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ABSTRACT. We provide a complete description of the Wadge hierarchy for deterministi-
cally recognisable sets of infinite trees. In particular we give an elementary procedure to
decide if one deterministic tree language is continuously reducible to another. This extends
Wagner’s results on the hierarchy of w-regular languages of words to the case of trees.

1. INTRODUCTION

Two measures of complexity of recognisable languages of infinite words or trees have
been considered in literature: the index hierarchy, which reflects the combinatorial com-
plexity of the recognising automaton and is closely related to p-calculus, and the Wadge
hierarchy, which is the refinement of the Borel/projective hierarchy that gives the deepest
insight into the topological complexity of languages. Klaus Wagner was the first to discover
remarkable relations between the two hierarchies for finite-state recognisable (w-regular)
sets of infinite words [I4]. Subsequently, decision procedures determining an w-regular
language’s position in both hierarchies were given [4, [7, [15].

For tree automata the index problem is only solved when the input is a deterministic
automaton [9,[13]. As for topological complexity of recognisable tree languages, it goes much
higher than that of w-regular languages, which are all AY. Indeed, co-Biichi automata over
trees may recognise IIi-complete languages [8], and Skurczytiski [I2] proved that there are
even weakly recognisable tree languages in every finite level of the Borel hierarchy. This
may suggest that in the tree case the topological and combinatorial complexities diverge.
On the other hand, the investigations of the Borel/projective hierarchy of deterministic
languages [0, [§] reveal some interesting connections with the index hierarchy.

Wagner’s results [14], [15], giving rise to what is now called the Wagner hierarchy
(see [10]), inspire the search for a complete picture of the two hierarchies and the relations
between them for recognisable tree languages. In this paper we concentrate on the Wadge
hierarchy of deterministic tree languages: we give a full description of the Wadge-equivalence
classes forming the hierarchy, together with a procedure calculating the equivalence class
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of a given deterministic language. In particular, we show that the hierarchy has the height
w*3 4 3, which should be compared with w“ for regular w-languages [15], w*” for deter-

ministic context-free w-languages [1], (wICK )“ for w-languages recognised by deterministic

Turing machines [I1], or an unknown ordinal £ > (wch )“ for w-languages recognised by
nondeterministic Turing machines, and the same ordinal ¢ for nondeterministic context-free
languages [2].

The key notion of our argument is an adaptation of the Wadge game to tree languages,
redefined entirely in terms of automata. Using this tool we construct a collection of canonical
automata representing the Wadge degrees of all deterministic tree languages. Then we
provide a procedure calculating the canonical form of a given deterministic automaton,
which runs within the time of finding the productive states of the automaton (the exact

complexity of this problem is unknown, but not worse than exponential).

2. AUTOMATA

We use the symbol w to denote the set of natural numbers {0,1,2,...}. For an alphabet
Y, ¥* is the set of finite words over ¥ and X“ is the set of infinite words over . The
concatenation of words u € ¥* and v € ¥* U X“ will be denoted by uwv, and the empty
word by €. The concatenation is naturally generalised for infinite sequences of finite words
v10203 . ... The concatenation of sets A C ¥* BC YX*UX¥ is AB={uwv:u € A,v € B}.

A treeis any subset of w* closed under the prefix relation. An element of a tree is usually
called a node. A leaf is any node of a tree which is not a (strict) prefix of some other node.
A Y-labelled tree (or a tree over ¥) is a function ¢ : domt¢ — ¥ such that domt is a tree.
For v € domt we define t.v as a subtree of ¢ rooted in v, i. e., dom (t.v) = {u : vu € domt},
to(u) = t(vu).

A full n-ary X-labeled tree is a function ¢ : {0,1,...,n — 1}* — X. The symbol Tx, will
denote the set of full binary trees over Y. From now on, if not stated otherwise, a “tree”
will mean a full binary tree over some alphabet.

Out of a variety of acceptance conditions for automata on infinite structures, we choose
the parity condition. A nondeterministic parity automaton on words can be presented as
a tuple A = (X, Q, d, qo, rank), where X is a finite input alphabet, @ is a finite set of states,
6 C Q x X x @Q is the transition relation, and gy € @ is the initial state. The meaning
of the function rank : @ — w will be explained later. Instead of (¢,0,q1) € § one usually
writes ¢ — ¢1. A run of an automaton A on a word w € ¥ is a word p,, € Q¥ such that
pw(0) = qo and if py,(n) = ¢, pw(n +1) = q1, and w(n) = o, then ¢ -7 q;. A run p, is
accepting if the highest rank repeating infinitely often in p,, is even; otherwise p,, is rejecting.
A word is accepted by A if there exists an accepting run on it. The language recognised by
A, denoted L(A) is the set of words accepted by A. An automaton is deterministic if its
relation of transition is a total function @Q x X — Q. Note that a deterministic automaton
has a unique run (accepting or not) on every word. We call a language deterministic if it is
recognised by a deterministic automaton.

A nondeterministic automaton on trees is a tuple A = (X, @, J, qo, rank), the only dif-

ference being that § C Q x ¥ x Q x Q. Like before, ¢ —— ¢1,go means (q,0,q91,q2) € 9.

We write ¢ 29, q1 if there exists a state go such that ¢ — g1, ¢e. Similarly for ¢ N 0.
A run of A on a tree t € Ty is a tree p; € T such that p(e) = qo and if pi(v) = g,

pe(v0) = q1, pt(v1) = o and t(v) = o, then ¢ % q1, 2. A path 7 of the run p; is accepting
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Figure 1: The Mostowski-Rabin index hierarchy.

if the highest rank repeating infinitely often in 7 is even; otherwise 7 is rejecting. A run is
called accepting if all its paths are accepting. If at least one of them is rejecting, so is the
whole run. An automaton is called deterministic if its transition relation is a total function
QxXY—QxQ.

By A, we denote the automaton A with the initial state set to q. A state q is all-
accepting if A, accepts all trees, and all-rejecting if A, rejects all trees. A state (a transition)
is called productive if it is used in some accepting run. Observe that being productive is

more than just not being all-rejecting. A state ¢ is productive if and only if it is not all-

. . . 7d 7d nydn i:d’i 7
rejecting and there is a path ¢g == ¢ =5 ... ™% ¢ such that ¢; 225 ¢, d; # d;, and ¢,

is not all-rejecting for ¢ = 0,1,...,n.

Without loss of generality we may assume that all states in A are productive save
for one all-rejecting state L and that all transitions are either productive or are of the
form ¢ —— L, 1. The reader should keep in mind that this assumption has influence on
the complexity of our algorithms. Transforming a given automaton into such a form of
course needs calculating the productive states, which is equivalent to deciding a language’s
emptiness. The latter problem is known to be in NP N co-NP and has no polynomial time
solutions yet. Therefore, we can only claim that our algorithms are polynomial for the
automata that underwent the above preprocessing. We will try to mention it whenever it
is particularly important.

The Mostowski—Rabin index of an automaton A is a pair

(minrank @, max rank Q)) .

An automaton with index (¢, k) is often called a (i, k)-automaton. Scaling down the rank
function if necessary, one may assume that minrank () is either 0 or 1. Thus, the indices
are elements of {0,1} x w \ {(1,0)}. For an index (¢, x) we shall denote by (¢, k) the dual
indez, i. e., (0,k) = (1,k + 1), (1,k) = (0,x — 1). Let us define an ordering of indices with
the following formula

(t,k) < (V,K") ifand only if kK —1t <K — 1.

In other words, one index is smaller than another if and only if it uses less ranks. This
means that dual indices are not comparable. The Mostowski—Rabin index hierarchy for
a certain class of automata consists of ascending sets (levels) of languages recognised by
(¢, k)-automata (see Fig. [).

The fundamental question about the hierarchy is the strictness, i. e., the existence of
languages recognised by a (¢, k)-automaton, but not by a (¢, k)-automaton. The strictness of
the hierarchy for deterministic automata follows easily from the strictness of the hierarchy
for deterministic word automata [I5]: if a word language L needs at least the index (¢, k),
so does the language of trees that have a word from L on the leftmost branch. The index
hierarchy for nondeterministic automata is also strict [6]. In fact, the languages showing
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Figure 2: A (0, 2)-flower.

the strictness may be chosen deterministic: one example is the family of the languages of
trees over the alphabet {¢,0 + 1,..., Kk} satisfying the parity condition on each path.

The second important question one may ask about the index hierarchy is how to deter-
mine the exact position of a given language. This is known as the index problem.

Given a deterministic language, one may ask about its deterministic indez, i. e., the
exact position in the index hierarchy of deterministic automata (deterministic index hier-
archy). This question can be answered effectively. Here we follow the method introduced
by Niwinski and Walukiewicz [7].

A path in an automaton is a sequence of states and transitions:

o1,d1 o2,d2 On—1,dn—1

Po — Dp1 Pn -

A loop is a path starting and ending in the same state, pg—p1— ... —pg. A loop is
called accepting if max; rank (p;) is even. Otherwise it is rejecting. A j-loop is a loop with
the highest rank on it equal to j. A sequence of loops A,, A, 11,--., A, in an automaton is
called an alternating chain if the highest rank appearing on \; has the same parity as ¢
and it is higher then the highest rank on A\;_1 for i = ;0 + 1,...,k. A (1, k)-flower is an
alternating chain A, A, 41, ..., A, such that all loops have a common state ¢ (see Fig. [2).

Niwiriski and Walukiewicz use flowers in their solution of the index problem for deter-
ministic word automata.

Theorem 2.1 (Niwiriski, Walukiewicz [7]). A deterministic automaton on words is equiv-

alent to a deterministic (i, k)-automaton iff it does not contain a (i, k)-flower. O

For a tree language L over X, let Paths(L) C (X x{0,1})¥ denote the language of generalised
paths of L,

Paths(L) = {((O‘l,dl), (Ug,dg), .. > Jier Vi t(d1d2 .. -di—l) = O'i} .

A deterministic tree automaton A, can be treated as a deterministic word automaton recog-
nising Paths(L(A)). Simply for A = (Q, %, qo, 0, rank), take (@, X x{0, 1}, go, 0’, rank), where

IThis is a slight modification of the original definition from [7].
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Figure 3: A weak (1, 3)-flower.

(p,(0,d),q) € & < (p,o0,d,q) € 6. Conversely, given a deterministic word automaton
recognising Paths(L(A)), one may interpret it as a tree automaton, obtaining thus a deter-
ministic automaton recognising L(A). Hence, applying Theorem 2] one gets the following
result.

Proposition 2.2. For a deterministic tree automaton A the language L(A) is recognised
by a deterministic (1, k)-automaton iff A does not contain a (i, k)-flower. Il

In [5] it is shown how to compute the weak deterministic index of a given deterministic
language. An automaton is called weak if the ranks may only decrease during the run,
i. e, if p — ¢, then rank(p) > rank(q). The weak deterministic index problem is to
compute a weak deterministic automaton with minimal index recognising a given language.
The procedure in [5] is again based on the method of difficult patterns used in Theorem
211 and Proposition We need the simplest pattern exceeding the capability of weak
deterministic (¢, x)-automata. Just like in the case of the deterministic index, it seems
natural to look for a generic pattern capturing all the power of m Intuitively, we need
to enforce the alternation of ranks provided by (¢, k). Let a weak (1, k)-flower be a sequence
of loops A, \y41 ..., Ag such that ;4 is reachable from A;, and \; is accepting iff j is even

(see Fig. ).

Proposition 2.3 ([5]). A deterministic automaton A is equivalent to a weak deterministic

(¢, k)-automaton iff it does not contain a weak (1, k)-flower. O

For a deterministic language one may also want to calculate its nondeterministic inder,
i. e., the position in the hierarchy of nondeterministic automata. This may be lower than
the deterministic index, due to greater expressive power of nondeterministic automata.
Consider for example the language Lj; consisting of trees whose leftmost paths are in
a regular word language M. It can be recognised by a nondeterministic (1,2)-automaton,
but its deterministic index is equal to the deterministic index of M, which can be arbitrarily
high.

The problem transpired to be rather difficult and has only just been solved in [9].
Decidability of the general index problem for nondeterministic automata is one of the most
important open questions in the field.
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3. TorPOLOGY

We start with a short recollection of elementary notions of descriptive set theory. For
further information see [3].
Let 2¥ be the set of infinite binary sequences with a metric given by the formula

B o—min{i€w : w;iFvi} ff 44 75 v
d(u,v)—{o iff u=v

and T%; be the set of infinite binary trees over 3 with a metric

o—min{|z| : z€{0,1}*, s(z)#t(z)} iff ¢
d(37t):{0 ;ﬂ?zit

Both 2% and Ty, with the topologies induced by the above metrics, are Polish spaces (com-
plete metric spaces with countable dense subsets). In fact, both of them are homeomorphic
to the Cantor discontinuum.

The class of Borel sets of a topological space X is the closure of the class of open sets
of X by complementation and countable sums. Within this class one builds so called Borel
hierarchy. The initial (finite) levels of the Borel hierarchy are defined as follows:

e X{(X) — open subsets of X,
e I19(X) - complements of sets from 9 (X),
e ¥, ,(X) - countable unions of sets from II{(X).

For example, IT{(X) are closed sets, X9(X) are F, sets, and I19(X) are G; sets. By con-
vention, IIJ(X) = {X} and 39(X) = {0}.

Even more general classes of sets from the projective hierarchy. We will not go beyond
its lowest level:

e Y1(X) — analytical subsets of X, i. e., projections of Borel subsets of X? with product
topology,
e I} (X) — complements of sets from 31 (X).

Whenever the space X is determined by the context, we omit it in the notation above
and write simply X, I19, and so on.

Let ¢ : X — Y be a continuous map of topological spaces. One says that ¢ is a reduction
of ACX toBCY,ifVygex z € A ¢(x) € B. Note that if B is in a certain class of
the above hierarchies, so is A. For any class C a set B is C-hard, if for any set A € C there
exists a reduction of A to B. The topological hierarchy is strict for Polish spaces, so if a set
is C-hard, it cannot be in any lower class. If a C-hard set B is also an element of C, then it
is C-complete.

In 2002 Niwinski and Walukiewicz discovered a surprising dichotomy in the topological
complexity of deterministic tree languages: a deterministic tree language has either a very
low Borel rank or it is not Borel at all (see Fig. d]). We say that an automaton A admits

. 0 1
a split if there are two loops p Z5 p9g — ... — pand p SR p1 — ... — p such that
the highest ranks occurring on them are of different parity and the higher one is odd.

Theorem 3.1 (Niwiriski, Walukiewicz [8]). For a deterministic automaton A, L(A) is on
the level T1Y of the Borel hierarchy iff A does not admit split; otherwise L(A) is II1 -complete
(hence non-Borel). Il
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Figure 4: The Borel hierarchy for deterministic tree languages.

An important tool used in the proof of the Gap Theorem is the technique of difficult
patterns. In the topological setting the general recipe goes like this: for a given class identify
a pattern that can be “unravelled” to a language complete for this class; if an automaton
does not contain the pattern, then L(A) should be in the dual class. In the proof of the Gap
Theorem, the split pattern is “unravelled” into the language of trees having only finitely
many 1’s on each path. This language is IIi-complete (via a reduction of the set of well-
founded trees).

