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AnHOTaUSA

JL71s1 pa3HbIX M3BECTHBIX BUJIOB ABTOMATOB U3YYaeTCA BOIIPOC, HACKOJIBKO 00Thb-
UM MOYKET OBITh MUHUMAJIBHBIN TPUHIMaeMblil 00beKT. MakcnuMabHas J1Ji-
Ha Kpardaiilieii CTpoKd, IPUHAMAEMON JIBYXCTOPOHHUM KOHEUHBIM aBTOMA-
TOM, KOTOPBIH 3aIIOMIHAET HallpABJIEHHE TIOC/IeTHETO IIara, OlnpeIe/IsaeTcs TOY-
Ho. 1t aBTOMATOB 00IIIEr0 BUIa JOKA3BIBACTCSA DOJIee BBICOKAS HUKHSISI OIIEH-
Ka. MaKCI/IMaJIbHOe YUCJIO BEPHIINH B MUHUMaJIbHOM IIPUMHUMAaEMOM JIepeBe JIJId
HeJIETEPMUHUPOBAHHBIX JIPEBECHBIX aBTOMATOB OllpejiesisgeTcsa ToaHo. st ape-
BOXO/IHBIX aBTOMATOB ITOKA3bIBAETCs, YTO MaKCUMAJIbHBIN pasMep MUHUMA -
HOI'O IIPUHUMAEMOTO JIepeBa — JBOMHON 9KCIOHEHIIMAJIBHBIN OT YnCJia COCTO-
aunit. Kpome TOro, q0Ka3bIBaeTCd Pa3peninMOCTh 3a/1a49U MyCTOTHI JIJIA JIBYX
BHJIOB aBTOMATOB Ha rpadax. 3ajada HEIyCTOTHI st IPadOXOIHBIX aBTOMA-
TOB, KOTOpbIEe XOIdAT 110 pébpam rpada, okazbiBaercss NEXP-momnoit, a mis
3aMoIIeHnit rpadoB noarpadamu-3sésnamu, okasbiaercss NP-1morHoid.

Abstract

For different classical types of automata, the question, how large the minimal
accepted object can be, is investigated. The maximum length of the shortest
string accepted by a two-way finite automaton that remembers the direction
of the last move is determined precisely. For two-way automata of the general
form, a higher lower bound is proved. The maximum possible number of
nodes in the minimal tree accepted by a nondeterministic tree automaton
is determined precisely. For tree-walking automata, the maximum size of the
minimal accepted tree is proved to be double exponential in the number of
states. Finally, this thesis proves the decidability of the emptiness problem for
two types of automata on graphs. Non-emptiness problem for graph-walking
automata (that move in a graph by following its edges) is proved to be NEXP-
complete, and for tilings of graphs by star subgraphs is proved to be NP-
complete.
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Chapter 1

Introduction

A natural question about automata and related models of computation is how large can
be the minimal object an automaton accepts.

The most well-known automata are finite automata that work on strings. A function
mapping the size of such an automaton to the maximum length of the shortest accepted
string, with the maximum taken over all automata of that size, is a certain complexity
measure for a family of automata.

For one-way finite automata, this measure is trivial: the length of the shortest string
accepted by a nondeterministic finite automaton (NFA) with n states is at most n —
1: this is the length of the shortest path to an accepting state. On the other hand,
Ellul et al. [9] proved that the length of shortest strings not accepted by an n-state
NFA is exponential in n. Similar questions were studied for other models and some
variants of the problem. Chistikov et al. [7] investigated the length of shortest strings in
counter automata. The length of shortest strings in formal grammars under intersections
with regular languages was studied by Pierre [23], and recently by Shemetova et al. [25].
Alpoge et al. [I] investigated shortest strings in intersections of deterministic one-way
finite automata (DFA).

The maximum length of shortest strings for deterministic two-way finite automata
(2DFA) has been investigated in two recent papers. First of all, from the well-known
proof of the PSPACE-completeness of the emptiness problem for 2DFA by Kozen [16]
it is understood that the length of the shortest string accepted by an n-state 2DFA can
be exponential in n. There is also an exponential upper bound on this length, given
by transforming a 2DFA to an NFA: the construction by Kapoutsis [I5] uses at most
( 2n ) = O(—=4") states, and hence the length of the shortest string is slightly less than

n+1 V/n
4™, Overall, the maximum length of the shortest string is exponential, with the base

bounded by 4.

The first attempt to determine the exact base was made by Dobronravov et al. [§],
who constructed a family of n-state 2DFA with shortest strings of length Q((¥/10)") >
2(1.584™). The automata they have actually constructed belong to a special class of 2DFA:
the direction-determinate automata. These are 2DFA with the set of states split into states
accessible only by transitions from the right and states accessible only by transitions from
the left: in other words, direction-determinate automata always remember the direction
of the last transition in their state.

Later, Krymski and Okhotin [I7] extended the method of Dobronravov et al. [§] to
produce automata of a more general form, with longer shortest accepted strings. They



constructed a family of non-direction-determinate 2DFA with shortest strings of length
(V7)) > 0(1.626").

These bounds for two-way finite automata are improved in Chapter 2] First, the
maximum length of the shortest string accepted by n-state direction-determinate 2DFA
is determined precisely as (Lg j) -1 = @(\/%72”). The upper bound on the length of

the shortest string immediately follows from the complexity of transforming direction-
determinate 2DFA to NFA, see Geffert and Okhotin [I2]. A matching lower bound is
proved by a direct construction of a family of n-state automata.

The second result of Chapter [2] is that not remembering the direction helps to ac-
cept longer shortest strings: a family of n-state non-direction-determinate automata with
shortest strings of length % - 2" — 1 is constructed. This is more than what is possible in
direction-determinate automata.

Automata that work on strings have well-known generalizations to automata that work
on trees with labelled nodes. Deterministic and nondeterministic one-way finite automata
(DFA and NFA) become deterministic bottom-up tree automata (DTA) and nondeter-
ministic tree automata (NTA). These are automata that compute states in nodes of a
given tree from the leaves to the root. A state in a node is determined (deterministically
for DTA and nondeterministically for NTA) by a label of this node and by states already
chosen in the children of this node. If an automaton can choose states in all nodes of a
tree in this way, then the tree is accepted.

Two-way finite automata are generalized to trees in a different way. They become
deterministic and nondeterministic tree-walking automata (DTWA and NTWA). Such an
automaton works on a tree by moving along its edges. At every moment, an automaton is
in some state and stands at some node. It sees only the label of this node. Depending on
its state and on the label of the node, it decides (deterministically or not) to move to one
of the neighbouring nodes and changes its state. It can also decide to accept or reject.

It is known that nondeterministic tree automata are equal in power to deterministic
bottom-up tree automata, like NFA are equal in power to DFA.

However, there are some differences between automata on strings and on trees.
Bojariczyk and Colcombet [5] proved that tree-walking automata are strictly weaker in
power than tree automata, and deterministic tree-walking automata are strictly weaker
than nondeterminic ones [4].

The size of minimal trees accepted by tree and tree-walking automata has not been
studied yet. But it is known, that the emptiness problem for these automata (whether
a given automaton accepts at least one tree) is decidable, and complexity classes for the
emptiness problem were determined precisely for these models of computation. Veanes [27]
proved that the emptiness problem for nondeterministic tree automata is P-complete.
It is proved by Bojanczyk [3] that the emptiness problem for both deterministic and
nondeterministic tree-walking automata is EXP-complete.

The size of minimal accepted trees for tree and tree-walking automata is investigated
in Chapter [3] For nondeterministic tree automata, the maximum possible size of the
minimal accepted tree is determined precisely as the last element in the inductively defined
sequence of numbers. This element can be estimated from above as 2™, where n is the
number of states in an automaton, and r is the maximum number of children for a node.
If r > 2, then the element can be estimated from below by the rn-th Fibonacci number.
And the witness automata for the precise lower bound are bottom-up deterministic.

Estimating the maximum size of the minimal trees accepted by tree-walking automata
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is more difficult, because tree-walking automata are a generalization of two-way finite
automata, and the problem about the shortest accepted strings is much harder for two-
way finite automata than for one-way finite automata. The lower and upper bounds
obtained for tree-walking automata in Chapter |3| do not coincide, but are of similar order.
It is proved that for an n-state nondeterministic tree-walking automaton that works on
trees with a maximal degree at most r, the minimal accepted tree has at most 20073:572")
nodes. The lower bound is proved for deterministic tree-walking automata, and it is
90(r1.618")

Automata on trees can be generalized further by replacing trees with arbitrary graphs.
Then, deterministic tree-walking automata are generalized to graph-walking automata
(GWA).

A graph-walking automaton is a model of a robot in a maze. It has finitely many
states, and it deterministically walks on graphs with labelled nodes and labelled edge
end-points. The automaton decides by which edge to move depending on the label of the
current node and on its current state. The automaton can also decide to accept or to
reject, and so it defines a graph language: the set of graphs it accepts.

Graph-walking automata were first introduced by Michael Rabin, who stated the con-
jecture that for each graph-walking automaton, even if it is additionally allowed to use
finitely many pebbles, there is a graph that it cannot fully explore. Budach [6] proved this
conjecture for graph-walking automata without pebbles. Later Fraigniaud et al. [10] gave
an easier proof of this fact. Rollik [24] proved that not only pebbles, but even co-operation
of several interacting automata would not help to traverse every graph, thus proving Ra-
bin’s conjecture. Kunc and Okhotin [I8] showed that every graph-walking automaton
can be transformed to an automaton which halts on every input, to an automaton which
accepts only at the initial node, and to a reversible automaton, which all accept the same
set of graphs. Later Martynova and Okhotin [20] reduced the number of states needed
for these transformations, and obtained asymptotically tight lower bounds.

For graph-walking automata, not only the maximum size of the minimal accepted
graph has not been studied yet, but it is also not known, whether the emptiness problem
for these automata is decidable.

The main result of Chapter |4|is the decidability of the emptiness problem for graph-
walking automata and its computational complexity. It is proved that the non-emptiness
problem for graph-walking automata is NEXP-complete. Furthermore, Chapter 4] provides
an upper bound m4™*tDEF" =1 on the number of nodes in the smallest accepted graph
for an n-state graph-walking automaton that works on graphs with k£ labels of edge end-
points and with m node labels. This upper bound is nearly of the same order as a lower
bound for tree-walking automata.

NFA and nondeterministic tree automata are nondeterministic automata that recog-
nize a given object by tiling it with neighbourhoods of states. Tiling models were also
considered for graphs. Thomas [20] introduced graph acceptors: in this model, a graph
is accepted, if it can be covered with tiles (subgraphs) from a fixed finite set, so that
each node is in the inner part of some tile, states in overlapping tiles are the same, and
some further constraints on the number of occurrences of every tile hold. For this general
model, Thomas proved undecidability of the emptiness problem by recognizing the set of
rectangular grids and simulating a Turing machine on the grids. Thomas also considered
elementary acceptors: a special case in which every tile is a star, that is, a node with
all its neighbours. For elementary acceptors, Thomas proved that the language of grids



cannot be recognized. However, the decidability of the emptiness problem for elementary
acceptors remains open.

Besides the emptiness problem for graph-walking automata, another problem consid-
ered in Chapter [, it is the emptiness problem for star automata, that is, for elementary
acceptors of Thomas without additional constraints on the number of occurrences of tiles.
Star automata are at the same time a special case of the model by Thomas, and a gener-
alization of nondeterministic tree automata to graphs.

It is proved in Chapter 4] that non-emptiness problem for star automata is decidable
and NP-complete. Also this chapter gives an upper bound sn2kF"*=1 on the number of
nodes in the smallest accepted graph for an n-state star automaton with s different stars,
that works on graphs with k labels of edge end-points.

Note that the complexity classes for related problems, such as whether a graph-walking
automaton accepts all graphs over its signature (the universality problem), or whether the
intersection of languages of two automata is empty, can be inferred from the result for the
non-emptiness problem. Indeed, since every graph-walking automaton can be transformed
to an automaton that halts on every input, and the transformation given by Kunc and
Okhotin [I§] can be done in polynomial time, the emptiness problem for graph-walking
automata is equivalent to the universality problem. As for the intersection emptiness
problem, Martynova and Okhotin [2I] obtained a transformation for the intersection of
two graph-walking automata, which can be done in polynomial time too. Thus, the
universality problem and the intersection emptiness problem for graph-walking automata
are both co-NEXP-complete.

The results of Chapter [2| have been accepted to DCFS 2023 conference and are due to
appear in conference proceedings [22]. The results of Chapter |4| have been submitted for
publication [19].



Chapter 2

Shortest accepted strings for
two-way finite automata

In this chapter, the length of shortest strings accepted by two-way finite automata is
investigated. First, two-way finite automata are formally defined in Section Sec-
tion[2.2]determines the exact maximum length of the shortest string accepted by direction-
determinate 2DFA. And then even better lower bound is obtained in Section 2.3] for 2DFA
of the general form, proving that it is useful to forget the direction of the last move to have
longer shortest accepted strings. In Section [2.4, a few non-direction-determinate 2DFA
with a small number of states and long shortest accepted strings are presented: these
automata were found by a computer program, and the length of their shortest accepted
strings exceeds the theoretical lower bound proved in Section

2.1 Two-way finite automata

Two-way deterministic finite automata (2DFA) are automata equipped with a finite set
of states that move over an input string, scanning one symbol at a time. At every step,
an automaton may move to the right or to the left and may change its state. This is a
well-known model of computation, but some details of the definition, such as acceptance
in the beginning or in the end of a string, may vary; the definition used in this thesis is
given below.

Definition 1. A two-way deterministic finite automaton (2DFA) is a quintuple A =
(3, @, q, 6, F'), in which:

e ) is a finite alphabet, which does not contain two special symbols: the left end-
marker () and the right end-marker ();

Q) is a finite set of states;

qo € @ is the initial state;

d:Q x (XU{F,}) — Q x {—1,+1} is a partial transition function;

F C Q is the set of accepting states, effective at the right end-marker ().



The transitions on the end-markers must not lead the automaton outside of the string,
that is, d(q,F) ¢ Q x {—1} and d(q,) ¢ Q x {+1} for all ¢ € ). Also, there are no
transitions in accepting configurations, that is, d(¢, ) is undefined for all ¢ € F'.

The automaton A works on a string w = ay...a,, € ¥* as follows. A string w is
written on a tape, delimited by two end-markers: Fa; ...a,,-. Let ap =F and a,,11 = .

A configuration of the automaton A on a string w is a pair (g,4), where ¢ € @ is a
state, and ¢ € {0,...,m + 1} is a position of the automaton on the tape (here i = 0
corresponds to the left end-marker, and ¢ = m + 1 to the right end-marker).

A computation of the automaton A on the string w is a sequence of configurations
Coy, . ..,Cy constructed by induction. The automaton starts in the initial state at the left
end-marker: Cy = (qo,0). Let a configuration C; = (¢, 4) be defined already.

e If the transition is defined as §(q, a;) = (r,d), then the automaton changes its state
to r and moves in the direction d, and so the next configuration is Cj4; = (7,74 d).

o If g € F'and i = m+1, then the automaton accepts, and the configuration C; = Cy
is the last one.

e If (g, a;) is undefined and the acceptance condition (¢ € F, i = m + 1) does not
hold, then the automaton rejects the string w, and C; = Cly is the last configuration.

A computation can be an infinite sequence of configuration, with N = oo, and then the
automaton is said to loop on the string w.
The automaton A defines a language L(A): the set of all strings it accepts.

There are also nondeterministic two-way finite automata (2NFA). They differ from
deterministic ones in having a set of initial states )y instead of one initial state goym and
in having a transition function 6 map each pair of a state and a symbol to a set of possible
transitions rather than one transition: 6: @ x (X U {F,-}) — 2@x{=1+1} In this case,
several computations of an automaton on a string can be possible, and a string is accepted
if at least one of them is accepting.

This thesis also uses a subclass of 2DFA, in which one can determine the direction of
the previous transition from the current state.

Definition 2 ([I8]). A 2DFA is called direction-determinate, if there is a partition of
the set of states Q = QT U Q~, with QT N Q- = @, such that for each transition
d(q,a) = (r,+1), the state » must belong to @, and for each transition d(¢q,a) = (r, —1),
the state r is in Q.

The known upper bounds on the length of the shortest accepted string are different
for direction-determinate 2DFA and for 2DFA of the general form. These bounds are
inferred from the complexity of transforming two-way automata with n states to one-
way NFA: for 2DFA of the general form, as proved by Kapoutsis [I5], it is sufficient
and in the worst case necessary to use (ffl) states in a simulating NFA, whereas for
direction-determinate 2DFA the simulating 2DFA requires (Lg J) states in the worst case,
see Geffert and Okhotin [12]. Since the shortest string in a language cannot be longer

than the shortest path to an accepting state in an NFA, the following bounds hold.



Theorem 1 (Dobronravov et al. [§]). Let n > 1, and let A be a 2DFA with n states,
which accepts at least one string. Then the length of the shortest string accepted by A is
at most (nzfl) — 1. If the automaton A is direction-determinate, then the length of the
shortest accepted string does not exceed (@J) —1.

The first result of this chapter is that this upper bound for direction-determinate
automata is actually precise.

2.2 Shortest accepted strings for direction-
determinate automata

In this section, direction-determinate automata with the maximum possible length (LZ j) —
2

1 of shortest accepted strings, where n is the number of states, will be constructed.

Automata are constructed for every k and ¢, where k is the number of states reachable
by transitions to the right and ¢ is the number of states reachable in the left direction.
The following theorem shall be proved.

Theorem 2. For every k > 2 and { > 0 there exists a direction-determinate 2DFA with
the set of states Q = QT U Q~, where |QT| =k and |Q~| = £, such that the length of the

shortest string it accepts is (’;If) — 1.

The automaton constructed in the theorem works as follows. While working on its
shortest string, it processes every pair of consecutive symbols by moving back and forth
between them, thus effectively comparing them to each other. Eventually it moves on to
the next pair and processes it in the same way. It cannot come back to the previous pair
anymore, because it has no transitions for that.

The automaton’s motion between two neighbouring symbols begins when it first arrives
from the first symbol to the second in some state from Q*. Then it moves back and forth,
alternating between states from Q% at the second symbol and states from Q~ at the first
symbol, and finally leaves the second symbol to the right. Among the states visited by the
automaton during this back-and-forth motion, the number of states from Q% is greater
by one than the number of states from ()~. Two such sets of states will be denoted by a

pair (P, R), where P C Q~, RC Q" and |R| = |P| + 1.

Proposition 1. There are (]Z:f) different pairs (P, R), such that P C Q—, R C Q* and
|R| = |P|+1.

Proof. There are as many pairs (P, R) as pairs (Q~ \ P, R), where |R| = |P| + 1. The
number of pairs of the latter form is equal to the number of subsets of @) of size ¢ + 1,

that is, (I;j:f) ) O

Let the sets Q™ and QQ~ be linearly ordered. Then one can define an order on the set of
pairs (P, R) as follows. In every such pair, let P = {p1,...,pm}, where p; < ... < py,, and
R={ry,...,rms1}, where 1 < ... < rpy1. There is a corresponding sequence to each
pair, of the form ry, —py, 79, —p2, ..., T, —DPm, Tms1, and different pairs are compared
by the lexicographic order on these sequences. In Table , all pairs (P, R), for k = 4
and ¢ = 2, are given in increasing order, along with the corresponding sequences.



pairs (P, R) sequences
a,{1} (1)

{2'},{1,2} (1,-2,2)
{2'},{1,3} (1,-2,3)
{2'},{1,4} (1,-2',4)
{1'},{1,2} (1,-1,2)
{1,2'},{1,2,3} (1,-1',2,—-2,3)
{1,2'},{1,2,4} (1,-1",2,—-2',4)
{1"},{1, 3} (1,-1,3)
{1,2'},{1,3,4} (1,-1/,3,—-2',4)
{1'},{1,4} (1,-1,4)
a,{2} (2)

{2'},{2,3} (2,-2,3)
{2'},{2,4} (2,-2',4)
{1'},{2, 3} (2,—-1,3)
{1,2'},{2,3,4} (2,-1',3,—-2',4)
{1'},{2,4} (2,-1',4)
a,{3} (3)

{2'},{3,4} (3,—2',4)
{1'},{3,4} (3,—1',4)

@, {4} (4)

Table 2.1: All pairs (P, R) for sets of states QT = {1,2,3,4} and @~ = {1’,2'}.

Let N = (]Zj:f) be the number of pairs. Then all pairs are enumerated in in-

creasing order as (PMW,RM) < ... < (P RM™) where PO = {p{’ .. p@} and
RY = {r&i), . ,7"52_“}. In particular, the least pair is (PM), RY) = (@, {min Q*}), be-
cause the corresponding sequence (min Q1) is lexicographically the least. The greatest
pair is (PY), RM)) = (@, {max Q*}).

The desired direction-determinate automaton A with the shortest accepted string of
length N — 1 is defined over an alphabet ¥ = {ay,...,ay_1}, and the shortest accepted
string will be w = a;...ay—_;. The set of states is defined as Q = Q1 U Q~, where
QY ={1,...,k} and Q= = {1',...,¢'}. The initial state is go = 1. The only transition
by the left end-marker () leads from the initial state to the least state in R(1).

5(go,F) = (rY, +1) (2.1a)

For each symbol q;, transitions are defined in the states R U PG+D If the automaton is
at the symbol a; in any state from R® (except for the greatest state), then it moves to
the left in the corresponding state from P®.

5(ri a;) = (1, -1) Gefl,....m}) (2.1Db)

For the greatest state in R, there is no corresponding state in P, and so the automaton
moves to the right (and this is the only way to move from Q" to @*, and hence the only
way to advance from the symbol a; to the next symbol for the first time).

5(7“7(72-+1>ai) = (r{"™, +1) (2.1c)

10



— A~ W N -

a ap daz a4 Aas Qg Gy Ag Qg Qg A11 A1g Q13 A4 Q15 A16 Q17 A18 Q19

R plg B LB
5::%/%@Qéz %Q% /7

° o\o\o\oo
AN
°o o

° o\o\o\o °
\T °

oo\T\ o o
ooéoot_l_

C . .

