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Preface

The theme of the XML Database Symposium (XSym) is the convergence of database
technology with XML technology. Since the first International XML Symposium in
2003, XSym has continued to provide a forum for academics, practitioners, users and
vendors to discuss the use of and synergy between advanced XML technologies.

XSym 2006 received 32 full paper submissions. Each submitted paper underwent
a rigorous review by independent referees. These proceedings represent a collection
of eight excellent research papers. Their focus is on building XML repositories and
covers the following topics: XML query processing, caching, indexing and navigation
support, structural matching, temporal XML, and XML updates.

The organizers would like to express their gratitude to the XSym program com-
mittee for their efforts in providing very thorough evaluations of the submitted papers
under significant time constraints. We also would like to thank Microsoft for their
sponsorship and for the use of the Microsoft Conference Management Toolkit, and
the local organizers, especially, Kyuseok Shim, for all they did to make XSym a
pleasant and successful event.

July 2006 Sihem Amer-Yahia
Zohra Bellahsene

Jeffrey Xu Yu

Ela Hunt

Rainer Unland
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Kappa-Join: Efficient Execution of Existential
Quantification in XML Query Languages

Matthias Brantner!'*, Sven Helmer2, Carl-Christian Kanne!, and Guido Moerkotte!

! University of Mannheim, Mannheim, Germany
{brantner, kanne, moerkotte}@informatik.uni-mannheim.de
2 Birkbeck College, University of London, London, United Kingdom
sven@dcs.bbk.ac.uk

Abstract. XML query languages feature powerful primitives for formulating
queries, involving comparison expressions which are existentially quantified. If
such comparisons involve several scopes, they are correlated and, thus, become
difficult to evaluate efficiently.

In this paper, we develop a new ternary operator, called Kappa-Join, for effi-
ciently evaluating queries with existential quantification. In XML queries, a cor-
relation predicate can occur conjunctively and disjunctively. Our decorrelation
approach not only improves performance in the conjunctive case, but also allows
decorrelation of the disjunctive case. The latter is not possible with any known
technique. In an experimental evaluation, we compare the query execution times
of the Kappa-Join with existing XPath evaluation techniques to demonstrate the
effectiveness of our new operator.

1 Introduction

Almost every XML query language features a construct that allows to express an existen-
tially quantified comparison of two node-set valued subexpressions in a concise manner.
Unfortunately, current XML query processors lack efficiency and scalability when fac-
ing such constructs [5,20]. The corresponding semantics resembles that of nested and
correlated subqueries, which are notoriously difficult to evaluate efficiently. To illustrate
this point, let us consider the following query: For hiring a teaching assistant, we search
the database for a student who took an exam that was graded better than ‘B’.

Here, both sides of the

for $s i {lstudent comparison in the where-
let $best = /lexam[grade < *B’]/@id clause are set-valued be-
let $exams =  $s/examination/@id Q1 cause there are many good
where $exams = $best students and students take
return $s/name more than one exam. The

existential semantics of the XQuery general comparison operator requires that all stu-
dents are returned which have at least one exam also contained in the set $best.

A naive evaluation technique evaluates the steps in order of appearance. In Q1, this
means to reevaluate the value of $best and $exams for every iteration of the for

* This work was supported by the Deutsche Forschungsgemeinschaft under grant MO 507/10-1.

S. Amer-Yahia et al. (Eds.): XSym 2006, LNCS 4156, pp. 1-15, 2006.
(© Springer-Verlag Berlin Heidelberg 2006



2 M. Brantner et al.

loop, and then check for an item that occurs in both sets. This is a wasteful strategy:
A closer look at Q1 reveals that, in contrast to Sexams, the value of $best does not
depend on the value of $s, making the reevaluation of $best unnecessary. A common
strategy in such cases is to move the evaluation of $best out of the for loop, and to
materialize and reuse the result. However, this only alleviates the problem of repeated
evaluation of the expression to which $best is bound. To answer the query, it is still
necessary to evaluate the where-predicate, which is a correlated nested query due to
the existential semantics of the *=" operator and the fact that it refers to variables from
two scopes, the independent Sbest and the dependent Sexams.

