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inputs. Sort semantics and appropriate
sort algorithms including duplicate re-
moval and grouping have been consid-
ered by Saake et al. [1989] and Kuespert
et al. [ 1989]. Other researchers have fo-
cused on storage and retrieval methods
for nested relations and operations possi-
ble with single scans [Dadam et al. 1986;
Deppisch et al. 1986; Deshpande and Van
Gucht 1988; Hafez and Ozsoyoglu 1988;
Ozsoyoglu and Wang 1992; Scholl et al.
1987; Scholl 1988].

11.2 Temporal and Scientific Database

Management

For a variety of reasons, management
and manipulation of statistical, tempo-
ral, and scientific data are gaining inter-
est in the database research community.
Most work on temporal databases has
focused on semantics and representation
in data models and query languages
[McKenzie and Snodgrass 1991; Snod-
grass 1990]; some work has considered
special storage structures, e.g., Ahn and
Snodgrass [1988], Lomet and Salzberg
[ 1990b], Rotem and Segev [1987], Sever-
ance and Lehman [1976], algebraic oper-
ators, e.g., temporal joins [Gunadhi and
Segev 1991], and optimization of tempo-
ral queries, e.g., Gunadhi and Segev
[1990], Leung and Muntz [1990; 1992],
Segev and Gunadhi [1989]. While logical
query algebras require extensions to ac-
commodate time, only some storage
structures and algorithms, e.g., multidi-
mensional indices, differential files, and
versioning, and the need for approximate
selection and matching (join) predicates
are new in the query execution algo-
rithms for temporal databases.

A number of operators can be identi-
fied that both add functionality to
database systems used to process scien-
tific data and fit into the database query
processing paradigm. DeWitt et al.
[1991a] considered algorithms for join
predicates that express proximity, i.e.,
join predicates of the form R. A – c1 <
S.B < R.A + Cz for some constants c1
and Cz. Such join predicates are very
different from the usual use of relational

join. They do not reestablish relation-
ships based on identifying keys but match
data values that express a dimension in
which distance can be defined, in partic-
ular, time. Traditionally, such join predi-
cates have been considered non-equi-joins
and were evaluated by a variant of
nested-loops join. However, such “band
joins” can be executed much more effi-
ciently by a variant of merge-join that
keeps a “window” of inner relation tuples
in memory or by a variant of hash join
that uses range partitioning and assigns
some build tuples to multiple partition
files. A similar partitioning model must
be used for parallel execution, requiring
multi-cast for some tuples. Clearly, these
variants of merge-join and hash join will
outperform nested loops for large inputs,
unless the band is so wide that the join
result approaches the Cartesian product.

For storage and management of the
massive amounts of data resulting from
scientific experiments, database tech-
niques are very desirable. Operators for
processing time series in scientific
databases are based on an interpretation
of a stream between operators not as a
set of items (as in most database applica-
tions) but as a sequence in which the
order of items in a stream has semantic
meaning. For example, data reduction
using interpolation as well as extrapola-
tion can be performed within the stream
paradigm. Similarly, digital filtering

[Hamming 19771 also fits the stream-
processing protocol very easily. Interpo-
lation, extrapolation, and digital filtering
were implemented in the Volcano system
with a single algorithm (physical opera-
tor) to verify this fit, including their opti-
mization and parallelization [ Graefe and
Wolniewicz 1992; Wolniewicz and Graefe
1993]. Another promising candidate is vi-
sualization of single-dimensional arrays
such as time series,

Problems that do not fit the stream
paradigm, e.g., many matrix operations
such as transformations used in linear
algebra, Laplace or Fast Fourier Trans-
form, and slab (multidimensional sub-
array) extraction, are not as easy to
integrate into database query processing
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systems. Some of them seem to fit better
into the storage management subsystem
rather than the algebraic query execu-
tion engine. For example, slab extraction
has been integrated into the NetCDF
storage and access software [Rew and
Davis 1990; Unidata 1991]. However, it
is interesting to note that sorting is a
suitable algorithm for permuting the lin-
ear representation of a multidimensional
array, e.g., to modify the hierarchy of
dimensions in the linearization (row- vs.
column-major linearization). Since the
final position of all elements can be
predicted from the beginning of the op-
eration, such “sort” algorithms can be
based on merging or range partitioning
(which is yet another example of the
duality of sort- and hash- (partitioning-)
based data manipulation algorithms).

11.3 Object-Oriented Database Systems

Research into query processing for exten-
sible and object-oriented systems has
been growing rapidly in the last few
years. Most proposals or implementa-
tions use algebras for query processing,
e.g., Albert [1991], Cluet et al. [1989],
Graefe and Maier [1988], Guo et al.
[199 1], Mitschang [1989], Shaw and
Zdonik [1989a; 1989b; 1990], Straube and
Ozsu [1989], Vandenberg and DeWitt
[1991], Yu and Osborn [1991]. These al-
gebras resemble relational algebra in the
sense that they focus on bulk data types
but are generalized to support operations
on arrays, lists, etc., user-defined opera-
tions (methods) on instances, heteroge-
neous bulk types, and inheritance. The
use of algebras permits several impor-
tant conclusions. First, naive execution
models that execute programs as if all
data were in memory are not the only
alternative. Second, data manipulation
operators can be designed and imple-
mented that go beyond data retrieval and
permit some amount of data reduction,
aggregation, and even inference. Third,
algebraic execution techniques including
the stream paradigm and parallel execu-
tion can be used in object-oriented data
models and database systems, Fourth, al-

gebraic optimization techniques will con-
tinue to be useful.

