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Abstract

XPath expressions play a crucial role in sev-
eral W3C proposals and recommendations,
such as the XSL Transformation framework
(XSLT) or the recently proposed XQuery lan-
guage. It thus is desirable to employ general
query optimization schemes that focus in par-
ticular on XPath expressions and can easily
be embedded into such frameworks. In this
paper, we present a rich yet simple general
framework for the logical optimization of com-
plex, possibly nested XPath expressions in the
presence of DTDs. Our framework is based
on partitioning admissible paths in XML doc-
uments into path equivalence classes (PECs).
A compact representation of PECs is used to
determine at query compile time (1) redun-
dant path conditions, (2) path shortening, and
(3) the satisfiability of XPath expressions. We
present the construction of PECs from DTD
specifications and detail how an initial XPath
expression is rewritten into an optimized ex-
pression by stepwise employing different prop-
erties of PECs. We also discuss an evaluation
of our optimization framework in the context
of different types of XPath queries and prop-
erties of DTDs.

1 Introduction

Recent advances in XML technologies such as XSLT
[8] and XQuery [5] clearly indicate the importance of
language features that allow users to specify tree-like
patterns against XML document collections. Common
to all these frameworks is that they employ the XPath

Language [6] as a core language component to specify
complex path- and tree-like patterns along horizontal
and vertical axes. Through the specification of such
patterns, XML documents can be queried in an easy,
often naive, fashion. However, the ease of specifying
patterns can have a severe impact on the performance
if patterns are too general, or even contain contra-
dictory or redundant components. Naturally, users
do not specify queries in a way such that queries can
be evaluated most efficiently. Often users also do not
fully grasp associated schemas, e.g., in the form of a
Document Type Definition (DTD), which can be quite
complex in terms of number of elements and nesting
structures. Also, often queries are derived automati-
cally following simple derivation schemes that do not
include any optimization aspects.

It thus is imperative to investigate a general frame-
work for optimizing XPath expressions. This objective
raises an important question. At what level should the
optimization occur? Obviously, the problem in an-
swering this question is that there is no well accepted
framework for storing and accessing XML documents
yet. This reduces any physical query optimization ap-
proach to specific cases where certain assumptions are
made about how XML document are stored and ac-
cessed. A general, widely accepted algebra for an XML
query language where a physical algebra can be asso-
ciated with would definitely alleviate these problems.
The XQuery language working group is making good
progress in that direction [5, 10]. Independent of the
need for a foundation to realize physical optimization
schemes for querying XML documents, XML provides
for alternatives that can already be realized without
such a foundation. The tight integration of schema
information with data in XML documents provides
us with a rich framework to investigate optimization
techniques that solely operate on the logical, that is,
schema-based level of an XML document collection.
This aspect is the driving objective of the approach
presented in this paper.

Consider the following excerpt of a DTD for an auc-
tion database (taken from [19]). The meaning of the
elements and their nesting is self-explanatory. We as-
sume that the reader has some familiarity with the



DTD schema formalism and XPath expressions.

Example 1

<!ELEMENT auctions (auctionx)>

<!ELEMENT auction (seller,buyer,item,price,

payment, annotation?)>

(name, email, phone?)>

(name, (descr,link)?)>

(person)>

(person)>

(date, (creditcard|paypal |
moneyorder) ) 7>

<!ELEMENT creditcard (cardtype,accountnum)>

<!ELEMENT paypal (accountnum) >

<!ELEMENT annotation (author, happiness)>

<!ELEMENT author person>

Assume the following XPath expression selecting 1)
the names of buyers who provided their email or phone
information, and 2) all auctions with an annotation
done by “John” that contains comments on the hap-
piness level: //buyer/personlemail | phone]/name |
//auction[annotation[happiness]/author =" John”)
According to the DTD, both happiness and email
are required child elements for annotation and per-
son, respectively. Thus, the conditions [email |
phone] and [happiness] always evaluates to true,
and consequently, can be eliminated. One can thus
simplify the expression to //buyer/person/name |
//auction[annotation/author = John”] O

<!ELEMENT person
<!'ELEMENT item
<!ELEMENT buyer
<!ELEMENT seller
<!ELEMENT payment

In this paper, we describe in detail a general opti-
mization framework that utilizes diverse types of con-
straints encoded in a schema associated with a collec-
tion of XML documents. From a given DTD, so-called
path equivalence classes (PECs) are efficiently derived
and aggregated in a class implication and contradic-
tion graph. PECs represent path dependencies that
hold for any XML document conformant to the DTD
in a concise and aggregated form. Path dependencies
basically are statements about admissible occurrences
of pairs of paths in any XML document conformant to
the DTD. The types of XPath expressions we consider
are very general and can contain several (nested) con-
ditions among paths that specify properties of nodes
to be selected from XML documents.

At query compile time, PECs are used to efficiently
determine the following properties of an XPath expres-
sion. (1) Redundant conditions: If several conditions
are associated with nodes to be selected, some condi-
tions can be redundant and thus can be eliminated,
depending on whether there are implications among
the conditions. (2) Simplification of Conditions. Once
a path expression has been associated with a PEC, we
use a representative of that class to replace the orig-
inal expression. This corresponds to a shortening of
a path that needs to be traversed. (3) Contradictory
Conditions and Satisfiability. If an XPath contains
contradictory conditions or a selection path that does
not exist in any document conformant to the DTD, the
expression is not satisfiable. Using implication prop-
erties among PECs, we can easily determine the satis-
fiability of certain classes of XPath expressions.

