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1. Introduction 

Since the early 1970s the complexity of conventional database management 
systems has gradually increased by i)  the number and size of databases, i i )  the 
number and type of application programs, and iii) the number and type of on- 
line users. For example, among the estimated 20,000 U S .  Government 
databases, the patent office has a database of 65 billion characters and a query 
retrieval of one item every 24 seconds (Hsiao, 1983). As another example, the 
Ballistic Missile Defense System requires a distributed and dynamic database 
which can maintain and upgrade itself in a complex and rapidly evolving 
battle ground. The system should be able to perform about 60-120 million 
operations per second to verify, trace, classify and eliminate a threat (Fletcher, 
1984). It is projected that by 1995 the Defense Mapping Agency will have a 
database of IOl9 bits supporting 1000 on-line users needing I O l 4  bits each 
(Mahoney, 1981). 

Conventional systems using typical software approaches fail to meet the 
requirements of the aforementioned applications. A software implementation 
of direct search on an IBM 370/158 can process approximately 100,000 
characters per second. But even if this speed could be increased tenfold, it 
would take 18 hours to search the 65 billion characters in the U.S. patent 
office’s data file system. 

To avoid the need for an exhaustive search, most existing software systems 
are based on an indexing mechanism. An indexed system improves perfor- 
mance by means of a sophisticated software system and additional redundacy 
of data. Nevertheless, this has created some additional problems: the indexed 
structures require extra storage for the indices. It has been estimated that in a 
fully inverted file, the space needed to store the index ranges from 50% to 300% 
of the size of the database itself (Bird et al., 1977; Haskin, 1978). In addition, 
the use of a directory creates complexity in the search, update, and delete 
algorithms. In fact, indexing merely shifts the processing burden from 
searching to merging of pointer lists, and so it offers only a partial solution in 
terms of the efficiency of database operations. 

The inefficiency of conventional systems in handling large databases can be 
associated to the existing semantic gap, computation gap and size gap. These 
gaps stem from the fact that i)  conventional systems by their very nature are 
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sequential machines, i i )  a conventional ALU is structured for numeric 
computations ( e g ,  the CRAY-1 is able to perform 250 million floating point 
operations per second, while it  can not handle more than 15 million characters 
per second), and finally iii) the memory hierarchy has a passive role in the 
organization and hence there is a massive amount of data movement between 
processing elements and storage units. Therefore, there is a great need to 
design and develop new approaches specialized to the demand of a database 
environment. 

Since the mid 1970s a great deal of effort has been directed towards the 
design of special-purpose architectures for efficient handling of large database 
systems, namely Data Base Machines (DBMs). Hsiao (1980) examined the 
motivation for the move to an architectural approach and Demurjian ef ul. 
( 1  986) looked at the issue of performance evaluation of such machines. Recent 
advances in technology have forced drastic changes in the architectural 
aspects of these machines. According to the current state of the art, i t  is 
possible to have a complexity of 10’ transistors together on a chip, and it  is 
anticipated that by 1990, this complexity will be improved by an order of 
magnitude. Nevertheless, with the exception of memory organization, the 
great potential of such a development has not yet been fully exploited. Such a 
gap between theory and practice is partially due to the lack of suitable 
architectures and algorithms for hardware implementation. The hardware 
algorithms should reduce the communication requirements, as well as the 
computation throughout the chip by replication of a few basic operations in 
time or space. This implies simplicity, regularity and modularity in the design 
of an architecture. 

Recent database machines proposed in Bonuccelli et ul. (1985), Eich (1987), 
Gajski et ul. (1984), Garcia-Molina et al. (1984), Hurson (1981), Kung and 
Lehman (1980), Lehman (1986), Oflazer and Ozkarahan (1980), and Song 
(1980) are attempts to design systems based on the constraints imposed by the 
technology. These systems are highly regular and simple in nature and hence 
suitable for VLSI implementation. However, adaptability and performance of 
these models for dynamic large databases have to be studied in more detail. 

In this paper, our primary goal is to examine the impact of current tech- 
nology on the design of special-purpose database machines. To accomplish 
this end, we present a new classification scheme that incorporates the suitabil- 
i ty of the design for use with current technology. We initiate the discussion 
by looking at what makes a good classification scheme and by briefly dis- 
cussing several of the schemes that have appeared in the literature. 

Finally, we use our classification scheme to provide a survey of the DBMs 
that have appeared in the literature. The survey focuses on the adaptability of 
the designs to current technology. Earlier surveys of DBMs centered around 
what we will call “historical machines” (Ambarder, 1985; Qadah, 1985; Smith 

AA/SWA Ex. 1013, p.3 of 45 
American Airlines, et. al. v. Intellectual Ventures, et.al. 

IPR2025-00785



110 A. R.  HURSON et a /  

and Smith, 1979). These machines are of historical significance, but in light of 
current technology seem to be of little value as potential future designs. How- 
ever for the sake of completeness they will be briefly discussed. Our primary 
emphasis in this paper is on designs more suited to current technology. 

In the next section, we examine previously proposed classification tech- 
niques, discuss their weaknesses, and propose a new scheme which we feel is 
more appropriate for examining novel architectures. Section 3 covers the 
DBMs based on our proposed classification. 

2. Classification of Database Machines 

Since the late 1960s, different researchers have attempted to classify various 
proposed or designed computer architectures (Feng, 1976; Flynn, 1966; 
Handler, 1982). Flynn (1966) has classified the concurrent space according to 
the multiplicity of instruction and data streams. According to Flynn's 
classification the computer architectures fall into four groups: SISD (Single 
Instruction stream-Single Data stream), SIMD (Single Instruction stream- 
Multiple Data stream), MISD (Multiple Instruction stream-Single Data 
stream) and MIMD (Multiple Instruction stream-Multiple Data stream). 
Unfortunately, Flynn's classification does not address the interactions among 
the processing modules and the methods in which processing modules in a 
concurrent system are controlled. As a result one can classify a pipeline 
computer as an SISD machine, since both instructions and data are provided 
sequentially. Handler (1982) has defined the concurrent space as a three- 
dimensional space t = ( k ,  d ,  w )  in which 

k 
d 

w 

is the number of control units interpreting a program. 
is the number of arithmetic and logic units (ALUs) controlled by a 
control unit. 
is the word length or number of bits handled in one of the ALUs. 

According to this classification a von Neumann machine with serial or parallel 
ALUs is represented as ( 1 ,  1 ,  1 )  or ( 1 ,  1 ,  M ) ,  respectively. To represent 
pipelining at different levels (e.g., macro pipeline, instruction pipeline and 
arithmetic pipeline), and to illustrate the diversity, sequentiality and flexibility 
or adaptability of an organization, the above triplet has been extended by 
three variables (e.g., k', d', w ' )  and three operators (e.g., +, *, v ) where 

k' represents the macro pipeline-the number of control units inter- 
preting tasks of a program, where the data flow through them is 
sequential. 

AA/SWA Ex. 1013, p.4 of 45 
American Airlines, et. al. v. Intellectual Ventures, et.al. 

IPR2025-00785



PARALLEL ARCHITECTURES FOR DATABASE SYSTEMS 111 

d’ 

w ’  

+ 
* 
v 

represents instruction pipeline-the number of functional units man- 
aged by one control unit and working on one data stream. 
represents arithmetic pipe-the number of stages. 
represents diversity-existence of more than one structure. 
represents sequentiality-for sequentially ordered structures. 
represents flexibility or adaptability-for reconfigurable organization. 