Associative operations are an impor-
tant part in all object-oriented algebras
because they permit reducing large
amounts of data to the interesting subset
of the database suitable for further con-
sideration and processing. Thus, set-
processing and set-matching algorithms
as discussed earlier in this survey will be
found in object-oriented systems, imple-
mented in such a way that they can oper-
ate on heterogeneous sets. The challenge
for query optimization is to map a com-
plex query involving complex behavior
and complex object structures to primi-
tives available in a query execution en-
gine. Translating an initial request with
abstract data types and encapsulated be-
havior coded in a computationally com-
plete language into an internal form that
both captures the entire query’s seman-
tics and allows effective query optimiza-
tion is still an open research issue
[Daniels et al. 1991; Graefe and Maier
1988].

Beyond associative indices discussed
earlier, object-oriented systems can also
benefit from special relationship indices,
i.e., indices that contain condensed infor-
mation about interobject references. In
principle, these index structures are sim-
ilar to join indices [Valduriez 1987] but
can be generalized to support multiple
levels of referencing. Examples for in-
dices in object-oriented database systems
include the work of Maier and Stein
[1986] in the Gemstone object-oriented
database system product, Bertino [1990;
1991] and Bertino and Kim [1989], in the
Orion project and Kemper et al. [19911
and Kemper and Moerkotte [1990a;
1990b] in the GOM project. At this point,
it is too early to decide which index
structures will be the most useful be-
cause the entire field of query processing
in object-oriented systems is still devel-
oping rapidly, from query languages to
algebra design, algorithm repertoire, and
optimization techniques. other areas of
intense current research interest are
buffer management and clustering of
objects on disk.

ACM Computing Surveys, Vol. 25, No. 2, June 1993



148 “ Goetz Graefe

One of the big performance penalties
in object-oriented database systems is
“pointer chasing” (using OID references)
which may involve object faults and disk
read operations at widely scattered loca-
tions, also called “goto’s on disk.” In or-
der to reduce 1/0 costs, some systems
use what amounts to main-memory
databases or map the entire database
into virtual memory. For systems with
an explicit database on disk and an in-
memory buffer, there are various tech-
niques to detect object faults; some
commercial object-oriented database sys-
tems use hardware mechanisms origi-
nally perceived and implemented for
virtual-memory systems. While such
hardware support makes fault detection
faster. it does not address the m-oblem of.
expensive 1/0 operations. In order to re-
duce actual 1/0 cost, read-ahead and
planned buffering must be used. Palmer
and Zdonik [1991] recently proposed
keeping access patterns or sequences and
activating read-ahead if accesses equal
or similar to a stored ~attern are de-
tected. Another recent p~oposal for effi-
cient assembly of complex objects uses a
window (a small set) of open references
and resolves, at any point of time, the
most convenient one by fetching this ob-
ject or component from disk, which has
shown dramatic improvements in disk
seek times and makes complex object re-
trieval more efficient and more indepen-
dent of object clustering [Keller et al.
19911. Policies and mechanisms for effi-
cient parallel complex object assembly are
an important challenge for the develop-
ers of next-generation object-oriented
database management systems [Maier et
al. 1992].

11.4 More Control Operators

The exchange operator used for parallel
query processing is not a normal opera-
tor in the sense that it does not manipu-
late, select, or transform data. Instead,
the exchange operator provides control of
query processing in a way orthogonal to
what a query does and what algorithms
it uses. Therefore, we call it a meta-

or control operator. There are several
other control o~erators that can be used.
in database query processing, and we

survey them briefly in this section.
In situations in which an intermediate

result is used repeatedly, e.g., a nested-
loops join with a composite inner input,
either the intermediate result is derived
many times, or it is saved in a temporary
file during its first derivation and then
retrieved from this file while serving sub-
sequent requests. This situation arises
not only with nested-loops join but also
with other algorithms, e.g., sort-based
universal quantification [Smith and
Chang 1975]. Thus, it might be useful to
encapsulate this functionality in a new
algorithm, which we call the store-and-
scan o~erator.

The’ store-and-scan operator permits
three generalizations. First, if the first
consumption of the intermediate result
might actually not need it entirely, e.g., a
nested-loops semi-join which terminates
each inner scan after the first match, the
operator should be switched to derive only
the necessary data items (which implies
leaving the input plan ready to produce
more data later) or to save the entire
intermediate result in the temporary file
right away in order to permit release of
all resources in the subplan. Second, sub-
sequent scans might permit starting not
at the beginning of the temporary file but
at some later point. This version is useful
if manv duplicates exist in the inwts of. . .
one-to-one matching algorithms based on
merge-join. Third, in some execution
strategies for correlated SQL sub queries,
the plan corresponding to the inner block
is executed once for each tuple in the
outer block. The tudes of the outer block
provide different c~rrelation values, al-
though each value may occur repeatedly.
In order to ensure that the inner plan is
executed only once for each outer correla-
tion value, the store-and-scan operator
could retain information about which part
of its temporary file corresponds to which
correlation value and restrict each scan
appropriately.