In [5] a similar characterisation was obtained for the remaining classes from the above
hierarchy. Before we formulate these result, let us introduce one of the most important

. . . . . ,di .
technical notions of this study. A state p is replicated by a loop q1 2= qo — ... — qq if

there exist a path ¢ 7, ¢, — ... — p such that dy # dy. We will say that a flower is
replicated by a loop A if it contains a state replicated by A. The phenomenon of replication
is the main difference between trees and words. We will use it constantly to construct hard
languages that have no counterparts among word languages. Some of them occur in the
proposition below.

Theorem 3.2 (Murlak [5]). Let A be a deterministic automaton.

(1) L(A) € X0 iff A does not contain a weak (0,1)-flower.

(2) L(A) € I iff A does not contain a weak (1,2)-flower.

(3) L(A) € 29 iff A does not contain a (1,2)-flower nor a weak (1,2)-flower replicated by
an accepting loop.

(4) L(A) € I iff A does not contain a (0, 1)-flower.

(5) L(A) € X% iff A does not contain a (0,1)-flower replicated by an accepting loop. U]

4. THE MAIN RESULT

The notion of continuous reduction defined in Sect. [ yields a preordering on sets. Let
X and Y be topological spaces, and let A C X, B CY. We write A <y B (to be read “A is
Wadge reducible to B”), if there exists a continuous reduction of A to B, i. e., a continuous
function p: X — Y such that A = ¢~!(B). We say that A is Wadge equivalent to B, in
symbols A =y B, if A <y B and A <y B. Similarly we write A <y B if A < B and
B Lw A. The Wadge ordering is the ordering induced by <y on the =yy-classes of subsets
of Polish spaces. The Wadge ordering restricted to Borel sets is called the Wadge hierarchy.

In this study we only work with the spaces Ty, and ¥“. Since we only consider finite X,
these spaces are homeomorphic with the Cantor discontinuum {0, 1} as long as [X| > 2. In
particular, all the languages we consider are Wadge equivalent to subsets of {0,1}*. Note
however that the homeomorphism need not preserve recognisability. In fact, no homeomor-
phism from 7% to {0, 1} does: the Borel hierarchy for regular tree languages is infinite, but
for words it collapses on AY. In other words, there are regular tree languages (even weak, or
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deterministic), which are not Wadge equivalent to regular word languages. Conversely, each
regular word language L is Wadge equivalent to a deterministic tree language L’ consisting
of trees which have a word from L on the leftmost branch. As a consequence, the height
of the Wadge ordering of regular word languages gives us a lower bound for the case of
deterministic tree languages, and this is essentially everything we can conclude from the
word case.

The starting point of this study is the Wadge reducibility problem.

PROBLEM: Wadge reducibility
INPUT: Deterministic tree automata A and B
QUESTION: L(A) <w L(B)?

An analogous problem for word automata can be solved fairly easy by constructing a tree
automaton recognising Duplicator’s winning strategies (to be defined in the next section).
This method however does not carry over to trees. One might still try to solve the Wadge
reducibility problem directly by comparing carefully the structure of two given automata,
but we have chosen a different approach. We will provide a family of canonical deterministic
tree automata A = {A;: ¢ € I'} such that

(1) given 4,5 € I, it is decidable if L(A;) <w L(A4;),

(2) for each deterministic tree automaton there exists exactly one i € I such that L(A) =w

L(4;), and this i can be computed effectively for a given A.

The decidability of the Wadge reducibility problem follows easily from the existence of
such a family: given two deterministic automata A and B, we compute ¢ and j such that
L(A) =w L(A;) and L(B) =w L(A;), and check if L(A;) <w L(4;).

More precisely, we prove the following theorem.

Theorem 4.1. There exists a family of deterministic tree automata
C'={Cy:a€l}U{Dy,Ey: € J}

with I ={a: 0<a<w*3+2}, J={n:0<n<wlU{w2as +w’a; +n: az <w*, 0<
a; <w¥, n<w} such that
(1) for 0 < a < B < w*3 + 2, whenever the respective automata are defined, we have
L(Cy) L(Cp)
N\ / N\
L(Ea) L(Eﬁ)

/ N\ /
L(D,) L(Dﬁ)

where — means <y, and L(Cy) and L(D,,) are incomparable,

(2) for each deterministic tree automaton A there exists exactly one automaton A" € C' such
that L(A") =w L(A) and it is computable, i.e., there exists an algorithm computing for
a given A a pair (2,a) € {C} x TU{D, E} x J such that L(A) =w L(E,).

The family C’ satisfies the conditions postulated for the family of canonical automata A:
for ordinals presented as arithmetical expressions over w in Cantor normal form the ordinal
order is decidable, so we can take {C'} x I U{D, E} x J as the indexing set of A.

Observe that the pair (Z,«) computed for a given A can be seen as a name of the
=y -class of L(A). Hence, the set {C'} x TU{D, E} x J together with the order defined in
the statement of theorem provides a complete effective description of the Wadge hierarchy
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restricted to deterministic tree languages. One thing that follows is that the height of the
hierarchy is w*3 4 3.

The remaining part of the paper is in fact a single long proof. We start by reformulating
the classical criterion of reducibility via Wadge games in terms of automata (Sect. [H).
This will be the main tool of the whole argument. Then we define four ways of composing
automata: sequential composition @, replication —, parallel composition A, and alternative
V (Sect. [6). Using the first three operations we construct the canonical automata, all but
top three ones (Sect. [M). Next, to rehearse our proof method, we reformulate and prove
Wagner’s results in terms of canonical automata (Sect. [§)). Finally, after some preparatory
remarks (Sect. @), we prove the first part of Theorem [£.I], modulo three missing canonical
automata.

Next, we need to show that our family our family contains all deterministic tree au-
tomata up to Wadge equivalence of the recognised languages. Once again we turn to the
methodology of patterns used in Sect. 21 and Sect. Bl We introduce a fundamental notion
of admittance, which formalises what it means to contain an automaton as a pattern (Sect.

[I). Then we generalise — to (¢, k)-replication ) in order to define the remaining three
canonical automata, and rephrase the results on the Borel hierarchy and the Wagner hier-
archy in terms of admittance of canonical automata (Sect. [[2]). Basing on these results, we
show that the family of canonical automata is closed by the composition operations (Sect.
@3]), and prove the Completeness Theorem asserting that (up to Wadge equivalence) each
deterministic automaton may be obtained as an iterated composition of C7 and D; (Sect.
[[4]). As a consequence, each deterministic automaton is equivalent to a canonical one. From
the proof of the Completeness Theorem we extract an algorithm calculating the equivalent
canonical automata, which concludes the proof of Theorem 1]

5. GAMES AND AUTOMATA

A classical criterion for reducibility is based on the notion of Wadge games. Let us
introduce a tree version of Wadge games (see [10] for word version). By the nth level of a
tree we understand the set of nodes {0, 1}"~1. The 1st level consists of the root, the 2nd level
consists of all the children of the root, etc. For any pair of tree languages L C T, M C Ty,
the game Gy (L, M) is played by Spoiler and Duplicator. Each player builds a tree, tg € T,
and tp € Ty, respectively. In every round, first Spoiler adds some levels to tg and then
Duplicator can either add some levels to ¢p or skip a round (not forever). The result of the
play is a pair of full binary trees. Duplicator wins the play if tg € L <= tp € M. We say
that Spoiler is in charge of L, and Duplicator is in charge of M.

Just like for the classical Wadge games, a winning strategy for Duplicator can be easily
transformed into a continuous reduction, and vice versa.

Lemma 5.1. Duplicator has a winning strateqy in Gyw (L, M) iff L <y M.

Proof. A strategy for Duplicator defines a reduction in an obvious way. Conversely, suppose
there exist a reduction ¢ — ¢(t). It follows that there exist a sequence nj (without loss
of generality, strictly increasing) such that the level &k of ¢(t) depends only on the levels
1,2,...,ng of t. Then the strategy for Duplicator is the following: if the number of the
round is ng, play the kth level of tp according to ¢; otherwise skip. L]
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We would like to point out that Wadge games are much less interactive than classical
games. The move made by one player has no influence on the possible moves of the other. Of
course, if one wants to win, one has to react to the opponent’s actions, but the responses need
not be immediate. As long as the player keeps putting some new letters, he may postpone
the real reaction until he knows more about the opponent’s plans. Because of that, we will
often speak about strategies for some language without considering the opponent and even
without saying if the player in charge of the language is Spoiler or Duplicator.

Since we only want to work with deterministically recognisable languages, let us redefine
the games in terms of automata. Let A, B be deterministic tree automata. The automata
game G(A, B) starts with one token put in the initial state of each automaton. In every
round players perform a finite number of the actions described below.

Fire a transition: for a token placed in a state ¢ choose a transition ¢ — g, g2, take the
old token away from ¢ and put new tokens in ¢; and gs.
Remove: remove a token placed in a state different from L.

Spoiler plays on A and must perform one of these actions at least for all the tokens produced
in the previous round. Duplicator plays on B and is allowed to postpone performing an
action for a token, but not forever. Let us first consider plays in which the players never
remove tokens. The paths visited by the tokens of each player define a run of the respective
automaton. We say that Duplicator wins a play if both runs are accepting or both are
rejecting. Now, removing a token from a state p is interpreted as plugging in an accepting
subrun in the corresponding node of the constructed run. So, Duplicator wins if the runs
obtained by plugging in an accepting subrun for every removed token are both accepting
or both rejecting.

Observe that removing tokens in fact does not give any extra power to the players:
instead of actually removing a token, a player may easily pick an accepting subrun, and in
future keep realising it level by level in the constructed run. The only reason for adding
this feature in the game is that it simplifies the strategies. In a typical strategy, while some
tokens have a significant role to play, most are just moved along a trivially accepting path.
It is convenient to remove them right off and keep concentrated on the real actors of the
play.

We will write A < B if Duplicator has a winning strategy in G(A, B). Like for languages,
define A= Biff A< B and A > B. Finally, let A< Biff A< B and A 2 B.

Lemma 5.2. For all deterministic tree automata A and B,
A<B < L(A) <w L(B).

Proof. First consider a modified Wadge game Gy, (L, M), where players are allowed to build
their trees in an arbitrary way provided that the nodes played always form one connected
tree, and in every round Spoiler must provide both children for all the nodes that were
leaves in the previous round. It is very easy to see that Duplicator has a winning strategy
in Gy, (L, M) iff he has a winning strategy in Gw (L, M).

Suppose that Duplicator has a winning strategy in G(A, B). We will show that Duplica-
tor has a winning strategy in G7;,(L(A), L(B)), and hence L(A) <y L(B). What Duplicator
should do is to simulate a play of G(A, B) in which an imaginary Spoiler keeps constructing
the run of A on the tree tg constructed by the real Spoiler in Gy, (L(A), L(B)), and Duplica-
tor replies according to his winning strategy that exists by hypothesis. In GY;,(L(A), L(B))
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Duplicator should simply construct a tree such that B’s run on it is exactly Duplicator’s
tree from G(A, B).

Let us move to the converse implication. Now, Duplicator should simulate a play in
the game Gy, (L(A), L(B)) in which Spoiler keeps constructing a tree such that A’s run
on it is exactly the tree constructed by the real Spoiler in G(A, B), and Duplicator replies
according to his winning strategy. In G(A, B) Duplicator should keep constructing the run
of B on tp constructed in the simulated play. L]

As a corollary we have that all automata recognising a given language have the same
“game power” .

Corollary 5.3. For deterministic tree automata A and B, if L(A) = L(B), then A= B.[J

Classically, in automata theory we are interested in the language recognised by an
automaton. One language may be recognised by many automata and we usually pick the
automaton that fits best our purposes. Here, the approach is entirely different. We are not
interested in the language itself, but in its Wadge equivalence class. This, as it turns out, is
reflected in the general structure of the automaton. Hence, our main point of interest will
be that structure.

We will frequently modify an automaton in a way that does change the recognised
language, but not its =yp-class. One typical thing we need to do with an automaton, is to
treat it as an automaton over an extended alphabet in such a way, that the new recognised
language is Wadge equivalent to the original one. This has to be done with some care, since
the automaton is required to have transitions by each letter from every state. Suppose
we want to extend the input alphabet by a fresh letter 7. Let us construct an automaton
A,. First, if A has the all-rejecting state L, add a transition L — 1, L. Then add an
all-accepting state T with transitions T —Z» T, T for each ¢ € ¥ U {7} (if A already has
the state T, just add a transition T —— T, T). Then for each p ¢ {L, T}, add a transition
D SN T,T.

Lemma 5.4. For every deterministic tree automaton A over Y. and a letter 1 & 33, A = A,.

Proof. Tt is obvious that A < A;: since A, contains all transitions of A, a trivial winning
strategy for Duplicator in G(A, A;) is to copy Spoiler’s actions. Let us see that new tran-
sitions do not give any real power. Consider G(A,, A). While Spoiler uses old transitions,
Duplicator may again copy his actions. The only difficulty lies in responding to a move that
uses a new transition. Suppose Spoiler does use a new transition. If Spoiler fires a transition
p — T, T for a token z in a state p # L, Duplicator simply removes the corresponding
token in p, and ignores the further behaviour of x and all his descendants. The only other
possibility is that Spoiler fires L — 1, 1. Then for the corresponding token Duplicator
should fire 1. - 1, 1 for some o € ¥. The described strategy is clearly winning for Du-
plicator. ]

An automaton for us is not as much a recognising device, as a device to carry out
strategies. Therefore even two automata with substantially different structure may be
equivalent, as long as they enable us to use the same set of strategies. A typical thing we
will be doing, is to replace a part of an automaton with a different part that gives the same
strategical possibilities. Recall that by A, we denote the automaton A with the initial state
changed to ¢. For ¢ € Q* let Ag.—p denote the automaton obtained from a copy of A and
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AV B ANB

Figure 5: The alternative AV B, the parallel composition AA B, and the replication A — B
(transitions to L and T are omitted).

. L. ,d . ,d
a copy of B by replacing each A’s transition of the form p 2% ¢ with p 25 qéB. Note that
Ag:=4, is equivalent to A.

Lemma 5.5 (Substitution Lemma). Let A, B, C' be deterministic automata with pairwise
disjoint sets of states, and let p be a state of C. If A < B, then Cp.—a < Cp.—B.

Proof. Consider the game G(Cp.=4, Cp.=p) and the following strategy for Duplicator. In C
Duplicator copies Spoiler’s actions. If some Spoiler’s token = enters the automaton A, Du-
plicator should put its counterpart y in the initial state of B, and then y and its descendants
should use Duplicator’s winning strategy from G(A, B) against = and its descendants.

Let us see that this strategy is winning. Suppose first that Spoiler’s run is rejecting.
Then there is a rejecting path, say w. If on 7 the computation stays in C', in Duplicator’s
run 7 is also rejecting. Suppose 7 enters A. Let v be the first node of 7 in which the
computation is in A. The subrun of Spoiler’s run rooted in v is a rejecting run of A. Since
Duplicator was applying a winning strategy form G(A, B), the subrun of Duplicator’s run
rooted in v is also rejecting. In either case, Duplicator’s run is rejecting.

