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Abstract. Since the extensible markup language XML emerged as a new stan-
dard for information representation and exchange on the Internet, the problem
of storing, indexing, and querying XML documents has been among the major
issues of database research. In this paper, we study the twig pattern matching
and discuss a new algorithm for processing ordered twig pattern queries. The
time complexity of the algorithm is bounded by O(IDIIQI + |T1-leaf,) and its
space overhead is by O(leafr-leafy), where T stands for a document tree, Q for a
twig pattern and D is a largest data stream associated with a node ¢ of O, which
contains the database nodes that match the node predicate at g. leafr (leaf)
represents the number of the leaf nodes of T (resp. Q). In addition, the algorithm
can be adapted to an indexing environment with XB-trees being used.

1 Introduction

The Extensible Markup Language (XML) is an emerging standard for data representa-
tion and exchange on the Internet. Tree pattern matching is one of the most important
types of XML queries to extract information from XML sources. Normally, an XML
document T is represented as a tree structure and typically a query Q specifies pat-
terns of selection predicates on multiple elements that also have some specified tree
structured relations. For instance, the XPath expression:

book[title = ‘Art of Programming’]//author[fn = ‘Donald’ and /n = ‘Knuth’]

asks for all those author elements that (i) have a child subelement fin with content
‘Donald’, (ii) have a child subelement /n with content ‘Knuth’, and are descendants of
book elements that have a child title subelement with content ‘Art of Programming’.
It can be represented as a tree structure. So the query evaluation in XML document
databases is essentially a tree matching problem.

We distinguish between two kinds of tree matchings. One is the so-called unordered
tree matching, by which the order of siblings is not significant. The other is the ordered
tree matching, by which the order of siblings should be taken into account. In the
following definitions, # — v in Q stands for a child edge (/-edge) for a parent-child rela-
tionship; and u = v for a descendant edge (//-edge) for an ancestor-descendant relation-
ship. We also use label(v) to represent the name tag (i.e., symbol € 2 U{*}) or the string
associated with v.
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Definition 1 (unordered tree matching). An embedding of a twig (small tree) pattern
Q into an XML document 7 is a mapping f: Q — T, from the nodes of Q to the nodes
of T, which satisfies the following conditions:

(i) Preserve node label: For each u € Q, label(u) = label(f(u)).

(i1) Preserve parent-child/ancestor-descendant relationships: If u — v in Q, then f(v)
is a child of fiu) in T} if u = v in Q, then f(v) is a descendant of f{u) in T.

If there exists a mapping from Q into 7, we say, Q can be imbedded into 7, or say,
T contains Q. Notice that an embedding could map several nodes with the same tag
name in a query to the same node in a database. It also allows a tree mapped to a path,
by which the order of siblings is totally unconsidered. This definition is a little bit dif-
ferent from the ordered twig matching defined below.

Definition 2 (ordered tree matching). An embedding of a twig pattern Q into an XML
document 7 is a mapping f: Q — T, from the nodes of Q to the nodes of T, which sat-
isfies the following conditions:

(i) same as (i) in Definition 1.

(i1) same as (ii) in Definition 1.

(iii) Preserve left-to-right order: For any two nodes v; € Q and v, € Q, if v, is to the
left of v,, then f{(v,) is to the left of f(v,) in T.

vy is said to be to the left of v, if they are not related by the ancestor-descendant re-
lationship and v, follows v;. This kind of tree mappings is useful in practice. For ex-
ample, an XML data model was proposed by Catherine and Bird [1] for representing
interlinear text for linguistic applications, used to demonstrate various linguistic prin-
ciples in different languages. For the purpose of linguistic analysis, it is essential to
preserve the linear order between the words in a text [1]. In addition to interlinear
text, the syntactic structure of textual data should be considered, which breaks a sen-
tence into syntactic units such as noun clauses, verb phrases, adjectives, and so on.
These are used by the language TreeBank [2] to provide a hierarchical representation
of sentences. Therefore, by the evaluation of a twig pattern query against the Tree-
Bank, the order between siblings should be considered [2, 3].

