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SUMMARY

The principal objective of this research is to develop mathe-
matical models by means of which information processing systems can be
described and which can be manipulated to afford a better means of
analysis and synthesls of these systems. A secondary cbjective is to
develop these models in such a manner that they are readily adaptable
for computation by means of a digital computer and the associated pe-
ripheral equipment, so that this principal processor within the informa-
tion processing system may be of assistance in the analysis and develcop-
ment of the system itself. These objectives were attained by means of
the following specific developments:

1. A basic model was developed which is capable of duplicating
the results of previous investigators, but with substantizl improvements
in ease of computation and in the amount of information made available
relative to the system under study.

2. Two improved models were developed which are shown to be more
adequate representations .of an information processing system in that they
recognize differences in types of data and the transitions whiéh data
undergo during the processing steps. These data types and data transi-
tions were ignored in the prior work and in the basic model.

3. Algorithms were developed for conditioning the study data
gathered by an analyst for computation using the two improved models.

4, Detailed machine procedures and computer programs were writ-

ten for the implementation of the computational algorithms on equipment
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of the sort commonly found in a typical manufacturing, commercial, or
institutional situation,

The usual appreoach to analysis and design of information proces-
sing systems can be characterized as being essentially intuitional,
Extensive use is made, in practice, of conceptual aids in the nature
of flow charts and block diagrams, and much of the system description is
done in prose form. The relations which exist between the system inputs
and the outputs is frequently only vaguely defined.

Prior investigators Lieberman (18) and Homer (14} proposed the
representation of the simple relations between systems elements in
matrix form, and manipulation of these relations by multiplication of
the matrices (Lieberman) or a series of column operations (Homer). In
each case, the result was a solution matrix which purported to represent
the compound relations of the system, and which gave a measure of the
redundancy cof data within the system. In the case of Lieberman's mul-
tiplication technique, data input was permitted at only the lowest level
of the system hierarchy, and the multiplication was tedious and time con-
suming. In the case of Homer's column operation technique, data input
was permitted at intermediate system levels, but a great deal of infer-
mation relative to the intermediate system relations was lost in the com-
putation, and the computation was lengthy and not amenable to computer
use

The basic model developed in the current research is essentially
a matrix inversion of a triangular matrix. It is patterned after a
similar medel first advanced by Vazsonyi (30) and later improved by

Giffler (9) in the context of materials assembly systems. In this
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model the simple system relaticns which Lieberman displayed in a series
of matrices and which Homer displayed in a single non-square matrix are
displayed in a square, triangularized matrix, S. It is then shown that

a solution matrix S* is the inverse of the matrix (I - S), and that this
solution matrix S* contains the solution obtained by beth Lieberman and
Homer., In addition, all of the intermedizte results, some of which are
never cobtained by the Lieberman model, and all of which are lost by the
Homer model, are retained in the solution matrix of this model. In ad-
dition, because of the triangularity of the S and S* matrices, the In-
version required is easier to compute than is either of the prior models.

The basic nature of information systems is then further explored,
It is established that three basic types c¢f data exist in such a system.
These three types are distinguished as identification data, such as
department numbers; gquantitative data which arise basically from a count
or measurement; and existence data which primarily indicate either that
scme activity has taken place or the status of some activity,

It is further established that the essential purpose of an infor-
mation processing system is to change the form of the input data by
changing it from gquantitative to existence type data, by summarization,
or by computation of some nature. Nine categories of such data transi-
tions are recognized and discussed.

It is developed that a model for an Information processing
system must recognize these three data types and the transitions which
the data undergo. In order to implement this recognitlion, three basic
types of system relations are defined, instead of the single type of

relation implied in the prior work and iIn the basic model.
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These three systemé relations are denoted as prime relaticns,
concomitant relations, and deletion relations. A prime relation is
that relation which exists when an element of a system is required for
the preparation of a higher level element in a system. A cbncomitant
relation arises in conjunction with the transition of data from quan-
titative to exlstence type, or in conjunction with a computation. A
deletion relation exists when a data element is brought to scme level
of a system because it is a part of a record which contains other
usable data, but where the data element itself is not required at that

level,

Based on the recognition of the three types of system relation,
two improved models are developed. In one of these, only prime and
concomitant relations are used, while the other uses all three types
of relation. The first results in a sclution matrix wherein all of the
lower level data elements which are required for the preparation of a
higher level report are indicated, whether cr not the lower level data
actually appear on the higher level report. This matrix, S*, is referred
to as comprising a "composed of" type of analysis. The second model re-
sults in a solution matrix S'*, which shows for a given higher level
report cnly those lower level elements which actually appear on the
repert. This is referred to as a "contained in" type of analysis.

While the prime relation uses regular numerals as quantifiers
in the S matrix representing the simple system relations, it was neces-
sary to define special quantifiers for both concomitant and deleticn
relations, The concomitant quantifier gives rise to a special multi-

plication-like cperator, while the deletion relation gives rise to a
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logical,'rafher than arithmetic, opérator. The combination of prime
and concemitant quantifiers in the matrices representing the infecrma-
tion system complicated the inverse relationship shown for the basic
model, and it was necessary to prove a theorem relative te the asso-
clativity of multiplication of matrices containing both prime and con-
comitant quantifiers. It was then possible to show that the S* matrix
of the first refined model was indeed the inverse of the (1 - S) matrix,
as in the basic model,
The deletion relaticn quantifiér is a logical operator, and it
is shown that the inverse relaticonship no longer holds for the sclution
; matrix S'*‘and the matrix (I - S') of the second refined model. It is

! shown, however, that they differ only by two logical operations occcur-

ring in the computaticn as a result of the deletion function,

Since both models depend on the triangular nature of the matrices
for their computational base, a method of triangularization of the in-
dices is develeped. This technique permits the analyst to use any arbi-
trary designation for the systems elements, and does not require him to
be concerned with system levels or the required triangularity.

In practice, the models presented would require the use of a
digital ceomputer and associated equipment for computation, so the al-

gorithms have been programmed for a typical computer. In addition, a

method has been developed and programmed to establish the amount of

computer memory required for a given specific program and system.

[




CHAPTER I

INTRODUCTION

Purpose

The purpose of this research is to attempt to bring to the field
of business information processing the concise notation, non-ambiguous
description, and computaticnal rigor of mathematics and mathematical
models, It is hoped that the technigues of systems analysis and design
developed during the course of this research will supplement, at least
to an extent, the intuitional, non-quantitative approaches now used for
information systems analysis and synthesis; and will result in economies

both in systems development and in routine systems operation.

Background of_the General Problem

The processing of information is a problem which is not new, but
one which has become much more important within the past few years.
The_development of ancient languages, number systems, and rudimentary
mathematics can be traced to the need of the ancients to compute and
record taxes. The Bible abounds in references to taxation and census-
taking, both of which imply an accompanying task of information proces-
sing. The making of decisions implies prior data processing of at
least an elementary sort, as decisions are not possible without knowl-
edge, however incomplete, of the possible outcomes of the alternative

courses of action.




In modern context, information processing has come to'imply
mechanical, electro-mechanical and electronic processing of data. This
concept has its beginning in the mid-1880's, when Dr. Herman Hellerith
developed a mechanical method of processing census data, using the "unit
card" principle now so familiar. The first set of equipment was in-
stalled in the Department of Health in Baltimore, Maryland for the proc-
essing of public health data in 1889. The Bureau of Census had equip-
ment in time to process the data of the 1890 census. Dr. Hollerith
later founded the Tabulating Machine Company, from which later emerged
the International Business Machines Corporation (26, Schmidt, R. N.,
and Meyers, W. E,),

During the next several years, until the early 1950's, most of
the development in the field was in refining and speéding up the equip-
ment developed earlier., The basic concept remained unchanged: infor-
mation relative to a single transaction was transcribed te a punched
unit record card, and this card was then used for the updating of records
and the preparatien of reports. All processing was dene in "batches,"
due to the limitations of flexibility of the equipment.

In the scientific cemmunity, streong interest was manifested in
this equipment as a means for performing scientific calculations. How-
ever, the limitations of the equipment were such that many persons,
starting in the 1920's, sought other, more scphisticated, equipment for
performing scientific computation. Out of these early efforts emerged,

.in the late  1930's, some crude computers. Under the impetus of World
War 11, these crude computers were greatly refined, and then played =z

significant role in the develepment of the atomic bomb and cther mili-




tary developments,

One of the computers developed during the war was the Eniac,
the development of Dr. John W. Mauchly and J. Presper Eckert at the
Moore School of Engineering at the University of Pennsylvania. This
computer was the world's fiprst all-electronic, high-speed, large scale
computer, Eckert and Mauchly later developed the Edvac, which was the
first stored program cemputer, and which was the forerunner of Univac,
the first commercial electronic computer., The first Uﬁivac I was de-
livered to the Census Bureau in 1951,

The introduction of the Univac I was followed quite rapidly by
the entry into the field of several computers from many manufacturers,
notably IBM, It is significant to note that virtually all of the com-
puters introduced.in the mid-1950's, including the popular IBM 650,
were designed essentially for scientific computation, and were used
for business information processing only by virtue of clever program-
ming and sacrifice of efficiency of internal operation. Despite this
handicap, the advent of stored program digital computers helped to
cause what has come to be recognized as a revolution not only in the
processing of information, but in the basic philosophy of operating a
business enterprise as well,

Other factors beyond the development of the digital computer
contributed to this revolution. One of the most Important but perhaps
the least recognized is the work done in the early 1950's by the United
States Steel Company (1, American Management Assoclation). This work
was undertaken to establish the feasibility of a "Common Language™ with

a view toward extensive automation of c¢lerical operations using the




then existing punch card equipment. Common language was defined as (2,
Moore Business Forms, Inc.):
A recording medium that (a) comprehends the 26 letters of
the zalphabet, the 10 decimal digits, and a minimum of special
characters and functions, and (b) has the ability to mechanize
the transfer of raw data directly between the office and com-
munications machines manufactured by different suppliers.
This group did not entirely succeed in their goal of establishing
a single common language, but rather established two: punched cards
and punched paper tape. To these have been added more recently mag-
netic tape and direct processor to processor communication. However,
the group did accemplish two other things which have had a procfound
effect on the develcpment of information processing. The first of these
was that they did succeed in interesting manufacturers of all sorts of
data processing equipment--adding machines, bookkeeping machines, type~
writers, calculating machines, Addressograph machines, etc,--in adding
either tape or card input and output devices to the equipment to permit
the creaticn of data in mechanized form as a by-product of the necessary
operation, and to permit the communication of data between equipment
without human intervention. Second, the group established the basic
principles of Integrated Data Processing.
The importance of the concepts of Integrated Data Processing
to the revolution in information processing cannot be overstated (5,
Ellis, H.),
When I. D. P, was first introduced, many companies and
governmental agencies began to exploit successfully this
systems concept, in separate segments of their businesses.,
While this was going on, some of the same or different groups

within companies, were doing censiderable work, in getting
on-stream their new high speed digital computers.




Many of these early starters realized that the integrated
systems apprecach would be the most effective method te use, to
get the most out of their computers--some did ncet. But most
seemed to have the same goal in mind, and that was--that much
mechanized data processing should be employed in order to get
more action and value cut of the results of data origination,
transmission, processing, and data usage. In other words,
improve the aids to decision making, by employing the least
data manipulation, and retrieving the most value from existing
and dynamic information.

There was, however, some unjustified optimism among those
companies that did not use the integrated approach as a part
of their data processing systems. Thelr systems were too
machine oriented and not sufficiently systems concept oriented.
What happened -seemed to be this: ' That, as various mechanized
systems (computerized or not) began to take hold, independently,
in several segments of a business, some segments found their
system to become stymied sooner or later and other segments
discovered expensive problems to be overcome in data manipula-
tionj alsc to find later, that their companies' combined sys-
tems were not sufficiently integrated and compatible, and would
run somewhat short on expected accomplishment.

Another important contributing factor to the revelution in infor-
mation processing has been, of course, the emergence of a discipline
called variously systems engineering, operations research, applied
mathematics and statistics, management science, etc., depending on the
point of view of the individual describing the discipline. Whatever
the title applied, this discipline has as its principle features the
use of the scientific method and mathematical techniques for the purpose
of optimizing the overall operation of the concern, The reason that
this factor has been so impertant to information processing is that
optimization in an enterprise concerns itself directly with the deci-
sion processes of the enterprise. In turn, the decision processes are
entirely dependent on information processing, so that attention has

been drawn autematically to this all-important facet of the enterprise,

It might be said that information is the common thread running through-




out the fabric of an organization.

Since -the development of information processing technology has
been so rapid in the past few years as to be termed "revelutionary,"
it is not surprising that one fails to find a unified body of either
théory or practice in the field. Much of the development beth in’
individual cempanies and at large has been accomplished by '"trial-
and-error" and "brute-strength-and-awkwardness" appreoaches, Many com-
puter installations have been made without adequate prior justificatien.
Individual companies have used specific equipment far beyond the design
expectations of the manufacturer, S5ince the first computers were de-
signed as scientific computers, all of the early installstions for in-
formation processing were basically make-shift in nature, and only the
great speed differential between computers and electro-mechanical equip-
ment and the ingenuity of the programmers made them relatively success-
ful.

In discussion of the present state of the art of infeormation
processing, it is helpful t¢ distinguish between "exterior systems™
and "interior systems," The exterior system embraces the entire gpera—
tion under consideration--the set of decisions to be made routinely to
control the operaticn, the set of input data to be processed in order
that an optimal decision may ultimately be made, the required data
origination, data transmission, data processing, report structure, and
prevision for data storage and subsegquent retrieval, znd the set of
decision functiens which will be used in conjunction with the processed

data in order to arrive at specified decisions,




The interieor system refers to the details of machine programming.
It embraces such factors as card and record format,; report format,
operating rules, and most importantly, egquipment programming itself,

It concerns itself primarily with the data processing portion of the
exterior system, but is also partially involved with data origination,
data transmission, and data storage and retrieval insofar as the de-
tails of pregramming are involved,

Because of the complexity of the task of machine programming,
the interior systems have had more attention in the literature and in
practice. There are many books devoted to this aspect, as well as
several pericdicals, all of which are "hardware" or interior systems
oriented. Relatively little has been written with regard to the design
of the total, or exterior, system.

The general approach to exterior systems design at the present
state of development is an intuitienal one. Much of the information
necessary for the design of the system is obtained by means of interviews
with a large number of the working personnel of the organization, only a
few of whom have any real gualification for giving pertinent answers.
Too often, the systems engineer is forced tc settle for a statement of
what information management wants, rather than what management needs.

Almost the sole device for systems analysis and description is
the graphical flow chart,; accompanied by written or tabulated descrip-
tive infermation. Many of.these charting techniques have been digni-
fied by a copyrighted name {19, National Cash Register Company)(6,
Evans, 0. Y.), but they are essentially similar and provide at best a

systematic approach. There is no provision for quantifying data, ner




for manipulation with a view to cptimization.
In interior systems design, the flow chart i1s alsc used exten-

sively, probably more sco than for exterior systems. The complexity of

computer programming has alsc forced the development, by beth equipment

manufacturers and users, of compilers--computer routines which will
accept pseudc-English, problem-criented instructions and convert them
inte machine language programs., Technical compllers were develcped
first, and have been available for some years; commercial or business
compilers, due to greater differences in terminology, have only been
made available guite recently.

The existence-of compllers does not alter the basic fact, how-
ever, that business problems are largely uniquely programmed for each
specific problem and each specific installation. The common payroll,
which has been highly refined over the years, is seldom programmed
identically, even in plants of the same divisicn of a company. Simi-
larly, "canned" or library programs, such as are widely available fer
technical problems, are not widely used in the information processing
field, for the primary reason that the generality which exists between
problems and installaticns has either not been perceived or has net
been characterized. A few library programs are available; IBM for
example offers MOS (Management Operating Systems) and PAL (Pregrammed
Applications Library)} programs to users of certain of their equipment,
but these programs usually need extensive modification for use in a

given installation.




Importance of the Problem

This lack of adequate means of systems analysis and dgsign for
both interior and exterior systems is a serious cne. The penalty for
this lack is essentially an economic one, but.cne that is difficult
or impossible to assess. These economic penalties arise in the follow-
ing basic ways:

1. The inability to rigorously characterize the exterior system
results in a failure te optimize the total system design. At best, the
design 1s sub-optimized by parts. At worst enly a feasible system is
designed, with little real thought given to optimality. To the extent.
that the system is less than optimally designed, the enterprise pays
a correspending economic penalty in terms of less than optimal return
on investment.

2. Systems development using these inadequate techniques is
costly. The interview technique is time consuming, beth of systems
engineering and cperating personnel's time. The intuitional appreach

results in wasteful meetings, discussions, and inefficient use of

facilities and manpower, Graphic representations of systems are tedious,

time-consuming, and costly to prepare. Frequently several man-years of
effort are devoted to charting the existing system before any creative
work even begins,

3. In intericr systems design, the two principal penzlties are
the cost of programming personnel, and the cost of cperating either a
larger computer than is needed or of using a smaller computer for more
shifts than are really necessary. The philosophy of the develcpment

of compilers was to trade some of the speed of the computer for some of
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the effort of programming. That is, it is much quicker and easier to
program with the use cf & compiler, so that fewer and perhaps less highly
trained programmers can be used. However, machine time is used to com-
pile the program, and, meore importantly, the resulting program. is not

as efficient in the use of machine time as a carefully written program

in machine language.

It should be noted that this latter factor i1s much less important
in scientific computation than in information processing. In sclentific
programming, programs are usually used at most several times until the
problem leading to the program is sclved, and may never be used agaln
by a given installation. The whole emphasis is in permitting the scien-
tist or engineer to communicate with the computer in a language as near
like the language normally used by the scientist as possible, and with
minimum knowledge of computers and computer technology on the part of
the scientist,.

In information processing, the programs are used repetitively,
sometimes several times a day, for at least several months and frequently
several yvears. Any inefficiency in the program can raise the computation
time, and therefore the cost, by a large amount through this frequent
use, In the early days of programming when computers wére severely
limited in speed and capacity, a great deal of work was done in "op-
timizing" of programs for efficient running. With the advent of large
memories and faster internal computing speeds, the immediate necessity
of optimization of programs was lessened, and compllers became possible
and popular. However, the fact that the penalty is less apparent has

not diminished its cest; it has only permitted a trade-off for program-
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ming time. The penalty is a very real one, and is one which is too
frequently overlooked.

In view of these economic penaltles, 1t seems apparent that.
there is a real need fer development of more. rigorous and efficilent
means of systems analysis and design, for both internal and external

systems.,

The Specific Problem

The specific problem which will be attacked in this research
relates to the methods used for description and analysis of existing or
proposed information systems. As previously noted, the methods now in
prevalent use are essentially gqualitative. Description is usually done
in either prose or graphic form, and any manipulation of the elements
of the system is done on an essentially intuitive basis.

The models which will be presented will permit description on a
quantitative basis, and will eliminate the necessity for prose descrip-
tion and the drawing of flow diagrams in most cases, Furthermore, the
models will furnish information to the analyst relative to the areas
within a given system which require study, and will furnisﬁ a basis
for system design improvements by simulating the effect of any proposed

changes,
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CHAPTER IT

LITERATURLE SURVEY

Introduction

Despite the popularity of the subject of computers and data
processing, the literature relative to quantitative or even systematic
approaches to systems analysis and synthesis i1s remarkably sparse.
Certainly much has been written in the broad field of information
processing, but the vast majority of the material is either directed
toward specific hardware or is narrative of a specific installed system

for a specific enterprise.

'Comgilers

The greatest quantity of material to be found concerns itself
with the subject of compilers. Under the stimulus of the U. S. Depart-
ment of Defense, a group composed of representatives of the several
computer manufacturers and governmental and industrial users was formed
in 1959 for the purpose of producing "an English-1ike programming lan-
guage which can be used with many different types of data processing
systems" (8, International Business Maéhines Corp.). This group is
known as the CODASYL group, where CODASYL is the acronym for Conference
On DAta SYstems Languages. The principal output of this group to date
is a language called COBOL (COmmon Business Oriented Language). The
general requirement now is that any computer furnished for government

use be accompanied by a COBOL compiler which will accept a certain re-
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gquired set of pseude-English statements by means of which business com-
putation programs can be written and presumably run on the computer of
any manufacturer. In addition to the required set of language, the
manufacturer is free to implement further elective language to exploit
the unique features of his equipment.

On the surface, CCBOL appears to be a simple language. For
example, very complex computations can be wpitten in English-like
sentences such as the following:

SUBTRACT DEDUCTIONS FRCOM GROSS GIVING NET,

PERFORM TAX-CALCULATION,

IF STOCK IS LESS THAN ORDER-POINT PERFORM RECRDER-RCUTINE,

WRITE MONTHLY-STATEMENT.

This simplicity, together with the promise that a program written for
one machine can.be used on another machine, even cf ancther manufacture,
would seem to be very desirable. However, COBOL is not as simple as it
appears tc be, and the literature indicates that COBOL leaves much to

be desired, Indeed, some autheorities have serious reservaticns about
the entire compiler approach.

In a particularly critical article Grosch (12) states:

One major agreement, for instance, is on the original concept

of commonality: American and British, commercial and scientific,
manufacturer and user, large machine owner and small, all agree
that magic languages do not--repeat, not--make it possible to

" transfer work from one machine to another,

On the question cof economics many veoices are raised:; Patrick
in the opening sentences at Rand; Gruenberger and-Gorden later;
Paine and Glennie in the Northampton College (BCS) discussions.
All point tc the hidden costs of the magic language: long com-
pile times, repeated re-compilation during debugging, lenger.

running times, and--surprise, surprise!--higher prices on the
machines to cover the manufacturers' software investment.
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Shaw (27) tends to agree with the foregoing comments pointing out
the deficiencies of programming languages:

Another reason for the existence of an overwhelming variety
of programming languages 1s the fact that most of these lan-
guages are not machine independent, Even the ones that claim
to be are not really. Thus, the motivation toward a standard
notation for those areas that could be machine independent is
considerably weakened by the argument, "If the language is
geing to be different anyway, why not make it lots different?

Shaw azlso claims that the machine-independent languages are in
fact harmful:

This proliferation of "machine-independent!" programming
languages has two well-known and pernicious effects: 1t in-
hibits the communication of information processing procedures
between people and computers both, and what's worse, it dis-
tracts attention and effort from that which is to be communi-
cated--namely, procedures for solving rezl, worthwhile prcblems.
Interestingly encugh, these two effects are exactly those which
each individual language is supposed to ameliorate. In con-
junction, therefore, these languages tend to defeat their own
purposes, with the result that the computing industry is, today,
suffering from too much of a geood thing.

In another article discussing both scientific and commercial
compilers, Orchard-Hays (22) summarizes the feelings of several of the
writers when he states:

However, many feel COBOL is overly elaborate and dces not deal
with the real problems of data processing.

He also makes the point that COBOL, in spite of its supposed

generality, has over 30 versions now published. In another analysis cf
COBECL (and ALGOL), Cantrell (4) indicates many deficiencies:

The current COBOL and ALGOL families of languages are very
elaborate and sophisticated languages. They are very general
. This generality is accompanied by a profusion of rules
and regulations. . .. . As a result these languages are con-
siderably harder to learn to use effectively than more simple
languages.
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. . . COBOL Procedures statements are relatively easy to
read but the reader has to be well educated to understand the
Data Description statements.

The English language design of COBOL makes it a verbose
language. . . . The programmer has been relieved of machine
details only to be faced with the problems of spelling words
correctly and learning the exact meanings of some 256 'key
words'" in a new vocabulary. Often each word has several dif-

ferent meanings depending on its context. . . . This is not
English but "pseudo-English'" with its own specific grammar.
. . . But our newer languages, such as COBOL,., have not added

features to do things which we could net do in our older lan-
guages, Instead they heve added more and fancier ways of doing
things which we could do fairly well anyway. We do not appear
to be developing better ianguages, only fancier cnes. . . .

COBCL and ALZOL and their derivative languages appear to have
been designed on the basis that anything can be implemented and
that the consideration of compiler requirements in language de-
sign would lead to somewhat more machine oriented languages. We
might say that this language design method is really no concern
of the user, He decesn't have to use all of those fancy features
if he doesn't want toc. But when slow compilers, producing in-
efficient object programs come out a year or two late, the user
begins toc suspect that he would have been better off without all
these frills. The user could never afford to buy hardware that
was designed without any consideration of the cost of manufac-
turing it. It appears that he can hardly afford to wait for, and
then waste computer time with, languages which were not designed
for the best compromise between language utility and implementa-
tion requirements.

. Many compilers produce quite efficlent object programs,

Others are not so good. Horror stories of 10% to 20% efficient
object programs are passed from user to user, Unfortunately many
of these stories are true,

Despite criticisms of COBCL, it has become the established lan-
guage for business data processing, albeit by Government fiat, The
original CODASYL group, now expanded, is active, and with others is
seeking for improved mezns of programming. One very promising adjunct
to COBOL is the use of decision tables, OQOriginally proposed by Kavanagh
(15, 16) and Grad {(10), under the acronym of TABSOL, the concept is cur-
rently under appraisal by the CODASYL group, where the technique is

called DETAB-X (23, Pollack, S. L.).
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Decision Tables

Decision tables are a systematic method for describing and docu-
menting the flow of leogic in a program. Like COBOL, certain descriptive
material is written in pseudo-English, and in fact, in some versions
COBCL statements per se are used. The general arrangement of the deci-

sion table format is as shown in Table 1,

Table 1. Decision Table Format

TABLE HEADER

STUB HEADER RULE HEADER

ENTRY HEADER

CONDITION STUB CONDITION ENTRY

ACTICN STUB ACTION ENTRY

The essence of the technique can perhaps best be gained from a
small example adapted from a published procedures manual, and shown

in Table 2 (6, op. cit.).
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Table 2, Lxample of a Decision Table

TABLE: CREDIT CHECK
LINE RULE 1 RULE 2 RULE 3| RULE 4
NR,- | VERB OPERAND (OF |CPERAND| OPERAND |OPERAND [OPERAND [OPERAND
1 SPECIAL |EGQ 1 0 0 0
CLEAR
2 CREDIT GE |[CK#® Y N N
LIMIT
3 PAY EG GOCD BAD
EXPER-
TENCE )
1S MOVE 'APPRO- |TO |ORDER X X x
VED' STATUS
5 MOVE TREJECT ' | TO |ORDER X
STATUS

OK*% = In process amount + Accounts Receivable amount + Order amount.

In this decision table, the rules for performing a credit check are
specified:

Rule 1 states: If special clearance is E¢ (equal) to 1, then move
the word 'approved' to order status.

Rule 2 states: If special clearance is equal to 0 and the credit
limit is GE (greater than or equal to) OK then move the word 'approved!
to corder status.

Rule 3 states: If special clearance is equal to 0 and the credit
limit is not greater than or not equal to OK and pay experience is equal

te GOOD, then move the word 'approved' to order status.
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Rule 4 states: (in conjunction with rule S) If special clear-
ance is egual to 0 and the credit limit is nét greater than or not equal
to OK, and pay experience is BAD, then move the werd 'reject' to order
status.

The advantages of the use of decision tables (with the current
connetation that they will be used in conjunction with COBdL), are
cited as (10, op. cit.):

Ceonciseness and clarity
Completeness
Meaningful relationships

Kavanagh is somewhat more enthusiastic (16, op. cit.):

Structure tables force a logical, step-by-step analysis of
the decision. . ., . are easily understood by human beings re-
gardless of their functional background. ., . . form an excellent
basis for communication between functional specialists and
systems engineers. . . . go a long way toward solving the diffi-
cult systems documentation problem... . ..format is so simple,

. . . that engineers, planners, and other functional specialists
can write structure tables for their own decision-mgking prob-
lems with very little training and practically no knowledge of

computers or programming, . . . errors are reported at the
source language level, thus permitting the functional specialist
to debug without a knowledge of computer coding. . . . offer
levels of accuracy unequalled in manual systems. . . ., are easy

to maintain.

The literature does not disclose extensive application of the
decision table technique, so that it is difficult to evaluate the prac-~
tical merit of the method.. It does appear that the concept is helpful
to interior systems design; it also appears that some of the same
criticisms which are attached to COBOL may also be applicable to TABSOL
and DETAB-X. In particular, it seems evident that many rules and
stipulations will accompany this language. The preliminary manual cited

reguires some B0 pages and is acknowledged to be incomplete, It is also
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felt that the same lack of general compatibility will become evident
as these languages are implemented for the machines of various manu-
facturers. However, there is at least some semblance of a rigorous

approach evident in this technique,

Graphic and Tabular Methods : ‘

Another area of occasional interest in recent writings has been ‘
that of graphic or tabular methods for either interior or exterior
systems description. Grad and Canning (11) have proposed a graphical
technique, while Evans (7) has proposed a tabular method. In addition,
almost every computer manufacturer and almost every text relative to
information processing proposes a graphic or tabular approach to systems
design, under the generic title of "flow charting." Ncne of the several
graphical techniques investigated appeared to.have any unique features;

they will not, therefcre, be discussed here,

Generalization Methods

Some attempts at generalization of interior systems design have
been made, and have been relatively fruitful. The concept here, as out-
lined by McGee (20), and later by McGee and Tellier (21), is to write !
very general programs for operations such as sorting, report generation, 1
and file maintenance, and to use these programs rather than writing
specific programs for single-purpose operations. The concept has been
quite widely accepted, and nearly every manufacturer of equipment has
avéilable generalized sorts and report generator programs. It should be

noted that the principle advantage of these routines is the saving of
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programming time and effort, at the expense of running time on the com-
puter, It should alsc be noted that McGee specifically does not attempt
to generalize the calculations involved in an information processing

system,

Quantitative Approaches

The body of literature relative to what might be called quanti-
tative approaches to either interior or exterior systems design is woe-
fully small, and much of the material which does appear addresses itself
to particular aspects of systems design rather than to the general praob-
lem. For example, Wagner (31) writes of the use of decision theory to
determine the amount of specific data necessary for making a given deci-
sion, while Rowe (25) discusses the use of simulatien and.disﬁlay matri-.
ces in analysis of management centrol systems.

