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Abstract. Keyword search is a user-friendly way to query text, HTML,
XML documents and even relational databases. The previous well-known
semantic of LCA (Lowest Common Ancestor) is used for XML keyword
search based on tree model. However, LCA cannot exploit the infor-
mation in ID references, thus may return a large tree containing irrel-
evant results. Another keyword search approach based on general di-
graph model of XML captures ID references, but it is computationally
expensive. In this paper, we first discuss new LCRA semantics based on
special directed graph model that distinguishes tree edges and reference
edges in XML to overcome the problems of tree model and general di-
graph model. In particular, LCRA = LCA + LRA + ELRA, where LRA
stands for Lowest Referred Ancestors and ELRA is Extended LRA. Then,
we explore the semantics of existing bibliographic XML data to further
simplify the LCRA semantics. We argue that keyword search based on
simplified LCRA semantics for bibliographic XML data are effective and
efficient as they not only elegantly capture the semantic information in
ID references but also can be computed as efficiently as LCA for a large
XML database. A demo of our LCRA system on the updated 363M
DBLP data is available at http://xmldb.ddns.comp.nus.edu.sg/.

1 Introduction

Keyword search is a proven user-friendly way of querying HTML documents
in the World Wide Web. Keyword search is also well-suited to XML documents
because it allows users to find their interested information without the knowledge
of complex query languages and/or the structure of the underlying data.

There are two existing approaches to model XML documents for keyword
search, Tree Data Model and General Directed Graph (Digraph) Data Model. In
Tree Data Model, the previous well-known semantics of LCA (Lowest Common
Ancestor) can be used to answer keyword queries in XML documents ([5, 14]).
We say an XML node n contains a keyword k if k appears in PCDATA or
CDATA of n or n’s descendants. A subtree rooted at n is in the LCA results
of a list of keywords if n contains all query keywords and no descendant of n
contains all query keywords. For example, consider the XML data in Fig. 1, with
Dewey (or called prefix) number labeling scheme. The answer to the keyword
query “Widom Lorel” is the first “inproceeding” node. However, since the LCA
semantics does not capture ID reference information, it may return a large tree
containing many irrelevant results. For example, consider the keyword query
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Fig. 1. Example Bibliographic XML document (with Dewey numbers)

“Suciu XML” in DBLP bibliographic data, which looks for XML papers written
by Suciu. Suppose there was no Suciu’s paper with “XML” in the title, then the
LCA of the two keywords would be the root of whole DBLP tree containing all
papers.

On the other hand, General Digraph Data Model captures ID reference infor-
mation in XML data. The key concept in the existing semantics is called reduced
subtrees ([3, 9]). Given an XML graph G and a list of keywords K, a subtree
T of G is reduced with respect to K if T contains all keywords in K, but no
proper subtree of T contains all these keywords. However, XML keyword search
based on reduced tree is often computationally expensive. The reason is twofold.
Firstly, the number of all reduced subtrees may be exponential in the size of
G. Secondly, if we consider to enumerate results by increasing sizes of reduced
subtrees for ranking purpose, this problem can be as hard as NP-complete; the
well-known Steiner tree problem [2] for graph can be reduced to it (see reduction
approach in [10]).

In view of the limitations of tree and general digraph data models for XML
keyword search, we discuss the LCRA semantics based on a special digraph
model that distinguishes tree edges and reference edges in XML data. In partic-
ular, LCRA = LCA + LRA + ELRA, where LRA stands for Lowest Referred
Ancestors and ELRA is Extended LRA. Then, we explore the semantics of exist-
ing bibliographic XML data to further simplify the LCRA semantics for better
efficiency of query processing.

In the rest of the paper, we birefly review the related work in Section 2.
We introduce our LCRA semantics and the simplified version for bibliographic
XML data in Section 3. In Section 4, we give an overview of our online prototype
search engine and finally we conclude in Section 5.

2 Related work

Tree model. The first area of research relevant to this work is the compu-
tation of the LCA of a set of nodes on XML tree model. XKSearch [14] defined



Smallest LCAs to be LCAs that do not contain other LCA. XKSearch proposed
three algorithms: Indexed Lookup Eager algorithm, Scan Eager algorithm and
Stack algorithm to efficiently find all smallest LCAs. Li et al [11] incorporated
LCA search in XQuery and proposed schema free query. Hristidis et al [6] pro-
posed algorithms for “All LCAs Problem” and “Lowest LCAs Problem” based
on the various settings. Xu et al [13] proposed to partition a large XML doc-
ument into XML fragments to avoid returning meaningless subtrees based on
LCA semantics. Note that all these LCA algorithms are based on XML tree
model, which miss the important information contained in ID references.
Digraph model. Previous algorithms on XML digraph model are intrin-
sically expensive, heuristics-based, because the reduced tree problem on graph
may be as hard as NP-complete. Li et al [10] showed the reduction from finding
the minimal cost tree on graph to the Group Steiner Tree problem. Cohen et
al [3] researched the computing complexity of interconnection semantics when
the users can explicitly specify how elements are semantically related in XML
documents. BANKS [8] uses Backward and Bidirectional heuristic algorithms
to search as small portion of graph as possible. The performance of BANKS is
not stable because they are essentially random-walk algorithms. It is possible to
take a long-time running without returning any answer. XKeyword [7] relies on
human’s knowledge to reduce search space and present meaningful results and
consequently their search quality is affected by the knowlege of users.