Now assume that Spoiler’s run is accepting, and let us see that so is Duplicator’s. All
paths staying in C' are accepting, because they are identical to the paths in Spoiler’s run.
For every v in which the computation enters B, the subrun rooted in v is accepting thanks
to the winning strategy form G(A, B) used to construct it. []

6. OPERATIONS

It this section we introduce four operations that will be used to construct canonical
automata representing Wadge degrees of deterministic tree languages.

The first operation yields an automaton that lets a player choose between A and B.
For two deterministic tree automata A and B over X, the alternative AV B (see Fig. [
is an automaton with the input alphabet ¥ U {a, b} consisting of disjoint copies of A and
B over the extended alphabet ¥ U {a,b}, A, and By, and a fresh initial state gp with
transitions

do -5 g0 T, g0 qp*, T, and g -2 T,T for o ¢ {a,b}

(only if L(A) = L(B) = ) put go — L, 1). By Lemma 5.5, = is a congruence with respect
to V. Furthermore, V is associative and commutative up to =. Multiple alternatives are
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Figure 6: The sequential composition A ® B.

performed from left to right:
A1V AV A3V Ay = ((A1 \/AQ)\/Ag)\/A4.

The parallel composition AN B is defined analogously, only now we extend the alphabet
only by a and add transitions

QOLQ(I)an(J)Ba and go = T, T for 0 #a

(only if L(A) = 0 or L(B) = 0, put gy - L, 1). Note that, while in AV B the computation
must choose between A and B, here it continues in both. Again, = is a congruence with
respect to A. The language L(AAB) is Wadge equivalent to L(A)x L(B) and A is associative
and commutative up to =. Multiple parallel compositions are performed from left to right,
and for n > 0 the symbol (A)" denotes AA ... A A.

—_—

n
To obtain the replication A — B, extend the alphabet again by {a, b}, set rank(qy) = 1,
and add and transitions

b
qOL)Q(?7T7 QO—>QO,Q697 and qOL)J_,J_ fOI'O'%{CL,b}.

Like for two previous operations, = is a congruence with respect to —.

The last operation we define produces out of A and B an automaton that behaves
as A, but in at most one point (on the leftmost path) may switch to B. A state p is
leftmost if no path connecting the initial state with p uses a right transition. In other
words, leftmost states are those which can only occur in the leftmost path of a run. Note
that an automaton may have no leftmost states. Furthermore, a leftmost state cannot be
reachable from a non-leftmost state. In particular, if an automaton has any leftmost states
at all, the initial state has to be leftmost. For deterministic tree automata A and B over
Y., the sequential composition A ® B (see Fig. [@) is an automaton with the input alphabet
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a1,0

Figure 7: The canonical (1,4)-flower F{q 4.

Y U {b}, where b is a fresh letter. It is constructed by taking copies of A and B over the

. .- b, . b,
extended alphabet ¥ U {b} and replacing the transition p LN r with p LN qéB b for each
leftmost state p and » € {1, T}. Like for A and V, we perform the multiple sequential
compositions from left to right. For n > 0 we often use an abbreviation nA = A& ... ® A.
—_———

n
Observe that if A has a leftmost state, then a state in A ® B is leftmost iff it is a leftmost
state of A or a leftmost state of B. It follows that the =-class of a multiple sequential
composition does not depend on the way we put parentheses. An analog of & for word
automata defines an operation on =-classes, but for tree automata this is no longer true.
We will also see later that @ is not commutative even up to =.

The priority of the operations is @, A, V,—. For instance A1 — As ® As AN Ay V As =
A — (((A2 ® A3) A Ay) V As). Nevertheless, we usually use parentheses to make the
expressions easier to read.

Finally, let us define the basic building blocks, to which we will apply the operations
defined above. The canonical (v, k)-flower Fy,, (see Fig. [M) is an automaton with the
input alphabet {a,,a,+1...,a.}, the states q,,q,+1,-..,qs where the initial state is g, and
rank(g;) = i, and transitions

. a; a;
qLa_)(JLvTv QL—J’Qj,T, Qj_J)quv and QJ&)—RT

forj=v+1,042,...,5 and k # j. A flower F{, . is nontrivial if + < k.

In the definitions above we often use an all-accepting state T. This is in fact a way of
saying that a transition is of no importance when it comes to possible strategies: a token
moved to T has no use later in the play. Therefore, we may assume that players remove
their tokens instead of putting them to T. In particular, when a transition is of the form
p -2 ¢, T, it is convenient to treat it as a “left only” transition in which no new token is
created, only the old token is moved from p to q. Consequently, when analysing games on
automata, we will ignore the transitions to T.
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7. CANONICAL AUTOMATA

For convenience, in this section we put together the definitions of all canonical automata
(save for three which will be defined much later) together with some very simple properties.
More explanations and intuitions come along with the proofs in the next three sections.

For each a < w*? we define the canonical automaton C,. The automata D, and E,
will only be defined for 0 < o < w and a = W 2ay + w0 +n with 0 < a1 < WY, as < WY,
n < w. All the defined automata have at least one leftmost state, so the operation @ is
always non-trivial.

Let Cy = F(070), Dy = F(1,1)7 and Fp = F(070) V F(l,l)' For 1 < o < w define

C, = 0169(@—1)E1,
D, = Dl@(a—l)El,
Ea = OéEl .

For w < a < w® we only define C,,. Let C,, = C; — C5 and C 1 = C1 — (C1 ® C)
for 1 < k < w. For every « from the considered range we have a unique presentation
a=whkng +wh—1ng_1 4+ ...+ wong, with w > 1, >0, I > lp—1 > ... >y and 0 < n; < w.
For Iy = 0 define

Co = Cry®@mCpl, @...0&n3C,, for odd ng,
Ca

Dypy ®niCy @ ... ®niC,  for even ng,
and for Iy > 0 set
c, = nOC’sz & nlcwzl D...D nkazk .

Now consider w¥ < a < w*?2. For k < w let C uir = Fors1ys Dywtr = Fi pyo)

and E v = Fgpq1) V Fikq2)- For every a from the considered range we have a unique
presentation o = w¥aq + o with ag, a1 < w* and a3 > 0. Let oy = wheng + wh—1ng_q +
oo wong, with w > 1 > 11> ... >lpand 0 < n; < w. For ag =0 and Iy = 1 let
Co = Clotig ®niE vy, ... OnpE wiy
Dy = D otig@mE wt; @ ... OnpE oty
Ey = E oty @mE vy @... OnpE oty ,
for ag =0 and [y > 1 let
c, = waHO b (no — 1)Eww+lo & nlele b...6H nkEww+lk ,
Dy = Dgurig ® (ng — 1)E wtip ® i E o, @ ... OnpE oy
Ey, = noE wriy ®mE wiy, © ... &0k wyy, ,
for w > ag > 0 let
Co = Cu ® Epeq,,
D, = Dy, ® E,vq ,
Ey, = Eu ® Eyoa,
and for ag > w let
Co = Cu @ Epwq, -
Finally consider w*? < a < w¥3. Let C vz = C; — Flop), and for k < w let
Co2ik+1 = Op — (C1 @ C_w21x). We have a unique presentation o = w*?as + w”ay + ag
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with ag, o, @ < w® and ag > 0. Let ag = whny + wh-1ng_1 + ... + wong, with w > [, >
lp_1>...>lpand 0 < n; < w. For ayg = a3 =0 let

c, = nonw.QHO D nlew.zHl D...P nkaw-zuk R
for ap = 0 and a1 > 0 let
Co = Cuway ®Cpuz,,,
D, = Dywa, @ Cpu2q,,
E, = Eywa © wa-on ,
for w > ag > 0 and a7 =0 let
Co = Coy®Cpuz,, forodd ap,
Co = Dgy®Cpuz,, foreven ag,
and in the remaining case (g > w or ag > 0) let
Coa = Cuwartag ® Cpuwzg, -
Let C denote the family of the canonical automata, i. e.,
C = {Co:a<w3}U{D,, E,:n<w}U
U{D w20y twwar+n Pow2agtweartn: 0 < a1 <w?, ag <w”, n <w}.

In the next three sections we will investigate the order induced on C by the Wadge ordering
of the recognised languages.

Now, let us discuss briefly the anatomy and taxonomy of the canonical automata.
Simple automata are those canonical automata that cannot be decomposed with respect
to @, i. e., the automata on the levels w”, w** and w*?** for k < w. Complex automata
are those obtained from simple ones by means of @. If for some automata A, Ao, ..., A,
we have A = A1 D Ay @ ... B A,, we call A; components of A. If A; are simple, they are
called simple components of A, Ay is the head component, and A,, is the tail component.
Non-branching canonical automata are those constructed from flowers without the use of
—, 1. e, Cooarn, Dowatns Bowarn for a < w* and n < w. The remaining automata are
called branching. The term head loop refers to any minimal-length loop around the initial
state. If the head component of a canonical automaton is branching, then the automaton
has only one head loop. Similarly, if the head component is C; or D;.

According to the definition of the automata game, in a branching transition a token
is split in two. However in branching canonical automata, the role to be played by two
new tokens is very different. Therefore, we prefer to see the process of splitting a token
as producing a new token that moves along the right branch of the transition, while the
original one moves left. Thus each token moves along the leftmost path from the node it
was born in, bubbling out new tokens to the right. Let us prove the following simple yet
useful property of those paths.

Proposition 7.1. If a run constructed by a player in charge of a canonical automaton is
rejecting, one of the tokens has visited a rejecting path.

Proof. Observe that in a canonical automaton the only loop using right transitions is the
loop around T. In other words, each path of the constructed computation that does not
reach T goes right only a bounded number of times (depending on the automaton). Now,
consider a rejecting run constructed during a play. It must contain a rejecting path w. The
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token created during the last right transition on 7 visits a suffix of w, which of course is
a rejecting path. ]

Recall that we have defined the operation & in such a way, that the second automaton
can only be reached via a leftmost path. This means that the only token that can actually
move from one simple automaton to another is the initial token. Since passing between the
simple automata forming a canonical automaton is usually the key strategic decision, we
call the initial token critical, and the path it moves along, the critical path.

Since we can remove the tokens from T with no impact on the outcome of the game,
we can assume that in transitions of the form p — ¢, T or p — T, ¢ no new tokens are
produced, only the old token moves from p to ¢. The following fact relies on this convention.

Proposition 7.2. If a player in charge of a canonical automaton produces infinitely may
tokens, the resulting run is rejecting.

Proof. We will proceed by structural induction. The claim holds trivially for non-branching
automata. Suppose now that A = C; — A’. If the constructed run is to be accepting, the
player can only loop a finite number of times in the head loop of A, thus producing only
a finite number of new tokens. By the induction hypothesis for A’, those tokens can only
have finitely many descendants. Hence, in the whole play there can be only finitely many
tokens.

Now, take A = A’ @ A”. Suppose there were infinitely many tokens in some play on A.
Observe that all the tokens in A” are descendants of A”’s critical token. Hence, if there were
infinitely many tokens in A”, by the induction hypothesis for A” the whole run is rejecting.
Suppose there were infinitely many tokens in A’. Consider a play in which the critical token
instead of moving to A” stays in the last accepting loop of A’ (it exists by the definition of
canonical automata). In such a play a run of A’ is build. Since there are infinitely many
tokens used, the run is rejecting by the induction hypothesis for A’. Consequently, the run
of A constructed in the original play must have been rejecting as well. L]

8. WITHOUT BRANCHING

In this section we briefly reformulate Wagner’s results on regular word languages [15] in
terms of canonical automata. For the sake of completeness, we reprove them in our present
framework.

The scenario is just like for tree languages: define a collection of canonical automata,
prove that they form a strict hierarchy with respect to the Wadge reducibility, check some
closure properties, and provide an algorithm calculating the equivalent canonical automaton
for a given deterministic automaton, thus proving that the hierarchy is complete for regular
languages.

Since the non-branching canonical automata have only left transitions, they only check
a regular word property on the leftmost path. It is easy to see that for each word language
K, the language of trees whose leftmost branch is in K is Wadge equivalent to K. Based
on this observation, we will treat the non-branching canonical automata as automata on
words.

Let L(, ) denote the language of infinite words over {s,4 + 1,...,x} that satisfy the
parity condition, i. e., the highest number occurring infinitely often is even.
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Lemma 8.1. For every index (1, k) and every deterministic tree automaton A of index at
most (L, k),

(1) L(A) < L, )

(2) L(Fur) =w L)

(3) L(L,Ii) < L(L,n’) iff (L7 '%) < (le’%/)'

Proof. A reduction showing (1) is given by w — rank(qg)rank(q;)rank(gs) . .., where qoq1 42 - - -
is the run of A on the word w.
For (2) the remaining reduction is obtained by assigning to a sequence ninsns. .. the
tree with the word ay,, @y, anyQnyGnsan, ... on the leftmost branch, and a a, elsewhere.
Since L, .y can be recognised by a (¢, k) automaton, one implication in (3) follows from
(1). To prove the remaining one, it is enough to show that L, .) & Lm. Let us fix ¢

and proceed by induction on k. For ¢ = s the claim holds trivially: () C Ty(yy and Ty

are not reducible to each other. Take ¢ < x and let (//,k’) = (1,k). Consider the game
Gp = GW(L(L7H),L(L/7,{/)). As long as Duplicator does not play x/, Spoiler can follow the
strategy from G,_1 = GW(L(M_l),Lm). If Duplicator never plays x’, he loses. When
Duplicator plays «’, Spoiler should play x, and then again follow the strategy from G,._1,
and so on. Each time, Duplicator has to play «’ finally, otherwise he loses. But then he
must play ' infinitely many times, and he loses to, since " and x have different parity. []

For the sake of convenience let us renumber the non-branching automata. For n < w*
let A A A
Cwn—i—n = Cw“’n-‘,—n ’ Dwn-‘,—n = Dw“’n-‘,—n ) Ewn-‘,—n = Ew‘*’n-l—n .
Let C = {éa,f)a,Ea Tl <a<w¥}

Proposition 8.2. For 0 < a < 8 < w* we have

Dy, Dg
where — means <. Furthermore, é’a L ﬁa and ﬁa L C’a.

Proof. First, observe that C, < E,: a winning strategy for Duplicator in G(C’Q,E‘a) is
to move the initial token to Fg ), and then simply copy Spoiler’s actions. Analogously,
D, < E,.

Let us now suppose that 8 = w* for some k < w. Then o = w* 'ny_1 + ...+ ng. By
definition, E,, has index at most (0,k). Hence, by Lemma [BT] E, < For = ég. If we
increase the ranks in each Fig;) in E, by 2, we obtain an automaton with index at most
(1,k 4 1) recognising the same language. Hence, we also have E, < Foapsn = D,.

