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Preface

This work presents a feasibility study, a requirements
analysis, an initial design, and a first stage
implementation of a backend multiple-processor relational
data base computer system for the Digital Engineering
Laboratory which I hope will provide a sound basis for
follow on implementation efforts to fully implement this
data base system,

I would like to express my deep appreciation to Dr.
Thomas C. Hartrum, who as my research advisor gave me
valuable guidance and encouragement. Also, I thank my
thesis readers, Dr. Gary B. Lamont, Major Charles W. Lillie
and Captain Richard L. Conn whose constructive comments
helped to improve the clarity of this thesis. In this
vein, thanks are also due to Dan Zambon, an AFIT/ENE
technician, for his many hours of help with the computer
systems I used.

Finally, I wish to thank my wife, Carol, for her help
and encouragement during these past 18 mouths.

Robert W. Fonden
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x Abstract

\§QA backend multiple-processor relational data base
computer system was designed with the goal of implementing
a data base management system using state-of-the-art
technology. The objective was to overcome the traditional
limitations of data base management systems implemented on
conventional type computer architectures. Hopefully this
would solve the ever-growing problem of information systems
becoming obsolete in supporting the growing information
needs of the corporate industry.=—

Toward this goal, investigaZ?ghﬁ\were made into
studies in the literature involving béckend data base
computer systems, the relational data model, and data base
computers using specialized architectures. The advantages
and disadvantages of these three areas were explored and
then, after having defined the longtefm requirements and
goals for che development of such a system, the beneficial
characteristics from each of these areas were merged
together to produce a system design. Central to this
design is the use of a set of processors, managed by a
backend controller processor, to take full advantage of
three levels of parallelism in processing relational algebra
query requests against relations.

Due to the complexity and size of this development
effort, a top-down structured detailed design and only a
partial implementation of the backend controller processor

was achieved in this research effort. A detailed
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development plan has been defined, consisting of several
projected follow-on development efforts, to complete the

entire development of this data base computer system.




L. INTRODUCTION

Background

In recent years, a substantial increase in the amount
of information processing involving the use of database
management systems (DBMS) has occurred. There has been a
growing need for the availability of very large amounts of
information as well as an equally growing need to acquire
and access such information at a much faster rate. In many
situations, due to this increase in demand, installations
have reached the point of resource saturation and system
degradation. Those installations supporting such DBMSs are
developing into very serious bottlenecks in the overall
function of the organizations they were built to serve.

The faltering performance of these installations must be
remedied, and remedied to a level of sufficiency so as to
remain a suitable service for many years to come, The
approach to rectifying this problem consists of two main
endeavors. The first deals with the improvement of computer
software and the second deals with the improvement of
computer hardware,

In the area of computer software, effort is being
spent on the improvement of DBMS designs. Research in the
area of algorithm and file structure improvements are being
conducted to increase the level of efficiency, and
therefore, to speed up processing. Related to this research

are studies being done to optimize the performance of




information query processing. Of the three major DBMS
design approaches (hierarchical, network, and relational),
the relational approach has lately received an extra amount
of attention, Many advantages exist in the relational
approach as compared to both the hierarchical and network
approaches, making the relational approach a very promising
DBMS for the future. Some of the most relevant advantages
are listed below:

(1) it provides a simpler, more unified user data
model, resulting in systems that are easier to use and
maintain;

(2) it is much more data~independent and consequently
results in systems that are generalized, having databases
that are easier to alter, e.g., when new data relationships
are discovered;

(3) it is much easier to express data semantic
integrity constraints;

(4) data retrieval and modification requests are
easier to express;

(5) since information is represented in one and only
one way in a relational database, only one operator is
needed for each of the basic functions to perform;

(6) the emphasis is on the use of sets, rather than on
the handling of one record at a time;

(7) sharing and protection requirements are more
easily satisfied, due primarily to the simplicity of the

underlying data base model and absence of highly




distributed access paths; and

(8) implementation issues are isolated from the
logical database model - this results in increased
intersystem compatibility and, most significantly,
encourages a structured approach to implementation,

In the area of computer hardware, until recently, the
obvious solution to the problem of system saturation was to
upgrade the mainframe. This is now becoming an
increasingly unappealing and/or insufficient solution to
the problem. Upgrading to a new machine is not only very
expensive, dollar wise; it may also require an extensive
manpower expenditure to have programs and data transferred
and possibly modified. One alternative to such an upgrade
is the offloading of the data base management functions
from the existing mainframe computer to an attached mini-
computer, Such a configuration is known as a
frontend/backend DBM computer system. Such an alternative
can be up to an order of magnitude cheaper, in terms of
hardware costs, than replacing the mainframe with a larger
machine. Added to that is the fact that only the DBMS
software need be moved over, In its most elementary form,
a frontend/backend DBM computer system consists of a
locally connected pair of computers. The application
programs are executed by the frontend (Host computer),
while the backend (DBMS) computer controls access to the
database. The addition of the backend computer, if using an

operating system supporting multiprogramming, can go as far
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as permitting the application program execution, the DBMS
execution, and the secondary storage access, all to occur
simultaneously. More complex frontend/backend DBMS forms
consist of having multiple backend processors in a
configuration tied to a host or even multiple host
computers. Also, a number of multiple-processor backend
DBMS configurations are being considered, such as having a
set of processors distributed by data, distributed by
function, or pipelined,

To date, relational DBMSs in general have been
criticized because of their inefficiency and comparative
slowness when actually implemented. But the positive
attributes characteristic in a relational DBMS clearly show
that this is still the best approach to take. Therefore,
it is clearly a must to continue to improve on these few
unfavorable qualities.

By seeking the best of two worlds, the use of backend
multiple-processor computer architectures and relational
DBMS concepts, a longterm solution to this information

processing problem can definitely be reached.

Statement of the Problem

The purpose of this thesis is to solve four problems.
First is to determine the feasibility of applying multiple-
processor techniques to the implementation of a relational
DBMS within a mini/micro-computer system environment.

Second is to determine the system requirements, to include
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both long-term requirements and goals as well as short-term
goals (thesis timeframe). Third is to develop a
structured, modular system design (software and hardware
using current state-of-the-art technology) for implementing
the required system over the longterm, identifying
experimental tradeoffs. Fourth is to implement a first
stage system model to show feasibility and to investigate

tradeoff alternatives.,

Scope

The original scope of this thesis was to fully
accomplish the four problems/goals defined within this
thesis. After the design phase was completed, it became
apparent that the implementation and testing phase would
exceed the available time. Therefore, it was decided to
pursue the implementation and testing of the software in a
top-down manner, completing entire functions at a time, for
as far as time would permit. However, due to the top-down
modular design of the subsystem, and the fact that all of
the software is already in clean compile form,
implementation and testing of the remaining untested

software should be an easy task to accomplish,

Approach

The first step consisted of an extensive literature
search to determine what research and development had
already been done in the area of frontend/backend DBMS

configuration approaches as well as in the area of




relational DBMS parallel processing approaches. An effort
was made to collect information from all areas pertaining
to backend and relational database systems: backend
computer architectures, data base machines, state-of-the-
art memory technology, relational DBMSs, storage
structures, query processing, and interprocessor coupling
(communication)., Existing backend data base machine
architectures were studied in particular,

Once a sufficient background nad been gained, a
feasibility study of the application of current
frontend/backend system configuration concepts to a
mini/micro-computer and relational DBMS environment was
subsequently made.

Upon completion of the feasibility study, a
requirements analysis was then accomplished. Longterm
requirements and goals were identified in preparation for
the development of a backend relational DBM computer
system. These longterm requirements and goals were
specified in detail to ensure that the system would be
developed using the latest state-of-the-art hardware and
software capabilities.

An approach to achieving these longterm requirements
and goals was then developed. First, an initial general
design of the backend system was accomplished. An
investigation of design alternatives for each of the sub-
systems of the general design was then performed. Choices

were then made in specifically how each subsection's design




would be developed. Then the system functions and
interrelationships, the hardware architecture, the support
software, the overall system logic flow, and the
experimental tradeoffs were defined. Upon completion of
the systems design, a system development plan was
developed. Specific development stages were identified,
specifying exactly what capabilities would be developed at
each stage. Stages which could be accomplished in parallel
were then identified. Finally, the resources required for
each stage of development were specified so as to enable
the future scheduling of the procurement and/or development
of such required resources,

Once the longterm system was identified and its
development approach specified, the backend controller
processing subsystem was selected and pursued in greater
detail - its analysis, detailed design, and implementation,
A top-down modular design was used to allow for a
straightforward implementation of this thesis effort as
well as to provide for future ease in testing alternative

subsection designs.

