COMPLETE OVERFLOW MANAGEMENT
ALGORITHM TO JOIN

LARGE RELATIONAL TABLES

A Dissertation
Submitted to the Graduate Faculty
of the
North Dakota State University
of Agriculture and Applied Science

By

Venkata Nagarjuna Rao Goli

In Partial Fulfillment of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY

Major Department:
Computer Science

June 2002

Fargo, North Dakota

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3103619

®

UMI

UMI Microform 3103619
Copyright 2003 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



North Dakota State University
Graduate School

Title

Complete Overflow Management Algorithm

to Join Large Relational Tables

By

Venkata Nagariuna Rao Goli

The Supervisory Committee certifies that this disquisition complies with North Dakota State
University’s regulations and meets the accepted standards for the degree of

SUPERVISORY COMMITTEE:

///A/%M i

Chair 4

Bt C M arfo
%/ A LCMLL%,
(ﬁ\ﬂ/

Approved by Department Chair:

é/J?/Do'L m % 72'/’)06”»4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

Goli, Venkata Nagarjuna Rao, Ph.D., Department of Computer Science, College of
Science and Mathematics, North Dakota State University, June 2002. Complete Overflow
Management Algorithm to Join Large Relational Tables. Major Professor: Dr. William
Perrizo.

A new hash based algorithm, the Complete Overflow Management join Algorithm,
(COMA), was proposed as a resolution for collisions in hash table and main memory
bucket overflows during hash join processing. Collisions and bucket overflows are caused
by skew in the data. Changes in the available main memory size cause bucket overflows.
Collisions and bucket overflows during hash join result in excessive disk I/O. Traditional
join algorithms, such as Join Indices, Hybrid hash, and Domain Vector hash, assume that
the data distribution is normal. They collapse when the hashing algorithm employed affects
data distribution. COMA sets aside a page of memory to copy the overflowing records. In
addition, COMA employs orthogonal hashing functions to avoid collisions and rehashes
the records to avoid bucket overflows. In order to accommodate fluctuations in the main
memory size, COMA chooses the smaller of the build or probe buckets. This selection
process, in turn, facilitates merging of multiple buckets. A cost model of the algorithm was
presented. Implementation aspects of the algorithm were discussed. COMA was
implemented, and the performance was compared with other similar join algorithms using
the Wisconsin benchmark for varying parameters. Analysis results show that, when skew
and kurtosis are high, COMA is the best. Specific proposals were made for extending
COMA to applying with configurators, in data warehouses, multi-level join queries, mobile

databases, and statistical databases to achieve better performance.
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CHAPTER 1. INTRODUCTION

In this introductory chapter, databases and their importance in applications are
discussed in Section 1.1. Sections 1.2 and 1.3 discuss the latest applications of databases in
data warehouses and configurators, respectively. Section 1.4 presents the most critical
operation of databases, the Join process, and provides an example. The last section in this

chapter, Section 1.5, outlines all chapters in this study.

1.1. Database Systems

The database is the heart of information processing systems. Databases pump data to
the information processing systems. Relational databases are the primitive and common
database management systems. Current relational databases are in the form of data
warehouse systems. Data warehousing is a vital enterprise technology that is
revolutionizing the way companies are accessing information and using it to create
strategic business solutions. Data warehouse systems are centralized database systems with
a collection of decision support technologies aimed at enabling the knowledge worker
(executive, manager, or analyst) to make better and faster decisions [CHOU97]. These
systems require effective mechanism for storage, retrieval, and processing complex
objects.

Database systems provide a mechanism to define data structures that represent objects,
and they provide an interface to manipulate (read and write) that data. Standard software
systems requests data in the form of queries. Databases respond by processing the query

and returning the result data. Relational databases apply the “entity-relationship model”
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and store data items representing the “real-world model” in relations (or tables). Relations
storing different information are often related to each other. Often, these relations share a
common property or attribute(s). The three basic relational operators are project, select,
and join. Each relational operator produces a new relation (table) based on one or more
input tables. The SQL PROJECT operator discards some columns; SELECT discards some
rows based on a predicate; and JOIN combines records from two tables to form a third
table. The focus of this research is on optimizing the join operation.