According to this extension to Hindler’s notation, the CDC 7600 and DAP 
are represented as 

(15 * 1, 1 * I ,  12 * 1) * ( 1  * 1. 1 * 9,60 * 1 )  
and ( 1  * I ,  1 * 1, 32 * 1 )  * [(I * 1. 128 * I ,  32 * 1 )  v ( 1  * 1,4096 * 1, 1 * l)], 

respectively. 

These classifications suffer from the fact that either they do not uniquely 
identify a specific organization, or they cannot thoroughly determine the 
interrelationships among different modules in an organization. 

In general a classification scheme should 

( i )  Categorize all existing as well as foreseeable computer designs. 
(ii) Differentiate essential processing elements. 

(iii) Assign an architecture to a unique class. 

As one can discuss, these efforts are directed to i )  generalize and identify the 
characteristics of different designs, i i )  formulate a systematic mechanism by 
which different designs can be analyzed and compared against each other, and 
i i i )  define a systematic mechanism to transform the solutions from one design 
to other designs. 

The research on design and development of database machines during the 
past two decades has resulted in a large body of database machines with 
different architectures, characteristics, specifications, and target applications. 
These database machines are interrelated in many ways and share common 
characteristics. Through a classification and taxonomy of database machines, 
one can provide grounds for a basic understanding and a unified view of the 
body of research on database machines. Thus, by knowing the class in which a 
particular machine belongs, one can make intelligent decisions and deductions 
with regard to that machine without knowing its specific characteristics. 
Within this framework several classifications of database machines along with 
their general characteristics are discussed. 

Hsiao ( 1980) classified databases into two general categories, namely 
formutted and unfbrrnatted structures. Formatted databases are mainly time- 
variant entities and are subject to extensive alteration as well as search 
operations. Unformatted databases (bibliographic or full text) are archival in 
nature and are processed by searching for a pattern or a combination of 

AA/SWA Ex. 1013, p.5 of 45 
American Airlines, et. al. v. Intellectual Ventures, et.al. 

IPR2025-00785



112 A.  R.  HURSON et a / .  

patterns. As a result, operations on the formatted databases are based on the 
contents of the attribute values of the records, while in the unformatted 
databases the patterns are unpredictable combinations of terms and words. 
The major theme of this paper centers around the formatted databases. Hence, 
we use the terms database and database machines to refer to the formatted 
database as the underlying data structure. The literature has addressed several 
classifications of database machines. In the following, these classifications 
along with their general characteristics are discussed. 

2.1 Rosenthal’s Classification (1977) 

This classification categorizes the database machines according to their 
functions in a computing system into three groups: Smart peripheral systems, 
large backend, and distributed network data node (Rosenthal, 1977). A smart 
peripheral system at the low end is an intelligent controller for conventional 
rotating storage, which mainly moves some of the access method functions 
from the mainframe to the controller. At  the high end it represents a controller 
capable of handling database operations at the secondary storage level. Such 
an architecture can be organized to perform database operations on a unit of 
data (i.e., data on the fly) or on several units of data (i.e., logic per track). This 
concept is a solution for the data communication problem, which eliminates 
one aspect of the 90-10% rule. 

A large backend system is a semi-autonomous special-purpose unit, which is 
closely coupled to a general-purpose host machine, and has access to the 
databases. Its function is to provide database management services for the 
host machine. Higher performance due to overlapping between operations in 
the backend and frontend machines, reducing the semantic gap due to the 
hardware implementation of the database primitive operations at the backend 
module, and reducing data transportation are the major thrusts of this 
architecture. However, one has to pay a penalty for lower reliability and 
performance due to the added processing module(s) and inter-communication 
among them. 

A distributed network data node is a loosely coupled autonomous 
processor which is an element in a network consisting of both general- and 
special-purpose processors. This topology is an extension of the backend 
approach where a database processor is shared with a group of processors in 
the network. Such an architecture bears the advantages of the backend design 
with a better utilization of the database processor. However, it enforces a 
complicated intercommunication protocol among the network nodes and a 
more complex and sophisticated mechanism to distribute and share the 
processing power of the database processor among different network 
elements. 
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2.2 Berra’s Classification (1977) 

Berra has classified the research on database machines into hatkend systems, 
logic in memory, and large associative processors (Berra, 1977). A backend 
system in this classification has the same configuration and characteristics as 
discussed by Rosenthal. A logic-in-memory system essentially matches the 
“high end” of the smart peripheral system class in the previous classification. It 
is based on the logic-per-track concept proposed by Slotnick (1970). 

A large associative processor performs database operations in associative 
fashion, acting as a backend processor or as a stand-alone unit. High 
performance, flexibility, and elimination of the name mapping resolution 
problem (due to the embedded parallelism in the architecture and content 
addressability of the data) are major advantages of this approach. However, 
the existing size gap between size of databases and the capacity of associative 
memories enforces the use of a partitioned data set mechanism. In addition, 
high-speed associative processing requires parallel 1 / 0  operations and a 
sophisticated buffering scheme between back-up storage and the associative 
processor. 

2.3 Champine’s Classification (1978) 

According to this classification, database machines are grouped as backend 
processor for a host, intelligent peripheral control unit, network node, and 
storage hierarchy (Champine, 1978). The first three groups have the same 
definitions as the three groups discussed by Rosenthal. Storage hierarchy is 
based on the old concept of memory hierarchy and virtual memory, which has 
been proposed to overcome the existing size gap and access gap found in 
conventional systems. I t  should be noted that the efficiency of this approach is 
heavily due to locality of references in the database, which can be achieved at 
the expense of higher data dependence (i.e., partitioned data set). 

2.4 Hsiao’s Classification (1980) 

Hsiao ( 1  980) has classified database machines into three groups, namely the 
cellular logic approach, the ussociatioe array approach, and the junctionally 
specialized approach. The cellular logic approach falls at the high end of the 
intelligent controller systems category. In this approach, a cell is the basic 
building block with some storage capacity and ability to perform database 
operations on its data set. The associative array approach is the same as the 
large associative processor discussed before. The functionally specialized 
approach is a cluster of specialized units, each with considerably different 
processing speeds and memory capacity requirements. This approach allows 
the construction of a relatively well balanced computer to overcome the 
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existing bottlenecks by providing each component with the right amount of 
processing power and memory capacity. 

2.5 Su’s Classification (1980) 

This classification groups database machines into four classes cellular 
systems, high-speed associative systems, integrated database machines, and 
backend computers (Su et al., 1980). The first three are similar to Hsiao’s 
definition and the last one is the same as the backend systems in previous 
classifications. 

These classifications are similar in that for the most part they are based on 
how the database machines in a computing environment will be used, but they 
reveal nothing about the characteristics or architecture of such machines. 
Bray and Freeman (1979) have proposed a two-dimensional database space 
based on the degree of parallelism and the location where the data is searched. 

2.6 Bray and Freeman’s Classification (1979) 

According to this classification database machines are grouped into five 
categories: single processor indirect search, single processor direct search, 
multiple processor direct search, multiple processor indirect search, and multiple 
processor combined search (Bray and Freeman, 1979). Direct search processing 
implies the ability to search database at the secondary storage level, while 
indirect search represents the fact that data needs to be transferred to an 
intermediate storage media before the search can be conducted. 

