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ABSTRACT

In this article, we discuss an efficient agorithm for tree mapping
problem in XML databases. Given atarget tree T and a pattern tree
Q, the algorithm can find all the embeddings of Q in T in O(|D||Q))
time, where D is alargest data stream associated with a node of Q.
Furthermore, the algorithm can be easily adapted to an indexing en-
vironment with XB-trees being used.
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1. INTRODUCTION

In XML [31, 32], data are represented as a tree; associated with
each node of the tree is an element name tag from afinite al phabet
2. The children of anode are ordered from I€ft to right, and repre-
sent the content (i.e., list of subelements) of that element.

To abstract from existing query languages for XML (e.g. XPath
[14], XQuery [32], XML-QL [13], and Quilt [5, 6]), we express
queries as twig (small tree) patterns, where nodes are labeled with
symbols from > U {*} (* isawildcard, matching any node name)
and string values, and edges are parent-child or ancestor-descen-
dant relationships. Asan example, consider the query tree shownin
Fig. 1.
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Fig. 1. A query tree

This query asks for any node of name b (node 3) that is a child of
some node of name a (node 1). In addition, the node of name b
(node 3) isthe parent of some nodes of name ¢ and e (node 6 and 7,
respectively), and the node of name e itself is an ancestor of some
node of name d (node 8). The node of name b (node 2) should also
be the ancestor of anode of namef (node 5). The query corresponds
to the following X Path expression:
a[b[c and .//f]]/b[c and e/d].

In thisfigure, there are two kinds of edges: child edges (/-edges for
short) for parent-child relationships, and descendant edges (//-edges
for short) for ancestor-descendant relationships. A /-edge from
node v to node u is denoted by v — uin the text, and represented by
asingle arc; uiscalled a/-child of v. A //-edgeisdenoted v = uin
the text, and represented by a double arc; uis called a//-child of v.

In any DAG (directed acyclic graph), a node u is said to be a de-
scendant of anode v if there exists a path (sequence of edges) from
v to u. In the case of atwig pattern, this path could consist of any
sequence of /-edges and/or //-edges. We also use label (v) to repre-
sent the symbol (e X w {*}) or the string associated with v. Based

on these concepts, the tree embedding can be defined as follows.

Definition 1. An embedding of atwig pattern Q into an XML doc-

ument T isamapping f: Q — T, from the nodes of Q to the nodes of

T, which satisfies the following conditions:

(i) Preservenodelabel: For each u e Q, label(u) = label (f(u)).

(i) Preserve parent-child/ancestor-descendant relationships: If u
—VvinQ, thenf(v) isachild of f(u) in T, if u= vin Q, then f(v)
isadescendant of f(u) in T. ]

If there exists amapping from Q into T, we say, Q can beimbedded

into T, or say, T contains Q.

Notice that an embedding could map several nodes of the

query (of the same type) to the same node of the database. It

aso allows a tree mapped to a path. This definition is quite

different from the tree matching defined in [16].

There is much research on how to find such a mapping effi-

ciently and al the proposed methods can be categorized into

two groups. By thefirst group [1, 9, 11, 14, 19, 22, 28, 29, 32,

33, 34], atree pattern istypically decomposed into aset of bi-

nary relationships between pairs of nodes, such as parent-

child and ancestor-descendant relations. Then, an index
structure is used to find all the matching pairs that are joined

together to form thefinal result. By the second group [4, 7, 8,

10, 18, 20], aquery pattern is decomposed into a set of paths.

The final result is constructed by joining al the matching

paths together. For all these methods, the join operations in-

volved require exponentia timeinthe worst case. For exam-
ple, if we decompose atwig pattern into paths to find all the

matching paths from a database, we need O(p?) time to join

them together, where p is the largest length of a matching

path and A isthe number of all such paths.

In this paper, we proposed a new algorithm with no join op-

erationsinvolved. Thealgorithm runsin O(|T|- Q,g5f) timeand

O(T)eaf Qrean) SPaCE, Where T g5 and Qo5 represent the num-

bers of theleaf nodesin T and in Q, respectively.

In this paper, we present an new algorithm, tree-matching( ), for

evaluating twig pattern queries and adapt it into an environment

with the following advantages:

- tree-matching( ) is able to handle twig patterns containing /-edg-
es, //-edges, *, and branches.

- tree-matching( ) runs in O(|D|{Q|) time and O(|D|{Q|) space,
where D isalargest data stream associated with a node of Q.