A brief description of two types of information systems, data warehouse systems and
configurators, elicits the importance of join processing and thus the importance of

improving the performance of join algorithms.

1.2. Data Warehouse Systems

Large relational tables exist in data warehouse systems. Development of data
warehouses has brought with it the need for corresponding meta-data to be available to the
business community. To assemble valuable data for decision-making, a warehouse system
takes snapshots of operational data repeatedly at different times. These snapshots are then
used for comparison, evaluation, projection, pattern recognition, and other decision-
support system (DSS) related activities. Warehouse databases can easily expand into the
terabyte-size systems spoken of and implemented today. Time is the killer dimension that
leads to mammoth database sizes. In operational applications, such as order entry or
purchasing, on-line querying is usually limited to very few rows at a time. True data
warehouse queries are data-intensive.

The nature of a data warehouse includes the following characteristics [INMO96]:
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1. Integrated data,

2. Detailed and summarized data,

3. Historical data, and

4. Meta-data

Unlike end users of operational environments, who have minimal need to access meta-

data, warehouse knowledge workers use meta-data as the primary mechanism for
developing their queries and determining warehouse data quality. During the development
of the data-warehouse, existing meta-data about data sources are used to create new meta-
data. These meta-data are used to evaluate and format data for the target warehouse
environment. For many organizations, developing a data warehouse provides an impetus
for integrating data from various sources into a consistent format and structure. Both

processing the meta-data as well as integration involve the join operation.

1.3. Configurators

Complexity and the amount of data eligible for query processing are proportional to the
diversity of information in the database. Attributes with large cardinalities require efficient
data handling mechanisms. Configurators are used to resolve complexity and to explore
data. Configurators are programmable expert systems. They are useful for data mining. A
configurator is the preferable choice when relational, object, and rule models need to be
integrated. Business knowledge is preserved, processed, and retrieved at a later date by
modeling the processing lines through objects, rules, and relations. Currently,
configurators are being extended to on-line analytical processing (OLAP). They are useful

to interpret the query and to identify data structures necessary for query processing.
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Configurators contain a rule set and an action set. This information is then read by the
configurator to identify appropriate structures (such as domain vectors) to be used in
queries.

The success and performance of data warehouses and configurators depend on their
performance. During transactions, the performance is tied to how fast configurators or data

warehouses can “mix and match” or “join” data in different entities.

1.4. Join Operation

The basis for the success of relational databases and the most sought-after database
operation is the join. The join operation, in its simplest form, produces the result of a
Cartesian product of records from two related tables. During transaction processing,
databases match related rows present in two separate, but related, tables. Related attributes
of the two relations play pivotal roles while matching. This operation is the join operation.
Within the same database, many such relations representing real-world relationships can
exist among tables. In this process, the relational information may be duplicated.
Normalizing the database guarantees that most of the problems, such as redundancy,
potential for inconsistency (update anomalies), insertion anomalies, and deletion
anomalies, do not occur.

The success of normalizing a database depends on the performance of a join operation
in the database management system. Normalization requires maintenance of referential
integrity. Join enables retrieval of information from a normalized database while
maintaining referential integrity. The attribute that plays a crucial role in matching the

rows is called the joining attribute. The response time to process a join query depends on
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the number of values in the joining attribute. In general, an equijoin concatenates together
the records (or some subset of attributes from them) that match from two related tables.

The example in Figure 1.1 makes this description clearer and illustrates the processing

problems involved.

