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Abstract

Execution plans produced by traditional query optimizers for data integration queries may yield poor per-
formance for several reasons. The cost estimates may be inaccurate, the memory available at run-time
may be insufficient, or the data delivery rate can be unpredictable. All these problems have led database
researchers and implementors to resort to dynamic strategies to correct or adapt the static QEP. In this
paper, we identify the different basic techniques that must be integrated in a dynamic query engine. Fol-
lowing on our recent work [6] on the problem of unpredictable data arrival rates, we propose a dynamic
query processing architecture which includes three dynamic layers: the dynamic query optimizer, the
scheduler and the query evaluator. Having a three-layer dynamic architecture allows reducing signifi-
cantly the overheads of the dynamic strategies.

1 Introduction

Research in data integration systems has popularized the mediator/wrapper architecture whereby a mediator pro-
vides a uniform interface to query heterogeneous data sources while wrappers map the uniform interface into
the data source interfaces [13]. In this context, processing a query consists in sending sub-queries to data source
wrappers, and then integrating the sub-query results at the mediator level to produce the final response.

Classical query processing, based on the distinction between compile-time and run-time, could be used here.
The query is optimized at compile time, thus resulting in a complete query execution plan (QEP). At runtime, the
query engine executes the query, following strictly the decisions of the query optimizer. This approach has proven
to be effective in centralized systems where the compiler can make good decisions. However, the execution of
an integration query plan produced with this approach can result in poor performance because the mediator has
limited knowledge of the behavior of the remote sources.

First, the data arrival rate, at the mediator from a particular source, is typically difficult to predict and control.
It depends on the complexity of the sub-query assigned to the source, the load of the source and the characteristics
of the network. Delays in data delivery may stall the query engine, leading to a dramatic increase in response time.
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Second, the characteristics of the sub-query results are difficult to assess, due to the autonomous nature of the
data sources. The sizes of intermediate results used to estimate the costs of the integration QEP are then likely to
be inaccurate. As the amount of available memory at runtime for processing the integration query may be much
less than that assumed at compile time, executing the query as is might cause thrashing of the system because of
paging [4,12].

All these problems have led database researchers and implementors to resort to dynamic strategies to correct
or adapt the static QEP. In this paper, we identify the different basic techniques that must be integrated in a dy-
namic query engine. This is based on our recent work [6] on the problem of unpredictable data arrival rates. We
then propose a dynamic query processing architecture which includes three dynamic layers: the dynamic query
optimizer, the scheduler and the query evaluator. Having a three-layer dynamic architecture allows reducing sig-
nificantly the overheads of the dynamic strategies.

The remainder of the paper is organized as follows. Section 2 presents the context and the query execution
problems. In Section 3, we derive from the experience of [6] the basic concepts of a dynamic architecture and
describe the architecture of our dynamic query execution engine. In Section 4 we describe the specification of the
query engine components which we exemplify with the solution given in [6] for unpredictable delays. Finally,
Section 5 concludes.

2 Problem Formulation

An integration query is nothing else than a standard centralized query except that the data are collected in re-
mote sources instead of being extracted from local storage units. In this section, we first present standard query
processing techniques and show their problems. Query processing is classically done in two steps. The query
optimizer first generates an ”optimal” QEP for a query. The QEP is then executed by the query engine which
implements an execution model and uses a library of relational operators [7].
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Figure 1: A simple Query Execution Plan (QEP)

A QEP is represented as an operator tree. Nodes represent atomic physical operators and edges represent
data-flow. Two kinds of edges are distinguished: blocking and pipelinable. A blocking edge indicates that the
data is entirely produced before it can be consumed. Thus, an operator with a blocking input must wait for the
entire operand to be materialized before it can start. A pipelinable edge indicates that data can be consumed ”one-
tuple-at-a-time”. Therefore, the consumer can start as soon as one input tuple has been produced. Figure 1 shows
a QEP for a query integrating three data sources represented by wrappers��,�� and�� , respectively. The
three wrapper’s results are joined using asymmetric join operators (e.g., hash-join) that have one blocking input
and one pipelinable input, and produce a pipelinable output. Such QEP can be decomposed in three fragments
calledpipeline fragments� (PF’s): ��, �� and�� . A pipeline fragment (PF for short) is a maximal set of physical
operators linked by pipelinable edges.