Overview of the Thesis

The structure of this thesis basically follows the
approach that was taken in the investigation. Chapter II
presents a background review of the concepts for the
following: (1) Backend data base computer systems, (2) The
relational data model and, (3) Data base computer

architectures., 1In Chapter III, the system requirements are




first identified, then the general design is presented, and
finially the development plan is presented., Chapter IV
describes the detailed design of the master-control sub-
system of the backend computer system. Chapter V describes
the entire effort of the subsystem's implementation and
testing. Finally, Chapter VI summarizes this investigation
and gives recommendations for the follow-on thesis research

efforts,




II. BACKGROUND

Introduction

To ensure that the reader will understand the
reasoning process behind the numerous decisions made in the
architectural design of the backend multiple-processor
relational data base computer system developed in this
thesis effort, a background chapter has been included in
this thesis., Three major sections are presented in this
background chapter. Due to the importance of the many
factors which all contribute to the overall design
justification of a backend multiple-processor relational r
data base computer system, a degree of detail will be given
in each of these sections. L

In the first section, backend data base computer
systems are discussed. The general concepts and the
advantages and disadvantages of using a backend database
computer system are presented to show the initial
potential of using such a system in the field of
information management.

In the second section, the relational data model is
discussed. A detailed description is first given and then 1
the advantages in using the relational data model for
implementating a DBMS within a backend computer system are
given. It is important that the reader firmly grasp the

information in this section before proceeding on to the




next section of this background chapter or, for that
matter, all remaining chapters in this thesis.

The third and last section of this background chapter
presents the details of database computer architectures
built especially for the implementation of relational
DBMSs using specialized state-of-the-art technology.
Specific implementations are presented identifying their
design specifications and their advantages and
disadvantages of such architectures, Again, the level of
detail is felt to be a necessity in order to properly
orient the reader for the following chapters presenting the

design approach chosen for this thesis effort.

Backend Data Base Computer Systems

Concepts. The basic concept of the backend data base
computer (DBC) system is to remove all or part of the DBMS
from the host and put it on a backend computer system
(Maryanski, 1980: 3). 1In principle, this backend DBC may
be either a general-~ purpose computer, for example, a
mini/micro-computer, or a special-purpose computer designed
specifically for data base management., A backend DBC
system, in its most elementary form, is shown in Figure 1.
The application programs are executed by the host computer,
while the backend machine controls access to the database.

In this thesis, the term "backend DBC system™ is used
instead of the term "backend data base processor™ because
more than just a single processor may be involved, Modified

mass storage devices and controllers, parallel processors,
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and memory devices may all be included in what is actually
a computer system for data management.

In this frontend/backend DBC system, there is
relatively tight coupling between the host and backend.
This is essentially a master-~slave configuration in which
the backend database system fullfills the data requests
passed to it from the host. The backend system can reject
requests, however, which do not conform to the DBMS access
controls., The connection between the host and the backend
is usually through an I/0 channel, This link should be of
at least channel speed if interprocessor communication is
not to become a bottleneck, Simulation studies have shown
that intermachine links with speeds of 1 Mbaud or greater
will produce only minimal communication delays (Canaday,
1974; Maryanski 1976). Configurations with the host and
backend computers sharing common memory are recommended
for situations in which quick response is absolutely
necessary.

In order to form a backend DBC system, communication and
interface software modules must be added to each computer.
Figure 2 illustrates the software organization of a basic
backend DBC system. The communication software must
provide the facilities for the transmission of commands,
data, and status information between the host and the
backend machines., The interface routines are the
processes that exchange the information via the

communication system,
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Figure 2 shows a number of database tasks (query
requests) residing in the backend machine, If a backend is
to operate efficiently, the DBMS residing within the
backend should function in at least a multiprogrammed
environment, if only a single processor exists in the
backend computer (Canaday, 1974; Maryanski, 1976).

The major architectural distinction between backend
DBC systems is whether the implementation is on a general-
purpose single processor computer or a special-purpose
multiple processor computer.

One common assumption is that the DBMS functions are
I1/0 bound and therefore could be performed on a less
powerful processor, such as a mini-computer, more
efficiently that by a large general-purpose host.

Advantages and Disadvantages. Backend DBC systems

have received considerable attention due to their

potential for improving the performance of installations
with heavy database requirements, The research into these
systems has identified several important areas in which

the utilization of backend machines may provide
considerable advantages. However, there are also potential
drawbacks and problems that can arise if the backend
concept is not properly realized.

Performance. The prime benefit of a backend DBC

system is performance. This is obtained through
concurrent processing, associative addressing, dedicated

hardware, faster components, and other techniques applied

14




to the data base management task,.

By just moving the DBMS over to a backend computer,
concurrent operation of the host (application software
execution) with the backend computer (DBMS software
execution) and the secondary storage devices (secondary
storage access) is achieved. Further concurrent
processing can then be achieved if the backend computer is
composed of a multiple number of processors,.

By using associative (content-addressable) storage,
data can be addressed/searched in parallel, thereby further
improving the performance of the system,

Performance is also improved by reducing the volume of
data that must be moved between the host and the data
storage devices. This can be accomplished by using the
relational operations 'selection' and “projection'; and
data compression or encoding. Using selection, the backend
computer sends only those records actually needed by the
application program, In a typical case in today's standard
DBMSs, a thousand records may be read to find the few that
answer the user's query. Projection can then be used to
reduce the data volume for those cases where only a few
fields in the record are needed. In this case, the backend
computer selects only the desired records and the extracts
(projects) and converts only the required fields.

By removing the DBMS from the host, the overhead of
interrupt handling of 1/0 generated by the DBMS is alsc

removed from the host, further improving the system's

15




performance.

It must be emphasized that in order to achieve a real
performance improvement, a highspeed link between the host
and backend must be used, and a substantial demand for
database access must exist. If the gains due to
concurrency do not outweigh the losses caused by
communication overhead (interface and communication
software, and the transmission time of the interprocessor
link), then the move to a backend DBC system would be a
fruitless effort.

Additional Resources. By off-loading part of

the processing from the host to the backend computer,
additional processing time and memory on the host is
released and can be used by the application programs. This
benefit alone can be critical if the host is approaching
saturation. If the interface and communication software do
not require all of the released space, then additional
application programs can reside on the host machine,
resulting in an increase in concurrency and throughput.

Specialization, Specialization also provides

certain benefits in the hardware area. If special-purpose
hardware is used for the backend computer, certain features
and their corresponding costs are eliminated, For example,
a backend computer does not need such features as fast
multiply and divide logic, floating-point hardware, and the
long-word-size registers necessary to obtain high precision

in complex arithmetic calculations. It does, however, need
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a powerful set of byte manipulation instructions and a high-

speed I/0 capability to a wide variety of storage devices.

Modularity. The principle of modular design is
generally applied in the creation of both hardware and
software in order to produce well defined, reliable, and
correct devices and programs., A backend DBC system is an
example of modular design at the computer system level.
This seperaticn of functions provides for allowing
multiple hosts to interface with a single data base or
distributed database network. Once the data base and the
corresponding DBMS are on the backend computer, the data
base can then be made available to other types of host
computers by prcviding an interface so that the new host
can communicate with and receive data from the backend
computer. This is a much simpler task than modifying the
entire DBMS or developing methods to allow two independent
DBMSs to concurrently access the same data base.

Security and Integrity. Another backend DBC

system benefit is the improvement of the security and
integrity of the data base. Because both are related to
access control, security and integrity are considered
together. A backend DBC system provides a single access
path to the data base. If the data base devices are
connected only to the backend computer, then any operation
on the data base must go through the backend computer,
Since the backend computer is a system resource and

therefore is not programmable by the applications
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programmers, it is now impossible for an application
program to circumvent the DBMS and access the data files
directly. This effectively isolates the application and
the host from the data base and thus increases its security
and integrity. In order to gain unauthorized access to daﬁa
in a backend DBMS, the intruder must appear to the DBMS as
a valid user., Thus the backend DBMS causes the intruder to
concentrate penetration efforts on defeating the password
mechanism or monitoring the behavior of the r~ommurication
interface, a much more difficult and lengthy effort.

