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ABSTRACT

In applying random access storage devices to in-line data processing,

the problem of addressing, that is, the assoclation of item identifications
with machine addresses, becomes more acute as storage capacity
increases. Although workable solutions exist for present storage systems,
they will not be adequate in the future. The Increased capacities of
devices in development and the broadened range of future applications
demand an addressing technique more effective than what is now available,

To investigate the addressing problem, a Jolnt Committee was formed.
During the month of its existence, The Committee reviewed the known
addressing techniques and attempted to define furctionally an optimum
addressing system. For the evaluation of a present or future technique,
the Committee adopted the four basic criterla of minimum retrieval time,
maximum storage utilization, ease of {ile maintenance, and minimum
external manipulation,

Of the three classes of known addressing techniques (direct addressing,
mathematical manipulation, and table look-up}, only the table look-up
method offers general purpose applicability and reasonably measures up
to the basic evaluation criteria. However, the method is not widely used
today due to limitations in the existing random access storage systems.
The Committee favors the development of an auxiliary stecrage device to
implement this technique and proposes three such approaches for table
look-up as an interim solution to the addressing problem.

A description of functional characteristics of an optimal technique termed
"associative addressing” was attempted. Although the association process
cannot be specified at the present time, the desired end result is to
retrieve instantaneously any item in storage by one of its 1dentifiers
without any manual or programmed effort. Such a technique should
permit full utilization of storage space and eliminate file maintenance

and external manipulation.
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In conclusion, the Committee recommends hardware development to
automatize the table and storage search, mathematical research to derive
suitable address conversion processes, and a systems survey to define
precisely the requirements of potential file applications.
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1. INTRODUCTION

In-line accounting methods have only recently been automated by the
Introduction of large random access memories In the multi-million
character range. Because of this newness, our present in-line accounting
systems know-how and experience are quite limited in comparison with
well-established batch accounting methods.

A major problem encountered in using these memories is addressing, i.e.,
the placement and retrleval of items stored. Three baslc techniques have
been used with present systems: direct addressing, mathematical manip-
ulation, and table look-up. Although workable, each of these techniques
has various disadvantages.

Technological advances now being developed will greatly broaden the
application range of data processing equipment. One of these applications,
Integrated Data Processing, brings up many unexplored flle areas related
to addressing, e.g., multiple item files, multiple identifiers, and output
sorting, This extension of systems and applications has created a sense
of urgency for further investigation of addressing techniques.

To initlate the Investigation of addressing, a Joint Comnlttee wag rormed
May 19, 19568, with the following participants:

W. G. Dye Product Planning San Jose

W. R. English Product Planning Poughkeepsie

H. Jeans Applied Programming San Jose

A.D. Lin Product Development San Jose

E. E. Lindstrom Applied Sclence San Francisco
Office

F. B. Wood Research Laboratory San Jose

The investigation continued through June 20, 1958,
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The purpose of this Commiitee effort was to:
Define the problem of addressing.
Evaluate existing addressing techniques.
Suggest new techniques.

Propose areas for further intensive study.

> o B

The scope of effort was:

1. Confined to addressing techniques for large capacity random access
mechanical memories (5 million to one killion character capacity).

2. Concerned primarily with a functional approach, not with determining
the operating characteristics (speed, capaclty, ete.) of the storage
devices,

3. Directed toward general purpose solutions.

4, To evaluate possible solutions with respect to storage devices in
development.

0. To functionally describe any hardware for addressing as required

for a desirable technique.

The basie problem in addressing can be stated simply as the association

of the item identification and the machine address, An item cannot be
placed In or recovered from the storage untll thls assoclation is completed.
The three aspecis of this problem are:

1, Transformation - conversion of the item identifier to an inter-
medlate code.

2. Mapping -~ the optimal distribution of these codes within the storage
device.

3. Retrieval - the recovery of an item in whole or part as desired.

Other factors to be discussed in the following sections will reflect the
effectiveness of addressing techniques.



