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Abstract

We present a novel streaming algorithm for evaluating XPath expressions that use backward axes
(parentand ancestoy and forward axes in a single document-order traversal of an XML document.
Other streaming XPath processors, such as YFilter, XTrie, and TurboXPath handle only forward axes.
We show through experiments that our algorithm significantly outperforms (by more than a factor of
two) a traditional non-streaming XPath engine. Furthermore, since our algorithm only retains relevant
portions of the input document in memory, it scales better than traditional XPath engines. It can process
large documents; we have successfully tested documents over 1GB in size. On the other hand, the
traditional XPath engine degrades considerably in performance for documents over 100 MB in size and

fails to complete for documents of size over 200 MB.

1 Introduction

XPath 1.0 [8], a language for addressing parts of XML [4] documents, is an integral component of languages
for XML processing such as SQLX [13], XSLT [7] and XQuery [10]. The performance of implementations
of these languages depends on the efficiency of the underlying XPath engine. XPath expressions have also
been used as a general-purpose mechanism for accessing portions from XML documents, for example, an
XPath-based API is provided in DOM 3 [16] for traversing DOM [11] trees. XPath expressions have found
use in publish-subscribe systems as a mechanism for specifying content-based subscriptions [1, 5]. Given
the central role that XPath plays in the XML stack, algorithms for improving the performance of evaluating
common XPath expressions are essential.

In many environments, it is natural to treat the data source as a stream, processing queries on the data

source as it is parsed. Examples include XML filtering systems [1, 9, 5], Continuous Query Systems [6],
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Figure 1: Structure of a streaming XPath processor.

and systems where high-volume XML data sources are integrated in a federated manner [12]. An XPath
engine that operates on a streaming data source is structured as shown in Figure 1. An XPath expression is
analyzed and represented as an automaton. The XPath engine consumes events (for example, SAX events)
produced by a parser. For each event, the automaton may make state transitions, and if necessary, store the
element. At the end of processing the stream (or document), the XPath engine returns the list of elements
that is the result of the evaluation of the XPath expression.

Most current XPath engines, for example, the one provided with Xalan [2], require that an entire docu-
ment be in memory before evaluating an XPath expression. For large documents, this approach may result
in unacceptable overhead. Furthermore, the XPath engine in Xalan evaluates XPath expressions in a naive
manner, and may perform unnecessary traversals of the input document. For example, consider an expres-
sion such agdescendant::x/ancestor::y, which selects aly ancestors ok elements in the document. The
Xalan XPath engine evaluates this expression by using one traversal over the entire document to find all the
x elements, and for eactelement, a visit to each of its ancestors to find appropyialements. As a result,
some elements in the document may be visited more than once.

The premise of streaming XPath is that in many instances XPath expressions can be evaluated in one
depth-first, document-order traversal of an XML document. The benefits of streaming XPath are twofold.
First, rather than storing the entire document in memory, only the portion of the document relevant to the
evaluation of the XPath is stored. Second, the algorithm visits each node in the document exactly once,

avoiding unnecessary traversals.



In this paper, we present thgvos! algorithm, which can evaluate XPath expressions containing both
backward (such aparent andancestor) and forward axes (such akild anddescendant) in a streaming
fashion in time linear in the size of the document. Other streaming XPath processors, such as YFilter [9],
XTrie [5], and TurboXPath [12] handle only forward axes.

Central to theyaog algorithm is the conversion of an XPath expression into a representation, called the
x-dag in which all uses of backward axes are converted into forward constraints — a key step in making
streaming XPath processing possible. This representation is used to perform the two major operations of
the algorithm: filtering incoming events to select those that affect the evaluation of the XPath expression,
and recording information in a data structure calledrttetching structuravhen parts of the input XPath
expression have been satisfied. These two operations are interleaved so that at the end of processing the
document, the matching structure contains the solution of the evaluation of the XPath expression. This

paper makes the following significant contributions:

1. A novel streaming algorithm for handling both backward and forward axes, which can be extended to

handle all XPath axes. Thaxog algorithm can handle both recursive and non-recursive documents.

2. A concise representation of an XPath expression, called x-dag (Section 3.2) in which all backward
constraints are converted into forward constraints. The x-dag is also a convenient representation for

intersections and joins of XPath expressions, which we shall discuss only briefly in this paper.

3. A data structure called the matching structure (Section 4.2) that compactly represents all matchings
(Section 3.3) of an XPath expression in a document. The result of the evaluation of the XPath expres-

sion can be computed easily and efficiently from this data structure.

This paper is structured as follows. We first present background on XPath expressions in Section 2.
Then, in Section 3, we introduce a convenient tree-based representation of XPath expressions, called the
x-treg and explain how it can be converted into an x-dag. The x-dag is the central data structure of our
algorithm. We also define the semantics of the evaluation of XPath expressions in terms of the notion of
matchingson the x-tree and the x-dag. In Section 4, we present an overview of our algorithm and describe
extensions to our algorithm in Section 5. Our experimental results are discussed in Section 6, and finally,

we conclude in Section 7.

