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ABSTRACT
We give an overview on how XQuery processing works in
our native XML database system Natix. After a brief de-
scription of the query compiler we focus on the aspect of
join ordering when generating query execution plans. Here
we show that better plans can be found when extending the
search space of the plan generator.

1. INTRODUCTION
When evaluating queries there are two principle avenues of

approach: interpretation and compilation. Due to the fact
that query compilation has proved its worth in many com-
mercial relational database management systems (DBMSs),
it is the current method of choice. The foundation of this
process is an algebra into which a query is compiled. The
existence of many alternative query execution plans (QEPs)
equivalent to a query is based on algebraic equivalences and
is of fundamental importance to find good QEPs. After a
query has been compiled into a QEP, the QEP is evaluated
by the query execution engine (QEE).

Applying this process to the evaluation of XQuery queries
is quite difficult at the moment. There are two reasons for
this. First, query compilers and query execution engines in
XML database systems are not as sophisticated as those in
relational systems yet. Second, a plan generator is severely
limited in the number of options (e.g. by having to maintain
document order during query evaluation).

We tackle the first problem with an algebra-based ap-
proach of query compilation and execution in our native
XML database system Natix. We want to be able to transfer
the achievements made in traditional DBMSs to the XML
world. For the second point we show how the search space
of a plan generator can be extended significantly and how
this leads to better plans. Since plan generation is too wide
a field to be covered in a short paper, we concentrate on the
important area of join ordering.

The paper is organized as follows. In Section 2 we give a
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general overview on XQuery processing in Natix and have
a closer look at the query execution engine and query com-
pilation. Following that, we extend the search space of the
plan generator for ordering joins step by step in Section 3.
Finally, a summary concludes the paper in the last section.

2. XQUERY PROCESSING IN NATIX
Since the approach of query compilation has been very

successful, we also opted for this evaluation technique when
implementing XQuery processing in our native XML database
system Natix (for details see [4]). The two components re-
sponsible for query processing in Natix are the query com-
piler and the query execution engine. Before going into de-
tails on the execution engine and the query compiler, we
give a general overview of the architecture of Natix in the
following section and in Figure 1. This figure also shows
how the compiler and execution engine are embedded into
the system.

2.1 General Overview of Natix
Natix consists of three layers. The bottom layer contains

the storage engine including buffer management. The mid-
dle layer contains the services one typically expects from a
database management system (DBMS). Among these ser-
vices are the query compiler (QC) and the query execution
engine (QEE). The top layer focuses on system control and
provides the interface to the system via a C++ library. Ap-
plications, like the interactive shell included in the Natix
distribution, are developed by using this interface.

When formulating queries, we have two alternatives. First,
similar to dynamic SQL, an XQuery query can be passed as
a string parameter via the C++ API to the Natix core. Sec-
ond, ad-hoc queries can be evaluated within the interactive
shell. In both cases, the query is passed to the QC where a
query evaluation plan (QEP) is generated. The QEE then
evaluates the QEP and returns the result.

2.2 The Query Execution Engine
A detailed look at QEPs and the QEE can be found in

the Natix overview paper [4]. We summarize the relevant
aspects below.

In a nutshell, the QEE consists of an iterator-based im-
plementation of algebraic operators. They process ordered
sequences of tuples. Tuple attributes either hold base type
values such as strings, numbers and tree node references, or
again contain ordered sequences.
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Figure 1: Natix’ Architecture

The iterator model has been slightly extended to deal
more efficiently with group boundaries and nested queries.
It also contains special operators to construct query results
[5, 6].

Subscripts of the algebraic operators (such as join or selec-
tion predicates) are expressed in an assembly-like language,
and are evaluated using the Natix Virtual Machine (NVM).
The NVM avoids the overhead associated with interpreted
operator trees.

XML data is accessed through special NVM commands
which directly access a clustered persistent XML storage
format in the page buffer. Hence, expensive representation
changes such as pointer swizzling of the data during query
execution are not required. Our compact format also results
in few page and CPU cache misses, and compares favorably
to pure pointer-based main memory representations.

2.3 The Query Compiler
As the query compiler has not been described yet in our

previous publications, we focus on this part of Natix here.
The architecture of the query compiler follows the rather
traditional six phase approach (see Fig. 2).