Another use of a tem~orarv file is to
.“

support common subexpressions, which
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can be executed efficiently with an opera-
tor that passes the result of a common
subexpression to multiple consumers, as
mentioned briefly in the section on the
architecture of query execution engines.
The problem is that multiple consumers,
typically demand-driven and demand-
driving their inputs, will request items of
the common subexpression result at dif-
ferent times or rates. The two standard
solutions are either to execute the com-
mon subexpression into a temporary file
and let each consumer scan this file at
will or to determine which consumer will
be the first to require the result of the
common subexpression, to execute the
common subexpression as part of this
consumer and to create a file with the
common subexpression result as a by-
product of the first consumer’s execution.
Instead, we suggest a new meta-operator,
which we call the split operator, to be
placed at the top of the common subex-
pression’s plan and which can serve mul-
tiple consumers at their own paces. It
automatically performs buffering to ac-
count for different paces, uses temporary
disk space if the discrepancies are too
wide, and is suitably parameterized to
permit both standard solutions described
above.

In query processing systems, data flow
is usually paced or driven from the top,
the consumer. The leftmost diagram of
Figure 36 shows the control flow of nor-
mal iterators. (Notice that the arrows in
Figure 36 show the control flow; the data
flow of all diagrams in Figure 36 is as-
sumed to be upward. In data-driven data
flow, control and data flows point in the
same direction; in demand-driven data
flow, their directions oppose each other.)
However, in real-time systems that cap-
ture data from experiments, this ap-
proach may not be realistic because the
data source, e.g., a satellite receiver, has
to be able to unload data as they arrive.
In such systems, data-driven operators,
shown in the second diagram of Figure
36, might be more appropriate. To com-
bine the algorithms implemented and
used for query processing with such
real-time data capture requirements, one

could design data flow translation con-
trol operators. The first such operator
which we call the active scheduler can be
used between a demand-driven producer
and a data-driven consumer. In this case,
neither operator will schedule the other;
therefore, an active scheduler that de-
mands items from the producer and forces
them onto the consumer will glue these
two operators together. An active-
scheduler schematic is shown in the third
diagram of Figure 36. The opposite case,
a data-driven producer and a demand-
driven consumer, has two operators, each
trying to schedule the other one. A sec-
ond flow control operator, called the pas-
sive scheduler, can be built that accepts
procedure calls from either neighbor and
resumes the other neighbor in a corou-
tine fashion to ensure that the resumed
neighbor will eventually demand the item
the scheduler just received. The final dia-
gram of Figure 36 shows the control flow
of a passive scheduler. (Notice that this
case is similar to the bracket model of
parallel operator implementations dis-
cussed earlier in which an operating sys-
tem or networking software layer had to
be placed between data manipulation op-
erators and perform buffering and flow
control.)

Finally, for very complex queries, it
might be useful to break the data flow
between operators at some point, for two
reasons. First, if too many operators run
in parallel, contention for memory or
temporary disks might be too intense,
and none of the operators will run as
efficiently as possible. A long series of
hybrid hash joins in a right-deep query
plan illustrates this situation. Second,
due to the inherent error in selectivity
estimation during query optimization
[Ioannidis and Christodoulakis 1991;
Mannino et al. 1988], it might be worth-
while to execute only a subset of a plan,
verify the correctness of the estimation,
and then resume query processing with
another few steps. After a few processing
steps have been performed, their result
size and other statistical properties such
as minimum and maximum and approxi-
mate number of duplicate values can be
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Figure 36. Operators, schedulers, and control flow

easily determined while saving the result
on temporary disk.

In principle, this was done in Ingres’
original optimization method called De-
composition, except that Ingres per-
formed only one operation at a time
before optimizing the remaining query
[Wong and Yousset3 1976; Youssefi and
Wong 1979]. We propose alternating more
slowly between optimization and execu-
tion, i.e., to perform a “reasonable” num-
ber of steps between optimizations, where
reasonable may be three to ten selections
and joins depending on errors and error
propagation in selectivity estimation.
Stopping the data flow and resuming af-
ter additional optimization could very
well turn out to be the most reliable
technique for very large complex queries.

Implementation of this technique could
be embodied in another control operator,
the choose-plan operator first described
in Graefe and Ward [1989]. Its current
implementation executes zero or more
subplans and then invokes a decision
function provided by the optimizer that
decides which of multiple equivalent
plans to execute depending on intermedi-
ate result statistics, current system load,
and run-time values of query parameters
unknown at optimization time. Unfor-
tunately, further research is needed to
develop techniques for placing such op-
erators in very complex query plans.
One possible purpose of the subplans
executed prior to a decision could be to
sample the values in the database.
A very interesting research direction
quantifies the value of sampling by ana-
lyzing the resulting improvement in the
decision quality [Seppi et al. 1989].
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12. ADDITIONAL TECHNIQUES FOR

PERFORMANCE IMPROVEMENT

In this section, we consider some addi-
tional techniques that have been pro-
posed in the literature or used in real
systems and that have not been dis-
cussed in earlier sections of this survey.
In particular, we consider precomputa-
tion, data compression, surrogate pro-
cessing, bit vector filters, and specialized
hardware. Recently proposed techniques
that have not been fully developed are
not discussed here, e.g., “racing” equiva-
lent plans and terminating the ones that
seem not competitive after some small
amount of time.

12.1 Precomputation and Derived Data

It is trivial to answer a query for which
the answer is already known—therefore,
precomputation of frequently requested
information is an obvious idea. The prob-
lem with keeping preprocessed informa-
tion in addition to base data is that it is
redundant and must be invalidated or
maintained on updates to the base data.

