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THE RELEVANCY OF CONTROL THEORY TO
EDUCATIONAL ENROLMENT

Paul Alper
UNSSCO Project at the Instituto Politecnico Nacional
Mexico City
Hexico
and

Peter Armitage
Higher Education Research Unit, London School of Economics
London
England

1. Background

As is becoming increasingly obvious to everyone, education is a very
big business indeed. Not only is the educational sector of the economy a
large one, but moreover, education can be viewed as so powerful a stimulus
to the economy such that we speak of "investing" rather than spending money
on education. With this in mind, it is easy to see why it is desired to
replace the qualitative, quaint and outmoded vague, handwaving of previous
educational planning with qualitative, realistic and up-to-date, precise
methodologies in order to obtain an optimum or at least a better return for
our investment.

Perhaps the most important problem*, or at least the one which has
produced the most amount of analytic discussion in the enrolment problems:
"How many students will there be in the various sectors of education in the
forthcoming years?" The enrolment problem has been the subject of investi-
gation for both the industrial giants of the world and for the under-
developed nations. There exist models for local communities as well as
models drawn up by international organizations which are supposedly applicable
to entire subcontinents. There even exists an enrolment model in one
country for the white population and quite another for the non-whites.

However, these mathematical models have not proved to be very efi‘ectivel.

Quite often, the educational system was viewed as merely an exogenous input

* Many people would cuspute that enrolment is the most important problem in
educational planning. The very recent turmoil and unrest in universities
around the world would seem to indicate that the most importent problem,
so important that it dwarfs ell other considerations, is rather: "What
is the purpose of education?" a far more difficult and penetrating question
than the subject of this pzper.
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to the economic system as exemplified by either Rate of Return, lManpower
Planning or Social Demand Models; little or no mention is made as to how
the necessary numbers of educated people are to be produced. Econometric
models have been made which display some interaction between the economic
system and the educational system, but the stress is on the economy and
little detail is paid to the educational system.

Other investigacors have chosen mathematical models of enrolment which -
emphasize enrolment per se but too often these paediometric models have
taken the form of what is called input-output analysis. In this method,
enrolment is seen as a Markov process such that the number of students in
sector i at year t+l, ni(t+1), is equal to the number of students in sector j
at year t, n J(1;), miltiplied by the transition proportion of those students
who want to go to sector i’/’i:)’ summed over j plus the new entrants to the
system's sector i, bi(t)t

ng(#01) = 22 2 n.(4) + b,(%) (1)

It is easy enough to see why inpute-output analysis is so tempting.

The argument for it runs that it is a necessary first step and seems to give
a cohesive, comprehensive picture of what is occurring in a neat tabular
form and is very appealing to economists brought up on Leontief matrices
because of the inherent similarities between partitioning the economy and
partitioning the educational system. Moreover, input-output analysis seems
to possess an objective rather than subjective basis, a very desirable
feature for research in the social sciences.

However, this view of input-output analysis is rather naive. The main
objection to input-output analysis is that it provides no insight into the
educational system. Nor does it tell one what would occur if different
decisions were made. Furthermore, the supposed objectivity doesn't
actually exist because drawing up the input-output table tacitly assumes
that the status quo will be mainta;l.ned.

Although the /a 's supposedly represent the percentage social demand of
those in sector j for sector i, in reality, the number of students who
eventually go to sector i from j is greatly influenced by past decisions as
to the number of places made available in many of the sectors of the
educational system. Thus, when today's planner, using data from preceding
years divides n, by the number who came from j, he does not obtain the trend
of /1 j on which to base predictions and optimum strategies but rather he
obtains the complex result of the interaction of his previous decisions



with the social demand.

Furthermore, even though it has been repeatedly stated that because
of statistical uncertainty, it is necessary to have more aggregstionz, the
proponents of input-output analysis seem to be heading in the opposite
direction, namely increased disaggregation. Although we desire to know as
much detail as possible about educational enrolment, it is quite frankly
impossible in the conceivable future to have matrices of the order of
100 x 100; yet, there exist advocates of input-output analysis who propose
matrices of the order of 1000 x 1000.
II. Introduction of Control Concepts

At first, almost exclusively, all mathematical approaches to educaticnal
enrolment were from the point of view of economists. Recently, even though
economists still predominate in the field, some investigators have attempted
to introduce control concepts. Perhaps the most important contribution of
a control outlook is the recognition that models as exemplified by
Equation (1) are structurally empty. .

Some research workers have suggested that Equation (1) be reformulated

X
n, (t41) = gm/[%fn ny(t) + 'bi(t)} » ui(tz/ (2)

where ui(t) is the number of places provided; in the language of the
economist, ui(t) represents the supply side of the question while the rest
of the other terms represents the demand side. This formulation makes
explicit that the decision-maker can and does influence the resulting
distribution of students and teachers. That is to say, there do exist some
means of actively manipulating enrolment, rather than just passively
observing preceding events.

Koen.ig} has attempted to set up a model on a control basis for enrol-
ment, not in the nation, but at one particular university. This model
attempts to formlate enrolment as a typical, modern control problem using
state space concepts whereby the system is brought from one state of nature
to another. The control variable is conceived of as the mumber of
assistantships or the amount of money made available in order to steer
students into the desired pathse 1In othe:l." words, the transition proportions
can be viewed as & function of the money obtainable in the receiving sector

/pi:] = f(money in i) (3)

as?
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In Section III is found a diséussion which is pertinent to some possible
shortcomings and deficiencies of this approach. Let it just be noted th.a.t
no matter how well thought out a plen based on control theory for Michigan
State University is, the plan is in deep trouble if no recognition is paid
to actions independently undertaken at the University of lMichigan (or
indeed Ohio State or Illinois or Indiana). Clearly, when the outside
factors are as important or more important than the factors within the
syétem being studied, the plan must take this into account.

Another application of control concepts to educational enrolment may
be found in Smith and Alper4. There it is considered how to provide the
optimum number of places each year, the decision variable u, which will
satisfy a fixed but unknown demand for those places, /J., in order that either

the expecved cost is minimized
IﬁnE[WJ:I-ﬁnE[u-Xmin(u,/.«_)J (4)

or that the probebility that the cost is less than or equal to a fixed
quantity is maximized
Max Prob (W = S) = Max Prob /u - Xmin(u,/t.k) =37/ (5)

The result obtained via dynamic programming for a sequence of
decisions is quite surprising. In the first situation, Equation (4),
the problem turns out to be a truly dual one, inform:.tion is actively
acquired via the decisions made while in the second case, Equation (5),
this is not true and a n-stage decision process degenerates into n-single
stage processes; this indicates that different criteria can give rise to
markedly different results. Because these problems are analytically
tractable, a comparison for various probability distributions of M-cen be
made between the optimum and nonoptimum but reasonable strategies (rolling
planning). Figure 1 gives a block diagram version of the problem.

As interesting and revealing as this pro‘olem. is, as soon as more
realism is added = for example, if/u— is a function of time rather than a
fixed quantity or if - is a vector rather than a scalar - the problem
becomes intractable. BEven if solutions were analytically possible, there
remains the enormously difficult task of assigning a numerical value to

Ny & parameter which relates the benefit gttached to a student who
occupies a place to the cost of providing that place.

Von "."eizssa.cker5 treats the problem of determining the proportion of a

citizen's lifetime which should be spent in school in order that the nation's
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income be opiimized. He next assumes that the nation's income is maximized
when the individual's income is maximized and deals from then on with this
problem. In Fig. 2 is the block disgram; the decision veriable is the
proportion of time spent learning, z, end the dynemics of acquiring knowledge
is assumed to be

fi=z-hn : (€)
where m is the level of skill or training and h is the rate of
obsclescence of knowledge. The amount of money earned is & function of the
skill level multiplied by the proportion of time spent not in school.

Therefore, the total discounted life income for T yesrs is given by

L S-T ort £f(m) (1-z) dt (n
(¢]

where k is a discount factor.

Von Weizsacker finds by means of Pontryagin's maximsl principle that
for £(m) obeying reasonasble economic assumptions (decreasing marginal
return --£(0) 2 0, £*(m)> 0, £'(m)/f(n) is a decreasing function of m)
that the solution is given by one of three cases depending on the form
cnosen for £f(m) and the particular values of h and ki

Case I. m(t) is identically zero for all t and no training
pays the most.

Case II. m(t) has a unigue maximum, The life spen is divided
into two periods, all learning followed by all earning —-
bang-bang solution. :

Case ITI. m(%t) has e unique maximum., The life span is divided
into three periods, all learning, followed by part-time
learning (but z = constant) followed by all earning.

Note that z is monotonic; once the proportion of time spent learning
decreases, it never reverses direction.

Inasmich as having e monotonicelly decreasing proportion o; time spent
leerning goes egeinst many modern theories of educeation, it is possible
that the fault lies in either the dynamics of acquiring knowledge or the
criterion or both. Certainly, there can be much criticism concerning the
basic assumption that a nat;l.on‘s income is maximized when each individual's
income is maxi.mizéd; moreover, the optimization of discounted life income,

while a fine principle of evonomics, mey be far too limited an objective



function for education,
ITI. A Closer Leok at Some Basic Difficulties

At first glance, it would seem quite obvious that control concepts can
:.)e very usefully applied to educationsl enrolment, After all, the
educational system surely bears some resemblance to an industrial process
in the sense that the raw materials, the uneducated students, enter and
are acted upon by teachers to produce educated people who are either removed
from the system or return as teachers. Decision-makers exict who affect
the educational process analogous to the way controllers affect an
industrial process; analogous to criteria for judging an industrial process,
similar criteria can be thought of for judging the educational process.

Unfortunately, an industrial process and the educational process,
upon further investigation are not so isomorphic to each other. Even in
a country such as England which is far more centralized than the United
States, educational decisions made by the central decision-maker can be
ignored or effectively modified. Thus, we no longer have a controller but
a "suggester®; it is as if some of the knobs on the central control panel
of an industrial process haé& shafts which either didn't engage the process
or shafts which were comnected to some unknown element somewhere in the
process. ' -

Bqually serious from the point of view of control theory, is the
process itself. At the best, the time-constants for educational enrolment
is measured in years, rather than hours or days as in an industrial process.
Consequently, any optimization search technique, such as parameter
. perturbation for example, wiich depends on slight alteration of significant
factors would be extremely slow.

Far worse than the time constant problem, is the fact that the
educational process is non-stationary to the point where past response to
previous stimuli may be completely misleading as to what present-day
responses would be to the same stimuli. The educational processes of many
countries have undeygone changes that may be described as explosive and
therefore, little faiﬁ can be had in the assumption that what was true
ten or twenty years ago will be true today.
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Moreover, the educational process has enormous data problens,
With respect to England and Wales*, which have more comprehensive data

than most other countries, the following has been noted5:

"So far as stocks are concerned, ... a considerable volume

of stock data is now published in Statistics of Education.
Ever. so, any ambitious plans to introduce much more detailed
models gquickly run into gaps in our knowledge. For
example, data on the age distribution of university students
for each separate year of study are not collected and while
the qualifications of teachers are known, it is not known
what subjects they teach. VWhere gaps have only recently
been pluzged, there is also the problem that time series of
past values may consist of only two or three points. There
have also beern changes in classifications which affect the
published statistics and changes in the actual structure of
the educational system which have profound and diffuse
repercuss ons on stocks. For example, starting in 1960,
courses in teacher training colleges were extended from two
to three years. It is virtually impossible to isolate the
effects of such a change, or estimate what would have
happened had the change not taken place.

