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Abstract

Within this paper the incorporation of interpolation proce-
dures into a database management system is described. The
interpolation functions are used to calculate intermediate
values of sequences of measurements. The consequences of
this class of embedded procedures for query evaluation and
optimization are described. Starting with a user-friendly
syntax, the interpolation procedures are decomposed into
more refined operations on database objects. The impact of
these operations and their predefined scquence on query
evaluation and optimization is discussed. Promising evalua-
tion strategies are emphasized.

1. Introduction

In recent years at many places demands arose for a more
powerful version of the SQL [ANSI86] database language
that includes embedded procedures [StAH87] and more or-
thogonality {Date83]. Database support is required for an in-
creasing number of application types which current
database management systems (DBMS) were not designed
for. This gave rise to the development of several new
DBMSs that were designed to be extensible in scveral
aspects. Some of the best known of these systems are Star-
burst [HCLM90], POsTGRES [StRH90], Exopus [CDFG86},
Daspss [SPSW90], and GENESIS [BBGS8S8].

Our project is mainly concerned with measurement data,
ie., data that consists of samples taken from continuously
running (natural) processes. Examples are outside tempera-
ture, groundwater levels, or growth of plants. To facilitate
the management of this frequently large amount of data, it
can be stored within relational DBMSs. But in many cases
relational operations cannot be applied directly on this data.
If there are any samples missing, aggregation functions may
not be applied directly; comparison by relational join is not
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possible due to various scales, measuring distances, or coor-
dinates. The embedding of interpolation procedures that
calculate arbitrary intermediate values offers a solution for
many of these enumerated problems.

Unfortunately, the above mentioned extensible DBMSs are
still in the prototyping phase and not yet widely available.
Long-term maintenance cannot be guaranteed, and the sys-
tems are not ready for use by non-computer-science prac-
titioners. Some systems, like EXODUS, explicitly require
database spccialists to tailor them to the requirements of the
actual application.

We therefore decided to build the extensions required by
our project on top of a commercially available DBMS. We
extended commercial INGRES [INGR89], but any other rela-
tional DBMS that offers standard SQL, such as ORACLE, IN-
FORMIX {Rodg90], or Sybase [Hoew86] could be easily
adapted.

The main objective of our extensions is to enable the prac-
titioner working with measurement data to query the value
of a measurcment process at arbitrary points. This is real-
ized by means of interpolation procedures that are imple-
mented in a high level programming language (C) and in-
tegrated into the query part of the DBMS. We provide users
with DBMS and language extensions that exactly meet their
requirements to query missing values in the original
measurements, to compute equidistant sequences of
measurements, and to compare different sequences using
interpolation methods. These extensions are easy to apply
by non-database specialists, but they do not meet the SQL
standard.

Scction 2 describes these extensions and shows how they
can be transformed into extensions closer to standard SQL
statements. The SQL-close extensions form an intermediate
language more appropriate for query evaluation. These ex-
tensions consist of two types of user-defined procedures
and a nesting capability. Specifically, aggregate functions,
table functions that produce tables with additional at-
tributes, and the nesting of SELECT ... FROM ... WHERE
within the FROM clause, also known as table expressions,
provide more orthogonality for SQL [Date83].

Scction 3 derives some basic consequences of these exten-
sions for query evaluation. The fourth section discusses
methods of query optimization for queries containing these
extensions. Scction 5 compares our system to related work
and section 6 draws some conclusions.
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2, Extension of a Relational DBMS by
Interpolation Procedures

When processing sequences of mecasurements and values
reported by measuring instruments the following featurcs
are required and useful:

(1) table-like data structures for storing samples,
(2) aggregation of these valucs, e.g., for statistics,

(3 interpolation of missing values from surrounding
samples using known methods,

(4) interpolation of equidistant sequences of intermediate
values as input for models and simulation programs,

(5) comparison of different sequences of measurcments.

Requirements (1) and (2) are fulfilled by conventional rcla-
tional DBMSs, therefore these systems are used to store and
handle measurement data. To fulfill (3) to (5), extensions to
these DBMSs are necessary.