Single processor indirect search (SPIS) represents the conventional von 
Neumann type architecture with no degree of parallelism. Naturally, such an 
architecture bears all the aforementioned deficiencies in handling large 
databases. Single processor direct search (SPDS) represents a conventional 
system enhanced by searching capability at the secondary storage. As a result, 
only the desired records or their specified parts are sent to the host. Multiple 
processor direct/indirect search (MPDS/MPIS) machines represent parallel 
versions of SPDS/SPTS organizations. A MultiProcessor Combined Search 
(MPCS) is a combination of the MPDS and MPIS organizations, in which 
search is performed on the data loaded into intermediate storage, while mul- 
tiple processing units are assigned to the blocks of intermediate storages. It 
is clear that this classification is general enough to cover the previous classi- 
fications. Table I summarizes the relationships between the classifications. 

2.7 Song’s Classification (1983) 

Song (1983) has defined database machines as computer systems that are 
enhanced by special-purpose logic for handling database operations. With 
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TABLE I 

RELATIONSHIPS AMONG DIFFERENT CLASSIFICATIONS OF DATABASE MACHINES - 
Bray & Rosenthal Berra Champine Su et a/. Hsiao Song 

Freeman (1980) (1977) (1977) (1978) (1980) (1980) (1983) 
Qadah 
(1985) 

~~ ~~ 

SPDS Smart peripheral - Intelligent - - Logic at secondary SOSD with relation 
system peripheral storage with static indexing on the disk 

control unit allocation (sequential search 
operation) 

SPIS Large backend Backend Backend - - Logic at primary storage SOSD with relation or 
processor system processor with static allocation page indexing off disk 

(sequential operation) search 

MPDS Smart peripheral Logic in Intelligent Cellular Cellular Logic at secondary MOMD,'SOMD with 
system memory peripheral logic logic storage with relation indexing on 

control unit staticidynamic disk search 
allocation (Parallel 
Operation) 

MPlS Large backend Backend Backend High-speed Associative Logic at primary memory MOMD,'SOMD Nith 
processor system; processor associative array with static:'dynamic relation or page 

large system/ allocation (Parallel indexing off disk 
associative backend Operations) search 
processor system 

M PCS Distributed net- - Network node Integrated Functionally Logic at primary M O M D  SOMD Hith 
work data database specialized secondary memory relation or page 
node machine system with static, dyndmic indexing on off 

allocation Medium to hybrid sedrch 
high level of parallelism 
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such a view, he has classified these machines according to three parameters: 

( i )  The place where hardware logic is applied. This could be either at (close 
to) secondary storage or at primary memory. 

(ii) Allocation of logic to storage unit. This could be static or dynamic. 
Naturally, a dynamic allocation offers better resource utilization. 

(iii) Degree of logic distribution, which defines the number of storage 
elements associated with each processing unit. This parameter rep- 
resents the degree of parallelism, and hence it directly affects the 
performance. 

2.8 Qadah’s Classification (1985) 

Qadah (1985) has extended Bray and Freeman’s database space by a third 
dimension, namely indexing level. The coordinates of this database space are 
the indexing level, the query processing place, and the processing multiplicity. 
The indexing coordinate represents the smallest addressable unit of data. 
Along this coordinate database machines can be grouped into database 
indexing level, relation indexing level and page indexing level. The query 
processing place determines the location where data is searched. This could be 
off the secondary storage, on the secondary storage, or a hybrid of both. The 
third coordinate represents the degree of parallelism. Along this coordinate we 
can group database machines into single operation stream-single data stream 
(SOSD), single operation stream-multiple data stream (SOMD), and multiple 
operation stream-multiple data stream (MOMD). 

2.9 Boral and Redfield’s Classification (1985) 

Boral and Redfield (1985) have proposed a classification based on two 
components: a catalog and an anatomy. The catalog describes and discri- 
minates among the DBMs using several parameters. It can describe a DBM 
and provide an overview of its working mechanisms. The anatomy systemat- 
ically describes the architecture and hardware organization of a DBM. Due to 
the fact that we view the scheme more as means of describing the hardware 
thanas a general classification, we have chosen not to attempt to integrate it 
into the remainder of the discussion. 

2.10 A New Classification 

During the past 35 years, the transition from vacuum tubes to VLSI has 
increased the processor speed by four orders of magnitude, and has reduced 
the logic circuit size and memory cell size by factors of 500 and 6400, 
respectively (Block and Galage, 1978; Klass, 1984). For example, the first 
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electronic computer, ENIAC, consisted of 18,000 vacuum tubes and 15,000 
relays. The U-shaped computer was 100 feet long and nearly 9 feet high and 
weighed over 30 tons. ENIAC was able to perform merely 5000 additions or 
subtractions per second. By comparison, with the strong emergence of VLSI 
technology, today an entire 32-bit microprocessor or a 1 M-bit RAM memory 
can be incorporated into a single chip. The reduction in the gate switching 
delay and wire length on the one hand and miniaturization of circuits on the 
other hand has a direct effect on the clock rate and hence in closing the 
computation gap. In addition, such a trend has increased the sophistication of 
the supporting software and the migration of the software functions into 
hardware. 

In the late 1960s Moore predicted that component density on a chip would 
quadruple every three or four years (Mukherjee, 1986). This is partially due to 
the development of high-resolution lithographic techniques, increases in the 
size of the silicon wafer, and growth of the accumulated circuits and layout 
design issues leading to an improved architecture capable of exploiting the 
technology. However, as improvements in technology approach the limit (the 
speed of light), Moore’s law is no longer applicable and the emphasis is shifted 
in the direction of advances in system architecture and organization. 

Migration of software functions into hardware, combined with advances in 
the technology’s intrinsic speed, have reduced the computation gap. How- 
ever, there has always been the need for much more computer performance 
than is feasible with a simple straightforward design. For example, there 
currently exist several projects with requirements of lo9 instructions per 
second (e.g., 1 ns per instruction) balanced against technologies that are 
approaching the speed-of-light transmission limitation (e.g. 30 cm/ns). To 
overcome these limitations, computer designers have long been attracted to 
designs in which the computer hardware is simultaneously processing more 
than one basic operation-i.e., concurrent systems. Within this general 
category are several well recognized techniques: parallelism, pipelining, 
multiprocessing and distributed proccessing. However, a discouraging aspect 
of these activities is the lack of extensive published knowledge regarding the 
rationale for various designs, or comparing the results achieved by various 
approaches. 

The aforementioned classifications of database machines do not address the 
effect of the advances in technology on the architecture and adaptability of a 
specific architecture for the current and foreseeable technology. We believe 
such a parameter should be used as a coordinate of the database space. Recent 
developments in technology have influenced the architecture of database 
machines in two directions: 

( i )  Reconfiguration and reevaluation of the previously designed database 
architectures according to the constraints imposed by the technology. 
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The evolution of R A P  (Oflazer and Ozkarahan, 1980; Schuster et al., 
1979) demonstrates the validity of this discussion. 

(ii) The design of new architectures based on the constraints imposed by 
the technology (Bonuccelli et al., 1985; Eich, 1987; Gajski et al., 1984; 
Hurson, 1981; Kung and Lehman, 1980; Song, 1980). 