In 2003, Wang et al. [4] proposed a first index-based method, called ViST, for han-
dling ordered twig pattern queries, by which the XML data are transformed into struc-
ture-encoded sequences and stored in a disk-based virtual trie using B*-trees. One of
the problems of this method is that the query processing strategy by straightforward
sequence matching may result in false alarms. Another problem, as pointed out in [3],
the size of indexes is higher than linear in the total number of elements in an XML
document. Such problems are removed by a method, called PRIX, discussed in [3].
This method constructs two Priifer sequences to represent an XML document: a num-
bered Priifer sequence and a labeled Priifer sequence. For all the labeled Priifer se-
quences, a virtual trie is constructed, used as an index structure. In this way, the size
of indexes is dramatically reduced to O(I71). But it suffers from very high CPU time
overhead according to the following analysis. The method consists of a string match-
ing phase and several so-called refinement phases, for which O(kIQlloglQl) time is
needed (see page 328 in [3]), where k is the number of subsequences of a labeled
Priifer document sequence, which match Q’s labeled Priifer sequence. However, by
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the string matching defined in [3], a query pattern string can match non-consecutive
segments within a document target string (see Definition 4.1 in [3], page 306). So in
the worst case k is in the order of O(IT1?) since for each position i (in the target)
matching the first element in the pattern string the second element of the pattern can
match possibly at |71 - i - 1 positions; and for each position j matching the second
element in the pattern, the third element in the pattern can possibly match at I71-j - 1
positions, and so on. As an example, consider the following Priifer string:

A...ab...bc...cd..d

in which each substring containing the same characters is of length n/4. Assume that
the Priifer string for a query is abcd. Then, there are O(n*) matching positions. For
each of them, a tree embedding will be examined. (We note that if the string matching
is restricted to consecutive segments, there is at most one matching for each position,
at which the first element in the pattern matches. But it is not the case discussed in [3].)

In this paper, we propose a new method for processing ordered twig pattern que-
ries. The main idea behind it is an algorithm for reconstructing tree structures from
data streams as well as a new tree labeling technique for queries to represent left-fo-
right relationships. The new algorithm runs in O(IDIIQl + IT1-leafy) time and
OC(leafrleafy) space, where leafr (leaf) represents the number of the leaf nodes of T
(resp. Q), and D is a largest data stream associated with a node ¢ of O, which contains
the database nodes that match the node predicate at q.

The remainder of the paper is organized as follows. In Section 2, we restate the tree
encoding [5], which can be used to facilitate the recognition of different relationships
among the nodes of trees. In Section 3, we discuss our algorithm for evaluating or-
dered twig pattern queries. The paper concludes in Section 4.

2 Tree Labeling

In [5], an interesting tree encoding method was discussed, which can be used to iden-
tify different relationships among the nodes of a tree. Let 7' be a document tree. We
associate each node v in T with a quadruple a(v) = (d, I, r, In), where d is the docu-
ment identifier (Docld), | = LeftPos, r = RightPos, and In = LevelNum. Here, LeftPos
and RightPos are generated by counting word numbers from the beginning of the doc-
ument until the start and end of the element, respectively. By using such a data struc-
ture, the structural relationship between the nodes in an XML database can be simply
determined [5]:

(i) ancestor-descendant: a node v, associated with (dy, I;, ry, In;) is an ancestor of
another node v, with (d», [, 13, In,) iff dy=d,, [, < b, and r| > r,.

(i) parent-child: a node v, associated with (dy, i, ri, In;) is the parent of another
node 1% with (dz, lz, r, ll’lz) iff d] = dz, ll < lz, ry>rp, and ll’lz = ll’ll + 1.

(iii) from left to right: a node v, associated with (dy, [;, |, In;) is to the left of another
node v, with (d,, I, ry, Iny) iff dy = d,, ri <.

(See Fig. 3(a) for illustration.) In the rest of the paper, if for two quadruples o, =
(dy, Iy, r1, Iny) and o, = (dy, b, 12, Iny), we have dy = d,, [, < I, and r; > r,, we say that
o, is subsumed by 0. For convenience, a quadruple is considered to be subsumed by
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itself. If no confusion is caused, we will use v and o(v) interchangeably. We can also
assign LeftPos and RightPos values to the query nodes in Q for the same purpose as
above. Finally we use T[v] to represent a subtree rooted at v in 7.

3 Main Algorithm

In this section, we describe our method. First, we discuss a kind of data stream trans-
formation in 3.1, which provides the input to our main procedure. Then, in 3.2, the
main algorithm is described in great detail.

