...,n}. From the
previous paragraph we know that output configuration branches are produced independent
of the label of the rightmost leaf. Since the leaf could be a B, U; must have produced ¢’ such
that the then-condition of B. is satisfied. Also we know from the previous paragraph that
when U, reads the first position of the ¢;-configuration branch, then the output produced in
this computation step will be mapped to the first position of the k;-configuration branch.

We now show that in order to satisfy the then-condition of B. the uniformizer U; must
synchronously copy C;. Let us build symbol-by-symbol a tree C; coding a configuration
of the form wy ... ugqu: ... vy meaning we give a symbol in C;, consider one computation
step from U; and react with another symbol from C; and so on. Assume at some point the
uniformizer does not exactly copy the input symbol, let us call this a copy mistake. We
distinguish whether a mistake happens in the part before the g-position, at the g-position, or
after the g-position in ¢;.

First, assume a position C;(u;) is read and in the corresponding computation step a
copy mistake occurs, which means U; either produces no output symbol, or more than one
and/or the wrong output symbol. Then, we let the next input symbol be the state of the
configuration ¢;, i.e., we let C;(u;) = C;(uy). Assume no output was produced, then U
can continue to read at either C;(ay) or C;(q), but both positions have to be read in order
to satisfy val(K;(aw)) = val(C;(ay)) and val(K;(q)) = val(Ci(g)). Now assume, more
and/or wrong output has been produced. We illustrate this case in Figure 3. Recall that
val(Ci(ak_l)) = val(Ki(ozkf_l)) has to be satisfied. Since C;(ay—1) is left of C;(ug—1) and

Ci(ay) is right of C;(ug—1), the U;-state reached at C;(ay) is independent of val(C’i(ak_l)).

Note that output at K;(ax —1) has been produced at the earliest when U; reads C;(ay),
because in this step either more than one symbol has been produced, or if the symbol
was wrong, then at some point later another one with val(C’i (vk)) is produced to satisfy
val (K;(vi)) = val(Ci(vy)). Hence, the input symbol at C;(ax—1) can be changed without
affecting the output symbol that is produced at K;(ag —1). Thus, making the copy mistake
would not guarantee val (K;(ou—1))) = val(Ci(ok—1))).
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Secondly, assume a copy mistake occurs at C;(q). Assume the copy mistake was to delay
the output, then not both C;(8y) and C;(v1) can be read, but knowledge of both values is
needed to satisfy the specification. So, assume the copy mistake was to produce more or wrong
output. If an output symbol was produced that belongs to the part before the g-position of k;,
then eventually a symbol at K;(«ay) is produced. However, this is done without knowledge of
val(Ci(ak)), because the output at K;(ay) is produced after U reads C;(q). Since C;(ag)
is left of C;(ug) and C;(q) is right of C;(ug), the U;-state reached at C;(q) is independent
of val(C’i(ak)). Hence we can chose val(C’i(ak)) to be different from val(Ki(ak/)). Or, if
an output symbol was produced that belongs to the part after the g-position of k;, then
val(K;(v1))) is determined before C;(v1) is read. Thus, val(K;(v1))) = val(Ci(v1))) is not
ensured. We have ruled out that a copy mistake occurs at C;(q).

Lastly, assume a copy mistake occurs at a position C;(v;), then let C;(v;) = C;(v¢) and
the next input symbol is the leaf at C;(8sy1). With the same argumentation as in the
previous cases, we can show that a uniformizer cannot make such a mistake.

Altogether, we can conclude that both U; and Us always realize k; = ¢; for all i €
{1,...,n}. Now consider an input tree that is a correct coding and ends in A and codes
the halting configuration sequence cpcy .. . ¢, then suce(c;) = kiyq for all i € {0,...,n —1}.
Thus, condition A. is not satisfied. This contradicts that 1 and Uy uniformize the first resp.
second R -variant. |

B Details for Section 4.1

This section is concerned with the the proof of Theorem 5.

» Theorem 5. [t is decidable whether a given tree-automatic relation has a uniformization
by a deterministic path-preserving top-down tree transducer.

As already stated in Section 4.1, the decision procedure for the above question is an
adaption of the decision procedure for deterministic top-down tree-automatic relations
presented in [18]. Here, we follow the same proof structure and lift the introduced notions
and auxiliary lemmas used in [18] from deterministic tree-automatic relations to general
tree-automatic relations.

We start with introducing some additional notations. For some of the proofs, it is
convenient to concatenate a special tree with a single letter, instead of a tree. For ¢t € Sy, and
f€X;,i>0,let t- f denote the result of replacing o with f in ¢. Formally, if ¢ > 0, then the
result is not a tree over X, but we treat it as such. In particular, for a D{TT 7T, we define
T(t-f)as T(t)-wlg,...,qn] if there is ¢(f(z1,...,2:)) = wlg1(zs), ..., qn(z;,)] € A7 and
there is a configuration ¢ = (¢, T (t),¢) with u € domy () such that p(u) = v, val;(v) = o
and valy(y)(u) = ¢. In words, when 7 reads this special f output is produced even though f
has no child nodes.

For ¢t € T, and u € diry, let ||t||* := maz{|v] | v € dom; and (u C vorv C w)}. If
u € domy, then ||t[|* is the length of a maximal path in ¢ through u. Otherwise, if u ¢ dom,,
then [[t||* is the length of the unique path in ¢ that is a prefix of w.

Sometimes it is sufficient to consider only the output that is mapped to a certain path.
For a D{TT T, an input tree t € T or ¢ € Sy, and a path u € diry;, we define

outr(t,u) := {w € Pathp | T(¢) € Tf (X) and
(path(r) C u or u C path(r)) and ||T()|[" = [path(x)]}
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satisfied. Thus k' > k.

Figure 3 Illustration of a copy mistake made in the part before the g-state in some ¢; as described
in the proof of Theorem 2. The C;-tree is always depicted on the left, the K;-tree on the right. The
respective mapping of output positions to read input positions in shown in gray. The subfigures show
that if ¢/, makes such a copy mistake then val(Ci(ax—1)) = val(K;(ax —1)) can not be guaranteed,
because then we can force U; to produce K;(ay_1) independent of val(Cji(ax—1)).

to be the set of maximal labeled paths in the output tree 7 (¢) through w. Note that if

1T ()" < |ul, then outr(t,u) is a singleton set and contains the maximal labeled path 7 in

T (t) such that path(m) is a prefix of u. Then, we identify outy(t,u) with its single element.
We are ready to prove the following.

» Theorem 7. It is decidable whether a given tree-automatic relation can be uniformized by
a path-recognizable function.

Proof. Let R C Tx;, x IT be a tree-automatic relation. We assume that its domain is also
top-down deterministic, otherwise no deterministic top-down tree transducer can verify its
domain. For such a relation, we show that the existence of a uniformizer that realizes a
path-recognizable function is a regular property over infinite trees. The key ingredient of this

proof is an MSO-formula over infinite trees that asserts the existence of such a uniformizer.

We can then use the equivalence between regular and MSO-definable languages over infinite
trees.

The proof is split in two parts. Recall, to describe a path-recognizable function, we have to
reason about labeled paths through input trees and corresponding output trees. Hence, first,
we define a regular infinite tree that is suitable to specify (via MSO) a set of deterministically
readable labeled paths. Secondly, we state an MSO-formula that is satisfiable by this infinite
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tree if, and only if, there exists a finite state uniformizer that realizes a path-recognizable
function.

For the first part, we construct a regular infinite tree by defining a finite graph and
using its unfolding to obtain a regular infinite tree, see e.g. [24]. Intuitively, to be able to
specify labeled paths in this tree, the node labels alternate between directions from diry and
possible input symbols from X (if the input has not yet ended). A node labeled by f € ¥,
n > 0 has exactly n children, where the ith child is labeled by i. A direction labeled node
has an f-labeled child for every f € ¥ (or L if it occurs below a leaf-labeled node). For a
node labeled by a leaf symbol a € 3y, the nodes below form a string with labels alternating
between 1 and 1. As a special case, the root is labeled by 0.

