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Letter from the Editor

The proliferation of Relational Database Management
Systems offerings in the marketplace in the past few years
has forced users of such systems to seek for means to
evaluate their performance. For obvious reasons, and
despite its many shortcomings, the technique of benchmark-
ing has become the basis for all such evaluations. A
number of such benchmarks have been developed and others
are most likely under development (for examples see refer-
ences in the papers).

For this issue of DBE we asked several of the "known"
researchers in the area of performance evaluation of DBMSs
to submit papers that summarize their present work in the
area. The result is a collection of six papers. Roughly
speaking, three general themes are addressed in the
papers: a reflection on past work leading to a list of
"lessons learned" (the papers by DeWitt and Stonebraker),
further use of the existing benchmarks to examine the per-
formance of systems (papers by Hawthorn and Demurjian &
Hsiao) and, discussions of new metrics and techniques for
evaluating the performance of DBMSs (papers by DeWitt,
Chou & Gray, and Eich).

Several other papers were submitted to this issue but
were not included because they dealt with the evaluation
of the performance of some specific component of a DBMS
(such as scheduler in a distributed system or the con-
currency control mechanism). I was hoping that we'd be
able to have a paper detailing the results of the "Great
French Database Machine Competition" (which pits five or
six database machines against one another wusing the
Wisconsin benchmark (see DeWitt's paper in this issue)),
but unfortunately the results are still not available due
to the rescheduling of the "contest" date.

I wish to thank the contributors to this issue for

their excellent papers and for keeping to themselves any
gripes about the unrealistic deadlines I set.

Haran Boral
February 1985

Upcoming Issues
6/85 Concurrency Control and Recovery in DBMS's (Mohan)

9/85 Natural Languages and Databases (Vassiliou)
12/85 Object Oriented Systems and DBMS's (Lochovsky)
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Benchmarking Database Systems:
Past Efforts and Future Directions

David J. DeWitt
Computer Sciences Department
University of Wisconsin

1. Introduction

During the past two years we have developed a strategy for benchmarking database management sys-
tems and machines - [BITT83, BORA84]. At the present time our set of single user benchmarks [BITT83)
has been used by over 30 vendors and customers of relational products. For better or worse, it has emerged
as the standard set of single user benchmarks. To date. this benchmark has been applied to Unify, Oracle.
INGRES. SQL/DS. RDB. to the IDM 500 and DIRECT database machines. and a number of other unan-
nounced software and hardware products.

In Section 2. we review our present single user and multiuser benchmarking methodology. Section 3
contains a number of open research areas that we are currently exploring. Our conclusions are presented in
Section 4.

Those of vou who were hoping for a new set of numbers will be disappointed with this paper. While
we had hoped to do exactly that. we have not yet succeeded in getting a copy of. or access to. each of the key
products. While certain vendors have been quite helpful, others have remained reluctant to cooperate. Evi-
dently, bad numbers translate into poor profits. Based on the number of requests we receive each month for
updated numbers. there is clearly a market for this information. Perhaps what is needed is an EPA Testing
i.ab or Consumers Union for benchmark numbers.

.. Overview of the Wisconsin Benchmark Methodology

In this section. we present an overview of the methodology that we have developed for benchmarking
rclational database systems and machines. First we describe the synthetic database that is used as the basis of
our all tests. Second. our strategy for constructing a single user benchmark is presented. Finally, we
describe our approach for multiuser tests of a database system. For more details the reader is encouraged to
examine [BITT83] and [BORAB4].

2.1. Svnthetic Database Design

A key component of our benchmarking methodology is a synthetic database. Such databases ([BITT83]
and [BODGS83])) can be easily generated by programs and have a number of advantages over "real” databases.
First. a synthetic database makes it quite simple to specify a wide range of retrieval and/or update queries and
to control the sizes of the relations resulting from these queries. With a “real” database, getting a selection
query that retrieves precisely 10% or 50% of the tuples in a relation is difficult and sometimes impossible.
Furthermore. specifying such a query requires one to either know a good deal about the semantics of the
data in the database base or execute a bunch of trial queries. A second advantage of a synthetic database is
that the distribution of attribute values is under the control of the program generating the database. With
“real” data. one has to deal with very large amounts of data before it can be safely assumed that the data
values are randomly distributed. In addition, while we have, to date. only experimented with uniform distri-
butions of attribute values, experimenting with non-uniform distributions would be straightforward.