Reliability. Improved backup and recovery is

another possible benefit of a backend DBC system. With a
separate host and backend computer, the two machines can
provide a check on each other, In fact, Canaday proposes
two separate logs for recovery (Canaday, 1974). In one,
the host records all transactions or requests sent to the
backend computer., Thus if the backend computer fails, the
data base can be restored using this log. Similarly, the
backend computer would keep a record of all changes to the
database. If the host fails, then the recovery can be
performed using the backend computer's log. In each case,
the recovery is done with an audit trail from the machine
that did not fail in order to minimize the chance that the
audit trail was contaminated. Moreover, by having one
processor check on the other, failures can be detected
sooner, Thus there will be less chance of the resulting

errors being propogated to other parts of the data base,
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CLost. As mentioned earlier, a primary motivation
for the backend DBMS work is the development of an economic
alternative to the upgrading of a large mainframe. The
attachment of a dedicated conventional mini-computer to an
existing mainframe is an order of magnitude cheaper, in
terms of hardware costs, than replacing the mainframe with
a larger machine, But other factors must be considered in
the evaluation of the economic alternatives, The media
used for the storage of the database on the existing
mainframe and the backend machine must be compatible in
order to avoid a substantial conversion cost. Backend DBMS
communication and interface scftware must also be included
in the pricing. When all factors are considered, the great
difference in price between that of a mainframe to replace
the entire existing system and of a minicomputer to assume
the database function is the_factor that makes a backend
DBMS a viable economic alternative to a mainframe upgrade.

Summary. In summary, the cost/performance benefits of
a backend DBC system and the increased functional
capabilities that it may offer are its prime advantages.
The backend computer can be used to extend the useful life
of an existing general-purpose host and to reduce the
costs and complexity of the conversion when the host is
replaced. Finally, a backend computer makes it easier and
cheaper to integrate a heterogeneous network into an
existing data base system., Potential trouble spots include

multivendor coordination in dealing with ambiguous
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failures of hardware and software, and the proper sizing
of the backend computer to ensure that the host-backend
system remains balanced in handling a system load having

projected growth,

The Relational Data Model

A relation has a precise mathematical definition.

Definition 2.1: Given sets S1, 82,'..., Sn (not
necessarily distinct), R is a relation if it is a subset of
the Cartesian product S1 x S2 x ... x Sn, That is, R is a
set of ordered tuples s1, s2, ..., sn such that s1 belongs
to 31, s2 belongs to 82, ..., and sn belongs to Sn. The
sets S81, S2, ..., Sn are called domains of R; the value of
n is called the degree of R (Date, 1977: 73).

A relation, as shown in Figure 3, is a two dimensional
table with the following properties: (1) no two rows are
identical (2) the ordering of the rows is insignificant,
(3) the ordering of the columns is insignificant, and, (4)
all table entries are atomic (nondecomposable) data items.

Each row of the relation is called a tuple., If a
relation has n columns (i.e., degree n), each row is
referred to as an n-tuple. For example, each tuple of
Figure 3 is referred to as a 6~ tuple.

Each column is called an attribute; each attribute has
a domain. The domain is the set of values which can appear
in that column. For example, in Figure 3, the domain of

the attribute NUMBER is EE550, EE646, EE692, MAS80, MAS31,

20




(1511idol ‘®3Ed)

VBAN0D W LBLEYL Syl ¢ I«wusld

66 0 1 1 SEsayy, bLLVI
P 0 4 1 UO L3S Tuboy SwelsSAg 94EM] JOS SHGHE
ot Z Z 4 Aaojeaoqe] svensueT [c3181d 06 Y%
0z 0 Y Y UY[se( Wyl faos1y O odzuf SHhvi
60 0 i 4 550y, (o1eYACK:Y
0% 0 1 U 80US [0 usjndWoy JO SPOY49d UIBU TE5 v
0% 0 € € 50[3S13%36 Puw A3TLIuBqO4d UYs Vil
o€ 0 4 14 8403093 [UOdY JA83NAWODH PEOULADPY 209nH
62 0 4 4] Sue}sAs 88U wlB( CAIPLCICH
$¢€ 4 1 S ugse( Ofw0OT O] 043Ul (R

w«EﬁA SJU0H | SAN0H Sanoy T4t woquny

9z1S8 g1 T HO

|

21




EET99, and others.

A relation resembles a file, a tuple a record
(occurance, not type), and an attribute a field (type, not
occurance). A relational system contains several different
relations just as a CODASYL system contains several
different files. Relations may also be used to indicate a
relationship between different types of entities in
addition to describing a particular entity type., For
example, a data base may contain a COURSE relation and a
QUARTER relation as well as a explicit COURSE-QUARTER
relation linking the two types of entities, Different
relations are linked together or related through common
attributes.

An attribute (or combination of two or more
attributes) whose domain contains vélues which uniquely
identify the n- tuples of the relation is called the
primary key. For example, in Figure 3, the primary key is
NUMBER. A primary key is said to be nonredundant if it is
either a simple domain (not a combination) or a combination
such that none of its constituents is superfluous in
uniquely identifying the tuple. For example, in Figure 3,
(NUMBER,TITLE) would not be a nonredundant primary key for
COURSE. A relation can contain more than one nonredundant
primary key; in that case, one of these candidates is
arbitrarily selected and called the primary key of that
relation,

A normalized relation is one in which each attribute
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contains only atomic (nondecomposable) values. Three
levels of normalization have been defined., All normalized
relations are in first normal form; some of the first
normal form relations are also in second normal form; and
some of the second normal form relations are also in third
normal form. See Figure U4,

In order to discuss the differences in these three
forms, the terms "functional dependence" and "full
functional dependence" must be defined.

Definition 2.2: Given a relation R, the attribute Y of
R is functionally dependent on attribute X of R if and only
if each X- value in R has associated with it precisely one
Y- value in R at any one time (Date, 1977: 154).

ror example, in Figure 3, TITLE, CKHOURS, LHOURS,
LBHOURS and SIZELIMIT are functionally dependent on NUMBER;
that is, given a particular®NUMBER value, there exists
precisely one corresponding value for each of TITLE,
CRHOURS, LHOURS, LBHOURS and SIZELIMIT. Note that
functional dependence can be applied when either X or Y or
both are composite domains.

Definition 2.3: Attribute Y is fully functionally
dependent on attribute X if it is functionally dependent on
X and not functionally dependent on any subset of the
attributes of X (X must be composite) (Date, 1977: 155).

For example, in Figure 3, the attribute CRHOURS
is functionally dependent on the composite attribute

(NUMBER,TITLE), but is not fully functionally dependent on
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(NUMBER, TITLE) since it is functionally dependent on the
subset NUMBER,

With the above definitions in mind, three normalized
relation forms can now be defined,

Definition 2.4: A relation R is in first normal form
if and only if all underlying attributes contain atomic
values only. A relation R is in second normal form if it
is in first normal form and every non-key attribute is
fully dependent on the primary key. A relation R is in
third normal form if it is in second normal form and every
non-key attribute is nontransitively dependent on the
primary key (Date, 1977: 157).

By restricting relations to third normal form,
relational systems can eliminate the occurance of
redundancy and update anomalies. Thus, when a tuple is
modified, added, or deleted, normalization will ensure that
changes are made only to that single tuple.

Operations on a relational database may be specified
in either a relational algebra or a relational calculus,
corresponding to a low- or high~level query language. The
relational calculus specifies the desired output of the
query and allows the DBMS to select the appropriate method
to obtain the results. A relational algebra must specify
not only the output, but also the method (steps) to obtain
it.

Relational operations may be classified by their

handling of a single relation or by more complex treatment
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of multiple relations, The basic operations on a single
relation include selection, projection, modification,
addition, and deletion, Selection identifies the desired
tuples in a relation by specifying the values of certain
attributes within the relation. If a value of the primary
key domain is specified, only a single record or no records
are selected. If the primary key is not one of the
attributes specified, however, many records may be
selected. For example, Figure 5 is a selection result of
"List COURSES where CRHOURS equals 4."

