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Abstract. We consider the state complexity of extensions of the Kleene
star and quotient operations to unranked tree languages. Due to the na-
ture of the tree structure, there are two distinct ways to define the star
operation for trees, we call these operations, respectively, bottom-up and
top-down star. We show that (n + 2)2" " states are sufficient and nec-
essary in the worst case to recognize the bottom-up star of a tree lan-
guage recognized by an n-state deterministic unranked tree automaton.
The bound is of a different order than the known state complexity re-
sult % 2"~ for the Kleene star operation for automata on strings. On
the other hand, for the top-down star we obtain a tight state complex-
ity bound that coincides with the corresponding result for automata on
strings.

The bottom-quotient and top-quotient operations are extensions of the
left and right quotient to trees. We establish tight state complexity
bounds for both variants of quotient. The precise worst-case state com-
plexity of bottom-quotient is shown to be (n+ 1)2" — 1, which differs by
the multiplicative factor n + 1 from the corresponding result 2" — 1 for
ordinary finite automata.

Keywords: unranked trees, deterministic tree automata, Kleene star,
quotient operation, operational state complexity.

1 Introduction

XML plays an important role in data representation and exchange on the
web [2]. Since its arrival, many theories in formal languages and automata
have been used in XML applications, which include tree grammars and
automata [9,8,13,12]. As one of the automaton models for XML, we
consider unranked tree automata in this paper. For other models such
as nested word automata and stepwise automata, please refer to [1, 11, 3]
and the references listed there.



In recent years, a lot of work has been done on the descriptional com-
plexity of finite automata and related structures [5-7, 14, 15]. Operational
state complexity studies how the size of an automaton changes under reg-
ularity preserving operations. While the corresponding results for string
languages are well known [14, 16], very few results have been obtained
for tree automata. While the state complexity results for tree automata
operating on ranked trees are often similar to the corresponding results
on regular string automata, the situation becomes essentially different for
automata operating on unranked trees.

In our previous paper [10], we have studied union, intersection and
concatenation of deterministic unranked tree automata. In this paper, we
continue the work and study the state complexity of star operations on
deterministic unranked tree automata. We find that due to the nature
of the tree structure, there are two essentially different ways to compute
the star of tree languages. We name them top-down star operation and
bottom-up star operation.

The top-down star operation is defined by building the concatenation
of trees “top-down”. Thus, we define the kth top-down power of a tree
language T to consist of all trees that are obtained from some tree in the
(k—1)th power of T' by replacing some leaf by a tree ¢t € T'. Since there is
no restriction on where the substitution occurs, this means that the kth
power of T includes, among others, all trees obtained from a tree in T
where k — 1 leaves have been replaced by some tree of T

For the bottom-up star operation we define the kth bottom-up power
of T by replacing some leaf of a tree ¢ € T by a tree in the (kK — 1)th
power of T'. Thus, in some sense the trees are concatenated sequentially
for the bottom-up star, and, in parallel for the top-down star. From this
it might seem that the bottom-up star is more similar to the classical
star operation than the top-down star. However, at least in terms of state
complexity, just the opposite turns out to be the case.

We find that for a tree language T recognized by an n vertical state
3

deterministic unranked tree automaton, 5 - 271 is a tight upper bound
on the number of vertical states for the top-down star operation which
is the same as that of the star operation on ordinary strings, and (n +
3)2n~1 vertical states are sufficient and necessary in the worst case for a
deterministic unranked tree automaton to recognize the bottom-up star
of T', which is of a different order than the known result % 271 on strings.
The factor n is necessary here due to the restriction that the kth power
of T' consists of trees obtained from some ¢t € T' by replacing one leaf by

a tree in the (k — 1)th power of T'. This means the computation must



guarantee that each concatenated tree has at most one leaf substituted
by another tree.

We define top-quotient and bottom-quotient operations on trees which
correspond, respectively, to right and left quotient when dealing with au-
tomata that process the input tree from the leaves to the root. We in-
vestigate the state complexity of these two operations on deterministic
unranked tree automata. For a tree language T recognized by an n ver-
tical state deterministic unranked tree automaton, n vertical states are
necessary and sufficient for any deterministic unranked tree automaton to
recognize the top-quotient of T with respect to an arbitrary tree language.
However, for the bottom-quotient operation, the tight state complexity
bound is (n 4 1)2"™ — 1 which is of a different order than the state com-
plexity of left-quotient for automata operating on strings. Recall that the
state complexity of left-quotient is 2" — 1 [14]. The factor n + 1 is neces-
sary here because the automaton has to be sure that the concatenation
takes place in only one branch of the tree.

The paper is organized as follows. Definitions of top-down and bottom-
up star operation, top-quotient and bottom-quotient on trees and other
notations are given in Section 2. We prove the tight upper bounds on the
number of vertical states for bottom-up and top-down star operations in
Section 3. We give tight bounds for quotient operations in Section 4. All
proofs omitted due to the length restriction can be found in the appendix
at the end of the paper.

