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ABSTRACT
Many analysis applications require the ability to repeatedly
execute sophisticated modeling functions, which can each
take minutes or even hours to produce a single answer. Be-
cause of this expense, such applications have largely been
unable to directly use such models in queries, with either on-
demand or continuous query processing technology. Query
processors are hindered in their ability to optimize expen-
sive modeling functions due to the “black box” nature of
existing user-defined function (UDF) interfaces. In this pa-
per, we address the problem of querying over sophisticated
models with the development of VAOs (Variable-Accuracy
Operators). VAOs use a new function interface that exposes
the trade-off between compute time and accuracy that ex-
ists in many modeling functions. Using this interface, VAOs
adaptively run each function call in a query only to an accu-
racy needed to answer the query, thus eliminating unneeded
work. In this paper, we present the design of VAOs for a set
of common query operations. We show the effectiveness of
VAOs using a prototype implementation running financial
queries over real bond market data.

1. INTRODUCTION

1.1 Motivation
Many important applications require the repeated use of

expensive analysis functions. For example, power compa-
nies use models that predict power usage based on vari-
able inputs such as weather conditions. These companies
need to run queries using analysis functions to determine
the weather conditions that would cause different parts of
their grids to become overloaded [5]. As another example,
consider securities traders who use numerical models to price
securities based on market data. In order to monitor contin-
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uous query results involving these prices, traders must re-
run the models as the underlying market data changes. A
further example of such applications is in the area of supply
chain management (SCM), where users will soon be able to
run inventory replenishment models in real-time in response
to data provided by emerging RFID technology [12].

Unfortunately, such sophisticated applications often have
serious performance problems. In many of these applica-
tions, the models require minutes or even hours to compute
a single data point, even on modern processors (e.g. [28,
11]). Thus, function execution can easily become a bottle-
neck. For streaming systems where the function arguments
are data streams, the problems are exacerbated; A system
may not have the processing power to keep up with the in-
coming stream updates. At present, analysts have to choose
between using less complex (and hence, less accurate) mod-
els and running the models less frequently. Neither option
is optimal.

If these functions are run in the context of a query, the
query processor may be able to reduce the compute cost.
While today’s query processors attempt to avoid expensive
function calls by either predicate re-ordering [23, 3, 22, 21]
or caching [20, 7], such work fails to address the remaining
problem of optimizing the execution of the function calls
that still have to be run. As a result, the applicability of
those solutions is limited. In this paper, we address this
problem via a new query processing approach called VAOs
(Variable-Accuracy Operators). VAOs are based on the in-
sight that many modeling functions, (such as those imple-
menting certain numeric functions) allow a trade-off between
compute time and accuracy. VAOs are built upon a new in-
terface to User Defined Functions (UDFs) that provides the
system with finer-grained control over function execution,
and thus more opportunity for optimization. That is, in
contrast to current systems, where UDFs export a “black
box”, all-or-nothing interface, VAOs are able to adaptively
vary the compute time in functions where if more work is
applied, a more accurate answer is obtained.

VAOs perform common query operations (e.g. predicate
evaluation, aggregates) that require the execution of expen-
sive functions. In a query plan, VAOs replace both the mod-
ule that executes a function, as well as the operator that
evaluates the result. For the example query plan in Figure
1 for a MAX aggregate over a function result, a single VAO
would replace both the function execution and aggregation
modules shown. Using the new UDF interface, the VAO
adaptively adjusts the amount of work done by the function
according to the accuracy needed by the given operation.
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execute f(R.a)

max(f(R.a))
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Select max(f(R.a))
From R
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Figure 1: An example system running a simple MAX

query. A MAX VAO combines the function execution

with the aggregate calculation, enabling adaptive, incre-

mental execution of the expensive function.

In our figure, the VAO needs to allocate work so that it
accurately determines the largest value produced without
performing unneeded work on function executions that ulti-
mately produce smaller values. As we will show later, these
VAOs often yield drastic performance improvements.

