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Abstract. The main result of this paper is that the isomorphism problem for w-
automatic trees of finite height is at least as hard as second-order arithmetic and
therefore not analytical. This strengthens a recent result by Hjorth, Khoussainov,
Montalbén, and Nies [9] showing that the isomorphism problem for w-automatic
structures is not X3. Moreover, assuming the continuum hypothesis CH, we can
show that the isomorphism problem for w-automatic trees of finite height is recur-
sively equivalent with second-order arithmetic. On the way to our main results,
we show lower and upper bounds for the isomorphism problem for w-automatic
trees of every finite height: (i) It is decidable (IT7-complete, resp.) for height 1
(2, resp.), (i) I11-hard and in I3 for height 3, and (iii) II}_5- and X} _5-hard
and in I3, _, (assuming CH) for all n > 4. All proofs are elementary and do
not rely on theorems from set theory. Complete proofs can be found in [18].

1 Introduction

A graph is computable if its domain is a computable set of natural numbers and the edge
relation is computable as well. Hence, one can compute effectively in the graph. On the
other hand, practically all other properties are undecidable for computable graphs (e.g.,
reachability, connectedness, and even the existence of isolated nodes). In particular,
the isomorphism problem is highly undecidable in the sense that it is complete for
X1 (the first existential level of the analytical hierarchy [21, Chapter IV.2]); see e.g.
[3, 8] for further investigations of the isomorphism problem for computable structures.
These algorithmic deficiencies have motivated in computer science the study of more
restricted classes of finitely presented infinite graphs. For instance, pushdown graphs,
equational graphs, and prefix recognizable graphs have a decidable monadic second-
order theory and for the former two the isomorphism problem is known to be decidable
[5] (for prefix recognizable graphs the status of the isomorphism problem seems to be
open).

Automatic graphs [13] are between prefix recognizable and computable graphs. In
essence, a graph is automatic if the elements of the universe can be represented as
strings from a regular language and the edge relation can be recognized by a finite state
automaton with several heads that proceed synchronously. Automatic graphs (and more
general, automatic structures) received increasing interest over the last years [2, 10,
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14,15,24]. One of the main motivations for investigating automatic graphs is that their
first-order theories can be decided uniformly (i.e., the input is an automatic presentation
and a first-order sentence). On the other hand, the isomorphism problem for automatic
graphs is X} -complete [14] and hence as complex as for computable graphs.

In our recent paper [17], we studied the isomorphism problem for restricted classes
of automatic graphs. Among other results, we proved that (i) the isomorphism problem
for automatic trees of height at most n > 2 is complete for the level I19,, _, of the arith-
metical hierarchy and (ii) that the isomorphism problem for automatic trees of finite
height is recursively equivalent to true arithmetic. In this paper, we extend our tech-
niques from [17] to w-automatic trees. The class of w-automatic structures was intro-
duced in [1]. It generalizes automatic structures by replacing ordinary finite automata by
Biichi automata on w-words. In this way, uncountable graphs can be specified. Some re-
cent results on w-automatic structures can be found in [9,11,16,19]. On the logical side,
many of the positive results for automatic structures carry over to w-automatic struc-
tures [1, 11]. On the other hand, the isomorphism problem of w-automatic structures
is more complicated than that of automatic structures (which is X1-complete). Hjorth
et al. [9] constructed two w-automatic structures for which the existence of an isomor-
phism depends on the axioms of set theory. Using Shoenfield’s absoluteness theorem,
they infer that isomorphism of w-automatic structures does not belong to X'3. Also us-
ing Shoenfield’s absoluteness theorem, Finkel and Todorcevic¢ [7] recently showed that
the isomorphism problems of w-tree-automatic' partial orders, Boolean algebras, rings,
and non-commutative groups are not in the class 23.

The extension of our elementary techniques from [17] to w-automatic trees allows
us to show directly (without a “detour” through set theory) that the isomorphism prob-
lem for w-automatic trees of finite height is not analytical (i.e., does not belong to any of
the levels 2}). For this, we prove that the isomorphism problem for w-automatic trees
of height n > 4 is hard for both levels X} 5 and II._, of the analytical hierarchy (our
proof is uniform in n). A more precise analysis reveals at which height the complex-
ity jump for w-automatic trees occurs: For automatic as well as for w-automatic trees
of height 2, the isomorphism problem is I7)-complete and hence arithmetical. But the
isomorphism problem for w-automatic trees of height 3 is hard for I7{ (and therefore
outside of the arithmetical hierarchy) while the isomorphism problem for automatic
trees of height 3 is I1. g-complete [17].