2 Preliminaries

Here we briefly recall some notations. A general reference on tree lan-
guages and tree automata is [4].

Let IN be the set of non-negative integers. A tree domain D is a finite
set of elements in IN* with the following two properties: (i) If w € D
and u is a prefix of w then w € D. (ii) If wi € D, i € IN and j < ¢ then
uj € D. The nodes in an unranked tree ¢ can be denoted by a tree domain
dom(t), and t is a mapping from dom(t) to the set of labels X. The set
of Y-labeled trees is TREESS;.

We denote a tree t = b(aq,...,a,), whose root is labeled by b and
leaves are labeled by ay,...,ay, simply as b(aj ...a,). When a; = ... =
a, = a, write t = b(a™). By a slight abuse of notation, for a unary tree
t = ar(az(...(an)...)), we write t = ajas...a, for abbreviation. When
ay = ...=a, = a, we write t = a” for short. (In each case it should be



clear from the context whether a™ refers to a sequence of leaves or to a
unary tree.)

The set of all Y-trees where exactly one leaf is labeled by a special
symbol X (X ¢ XY) is TREESx[X]. For t € TREESy[X] and t' €
TREESy, t(X « t') denotes the tree obtained from ¢ by replacing the
unique occurrence of the variable X by t'.

We define tree concatenation as an operation where one leaf of a
tree t is replaced by another tree t'. Furthermore, we can restrict the
places where the substitution can occur depending on the leaf label. For
t,t' € TREESy and b € X, we denote by t -, t’ the set of trees that are
obtained from t by replacing one leaf labeled by b by the tree t'. The
b-concatenation operation is extended in the natural way to sets of trees
Ll, L2:

LiwLy= |J twt.
telq,t/€Lo
Definition 1. The top-down b-star operation of a tree language L for b €
XY, denoted as [L]Z‘b), is an infinite union Uizo[L]%b); where [L](()b) = {b},

L1k = L, and (L] = (Lliy) -5 L, for i > 1.

Definition 2. The bottom-up b-star operation of a tree language L for
be X, denoted as Ly, is an infinite union U;>q L%b), where L(()b) = {b},

L%b) =L, and Lfb+>1 =L (LZ(‘b)), fori>1.

For example, if L = {a(b,b)}, tree a(a(b,b),a(b,b)) € [L]?b) and
a(a(b,b),a(b,b)) ¢ L?b). When b € X is understood from the context,
we simply call the operation top-down (respectively bottom-up) star op-
eration and write [L]* (respectively L*) in place of [L]Z‘b) (respectively
LZ‘b)). The b-concatenation is not associative. The top-down and bottom-
up star operations represent exactly the left- and right-most bracketing of
this non-associative b-concatenation operation. Consider the concatena-
tion of the sequence tg,t1,...,t;+1 € L. By Definition 1, #;,; can replace
any leaf node in ¢;, j < 7. However, by Definition 2, ;11 can only re-
place any leaf node in t¢;. Figure 1(a) shows one possible resulting tree
constructed by using Definition 1, and Figure 1(b) shows a resulting tree
obtained by Definition 2.

Next we define the quotient operations considered in this paper.

Definition 3. Let b € Y. The b-top-quotient of a tree language T with
respect to a tree language T' is defined as:

T'TyT={t|3H Tt teT}
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Fig. 1. Two resulting trees from two definitions

Definition 4. Let b € Y. The b-bottom-quotient of a tree language T
with respect to a tree language T' is defined as:

TLT ={t|3Ht €T tt eT}.

When considering computations that process a tree in the bottom-up di-
rection, the top-quotient can be viewed as an extension of right-quotient
from strings to trees, and similarly, the bottom-quotient extends the left-
quotient operation from strings to trees. When b € Y is understood
from the context, we simply call the operations top-quotient and bottom-
quotient and write T"TT (respectively T LT") in place of T'T,T (respec-
tively T L,T").

A deterministic unranked tree automaton (DTA(DFA))! is a 4-tuple
A = (Q,X,0,F) where @ is a finite set of states, X' is the alphabet,
F C (@ is the set of final states, ¢ is a mapping from ) x X' to the subsets
of @* which satisfies the condition that, for each ¢ € Q,0 € X 6(q,0)
is a regular language and for each label o and every two states q1 #
g2, 6(q1,0) N d(g2,0) = 0. The language 6(q,0) is called the horizontal
language associated with ¢ and o and it is specified by a DFA H C‘;‘J.

The states in @) are called wvertical states. The DFAs recognizing the
horizontal languages are called horizontal DFAs and their states are called
horizontal states. For a tree t, t4 € @Q denotes the state assigned to the
root of £ by A in the computation. The set of all X-trees where some leaf
nodes are labeled by elements of Q) is TREESx(Q).

To simplify the constructions, we assume that the DFAs representing
the horizontal languages are complete.

! Following the terminology from [10,12] we call a deterministic bottom-up tree au-
tomaton where the horizontal languages are represented by DFAs a DTA(DFA).