2.1 The First Approach for Sequences of Values

To motivate the extensions that will be introduced in the
remainder of this section, a bricf description of the typical
properties of measurement values is given. For more details
see [Neug89]. The most important property of measurement
values is their continuity with regard to the basis against
which they are recorded. A sct of measurements consists of
samples of a continuously running process, mainly con-
tinuous with regard to time and/or space, but possibly
other dimensions such as temperature or pressure. Mathe-
matically, the process may be considered as a continuous
function

fc (b], vees bn) - m
b1, ..., bn base parameters, m measured value.

The function fc yiclds a value m for any possible combina-
tion of base values within their valid domains. In the
database some combinations of values of the bj are stored
together with their corresponding m. Obviously, in a rela-
tional DBMS, these measurements are stored in relations
with the base parameters and the measured parameter as at-
tributes. In the following, such a relation will be called a
measurement relation; the attributes for base parameters will
be called base attributes, and the attribute containing
measurement values of the continuous process is called the
continuous attribute. In every measurement relation the base
attributes form the key or part of the key. A measurement
relation may hold several measurement attributes, all shar-
ing the same basis. It may also hold further attributes, e.g., a
description of the accuracy of the measurement value. The
base attributes need not be in the relation of the measure-
ment attributes. They can be connected via secondary keys.

Example1;
A weather station records the air temperature every hour at

an arbitrary time. The air temperature is the continuous at-
tribute and the time is the base attribute. Another attribute
contains the quality of the reported valuc. Fig. 2.1 shows the
measured values over time.
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Fig. 2.1: Interpolation example

The dotted lines denote full hours, when the temperature
values are required. An appropriate interpolation function
would calculate a weighted mean value from the two sur-
rounding values. If the temperature at 9:00 is queried, the
weighted mean of the values m1 and m2 is computed. If a
sequence with hourly temperatures is required, the mean
value of the two surrounding samples mj and mj+1 is com-
puted for each hour. [1

If measurement values are requested through base attribute
values that are not explicitly stored in the database, the
function fc is evaluated for the given base value combina-
tion. Usually, this is done by deriving the required values
from the surrounding samples, i.e,, they are interpolated. If
a mecasurcment parameter has a many-dimensional basis,
interpolation may refer to just one or a small number of base
paramcters. These parameters are called varying base at-
tributes while the rest are called fixed base attributes. If the
tuples in example 1 hold the coordinates of weather sta-
tions, and interpolation is done over time, then time is the
varying base attribute and the coordinates are fixed base at-
tributes.

Having these facts and user requirements in mind, the first
approach to overcoming the dcficiencies (from the measure-
ment data processing point of view) of a standard relational
DBMS was the following [Neug89]:

» The affected relations were marked as measurement rela-
tions, consisting of continuous attributes, (references to)
base attributes, and possibly further attributes. This was
done by means of additional system relations.

+ Available uscr-supplicd interpolation procedures (e.g., C
functions using embedded SQL) were declared to the
DBMS and their names and parameters were stored in a
further system relation. This declaration specified which
continuous attributes the interpolation method applied to
and which base attributes were being varied.

- Syntax extensions were defined allowing interpolation to
be incorporated into SQL queries (see below).

« An SQL preprocessor was implemented for interactive
SQL. The preprocessor includes a new user interface be-
having like the old one [Bosc90], a parser for syntax
checking within the extensions [Riet90], query evaluation
and optimization components that call and control the in-
terpolation and reduce the queries to standard SQL
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SELECT
FROM

* | [ALL | DISTINCT] [<result_column> =] <expression> {, [<result_column> =] <expression>}

<table> [<corr_name>] |

<table> [«corr_names>] | BY METHOD <method> (<cont_attrs) (1)
ENTRY (<base_attr> = <value> {, <base_attr> = <value>}) (2}
STEP (<distance> {,<distance>} )} (3)

