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Evaluating Universal Quantification in XML

Shurug Al-Khalifa, Ben B. Liu, and H.V. Jagadish

Abstract—Queries posed to database systems often involve Universal Quantification. Such queries are typically expensive to
evaluate. Although they can be handled by basic access methods, for selection, grouping, and so forth, new access methods
specifically tailored to evaluate universal quantification can greatly decrease the computational cost. In this paper, we study the
efficient evaluation of universal quantification in an XML database. Specifically, we develop a small taxonomy of universal
quantification types and define a family of algorithms suitable for handling each. We experimentally demonstrate the performance

benefits of the new family of algorithms.

Index Terms—Query processing, XML.

1 INTRODUCTION

sers often need to find the results for a query with

Universal Quantification. In English, such queries
typically involve the use of the word every. The following
is an example of a Universal Quantification query.

Example 1. “Retrieve books that have the affiliation of every
author equal to the University of Michigan.”

When evaluating such a query, all authors of a book
need to be checked for the affiliation with the University
of Michigan. Only when all authors of a book satisfy the
affiliation condition does this book become part of the
query result.

Evaluating a query with Universal Quantification can be
very costly. The straightforward way to evaluate the query
in Example 1 is to check the authors one by one for each
book. If the last author of each book is the one not affiliated
with the University of Michigan, then the book has to be
eliminated from the result after a great deal of work has
been performed. Our goal in this paper is to devise a more
efficient evaluation strategy for such queries.

In previous work, new algorithms have been proposed to
handle Universal Quantification in relational databases. In
the context of XML, some relational techniques can be used
and others cannot. The reasons for that are as follows:

The difference between flat relational tuples and
structured XML trees. An XML document is a tree
and therefore requires tree-specific algorithms to
handle queries imposed on it.

The nesting property that often occurs in XML
documents complicates matters even more. In XML,
an element of a specific type can be nested in another
element of the same type. This property requires
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recursion-aware access methods that can handle
nesting.

Our interest in this paper is on the universal quantifica-
tion queries on XML documents stored in a database. The
XQuery statement in Fig. 1 formally states the English
language query of Example 1. Given a query similar to this,
we would like to evaluate it efficiently. In Section 2, we
develop a small taxonomy of universal quantification. We
show that one type of universal quantification can readily be
handled by the suitable adaptation of well-known relational
techniques. Efficiently evaluating the other types will
occupy us for the bulk of this paper.

The rest of the paper is organized as follows: In Section 3,
we introduce our proposed algorithms for processing
different flavors of Universal Quantification. An analysis
of the proposed algorithms follows in Section 4. The
experiments we performed to evaluate our techniques are
described in Section 5. We follow that with an examination
of previous work done in evaluating Universal Quantifica-
tion in Section 6. Finally, we conclude this paper in Section 7.

In Fig. 2, we show a fraction of an XML document in tree
format on which we will base our examples throughout this

paper.

2 FLAVORS OF UNIVERSAL QUANTIFICATION

Queries with Universal Quantification differ depending on
where the word every occurs. There are four locations in a
Universal Quantification query where the word every can go:
after a predicate, before a simple predicate, before a complex
predicate, and before a correlational predicate. In this
section, we will discuss each flavor and introduce an
algorithm to handle one of them then we extend this
algorithm to handle the rest. In the following, we formally
define each flavor of Universal Quantification, each followed
by an example.

Definition 1: Simple predicate. A simple predicate is a
predicate of the form “A Operator C,” where A is a node,
Operator is one of f...;6.;<; ;...g, and C is a constant. If
the Operator is equality or inequality, we have a Simple
Equality Predicate.

Example 1 belongs to this category of predicates.
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FOR $b IN document ("bib.xml") //book

WHERE EVERY $a IN $b//author SATISFIES
Sa//affiliation = "University of Michigan"
RETURN S$b

Fig. 1. An XQuery statement that uses Universal Quantification.

Definition 2: Complex predicate. A complex predicate has the
same form as a simple predicate, except that C needs to be
computed instead of being a constant. We define Complex
Equality Predicate similar to Definition 1.