3.1 Data Stream Transformation

As with TwigStack [4], each node ¢ in a twig pattern (or say, a query tree) Q is associ-
ated with a data stream B(g), which contains the positional representations (quadru-
ples) of the database nodes v that match q (i.e., label(v) = label(q)). All the quadruples
in a data stream are sorted by their (DocID, LeftPos) values. Therefore, iterating
through the stream nodes in sorted order of their LeftPos values corresponds to access
of document nodes in preorder. However, our algorithm needs to visit them in postor-
der (i.e., in sorted order of their RightPos values). For this reason, we maintain a
global stack ST to make a transformation of data streams using the following algo-
rithm. In S7, each entry is a pair (g, v) with g € Q and v € T (v is represented by its
quadruple.)

Algorithm. stream-transformation(B(q;)’s)

input: all data streams B(q;)’s, each sorted by LeftPos.

output: new data streams L(g;)’s, each sorted by RightPos.

begin

1. repeat until each B(g;) becomes empty

2. { identify g; such that the first element v of B(g;) is of the minimal LeftPos
value; remove v from B(q;);

3. while ST is not empty and ST.top is not v’s ancestor do
4. { x« ST.pop(); Let x = (g;, u);

5. put u at the end of L(g;); }

7. ST.push(q;, v);

8 }

end

In the above algorithm, S7 is used to keep all the nodes on a path until we meet a
node v that is not a descendant of ST.fop. Then, we pop up all those nodes that are not
v’s ancestor; put them at the end of the corresponding L(g,)’s (see lines 3 - 4); and
push v into ST (see line 7.) The output of the algorithm is a set of data streams L(g;)’s
with each being sorted by RightPos values. However, we remark that the popped
nodes are in postorder. So we can directly handle the nodes in this order without ex-
plicitly generating L(q;)’s. But for ease of explanation, we assume that all L(g;)’s are
completely generated in the following discussion. We also note that the data streams
associated with different nodes in Q may be the same. So we use ¢ to represent the set
of such query nodes and denote by L(g) (B(q)) the data stream shared by them. With-
out loss of generality, assume that the query nodes in g are sorted by their RightPos
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values. We will also use L(Q) = {L(q)), ..., L(q,)} to represent all the data streams with
respect to Q, where each ¢; (i = 1, ..., [) is a set of sorted query nodes that share a
common data stream.

3.2 Main Procedure

First of all, we notice that iterating through L(q,), ..., L(q,), i.e., the data streams sorted
in increasing RightPos values, we navigate T in postorder. So, our algorithm works
bottom-up. For the purpose of checking ordered tree embedding, we will first search
Q in the breadth-first fashion, generating a number (called a breadth-first number) for
each node ¢ in Q, denoted as bf(q), which can be used to represent the left-to-right or-
der of siblings in a simple way (See Fig. 1(a) for illustration). Then, we use inter-
val(q) to represent an interval covering all the breadth-first numbers of ¢’s children.
For example, for Q shown in Fig. 1(a), we have interval(q,) = [2, 3] and interval(q,) =
[4, 5]. In the following, we will use g and bf(q) interchangeably.

Q: Agq bgn=1 Q: Aa <l L 1,7, 1>

zqu/\ <2 (4,5).2,5.2> \<3¢662> K/M
a /\

<5,¢ 4,4,3>
¢C4 Cqs () <40 3’3’3>43C C q ¢

Fig. 1. llustration for L(g;)’s Fig. 2. Subtrees in Q

Next, we associate each g with a tuple g(q) = <bf(q), interval(q), LeftPos(g), Right-
Pos(g), LevelNum(g)>, as shown in Fig. 1(b). We say, a ¢ is subsumed by a pair (L,
R) if L < LeftPos(q) and R = RightPos(q). When checking the tree embedding of Q in
T, we will associate each generated node v in 7 with a linked list A, to record what
subtrees in Q can be embedded in 7[v]. Each entry in A, is a quadruple e = (g, inter-
val, L, R), where ¢ is a node in Q, interval = [a, b] C interval(q) (for some a < b), L =
LeftPos(a) and R = RightPos(b). Here, we use a and b to refer to the nodes with the
breadth-first numbers a and b, respectively. Therefore, such a quadruple represents a
set of subtrees (in Q[g]) rooted respectively at a, a + 1, ..., b (i.e., a set of subtrees
rooted at a set of consecutive breadth-first numbers.) See Fig. 2 for illustration. In ad-
dition, the following two conditions are satisfied:

i) For any two entries e¢; and e; in A,, e;.q is not subsumed by (e;.L, e,.R), nor is e,.q
subsumed by (e;.L, e,.R). In addition, if e;.q = e,.q, e\.interval & e,.interval and
es.interval & e,.interval.