Lyaos (Xaos, pronounced Chaos) is an acronym for XML Analysis, Optimization, and Stuff



1.1 Related Work

Our work is most closely related to tixd-ilter [1], YFilter [9], XTrie[5], andTurboXPatH12] systems, all of

which involve evaluation of XPath/XQuery-based queries on streaming XML documents. XFilter, YFilter,
and XTrie are XML filtering systems where documents are routed and filtered based on subscriptions that
are expressed as queries. The TurboXPath system has been used for XML-enabled data integration where
user queries can operate over a mixture of locally stored data in a relational database and data streamed
from external sources. The XFilter system handles simple XPath location path expressions (straight-line
path expressions without any branching and predicates) by transforming them into a Deterministic Finite
Automaton. The YFilter system is an extension of XFilter in which a group of simple XPath location path
expressions are combined into a single Nondeterministic Finite Automaton (NFA), which corresponds to
the union of these path expressions. Both XTrie and TurboXPath can handle tree-shaped path expressions
involving predicates (which are internally represented as trees called the XTrie and ParseTree respectively).
In addition, TurboXPath can also handle multiple output nodes. However, all of these systems are limited to
handling location path expressions that only contain forward axesc{éld}. descendant, forward-sibling).

The yaog system improves upon these systems by adding the ability to handle both backwapdréag.

ancestor) and forward axes in the context of streaming XML. Our approach also handles multiple output
nodes but we will discuss it only briefly in this paper.

Tozawa and Murata [15] describe a method for converting an XPath expression into modal logic formu-
las with past modalities. They present an algorithm for converting such formulas into tree automata, which
can be used to evaluate XPath expressions on an input document. Their paper describes a theoretical ap-
proach that can handle all XPath axes. The current status of the implementation of their algorithm is unclear.
It would be interesting to compare the performance of their implementation with thatagt

The NiagaraCQ[6] system is a continuous query system that supports querying of distributed XML
datasets using an XML query language. Continuous queries allow users to receive new results as they
become available. The focus of the NiagaraCQ project is on exploiting similarities in structure of queries
to share computation across groups of queries, and use of incremental group optimization and incremental
evaluation techniques. However, the queries that they focus on involve simple structural pattern matching

rather than XPath/XQuery-based queries that we deal with in this paper.



2 Background

We describe the tree model of XML documents that is the basis of the definition of XPath. We then describe
the event stream that drives the.os algorithm. Finally, we present the subset of XPath that we focus on in

this paper.

2.1 Tree Model for XML Documents

An XML document can be represented as a tree whose nodes represent the structural components of the
document — elements, text, attributes, comments, and processing instructions. Parent-child edges in the
tree represent the inclusion of the child component in its parent element, where the scope of an element
is bounded by its start and end tags. The tree corresponding to an XML document is rooted at a virtual
element,Root, which contains the document element. We will, henceforth, discuss XML documents in
terms of their tree representatiol; represents an XML document, afg and Ep denote its nodes and

edges respectively. Figure 2 illustrates the tree representation of an XML document.

For simplicity of exposition, we focus on elements in this paper, and ignore attributes, text nodes, etc.
The tree, therefore, consists of the virtual root and the elements of the document. To avoid confusion
between the XML document tree and the tree representation of the XPath (described later)elemests
to refer to the nodes of the XML tree. We assume that the following functions are defined on the elements

of an XML document:
e id : Vp — Integer: Returns a unique identifier for each element in a document.
e tag : Vp — String: Returns the tag name of the element.
e level : Vp — Integer: Returns the distance of the element from the root, where (Root) = 0.

We usex; ; to denote an element witlug = x, id = 7, level = 1.

2.2 Event-Based Parsing

An event-based parser, for example, a SAX parser, scans an XML document, producing events as it rec-
ognizes element tags and other components of the document. We register functions that are invoked by
the parser on start and end element events. Each event conveys the name and level of the corresponding

element. The production of events is equivalent to that of a depth-first, pre-order traversal of the document
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Figure 2: (a) An XML Document (b) Tree representation of the same document. The number in parentheses
next to the tag of each element is thikof the element.

Table 1: XPath subset addressed in paper.

AbsLocationPath = /" RelLocationPath

RelLocationPath := Step’/" RelLocationPath | Step

Step = Auxis:: NodeTest | Step'[' PredicateExpr')

Predicate Expr = RelLocationPath and Predicate Expr | AbsLocationPath and Predicate Expr |
RelLocationPath | AbsLocationPath

Azxis := ancestor | parent | child | descendant

NodeTest = String

tree, where for each element, a start element event is generated, then its subtree is processed in depth-first

order, and finally, an end element event is generated.

2.3 XPath

The XPath language defines expressions for addressing parts of an XML document. We flumadion
pathexpressions which evaluate to a set of elements in the document. A location path is a structural pattern
composed of sub-expressions caliep joined by the '/’ character. Each step consists o@ais specifier
anodetestand zero or more predicates. Location pathsadnsoluteif they begin with a ’/’; otherwise they
arerelative Table 1 provides the BNF for the XPath subset that we shall use in this paper (we refer to
expressions satisfying this grammar as Restricted XPattigp).

XPath expressions are evaluated relative to a context node in the document tree. The context node for an

2For simplicity, we do not include abbreviated XPath expressions in the grammar.



absolute location path is always the root element. To evaluate a relative locatiosegiti,RelLocation-
Path, with respect to a context node,one first computeSteprelative toc, yielding a set of elementsy’.
The meaning oStep / RelLocationPatis the union of the sets of elements obtained by evalu®iglgoca-
tionPathin contextd, whered ranges ove/V. The rightmostNodeTesnot contained in @redicateExpr
determines the output of the XPath expression.

The set of elements searched in the evaluationQitgat a context node;, depends on its axis specifier.
For example, the result of evaluatingscendant::section is the subset of the proper descendants of the
context node that have the tagction. While the yaos algorithm is extensible to handle all thirteen axis
specifiers in XPath 1.0, in this paper we only focus on four: child, descendant, parent, and ancestor.

