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Abstract

Estimating the selectivity of queries is a crucial prob-
lem in database systems. Virtually all database systems rely
on the use of selectivity estimates to choose amongst the
many possible execution plans for a particular query. In
terms of XML databases, the problem of selectivity estima-
tion of queries presents new challenges: many evaluation
operators are possible, such as simple navigation, struc-
tural joins, or twig joins, and many different indexes are
possible. A new synopsis for XML documents is introduced
which can be effectively used to estimate the selectivity of
complex path queries. The synopsis is based on a lossy
compression of the document tree that underlies the XML
document, and can be computed in one pass from the doc-
ument. It has several advantages over existing approaches:
(1) it allows one to estimate the selectivity of queries con-
taining all XPath axes, including the order-sensitive ones,
(2) the estimator returns a range within which the actual
selectivity is guaranteed to lie, with the size of this range
implicitly providing a confidence measure of the estimate,
and (3) the synopsis can be incrementally updated to reflect
changes in the XML database.

1 Introduction

The Extensible Markup Language (XML) has found
practical application in numerous domains, including data
interchange, streaming data, and data storage. The semi-
structured nature of XML allows data to be represented in
a considerably more flexible nature than in the traditional
relational paradigm. The tree-based data model underlying
XML poses many challenges to efficient query evaluation.

An important component of any XML database system
is effective selectivity estimation: given a query () over a
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database D, what is the approximate result size of @) over
D? This problem arises in several domains. Firstly, a rough
estimate of the result size of a query can indicate to the user
whether or not a query is appropriately framed before run-
ning a potentially expensive query. Selectivity estimation
also has natural applications to approximate query answer-
ing. However, the most significant application of selectivity
estimation is in query plan selection.

For example, suppose we have the sets A, B, and C of all
a, b, and ¢ elements in a document, and we wish to evalu-
ate the query //al.//b]//c. We could do this by performing
a structural join on A and B, and joining this result with C.
Alternatively, we could first join A and C, and then join the
intermediate result with B. The relative speed of these two
queries is highly dependent on the selectivity of the initial
structural joins. While for these kinds of queries a twig join
is more appropriate, similar issues arise involving the rela-
tive result sizes for two or more twig queries, particularly in
more sophisticated query languages such as XQuery.

Thus, in any database system, being able to accurately
estimate the result size of the sub-expressions in a query is
of great practical importance. There has been a lot of work
on this problem in the context of XML databases [1, 12, 6,
9,23,20, 15,16, 17, 18, 21]. All previous work suffers from
some combination of the following problems:

Expensive construction: For many techniques, synopsis
construction is extremely expensive. Any algorithm which
requires more than one pass of the database is likely to be
too expensive to run on very large databases.

Non-updateability: Almost every selectivity estimation
technique to date fails to handle updates to the underlying
database. As they are static, their accuracy deteriorates as
the database changes. The only realistic solution is to peri-
odically rebuild them from scratch, which is obviously ex-
pensive.

Limited utility: Selectivity estimation techniques gen-
erally consider only a limited subset of a query language.
Most previous XML techniques consider extremely limited
languages, such as simple path expressions. For example,
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no previous XML selectivity estimation technique can han-
dle the order-sensitive axes of XPath, such as following.

No guarantee on accuracy: All existing techniques use
heuristics to generate their selectivity estimates. These
heuristics, while based on well-justified assumptions in
many cases, do not provide any guarantee of accuracy, and
hence the computed estimate can be wildly inaccurate. With
the exception of [21], no previous technique gives the user
any sort of confidence measure on the result.

In this work, we extend recent work on the lossless com-
pression of XML [5] to the problem of selectivity estima-
tion. Our work has the following advantages over previous
approaches:

e Our synopsis can be constructed in a single pass of the
underlying document. As we shall see in our exper-
iments, our construction cost is between 50 and 100
times less than for other synopses.

Our synopsis can give selectivity estimates for all
structural XPath queries, including the order-sensitive
axes.

Unlike other selectivity estimation strategies, our ap-
proach returns a range within which the exact selectiv-
ity is guaranteed to lie. The confidence of the estimate
is reflected in the size of the range: a smaller range
naturally implies a greater degree of confidence in the
answer. This is especially useful for query plan se-
lection, as the query engine can take into account the
confidence of the estimate when selecting plans.

Our structure is efficiently updateable. While other
structures require scans of the database to handle up-
dates, we can handle updates in time linear in the size
of the synopsis.

We demonstrate in our experimental section that even
though our structure provides all these additional features,
it returns answers that are competitive with the best exist-
ing techniques, while using an extremely small amount of
space. Thus, our synopsis provides a complete solution to
the problem of selectivity estimation for structural queries.