3 State complexity of star operation

In this section, we prove tight upper bounds on the numbers of vertical
states for both top-down and bottom-up star operations on deterministic
unranked tree automata. We present upper bounds on both star opera-
tions below, and state the corresponding matching lower bound examples
in Section 3.2.

3.1 Upper bounds

First we state the upper bound for the bottom-up star operation.

Lemma 1. Let A = (Q, X, 4, F) be an arbitrary DTA(DFA), and Héq =
(Coq: Q; Lo g, Coq,0, Usq) be the DFA representing the horizontal language
associated with o and q.

We can construct a DTA(DFA) B recognizing the language L(A)z‘b),
b e X (bottom-up b-star operation) with at most

3
QI + 22l
vertical states.

Proof. Let Q = {s1,s2,...,8,} and 0 € @ be the state assigned to the
leaf nodes labeled by b. Choose B = (P, X, \, E), where P = PUP,U Ps,

—Pr={({¢}Up,q) I peP(Q—-{q}).q € Q— F},
- P, ={({¢,0}Up,q) | p € P(Q —{q,0}),q € F},
— P3 = {(p,dead) | p € P(Q)}.

State (p,q) in P is final if ¢ is in F or there exists state ¢’ in p such that
¢’ is in F. In the following, we assume that {0} N F' # F, which means
there is a final state different from 0.

For states (p U {q},q) € P, and states (p U {q,0},q) € Py, let p =
{@1,---,am}, 0 < m < n. The transition function A(o, (p,q)) is defined by
DFA Gy (p.q) = (Do (p.g)s P> Vo,(p,q)1 Qo (p,a).00 Vo (pg))- The set of states is
Dy (p.g) = (P(Cogy) X . . XP(Cog,)) X (Cogy X .. X Cy g, ) X Cgr g The ini-

tial state is dy, (p, g)0 = (({co,qi,0}s - {€o,gm,01)s (Cogi 05+ -+ s Corgm.0)s Corq,0)-
The set of final states V,, (, ;) consists of all the states
v=((C1,...,Cn), (ur,ug,...,upy),u) where for every 1 < i < m, C; N

Usgi 0, u € Uyy.



The transition function v, (,,) is defined as follows: for any input

(p/7q/) = ({j17j27 cee 7.ji}7q/) and any state d = ((Cla LR 7Cm)7 (017027 o ,Cm),C)
i Do, (p,q):

Yo, (p, q)((p/ q/) d) =

)
U Ho ,q1 q C U Ho, q1 .]l7cl U Ho ,qm q C U /~’L0',qm(jl7cm))7
ceCt =1 cecm =1

(,U'J,ql (q/’ 01)7 <oy Hogm (q/’ Cm))v Ma,q(qlv C))

The ~-transition in the horizontal DFA G, (, .y of B is defined using
the u-transition in the horizontal DFAs in A. However, since the input of
G (p,q) 18 @ sequence of states of B, e.g. (p1,q1), (p2,dead), ..., (Pm;qm),
dead is also a possible input for the u-transition. Since dead is not in the
alphabet of the horizontal DFAs of A, which means that p is undefined
for input dead, we define the p-transition in the horizontal DFAs in A
such that any transition labeled by dead goes to the sink state of the
DFAs.

For states in (p,dead) € Ps, let p = {q1,...,qm}, m < n. The transi-
tion function A(o, (p,dead)) is defined by the DFA
GU,(p,dead) = (DJ,(p,dead)vpv 70,(p,dead)7da,(p,dead),Ov Vo,(p,dead))' The set of
states is Dy, (p.dead) = ((P(Co,q,) X .. X P(Cy, qm)) X ((Cog) X . X Cpg) X

(Cos15---+Css,). Theinitial state is d,, (p.dead), ({coq,0}s -+ {Coqm0}),
(Cog1,00 -+ Co.qm,0)s (Co1,05 - - - s Cors,0)). The set of final states V;, (, deaq)
consists of all the states v = ((C1,...,Cn), (u1,u2, ..., Uy), (V1,...,0,))

where for every 1 <i < m, C;N U4 # 0, and there does not exist any
v; that v; € Useq Uo,s-

The transition function v, geqq) is defined as follows: for any input
', qd)={j,742,---,7i},q) and any state
d=((C1,...,Cn),(c1,¢2,- .. cm), (ct,...,c")) in Dy (p.9);

Yo, (p,dead) ((p/’ q,)’ d) =
(( U Na,ql(q/a c)U U Ho,q1 (Jisc1)s -, U Na,qm(q/’c) U U ,U«a,qm(jl’cm)),

ceCt =1 c€Cm =1

(/1’07611 (q,’ Cl)’ e ’IU’U7qm (q/’ Cm))’ (/1’07611 (q,’ Cl)’ te ’Hqun (q,’ Cn)))

The vertical states in B consist of two components. The first compo-
nent simulates the situation where the concatenation occurs, and the sec-
ond component records the computation where there is no concatenation.
At a subtree o(t1,t2,...,ty), where states (p1,q1), (p2,92),-- -+ (Pm,G@m),



pi € Q,1 <i<m are assigned to the roots of t1,1s,...,tn, respectively,
state (p, q) is assigned to the root labeled by o provided that the sequence
of states q1qs ... qy, is accepted by H (fq, and p consists of all states that
are obtained by A by in the child nodes “taking” one state in p; and
using g;, for all j # ¢ for all choices of i. The state (p,dead), p # Q is
assigned to the node labeled by o if none of the DFAs H, , in A accepts
the sequence q1g2 . . . gm- When the vertical computation produces a state
with the second component in F', the computation adds 0 to the first
component of the state.

