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ABSTRACT

Traditionally, to access these resources, users have to learn
structured query languages, such as SQL and XQuery; they
also need to access data schemas of each individual application domain, which are most likely complex, fast-evolving,
or even unavailable in Web applications. A natural question
to ask is whether we can empower users to effectively access
structured data using keyword queries.
Ideally the result of a keyword search over structured data
will automatically assemble relevant pieces of data that are
in different locations but are inter-connected and collectively
relevant to the query. There are several advantages of such
an approach. First, it can relieve casual users from the steep
learning curve of studying structured query languages and
data schemas when accessing structured data. Second, it allows users to easily access heterogeneous databases. For instance, for websites with database back-ends, this approach
provides a more flexible search method than the existing
solution that uses a fixed set of pre-built template queries.
Furthermore, this approach helps to reveal interesting or
unexpected relationships among entities. Making database
Categories and Subject Descriptors
searchable will substantially increase the information volH.2.0 [Database Management]: General; H.3.3 [Information ume that a user can access, have potential to provide search
results with better quality compared with keyword search on
Storage and Retrieval]: Information Search and Retrieval
textual documents, and thus increase the database usability
and make significant impact to people’s lives.
General Terms
Due to substantial benefits of supporting keyword search
Algorithms, Design, Performance, Theory
on structured data, it becomes an emerging hot area in
database research and development. Researchers from different disciplines (e.g., information retrieval and theoretical
Keywords
computer science) are joining the workforce to tackle varikeyword search, databases, XML, top-k
ous challenges in supporting keyword search on structured
data. For example, there are more than forty papers on this
topic in the last three years in SIGMOD/PODS, VLDB,
1. INTRODUCTION
ICDE and EDBT alone. Major database research laboratoSearching for information is an indispensable component
ries, such as Microsoft and IBM, are working in this area [1,
of our lives. Web search engines are widely used for search51, 56]. The first workshop on Keyword Search on Strucing textual documents, images, and videos. There are also
tured Data (KEYS) [23] is held, collocated with ACM SIGvast collections of structured and semi-structured data both
MOD/PODS 2009.
on the Web and in enterprises, such as relational databases,
The mission of supporting keyword search on structured
XML, data extracted from text documents, workflows, etc.
data is also well aligned with recent keynotes in major database
conferences [12, 21, 48, 55].
This is the first tutorial about keyword search on structured data in major database conferences. The most related
Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
(but orthogonal) tutorial is given in VLDB 2005 by Amernot made or distributed for profit or commercial advantage and that copies
Yahia and Shanmugasundaram, “XML Full-Text Search: Chalbear this notice and the full citation on the first page. To copy otherwise, to
lenges and Opportunities” [2], focusing on the problem of
republish, to post on servers or to redistribute to lists, requires prior specific
structured query languages for XML data with full-text search
permission and/or a fee.
functionalities that allow advanced users to precisely specSIGMOD’09, June 29–July 2, 2009, Providence, Rhode Island, USA.
Empowering users to access databases using simple keywords can relieve the users from the steep learning curve
of mastering a structured query language and understanding complex and possibly fast evolving data schemas. In
this tutorial, we give an overview of the state-of-the-art
techniques for supporting keyword search on structured and
semi-structured data, including query result definition, ranking functions, result generation and top-k query processing,
snippet generation, result clustering, query cleaning, performance optimization, and search quality evaluation. Various data models will be discussed, including relational data,
XML data, graph-structured data, data streams, and workflows. We also discuss applications that are built upon
keyword search, such as keyword based database selection,
query generation, and analytical processing. Finally we identify the challenges and opportunities of future research to
advance the field.
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ify their needs. These two complementary tutorials together
provide overviews of integrating database and information
retrieval techniques.
The objective of this tutorial is to provide an overview of
the state-of-the-art in supporting keyword search on structured data, outline the problem space in this area, introduce representative techniques that address different aspects
of the problem, and discuss further challenges and promising directions for future work. The problem spectrum that
we will present ranges from query result definition, ranking functions, query result generation and top-k query processing, result snippet generation, result clustering, query
cleaning, performance optimization, to search quality evaluation. We will categorize and compare techniques to address the above problems in various data models, including XML data, relational data, graph-structured data, data
streams, as well as workflows, and establish the connections
between them. We will also discuss applications that are
built upon keyword search, such as keyword based database
selection, query generation, and analytical processing. We
will identify and analyze challenges and opportunities of future research to advance the field. The tutorial will provide
the researchers in databases a systematic and well-organized
overview of the state-of-the art in supporting keyword search
on structured data.