Now, consider the general case. We have a unique pair of presentations o = w¥my, +
...+ my and B = wkny + ...+ ng with n; > 0. Let i be the largest number satisfying
m; # n;. Since a < 3, m;, < n;,. Thus we have B, = an P Ew ég = Ego @ (%, where
y=wrmp . wimg, o = w1 4. .+ mo, By = Wi (ng —my) + w0 imi_ F ...+ my.
Consider the game G(an & E% Eﬁo @ (%) The strategy for Duplicator is as follows. First
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move the token to the last Fig ;) in C’@O. Then follow the strategy given by the inequality
an < Flo5), as long as Spoiler stays in an. If he stays there forever, Duplicator wins. If
Spoiler moves to EAV, Duplicator should do the same and keep copying Spoiler’s move from
that moment on. This also guarantees winning. The proof for ﬁg is entirely analogous.

In order to prove that the inequalities are strict it is enough to show that Cy L D, and
D, L C.,. We only prove that C, L ﬁa, the proof for D, L C, is entirely analogous. Let
us proceed by induction. The assertion holds for oo = 1: the whole space is not reducible to
the empty set. Let us take o > 1. By the definition, C, = For @ E Da = F1 1) @ Eﬁ,,
where a = w* +~. Consider the game G(Fj, (0,k) EwF(l,kH) & Ev) We have to find
a winning strategy for Spoiler. If Duplicator never leaves F(; j41) Spoiler can stay in Fiq )
and win using the strategy given by the Lemma [8.1] (3). Otherwise, after Duplicator enters
Efy, he must make choice between C’ and D Spoiler should loop in any loop of Fqy,)
waiting for Duplicator’s choice. When Duplicator chooses one of CAV, ZA)V, Spoiler should
choose the other one and use the strategy given by the induction hypothesis. L]

The third step is proving closure by natural operations. For word automata only the
operations @ and V make sense. The operation V is defined just like for trees. To define
@, simply assume that all states are leftmost. It is easy to see that = is a congruence with
respect to @ and A. Both operations are associative up to =.

Proposition 8.3. For each A, Ay € C, one can find in polynomial time automata Ay, Ag €
C such that A1V Ay = Ay and A1 & Ay = Ag.

Proof. Closure by V is easy. For Ay > As it holds that A1V Ay = A;. Indeed, A1V As > Ay,
as A; V Ay contains a copy of A;. For the converse inequality consider G(A4; V Ay, A1). In
the first move, Spoiler moves his initial token either to Ay or to As. If Spoiler chooses
Ay, Duplicator may simply mimic Spoiler’s actions in his copy of Aj. If Spoiler chooses
Ag, Duplicator wins by applying the strategy from G(Ag, A1), guaranteed by the inequality
Ay > As.

In the remaining case Ay and As are incomparable. But then Ay = éa, Ay = D, for
some o < w* (or symmetrically). It is very easy to see that C.V D, = E,.

Let us now consider A; @ As. Since @ is associative up to = and only depends on the
=-classes of the input automata, it is enough to prove the claim for simple A;; in order to

obtain a canonical automaton for (Agl)@. . .@Agn))@Ag, take Agl)@(Agz) ®... (Ag")EBAg) o).
Let us first consider A; = C_i. Observe that if C_x > B, C» ® B = C_. It is enough to
give a strategy for Duplicator in G(C,

w

« ® B, 1), since the other inequality is obvious. To
win, Duplicator should first copy Spoiler’s actions, as long as Spoiler stays in éwk. When
Spoiler moves to B, Duplicator should simply switch to the strategy from G(B, C k)

Usmg the property above, we easﬂy reduce the general situation to one of the following
cases: C_ ®C ks Cr®D k> OF ChoFE k- In the third case, the automaton is already
canonical. Let us calculate the result in the ﬁrst two cases.

In the first case we have C_. @ énwk+1 = énwarl. Consider the game G(C_. &
énwk+1,énwk+1). Let é’wz be the head component of énwk+1. It holds that I > k. In
order to win the game, while Spoiler stays inside C’wk, Duplicator should stay in C’wz and

use the strategy from G(C_k,C,). When Spoiler enters Cpwk+1, Duplicator may simply
copy his actions. The converse inequality is trivial.
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D1 D2 [)w Dw+1 Dw~2 Dw-2+1

Figure 8: An initial segment of the Wagner hierarchy
is ﬁwz
with [ > k, proceeding as before one proves éwk & ﬁnwk+1 = Ijnwk+1. But if | = k, we have
Ce® _ank: = énwk+wk. Consider the game G(énwk+wk, Cr® ﬁnwk). While Spoiler stays

In the second case there are two possibilities. If the head component of ﬁnwk

in C_k, Duplicator should copy his actions. When Spoiler leaves C_x, he has to choose
between ﬁwk and the next copy of éwk. If he chooses .Dwk, Duplicator also moves to his
copy of ﬁwk, and mimics Spoiler actions. Suppose Spoiler chooses éwk. Then Duplicator
stays in his head component, and mimics Spoiler’s actions, as long as he stays in éwk. When
Spoiler leaves éwk, he enters the initial state of En/wk, where 7' +1 = 7. Duplicator should

exit éwk, go past D, and enter his copy of E, From now on, he can copy Spoiler’s

ok s nwk -
actions. . .
For A; = D _u, simply dualise the claims and the proofs. For A; = E_k, note that

E i ®Ay=C @Ay V D i@ Ay, and the equivalent canonical automaton can be obtained
by previous cases. L]

Let us now see that the hierarchy is complete for word languages.

Theorem 8.4. For each word automaton A one can find in polynomial time a canonical
non-branching automaton B such that L(A) =w L(B).

Proof. We will proceed by induction on the height of the DAG of strongly connected com-
ponents of A. Without loss of generality we may assume that all states of A are reachable
from the initial state. In such case, the DAG of SCCs is connected and has exactly one root
component, the one containing the initial state of the automaton.

Suppose that the automaton is just one strongly connected component. Let (¢, k) be the
highest index for which A contains a (¢, k)-flower. It is well defined, because if A contains
a (0, k)-flower and a (1, % + 1)-flower, it must also contain a (0, k + 1)-flower. By Theorem
2.2] A is equivalent to a (¢, x)-automaton and so, by Lemma 81 A < F{, ... On the other
hand it is easy to see, that in G ([, ), A), Duplicator may easily use the (¢, x)-flower in A
to mimic Spoiler’s actions in F{, ... Hence, A = F{, ,,).

Now, suppose that the DAG of SCCs of A has at least two nodes. Let X be the root
SCC. Like before, let (¢, k) be the maximal index such that X contains a (¢, k)-flower. Let
q1,---,qm be all the states reached by the transitions exiting X (the “initial” states of the
SCCs that are children of X'). Recall that A, is the automaton A with the initial state set
to ¢q. Let B; be the canonical non-branching automaton equivalent to A,,. It is easy to see
that A= F, ) © (B1V B2 V...V By). O

9. THE USE OF REPLICATION

Branching automata are defined by iterating —. The significance of — lies in the fact
that closing the family of non-branching automata by this operation gives, up to Wadge
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Spoiler

Duplicator

Figure 9: An initial part of the play in G((A — B) A (B)?, A — B).

equivalence, almost all deterministic tree languages (only C w3, C w3, and C w3 o will
be defined by means of a stronger replication). In particular, we will show that the operation
A is not needed. In other words, — is everything that deterministic tree automata have,
which word automata have not. Let us see then what the use of the operation — is.

There are two kinds of simple branching automata. The first one is obtained by iterating
— on (3, and generalises C),. Intuitively, C;, = C1 @ (n — 1)Fj lets a player in an automata
game change his mind n — 1 times in the following sense. First, the player moves his (only)
token along the head loop. The head loop is accepting, so if he keeps looping there forever,
the resulting run will be accepting. But after some time he may decide that producing an
accepting run is not a good idea. In such a case he can move to the rejecting loop in the
first copy of E;. Later he may want to change his mind again, and again, until he reaches
the last copy of Fy. Now, when the player is in charge of C, = C; — C3 he can choose
a number n < w, and looping in the head loop of C,, produce n tokens in the head loop of
his copy of C35. We will see that with those tokens it is possible to simulate any strategy
designed for C4s. In other words, C,, offers the choice between C,, for arbitrarily high
n > 3. The automaton C_ 2 = C; — (C; @ (C; — C3)) lets you choose the number of times
you will be allowed to choose some C,,, and so on.

The second kind of simple branching automata, obtained by iterating — on C w+1,
does the same with C_.+» instead of C,. For instance, C w2 = C; — C_w+1 lets the player
choose any Cwin = Cun (see page [[8), and in consequence L(C,,.2) is hard for the class
of regular languages of words.

Let us now see the proofs. The first lemma justifies the name replication.

Lemma 9.1. For all automata A, B and all 0 < k < w,
(1) A— B > (A— B)A(B)F,
(2) C; — B > (B)k.

Proof. To see that (1) holds, consider G((A — B) A (B)¥, A — B). Spoiler’s initial moves
produce a token x in the head loop of A — B, and tokens x1,...,x, each in a different
copy of B. Duplicator should loop his starting token y around the head loop of A — B
exactly k£ times producing for each x; a doppelginger y; and move them all to the initial
state of B (see Fig. [d)). From now on y mimics z, and y; mimics z; fori =1,... k.
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For the proof of (2) it is enough to check that (C; — B) A (B)* > (B)*. Clearly
C, — B > Cy. By Lemma[5.5 (C; — B) A (B)* > Cy A (B)*, and the claim follows.  []

Next we need to calculate the value of (C3)™ and (C,w+1)". Apart from canonical (¢, k)-
flowers F{, ..y, we consider the following automata containing weak (¢, x)-flowers (see page

B):
WF(O,n):Ol@Dl@Cl@DIGB---, WF(l,n-i-l):DI@CI@DI@CI@--- .
n+1 n+1

We will refer to these automata as weak (¢, r)-flowers too. In fact, WFyg,) = Chi1,
W F1nt1) = D1, but we find the notation convenient.

A pair (i1,72) € w X w is called even if both i; and iy are even. Otherwise (i1,i9) is
odd. Let [t, k] denote the set {t,¢ + 1,...,k} C w with the natural order. Consider the
set [i, k] x [/, k'] with the product order: (x1,y1) < (z2,y2) if 1 < x9 and y; < yo. For
m = 0,1 and n > m define an alternating chain of type (m,n), or (m,n)-chain, as a sequence
(T, Ym) < (Tma1, Ymt1) < --. < (Tn,Yn), such that (z;,y;) is even iff i is even. Suppose
we have a (m,n)-chain of maximal length in [¢, k] x [/, k’]. The parity of n is equal to the
parity of (k, k"), as defined above, for otherwise we could extend the alternating chain with
(k, k") and get a (m,n + 1)-chain. Consequently, the following operation is well-defined:

(t,k) A (/,K") = the type of the longest alternating chain in [¢, k] x [/, K] .
Lemma 9.2. For all indices (11,k1) and (12, ka) it holds that
F(Ll,lil) A F(LQ,HQ) = F(Ll,lil)/\(Lz,lig) )
WF(Ll,Rl) A WF(LQ,HQ) = WF(Ll,Hl)/\(LQ,HQ) .

In particular, (F(072))k = For and (WF(ng))k = WFoor. Equivalently, (Co)F =
wa+1+2k and (Cg)k = C2k+1-

Proof. By Lemma B L(F(; ;) =w L), 50 LIF(, k) A Flugks)) =W L k) X Lg ko)
where L x M = {(x1,y1)(z2,92)...: z122... € L, y192... € M}. We will show that

Ly k) X Ly n) =W L), where (¢, k) = (11, k1) A (12, K2).
Consider the following automaton A. The state space is the set

[Ll, Iil] X [Lg, I{Q] — {0, 1,2}

and the initial state is the function constantly equal 0. The transition relation § is defined
as (f,0,g) € ¢ iff for all 4 and j, (f(4,7),0,9(4,5)) € & ), where d; ;) is defined as

091, 0% 0forall k£,
15900 YR o all k£,
2y,

with % denoting any letter.

Let us now define the rank function. For i € [11,K1] and j € [w2, k2], let (/) =
(t1,1) A (12,7) and rank(é,j) = k’. Observe that J/ = ¢, so « < k' < k. Set the rank
of the states that never take the value 2 to ¢. For the remaining states set the rank to
rank(maxy, ix, maxy jx), where (i1, j1), (i2,j2), ..., (ir,jr) are the arguments for which the
value 2 is taken.
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Figure 10: The weak flower W F(g¢) formed by the leftmost states of C1 @& Cym+1.3.

Let us check that the automaton recognises L(,, ) X L(;, ). Take a word w =
(x1,y1)(x2,92) ... Let x = maxy z; and y = maxg yg. In the run of A on w, the states
f satisfying f(x,y) = 2 will occur infinitely often. Furthermore, from some moment on
there only appear states f satisfying Vi, f(z',y) = 2 = (2/,3') < (z,y). Since
(z,y) < (¢',y') = rank(z,y) < rank(a’,y’), the highest rank used infinitely often in the
run on w is rank(z,y). Finally, rank(z,y) is even iff x and y are even, so the run on w is
accepting iff w € L, x1) X Lyy,x,)-

Since A has the index (¢, %), the automaton itself provides a reduction of L, .,y x L
to L(L,n)-

By definition of (¢, k), there exists a sequence of pairs

(xwyL) < ($L+1ayb+1) <...< (xmy/i)

such that for all ¢ it holds that 1 < x; < K1, to < y; < Ko, and x; and y; are even iff 7 is
even. The reduction is given by the function

(10(2.12.2’5'3 . ) = (xiuyil)(:pizvyh)(xig’yis) s
The proof for weak flowers is entirely analogous. ]

12,K2)

Lemma 9.3. For all0 < k,l <w and allm < w
C1 @ Cymp NCrECymp = C1 @ Cymioqy
C1 & Cpo2tmp ANCL®B Cpo2imp = C1 @ Cpoo24m (o) -
In particular, (C1 ® Cym)* = C1 ® Cpymp and (C1 @ Cozim)F = C1 © Cpwaimy.

Proof. Consider G(C1 @ Cymp A C1 @ Cyymy, C1 @ Cymyp, @ Cym;). Observe that Duplicator’s
critical token will move along a copy of W F(g o549y formed by the leftmost states of con-
secutive copies of C,m (see Fig. [I0). Spoiler’s initial token splits in the first move in two
tokens which continue moving along W F o) and W F|q o). For the purpose of this proof,
call them both critical.

The strategy for Duplicator is based on the fact that W Fg oy AW Fig 21y = W Fg 2p4-21)
(Lemma [0.2). Duplicator can loop his critical token inside an accepting loop as long as
both Spoiler’s critical tokens loop inside accepting loops. When Spoiler changes his mind
and moves one of them to a rejecting loop, Duplicator should move to a rejecting loop too,
and keep looping there until both Spoiler’s tokens are again in accepting loops. This can
only repeat k + [ times, so Duplicator is able to realise this strategy.

This way, whenever Spoiler produces a new token x using one of the critical tokens,
Duplicator can produce its doppelgdnger y. The role of the doppelginger is to mimic the
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original. The mimicking is in fact passed from generation to generation: if the original
token bubbles a new token z’, y should bubble a new doppelgdnger 3y’ which is to mimic 2/,
and so on.