2. EVALUATION FACTORS

In evaluating addressing techniques, certain criteria must be established.
Basically, the effectiveness of an addressing technigue can be measured
in terms of (1) time required for item retrieval, (2) percentage of storage
capacity utilized for item flles, (3) effort required in maintaining the item
files to assure retrieval efficlency, and (4) external manipulation to set
up and apply the technique.

Time Required for Item Retrieval - The item retrieval time consists of
the time that the identification of an item to be retrieved from the storage
is made avallable, the time that the identification is associated with a
machine address, and the time that the item is located in the storage and
completely read out for processing,

It is preferable that the address assoclation process be independent of the
data processor and the storage device, and its time minimized. The
storage, Independent of the processor, should take no more than one
"seek and read" to retrieve the required item. Thus, the processor is
involved only in the transfer of the identification and the item itself.

Storage Utilization - It is desirable that the machine file be used to full
capacity for item storage. In practice, a given addressing technique may
reduce the avallable storage capacity by requiring the storage of tables
and programs essential to ltem retrieval, or by inherently excluding
certain addresses for possible assoclation with the identifications. Also,
some addressing techniques become less efficient with storage utilization
above a ceriain percentage.

File Maintenance - File maintenance is required because of changes in

the item file. When such changes In the file are accumulated over a period
of time, a glven addressing technique may become less effective. Thus,

It may be necessary to rearrange active items in the storage, purge
Inactlve items, and revise the technique. Ideally, an addressing technique
should alleviate, if not completely eliminate, the effort required for file
malntenance.




External Manipulation - External manipulatior includes the initial effort

in setting up the best possible acddressing technique for a particular
application and the manual operations necessary o implement the technique
in routine processes. It is desirable that the initial set-up of a technique
be simple and straight-forward for customers' personnel to apply, and
identifications not be manually transformed In a normal retrieval process.

Secondary Factors ~ In addition to the above four basic ceriteria, some
other factors must also be considered such as item retrieval by an identifi-
cation other than the one used in normal processing, reference to one or
more items as required In the processing of a glven item, and output
sorting in a sequence different from the item sequence in the storage,
These secondary factors are desceribed in detail In Appendix 2. They are
peculiar to large business files, and any addressing techniques must be
able to cope with them adequately.




3. PRESENT ADDRESSING TECHNIQUES

Present methods of addressing large capacity random access storages

fall into one of three primary categories: direct addressing, mathematical
manipulation and table look-up. Generally, a combination of the three
methods 1s devised to sult a particular application.

Direct Addressing - In direct addressing, the item identification (or part
of it} is the same as the machine address where the item 1s stored. With
its machine address directly available, the item can be retrieved with

one access to the storage, and no time is required for address conversion
in the processor or storage. Storage utilization and file maintenance
depend upon the degree of control over available addresses., A tight
control (manual or automatic) assures high storage utilization and
minimum file maintenance.

Since existing item 1dentifications may not be directly used as machine
addresses, It may be necessary to reassign addresses as identifications

or append one to the other. BSuch a conversion may not be feasible in
practice, The direct addressing method does not allow the retrieval of

any item by an identlfication other than its machine address. In case

the item size is increased, in excess of the allotted machine record length,
the excess part may not be addressed directly.

Addressing by Mathematical Manipulation - The item identification is
transformed Into a machine address by a suitable mathematical process
usually carried out by the processor. As duplicate addresses may result
from manipulating the identifications, multiple items may be stored in
locatlons linked to the one address. The search for a given item from
one location to the next may be time~consuming in the storage and impede
the efficlency of item retrieval, This indirectly limits the storage
utilization to a certain percentage of its capacity.
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‘The malin drawback of this technique is the complex initial effort

required in analyzing the set of ldentifications and selecting the appropriate:
method of manipulation. When the number of items in the flle is changed

to the extent that the distribution of their identifications is altered, it may
be necessary to modify the manipulation method in order to maintain the
retrieval efficlency.

An item can only be directly retrieved by its primary identification.

Since items in the file are not stored In any predetermined sequence,
batch processing in identification sequence does not necessarlly minimize
the access time. However, if items with the same address are loaded
into the storage according to their activitles (with the most active one
loaded first), the average retrieval time can be significantly reduced.

