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SUMMARY

Multiple concurrent queries occur in many database settings. This paper describes the use of middleware
as an optimization tool for such queries. Since common subexpressions derive from common data and the
data is usually greatest at the source, the middleware exploits the presence of sharable access patterns
to underlying data, especially scans of large portions of tables or indexes, in environments where query
queuing or batching is an acceptable approach. The results show that simultaneous queries with such
sharable accesses have a tendency to form synchronous groups (teams) which benefit each other through the
operation of the disk cache, in effect using it as an implicit pipeline. The middleware exploits this tendency
by queuing and scheduling the queries to promote this interaction, using an algorithm designed to promote
such teamwork. This is implemented as middleware for use with a commercial database engine. The results
include tests using the query mix from the TPC Benchmark™R, achieving a speed-up of 2.34 over the
default scheduling provided by one database. Other results show that the success depends on the details of
the computing environment. Copyright © 2004 John Wiley & Sons, Ltd.
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1. INTRODUCTION

When a database system is presented with multiple queries, opportunities arise for optimizing the group
of queries as a whole as well as the operations to evaluate the individual queries. This has been explored
as the multiple query optimization (MQO) problem, and has generally been approached on the basis of
batches of queries and detailed analysis of the query execution plans [1-7]. A common theme among
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most of these proposals is to identify common subexpressions among the queries and materialize them
temporarily so that they can be shared among various queries.

Several variations on this idea have been recently proposed. Tan and Lu propose scheduling query
fragments to optimize the use of data left behind in memory, thus reducing disk usage [8], or scheduling
symmetric multiprocessors to access the shared data simultaneously [9]. The middleware proposed here
does not alter the query plans generated by the database engine, but instead makes use of properties
of those plans as generated. Zhao et al. [10] propose new join operators together with pipelining
to optimize for particular similarities that arise in the context of OLAP queries. In contrast, the
middleware requires no new operators or other capabilities within the database engine. Dalvi et al. [11]
propose using pipelining of data between processes accessing the same data or results. The proposed
solution must deal with two deadlock problems associated with the use of pipes. First, considering
the pipes as directed edges in a graph with queries as vertices, directed cycles represent a deadlock
situation; an algorithmic solution is proposed to prevent this configuration. Even then it can happen
that the corresponding undirected graph has a cycle, which may represent deadlock due to bounded
buffering in the pipes where the configuration of pipes constrains consumers and producers of the data
in the pipes to operate at different speeds. The paper assumes this possibility will be addressed by
dynamically choosing to materialize the pipeline contents.

All of these approaches involve rewriting the query plans for the batch of queries, and thus require
modifications to the optimizer or query plan generator of the database engine. Moreover, these
approaches deal with the workload in batches rather than incrementally. The middleware proposed
here does not suffer from these drawbacks: it can be implemented as an incremental or batch
method without modification to, or extensive knowledge of the internals of, the database engine.
Furthermore, the middleware imposes no constraints between queries and cannot introduce deadlock;
it operates by scheduling groups of queries to begin together, but enforces nothing beyond that initial
synchronization. Finally, although teamwork promotion requires information about the query plans to
be used by the queries, the same is true of all of the MQO methods of which the authors are aware; the
test results demonstrate how the outcome can vary with the amount and kind of information known.

The proposed approach uses in-memory sharing of objects even though they may be much larger
than the physical memory of the machine, enabled by self-synchronizing queries. The test results and
discussion show that such query behavior arises naturally in queries that share disk access patterns such
as scans, which is related to the characteristics exploited by previous MQO research. The approach
exploits common access patterns to the underlying data, where traditional MQO approaches exploit
common subexpressions; since common subexpressions derive from common data, the approach
should be useful in many, if not most, environments in which MQO provides benefits. Most queries
consume the most resources in processing at the leaves of the execution tree, because of the benefits of
performing data-reducing selections and projections at that level; accordingly an optimization directed
at that level may have significant effects on the overall execution. The teamwork approach aims to
share the results of data retrieval when queries require the same leaf-level data, and thus are operating
where the bottleneck may exist.

In the experiments reported here, the optimizations are performed from outside of the database
engine, in middleware, so that the method can be used with existing commercial database products;
of course, the method could also be incorporated into the database engine and one would expect the
results to be at least as good as reported here. Conversely, when changes to the database engine are not
possible, this affords a possible optimization through middleware, at least for some databases, that has

Copyright © 2004 John Wiley & Sons, Ltd. Softw. Pract. Exper. 2005; 35:361-391



SP E MULTIPLE QUERY OPTIMIZATION IN MIDDLEWARE USING QUERY TEAMWORK 363
&

not been explored previously. The test results show that significant speed-ups are possible without
rewriting queries, query plans, or existing optimizers. The teamwork approach is orthogonal to many
of the existing optimization techniques, and may even be more effective with those that schedule query
fragments.

1.1. Overview

The rest of this paper is organized as follows. Section 2 provides motivation and some initial results.
Section 3 supports the claim that queries autonomously form cooperating teams under favorable
conditions. Section 4 presents an algorithm to schedule queries from a queue, promoting team
formation. Section 5 presents the performance comparison results. Section 6 discusses an environment
in which teamwork performs poorly. Section 7 discusses the results.

2. MOTIVATION AND INITIAL EXPERIMENTS

In general queries are thought to compete for resources, specifically for use of the disk cache, and to
thereby interfere with and impede each other’s execution. This situation can be alleviated in various
ways, as when caches are used to exploit the sharing of data between queries. For instance, small
tables (relative to memory size) can be shared in a single-thread environment, mediated by scheduling
fragments of the original query plans [8]. Teamwork schedules concurrent processes to a similar
end, but without size limits or query fragmentation. This section includes the results of some initial
experiments, by way of motivation and showing the feasibility of the approach.

2.1. Experimental set-up

The experiments explored the behavior of the 22 queries of the TPC Benchmark(TM) R [12].
These queries are parameterized templates, and are accompanied by a query generator program to
supply randomly chosen parameter values. This program, QGEN, was used to generate a set of 40 query
streams, some of which were used in the tests described here. The instances of a given query in
the several query streams were parameterized differently by QGEN, with parameters which affected
selection and join criteria in the query. As a result no two queries in any run were identical, because
queries from the same template were always instantiated with different constants.

Because the initial results showed unreasonably bad performance for three queries even when run
in isolation, further testing used modified queries, so as to improve performance of each one by at
least a factor of two [13], with the justification that such bad query plans would be fixed in a similar
way in any installation interested enough in performance to use the methods presented here, but the
more pressing reason was that, as it stood, these three queries dominated the time of the runs, and made
initial verification of the experimental setup difficult because of the huge timeouts required. The queries
changed were as follows: Query 4 was rewritten to replace a coordinated EXISTS subquery with a
join; the modified query is shown in Figure 1. Query 8 was rewritten by adding an optimizer hint to its
subquery, resulting in a full table scan, which was much faster than the lookup through an index used
by the original query; the modified query is shown in Figure 2. Query 20 was rewritten to replace the
coordinated IN subquery with a join to a subquery; the modified query is shown in Figure 3.

The initial experiments, described in the next section, were run on a system with a single IDE hard
drive. All other experiments were run on four identical systems with dual Pentium-III processors,
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-- Q04p - order priority checking query (parameterized)
-- THIS IS AN UNAPPROVED VARIANT RECODING OF THE QUERY

define stream=&l
define date=&2

select
o_orderpriority,
count (*) as order count
from (
select distinct
o_orderpriority,
o_orderkey
from
orders,
lineitem
where
o_orderdate >= date '&date’
and o_orderdate < date ’'&date’ + interval ‘'3’ month
and 1_orderkey = o_orderkey
and 1_commitdate < 1_receiptdate
)
group by
o_orderpriority
order by

o_orderpriority;

Figure 1. Query 4 as recoded for speed on Oracle.