{ <table> [<corr_name>] |

[«table> [<corr_name>]] BY METHOD <method (<cont_attr>)

ENTRY (<base_attr> = <value> {, <base_attr> = <value>})

STEP (<distances> {, <distance>} )} }

[WHERE <search_condition>]

[GROUP BY «<attr> {, <attr>} [HAVING <search_condition>]]

[ORDER BY «<result_attr> [ASC | DESC] {, <result_attr> [ASC | DESC]}];

Fig. 2.2; Syntax of querics extended by interpolation

CREATE TABLE groundwater_levels

(x_coord float4 BASE ATTRIBUTE,

y_coord float4 BASE ATTRIBUTE,
meas_date date  BASE ATTRIBUTE,
meas_value float4 CONTINUOUS ATTRIBUTE,
quality char(1),

well_id vchar(8));

Fig. 2.3: Syntax of declarations of measurement relations

DECLARE METHOD level_interpol
ON TABLE groundwater_levels
CONTINUOUS ATTRIBUTE meas_value

VARYING BASE ATTRIBUTES x_coord, y_cocotd;
Fig. 2.4: Example of the declaration of an interpolation method to the DBMS

SELECT x_coord, y_coord, meas_value
FROM ground_water_levels BY METHOD level_interpol (meas_value)
ENTRY (x_coord = 50.0, y_coord = 225.0)
STEP (0, 10.0)
WHERE meas_date ='29/03/90' AND
quality ='g AND
y_coord < 350.0;

Fig. 2.5: Example query

queries that are evaluated by the rclational DBMS
[Kaja90]. Interpolated values are stored in temporary
relations that replace the original relations in the reduced
standard queries, when they are passed to the DBMS.

The syntax of the SQL extensions is shown in fig. 2.2. (nota-
tion similar to that of [INGR89]).

Clauses (1), (2), and (3) are extensions to standard SQL.
Clause (1), the BY METHOD-clause specifies the method
and the continuous attribute it is applied to. Clause (2), the
ENTRY-clause gives the values of the varying base at-
tributes, i.e., it specifies the point where interpolation
should by done, and clause (3), the STEP-clause gives the
distances for an equidistant scquence of interpolation
values.

The ENTRY and STEP clauscs specify an infinite ordered
set. Values given in these clauses are used by the interpola-

tion preprocessor to generate a finite subset of the specified
sct. The boundaries of the generated ordered set are com-
puted by the interpolation preprocessor dependent on the
stored values and the ability of the interpolation function to
extrapolate (and on further restrictions in the WHERE
clause).

Example 2;
The measurement relation groundwater levels contains

tuples listing well name, coordinates, and the date, value
and quality of a groundwater level measurement (see fig.
2.3). The interpolation method level_interpol computes
groundwater levels at arbitrary coordinates (see fig. 2.4).

Fig. 2.5 shows a query that delivers the groundwater levels
along a line where the x coordinate is equal to 50.0 on a
specified date using only good ('g’) measurement values. [
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Though apparently similar, interpolation is distinguished
from the general view mechanism, because it requires the
specification and actual gencration of a sequence of inter-
polation values.

The interpolation procedures are similar to the table func-
tions in the Starburst extensible DBMS [HFLPS8], as one of
the extensions to SQL offered within this system. The main
difference is that Starburst table functions may be applicd to
any table while interpolation procedures are assigned to one
or a few (measurement) relations.

2.2 A More General Approach

The extensions proposed in section 2.1 are easy to under-
stand and to apply by incxperienced database uscrs.
Another advantage is that interpolation can only be done
within relations, i.e., measurement sets, where it is meaning-
ful and in a way that is defined. Using this special syntax,
the user is always aware of the fact that (s)he is doing inter-
polation and the results are not the originally measured
values. However, there are shortcomings to this approach:

°

In contrast to conventional SQL statements, this syntax
cannot be easily transformed into the relational calculus.
But this formal semantic definition is one of the major ad-
vantages of SQL.