- tree-matching( ) generates neither matching paths nor hierarchi-
cal stacks[11]. Therefore, the costly pathjoins[2, 4], or join-like
operations (such as the result enumeration used in [11]), are un-
necessary.



In fact, the path join used in [4] leads to an exponential time com-
plexity for queries containg both /-edges and //-edges (as shown in
[11]) while the result enumberation used in [11] can be completely
avoided by our method.

The remainder of the paper is organized asfollows. In Section 2, we
review the related work. In Section 3, we restate the tree encoding
[34], which facilitates the recognition of different relationships
among the nodes of atree. In Section 4, we discuss our algorithm,
which is adapted to an index environment in Section 5. Section 6 is
devoted to the implementation and experiments. Finaly, a short
conclusion is set forth in Section 7.

2. TREE ENCODING

In [34], an interesting tree encoding method was discussed, which
can be used to identify different relationships among the nodes of a
tree.

Let T be adocument tree. We associate each nodev in T with aqua-
druple (Docld, LeftPos, RightPos, LevelNum), denoted as o(v),
where Docld is the document identifier; LeftPos and RightPos are
generated by counting word numbers from the beginning of the
document until the start and end of the element, respectively; and

LevelNum isthe nesting depth of the element in the document. (See

Fig. 3for illustration.) By using such adata structure, the structural

relationship between the nodes in an XML database can be simply

determined [34]:

(i) ancestor-descendant: a node v, associated with (dy, 14, rq, Inq)
isan ancestor of another node v, with (d,, 15, I, Iny) iff d; =d,,
|1< |2, and r1> ro.

(i) parent-child: anode v, associated with (dy, 14, r4, Iny) isthe par-
ent of another node v, with (dy, |5, ro, Iny) iff dy=dy, 11 <15, 1
>ry,andIny=1Ing + 1.

(iii)fromleft to right: anode vy associated with (dy, 14, rq, Ing) isto
theleft of another node v, with (dy, |5, 1o, Iny) iff dy=dy, ri<Is.
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Fig. 3. lllustration for tree encoding
In Fig. 3, v, is an ancestor of vg and we have v,.LeftPos = 2 <
ve.LeftPos = 6 and v,.RightPos = 9 > vg.RightPos = 6. In the same
way, we can verify all the other relationships of the nodes in the
tree. In addition, for each leaf node v, we set v.L eftPos = v.RightPos
for simplicity, which still work without downgrading the ability of
this mechanism.
In the rest of the paper, if for two quadruples oy = (dy, I4, rq, Ing)
and o, = (dy, 15, 1o, INy), wehaved; = dy, 11 <I,, andry >r,, we say
that o, is subsumed by o.;. For convenience, aquadrupleis consid-
ered to be subsumed by itself. If no confusion is caused, we will use
v and ay(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 asubtreerooted at vin T.

3. MAIN ALGORITHM

In this section, we discuss our algorithm according to Definition 1.
The main idea of this algorithm is the so-called subtree reconstruc-
tion, by which atree structureis established according to agiven set
of quadruples (called a data stream in [4]). Therefore, we will first
discuss an algorithm for thistask in 3.1. Then, in 3.2, we give our

algorithm to check twig patterns that contains /-edges, //-edges, *
and branches.

3.1 Treereconstruction

Aswith TwigSack [4], each node g in atwig pattern (or say, aquery
tree) Q isassociated with adata stream B(q), which contains the po-
sitional representations (quadruples) 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 (DoclD, LeftPos) values. For example, in
Fig. 4, we show a query tree containing 5 nodes and 4 edges and
each node is associated with a list of matching nodes of the docu-
ment tree shown in Fig. 3, sorted according to their (DoclD, Left-
Pos) values. For simplicity, we use the node namesin alist, instead
of the node's quadruples.
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Fig. 4. lllustration for L(q)’s

Note that iterating through the stream nodes in sorted order of thier
L eftPos values corresponds to access of document nodes in preor-
der. However, our algorithm needsto visit them in postorder (i.e., in
sorted order of their RightPos values). For this reason, we maintain
aglobal stack ST to make atransformation of data streams using the
following algorithm. In ST, each entry isapair (g, v) withge Q and
ve T (visrepresented by its quadruple.)
Algorithm stream-transfor mation(B(g;)’s)
input: all data streams B(q;)'s, each sorted by L eftPos.
output: new data streams L(qj)'s, each sorted by RightPos.
begin
1. repeat until each B(q;) becomes empty
. {identify g; such that the first element v of B(q;) is of the mini-

mal LeftPos value; remove v from B(q;);
3. while ST isnot empty and ST.top is not V's ancestor do
4. { X« STpop(); Letx=(q;, u);
5 put u at the end of L(g;); }
7. ST.push(q;, v);
8.
en