Steps may contain predicates, which restrict the set of elements selected. For example, the expression
descendant::chapter[ancestor::book and child::table] selects althapter descendants of the context node that
have abook element as an ancestor anthble element as a child. Note that eadtapter element is used

as a context node in evaluating the subexpressimgstor::book andchild::table.

3 X-tree, X-dag, and Matchings

The xaog algorithm operates on two representations of an XPath expression called x-tree and x-dag. The
x-dag is a key construct in our algorithm since it converts backward constraints, suaesinto forward
constraints, thus making streaming processing possible. We use an alternate semantics of XPath expressions
defined on x-trees and x-dags based on the notiomaithings It can be shown that our semantics is

equivalent to the semantics provided in the XPath 1.0 specification.

3.1 X-tree

We represent afkxp expression as a rooted tréde = (Vr, E7), called x-tree, which has labels on both
vertices and edges. The root of the tree is lab&edt. We use the term x-node to refer to the vertices of
an x-tree. For everiNodeTestn the expression, there is an x-node in the x-tree labeled with the nodetest.
Each x-node (with the exception &oot) has a unique incoming edge, which is labeled with Axés
specified before thBlodeTestThe x-node corresponding to the rightmbitde Testvhich is not contained

in a PredicateExpiis designated to be the output x-node. There are functiehs : V- — String, and

axis : Er — {ancestor, parent, child,descendant} that return the labels associated with the x-nodes



Figure 3: (a) X-tree representation afescendant::Y[child::U]/descendant::W[ancestor::Z/child::V] (b)
X-dag representation of the same XPath expression. The circles correspontihat® a thick edge to
represent the fact that it is the output node.

and edges respectively. The x-tree data structure is similar in spirit to XPE trees [5], gratdbereeof
TurboXPath [12]. We provide rules for building an x-tree from7arp in Appendix A for the interested

reader. Figure 3a provides an example of an x-tree.

3.2 X-dag

We also use a directed, acyclic graph representation &gncalled an x-dag. The x-dag is obtained from
the x-tree by reformulating the ancestor and parent constraints in the tree as descendant and child constraints.
More precisely, it is a directed, labeled gragh= (g, Eg), with the same set of vertices @s and edges

defined as follows:
1. Edges ir7 labeledchild or descendant are also edges @f.

2. For each edge ifi” labeledparent, there is an edge joining the same nodes but with direction reversed

and label changed whild. Similarly, ancestor edges are reversed and relabeledeasendant edges.

3. For any non-root x-node € G that has no incoming edgesdascendant edge is added frorRoot

towv.

Figure 3b gives the x-dag corresponding to the x-tree in Figure 3a.



3.3 Matchings

Let v; andwvs be two x-nodes in an x-tre& connected by an edge and letd; andd, be two elements
in a documen®, wheretag(d;) = label(vy) andtag(ds) = label(vy). We say that the paifv,,d;) is
consistentvith (vq, d2) (relative to x-treeZ” and documenD) if d; andd, satisfy the relatiomxis(e). For
example, ifv; andv, are connected by an edge labetedestor, thends must be an ancestor df in D. A
matching forZ7, m : Vo — Vp, is a partial mapping from x-nodes of x-tr@eto elements of documem®

such that the following conditions hold.

1. For all x-nodes € domain(m), label(v) = tag(m(v)), i.e. all mapped vertices satisfy the nodetest.

2. For all x-nodes; andvs connected by an edge i such thaw,, vy, € domain(m), (v, m(vy)) is

consistent with(va, m(v2)).

A matching isat an x-nodev if and only if its domain is contained in the sub-tree rooted .atA
matching ab is total if its domain contains all the vertices of the subtree rootedla¢t 7 denote the x-tree
corresponding to aRxpr. It is easy to show that a document elemeiig in the result of the evaluation of
Rxpr, if and only if, there exists a total matching férat Root in which the output x-node df is mapped
ton. yaos evaluates aRxp r precisely in this manner. It finds all total matchings oat Root, and emits
the document elements that correspond to the output x-node.

The notion of a matching can be analogously extended to an x-dag. A matcldhgrisx-nodev of
x-dagg if and only if its domain is contained in tteb-dagooted atv. Once again, it is easy to show that a

total matching at the root of a x-tréeis also a total matching at the corresponding x-@agnd vice-versa.

4 The yaos Algorithm

Central to theyaog algorithm is the observation that a total matching at an x-nedés composed of
total matchings at each of the childrenwin 7. Let wy, wo, ..., w, denote the children of in 7 (in an
arbitrary, but fixed order) and let, mo, ..., m, be total matchings aby, ws, ..., w, respectively. Let
e be an element in a documeBRtsuch that 1Yag(e) is the same a&bel(v), and 2) for each childv; of
v, (v, e) is consistent withw;, m;(w;)). Then, a total matching at can be obtained trivially by taking a

disjoint union of all the maps»; and the singleton majp — ¢]3. For example, looking at the x-tree in

3The singleton mafv — €] refers to a partial map which mapso e and is undefined everywhere else.
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Figure 3a and document in Figure 2, a total matching ieg. [Z — Z4 3,V — V5 4], together with the fact
that(W, W~ 4) is consistent with{Z, Z, 3), yields the total mappinfWV — W7 4,Z — Z4 3,V — V5 4] atW.

We can make a similar observation about a total matching at x-naafean x-dagg, but it is more
complex than the case of an x-tree. In particular, the existence of a total matchiinglies the existence
of total matchings at each of its childrenghbut the converse is not true. The complication arises from the
fact that the set of x-nodes in the sub-dags rooted at each of the childtearefnot necessarily disjoint.