?  FHE ARV

Figure 2.1: The accepting computation of the automaton A on the string w, for k = 4
and ¢ = 2.

In each state from P the automaton moves to the right in the next available state from

RO,

i+1 i+1 .

6(p§+ )7ai) = (7,](_:'1)’_’_1) (j S {17-"7mi+1}) (21d)

TI%er)e are no transitions at the right end-marker, and there is one accepting state: F' =
{Tm]\jquLl .

The computation of the automaton on the string w = ay...ay_; is illustrated in
Figure 2.1l The automaton gradually advances, and moves between every two subsequent
symbols, a; 1 and a;, according to the sets P; and R;. Transitions at a; expect that there
is a;_1 to the left, whereas transitions at a;_; expect a; to the right. As long as every
symbol is followed by the next symbol in order, these expectations will be fulfilled each
time, and the automaton accepts in the end.

Lemma 1. The automaton A accepts the string w =ay...an_1.

Proof. 1t is claimed that the automaton A, executed on the string w, eventually arrives
to each symbol a; in the state rffb) 4+1- This is proved by induction on i.

Base case i = 1: the first transition (2.1a)) moves the automaton to the state 7‘51). The
first pair (P, RMW) is (@, {1}), and so r{" = T£n13+1.

Induction step. Assume that the automaton comes to the symbol a; in the state rf,? 41
Then it makes a transition to the right in the state rgiﬂ). Then it executes the
sequence of transitions , , defined by the pair (P4, R;11), moving back and

forth between a;;; and a;, and passing through the states pgiﬂ), rgﬂ), pgﬂ), ...7’7(5;11),
,(ﬁtll) , fﬁjf +1- And so it comes to the symbol a;;1 in the state rﬁfltll) 41, as shown in

Figure
In the end, the automaton comes to the last symbol ay_; in the state rfnj\jvill) +1- Then

it makes a transition (2.1c|) and moves to the right end-marker in the state T%N). And this
is the accepting state 7', because the last pair (P™), R™) is (@, {k}). Therefore,
the string w is accepted. O

It is claimed that the automaton A cannot accept any shorter string. It cannot accept
the empty string; if it did, then the first transition would lead to the right end-marker in
the state 1, and the automaton would reject, because k # 1. Next, it will be shown that
each accepted string begins with the symbol a; and ends with the symbol ay_;. Finally, it
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Figure 2.2: The moves of A between two neighbouring symbols of w.

will be proved that the automaton cannot skip any number, that is, the number of every
next symbol, as compared to the number of the previous symbol, cannot increase by more
than 1. If the number decreases or does not change, this would make the string only
longer; but in order to reach ay_; from a; without skipping any number, the automaton
would have to move through all symbols of the alphabet, and therefore an accepted string
cannot be shorter than N — 1 symbols.

Lemma 2. Fvery string accepted by the automaton A begins with the symbol a;.

Proof. Let the automaton A accept some string that starts from some symbol a;. The
transition from the initial configuration leads the automaton to the state r§1) at the first
symbol a;. As (P, RW) = (3, {1}), the state r%l) is 1.

Transitions by the symbol a; are defined only in states from R® U PG+Y and hence
1 € RY, for otherwise the automaton immediately rejects. If there is at least one more
state in R, then the transition in the state 1 by a; moves the automaton to the left.
Then the automaton returns to the left end-marker, and then either loops or rejects,

because there is only one transition defined there. Therefore, there are no other states in
R besides 1, and so, (P, RW) = (&, {1}) = (PW, RM), which implies i = 1. O

Lemma 3. Fvery string accepted by the automaton A ends with the symbol ay_1.

Proof. Let a string accepted by A end with a symbol a;. To accept, the automaton should
move from a; to the right using the transition (2.1c|), and it arrives to the right end-marker

in the state T’EHI). As the only accepting state is k, and the automaton rejects at the right
end-marker in all other states, this state must be 7"5”1) = k. Because the state ri”l) is
the least in RO+Y it follows that RO+Y = {k} and P+ = @, Therefore, this is the last

pair, and i = N — 1. O

Lemma 4. No string accepted by the automaton A may contain any substring of the form
a;aj, where j > i+ 1.

Proof. The proof is by contradiction. Suppose that A accepts a string that contains a
substring a;a;, with j >4+ 1. In order to accept, the automaton should eventually reach
this symbol a; for the first time, moving to it from the symbol a;. To make this transition,

12
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Figure 2.3: Computations of automata Ay, A3 and A from the proof of Theorem |3 on
their shortest strings wy, w3 and wy.

the automaton should be at a; in some state from Q™ (indeed, if it were in the state from
()™, then it would have been at a; already at the previous step). Then the automaton
must use the transition (2.1c) to move from a; to a;, and this transition leads to the state

TY—H). For the computation to go onward, this state should lie in RY). Moreover, the

state """ should be the least in R, for otherwise the pair (PW, R®)) would be less
than the pair (P@+D, RGHDY. Also i cannot be the only state in RY): if not, then
(PY), RW) would either coincide with or be less than (Pt R(+1)),

It can be concluded that rgiﬂ) = rgj ), and the next transition from this state leads

to the state pgj), moving to the symbol a;. For the automaton to have a transition in
the state pgj ) at a;, this state should belong to PU*1). In addition, it should be the least
among the state in P+ because if there were a lesser state p, then the second term
in the sequence for (P%*+Y ROFD) would be —p, and this pair would be greater than
(PW, RU)). This leads to the equality p{’ = p{".

By analogous arguments, one can prove that the sequences for (P%), R¥) and for
(PU+D RE+1) must coincide and continue infinitely. This is impossible, because the
numbers of states increase, and there finitely many of them. ]

Corollary 1 (from Theorem . For everyn > 2, there is a direction-determinate 2DFA
with n states, such that the length of the shortest string it accepts is (ng) —1.
2

2.3 Longer shortest strings for automata of the gen-
eral form

The main result of this section is the construction of a family of 2DFA with shortest
strings of length 3 - 2772 — 1, where n is the number of states in an automaton. This
is more than the maximum possible length of shortest strings for direction-determinate
automata; in other words, forgetting the direction is useful.

Theorem 3. For each n > 2 there exists a 2DFA with n states, such that the shortest
string it accepts is of length 3 - 272 — 1.
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Proof. The automata and the shortest strings they accept are constructed inductively;
for small values of n they are given in Figure [2.3]
For the inductive proof to work, the following set of properties is ensured for every n.

Claim. For each n > 2 there exists a 2DFA A,, = (X, Qn, 0,) with no transitions by end-
markers, no initial state and no accepting states, with the set of states Q, = {1,...,n},
and there exists a string w, € XF of length 3 -2"72 — 1, such that the following two
properties hold.

1. If A, starts at any symbol of w, in the state n, then it eventually leaves this string
by a transition from its rightmost symbol to the right in the state 1.

2. If for some non-empty string u there exists a position, in which the automaton A,
can start in the state n and eventually leave the string u by a transition from its
rightmost symbol to the right in the state 1, then w s at least as long as w,.

The first observation is that Theorem |3| follows from this claim. Let n > 2, and let
A, and w, be an automaton and a string that satisfy the conditions in the claim. Then
A, is supplemented with an initial state n, a set of accepting states {1} and a single
transition by the left end-marker: from the state n to the state n; no transitions by the
right end-marker are defined. The resulting automaton A/, becomes a valid 2DFA, and it
accepts the string w,, as follows: from the initial state at F it moves to the first symbol of
w, in the state n, then, by the first point of the claim, the automaton eventually leaves
w,, to the right in the state 1, and thus arrives to the right end-marker - in an accepting
state.

To see that every string accepted by A/ is of length at least |w,|, let u be any accepted
string. It is not empty, because on the empty string the automaton steps on the right
end-marker in the state n and rejects. Then, after the first step the automaton A/, is at
the first symbol of u in the state n. It cannot return to -, because it has already used
the only transition at this label, and if it ever comes back, it will reject or loop. Also the
automaton cannot come to -1 in states other than 1. In order to accept, it must arrive to
- in the state 1, and this is the first and the only time when it leaves the string u. Then,
by the second point of the claim, the length of u cannot be less than the length of w,,.

It remains to prove the claim, which is done by induction on n.

Base case: n = 2.

The automaton Ay = (X9, Qa,d2) for n = 2 is constructed as follows. The alphabet is
Yo = {a, b}, and the set of states is Q2 = {1,2}. The transition function is defined by

52(2,a) = (2,+1),
52(2,0) = (1,-1),
d(l,a) = (1,+1),
52(1,0) = (1,41).

The string ws is ab, and the computation of As on wsy is presented in Figure (top
left). To be precise, computations starting in the state 2 either at a or at b both end
by leaving the string to the right in the state 1, as claimed. There are only two shorter
non-empty strings: a and b. If the automaton starts on the string a in the state 2, then it
moves to the right in the state 2; on b, it moves to the left in the state 1. In either case,

14



nt+l| @ ®
[l (e
1~ )

Figure 2.4: Computation of the automaton A, ; on the string wy, 1.

it does not go to the right in the state 1. Thus, the second point of the claim is satisfied.
The length of the string is |wq| =2 =320 — 1.

Induction step: n — n + 1.

Let an n-state 2DFA A, = (X,,@Qn,d,) and a string w, € 3* satisfy the claim.
The (n + 1)-state automaton A, ; satisfying the claim is constructed as follows. Let

An+1

- (Zn-i-la Qn—i—la 5n+1)'

= =
Its alphabet is ¥, :Enui—nu{#}, where Zn:{E) la€X,} and§:{<5|
a€y,}

The set of states is Qn41 = @, U{n+1} ={1,...,n+1}.

The transition function is defined as follows. In the new state n + 1, the automaton
moves by all symbols with arrows in the directions pointed by the arrows.

Opei(n+1,7d) = (n+1,+1), forae X
Opii(n+1,a) = (n+1,-1), fora e X
In all old states 1,...,n, on symbols with arrows, the new automaton works in the

same way as the automaton A, on the corresponding symbols without arrows.
Opi1(i, @) = 0y (i, @) = 0,(i, a), foraeYandie{1,...,n}

By the new separator symbol #, only two transitions are defined. In the state n+1,
the automaton moves to the left in the state n, thus starting the automaton A, on
the substring to the left.

6n+l<n + 17 #) = (TL, _1)

And if the automaton gets to # in the state 1 (which happens after concluding the
simulation of A, on the substring to the left), then the automaton moves to the
right in the state n to start the simulation of A,, also on the substring to the right
of the separator #.

Ont1 (L, #) = (n, +1)

The rest of transitions are undefined.
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Note that once the automaton A, .; leaves the state n + 1, it never returns to it,
because there are no transitions to n + 1 from any other state. Let h: (XT”) U gn)* — 2
be a string homomorphism which removes the arrow from the top of every symbol, that
is, (@) = h('@) = a for all a € ¥,. The automaton A,,; works in the states 1,...,n
on symbols from ¥, U >, as A, works on the corresponding symbols from ¥,,. Then, if
h(w) = w, for some w € (X,UX,,)*, it follows that the automaton A, 1, having started in
the state n at any symbol of w, eventually leaves the string w by moving to the right in the
state 1. Furthermore, if |w| < |w,| for some string w € (X, U X,)*, then the automaton
A,+1, having started in the state n at any symbol of w, cannot leave the string by moving
to the right in the state 1.

The string w,,1 is defined as Wn#”ﬁu_n, where a;...a, = aj...a, and &1 ...a; =
&1 ... &y for every string a;...a, € Xf. The length of w,y1 is |wp1| = 2w, + 1 =
2(3-2"2—1)+1=23-2""1 — 1, as desired.

First, it is proved that the automaton A,,; works on the string w,,; as stated in
the first point of the claim. Let A, i start its computation on the string w,,; at any
symbol in the state n + 1, as shown in Figure . By the symbols in w,, the automaton
moves to the right, maintaining the state n + 1; by the symbols in 1<U—n, it moves to the
left in n + 1. Thus, wherever the automaton begins, it eventually arrives to the separator
# in the state n 4+ 1. Next, the automaton moves to the last symbol of w, in the state
n. Since h(ﬂ) = w,, the automaton A, ; operates on w, as A, on w,, and leaves w,,
by a transition to the right in the state 1. Then A, ; arrives to the separator # again,
now in the state 1, and moves to the first symbol of 1<U—n in the state n. As h(@<u—n) = W,
the automaton A,,; works as A, on w,, and leaves w<—n (and the whole string w,1) by
moving to the right in the state 1.

Turning to the second point of the claim, it should be proved that computations of a
certain form are impossible on any strings shorter than w,;. Let w € X, be a string,
and let there be a position in w, such that the automaton A, ., having started at this
position in the state n + 1, eventually leaves the string w by a transition to the right in
the state 1. It is claimed that |w| > |wp41].

Consider the computation of A, leading out of w to the right in the state 1. It
begins in the state n + 1, and the automaton maintains the state n + 1 at all symbols
except #. In order to reach the state 1, there should be a moment in the computation on
w when the automaton arrives at some symbol # in the state n 4+ 1. Let u be the prefix
of w to the left of this #, and let v be the suffix to the right of this #; note that the
substrings « and v may contain more symbols #. It is sufficient to prove that |u| > |w,|
and |v| = |wy,|.

Consider first the case of the suffix v. Let vy be the longest suffix of v that does not
contain the symbol #; then the symbol preceding vy in w is the separator #, as shown in
Figure Once the automaton A, 1 steps from the last # in w to the right, it arrives
to the first symbol of vy in the state n (by the unique transition to the right at #). The
string vy cannot be empty, because n # 1. Once the automaton is inside vy, it cannot
return to # anymore, since it has already used the only transition to the right from #,
and cannot use it again without looping. Therefore, the automaton A, ,; starts on the
string v € (X411 \ {#})* in the state n, and, operating as A,, eventually leaves this
string to the right in the state 1. Then |vy| > |w,| by the induction hypothesis, and hence
[v] = [wn].

16



n+tl| —] o

I / J e

Figure 2.5: The partition w = u#v and the suffix vy of v.

u

AN v
~ # \#K__/\_ﬁ

n+l o ]

(I (el G

Figure 2.6: The case of computations on u not reaching any separators.

Now consider the prefix u. Once the automaton A, ,; comes in the state n + 1 to the
separator # between u and v, it moves to the last symbol of u in the state n. In order
to leave the string u to the right and proceed further, it must return to the separator #
in the state 1, because there are no transitions by any states {2,...,n} at this separator.
If there are no symbols # in u, or if there are some, but the automaton does not reach
them, then the entire computation of A, 1 on u takes place on a certain suffix of u that
does not contain #, as illustrated in Figure 2.6, This computation follows a computation
of A,, on a string from >*. Then, by the induction hypothesis, this suffix is not shorter
than w,, and therefore |u| > |w,].

The remaining case is when the automaton comes to some symbol # inside the string
u. Let uy be the maximal suffix of u not containing any symbols #, as in Figure The
automaton A, visits the separator # to the left of ug, and then immediately moves from
this separator back to the first symbol of ug in the state n (the string ug is non-empty,
because it is followed by #, which has no transitions in the state n). Returning back to
# to the left of ug is not an option, since the unique transition by # to the right has been
used already. Therefore, the automaton leaves uy by a transition to the right, and comes
to the separator # between u and v. In order to continue the computation, it should
come there in the state 1. By the induction hypothesis for this computation on wug, the
length of wg is at least |w,|. Then the length of the entire u is also at least |w,]|.

This confirms that |w| = |u| + 1+ |v| = |w,| + 1 + |w,| = |wns1| and completes the
proof. O]

2.4 Calculations

Bounds on the maximum length of shortest strings for small values of the number of states

n are given in Table [2.2]
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direction-determinate 2DFA of the general form

n 2DFA | lower bound | computed values | upper bound

(o) — 1] 3:-2772—1 () =1
2 1 2 2 3
3 2 5 6 14
4 5 11 17 55
5 9 23 32 209
6 19 47 791

Table 2.2: The maximum length of shortest accepted strings for n-state 2DFA, for small
n.

In the table, besides the theoretical bounds, there are also some computed values of
the length of shortest strings in some automata. The example for n = 3 was obtained by
exhaustive search, while the examples for n = 4 and n = 5 were found by heuristic search.
Therefore, the maximum length of the shortest string for 3-state automata is now known
precisely, for 4-state automata it is at least 17 and possibly more, and the given length
of strings for 5 states is most likely much less than possible. The computations of the
automata found for n = 3 and n = 4 on their shortest strings are presented in Figure [2.§
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Figure 2.8: Automata found by computer programs, and their shortest strings: (top) 3
states, string of length 6; (bottom) 4 states, string of length 17.
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Chapter 3

Minimal trees accepted by tree
automata and tree-walking automata

This chapter is devoted to estimating the size of minimal trees accepted by tree automata
and by tree-walking automata. In Section [3.I] these automata are formally defined.
Then the exact maximum size of smallest accepted trees for tree automata is determined
in Section [3.2l To get an upper bound for tree-walking automata, these automata are
transformed into tree automata, and then the bound on their smallest accepted trees is
applied. Bounds on the number of states needed to simulate a tree-walking automaton
by a tree automaton are proved in Section [3.3] An even better upper bound on the size
of minimal trees accepted by tree-walking automata is obtained in Section by a more
detailed analysis of the structure of tree automata that simulate tree-walking automata.
A lower bound of a similar order on the maximum size of the smallest accepted tree for
tree-walking automata is proved in Section using the witness direction-determinate
2DFA from the lower bound proof in Chapter

3.1 Tree-walking and tree automata

Two-way finite automata can be generalized to trees.

To make a string, it is enough to have an alphabet: a set of symbols. For trees,
this is a bit more complicated, because an automaton standing at some node of a tree
should know where it can move: how many children this node has, is this node a root or
not. All this information needs to be determined from a symbol in a node. Node labels
with information on the position of a node in its neighbourhood form a tree signature, a
generalization of an alphabet.

Definition 3. A tree signature is a quintuple S = (X, rank, up, D, (Dg)4ex), where

e Y is a finite set of node labels;

e rank: ¥ — Nj is a function that tells, for each label, how many children must nodes
with this label have. If ranka = 0, then a is a label of leaf.

e up: X — —N is a partial function that, for each node label, tells the direction
upwards to the parent (here the direction down to the i-th child is +i, and the
direction up from the i-th child to its parent is —i). If upa is undefined, then a is
a label for a root.
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e The set of directions for a label a € ¥ is defined as D, = {+1,...,+ranka} U
{upa, if @ is not a root label}.

e And the set of all possible directions in the signature is D = |J, oy, Do

A tree signature is uniquely defined by its first three components X, rank, up, and the
additional components D, (D,).ex are determined from them.

Next, by analogy with strings over an alphabet, one can define trees over a signature.
In a string, +1 is the direction forward, and —1 is the direction backward, whereas in a
tree, +i is the direction to the i-th child, and —i is the direction from the ¢-th child up to
its parent. The following definition effectively says that all information on the position of
a node in its neighbourhood written in its label must be true.

Definition 4. A tree over a signature S = (X, rank, up, D, (D,)qex) is a quadruple T' =
(V,vo, 4+, A), where

e V is a non-empty finite set of nodes,
e vy € V is the root,

e +:V x D — V is a partial function that, for a node and direction, gives the
neighbouring node in that direction. For each ¢ € D, if v 4+ ¢ is defined, then
(v+14) + (—7) must be defined and be equal to v. Denote v + (—i) by v — i.

e \: V — ¥ is a labelling function that assigns some node label to each node.
The root vy must get a root node label. For a node v labelled with A(v) =
a, the function + must be defined precisely for directions from the set D, =
{upa, if a is not a root label} U {+1,+42,..., +ranka}.

And a tree-walking automaton moves over a tree, choosing where to move at each
step, and in which state, according to the current state and the label of the current node
(just like a two-way finite automaton moves over a string).

Definition 5. A deterministic tree-walking automaton (DTWA) over a signature S =
(3, rank, up, D, (D, )sex) is a quadruple A = (Q, qo, F', §), where

e () is a finite set of states;
e ¢y € () is the initial state;
e ['C () x X is a set of acceptance conditions;

e 0: (QxX)\F — Q x D is a partial transition function, with §(¢,a) € @ x D, on
its domain.

A tree-walking automaton A works on a tree just like a two-way automaton works on
a string.

A configuration of a tree-walking automaton A on a tree T is a pair (g,v), where
q € @ is the current state of the automaton, and v € V' is the node where the automaton
currently is.

A computation of a deterministic tree-walking automaton A on a tree T is a sequence
of configurations Cy, ..., Cy constructed inductively. The automaton starts in the initial
state at the root of the tree: Cy = (go,v0). For a configuration C; = (¢,v), the next
configuration is defined as follows.
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e If the transition is defined as §(q, A(v)) = (r, d), then the automaton changes its state
to r and moves in the direction d, and the next configuration is Cj11 = (r,v + d).

e If the automaton gets to an accepting pair (¢, A(v)) € F, then it accepts, and the
configuration C; = Cy is the last one.

e If §(q, A(v)) is undefined and the acceptance condition does not hold, then the
automaton rejects, and C; = Cl is the last configuration.

An automaton can accept a tree, reject it or loop (it loops if the computation is infinite,
and N = 00).
A tree-walking automaton defines the language L(A) of all trees that it accepts.

A nondeterministic tree-walking automaton (NTWA) can be defined as well. It can
have several initial states (a set ()y), and several possible transitions in a configuration,
defined by a function §: (Q x ) \ F — 2% There may be multiple computations on
a tree, and the tree is accepted if at least one of them is accepting.

The above definitions of tree-walking automata (DTWA, NTWA) are essentially equiv-
alent to the definitions used by Bojanczyk and Colcombet [4], 5] even though there are
some differences in the notation: Bojanczyk and Colcombet do not encode the structure
of the tree in node labels, and instead provide them to an automaton in the transition
function, so that the automaton gets the same information.

Tree-walking automata are a generalization of two-way finite automata. Next, another

type of automata on trees, which generalizes one-way nondeterministic finite automata
(NFA), will be defined. First, the definition of NFA is given.