1 GB RAM, an IDE hard drive, and four SCSI hard drives, and the main results presented are the mean
value of the runs on all four systems. For these main results, the Linux operating system and Oracle
were stored on the IDE drive, and the Oracle system and user schemas were stored on the SCSI drives;
the LINEITEM table had one SCSI drive, the other tables shared a drive, and all indexes shared a third.
All other database objects were stored on a fourth SCSI drive. Rather than using the normal Linux
ext2 filesystem format, the user schema and temporary files were stored in raw partitions on the SCSI
drives, so that all buffering occurred in the Oracle buffer pool, and the Linux buffer pool was bypassed.
The Oracle buffer pool was set at 10 000 8K blocks, or 80 megabytes, or about 2.5% of the size of the
database and indexes. This ratio seemed a reasonable representative of buffer sizes for large databases.
The systems have 1 GB of RAM each, so that using the Linux buffer pool could have buffered over
25% of the database, had this been allowed.

2.2. Initial experiments

We tested the tendency of the TPC-R [12] queries to cooperate by running five instances of each
query starting almost simultaneously, i.e. started 2 s apart over a period of 8 s. The instances were
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-- Q08p - national market share query (parameterized)
-- THIS IS AN UNAPPROVED VARIANT RECODING OF THE QUERY

define
define
define
define

select

stream=&1
nation='&2’
region='&3’
type=' &4’

o_year,

sum(case

end)

from (

select /*+ ALL ROWS FULL(lineitem)

from

where

group by

order by

/ sum(volume)

when nation = ’&nation’
then volume
else 0

as mkt_share

*/

extract (year from o_orderdate) as o_year,
1 extendedprice * (1-1 discount) as volume
n2.n_name as nation

part,
supplier,
lineitem,
orders,
customer,
nation nil,
nation n2,
region
p_partkey = 1 partkey

and s_suppkey 1_suppkey

and 1 _orderkey o_orderkey

and o_custkey c_custkey

and c_nationkey = nl.n nationkey

and nl.n_regionkey r_regionkey

and r name = ’&region’

and s_nationkey = n2.n_nationkey

and o_orderdate between date '1995-01-01"
and p_type ' &type’

) all nations

o_year

o_vyear;

Figure 2. Query 8 as recoded for speed on Oracle.

’

and date ’1996-12-31"

Copyright © 2004 John Wiley & Sons, Ltd.
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-- Q20p - potential part promotion query (Parameterized)
-- THIS IS AN UNAPPROVED VARIANT RECODING OF THE QUERY

define
define
define
define

select

from

where

stream=&1
color=&2
date=&3
nation=&4

distinct
S_name,
s_address
supplier, nation, partsupp, part,
(
select
1_partkey,
1 _suppkey,
0.5 * sum(l_gquantity) as limitval
from
lineitem
where
1 shipdate >= date ’&date’
and 1_shipdate < date ’&date’ + interval ’'1l’ year
group by
1_partkey,
1 _suppkey
)

p_partkey = ps_partkey
and p name like ’&color%’
and s_suppkey = ps_suppkey
and 1 partkey = ps_partkey
and 1_suppkey = ps_suppkey
and ps_availgty > limitval
and s_nationkey = n nationkey
and n name = ’‘&nation’

order by

S_name;

Figure 3. Query 20 as recoded for speed on Oracle.
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Table I. Team formation of individual query types. Five instances
of each query were started 2 s apart, and again sequentially to
determine the speed-up.

Query Teaming Query Teaming
number speed-up number speed-up

1 3.78 12 4.96

2 3.07 13 1.17

3 491 14 5.01

4 4.95 15 4.95

5 2.20 16 3.06

6 1.24 17 3.43

7 4.77 18 3.87

8 4.96 19 1.48

9 3.11 20 3.43

10 3.41 21 4.89

11 2.96 22 4.68

parameterized as indicated for query streams 1-5 in the benchmark, so that queries were instantiated
with different constants. The running times for the set of five queries was compared to the running time
for the five instances running sequentially. Table I shows the results of the test. Since the CPU was
observed to be less than 50% utilized throughout the tests, and the system had a single hard disk, the
speed improvements reflect the change in the number of physical I/O requests. For example, the entry
for Query 1 is 3.78, indicating that the five query instances running sequentially took 3.78 times as
long as it took to run them concurrently. The speed-up ranged from a low of 1.17 for Query 13, which
did not benefit much from this sharing, to a high of 5.01 for Query 14. One would expect a theoretical
maximum of 5; presumably the additional 0.01 is measurement error. This feam advantage appeared
even though most queries access more data from disk than will fit in the disk cache. In effect, the teams
were synchronizing their operations so that the limited disk cache could be used as a data pipeline
shared within the team.

The team advantage persists in the presence of the 2 s delays between starting the queries, indicating
that this behavior is reasonably robust in the presence of scheduling disturbances. Table II illustrates
the change in teaming behavior of one of the queries* with different time separations between the
instances; happily this was the first query template investigated—a few of the others would actually
have shown interference between instances from the same template, and might have dissuaded pursuit
of this line of inquiry. The figure may be best explained by example; consider the line with an ‘initial
separation’ of 50. This line describes the behavior of five instances of the query, started at 0, 50, 100,

*These results represent five instantiations of one of the TPC queries [12]; it was originally chosen because its running time
seemed convenient for investigation. The query is anonymous because we are prohibited from publishing actual times for any
particular query.
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Table II. Teaming behavior with different initial time separations. The execution time

of the first query is shown, then the time separations to the completion of the rest of the

queries, and the total time for the run. Non-zero values of +1 or —1, which represent
the measurement granularity, have been set to zero.

Inter-stream ending separations

Initial Stream 1
separation time 1-2 2-3 34 4-5 Total time

0 689 0 0 0 0 689
10 736 0 0 0 0 737
20 752 0 0 0 0 752
30 748 0 0 0 0 748
40 750 0 0 0 0 750
50 1683 188 74 8 0 1953
60 1607 230 88 23 0 1948
70 1547 273 105 38 0 1963
80 1486 304 120 51 3 1964

150, and 200 s into the test run. The first query finished 1683 s into the run, the second query finished
188 s later, the third query finished 74 s after that, and the fourth query finished in another 8 s. The final
query finished with no delay after the fourth. Accordingly, the run lasted for 1953 s. We interpret these
numbers to say that the fifth query instance had overcome the 50 s head start and had ‘caught up’ to
the fourth query instance; moreover, this pair had nearly caught up with the third query instance, so
that this line shows team formation in progress. The team advantage persists even when the teams are
not that obvious; even at the 80 s separation, the total time is some 40% less than that for a sequential
execution. In this example, the team advantage was present even in queries started 80 s apart; however,
in general the advantage degrades with delays of 10 s or more.

2.3. Heterogeneous teams

From the experiments so far, it appears that queries instantiated from the same template are capable of
forming teams, but there may exist other possible groupings of queries that can exhibit this behavior.
To test this hypothesis, all pairs of queries were tested for team formation; pairs of queries were
run, first sequentially and then concurrently, and the running times were compared. The queries were
instantiated by using parameters indicated for streams 31-40 in the benchmark, in five pairs, each pair
being run once on each of the four test systems. The concurrent runs were started together rather than
with the 2 s separation of the tests that generated Table I. Potential speed-ups can be derived from
the logs of these tests in several ways, by comparing elapsed time, disk accesses, and so on. Because
the critical resource for the experimental setup appeared to be accesses to the SCSI disk containing
the LINEITEM table, the tests compared the number of accesses to that disk, as shown in Table III.
An entry of 1.00 means there was no advantage or disadvantage, i.e. the concurrent run made the same
number of accesses as running one query after the other. Entries under 1.00 indicate that the two queries

Copyright © 2004 John Wiley & Sons, Ltd. Softw. Pract. Exper. 2005; 35:361-391



SP E MULTIPLE QUERY OPTIMIZATION IN MIDDLEWARE USING QUERY TEAMWORK 369
&

actually interfere with each other. Entries over 1.00 represent the team advantage: the concurrent run
made fewer accesses to the critical disk than the sequential run.

