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Letter from the Editor

This special issue of Database Engineering is intended to report on the status

of various on-going projects in the area of database machines and to serve as a

forum for presenting some initial results from recently started research

projects. S.W. Song surveys existing database machine designs under an inter

esting taxonomy he proposes. David Hsiao describes research programs in

multi-mini database management and database machine architecture at the Ohio

State University. The results obtained from the DIRECT prototyping efforts at

the University of Wisconsin at Madison are summarized in a paper by Haran Boral

and David DeWitt. They also indicate proposed research activities on database

machines at Wisconsin.

Michael Ubell shows the hardware/software architecture of the IDN-500 currently
being marketed by Britton-Lee, Inc. He also indicates design decisions that

went into architecting the system, and gives concrete cost/performance figures
for the system. Paula Hawthorn describes a proposed methodology for determining
the cost/performance requirements for a database machine architecture to sup

port applications that access a large volume of data. David Shaw, et al., pre

sents an overview of the NON-VON machine currently being constructed at the

Columbia University. The architecture of a backend database sysem being studied

at the University of Maryland is described in a working paper by S. Bing Yao, et

al. The system is being prototyped to study feasibility of VLSI implementation.
S.K. Arora and S.R. Dumpala introduce us to the Well-Connected Relation Comput
er, which has been designed to simultaneously support the relational, hierarchi

cal and network models of data on the same physical data. They also propose two

different storage structures for the physical data.

This issue takes up nearly twice the number of pages that I initially estimated

it would. The reason is simply that I vastly underestimated the number of

authors who have affirmatively responded to my invitation for papers. To my

pleasant surprise, I now realize that I also seriously underestimated the quali
ty of the papers that these authors eventually contributed to this issue. I

would like to thank them again for the enthusiasm and cooperation they have

shown. Due to constraints to our budget and the editors’ time, however, we will

restrict ourselves to publishing short papers (4 to 10 double-spaced pages) in

the future. We will accept (and invite) papers that describe the status of

on-going research projects, that explain design decisions that have gone into

constructing commercial systems, and that motivate and summarize (with no formu

las or theorems) important new ideas being developed.

I would like to take this opportunity to say that it is my privilege to be

assisted by four of my most outstanding colleagues. The pleasure of interacting
with the associate editors to reach editorial decisions, solicit papers from

prospective authors and chart the course of this publication has been more than

enough of a reward for my time. In fact, each of them has volunteered to publish
one issue for 1982. Our plans for 1982 are as follows. Don Batory is preparing
for a special issue on Directions in Physical Database Research for the March

issue. He is soliciting short papers (2 to 4 pages) that describe on-going
projects on physical database design. Deadline for submitting papers for the

March issue is December 1, 1981.

The June issue will be managed by Randy Katz. He plans a special issue on Data

base Applications for VLSI Designs. He is interested in papers that describe the

1



status of and/or initial results from on-going research projects in the area.

Deadline for the June issue is March 15.

David Reiner will manage a special issue on Database Query Processing for Sep
tember. He is soliciting papers that describe relatively new ideas on query

processing for both the centralized and distributed database systems. Deadline

for the issue will be June 15.

Alan Hevner will be in charge of a special issue on Research in Distributed

Database Systems for December 1982. He would like to solicit papers that empha
size the current status of research in progress, express opinions about the cur

rent state of the art and future researh directions, or papers that describe

interesting new ideas that have not been widely publicized. Deadline will be

September 15, 1982.

All papers that fall into any of these categories should be submitted to the

associate editors in charge of the special issues. Although our plans for 1982

place emphasis on the four topics mentioned above, short papers on other topics
related to database engineering will be welcomed. Papers that do not deal with

topics that the special issues are planned for and papers that ~re submitted too

late for publication consideration in one of the special issues should be sent

to me. We will consider publishing a special issue (?) on general topics during
the summer. Also please send any comments on the contents and direction of our

publication to me. We will publish selected comments in the feedback section.



A Survey and Taxonomy of Database Machines*

S. W. Song

Department of Computer Science

Carnegie-Mellon University

Pittsburgh, Pa. 15213

The purpose of this paper is twofold. We survey existing database machine designs, and propose a

taxonomy. Some recent designs that exploit the rapidly advancing VLSI technology are included in

the survey. At the risk of oversimplification, the proposed taxonomy attempts to group many

seemingly different designs into a few categories by concentrating on their similarities. First we

characterize the problem by identifying two bottlenecks. Then we describe the several dimensions

the taxonomy is based on. The remainder of the paper can then be viewed as a detailed presentation
of these categories, with a brief survey of previous database machine designs that fall into each

categ pry.