Q2

N

}
d

In the above algorithm, ST is used to keep al the nodes on a path
until we meet anode v that is not a descendant of ST.top. Then, we
pop up al those nodes that are not V's ancestor; put them at the end
of the corresponding L(g;)’s (seelines 3 - 4); and push vinto ST (see
line 7.) The output of the algorithm is a set of data streams L(qj;)’s
with each being sorted by RightPos vaues. However, we remark
that the popped nodes arein postorder. So we can directly handlethe
nodesin thisorder without explicitly 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 asso-
ciated with different nodes in Q may be the same. So we use g to
represent the set of such query nodes and denote by L(q) (B(q)) the
data stream shared by them. Without loss of generality, assume that
the query nodesin g are sorted by their RightPos values.

We will aso use L(Q) = {L(qy), ..., L(qy)} to represent all the data
streamswith respect to Q, whereeach q; (i = 1, ..., I) isaset of sorted



guery nodes that share a common data stream.

First, we discuss how to reconstruct a treeFirst, we discuss how to
reconstruct atree structure from data streams, based on the concept
of matching subtrees, defined below.

Let T beatree and v be anodein T with parent node u. Denote by
delete(T, v) the tree obtained from T by removing node v. The chil-
dren of v become children of u. (See Fig. 5.)

T v delete(T,vy) A
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Fig. 5. The effect of removing vzfrom T

Definition 2. (matching subtrees) A matching subtree T' of T with
respect to atwig pattern Q is atree obtained by a series of deleting
operationsto remove any nodein T, which does not match any node
inQ. |
For example, thetree shownin Fig. 6(a) isamatching subtree of the
document tree shown in Fig. 3 with respect to the query tree shown
in Fig. 6(b).

amatching QAq

Avy
btree tree:
o reevﬁ%m @ o N O

Fig. 6. A matching tree and a query tree

Given L(Q), what we want is to construct a matching subtree from

them to facilitate the checking of twig pattern matchings.

The agorithm given below handles the case when the streams con-

tain nodes from asingle XML document. When the streams contain

nodes from multiple documents, the algorithm is easily extended to
test equality of Docld before manipulating the nodesin the streams.

Wewill execute an iterative process to access the nodesin L(Q) one

by one:

1. Identify a data stream L(q) with the first element being of the
minimal RightPos value. Choose the first element v of L(q). Re-
move v from L(q).

2. Generate anodefor v,

3. If visnot thefirst node created, let v be the node chosen just be-
fore v. Then, the following will be performed.

(i) If v' isnot achild (descendant) of v, createalink fromvtoVv,
called aleft-sibling link and denoted as left-sibling(v) = v'.

(ii) If v is a child (descendant) of v, we will first create a link
from V' tov, called a parent link and denoted as parent(v') =
V. Then, we will go along the left-sibling chain starting from
V' until we meet anode V'’ which is not a child (descendant)
of v. For each encountered node u except '’ set parent(u) <
V. Set left-sibling(v) « v'’.

Fig. 7 isapictorial illustration of this process.

V'isnota \Y _— AV
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Fig. 7. lllustration for the construction of a matching subtree

In Fig. 7(a), we show the navigation along aleft-sibling chain start-
ing from v’ when we find that v’ is a child (descendant) of v. This
process stops whenever we meet v'’, anode that is not a child (de-
scendant) of v. Fig. 7(b) shows that the left-sibling link of visset to
V', whichispreviously pointed to by theleft-sibling link of v'sleft-
most child.

Below is a formal description of the algorithm, which needs only
O(|D|Q]) time. We elaborate this process since it can be extended
to an efficient algorithm for evaluating unordered twig pattern que-
ries.