"Flow data are much more sparse, The most reliable data at
present available relate to teachers because of the existence
of the central record of teachers (an individualized data
system set up originally for superannuation purposes).
Since until recently little attention has been devoted to
flow data, educational returns have in the past
concentrated upon statements of stocks at some particular
time with no analysis of these stocks by the sources from
which they immediately came. There are some cases of flow
data, but they remain few. For example, the school leavers
sample survey gives information on the destinations of
leavers (to university, further education, colleges of
education and employment). The volume of flow data can be
expected to increase in the future but, for the present,
where flow figures are lacking they have to be inferred
from stock data .... Inferred flows are & temporary
necessity but a poor substitute for data on the actual
fiows."

% Scotland and Torthern Ireland have a different structure and

er of collecting data from Englend and Wales, illustrating yet
aspect of the difficulties of dstz even within one entity
kknown coll:sctivel;; as the United Kingdom of Great Britain and
Northern Ireland.
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Concerning disaggregation and data requirements of England and
> -
Wales”s
"Suppose that we have reason to believe that the performance of
students at universities differs according to their secondary
school backgrounds, and that this appears relevant to the
purposes for which a particular model calculation is being
carried out, then this would force us to introduce more
detail into the classification embodied in the model
structure. It would be necessary to distinguish, say,
university science undergraduates who had come from one type
of secondary school in one box and those who had come from
another type of secondary school in another box in order to keep the
boxes homogeneous. While our model language could cater for
this kind of elaboration, it must be emphasized that full flow
information is needed on each permitted movement. If we
introduce further breakdowns in our structure, but have to
infer most of the flow data required by the new breakdown,
then the resulting exercises may do little more than display
our imaginative ability."

But the data situation is even more serious because of the
"bottleneck" problem. When the demand for places exceeds the supply in
a sector, then it is said that a bottleneck exists in that sector and an
overspill occurs. Clearly, if bottlenecks exist in the educational
process, the model must therefore reflect this phenomenon in order to
have any validity regardless of the temptation to ignore it on the
grounds of analytic difficulties or democracy*. Since the recognition
of bottleneck models is of much more recent origin and since they have
only just begun to be studieds, data for this purpose is much less
adequate. We do not know for each sector of education what the "true"
demand for places was, whether this demand exceeded the supply of places
or posts and whether there were any consequent overspills. As before,
we can only proceed by exercising our imagination in order to reconstruct
feasible interpretations of what happened in the past. It will also be
necessary to say in each case hov)the applicants from the various '
possible sources are to be chosen and it will also be necessary for

* An imaginative but spurious argument advanced against the existence
of bottlenecks is that there would be a revolution in the country if
students coiild not get their first choice. Inasmuch as no
revolution has occurred, students must be satisfied and thus

bottlenecks do not exist!
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every group of unsuccessful zpplicants to describe its alternative
behaviour. These two processes correspond to the selection procedures
adopted by admission authorities and the alternative preference or
reallocation of frustrated applicants,

The analytic difficulties introduced by bottlenecks are considerable
and different selection and/or allocation procedures can yield different
solutiona4. loreover, we no longer have a neat series of equatic;ns but
rather now have a computational algorithm which is strongly dependeant on
which overspills take place and in which order.

Continuing a closer look at the process itself, it is seen that the
"physics" of what is taking place is very poorly understood. The
functional dependence of the transition proportion upon the student-
teacher ratio oz'- the scholarship money made available :I:s highly debatable;
some people claim that /’i j is proportional to the student-teacher ratio
while others feel their experience indicates that /oij is independent of
the student-teacher ratioc.

Many suggestions have been mede about the forces and mechanisms which
underlie demand but few seem to have been satisfactorily investigated and
some are difficult, or even impossible, to quantify. In other cases it
would be of no value in predicting educational developments if the
postulated relationships were reliebly known. For example, if educational
demand is affected by heredity and family income, then future changes in
heredity patterns and the distribution of family incomes would have to be
known in order to estimate changes in educational demand, i.e. it would
be necessary to extrapolate heredity and family income in order to estimate
future demand¥*,

Looking more closely at possible indices of performance, unlike an
industrial process for which reasonable criteria concerning maximum

* This important qualificztion should not be misconstrued: the fact
that such relationship: would be of little or no predictive value does
not mean that studies ¢f them are futile, for they may be of
considerable value in understanding the behaviour of the real system
after the event. If some unexpected occurrence can be adequately
explained after the event, there is the consolation that no further
explanation is required even though anticipation was not possible.
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productivity, minimum fuel consumption or minimum time can be. tnought of,
the educational process defies the setting up of a quantitative g
criterion unanimously agreed upon.

Bven if we could sey with precision what the economy must producs
in the future, this could not be translated with comparable precision
into the distribution of educational achievements of the labour force
due, among other things, to our poor state of knowledge on labour
substitution.

While it may be éomparative;x easy to set up an economic criterion
such as maximizing discounted life income: "Are not increased literacy,
responsible participation in society and in politics, identification with
national goals, improvement in. pnysical and mental health, and development
of attitudes and values favourable to progress just as important as
anational income and industrial productivity? Iiay not the ultimate
economic return of such results be more significant than the immediate
sains in productivity? If so, how do we really measure the economic
benefit of education?"7.

In the present state of knowledge, it does not seem that either man-
power demagded by the state or social demand of the individual can be

satisfactorily represented and yet an even greater diffiiculty lies in

fusing the two'together into an objective function. If we could adeg
state the expected educational needs of the economy and demends of socisty
we could reasocnably expect to resolve the conflicts between them oy
defining their relative importence. In order to do this we would have o
develop a definite sense of the value of meeting, or failing to meset, boIn
kinds of needs. If we could say "one 'production unit' is werta x

the

Tsatisfaction units'™, then the way would be open to saying what the

educational system ought to do. However, we are unable to make siate

of this kind and the vast body of educational Hterature and discussions
offers little practical guidance and is surprisingly inadequate in meking
clear statements on educztional objectives. .

Naturally, when it is recognized that the process and the criterion
st be stSChastzc and not deterministic, the mathematical analysis is
still further greatly complicated since many perameters are nesded to
reflect the complexity of the real system. Optimizing a stochastic contxd
process conteiring so many parzmeters, only vaguely inown, would seem %o

te far beyond the state of the computational art.
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Even if the analytic problems mentioned concerning the controller,
the process and the criterion were circumvented, a very embaxzssing
problem still remains. It is desirable to apply control theory to
educational enrolment and the reverse must be avoided. Little purpose
is served if educational enrolment is put .into a contrel framework, just
%o make enrclment more comprehensible to the control engineer. The
very framework of control theory is sheky with regard to educational
enrolment. ot only is the controller reduced ito a susgester, but the
error cetector and the idea of feedback, so central to 2ll discussions of
control concepts, can be questioned; the political and thus less than
rationzl aspects of education, the freguent turnover of ministers of
education; the long time between cause and effect, mskes one wonder whether
conirol theory is fairly irrelevant to educational enrolment.

IV. Conclusions

4s was mentioned, perhaps the key contribution of control theory to
educational enrolment is the recognition that it is necessary to embody
into our models a manipulable variable in order to reflect the active
influence the decision-maker has upon the distribution of students and
teachers; without such a formulation, our models run the risk of being
structurally inadequate and planning is reduced to passively observing
what has teken place previously end unknowingly projecting the status quo.

However, as important as this new wey of thinking about the
educstional process is, & point of view alone is not enough. There
remzins & multitude of very real conceptusl problems which will not
disappear by merely mmlding the situation within a control framework.
Much more effort must be invested into research in order to find out in e
quantitetive fashion, for example, wiy students prefer certain sectors of
education to others. Pilot studies to find out hew, for example,
increases in etipends would affect social denand, tk{cu@;’u expensive, must
be undertsken in order to ascertain the effects of decisions, regardless
of the temptation to claim the pilot studies would be undemocratic anc

beczuse no minority should be singled out and this minority

have differently enyway just becsuse il is being studied,

ork cen be very useful snd rewaréing but only if the

rushed zgide in favow of a familiar methodology.

o

real problems ere not
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THE USE OF MULTIACCESS COMPUTERS FOR
THE MANAGEMENT AND CONTROL OF
PROFESSIONAL LITERATURE

J. Francis Reintjes
Massachusetts Institute of Technology
Cambridge, Massachusetts, U.S.A.

The vast increase in recorded knowledge that has occurred during
the twentieth century is complicating the traditional procedures we use to
gain access to this knowledge. Uncertainty about what is already known
and what has been recorded on a subject often leads to unnecessary dupli-
cations of effort and to frustration when duplications are later discovered.

Multiaccess computers, operated in an online mode, now offer an
opportunity to establish orderly management and control of the profes-
sional literature, and thus they have potential for improving the efficiency
of information transfer among members of the professional community.
These computers can accommodate billions of bits of information in
secondary storage; they enable many users to access and process the
digitally-stored information simultaneously from remote terminals; and
they can be organized so that users can work back and forth with the
machine, in dialog fashion, as user and machine progress toward acqui-
sition of the information being sought.

A machine-oriented library system in which a multiaccess computer
is the central storage and processing element is illustrated in Fig. 1. A
data base, consisting of a catalog of professional literature, is stored in
the disk files of the computer, together with the computer programs which
are used to operate upon the data base and to retrieve the information be-
ing sought. The catalog is accessed through a user console consisting, as
a minimum, of a keyboard for inputting user requests and a cathode-ray-
tube display for presenting machine replies. When a satisfactory piece of
information is found, the full text of the document containing the informa-
tion can be obtained automatically at the user's station from a microfiche
storage, transmission, and receiver system to be described below.

The power of this kind of information-transfer system resides in
two key elements which react continually with each other as searches are
executed - - the machine and the user himself. The quantity of information
that can be stored in the machine and the speed with which it can be pro-
cessed add new dimensions to information-cataloging procedures. The
fact that the user can negotiate for informacion smoothly in a real-time
mode and continually exercise options as the dialog progresses, enables

one to take full advantage of the user's intellectual powers in the searching
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process. Thus, in the terminology of the control engineer, the
information-transfer system includes a human operator in the man-
machine loop, with full advantage being taken of the operator's memory
capacity, decision-making abilities, and response characteristics.
An example of how a user may engage an information-transfer
system, illustrated in Fig. 1, follows:
User types the following request at his keyboard
terminal: Search for literature on Optimal Control.
The system responds by displaying on the screen
of the user terminal: Two hundred documents found. Do
you wish to see their titles? Reply yes or no.
The dialog might then continue as follows:
USER: No.
SYSTEM: You may qualify your request if you wish
to continue.
USER: Display the number of books and the number
of journal articles on Optimal Control.
SYSTEM: 20 books found. 180 journal articles found.

