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Abstract. In this paper, we present a novel method for automatically deriving
structured XML queries from keyword-based queries and show how it was ap-
plied to the experimental tasks proposed for the INEX 2010 data-centric track.
In our method, called StruX, users specify a schema-independent unstructured
keyword-based query and it automatically generates a top-k ranking of schema-
aware queries based on a target XML database. Then, one of the top ranked
structured queries can be selected, automatically or by a user, to be executed
by an XML query engine. The generated structured queries are XPath expres-
sions consisting of an entity path (e.g., dblp/article) and predicates (e.g.,
/dblp/article[author="john" and title="xml"]). We use the
concept of entity, commonly adopted in the XML keyword search literature, to
define suitable root nodes for the query results. Also, StruX uses IR techniques
to determine in which elements a term is more likely to occur.
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1 Introduction

Specifying queries through keywords is currently very common. Specially in the con-
text of search engines on the World Wide Web, users with different levels of computer
skills are familiar with keyword-based search. As a consequence, such a concept has
been exploited outside the scope of the Web. For example, in relational databases, sev-
eral methods [2,[10,[11I8L13,[21]] have been proposed. Considering the vast number of ap-
plications that use such databases, it is clear why there is so much interest in adopting
such an approach to develop more intuitive interfaces for querying in this environment.

Likewise, recently, there has been an increasing interest in the field of keyword-based
search over XML documents, given the growth and consolidation of such a standard.
Many techniques employ the concept of Lowest Common Ancestor (LCA) [7]] with
variations to specific requirements, including Meaningful LCA (MLCA) [17], Smallest
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LCA (SLCA) [24], Valuable LCA (VLCA) [14], XSeek [18] and Multiway-SLCA [23].
Another structure-related concept, Minimum Connecting Trees [9], has led to a different
approach to the problem. All of these methods aim at finding, inside the XML docu-
ment, subtrees in which each query term occurs at least once in one of its leafs, and then
return the root node of the subtrees as a query result. Specifically, LCA-based methods
make restrictions on the choice of the root node. Notice that, for one-term queries, such
methods tend to return a single-element subtree, a query result not desired in general.

Furthermore, after an initial indexing phase, they disregard the source XML docu-
ment, as any query will be answered considering its own indexes only. This behavior
may not be suitable in a dynamic environment in which data is frequently updated
or when XML data is stored in a DBMS. Considering such an environment, it be-
comes relevant to develop XML keyword search methods that can easily cope with
data stored and managed by a DBMS. For instance, as current XML-aware DBMS can
perform XQuery and XPath queries in an efficient way, one could use that to abstract the
frequent updates and storage of XML data.

This paper presents a novel method for keyword search over XML data based on a
fresh perspective. Specifically, our method, called StruXﬂ, combines the intuitiveness
of keyword-based queries with the expressiveness of XML query languages (such as
XPath). Given a user keyword query, StruXis able to construct a set of XPath expres-
sions that maps all possible interpretations of the user intention to a corresponding
structured query. Furthermore, it assigns each XPath expression a score that measures
its likelihood of representing the most appropriate interpretation of the user query. Then,
a system can submit one or more of such queries to a DBMS and retrieve the results.
Like in [21]], the process of automatically transforming an unstructured keyword-based
query into a ranked set of XPath queries is called query structuring.

This paper is organized as follows. Section 2] summarizes related work. Section [3]
presents an overview of background concepts and introduces StruX. Section describes
how StruX was applied to the experimental tasks proposed in INEX 2010 data-centric
track. Section[3ldiscusses the experimental results, and Section[6] concludes the paper.

2 Related Work

The basic principle behind StruX is similar to LABRADOR [21], which efficiently
publishes relational databases on the Web by using a simple text box query interface.
Other similar systems for searching over relational data include SUITS [6] and SPARKS
[19]. Our proposal is different from those for two reasons: it works for a different type
of data (XML instead of relational) and does not need any interaction with the user after
she has specified a set of keywords. Thus, this section focuses on XML keyword search.