Precomputation and derived data such
as relational views are duals. Thus, con-
cepts and algorithms designed for one
will typically work well for the other. The
main difference is the database user’s
view: precomputed data are typically
used after a query optimizer has deter-
mined that they can be used to answer a
user query against the base data, while
derived data are known to the user and
can be queried without regard to the fact
that they actually must be derived at
run-time from stored base data. Not sur-
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prisingly, since derived data are likely to
be referenced and requested by users and
application programs, precomputation of
derived data has been investigated both
for relational and object-oriented data
models.

Indices are the simplest form of pre-
computed data since they are a re-
dundant and, in a sense, precomputed
selection. They represent a compromise
between a nonredundant database and
one with complex precomputed data be-
cause they can be maintained relatively
efficiently.

The next more sophisticated form
of precomputation are inversions as pro-
vided in System Rs “Oth” prototype

[Chamberlain et al. 1981al, view indices
as analyzed by Roussopoulos [1991],
two-relation join indices as proposed by
Valduriez [1987], or domain indices as
used in the ANDA project (called VAL-
TREE there) [Deshpande and Van Gucht
1988] in which all occurrences of one do-
main (e.g., part number) are indexed to-
gether, and each index entry contains a
relation identification with each record
identifier. With join or domain indices,
join queries can be answered very fast,
typically faster than using multiple sin-
gle-relation indices. On the other hand,
single-clause selections and updates may
be slightly slower if there are more en-
tries for each indexed key.

For binary operators, there is a spec-
trum of possible levels of precomputa-
tions (as suggested by J. A. Blakely),
explored predominantly for joins. The
simplest form of precomputation in sup-
port of binary operations is individual
indices, e.g., clustering B-trees that en-
sure and maintain sorted relations. On
the other extreme are completely materi-
alized join results. Intermediate levels
are pointer-based joins [ Shekita and
Carey 1990] (discussed earlier in the sec-
tion on matching) and join indices

[Valduriez 19871. For each form of pre-
computed result, the required redundant
data structures must be maintained each
time the underlying base data are up-
dated, and larger retrieval speedup might
be paid for with larger maintenance
overhead.

Babb [1982] explored storing only

results of outer joins, but not the nor-
malized base relations, in the content-
addressable file store (CAFS), and called
this encoding join normal form. Blakeley
et al. [1989], Blakeley and Martin [1990],
Larson and Yang [1985], Medeiros and
Tompa [1985], Tompa and Blakeley
[1988], and Yang and Larson [ 1987] in-
vestigated storing and maintaining ma-
terialized views in relational database
systems. Their hope was to speed rela-
tional query processing by using derived
data, possibly without storing all base
data, and ensuring that their mainte-
nance overhead would be less than their
benefits in faster query processing. For
example, Blakeley and Martin [1990]
demonstrated that for a single join there
exists a large range of retrieval and up-
date mixes in which materialized views
outperform both join indices and hybrid
hash join. This investigation should be
extended, however, for more complex
queries, e.g., joins of three and four in-
puts, and for queries in object-oriented
systems and emerging database applica-
tions.

Hanson [1987] compared query modifi-
cation (i.e., query evaluation from base
relations) against the maintenance costs
of materialized views and considered in
particular the cost of immediate versus
deferred updates. His results indicate
that for modest update rates, material-
ized views provide better system perfor-
mance. Furthermore, for modest selectiv-
ities of the view predicate, deferred-view
maintenance using differential files
[Severance and Lohman 1976] outper-
forms immediate maintenance of materi-
alized views. However, Hanson also did
not include multi-input joins in his study.

Sellis [1987] analyzed caching of re-
sults in a query language called Quel +
(which is a subset of Postquel

[Stonebraker et al. 1990bl) over a rela-
tional database with procedural (QUEL)
fields [Sellis 1987]. He also considered
the case of limited space on secondary
storage used for caching query results,
and replacement algorithms for query re-
sults in the cache when the space be-
comes insufficient.
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Links between records (pointers of
some sort, e.g., record, tuple, or object
identifiers) are another form of precom-
putation. Links are particularly effective
for system performance if they are com-
bined with clustering (assignment of
records to pages). Database systems for
the hierarchical and network models have
used physical links and clustering, but
supported basically only queries and op-
erations that were “recomputed” in this
way. Some researchers tried to overcome
this restriction by building relational
query engines on top of network systems,
e.g., Chen and Kuck [1984], Rosenthal
and Reiner [ 1985], Zaniolo [1979]. How-
ever, with performance improvements in
the relational world, these efforts seem
to have been abandoned. With the advent
of extensible and object-oriented database
management systems, combining links
and ad hoc query processing might be-
come a more interesting topic again. A
recent effort for an extensible-relational
system are Starburst’s pointer-based
joins discussed earlier [Haas et al. 1990;
Shekita and Carey 1990].

In order to ensure good performance
for its extensive rule-processing facilities,
Postgres uses precomputation and
caching of the action parts of production
rules [Stonebraker 1987; Stonebraker et
al. 1990a; 1990b]. For automatic mainte-
nance of such derived data, persistent
“invalidation locks” are stored for detec-
tion of invalid data after updates to the
base data,

Finally, the Cactis project focused on
maintenance of derived data in object-
oriented environments [Hudson and King
1989]. The conclusions of this project in-
clude that incremental maintenance cou-
pled with a fairly simple adaptive clus-
tering algorithm is an efficient way to
propagate updates to derived data.