Related Work Aboulnaga et al [1] were the first to
consider the selectivity estimation problem for simple path
queries. They propose two different synopsis structures:
pruned path trees and “Markov tables”, which take advan-
tage of the apparently Markovian nature of path selectiv-
ity in real-world XML data. The disadvantage of both ap-
proaches is that large structures must be constructed before
they are pruned, which can be very space intensive; their
experiments also demonstrate that their schemes have in-
consistent performance. The idea of using a Markov table
is extended to adaptive selectivity estimation by the XPath-
Learner system [12], which uses feedback from the query
processor.
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The first paper to study the problem of selectivity esti-
mation for more complicated queries is that of Chen et al
[6]; they use pruned suffix trees to estimate the selectivity
of twig queries. The disadvantages of their approach are
that, again, the whole suffix tree must be constructed before
it is pruned, and also that their method does not general-
ize to handle the descendant operator of XPath. Freire et al
[9] present a system, Statix, which handles selectivity es-
timation in the presence of an XML Schema. Their work
builds a histogram of data values for each element type in
the schema; however, these histograms are built over the ob-
ject identifiers of the nodes, which means that the quality of
their estimation is highly dependent on the distribution of
these identifiers.

Research upon the estimation of result sizes for the struc-
tural join operator, such as [23, 20], is also relevant to se-
lectivity estimation for path expressions, because selectivity
estimates for paths of the form //p1//p2 are given. Unfor-
tunately, these results cannot be easily generalized.

Polyzotis and Garofalakis [15-18] develop a general
framework, XSKETCH, which provides good estimates for
twig queries using graph synopses. The primary shortcom-
ing of this method is that the construction process for the
synopsis is expensive, and also relies on generating a set of
test queries upon which the resultant synopsis is dependent.

All methods described above fail to handle updates on
the underlying database. The only paper to consider selec-
tivity estimation in a dynamic context is that of Wang et
al [21], which makes use of Bloom filters to give provable
guarantees on the quality of the results. However, these re-
sults only hold for simple path expressions of the form /a/b
or //a/b, and hence are of limited use in practice. Also,
while the authors demonstrate the effectiveness of their ap-
proach, their technique requires the combination of two sep-
arate sketch structures, and the effect of the interaction of
these structures on the estimation error is unclear.

The rest of the paper is organized as follows. After a
formal definition of the problem in Section 2, we introduce
our synopsis structure, straight-line tree grammars, in Sec-
tion 3. In Section 4, we show how to use tree automata
over these grammars as an effective means of computing
selectivity. We then discuss how to efficiently update our
synopsis in Section 5, as well as how to efficiently store it
in Section 6. Section 7 presents an experimental analysis of
our techniques.

2 Basic Definitions

Documents Let D be the ordered, rooted, labeled,
unranked tree corresponding to an XML document; for
our purposes we can safely ignore attributes, node values,
namespaces, processing instructions, and other features of
XML (many of these can be handled by our results in a
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(a) An XML document tree D N )
L booktitle (c) SLT grammar for bin(D)

(b) The binary representation bin (D)

straightforward fashion). By ¥ we denote the alphabet of
elements present in D.

Throughout this paper we shall represent XML docu-
ments using a binary, ranked representation bin(D) of D.
The transformation into this representation is simple: the
left edge of the binary tree represents the “first child” re-
lationship, while the right edge represents the “next sib-
ling” relationship. Figure 1 shows an XML document in
its unranked representation, and also gives the correspond-
ing ranked representation, bin(D). We use L to denote the
empty tree, and write Vp for the vertices of the document
(in the ranked representation), and \ : Vp — X for the
mapping from vertices of the document to their labels.

Queries Core XPath [10] is a powerful fragment of
XPath that can be seen as the structural portion of XPath. It
consists of queries satisfying the following grammar:

path

location_path

location_path | / location_path
location_step ( / location_step )*
X t] oyt [pred]

(pred V pred) | (pred A pred)
(—pred) | location_path

location_step

pred

In this grammar, ¥ is an XPath axis (e.g., descendant,
descendant-or-self, or child), and ¢ is a node test
(i.e., either t € X or t = x). For ease of presentation we
only consider conjunction in this paper (our results are eas-
ily generalized to handle other Boolean functions).