The classification of database machines based on their architectural 
characteristics and technology allows one to 

(i) Group the machines with common architectural characteristics into 
one class. Thus, a solution for a particular fundamental problem based 
on a specific machine or technology can be easily extended and applied 
to the other machines within the class. For example, a practical 
solution to the chip 1 /0  pin limitation problem can be extended to 
other VLSI-based database machines; 

(ii) Pinpoint the weak and strong points of each machine architecture 
based on comparing it to similar (intra-class) and different (inter-class) 
machines. Such a study results in a good set of parameters and tools for 
evaluating existing and future machines. For example, the tree- 
structured database machines are especially suited for sorting and 
searching operations, but are not necessarily efficient for performing 
the join operation. On the other hand, associative-based architectures 
are proven to be efficient for many database operations, but are 
prohibitively expensive to develop. Therefore, the tree-structured 
database machines should be compared and evaluated based on their 
efficiency in handling the join operation. The associative-based 
database machines should be evaluated based on how effectively they 
can handle large files using associative memories. In addition, an 
architectural classification of database machines allows the designers 
of new database machines first to match their specifications and 
hardware requirements with one of the existing classes and then to 
proceed with their specialized architecture if a perfect match is not 
found; 

(iii) Anticipate the future trends and the new developments in the field of 
database machine design. We witnessed the trend in the use of 
associative memory technology in the design of database machines in 
the 1970s. The impact of current technology on the design of database 
machines in the 1980s is quite obvious by the attempts to use systems 
with systolic array characteristics. 

For our architectural classification of database machines we propose 
adding a fourth dimension to Qadah’s classification, creating a database space 
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of the following four coordinates: technology adaptability, degree of parallel- 
ism, query processing place, and indexing level. According to these parameters 
one can characterize an architecture based on its ability to handle i)  compu- 
tation gap, i i)  semantic gap, iii) size gap, iu) data transmission, and u )  name 
mapping resolution. 

The indexing level determines the smallest accessible unit of data. Such a 
coordinate determines name mapping resolution and the proper protocol 
which one should take to enforce the security and guarantee the system’s 
integrity. The query processing coordinate illustrates the capability of the 
design in handling the data transmission problem. I t  is characterized by the 
following four classes: searching at the secondary storage, searching close to 
the secondary storage, indirect search, or a combination of the previous three. 
The degree of parallelism describes an architecture’s ability to close the 
computation gap. Along the technology adaptability coordinate, database 
architectures are characterized as high-, semi- or low-adaptable designs. Due 
to continued advances in device and storage technology, the adaptability issue 
is measured with respect to these two parameters. 

3. Database Machines 

The overall structure and organization of several database machines will be 
examined with respect to the parameters of the new classification. In addition, 
in our evaluation we will consider the flexibility of a design for different 
database operations. In other words, we will look at whether an architecture 
requires different modules for basic database operations or a module can be 
used to carry out different basic operations. I t  should be noted that in this 
study we concentrate on the architectures that utilize the relational data 
model, and hence basic database operations refer to the relational algebra 
operations. 

This section is divided into three subsections, based on the adaptability of 
database machines to current technology. The first subsection examines some 
of the “low adaptable” organizations. These machines were generally reported 
before the widespread application of the current advances in technology. In 
addition, the literature has not examined their potential for the current 
technology. The second subsection addresses those machines that have not 
been designed according to the constraints imposed by the technology. 
However, some efforts have been made to modify and adapt their designs for 
current technology. Finally, the last subsection addresses the machines that 
are designed for current technology-i.e., their topologies bear the constraints 
imposed by technology. 
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3.1 Low VLSI-Compatible Database Machines 

The machines in this class represent the early DBM architectures. These are 
architectures that were primarily concerned with establishing the conceptual 
feasibility of DBMs. However, we should note that some of these designs are 
inherently adaptable to the current advances in device technology. The gen- 
eral trend of these designs was primarily based on associative operations. They 
can be classified as fully parallel or block-oriented associative organizations. 

3.1.1 Fully Parallel Associative Architecture 

The first special-purpose processor for handling non-numeric operations 
was designed by Lee and Paul1 (1963). This bit-parallel word-serial hardware 
machine is composed of an array of identical cells. Each cell is a small finite- 
state machine which can communicate with its neighbors. The array is 
controlled via a set of programming commands broadcast among all the cells 
by a controller. Each cell includes a set of bistable devices called cell elements. 
Cell elements are divided into cell state elements and cell symbol elements. Cell 
symbol elements hold a bit pattern corresponding to a character in the 
alphabet. There also exists a matching circuit which matches the bit pattern 
broadcast by the controller and the bit patterns stored in each cell. Data is 
organized as a single string of symbols divided into substrings of arbitrary 
lengths by delimiters. The system is suitable for text retrieval operations, but 
because of the hardware cost of the memory, the memory size could not be 
large enough for handling databases. In order to overcome the propagation 
timing problems, Gaines and Lee (1965) redesigned the logic circuitry. The 
new design was able to perform simultaneous operations of shifting and 
marking strings, but the cost was high for practical implementation. In the 
early 1970s some new hardware for handling databases using associative 
processors was designed (Defiore and Berra, 1973; Linde el a!., 1973; Moulder, 
1973). These systems are able to perform the operations in “bit slice” fashion. 
That is, parallel operations are performed on one bit of all words at a time. In 
each approach, a critical assumption has to be made that the entire data file 
can fit into the associative memory. Comparisons between an associative- 
processor-based architecture and a similar von Neumann architecture have 
shown the superiority of associative processors over the von Neumann design 
with respect to retrieval, update and storage operations (Berra, 1974). Defiore 
and Berra (1973) have shown that associative processors need to use 3 to 15 
times less storage compared to a database system using inverted list orga- 
nization. Moreover, the response time is 10 times faster. 

The system implemented by Moulder (1973) is a typical design of a database 
system based on an associative processor. The system is restricted to moderate 
size databases (6 x 10’ bits). This system, is composed of a general-purpose 
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computer (Sigma 5 )  augmented by a four-array STARAN computer 
(Rudolph, 1972). The database is subdivided into a fixed size sector. A sector is 
read in and will be searched. Then the system reads in another sector and 
performs the same search, continuing in this fashion until the entire database is 
searched. 

The system designed by Linde et u1. (1973) IS an integrated associative 
computer. This system is composed of two associative processing units with 
2K,  256-bit elements, which are linkcd to an IBM 370/145. 

I t  is worthwhile to mention that, besides the above special-purpose designs 
based on associative processors, there are some general-purpose associative 
processors. STARAN is an example of such a system (Davis, 1974, 1983; 
Rudolph, 1972). I t  is composed of an associative array processor (one to 32 
modular associative processor) with an interface (custom interface unit) to the 
users. It  also has a conventionally addressed control memory for program 
storage and data buffering. Control signals generated by the control logic unit  
are fed to the processing elements in parallel, and all processing elements 
execute the instruction simultaneously. The STARAN symbolic assembler 
language APPLE provides a flexible and convenient assembler for program- 
ming without the complex and costly indexing, nested loops, and data manip- 
ulation constructions required in conventional systems. 

3.1.2 Block-Oriented Database Architecture 

In the late 1960s, Slotnick (1970) proposed the “Logic per Track” concept. 
This idea, which has served as the guideline for a large number of proposed 
hardware designs, is simply based on assigning a read/write head to each track 
of a disk. Later on, this concept was enhanced by adding more logic to each 
read/write head (cell) and hence the cellular organization. The general 
philosophy behind the proposed architectures based on Slotnick’s idea is the 
selection of tuples at the secondary device level. These cellular organizations 
are composed of a set of identical cells supported by a general-purpose 
computer. Each cell acts as a small computer, capable of performing some 
basic operations on the data residing in its memory. As a result, just a subset of 
data is selected and transferred to the frontend machine (e.g., the solution to 
the data transmission problem). Figure I shows the general diagram of a 
cellular organization, in which N processors (PI, Pz,  . . . , P,) are controlled by 
a controller and to each processor P, a memory Mi is assigned ( I  I i 5 N ) .  

