XQuery Rewriting at the Relational Algebra Level*

Hui Zhang and Frank Tompa
School of Computer Science, University of Waterloo, Canada
{h8zhang,fwtompa}@db.uwaterloo.ca

Abstract

As XML becomes more widespread as a standard representation for data, XML-based query
languages and their evaluations are increasingly important. However, query processors for such
query languages have only recently begun to be developed, with little work on query optimiza-
tion. In this paper, we study query rewriting for XQuery, a dominant XML query language
proposed by W3C, within a query processing framework based on a Text/Relational database
management system. Specifically, we identify possible query optimization opportunities in this
new context, and we reuse and adapt relational optimization technologies. Furthermore, we
develop query rewriting techniques that use structural information and develop a new set of
algebraic rewriting rules. We demonstrate the potential optimization gained by applying these
query rewritings.

1 Introduction

As XML [2] is becoming a standard data exchange form, querying XML data draws increasing
attention. For this purpose, several XML based query languages have been proposed, including
W3C’s XQuery [5] which is becoming predominant. However, query processors for XML data have
only recently begun to be developed, with a little work on query optimization. To address these
challenges, we take an algebraic approach with the hope that it fits in the traditional relational
framework for query processing and query optimization.

We have studied query processing for XQuery in our previous work [55]. More specifically, we
have defined a concise query canonical form which provides a conceptually uniform vision of path
expressions, element constructors and FLWR expressions in XQuery, and thus it provides a simple
way to understand these important features of XQuery. It is shown that an important subset
of XQuery can be translated to this canonical form together with a set of transformation rules.
Starting from this canonical form, we present an algorithm to translate from it to an extended
relational algebra with support for text[11]. In this algebra, functions on a tezt datatype, including
a tree pattern matching sub-language, make full-text search queries or XPath-like queries [3] easily
supported. Having an initial query plan resulting from the translation, we apply query rewritings
to optimize it to get a better plan, which is then sent to the underlying Text/Relational database
management system to be executed. Figure 1 shows these four steps in our query processing
framework.

Our approach does not require specific mapping schemas between XML documents and rela-
tional data. It constructs relational views of XML data on the fly, and keeps the original XML
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Figure 1: The query processing steps of our approach

text untouched while providing access to various components. Thus it avoids the problem of re-
constructing XML data from mapped relational tables, a pain for existing approaches based on
specific mappings. Our approach is also useful for any XML-enabled DBMS, such as the DB2 XML
Extender [1] which stores some significant structural units as BLOB or VARCHAR in a relational
table. Our research should be of potential benefit to RDBMS vendors, as our approach provides an
easy way to integrate text and relational technology to process XML queries. Continuing on what
we have done on query processing for XQuery, we focus on query rewriting in this paper.

1.1 Potential optimization opportunities

In general, we have many optimization opportunities since XQuery is a query language inherently
more complex than SQL. First of all, most relational algebra optimization techniques are applicable
because our algebra is an extended relational algebra. However, path expression optimization
techniques are applicable as well. Overall, we make the following observations which lead to more
potential query optimization opportunities:

e Path expressions: This feature is absent from relational query languages, but frequent in
object-oriented and semi-structured query languages. While the OO and the semi-structured
database communities concentrate on regular path expression evaluation and try to evaluate
a path expression efficiently based on building a path index, our path expression evaluation
will be focused on another direction: identifying common path subexpressions or branching
path expressions. One scenario is that some desired nodes share common path subexpressions
with other nodes extracted earlier. If both of them are extracted at the same time, the query
processor can avoid evaluating the common path expression multiple times.

In our approach, path expression evaluation is achieved by using extraction to form relational
tuples as defined in Section 3. Once these kinds of path expressions are identified, their
extraction should be easily supported because we can extract several desired elements simul-
taneously. Hence, when and how to extract the desired data provide potential optimization
chances.

e More groupby operations. In our translation, there are many places that introduce groupby
operations: extraction of set-valued elements and binding one variable to a group of values in
a let clause. This does not happen in SQL and thus provides us more chances for optimizing



grouping operations. Meanwhile, grouping operations combined with other operations (as we
indicate below) could lead to more room for applying optimization techniques.

e A potential new aggregate function. Construction operations in XQuery can be considered
as a new aggregate function that combines pieces of data already available in some table
columns. With construction viewed as an aggregate function, optimization work on aggregate
functions in relational databases may be applicable. We also note that construction operations
can appear in any place within an XQuery expression, but many instances need not be
materialized. This in turn provides more potential query optimization opportunities.

e Nested queries. Asin SQL, subqueries can appear almost everywhere in XQuery, including in
the binding expressions of for/let clauses, in where conditions, and in return clauses. Hence,
relational nested query rewriting techniques can play a role here.

In short, due to the potential large number of extraction, groupby and construction operations,
there are chances for doing optimization on these aspects. In the relational database community,
some work has been done in optimizing group-by and aggregate operations, while much optimization
work has been performed on reordering joins. As join is also a common operation in our translation
of XQuery queries, its optimization techniques will still be applicable. Furthermore, the frequent
combination of these operations is certainly optimizable. Other query opportunities come from
exploiting semantic information from a DTD or “key” constraints on XML data. Others have
investigated how integrity constraints can be developed similarly in the XML context [13]. However,
we do not consider such constraints in this paper.

Based on the above observations, we want to study query rewriting problems along the lines
of reusing and adapting relational optimization technologies in our context and at the same time,
developing rewriting techniques to accommodate new operations. Specifically, our main goals of
query rewriting are to (1) combine extractions; (2) avoid unnecessary groupbys and constructions;
(3) obtain alternative join plans; and (4) unnesting nested FLWR expressions.

1.2 Contributions

To achieve the above goals, we made the following contributions:

e Identify query rewriting opportunities in the context of XQuery;
e Reuse and adapt relational optimization technologies in the context of XQuery;

e Develop query rewriting techniques that use structural information and develop a set of new
algebraic rewriting rules.

Some of these contributions are general which are independent of our query processing frame-
work, while others may not be directly applicable to other approaches. However, the ideas and the
principles are still relevant.

1.3 Outline of the paper

The rest of this paper is organized as follows: Section 2 reviews related work and Section 3 briefly
introduces our algebra, with a focus on eztraction and construction operators. Section 4 studies
the problem of query rewriting in the face of new operators and develops a set of new algebraic
rewriting rules. Section 5 identifies possible query optimization opportunities and demonstrates
how to achieve them by using those developed algebraic rewriting rules. Section 6 concludes the
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2 Related work

Relational query rewriting. FExtensive research has been done on query optimization in the
relational database field [15]. Query rewriting rewrites an original query to semantically equivalent
queries and thus provides an optimizer with more alternative candidate queries. Here we briefly
review the work on query rewriting which is most relevant to our work.

To avoid nested-loop execution strategies, the problem of rewriting correlated, nested SQL
queries as joins was first studied by Kim [36] and followed by other researchers [27, 21, 44]. In the
case of unnesting subqueries that have grouping and aggregation, more complex rewriting, called
magic set optimization techniques can be applied [41, 42, 43]. The ‘mirror’ work of unnesting nested
queries to join queries in object-oriented databases has also been studied [49].

The problem of reordering join and groupby has been studied by several researchers [51, 52, 16].
Based on given key dependencies, an original SQL query containing a join and a groupby operation
can be rewritten by pulling the groupby operation past the join operation in the algebraic expression
tree, or its reverse, i.e., pushing down the groupby operation. However, this kind of rewriting can
increase the size of the optimization problem exponentially. Moreover, not all of the various possible
rewritings for a given query improve performance [51].

Path expression optimization. Path expressions specify traversals through graph-based data,
and they form the basis of most query languages for semi-structured data and XML. Some path
expressions are reqular (or generalized) path expressions as they contain regular expression operators
to specify traversal patterns. Query optimization issues related to path expressions have been
addressed in object-oriented databases, semi-structured databases and XML databases [8, 46, 28,
14, 18, 29, 24, 38, 39, 40, 53, 6, 12].

In building the Open OODB optimizer [8], an object-algebra operator, called materialize, is
proposed to enable algebraic optimization of path expressions. By representing path expressions
as sequences of algebraic materialize operators and applying associated algebraic rewriting rules,
an optimizer is able to consider alternative permutations of materialize operations to evaluate a
path expression. An algebraic framework for the optimization of generalized path expressions in an
OODBMS [18] includes an approach that avoids exponential blow-up in the query optimizer while
still offering flexibility in the ordering of operations.

McHugh and Widom consider compile-time path expansions in the context of semi-structured
databases [38]. Their work is similar to that of Fernandez and Suciu [24], where a cross-product
is computed between the graph schema and a representation of the query. From this cross-product
an expanded version of the query is produced that is expected to execute more efficiently than the
original. The graph schema is a summary of the database that must be small and reside in memory.
A similar structure, DataGuide can also be used to rewrite the query [38]. Compared with a graph
schema, DataGuide is not required to be small since a full cross-product is not formed, nor is it
required to reside in memory. The query optimization problem for “branching” path expressions
has also been considered [39]. Such expressions are path expressions that specify traversals through
two or more related subgraphs. Several heuristic algorithms are introduced to avoid searching the
entire space of the query plans for branching path expressions.