Using keywords to query XML databases has been extensively studied. Current work
tackles keyword-based query processing by modeling XML documents as labeled trees,
considers that the desired answer is a meaningful part of the XML document and re-
trieves nodes of the XML graph that contain the query terms. In [11] and [24] the au-
thors suggest that trees of smaller size bear higher importance. Following such an idea,

! The name StruX is derived from the latin verb form struxi, which means to structure or build
things.
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Algorithm 1. StruX Processing

1: procedure StruX (Input: unstructured query U, schema tree 1)
2 segs — GenerateSegments(U)

3 combs «— GenerateCombinations(segs)

4 for each combination c in combs do

5: cands — GenerateCandidates(c)

6: for each candidate d in cands do

7 rank «— CalculateScores(d, S.root)
8

: local Rank.add(rank) > sorted add
9: global Rank.add(local Rank) > sorted add
10: for i from 1 to k do
11: topK ranks «— GenerateX Path(global Rank][i])
12: StructuredQuery «— topK xpaths|0] > the top query

XSEarch [5] adopts an intuitive concept of meaningfully related sets of nodes based on
the relationship of the nodes with its ancestors on the graph. XSEarch also extends the
pure keyword-based search approach by allowing the user to specify labels (element
tags) and keyword-labels in the query. In a similar direction, XRANK [7] employs an
adaptation of Google’s PageRank [22] to XML documents for computing a ranking
score for the answer trees. A distinct approach is XSeek [18], in which query process-
ing relies on the notion of entities inferred from DTDs. StruX shares a similar view with
XSeek in this regard, but the latter does not generate queries.

In [[12]], the authors propose the concept of mapping probability, which captures the
likelihood of mapping keywords from a query to a related XML element. This mapping
probability serves as weight to combine language models learned from each element.
Such method does not generate structured queries, as StruXdoes. Instead, it uses the
structural knowledge to refine a retrieval model.

There are also other methods that go beyond simple keyword-based search. NaLLIX
[L6] is a natural language system for querying XML in which the queries are adjusted
by interacting with the user until they can be parsed by the system. Then, it generates
an XQuery expression by using Schema-Free XQuery [[17], which is an XQuery exten-
sion that provides support for unstructured or partially unstructured queries. Another
approach, called EASE, considers keyword search over unstructured, semi-structured
and structured data [[15]]. Specifically, EASE builds a schema graph with data graph
indexes. It also provides a novel ranking algorithm for improving the search results. Fi-
nally, LCARANK [4] combines both SLCA and XRank for keyword-based search over
XML streams. Although these approaches work on XML keyword-based queries, their
goals are slightly different from our work, since they consider broader perspectives (i.e.,
natural language, graph-oriented data and XML streams).

3 StruX

This section presents StruX, our method for generating structured XML queries from
an unstructured keyword-based query. First, it gives an overview of StruX and then it
details each of its steps.
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(a) Unstructured Query (b) Segments (c) Segment Combinations
U = “John Smith XML” S,, = “John” C,={8,}={"John"}
S12 = “John Smith” C2 = (Szz} = {"Smith”}
S,= :Johln ?mlth XML” C,={S,} = {XML} A
S,= Sm!th C, ={S,,} = {*John Smith"}
S,, = “Smith XML” C,=1{8,,,S,;} = {"John Smith”, “XML"}
S,, = "XML” C,=18,,;8,,,8,;} = {"John”, “Smith”, “XML"}

(among others)
(d) Candidate predicates for C,
D‘ = {<article/author: “John Smith">, <article/title: “XML">} D4 = {<procs/editor: “John Smith">, <procs/title: “XML">}
D, = {<article/author: “John Smith">, <procstitle: “XML">} D, = {<procs/editor: “John Smith">, <article/title: “XML">}
D, = {<article/author: “John Smith">} D, = {<procs/editor: “John Smith">} (among others)