A Loyic Per Track Retrieval Sjwtem is a fixed-head disk with a logic chip 
attached directly to each read/write head (Parker, 1971). Each head is allowed 
to search for a fixed key, use garbage collection on the track, and insert, and/or 
delete a record and/or a key. Since there is no communication path between 
heads, the maximum length of each record is logically restricted to the size of a 
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e tracks is divided into three groups: holes, keys, an’ 
data record. Moreover, each record should be preceded by a set of mark bits 
for more complex instructions which require more than one disk rotation. 

R A P I D  (Rotating Associative Processing for Information Dissemination) is 
an array of identical cells controlled byacontrol unit (Parhami, 1972). RAPID 
is based on Slotnick’s idea and Lee’s machine (Lee and Paull, 1963). This 
combination will reduce the cost of memory (compared to Lee’s memory) at 
the expense of execution time. Information on the tracks is in bit-parallel 
word-serial format. The strings of data, which are stored on the secondary 
memory, are read into the cell storage one character at a time, processed and 
stored back. Since data is handled one character at a time, each character 
should have some control storage associated with it to store the temporary 
result, similar to the one proposed in Lee’s design. 

C A S S S  (Context Associated Segment Sequential Storage) is another non- 
numeric-oriented system based on a cellular organization, augmented by a 
fixed-head disk (Healy et al., 1972). Data files are partitioned into segments of 
equal length, one segment per track. Data is organized in bit-serial word-serial 
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fashion. Each record is of variable length, and is preceded by a set of control 
bits for storing the intermediate results. CASSS is also capable of performing 
non-numeric operations, which includes automatic garbage collection. 

C A S S M  (Context Addressed Segment Sequential Memory) is a database 
machine capable of handling the hierarchical data model, as well as the 
relational and network data models (Su, 1979). Data is stored in a bit- 
serial word-serial fashion. One particular feature of CASSM is that each 
processing element can directly communicate with its adjacent neighbors. 

R A R E S  (Rotating Associative RElational Store) uses a very different 
organization from CASSM and RAP (Lin et al., 1976). Tuples are laid out on 
the secondary storage device across the tracks, rather than along the tracks 
(bit-serial byte-parallel fashion). Each set of tracks used to store a relation in 
this fashion is called a band. The number of tracks in a band is a function of 
the size of tuples in the relation. In this design a cell will be assigned to each 
band, which can overcome the inefficiency of previously mentioned cellular 
organizations, at the expense of slower execution time and additional hard- 
ware for association of cells to bands of different sizes. Another special fea- 
ture in this system is the elimination of mark bits associated to each tuple 
stored on the secondary storage, since mark bits are implemented in the cells 
(search modules) rather than on the secondary storage. 

According to Qadah’s classification the aforementioned machines can be 
classified as SOMD architectures. However, the Search Processor for data- 
base management systems proposed by Leilich et al. (1977) belongs to the 
class of MOSD machines. 

A slightly different design than the logic-per-track DBMs, namely CAFS 
(Content Addressable File Store) (Babb, 1979), was proposed in the late 
1970s. CAFS utilizes a data filter between the disk storage device and the host 
computer, which screens the data before sending i t  to the host. Its hardware 
reads out up to 12 tracks simultaneously and then multiplexes the data as 
input to multiple processing elements each executing a different operation. 

3.2 Semi VLSI-Compatible Database Machines 

3.2.1 RAP-Relational Associative Processor 

The Architecture of RAP was proposed in 1975 (Ozkarahan et al., 1975). 
However since then, in order to increase its compatibility with the advances in 
technology, i t  has undergone several revisions (Oflazer abd Ozkarahan, 1980; 
Schuster et ul., 1979). Originally RAP was based on the concept of logic per 
track proposed by Slotnick (1970). It is a collection of identical and auton- 
omous processors (cells) communicating with a general- purpose frontend ma- 
chine through a controller (Fig. 2). As the memory rotates under the read/ 
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write heads, tuples are read into the buffer and circulated through the cell’s 
logic and written back on the track after a delay. As a result, memory tracks 
are searched in parallel in associative fashion, and hence the execution time 
is independent of the size of the database and is a function of the rotation 
time and the number of rotations required to execute a query. 

The development of the rotating memory technology and the complexity of 
the controller to synchronize and coordinate the operations within the cells 
have shown that such a simple concept is not economically feasible. In  
addition, i t  has been shown that this model has very low performance in 
handling inter-relational operations such as the join (Oflazer, 1983). These 
deficiencies have evolved the RAP architecture into RAP-2 and RAP-3, where 
system dependence on a specific secondary technology has been reduced. In 
addition, the functionality and flexibility of each cell has been upgraded 
through the concept of microprogramming. Finally, special algorithms have 
been devised for efficient handling of “hard” database operations (Oflazer, 
1983). However, the compatibility of the system to the recent advances in 
technology has to be studied in detail. 

3.2.2 A Database Computer (DBC) 

The database computer (Banerjee et al., 1978, 1979) is a specialized 
backend system capable of managing 109-10’0 bytes of data represented in 
different data models. In addition, it has a built-in support for security, and 
different relational operations. 

DBC uses two forms of parallelism. First, an entire cylinder is processed in 
parallel. Second, the system performs queries in a pipeline fashion by separate 
units around two rings (Fig. 3): the structure loop and the data loop. The 
function of the structure loop is to translate predicates in the query into 
physical addresses of the minimal addressable units (cylinders). 

Along the structure loop the keyword transformation unit transforms the 
request into a series of indices to the structure memory. The structure memory 
is an inversion table for the database; it produces the logical address of data 
required to answer a request. The structure memory information processor 
then uses the output of the structure memory to perform boolean operations 
on these logical addresses. The index translation unit then translates the 
logical addresses into physical addresses. These physical addresses are used to 
access the data residing on the mass memory. Finally. the security filter 
processor is used to enforce the security specifications. 

VLSI compatibility of the join operation has been evaluated and discussea 
by Hsiao (1983). The major drawback of this system is its performance for 
large databases. The performance analysis of this system in supporting 
relational databases shows that a general-purpose machine can perform better 
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FIG. 3.  DBC organization. 

than DBC (Oflazer and Ozkarahan, 1980). Furthermore, since the system 
relies on the concept of index processing, the same complexity of algorithms 
and data dependence in conventional systems will exist in DBC, which could 
affect the performance. 

3.2.3 DIRECT-A Multiprocessor Backend Database Machine 

Specific features which distinguish this architecture from the other database 
machines are based on the fact that i )  DIRECT is an M I M D  organization, and 
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i i )  i t  can dynamically allocate resources to the queries. As a result, it can 
simultaneously support intra-query and inter-query concurrency. Since the 
late 1970s its architecture has been under study and evaluation (Bitton et al., 
1983; Boral er ( I / . ,  1982; Boral and DeWitt 1981; DeWitt 1979; DeWitt and 
Hawthorn, 1981). 