Since tree-pattern-like queries are common operations in XML query processing, their eval-
uations have attracted a lot of attention recently. Naturally, such a tree pattern query can be
decomposed into binary structural (ancestor-descendant and parent-child) relationships, and the
query pattern is matched in two steps: first finding the matches for each binary structural relation-
ship against an XML database, and then combining these basic matches together.



To find all occurrences of the basic structural relationships, Zhang et al. [53] propose multi-
predicate merge joins (MPMGIN), a variation of the traditional merge join algorithm, while Al-
Khalifa et al. [6] propose a family of stack-tree algorithms which has no counterpart in traditional
relational join processing. Both of these algorithms make use of the (DocId, StartPos: EndPos,
LevellNum) representation of positions of XML elements and string values, which reduces the prob-
lem of checking structural relationships between elements to checking that certain inequality con-
ditions hold between the components of the positions of these elements. The experimental results
reported [53] have shown that the MPMGJN algorithm could outperform standard RDBMS join
algorithms by more than an order of magnitude. By keeping a stack that at all times has a sequence
of ancestor nodes, and each node in the stack being a descendant of the node below it, the stack-tree
algorithms are shown to be I/O and CPU optimal: linear in the sum of sizes of the input lists and
the final result list.

However, a limitation of this two-step approach is that intermediate result sizes can grow large,
even though the input and output sizes are reasonable. To address this issue, Bruno et al. [12]
propose a holistic twig join algorithm, TwigStack, based on the same representation of positions
of XML elements. This algorithm (1) first computes the results for different root-to-leaf paths
in the query twig pattern and ensures that the results computed for one root-to-leaf path of a
twig pattern are likely to have matching results in other paths of the twig pattern, and then (2)
merges results for the different root-to-leaf paths to compute the desired output. The first step
is achieved by their PathStack algorithm (a generalization of the Stack-Tree-Dec binary structural
join algorithm [6]), which uses a chain of linked stacks to compactly represent partial results for
root-to-leaf query paths. In the case that only ancestor-descendant relationships are present in a
twig pattern, the TwigStack algorithm is shown to be I/O and CPU optimal and is independent of
the sizes of intermediate results.

XML query rewriting. While there is some work on rewriting XPath expressions [45, 7, 9, 50],
there is not much on XML query rewriting. Manolescu, Florescu and Kossmann give a set of XQuery
normalization rules in the context of translating XQuery to SQL [37]. While their normalization
rules are essentially about query rewriting at the language level, our query rewriting rules are
developed at an algebraic level.

Fiebig and Moerkotte [25] have studied the XML construction and its optimization in Natix
[34, 35] from the algebraic point of view. However, their target language is YATL [19] rather
than XQuery, and they only consider the construction part. Moreover, their work is focused
on physical algebra instead of logical algebra, and consequently their optimization is on physical
algebra optimization and is achieved mainly by sort factorization. In contrast, our work is aiming
at a general algebraic framework for XML query processing and optimization which includes both
the query part and the construction part. Hence, query rewritings we propose are more complex
than theirs. However their work is complementary to ours in the sense that their construction plans
can be an underlying physical implementation of our logical construction operators.

3 Background

We begin by defining how we address the problem of storing XML data in relations. Relational
approaches proposed so far mainly rely on some pre-defined mapping schemas between XML doc-
uments and relational tables [23, 26, 48, 37, 10]. Unfortunately, in all existing approaches, once
a mapping schema is defined, it is fixed and cannot be adjusted. Different from existing mapping
approaches, our approach starts from storing whole documents in a column of type text rather



than chopping them into pieces to be mapped to relational tables and columns. To enable dynam-
ical shredding of XML data, we define an eztraction operator, adapted from the extract_subtexts()
function defined for a structured text abstract data type (ADT) [11].

The eztraction operator (x4,s(R)), takes a table as input and two parameters, A and .S, where
A is a column of table R of type tezt; S is a tree pattern to match against each text in the
given column A. This produces an extended table R’ that includes additional columns for each
filed matched by the pattern. The tree pattern matching sub-language is a variant of XPath that
describes tree patterns instead of path patterns, using hash marks or some similar flags to indicate
which nodes are to be returned.

The result of x4 5(R) is computed by considering each row of R in turn, as illustrated in Figure
2. Each application of a tree pattern (having k flagged node labels) against a text tree produces
a 2k-column table with one row for every distinct tuple of bindings and one column for each of
the extracted subtexts that matches a flagged node label plus one column indicating where in the
input text this subtext come from, referred to as the mark column. Thus given a table R with n
rows and a column A of type text, an application of extraction y to A produces n 2k-ary tables,
one per row in R. The resulting tables are then “attached” to R as if by a join that correlates each
row in R with all rows produced from the A-value in that row. Hence the result of applying this
operator is an unnested table. The new column names by default are the same as the root names
of the extracted texts, with suitable renaming as necessary.

Figure 2 shows the extraction of ‘book’ and ‘author’ from a table with one row and one column
containing a bib text, i.e., Xy <pibs[" <book>#[" <author>#]) (1) The first column is the original bib
text, the third and the fifth column are the extracted book text and author text, while the second
and the fourth columns are the associated mark columns (with marks represented by italics) for
book and author. These marks can be used to simulate “node identity”, and need not be visible
to users, i.e., they are “hidden” columns. A possible implementation of these marks is using (doc
id 4+ position in a document).

<bib= <hib> <book year="1984"> <hib <author>
<hook year="1994"> <book year="1904"> <title> <hook year="1984"> W
<title> TCFF illasty ated<Aitle> <title>TCP/IF illusty ated=/title> TCPAP Mlustrated <tifle=T CPAF illustrate d<ititle> Btevens
< authoe=TW, Stevens</authoe™> < aathoe> W, Stevens</author> <ftitle= <author=W. Stevens< fauthor> <fauthor>
<Mook <fbook> <authos> <fbook>
“book year="2001"> <hook year="2001"> W Btevens <hook year="2001">
<title Computer Networking</title> <title> Computer N etar orking= fitle> “fauthor> <tifle>C omputer Networking<Aitle>
<authoe=]. Ko ose< /authos <aathoe>]. Kurose</fauthos= <fbook> <authot>]. Kurose</atho>
<authot>K. Rosse</fauthor> <author=K. Rosse<fathor> <authot>E . Rosse</fauthor>
</hook> </hook> </hook>
<fhik </hik </hib>
<hib= <hib> <hook year="2001"> <hib> <author>
<hook year="1994"> <book year="1004"> <title <hook year="1984"= J. Kurose
<title> TCFAF illush ated<Aifle> <title> TCP/IF illusirated=/title> Compuater <tille=T CPAF illustrate d</title> <fauthor>
< aathor=TW. Stevenssfathor> < athor=W. Stevens<fauthor> Hetwotking <authot=>W. Stevens/authot>
<Mook <fbook> <ditle> <fbook>
<book wear="2001"> <hook year="2001"> < author=]. Kurose <book year="2001">
<title> C omputer Wetworking</title> <title>Computer N etar orking=fitle> <fauthor> <tifle>C omputer Networking<Aitle>
<authoe=]. Ko ose< /authos <aathoe>]. Kurose</fauthos= <author=K . Rosse <authorel. Kurose< fauthor>
<authot=k. Rosse</authot> <asthor> K. Rosse</author> “fauthor> <authot>E. Rosse< faathor>
<fbook> “<fhook> <Mhook> </hook>
<fhib </hik </hib>
<hib= <hib <hook year="2001"> <hib <author>
<hook year="1994"> <book year="1994"> <Hitles <hook year="1984"> K Rosse
<title> TCP/P ilhustrated< fitlex <title> TCP/IP illustrated=/title> Computer <tifle>T CPAP illustrate d</title> <fauthor>
< aathor=TW. Stevenssfathor> < athor=W. Stevens<fauthor> Hetwotking <authot=>W. Stevens/authot>
<Mook <fbook> <ditle> <fbook>
<book year="2001"> =<hook year="2001"> <author=]. Kurose <book year="2001">
<title ¢ omputer Wetworking</title> <title> Computer N etar orking=fitle> <fauthor> <tifle>C omputer Networking<Aitle>
<author=]. Kurose</authos> <aathoe>]. Kurose</fauthor= <author=K . Rosse <authot>]. Kurose</augtho>
< authot=K. Rosse</author> < aathor>E. Rosse</author> <fauthor> <author=K. Rosse</author>
</book> </hook> <fhook> </hook
</hik </hik> </hib>