Formally, let ¥ = (", %; and let B = (Qp,%,¢5,Ap) be a D/ TA that recognizes
dom(R). We want to construct the desired infinite tree w.r.t. the domain of the relation.
Thus, we define the graph G = (V, E) with vertices V C (QgU{p.}) x (21 U{0} Udiry) and
a set of edges E that include the information of the runs of B, and is defined by

(
(i), (p. f)) | p € Qp,i € dirg, f € T}

(0, 1), (1)) | (P, fip1s - pk) € A, f € Sk > 0,5 € {1,..., k}}
(p,a), (p1,1)) | (p,a) € Ap,a € Xo}

(p1,1), (po, L)), ((pr, L), (po, 1))}

vertex.

Now, we give an MSO-formula that is satisfiable by ¢¢ if, and only if, R can be uniformized
by a finite state transducer that realizes a path-recognizable function. Let T‘I,nf denote
the set of ranked infinite trees over V, the rank of a symbol v € V is the outdegree
of v in G. As usual, an infinite tree ¢t € T; ‘I}‘f corresponds to the logical structure ¢t =

(domy, S, ..., St S, (P!)vev), where St = ith successor relation on domy, S* :=J;", St,
and P! := {u € dom; | val;(u) = v}. To begin with, we introduce some simple auxiliary
formulas:
m
Py (x) := \/ Py () for all A € (X1 U{0} Udirs), and Py () := \/ Pi(z).
pE(@QpU{pL}) =0

Also, formulas for set inclusion, prefix closed sets, and partition are needed:
X CY:=Vz(X(z) = Y(2)), dpre(X) :=VaVy(X(y) AS(z,y) - X(x)), and

(bpart(Xla-”aXn) =V \/Xz(x) A /\ _'(Xi(x) /\Xj(x))
i=1 i#jNi,j€{1,...,n}

We give a formula that specifies an infinite labeled path. If such a labeled path contains a
1 -labeled node, then this labeled path describes a path through a finite input tree.

Path(X) := 3z (Po(z) A X (z)) A Va (X(x) = Fy[S(z,y) A X (W)A
Vz(S(z,2) AN X (2) » y = z)D

Furthermore, we want to specify a formula that is satisfied by a set of labeled paths such
that a transducer is able to deterministically read (along a labeled path from this set)
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through every possible input tree. This is satisfied if for a X-labeled node that is part of
the set, exactly one direction-labeled direct successor is specified, and in addition, for a
direction-labeled node that is part of the set, every Y-labeled direct successor is also part of
the set, ensuring that a transducer can react to every input symbol.

PathSet(X) := EIx(PO(:c) A X(x)) A V:L'(X(:L’) A Py (z) = Vy(S(z,y) — X(y)))/\
Va (X (z) A Ps(z) = Jy (S(z,y) A X (y) AVz (S(z,2) A X(2) = y = 2))).

Ultimately, all formulas are designed to be evaluated in tg. Thus, if (tg, X) = Path(X)
resp. (tg, X) |= PathSet(X), then X indeed describes a labeled path resp. a set of labeled
paths that can be part of an input tree from the domain of the relation, because tg is designed
w.r.t. the domain of the relation.

Towards our desired formula, given a labeled path and a prefix of this path, we want
to express that there exists an output labeling of the given prefix such that there is an
accepting (partial) run of A on the combination of input labels and output labels on this path.
Additionally, since we want to obtain a path-recognizable function in the end, we require
that the partial run can be extend to a successful run for each input tree that contains this
labeled path, i.e., we require that the run only depends on the given labeled path. Recall,
we already have a formal notion for this. Let A = (Q4,X1 x I'1,qg', A4) be a guidable
JTA that recognizes R. For x € Pathy, y € Pathp and i € diry such that x ® y is defined,
i.e., path(x) C path(y) or path(y) C path(zx), the relation 7,;, C Q4 x Q4 includes a pair
of states (g, ¢") of A, if there is a partial run p on z ® y of A, with A: ¢ %i ¢’ and there
exists a fixed partial output tree s € Sfiio such that p can be extend to a successful run of
Aqg on each input tree ¢ € TE N dom(T(Ay)) together with an output tree s - ¢’ € TY, that is,
an output tree whose first part is always s.

In this proof, we let 7, resp. 74, | denote 7., resp. T, . Also, we extend this notion;
we define the relation 7, , C Q4 x {Acc} if z is a labeled path that ends in a leaf, such that

(g, Acc) € T4, if there is a partial run p on z ® y of A, with A : ¢ TV, Ace and there exists
a fixed partial output tree s € S as described above.

The following formula expresses the requirements stated above. Let Q4 = {q1,...,qn},
¢ =qg',and T = {g1,...,9¢}, we then write

Rpain(X,Y) := Path(X) AY € X A ¢pre(Y)A
Y, ...3Y,, 3y, 3X,, ...3X,, <¢part(Ygl e Yo Y A part (X1, - X)) A

Vy(Y(y) — =YL (y) A3aTy(Po(z) A S(z,y) A X (2) A Xg, (y))A
VaVdvy {S(w, d) A S(d,y) A Paie(d) A X (x) A X (d) A X (y) A= (PL(y) AYL(y)) —

\/ Xo(w) A Pr(@) A Yy(2) A Pild) A Xq, () | A
(4,(£,9),q15-+,45)EA A,
(9,9i)€Tfi,q

EIx[X(:z:)/\—'Pdir(x)%( \/ Xq(x)/\Pf(:z:)AYg(x))]>.

(q,(f.9))€EAA

We need one more auxiliary formula. To obtain a finite state transducer that realizes a
path-recognizable function, we require that only finitely many different output trees are
needed. If only finitely many different output trees are needed, then the length of the output
sequences that are mapped to the relevant labeled paths is bounded, that is, the set of needed
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output sequences is finite. The next formula is satisfied by a finite set that describes prefixes
of labeled paths. If all needed output sequences stay inside the positions specified by the set,
then this implies that finitely many different output sequences suffice.

(bprc,ﬁn(X) = ¢prC(X)A

VX, (Path(Xl) 3 [Xl(x) A X(z) A~ (Fy[S(z,y) A X1(y) A X ()] )] ) .

Now, we are ready to state the desired formula. The formula describes that there is a set of
deterministically readable labeled paths such that for each labeled path from this set that
describes a path through a finite input tree there is a matching output and additionally the
set of used matching outputs (along the relevant paths) is finite.

Gumit 1= IXTY (PathSet(X) AY C X A dpresin(Y)A
VXl [Xl Q X A\ Path(Xl) N EI(Xl(I) A\ PL(.Z‘)) — E|Yl (Yl g Y A Rpath(Xl,Yl))}).

Since the equivalence between MSO-definable tree languages and regular tree languages
is effective, we can construct an automaton A, .. such that T'(Ag, ) is equivalent to
T(¢unif) = {t S T{Ifnf | t ): ¢11nif}-

Finally, we claim tg € T'(A4,.,) if, and only if, R is uniformizable by a finite state trans-
ducer that realizes a path-recognizable function. If R is uniformized by a path-recognizable
function, then there exists an assignment of the variables such that tg = ¢unir. From a
DJPTT 7T that uniformizes R and realizes a path-recognizable function we can obtain a
valuation as follows. Recall that a position in tg can be either interpreted as a labeled path,
or as a path resp. a position in a tree if we disregard the labels. Concerning the valuation of
X, a position is included in the set X if it describes a (prefix of a) labeled path that the
uniformizer reads from the root to a leaf in an input tree in order to produce an output
tree. Generally, such a uniformizer specifies a set of finite labeled paths of arbitrary length.
However, since ¢unif, more specifically its subformula PathSet(X), requires X to describe
a set of infinite labeled paths, for each finite labeled path 7 that the uniformizer reads, X
also includes the positions that describe its infinite extension 7(1L)*. Then X describes the
desired set of infinite labeled paths. Concerning the valuation of Y, we have to consider the
output trees that 7 produces. These are only finitely many different trees, say t1,...,tx.
We choose Y as the subset of X such that a position from X is included in Y if there is
(at least) one ¢; such that this position describes a position that occurs in domy,. Since the
set domy, U--- U domy, is finite, also Y is finite. Then tg = ¢unit, because for each finite
labeled path 7 from the set X the set Y describes a preﬁ;of this path such that there is an
output sequence o that can be mapped to this prefix (obtained from one of the t;s) such that
A gt Z2% Acc and furthermore (g, Acc) € 7x 0, that is, this partial run can be extended
to a successful run of A on each input tree ¢t € T%. That indeed (gg', Acc) € 7, holds can
be seen as follows. Let TE x {t,} with ¢, € T2 be the relation that T realizes when 7 is read.
This subset of R can be recognized by a D{TA C. Since A is guidable, there is a mapping g
such that (C,g) guides A. Hence, g(p) restricted to 7 ® o is the same for each run p of C on
t ®t, for some ¢t € T%, because C is deterministic. Thus, (gg', Acc) € Tr o-