The proposed query compile time optimizations are
similar to an algebraic optimization framework where
the expressions obtained by applying rewrite rules are
assumed to be typically more efficient to evaluate. For
XML documents, this means that if we assume tree-
like structures, less nodes need to be visited. If XML
documents are mapped to relational or object-oriented
structures, less joins and pointer chases need to be per-
formed. As we will show, our framework turns out to
be relatively easy to implemented. It also does not rely
on a very expressive formalism that is hard to realize
in real world scenarios. This allows us to easily in-
tegrate our approach into existing XML technologies,
such as XSLT and XQuery. Our framework then would
simply build a module that pre-processes XQuery ex-
pressions or XSLT programs and rewrites XPath ex-
pressions into more efficient ones. We consider such
a modular approach as essential in order to develop
XML query language optimizers that provide for both
logical and physical query optimization.

Related Work. Schema-based optimization
schemes for general types of path queries are discussed
in [3] in the context of the UnQL query language and
algebra, and in [4], where the main concern is to reason
about path conditions and implications among such
conditions. General path queries in these works are not
directly comparable with XPath expressions. First,
XPath expressions allow to traverse through a tree
in all four directions whereas general path expressions
typically only operate in a top-down fashion. Second,
it is not possible to specify arbitrary regular expres-
sions in XPath. Finally, the underling schema formal-
ism (graph-schemas) is weaker than DTDs.

Recently, in [1] an optimization technique has been
proposed that has similar objectives as our approach.
However, they only consider simple conjunctive path
queries on tree-structured data that do not contain
complex nested conditions. Furthermore, the integrity
constraints employed for the minimization of queries
are given directly and not derived from, e.g., a DTD.
It is also not clear whether the explicit constraints can
cover all schema aspects of a DTD. In [13] a sophis-
ticated optimization scheme for regular path expres-
sion in the context of graph schemas has been pro-
posed. Although we use some similar techniques in our
approach (e.g., AND-OR trees), the two approaches
are not directly comparable since [13] do not con-
sider XPath expressions and they also assume graph
schemas, not DTDs. DTDs are used in [2] to rea-
son about query terms formulated in the PAT alge-
bra, which is quite different from XPath expressions
in terms of expressiveness.

[9, 7, 11] focus on containment of regular XPath ex-
pressions and regular path queries. Checking for query
containment typically requires two input queries to be
checked for containment and does not provide effective
means to rewrite a single query into a more efficient



one. Again, these works are orthogonal to our ap-
proach since their objective is different. In summary,
to the best of our knowledge, only [9] explicitly fo-
cuses on XPath expressions, and this in the context of
query containment without considering how to derive
useful information from a DTD. All other approaches
either propose physical (cost-based) query optimiza-
tion techniques or assume data models and query lan-
guages (typically regular path queries) that are not
fully comparable to XPath expressions.

Structure of the Paper. After some background
information on XPath and DTDs in Section 2, we
present the concept of path dependencies and the com-
putation of path equivalence classes in Sections 3 and
4. Our optimization scheme for XPath expressions is
detailed in Section 5. Section 6 presents an evaluation
we conducted for our approach.

2 XPath and DTDs

XPath assumes that XML documents are modeled as
rooted, node-labeled trees. Let ¥ be a set of element
names. An XML document d has a set V; of nodes
with v, € V; being the root node. With each node
v € Vy an element name (label) e € ¥ is associated.
Each node has a (possibly empty) list of child nodes.
Finally, every element e € ¥ can have zero or more
element attributes. With each node v € V3, a path can
be associated, which consists of a sequence of element
names of nodes, starting with label of the root node
v, and ending in the label of v. Obviously, different
nodes in a document can have the same path.

Given an XML document d, an XPath expression
evaluates to a set of nodes in d such that their proper-
ties “match” the pattern(s) specified in the expression
(in terms of paths, children etc). A regular XPath ex-
pression is based on the following grammar (using the
abbreviated XPath syntax). Let e € ¥ be an element
name, a an element attribute, and s a string.

regular path :=py | pi[ps [ /p1 | //p1 |- |- | p1/p2 |
p1//p2 | p1[predicate] | ancestor-or-self
e| x| Qa | @x | text() | node()

predicate := ¢y andga | g1orge [notqy | (1) [plp=s

We assume that the reader has some familiarity with
XPath [6] and the semantics of XPath expressions [20].
We thus only outline the major characteristics of reg-
ular paths that are important to our approach. In
general, one distinguishes between an absolute path
that starts from the root node of the document and
a relative path that starts from the context node (“.”),
which can be determined outside the single path pat-
tern (e.g., a subquery in an XQuery expression). A
path pattern is a sequence of one or more location
steps. A location step is applied to a context node and
consists of (1) an axis, which specifies the tree relation-
ship between the nodes to be selected by the location
step and the context node, (2) a node test specifying

the type of nodes to be selected by the location step,
and (3) zero or more predicates, which further refine
the nodes to be selected in the location step.

In a location step, an axis specifies the relation-
ship between the context node and the nodes to be
selected next. There are 13 axes of which the child
axis “/” (which is also the default axis), descendant[-
or-self] axis “//” (assuming document order is irrele-
vant), ancestor|[-or-self] axis, and parent axis “..” are
relevant for our framework. The other axes deal with
attributes and namespaces, and relationships that ex-
plicitly refer to the document order in which the nodes
to be selected occur. As done in other works, e.g.,
[1, 2], we currently take a data centric view (compared
to a document centric view) of XML documents where
the order of sibling nodes is not relevant. Most impor-
tant for our approach, for a context node, a predicate
filters a node-set with respect to one or more axes to
produce a new node-set. In the above grammar, a
predicate in a regular path is enclosed in “[ ]”. Predi-
cates can be combined through the logical connectives
“and” and “or” and can also be nested since a predi-
cate can again contain a regular path. Given an XPath
expression, we denote the regular path that is obtained
by removing all predicates (i.e., all “[ ]” components)
as selection path. All regular path expressions that oc-
cur in a (nested) qualifier of an XPath expression are
called condition paths or simply conditions.