Figure 2: The result of an

extraction with a tree pattern that flags ‘book’ and ‘author’ nodes

To facilitate construction in XQuery, two construction operators are defined. One is performed




horizontally on each tuple, called element construction vy, r.,taq (With element list Ly, attribute
list Ly and tag as parameters), the other is performed vertically on a table, called aggregate con-
struction 4 (with a parameter aggregation column A). Element construction concatenates desired
attribute values of each tuple to construct an element in the form of tree. Figure 3(b-c) shows an
element construction with columns A, B and C as its content. Aggregate construction is mainly
used for representing a set-valued element as a single tree. Assuming that a groupby operation
is performed first, instead of computing an aggregated scalar value for each group, aggregate con-
struction constructs a tree. The computing of an aggregate construction is performed by using the
catenate operator [30] that generates a vector which is an ordered collection of trees organized in
a larger tree structure. Figure 3(a-b) shows the aggregate constructions on columns B and C after
performing a groupby operation on column G and A.

o |4 [B |C G & B C
1 [al |kl [cl a ctor= cior=
SalAAl 1B ]S . C
NE AR AR AR
ZRRA| (B8] 8 | 8
(& )]
B [ Result
gl al yectors = for= =resulfs
S8 1N | o al/glf jzl\u :
AN AN N I AN AN AN AN
gd ad k3 o3 <regult=
AR X

{ch

Figure 3: Aggregate construction on column B, C, followed by element construction <result>@A,
B, C</result>

In addition to the extraction and construction operators, our extended relational algebra also
includes other operators to facilitate processing XML queries, such as groupby 77, (with grouping
column list L) to separate it from the computation of aggregate functions, as proposed by Gupta
et al. [31], sorting 77, (with sorting column list L) to take care of the order issue in the context of
XML. Details of these operators are provided elsewhere [55]. Note that in our algebra, all operators
take a table as input and generate a table as output, and data values may include structured text
as well as integer, string, date, etc. More specifically, selection and join conditions may include
text-related conditions, and the projection list may include text functions as well. When needed,
these traditional relational operators deal with text as if text is converted to canonical string first
and then operate on the resulting strings.

Based on this algebra, we developed an algorithm to translate from XQuery to our algebra.
Path expressions evaluation can be translated by using the extraction operator. The for clause in a
basic FLWR expression(i.e., without nesting) is easy to translate because variables introduced in for
clauses can be thought of tuple variables. To translate a let clause, we need to perform a groupby
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operation after extraction and before aggregation to ensure its semantics. The where clause is
similar to SQL’s where clause, but since here it can include path expressions, its translation must
support path translation. The return clause can construct new structures, so it can be translated
by using construction operators. Nested FLWR expressions can be translated as we translate basic
FLWR expressions, using the nested-loop semantics. The details of the algebra and translation
appear elsewhere [55].

Clearly this translation is naive. Many alternatives exist to generate a better translation that is
expected to be more efficient. For example, when we translate a let clause, we may not need to form
a group immediately, but form one later on when evaluating an aggregate function that is to be
applied to it. In this way, we may avoid unnecessary construction and deconstruction. Therefore,
it is important to recognize these optimization cases and to perform corresponding rewritings.

4 Query rewriting

As the reordering of operations is important in query optimization for relational systems, reorder-
ing is also important in the XQuery context. Given an algebraic operator sequence, reordering
operations may result in a different, more efficient algebraic operator sequence.

Figure 4 shows the outline of the operator reordering we consider in this paper. Since re-
ordering joins has been extensively studied in relational query optimization, here we concentrate
on reordering between new operations, i.e., reordering extractions, reordering (groupby, aggregate
construction) pairs!, reordering between extractions and (groupby, aggregate construction) pairs,
and reordering between new operations and join, i.e., reordering extraction with join, reordering
groupby with join, and reordering these three operations. To simplify the presentation, in the rest
of this paper, we use the term grouping to mean a (groupby, aggregate construction) pair.

Ee-order

Join
Re-order Re-order

[

Eztraction

Aggregate construction

Groupby

Re-order

Figure 4: Outline of the reordering categories considered

4.1 Reordering between new operations

Consider a partial query shown in Figure 5a. In its naive translation shown in Figure 5b, the
aggregate constructions are performed for each variable immediately after the corresponding ele-
ments have been extracted. Since our extraction operator flattens set-valued elements, we need to

!This notation means that we consider these two operations together. However, depending on the optimization
goal, either one could be the pivot operation which drives the optimization direction. For example, when considering
reordering them with extraction, groupby is the pivot operation, whereas in avoiding redundant construction and
deconstruction, aggregate construction becomes the pivot operation.



reverse the effect of ‘flatten’ before applying the aggregate construction operation to form a group
of values. Therefore, extractions and constructions are interleaved in this translation. Note that
including ‘aggAuthor’ or ‘aggPrice’ in the grouping column lists is to comply with SQL GROUPBY
constraint. The same reasoning applies to other examples given in this section. However, we can
swap the extraction of ‘price’ and the construction on ‘author’ to get an alternative translation
shown in Figure 5c. The alternative translation pushes the third extraction downward past the
previous aggregate construction so that it does not form a group of values for each variable im-
mediately. Moreover, after this swap, we have the two consecutive construction, i.e., construction
on ‘author’ followed by the construction on ‘price’. The reordering of consecutive groupings may
result in a different construction order which is expected to be more efficient.

For fb in document(" http:/fwww bn. com/bib. zml" Whibibook
Let fa= fbiauther

fp=Fbiprice (@)
Aggregate construction Agpregate construchon Eoorepale COTSUCh of
on price—>agzPrice (§p) on price--=aggPrice (fp) on author-->agghuthor ($a)
Y w|
Groupby on Groupby on \lrj Groupby on
book, aggiuthor book, agghuthor | book, agePrice

| Extract $biprice |__~“ Agpregate construction on |, [ Aggregate construction on

. i author-—->aggAuthor (fa) price—>aggPrice (5p)
Aggregale consiruchion on :l'flr Groupby on book, price Groupby on book, author
auther-->aggAuthor (Fa) |
Grouphy on book ‘\“"| Extract $b/price | Extract $biprice
Extract $bfauthor Extract $b/author Extract §b/author
Extract book -=§b Extract book -=§b Eztract book ->¥b
{b) (c) ()

Figure 5: Illustration of reordering new operations

In trying to determine how to rewrite queries, we observe that the relationships among the
extracted elements and the elements being constructed determine how the reordering of operations
should be done and accordingly how grouping column lists and aggregate column lists should be
changed. In other words, the tree patterns implied by extractions and aggregate constructions
being considered play a key role in the process of reordering operations and changing the grouping
column lists and aggregate column lists. Therefore, in the following discussion, we consider the
shapes of different tree patterns, and within each case, we consider the reordering between new
operations accordingly.

Sibling pattern. When reordering grouping (with grouping column list /, and its associated
aggregate construction on the aggregate column list m, = {a}) and extraction of element/attribute
b, how do we determine the new grouping column list I/ and the new aggregate column list m/, so



that the execution after the reordering produces the same result as before? In the case of siblings,
because the extractions of siblings are not dependent on each other but only dependent on their
parent/ancestor, computing the new grouping column lists and the new aggregate column lists is
very easy: a new grouping column list needs to include the column name corresponding to the
extraction being pushed down, and the new aggregate column list is modified by simple renaming.
The same reasoning determines that the aggregate constructions of siblings can be performed in
any order.

e Stepwise reordering of extraction and grouping.

When reordering grouping with extraction of siblings ¢ and b, the new grouping column list is
I! = l,+b (here ‘+’ represents the conventional list append operation) and the new aggregate
column list is m!, = m, = {a}.

The dashed line from Figure 5b to 5c¢ shows the process of pushing down the extraction of
‘price’ past the aggregate construction on ‘author’. Since ‘price’ and ‘author’ are siblings, the
new grouping column list [’ = lauthor+'price’= {book, price}, and the aggregate column

author
] !
list M yuthor — Mauthor = {Q’UthOT}.

e Stepwise reordering of consecutive groupings.

When reordering consecutive groupings, if @ and b are siblings, the new grouping column list
is I} = Iy with appropriate name changing. That is, if I includes the column of aggregate
values on a, whose column name is aggA by our naming convention, then [; includes the
column name «a instead of aggA since now column @ has not yet been aggregated. Similarly,
the new grouping column list I/, is I, with column name b (if present) replaced with column
name aggB since now column b has already been aggregated. The new aggregate column lists
for both remain the same, i.e., my = mp = {b} and m, = m, = {a}.

The dashed line from Figure 5¢ to 5d shows the process of reordering two consecutive groupby
and aggregate constructions on ‘author’ and ‘price’. Since ‘price’ and ‘author’ are siblings, the
new grouping column list I/ ., = {book,aggPrice} with ‘price’ in the old lquhor replaced
with ‘aggPrice’ since now ‘price’” has been aggregated already, while the new grouping column
list I},,;.. = {book, author} with ‘aggAuthor’in the old /,;.. replaced with ‘author’ since now

‘author’ has not yet been aggregated. The aggregate column lists for both do not change.

e Combining extractions.