Our solution in this paper is not to design a new heuristic or approximate
algorithm on steiner tree problem, but to design novel effective semantics by
fully exploiting the property of XML documents.

3 LCRA Semantics

3.1 Data Model

In this paper, we model XML documents as special digraphs, G=(N, E, Eref ),
where N is a set of nodes, E is a set of tree edges, and Eref is a set of directed
ID reference edges between two nodes. Each node n∈N corresponds to an XML
element, attribute or text value. Each tree edge denotes an element-subelement
relationship. We denote a reference edge from u to v as (u,v)∈Eref . Since a
reference edge is directed, (u,v) is an ordered pair. In this way, we distinguish
the tree edges and reference edges in XML. The subgraph T = (N, E) of G
without ID reference edges, Eref , is a tree. When we talk of child, descendant,
parent, ancestor relationships between two nodes in N , we only consider tree
edges in E of T . Moreover, when node a is the ancestor of node d, we also say
a contains d.

3.2 General LCRA Semantics

In this part, we define the general semantics of Lowest Common Ancestors
(LCA), novel Lowest Referred Ancestors (LRA) and Extended LRA (ELRA)



of a list of keywords. Since each keywords can be represented as a node in XML,
the following definitions are based on LCA/LRA/ELRA of a list of nodes, instead
of keywords, in XML digraphs.

Definition 1 (LCA) Given k nodes {n1,...,nk} in an XML digraph, the LCA
of {n1,...,nk} is a node u such that u contains all nodes {n1,...,nk}, but no
descendant of u contains all {n1,...,nk} in G.

Now, we introduce the concept of reference-connection and hub-connection
followed by the definition of LRA and ELRA which, together with LCA, form
the novel LCRA semantics for keyword search in XML.

Definition 2 Two nodes u and v are linked with reference-connection if u
and v do not have A-D relationship and there is a reference edge from u or u’s
descendant to v or v’s descendant or vice versa.

Definition 3 Two nodes u and v are linked by hub-connection if there is no
reference-connection between u and v and there is another node w such that both
u and v are linked to w with reference-connections. We also call w as the hub
node between u and v.

Definition 4 (LRA) Given k nodes {n1,...,nk} in an XML digraph, the LRA of
{n1,...,nk} is a set of node pairs, u and v, such that the following three conditions
hold for every pair, u and v:

– u or v alone does not contain all nodes {n1,...,nk}, but u and v together
contain all nodes {n1,...,nk};

– u and v are connected by a reference-connection or hub-connection;
– u and v are the smallest possible nodes, i.e. no descendant of u or v satisfies

the above conditions.

Intuitively, LRA defines the connection between two nodes either directly or
through an intermediate hub node. Next, we naturally extends LRA by dealing
with the connection among more than two nodes through a common hub in a
star pattern.

Definition 5 (ELRA) Given k nodes {n1,...,nk} in an XML digraph, the ELRA
of {n1,...,nk} is a set of node groups, NG’s, such that the following conditions
hold for every node group NG:

– Each group NG has three or more nodes;
– Each node in NG alone contains some (but not all) node ni ∈ {n1,...,nk},

and the group NG together contain all nodes {n1,...,nk};
– All nodes in NG have reference-connection to some node w called a hub

node of NG in the XML digraph. The hub w can be either inside or outside
NG depending on whether it contains some node ni ∈ {n1,...,nk} or not.

– Every nodes in NG are the smallest possible nodes, i.e. no descendants of
them satisfy the above conditions.



As compared to LCA, LRA and ELRA can effectively avoid the problem of
overwhelming results. For example, consider the query “Suciu XML” in Fig. 1.
Instead of the whole document of LCA’s result, The LRA’s result is the pair
of inproceeding node 2 and node 3 since node 2 and node 3 have a reference
connection. It is reasonable to speculate that LRA results are relevant to the
query, “find Suciu’s paper on XML”, due to the direct reference relationships
between the Suciu’s paper (node 2) and the XML paper (node 3), i.e. the XML
paper (node 3) references the Suciu’s paper (node 2).

3.3 Refined LCRA Semantics in Bibliographic XML Data

Now, we discuss the semantics of DBLP bibliographic XML data to further
simplify the general LCRA (LCA, LRA and ELRA) semantics. We have imple-
mented the refined LCRA semantics in our prototype LCRA bibliography search
engine.