We refer to these x-nodes that are shared by more than one sub-fag paints. For example, consider
the x-dag in Figure 3b. The sub-dagsrandZ share a common x-nod#&, which is therefore a join point.
Consider total matchings atand atZ in our example. The existence of these matchings do not necessarily
imply the existence of a total matching Rbot. For there to be a total matching Rbot, the two total
matchings a¥ andz must agree olwv, i.e., must mapn to the same element in the document. For example,
the total mapping$Y — Y192, W — Wi 4,U — Uiz 3] and[Z — Zy 3, W — W74,V — V5 4] atY andz
respectively cannot be combined to form a total matchirigaait.

In general, an algorithm that constructs a total matching at an x-moflg-dagg, from total matchings
at each of the children af in G must ensure that the total matchings at the children agree on the join points.
This verification can be expensive computationally. Furthermore, total matchings at each of the children
must be retained until they are composed, at which time it may be determined that these matchings do not
agree on the join points, and therefore, cannot contribute to a total matching@minimize storage, we
would like to be able to discard such matchings as early as possible.

Consider the special situation when there are no join points in the x-dag, that is, when the x-dag is a
tree (theRxp does not use thparent or ancestor axis). In this case, there is a relatively straightforward
algorithm for constructing total matchings by composition. For an x-ngdbe algorithm starts looking
for a total matching at a child’ of v once it finds elements ande’ that matchv andv’ respectively such
that (v, ) is consistent with(v', ¢’). It can be easily verified that when the event corresponding to the end
of elemente is seen, if one has found at least one total matching at each childtoén there must exist at
least one total matching atin which v is mapped t@. Conversely, if one has not found a total matching
for one or more children aof, then there does not exist a total matching &t which v is mapped te.

One can extend this algorithm to handle general x-dags as long as we ensure that when the algorithm
constructs total matchings from children total matchings, the consistency of the assignments to join points is

checked. To avoid this verification step, we use the x-tree rather than the x-dag as the basis for constructing
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total matchings from subordinate total matchings. The algorithm cannot, however, be applied to x-trees
directly — it is not always possible to determine at the end of an elem#mt matches x-node € 7
whether there exists a total matchingwatwherev is mapped te. For example, consider the x-tree in
Figure 3a. Lete ande’ be elements in the document that matwhand Z respectively such that is an
ancestor ok. When the event corresponding to the end of eleméntseen, the absence of a total matching
atZ does not imply the non-existence of a total matching/am which W is mapped te. It is possible that
an element” (which is a child of element’) matchingVv will be seen later, which will contribute to a total
matching at, and consequently, to a total matchingiat

Thus, our final algorithm uses a subtle combination of both the x-tree and the x-dag to compute total
matchings at the root. The x-dag is used to filter out the relevant events from the input event stream and
determine when matchings stored at the children of an x-nada be safely discardede. are guaranteed
not to contribute to a total matching at The x-tree is used as the basis for determining when and what to
compose to avoid the expensive verification of join point assignments in the x-dag. In this section, we shall
describe these two components of our algorithm and a data structure calleatitténg-structurewhich
represents a set of matchings, in greater detail. The first component deals with determining when to start
looking for a total matching at a x-node. The second component is regarding the composition of matchings
to construct a matching-structure that represents the set of all total matchings at the root.

In Table 2, we have provided a walk through of the execution of the algorithm oRxpef Figure 3

and the document of Figure 2.

4.1 First Component: Looking For Total Matchings

At any point during executionyaos has processed a prefix of the input document. An infinite number of
XML documents share the same prefix, apgos cannot predict the future sequence of events that will
be generated by the parser. An elemenis relevantif there exists some document completion where
participates in a total matching Rbot. All relevant elements must be processed. As events are processed,
new relevant elements may be seen, or elements that were earlier deemed relevant may no longer be relevant.
The x-dag representation of ti&xpis used to determine if an element is relevant.

An element that does not match any x-node is not relevant trivially since it cannot participate in any
matching. Moreover, even some elements that match an x-node can be discarded. Consider the start element

event forl¥s 3. This element matches thw x-node in the x-dag, but is not relevant because it hag no
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Table 2: Walk through of evaluation of XPath of Figure 3 on document of Figuge(E): A, , denotes the
start (end) element event for an elemety,,. The Looking-for set column show3at the end of processing