Definition 6. A one-way nondeterministic finite automaton (NFA) is a quintuple A =
(2,Q,Qo, 0, F'), in which:

e ) is a finite alphabet;

e () is a finite set of states;

e (Jy € @ is the set of initial states;

e §: () x ¥ — 29 is a transition function;
e F C (@ is the set of accepting states.

A computation of the automaton A on a string w = a; ...a,, € X* is a sequence of states
40, q1, - - - » Gm, such that go € Qg is one of the initial states, and ¢; € 0(g;—1, a;) for each
1 =1,...,m. The computation is accepting if ¢,, € F. A string is accepted if there is at
least one accepting computation on it.

A nondeterministic tree automaton chooses a state in each node, so that each triple
(the state in a node, the label in this node, the vector of states in its children) satisfies
some conditions.

Definition 7. A nondeterministic tree automaton (NTA) over a signature S =
(3, rank, up, D, (D,)4ex) is a pair A = (Q, ), where

e () is a finite set of states;
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e 0 C U,ex @ x{a} x Q="K is a transition function that specifies the set of admissible
triples of a state ¢ € () in a node, its label a € ¥ and a vector of states (q1, . . ., ¢ranka)
in its children. If ranka = 0, then {¢ | (¢,a,()) € ¢ } is the set of admissible states
in a leaf labelled with a.

A nondeterministic tree automaton works on a tree like an NFA works on a string.
It starts in any state in the root, and then, for the state and the label in a node it
nondeterministically chooses the vector of states in the children (which is admissible for
this current state and this label of the current node).

There is an alternative outlook: the automaton computes the states from the leaves
to the root. Omnce the states in the children of a node are computed, the automaton
nondeterministically chooses the state in this node, so that the triple is admissible.

The first approach (from root to leaves) is called top-down, and it directly generalizes
the definition of an NFA. The second approach is called bottom-up. Both approaches are
equivalent, and the following definition of a computation fits both approaches.

Definition 8. A computation of a nondeterministic tree automaton A = (Q,0) on a
tree T' = (V,vg, +,A) is an assignment (q(v)),ey of states to nodes, such that for each
node v € V the triple at this node is admissible, that is, (¢(v), A(v), (¢(v +1),...,q(v +

rank A\(v)))) € 4.
A tree automaton accepts a tree if there exists at least one computation on this tree.

In the definition of nondeterministic tree automata, no initial and accepting states are
needed, because all restrictions can be defined by removing some triples from 4.

Computations on subtrees can also be defined. In a tree, the root has a root label
and no edge upwards. The root of a proper subtree has a non-root label and an edge to
its parent. A subtree can be defined independently of the main tree. A subtree over a
signature is an object that satisfies all conditions in the definition of a tree, except the
requirement that its root has a root node label. An edge upwards from the root, if it
exists, leads nowhere and is called an external edge.

A computation on a subtree has the same definition as a computation on a tree: this
is a mapping from nodes to states (¢(v))yey , in which the state in every node satisfies
the admissibility condition involving the vector of states in its children and the label of
this node.

Languages of trees recognized by nondeterministic tree automata are called regular
tree languages.

3.2 Bounds on the size of the minimal accepted tree
for a tree automaton

For a nondeterministic tree automaton, the following bound on the size of the smallest
accepted tree is proved.

Theorem 4. Let S = (3,rank,up, D, (D,)eex) be a tree signature, and let r =
max{ranka | a € X} be the maximum possible number of children in a node. Let
A = (Q,9) be a nondeterministic tree automaton over the signature S, with |Q| = n
states, that accepts at least one tree. Let my,...,m., be a sequence of integers of length
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rn + 1 defined as follows: m; =27 for all j =0,...,r —1, and mj = 1 + Z{;}# m; for
all j=r,...,rn.
Then the minimal tree accepted by A has at most m,, < 2™ nodes.

Proof. Under certain conditions, a subtree in an accepted tree can replaced by another
subtree, so that the tree is still accepted. Let T be a tree accepted by A, let (q(v))vev
be a computation on this tree, and let ¢; be a subtree rooted at some node v. If ¢5 is a
subtree that has a computation with the state g(v) in the root of t5, and the direction
of the external edge of ¢y is the same as in 1, then the subtree ¢; in the tree T can be
replaced with 9, and the new tree will be accepted as well. Indeed, the computation on
the new tree can be obtained by merging the computation on 7" in the old nodes with the
computation on ¢, on the nodes of 5.

Let T' be a minimal accepted tree, let (¢(v)),ev be an accepting computation on this
tree. Then, for every node v € V', the subtree rooted at v must the minimal subtree that
has a computation with the state g(v) in the root, and with the same direction of the
external edge as in v.

For each state ¢ € () and for each number of child i € {1,...,r}, fix T, ; as one of the
minimal subtrees that have an external edge in the direction —¢, and a computation that
produces the state ¢ in the root of the subtree. If there are no such subtrees, then T ; is
undefined. For a subtree T} ;, fix a computation C,; on it that has ¢ in the root of the
subtree. Let f: @ x {1,...,r} — N be a partial function that, for a state ¢ € @ and a
child number i € {1,...,r}, gives the number of nodes in the subtree T, ;.

Now, all pairs (g,i), on which the function is defined, are sorted in the order of
increasing value of f(q,7). Let the values of the function f on these sorted pairs be
my < my < ... <m)y. Here N is less than rn, because there are rn distinct pairs (g, ),
withge Qand i € {1,...,r}.

For each pair (g,4), on which f is defined, there is a subtree T,,; with a computation
Cy,i, in which the state ¢ is reached at the root of the subtree, and the external edge
from the root goes in the direction —i. Let ' be the number of children of the root
of T,;, then 0 < 7" < r. Let ¢i,...,q be the states in the children of the root in
the computation C,;. Since the subtree T} ; is minimal, the subtrees in the children on
the root cannot be replaced with smaller subtrees, and hence have as many nodes as the
subtrees Ty, 1, ..., Ty, . Then f(q,4) = 1+ f(q1,1)+. ..+ f(g~,7’). The numbers f(q1,1),
.., f(gm,r") are smaller than f(q,i), and therefore the pairs (¢, 1),..., (¢, 7’) occur in
the sorted list of pairs earlier than the pair (g,7); the pairs (g;, j) are pairwise distinct,
because they have different directions —j. It can be concluded that every next number
in the sequence m(, m),...,m/y is a sum of 1 and at most  numbers previous occurring
in the sequence, with pairwise distinct indices.

Each number m/, with j = 0,..., N, is bounded by the sum r preceding numbers
in the sequence (if there are at least r of them) plus one, or the sum of all preceding
numbers (if there fewer than r of them) plus one. Then, for j = 0,...,r — 1, the upper
bound m} < 20 = m; is obtained by induction. Every next number is bounded by

m; < 1+ Z{;;_T m; < my, for all j =r,..., N. The root of a minimal accepted tree T’
has at most r children with different directions up, and the number of nodes m/y_, in the
whole tree does not exceed 1 +m/y_, ., +... +my < my41 < My, (the latter inequality
holds because N + 1 < rn).

If, instead of these sums of at most r previous elements of the sequence, one always
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summed up all previous elements, then powers of two would be obtained. This gives an
upper bound on m; of the form m; < 27, for all j =0,...,7n, and hence, m,, < 2™. O

The upper bound from Theorem []is actually precise: in the next theorem, an example
of an automaton is given, which has minimal accepted tree of the same size. Furthermore,
the lower bound is given already for a deterministic bottom-up tree automaton. (in this
automaton, ¢ is a partial function that maps a label a € ¥ and a vector of states in the
children (g1, ..., Granka) to & state in a node).

Theorem 5. For every r > 1 there is a signature S,, with maximum rank of a label r,
and with 2r +1 node labels, such that for everyn > 1 there exists an n-state deterministic
bottom-up tree automaton A over the signature S,, such that the minimal tree accepted by
A has exactly m,., nodes, where m; =27 for j =0,...,r —1, and m; = 1+ ZZ;;_T m;
forjg=mr ... ,rn.

Proof. The goal is to define a signature and an automaton, so that the automaton accepts
exactly one tree, and that tree has the desired number of nodes.

Such a deterministic bottom-up tree automaton is defined as A = (@, J), where @ =
{1,...,n} is the set of states. For each state ¢ € ) and for each direction i € {1,...,r},
it is planned that there is a unique subtree 7, ; with an external edge —i, on which the
(uniquely defined) bottom-up computation ends with the state ¢ in the root.

The signature S, = (X, rank, up, D, (D,)4ex) is defined as follows.

e Node labels are: ¥ = {ag,...,a,_1} U{b_1,...,b_.} U{c}.

e Each node label a;, with ¢ = 0,...,r — 1, has rank 7. The rest of the node labels
have rank 7.

e Each label a;, with ¢ = 0,...,7 — 1, has direction upward upa; = —(i + 1). The
direction upward for b_;, with ¢ = 1,...,r, is upb_; = —i. The label ¢ is a root
label, its direction upward is undefined.

Let ((gj,%;))je0,....rn—1 be the ordered set of all pairs (¢,7), with¢ € Q andi=1,...,.
These pairs are compared first by ¢ in the increasing order, and then by 1.

For each pair (g;,4;), with j = 0,...,rn — 1, the transition function § will have a
unique transition involving a node label with upward direction —¢;, which produces the
state g;. The corresponding subtrees T, ;. with external edge in the direction —i; and
with the automaton producing the state g; in the root will be constructed along with
defining such transitions inductively on j, as shown in Figure [3.1

For j =0,...,r — 1, the state is ¢; = 1 and direction —i; equals —(j + 1). Then the

transitionis 6(1,...,1,a;) = 1 (where the number of arguments 1 is j). The corresponding
subtree Ty, ;; = T1,j41 has the label a; in the root, with upward direction —(j + 1), and
with attached subtrees 171, T' 2, ..., T1,;. The computation on each of the latter subtrees

produces state 1, and by the above transition the computation on 77 ;;; also produces
state 1.

For each j € {r,...,rn — 1}, the corresponding subtree T, ;. is comprised of a root
with label b_;; and with upward direction —i;, and of r attached subtrees. The attached
subtrees are the preceding subtrees in the sequence, which have already been constructed
by the induction hypothesis: T, 5 1y ot

T P _1i;_1- LThe sequence (g;,4;)j," is sorted
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Figure 3.1: Inductive definition of subtrees Ty, ; ., for n = 2 and r = 3.

lexicographically (first by g;, then by i;), and hence the sequence of directions (z'j)gial is

periodic with period r, that is, i; = (j mod r)+1, for all j € {0,...,rn—1}. Therefore,
the requested previous r subtrees for T, ;. have distinct directions upwards, and can be
attached to the new root, because its label b_;, has all possible directions down. Each
subtree has to be attached in its proper direction, and so the subtrees T,

A P R
Ty, .., , are attached to the node b_;; cyclically shifted, starting with the one with upward
direction —1. Let s € {1,...,7} be the number with i;_; = 1. Then a new transition

N Gj—ss > Qj=1,Qj—rs - - -, @j—s—1,b_;;) = q; is defined, and by this transition the state g;
is computed in the root of the subtree T, ;..
Thus, the subtrees T;, ;. have been constructed for all j =0,...,rn — 1.

Claim 1. For every state ¢ € Q) and for every direction i € {1,...,r}, the subtree T, ; is
the unique subtree with direction —i upwards, and with the state ¢ computed in its root.

Proof. Let j be the index of the pair (¢, %) in the sequence: (gq,%) = (¢;,;). The proof is
by induction on j.

Let T be any subtree with upward direction —i, on which the automaton computes
the state q. By the construction of §, there is a unique transition by a label with upward
direction —z, by which the state ¢ is computed. Only this transition can be used in the
root of T'. This transition defines the label in root of T', the number of its children and
the state in each child (the same as for the root of Tj, ;).

By the construction of the transition function, all pairs (state, direction upwards) for
the children of the root of T; ; are listed in the ordered sequence just before (g;,i;):

26



these are the pairs {(g;_1,%;-1),...,(gj—t,%j—¢)}, with ¢ = min{r,j}. By the induction
hypothesis, the subtrees for these pairs are unique, and therefore the root of T" has the
same attached subtrees as the root of T, ;.. Hence, T and T, ;. coincide. O

Claim 2. Each subtree Ty ;,, with j € {r,...,rn — 1}, has exactly m; nodes.

Proof. Induction on j. For j =0,...,7 — 1, the subtree T, ;. consists of the root and all
previous subtrees, and so it has 14 327"0m, = 1 4+ Y27_) 28 = 27 = m; nodes.
Every next subtree T ; , with j € {r,...,7n — 1}, consists of its root and r previous

subtrees. Hence, it has 1 + Z{;jl_r my = m; nodes, as claimed. O

Only a node labelled with ¢ can be the root of the entire tree. For this label, a unique

transition §(n,n,...,n,c) = n is defined, with r arguments n. This transition requires
r last subtrees in the sequence, 7,1, ..., T, ,, to be attached to the root. Therefore, a
unique tree is accepted, and it has exactly m,, =1+ m,_1 + ... + My,_, nodes. O

3.3 Transformation of a nondeterministic tree-
walking automaton to a nondeterministic tree au-
tomaton

It is known that if a 2DFA with n states accepts at least one string, then it accepts

some string of length at most (n%’:l) -1 = O(\/Lﬁél”). This bound is proved by first

transforming an n-state 2DFA to an NFA with m = (ffl) states (see Kapoutsis [15]), and
then observing that an m-state NFA recognizing a non-empty language must accept some
string of length at most m — 1. The currently best lower bound on the maximum length
of the shortest accepted string for an n-state 2DFA is % - 2" — 1, proved in Chapter .

For the generalization of 2DFA to trees, the deterministic tree-walking automata
(DTWA), the size of the minimal accepted tree has not previously been studied. However,
an upper bound can be obtained by extending the method of Kapoutsis to trees. As a
generalization of NFA to trees, one can take a nondeterministic tree automaton (NTA).
Then, in order to apply the method of Kapoutsis, one should prove an upper bound for
the transformation of DTWA to NTA and then apply an upper bound in Theorem [4| on
the size of the minimal tree accepted by a nondeterministic tree automaton, proved in
Section [3.2

In this section, bounds on the number of states needed for the transformation of DTWA
to NTA are proved. An upper bound for this transformation applies to nondeterministic
tree-walking automata.

Theorem 6. Let S = (X, rank,up, D, (D,)eecs) be a tree signature, and let A =
(Q, Qo, F',§) be a nondeterministic tree-walking automaton (NTWA) with n states. Then
there exists a nondeterministic tree automaton (NTA) A" = (Q', ") over S with (2:j11) -
1= O(\/LEZL") states, which accepts the same set of trees as A.

Proof. The construction is similar to the 2NFA—NFA transformation by Kapoutsis [15].
The states of the tree automaton are:

Q ={(P,R)| P,RCQ, (P,R) # (Q,Q), and either |R| = |P| + 1, or |[R| = |P|}
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Figure 3.2: Simulation of NTWA by NTA transition ((P, R),a, ((P1, R1),..., (P, Ry))) €
8.

First, the number of states is determined. A pair (P,R) € Q' U {(Q,Q)} is chosen
by selecting any |R| + |@ \ P| elements from two columns of height n, and letting R be
the elements selected from the first column, and P be the elements not selected from
the second column, Then, for one of the equalities |R| = |P|+ 1 or |R| = |P| to hold,
|R|+|Q\ P| must be either n or n+1, and accordingly |Q'| = (**)+ () —1= (1) -1,

n+1 n+1
as claimed in the theorem. The growth rate of this binomial coefficient is known: (2::11) =
O(\/Lﬁél”).

The nondeterministic tree-walking automaton A can be assumed to have a unique
initial state. If it has several, then one can choose any ¢y € )y as the initial state, and
define transitions in ¢y at root node labels to simulate the transitions of other initial
states.

The idea is that if the tree automaton comes to the state (P, R) at a node v, this
means that A, in its accepting computation, arrives to v from the parent of v in all states
from R, and rises from v up to its parent in all states from P. In the construction by
Kaputsis [15] for the case of 2NFA on strings, the only option is |R| = |P| + 1, because
a 2NFA accepts only at the right end-marker. But a tree-walking automaton may accept
anywhere, and hence, if it does not accept in the subtree of v, then |R| = |P|.

The transition function ¢’ of the tree automaton A’ will be defined so that it may
encode any accepting computation of A without cycles, and possibly some cycles from
the graph of all computations of A that are disjoint with the accepting path.

Note that the missing state (Q, Q) ¢ @' is not needed to encode an accepting compu-
tation without cycles, because if the automaton goes up from a node in every state, then,
in particular, it goes up in the same state which it has earlier used on the way down. This
yields a cycle in the computation.

The transition function & of the automaton A’ is defined as follows (see Figure [3.2).
Let a node v have label a € ¥, with ranka = k and upa = —i (i is undefined if a a is a
root label). Let the states in its children be (P, Ry),. .., (P, R). Can the node v have a
given state (P, R)? There is a possible transition ((P, R),a, ((Py, R1),..., (P, Ri))) € &'
if and only if the following conditions are met.

1. The sets P, ..., P, and R must be pairwise disjoint. If a is a root label, then {q}
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also must be disjoint with these sets.

2. Let Q1 = PLU...UP,URU{ q | if a is a root label } be the set of all states encoded
in the node v. Let M = (P x {—i}) U (Ry; x {+1})U... U (Ry x {+k}) be the set
of all encoded transitions from the node v. Let @y = {q € Q1 | (¢,a) ¢ F} be all
states from (J; that are not accepting at label a.

Then each of the transitions from M must be executed exactly once, in different
states from Ql, and all these states must be used. That is, there should exist a
bijection f: Q; — M, such that f(q) € 6(q,a) for all g € Q.

3. If a is a root label, then (P, R) must be (&, &), because the automaton cannot walk
over a non-existent edge upwards.

A nondeterministic tree automaton A’ has been defined, and it remains to prove that
the automata A and A’ accept the same set of trees.

Let the tree-walking automaton A accept a tree T'. Then there is an accepting compu-
tation C' of A on the tree T' without cycles. Let C’ be a computation of the tree automaton
A" on the tree T, defined as follows: the state at a node v is q(v) = (P, R), where P is
the set of all states in which the automaton A in the computation C' arrives to the parent
of v from v, and R is the set of all states in which A in the computation C' moves down
to v from its parent. Then C’ satisfies all conditions in the definition of ¢’ in each node
v, and is indeed a computation, which confirms that A’ accepts the tree T

Now let the tree automaton A" accept a tree T' = (V,vg, +, ). It has to be proved
that A also accepts it. Let C” be any computation of A’ on T. Denote the state at every
node v € V' in the computation C” by (P,, R,).

For every node v, denote by ()1, Q1 » and M, the sets Ql, Q1 and M in the definition
of ¢ for v and the computation C’. Fix any bijection f,: Ql,v — M, as in the definition
of ¢’; then f,(q) € d(¢, A(v)) for every ¢ € @1,1)-

Denote the set of configurations of A encoded in a node v by X, = @1, x {v} and
let )?U = @\l,v x {v} be the subset of non-accepting configurations of X,. The set of all
configurations entered by the automaton A after applying transitions from M, at the node
v is denoted by Y,. If k is the number of children of v, and —i is the direction upwards
(undefined for the root), then Y, = (P, x {v—i})U(Rys1 x {v+1})U.. .U(Rpir x {v+k}).
In the new notation, the bijection f, gives rise to another bijection g,: )?v — Y, such
that, for every x € X,, the configuration g,(x) is one of the possible next configurations
of the automaton A for the configuration x.

The sets of configurations X, are pairwise disjoint for different v € V', because each
X, contains only configurations at v. It is claimed that the sets Y, for different v € V'
are also disjoint, that is, no configuration (¢q,v), with ¢ €  and v € V, may occur in
two such sets. Let v have k children and upward direction —i. A configuration with the
node v may lie in Y, only if u is a neighbour of v. In the set Y,_;, configurations with

v are those in R, x {v}; in the sets Y,41,..., Yy, the sets of configurations with v are
P, x{v}, ..., Pyrr x {v}. By the condition in the definition of the function ¢’, the sets
Ry, Pyiq, ..., Pyyy are disjoint, and hence the configuration (¢,v) may occur in at most

one set Y, with u € V.
Then, let X = U,cp

X contain all non-accepting configurations from X. Let Y = (J

X, be the set of all encoded configurations, and let the set
Y, be the set of

veV
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all configurations reached by encoded transitions. Since all sets X,, with v € V, are
pairwise disjoint, and all set Y,, are pairwise disjoint as well, the bijections (g,),cy can be
combined into one big bijection g: X — Y. The function g maps each configuration in
X to a possible next configuration.

The plan is to take the initial configuration and to apply g iteratively to produce an
accepting computation of A. For these configurations to form a sequence, it has to be
shown that all configurations from Y lie in X. A stronger claim is established below: it is
also shown that each non-initial encoded configuration is a next configuration to another
encoded configuration.

Claim 3. VY =X \ {(qU:UO)}-

Proof. By the definition of Y,, the set Y is of the following form.

Y = U Y, = U (Pyx{v+up A(v) ) U(Ryp1 X {v+1})U. . .U(Ryirank aw) X {v+rank A(v) })

veV veV

Next, the pairs are regrouped according to the nodes in the second components: if
up A(v) = —i and u = v — i, then the set of pairs P, x {v — i} equals P,;; x {u} in
the new notation. At the same time, the sets of pairs R,,; X {v + j} are represented as
R, x {u}, for all u. The following equality holds as a result.

P x {o+up A)}) U (Rusr x {v+1}) U .. U (Rysrankrw) X {v +rank A(v)}) =

veV

= U ((Pu+1 u...u Pqurank)\(u) U Ru) X {U})

ueV

(an extra expression R,, X {vg} for the root of the tree occurs in the second part; however,
it does not affect the resulting value, because R,, = @ by one of the conditions in the
definition of ¢")

This is the union of all X, without the initial configuration.