In this paper, we are concerned with an efficient evaluation of existentially quantified
correlation predicates such as the where-clause of Q1. While this area has received
some attention in the past [5,20], we show that, even in simple cases like our Query
Ql, there is still unexploited optimization potential for typical query patterns in XML
query languages. We propose the novel Kappa-Join operator that fits naturally into exe-
cution plans for quantified correlation predicates, is easy to implement and yet features
a decorrelated evaluation algorithm.

QI is ”simple” because the correlation predicate occurs “alone”. What if the correla-
tion predicates become more complex? Assume that we consider either good or senior
students to be eligible for assistantship, as in the following query:

If the two clauses were

combined with and, we ¢4 $s in  //student

could use techniques to et $best = /lexam[grade < 'B’)/@id
decorrelate queries with cor-  let $exams =  $s/examination/@id Q2
relation predicates that oc-  where $exams = $best or $s/semester>5

cur conjunctively. If the return $s/name

clauses were not correla-

tion predicates, we could use techniques to improve performance for disjunctive predi-
cates (e.g. Bypass operators [8]). However, there is no published technique to decorre-
late disjunctively occurring correlation predicates.

Hence, we also present a Bypass variant of the Kappa-Join. This allows a decorre-
lated evaluation of disjunctively occurring correlation predicates, which has not been
accomplished for any query language so far.

The main contributions of this paper are as follows:

— We introduce the novel ternary Kappa-Join operator that, while simple to imple-
ment, can efficiently evaluate complex correlated queries where the correlation
predicate occurs conjunctively.

— We introduce a Bypass variant of the Kappa-Join that allows us to extend our tech-
nique to queries where the correlation predicate occurs in a disjunction.

— We provide experimental results, demonstrating the superiority of both the Kappa-
Join and the Bypass Kappa-Join compared to other evaluation techniques.

The remainder of this paper is organized as follows. In the next section, we discuss
basic concepts, such as dependency and correlation in XPath. In Sec. 3, we discuss the
drawbacks of existing decorrelation approaches for XML query languages. Further, we
introduce our novel Kappa-Join operator to efficiently evaluate queries with conjunctive
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correlation. Sec. 4 investigates the case of disjunctive correlation and presents the novel
Bypass Kappa-Join. In Sec. 5 we experimentally confirm the efficiency of our approach.
The last section concludes the paper.

2  XPath Query Processing

The problems discussed in the introduction affect most existing XML query languages.
However, all of the involved issues occur even for the simple XPath language in its first
version because it features nested predicates and existential semantics. In the following,
we limit our discussion to XPath 1.0, because peripheral topics such as typing, query
normalization, and translation into an algebraic representation can be presented in a
simpler fashion for XPath than for the more powerful XQuery language. However, all
of the techniques presented in this paper also apply for full-blown XQuery or similar
languages, as long as they are evaluated algebraically (e.g. [23]). In fact, both queries
from the introduction can be expressed in XPath syntax, as we will see below.

2.1 Normalization

The techniques presented in this paper are mainly developed to optimize comparison
expressions with one dependent and one independent operand. To correctly identify
such expressions, the first step of our normalization is to rewrite a predicate such that
it consists of literals and the logic operators A and V. After normalization, each literal
! consists either of a comparison or a negation thereof, i.e. [ is of the form e¢;6c, or
not(cifey), where § € {=, <, <, >. > #}.

One example for "hidden” comparisons are location paths or other node-set valued
expressions when used as Boolean expressions. In such cases, we make the node-set
valued expression the argument of an auxiliary exists function and compare its result to
true, which yields a regular binary comparison expression.