Example 2 Recall the XPath expression from Ex. 1.
The selection path is [/buyer/person/name |
//auction, and the two conditions are [email | phone)
and [annotation[happiness]/author = " John”]. The
corresponding regqular paths for the conditions are

//buyer [ person/email //buyer [ person[phone,
auction/annotation/author  and,
| auction/annotation [ happiness. O

We use Document Type Definitions (DTDs) as the
schema formalism for our approach. A DTD basically
specifies admissible elements, element nesting, and el-
ement attributes in form of an extended context-free
grammar. For this, with each element a content model
in form of a regular expression is associated. Because
of space limitations, in the following, we only consider
non-recursive DTDs. A discussion of our framework
including recursive DTDs can be found in [15].

3 Path Equivalence Classes

We now introduce the concepts of path dependency
and path equivalence classes (PECs), which aggregate
schema information in the DTD in a formal and con-
cise way. The computation of PECs from a DTD is
detailed in Section 4.

Let d be an XML document that conforms to a DTD
D. The path extent of a path p, denoted extentq(p), is
defined as the set of all nodes in the document d having
p as path. The following relationship is established
among nodes that are members of such extents.



Definition 1 (Descendant Nodes) Let pi,ps be
two paths in d. descy(p1,p2) denotes the subset V' C
Va of nodes in d such that every node v € V' (1) is a
member of extenty(p1) and (2) has a descendant node
v' € Vy with v' being a member of extentq(ps). O

This definition captures the aspect that with all
nodes having the same path, another set of descen-
dant nodes having a different path co-occurs. Let
LCP(p1,p2) denote the longest common prefix of two
paths p; and ps. In the following, we introduce some
important notions that form the basis for path equiv-
alence classes and relationships among such classes.

Definition 2 (Path Dependency, Implication
and Contradiction) Let p; and p, be two paths and
let | = LCP(p1,p2). We define
1) p; implies po, denoted p1 — po,
if and only if descq(l,p1) C descq(l, p2),
2) p1 and p2 are path-dependent, denoted p; ~ p2,
if and only if descq(l,p1) = descq(l, p2), and
3) p1 and p2 are contradictory, denoted p1 L pa,
if and only if descq(l, p1) Ndescq(l,p2) = 0,
for any document d that conforms to a DTD D. a

Theorem 1 The path dependency relation ~ is an
equivalence relation. [ |

Definition 3 (Path Equivalence Classes, PECSs)
The set of equivalence classes defined by the relation
~ s called path equivalence classes (PECs). For a
path p, [p] denotes the path equivalence class to which
p belongs. a

Suppose an XPath expression whose result relies on
the existence of several condition paths. Intuitively,
if all these paths belong to the same PEC, then they
are all path-dependent and we can conclude that only
one of those is necessary and the others are redundant.
Next, we will introduce some properties of PECs.

Definition 4 (PEC Representative) Let C be a
PEC. A path p € C is the PEC representative of
C, denoted rep(C), if and only if |p| <= |p;| for all
p; € C, i.e., p is the shortest path in C'. a

If a query includes a condition path p € C, one can
always replace p with rep(C) because of the path de-
pendency property of paths in C. We choose the short-
est path as representative since for query evaluation a
shorter path generally means less graph traversal.

Theorem 2 Let p and q be two paths in a document
d. Suppose p' € [p]. Then the following holds:

1) if p implies q, then p' implies q,

2) if p and q are contradictory, then p' and q are
contradictory. [ |

In other words, if a path p implies (contradicts)
another path ¢, so do all other paths that belong to the
same class as p. The proof is straight-forward. Based
on the sharing of properties among paths in a PEC,

one can establish relationships between two paths p
and ¢, and respective PECs.

Definition 5 (PEC Implication and Contradic-
tion) Let [p] and [q] be two PECs. [p] implies [q], if
and only if p implies q, for any document d conforming
to the DTD D. Analogously, [p] contradicts [q|, if and
only if p and q are contradictory, for any document d
conforming to the DTD D. m|

Having two condition paths in different classes does
not always mean that they are necessary conditions. If
there is an implication between the classes, then one
of them is implied by the other and thus can be elim-
inated. On the other hand, if the classes are found to
be contradictory, logically connecting two conditions
by an “and” operator always results in false.

4 Computing PECs and Relationships

We now detail a three step approach to compute and
aggregate information about PECs from a given DTD.
First, individual content models for elements in the
DTD are investigated (Section 4.1). Then, a so-called
XTrie is computed that captures admissible paths ac-
cording to the DTD (Section 4.2). Finally, information
in an XTrie is aggregated in a Class Implication and
Contradiction Graph (Section 4.3).

4.1 DTD Preprocessing

In the DTD preprocessing step, the content model for
each element in a given DTD D is investigated. Infor-
mation about what elements are required/optional for
a given element and how the child elements are related
is recorded in an Element Relationship Table (ERT).

Assume a content model m, for element e € X.
Based on the specification of e's content model in D,
child elements can be optional, required, and/or can
occur in a choice group. An element €’ is said to be a
required element in the content model of e iff for every
document that conforms to the given DTD, there ex-
ists at least one child element €' for every occurrence
of e. Otherwise, element ¢’ is said to be optional. The
other type of information in an ERT describes the re-
lationships among the elements in e’s content model.
Assume a content model for e where ¢ and e’ are
siblings. €' implies e, denoted e’ — e iff for every
document that conforms to D and for every occur-
rence of €', there exists a sibling element e for e'. €
contradicts e” if iff for every document and for every
occurrence of e, there exists no sibling e” for e’. €'
and e are dependent, denoted e’ ~ ", if imply each
other. The following example lists some entries of the
ERT for the DTD shown in Example 1. (r) and (o)
stand for required and optional, respectively.