Projection identifies the attributes of interest
within the selected tuples. When multiple records are
selected, the elimination of some attributes by the
projection operation may leave duplicate entries among the
partial tuples that remain., Therefore, there are two types
of projection - one in which the duplicates have been
eliminated, and one in which they are included. Figure 6
shows a projection of the relation COURSE (Figure 3) on the
attributes TITLE and CRHOURS. Note that only 9 tuples
appear in the projection; the tenth tuple, THESIS, has been
omitted since it is a duplicate of the sixth tuple.

A modification operation changes the value of an
attribute in an existing tuple. Additions and deletions
are relatively simple because the relation's tuples are of
a fixed length and are not maintained in any {(sorted)
order.

Division, intersection, union, and difference are four
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other operations that are sometimes included in relational
data base processing. Division is a binary operation on
two relations that results in a new relation. It is useful
for answering such queries as "List all QUARTERS that offer
both COURSE MAT46 and COURSE EE692." The remaining
operations are set theory operations that also operate

on two relations to produce a third., In each case, the
relations used as operands must have at least one common
domain.

The primary operation on multiple relations, the
"join", is the relational equivalent to the set definition
in the CODASYL databases. Given two relations which have a
common attribute, the jeoin combines the tuples of each
relation where the values of the common attribute are
equal. The result is a third relation in which each tupie
consists of a tuple from the first relation concatenated
with a tuple from the second relation which contains the
same attribute~ value (except that one of the two identical
attribute~ values is eliminated). 1If a value in the common
attribute appears in one relation and not the other, tuples
containing that value do not participate in the join, For
example, consider the relation QNS as shown in Figure 7,
The relation QNS is joined with the relation COURSE (Figure
3) on the attribute NUMBER as shown in Figure 8. Note that
several of the COURSE tuples do not appear in the join
because there was no match on the NUMBER attribute value.

In the above paragraphs, the relational operations
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have been seperately discussed, However, it is also
possible to select from joins or projections, join
selections, join projections, project on a selection or
joined relation, etc.

The relational algebra and relational calculus based
retrieval languages are very powerful, They are in fact
relationally complete. Relational completeness means that
any derivable relation can be retrieved from the database,.
It means to the user that, if the information wanted is in
the database, then it can be retrieved. In lower-level
languages the user must write quite complicated procedures
to answer all but the simplest questions,

The most obvious distinction between CODASYL and
Relational systems is that CODASYL data items can be
repeated but relational domains cannot. For example, a
CODASYL QUARTER record may have a repeating item
identifying the COURSES offered. The relational equivalent
is a separate QUARTER-COURSE relation with one tuple for
each QUARTER- COURSE pair. The disadvantage of this
approach is that some of the data, that is, QUARTER, are
repeated in each tuple. On the other hand, one advantage
is that the relation's length is fixed and, therefore,
usually easier to process., Relations may be thought of as
highly disciplined files - the discipline concerned being
one that results in a considerable simplification in the
data structures the user has to deal with, and hence in a

corresponding simplification in the operators needed to




manipulate them.

The relational structure is very easy to understand,
But simplicity of data representation is not the end of the
story. Observe that the uniformity of data representation
leads to a corresponding uniformity in the operator set:
Since information is represented in one and only one way,
only one operator is needed for each of the basic functions
that one wishes to perform. This contrasts with the
situation with more complex structures, where information
may be represented in several ways .and hence several sets
of operators are required. For example, the network-based
DBTG system provides two "insert"™ operators: STORE to
create a record occurance, and CONNECT to create a link
between an "owner" and a "member",

A simple query to a large relational database may take
a prohibitively long time to process due to the overhead of
having to use a very large pointer structure within the
data base files. To decrease this time in applications
requiring fast response, parallel processing is necessary.
It just so happens that relational algebra queries are very
conducive to being processed with a high degree of
parallelism, Specifically, three levels of parallelism are
capable of being performed on relational algebra queries:
independent parallelism, pipelining, and node splitting.
Under certain conditions, the exploitation of these levels
makes highly parallel processing and short response times

possible.
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Independent parallelism includes the parallelism
between separate queries and the parallelism between
independent operations in a single query. Pipelining
parallelism includes the parallelism between succeeding
operations of a relational algebra query applied to
different portions of data. Node splitting parallelism
includes the parallelism between duplicate copies of an
operation in a relational algebra query applied to
different portions of a relation's data.

For example, consider a query of the following
database of three relations shown in Figure 9. Rt and R2
contains information about hospitals and doctors
respectively. R3 contains information about the
"employment" relationship between hospitals and doctors
(including the distance between a hospital and the
residences of the doctors it employs). The query is "Find
all the hospitals in New York city which have emergency
treatment facilities (STATUS > 20) and heart specialists
living within 30 miles." The relational algebra query for
the above consists of the following steps.

S1: Select R1 where CITY = 'NY' ~ STATUS > 20 giving TR1.

S2: Select R2 where SPECIALTY = 'HEART' giving TRZ2.

33: Select R3 where DISTANCE < 30 giving TR3,

J1: Join TR1 and TR3 over H# giving TRY4.

J2: Join TR2 and TRU4 over D# giving TRS.

The relational algebra hierarchy reflecting the above

steps is shown in Figure 10, First notice that all three
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SELECTION branches S1, S2, and S3 are independent (i.e.
there is no precedence relationship among them), and so
they can be processed in parallel. R1, R2, and R3 have to
be stored in different storage modules so that parallel
access without contention is possible., The parallel
processing of the three SELECTIONS can be finished in
maximum of [time(S1), time(S2), time(S3)]. J1 and S2 are
also independent and can be processed in parallel; The
total execution time with parallel processing of the
independent nodes is: time(J2) + maximum([time(S2), time(J1)
+ maximum<time(S1), time(S2), time(S3)>].

To further improve the response time, the inherant

parallelism between adjacent nodes in the relational
algebra hierarchy must be explored. Note that J1 does not
have to wait for the completion of either S1 or S3 to
perform its operation. J1 can use the outputs of S1 and S3,
one tuple at a time, while S1 and S3 still keep producing
tuples one by one. Therefore J1 and S1,S2 can be processed in
parallel and form a "pipeline". The same logic can be
applied with J2 and T2,T4.

Next, note that the SELECTIONS of different portions
of a large relation are in fact independent processes. To
further improve response time, the relations 31 and S2 can ﬂ
be separated into several groups of tuples and have several
SELECTION (S1 and S2) processes applied to these groups
concurrently. This is to "split" a node into several

parallel sub-nodes. If S1 and S2 were each split into four
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nodes, the execution time of either process would become one-
fourth of it's original time.

Response time of an urgent query can be shortened
significantly by utilizing this parallelism. The
identification and exploitation of parallel processable
subtasks in queries has other advantages also, for
example, better system utilization and simultaneous
services to a large number of users,.

While the logical structure and the mathematical basis
of the relaticnal data model are very appealing, it should
be noted that the implementation, using a conventional Von
Neumann computer, results in many of the same problems that
current DBMSs try to overcome by using data models with a
link structure. That is, the two dimensional table becomes
a one dimensional string of data with pointers to link
related data items. This results in the creation of a
software interface from the logical data model to the
physical storage structure. This relatively simple
relational data model can be as complex as the traditional
logical data models when implemented on the Von Neumann
machine. This leads to the investigation of an alternative

computer architecture to support the relational data model.
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Data Base Computer Architectures

Categorization., As presented earlier, a lot of

research has been directed toward the implementation of
DBMSs on backend computer architectures, Initial work
dealt with conventional backend architectures only, mostly
to prove feasibility, while more recent work has dealt with
the use Of specialized architectures., Before discussing
both in further detail, consider the following
classification scheme proposed by Olin Bray (Bray, 1979a:
89). The two criteria established for this classification
scheme are the number of processors involved in the data
base processing and the type of hardware organization used
to search for the data directly on mass storage devices or
indirectly in some buffered or intermediat: storage area.
The five categories comprising this classification scheme
are

1) Single processor indirect search (SPIS)

2) Single processor direct search (SPDS)

3) Multiple processor direct search (MPDS)

4) Multiple processor indirect search (MPIS)

5) Multiple processor combined search (MPCS)

In the indirect search approach the data is first
staged from permanent storage to local memory and then
searched, Implementations may use either conventional
memory/storage or associative memory/storage. In the
direct search approach the data is searched directly at the

location where the data is stored. These implementations
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use only associative memory/storage.