USER: Search for journal articles published
since 1967.

SYSTEM: 25 articles found. Do you wish their titles
displayed?

USER: No. Search for articles on Optimal Control in

Nonlinear Systems published since 1967.
SYSTEM: 5 articles found. Do you wish their titles
displayed?
USER: Yes.
SYSTEM: (Titles of 5 documents are displayed at the

user's console.)

USER: Display Abstract of document No. 18762.
SYSTEM: (Abstract is displayed.)
USER: Display full text of 18762.

SYSTEM: Full text is displayed, page by page at a rate

controlled by user.

Another powerful aspect of a computer-stored information system
stems from the fact that in this kind of system information is stored in
electrical-signal form. Conceptually, therefore, it is unnecessary to
duplicate the information in many widely separated geographic locations,
since the signals are easily transmittable over wire and radio communi-

cation links. Worldwide transfer of the stored information is possible
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through use of communication satellites.

An experimental information-transfer system based on the config-
uration shown in Fig. 1 has been designed under Project Intrex and is
being made available to a selected group of users for their evaluations.
The central computing system is an M.I.T. modified IBM-7094. In mod-
ified form the machine will accommodate approximately 80 million Eng-
lish words in secondary (disk-file) storage, and a maximum of 30 users
can engage the machine at a time from remote typewriter or graphical
(cathode-ray-tube) consoles. The machine is designed so that the com-
puter program of each user who is online is executed in short, discrete
steps. The user can also exercise some control over the rate at which
* his program proceeds and the course he wishes it to take. The system
therefore is able to react rapidly to user commands and it responds in a
flexible manner, in accordance with the wishes of the user as he sees his
preliminary results evolving.

It should be noted that a multiaccess computer capable of serving a
multiplicity of users simultaneously is ideal as an information-transfer
system for the professional literature. The salient requirements for such
a system are these: it should be capable of storing a large data base
which can be easily and quickly accessed by a community of users through
use of a single set of computer programs; and furthermore, the system
should be able to take full advantage of the knowledge and decision-making
capabilities of the human operator by permitting him to conduct a dialog
with the machine as he negotiates for the precise item of information he
is seeking. The manner in which the experimental system is organized
to meet these requirements is described below.

Literature. The literature chosen for the experimental system has
been selected from the field of Materials Science and Engineering (MS and
E). This choice was made on the basis of several factors which turned
out to be optimal for the Materials Science area at our location. We have
access to a large community of researchers in MS and E, and several
groups are interested in participating in the selection of literature and
monitoring of our work as it proceeds. These groups will provide an ex-
perimental body of users when the system becomes operational. Active
interest of professionals in the management and control of the literature
of their field is a highly desirable attribute when one undertakes the devel-
opment of a well-ordered system of the kind being described. Choice of
material which constitutes the literature base, agreement on formatting.
and establishment of guidelines and procedures for subject indexing by

the authors, reviewers, professional societies or others, are important
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considerations which can contribute to the effectiveness of a machine-
stored literature base. Although our literature is presently in MS and E,
it should be emphasized that the automatic-control field appears as an
excellent area for exploitation of modern information-transfer techniques
because of the worldwide cohesiveness of its professional membership.

The Catalog. The catalog which describes the salient features of
the documents in a collection serves as a 'finding tocl" for the literature
itself. Because of the high storage capacity of modern computing ma-
chines and their rapid processing capabilities, the catalog can be enriched
beyond present standards to make it a valuable entry point to the litera-
ture. If one is willing to devote a few hundred words to the characteriza-
tion of a document, it should be possible to reveal to the user many doc-
ument features before its full text is requested. In the experimental
system we are attempting to determine the characterizations which are
most helpful in the retrieval process. We are devoting approximately 500
words per document (journal article, report, book)to document descrip-
tions and approximately 50 attributes per document are being included.
Principal among these are the author's name, document title, abstract,
author's purpose, professional flavor and level, and a set of words and
phrases which describe the material in the document. The amount of the
document to which the phrase applies is indicated by a number weight.
Our objective in the experimental system is to ascertain which attributes
among the many we are using are most helpful in retrieving relevant doc-
uments from the catalog. A catalog of at least 104 documents has been
set as a goal for our experiments.

The Catalog File. The catalog file is constructed to give the user

several ways for requesting information and maximum flexibility in mak-
ing his request. Inverted files of authors and subject words are provided,
as well as an inverted file of titles. The subject words are compiled
from the 'ist of subject phrases that are used to describe each document.
In the file of subject words, the order of occurrence of each word in a
phrase is noted as well as the phrase in which it is located and the num-
ber weight_of the phrasé containing the word. Thus a user may enter

the catalog by word, a sequence of words, author's name, or document

title. The file also contains, of course, the additional information
indexed for each document (abstracc, author's purpose, and so forth), and
these items are available upon request, once the document number is
known.

The User's Console. A user of the literature information-base

accesses itby means of a display console which can be located remotely
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from the central computer. Requests for information are entered through
a keyboard, shown in Fig. 2. The keyboard is composed of upper- and
lower-case English-letter keys and a selection of special keys to enable
quick execution of frequently used commands. Each user command ap-
pears on the cathode-ray-tube screen, together with machine responses.
A light pen is available for designating items of displayed information
which should be acted upon by the system. If, for example, a series of
document titles is displayed, the user may save some and delete others
by pointing the light pen at the document numbers to be saved and depress-
ing the appropriate key.

A 128-~track magnetic -drum storage device and a small buffer com-
puter are interposed between the display console and the central multi-
access computer. ®This configuration permits 10 display consoles
clustered within a radius of 500 meters to be served efficiently and with
minimum delay to the user. The data rate between central computer and
magnetic drum is 2000 bits per sec; between drum and each display con-
sole, approximately 4.5 megabits per sec.

As a further convenience to the user, a series of programmable
switches is provided beneath the cathode-ray-tube display. These
switches designate a series of logical operations which must be followed,
once an action is taken and a switch is activated. The possible logical
operations appear on the CRT screen as displayed labels directly above
the switches. For example, suppose the programmable switches are
initially in a mode that labels them EDIT, DISPLAY, PRINT, SEARCH.
Actuating the EDIT switch now relabels the switches to read ERASE,
CLOSE-UP, CHANGE, UNDERLINE, thereby indicating the kinds of edit-
ing that may now be performed. Further actuation of a new operation will
reveal the additional operations that may be performed as a result of
makin‘g a choice among the displayed operations.

Full-Text-Access System. Once a user has decided he wishes to

see the full text of a document, he may place his request through his key-
board. The document may then be obtained in either of two forms: either
as a 35-mm film sirip or as a page-by-page display on a CRT screen. At
present the full-text CRT is separate from the screen he used to access
the cataleg. The full-text display equipment is located adjacent to the
catalog display console.

Presently the technc ogy of digital-computer storage does not per-
mit economical storage of the full-text of documents within the computer.
To store even a small library of 2 x 104 professional journal articles im-

poses storage requirements beyond current capabilities. If one assumes
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that the 2 x 104 articles average 5 x lO3 words per article plus one half-
page photograph per article, then approximately 1.5 x 1010 bits of infor-
mation must be stored within the machine.

In looking for various possibilities for storing full text outside the
computer, one is attracted immediately to photographic film as a highly
reliable, inexpensive, high-density storage medium. On the basis of
information-density capability, cost and compactness, full-text storage
in image form on microfilm is the most attractive among such alterna-
tives as film, magnetic tape, and magnetic disk. Our experimental sys-
tem stores the full text of documents contained in our computer-stored
catalog on microfiche, a 10-cm by 15-cm strip of film, with each micro-
fiche containing approximately 60 pages of text at an 18-to-1 reduction
from original size.

An overall block diagram of the full-text retrieval system is shown
in Fig. 3. The microfiche are stored in an automatic storage and re-
trieval device which accesses documents automatically by means of a
magnetic selector operating under computer control. Each microfiche
has a ferrometallic clip attached to its longer edge, and this clip is
notched according to the binary code representing the document numbers
contained on the microfiche. When a documecit is requested by number,
the appropriate microfiche is automatically withdrawn from storage and
positioned so that the first page of the document may be optically scanned
by means of a fl;'ing—spot scanner. The electrical output signal from the
photomultiplier tube of the scanning system is then transmitted via coaxial
cable to the receiving station. Since several receiving stations may be
included in the system, each at a different geographic location, the video
signals are encoded with an address at the transmitter. At the receiving
station the video signals are displayed either on a cathode-ray storage
tube from which the user may read the document a page at a time, or he
may receive a 35-mm copy of the complete article, ready for viewing on
a microfilm viewer. In the former case, the microfiche being scanned is
stepped along to each succeeding frame upon receipt of a command from
the user; in the latter éase, the stepping process occurs automatically as
the scanning of each page is completed.

The total time required to receive a film strip of a 5-page document

is, in terms of component times:
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Find and withdraw

microfiche from store 5 sec, max

Position first frame 2 sec, max

Step to each succeeding

4 frames 2 sec, total

Cut off film strip at

receiver, feed to processor 1 sec,

Develop and dry film 90 sec,
Total 100 sec, max

A highly important consideration in the design of the microfiche
scanning system is the number of scan lines which should be used. We
have made extensive analyses and tests to determine the influence of the
number of scan lines on resolvability of the received images. From these
tests we conclude at least 2,000 scan lines per page are needed in order
to preserve legibility of the smallest size type commonly used for math-
ematical symbols, particularly for subscripts and superscripts. This
large number of scan lines imposes stringent demands on the bandwidth of
the transmission link if the images at the receiver are to be refreshed at
a rate which minimizes annoyance due to flicker (at least 50 times per
second). Bandwidths of the order of 100 megahertz are required, depend-
ing on the exact number of lines and refreshment rate employed. To
circumvent need for such high bandwidths, and to improve performance
speed of the text-access system, the screen-refreshment concept was
abandoned altogether. In our system we scan a frame only once, at a
half-second rate. As a result, transmission-bandwidth requirements are
those for standard U. S. A. television, approximately 4.5 megahertz.
This approach makes it necessary to keep a microfiche out-of-store only
long enough to scan each page of an article once -~ about 11 sec for a 5-
page article. By attaching a binary-coded address to the video signals
corresponding to each page, we are able to bridge several receiving sta-
tions at remote locations across the video transmission line. Only the
station which senses its own address responds to an incoming signal.