U (Pus1 U U Pypraniorw) U Ry) x {u}) = U (Xu\ {(g0,v0)}) = X \ {(q0,v0)}

ueVv ueV
]

Since the function g: X — X \ {(qo,vo)} is a bijection, there is exactly one accepting
configuration in X. For each configuration except the accepting one, g provides one of the
successor configurations of the nondeterministic automaton A. All these next configura-
tions are distinct, and the initial configuration is not a g-successor to any configuration in
X. Therefore, all configurations in X are split into a path from the initial configuration
to the accepting one, and possibly several disconnected cycles. This path from initial to
accepting configuration is the desired accepting computation of the automaton A on the
tree T'. 0

As in the transformation by Kapoutsis [15] for automata on strings, it will be proved
that the number of states used in the above transformation of NTWA to NTA cannot
be reduced in the worst case already for deterministic tree-walking automata. The lower
bound argument will use signatures with exponentially many node labels, just as in the
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Kapoutsis’s proof for automata on strings, where an alphabet of exponential size was
actually necessary to achieve the precise bound, see Geffert and Okhotin [12].

The upper bound (21?:11) —1 in Theorem @ is not much greater than the (ffl) bound for
the 2NFA—NFA transformation by Kapoutsis [I5]. It turns out that this small increase is
not due to the branching in the trees, but only because tree-walking automata may accept
anywhere, whereas 2NFA accept only at the right end-marker. A precise lower bound to
Theorem [6] will be proved already in the case of strings, that is, for the transformation of
2NFA accepting anywhere to one-way NFA.

The proof uses the standard lower bound method for one-way NFA: the fooling sets.

Lemma 5 (Birget [2]; Glaister and Shallit [T1]). Let L C X* be a language, and let

{(uy,v1),...,(un,vn)} be a set of pairs of strings over ¥, such that
e for eachi=1,... N the concatenation w;v; is in L,
o foralli,j=1,...,N, with i # j, at least one of the strings w;v; and u;v; is not in
L

(such a set of pairs is called a fooling set). Then every NFA recognizing the language L
must have at least N states.

This method is used in the proof of the following lower bound.

Lemma 6. Letn > 1. Then there exists a 2DFA B,, with n states that may accept in the
middle of a string using a set F C Q) X X of accepting pairs, such that every NFA that

recognizes the language L(B,) must have at least N = (%Z:rll) — 1 states.

Proof. The desired automaton is defined as B,, = (X, @, qo, F,0), where
e the set of states is @ = {1,2,...,n},

e the alphabet X ={ f | f: Q@ — (Q x {+1,—1}) U {accept, reject} } is the set of all
possible transition functions and acceptance conditions on a single symbol,

e the initial state is ¢y = 1,

e the set of acceptance conditions F' consists of all pairs (¢, f), with ¢ € Q and f € X,
such that f(q) = accept,

e the transition function sets one transition §(1,F) = (1,41) on the end-markers, and
all transitions d(q, f) = f(q), for ¢ € Q and f € ¥ with f(¢) € Q x {+1,—1}.

The proof is by constructing a fooling set of size N = (2::11) —1 for the language L(B,,).
Let X ={(P,R)| P,RCQ, (P,R) # (Q,Q), and either |R| = |P| + 1, or |R| = |P| }.
There are exactly N pairs of subsets (P, R) in the set X (as shown in the beginning of
the proof of Theorem [6]

Let (P, R) be a pair of subsets in X, and let P = {p1,...,ps} and R = {ry,...,r},
where p;1 <po < ... <psandri <ry <...<rmr,andt=s+1ort=s. For each pair
(P, R), the corresponding strings up r and vp g are constructed as follows.

Let ¢ = min(Q \ P); since s # n due to (P,R) # (Q,Q), such a state ¢ exists.
Define upr = fg. Here f(1) = (i,+1), and f rejects in all other states. The function
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g maps the states i,py,...,p;—1 forward to the states rq,...,r, that is, g(i) = (ry,+1),
g(p1) = (ro,+1), ..., g(ps_1) = (ry, +1). If s =¢ > 0, then there is one extra state left in
P, which is mapped to acceptance: g(ps) = accept. If s =¢ =0, then g(i) = accept. The
function g rejects in all other states.

Define the matching string as vpr = h, where h(r;) = (p;, —1) for each i = 1,...,s.
If t = s+ 1, then h(r;) = accept. In all other states, h rejects.

It remains to prove that { (upgr,vpr) | (P,R) € X } is a fooling set.

e For each pair (P, R) € X, the string up gvp g is in L(B,,).

Indeed, consider the computation of the 2DFA B, on this string. Let P =
{p1,...,ps} and R = {ry,...,m}, where p; < ps < ... <psand r <719 < ...<Ty.
Let uprvpr = fgh. The automaton starts at the left end-marker i in the state 1,
and moves in the state 1 to the first symbol f. From there it moves to the second
symbol g in the state i = min(Q\ P). If s = ¢ = 0, then the automaton accepts here.
Otherwise, it moves forward to h in the state r;. Then, according to the transition
functions by the symbols ¢ and h, the automaton moves back and forth between
these two symbols, assuming states p1, o2, po, 73, p3, . ... If s = t, then the automaton
finally accepts at the symbol g in the state p,, and otherwise the automaton accepts
at h in the state ry.

e Let (P, R) # (P, R') be two different pairs in X. It is claimed that the automaton
B, rejects at least one of the strings up rvp r and up pVp R.

Consider the computations of the automaton B, on these strings. Let P =
{p1,...,ps}y R = {r,...,me}, P = {p},...,0,,} and R" = {r},...,7r.}, where
PL<p2<...<ps, 11 <re<...<r,pp<ph<...<pyandr] <ri<...<r.
Let uprvpr = fgh and up pvp g = f'g’h'. Consider the earliest difference be-
tween the computations of B,, on the strings fgh and f'¢'h’.

1. The first case is when there exists a number k, with 0 < & < min{s, s'}, such
that 7; = 7’ and p; = p} for all j =1,... k, and either r4yy # 1}, or one of
w41 and 7y, does not exist.

Assume, without loss of generality, that either ry1y < 7}, or r},; does not
exist. Consider the computation of the automaton B,, on the string up pvp r/ =
fgh'. Until the automaton reaches the state py, it works on fgh' as on fgh or
f'g'h. Eventually it comes to g in the last common state pj. (if £ = 0, then let
po =1 =min(Q \ P)). Since 141 exists, by the definition of g, the automaton
moves to ' in the state 7,41 > rp = 7. If v, does not exist, then the
automaton rejects since it has come to a state with a larger number than any
states with transitions on A’ defined. If v} | exists, then rj, = r, < < 7).y,
and the state r is enclosed between two neighbouring states with a transition
defined, and the automaton rejects.

2. The second case is when there is a number k, with 1 < k£ < min{¢,¢'}, such
that p; = p} for each j =1,...,k — 1, and r; = 7 for each j = 1,... k, and
either py, # p)., or one of p; and pj, does not exist.

Without loss of generality, assume that either py > pj, or py does not exist.
Consider the computation of B,, on the string uppvp r = fgh'. Eventually
the automaton arrives at h’ in the last common state 7, = 7. Then it steps
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backwards in the state pj. If the state p; does not exist, then the automaton
comes to g in a state p, > p)_, = pr—_1, that is, in a state not in P. This means
that it either rejects, or, if pj = min(Q \ P), moves forward in r and loops. If
pr exists, then py_1 = p},_; < pi, < pr. The automaton is thus at ¢ in a state
not in P, and hence either rejects or loops.

Therefore, { (upr,vpr) | (P,R) € X } is a fooling set, and every NFA recognizing the

language L(B,) has at least N = (27?:11) — 1 states. O

Now a precise lower bound on the state complexity of the DTWA—NTA transfor-
mation is established by adapting the string languages in Lemma [0] to the formalism of
tree signatures. The left end-marker becomes the root of a tree, the right end-marker
becomes a leaf, and all symbols of the alphabet become node labels of rank 1. Then
2DFA accepting in the middle are equivalent to DTWA over this signature, whereas NTA
are equivalent to NFA operating on strings with end-markers. But NFA with end-markers
are easily seen to be equivalent to NFA without end-markers, and so applying Lemma [f]
gives the next theorem.

Theorem 7. For everyn > 1 there exists a signature S, and a deterministic tree-walking
automaton A,, over it, such that every nondeterministic tree automaton A’ recognizing the

same set of trees as A,, has at least N = (%f:_“ll) — 1 states.

3.4 Upper bound on the size of the smallest tree
accepted by a nondeterministic tree-walking au-
tomaton

The upper bound on the size of minimal accepted tree for tree automata obtained in
Section can be combined with the upper bound for the transformation of tree-walking
automata to tree automata from Section to prove an upper bound on the size of
minimal accepted tree for tree-walking automata.

Theorem 8. Let S = (X, rank,up, D, (Dg)ees) be a tree signature, and let r =
max{ranka | a € X} be the mazimum number of children in a node. Let A = (Q, Qo, F, )
be a nondeterministic tree-walking automaton (NTWA) over S with |Q| = n states that
accepts at least one tree. Then the minimal tree accepted by this automaton has at most
24" nodes.

Proof. First, a nondeterministic tree automaton A" = (Q’,¢’) with |Q’| = (2:;“11) — 1 states
that recognizes the same language L(A) is constructed by Theorem @ The number of
states |@'| is estimated as follows.

n 2n+1
2n+1 2n+1 2n+1 1 2n+1 1
@ <n—i—1) < n ) Zk20< k ) 22k20< k ) 2

Then, by Theorem [ the minimal tree accepted by A’, and hence by A, has at most
2r1Q" < 2m4" podes. m
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The constant 4 in the upper bound 2" on the size of minimal trees accepted by
NTWA is the same constant 4 as in the upper bound O(\/L#L”) on the length of shortest
strings accepted by 2DFA (which comes from the optimal 2DFA to NFA transformation
by Kapoutsis [I5]). The lower bound on the length of the shortest strings have been
improved several times, with the current bound being 2(2"). The constant 4 in the upper
bound has not yet been improved.

In the case of strings, the bound O(\/LEZL") is the number of different pairs of sets of
states (P, R), with |R| = |P| + 1, in which an n-state automaton moves back and forth
over an edge. In a minimal accepted string, such pairs of sets on edges never occur twice,
for otherwise the substring between two equal pairs can be cut out of the string, and
the string will still be accepted. Let pairs (P, R) will [R| > § + 1 be called heavy pairs,
and accordingly edges in the string, over which the automaton moves forward at least
% + 1 times are called heavy edges. The rest of the pairs (P, R) are light pairs, and the
rest of the edges are light edges. Then, there cannot be two heavy edges in a row in an
accepted string, because if two subsequent pairs (P, R1) and (P, Rs) are both heavy,
then the automaton comes to the node between the two edges |R;| 4+ |P;| times, but
|Ri|+|P| = §+1+ 5 > n, and hence the automaton comes to the same node more than
n times, and loops. However, the number of heavy pairs does not exceed the number of
light pairs, and all pairs (P, R) € 29 x 2¢ with |R| = |P| + 1 can be arranged in order
so that no two heavy pairs are next to each other. Therefore, this division into light and
heavy pairs would not improve the upper bound O(\/iﬁéln) on the length of the shortest
accepted string for 2DFA.

What happens in the case of trees? At least three edges meet in each node with
branching. Now an edge is said to be heavy if the automaton with n states moves upward
by this edge at least ¥ +1 times (|P| > 2 +1). The rest of the edges are light. Then there
are at most two heavy edges in each node, and each node with branching has at least one
adjacent light edge. The overall number of such light pairs (P, R) is no longer half of all
pairs, but substantially lower. Then the idea of dividing into light and heavy pairs will
be used to improve constant 4 in the case of trees.

Theorem 9. Let S = (X, rank,up, D, (D,).ex) be a tree signature, and let v be the
mazximum number of children in a node. Let A = (Q,Qq, F,d) be a nondeterministic
tree-walking automaton (NTWA) over S, with |Q| = n states, which accepts at least one
tree. Then the minimal accepted tree has at most 2°00™3572") podes.

Proof. First a nondeterministic tree automaton A’ = (Q’,d") that recognizes the same
language as A is constructed by Theorem [6] The goal is to give an upper bound on the
number of nodes in the minimal tree accepted by A’.

The proof uses some details in the construction of the automaton A’ from the proof
of Theorem [6] The states of A" are pairs of subsets of the set of states of A.

Q ={(P,R)|PRCQ, (P,R)# (Q,Q), and either |R| = |P|+ 1, or |R| = |P|}

Let a node v in some accepted tree have k children, and let some computation of the
automaton A’ on this tree have state (P, R) at the node v, and states (P, Ry), ..., (P, Rx)
at the children of v. Then, by the construction of function ¢’ in the proof of Theorem [6]
the sets R, Py, ..., P, are pairwise disjoint. This means that there cannot be many large
sets among these k+1 sets. The pairs in Q) are divided into heavy and light by the number
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of states in their first components: a pair (P, R) € Q' is called heavy, if |P| > ¥ + 1, and
light otherwise. Then there cannot be more than two heavy pairs among the states at a
node v and at its children.

For a nondeterministic tree automaton A’ of this particular form, in which states are
divided into light and heavy pairs, and in which no node with its children may have more
than two heavy pairs, one can obtain a better upper bound on the size of the minimal
accepted tree than for NTA of a general form. For this purpose, the proof of Theorem
shall be elaborated using the additional constraints on the tree automaton.

Let T = (V, vg, +, A) be a minimal tree accepted by the automaton A’ and let (¢(v))yev
be a computation of A’ on it. As shown in the proof of Theorem 4} for each internal node
v, with state ¢ = ¢(v) and upward direction —i = up A(v), the subtree rooted at v is
minimal in the number of nodes among all possible subtrees with upward direction —:
and with a computation that results in the state ¢ in the root. Hence, the tree T' and the
computation on it can be modified so that for each pair (g,%), all nodes v with the state
q = q(v) and upward direction —i have identical subtrees with the same computations on
them (such a replacement preserves the validity of the computation and the minimality
of the tree). The resulting tree and computation are fixed until the end of the proof. For
each state ¢ and upward direction —i, denote the subtree used in all nodes with ¢ and —i
by T, (it is undefined, if 7" has no such subtrees).

Next, all pairs (g,4), with ¢ € @', i € {1,...,r}, for which the subtree T,; is defined,
are arranged in the increasing order of the number of nodes in 7, ;, and are enumerated
from (qo,i0) to (qe—1,ik—1), where k < r-|Q'[. Let m; be the number of nodes in T, ;,,
for j €{0,...,k—1}. Then mo < my < ... < my_;.

Indices j € {0,...,k — 1} corresponding to pairs (g;,7;) € @ x {1,...,r}, in which
¢; € Q' is a light pair, will be called light indices, and the rest of them, heavy indices.

The number of nodes in the entire tree 7" is a sum of the sizes of the attached subtrees,
plus one for the root. Thus, one more index k representing 71" is added to the sequence,
and it is light, because the state in the root is (&, ). The goal is to prove an upper
bound on the number m;, of nodes in T

Let j € {0,...,k — 1} be an arbitrary index. It has a corresponding pair (g;,?;) and
a subtree Tj, ;.. Let v be the root of Tj ;.. There are exactly m; nodes in the subtree
Ty, ;> and this number is represented as m; = 1+my, + ...+ my,, where ¢ is the number
of children of v, and jy, ..., j; are indices of pairs corresponding to these children. These
indices are pairwise distinct, because the children of v have different directions up. Each
s-th subtree Ty, ;. has fewer nodes than T, ;. , and hence the subtrees of the children of
v correspond to earlier indices than j. Furthermore, since the computation in the entire
tree has state ¢; in the node v, and states g;,, ..., gj, it its children, there are at most
two heavy indices among j, 71, .. ., Ji-

Then, for every j =0, ..., k, if the index j is light, then m; is bounded by the sum of
my for all light indices ¢ < j, plus mj for the two last heavy indices before j, and plus one
for the root of this subtree. If the index j is heavy, then m; is not greater that the sum
of number for all previous light indices, plus the number for the last heavy index before
J, plus one for the root. For every index j € {0,...,k}, let a; and b; be the last and the
second last heavy indices before j. If there are fewer than two heavy indices before j,
then a; or b; may not exist; in this case it is assumed that m,; or my,; are equal to 0.

Then the sequence my, . .., my is elementwise bounded by another sequence xq, . . ., T,
constructed as follows.
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[ ] .1'0 — 1,
o if j is light, then z; =1 + Tq,; + Ty, + Zt<j, t is light Tt
e if j is heavy, then x; = 1+ x,; + Zt<j7 ¢ is light Ut-

If a; or b; are undefined, then z,; or z;, are equal to zero.
It is sufficient to give an upper bound on the number x;. To this end, several inequal-
ities bounding the growth of the sequence (x;);—o.. x will be proved.

Claim 4. Let j € {1,...,k} be an index. Then x; < 2x;_4.
Proof. There are two cases.

e The index j — 1 is light.

Then a; = a;—1 and b; = b;_;, and regardless of whether j is light or heavy, the
following inequality holds.

ry < 1+, +ap, + Z vy =144, +xp, , +2;01+ Z Ty = 2w
t<j, t is light t<j—1,t is light
e The index j — 1 is heavy.
In this case, a; = j — 1 and b; = a;_1, and the inequality holds.

r; < 1+ 1z, + xp; + E rp=14+x;1+,_, + E Ty = 2x1.
t<j, t is light t<j—1, t is light

]

Thus, the elements of the sequence are at most doubled at each step. But when a
chain of subsequent heavy indices occurs in the sequence (z;);ecqo,...k}, the growth will be
proved to be substantially slower.

Claim 5. If indices i,i+ 1,...,j5 € {0,...,k}, with i < j, are all heavy, then x; <
Proof. Note that 3, i | i unt Tt = Drci 1 is light Tt At the same time, a; =j — 1, a;1 =
J—2,...,a;41 =t Then x; can be bounded as follows.

ZL’j:[L'j_l—}—l—{— Z $t:$j_2+2(1—|— Z l’t)::

t<i, t is light t<i, t is light
=+ G-+ > wm)<(@G-it+n
t<i, t is light
O]
According to Claims [4] and [3], the sequence z, ...,z is elementwise bounded by yet
another sequence o, . . ., Y, defined as follows.
® Yo = 17

o if j is light or j — 1 is light, then y; = 2y,_1,
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e if j and j —1 are both heavy, then y; = (j —i+1)y;, where i is the least index, such
that all indices from ¢ to j are heavy.

In order to prove an upper bound on y, let ¢; = yyjl, for all j = 1,...,k. Then

P
Yr = Hle ¢;j. The coefficient ¢; is 2 for light indices j and for heavy j after light. For
a heavy index j € {l1,...,k} preceded by exactly ¢ > 0 heavy indices, ¢; = % In

each chain of heavy indices, the coefficients c¢; do not increase, and therefore y; may only
increase if a heavy index is moved from a longer chain to a shorter one. Then, the more
there are sequences of heavy indices, and the less is the difference between their lengths,
the greater will be y;. In addition, the coefficient at every light index is no less than at
any heavy index, and the more light indices are there in the sequence, the greater can be
Yk

Let there be exactly ¢ light indices, including k. Then there are at most ¢ chains of
heavy indices. The number of heavy indices is bounded by the length of the sequence k,
which does not exceed 7|Q’| < r4". The value y; is the greatest if the heavy indices are
distributed between the ¢ chains as evenly as possible. Each sequence of heavy indices of
length ¢ (unless it starts at index 0) contributes a factor 223 .. L = 2¢ to yy; if it starts
it 0, then it contributes 22 ...t =+¢.

Then y, can be bounded as follows.

w1l (T0 o) T o) <2(2F])

7 is light 7 is heavy

The first case to consider is when £ is less than r. Then ¢ = % for some number ¢ > 1,
and y; is bounded like this.

4n 4 qn £ 4" l T
o < 2€(2V7D < (‘Wﬂ) <(87 ) <yt
< (c4n+2)£ _ 4(n+2+10g4 o)t < 4O(nr)
The theorem holds in this case.
Let ¢ > r. Then there is a following bound on ;.

14

It remains to bound the number of light indices, and to substitute the result for £.
Light indices correspond to pairs ((P, R), i), wherei € {1,...,r}, and P and R are subsets
of Q, such that [R| = [P|+ 1 or |R| = |P|, with |[P| < [§]. Then the number of light
indices is not greater than the product of the number of directions by the number of ways
to choose P and then R. The light index for the root that concludes the sequence has a
corresponding pair (P, R) = (&, @), which cannot occur inside the tree.

(3

e 1 (+) (CD ' (tL)) < (51 () (')

By Stirling’s approximation,

(o) = mpmas) =0 (7 (7))
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Then the number of light indices is bounded by

cer (511 () () < O(”(ﬁ (217)?)3 )

- (r<\/i1_6)n> — O(r - 3.572%)

Therefore, the minimal number of nodes in an accepted tree is at most

yp < APTDO3572") 903572

]

3.5 Lower bound on the size of the smallest tree ac-
cepted by a tree-walking automaton

In Section [3.4] an upper bound 200™3572") on the number of nodes in a minimal tree
accepted by a nondeterministic tree-walking automaton was obtained, where n is the
number of states, and r is the maximum number of children in a node. The number of
nodes in this bound is double exponential in the number of states and exponential in the
maximum degree of a node. Can there truly be that many nodes in a minimal accepted
tree? The goal of this section is to obtain a lower bound of the form 2%"¢") where
¢ > 11is a constant and r > 2. The proof is by constructing a deterministic tree-walking
automaton with a minimal accepted tree of this size.

The case of binary trees (r = 2) will be considered first. The construction will use two-
way finite automata with long shortest accepted strings: an n-state 2DFA with shortest
accepted strings of length %2” — 1 was constructed in Chapter [2| whereas the upper bound
is O(4™).

Unlike strings, trees may branch, and the number of nodes in a tree can be exponential
in its height. Can another exponent be added to this bound in the case of binary trees?
One can take a 2DFA with n states over an alphabet ¥ with exponentially long shortest
accepted string, and try to construct a deterministic tree-walking automaton with O(n)
states that works on binary trees with symbols from ¥ in its nodes, and checks whether
the string on each path from root to leaf is accepted by the 2DFA. Then, in each accepted
tree, the depth of every leaf will be exponential in n, and the number of nodes in the
minimal accepted tree will be double exponential in n.