ii) For any two entries e; and e, in A, with ey.interval = [a, b] and e,.interval = [a’,
b’], if e, appears before e,, then RightPost(e;.q) < RightPost(e;.q) or Right-
Post(e;.q) = RightPost(e,.q) but a < a’. Condition (i) is used to avoid redundancy
due to the following lemma.

Lemma 1. Let g be a node in Q. Let [a, b] be an interval. If g is subsumed by (Left-
Pos(a), RightPos(b)), then there exists an integer 0 <i < b - a such that bf(q) is equal
to a + i or g is an descendant of a + i.
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Then, by imposing condition (i), A, keeps only quadruples which represent pair-
wise non-covered subtrees. Condition (ii) is met if the nodes in Q are checked along
their increasing RightPos values. It is because in such an order the parents of the
checked nodes must be non-decreasingly sorted by their RightPos values. Since we
explore Q bottom-up, condition (ii) is always satisfied.

See Fig. 3 for a better understanding.

RGP | P s P e e R P RS B
I [
(1’3"};’;): B/TQA(E:::ZA) €2 |/|612| [5.5] | 4| 4| e’ ||| q1 | 2,2] | 2| 5| Mql | 13.3] | a| sl

C
a5y nes & e [[a]ea ] @

(@) ©
Fig. 3. Illustration for linked lists

In Fig. 3(a), we show a document tree 7. Fig. 3(b) shows the linked list created for
vs in T when it is generated and checked against g; and g4 in Q shown in Fig. 1(a).
Since both g5 and g, are leaf nodes, T[vs] is able to embed either Q[g3] or QO[q4] and so
we have two entries e; and e, in AV5 . Note that bfig;) = 4 and bf(g;) = 5. So we set

their intervals to [4, 4] and [5, 5], respectively. In addition, each of them is a child of
q>- Thus, we have e|.q = e,.qg= g,. In Fig. 3(c), we show the linked list for v,. It con-
tains three entries e;’, e,” and e;’. Special attention should be paid to e, . Its interval is
[4, 5], showing that TTv,] is able to embed both Q[g3] and Q[q.]. In this case, e;’.L is
set to 3 and ¢, .R to 4. However, since e;’.q = ¢, 1s subsumed by (e,’.L, e;’.R) = (2, 5),
the entry will be removed, and the linked list is reduced to a data structure shown in
Fig. 3(d). With the linked lists associated with the nodes in 7, the embedding of a sub-
tree Q[q] in T[v] can be checked very efficiently. First, we define a simple operation
over two intervals [a, b] and [a’, b’], which share the same parent:

[ab'] ifa<a'<b+1,b<b’

undefined, otherwise.

[a, b1 Ala’, b’]= {

For example, in AV5 , we have an entry (¢, [4, 4], 3, 3). In AV6 (which is exactly
the same as AV5 ), we have an entry (¢q», [3, 5], 4, 4). We can merge these two entries

to form another entry (g,, [4, 5], 3, 4), which can be used to facilitate checking
whether TTv4] embeds Q[g-].
The general process to merge two linked list is described below.

1. Let A, and A, be two linked list associated with the first two child nodes of a node
v in T, which is being checked against g with label(v) = label(q).
2. Scan both A; and A, from the beginning to the end. Let ¢; (from A;) and e, (from
A,) be the entries encountered. We will perform the following checkings.
— If RightPos(e;.q) > RightPos(e;.q), e; < next(e,).
— If RightPos(e,.q) < RightPos(e;.q), then e,” < e,; insert e,” into A; just before
ey; ey < next(e,).
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— If RightPos(e;.q) = RightPos(e;.q), then we will compare the intervals in e, and

e,. Let ey.interval = [a, b]. Let ey.interval = [a’, b’].

Ifa’ > b + 1, then e, < next(e)).

Ifa<a <b+1andb<b’, then replace e;.interval with [a, b] A [a’, b’] in Ay;

e;.RightPost «— RightPos(b); e; < next(e,); e, < next(e,).