We prove our results by reductions from monadic second-order (fragments of) num-
ber theory. The first step in the proof is a normal form for analytical predicates. The ba-
sic idea of the reduction then is that a subset X C N can be encoded by an w-word wx
over {0, 1}, where the i*" symbol is 1 if and only if i € X. The combination of this basic
observation with our techniques from [17] allows us to encode monadic second-order
formulas over (N, +, x) by w-automatic trees of finite height. This yields the lower
bounds mentioned above. We also give an upper bound for the isomorphism problem:
for w-automatic trees of height n, the isomorphism problem belongs to 73, ,. While
the lower bound holds in the usual system ZFC of set theory, we can prove the upper
bound only assuming in addition the continuum hypothesis. The precise recursion the-

' An w-tree-automatic structure is a structure whose elements are coded as infinite trees and
whose universe and relations are accepted by Muller or Rabin tree automata.



oretic complexity of the isomorphism problem for w-automatic trees remains open, it
might depend on the underlying axioms for set theory.

Related work Results on isomorphism problems for various subclasses of automatic
structures can be found in [7, 14, 15, 17,23]. Some completeness results for low levels
of the analytical hierarchy for decision problems on infinitary rational relations were
shown in [6].

2 Preliminaries

Let Ny = {1,2,3,...}. With T we denote a tuple (z1,...,,,) of variables, whose
length m does not matter.

The arithmetical and analytical hierarchy: In this paper we follow the definitions
of the arithmetical and analytical hierarchy from [21, Chapter IV.1 and IV.2]. In order
to avoid some technical complications, it is useful to exclude O in the following, i.e.,
to consider subsets of N . In the following, f; ranges over unary functions on N, X;
over subsets of N, and u, x,y, 2, 7;, . . . over elements of N . The class X0 C 2N+ i
the collection of all sets A C N of the form

A:{IEN-‘r | (N7+7X) ):Elyl va"'Qyn:S0($7y1,-~-7yn)},

where ( = V (resp. () = 3J) if n is even (resp. odd) and ¢ is a quantifier-free formula
over the signature containing + and x. The class IT? is the class of all complements of
X0 sets. The classes X0, IT0 (n > 1) make up the arithmetical hierarchy.

The analytical hierarchy extends the arithmetical hierarchy and is defined analo-
gously using function quantifiers: The class X} C 2N+ is the collection of all sets
A C N; of the form

A:{xGNJr | (N7+7X) >:3f1 vf?"'an:99(:E>f17"'7fn)}7

where (Q = V (resp. @ = J) if n is even (resp. odd) and ¢ is a first-order formula over
the signature containing +, X, and the functions f1,..., f,. The class H}l is the class
of all complements of X} sets. The classes X}, IT} (n > 1) make up the analytical
hierarchy. The class of analytical sets* is exactly |J,~, X} U IT}.

As usual in computability theory, a Godel numbering of all finite objects of interest
allows to quantify over, say, finite automata as well. We will always assume such a
numbering without mentioning it explicitly.

Biichi automata: For details on Biichi automata, see [22,25]. Let I" be a finite alpha-
bet. With I'™* we denote the set of all finite words over the alphabet I'. The set of all
nonempty finite words is I" . An w-word over I is an infinite sequence w = ajazas - - -
with a; € I'. We set w[i] = a; for i € N;. The set of all w-words over I" is denoted
by I'“.

2 Here the notion of analytical sets is defined for sets of natural numbers and is not to be con-
fused with the analytic sets studied in descriptive set theory [12].



A (nondeterministic) Biichi automaton is a tuple M = (Q, I, A, I, F'), where Q is
a finite set of states, I, F' C @ are resp. the sets of initial and final states, and A C @Q x
I" x @ is the transition relation. If I = X" for some alphabet X, then we refer to M as
an n-dimensional Biichi automaton over 3. A run of M on an w-word w = ajasas - - -
is an w-word r = (q1, a1, 92)(g2, a2,q3)(q3,a3,q4) - - - € A“ such that g; € I. The
run 7 is accepting if there exists a final state from F' that occurs infinitely often in 7.
The language L(M) C I'“ defined by M is the set of all w-words for which there
exists an accepting run. An w-language L C I'“ is regular if there exists a Biichi
automaton M with L(M) = L. The class of all regular w-languages is effectively
closed under Boolean operations and projections.

For w-words w1, . ..,w, € I'“, the convolution w1 ® ws ® -+ @ wy, € (I'™)¥ is
defined by

w @wWy ® -+ @wy = (wr[1],. .., wu[1])(w1[2], ..., wa[2])(w1][3], ..., ws[3]) -

Forw = (wy,...,w,), we write ®(W) forw; @ - - - ® wy,.

An n-ary relation R C (I'*)™ is called w-automatic if R = {®(w) | w € R} isa
regular w-language, i.e., it is accepted by some n-dimensional Biichi automaton. We de-
note with R(M) C (I')™ the relation defined by the n-dimensional Biichi automaton
M over the alphabet I

To also define the convolution of finite words (and of finite words with infinite
words), we identify a finite word v € [™ with the w-word uo“, where ¢ is a new
symbol. Then, for u,v € I'*;w € I'¥, we write u ® v for the w-word u o* ®vo* and
u ® w (resp. w ® u) for u 0¥ Rw (resp. w @ uo™).