Search conditions of different domains are mixed up. In
the example above, the condition "quality = ‘g™ refers to
the original relation, the condition "y_coord < 350.0"
restricts the interpolated new relation, and the condition
“meas_date = ‘29/03/90"" may be applicd to either rela-
tion.

This approach cannot casily be extended to other types of
embedded procedures.

The surrounding values to be used for interpolation must
be selected within the interpolation procedure. This is an
advantage for the end user because (s)he need not think
about this selection, but the interpolation functions can-
not be implemented without using the database and
some knowledge about the structure of the stored data.

It is difficult to compute the limits within which the step
values are to be produced, if no restrictions in the
WHERE clause are given.

To mitigate these shortcomings, an equivalent repre-
sentation close to standard SQL and relational calculus is
given. Three smaller extensions to SQL are introduced that
can be combined into the desired representation (sce fig. 2.6
-29)

(1) The nesting of SQL queries within the FROM-clause is
required. This was proposed first by [Datc83] as table
expressions but is not yet implemented in commercially
available DBMSs. An SQL query containing this exten-
sion would look like the following:

SELECT A4, Ab2, By, Bb2

FROM R1 A, ( SELECT b4, bo
FROM Rz
WHERE ..)B

WHERE Ab3z = B.by AND ..;
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In the inner WHERE clause references to other relations
in the FROM clause are not allowed, following the SQL
strategy that within nesting, references are allowed to
outer relations but not to ‘parallel’ relations. Within in-
terpolation, this extension is required to define the rela-
tion that holds the interpolated values.

(2) To compute the interpolated value from the surrounding
values, more powerful and user-definable aggregation
functions are required. Besides the attribute that is to be
aggregated, the function needs further, single-valued
input parameters. Within interpolation, the attribute to
be aggregated represents the measurement attribute,
and the single-valued parameters represent the user-
defined base attributes where interpolation is to be done.
This could be done with a construction like the
"generalizations to arbitrary procedures” proposed by
[StAH87]. Database procedures as currently offered by
[INGR89a] are not sufficient because they have a fixed
paramecter set and cannot process sets of values as ag-
gregation functions like SUM or AVG can do. The user-
defined aggregation functions proposed in [HFLP88] are
closer to what is required for interpolation, especially, if
they would allow additional input parameters.

(3) A third extension is required to emulate the ENTRY-
and STEP-clause given in section 2.1. To do the inter-
polation, a cartesian product of the original relation and
the sequence defined by the ENTRY- and STEP-clause is
required. Therefore, a table function is defined that has
the following input parameters:

the original table,

the ENTRY- and STEP-values for each varying

baseattribute,

a stop condition that specifies the limits within

which STEP values are to be generated.

In the following, the values generated by the ENTRY-clause,

STEP-clause, and stop condition will be denoted as step

values.

It appears reasonable to allow expressions to be given that
define the stop condition dependent on the actual values
that the base attributes hold, but constant expressions are
possible as well. The syntax to invoke this function
(‘ext_table’) is given in fig. 2.6.

Of course the data types of the base attributes and the as-
signed ENTRY and STEP values must be compatible. For ex-
ample 2, the call of ext_table will look like fig. 2.7. That
means that measurement devices which are more than 500
units off the interpolation point are not considered during
interpolation. Fig. 2.8. shows these three extension in use.

(For simplicity, the attributes retain their names in the rela-
tion resulting from ext_table. The prefixes old and new are
uscd to divide the original (old) values of the varying base
attributes from the new ones.) If an aggregation procedure
weight_3 (m, x_coord, y_coord) is defined that computes
the weighted mean of the three nearest measuring wells,
then example 2 would be transformed to what is shown in
fig. 2.9.