Element | Children Dependencies
auctions | auction(o)
person name(r), email(r), | email ~ name,
phone(o) phone — name,
phone — email
item name(r), descr(o), | desc ~ link,
link(o) descr — name,
link — name

The computation of an ERT occurs when a DTD is
validated at schema definition time. Obviously, if a
DTD has n elements, then the ERT has n entries. For
a content model m;,i = 1,...,n with k., elements
specified in m;, at most kfni comparisons are neces-
sary to determine the relationships among all k,,;. Let
k = max{kZ, |i=1,...,n}. Then the time complex-
ity for constructing an ERT is bound by O(n * k).

4.2 XTrie

The next step in preparing structures for optimizing
XPath expression is to model admissible paths for a
given DTD D. For this, we choose a relatively simple
derivative of a DTD, called XTrie, which enumerates
all possible paths in XML documents that conform
to D. An XTrie is a simplified schema formalism in
the sense that information about alternative content
models, groupings, and repetitions is not modeled.

Definition 6 (XTrie) Let ¥ be a set of element
names. An XTrie is a 6-tuple (S, so, E, slabel, elabel,
etype), where

o S is a set of states with a distinguished start state,
sg. We use S* to denote the set S — sg.

o £ €S xS isa set of edges.

o slabel (state label) is a mapping from S to T x N,
and elabel (edge label) is a mapping from E to X.

e ctype (edge type) is a mapping from E to
{optional,required}. |

Except for the start state sg, every state s € S in
an XTrie corresponds to exactly one possible path in
any XML document that conforms to the DTD from
which the XTrie has been derived. Labels for states
and edges are given by the mapping slabel and elabel,
respectively. An edge between two states (e, i) and
(e',7) is of type required if element e has element ¢’
as a required child in its content model. Otherwise, an
edge is of type optional. Figure 1 shows the XTrie de-
rived from the DTD given in Example 1. For example,
the path auctions.auction.payment.creditcard results
in the state (creditcard,1). The same element can
occur in different states, depending on how it is used
in content models (e.g., elements name and phone).
The meaning of the states, based on by what types of
edges and edge labels they are reached, is obvious.

We now give the algorithm for deriving an XTrie
from a DTD D. We first initialize an agenda for states
and edges to be created:

1. Let ¥ be the set of element names that occur in
D. For each e € ¥, initialize a counter ¢ := 1

2. For the document root element with label r, add
a state labeled (r,1) to S.

3. S :=5U{(s0,1)}; add an edge of type required
from (sg,1) to (r,1) labeled r to E

4. Initialize an agenda list Agenda containing (r, 1).

while Agenda is not empty do

remove a state, say (e,i), from Agenda

for each element ¢ occurring in e’s content model do
S=8U(tct);e0 =cp + 1
add an edge 8 from (e, %) to (¢, c;) with label ¢ to E
if ¢ is a required child
then etype(f) = required else etype(S) = optional
add (¢,¢;) to Agenda

Conceptually, an XTrie can be computed directly from
the DTD. However, since it is possible for an element
to appear in different content models, one may need to
check an element multiple times to see whether it is a
required or optional element in the current context. In
order to avoid parsing and analyzing a possibly compli-
cated content model more than once, we simply query
the ERT constructed previously from the DTD. The
ERT thus can be considered as an optimization tech-
nique to speed up the construction. In the above al-
gorithm, information from the ERT is requested for
checking the if condition.

Given a DTD with n elements, the depth of an
XTrie is less than or equal to n for a non-recursive
DTD. For a state at depth [, there are at most n — [
outgoing edges. Thus, the number of states in an XTrie
is bound by O(2"). In practice, however, the size of
an XTrie and its computation is much less, as we will
show in Section 6. Assuming that information about
elements in the ERT can be accessed in constant time
(e.g., using a hash table), the total number of items to
be considered in the Agenda is bound by the number
of states in the XTrie.

4.3 CIC-Graph

The final step is to aggregate information about paths
and path equivalence classes into a compact structure
that can efficiently be used to optimize XPath expres-
sions at query compile time. The basic idea here is that
in an XTrie, each state different from the start state
represents exactly one admissible path. Consequently,
finding all PECs for a DTD corresponds to partition-
ing the set of states S* in an XTrie, with each partition
representing a PEC (see the regions in Fig. 1).

In the following, we detail how such a so-called Class
Implication and Contradiction graph (CIC-graph) can
be efficiently constructed from an XTrie. PECs are ab-
stracted as nodes in the CIC-graph. Each node in the
graph is linked to a set of states .S, in the XTrie such
that S, constitutes a PEC. The relationships among
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Figure 1: XTrie for the Auction DTD in Example 1

PECs are represented in the graph by two types of
edges: i-edges (for implication) and c-edges (for con-
tradiction). With an XTrie and CIC-graph as the sup-
porting structures, one can efficiently determine the
PEC to which a path belongs and the existence of
implication or contradiction between any two paths;
these are crucial operations in optimizing an XPath
expression as discussed in Section 5.

Let Xp be the XTrie constructed from a DTD D. A
CIC-graph, H = (V, E;, E., link), is a directed graph
with a set V' of nodes, and two sets of edges, F; and
E., representing implication and contradiction, respec-
tively. link is a mapping from S*, the set of states in
Xp, to V. The construction of a CIC-graph is a two
step process, (1) state collapsing, and (2) edge inser-
tion and node merging.