Algorithm matching-tree-construction(L(Q))
input: all data streams L(Q).

output: amatching subtree T'.

begin

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

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

3. generate nodev;

4. if visnot thefirst node created then

5. {letVv bethe node generated just before v,

6. if v isnot achild (descendant) of v then

7. {left-sibling(v) < V';} (*generate aleft-sibling link.*)

8. dse

9. {V'«V;weV; (*Vv' andw aretwo temporary
variables.*)

10. whilev'’ isachild (descendant) of vdo

11. { parent(v'’) « v; (*generate aparent link. Also,

indicate whether v'' isa/-child or a//-child.*)

12. W V'V« left-sibling(v'’);

13. }

14. left-sibling(v) « v'’;

15. }

16. }

end

In the above algorithm, for each chosen v from aL(q), anodeiscre-
ated. At the sametime, aleft-sibling link of visestablished, pointing
tothenode V' that is generated before v, if V' isnot achild (descen-
dant) of v (seeline 7). Otherwise, we go into awhile-loop to travel
along the left-sibling chain starting from v’ until we meet anodev'’
which is not a child (descendant) of v. During the process, a parent
link is generated for each node encountered except v''. (Seelines 9
- 13.) Finaly, the left-sibling link of vissettobe v’ (seeline 14).

Example 1. Consider the twig pattern shown in Fig. 4 once again,
in which we have three different data streams: L(q) = {v;}, L(Q') =

{Va, V2, vgh, L(@") ={V3, V5, Ve}, where q={cu}, d' ={qp, G5}, 4"
={as, q4t. Applying the above algorithm to the data streams, we
generate a series of data structures as shown in Fig. 8.

datastreams: L(q) ={v1}, L(q') = {Va, V2, Vg}, L(q"") = { V5, Vs, Vi}
a={ay.q ={az ast. 9"’ ={ds, g}

v with the least RightPos: generated data structure:

step 1 V3 v38 C
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step 2: 5 e
left-sibling link from vi o vy Vs
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e = Ve
left-sibling links

Step 4: V4 vse & B

4
left-sibling link” ~
Fig. 8. Sampletrace

In step 1 (see Fig. 8), v3 is checked since it has the least RightPos;
and a node for it is created. In Step 2, we meet V. Sinceit is not a
descendant of v, we establish a left-sibling link from vg to va. In
step 3, we generate node Vg and a left-sibling link from vg to vs. In

step 4, we generate part of the matching tree, in which two edges
from v, respectively to vy and vg are created. Special attention

should be paid to Step 4. In this step, not only two edges are con-
structed, but aleft-sibling link from v, to vz isalso created. It isthis

- —
Vg o Vec



kind of left-sibling links that enables us to reconstruct a matching
subtree in an efficient way.

The subsequence computation is shown in Fig. 9.

Fig. 9. Sampletrace

Proposition 1. Let T be a document tree. Let Q be atwig pattern.
Let L(Q) ={L(dy), .... L(qy)} beall the data streams with respect to
Qand T, whereeach g; (1 <i <) isasubset of sorted query nodes
of Q, which share the same data stream. Algorithm matching-tree-
construction(L(Q)) generates the matching subtree T' of T with re-
spect to Q correctly.
Proof. Denote L = |L(gq)| + ... + |L(q;)|. We prove the proposition by
induction on L.
Basis. When L = 1, the proposition trivially holds.
Induction hypothesis. Assume that when L = k, the proposition
holds.
Induction step. We consider the case when L=k + 1. Assume that
all the quadruplesin L(Q) are{uy, ..., Uy, Ug+1} With RightPos(u;) <
RightPos(u,) < ... < RightPos(uy) < RightPos(uy 7). The algorithm
will first generate atree structure Ty for {uy, ..., u}. Interms of the
induction hypothesis, T iscorrectly created. It can beatree or afor-
est. If it isaforest, all the roots of the subtreesin T are connected
through left-sibling links. When we meet v, ;, we consider two
cases:

i) Vi1 isan ancestor of v,

ii) Vi1 isto theright of v.
In case (i), the algorithm will generate an edge (Vi 1, Vi), and then
travel along a left-sibling chain starting from v, until we meet a
node v which is not a descendant of v, 1. For each nodev' encoun-
tered, except v, an edge (Vi+ 1, V') will be generated. Therefore, Ty,
is correctly constructed. In case (ii), the algorithm will generate a
left-sibling link from vy 1 to V. It is obviously correct since in this
case V.1 cannot be an ancestor of any other node. This completes

the proof. ]
Thetime complexity of thisprocessiseasy to analyze. First, we no-
tice that each quadruple in al the data streams is accessed only
once. Secondly, for each node in T’, al its child nodes will be vis-
ited along aleft-sibling chain for a second time. So we get the total
time

O(DIHQD + > d; = O(IBIQ + O(IT']) = O(DIQ),

where d; represents the outdegree of nodev; in T.

During the process, for each encountered quadruple, a node v will
be generated. Associated with this node have we at most two links
(a left-sibling link and a parent link). So the used extra space is
bounded by O(|T"|).