The benchmark database is designed so that a naive user can quickly understand the structure of the
relations and the distribution of each attribute value. The attributes of each relation have distributions of
values that can be used for partitioning aggregates, controlling selectivity factors in selections and joins, and
varying the number of duplicate tuples created by a projection. It is also straightforward to build an index
(primary or secondary) on some of the attributes, and to reorganize a relation so that it is clustered with
respect to an index. ’
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There are four "basic” relations in the database. We refer to them as "thoustup”, "twothoustup”,
"fivethoustup”. and “tenthoustup” as they contain, respectively, contain 1000, 2000, 5000, and 10000
tuples. A fragment of the thoustup relation is shown in Figure 1. All the tuples are 182 bytes long. Thus,
the four relations occupy approximately 4 megabytes of disk storage. However, in order to build queries that
operate on more than one operand relation. we often generate two or more relations of the same size. The
attributes are either integer numbers (between O and 9999), or character strings (of length 52 characters).
The first attribute (“uniquel”) is always an integer number that assumes unique values throughout the rela-
tion. We have made the simplest possible choice for the values of "uniquel”. For example, for the thoustup
relation, uniquel assumes the values 0, 1. ... 999. For the relations with 10,000 tuples, the values of
"uniquel” are 0,1, .... 9999. The second attribute "unique2" has the same range of values as "uniquel”.
Thus both "uniquel” and "unique2” are key attributes. However. while we have used a random number
generator to scramble the values of “uniquel” and "unique2”. the attribute "unique2” is often used as a sort
key. When relations are sorted. they are sorted with respect to this attribute. When we need to build a
clustered index, again it is an index on "unique2”.

A Fragment of the Thoustup Relation
(some attributes have also been omitted)

uniquel | unique2 | two | ten | hundred | thousand

378 0 1 3 13 615
816 1 0 4 4 695
673 2 0 6 26 962
910 3 0 2 52 313
180 4 (] 0 20 74
879 5 ] 9 29 447
557 6 1 7 47 847
916 7 0 4 54 249

73 8 0 6 26 455
101 9 0 2 62 657

Figure 1

As an example of how this database can be used. we may execute the following INGRES query to
observe the effect of a primary index on a selection that retrieves 10% of the twothoustup relation:

range of t is twothoustup
retrieve (t.all) where t.unique2 < 200

After the "uniquel” and "unique2” attributes come a set of integer-valued attributes that assume non-unique
values. ‘The main purpose of these attributes is to provide a systematic way of modeling a wide range of
selectivity factors. Each attribute is named after the range of values the attribute assumes. That is, the
"two”, "ten”. "twenty”, "hundred”,..., "tenthous” attributes assume. respectively. values in the ranges
(0.1, (0.1..... 9). (O.1..... 19). (0.1....,99), ... .(0,1..... 9699). For instance. each relation has a "hun-
dred” attribute which has a uniform distribution of the values O through 99. Depending on the number of
tuples in a relation. the attribute can be used to control the percentage of tuples that will be duplicates in a
projection or the percentage of tuples that will be selected in a selection or join query. For example, in the
twothoustup relation. the "hundred” attribute can be used for projecting into a single attribute relation where
95% of the tuples are eliminated as duplicates (since only 100 values are distinct among the 2000 attribute
values). The INGRES statement for this query would be:

range of t is twothoustup
retrieve (t.hundred)

The same "hundred” attribute can be used for creating 100 partitions in aggregate function queries. For
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example. we may query for the minimum of an attribute that assumes values randomly distributed between O
and 4999 ("fivethous"”), with the relation partitioned into 100 partitions:

range of t is twothoustup .
retrieve (minvalue = min(t.fivethous by t.hundred ))

2.2. Single User Methodology

Once a synthetic database has been constructed and loaded, the next step is to run a set of queries
which measure the cost of executing each of the standard relational database operations. Our set of queries
includes the following tests:

(1)  Selection queries with different selectivity factors.

(2) Projection with different percentages of duplicate tuples.
(3) Queries involving single and multiple joins

(4) Simple aggregates and aggregate functions.

(5) Single tuple updates: append. delete. modifv.

Three variations of each query are generally run: firsi. without any applicable index. second. with a primary
(clustered) index on-the appropriate attribute. and. finaliv. with a secondary (non-clustered) index.