1.2 Example Application
To both demonstrate the need for VAOs and illustrate the

VAOs approach, we detail the bond trading application from
above, which we will use as a running example throughout
the paper. As mentioned above, traders often use bond mod-
els to find a price for a given bond. For bonds that do not
trade on an open market, pricing data is often not made
public, and traders must use models to obtain prices. These
models output a bond price based on input data about the
bond and current economic data such as interest rates. As
economic and bond data changes, bond traders may want to
run models on each bond in real-time, and answer queries
such as:

Q1: Find all bonds priced above $100.
Q2: Find the value of my bond portfolio, which is a
weighted sum of bond prices.
Q3: Find the best performing (i.e. highest valued) bond.

In these queries, models must execute quickly because
traders need to run a model for each bond issue each time an
input changes. In the case of interest rate inputs, the rate
is typically calculated using the price of a U.S. Treasury
Bond, which changes every 2 minutes on average1. There-
fore, models must be run quickly in order to be practical.

Unfortunately, bond models such as [11] can be compu-
tationally expensive, requiring time on the order of min-
utes or more. These models require numerical solutions for
partial differential equations (PDEs) that cannot be solved
analytically. These numerical PDE solvers return approx-
imate prices, where the accuracy of the resulting price de-
pends on the amount of compute work used in the solver.

1Determined by observing real-time interest rate data
on [30] from 10/13/04 to 11/09/04.

While we concentrate on bond models in this example, sim-
ilar PDE solvers are used in fields as varied as fluid mechan-
ics [29], semiconductor process design [13], and high-energy
physics [24]2 .

Similar to the processing shown in Figure 1, queries Q1-
Q3 can be run in CQ engines with the models supplied as
UDFs. Given this architecture and “black box” UDF inter-
face, however, CQ engines cannot control the accuracy of
UDF calls. Therefore, these engines must always run mod-
els so all answers are accurate enough to answer any query.
In financial applications, this means running all models with
an error of less than $.01. Since prices can only be accurate
to $.01 anyway, models can effectively report a price as a
single real number.

In many cases, these systems often do too much work to
process a query. For instance, consider a system running
query Q3 over 2 bonds which are worth $105 and $95, re-
spectively. Suppose that a model call reports both bond
values within $.01 accuracy. In this case, the system could
determine the max value without running the lower valued
bond to as high of accuracy, thus requiring much less work.

1.3 Overview
To deal with this problem, we present VAOs, which are

operators that combine the function execution and the oper-
ations over the results. By combining these two operations,
the VAO can change the function execution based on the
operations performed on the results.

VAOs use a UDF interface which lets them control the
work-accuracy trade-off inherent in many functions. Using
this interface, functions return upper and lower bounds, not
single values. The initial bounds from a function are initially
very coarse, as they result from the minimal amount of com-
pute work for the function. If the bounds are not accurate
enough to produce an answer for the operator, the VAOs
can use the new interface to refine the bounds, which also
requires more CPU cycles. A wide variety of numeric func-
tions have an inherent work-accuracy trade-off, and we have
modified a variety of numeric algorithms to accommodate
the VAO interface.

For a VAO MAX operator in the above example, suppose
the functions provide initial bounds of [$98, $110] and [$90,
$101]. Since these bounds overlap, the operator must re-
fine the bounds so that a) maximum value is found, and
b) the value is within a certain error tolerance (e.g. $.01
for bonds). As the VAO can make refinements over either
(or both) bounds, each VAO needs a refinement strategy
that attempts to conserve work by considering both query
operation the data involved.

We have designed VAOs for selection predicates and 4
aggregates. To evaluate our designs, we implemented pro-
totype VAOs and ran experiments using real bond data
and models. Under realistic market conditions, these ex-
periments show that VAOs run functions up to two orders
of magnitude faster than traditional operators. In addi-
tional experiments on synthetic data, we found that VAOs
are robust in many experiments explicitly designed to stress
VAOs.

2While a survey of PDE solvers can be found in Chapter 12
of [2], we discuss PDE solvers in more detail in Sections 2
and 4.
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