The qualification "meas_date = ‘29/03/90™ could also be
given in the outer WHERE clause. The qualification
"y_coord < 350.0" could be given in the inner WHERE clause
if "y_coord" were replaced by "new.y_coord".



ext_table ( <orig_relation>, <var_att_names, entrys, steps, ...<var_att_namen, entryn, stepn, <stop_condition> )

Fig. 2.6: Syntax of the table function that gencrates the step values

ext table ( ground_water_levels, 'x_coord’, 50.0, 0, 'y_coord’, 225.0, 10.0,
sqrt (exp {abs (old.x_coord - new.x_coord)) + exp (abs (old.y_coord - new.y_coord})) <= 500)

Fig. 2.7: Example of the table function

b,

vy bn
ext_table (<orig_relation>, <att_name;>, entry;, step;,

..., <att_namex>, entryk, stepk, <stop_conditions)

SELECT * | ..

FROM R1, ... Rm, (SELECT {_agg (m {, bj, ..., bi}),
FROM
WHERE user-defined restrictions
GROUP BY by, ..., new.bj, ... new.bk,

WHERE ...;

b1, ..., bn base attributes; by, ..., bk varying base attributes

Fig, 2.8: Syntax of SQL-close extensions

SELECT x_coord, y_coord, meas_value
FROM

vty Dn) 4

(SELECT meas_value = weight_3 (meas_value, new.x_coord, new.y_coord),

x_coord = new.x_coord, y_coord = new.y_coord, meas_date

FROM

ext_table ( ground_water_levels, 'x_coord’, 50.0, 0, 'y_coord’, 225.0, 10.0,

sqrt (exp (abs (old.x_coord - new.x_coord)) +
exp (abs (old.y_coord - new.y_coord))) <= 500)

WHERE quality =g
meas_date = '29/03/90

AND

GROUP BY new.x_coord, new.y_coord, g.meas_date)

WHERE y_coord < 350.0;
Fig. 2.9: Example 2 transformed to SQL-close syntax

If no restrictions are placed on the relation between the
original base attributes and the stepwise-gencrated base at-
tributes, arbitrary extrapolation could be done. If no restric-
tions concerning the base attribute(s) are given at all, infinite
extrapolation could be done. The query cvaluation com-
ponent must recognize an attempt at this and cither reject
any such query or stop the generation of step values outside
the range of existing values. (In the approach presented in
section 2.1 the implementation of the interpolation proce-
dure must ensure that the algorithm halts i.e., says from a
specific distance on that no more interpolation is possible.)

This approach is more flexible than the one given in section
2.1, but is harder to read and requires more knowledge and
responsible handling by the user.

3. Evaluation of Queries Including
Interpolation Procedures

If the extensions presented in section 2.2 are available, inter-
polation procedures as given in section 2.1 could be com-
posed of new, uscr-written aggregate functions, calls to the
table function ext_table, and cmbeddings of these functions
into the FROM-nested subsclect given in (4), fig. 2.8. If
programmers were required to write all interpolation proce-
dures following this template, a very simple preprocessor
could transform the syntax of the first approach into the
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sccond approach. Therefore, the following descriptions are
given relative to section 2.2, They are also valid for section
2.1,

First of all, it must be pointed out that after the interpolation
is done, the remainder of the query can be evaluated in the
usual way. Thus, the first approach to extending query
evaluation is to minimally extend the parts of the DBMS
that evaluate the functions and that handle the temporary
relations holding the interpolation results. The rest of the
query evaluation and optimization is left unchanged.

Following this strategy, an extension on top of the original
system can be built, e.g., on top of an existing, commercially
available system.

The whole interpolation evaluation can be divided into
several smaller operations, each delivering intermediate
results. This is a well-known technique in query evaluation.
It consists of the following steps. (Steps (1) and (2) are inter-
changable; all steps may be combined or mixed up with
evaluation steps from other parts of the query to some ex-
tend):

(1) retricval of the measurement relation

(2) generation of the step values

(3) supplementation of the measurement relation with the
step values



(4) storage of the supplemented relation

(5) retrieval of the supplemented intermediate relation
(6) evaluation of the aggregation function

(7) storage of the intermediate interpolation relation
[(8) evaluation of the ‘rest’ query as usual]

The query evaluation tree and the approaches to optimiza-
tion of the whole process are shown in fig. 3.1. Fig 3.2 gives
the query evaluation tree frf example 2.