1. Problem Characterization

We can identify two potential bottlenecks, namely the I/O bottleneck and the so-called von

Neumann bottleneck. Latency and bandwidth constitute the main problems of I/O. Careful design of

access paths and maintenance of appropriate indices help in reducing the number of disk accesses~

To eliminate the need for access paths and indices, database machines with fast retrieval times have

been proposed. Most database machine designs use the logic-per-track approach 29] which can

provide fast on-the-fly retrieval.

In a compute-bound task a data element participates in many operations. The best place to carry

out such a task is inside the primary memory, because of its faster access speed. It was observed in

18] that in a conventional von Neumann machine, each operation typically fetches one or more

operands from memory. Hence the amount of I/O (between the memory and the central processing

unit) is proportional to the number of operations to be performed rather than the number of inputs

required for the computation. The von Neumann bottleneck is in fact an I/O bottleneck in lesser

scale. To reduce traffic through this bottleneck, many works have been done in the context of optimal

register allocation or usage of cache memory. Studies of such solutions abound in the literature and

fall outside the scope of the present work.

This research was supported in part by the Office of Naval Research under Contracts N00014-76-C-0370, Nfl 044-422, and

N0OO14~8o:C~0236, NR 048-659, in part by the National Science Foundation under Grant MCS 78-236-76, and in part by the

Defense Advanced Research Projects Agency under Contract F33615-78-C-1551 (monitored by the Air Force Office of

Scientific Research).

Present address: University of Sao Paulo, Institute of Mathematics and Statistics, Department of Applied Mathematics,

C. P. 20570, CEP 01451, Sao Paulo, SP, Brazil. At the time this work was done, the author was supported in part by CNPq,

Conselho Nacional de Desenvolvimento Cientifico e Tecnologico, Brazil, under Contract 200.402-79-CC, and was on leave

from University of Sao Paulo.
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2. Dimensions of the Space of Database Machine Designs

Database Machines

Location Logic-eriIi~nced Logic-enhanced

of logic secondary storage primary storage

Allocation
I

Static Dynamic Static Dynamic
of logic

Degree I I I
of logic Low High Low Low High Low

distribution I I I I I
CASSM CAFS DBC Bentley, Kung Song

(Sorting engine)
RAP Lang DIRECT Song

et al.

RARES Shaw (PAM)

Chang Kung, Lehman

Shaw (SAM) Kim, Kuck, Gaiski

Leilich et al.

Figure 2-1: An overall framework.

The taxonomy is based on several dimensions. Depending on where special-purpose logic is

applied, we have logic-enhanced secondary or primary storage designs. Most previous designs, as

we shall see, are variations of the first type. Another dimension along which designs can be classified

is the way logic is allocated to storage units, whether statically or dynamically. A third dimension is

the degree of distribution of logic among memory elements, defined in 27] as the number of storage

elements associated with each processing unit. Along this dimension, we may have a wide spectrum

of designs. High degree of logic distribution signifies faster computation rate, and this should be

such that a balance between computation and data access rate is achieved. Classification of designs

along this dimension is also important since it is related to the cost of physical implementation. As an

example, we can view a conventional von Neumann machine as a logic-enhanced primary storage

device occupying the lowest end of the logic distribution spectrum. The allocation of logic is dynamic

since one processing unit serves the entire memory. Figure 2-1 shows an overall framework,

illustrated with a few particular designs. The reader can refer to this figure when reading the rest of

this paper. Its purpose is to illustrate the several categories and not to show the exact positions of the

various designs. No attempt should therefore be made to derive quantitative conclusions. Only with a

more specific definition of degree of logic distribution and a more detailed analysis of the

implementations involved can such positions be made more precise.
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3. Logic-enhanced Secondary Storage Designs

3.1. Uni-Search-ProcesSOr Scheme

Storage Units

Prima~ memory

Search Processor

~lj

Figure 3-1: Uni-search-processor model.