We represent a core XPath () as a tree with root ¢, ver-
tices Vi and edges Eq, along with label functions Ay :
Vo — X U{*} and A\g : Eg — A, where A is the set
of XPath axes. Since a query is a tree, each node ¢ in the
query has at most one parent — therefore, for convenience
we write Ag(¢) = Ag((PARENT(q), ¢)). One of the ver-
tices of Q, mq € Vi, is the match node (cf. the boxed
node in Fig.2(a)). The semantics of an XPath query is well-
known [7], and so we only briefly summarize it here. An
embedding of a query () in a document D is a tree ho-
momorphism h : Vo — Vp such that, for every node
v of @, h(v) has the same label as v (or Ay (v) %),
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and each edge e of () is mapped into two nodes that sat-
isfy the constraints specified by Ag(e). For instance, if
Ae((v1,v2)) = child, then we require h(v;1) to be the
parent of h(vy) in D. The result of the query @ over D is
then: Q(D) = {h(mg) | for all embeddings h of Q in D}.
The problem of selectivity estimation is to estimate |Q(D)|
for arbitrary queries Q).

While there are thirteen axes in XPath, several of these
(e.g., namespace) are uninteresting as they can be han-
dled in an analogous fashion to the others. The remaining
axes can be divided into forward and reverse axes: since
backward axes can be eliminated [14] we only use forward
axes. Additionally, we rewrite descendant in terms of
the descendant-or-self and child axes. Hence,
we consider the axes child, following-sibling,
following, self, and descendant-or-self. Note
that this is purely a matter of convenience, as it is possible to
extend our techniques to handle reverse axes more directly.

3 The Synopsis

The idea of our synopsis is to use a tree compression
algorithm to generate a small pointer-based representation
of the (ranked) tree bin(D), called an “SLT grammar”
(straight-line tree grammar). For common XML documents
the size of the obtained grammar, in terms of number of
edges, is approximately 5% of the size of D. We then de-
crease the size of this grammar further, by removing and
replacing certain parts of it, according to a statistical mea-
sure of multiplicity of tree patterns. This results in a new
grammar which contains size and height information about
the removed patterns (this information is later used to over-
estimate selectivity). The two big advantages of SLT gram-
mars over other compressed structures are: (1) they can be
represented in a highly succinct way (see Section 6), and (2)
they can be queried in a direct and natural way without prior
decompression [13]. In particular, it is shown in Section 4
how to translate XPath queries into certain tree automata
which can be executed on SLT grammars.

Tree Compression using SLT Grammars Most
XML documents are highly repetitive: the same tags ap-
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pear again and again, and larger pieces of tag markup reap-
pear many times in a document. One well-known idea of
removing repeated patterns in a tree is to remove multiple
occurrences of equal subtrees and to replace them by point-
ers to a single occurrence of the subtree. In this way, the
minimal unique DAG (directed acyclic graph) of a tree can
be computed in linear time. In [4] this idea was applied to
XML document trees, and it was shown that for most doc-
ument trees, the size of the minimal DAG is approximately
10% of the size of the original tree (where size is measured
as the number of edges).

The idea of sharing common subtrees can be extended
to the sharing of connected subgraphs in a tree. For ex-
ample, in the tree c(d(e(u)), c(d(f), c(d(a),a))) only the
subtree a appears more than once; however, the “tree pat-
tern” c(d( appears three times. A tree pattern is a tree
with “holes” and can be represented by a tree by filling
formal parameters yp,ys2,... into the holes. Thus, we
represent c(d( as ¢(d(y1),y2). A tree can now be rep-
resented by an array [Aq,.., A,] of tree patterns where
each tree pattern A; may refer to preceding tree pat-
terns (ie., to A; with j < 4). For example, the tree
c(d(e(u)),c(d(f),c(d(a),a))) is represented by the array
[Ar ¢ e(d(y),92), A2 = Ar(e(w), A(f, Ar(a,0)))]. To
read back the tree from the array (“unfolding”) we start with
the last entry A,, and then recursively replace in it refer-
ences A; by the corresponding tree patterns. Such arrays are
also called Straight-Line context-free Tree grammars (SLT
grammars), an entry A; : t is called a “rule”, and A; is
called a “nonterminal”. We use the BPLEX algorithm [5]
which approximates in linear time a small SLT grammar
for a given tree. Since we work on binary tree representa-
tions, the tree above is represented by the following gram-
mar H = [Ag : L, A1 @ a,A2 @ c(d(y1,92), Ao), A3 :
Az (e(u, Ao), A2(f, A2(Ar, Ar)))].

Lossy Compression Consider an XML document tree
D and an SLT grammar G representing bin(D). We want to
reduce G’s size so that the result can be used for selectivity
estimation. We do this by deleting tree patterns, starting
with the least frequently used ones. Given a number &, the
(k-) lossy grammar (for GG) is obtained from G by deleting
the x least frequently used patterns. The frequency of each
pattern A; can be determined by multiplying corresponding
numbers of references in one top-down (right-to-left in the
array) run through the grammar G. If the ith entry A; : ¢
is deleted, then we replace each reference A; (with subtrees
t1,...,tx) in the remaining grammar by the following tree

*(tl, .
*(tl, ..
where h and s are the height and size, respectively, of

the unranked tree corresponding to the unfolding of A,.
The numbers ~ and s are stored to later over-estimate

S tey By S) if k = 0 or ¢’s right-most leaf is y
.y tg, L, h,s) otherwise
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the selectivity. As an example, consider the grammar H
shown at the end of the previous subsection. The 1-lossy
grammar for H is [Ag : L, Ay : c(d(y1,y2), Ao), Az :
As(e(u, Ag), Aa(f, Aa(x(1,1),%(1,1))))]. Note that if we
were deleting A, from the grammar, then we would have
to replace Ao (t1,t2) by *(t1,t2, L,2,2) because the right-
most leaf of the pattern As is Ag # yo.