4. Optimization of Interpolation Queries

Optimization approaches can start at two points. First, each
of the suboperations mentioned in section 3 is a candidate
for optimization. Because this optimization takes place in-
side the interpolation procedures defined in section 2.1, it
will be referred to as inner optimization in the following.
Second, a query that contains some form of interpolation
should be processed in a way that considers that interpola-
tion. This will be denoted as outer optimization in the
remainder of this paper.

4.1 Inner Optimization

The evaluation of queries containing interpolation starts
with reading the original mecasurement relation and
generating the step values. These two are combined into the
supplemented measurcment relation. One way to do this is
to generate the step values (or valuc combinations) one after
the other and supplement the appropriate tuples of the
original relation with these values. If the stop condition does
not contain any references to the ‘old’ base attributes, cach
original tuple is supplemented with cach step value com-
bination, i.e., a kind of cartesian product. If the original rcla-
tion does not fit in main memory - and usually it does not -
the relation must be read as many times as valid step values
are generated. Turning back to example 2, the relation
would have to be rcad 13 times, if the fixed stop condition
"y_coord < 350.0" were used. Applying the variable stop
condition given in the example to the measuring well with
the highest y coordinate (10, 470), the relation would have to
be read 75 times. If the stop condition contains references to
the original base attributes, indexes on these attributes may
be used to considerably reduce the number of tuples to be
read. If the tuples are read within the interpolation proce-
dure (the approach presented in section 2.1), just the sur-
rounding samples are read. The optimizer can consider that,
because this is always true for interpolation.

In most cases it will be advantagcous to read the original
relation once and generate the appropriate step values for
each tuple. Gencration of values is much faster than reading
all the tuples. Here it is profitable to read the tuples in se-
quence of the fixed base attributes if an appropriate index
exists, because this scquence is required in the next step of
query evaluation, i.e., the grouping of the supplemented
tuples by all base attributes.

If the base is many-dimensional, a many-dimensional access
path would be very helpful. Index structures such as isam
or btree that are available in conventional DBMSs are not
sufficient. Structures that are designed for spatial data scom
to be more appropriate. Examples are the buddy-trce

[SeKr90], the quadtree [Same89], or cell trees with addition-
al oversize shelves [Guen90].

During this process additional qualifications of the WHERE
clause could be applicd. Even conditions given in the outer
WHERE clause referring to the new or fixed base attributes
can sometimes be applicd at this point if they do not involve
any references to the outer query. In example 2, the
qualification "meas_date = 29/03/90™" can be evaluated
while reading the relation. This reduces the size of the inter-
mediate relation by dividing it by the number of different
measurement dates that are stored in the original relation. If
10 different dates are stored, the intermediate relation will
be one tenth of the its size without this restriction. The
qualification in the outer WHERE clause, "y_coord < 350.0",
can be evaluated as well. If the variable stop condition is
given, it reduces the number of times the original relation is
read from 75 to 13.

As mentioned in section 3, the storing of the intermediate
supplemented relation is the next operation to be con-
sidered for optimization. Since, it is known that the next
step in interpolation will be grouping by all base attributes,
storing the tuples in the sequence they are to be used in
afterwards is a good idea. Here, it must be considered care-
fully whether storing the tuples in the required sequence, or
reading and sorting the unordered relation afterwards will
be more expensive. A temporary index on all base attributes
is another solution to this problem. There is a choice be-
tween two alternatives:

« storing the tuples within an access structure that provides
for later access in the required sequence, e.g., b-tree or
isam,

+ storing the tuples in the sequence they appear and build-
ing an index on all base attributes.

For example 2, the following would be useful: After the
restriction in the WHERE clause reduces the fixed base at-
tribute to a single value, an index can be built on the new x
and y coordinates. Certainly this is dependent on the im-
plementation of access structures and building of indexes in
the DBMS, and the number and width of tuples in the inter-
mediate relation. The width of tuples is known, and the
number of tuples can be approximately calculated from the
number of tuples in the original relation, the number of step
values, and the selectivity of restrictions (if statistics are
available). The time the DBMS needs to build access struc-
tures can be determined in advance with benchmarks.