One might expect Table III to show its greatest improvements for pairs of queries that involve many
references to the LINEITEM table, especially scans. However, of the five entries in the figure showing
a speed-up over 1.50, only the {21,21} pair is of this type. Because the entries are focused on a single
resource, quite a few of them are near unity, showing that this pair does not have much effect on
that resource. Moreover, the non-unity entries do not take into account the level of support from the
underlying data—the absolute value of the differences encountered—so that a change of 1 out of 10 is
counted the same as a change of 100 out of 1000. In spite of efforts to completely evict TPC schema
blocks from the Oracle buffer pool between tests, using a query involving a large index scan on a
different schema, there was frequently a residual activity on the disk containing the LINEITEM table,
even during queries which made no reference to that object at all. Nevertheless, the experiments show
that these entries can be the basis of an effective optimization.

3. TEAMS AND TEAM FORMATION

The query behavior suggested that careful scheduling could improve overall system throughput for
suitable workloads. This feam formation behavior depends on the details of access to secondary storage,
and particularly the disk cache, and of the queries involved.

Operating systems and database systems maintain caches of disk blocks from secondary storage, so
that requests for frequently-used or recently-used information can be satisfied from the comparatively
fast RAM rather than from the secondary storage device. As a result, operations that request
information already present in the disk cache will execute much more quickly than ones that request
information that must be retrieved from secondary storage. This is not strictly a property of the
operations themselves, however it is a dynamic property of the system as a whole. The contents of the
disk cache will evolve over the course of time, in response to the activity experienced by the system,
and this will affect team formation.

3.1. Disk cache management

For concreteness, consider cache management in the specific context of an Oracle database. When a
query is run and accesses tables stored on disk, it fills the disk cache as much as possible with the
blocks that it needs, but eventually must replace some of the blocks it used early on in the process with
blocks it needs later, because there is not enough room for all of them. This can happen in two ways in
Oracle, depending on whether a full table scan is involved. The default for most operations is to keep
blocks according to a least recently used (LRU) algorithm, so that blocks are evicted from the disk
cache when they have been used less recently than any others. Full table scans are treated differently,
and by default place blocks at the ‘least recent’ end of the LRU list after they are used, since it is
considered unlikely that they will be used again before they have to be evicted from the cache anyway.
It is possible, however, to set a per-table CACHE/NOCACHE attribute so that full table scans are
not treated specially, to let such blocks be placed at the most-recent end of the LRU list. The Oracle
documentation recommends doing this only for small, frequently-used tables, presumably to avoid the
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phenomenon of ‘cache wiping” which might cause a full table scan to fill the cache with blocks which
will not be reused before they are evicted.

In contrast, for these experiments the CACHE attribute was set for the largest table in the schema, the
LINEITEM table, because earlier experiments has shown that in the worst case it imposed a minimal
cost (under 1%) on throughput, but in most experiments it yielded a major improvement to throughput.
The Oracle documentation also states that there is a per-query hint to the optimizer that can control
this behavior, but considerable experimentation failed to verify that it works in Oracle 8.1.7 on Linux,
and it is not used in the experiments reported here. No matter how the blocks are handled, at the end
of execution of a query unless the data accessed is small in relation to the size of the disk cache, it is
unlikely that the data used at the beginning of its execution is still in the disk cache; such data will have
been evicted in favor of the data needed later.

3.2. Why teams form and persist

To see how this operates in team formation, consider Query 10 from the TPC Benchmark R [12] as an
example. Judging from Table III, the overall run time improves (speed-up of over 1.00) when it runs
concurrently with other instances of itself, or with instances of queries 1, 2, 4, 5, 9, 11, 13, 16, and
18. Evidently this query may beneficially form teams with those other queries. The query itself has the
following form:

select <some attributes and aggregatess
from customer, orders, lineitem, nation
where

c_custkey = o_custkey

and l_orderkey = o_orderkey

and o_orderdate >= date ’&date’

and o_orderdate < date ’&date’ +

interval ‘3’ month

and l_returnflag = 'R’

and conationkey = nnationkey
group by <some attributess
order by revenue desc;

This query, like all the TPC queries, is actually a query template. In this case, the single parameter
&date is required to instantiate the query. The schema in use includes indexes that contain most of
the data required from the tables, so that the ORDERS and LINEITEM indexes are scanned rather
than the full table. The query is evaluated by three hash joins, involving a range scan on an index to
ORDERS and full scans of index or table data for the other three relations. The index on LINEITEM
alone is over twice the size set for the Oracle buffer pool, so that the first data accessed is evicted from
the buffer pool before the query is finished.

Any two instances of this query will access many of the same disk blocks in the same order, although
the calculations on them may be different because different subsets of the data will be selected for
inclusion in the results. If they are executed sequentially, as noted above, the second query to execute
will encounter a disk cache that is empty of the data required for its execution; this data has been
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previously used but later evicted. Accordingly, the data will be read again. However, if the queries
are started together and run concurrently, they have an opportunity to use the disk cache as a kind of
pipeline to avoid the second reading of the secondary store.

To see how this works, let us suppose that two instances of the query are started a few seconds apart,
as in some of the experiments. The first query to begin will read disk blocks into the disk cache and
perform calculations, but let us further suppose that before this can proceed to the point where its inputs
are evicted from the disk cache, the second instance of the query begins execution. At this point, the
second instance encounters a disk cache that already contains the information that it requires to begin
its calculations. Accordingly, the second instance of the query can execute more quickly because it
does not have to wait for the comparatively slow secondary storage operations. It will make progress
more quickly than the first instance did at the same point, until the second instance has ‘caught up’
in its progress to the same point, as concerns access to secondary storage, as the first instance of the
query. At this point, the two instances will be requesting the same blocks from secondary storage.
Because the database engine itself has safeguards to handle such situations, only one copy of each
requested block will be read, and it will be used by both instances of the query.

To the extent that this general description applies to a particular case, one can expect the teams to be
stable, self-organizing, and self-maintaining so long as the two instances make the same requests of the
secondary store. If one of the instances somehow makes more progress, and is reading blocks that the
other instance has not yet used, the same team formation process as just described will cause the slower
instance once again to catch up. This is a very strong tendency due to the orders of magnitude difference
in speed between physical disc access and the other activities in the system. As shown in Table III, while
this tendency is even present in some pairs of non-identical queries (e.g. 1.68 for Query 18 paired with
Query 13), it may be weak in some pairs of queries from the same template (e.g. 0.67 for Query 13
teamed with itself). This presumably arises when the access patterns for queries from a given template
are sensitive to the parameters, and can differ greatly between instances.

3.3. Formal model

In analyzing database performance, it is usually assumed that the only significant factor is the amount
of disk I/O that is performed. As a first approximation, this is usually a reasonable starting point, and
is used here. It will turn out that under the assumption that the CPU costs for all operations can be
ignored (i.e. are effectively instantaneous,) teamwork behavior can be described in simple closed-form
formulas. The model is further embellished by also modeling the operation of a simple LRU buffer-
cache, so that even some disk operations (the buffer cache hits) are instantaneous, and only the cache
misses take time. As a result, the ratio of misses to total disk requests will be a crucial determinant
of how the model performs. Of course, as optimization of disk I/O improves there is a strain on the
underlying assumption that other things can be ignored, as in the extreme case where the entire database
fits in the buffer pool, all operations are cache hits and nothing takes any time at all (in the idealized
model, at least). Nevertheless, for reasonable values, the model will serve for the present purpose.