In Figure 5d, all the extractions are pushed down to the bottom so that there are two separate
parts: “extraction” part, and “construction” part. Since ‘price’ and ‘author’ are siblings, and
their extractions do not depend on each other, we can reorder these two extractions. In
fact, we can go a step further by merging the three extractions into one extraction using
Rule 1 as follows. Therefore, instead of performing three extractions of ‘book’; ‘author’, and
‘price’ separately, we can just perform one extraction which extracts them simultaneously.
To accomplish this, we need to modify the tree pattern to be matched.

Rule 1 : Splitting/merging extraction(s) with a path having branches.

Let Py[P1&P;] be a path with two branches Py/P; and Py/P,, with Py as the common prefix
path expression. Let Py, P; and P, be path patterns such that Py ends with extracted item
Co.

XA, Py [PL&ePs] (B) = XCo. P, (X P, (X4, (R))) (1)
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Note that this rule can be easily generalized to a path having multiple branches.

Consider an example of reordering with a sibling pattern having three siblings. Figure 6 shows
the application of the above stepwise reordering in a query involving three siblings. Figure 6a gives
a partial query. We assume at first that each book may have several titles, authors, and prices.

The algebraic expression resulting from our naive translation for the example query is shown in
Figure 6b.

For Thin document hitp Marwrw bocomibib zm T ibibibook
Let §a= fbfauthor

bt:= Bhiitle
fp=Fbiprice {a)
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ont price—-=>aggPrice (Bp)
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. ? on title--=aggTitle (§t)
1.
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Aggt.';gati con;‘t;'?chgn ) \} . Gil:coupbionh . Groupby on
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Groupby on bool, fitle, price
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author-->agg Author (§a) | Groupby;n book, title “‘-b-| Extract biprice |
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Extract Fbfauthor Extrac?iﬁbfauthor

Extratt Fhiauthor

Extract book --=Fb Eztract book --=%b

Eztract book --=8b
(b (c)

(d)

Figure 6: An example of reordering with a sibling pattern

By repeatedly applying the above stepwise reordering of extraction and groupby operations
(shown as the dashed lines), we can push down all extractions and get an alternative algebraic
expression shown in Figure 6d. Although the elements are extracted in the same order as they were
in Figure 6a (i.e., ‘author’ is extracted first, then ‘title’ is extracted, and finally ‘price’ is extracted),
by using Rule 2, they can be extracted in a different order, which we do not show in this figure.

These extractions can also be combined together into one single extraction, which could be more
efficient.

Rule 2: If A and B do not depend on each other, and neither do P; and P, then

x4,p, (xB,P) = XB,P (X4,P,)
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Moreover, starting from Figure 6d (repeated as Figure 7d), after repeatedly applying the step-
wise reordering of consecutive aggregate constructions as shown in Figure 7, the construction order
shown in Figure 7g is different from the original construction order as shown in Figure 6a. In Figure
6a, we first construct ‘aggAuthor’ (i.e., $a), then ‘aggTitle’ (i.e., $t), and finally ‘aggPrice’(i.e., $p),
while in Figure 7g, the construction order is reversed. Therefore, in the case of siblings, the order
of extractions of siblings can be arbitrarily chosen and the order of constructions of siblings (which
is not necessarily the same order as extraction) can be chosen arbitrarily too.

For §b in document( http:/fwww bn. com/bib. zml " Wbibibook
Let $a = $bfauthor

b= Fhititle
$pi= $biprice
Lggregate construchon Aggregate construchon Aggregate construchion on Aggregate construchon on
on price—->aggPrice (§p) on price—->aggPrice (5p) A author—>aggAuthor (5a) author-—>aggAuthor ($a)
1
Groupby on Groupby on \‘:.II Groupby on Groupiy ot
book, agAgAuthor, aggTitle book, agg%uthor, aggTitle | | book, aggTitle, aggPrice book, agg'I"itle, aggPrice
i i
Agg;;gati con;t.rt?chgsl Ny Agirega:e COEST}TCH 0£1 on |/ \‘ Aggrcgaté construchon Ag‘tgirﬂegat: cor'lI:‘;.ttrluct;S(;n
on ttle-->aggTitle (t) »: author-- aﬁg uthor (Fa) on priceg>agePrice (5p) | on title--=aggTitle (Bt}
y 1 \I
Groupby on \'. il Groupby on Groupby on \I Groupby on
book, aggAuthor, price i book, aglgTitle, price book, author, aggTitle U l-"book, author, aggFrice
+ + i $

Lgoregate construchion on .’\I Aggfegate const.ructt of Aopregate consiruction ,r'flj Aggrfagate constru.ctt ot
author-->agg Author (Fa) \:‘ on title-->ageTitle (§t) on title——faggTitle (1) 77 | enprice—-=FaggPrice (§p)

Groupby on Groupby on Groupby on Groupby on

book,‘titl e, price book, author, price book, author, price bool, author, tifle

1 .

Extract Sbiprice Extract biprice Extract $biprice Extragt $biprice

Extract Sbititle Extract Ebtitle Eztract $brtitle Extract Ebtitle

Extract fbfauther Extract $blauthor Eztract $blauthor Extract $blauthor

Extract bool --=§b Eztract book --=§b Extract book --=8b Extract book -->§b

@ © ® ®

Figure 7: An example of reordering with a sibling pattern (cont’d)

Note that if we know that each book has only one title, then the groupby operation and the
aggregate construction on title are not necessary. Hence, the algebraic expression shown in Figure
6a can be simplified and the swap between the extraction of ‘price’ and the construction on ‘title’
(shown in the dashed line from Figure 6a to Figure 6b) can be saved. Also the subsequent swaps of
constructions in Figure 7 (shown in the dashed line from Figure 7d to Figure 7e and from Figure 7f

to Figure 7g) are avoidable. Therefore, it is advantageous that the reordering be performed after
all unnecessary groupings are eliminated.

Path pattern. In the case of children/descendants, the reordering of extraction and grouping
is not like that for siblings. The reason is illustrated in Figure 8. Suppose we push down the
extraction past the previous groupby and aggregate construction (as shown by the dashed line
from Figure 8b to 8c). In order to get the same result, we have to add another grouping at the
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top of the algebraic expression, with the aggregate column list including both the parent (‘author’
here) and the child (‘phoneno’ here). The reason for enlarging the aggregate column list will be
clarified by example shortly. Moreover, the first grouping to aggregate on ‘author’ turns out to
be redundant in the sense that it does not form new groups and the aggregate construction is
essentially a no-op. This is because ‘phoneno’ is extracted from ‘author’ and grouping is based
on node id (and there is a functional dependency from node id of phoneno to node id of author).
Therefore, we should eliminate this redundant groupby and aggregate construction by using Rule
3. The resulting algebraic expression is shown in Figure 8d. This alternative algebraic expression
could also be explained as follows: when we push down the extractions of children/descendants, we
should also push down their associated groupby and aggregate constructions. In other words, the
aggregate construction of a child/descendant must be performed before the aggregate construction
of its parent/ancestor.

Rule 3: Let p4(R) be the result of aggregation on column A of relation R. If v7,(R) is a
grouped table in which each group has only one row, then

pa(v(R)) = R (3)

For §b in document(" http:/fwww bn. com/bib xml™ " Whib/book
Let fa:= Ebfauther
$p:= ba/phoneno (a)

Agoregate construction on
agguthor--»aggagg Author (fa)

aggphon eno——$> aggaggPhoneno (Fp)

Groupby on book

?

Lggregate construction on Aggregate construction on \“ Agpregate construction on
phoneno-->aggPhonenao (§p) phenene--=aggPhonenc author-->aggAuthor(fa)
aggPhoneno--raggaggFPhoneno (Fp)

Groupby on bool, aggduthor Groupby on book, agguthor| ™
"

T “‘\\ Groupby on book
Extract falphonenof - Agoregate construction on | ] “\\ 'Tr
| " ,,-"author_Jag Author % ‘\‘ Ageregate construction on
Aggregate construction on| % dund phoneno-->aggPhoneno
author-->aggduthor ($a) | Groupby on bock, phoneno redundant
', 4 Groupby on book, author
eogtyamboe | »{ iy :
Extract $a/ phoneng Extract fa'phoneno
Extract $b/author
T Eztract $b/author Extract §bfauthor
Extract book --»Fb Exztract book --=§b Extract book —->8b
Ly (e}

1G]

Figure 8: Illustration of pushing down the extraction of a child/descendant

e Stepwise reordering extraction and grouping.