w-automatic structures: A signature is a finite set 7 of relational symbols together
with an arity ng € N for every relational symbol S € 7. A 7-structure is a tuple A =
(A, (S*)ser), where A is a set (the universe of A) and S C A™S. When the context
is clear, we simply denote S by S, and we write a € A fora € A. Let E C A2 be an
equivalence relation on A. Then E is a congruence on A if (u1,v1), ..., (Ung, Ung) €
E and (u1,...,ung) € S imply (v1,...,v,s) € S for all S € 7. Then the quotient
structure A/ E can be defined:

— The universe of .4/ F is the set of all E-equivalence classes [u] for u € A.
— The interpretation of S’ € 7 is the relation {([u1], . . ., [ung]) | (u1,... ,ung) € S}

Definition 2.1. An w-automatic presentation over the signature T is a tuple
P = (F7 M, M=, (MS)SET)
with the following properties:

— I is a finite alphabet

M is a Biichi automaton over the alphabet I'.

For every S € T, Mg is an ng-dimensional Biichi automaton over the alphabet I’
such that R(Mg) C L(M)"s.

Mz is a 2-dimensional Biichi automaton over the alphabet I" such that R(M=) is
a congruence relation on (L(M), (R(Ms))ser)-



The T-structure defined by the w-automatic presentation P is the quotient structure
S(P) = (L(M), (R(Ms))ser)/R(Mz=) .

If R(M=) is the identity relation on L(M), then P is called injective. A structure A
is (injectively) w-automatic if there is an (injectively) w-automatic presentation P with
A = S(P). There exist w-automatic structures that are not injectively w-automatic [9].
We simplify our statements by saying “given/compute an (injectively) w-automatic
structure A” for “given/compute an (injectively) w-automatic presentation P of a struc-
ture S(P) = A”. Automatic structures [13] are defined analogously to w-automatic
structures, but instead of Biichi automata ordinary finite automata over finite words are
used. For this, one has to pad shorter strings with the padding symbol ¢ when defining
the convolution of finite strings. More details on w-automatic structures can be found
in[2,9,11].

Let FO[3%, 32" be first-order logic extended by the quantifiers 3%z ... (k €
{Rg,2%0}) saying that there exist exactly x many x satisfying .. .. The following theo-
rem lays out the main motivation for investigating w-automatic structures.

Theorem 2.2 ([1,11]). From an w-automatic presentation P = (I', M, M=, (Mg)sc+)

Roq . ) . .
and a formula ¢(T) € FO[3Y°,32°"] in the signature T with n free variables, one can
compute a Biichi automaton for the relation

{ae L(M)" | S(P) | ¢([ar], [az), - -, [an])} -

In particular, the FO[3%0, EIQNO] theory of any w-automatic structure A is (uniformly)
decidable.

Definition 2.3. Let IC be a class of w-automatic presentations. The isomorphism prob-
lem Iso(K) is the set of pairs (Py, Py) € K? of w-automatic presentations from K with
S(P) =2 S8(P).

If A; and A, are two structures over the same signature, we write A; W Ay for the
disjoint union of the two structures. We use A" to denote the disjoint union of x many
copies of the structure A (where  is any cardinal).

Trees and dags: A forest is a partial order F' = (V, <) such that for every z € V,
the set {y | y < x} of ancestors of x is finite and linearly ordered by <. The level of
anode x € Vis [{y | y < x}| € N. The height of F is the supremum of the levels
of all nodes in V’; it may be infinite, but this paper deals with forests of finite height
only. For all u € V, F(u) denotes the restriction of F' to the set {v € V | v < v}
of successors of u. We will speak of the subtree rooted at u. A tree is a forest that has
a minimal element, called the root. For a forest F' and r not belonging to the domain
of F', we denote with r o F' the tree that results from adding r to F' as a new root. The
edge relation E of the forest F is the set of pairs (u,v) € V2 such that u is the largest
element in {x | * < v}. For any node u € V, we use E(u) to denote the set of children
(or immediate successors) of u.

We use 7,, (resp. 7,}) to denote the class of (injectively) w-automatic presentations
of trees of height at most n. Note that it is decidable whether a given w-automatic
presentation P belongs to 7,, and 7.}, resp. (since the class of trees of height at most n
can be axiomatized in first-order logic).



3 w-automatic trees of height 1 and 2

Two trees of height 1 are isomorphic if and only if they have the same size. Since the size
of an w-automatic structure is computable from any presentation [11], the isomorphism
problem for w-automatic trees of height 1 is decidable.

For w-automatic trees of height 2 we need the following result:

Theorem 3.1 ( [11]). Let A be an w-automatic structure and let p(x1,...,x,,y) be
a formula of FO[F*0, EIQNO]. Then, for all ay,...,a, € A, the cardinality of the set
{be A| A play,...,a,,b)} belongs to N U {Rg, 2%},

Now, let us take two trees 73 and 75 of height 2 and let E; be the edge relation of T}
and r; its root. For ¢ € {1,2} and a cardinal X let k ; be the cardinality of the set of
all w € E;(r;) such that |E;(u)| = A\. Then 77 = T5 if and only if k) 1 = Ky 2 for any
cardinal A\. Now assume that 77 and 75 are both w-automatic. By Theorem 3.1, for all
i € {1,2} and every u € E;(r;) we have |E;(u)| € NU {Rq, 2%}, Moreover, again by
Theorem 3.1, every cardinal x ; (A € NU{R, 2% }) belongs to NU {R, 2%} as well.
Hence, T1 = Ty if and only if: YA,k € NU {R¢, 2%} : ky1 = k & Ky = K. By
Theorem 2.2, the statement k) ; = K <> k)2 = K is decidable, so the whole statement
belongs to IT). Hardness for I1{ follows from the corresponding result on automatic
trees of height 2 [17].