(e) Entity: /dblp/article

D1 = {<article/author: “John Smith”>, <article/title: “XML">} => /dblp/article[ author="John Smith” and title="XML"]
D, = {<article/author: “John Smith”>} => /dblp/article[ author="John Smith’]

Entity: /dblp/procs

D, = {<procs/editor: “John Smith">, <procs/title: “XML">} => /dblp/procs| author="John Smith” and title="XML"]
D, = {<procs/editor: “John Smith">} => /dblp/procs[ editor="John Smith]

Fig. 1. Example of StruX steps
3.1 Overview

Algorithm [Tl describes StruX general steps. Next, we describe each step using an ex-
ample shown in Fig.[Il Given an unstructured keyword-based query as input (Fig. [Th),
StruX first splits the input sequence of keywords into segments (Fig.[Ib) and then gener-
ates combinations of these segments (Fig.[Ik) to obtain possible semantic interpretations
of the input unstructured query. This process assumes that each keyword-based query is
an unstructured query U composed of a sequence of n terms, i.e., U = {t1,t2, ..., tn }.
This assumption is based on the intuition that the user provides keywords in a certain
order. For example, a keyword query “John Clark Greg Austin” is probably intended to
represent the interest in two persons named “John Clark” and “Greg Austin”, respec-
tively. But we cannot say the same for the query “John Austin Greg Clark”. Although
both queries have the same terms, the order in which they are specified may be used
to describe a different intention. Also, this intuition helps StruX dealing with possible
ambiguous keywords.

The next step labels segment combinations with element names from the target XML
database, forming sets of element-segment pairs (Fig. [Id), or candidate predicates.
Once these candidate predicates have been formed, StruX finds adequate entities for
each candidate (Fig.[Ik). In fact, StruX relies on the concept of entity [[18,20] in order
to intuitively represent real-world objects. For this task, it uses a few simple heuristics.

For instance, consider an element y that has multiple sub-elements x, then y is con-
sidered an entity. This can be observed by looking at the document schema (or by
traversing the actual document) and verifying that = can occur multiple times within
an instance of element y. For example, considering the DTD specification of author
as “<!ELEMENT author (book*, curriculum)>",bookisapossible entity,
while curriculum, according to this heuristic, is not.

In addition, we extend the concept of entity by adding another constraint that avoids
very specific queries: an element x must have at least one direct descendant to be
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considered an entity. For example, if book is defined as an element with two sub-
elements like “< ! ELEMENT book (title, pages)>",thenitis an entity.

StruX identifies the elements in which the keywords are more likely to occur. It then
computes scores for candidate structured queries. Such scores are needed to determine
which XML query represents more accurately the user’s intention. Finally, one or more
top ranked structured queries are evaluated, returning the results to the users.

The final result of StruX is a query expressed in XPatl‘@, which specifies patterns
of selection predicates on multiple elements that have some specified tree structure re-
lationship. Hence, XML queries are usually formed by (tree) path expressions. Those
expressions define a series of XML elements (labels) in which every two elements are
related to each other (for example, through a parent-child relationship). Although other
methods consider recursive schemas, we do not, since this kind of schema is not com-
monly found on the Web [13]]. Also, notice that, in this paper, elements are always
identified by their complete path to the document root, not only by their tag label.

3.2 Input Transformation

The first step executed by StruX (Algorithm 1, line 2) splits the input sequence of key-
words into segments that represent possible interpretations of the query. A segment
is a subsequence S;; of terms from an unstructured query U, where .S;; contains the
keywords from i to j. For example, considering the query U in Fig. [Th, the generated
segments are shown in Fig. [Ib. Notice that, following the intuition discussed in Sec-
tion 3.l we assume that users tend to specify related keywords in sequence. This in-
tuition is captured by the segments. Therefore, sets of tokens that are not in sequence
such as “John” and “XML” are not considered.