One issue that many investigations
into materialized views ignore is the fact
that many queries do not require views
in their entirety. For example, if a rela-
tional student information system in-
cludes a view that computes each stu-
dent’s grade point average from the en-
rollment data, most queries using this

view will select only a single student, not
all students at the school. Thus, if the
view definition is merged into the query
before query optimization, as discussed
in the introduction, only one student’s
grade point average, not the entire view,
will be computed for each query. Obvi-
ously, the treatment of this difference
will affect an analysis of costs and bene-
fits of materialized views.

12.2 Data Compression

A number of researchers have investi-
gated the effect of compression on
database systems and their performance

[Graefe and Shapiro 1991; Lynch and
Brownrigg 1981; Ruth and Keutzer 1972;
Severance 1983]. There are two types of
compression in database systems. First,
the amount of redundancy can be re-
duced by prefix and suffix truncation, in
particular, in indices, and by use of en-
coding tables (e.g., color combination “9”
means “red car with black interior”). Sec-
ond, compression schemes can be applied
to attribute values, e.g., adaptive
Huffman coding or Ziv-Lempel methods
[Bell et al. 1989; Lelewer and Hirschberg
1987]. This type of compression can be
exploited most effectively in database
query processing if all attributes of the
same domain use the same encoding, e.g.,
the “Part-No” attributes of data sets rep-
resenting parts, orders, shipments, etc.,
because common encodings permit com-
parisons without decompression.

Most obviously, compression can re-
duce the amount of disk space required
for a given data set. Disk space savings
has a number of ramifications on 1/0
performance. First, the reduced data

space fits into a smaller physical disk
area; therefore, the seek distances and
seek times are reduced. Second, more
data fit into each disk page, track, and
cylinder, allowing more intelligent clus-
tering of related objects into physically
near locations. Third, the unused disk
space can be used for disk shadowing to
increase reliability, availability, and 1/0
performance [Bitten and Gray 1988].
Fourth, compressed data can be trans-
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ferred faster to and from disk. In other
words, data com~ression is an effective
means to increa~e disk bandwidth (not
by increasing physical transfer rates but
by increasing the information density
of transferred data) and to relieve the
1/0 bottleneck found in many high-
performance database management sys-
tems [Boral and DeWitt 19831. Fifth. in
distributed database systems and’ in
client-server situations, compressed da-
ta can be transferred faster across the
network than uncompressed data. Un-
compressed data require either more
network time or a seoarate comm-ession. ,
step. Finally, retaining data in com-
pressed form in the 1/0 buffer allows
more records to remain in the buffer.
thus increasing the buffer hit rate and
reducing the number of 1/0s. The last
three points are actually more general.
They apply to the entire storage hierar-
chy of tape, disk, controller caches, local
and remote main memories, and CPU
caches.

For query processing, compression can
be exploited far beyond improved 1/0
~erformance because decomm-ession can
~ften be delayed until a rel~tively small
data set is presented to the user or an
application program. First, exact-match
comparisons can be performed on com-
pressed data. Second, projection and du-
plicate removal can be performed with-
out decompressing data. The situation for
aggregation is a little more complex since
the attribute on which arithmetic is per-
formed typically must be decompressed.
Third, neither the join attributes nor
other attributes need to be decompressed
for most joins. Since keys and foreign
keys are from the same domain, and if
compression schemes are fixed for each
domain, a join on compressed key values
will give the same results as a join on
normal uncompressed key values. It
might seem unusual to perform a merge-
join in the order of compressed values,
but it nonetheless is ~ossible and will
produce correct results.’

There are a number of benefits from
processing compressed data. First, mate-
rializing output records is faster because

records are shorter, i.e., less copying is
required. ~econd, for inputs larger than
memory, more records fit into memory.
In hybrid hash join and duplicate re-
moval, for instance, the fraction of the
file that can be retained in the hash table
and thus be joined without any 1/0 is
larger. During sorting, the number of
records in memory and thus per run is
larger, leading to fewer runs and possibly
fewer merge levels. Third, and very in-
terestingly, skew is less likely to be a
problem. The goal of compression is to
represent the information with as few
bits as possible. Therefore, each bit in
the output of a good compression scheme
has close to maximal information con-
tent, and bit columns seen over the
entire file are unlikely to be skewed.
Furthermore, bit columns will not be cor-
related. Thus, the compressed key values
can be used to create a hash value distri-
bution that is almost guaranteed to be
uniform, i.e., optimal for hashing in
memory and partitioning to overflow files
as well as to multiple processors in paral-
lel join algorithms.

We believe that data compression is
undervalued in current query processing
research, mostly because it was not real-
ized that many operations can often be
performed faster on compressed data
than on uncompressed data, and we hope
that future database management sys-
tems make extensive use of data com-
pression. Considering the current growth
rates in CPU and 1/0 performance, it
might even make sense to exploit data
compression on the fly for hash table
overflow resolution.

12.3 Surrogate Processing

Another very useful technique in query
processing is the use of surrogates for
intermediate results. A surrogate is a ref-
erence to a data item, be it a logical
object identifier (OID) used in object-
oriented systems or a physical record
identifier (RID) or location. Instead of
keeping a complete record in memory,
only the fields that are used immediately
are kept, and the remainder replaced by
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a surrogate, which has in principle the
same effect as compression. While this
technique has traditionally been used to
reduce main-memory requirements, it
can also be employed to improve board-
and CPU-level caching [Nyberg et al.
1993].