Theorem 3.2. The following holds:

— The isomorphism problem lso(7;) for w-automatic trees of height 1 is decidable.

— There exists a tree U such that {P € T3 | S(P) = U} is II?-hard. The isomor-
phism problems 1s0(75) and |so(T3) for (injectively) w-automatic trees of height 2
are IT?-complete.

4 A normal form for analytical sets

To prove our lower bound for the isomorphism problem of w-automatic trees of height
n > 3, we will use the following normal form of analytical sets. A formula of the form
x € X orx &€ X is called a set constraint.

Proposition 4.1. For every odd (resp. even) n € N and every IT} (resp. X}) relation
A C N, there exist polynomials p;, q; € N[Z,vy,Z] and disjunctions 1; (1 < i < {) of
set constraints (on the set variables X1, ..., X, and individual variables T,vy,Z) such

that T € A if and only if

‘
Qle QQXQ e Qan 3?/ vz : /\Pi(f,yaf) 7& ql(Ia yvz) \ wi(fvyazv Xla cey Xn)
i=1
where Q1,Qo, . . ., Q, are alternating quantifiers with Q,, = V.

The proof of this proposition uses standard arguments and Matiyasevich’s theorem on
the equivalence of recursively enumerable and Diophantine sets [20], but we could not
find it stated in precisely this form anywhere in the literature. It is known that the first-
order quantifier block JyVZ in Proposition 4.1 cannot be replaced by a block with only
one type of first-order quantifiers, see e.g. [21, p. 379].



5 w-automatic trees of height at least 4

We prove the following theorem for injectively w-automatic trees of height at least 4.

Theorem 5.1. Letn > 1 and © € {X,I1}. There exists a tree Uy, o of height n + 3
such that {P € T} 5 | S(P) = U, o} is hard for ©}. Hence,

— the isomorphism problem |so(7T,! 13) for the class of injectively w-automatic trees
of height n + 3 is hard for both the classes I1} and X},

— and the isomorphism problem |so(T") for the class of injectively w-automatic trees
of finite height is not analytical.

Theorem 5.1 will be derived from the following proposition whose proof occupies Sec-
tions 5.1 and 5.2.

Proposition 5.2. Letn > 1. There are trees U[0] and U[1] of height n.+ 3 such that for
any set A that is I1} if n is odd and X} if n is even, one can compute from x € N an
injectively w-automatic tree T|x| of height n+ 3 with T[x] 2 U|[0] if and only if x € A
and T|x] = U[1] otherwise.

Note that this implies in particular that U[0] and U[1] are injectively w-automatic.

Let n > 1 and set U, »» = U[nmod 2] and U, 7 = Ul(n + 1) mod 2]. Then
Proposition 5.2 implies the first statement of Theorem 5.1. The remaining statements
are consequences of this first statement.

The construction of the trees T'[x], U[0], and U[1] is uniform in n and the formula
defining A. Hence the second-order theory of (N, +, x) can be reduced to [,y {n} x

Iso(7,}) and therefore to the isomorphism problem Iso(U,.en, T.}). This proves:

Corollary 5.3. The second-order theory of (N, 4+, X) can be reduced to the isomor-
phism problem |so(|J T} for the class of all injectively w-automatic trees of finite
height.

neNy

We now start to prove Proposition 5.2. Let A be a set that is 1} if n is odd and X}
otherwise. By Proposition 4.1 it can be written in the form

0
A= {.’1? € N+ | QIXI o QanHy vz /\pl(xayaz) 7& Qi(x7y7§) va(xay7E7y)}

i=1
where

- @Q1,Q2,...,Q, are alternating quantifiers with Q,, =V,

- pi,qi (1 < i < ¢) are polynomials in N[z, y, Z] where Z has length k, and

— every 1; is a disjunction of set constraints on the set variables X1, ..., X,, and the
individual variables x, y, Z.

For 0 < m < n, we will consider the formula ¢, (z, X1, ..., X,,—,) defined by

4
Qn+1—an+1—m e Qan 31/ vz /\ pl(lv yaz) # (h(ma yvg) \ ¢z(xv yvza Y)

i=1



such that pg(x, X4,...,X,) is a first-order formula and ¢,, () holds if and only if
x € A. In addition, let p_1 (z,y, X1, ..., X, ) be the subformula starting with Vz.