Example 2. “Retrieve books that have the affiliation of
every author equal to a university that has more than
25,000 students.”

Definition 3: Correlational predicate. A correlational pre-
dicate has the same form as a simple predicate, except that
C has to be computed, and its value is a function of the
specific instance of left side node A. Correlational Equality
Predicate is defined similarly as in previous definitions.

Example 3. “Retrieve books that have the affiliation of every
author equal to the affiliation of his/her advisor.”

In all the above examples, every quantifies “//book/
author,” although we are retrieving “book” nodes.

2.1 After a Predicate

When the word every occurs after a predicate in a Universal
Quantification query, the query sounds like: Find all objectl
that are associated with every object2. The predicate is
underlined and the every is in italic (the same for all
remaining flavors). The predicate can be simple, complex,
or correlational.

Example 4. “Retrieve books that have an affiliation of an
author which is equal to every university in the state of
Michigan.”

When evaluating such a query, we need to first get the
set of all universities in the state of Michigan. Then, the
authors of a book need to be checked for the affiliation
with the established set. Only when at least one author of
a book satisfies the affiliation condition does this book
become part of the query result.

Affiliations

\é

I
name
state

38,000 — popultion
University — type

UofM — affiliation
111 —advisorlD
UofC — affiliation
123 —advisorlD
111 — advisorlD
UofM — affiliation
Uofv — affiliation

UofM — affiliation

John
Doe1
Jane
Doe2
John
Doe3
Jane
Doe4
111
John
Doe5
123
UofM
M

Fig. 2. A fraction of an XML document in tree format.
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Fig. 3. Two plans that can be used to evaluate Universal Quantification
query in Fig. 1. (a) A set difference plan, whereas (b) is a grouping by
and counting plan.

This case is handled efficiently by relational databases,
and the techniques used to evaluate it are discussed in [1],
in which multiple algorithms are compared against each
other. The winner is a hash-division algorithm that places
all universities into a hash table and uses a bitmap with
each author to find out whether or not the author is
affiliated with all universities. For this class of queries, the
relational technique carries over to XML in a straightfor-
ward way, and we have little new information to add.
Hence, we will not further discuss this type of universal
guantification or techniques used to evaluate it.

2.2 Before a Simple Predicate

When the word every occurs before a simple predicate in a
Universal Quantification query, the query sounds like: Find
all objectl that have every subobject2 satisfying a simple
predicate. Example 1 discussed earlier belongs to this
category. We begin with a description of known relational
techniques.

2.2.1 Traditional Techniques

Logically, a Universal Quantification query can be con-
verted into a set difference with negated condition.
Continuing with Example 1, the query can be evaluated
by performing a set difference between all books and
books with at least one author not affiliated with the
University of Michigan. This is different from the original
query in that the Universal Quantification has been
converted into Existential Quantification, which is more
natural and easier to support using existing access
methods. Another way of evaluating Universal Quantifica-
tion is using aggregation and counting. The idea is to
count all the authors of a book (without considering their
affiliation) and compare the count with that of all authors
of the same book that have an affiliation with the
University of Michigan. If the two counts are equal, the
book is part of the query result. Fig. 3a shows the set
difference plan, whereas Fig. 3b shows the aggregation
and counting plan.

The set difference plan may be efficient if the number of
authors not affiliated with the University of Michigan is
very small compared to the total number of authors.
However, in our example, this is not likely to be the case.
We believe that most of the time, the Universal Quantifica-
tion query would have a condition that is very selective.
Therefore, the negation of that condition will be true for
most objects in the database, which renders the plan
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inefficient. The aggregation and counting plan is obviously
inefficient. In addition to performing two group by’s and
two pattern matches, it performs a value join to make sure
that the counts of the same book are equal.