The simplest case in which surrogate
processing can be exploited is in avoiding
copying. Consider a relational join; when
two items satisfy the join predicate, a
new tuple is created from the two origi-
nal ones. Instead of copying the data
fields, it is possible to create only a pair
of RIDs or pointers to the original records
if they are kept in memory. If a record is
50 times larger than an RID, e.g., 8 vs.
400 bytes, the effort spent on copying
bvtes is reduced bv that factor

“ Copying is alre~dy a major part of the
CPU time spent in many query process-
ing systems, but it is becoming more ex-
pensive for two reasons. First, many
modern CPU designs and implementa-
tions are optimized for an impressive
number of instructions per second but do
not provide the performance improve-
ments in mundane tasks such as moving
bytes from one memory location to an-
other [Ousterhout 19901. Second, many
modern computer architectures employ
multiple CPUS accessing shared memory
over one bus because this design permits
fast and inexpensive parallelism. Al-
though alleviated by local caches, bus
contention is the major bottleneck and
limitation to scalability in shared-
memory parallel machines. Therefore, re-
ductions in memory-to-memory copying
in database query execution engines per-
mit higher useful degrees of parallelism
in shared-memorv machines.

A second example for surrogate pro-
cessing was mentioned earlier in connec-
tion with indices. To evaluate a conjunc-
tion with multiple clauses, each of which
is supported by an index, it might be
useful to perform an intersection of RID-
lists to reduce the number of records
needed before actual data are accessed.

A third case is the use of indices and
RIDs to evaluate joins, for example, in
the query processing techniques used in

Ingres [Kooi 1980; Kooi and Frankforth
1982] and IBMs hybrid join [Cheng et al.
1991] discussed in the section on binary
matching.

Surrogate processing has also been
used in parallel systems, in particular,
distributed-memory implementations, to
reduce network traffic. For example,
Lorie and Young [1989] used RIDs to
reduce the communication time in paral-
lel sorting by sending (sort key, RID)
~airs to a central site. which determines
~ach record’s global’ rank, and then
repartitioning and merging records very
quickly by their rank alone without fur-
ther data comparisons.

Another form of surrogates are encod-
ings with lossy compressions, such as su-
perimposed coding used for efficient ac-
cess methods [Bloom 1970; Faloutsos
1985; Sacks-Davis and Ramamohanarao
1983; Sacks-Davis et al. 1987]. Berra et
al. [1987] and Chung and Berra [1988]
considered indexing and retrieval organi-
zations for very large (relational) knowl-
edge bases and databases. They em-
ployed three techniques, concatenated
code words (CCWS), superimposed code
words (SCWS), and transformed inverted
lists (TILs). TILs are normal index struc-
tures for all attributes of a relation that
permit answering conjunctive queries by
bitwise anding. CCWS and SCWS use
hash values of all attributes of a tuple
and either concatenate such hash values
or bitwise or them together. The result-
ing code words are then used as keys in
indices. In their particular architecture,
Berra et al. and Chung and Berra con-
sider associative memory and optical
computing to search efficiently through
such indices, although conventional soft-

ware techniques could be used as well.

12.4 Bit Vector Filtering

In parallel systems, bit vector filters have
been used very effectively for what we
call here “probabilistic semi-j oins.” Con-
sider a relational join to be executed on a
distributed-memory machine with repar-
titioning of both input relations on the
join attribute. It is clear that communica-
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tion effort could be reduced if only the
tuples that actually contribute to the join
result, i.e., those with a match in the
other relation, needed to be shipped
across the network. To accomplish this,
distributed database systems were de-
signed to make extensive use of semi-
joins, e.g., SDD-1 [Bernstein et al. 1981].

A faster alternative to semi-joins,
which, as discussed earlier, requires ba-
sically the same computational effort as
natural joins, is the use of bit vector
filters [Babb 1979], also called Bloom-
filters [Bloom 1970]. A bit vector filter
with N bits is initialized with zeroes;
and all items in the first (preferably the
smaller) input are hashed on their join
keyto O,..., N – 1. For each item, one
bit in the bit vector filter is set to one;
hash collisions are ignored. After the first
join input has been exhausted, the bit
vector filter is used to filter the second
input. Data items of the second input are
hashed on their join key value, and only
items for which the bit is set to one can
possibly participate in the join. There is
some chance for false passes in the case
of collisions, i.e., items of the second in-
put pass the bit vector filter although
they actually do not participate in the
join, but if the bit vector filter is suffi-
ciently large, the number of false passes
is very small.

In general, if the number of bits is
about twice the number of items in the
first input, bit vector filters are very ef-
fective. If many more bits are available,
the bit vector filter can be split into mul-
tiple subvectors, or multiple bits can be
set for each item using multiple hash
functions, reducing the number of false
passes. Babb [1979] analyzed the use of
multiple bit vector filters in detail.

The Gamma relational database ma-
chine demonstrated the effectiveness of
bit vector filtering in relational join pro-
cessing on distributed-memory hardware

[DeWitt et al. 1986; 1988; 1990; Gerber
1986]. When scanning and redistributing
the build input of a join, the Gamma
machine creates a bit vector filter that is
then distributed to the scanning sites of
the probe input. Based on the bit vector

filter, a large fraction of the probe tuples
can often be discarded before incurring
network costs. The decision whether to

create one bit vector filter for the entire
build input or to create a bit vector filter
for each of the join sites depends on the
space available for bit vector filters and
the communication costs for bit arrays.