The model includes a simple LRU buffer-management policy, managing a buffer pool of B blocks,
serving a workload consisting of some number N of work streams W; = {b; 1, b; 2, ..., b; n;}, where
each b; ; represents a request for a block from secondary storage. The model further assumes that the
time to complete the workload is proportional to the number /0S of the requests that result in actual
disk I/O (i.e. that are not satisfied by a cache hit on the buffer cache).
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A schedule over this workload is an ordered sequence
S = (bi,j5 bk,la M) by,Z)

such that each b; ; of the workload occurs exactly once in S, and for all m, p, g if b, , occurs in
the sequence before by, 4 then p < q. Alternatively, schedules are sometimes denoted with single
subscripts when the focus is on the order of requests rather than on the work streams they come from.
An annotated schedule

AS = ([*]b;, [*]bj, ..., [x]by)

is a schedule in which the star symbol (x) may (or may not) appear before some of the block requests
in the schedule. A block request with the star represents a cache hit, and a block request without the
annotating star is a cache miss.

There are counting functions on the domain of single requests, or subsequences of annotated
schedules as follows:

req(AS) = {the number of block requests in AS}
hit(AS) = {the number of * symbols in AS}

miss(AS) = req(AS) — hit(AS) (1)
block(bi,;) = {the identity of the block requested by by ;}

IfAS = (b1,...,bj, ..., by) is an annotated schedule, and SS = (b;, ..., b;) exists and is the shortest
subsequence such that block(b;) = block(b;), define

dwell(b ) = req(SS)

Note that a cache miss always moves the previous contents of the buffer pool one step toward the
least-recent end of the pool, evicting the extreme LRU block. It is also true that a cache hit reorganizes
a part of the buffer pool, and while it does not evict any blocks it usually bumps some of them down
one position while advancing the block which was the subject of the current request. Thus, if there are
many cache hits, other blocks may be bumped down very quickly. This is modeled as cache dwell time
for a block and a function to describe the conditions for bumping a block. If AS = (b1, [*]b2, ..., xb;)
is an annotated schedule ending with a cache hit xb;, then

1 if j <, block(b;) = block(by),
Vm, j <m <1 = block(by,) # block(by),
i kst l<i<j<k<l,
bump(AS, j) = block(b;) = block(by,),
Vm,i <m < k = block(by,) # block(by) and
by is a cache hit

0 otherwise

An annotated schedule AS = (b1, ..., by) is correct for a buffer pool B of size n if for every cache hit
xb, there is a subsequence HS = ([x]b;, [x]bj, ..., *b,) of AS, in which block(b;) = block(b)), and
Vk,i <k < p = block(by) # block(bp) and n > miss([x]b;, ..., *bp) + Zle bump(AS, j).
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For subsequence SS of an annotated schedule there are corresponding measures of it ratio and miss
ratio:

hit(SS) MR(SS) = miss(SS)

HRSS) = 3 0ss)° " req(SS)

As a consequence of Equation (1),
HR(SS) + MR(SS) =1
Because only cache misses take time, the duration of the schedule is
I0S(AS) = req(AS) x* MR(AS)

It is useful to note that any sequence SS of block requests which completely replaces the contents
of the buffer pool must have a duration of at least B disk I/O operations, and its length is bounded by
req(SS) > B/MR(SS); this defines a time horizon for finding a requested block still in the buffer pool.
The time duration of a schedule AS is defined to be dur(AS) = atime x IOS(AS), where atime is the
access time for disk I/0O. Reasonable numbers for the equipment used for the experiments are

atime = 0.003s, B = 10000

With these values, if the buffer pool were completely ineffective (hit ratio zero, miss ratio 1) the time
horizon would be 0.003 x (10000/1) = 30 s, meaning that team formation should be possible for
suitable queries started up to a half a minute apart. In this idealized model, the time horizon depends
directly on the miss ratio. For example, for the time horizon to be 1 s, the miss ratio must be 1/30, and
the hit ratio is correspondingly 29/30 or 96.66%. This is reasonable; team formation can be viewed as
a method to improve the utilization of the buffer pool as measured by the hit ratio, and it is hard to do
that if it is already very good.

4. MIDDLEWARE DESIGN

With team behavior having been seen in preliminary experiments, more complete experiments used
an application server middleware that is specifically designed to take advantage of affinities among
queries being submitted to a database. The application server is shown in Figure 4. The experiments
model the query sources as streams; each source submits one query at a time, and waits for the system’s
response before submitting the next query. The experimental setup provisions the database with a
fixed number of server connections for the submission of queries, each connection corresponding to
a separate database server process. The number of servers will in general be less than the number of
query streams, and therefore the middleware will queue incoming queries for submission to a server at
an appropriate time, depending on the queuing policy in force. The goal is to schedule client queries to
execute simultaneously on different database server processes to take advantage of potential affinities
among them, and this will be reflected in the choice of queuing policies. This section presents the
scheduling algorithm and then proves some of its interesting properties.
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Figure 4. Middleware structure.

4.1. Scheduling algorithm

The unit of scheduling is the team. All queries in a team start at the same time, and the team is
considered to be running until the last member finishes, at which point the scheduler schedules new
work for a new team. This is referred to as the feam cycle. Database server processes have no permanent
connection to a team, but are assigned to the team for the duration of a single query. A server process
that finishes before other members of its team is immediately available for joining any new team.
However, each team always has at least one server process, even if the team is idle, so that when there
is work the team can proceed with at least that one server process, and perhaps more.

The scheduling algorithm is shown in Figure 5. It selects queries as team members at the beginning
of each team cycle. The query at the head of the queue is always chosen to be one of the members,
and is called the team leader, because of the way it affects the selection of the other members. If it
happens that there are additional database server processes available, the team selection algorithm is
invoked, to select another query to be started at the same time. As many additional queries as there
are available database server processes may be started, up to the number of queries in the queue that
qualify as teammates of the team leader.

The additional queries added to the team are selected according to their affinity for the leader,
according to an affinity rule. This rule is a set of affinity sets, which are sets of query numbers whose
instances can be included in the same team. A team consists of queries instantiated from templates
whose numbers are members of the same affinity set, or comprises a single query which is not in any
affinity set.

Perhaps the simplest non-trivial rule is one that forms teams only from queries instantiated from
the same template. It can be written formally as a set of singletons comprising the template numbers.
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procedure TeamScheduler
loop
team = {query at the head of the queue}
remove the query from the head of the queue
while (there are idle database server processes)
and (the queue contains a suitable
teammate) :
reserve a database server process
team = team U {teammate}
remove the teammate from the queue
end while
start all elements (members) of team
wait for a teammate to finish
while there is more than one teammate:
release the database server process of the
finished teammate
wait for a teammate to finish
end while
end loop
end procedure

Figure 5. The scheduling algorithm, executed for each team.

For the TPC template set it is written as {{1} {2} {3} {4} {5} {6} {7} {8} {9} {10} {11} {12} {13} {14} {15}
{16} {17} {18} {19} {20} {21} {22}}. In initial tests, it performed reasonably on a single-disk system,
performing about half as well as the best rule that was found. However, on the multiple-disk systems
we used for our main results, this rule gave no consistent advantage over non-team performance, and
is not reported further here.