1) State collapsing: Assume that optional edges are
removed from the XTrie. From the transitivity prop-
erty of path dependency, it is easy to see that the states
within a connected subtree belong to the same PEC.
Thus, the first step in constructing H is to collapse
the set of states in each subtree ¢ containing the set
of states S; connected by required edges in Xp into
a single node n. We then insert each n into V, and
insert (s,m) to link for each s € S;. Next, we discuss
how to transform the edges remaining in the collapsed
XTrie to an initial set of edges for H.

There are two types of path implication. One is
induced by the ancestor-descendant relationship, and
the other is induced by the sequence group construct
in a content model. For the former, since the edges
in the collapsed XTrie represent parent-child relation-
ships and we know that any descendant implies his
ancestor, we can simply reverse the direction of these
edges and use them as the initial set of i-edges for H.

That is, for each (ej,e2) in the collapsed XTrie, we
insert (link(e2),link(e1)) to E;.

2) Edge insertion and Node Merging The graph
H is further enriched by the additional information in
the ERT regarding sibling relationships. i-edges and
c-edges are inserted into H accordingly using the rules
in the ERT. Two nodes in H are merged if the states
linked to the nodes are found to be dependent.

Since required elements have already been consid-
ered in step 1), we now focus on optional elements
only. For each XTrie state z € S with k optional chil-
dren, k > 1, let Q1,--- ,Q € V be the nodes in H
the optional children ¢;,---,¢c; € S link to, and let
R, be the set of rules from the ERT for the element
z. For each rule r; € R, containing elements c;, and
¢j,, where 1 < j1,j2 < k, if 7; is an implication rule,
¢j, — ¢j,, we insert an i-edge (Qj,,Qj,) to E;. Sim-
ilarly, if r; specifies a contradiction between ¢;, and
¢jy, two c-edges (Qj,, Qj,) and (Qj,,Q;,) are inserted
to E, as contradiction is a symmetric relation. For
a dependency between c; and cj,, @ and @Q;, are
merged into one node. This is done by removing @},
from V' and replacing all occurrences of ();, in E;, E,
and link by Q;, .

The CIC-graph for our example DTD is shown in
Fig. 2. As an example, the i-edge from paypal to
date, and the c-edges between paypal and moneyorder
are the results of applying the dependencies in the
payment entry of the ERT. Furthermore, nodes descr
and link are merged because they are dependent.

Now, each path equivalence class for the DTD
is represented by exactly one node in the graph.
Therefore, two paths are in the same class
(path-dependent) if and only if their matching
XTrie states link to the same node in the CIC-



graph. For example, auctions.auction.item.descr
and auctions.auction.item.link are path-
dependent, whereas auctions.auction and

auctions.auction.annotation are not.

Using the transitivity property of implication, one
can easily identify PEC implications and contradic-
tions using the CIC-graph. For two classes Cy and Ca,
one can determine whether C; implies C> by check-
ing if there exists a sequence of i-edges from C; to
Cs. Similarly, C7 contradicts Cy if there exists a c-
edge between them, or between the classes they im-
ply. For example, the path auctions is implied by
auctions.auction.annotation.phone, though they are
not directly connected.

Figure 2: CIC-Graph for the XTrie in Figure 1

Let n = |S*| be the number of nodes in an XTrie,
excluding the start state. In the worst case, each PEC
contains exactly one path, and is implied by or con-
tradicts every other PEC. This results in n nodes and
n? — n edges in the CIC-graph. The size of the graph
is then bound by O(n?). Step 1) of the algorithm re-
quires one scan of the XTrie, which can be done in
time O(n). For each pass of the loop in Step 2), we
either generate an edge or merge two nodes. Since
there are O(n?) edges in the graph, Step 2) requires
time O(n?). Therefore, the construction time for a
CIC-graph is bound by O(n?).

5 Optimization

PECs and their relationships computed from a DTD at
schema-compile time are now used to optimize XPath
expressions before they are passed to a query evalu-
ation engine. After an overview of this optimization
process in Section 5.1, we first focus on the decom-
position of an XPath expression in Section 5.2, and
then detail the core optimization step in Section 5.3.
Finally, in Section 5.4, we outline how resulting opti-
mized XPath expressions are reconstructed.

5.1 Overview

Given a DTD D and its corresponding XTrie and
CIC-graph, respectively, we now detail an algorith-
mic framework used to rewrite an XPath expression
p into an XPath expression p’ such that (1) p and p'

are semantically equivalent, and (2) p’ is an optimal
version of p. Semantically equivalent means that for
any document that conforms to D, p and p' evaluate to
the same node-set. The notion of optimality is slightly
harder to define. Ideally, it should capture the number
of physical disk or block accesses necessary to evalu-
ate the expression. Since our optimization approach
operates on the logical and not the physical level, we
have to utilize a slightly weaker notion.

Definition 7 (Optimal XPath Expression) Given
an XPath expression p. An XPath expression p' is said
to be optimal with respect to p iff p and p' are seman-
tically equivalent, (1) p' does not contain redundant
conditions, and (2) no condition or selection path in
p' can be shortened. O

The optimization process consists of three phases,
(1) decomposition, (2) optimization, and (3) recon-
struction. During decomposition, an XPath expression
p is translated into an XPath Condition Tree (XCT),
which is an AND-OR tree that describes the logical
connectivity among the selection and condition paths
in the expression. In the second phase, wildcards in
all paths of the expression are expanded. After this,
rewrite rules based on PECs are applied to obtain
an optimized combination of condition and selection
path(s). Finally, in phase 3 an optimized XPath ex-
pression p' is reconstructed from the XCT.