When reordering grouping and extraction of a and b, if b is a’s child/descendant, the new
grouping column list for the child/descendant [} is the old grouping column list [, with ap-
propriate name changing as we do in the case of siblings, and the new aggregate column
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list mjy = mp = {b}. However, the new grouping column list for the parent/ancestor does
not need to do name changing, i.e., I = I,, and the new aggregate column list m/ is en-
larged to include the column of the child/descendant b as well. The reason to include the
child/descendant column that has already been aggregated is that the aggregate construction
for a child/descendant on a small group has been performed before the aggregate construction
for its parent/ancestor, so this aggregated value has to be coalesced on a bigger group formed

when constructing an aggregate for its parent/ancestor.

This is illustrated in Figure 9, an execution result of the algebraic expression shown in Figure
8d against a sample XML document. Suppose after ‘book’, ‘author’ and ‘phoneno’ are ex-
tracted, the table looks like the one shown in Figure 9a, indicating that there are two books,
each book has two authors, and each author has two phone numbers. Since we aggregate the
phone numbers for each author first, then we get a result table as shown in Figure 9b, with the
third column ‘aggPhoneno’ representing the aggregated result. However, when we groupby
on ‘book’ and aggregate on ‘author’, we need to aggregate on ‘aggPhoneno’ as well, because
‘aggPhoneno’ is the aggregated value computed on smaller groups (i.e., for each book and
for each author) formed in Figure 9b. When a bigger group (i.e., for each book) is formed
in Figure 9c, this aggregated value needs to be coalesced to get the right binding for the
let-bound variable $p.

bl K p& bl |all wector o
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K K pﬁ A A all al2 |[plll p112p121 p 122

bl |al2 vector A A A A A
NI
K s& Pﬁ T A ‘/—\‘ _’b2 vector vector
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ﬁ Z V/ECtOI;\ Aﬁﬁ p2ll pZl2p221 p 222
e baNlVa N VAVAVAVAN
AN s el AN
bA K PK b2 | a2 vector

A A p22f p;EZ
RIA R LA
ANATA

@) ® (e

Figure 9: Aggregated value on a small group needs to be coalesced on a bigger group

e Stepwise reordering of consecutive groupings.

As we indicated above, in the case of child/descendant, the reordering of consecutive groupings
is not arbitrary as for siblings. Instead, it is constrained such that the construction of a
child/descendant is performed before the construction of a parent/ancestor.

e Combining extractions.

Again, we can combine several extractions into one extraction by using Rule 4.
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Rule 4: Splitting/merging extraction(s) with a single path chain.
Let R be a table, and let P, and P, be path patterns such that P, ends with extracted item
C.

Xa,P /P, () = Xcy Py (Xa,P (R)) (4)

Consider an example of reordering with a path pattern having one child and one grandchild
as in Figure 10. Figure 10a gives a partial query. The algebraic expression resulting from our
naive translation is shown in Figure 10b. By pushing down the extractions of the child and the
grandchild, we can get an alternative algebraic expression shown in Figure 10e. In this figure, the
order of extraction is the same as the original one, but the construction order is exactly the reverse
of the original one because this example embeds a path pattern with a child and a grandchild.
Again it may be advantageous to combine four extractions.
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Figure 10: An example of reordering with a path pattern

Tree pattern. In practice, the extraction pattern for a given query is not strictly a sibling pattern
or a path pattern, but a tree pattern. As a tree pattern can be decomposed into combinations of
sibling and path patterns, the above reorderings can be applied in the general case of tree patterns.
Here we give an example (shown in Figure 11) to give the basic idea of how to apply the above
reorderings in the general case of a tree pattern.

In Figure 11, the tree pattern involves a sibling pattern (i.e., ‘author’ and ‘title” are siblings),
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and a path pattern (i.e., ‘author’ is the parent of ‘firstname’). Since the order of construction
between siblings does not matter, in our example query we can choose to construct $a before we
construct $t or vice versa. (Again for illustration purpose, we assume each book can have multiple
titles). However, before we construct $a, we must construct $f. In both cases, the construction
order, the grouping column lists and the aggregate column lists are given below:

(i) construct $a before $t

1. Groupby on book, author, title,

Aggregate construction on firstname — aggFirstname;

2. Groupby on book, title,
Aggregate construction on author — aggAuthor($a)
on aggFirstname — $f;

3. Groupby on book, aggAuthor, aggFirstname,
Aggregate construction on title — aggTitle($t).

(ii) construct $t before $a

1. Groupby on book, author, firstname,

Aggregate construction on title — aggTitle($t);
2. Groupby on book, author, aggTitle,

Aggregate construction on firstname — aggFirstname;

3. Groupby on book, aggTitle,
Aggregate construction on author — aggAuthor($a)
on aggFirstname — $f.

Suppose we want to push down all the extractions and take the order of construction shown in
case (1). We can apply the previous reordering for sibling pattern and path pattern as follows:

We first consider the path pattern that exists between ‘author’ and ‘firstname’, and we apply
the corresponding reordering (as shown by the dashed line from Figure 11b to 1lc); then we
consider the sibling pattern held between ‘author’ (with its subtree) and ‘title’, and we perform the
corresponding reordering (as shown by the dashed line from Figure 11c to 11d); finally we consider
the ‘sibling’ pattern between ‘title’ and ‘firstname’ (note that due to the sibling pattern between
‘title’ and ‘author’, and the path pattern between ‘author’ and ‘firstname’, here reordering of the
extraction of ‘title’ and the aggregate construction on ‘firstname’ falls into the sibling pattern), and
we apply the corresponding reordering (as shown by the dashed line from Figure 11d to 1le). If
we want to take the construction order of case (ii), we can start from Figure 1le and apply the
reordering of consecutive groupings to achieve that.

4.2 Reordering between new operations and join

As join is an important operation in the relational algebra, so it is in our algebra. This is not only
because join appears frequently in our translation of an XQuery expression, but also because of its
interactions with the new operations. This leads to an interesting research problem: how do we
reorder the new operations and join?

16



Appregate construction on
titl e--=aggTitle (1)

Groupby on
sook, agglduthor, aggFirstname

Extract $bititle

For Tb in document hitp/fwww bn. comibib zmT  Whiblbook

Let fa= $biauthor
§f:= Fafirstname
b= Sbititle

(@)

Aporepate construction on
title-->aggTitle (1)

Grouphy on
book, aggbuthor, §f

Extract $bftitle

T -
Agporegate construction on

firstname-->aggFirstname (§f)

Groupby on book, aggluthor

Agoregate construction ofi-|
author-->agghuthor (§a)
aggFirstname-->§f

Groupby on book

-,

-

Lgoregate construction on
title-->aggTitle (§t)

Grouphy on
book, aggAuthor, §f

Agoregate construchon on
author--»agghuthor ($a)
aggFirstnage-->5f

Groupby on bool title

Aporegate construction on
title--=aggTitle (§t)

Groupby on
book, aggAuthor, $f

Aporegate construction on
author-—->agghuthor ($a)
aggFirstname--=$f

Groupby on book title

T -
Agpregate construction on

“&fEstract Bhftitle

firstname-->aggFirstname

Extract $a/firstname ™

- 1 . T ! =
:»\\JAggregate construction on lhgeregate construction on i

Groupby on book, author title

T - firstname--=aggFirstname firsthatne--»ageFirstname ~
Appregate construction on =

author-—->agghuthor ($a)

A Extract $bititle

Extract fa/firstname

Grouphy on book, author

Groupby on bool, author
A

Groupby on boole Extract $affirstname Extract l:a.l’firstname

Reordering extraction with join.

Extract $bfauthor Extra*t Fbiauthor Extract $bfauthor Extract $bfauthor

Extract book -->8b
)]

Extract book --=§b
(c)

Extract book --=§b
(d)

Extract book --=8b
(e)

Figure 11: An example of reordering with a tree pattern

As extraction is essentially an external function with respect

to the relational algebra, it seems at first sight that the existing work on reordering expensive
predicates and join [33, 32, 17] is applicable. However, we have the following observations when
comparing our reordering problem with those works:

When ordering extraction and join, there is a constraint that the columns on which join
predicates operate must be extracted before performing the join. This is because additional
database columns result from extractions, which is not the case of reordering expensive pred-
icates and join.

Our extraction never decreases the number of tuples and number of columns. Hence, pushing
down extraction past join increases the number of tuples participating in a join, whereas
pushing down expensive predicates typically reduces input to a join.

If we want to reorder extraction in a similar fashion as ordering expensive predicates based
on some cost formula, the calculation of the cost should include other cost aspects. This is
because in addition to the invocation cost and the processing cost, the output tuple size and
the multiplicity factor of extraction should also be considered in cost formulas. Certainly if
we know from some structural constraint that the extracted element is of single value, then
the multiplicity factor need not be considered.