For each segment S;;, StruX retrieves all elements in which all segment keywords
appear at least once within a single leaf node. Segments that retrieve no elements are
called not viable and are discarded from the structuring process. For example, the seg-
ment So3 =“Smith XML” would be considered not viable if the database includes
no leaf having both “Smith” and “XML”. In order to evaluate the likelihood of a seg-
ment S;; occurring within an element n, StruX uses a function called Segment-Element
Affinity (SEA), which is defined by Equation It

J
SEA(n, S;;) = Y TF-IEF(n, t1.), (1)
k=1

where, TF-IEF(n, t;,) measures the relevance of a keyword ¢, for an element type n
in the XML database. Such a function is similar to TF-IAF [21]], which defines the
relevance of a keyword with respect to the values of an attribute in a relational ta-
ble. Nonetheless, StruX adapts the concept of “relational attributes” to “XML element
type”. This new measure is defined by Equation 2}

TF—H‘EF(’H,7 tk.> = TF(TL, tk> X IEF(tk), 2)
where each frequency is calculated by Equations3land [ respectively.

2 http://www.w3.org/TR/xpath.html
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log(1+ fur) e
TF(n,ty) = log(1 +m) 3) IEF (t) = log <1 + 6k> (€))
where f,x is the number of occurrences of keyword ¢; as element type n, m is the total
number of distinct terms that occur in n, e gives the total number of distinct element
types in the XML document, and ey, is the total number of element types in which the
term k occurs.

Equation [T evaluates every segment no matter its number of keywords. Note that
a segment with two (or more) keywords is intuitively more selective than a segment
with a single keyword. For example, S13 (from Fig.[Ib) is more selective than segments
S11, S22 and Ss3. Hence, we consider such heuristic and propose an advanced version
for function SEA in Equation[3] called Weighted SEA (WSEA), in which the number of
keywords is used to favor more selective segments.

J
WSEA(n,Si;) = (1+j —1i) x > TF-IEF(n, t,) (5)
k=i

For representing all possible semantic interpretations of an unstructured query, StruX
defines all possible combinations for a set of segments (Algorithm 1, line 3). Moreover,
given a combination C;, a keyword can belong to only one segment. For example, Fig.
[Ik illustrates some of the combinations for the segments in Fig. [Ib.

For each segment combination C;, StruX generates all possible sets of element-
segment pairs (Algorithm 1, line 5). For example, using combination C5 = {“John
Smith”, “XML”}, StruX obtains the sets of element-segment pairs illustrated in Fig.
[Id, in which each set of pairs D; is called a candidate predicate, or simply candidate.
Note that (procs/title) in Dy is different from (article/title) in Dy as StruX identi-
fies elements by their complete path to the root. At the end of the input transformation
procedure, the set of candidates is able to represent every possible interpretation of the
user’s unstructured query. It is now necessary to determine which interpretation is more
suitable to represent the original user’s intention.

3.3 Candidate Predicate Selection

Once the candidates have been defined, StruX needs to find adequate entities for each
candidate (Algorithm 1, lines 7 and 8). This is accomplished by using the recursive
function presented in Algorithm [l This function, called CalculateScores, performs a
postorder traversal of the schema tree (which is given as input to Algorithm 1). During
the traversal, the scores are propagated in a bottom-up fashion.

The propagation constant « (Algorithm 2, line 8) determines the percentage of a
child’s score that is assimilated by its parent score (bottom-up propagation). As a result,
Algorithm 2 produces a rank that is then added to a local rank of entities for each
candidate. All local ranks are merged into a sorted global rank (Algorithm 1, line 9).

Each entry in the rank is a structured query, containing a score, an entity element
(structural constraint) and a candidate D; (value-based predicates). The score of a struc-
tured query tries to measure how well it represents the user’s original intention while
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Algorithm 2. CalculateScores Function
1: function CALCULATESCORES(d,node) > Input d: candidate, node: node from the XML
database
2 for each child A in node.children do
3 CalculateScores(d, h)
4 for each element-segment e in c do
5 if e.element = node.clement then
6: node.score < node.score + e.score
7 for each child A in node.children do
8 node.score < node.score + (a * h.score)
9 if node.score > 0 AND node.is Entity() then
0

10: Rank.add(root)

writing her query. By doing so, is its possible to determine which interpretations of the
keyword-based query are more suitable according to the underlying database.