For states (p,q) in P;, we always have ¢ € p. This is done because for
any state (p, q) where ¢ ¢ p there is always an equivalent state (pU{q}, q).
Recall that a state (p,q) is final if ¢ € F or pN F # (). Thus, after B
reading some tree, B reaches a final state from the state (p, ¢) if and only
if the state (p U {q}, q) reaches a final state.

According to the construction, |P;| = (|Q|—|F|)2/9I-1, | P,| = |F|2!9I-2,
|P3| = 2/ We have |P| = (|Q| — |7F‘ 4 2)2Q1=1 The worst case is when
|F| = 1. Then the number of vertical states of B is at most (|Q|+2)2/@I—1,
|

The lemma below states an upper bound for the top-down star oper-
ation.

Lemma 2. Let A = (Q, 2,4, F) be an arbitrary DTA(DFA). We can
construct a DTA(DFA) B accepting language [L(A)]z‘b) (top-down b-star
operation) with at most

2IQI=IFI=1 | 9lQ|~|F|
vertical states.

Proof. Since Definition 1 has no restriction on the place where a leaf
can be replaced, the vertical state of B needs only one component P,
P C Q. Initially, P contains only the state p, assigned to the leaf node b.
B simulates the computation of A. Whenever a final state is produced in
P, py is added to P. B accepts the input if P contains some state p such
that pe F. H

We are going to state corresponding matching lower bounds in the
next subsection.



3.2 Lower bounds

First, we present a lower bound for the bottom-up star operation as fol-
lows. In Figure 2 we show the DFA A we get from the one used in Theo-
rem 5 of [16] by adding symbol c.

Fig. 2. The DFA A used to define the tree language T'

Based on the DFA A we define the tree language T' used in our lower
bound construction. The tree language T consists of Y-labeled trees ¢,
Y ={a,b,c}, where:

1. All leaves are labeled by a and if a node u has a child that is a leaf,
then all the children of u are leaves.

2. A accepts the string of symbols labeling a path from any node of
height one 2 to the root.

3. The following holds for any u € dom(t) and any nodes v; and vy of
height one below u. If w; is the string of symbols labeling the path
from v; to u, i = 1,2, then A reaches the same state after reading
strings w; and ws.

The computation starts from nodes of height one. This is done because
when the concatenation takes place, the leaf node is substituted by a tree,
and it will not appear in the resulting tree.

T can be recognized by a DTA(DFA) M = (Q,{a,b,c},d, F) where
Q@ ={0,1,...,n—1} and F = {n — 1}. The transition function is defined
as:

(1) 5(0,a) = (n— 1,
(2) 6(i,a)=(i—1)FT for1<i<n-1,
(3) 6(j,b) =G -1t for2<j<n-1,
(4) 6(0,0) = {n —1,0}7,

(5) 6(i,c) =it for 1 <i<n-—1.

2 We define here that the height of a tree that contains only a root node is 0



A DTA(DFA) C recognizing the tree language T* is obtained from M
using the construction given in Lemma 1. The vertical states in C are of
the following form

(p)q)a()ngnapg{O)la)n_l}a (1)
where

—if0<qg<n-—1,then q € p,
— if g=n—1 then 0 € p,
— ¢ = n denotes the dead state in the construction.

Lemma 3. All states in (1) are reachable.

Proof. For a unary tree t = aj(as(...amn(a)...)), we denote word(t) =
Amlm—1...-a1 € X*. In the following discussion all numbers that are
used to represent elements of @) are interpreted modulo n. That is, y is
interpreted as the element of {0,1,...,n — 1} congruent to y modulo n.

From state ({0},0) state ({0,n —1},n —1) can be reached by reading
n —1 a's. State ({1,0},0) can be reached by reading a. State ({2,0},0)
can be reached by reading b. State ({0,1,n—1},n —1) can be reached by
reading n — 1 a’s. Similarly, state ({0,1,2,n — 1},n — 1) can be reached
by reading sequence ab followed by n — 1 a’s.

Assume that state ({0,1,2,...,k,n —1},n—1), 0 < k < n—2is
reachable. We want to show that ({0,1,2,...,k+1,n—1},n—1) is also
reachable. From state ({0,1,2,...,k,n —1},n — 1), state ({1,2,...,k +
1,0},0) is reachable by reading a. Since 0 < k <n—-2,k+1<n—1.
State (S1,0) = ({2,3,...,k 4+ 2,0},0) is reachable by reading b. Since
0 <k<n-—2 k+2 < n which means (k + 2)mod n # 0. (If (k +
2)mod n = 0, the size of S; will decrease by 1.) After reading n — 1 a's,
state ({1,2,...,k+1,n —1,0},n — 1) is reached.