The price one pays for the elimination of image refreshment is that
a.mezns for storing images must be provided at the receiving station in
order to capture and retain the one-sghot transmissions. In the system
illustrated, this storage is provided at the film station by the film iteelf,
and at the CRT station by the 11l-inch storage tube being used as a viewing
device. A sample of a full page of text which has been microfilmed,
scanned, transmitted, reproduced on 35-mm film, enlarged, and printed

as part of this paper is shown in Fig. 4. In evaluating the quality of this
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reproduction, one should bear in mind that it has been necessary to sub-
ject the original page to extra processing steps to reproduce it in illus-’
trated form.

The full-text-access system described above meets very closely the
basic requirements which should be set for a machine-oriented library

system, namely, the system should provide guaranteed access to full text

at remote locations. Guaranteed access to text is essential in order to
avoid the frustrations that result from inability to obtain material from a

library because it is already on loan, or misshelved, or at the bindery,

or misplaced. Rapid access at remote locations is essential so that the
whole concept of conserving the user's time throughout the entire retrieval
process is preserved.

Status of our Research. The overall objective of our research

program is to conduct experiments which will lead to specifications of

operational machine-stored library systems of the future. By bringing
our experimental library to a selected community of users who have a

bona fide need for the information it contains, we shall obtain valuable

insights about user requirements and system characteristics which are
needed to meet these requirements.

We are making careful measurements of the time required to de-
velop the literature base in our system. It is evident that manual index-
ing of the literature in depth after its publication is time-consuming.
Other approaches to indexing must be examined. Our skilled catalogers
are spending, on the average, seven minutes per page on the in-depth
subject indexing of professional journal articles, and an additional 5 min-
utes per article on the development of additional entry points. When one
includes the time required for descriptive cataloging and to place the cat-
alog material in digitally encoded form, a substantial investment of time
goes into the manual-cataloging process.

Several altermatives are open which can assist in reducing catalog-
ing costs. One approach is to develop a standard subject-indexing pro-
cedure which can be agreed up;m by the professional community and which
can be performed by the author at the time of submission of his papers
for publication. If definitive guide lines for subject indexing can be pos-
tulated, the author should be in the best position to subject index his
paper. It is our purpose to devélop guide lines for subject indexing which
will gain acceptance for use in cataloging for machine-stored library
systems.

A second alternative approach to subject indexing makes use of the

digital computer for automatic indexing. We have ex; -imented to a
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limited extent with automatic (machine) indexing and have obtained
promising results. In one experiment we compared all words in the titles
and abstracts of articles with the subject index words used by human cat-
alogers who indexed the articles. Subject-index terms which were used
by catalogers and which appeared in the title and abstract are placed into
a computer-stored dictionary. This dictionary is then applied to the titles
and’abstracts of new articles as they come along. Our tests on a sample

of 200 documents show that our completeness and ielevance factors are

approximately 60 percent.

The urgent need at present is for an abundant supply of easily-
obtainable digitally-encoded literature so that intensive research and ex-
haustive testing of results on automatic indexing can go forward. Trans-
lating literature which already exists in printed form into digitally encoded
text is very ti:ne-consurning and costly. Hence, experimentation with
large samples of literature is likely to be prohibitive. A tabulation of
possible points in the literature-generation process where digital encoding

may occur, together with advantages and disadvantages, follow:

Digital Encoding

Performed by Advantage : Disadvantage
Author Avoids need for retyp- Author needs a
: ing the manuscript special typewriter
Professional Relieves author of re- Adds to cost of
Society quirement for special publication be-
. typing equipment cause of retyping
Printer Digital encoding is al- Printers must
ready taking place here convert to auto-
if type is being set under matic type setting
digital control equipment
Automatic Enable automatic encod- The equipment is
Character ing of the literature which expensive and the
Readers already exists in graphical encoding is not
form error-free

Obviously it is highly desiraltle that printing be accomplished by
means of computer-controlled type setting processes. A digitally encoded
version of the manuscript then becomes a natural by-product.

Conclusions. The multiaccess computer operated in an online mode
offers excellent potential for improving the effectiveness of information
transfer among members of a professional community. These machines
are most effective for information transfer when the capabilities of the
human operator are taken into account in the overall system design. In

computer -oriented information-transfer systems, maximum value
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accrues to the various groups employing the systems when uniform stand-
ards of indexing and formatting are followed. Project Intrex is currently
conducting research which should be helpful in the establishmant of such
standards. A major cost factor in the development of a machine-stored
library system is the time required for professional indexers to generate
the catalog of literature being stored. Availability of digitally encoded
text material can be of benefit here, since it can serve as a source of ex-
perimental material in research on actomatic-indexing techniques.
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1. INTRODUCTION
There have been several researchs in the field of air pollution
control, but many of thecse are based on the stochastic correlations
between the generations of undesirable pollution and the local

1’2’3’€ a few are related to the mathematical

5,6

meteorological conditions
models on the generation of undesirable pollution

In Osaka Prefecture, Japan, which has many industrial cities, problems
on public nuisance caused by air pollution are getting acute, and the
telemetering system has been installed to always catch the pollution and
the meteorological conditions at several monitoring stations in the

Prefecture. Using the informations from these stations, the following

emission control system is now being planned.

The conceptual diagram of control principle is shown in Fig.l. That
is, the mathematical model of transportation process of pollutant can be
built based on the informations from the monitoring stations mentioned
above, other meteorological conditions and the amount of exhaust pollutants,
and thén the future pollutant concertrations in monitoring stations may be
estimated by using this model. If this estimated value is expected to con-
tinue over a critical value, the amount of exhaust pollutants should be
controlled so effectively that future value does not be over the critical,
and moreover it is desirable that social and industrial demerits or losses
by control actions are minimized in the region under the comsideration.

Mathematical models are generally classified to phenomenological and
stochastic models which are principally based on transport phenomena and
not, respectively, but thi paper is based on the former model. However,

there are many uncertainties in meteorological conditions such as motion
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of air, - atmospheric temperature, and also in transport conditions, and
then it is easily recognized that some deterministic models can not be
used. In this paper, at first, an adaptive control method in which the
v;lues of parameters are modified so that the differences between
calculated and measured values of pollutants concentration in monitoring
stations are minimized, is taken account. However, in general, local
meteorological conditions are suddenly changed, and those phenomenological
predictions are difficult, therefore it may be desirable to predict the
future values of model parameters from stochastic view point.

Main problem of mathematical model building is related with diffusion
of pollutants in air, and many steady state diffusion equations have been
reported by C.H.Bosanquet & J.L.Peatson7, O.G.Sutton8 etc.g. It is easily
recognized from all these equations that transport phenomena of pollutants
are strongly affected by wind velocity and direction, variances of these
values, stability of ~atmosphere and so on, that is, by local meteorological
conditions. These equations, however, are based on data obtained from
experiments by flat surface and one or a simple allocation stack; and the
intact application of these equations to the -atmosphere on a large city
may not be reasonable. In this paper, such steady state tramsport
equations are applied to only the horizontal transportation through rather
upper zone of atmosphere, and in living zone which is in the scores of
meters from the surface, a pseudo perfect mixing zone is assumed in which
each monitoring station is included. Then, between the concentration in
upper zone based on steady state transport equations and the concentration
in a perfect mixing zone, the vertical tranmsportation of pollutant is
assumed. Fig.2 shows the schematic illustration of the model mentioned

above.

2. VERTICAL MIXING OF AIR

It is a well known fact that diffusional characteristics of polluéant
are strongly affected by so—called’the stability of atmosphere. Generally,
at high wind velocity, pollutant is immediately transported in the
horizontal direction by .bulk flow of air and is easily diffused in the
vertical direction by turbulence. On the other hand, at low velocity when
the accumulation of pollutant occures, the diffusivity of pollutant in the
vertical direction influences the generation of undesirable pollution.

In general, one dimensional diffusion equation of mass is

SR B
at 2Z ¥ OF

Assuming the analogy of heat and mass diffusions,

(1)



33

§o- = (K37) @

and D; =< Kz 3

‘are recognized. From the previous explanation it may be obvious that Dz

or Kz is a parameter changed by the stability of atmosphere. That is,
the vertical dispersion of pollutant increases as the value of Dz or K
becomes large. In addition, it is easily recognized that the value of Dz
or Kz increases as the wind velocity increases and as the wind velocity
distribution in the vertical direction du/dz decreaseslo. Also, as the
temperature gradient in the positive direction increases, the wind
velocity distribution becomes steeperlo. Therefore, it may be convenient

to introduce the following Richardson's number Ri for‘predicting the value

of Dz or Kz, ; pe
A Z(g+r)
(du)2
dz.
Using the simple rule of turbulent flow and Richardson's number,

G. Yamamoto has reported the following relationll.

( )(/—GR:) (5)

The similar relation may be formed for the thermal diffusivity Kz as

(4)

follows,
Ky o< Zz(%)-f(ki) (6)

For obtaining the value of Kz, an expression for the wind velocity
gradient du/dz must be derived from some measurable variables. Previous
experiences have given rise to the power law of the velocity profile
12 )
written as follows , p
u(z) = u(E)(2/2) %)
The two factors, B and f(Ri), were estimated by using the data on

temperature and velocity proiiles measured at the Tokyo Tower as follows,

) oy for Ri20

(gi ' ©)

——-— (R)y=of +olRi for Ri<0
oy omer

8= cly + 4 (47/4) ‘ ©

Eq.(9) is compared with the result obtained by R. Frost A in Fig.3.




34

Fig.4 shows the relation between K /zz(du/dz) and Ri.

From the above condideration the following procedure for obtaining
the value of Kz is summarized.

i) If the temperature distribution can be always measured at a monitoring
station and if the wind velocity at any height u, can be always measured,
the value of B is known by Eq.(9), the value of du/dz is by Eq.(7), the
value of Ri is by Eq.(4), and then the value of Kz at the place having a
monitoring station can be obtained from Eq.(8) as a function of z.

ii) In addition to the temperature distribution; if the wind velocity
distribution is always measurable, the values of a3 and ay can be
estimated by comparing the calculated values with the observed value, and
also the values of a;, @, can be determined.

In the model previously presented, it is necessary to know the
diffusivity in the vertical direction between a perfect mixing zone and
the upper zone, and then it is convenient to evaluate an average value of
Kz. Therefore, using the diffusion equation of

2°T
5t = Kiszr ao
the value of Kav(t) is determined from the data of temperature gradient
by the least square estimationlyi Knowing the va;ues of Kav and dT/dz,

the values of a;, ap can be determined, therefore, it is desirable to
obtain the temperature gradients at all monitoring stations. But this
realization may be almost impossible from the view points of ecomomical
and social problems. Therefore, it may be inevitable that the values of
a), ap are identified only at a few stations where the temperature
gradients are measurable, and that the values of Kav at other stations are
calculated by using the above values of a;, ap and the wind velocity at
each station. The prediction of @;, oy may be carried out by the
consideration of past data, and especially it might be more practical to

introduce the principle of stochastic data processing.