DIRECT is a collection of query processing elements and memory modules 
(Fig. 4) interconnected through a cross-bar switch network. The network 
provides access paths between any pair of query processor and memory 
module. Memory modules are shared disk caches. Allocation and deallocation 
of memory modules to the database pages is similar to the concept of paging 
scheme in the conventional systems. The backend controller is responsible for 
determining the number of query processors and memory modules that 
should be allocated to a query. This is done based on the complexity of the 
query, size of the database(s) and the system’s contention. Simultaneous 
execution of different queries on a database enforces a locking protocol which 
guarantees the data consistency. This has been achieved by enforcing the 
locking scheme at the relation level. 

The design offers better load balancing and allows the processors to be 
shared among the storage modules. Furthermore, expansion is easy and 
modular. However, this design suffers from the data transmission problem. As 
a result, a lot of data is transferred from one module to another. This could be 
reduced through the concept of presearching and selection of the related 
tuples before pages are allocated to a memory module. In addition, due to the 
nature of the organization (e.g., MIMD) a more elaborate security mechanism 
is needed to enforce the security and privacy access control. Finally, the 
adaptability and suitability of the query processing elements according to the 
constraints imposed by the current technology need to be studied in depth. 

3.2.4 DIALOG - Distributed Associative LOGic Database Machine 

DIALOG (Wah and Yao, 1980) is a collection of clusters of identical 
modules organized in a hierarchy. Each cluster is under the control of a 
controller, which provides communication paths between its nodes and other 
clusters on the one hand, and the frontend machine on the other hand (Fig. 5). 
The processing units (e.g., data modules) are designed to store a part of a 
database and perform the relational operations on them. Data modules are 
based on the concept of preprocessing. In other words, the data file is searched 
close to secondary storage and the valid tuples are sent to the system. 

DIALOG is designed for handling a large on-line database system. 
Organization of the system is based on heterogeneous storage devices which 
allows the system to upgrade itself according to the future advances in 
secondary storage technology. In  addition, similarity of the overall structure 
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Flci. 5. DIALOG organization. 

of the clusters and the uniformity of the sequence of operations within the 
clusters could simplify the overall design phase and fabrication. However, the 
simplicity of each data module and its adaptability for VLSI technology 
should be studied in more detail. Moreover, the computational capability of 
the system for handling a complete set of database operations and aggregate 
functions in a multi-user distributed environment should be enhanced. 
Otherwise, the bottleneck at the controller level will degrade the overall 
performance of the system. Finally, one has to study the overall performance 
of the system extensively. 
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3.3 High VLSI-Compatible Database Machines 

The systems in this class are basically designed based on the constraints 
imposed by technology. In  general, they are highly parallel with regular and 
simple architectures. 

3.3.1 Systolic Organization 

The systolic model proposed by Kung and Lehman (1980) is a collection 
of basic cells replicated in a two-dimensional space. Each cell has the orga- 
nization as depicted in Fig. 6; ai,, bin, and ti, represent the inputs and aOut, 
hou,, and tout represent the outputs from a cell. A cell performs the following 
sequence of operations: 

tout + t in A ( a i n d b i n )  

aout + ain 

bout + bin 3 

where O E  { =, f, <, >, I, >}. 
Tuples from the source and target relations move along the a and b paths 

and the result of the comparison within each cell is accumulated along the t 
path. As tuples are pipelined to the system, each pair of the tuples ( i ,  j )  in the 

FIG. 6 .  A systolic cell. 
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source and target relations meet each other in some row. The final result of 
the comparisons within the rows are accumulated in a binary matrix 7: where 

Then, scanning the bit patterns in T determines the tuples that participate in  
the operation. Figure 7 shows the sequence of the operations and the forma- 
tion of T for "join." As can be seen, the operations within cells should be syn- 
chronized. In addition, for proper execution of the basic operations, data 
should be delivered in a special pattern. The potential of this simple organi- 
zation for handling database operations and file processing operations has 
been discussed by Lehman (1981). 

The simplicity of the basic cell and the overall regularity of the architecture 
has provided a suitable ground for VLSI implementation of this architecture. 
On the negative part, each relation should be scanned twice. First they should 
be pipelined to the array to determine interrelationships between each pair of 
tuples, and then they should be scanned again to extract relevant tuples. The 
investigation of the resultant matrix (e.g., T )  is another issue that should be 
studied in detail. According to the flow of the operations and data, the array 
should be large enough to accommodate the relations. This means that the 
feasibility of this design for handling large databases should be investigated 
in depth. Finally, as can be seen in Fig. 7, the staggered processing of data 
means that half of the cells will be idle during a clock period. This inefficiency, 
as discussed by Kung and Lehman (1980), can be removed by preallocation of 
a relation (say source) in the array and crossing the target tuples along the b 
path (or a path). 

3.3.2 Tree Machines 

The tree machine proposed by Bentley and Kung (1979) is a collection of 
three basic cells, namely the 0-node, I ]-node and o-node, organized as two- 
mirror-image binary trees sharing the leaf nodes (Fig. 8). The o-nodes are used 
to broadcast the data and instructions to the leaf nodes. Each o-node has a 
limited storage capacity enhanced by a processor to perform increment/ 
decrement and simple selection operations. The o-nodes store records 
and perform the various broadcast operations in response to a user query. 
The a-nodes are used to combine the results of the operations in the 17-nodes 
to compute the final result. 

Song (1980) has shown that such a model can be used to perform relational 
operations. By assuming that duplicate tuples are not allowed within a 
relation, he simplified the original model proposed by Bentley and Kung 
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FIG. 7. Flow of data in systolic join 

(1979). The system performs the operations based on the principle of 
pipelining. Hence, it provides a smooth flow of data with a high throughput. 
However, due to the existing bottleneck at the root of the a-nodes, the 
pipeline might be forced to be turned off. 

The regularity of the model and the simplicity of the connections among the 
cells, combined with the efficient chip layout format of a binary tree structure, 
provide an attractive model for VLSI implementation of the system. By 
unmirroring the binary trees (Fig. 9), the system can be constructed utilizing 
two types of chips, namely internal and leaf chips. A n  internal chip contains a 
combination of the 0-nodes and a-nodes while the leaf chip contains the 0- 
nodes. 
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FIG. H. Tree organimtion. 

Data transmission among the cells is the major bottleneck of the model. As 
a result, in many instances the pipeline cannot have its smooth and uniform 
data flow. This will enforce some complexities at the control level. 1 / 0  pin 
limitation is another drawback which has to be addressed extensively. I t  is 
possible to provide a direct parallel 1 / 0  facility at the leaf chip. However, 
problems such as pin limitation have to be discussed. For some relational 
operations such as join (Song, 1980). resource utilization of the system is low. 
Finally, capability of this model for handling large databases is a serious 
problem which should be investigated extensively. 
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I t  should be noted that the tree organization proposed by Bonuccelli et a! 
(1985) is based on the same philosophy. However, nodes have uniform 
organization, each capable of performing the bookkeeping, communication, 
and database operations. In addition, the representation of tuples and the 
sequence of the operations are totally different than the one discussed by Song 
( 1980). 

3.3.3 ASLM-An Associative Search Language Machine 

ASLM (Associative Search Language Machine) is a backend database 
machine (Hurson, 1981, 1983). The system is composed of a collection of 
general-purpose frontend machines supported by ASLM (Fig. 10). Security 
validation of the user and the user’s query, translation of the user’s query into 
ASLM primitives, and transmission of the final results to the user are the 
major functions of the frontend systems. 