In the first step, the parser generates an abstract syntax
tree.

Following that, the NFST module performs Normalization,
Factorization of common subexpressions, Semantic analy-
sis, and Translation into an internal representation. This
internal representation is a mixture of our algebra and a
calculus representation.

After that we can start rewriting the queries. Most im-
portantly, we merge views (which are called functions in
XQuery), unnest queries, and rewrite XPath expressions.
Since a nested query results in a nested algebraic expression
which in turn requires an inefficient nested-loop evaluation,

we try to unnest queries whenever possible. This phase is
rather involved and details are described in a series of pa-
pers [16, 17, 18, 19]. Details on rewriting XPath expressions
in Natix can be found in [1, 11, 12].

During the plan generation phase we replace the calculus
representation of query blocks with algebraic expressions.
Here the plan generator is faced with numerous alternatives
because now the concrete execution order as well as an ac-
tual implementation of the algebraic operators is defined.
Dynamic programming is the prevalent approach when gen-
erating execution plans. Over the years, the search space
that generators had to deal with was continuously expanded.
Starting with left-deep trees for join ordering prohibiting
cross products this went on to bushy trees allowing not only
cross products, but a plethora of other operators (besides
joins) resulting in better and better plans. However, the
core of plan generators is still a dynamic programming algo-
rithm1 with join ordering as its most important task. That
is why we take a more detailed look at this subject in Sec-
tion 3.

In the last but one phase, the generated plan is rewrit-
ten. Typically, only small changes are made to the plan.
For example, two successive selections are merged. If the
plan generator does not consider group operators, then plan
rewrite can try to push them down in a way that is beneficial
to the costs.

Finally, we generate the code for the QEP.

3. JOIN ORDERING
Before going into the details of join ordering, let us point

out some fundamental differences between join ordering in
the relational case and join ordering in the context of XQuery.

1or its top-down counterpart memoization
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In general, XQuery demands that joins are order-preserving,
except if the user explicitly disregards order2. An order pre-
serving join is associative but not commutative. This results
in a much smaller search space for join ordering. Let us de-
note by C(n) the Catalan numbers. Then, for ordering n
order-preserving joins, there are “only” C(n) = 1=(n+1)

�
2n
n

�

different execution plans. Moreover, the join ordering prob-
lem can be solved in polynomial time (O(n3)) independently
of the query graph and the cost function [21]. This is in
stark contrast with the traditional join ordering problem.
In general it is NP-hard and the search space size for gen-
erating bushy trees is (n + 1)!C(n) = (2n)!=n! for n joins
[23]. These numbers become more disparate if we consider
left-deep trees only. There exist exactly two left-deep order-
preserving plans3 whereas there are (n + 1)! left-deep plans
in the classical context [23]. (Note that all formulas above
refer to plans allowing cross products.) Although a larger
search space is not always a guarantee to find better plans,
we show that for XQuery this is true.

3.1 Example Query
With the help of the following example query we will show

how extending the search space will influence the quality of

2for example via the unordered function, or in constructs
such as aggregation, quantifiers or explicit sorting.
3In addition to (((R1

�
R2)

�
R3) : : :

�
Rn ), which preserves

the order of R1, R1
�

R2, : : : in each join, there is the alterna-
tive (((Rn

�
Rn � 1)

�
Rn � 2) : : :

�
R1), preserving the order

of R i in each join. The second left-deep plan is actually the
”mirrored” right-deep plan.

the QEP. We have chosen a simple SPJ-query that is well-
suited to explain the tasks performed by the plan generator
during query optimization.

for $x1 in document("d1.xml")//K,

$x2 in document("d2.xml")//A,

$x3 in document("d3.xml")//A

where

$x1/*/@a eq $x2/*/@a

and $x2/*/@d eq $x3/*/@d

and $x1/*/@c eq $x3/*/@c

return

<result>

<x1>{ $x1/@id }</x1>

<x2>{ $x2/@id }</x2>

<x3>{ $x3/@id }</x3>

</result>

Before delving into the details of optimizing this query we
will explain some properties of the used example document
collection.