3. FUNDAMENTAL CONCEPTS OF MODEL
3.1 Vertical Transportation
As illustrated in INTRODUCTION and Fig.2. the concentration in a
pseudo perfect mixing zone, C ma& be expressed by the following first order
differential equation,

V‘k —'ZQ +T(C-C)-¢ 11)

where, " Q;, is the total amount of exhaust pollutants per unit time in
in .
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this perfect mixing zome, Cy; is the average concentration of the upper
zone of the mixing zone, and it is assumed that the vertical transport
proportional to (Cg - C) is carried out and its proportional constant is
expressed by y. ¢ is the term showing the reduced amount of pollutants by
adsorption, aysorption by rain, chemical reaction and others. V is the
capacity of a pseudo perfect mixing zone, but this value depends strongly
upon the lay of the land or the comstructive conditions of buildings at
that place, and then this value must be estimated from the future
experiences.

The value of y should be interrelated to the value of Kz from the
phenomenal view point. If this relation is represented by the simplest
form, it may be

F=A+A Ky az
Generally, it may be roughly assumed that the term of ¢ in which various
rate processes should be included is proportional to C, that is,

¢ =k'VC : (13)

3.2 Horizontal Transportation

Usual steady state diffusion equations are applicablec:to the case of
a fixed bulk direction of wind. This condition may not be formed and the
main wind directibn changes from one to the other direction, for rather
long time interval, and then pollutants exhausted from a stack may
disperse over very wide angle. In general, the angle of spread of
exhaust gas from a stack, that is, the Angle in which pollutant sources
influencing the pollutant concentration at a monitoring station are
included, is depending on the wind velocity and on the variance of
derection. In this paper, the value of this angle © is fixed as

8=2w/lb (14)

and the wind direction is always measured by the division into 16 directions}
If the fraction of the period blowing from the j-th direction during T
hours is ATj/T, it may be reasonable that the weight of AleT is
multiplied to the usual value of pollutant concentration which is
calculated by usual diffusion equation under the condition of the
constant wind direction of the j-th. The fraction of wind direction and
the average wind velocity during 1 hour are measurable at each statiom,
in Osaka.

In order to calculate the amount of exhaust pollutants, several
concentric circles are drawn around each station, and many blocks are
divided by these circles and the radial lines distinguighing 16 wind
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directions. For the convenience, pollution sources in each sector can be
classified to point sources and plane source. Point sources répresent
strong sources such as power plants, and plane source consists of many
weak sources such as vehicles or small stacks. The amount of pollutants
from these sources should be determined or estimated in the preliminary
investigations. Fig.5 illustrates the concepts of the horizontal
dispérsion model mentioned above.

For the simplicity, plane source can be replaced by line source as
follows; the concentration of pollutant from a infinite line source at the
distance of Xp» CL’ is given by

Qu
pu Xe
and if the intensity of emission changes in the radial direction from x;

CL-‘_-

15)

to x;, the concentration based on this region may be expressed by
Xz Q A
’ Li
C. =I P dX (16)
X, pux
Since the total amount of exhaust pollutant in the sector ABCD, QA’ should
be equal for both plane and line sources, it must be
X3
Q=X 6 QL=L *0Qu dx a7
'
From the conditions of Egs.(15)-(17), QLi-const., and CL-CL’, the
following equivalent distance Xp for replacing place source by line source

N '
"f"‘(z—xmf/_x.)) e

can be calculated by

is given,

and then, the value of CL

L gl RERE S ?‘A—x, - (19)
P (zu\(xz )

Usual steady state dispersion equations can be used to calculate the
concentration caused by stromg point sources, but Bosanquet & Pearson's
equation’ is used in this paper, because the number of parameters included

il this equation is only two, p and q as follows;

5 s H
P g exp(-7) (20)

where, p and q are the parameters based on vertical and horizontal diffusion

in perpendicular to the wind direction, respectively, and are defined by
p=De/(uz) (21)
and Cf': Dy/(UX) (22)

Practically, since the wind velocity changes from time to time, it may be
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better to use the average wind velocity through past n hours, u, for u
in Eq.(20). 1In this case the value of n can be determined by the
condition of :
n-1<X<n , (23)
and also the amount of exhaust pollutant, Qp’ must be the average value
through n hours. Moreover, this correction can be applied also to the
calculation of CL by Eq.(19).

From the above consideratioms it is concluded as follows; the
concentration at a station caused by the plane sources in the j-th

direction can be expressed by

Cy=2 '(—{r’f/—rz“gﬁ— : (24)
Radidl P u-Xg- B
direction

and for the point sources,

C,=F —UGthS o (~H/px)
.= s . - X ) (25)
P inj-th 21 p-g-d-x* P(-H/P

The total concentration at a station, CB’ can be represented by the
summation to all direction, and it is

C,=Z;(C/.;+ Cos) 25)
This value of CB is related to the value of C by Eq.(11).

4. THE RESULTS OF SOME CALCULATIONS

Enough data to examine the above model have not yet been obtained,
but one example of calculations was carried out by using the data of
Table 1 and Table 2. Fig.6 shows the calculated values of CB’ but in
this case the conditions of
n=l~3 hr, H=50m, p=0.2, g=0.08, t=3 hr, H_=50m, x,=0.5 im, x =1 kv
xc=2 km, xd=3.5 km and xe-S.S km
were taken for simplicity(refer to Fig.5). The bold real line in Fig.7

shows the measured value of ( a2t a monitoring station, and Fig.8 shows the

reasonable assumed value of J, Qia .
"

Using the calculated values of C_, and the mezsured values of C at

‘B
times, the optimum constant value of y can be determined by the least
square principlels. . 'The objective function is
RS ~ e ks
J =4 ( C "'C) === Mininium (27)

Sample yoinls
and the system equation is
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S ~
VIE =z @+ 1(C-C) - KVC R
The narrow real lines in Fig.7 show the change of C satisfying the
condition of Eq.(27), and Fig.9 gives the optimum values of y at each
time. These calculations were carried out by using the data of past
three times every ome hour.
It is necessary for air pollution control to predict the future
value of C. If the future value of CB can be predicted, the future value
of C may be predicted by using Eq.(28) with the optimum y given at present
time. The future meteorological conditions must be predicted to calculate
the future value of CB’ but this is very difficult. Therefore, it is forced
to predict it by using only the past calculated values of CB’ In this
paper, assuming that CB can be expressed by the second order algebralic
equation with time as follows,
63 :a‘t’z+ btz +C o (29)

the values of parameters a, b, c, are estimated under the condition of

A 2
Z (Cs-Cs) —— Minimum (30)
Sample Poin '
The future value of CB may be predicted from Eq.(29) with the calculated
values of parameters. The broken lines in Fig.7 show the predicted
values of C by using Eq.(28) in which CB is substituted by the predicted
value CB of Eq.(29). It is recognized that the predicted values of C

are well following the measured values.

5. CONCLUSION

There are many problems to be solved for air pollution control, but
this paper is the first suggestion of model building for computer control .
system design. Especially, it is suggested to use the two kings of models
for vertical and horizontal diffusions. However, the following approaches
should be studied as quickly as possible to practical application of this
control system. (1) The prediction of parameters y, p, q etc. from the
view points of stochastic data processing, (2) Oﬁtaining the relation of
Kz and y. (3) Adaptive modification of the horizontal diffusion model
by measuring CB and so on. These problems are now being studied by our
group.

At the final, the concept of this control system is given by Fig.10.
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NOMENCLATURE

b, ¢ : Parameters in Eq.(29)

Pollutant concentration in pseudo perfect mixing zone
Estimated value of concentration C
Average pollutant concentration at the upper zome of the
mixing zone
‘Estima;ed value of concentration CB

Pollutant concentration at a monitoring station calculated
by using equivalent line sources

Pollutant concentration at a monitoring station based

on the weak plane source of a sector included .in the

j-th direction

cII T Upper limit of allowable concentration

.

.
B

Pollutant concentration at a station from a point source
Diffusivity based on horizontal diffusion in
perpendicular ‘to the wind direction
Diffusivity based on vertical diffusion
Gravitational acceleration
Effective emission height
Height of pseudo perfect mixing zone
Average thermal diffusivity based on vertical thermal
diffusion #
Thermal diffusivity based on vertical thermal diffusion
Karmin constant
Coefficient related to the reduction rate of pollutant
Parameter based on vertical diffusion
Emission intensity in a sector’
Emission intensity in a pseudo perfect mixing zone
Emission intensity of line source that is equivalent
to plane source
Emission intensity of line source in the case that it
changes in the radial direction :
Emission intensity outside a pseudo perfect mixing zone
Emission intensity of point source
Reduced amount of emission intensity
Parameter based on horizontal diffusion in.perpen&icular
to the wind direction 4

Richardson's number

[-1
[ppm]
[ppm]

[ppm]
[ppm]

[ppm]

[ppm]
[ppn]
[ppm]

[m2/hr)
[m2/hr]
[m/sec?]
[m]

[m]

[m2/hr]
[w?/hr]
[-1
[1/hr]
-1
[m3/sec]
[m3/hr]

[m2/sec]

[m2/sec]
[m3/hr]
[m3/6ed]
[m3/hr]

[-]
-1



F I I

E

DFC!"D-]

Temperature [deg.]
Time [hr]
Wind velocity ¢ [m/sec]
Wind velocity at z, [m/sec]
Volume of a pseudo perfect mixing zone [m3]
Distance from point source to monitoring station [m]

Equivalent distance from plane source to

monitoring station [m]

X]1,X2: Represent the radial length of adjoining circles,

z 2
z
ay,
B :
L7s
Yy :
g ¢
A
g-:

de 55

.

respectively, refer to Fig.6 [m]

Height ' [m]

Nominal height : [m]
a2, 03, @y : Parameters in Eq.(8) and (9) [-]
Parameter in Eq.(7) [-]

Dry adiavatic lapse rate=0.00986 °c/m [°c/m]
Pseudo vertical transfer rate between C and CB : [m3/hr]
Angle of sector [radian]
X2 : Parameters in Eq. (12) -]
Parameter in Eq.(5)