Affinity rules can also be developed from data on query behavior, such as that in Table III.
By requiring teams to be made up of templates with pairwise team advantages over some given
threshold, one can ensure that team members are paired with compatible queries, even though they
may not share a template. For example, the greedy algorithm of Figure 6 generated rules from the data
of Table III, taking that table of team advantages and the threshold value. For some threshold values,
this algorithm would reject some of the teams formed by the first rule. For example, for Table III, a
threshold value of 1.00 rejects queries 13 and 18 from participating in any multi-query teams including
pairing instances from the same template, because they have (dis)advantage for pairs of their own
instances of 0.67 and 0.88, and even though their team advantages together at 1.68 are very good.
However, the same 1.00 threshold would allow a rule containing the affinity set {1 4 5 8 10 15} because
all of the pairs, including self-pairs, that can be formed from this set have team speed-ups better than
the 1.00 threshold.

The algorithm begins with singleton affinity sets, one for each query which met the threshold,
i.e. corresponding to qualifying values on the diagonal of the figure. All values for non-qualifying
queries (e.g. queries 13 or 18) were then set to the threshold value so they would not be considered
for team membership. Each subsequent step of the algorithm considered the pair of affinity sets
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procedure Affinity(threshold, teamtable)
rule = {}
for each gquerynumber:
if a selfpair of querynumber meets threshold:
rule = rule U {{querynumber}}
else:
set all teamtable entries for querynumber to
threshold
end for
while ((minimum value in teamtable)<threshold) :
find the minimum value in teamtable between
members of different affinity sets, setl and set2
if these sets can be unified:
rule = rule — {setl}-{set2}
rule = rule U {{setl U set2}}
set teamtable entries connecting setl and set2
to threshold
end while
return rule
end procedure

Figure 6. The greedy algorithm to find an affinity rule for a given threshold, and a given
teamtable of pairwise team advantages.

represented by the minimum value remaining in the table corresponding to different sets. The sets
are combined if the resulting set will contain no pair of queries that violates the threshold requirement.
If the sets cannot be combined, their table entries are altered so that the pair will not be the minimum
again. The algorithm ends when the minimum entry itself no longer meets the threshold requirement.
With different threshold values, different affinity sets are formed by this algorithm.

The scheduler is concerned with starting the queries, but is not concerned with their ongoing
execution other than to detect completion. Once started, the teammates may or may not cooperate,
and may or may not remain synchronized according to the accuracy of the criteria chosen for query
affinity. The team is considered to be running until all of the teammates have completed, at which point
a new team is scheduled if there is work in the queue.

If there are just as many database server processes as teams then each team necessarily has exactly
one database server process and the algorithm degenerates to normal round-robin FIFO scheduling
with the given number of servers. More generally, at any given time a server can be a team leader,
a teammate, or idle awaiting work. Servers can be idle because they finished first among their team,
because the queue did not contain queries with suitable affinity for a team being started, or because the
queue did not contain any queries.

4.2. Notes on correctness and complexity

It is easily shown that the scheduling algorithm has the useful properties of liveness and freedom from
deadlock.
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Theorem 1. (Liveness) Every query that is entered into the queue is eventually served.

Proof. Each team finishes because the number of queries in the team is fixed when the team begins, and
each query is finite. The finishing of each team causes a scheduling event (i.e. a call to the procedure
schedule of Section 4.1). Each scheduling event either finds the queue empty, in which case the theorem
is trivially true, or else serves the query at the head of the queue. Thus the stream of scheduling events
does not stop, and any queries in the queue advance towards the head or are served during that event.
By induction on the size of the queue, every query is eventually served, proving the theorem. o

The synchronization of teams is not enforced by any mechanism in the middleware or elsewhere.
If the queries selected for a team fail to cooperate, they may become de-synchronized and make
progress more slowly, but they will continue to make such progress as the database engine normally
provides. This absence of locks or synchronization primitives for coordination leads trivially to
Theorem 2.

Theorem 2. (Deadlock) The scheduling algorithm of Figure 5 is deadlock-free.

The complexity of most of the operations involved in this method is linear or constant, with two
exceptions. One is the development of the array of team advantages (such as Table III), which is
quadratic in the number of query templates, but is only calculated once (under the assumption of a static
set of templates). The other is the search for teammates while serving the queue, whose complexity
is bounded in the middleware algorithm (for each team start) by a linear function of the number of
entries in the queue, and thus is a linear function of the number of clients, the number of servers, and
the number of teams.

5.  PERFORMANCE RESULTS

Of the query streams mentioned in Section 2, query streams 1-20 were the workload for the tests, so
that each test comprised the running of 440 queries, none of which was used in deriving the affinity
rules. Considering each such query stream as simulating a client, there were 20 concurrent clients in
each test. The middleware connected to database server processes through SQL*Plus processes, the
interactive client for Oracle. Each SQL*Plus client then made the connection to the database, which
assigned the server process. The number of these servers varied from run to run. The middleware
communicates with the SQL*PIus processes through I/O redirection and Linux pipes.

The clients and the middleware are implemented as a combination of Expect [14] and SQL*Plus
scripts, with the scheduler being a single function of about 100 lines of code in one of the Expect
scripts. The scripts perform the timing functions, and ensure logging of all results.

The various test runs differed in the number of teams and the number of database servers (SQL*Plus
processes), as shown in Table IV. The schema and queries of the TPC Benchmark R [12] were used,
scaled to about 1 GB of raw data (i.e. SF = 1), and about 2 GB of indexes were built, essentially those
of [15] but without the clustered index reported there.

5.1. Affinity rule performance

The greedy algorithm of Figure 6 developed candidate affinity rules for the data in Table III, resulting
in 31 different affinity rules. The results here were obtained using the affinity rule produced from the
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Table IV. The setup conditions for testing. There was also a baseline
of 20 teams and 20 servers, with an empty affinity rule.

Condition Values

No. of clients 20

No. of servers 1-15

No. of teams 1-8

Constraint No. of servers > No. of teams
Affinity rule Derived, threshold = 1.00

Table V. Speedups from teamwork, comparing running time to the baseline at 20 database servers
and 20 teams. Entries marked _L are prohibited by the constraint of Table I'V.

Number of teams

Database
servers 2 3 4 5 6 7 8
1 1 L 1 L 1 L 1
2 1.34 L 1 L 1 L 1
3 1.54 1.39 1 L 1 L 1
4 1.72 1.60 1.46 L 1 L 1
5 1.79 1.81 1.64 1.50 1 L 1
6 1.94 1.84 1.79 1.65 1.53 L 1
7 2.01 1.91 1.89 1.82 1.63 1.55 1
8 1.99 2.09 2.02 1.92 1.73 1.64 1.50
9 2.06 2.14 2.10 2.08 1.89 1.75 1.69
10 2.12 2.13 2.12 2.10 1.96 1.88 1.76
11 2.17 2.21 2.18 2.15 2.07 1.93 1.79
12 2.17 2.22 2.21 2.18 2.12 2.04 1.86
13 2.11 2.23 2.31 2.22 2.16 2.06 1.97
14 2.15 2.22 2.29 2.28 2.20 2.08 1.94
15 2.09 2.25 2.34 2.25 2.17 2.24 2.00

threshold value of 1.00, ensuring that all pairs of members in a team were scored as at least neutral
in the pairwise tests of Table III. This resulted in the affinity rule {{9 12 14} {1 4 5 8 10 15} {3 19}
{7 20 21}}. The results for this rule are shown in Table V. The best result is 2.34 at four teams and
15 servers; the experiments were stopped at 15 servers because with only 20 query streams the queue
was becoming drained, and the improvement at 15 servers compared to 14 was not large. Some of the
other thresholds produced slightly better results in preliminary tests, but the threshold value of 1.00 has
the virtue of having a simple rationale a priori: limiting the presence of harmful pairs.