�With standard asymmetric join operators, pipeline fragments reduce to pipeline chains.
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The most popular execution model for processing relational queries is theiterator model[7]. It resembles
closely those of commercial systems, e.g., Ingres, Informix and Oracle. In the iterator model, each operator of
the QEP is implemented as an iterator supporting three different calls: open() to prepare the operator for pro-
ducing data, next() to produce one tuple and close() to perform a final clean-up. A QEP is activated starting at
the QEP root and progressing towards the leaves. The iterator model allows for pipelined execution. Moreover,
the shape of the QEP fixes the order of execution, generally recursively from left to right. For example, a query
engine implementing the iterator model would execute the QEP of Figure 1 following the order��, ��, �� . So,
standard query processing techniques plan completely the execution and thus, cannot react to unpredictable sit-
uations which may compromise planning decisions taken at several levels:

� at the QEP level, the actual values of parameters (cardinalities, selectivities, available memory) are far
from the estimates made during planning, thus invalidating the QEP [8,9];

� at the scheduling level, when the query engine faces unpredictable delays while accessing remote data. The
query engine then stalls, thereby increasing the response time [1,2,6,15].

� at the physical operator level, discovering, for instance, that the available memory for the operator execu-
tion is not sufficient [4,8].

Poor performance of integration query processing lies in the fact that the execution is fully specified before it
starts, and is never revised until it finishes. The problem is therefore to define a query engine architecture which
allows to dynamically adapt to unpredictable situations arising during the execution.

3 Dynamic Query Processing

The performance problems of integration queries can be solved by means ofdynamic strategies that try to adapt
dynamically to the execution context. This adaptation can be done at three different levels:

� at the QEP level, by partially re-optimizing the query plan in order to adapt to the actual values of cardi-
nality, selectivity and available memory [8,9].

� at the scheduling level, by modifying on the fly the scheduling of the operators to avoid query engine
stalling [1,2,6,15].

� at the operator level, using auto-adaptive relational operators [4, 8].

These techniques are complementary and should be used together to provide good performance [8,15]. In-
deed, partial re-optimization of the query plan is difficult to implement and tune [15]. Moreover, the possi-
bility for re-optimization decreases as query execution reaches completion (because of the results previously
computed). Solving most problems at the operator or scheduling level can alleviate the need for dynamic re-
optimization.

A general algorithm for dynamic processing can thus be sketched as follows:

Produce an initial QEP
Loop

Process the current QEP using dynamic strategies
If these strategies fail or the plan appears to be sub-optimal

apply dynamic re-optimization
End Loop

Implementing dynamic strategies require to design a new query engine architecture. In this section we give
an overview of our recent work [6], focusing on the problem of unpredictable data arrival rates. Based on that
work, we identify the basic techniques, necessary to introduce dynamism into a query engine. We then present
the dynamic query engine architecture.
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3.1 Unpredictable Data Arrival Rate

The iterator model produces a sequential execution. Such an execution, i.e., consuming entirely the data produced
by one wrapper before accessing another one, leads to a response time with a lower bound equal to the sum of
the times needed to retrieve the data produced by each wrapper. Thus, for a given wrapper, if the time to retrieve
the data is larger than the time to process it, the query engine stalls. Handling delays in data arrival is therefore
crucial for obtaining good performance. A first solution to the problem raised by a sequential execution is to
interleave the execution of several PF’s. For instance, with the QEP of Figure 1,�� and�� can be triggered
concurrently at the beginning of the execution. If delivery delays occur while retrieving data from��, the query
engine can avoid stalling by executing�� . However, this approach is limited by the number of PF’s which can
be executed concurrently due to memory limitation or dependency constraints. For non-executable PF’s (e.g.,
�� which must be executed alone for dependency constraint reasons), the delays can be amortized by triggering
a materialization of the associated wrapper’s result (e.g.,��). Such a materialization occurs while executing
concurrently other executable PF’s (e.g.,�� and��). However, scheduling materializations can incur high I/O
overheads. Thus, these overheads must be estimated and compared with the potential benefit. Since the data
delivery rate is typically unpredictable and may vary during the query’s execution, we must monitor it along the
execution and react to any important variation. Thus, the materialization of a given wrapper’s result must stop as
soon as the PF becomes executable or the benefit becomes too small (if for instance, the delivery rate increases).