Sampling period for obtaining the average wind velocity [hr]
: Period that wind is blowing from the j-th direction [hr]
Term representing the reduced amount of pollutants in

a perfect mixing zone [m3/hr]
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iy 8 gt 1 2 3 4 5 6 7 8 9 |10 | a1 | az2') a3 aaiens
source
Distance  (Km) 9.7| 9.0 8.7| 6.1] 6.2 8.1| 4.1| 9.9] 7.2| 3.9| 2.9| 8.0 3.8 3.5] 2.2
No. of direction 1 b 1 1 b 1 il 2 ] 2 2 16 16 16 16
Concentration (%) 2.67| 2.8| 2.8]| 3.0] 3.0 2.9[ 3.0[3.25] 3.0] 3.0 2.6| 2.8[2.95] 2.9] 2.9
1:00 810 | 4117 | 680 | 300 0 0] 1740 | 1105 | 1200 0| 1250 | 2000 | 1020 | 3200 | 120
= 2:00 820 | 4117 | 675 | 400 0 0| 1740 | 1105 | 1200 0| 1250 | 2000 | 1040 | 3200 | 300
S 3:00 830 | 4117 | 675 | 400 0 0] 1740 | 1105 | 1200 0] 1250 | 2000 | 1060 [ 3200 | 300
= 4:00 820 | 4117 | 665 | 300 0 0| 1740 | 1105 | 1200 0| 1250 | 2000 | 1060 | 3200 | 300
2 5:00 | 1200 | 4117 | 665 | 300 0| 140 1740 | 1105 | 1400 | 200 | 1250 | 2000 | 1010 | 3200 | 300
3 6:00 | 1140 | 4117 | 680 | 1000 | 250 | 350 [ 1740 | 1105 | 2750 | 600 | 1250 | 2000 | 1060 | 3200 | 300
> 7:00 | 1000 | 4117 | 680 | 1250 [ 250 | 910 | 1740 | 1105 | 2350 | 1050 | 1500 | 2000 | 1060 | 3200 | 800
® 8:00 | 1890 | 4117 | 1030 | 1050 | 1250 | 930 | 1740 | 1105 | 1900 | 1100 | 1500 | 2000 | 1010 | 3200 | 2250
o 9:00 | 1780 | 4117 | 1040 | 1250 | 1600 | 950 | 1770 | 1105 | 3200 | 1230 | 1500 | 2000 | 1110 | 3320 | 3150
B 10:00 | 1750 | 4117 | 950 | 1250 | 1500 | 950 ( 1770 | 1105 | 3400 | 1230 | 1500 | 2000 | 1150 | 3480 | 3150
> @ | 11:00 | 1670 4117 | 950 | 1150 | 1500 | 920 | 1770 | 1105 | 3400 | 1220 [ 1500 | 2000 | 1200 | 3480 | 3150
8 B | 12:00 | 1520 4117 | 940 | 1150 | 1400 | 920 | 1770 | 1105 | 2350 | 1220 | 1500 | 2000 | 1210 | 3480 | 3150
g £ | 13:00 | 1610 4117 | 980 | 650 [ 1000 | 579 | 1770 | 1105 | 3400 | 1220 | 1500 | 2000 | 1110 | 3320 | 1620
3 14:00 | 2070 | 4117 | 980 | 1300 | 1500 | 1060 | 1770 | 1105 | 2750 | 1030 [ 1500 | 2000 | 1060 | 3200 | 3150
A 15:00 | 2110 | 4117 | 980 | 1300 | 1500 | 710 | 1770 | 1105 | 2750 | 1230 | 1500 | 2000 | 1130 | 3200 | 3150
" 16:00 | 1940 | 4117 | 990 | 1150 | 1400 | 690 | 1770 | 1105 [ 2750 | 1180 | 1500 | 2000 | 1090 | 3200 | 3150
3 17:00 | 1590 | 4117 | 900 | 1100 | 1300 | 300 | 1770 | 1105 | 2750 | 1000 | 1250 | 2000 | 1080 | 3200 | 3150
2 18:00 900 4117 | 910 1050 | 1200 | 463 | 1740 | 1105 | 1900 | 1000 | 1250 | 2000 | 990 | 3200 | 3150
& 19:00 | 1110 4117| 650 | 800 | 800 | 180 | 1740 [ 1105 | 2750 | 1000 [ 1250 | 2000 | 1040 | 3200 | 2350
20:00 | "950| 4117 | 720| 800 700 0| 1740 ( 1105 | 2300 | 900 | 1250 | 2000 | 1060 | 3200 | 1100
21:00 860 | 4117 | 700| 650 | 500 0| 1740 ( 1105 | 2000 | 900 | 1250 | 2000 | 1080 | 3200 | 350
22:00 | 1030| 4117 | 730| 600 | 300 0| 1740 ( 1105 | 1200 | 400 1250 | 2000 | 1070 | 3200 | 350
23:00 860 ( 4117 | 720 400 0 0| 1740 | 1105 | 1200 0 1250 | 2000 | 1010 | 3200 | 300
24:00 770 | 4117 | 680 | 400 0 0| 1740 | 1105 | 1200 0| 1250 | 2000 | 1000 | 3200 | 300
Table 1-1

Time p ST OO P R A D e o o e b T e e A e R e
Meteorological|Temp. (¢) 2.21.52.3 2.5 2.4 2,9 3.2 3.3 4.2 4.9 5.5 6.3 6.7 7.0 7.5 8,0 7.5 7.1.6.6

Weather O O © ©6 © © © © ® @ @ @ ® ©® ® o ® ®

conditions Wind velocity|1.7 1.0 2.0 1.6 1.3 1,9 1.8 1,2 1.7 0.8 0.5 0.0 1.8 1.0 0.9 1.4 0.8 2.4 2.0
Wind dir. 20 R R R a8 ke RSB e G B RGN QL U T 2 ) R AT S

Table 2 OFine ©Cloudy <« Smog

(44
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No. of S0, gas No. of S0, gas
plane [Distance|Direction|emission | plane |Distance|Direction|emission
source | (Km) intensity| source| (Km) intensity

1 | 0.736 1 0.803% P R 1 7.44 %5

2 0.736 2 0.803 8 2.71 2 9.65

3 0.736 16 0.803 9 gk 16 2.24

4 1.471 1 3.88 10 4.46 1 7.60

5 1.471 2 3.88 11 4.46 e 13.37

6 1.471 16 2.80 12 4,46 16 1.007

Table 1-2
Y ]
INPUT CONTROL POLICY
emission control of emissio:l
strength

CONSTRAINT
SYST ———
NOISE SISTEM OF OPTIMIZATION max. allowable
meteorologicalis B e level of pollution]
factors
v i MATHEMATICAL
MODEL
transport model
Se of pollutant
concentration —

distribution, SRS

measuring at
monitoring station

Fig.l Conceptual diagram for air pollution control system

horizontal transportation
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vertical transportation
= \j- &_‘ _____* +____ caused by concentration
n,r difference
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Illustration of /accumulation

= ! ~
transpottation model i i
1.0 T g T T T & : §
0.1 2 g :
: : 1S
I | =
| |
|
!

|
’o/r/l‘/k o(
T e “Z.0 Ri
v -0.010 0 0.010 dT/dz

Fig.4 Relation between
Fig.3 Value of £ related tc dT/dz Kz/zz(du/dz) and Ri



Fig.5

Fig.6
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Perfect mixing zone
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Fig.7 Measured, estimated and predicted values of C
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Calculations of pollutant

Fig.9 The optimum values of y/V

the horizontal direction
C

transfer rate

¥
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'
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Minimize the difference
-
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Reduction of emission

intensity AQ
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]
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Fig.1l0 Illustration of calculation for control

IHonitoring stationﬂ
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DYNAMICALLY OPTIMIZED FISCAL AND
MONETARY POLICIES FOR THE CONTROL
OF A NATIONAL ECONOMY

by A.R.M. Noton

University of Waterloo, Ontario, Canada

1. INTRODUCTION

In the mathematical study of the dynamical aspects of
(1)

macro-economics, tests of stability have been commonplace for
many years(z). The tests have been applied to linear or linearized
economic models in exactly the same way that engineers test the
stability of linear physical systems. Furthermore, Tustin(3)
in 1953 pointed out the common ground of control engineers and
mathematical economists with respect to stability criteria and
control algorithms for ensuring stable dynamical regulation.

Phillips' illustrations of the latter are well known(k’s).

However, since the publication of Tustin's book, control
theory has developed almost beyond recognition, hence the frequently
used term 'modern gontrol theory'. The author describes in this

i
paper a preliminary investigation to assess the possible
relevance and usefulness of optimal control theory as applied to
marco-economics. The formulation of the mathematical model is
described in section 2; it is an extension of Bergstrom's

(6)

model which in turn was a development from one adopted by

€))

Phillips . The mbdel includes such effects as investment lags,
investment behaviour, variable capacity, embodied technical progress
in terms of 'vintage' capital, price level, rate of increase of money
wages, unemployment and government fiscal and monetary policy.

It is however a 'closed' economic model i.e. foreign trade is

not included.
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Even though the model has a number of interesting features it
is not of course as detailed as the multi-component growth models
developed in the U.S.A.(s), U.K.(g) and elsewhere. Referring
to the Cambridge (U.K.) growth model, it is worth contrasting
that approach which emphasizes steady-state exponential growth
(with a preliminary stage of 'transient growth' to reach tﬂg starting
conditions for steady growth) with the author's formulation which

imbeds all considerations of optimum growth, stability, transient

policies and performance criteria into one computation of dynamic

optimization.

Because the study was intended to be only exploratory
and illustrative, no attempt has been made to justify this
aggregated model by econometric studies. On the other hand
most parameters have been estimated by fitting to Canadian data(lo’ll)

over the years 1926 to 1967 and illustrative computations correspond

approximately to the state of the Canadian economy in 1933 and 1963.

2. DEVELOPMENT OF THE MODEL

2.1 Derivation of the State Equations

The mathematical macro-economic model is now developed in
detail; since it is an extension of Phillip's and Bergstrom's equations

the reader may find it helpful to refer to their publications(6’7).

The total capital stock K of an economy is defined by

dK
x I-6K (1)

i.e. the net rate of capital investment is the gross investment
rate I less the depreciation or capital consumption. The
latter is taken to be a constant fraction & of the stock K.

The integral form of (1) is
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t
KGe) = f Bades T g )
where t denotes time.

The gross output, assuming no time lag between national
ouiput and national income, is taken to be v multiplied by
the capital in use and the required labour L per unit capital
decreases exponentially~with time at the proportional rate p
due to technical progress. Thus, although the technical progress
is embodied in the vintage of the capital, no substitution

between capital and labour is permitted.

A feature of this model is variable capacity; specifically,
capital stock (equipment or machinery) is not used unless all the
'youngér' stock is in full use. However, unlike Bergstrom, a;
aggregation effect is introduced here (a) because it is more realistic
and (b) because it avoids the equivalent of a transport lag in the
mathematical model which would greatly complicate the numerical work.
Let the probability of an entrepreneur having a mackine between q

and q + dq years old, as his oldest machine in use, be p(q).

Then the expected value of the gross national output is

-8(t-1)

Y + 6K = vgwp(q){ (f%(r)e dt} dgq 3)

where Y is the net national income.
Changing the order of 1ﬁtegtation gives
S - -
Y + 6K = y[ I(1)e 5N T){:i: p(q)dq} dr (4)

For illustrative purposes a zero order Poisson distribution was
used for p(q). Although higher orders would probably be more

realistic it would involve extra state equations. If

Aq

p(q) = xe” (5)
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where 1/) is the average of the ages of the oldest machines in
use, then (5) becomes

—(6+).)(t—\')d1

Y= v {f1(x)e - oK ‘ (6)

and differentiating with respect to time yields

e R oAt |
ac =y I -¢ dt (6+2) (Y + 6K) + YN T (7

Following the previous statement about the required labour
L, corresponding to equation (6), one writes

t -
;A R C L I(T)e—(6+1)(t-1)—p'dr (8)

-0
Lu being a factor depending merely on units of I and L. Equation
(8) incorporates the same aggregation effect used in (6). Differentiating

with respect to time

L _ -ot _ AL D
at ILu e (&+))L + 3% at 9)

To obtain an expression for 3Y/3)A, differentiate (6)

partially with respect to X .