Two papers, by Lieberman (18) and Homen (14) are worthy of exten-
sive note. Since they furnish a foundation for the present research, a
separate section will be devoted to these two papers later in this chap-
ter, Basically, these two papers used matrices for the description of
systems and the manipulation of systems elements. With minor expansien,
Kozmetsky and Kirschner (17) printed the Lieberman model as an appendix
to their book, The principle expansion was in terms of a more lucid
‘explanation of the use of the model, and more flexibility in its appli-
cation.

A similar matrix approach, but a much more cumberscme one, was
taken by Henderson (13). He assayed the construction of a five-dimen-

sional model, his dimensions being "Functional distinction, natural
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structure, managerial prercgative, substantive content, and time." Even

though he speaks of five dimensions, his matrices are two-dimensional
arrays. One matrix is used for each report, sc that a given system
requires a large number of matrices. He further requires that a value
be attached to each piece of data, so that an objective function can
be written.

Henderson is able to cast his model in the form of an integer
linear programming problem. The conclusion is reached, however, that
the solution of the linear programming model cannot be found because
of the very large number of constraints. It is interesting tc note
that 69 equations are used to merely describe the kinds of constraints.

In another approach, Young and Kent (32) propose the use of
essentially a symbolic logic method for exterior systems design, with
some connotation of interior systems design as well. Information sets,
document sets, and set relationships are defined using established set
and symbeolic notation. While this approach is excellent from a descrip-
tive point of view, great difficulties are encountered in manipulation
of such a model. In the article, the authors resorted to a clever but
rather complicated graphical technique which, while useful, does not
offer the advantages of the lLieberman-Homer models.

Ina graduate.project at Purdue (29, Thomas, W. H.), a similar
conclusien was reached; that symbolic logic is quite effective for
describing systems, but that algorithms for manipulation of the model
so obtained are not presently available, nor doés it appear that they
will become available for some time. Such a development must await a

great deal of research in pure mathematics.
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The Lieberman Technique

Lieberman's notation is as feollows (18, op. cit.):

1

H

identification data; e.g., employee number,

q quantitative data; e.g., hours worked.
Both i and g are subscripted by the same series (say k) for

indexing of specific data elements.

BP = the rth business function; e.g., production control.

Sm = the mth source data form; e.g., time card.

Rn = the nth report form; e.g., stock status report.

M = general notation for a matrix. A subscript s indicates a

source data matrix, a numerical subscript indicates the level of an
intermediate matrix, a subscript B indicates a matrix of the require-
ments of the business functiocns for given reports R.

The matrices may be called incidence matrices, since the rule for
an entry in a given matrix is that a cell value of 1 is assigned if a
given report requires a given piece of data, and is zero otherwise.
The formation of the matrices is best seen by a simple example.

The first matrix, Ms’ has a row for each 1, and q > and a column

k
for each Sm. Table 3 shows an MS matrix which presumes a system with
gix data pieces and feur source data forms.

The interpretation given to this matrix is, for example, that

identification data item 1 appears on source forms 1 and 4, while quan-

titative data item 5 appears on source forms 3 and 4,
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Table 3, The MS Matrix

il ] 0 0 1
i2 ] 1 1 0
i3 0 1 0 1
qL+ 1 1 0 i

The first level report structure can now be shown in matrix form,
as in Table 4, which assumes five first level reports, and uses a super-

script on R to indicate the report level.

Tabl= 4, The Ml Matrix

H
L
L
L
.

Sl 1 1 1 1 1
82 0 1 0 0 1
83 0 0 1 1 1
Su 0 i 0 1 1

A similar interpretation is placed on the entries in this matrix.
Tor example, source form number 2 is required for reports 2 and 5, Simi-

larly, a matrix for second level reports can be constructed, as shown in




Tzble 5, where three second level reports are assumed.

Table 5, The M_ Matrix

2
KRR
Ry 1 o 1
Rfl?' 101 1
Ré o o 1
Ri o o 1
Ré 10 0

Finally, assuming a two level report structure, the M_ matrix -

B

. can be constructed, shewing the use of second level reports by the

several business functions. In Table 6, two business functions are

assumed.

Table 6. The M_ Matrix

B
Bl 82
Ri 1 1
2 o1
Rg 1 0

24
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At this point, certain information can be gained by examinatiqn
of the matrices, For example, it is seen that S4 contains all but one
piece of the basic data in The system; one might investigate the feasi-
pility of adding one piece of data to S4 and eliminating the other
source forms. It is also possible by adding rows and celumns of the
matrices to gain a measure of the use of a given piece of data or a

given report.

Table 7. The (MS)(Ml) Matrix

i 1 2 1 2 2
i, 1 2 2 2 3
i, 0 2 0 102
a, 1 3 1 2 3
a, 0 1 102 2
a4 1 3 2 3 Y

It is now noted that if the four matrices are taken in the se-

Quence M_, Ml’ MQ, MB’ that they are comformable for matrix multiplica- |

"tion, Performing the first multiplicaticn, the (MS)(Ml) matrix shown
in Table 7 is obtained. This matrix shows the number of ways that each
piece of source information is available to each of the first level

reports. Thus 9 is available to RE in four different ways, while 1

5 3
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is not available to Ri er to Ré. This fiprst product matrix can now be
multiplied by M2 to show the availability of seurce data to the second
level reports. Imn turn, the product matrix sc obtained can be multi-
plied by the MB matrix, which will show the availability of source data
to the business functions. Performing these two further multiplications
results in the final, or sclution matrix, for the entire system shown in

Table 8.

Table B. The Solution Matrix

B B
il 11 7
i2 13 8
i3 7 ©
q, 14 10
9 7 b
Qg 17 11

This resultant matrix presumes to show the redundancy of the
system, and examination of the original and intermediate matrices is
proposed to disclose ways in which the redundancy can be reduced. The

interpretation of the solution matrix 1s that a given cell shows the




27

number of ways which a given.piece of source data is being made available
to a given business function.

As presently constituted, Lieberman's model is best adapted to
analysis of existing systems, or design of new systems where it is suit-
able to use the old system as a point of departure, Lieberman alludes
to the fact that the model might be used for synthesis of new systems,
by essentially constructing a final matrix of data sources to business
functiens, then usiﬁg an 'inversion' function to work backward to the
MS matrix. He dees not centemplate the usual matrix inversion, hawever,
and discussion of this phase is deferred to a "later'" paper which has

not appeared,

The Homer Technique

The basic centribution of Lieberman was to furnish a concise
basis for the description of exterior systems, and to gain some measure
of the data redundancy of a system, Homer (1%, op. cit.) pointed ocut
some wWeaknesses of the Lieberman model and proposed technigques for over-
coming these weaknesses and for improving the computational procedures.

Since the first phase of the current research will repreoduce
Homer's results with a considerable simplification of procedure and with
more resultant information, it is appropriate, for purposes of compari-
son, to inciude Homer's notation, argument, and technique at this point,
His mathematical development will not be included, since it justifies
only his technique, and is not pertinent to the methcd to be developed

in this current research.
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Notation

Homer's notation is as follows (14, p, 501):

di = the ith item of data in a system: 1 =1, 2, ., . .

Rk(j) = the kth report (or document) at the jth level; j = 1,

2, . s D3 k=1,2, ..., pj. In particular, let:
Rk(l) = the kth source document.

B, = the rth business function; r =1, 2, . . . , q

Mj—l = the matrix wﬁich depicts the components required for the
preparation of jth level reports. In particular, let:
My = the matrix which depilcts which items of data appear

on which scurce documents,
Mn = the matrix which depicts which nth level reports are

used in performing the various business functicns. (This
implies that business functions are carried out at the

n =1 level.)

Limitationsg of Lieberman Model

Homer cited the following conditions which "hinder the establish-

ment" of the Lieberman model (14, p. 505):

1, Cases where it is extremely difficult to define the level
of a report, because it is prepared not only from jth level reports,
but alsoc reports of level j - 1, j - 2, etc,

2. Similarly, cases where business functions zre performed not
only on the basis of nth level reports, but on lower level reports
as well,

3. Cases where some business functions are performed at the
n + 1 level, others at lower levels,

4, Cases where items of data enter & system at some level
higher than j = 1,
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5. Cases where reports are prepared outside the scope of
the study, (cutside the enterprise, often) and enter the system
at some relatively high level.

6. Cases in which some Rk(‘) is a terminal report for some
j < nj such as records primarliy histerical in nature, or summary
reports prepared for use outside the scope of the study.

Such conditions result in a series of matrices which are incom-
patible for multiplication, for the row headings of M. are not
necessarily identical to the column headings of Mj—l'

Homer then develops an example, first using Lieberman's technigue
to demonstrate that the resultant matrices are indeed non-conformable
(incompatible) for multiplication. He then develops two methods of re-
solving this difficulty.

The first of these techniques is that of augmenting the individual
matrices (of Lieberman) with dummy vectors in order to force conforma-
bility for matrix multiplication. Then the series of matrix multiplica-
tions is performed exactly as contemplated by Lieberman in order to ob-
tain the solution matrix. Since this method is rather lengthy, and is
net as good a method as Homer's second technique, it will not be further

described.

Homer's Second Method

In Homer's second method, a single matrix S is formed, using the

®
elements of the Mj and Mn matrices. Then a solution, $ , is obtained

1

by performing a series of elementary column operations on S,
The rules for formation of the S matrix are (14, p. 508}:

1. A row is established for each dj and for each Ry in the
system; i. e., for each component except the B,'s.

2, A colum is established for each Ry and for each B, in
the system; 1. e., for cach component of the system except the

d.'s,
]
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3., As before, the number 1 will be inserted in each cell to
represent an item of information appearing in a report, one
report used to produce another, or a report used to perform a
business function, In other words, those cells which would con-
tain a 1 under the method of . . . (First method) . . . would
contain -a 1 under this method.

4, Each Ry will be represented by both a column and a row.
Into each cell formed by the intersection of an identical row
and column (rkk), the value -1 will be inserted.

5. All other cells will be labelled zero,
6. The matrix can now be analyzed as follows:

a. ©Should any column contain only zeros, the
report or business function represented is out-
side the scope of the problem being investigated,
and the ¢clumn should be removed.

b. Should any row contain only zercs, the report or
the item of information represented is not a com-
ponent of the system, and the row should be
removed.

¢. Should any column contain -1 as the only non-
zerc entry, the component represented by that
column is really an input to the system. The
column should be removed.

d. Should any row contain -1 as the only non-zero
entry, the compeonent represented by that row is
really an output of the system. The row should
be removed.

e. In the event that the application of the above
rules results in the deletion of both the row
and column representing the same compenent, this
is an indication that that component is not a
member of the system under investigation.

The S matrix for Homer's example 1s shown as Figure 1. Homer

indicates that the system inputs are data elements d,, d

ls 2) @ . e ]

d7, and reports:Ru(l) and RB(?)’ while the outputs are the report

and business functions Bl’ e s Bq.

An algorithm is then developed by means of which the solution

30
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.

matrix § in Figure 2 is dewveloped (14, p. 509):

1. Identify the cells formed by the intersection of input
rows and output columms; that is, the solution area.

2. Perform the necessary elementary column operations to
reduce to zero each entry in an .output column other than those
in the solution area.

3. The resulting values in the solution area represent the
solution of the zlgerithm; that is, they show the number of
ways in which each input "reaches" each output.

4, Since each elementary column operation may not only
reduce to zerc the cell which is being operated upon, but may
. also introduce non-zerc entries into other cells which are
supposaed to be reduced to zero, it 1s wise to proceed in a
systematic fashion, from the bottom row of the matrix up.

£ . .
The 8 matrix contains in its solution spaces (heavily outlined

in Figure 2) the same data as would have been contained in the solution
obtained by matrix multiplicaticn, except that they are in different
orders. Homer claims the fcllowing benefits for his second method, in
additien to sclving the problem of non-conformability (14, p. 511}:

1. No attempt need be made by the analyst to force reports
into c¢lassification by level,

2, Computation is greatly simplified in that only elementary
column cperations are required.,

3, Inputs and outputs of the system are immediately identi-
fiable, as are compcnents outside the scope of the study.

4, The sequence in which components are listed is immaterial.
No time or effert need be spent in ordering data,

5, Because of its simplicity, the method is well adapted to
simulating the effect of changes in the system.

6. Any intermediate results (analogous to some N, p where
a> 0, b <n)can be obtained by defining "input rows" and "out-
put rows" to be the rows and columns of the matrix of the desired
result, and forming the sclution area accerdingly. Any Na 5 SO
obtained can then be used to compute Na’c(c > b, ’




B[R [Faan B2y Fo ) [Ra2) By (Bs2) [Ba B2 By
dl Q 1 1l 0 0 0 0 4] o |0 [0
d2 1 1 1 0 0 Q 0 0 0 {0 (o
d3 0 0 1 0 0] 0 0 0 0 |0 |0
d4 1 0 1 0 0 0 .0 0 0 |00
d5 0] 1 0 0 0 0 0 . 0 0 |0 |0
d6 0 Q 0 1 0 1 1 1 0 {0 |0
d7 0 0 0 0 0 0 0 0 1|1 |1
Rl(l) -1 0 0 1 0] 1 1 1 0 |0 |G
R?(l) 0 -1 0 0] 0] 0 0 Q I |1 [0
RS(l) 0 0 -1 1 1 0 1 1 Q (0 10
Rq(l) 0 0 0] 0 1 1 0 0 0 |0 |0
Rl(?) 0 0 0 -1 0 0 0 0 0 (1 /1
R2(2) 0 0 0] 0 -1 0 0 0 1411 |0
R3£2) ‘0 0 0 0] 0] -1 0] 0 110 |0
R5(2) 0 0 0] 0 0] 0 0 -1 0 ]1 |1
RB(?) 0 0 o 0] 0 Q 0 9] 1l (0 |0

Figure 1.

S Matrix from Homer's Example (14, p. 509)
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B R Ban | Fu [F22) [Ra) | Ruc2) | B2y [B1] B2 | Bs
dl 0 1 1 0 0 0 1 0 2 (4 (2
d2 1 1 1 0 0 0 2 0 3 |6 |4
d3 0 0 1 8] 0 0] Hi 1 0 113 12
d4 1 0 1 0 0 Q. 2 0 2 |5 |4
d5 0 1 8] 0 0 0 0 ¥ 1 (110
d6 0 o o 1 0 1 1 1 1 (2 12
d7 0 0 0 0 0 0] 0 Q 1|1 ]2

] v“

Rl(l) -1 0 0 1 0] 1 Q 1 0 [0 10
RQ(l) .O -1 0 0 ] 0 0 0 0o |0 |0
RB(l) 0 0 -1 1 i 0 0 1 g |0 |0
Ru(l) 0 0 0 8] 1 1 0 0 2 |1 (0O
Rl(?) 0‘ 0 0 -1 0 0 G 0 g |0 |0
Rz(é) 0 0 0 0 -1 0 0 o lo |o |¢
R3t2) 0] 0] 0 0 0 -1 0 0 g |0 |0
R5(2) 0 0 0 0 0 0 0 -1 g 10 |0
Re2)| o 0 0 0 0 0 0 o L

Figure 2. s” Matrix from Homer's Example (14, p. 510)
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Subsidiary Literature

During the course of later presentation of the research, an
analogy will be drawh between an information system and a materials
flow system. The research will also draw upon the work of two authors
in this area, It is therefore pertinent to present the work of these
two authors at this point, even though their work was done in a context
quite different from that of information systems analysis.

Vazsonyi (30) considered the widespread problem of a materials
system wherein raw materials and purchased parts are used tc produce
a hierarchy of sub-assemblies and assemblies and, finally, finished
product. He developed a technique known as the "Gezinto theorem"*
wherein fhe statements of relation between individual parts in the
system are used to develcp a matrix which represents the "“total require-
ments factor,” or the amount of each lower level component required for
a given higher level assembly or sub-assembly.

Vazsonyl does not actually state and prove a theorem, but rather
defines some relationships existing in the materials system and develops
a method of computing a total requirement factor matrix. The main line
of his reasoning and development starts with the portrayal of the
materials system as a directed graph, which he calls a "Gezinte diagram."

In this diagram, as sheown in Figure 3, the severai parts and as-

semblies are represented by the nodes (circles) of the graph, and the

* Vazsonyl introduces a note of humor into his book by a foot-
note which attributes this theorem to "the celebrated Italian mathe-
matician Zepartzat Gozinte," with reference to his "Collected Works,
Vol., 3.%
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Figure 3, The Gozinto Graph (30, p. 430).
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relationships which exist between parts and_assemblies are denoted by
lines connecting the nodes. The arrows on the line define both the
direction of relationship and the number of a given part or sub-assembly
at the beginning nede which are regquired for fabrication of the sub-
assembly or assembly represented by the node at the end of the line.
From this graphical conception of the materials system, the
"mext assembly gquantity matrix" shown in Figure 4 can be developed by
inspection. In this matrix, the row index i is the index of the node
at which a line begins, the column index j is the index of the nede
at which a line ends, and the cell value i1s the number of arrows on the
connecting line. The next step is to develop, again by inspection of
the graph and simple calculation, a "total requirement factor matrix,™
depicted in Figure 5. Neotation is then developed, wherein N denotes the
next assembly quantity matrix, with nij the cells therein, and T is the
total requirement factor matrix, with cells tij' Both N and T are of
dimension n x n, where n is the number of parts and assemblies in the
system. By appeal te the graphical representation and the two matrices,
he is then able to show .that the computation of the cells tij can be

accomplished by use of the relationship:

tij = E niktkj’ i#3, (1)

J.

where k indexes over the columns of N and the rows of T.

* While concise, this equation 1s not computationally efficient,
requiring, as Vazsonyl notes, solution of large systems of simultaneous
equatiocns.




1 0 c 0 2 0 0 1 1 ¢
2 9 ¢ 0 C 0 0 ¢ 0 0
3 1 0 0 0 3 0 ¢ 0 0
B 0 ] D 0 C 0 0 0 0
5 2 0 0 0 0 0 2 1 0
B 0 2 ¢ 0 1l 0 0 ¢ 3
7 0 1 0 1 0 0 0 0 0
g8 0 2 0 0 a ¢ 0 ¢ 1
9 0 0 0 0 0 0 0 c 0

Figure 4, The Next Assembly Quantity Matrix
(30, p. 431)

37




38

2 3 L 5 7 8 e
1 3 0 3 0 1 1 1
2 1 0] 0 0 0 0 0]
3 33 1l 27 3 13 10 10
4 0 0 1 0 0 0 0
5 10 0 8 1 b 3 3
6 12 0 8 1 4 3 6
7 1 0 1 0 1 ¢ 0
8 2 0 0 0 0 1 1
9 0 0 o) 0 0 0 1l

Figure 5, The Total Requirement Factor Matrix

(30, p. 432)
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Also, to make equation (1) hold, the relation

t,, =1,1=73 {(2)

is defined, on an essentially arbitrary basis, but with the justifica-
tion that this diagomal 1 reflects the inherent self-identity of a part.
It is next observed that equation (1) is a matrix multiplication,
wherein N is post-multiplied by T, and that equation (2) represents the
addition of the identity matrix (I) of rank n. Therefore, the whecle

relation can be represented by the matrix equation:

T =NT + 1 (3)

It is then noted that this equaticn can be successively rewritten:

T -NT =1

(I -N)T=1I

and finally:

T = (I -N)~ (w)
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s
"

if the inverse exists.

The T matrix is therefore the inverse of the (I - N) matrix,
where I is the identity matrix and N has known values. Vazsonyi notes
at this point that the mafrices are triangular, and that for this reason
the inversion is relatively easy to perform, He does not exploit this
triangularity to any extent, hewever,

In a later work Giffler (9), in the same context of determination
of total requirements factors in a materials assembly system, more fully
explored the properties of the N, 7, and (I - N) matrices. He defines
three matrices, N, T, and C. N corresponds teo a bill of materials, and
the typical element nij is the quantity of M"i" which is directly con-
sumed per unit of "j." T corresponds to "total requirements," with
elements tij being the guantity of "i" which must be manufactured or
purchased per unit of "™j." C is a "consumption matrix" where the Cij
represent the total quantity of "i" consumed, directly or indirectly,
per unit of "j." Giffler's N and T matfices are precisely the same as
those défined by Vazsonyi. All matrices are of dimension n x n.

It is first shown that the consumption matrix C is related to the

bill of materials matrix N by:

*  Vazsonyl does not point out that the relation between equa-
tions (3} and (4) depend on the existence of the inverse of (I - NJ),
which in turn implies that this matrix must be non-singular. However,
this is easily shown, since N is strictly triangular, and therefore
(I - N) is triangular. In a triangular matrix, the determinant is equal
to the product of the diagonal elements. In this case, (I - N} has 1l's
on the diageonal, the determinant is equal to 1, the matrix is therefore
non-singular, and (I - N)™1 exists.
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ciy = Ny + E ciknkj’ (5)

that is, that the consumption of i per unit of j is the sum of the
direct consumptien and the indirect consumption through the kth com-
medities (sub-assemblies) which in turn are consumed directly in i.

This relation is then expressed in matrix notatien,
C=0N4+CN (6)
which by appropriate manipulation becomes
C= NI -NF (7)

where I is the n x n identity matrix.
It is then noted that if the matrix N is squared, the matrix N

will have elements

2 _
nij = E niknkj (8)

2 . . . .
where nij represents "second-level ceonsumption! of i per unit of j.
By extension, n?j would represent mth level consumption of i per unit

of § in the matrix Nm, and direct consumption would be equivalent to

1

nij in the original N matrix. By this argument, the consumption matrix

C for an m - level system can be written:

—

F
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C=N+N +N°+ ...+ N (9)

It is then shown that since the consumption of commodities

(parts and sub-assemblies) in other commodities is finite, the series
. - . . . . +1 .,

on the right hand side of equation (8) terminates, that is, n" is

null for some finite m. It is then cbserved that the elements of T

are related to those of C by:

t,. = | (10)

which can be expressed by:

(11)

1]
—
+
=
+
=

N

-+
+
=

Multiplying both sides by (I - N),
(I -N)T = (I ~N}I+N+N°+ ... +}N" (12)

and performing the indicated operation on the right and cancelling

yields

(I -N)T =1 (13)
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and

T = (I - N)'l (14)

which is precisely the result obtained by Vazsonyi.
_Giffler then exploits the triangularity cf the N, (I - N}, and
T matrices, in particular the fact that (I - N) is the forward solution

cf its own inverse, to develop a pair of iterative equations for the

computation of (I - N)'-l when N is strictly triangular and non-negative.

Assuming upper Triangularity,

jil
t,, = t. N, ., j > i (15)
ij k=1 ik kj

.-.]_, j-'-l

while iIn the case of lower triangularity,‘

i-1
tij = kzj niktkj’ j < i (16)
=1, i =1

These equaticns require solving fer rows from top to bottom in
the case of equation (15) and for columns from left to right in the

case of equation (i6). As will be developed later, this is not the most

% @iffler stated this equation errcneocusly, in that his summation

was from k = 1 to j - 1, which does not give the proper result,
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desirable order of sclution for computer operation.

In order to fully exploit the triangular nature of the N and T
matrices, it is necessary to have a methoed of arranging the arbitrary
designétions of parts, sub-assemblies and assemblies in such & manner
that the resulting matrices will be in the triangular form desired,
Giffler (9, p, 18-34) provides the essential basis for triangulariza-
tion. He first approaches the matter.from the point of view of the
cells within a matrix, and notes that triangularizatien can be done by
a series of row and corresponding column permutations of a matrix that
is triangular in nature, but not in form. He also defines pairs of per-
mutation matrices which can be devised, and used to pre- and post-multi-
ply a given matrix in -order to triangularize it. Since this technique
requires prior determination of the permutations to be made, 1t does
not appear to be suitable for machine operation, and will therefore not
be discussed further.

By locking at the essential nature of a triangularized N matrix
(in the material assembly system) Gifflef observed that triangularity
could be achieved if the commodities and parts could be so ordered that
"ne commodity follows a commodity in which it is consumed and that as-
signing commedities to successive rows and columns in the same order must
produce a (strict) triangular N." This definition will produce an upper
triangular_matrik. For lower triangularity, the word "follows" in the
quotation above is replaced by "precedes."

Based . on this definition, Giffler then develops the following
algorithm:

1. For each nij £ 0, list the pair (i,j). Assuming that
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there are m such palrs, assign the successive position numbers
1,2, . . .5 m to each component index 1. Assign the position
numbers m+ 1, m+ 2, . . . , 2m to each assembly index j.

Let (1, m + i) represent the position numbers of the ith pair.

2. Select the highest positioned component index. Assume
that 1t occupies position i, (Actually at the ocutset it must
cccupy positicn 1.) Look for the first match of the index
against an index in positions m+ i, m+ 1 + 1, . , . , 2m.
If a match cannot be made repeat Step 2 with the next highest
component index. If no match can be made with any component
index, transfer to OUT,

3. Say that Step 2 produces a match with the Index in posi-
tion m + §. In this event exchange the indices occupying
position 1 and j and the indices occupying positions m + 1 and
m+ j. Make a record of the exchanging indices,

4, Compare the exchanging indices in Step 3 with previocusly
exchanged indices, If the indices have exchanged previously,
transfer to TERMINATE. If the indices have not exchanged pre-
vicusly, repeat Step 2 with the next-highest component index.

TERMINATE. If the algorithm reaches this step, N is c¢yclic,.

OUT. If the algorithm reaches this step, N is nen-cyclic.

When the algorithm has run tc OUT, all component Indices will
be listed in their (strict) triangularizing order, The indices
of the products will be missing because they are not components.
This deficiency can be corrected by adding a zero'th row and
column te N and making all n., = 1l if i is the index of a
preduct. This is the same as to assume a commen fictitious
commodity in which all products are consumed.

Giffler asserts that the above method is "readily mechanized by

punch card collating equipment." The method produces an upper triangu-

lar matrix, but by reversing i .and j indices, the algorithm will lower

triangularize as well,

Summary and Coenclusions

To summarize, relatively little has been done in a guantitative
sense for either intericr on exterior systems design. As currently

practiced, information processing systems design is largely an art,
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rather than a science. The use of compilers, especially generalized
compilers such as COBOL, is extensive, but these compilers are widely
criticized., Decision tables seem to be a desivable adjunct to the com-
pilers for internal systems description and analysis, but many of the
criticisms directed toward the compilers is alsc directed to decisioen
tables, Generalized routines, such as sort routines and report genera-
tors, are used extensively, but alsc have the limitation of requiring
valuable computer time in order to save pregramming effert,

Some advance has been made by the Lieberman and Homer models,
but the technigues are not widely used. It is believed that additional
work in the direction indicated by these models is justified. Symbolic
logic has been suggested as a means of analysis but has the limitation
of difficulty of manipulation which renders it relatively weak as either
an exterior or interior systems design tool.

In conclusion it is appropriate to quote from two rather similar
articles which point out the need for investigation of the sort centem-
plated, without, however, indicating the direction which the investiga-
tion should take! Postley (24) comments:

But while new triumphs in scientific computing have been de-
rived from a sound base of mathematical theory and research, no
such base exists in the business field. The principles of account-
ing and record keeping cperations are reasenably well-defined for
nen-~computer-oriented systems. But these principles must undergo
substantial revisions when we consider . . . applying them to data
processing equipment, . . . Thus, a second dimension in the classi-
fication of scientific or business data processing is the presence
of well developed mathematical and engineering theory for scien-
tific informatioh systems and the almost complete lack of-a funda-

mental theory of business information systems.

About a year later Steel (28) stated:
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. . . data processing is not really clearly understood by
anyene. . . . Any attempt to bring some order into the present
chaos must face the unpleasant fact tnat no fundamental theory
exists for immediate application. This is the key difference
between commercial data processing and scientific computing.

« « + The absence of a cerresponding fundamental discipline
underlying data processing regquirements has prevented the
parallel development of technique for those problems whose
solution now seems to occupy the bulk of computer time ir the
world,
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CHAPTER III

SCOPE OF STUDY AND BASIS FOR IMPROVEMLENT

Introduction

The purpose of this chapter is tc present a brief overview of
the work to be shown in detail in following chapters, and to discuss
certain matters pertaining to prior work in the field and certain
characteristics of information processing systems which will furnish
a basis for improvement of techniques of systems analysis.

The research to-be presented has three basic phases, In phase
I, the work of Homer and Lieberman will be duplicated with improvement
in terms of the amount of information made available about the system
under study and in terms of ease of computation. Chapter IV will
present the mathematical development, an algorithm, and & numerical
example illustrating this phase.

Later in this chapter it will be shown that while this first
phase represents an improvement, the model dees not adequately represent
an information system in that it does not embrace consideration of types
of data and data transitions. Phase II therefore presents a mathe-
matical develcopment, algorithms, and numerical examples for two refined
techniques. Chapter V will contain the mathematical develcpment, while
Chapter VI will present the algorithms and numerical examples.

Since the study of any real system would result in such a number

of systems relations that the algorithms could not be used on a manual
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basis, phase III of the research will be devoted to a discussion and
development of the use of mechanical and electronic equipment for ob-
taining numerical solutiens using the refined algorithms. The alge-
rithﬁs.were, in fact, developed from the point of view that computer
methods rather than manual methods would be used in practice. Chapter
VII will contain a general discussion.of computer considerations, while

details of machine coperation will appear in the Appendices.

Consideratiens for Refinement

‘While Chapter IV will present a methoed which will reproduce the
results of Homer and Lieberman with improvements of computability and
usability, it will be pertinent to examine critically both the prior
work and the phase I work of this writer with a view to substantial
refinements which will permit a more widespread use of the techniques
in analysis of real systems. As a first step in this direction, it is
pertinent to develop and discuss the types of data which may be found
in an information processing system, and to develop the types of transi-
tions through which these data may pass between the input and output
stages., Based on this, the limitations of the prior work and the phase
I work may be seen, and refinements made.