To prove Proposition 5.2, we construct by induction on 0 < m < n height-(m + 3)
trees T, [ X1, ..., Xn—m, 2] and Uy, [i] where X1,...,X,,—,, € Ny, 2 € Ny, and
i € {0, 1} such that the following holds:

Unl0]  if ¢m (2, X) holds

1
Un[l] otherwise @

VX € (M) e e Ny 2 T, [ X, o) &2 {

Setting T'[z] = Ty,[z], U[0] = U,[0], and U[1] = U,[1] and constructing from 2 an
injectively w-automatic presentation of T'[x] then proves Proposition 5.2.

5.1 Construction of trees

Note that C': N3 — N with C(z,y) = (z + y)* + 3z + y is an injective polynomial
function (C'(x, y)/2 is the position of (z+y, x) in the lexicographic enumeration of N?).
For two numbers z,y € N, let S[z,y] denote the height-1 tree with C(z,y) many
leaves.

The trees are constructed by induction on m, m = 0 being the base case: For all
X e (@) zeNt 2y, 2541 € Ny, 1 <i </ and k € Ny U{w} define the trees®

— S[1,2 if vi(x,y,2, X
T,[Xv‘rayvzvzk%*laﬂ = [ ' ] _ _ : w (my ‘ )
Slpi(z,y,Z) + zk+1, i (2, Y, Z) + 2x4+1] otherwise
and

L‘H{S[el,ez] lep #ex} W

No
T'X,z,y] =ro S ) . )
H-J{T [X7377ya572k+17l] |ze N-‘,—azk-‘rl € N+71 <1< é}

U"ls] = ro ([H{Sler.eal | ex # ea}  H(Slee] | 5 < e < w})NO .

Note that all the trees 7" [ X, =, y] and U"”[«] are build from trees of the form S|ey, e3].
Furthermore, if Sle, e] appears as a building block, then S[e + a, e + a] also appears
as one for all ¢ € N. In addition, any building block S[ey, es] appears either infinitely
often or not at all. These observations allow to prove the following:

(@ T'[X,z,y] = U"[x| for some k € Ny U{w}

(b) T"[X,z,y] = U"|w] if and only if ¢_; (z,y, X) holds

3 The choice of S[1,2] in the definition of T'[X, x, y, Z, 241, 1] is arbitrary. Any S[a, b] with
a # b would be acceptable.



In a next step, we collect the trees 7" [ X, z, y] and U”'[x] into the trees Ty [ X, z], Ug[0],
and Up[1] as follows:

TX. 2] = 7o (0" Im] [ m € N} T (Koo |y € N3 )
No
Us[0) = ro (U [m] | m € N2 U {w}})
Uof1] = ro (U m] | m e N,})

By (a), these trees are build from copies of the trees U”[«] (and are therefore of height 3),
each appearing infinitely often or not at all. Hence Ty[X, ] is isomorphic to Up[0] or
to Up[1] (and these two trees are not isomorphic). Note that Tp[X, z] = Up[0] if and
only if there exists some y € N with T"[X, z,y] = U”[w]. By (b) and the definition
of po(X, ), this is the case if and only if ¢o(X, x) holds. Hence (1) holds for m = 0.

Suppose for some number 0 < m < n we have trees T,,, [ X1, . . ., Xp—m, 2], Un [0]
and U,,[1] satisfying (1). Let X stand for (X1,..., X, ,_1) and let « = m mod 2.
We define the following height-(m + 4) trees:

Ts1[X, 2] =710 (Um[a] ] H—J {Tm[y7 Xn—m, 2] | Xn—m C N+})2 ’
Umsr]i] = 7o (Un|a] W Un i) fori e {0,1}

Note that the trees T}, +1[X, 7], Uyn11[0], and Uy, 41[1] consist of 2%° many copies of
U,[] and possibly 2%¢ many copies of U,,,[1 — a]. Hence T}, 41[X, x] is isomorphic
to one of the trees Uy, +1[0] or Uy, +1[1]. We show that T,,,+1[X, ] = U,,,11[0] if and
only if ¢, 1(z, X) for the case that m even, i.e., « = 0 (the case m odd is similar):
The two trees are isomorphic if and only if T, [X, X,,_, 2] = U,,[0] for all sets
X, —m C N,. By the induction hypothesis, this is equivalent to saying that the formula
gom(a:,Y, Xn—m) holds for all sets X,,_,,, € N,. But since m is even, the formula
Oma1 (7, X) equals VX, o (2, X, X))

This finishes the construction of the trees T;,,[X, z], Uy, [0], and U,,[1] as well as
the verification of (1). For m = n we get:

Lemma 5.4. For all x € N, we have T,,[z] =2 U,[0] if ¢ € A and T, [x] = Up[1]
otherwise.

5.2 Injective w-automaticity

Injectively w-automatic presentations of the trees Ty, [ X, z], Up,[0], and U, [1] will be

constructed inductively. Note that the construction of T}, +1[X, ] involves all the trees
Tn|X, Xp—m, z] for X,,_,, € N. Hence we need one single injectively w-automatic
presentation for the forest consisting of all these trees. Therefore, we will deal with
forests. To move from one forest to the next, we will always proceed as follows: add a
set of new roots and connect them to some of the old roots which results in a directed
acyclic graph (or dag) and not necessarily in a forest. The next forest will then be the

unfolding of this dag.