We have proved that state ({0,1,...,n—2,n—1},n— 1) is reachable.
After reading i+ 1 a’s, state ({0,1,...,n—2,n—1},i mod n) is reached.

Assume all states (S,7), |[S| > k+1,k<nand 0<j<n-—1in
(1) are reachable. We will inductively show that all states where |S| = k
are reachable. Let (S,s;) where S = {s1,s2,...,8x}, 1 < i < k and
0<s1<s2<...<sp<n-—1Dbean arbitrary state where |S| = k.

First consider the case where s;11 —s; > 2 and s; < n — 1. According
to the inductive assumption, state ({0,n —1} U S1,0) where S1 = {s;+1 —
si—1,8i40—8;—1,...,8p —si—1l,n+s1—s;—1,...,n+ 8.1 —s;— 1}
is reachable. Since 0 < 51 < 59 < ... < s < n—1and s; — s;_1 > 2,
n—1¢ S5 and 0 ¢ S;. After reading b, state ({0} U S2,0) where Sy =



{Si+1— iy Sit2—Sis -, Sp—Si, N+S81—S;,...,n+8;_1—8;} is reached. Since
0<s1<s9<...<s5:<n—1,0 §é Sy. State ({Si,8i+1,8i+2,...,8k,n+
S1,...,n+ 8;—1}, 8;) is reached after reading s; a’s. This means we have
reached the state (5, s;), where S = {s1,s2,...,8k}.

Next consider the case when s;y1 = s; + 1 and s; < n — 1. Since
|S| = k < n, there exists s;,sj41 € S such that s;41 —s; > 2. According
to the inductive assumption, state ({0,n —1}US1,n+s; —s; — 1) where
S1= {5j+1—8j—1,8j+2—8]’—1, . ,Sk—Sj—1,n+51—8]’—1,n+82—5j—
1,...,n+s—sj—1,n+s —sj,...,n+s;_1 —s; — 1} is reachable. After
reading b, ({0} U S, n+s; —s;j) where Sy = {sj11—5;j,8j42—5j,...,5, —
sj,n—i—sl—sj,n—l—sQ—sj,...,n—l—si—sj,n—i—si—sj—i—l,...,n—i—sj_l—sj}
is reachable. Since 0 < 51 < s9 < ... < sp < n—1,0 ¢ Sy. State
({555 8j41,Sj425 - -, Sky 81, N+ 82, ... ,n+s;,n+s;+1,... ,n+sj_1},n+
s;) is reached after reading s; a’s. This means we have reached the state
(S,s;), where S = {s1,592,...,8¢}.

Now consider the case when s; = n —1. When s; = n—1,0 € S.
Since 0 < 51 < 89 < ... < s < n—1, we have s; = s = n—1
and s; = 0. Since k < n, there always exists s;,5;41 € S such that
Sj4+1—8; > 2. According to the inductive assumption, state ({sj+1 —s; —

Lisjro—sj—1,...,801—sj—1n—1—-s;—1,n+0—s; —1,n+ sy —
sj—1,...,n+sj_1—s;j—1,n—1,0},n—1—s; — 1) is reachable. State
({8j+1—55,8j42—=Sj,- - Sk—1—8j,n—1—=5j,n+0—5j,n+s50—5;,...,n+
sj—1— 8j,0},n — 1 — s;) is reached after reading b. After reading s; a's,
state ({sj4+1,8j42,---,5k—1,n —1L,n+0,n 4 s2,...,n + sj_1,5;},n — 1)

is reached. This means we have reached the state (S,n — 1) where S =
{0,89,...,8k_1,n — 1}.
Thus, we have shown all states (S,z), S C {0 < j <n-—-1}0<

x < n—1in (1) are reachable. Next we will show that states (S,n),
S c{0,1,...,n— 1} are reachable.

We have already shown that ({0,1,...,n — 1},0) is reachable. State
({1,...,n — 1},n) is reachable by reading c. State ({0,1,...,n — 1} —
{i},n), 1 <1i < n —1 is reachable after reading i a’s. Assume all states
(S,n), n > |S| > k+ 1, k < n— 1 are reachable. We will inductively
show that all states where |S| = k are reachable. Let (S,n) where S =
{s1,82,...,8K}, 0 < 81 < s9 < ... < s < n—1 be an arbitrary state
where |S| = k. According to the inductive assumption, state (S U{0},n)
is reachable. State (S, n) is reachable by reading c.

That is all the states in (1) except state ({0,1,...,n — 1},n) are
reachable.