If tg € T(Agp,.;), then there exists a valuation of the variables such that a regular
([21], see also [24]) deterministically readable set of labeled paths can be obtained that
captures every input tree. Since this set is regular, it is recognizable by a finite state
transducer. Additionally, the valuation of Y yields a global bound such that the size of
each output mapped to a relevant path through an input tree remains inside this bound.
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Consequently, only finitely many different output trees are needed. Hence, there exists a
finite state uniformizer that realizes a path-recognizable function, such a uniformizer can
e.g., be constructed in the following way. Clearly, a deterministic finite state top-down tree
transducer that reads the relevant path in an input tree can be obtained from a regular
set of labeled paths. Also, a global bound of the length of needed output sequences on the
relevant paths is known. Since there are only finitely many output sequences that remain
inside the bound, the transducer can gradually compute 7, , for each such output sequence
0, where 7 is the read input sequence. Eventually, when a leaf is reached, for at least one o
holds that (gg', Acc) € Tr,0- The transducer then produces an output tree matching to the
(chosen) accepting state transformation. <

We have seen that it is decidable whether a tree-automatic relation can be uniformized
by a path-recognizable function.

Now, we establish a connection between long output delay and path-recognizable functions.
Therefore, we first introduce profiles for labeled path segments w.r.t. a given relation
automaton. We define the profile of a labeled path segment zi to be the set that contains
all possible state transformations 7.;, induced by z together with some y of same or
smaller length. Formally, let * € Pathy and 7 € diry, we define the profile of zi to be
Pri = (Pmi,:7 xi,<> Pri,s) with

Pri= = {Teiy | [yl = 21}, Pri< :={Twiy |y # € and |y| < |z[}, and Ppi e = {Tuiy |y =€}

From P, ;, and P,,;, the profile Py, 4,i, is uniquely determined, i.e.,

Pﬂﬂlillzim: = {Tl O T2 | T € leil,:,TQ € Pz2i27:}7
Pryiyayin,< = {T10T2 | T1 € Pryiy =, T2 € Pryiy <} U{T10Tayiye | T1 € Pryiy <}, and
Pmlilm2i275 = {belihE © 7_122'276}'
Thus, the concatenation of Py ;,, Py, is naturally defined by Py, - Proi, = Pryiyasis- A

segment zi € (Xdiry)*diry, of a labeled path is called idempotent if Pp; = Ppigi-

As a consequence of Ramsey’s Theorem [22], we obtain the next lemma. Note that the
lemma refers to idempotent factors w.r.t. NJTAs , however the proof is the same as in [18]
for idempotent factors w.r.t. D{TAs.

» Lemma 14. There exists a bound K € N such that each labeled path m € Paths, with
[|7|| > K contains an idempotent factor.

Proof. Ramsey’s Theorem yields that for any number of colors ¢ and any number r, there
exists a number K € N such that if the edges of a complete graph with at least K vertices
are colored with ¢ colors, then the graph must contain a complete subgraph with r vertices
such that all edges have the same color, c.f. [8].

Let w € Pathy, with the factorization m = f1j1 ... jn—1fn, f1,---, fn € Zand j1,...,jn-1 €
diry. Consider the complete graph G = (V, E, col) with edge-coloring col : E — Cols, where
V:={1,...,n}, E:=V xV, Cols is the finite set of profiles and col(e) := Py, ..., if
e = (i,k) for all e € E. If there exist i, 7,k € N with ¢ < j < k < n such that the edges (i, k),
(i,7) and (4, k) have the same color, i.e., the respective profiles are the same, then 7 has a
factorization that contains an idempotent factor.

As a consequence of Ramsey’s Theorem, for r = 3 and ¢ = |Cols|, if n > K, then 7 must
contain an idempotent factor. |

We introduce some additional notation on how to split a tree in parts and how to repeat
a part of a tree that contains an idempotent factor. For a special tree s € Sy, we inductively
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define the special tree s™ € Sy by 5" := 5”71 . s and s := o for n € N. Let x,y € Pathy,
i,j € diry, and path(z)i = u, path(y)j = v. For a tree t € Tgiy, we introduce shorthand
notations Z[.], tu:uw], and tp,,; to denote t[o/u], tlo/uv]|,, and t|,,, respectively. Note that
t = tLu] * tusu] - tuo]- Furthermore, let y # € and yj be an idempotent factor, we fix t?u’v)
to be the tree that results from repeating the idempotent factor n times. More formally, we
define
t?‘um = ] - ﬁmw] “tup; for n € N.

If it is clear from the context to which idempotent factor we refer, then we leave out the
subscript.

The following Lemma establishes the connection between long output delay and path-
recognizable functions. Basically, the lemma states that if there exists a uniformization by a
DJPTT such that an idempotent path segment can be repeated any number of times and
the length of the output on the repetition is bounded, i.e., the output delay is unbounded,
then there also exists a uniformization by a path-recognizable function.

» Lemma 15. Given a tree-automatic relation R, z,y € Pathy, ¢,j € dirs with path(x)i = u,
path(y)j = v, y # ¢ and yj idempotent. If R*™Y is uniformized by a DIPTT T such that
llout T (tja) - ey w™ )| < [2]] for each n > 0 and for each t € Ty, then R*™ can be
uniformized by a path-recognizable function.

Proof. Recall the proof of Theorem 7, to show the statement of this lemma it suffices to
show that the MSO-sentence ¢yyuir constructed from a guidable |TA A for R*¥ is satisfied
by tg constructed from a DJTA B for its domain. We state the sentence again:

Gumit 1= IXTY (PathSet(X) AY C X A dpresin(Y)A

VXl [Xl Q XA Path(Xl) A EI(Xl(I) A PL(.Z‘)) — E|Yl (Yl g YA Rpath(Xl,Yl))}).

A suitable valuation for X, that is, a valuation describing a deterministically readable
regular set of labeled paths, can be obtained as follows. Since |[out7 (t[.,] P> wo™)|| < ||z

for each n > 0 and for each t € Tgiy, there is a state s of 7 that is reached at the node

uv™! and again at uv™? for some m; < mo in a tree t € Tgiymrljy. As a consequence, 7T,
can read only one labeled path in a tree, because 7 is a path-preserving uniformizer and
since the delay can be arbitrarily large when 7T is in s the path-preserving property is only
ensured if a single path is read. Let P denote the set of labeled paths read by 7. Then the
valuation of X is chosen to describe {ziyj} - P-{(1L1)¥}. We append (1.1)% to each path,
because formally the set X has to describe infinite paths.