The height of a dag D is the length (number of edges) of a longest directed path
in D. We only consider dags of finite height. A root of a dag is a node without incoming
edges. A dag D = (V, E) can be unfold into a forest unfold(D) in the usual way:
Nodes of unfold(D) are directed paths in D that start in a root and the order relation
is the prefix relation between these paths. For a root v € V of D, we define the tree
unfold (D, v) as the restriction of unfold (D) to those paths that start in v. We will make
use of the following lemma whose proof is based on the immediate observation that the
set of convolutions of paths in D is again a regular language.

Lemma 5.5. From a given k € N and an injectively w-automatic presentation for a
dag D of height at most k, one can construct effectively an injectively w-automatic
presentation for unfold(D) such that the roots of unfold(D) coincide with the roots
of D and unfold(D, r) = (unfold(D))(r) for any root r.

For a symbol a and a tuple € = (ey, . ..,ex) € N*, we write a® for the w-word
a® ®a®? Q- ®a”% = (a0¥) ® (a?0¥) @ - - ® (a o).

For an w-language L, we write ®y,(L) for ®(L*). For X C N, letwx € {0, 1}* be the
characteristic word (i.e., wx[i] = 1ifand only if i € X)and, for X = (X1,...,X,,) €
(2M+)™, write w for the convolution of the words wx,. The following lemma is the
key to the construction of w-automatic presentations for T;,[x], U,[0], and U, [1]. We
refer to the definition of the set A from Section 5.

Lemma 5.6. For 1 < i < /, there exists a Biichi automaton A; with the following
property: Forall X € (28+)", z € Nﬁ, and x,y, zx+1 € Ny, the number of accepting
runs of A; on the word w ® a®¥Z241) equals C(1,2) if ¥i(z,y,%, X1,...,Xp)
holds and C(p;(z,y,Z) + zk+1, ¢ (%, Yy, Z) + 2k41) otherwise.

Proof sketch. One first builds a Biichi automaton that, on the w-word a®¥:%2k+1) has
precisely C(p;(x,y,Z)+2k+1, ¢i (¢, Y, Z) + 2k+1) many accepting runs. This is possible
using disjoint union of automata and the flag construction (cf. [4,22,25]) for addition
and multiplication of polynomials since C(p;(z,y,Z) + 2zk+1,¢i(2, Y, Z) + 2k41) 1S
a polynomial over N. Secondly, one builds deterministic Biichi automata accepting a
word w+ ® a(®¥Z26+1) if and only if the disjunction 1; (7,y,%, X) of set constraints is
satisfied (not satisfied, resp.) A straightforward combination of (several copies of) the
automata obtained in this way has the desired properties. a

For a Biichi automaton A, let Run 4 denote the set of accepting runs. Note that this set
is a regular w-language over the alphabet of transitions of .A.

We now build a first injectively w-automatic forest H' = (L, E’): its underlying
w-language is (every 1 < ¢ < £ is a new symbol in L)

L'= |J i®(L(A)URuny,)

1<i<e

and (i ® v, j ® w) forms an edge if and only if ¢ = j and w is an accepting run of A;
on v. Then H' is a forest of height 1, the roots of H’ are the words from {1,...,¢} ®



(®n({0,1}¥)) ® (®k+3(a™)), and for any root r = i ® ws @ a(®¥*2+1), we have
H (r)=2T'[X,z,y,Z, 2k+1,t) by Lemma 5.6.

In a similar way, one can build an injectively w-automatic forest 7 = (Lx, Ex)
whose roots are the words from b+ ® b+ such that F(b(¢1¢2)) = S[e;, e]. From H’

and F, we build an injectively w-automatic dag D as follows:

— The domain of D is the set (©,,({0,1}*) ® a* ®a™) U b* U ($* @ (L' U Lg)).

— For u,v € L' U Lg, the words $* ® v and $7 ® v are connected if and only if i = j
and (u,v) € E’' U Ex. In other words, the restriction of D to $* ® (L' U Lz) is
isomorphic to (H' & F)%o.

— Forall X € (211)”, x,y € N, the new root wy ® a'®¥) is connected to all nodes
in

$® (({1, s} @ ®a®Y) @ (@p41(a))) U {Blered) | e # 62}) .

— The new root ¢ is connected to all nodes in $* @ {b(¢1:¢2) | ¢; £ ey},
— For all m € N, the new root b is connected to all nodes in

$ ® {b(el’”) |e1 #ex Ve =ey >m}.

It is easily seen that D is an injectively w-automatic dag. Setting H” = unfold(D),

one can then verify H” (wy ® a®¥) = T"[X,z,y], H"(¢) = U"[w], and H" (b™) =

U"[m)] for all m € N. Note that also H" is injectively w-automatic by Lemma 5.5.
We now construct a new forest H from $* ® H” by adding new roots:

- For X € (2"+)", z € N, connect a new root w ® a” to all nodes in
$" @ (wg®a® ®@at U bY).