However, not every 2DFA with a long shortest accepted string is suitable for such a
construction. A tree-walking automaton will need to continue simulating a computation
from the same moment in all paths in the current subtree. To do this, the automaton,
after simulating the computation on one branch, will have to roll it back to the branching
point before continuing the simulation in another subtree. There is also an issue with
the original 2DFA moving far backwards: as the simulating tree-walking automaton goes
far up, it will forget from which node it has ascended, as there are many nodes at the
same height. Hence, the tree-walking automaton will forget, on which path it currently
simulates the 2DFA.

It turns out that there is a suitable 2DFA, which never makes two step backwards
in a row, and whose computation can be effectively rolled back in order to continue
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the simulation on the next branch. The length of the shortest accepted string for this
automaton is only /n times less than the maximum known. This is the 2DFA from
Chapter 2/ that gives a precise lower bound on the maximum length of a shortest accepted
string in the class of automata that remember the direction of the last move in their state.

Theorem 10 (more precise statement of Theorem . For every k > 2 and £ > 0
there exists a direction-determinate 2DFA Ax, = (X,Q, qo, 0, F') with the set of states
Q=QTUQ™, where |QT| =k and |Q~| = ¢, such that the length of the shortest string it

accepts is (’Z_’f) — 1, and with the following additional properties:

e the initial state qy is in Q7, the accepting state qqe. s unique and is in QT as well,
e all transitions in states in Q= lead to states in QT,

e for every symbol a € X3, there exists a unique state q(a) € Q*, such that the tran-
sition from this state by the symbol a moves the head to the right. The unique
transition to the right by the left end-marker is from the initial state. Let q(F) = qo

and q(4) = Gace-

The above additional properties were not explicitly stated in Theorem [2, but the actual
automata constructed therein have these properties.

In the rest of this section, let Ay, be the 2DFA constructed in Theorem

In the next theorem, a tree-walking automaton is constructed based on 2DFA A,
that, given a binary tree, checks, for each path from root to leaf, that the string written
along this path is accepted by Ay .

Theorem 11. Let k > 2 and ¢ > 0, and let the 2DFA Ay, = (X, Q, qo, 6, F) with the
set of states Q = QT U Q~, where |QT| = k and |Q~| = ¢, be as in Theorem [10 Let
S = (¥, rank,up, D, (D,)aesr) be a binary tree signature with node labels X' = {F1}U{ a; |
a € XU{H},i € {1,2}}. Herety is the root label, 41 and o are labels for left and right
leaves, and {a; | a € X} and {ay | a € X} are labels for left and right children, with
symbols from . Fach node except the leaves must have two children.

Then there exists a deterministic tree-walking automaton B with k + 2¢+ 2 states that
accepts a tree if and only if, for each path from root to leaf, the string of symbols from ¥
written on this path is accepted by Ay .

Proof. The tree-walking automaton B = (@', ¢, ¢, F’) over the signature S works as
follows. It gets a tree T' over a signature S as an input, and it should check that the
automaton Ay, accepts all strings, written along all paths from root to leaf. To do this,
the tree-walking automaton will come to all leaves one by one, from left to right, and
verify that the string from the root to the current leaf is accepted by the 2DFA A; ;.

The computation of the automaton B constructed for the two-way automaton As; is
illustrated in Figure [3.3] The tree in the figure has the shortest string accepted by A,
written along each path.

The set of states of Bis Q' = QT U Q] UQ5 U {s1,s2}, where Q7 ={q1 | ¢ € Q" }
and @, = {q | ¢ € Q~ }. Altogether there are k + 2¢ + 2 states in @'.

The states Q1T UQ; UQ5 will be used to simulate the automaton Ay, on the leftmost
path from an arbitrary node. The transitions of B on QT U Q7 U @5 should be defined
so that the next claim holds.
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A

Figure 3.3: (left) 2DFA A, works on its shortest accepted string; (right) tree-walking
automaton B traverses a tree checking that the string on each path from root to leaf is
accepted by As ;.

Claim 6. Let x be the leftmost leaf in the subtree of a node v, and let the automaton
Ay assume the state q at the node v in its computation on the string from the root to x.
Then, if the automaton B is started at the node v in the state q (if ¢ € Q) or in the
state 1 (if ¢ € Q~ ), it completes the simulation of Axy on the string on the path from
root to x: that is, if the automaton Ay, rejects or loops on this string, then so does B,
and if Ay accepts this string, then B comes to the leaf x in the state qucc.

Let z and v be fixed. Since all transitions of Ay, in the states from )~ lead to states
in @1, the automaton Ay, cannot make two steps backwards in a row, and hence its
simulation along the path from root to z may go up from the node v at most by one edge.
If the simulation never goes up from v, then the automaton B can work as if on string
using states from Q* and @7 to simulate A, in states from Q1 and @, always moving
by left edges and ignoring right edges. All edges on the path from v to x are left (that is,
in directions £1). But sometimes the automaton B will need to go from v to its parent,
and this edge may be right. In this case, the automaton B needs to remember that it has
to descend from the parent of v to the right, not to the left as in all other cases. To do
this, B, as it goes upwards, will remember in the choice of a state from @) or from Q5
whether it has come from the left or from the right child. In order for B to work like this,
the transitions used to simulate A, are defined as follows.
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Figure 3.4: The automaton B moves from the state g,.. at the leaf x to the computation
of Ay ¢ on the path from root to the next leaf y.

For ¢ € Q" and a € X U {F,4}:

§'(q,a;) = (r,+1), if 8(q,a) = (r,+1), and j € {1,2}
§'(q,a5) = (rj, —7), if 6(q,a) = (r,—1), and j € {1,2}

Forge @ and a € XU {F}:

8 (g5, ai) = (r,+7), if 0(q,a) = (r,+1), and 4,5 € {1,2}

These transitions are enough for B to work as in Claim [6]

Now all remaining transitions of ¢’ will be defined, so that the automaton B checks
that the strings on all paths from the root to all leaves are accepted by Ay .

The initial state of B is ¢g € Q. The automaton B starts in this state at the root,
and, by Claim [0 it simulates A, on the leftmost path in the tree. If the string on this
path is not accepted by Ay, then B rejects or loops. If the string is accepted, then B
comes to the leftmost leaf in the state qqc.

Let B come to some leaf x in the state q,., as in Figure |3.4, Then it has already
checked that the strings on the paths from the root to all leaves to the left of z and to z
itself are accepted by Ay . Let x be not the rightmost leaf in the whole tree. Then there
is the next leaf y. Now the automaton B needs to determine whether the string on the
path from the root to y is accepted, and if it does, then come to y in the state gu... The
automaton B does this as follows. First it goes up, remembering whether the last step
was from the left child or from the right child, and does so until it makes the first step
up from a left child. To do this, B uses states s; and s, and the following transitions.

8 (Qaces 75) = (s, —7), where j € {1,2}
8 (s2,a;) = (s5,—7), where a € X, j € {1,2}
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As a result, the automaton makes zero or more steps up from a right child, and finally
one step from the left child, and emerges at a certain node v in the state s;. Let v; and
v be the left and the right children of v. Then the leaf z is on the rightmost path in the
subtree of v1, whereas the leaf y is on the leftmost path in the subtree of vs.

It is known that the computation on the path from the root to the leaf x is accepting.
Could one use this fact to continue this computation from the node v as a computation
from the root to the next leaf y? Let a € XU{F} be the symbol in v. Consider the moment
when the automaton Ay, simulated on the path from root to z, first goes down from v
to v1. At this moment, Ay, makes a transition forward from a state in @* by a. For each
symbol there is only one transition forward from a state in Q. Hence, this transition
can be made only in the state ¢(a). The same moment exists in the computation on the
path from root to y, because the strings to = and to y are the same up to v. Thus, in the
computation on the string from root to y, the automaton Ay, comes to the node v in the
state g(a), and the next step is descending to vy in such a state r that §(q(a),a) = (r,+1).

In order to turn to this simulation towards the leaf y, the automaton B, when it comes
to v in the state s; should continue by a transition down to v, in the state r € Q. Then,
since y is the leftmost leaf in the subtree of vy, by Claim[6] the automaton B will complete
the simulation of Ay, on the path from root to y. This turn to the next simulation is
made by the following transition.

5/(81, Clj) = (7", +2), if Q; € 2/ \ {_|1; _|2}7 5((](@)7 CL) = (Ta +1)

Therefore, if the string on the path from root to y is not accepted, then the automaton
B rejects or loops. If the string is accepted, then B completes the simulation, arriving to
the leaf y in the state guec.

Thus the automaton will move from y to the next leaf, etc., until it either encounters
a string on path from root to leaf that is not accepted (in this case B rejects or loops),
or until it comes to the rightmost leaf in the state g,cc.

Let the strings on all paths be accepted. Then the automaton B comes to the righmost
leaf in the state qu... Next, the transition by .. in the leaf leads it up in the state s,,
because the leaf is right. The automaton continues ascending from right children in the
state sp, until it comes to the root of the tree. If the automaton comes to the root in
the state so, it means that it has already checked all leaves, and in this case B accepts:
F' = {(s9,F1)}. m

How can one use Theorem [11| to get a big minimal accepted tree? If the number of
states is n = k + 2¢ + 2, then, by Theorem [I1] one can make an automaton that accepts
a binary tree, if every path from root to leaf contains a string accepted by Ay, delimited

by left and right end-markers. The shortest string accepted by Ay, is of length (lzj:f) —1.

With the end-markers attached, the length becomes (’Zif) + 1. The minimal accepted
tree, in which that shortest string is written on every path, is a balanced binary tree with
(’Z{f) + 1 levels. At level 0 there is just the root, and every next level has twice as many
nodes as the previous level. Overall, the number of nodes in the minimal accepted tree is

(:17)

Y 2= o)+t _ 1.
=0

For a given number of states n, one should find an optimal partition n = k 4 2¢ + 2 that

maximizes the binomial coefficient (ﬁf) = (";ff)

42



Claim 7. For each n > 3, the number (";ﬁf) 1s mazimal for € = L% 65”2+4J.

Proof. Denote C; = (”Z:Q) for all £ € {0,..., %52} (larger values ¢ > [ 252] would give
n—{—2 < {+1). If the binomial coefficient C; is maximal, then it should not be less
than the neighbouring coefﬁcients Cg 1 and Cyyq, if they exist. Consider the ratio of two

122 -1

C, ("D ==+ (n-20-5)!  ((+2)(n—L—-2)
Coni (5% @+DUn—20=-3)(n—L=3)!  (n—20-3)(n—20—4)
The equation (HEKQZ)S(;(;QQ 5= 1 is a quadratic equation with unknown ¢ and with
parameter n, its roots are {; = %W and {y = %m. This equation
defines a parabola that opens downwards, Cfﬁ -
the roots of the equation, and less than 1 outside. The root ¢, is greater than L”—Qj — 1.
Hence, while £ is less than or equal to ¢;, the ratio % is at most 1, and it is profitable

to increase /; after ¢, the value Cy decreases. Therefore, the maximum is reached for ¢ =

0] +1= L5” 8—von’td | This is a valid value for ¢, because 0 < | 2n=8=yonitd | < | n=2 |

for all n > 3. O

n—~_—2

) ) for the optimal

The next claim shows the growth rate of the binomial coefficient (
value of /.
Claim 8. The binomial coefficient (”;ff), where { = {(n) = L% 65"2+4J , has asymp-
1
totics @(\}C’"), where C' = (( =T ) and ¢ = %g — 1. The stated value of C is
within the bounds 1.618 < C' < 1.619.

n—~_0—2

) ) are approximated as n

Proof. First, both arguments of the binomial coefficient (
multiplied by a constant.

bn — 8 — v/bn? + 4 5—-5b 5+5
n—ﬁ—Q—n—{ 10 J—Q—n(l— 10 )+@(1)—n- 10 +0O(1), and
5n—8—bn? +4 5-5
r+1=| = | +1=n( = ) +6(),
Let m = n- 27 V5 then (+1 = m+0(1), andn—€—2:n-%5+@(l):m g*y%—@( )=

m - (5_\/5 )+ O(1) = cm + O(1). By Stirling’s approximation,

(n o1 2) - (nﬂ;f cf((ll))) - @((ZD - @(«1% N TS mm) -

~o( () ) (G ) o)
[l

Thus, for binary trees, the following lower bound on the maximum number of nodes
in a minimal accepted tree is obtained.
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Theorem 12. For every n > 1, there exist a tree signature S, with all node labels of rank
0 or 2, and an n-state deterministic tree-walking automaton B, over S,, such that the
automaton accepts at least one tree, and the minimal accepted tree has at least 22(1-618")
nodes.

Now let the maximum number of children in a node be r > 4. How can one use the
extra directions to obtain a higher lower bound? This will be done inductively on even
r, with binary trees as the base case. In the induction step, the directions {+1, 42} and
{+3,...,4r} are treated differently. Theorem [12] gives an automaton B that traverses
binary trees and has minimal accepted tree with at least 2¢1618" Jeaves, where ¢ is some
constant. The induction hypothesis gives an automaton B, 5 that traverses trees with
at most r — 2 children in a node. Trees for B, 5 are adapted for the signature of a new
automaton B, by rewriting them in directions {+3,...,+r}, with anything in directions
{+1,+2}. Then, trees for B, are trees for B, with each leaf replaced with a tree for B, 5
adapted as above.

The new automaton B, operating on such trees acts on the part for B as B, moving
only in directions {£1,£2}. When B, visits a leaf for B, it will traverse the attached
subtree for B,_5 by simulating B,_, and moving only in directions {£3,...,+r}. Then
the automaton B, always knows whether it simulates B on the top part of the tree or
B,_5 on one of the attached subtrees, by observing whether the direction upwards is in
{£1,£2} or not.

This allows the number of nodes in the minimal trees to be multiplied by in
the transition from B,_, to B,, and ultimately gives a lower bound 2%1-618") for trees of
rank at most r. This is formally proved in the theorem below.

20-1‘618"

Theorem 13. For allr > 2 and n > 1, there exist a tree signature S,,, with mazimum
rank r and an n-state deterministic tree-walking automaton B,,, over this signature, such
that the automaton accepts at least one tree, and the minimal accepted tree has at least
202 1618™) 5 es.

Proof. The number r is assumed to be even (for odd r, the bound for » — 1 can be used).
Also assume that n > 4 (the case of small n will be treated in the end of the proof).

By Theorem , there is a sequence of automata B, o over signatures S, 2, such that,
for every n, the minimal tree accepted by B, has at least 2¢1:618" leaves, where c is a
constant. Such automata B, » are constructed using Theorem , for ¢ = |n=8=yon=ii 65'”2+4J

and k = n — 20 — 2. The following additional properties can be inferred from the proof of
Theorem [111

e All states of the automaton B, are split into two disjoint sets: states in PT are
entered after moving downwards, and states in P~ are entered after a move upwards.

e The automaton B, > accepts only at the root.
e If the automaton accepts, then it visits each leaf of the tree in the state gu.. € P™.

Let n be fixed. Automata B, , with n states are constructed inductively on even r,
along with their signatures S,,,. The states of each B,,, are split into the same sets P*
and P~, as in B,», and the minimal tree accepted by B,, must have at least 25¢1618"
nodes, and B,,, must accept only in the root. The signature S, , has a unique label for

the root, which is not a leaf.
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Base case: r = 2, the automaton B, 5 has all the required properties.

Induction step: r — r + 2. Let the automaton B, , be constructed, the task is to
construct By, ,42.

An intermediate automaton C,, , is constructed first: this is a copy of the automaton
B,, », operating on directions {£3, ..., +(r+2)}. For this, the signature S,, , is transformed
into a new signature S, . by shifting it by two directions: two more children are added to
each node label, and its direction upwards is increased by two; furthermore, all node labels
from the signature S, 2 are added to S;m. Only labels from S, » have upward directions
—1 or —2. Now every tree over the signature .S} , is either a tree over S, o, or a copy of a
tree over S, , written in directions {3, ..., £(r +2)} instead of {£1,...,%r}, and with
each direction +1 and +2 closed by some subtree over S, ».

At all node labels from S, 2, the automaton C),, rejects right away. The automaton
C..» implements the transitions of B, , by moving in a direction +(i+2) instead of +i, and
in a direction —(7 + 2) instead of —i, for all ¢ € {1,...,r}. Then C,,, accepts only trees
obtained from trees accepted by B, , by rewriting them in directions {£3,...,£(r +2)}.
The automaton C,, ., like B, ,, accepts only in the root; its states are partitioned into P+
and P~ as in B,,,; and the minimal tree accepted by C, . has at least 231618" nodes.

The automaton B,, ;2 is based on both the automaton B,, o, which works in directions
{1, £2}, and the automaton C,,,, working in directions {£3,...,£(r + 2)}. The plan
is that the automaton B,, , 2 recognizes the trees accepted by B,, 2, in which every leaf is
replaced with a tree accepted by C, .

First, new node labels are added to the signature S}, ,. These are all labels of the form
(a,b), where a is a leaf label for B,, 5, and b is a root label for C,,,. Each label (a,b) has
upward direction up a and the same rank as b. All new labels (a, b) have upward direction
—1 or —2, and hence they may not occur on paths from the root that use only directions
{£3,...,£(r +2)}. Since the automaton C,, never moves in directions {£1, £2}, it
cannot reach the nodes with new labels, and the properties of (), , remain unchanged:
accepting at least one tree, acceptance only in the root, partition of states into P and
P~, and having at least 22°1618" nodes in the minimal accepted tree. The number of
nodes in the minimal accepted tree will not decrease, because every new label can be
replaced with a leaf without affecting the computation of C,, .

The signature Sy, 2 is obtained from .S} , by removing all root labels except the root
for B, s.

Every tree over the signature S, ,;2 has a root with a label from S, 5, which has
2 children. All node labels in S, 12 with upward directions —1 and —2 are either in
the signature S, o or are of the form (a,b). Hence, on every path from the root in the
directions +1, 42, the first label not in S, » can only be a label of the form (a,b), where
a is a leaf label for B, 5, and b is a root label for C;, ,. The subtree rooted at a node with
label (a,b), is always a tree over S, ., in which its original root b has been replaced with
(a,b). Then each tree over the signature S, ,io is a tree over S, o, in which some leaves
are replaced with trees over the signature 5], .

The automaton B, 4 is constructed as follows. First, B, 5 is taken and augmented
with transitions for each new node label (a,b) as if for a leaf labelled with a, whereas
the old transitions at the leaves are removed. So far, the automaton accepts exactly the
trees accepted by B, 2, in which each leaf is replaced by some tree over the signature S, ,
(which the automaton never descends into). The accepting computation of B, ;4o follows
the accepting computation of B, 2 on the upper part of the tree, and hence visits every
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former leaf in the state ¢u.., and finally accepts in the root. It remains to check that
all trees that were substituted for leaves are accepted by C,,,. To do this, the transition
from .. at labels of the form (a,b) is changed: the automaton B, ,;» will make the
same transition as €, , would do at a root labelled with b. Then, the automaton B,, ;42
simulates C,, ,, treating the node labelled with (a, b) at the top of the subtree as a root. If
the subtree is accepted by C, ,, then B, , 1o comes to the root of the subtree labelled with
(a,b) in an accepting configuration of C,, .. At this moment it makes the same transition
as B, 2 makes at a leaf a in the state gu.., and then continues the simulation of B, » on
the upper part of the tree.

It remains to explain how the automaton B,, 1o simulates two different automata that
share the same set of states, and does so without extra states. At each moment, it needs
to determine, which of the two automata it simulates: B, or C,,. If the label of the
current node is not of the form (a,b), this can be understood from the upward direction:
if it is —1 or —2, then B, 5 is being simulated, and if the upward direction is one of
{-3,...,—=(r + 2)}, then the simulated automaton is C,,,. In a node with label of the
form (a,b), the automaton being simulated is determined from the state: if the state is
from PT, then B, , 2 has got here from above, and hence this is a simulation of B, ; and
if the state is in P, then the automaton has come here from below, and C,, , is being
simulated.

Such an automaton B, , , may accept only at the root, has the same partition of
states into P™ and P~, and accepts at least one tree, because B, and C,,, each accept
some trees. Each tree accepted by B,, » has at least 2¢1618" leaves, and every tree accepted
by B, ,+2 has each of these leaves replaced with a tree accepted by C,, . Each tree that
C,., accepts has at least 221618" nodes. Therefore, every tree accepted by B, .. has at
least 2¢:1:618" . 95eL618" — 952 1618" 1o dag The induction step has been proved.

It is left to consider the case of n € {1,2,3}. By Theorem , there is a tree automaton
with 1 state, over a signature with maximum rank r, such that the minimal tree it accepts
has 2" nodes. Then, all node labels, on which the transition of the automaton is undefined,
are removed from the signature. Now the automaton accepts all trees and may be replaced
with a 1-state tree-walking automaton that accepts immediately. Thus, for small n, if the
constant in -notation is less than 1.61873, then one can take these signatures and an
immediately accepting automaton. O]
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Chapter 4

Complexity of the emptiness
problem for graph-walking automata
and for tilings with star subgraphs

This chapter is about two kinds of automata on graphs. Graph-walking automata walk
over an input graph by following its edges. Star automata accept a graph by tiling it with
star subgraphs that assign states to nodes.

The basic definitions of automata are given in Section [{.I] Graph-walking automata
and star automata are defined over a signature, which is an alphabet for graphs. A
signature defines finite sets of possible node labels and possible labels of edge end-points
(called directions). Also, for each node label, there is a set of directions used in all nodes
with this label.

The decidability of the emptiness problem and upper bounds on its complexity are
obtained for graph-walking automata and for star automata using generally the same
method. A simpler problem called signature non-emptiness is considered first: does there
exist at least one graph over a given signature? Its decidability is proved in Section
by reducing it to finding a non-negative integer solution to a certain system of linear
Diophantine equations. From this, it is inferred that the non-emptiness problem for
signatures can be solved in NP. Furthermore, if a signature is non-empty, that is, if there
is at least one graph over this signature, then the number of nodes in the smallest such
graph does not exceed 2mr min{r", k* =2}, where m is the number of node labels in the
signature, 2r is the number of directions, and k is the maximum degree of a node.