Analyzing this problem and its intuitive solution, we can identify some basic techniques, necessary to im-
plement such a dynamic strategy: (i) decomposition of the QEP into PF’s; (ii) (partial) materialization of the
wrapper’s result; (iii) Concurrent execution of (partial) materializations and PF’s; and (iv) execution monitoring
in order to react with up-to-date meta-data.

3.2 Dynamic Query Engine Architecture

The main property of a dynamic query engine is to divide the query execution into several phases: planning
and execution. Planning phases adapt the QEP to the current execution context. Execution phases stop when
the execution context changes significantly. The architecture of a dynamic query engine must include planning
components, execution components and define the interaction between these components.

We propose a dynamic query engine (see Figure 2) where the planning responsibility is divided between the
dynamic query optimizer and the dynamic query scheduler.

TheDynamic Query Optimizer (DQO) may implement dynamic re-optimization strategies such as the ones
described in [4,8,9,15]. Each planning phase of the DQO can potentially modify the QEP, which is passed on to
the dynamic query scheduler.

The Dynamic Query Scheduler (DQS) takes as input the QEP and produces ascheduling plan (SP) i.e., it
makes exclusively scheduling decisions. The scheduling plan consists of a set ofquery fragments (QF’s) that
can be evaluated concurrently, i.e., pipeline fragments which fits together in memory and have no dependency
constraints and partial materializations. The SP also includes priority information for QF execution.

The Query Fragment Evaluator (QFE) implements the execution component of the system and evaluates
concurrently the query fragments of the SP, following the specified priorities.

The DQO, the DQS and the QFE interact synchronously, i.e., they never run concurrently. The DQO calls
the DQS passing the QEP as an argument. The DQS, in turn, calls the QFE passing the SP as an argument. The
QFE, then evaluates the query fragments of the SP and returns an interruption event informing the DQS of the
reason why the execution phase must be terminated. The interruption event can be processed by the DQS, or
returned to the DQO depending on its nature, thereby starting new planning phases.

Two kinds of interruption events can occur: Normal interruptions, signaling the end of a QF (for the DQS)
or the end of the QEP (for the DQO); and abnormal interruptions, signaling any significant change in the system
which may imply a revision of the SP (for the DQS) or even, of the QEP (for the DQO).
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Figure 2: Dynamic Query Engine Architecture

Finally, theCommunication Manager (CM) implements the communicating component of the system. It
receives data from the wrappers and makes it available to the QFE. The QFE and the CM run asynchronously in
a producer-consumer mode by means of communication queues.

The proposed architecture is hierarchical. The highest layers have large dynamic capabilities (e.g., the DQO
may change completely the QEP), while the lowest layers have more restricted capabilities. As in any hierarchical
architecture, each layer should process the interruption event when it is of its domain and refer to higher layer
when it is not. However, an important concern is that, although there are more capabilities at the highest layers
of the architecture, they have higher risk and cost.

This architecture allows one to implement dynamic strategies which favor low-layer, cheap, and secure re-
actions in order to minimize higher-layer, expensive, and risky reactions. For instance, when dealing with un-
predictable delays, the strategy presented in [6] is based on dynamic scheduling techniques. It would invoke
dynamic re-optimization only when there is no more possible dynamic scheduling reaction since, in that case,
re-optimization is hazardous [15].