ASLM is composed of four modules: i )  controller, i i )  secondary storage 
interface, iii) an array of preprocessors, and ill) a database processor. 

Controller. The controller i )  stores the ASL microinstructions generated by 
the ASL compiler, i i)  decodes the ASL microinstructions, i i i )  propagates the 
control sequences to the appropriate modules in the backend, and iu) manages 
the sharing and distribution of the resources among different concurrent users’ 
requests. The simplicity of the controller is primarily due to the use of 
associative hardware for the execution of the ASL primitives. 

Secondary Storuge Interface. The secondary storage interface is a collection 
of random access memory modules, augmented by some hardware facilities. 
This module is an interface between secondary storage and ASLM. I t  accesses 
blocks of data from secondary storage and distributes them among the 
preprocessors. 

Preprocessors. The preprocessors act as a filter which screens the data, 
selecting the valid data. The valid data is then placed in an associative module 
in the database processor. I n  addition, the preprocessors perform a projection 
over the relevant attributes. 

Database Processor. The database processor is composed of a set of 
associative modules enhanced by some hardware capabilities for direct 
implementation of the relational operators. The result of the operations of the 
array of preprocessors on a relation r with relation scheme R is a relation r, 
with relation scheme R , ,  which is stored in an associative memory. 
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This unit  is a set of identical and independent associative memories of size 
w * d (where M’ is the width and d is the depth) augmented by some hardware 
circuits. The associative modules can be linked together to make a memory 
size ( K  * w) * d ( 1  I K I n, where n is the number of associative modules) 
capable of holding d tuples of size K * w bits, or they could be linked to form a 
memory of size w * ( K  * d )  capable of holding K * d tuples of size w bits. The 
independence of the associative modules enhances the modularity and as such 
the fault tolerance of the system. A n  enhanced join module capable of 
performing high-level operations on null values has been incorporated in the 
design of the database processor (Miller and Hurson, 1986). 

VLSI time/space complexity of the basic cells of an associative memory for 
handling basic set and relational operations has been discussed by Hurson 
(1986). Based on such a calculation, the search time would be 13At + 
3(n  - 1)At where At and n stand for average delay time of an inverter and 
the word length, respectively. In addition, the geometry area of a cell has 
been estimated at 401 * 201,. 

The Non-Von DBM project, under investigation since the early 1980s 
(Shaw, 1980), is composed of two components: a primary processing sub- 
system (PPS) and a secondary processing subsystem (SPS). The SPS is the 
major repository of the data and consists of conventional movable-head disks 
with processing logic per head. The logic is capable of examining arbitrary 
attributes in each tuple and performing a hash function on them. PPS 
processing includes associative retrieval, arithmetic comparisons, logical 
manipulation, and 1 / 0  functions. 

3.3.4 Parallel Pipelined Query Processor 

The pipelined database machine (Gajski et al., 1984) is a collection of four 
modules, namely single-relation query pipe, aggregation pipe, join pipe, and 
sorting pipe. These pipes share a group of FIFO memories through a cross- 
bar switch network (Fig. 11).  Like ASLM (Hurson, 1981), the system is based 
on the principle of preprocessing. 

A single-relation query pipe is a collection of 32 chips each composed of two 
parts: a where-evaluation part and a select-evaluation part. The where- 
evaluation part is used to check the validity of tuples according to the search 
arguments defined in the user query. The select-evaluation part projects tuples 
on the attributes defined in the output set. In addition, it can perform some 
simple arithmetic operations on the attributes specified in the output set. 
These two parts perform their operations in parallel on the designated tuple. 

An aggregation pipe is composed of several units (e.g., squeezer, aggre- 
gation unit, duplicate checker, and arithmetic/comparator unit)  for handling 
operations such as select unique, Count, Sum, Max, Min and Avg. 
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Thejoin pipe, consisting of 32 identical join chips, performs the operation as 
a sequence of two steps: first, similar to ASLM, source and target tuples are 
selected and projected, and then the join is performed on the explicitly 
generated reduced relations. 

The sorting pipe is organized as eight chips of 16 * 16 sorting modules. 
Figure 12 depicts the overall organization of a 4 * 4 sorting module. I t  is a 

Ilnsorlcd (sorted1 list 

J 

Ilnsorted (sorted) list 

12. A 4 * 4 sorting pipe. 
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matrix of comparator/switches. The delay elements as depicted in Fig. 12 are 
used to synchronize the arrival and departure of tuples to and from the 4 * 4 
matrix at the center. 

In general, the system is highly adaptable for VLSI implementation and is 
topologically similar to CRAY. As discussed by Gajski et al. (1984), some of 
the chips are under implementation. However, due to the fact that the modules 
are not general, data transmission within the system is high, which could 
degrade performance. 

3.3.5 GRACE 

The GRACE relational DBM currently being developed at the University 
of Tokyo is aimed at achieving high performance by adapting processing 
algorithms based on hash and sort operations (Fushimi et al., 1986). The 
general philosophy behind the query processing in GRACE is based on 
clustering the databases via hashing, a uniform distribution of clusters among 
several temporary storage units, and parallel execution of processing units on 
distributed clusters. For example, in a join operation the hash clustering 
feature of GRACE allows the source and target relations to be partitioned into 
disjoint sets of smaller relations (subrelation), where just source and target 
subrelations stored in a memory module need to be joined together. Figure 13 
depicts the overall architecture of GRACE. The system is composed of two 
basic rings (e.g., processing ring and staging ring) and four fundamental 
modules (e.g., processing module (PM), memory module (MM), disk module 
(DM), and control module (CM)). The processing module performs relational 
operations on stored data in the memory module in a pipeline fashion. The 
disk module is a small processor capable of filtering the data according to the 
user query and distributing the selected tuples among the memory modules. 
Finally, the control module monitors the flow of data and operations within 
different modules in the system. 

3.3.6 Delta 

The Delta database machine (Hiroshi et al., 1984, Kakuta et al., 1985) is 
currently being studied at ICOT (Institute for New Generation Computer 
Technology). It is planned to be connected to a set of inference machines as 
part of Japan’s fifth-generation project. The architecture of Delta is composed 
of five components (Fig. 14): 

(a) Interface Processor (IP) is an interface between Delta and inference 
machines. This interaction is through a local area network (LAN). 

(b) Control Processor (CP) provides database management functions to 
manage the resources and control the flow of data and operations. 
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(c) Relational DataBase Engine (RDBE) is the key component for process- 
ing relational operations in Delta, based on sorting algorithms. 

(d) Maintenance Processor (MP), provides functions to enhance Delta’s 
reliability and serviceability. 

(e) Hierarchical Memory (HM) provides functions such as sorting, access- 
ing, clustering and maintaining relations. This component is composed 
of a general-purpose process as controller and a hierarchy of mem- 
ory units consisting of a semiconductor memory and large-capacity 
moving-head disks. 

The query processing in Delta is as follows: The Interface Processor receives 
the translated user’s commands (e.g., Delta Command) from a host connected 
to the LAN, and sends them to the Central Processor. The Central Processor 
translates these commands into a sequence of internal subcommands which 
are then issued to the Relational DataBase Engine and Hierarchical Memory. 
After execution of the commands, the IP transfers the result to the host. The 
Relational DataBase Engine as the key component for handling relational 
operations is composed of a general-purpose CPU, a sorting pipe of 12 stages, 
and a merger. A combination of sorting pipe and merger is used to perform a 
sort-merge join operation. 