Data Types .

The data which arise in an information processing system may be
classified into three basic types, based entirely upon the essential
nature of the data rather than its source or intended usage. The three
types may be designated as identification data, quantitative data, and

status or existence data.




50

Type one, identification data, is represented by such items of-
data as payroll numbers, stock numbers, machine numbers, dates, times,
locations, and the like.

Type two, quantitative data, is usually originated as a result of
a count, measurement, or computation. Included are such data as the
amount of product produced on a machine, the tensile strength of a
sample subjected to a quality test, the number of pounds shipped on a
shipment, the number of employees absent from a given shift, the amount
of payment made to an employee or a vendor, Type two information is
used largely, but not exclusively, at the lower echelons of the enter-
prise, for the purpose of making immediate decisions, conveying instruc-
tions and short term results, and preparing working documents such as
invoices and vouchers.

Type three data are characterized as those data which indicate
status or existence, e. g., a specific commodity is assigned to a
machine, a failure has occurred in a given process, a given quality
test was performed, a specific shipment has been made. Frequently this
is the type of information which the control groups and administrative
functions of an enterprise are concerned with, since the mere existence
of an event is often sufficient for some action to be taken. For
example the fact that a shipment has been made is an indication to the
order-invoice section that the customer sheould be billed.

It should be noted that data may be, and frequently are, con-
verted from type twWwo to type three data merely by taking the presence
of some quantitative data as indication that some action has taken

pPlace. Fer example, the existence of a non-zero entry in the hours
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worked column of an employment record is construed as evidence that the
employee was present. This conversion of type two to type three data

is not in general reversible, nor can the original type two data be re-
gained unless specific provisions are made for its storage and subsequent
retrieval,

It is-also important to note that neither type two nor type three
data are meaningful unless accompanied by the proper type one identifi-
cation data. Frequently a single item of ldentification data suffices
for several pieces of type twe and/or type three data, but if some of
the type two or type three data are removed by some processing step, or
if type two data are converted to type three data, or if some other type
of data conversicn is made, the type one data must still be reproduced
in order to identify the surviving data. One implication of this fact
is that apparent redundancy of type one data in an information system
cannot be viewed in the same light as redundancy cof type two or type
three data, since the identification data must carry through the system
in substantially unchanged form on every document and report.

Furthermore, it is not uncommon for a single item of type one or
type two data to carry with it several items of type one data. For
example, the type two data "pounds shipped!" will very likely carry a
date, inveice number, custcmer number, product number, bill of lading
number, packing slip number, etc. In a payroll sub-system, the gross
wage may be identified by employee number, department number, social
security number, date, shift, and other information required to reflect
the fact of.paying the employee in the several pertinent accounts.

A consequence of this concept of data types 1s that it may not
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always be wise, in practice, to analyze the type one data separately
from the type two or type three data which it is forced to accompany.
It may be better from the point of view of both analysis and synthesis
of the Information system to view the type one data as either coupled
to some corresponding type two or type three data, or to view the type
one data as a subset of the appropriate type two or type three data, or
perhaps merely to view the type one data as a constant running through-
out the given sub-system.

One further concept is of interest in trying to reduce the overall
amount of data in the system. Since in many cases type three informa-
tion can be generated or deduced from appropriate type two data, it will
be worthwhile to examine instances of creation or maintaining type three
data with a view to obtaining the same result as a by-product of the
necessary creation or maintaining of the corresponding type two informa-
tion. Any means of analysis should furnish a means of examining type
three data items, particularly when both types of data pertaining to a
given event are carried on the same document or report, or are used by
the same business function.

Data Transitions

One of the primary functicns of an infermaticon processing system
is to perform prescribed transitions on the input data in order to make
it more meaningful tc the intended user. Information has been defined
as '"'processed and organized data." It is therefore appropriate to
examine the essential nature of the data transitions which take place in
a system, and to characterize them in a manner to make them amenable to

description and analysis. The following transiticns can take place:
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1. Data can . change types. A4s discussed in the preceding sec-
tion, the presence of quantitative data (Type two) may be interpreted
as indicating status or existence (Type three). The important fact
here is that the data are not the same, and should not bear the same
identification for analysis.

2, Data may terminate, This usually arises when a report is
extracfed for a higher level report, leaving behind unwanted data.

3, Data are summarized, with only the total going on te a higher
level., A common example is that the number of hours worked by an indi-
vidual employee is summarized by department, and only department totals
are carried forward in the system.

4, Data are computed, with only the results being preserved in
upper levels of.the system. An example is that pounds shipped times
price per pound may be computed, and only the extension used in some
higher level documents,

5. Data are generated in the processor or process, and used
either as an intermediate step in a computation or as a basis for com-
parison. In some caées these data never appear on a report as such,
but are lost after the processing purpose for which they were created
has been fulfilled. A prime example, but nct the only one, is the
generation of "proof totals" in a computer run to assure that all data
were included in the run.

6., Data, either input or processed, are stored and later re-
trieved. These delayed data are usually either in original form, such
as "last months sales," or in cumulative form, such as "sales year-to-

date,"
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7. Data may be generated on the passage of time. For example
in a hespital billing system, the roem charges are created by the fact
of a reom being cccupied at midnight. In industrial context, burden
charges are (értificially) presumed to be generated by the passage of
a calendar month. This transition is, in effect, a special case of
data origination, but since it usually arises without overt action
having taken place, it can alsoc be considered as a data transition.

8. Occurrence-generated data are those data which arise based
on the operaticn of some decision rule. For example, if three succes-
sive absences of an employee occur, this may occasion the preparation
of a report to the plant medical section for the purpose of checking
whether such absence 1s due to medical reasons. This data transitien
almost always gives rise to origination of type three data, and fre-
quently calls for the recovery of stored.data as well.

9. System constants are those data, usually ef type two, which
are used repetitively and largely automatically in computations., For
example, in quality control computations, the figure "3" is frequently
used as a constant by which the computed standard deviation is multiplied
in order to establish control limits. In payfoll computation, the number
"ot is frequently used when it has been established that an employee has
worked the standard work week. This type of transition méy also be
viewed as a special kind of data origination.

The principle effect of these data transitions from the point of
view of the analysis of a system is that, in general, input data de not
survive in pure form through the system and into the higher level re-

ports, except for the type one identification data, Rather, the higher
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level reports consist largely of data which have been summarized, com-
puted, and otherwise derived through the transitions of input data,
Therefore, the analysis technique must be such that these transitions

are explicitly recognized and properly treated,.

A Materials Flow System Analogy

Since phase I of the current research is based on a prior work
done in the area of materials flow systems, it is fruitful to briefly
discuss these systems, and to draw an analegy between a materials con-
trol system and an information processing system. It will later be
shown that the analogy fails at critical points, which furnish a basis
for further refinement.

The materials flow system is characterized by input to the system
in the medium of raw materlals and purchased parts, intermediate stages
of sub-assembly and assembly, commonly denoted by the term "in-process
inventory,'" and final stages of finished product. In addition, some of
the intermediate assemblies may be sold as such for replacement pur-
poses, or for use by other manufacturers for purposes of further
assembly,

The computation usually associated with this system is called
the "materials requirement determination." Given a production forecast
or schedule in terms of finished products and saleable intermediates,
the task is to compute the amount of raw material and purchased parts,
and the number of assemblies, sub-assemblies, sub-sub-assenblies, etc.,
which will be required in order to support the production commitments.

As a manual task, this computation is one which is tedious,
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error-prone, and expensive, It was therefore one of the first, after
the payroll, to be censidered as a punch-card applicaticn when such
equipment became available. The IBM Corporatien, realizing the broad
requirement, several years ago developed the so-called "explosioen
technique, which used the abilities of conventional card equipment to

de thié task. While this card "explosion'" was a major improvement over
manual metheds, and made effective use of then available equipment, the
technique had one inherent flaw, This was that each level of assembly
required a separate, sequential "pass'" through the processing equipment,
starting with the finished product and ending with the raw materials and
purchased parts. This also implied that the order and structure of the
materials system be carefully determined, and that the level of entry of
each component be carefully specified in advance of the computation.
This determination was usually made by tedious manual methods, and
usually by engineering personnel who could qnderstand drawings and bills
of material.

With the advent of stored program digital cemputers, it was
natural to utilize the higher processing speeds and improved machine
logic to impreve the method. However, the same inherent problem of
multiple passes, one for each level, remained, due to the inability
to logically relate the several levels of assembly. At the present
time almost all processing is done by this technique, however, despite
the limitations involved.

As cited in Chapter II, Vazscnyil (30) developed and reported
the soc-called "Gozinto" methed of materials requirements determination,

while Giffler (8) improved the technique somewhat and furnished certain
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essential preoofs., This writer (3) modified and refined the technique
for the purpose of materials requirements determinations, and showed

the feasibility of the technigue under certain circumstances of assembly
hierarchy and éemputer memery configuration.

The analcgy between the assembly of products and the structure
of.a business informaticn system is readily drawn. The crigination of
data at scme pléce where an event takes place corresponds to "raw
material," Data arising from other systems or exterior sources can be
considered as "purchased parts." Sub-assemblies in the plant correspond
to work sheets, intermediate repcrts, and working decks, tapes, and
records. Prepared reports compare to finished product, and it can be
noted that within the repcrt structure there are levels in the same
sense that there are levels of assembly. It should he noted that the
analogy is not perfect, and that many circumstances arising in a data
system do not find a counterpart in the materials system. However, these
difficulties will be discussed and treated in a later secticn. In this
sectien, it will only be noted that the basic "Gozinto" technique, with
some medifications of computational procedure discussed in Chapter IV,
can reproduce the results of Homer and Lieberman with full preservation

of system relationships and improvement of computational nicety.

Criticism of Prior Work and of Curvent Phase T Werk

The Homer-Lieberman Models

In the Literature Survey, certain criticisms of the Lieberman
model were made by Homer, and Homer proposed two methods te alleviate

these difficulties, These methods represent a vast improvement cover
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the basic technique originated by Lieberman, by eliminating the problem
of non-conformability of matrices, and indeed, by the elimination of the
necessity for performing a whole series of matrix multiplications. In
addition, the benefits claimed are for the most part desirable ones,
However, some of Homer's cited benefits® warrant some discussion.

In benefits one and four, the point is made that the analyst need
not spend time in ordering data, nor in classifying the reports info
levels in order that the computation technique will function. This is
quite true. On the other hand, in a reai situation, it is desirable to
Xnow the report levels, and an ordering of the data is very helpful in
understanding the system under study. It is significant to note that
Homer, in his example, did order the sequence of data and reﬁorts with
respect to their levels, even while pointing out that it was not neces-
sary to the processing of his model.

In benefit six, a procedure is outlined by means of which inter-
mediate results can be obtained. This is not seen to be a benefit, but
rather a loss of information over'fhe basic Lieberman technique. While
it is true that the information can be recovered, it requires additional
Qomputation, which tends to reduce the effectiveness of the model.

In benefit five, and in benefit two, the simplicity and ease of
computation are cited. It is true that the methed is an improvement
over the matrix multiplication method. However, the performance cof
column operations, while not difficult, is time consuming, and would

be tedious for other than a trivial problem. While it is true that the

% GSee Chapter II, page 31l.
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technique could be programmed for a digital computer, it would require
extensive memory search technigues which would be difficult to program
and time-consuming to operate.

Perhaps the greatest criticism of the technique is that much of
the data is lost in the computaticn, and because of the lack of order-
ing (unless particular effort is made to dc so), the results are diffi-
cult to interpret. In addition, after the & matrix is formed, a search
of the matrix is desirable, if not required, in order to eliminate non-
applicable or erronecusly included data from the matrix.

In view of the foregoing criticisms, it is then desirable o
develep a technique and computational scheme which will meet Homer's
original objecticons to Lieberman's model, to achieve the benefits in-
herent in Homer's modei, and to gain such other benefits as may be pos-
sible. The model develcped in Chapter IV is one such technique.

The Phase I Mecdel

" While the Phase I Model to be presented in Chapter IV will alle-
viate many of the short-comings of the Homer-Lieberman mecdels, several

other criticisms pertain uniformly tc both the prior medels and the

Phase I model. Since the refinements in later chapters will be attached

to the model propesed by this writer, however, the criticisms will be
discussed in the light of this latter modél.

The two essential criticisms of the basic algorithm is that no
.distinction is made of data type, and that neo provisicn is made for
recognition of the data transitions which arise in the processing.

- » » * 13 :'= *
These shortcomings result in a final solution matrix, S , which does

not give an adequate representation of the system under study, and which
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in fact may be misleading.

A principal effect on the S# matrix is that redundancy tends te
be overstated for all three types of data. The inability to recognize
type one data also leads to attaching undue importance to necessary
duplication of -identification data, The inflated indication of redun-
dancy results from the fact that the medel as constituted carries through
the system data which in fact have been lost due toc one of the transi-
tions having taken place.

The second effect on the S* matrix brought on by this same failure
to recognize'data_transitions is that upper levels indicate the presence
of information which in fact is not available from the report in ques-
tion. It 1s true that the data may have been required in the report
preparation, but they do not appear in the report as such. In this
sense, the S;'c matrix is misleading, and can lead to erroneous conclu-
siens in the systems design.

The failure to recognize data transitions has alsc resulted in a
model which coensiders only the external reperts of the system, and which
has neglected entirely the more veluminous internal reports, working
papers, summary decks, tape receords, etc. The volume and number of
these latter is frequently much greater than the published reports, and
are extremely important in designing a well functioning system. Some
of this prior cmission can be rectified by merely making a mere detailed
analysis, but recognition of data transition type is necessary for full
inclusion of these important considerations in the systems analysis.

Some of the types of transitions lead to specific difficulties

of - computation or interpretation of the S" matrix. These are detailed




61

below:

1. As previcusly indicated, several of the transition types
lead to overstatements of redundancy. This occurs cn changing of data
from type two to type three, termination, summarization, and computa-
ticn. Redundancy from the first .two transitions is of a fairly simple
nature in that an indication ef the changed or terminated data is car-
ried through into the higher level report structure as shown in the S*
matri%. Redundancy indications from summarizaticen and computation is
mere malignant, in that 1t compounds much more rapidly. For example, if
five daily reports are summarized into a weekly total, the S* matriz will
give the indication that the final report includes five daily figures;
it may contain none whatsoever.

2. ©Stored data creates the problem of non-triangularity, or

cycling, in the S matrix. For example, presume that a report R,, con-

l’
taining weekly payroll totals, is stored for a week, then retrieved in
erder to use the prior week's total as a cemparison for the current

week's payroll total on the current week'!s R, report. This weuld result

1
in the incompatible deseription that report Rl is required for the prep-
aration of report.Rl. This is true in a sense, but the @mnalysis tech-
nique must recognizelthat last week's report is not the same entity as
the current report. They are alike in data format, but entirely dif-
ferent in data content.

3. There is daﬁger that tine;generated, occurrence-generated,

and constant data may not be properly recegnized, and that thelr effect i

on the system may be lost. This difficulty is largely one of care in

examinatien and description of the system rather than Inadequacy of the
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mathematical model. It should be noted, however, that the examination
of occurrences to determine whether the criteria for generation of data
has been met may appear to cause redundant use of the information when
such is not really the case.

In addition to the difficulties caused by data types and data
transitions, there are further difficulties arising from the nature of
analysis desired. The 5% matrix shows essentially for each report the
lower level reports and input data which are prerequisite for the prepa-
ration of the given report, or, to state it in another way, the lower
level reports and data which the upper level report is "compesed of."
While this is important, it is also important for the analyst to have a
concise statement, preferably in the same format, of the actual data
content of each report. In the present form, the S% matrix net only does
not contain this information, but is misleading in this respect in that
it indicates ''composed of" information which may be erroneously inter-
preted as being "contained in" information.

A very frequent data processing operation is that of "match-
merging" wherein two reports (usually in card or tape form) are collated,
or merged intc physical or conceptual juxtapositicn by the device of
matching type one data between the two reports. For example, cne input
card may contain a payroll number and the number of hours worked. An
internal master record is maintained which contains payroll number,
rate of pay, and department number. A match-merge is performed, com-
paring the two files on payroll number, and physically placing together
each master card with the asscciated transaction card(s) containing the

same payroll number. This cperation produces a very great indication
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of redundancy of the identification number, when in fact only a single
statement of the identificaticn is carried forward through the system,
This fact lends further credence to the previous statement that apparent
redundancy of type cne data is not necessarily a cause for concern.

A further cause of difficulty in using the existing algorithms
lies in the fact that in defining the relationships which exist between
data elements, there is no single, unique way in which a given informa-
ticn system must be viewed. Depending upon the circumstances, and, un-
fertunately, the point of view of the analyst, there are several view-

' points which might be taken. For example, one might choose to lock at

a given systém 2s a hierarchy of reports, with only secondary considera-
tien given to the data and ccmputationsg involved. Again, the same system
might be viewed with primary emphasis placed-on the data content, and
secondary consideration of the specific documents and reports upon which
the datz appears. A third viewpoint might.emphasize the organizational
aspects of the system, with principal attention given to the organiza-
tional level responsible for report preparatien. In practice, all of
these points of view are used, frequently on the same study.

Unfortunately, the difference in viewpolnt can be refiected in
a difference of definition of the relationships between systems
elements. Since the § aﬁd S* matrices are functions of the defining
relatienships, this means that the difference in viewpoint can be re-
flected by rezl difference in the final S* matrix. In other words,
there is nc assurance that S* cffers a unique representation of the
system under studyi

Based on the foregoing discussion, the refinement of the model
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for systems analysis must then permit and indeed demand that proper
recognition be giﬁen te data types and data transitiens. In addition,
this refined technique must also provide means of eliminating or mini-
mizing the other noted criticisms. Refinements will fall, in general,
inte two related categories:

1. Improved definition of relationships between data systems
elements, by recogniﬁion of the types of data and of data transitions,
These definitions will be made in the next section of this chapter.

2. Develcpment cof aigorithms which will permit the inclusion
of thése new-definitions, and which also furnish a means for systeﬁs
analysis on a basis of the content of reports in additien to the former
sole basis of cémposition of reports. This develcpment will be the

subject of Chapters V and VI.

Relaticnships Between Systems Elements

Consideration of the basic data types, data transitions, and
.the essential nature of information systems indicates that the relation-
ships which exist between systems elements may be placed into three
categories, rather than the single category assumed in fﬁe prior werk
and in the current phase I work. Before describing these three cate-
gories it is desirable, however, to define the term."system element
more rigercusly.

Definition of System Element

1. By '"simple element” will be meant any piece of recorded data,
numerical, alphabetical, or symbolic, which exists in the system as an

input, output, or intermediate piece of data, regardless of the form of
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recording.

2. By "compound element will be meant any report, form, docu-
ment, c;rd, tape, or disk record of any nature containing one or more
pleces of recorded data (simple elements), and from which the simple
elements can be recovered and made meaningfﬁl to humans without arith-
metic computation.

3. Where it is nct necessary to distinguish between simple and
compound elements, the term "system element" or simply "element" will
be used.

By the above, a record kept on magnetic tape of each employee
would be a compound element, and each individual piece of data within
this record, such as payroll number, name, address, wage rate, etc.,-
would be a simple element. However, the figure "Average weekly pay
for the past six weeks," if it required a computation based on simple
elements stored within this record as opposed to being already stored,
would not be a system element.

Definitions of Systems Relations

The three categories of relationship between systems elements
may now be described and defined. The relationship implied in the
Homer-Lieberman models and in the Phase I model is essentially a re-
lationship of compositicn. That is, the relationship merely indicates
that a system element of lewer order is required for the preparation
of an element of higher order. There is no.implicaticn of computation,
nor ¢f change of data type from type two to type three. This relation-

ship will be defined, for the refined algorithms, as a "prime relation."
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-Definition of Prime Relation. By prime relation will be under-

stocd that relationship which indicates that an element at some given

level of a data system 1s merely required for the preparation of some

higher level element. By this definition, all data input is prime, as
well as some elements at higher levels.

Definition of Concomitant Relation. A second category of rela-

tionship invelves computed data, and the transition of type two data to
type three data. In this relationship, one or more simple elements
undergo a transition, either from type two to type three data, or
through the operation of some arithmetic process or logic process. In
this process, a new piece of data is created, and some or all of the
lower level data may be lost., An important factor in & relation of this
sort is that it always occurs in conjunction with the preparation of a
compound element {(record or report) of some sort. It has therefore been
defined as a "concomitant relation.”

By concomitant relation will be understeood that relationship which
occurs during the preparation of a record or repcrt wherein an arithmetic
operation involving simple elements of an order lower than the level of
the element being prepared, or wherein a transition from type two to
type three data takes place. The constituent elements of the computa-
tion, or the type two data from which the type three data were inferred
may or may not also appear in the new compound element being derived.

If they do appear, they will also bear prime relationships.

Definition of Deletion Relation. The situaticn frequently arises

in an ipfermation system that a record, document, or report which is used

for the preparation of a higher level element contains more basic ele-
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ments than are required. In this case, the necessary information is ex-
tracted from the lower level report, and the unwanted data are termina-
ted, or from the point of view of the balance of the system, are deleted.
Therefore a third category of relationship is defined, called a "dele-
tion relation."

By deletion relation will be understood that relationship which
exists when an element from a lower level is brought to a higher level
by virtue of being included within a compound element which is required
at a higher level, but which in itself does not become an integral part
of the higher level.

A deletion relation is a negative relationship, and even more
strongly, is a blocking relationship, in that it is used to indicate
that an element is terminated, absolutely and finally, on a given route
through the system. This relationship will prevent a false indication
of a given plece of information being available on a report when in fact
it was cnly used at a lower level.

As will be shown in Chapters V and VI, the proper use of the prime
and concomitant relations will eliminate much of the false redundancy
indications in the S%* matrix, and will produce a matrix that represents
the system under study on a "composed of! basis. The use of all three
types of realtions will result in a final matrix, 5'#, which will repre-
sent the system on a "contained in" basis.

Rules for Treatment of Data Types and Transitions

With the relations defined, rules can now be given for treatment
of the three data types and the several types of data transitions.

1. It is not necessary to make formal distinction between the
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three types of data, The defined relationships will enable adequate
analysis to be made., Type one data will give false indications of re-
dundancy, but since this factor can be readily checked, it is not felt
desirable to take the step to eliminate it.#

2. The use of prime relations is straightforward, and can be
applied according to the definition, noting that all input has a prime
relation to the compound element on which it is recorded.

3. The following transitions can be classed as concomitant:

a. Changes from type two to type three data.
b. Summarizations.

¢. Computations.

d. Within-processcr generation.

e, Occurrence-generated data.

4, The following transitions may be treated as deletion rela-
tions if the definiticn is met:

a. The type two data when a transition to type three
has been made.

b. Data terminations.

c. Summarizations., (The undesired factors.)

d. Computations. (The undesired factors.)

e. Within-processor generation.

f. Occurrence-generated data.

* The redundancy of type one data is caused primarily by the
fact of merge operations, as previously discussed. If one desired to
eliminate this redundancy, the Jjudicious use of cencomitant relations
would do so. However, this researcher feels that the indication of
number of merges is desirable as a measure of system complexity.
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5. Time-generated data should be treated as input data, but may
then be subjected to the deletion relation i1f the definition is satis-
fied.

6. System constants should be treated as input data, and may
then be subjected to the concomitant and deleticn relations if the
definitions are satisfied.

7. Data which aré gtored, then retrieved after a fixed time to
act as comparative data should be treated as new input, and.should

therefore be given a different designation in the analysis from that

which obtained when the elewment was stored.

Use of the New Techniques

It is desirable at this juncture to give a general overview of
the phases of a typical analysis using the algorithms to be developed,
so that these algorithms may be viewed in the brecader context of sys-
tems analysis. It should be noted that the algorithm presented in
Chapter IV is not intended for applicaticn, but is only a develcpmental
step leading to the refined algorithms presented in later chapteys.

1. The first analysis step is that of identification of the
systems elements and definition of the system relations, together with
their quantifying symbols which will be introduced in Chapter V. The
sources of information are the usual ones encountered in data systems
study--the reports, documents, and records themselves, prccedures man-
uals, existing flow charts, and the like. Note that it is not neces-
sary to prepare flow charts of the system, ner is it necessary to dis-

play the relaticonships in matrix form in actual practice. In some
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cases, such visual displays may be useful conceptual aids, however.

2. Card decks containing the specification of the system rela-
tions are prepared, so that the algorithms can be used for mechanical
and electreonic computation of the system matrix. This is a simple
clerical task, best done by someone other than the analyst.

3. The third step is to perform the necessary computations of
the algorithms tc be presented in Chapter VI. In practice, this com-
putation will be entirely by mechanical and electronic equipment.

The output will be the S* and S'* solution matrices, representing
respectively a "composed of" and a "contained in" analysis of the
systemn,

4, These output matrices will then be scrutinized by the
analyst. Further comment relative to the interpretation to be placed
on these matrices will be made in conjunction with the later presen-
tation of a numerical example. At any rate, the analysis of the
matrices will suggest certain actions to the analyst. The possible
results of these actions can be simulated by making appropriate changes
in the definitions of the system relations, and recomputation of the
solution matrices. In a complex system, this repetition may take
place several times during the design and development stages, as new
ideas aﬁd concepts are introduced.

Finally, a firm design is established, and the final solution
matrices and the cards representing the system will find a new role
as a convenieﬁt and concise means of documentation of the system as
designed. Furthermore, any reguired redesign may be accomplished with

a minimum amount of restudy and reprocessing.

—

T

=SS
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CHAPTER IV
THE BASIC MODEL

Introduction

In this chapter, use will be made of the analogy drawn in
Chapter III between a materials flow system and an informaticn pr&c—
essing system in corder tc modify ceftain work done in the field of
materials flow system analysis for use in the present context. The
work of Vazsonyl (30} and Giffler (9) will be drawn upon and modified
in order to present a mathematical basis for the basic model. An al-
gorithm will be developed on this mathematical basis, and Homer's (14)
example will be used to demonstrate that the basic model developed
preserves the solution obtained by Homer. Finally, the basic model
will be discussed briefly, pointing out its benefits over the Homer

technigue.

The Mathematical Basis

As was discussed in Chapter III, a strong, but not completely
valid, analeogy can be drawn between a material assembly system and an
information processing system. Indeed, it 1s common practice to repre-
gsent an information processing system graphically as a flow diagram or
flow chart. These flow charts are subject to exactly the same interpre-
tation and conversion to matrix form as Vazsonyi's "Gozinto diagram™
shown in Figure 3, and the flow diagram of Giffler's presentation (9,

pP- 4). The symbols used in the flow chart represent the systems ele-
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ments, while the connecting lines represent the relations which exist be-
tween the elements. It is not usual in flow charts to express the number
of lower level elements required for the next higher level, but this
information could readily be added if desired.

An S matrix may then be defined as a matrix representation of the
flow chart of the informaticn system.under study. The cells sij may be
defined as the number of times a given system element i is used directly
in preparation of system element j, which cbnforms exactly to the defi-
nition of nij in. the materials assembly system.* In this basic algo-
rithm, in order to conform to the practice of Lieberman and Homer, a
cell sij will be equal either to one, if a relationship exists, or to
zero i1f no relationship exists. This is an unneeded restraint to the
basic algorithm, however.

Similarly, the S* matrix of the basic algorithm corresponds with
the T matrix of the materials assembly system. The cells sfj of S* may

be defined as the quantity of i which is accumulated in the processing

ot ule
v

per unit of j.‘ It is alsc possible to define a consumption relation
and corresponding matrix C, where the cells Cij represent the total

quant ity of element i "consumed” in the preparation of element j, either

% The reader is referred to the summary of Vazsonyi's and Gif-
fler's work presented in Chapter II in comparing the S, 8%, and C
matrices to the N, T, and C matrices, and to the development in general.

#% It will be shown in Chapter V that the definition of the S%
and C matrices in this chapter is inaccurate in an information proces-
sing system, and that observation of this inaccuracy i1s the basis for
refinement of the technique. However, these definitions must be assumed
in the basic algerithm in order to show correspondence to the techniques
of Homer and Lieberman.
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directly or indirectly. This matrix corresponds directly to the C matrix
of Giffler's development.

In justificatien of the C matrix, Lieberman's basic notion can be
exarnined.,-"= His concept was to form a series of matrices, one for each
level of the system under study. The first of this series, matrix Ms’
represents as rows the items of data and as columns the source documents
upon which they appear. The second matrix, Ml’ showed the source docu-
ments as rews, the first level of reports as celumns. Subsequent

matrices M2, M e e sy MB, used the column designation of the preced-

3§
ing matrix as row designation, and the reports to be produced at that

level as column designations. Lieberman's technique then consists of

successive multiplication of the matrices to obtain a selution matrix,

M= (('“'((Mle)Mz)Ma)'°‘)MB) (1)

Using this Lieberman technique as a point of departure, let there
be defined a series of matrices to be multiplied together as above in
order to obtain a final system matrix M. However, let the cells of
the matrices be any arbitrary integer quantity, rather than being con-
fined to zero or one as in the Lieberman medel.

Assuming a three-level system,-the matrices E, ¥, and G, shown
in Table 9, can be defined, with the small letters in the cells denoting
any arbitrary integers, and the numerals denoting system elements as

rows and columns also being arbitrarily assigned. It would now be an

*,

% See the summary of Lieberman's work in Chapter II.




easy matter to obtain the product matrix M for the three matrices,
where M = (AB)C = A(BC) = ABC because of associativity.