One search processor is attached between the secondary storage devices and the primary memory

(Figure 3-1). Irrelevant data can be filtered out before they reach the primary memory, and thereby

reducing I/O traffic. Some early examples of database machines are of this kind. This scheme

occupies the low end of the logic distribution spectrum. The allocation of logic is dynamic sincQ one

search processor serves the entire secondary memory. Examples include the Content Addressable

File Store, or CAFS 1, 9], and the designs by Bancilhon and Scholl 2], and by Lang et al. 19].

3.2. Multi.Search-Processor Scheme - Static Allocation

A storage unit considered in the following is usually a disk track, bubble memory, or charge-

coupled device. The static allocation scheme pre-allocates one search processor to each storage

unit, requiring as many search processors as there are storage units (see Figure 3-2). With such

designs, the search time is typically tens of milliseconds. They occupy the high end of the logic

distribution spectrum.

Among the designs which fall into this category, we cite the following. (Some of these designs,

conceived with static allocation in mind, are now shifting to the dynamic allocation scheme, to be

discussed shortly afterwards.) CASSM 32], or Content Addressed Segment Sequential Memory,

designed and with a prototype built at the University of Florida at Gainesville, is one of the earliest

design efforts and thus has exercised consid’~rable influence over other designs. RAP 25, 26], or

Relational Associative Processor, was designed and implemented at the University of Toronto. It

supports the relational data model and uses COD memories as storage units. Chang 8] proposes

slightly modified major/minor loop bubble chips to accommodate storage and access for relational

databases. RARES 23], also designed to support the relational model, differs from others mainly in

that tuples are stored across the tracks of the head-per-track disk storage. A system of up to 14

search processors has been designed and implemented by Leilich et al. 21].
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Storage Units Search Processors

Primary memo~

0—Lill--

Figure 3-2: Multi-search-processor (static allocation).

In the static allocation scheme, each storage unit has its own private search processor and it does

not matter in which storage units a file should reside. Therefore storage organization is quite simple.

The main problem, of course, is the waste of too much potential resource. The global database may

contain information for many different users and applications. In processing one specific query,

however, the actual load (i.e., the amount of data needed for the processing) may well constitute a

tiny fraction of the whole database. Providing logic to all disk tracks of the entire database is

analogous to a memory management system in which enough physical memory is provided to hold all

programs ever written by all the users of a given installation.

3.3. Multi-Search-Processor Scheme - Dynamic Allocation

Still using our analogy with a memory management system, a virtual memory system allocates

physical memory dynamically to segments of programs only when their presence in the main store is

required for execution. The amount of physical memory can thus be significantly less than the total

program space. Similarly, in the dynamic allocation scheme, a number of search processors are

allocated dynamically to those storage units containing information to be processed. The search

logic is therefore distributed to the entire database and hence will occupy the lesser end of the logic

distribution spectrum as compared to those with static allocation. Depending on how search

processors are connected to storage units, we have many variations of. this scheme. Two of these,

which correspond to real database machine designs, will be examined.

3.3.1. Complete.Bipartite-Graph Connection

In this scheme each search processor is connected to every storage unit of the database, as

depicted in Figure 3-3. It works in the following manner. Each storage unit keeps broadcasting its

contents to all the search processors. An individual search processor can choose to listen to one of

the storage units and ignore the others. We have thus a very flexible connection. Any search

processor can operate on any storage unit. Furthermore, several search processors can operate

independently on the same storage unit, as long as they do not contend (for instance, they should not

all try to update at the same time). This connection also allows a multi-user system in which some

search processors may be operating to answer one user’s queries, while some other search

processors are working on another user’s queries. Flexibility is of course obtained at the cost of the

number of connections and the more complex control mechanism of the search processors. DeWitt
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Search Processors

Storage Units

10], at the University of Wisconsin, ‘Madison, proposes a design of a system called DIRECT which

uses essentially this connection. A prototype has been built.

3.3.2. Partitioned-Storage-Units Connection

In this connection scheme, if we have t search processors and n storage units (typically, t << n),

then all the storage units will be divided into n/t partitions, each with t storage units. The t search

processors can be connected to the storage units of one partition, but not to storage units of different

partitions. Data residing in one partition can be examined by the search processors in essentially one

disk revolution time (assuming a storage unit to be a disk track). Therefore,, if related data are

clustered into the same partition, they can be searched very quickly. We thus see that this scheme

can provide the same performance as the static allocation scheme, given that we have enough search

processors (t is sufficiently large) and related data are properly clustered.