In order to see that the strategy is winning it is enough to observe two facts: Duplicator’s
critical token stays in a rejecting loop forever iff one of Spoiler’s critical tokens does, and
the sequence of ranks seen by any of Spoiler’s non-critical tokens is equal to the one seen
by its doppelginger. Hence, Cy & Cymp A C1 & Cymi < C1 @ Cpym (o4

The converse inequality is proved in a similar way and for the second equivalence the
same proof works. ]

Corollary 9.4. For alll,i,x <w and all0 <n < w
(1) Cyp > WF([,,H)) Cir>C

w w'n’

(2) Cpo2 > Fli ), Cpoztirr 2 Cpuoatiy,.

Proof. Since C, = C1 — C3 = C1 — WFqs), by Lemma and Lemma we get
Co = (WEq2)™ = WF(m) and by the strictness of the hierarchy for word languages
C, > WF, ). Similarly, using Lemma 0.T] and Lemma 0.3 we get C_1+1 > (C1 © C,1)" =
Ci1 & C,, > C,,. The remaining two inequalities are analogous.

10. AUTOMATA IN ORDER

Let us start examining the order on canonical automata with the following simple
observation.

Lemma 10.1. For all0 < o < ¥
Cagcw“’, Caéwa-

Proof. We give a proof for the first inequality; the second one is proved analogously. Con-
sider the following strategy for Duplicator in G(C,, Cyw). In every move, if any of Spoiler’s
tokens is inside a rejecting loop, Duplicator should move his critical token around a 1-loop,
otherwise he should loop around the 0-loop. Let us see that the strategy is winning.

By Proposition if Spoiler’s run is to be accepting, he must produce only finitely
many tokens. All of those tokens must finally get to some 0-loop, and stay there forever.
This means that after some number of moves, all Spoiler’s tokens are in 0-loops which they
will never leave later. But from this moment on Duplicator’s critical token will keep looping
around the 0-loop, so Duplicator’s run will also be accepting.

By Proposition [(1] if Spoiler’s run is to be rejecting, there must be a token that from
some moment on stays forever in a 1-loop. Then Duplicator’s token will also get trapped
in the rejecting loop in C,«, and Duplicator’s run will be rejecting too. L]

Let us now see that we can restrict the way the players use non-critical tokens. For
a simple automaton A and a canonical automaton B = By @& ... ® B, with B; simple, we
say that B dominates A if one of the following conditions holds
e A is non-branching
e A=Cy — Cqy, By =C1 — Cg,and 8 > «,

e A=Cym and By = F{, x) or By = F(, ;) V Fm for ¢« < k.
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Lemma 10.2. Let Ay, Ao, ..., A, be simple and let B be a canonical automaton dominating
all A;. For every deterministic automaton C, if Spoiler has a winning strategy in G(A; ®
...® A, ® B,C), then he also has a strategy in which he removes all non-critical tokens
before entering B. Similarly for Duplicator in G(C, A1 @ ... ® A, ® B).

Proof. Let B= B @ ... & B, with B; simple. Suppose that at some moment the strategy
tells Spoiler to enter B (if this never happens, the claim is obvious). If there are no non-
critical tokens left in Aq, Ao, ..., A,, then we are done. However if there are, we have to
take extra care of them. Suppose Spoiler has produced non-critical tokens x1, ..., z,, and x;
isin A,,,. Since x; is not on a critical path of A,,,, by the definitions of canonical automata,
it will stay within a copy of C,, over the alphabet extended to the alphabet of B.
Suppose B; = C; — Cg. Since B dominates A;, 3 > «; for all 4. Spoiler should replace
the token z; with z} and let z take over the duties of z;. To produce z, Spoiler should
loop once in the head loop of By. If By = C_k, or A; = C .24, Spoiler may simply move
x} to a copy of C,, and let it perform exactly the actions z; would take. If 3 = C w21,
a; = C_, Spoiler should move z to the copy of Flo,2) contained in Cp, and let it apply the
strategy guaranteed by Lemma [I0.1l To see that the strategy is applicable, it is enough to
note that it does not require any waiting, and that F{ ) contains a copy of F(q 1).
Suppose now that Bj is non-branching. Then, a; < w® for all i. In this case Spoiler
cannot produce a token to take over x;’s duties. Instead, he has to modify the actions of the
critical token. He should move the critical token according to his original strategy moving
from flower to flower, only when one of his non-critical tokens would be in a rejecting loop,
he should choose a 1-loop in his current flower (instead of the loop suggested by the old
strategy). Just like in the proof of Lemmal[I0.1] if in a play according to the original strategy
one of the non-critical tokens stays forever in a rejecting loop, then in the game according
to the new strategy the critical token finally also gets trapped in a 1-loop. Otherwise, there
are only finitely many non-critical tokens, and all of them finally stabilise in an accepting
loop. From that moment on, the critical token will see exactly the same ranks as it would
see if Spoiler was playing with the original strategy. Hence, the modified strategy is also

winning.
If the original strategy brings Spoiler to a branching automaton, he should produce
counterparts of his non-critical tokens just like above. L]

Corollary 10.3. For every canonical automaton of the form A® B and every deterministic
tree automaton C, if a Spoiler has a winning strategy in G(A @ B,C), than he has also
a winning strategy which removes all non-critical tokens before entering B. Similarly for
Duplicator in G(C,A & B).

Proof. Let A= A1BA;®...® A, with A; simple. From the structure of canonical automata
it follows that if A ® B is canonical, B dominates A; for i =1,2,...,n. ]

Now we are ready to get back to the order on C.

Lemma 10.4. If0 < a < 8 < w¥? then C, < Cs and whenever D, and Eg are defined,
D, < Eﬁ, Co < Eﬁ. If B < «a, then Eg < Dy, Eﬁ < Ch.

Proof. As an auxiliary claim let us see that if A@® B is canonical and A’ > A, AGB < A'/®B.
Indeed, the following is a winning strategy for Duplicator in G(A® B, A’® B). While Spoiler
keeps inside A, apply the strategy from G(A, A’). If Spoiler enters B, by Corollary [10.3] we
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may assume he removes all non-critical tokens. Hence, Duplicator may remove non-critical
tokens, move the critical token to B and copy Spoiler’s actions.

Let us now see that C, < Cp for a < 8 < w¥3; the other inequalities may be proved
in an analogous way. We will proceed by induction on (a, 3) with lexicographic order. If
8 < w, the result follows by the word languages case. Suppose that w < 8 < w*¥. Let
a = wkm, + ...+ mp and B = wFni + ...+ no, np > 0. First, assume that my = 0.
Obviously C_x < Cg, simply because C3 contains a copy of C k. If k =1 the claim follows
directly from Corollary 0.4l For k£ > 1, using the induction hypothesis and Corollary [@.4], we
get Co < Cpr-1(my_,+1) < Cur. Now, assume that my > 0. Then a = wFal, B=wF 4+
for some ordinals o/ < §’. By definition Cy, = Coy & C i, C3 = Cg @ C,r, and by induction
hypothesis, Cs < Cpg. Hence, by the auxiliary claim above, C, < Cjg.

Now, suppose that w* < f < w*2. Let a = w¥a140ag, f = w* [+ for ag, a1, Bo, B1 <
w“. If a1 = B1, then by induction hypothesis Cy, < Cg,, and C, < Cp follows by the
auxiliary claim above. Assume that a; < (1. By Lemma [[01] C,, < C,~. Replacing
G(Coy, Cp,) with G(Cq,,Cuw) in the above strategy, we get Cp, = Coy ® Epwa, < Cuo @
Eywa; = Cpo(a;+1)- By Proposition B2, Cpw(q,41) < Cuwp, and since Cuwp, is contained
in Cuwp 448y, We get Cuwaytag < Cuwp+8,- Observe that the argument works also for o or
0Bo equal to 0.

The case w*? < 3 < w¥?3 is analogous to w < B < w¥. ]

For a complete description of the ordering on the canonical automata (see Fig. [[1]) we
need the strictness of the inequalities from the previous lemma.

Theorem 10.5. Let 0 < a < f < w¥3. Whenever the respective automata are defined,
it holds that Dy £ Co, Do # Co, Do < Eg, Co < Eg, and for a < 3, Cy < Cg,
E, < Dﬁ, E, < Cﬁ.

Proof. By Lemma [[0.4] it is enough to prove Cy < Cot1, Do < Eo, Co < Ey, Dy £ Cl,
D, # C,. We will only give a proof of the first inequality; the others can be argued similarly.
We will proceed by induction on «.. If & < w, the claim follows by the word languages case.

Suppose w < o < w*. Then a = W + o with &k > 1, o/ < ¥l Let o/ > 1
(the remaining case is similar). We shall describe a winning strategy for Spoiler in G =
G(Cyryary1:Cubyqr)- Spoiler should first follow the winning strategy for G(Cyry1,Co),
which exists by the induction hypothesis. Suppose that Duplicator enters the head loop of
C k. We may assume that he removes all his non-critical tokens (Corollary [[0.3]). Spoiler
should remove all his non-critical tokens, move his critical token to any accepting loop in
Cqr41- Let us check that such a loop is always reachable for the critical token.

Let Cypry1 = A® B with B simple. If B = Cy — B’, Spoiler can move his critical token
to C1. If B is not of this form, then by definition of canonical automata, Cpr11 = Copi1
or Cp41 = Day,. Recall that Cy 41 = WF(072n) = WF(0,2n—1) @ C1 and Do, = WF(1,2n) =
W Eq 2n-1) ® C1 (see page 22). It follows that in any play on Ca,41 or Da,, if one has a
winning strategy, one also has a winning strategy never entering the rejecting loop of the
tail component. Hence, the accepting loop in the tail component is always reachable (or
has been reached already).

Thus, Spoiler can move his critical token to an accepting loop in the tail component
of Cyy1 and loop there until Duplicator leaves the head loop. If Duplicator stays forever
in the head loop of C x, he loses. Suppose that Duplicator leaves the head loop of C,
after producing r tokens. The rest of the game is equivalent to G' = G(Cy & C_k, A) for
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Figure 11: The Wadge ordering of the canonical automata.

A=A N...NA,, where A; is the part of C_ accessible for the Duplicator’s jth token.
If k=1, then A; < WFg) for each j. Hence A < WF 4, and by Corollary Spoiler
has a winning strategy in G’. Let us suppose k > 1. Then A; < C1 @& Cp-1 for j=1,...,r
and so, by Lemma [5.5] A < (Cy ® C_x-1)". Hence, by Lemma 0.3, A < C,_x-1,,,. Since
W41 < WPl +2 < W*| we may use the induction hypothesis to get a winning strategy
for Spoiler in G’. In either case Spoiler has a winning strategy in G as well.

Now, assume w* < a < w2, Let o = w”aq + ap with ag < w?, 1 < ay < w®. Again,
we describe a strategy for Spoiler in G = G(Cywa+ag+1, Cwwar+ag) only for ag > 1, leaving
the remaining case to the reader. First follow the winning strategy from G(Cpg41,Cay). If
Duplicator does not leave the Cy, component, he will lose. After leaving C,,, Duplicator
has to choose D, wq, or Cueq,. Suppose he chooses Dywq, . Again, by Corollary [10.3] we may
assume that he removes all non-critical tokens. Now, Spoiler has to remove all non-critical
tokens and move the critical token to the initial state of E ~,, and use the winning strategy
from G(Eyva,, Dwway)-

For a = w¥?t* 4+ o/ argue like for o = w* + /. Il

11. PATTERNS IN AUTOMATA

Compare the notion of (¢, k)-flower defined in Sect. 2land the canonical flower F{, ,.y. It
is fairly clear that if A contains a (¢, )-flower, Duplicator can win in G(F, x), A) by copying
Spoiler’s actions. In that case it seems plausible to look at A as if it “contained” a copy of
F{, x)- In this section we provide a notion which captures this intuition.
ohudy ol Gl oty old!

0/ 7d, K 9 . . . .
Two paths p == pjy 2= ... ™" pl andp ~= pf 2= ... = p/ in a deterministic

automaton A are branching iff there exists i < min(m,n) such that for all j < 7 it holds
that (03, d}) = (07, d]), o; = 0}, and d} # d. Note that the condition implies that p; = p
for j <.

An automaton B can be embedded into an automaton A, if there exists a function
eq : QF — Q4 and a function e5 : QB x ¥B x {0,1} — M4, where TI* is the set of paths
in A, satisfying the following conditions:

o1,d1 o2,d2 On,dn

(1) ifp o4, q and e5(p,0,d) =rog —— 1 —— ... =" 1, then ro = eq(p), rn = eg(q),

(2) for all p,o the paths es(p,o,0) and es(p, o, 1) are branching,

(3) for every loop A in B, the corresponding loop in A (obtained by concatenating the paths
assigned to the edges of \) is accepting iff A is accepting.

For each tree automaton A, let A’ be the automaton obtained from A by unravelling
the DAG of strongly connected components into a tree (for the purpose of this definition, we
allow multiple copies of 1). An automaton A admits an automaton B, in symbols B C A,
if the automaton B’ can be embedded into A. Note that if B can be embedded into A, then
AC B.
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Lemma 11.1. For all deterministic tree automata A and B
ACB — A<B.

Proof. Since L(B') = L(B), without loss of generality we may assume that B = B’. We
have to provide a winning strategy for Duplicator in G(B, A). Without loss of generality,
we may assume that Spoiler never removes his tokens. Let eg and es; be the embedding
functions. We will show that Duplicator can keep a collection of doppelgdngers, one for each
Spoiler’s token, such that if some Spoiler’s token x is in the state p, its doppelgdnger y is in
the state eq(p).

Let us first assume that eg(g?) = ¢¢'. Then the invariant above holds when the play
starts. As long as Spoiler does not enter L, the invariant can be maintained by means of
the function es as follows. Suppose that Spoiler fires a transition ¢ — ¢, ¢ for some token
z obtaining new tokens 2’ and z”. Let

o1,d1 o1-1,d;—1 ond] oy Ty
es(¢,0,0) =po —— ... — p1——p — .. T Pp,
i o1,d1 o1—1,d1—1 od o)y on.dy
es(¢,0,1) =po —= ... == pi_1 —— D —— .. T Py,

with & =1 —dJ.
Let 7;,7", 7/ be such that p;_1 gdi P 03/—>d3 r’, and pf Lg rl for 1 <i <1
7k 1 v Pj—1 7 k—1 k — ’
I+1<j<m,l+1<k<n,whered=1-—d.

Recall that we assume that for every transition, either both target states are L or none.
Since ¢’ # L and ¢ # L then, by the condition (3) of the definition of admittance, p/, # L
and p;, # L and consequently all the states p;, i, pj, 7}, pj, 7 are not equal to L. Hence,
Duplicator can proceed as follows. Starting with the token y (the doppelginger of x), fire
the transitions forming the common prefix of both paths, each time removing the token sent
to r;. Thus he reaches the state p;_; with a descendant of the token y. Then he should fire
the next transition producing two tokens vy’ and 3", and for each of them fire the remaining
sequence of transitions (again removing the tokens in the states 7‘; and 7). Thus he ends
up with two tokens in the states p/,, = eq(¢’) and p! = eq(¢”). Hence, the token in eg(q’)
may be the doppelginger of 2, and the token in eg(q”) may be the doppelginger of z”.