Later we will evaluate XPath queries on lossy gram-
mars. For this it is important to understand the unranked
semantics of a tree (t1,%2,t3, h, s): it represents any se-
quence 0 = ¢1,92,.-.,gn Of trees such that: (1) the se-
quence g1, ..., gn—1 has subtrees ¢; and to (2) the last tree
gn equals t3 (3) the height of the sequence o is h (4) the
size of the sequence o is s.

4 Selectivity Estimation

In this section, we develop our selectivity estimation
technique over SLT grammars. We first consider the con-
version of an XPath query into an equivalent tree automa-
ton, and describe how to evaluate this tree automaton over
a document to test whether the query has at least one match
in the document (i.e., whether the query accepts the docu-
ment). We then extend the standard tree automaton to also
return the size of the result of the query on a document.
Then, the method is generalized to work over SLT gram-
mars. The final step is to handle lossy SLT grammars which
contain *s in rules. We use examples to describe the con-
struction of the tree automata; a more detailed formalization
can be found in [8].

A (deterministic) tree automaton over ranked tree encod-
ings consists of a finite set P of states, a set F' C P of final
states, and of a transition function § : P x P x ¥ — P.
The automaton is run on a tree in a bottom-up fashion: the
empty trees (L) which appear at the leaves are assigned the
empty state, (). We then move upwards and assign to a node
with label a and children that have been assigned states p;
and po, the state d(py, p2, a). The tree is accepted by the
automaton if the root node is assigned a final state.

Converting Queries to Tree Automata The transla-
tion of a core XPath query into a tree automaton is based
on the observation that core XPath queries can be evaluated
in a bottom-up fashion on a document. For instance, con-
sider the query ¢ = //article[.//title] [.//author].
This query can be decomposed into three sub-queries: q it-
self, ¢1 = //title, and ¢ = //author. Working in
a bottom-up fashion on the document tree in Figure 1(b),
we can assign to each node in the database the subset of
queries {q, q1, g2} which match the subtree rooted at that
node. This is easy to do, since, for instance, we know that
q matches the document if both ¢; and ¢ match the left
child, and if the label of the node is article. The full
calculation is:
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dblp, {q, q1,q2}

article, {q, q1, g2}

title, {q1, g2} inproceedings, ()
L author, {g2} title, {q1, g2} L
/\ /\
1 journal, @ L author, {g2}
/\.
1 booktitle, ()

The only axis which presents any significant difficulties
is the following axis, as this introduces dependencies on
nodes outside the subtree under consideration. For instance,
consider a query that selects author nodes which have a
title node in their following axis. Clearly, in Fig-
ure 1 the author node of the article lies in the result set
of this query. In a bottom-up traversal of the query, how-
ever, this can only be determined once we reach the least
common ancestor of this node and the title node of the
inproceedings element (i.e., the article node of the
document).

This problem can be addressed by keeping track not only
of the matching sub-queries at each node, but also whether
or not we have matched, for each of those nodes, any sub-
query which makes use of the following axis. Thus,
instead of keeping track of subsets of Q = {q, ¢’ }, we keep
track of sets of items from @ x 29; the query accepts the
document if (g, {¢'}) lies in the set at the root. A run on
Figure 1(b) results in:

dblp, {{g,{d'}), (¢, ®)}

article, {{g, {¢'}), (¢’, 0)}

title, {{q, )} inproceedings, {{q’, ?)}
P P
L author, {{q, 0)} title, {{q", 0)} L
S
L journal, ¢ L author, {{q’,0)}

1 booktitle, ()

Counting with Tree Automata Once we have a tree
automaton for a query (), testing whether there is a match
for @) in a given document is straightforward, as we have
seen above. However, in the context of selectivity estima-
tion, we do not want to test acceptance, but instead want
to return the size of result of the query. When running our
automaton on a document, we must now keep more infor-
mation in each state, in order to keep track of selectivity.
To this end, we associate with each state p in our automata
a set of counters. Our annotated states (p, C), consist of
a normal state, p € 2QX2Q, and an array of counters, so
that C[(q, U)] is the counter for each (q,U) € p. We will
assume that C[{q,U)] = 0 if (¢,U) ¢ p. Each counter
represents the number of nodes matching the correspond-
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ing sub-query, that have not already been matched by that
sub-query’s parent query. As we move up the query tree,
we can use the counters for the sub-queries to compute the
selectivity of each query node.