The number of parallel processors used is important
because it directly relates to performance. The types of
requests that typically occur in a data base management
operation involving the search of an entire file/relation
or database lend themselves very well to parallel
processing. In these cases, if the file/relation or
database were divided into separately accessable blocks of
data, a set of parallel processors could perform the search
much faster than a single processor. In addition, with the
cost of hardware dropping by a factor of 20 to 30 percent a
year, microprocessors are a very cost-effective means of
implementing parallel processing.

Where the database is searched also affects
performance., The search may be perforged directly on the
mass storage unit where the data is permanently stored or
indirectly in scme intermediate storage area. The
objective is to perform the search as close to the source
as possible to avoid the delays due to data movement.
Because of the rotational speeds and transfer speeds of
mass storage devices today, however, most of the direct
searches can involve only very simple selections. Complex
boolean expressions just cannot be evaluated without
skipping records, thus requiring one or more disk
revolutions. The result is a tradeoff between query
complexity and performance, and the choice between a

direct-~search database computer and an indirect one may

10




depend on the applications involved.

Single Processor Indirect Search. The single

processor indirect search (SPIS) corresponds to the
conventional general-purpose processor. In this
traditional approach, part of the database is read from
its permanent storage on moving head disks into the
intermediate staging storage of random access memory
(RAM). Index tables and pointers are used (file
management system or hierarchical DBMS or network DBMS in
which data are requested by application programs a tuple-
at-a-time) to determine which parts of the database are
staged into the system's main memory. This block of data
is then processed to determine the records that are to be
retrieved or modified. Although the implementation details
may differ, all current file management systems and DBMSs
operate essentially in this fashion.

A backend computer architecture system would be
inefficient for low-level, record-at-a- time requests
because a request message and response message would have
to be passed between host and backend for each and every
record to be retrieved. For record-at-a-time operations,

this approach would actually degrade the system's

o

performance.

This is not true for high-level queries because the
backend can relieve the host of a significant amount of
work between the time it receives a request and the time it

returns an answer, an answer which may consist of up tc

U1




hundreds of records,

Initial research efforts of backend computer
architectures all consisted of approaches in the SPIS
category. The approaches of interest were XDMS (Bell
Laboratories), IDMS (Cullinane Corporation), KSU (Kansas
State University), and MADMAN (General Electric). They all
used mini-/micro- computers for the backend processor. The
first three used very slow communication links (less .than
or equal to 4800 baud) while MADMAN used a shared memory
link (see Figure 11). The first three used commercially
developed and marketed DBMs packages loaded completely on
the backend computer while the MADMAN approach developed

its own DBMS package and loaded only the CPU activities of

the DBMS on the backend machine, leaving the DBMS disk

I/0 operations on the host (see Figure 11). The main
question regarding these research efforts had to do with
the feasibility of efficient communication between the host
software and the backend DBMS software, If the
communication between the machines became a bottleneck,
then such an approach would be fruitless. Such was
determined not to be the case and sc¢ its feasibility was
proven, A much faster communication link (approximately 1M
baud) would be required, to eliminate processor delay
caused by waiting on inter-processor communication
transmission, out such capability is within current
technology.

With the recent development of the following two
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technoleogies, an ability to now quite easily take advantage
of the relational model was brought about. They consist of
the following.

1) Solid-state (LSI and VLSI technology) content
addressable memory devices (parallel and serial) which
permit the construction of longer words, minimize the cross-

talk problem, require less energy and permit the use of
components with loose tolerances, and

2) Intelligent memory devices such as disk, bubble and
CCD having search capabilities similar to associative
memory, an ability to now quite easily take advantage of
the relational model, which bears a 1:7 relationship with
associative storage.

The result has been new efforts which proceeded on to
replace these conventional backend computers witn backends
using specialized architectures; the goal in sight of
boosting the capability and speed of information prccessing
systems. These special architectural approaches are
described in the following discussions covering the
remaining four classification categories,

Single Processor Direct Search. In this approach, the

data are searched by the backend, and only the desired
records or their specified parts are sent to the host (the
relational data model is used). This reduction in data
volume, using selection and projection operations,
significantly reduces the work load on the host by

eliminating many relatively simple tests on large amounts
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of data that were normally performed by the host (tuple-at-
a-time processing). This approach is classified as a
direct search because intermediate storage is not used for
the data search, By not having this intermediate storage,
however, only a limited set of relational DBMS query
operations and not a complete set can be supported.

CAFS Architecture. CAFS (Content Addressable

File Store) was designed as a highspeed search device and
is an example of the SPDS approach (Bray, 1979a: 101).
Figure 12 shows the overall architecture of the system and
Figure 13 shows the major components within the CAFS
architecture itself., CAFS also is classified under the SISD
category. Data from the disks stream through the backend
W“here the selection is performed. Records which meet the
selection criteria are then passed to the host.

Sixteen key registers are used in the comparisions as
the data are streamed through the system. These results
are passed to the search-evaluation unit to evaluate the
complete logical expression of the query. Multiple 64K
bit array buffers are incorporated in CAFS for joins and
the elimination of duplicates following projections and
may be used to hold input data for the search evaluation
unit, The retrieval unit is used to buffer records to be
sent to the host.

The essential problem that CAFS addressed was the
rapid location and retrieval of records when the selection

criteria are based on data values within the record rather
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than the record's position. The problem is even more
severe when any of the fields in the record or parts of a
field in the record can be used as search keys. CAFS was
designed to cvercome these problems through the use of
pointers to large blocks of data, for example a track,
rather than individual records. This blcck is then scanned
serially to locate the desired records.

CAFS is strictly a retrieval system and does not allow
on- line updating of data. Higher-level functions such as
sum and average are left for the host to calculate. Being
an SISD machine, the backend can only process one query at
a time.

Multiple Processor Direct Search. Figure 14

illustrates the basic characteristics of the multiple
processor direct search (MPDS) approach, of using a
processor to directly search each_track of the database.
As the storage devices (CCDs, MBMs, drums, or head-per-
track disks) rotate, data are read into the corresponding
track processor, which then examines the records to
determine which ones should be selected or modified. The
data "stream" (transfer) off the track, through the
processor and are then written back to the same track
within the same revolution., The amount of processing that
can be performed on a single revolution, therefore, is
limited by the speed of the track processor and the speed
of the rotating device. If processing is not completed in

a single revolution, then flags must be set in each record
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to indicate its selection and the degree of processing
completed.

Using a MPDS approach, the entire database can be
searched in a single revolution. In fact, by having
multiple compare registers with each processor, it may be
possible to answer several requests in a single
revolution. Multiple flags would be needed in each record
for each request being processed.

The tradeoff that has been made with the direct-search
approach is to minimize the response time rafher than the
storage costs, Since all tracks of the database are read
and processed in parallel, response time is independent of
the size of the database and is simply a function of the
time to read a single track. The penalty for this constant
response time is the cost of storage. Storage costs grow
at a rate equal to the amount of data being stored. As
more tracks/disks are required, more track processors must
also be added.

Unfortunately, a serious problem exists due to this
continuous read from and write to the database for every
revolution - backup and recovery. Constant rewriting of
the entire database significantly increases the number of
errors as compared to a conventional system, The ability
to issue a rewrite due to a write error does not exist in
this architecture,

CASSM Architecture. CASSM (Context Addressable

Seqment Sequential Memory) was developed at the University
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of Florida (Su, 1979) and is an example of the MPDS
approach (see Figure 15). CASSM, a SIMD machine, performs
parallel processing of the database so that the time
required to perform many of the database functions is
independent of the size of the database. Head~per-track
disk devices were used for the database storage units, The
track processors all process the same function assigned at
the same time thus enabling the entire database to be
processed in one revolution. Within each track processor, a
set of operating modules operate in a pipelined parallel
fashion in processing the instruction (see Figure 16).
CASSM's design assumes that the entire database resides
online and is available to all N track processors. The
storage could be implemented using CCD, MBM, etc. such that
the data appear to be rotating past some fixed point (bit
serialized associative storage). Then, as the data rotate,
every word is read, processed, and written back to this
storage device. Being a SIMD architecture, CASSM only
processes one query at a time.

Unlike conventional rotating storage, a CASSM track
processor contains separate read and write heads for each
track (see Figure 16). Every word of storage then can be
read, and, if not deleted, written back on each revolution.
Word insertions cause every word thereafter to be shifted
down one position on the track while word deletions cause
every word thereafter to be shifted forward one position on

the track. CASSM was designed to be used in conjunction
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with a general- purpose host processor issuing high- level
data management queries. It was one of the first attempts
to construct a special architecture for general non-numeric
processing.