the event.
Event Matches Comments Looking-for Set
1 S'Rootyy, (Root,0) Add(Y,x)and(Z,x) to L, sinceRoot matches their ancestors{(Y, %), (Z, *)}
in the x-dag.
2 S X Discarded. {(Y,%),(Z,%)}
3 S (Y, %) Add (U, 3) to £ becausdJ is connected to¥ by a child edge {(Y,x),(Z,x),(U,3)}
in the x-dag, andr is matched at level 2. Do not ad¥ to
L because there is no element that matchez parent in the
x-dag. Continue looking fo(Y, ) because any element with
tagY in the subtree of this element will also be a candidate for
matchingy.
4 SWs; Discarded. ThidV is not relevant because it has no matcifin {(Y, ), (Z,*)}
5 E:Ws; Discarded. {(Y, %), (Z,*)}
6 SZs3 (Z, %) Start looking for(V, 4) since we have relevant elements match-(Y, %), (Z, x), (W, %), (V,4)}
ing Z andRoot in the x-dag. Look for it at level 4 because the
(Z,V) edge is labeledhild.
7 SVsa (V,4) Stop looking for(V, 4) because until the end of this element{(Y, ), (Z, %), (W, %)}.
level > 4.
8 E:Vsa (V,4) There is a total matching &, My 5. This matching-structure {(Y, ), (Z, ), (W, %), (V,4)}.
is propagated to the appropriate submatchingtf 4, the only
parent-matching oMy 5.
9 S V6,4 (V7 4) {(Y7*)7 (27*)7 (I/V? *)}
10 E: Vg4 (V,4) Again, My 5 is added to the appropriate submatchingwdf; ». {(Y, %), (Z,*), (W, =), (V,4)}
11 SWry (W, %) {(Y, %), (Z,%), (W, %)}
12 S Wsgs (W, %) {(Y, %), (Z,*), (W, *)}
13 E:Wsgs (W, %) W in the x-dag has an outgoingncestor edge. All child- {(Y,x),(Z,x),(W,*)}
matchings ofMyy g, in this caseM z 4, are propagated into the
appropriate submatching @#yy 5. All submatchings oMy 7
are now non-emptyMy g is propagated toVly o
14 E: W7, (W, %) As above My 7 is propagated tdy 5. {(Y, %), (Z, %), (W, %)(V,4)}
15 E:Zs3 (Z, %) Z has an incoming edge labeladcestor. SinceM 4 is sat- {(Y,*),(Z,*)(U,3)}
isfied, no clean up is necessary.
16 S Ugs (U,3 {(Y,%),(Z,%)}
17 E:Uggs (U, 3) The total matching &), My g is propagated td My 5. {(Y,%),(Z,%),(U,3)}
18 E:Ygy, (Y, %) My, is satisfied since both submatchings, correspondiridy to{(Y, %), (Z, %)}
andW are non-empty. Propagatety», and we have a total
matching aRoot.
19 S Y2 (Z, %) {(Y,%),(Z,%),(U,3)}
20 S Zyu13 (Z, %) {(Y,%),(Z,%),(V,4), (W, )}
21 S W1274 (W7 *) {(K *)’ (Z7 *)’ (V[/v *)}
22 E:Wiay  (W,%) SinceW has an outgoing edge labeladcestor, add Mz 11 {(Y, %), (Z, %), (W,%),(V,4)}
optimistically to the appropriate submatching/efyy 12. Since
this matching is now satisifed, it is propagated\ty 1.
23 E:Zji3 (Z, %) Mz 11 is not satisfied — the submatching féiis empty. Undo  {(Y, %), (Z, %), (U, 3)}
the propagation oM z 11 to My 12. SinceMyy, 12 NOW iS No
longer satisfied, undo the propagation fravtyy, 12 to My 1.
24 S Uj33 (U,3 {(Y,%),(Z,%)}
25 E:Ujss (U,3) The total matchingMy 13 is propagated toUy ;. {(Y, %), (Z,%)}
26 E: Yo (Y, %) My 10 is not satisfied. The submatching fétis empty. Noth- {(Y, %), (Z, )}
ing is propagated.
27 E: X Discarded. {(Y, %), (Z,%)}
28 E:Rooty, (Root,0) There is one entry in the submatching correspondingfto {(Root,0)

My 2. MRgoot,o IS satisfied.
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ancestor element in the document; there is no total matching in wWiich participates that assigns an
elementz to Z such thatz is an ancestor ofi’3 3. Since the input document is processed in a depth-first
manner, by the time the start element eventldys is processed, the algorithm has already received start
element events for all ancestorsldf 3 in the input document. It can, therefore, determine ifthelement
hasY andz ancestors in the document, and discardwhelement if does not satisfy these constraints.

The precise definition of when an element is relevant is as follows. An elemibat matches a x-node
v is relevant if and only if there exists a matchimg,: V' — E’, whereV’ is the set of x-nodes containing
v and all ancestors af in the x-dag, and?’ is the set of document elements containinand all ancestors
of e in the document, such thatifi,v2 € V' are connected by an edge, th@n, m(v1)) is consistent
with (ve, m(ve)). For efficient determination of whether the element associated with a start element event
is relevant, we maintain l@oking-forset,£. The members of are(v € Vp,level) pairs, where level may
be an integer ox. The looking-for set is maintained in such a way that if the elememtssociated with a
start element event is relevant, then, and only then, there €xigtsel) € £ such thatabel(v) = tag(e),
and eitherievel = level(e) or level = *. Integer levels are used to enforce the constraint that,ife; )
and (ve, e2) are consistent and ixis(vy, v2) = child, thenlevel(es) = 1 + level(ey). L is initially set to
{(Root, 0)}.

For example, at the end of Step 3 in the execution of the algorithm on the XPath expression in Figure 3 on
the document of Figure 2 (See Table 2), the looking for sét¥5x), (Z, *), (U, 3)}. (Y, *) is in the looking
for set because if the next start event were for an elememtijth tag Y, there would exist a matching
m : V' — E'" = {Root — Root,Y — e}. (Z,x) is in the looking for set for a similar reasoriU, 3)
is in the looking for set because if the next start element event for elemangtched it, we would have
a matchingn : V! — E’ = {Root — Root,Y — Y59, U +— e}. e would have to be at level 3 for this
matching to be consistent, because there is an edge latiéltbetweeny andU in the x-dag. We do not,
however, have entries fo¥ or V in the looking for set, because if the next start element event matched either
of them, we could not construct an appropriate matching (we would not have an appropriate assignment to

theZ x-node).