The Data Base Computer 3], or DBC, designed by a group headed by D. Hsiao at the Ohio State

University, fits into this model. The DBC design uses moving-head disks as storage devices, the only

requirement being the parallel read-out capability of the t tracks of one disk cylinder. Data read out

from one cylinder are then fed into t search processors. The DBC design was conceived with

dynamic allocation approach in mind, and has provided extensive literature on such issues as data

clustering and security checks 4].

3.4. Appraisal

Logic-enhanced secondary storage designs are based on the logic-per-track philosophy and have

one common goal: that of providing efficient on-the-fly search of massive amounts of data in one or a

few disk rotations. They constitute promising approaches to the important selection operation. Some

other frequently used database operations, however, require not only knowledge of the values of

individual data items, but depend on some kind of interaction among data items. The relational join

between Iwo relations of size n each, for example, requires 0(n2) comparisons in its straightforward

implementation. With a secondary associative storage device, it can be implemented as follows. For

each tuple of one relation, we extract the specific field over which the join is being performed. Then

Figure 3-3: Complete-bipartite-graph connection.
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in one revolution time we compare it with the corresponding field of all the tuples of the second

relation. Therefore the join operation can in principle be obtained in approximatcly 0(n) revolutions,

where n is the number of tuples of the first relation. While this linear performance result might seem

quite acceptable at a first sight, we have to keep in mind that one revolution time is on the order of

tens of milliseconds. Therefore this mechanism is accefitable as long as we have a small number of

argument tuples.

Some recent designs combine the secondary associative storage devices with a logic-enhanced

primary memory. In such designs, the secondary associative memory plays an important role in the

case when the problem size is too large to be handled entirely in the primary memory. Appropriate

partitions can be retrieved by the logic-enhanced secondary storage devices and delivered to the

primary store. For example, Lin 24] discusses the usage of associative secondary storage to aid in

external sorting. Sorting is also discussed in the article on RARES 231. The method is based on the

knowledge of a histogram concerning the key values. By using content addressability of the

secondary store, the appropriate partition is brought into the main memory which is assumed to be

fast enough to produce sorted sequences in a pipelined fashion as a new partition is being retrieved.

Discussions of several partitioning schemes can be found in 27, 311.

4. Logic-enhanced Primary Storage Designs
Depending on the degree of logic distribution, several kinds of logic-enhanced primary storage

designs can be considered. At the low end of the spectrum is the attachment of special-purpose
hardware of limited size to a conventional passive memory. In such designs, logic is allocated

dynamically to the entire memory. At the other end of the spectrum are the designs using the so-

called smart memory (which we will refer to as logic-per-datum designs), in which there is a

commingling of logic and memory elements in a fine grain. Such designs are of very high

performance and constitute a departure from the von Neumann architecture.

4.1. The Post-Processors of The DBC Design

In the DBC design mentioned earlier, functions such as sorting of retrieved records, relational join

operations on two sets of records retrieved from secondary memory, and such set functions as

maxima and average, are all handled by what is known as the post-processors. Recall that search

logic is allocated dynamically to the secondary memory so that a cylinder of data can be content

searched in essentially one disk rotation. The retrieved data are fed, in a pipelined fashion, to the

post-processors. The post-processing functions are presented in a number of reports describing the

sort operation 13] and the join operation 12, 14]. In particular the last report also contains a

comparison of the DBC join method with other proposed methods. The post-processing functions are

performed by a multiprocessor system consisting of a number of linearly connected processors each

with private memory. In an earlier description 12] they share an associative memory for storage and

fast retrieval of join attribute values. The associative memory maps each unique join attribute value to

an integer index. To join relations A and B, for example, the tuples of relation A is first stored in

appropriate memory locations according to the integer index provided bythe associative memory.

Then for each tuple of relation B whose join attribute value is in the associative memory, the

corresponding tuples of A can be located. The result tuples can thus be obtained by concatenation.

This first design has the drawback of not being easily hardware-extensible. All processors share the

same associative memory. which will become a bottleneck when the number of processors increases.

A new design described in 14] distributes the associative memory among all the processors, such

that each will contain a fraction of the original associative memory.
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