Multiple Processor Indirect Search. The multiple

processor indirect search (MPIS) approach is very similar
to the MPDS approach in that multiple processors are used
to process the database in parallel. The main difference
is that not all of the database is processed in parallel.
Instead, a part of the database is staged into an
intermediate storage device and then searched there. This
approach is shown in Figure 17.

For this approach to be feasible, the capability must
exist to be able to quickly identify those parts of the
database which must be processed and to load them into the
intermediate storage. Quick identification will still
require pointers, but pointers only to large blocks of
data, for example, tracks or cylinders, rather than
individual records. Rapid loading of the intermediate
storage will require a high data transfer rate and
buffering within the intermediate storage. For the MPIS
approach, the time to process a transaction is indirectly
dependent on the size of the database,

The following two subsections describe two systems
using the MPIS approach. RAP (Relational Associative
Processor) is a SIMD type approach and DIRECT is a MIMD

type approach. Both were specifically designed for non-
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numeric data management,

RAP Architecture., RAP was developed at the

University of Toronto in the mid 1970s (Ozkarahan, 1975;
Schuster, 1976). The overall RAP architecture is illustrated
in Figure 18. The host is responsible for compiling the
high~ level user queries into RAP commands, scheduling the
operations for RAP, transmitting the RAP instructions to
RAP, handling all database integrity and security, and
maintaining all the relation and domain tables. RAP
consists of a controller, a set function unit (SFU), and a
number of cell processors, each connected to its two
adjacent neighbors.

The design is composed of a controller, an arithmetic
set function unit, and a parallel organization of cell
processors (Figure 19). A cell processor consists of a memory
component and a logic component, The memory unit is one
track of a rotating device such as a disk, drum, circular
shift register, etc. The logic component is a
microprocessor which acts as a "search machine" on data,
directs manipulation, and performs limited numeric
computations required by database processing. The set
function unit is used to combine cell processor results to
obtain a value computed over the total memory contents, The
controller is responsible for overall coordination and
sends control sequences to the cell processors, controls
the set function unit, and executes decision commands and

other RAP primitives that can be accomplished directly in
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itself,

RAP is based on the relational data model, with the
data stored in normalized relations. Only one type of
relation can be stored on a single track., If there are
too many tuples for a single track, then any number of
additional tracks can be used. Neither contiguous tracks
nor ordered tuples are required, If the RAP database is
small enough, it can be stored completely within the cell
processor's memcries and operate as a direct- search system
because staging is not required. The more general case is
that the database is too large and must be stored on a
conventional moving-head disk.

Intermediate storage within each RAP cell processor
contains the equivalent of one disk track of roctating
m;mory, for example, disk, CCD, or MBM. Like CASSM, the
data, rotating through the intermediate storage, are read
into the cell processor's buffer, processed, and written
back to intermediate storage., The tuple size is limited to
the buffer in the cell, for example, RAP's buffer size was
1024 bits.,

DIRECT Architecture. DIRECT was developed at the

University of Wisconsin (DeWitt, 1979) and is currently in
the stage of implementation refinement (Boral, 1980; Boral,
1981). The overall DIRECT architecture is illustrated in
Figure 20. Where RAP is a SIMD approach only able to
process one instruction at a time, DIRECT is an MIMD

approach and so is capable of simultaneous execution of
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query instructions from different users. DIRECT is very
similar in operation to RAP with the exception that the
intermediate storage units are not specifically assigned to
a query processor., Through the use of an interconnecticn
matrix, any intermediate storage unit is accessible by any
query processor. The controller makes dynamic
determination of the number of processors assigned to each
query to be processed.

Using DMA data transfer, the controller stages tracks
from main storage to the intermediate storage units and
informs the query processors of which intermediate storage
unit to access in order to process that information, As
with RAP, only one relation is stored per track., The
intermediate storage units were constructed using CCD
chips., The relations are not assigned to a query
processor, but instead, a data flow technique is used in
which the query steps are assigned and processed by the
whole set of query processors.

Multiple Processor Combined Search. The multiple

processor combined search (MPCS) approach combines several
of the best features of both the direct- and indirect-
search approaches. This approach handles the
complexity/performance tradeoff issue by directly searching
the data with track processors for simple queries and
staging the data in buffers for more complex evaluations.

DBC Architecture, DBC (Data Base Computer) is an

example of the MPCS approach (Banerjee 1979). It is under
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development at the Ohio State University. It has three
major objectives: 1) to support very large databases of 10
to 100 billion bytes, 2) to support multiple data models,
including hierarchical, network, and relational, and 3) to
use current technology and not rely on significant
technological breakthroughs,

Modified moving~head disk technology is used in order
to support the very large on-line database storage. DBC
employs two forms of parallelism. An entire cylinder's set
of tracks can be processed in parallel by a processor
assigned to each track within the disk pack. DBC uses a
pipeline architecture which provides a separate unit to
proéess each step of an instruction. The basic
architecture is conceptionalized in Figure 21, The DBC
makes use of two loops of processors and memories in
executing the commands. The data loop, which consists of
the database command and control processor (DBCCP), mass
memory (MM), and security filter processor (SFP), is used
for storing and accessing the database, for post processing
of retrieved records, and for enforcing record field level
security. The structure loop, which consists of the
database command and control processor (DBCCP), keyword
transformation unit (KXU), structure memory (SM),
structure memory information processor (SMIP), and index
translation unit (IXU), is used for limiting the mass
memory search space (through the determination of cylinder

numbers), for determining the authorized records for
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accesses, and for clustering records received for insertion
into the database. The system was designed completely
around the security design to enable full security
capability for this system. This system can process
multiple queries at a time.

Comparisons, Note that each of the categories!

architectures presented have been built upon the
architectural design of the previously presented
category. It so happens that the ranking of these
categories correspond to the sequence of events in the
research and development in this field of computer
science, Each of these research efforts have produced
respectable results as well as insights and questions
bringing on further investigation and development of yet
more sophisticated architectural designs. As comparisons
are made and discussed in these next paragraphs, the
motivations behind these successive developments will come
to light.

In terms of response time, the MPDS architecture
offers the best performance by allowing the entire
database to be searched in one mass storage revolution.
As in CASSM's case, since the data definition is carried
with the data on mass storage, no indexes of any kind are
required - the data may reside anywhere on disk - all
within reach of the query processors within one mass
storage revolution, The drawbacks to this system are 1)

such a system is currently only effective for small
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databases, because of its higher storage costs, and 2) due
to the constant rewrite of the entire database, recovery
becomes a nightmare, Such an architecture is an excellent
advancement over rrevious efforts, in terms of using a
direct access mechanism along with a set of processors, but
there was plenty of room for improvement.

The next logical step was to use a data-staging
technique and stage organized blocks of data from mass
storage into an intermediate storage. This approach solves
the growth/cost penalty problem substantially and now also
enables convertional recovery techniques to be used since
instantancous rewrite is no longer being accomplished.

Thus an #®S architecture is created. But there is concern
regarding the reduction in response time due to the
additiongl process of staging blocks of data to and from
mass storage. Whether or not a reduction does occur boils
down to whether a SIMD or MIMD architecture is used. RAP,
though dealing with an organized database (relations stored
on separate mass storage tracks), only processes one
instruction at a time. Relations whose total number of
blocks is less than the number of query processors
available, and relations whose total number of blocks
divided by the number of query processors available yeild a
large remainder, will render the remaining available query
processors useless for all or part of the duration of that
query processor instruction. In this case, response time

would be reduced - all other factors being equal. By
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adding more intelligence to the controller processor, and
making use of an already existing relation block index
structure, query processors found to be idle could begin
processing another query instruction of the same or a
different query, and thus boost the performance of the
system, as in DIRECT's case. Thus another step forward
has again taken place, in this case, from a MPIS (3IMD)
architecture to a MPIS (MIMD) architecture. Again, each
development has produced excellent results over previous
efforts and agreeably, without these valuable stepping
stones, progress would not have come this far at this time,
There is plenty of agreement that excellent benefits
exist in both the MPDS and MPIS architectures, so why not
put to use the best of both architectures. Instead of just
transferring the blocks of data from mass storage to the
intermediate storage units, why not perform some level of
direct search processing on that data as it streams off the
track over to intermediate storage, and then proceed with
the more complex query processing on the staged blocks of
data, Thus the MPCS architecture, specifically DBC's
case, is created. Where one goes from here in terms of new
architectural approaches is yet to be conceived, But in
the mean time, by concentrating on improving the building
blocks themselves that will make up these present
approaches, much can still be accomplished. By
incorporating more sophisticated CAM, CCD, MBM, etc, into

these architectures, both in terms of quality and quantity
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(VLSI), query processing response time for la.ge database
systems using the relational model, will easily be

achieved.