5.2 Decomposition and XCT Construction
For decomposition, first the different components of
the input XPath expression are indexed using sub-
script marking. Then the expression is translated into
an XPath Condition Tree.

Subscript Marking. As discussed in Section 2,
an XPath expression can contain multiple, possibly
nested predicates (condition paths). The positions of
these predicates in the expression play an important
role in query evaluation. Subscript marking is a mech-
anism to memorize the position of each condition path
so that a condition that is not redundant can be placed
in the correct position when the optimized expression
is reconstructed. For this, each node test in the expres-
sion is marked with a subscript ¢ € N*. The following
example shows some results of applying a our subscript
marking algorithm to XPath expressions.

Example 3
p1: [/payment;[creditcard; [cardtypen]]
p2 i [/buyery/personzemaila; |phoness] /names|
auctiong[annotations [happinesssii]/
authorys =7 John”] O

Construction of an XPath Condition Tree. An
XPath Condition Tree (XCT) is an AND-OR tree
representing all logical connectives among conditions
specified in an XPath expression. In an XCT, each
leaf node corresponds to either a condition or selection
path. Two special markers, sp and nr, are associated



with each leaf node. A path marked with sp is a selec-
tion path. A path marked with nr (non-replaceable)
is a path that can not be eliminated or replaced. In
particular, all selection and condition paths that are
compared against a string value are non-replaceable.
For example, in the expression //a[b = “large”], the
condition is non-replaceable (but can be unsatisfiable).
Given an XPath expression p = py|...|pg, an XCT is
constructed as follows.

Algorithm 1

Step 1: Create a root node of type OR; create nodes
ai, --.,ar, each of type AND, and connect them to the
root. If k = 1, start with a root node of type AND.

Step 2: For each p; in p, let ps; be the selection path
and qi,...,qn be the (possibly nested) predicates. Let
h(g;) be the reduced version of ps; containing only
predicate g; and the portion of ps; that precedes g;.
For instance, if p; = /a[c]/bld]/e, then h(q:1) = /a|c]
and h(g2) = /a/b/[d]. Now, for each node a;, cre-
ate n + 1 children where the first node is marked with
sp/nr and labeled with the selection path ps;, and the
remaining nodes are labeled with h(qo), ..., A(gy)-

Step 3: Expand each node labeled with h(g;) repre-
senting a condition into a subtree according to how
the condition is formulated in terms of the logical
connectives. For example, if h(g;) has the pattern
[(a and b) or c], expand the node h(g;) into a subtree
rooted in an OR node and having an AND child node.

Step 4: Each leaf node containing a nested predicate

of the form plqpefore(ginside]/Gaster] is split and two

nodes p[Qbefore/Qafter] and p[qbefore/qinside] rooted at
an AND node are created.

Step 5: Predicates containing string comparison are
non-replaceable. Associate a marker nr with each leaf
node whose label contains such a comparison. O

An example of an XCT for an XPath expression
is shown in Figure 3. An XCT will be modified and
simplified during the optimization phase. For this, it
is important to keep in mind that the nr/sp markers
and subscript markings are propagated to the modi-
fied/split nodes unless specified otherwise.

5.3 Path Expansion and Optimization

The expansion of wildcards is the first step of the op-
timization phase. The expansion modifies the XCT
such that all wildcards, e.g., the “*” operator and
descendant[-or-self] axes (“//”), in the paths described
by leaf nodes are expanded. This relatively simple
step, which has is well-known in the context of eval-
uating regular path queries and thus will not be dis-
cussed in detail here, can significantly reduce the num-
ber of nodes required to visit in a naive path eval-
uation. For instance, in general, without any index
structure, the path //buyer requires to visit all nodes
in an XML document tree. Expanding the expression
to /auctions/auction/buyer allows to skip searching
any element node in the XML document tree beyond

the depth 3. In our current prototype, we use the
XTrie for wildcard expansion but plan to use a static
typing module instead, which should further speed up
the expansion process.

Fig. 3(b) shows the XCT where wildcards have
been expanded. Then, in the next step, rewrite rules
are applied to obtain an optimzed combination of
non-redundant and minimal (in terms of path length)
conditions. For this, the XCT first is translated
into disjunctive normal form (DNF). Each path p
in a conjunct corresponds to a fully expanded path,
marked with nr and/or sp. Also, with each such
path, a PEC [p] is associated. This information can
easily be obtained in the context of path expansion,
where resulting states are mapped to PECs. In the
following, let exp ~ exp' denote the replacement of
an expression exp by the expression exp'.

Rule 1 (Path Shortening) If path p is not marked nr,
it is replaced by the class representative rep([p]), i.e.,
p ~ rep([p]). This rule is applied first to each leaf
node.

Rule 2 (Path Redundancy) If two paths p; and p
belong to the same PEC and py is not marked with
nr, then p; ~ true. In general, the following simple
rules are applied to pairs of paths, depending on how
p1 and ps are logically connected.
a) p1 and py ~» pl
c¢) not(p1) and not(pz) ~ not(py)
d) not(p1) or not(p2) ~ not(p1)
e) not(p1) and ps ~ false
f) p1 and not(p2) ~ false
g) not(py) or ps ~ true
h) p1 or not(ps) ~ true
The next two rules utilize the information about
PECs encoded in the CIC-Graph.