Mullin [ 1990] generalized bit vector fil-
tering to sending bit vector filters back
and forth between sites. In his words,
“the central notion is to send small but
optimally information-dense Bloom fil-
ters between sites as long as these filters
serve to reduce the volume of tuples
which need to be transmitted by more
than their own size.” While this proce-
dure achieves very low communication
costs, it ignores the 1/0 cost at each site
if the reduced relations must be scanned
from disk in each step. Qadah [1988] dis-
cussed a limited form of this idea using
only two bit vector filters and augment-
ing it with bit vector filter compression.

While bit vector filtering is typically
used only for joins, it is equally applica-
ble to all other one-to-one match oper-
ators, including semi-j oin, outer join,
intersection, union, and difference. For
operators that include nonmatching
items in their output, e.g., outer joins
and unions, part of the result can be
obtained before network transfer, based
solely on the bit vector filter. For one-to-
one match operations other than join,
e.g., outer join and union, bit vector fil-
ters can also be used, but the algorithm
must be modified to ensure that items
that do not pass the bit vector filter are
properly included in the operation’s out-
put stream. For parallel relational divi-
sion (universal quantification), bit vector
filtering can be used on the divisor at-
tributes to eliminate most of the dividend
items that do not pertain to any divisor
item. Thus, our earlier assessment that
universal quantification can be per-
formed as fast as existential quantifica-
tion (a semi-join of dividend and divisor
relations) even extends to special tech-
niques used to boost join performance.

Bit vector filtering can also be ex-
ploited in sequential systems. Consider a
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merge-join with sort operations on both
inputs. If the bit vector filter is built
based on the input of the first sort, i.e.,
the ,bit vector filter is completed when all
data have reached the first sort operator.
This bit vector filter can then be used to
reduce the input into the second sort op-
erator on the (presumably larger) second
input. Depending on how the sort opera-
tion is organized into phases, it might
even be possible to create a second bit
vector filter from the second merge-join
input and use it to reduce the first join
input while it is being merged.

For sequential hash joins, bit vector
filters can be used in two ways. First,
they can be used to filter items of the
probe input using a bit vector filter cre-
ated from items of the build input. This
use of bit vector filters is analogous to bit
vector filter usage in parallel systems
and for merge-join. In Rdb/VMS and
DB2, bit vector filters are used when
intersecting large RID lists obtained from
multiple indices on the same table
[Antoshenkov 1993; Mohan et ‘al. 1990].
Second, new bit vector filters can be cre-
ated and used for each partition in each
recursion level. In the Volcano query-
processing system, the operator imple-
menting hash join, intersection, etc. uses
the space used as anchor for each bucket’s
linked list for a small bit vector filter
after the bucket has been spilled to an
overflow file. Only those items from the
probe input that pass the bit vector filter
are written to the probe overflow file.
This technique is used in each recursion
level of overflow resolution. Thus, during
recursive partitioning, relatively small
bit vector filters can be used repeatedly
and at increasingly finer granularity to

remove items from the probe input that
do not contribute to the join result. Bit
vectors could also be used to remove items
from the build input using bit vector fil-
ters created from the probe input; how-
ever, since the probe input is presumed
the larger input and hash collisions in
the bit vector filter would make the filter
less effective, it may or may not be an
effective technique.

With some modifications of the stan-
dard algorithm, bit vector filters can also

be used in hash-based duplicate removal.
Since bit vector filters can only deter-
mine safely which item has not been seen
yet, but not which item has been seen yet
(due to possible hash collisions), bit vec-
tor filters cannot be used in the most
direct way in hash-based duplicate re-
moval. However, hash-based duplicate
removal can be modified to become simi-
lar to a hash join or actually a hash-based
set intersection. Consider a large file R
and a partitioning fan-out F. First, R is
partitioned into F/2 partitions. For each
partition, two files are created; thus, this
step uses the entire fan-out to create a
total of F files. Within each partition, a
bit vector filter is used to determine
whether an item belongs into the first or
the second file of that partition. If an
item is guaranteed to be unique, i.e., there
is no earlier item indicated in the bit
vector filter, the item is assigned to the
first file, and a bit in the bit vector filter
is set. Otherwise, the item is assigned
into the partition’s second file. At the end
of this partitioning step, there are F files,
half of them guaranteed to be free of
duplicate data items. The possible size of
the duplicate-free files is limited by the
size of the bit vector filters; therefore,
this step should use the largest bit vector
filters possible. After the first partition-
ing step, each partition’s pair of files is
intersected using the duplicate-free file
as probe input. Recall that duplicate re-
moval for a join’s build input can be ac-
complished easily and inexpensively
while building the in-memory hash table.
Remaining duplicates with one copy in
the duplicate-free (probe) file and an-
other copy in the other file (the build
input) in the hash table are found when
the probe input is matched against the
hash table. This algorithm performs very
well if many output items depend on only
one input item and if the bit vectors are
quire large. In that case, the duplicate-
free partition files are very large, and the
smaller partition file with duplicates can
be processed very efficiently.