Addressing by Table ILook-up - The machine address of an item is deter-
mined by searching a table of item identifications and their corresponding
addresses. The time required for table searching depends on the table
organization and equipment characteristics. Once its address is found,
the item can be readily retrieved from the storage.

The table look-up method has these points of advantage: (1} it is of
general applicability to any item identification set; (2) setting up the
table is direct and free from extensive pre-~analysls; (3) the table
usually requires only a small fraction of storage space as compared
with the item file, hence, correspondingly less time for search. How-
ever, when the table storage approaches ltem storage, the method
obviously loses effectiveness.

With multiple entry table or separate tables, it is possible to retrieve
items b§r any one of several identiflcations. When the item length is not
the same as the machine record length, the table function can specify the
former (in addition to the machine address) to facilitate retrieval.

As this method requires the storage of tables, storage utilization is
inherently penalized. Furthermore, tables must generally be maintained
in goed order to allow additions, deletions, and error-free references.
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Combination Techniques - In practice, a combination of the three primary
addressing techniques 1softer worked out to take advantage of the distrib-
ution of existing identifications and file activities, and to meet the require-
ments of a particular application. Such combinations tend to be tailor-
made and are frequently lacking in general applicability. It is beyond the
scope of this report to enumerate all of the possible combination methods.

Summary of Fresent Techniques - A detalled appraisal of the three primary
addressing techniques is presented in Appendix 3. The discussion here and
in the appendix supports the contention that, of these techniques, only

table look-up offers general applicability and reasonable satisfaction of the
basic evaluations factors cited in Section 2.

To date, however, addressing by table lock-up has been infrequently used.
Its full potential has not been exploited because of certain factors. If
main memory is used to house the table(s), planning for 100% data

usage of storage is impossible. Also, main memory and the processor
may be tied up while table search is being made. The search routine
usually associated with this technique is the sequential scanning of the
table from beginning o end, resulting in an average search time equal to
half the time required for a complete table scan., Changes in the table
generally involve rearranging the complete table.

The answer to these objections may be met by providing a separate

storage device to house the table with Independent logic for high-speed
searching and file maintenance independent of a processor. Table search
time may be substantially reduced by good organization so that convergence
is made to a coarse area before sequential scan is bequn. Other system
stratagems would shorten the time further.

It has been mentioned elsewhere in this report that until a breakthrough
in the addressing art occurs, every effort should be made to maximize
the effectiveness of our known techniques. The point of emphasis here

is this: with speclal~purpose hardware and system sophistications, table
look-up addressing may be brought to light in its true potential of general
applicability and effectiveness.

The three interim proposals for table look-up addressing in a later section
illustrate how this may be done.



4, OPTIMAL ADDRESSING TECHNIQUE

A group of functions to fulfill the addressing requirements of the future

are presented here. These functions, although strictly "blue sky,"

satisfy the criteria established by the Comm ittee and should help stimulate
further thinking that may provide a solution to addressing files of the future.

The approach has been termed "assoclative addressing." The association
process functionally supplies information leading to the retrieval of an
item from a machine file when one of the item's identifiers is provided.
Fach Individual may think of this association as a different process and
what this process is remalins to be determined. One might think of this
as the process that takes place in the human brain or as a conditioned
reflex {given a stimulus such as an identification, a response instan-
taneously links and provides the desired information).

The assocliation process accomplishes the transformation and mapping
aspects of addressing leading to the automatic retrieval of the desired
information from & machine file, An instantaneous association will

reduce the retrieval time to that inherently required by the machine file.
Uitimately, this may approach the time required to transfer the information
from the machine file - the machine's data flow rate.

Association links are made as items are added and eliminated when items
are deleted. Upon requesting an item the association links indicate the
#pace occuplied by the item. Of course, the association process must

be provided with the identifier type (primary, secondary #1, #2, etc.)

in addition to the identifier to retrieve the appropriate item. For
multiple items with the same secondary identifier, such as a particular
part type, or due date, the association would sequentially retrieve all

the items with that particular identifier.