We now show that for each finite labeled path 7 from the root to a leaf that is described
by X there exists a suitable output tree ¢, such that for each ¢ € TE holds (¢,t,) € R*™.
The labeled path 7 is of the form ziyjz, let path(z) = w. For a ¢t € TE let ™ denote the
tree obtained from ¢, where the idempotent factor yj is repeated n times. Since the delay
can get arbitrary large when reading the idempotent factor, we can pick some k such that
||outs(t*, uv*w)|| < |uv*| and in a computation of 7 on t* the uniformizer is in state s at
the node uv®. Since T is a D{PTT it follows that T;i(yj)kz x T (tF) C R*™. This subset of
R*% is D] TA-recognizable, say by a D/TA C. Then C can guide A. Let g be a mapping such
that (C,g) guides A. Let p be the deterministic run of C on t* ® T (¢¥), and let g(p) = p’ be
the run of A on t* ® T (t*) which looks as follows:

)k—l

x®o01 (yj YRo02 2Q®e
A qo i q1 i a2 Acc
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with [loa]| < ||(y7)*'y||. Note since C is deterministic, for each tree ¢ from T;i(yj)kz
the accepting guided run of A on #' ® 7 (t*) has the same form along zi(yj)*z. Hence,
(90, q1) € Twiror> (q1542) € T(yj)k,0, and (g2, Acc) € 7, - Also, since yj is idempotent, there is
some o3 € Pathr such that 7(,;yx o, = Tyj .0, With [|os|| < ||y|[. Let ¢, denote an output tree

corresponding to Tgiy;z,0i0, Consequently, a run of A on t ® ¢, has the following form:

T®o01 YyRo3 2®e
A:qo i Q1 j 42 Acc,

ie., (t,t,) € R*™ and the corresponding MSO-formula describing a successful run can be
satisfied. That is, the formula Rpan (X1, Y1), where X7 C X corresponds to m = xiyjz and
Y1 CY corresponds to o1i03.

We have seen that for each finite labeled path 7 from the root to a leaf that is described
by X there exists a suitable output tree t,, furthermore the size of such a t, is bounded by
the length of xiy, thus only finitely many different ¢,s are needed. A suitable valuation of Y
has to be a finite set representing the needed output trees. As argued above, finitely many
t,s suffice, and hence Y can be chosen as a finite set representing the needed ¢,s. |

As we have seen, if a transducer that uniformizes a relation introduces long output delay,
then the relation can also be uniformized by a path-recognizable function.

We introduce a complexity measure for D{PTTs w.r.t. the lookahead that the transducer
introduces. This will help us reason about the behavior of a uniformizer with minimal
complexity. The idea is to measure the complexity of a uniformizer by counting the introduced
lookahead. We do not consider lookahead-paths that could be part of a path-recognizable
function, because this is generally an infinite set of paths.

For a tree-automatic relation R C Tx, x T, a DJPTT 7T that uniformizes R, and a limit
I € N, we define the lookahead-path-language LPLy (R, 1) such that m € Pathy, is included if
the following conditions hold:

There is a t € TENdom(R) with (t,qd ,0) =7 (t,t1,01) =7 -+ —7 (t,tn, Pn) such that
there is u; € Dy, N dom, with u; C ¢;(u;) C path(n) and |u;| < 1 and ¢, (u,) = path(n)
and it occurs output delay w.r.t. u; in (¢,¢;, ;) for all ¢ € {1,...,n}, and

R™ is not uniformizable by a path-recognizable function.

Note, LPLy(R,1) is a prefix-closed set. Furthermore, we define value(LPLy(R,1)) to be the
sum of all lengths of all labeled paths, i.e., >° crpr(ry) lI7ll-

» Lemma 16. The set LPLy(R,1) is finite.

Proof. We prove this statement by contradiction. Assume LPLy(R,!) is infinite. Then
LPL7(R,1) contains labeled paths of arbitrary length. We pick some m € LPLy(R,1) such
that ||7|| > 141+ K|Q7]| with K from Lemma 14. Now, we prove that R™ is uniformizable
by a path-recognizable function. This is a contradiction to 7 € LPLy(R,1).

Pick any t € T& Ndom(R) and let ¢o = (¢, ¢ , ¢0). The configuration sequence witnessing
membership of 7 in LPL7(R, 1) has length >l + - K|Q7]|. For each j € {0,...,1 — 1}, we
can thus pick a subsequence of configurations ¢; = (¢,t1,¢1), c2 = (t,t2,92), ..., Ck =
(t,tx,or) with cg =% ¢1 =% -+ =% ck such that there is s € Q7 and u; € Dy, N domy
with wvaly, (u;) = s for all ¢ € {1,..., K} and furthermore [ + j - K|Q7| < |p1(u1)| and
lor (ur)| <1+ (G +1) - K|QT]-

Let 7; denote the jth segment of length K|Q7| of 7 starting after the first [ letters of 7.

Together with Lemma 14 it follows that each such segment contains an idempotent factor
yjo such that m = xj1yjoz with path(z1)j1 = ©m(um) and path(zji1y)je = ©n(uy,) for some
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m < n < K w.r.t. a suitable subsequence. There are at least [ such segments in 7, because
Izl > 1+ 1- K[QT].

Since m € LPL7 (R, 1), there is at least one segment 7; such that 7 does not produce output
while reading the idempotent factor in 7;. Otherwise, 7 would produce at least [ output
symbols while reading 7, which is a contradiction to 7 € LPLy(R,1). Consider a subsequence
that yields an idempotent factor yjo such that m = xj1yj2z with path(z1)j1 = @m(um) and
path(xj1y)je = pn(uy,) for some m < n < K such that 7 produces no output while reading
yjo. Let 0 (Um) = vy and @y, (uy,) = v, Then, since ||outr ([, -tk ],path(ﬂ))H < [ for

[Vm:vn

all k € N, Lemma 15 implies that R™ can be uniformized by a path-recognizable function. <«

From the above lemma it follows directly that value(LPLy(R,1)) € N. This allows us to
compare uniformizers by comparing their values.

For the following proofs we need an auxiliary lemma that allows us to translate a
computation of a uniformizer step-by-step into a run of a non-deterministic specification
automaton by using only the part of the input tree that the uniformizer has read so far.
In particular this means if the uniformizer reads a lookahead-path, then we require that
the already constructed part of the run of the specification automaton depends only on the
lookahead. Recall that we use guidable automata for the specifications. The following lemma
states that a uniformizer can be turned into a guide for the specification automaton that has
the desired property.

» Lemma 17. Let R be a tree-automatic relation and let T be a DL PTT that uniformizes R.
Then, there exists an infinite state NJ TA Ay such that R(A7) = R(T) with the following
property:

Let t € dom(R)NTEY, if xiy € LPL7(R, ||z]|) and T (t[o/path(ziy)] - val;(path(ziy))) €
TR0q, with path(x) = path(o), then there exists a run of p of Ay ont® T(t) such that
(0(&), p(path(2)i) € Taio:

Proof. The relation R(7) is generally not D] TA-recognizable, thus we have to construct
an N|TA that recognizes R(7). However, from a run of 7 on a tree t € dom(R), it will be
possible to deterministically construct an accepting run of Ay on ¢t ® 7T (t).

We now present the construction of Ar = (Qa,, X, X Fl,q{]“T,AAT) given T =
(Q7,%,T,qf ,A7). We define the set of states Q4, as Qa4 U Qp U Qr with ¢] as ini-
tial state, where

a) Qa:={s-p|se€Sr,pe Qr} is the set of states indicating that output is ahead or one
the same level as the input, and

b) Qp :={(m, s p) |7 € Pathy,s € Sr,p € Q7} U {(m,t) | 7 € Pathy,t € Tr}, is the set of
states indicating that there is output delay, and

c) Qr :={t|t e Tr} is the set of states that are used to recognize T x {t} for each t € Qr.

Now we present the construction of A 4., for that we make an observation about the possible
configurations of 7. Let (¢,t',¢) be a configuration of 7 such that there occurs delay
w.r.t. a node u, for example ¢(u) = v, v C u and vi C u, i.e., output is ahead. Assume
in the next computation step output is produced, in order to satisfy the restriction that
input and output have to be on the same path, the right-hand side of the applied rule
has to be of the form w[p(z;)], where w is a 1-context. Otherwise, for some output of
the form w'[...,p(z;),...,q(z;),...], we would obtain a successor configuration (t,t”,’)
with ¢/'(vj) = « and vj Z u C o/, i.e., input and output are no longer on the same
path. In case that there is output delay w.r.t. u, i.e., o(u) = v, u C v and ui C v, in a
computation the next rule that is applied which produces output has to be of the form
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glti, .. timi,wlo ] tie1, ..oy tn) With £, 821,41, ..., t, € Tr. Thereby, a successor
configuration (¢,t”,¢’) is reached with ¢(u') = v’ such that v T wi C o' and v C v/, i.e.,
input and output are on the same path.