After these preliminaries, the grouping of the supplemented
tuples and the evaluation of the aggregation function can be
done very efficiently.

The storage of the result relation, another intermediate rela-
tion, should be done with the fact that it will be read during
further query evaluation in mind. Using the storage struc-
tures and indexes of the original relation might be a good
idea, because this relation replaces the original relation.

An important point is the following: If the query optimizer
‘knows’ that a query contains interpolation, it knows that
these subopcerations are to be applied in sequence and can
optimize using this knowledge. The generation of alterna-
tive query evaluation plans can therefore be avoided, at
lcast for this part of the query.
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4.2 Outer Optimization

The principle is to reduce interpolation whenever this can
be done with reasonable effort. Instead of rcading one tuple,
interpolation consists of reading several tuples up to a
whole relation, and the evaluation of a function. Interpola-
tion should be done as early as possible, because the query
optimizer for the ‘rest’ query nceds information about the
interpolated intermediate relation. In fact, this implics a
two-level optimization; first the interpolation, and then the
inclusion of the results in the query as a whole. Besides, a
system built on top of an existing system cannot act in any
other way.

To reduce interpolation as a whole, denesting of nested
queries containing interpolation in inner subqueries is re-

quired. This corresponds to the advantages a sort-merge
join has over a nested-loop join in most cases. Well-known
strategics for denesting apply [Kim82, GaWo87].

If the system is fully orthogonal, this arbitrary query nesting
in FROM clauses does not turn into a problem, since nested
table expressions have to be evaluated first anyway, and no
references to parallel tables are allowed (see above).

4.3 Performance Considerations

The performance of reading the measurement relation and
supplementing it with step values can be efficiently op-
timized. If step values are generated for each tuple, then the
time needed to read the original relation is nearly inde-
pendent of the number of values that are to be interpolated.
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Fig. 3.1: Query evaluation tree and starting points for optimization
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The retrieval time can be further reduced if, when
WHERE restrictions are given, they are highly sclective,
and are supplied by means of indexes or storage struc-
tures. The time to rcad the original relation is then no
longer dependent on the number of step values to be
generated, but on the size of the relation alone.

If the restrictions given in the WHERE clause do not con-
tain subqueries, they should always be evaluated as carly
as possible, because they have to be evaluated eventually
and often they considerably reduce the number of tuples
to be processcd further on. Restrictions on further at-
tributes in measurement relations should be evaluated
before supplementation of the step values for three

(1) The shorter tuples can be processed faster.

(2) Theintermediate relation will be smaller. If the restric-
tions are highly sclective, the intermediate relation can
be reduced by orders of magnitude.

(3) After aggregation, the values of the further attributes
arc no longer valid and will be removed by projection.
Once the restrictions on these attributes are evaluated,
they are no longer needed and the projection can be
done immediately. If an intermediate relation is re-
quired, this reduces the length of the tuples and
speeds up processing.

reasons:
SELECT ... ) g— o ——

interpolated
relation

@
weight_3
GROUP BY — \

new.x_coord,
new.y_coord, meas_date

to the meas. rel.

(€XplOFting the wmmmmmnnrfr {ei‘dmg ‘hle Pr—
storage structure) Interm. rel.
intermediate
relation
using a storage
structure isam on storing the
new.x_coord, MC interm. rel.
new.y_coord
WHERE supplementmg
quality = ‘g” AND wemewemige of the step val. \

meas_date = "29/03/90"

generating
(50.0, 225.0),
(50,0, 235.0), ...

Fig. 3.2: Query evaluation tree and optimization of example 2
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storing the
interpo]. rel.

index on meas_date,
¢ storing as btree on
x_coord, y_coord, meas_date

new.x_coord,
new.y_coord

WHERE
new.y_coord < 350.0

nested loop strategy
with generation of step values in the
inner loop

reading

index
oundwater_levels) ¢ on meas_date

N\

groundwater_
levels relation




(1) and (2) also apply to fixed base attributes. {They do
not apply to variable base attributes, however. Here,
restrictions are given regarding the step values, not the
original attributes.)