3.2 Twig pattern matching

Infact, the algorithm discussed in 4.1 hints an efficient way for twig
pattern matching.

We first observe that during the reconstruction of a matching sub-
tree T', we can also associate each node vin T' with a query node
stream QS(v). That is, each timewe choose av with the largest L eft-

Posvalue from a data stream L(q), wewill insert all the query nodes
in ginto QY(v). For example, in the first step shown in Fig. 9, the
query node stream for vg can be determined as shown in Fig. 10(a).
T: A vy {a}
{0 ViE B Ve {ap as}

B _—
vge {2 ast (a) {0z, a4t V3 C

B V4 {dp, g5} (b)
{gs ast VsC V6 C {03, aa}
Fig. 10. lllustration for generating QS's

In this way, we can create a matching subtree asillustrated in Fig.
10(b), in which each node in T' is associated with a sorted query
node stream. If we check, before a g isinserted into the correspond-
ing QS(v), whether Q[q] (the subtree rooted at q) can be imbedded
into T'[v], weget in fact an algorithm for twig pattern matching. The
challenge is how to conduct such a checking efficiently.

For this purpose, we associate each ¢ in Q with avariable, denoted
%(0). During the process, () will be dynamically assigned a series
of values ag, ay, ..., an, for some min sequence, where ag = ¢ and
a's(i =1, ..., m) aredifferent nodes of T'. Initially, x(q) is set to ag
= @. x(q) will be changed from g_qtoa =V (i =1, ..., m) when the
following conditions are satisfied.
i) visthenode currently encountered.
ii) qappearsin QYu) for some child node u of v.
iii) qisal/l-child, or
gisal/-child, and uis a/-child with label (u) = label(q).
Then, each time before we insert g into QS(v), we will do the fol-
lowing checking:
1. Letqy, ..., g bethe child nodes of q.
2. Ifforeachq (i=1, ..., K), x(q) isequal to v and label(v) = la-
bel(q), insert g into QY(v).
Since the matching subtree is constructed in a bottom-up way, the
above checking guarantees that for any q € QS(v), T'[v] contains

Qla.

Letvy, ..., vy bethechildren of vin T'. All the QS(v))'s (i =1, ..., )
should also be added into QS(v). This process can be elaborated as
follows.

Let QS(v;) = { Qi oo qil} (i=1,..,j). Then, we have a;, .LeftPos
<. < .LeftPos. (Recall that al the query nodes inserted into

QYv;) come from asame g, in which all the elements are sorted by
their LeftPos values.) Each time we insert a g into QS(v;), we can
check whether it is subsumed by the query node g which has just
been inserted before. If it the case, g will not be inserted since the
embedding of Q[q'] in T[v;] impliesthe embedding of Q[q] in T[v;].
(Note that LeftPos(q’) < LeftPos(q), g cannot be an ancestor of q'.)
Thus, QY(v;) contains only those query nodes which are not on the

same path. Therefore, we must aso have a, .RightPos < ... <
q; .RightPos. So the query nodes in QS(v;) are increasingly sorted
by both LeftPos and RightPos values. Obvioudly, [QS(v)| < leafq.
We can store QS(v;) asalinked list. Let QS; and QS, be two sorted
listswith |QS| < leafg and |QS,| < leaf. The union of QS; and QS,
(QS; U QS)) can be performed by scanning both QS; and QS, from
left to right and inserting the query node of QS into QS; one by one.
During this process, any query node in QS,, which is subsumed by
some query node in QS, will be removed; and any query node in
QS,, which is subsumed by some query in QS,, will not be inserted
into QS,. Theresult is stored in QS;. From this, we can seethat the



resulting linked list is still sorted and its size is bounded by leafq.
We denote this process as merge(QS;, QS,) and define merge(QS,,
... QS.1, QS) to be merge(merge(QS,, -..QS.4). QS).

In the following, we present our first algorithm A1-1(L(Q)) for que-
ries containing only /-edges, //-edges, and branches. During the pro-
cess, another algorithm subsumption-check(v, ) may be invoked to
check whether any q € g can be inserted into QSv), where g isa
subset of query nodes such that L(q) contains v.

The agorithm A1-1(L(Q)) is similar to Algorithm matching-tree-
construction( ), by which a quadruple is removed in turn from the
data stream and a node v for it is generated and inserted into the
matching subtree.