There are two issues that are worth mentioning. When
we match a new query node, the match count for that query
node is clearly the sum of the counts of its children. How-
ever, once we have copied over the children counts, we must
zero them out as well. This is to prevent double-counting,
which occurs when multiple embeddings of a query in the
document yield the same match node. For instance, in Fig-
ure 2(b), the node c; is matched by two embeddings of the
subquery g5 in Figure 2(a). The second (related) issue can
be seen in the transition from the element by to the element
d in the document. Since the parent of by does not have la-
bel a, ¢o is no longer a matching sub-query — however, its
child, the sub-query g3, is a matching sub-query. Therefore,
when removing ¢, from the set of matching sub-queries, we
must transfer its count of matching nodes back to gs.

Tree Automata over SLT Grammars Up till this
point we have considered tree automaton running over a
document. In this section, we demonstrate how to evaluate
tree automata directly over SLT grammars, so that we can
compute selectivity in time proportional to the size of the
SLT grammar used to represent the document. Since this is
much smaller than the document, it provides a feasible way
of determining selectivity.

Again, we first consider the problem of acceptance, in-
stead of selectivity computation. The main obstacle to run-
ning tree automata over SLT grammars is the handling of
parameters in rules — since these can represent anything,
we do not know what states they will take when evaluating
the automaton on a rule.

The natural solution is to simply compute all possi-
bilities. If we are considering a rule A; t and t
uses parameters 1, ..., Yk, then we can define a function
oi(p1,...,pr) — P which gives the state for ¢, assuming
the parameters map to the states pi, .. .pg. In defining the
function o;, we will need to make calls to the functions o;
for all rules that the rule for A; makes use of — however, at
that point we know exactly what states to pass in as param-
eters to these functions.

Extending this to selectivity counting poses an additional
problem: when computing the result of a query, one must
incorporate the selectivity counts from the parameters. This
can be done by manipulating the counters for parameter
states symbolically; if we treat the counters of the states cor-
responding to each parameter as unknown variables, then
the selectivity count for the rule will be a linear function
over these counters. This function, f;(p1,...pr) — Z, can
be determined by a natural extension of our tree automaton
of before. Hence it is easy to extend o; to also compute f;.
When we come across a non-terminal A;(¢1,...,tx) in the
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ment

right hand side of a rule, we can compute its state by first
recursively determining the states pq, ... py corresponding
to the input parameters, and using these and o; to determine
the corresponding state (and selectivity counts) for the non-
terminal.

Determining complexity of this algorithm is straightfor-
ward. If every rule has at most k£ parameters, then selectivity
counting over a straight-line grammar G by a deterministic
tree automaton with state set P takes time O(|P|*|G|). It
is worthwhile relating the size of the state set P back to the
size of a query. Clearly, |P| = O(22Q), but in practice | P|
is much smaller. If we assume there are no following
axes present in the query, then we can make this observa-
tion: if a node q lies in a state p, then all of ¢’s descendants
in the query also lie in p. This means that if we have a query
which has at most b branches, then there are only (|Q|/b)®
different possible states. If we also have m following
axes in the query, then these increase the number of states
by a factor of 2. Therefore we obtain as time complexity
O((1QI/b)*2m* ).

In practice, BPLEX returns very small grammars even
with a very low value for k, and so we can ignore this de-
pendency. Also, we suspect that in practice the branching
factors of queries is also lower, and that the occurrence of
following axes in queries is infrequent. Finally, note
that we do not need to explicitly compute all possible val-
ues for the functions o;, but instead can lazily compute only
those values we need: we find that in practice only a small
number of combinations of states are seen, and so this algo-
rithm runs quickly.

Tree Automata over Lossy Grammars Running tree
automata over lossy SLT grammars is identical to running
them over SLT grammars, except for the handling of *-
nodes. In this case, we provide two alternative mecha-
nisms for computing selectivity. These two methods lead to
lower and upper bounds on the actual selectivity. The most
straightforward approach to handling *-nodes is to simply
ignore them — since this means we miss some nodes in the
underlying database, computing selectivity in this fashion
necessarily leads to a lower bound on the actual selectivity.

Estimating upper bounds is straightforward conceptu-
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(d) Automaton run

ally, but the details are quite involved. The basic idea is
that when the tree automaton reaches a x-node, it must con-
sider all possible trees that the *-node could have replaced,
subject to the height and size constraints. It is possible to do
this in time linear in the height of the replaced tree. Due to
the flat nature of real world XML, the height of the replaced
tree is very small, and this imposes significant constraints
on the possibilities. Even in the event that there are many
possible trees, the total contribution from a *-node to the se-
lectivity estimate is bounded above by the number of nodes
in the tree it replaced.