Both techniques described above can be easily adjusted
to deal with XML (and, indeed, we do this to provide a
baseline for our experiments later on). However, some
characteristics of XML data make the problem more
challenging. For example, XML data is in a tree form with
complex relationships. In consequence, data materialization
costs are higher than for relational tuples, and computing
set difference becomes more expensive. Another issue
present in XML is the possibility of nesting, in which
elements can be nested in other elements of the same type.
For example, in XML, a department element may be nested
under another department element. This complicates
matters because we need to consider both (or may be
more) elements. As indicated in Section 5, performance of
the two techniques is usually not very good on XML data,
leaving us to seek a better method. We will discuss
proposed algorithms for this case in Section 3.2.

2.3 Before a Complex Predicate

When the word every occurs before a complex predicate in a
Universal Quantification query, the query sounds like: Find
all objectl that have every subobject?2 satisfying complex
predicate involving object3. This predicate is considered
complex because of the association with another object in
the database. This object might be a result of another query.

We consider the example query 2, where every author of a
book has to be checked to see if he/she is affiliated with a
university that has the population subelement greater than
25,000. The university might be a result of another query that
finds the names of universities with more than 25,000 stu-
dents. Traditionally, this query, just like the previous flavor,
can be answered by either using set difference or grouping
and counting. The complex predicate in a query can be
reduced to a simple predicate through full materialization, a
prequery step.

To evaluate a query such as the one in Example 2, we can
materialize the set of universities with more than 25,000 stu-
dents and compare each author’s affiliation with the list. An
author with an affiliation belonging to this list passes.
Hashing can be used to speed up things. This becomes
similar to the second flavor, and the algorithm used there
can be easily extended to include a hash table instead of a
constant value. This will be discussed and evaluated in
more detail later in the paper. This step can be performed
either before the run of the query, where results are saved
somewhere (similar as in Section 3.3), or it can be performed
as the very first thing to be done when running the query
(similar as in Section 3.4). In this paper, we will deal only
with the case where the full materialization is done as the
first step of the query run. Details of proposed algorithms
for this flavor are presented in Sections 3.3 and 3.4.

2.4 Before a Correlational Predicate

When the word every occurs before a correlational predicate
in a Universal Quantification query, the query sounds like:
Find all objectl that have every subobject2 satisfying
correlational predicate involving object3. This predicate is
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considered correlational because of the association with
another object in the database that cannot be precomputed.
It has to be figured out during the run of this query.

We now examine Example 3, where we need to find the
advisor of the author, then make sure that their affiliations
are equal. Again, this kind of query can be evaluated using
traditional plans that contain set difference or grouping and
counting. The plans are even more complicated and more
time consuming than the ones used to evaluate complex
predicate queries, because precomputation is no longer an
option. This kind of query has a multicondition value join
feel to it. The correlation condition has to be evaluated
afresh for every candidate. We discuss the proposed
algorithm for this flavor of universal quantification in
Section 3.5.

3 ALGORITHMS FOR UNIVERSAL QUANTIFICATION

In this section, we discuss various algorithms for different
flavors of Universal Quantification queries for XML data.
First, however, we introduce some necessary background
on XML query processing. In particular, we introduce how
to determine parent-child or ancestor-descendent contain-
ment relationships in an XML document.

3.1 Background on Node Labeling

In many XML database systems (for example, Niagara [2]
and Timber [3]), each node in the database is labeled with a
numeric start and end key (called “label” in Timber). This
pair of keys defines an interval, which strictly includes the
intervals of all descendants of the node. This enables
identification of ancestor-descendant relationship between
nodes. If every node is also labeled with its level, which
indicates the nested depth of the node in the document, we
can also find parent-child relationship. We can decide the
relationship between two nodes according to the following
formulas [4]:

Ancestor-descendant relationship. A node
Si1;Eq; Ly is an ancestor of node S;;E,;L, iff
S1<S,MNE; > Es.

Parent-child relationship. A node S;;Ej;L;
parent of node S,; Ej;L, iff

is the

Si<S,"E;>E,"™L;..L, 1:

(S1 and S; are the start keys, E; and E; are end keys, and L,
and L, are level labels in the above formulas.)

3.2 The Basic Algorithm XML-Univ-Quant-Simple

In this section, we describe the algorithm to handle the
flavor where the every comes before a simple condition (that
is, queries similar to the one in Example 1). We also discuss
an improvement to it that involves a specialized index.