We used a tool to generate the documents, which basi-
cally all have the same structure. Each document contains
5000 elements of the types A, B, C, D, and so on. The fre-
quency with which the elements appear is halved for each
subsequent letter. So A and K appear in the ratio 1024:1.
Also, every element contains the attributes a, b, c, d and
an id. The range of these attributes values doubles for each
subsequent letter. That means attribute a only takes on the
values 0 or 1, while attribute c may have the values from
0 to 7, the values of attribute d range from 0 to 15, while
id takes on a unique value for each element. The values for
each attribute a, b, c, and d are uniformly distributed.

This has the following implications on the query evalua-
tion. The variable x1 is bound to a sequence that is much
smaller than the sequences bound to x2 and x3. (Note also
that the query graph contains a cycle x1↔ x2↔ x3↔ x1.)
The selectivity of the predicates also varies from the first
to the last because in the first predicate only two different
attribute values occur as opposed to sixteen in the second
predicate and eight in the last predicate.

3.2 Naive Translation
The semantics of XQuery demand that the result of a

query is computed in document order. That means, when
an element A is visited before element B (in the traversal
of an XML document), then A is located before B in the
resulting sequence of elements. When sequences of items
from multiple sources are combined using for clauses the
order of the for clauses in the query determines the order
of the combined sequence of items.

The canonic translation of a query results in a sequence
of (order-preserving) Cartesian products connecting the se-
quences in the for clauses. When we have join dependen-
cies between those sequences, a translation into an order-
preserving join is possible [2]. Thus, a naive query translator
will turn the example query into a sequence of nested loop
joins (see query plan QP1 in Figure 3). We employ nested
loop joins due to their order-preserving property. Typically,
hash join algorithms do not have this property, because they
partition the input on secondary storage. Sort-merge joins
resort their input on the join attribute (which does not nec-
essarily match document order).

Evaluating the join predicates is done via a nested query.
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Figure 3: Naive Plans

For example, for the first join predicate all the attribute
values of $x1/*/@a are generated and compared to those
generated for $x2/*/@a. In case we find a value that both
sequences have in common, the predicate is true. (Another
variant to evaluate the join predicates would be to attach
the sequence of attribute values to each tuple of x1, x2,
and x3 and employ an adapted version of a set-valued join
algorithm [13, 20, 24].)

3.3 Ordering Order-preserving Joins
Since an order-preserving join is associative, the plan gen-

erator may choose between different plans. This choice de-
pends primarily on the input cardinality and the selectivity
of the joins. (Further equivalences for optimizing plans that
preserve document order and an algebra on lists were pre-
sented in [27]. A plan generator may use them as a founda-
tion for transformations in an order-preserving optimizer.)
For our example query the plan generator may choose be-
tween two different queries, QP1 and QP2 (see Figure 3).
When running the queries on Natix, QP1 takes 587.75 sec-
onds, while QP2 takes 395.18 seconds.

As we can see there is a better alternative to the naive
translation of our query. This resembles results obtained
by Wu et al. in [29] in the context of structural joins for
evaluation of XPath. However, this is just a first step in
extending the options of the plan generator. In the following
sections we present some approaches to increase the search
space even further.

3.4 Disregarding Order Preservation
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Figure 4: Optimized Join Order

The cardinality of the input and the selectivity of the join
predicate are also important parameters for generating the
cost-optimal order of joins that do not preserve order. A
rule of thumb for plan generators is, e.g., joining the input
with the smallest cardinality and highest selectivity first.
However, the naive order-preserving evaluation limits our
choices significantly. In order to lift these restrictions, we
now disregard document order during query processing. As
a consequence, for n join operators we now have (n+1)!C(n)
possible orderings (due to the commutativity of a join op-
erator that does not preserve order). Thus we get twelve
different plans for our example query increasing our search
space considerably. Another consequence is that we have
to sort the final result to make sure that document order
is obeyed, since it may have been corrupted by using non-
order-preserving join operators or by reordering the joins
exploiting the commutativity.