There is one optimization we found boosted the accuracy
of the upper bounds generated by our scheme considerably.
For each element label a € %, it is trivial to compute the
set of element labels that occur as children of elements a
in the XML document. This information, which adds very
little to the overall space cost of the synopsis, can be used to
prune the number of possibilities in a *-node considerably.
For instance, if we know that the set of possible children of
an element a are {b, c}, and if we are considering a x-node
that is a child of an a element, then the root node of the
tree replaced by the *-node must have been labeled either
b or c. We can apply this procedure recursively up to the
height bound h; when combined with the fact that the query
often only involves a handful of unique element labels, this
can have a dramatic effect on the quality of the upper bound
estimates.

5 Incremental Updates

In this section, we present an effective update algo-
rithm for lossless SLT grammars. It can be applied to a
lossy grammar by keeping a lossless grammar on-disk, and
referencing it only for those updates that occur at a star
(deleted) position. We consider three update operations:
first_child(p, t), next_sibling(p,t), and delete(p), where p
is the path to a node v, in Dewey notation, and ¢ is a tree.
They insert ¢ as first child of v, as the next sibling of v, or
delete the subtree rooted at v, respectively.

An update is realized by expanding in the start rule of
the grammar all references A; that occur on the path to v.
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Once only terminal symbols are on the path to v, the up-
date can be executed. The resulting tree is now run through
BPLEX again (using the existing grammar when looking
for patterns). This will shrink the tree (almost) back to its
original size plus the size of possibly inserted (compressed)
tree. These changes are incremental in the sense that they
are local: only the start rule is changed, and (possibly) new
rules are added. As we will see in the experimental section,
updates done in this way do not increase the size of the
grammar significantly, and the increase in size stays con-
stant even as the number of updates increases; hence, we
never have to go back to the database and recompute a new
grammar from scratch. Clearly, only linear time is needed
for performing an update.

We use binary Dewey notation since it can be easily de-
rived from a normal Dewey encoding; however, it is impor-
tant to note that this is only one possible means of linking
between nodes in the database and nodes in the synopsis.
An alternate strategy would be to label each node in the syn-
opsis with a unique identifier and have nodes in the database
point to the node in the synopsis within which they lie. The
method of linking between the database and any index or
synopsis structure is obviously highly implementation de-
pendent, but such a mechanism is required for any update-
able structure.

As an example, consider the grammar of be-
fore: [Ag 1,4 a, Ay e(d(y1,y2), Ao), As
As(e(u, Ao), Aa(f, A2(A1,A1)))] and the update op-
eration first_child 1.2.1 e(u). We rewrite the start

right-hand side until no nonterminals are on the
path from the root to the node 1.2.1. We obtain
c(d(e(u, Ag), c(d(f, A2(A1, A1), Ao)), Ag).  Now we

insert e(u) as the new first child of the second d node.
We get c(d(e(u, Ao), c(d(e(u, f), Aa(A1, A1)), Ao)), Ao)-
Finally, we run BPLEX on this tree. It discovers a new
pattern e(u,y;) that appears twice and therefore adds the
new nonterminal Az. The final grammar after update is:
[A() : J_7A1 : a,AQ : C(d(yl,yg),Ao),Ag : e(u,yl),A4 :
Az(As3(Ao), A2(As(f), A2(Ar, A1)))].

6 Succinct Synopsis Storage

At this point, we have an SLT grammar G, which has al-
ready been made lossy, and hence has *-nodes. The natural
in-memory representation of such a structure is to have a
list of rules, with the right-hand side of each rule stored in a
pointer-based tree data structure. However, this representa-
tion provides substantially more power than we really need:
a pointer-based tree structure allows one to access arbitrary
nodes in the tree in constant time. Since a bottom-up tree
automaton can be easily implemented by a depth-first, left-
to-right tree traversal, we only need to have constant time
access to the root node of the right-hand side of each rule.

1-4244-0803-2/07/$20.00 ©2007 IEEE.

632

Az :‘a( A1 ([6C Jy1 [))s|*( |y2, [e( |- [ [,[5,10)
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Symbol Table * Statistics
* — 0 a—2 Ag—5 0 h=5,s=10
yy—1 b—3 A1 —6
c—4

Thus, we can compress the synopsis considerably by using
a more sophisticated representation. In this section, we will
first consider the case of a static synopsis, and then extend
this data structure to allow efficient updates.