There were also tests of the effects of the CACHE attribute by running tests with simple queuing,
varying the number of server processes. As shown in Figure 7, despite the intuitions and documentation
to the contrary, for this workload at least, it is better to invoke the CACHE attribute for the LINEITEM
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Figure 7. Effects of the cache attribute on performance. The total time to complete the workload is shown as a
function of the number of server processes. The Y-axis is speed-up from naive setup and scheduling. The upper
trace had the CACHE attribute on for the LINEITEM table, the lower (slower) trace had the attribute off.

table, producing a speed-up of about 1.09. This benefit is not seen for any of the other tables in these
tests; perhaps this is because the LINEITEM table is the main fact table, and by far the single most
active object in the schema under this workload.

Besides a beneficial effect on throughput, queuing has an effect on the latency and response times of
individual queries. This is so because the various queries have very different execution times, spanning
two orders of magnitude, but queuing introduces a delay which is constant across all queries, pushing
the overall response times towards an average. For very fast queries in the mix, this delay increased
overall running time by a factor of 66, and teamwork did not reduce this significantly because the actual
running time was so small compared to queuing delays. Overall the effect was positive, with six of the
queries benefiting from queuing, and 16 being slowed, six of them by a factor of 10 or more. The latter
six had such short running times that they did not contribute significantly to the speed-up results for
teamwork, which suggests that to the extent that such queries can be identified in advance, they would
be better served by another means and this would not significantly dilute the advantages of teamwork
for the rest of the queries.

5.2. Schedule visualization

Data on the experiments was extracted from log files generated by the driving programs. With 440
queries in each experiment in as many as 15 concurrent threads, it was quite difficult to get a clear
idea of how the teams were forming and terminating just by reading these files. With five runs per
experiment, and roughly one thousand experiments in the investigation, it was impractical to read all
of the log files even in a cursory fashion. There were, after all, over 5 GB of raw log files just from the
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experiments performed on the final machine configurations. Nevertheless, to verify that the scheduler
was performing as expected and to examine the results for anomalies, some analysis of the log files was
required. Judging a human to be better than any program at detecting anomalies, a way was needed to
make the information in the log files accessible to the experimenter.

The logs were visualized by transforming them into HTML documents as shown in Figure 8§,
focusing on the schedules realized by each experiment. The output was a table with a number of
columns:

e arunning timestamp for events;

e an column for each team, with subcolumns for all its members side-by-side;
e an area to highlight events of interest: features and anomalies;

e an area to show the current contents of the queue.

In Figure 8, columns 2-6 show the schedule, consisting of five teams and their team members.
Each vertical bar with text represents the execution of a single query, and contains repetitions of the
query number and stream number, and ends with the duration of the query’s execution. The color of
these vertical bars indicated whether or not this cycle of the team comprised more than one query;
red (here, very light gray) for multi-member team, blue (here, slightly darker than the background)
for a singleton team. The fifth column shows that team 4 had six members at one point, and that the
affinity rule has grouped queries of very different durations, only two of which seem to finish together.
This disparity in durations can be seen in other teams as well. Care must be taken in interpreting
these bars because the times are not to scale; each row represents an event, not a particular duration;
nevertheless it may be that the chosen affinity groups are suboptimal, and the performance could be
further improved with a better method of selecting the groups, or of forming the teams.

The column between the schedules and the queue contents is for annotation, which is done
automatically. The annotations are of several kinds.

e Possible anomalies detected in the schedule, compared to what the analysis program thought
the queues should have produced. The analysis program was reconstructing the queues, since
the logs did not report them, and in each case it was determined that the actual schedule was
reasonable.

e Possible autonomous team formation, as indicated by queries from different teams ending within
2 s of each other. This sometimes occurred between teams of similar constitution that were
started not simultaneously, but within a few tens of seconds apart. It also occurred in experiments
where the scheduler was not scheduling teams, validating the idea that teams form ‘in the wild’,
but that this phenomenon had not been previously noticed.

e Scheduler limits being reached, when there were no processes available for scheduling a suitable
teammate.

This arrangement on the screen was perhaps not elegant, and certainly required a very high-
resolution screen to view properly, but it was of immense value in debugging, and in getting an intuitive
feel for what was happening in the scheduler and the workload. It became evident, for instance,
that the same workload would usually generate different schedules in each different experiment.
Team formation turned out to be sensitive to the precise order of entries in the queue, since the first
entry determines the nature of the next team to be formed. In turn, the order of items in the queue
very quickly comes to depend on the order in which members of prior teams completed their work.
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When teams worked well, several members would be finishing essentially simultaneously, and there
was a race condition for which one would be placed on the queue next.

Another example of the value of this tool is that it detected substantial delays in scheduling a
successor team after a prior team had finished. These were tracked down to a bug in the interface
between the Expect toolkit and it’s base language Tcl, and were fixed by the authors of those open-
source packages on request.

Yet another example of the usefulness of the visualization is that early experiments were performed
with 10 query streams, and the visualizations of these experiments made it clear that for many
combinations of the test parameters team formation was being inhibited by lack of queries in the
queue to consider as teammates when a team was started. Accordingly the results include additional
experiments with 20 query streams and, although some teams still had only a single member, it was
seldom because the queue was empty or nearly so.

This method of schedule visualization also had the virtue that it could be generated by a Perl
script directly from the log files. The same script also generated an index and some other summary
information, including HTML tables corresponding to some of the tables in this paper. These other
pages were also very useful, particularly when the need arose to go back and locate the experiments
that supported a particular result or table. The schedule HTML files were usually a bit over 1 MB in
size, their verbosity being partly due to the need to recode the color attributes for each item of each
row, and to insert filler when a column was blank. All of the tables in this paper were also generated
by programs, directly from log files.

5.3. Alternative algorithms

It seemed possible that the results obtained in Section 5.1 were not due to the construction of the affinity
groups, but might be obtained by merely grouping queries randomly. This was tested in several ways,
by forming groups of queries according to some alternate protocols.

5.3.1. Simple batching

The first approach attempted to promote team behavior by simple batching. Instead of forming teams
on the basis of the template from which the queries derive, it simply ran queries in batches of a given
size, formed according to the order of arrival of the queries. In other respects, the experiments were
the same as the results reported above, and were accomplished by a minor modification to the queuing
strategy of the driver program.

The experiments used teams of varying sizes, either four or five, and with varying limits on the
number of concurrent teams, from one team to the maximum allowed by the availability of queries.
The resulting speed-ups are shown in Table VI, and are actually slowdowns from pure queuing (1.55).
Accordingly, it appears that some information about the query is needed to effectively promote team
formation.

5.3.2.  Random affinity groups

The next approach attempted to randomize the affinity groups, called random groups. This is not a
well-defined notion, so the experiments used three different protocols for forming these random groups.
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Table VI. Speed-ups from batching, comparing running time
to the baseline at 20 database servers and 20 teams. Entries
marked _L are prohibited by the number of query streams.

Number of teams

Team

size 1 2 3 4 5
4 1.37 1.36 1.40 1.40 1.30
5 1.38 1.38 1.37 1.32 L

For each protocol, five different random seeds were used to derive five different experiments, and the
corresponding test was run on the same four systems as were used in the main results, for a total of 20
timing runs for each protocol. We report the mean result of the 20 experiments for each protocol.

Protocol A formed the same size affinity groups as in the earlier experiments, but used a random
permutation of the query templates, producing an overall speed-up of 2.02. The five random seeds
produced five different random groups as follows:

{71915} {492142120} {128} {51 17}};
{22209} {17 10 14 18 16 7} {15 12} {19 8 6}};
{1453} (222421118} {1820} {7 13 19}};
({20322} {114 128 1511} {21 18} {57 19}};
({22202} {1710 12721 1} {13 3} {16 4 14}}.