Rule 8 (Path Implication) If p1 € Cy, pa € C2, and
C1 implies Cs, then

a) p1 and ps ~ py, if py is not marked nr

b) p1 or ps ~ pa, if p; is not marked nr

¢) p1 and not(p2) ~ false.
Rule 4 (Path Contradiction) If py € C1, p2 € Cs, and
C1 contradicts Cy, then p; and py ~» false.

b) p1 or pa ~ py

Rules 1 and 2 obviously utilize the notion of path
dependency. Rule 1 states that a condition path can
always be replaced by its class representative if it is
not marked nr. Rule 2 refers to the case where two
paths are path-dependent, and one of it is replace-
able. Then a redundant condition is found and can be
eliminated. Rule 3 states that if the class of a path
implies the class of another path, then one of the two
paths is eliminated depending on how the conditions
are logically connected and whether any of them is re-
placeable. Finally, if two paths belong to two classes
that are contradictory, rule 4 states that a conjunct of
the two paths (conditions) is always unsatisfiable.



/lauction
{sp/nr} nr}
/lauction[annotation/happiness]

IIbuyer/person/email //buyer/person/phone

(a)
I

/Ibuyer/person/name
{sp/nr}

auctions/auction/buyer/person/name
{sp/nr}

/auctions/auction/buyer/person/email

/auctions/auction/buyer/person/name

{sp/nr}

lauctions/auction/buyer/person/name
{sp/nr}
/auctions/auction

{sp/nr}
lauctions/auction[annotation/author="John"]

{nr}
(c)

Jauctions/auction
{sp/nr}
/auctions/auction[annotation/happiness]

lauctions/auction[annotation/author="John"]

Jauctions/auction/buyer/person/phone {nr}

Figure 3: Optimization steps are

shown for

(b)

the expression //buyer/person[email|phone]/name|

//auction[annotation[happiness]/author = “John"]. Subscripts are omitted for simplicity. The decomposition
of the expression is shown in (a), and (b) is the disjunctive normal form of the XCT after wildcard expansion.
By applying rewriting rules, we get (c), the optimized expression

5.4 Reconstruction

If the DNF obtained by applying the above rules eval-
uates to false, the expression is proven unsatisfiable.
Otherwise, one can reconstruct an XPath expression
from the remaining leaf nodes in the XCT. Since the
modified XCT is still in DNF, the paths in each con-
junctive term are simply merged into one expression,
and the final optimized XPath expression is a union of
all such conjuncts.

There is exactly one selection path (marked with
sp) in each conjunctive term because a selection path
is always a necessary component in an XPath expres-
sion. If the selection path contains wildcards and is
split into multiple selection paths during wildcard ex-
pansion, these paths are connected with an OR node,
and eventually end up in different conjunctive terms
once the tree is translated into DNF. Inserting a con-
dition path into a selection path is as easy as matching
the subscripts of the predicates against those in the se-
lection path. The only tricky part is that the paths to
be inserted must be in the right order, starting from
predicates with the shortest subscript since it is impos-
sible to add a predicate that is supposed to be nested
before inserting the outside predicate. For example, by
merging /a;/ba/cs (selection path), /ai/ba[d21/f22],
and /ay [ba[d21/e211], we get [ay/ba[d2i[e211]/ f22]/cs-

Theorem 3 Given an XPath expression p. The path
expression p' obtained through applying (1) path de-
composition, (2) wildcard expansion and optimization,
and (3) reconstruction is optimized in the sense of Def-
inition 7. ]

The proof is omitted because of space limitations
but can be found in [15]. It should be mentioned,
however, that the most important complexity factor

for the algorithm is the pattern of the DNF obtained
after wildcard expansion. In our current prototype,
we first compare pairs of paths in each conjunct and
then for the disjunct. It should also be noted that
the optimized expression obtained is not necessarily
unique. This is already due to the fact that a PEC can
have several shortest paths and thus a representative
can be chosen non-deterministically.

6 Evaluation and Experiments

In the following, we first discuss an analytical evalu-
ation scheme that establishes important relationship
between different properties of DTDs and PECs that
can be derived from the DTDs. The evaluation in-
dicates important properties a DTD should exhibit in
order for the our optimization approach to be effective.
Then, we outline a performance study we conducted in
the context of different systems where a mix of XPath
expressions was evaluated against XML documents of
varying sizes.

Properties of DTDs and associated PECs. The
ratio between required and optional elements in a DTD
clearly has an impact on how many PECs can be de-
rived from a DTD. If all elements in a DTD are re-
quired, there is obviously only one PEC which con-
tains all the possible paths. For path expressions con-
taining conditions, most probably the conditions are
redundant and can be removed. On the other hand, if
most elements are optional, there are only few path de-
pendencies and implications, and the total number of
PECs is relatively large. In this case, not only the size
of the CIC-graph is large compared to the size of the
XTrie, but there is also no gain in grouping paths into
PECs because of small class sizes. Most importantly,



the probability of having redundant or simpler condi-
tions is small. In summary, the ratio between required
and optional elements in a DTD can be considered as
a preliminary indication of the usefulness of our op-
timization framework. The higher this ratio between
required and optional elements, the more effective is
our approach.

The above ratio can also be considered as an ap-
proximation of the number of PECs for a DTD. To bet-
ter evaluate the usefulness of our approach, we looked
at ratio between possible paths and PECs, which gives
the average number of paths per PEC. Intuitively, the
larger this ratio, (a) the more rules are implied by a
DTD and (b) the smaller the CIC-graph as compared
to the size of an XTrie, and thus the more effective is
our approach.

Another important factor is the size of an XTrie.
In our complexity analysis, we stated that the theo-
retical upper bound is exponential in the number of
elements in a DTD (Section 4). This is due to possible
multiple occurrences of the same element in different
subtrees. If every element occurs in no more than one
content model, the number of nodes in the XTrie is
the same as the number elements in the DTD. A large
XTrie not only increases storage requirements, but it
also implies a larger overhead for the optimization al-
gorithm. Therefore, our approach performs better if
an XTrie is of reasonable size (e.g., can easily be kept in
main memory). The ratio between the size of an XTrie
and the size of DTD thus can then be considered as
a second factor in determining the usefulness of our
optimization approach. The lower this ratio, the more
performance gain in evaluating XPath expressions is
implied.