3.2.1 Description

To evaluate Universal Quantification, we devised a stack-
based algorithm that follows along the steps of the
structural joins introduced in [5]. In Fig. 4, we present the
pseudocode of this algorithm. It takes as inputs, a list of
nodes that are potentially query results, a chain pattern, a
condition, and a relationship. We use Example 1 to explain
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Fig. 4. Algorithm for simple predicate queries.

the inputs. The list of nodes is the list of books in the
database. They could have passed some condition or
pattern or they were simply read from an index. The
pattern consists of two nodes, author and affiliation, where
author is the root, and affiliation is the leaf of the pattern.
The condition is that the value of affiliation is equal to
“University of Michigan.” Finally, the relationship between
book and author is ancestor descendant. Note that with the
iterator model [6], we actually pass iterators to lists of books,
authors, and affiliations as arguments, with which we can
fetch corresponding items in an ascending order of the start
key when necessary (all from index scans). Therefore,
essentially, the algorithm takes three lists of nodes as input.

The algorithm goes through each list of nodes and
compares the start key of the first node on each list. By
comparing the start and end keys, we can effectively
discover ancestor-descendant or parent-child relationships
between two nodes (as in Section 3.1). The node with the
smallest start key is put in the corresponding stack. If the
book has the smallest start key, it is placed in the book stack.
If the author or affiliation comes first, the algorithm gets the
next element from the list of the node with the smallest start
key. It checks again for smallest start key. Assume that the
author has the smallest start key now (and it does not pop
any element), the algorithm checks the book stack. If the
book stack has at least one element, the algorithm places the
author in the author stack. Otherwise, it gets the next author
since the current one is not a descendant of any book in the
list. It checks again which node has the smallest start key.
Assume that it is affiliation this time. The algorithm checks
first if it has the value “University of Michigan.” If it does, it
marks elements in the book stack as potential results.
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Fig. 5. Routine pop-stacks used in the algorithm in Fig. 4.

Otherwise, it has found an author with an affiliation that is
not the “University of Michigan,” and the algorithm
immediately ignores all nodes in all stacks because they
cannot be part of the output. In Fig. 4, the relation between
two nodes could be ancestor descendant or parent child,
and the relation is checked using the formula in Section 3.1.

In the algorithm in Fig. 4, we use a procedure pop-
stacks shown in Fig. 5. The procedure can pop all stacks
(given argument 1), or all nodes that are not an ancestor of
the node with the smallest start key. If popped nodes are
potential results (for example, book nodes that satisfy all
conditions so far), they are added to the result.

3.2.2 Improved Algorithm

The algorithm proposed can run more efficiently if we have
an index jointly built on the element tag and start key. The
index enables more efficient processing of input lists in the
sense that some nodes are skipped even before checking the
start key or putting in the stack. To be more specific, once
we decide that a book is not part of the result, we can skip
all authors and affiliations (from input lists) that belong to it
and start with authors and affiliations that actually belong
to the next book by using its start key as an input to the
index scan along with the author or affiliation tag. The
index has been originally proposed in [7] to speed up
structural joins. The use of such an index entails a slight
modification to the algorithm. In line 15, after the stack is
popped, a new node from RList is read and nodes read
from the pattern are skipped based on the start key of the
new node. Only nodes that are potential descendants of the
new node are read. We save here because we are not
reading all the input nodes in the pattern anymore. Instead,
we are reading only potential matches. Also, if a node is not
part of the output, we need not worry about reading its
descendants.

3.3 Full Materialization for Complex Predicates

We now turn to the case where we have the every before a
complex condition. The straightforward solution is to
materialize the set in the condition beforehand. To achieve
this, a few changes are required to the algorithm in Fig. 4.

1. C is no longer a simple condition consisting of an
operation (equal, less than, and so forth) and a
constant value. Instead, it is a subquery that will
return a set of nodes in the XML document. In
Example 2, C should be a query that returns
universities with more than 25,000 students.
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