First, we describe how A 4. is constructed w.r.t. a configuration of 7 such that input and
output position are the same (in d)), or the output position is ahead of the input position
(in e)). The part that is ahead is stored in the states.

d) For p € Q7 and p(f(x1,...,2;)) = g(p1(z1), ..., pi(xi), tig1, ..., tn) € Ag, we add
0, (f,9), P15 Dirtig1 -~ tn) t0O A s,
for p € Qa4 and p(f(z1,...,2:)) = g(t1, ..., tj—1, wlg(z;)], tjx1, -, tn) € Ay, we add
(0, (f,9),t1,..., tj—1,wlg], tj41...,tn) to Ay, ,and

e) for s-p € Qa and p(f(z1,...,2;)) = w'[g(z;)] € Ay such that s is of the form
g(tl,...,tjfl,’U)[...]7tj+17...,tn), we add

(5 D, (fa g)atla s atj—17w[w/[q]]7tj+1 s ’tN) to AAT'

Secondly, we describe how A 4., is constructed w.r.t. a configuration of 7 such that input
and output position are the same and 7 delays the output (in f)), or the output is already
delayed (in g)) and 7 might delay further. The uniformizer 7 reads deterministically through
the input and at some point produces output, the corresponding transitions we construct
allow us to guess a possible lookahead-path (in f) resp. g)) and verify the correctness of the
guess (in h)). In the state space the lookahead-path as well as the output of the transition
that is applied by T is stored.

f) For p € Qr, and p(f(...)) = pi(z;),p1(fi(-..)) = p2(xj), a1 (foi(c-2)) =
pn(5, 1) € A, and po(fru(...)) = g(t1, ..., tj—1, wl. . ], tjg1, .- tm) € A, we add

(p7 (fvg)7t17"'7tj—17(7T7w["'})7tj+17~"7tn) to A.ATa

where ™ = f1j1f2j2. .. fn,
g) for (fiyjfi.p1) € Qp, pi(fi(--.)) = p2(xj,)s- s Pn—1(fu1(--)) = palz),,) € AT,
and pp(fu(...)) = g(t1, .. ti—,wl. ], tj41, ..o tm) € A, we add

((flyvpl)v (fag)atla e atiflv (ysz[ . ']7ti+17 e 7t’n) to A.ATv

where 2 = f1j1faj2. .- fa-

Note that the constructions from f) and g) cause the non-determinism of A7. The guess
that was made in f) resp. g) is then verified, meaning the input symbol must match the first
symbol in the stored lookahead-path and the output symbol must match the root symbol of
the stored output.

h) For (fiy,wl[...]) € @p such that w[...] is of the form g(¢1,...,t;—1,w'[...],tj41,.. ., tn),
we add
((fly?w[ . ]), (f>g)7tla' sy lioay (y,w/[' . '])7ti+1 s 7tn) to A.AT'

It follows directly from the construction that T (A7) recognizes R(7T). We still have to
show the statement of the lemma concerning the runs of A7. For every t € dom(R), we can
show by induction on the height of a node v € dom; that there is a run of Ay on t ® T (¢)
with the following properties:
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1. If there exists no configuration ¢ = (¢,¢,¢) of T on t such that there is u € Dy with
p(u) = v, then p(v) =T (t)o.

2. If there exists a configuration ¢ = (¢,t',¢) of T on t such that there is u € Dy with
w(u) = v and v C u, then p(v) = T (t[o/v])]s-

3. If there exists a configuration ¢ = (¢,t',¢) of T on t such that there is u € Dy with
¢(u) = vand u C v, then p(v) = (y, T (t[o/v']-vals(v'))],), where ziy € Pathy s.t. t € T
with path(z)i = v, path(ziy) = v" and [|T(t[o/v')[|" < |v], [T (t[o/v'] - valy(v))||” = Jv].
In words, when the input symbol at node v’ is read by T, then output is produced that
is mapped to v.

Recall the statement given in the lemma: Let t € dom(R) NTEY, if ziy € LPLy(R, ||z||)
and 7T (t[o/path(ziy)] - val;(path(ziy))) € TF o, With path(z) = path(o), then there exists a
run of p of Ay on t ® T (t) such that (p(e), p(path(z)i)) € Tuio-

From the above induction it follows that A7y has a run p on ¢t ® T(t) such that for
each v C path(x)i with v # ¢ a state p(v) as described in 3. is reached. For v = ¢ the
run yields p(e) = ¢J (item 2. applies). Note that the form of the states only depend on
T (t[o/path(xiy)] - valy(path(xiy))). Furthermore, since xiy is a lookahead-path, we have
T (t[o/path(ziy)] - valy(path(ziy))) = T (s[o/path(xiy)] - vals(path(ziy))) for each s € T,
Consequently, by construction of A7, there exists a run p’ on s ® 7 (s) such that p(v) = p'(v)
for each v C path(z)i. Hence, there is partial run of the form Ay : p(e) LN p(path(z)i)
such that this run can be extended to a successful run for each tree from dom(R) N Tgiy, ie.,
(p(e), p(path(x)i)) € Tai,o- <

The next lemma basically states that for a uniformizer with minimal complexity it is
not necessary to further delay the output if the read lookahead-path already contains an
idempotent factor, unless the relation has to be uniformized by a path-recognizable function.

» Lemma 18. Let R be a tree-automatic relation, let x € Pathy, let | < ||z|| and let
T be a DIPTT with x € LPLy(R,!l) that uniformizes R such that value(LPL1(R,1)) <
value(LPLy (R, 1)) for each DLPTT U with x € LPLy (R,1) that uniformizes R.

Let y,y1,y2 € Pathy, 4,d,j € dirs with y = y1dya, y2j is idempotent, Py q = Py,;. If
ziy € LPLy(R,1), then ziyjm ¢ LPLy(R,1) for each 7 € Pathsy.

Proof. Proof by contradiction. Assume ziy € LPLy(R,() and there is ziyjm € LPLy(R,1)
for some 7 € Pathy. Towards a contradiction, first, we show that there is a uniformizer U
such that xiy1dys is never a prefix of a labeled path in LPLy/(R, 1), but ziy; is a prefix of
some labeled paths in LPLy (R, ). Intuitively, this means, it is in fact not necessary for a
uniformizer to read the idempotent factor yoj. Consequently, the lookahead-paths can be
shortened. Secondly, we show that value(LPLy(R,1)) < value(LPLy(R,1)).

For the first part of the proof, we construct a uniformizer U based on T. Let path(ziy,) =
u, path(ys) = v and we fix t,, to be a special tree from T¥’°. For a tree t € TeY", we
denote by t' the tree t[uq) - ty, - tud;) € T;iyld” = T&% that is obtained from ¢ by inserting
ty,. The idea behind the construction of ¢/ is that for an input tree ¢ ¢ T'¥", U works like
T. Otherwise, for an input tree t € T\ giyl, the behavior of U is based on the computation of
T ont.

For this, we have to verify whether a labeled path that has xiy; as prefix is read. This can
be done by copying for the first ||ziy;|| computation steps the behavior of 7 and additionally
storing the so far read labeled path in the state space. If some (s1,21d1) € Q7 X Pathydirs
at a op-labeled node with z1dyoq £ xiy; is reached, then a labeled path that does not have
xiy; as prefix is read and U switches to Ty, . Otherwise, a state (sa, 22d2) € Q7 x Pathy at
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a o9-labeled node with xiy; = zods09 is reached, from then on U continues differently than

Since by assumption ziyjr € LPLy(R,1), also its prefix ziy € LPLy(R,1). Thus, in a
computation of 7 on t’' € Tgiy, a configuration ¢ = (¥,t”, ) is reached such that there is
a € Dy with o C o(ar) = path(xiy)j = udvj. Let valy () = s € Q7. Then U continues to
read at the dth child, that is, at the node ud € dom; and simulates the computation of 7, on
t'|udvj- This can be done because t'|,4v; = t|ua by definition of #'. In the process, U reads
the labeled path through ¢|,4 that T; chooses to read in #'|,4,; to produce output that is
mapped to ziy;dys, i.e., output that is mapped to the path through udvj in t'.