Leaving Lieberman's model, let now the same data be displayed
in a single S matrix, accerding to the prior definition of S. Also,

let S be partitioned as shown in Table 10,

Table 9. Matrices E, F, and G

3 4 5
1 a b c
E =
2 d e £
8 7 8
3 g h i
F=u i k%
5 m n o
g 10 11
B p q r
G =7 s t u

yin
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Table 10. § Matrix (Partitioned)

i1 10 9 8 7 6 5 H 3 2 1

11 0 0 0 0 C 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 Y
9 o 0 0 0 0 0] 0 0 0 0 0
8 b4 w v 0 0 ¢ 0 0 0 0 0
7 u t s 0 Q ] 0 0 0 0 0
B8 r q P 0 0 0 0 0 0 0 0
5 0 0 0 ¢ n m| O 0 0 0 0
4 0 0 0 R k 3 0 0 0 0 0
3 0 0 0 i h g | 0 0 0 0 0
2 0 0 0 0 0 C f e d | 0 0
1 0 0 0 0 0 0 ¢ b a 0 0

It can be immediately recognized that the partitioning of 8 in
Table 10 results in a 4 x 4 partitioned matrix.Sp, where the original
E, ¥, and G matrices are contained within the partiticned matrix., This

can be displayed as:

0 0 0 O
G 0 0 O

s = ¢ (2)
P 0 F 0 0
0 0 E O
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Now, by the ordinary rules of matrix multiplication and addition,

the following matrices can be obtained:

0 EF 0 0

3 = >
P o 0 0 0
EFG 0 0 0
N
b
S = {0) (Null)
P
\
0O 0 0 0
G 0 0 ©
S + 82 + 83 =
P P FG F O 0
EFG EF E 0

It is now noted that the product EFG found in S;

(3)

()

(5)

(6)

is precisely

the objective of the multiplication in the Lieberman model, and is

therefore also the solution space in Homer's model. In addition, the

products EF and FG in Si are seen to be the two-level relationships of

the system, while the single level relationships are preserved in the

Sp matrix. If the indicated multiplications of E, F, and G were per-
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formed, and the resulis inserted in the right-hand side of Lquation 6,
the result would then meet precisely the definition given for the C

matrix,

Therefcre, by extension, the relaticnship

Cz8+8°+85+ .. . +8" (7)

' £
must hold, where m 1s the number of levels in the system under study.

E3

The definition of the matrix S now permits the observation that:

% C..s if i1 # 7
Sis F ] (8)
N cigr if 1=

from which

,
"

S = I+ C
%
5 ST +8+5° + .. .+8" (9)
Fi _ 2 m
(I -8)S =(I -8{I+S+5S8 +...+5)

and continuing by steps identical tc those in the material systems

case, the conclusion may be reached that

¥ = (1.9 (10)

ala
i

The foregoing argument helps tc clarify the statement made by
Giffler relative to the C and N matrices, Equation 9, Chapter IL.
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if the inverse exists. Since S is strictly triangular, (I - S) must be
triangular. In a triangular matrix, the determinant Is equal to the
product of the diagenal elements, therefore, since the determinant of
(I -5) =1, the matrix is non-singular, and (I - S)-l exists.

In summary, it is seen that the solution of Lieberman and there-
fore of Homer is imbedded within the more general sclution of the § - S*
matrix relatienship. Furthermore, the 5, C, and S* matrices represent
the information system in the same sense as the series of matrices of
Lieberman, and the two modifications proposed by Homer. That the repre-
sentation is not entirely adequate has already been commented upon, and

later chapters will develop a more adequate representation.

Computatioconal Censideraticns

It was previously noted (Chapter II, Equations (15) and (16))
that Giffler had developed iterative equaticns for the computation of
the T matrix, given N. With appropriate changes cf notation, these
equations could form the basis for a computational algorithm for the
computation of the S* matrix. These equations, however, would require
the storage in computer memory of the entire S matrix prior to the start
of computation and would offer little, if any, possibility for data com-
pression in memory. In any matrix operation using a digital computer,
the problem of exceeding avallable memory capacity exists, and in this
case will act as an upper bound on the number of systems elements which
can be accommodated in the computation, Therefore, in order to permit
overlap of input and computation, and to provide a basis fer compres-

sion of data in computer memcry, a modified algorithm has been developed




which permits computation without storing the S matrix, which permits
both compression of data and discarding of data as the computation
progresses, and furthermore, will accommodate within its structure the
more complex relationships to be developed in connection with the re-
fined algorithms.

In the development to follow, it is assumed that S and S* are
lower triangular as a matter of expository convenience. With suitable
changes, these matrices could be assumed to be upper triangular, with
no loss of validity.

If S and S* matrices are examined it is noted that the diagonal

Y,

cof § consists of cells each with the value of 1, placed there by the

.
-

Y,

definition of § and the operation of LEquation 8. Several of the
colums con the right hand end of 8* have the diagonal 1 as the only
non-zerc entry in the column, and there are several other such columns
scattered through the matrix. This condition will always exist, since
these columns represent input elements.

It is now noted that every column, except for the diagonal 1,

is a linear combination of the columns to the right of it, with the co-

efficients of the combination being specified by the corresponding
column of the S matrix.
It is alsc apparent that a given cell of the S matrix is required

in the computation only once. Furthermere, the result would be the same,

for a given column, if the order of multiplication and addition of col-

s,
xod

% It is for this reason that Homer was able to obtain his S
matrix by a series of column operations.
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umns wWere permuted, since the order of linear combination deoes not af-
fect the wvalue of the column wvector.

This immediately suggests that a computer program could be writ-
ten which would make use of the relationships sheown above, by starting
computation on the right hand end of the S* matrix, and reading S; -
values from the bottom of the column up. This would also permit read-
ing the Sij from input, rather than storing them, since they will be
used only oncé, in a systematic manner.

Based on the above, the following expression may be written, by

means of which the jth column of s may be computed.

:. n & .
S. = ) s§.5 ifj<i (11)
1 g4y KIK

571 if§ =1 (12)
1] = 0 iF 4 o> i (13)

wta e
In these expressions, Sj is the jth column vector of S for cells

als
belew the diagonal, Sk is the kth column vecter of § for k > j, and n
is the total number of systems elements in the infeormation processing

system, It is assumed that computation will start with the rightmost

column of S and proceed column by cclumn to the left,
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The Basic Alggrithm

The basic algorithm for formation and sclution of a system matrix
is as follows: (The notation is the same as Homer's, for comparative !
Durposes. )

1. Form the system matrix S accerding to the follewing rules:

a. Denote each item of information as di’ each report or
document by Rk’ and each business function by Brw The
report level need not be specified. (In the example
which follows they have been specified in order to
conform to Lieberman's technique and Homer's notation
for comparative purposes.)

b. Establish both a row and a column for each Br’ Rk, and
di. The sequence of the rowsrand columns must be such
that the business functions, Bk’ are listed first, fol-
lowed by the Rk reports, and finally the input data di;
Within the Rk’ the rule must be fcllowed that no report
precedes a report in which the first report is needed
for the preparation of the second. The order cf rows
and columns must be identical.*

c. Define each cell as 1 if a data item di is used in a

given report or directly by a business function, a
report Rk is used in preparation of another report,

or a report Rk is used by a business funecticn Br'

% An algorithm to be presented in conjunction with the refined
model will furnish a simple means for assuring that the row and column
designaticns of the S and S* matrices are properly ordered for tri-
angularity.




82

Define all other cells as zero. The matrix so defined
should be strictly lower triangular,

2. Prepare a format for the solution matrix S*, with the same
row and column designations in the same order as for the matrix S.

3. Place 1's con the diagonal of the solution matrix.

4. Start computation at the lower right hand corner cell. The
computation will proceed column by column, from right to left until the
left-most ceclumn has been completed.

5. Establish a column vector V, initially zeros, outside the S*
matrix. This is a working vector, and should contain as many cells as
there are cells below and including the diagonal cell in the column of
S* which is currently being computed. The top cell of V corresponds to
the diagonal element of the column being computed, while the bottom cell
of V corresponds to the bottom cell of the column being computed.
(Note: 1In the first iteration there is but one cell, the diagonal it-
self, Computation of all the columns representing data items di is
trivial, but necessary in computer operation from a conceptual point of
view.)

6. Look at the corresponding column of the § matrix, starting
at the bottom of the column. If this ¢ell is non-zero, determine the
row designation of the cell in question, and find the column with the
same designation., If the cell is zero, repeat step 6 for the cell neﬁt
above .,

7. Multiply the column so obtained by the value cf the nen-
zerc cell, and add the result to V. Repeat steps 6 and 7, working up

the column, until the diagonal is reached. When the diagonal is
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reached, add the vector V to the .column of the S*_matrix being computed.
(The only non-zero entry in this cclumn up to this point will have been
the 1 on the diagonal.) Cheoose the column of the S* matrix immediately
to the left, and repeat from step 5. When all columns have been com-
puted, a triangular matrix will have been generated, with 1's on the

principal diagonal, and zeros above this diagonal.

A Comparative Example

In order to illustrate the proposed technique and in order to
furnish a basis for comparison with Homer's method, the data from
Homer's example have been used, and are shown in Figure 6, while the
resultant S* matrix is shown in Figure 7.

It will perhaps assist in understanding the foregoing algarithm
if the computation of one of the columns is shown in detail. Since the
first several columns are either trivial or easy to compute, the compu-
tation of the column labeled R5(2) will be treated. Assume that all
columns of the S* matrix to the right of R5(2) have been computed and
entered as shown, and that R5(2) and all columns to the left have a 1
on the diagonal as the only non-zero entry. (Columns to the left of
the column being computed, in both the § and S* matrices cannet enter
into the computation.) The computation starts with step 5 of the al-
gorithm, and a column vector V, of 13 cells, initially zero, is estab-
lished., In step 6, it is seen that the bottom cell eof the R5(2) column
of the $ matrix is zero. Therefore, step 6 is repeated, and the second

from the bottom cell is found to contain a 1. The row designation of

this cell is d6. The multiplication of the correspondingly labeled

!
= Esuers o woLowAn

T e
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column by the cell value, and subsequent addition te the V vector, is
shown in Table 11. Note that only column values below the diagomal
are of Iinterest, because of triangularity.

Step 6 is then repeated, finding zero values on the next six
iterations. On the seventh iteraticn, a 1 is found, with the row
designated as R3(1). The multiplicaticn of the correspondingly
labeled column by the c¢ell value, and the addition to the previecus V

vector 1s shown in Table 12,

Table 11. Computation of Column R5(2)--First Step

Cell Value Column 46
{From S) { From 8“) Product Vector V

0

0

0

0

0

0]

0

0

0

0

0

1 X 1l = 1 1

0 0 0]
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B2
B3
BY
R1(2)
R2(2)
R3(2)
Ru(2)
RS(2)
R6(2)
R1(1)
R2(1)
R3(1)
R4(1)
dl
d2
ds
dy
ds
46
d7

Bl B2 B3 B4 R1(2) R2{2) R3(2) R4(2) R5(2) R6(2) R1(1) R2(1) R3(1) Ru(l) &1 42 43 du4 d5 gb d7

1 1 1
11 1
1 1
1 1
1
1 1 1 1
11
1 i 1 1
1 1
1 1
1 1 1
1
1 1
1
1 1 1 1
111

Blank cell denotes a zerc entry.
Data is same as in Homer's example (Figure 1).

Figure 5. S Matrix--Improved Technique
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Bl
B2
B3
B4
R1(2)
R2(2)

R3(2)|

Ru(2)

Dr:!'?) )
Koy £

RE6(2)
R1(1)
R2(1)
R3(1)
RL(1)
d1
dz
d3
dy
ds

deé |
a7

Bl B2 B3 B4 R1(2) R2(2) R3(2) Ru4(2) R5(2) R6(2) R1L(1) R2(1) R3(1) Ru(l) dl 42 43 du d5 ds 47

1

1
1
l 1

1 1
11 1
1 1

1

11 1
T | e !
T 2 2 2 1 1 1 1 1
11 1
1 3 2 2 1 1 1 1 1
2 1 2 1 1 1
2 & 2 2|1 1 1 1 1 1 1
36 4 4 |2 1 1 2 2 1 1 1 1
13 2 2|1 1 1 1 1 1
2 5 4 4|2 10 2 2 1 1 1
11 1 1
1 2 2 2|1 1 1 1 1
111 1

Blank cell denctes a zero entry. ‘
Cells in Homer's "Solution Spaces" are outlined.

%
Figure 7. S Matrix--Improved Technique
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Table 12, Computation of Column R5(2)--Second Step

87

Cell Value Column R3{1) Preduct

Vector V
0
0
0
0
1 X 1 = 1 1
0 0 0
1 1 1
1 1 1
1 1 1
1 1 1
0 0 0
0 Q 1
) 0 . 0
Step 6 1s again repeated, and a zero cell encountered. The next
repetition of step 6 finds a 1 with a row designation of R1(1). Table
13 details the ceomputation for this cell.
Table 13. Computaticn of Column R5(2)--Third Step
Cell Value Colum R1(1) ~ Product Vector V
0
0
1 X 1 = 1 1
¢ 0 0]
0 0 1
0 0 0
0 0 1
1 1 2
) 0 1
1 1 2
o 0 0
0 Q 1
0 0 &
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Another repetition of step 6 again finds a zero value in the §
matrix, while yet another encounters the diagonal cell. At this pecint
the vector V is added to the R5(2) column of the S* matrix, which was
previcusly zero except for the diagonal element. This gives the result

shown in this column in Figure 7.

Discussion

The cells in Figure 7 corresponding to the cells in the '"solution
space’ of Homer's S* matrix in Figure 2 have been outlined. A comparison
of the two figures shows that the cell values of corresponding cells are
identical in value, although the arrangement of cells is somewhat differ-
ent. ‘It is thus seen that the proposed technique reproduces Homer's
basic results, as was also shown in the mathematical development.

In addition, it will be noted that the S* matrix of the proposed
technique preserves all original and intermediate information system
relationships. For example, several of the reports are intermediate
reports, and t@eir data content was lost in the Homer model unless
auxilliary computations wers made. The presented technique clearly de-
fines the composition of all of these intermediate reports, which might
in a real system be important working documents. Furthermore, if re-
dundancy does indeed exist, a basis is furnished for tracing this re-
dundancy through the information system,

In summary, it appears that this model is an improvement to the
existing models, and resolves Homer's objections to the Lieberman model.
Except for benefits one and four, the benefits of Homer's model are met

or exceeded. As will be seen in subsequent chapters, a triangulariza-
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tidn procedure will be presented which would, in conjunction with this
basic model, also result in meeting benefits one and four.

Further discussion of the interpretation and manipulation of the §
and S# matrices, and their use in systems design could be made at this
time. However, both the Homer model and the one Just presented have
serious limifations in practice, due te failure to consider certain dif-
ferences in data types and in presenting spurious indications of re-
dundancy. These limitations bhave been discussed in Chapter III and tech-
niques will be developed te¢ eliminate or minimize them in later chap-

ters.,
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CHAPTER V

THE REFINED MODELS--MATHEMATICAL DEVELOPMENT

Introduction

This chapter will treat the mathematical considerations pertain-
ing to the refined models. Since efficient computer manipulation of
the refined models depends on the triangular nature of the S and S!
matrices to be defined, the first portion of the chapter will deal with
the logic of triangularization, Following this portion, 4 mathematical
treatment of the refinements will be develcped, wherein the several c¢b-

jections inherent to the basic mecdel will be resolved.

Notation

The three categories of systems relations defined and discussed
in Chapfer 111 cause very different action in the refined algorithms.
It is therefore necessary to define the notation to be used, and the
rules of computation within and between the three categories of rela-
tion prior to pursuing the mathematical development,

The three categories of relation will carry notation and quanti-
ficatieon as fellows:

1. Prime relations will be denoted by a pair (i, j) where j
is the identification of the element which requires the ith type of
element in its preparation. The number of i elements required will be

als

dencted by a non-negative integer, k.
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For example, the designation Dl W1 1 denctes a prime relation

where element Wl requires one of element D1 in its preparation. Al in-
put elements will result in an arbitrary prime relation, and an arbitrary

designation pair (0,j) 1. As will be seen, this designation is necessary

e ot

in order that triangularization of the S matrix may be accomplished.

2. Deletion relations will be denoted by a pair (i,]) where j
is the identification of the element from which the ith element is to be
deleted. The deleticn itself is denoted by the negativé integer -1. The
character 1 is symbglic, rather than numeric, and any negative integer
will have the same effect of deleting all reference to the ith element
from the jth element, and from higher level elements which in turn use
the jth element.

For example, the designation Cl R1 -1 denotes a deleticn relaticn
where reference to element (1l is to be deleted from element R1 and from
all subsequent elements which use RI1.

For brevity, the terminclogy "pairs (1,7)" or simply "pairs" will
be used in future discussion te refer to the above notations when such

use is not confusing.

3. Concomitant relations will be denoted by an n-tuple (i3,

ky...,n) of element identifications where j is the identification of the

# In practical operation, if no relation exists, a zeroc will
be assumed.

%% The designations uszsed as examples, may be seen in graphic form
in Figure 9, Chapter VI,
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compound element wherein the result of the computation or transition
will re;ide, i is the identification of the simple element being com-
puted, and k,...,n are identifications ¢f the factocrs (simple elements)
entering the computation or transition. The relation is quantified by
the symbol (c¢), where ¢ is an integer. The symbol (é) has special
multiplicatien-like properties in the cperation of the algerithms.

As an example of the notation of concomitant relations, the
designation Cl1 W3 D3 S1 (1) denotes the fact that simple elements D3
and 51 are used in the computation of simplelelement Cl, this computa~-
tion arising in the preparation of compound element W3, and that simple
element Cl appears in compound element W3. The designation C4 R2 C2
(1) indicates that;simple elemernt C2 makes a transition to become simple
élement C4, this transition arising in the preparation of compound ele-
ment R2, and C4 appears in R2,

Note that a concomitant relation has af least three, and up to
(finite) n, element designations. In the formation of the S matrix,
the quantifier (c¢) pertains to the relaticn {(i,]j) and to the relations
(i,k), (i48), ..., (1i,n), but does not perfain to the relations between
i and‘subsequent indices nor k and subsequent indicés.

In the cemputation of the algorithms to be presehted, the symbol
(¢) has special properties which are defined as follows, where (¢) is
the quantifier for a concomitant relation, ® is the operator in the
multiplication-1like operation being defined, k is a non-zero integer,

and 0 is an ordinary numeric zero:
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(c) =k

(ck) k = (c)

13
1€

{c) =0 0 0= {c)

(cl) * (c2) =0

The symbol (¢) behaves as in ordinary addition for addition
Wwith zerc; that is, (e¢) + 0 = 0 + {(c) = {ec). It will later be shcwn

that addition of (¢) with values other than zerc never arises.

Triangularization

Triangularization is an essential part of the computational
technique leading to the solution matrices of the refined models. In
order to obviate tedious labor on the part of the systems analyst,
it is desirable that this triangularization be done by mechanical means,
and that the computational system accept designations of systems ele-
ments which are entirely arbitrary. It is necessary that the designa-.
tions of the systems elements be consistent and unique. That is, eéch
system element must be designated by one and only one set of characters,
and different elements must not be given the same designation.

The arrangement of a matrix which is triangular in nature into
triangular form is essentially a matter of interchanging fows and
columns until the desired arrangement is reached, and is therefore a
legical rather than a mathematical problem. There are many ways of
accomplishing this task, most of which are not adaptable for machine
operation. Giffler (9, p. 18-34) describes one such method for fri-
angularization. This method, however, has several limitations which

will be discussed in Chapter VII, An algerithm will also be presented

e e o
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in Chapter VI which is readily adaptable to mechanization, and which
overcomes the objections to the Giffler method.

The essential basis feor the new algorithm rests on the definiticn
of triangularity derived from observation cf the triangularized matrix.
Restated in terms of an information processing system and of lower
triangularity, the S matrix (and_therefore_the S* matrix) will be lower
triangular if the row and column indices of § are both assigned in the
same order, and in such a manner that the index of a given system element
precedes the indices of every system element which-is required in its
preparaticn,

In order to take arbitrarily identified and arbitrarily ordered
pairs of elements between which scme relaticnship exists and place these
pairs in a relationship such that the preceding definition helds, the
following can be noted:

1. In any information system, there are two subsets of elements
which are unique. One of these subsets is the subset of elements com-
prising the input elements, and which is unique in the fact that no
other e;ements are required in their preparation. The other is the
subset of elements comprising the output frcm the system, which is
unique in the fact that these elements are never required in the prepa-
ration of other system elements,

2. If one or the other of these two subsets of elements can be
identified, it can be removed from the set of all elements. Assume
that the output subset is identified, and that all elements of the out-
put subset are removed from the system. There will then exist ancther

subset of systems elements which were formerly required only for the
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preparation of the cutput subset, and which now has the same property
as the removed subset; that is, that these elements are not required
in the preparation of other (reduced) system elements.

3. If this subset can be identified and removed, then the argu-
ment of 2, above, can be repeated rfor the further reduced system. The
argument can indeed be repeated, removing succeséively lower levels cof
subsets, until the lowest lewel (input) only remains, and this level
has already been shown to be unique. The same argument would apply if
the input subgset were assumed to be the first identified and removed.
In this case, successively higher levels of subsets would be removed,
until only *he output subset remained.

Conslider now the set of all pairs (i,7) where j is the arbitrary
designation of a system element which requires the ith system element
in its preparation, and where each input element causes the formation
of a pair (0,j) reflecting the fact that no element is required for the
preparation of an input element. Clearly, the input subset can be
identified by recogniticn of the i = 0 in the pair (i,j). The output
subset can be recognized as the subset of pairs (1,j) which have an
identification j which does not appear in any palr (i,j) as an 1 index.
Now assume that the output subset is removed from the set, leaving a
reduced set. The remcval of the pairs (i,3j) of the output subset re-
moved, in addition to the unique j's, the identification i of zll
elements required for preparation of the elements j. These i identifi-
catiens still exist, however, as j ldentificatiocn on some elements
remaining in the reduced set. At least some of the remaining elements

in the set were required only for preparation of the removed j elements.
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These elements can now be recognized by the same methed used to recognize

the original output subset; that is, as a subset of pairs (1,j) which

have an identification j which does not appear in any pair (i,j) as an

i index, By repetition, the entire set can be exhausted, one subset at a

time. This will produce the desired triangular conditicn.

Basis feor Refinement

Having established the basis for the basic model and for tri-

angularization, it is now pertinent to turn attention to the additionszl

consideratiens leading to the refined algorithms. The primary considera-

tions involve the recognition of the existence of three data types, the
several types of transitions, and the three categories of system rela-
tions defined in Chapter III., OCther substantiating information can be
gathered from the secticn '"The Mathematical Basis" in Chapter IV, In
this latter, it was noted that both the S* and ¢ matrix definitions,
while accurate for the basic algorithm in order tc show correspondence
to the techniques of Lieberman and Homer, were not accurate in thelir
description of an informatien processing system.

Consider first the S* matrix. It was defined, in analogy to the
T matrix of the material assembly system, as the matrix wherein the
cells Szj are defined as the quantity of i which is accumulated in the
processing per unit of j. The inaccuracy of this definition lies in
the fact that data in a data system do not "accumulate'" in the sense
implied, and that therefore the analogy to the material system breaks

down, Rather than Maccumulate" in a physical sense, data are only re-
phy v

produced, or copies, in their movement from level tc level of a system.




97

Rather than being used up, in the sense of materials, they are in essence
only borrowed, for the purpose of copying, and their basic form is not

changed through the pure act of copying or transcribing from one form to

another, It is this false accumulation which gives false indications of
redundancy iﬁ the basic-S* matrix,

By the same argument, the C matrix is also ill-defined and er-
roneous in its representation of the true system. This matrix, where
Cij represents the total quantity of element i ccnsumed in the prepara-
tion of-element j, alsc carries the connctation that data are physically
"used up" in preparation cf a higher level element, and are no longer
available for use elsewhere in the system. In both of these matrices,
the connctation is carried that if five reports require a given piece
of data, then these data must be supplied as five separate pieces,

These two matrices also do not recognize the fact that unlike a
materials system, in which all the matter which enters the system sub-
sequently leaves the system imbedded within scme finished preoduct
(neglecting waste), in a data system some of the elements are lost ir-
retrievably during the course of processing. For example, type two
data mske an irreversible transition tc type three data, and the type
two data progress no further or are even destroyed.

Furthermore, the two matrices do not recognize the fact that
elements are created within a system (e. g., a multiplication of two
numbers) in which lower level system elements are used, but.do not appear
as such within the element created, and in which the substance of the
lower level elements is completely lost. In a material assembly system,

|
|

the fitting of two parts together physically results in a new element,
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but generally the two contributing elements are still physically present
and frequently'physically:recognizablen Such is not always true when
information system elemenfs are combined tc form new elements.

The recogniticn of data types and data transitions, together
with the recognition of the shortcomings of the existing S* and C:
matrices, furnish a basis for reformulation of the systems relations
and redefinition of the matrices, so that refined algorithms can be
developed.

The reformulation cof the system relations takes the form of de-
fining three categories of system relations--prime, concomitant, and
deletion. These have been defined in Chapter III, and notation assigned
in.a prior section of this chapter. Recognition of these three cate-
gories alsc permits development of two separate, but similar, means of
analysis, one on the basis of the composition of reports, the other on
the content of reports. The composition type anzlysis will be developed

first.

Development of Composition Type Analysis

The composition type of analysis will depend on the two categories
of relations denoted as prime and concomitant. Using these two rela-
ticns, the S matrix need not be redefined. The cells Sij have been de-
fined as the number of times a given system element 1 is used directly
in the preparation of system element j. Both prime and concomitant re-
lations meet this definition, prime in the sense of use by being tran-
scribed, concomitant in the sense of elements being used in computation

or in a transition from type two to type three data.
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S must be redefined to include both types of system relations.
.

The cells Sij of S* are now defined as the number of times the data
element i is used or is available for use in the preparation of data
element j. The "eor is available for use" provides for indication of
true redundancy, while the concurrent use of both prime and concomi-
tant relations prevents indication of false redundancy, as will be
shown latér. The unit diagonal cells are not so explicitly contained
in this definition, but should be construed to be included, if only by
the plausible argument that some form i1s required upon which to record
the contributing elements.

The C matrix, used only in the development, must aiso be re-
defined. Due to its identity to the S* matrix, except for the unit
diagenal elements, it should be similarly defined. The cells cij of C

are now defined as the number of times the data element i is used or

is available for use in the preparation of data element j, either

directly or indirectly.

The essential difference between the C and S* matrix, other than
the evident one that S* has unit cells on the diagonal, is that the
elements of C econtain the information desired in the analysis, but is
difficult to compute;'while S* contains the same information, but be-
cause of the diagonal 1's is easy .to compute. Conversely, it is diffi-
cult to develop the connection between the S and S* matrix without using
" the concept of the C matrix. Therefore, the C matrix, with its simi-

larity to the S matrix is convenient to use in developing the mathe-

matical background, but can be dispensed with In numerical computation.
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The development follows the development of the basic medel to
some extent, except that the matter is more complex, due to the intro-
ducticn of the concomitant relaticn and its quantifier {c). As mentioned
in a previous section, this quantifier leads to some multiplication-like
operaticns. These operations were developed in consideration of the
method to be used in cemputing the S* matrix and may be justified on
that basis. If the symbol (c) appears to the left of the operator =,
it will be used imn compufation as a scalar multiplying a vector on the
right of the operator. If it appears on the right of the operator, it
will ke in the role of a cell in a vector.

Properties of Matrices

In the proof of the basic medel, the common property of associa-
tivity of matrices was assumed in order to show that C = $ + s2 4 “en
+ S". In order to follow a similar proof for the refined model, it is
now desirable to examine the system of matrices which might be formed
representing the relationships between two adjacent system levels,
These matrices are of the Lieberman-Homer type, except that both regular
scalars and concomitant relation gquantifiers are present in the matrix.
These matrices are analogeus to the matrices E, F, and G in the proof
of the basic algerithm.

In consideration of the definition of prime and coencomitant
relations, several observations can immediately be made relative to
the structure of thesé matrices, and may be stated as axioms., Prior

to stating these axioms, however, some terms will be defined in order

to shorten the discussion te follow.
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Definiticens.

Concomitant index is a row or column index in a matrix

wherein the row or column index is the identification of a
system element which is formed as a result of a concomitant
relation.

Regular index is a row or column index in a matrix wherein
the row or column index is the identificatien of a system element
which is formed as a result of a prime relation.

A concomitant cell in a matrix is a cell wherein the value

is a concomitant relation quantifier, (c).

A regular cell in a matrix is a cell wherein the value is

© & regular scalar, n.

System Matrix Axioms.

Axiom 1. The lowest level system matrix will never have
a concomitant index as a row index, since all row indices refer
to input elements which have been defined to have a prime rela-
tion.

Axiom 2. A given concomitant index will appear first as
a column index in the matrix representing the level at which the
element is formed, and as a row index in the matrix representing
the next higher system level. This follows directly from the
definition and notation for concomitant relation.

Axiom 3. A concomitant index may appear as both a row
and colurm index in the case where an element created by a con-
comitant relation is subsequently used to create ancther concomi-

tant relation.
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Axiom 4. If a concomitant index is a column index, then
the cells of that column will have only the values zero or {(c);
that is, concomiFant cells, because the entire columm is defined
by the i, K, ..., D indices of the cencomitant n-twple (i, j, k,
.»«5 ) with a single quantifier.

Axiom 5. 1If a concomitant index 1s a row index, then the
cells of that row will be concomitant cells, with value zero or
(¢). In this case the row is defined either by the i,j indieces
of a concomitant n-tple, or by the creation of a new concomitant
element using a previcusly created concomitant element.

Matrix Multiplication. Consider two matrices, A and B, conform-

able for multiplicaticen in the usual sense. Under the usual rules for
multiplication of matrices, the element in the (i,k) cell of AB = (dik)
is:

dik = § aijbjk (1)

In matrix multiplication where the matrix ccnsists of both
regular and concomitant cells, three cases cai be distinguished. Since
in all cases the index j may be either a regular or concomitant index,
the set of indices j may be divided into two subsets:

jl = [j: § is a regular index],
j2 = [§: § is a concomitant index].