If [a’, b’] < [a, b], then e, < next(e,).

If a’ < a, then e;” < e;; insert e,” into A just before ey; e, < next(e,).
3. If A is exhausted, all the remaining entries in A, will be appended to the end of A;.
The result of this process is stored in A;, denoted as merge(A,, A,). We also define

merge(Ay, ..., Ay) = merge(merge(Ay, ..., A1), Ay,

where Ay, ..., A; are the linked lists associated with v’s child nodes: vy, ..., v, respec-
tively. If in merge(A,, ..., A;) there exists an e such that e.interval = interval(q), T[v]
embeds Q[q].

For the merging operation described above, we require that the entries in a linked
list are sorted. That is, all the entries e are in the order of increasing RightPos(e.q)
values; and for those entries with the same RightPos(e.q) value their intervals are
‘from-left-to-right” ordered. Such an order is obtained by searching Q bottom-up (or
say, in the order of increasing RightPos values) when checking a node v in T against
the nodes in Q. Thus, no extra effort is needed to get a sorted linked list. Moreover, if
the input linked lists are sorted, the output linked lists must also be sorted.

The above merging operation can be used only for the case that Q contains no /-
edges. In the presence of both /-edges and //-edges, the linked lists should be slightly
modified as follows.

i) Let g;be a /-child of g with bf(g;) = a. Let A; be a linked list associated with v; (a
child of v) which contains an entry e with e.interval = [c, d] such that ¢ < a and a
<d.

i) If label(q;) = label(v;) and v;is a /-child of v, e needn’t be changed. Otherwise, e
will be replaced with two entries:

- (e.q, [c, a - 1], LeftPos(c), LeftPos(a - 1)), and
- (e.q, [a + 1, d], LeftPos(a + 1), LeftPos(d)).

In terms of the above discussion, we give our algorithm for evaluating ordered twig
pattern queries. In the process, we will generate left-sibling links from the current
node v to the node u generated just before v if u is not a child (descendant) of v. How-
ever, in the following description, we focus on the checking of tree embedding and
that part of technical details is omitted.

Algorithm. tree-embedding(L(Q))

Input: all data streams L(Q).

Output: S,’s, with each containing those query nodes ¢ such that 7Tv] contains Q[¢].

begin

1. repeat until each L(g) in L(Q) become empty

2. {identify ¢ such that the first element v of L(q) is of the minimal RightPos value; remove v
from L(g);

3. generate node v; A, < f;

4. letvy, ..., v, be the children of v.
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B < merge( Av, s s Avk );

for each g € ¢q do { (*nodes in ¢ are sorted.*)
if g is a leaf then {S, < S, U {¢};}
else (*q is an internal node.*)
{if there exists e in B such that e.interval = interval(q)
10. then S, < S, U {q};}
11.}
12. for each g € S, do {
13. append (q’s parent, [bf(q), bf(q)], g.LeftPos, g.RightPos to the end of A,;}
14. A, < merge(A,, B); Scan A, to remove subsumed entries;

15. removeall A, ’s;}
J

16. }
end

VXN

In Algorithm tree-embedding( ), the nodes in T is created one by one. For each
node v generated for an element from a L(q), we will first merge all the linked lists of
their children and store the output in a temporary variable B (see line 5). Then, for
each g € ¢, we will check whether there exists an entry e such that e.interval = inter-
val(q) (see lines 8 - 9). If it is the case, we will construct an entry for ¢ and append it
to the end of the linked list A, (see lines 12 - 13). The final linked list for v is estab-
lished by executing line 14. Afterwards, all the Avj ’s (for v’s children) will be re-

moved since they will not be used any more (see line 15).

Proposition 2. Algorithm tree-embedding( ) computes the entries in A,’s correctly.

4 Conclusion

In this paper, we have discussed a new method to handle the ordered tree matching in
XML document databases. The main idea is the concept of intervals, which enables us
to efficiently check from-left-to right ordering. The time complexity of the algorithm
is bounded by O(IDI-|QI + |T1-leaf,) and its space overhead is by O(leaf;-leafy), where
T stands for a document tree, Q for a twig pattern and D is a largest data stream asso-
ciated with a node g of Q, which contains the database nodes that match the node
predicate at q. leafr (leafy) represents the number of the leaf nodes of T (resp. Q).
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