Concerning the produced output, & behaves as follows. Assume U reads the node udw
in ¢, then in the simulation 7 reads the node udvjw in t’. Let udvjw = a. We distinguish
three cases. If ||out7-(t{:a] < valy (o), udv)|| < ||z||, then U produces the same output as
T would have and continues to read. Otherwise, if ||z|| < ||out7-(tfza] - valy (o), udv)|] <
||ziy1dyz]|, then U does not produce output and just continues to read. Eventually, if
||0UtT(tf:a1 - valy (o), udv)|| = ||xiy1dyz]|, then U produces an output tree t, compatible to a
labeled path o, where o is chosen as described below.

In order to choose output suitable for ¢, we consider the computation of 7 on . Let
T e Tl‘fliozd% with [|z|| = ||o1]|, lly1]| = ||oz2|| and ||y2|] = ||os||. From T we can construct
a (possibly infinite state) JTA Ay as described in Lemma 17 that recognizes R(7T). By
construction, there is a run of Ay on t' ® T (¢') such that (p(e), p(udv))) € Twiy,dysj,oriosdos-
Since A is guidable there exists a mapping g such that (A7, g) guides A. Hence, there exists
a partial run g(p) of A on xiy1dys ® 01i02dosz of the form

. A Qo1 y1®02 Y2803
A qp i g1 d 492 j 43,

such that this partial run can be extended to a successful run of A on ¢’ ® 7(¢'). In other
words, (g3, q1) € Tuiroy, (q1,G2) € Tyrd.o, a0d (g2,43) € Typj.0s- Since yoj is idempotent and
Py,a = Py,j, we obtain Py, 4 = Py, qy,;- Thus we can pick an output o € Pathr such that
[lol] = |ly1|| and y; ® o induces the same state transformation as y;dys ® osdog on A w.r.t.
direction d, and let t, be the tree compatible to o.

After producing t,, the transducer U switches to T;, at the kth child of udw in ¢, if si is
the state that 7 would be in when 7 reads the node udvjwk in t'.

Now we show that ¢t ®U(t) € R. From above it follows that there is a run of A on t @ U (¢)
of the form

. A Qo1 y1®0
At —iqn —d g3-

By construction of U we have T (t')|udv; = U(t)|ua and also t'|ydvj = t|uq. Since there is a
successful run p of A on t' ® T (t') with p(udvj) = g3 and since t'[yq0; @ T (t')|udw; is accepted
by A7 from g3, we obtain ¢t ® U(t) € R. Hence, U uniformizes R.

For the second part, we now show value(LPLy(R,1)) < value(LPLy(R,1)). We first
remark, that if z € LPLy (R, 1) with ziy; £ z, then also z € LPLy(R, 1), because on paths
that do not have xiy; as prefix, U works like T. Also, if z € LPLy(R, 1) with z C ziy;, then
z € LPL7(R,1), because for the first ||ziy;|| computation steps, U works like 7.

Otherwise, if z € LPLy(R,1) with xiy1j C z, let z be of the form ziy;jz; for some
z1 € Pathy and let path(z1) = w. We show ziy1dysjz1 € LPLy(R,1). Consider an input
tree ¢ € TEW 927%1 that is obtained from a tree t € T&"Y"/*! by inserting t,,. Then, from
the construction of U follows that T reads xiyidysjz1 in t'. Since ziy;dzy € LPLy(R,1),
we know ||outy(t[.udw], u)|| < I. Moreover, it follows from the construction of U that if
l|outys (tf:udw], w)|| < I, then also ||outT(tE:udvjw],u)H < I, because | < ||z|| and by con-

struction outT(t’[:udew],udv) = ouly (t[udw), u) as long as ||out7-(t’[:udvjw], udv)|| < ||z|]. We
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can conclude that iy dysjz; € LPLy(R,1) if R*™19%23%1 is not uniformizable by a path-
recognizable function. Since wiy;jz; € LPLy(R, 1), we know R*¥1J%1 is not uniformizable by
a path-recognizable function. Towards a contradiction, assume R*%¥1%27%1 is uniformizable
by a path-recognizable function. Then, from a uniformizer for R*¥1927%1 that realizes
a path-recognizable function, we can easily obtain a uniformizer for R*®¥1%1 that real-
izes a path-recognizable function, because Pydysj = P,,q4. This is a contradiction to
xiy1jz € LPLy (R, 1).

Altogether, for each labeled path z € LPLy(R,l), there is either z € LPLy(R,I) if
z L xiyy or z T iy, or xiyi1dysjz1 € LPLy(R,I) if z is of the form axiy,jz1 for some
z1 € Pathy. That means, value(LPLy (R, 1)) < value(LPLy(R,1)). However, by assumption
there is some 7 € Pathy such that ziyjm € LPLy(R,l) and by construction we obtain
xiy1jm € LPLy(R,1). Thus, value(LPLy (R, 1)) < value(LPL7(R,1)). This is a contradiction
to T being a uniformizer for R with z € LPLy(R,[) that has minimal complexity w.r.t.
l. |

Now, we are ready to show that deciding whether a tree-automatic relation R is D{PTT-
uniformizable reduces to deciding the winner in the safety game gfzw between In and Out
presented in Section 4.1 for a suitable k.

» Lemma 8. Given k, if Out has a winning strategy in QJIZ’B, then R is D] PTT-uniformizable.

Proof. Assume that Out has a winning strategy in the safety game G4 g, then there is
also a positional one cf. [11]. We can represent a positional winning strategy by a function
o: Vour = V. We construct a deterministic PJ/TT 7 = (Q, %, T, q64, A) from such a positional
winning strategy o as follows:

First, we describe how to translate moves of type ol. and type 03. to transition rules,
that is, moves of Out that lead to a vertex of In.

1. For each o: (p7qaf) ’L> {(plaQI)v R (plaql)} with 7 = (q7 (f?g)7q1a .. 7qn) S AA:

add q(f(z1,...,xi)) = g(qi(z1),...,qj(z;)) to Aif j <4, or
add q(f(l‘l, . ,,Iz)) — g(ql(zl), .. .,qi(l‘i)7ti+1, . ,tj) to A lfj > 1

where f € ¥;, g €' and ¢;41,...,t; € Tt are chosen according to the r-edge constraints
in (p,q, f).
2. For cach o (p.q,mif) = (p.q. 75 f7') add (.75) (f(@r,.... @) = (¢, 75") (27) to AL

If the strategy o defines a sequence of moves of Out of type 02., then this corresponds
to an output sequence that is produced without reading further input. Each output of
these moves can be represented by a special tree s as follows. A move of type 02. has
the form (p,q, fim) = (p',¢,7) with r = (q,(f,9),q1,---,qn) and ¢ = g;. Then, let
s =g(t1,...,tj—1,0,tj11,...,tn) € Sy, be the special tree, where each t;, € Tt is chosen
according to the r-edge constraints in (p, g, fjm) for £ # j,1 < ¢ < n. Eventually, the strategy
defines a move of Out of type ol., 03., or 04., otherwise ¢ is not a winning strategy. These
parts of the strategy are transformed as follows:

3. For each o: (p,q,wjf) AN (p’,q’,ﬂ’jf) — (p’,q’,w’jfj’) add
(q,75) (f(z1,. . @) = st sem1- (¢ 75 f5") (z0) to A,

where each s; € St is a special tree corresponding to the r;-edge in the ith move.
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4. For each o: (p,q,mjif) & ... 5" (0'od, f) &5 {1, 1) - - (P i)} add
(q77rj)(f(x17...7mi)) — 81 ...80_1-8to A,

where each s; € St is a special tree corresponding to the r;-edge in the ith move and s is
an output corresponding to r, constructed as described in step 1.