In addition, two data structures are used:
Dy oot - @subset of document nodes v such that Q can be embed-
dedin T[v].
Doutput - @ subset of document nodes v such that Q[oytpud €an
be embedded in T[V], where Qg ¢ 1S the output node of Q.

In these two data structures, all nodes are decreasingly sorted by
their LeftPos values.

Algorithm A1-1(L(Q))

input: al data streams L(Q).

output: amatching subtree T of T, Dygq and Dgyepyt-

begin

1. repeat until each L(q) in L(Q) becomes empty {

2. identify q such that the first node v of L(q) is of the minimal
RightPos value; remove v from L(q); generate node v,

3. if visthefirst node created then

4.  {QYVv) « subsumption-check(v, q);}

5 dse

6. { letVv' bethe quadruple chosen just before v, for which anode

is constructed;

7. if v isnot achild (descendant) of vthen

8.  { left-sibling(v) « Vv';

9 QS(v) « subsumption-check(v, g);}

10. dse
11. { V'« V;weV; (*Vv' andw aretwo temporary units.*)
12. whilev”’ isachild (descendant) of v do

13. { parent(v'’) « v; (*generate aparent link. Also, indicate
whether v’ isa/-child or a//-child.*)

14. for eachqin QY(v'’) do{

15. if ((qisal/l-child) or

16. (qisa/-childand v’ isa/-child and
17. label(q) = label(v'")))

18. then y(q) « v;}

19. W« V7V« left-sibling(v'');

20. remove | eft-sibling(w);

21. }

22. left-sibling(v) < v'’;

23. }

24. g« subsumption-check(v, g);

25, letvy, Y be the child nodes of v;
26. < merge(Qvy), ..., QYV)));
27.  remove QYvy), ..., QYv));

28.  QYv) « merge(q, 0');

29. 1}

end

Function subsumption-check(v, q) (*v satisfiesthe node nametest
1. QS« &, ateachqing.*)

2. for eachqingdo{

3. et dy, ..., gj be the child nodes of q.

4 if for each /-child q; % () = v and for each //-child g; x(q;) is
subsumed by v then

5. {QS«Qsu{dg};

6 if gistheroot of Q then

7. Droot ¢ Droot W {V};

8. if gisthe output node then Doy < Doypur W {V}5}}

9. return QS

end

The output of A1-1() is Dyoqt and Doyepye- Based on them, we can
generate another subtree T’ of T (like a matching subtree), which
contains only those nodes v such that T[v] contains Q[r] with la-
bel(v) = label(r) or contains Q[o] with label(v) = label(0), where r
and o represent the root and the output node of Q, respectively. We
call anode an r-node if T[v] contains Q[r] with label(v) = label(r),
or an o-node if T[v] contains Q[o] with label(v) = label(0). Search
T''. Any nodev, which isan o-node and al so achild of somer-node,
should be an answer if o is not a/-child of r. Otherwise, an o-node
has to be a/-child of some r-node to be answer.

Algorithm Al1-1( ') does amost the same work as Algorithm match-
ing-tree-construction( ).The main difference is lines 14 - 18 and
lines24 - 28. Inlines 14 - 18, we set  values for someq's. Each of
them appearsinaQS(V'), where V' isachild node of v, satisfying the
conditionsi) - iii) given above. In lines 24 - 28, we use the merging
operation to construct Q(v).

In Function subsumption-check( ), we check whether any qin g can
be inserted into QS by examining the ancestor-descendant/parent-
child relationships (see line 4). For each g that can be inserted into
QS, we will further check whether it is the root of Q or the output
node of Q, and insert it into Dyqq; OF Doy, respectively (see lines
6-8).

Example 2. Applying Algorithm A1-1 to the data streams shown in
Fig. 4, we will find that the document tree shown in Fig. 3 contains
the query tree shown in Fig. 4. We trace the computation process as
shownin Fig. 11.