4.2 Matching-Structure

The second part of the algorithm constructs a data structure catleatehing-structurevhich is a com-

pact representation of all total matchingsRaiot of the Rxp relative to the input document. A matching-
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Total Matchings at Root

[Root+— 0,Z+—4,Y —2.U+— 9,V -5 W=7
[Root — 0,7 +—4,Y — 2 U — 9,V — 5 W §]
[Root— 0,7 —4,Y -2 U~ 9,V —6W 7
[Root — 0,7 — 4, Y — 2, U — 9,V — 6,W s §]

[ Vsa ] [ Vs ] Solution: {W7 4, Ws 5 }

Figure 4: Matching Structure at the end of processing the XPath of Figure 3. The boxes represent matching-
structures. For a matching-structuvet, ., the top half of the box shows the element that matehdSsach

slot in the bottom half of the box corresponds to a submatching, which is represented as a list of pointers to
the child matchings.

structure M, ., is associated with x-node and represents a set of matchings at whichv is mapped to
the document elememnt The matching-structura1, . additionally contains a submatching for every child
of v in the x-tree. A submatching at chitd of v is a (possibly empty) set of matching-structuresator
any matching-structuré,, . in the submatching oM, . atw, we require thatv, e) be consistent with
(w, ¢’). A matching-structure\, . is said to be garent-matchingf a matching-structuré1,, . if v is a
parent ofw in x-tree7 and(v, e) is consistent wit{w, ¢’). If M, . is a parent-matching of1,, ./, then we
say also thaim,, .- is achild-matchingof M., ..
Figure 4 shows the matching structure at the end of processing the XPath of Figure 3 on the document
in Figure 2, and the four total matchingsRdot. The result is obtained by taking the projection, that is

{W7.4,Ws s}

4.3 Second Component: Composition of Matchings

We assume from now on that all events corresponding to elements that are not relevant have been discarded.
Whenyaog processes a start element event for an elem#rdt matches a x-node, it creates a matching-
structure, M, ., to represent the match. Note thatmay match more than one x-node in the x-tree; a
matching-structure is created for each such match. The submatchings for these matching-structures are

initially empty. Asxaos processes events, it stitches together these matching-structures, so that when the
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end of the document is seetroot Root €NCOdeS all total matchingsBbot in the document.

The key step in this process [gopagation At an end element event for an elemerthat matches
X-nodev, we attempt to determine i#1, . represents a total matching-atlf there is a total matching, we
insertM, . into the appropriate submatching of its parent-matchings. This propagation may be optimistic
in that one may have to undo the propagation as more events are processed. Let us first, however, consider
the simpler situation where no cleanup of propagation is necessary, when the x-tree does not contain any
edges labeledncestor or parent. This corresponds t&xp's that use only thehild anddescendant axes.

When the x-tree contains onbhild and descendant constraints, any total matching at v, where
m(v) = e maps all x-nodes in the subtree ©fto elements that lie in the document subtree=.0fSince
the total matching is contained within the subtree dby the time the end element event fois seen, we
can determine conclusively i1, . represents a total matchingat This leads naturally to an inductive

approach to building matchings. For an end element eyembhereM,, . is a matching-structure:

1. If vis aleaf in the x-treeM,, . represents a total matching:aby definition ( has no subtrees). We

propagateM,, . to the appropriate parent-matchings.

2. If v is not a leaf, M, . represents a total matching atif and only if, all submatchings are non-
empty. Otherwise, no total matching exists. If we had found appropriate total matchings for each
of the children ofv in the x-tree, they would have been propagatedg . by the time the end
element event foe¢ is processed. As above, M, . represents a total matching, we propagate it to all

appropriate parent-matchings.

If at the end of processing the document (when we receive the end element e\Rootryaoc finds that
all the submatchings 0 Rroot,root are non-empty, we have a total matchindraot.

The presence adncestor andparent edges in the x-tree complicates this process because one may not
be able to determine conclusively whether a total matching exists Adr,a by the end of element. For
example, in Figure 3a, one might not find a total matching for the subtree roofediatil after one sees
the end of an element matchig The propagation process remains the same, except for a x-node that has

an incoming or an outgoing edge labebttestor or parent. For aM, ., the modified steps are as follows:

e If there is an outgoing edg@, v’) labeledancestor or parent, and the submatching far is empty,
we cannot assert that there exists no total matching at/e, optimistically, propagate each child-

matching, M, ./, into the appropriate submatching #f(, .. We then proceed as before. If all
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submatchings are satisfied!{,, . is propagated to its parent-matchings. For an example, please refer

to Steps 13 and 22 in Table 2.

e Ifthere is an incoming edg@’, v) labeled ancestor or parent, thenM,, . may have been propagated
optimistically to its parent-matchings. If we can determine conclusivelytiat cannot represent a
total matching ab, we undo the propagation d#(,, .. The removal ofM,, . from a submatching of
a parent-matching\1,, .- may result in that submatching becoming emptyA;, ./ is no longer a
total matching at’. We then recursively undo the propagationfef,, .- from its parent-matchings.

For an example, please refer to Step 23 in Table 2.

4.4 Emitting Output

At the end of processing the document, if the submatching$f@f.: root are all non-empty, we have at
least one total matching &oot. The output is emitted by traversing the matching structure, and emitting
an element when we visitM,, ., wherew is the output x-node of th&xp. For example, in Figure 4, we

outputWWz 4 when we first visitMy, 7 andWg 5, when we first visitMy s.

5 Extensions

In this section, we discuss optimizations to our algorithm, and extensions to handle features such as

expressions, multiple outputs, and intersections and joins of XPath expressions.