We show that state ({0,1,...,n—1},n) is reachable by introducing a
new symbol d. Let T' be the tree language defined above Lemma 3 and M
is the deterministic tree automaton constructed for 1" above Lemma 3.
Let d be a new symbol not in Y. Based on M we define a tree automaton
M =(Q,X U{d}, ¥, F) where ¢ for elements of X' is defined as ¢ and

§(1,d) =11, &(2,d) =22, §(i,d) = 1i for 3<i < n.

The node labeled by d has two branches. If the root of the left branch is
assigned with state 1 by M’, then the node labeled by d is assigned with
the same state (except state 2) as the root of its right branch. If the root
of the left branch is assigned with state 2 by M’, then the root of its right
branch must also be assigned with state 2, and so is the node labeled
by d. The sequence of states 12 is not defined at the node labeled by d.
Now consider tree t = d(t1,t2) where the roots of t; and ty are assigned
with state ({1,2},1) and ({1,2,...,n},2), respectively. According to the
above definition, state ({0,1,...,n — 1},n) is assigned to the root of the
treet. W

Lemma 4. All states in (1) are pairwise inequivalent.

Proof. Let (S1,x) # (S2,y) be two arbitrary states. First consider the
case when neither of z and y is equal to n.

Assume S; # So. Let s € S; and s ¢ Sy (The other case is totally
symmetric). According to the definition of the state in (1), y # s. After
reading n — s — 1 d’s, a final state is reached from state (S1,x), and no
final state is reached from state (Sa2,y).

Next we consider the case S = Sy = S, S # {0,1,...,n — 1} and
x # y. According to the definition of the state in (1), z,y € S. Consider
tree T[X] = a" '7%(t, X) where state ({z,2},2), z ¢ S is assigned to
the root of subtree ¢. (Since S # {0,1,...,n — 1}, z always exists.) Let
(S,z) and (S,y) be the states assigned to the roots of subtrees ¢; and ts,
respectively. Consider T'[X < t1]. State ({z + 1},n) is assigned to the
root of subtree a(t,t1). A final state ({n — 1},n) is assigned to the root
of tree a”~17%(t,t1). Now consider T[X < ts]. State (§),n) is assigned
to the root of subtree a(t,t2). State (0, n) is assigned to the root of tree
a™ 7% (t,t,), which is not a final state.

When S; = Sy = {0,1,...,n — 1} and = # y. After reading b, states
(S1,z) and (S2,y) become to (S, x) and (S,y) where S ={0,2,3,...,n—
1}, respectively, which can be distinguished similarly as the above case.



Next consider the case when one of x and y is equal to n. Without
loss of generality, assume y = n. Consider tree T[X] = a" (t,b"(X))
where state ({1,0},1) is assigned to the root of subtree ¢t. Let (Si,z)
and (S2,n) be the states assigned to the roots of subtrees ¢; and to,
respectively. Consider T[X < t1]. State ({0}, 0) is assigned to the root of
subtree b"(t1). State ({1}, n) is assigned to the root of subtree a (¢, b"(¢1)).
A final state ({n — 1},n) is assigned to the root of tree a™ !(t,b"(t1)).
Now consider T'[X <« to]. State ({0}, n) is assigned to the root of subtree
b"(t2). State (,n) is assigned to the root of subtree a(t,b"(t2)). State
(0,n) is assigned to the root of tree a™ !(t,b"(t3)), which is not a final
state.

Now consider the case when x = y = n. Choose s € S and s ¢ Sy
(The other case is totally symmetric). After reading n —s — 1 a’s, a final
state is reached from state (S1,n), and no final state is reached from state
(SQ, n) .

Thus, all states are pairwise inequivalent. H

According to Lemma 3 and Lemma 4, we can get the following theo-
rem.

Theorem 1. Let A = (Q,X,0,F) be an arbitrary DTA(DFA). We can
construct a DTA(DFA) B recognizing language L(A)Z‘b), be X (bottom-up

b-star operation) with at most (|Q| + 3)2/91=1 vertical states.

For any integer n > 1, there exists tree language L, such that L,
can be recognized by a DTA(DFA) with at most n vertical states, and any
DTA(DFA) recognizing Ly ) needs at least (n+ 2)27=1 vertical states.

The lemma below gives the lower bound for top-down star operation.

Lemma 5. The upper bound in lemma 2 is tight.

Proof. The lemma can be similarly proved as Section 3 in [16], where
we can view strings as unary trees. B

4 Top-quotient and bottom-quotient

We have proved the following two theorems for top-quotient and bottom-
quotient operations on unranked tree automata.

Theorem 2. For any integer n > 1, n vertical states are necessary and
sufficient in the worst case for a deterministic unranked tree automaton
to accept the top-quotient of the tree language recognized by an n vertical
states deterministic unranked tree automaton with respect to an arbitrary
tree language T".



Proof. Let A= (Q, X, 4, F) where |Q| = n, be an arbitrary deterministic
unranked tree automaton. We can construct a deterministic unranked tree
automaton B = (Q, X, 0, E) recognizing T'TL(A), where E = {q € Q |
(3t €eT)3re ' 4q) rt e F}.