Protocol B formed four affinity groups, but their sizes were not constant. In each trial, queries were
assigned to each group with probability weighted by the size of the groups in the experiments reported
in Table V. This produced a speed-up of 1.97. The five runs produced the following groups:

{{111216 17 1822} {1356 10 13} {15} {2}};
{32022} {1812 14 15} {1121} {5 18}};
{(}{2611172022}{} {3589 13 1516}};
{57 1213 19} {6 8 22} {11} {14 15 20}};
{1221} {6} {7 8 20} {2 16}}.

Protocol C formed four affinity groups, and each query was assigned to one of the groups, or to be
in no affinity group, with equal probability of 0.2 for each case, producing a speed-up of 2.06. The five
runs produced the following groups:

({389 11142021} {7 15} {510} {26 12 19}};
{{12371622} {1012 13 18} {511 14 1517 19} {3 69 20}};
{{15202122} {4813} {} {123 1011 16 19}};

{191112) {478 1422} {61921} {2510 15 18 20}};
{711121517) {34820} {569 1822} {1 10 14}}.
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Table VII. The effects of the queue and of the CACHE attribute. The entries are speed-
ups compared to the naive setup and scheduling (reported here for 20 processes and
cache off). Runs were made with the indicated number of processes to serve 20 query
streams, both with and without the CACHE attribute specified for the LINEITEM table.

LINEITEM CACHE LINEITEM CACHE

Processes Off On Processes Off On
1 1.24 1.22 11 1.15 1.41
2 1.28 1.34 12 1.01 1.28
3 1.34 1.39 13 0.93 1.16
4 1.38 1.46 14 0.94 1.05
5 1.38 1.50 15 0.98 1.09
6 1.36 1.53 16 1.02 1.12
7 1.36 1.55 17 1.02 1.11
8 1.35 1.50 18 1.05 1.15
9 1.31 1.47 19 1.03 1.16
10 1.29 1.44 20 1.00 1.16

Protocols B and C could and did occasionally produce an empty set, effectively reducing the number
of affinity groups. This did not appear to affect the results. The mean speed-ups for the three protocols
were very similar, being A: 2.02, B: 1.97, and C: 2.06; these are intermediate between the speed-up for
queuing alone (1.55) and the result for full teamwork scheduling (2.34).

5.4. Analysis of results

In order to obtain these results, the middleware has done more than introduce an affinity rule; it has
altered the way that queries are scheduled. The question therefore arises of the degree to which the
other changes may have contributed to the success of this approach. Two additional series of tests
explores this question. In both series, the scheduler ran with the same number of processes as teams,
effectively ensuring each team had a single member. The first series did not include the changes to the
CACHE attribute of the LINEITEM table reported in Section 3.1. In the second series, these changes
were made. The results are shown in Table VII, and show that in the absence of team selection the
CACHE attribute provides a slight advantage on this query workload. Without the CACHE attribute,
the best speed-up is 1.38 at four and at five processes, and with the CACHE attribute this increases to
1.50 at seven processes.

A speed-up due to queuing is reasonable given that the hardware setup has seven primary resources
that are used during the tests: four SCSI drives, an IDE drive (for the logs), and two CPUs. Scheduling
more processes than seven may introduce more contention for resources than assistance with the
computation. The speed-up from the CACHE attribute on the LINEITEM table may be due to
the workload imposing its heaviest load on the drive containing that table, and perhaps having more
of the blocks of that table in the buffer pool is more of an advantage than the cache-wiping phenomenon
is a disadvantage, at least for this schema and workload.
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Based on these results, it seems that the queuing contributes a speed-up of up to 1.38, that caching
the LINEITEM table contributes perhaps an additional speed-up of 1.09, and that, for this workload,
the teamwork contributes a speed-up of at least 1.56, since 1.50 x 1.09 x 1.56 = 2.34. Presumably,
the queuing speed-up could also be obtained from Oracle’s Multithreaded Server (MTS) option which
does the same thing, but this would not be compatible with middleware scheduling for team formation.

The failure of pure batching to provide any improvement, and the modest success of random groups,
suggest that some information about the queries’ query plans is needed in order to effectively promote
team formation. In the experiments reported here, the query template number is a proxy for this
information, and is sufficient to produce the benefit seen on this workload.

6. WHEN THINGS GO WRONG

In order to determine if teamwork scheduling would have the same effects on other database engines, an
effort was made to set up a similar computing environment using Microsoft SQLServer 2000 running
under Windows 2000 Pro. Since the main Windows clients for SQLServer are all GUI-based, and
although they have their own scripting languages, they are difficult to script from external programs.
It would not be possible to use the same scripting tools that were used with Oracle. We accordingly
decided to use a character-mode client from a separate machine running Linux by means of a
Perl module capable of communicating with SQLServer [16]. This quickly became operational, and
including a substitute for the Oracle SQL*Plus client, entirely in Perl, with just enough functionality
to execute the scripts used with Oracle. The client and server machines were connected to each other
through a switch with category-5 cable using 100 Mbit ethernet. The existing scripts needed very
little modification other than changing the query texts to accommodate differences in SQL dialects.
This seemed promising, but a number of issues arose, as described in the following sections.

6.1. Controlling the RAM footprint

Recall that the Oracle tests had used raw partitions to bypass the Linux buffer pool, and had severely
restricted the size of the Oracle buffer pool so as to create a low ratio of buffer pool to database size,
since this is typical of large database servers. While raw partitions can be used with SQLServer, there is
no user-available control of the buffer pool size; one can usually only control the size of the machine’s
RAM, or the amount of RAM that SQLServer is allowed to use for all purposes. With Linux, one can
instruct the kernel to use a specific amount of RAM, and it will do so without probing memorys; this is
not possible in Windows 2000 Pro, and the test machines require a specific memory type (Registered
ECC DRAM DIMMs) that were not readily available in smaller sizes. The first attempt to address this
tried to sequester some of the RAM by installing a Ramdisk, using as a starting point a driver source
code provided by Microsoft [17]. The driver was modified so that it could be configured to request up
to 2 GB of non-paged RAM, but this failed when Windows 2000 Pro would not honor requests for
more than about 120 MB. This limit was found to hold essentially the same on machines with 256 MB
RAM and our test machines with 1 GB of RAM; moreover, it held in the aggregate when using two
independent Ramdisk drivers.

Since it appeared that the only way to control the memory available through Windows 2000 Pro was
to run on a smaller machine, the experiments were tried on a completely different set of machines with
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256 MB RAM. Initial tests of the database functionality went well, but attempts to run the query mixes
ran into difficulties. When ramdisk drivers were used to reduce the RAM from 256 MB down to about
150 MBs some queries would begin to time out after 6 or 7 minutes, with a message that indicated the
query had reached a limit of how long it was allowed to wait for memory. Evidently, the restrictions on
memory had created a deadlock on memory resources. Running without the ramdisks and with limited
Windows swap files resulted in another series of messages about the inability of Windows to properly
execute the workload in this environment. Since swapping had not occurred in our Oracle tests, it did
not seem wise to allow it for SQLServer because it would be likely to congest the resource being tested
the most: disk transfer efficiency. Even removing the ramdisk, and running with the machine’s full
256 MB of RAM did not support the tests with 20 concurrent servers. This configuration did support
10 concurrent servers, and tests modified for that environment showed a speed-up of 1.07 for queueing,
an additional 1.07 for teamwork, for a combined speed-up of 1.15.