Next, a structured query can be trivially translated to XPath. Specifically, for each
top-k structured query, StruX generates an XPath query statement based on the corre-
sponding entity and the candidate predicate, as illustrated in Fig. [Ik.

One important final note is that we chose to transform the keyword-based queries
to XPath query statements for the language simplicity. However, StruX may also be
extended in order to consider other XML query languages, such as XQuery.

3.4 Keywords Matching Element Names

So far, we have only discussed how our method addresses matches between keywords
and the content of XML elements. Indeed, in StruX we regard such a match as the main
evidence to be considered when evaluating the relevance of a structured query. However,
to handle cases in which keywords match element labels, we use a very simple strategy:
we boost the likelihood of all structured queries in which this is observed by adding a
constant « to its score value.

3.5 Indexing

In order to build a structured query from user-provided keywords, StruX relies on an
index of terms. This index is defined based on the target database. Specifically, each
term is associated with an inverted list containing the occurrences of this term in the
elements of the database. Such an association allows the query structuring process to
evaluate where a term is more likely to occur within some element. Each term occur-
rence in an element contains a list of leaves (each one is assigned with a leaf id) in
which the term occurs. Hence, our method can determine if two or more keywords are
likely to occur in a same leaf node.

4 Experimental Setup

Following the INEX 2010 experimental protocol, we employed StruX to process the
tasks on the data-centric track that considered the IMDB datasets. The execution was
organized in runs, each one consisting in processing all topics under a certain setup.
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Table 1. Description of the runs used in the experiments

Run Structured Queries used Target Datasets Name
1 top-5 "movies" ufam2010Runl
2 top-10 "movies" ufam2010Run2
3 top-5 "movies", "actors" ufam2010Run3
4 top-5 all except "other"  ufam2010Run4
5 top-5 all ufam2010Run5
6 top-10 all ufam2010Run6

Specifically, given a topic T, we first generated an unstructured query U™ for this
topic. Next, U was given as input to StruX, producing a list of structured queries
ST ST ... ST as aresult, being each S! associated with a likelihood score, calcu-
lated as described in Section[3.3] Then, we executed the top-K structured queries over
the IMDB datasets. We used runs with different types of target documents to assess
how the redundancy and ambiguity between entities in the datasets affect StruX (e.g.,
“Steven Spielberg” may appear in many parts of a movie document and also on person
documents as director, producer or actor). The complete description of the runs is pre-
sented in Table [Tl In the following, we discuss details regarding the generation and the
processing of the runs.

Dealing with Entities. As we have already explained, StruX aims at generating struc-
tured queries that return single entities found in a collection of entities. In the IMDB
datasets, every document root, such as <movie> and <person>, is intuitively an
entity. However, StruX inherently considers a root element as not suitable to be an
entity. To overcome this, we extended StruX to consider two virtual root nodes: (i)
<movies> that has all <movie> elements as its descendants; and (ii) <persons>
with all <person> elements as descendants. With such an extension, <movie> and
<person> elements can now be considered entities.

Generating Queries from Topics. For each given topic from the data-centric track, we
generated a keyword-based query to be used as input for StruX. In order to do so, we
took the <t itle> element of the topic and applied a few transformations. This step is
fully automated and aims mostly at dealing with topics specified using natural language
expressions, such as “romance movies by Richard Gere or George Clooney”, “Movies

Klaus Kinski actor movies good rating”, “Dogme movies”. Specifically, we applied the
following transformations:

i) simple stemming of plural terms, e.g.: movies — movie, actors — actor;
ii) removal of stop-words, e.g: by, and, to, of;
iii) disregard of terms indicating advanced search operators, such as “or’;
iv) removal of terms preceded by “—”, indicating exclusion of terms from the answers.