{0 aa} {0 aa} {g} Vi{dp agh  X(0) =Va

5 Ve Vg B — x(a) =V,
tc Ac pB @ ve /\,6\ ve )
- - C c ™~eB{ag

x(dg) = Vs
V4 {EZ’ G} x(ag) =vy

(©

V3
{dz a4} o c B,

Vg Ve Vg
c c™~eB{ag

Vi

x(da) = V2 A x(d3) =V.
8 V2 Nz\’ Ot x(am) =v2 * x(qj) =V§
Vs v @)= Y8 1@ = v
c B AR x(qz) =V1
A V6\ Vg (d) 15, 1 (e)
I Cc ™o B{a}

vs ¥ C v
Fig. 11. Sample trace

Inthefirst three steps, we will generate part of the matching subtree
as shown in Fig. 11(a). Associated with vgis a query node stream:
QS(vg) = {05} . Although g, also matches vg, it cannot survive the
subsumption check (see line 4 in subsumption-check( )). So it does
not appear in Q(vg). In addition, we have Q(vs) = QS(vg) = {da,
4} . It is because both g3 and g, are leaf nodes and can always sat-
isfy the subsumption checking. In anext step, we will meet the par-
ent v, (appearing in L({dy, gs}) of vg and vg. So we are able to get
x(03) = Vs and x(0s) = V4 (see Fig. 11(b)). In terms of these two val-
ues, we know that g, should beinserted into QS(v,). g5 isaleaf node
and also inserted into QS(vy). In addition, Q(vs) and QS(vg) should
also be merged into it. In the fifth step, we meet v3. QS(v3) = {q3,
Ja} (seeFig. 11(c)). Inthe sixth step, we meet v, (in L({ gy, gs})). It



is the parent of v3 and v4. According to QS(vs) = {ds, 04} and
QS(vy) = {0y, g5}, aswell as the fact that both g5 and v, are /-child
nodes and label(gs) = label(v,) = B, we will set %(gz) = x(0s) =
x(d2) =x(ds) = Vo (see Fig. 11(d)). Thus, we have QS(vp) ={dy, ds} -
Finally, in step 7, according to QS(v,) = {0, g5} and QS(vg) ={0s},
we will set x(g,) =Vvq and x(ds) = v4 (see Fig. 11(e)), leading to the
insertion of g, into Q(vy). O

In Example 2, we see that if we just want to record only those parts
of T, which contain the whole Q or the subtree rooted at the output
node, a QY(v) can beremoved once V's parent is encountered. How-
ever, if we maintain them, we are able to tell al the possible con-
tainment, i.e., which parts of T contain which parts of Q.

In the following, we prove the correctness of this algorithm. First,
we prove asimple lemma.

Lemma 1. Let vy, v,, and vz bethree nodesin atree with vs.L eftPos
<V,.LeftPos<v,.LeftPos. If v, isadescendant of vs. Then, v, must
also be a descendant of vs.

Proof. We consider two cases: i) v, is to the left of vy, and ii) v, is
an ancestor of v;. In case (i), we have v;.RightPos > v,.RightPos.
So we have va.RightPos > v;.RightPos > v,.RightPos. This shows
that v, is a descendant of vs. In case (ii), vy, V,, and vz are on the
same path. Since v,.LeftPos > vs.L eftPos, v, must be a descendant
of va. O
Weillustrate Lemma 1 by Fig. 12, which is helpful for understand-
ing the proof of Proposition 2 given below.

V,isto theright of vy; or
! appears as an ancestor of vy but,
i as adescendant of vs. T

Fig. 12. A matching subtree with QS's

Proposition 2. Let Q be atwig pattern containing only /-edges, //-

edges and branches. Let v be anode in the matching subtree T' with

respect to Q created by Algorithm Al-1. Let gbeanodein Q. Then,

g appearsin Q(v) if and only if T'[v] contains Q[q].

Proof. If-part. A query node g is inserted into QS(v) by executing

Function subsumption-check( ), which showsthat for any qinserted

into Q(v) we must have T'[v] containing Q[q] for the following

reason:

(1) label(v) = label(q).

(2) For each //-child g’ of q there exists a child v’ of v such that
T[V'] contains Q[q']. (Seeline 15in A1-1().)

(3) For each /-child g’ of q there existsa/-child v’ of v such that
T[Vv''] contains Q[q'’] and label(v'") = label(q’). (See lines 16
-17in A1-1().)

In addition, a query node q in QS(v) may come from a QS of some

child node of v. Obviously, we have T'[v] containing Q[].

Only-if-part. The proof of this part is tedious. In the following, we

give only a proof for the simple case that Q contains no /-edges,

which is done by induction of the height h of the nodesin T'.

Basis. When h =0, for theleaf nodes of T, the proposition trivially

holds.