It turns out that both checking non-emptiness of a graph-walking automaton and
checking non-emptiness of a star automaton can be reduced to checking non-emptiness of
a certain signature, which is constructed for a given automaton.

For star automata, such a reduction is presented in Section 4.3 It gives a proof that
the non-emptiness problem for star automata is in NP. Also it gives an upper bound
sn2k*F*=1 on the number of nodes in the smallest accepted graph, where n is the number
of states in the star automaton, s is the number of stars, and k is the number of directions
in the signature.

In Section [4.4] a graph-walking automaton is reduced to a signature. The reduction
proves that its non-emptiness problem is in NEXP, as well as gives an upper bound
mAM kD R =1 on the number of nodes in the smallest accepted graph, where n is the
number of states, k is the number of directions, and m is the number of node labels.
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In Section [4.5] all the above non-emptiness problems are proved to be hard in their
complexity classes. NP-hardness of the signature non-emptiness problem is obtained by
reducing 3-colourability to this problem. This also gives NP-hardness for non-emptiness
of star automata. To prove NEXP-hardness of non-emptiness of graph-walking automata,
it is shown that a graph-walking automaton can recognize the set of graphs containing
a rectangular grid of exponential size in the number of its states. On this grid, the
computation of a nondeterministic Turing machine is then simulated.

4.1 Graph-walking and star automata

In this section, graph-walking automata and star automata that generalize automata
on strings and trees to graphs are formally defined. All definitions for graph-walking
automata are inherited from the paper by Kunc and Okhotin [18]. Star automata are a
generalization of nondeterministic tree automata and a variant of elementary acceptors
by Thomas [26] without constraints on the number of tiles. Star automata are given in a
different notation for uniformity with graph-walking automata.

Graph-walking automata are defined over a signature. A signature specifies the sets of
labels of nodes and edge end-points in the graphs, and thus defines the set of all labelled
graphs that can be used as inputs for a graph-walking automaton.

Definition 9 ([18]). A signature S is a quintuple S = (D, —, X, X0, (D,)aex), where:

e D is a finite set of directions, which are labels attached to edge end-points;

a bijection —: D — D provides an opposite direction, with —(—d) = d for all d € D;

> is a finite set of node labels;

Yo C X is a subset of possible labels of the initial node;
e D, C D, for every a € 3, is the set of directions used in nodes labelled with a.
Graphs are defined over a signature like strings are defined over an alphabet.

Definition 10. A graph over a signature S = (D, —,3, %0, (Dy)aes) is a quadruple
(V,vo, +, A), where:

e V/ is a finite set of nodes;
e vy € V is the initial node;

e cdges are defined by a partial function +: V x D — V| such that if v+ d is defined,
then (v + d) 4+ (—d) is defined and equals v; also denote v — d = v + (—d);

e node labels are assigned by a total mapping A: V' — 3, such that

i. v+ d is defined if and only if d € D)), and
ii. AM(v) € ¥y if and only if v = vy.

The set of all graphs over the signature S is denoted by L(.5).
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The function + defines the edges of the graph. If u+d = v, then the nodes v and v in
the graph are connected with an edge with its end-points labelled with directions d (on
the side of u) and —d (on the side of v). Multiple edges and loops are possible: if v+d = v
and d # —d, then it is a loop at the node v with two ends labelled with directions d and
—d. If v+d=wv and d = —d, then it is a loop at the node v with one end, labelled with
d.

A graph-walking automaton is defined similarly to a 2DFA and a DTWA, with an
input graph instead of an input string or an input tree.

Definition 11. A (deterministic) graph-walking automaton (GWA) over a signature S =
(D, —,%, %0, (Da)acs) is a quadruple A = (Q, qo, F,J), where

e () is a finite set of states;
e ¢y € () is the initial state;
e ['C () x X is a set of acceptance conditions;

e §: (QxX)\F— Qx D is a partial transition function, with §(¢,a) € @ x D, for
all ¢ and a where ¢ is defined.

When an automaton operates on a graph, at every moment it knows its current state
and sees only the label of the current node. The transition function gives the new state
and the direction to one of the neighbouring nodes, in which the automaton moves. If
the current pair of a state and a node label is in F, then the automaton accepts. If the
pair is not in F' and no transition is defined for it, then the automaton rejects. It may
also continue walking indefinitely, it this case it is said to loop.

Formally, an automaton’s configuration on a graph G = (V, vy, +, A) is a pair (q,v),
with ¢ € Q and v € V. A computation of an automaton A on a graph G is the following
uniquely defined sequence of configurations. The computation starts in the initial config-
uration (qo,vp). For every configuration (¢, v) in the computation, if §(g, A(v)) is defined
and equals (¢, d), then the next configuration after (¢, v) is (¢/, v+d). Otherwise, the con-
figuration (g, v) is the last one in the computation; if (¢, A(v)) € F, then the automaton
accepts in the configuration (g,v), otherwise it rejects. If the computation is an infinite
sequence, then the automaton is said to loop.

A graph-walking automaton A defines the language L(A), this is the set of graphs it
accepts.

The methods used in this chapter to prove the decidability of the emptiness problem
for graph-walking automata and to determine its computational complexity can also be
applied to another related model. These are star automata, which are defined as follows.

Definition 12. Let S = (D, —, %, %, (D,)qex) be a signature and let some linear order
be fixed on the set of directions D. A star automaton A, over the signature S is a pair
(Q,T), where

e () is a finite set of states;

e T is a finite set of stars, where a star is a sequence of the form (a,q,q1,...,qp,|);
where a is a node label, ¢ is used for the state in the current node, ¢, ..., qp, are
used for states in the neighbours of the current node in all directions from D,.
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A graph G is accepted by the star automaton A,, if there is a choice of states (¢(v))vev
in all nodes such that the following condition holds for each node v € V. Let a be the
label of the node v, let dy, ..., dp, be the directions from D, listed in the order. Then, the
star in the node v is the sequence s(v) = (a,q(v),q(v +d1),...,q(v +djp,)). And every
such star should belong to the set of automaton’s stars 7. Such a sequence (q(v))yey is
called a computation of the star automaton A, on the graph G. There can be several
computations.

4.2 The non-emptiness problem for signatures is in
NP

In this section, the decidability of the non-emptiness problem for signatures is proved;
more precisely, an NP-algorithm that solves this problem is constructed. Furthermore,
for non-empty signatures, an upper bound on the number of nodes in the minimal graph
over a given signature is obtained.

It turns out that to prove that a signature is non-empty it is not necessary to find an
actual graph. It is sufficient to find only a collection of nodes without the edge structure
of the graph; such a collection is described by a vector with every coordinate giving the
number of nodes with a certain label. A vector can be turned into a graph if it satisfies
a few conditions.

Definition 13. Let S = (D, —, %, %, (D,)qex) be a signature. A vector of non-negative
integers (Z,)ees, Where x, is the number of nodes with the label a, is called balanced, if
it satisfies the following two balance conditions:

1. an initial node exists and is unique: ) Tgy = 1,

ag€EXg

2. for each direction d € D, such that d # —d, all nodes together need the same
number of edges by d and by —d:

S n= Y

a€X: deD, a€X: —deD,

The next lemma shows that every balanced vector gives rise to a graph, and hence
one can work with balanced vectors instead of graphs.

Lemma 7. Let S = (D, —,%,%,(Da)aes) be a signature. Let x,, for each node label
a € X, be a non-negative integer.

A graph over the signature S with exactly x, nodes labelled with a, for all a € ¥, exists
if and only if the vector (x,)qex is balanced.

Furthermore, there is an algorithm that, given a signature S and a balanced vector
(Ta)aes, constructs a graph over S with exactly x, nodes with each label a € 3, and does
so in time linear in the sum of sizes of the signature and of the constructed graph.

Proof. For every graph G over S, let (x,)q.ex be the vector of quantities of nodes for all
labels. It is claimed that the vector (x,)qeyx is balanced. The first balance condition holds,
because every graph has exactly one initial node. Now to the second condition. Let d € D
be one of the directions, with d # —d. Then, every edge v + d = u in the graph links the
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two edge end-points: in the direction d at the node v, and in the direction —d at the node
u. Thus, the total number ) . ,cp w, of edge end-points labelled with d in the graph
equals the number > o p, Ta Of edge end-points labelled with —d, and the second
balance condition holds.

Conversely, let (x,)qex be a balanced vector. A graph G = (V) vy, 4, A) with exactly
x, nodes for each node label a is constructed by the following algorithm.

e First, the set of nodes V' and the labelling function \ are defined: for each node
label a € ¥ in the signature, x, new nodes labelled with a are added to the set V.

e The initial node is the node with a label from the set ¥, the first balance condition
states that such a node exists and is unique.

e Now the edges shall be defined so, that each node v labelled with a will have edges
exactly in the directions from D,. For each direction d € D, let I; be the set of all
nodes v with d € Dy(y).

For such directions d € D, that d = —d, the algorithm makes loops: for every node
v € I, it adds a loop v +d = v.

For each pair of opposite directions d # —d, the algorithm takes nodes from Iy
and I_4, and links them with (d, —d)-edges. By the second balance condition,
|14] = |1_4|, thus, every node gets all the edges it needs.

]

Now, to check whether a signature is non-empty, that is, whether there is at least one
graph over this signature, one can just check whether there is at least one balanced vector
for this signature.

For a signature S = (D, —, %, 3, (Dq)aex), balanced vectors (z,)4ex with the minimal
possible sum of coordinates will be called minimal balanced vectors.

How large could be the sum of the coordinates of a minimal balanced vector? The
next theorem gives an upper bound on this sum, that is, on the minimal number of nodes
in the graph over a signature.

Theorem 14. Let S = (D, —,%,%,(Da)aes) be a non-empty signature, and assume
that |D| > 2 and that D, is non-empty for all a € ¥. Let r = L|D|, m = |Z| and
k= maXg,ex |Da’.

Then, there is a graph over the signature S with at most 2mr min{r", k* =2} nodes.

Note that the bound 2mrk?~2 can be useful for signatures with many directions, but
with a small maximum degree of nodes. Later on, such signatures will be produced by the
reductions of the emptiness problems for graph-walking automata and for star automata
to the emptiness problem for signatures.

First, the conditions and the claims of Theorem [14] are reformulated in the language
of linear algebra.

By Lemmal7], to prove Theorem [14]it is sufficient to prove that there is such a balanced
vector (2q)eex that >, o 2q < 2mrmin{r”, k* 2},

Let n be the number of pairs of opposite directions {d, —d}, with d,—d € D and
d # —d, in the signature S. It is convenient to rewrite n linear equations in the second
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balance condition as one vector equation. Let {d, —dy,...,d,, —d,} be all such directions
in D that d # —d, here the directions d; and —d; are opposite, fori =1,...,n

For each node label a € ¥, the contribution of one node labelled with a to the balance
of directions in a graph is given by a column vector v, of height n. The i-th element of
the vector v,, for i € {1,...,n}, is defined as follows:

| ifdy € Dy, —ds ¢ Dy
Va,i = -1 if — d; € Da,di ¢ D, (41)
0 if d; ¢ D,, —d; ¢ D,ord; € D,,—d; € D,

Thus, the i-th element of the vector v, is the contribution of an a-labelled node to the
difference of the number of directions d; and —d; in a graph.
Then, the second balance condition for the vector of quantities of labels (z,).ex can
be written in the following form:
Z TaUg = 0

acx

If n = 0, then all directions are of the form d = —d, and one initial node with the
loops is a correct graph. Let n > 1. As n < r, it is sufficient to prove an upper bound
2mn min{n™, k*=2}. Let (2,).ex be a balanced vector with the minimal possible sum
of the coordinates. Among the initial node labels, only one has a non-zero coefficient.
Fix this initial label ay and let the vector —v,, be denoted by b. Then, the coefficients
for other initial labels are zeros and ) s\ 5y Ta = (Y ues ) — 1. Then, to prove the
theorem, it is sufficient to find such a non-negative integer solution (xa)ae(g\go) to the
equation - c s sy Tala = b, that 30 5 o < 2mnmin{n”, k2= 2}

Some vectors v, for different non-initial labels can coincide. Let vy, ..., v, be all vectors
from the set {v, | a € (X \ ¥y) } without repetitions and without a zero vector. Note
that ¢ < m. Then, it is sufficient to find a non-negative integer solution (z;){_, to the
equation S0_ zv; = b, with 30_ ; < 2¢nmin{n", k?"~2}.

What is known about vectors vy,...,v,? These are column vectors of height n, with
all elements in {0,1, —1}. Each vector has at most k non-zero elements, since each node
label @ € ¥ has at most k directions in D,. To apply the methods of linear algebra,
these vectors are considered over the field of real numbers: vy,...,v, € R™. Therefore,
Theorem [14]is reduced to the following lemma.

Lemma 8. Let vy,...,v, € {0,1,—1}" be distinct non-zero column vectors of height n,
where n > 1; let b € {0,1,—1}" be a column vector. Let k be the maximum number of
non-zero elements in the vector. Then, if the linear equation Zle x;v; = b has at least
one non-negative integer solution, then there exists such a non-negative integer solution
(z:)!_,, that Y, x; < 2(nmin{n™, k>~2}.

The proof of Lemma |8 will use a classical bound on matrix determinants, proved by

Hadamard [13].

Theorem A (Hadamard [13]). Let n > 1 be an integer and let A be an n x n matrix,
with all elements real and not exceeding 1 in absolute value. Then, |det A| < n2.

Hadamard also proved that if n is a power of 2, then the bound nz is achieved on
some matrices.

Also, I will use the following trivial upper bound for matrices with a small number of
non-zeros in columns.
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Claim 9. Let n > 1 be an integer and let A be an n X n matriz, with all elements real
and not exceeding 1 in absolute value. Let k > 1 be such an integer, that each column in
the matriz A, maybe except one, has at most k non-zero elements. Then |det A] < k"L

The upper bounds on determinants are used to estimate the coefficients in linear
equations.

Lemma 9. Let n > 1 be an integer, let vq,...,v; € {0,1,—=1}", with t > 1, be column
vectors of height n, which are linearly independent in R™. Let k be the mazximum number
of non-zero elements in a vector, and let N = min{n2,k"'}. Let some vector u € R",
with the maximum absolute value of its elements c, be represented as a linear combination:
a1+ .. vy = U

Then, || < eN, for alli € {1,...,t}. Furthermore, if all elements in the vector u
are integers, then all coefficients oy, for i € {1,... t}, are rational, and after multiplying
the equation by their least common denominator one obtains the equation [iv; + ...+
Byvy + Biru = 0, with all coefficients 5;, fori € {1,...,t+ 1}, integer and not exceeding
cN in absolute value.

Proof. If u is a zero vector, then all coefficients in the linear combination are zeros. Now
let u be not a zero vector. The vectors vy, ..., v, are linearly independent, so the system
of equations zv; +. ..+ xv; = u has at most one solution. Thus, the solution (a, ..., o)
is unique. To solve this system of equations using Cramer’s rule, one needs the matrix of
coefficients V' = (vy,...,v;) to be square.

Since the vectors vy, ..., v; are linearly independent, ¢t < n. First, consider the case of
t < n. The matrix (vq,...,v,u) has the column rank ¢, because the columns vy, ..., v,
are linearly independent, and the column w is their linear combination. It is known that
the column rank equals the row rank, so there are ¢ linearly independent rows in the
matrix (V,u), all other rows are their linear combinations. That is, in the system of
equations x1v; + ...+ xv; = u, all equations are linear combinations of some ¢ linearly
independent equations. Taking only these ¢ linearly independent equations one obtains a
system z1v] + ... + zv; = o/, with all vectors of height ¢. The set of solutions has not
changed, so (ai, ..., a;) remains the only solution. Let V' = (v},...,v;) be the matrix of
coefficients of the new system of equations, it is a non-degenerate square matrix. If ¢ = n,
then the matrix V is already square and non-degenerate; in this case let V' =V v/ = w.

Now the new system of equations can be solved by Cramer’s rule. Let V/ =

(v1,.. . Vi, vi ..., v;) be the matrix, obtained from V' by replacing of the i-th
column with the column vector ', for each ¢ = 1,...,¢. Then, Cramer’s rule claims that
det V/

the unique solution to the system is o; = =4, for i =1,... .

Now one needs to estimate the determinants of the matrices V' and V/, fori =1,...,¢.
The matrix V' has all its elements in {0,1, —1}. Also, each column of V' has at most
k non-zeros. So Theorem |Al and Claim @ give |det V/| < min{n2,k" '} = N. Since all
elements of V' are integers and the matrix is non-degenerate, det V' is a non-zero integer.
Now consider the matrix V/, for some i = 1,...,¢t. Let V/ be the matrix obtained from
V! by dividing the i-th column, which equals u, by ¢. Then, all elements of V" are not
greater than 1 in absolute value. And each column has at most k& non-zero elements,
maybe, except the i-th column. Then, by Theorem [A] and by Claim [9] the determinant
of V" is estimated as follows: |det V| < min{n2,k""'} = N. Thus, the determinant of
the matrix V;, which has one column multiplied by ¢, is bounded like this: |det V| < ¢N.
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So, |a;| = ]32 “j: < |det VY| < eN, foralli=1,... t. If all elements of the vector u are

integers, then all the determinants det V' are integers as well. Then all i, fori =1,...,¢,
are rational. And after muliplying the equation by their least common denominator,
which is not greater than |det V'| in absolute value, one gets all new coefficients f3;, for
i=1,...,t+ 1, not greater in absolute value than max{|det V|, ..., |det V/|,|det V'|} <
cN. O

Now it is time to prove the lemma, to which Theorem [14] has been reduced.

Proof of Lemmal[8 Let N = min{nz, k" '} be the minimum of the upper bounds from
Theorem [A] and from Claim [9] on determinants of n X n matrices with real elements not
exceeding 1 in absolute value, and with at most k£ non-zero elements in each column,
maybe, except one.

Let (z1,...,7z,) be a non-negative integer solution to the system of linear equa-
tions Zle x;v; = b, with the minimum sum Zle x;, and among these, with the min-
imum number of coordinates greater than N. The goal is to prove, that Zle T <
2(nmin{n", k*"~2}.

Step 1 is to prove that all vectors v;, for i« = 1,...,¢, with x; > N, are linearly
independent over the field R.

For the sake of a contradiction, suppose that these vectors are linearly dependent.
Then a linear dependence involving the least number of vectors is chosen. The vectors
vy, ..., v are rearranged, so that the vectors from the dependence go in the beginning: let
V1, ..., U1 be the vectors from this minimal linear dependence. It is known that ¢ > 2,
because all vectors vy, ..., v, are distinct and there is no zero vector among them.

The vectors vy,...,v; are linearly independent, whereas vy, ..., v,y are linearly de-
pendent. Then, the vector vy, ; is uniquely represented as a linear combination of the
others: vy11 = ayvy + ... + ayvy, where aq, ..., a4 € R.

The vector v;y1 has all its elements integer and the maximum absolute value of its
elements is 1; the vectors vy, ..., v, satisfy all conditions of Lemma[9 Thus, by Lemma [9]
all coefficients a, . . ., a4 are rational, and after multiplying the linear combination by their
least common denominator one gets the new linear combination Sivy +. ..+ Bir1vq = 0,
with all coefficients integer and not exceeding N in absolute value.

Since the chosen linear dependence has the minimal number of vectors, 3; # 0, for all
1=1,...,t+1. If Zfi} B; < 0, then the dependence Biv; + ...+ Bir1v41 = 0 can be
multiplied by —1, so one can assume, that ng B; = 0.

Consider the case when Zfi} B; > 0. Then, let (y1,...,y¢) be a vector defined by
yi = x;—F;, fore=1,...,t+1, and y; = z;, fori = t+2,...,¢. Then, Zle y;v; = b, that is,
(y1, - .., ye) is another solution to the system of equations. All y; are non-negative integers,
because x1,...,x;,1 are greater than N, and [y, ..., 8,41 are integer and not greater than
N in absolute value. And, Zle Y < Zle x;. This contradicts the minimality of the sum
of the coordinates in the solution (z1,...,x).

Now let S"/*1 3; = 0. Then one can similarly subtract (81, ..., Biy1) from (zy, ..., T441)
several times until some coefficient among the first ¢ + 1 becomes not greater than N.
Such subtractions will not break the equation, will not make any coordinate negative, will
not change the sum of the coordinates in the solution, but will decrease the number of
coordinates which are greater than N. This contradicts the minimality of the number of
such coordinates among the solutions with the minimal sum of the coordinates.
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Step 1 is done. Now it is known that all vectors among vy, . .., v, which have the corre-
sponding coefficients in the solution (z1,...,x,) greater than N are linearly independent.
Let these vectors be put first, so that they are vy, ..., v;.

Step 2 is to prove that x is the desired solution, that is, that Zle r; <
2(n min{n™, k*"~2}.

The sum to be estimated is: i, @, = S, @i + Zf:tﬂ x;. The second sum is
bounded by 3¢_, 12 < (L —1)N, as it has all coefficients not greater than N. If the first
sum is non-empty (¢ > 0), then the first ¢ variables are bounded as follows. The system of
equations is rewritten in the following way: xiv; + ...+ xw; = b — (X101 + - . . + Tovy).
Here the vectors vy,...,v; are linearly independent, whereas the sum on the right-hand
side is a column vector of height n, with all elements not greater than /N in absolute value
(if t > 0, then Zf:tH x; < {N). By applying Lemma |§|, with u = b— (2 101+ . . +xp0p),
one obtains |z;| < (N? foralli=1,...,t. Ast < n,

¢ ¢ ‘
in :Zmi+ Z r; SUN? + (0 —t)N < nfN? + (N <
i=1 i=1 i=t+1
< 20nN? = 20nmin{n", k*" "2},

]

Theorem which has just been proved, gives the upper bound 2mr min{r", k* =2}
on the number of nodes in the minimal graph over a non-empty signature, which depends
on its parameters: on the number of node labels m = |X|, on the number of directions
2r = |D| and on the maximum possible degree of a node k = max{|D,| | a € X }.
This bound, and also Lemma [7] that allows one to work with balanced vectors instead
of graphs, help to construct an NP-algorithm, that solves the non-emptiness problem for
signatures.