; 2
:—: =3[ I(1) (t-1)e” B (e=1) 5
: -t(Y > SK) e e-(6+}‘)s g:tl (T)T 8(6+A)Td1 (10)

Introduce a state variable Xg‘ defined by

%, = Bt o it Q1)
where XB(-w) = 0, permits (10) to be rewritten as

3Y/3h= ~t(¥ + 6K) Hxge TN a2)
Similarly, by introducing another state variable Xg, defined by

SRR TS B P ks (13)

9
where Xg(-m) = 0, provides a corresponding expression for >L/3x

to be derived from (8), viz:
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3L/3A= ~tL + X L e HAIE g

9Lue
Consider now the autonomous variables TI (indirect taxation),
TD (direct taxation) and Gc(government spending on goods and services).

There is the identify ;
-g—‘:=y-c (15)

where C 1is the total consumption less indirect taxation. The

following linear law for domestic consumption was assumed (customary

in such work).

C+T -G =¢C
c

| + (1-s)(Y~TD) (16)

1
where s is the propensity to save and C1 = C° exp (p+u)t.
{where p is the growth rate of the available force), hence the in-

clusion of such a factor with the autonomous term Co. Equations
(15) and (6) are combined as

dK

3 = TN Qa7)
where
c = C1 - XloY (18)
if
= - - Y
%0 = (1 + Q-9)1 c )/ (19)
xlO can therefore be regarded as a composite autonomous fiscal

variable, henceforth referred to as the 'taxation variable'.

The lagged sum of government investment and private
investment equals the gross investment I. Entrepreneurs
determine the level of private investment and their behaviour has
been taken‘to be described basically by the Phillips-Bergstrom

function(s’a).

It includes one term for the anticipated growth
rate (based on experience over the last T2 units of time) and

another term Rm corresponding to maximization of revenue by entre-
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preneurs. 10 fact the net proporctional rate of increase of capital

is assumed to be given by

1

- a .
K/K = (1+T1D)2 { (1+T2D) - Y/Y +v Rm a5 Glllf} (20)

where D = d/dt and G1/K is planned government investment per

unit capital stock.

The first term in brackets of (20) is the ldgged rate of
growth of national income, weighted by @ . The term R.Ill is the
marginal revenue from capital investment. Thus, if we use the

classical revenue equation (aggregated for the whole economy)
R=Y - c(W/P)L - rK (21)

where W is the money wage rate, P the price level, r the real
interest rate {money rate less expected rate of increase of P)
and c¢ is a factor introduced dependent on the measure of wage rate W,

Entrepreneurs seek to minimize R by adjustment of K and L,

through the capacity variable A . Thus, specifying that W/P and

r cannot vary instantaneously

ar = [av/ax - c(u/P)aL/an] ax + [aY/aK - ¢(W/P)IL/3K - r]dK

(21)

For a maximum, necessary conditions are
3Y/3x = c(W/P) 3L/3x (22)
R = 3Y/3K = c(W/P)3L/3K - r = O (23)

Consider a hypothetical burst of investment dI = dKD(t) where
D(t) is the delta function; it follows from equations (6) and (8)

2 pt

that 23Y/8K =v - § and 3L/3K = Lue . Equations (23) becomes

Rm = v-§ - c(w/P)Lua‘pt -r (24)

Entrepeneurs seek to satisfyv equeation (24) by investment, hence the

inclusion of Rm in the investment function (20). Thié'term differs
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from Bergstrom's expression because he derived an (approxima;e)
production function to yield 23Y/3K, whereas the author has not

made such an approximation.

(€9)

The money market was described along Keynesian lines
with =

r = K + nlog(PY/M) (25)

where « and n are constants. The equation is supposed to hold.

for small variations in price level P, national income Y and

money supply M. It is more convenient to rewrite (25) as

¥ = xll + n log (PY) (26)
where Xll = K - n logM (27)
so that X can be regarded as a composite autonomous variable

13
for the implementation of monetary policy, since it includes the

effects of both changes on the interest rate and the money supply.
In other words, this simple model does not distinguish between the

various instruments of monetary policy.

y
Finally, for the labour market, Phillip's equation(lo’

was adopted. It was derived empirically from U.K. data and relates

unemployment to the rate of increase of money wages

ﬁ/w = -a +a Un—a3 : (28)

1 2

where a;, a, and a; are empirical constants and the present un-—

emp loyment is

. - Le Mt
v, 100 (1 Le /Ly (29)

4]
-
-
mn

assuming th: te available labour fogge grows as

WY, :
= Le (30)

e
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All the essential equations have now been introduced, in
the process of which certain state variables have been named.
Further manipulation is necessary to derive all the state equations
(first order differential ;quations) but, since it is of a tedious

nature it has been omitted. Instead the equations are summarized in

appendix 1, with the following substitutions: Xi =1, Xi = K,
x5 = k/K, X6 =1 and X7 = W. Reference to that set indicates

that the fiscal variable x10 (equation (19) has been written as

.

*
xlO =y and the monetary variable as X.. = u

11 In the

2°

terminology of optimal control theory u, and u, are the

1 2
controlling variables and they.correspond to changes in fiscal
and monetary policy. This form is convenient since it permits

the setting of initial values of X and X (e.g. taxation

10 Xk

levels and the long term interest rate) according to the

example under study. At the game time, from inspection of equations
(20), (24) and (26) it will be observed that, due to the simplicity
of this model, changes of planned government investment per unit
capital stock have the same effect as changes of interest rate.

In other words, only the combined term {(y r - GI/K> and not yr

is significant, i.e. pure monetary policy cannot be distinguished.

The macro-economic model consists then of a set of 11 state
eqiations with 2 controlling variables; they can be referred to
generally in the ferm

X =93, u 0 (31}

where ¢ 1is a vector vealued ncnlinear fumetien., It is proposed to

study discrete-time control. In other words u will be held comstant

e

in. the kth sub-interval of duration h where Kkh¢ t « (k+1)E,

because it is assumed that one might ultimately employ sucl’ techauigues
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in real time when accounting data becomes available at say three
month intervals. In that case it is appropriate to discuss the

discrete-time form of (31), viz.,
X(k+1) = £ (X(k), u(k),k)

However, it is important to note that, due to the complicated

foim of the model, ﬁo analytical expressions were available for

the function f. The model was set up in continuous time

and f was always computed numerically from (1), i.e. the treatment

is not the 'period analysis' often used by economists.

2.2 The Performance Criterion

The performance criterion must now be formulated since the
controlling variables are to be adjusted to minimize such a function,
subject to the state equations (appendix 1), over a finite number
of future sub-intervals of time (each of leng*h h). It is proposed
to maximize the national consumption C  (a variable measured nat;rally
in real and not monetary terms), while at the same time keeping un-
employment and price increases in check. Hgnce-one can expect to

minimize a function of the form

N
dp
(Z1 (-6, (€00 + 6, (1)) + 65 1GE 1 B, 1) (33)

where future time has been discretized as (k—l)h.¢l,¢2 and ¢3
are odd monotonic increasing furctions. It is common, however,

to modify such criteria.

Specifically, being realistic about modern political democracies
although admitting to a controversial issue of the social sciences,
a factor exp -(k—l)h/T3 is introduced to give more weight to

the immediate future than the end of the optimizaticn interval, which

ray be 20 to 30 vears in the future.
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Unfortunately, the choige of the functions ¢1, ¢2, ¢3,
is somewhat arbitrary although perhaps not at all critical. For
example, in studies of optimum growth, Caséll) has shown that the
form of a function corresponding to ¢1 does not actually affect
the optimal growth path. 1In the absence of any specific forms for
the three penalty functions the author has therefore chosen the

following for the final version of (33):

N .
k£1{' log C(k) +S,exp(U, (k)/3) + § (':‘E‘/lﬁexp(-ﬂc-l)h/'r:i)

(34)

The penalty term on unemployment is merely z choice of a function
which increases rapidly when Un> 3 per cent. The logarithmic
function of C has been adopted to avoid that term growiné
exponentially compargd to the others and hence causing

difficulties in setting the weighting parameters. The latter are

set by trial—and-érror depending on computed variations of the
variables in expression (34), for different. typical starting .
conditions. Experience with other applications of optimal control
theory has indicated that the choice of s; is not critical.

2.3 Numerical Values of Parameters

Because only illustrative results were sought, no attempt
has been made (at the time of writing) to confirm, modify or develop

the model. On the other hand where possible parameters have
(12,13)

been estimated by fitting to Canadian National Accounting Data
Initial conditions on the state variables were adjusted to correspond
approximately to cthe state of the Canadian economy (a) in 1933 and

{(b) in 1963, i.e. during a recession and a relative 'hpom' period
respectively. Numerical values are quoted with explanatory notes

below, where the numbers in parentheses are the years over which fitting

was implemented.
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= 2,60 (26-45) and 7.40 (48-67)
= 0.011 (26-45) and 0.022 (48-67)
= 0.040 (36-67) estimated using eéuation (25) with the
money supply M as the assets of Canadian banks
and r -as the average long term yield on
Canadian securities. Yields were not however avail-
able before 1936.
= 0.051 (48-67). This figure was used for 1933
even though’that 'non-exponential' period was avoided
for fitting purposes.
v = 0,40 (26-67) estimated by comparison with the condition
for steady exponential growth Y/K = q@p - §, which
can be deduced from equations (1 and 7). Cp is the

proportion of capacity in use.

p = 0.010 (1933) and 0.019 (48-67). The figure for the
thirties is no more than a suggested value since
rough fitting over 1926-45 gave 0.028, yet over 1926-35

the value was -0.039.

a, = 0.009, a,6 = 0.12, ay = 1.0 (26-67), slightly modified

(10)

2

from Phillips'values (in appropriate units) for
Canadian data.

The law represents however no more than a trend and is probably

one of the weakest points of the model.

s = 0.50 (26-67).

The unit of the real variables K, I, Y and C was
taken to be billion (109) dollars at 1957 price levels. Total
capital stock K was taken as the value given by capital

consumption divided by depreciation rate §, although this inter-
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pretation may be in.doubt in the recession period. The inaccessible
or unmeasured state variables Xl, XB, and X9 were estimated from
estimates of the previous investment growth (equatioris 11 and 13) and

the price equation (22). Other state variables were available from

national accounting data.