Induction step. Assume that the proposition holds for all the nodes

at height h < k. Consider the nodesv at height h=k + 1. Assume that

thereexistsaqin Q such that T'[v] contains Q[q] but q does not ap-

pear in QS(v). Then, there must be a child node g; of qsuch that (i)

x(q) = ¢, or (ii) x(q;) is not subsumed by v when g is checked

against v. Obviously, case (i) is not possible since T'[v] contains

Q[q] and g; must be contained in asubtree rooted at anodev' which
isachild (descendant) of v. So y(q;) will be changed to a value not
equal to ¢ in terms of the induction hypothesis. Now we show that
case (ii) is not possible, either. First, we note that during the whole
process, (g;) may be changed several times since it may appear in
more than one QS s. Assume that there exist a sequence of nodes vy,
..., Vi for some k > 1 with vy.LeftPos > v,.LeftPos >... > v LeftPos
such that g; appearsin Q(vy), ..., Q(vy). In terms of the induction
hypothesis, v =v; for somej € {1, ..., k}. Let| bethelargest integer
< ksuchthat vi.LeftPos > v.L eftPos. Then, for each v, (j < p<1), we
have
V' .LeftPos > vj.LeftPos > v.LeftPos.

Interms of Lemma 1, each v, (j < p <) is subsumed by v. When we
check g against v, the actual value of x(q;) isthe node namefor some
Vp's parent, which is also subsumed by v (in terms of Lemma 1),
contradicting (ii). The above explanation shows that case (ii) isim-
possible. This completes the proof of the proposition. [l

Lemma 1 helpsto clarify the only-if part of the above proof. In fact,
it reveals an important property of the tree encoding, which enables
us to save both space and time. That is, it is not necessary for us to
keep all the values of x(q;), but only one to check the ancestor-de-
scendant/parent-child relationship. Due to this property, the path
join [4], as well as the result enumeration [11], can be completely
avoided.

The time complexity of the algorithm can be divided into three

parts:

1. Thefirst part is the time spent on accessing L(Q). Since each el-
ement in aL(Q) isvisited only once, this part of cost is bounded
by O(IDQ.

2. The second part is the time used for constructing QY(v;)’s. For

each node v; in the matching subtree, we need O(chi ) time to

I
do the task, where G, is the outdegree of q; which matches v;.

(See line 2 and 3 in Function subsumption-check( ) for explana-
tion.) So this part of cost is bounded by

IQl
oY 3¢,)<0(IDl - 3¢, ) = O(IDIHQ).
joi k
3. The third part is the time for establishing i values, which is the

same as the second part since for each qin a QYV) itsy valueis
assigned only once.

Therefore, the total timeis O(|D|1|Q))-

The space overhead of the algorithm is easy to analyze. Besidesthe
data streams, each node in the matching subtree needs a parent link
and a right-sibling link to facilitate the subtree reconstruction, and
an QS to calculate y values. So the extra space requirement is
bounded by O(|D|1Q| + [D] + |QI) = O(ID[1QI)

However, if we record only those parts of T, which contain the

whole Q or the subtree rooted at the output node, the runtime mem-

ory usage must be much less than O(|D||Q|) for the following two
reasons:

(i) The QS data structure for a node is removed once its parent
node is created. So the space overhead is bounded by
O(|D|1eafg)

(ii) During the whole process, the elements in the data streams are
removed one by one.

Of course, if we want to record all those parts of T°, which contain

one or more parts of Q, we need O(|D||Q|) spaceto store al the re-



sults.

In the above discussion, we handle wildcards in the same way as
any non-wildcard nodes. But a wildcard matches any tag name.
Therefore, L(*) should contain all the nodes in T. However, as we
can seein the next section, by using the XB-tree [], L(*) contains a
much smaller set of nodesin T. In fact, during the whole process,
each entry in an XB-treeis accessed only once along the nodes’ pos-
torder numbers. That is, for each node in Q, no matter whether it is
awildcard or not, we only check it against the nodes currently en-
countered. Thus, with the help of XB-trees, * can be handled in the
same as a non-wildcard, causing no extra time complexity.

4. CONCLUSION

In this paper, two new algorithms A1 and A2 are discussed, accord-
ing to two different definitions of tree embedding. By the first def-
inition, we consider only the ancestor-descendant relationship
among the nodes in a tree structure. By the second definition, not
only the ancestor-descendant relationship but also the order of sib-
lings are taken into account. Almost all the existing strategies are
designed according to the first definition. We provide the second
definition as an option in the case that the user wantsto do so. Both
Aland A2 have the best worst-case time complexities. Especialy,
we show that for the twig pattern matching problem, neither thejoin
nor the result enumeration (ajoin-like operation) is necessary. Our
experiments demonstrate that our methods are both effective and
efficient for the evaluation of twig pattern queries.
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