Further, to provide efficient evaluation for disjunctively occurring comparison ex-
pressions, the second step of our normalization separates literals occurring in a con-
Jjunction from those that occur disjunctively. To this end, we employ an operation for
collecting all literals that occur conjunctively: A literal [ occurs conjunctively in a pred-
icate py, if pk[false] can be simplified to false. That is, if we replace all occurrences of
[ inside pi by false, the repeated (syntactical) application of the Boolean simplification
rules to eliminate Boolean constants simplifies pi[false] to false.

2.2 Context Dependency and Correlation

In this paper, we are concerned with efficient evaluation of existentially quantified com-
parison expressions that are correlated. In general, correlation occurs when a variable
of a nested scope is compared with a variable from an enclosing scope. XPath does not
have variables that can be declared by the user, but we can define correlation in terms
of XPath contexts, as follows.

Every XPath expression is evaluated with respect to a given context, which is a se-
quence of context items. For our discussion, it is sufficient to use a definition of context
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item that is slightly simpler than the original XPath context item. A context item is
a tuple with three components: the context node, the context position, and the context
size. In XPath, there is one global context, which must be specified as parameter of
the evaluation process. The value of some constructs depends on local contexts that are
generated by other subexpressions. The constructs that refer to the local context are lo-
cation steps, relative location paths, and calls to position () and last (). We call
these expressions dependent expressions. Expressions whose value is independent of
the local context are called independent expressions.

If we apply this terminology to Queries Q1 and Q2 from the introduction, given in
XPath syntax, we have

//student[examination/@id = //exam[grade <’ B']/@id]/ name
N e \ - ~ " s Ny’

Q1

g
independent dependent independent dependent

//student[examination/@id = //exam([grade < B']/@idjorsemester > 5 ]/name

~ v

~— -_—

dependent independent dependent indep.

We now can define the term correlation for XPath as used in the remainder of this pa-
per: A comparison expression with two node-set valued operands one being dependent
and one being independent is called correlation predicate, because it compares a lo-
cal context and an enclosing context. All example queries presented in the introduction
and above contain correlation predicates. A correlation predicate can occur both con-
Jjunctively and disjunctively. We call the former case conjunctive correlation and the
latter disjunctive correlation. In Q1 there is only one comparison expression which is a
special case of conjunctive correlation, i.e. one with only a single literal. Q2 is an exam-
ple with disjunctive correlation. The second comparison expression is not a correlation
predicate, because the operand 5 is not node-set valued.

3 Kappa-Join for Conjunctive Correlation

The key to an efficient evaluation of correlated queries is to avoid redundant compu-
tation, e.g. the evaluation of the inner independent expression. Such techniques are
called decorrelation techniques and have been studied extensively in the context of re-
lational and object-oriented systems [9,11,12,17,18,26]. Similar techniques have been
proposed for the evaluation of XQuery and XPath [5,20]. One of them is an approach
that applies decorrelation to existentially quantified comparison expressions [5]. How-
ever, this approach is suboptimal because unnecessary duplicates are generated and
must be removed at the end of the evaluation.

The optimizations developed in this paper are presented in the form of algebraic op-
erators. Hence, we need an algebra capable of evaluating XPath. We have chosen NAL
as a perfect fit, since a translation from XPath to NAL is also available [4]. However,
our approach is not limited to NAL and the translation of XPath into it. For example,
our techniques are also applicable to other algebraic evaluation strategies such as [25].

At the beginning of this section, we describe our assumptions about algebraic transla-
tion and evaluation in more detail. For a more elaborate treatment of these topics, please
refer to [4,5]. We then recapitulate the decorrelation approach from [5] and discuss its
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drawbacks. Afterwards, we introduce the novel Kappa-Join operator that features an
efficient decorrelation algorithm avoiding these drawbacks.

3.1 Algebra and Translation

The universe of the NAL algebra for XPath 1.0 is the union of the domains of the atomic
XPath 1.0 types (string, number, boolean) and the set of ordered sequences
of tuples which represent XPath contexts. Each tuple represents one context node, posi-
tion and size. Special attribute names are used to hold the context node (cn), the context
position (c¢p) and the context size (cs).