Let us see that if Spoiler never enters |, Duplicator wins. Observe that the function
es induces a function e from the set of infinite paths in B to the set of infinite paths in
A. Owing to the condition (3), e(m) is accepting iff = is accepting. The strategy used by
Duplicator guarantees that for each path 7 in Spoiler’s run, Duplicator’s run contains the
path e(m). The paths in Duplicator’s run that are not images of paths from Spoiler’s run
were all declared accepting by removing the corresponding tokens. Hence, Duplicator’s run
is accepting iff Spoiler’s run is accepting.

Now, if Spoiler enters L, Duplicator proceeds as before, only if some r;, 7’;-, or ry is
equal to L, instead of removing the token from there (he is not allowed to do that), he lets
the token and all its descendants loop there forever. In the end, again each path in Spoiler’s
run has a counterpart in Duplicator’s run. The images of the rejecting paths (which exist
in Spoiler’s run), will be rejecting too. Hence, Duplicator also wins in this case.

Finally we have to consider the situation when eg (qéB ) # qé‘. In this case, Duplicator
should first move his initial token to the state eq (qéB ), removing the other tokens produced
on the way whenever possible, and then proceed as before. L]
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Another property that makes admittance similar to containment is transitivity.

Lemma 11.2. For all deterministic tree automata A, B, and C,
ACBCC = ACC.

Proof. Again, we may assume that A’ = A. Furthermore, since the states from one SCC
have to be mapped to states from one SCC, then A can be embedded directly into B’. Hence,
we may also assume that B = B’. Let eg’y, eg(’y be functions embedding the automaton

X into Y. The embedding of A into C is simply a composition of two given embeddings:

eg’c = eg’c o eg’c, e?’c = 61]-31’0 o e?’B, where eg’c : I8 — TI¢ is the function induced by
e?’c in the natural way. It is easy to see that eg’c and e?’c satisfy the conditions from the
definition of admittance. L]

Embedding for automata on words is defined analogously, only the function es is defined
on @ x ¥ instead of @ x ¥ x {0, 1}, and the condition (2) is dropped. Admittance is defined
identically. The two lemmas above carry over with analogous proofs.

12. HARD AUTOMATA

In previous sections we have described an extended hierarchy of canonical automata.
As we have already mentioned there are still three canonical automata left to define. In
their definition we will make the first use of a stronger variant of the operation —.

. (t,0) . .. ..

In the operation ——, instead of one (rejecting) loop replicating an automaton, we
have a whole flower whose each loop replicates a different automaton. Recall that F{, )
is an automaton whose input alphabet is {a,,a,11...,ax}, the states are q,,q,+1,...,qx,
rank(g;) = i, the initial state is ¢,, and transitions

q quu—ra q i)qj7—|—7 q; i)q()a—ru and q; &)T7T
forj=1v4+1,0+2,...,cand k # j. Let A, A,,..., A be deterministic tree automata over

Y. The (¢, k)-replication A (o) A, ..., Ay (see Fig. [[2)) is obtained as follows. Take a copy

of F{, .y over the extended alphabet {a,,a,11...,a,}UXU{b}, where b is a fresh letter. Add
single disjoint copies of 4,,..., A, and A over the extended alphabet Y U{a,,a,41...,a,}U

. . .. b,
{b}. Finally, in F,, over the extended alphabet, replace the transition g, 0, (where

. b,0 il . il ) .
r€ {1, T}) with ¢, = ¢¢', and ¢, L8 T with ¢, 25 qu’ fori=u,...,K.
Using Lemma it is easy to see that the =-class of the defined automaton depends
only on (¢, k) and the =-classes of A, A,,..., A,. Hence, = is a congruence with respect to

©R) for every (i, k).

1,1
Note also that A — B and A (Y B are equal up to the names of letters and states. In

particular L(A — B) =w L(A =Y B).
0.1

Let us now define the three missing automata. Let C w3 = C1 — C1,C2) and

0,0 . .
Cpwspg =C1 ©.0 F,1)- The last automaton, C,.3,, consists of the states qo, g1, T with

rank(g;) =7 and transitions

b
QOLQOﬂ]l’ q0—>—|—7—|—7
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Figure 12: The (1,4)-replication A 4 Aq, Ay Az, Ay

b
Q1L’QO7T7 Q1—>T7T-
Using canonical automata we can formulate results from Sect. [8]in a uniform way. In the
proof we will need the following technical lemma.

Lemma 12.1. Let A be a deterministic tree automaton. For every productive state p in A
there exists a state q, a path m, from p to q, and pair of branching paths 712, 77(} from q to q
forming accepting loops.

Proof. Take an accepting run starting in p. For each node v of the run let S, be the set of
states of the automaton that appear below v. Note, that if v/ is a descendant of v, S,y C S,,.
Since all S,’s are non-empty, there exists a node u such that for all descendants v’ of u,
Sw = Sy. Pick a state ¢ € S,. There exists a node w under u, labeled with ¢q. Both w0
and wl are labeled with S, so there exist a nodes wg under w0 and w; under wl that are
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also labeled with ¢. To conclude, let 7, be the path in A induced by the path from ¢ to w,
and let 772 be the path induced by the path between w and w; for i = 0,1. ! L]

Theorem 12.2. Let A be a deterministic automaton.

(1) L(Cy ® Dy) is 1Y-complete; L(A) € 2V iff A does not admit Cy @ D;.
(2) L(D1® Cy) is El -complete; L(A) € TIY iff A does not admit D1 @ Cy.

(3) L(Fl1,2)) and L(Cy 9 (D1 ® C1)) are TI9-complete;

)

L(
(
L(A) € 29 iff A does not admit F(; 5 nor C 09 (D1 ® Cy).
4) L(Fo,y)) is X9-complete; L(A) € I iff A does not admit Fg ).
(C.
(A
L(C

)
5)
6)

)

h

- 3+1) is I13-complete; L(A) € EO iff A does not admit C w3 .
) € I3 iff A does not admit C, .. 242
o 3+2) is I1}-complete; L(A) is I1i-complete iff A admits C s s.

/:]/\/-\/-\
b«b«

Proof. It is enough to check that for an automaton it is the same to contain the patterns
from Theorem (page [7) and to admit the respective automata. It is straightforward to
check that it indeed is so. The only difficulty is embedding the transitions to all-accepting
states, but this is solved by Lemma 2l Let us just see the case of C,w-3,5. If A admits

C w349, then the image of the two loops in C w3, 9 that contain the initial state is a split.

0 d myd'm
Suppose that A contains a split consisting of an i-loop p —— p; == ... ™% Pmtl =D

!/
of,d} O’,,“dn

and a j-loop p il Py — an = p, such that ¢ is even, j is odd, and 7 < j.

Without loss of generality we may assume that m,n > 1. Let p} —d> ¢, and let t,, ¢ o) by
be the states guaranteed by Lemma [I21] for p, p, and ¢’ respectively.

Let B be the automaton obtained from C w3, 5 by unravelling the DAG of SCCs. The
only way it differs from C w3, is that instead of one state T it contains 5 all-accepting
states T1,..., T5, one for each transition from the root SCC:

b
Q@ — q0,q1, qo — T1, T2,

b
Q- q0, T3, q — T4, T5.

Define eq(q0) = p, eq(q1) = P, eq(T1) = eq(T2) = tp, e(T3) = ty, eq(T4) = eq(T4) =
by The function es is defined as follows:

7d mydm OJ 7dl U;L’d{n
65(Q0,a0)—p—> 01—)1"'0—) b, 65(q17aa0):p,11—>1"'—>p7
o d)
65(Q0 a, )_p—>p17 66(q17aa1):( /1 01_)1(]/)7_‘_(1/7
65(q ) = 7Tp7Tt 5 65((]17 b7 0) = 71—])’1 tp/l
es(q0,0,1) = mpmi es(q1,b,1) = Ty i,
(Tlv *, 0) - TriQ(T )
es(Tiy*,1) = Teo(T)
where * denotes any letter and by 779 we mean the concatenation of two paths. Checking
that this is an embedding is straightforward. L]

IThis elegant proof was suggested by one of the referees in place of a clumsier inductive argument.
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For the proof of the next theorem, settling the position of the last canonical automaton,
C, w3, we will need the following property of replication.

Lemma 12.3 (Replication Lemma). A state occurs in infinitely many incomparable nodes
of an accepting run iff it is productive and is replicated by an accepting loop.

Proof. If a state p is replicated by an accepting loop, then by productivity one may easily
construct an accepting run with infinitely many incomparable occurrences of p. Let us
concentrate on the converse implication.

Let p occur in an infinite number of incomparable nodes vy, v1,... of an accepting
run p. Let m; be a path of p going through the node v;. Since 2 is compact, we may
assume, passing to a subsequence, that the sequence m; converges to a path w. Since v;
are incomparable, v; is not on 7. Let the word «a; be the sequence of states labelling the
path from the last common node of © and 7; to v;. Cutting the loops off if needed, we may
assume that |o;| < |Q] for all i € w. Consequently, there exist a word « repeating infinitely
often in the sequence «q, a1, .... Moreover, the path 7 is accepting, so the starting state of
«a must lay on an accepting productive loop. This loop replicates p. ]

Theorem 12.4. L(C,.3) is Wadge complete for deterministic Ag tree languages. In par-
ticular, A < C w3 for each A € C.

Proof. Since C, -3 admits neither C, 3,9 nor Cyuwsq, L(Cows) is a deterministic AJ lan-
guage (Theorem [I2.2]). Let us see that it is hard in that class.

Take a deterministic automaton A recognising a A$-language. By Theorem [2.2] (5), A

. 0,0 .. . .
does not admit C w3, = Cy ©.0 Flo,1)- Let us divide the states of A into two categories:

a state is blue if it is replicated (see page [7) by an accepting loop, otherwise it is red. Note
that every state reachable from a blue state is blue.

Let A’ be the automaton A with the ranks of red states set to 0, and let A” be A
with the ranks of the blue states set to 0. Let us see that A < A’ A A”. The strategy for
Duplicator in G(A4, A’ A A”) is to copy Spoiler’s actions in A, both in A" and A”. To show
that this strategy is winning it is enough to show that for each ¢ a run of A on t is accepting
iff the runs of A’ and A” on t are accepting. Take a path 7 of the run of A. Let «’ and ="
be the corresponding paths of the computations of A’ and A”. If 7 only visits red states,
then the ranks on 7 and 7" are identical, and 7’ contains only 0’s. Otherwise, 7 enters
a blue state at some point, and then stays in blue states forever. In such case, the blue
suffixes of m and 7’ have the same ranks, and the blue suffix of 7 contains only 0’s. Thus,
7 is accepting iff 7’ and 7" are accepting and the claim follows.

Since A does not admit C; 09 Flo,1y, it follows that all (0,1)-flowers in A are red.
Consequently, A" does not admit Fig ), and so L(A’) is I19. Since L(F(1)) is 9-hard
(Theorem (3)), A" < Fy,9).

Now consider A”. Once you enter a blue state, you can never move to a red state.
Consequently, since in A” all blue states have rank 0, we may actually replace them all
with one all-accepting state T without changing the recognised language. Recall that, by
convention, instead of putting tokens into T we simply remove them. Hence, when for some
token in p a transition of the form p —— T,q or p — ¢, T is fired, we imagine that the
token is moved to ¢ without producing any new tokens. By the Replication Lemma (Lemma
[M[2.3]) the occurrences of red states in an accepting run may be covered by a finite number
of infinite paths. Hence, by our convention, only finitely many tokens may be produced in
a play if the constructed run is to be accepting.
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Let us now show that Duplicator has a winning strategy in G(A”, (C4 on Cr, Fluny))s

where (¢, k) is the index of A. Whenever Spoiler produces a new token (including the starting
token), Duplicator should loop once around the head 1-loop producing a doppelginger in
Fl, ), and keep looping around the head 0-loop. The new token is to visit states with
exactly the same ranks as the token produced by Spoiler. Let us see that this strategy
works. Suppose Spoiler’s run was accepting. Then, there were only finitely many red tokens
produced, and hence the head 1-loop was visited only finitely often. Furthermore, each
Spoiler’s token visited an accepting path. But then, so did its doppelginger, and Duplicator’s
run was also accepting. Now suppose Spoiler’s run was rejecting. If infinitely many red
tokens were produced, the head 1-loop was visited infinitely often, and Duplicator’s run was
also rejecting. If there were finitely many tokens produced, then one of the tokens must

have gone along a rejecting path, but so did its doppelgdnger and Duplicator’s run was also

rejecting. Hence A” < (C4 b Cr, Flun))-

By Lemma 55 A’ A A" < (Cy oL C1, Fiu ) N Fl1,2), so it is enough to check that

(Ch oL C1, Flui)) N Fla2) < Cuos. Consider the following strategy for Duplicator in the

game G((Cy on C1, Flui)) N Fl1,2), Cye3). First, loop once around the 1-loop and produce

a new token in Flg9) and use it to mimic Spoiler’s actions in F(; 7). Then, for each new

token z Spoiler produces in his 1-loop and sends to F{, ., Duplicator should produce tokens
: K+l

Yi-sYagy in Flo2)- By Lemma 0.2 (F(w))L > )=

has a winning strategy in G(F(, ), (F(072))LKTHJ). Adapting this strategy, Duplicator can
simulate the actions of Spoiler’s token z in F{, ) with the tokens y,... sy in Fg).
b 2 b

(0251 S F{, 1), so Duplicator

If Spoiler loops the 1-loop without producing a new token, or loops around the 0-loop,
Duplicator should copy his actions. Clearly, this strategy is winning for Duplicator.
Finally, let us see that A < C w3 for each A € C. Take n < w. Observe that in C w-2+n
no state is replicated by an accepting loop. Hence, C_ w-2+» may not admit C_w-s,1 nor
Cw349. By Theorem [22] L(C,w2tn) is in A. By Lemma [0.4] for each A € C there
exists m < w such that A < Cw2m. Hence, for all A € C, L(A) € AY, and A < Cpws. [

From Theorems[12.2]and [[2.4] we obtain the following picture of the top of the hierarchy:
C < wa-S < wa-3+1 < Oww-3+2 .

Let ' = CU{C,w3,C ws41,Cpusia}. Note that it already follows that the height of the
Wadge hierarchy of deterministic tree languages is at least (w*)? + 3. In the remaining of
the paper we will show that each deterministic automaton is Wadge equivalent to one of
the canonical automata from C’, thus providing a matching upper bound.

13. CLOSURE PROPERTIES

Our aim is to show that each deterministic tree language is Wadge equivalent to the
language recognised by one of the canonical automata. If this is to be true, the family of
canonical automata should be closed (up to Wadge equivalence) by the operations intro-
duced in Sect. Bl In this section we will see that it is so indeed. The closure properties
carry substantial part of the technical difficulty of the main theorem, whose proof is thus
made rather concise.
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Proposition 13.1. For A, B € C one can find in polynomial time an automaton in C
equivalent to AV B.

Proof. Proceed just like for nonbranching automata (Proposition B3], page[Id]). Take A, B €
C.If A< B,then AVB=DBandif B< A, then AVvB = A. If A and B are incomparable,
by Lemma [I0.4] we get that they must be equal to D, and C,. It follows easily from the
definitions of the canonical automata that D, V C, = E,. ]

Proposition 13.2. For A,B € C one can find in polynomial time an automaton in C
equivalent to A @ B.