Now we show that n states are necessary. Let T/ = {b} and A =
({q1,92,- - an},{a},0,{q1}), where ¢ is defined as:

— for 1 <i<n-— 17 5(q27a) = 4i+1,
— 6(gn,a) = e.

A accepts the unary tree language a™. We have T"TL(A) = L(A). ®

Theorem 3. For any integer n > 1, (n + 1)2" — 1 wvertical states are
necessary and sufficient in the worst case for a deterministic unranked tree
automaton to accept the bottom-quotient of the tree language recognized
by an n vertical states deterministic unranked tree automaton with respect
to an arbitrary tree language T'.

We prove Theorem 3 by stating two lemmas. Lemma 6 establishes
the upper bound and Lemma 7 establishes a lower bound that differs by
the constant one. Finally, after the proof of Lemma 7 we explain how
the proof of Lemma 7 can be modified to exactly reach the upper bound
given in Lemma 6.

Lemma 6. For an arbitrary deterministic unranked tree automaton A
with n vertical states and an arbitrary tree language T', any deterministic
unranked tree automaton recognizing L(A)LyT" needs at most (n+1)2"—1
vertical states.

Proof. Let A= (Q, X, 4, F) where |Q| = n, be an arbitrary deterministic
unranked tree automaton. Define G = {t'4 | ¢ € T'}. G consists of all the
states that are assigned to the roots of trees in 7" by A. We can construct
a deterministic unranked tree automaton B = (P, X, u, E) recognizing

L(A)LT', where

P={(¢,P(Q)) | g € QU {dead}},
(@.9) € Eif SNF # 0.

B operates as follows. For a leaf node u labeled by o,

assign (g,0) to u if o # b and € € §(q, 0),
assign (¢,G) to u if o = b and € € §(q, b),
— assign (dead,G) to uw if o =b and € & 6(q,b).



For a tree o(o1,...,0,) where the leaf nodes are assigned with a
sequence of states (q1,S51),...,(¢m,Sm), the root node is assigned with
state (g, S) provided that ¢1 ..., € 6(q,0) and S consists of all s € @
such that for some 1 <37 <m

(3s; € S;) such that q1...¢—18iGi+1---qm € 0(s,0).

We define ¢ = dead if q; ... ¢, is not included in any d(s,0), s € Q.

In states of B the first component directly simulates the computation
of A. In a state (g, S), the second component keeps track of all states that
A may be in provided that exactly one leaf labeled by b below the current
node was replaced by a tree of T".

Thus, the upper bound on the number of vertical states is (n+1)2" —1
as we do not require the tree automata to be complete. H

Lemma 7. There exists a tree language T that can be recognized by a de-
terministic unranked tree automaton with n vertical states, such that any
deterministic unranked tree automaton recognizing T 1, TREFESy, needs
at least (n + 1)2™ — 2 vertical states.

Proof.

a,b,a; i#n-1

a,a;,iz0 D a,b,a;,i#1 @_ a,b,a;i#2 @ a,b,a;,i+n-2
\/

b

Fig. 3. Tree automaton A

Shown in Figure 3, A is the DFA we modified from the one used in
Theorem 5 of [16] by adding symbols ag, ..., a,—1. Based on the DFA A
we define the tree language T used in our lower bound construction. The
tree language T consists of X-labeled trees ¢, X' = {a, b, ¢}, where:

1. All leaves are labeled by a and if a node u has a child that is a leaf,
then all the children of u are leaves.

2. A accepts the string of symbols labeling a path from any node of
height one to the root.

3. The following holds for any u € dom(¢) and any nodes v; and vy of
height one below u. If w; is the string of symbols labeling the path
from v; to u, i = 1,2, then A reaches the same state after reading
strings wy and wo.



The computation starts from nodes of height one. This is done because
when the bottom-quotient takes place, the leaf node is substituted by a
tree, and it will not appear in the resulting tree.

T can be recognized by a deterministic tree automaton
M = (Q,{a,b,ag,...,an-1},6,F) where @ = {0,1,...,n — 1} and F =
{n — 1}. The transition function is defined as:

1) §(0,a) =eU(n—1)T,

i,a)=(i—1)" for 1 <i<n-—1,

b =G -1t forl<i<n-—1,

0,b) = {n—1,0}",

i,a;) = (i —1)T for 1 <i<n-—1andi#j,
(0,a;) = (n—1)* for j #n— 1.

Let 7" = TREESs and N be the deterministic tree automaton for
L(M)LT' as considered in Lemma 6. According to the upper bound
construction, the states in N are of the form (¢,5),0 < ¢ < n,S C
{0,1,...,n — 1}, where ¢ = n denotes dead state in the construction.

First we show every state is reachable except (n,{0,1,...,n — 1}).
The leaf node labeled with a is assigned with (0,{0,1,...,n —1}). The
state (i,{0,1,...,n—1}), 0 <1i < n—1is reachable after reading a unary
tree a’. For S C Q,0<i<n—1,i¢€ S, (i,9) is reachable from state
(i,Q) by reading spsp—1...51 where for each 0 < j < n—1, s; = a if
J € S and s; = b, otherwise.