— Connect a new root ¢ to all nodes in $* ® b*.
— Connect a new root b to all nodes in $* ® b+.

The result is an injectively w-automatic dag of height 3 whose unfolding we denote
by Hy. This forest H is actually the base case of the following lemma. The induction
is done similarly: one adds to {$,$,}* ® H,, new roots wy ® a” for z € N, and
X € (2N+)»=m=1 < and b and one connects them to the appropriate words u ® v with
u € {$1,$2}¥ and v € H,, (cf. the definition of the trees T}, +1[X, x] and U,,,1[i] for
i€{0,1}).

Lemma 5.7. From each 0 < m < n, one can effectively construct an injectively w-
automatic forest H,, such that

— the set of roots of o, is (@n—m({0,1}*) @ a™) U {e, b},

- Ho(wg @ a®) 2 T,,[X, 2] forall X € (28+)"™ and x € Ny,
- Hum(e) = Uy,[0], and

- Hm(b) 2 Up[1].

Note that T}, [x] is the tree in H,, rooted at a®. Hence T, [x] is (effectively) an injectively
w-automatic tree. Now Lemma 5.4 finishes the proof of Proposition 5.2 and therefore
of Theorem 5.1.



6 w-automatic trees of height 3

Recall that the isomorphism problem Iso(73) is arithmetical by Theorem 3.2 and that
Iso(7}) is not by Theorem 5.1. In this section, we modify the proof of Theorem 5.1 in
order to show:

Theorem 6.1. There exists a tree U such that {P € T} | S(P) = U} is II}-hard.
Hence the isomorphism problem 1so(T3) for injectively w-automatic trees of height 3 is

II}-hard.

Solet A C N, be some set from I1;. By Proposition 4.1, it can be written as

4
A = {1’ S N+ VX Elyvz /\pi(xayvz) 7£ Qi(xvyaz) \/"(/Ji(l',y,f,X)},

i=1

where p; and ¢; are polynomials with coefficients in N and ¢); is a disjunction of set
constraints. As in Section 3, let g (2, X) denote the first-order kernel of this formula
(starting with Jy) and let ¢_(x,y, X) denote the subformula starting with Vz. We
reuse the trees T'[X, z,y,Z, 241, 1] of height 1. Recall that they are all of the form
Sleq, e2] and therefore have an even number of leaves (since the range of the polynomial
C : N2 — N consists of even numbers). For e € N, let S[e] denote the height-1 tree
with 2e 4 1 leaves.

Recall that the tree 7" [ X, z, y] encodes the set of pairs (e1, e2) € N2 such thate; #
eo or there exist Z, zx4+1, and ¢ with e; = p;(x,y,Z)+ 2541 and ea = ¢;(2, Y, Z) + 2kt 1.
We now modify the construction of this tree such that, in addition, it also encodes the
set X C N,

No

- LH{Slel | e € X} w|H{Sler. ea] | e1 # ea} @
TX,z,y]=ro o
Lﬂ{T/[X"r7yaza zk+1i] | zZ e Nﬁ-azk-ﬁ-l S N+7 1<i< E}

In a similar spirit, we define Uk, X] for X C N and x € N4 U {w}:

L—ﬂ{S[e] |ee X}LﬂL—ij{S[el,eg] |e1 #ea} W

Uls, X]=re L—U{S[e,e] |k <e<w}

Then T[X, z,y] = Ulw, Y] if and only if X = Y and T"[X, z,y] = U"[w], i.e., (by
(b) from Section 5.1) if and only if X =Y and ¢_(z,y, X) holds. Finally, we set

H‘J{U[&X] | XCNy,keN, I W
Tlz]=ro R
WHT (X, 2,9) | X C Ny y e Ny )

U=ro (W(0kX]| X CNereN U}



Assume first that T'[z] = U. Thus, both trees have the same height-2 subtrees. The
crucial point is that, for any X C N, ﬁ[X ,w] appears in U, i.e., there must be some
Y C N, and y € N such that f[Y7 x,y] = ﬁ[w, X] (implying X =Y) and therefore
T"[X,z,y] = U"[w]. But this is equivalent to saying that ¢ _(z,y, X ) holds. Since
X C N, is arbitrary, we showed = € A. The other implication can be shown similarly.
Injective w-automaticity can be shown similar to Section 5.2. This finishes our proof

sketch of Theorem 6.1.

7 Upper bounds assuming CH

We denote with CH the continuum hypothesis: Every infinite subset of 2V has either
cardinality Ny or cardinality 2%, By the seminal work of Cohen and Godel, CH is
independent of the axiom system ZFC.

An w-word w € I'“ can be identified with the function w : N, — I" (and hence
with a second-order object) where w(i) = w[i]. We need the following lemma:

Lemma 7.1. From a given Biichi automaton M over an alphabet I one can construct
an arithmetical predicate accys(u) (where w : Ny — I') such that w € L(M) if and
only if accys (u) holds.