In order to find and exploit a dual in
the realm of sorting and merge-join to bit
vector filtering in each recursion level of
recursive hash join, sorting of multiple
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inputs must be divided into individual
merge levels. In other words, for a
merge-join of inputs R and S, the sort
activity should switch back and forth be-
tween R and S, level by level, creating
and using a new bit vector filter in each
merge level. Unfortunately, even with a
sophisticated sort implementation that
supports this use of bit vector filters in
each merge level, recursive hybrid hash
join will make more effective use of bit
vector filters because the inputs are par-
titioned, thus reducing the number of
distinct values in each partition in each
recursion level.

12.5 Specialized Hardware

Specialized hardware was considered by
a number of researchers, e.g., in the forms
of hardware sorters and logic-per-track
selection. A relatively recent survey of
database machine research is given by
Su [1988]. Most of this research was
abandoned after Boral and DeWitt’s
[1983] influential analysis that compared
CPU and 1/0 speeds and their trends.
They concluded that 1/0 is most likely
the bottleneck in future high-perfor-
mance query execution, not processing.
Therefore, they recommended moving
from research on custom processors to
techniques for overcoming the 1/0 bot-
tleneck, e.g., by use of parallel readout
disks, disk caching and read-ahead, and
indexing to reduce the amount of data to
be read for a query. Other investigations
also came to the conclusion that par-
allelism is no substitute for effective
storage structures and query execution
algorithms [DeWitt and Hawthorn
1981; Neches 1984]. An additional very
strong argument against custom VLSI
processors is that microprocessor speed
is currently improving so rapidly that it
is likely that, by the time a special hard-
ware component has been designed, fab-
ricated, tested, and integrated into a
larger hardware and software system, the
next generation of general-purpose CPUs
will be available and will be able to exe-
cute database functions programmed in a
high-level language at the same speed as
the specialized hardware component.

Furthermore, it is not clear what special-
ized hardware would be most beneficial

to design, in particular, in light of today’s
directions toward extensible database
systems and emerging database applica-
tion domains. Therefore, we do not favor
specialized database hardware modules
beyond general-purpose processing, stor-
age, and communication hardware dedi-
cated to executing database software.

SUMMARY AND OUTLOOK

Database management systems provide
three essential groups of services. First,
they maintain both data and associated
metadata in order to make databases
self-contained and self-explanatory, at
least to some extent, and to provide data
independence. Second, they support safe
data sharing among multiple users as
well as prevention and recovery of fail-
ures and data loss. Third, they raise the
level of abstraction for data manipula-
tion above the primitive access com-
mands provided by file systems with more
or less sophisticated matching and infer-
ence mechanisms, commonly called the
query language or query-processing facil-
ity. We have surveyed execution algo-
rithms and software architectures used
in providing this third essential service.

Query processing has been explored
extensively in the last 20 years in the
context of relational database manage-
ment systems and is slowly gaining
interest in the research community for
extensible and object-oriented systems.
This is a very encouraging development,
because if these new systems have in-
creased modeling power over previous
data models and database management
systems but cannot execute even simple
requests efficiently, they will never gain
widespread use and acceptance.
Databases will continue to manage mas-
sive amounts of data; therefore, efficient
query and request execution will con-
tinue to represent both an important re-
search direction and an important crite-
rion in investment decisions in the “real
world.” In other words, new database
management systems should provide
greater modeling power (this is widely
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accepted and intensely pursued), but also
competitive or better performance than
previous systems. We hope that this sur-
vey will contribute to the use of efficient
and parallel algorithms for query pro-
cessing tasks in new database manage-
ment systems.

A large set of query processing algo-
rithms has been developed for relational
systems. Sort- and hash-based tech-
niques have been used for physical-
storage design, for associative index

structures, for algorithms for unary and
binary matching operations such as ag-
gregation, duplicate removal, join, inter-
section, and division, and for parallel
query processing using hash- or range-

partitioning. Additional techniques such
as precomputation and compression have
been shown to provide substantial per-
formance benefits when manipulating
large volumes of data. Many of the exist-
ing algorithms will continue to be useful
for extensible and object-oriented sys-
tems, and many can easily be general-
ized from sets of tuples to more general
pattern-matching functions. Some
emerging database applications will re-
quire new operators, however, both for
translation between alternative data rep-
resentations and for actual data manipu-
lation.

The most promising aspect of current
research into database query processing
for new application domains is that the
concept of a fixed number of parametri-
zed operators, each performing a part of
the required data manipulation and each
passing an intermediate result to the next
operator, is versatile enough to meet the
new challenges. This concept permits

specification of database queries and re.

quests in a logical algebra as well as
concise representation of database pro-
grams in a physical algebra. Further-
more, it allows algebraic optimizations of
requests, i.e., optimizing transformations
of algebra expressions and cost-sensitive
translations of logical into physical ex-
pressions. Finally, it permits pipelining
between operators to exploit parallel
computer architectures and partitioning
of stored data and intermediate results

for most operators, in particular, for op-
erators on sets but also for other bulk
types such as arrays, lists, and time
series.

We can hope that much of the existing
relational technology for query optimiza-
tion and parallel execution will remain
relevant and that research into extensi-
ble optimization and parallelization will
have a significant impact on future
database applications such as scientific
data. For database management systems
to become acceptable for new application
domains, their performance must at least
match that of the file systems currently
in use. Automatic optimization and par-
allelization may be crucial contributions
to achieving this goal, in addition to the
query execution techniques surveyed
here.
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