Summarz

The first of four problems identified in the purpose
of this thesis effort was to determine the feasibility of
applying multiple processor techniques to the
implementation of a relational DBMS within a micro-/mini-
computer system environment. Based on the information
brought to light within this background chapter, the
feasibility of such an architecture is now a certainty.
The remaining chapters in this thesis address the last
three problems identified in the purpose of this research

effort,
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III. System Development

Introduction

This chapter covers the initial system development for
an AFIT Backend Relational DBM computer system. In the
first section, the longterm requirements and goals are
identified, first in general terms and then in more
specific terms. Justification of these requirements and
goals is given. In the next section, at the overview
level, the system design is presented. The system
functions and interrelationships, the system hardware
architecture, and the system support software are defined,
In the next section, a system development plan is
presented. Based on the system design, a set of subsystem
development stages are identified., The resources and
constraints for each stage are also identified so as to
specifical.y define what functions will be implemented
or must be simulated for each stage of the system

development. A summary concludes this chapter,

Longterm Requirements and Goals

The longterm requirements and goals for the
development of an AFIT Backend Multiple-Processor
Relational DBM computer system have been determined to
consist of the following items,

(1) Permit a multiple number of users to share the
database as a common resource (i.e.: a network member).

(2) Use a MIMD approach to permit a high level of
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parallel processing of useré' queries,

(3) Design a multiple processor system which does not
waste a large percentage of its processing potential by
permitting processors toypg idle, particularly in a multi-
user environment. -

(4) Considerably improve on the system response time,
system throughput, and cost of database storage in
comparison with existing software laden DBMS's run on
general purpose computers,

(5) Provide complete modularity in both the software
and hardware design of the system in order to enable it to
(a) be easily modified throughout its initial development
and (b) be used as an easily modifiable AFIT research test
bed for investigating and implementing alternative state-of-
the-art architectures.

(6) To be used in both an AFIT pedagogical environment
and an actual AFIT supportive information processing
environment,

Let it be emphasized that the central goal is to
develop a DBMS that can provide a very respectable online
response time to a very large variety of queries generated
by a multiple number of users against a large database,
From the background material presented in Chapter II, it
should be clearly evident that to accomplish this central
goal, the use of the relational data model, a backend
computer system composed of a set of processors, and some

type of intermediate associative memory storage is, to
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date, the only real route to take in order to achieve the
speed and size qualities desired.

Based on an analysis made of all the key features of
backend computer systems, the relational data model, state-
of- the-art memory technology, and the different relational
DBMSs implemented on special purpose hardware, a set of
functional and architectural features were selected for
their inclusion in the development of a backend DBMS in
this thesis., Specifically, the design of the backend
multiple- processor relational DBM computer system, as
currently envisioned, will include the following features.

(1) A complete set of relational algebra based
operations will be provided. Having a complete set means
that any derivable relation can be derived from the
database. Therefore, if the information wanted by the user
is in the database, it can be retrieved,

(2) A set of N query processors in the backend
computer architecture will be provided to support the
parallel processing of a single relational query. Three
levels of parallelism are capable of being performed on
relational algebra queries - independent parallelism,
pipelining, anud node splitting. Exploitation of these
levels using multiple processors will make highly parallel
processing and short response times possible,

(3) One or more mass storage devices to contain the
entire relational database will be used, This will require

using moving- head disk devices.
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(4) A multiple access path to the database will be
provided so as to fully support the parallel processing of
a single relational query. Having simultaneous access tc
the database by the N query processors will provide a
complete parallel processing capability (data access and
data processing).

(5) A set of M (where M >> N) intermediate memory
modules will be provided to enable the pnysical concurrent
access of the relational database. By staging relations to
separately accessable memory modules, the query processors
can then concurrently access and process the data,

(6) Enable the size of a relation to surpass the size
of the memory module device. By dividing the relation into
logical pages and staging these pages to the intermediate
memory modules, the size of a relation need not be
restricted.

(7) A dynamic determination of relation page
assignments to query processors will be provided., An
entire relation does not have to be processed by a single
query processor for a given relational query operation, but
can be paged out to N processors and processed in parallel.

(8) A dynamic determination of the number of
processors assigned to process a relational query will be
provided,

(9) A set of N query processors, each executing the
same query step, will be permitted to simultaneously search

different pages of a common relation,
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(10) A set of N query processors, each executing
different queries, will be permitted to simultaneously
search the same page of a relatioh.

These are the longterm requirements and goals, both
broad and specific, for the development of the backend
relational DBM computer system., While the capabilities of
this system are quite clearly defined, the method of
implementation of certain parts of the architecture leaves
room for several alternative approaches, They are as
follows.

(1) Type of intermediate storage modules to use,

(2) Hardware configuration and method of data
transmission in the staging of relation pages from the mass
memory device to the intermediate memory modules (IMM).

(3) Hardware configuration and method of data
transmission in the accessing of relation pages from the
IMMs by the query processors,

(4) Hardware configuration and method of data
transmission between the query processors and the backend
controller processor, and between the host computer and the
backend controller processor.

Random access memory, associative memory, charge-
coupled memory, magnetic bubble memory, hard disk memory,
or floppy disk memory could be used for the intermediate
memory modules. To handle data transfer between the main
storage and the IMMs, and the IMMs and the query

processors, either multiport memory modules or a cross-
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point matrix switch could be used. Programmed I/0, direct
memory access (DMA), or memory module continuous data
broadcasting could theﬁ be used for actual data transfer.
For the initial design, multiport memory modules will
be used. Figure 22 shows the conceptional design approach,
This configuration will lend itself to easy modification in
many areas of the hardware architecture. These details
will be specifically discussed in a later section of this

chapter.

System Design

General Description. This Backend Multiple-Processor

Relational DBM computer system will consist of five main
components: a host computer, a backend controller
processor, a set of query processors, a set of dual-port
intermediate memory modules (IMM), and one or more mass
storage devices, A diagram of these components and their
interconnections is shown in Figure 23.

The host computer will handle all communications with
the users of the DBMS. Users will log onto a modified
version of Roth's Relational DBMS (Roth, 1979), and proceed
in the normal manner, When a user wishes to execute a
query, Roth's DBMS will format the already optimized user
query into a sequence of relational algebra operation
steps, called a "query packet", and then send it to the
backend controller processor over a communication link,

Query responseé are received by the host computer from the
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backend controller processor via DMA data transfer from
the BCP's disk storage. The query responses are then
subsequently passed back to the awaiting user,

The backend controller processor is responsible for
interacting with the host computer, controlling the query
processors, and handling the transfer of data between the
mass storage and the IMM devices. When the backend
controller processor receives a query packet from the host
computer, it will determine the number of query processors
that should optimally be assigned to the query packet,.
Before distributing the query packet to the selected query
processors, the backend controller processor will page, via
DMA data transfer, portions of the required relations into
the proper IMMs. During execution of the query packet steps
by the query processors, the backend controller processor
Wwill continue to supply needed relation pages for ?
processing in response to query processors's requests.

The function of each query processor is to execute the
steps of the query packet assigned by the backend
controller processor. The query packet is received from
the backend controller processor over a communication link
to the query processor(s). The query processors then
receive from the backend controller processor the address
of which IMM to access to process the query step (multiple
IMMs can either be permanently dedicated to each query
processor or dynamically assigned by the backend controller

processor). Intermediate query results (temporary
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relations) are written by the query processor out to
another IMM, also specified by the backend controller
processor.