As mentioned before, Delta functions as a database server to Personal 
Sequential Inference (PSI) machines in a local area network. The PSIS use a 
logic programming language which must interface with Delta. To avoid the 
possible bottleneck, Delta does not offer a wide range of database functions. 

3.3.7 MIRDM- Mlchigan Relational Database Machine 

The MIRDM (MIchigan Relational Database Machine) is a backend 
relational machine suitable for supporting concurrent on-line very large 
databases (Qadah and Irani, 1985). To reduce the data transportation the 
system maintains a series of index tables to allow data granularity at the page 
level. However, this reduction is achieved at the expense of more complex 
operations and extra space overhead. 

MIRDM architecture can be classified as a loosely coupled MSIMD 
(Multiple Single Instruction-stream, Multiple Data-stream) architecture. As 
depicted in Fig. 15, it is composed of four basic components: 

(a) Master Buckend Controller (MBC). Like any other backend system, 
MBC is an interface between frontend machine and the backend 
database system. I t  translates the user queries, schedules and monitors 
the query execution, manages and controls the different components of 
MIRDM and provides security checking and integrity mechanisms. 
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(b) Mass Storage Subsystem(MSS). MSS is a two-level memory hierarchy 
consisting of a Mass Memory (MM) organized as a set of moving-head 
disks, and parallel buffer (PB) organized as a set of blocks. 

This is the major component to 
perform relational algebra operations on the data. Each processor in a 
cluster is composed of three modules: local memory, controller, and a 
processing unit. 

This unit  is designed to 
allow simultaneous and dynamic interactions among the PCSs and PBs 
on one hand and PBs and MM on the other hand. 

As reported by Qadah and Irani (1989, a prototype of MIRDM consisting 

(c) Processing Cluster Subsystem (PCS). 

(d) Interconnection Network Subsystem (INS). 

of a processing cluster with eight modules is under development. 

3.4 Related Efforts 

Several database machines have been proposed that fall outside of the focus 
of this paper, but are significant enough to deserve mention. The concept of 
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data flow has been incorporated into several recent DBM proposals. 
GAMMA (DeWitt et a/., 1987), AGM (Bic and Hartmann, 1985), and FLASH 
(Boral and DeWitt, 1980) are some examples. In addition, a great deal of effort 
has recently been directed towards developing massive memory DBMs. New 
architectures in this area include MARS (Eich, 1987), MM-DBS (Lehman, 
1986), and MMM (Garcia-Molina et al., 1984). 

4. Conclusion and Future Directions 

The purpose of this paper was twofold: i )  to study the architectural aspects 
of DBMs, and ii) to investigate the impact of technology on DBM design. We 
also intended to put technology-oriented DBMs into a perspective. To 
accomplish this we have proposed a new classification scheme that empha- 
sizes the adaptability of a design to current technology. As a result, several 
classification schemes of database machines have been overviewed and 
compared. 

The new classification scheme provides an extension to Qadah’s database 
space (Qadah, 1985). The new coordinate studies the database machines 
according to their compatibility for current advances in technology. This 
coordinate classifies the DBMs as low-, semi-, and high-compatible archi- 
tectures. Several machines which were discussed are summarized according to 
our database space in Table 11. One of our goals in doing this survey was to 
develop an understanding of what architectural aspects of the existing designs 
make them “practical” with respect to current technology. I t  is our feeling that 
the new classification scheme aids the reader in making similar judgments. 

Obviously, we did not intend to provide a critique of database machines. 
However, one should briefly address the lack of widespread use of DBMs after 
two decades of research and development. One major problem plaguing the 
DBMs is the 1 / 0  bottleneck since little attention has been given to exploiting 
mechanisms for increasing 1/0 bandwidth. Boral and DeWitt (1985) have 
devised two solutions for this purpose. The basic idea in the first solution is due 
to the use of a customized disk controller that permits simultaneous data 
transfer between the controller and conventional disk drives. The second 
solution is based on the utilization of an 1 / 0  cache. 

Most database machine designers have failed to address issues central to the 
future success of their designs. In particular, issues such as how updates are 
performed have been ignored in many cases. In addition, designers have 
generally failed to address recent developments in database theory (Hurson 
and Miller, 1987; Miller and Hurson, 1986). The importance of such 
developments in software systems means that designers of practical DBMs 
cannot continue to ignore such issues. 
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TAIWE I 1  

CLASSIFICATION OF DATAHASE MACHINES 

Machine 

PPQP* 

ASLM 

Systolic 

(Gajski et al. 1984) 

(Hurson 1981. 1983) 

(Kung and Lehman. 1980; 
Lehman, 1981) 

(Otlazer and Ozkarahan, 1980) 

(Wah and Yao. 1980) 

(Bentley and Kung. 1979; Song 
1980; Bonuccelli er al., 1985) 

(Hiroshi CI a/., 1984; Kakuta 
et a/., 1985 

(Fushimi 41 a/., 1986) 

(Qadah, 1985) 

(Banerjee et a/., 1978, 1979) 

(Bitton ct d., 1983; Boral and 
DeWitt, 1981; Boral et a!., 
1982: DeWitt, 1979; DeWitt 
and Hawthorn, 1981) 

(Oliver. 1979) 

(Schuster 1979) 

(Su. 1979) 

(Leilich PI  a/., 1977) 

(Lin et ul.. 1976) 

(Ozkarahan et d ,  1975) 

(Moulder, 1973) 

RAP3 

DIALOG 

Tree Machine 

Delta 

GRACE 

MIRDM 

DBC 

DIRECT 

RELACS 

RAP2 

CASSM 

Search Processor 

RARES 

RAP1 

Moulder 

Technology 
compatibility 

high 

high 

high 

semi 

semi 

high 

high 

high 

high 

semi 

semi 

semi 

semi 

low 

low 

low 

semi 

low 

Indexing 
level 

relation 

relation 

relation 

relation 

relation 

relation 

relation 

relation 

Page 

Page 

relation 

relation 

relation 

database 

database 

database 

database 

database 

Prcicessing 
location Parallelism 

oB disk 

off disk 

olT disk 

off disk 

hybrid 

off disk 

off disk 

hybrid 

off disk 

hybrid 

oR disk 

OR disk 

off disk 

on disk 

on disk 

on disk 

on disk 

off disk 

M O M D  

SOMD 

SOMD 

M O M D  

M O M D  

SOMD 

SOMD 

M O M D  

M O M D  

SOMD 

M O M D  

M O M D  

M O M D  

S O M D  

MOSD 

S O M D  

SOMD 

SOMD 
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TABLE I I  (Continued) 

Technology Indexing Processing 
Machine compatibility level location Parallelism 

Linde low database OB disk SOMD 

Defiore low database on disk SOMD 

CASSS low database OB disk SOMD 

RAPID low database off disk SOMD 

Logic Per Track low database on disk SOMD 

Gaines low database off disk SOMD 

Lee low database otT disk SOMD 

(Linde et al., 1973) 

(Defore and Berra, 1973) 

(Healy et a/ . ,  1972) 

(Parhami, 1972) 

(Parker, 1971) 

(Gaines 1Y65) 

(Lee and Paull, 1963) 

* PPQP: Parallel Pipelined Query Processing 

As proposed by Boral and Redfield (1985), the future database machine 
designers should concentrate on two important issues: i )  the investigation of 
the effect and benefit of a specialized database operating system on their DBM 
designs, and ii) the optimization of the system throughput rather than 
improving the response time of a single request. 
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