Then the matrix multiplication may be written as:
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d., = } a, (2)

i L oAb L asby
jed, jei,

Case 1. In this case, both i1 and k are regular indices. Then:

Z a..b.. = n (or zero). (3)

dig # LagPye s Loaggby v L agby
] jei,

jei)

The summation over jEjl in this case consists of multiplication of
regular cells, The summation over jej2 = 0, since by Axioms 4 and 5,
both aij and bjk are either zerc or (c¢), and by prior definition, O

¥ (c) =0 = (c) » 0, and (Cl) b (c2) = 0. Therefore, dik is either zero
or a regular cell, n.

Case 24, In this case, i 'is a regular index and k is a concomi-

tant index. Then:

dik = .2' aijbjk + 2 al]b]k = (¢} (or zero) (4)
JE€J¢ jed,

In summation over jejl, aij is a regular cell, bjk is a concomitant

cell or zero by Axiom 4., Therefore the result of this portion of the

is

summation is a concomitant cell (c¢). In summation over jsjg, aij

either zero or (c¢) by Axiom 4, and b,

3k is either zero or (c) by Axiom

3 or 4. This summation is therefore zero, and dik is either zero or a
concomitant cell (c).

Case 2B. If i is a concomitant index and k is a regular index,
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then

dik = .E. aijbjk + .z. aijbjk = (¢} (or zero) (5)
]Ejl :]532

In summation over jsjl,-aij is either zero or (c¢) by Axiom 4 and b, s

j t

a regular cell, As in Case 2A, the result is a concomitant cell (¢) or
zero, The summation ju-:j2 = 0, as in prior cases, since both a; . and bj

must be either zero or (c¢). Therefore, dik

tant cell (c).

Case 3, Both i and k are concomitant indices, and

1 a.b., =0 (6)

dpe = L agsbg ¢ 14°5k

jedy jed,

In this case, the summatioen over jejl = 0 and the summation over

j€j2 = 0, since all aij and b., are either zero or {(c). Therefore,

jk
dik = 0.

Based on the above cases, the following Lemmas can be stated:

Lemma 1. In matrix multiplication where both concomni-

tant and regular indices and cells are present, if indices i

is

and k are both regular indices, then the product cell dik

a regular cell, n, or zero.
Lemma 2. If either i or k is a concomitant index, and
the other index is a regular index, then di is a concomitant

k

cell, (c), or zero,

k

is either zero or a concomi-
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Lemma 3. If both i and k are concemitant indices, then

the product cell dik = 0.

Lemma 4. z
leds

a..b., = 0, regardless of the i and k
157 ik

indices.
Lemma 5. The addition (c) + n, for n # 0, never occurs

in the matrix multiplication, so it is therefore unnecessary to

define additionlin§olving concomitant relation quantifiers other

than (¢) +0 =0 + (c) = (c).

VTheorem 1. (Associativity) In series of matrix multiplications
invelving matrices with both regular and concemitant indices and cells,
multiplication is associative.

The preoof is as follows. Consider three matrices P, Q, and R,
conformakle for multiplication in the usual sense, and composed of both
regular and concomitant cells, and indexed by both regular and concomi-
tant indiceg. From the immediately prior results, the element in the
is

{(i,k) place in PQ, dik’

Ay = L Pyyd (7)
jed,

and the element in the (i,2) place in (PQ)R is

big = bodpmg s b1 Piiang (8)
kekl kekl jedy

where summations over jaj2 and kek2 are omitted because of Lemma 4.
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1 .
The (i,2) place in P{(QR), bii’ may be similarly computed. The

(j,%) place of QR has the element c,

je’
i T L LyTigs (9)
) kek ]
1
and the (i,2) place of P(QR) is
t
big = 1 Pi3%5¢ © D Pi3%3k ke - (10)
jedy Jejy kekl

In view of the mixing of regular and concomitant indices and
cells, it is now pertinent to show that the (i,%) place of PQR is
identical regardless of the order of multiplicaticn and summation.
There are 16 combinations of the four indices 1, j, k, and &. These
combinations are shown in Figure 8, together with the dik’ cji’
I . dikrkﬂ’ and .Z. Pijcji established through the application of
kek €]

1 1
Lemmas 1 through 5. It is seen that in all 16 combinatiens, identi-
cal results are obtained regardless of order of summation, so that

1
the conclusien may be reached that di =d

L ig°
In combination 1, all indices are regular, and the resulting
cell is regular or zeroc by Lemma 1.

In combination 2, i is regular, k is regular, and jejl, 80

dik is a regular cell or zero, However, & is a concomitant index, so

bil is concemitant or zerc by Lemma 2. Now, j is regular, £ is con-

comitant, and k is regular, sc that Cjﬂ is a concomitant cell or zero




Index ‘ Index '
Combinatien | 1 | § | k | % .y CjE bi2 bil
1 R R R R n n n n
2 R|R|R]|C n (¢) (c) (c)
3 R R C R (c) 0 0 0
L R C R R 0 {c) 0 0
5 C|R|R|R| () n (c) | ()
6 R R C C (c) 0 0 0
7 R C R c 0 0 0 0
8 CIRIR)C ()| () 0 0
9 R c C R 0 0 0 0
10 C R C R 0 0 0 0
11 clCcC|RI|R 0 (c) 0 0
12 C C C R ! 0 0 0
13 c C R C 0 0 0 0
" 14 c|{R|lC|cCc]| o o 0 0
15 R c C C 0 0 0 0
16 clelelcel o 0 0 0
R = Regular Index. n = Regular Cell.
C = Concomitant Index. (¢) = Concomitant Cell,
bip= L dpmyge by = L Pyl -
kskl ]E:Il

Figure 8. Index Combinaticns and Resultant Cell Values

in Successive Matrix Multiplication.
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1
by Lemma 2. But again, since i is regular, Lemma 2 indicates that bil

is a concomitant cell or zero. Combination 5 results in a concomitant
or zero cell by a similar argument.

All other cembinations result in bil = biR = 0., In the combina-

tions 7, 9, 10, 12, 13, 14, 15, and 16, both d, and Cip are zero by

either Lemma 3 or Lemma 4. In combination 3, le = 0 by Lemma 4, so
!

bil = 0. The cell dik is concomitant by Lemma 2, then bil = 0 by Lemma

4, A similar argument helds for combinations 4, 6, and 11, In combina-

1
tion 8 both biﬂ and bi2 and zero by Lemma 3, as both 1 and £ are concomi-

tant indices. This Lemma would also apply to combinations 10, 13, 1u,
and 16.

It will also be useful to prove the following theorem:

Theorem 2. (Existence of Identity) IA = A = AIl, where A is a

matrix with both regular and concemitant cells, and I is an identity
matrix of proper size and in the usual sense.

, .
In proof, let a,, 6 be the {j,L) cell of IA. Then

IR

a =

I E Sjkakﬂ . (11)

where 5jk is the Kronecker delta, Then since 1 x (¢) = (c) by defini-

tion, it is evident that both regular and concomitant cells are preserved

under this multiplication, and IA = A, In the same manner, if 3 is the

(kym) cell of AT,

(12)
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and Al = A,

Development of the -"Composed of" Model

As in the case of the basic algbrithm, the system relations ex-
pressed in the § matrix may also be expressed in a series of matrices,
where each matrix represents the relations, both prime and coencomitant,
which exist between two adjacent levels of the information system under
study. Because of the nature of concomitant relations, and te permit
the eﬁtry and exit of systems elements at any level, a technique similar
to Homer's first method must be used in order to force conformability of
these matrices for multiplicaticon. The following rules will assure such
conformability:

1. Assume an n-level information system, with between level
matrices A, B, C, ..., N. Start with the lowest level matrix, A, and-
write as row indices the identification of all input elements.

2., HWrite as column indices of A the identification of all ele-
ments which use, on either a prime or concomitant basis, the input ele-
ments listed in the rows.

3., Enter in the cells of A the appropriate quantifier, either
prime or concomitant.

4. Write as row indices for the next higher system matrix B the
column indices of matrix A.

5. Write as column indices of B the identification of all ele-
ments which use, on either a prime or ccncomitant basis, the elements
listed in the rows,

€. Enter in the cells of B the appropriate quantifier, either

prime or concomitant.
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7. Continue in this manner.for matrices C, D, ..., N. The
column indices of N will all be the identification of output reports,
but some output reports may not be present due to leaving the system
at a locwer level. Some matrices will show a given identification as
both 'a roew and a column index, due to higher level elements being com-
posed of elements from more than cne lower level.

Consider now a three level system, with matrices P, Q, and R,
defined and established as above. The letters in the cells of the
matrices in Table 14 are arbitrary quantifiers, either prime or con-
comitant, subject to the definition of these relations, and to the pre-
viously shown Lemmas relative to formation of matrices consisting of
both prime and concomitant elements,

Let the matrices P, @, and R be as shown in Table 1l&. Note that
the matrix R has element 8 as both a row and column index, which is
interpreted as the fact that elements enter element 8 at twc levels.

The cell R 8 is of course empty.

8
In a manner corresponding direct to the argument advanced in
developing the basic algorithm, these three matrices might now be rul-
tiplied together in the manner of the Lieberman medel, and the products
PQ, QR, and PQR would contain the information relative to indirect system
relations.
Also in a manner corresponding to the development of the basic
algorithm, let the same data be displayed in a single matrix Sa’ where
Sa differs from S only in that element 8 appears twice as both a row

and column index, but without duplication of non-zero informatien.

Alsoc, let Sa be partitioned into the 4% x 4 matrix shown in Table 15,
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Table 14, Matrices P, Q, and R

— 4 5
1 a b
2 c d
3 e f
6 7 8 9
Y g h 1 ]
5 XKk ¢+ mn
8 10
6 o P
7 qQ T
8 - 8
9 T u !

This partitioned matrix can be represented by the following matrix, where
the original matrices P, Q, and R are contained within the partitioned Sa

matrix:

) :< {13)
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Takle 15. The Sa Matrix

8 0 0 0 e 0 0 ¢ 0 ¢ 0 ¢
10 0 0 0 0 0 0 ¢ 0 0 0 0
& c P 0 0 0 0 0 0 0 0 0
7 q r 0 0 0 0 0 0 0 0 0
8 0 5 0 0 0 0 ¢ 0 0 0 0
Sa=9 t i 0 0 0 0 0 0 0 0 0
4 0 o g h i j 0 0 0 0 0
5 0 C k 2 m 11! 0 0 0 0 0
1 0 o 0 0 0 0 a b C C 0
2 0 0 0 0 0 0 c d 0 0 0
3 0 0 0 0 0 0 e £ 0 0 9

Now, since Theorem 1 assures assoclativity of matrix multiplica-
tion, and since additien of concomitant relation quantifiers with zero

is defined, the following matrices can be obtained:

A
o 0 0 0
o 0 0 o0
si = < / (14)
GR 0 0 0
¢ PQ 0 0
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52 = | (15)

[ PQR 0 0 0

Sq is null.
a

S + 8% +8°= <
a a a

jQR . . o> (16)

PQR PQ 0 0

It is now notgd that in Si the intermediate level products PQ and \
QR are fqund, and that in Sz the product PQR is found, The summation of
the three matrices, when expahded ;o‘the original dimension of Sa’ meets
the definition of Ca, where Ca is the same as C except for the fact that
element B8 appears twice as a row and a column index. Since this is pure-
ly a matter of notation, Sa is equivalent to S, and Ca is equivalent to

-

C. Ca can be converted to C, while still preserving triangularity, by

adding the right-most column 8 to the other column 8, then removing any
duplicaticn between the two rows with index 8, and deleting the lower of }
the two rows. |

It has therefore been shown that




and because of the equivalence o

C=5+5

By definition of the matr

Va3
1l
[

+ C

w
"

I + S

Then, multiplying both sides by

cation,
(1 - 88" = (1
(1 =s)s" = 1°
g™
But gmtt is null, and 12 = 1, so
(I

and multiplying through by (I -
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f Ca and C, Sa and S,

+ 8" + ...+ 85 . (17)
ix S*,

(18)

+ S5 +8 + ...+ 8

{19)

(I = 8) and carrying out the multipli-

Sy (I+5+9 + ... +38™
-5+5 -5 ¢ 82 - -
+aM Sm+l
%
-8)s =1 (20)
syt

= (1 -35) T, (21)
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That this inverse exists is shown by cbserving that (I - S) is
triangular by definition, with determinant |(I - 8)| = 1. (I - 8) is
therefore non-singular, and the inverse exists.

It has been shown then that 5 and S* have the same relation when
concomitant indices and quantifiers are employed as in the basic algo-
rithm when all systems relations were presumed to be prime. The compu-
tation also preoceeds in the same general manner, except that special
rules pertaininé to "multiplicaticon” obtain when concomitant relation
gquantifiers are encountered. An example will be presented in Chapter

VI,

Development of Containment Type Analysis

The containment type of analysis depends on all cof the three cate-
geries of relations, defined as prime, ccncomitant, and deletion., The
addition of the deleticn relation requires a redefinition of both the S
matrix and the S* matrix. These redefined matrices will be dencted 5!
and S'*, respectively.

As noted in the earlier section of this chapter entitled '"Nota~
tion," the deletion relation quantifier -1 is symbolic, rather than
numeric. Furthermore, the deletion relaticn leads to an operaticn in
the computation of the S":c matrix which is logical rather than arith-
metic in nature. For this reason, it is not pcssible to offer a develcp-
ment of the computational procedure on a mathematical basis, but only a

development on the logical basis. In fact, it can be shown, by attempt-

ing the multiplication, that
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St(T - 8"y # I (22)

&
and that therefore the relationship between the S and 5 matrices shown
- - » - =':
in the previous section is not true for S8' and S' .

Definition of S' and S' Matrices

In the definition of the S matrix, the cells Sij were defined as
the number of times a given system element i is used directly in the
preparation of system element j, where both prime and concomitant rela-
tions met the definition. In the case of prime relations, however, where
the i index of the relaticnship is the identification of a compound ele-
ment, the compound element itself (a report, tape record, cr the like)
will not physically appear, or be '"contained in" the compound element
dencted by the j index of the prime relationship. Furthermore, some of
the simple elements included within the 1th compound element may neither
be used nor contained in the jth element.

In order to exclude the ith compound element from appearing in

Y,

9

the jth compound element of S' , a change in definition of the sclution
matrix and a change of computational method is required. The exclusion
of the unused simple elements within the ith compound element leads to
the deletion relation and a corresponding change in definition of the
matrix ST,

The matrix S' is now defined as that matrix where the cells Sij
represent the number of times a given system element 1 is used directly
in the preparation of system element j in the case of prime and con-

comitant relations, and as the simple system element k which is con-

tained in compound element i, but which will not physically be included
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in compound element j in the case of a deleticn relation.

The matrix S'* is defined‘as that matrix where the cells Sij
represent the number of times the simple data element i which actually
appears in compound element j is used or is avallable for use in
preparation of data element j.

It should be noted that the definition of S' represents the in-
clusion of the deletion relation in the previcusly defined S matrix,
while the definition of 8'* represents the blocking cut of any element,
simple or compound, which does not actually appear in a given compound
element.

Effect on Computation

The effect on coemputation, in comparison to computation of the
"Composed of" matrix S*, is that of adding twec logical operations to
the mathematical operatien of inverting the (I - $') matrix. These two
logical operations prevent the realizaticn of a true inverse, but re-
sult in the definition of S'* being met in the solution.

The first logical operation is the prevention of any compound
element from appearing in anocther compound element in S'*. This is
done by recognizing that any column in S'* which contains a non-zerc
entry other than on the diagonal is compound; and that the diagonal
element, which represents the compound element itself, must be ignored
in the cemputation of an element at a higher system level,

The second logical cperaticn is the preventing of any reference
to a simple element from appearing in a compound element where a dele-
tion relation is indicated in the S! matrix. This is done by the simple

method of merely viewing the presence of a deletion relation in Sﬁq as
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a block to permitting any entry, prime or concomitant, from appearing

in the corresponding cell, sﬁz of 8'*. This in turn will prevent the

carrying of the deleted element to any higher level compound element.
The algorithm for computation of the S'ﬁ matrix tc be presented

in the next chapter will therefore bear a strong resemblance to the

algorithm for computation of S*, except for provision for carrying out

the two logical operations indicated above in addition to the mathemati-

cal operations leading to what might be called a pseudo-inverse of

(I - 8").
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CHAPTER VI

THE REFINED MODELS--ALGORITHMS AND EXAMPLES

Introduction

Based on the development of Chapter V, this chapter will present
algorithms by means of which the specifications of systems relations |
prepéred by the systems analyst may be arranged in the required tri-
angular form and the computaticn of the system solution matrices S*
and S'% performed. At this time, the algorithms are presented for
expository purpcses as algorithmé for manual computation. They were
developed specifically, however, for machine computation, and Chapter
VII and the Appendices contain further discussion of the implications
of machine computation and restatements cf the algorithms in language
more appropriate for such use. In order teo 1llustrate the triangulari-
zation and computation of the solution matrices, a very small numerical

example is presented, and this example is also used as a basis for

discussion of interpretation of the solution matrices.

Triangularization Algorithm
In the previous chapter, it was established that the desired tri-
angularity of the S and S5' matrices could be realized by recognizing and
removing first the highest level of systems element designations from
the set of al; designations, then the next highest, and so on until all
designations had been removed., The algorithm tc be presented merely

represents a systematic means of such recognition and removal. On a
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manual basis, a single list of the pairs (i,j} could be used rather than
a double list, but for subsequent mechanized operaticn, a double list Iis
desirable.

Because of the way that the triangularization algorithm operates,
the method of identification of éystem elements is not critical, and any
element can be designated by any arbitrary numerical or alphamerical
designaticn, with the only restfaint being that the identification be
consistent and unique--that is, a given identification pertain to only
cne element, and that a given item have only one identificaticn.

In many real éystems,.some sort of forms control 1s exercised,
wherein every report 1s given a distinctive number. If such is the
case, this number is perfectly useful for identification purpcses and
may be so used. Business function (if designated as "elements" for
purposes of analysis) might well be designated by the section number
of the organization manual which describes the function. The identifi-
cation of data has usually not bheen accomplished uniquely and consist-
ently prior to the start of a systems study. A useful technique in
this case 1s merely to assign a serial number to each piece of data
as it is discovered in the system, without regard to the system level
at which it is encountered.

In the example in allater section, an identification which is
partly mnemonic i1s used. This has been done purely for expository
purposes, and is not recommended in practice. Frem the point of view
of computer operaticn, a purely digital Identification is preferred.

In the algorithm to follow, it is presumed that the elements

of the system have been given the required unique and consistent desig-




121

nations, and that the definition of prime relaticns (pairs) and concomi-

tant relations (n-tuples) has been done. Deletion relations are not a

factor in triangularization, and the pairs defining deletion relations

sheould be set aside until the formation of the 3' matrix takes place.
1. Prepare two identical lists, each containing all pairs (i,3i),

together with the quantifier, if desired.* Designate these two lists

as list A and list B. Order list A on the j index, with minor ordering |

|
within the j index cn the i index. Order list B on the i index, with

minor ordering within the i index on the j index. |

2. Compare each j, in turn, in list A to the 1 in list B. Remove |

from list A all pairs (i1,j) for which a j in list A does not have an H
[

equal i in list B. M
B. Remove from list B all pairs (i,j) which were removed from

list A in step 2. Record the order of removal of j indices from list A.

order elements of the information processing system.

L,

E
|
g
The j indices of the palrs removed are the designations of the highest [
|
|
|
If the lists A and B are not exhausted, repeat steps 2 and 3 [

on the reduced lists, which will remove successively lower level system
elements. If the lists are exhausted, go to step 5.
5. When the lists are exhausted, the record of order of removal

. . . . i
of pairs represents the corder of listing of row and column elements in

e
S

The quantifiers are not required in triangularization, but it
is usually convenient for the guantifier to accompany the pair or n-
tuple, particularly in machine versicns of the algorithm.
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the $ and S' matrices for the prime relations. Now arrange a list of
concemitant relatiens (n-tuples) in the same order based on the second
index of the n-tuple, j', and within a given i', if an element designa-
ticn appears both as an i index (first position in n-tuple) and as an
index k, &, ..., n, then the n-tuple containing the element as an i
index follows all n-tuples where it appears as a k, £, ...,0n index.
Then for every j . in the record of removal of pairs from list A for which
there is a j' = j in the list of concomitant relations, insert after j
in the record of removal the first index, i, of the concomitant n-tuple.
The triangularization of the system elements is complete, and for
manual determination of the S, 57, S* and S'=r= matrices this condition is
adequate. For determination by the use of a computer, it is necessary
to re-index the elements. This technique will be presented in Apﬁendix
B, since it is not of interest in the general development of the algo-

rithms.

Formaticn of S and S' Matrices

In computation by means of a computer, it is not necessary to
form the S and S' matrices. It is, however, necessary in the manual
computation. Furthermore, even though the two matrices are not formed
in the computer sclution, the S and S matrices exist in conceptual
form, in the medium of card or tape records. The formation of the
matrices in conceptual form or for manual computation is governed by
the feollowing rules:

1. For both the S and S' matrix, label both rows and columns

in the same order as the record of removal of pairs established in
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step 3 of the triangularization algorithm, as augmented by the inclu-
sion of indices from the n-tuples as specified in step 5. This labeling
should proceed to the right of the columns and downward for the rows,
starting at the upper left hand corner of the matrix.

2. For the $ matrix, record all prime relaticns by entering the
quantifying numeral in the cell denoted by the pair (i,j). Record all
concomitant relations with the concomitant quantifier (c) for each cell,
where the cell indices are determined by ccnsidering the first element
designation i of the n-tuple as a row index, and the second element
designation j as a column index; and then by considering the first ele-
ment designation i as a column index and each of the remaining element
designations k, &, ..., n, in turn, as row indices, until the n-tuple
is exhausted. Note that an n-tuple of s element designations will pro-
duce 5 ~ 1 cells in the S matrix.

3. For the $' matrisx, follow steps 1 and 2, above. In addition,
record all deletion relations as -1 in the matrix, using the same rules

for determining the proper cell as for the prime relations.

The §~-8 Algorithm

Having formed the S matrix, the SN solution matrix may be com-
puted using the following algorithm:

1. Prepare a format for the solution matrix S*, with the same
row and column designations in the same order as in the § matrix.
Place 1's on the diagonal of the sclution matrix.

2. Start computation at the lower right hand cell. The computa-

tion will proceed column by column, from right to left until the left-
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most column has been computed.
%
3. Establish a columm vector V, initially zercs, outside the §

matrix, This is a working vector, and should contaln as many cells as

there are cells below and including the diagonal cell in the column of

\,
%

S which is currently being computed. The top cell of V corresponds
to the diasgonal element of the column being computed, while the bottom
cell of V corresponds to the bottom cell of the cclumn being computed.

4. Examine the bettom cell of the column in S with the same
column designation as the column being computed in S*. If this cell
is non-zero, determine the row index of the cell in the § matrix, and
find the columh of S* with this same index. If the cell is zero, deter-
mine whether this cell is on the prime diagenal of the matrix, indicated
by the fact that the row index i = the column index j. If it is the
diagonal cell, go to step 6. If the cell is not the diagonal cell (and
is zero), repeat step 4 for the cell in the S matrix next above this
cell in the same column.

5. Multiply the non-zero value of the cell established in step
4 by the column of S* feund as a result of step 4 and add the product
to V. In this multiplication the usual rules of multiplication obtain
for the brdinary numerals quantifying prime relations, but when a con-
comitant quantifier is involved, either in the cell value or in the
column vector, the relations specified in the '"Notation'" section,
Chapter V must be used.

Choose the cell in the 3 matrix next above the current cell in

the same column, and repeat step 4 and step 5.
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6. When a diagonal cell is reached, as indicated by the opera-
tion of step 4, add the vector V to the columm of  the S* matrix under
consideration. Then choose the column of the S* matrix immediately to
the left of the cne just computed, and repeat the algorithm from step

3. When all columns have been computed, a triangular solution matrix

S will have been generated.,

The S'—S' Algorithm

%
The S' matrix is computed from the S' matrix using an algorithm i
which is a modification of the S-S~ algorithm. ©Steps 1, 2, and 3 are

x
identicaly with appropriate change of notation from S to S' and S to i

ate
¥

S'"., The balance of the steps are as follows:

4. Examine the bottom cell of the column in S' with the same
column designation as the column being computed in S'*. If this cell
is non-zerc, determine which of the relation types is represénted by
the quantifier in the cell. If the cell entry is a deleticn relation,
-1, insert an X in the corresponding cell of Vector V, then repeat step
4 for the cell in the S matrix next above this cell in the same column
of 8'. The purpose of this X is to prevent any further entries from any
source being placed in that particular cell.

If the cell entry is the quantifier for either a prime or con-

comitant relation, determine the row . index of the cell in the S' matrix,

and find the colurn of S' with the same index. If the cell is zZerc,

determine whether this cell is on the prime diagonal of the matrix,
indicated by the fact that the row index I = the column index j. If it

iz the diageonal cell, go to step 6. If the cell is not the diagonal
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cell (and is zero), repeat step 4 for the cell in the &' matrix next
above this cell in the same column.

5. If the cell is a concemitant relation quantifier, multiply
the cell by the celumn of S'* found as. a result of step 4, observing
the special rules for such multiplication previcusly specified, If
the cell vaiue is a regular numeral, determine whether the coclumn of-
S' found in step 4 has any ncn-zerc cells other than the diagonal
cell, If it has net, multiply the cell value by the column vector
(which consists of zeros except for the diagonal element) and add the
product to the vector V. If the column has non-zero, non-diagonal
values, multiply the cell value by the column vector ignoring the
diagecnal cell (or treating it as zero), and add the product to the
vector V. In both of these multiplications, observe the pfeviously
defined rules for multiplication involving concomitant quantifiers.
Alsc observe the presence of an X in the vector V as blecking any
further entry.

Choose the cell in the S' matrix next above the current cell in
the same column, and repeat step 4 and step 5.

6. When a diagonal cell is reached, as indicated by the opera-
tion cf step 4, add the vector V to the column of the S'* matrix under
consideration, now treating an X in vector V as a zerc. Then choose
the column of the S'* matrix immediately to the left of the one just

computed, and repeat the algorithm from step 3. When all columns have

been computed,. a triangular solution matrix S'" will have been generated.
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A Numerical Example

In order to illustrate the dperation of the refined algorithms,
and to furnish a basis for discussion cof the interpretation of the S*
“and S'* solution matrices, a small numerical example will be presented.
In this example, the input toc the system is a daily time report, listing
payrell number, department number, and hours worked, recorded on a
punched card. Prccessing, by unit record equipment, is to compute
daily labor deollars by department and total, and weekly department total
labor dollars, compared to the prior week. In addition to these two
reports, cards containing payroll number, department number, hours
worked and labor dollars are to be created for subsequent use in the
payroll cperation. Mnemcnic designations for the several systems ele-
ments have been used for ease in discussion; as previously emphasized,
element designations can be purely arbitrary for these algorithms. Also,
for purely expository purpeses, a flow chart of the system is shown in
Figure 9.
The following list designates the systems elements:

D1 - Payrocll number.

D2 - Department number,

D3 - Hours worked,

81 - Hourly rate. (This is a constant for a given

payroll number, and is stered, with the pay-
roll number, in a master deck.)
Cl - Individual cost. (Cl = D3 x Sl1)

C2 - Department total cost, daily. (C2 = Cl
summed over D2)

c3

t

Grand total, daily. (C3 = sum of all C2)
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To Payroll Opn.
BL
Pl = W3
W1 C2 = ECL on ??)
- ¢l = D3 x S1 ) C3 = IC2
D1, D2, D3 / \
¥ R
‘ w3
> D2,02,C3
D1, D2, D3, Cl

W2 _ (=-51)

|
-p1, -D3, -C
D1, S1 ¢ ? s ~C1)

- 1
Rl Machine |
Record.

L e e e

IC2 for week,
iC3 for week.

Cl
Cs

R1 Machine
Record. (Five
sets.)

@ (-C2, -C3)
[- E&_- Pricr week.

- e
//// W4 is machine record of R2, containing D2,
= Hl (ex-C4), H2 (ex-C5), as result of
/’ \</ ageing, not processing.
\ =)
~.

Figure 9. Flow Chart for System of Example,
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C5
H1
H2
R1
R2-
Wl
W2
W3

W

Pl
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Department total, weekly. (C4 = C2 summed
over 5 days)

Grand total, weekly. (C5 = C3 summed-over 5 days)
C4 value for previous week, |

C5 value for previous week.

Daily report.

Weekiy report ,

Input record. (Working paper, contains D1, D2, D3)
Master card. (Contains S1 and D1}

Card containing Cl1l, D1, D2, D3.

Card containing same contents as Rl, but aged one
week. {(Contains D2, Hl, HZ2)

Card to payroll operation. Has same content as W3.

From the verbal description of the system (and in this case from

the flow diagram, Figure 9), the following prime relations can be

established. The first six are input data, which are arbitrarily

designated (0,j), with a quantifier of 1.

oo oo o

D1
D2
D3
bl
51
Wl
W2
W3
W3
H1
H2
Rl

D1
b2
D3
H1
H2
81
Wl
Wl
Wl
W2
W2
W3
W3
Pl
R1
Wit
Wi
R2

These two elements follow the rule stating
} 14 11 .
that "aged" data be treated as new input.

R RFRFERRERRRRRERRRRR-R

Five daily reports required for weekly report.
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Wy R2 1
Dz Wy 1

The concomitant relations are those pertaining to data transi-
tions, and for this system are as follows:

Cl W3 D3 81 (1)

C2 R1 C1 (1)
C3 R1 C2 (1
Cy R2 C2 (1)
C5 R2 C3 (L)

The deletion relations are:

ClLRL -1
D1 R1 -1
D3 Rl -1
S1 W3 -1
Cz R2 -1
C3 R2 -1

The systems relations having been established, the next step is
that of triangularization. The deletion relations are not used in this
process, and the . concomitant relations are not used until step 5. The
first step is the preparation of ordered lists A and B, which appear as
Table 16.