To justify the above claims, we randomly se-
lected 100 DTDs from the OASIS repository at
www.oasis-open.org for analysis. They are from
different application domains, such as finance,
medical/health-care, and many e-commence related
areas. Out of these, 37 were recursive. The number
of elements in these DTDs ranges from 8 to 1423, and
the depth from 3 to 17. The numbers of elements, ad-
missible paths, and PECs for 62 non-recursive DTDs
are shown in Figure 4. One DTD with over 3 million
possible paths was omitted. Obviously, the number
of PECs is always less than the number of possible
paths. It is interesting to note that the number of
PECs is less than the number of elements in a few
DTDs, which demonstrates the high degree of com-
pactness of a CIC-graph as an abstract representation
of path dependencies.

The number of path implications, class implications
and i-edges in the CIC-graph for the DTDs are com-
pared in Figure 5. For most DTDs, the number of
class implications is significant lower than the number
of path implications. Such difference can be consid-
ered as the gain in grouping paths into PECs. Since
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our approach makes use of the transitivity property of
path/class implication in the construction of the CIC-
graph, the number of i-edges is even lower than the
number of class implications. A similar comparison
was done for contradiction, and shows a similar result.
Figure 6 gives the two usefulness factors for the sample
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Figure 5: Number of path implications, PEC implica-
tions and i-edges

DTDs. The average number of paths per class is 5.5,
the average growth from a DTD to an XTrie is 23.45.
Evaluation of XPath Expressions.  We imple-
mented the algorithms presented in this paper and
conducted experiments in the context of different
systems that provide XPath to query a collection of
XML documents. In our experiments, we investigated
XML documents of varying size. The documents have
been generated using the tool provided as part of
the XML Benchmark Project [19], and ranged from
2MB to 16MB in size. Out of a large mix of queries,
two queries and their optimized version shown below
were used as characteristic queries for performance



evaluation.
Q1./site/people/person[email] /[name
~» [site/people/person/name
Q2.//auction[buyer /date and buyer [time]
~» [site/auctions[auction[buyer]
The queries were
ent XML database

evaluated using two differ-

systems, XIS from eX-
celon Corp. (www.exceloncopr.com) and eXist
(exist.sourceforeg.net). XIS stores XML doc-
uments in eXcelon’s ObjectStore object-oriented
database. Documents are mapped to proprietary,
B-tree-like structures. eXist is an Open Source
native XML database that stores documents in an
internal, native XML-DB. The sample queries were
also evaluated using Jaxen (jaxen.org), a Java
XPath engine. The results showing the improvement
(timenew [timeyq) in evaluating the queries are shown
in Figures 7 and 8.

ﬁ
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Figure 7: Query 1 (Q1)
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Note that Q1 contains only one redundant condition
and already gives a drastic performance gain (see Fig-
ure 7). Our results show a significant performance gain
for both queries in all three systems. The gain is even
higher for queries that contain multiple (nested) and
possibly redundant conditions. For Q2, Jaxen, which
uses the naive traversal approach for evaluation, shows
a significant improvement (a factor of 125.2-201.3).
This is due to the wildcard “//” in the expression, as it
always implies the traversal of the whole DOM tree for
the naive approach. Since the other two systems index
XML documents in some special way, the performance
does not improve as much compared to Jaxen.

16M

7 Conclusions and Future Work
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Figure 8: Query 2 (Q2)

In this paper, we presented a comprehensive frame-
work for the logical, schema-based optimization for a
wide range of XPath expressions. In particular, it is
the first work that considers the optimization of XPath
expressions in the context of DTDs and it thus comple-
ments existing work on query containment. The core
idea of our approach is to determine and utilize rela-
tionships among paths that are possible in documents
conformant to a given DTD. Such relationships, rep-
resented by path equivalence classes, are aggregated
in a concise fashion in a CIC-graph. Such a graph is
used at query compile time to determine (1) redun-
dant conditions, (2) unsatisfiable combinations of con-
ditions (and selection paths), and (3) simplification of
conditions in XPath expressions. We also detailed im-
portant characteristics a DTD should exhibit in order
for the optimization framework to be effective. We
discussed several types of ratios that can be employed
at schema compile time to determine whether employ-
ing our optimization scheme will likely result in a per-
formance gain for evaluating XPath expression. It is
important to note that, although not detailed in this
paper, recursive DTDs can be handled in a similar way



and cause only a minor overhead at query compile time
[15].

Although our framework covers a wide range of
XPath expressions, because of space limitations, we
have not considered optimizations for the full fledged
XPath specification. For example, attribute and text
node tests have not been addressed explicitly. It
should, however, be obvious that condition and selec-
tion paths preceeding such tests can be handled in the
same way as presented in our approach. We are cur-
rently extending our framework to be able to deal with
a much wider range of XPath expressions. In particu-
lar, we are investigating how document order and thus
the remaining axes in XPath can be considered in our
framework.

An important task of our current research is to fur-
ther optimize the matching of (expanded) paths to
path equivalence classes and to investigate compres-
sion techniques for CIC-graphs and XTries, respec-
tively. Preliminary experiments using different hash-
ing techniques (e.g., for path lookups) show promis-
ing results. Naturally, logical query optimization, al-
though it can be used independently of a physical
query optimization engine, can utilize some informa-
tion about storage and access structures for XML doc-
uments. In particular, we are investigating the integra-
tion of information about index structures that might
exist for an XML document collection. An interesting
open question also is whether XTries and path equiva-
lence classes can provide useful input on creating index
structures for XML documents.
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