To enable the support of both intra- and inter-query
concurrency of processing, the approach taken was to divide
each relation into fixed size pages and also divide the
memory into separately addressable memory modules having
the same size as a relation page. These relation pages are
then staged from the mass memory to the IMM modules and
also written back if updates were performed, Each query
processor will search an assigned page (staged in an IMM)
of a relation referenced in the query packet step. When a
query processor finishes searching one page of a relation,
it will then make a request to the backend controller
processor for the address of an IMM containing the next
pag% it should search. Once the address has veen received,
the query processor must be able to rapidly switeh to that
IMM device,

A relatively small page/IMM size shall be chosen. By
choosing a small page size, and having a large number of
IMMs, one will have a higher potential for concurrency of
processing. If the page size were too large then many of the
relations might fit on just a couple of pages. This would
limit the potential concurrency to just inter-query
concurrency instead of a mix of intra- and inter-query
concurrency. Another important reason for choosing a small

page size is to minimize the amount of internal
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fragmentation which occurs when a relation does not fit all
of the pages it occupies. This could result when N query
processors, each processing the same query operation,
generate a partially filled page for the resulting
temporary relation. On the other hand, one must realize
that by having relatively small page sizes, many more pages
Wwill have to be staged, resulting in a higher level of page
staging overhead for the backend controller processor.
Both the specific configuration of the system's
architecture (number of query processors) and the
characteristics of the database (size of relations) will be
determining factors in choosing a page size.

It is recommended that eight query processors and 48
IMMs be used in this implementation. Since both intra- and
inter-query processing is to be supported, anything less
than eight query processors would be insufficient in
supporting the concurrency concepts as described in the
Relational Data Model section of Chapter II. The
requirement of the number of IMMs is directly based upon
the number of query processors to be used. Forty- eight
IMMs are required for the following reasons. Eight IMMs
would always be under current access (one per query
processor); eight more modules would contain the next
page ready to be processed (anticipatory paging); 16 more
modules would be required in readiness to accept temporary
relation pages, and finally, 16 more modules (8 for current

pages and 8 more for next pages) would be required to
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contain a page of a relation which is to be joined with the
current page being accessed.

The bandwidth of the intercommunication scheme must be
very high. Dual-port intermediate memory modules (each
connected to a single query processor and to the backend
controller processor) would be suitable for a medium-scale
implementation, but for a very large configuration a cross-
point switch (each query processor is connected to all the
intermediate memory modules) looks to be the only feasible
interconnection scheme. Traditionally, the use of cross-
point switches.has been limited because of their high cost
and complexity due to the following requirements,

(1) High bandwidth between processors and memories for
addresses and data.

(2) Extremely fast switches to minimize the delay time
introduced by the switch in each memory access.

(3) Contention detection and resolution hardware to
handle simultaneous access of two or more processors to the
same memory bank.

However, recent research in the design of cross~point
switches specially built for use in backend multiple-
processor database computer systems is occurring, in which
these traditional limitations are being overcome (Dewitt,
1979: 398). These new designs are now making such an
approach a very viable solution for large scale

implementations; i.e. 64 processors x 384 memory modules.
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System Functions. The following three sections

identify the backend multiple-processor relational DBM

computer system's functions as they relate to the three

ma jor system components,

(1)
(a)

(b)
(c)

(d)

(e)

(f)

(2)

(a)

(b)

(c)

(d)

Host Processor

Convert the optimized query into a sequence of
relational algebra operation steps.

Construct a query packet message

Place the query packet message into a query
packet queue within priority of query.

Recieve query response messages from the backend
controller processor.,

Format query responses for shipment to the user.

Ship the query response to the awaiting user.

Backend Controller Processor

Access thc query packet queue and move the query
packet message into a query packet execute table,
Perform a security access rights check on the
user request. If access is unauthorized, reject
the user query.

Perform a validation check on the query. If the
query is incorrectly formatted, reject the

user query.

Examine a query packet and estimate the optimal
number of processors to allocate for processing
the packet; update the query packet execute
table.
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(e)

(f)
(g)

(h)

(1)

(3)

(k)

(1)

(m)

(n)

(p)

(3)
(a)

Perform staging of relation pages from mass
memory into the intermediate memory modules.
Assign a query packet to query processors.
Transmit query operations and relation's tuple
format to the query processcr,

Perform anticipatory staging of relation pages
from mass memory to the intermediate memory
modules.

Control the locking and unlocking of relations
to enable the updating of a relation.

Resbond to a "next-page"” request from a query
processor,

Respond to a "get-page m" request from a query
processor,

Perform the rewrite of relation pages from the
intermediate memory modules to mass memory.
Create new relations as a result of temporary or
permanent relations generated by the query
processors,

Delete relations which are no longer needed.
Print relations, i.e. access an entire relation
for its subsequent transmission back to a host's
user,

Perform a compaction/reorganization on a relation

to minimize page segmentation.

Query Processors

Recieve a query packet from the backend
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{(b)

{(c)

(d)

(e)
(f)

(g)

(h)

(V)
(2)
(3)
(4)
(52
(6)
(1)
(8)
(9)

controller processor.
Retrieve the "nexi-page'" address from the backend
controller processor.
Request the "next-page" address from the backend
controller processor.
Request a “get-page m" address from the backend
controller processor.
Switch to address of intermediate memory module
Access the contents of the intermediate memory
module,
Write temporary relation tuples into the
intermediate memory module.
Perform the following relational algebra
operations,

Select

Project

Join

Union

Modify

Add

Delete

Maximum Value

Minimum Value

(10) Count Value

(11

) Average Value




System Hardware Architecture. The architecture of

this backend DBM computer system is categorized in Bray's
classification scheme under the category entitled
"Multiple Processor - Indirect Search" and is also
categorized in Flynn's classification scheme under the
category entitled "Multiple Instruction Stream - Multiple
Data Stream (MIMD)." An architecture using a set of
processors and a data staging methodology enables the
system to be functionally designed to accomplish
concurrent processing of individual query operations from
one or more user queries, thus providing a greatly reduced
and now respectable response time to user queries made
against a large online data base.

The host computer, containing the user's application
software and, if a network member, containing the network
interface software, will be responsible for passing and
receiving queries to and from the backend controller
processor. To handle such a workload and not be a
bottleneck in communicating with the backend controller
processor, the host computer needs to support a
multiprogramming environment and be directly coupled to
the backend controller processor by sharing memory and
using direct memory access (DMA) data transfer. By using
DMA having a high bandwidth and using interrupt circuits,
a much greater speed of I/0 operations between these
computers can be achieved while at the same time freeing up

both CPUs to do more important processing instead of
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having to be tied up with executing routines that
determine I/0 device status.

The backend controller processor will contain the
major portion of the software written for the backend
system. The relationship between the backend controller
processor and the query processors will be a Master - Slave
relationship: the backend controller processor is the
master and each query processor is the slave. Since the
master has eight slave processors to keep busy,
instructions and data must be supplied to the processors
very quickly in order to uphold the high degree c¢f
parallelism desired. In order to quickly satisfy the query
processor requests for relation pages, the backend
controller processor will (a) be connected to each of the
query processors in an indirectly coupled fashion by using
channel-to~channel adapters having a high bandwidth, and
(b) be connected to each of the intermediate memory modules
in a directly coupled fashion using DMA transfer between
the mass storage device(es) and the IMMs. Since messages
between the backend controller processor and the query
processors, though frequent in nature, will be quite small
in size, programmed I/0 (from BCP to QP) and interrupt I/0
(QP to BCP) using a channel connection (one for each QP)
will be quite sufficient. On the other hand, relation
pages being staged to and from mass storage and the IMMs
will be both frequent and relatively large in size, thus

requiring the use of DMA transferring. A number of the
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primary software functions will be interrupt driven by the
query processors.

The query processors will be responsible for the
processing of existing relations and the generation of new
relation pages (for both temporary and final relations),.

A microprocessor will be used for each of the query
processors, each containing enough local memcry to contain
its software plus working storage.

Since the query processors and the backend controller
processor both require access to the IMMs, a dual-port IMM
device will be used. Each query processor will have access
to six of these dual-port IMMs. Since the query processors
will function as slaQe processors to the backend controller
processor, the case will never occur where a query
processor and the backend controller processor both
concurrently try to address the same IMM, The query
processor will always be told in advance which IMM to
access,

The intermediate memory modules may be built using
content-addressable memory (CAM), charge-coupled memory
(CCD), magnetic-bubble memory (MBM), random-access memory
(RAM), or disk memory. The requirement of having dual-port
access to the IMM is the only requirement which must be
net,

System Support Software. The system software for

these three comp