2.

TUTORIAL OUTLINE

This three-hour tutorial categorizes existing work and covers the following topics.

2.1

Generating Search Results

Unlike traditional database applications where query results are fully specified by structured queries, the first task in
keyword search is to define query results which automatically
gather relevant information that is generally fragmented and
scattered across multiple places (e.g., records in different relations in RDBMSs, different databases in Web/distributed
databases, and elements/nodes in XML or graph-structured
data).

Query Result Definition. When the data is modeled as a
tree, lowest common ancestor (LCA) is a fundamental form
to define the query results. That is, a result is a subtree
rooted at the LCA of a set of nodes that collectively match
query keywords [3, 5, 11, 25, 33, 37, 47, 57, 58]. A query
result on a graph data model is commonly defined as a subtree of the data graph where no node or edge can be removed
without losing connectivity or keyword matches. Since finding the smallest result, which is the group Steiner tree, is
NP-hard, variations and relaxation of the definition have
been proposed in order to attain reasonable efficiency [4, 10,
13, 22, 24, 29]. Furthermore, besides the data that match
query keywords, studies have been performed on identifying
data that do not match keywords, but are implicitly relevant
[16, 26, 35, 38, 50].

Ranking Functions. Keyword searches are inherently ambiguous, and not all query results are equally relevant to a
user. Various ranking schemes have been proposed to order
the query results into a sorted list so that users can focus
on the top ones, which are hopefully the most relevant ones.
Various ranking schemes are used in existing work, which

consider both the properties of data nodes (e.g., TF*IDF,
node weight, and page-rank style ranking) and the properties of the whole query result (e.g., number of edges, weights
on edges, size normalization, redundancy penalty) [3, 5, 6,
8, 10, 11, 13, 16, 24, 29, 28, 34, 39, 43, 44, 51, 53, 54, 56,
59].

Result Generation and Top-k Query Processing. We will
introduce representative algorithms for query result generation and efficient top-k query processing. For keyword
search on XML data, encoding and indexing schemes [5,
11, 33, 47, 57] as well as materialized views [36] have been
exploited. For keyword search on relational databases, existing approaches are mainly based on candidate network
(CN) generation, and differ on processing and optimization
techniques to execute the CNs. We will distinguish the algorithms for monotonic ranking functions [17, 34] and nonmonotonic ranking functions [39]. For keyword search on
graph-structured data, there are exhaustive search based on
dynamic programming [8], efficient generation of top-k answers [10], heuristics-based approaches [4, 22, 30, 31, 52],
and approaches leveraging precomputing or indexing [6, 9,
13, 29, 41].
We will also compare and discuss the challenges of keyword search processing techniques when the data schema is
available [1, 8, 15, 39, 46, 54, 56] versus when it is absent [8,
10, 13, 24].

2.2 Improving Search Quality
To improve search quality and users’ search experience,
various techniques have been proposed, such as result snippets, result clustering, query cleaning, etc, which have been
successfully used in text search. However, they pose new
challenges in the context of searching structured data.

Result Snippets. To compensate the inaccuracy of ranking
functions, result snippets should be generated [18, 19]. The
principle of result snippets is orthogonal to that of ranking
functions: let users quickly judge the relevance of query results by providing a brief quotable passage of each query
result, so that users can choose and explore relevant ones
among many results.