Within the next two steps, storage and retrieval of the in-
termediate relation, the performance cannot be improved
that much. Whether the tuples are stored in proper order,
an index is built, or the tuples are sorted after being read
in arbitrary sequence, the order of magnitude is always
Ofn log n), if n is the number of tuples in the intermediate
relation. The time required to rcad or store one tuple is
Of(log n) and there are n tuples. This matches the average
time to sort n tuples, because sorting algorithms are
known to be of magnitude O(n log n). The best method to
use will depend on the implementation of the storage and
index structures in the DBMS, the number of tuples, and
their width. Similar considerations apply to the storage
and retrieval of the intermediate relation containing the
interpolated values.

4.4 Optimization in the Current Prototype System

The prototype system we are building [Bosc90, Rict90,
Kaja90] directly evaluates the syntax given in section 2.1.
At the moment, the system exploits restrictions given in
WHERE clauses and uses index structures via the DBMS.
The denesting of queries containing interpolation in inner
subselects is currently being implemented. But the solu-
tion does have some drawbacks:

+ Some of the optimizations cannot be applied. E.g., the
original relation must be rcad scveral times, because
interpolation is done scparately for cach given step
value.

» Direct database access within the interpolation proce-
dures is too troublesome and a deterrent for many
practitioners who want to write their own interpola-
tion methods. They cannot be expected to reflect on
performance and to benchmark the DBMS.

This led to the approach given in scction 2.2. In that ap-
proach, all the optimizations discussed could be incor-
porated without involving the programmer. The only dis-
advantage is that some intermediate relations may grow
much larger. But this approach would require the SQL
query language to be extended to accepting nesting in the
FROM clause.

5. Related Work

The various extensible DBMS prototypes that are current-
ly under development use different approaches for query
optimization. Starburst {HFLP88] and Exopus [Grac86]
use rule-based query optimization. This approach best
matches the needs for very general extensions to the
query language. But this is not required just for the incor-
poration of interpolation. Here, fixed rules are known that
can be exploited dircctly. This can be done by more tradi-
tional optimization methods [SACL79].

The GENESIS system [Bato86] maps the expression of its
extended query language GDL to equivalent but non-op-
timized expressions on files and links. These so-called
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‘record-expressions’ could be optimized in either way,
traditionally or rule-based. The POSTQUEL optimizer of the
POSTGRES system [StAHS86] builds on the INGRES strategy.
The one-variable processor had to be extended to process
relation-level operators. This is done by means of ex-
tended decomposition and by the substitution of con-
stants containing collections of QUEL commands for rela-
tion variables. The evaluation of the relation-level
operators is delayed as long as possible. This is in contrast
to the approach presented in this paper where the table
functions are evaluated as soon as possible in order to
issue reliable parameters for the optimization of the rest
of the query.

6. Conclusions

The incorporation of interpolation procedures for
measurement data into an existing DBMS forms a very
application-driven approach to extending that DBMS. The
advantage of this approach is that the extension of the
DBMS by a specific kind of procedure requires a specific
optimization. The fixed order of operations on database
objects can be exploited. This saves the generation and as-
sessment of different query evaluation plans. It is possible
to subscquently integrate these extensions into an existing
DBMS, or even to build these extensions on top of an ex-
isting system. This is a precondition to quickly building a
specialized system according to specific needs, e.g.,
processing of environmental measurement values.

Future rescarch could focus on topics such as whether
this approach of extending an existing DBMS, including
carly evaluation of table expressions and of user-defined
functions, is a good strategy. If so, which of the proposed
optimizations are the most effective ones.

The proposed extensions can be used for many other ap-
plications that handle continuous measurement data such
as engincering or chemical applications. Applications
which require different extensions can be built following
the same strategy.
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