5.1 Optimizations

We have described our algorithm in terms of storing all total matchings, and subsequently, traversing the
matching structure to emit elements. We do not, however, need to build matching-structures for many of the
x-nodes in the x-tree. For example, if the x-tree contains a subtree that does not contain the output node, it
is not necessary to store matching structures for the nodes in that subtree. It is sufficient to store a boolean
value as to whether a total matching exists at that subtree. Furthermore, often it is not necessary to wait
until the end of a document to emit output, but emit elements more eagerly. A detailed discussion of these

optimizations is beyond the scope of this paper.
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5.2 Or expressions

Or expressions can be handled by converting an XPath expression into an equivalent one in “disjunctive
normal form.” xaoc can be run on each of the operands of the top-level 'or’ independently. While this
process may be exponential in terms of the size of the XPath expression, we do not expect this to be an issue

since XPath expressions are, in general, of small size.

5.3 Multiple Outputs

One extension of XPath expressions is to allow for more than one output node in an XPath. If we use
“$” to mark output nodes, the extended XPath expressiafgb returns all(a, b) pairs in an input docu-

ment such thaa is the parent ob. These expressions have use in the compilation of XQuery and SQLX
statements [12]. Our algorithm can handle these extended expressions easily. Given an extended XPath
expression in this form, we generate an x-dag in the same manner as before, except that it may now contain
more than one x-node marked as an output node. Our matching semantics are independent of the number of
output nodes in the x-dag, and the matching structure allows easy production of the resultant tuples — the

only change is in the output traversal. A detailed description is beyond the scope of this paper.

5.4 Intersections and Joins of XPath expressions

The x-dag representation can also be viewed as a representation of the intersection of two XPath expressions.
For example, the x-dag of Figure 3b can be interpretetr@id]//w N //Z[V]//W. In other words, it returns all
W elements that are in the solution set of both XPath expressions when they are evaluated on an input XML
document.

An x-dag with multiple output nodes, derived from an extended XPath as described previously, can also
be used as a representation for joins of XPath expressions. For example, assume that thelx-noded,

V were marked as output nodes in Figure 3b. The x-dag then could be interpreted either as:

/descendant::Y[child::$U]/descendant::$W[ancestor::Z/child::$V], or

/descendant::Y[child::$U])/descendant::$W <y, /descendant::Z[child::$V]/descendant:: $W

Since these joins and intersections can be expressed as an x-dag with multiple output nodes, as mentioned
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previously, we can handle these expressions in our framework. The x-dag representation of intersections and
joins allows these expressions to be evaluated in a single pass during parsing. In contrast, TurboXPath [12]
advocates a more complex two-phased approach in which the burden of evaluating the intersections or joins

is shifted to a backend database.

6 Experimental Results

The xaog algorithm examines each element event exactly once and the processing of an event involves only
constant-time operations. We would, therefore, expect the execution tigresofalgorithm to be linear in
terms of the input document size. Furthermorapg stores only those elements relevant to the calculation
of the final solution. We would, therefore, expect gheos algorithm to show better memory utilization than
Xalan [2], which stores the whole document in memory. In this section, we provide experimental results that
validate these claims. We, first, provide results using documents generated by XMark [14]. To gain further
insight into the relative performance évoc and Xalan, we also run experiments using a custom XPath and
XML document generator.

All experiments were run on a 550 MhZ, 256 MB, Pentium Il box, running Linux dos was written

in C++, and we use Xalan-C++ 1.3.1. Bothos and Xalan were compiled using gcc -O (version 2.92).

6.1 Experiments using XMark

Using XMark, we generated documents with scale factors .03125, .0625, .125, .25, .5, 1, 2, and 4, respec-
tively. These correspond to documents ranging in size from 3.5 MB to 446 MB. We then evaluate the XPath
expression//listitem/ancestor::category//name on these documents, using bothos and Xalan. Figure 5
reports the results of these experiments.

Note that Xalan fails to complete on the two largest documents (approx. 222 MB and 446 MB), and
furthermore, that there is a sharp spike in going from 55 MB to 111 MB. These effects can be attributed
to the memory requirements of Xalan (the spike is the region where Xalan exhibits thrashing behavior in
memory). On the other hangnog scales linearly, as is expected. Table 3 reports the number of elements
discarded by the algorithm as not being relevant. As can be seen from the results, a very small percentage
of elements in a document (less than .2 %) is stored and processed, resulting in a signficant reduction in

storage requirements.
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Figure 5: Time in seconds on XMark-generated documexitgis versus Xalan. The XPath expression
executed ig/listitem/ancestor::category//name

Table 3: Number of elements discardedyayos in processing of XMark-generated documents

Scale Factor Document Size Total Elements Percentage Discarded

.03125 3.49 MB 52069 99.8 %
.625 6.88 MB 103999 99.8 %
125 13.86 MB 210538 99.8 %
.25 27.87 MB 417160 99.8 %
5 55.32 MB 832911 99.8 %
1 111.12 MB 166311 99.8 %
2 222.90 MB 3337649 99.8 %
4 446.71 MB 6688651 99.8 %
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6.2 Custom XPath generator

We use a custom XPath generator to generate a set of random XPath expressions (of size 6 — six node tests in
the expression), and for each XPath expression, we generate a random XML document based on the XPath
expression. The generated XML document has the characteristic that, for large document sizes, the XPath
expression will have many matches (and near matches) in the document.