The Static Case For each rule R, we construct a
packed bit encoding F(R), and then encode the entire syn-
opsis as the concatenation E(Ry) - E(Ry) - - E(Ry).
When running a tree automaton over the synopsis, we start
by decoding the first rule, Ry. Once we have decoded rule
Ry, we know where rule R; starts; more generally, once
we have decoded rule R;, we know where rule R;; starts.
Since the tree automaton runs in a bottom-up fashion, when
it has reached rule R; it will have all the information neces-
sary to process this rule, as long as it remembers the start lo-
cations of all the rules it has seen up to that point (needed for
the “lazy computation” described at the end of Section 4).

In addition to the packed representation above, we main-
tain a lookup table to further reduce the size of the represen-
tation of *-subtrees. Recall that each *-node has associated
with it two statistics, the height h of the replaced tree, and
the number s of nodes replaced. We construct an array S|¢|
consisting of all unique tuples (h, s) (since x-nodes replace
patterns that occur more than once, each (h, s) occurs more
than once in the grammar). When we reach a *-node, we
can use the appropriate offset into this array instead of ex-
plicitly listing h and s.

Figure 3 shows how a rule is encoded: if there are m
parameters, then we start with m 1-bits followed by a 0-bit.
After this, symbols are encoded in their order of appearance
(pre-order of the tree), using the symbol table. Since there
are x, y;, Ao, and symbols in X, we need log(|3| + i +
3) bits for each symbol. Additionally, since the number of
arguments of a x-node are not known a priori, we prefix the
encoding of each direct subtree by a single 1-bit, followed
by a single 0-bit and the symbol table entry for the (h, s)
pair. This simple scheme slashes the space requirements for
a synopsis. A variable length encoding for symbols further
improves space usage. Note that the ability to encode our
structure in this way does not apply to other XML synopses,
such as XSKETCH, because in those structures each node
can be pointed to by any other node, and thus a pointer-
based representation is necessary.

The Dynamic Case In the dynamic case, for small
synopses it is easy to simply re-encode the entire synopsis
from scratch. For larger synopses, we split the encoding
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into an array of blocks, leaving padding in each block. A
standard ordered file maintenance algorithm, such as that of
Bender et al [3] can then be used to speed up insertions
and deletions (for an array of n elements, we can insert
and delete elements maintaining the order of the array in
O(log? n) time).

7 Experiments

In this section we give an empirical evaluation of our
system. It is quite difficult to test selectivity estimation
since practical XML query workloads are not yet known,
and hence we used synthetic queries. Our experiments were
implemented in C and C++. For simplicity, we did not im-
plement our packed representation, since it does not affect
the quality of our results. The synopsis sizes reported here
assume that the packed representation was used (sizes are
plotted at data points in Fig. 4). The BPLEX algorithm was
run with maximal rank 5, maximal right-hand side size 20,
and window size 1000, cf. [5] for more details on these pa-

rameters.

For our data sets, we chose DBLP [11], XMark [19],
SwissProt [2], and the Protein Sequence Database [22].
These data sets have intrinsically different structures, rang-
ing from the simplest (DBLP) to the most complicated
(XMark) The following table gives the salient aspects.

Data Set Size Element Max Average | F/B

(MB) Count Depth Depth Size
DBLP [11] 43.61 1103703 5 3.00 1158
SwissProt [2] 30.29 756329 6 4.39 21441
XMark [19] 53 78414 12 5.56 35558
PSD [22] 683.64 | 21305818 | 7 5.45 1944543
Catalog [24] 10.36 225194 8 5.65 235
Evaluation of Estimation Quality In our first ex-

periment we test randomly generated queries. We re-
strict our queries to branching path queries, using only the
descendant-or-self axis, and having between [ and
u nodes (I = 3 and v = 5 for our experiments). Queries
are generated using the full F/B-index. We generate each
query as follows: first, we pick the number of nodes in the
query by choosing an integer uniformly and at random in
the range [I, u]. The match node of the query is selected at
random over all nodes in the F/B index, where the probabil-
ity for picking a node is its selectivity divided by |D|. Thus,
high selectivity nodes are favored. We then add the required
nodes by randomly selecting from the relevant subset of the
F/B index, biasing for high selectivity nodes. We generate a
query workload of 100 queries and compare, for each syn-
opsis, the selectivity estimates for each query with the ex-
act selectivity. Our graphs report the average relative error
for both the lower and upper bound estimates. The amount
of memory needed to hold a synopsis is shown inside the
graphs, for some points.

As the threshold parameter decreases the lower and
upper bounds both correspondingly decrease. It is also
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clear that the upper bounds are less accurate than the
lower bounds. One reason for this is due to our query
workload, which consisted purely of twigs using the
descendant-or-self axis. This axis is particularly
badly affected by the presence of *-nodes in the grammar,
and hence the upper bounds tend to be higher.