Patient
PatientTrans
e Patient Desease Transferred To
1 John Osher "~ F 67 0678 ID
#0301 Gloria Tinfe 986-38-7687 -\ #0303 Melanoma Ramsey  County
#0302 Tom Kings 544-56-3434 Hospital
#0303 M. Jhonson 456-09-9867 #0300 .- | -Rheumatoid - | - SouthDale Hospital
#0304 John Frank 253-08-0987 s o Arthritis 0 T ] i
#0308 Joe Judge 234-09-4567 #0301 Delivery Methodist Clinic
#0308 Cardiac Arrest St.Lukes General
a Hospital
b

Result
Patient Transferred To
ID

- #0300 -+ |- John Osher outhDale.Hospital - -
#0301 Gloria Tinfe Methodist Clinic
#0303 M. Jhonson Ramsey County Hospital
#0308 Joe Judge St. Lukes General Hospital

Figure 1.1. The join operation.

Figure 1.1 describes a hospital database containing “Patient” table (Figure 1.1a) and
“PatientTrans” table (Figure 1.1b) representing those patients who were transferred to
other hospitals. PatientID is the common attribute between these two tables. The first
record in the “Patient” table, for example, has PatientID #0300. The related record (with
PatientID attribute value #0300) in the “PatientTrans” table reveals that this patient has
rheumatoid arthritis. In general, it is desirable to generate a report showing the current

location of patients and the reason for their transfer. This report would be the result of

5
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doing an equijoin between Patient and PatientTrans tables on PatientID attribute. Leaving
out undesired attributes (i.e., doing a projection), the equijoin gives the Result shown in
Figure 1.1c.

The result table facilitates the information that Patient ID #0300 (John Osher) is at
SouthDale Hospital, Patient ID #0301 is at Methodist Clinic, etc. Because of the way
relational databases are designed, much information inherent in the data can be extracted
or organized conveniently by the join operation. Join is a significant aspect of
contemporary data processing because hospitals and other service related corporations
typically maintain data in relational database format.

During join processing, records of a relation must be identified efficiently using the
values in a set of unique attributes. This set is called the primary key. This primary key can
be achieved by integrating the access path mechanism with the storage allocation at the
record level. Key sequenced tables are common in databases. In the above example,
attribute “PatientID” in the “Patient” table is a good candidate for the primary key. The
same attribute values are represented in a second table (“PatientTrans” table) and are used
to match rows from the two tables. The PatientID attribute in the “PatientTrans” table is
the foreign key. It is common that the join between two tables is performed based on the
primary key and foreign key values.

Initially, two fundamental joining algorithms, nested loop and sort merge, were laid
down by Blasgen and Eswaran [BLAS77]. In Figure 1.1, “Patient” table is sorted on
PatientID while the “PatientTrans” table is not. The nested loop algorithm is the simplest
join algorithm to form the complete join result. In the nested loop algorithm for each tuple

of the first relation, all tuples of the other relation are searched for matches. If cardinalities
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of the two relations are m and n, the order of complexity of the algorithm is O(m X n). In
the above example, joining “Patient” and “PatientTrans” tables require 6 X 4, or 24, record
accesses, and the cost of join processing depends on the number of record accesses. The
sort-merge join method requires that both relations be sorted on the primary key (or
foreign key) attributes. If the “PatientTrans” table is also sorted on PatientID, it would be
possible to form the join result by sequentially stepping through each of the relations and
merging the matching records. Essentially, sorting reduces the number of records accessed
during a join.

Due to the critical nature of the equijoin in relational database management systems,
much research has been devoted to developing algorithms and techniques to improve
performance above that of the fundamental algorithms. Researchers, in their quest to
improve the performance of join, suggested surrogate structures to accelerate the join
operation. The first such attempt was made through join indices by Valduriez [VALDS87].
The idea is to store the information of the matching key values from two tables (required
to maintain referential integrity) in a separate index and to use this index efficiently to
process the join.