4 Implementing Dynamic Strategies

The architecture we propose provides a uniform way to implement dynamic strategies. In this architecture, a
dynamic strategy is described by specifying the DQO, the DQS and the QFE. In this section, we specify each
component which we exemplify with the solution given in [6] for unpredictable delays.

4.1 Query Fragment Evaluator

The Query Fragment Evaluator must obviously evaluate the QF’s with respect to the scheduling plan. Addition-
ally, it is responsible for detecting abnormal situations (e.g., delays, estimate inaccuracy) and producing inter-
ruption events. This requires to divide the query fragment execution into atomic execution steps followed by
detection steps. Thus, when designing the QFE for a given strategy, we need to define (i) the granularity of the
atomic execution steps; (ii) the situations to detect and (iii) the reaction to each situation. Depending on the sit-
uation, the reaction can be handled by the QFE itself or by the higher levels.
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In [6], our objective was to design a QFE which interleaves the QF’s execution in order to overlap delays in
data delivery with respect to the priorities defined in the scheduling plan. During an atomic execution step, the
QFE scans the queue associated with the QF which has the highest priority and processes a batch of tuples. If the
queue does not contain a sufficient amount of tuples (abnormal situation), the QFE scans the second queue in the
list and so on (reaction of the QFE). When a QF evaluation ends or a significant change has occurred in the data
delivery rate, the QFE returns anEndOfQF or RateChange interruption event. Finally, if the QFE is stalled (i.e.
there is no available data for all the QF’s that are scheduled concurrently) the QFE returns aTimeOut interruption
event. These events interrupt the QF’s evaluation since they may change the scheduling decisions.

4.2 Dynamic Query Optimizer and Scheduler

Specifying the DQO and DQS requires to describe (i) their strategy; (ii) the events to which they react; and (iii)
the corresponding reactions. Additionally, the DQS may produce events for the DQO.

In [6], our objective for the DQS was to produce an SP which contains a sufficient number of query fragments
in order to prevent query evaluator stalling. The important parameters for computing a scheduling plan which is
always executable with the allocated resources and which is beneficial are (i) the QEP; (ii) the memory require-
ment of each pipeline fragment; (iii) the total available memory for the query execution; and (iv) information
which allows to estimate the gain brought by partial materialization. The details of the DQS strategy are given
in [6].

The DQS reacts to three events sent by the QFE, namely EndOfQF, RateChange and TimeOut. Since these
events affect at various degrees the scheduling decisions, the reaction is to recompute the scheduling plan . The
DQS is also in charge to detect that a QF cannot be evaluated using the available memory. In this case, it sends
a MemoryOverfow event to the DQO since a QEP modification is necessary.

The solution provided in [6] does not handle QEP sub-optimality. The unique dynamic feature of the DQO
is to handle the MemoryOverflow event. In that case, the DQO applies a strategy similar to the one developed
in [4], i.e., break a pipeline fragment in order to reduce memory consumption.

5 Conclusion

Static QEPs for data integration queries may yield poor performance because of inaccurate cost estimates, insuffi-
cient memory at run-time or unpredictable data delivery rate. A good solution is to resort to dynamic strategies to
correct or adapt static QEPs. In this paper, we identified the different basic techniques that must be integrated in
a dynamic query engine. We proposed a dynamic query processing architecture which is general enough to sup-
port a large spectrum of dynamic strategies. The architecture is hierarchical and includes three dynamic layers:
the dynamic query optimizer, the scheduler and the query evaluator. The highest layers have larger dynamic ca-
pabilities than the lowest layers. This allows one to implement dynamic strategies which favor low-layer, cheap,
and secure reactions in order to minimize higher-layer, expensive, and risky reactions.

Dynamic query processing for data integration systems is still in its infancy. Much more work is needed to
better understand its potential. Research directions in this area should include : prototyping and benchmarking
with performance comparisons with static query processing; devising guidelines or heuristics to decide when
to avoid reoptimization; dealing with distributed mediator systems such as LeSelect [18] which provide more
parallelism for data integration.
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