Let us have a look at some implementation details. First
of all we use a map operator to add an attribute containing
the position to each tuple in a sequence (see count-pos in
Figure 4). In this way we are able to reconstruct document
order later on. We also unnest the join attributes. For exam-
ple, for the first join predicate this means that we generate
a tuple for each attribute value in doc("d1.xml")//K/*/@a

and doc("d2.xml")//A/*/@a and then join the two sequences
on these attribute values. As this results in duplicates, we
also have to insert a duplicate elimination step after joining
all sequences.

The best QEP we found among all twelve plans, called
QP3, is depicted in Figure 4. (Note that the dashed box is
not included in QP3 yet, it is introduced in the next section



with the plan QP3 de.) In this case the sequences for x1 and
x3 are joined first. In our case this is better than joining the
smallest sequence with the least selective predicate or joining
the largest sequences with the most selective predicate first.
Comparing the execution time of this plan (125.48 seconds)
to QP2 from the previous section, we see that we improved
the performance approximately by a factor of three.

3.5 Pushing Duplicate Elimination
As noted in the previous section, the joins might contain

duplicates in their results. We now extend the search space
of the plan generator to consider introducing an additional
duplicate elimination after each join. In a query with n joins
we may introduce at most n−1 additional duplicate elimina-
tion operators. The final duplicate elimination is mandatory
in our case. Note that introducing the duplicate elimination
does not harm the document order.

Duplicate elimination does not come for free. It is not
trivial to decide if introducing duplicate elimination is ben-
eficial, and this issue has been addressed in the context of
early aggregation in the literature [15]. Deciding on the ef-
fectiveness of doing so is the task of the cost-based query
optimizer [14].

In our example the search space is extended only by one
additional alternative for QP3. The resulting plan QP3 de
contains an additional duplicate elimination after the join of
x1 and x3 and yields an execution time of 103.21 seconds.
As the example query shows, it is worth to extend the search
space of the plan generator to consider introducing duplicate
elimination. However, it is not always worth doing this extra
work, but it gives more freedom to the plan generator.

3.6 Choice of Join Algorithm
When giving up the order-preserving property of the join

operators, we can go one step further and employ differ-
ent non-order-preserving implementations of join operators.
Consequently, we extend the search space even more by al-
lowing the plan generator to choose among several different
join evaluation techniques [3, 7, 8, 9, 10, 26].

In our case we implemented two other join algorithms: a
hash-based and a sort-based one. The hash-based join is a
block-wise nested loop algorithm that pipes main-memory
sized blocks of the outer producer into a hash table and
probes each block with all the tuples of the inner producer.
The sort-based join is a standard n:m sort-merge join.

For our measurements, we restrict ourselves to the most
efficient plan from the previous section. We replace the
nested loop joins either by hash joins or sort-merge joins.
For the hash join we have a query evaluation time of 7.34
seconds and for the sort-merge join an evaluation time of
8.00 seconds. Comparing this to the original optimal order-
preserving plan, we improved the execution time by almost
50 times even on this small example query with just two join
operators.

4. CONCLUSION AND OUTLOOK
In XQuery processing there is a lot of potential in opti-

mizing the evaluation that is waiting to be tapped. Our
contribution is twofold. On one hand, we give an overview
on how an algebra-based query compiler and query execu-
tion engine can look like for a native XML database system.
On the other hand, we show how to help the plan genera-
tor in producing better plans by extending its search space.

Join Algorithm Preserve Order? Dupl. Elim. Time (s)
Nested Loop Yes No 395.18
Nested Loop No Final 125.48
Nested Loop No Pushed 103.21
Hash Join No Pushed 7.34

Table 1: Performance summary

The resulting execution times are summarized in Table 1.
Our main goal was not so much the presentation of new
techniques, but to make people aware of the existing possi-
bilities.

There are areas of optimization we have not touched in
this paper. For example, it may pay off to keep a close watch
over the order of tuples during query evaluation. Order may
only be partially lost when using non-order-preserving op-
erators. Optimization of order has been investigated in [26].
These ideas were extended by [28] to incorporate grouping
and secondary sorting. They extend the concept of interest-
ing orders proposed by [25] by including functional depen-
dencies, key properties and predicates in their optimization
procedure. For a general framework, see [22]. So, these tech-
niques could be applied considering document order as one
interesting order.
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