In performing step 2 of the alggrithm, using the lists A and B,
one notes that the first j in list A is D1, Looking down the list B, it
is noted that there is an 1 = D1 in the list, the seventh pair down.
Therefore, the pair (or pairs) with j = D1 in list A is retained. Simi-
larly, for j = D2, D3, Hl, and H2 in list A a corresponding i in list B
is found. Finally, j = Pl in list A is encountered, with no correspond-
ing i = P1 in list B. Therefore the pair W3 Pl is removed from list A,

as indicated in Table 16 by underscoring.




Table 16, Lists A and B, Ordered
for Triangularization®

LIST A LIST B
i i i j
0 Dl 0 D1
0 D2 0 D2
0 D3 | D3
0 Hl 0 Hl
0 H2 0 H2
W3 P1 0 sl
W3 K1 D1 Wi
Rl R2 D1 W2
W4 R2 Dz Wl
0 sl D3 Wl
D1 Wl H1 w4
D2 Wl H2 Wy
D3 Wl Rl R2
D1 W2 S1 W2
Sl W2 Wl W3
Wl W3 W2 W3
W2 W3 W3 Pl
H1 Wy W3 R1
H2 Wa Wy R2

# The underscored entries in the
table represent the pairs removed
in the first iteration of the al-
gorithm,
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The next entry, j = Rl finds i = Rl in list B, so the pair is

retained in list A. However, the next entvy with j = R2 does not have

a corresponding 1 = R2 in list B, so both of the pairs in list A with

j = R2 are removed, as indicated by the underscored pairs.

The balance
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of the j's in list A find corresponding i's in list B, and so remain in
the list.

In step 3, all pairs (i,j) removed from list A in step 2 are now
also removed from list B. This operation is again indicated in Table 16
by the underscored entries in list B. Also, the order of removal of
pairs from list A is recorded at this time. Since lists A and B are not
exhausted, step 4% now indicates that reduced lists A and B be formed,
and steps 2 and 3 be repeated on these reduced lists. These reduced
lists and the removals due to the second iteration of steps 2 and 3 are
shown in Table 17. |

Step 2 this time resulted in the removal of pairs from list A
where j = R1 and j = W4, since corresponding i's in list B could not
be found. Step 3 resulted in the removal of the same pairs from list
B, and the listing of the order of removal of pairs from list A. Since
the lists A and B were not exhausted, step 4 now calls for preparation
of further reduced lists A and B, shown in Table 18, together with the
pairs removed as a result of the next, or third, iteration.

On this third iteraticn, the pairs in list A involving j = H1,
H2, and W3 are removed from list A, and subsequently from list B. The
reduced lists A and B shown in Table 19 remain, and a fourth iteraticn
removed pairs invelving § = Wl and W2. Further reduced ligts A and B
{(not shown) would be subjected to a fifth iteraticn which would remove
the balance of the pairs from both lists.

Since both lists are now exhausted, the algorithm proceeds to
step 5. At this peint, the record of order of removal of pairs from

list A, prepared in step 3 of the algerithm is used. In addition, the
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list of concomitant n-tuples is ordered as indicated in step 5 of the

algorithm is now used in conjunction with the record of order of re-

moval in order to establish an augmented order of removal which will

o

give the proper order of indices for the S, S', S

%
and §' matrices by

including those elements formed by a concomitant relation.

shows these three lists.

Table 17. First Reduction of Lists A and B

LIST A LIST B
i 3 i j
0 Dl 0 D1
0] Dz 0 D2
0 D3 0 L3
8] H1 0 H1
0 H2 ¢ H2
W3 R1 0 Sl
8] S1 D1 W1
D1 Wl D1 W2
D2 Wl D2 Wl
D3 Wl D3 Wl
D1 W2 H1 W4
S1 W2 H2 W4
Wl W3 51 W2
W2 W3 Wl W3
Hl W4 W2 W3
H2 W4 W3 R1

* The underscored entries in the table repre-
sent the pairs removed in the second iteration
of the algorithm,

Table 20
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The S and S' matrices may now ke formed, using the augmented list
(Table 20) for the row and column indices. The prime and concomitant re-
latiens are shown in the S matrix, while the S' matrix shows all three

categories of relations. Figures 10 and 12 shew the S and S' matrices,

respectively, which are obtained from the data of the example by applica= -

tion of the rules of S and 8' matrix formation.

Takle 18, Second Reduction of
Lists A and B#®

LIST A , LIST B
i j i y
4] D1 0 D1
0 D2 : 0 D2
0 D3 0 D3
0 H1 0 H1
9 H2 0 H?
0 S1 0 si
D1 Wl - Dl Wo
D2 Wl DL W2
D3 WL D2 Wl
D1 W2 D3 Wl
S1 W2 S1 W2
Wl W3 Wl W3
W2 W3 W2 W3

% The underscored entries in the table repre-

sent the pairs removed in the third iteration
of the algorithm.
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Table 19. Third Reduction of Lists A and B#

LIST A LIST B
i j 1 ]
0 D1 0 Dl
0 D2 0 D2
0 b3 0 D3
0 Sl G 51
D1 Wl D1 W1
D2 Wl D1 W2
D3 Wl D2 WI
D1 W2 D3 W1
ST w2 51 W2

1

% The underscored entries in the table repre-
sent the pairs removed in the fourth iteration
of the algorithm.

The S* and S'* matrices, shown in Figures 11 and 13, are then
obtained by the operaticn of the two refined algorithms presented.
In order to show more clearly the operation of the algorithms, the
details of computation of the R2 column of each output matrix will be
gshown. In both cases, presume that thé computation has been completed
for all colums to the right of the R2 column. The algorithm will then
be entered at step 3. The § - S* algorithm will be demonstrated first,

1. The vector V is established, with 17 cells being required,

all zero initially.
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Table 20. Record of Order of Removal,
Ordered Concomitant N-Tuples,
and Augmented Record of Crder
of Removal.

Augmented
Order of Ordered Order of
Removal ) N-Tuples Removal
Pl C5 R2 C3 Pl
R2 c4 R2 C2 R2
Rl C3 R1 C2 s
Wy C2 R1 C1 Ch
H1 Cl W3 D3 s81 Rl
H2 C3
W3 C2
W1l Wit
W2 H1
D1 H2
D2 W3
D3 cl
S1 Wl
W2
D1
D2
D3
S1

2. In step 4, the bottom cell of the R2 celumn of S would be
examined, and found to be zero. Step 4 would therefore be repgated
for the next to bottom cell, which i1s also zero. Step 4 would then be
repeated ten times, each time encountering a zero value, and thus pas-
sing to the next higher cell in the column.

3. On the 11th iteration, the cell value 1 would be enceuntered.
Since the c¢ell is non-zerc, the row index W4 would be established, and
the W4 Column of S* would be obtained. Step 5 of the algorithm then

calls for the multiplisaticn of the cell value 1 by the column vector




P1
R2
C5
C4
R1
C3
c2
Wi
H1
HZ
W3
Cl
W1l
W2
D1
b2
b3
51

ok

Blank cell dencotes zero entry.

Figure 10. S Matrix--Refined Algorithm.
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P1
R2
C5
Cu
Rl
C3
Cc2
Wy
"H1
HZz
W3
Cl
W1l
W2
Dl
D2
D3
Sl

Pl R2 C5 Cy R1 C3 C2 W4 HL H2 W3 Cl W1l W2
1
1
(1y 1
(1) 1
5 1
(5) (1) (1y 1
(5) (1y (L) (1) 1
1 1
1 1 1
1 1 1
1 5 1 1
(1) (5) (1) (1) (1) 1
1 5 1 1 1
1 5 1 1 1
2 10 2 2 1 1
1 & 1 1 1l 1
1 5 1 1 (1) 1
1 5 1 1 (1) 1
Blank cell denotes zero entry.
H]
Figure 11. 8 Matrix--Refined Algorithm.
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Pl
R2
CS
Ch
R1
ca3
c2
Wa
Hl
H2
W3
Ci
Wl
W2
D1
D2
D3
81

Pl R2 C5 CH4 R1 C3 C2

Wo H1 H2 W3 Cl Wl W2 Dl D2 D3 .

51

(1)

(1)

5

-1 (1) (1)

-1 (1) (1) ()

1

1 1

-1 (1)
-1
-1

1
1
(1)
1
1
1 1
1 1
(1) 1
-1 (1) 1

Blank cell denotes zero entry.

Figure 12,

S' Matrix--Refined Algorithm.
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Pl
R2
C5
Ch
R1
C3
c2
Wht
H1

H2

W3

Cc1 .

Wl
W2
D1
D2
D3
81

Wy Hl1 H2 W3 Cl Wl W2

Pl R?2 (5 c4 Rl (3 (2 0l D2 D3 Sl
1

1

(1) 1

(1) 1

1
(1) (1) 1
(1y (1y (1) 1
1
1 1 1
1 L 1
1
(L) (1} (1) 1
1
1
2 2 1 1 1
1 & ‘ 1 1 1 1
1 1 (1) 1 1
(1) 1 1

Blank cell denotes zero entry.

Figure 13,

*
S' Matrix--Refined Algorithm.

ohT




141

W4, and the addition of the product to Vector V. This operation is shown

in Table 21,

o
Table 21. Computation of Column R2 of S --First Step

Vector V Vector V Row
Cell X qu Wi = Product + Before = After Index

R2
€5
Ch
R1
Cc3
Cc2
Wy
H1
H2
W3
Cl
Wi
W2
D1
D2
D3
Sl

OO OO0 O0OOCOCC O0O0
OO OCOOOOHHEHFOOCOOO

=R el SleBeNoNeBoll S

L., BStep 4 would then be repeated for the cell next above in the
column of S,.but again a zerco would be encountered. This would cause
another repetition of step 4, ancther encountering of a zero value, then
the next iteration of step 4 would encounter the value 5. The row index
is R1, so the Rl column of S* would be cbtained. This time, the multi-
plicaticn--addition process would be as shown in Table 22, Neote that the

concomitant relation is involved, invcking the use of the multiplication-
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like operation previcusly described for some cells.
5. The next repetition of step U encounters the concomitant

quantifier (1), with rcw index C4, which requires column C4, of s,

for computation, The operation is shown in Table 23,

Table 22. Computaticon of Column R2 of S“~-Second Step

Vector V Vector V Row
Cell X - Col R1 = Product + Before = After Index
0 0 R2
0 0 C5
0 0 ch
5 1 5 o] 5 R1
(1) (5) 0 (5) C3
(1) (5) 0 (5) C2
0 0 1 1 Wa
0 0 1 1 H1
0] 0 1 1 H2
1 5 0 5 W3
(1) (5) 8] (5) Cl
1 5 0 5 W1l
1 5 0 5 W2
2 10 0 10 D1
1 5 1 6 D2
1 5 0 5 D3
1 5 0 5 Sl

6. On the next iteration, the value (1) 1s found with row index
C5. The computation is shown in Table 24,

7. The next iteration of step U4 encounters a zerc cell which is
the diagonal cell. Step 6 then requires the addition of the vector V

to the R2 column of S ., This colurm has only a 1 in the diagenal cell,
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*,,
so this operation amounts to transcribing vector V into the S matrix,
with & 1 placed in the R2,R2 cell, This completes the computation of

this column.

Table 23. Computaticn of Column R2 of S --Third Step

Vector V Vector V Row
Cell X Col Cy = Product + Before = After Index

g 0 R2

0 0 C5S

(1L 1 (1) 0 (1) Cu
0] 0 5 5 R1

0 0 (5) (5) C3

(1) 0 (5) (5) c2

0 0 1 1 Wy

0 0 1 1 Hl

0] 0 1 1 HZ2

0 0 5 5 W3

0 0 (5) (5) Cl

0 0 5 5 Wl

0 0 5 5 W2

0] 0 10 10 D1

0] 0 6 6 D2

0 0] S 5 D3

G 0 5 5 ' S1

The computation of a column of S'* proceeds in a similar manner.
Entering the algorithm at step 3, for column R2:

1. The vector V is established, with 17 cells being needed, all
zerc initially.

l2. Step U would encounter zeros on the first 10 iterations, until

a l is finally encountered with Wi as row index and W4 as the column of
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S'" to be used in multiplication. Step 5 would then result in the compu-

tation detailed in Table 2%,

Table 24, Computation of Column R2 of S --Fourth Step

14k

Vector V Vector V Row
Cell X Col C5 = Product + Before = After
. ) Index

Q0 0 R2

(1) 1 (1) 0 (1) s
0 0 (1) (1) C4

0 0 5 5 Rl

(L) 0 (5) (5) C3

0 o (5) (5) C2

0 ¢ 1 1 Wy

0 - 0 1 1 H1

0 0 1 1 HZ2

Q 0 5 5 W3

0 0 (5) (5) Cl

0 ¢ 5 5 Wl

0 0 5 5 W2

0 0 10 10 D1

0 0 6 5 DZ

0 0 5 5 D3

0 0 5 5 51

The critical point of this computation is the examination of
column W4 for structure, and the ignoring of the diagonal cell beca

of the presence of other non-zere entries in the column.

3. The next twe iterations of step 4 encounter deletion relations

which result in the placing of an X in vector V in the C2 and C3 po

tions. These X's will prevent any further entries in these cells.

These two iterations will not be shown, but the result will be reflected

use

si-
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in subsequent detailed computations.

Table 25, Computation of Column R2 of S' —-First Step

Vector V Vector V. Row
Cell X Col Wu =  Product + Before = After Index

R2
C5
cH
R1
C3
c2
Wi
H1
H2
W3
Ccl
Wl
W
D1
D2
D3
51

(ignered)

SO OO0 C O OO C OO0 OO Oo0O
CORrRP OO C SO ROCOoOO0OO0O0C0OO0O

1
1
1
C
0
0
0
0
1
0
0

SO OCOC OO~ OC

4. The value 5, corresponding to rew Rl is next found, and column
Rl is obtained. Coclumn R1 has non-zero, non-diagonal values, so the
diagonal cell is treated as zero in the computation shown in Table 26,

It should be noted that the X's placed in wvector V by action of
the deletion relations have blocked out the S5's obtained in the product
vector for the C3 and C2 cells.

5. The next encountered valles in the R2 column of S' are both

concomitant relations, and the computation wouid be exactly the same as
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for the corresponding cells of the earlier example, with, of course, a
different vector V due to different prior operaticns. The net result
would be the insertion of (1) in the vector V in the C5 and C4 posi-
tions. Finally, addition of the vector V to the column R2Z of S'*
would give the result shown in Figure 13. - Note that the deletion

symbol X in the vecter V is treated as a zero in this final addition.

Table 26, Computation of Column R2 of S'“--Fourth Step

Vecter V Vector V Row
Cell X Cel R1 = Preoduct +  Before = After Index

R2
C5
Ch
R1
C3
c2
Wh
H1
H2
W3
Cl
Wl
W2
D1
D2
D3
Sl

{(ignored)

OO OO0 OOCREPOCXMOOOO
C OO OO OCHEREOCKXOOOO

1
1
1
0
)
1t}
0
0
0
0
0
1
0
0

C OO OO OO C OO CUuno

Discussion cof -the Example

In order to discuss the example, it is informative to Intrcduce

an S matrix, shown in Figure 14, produced by the use of the unrefined
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algorithm presented in Chapter IV, with no consideration given to con~
comitant and deletien relaticns, and with the prime relaticns established
from a report-oriented point of wview.

It is immediately evident from the figure that the S* matrix pro-
duced with the refined algorithm has eliminated the false indicationé of .
redundancy . The entries with value 5 in the S* matrix of the refined al-
goerithm are valid representations of the fact that five reports Rl, one
for each of the five days of the week, were used in preparation of R2Z.
The D2 entry of 6 indicates the merging of the five Rl reports on depart-
ment number, then the merging of Wi, containing the historical data, with
the five daily reports. The entry 10 for D1 might be viewed as false
redundancy, but again, it represents the merging of a Wl with a W2 for
the initial computation of Cl, recorded on W3, then the subséquent
merging of five Rl's for the R2 report. Cu4 and C5 are noted as values
which were prepared as a computation concomitant to the preparation of
R2, which conforms to the actual system concept. Similar comments could
be made relative to Rl, W3, and P1, and it is seen that the refined S*
matrix is z true representation of the system on a 'composed of" basis,

Turning attention tc the S'* matrix, Figure 13, it is seen that
it is an accurate representation of the system on a "econtains" basis,
with the possible exception of values greater than one for identifica-
tion type data in P1, R2, and W3. Again, theése values represent the
merging of compound elements on the basis of the identification data,

and is thought to represent useful information.

It might be argued that the S*" matrix represents informaticn




P11 R2 Chk C5 Wi H1 H2 Rl C2 C3 W3 Cl Wl W2 bl D2 D3 Sl
Pl 1
R2 1
Cch 1 1
C5 1 1
Wi 1 1.
Hl 1 1 1
H2 1 1 1
R1 10 5 5 ‘ 1
c2 10 5 5 1 1
C3 10 5 5 1 1
W3 L 20 10 10 2 1 1 1
C 1 20 10 10 2 1 1 1 1
Wl 1 20 10 10 2 1 1 1 1 1
W2 1 20 10 10 2 1 1 1 1 1
Pl 2 4o 20 20 L 2 2 2 2 1 1 1
D2 1 21 10 10 1 2 1 1 1 1 1 1
D3 1 20 10 10 2 1 1 1 1 1 1
Sl 1 20 10 10 2 1 1 1 1 1 1

Blank cell denotes zero entry.
System is same as for Figures 11 and 13, but computation is by unrefined algorithm.

\
Figure 14. s" Matrix--Unrefined Algorithm.

8hT
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which is known prior to computation, from flow charts of the system and

other basic data. To an extent, this is true., However, part of the aim.

of this research is to eliminate the necessity for flow charting, and
oty
the S' matrix is an effective substitute.

. * %
It may be observed that both § and S8' show that Pl is identical

in data composition and content to W3. Furthermore, both of these docu--:

ments are in card form, se that Pl is not needed except perhaps as a
matter of processing convenience. In a real system analysis such an in-
dicated duplication would be investigated with a view to possible elimi-

nation.
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CHAPTER VII

CONSIDERATIONS OF MECHANIZATION AND COMPUTER OPERATION

Introductien

In current day practice, it is usual and expected that numerical
values.arising from the use of a given mathematical technique will be
obtained by means of a digital computer. In the early days of computer

_ operatiens, algorithms which were designed for manual operation required
substantial medification in many cases before they could successfully be.
w used for computer cperation, and a whole new subject, that of numerical
analysis, has sprung up as a branch of the mathematics.
A more recent trend has been to write algorithms specifically
from the point of view of the essential computer logic necessary for

'numerical calcuiation. Giffler's whole work (9) has adepted this

style, with real advantage to those who seek to employ his algorithms.

it is also now commonly seen in the literature that an appendix of an
‘ article contain at least the flow diagram, and perhaps the program
listing in FORTRAN or ALGOL, in order te facilitate both understanding
and pessible use by the reader.

In.the work under discussion, it seems even more appropriate -
that the algofithms be stated in language appropriate to computer usage,
and that the cemputaticnal portien of the techniques be specifiea in
terms meaningful to these engaged in computer operatiens. The research

i is, in effect, an attempt to permit the central processor of the infor-
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mation system under study to become introspective relative to the system
it serves. The algorithms in preceding chapters were developed with the
view in mind that their computation under real world considerations
would be done by means of digital computers and associated equipment,
even though it was necessary to present the algorithms as if they were
to be manually computed, for expository purposes.

Sections of the Appendix will be devoted to restatement of the
algorithms presented in terms of detailed instructions for triangulari-
zing indices by means of punched card equipment, and flow charts and
program listings for the computation of the S* and S'* solution matrices.
Every attempt has been made to preserve generality from the point of
view of equipment, especially in the flow diagrams, However, since
programs must be written for real machines, some generality has been
lost in the fact that the procedures and program listings apply: only
to the specific machine for which they are written, except that in
some cases, as specifically noted, the program would run on equipment
with fewer special features.

For the triangularization process, only a card sorter, collator,
and reproducing punch are required. Any of the models currently on
the market are suitable.

The two algorithms for producing the S* and S'* solution matrices
have been written for an IEM 1401 computer, with a minimum of .8K memory,
and 4 tape drives. Advanced programming features are also required,

The equipment was chosen specifically because it is representative of
the type and size of equipment which might be found in a typical manu-

facturing, commercial, or institutional situation. It is felt that in-
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stallations using equipment of similar or greater capabilities could
readily adapt or re-write the programs to suit their own capabilities.
For other IBM equipment in the 1400 series, this adaptation would of
course be very simple.

In order to make the maximum use of the logic capébilities and
of available memory, the programming has been done in 1401 Autocoder
language. This language necessitates the uée of 4 tape drives for com-
pilatioen. The'aigorithms could alsc be programmed in ALGOL or FORTRAN,

but with substantial loss of operating speed and memory capacity.

Triangularization and Reindexing

An essential part of the computational technique leading to the
S* and S'*-solution matrices is the triangularization of the S and §!
matrices. In order to obviate tedious labor, it is desirable that the
mechanized porticn of the computational system accept designations of
systems elements which are entirely arbitrary; that is,.that the analyst
need not be concerned with the mechanies of ‘triangularization nor the
subsequent reindexing of elements for computer operation.

Giffler (9, p. 18-34) presents an algorithm which can be used
for triangularization, and he claims that it can be accomplished on
punch card equipment. Trials made using this algorithm disclose several
important limitatiocns, however.

1. The algorithm is not in fact amenable to operation on punch

card equipment. The collator is not capable of interchanging cards as

the algorithm requires, it can only select and segregate matches or

mis-matches. Neither is the collator capable of recording the exchanges
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and comparing the current exchange with all prior ones.

2. The algorithm can be programmed for computer operation, but
in actual trials it proved to be an inefficient operation, in that the
matter of recording and comparing index changes required repeated table
look-up operations.

3, The i indices are left scattered in the final ordering ob-
tained by operaticn of the algeorithm. That is, if there are several
pairs (i,j) in the system with the same i value, and only some of the
i find matches on the following j's, then the pairs with the same i
will not be qoﬁtiguous in the resulting ordering. This fact makes the
required reindexing (for computer solution of the ensuing ccmputations)
very difficult, or else requires a further step to consolidate the
indices.

4, Since the list is not reduced in size as the algorithm pro-
gressés, it is necessary to store, and operate with, the entire list
during the entire computation. Furthermore, no output-can be realized
from the computer until the entire triangularization is complete, which
results in long overall computation times.

For these reasons, a new algorithm was developed, which has been
stated both in manual form (p. 121 ) and mechanized (Appendix B) form,
Both forms also contain provision for handling concomitant and deletion
relations as well as prime relations.

In the new algorithm, the use of two decks of cards (lists A
and B in the manual version) permits the use of a collator to both
recognize and remove the successive subsets, while careful ordering

of the initial set and of the order of removal prevents the scattering




154

of indices noted in Giffler's method. Reindexing for computer cperation
is readily done, and consists simply of assigning sequential numbers to
the elements of the triangularized lists or decks in a systematic man-

ner.,

Computéticn of the Solution Matrices

The principle concern in development of computational methods
for mechanization of the algorithms for computation of S* and S'ﬁ was
that of limitations of memory, particularly if a computer of modest
size is to be used. It is therefore necessary to give every considera-
tieon to computational techniques in order to conserve this scarce
memory space.

Again, Giffler (Chapter II, p. 40) established computational ex-
pressions for tne inversion of the (I - N) matrix which coculd be easily
translated to computer operation. However, his computational method
would require that the S matrix be stored in ﬁemory in its entirety be-
fore computation could start, ?nd that the S=r= matrizx be overlayed on the
S matrix as computation proceeded. This was due to the fact that the
computatiénal equations required solution of columns from left to right
in the case of a leower triangular matrix. Recensideration of the com-
putation? which is reflected in the statement of the algorithms in
Chapter VII, shows that if the cemputation proceeds from right to left
(in a lower triangular matrix) it is not necessary to store the S matrix
at all. It is only necessary to read from a card a single cell Sij’ and
theﬁ to perform all the computation required by the entry Sij at omne

time, storing the results in memory in the S matrix.
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The recognition of the ability to eliminate storage of the S
matrix permits conslderation of methods of compressing the S*Jmatrix
in memery as it i1s generated, and other means of conserving memory
space. It is readily noted that an uncompressed S* matrix, due to

triangularity, will have as an upper bound,

£ 2z — (l)

cells, including the diagonal cells, where n is the number of systems
elements under consideration. In addition, some space would be required

for identification, work areas, and, of course, the computer preogram.

A first saving in memory allocation can be made by observing that
the diagonal 1's are arbitrarily present in every column of S*, and that
they could always be supplied, if needed, by the program on recognition

that the cell in questien has index i = j. In the program, the cells
so conserved will be used for column and vrow identification and other in-

formation.

A substantial saving in mémory space can be realized by cbserving
that S* has many zerc cells. By further consideration of the property
discussed in Chapter V relative to formation of ceolumns as linear combi-
nations of columns to the right, it can be .ncted that a given column of
the S* matrix will never have non-zerc elements with row index i smaller
than the smallest non-zero cell row index of the same column of the S

matrix, except for the diagonal element itself, which will not be stored

as such. That is, if there are zero cells between the diagonal and the
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first (highest in column) non-zero cell in a given column of the § ma-
trix, then the S* matrix will have at least these same zero cells. This
cbservation permits two things to be done:

1. These specific cells need not be stored in the matrix, there-
by conserving storage. The detailed method of aceomplishing this will
be discussed in the Appendix dealing with the computer program.

2. A means is provided to compute the number of zero cells of
this type, so that the pricr statement of the upper bound of memory
required can be impreved. The computation is based on the fact that if
the triangularized list of systems relations is re-ordered with major
ordering on the column index j and minor crdering on the row index i,
then the first pair (i,3) within a group of identical j indicates the
cell which will occupy the highest non-zero position of the jth column
of 5, and therefore of S*. Then the number of intervening zero cells be-
tween the diagonal cell and this highest cell is i - (j + 1). If a j
index is not present in the list, a null cclumn of S is indicated, and
the column in S* will have only the diagonal cell, In this case, the
number of zero cells is n - j, where n is the number of system elements
in the system under study.

Define a list R of all pairs (i,j) in a system. Define a sub-
list L as the pairs (i,Jj)eR such that i is the smallest index associated
with a given column index j. Note that fer a given system, there will
be some columns j with no palrs (i,j). Then the number Z of zero cells

of the type under discussion is:
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n n
z:Zij-(j+1)+j (n ~3) (2)

1=1
L
Then the upper limit U on storage required for a given matrix will be:
U = —-—5—-——- - Z (3)

A sinple program to compute Z and U from the input cards will be
found in Appendix D.

One further possibility for conservation of storage space derives
from the computation of S* from the point of view of linear combinaticns
of columns, This depends on the property that after a column computa-
tion involving a given Sij’ if there are no further non-zero values to
the left of Sij in the same {ith) row, there will be no further need in
the calculation for the corresponding column of S* with index j = 1i.
Presuming that this column has been presented in some form of output,
this column can then be discarded in its entirety, making room for other
column vectors, and therefore permitting a larger S* matriz to be com-
puted and stored.

In order to use this property, it is necessary to locate and
designate the cells Sij having this property. This is easily done by
ordering the triangularized list (sorting the cards) with major se-
quence on i, minor sequence on j. Then the first occurrence of each

i in the 1list will identify the proper cells. These cells can be

identified by tagging; that is, punching some designator in the card
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in an appropriate field.

This last method of compression i1s valuable under circumstances
when a prcblem could not otherwise be run on a given computer. Its
use, however, complicates the programming because of the fact that the
discarding of a vector is accompanied by the need to completely re-
arrange the remaining porticn of the S* matrix in memory, and changing
the internal indexing. This zlsc increases the running time, sub-
stantially in some cases. It 1s therefore recommended that the method
be used cnly when absclutely necessary. The programs in the Appendix

do not incorporate this feature.




159

CHAPTER VIII
CONCLUSIONS AND RECCMMENDATIONS

Conclusions
The development of mathematical models for the description and
manipulation of information system relationships represents an attempt

to quantify a process which has been approached in the past on an es-

sentially qualitative and intuitional basis. Only very limited attempts
in this direction are shown in the literature.

The basic model developed in Chapter IV has no real meaning from
the point of view of application, but serves as an essential bridge be-
tween the prior work of Lieberman (18) and Homer (1l4) and the refined
models presented in Chapters V and VI. The basic model did, however,
succeed in reproducing the results of the prior investigators with some
computational and conceptual improvement, but it failed to adequately
represent system under study.

The recognition of differences between types of data and of the
existence of transitions of data within the system led to the defini-
tion of three types of system relations instead of the single type
presumed in the pricr work and in the basic model. This in turn per-

mitted extension of the basic medel to the two refined models.
& &
From an.operation peint of view, examinatioen eof the § and §!

matrices by the analyst will disclose possible areas of system improve-
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ment. The existence of a number larger than expected+ in a given cell
will indicate the possibility of redundancy in the number of times a
given element is made available for preparation of a given report. The
partial or complete duplication of a column will suggest the possibility
of eliminating or combining two or more reports. Comparison of cclumns
of S* and S'* will give an indication of data elements from lower levels
which might easily be added to higher level reports in order to make
them more useful.

The fact that the matrices may represent a proposed system as well
as an existing system permits comparison and evaluation of relative re-
dundancy in two systems. Furthermore, the fact that the algorithms are
mechanized allows the use of the technique for simulaticn of proposed
system changes, and can in this manner be used for synthesis as well as
analysis of information systems.

In summary, the benefits of the refined techniques are that the
shortcomings noted in pricr work have largely been overcome, In detail,
it is felt that the refined techniques have achieved the following bene-
fits:

1. The three basic types of data, and the several transitions
to which data may be subjected, have been explicitly recognized, and
notational and cemputational techniques have been devised to adequately
deal with them.