Sorting a large table is difficult and time consuming. With the advent of large main
memory computers, the number of records that can be saved into the main memory
increased. Large main memory facilitated hashing more records into the main memory.
Hashing is done based on a hash value generated uniquely from a key attribute value.
When a hash algorithm is applied on join participating key values of records from two
different tables, their hash values match, thus sorting is avoided. Hash-based join

algorithms are applied when the selectivity ratio is low and the number of records that

7
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need to be matched is many times more than the main memory capacity. Hash join
algorithms are attractive when no indices are available on joining column(s) and the join
result need not be sorted. Hash-based techniques use a hashing function to hash the records
to hash-file-buckets. Each bucket is then examined for records from joining tables that
have matching join attribute values to produce the result of the join operation. Hybrid
Hash join, a flavor of hash join, is adaptive to work with dynamic changes in the available
main memory. More about these techniques is discussed in Chapter 2. When the selectivity
ratio is very low, hashing all records in the main memory is a waste of main memory
space. Domain vectors built on the primary-key-value domain facilitate hashing of only
the qualifying records into main memory, increasing the capacity of records in hash
partitions and thus improving the throughput.

Because of the variations in data distributions and selection parameters involved, the
data are always skewed, and the selectivity ratio is low. Traditional join techniques assume
that key value distribution is normal, and these techniques often collapse when the key
value distribution is uncertain (skewed or kurtotic.)

When hash tables are used, overflow of a hash table is imminent. Overflow of a hash
table is the result of an incorrect estimate of the number of participating join records and
depends on the key value distributions. Hash table overflows makes hash based join
algorithms ineligible for multi-user environments where available main memory capacity
cannot be constant. Developing an algorithm to avoid hash bucket overflows during hash

join is the goal of this study.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.5. Outline

This research work centers around the well-known data structure, the domain vectors,
which accelerates join operations by making use of bit vectors defined on a set of domain
values. Join acceleration algorithms are developed for the use of domain vectors. This
research work continues that effort, extending it to Complete Overflow Management join
Algorithm for join acceleration. An analysis which explains how factors, such as
selectivity, main memory size, distribution criteria of primary key values, etc., influence
the join query performance is done. The performance of an implementation of Complete
Overflow Management join Algorithm is compared with the performance of other related
algorithms.

This thesis is divided into seven chapters as follows:

1. Introduction: Chapter 1 provides an overview of databases and data warehouse
systems, introduces joining and its importance, and outlines the rest of the work.

2. Literature Review and Foundation: Chapter 2 summarizes the previous research
on join acceleration and explains how Complete Overflow Management
Algorithm (COMA) arises out of it.

3. Complete Overflow Management join Algorithm: Chapter 3 presents the data
structures and an algorithm for domain vector processing of a binary join, and
shows how domain vectors and orthogonal hashing are used to process Complete

Overflow Management join Algorithm.
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4. Algorithm and Analytical Cost Model: Chapter 4 gives the general algorithm for
Complete Overflow Management join Algorithm using domain vectors and
orthogonal hashing in sufficient detail to estimate where the costs come from, and
analyzes the effectiveness of the algorithm.

5. Implementation and Performance Analysis: Chapter 5 explains different aspects
of an implementation of domain vectors and orthogonal hash joins, and gives a
comparison of their performance with other related algorithms, presenting
numerical results and a statistical analysis of algorithms.

6. Future Research: Chapter 6 discusses areas of research suggested by this work,
improvements, select-project-join queries, data warehouse environments,
configurators, application of join in mobile grid computers and related databases,
etc.

7. Conclusion: Chapter 7 reviews the content and conclusion of the research.

10
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CHAPTER 2. LITERATURE REVIEW AND FOUNDATION

In this chapter, join processing, the importance of bit vector for join processing,
application of such techniques for data warehouse, and the previous research in this
direction are discussed.

Database systems provide powerful features for manipulating large quantities of data.
Database systems receive user requests in the form of queries. The query is then converted
into a query execution plan. A query plan is usually compiled into a tree of operators,
called a join sequence tree, where a leaf node represents an input relation. Internal nodes
represent the result relation from joining the two relations associated with its two child
nodes. Improving the performance of join is the scope of this research.