Fig. Rlillustrates a complete example of the whole process, including: the <title>
field of a topic, the corresponding keyword-based query and a path expression gener-
ated from it. This particular path expression corresponds to the top-1 structured query
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Topic: <title> true story drugs +addiction -dealer </title>
KB Query: true story drug addiction
Path Expression: /movie[ overview/plot, "true story drug addiction"]
Result: <movie>
<title>Happy Valley (2008)</title>

<url>...</url>
<overview>
<plot> ... The real-life true story, Happy Valley

that have been dramatically affected by
prescription drug abuse leading to street drug abuse
and addiction</plot>

</movie>
INEX Format: 2010012 Q0 1162293 1 2.6145622730255127 ufam2010Runl
/moviel[l]

Fig. 2. Example of the steps involved in processing an INEX data-centric topic with StruX

generated by StruX. The result obtained from applying this path expression over the
IMDB dataset is also presented in the figure in two formats: as an XML sub-tree, and
using the INEX output format. Next, we detail how this result was obtained.

Processing Structured Queries. The final result for a given run is obtained by pro-
cessing the top-k structured queries against the target IMDB datasets. This could be
performed by using some native XML DBMS such as eXists-di. However, for our
experiments, we developed a simple XPath matcher, which is used to match a docu-
ment against a structured query. By doing so, we could directly output the results in the
INEX result submission format, instead of having to transform the output provided by
the DBMS. Fig.[2lillustrates the result for one of the topics using both formats.

Regarding the scores of the results, as the final answers for the structured queries
are produced by an external system (in our case a simple XPath matcher), there are no
relevance scores directly associated to them. Thus, we simply assigned to the result the
same score StruX has generated for the structured query from which it was obtained.
Nonetheless, a single ranking of results is generated for all top-k structured queries. In
this ranking, results from the top-1 query occupy the topmost positions, followed by the
results from the top-2 query and so on.

5 Experimental Results

In this section, we present the results obtained in the INEX 2010 experiments.

Regarding the focused retrieval evaluation, ufam2010Run2 was the best run among
all, with MAIP value of 0.1965. As detailed in Section [ this run returned structured
queries targeting only movies documents.

3 http://exist.sourceforge.net/
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Fig. 3. Focused Retrieval - MAiP Metric (a) and Document Retrieval - MAP Metric (b) Results

Notice that ufam2010Run2 uses top-10 structured queries, while ufam2010Runl
(fourth best run) uses only top-5 structured queries. This illustrates that considering
more structured queries does not affect the quality of the results. On the contrary, it can
even improve it. This happens because many of the generated fop-10 structured queries
are often not feasible, i.e., they do not retrieve any results but, on the other hand, they
do not harm the final results.

Regarding the document retrieval metric, our best run was, again, ufam2010Run2,
who achieved the seventh best MAP value among all runs. It was followed by runs
ufam2010Runl and ufam2010Run6, with no significant difference between them. Runs
ufam2010Run3, ufam2010Run4 and ufam2010Run5 achieved the same MAP values,
meaning that adding other target document types beyond movie and actor did not affect
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the overall precision. Also, resembling the focused retrieval metric, the two runs with
top-10 structured queries performed better than their counterparts with top-5 queries.

6 Conclusions

We presented a novel method called StruX for keyword-based search over XML data. In
summary, StruX combines the intuitiveness of keyword-based queries with the expres-
siveness of XML query languages. Given a user keyword-based query, StruX is able to
construct a set of XPath expressions that maps all possible interpretations of the user
intention to a corresponding structured query. We used StruX to perform the tasks pro-
posed in the INEX 2010 data-centric track for IMDB datasets. The results demonstrated
that query structuring is feasible and that our method is quite effective.

As future work, we plan to optimize even further our method. Specifically, we need
to improve StruX for handling very large datasets. We also want to study other heuristics
for improving the set of the structured queries generated. This should be accomplished
by ranking the XML fragments to ensure that results closer to the original user’s inten-
tion are presented first. Finally, we want to perform experiments with different Segment-
Element Affinity (SEA) functions using other Information Retrieval techniques.
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