Proof. Recall that simple automata are those that cannot be written as A; @ As for some
canonical automata Aj, As. Let us first assume that A is a simple branching automaton.
First let us prove that for B < A, A® B = A. Let us consider the game G(A @ B, A). The
following is a winning strategy for Duplicator. While Spoiler keeps inside the head loop of
A, mimic his actions. When he exits the head loop, let all the non-critical tokens produced
so far copy the actions of their counterparts belonging to Spoiler, and for the critical token
(and all new tokens to be produced) proceed as follows. If Cy @ B is a canonical automaton,
then, by the shape of the hierarchy, Ciy ® B < A and Duplicator may use the winning
strategy from G(Cy @ B, A). If C; @ B is not canonical, then B = F{, ) ® B’ for some
(¢,k) # (1,1). Tt is very easy to see that C1 & F{, .y ® B’ = F{, .y ® B’, and again Duplicator
can use the winning strategy from G(C; & B, A).

Let us assume now that B = B1 @ By @ ... ® B, where B; are simple and By > A.
Suppose B = C v, for some n < w¥3. Then A ® B = B. Indeed, consider the game
G(A @ B, B). While Spoiler keeps inside A, Duplicator should keep in B; and apply the
strategy from G(A, By). Suppose Duplicator enters B. Since By > A, it holds that B
dominates A and we may assume that Spoiler has removed his non-critical tokens before
entering B. From now on Duplicator may simply mimic Spoiler’s behaviour.

An analogous argument shows that for By = D, w,, we get A® B = B. For By = E w,
A @ B is a canonical automaton (up to a permutation of the input alphabet).

Now, consider B = B1 ®...® B, > A, B; simple and By < A. By the definition of
canonical automata, By < By < ... < By, and since B > A, B,, > A. Let k be the least
number for which B, > A. Let B = B1@®...® B,_1 and B” = B, ® ... ® B,. In order
to reduce this case to the previous one it is enough to check that A® B < A& B” (the
converse inequality is obvious). Consider G(A & B, A & B”). While Spoiler’s critical token
stays inside A & B’, Duplicator follows the strategy from G(A & B’, A). If Spoiler does not
leave A @ B’, he loses. Suppose that Spoiler finally enters B”. Note that B” dominates
A and By,...,B;_1. Hence, by Lemma [I0.2] we may assume that Spoiler removes all his
non-critical tokens on entering B”. Duplicator should simply move his critical token to the
initial state of B” and mimic Spoiler’s actions.

Suppose now that A = F{, .y or A = F, ) V Fm. Let B=B1®... % B, with B;
simple. For ¢ < k proceeding like in Proposition B3] (page [I9]) one proves that
(1) B<A = A®B=A,

( ) By :Fm — A@BEF(L7,{)EB(F(L7,{)\/Fm)@Bg@...@Bn eC,
(3) A< B = (F(L/’R/) \/FW) — A®BeC,

(4) A < Bl = F(L/“,{/) — A@B = B,

(5) A< B;=(C; —» B]) = A®B=B.

I

n the remaining case, By < A < B, argue like for branching A.
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For © = k, the implications (2), (3), and (4) also hold, and give a canonical form if By
is non-branching. If By is branching, A® B = B for A = F; 1), and A©B = Fg0®B €C
for A S {F(0,0)7F(0,0) vV F(l,l)}‘

Finally let A = A1 & As & ... ® A,, where A; are simple. Using the fact that &
is associative up to =, and Lemma (page 12), we get (A1 @ A2 ® ... D A,) @B =
(A1 A ®.. A, 1)D(A,dB)=(A1®A2® ... A,_1) ® B’ where B’ is a canonical
automaton equivalent to (A, @& B). Repeating this » — 1 times more we obtain a canonical
automaton equivalent to A ® B. ]

In the following proofs we will need the following property. For simple branching
automata B = (C7 — Cy), let B~ = Dy — C,.

Lemma 13.3. For cvery A € C and every simple branching B one can find in polynomial
time a canonical automaton equivalent to B~ @ A.

Proof. B is simple branching, so B = C, where a = w* or a = w¥?t* Tet A =S @ A/,
where A’ € C and S is a simple automaton. Suppose first that S is a branching automaton.
Then S = Cﬁ_ @ Ci and A = Cﬁ_ ®C @ A with 8 =w’ or f=w“?t. Let us check that
C,aC;@Ci10A =Cp

GC, @ CooCi o A, C’n_lax(a 5 ® Cy & A’). While Spoiler’s critical token x can reach the
head loop of C or C’ﬁ_ , Duplicator may keep his critical token y looping in the head loop

(0,8 @ C, @ A’. Consider the following strategy for Duplicator in

of his automaton Cr;ax(a )

For every new token produced by Spoiler in the head loop of
C,, or CB_ , Duplicator produces a doppelgdnger in the head loop of C’;ax(a ) When Spoiler
moves his critical token x to Cy & A’, Duplicator does the same with y and lets it copy s

actions. As the converse inequality is obvious, C' eCLo A = Cnax(a,8) P A’ gives

max(a,3)
the canonical form for C, @ A.

Now, let S be non-branching. Suppose first that S is one of the automata D .,
Coir, B i for k > 0. fa = wk, C; 0S0A <C,oS®A = 8Sa A by the
proof of the closure by @. The converse inequality is obvious. Similarly, if o = w®2t¥,
Co,aSaA<CyaSa A =C,d A'. The converse inequality is obvious again.

The remaining possible values for S are Cy, Dy and E;. If S = C, C, @C19A = C,BA,
and the canonical automaton is obtained via closure by &. For S = FEj, observe that
CooE10A <C 000 A =C, ©D;®A. By the proof of the closure by @& we get
Coo®@D1®A=Cr®A Hence C, ® B4 @ A < Cur @A The converse inequality is
obvious. Finally, if S = Dy, we get C, & D1 & A’ = C., & A’. By the structure of canonical
automata, A’ must start with Fy or C_u.+x. In both cases we can use one of the previous
cases to get an equivalent canonical automaton.

If A =S the whole argument is analogous, only in the last case, for S = D;, we have
C(; @® Dy = Ds. L]

Proposition 13.4. For A,B € C one can find in polynomial time an automaton in C
equivalent to AN B.

Proof. We will proceed by induction on (A, B) with the product order induced by <. Let
A=A4104:8...0A,, B=B1®B®...® B, with A;, B; simple. Let A’ = A& ... ® A,
form>1land B =By ®...® B, forn > 1.

First, assume that By = C1 — Cjg, and either A; = F, ,; for some (¢, k), or Ay = Cy —
Cq for a < 3. Let m,n > 1. Let us see that ANB =B @(AANBVAANC, & B'). In
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the first move Spoiler produces token z* in A and z® in B. While x4 stays in A; and z”
stays in the head loop of By, Duplicator should keep his critical token in the head loop of
B; and for each z, a child of zB or 24, produce a token y whose task is to play against z.
The token z after being produced is put in the head loop of C or, if Ay = C; — Cj, in the
head loop of Cy,. The token y is put in the head loop of Cg. Since o < 3, y can adapt the
strategy from G(Cy,Cp) if z is in Cy, or simply copy «’s actions if x is in Cz. Now, two
things may happen. If 24 enters A’ while zZ stays in the head loop of By, Duplicator should
move his critical token to A’ A B and split it into y4 sent to A’ and y® sent to B. Then
y? should mimic 2, and y? should mimic z?. If z” exits the head loop of B;, Duplicator
should move to AACy @ B’, produce two tokens, and mimic Spoiler’s actions. The converse
inequality is even simpler. In a similar way we prove AA B = B] & (ANC) & B') for
n>m=1,ANB=B] ®(AANBVANAC;) form >n=1,and ANB = By & (AAC) for
m =n = 1. In all four cases using the induction hypothesis, the closure by V, @, and the
Substitution Lemma (Lemma [5.5], page [[2]) we obtain an automaton of the form B & C,
where C' is canonical. Lemma [[3.3] gives an equivalent canonical automaton.

Next, suppose that Ay = F{, x), B1 = F{y /). Assume m,n > 1. Using Lemma one
proves easily that AA B = F(, oax) ® (AAB') V(A" A B)). Similarly, for m > 1, n = 1,
we have AN B = F, oyav,w) © (A’ A B) and the canonical form follows from the induction
hypothesis. For m =1, n > 1 proceed symmetrically. For m =n =1, AN B = F{, o)/ x/)-
Again, using the induction hypothesis, the closure by Vv, @, and the Substitution Lemma,
we get an equivalent canonical automaton.

The general case may be reduced to one of the special cases above, because E, N A =
(Ca NA)V (Dgy N A). ]

Since (¢, k)-replication requires a rather involved analysis, let us first consider —.

Proposition 13.5. For A,B € C one can find in polynomial time an automaton in C
equivalent to A — B.

Proof. First, let us deal with two special cases for which the general method does not work.
For B # Cj simple calculations give the following equivalences: A — B = (D;@® A)A B for
B e {Cl,El,CQ,DQ,Dg}, A— Dy = AvDy, A— Ey = A — Ds. By the Substitution
Lemma, the equivalent canonical forms follow from the closure by &, V, and A.

The second special case is when B contains non-trivial flowers but B # Flo,2). First, let
us see that A — Fg 1) = (D1® A) A Fg). The inequality A — Fg 1y > (D1©A) A Fpy)
follows easily from Lemma For the converse it remains to observe that the following
strategy is winning for Duplicator in G(A — Fg 1y, (D1 ® A) A Fg1y): in D1 & A mimic
Spoiler and in Fig 1)y apply the strategy from G(C1 — Fig 1), F{0,1)) given by Theorem
(3 and 4). An analogous argument shows that A — Fi;9) = (D1 ® A) A F{3,9). For the
remaining possible values of B we will show A — B = (D1 @ A) A Fig1) A F1,2)- Again,
A—B > (Di®A)ANBAB > (D1 ® A) A Fgyy A Fyg) is easy. For the converse,
observe that B only uses ranks 1,2,3. Consider the following strategy for Duplicator in
G(A — B,(D1®A) A Fg1) A Fl1,2))- In the component D; @ A simply mimic the behaviour
of Spoiler’s critical token. In F{o) use the strategy from G(C1 — B’,Fg 1)), where B’
denotes B with ranks 1 and 2 replaced by 0 and rank 3 replaced by 1. In F(; ) use the
strategy from G(Cy — B, F{;2)), where B"” denotes B with all 3’s replaced by 1’s. The
combination of these three strategies is winning for Duplicator.
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For the remaining automata, we will show that what really matters is the maximal
simple branching automaton contained in C; — B. There are two main cases: either
Cor-1 < B<Cu (C3<B<C,fork=1),0r Cpuorx-1) < B < Cpoar (F((),z) < B<Z
Cyw2fork =1). Inthe first case A — B = C_, ®A, inthesecond case A — B=C_ ,,, DA
Since the proofs are entirely analogous, we will only consider the first case. We only need
to argue that A — B < 7, @ A, since the converse inequality is obvious.

Let us start with B = C_x. Denote the head loop of C i by Ag. It is enough to show
a winning strategy in G(A — B, C @ A). Since no path from the head loop of A — B
to Ag goes through an accepting loop, Duplicator may keep his critical token in the head
loop of €, as long as at least one of Spoiler’s tokens can reach Ag. Hence, for every token
produced by Spoiler in Ag, Duplicator can produce a doppelgdnger. When none of Spoiler’s
tokens can reach \g any more, Duplicator moves his critical token to A and mimics Spoiler.

Let us now suppose that C_r-1 < B < C_x, k > 2 (for k =1 the proof is very similar).
The strategy for Duplicator in G(A — B,C_,, & A) is as follows. Let m be such that B <
C k-1,,. For every token x; produced by Spoiler using the head loop of A — B, Duplicator
produces m tokens yi,...,y™ using the head loop of C".- Then the tokens yh .. ym
play against z; simulating Duplicator’s winning strategy from G (B, (C; ® C_r-1)"™). When
Spoiler moves his critical token to A, Duplicator does the same and keeps mimicking Spoiler
in A.

Thus we managed to simplify A — B to C;; @ A where a = w* or o = w*?**, An
equivalent canonical automaton is provided by Lemma [I3.3] L]

Now we are ready to deal with (¢, k)-replication. Since C, w3 = Cy L ww+1, the class
C is not closed by (L—RZ However, adding the three top canonical automata is enough to get
the closure property.

Proposition 13.6. For A A,,..., A, € C, 1,k < w, one can find in polynomial time an

automaton in C' equivalent to A () A, .. A

Proof. Let B=A (L—KZ A, ..., A;. If B admits any of the automata C w3, C w311, Cpws g,
then it is equivalent to the maximal one it admits (see Theorems [[2.2] and [[2.4]). Let us
assume B admits none of the three automata above. Let us also assume that ¢ < k.

1. If some A; contains a (0,1)-flower and some A; contains a (1,2)-flower, then B =
(F(Lﬁ) @A) A F(172) A F(O,l)- It is easy to show that (F(L,n) @A) A F(172) A\ F(O,l) < B (c. f.
Lemma [0.T)). We shall concentrate on the converse inequality. From the hypothesis that
B does not admit C w31, it follows easily that x must be odd and A4,,..., A;_1 must be
(1,2) automata. Furthermore, since B does not admit C,.3, Aj uses only ranks 1,2, 3.
The strategy for Duplicator in G(B, (F{, ) ® A) A F19) A Fo,1)) is analogous to the one
used in the proof of the previous proposition. In the component F{, ,) & A simply mimic
the behaviour of Spoiler’s critical token. In F{q 1), loop around the 1-loop whenever Spoiler
loops around the 1-loop of a (0, 1)-flower in A, (again, if the run is to be accepting, this may
happen only finitely many times), otherwise loop around 0-loop. For the strategy in F{; o),
treat all the ranks appearing in Spoiler’s F{, ) or A as 2’s, and the 3’s in A, as 1’s. Seen
this way, B is a (1,2)-automaton, and by Theorem Spoiler’s actions can be simulated
in F(LQ).
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2. If A; contain only (1,2)-flowers, then B = (F{, ) © A) A Fy,2). This is proved just like
the first case.

3. If A; contain only (0,1)-flowers, then B = (A (er) Ay A1, C1)AF (o1 (use case 4 or
5 to get a canonical form). Like in the first case, kK must be odd, A,, ..., Ax,_1 must be (1, 2)-
automata. Consequently, it must be A, that contains a (0, 1)-flower. Since A, contain no

Flo,2) (by the hypothesis no A; does), A, = Flg,1). Again B > ((A (er) A, A1, C) A

Flo,1y) is easy. The strategy for Duplicator in G(B, ( (wr) Ay A1, C1) A Fg ) is to

copy Spoiler’s actions in A (L—KZ Ay, ...y Ax—1,C1 and in Fg 1) keep record of all 1’s appearing

in A, (if the run is to be accepting, there may be only finitely many altogether).