Lastly, if such a (possibly empty) sequence ends with a move of Out of type o4., that is, a
move that indicate uniformizability by a path-recognizable function, then this is transformed
as follows:

5. For each o: (p,q,ﬂjf) MEN (p’,q’,ﬁ’jf) — (p',¢,7'jf) add

(@, 75) (f(z1, .. @) = st oo sem1 - qul-..) to A,

where each s; € Sr is a special tree corresponding to the r;-edge in the ith move and
construct a DJPTT U that uniformizes Rg,/j T as described in the proof of Theorem 7 and
switch to U in sy_1, where ¢,(...) is the right-hand side of the transition that U takes
after reading 7'j f.

We now verify that 7 defines a uniformization of R. Clearly, R(T) C R because every
rule of 7 either corresponds to a rule of A or is a switch to a uniformizer that realizes a

path-recognizable function for some subset of R. We have to show dom(R(T)) = dom(R).

Let t € dom(R). We can show by induction on the number of steps needed to reach a
configuration from the initial configuration (t, g5, o) that for each configuration ¢ = (¢,#', )
such that Dy # @, in other words ¢ ¢ Tt there exists a successor configuration ¢’. The
induction hypothesis states that in ¢, if u € Dy with p(u) = v, val;(v) = f € X, valy (u) =
(¢,y7) € Q4 x Pathy, - diry, then the following conditions are satisfied:

te T;iyjf for some z € Pathy, and i € diry with path(z)i = v and path(ziy)j = v, and
in a play according to o, the vertex (p,q,yjf) € Vou is reached after a sequence of moves
corresponding to the labeled path wiyjf with p € Qs such that B: ¢§ =, p.

Since o is a winning strategy, o defines the next move of Out from (p,q,yjf). Consequently,
there exists a corresponding transition with left-hand side (¢, yj)(f(z1,. .., Zri(s))) in Ay
that is applicable at « in ¢’. This guarantees the existence of a successor configuration c’.
If vali(v) € %o, i.e., if T reads a leaf, then by construction the transition that is applicable
at w in ' is a rule from step 1., or step 4., where the right-hand side is a tree over T'.
If the transition that is applicable at u in ¢’ is a rule from step 5., then 7 switches to a

uniformizer that realizes a path-recognizable function on the remainder of the input tree.

Hence, eventually a tree over I' is produced.

From the above induction it follows that (¢, g3, o) =5 (¢, T(t), ) with Dy =0, ie.,
T(t) € Tr, because in each computation step one input symbol is read and eventually, a leaf
is reached and the output is a tree over I'. <

Now we show the other direction.

» Lemma 9. If R is D| PTT-uniformizable, then Out has a winning strategy in gﬁw, where
k is a number effectively computable from A.

Proof. We choose k as K from Lemma 14. Assume that R is uniformizable by a DJPTT.

We show by induction on the number of moves played by Out that the strategy in G4
can be chosen such that in every play according to the strategy the following induction
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hypothesis is satisfied. Let (p, g, 7) denote a vertex of Out that is reached after a sequence
of moves in a play. W.l.o.g., we make the assumption that in this sequence until now no
vertex of Out was reached that has a self-loop. If a vertex with self-loop was reached, then
Out can stay in this vertex and wins. We claim that there is some [ < K such that 7 can
be split into ziyjf for some x,y € Pathy, i,j € dirg and f € ¥ with ||z|| = [ and there
exists a DJPTT T that uniformizes R such that the following holds: ziy € LPLy(Rj,1)
if ||ziy|| > 1, and for every D{PTT U that uniformizes R with x € LPLy(Rj,1) holds
value(LPLr (R, 1)) < value(LPLy (Rg,1)).

In words, if in a play (p,q,m) € Vou is reached, then there exists a factorization of 7 into
xiyj f such that there is a uniformizer 7 of Rf with ziy as lookahead-path and 7 has minimal
complexity w.r.t. |[z|| compared to every uniformizer of R that has z as lookahead-path.

Note, we allow to choose x or y resp. x and y as ¢, then we identify xiyjf with yjf or
xif resp. f. First, we show that the induction hypothesis is true at the first reached vertex
of Out in a play. Such a vertex is of the form (¢¥, ¢z, f) € Vou: for some f € X. For [ = 0,
i.e., x = ¢ and y = ¢, the induction hypothesis can be satisfied. Since R is uniformizable,
there exists a DJPTT 7 with minimal complexity w.r.t. limit 0 that uniformizes Ry = R.

Now we define the strategy. Assume the play is in a vertex (p,q,7) € Vou and the
induction hypothesis is true for some [ < K and 7 can be split accordingly into xiyjf with
llz|| = 1 and let T by a uniformizer that satisfies the claim. To define the next move of
Out, we consider the computation of 7 on some t € T;iyj 7 and check whether the output
produced while reading xiyj f exceeds the limit [. Note, the induction hypothesis states that
Tiy € LPLT(Rg, 1), which means the output produced while reading ziy does not exceed the
limit .

If ||T (t[o/path(xiy)j] - f)||P4"*®) > I, that is, T produces at least [ output symbols
while reading xiyjf, then the strategy defines output moves. We pick an arbitrary z €
outy(t[o/path(xiy)j] - f, path(x)), then Out makes | output moves according to the prefix of
length [ of z as follows. Let o denote this prefix. Note that o is the greatest common prefix
of every labeled path from outr(t[o/path(ziy)j] - f, path(z)). By Lemma 17 there exists an
infinite state NJTA At that recognizes R(7T), then there exists a run p of Ay on t @ T'(t)
such that (p(g), p(path(x)i)) € T4i0. Since A is guidable, there is a mapping ¢ such that
(A7r,g) guides A. Note that it is not necessary to be able to compute g because it suffices to
show the existence of moves for Out. The existence of a winning strategy for Out implies that
there is also a positional one as used in Lemma 8. Thus, g(p) is a run of A on ¢t ® T'(¢) such
that (q,q’) € Tui,0, where ¢’ = g(p(path(xi))). Out takes the moves leading to the vertex
', ¢, yif) € Vou with A: g 2%, ¢ and B: p = p'. Since T is a uniformizer for R? that
reads ziyjf and (¢, q’) € Tui,0, there exists also a uniformizer for Rg,j I Moreover, from the
induction hypothesis follows ||outs(t[o/path(ziy)j], path(x))|| < 1. This implies that there
exists a uniformizer for Rg,j 7 such that yif is a lookahead-path of this uniformizer w.r.t. limit
llyi f]|. Let T’ denote such a uniformizer that has minimal complexity w.r.t. ||yj f|| compared
to every uniformizer of Rg,j ! that also has yif as lookahead-path. For (¢',yif) € Vout, the
induction hypothesis is then satisfied by choosing a new limit [ = ||yj f|| and T’ as described.

Otherwise, if ||T (t[o/path(xiy)j] - f)|[P**"*®) < I, that is, T produces at less than I
output symbols while reading ziyjf, we distinguish two cases. For the first case assume
||7|| < 2K, then Out delays and picks direction d chosen as follows. Since ziy € LPL7(R{,1)
and ||outy(t[o/path(ziy)j] - f,path(x))|| <, it follows that for every s € Tgiyjf there is a
configuration ¢ = (s, ', p) of T reachable such that there is u € Dy with p(u) = path(ziyj f)
and u C op(u). Then, there exists a configuration ¢’ = (s,s”,¢') with ¢ —7 ¢ such that
there is u’' € Dy with u C ' C path(ziyjf) and ¢’ (u') = path(ziyif)d for some direction d.
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Out moves to (g, ziyjfd). Then, the next reached vertex of Out is of the form (¢, ziyjfdg)
for some g € ¥. The induction hypothesis is satisfied for the same limit ||z|| and T as before:
Clearly, we obtain wiyjf € LPLy(Rg,1), because ||outy(t[o/path(ziy)j] - f,path(x))|| < I.
Also, as before, 7 has minimal complexity w.r.t. ||z|| compared to every uniformizer that
also has x as lookahead-path.