The pros and cons of reordering extraction and join can be summarized as follows:

Pushing down extraction past join. Instead of reducing the cardinality of tables participating
in join, pushing down extraction past join will have possible gains in the following ways:
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1. Assembling a sequence of extractions. In addition to the reordering of extraction with
groupings, reordering extraction and join can also have the benefit of making a sequence
of extractions appear together.

2. Avoiding redundant extractions when a large cache for memorization is not available. In
our translation, all the columns of a table are of type text, so any of the columns can be
supplied as the starting column for a subsequent extraction. However, a join operation
could make one tuple ¢ from an input table appear several times in the join result.
Hence if the subsequent extraction starts from some column A, then the extraction will
be applied on the same value t[A] multiple times. In the case that there is no cache for
memorization, redundant extractions need to be performed, which is undesirable.

A drawback of pushing down extraction past join is that it will increase the cardinalities
of inputs participating in the join unless immediate groupby and aggregate construction are
performed when extracting set-valued elements. This is different from the gains that motivate
pushing down groupby past join in relational systems.

e Pulling up extraction past join. As the opposite of pushing down, pulling up extraction
past join could have the possible gain in avoiding unnecessary extraction and decreasing the
cardinalities of inputs participating in a highly selective join.

In general, we have the following rules for pushdown/pullup extraction past join:

Rule 5: If extraction x4 p(S) and join condition ¢ do not depend on each other, then

xa,p(S)(RM, S) = RX, (xa,p(5)) (5)

Reordering grouping with join. The appearance of a groupby operation in our translation is
due to extraction, the aggregate construction for a let-bound variable, and for the restructuring
part in XQuery. Therefore, in an algebraic expression tree, it is possible that the groupby operation
after a join relates to one of the join operands only, and it is not really dependent on the join result.
This means that in this case, pushing down groupby past join reduces the cardinalities of inputs not
in the same way as it does in SQL, but in the sense of eliminating the flattening effect introduced
by extraction. This different use of groupby within XQuery implies that prior work is not directly
applicable here. The existing work of reordering groupby and join developed for SQL is based on
considering how join affects the result if the final groupby is pushed down past join. However, in
the case that the groupby above the join does depend on the join result, the existing work is still
applicable. An example of this case is to evaluate a traditional aggregate function on a let variable
which is bound to an expression including a join condition, such as W3C XMP Use Case Q10 [4]
which will be discussed in the next section.

In the case that join is performed on the columns that will contain constructed trees after
join, it may be better not to push the associated groupby down. For example, suppose there are
two documents about books and each book may have several authors (e.g., one is a bibliography
document and the other is a book review document as in W3C Use Cases [4]). Now suppose two
documents need to join on ‘author’ and return authors for each book after the join, then it is
better to delay aggregate construction on authors for each book after the join on ‘author’ has been
performed. This constraint can be thought of as some kind of ‘interesting order’ [47] considered by
a relational optimizer during query optimization.
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5 Applications

We have discussed rewritings for extraction, groupby, aggregate construction, and reordering with
join. Along with these discussions, we have developed a set of rewriting rules and have seen an
application of combining extractions. In this section, we present several other typical applications of
these rewriting rules. We start from simple applications, then we proceed to moderate applications,
and finally we study a class of complex applications involving query unnesting in which most of
the query rewritings we discussed can be applied.

5.1 Avoiding unnecessary groupbys and constructions

A feature of XQuery differing from SQL is its power to construct structured values. Consequently,
almost every query involves construction, and to construct query results efficiently is a major
concern. By applying our rewriting rules, we can avoid unnecessary construction, deconstruction
and associated groupby operations.

Evaluating a traditional aggregate function on a let-bound variable. We have shown
before that extraction can be pushed down past construction, or in other words, construction can
be delayed. Sometimes, construction cannot only be delayed, but also avoided completely. This
scenario happens often in evaluating a traditional aggregate function on a let-bound variable. To
realize this optimization, the translation does not actually form an aggregate construction for each
let-variable binding when translating a let clause, but it combines the groupby operation and the
aggregate function together, like in SQL.

TW3C P Use Case Q10 In the document *'prices.zml™’, find the minimum price for each book, in the form of a
“minprice’’ element with the book title as its title attribute.
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Figure 12: An adapted version of W3C XMP Use Case Q10
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Figure 12ais an adapted version of W3C XMP Use Case Q10 with the let variable $doc replaced
with its binding expression document( “prices.zml”). It also replaces the original single let clause
with two let clauses, which is the result of our canonicalization [55], but it could represent an
alternative query given by a user. Figure 12b shows a partial algebraic expression for the adapted
query. It includes the translation of the for/let clause and the application of min, but it does not
include the translation of the return clause. This translation constructs the group of prices for each
book title immediately when translating the let-bound variable $p, and later on it deconstructs
the groups when calculating min($p). Note that this deconstruction is realized by using another
extraction operation.

However, we notice that the operation sequences shown in the rectangles in Figure 12b can be
simplified. By using Rule 6, the unnecessary construction (on ‘price’ to get $p) and deconstruction
(from $p to get ‘price’) shown in the upper rectangle can be eliminated totally. Also the lower
rectangle can be simplified by using Rule 7. This is because (1) the implicit unnesting semantics
in XPath makes the extraction of ‘price’ from $b, an aggregated construction result on ‘book’,
equivalent to extracting ‘price’ from ‘book’ directly, and because (2) $b will not be needed again.
Moreover, the join operation is eliminated, which is shown from the oval in Figure 12b to the
rectangle in Figure 12c. This rewriting will be discussed in more detail in the subsequent section
of unnesting nested FLWR expressions.

The resulting algebraic expression after applying these rewriting rules is shown in 12c¢. The gains
of these rewritings are that the aggregate construction of variable $p is delayed to the place where
man occurs, and thus actually avoided. Performing the groupby operation right before evaluating
min makes the efficient implementation of SQL’s grouped queries in RDBMS reusable.

Rule 6: Simplifying construction-deconstruction sequence.
Let agg A be the resulting column of aggregate construction p 4, and the result of the extraction
XaggA, /A 18 to get A back.

ﬂ-allColumns—{azggA} (XaggA,‘/A’ (:uA (VL(R)))) = WLU{A}(R) (6)

Therefore, the extraction here is actually a deconstruction which is the opposite operator of
aggregate construction g. This rule indicates that performing these two opposite operations sub-
sequently is equivalent to performing nothing. By applying this rewriting rule, we can avoid un-
necessary construction, deconstruction and associated groupby operations.

Rule 7: Simplifying groupby-construction-extraction sequence.
Let z be any simple path expression and let X denote the column resulting from extracting z.

TallColumns—{aggA} (XaggA,‘/A/:r’ (:uA (’YL(R)))) — ﬂ-LU{X}(XA,‘/:L"’ (R)) (7)

Unlike Rule 6, here the extraction of z from aggA is not the complete deconstruction, i.e., it
does not select A, instead it selects something inside A. Due to the implicit unnesting semantics
of XPath and the constraint that the aggregate construction result of u4 are projected out, the
groupby-construction sequence is redundant, and thus can be eliminated.

We give two examples below to show the difference between these two rules:
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TallColumns—{agg Author} (XaggAuthor,‘/author’ (,uauthor (7book (R) ) ) ) = T{book,author} (R)
TallColumns—{agg Author} (XaggAuthor,‘/author/phonenumber’ (:uauthor (’)/book (R) ) ) )
= T {book,phonenumber} (Xauthor,‘/phonenumber' (R))

Suppose the starting table R is the one shown in Figure 13a, which contains two books b; and bs,
each of which has two authors @11, @12 and agq, ags. Each author has only one office phone number,
i.e., p11, P12, p21 and pos.

Figure 13(a-b) shows the operation of grouping on ‘book’ and aggregating on ‘author’ (i.e.,
Hauthor (Vbook(R))) to get the aggregated column aggAuthor shown as the second column in 13b;
Figure 13(b-c) shows the operation of extraction of ‘author’ from ‘aggAuthor’ to get ‘author’ back,
as shown in Figure 13c; finally after projecting off the column ‘aggAuthor’ from the current table,
the table returns to Figure 13a again. Therefore, the whole process shown in Figure 13(a-b-c-a) is
the left side of Rule 6, which is equivalent to doing nothing, as indicated by 7(pook author} (R2) o0
the right side of Rule 6.