4. If A; contain no non-trivial flowers, 1 = 0, and A, contains a D3, then B = (F{, ) ® A) A
F(1,9)- The inequality B < (F{, ) © A) A F{q,9) is proved just like in the first case. Let us
see that the converse holds. Consider the game G((F{, ) ® A) A F{1,2), B) and the following
strategy for Duplicator. Copy Spoiler’s actions in F{, ) & A, but whenever Spoiler enters
the 1-loop in (1,2), loop once around 0-loop, move the extra token to the head loop of D,
and keep looping around until Spoiler leaves his 1-loop. Then remove your extra token, and
so on. It is easy to see that the strategy is winning for Duplicator.

5. If A; contain no non-trivial flowers and either o # 0 or A, contains no Do, then B =
Fl, ) @ A. To prove it, we have to describe the strategy for Duplicator in G(B, F{, ) © A).
During the whole play keep numbering the new tokens produced by Spoiler according to
their birth time. (As usual, the left token is considered a parent, the right token is born,
transitions of the form p — T,q or p — ¢, T do not produce new tokens.) The strategy
is as follows. While there are no new tokens in rejecting loops in A,, ..., A, keep copying
Spoiler’s moves in his F{, ,.). When the first new token, say x;,, enters a 1-loop, start looping
around the 1-loop of your F{, ) (the loop exists since ¢+ < k), and keep doing it until x;,
leaves the 1-loop. If it does not happen, Spoiler will lose. When it does happen, stop
looping around 1-loop. Investigate all the ranks used by Spoiler in (¢, k)-flower while you
were simulating x;,, choose the highest one, say k, and loop once a k-loop. Afterwords, if
there are no tokens in rejecting loops in A;, copy Spoiler’s moves. Otherwise, choose the
token with the smallest number, say z;,, start looping around the loop with the highest
rank 1 in your (¢, k)-flower, and so on.

Let us see that if Spoiler does not enter A, he loses the game. If the run constructed
by Spoiler is to be rejecting, either the highest rank used infinitely often in F, . is odd, or
some token stays forever in a rejecting loop in one of A,,..., A;. In any case Duplicator’s
strategy guarantees a rejecting run for him as well. Let us suppose that Spoiler’s run is
accepting. If only finitely many new tokens entered rejecting loops in A4,, ..., A, then there
was a round such that from this round on Duplicator was simply mimicking Spoiler’s actions
in F{, ) and so Duplicator’s run is also accepting. Suppose that infinitely many new tokens
visited rejecting loops in A,, ..., A;. We have assumed that either ¢+ # 0 or A, contains no
D5. In either case the ranks greater then 0 must have been used infinitely many times in
F{, x). Consequently, the highest rank used in F{, . is greater then 1, and Duplicator’s run
is accepting despite infinitely many 1’s used in F{, ).

Suppose now that Spoiler leaves F{, .. Following the argument used in the proof of the
closure by @, we may suppose that the simple automaton containing the head loop of A is at
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least a (¢, k). When Spoiler enters A, he may produce no more tokens in A,,..., A;. From
now on Duplicator should mimic Spoiler’s behaviour in his copy of A, handling rejecting
loops in A,, ..., A, in the usual way.

What is left is the case ¢ = k. If kisodd, B = A — A;. If k is even, Ap must be a (1, 2)-
automaton. In the cases 2 and 4 proceed just like before. In the case 5, the automaton
Ap cannot contain Do. If Ay € {C1, D1,Cs}, then B = (C; @ A) A Ag. If Ay = FE4, then
B=Ci@(AV (). O

The following corollary sums up the closure results.
Corollary 13.7. The class of canonical automata C' is closed by V, @, A, (L’—Hz, and the
equivalent automaton can be found in polynomial time.

Proof. The claim is an almost immediate consequence of the preceding propositions. Only
the automata C,uw3, Ciwsiq, Cow3,9 need special care: if the result of the operation
in question admits any of these automata, it is equivalent to the hardest one it admits

(Theorems and [12.4). (]

14. COMPLETENESS

In this section we show that the canonical automata represent the =y -classes of all
deterministically recognisable tree languages. We will implicitly use Corollary [I3.7 and the
Substitution Lemma (Lemma [5.5], page [[2]) on several occasions.

We will say that a transition is positive if one of its branches lies on an accepting loop,
and negative if one of its branches lies on a rejecting loop. Note that a transition may be
positive and negative at the same time. Recall the notion of replication (see page [7]). We
say that a state is j-replicated if it is replicated by a j-loop. An automaton is j-replicated
if its initial state is j-replicated.

Finally, let us recall the lifting operation invented by Niwinski and Walukiewicz and
used to prove the decidability of the deterministic index hierarchy (Theorem 2] page [4).

Lemma 14.1 (Niwiriski and Walukiewicz [7]). For each deterministic automaton A one can
compute (in polynomial time if the productive states are given) an automaton A 1011 ... 1"
such that L(A) = L(A 191! ... 1") and if a state q has the rank j < n than q lies on a j-loop
of a (j,n)-flower. ]

Theorem 14.2. For every deterministic tree automaton there exists an equivalent canonical
automaton.

Proof. Let A be a deterministic tree automaton. From Theorem (7) it follows that if
A admits C w39, A= C uws g If A does not admit C w3 4, then by Theorem 122 (5 and
6) if A admits C w31, A = C s, q. Otherwise L(A) € Az and if A admits C_ws, then
A = C_w3 (Theorem [M24)). In the remaining of the proof we will assume that A admits
none of these three automata. We will proceed by induction on the height of the DAG of
SCCs of A. Let X denote the root SCC of A. We will say that X contains a transition
p — p’,p", if X contains all three states, p, p’, and p”. We consider four separate cases.
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1. X contains a positive transition. Observe that each state of A is replicated by an accept-

ing loop. Therefore, if A admits F{q 1), it must also admit Cy 09 Flo,1) = Cew341, which is

excluded by our initial assumption. Consequently, A is a (1,2)-automaton (Theorem [2.2]).
Without loss of generality we may assume that A uses only ranks 1 and 2.
By Theorem [12.2] (3 and 4), L(F(1 ) is 19-complete and L(A) € II9, which implies

that A < F(qq). If A admits Dy @& C1, then it also admits Cy ©.0 Dy & (4, and so

A>Cy ©0 Dy, & C4. From Theorem (3) it follows that C4 0.9 Dy & Cy = F ).

Consequently, A = F{y g).

Suppose that A does not admit Dy & C7, but X contains a rejecting loop A;. Let p; be
a state on that loop. Since X contains a positive transition, it must contain an accepting
loop and, in particular, a state with rank 2, say po. Since X is strongly connected, we may
find a loop A going from p; to p; via py. Since X only uses ranks 1 and 2, and rank(ps) = 2,
A2 is accepting. Hence, A; and A2 form a (1,2)-flower. In consequence, A > F{; o). Hence,
A= F(1,2) .

Finally, suppose that X contains no rejecting loops and A does not admit Dy & C;. By
Theorem (2), L(A) € 1Y and since L(Cy @ D) is I%-complete, A < C; @ Dy. If A
admits Dy it also admits C7 @ D1, and so A = Cs. If A does not admit Dy it means that
it contains no rejecting loop. Hence, A accepts every tree and A = (4.

2. X contains an accepting loop and a negative transition, but no positive transitions. Let
A+ be an accepting loop in X and Ax be a loop visiting all X’s nodes and containing
a branch of the (negative) transition contained in X. Since X does not contain positive
transitions, Ax is rejecting. The loops A4 and Ax form a (0,1)-flower. Hence, A admits
Flo,1)- Furthermore, should A contain a (0,2)-flower, it would obviously be replicated by
Ax and A would admit €1 — Fgg) = C,ws, which contradicts our general hypothesis.
Hence, A does not admit Fg ), which means A is a (1, 3)-automaton (Theorem 2.2 page
B). Without loss of generality we may assume that it uses only ranks 1,2, 3.

By Theorem (3 and 4), if A admits neither F{; ) nor Ci bl D1 & (4, then

A = F,1)- Suppose that A admits one of these two automata. Consider the game G(Fg 1)/
Fl12),A). Let 2! and 22 be Spoiler’s tokens in Flo,1) and F{y 2), respectively. Since X
contains a (negative) transition, Duplicator can split his critical token into y' and y? within

X, and move y' to the (0, 1)-flower in X, and y? to the (1, 2)-flower, or to the accepting loop

replicating a weak (1, 2)-flower (if A admits C 9 D1 @C1). Then y! should mimic !, and

y? should mimic z? — either directly, or adapting the strategy from G(F(Lg), 4 (0—’02 D1

C1). Hence, Duplicator has a strategy to win the game. It follows that F(g 1) A F12) < A.
For the converse inequality, let us call the states with rank 3 contained in a (0, 1)-flower

red, and the remaining blue. Since A does not admit Cy (0—’0)> Flo,1), no red state is replicated
by an accepting loop. Consider the game G(A, Fig1) A F(12)). For a strategy in F(;
Duplicator should treat all the red states as if they had rank 1; the automaton A modified
this way does not admit Fg 1), so Duplicator may use the strategy given by Theorem
(3 and 4). In Fg ;) Duplicator should loop a 1-loop whenever some Spoiler’s token is in
a red state. Otherwise, Duplicator should loop a 0-loop. Let us see that this strategy is
winning.
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Suppose that Spoiler’s run is accepting. After changing the ranks of red states from 3
to 1 it is still accepting, so Duplicator’s token in F{; o) visited an accepting path. By the
Replication Lemma (Lemma 0.1 page [21]), the occurrences of red states in Spoiler’s run
may be covered by a finite number of paths. Furthermore, each of these paths is accepting,
so it may only contain a finite number of red states. Hence, there may be only finitely
many red states in Spoiler’s run and the path visited by Duplicator’s token in Fg ) is also
accepting.

Suppose now, that Spoiler’s run is rejecting. If red states occurred only finitely often,
Spoiler’s run is still rejecting after changing their ranks to 1, so Duplicator’s token in F{; )
visited a rejecting path. If there were infinitely many red states in Spoiler’s run, Duplicator’s
token in Fg 1) visited a rejecting path.

Hence, A = Fg1) A F(1,2) and by Lemma 0.2, A = F{, 3).

3. X contains some transitions but no accepting loops. Let ¢ —~ ¢}, ¢, i = 1,...,n be

all the transitions such that ¢; € X and ¢},q ¢ X. Let p; 14 p; j=1,...,m be all the
remaining transitions such that p; € X and p; ¢ X. We will call the automata (A)y, (4),
and (A)p} the child automata of X. By the induction hypothesis we may assume that they
are in canonical forms. Let B = ((A)g A (A)gr) V...V ((A)gy A(A)g) V (A)pr VoV (A, .
It is not difficult to see that A is equivalent to C7 — B.

"
7
p

4. X contains no transitions. Recall that this means exactly that at most one branch of
every transition stays in X. First replace subtrees rooted in the target states of transitions
whose all branches leave X with one canonical automaton B just like above. Let (¢, k) denote
the highest index of a flower contained in X. It is well defined, because a strongly connected
component admitting Fig ;) and F{y ;4 1) must also admit F{g ;;1). We may assume that X
uses only ranks ¢, ..., k, and that each j-loop is indeed a j-loop in a (j, k)-flower (Lemma
I41). For each j =¢,...,k, let B;j be the alternative of all the child automata replicated
by a j-loop in X. By induction hypothesis, we may assume that B,,..., B, and B are

canonical automata. Let A’ = B 7 B,,...,B.. We will show that A= A’
If . = k, the assertion is clear. Suppose that ¢ < k. Obviously, A’ > A. Let us see that

A’ < A. Let A” denote the result of the following simplifications performed on A’.

e If some B; contains a (0, 1)-flower and some B; contains a (1, 2)-flower, replace B, with
a (1, 3)-flower.

If some B; contains a (0,1)-flower and no B; contains a (1,2)-flower, replace B, with
a (0, 1)-flower.

If some B; contains a (1,2)-flower and no B; contains a (0, 1)-flower, replace B, with
a (1,2)-flower.

o If B,,..., B, admit no F{, ) with ¢ <k, remove B.

e If 1 = 0 and B, admits Ds, replace B, with Dy. Otherwise, remove B,.

e Remove all B, 1,...,Bx_1.

Examination of the five cases considered in the proof of Proposition reveals that A’
and A” have identical canonical forms. Consequently, A’ = A”, and it is enough to show
that A” < A. Consider all (¢, k)-flowers in X. Choose any one whose t-loop replicates D,
if there is one, or take any (¢, k)-flower otherwise. Then, extend the x-loop to a loop using
all the transitions in X. Denote this flower, together with the subtrees replicated by ¢-loop
or k-loop, by F. One can prove easily that A” < F @& B, and obviously F & B < A. ]
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Algorithm 1 The canonical form of deterministic tree automata

1. if A admits C 3,5 then

2:  return C w3,

3: else if A admits C,w3,1 then

4:  return C w311

5: else if A admits C,.3 then

6: return C w3

7: else

8 X := the root SCC of A

9: if X contains a positive transition then

10: if A admits F{; 5y or A admits () 9 D then
11: return F{q o)

12: else if A admits D; then

13: return Cy

14: else

15: return Cy

16: end if

17:  else if X contains a negative transition then

18: if X admits C then

19: if A admits F{; 5y or A admits () 00 D5 then
20: return F{y 3
21: else
22: return Fig 1)
23: end if
24: else
25: B := the alternative of the canonical forms of X’s children
26: return 7 — B
27: end if
28:  else {X contains no transitions}
29: B := the alternative of the canonical forms of X’s non-replicated children
30: liftt ranks in X
31: (¢,k) := the index of the maximal flower
32: for j :=1to k do
33: Bj := the alternative of the canonical forms of X’s j-replicated children
34: end for
35: return B (o) B,,...,Bx
36: end if
37: end if

From the proof of the Completeness Theorem one easily extracts an algorithm to cal-
culate the canonical form of a given deterministic automaton (Algorithm 1).

Corollary 14.3. For a deterministic tree automaton, a Wadge equivalent canonical au-
tomaton can be calculated within the time of finding the productive states of the automaton.

Proof. 1t is easy to see that the size of the canonical forms returned by the recursive calls of
each depth is bounded by the size of A (up to a uniform constant factor). To prove the time
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complexity of the algorithm assume that the productive states of A are given. Checking if
A admits any of the automata mentioned in the algorithm can be easily done in polynomial
time. The operations on the automata returned by the recursive calls of the procedure
(lines 25, 26, 29, 33, and 35) are polynomial in the size of those automata, and by the
initial remark also in the size of the automaton. By Lemma [T41] the lifting operation is also
polynomial. Therefore, when implemented dynamically, this procedure takes polynomial
time for each SCC. Processing the entire automaton increases this polynomial by a linear
factor. L]

Instead of a canonical automaton, the algorithm above can return its “name”, i. e.,
a letter C, D, or E, and an ordinal a < w*3 + 2 presented as a polynomial in w*, with
the coefficients presented as polynomials in w. Since for such presentation it is decidable in
linear time if o < 3, as an immediate consequence of Corollary [4.3] and Theorem [I0.5] we
get an algorithm for Wadge reducibility.

Corollary 14.4. For deterministic tree automata A, B it is decidable if L(A) <w L(B)
(within the time of finding the productive states of the automata). L]
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