The NAL algebra features well-known operators [4,20]. All the sequence-valued op-
erators in the logical algebra have a corresponding implementation as an iterator [14] in
the physical algebra. In the following, we primarily need the Selection o, the Projection
I1, the Semi-Join X, and the D-Join M. All operators are described when they are needed
for the first time. Additionally, they are formally defined in our technical report [21].

To convert XPath queries into algebraic expressions, we use the translation intro-
duced in [4]. We briefly recapitulate the relevant part of the translation process by elab-
orating on the translation result for Q1 (see Fig. 1). However, we omit the translation of
subexpressions that are orthogonal to our discussion and denote them by 7 [¢], where
e stands for any XPath expression. For instance, we denote the translation of the lo-
cation path //student by T[//student]. Its result is the sequence of context nodes
produced by the location path.

For Q1 (see Fig. 1) the algebra ex-

X T [name]
pression provides a Selection (o) for |
the only literal. In the subscript (de- ST~ ~_ R
noted by a dashed line) of this Se- ~ 71//student] gexlm
lection, there is an Aggregation op- /D<
erator (@) that aggregates the input 7[examination/@id] T/ /exam[grade <’ B']/@id|
sequence into a singleton sequence
with a single attribute by applying Fig. 1. Translation sketch for Q1

the aggregation function ezists. It
returns true if there exists at least one tuple in the input sequence. This input sequence
stems from a Semi-Join (X), whose input sequences in turn stem from the two operands
of the comparison expression, i.e. the two (translated) location path expressions. For a
comparison between two node-sets, as in the particular case of Q1, we have an existen-
tial semantics. In the equality case, this fact can be leveraged by using a Semi-Join.
Because of the repeated evaluation of e3 the worst-case complexity is O(|e;| x
lea| x |es|) where |e| denotes the cardinality of an expression e and, in this case,
e1 = //student, eo = examination/@id, and e3 = //exam. . ..

3.2 Existing Decorrelation Techniques

We now recapitulate the decorrelation approach introduced in [5] and discuss its draw-
backs. Again, we take Query QI to illustrate this (see Fig. 1). The fundamental idea of
decorrelation is to avoid unnecessary evaluations of an inner independent
expression. In [5] this is achieved by pulling up the Semi-Join (see Fig. 1) into the
top-level algebraic expression (see Fig. 2).
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This expression needs some explanations. The dependent location path is connected to
the outer expression using a D-Join (X). The D-Join joins each tuple t € T/ /student]
to all tuples returned by the evaluation of the dependent path 7 [examination/@id]. For
each t, 7 [examination/@id] is evaluated once, and free occurrences of variables in the
dependent expression are substituted with the attribute values of , i.e. the current context.
At the end all resulting sequences are concatenated.'

The dependent expression, i.e. the evaluation using the D-Join, might produce dupli-
cates for tuples from 7 [//student], hence the tid 4 operator (tuple identifier) is needed
to identify the tuples resulting from the outer expression.

The idea is to densely num-
ber the tuples, store this number
in an attribute A, and use it later T [name]
on to perform a duplicate elimina- rtida
tion. To do this, we introduce an )
order-preserving duplicate elimina-

tion projection IT**¢4. which re- P Tl fecam|gede < B']{05d]
9
moves multiple occurrences of the e Tlexamination/Qid]

same tid-value A. It keeps the first  7[//student]
tuple for a given A value and throws
away the remaining tuples with the Fig. 2. Decorrelation for Query QI
same value for A.

Clearly, the main advantage of
this approach is that the independent expression is evaluated only once. In addition,
if the Semi-Join’s implementation uses a custom data structure (e.g. a hash-table) to
improve performance, this data structure has to be initialized only once, compared to
one initialization per student in the naive correlated evaluation from Fig. 1. However,
decorrelation comes at a price: The outer expression produces duplicates which have
to be eliminated. Below, we show how we can avoid them using the novel Kappa-Join.
Our evaluation in Sec. 5 confirms this claim.