Similarly, Figure 13(a-b-f-e) shows the process of the left side of Rule 7. Unlike the first example,
Figure 13(b-f) shows the extraction of ‘phonenumber’ from ‘aggAuthor’ instead of extraction of
‘author’, i.e., the operation X4 4uthor, /author /phonenumber’ - Figure 13(f-e) shows the projection off
‘aggAuthor’. Figure 13(a-d-e) shows the process of the right side of Rule 7. Figure 13(a-d) shows
the extraction of ‘phonenumber’ from ‘author’ directly and Figure 13(d-e) shows the projection on
‘book’ and ‘phonenumber’. Clearly, both sequences end up with the same table shown in Figure
13e.
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Let fview.=
(FOR $i IN docurment(item s xml)fitem _tuple
RETURN
<result>
{ Bifitemno }
{ $i/descriphionitext) }
{ FOR $b IN document ("bids xml")
Hbid_tuple[itemno= Bifitemno]
RETTUERN distinct-values(Eblusenid)
i

<fresult>)

FCR. $u I document(userss.zml)/fuser_tuple
EETURN
<uger>
{ fu/name }
{FOR. ftemp I Eview/result
WHERE $ufuserid = ftempfuserid
EETURN
<bid_on_item =
{ Btemp/description/text]) }
<fbid_on_item>

¥

“fuser>

(a) View definition

(b) W3CR Use Casze Q18

Figure 14: An adapted version of W3C R Use Case Q18
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View composition. Figure 14 gives an adapted version of W3C R Use Case Q18 which asks:
for each user, include descriptions of all the items that were bid on by that user. Suppose we have
a view definition denoted by a temporary variable $view, which for each item, lists its itemno,
description and the users who bid on this item (shown in Figure 14a). Now we pose a revised query
on this view to achieve the same result as Use Case Q18 does (shown in Figure 14b).

Figure 15a shows the algebraic expression for computing the view. We first consider the opti-
mization that can be achieved in the view computation itself. If we know each item_tuple has only
one itemno, then we can eliminate the construction and deconstruction on $i/itemno, as shown
by the left bottom rectangle. This is a simple but important heuristic, and we should apply it
whenever possible. In the case that we cannot apply this heuristic, there is another optimization
on itemno we can apply because this view involves a join operation on ‘itemno’. We should delay
the construction on ‘itemno’ until after the join is performed so that join columns are not aggre-
gated before the join. In this way, we can avoid unnecessary deconstruction. This can be achieved
by applying Rule 6. Meanwhile, by using Rule 8, the aggregate construction applied on a smaller
group can be eliminated when followed by the same aggregate construction applied on a bigger
group. This is indicated by ‘redundant’ in the figure. Here we do not care about the order when
we perform an aggregate construction on ‘userid’ because each user can have only one userid, and
thus we can apply Rule 8.

Rule 8: Simplifying a contiguous groupby and aggregate construction sequence.
Let R(%,j) be the value on row ¢ and column j of table R , we define

. .\ noorder .o .
R noerder{cols) Ry iff Rl(l"]) ~ R2 (7 7) J € cols
Ru(i,7) = Ra(i, 7) j ¢ cols
Let aggA be the resulting column after aggregation on column A. If Ly C Ly, then

(v, (ea (v, (R)))) "7 8994 o, (R)) (8)

Here "*Z%" means the left ‘vector’ and the right ‘vector’ have the same set of elements (ignor-

ing order), and this definition applies recursively to each element. In the case that order is not

important, then noorder .an be used as if it is =. Also note that the condition Ly C Ly in this rule

can be generalized such that if L1y — Ly so that the groups formed when grouping on them have
the above property, then this rule still holds.
A special case of this rule is:

Rule 9:
Let v4 represent groupby on nothing, i.e., the whole table is treated as a single group, then

ia(o(a(vo(®))) LI L (R)) = pa(R) (9)

Now we consider the optimization of the query posed against this view. Figure 15b shows the
algebraic expression for computing the query. The dashed arrows indicate how the view composition
is performed. Depending on when the construction of the view is performed, two evaluation plans
exist for this query:

e Plan 1: immediately perform construction for the return clause in the view definition which
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needs to be deconstructed later on.

e Plan 2: delay the construction for the view definition.

Plan 1 is to do the grouping and construction in the view definition immediately. That is, it
groups on each item and constructs a text tree for ‘userid’. However in the subsequent evaluation
of the query, this text tree is deconstructed because a join is performed on it. Using the same
‘interesting order’ heuristic above, we should adopt plan 2 which delays the construction of the
view and thus avoids unnecessary deconstruction. Meanwhile, since the query asks for the item
description only, and the final query result is grouped under ‘user’ instead of ‘item’, we can avoid
unnecessary groupby on ‘item’ and the view construction. Moreover, although the optimization
on construction and groupby is our focus here, the join operation and other operations in the
view computation which are not needed in computing the query can be eliminated too. These
unnecessary computations are shown in the dashed rectangles in Figure 15a.

These optimizations are view rewriting optimizations that account for a new construction opera-
tion and its associated groupby operation. Because groupby and construction often appear together
in our translation, the optimization of construction cannot be isolated from that of groupby. How-
ever, the optimization for groupby itself cannot be subsumed totally under the optimization for
construction. In fact, in many cases where optimization of construction is not possible, we consider
the optimization of groupby with respect to other operations, such as the reordering with extrac-
tion. So groupby and construction can be viewed as a single unit operation with two heads, one is
groupby and the other is construction. Whenever construction is useful in optimization, that head
is visible; afterwards the groupby head takes priority.

5.2 Obtaining alternative join plans

We have seen how to put extractions together by reordering interleaved extraction and grouping.
In the case where both extraction and join are present, it is also possible to reorder extraction
and join to consolidate extractions. However, the gains have to be balanced against potential costs
since reordering extraction and join may have other effects as shown in Figure 16. Figure 16a is
the query from W3C XMP Use Case Q5. Figure 16b gives the outline of possible evaluation plans
for this query depending on when the join is performed.

WEC HMWP Use Case (5 For each book found at both bn.com Join
and amzaon. com, list the title of the book and its prices from each

source. /‘ \
<books-with-prices> - .-

{ FOE $b I document (" www bo. com/bib zml " Whook

Fa I document(" www amazon. c om/reviews zml" Wentry,

WHERE $britle = Salftitls ; ~ ;
RETURN \ W
; I

<book-with-prices=
{ Bbrtitle )

Exwact $tprice Extract $alprice

<price-amazon>{ Palprice/text() } </price-amazon> ; (Semi) jan
<price-bn>{ Sbipriceftext() } <fprice-bn> PR—
=fbock-with-prices= i /v/ ~
} d P N i
“fbooks-with-prices> T, R “g [t
@ Fofttle 8 Sattitle

Figure 16: W3C XMP Use Case Q5
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Figure 17: Algebraic expressions of W3C XMP Use Case Q5

[ ]
‘entry’ on the relation resulting from join.

e Plan 2: perform the join last (as dotted lines show), i.e., extract ‘prices’ from ‘book’, ‘entry’
separately, and finally join two tables.

e Plan 3: perform a semi-join first, then extract the desired prices, and perform join last (as

Plan 1: perform the join first (as dashed lines show), then extract ‘prices’ from ‘book’ and

solid lines show). That is, filter books and entries that cannot be joined with the other, then

extract ‘prices‘ from them separately, and finally do the join.

Figure 17 gives the algebraic expressions for plan 1 and plan 2 and shows how to transform from
plan 1 to plan 2 by applying Rule 5. The algebraic expression for plan 3 can be easily obtained based
on these two figures since the transformation between join and semi-join is a standard technique
used in relational systems, and we omit it for simplicity.
Comparing these three plans: plan 1 ensures that only prices from the books and entries that can
be joined are extracted. But if the join is not selective, then one book could be joined with several
entries. Subsequently, the prices for this book could be extracted several times if memorization
is not available. Obviously this is redundant. Also when constructing the books’ prices, not only
‘book’ but also ‘entry’ are needed as grouping columns. In summary, plan 1 could have redundant

extraction and compound grouping column lists.
Plan 2 avoids these problems and combines several extractions together, but it will extract

prices from all books and entries, including those that do not join. Hence, when join is highly

selective, plan 2 performs unnecessary extraction.
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Plan 3 is a compromise between plan 1 and plan 2, i.e., it only extracts prices from books
and entries that are joinable, and it does not perform redundant extractions. It seems this plan is
better from the point of view of eliminating irrelevant computation. This is similar to the magic-sets
optimization techniques [41, 42] developed for relational databases. However, semi-join needs to
access the relation twice and usually is used in a distributed system when the communication cost
is high. In our context, since text engines usually have built-in text indexes, semi-join can often be
performed without involving a table scan. Furthermore, the advantage of saving communication
cost can still be relevant if extraction is performed in text engines that do not reside at the same
site as the relational engines. Moreover, even with our extra extraction, the semi-join plan may
reduce the extraction cost, and this saving may exceed the cost of the semi-join.

5.3 Unnesting nested FLWR expressions

In SQL, if an inner query block contains variables from the outer query block, the query is said
to be correlated. For uncorrelated queries, i.e., no variable reference to the outer query from the
inner block, the inner query block needs to be evaluated only once. For correlated ones, techniques
have been developed by Kim [36] and others [27, 21, 44] to unnest it to a single query with a
join operation. In this way, alternative join methods rather than only tuple-substitution could be
applicable during query optimization. In this section, we study unnesting nested sub-queries in
XQuery, in particular, unnesting nested FLWR expressions.