2. The overstatement of redundancy inherent in prior technigues

+ The analyst would expect the number five, for example, if
five daily reports were summarized to produce a weekly repcrt.
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has been eliminated for type two and type three data, and reduced to a
legitimate indication ef freduency of merging for type cne data. A major
concern in-the analysis of systems is to assure that adequate information
reaches the decision maker with a minimal amount of duplicate data origi-
nation and processing. The refined medels can furnish a basis for elimi-
nation of duplication of origination, and can do much in .disclesing
duplication of processing.

3. By definition of the categories of system relations, and
specification of rules for establishing these relations, the analyst is
forced to carefully define each observed relation, rather than merely
indicating that some relation exists. Further, he is forced to leok at
the system from a data element point of view, as opposed to the organi-
zational or report hierarchy point of view, which assures that a more
detailed analysis will be made. This results in removing much of the
distinction between the interior and exterior system, which should be.
of advantage in realizing an effective final design.

4. The analyst is freed from a great deal of tedious descripticn
of a prose or graphic nature. The proposed technique does not require
the preparation of flow charts or block diagrams. Furthermore, the
analyst need only be concerned with defining the relations, and need
not be concerned with determining the level at which they occur, nor.
with arranging them in any particular order. The mechanized algerithms
perform this function for him as a necessary step in the overall analy-
sis, The time of the analyst is freed for examination of the solution
matrices which are a true and adequate representatien of the system

from both a "compesed of" and "contains" point of view.
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5. A very great part of the entire analysis technique can be
programmed. for a digital computer, greatly reducing the clerical ac-
tivity required of the analyst, and also greatly reducing the velume of
data which he must examine., The twe sclution matrices contain much of
the data needed for anzlysis of the system,

6. Since the computatien is carried ocut in the computer, it be-
comes feasible to introduce changes of definitions of relations on a
trial basis. In this way, the technique can be used for simulation of
propeosed system changes, and can in this manner be used for synthesis as
well as analysis of data systems.

7. An adequate sclution for the problem of cycling caused by
ageing of data has been advanced by treating stored, then subsequently
retrieved data, as a new data origination.

8. All of the benefits cited by Homer (Chapter II, p. 31) have
been met, and in most cases, exceeded.

In general it is believed that the models presented will furnish
an adequate representation of informafion processing systems of the
type encountered in practice. Like all models, they will not cover all
conceivable situations in complete detail, but they will adequately
represent the principal structure of a system. It would be difficult,
for exaﬁple, to represent the situation where a randomly selected por-
tion of the data is used in the preparation of a repert, such as is
sémetimes done in more sophisticated systems. Furthermore, the model
represents only the structure of the system, and deoes not consider the
volume of a given data element te be processed.

It can be fairly stated, then, that while this research is
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believed to be a step, hopefully a major one, in the direction of quanti-

tative analysis of information processing systems, that much remains to
be done before informaticn systems analysis can be viewed as a scilence,

rather than an art.

Recommendations

Since in consideration of the total field of information proces-
sing so much remains tc be done, the recommendations for further study
must be considered as indicative rather than inclusive,

Of a practical and applicatory nature, the models of the current
research should ke applied to a number of real applicaticns, te deter-
mine the range of the models"applicability. Care shoﬁld be taken to
include project-criented organizations as well as those engaged in more
repetitive activities.

In a more theoretical -vein, the fcllowing studies are suggested:

1. Investigation of other models for the structural examination
of information processing systems.

2. Investigation of means for characterizing infermation proc-
essing systems in terms of the volume of processing.

3. Investigation of the use of random variables as quantifiers
for the system relations.

4. Investigation of the essential similarities between compu-
tational subsystems (e.g., payroll and inventory accounting} with a
view to developing general metheds of computation.

5. Investigation of the basic compatibility of programming

languages (e.g., COBOL) and information processing systems requirements.




APPENDIX A

164




165

GLOSSARY

The fellowing Glossary of terms unique to this research is pre-
sented:

Composed of - A kind of information systems analysis where, for
a given report, all of the lower level data which were required for the
preparation of the report are indicated, whether or not they actually
appear on the repért as prepared. Used in opposition to the terﬁ "Con -
tained in."

Compound Element - Any report, form, document, card, tape, or

disk record of any nature ccntaining one or more pieces of recorded
data (simple elements), and from which the simple elements can be re-
covered and made meaningful to humans without arithmetic computation.

Concomitant Relation - A relationship within an information

system which occurs in conjuncticn with the preparation of a compound:
element wherein one or more simple elements underge a transition.

Concomitant Cell - A cell in a matrix wherein the value is a

concomitant relation quantifier, (c).

Concomitant Index - A row or column index of a matrix where the

index is the identification of a system element formed as a result of
a concemitant relation.

Contained in - A kind of infermation.system analysis where, for

a given report, only the lower level system elements which actually
appear on the report are indicated. Used in oppositien to the term

"Composed of."
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Data Transition - An operation within an information system where-

in the input data are transformed in some manner to make them mcre usable
to the decision maker. Nine forms of transition are identified and dis-
cussed (p. 32).

Deletion Relation - The system relation which exists when an ele-

ment frem a lower level -is brought to a higher level by virtue of being
included within a compound element which is required at a higher level,
but which in itself does not beccme an integral part of the higher level,
It is used the indicate that an element is terminated on a given route
through the system.

Exterior System - The entire operation under consideration, in-

cluding the set of decisions made routinely to control the operation,
the set of input data to be processed in order that a decision may ul-
timately be made, the required data origination, data transmissicn, data
processing, report structure, provision for data storage and subsequent
retrieval, and the set of decision function which will be used in con-
junction with the processed data in order to arrive at specified deci-
sions.

Identification Data - A simple element of an information system

which indicates the relaticn of other types of data toc socme physical
system. Examples are payrcll numbers, stock numbers, machine numbers
and department numbers.

Interior System - The interior system refers to the details of

machine programming and operation. It embraces such factors as card
and record format, report format, coperating rules, and equipment pro-

gramming itself.
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Pair, or Pair (i,j) - Denotes the notation used to indicate a

prime or deletion relation.

N-tuple (i,j,k,...,n) - The notation used tc indicate concomitant

relations.

Prime Relation - The system relation which indicates that an ele-

ment -at some given level of a data system is merely required for the
ﬁreparation of some higher level element. All data input 1s prime to
the first document upon which it is recorded and to its source.

Quantifier - A symbol used to express either numerically or sym-
belically the éxtent of a system relation. Prime relations use as a
quantifier ordinary numerals n, concomitant relations employ a special
quantifier (c), where ¢ is an integer, and deletion relations use a
symbolic quantifier -1.

Quantitative Data - Data which arise as a result of a count,

measurement, or computation.

Regular Cell - A cell in a matrix wherein the value is a regular

scalar, n.

Regular Index - A row or column index of a matrix where the index
is the identification of a system element formed as a result of a prime
relatien.

Simple Element - Any piece of recorded data, numeric, alphabetic,

or symbolic, which exists in an information system as input, output, or
intermediate form; regardless of the means of recording.

Status Data - Data which indicate status or existence. This
type of data is not gquantitative.

System Element - Genaral term for either a simple element or a
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compound element where the distinctien is not needed.

Triangularization - The logical operation of ordering the identi-

fications of system elements in such a manner that when these identifi-
cations are used as indices for the § and S!' matrices, the matrices will

be in triangular form.

Type Cne Data =~ Identification data.

Type Two Data - Quantitative data,

Type Three Data - Status data.
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MECHANIZED TRIANGULARIZATION AND REINDEXING

Triangularization

For this process, a choice is available between the use of a
computer and use of conventional card equipment. Since the coperation
is essentially that of alternately sorting and céllating, both of which
are accomplished in computers only with a great attendant loss of effi-
ciency, it -is felt that the equipment of choice for problems of usual
size is the conventional card equipment.

The detziled procedure, paraphrasing the manual algorithm, pre-
sumes as input manually prepared (but not necessarily ordered)} lists of
prime and deletion relation pairs (i,j) and concomitant relation n-
tuples (i,j,k,...,n), together with their respective quantifiers n, -1,
or (c).

1. Establish the maximum length of identification present in
the lists, and establish a card ;ormat such that there are two fields,
each the length of the maximum length of identification. A third field,
usually twoe digits in length, should be estabiished for recording the
quantifiers.

2. For each of the prime and deletion relations, punch a card
showing each pair of identifications (including the arbitrary i = 0
identificatien for input elements} together with the quantifier punched
in the three designated fields, In the balance of the discussion of
the procedure, the field associated with the first (ith) identification

of the pair will be referred to as the "i field," the field associated
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with the second (jth) identification of the pair as the "j field,™ and
the quantifier as the "q field." The quantifier for prime relations
will be punched as an unsigned numeric value. The quantifier for dele-
tion relations will be punched as J (11 - 1 punch), where the 11 punch
will be construed as negation.

3, TFor each of the concomitant relation n-tuples, punch the
following cards, using the same format as established in step 1, and
with the quantifier for all cards punched as A (12 - 1 punch):

a. Punch a card showing the first designation,

i, of the n-tuple in the i field and the second designation

j of the n-tuple in the j field, and the quantifier A in the

q field. Also punch an 11 zone punch in column 80.

b. Punch cerds, one for each designation beyond the

second designation j, with the first designation of the n-

tuple, i, in the j field, and the third or subsequent desig-

nations k,...,,n in the i1 field, and the quantifier A in the

q field.

As an example, the n-tuple K23 B1lC J19 P14 would re-
sult in three cards being punched:

K23 B10 A X (Col. 80)

J19 K23 A

P14 K23 A

Al) punching in steps 2 and 3 will have all fields
right justified.
4. If the manual listings were not separate, separate the three

lists by sorting on the units position of the q field. No zone indicates
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prime relations, 11 zcne indicates deletlons, 12 zone indicates concomi-
tant relations.

5. It is possible, in the practical case, that duplicate cards
exist either through error, or through the fact that input elements used
in more than cne report have been identified twice. To eliminate dub-
licates, sort each of the three decks established in step 4 regarding
the 1 and j fields as a single field, then check for duplicates on the
collator.

6. Set aside, temporarily, the concomitant and deletiom relation
decks. Reproduce the prime relations deck, preferably on cards of a
different color. Designate one of these prime relations decks as deck
4, the other as deck B,

7. Sort the concomitant relations deck on column 80. Set aside
temporarily the cards without an 11 punch in column 80. Designate the
concemitant relations cards with a punch in column 80 as deck C.

8. Sort deck A with minor on the I field and major on the j
field. Sort deck B with minor on the j field and major on the 1 field.
Sert deck C with major on the j field.

9. On the collator, perform a.three.pocket match, with deck A
in the primary feed, wired to read the j field, deck B in the secondary
feed, wired to read the i field. Select unequal primaries. All basie
set-up switches must be on except multi-S & S. The result of this
operatien will be the selection of all system elements which appear as
a j-designatiocn only. On the first pass, this will be the highest
level elements of the system. This step corresponds to step 2 of the

manual algeorithm.
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10, Sort deck B with a minor cn the i field and major on the j
field. Only the major sort is physically required, due to the previous
sort on this deck. Deck B is new in the same sequence as the original
deck A.

11. On the collator, perform a three pocket match, with deck B
in the primary feed, the cards selected from deck A in step 9 in the
seéondary feed, both feeds wired toc read a combined i and j field,
Select equal primaries, All basic set-up switches must be on except
multi-5 & S. This operation results in removing from deck B the cards
corresponding to the cards selected from deck A in step €. This step
corresponds with step 3 of the manual algerithm. The highest system
element cards have now been removed from both decks. The cards selected
from deck B may be discarded.

12. On the collator, perform a twe pocket match-merge with the
deck C in the primary feed and the cards selected from deck A in step
9 in the secondary feed, both feeds wired to read the j field, Select
equal secondaries to merge behind primaries. The result éf this opera-
tion is to place concomitant relations adjacent to and behind the ele-
ments tc which they pertain. The step performs the function of ordering
of the concomitant relations done in the first part of step 5 of the
manual algorithm,

13. Sort deck A with minor on the j field and major on the 1
field. Only the major sort is physically required, due to the previous
sort cn this deck.

14, Deck A and deck B now correspond to the reduced lists of

the manuval algorithm, except that the rcle of deck A and deck B have
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been interchanged. Change the designation of deck A to deck B, and deck

B to deck A, and repeat steps 9 through 1b& until all three decks are
exhausted, with the connotation in these steps that the reduced decks
A, B, and C are being used, and that decks A and B interchange designa-
tion at the completion of each pass. At each pass, successively lower
levels of systems elements will be removed.

If level designation is desired, the merged deck resulting at the
end of step 12 can be gang punched with a suitable designation to indi-
cate level. For the concomitant cards (11 punch in column 80), the level
pertains to the designation in the i field, while for the prime relation
cards, it pertains to the J field. Such designation is elective, since
the algorithms teo folleow do not require this designation,

If én some pass step 9 results in no cards being selected, a cycle
has been encountered, and the operation must be terminated in order to
permit the manual determination of the cause of the cycle. The cause
will be either a punching or other clerical error in transcription, or
an error on the part of the analyst in defining the system relations.

15. The single deck resulting from the accumulation of decks
produced con the several passes through step 12 is now reproduced, with
selecticn to reproduce cards exactly in the absence of a punch in column
80, and interchange of the j and i fields in the presence of a punch in
column 80. This performs the second portion of the manual step 5, that
of inserting after j in the record the first index, i, of the n-tuple
when j'= 7.

At the completion of this step the triangularization, as such,

has been completed., It is now necessary for computer operation of the
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balance of the technigue tc reindex the systems elements, and to take
certain other steps for preparation of the input for the § - s” and

ats

S* - &' algorithms.

Reindexing and Input Preparation

The essential purposes of the steps in this section are to re-

index the systems elements in order to simplify the computation of the

ate e
i

s” and §'" matrices, to recombine the decks representing the three cate-
gories of system relaticns, and to arrange the cards in proper order for
input to the further algorithms.

The numbering schems= used for reindexing depends largely upon the
computer toc be used, the conventions used in addressing its memory, and
the memory location which will be used as a location for -the lower right
hand corner of the matrix. Furthermore, two possibilities exist in this
respect:

l. An absolute indexing system can be used, wherein the initial
number assigned and the increment between assignments is determined based
on the three considerations above,

2. A relative indexing system may be used, where the consecutive
integers 1, 2, 3, ..., n are assigned, and the programs for the alge-
rithms for specific machine configurations make a conversion within the
computer from the relative system to a system which is absolute for the

machine in guestion.

Regardless of the choice made, the following machine operaticns
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v

are applicable.}

1. Prepare a master deck with the desired numbering sequence
punched in & convenient field. In addition, punch 11 in any convenient
column, e.g., column 79, as a control punch. |

2. Merge this master deck with the reproduced deck obtained
in step 15 of the previous secticn.

3. Reproduce the cld identification number (] field) into an
appropriate field of the master deck. Punch control on the reproducer
to punch on 11 in celumn 793.

4. Sort the master cards, now with the sequence number and old
identification number, out of the combined deck based on the 11 punch
in celumn 79. The non-master cards are of no further use.

5. Take now the deck which was the input to step 15 of the
preceding section, that is, the deck from which the reproduction was
made, the deletion relations deck which was previously laid aside, and
the balance of the concomitant relations cards which do not have an 11
puncﬁ in column 80. Combine these cards into a single deck, heréin-
after referred to as the "input deck."

6. Sort the input deck on the j field. ©Sort the master deck on
the old identification field.

7. Merge the master deck with the input deck, comparing on the

sort fields of step 6, and placing the master card shead of each ¢ld

# A different, more efficlent method can be used if a sequen-
tial numbering device is available on the reproducing punch. It has not
been specified here, as this equipment is seldem available,
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identification (j field).

8. Reproduce the new .identification (index j) inte the input
deck in an appropriate field. Punch control to punch on nen-11 in
column 79.

9. Sort the master cards out of the combined deck, based on
the presence of an 11 punch in column 79,

10, Re-sort the input deck on the i field. There will be a sub-
stantial number of cards with zero in the i1 field, and these cards may
now be discarded.

11. Merge the master deck with the input deck, comparing on the
sort filelds of step 10, and placing the master card ahead of each old
identification (i field). Some master cards will not find corresponding
cards in the input deck.

12, Reproduce the new identificaticn (index 1) into the input
deck in an appropriate field. Punch control to punch en non-11 in
column 79.

13, Sort the master cards out of the combined deck, based on the
presence of an 11 punch in column 79.

The reindexing is complete at this point. The old i and j fields
will net be used in the computer operation as such, but must be preserved
if it is desired to have the computer cutput in terms of the original
identifications. In order to avoid cenfusion in the balance of the dis-
cussien relative to input preparation, the new index flelds, whether
reproduced into a new card or not, will be now referred to as the i and
j fields,

It will be recalled that in the manual computation of the S and
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st matrices, the first cell of the S or S' matrix used was that which
was the lowest in the right-most non-zero column., In the computer solu-
tion, the § and S' matrices are not formed in memory, but exist con-
ceptually, represented by the input deck created in the immediately pre-
ceding steps. The row and column indices of the cell are represented

by tﬁe i and j fields, respectively, and the cell value is in the g
field.

At this point, therefore, due tc the method of creating the input
deck, it is in reverse order from that required by the computaticn. It
must therefcre be re-sorted into proper order; that is, so that the input .
will be read up columns, starting at the right-most non-zero column of
the (conceptual) S or S' matrix. In addition, it is desirable to place
a sequence number in each input card in crder to guard against lost or
out-cof -sequence data in future operaticns. The next twc steps perform
this operation.

1%. FRe-sort the input deck, with minor on the i field (row index)

and major on the J§ field (ceclumn index). This is a reverse scrt.

Remove cards from pockets of the sorter nines first, zeros last.

15. Sequence number the input deck, using any convenient field,
and any standard sequencing technique.

The input deck is now ready to be used for the computation of the

1 P
S and S' matrices.
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COMPUTER PROGRAMS FOR SYSTEMS ANALYSIS

Introducticn

To implement the computation of the basic algorithms, four com-
puter programs have been written and tested. The first program computes
the number of zero cells below the diagonal of S* and above the first
nen-zero entry of a given columm, and estimates‘én upper bound for the
memory required for a given matrix., The other.three programs perform
the computation of the S* and S‘* matrices, and furnish a printout of
the non-zero matrix elements.

The program designations, their function, and the form and se-
quence of input and cutput is as follows:

Program 1. This program computes information relative to the
number of zero cells between the diagonals and the highest non-zeroc cells
in the columns of S*_ The number of such cells is indicated, and the
program also indicates the upper bound on the number of ¢ells required
and the actual amount of memory space needed in the cemputer for pro-
gram 2 as written. The input to this program is a lead card, the same
used in program 2 and program 3, specifying the dimension of the S ma-
trix. This is followad by the input cards cobtained from the reindexing
operation, re-sorted with major sort on the j fleld, minor sort on the i
field.

Program 2., This program computes the S* matrix, and has as out-
put one card for each non-zerd cell of S*, inc¢luding the diagonal cells.

The input required is the triangularized, reindexed deck cbtained from
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the operations detailed in Appendix B. In addition, a lead card is re-
quired to indicate the dimensien of the S matrix; that is, the number
of systems elements in the system. Deletion relation cards can be left
in the input deck, as the program will merely pass them.

Program 3. This program computes the S'* matrix. Input and out-
put are the same as for program 2.

Program 4, This program takes the output of program 2 or pro-
gram 3, finds the original designaticns of the systems elements, and
prints the column designations of the columns of Sﬁ or S'ﬁ, the row
designation of non-zero cells in the column (if any), and the value of
the cell. The input is (1) the master deck from step 13 of the rein-
dexing operation, Appendix B; (2) a lead card containing titling infor-
mation for the print-cut; and (3) the output cards from either program
2 or program 3, in the order of major sort on the j field, minor sort

on the 1 field.

Principal Program Features

The main consideration in writing these programs was that of
conserving memory in order to accommodate as large as possible a ma-
trix. Since in many installations only a card type 1401 is available,
the programs do not use tape in the execution of the programs, although
it is required for compilation. However, programs compiled on a tape
machine can be run on a card machine, so the compilation could be done
by a service bureau, execution on the user's machine. All prcgrams
are written in 1401 Autocoder. If larger system matrices were required

in & given case, programs 2 and 3 could be re-written to use either
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tape or disk memory.

Programs 2 and 3 are essentiélly alike, with.program 3 differing
in only a few instructions in order tc handle the logical operations
called for by the deletion relation. A lead card establishes the dimen-
sion of the matrix in Dboth cases, where the dimension 1s the number of
systems elements in the system under study. Program 2 ignores cards
with the deletion relation. After the first data card is read, all of
the cells of the columns with a column index greater than that shown on
the first card are computed, since these cclumns all consist of merely
the diagonal cell. They are also punched as computed. The program
then follows the algorithm substantially as outlined in Chapter VI,
éxcept that columns are not extracted for the multiplication, nor is a
vector V designated as such. Rather, the multiplication takes place a
cell at a time and the product is added directly to the proper cell of
the column being computed. Two multiplication routines are used, one
for regular quantifiers on the input card (labeled REGMUL)*, ana one
for concomitant quantifiers (labeled CONCOM). Since most of the
quantifiers encountered in practice will be either 1 or (1), these mul-
tiplication routines are actually additicn routines, with the routine
repeated the number of times indicated by the quantifier.

As each column is completed, it is punched, one card for each
cell, starting at the bottom of the column. Zero cells are not punched.
Zero cells between the top non-zero cell and the diagonal are not

stored, but are counted, and the number of such cells is stored along

* Labels refer to the subroutine labeling on the program list-
ings, Appendix D.
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with the column number in a data word representing the diagonal cell.
The diagonal 1 is not stoved, but is inferred as needed by the equality
of row and column index.

Each card, as it is read, requires searching memory for the
proper column for multiplication. This is accomplished by first estab-
lishing the number of columns to be skipped, which is one less than the
difference between the row and column index on the input card. Then,
using the data word associated with the diagonal elemeunt of each cclumn,
the location of the next can be computed based on column index, matrix
dimension, and the number of zerc cells eliminated from the given colum.
When the proper number has been skipped, the ‘address cof the proper col~
umn is available,

In program 3, deletion cards force a machine character # (Pound)
into the proper cell of the column being computed to prevent any further
entries into that cell. Other cards for the same column require exami-
nation of each cell for the presence of # to avoid placing any other
value there. When a column is complete, the cells containing # are
changed to zerc, and are therefore not punched.

The other change in program 3 is that if a column has any non-
zero entries other than the diagonal, then the diagonal is not used
in the computation. This is accomplished by recognition that c¢olumns
with only the diagonal element have stored only the data word centain-
ing the column index and the number of zero cells which were eliminated.

Program 2 requires about 1650 positions of memory including the
read, punch and print areas. Therefore, in a 1401 with 8K memory,

6350 positions are available for the matrix. Due to the zero cell
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elimination, storage requirements will differ with specific application.
However, since about 112 elements can be accommodated without any matrix
" compression, 1t is estimated that this size machine will accommodate

the matrix for an Information system of about 150 elements. If a

lérger 1401 is available, the program can be modified to make use of the
larger memory merely by changing the constant labeled HIGH in the pro-
gram listings tc a figure one less than the machine capacity. While

program 3 reguires about 1850 positions, less storage is needed for the

T,

w
S' matrix, so that program 2 is the guiding program.
s preg g g

Program 4 is a relatively stralghtforward print rcutine. The
master cards used in reindexing the original input deck are used to set
up a table in memcory bearing both the original and the new indices. The
output cards from either program 2 or 3 are then read, the old indices
from the table associated with the new ones from the cards, and the in-
dices and values printed cut, seven per line, with the proper column
index. Concomitant cells are indicated by an asterisk (%),

Program 1 is alsc straightforward, and computes the quantities
shown in Chapter VII relative to the amount of computer space the ma-
trix for a given system will require. This program is intended for use

prior to program 2 and 3, if there is doubt about the amount of storage

required. If the final quantity printed as a result 1s less than 6350,

then a 1401 with BK memory will accommodate the system matrix.
Appendix D shows ccmplete program listings in 1401 Autocoder for
these programs. Comments in the listings specify input and output card

format, and indicate the purpese of major sections of the programs,
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Program 2—Compute Composed of Analysis Matrix (Continued)
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Table 30. Program 2—Compute Composed of Analysis Matrix (Continued)

LW i Ll LA8ct uv P ER Y SEX LI Lutth FTNSTRULY LG TY e CARL
Jan 5G9 gt CunIA FIERIL- R AR - B N P Zh
a9 04l MLC TRAUF ¢ 7 TONNI% M Vao vy 25
29l D62 C +00, 0 f Osg2 C va94 00U 25
£S04 D4l i FAAVER S &89 4 9%6 5 2%
‘92 b 0% MLL TRACEy ¢+ 7 Ioouadda 4 vase T 24
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25> 5 08 MLL FULLLDWy#+ 7 T 0916 M yad 329 26
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?51¢ 9 10 MLL FULE G wye s 7 T Q930 M Va9 943 26
258 v oLl MLZS  SLASH.D TO0337 ¥ VWLIE QUO A
2h9 s 12 C +00,CTRZ T Ou4a L ¥99 v92 27
260 o 13 BuU COnCOMe 7 9 0954 % BSH / 27
261 4% 1% ILDi4 MA ThOni, TRACE T 09%6 = VI3 v4b )
ibh2 5 19 MA TWUN, FULLOW I 049613 = V13 vady P
263 5 18 8 CohloH @ Q4G VL 21
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284 T 05 MLLWA CULw(), 0 1078 L uda 000 LS
/8% 1 06 MLC BOTTDOM, R ILH T 108% M w1l uyl ‘u
cB6 93 ¥ * PUNCHES DLIAGUNAL CELL CARD CN LASI COLUMN  GIveS J0d Ui
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Table 30.
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CULND, L6
G106

3

DIMEN,RUWKNO=3
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WESTART * 4 237
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mbde MLC
C
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A
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+204,0
PUNLH
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+t1aGAP
HERE

«  PJNCH ROUTINE, EXLEPT
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DTAGUNAL .
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3

PUNCH  MA TWONy TLP
C TOP,,LUTTOM
BE SETOIG
MLC BUTTOM, »+7
C +00. 0
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MLOWA ROWHO, LO3
MLLS ‘G, 103
MLC BUTTUM, # 44
MLUWA 0,108
S BWZ SWEEP, 1088
P
STEP MA Ty 30T TUM
C 10P,HOTTUM
aF SETLIG
S + 1y RuWi)
g PUMLH*T
a F1aDS NUMAER UF CelLLs
¢«  SFIL LACH CtLL TO ZLRUO,
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1173
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1185
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idl4
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1249
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1261
1263

L2712
L2719
L1286
1291
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1317
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L1346
1347
Lissg
1361
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1373

L37y
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Program 2—Compute Composed of Analysis Matrix (Continued)
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Table 30. Program 2—Compute Composed of Analysis Matrix (Continued)

55 PG LEN  LABLL 0P GPERANDS SFX CT  LOCN  [NSTRULTION TYPE  CaRp
44 2 Da MA SIXNsHIGH {1398 = vo3 u9l 40
149 9 05 MLC HIGH s CELLS+S T 1405 # u9l Uld 40
350 9 06 CtLLy  MLCWA #00,0 7 1412 L vS54 000 40
190y of A +L,0TR1 T lalg A V22 W23 490
152 9 08 C CIRL,E0LEN T L1426 C W23 w20 . 40
353 9 09 RE CARD 5 1433 B 379 5 : 41
iue 3 1y MA TWON,CELLS*+6 7 1438 = v13 uls 41
395 % k1 c V496G, 1640 I l445 C v2l w4l 4]
I 9 12 Bu OVRFLU 5 1452 B L&l / 4l
357 9 13 B CELLS 4 1457 B Ul2 41
158 Y9 99 *  EAROR RUUTINE 1F MEMORY CAPACITY 15 EXCLEULED
399 4 15 UVRELD LS 332 4 le&l /332 . .4l
360 3 16 [ L 1465 7/ 41
36l 7 LT MLC TMEMURY FuLL',211 T 1466 M wis 211 42
162 9 14 W 1l 1&73 2 42
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371 10 D& | HREL N DSA 15957 3 1500 I46 o kA
312 Lo 05 51 XK DSA 19994 3 1503 19U 43
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375 10 08 FwON DSA 15%48 3 1513 19h 43
516 10 10 51X BSA 006 3 151 Oua
37T 10 11 SLASH  DC LVl Loaswve L _
378 10 12 Swl UCwW o 1 1518
DCw 19495 1 1921 LIT 44
+1 L 1522 [ 44
+O L 1523 LiT 44
ot 1 L524 L1t 45
159 SFARCH =03 3 1%27 ] AREA 4%
161  LUOK =03 31530 ARCA 45
L4 ERL 203 31533 ARCA 45
2 1 1534 LiT 45
l66 ARL =03 3 iw37 AREA 45
+000C 3 1540 LLr 45
LT8  40ML =03 31543 AREA 4b
LET  1RACC =03 3 Lvao ARCA 46
L4y  FULLMA =03 3 1549 AREA 46
196 Swa =01 1 1550 ARLA 46
FOR R RV =0z 2 1552 AREA 46
+00 2 1554 Lil 46
225 CIRr3 =03 315497 ~ AREA 46
236 Swi =01 L 1548 AREA 47
e 2 1960 Lt 47
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Program 2—Compute Composed of Analysis Matrix (Continued)
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L3
139
L4y
ial
la2
la3s
L4
145
Lab
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Table 31.
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Program 3—Compute Contained in Analysis Matrix
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Table 31. Program 3—Compute Contained in Analysis Matrix (Continued)

LABEL
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TR PN

ooy
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FaTA
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L
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A
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[
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Nw!
MEC
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MLLWA
5

3
MLLWA
A
MLLUWA
e

11
MLL

5
MLZS
HA

MA

5

S

i1

UPESAND,

0, I
T304
MIXEO

+le LT

LD R

23y LN
CLLSF
LELET: 22,k
HEGH, 3EARLH=]D
STX,5-0iLH
29 LUK
By LUK

+ 1y LOGK
LOLEM,B2L=S
+24 DRL
ORLy2RL =Y
+O0{, LOUK
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SCARCHe e +6
D¢ ARL

PO, AL

ARL
ARL y SEARCH
+ly LUK

], KL
SLILE

FLubS 30TTUM CF CuLluMn D CF

5

MLCWA
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MA

SwlT
MG

DIMEN,NGML=3
SEARCH, »#]1]
THREEN, w4

Uy fvUML
NUML s ARL
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0374
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0512
0519
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0533
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0554
0561
0565
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da9s
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[ S TRUCT UM

XN ITECOrprnr TR0

WSO m N TEC W R [>T P T
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X211
K2
028
[N
Qir
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Xl4
c29
028
x21
Y24
X33
£32
%39
50%
X6
cua
X213
X318
X36
X1
k21
436

X08
X2a
k98
uao
X 2
X26
coon
X213
X316
X246
X336
hyYy
902
625H

X22
bl4
1143

uTd
AGH

xgH
028
w3z

G2z
X6
X6
x24
X293
K23
X32
k37
A36
X9

465
(36
X116

X2é6
Xed
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529
X4 2
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950
LS 1
L 11

X45
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Table 31. Program.3—Compute Contained in Analysis Matrix (Continued)

LABEL UV

i

« MULITPLICATION TUR REGULAM NUMERAL ON 14PUY CARL.