Result Clustering. In face of query ambiguity, instead of
displaying a mixture of query results of different semantics,
it is more desirable to cluster query results based on their
similarity, so that the user can quickly browse all possible
interpretations of query semantics and choose the sets of
results that are relevant [14, 27, 54].

Query Cleaning. Query cleaning involves semantic linkage and spelling corrections of database-relevant query keywords, followed by segmentation of nearby query keywords
so that each segment corresponds to a high quality data
term. Compared to query cleaning on textual documents,
query cleaning for structured data brings great potentials
with new challenges [42].

Evaluation. We will discuss evaluation framework for keyword search engines. One is based on empirical evaluation
using benchmark data, such as INEX (INitiative for the
Evaluation of XML Retrieval) [20], a benchmark for XML
keyword search. The other is formal evaluation, which eval-

uates an approach based on a set of axioms that capture
broad intuitions [37].

2.3

Applications of Keyword Search in Information Integration and Analysis

Supporting keyword search is not only helpful for users to
access a single database, but also benefits information integration. As the number of potentially-related data sources
continues to grow rapidly, the existing approach of using
pre-defined forms and associated query templates can not
adequately support diverse data sources and meet diverse
user needs. Keyword search provides a light-weight mechanism to access multiple data sources without labor-intensive
information integration upfront.

Database Selection. We will discuss techniques that summarize underlying databases by a keyword relationship graph,
and select the most relevant data sources with respect to a
user keyword search based on derived summaries [29, 43, 53,
59].

Query Generation. We will discuss techniques that allow a
casual user to author new query templates and Web forms by
posing keyword searches. The keyword searches are matched
against source relations and their attributes to create multiple ranked queries linking the keyword matches. The set
of queries is attached to a Web query form, which can be
reused by anyone with related information needs [49].

Analytical Processing. Online Analytical Processing (OLAP)
tools provide elaborate query languages that allow users to
group and aggregate data in various ways, and to explore
interesting trends and patterns in the data. However, the
complexity of issuing such analytic queries is overwhelming.
It is highly desirable, yet very challenging, to combine intuitive keyword-based search with the power of OLAP, to
allow users to easily analyze complex data [51, 56, 61].

2.4

Open Challenges

We will discuss open problems and possible directions for
future research, including:

Diverse Data Models. There are many types of structured data, whose structures can be exploited to provide
high-quality search results compared with keyword search
on textual documents. Existing work focuses on searching
relational databases and data-centric XML data. There are
many opportunities for supporting keyword search on other
types of structured data, including data extracted from text
documents (e.g. parse tree databases), data warehouses [51,
56], spatial and multimedia databases [7, 60], workflows [45],
and probabilistic databases. Furthermore, techniques that
enable users to seamlessly access vast collections of heterogeneous data sources are in great demand.

Query Forms: Complexity versus Expressive Power.
Traditional database query languages, such as SQL and XQuery,
are highly expressive but hard to learn; keyword queries are
easy to use but lack the expressive power. A natural question to ask is where we could strike a good balance between
the two [21]. Existing attempts include explicit or implicit
restriction on the occurrences of keywords [34, 40], labeled

keyword search [5, 34, 40], analytical keyword queries [51,
56], and a natural language query interface [32]. Studies on
both the application needs and theoretical analysis of the
trade-offs are imperative.

Search Quality Improvement. Few existing work addresses
the quality of search results with respect to user needs. On
one hand, there are much we can learn from the Information Retrieval field. In particular, having user involvement
in search engine design will be helpful to provide personalized search experience, such as analysis of query log and user
click-through streams. On the other hand, keyword search
on structured data poses unique challenges on analyzing user
preferences.

Evaluation. With the growing popularity of supporting keyword search on structured data, there is an increasing need
to provide an evaluation framework to assess and guide the
system design. Initiatives on developing empirical benchmarks - INEX [20] and an axiomatic framework [37] have
been made for evaluating keyword search strategies on XML
data. Contributions from the community are highly demanded for developing comprehensive frameworks for evaluating the retrieval and ranking strategies of keyword search
on various structured data models.
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