In DBLP bibliographic data, the desired results of a keyword query are usu-
ally a list of papers. For example, given a keyword query of an author’s name, the
LCA (Lowest Common Ancestor) in original form would return a list of authors
with the same name under different papers. However, this result usually does
not lead to a happy user since the user already know the author’s name and it
makes no sense to repeat the query several times as the result. In this case, the
user usually expects all papers of that author as the results. Thus, to suit DBLP
bibliographic data better, we redefine the result of LCA for k keywords as a list
of papers such that each paper in the result contains all keywords.
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Fig. 2. Two connections between LRA pairs

Similarly, the result of LRA for k keywords in DBLP can be defined as a list
of paper pairs such that each paper of a pair contains only some keywords (not
all keywords), but the paper pair together contain all keywords and there is a
connection between the two papers. Similar to the original definition of general
LRA semantics, We consider two kinds of connections as shown in Fig. 2. We
call the first connection (Fig. 2(a)) as reference-connection, while the second one
(Fig. 2(b)) as hub-connection. Note that we should interpret Fig. 2(a) as either
paper 1 cites paper 2 or paper 2 cites paper 1, but not both and Fig. 2(b) as
one of the three cases: 1) paper 1 and paper 2 cite the hub, or 2) the hub cites



paper 1 and paper 2, or 3) the hub is cited by one paper and cites the other.
The final results for output are the papers containing some keywords in LRA
pair (e.g. paper 1 and paper 2 in Fig. 2(a) and (b)).

Reference 

Edges

Fig. 3. ELRA papers with the hub

Finally, the results of ELRA of k keywords is a list of paper groups such that
each paper in a group contains only some keywords (not all keywords), but the
group together contain all keywords and there is a hub to connect all papers in
the group, as shown in Fig. 3. Again, the links among papers are directed though
the directions are not shown in Fig. 3 for simplicity. Similar to LRA, the final
results for output are the papers containing some keywords. If the Hub Paper
contains some keywords, it is also included in the ELRA group as in the original
definition of general ELRA semantics.

Notice that in the refined LCRA semantics of bibliographic XML data, we do
not required the result nodes (publications) to be smallest possible as contrasted
to the general LCRA semantics since publications are the only interested object
class to be returned. Thus, we can potentially save query processing cost.

4 Online Demo Overview

Motivated by Google, we adopt a very simple user interface for query input
and display as shown in Fig. 4. Users only need to specify a list of keywords
in the query. The list of keywords can be any combination of author names,
words in paper titles, conference names and/or year. Users can also issue queries
with phrases in double quotation marks. We adopt an approximation to evaluate
phrase queries. In particular, the keywords of a phrase must appear within one
author’s name, one paper’s title or one conference name. However, the order of
words in a phrase does not count. For example, query ‘ “XML keyword search” ’
is the same as ‘ “keyword search XML” ’ and a paper with title “keyword search
in XML” matches both queries.

The output of the query is a list of papers, categorized into LCA, LRA and
ELRA. We output LCA papers first followed by LRA and ELRA in sequence
since each LCA paper contains more keywords than each LRA paper which in
turn contains more keywords than ELRA papers on average. Moreover, in LRA



Fig. 4. LCRA demo user interface (result display)

or ELRA category, papers are also ranked based on actual number of keywords
contained and number of LRA pairs or ELRA groups they participate in. For ex-
ample, a LRA paper participating in 10 LRA pairs is ranked higher than a LRA
paper participating in only one LRA pair given that they contain the same num-
ber of keywords. The rationale behind ranking based participation count is the
assumption that a paper citing or cited by many papers of a certain field is usu-
ally related to that field. Finally, papers in LRA pairs with reference-connections
are ranked higher than papers only in LRA pairs with hub-connections.

Notice that we do not directly display LRA pairs and ELRA groups to avoid
duplicate answers as one paper may be in more than one LRA pairs or ELRA
groups. However, users can click the title of a LRA or ELRA paper to view all
the LRA pairs or ELRA groups that the paper participates in. User can also
click the author names or “booktitle” to view the publications of the author or
conference/journal.

5 Conclusion

In this paper, we propose novel LCRA semantics based on special digraph data
model for keyword search in XML. We first propose the LCRA semantics for
XML data in general. Then we explore the data semantics in DBLP bibliographic
XML data to refine the LCRA semantics. The LCRA semantics can effectively
solve the problem of overwhelming results in existing LCA semantics based on
tree data model; and LCRA is also computationally efficient than keyword search
techniques based on general digraph model.

As parts of our future work, we would like to experimental study the perfor-
mance of our LCRA system as compared to other techniques based on tree or
general digraph model for keyword search in bibliographic XML data. We would



also like to study the general LCRA semantics in depth for all types of XML
data.
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