P

RS

Ciust

«  KRCENTRY PJINE FUR HOLUT.
* LONP IS A REERTRY PULNT FUR ZLZUNE ANy RiPLE

Akl C
LU
REGMUL ZIA

BACK MLC

LiMP C

000, AL
CONBIT
22+CTR2=2
+]14CTRZ
TRACE, SEARCH
FATCH
FOLLL W, #+7
HOLDT , 0.5
FULLOW, #+7
LOMP+L2,0,=
TRAGE.#+ 11
FOLlD,ee7
Gyu

REPLC 53, ]
TRALE v+ T
FZUONF 4045
+D0L,CTRZ
REGHUL+T
TWON, TRACE
THUNs FOLLUW
RLGMUL

*  TAGS A CELL A5 CONCUMITANIT QUANTIFIER

LZOnE MLL
MLZS
B

® SETS A SWITCH Ty BYPASS MULTIPLICATION WHEN COLUMN LONSISTS

FOLLOW, s+7
SLASH,U
COMP

= (OF ONLY THE DIAGUNAL

CLis I T MLNS
2

s FLlwaDS NUMBER OF NON-STORED JERU CLLLS IN COLUMN,

+1,5W5
REGMUL

= FORCING I~ OF MULTIPLICATIUN UF DLAGONAL

PATCHL B

OlAu MLC
A
C
RE
s
MA
A

REMAL s SHS L
SEARCH, »+4
0,CTR3=3
+000,CMRY
INS

+1,0TR3
TwWUNS FOLLUW
LIAGHLA

 MULTIPLIOCATLIOUN OF GIAGLUGGAL

1S MEL
Y

* 5PN Sel Tt TO IWbDICATE ConUMITAGE CLLL I Culube

Hol ! 4145
t

FULLSny#¢7
22,0
ALMALY

tlyanid=1
BACK

5715 ADDRLSS

SFX LT

i

B el e W ey ) O ey ey g @0 el O e W md wd w AT

]

L]

A ey Ly e DD

P

LOCN

0621

0625
0632
0637
Ub44
Nesi
Q658
0663
0670
676
0685
0693
GT0U
07107
Olla
0122
orz29
Qriz
G744
arl49
0756
0763

0747
ar7e
Qar8lL

a78b
07192

0796
0804
0811l
0B8ls
0825
0830
0337
OB 44

OB4E
[V
GHa2

QH%6
ca73

1STRULTION TY#E  CARD

-]

@

[>T - SN e B < 4 - - i

(= 4 4

=R

SN M+ X

Tir

Xay
Xis
137

X2l
6137

598
X26
0ao
X319
848
x21
XLl
618

X435
wee
598

X211
691

18

X306 18
’ 18
X594 Ly
X54 18
xeb 19
5 19
676 19
ouo s 19
691 L9
1 D00 = 20
710 20
ii3 2d
000 20
LT A 20
135 21
0cg s 2l
X54 21
f 21
X45 21
LLI-I <
180 22
000 22
22

X7 22

23
XLT L .23
814 23
x59 23
X59 23
5 21
X649 - 24
X48 24

P
sS4l 24
000 24

24
X6n 2%

29

o0e



281
282
<83
234
285
286
87
283
2979
FEIV]
2431

Foom
- oL
w A

24
b ]
246
2T

B

LN A S

w o
AL D

x

[R I IV R RN R A o = - 2 -l ol Y < BE TV LY SR Y P R I

.
AN TN v v .Y

LY

LIn

rE]
14
%)
L6
L?
93
99
0l
a2
03
O
041l
Qe
043

uo
o0&l
062
93
ao
o7
04
Qo9
0l
Lo
L

13
14
o7
1]
09
Lo
11
12
13
L4
4
k&
99
14
19
el
22
221
2%
24
kX

02

Table 3

LAolL  oP

1. Program 3—Compute Contained in Analysis Matrix (Continued)

UPcRANDS

s 1A5G5 A CELL AS 3 CONCUMITANT wUANWIIFL: R, RESFIS A SWlICH

<EPLL MLC
MLIS
MLiS
B

FULLOGw =+ 7
SLASH,u
+04 34W3
coMp

#  MULTIPLICATION FUR A CONCUMETAWE WUANIITICR (ki [NPUT CAdD

¢ JoDIN FURC
LidCoMm A
5
[
Bt
mLC
C
UE
MLC
Hui
MLL
BLE
*  PUTS =-5YM
CELETE MLC
MLC
5
5
MLLS
MA
MA
MLG
MLCWA
8
MLC
MLC
A
MLC
MLZS
C
By
LCOIN  MA
MA
B

= FINDS NUMAER UF NON-5TOREL

CONGLA MLC

A

C

BE

5

MA

3
» MULTIPLICA
CUNINS MLC

A

ES A FE0 Wbt LONCOMITANTS ARE MULTIPLIEL

22y0THY
+l, T2
TRACF, SFARLE
CUNDITA
TRACE, =47
+G0,0
LEDIN
TRACI 42+ 7
LEULLyLU,3
FULLOW,=+7
ZEDIN, O,y =

BUL IN CUluMN Ty INDLICATE DELETION

CELLS*O,FOLLOW
25 NUML
COLND, NOML
1 NOML
PO L NOML
NOML

NUML, FULLUW
FULEGH =+ 7
*0=",0
REMATN
TRALE,2+11
FULLOWs=+7
0,0
FOLLUW,®#+7
SLASIL O
¥0DOL,CTRZ
CONCOM+ 7
TWONy TRACE
TWONFOLE4GW
CONCuM

SEARCH,®+4
UsCTd

+U0ULCTRI

CUNINS

+1,CTR A

TWUN, FLLLIW
CUALTAY LG

Tl JF DIAGONAL
FOLLUW, s+ 7

2240

LERU CELLS — CONCMMITA W)

~ LUNCUMITANT

FULBLTHER

MuUL ¥

SEX OF

o

D e O o ey Y g mg

B R e B e e R e B I T B |

Y R,

o

LOCN

o877
0a84
0891
0834

a0
0309
0%le
Q923
U928
0935
0942
G941
3454
036¢
0369

0977
0984
0991
U998
10UY
Lo12
1016
1023
103y
1031
1041
1044
1055
1062
1069
1076
1063
1088
1095
Lloe

1104
13
LL20
127
LL32
L1139
1146

115G
LSy

INSTRULCTICN TYME

o <X

TEITCOITTON

w

Er TN <XITPITIELE XN i<A<PenIT I

X oH T O e X

2

X48
Xl
K22
737

Uel2
X2i
X45
/96
45
X46
+88
X45
+34
X48
+84

V80
u2s
w2
x2i
123

490

K60

X54
K54
x26

941
[Hel)

960
ugaq
79
000

K43
X42
xX42
X4 2
K42

X4 8
£3s
000

358

$61
000
¥75
410143
xH4

X45
X48

flé
X599
X349
X579
X438

63
a09

CARYD)

2%
29
25
2Yh

26
26
26
26
26
21
27
27
27
21
24

28
28
28
28
29
29
29
29
29
29
30
30
30
30
30
1l
3l
il
31
31

3l
12
32
32
iz
32
32

33
33

T02Z



S

300
101

162, -

[
30
)S.J
LY
T
1oz
A
L0
sl
Jle
ERYE]
il4
BN -
(Y-
T
e
i
ey
121
122
124
124
32
26
1

204
32y
330
51
i3
113
L]
130
136
s 3
T
$3)
Shl
34l

A

34

an
S
S
s

Nty

. T e TG TR M CAC I

S T

u

[T

(3]

R
0l
[Fr
O]
(Vi
[R]
U
99
33
O
Ui
10
L1
[
13
131
132
L33
Lin
134
94
4

1s
loi

L7t
13
|
Iy
Oy
ozl
03

O4l
0
S
)
Gnl
ol
ar
(3]
31

4

I

in Analysis Matrix {(Continued)

SHX

i
7
4

L TA Lo, LdLl My

pIR

Table 31, Program 3—(ompute Centained
oy "
LAEL e GPEALS
miC FULL v+ T
ML) S SL AL, Y
= RieMal-t
. FURMS ANL STURED LATA wutyy IN cLALL GF T ASUNAL.
L3 THEEX AND wUMUFER OF ZF A L Ll FLEFTINGTTD
STl MLL TP es /s
MLCAA GAP 10
MA ToiRr i, TUP
ML FilP ot
MLLnA CLL G0
“LC dOT T L
s LS DEAGONAL dell Gargr Uil CAab) COLLiy GIVES
¥ b LaALE A GO RALT)
Frald,  MLUWKA 106,103
MLOWA *3E*. L
P
3} STEPR,Sdl 1
5 +1,00L 0
[} CULSETySqa,0
(9 312
cs
MLC TR LUNC, 2ud
"
H L%
»  pAdGR RgUlEsE FUld Stwbbwlr Lhole
ttxcs €5 132
Lh
MLU YLSEL sLE=NEXT L4 [ S SESTART?
MLLS 101,500
MLL SEdel21L
¥LTS thy Se
o
H e ALl
eoown CULLMN LUNTOOL ore ARy v Do 0 id O Lol UMy
LLiss =] FARLY+Snlsl
MLL CELLS*B, Ti."=3
ML HIGHy ST ML= 3
MLL Ll NS 106
MLZS 0,104
MLLC DIFetg™ i3
MLLWA #0000, 08
& LLIwT AT e e N R EETIFIENN L P DCTERN
ST ML [P, w4 ]
A R STRRTRERNOY I
i, 1..Pyes !
- 0y
[EAN) e
te ] FAuAY T D
LAY
Hi K-z

Vil

—— i e

B e T S = § B g — A O mie g T o~ G

R R R T

LOC

lio4
Li7]
Liig

lLlde
119
1196
1203
L2110
1217

1226
1231
12433
123
L2aT
1254
L1262
1266
1267
L2t
12rs

1279
L1283
(294
L2314
12436
L3G%
132
L3513

L3L7
1325
133
1339
L346
1393
L3640

liarf
Lsle
L35
1343
Lo
Laul
Lot
fln

LASTRUCTIGH

M
Y
i}

T a2

-

LT N N T N ST LT

o -

X486
L
SN

Yid
w3h
U]
Y12
wis
Yla

ivb
Xhs

eh4h
Y4t
¥ 39
332

Xie

ST4

Y4
K23
£O5
k2l

333

<01l
vad
L-R
w2
X213
x08
X379

Y12
i
¥
Y
il
¥2i
.Y
ot

fTr
Leno

/95
[l
ylz
$16
Quo
Wi

1413

LOR

Lo
W32
Ka9

<08

237
Xa9
2e1
X9

L1
YlZ
Yle
106
106
Y18

N

160
oon
1%
Jan

iz
Wi

CARL

33
33
33

41
41
4

4t

A



114Y.-
th's
3fu
11
12
373
il
15
Tl
3T?
R Y]
ST
380
$1
g2
184
i%4
195
46
187
Jdo
it
S
v
[ P
BERY
Ve
A
T
el

CToaood o T

o oox

LlIn

N
ENY
L3
13
132
134
134
14
1o
in
LY
171
[
1
1ol

24

Table ‘31.

LADEL  UP

Program 3-Compute Centained in

UPLRANDS

o HUNCH RUUTIHE, EXLERPT BLAWINAL. SORE; LELLS Ul PUNCREU
1 STEP CHANGES ADURESSES

PUNCH  MA Twling TLiP
C TP ,30TTUM
BE SETLIG
MLL BUTTUGMymt T
i} TAKUUL gy =
MLC EUTTOM,, #¢ [
[ FOU I
Yo S5TEP
MLUWA RUKoo.p b
MLIS  'Q7, 163
FLC BOTT 2y 244
MLOWA U101
BwZ SWEEVy Lide
p
Shee MA TWCNS BOFTUM
“ TOP, HOTTUK
BE SETULIG
S +1yRUWNU
o PUNCHE T
. FIADS NUMGER OF CrLLS 1W SeXT LoluMi: TL Dt CUMPUTI L. CELLS
L] SETS FACH CELL TO ZEROD, ALSH I7STS lu KEPEY FPOM Shod] o 10
* LAHGE A MATRIX.
CLULSLT MLG LIMEN, LOLEN=]
S CULMNLCOLLN
MLL U0 Tl 4
M SLX e lnp
MLL HIGHCELLS#G
[V I MLUWA +G0,"
A +la.CT2 1
C CTRIsLLLEN
334 CARI:
MA TWUs,Lrl LSY e
C LI L B AR O Y ¥
S0 UYRTLL
) CELLS
- FARUOR O WUUTINE IF MERURY LAPACLTY 4% Lalrbllo
LenFLL CS 332
[
MLC TMEREDY FullL',2!1
W
H -4
e wUMGY LD ANL TAKGUTD Lridior - -5Yeaol Tu "o A Tet wnbdMa Lo
LR 152 R
HEEI R TOP et 1d
MLUWA #0007
B NERE v LS
Parudl MLt BT 1y ae ]
MLLWA DU,

Analysis Matrix (Continued)

SEX

i1

B ey o P D ey oy W1 S e (D ey WAy

LT g e T ey ey

-~

oo

~

LuiCix

Laly
l4se
l433
1438
L4645
453
L4&0
1461
laT2
L4y
1486
1493
Lauo
1508
L50y
tals
1923
lb2d
1935

1535
l546
1553
L5560
1567
1574
[}
1584
15494
Ln00
1607
L6114
l&ly

lo23
1627
1624
leldsy
L6136

o4t

LOa?
Lhan
Toou
Loy

LisSTRUCT LU

ST OTDTAA

g i |l

I3

EOEET XTI

==

LI

LN

LR

Xl
Yi2
LT
k2l
use

X048
h92
X339
XJ1
hoy
X586
X2l
Y27
167
Xkl
x20
w23
via

Y 3d

nlh

Yig
Xorts
Td2
Yio
X494

YLz
Y19
5

usl
Goa
ubtb
uoo

103
L0 3
ugs
Lcs
10y

Ylo
¥Yls

Ylg

Y24
Y24
Y27
wh'd
vAd
ugu
Yol
Y24

vi0
Yon

211

wh3
ahy

wll
[RABEW

T¥re

LAY

46
46
46
o !

al

41
47
47
a4

£0¢



1]

398
199
400
401
%07
%03
404
405
406
40T
408
%09
410
4Ll
412
413
al4g

L%

i

159
L&l
164

166

Lr8
187
189
1917

204

235
246

319
325
333
334
337

312
T4
ddd
LT

Table 31.

LABLL 0P OPERANDS
8 STED
* CLEARS PLUS 516N FROM {IGULAR (ELL
SWEEP MLIS *Q',lDB
B STEP=-1
# CUNSTANTS AND SYMBULS
HIGH Dsa 79949
CLLNY Dilw +000

GAP Diin +000
THREEN DSA 15997
SIXN DSA L5934
SEW DLW +0040
UIMEt DCwW +000
TWUN U3SA 15998
SIX LSA Q06
SLASH ol e
SwWl DCw e
SwWS oo 'oe
DCw rg9ygr
1
+0
IOI
SCARCH =03
LUDK =03
BRL =03}
+2
ARL =03
+000
NUML =03
TRACE =03
FLLLOW =03
SW4 =01
'rooo?
LTd2 =02
+00
CTR3 =03
SW3l =01
to=t
I[)ll
vJoB QONE®
*SEQUENCE~NLCXT S8 Flx AND RCSTART?®
lupP =03
SLTTOMN =03
RUWN( =03
Qo2
wuLe N =03
Ll =03

"MEMORY FULL*Y
END Sciup

SEX LT

P

Ld - : f .
P b b e b sy DD RO R e RO R L P L e e e e e e e R e e S e N L G e e e

—

LOCHK
Lat?2

1676
L&83s

L6832
L692
leds
1638
1701
[70%
L7086
1711
L71e
LTLS
L7ls
L7117
Lrag
1721
Lrzz
L1723
Li2é
1729
1732
1733
1736
L73y
LT42
1745

L748A

1743
17152
LT54
1754
1159
L16y
1762
1764
L7172
1809
Lale
LBLS
ld4ls
La21
L824
1827
Ld3n

Program 3--Compute Contained in Analysis Matrix (Continued)

EANSTRUCTIUN TYPE

B v09

¥ Xz2i los
B viy

[idf

193¢
L

[+
qué

LIT .«

Lir
Lir.
LIY
ARLC A
AREA

AREA .

LiT
AKEA
Lir
AREA
AREA
AREA
AREA
LIT
AREA
Ler
ARECA
_AREA
LIT
LIT
LIT
LIt
AREA
AdL A
AW EA
LIl
ARIA
AKEA
Lt
/L0l O8O

LAy

4R

48
48

a2

t0Z



Uid

51
Dl
(VR ]
L2
D1
51
i3
51
W/
Wi
Cl
£
He
Hi
cl
£2
b3
Dl
Ci
W3
L2
£3
4
Cs
Wa
c2
C3
R1
L4
L5

Table 32.
TEST PRUGRAM

w20l01l80C14
W201015014
Wl01017013
Wl01l016013
WiOl0Ll5013
CLcaQlanl?
c1oaot7ole
W30Jolgall
W30l014ull
W301013011
W30A012011
W401016008
Wa01010008
WaG 1009008
L20A012007
C30A007006
R10JOLTGOS
R1G4015%005%
R10J0OL2005
R101011005
R1OAQOTOO05
R10A006005
C40A007004
£L50A006003
R201008002
R204007002
R20J006002
R205005002
R20A004002
R20A003uG2
PL1O10110014

Test Input--Program 2 and 3

opoul
Q002
0003
0004
ouus
0006
0007
ouus
QQuv
uGLo
onl1l
0012
0G1L3
nola
0ulLs
0uls
QUL7
guls
Q019
0020
0021
0022
0023
N0l4
0029
0.6
0GeT
00cs8
Qu29
0030
0031

G0¢



Table 33. Memory Dump Showing Arrangement of Matrix in Memory--Program 2 and 3

Q#U+0+0+0+0+00A00I0A0/UVADALUBOAGADACOD

O O S S R O e S T T O O O O !
JUHD/O/O0EOVOVOAQAVADEDOVOEDEL+OFQEVDEQOCQUBU/O+0+0+0+0+04G+0+0+J+0+U+00000BY/D+0+0++J+0+Q+0+0+0Q+0+00L
$1 i1+11irt1r11ri1i1111riiyryy L otlrlitireiyrtilllitryrtii 1 111L1Lt1lLv1lL1l1 111
V0+0/0/040+40+0A0/0A0A0BOACAQAQOFQO+Q/0+0+0+0+0+040+40+0+0+0+00600DU/0+0+0+0+0+0+00HUO+0A0AD+0U+0+0+0+0
(1 11111 :+:r11r11rvye11 1 1r1i1riri1r11r1i1i1i11yr1i 1 1r1rir1ritiiri 1o 1Lttt
Ae0+QQIQOIQL£LOHILAQO+O/CACAQUCASAGAVLOQUDO/O/GLLU0AVADAGAD+OLUDU+0AGHO+0A0TIEVOCULEOUBULGO0ADLHOO++
O R R N S T L L T T e e e O O O T R S S S A A A S A L

90¢



SCu PG LIN LABEL OP UPEMND’Eable 34. Program 4—Print Solution Ma;cFr;(J.E?s

LOCN  INSTROULCTIUM TYPE CARD

101 1 61 000 JUB  PRINT SDLUTIDN MATRICES

102 1L 02 CTL 4401

L03 9% 99+ INPUT IS MASTER DECK FROM REINGEXING STEP. NEw INDICES ARE

104 99 99  » IN CC 1-3, ORIGINAL IRDICES LN CC 4-13. SURT IS Un nFw INDEX

105 99 99 = NEXT IS TITLE CARD, TITLE IN LC L-4Uy TYPL UF AWNALYSLS LA

106 9% 99 = (L 52-564.

107 99 99 = NEXT ARE UUTPUT CARDS FROM PROGRAM 1 UR 2, MAJOR SUKT UM J-FIltLD

108 %9 99  + CL 4-6, MINDR UN I-FLELD CC 1-3. wu-FIFLD IS CC 7-8

109 1 03 URG 333 0333

110 99 99 + CLEARS PUNCH AREA, SETS CUNSTANTS

111 1 04  READY (S 332 4 0333 7/ 332 4
112 1 05 cs 1 0337 7 4
113 1 06 cs L 0334 ./ . 4
ilé L 06l MLZS '0Q',BASIC-] 7 0339 ¥ (a4l €30 4
115 1 o7 S 114 T 0346 , GOl 004 4
116 1 Do MLCWA 'O0U", InD1 7 0353 L C44 ubs 4
EL7 99 99« READS AND STORES MASTER CARDS

Ll8 1 09  MRLAD R 1 0360 1 4
1 1 10 BHL  SHIFT, 79,2 8 0361 ¥ 394 019 2 3
120 1 11 MLCWA 3,NEW 7 0369 L 003 7Tl 5
121 1 12 MLCWA 13,U0LD 7 0376 L 013 rul 5
122 113 MA YOL3%, IND) T 0383 = 4T 089 5
123 1 14 B MREAD 4 0390 D 360 5
124 49 99  + PRINTS HEADINGS, SETS UP FOR DATA CARDS

125 1 16 SHIFT CW 4 4. 0394 1 U04 - 5.
126 1 i7 MLCWA 40,284 T 0396 L 040 264 6
121 1 18 W 1 0405 2 6
128 1 19 cc L 2 0406 F L )
129 1 20 cc L 2 0408 F L &
130 1 21 Sw 51 4 041U 4 051 &
131 1 211 cs 294 4 D4le4 _f 299 . . 6.
32 1 22 MLCWA 'ELEMENT',215 7 Q4l8 L LG4 215 6
133 1 23 MLCWA 64,280 7T 0425 L 044 240 !
L34 1 24 W L 0432 2 7
3% 1 25 cc L 2 0433 F L ?
13 2 01 cs 80 4 0435 / 08O ?
137 2 o1l s 299 & 0439 f 299 1.
138 2 oz SW 1,4 T 0443 , 00L D04 7
139 2 03 Se T 4 0450 , CO7 7
i40 ¢ 04 MLCWA 'CO00',IKD2 T G4ha L Ca4d 094 A
14l ¢ 05 MLCWA 000", INDIL T 0461l L Chq CH9 B
142 99 99 = RCADS DATA CARDS, CHECKS FUR LAST CARDL, CHECKS FOx COLUMN

143 4% 99 =  CONTROL BREAK, CHECK FUR FULL PRINT LINL

144 2 11 DREAD R L Qa6 1 8
Lab 2 12 BLC  FINAL 4 D469 B 7107 A ;]
L46 2 L3 9 693 T 0474 L 006 QU3 a
1471 2 ta BE CLOSF 9 a8l B 622 S

L0Z




l 4o
L49
150
151
152
123
154
155
156
L57
158
159
160
161
IR-Y4
163
164
169
166
164
168
169
170
171
172
173
114
175
L76
L7
L7a
L19
180
181
182
153
184
Lds
146
187
186
L4
190
L3)
=i
193
194
%
L36
137

PL

LR
4
49

S

.

Fd PP P O b b e e b e ol WL e e D e e e R R RIS RO R RO R R N

.

L
<

Lln

@49

Table 34. Program 4—Print Sclution Matrices (Continued)

LABEL 0¥ OPERANDS Srx Cr

BCE PRINTZLTRI o
s FIADS URIGINAL RUw LD ICES CORRACSPUNUTMG B NFW LaDILESy PLACLS
& Iie PRINT A4AEA. ALSU WUANTITY Tu PRIOT Adba, ASSTPALLES  SCVEN
*  CeLtS DATA, THEN OSRANCHES T0O PRINI
SizEK MLL dASICy HHERE=3

LA 3,PRJUD-3

p +13,PR0D
SW PHOL-2

5 +1.,PROD
MLZS 'O PRID
Ma PROD s WHERL
w PRUD-2

MLC WHERE y v+ 4

MLC Ve RUMIND+X2
MLLWA LOII2)WUANTH+XZ
MCE Yy UUANT +£2

8wl STARyB+S

exnTRa A +1e(TR}=2
MA D17y IND2
B BREAD

#  PRINTS SEVEN CFLL VALUES, THEwWw RESETS FurR NEXT PRINT LIWE
PRINI W

cs 332

Cs

MLCWA 0007, 1nD2

ZA +laLTRL

B SkEtck
+ RESETS FUR NEXT COLuMN
cLasz ¢ 001, 6

BE ONLY

W

s 332

s

MA POL3Y . LADL

[ K

OMLY MLC CINPUT DATAY p ROwIND+XG
MLC OLDs 212
MLLwWA *000*, N2

La +1,CTR]
BLE DREAD S Sw2y+
W LUNC
- Eal OF JU3 RUUTINE
CUNE [ K
Ls 29%
MLCWA *J03 DORE? 212
[
l -4

#  SLTS SWITLH UN LALT LARD
FINAL  MLNS  +1,0nc
£ UREAM+ 6

-}

AL o oy P oy o e R e o I - ST R R R R e e ]

LN

LUCH
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Table 34. Program 4—Print Sclution
LaBEL 0P CPERANDS
» SHES SYMBDL * U IDENTIFY CONUOMITANT CELL
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B ENTRA
= SYMBULS Awd CUNSTANTS
OICTRY DA 200X13,41
uLp 4ris
WbEwW Ly 3
InGi EQu 89
GASIC  DCW  suliIRY
PROL DLW =5
QUANT  EOQU 229
RUWEID CQU 225
IND2 QU Y4
Cull? DCW ' O
P DLW  +D
TR T
"0og!
0l
"ELEMENT!
WHERE =03
*13
1
LiRl =02
l017|
oL
VINPUT LATA!
'IGB DOAE!
g
END READY

Matrices {Continued)
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f Qfla
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Table 35.
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Test Input—Preogram 4—~Composed of Analysis
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Table 35.

01500502
UGL600501
01700501
01800501
00600601
0070060/
00700701
0120070/
00800501
00900801
01000601
Cl600801
00900901
01001001
01101101
0120110/
01301101
01401101
01501102
01601101
01701101
01801101
01201201
0170120/
0180120/
0L301301
01501301
V1601301
OL7OL 301
Ul4014ul
UL501401
01801401
0L501501
01601601
01701701
Ul801l60L

Test Input—Program 4—Composed of Analysis (Continued)
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Table 36. Test Cutput—Program 4—Composed of Analysis

(* Denotes Concomitant Cell Value)

ELEMENT

’1 Wi 1 cro1s
51 1

R2 [ 1= c4 1%
HZ L. .35
03 5 51 5

Cs c3 1=

Ca z  1s

R1 c3 1= c2 1
[#F 1 o3 1

=3 c2 1= N

c2 ciL 184

wh HL 1 B H2 L

Hl INPUT DATA

H2 InPUT DAla

w3 [} 1+ Wl 1

Cl 03 1= S1 1s

Wl i} 1 [oF] 1

Wz D1 1 Sl 1

[} twPul LATA

u2 LuPLT DATA

L3 INPyT DATA

Ll DUKE

INPUT DATA

Wl

W3
51

2

w2

B3

1S COMPUSED QF

Twz 1
c3 Se

. - L] 5
Ll e

DL 2

[T 0z 1
cz se we L
w2 S pul 10
WL | HZ_ L
Tz 1 T 7T Toar T
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Table 37. Test Input—Program 4——Contained in Analysis

Ti51 LECK - PAULKAM 4 - CUNTAINED [N ANVALYSIS

MADE Ul OF MASTIK CARDS W3GFL FOR REINDEXLeG AND UUIPUI CARDS FRUM PRUGRAM 3,

Dul Pl
g Re
i wh
Gl 3
ouh Rl
Gz L3
c.T o
(P93, W
Gu Hl
ol HZ
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ule Li
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di4d NZ
i nl
ilio ey
g7 03
old 5i
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Table 37.

Test Input—Program Y—~Contained in Analysis (Continued)

D130l 01
vi5Gi vl
0L6RLI0L
UL Tol301
1401401
01501401
01801401
ulSuLsul
01601601
nLrogrol
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hTZ



Table 38.

Test Output—Program 4——Contained in Analysis

(¥ Denotes Concomitant Cell Value)

ELEMENT

Pl

R2

L5

C4

Rl

c3

c2

L L3

HE

H2Z

w3

cl

Wl

w2

Gl

b2

03

5t

ci

L5

c3

cz

Ca

[*4

c1

H1l

INFUT DATA

INPUT DATA

Ci

D3

o1

11

ENPUT DATA

INPUT DATA

InPul DATA

InFUT DASA

1=

=

1w

L=

1

D1 2
Lo i
Ce Le
Hé i
b1 2
51 1=
D2 1
Sl 1

v2

Hl

vz
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0Dy i
HZ L n2
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