The association process must be able to determine available space (space
not in use for storing items). Thus, space made available when an item is
deleted can be used immediately for another item. Additionally, the
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associative framework should be capable of expansion so that reference
to modular or interchangeable types of files would not require reshuffling
of items within the system.

To add an item to the machine file association links would be created
between an available location and the item's identifiers. Of the locations
available, cne would be automatically selected according to the item's
activity, size, and possibly the item’'s content and classification. Therefore,
placement of an item in the machine file would be determined by the above
item characteristics amd not in a fixed or rigid manner according to

one of the item's identifiers.

"Assoclative addressing" provides a dynamic system capable of handling

the ever-changing data encountered in business. As a direct result of

this dynamic "associative addressing" storage utilization would be dependent
entirely upon the number of items stored and would not be limited by

retrieval techniques. Item file maintenance problems as encountered

today would be completely eliminated for the organization and distribution

of items in a machine memory would no longer be an addressing consideration.
Additionally, no external manipulation for initial set-up or the operation

of the retrieval system would be required.

"Agsociative addressing” will provide the functions required to mechanize
many applications not currently practical on data processing equipment.
For the present, however, no method for implementing the "associative
addressing" function has been evolved. [t is to be hoped that future
mathematical, systems, and engineering effort will provide sclutions
permitting practical realization of "assoclative addressing."
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0. PROPOSED INTERIM TECHNIQUES

Table Lock-up Methods - Three table lock-up methods are proposed as
an interim solution to the problem of addressing large capacity mechanical

storages. (The methods proposed do not fall within the restrictions
imposed upon IBM on the use of certain table look-up [indexing] procedures.,
The Patent Department may be contacted for a list of these restrictions.)
The three methods are: Multiple Level Table Look-up, Modified Binary
Search of a Sorted Table, and Indexing Scheme using an Unsorted Table.

A detailed description of these methods appears in Appendix 4.

The Multiple Level Table Look-Up reguires the search of a small first level
table to reach a part of the second level table from which the storage address
of a group of items is found. The table arquments represent ranges of

item identifications and are in sequential order. However, the items stored
at a given address are not sorted and must be scanned to yield the required
ilem.

The Moedified Binary Search of & Sorted Table takes advantage of the binary
search to reach a specific portion of the table. A linear search of that
porticn determines the range the given identification falls in. During the
search process, a binary machine address isautomatically generated. A
search of a short table of identifications in that location addresses the
required item.

In the Indexing Scheme Using an Unsorted Table, arquments exist as ranges
with their high and low limits. A "row" contains the unsorted arguments
within & range. At the common end of each row is placed the highest value
for that row. These values, consecutively organized, constitute the

"column" down which a coarse search proceeds until a "less than" comparison
initiates 2 fine search across the row. An inclusion response derives the
bulk memory address for retrieval of the item,

All three proposed methods use a separate table storage deviece (a drum
or disk} operating Independently of the main storage and processor. The
main file storage is required to have the ability for rapid scanning of
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stored Items. Thus, the table searching, storage scanning and processing
time can be overlapped, resulting in efficient item retrieval.

As several items in the same range may be stored in one location (or
locations linked to the gilven one), the file is loosely organized, reducing
the size of the table and the need for frequent maintenance. The table of
identification ranges can be so arranged that minimum access in switching
from one section to the next will be realized. ;

The table look-up methods are inherently general purpose in application,
irrespective of identification structure and distribution. They reasonably
meet the basic criteria set forth previously and satisfy the many require-
ments of a business file system,

Mathematical Techniques - Address conversion by mathematical manipulation
may be described as a transformation procedure which when applied to

a primary ldentifier results in an index number equivalent to an address

or location on a machine file. There are several possible approaches to

this basic problem, the most common being one of the various pseudo-
randomizing technigues. It would appear that some additional research
should be undertaken in this area because the theoretical environment for
randomizing is not always present, i.e., the resultant set of numbers

may not be wholly described or the machine file may prevent fully developed
choices.