We use two versions ofaos in our comparison. The first,aoc(SAX), uses the Xerces SAX parser [3],
which is also used by Xalan. To factor out the costs of parsing and building a tree from the time to evaluate
an expression, we also implemented a versioy@bs on top of Xalan. yaos(DOM) builds an internal
version of the input document in the same way that Xalan does. We then traverse this tree in a depth-first
fashion and generate events that a SAX parser would. By subtracting the parsing and tree-building time
from the overall time, we get an accurate measure of the time spent in evaluating the expression.

We vary the XML document size from 20,000 elements to 640,000 elements (200K - 6.7 MB). At each

document size, we execute 10 runs of the following:

1. Generate an XPath expression.
2. Generate an XML document from the XPath expression.

3. Evaluate the XPath expression usingos and Xalan.

We report the average execution time and the standard deviation of the 10 runs at each XML document

size.

6.2.1 Overall Execution Time

We first compare the performance pfos to that of using the Xalan XPath engine (SimpleXPathAPI).
Figure 6 plots the average execution time (average over the 10 runs at each document size) versus document
size (in number of elements). The error bars represent the standard deviation from the mean. All times
include the cost of parsing.

As can be seen from the grapbhyos(SAX) is roughly 25% faster than the Xalan XPath engine. With
documents of size 640,000 elements (6.7 MB) the average timegaare 39.0 seconds, Xalan XPath:

52.28 seconds. Note the difference in the standard deviations between the two lines (the error bars in the

20



o P

Time (s)

0 T T T T T T
20000 120000 220000 320000 420000 520000 620000

Number of Elements

—>—Xalan Xaos (DOM) ——Xaos
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plot). Whereas the standard deviation feros is relatively constant, that of Xalan XPath is fairly high. We

shall discuss the cause of this behavior in the next section.

6.2.2 Comparison Excluding Parsing Times

Excluding parsing costs, the performance of our XPath engine is more than twice that of the Xalan engine
(Figure 7). This is mainly due to avoiding unnecessary traversals of the tree. Note that the difference in stan-
dard deviation is much more apparent in this graph. The cause of this high variance is the bimodal behavior
of the Xalan XPath engine. On “good” XPath expressions, where it does not perform many unnecessary
traversals, the performance of the Xalan XPath engine is similar to that of ours. On “bad” XPath expres-
sions, such as those involving the use of the descendant axes, its performance can be four times worse. Our

XPath engine’s performance, however, is linear in the size of the XML document and shows little variance.

7 Summary

We have presented a novel algorithm for handling backward and forward XPath axes in a streaming fashion.
Our experiments reveal that significant performance benefits can be obtained by usyagdregorithm
for evaluating XPath expressions on XML documents in a streaming fashion. Furthesymorehas sig-

nificantly lower storage requirements. The ideas presented in this paper can be applied to other XPath
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processors. For example, TurboXPath is currently integrating our algorithm into their system. We are work-
ing on extending thecaos engine to handle more of XPath, including predicate evaluation, position and

count functions, etc., building on the framework we have described in this paper.
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A Rules for Building an X-tree

We represent afRxp expression as a rooted tree, called X-tree, with labeled vertices and édges,
(Vr, ET), where the root is labeleRoot. For eachNodeTesin the expression, there is an x-node in the
x-tree labeled with the nodetest. Each x-node (with the exceptidtoof) has a unique incoming edge,
which is labeled with théxisspecified before thHodeTestOne of the x-nodes is designated to be the out-
put x-node. There are functiorigpel : V — String, andazis : B — {ancestor, parent, child, descendant}
that return the labels associated with the x-nodes and edges respectively. An x-tree-like structure is also de-
fined for aRelLocationPath We will call this structure an x-forest because it consists of two rooted trees,
one rooted aRoot, and the other rooted at a special x-node labeleatext, which, like Root, has no
incoming edges. The structure corresponding RyedicateExpmmay either be an x-tree or an x-forest, but
none of the x-nodes is designated as an output x-node.

The following rules can be used inductively (based on the structure GR¥p to build a x-tree from

anRxp.

Step ::= Axis :: NodeTest The x-forest forStep contains three x-nodes label&bot, context, and

NodeTest (designated as the output node), and an edge fmmext to NodeT est labeledAxis.

Step ::= Step, '[' PredicateExpr']’ Let T} refer to evaluatethe x-forest resulting frafitep;, and 7%
refer to the x-forest or x-tree resulting frofvedicate Expr. The x-forest forStep is obtained by
merging the output x-node @f; with thecontext x-node ofT5; (if any), and merging the root x-nodes

of 77 andT5. The output x-node df; is designated as the output x-node of the resulting x-forest.

RelLocationPath ::= Step'/' Rel LocationPathy, Let Ty and Ty refer to the x-forests obtained from
Step and Rel Location Path, respectively. The x-forest faRel Location Path is obtained by merg-
ing the output x-node ol with the context x-node of75, merging the root x-nodes @f; and 75,

and designating the output x-nodelf as the output x-node of the resulting x-forest.

Predicate Expr ::= RelLocationPath and PredicateExpri; Let Ty refer to the x-forest obtained from
RelLocationPatland T, refer to the x-tree or x-forest obtained fraRredicate Expr,. The x-forest
for Predicate Expr is obtained by merging theontext of T} with the context of 75 (if any), and

merging the root x-nodes @f; and7>. None of the x-nodes is designated as an output vertex.
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Predicate Expr ::= AbsLocationPath and Predicate Expry similar to the previous case.

AbsLocationPath ::=" /" Rel LocationPath The x-tree is obtained by mergirgoot and context x-

nodes of the x-forest obtained froRel LocationPath.
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