5.3.1 TUnnesting nested subquery in where clauses

For a query () with nesting in its where clause, our approach has transformed it to a query Q’
in canonical form without nesting, i.e., binding the inner FLWR expression to a let variable and
putting this let variable in the immediately surrounding FLWR expression and right before the
original place where the nesting occurs [55].

If ) is an uncorrelated query, then this canonicalization and the subsequent translation ensure
that the inner query is evaluated only once. If it is a correlated query, depending on the purpose
of the correlation, its translation may have already applied relational unnesting techniques.

e If the correlation serves as a join condition, then our translation ensures that () is evaluated
by using a join (or self join) operation, and thus the relational unnesting technique has already
been applied.

e If the correlation serves as a starting point of an extraction, e.g., the inner query references the
outer variables in the binding expressions of its for or let clauses, then our translation performs
a tuple-substitution evaluation strategy without applying relational unnesting techniques.
This could be fixed in two ways after the inner query is rewritten such that the outer variable
references are replaced with their corresponding binding expressions:

— Implementing the extraction operator using the relational unnesting technology in text
engines which have built-in text indexes like inverted lists. That is, the extraction is
implemented as a join on two inverted lists corresponding to the outer variable and the
inner variable, with a join condition ensuring the variable reference [20, 6]. However,
the benefits gained by using this implementation may not be as good as those in SQL,
because its advantages depend on how the underlying text index is built.
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— Applying the relational unnesting in the usual way, i.e., extracting the inner variable
bindings from text engine side and performing the join on the relational side, similar
to the simulation done by David Toman et al. [22]. Again, the benefits of doing this
may not be good because the extra work of extraction plus join may not outperform the
tuple-substitution evaluation method.

5.3.2 Unnesting nested subquery in for/let/return clauses

When nesting appears in the where clause, the nested FLWR query is usually put into some other
expressions (perhaps followed by path expressions or surrounded with aggregate functions) in order
to compose reasonable conditions in the where clause. This is because the result of a FLWR
expression is a structure constructed in the return clause which itself is not used directly in the
where clause as a whole. Therefore, it makes sense to nest a FLWR expression in places where
constructions are more natural, such as for, let or return clauses. Hence, unnesting such nested
queries needs more attention.

We observe there are two kinds of unnesting in the XQuery context: one is unnesting in the
spirit of improving performance; the other is in the spirit of XQuery normalization [37] which may
not improve performance but instead simplifies the presentation of a query.

Elemert-constr chion cn
aggRemlt --= remilts

WEC P Ukse Cage Q4: For each suthor in the bibliographer, List the

Aggregate- construction an anthirs eme and the titdes of 41l bookis by that axther, zrovped fside
result CraggResult & “resub” elemers.
Grongplbee on rwothing “resufte=
{
F in distinctido N “Mhamanar b M uiathor
. ctink or Fa i distinct{doommed ™ “hitp coam W, il
$a, agghzz Title = result p—
Tha}
ggregate- copstniction on {
aggTitle --= agzAgz Title For o in doommend) " hitp dhanana b cor” ™~ wbibvbools foothor="7Fa]
et
T Poritle
= frealt=
Do gte- Cobemctiom ok
title .T= azg Titls Sdesult=
Crrongptoe on Fa, Fo

Extract $oo title --=title

,,""_ Join on Fa=axthor

T

Distinct on fa Exdract books athor --= aithor

T

o, Extract athor = Exruct book-=

Figure 18: W3C XMP Use Case Q4

Unnesting in the spirit of performance improving. Figure 18 shows an example of unnesting
with the goal of improving performance. Since XQuery does not have an explicit GROUP BY
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clause, the grouping in the query result is usually realized by forming a nested FLWR expression
which we translate to a join operation. However, since the join operands are tables obtained
from the same document, such form of a self join can be eliminated. W3C XMP Use Case Q4
shown in Figure 18 is such a query. This use case includes an inner query correlated to the outer
query through an equijoin. Since each book has authors as its children, authors show up nowhere
else, and this structural relationship is not destroyed in our translation, this join can be avoided.
That is, extracting ‘author’, ‘book’, ‘title’ first, then performing groupby on ‘author’ and aggregate
construction on ‘title’ gives the same query result. This unnesting effect can be achieved by applying
Rule 10, shown in Figure 18 from the circled area to the rectangular area. Note that this unnested
query version does not have a corresponding one in XQuery, and this rewriting can only occur at
the algebraic rewriting level.

Rule 10: Eliminating unnecessary self join.
If 74(R) = p(m4(S)) with p representing duplicate removal, and R and S are tables obtained
through extractions from the same document with cols(R) C cols(S), then

RXp =54 S=S5 (10)

Here the join is a form of self join.

Unnesting in the spirit of normalization. In addition to the benefits of improved performance
gained in unnesting subqueries as in SQL, unnesting nested FLWR, expressions in XQuery can
simplify the formulation or presentation of a query. However, this unnesting does not improve
performance in some cases and in other cases, improving performance depends on underlying specific
implementations. Figure 19 gives an example for which the nested FLWR can be replaced by a
simple path expression because of the implicit unnesting semantics of XPath, but the unnesting
does not necessarily improve the performance.

TW3IC P Use Case Q3 For each book in the bibliography,
list the title and authors, grouped inside a “'result™ element

<results®
{ For $bin document{" http: fiwww bn
Eeturn
<result>
{ Fhititle}
{ For fain fblauthor
Reborn Sa > $hfauther
)
<fresult=

)

=fresults>

Figure 19: W3C XMP Use Case Q3

Such unnesting work has been called query normalization [37], and their normalization effect
can be achieved by applying our rewriting rules as appropriate.

e Unnesting nested subquery in for or let clauses.

Figure 20 shows an example of unnesting within a for clause by using normalization rule N Ry
[37]. Figure 20c and Figure 20d show the original and normalized queries transformed into
our canonical form. Figure 21a and Figure 21c show the algebraic expressions for queries in
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<results> <results>

{ For Bxin document( "http: /iwww. bn.com’ Whib/book { For %z in document{ http: ffwww bn. com™ Whib/book
Fr in { For $zin Befauthor For §z in Fxfauthor
Where 2=""T TMlman" Where Fz="T Tllman"
Return Return
<subresult> <result>
e s i
<fsubresult> <subresult>
) L ($2)
Return =faubresult=>
<result= <fresult>
3 }
{Evr} <results®
<lresult>
} Canenicalization Canenicalization
</results> (2) ()

<resulis™=
{ For ¥z in document{" http: /fwww bn. com™ Whibibook
Let §t .= { For bz in $xfauthor
Where $z="T Ullman"
Eeturn

=results=

{ For ¥x in document({" "http: ffwww bn com™ Whibibook
For bzin $zfauthor
Where $z=""T. Ullman™

Eeturn
“subresult> <regult=
($z} [}
=fsubresult=> {Letz'=z
) Eeturn
For §yin $t “subresult>
Return {$z}
<result> <fsubresult>
{ B} ¥
(%53 <fresult=
=fresult= }
] = =
S ltes © results {d)

Figure 20: An example of unnesting a nested subquery in a for clause

Figure 20c and Figure 20d respectively. Both algebraic expressions can be transformed to the
algebraic expression shown in Figure 21b. Using Rule 6 transforms the former expressions
to the common form by eliminating unnecessary construction and deconstruction; using Rule
3 transforms the latter expressions by eliminating an unnecessary groupby and construction
operation.

Unnesting nested subquery in return clauses.

Figure 22a shows a query with nesting in the return clause, and Figure 22b shows the unnested
query by using normalization rule NRs [37]. This query can be further unnested by using
normalization rule NRy4, as shown in Figure 22c. The left side of Figure 22d shows the
algebraic expression for the query in Figure 22a, and the right side of Figure 22d shows the
algebraic expression for the query in Figure 22c. By using Rule 9, we can transform the left
side to the right side in Figure 22d.

6 Conclusion and future work

In this paper, we have studied XQuery rewriting for a relationally based implementation. We

identify potential query optimization opportunities in the context of XQuery, and we reuse and

adapt relational rewriting technologies. Furthermore, we develop query rewriting techniques by

using structural information and develop a new set of algebraic rewriting rules. We demonstrate

the potential optimization gained by applying these rewritings. As an application of our research,

we have explored the problem of processing XQuery expressions posed on relational data wrapped
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Figure 21: Algebraic expressions for queries in Figure 20c and Figure 20d
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with XML views [54]. The full set of rewriting rules have been shown to be sufficiently expressive
to unwind XQuery expressions into efficient SQL queries followed by wrapping of the results. We
believe that our work provide a good understanding of query rewriting for XQuery, and that the
rewriting techniques developed and the principles involved are not limited to our approach but can
be applied to other support environments for XQuery as well. In the future, we are interested in
also utilizing schema information, integrity constraints, and data statistics in query processing and
optimization.
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