One area of study that suggests a more vigorous investigation is the theory
of numbers, This branch of mathematics is the study of integers and
relations between them, An alphanumeric identification system could
easily be converted to all numerical so each identification would be an
integer. Then the modified identifier could be divided by an integer

and sorted into groups by the resultant remainder. An analysis of the
frequency of cccurrence of different remainders when divided by different
integers might lead to a simple transiormation formula. Another approach
would be to operate on the binary representation of the identifier, If all
identifiers differ in at least a certain minimum number of binary digits,
this representation would have some features similar to a Hamming .
error-correcting code. If cases like this are found, error correcting
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legic such as used with the Hamming error-correcting codes could affect
a transformation of the set of identlfiers into a more uniformally
distributed set.

The rules of formal logic offer a second possibility for research, At
present, no general syntax language is available to completely express

a group of propositions for addressing. The immediate advantage of

2 golution in this area is that the data transformed need not be restricted
to numerical data. Cryptographers quite universally include nunbers,
letters, and special symbols as input but develop an output symmetric

in form but random in appearance. An expanded command structure
large enough to execute logical instructions would be necessary for
sclutions in this area.

The most frequently considered attack upon the problem is through

the use of statistics., The solution procedure is divided Into two general
parts. The first demands a proper definition of the distribution of the

data being placed on the machine file. The second requires an efficient
sampling scheme designed to menitor the changing data so that the most
effective use of the file is being realized at any given time., The current
practice of assuming a normal distribution and imposing a pseudo-randomizing
scheme to the data may not always be proper for the data being processed.
it some careful analysis of the data in question is made before the addressing
15 done, it might be discovered that certain kinds of data are more properly
described by a multi-modal distribution, i.e., one that generates clusters
of freguently addressed material around two or several peaks. The method-
ology of sequential sampling would seem to offer the most fruitful approach
Lo dezaeribe an answer to the problem of changing data affecting a previously
defined distribution., By so examining all of the changing data, it would
probably be possible to construct a sam pling scheme whereby an imne diate
warning is given when the old distribution goes out of control. The
imrediate problem in this area is that these techniques could become s0
sophlisticated that the time necessary to produce results could adversely
affect the processing of an application (unless the arithmetic unit is quite
facile}.
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The three areas discussed above (i.e., nuraber theory, formal logic,
statistics) are common in their approach in that they 2ll prescribe a micro-
inspection of the file to attain their final result. A macro-inspection
method would result if the file was viewed as a map and material on this
space was located by area or shape rather than numerical address. At

the i)resent time, topological or geometrical transformations are not
directly available to simply express such relationships. As a completely
separate view of the problem, however, this method of analysis might be
considered. This could concelvably result in affecting the ultimate form

of the file as well as the addressing scheme.

For a full description of these techniques, see Appendix 6.
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6. CONCLUSIONS AND RECOMMENDATIONS

The Committee, in examining the addressing art, has reviewed its
present state and hag looked Into its desired capabilities for the future,

For the present, the Committee finds existing addressing techniques

workable but pedestrian. They tend to be special purposed; they demand

a high degree of iile organization; they can exploit the information content

of a file only from a single approach; they do not allow full storage utilization.
'T'o date, technological and system know-how do not permit these conditions

to be otherwise. Application perscnnel should recognize that this impasse
exists. Until the awaited break-through arrives, their most rewarding
efforts will be in the direction of evolutlonary improvements on current
technigques, rather than in attempting radical solutions for which there

Is no realistic support.

TFor the future, the Committee envisions greatly broadened application
capabilities of large memories made possible through improved addressing
techniques, A break-through in addressing must not only overcome the
weaknesses of present techniques, but must fuilfill new application require-
ments, including output sorting, easy and flexible file reorganization,
multiple item files, and item retrieval based on any of several identifiers,
The manner in which these requirements will be satisfied remains to be
determined.

sowdnz lntsrin, the Committee recognizes that addressing must depend

upen the three current classes of techniques: Direct Addressing, Mathematical
Manipulation, and Table Look-up. Of these, only table look-up is general
purpose in applicability and reasonably satisfies the basic evaluation factors

of retrieval time, storage utilization, file maintenance, and extarnal
manipulation, Thls is not to exclude the possibility that some clever
combinations of the several techniques may not offer a highly effective

scheme for some applicaticns.