Handling Updates In this experiment we investigate
the effect of updates on the size of the synopsis. Our updates
were performed randomly on the catalog XML data set, in
the following fashion:

(1) An initial 80,000 node subset of the XML document
is chosen at random to be the “seed” document.

(2)Until the entire document is reconstructed, we ran-
domly choose to either delete a node from the constructed
tree, or insert a new subtree from the original document.
The set of subtrees considered for insertion consists of all
subtrees rooted at nodes of depth two in the original docu-
ment, that are not yet included in the constructed document.

Figure 5(b) gives the results for two different runs of this
experiment: one where no deletions are performed (1700
updates), and one where 20% of the operations are dele-
tions (2300 updates). The graphs plot the relative size of
the incrementally updated synopsis against the size of the
synopsis that would be obtained if we recomputed the syn-
opsis from scratch at that point. As can be seen, the space
overhead imposed by updates remains relatively constant at
about 40% of additional space. The initial spike in space
usage is due to the fact that inserting or deleting nodes from
the synopsis results in an initial “unrolling” of the grammar;
however, due to the fact that XML documents are actually
quite structured, after this initial increase in size it appears
that there is little need to perform further unrolling.

We also note that if the updated synopsis becomes too
large, its size can be reduced by running BPLEX on the
underlying database again. This behavior can be seen in
Figure 5(c), where we periodically, after each 400 updates,
decompress and run BPLEX on the database again. As can
be seen, the amount of space saved in this way is small
and constant. This strengthens our believe that all updates
can always be done on the grammar and that recomputation
from the underlying database is not necessary.

Discussion and Comparison Our results demonstrate
that our system can indeed handle a wide range of queries
in a small space budget, and furthermore that the synopsis
can efficiently be updated. It is clear that the lower bounds
are significantly more accurate than the upper bounds in our
work, although the relative difference is dependent on the
types of queries. This suggests that the upper bound should
be used as a measure of confidence in the result.

There is no related work which provides an equivalent
set of features to our work. However, the two most closely
related works are the correlated sub-path trees (CSTs) of
Chen et al [6] and the TREESKETCH structural synopsis of
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Polyzotis et al [17].

Chen et al [6] reported errors of approximately 50%, us-
ing a synopsis size of 1% for DBLP and 5% for SwissProt.
In contrast, as Figures 4(a) and 4(b) show, we obtain an er-
ror rate of less than 10% using a synopsis size of 120 KB
(0.27%) for DBLP, and an error rate of about 40% using a
synopsis size of about 62 KB (0.2%) for SwissProt.

We obtained an implementation of the TREESKETCH
estimation structure, which allows us to give a more di-
rect comparison with the work of [17] (to our knowledge,
this is the most competitive XML selectivity estimator cur-
rently available). We compared our work with this imple-
mentation using the XMark database, however, we had to
slightly simplify the queries used to exclude order-sensitive
axes and the descendant axis, which are not supported
by TREESKETCH (the latter only because it is not imple-
mented). Our tests demonstrated that TREESKETCH con-
sistently gave relative errors in the range of 9-12% over the
full range of synopsis sizes given in Figure 4(d). Therefore,
while for smaller synopsis sizes TREESKETCH clearly out-
performs our approach, the two synopses converge in per-
formance in the range of sizes given in the figure. It is worth
keeping in mind that our synopsis is updateable and sup-
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ports the full structural power of XPath, including the order-
sensitive axes (not supported by TREESKETCH). Moreover,
even when using a non-optimized version of BPLEX, our
synopsis can be computed extremely quickly: for a 5.4 MB
XMark we need 8 seconds and for a 30 MB XMark approx-
imately 30 seconds; as a comparison, the implementation
of TREESKETCH which we used takes 7 minutes for the 5.4
MB document and close to two hours for the 30 MB one.

8 Conclusions and Future Work

In this paper, we have introduced a new selectivity esti-
mation technique for structural XML queries that has sev-
eral advantages over existing synopsis structures: it sup-
ports all thirteen XPath axes, whilst also being amenable to
efficient updates. Instead of returning educated guesses, as
many other techniques do, it instead returns a range within
which the selectivity is guaranteed to lie. We believe that
this is particularly useful for query optimizers, as it allows
them to determine the relative confidence of two selectivity
estimates. Our experimental results have demonstrated that
our approach, despite its additional features, is competitive
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with existing techniques, in both accuracy and space.

In the future, we plan on extending our techniques to
handle XML data values as well as structural queries. A nat-
ural extension to this is to consider data values symbolically
(i.e., as monadic subtrees of the document tree), and to ap-
ply our compression techniques directly to this tree. While
we believe this approach is promising, the large number of
unique data values poses additional challenges to selectivity
estimation.
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