3.3 Kappa-Join

To avoid the above-mentioned generation of duplicates, but nevertheless gain perfor-
mance by avoiding unneeded evaluations of the independent expression, we introduce the
Kappa-Join operator. It combines the advantages of the evaluation strategies from Fig. 2
and Fig. 1 into one operator and capitalizes on efficient implementation techniques.

Logical Definition. The Kappa-Join is a ternary operator, i.e. it has three argument
expressions e, eg, and es. It is defined by the equation

(e1)

where cn is the context node resulting from the evaluation of e; and ¢n’ the context
node from es3. As for conventional join operators, we denote the producer expressions

€2
e\K_ €3 1= O
1Nen=cn’©3 gr:crists(62D<(~n:rn’€3)

" In [23] this operator is called MapConcat.
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e1 and eg the as outer producer and inner producer, respectively. The second producer
expression e (in the superscript) is called link producer because it acts as a link between
the outer and inner producer within the join predicate. The outer expression e; and the
inner expression e are independent expressions, i.e. they do not depend on any of the
Kappa-Join’s other arguments. In contrast, the expression e, is dependent on ;.
Informally, the result sequence of the operator contains all tuples from the outer
producer (e;) for which there exists at least one tuple in the link producer (e3), when
evaluated with respect to the current tuple of ey, that satisfies the predicate p which is a
comparison from attributes of e; and attributes of the the inner producer (e3).

Translation with Kappa-Join. There exist two alternatives to incorporate the Kappa-
Join into an algebraic plan: (1) The Kappa-Join’s definition matches the pattern that
results from the canonical translation of correlation predicates (e.g. see Fig. 1). Hence,
the Kappa-Join can replace this pattern after translation and, hence, already decorrelate
during translation. (2) The other alternative is to modify the translation procedure such
that a Kappa-Join is used for conjunctive correlation predicates.

Because our experiments (see Sec. 5)
show that the Kappa-Join always dom-
inates the canonical approach and sim-
plifies the translation procedure, we have / \
chosen the second alternative. Fig. 3 con-  7[//student] T[//exam|grade <’ B']/@id]
tains the resulting algebra expression for
Q1. Here, the location path //student
is mapped to the outer producer of the
Kappa-Join . The inner location path examination/@idis the (dependent) link pro-
ducer, and the independent expression / /exam[grade<’B’ ] /@idis mapped to the
inner producer.

T [name)]

KT[examination/@id]

Fig. 3. Query Q1 with Kappa-Join

OPEN
| while 7" < INNERPRODUCER.NEXT Implementation. The secret of the Kappa-
2 o HASHTABLE.INSERT{T) Join lies in its simple, yet efficient implemen-
NEXT tation. It improves performance beyond that
| while T, — OUTERPRODUCER.NEXT of the operator combination in its logical de-
2 do finition. Fig. 4 shows the pseudocode for the
3 LINKPRODUCER.OPEN(T} ) . 1 . £ the K oi ¢
4 while T « LINKPRODUCER.NEXT implementation of the Kappa-Join as an iter-
5 do ator [14].
6 if HASHTABLE.LOOKUP (73 . i .
7 " hen (T2) In its open method, the Kappa-Join builds
8 LINKPRODUCER.CLOSE 2 data structure, e.g. a hash-table, containing
9 et b5 : 5
i rerm the attributes from the inner producer that are
g LINKPRODUCER.CLOSE part of the join predicate. In its next method,
12 return nil

the Kappa-Join initializes the link producer
Fig. 4. Pseudocode for the Kappa-Join for every tuple T from its outer producer.
Like a Semi-Join, it then probes the hash-

table with tuples 75 from the link producer until a matching one is found, and returns
the outer tuple as soon as it finds a match. The Kappa-Join does not always enumerate
all tuples from the dependent link producer, while building the hash-table once only.
Hence, the worst-case complexity is O(|e1| x |ez| + |e3|), assuming constant hash-table