Some partial results from the single user tests of the IDM 500 database machine (with a database
accelerator) are shown in Table 1. It should be clear from these numbers that our set of single user bench-
marks is. itself. capable of generating a wide range of loads on a database system.

We consider conducting single user benchmarks to be a crucial first step in any benchmarking effort.
First. in a number of cases the single user benchmarks have uncovered various performance anomalies. If a
particular system does not provide satisfactorv performance for a type of query (e.g. ad-hoc joins on large
relations) which constitutes a high percentage of the queries to be executed by the target application. there is
no point in performing multiuser benchmarks on such a system. Second. single user benchmarks provide
information on the resources required by different queries. As will be described below. we use these results
in developing a multi-user béenchmark for a particular system.

One might have noticed that. for the most part. our single user methodology evaluates the performance
of each operator individually. Only in the case of join queries do we consider more than one operator at a
time. There are a couple of good reasons for doing this. First. we can isolate the cost of each operator. If
instead we considered onlv complex queries (e.g. queries with both joins and selections). it becomes difficult,
if not impossible. 1o understand the results. The other motivatiori for considering each operation in isolation
is use the results to predict the performance of a system for a particular application by weighting the response
time of each operator according 10 its frequency of use in the target application. If one just tested complex
queries. such an extrapolation would be impossible.-

This is not to say that testing complex. single user queries is not important. In conducting benchmark
tests it is quite important to insure that the query optimizer works properly. For example. specifying the join
operations before the selection operations in a query enables one to test whether the query optimizer has any
intelligence at all. We found that several of the systems we tested were not even smart enough to reorder the
operations in a query to do selections first.

2.3. Multiuser Methodology

Three key factors affect the performance of a database system in a multiuser environment: the mul-
tiprogramming level. the mix of queries running concurrently. and the degree to which these queries access
the same portion of the database. This last factor. which we term "degree of data sharing” can have two dif-
ferent effects on performance. If all the concurrently executing queries are retrieval queries, then a high-
degree of data sharing should increase throughput due to buffer pool hits. On the other hand, a high degree
of data sharing will result in a reduction of throughput when updating transactions are run concurrently with
retrieval transactions (as the result of conflicts for access to shared data pages).
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Table 1

Query Query Response Time  CPU Usage # of Disk
# (seconds) (seconds) Operations
1 Select 1 tuple from 10.000 0.7 0.18 2-3

using a clustered index

2 Select 100 tuples from 10.000 1.5 0.56 11
using a clustered index

3 Select 100 tuples from 10.000 3.3 0.90 91
using a non-clustered index

4 Select 1000 tupies from 10.000 8.7 5.90 104
using a clustered index

5 Select 1000 tuples from 10.000 23.7 8.67 696
using a non-clustered index

6 Min Scalar aggregate operation 21.2 9.83 1.011
on 10.000 tuple relation

7 Min Aggregate function on 10.000 38.2 35.62 1.008
tuple relation (100 partitions)

8 Join 10.000 tuples with 1.000 27.6 18.96 206
tuples using a clustered index
on join attribute of 10.000
tuple relation

9 Select 1000 tuples from 10.000 23.4 18.88 207
using a clustered index followed
by a join with a 10,000 tuple
relation using a clustered index

10 Select 1,000 twples from 10,000 34.8 107.21 306
Select 1.000 tuples from 10,000
Join two 1.000 tuple relations to
form a 1,000 tuple relation which
is then joined with another 1,000
tuple relation

The hardest part of developing a methodology for multiuser benchmarks is devising a small set of
representative queries to test. We found by partitioning the consumption of CPU and I/O resources into
"low"” and "high” levels, that we were able to reduce the number of queries needed to test a system to four
basic query types:




Type 1 - low CPU utilization. low disk utilization

Type 11 - low CPU utilization, high disk utilization
Type III - high CPU utilization, low disk utilization
Type IV - high CPU utilization. high disk utilization

For the Britton-Lee database machine. we selected queries 1, 3, 8. 7 from Table 1 as being representa-
tive of Types I, II. III, and IV respectively. In [BORA84], we show that these four query types are sufficient
to achieve a throughput difference of three orders of magnitude. Figure 2 provides an illustration of how data
sharing and multiprogramming level affect system throughput for Query type II.
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Figure 2

In this section we outline what we think are some important areas to explore in developing a more com-
plete methodology for benchmarking database systems. We have divided this list into two categories: those
that deal with single user tests and those dealing with multiuser issues.