Domain Vector Hash Join Method (DVH) [PERR91] and the Domain Vector Perfect
Hash Join Method [GOLI93] exploit a special bit vector, the Domain Vector (DV), to
identify records participating in the join. The domain vector is a bit vector associated with
a joining attribute of a relation. Domain vector represents all values present in the database
for a particular attribute, plus room for expansion. Presence or absence of a value in the
relation's joining attribute is signified by presence or absence of a 1-bit in a related
position of the vector. For example, the domain vector of the primary key of a relation may
have 1-bits in all positions (so it is not necessary to maintain such domain vector). Domain
vectors facilitate semi-join reduction (elimination of non-participants) of both joining
relations. They are space efficient, and the update overhead is low [PERR94a]. Domain
vectors have been implemented successfully on the IBM AS/400 database machine

[IBMS88], Intel Pentium based PC machines, as well as SUN Ultra 1 machines. This

11
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technique is applicable to mine data from a data warehouse. Diverse data of data
warehouse require domain vectors on a number of domain sets. In such situations,
identifying the appropriate domain vector is a major task. For this reason, configurators are
used along with Domain vectors. In the following section, the history of various join

algorithms is discussed.

2.1. Join Processing Algorithms
2.1.1. Evolution

Join is the most important basic operation of database systems. Many researchers
proposed techniques to improve the join query performance. Important join methods are
sort merge join, nested loops, materialized views, hybrid hash join, join indices, and hit
lists. All these processes suggest ways to join two relations in a database. The sort merge
technique involves sorting two relations followed by a merge process. The nested loop
process iteratively matches tuples from the two relations. Performance costs for these two
methods are high for relations with a very large number of records. Materialized view
[ADIB80, SHMU84, BLAK90] and join indices [VALDS87] require a pre-computed join
result. This information is maintained on the disk and accessed each time a join is
required. The join index method requires the projected result of a materialized view in the
form of a tree-based data structure called the join index. The join index identifies joining
tuples by the record identifier. Join indexing avoids reading non-participant records.
However, join indices require maintenance of the completed join in a surrogated form

[VALDS87] of the join result.
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Among various other join methods, hash join has been the focus of much research
effort and is reported to have performance superior to that of others. Grace hash join
[GOOD81, KITS83] partitions joining tables prior to the start of the join. Hybrid hash join
simultaneously joins the first partition records while reading the joining tables. Since the
introduction of hybrid hash join [DEWI84, SHAP86, PATE94], many hash join methods
have been developed [DEWI84, SHAP86, NAKA8S, KITS89, BLAK90, ZELL90,
PERRY91, PANG93, LO96, GOPAO1]. In [GOPAOL1], a criss-crossed hash join strategy, a
blend of both join indices and hash join, was proposed. The algorithm uses page maps for
join acceleration. Almost all hash join methods rely on partitioning and creating temporary
files for large joins. In [SHANOI1], the authors explored the use of new scalar and
aggregate functions in SQL for constructing complex XML documents directly in the
relational engine. They proposed an "outer union plan" to generate the content of an XML

document.

2.1.2. Join Acceleration Schemes

Many researchers suggested different techniques to improve the join performance. Bit
vector filtering was suggested to improve efficiency in the hash join [DEWI85, SCHNS9,
GRAE%4]. Mackert and Lohman [MACKS86] suggested ways of using Bloom filters
[BLOO70, BABB79] to find matching join values. Dewitt et. al. suggested a non-
persistent bit vector filtering technique in [DEWI85]. Goetz Graefe [GRAE94] suggested
issues pertinent to comparing hash-based query evaluation techniques. One of the new
issues discussed in [GRAE94] is bit vector filtering. In [CHAN98, CHAN99], bitmap

encoding schemes for relational queries are discussed.
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