For i ¢ S, we show that the state (i,5) is reachable using decreasing
induction on the size of S. First we note that for S C Q, 0 <i <n —1,
i¢ S, (i,Q — {i}) is reachable from state (i — 1,Q) by reading a;. Now
suppose (si,Q — {s1,...,5x}), 1 < i < k is reachable. Let p = (s;,Q —
{81, y8k11}), 1 <j<k+1 8 <...<Sky1and Q —{s1,...,8k11} =
{ri,...,m—k—1} be an arbitrary state. p is reachable from (s; — 1, {r; —
1L,ro—1,...,7p—k—1—1,5'}), by reading ay, where s’ & {s; -1, —1,72—
1, ooy Tp—k—1 — 1}

We have already shown that (0,{0,1,...,n — 1}) is reachable. State
(n,{1,...,n—1}) is reachable by reading ag. State (n,{0,1,...,n—1} —
{i}), 1 <i < n—1isreachable after reading i a’s. Assume all states (n, 5),
n > |S| > k+1, k < n—1 are reachable. We will inductively show that all
states where |S| = k are reachable. Let (S,n) where S = {s1,s9,..., 5k},
0 <s1<82<...<sp<n-—1bean arbitrary state where |S| = k.
According to the inductive assumption, state (S U {0},n) is reachable.
State (S,n) is reachable by reading ag. The state (n, () is reached at the
root of tree a(u,v) where u and v are assigned with (1,{1}) and (2, {2}),
respectively.

(1) o(
(2) 4
(3) 4(
(4) o
(5) o(
(6) 9



That is all the states except (n,{0,1,...,n —1}) are reachable.

Now we show that all states are pairwise inequivalent. Given two states
(7,51) and (j, S2), first we consider the case when S # S2. Without loss
of generality, let s € S; —So. After reading unary tree a”~1~%, a final state
is reached from (4, .51) and no final state is reached from (j, S2). Now we
consider the case when ¢ # j and S; = Sy = S. Suppose (i,5) and
(7,5) are assigned to the roots of tree ¢; and t9, respectively. Consider
tree a"27(a(u,x),v) where u, v are assigned with states (i,{i}) and
(n,{i + 1}), respectively. Now (i + 1,{i + 1}) is assigned at the root of
a(u,x < t1) and (n, {i + 2}) is assigned at the root of a(a(u,x < t1),v).
After reading the rest of a’s, a final state (n,{n — 1}) is reached. On the
other hand, if i € S, (n,{i + 1}) is assigned at the root of a(u,z + t3),
(n,0) if ¢ ¢ S. In either case (n,() is assigned at the root of a(a(u,z <
t1),v). (n,0) is a dead state, which means no final state can be reached.
|

In fact, state (n,{0,1,...,n — 1}) is reachable by introducing a new
symbol and a few transitions. Let T be the tree language defined in
Lemma 7 and M is the deterministic tree automaton constructed for
T in the proof of Lemma 7. Let d be a new symbol not in 2. Based on M
we define a tree automaton M’ = (Q, XY U{d},d’, F) where ¢’ for elements
of X is defined as § and

(1) 5(1,d) = 11,
(2) 5(2,d) = 22,
(3) 6(i,d) = 1i for 3 <i < n.

The node labeled by d has two branches. If the root of the left branch
is assigned with state 1 by M’, then the node labeled by d is assigned
with the same state (except state 2) as the root of its right branch. If the
root of the left branch is assigned with state 2 by M’, then the root of
its right branch must also be assigned with state 2, and so is the node
labeled by d. The sequence of states 12 is not defined at the node labeled
by d. Now let T" = TREESx(qy. Consider tree t = d(t1,t2) where the
roots of t; and ty are assigned with state (1,{1,2}) and (2,{1,2,...,n}),
respectively. According to the above definition, state (n,{0,1,...,n—1})
is assigned to the root of the tree t.

We get a tight bound for the state complexity of top-quotient and
bottom-quotient, respectively. Note that the bound for bottom-quotient
differs, roughly, by a multiplicative factor n 4+ 1 from the corresponding
result for ordinary finite automata. The precise state complexity of left-
quotient for ordinary finite automata is 2" — 1 [16].



5 Conclusion

We have defined two star operations on tree languages according to the
nature of tree structure, bottom-up and top-down star operations, and
proved tight upper bounds on the number of vertical states for both star
operations. The top-down star operation shares the state complexity of
the star operation on string automata. On the other hand, we have es-
tablished that the state complexity of the bottom-up star is (n + %)2’“1
which is of a different order than the corresponding result for the star op-
eration on string automata. We defined top-quotient and bottom-quotient
operations on trees and obtained tight state complexity bounds for both
operations. The bound for the bottom-quotient operation differs by a mul-
tiplicative factor n 4+ 1 from the corresponding result 2" — 1 for ordinary
finite automata.
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