3.1. Single User Research Issues

One pressing issue to explore is to examine under what conditions (if any) can results from single user
benchmarks be extrapolated to predict the performance of more complex queries associated with a particular

application.

The first step in answering this question would be to take application specific queries and

transform them into "equivalent” queries on the synthetic database. After being run, one would look to see
whether one could have predicted the execution time by combining (in some way) the execution times of the
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component operations. Another approach to looking at this problem would be to compare the performance of
the "real” application queries on the "real” database with the results obtained by combining numbers from
synthetic tests on the "real” database.

A second, unexplored area is the impact of non-uniform distributions of attribute values. That is, if
you are retrieving 10% of the tuples in a relation does it make any difference whether the attribute values of
those tuples are uniformly distributed or not? It seems fairly obvious that if no indices are involved then it
should not make any difference. Differences in performance may, however. occur if an index is being used.

Our gut feeling is that there would not be any difference if a self-balancing index mechanism were used’
(e.g. a B-tree) but that there might be a difference if a poorly organized ISAM structure were being used.
One would obviously want to examine the impact on the other relational operations.

A third single user project would be to examine the effect of tuple size on performance. To date, all of
our tests have used 182 byte tuples. In [BODGS83]. a number of tests using varyving tuple sizes were con-
ducted on the IDM 500. As one might expect. these results indicate that when one keeps the number of
tuples produced by a query constant and increases the tuple width. the response time increases in pretty much
a linear fashion. The degree of the increase should depend on the extent to which the system is I/O bound.
If 1/0 can alwavs be overlapped with the CPU. then the degree of the increase should be proportional to the
cost (in CPU time) of initiating an I/O operation relative to the cost (in CPU time) of processing the page.
While the increase in response time in a single user mode might be relatively small. throughput in a mul-
tiuser environment would alwavs be more directly affected. A interesting variation would be to keep the
volume of data accessed from disk fixed. while varying the selectivity factor and the tuple size.

Another single user project is to further refine the ability of the benchmark to isolate the "faulty” com-
ponents of a database svstem. For example. when testing SQL/DS on a 4341. we once saw a particular
query run in a couple of minutes. After we did some vendor-suggested phvsical database reorganization (ie.
how relations and their indices were laid out on disk). the same query took 9 hours. Had we never seen the
2 minute time. we would have tended to suspect either a bug or a poor join algorithm. As it turned out. the
database reorganization caused the query optimizer to change its mind about what join algorithm to use.
What seems to be needed is a benchmarking methodology that can check out the components of the system
independently of one another. This "isolation” strategy would make it possible to evaluate and test the com-
ponents individually.

3.2. Multiuser Experiments

A number of challenging multiuser research projects are also possible. The first is to simplify the
present multiuser methodology. The results published in |BORAB4] required well over 100 hours of stand-
alone time on both an IDM 500 and a host processor. While the resulis obtained are interesting. it is simply
not clear that all four query types are needed to stress a database system adequately. Since the principal goal
of the multiuser benchmarks is to explore the behavior of a svstem under load. it might instead be sufficient
1o run a very large number of simple queries simultaneously. This is the approach suggested in [ANONS5].
While pushing both CPU and I/O utilization levels to 100% is the goal of the multiuser tests. there may be
cases when pushing each one as separately as possible to 100% vields more information about the behavior of
the system. One potential drawback that we see with this approach is that by using simple debit/credit queries
as the basis of such a benchmark. one may miss testing the ability of the buffer manager to properly handle
complicated access patterns.

An extension to this effort would be to develop a portable multiuser benchmark. While the methodol-
ogy described above can itself be applied to any relational database system or machine. the type of a particu-
lar query may vary from system to system depending on the algorithms used on each system. One motivation
for using a simple/debit credit transaction as the basis for the multiuser benchmark described in [ANONS85]
was to insure portability across systems. While this is an appropriate benchmark for transaction processing
systems. it may not be an acceptable benchmark for more sophisticated relational database systems.

! Unless one or more leaf pages had a number of overflow pages that were not physically clustered near the leal page. In this
case, the extra seeks might result in a slight difference in performance.
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