Theorem 15. There is an NP-algorithm that takes a signature as an input and determines
whether there is at least one graph over this signature or not.

Proof. The size of an input S = (D, —, %, X0, (Da)acs) is not less than |X| 4 |D|. In the
degenerate case of |D| < 1, it is sufficient to check for one-node graphs. Any initial labels
ap with D,, empty form correct graphs; any such non-initial labels can be omitted.

With the trivial cases removed, by Theorem (14} if a graph over the signature S exists,
then there is a graph with at most exponentially many nodes in |D| and |X|. Then, by
Theorem [14] and by Lemma [7] the signature is non-empty if and only if there exists a
balanced vector (z,).es, with the sum of coordinates not greater than this exponential
upper bound.

Thus, the nondeterministic algorithm guesses a vector (z,)qex, with sum of the coor-
dinates not greater than exponential, and writes it down in polynomial time. It remains
to check whether the guessed vector is balanced: that is, whether only one label among
the initial node labels has a non-zero coefficient, and whether for each pair of opposite
directions (d, —d) € D, with d # —d, the following equation holds:

S o= Y

a€X¥: deD, a€X: —deD,
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This can all be checked in polynomial time, because the number of terms in these sums
is polynomial, and each term is not greater than exponential.

If the algorithm guessed the vector, which is balanced, then the signature is non-empty
and the algorithm answers “yes”. Otherwise, it answers “no”. [

In fact, the non-emptiness problem for signatures is NP-complete, this is shown later

in Section [£.5]

4.3 Reducing a star automaton to a signature

This section proves the decidability of the emptiness problem for star automata. An
NP-algorithm is constructed, which, for a given star automaton, determines whether it
accepts at least one graph. Moreover, an upper bound on the number of nodes in the
smallest accepted graph is proved in this section.

It turns out that the emptiness problem for star automata can be reduced in polyno-
mial time to the emptiness problem for signatures, which was proved to be in NP.

Theorem 16. There exists a polynomial-time algorithm that takes as an input a signature
S = (D,—,%,%0,(Dy)acs) with k directions and a star automaton A, = (Q,T) over S
with n states and s stars, and computes a signature S" = (D', —, X', 50, (D)) wes) with
kn? directions and with s node labels, with the following property. There exists a bijective
function f that maps a graph G over S and a computation C = (q(v))yey of the automaton
A, on this graph to a graph G' = f(G,C) over the signature S’, which has the same set
of nodes and the same edge structure as the graph G (the only difference between G and
G’ is in node labels and in directions).

Proof. Node labels and directions of the new signature S’ will contain information on
old node labels and directions, and also some additional information that encodes the
computation of the star automaton A, on a graph. More precisely, node labels will
additionally encode stars in nodes that appear in the computation, whereas directions
will encode the states of the star automaton at the two ends of an edge.

The new signature S’ is constructed as follows.

e Node labels are all the stars of the automaton A,, that is, ¥/ = T.

e Initial node labels are all the stars of A,, in which the first component is an initial
node label from the old signature, that is, ¥ = { (¢, ¢, q1, ..., qp,)) €T | a € X¢ }.

e The set of directions is D' = D x @ x @, where the direction (d, ¢1,¢2) means that
in the old graph the direction d was here, and in the encoded computation the state
at the current node is ¢; and the state at the opposite end of the edge is ¢».

e The relation of the opposite direction is: —(d, q1, q2) = (—d, g2, q1), for all (d, ¢1, q2) €

D'.

e For each star t = (a,q,q1,...,qp,|) € X', where di,...,dp, are ordered directions
from D,, the set of directions for the node label ¢ is defined by D; = {(d;, q,q;) |
i=1,...,|Dd4 }.
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Figure 4.1: Left: computation of a star automaton A, on a graph G. Right: augmented
graph G’ that encodes both G and this computation.

Such a signature S’ can be computed from S and A, in polynomial time. There are
exactly kn? directions and exactly s node labels in the signature 5.

It will be proved now, that there is a one-to-one correspondence between graphs over S’
and pairs (G, C) of a graph over S and a computation of A, on this graph. An example
of such a correspondence is shown in Figure {.1 For a star automaton A, with stars
(a,q,p,p), (a,p,p,q), (b,p,q,p,q), (ag,q,p), its computation on a graph G is given on the
left. On the right, there is a graph G’ that encodes stars in node labels and states at the
two ends of an edge in directions.

Let G = (V,vg, +, A) be a graph over S, and let C' = (¢(v)),cv be a computation of the
star automaton A, on this graph. Then the graph f(G,C) = G" = (V' v, +, \’) over the
signature S’ that encodes the graph G and the computation C' is constructed as follows.

e The set of nodes and the initial node are the same: V' =V, vj = vy.

e The edges in the graph G’ connect the same nodes as in G, but all the directions
are augmented with the states at the ends of an edge. If v + d = u in the graph G,
then v+ (d, q(v), q(u)) = w in the graph G’, and these are all edges in G'. Then, the
ends of each edge are labelled with opposite directions.

e The node labels in G’ are stars in nodes. For each node v € V with some label
A(v) = a, the node label in the graph G" is X'(v) = (a, q(v), ¢(v+dy), ..., q(v+dp,|)),
where dy, ..., d|p,| are ordered directions from D,. Then, X'(v) € T' = ¥, because
(q(v))yev is a computation. And the directions in G, used at the node v, are all
the directions from D) (,y. And only the initial node has an initial label.

This transformation maps different pairs (G,C) to different graphs G’, because no
information is lost. Conversely, for each graph G’ over the signature S’ there is a unique
corresponding pre-image (G, C'), where G is obtained by dropping some information from
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all labels, and node labels explicitly give states and stars in a computation. Each edge in
G’ checks that the states at the nodes it connects are consistent with the stars. O

Now the results proved for signatures in the previous section will be transferred to
star automata.

Corollary 2. The non-emptiness problem for star automata, that is, whether a given star
automaton accepts at least one graph or not, can be solved in NP.

Proof. By Theorem [16], for a star automaton A, that works over some signature S, one
can construct in polynomial time such a signature S’ of polynomial size, that graphs over
S’ are bijectively mapped to the computations of A, on graphs over S.

A graph is accepted by the star automaton A, if there exists at least one computation
of A, on it. Thus, to check whether the star automaton is non-empty, one can just
check whether the signature S’ is non-empty. By Theorem [15] the latter can be done in
nondeterministic polynomial time. O

The upper bound on the number of nodes in the minimal graph over a signature
(Theorem [14)) can be transferred to star automata as well.

Corollary 3. Let S = (D, —,%,%0, (Dy)aex) be a signature with k > 2 directions, and
with |Dy| > 1 for all a € . Let A, = (Q,T) be a star automaton with n states and with
s stars over this signature. If A, accepts at least one graph, then the accepted graph with
the minimal number of nodes has at most sn2k**~! nodes.

Proof. Let A, accept at least one graph. The signature S’ is constructed from the signa-
ture S and from the star automaton A, by Theorem [16, The graphs over S" correspond
to the computations of A, on graphs over S with the same number of nodes.

Then, the number of nodes in the minimal accepted graph for A, equals the number
of nodes in the minimal graph over the signature S’. This signature has kn? directions
and s node labels, the maximum degree of a node does not exceed k (because the func-
tion f from Theorem does not change the edge structure of a graph). Then, Theo-
rem (14 gives the following upper bound on the number of nodes in the minimal graph:

2s5kn? min{(%an)Ekn ,kF* =21 Tt can be bounded by a simpler expression:
Len2

1 1
285147712 mln{(ékn2)2 ,k)kn2_2} < Sk’HQk‘lm2_2 — Sanknz_l'

]

4.4 Reducing a graph-walking automaton to a signa-
ture

In Section the emptiness problem for star automata was reduced to the emptiness
problem for signatures. In this section such a reduction is made for the emptiness problem
for graph-walking automata.

Note that whereas a computation of a star automaton is a way to choose states in
nodes, and the graph is accepted by a star automaton if there is at least one computation
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on this graph, graph-walking automata are different. In a graph-walking automaton, the
computation on a graph is a sequence of configurations (q,v) of the automaton on a
graph, where ¢ is the current state, and v is the node which the automaton visits at the
moment. This sequence in defined uniquely for each graph. The graph is accepted if the
computation is accepting, that is, ends with an accepting configuration.

One way to reduce a graph-walking automaton to a signature is to simulate it by a
star automaton. The next theorem shows that if some set of graphs is recognized by a
graph-walking automaton, then this set of graphs can be defined by some star automaton.
There is an analogous result for trees: star automata on trees are nondeterministic tree
automata, graph-walking automata on trees are deterministic tree-walking automata, and,
as noted by Bojanczyk and Colcombet [4], the inclusion of the class of languages defined
even by nondeterministic tree-walking automata into the class defined by tree automata
is a folklore result.

Theorem 17. For every n-state graph-walking automaton A = (Q, qo, F,0) over some
signature S = (D, —,3, %0, (Dg)aes) with k directions and m node labels, there exists
a star automaton A, = (P,T) with (k + 1)" states and at most m(k + 1)" 1) stars,
defined over the same signature S, which accepts exactly the same graphs as A. The star
automaton A, has size exponential in the size of A and is constructed in exponential time.

This theorem is given without a proof, because the next theorem gives a direct reduc-
tion of a graph-walking automaton to a signature that provides a better upper bound on
the number of nodes in the minimal accepted graph.

Theorem 18. There exists an algorithm that takes as an input some n-state graph-walking
automaton A = (Q, qo, F,0) over some signature S = (D, —, %, X, (Dg)eex) with k di-
rections and m node labels, and computes such a signature S" = (D', —, %', 30, (D%, )wesr)
with k4™ directions and with not more than m4™ node labels, that the following condition
holds.

There exist two functions f and g. The function f: L(A) — L(S") injectively
maps graphs over S, accepted by the automaton A, to graphs over S’, and the function
g: L(S") — L(A) is a surjection, such that g(f(G)) = G. If G = f(G) or G = g(G),
then the graphs G and G’ have the same sets of nodes and the same edge structure, only
node labels and directions are different.

The size of the resulting signature is exponential in the size of the input, and the
algorithm works in time exponential in the size of the input.

Proof. New node labels and directions of the signature S’ encode node labels and di-
rections of the signature S and some additional information about the behavior of the
automaton A in the vicinity of the node or edge end-point.

The new directions are D' = D x 29 x 29 = {(d, Qin, Qout) | d € D; Qin, Qout € Q }.
Every new direction (d, Qjn, Qout) is an old direction d with two sets of states attached:
Qin encodes the states in which the automaton came in its computation on a graph to
the current edge end-point moving in the direction —d, whereas (),,; consists of states, in
which the automaton comes to the opposite end of the edge, moving in the direction d.

The opposite direction is —(d, Qin, Qout) = (—d, Qout, Qin), for each (d, Qin, Qout) € D',

Each node label in S’ contains an old node label and all information about the new
directions in the node. But not every combination of new directions at a node makes a
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Figure 4.2: Left: the accepting computation of some graph-walking automaton A on some
graph G over the signature S. Right: the graph G’ over the signature S’ that encodes the
graph and the accepting computation.

new label. The goal is to ensure that each graph over S’ encodes a graph over S that is
accepted by A, along with an accepting computation of A on this graph. For this, some
combinations that cannot appear in accepting computations of the automaton A will be
left out.

The set of node labels ¥/ is a subset of

i\/ = { (CL, E) | ac Ea E = {(d7 Qin,da Qout,d)}dEDay where Qin,da Qout,d C Q for all d € Da }

It will be specified later, which elements of the set SV are in Y and which are not.

The set of directions of a new node label (a, E) is D, py = E. The label (a, E) is
initial if and only if the label a is initial. Note that for each node label a € ¥, there is only
one direction (d, Qin.d, Qout.a) With the first component d in the set E, for each direction
de D,.

Figure [4.2| gives an example of how a graph G over S accepted by the automaton A
can be converted to a graph G’ over the signature S’ by adding to each direction the
information on the states in which the automaton crosses the edge, and by adding to each
node label the information contained in all new directions at the node.

To complete the definition of the signature S’, it remains to say, which pairs (a, )
from the set 3/ are in the set ¥ , that is, are node labels of S’. Some pairs (a, ), which
represent situations that cannot occur in any accepting computations of A, will be left
out, and leaving them out will ensure that every graph over the signature S’ encodes some
graph G and an accepting computation of A on G.

A pair (a, F) is in ¥ if and only if the following conditions hold.

1. The sets Qinq and @i, cannot intersect for directions d # e, where d,e € D,. If
the label a is initial, then for each d € D, it is prohibited to have gy € Qin 4.
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Indeed, the automaton A cannot come to the node in the state ¢ twice in the
accepting computation, otherwise it will repeat a configuration and loop. By similar
reasons the automaton cannot return to the initial node in the state ¢o in the
accepting computation.

Denote by @Q;, the set of all states in which the automaton A visits the node,
according to the information in the node label (a, E). If a ¢ 3y, then Q; =

(Usep, Qina), if a € X, then Qi = (Uyep, Qina) U {q0}-

2. For each state g, € Q;y, either a transition d(qq,a) or acceptance (g, a) € F should
be defined. If the transition §(qi,a) = (go, d) for some g, and d is defined, then this
transition should be encoded, that is g2 € Qout,q should hold.

Indeed, if the automaton A in the accepting computation visits some node in the
state q1, then it either accepts, or makes a transition, it cannot reject.

3. For each d € D, and for each state g2 € Qout.q4, there must be a way to move from
the current node in the state ¢o in the direction d. That is, there should exist a
state q1 € Qin, wWith 0(q1,a) = (g2, d).

4. For every two distinct states py, g1 € ()1, with the transitions at the label a defined,
the transitions should be distinct: 0(p1,a) # 6(qu, a).

Indeed, the automaton in the accepting computation cannot come to the same
configuration twice, otherwise it loops.

The signature S’ has k4" directions. There are at most m4*" node labels, as in a label
(a, E) there are m ways to choose an old label a, and 4" ways to choose sets Qi 4 and
Qout.a for each direction d € D,.

All the directions with their opposite directions, and all the labels from S with their
sets of directions can be written down in time linear in their length, that is, exponential
in the length of the input. Checking whether a label (a, E') € ¥/ satisfies all conditions,
can be done in linear time in the length of the label.

The signature S’ has been constructed, and it remains to prove the correspondence
between the graphs over S accepted by the automaton A, and all the graphs over S’, and
to construct the functions f and g which define this correspondence.

Let the automaton A accept some graph G = (V, vg, +, A) over the signature S. Then,
the graph f(G) = G' = (V', v, +, \') over the signature S’ is constructed as follows.

e The set of nodes and the initial node are the same: V' =V, v| = vy.

e The edges in G’ are the same as in GG, but with additional information encoded in
the directions. Let some edge e with directions (d, —d) connect the nodes u and v
in the graph G, that is, u+d = v in G. Let Q;, C @ be a set of states in which the
automaton A in its computation comes to the node u from the node v by the edge
e, let Qo € @ be a set of states, in which the automaton A arrives to the node v
from the node u by the edge e. Then, the corresponding edge in G’ is defined by
u~+ (d, Qin, Qour) = v and v + (—d, Qout, Qin) = u. These are all edges in G'.

e The node labels in G are the node labels from G, but with added information on the
new directions. Let a node v in G have label a, and accordingly edges in directions
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from D,. These directions in the graph G’ are augmented with the information
about the automaton’s moves, forming the set E of new directions. Then the node
label of the node v in the graph G’ is (a, E)). The label (a, F) is in ¥, because it
encodes the moves of the automaton in the accepting computation (and only labels
encoding situations impossible in accepting computations were not included in ¥').
The node v has edges in directions from £ = DE . And only the initial node has
an initial label, because the new labels’ being 1n1t1al depends only on the component
a of (a, F).

Now it remains to check, that each graph over S’ corresponds to some graph over S
that is accepted by A.

What is the general form of a graph G’ over S’? In the first components of directions
and node labels, it encodes some graph ¢g(G') = G over S (and this is a definition of g).
Then g(f(G)) = G by definition. The other components of directions and node labels
encode some information about moves of the automaton. It will be shown that all moves
from the computation of the automaton A on a graph GG must be encoded, and that looping
or rejecting cannot be encoded. Then, for each graph G’ over S’; the corresponding graph
G = g(G') must be accepted by the automaton A. Note that, besides all moves from the
accepting computation, the graph G’ may additionally encode some cycles of transitions
that do not intersect with the accepting computation. So an accepted graph G over S
may have several pre-images G’, such that ¢(G’) = G.

It remains to prove that each graph G’ over the signature S” must encode all moves
the automaton A makes in its computation on the graph G = ¢g(G’), and possibly some
moves not in this computation, and that the computation of A on G must be accepting.

Fix a graph G’ over the signature ', let G = g(G’), and let C' = Cy, C}, ..., Cy be the
computation of the automaton A on the graph G, where Cly is the last configuration, or
N = o if the automaton loops. It should be proved that C' is accepting and is encoded
in G.

This is proved by induction on ¢ that either the configuration Cj; is accepting, or the
next configuration C;,; exists and it is different from all previous configurations, and the
move from configuration C; to C;;4 is encoded in G'.

Let i € {0,1,2,..., N}, and let the claim be proved for all j < 7.

Denote the i-th configuration by (g,v). Let (a, E) be the label of the node v in G'.
Then, one can define @y, for the label (a, F) as in the conditions on ¥'. If i = 0, then
a € Y9 and ¢ = qo € Q. Otherwise, the move from C;_; to C; is encoded in G,
and ¢ € @y, as well. Then, by the second condition, as ¢ € @y, either (¢,a) € F, or
d(q,a) = (r,d), for some r € @, d € D, and the transition is encoded as 1 € Qourqa. In the
latter case r will be in @);;, —q for the node v + d. It remains to check that C; is different
from all previous configurations. If i = 0, then this is true. Now, let (p, u) be the previous
configuration, with §(p, A(u)) = (¢, d) and with v+ d = v. Then ¢ € Q;y,,—q for the label
(a, E) of the node v. The first condition gives that the automaton could not have entered
the node v in the state ¢ from another direction earlier in the computation, and that (g, v)
cannot be the initial configuration. And if the previous direction is the same, then the
4-th condition prohibits entering (g, v) earlier from a previous state other than p. Then,
only (p,u) can be the previous configuration for (¢, v), and, by the induction hypothesis,
(p,u) is unique in Cy,...,C;_1. Then, (q,v) is unique in Cy, ..., C;.

Thus, the computation of A on G is encoded in G, this computation cannot loop,
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cannot reject, so it is accepting. O

Using Theorem [18| that reduces graph-walking automata to signatures, one can solve
the non-emptiness problem for graph-walking automata in nondeterministic exponential
time.

Corollary 4. The problem of whether a given graph-walking automaton accepts at least
one graph is in NEXP.

Proof. First, the algorithm from Theorem (18| is applied to a given signature S and to a
given graph-walking automaton A over this signature, and it constructs a signature S’,
such that there exist functions f: L(A) — L(5") and ¢: L(S") — L(A). Then, L(A) is
non-empty if and only if L(S") is non-empty. The size of the signature S’ is exponential
in the size of S and A, and this signature is constructed in exponential time. Checking
whether L(S’) is non-empty can be done in nondeterministic polynomial time in the size
of ', that is, in nondeterministic exponential time in the sum of sizes of S and A. O]

Actually, the non-emptiness problem for graph-walking automata is NEXP-complete,
that will be proved in Section [4.5

An upper bound on the number of nodes in the minimal graph accepted by a graph-
walking automaton can be derived from the analogous bound for signatures.

Corollary 5. Let S = (D, —, %, %, (D,)aes) be a signature with k > 2 directions, with
m node labels, and with |D,| > 1 for each a € ¥.. Let A = (Q, qo, F,0) be a graph-walking
automaton over S with n states. Then, if A accepts at least one graph, then the number
of nodes in the smallest accepted graph is at most m4™E+D k" =1,

Proof. Let A accept at least one graph. By Theorem [18] there is a signature S, and
functions f: L(A) — L(S’) and ¢: L(S") — L(A) that do not change the number of
nodes in a graph. So the minimal number of nodes for graphs over S accepted by A is
equal to the minimal number of nodes in graphs over S’.

The signature S’ has k4™ directions, at most m4*" node labels, and the maximum
degree of a node at most k. The latter is because f preserves edge structure of graphs.
Then, by Theorem [14] the minimal graph over the signature S’ has the number of nodes
at most

1 ﬂ n n n
m4nkk4n mm{(ékél”) 2 ,k‘k4 72} < m4nkk4nkk4 -2 _ m4n(k+1)kk4 -1

[]

4.5 Computational complexity of emptiness prob-
lems

It has been proved that the non-emptiness problems for signatures and for star automata
are both in NP, and that the non-emptiness problem for graph-walking automata is in
NEXP. In this section, all these problems are proved to be complete in their complexity
classes.

NP-hardness of the non-emptiness problem for signatures is proved by a reduction of
graph 3-colourability to this problem.
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Figure 4.3: From 3-colourability to signature non-emptiness: mapping a graph with a
colouring to a graph over a signature.

Theorem 19. The problem of whether there is at least one graph over a given signature
18 NP-hard.

Proof. The 3-colourability problem for a connected graph G = (V, E) is to check whether
its nodes can be coloured in {1,2,3}, so that every edge connects differently coloured
nodes.

For an input graph G, one should construct such a signature Sg in polynomial time,
that there exists a graph over Sg if and only if the graph G can be coloured correctly.

The signature Sg will be constructed so, that graphs over it correspond to correct
colourings of the graph G = (V, E).

Nodes of G can have any of the three colours, and for each node and for each colour
there is a corresponding node label. Furthermore, for every edge with two distinct colours
on its ends, there is a separate node label representing this edge with these colours, that
is, an unordered pair of two coloured nodes.

S={(v,i)|veV,i=1,23}U{{(u,9), (v,j)} ]| (wv)€E, ijec{1,23}i#]j}

The condition of the colouring to be correct is checked by not having labels of the form
{(u,1), (v,i)}, representing edges with the same colour at both ends.