It seemed that attempting to mimic a large database by adjusting memory usage was not going to
work well in a Windows environment, and suggested a more direct approach of scaling the database
to roughly 10 GB, so that the natural buffering available in a 1 GB RAM would have roughly the
same proportion as had been obtained for the Oracle tests. With the number of query streams left at 20,
perhaps this arrangement would have adequate resources for running the query streams, and support the
tests. Since testing might still take 10 times as long, experiments were planned only for the key values
that had produced the results claimed for Oracle. Settings for SQLServer were changed to a ‘simple’
recovery strategy in which transaction logs are not retained, were enlarged as partitions required for the
larger database, and the schema tables were allocated as nearly as possible in the same way as had been
done for Oracle. Database loading in SQLServer is logged, so that while the logs are not retained, log
files are kept during each operation; this required allocating large log files and performing the loading
in segments, truncating the log files between segments.

6.2. Teamwork in a hostile environment

This turned out to be a hostile environment for testing, and is reported here because it gives a picture
of at least one way in which a system can be hostile to query teamwork. Because there did not seem
to be a clear rationale for doing otherwise, the remainder of the tests on SQLServer ran with default
settings other than the ‘simple’ recovery strategy and placement of files.

6.2.1. Feasibility tests

A re-run of the tests that had produced Table II tested whether this configuration also promoted the
formation of teams. The results are shown in Table VIII, and display some unexpected features.
The tests for Oracle had shown a tendency to form a single team of all five queries; the tests for
SQLServer showed a tendency to form teams of two or three queries, limiting the potential benefits of
team formation. This is most clearly seen in the first line of the figure; five queries instantiated from the
same template are all started at once (zero separation), but they finish in two groups, with a separation
equal to roughly the time a single instance of the query takes to finish when run alone. Team formation
clearly occurs, in that there are three queries finishing in about the time a single query would take, but,
at least for this query, large teams do not seem to form. At larger initial separations, the teams tend to
have just two members, or to be indistinct.
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Table VIIL. Test of teaming behavior on SQLServer 2000. The same query
was used as in Table II, but the hardware was much faster. A single
instance of the query takes 229 s on this hardware.

Inter-stream ending separations

Initial Stream 1 Total
separation time 1-2 2-3 34 4-5 time
0 237 0 0 245 0 482
10 315 0 82 0 157 554
20 295 0 101 0 141 537
30 291 0 252 13 87 643
40 270 304 7 31 78 690
50 290 213 79 78 0 660
60 236 198 164 0 117 715
70 298 242 103 114 34 791
80 305 274 78 110 10 777

In order to explore this phenomenon further, an additional experiment ran tests of 20 copies of
identical instantiations of single query templates, in order to explore the differences in team formation
between Oracle and SQLServer, as shown in Figure 9. Three queries are shown; one is the same as
the query of Table VIII and the other two are respectively a long-running query and a short-running
query. In the SQLServer panels on the left of the figure, the results show that for Query A teams
definitely form, and perform well, so that the overall running time represents a speed-up of 3.53, which
is somewhat better than the 2.13 achieved by Oracle. However, the queries do not form a single team,
but appear to form four teams. This segregation into separate teams appeared in most, but not all, of
the queries in SQLServer; it is not apparent in Query C, which may be related to the fact that this
query runs very fast. One can see that Oracle did poorly with the fast query, but because it is fast this
does not affect the overall performance much. SQLServer, however, did poorly with the long-running
Query B which suggests poor performance will result; identical instances interfere and one can only
expect worse behavior in a heterogeneous mix.

Even with 1 GB of main memory, tests with 20 concurrent processes continued to fail, and had to
be replaced by tests with 10 concurrent processes. These produced substantially the same speed-ups as
seen on the machine with 256 MB of RAM. In the light of the unpromising results seen in Figure 9, and
the large amount of time projected for the effort, this effort stopped without tests to form new affinity
groups, or to compute a full matrix of results such as seen in Table V.

It is natural in the face of such differences in results on the two database systems to inquire as to the
reasons. This is difficult to determine because they are both closed-source commercial products, and
the precise details of their internal workings are presumably trade secrets. Nevertheless, it is at least
possible to point out some of the external differences between the systems and to present some possible
explanations.

There is an evident difference in product philosophy between the two products. The Oracle product
provides the system administrator with a number of configuration options, most of them embodied in
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Figure 9. Team formation comparison. The running times of each of 20 identical instances of a single query are
shown. Query A is the query of Table VIII; Query B is a long-running query in SQLServer; Query C is very short.
Running times are normalized so that if the last query of each panel finishes at 1000, the speed-up is 1.00.

the so-called initORA.conf file, where one sees 15 or so numeric and a few Boolean configuration
variables. As has been remarked, the Oracle experiments used two of these to control the size of
the Oracle buffer pool and the sort area size. In contrast, while SQLServer provides a convenient
GUI-based Enterprise Manager, there is not the degree of fine control over components that is found in
Oracle. Moreover, it appears that SQLServer manages the associated resources actively, as compared
to the static allocations of Oracle, at least with respect to resources that are user-configurable in Oracle.
This may bear on the differences that were encountered.

6.2.2. A conjecture

One particular control that occurs in Oracle that attracts attention in this regard is the sort area size,
which was increased by a factor of 100 from the default setting to about 6.5 MB, which seemed
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reasonable for up to 20 concurrent processes in a node with 1 GB of RAM. Early experiments with
Oracle had encountered what seemed like anomalous team formation until this change was made.
No corresponding control is available to the system administrator in SQLServer, and it is tempting to
think that there may be a connection with the team formation anomalies encountered during testing.
Presumably the size of sort areas in SQLServer is managed by the database engine, presumably in a
dynamic and adaptive fashion; it may be that the choices made in this way are good for the expected
computation but create a situation in which team formation is inhibited. The sort area comes into play
in all of the TPC query templates, because they all have an ORDER BY clause, a GROUP BY clause,
or both, and these are implemented by sorting the intermediate results.

If the sort area is very large, as might happen when the material to be sorted is projected to be large,
it might not be possible to have 20 or perhaps even five of the sort areas active simultaneously. In such
a case, one might see smaller groups being allowed to proceed, such as is observed in Table VIII and
Figure 9, possibly as the result of a deadlock-avoidance policy related to memory resources. While the
results here cannot resolve the issue, it would be consistent with the excellent team formation for the
short-running query, which presumably does not require large memory resources. In the absence of
teamwork, such a memory management policy might be an optimum choice for overall throughput.
The determination of the exact causes of the limits on team formation are beyond the scope of the
current work, as is any comparison of the merits of the product strategies of commercial products.
The difficulties and the symptoms are presented as an example of the characteristics of friendly and
hostile environments, respectively.

7. DISCUSSION

Traditionally, multi-query optimization is achieved at the level of the database engine. In general, this
approach to multi-query optimization requires modifications to the underlying database management
system. In this paper, an algorithm is proposed as an alternative approach to multi-query optimization
that obviates the need for such modification, at least in suitable databases. However, if it should
be necessary or convenient to make such changes, it seems that the benefits would be at least
as great as when implemented as middleware, and might apply to databases that are hostile to
the middleware approach. The experiments showed that significant speed-ups were available from
middleware by substituting cooperation for contention through scheduling compatible queries together.
Such improvement is important in itself inasmuch as some of the TPC-R [12] queries can run for
tens of minutes each on the test equipment used. A descriptive model and a formal model are
presented for query behavior that leads to cooperating query teams and the behavior is measured
under a benchmark workload that represents a variety of business queries. A scheduling algorithm
is proposed to promote team formation, with little ad-hoc information about the query workload.
The examples show improvements with an affinity rule that generates heterogeneous teams. The results
show that substantial throughput improvements are achievable with a lightweight scheduler operating
as a middleware between the clients and an unmodified commercial database. The experiments with
alternative algorithms in Section 5.3 suggest that team formation can be promoted in a variety of
ways, and suggest that this will be possible in many if not most workloads which are amenable to the
other techniques of Multiple Query Optimization. However, this will require at least some information
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to support the selection of candidate teams. Future work will explore methods for dynamically
determining team formation.
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