For the second case assume ||7|| = 2K. Since [ is at most K, ||y|| > K. By Lemma 14
it follows that there is a factorization yij1y272y3j3ys of yjf such that ysj3 is idempotent
and Py,j, = Py,j,. By induction hypothesis, we are guaranteed that 7 is a uniformizer
for Ry with minimal complexity w.r.t. [ compared to every uniformizer that also has z as
lookahead-path. Together with Lemma 18, this implies that ziyjf ¢ LPLy(Rf,[). However,
since T uniformizes Ry and reads ziyj f this means that Rgiyj f is uniformizable by a path-
recognizable function. Consequently, the vertex (p,q,m) € Vou has a self-loop and Out stays
in this vertex from then on.

The strategy is winning because it ensures that Out can always make a move. |

As a consequence of Lemmata 8 and 9 and the fact that a winning strategy for Out in
gf" g can effectively be computed, together with the fact that for each tree-automatic relation
a guidable N|TA A can effectively be constructed, see [17], we immediately obtain Theorem
5.

C Details for Section 4.2

» Lemma 12. There exists a parity tree automaton C that accepts exactly those trees H ™o
such that (t,o(t)) € R for all t € dom(R).

Proof. We show that there exists a parity tree automaton that accepts exactly those trees
H"™o for which o is a strategy such that there exists an input tree t € dom(R) and it
holds (¢,0(t)) ¢ R. Then, by closure properties of regular tree languages, we can obtain
a parity tree automaton that accepts exactly those trees H ™o such that (¢,0(t)) € R for
all t € dom(R). That is, H o is accepted if, and only if, o corresponds to a synchronous
uniformizer.

A parity tree automaton, say C, that accepts exactly those trees # "o for which there
is t € dom(R) such that (¢t,0(t)) ¢ R, i.e., (t,0(t)) ¢ R; for all 4, is constructed as follows.
Recall that dom(R) is the union of pairwise disjoint domains. This means, in order to show
that o does not correspond to a uniformizer, it is sufficient to show for some 7 that there is
t € dom(R;) such that (¢,0(t)) ¢ R;. Hence, C first guesses an i for which there is a tree
t € dom(R;) such that A; does not accept t ® o(t). Since A; is deterministic, we can prove
the existence of such a tree by guessing a path where the deterministic run of A4; on the
combined input and output specified by o fails.

However, since 0 may be chosen such that the paths of input and output sequence diverge,
to show that the run fails, C operates as follows. The parity tree automaton wants to simulate
the run of A; on the output choices defined by o that lead to a position where the run fails.
Note that although o fixes the output choices, more than one output sequence might be
associated with the same input sequence. Thus, C has to guess the input sequence that leads
to the output choices fixed by ¢ causing a non-accepting run, and also, it has to pick the
output sequence among the associated output sequences that will be used to simulate a run
of A;. For this purpose, C guesses an input sequence and follows the vertices that correspond
to choosing this labeled path in H™o. As long as the path of the guessed input sequence is
the same path as the output sequence under consideration, C simulates the run of A; on the
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combined input and output on that path. The idea is explained a bit more formally below.
Let z resp. y denote the input resp. output sequence up to last position where both share
the same path, let path(z) = path(y) = u. Thus, C is in a vertex in % "o that corresponds
to the input sequence x and output sequence y and has simulated the run of A4; on z ® y.
Now, we describe how we proceed if input and output diverge, i.e., C continues the input
sequence in direction ¢ and the associated output sequence under consideration is continued
in direction j with ¢ # j. Let 2’ resp. ¥’ denote the continuation of the input resp. output
sequence. Furthermore, let path(z') = iv and path(y’) = jv’. Then, in addition to following
2’ in H "o, C chooses the input labels along ujv’ beginning from uj. Let x” denote the
resulting labeled path with path(z”) = jov’. The labels have to be chosen such that both
xz’ and za” can be part of a tree from dom(R;). Let A; : q(’;‘i %j g, that is, ¢ is the
result of the simulation of the run of A; so far. In the process of following z’ in H "o, C
simulates the run of A; on z” ® v/ starting from ¢. Then, C accepts if the run fails, i.e.,

A; q()‘li %j q M) Q; \ Fa,. This means, there exists some ¢ € dom(R;) ﬂTﬁm, ﬂTg”’”
such that (¢,0(t)) ¢ R;, and consequently, (t,0(t)) ¢ R.

It follows that C accepts exactly those trees H "o for which there is t € dom(R) such
that (t,0(t)) ¢ R. A formal construction of C is omitted. The desired parity tree automaton
C can then be obtained from C using complementation and intersection. |

» Lemma 13. The tree language T'(C) is non-empty if, and only if, R has a uniformization
by a synchronous deterministic top-down tree transducer.

Proof. If the tree language T'(C) is non-empty, then there exists at least one regular tree
‘H ™o that is accepted by C. From such an H ™o we can construct a synchronous D{TT that
uniformizes R as follows. Given a vertex from H "¢ of the form (p, Q) with L € @, then (p, L)
is used as a state of the uniformizer. The transition rules have to be constructed such that
they correspond to the output choices specified by o. This is, if ((p,{L1,...,Lm}), f) OLrgOm
[(p1,Q1), .-, (pi, Q;)] is selected by o in H ™o, then for each 1 < j < m we add the
rule (p,L;)(f(z1,...,2:)) = 9((pj, V1)(@4y)s-- -, (P4, Ve)(z,.)) to the transitions, where
0j = g(zj,,...,z;.) and Vi,...,V, as described in the construction of G in Section 4.2.

Conversely, assume that R has a uniformization by a synchronous D|TT 7. We have
to show that T'(C) is non-empty. Therefore, it is sufficient to define o inductively in
correspondence to T, which is done as follows. A node ((p, {L1,...,Lm}), f) in H corresponds
to exactly one input sequence ziy f € Pathy such that D: pg in-l p. Furthermore, each
vector Lj € {L1,..., L} represents a set of output sequences from Pathr - dirpr computable
from the output choices. This is a set because different output choices made along this input
sequence eventually induce the same vector. Note that if a vector consists of single states,
then this vector corresponds to exactly one output sequence that is on the same path as the
input sequence. If a vector consists of state sets, then it can be the case that the vector
represents more than one output sequence.

For a node ((p,{L1,...,Lm}), f) reachable in H (w.r.t. the already defined part of o),
we can show by induction on the length of the corresponding xi; f that the following holds
for1 <j<m:

1. There is some yiy € Pathr - dirp represented by L; such that 7(¢) € T¥ and there exists
a configuration ¢ = (¢,t',¢) of T such that u € Dy with ¢(u) = v, where path(x)i; = v
and path(y)is = u, for all ¢ € Tgilf N dom(R), and

2. if some ziz € Pathr - dirr is represented by L; and if there is £ € Tgilf N dom(Ry) N TE

’
TRz

such that path(z') = path(z) with Ag: qa‘"Z —, ¢, then ¢ € A\¢(L;) and there is
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te Tgilf Ndom(Ry) NTE" such that path(z") = path(y) with Ag: g5 xﬁﬂ)h q.
The first property states that one represented output sequence y is a output sequence
produced by 7 while reading . The second property states that for all other represented
output sequences z, a state transformation induced by z together with some valid input can
also be induced by y and some valid input.

We define the strategy o. Consider a configuration ¢ = (¢,t', ) as in 1., let valy (u) =

s € Q, then there exists a rule s(f(z1,...,2;)) = g(s1(zj,), ..., sr(2;,.)) € A, because T
is a uniformizer and t € dom(R). We pick o; = g(xj,,...,x;,) as output choice for L;. Then
o selects the child that is reached via o1, ..., 0n.

Recall the definition of C from the proof of Lemma 12, C accepts exactly those trees H "o
for which there is t € dom(R) such that (¢,0(t)) ¢ R. We show that C rejects H ", then
it follows that C accepts H ™ o. Pick a t € dom(R), wlog, let t € dom(Ry). The automaton

C accepts if there exists a path in the computation of A, on t ® o(t) where the run fails.

However, from the above induction using property 2. follows that the run is defined on every
path, i.e., C rejects. <
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