Proof sketch. The idea is to transform M into an equivalent (deterministic and complete)
Muller automaton. Determinism then allows to express acceptance using the arithmeti-
cal predicate “the prefix of length n results in state ¢”. a

Theorem 7.2. Assuming CH, the isomorphism problem 1so(7,,) belongs to I13, _, for
n > 3.

Proof sketch. Consider trees T; = S(P;) for Py, P, € T,,. Define the forest F' = (V, <)
as F' = Ty W T5. Let us fix an w-automatic presentation P = (X', M, M=, M<) for
F where M< recognizes the order relation <. In the following, for v € L(M) we
write F'(u) for the subtree F'([u]) rooted in the F'-node [u] = [u]g(ps_) represented by
the w-word w. Similarly, we write E(u) for the set of children of [u]. We will define
a Il ., ,-predicate isoy(u1, us), where uy,us € L(M) are on level k in F. This
predicate expresses that F'(u1) = F(usz).

As induction base, let k = n — 2. Then the trees F'(u1) and F'(us) have height
at most 2. Then F'(u;) = F(ug) if and only if the following holds for all k, A €
N U {Xg, 2%} (see Section 3):

F = <3”I€V:(([u1],x) EEANTYy eV :(z,y) EE)) >
<E|“a: eV :((ug),z) e EAFPy eV :(z,y) € E)) )

Note that by Theorem 2.2, one can compute from &, A € N U {R¢,2%°} a Biichi au-
tomaton M,, » accepting the set of convolutions of pairs of w-words (u1, ug) satisfying
the above formula. Hence F(u;) = F(us) if and only if the following arithmetical
predicate holds: Vi, A € NU {Rg, 2%} : accpy, , (u1, uz).



Now let 0 < k < n — 2. For a set A, let count(A) denote the set of all countable
(possibly finite) subsets of A. On an abstract level, the formula isog (u1, uz) is:

(Vz € E(u1)3y € E(ug) :isopy1(z,y)) A (Vo € E(ug)3y € E(uq) : isop41(x,y))
A VX, € count(E(u1)) VX2 € count(E(uz)) :

|X1] = |X2| V (Fz,y € X1 U Xy : misog41(z,y)) V

(Jzr e X1 UXs Jy € (E(ur) UE(uz)) \ (X1 UXy) tisogi1(z,y))

The first line expresses that the children of u; and us realize the same isomorphism
types of trees of height n — & — 1. The rest of the formula expresses that if a certain
isomorphism type 7 of height-(n — k — 1) trees appears countably many times below
uy then it appears with the same multiplicity below us and vice versa. Assuming CH
and the correctness of isog.y1, one gets isog (u1, ug) if and only if F'(u;) = F(usg).
The sets X; in the above formula can be coded as mappings f; : Ni — 2. Then
the elements of X; correspond to natural numbers j coding the word & — f;(j, k). But
the w-word y ¢ X; U X is another second-order object. This results in two additional
second-order quantifier blocks in isoy. Hence the formula isoy belongs to I73, ,. In
order to express that e.g. * € F(u;) we use Lemma 7.1 with the automaton M<. a

Corollary 5.3 and Theorem 7.2 imply:

Corollary 7.3. Assuming CH, the isomorphism problem for (injectively) w-automatic
trees of finite height is recursively equivalent to the second-order theory of (N, +, x).

Remark 7.4. For the case n = 3 we can avoid the use of CH in Theorem 7.2: Let us
consider the proof of Theorem 7.2 for n = 3. Then, the binary relation iso; (which
holds between two w-words u,v in F if and only if [u] and [v] are on level 1 and
F(u) 2 F(v)) is a II?-predicate. It follows that this relation is Borel (see e.g. [12] for
background on Borel sets). Now let u be an w-word on level 1 in F'. It follows that the
set of all w-words v on level 1 with iso; (u,v) is again Borel. Now, every uncountable
Borel set has cardinality 2% (this holds even for analytic sets [12]). It follows that the
definition of isog in the proof of Theorem 7.2 is correct even without assuming CH.
Hence, Iso(73) belongs to IT3 (recall that we proved I1{-hardness for this problem in
Section 6), this can be shown in ZFC.

8 Open problems

The main open problem concerns upper bounds in case we assume the negation of the
continuum hypothesis. Assuming ~CH, is the isomorphism problem for (injectively)
w-automatic trees of height n still analytical? In our paper [17] we also proved that
the isomorphism problem for automatic linear orders is not arithmetical. This leads to
the question whether our techniques for w-automatic trees can be also used for proving
lower bounds on the isomorphism problem for w-automatic linear orders. More specifi-
cally, one might ask whether the isomorphism problem for w-automatic linear orders is
analytical. A more general question asks for the complexity of the isomorphism prob-
lem for w-automatic structures in general. On the face of it, it is an existential third-order
property (since any isomorphism has to map second-order objects to second-order ob-
jects). But it is not clear whether it is complete for this class.
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