Fix any node vy € V, and let all labels (vg, ), with i = 1,2, 3, be initial.

The set of directions is organized so that for every edge (u,v) in the graph G, node
labels (u,7) and (v,j), which correspond to the nodes u and v in the graph G, would
require a connection through an intermediate node that corresponds to the edge (u,v) in
(G, and which gathers information on the colours of the nodes u and v.

D ={=+(u,i,v) |u,v eV, (u,v) € E,i=1,2,3}.

The opposite direction to +(u, 7, v) is given by —(u, i, v), for all u,v € V with (u,v) €
FE, and for all 1 = 1,2, 3.

Each node of a graph over this signature which represents one of the nodes of G should
be connected with the nodes representing all the edges coming out of this node.

Dy ={+(u,i,v) |veV, (u,v) e E}, forallueV,i=1,2,3.

Dy(ui), wj)y = {—(u,4,v), —(v,7,u)}, for all u,v € V, (u,v) € E, 4,5 € {1,2,3}, i #j

It remains to prove that the signature Sg is as desired, that is, there is a graph over
S¢ if and only if there is a correct 3-colouring of G.
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First of all, if a coloring ¢: V' — {1, 2,3} exists, then a graph G, over Si representing
this colouring is constructed with the set of nodes V' U E, where each node v € V has label
(v,¢(v)), each node (u,v) € E has label {(u,c(u)), (v,c(v))}. For every edge (u,v) € E
in the graph G, the graph G, has edges from u to (u,v) and from (u,v) to v, with the
appropriate directions, as illustrated in Figure 4.3

Conversely, let G be any graph over the signature Sg. It is claimed that in this case
there exists a correct 3-colouring of G, and moreover, G = G, for some correct 3-colouring
c of G.

First, it is proved that for each node v € V' of the graph G, there is exactly one node
in G with a label of the form (v,7), for some 7. Consider the shortest simple path from
vo to v in G (it exists because G is connected); the proof is by induction on the length
of this path. The base case is a path of length 0: here the node corresponding to vg
exists because G must have an initial node, and it is unique because the initial node is
unique. For the induction step, let u be the next to the last node on the path, with
(u,v) € E. By the induction hypothesis, in G, there is a unique node of the form (u,1),
for some 7. This node emits a unique edge in the direction +(u, 7, v), which must lead to
a node labelled with {(u,7), (v,7)}, for some j, which in turn emits a unique edge in the
direction —(v, j,u) that ends in a node labelled with (v, j)—so this node exists. If there
were another node in G labelled with (v, k), for any k, then, by the same reasoning, it
would be connected to some node labelled with (u,¢) through some intermediate node;
this node must be the same as the above node labelled with (u, ), because such a node
is unique. However, there is a unique path simulating the edge (u,v), hence this node
labelled with (v, k) must coincide with the above node labelled with (v, j).

Therefore, G has the set of nodes V U E , which replicates the structure of G, with
every edge split by an intermediate node. Then, it must be G, for some colouring c. This
colouring is correct, because each intermediate node checks that the colours at both ends
of the corresponding edge are distinct. Then, correct colourings of the graph G correspond
to graphs over Sg.

Note that the intermediate nodes that split the edges of G' are necessary, because node
labels cannot accumulate information on the colours of all the neighbours of a node, as
this would require an exponential number of node labels. O

The non-emptiness problem for star automata is NP-complete as well. Its membership
in NP was established above, and its NP-hardness follows from the NP-hardness of non-
emptiness of signatures.

Theorem 20. The problem of checking whether a given star automaton accepts at least
one graph is NP-hard.

Proof. Non-emptiness for signatures was proved in Theorem (19| to be NP-hard. Now the
NP-hardness of the non-emptiness problem for star automata is proved by reducing the
non-emptiness problem for signatures to it, as follows.

Let S be a given signature. Consider the automaton A, over it, that has one state,
and, for each node label, has a star with this state at the centre and with this state at
all rays. This star automaton accepts all graphs, so its non-emptiness is equivalent to

non-emptiness of the signature S. And this automaton A, has size polynomial in the size
of S. O
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Now it is time to prove the NEXP-completeness of the non-emptiness problem for
graph-walking automata. It was proved in Corollary [4] that this problem is in NEXP. For
NEXP-hardness it will be proved that a signature and a graph-walking automaton can
define a set of graphs containing a square grid of size exponential in the number of states
of the automaton and in the size of the signature. And then a nondeterministic Turing
machine working in exponential time will be simulated on such grids.

Theorem 21. The problem of whether there is at least one graph accepted by a given
graph-walking automaton is NEXP-hard.

Proof. Fix some NEXP-complete problem and some nondeterministic Turing machine M
that solves this problem in exponential time. It can be assumed that the Turing machine
is one-tape with the tape infinite to the right, and that the machine never moves to the
left from the first position of the tape, in which an input string begins. The number of
states, the number of transitions in the transition function, the sizes of the input aphabet
and of the work alphabet are constant, as the Turing machine M is fixed.

The problem whether a given string w over the input alphabet is accepted by the
Turing machine M is NEXP-complete. So to prove the theorem it is enough to reduce in
polynomial time this problem about M to the non-emptiness problem for a graph-walking
automaton. That is, such a deterministic polynomial-time algorithm is needed, that for
a given string w it constructs a signature S,, and a graph-walking automaton A, so that
a graph accepted by A, will exist if and only if there exists an accepting computation of
the machine M on the string w.

Let f: N — N be a polynomial-time computable function that, for each length ¢ of
an input string, gives a number f(¢), bounded by a polynomial in ¢, such that f(¢) >
max{/,2}, and that the Turing machine M halts on every string of length at most ¢ in
not more than 2/) — 1 steps. Then, each computation of M on each string of length at
most ¢ can be written on a grid of length 2/() x 2/

The signature S, = (D, —, %, X0, (Da)aes) depends only on the length of w and is
constructed as follows.

Let n = f(Jw|), so that each computation of M on a string w can be written on a
grid of size 2" x 2"; the number n = f(|Jw|) can be computed in polynomial time and is
polynomial in the length of w.

The signature S, is composed of three parts: D = DU Dy U D3, 3 = 3, UXo U3, all
sets here are disjoint. And for each node label a € ¥;, it should hold that D, C D;, for
i € {1,2,3}. In every graph over S,, all nodes are divided into three sets: V' = V;UV,UV3,
where V; consists of the nodes with labels in ¥;, for ¢ = 1,2, 3. There are two special pairs
of opposite directions: +d € Dy and —d € D», and +d' € Dy and —d' € D3. For every
other direction, the opposite direction lies in the same set. Thus, nodes in V; and nodes
in V5 can be connected only by (+d, —d)-edges; similarly, nodes in V5 and nodes in V3 can
be connected only by (+d’, —d')-edges. A node from V; and a node from V3 cannot be
connected with an edge.

The idea is that nodes with labels in 5 form a grid on which the Turing machine
working on w will be simulated. Each node label from ¥, will have both directions —d
and +d'. Labels from ; will allow the nodes in V; to form only a full binary tree of
height 2n that emits exactly 22" edges in the direction +d from its leaves, thus ensuring
that in every graph the number of nodes in V5 is exactly 227, Labels from Y3 will be used
to attach a chain of length 2n to every node with label in Y5, with the chain consisting
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of zeros and ones. The automaton A, will check that nodes in V5 form a 2" x 2" grid,
and that chains attached to these nodes correctly encode the row number and the column
number in the grid for each node. Next, the automaton A,, will check that some accepting
computation of the Turing machine M on the string w is encoded on the grid. Figure
shows a graph over some signature S,, with n = 2, that defines a correct grid on nodes
with labels in >,.

The only initial node label in the signature S, is ay € ;. The first part
31 and D; should be defined so that the nodes with labels in ¥; can form only
one graph: a full binary tree of height 2n with 22" leaves. The set of node
labels is ;1 = {ao,a1,b1,a2,bs,...,a0,,b2,}, and the set of directions is D; =
{ly,xry, £lo, tro, ... £lop, £19,} U {+d}. Here the label qq is initial, it is used for
the root of a tree (level 0), the labels a; and b; are used for left and right children of the
i-th level. The node label aq has the set of directions D,, = {+/¢;, +r1}, that is, the root
has two edges to the two nodes of level 1. Labels a; and b;, for i € {1,...,2n — 1}, have
the sets of directions D,, = {—¥;, +l;i 1, +rit1} and Dy, = {—r;, +l; 11, +7i41}. So the i-th
level generates twice as many nodes on level i+ 1. The node labels of the last level 2n (for
the leaves of the tree) have sets of directions D,, = {—/s,, +d} and Dy, = {—ro,, +d},
that is, each leaf emits one edge in the direction +d, which is used for connection with
nodes in V.

Thus, in every graph over the signature S the initial node is labelled with ag € ¥; and
all nodes in V; form a full binary tree with 22" leaves and each leaf emits an edge in the
direction +d.

The part X3, D3 is constructed to allow only chains of nodes of length 2n with one
direction —d’ in each chain, with zeros and ones in nodes. This part of the signature
is defined by 23 = {017 ce ,Ogn} U {11, ceey ]_Qn}, D3 = {:i:dl, ceey ﬂ:dgn_l} U {—d/} And
D01 = D11 = {—d/,—{—dl}; Doi = Dli = {_di—:l) ‘l‘d@}, for 1 € {1, ce ,271 — 1}, and
Dy,, = Dy, = {—dan_1}.

Then, each node in V5 has a chain attached to it in the direction +d’. Every such chain
consists of nodes with labels in X3, has length 2n and encodes a number from 0 to 22" — 1
in a sequence of zeros and ones in nodes. Let some node v in a graph have a label in ¥,.
Then, the coordinates of v are the pair of numbers (i, j,), for i,,j, € {0,...,2" — 1},
where the number i, is defined by the first n bits in the chain of nodes in V3 attached to
v, and the number j, is defined by the second n bits. The number i, is meant to be the
number of the row in the grid where v is located, and j, is meant to be the number of the
column. Note that the coordinates of the node v are by definition just a pair of numbers,
encoded in a chain, even if these numbers do not correspond to the actual position of the
node v in a grid.

Now to the main part of the signature: >y and Ds. There are 6 directions in Ds: two
of them, —d and +d’, are used for connection with V; and V3, and 4 directions are used
for a grid: +1 are horizontal (+1 is right, —1 is left), and 42 are vertical (42 is up, —2 is
down), so Dy = {£1, £2}U{—d, +d'}. The set of node labels is 33 = Pos x Alph x Head,
that is, each node label in X5 is of the form (pos, alph, head). The first component pos
gives the type of a position of a node in a grid: in one of 4 corners, on the side or in the
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Figure 4.4: A graph that defines a correct 2™ x 2" grid, for n = 2. The graph has three
levels: the tree on the nodes in V; at the top, the grid on the nodes in V5 in the middle,
and chains on nodes in V3 at the bottom, which encode the coordinates of nodes in the
grid (the upper two bits encode the row number, and the lower two bits encode the column
number).
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centre. So there are 9 variants of the first component of a node label:

Pos = {LU, CU, RU,
LC, CC, RC,
LD, CD, RD},

where the first letter of pos gives the type of horizontal position (L, C' or R), and the
second letter gives the type of vertical position (D, C or U). The set of directions D, for
each node label a € Y5 depends only on the component pos of the label a: the directions
—d and +d' are always in D,; the direction +1 is in D, if the node is not at the right
border of a grid, that is, if pos ¢ { RU, RC, RD}; the direction —1 is in D, if and only if
pos ¢ {LU, LC, LD}; similarly +2 € D, if and only if pos ¢ {LU, CU, RU}; and —2 € D,
if and only if pos ¢ {LD,CD,RD}.

The components alph and head of node labels in ¥y will be used for simulating con-
figurations of the Turing machine M on rows of a grid. Let I" be the work alphabet of M,
it contains the input alphabet, the new blank symbol and maybe some other symbols; let
@ be a finite set of states of the Turing machine. Then, Alph = I', that is, the component
alph gives one of the symbols in the work alphabet of M, and Head = Q U {0}, where
0 ¢ @, that is, the component head gives either a state of the Turing machine M if the
head is simulated at the current position, or head = 0 if there is no head in this position.

This signature S, is constructed in time linear in n.

Now a graph-walking automaton A, over the signature .S,, should be constructed, so
that it accepts only graphs, in which nodes in V5 form a correct grid, and the components
alph and head of the labels in these nodes encode a correct accepting computation of the
Turing machine M on the string w. The work of the automaton A,, on a graph is divided
into two phases: checking the grid and checking the encoding of the Turing machine’s
computation on that grid.

In the first phase the automaton does not distinguish the components alph and head
in labels in Xy, its actions on a node labelled with (pos, alph, head) € 35 depend only on
the component pos.

The goal of the first phase is to check that nodes with labels in 5 form a 2™ x 2"
grid on directions +1 and 42, and that the coordinates (i, j,) of each node v in V, are
numbers of its row and its column in a grid. For convenience, the automaton also checks
that the leftmost path in the tree on nodes in V; leads to a node in V5 with coordinates
(0,0). If all these conditions hold for a graph, then this graph is said to define a correct
grid.

The automaton checks whether a graph defines a correct grid as follows.

1. At the beginning, the automaton checks that the leftmost path in the tree on nodes
with labels in 3J; leads to a node with a label in ¥, that has coordinates (0,0). The
automaton starts at the initial node at the root of the tree, then it moves to the left
child until it comes to a node with label in >5. Then it checks that all nodes in the
attached chain contain zeros. This can be done with a constant number of states.

2. The automaton checks, for each node v with label in 35, that the component pos of
the label agrees with coordinates (i,, j,) given in the chain of nodes from V3 attached
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to the node v. For that, it should be checked that pos = XY, where

L ifj,=0 D ifi, =0
X={C if0<j,<2"—1 Y={C if0<i,<2"—1
R ifj,=2"—1 U ifi,=2"—1

When the automaton visits some node v € V5, it can check this condition for the
node v using a constant number of states and return to the node. Indeed, it needs
just to check several conditions of the form that all bits of the first or the second n
bits of a chain are all zeros or are all ones.

To do such a check for each node in V5, the automaton needs to visit somehow all
nodes in V5. This can be done by traversing the tree on nodes in V. This tree can
be traversed with a constant number of states. The leaves in this tree correspond to
nodes in V5, each leaf is connected by a (+d, —d) edge to some node in V5, and each
node in V5 is connected to some leaf. Thus, the automaton checks for each leaf in
a tree that its neighbour in V5 has the component pos agree with the coordinates.
This can be done using a constant number of states.

. Then the automaton checks that directions 1, 42 in the grid lead to correct nodes.
That is, for each node v in V, with coordinates (i, j,), the following conditions
must hold. If an edge in the direction —1 exists (j, > 0), then it should lead to a
node with coordinates (i,,7, — 1). If an edge by +1 exists (j, < 2" — 1), then it
should lead to a node with coordinates (4,, j, +1). Similarly, the direction +2 must
increase the coordinate i,, and the direction —2 must decrease it.

When the automaton visits some node v in V5, it can check these conditions using
O(n) states and return to the node v. Indeed, to check the equality of two vec-
tors of length n contaning Os and 1s, the automaton can compare them bit by bit
remembering only the position of the current bit in a vector and the value of this
bit. To check that the number encoded in the first vector is greater by 1 than the
number encoded in the second vector, the automaton can check that the binary
representations of the vectors are of the form x10° and x01%, with x € {0,1}* and
1 > 0, and this can be checked bit by bit.

To make these checks for all nodes in V5 the automaton traverses the tree on the
nodes in V; as at the previous step.

. If the automaton did not reject at the previous steps, then it returns to the node
with coordinates (0,0) and starts the second phase.

If the automaton rejects at the first phase, then the graph does not define a correct

grid. It is claimed that the checks the automaton makes are sufficient, that is, that if
the automaton starts the second phase, then the graph defines a correct grid. Let the
automaton start the second phase on some graph G.

First, it is shown that all nodes with labels in 5 have distinct coordinates and that

every pair of coordinates (i, j), for i,j € {0,...,2" — 1}, occurs somewhere.

The node with coordinates (0,0) exists because such a node is on the leftmost path.

For each node with some coordinates (i, j), the automaton has checked that its neighbours
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in directions 1, £2 exist and have coordinates (i, 7+ 1), (i,7—1), (i+1,5), (i—1,5), as
long as these coordinates are between 0 and 2" — 1. Then, for all 4,j € {0,...,2" — 1},
there is a node in V5 with coordinates (i, 7). As the tree on nodes in V; is defined uniquely,
|V5| = 2% in every graph. So the node with each pair of coordinates is unique.

Note that the automaton has no way to distinguish a node from its copy locally, so it
is important that counting arguments give uniqueness to each pair of coordinates.

Then, as a node with each pair of coordinates exists and is unique, and coordinates
increase or decrease along the directions in the grid, the graph defines a correct grid.

The states and transitions used by the automaton in the first phase can be written
down in time quadratic in n, as both the number of states and the number of node labels
in the signature are linear in n.

In the second phase, the automaton checks that some accepting computation of the
Turing machine M on the string w is encoded in the grid.

The automaton should check that the initial row encodes the initial configuration of
the Turing machine M on the string w, that the next row encodes one of possible next
configurations, and so on, up to an accepting configuration. Rows after the accepting
configuration are allowed to contain anything.

How are configurations encoded in rows? The Turing machine M works in exponential
time, and the number n was chosen so that every computation on w contains at most
2" —1 steps, and that |w| < n. Thus, the head of the Turing machine never visits positions
beyond 2" — 1 on the tape, and during the computation the symbols at these positions
are blank symbols. So the tape contents in a configuration can be thought of as a string
of length 2™. This string is encoded in the nodes of a row in the components alph of node
labels, one symbol of the string per node. The position of the head is encoded by having
the component head non-zero only in one node; in this node, the component head encodes
a state of the Turing machine.

The automaton works in the second phase as follows.

1. The automaton A,, starts the second phase on a graph at the node with coordinates
(0,0), and the graph is known to define a correct grid of size 2™ x 2",

2. First, the automaton checks the encoding of the initial configuration. It goes through
the first |w| nodes in the first row remembering in a state the number of moves j it
made, and for each node it checks that the component alph of the node label is the
j-th symbol of w. Then it continues moving to the right using one state for that,
and checking that the components alph in all other nodes in the first row contain
blank symbols. While moving from (0,0) to (0,2" — 1) the automaton additionally
checks that in the node (0,0) the component head contains one of the initial states
of the Turing machine, and that in all other nodes of the first row the component
head of the label is 0.

3. For each row i € {0,...,2" — 1}, starting from the row ¢ = 0, the automaton makes
the following two actions.

First, the automaton checks whether the current configuration is accepting. It finds
the node in which the head is encoded, and if (head, alph) is an accepting pair of
M, then the automaton immediately accepts.

If the configuration encoded in the i-th row is not accepting, then the automaton
checks that the next row encodes one of the possible next configurations. This check
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can be done using a constant number of states as follows. In the neighbourhood of
the head in the i-th row, the automaton checks that a transition is correctly made;
elsewhere, the automaton checks that the tape symbols are unchanged, and no extra
heads appear. Once the check is complete, the automaton moves to the next row.

Working as described above, the automaton accepts a graph in the second phase if and
only if one of the accepting computations of M on w is encoded on the grid, and otherwise
it rejects. The automaton A,, can be constructed in time polynomial in n, and the NEXP-
complete problem of whether the Turing machine M accepts a given string w or not is
reduced to the problem of whether the graph-walking automaton A, over S, accepts at
least one graph. Thus, non-emptiness for graph-walking automata is NEXP-hard. O
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Chapter 5

Conclusion

In Chapter[2] the maximum length of the shortest accepted string for direction-determinate
2DFA has been determined precisely, whereas for 2DFA of the general form, a lower bound
of the order 2" has been established. The known upper bound on this length is of the
order 4. It should be noted that the computed values reported in Section exceed the
theoretical lower bound % -2"™ —1 proved in Section and are much less than the known
upper bound (nzfl) — 1. Thus, the bounds for 2DFA of the general form are still in need
of improvement.

Another parameter to be refined is the size of the alphabet of the construction. Both
constructions in Chapter [2| use an alphabet of exponential size. For a fixed alphabet,
the maximum known length of shortest strings is (1.275") [I7]. Would it be possible
to encode the construction in this thesis over a fixed alphabet to surpass this bound?
What is the exact maximum length of shortest strings accepted by n-state 2DFAs over
an m-symbol alphabet?

The maximum size of smallest accepted trees for tree automata was determined pre-
cisely in Chapter [3| But there is a gap between a lower bound 2%1618") and an upper
bound 20073:572") on the maximum number of nodes in the smallest accepted trees for
tree-walking automata with n states, that work on trees with degree of a node at most r.
What is an actual constant ¢ in a bound like 290¢") for tree-walking automata?

In Chapter [4] it has been shown that emptiness problems for star automata and
for graph-walking automata are decidable. And the computational complexity classes
for these problems were determined: the non-emptiness problem for star automata is
NP-complete, whereas the non-emptiness problem for graph-walking automata is NEXP-
complete. Table compares these new results about automata on graphs with the
previous results for similar automata on strings and on trees.

strings trees graphs
walking (2DFA) (DTWA) (DGWA)
PSPACE-complete [16] | EXP-complete [3] | NEXP-complete (Cor i Thm [21)
tilings by (NFA) (tree automata) (star automata)
edges/stars NL-complete [14] P-complete [27] NP-complete (Cor Thm

Table 5.1: Complexity of the non-emptiness problem for different families of automata.

In Chapter [ several upper bounds on the number of nodes in minimal accepted
graphs have been obtained. Upper bounds have been proved for graph-walking automata
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(Corollary , and for star automata (Corollary . Lower bounds proved for tree-walking
and for tree automata in Chapter |3| also apply to graphs. Perhaps it would be possible
to prove some better lower bounds using more complicated graphs than trees. Also the
upper bounds given in Chapter [ could be improved.

Star automata in this thesis are a special case of elementary acceptors of Thomas [26],
they are elementary acceptors without conditions on the number of occurrences of each
star. Is the emptiness problem for elementary acceptors of Thomas also decidable?
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