It should perhaps be mentioned that in attempting to develop
and use a more realistic aggregated model it is anticipated that
recursive statistical nonlinear estimation procedures would be
adopted for -parameter estima;ion and treatment of inaccessible state

variables.(lg’zo)'

3. COMPUTATION OF THE CONTROL POLICIES

3.1 Numerical Techniques

The set of equations (31) correspond to those in appendix
1 and equation (32) denotes tﬁe equivalent of that set for discrete
intervals of time. Optimal control is defined to be u(k) (k = 1,2,...N)
which minimizes the performance criterjon (34), now written as

§-1
v, = 3 ik x®), g(k)] + x.[u, l(N)] (35)

k=1
where r =1. The last term is different because u(N) would be

effective only outside the range of summation.

The problem is now in a form suitable for formal solution
either by Dynamic Programming or the Discrete Maximum Principle.
Since the state equations are nonlinear and the criterion (34).is
non-éuadratic 3 closed-form solution is not available and numerical
iterative procedures must be employed. A simple first order gradient
method in the function space u(k) was not used becausé exberience
‘has shown that final convergence.is often so slow that it is difficult

to know when to stop iterating and how closely the truncated sequence



"has approached the exact result. Methods which possess the property of
final second order convergence are consequently preferable.‘ One could "’
proceed in terms of the Maximum Principle and use a discrete version

of a second variation method(lk)

(15)

or, in terms of dynamic programming,
using Mayne's formulation. However, both these methods require
second partial derivatives of £ in equation (32) which, because
aﬁalytical expressions for f do not exist, would incur excessive
extra computing time. Noton's method(16) avoids using second
partial derivatives of f . but it does not give true second order
convergence. The method of conjugate gradients(17), has therefore
been applied to a first order expansion of dynamic programming; such
a procedure requires only first derivatives yet it yields finai
second order convergence in a finite number of steps. Note that no
c onstraints have been applied to the state or control vector.

The derivation of the numerical algorithms is not presented ;
here since it follows easily, given a familiarity with the method of
(18)

conjugate gradients for algebraic functions and Mayne's formulation

(15)

by dynamic programming The computing sequence is as follows,

where superscripts denote iteration number:
1. Minimize 'Vl(gé(k) +a 2}(k)) by a linear search in @ .
2. set utl) = ol 4 ple

3. Use subroutine S to produce G (j k)

4, Put

N-1 g

P e
gt KL f1 G,x
T N-1 s
. 6ty,Kn?

fwl. gui

5. o) = ¢ + 88 0 aud return to #1.

for s controlling signals and (N-1) sub-intervals. The iterative
process is started by entering subroutine S with some arbitrary

gl(k) and using 81 = 0.
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Referring to the linear search, Vl(u) is computed from
equation (35) for different values of a . Increasing or decreasing
steps were taken until Vl(a) starts to increase; the minimum was
then located by quadratic interpolation through the last three points.
Other authors have used the gradients dVl/da to permit cubic
interpolation but, in the discrete-time case, computation ;f the gradient

is very expensive in terms of computer time.

Subroutine S provides the gradient functions G(j,k) =
3V1/3u(j,k). First gf(f) and é}(t) (for cubic interpolation) are generated
by integrating the state equations, given u(k), and stored every interval of
integration. The gradient fun;tions are then obtained by stepping the

following two sets of equations backwards from k = N- 1 to k = 1.

i o JHEE o
WG = RS DHGL KD ey e 12, m (6
i=1 "
ek = 28 L T ue e S He g 1 s (37
> au(j) iy ) au(j)s k| 36y oo

for m state equations, where W(i,N) = g ;(?; . It will be
observed that the partial derivatives afi/ 9x(j) and afilau(j)
are required. Because no analytical expressions are available

separate computations are required and it turns out that such operations

account for the majority of the computing time in the whole process.

Initially they were generated by perturbed numerical integrations of
the state equations for each sub-interval. The system under study is
howeve? highly nonlinear and inevitably such a clumsy procéduré gave
rise to a conflict in the choice of the magnitude of the perturbations.
Examples were found when the apparent 'optimum trajectory' depended

on the magnitude of such perturbations. A mo;e elegaﬂt procedure

was therefore derived for producing the summations in equations (36)

and (37) directly by the simultaneous integration of only (m +.s)

—_—
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equations (per sub-interval). The equations are tedious to derive and
complicated, since they involve the partial derivatives of the
state equations, but there was a threefold saving in computer time.

The analysis is given in appendix 2.

3.2 Illustrative Numerical Results

In order to appreciate the difficulties of obtaining
numerical results with this macro-economic model is is important to
o
realize that it is (a) a highly unstable system without control

a
6,7 ofhsimilar

(c.f. Phillips' and Bergstrom's analytical studies
linearized version) and (b) it is significantly nonlinear. The major
difficulties are associated with the sénsitivity of the money

wage rate to unemployment (equation 28). In the early stages of

the numerical iterative process,unemployment levels can approach

zero or even become negative. Equation (28) is clearly meaningless
in suéh cases and it was therefore modified. Specifically, for Un

less than 1 per cent a linear law replaced function (28) thch is

continuous in magnitude and gradient with that function at Un = 1.

A second modification was an approximation to an inequality state
space constraint. A(=X1) cannot be negative, otherwise it corresponds
to using capacity that does not exist. Therefore a term S3A(k)2
was added to criterion (34) where 53 =0 if A > 0 and 53 is
set to a suitably large number (e.g. 105) for negative values of 2 .

In other words, negative excursioﬁs are penalized so heavily that
only negligible overshoots occur in practice. In fact no such
negative values occurred in the final trajectories presented in this

paper. However, they did occur in other exarples and invariably at early

stages of the iterative process.

Referrring to those early stages,emphasis must be placed on

the desirability of a good 'priming trajectory', i.e. first approxi-
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mation to the control sequences u,(k) and u,(k). Due to the in-
herent instability of the system the computations often could not

even be started without some adjustmégg of the controlling variables.
Otherwise meaningless values, such a; negative national income, might
occur with a resultant stoppage in computer subroutines. One approach
is to linearize the state equations and, with a second ord;r expansi;n
of function (34), use the easily calculated linear control law from
dynamic programming. Alternatively one might try a sort of

'flooding technique' in which large numbers of trial.traBectories

are computed approximately for a family of functionsfor wu(k) (say
exponentials). The first proposal was rejected due to the non-
linearities of the system. The second was tried and rejected as being
unworkable with an unstable set of equations. The following approach
was found most reliable. Using a coarse intefval of integtatioﬂ for
fast approximate results, a small number of iterations are carried out
for a number of sub-intervals, sufficiently small so that instability
is not troublesome. The number of snk-intérvals is then increased

and more iterations carried out and so on. In other words, the
optimization interval is increased in steps, the computer programe
being written to step automatically of course. Once the full number
of sub-intervals is in use a much 14rger number of iterations is employed,
depending on the rate of convergence, and with a refined interval

of integration.

Two examples of convergence are shown in figure 1 whére the

magnitude V.: of the performance criterion is plotted‘against

1
number of iterations with the full number of subintervals. There
were ten subintervals (corresponding to a period of five yearé»in the

model) so that, with two ¢ mtrolling signals, final convergence should

Discontinuities correspond to re-started computations.
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(18)

occur in 20 iterations , i.e. when the trajectory is near'enough to
the optimum for the validity of a second order expansion of Vl.

There are two causes for concern in accepting such results as 'optimal',
(a) only a necessary condition for relative minima is in use and

(b) uncertainty that no further reduction in Vl can be achieved

by ‘more iterations. As a form of check on relative versus absolute

minimality, once one tra&ectory had been computed, the priming

trajectory was changed considerably and yet, by manipulation of uy
and Uy, kept within reasonable bounds. No examples were found of
other local minima. The second difficulty of final convergence is
probably more cause for concern due to the slow rate of coavergence,
e.g. fig. 1. Trajectories were therefore accepted finally only after
V, had remained constant to a significant number of decimal digits

1
for at least S(N-1) iterations. Fletcher and Reeves(ls)

adopted the
same criterion in their work on function minimization. Nevertheless
some doubt still remains since the iterative process was found to

be very dependent on the accuracy of the gradient functions and
interpolation from the stored trajectory. On the other hand, only

very slight changes occurred in the computed trajectories for the

last fifty iteratioms.

All computing was carried out on the University of Waterloo
IBM Computer, Systems 360/Model 75 using a WATFOR compiler;
WATFOR is a subset of FORTRAN with slower execution time but much
fo . ter compile time and more elaborate error diagnostics. The compiled
program required approximately 22,000 words of storage and typically
6,000 double words were assigned for nuﬁber storage in double
precision (14 decimal digits). As an example of computing time
with 10 optimization sub-intervals spanned by 20 steps of fourth

order Runge-Kutta numerical integration, the average tin ' per iteration
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was 5.4 seconds. At a late stage of the work however the program

was compiled in Fortran-G resulting in a threefold improvement

in execution time.

Attention is now turned again to the exercise in a macro-economics.
Reference to accounting data was made in section 2.3 for the estimation
of parameters. However four parameters remcin (Tl, TZ’ o and Y) that

can be estimateé'only by a major study of attempting to fit the
interacting model equations to accounting data. Such a study is

beyond the scope of this exercise and consequently one must accept
merely illustrative values that have only the correct order of magnitude.
For example, the time constant T1 in double investment lag (the 'double’
being little more than a guess) was set at 0.5 year from such qualita-
tive hints as 'monetary controls since the war have required from

six to nine months to produce a change in the direction of ease and

(21) T2 is suggested

a further six months for their maximum effect’.
as the order of 2 years, i.e. the memory time constant of entrépreneurs
in anticipating the future growth rate. There is however, one condition
which helps to fix ¢ and Y, namely a steady state condition for a

growth rate k from equations (20) and (24).

ok + YRm + G1/K =k ; (38)

Insertion of numerical quantities for 1933 and 1963, with a typical
real long-term interest rate of 3 per cent in R", suggest that @ = 0.5 and
Y = 0.1 should be repfesentative values. Such values have been adopted

for the results presented belov.

Finally,‘although they are not part of the model, the weighting

parameters S1 and S2 of criterion (34) have to be adjusted and the

social discounting time ccustant T3 set. In principle these are
to be chosen by government policy, or at least some federal agency,

but in practice such decisions would not be taken without seeing the
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effects of differen; weightings. In these computations Ta.hqs been

set at 10 years; slnce.fesults only for ;n optimization interval of

5 years are presented; the discounting for later years is therefore only
slight. Referring to the terms in (34),depending on price increases

and unemployment, it turns out that the rate of increase of prices

is approximated by the rate of increase of monéy wages. However,

the latter is a function<of the unemployment (through equation 28)

and consequently in this model both terms are probably superflous.

C(17) and C(18) have been set by trial-and-error to yield 'acceptable’

behaviour of an economy.

It has been mentioned that parameters and initial conditions have
been set to c;rréipond roughly to the Canadian economy in 1933°
and 1963 respectively. One should not expect however much correspond-
ence and any comparison of computed and actual behaviour is not very
meaningful for the following reasons: (a) The model has not been
confirmed by econometric studies. (b) It has obvious simplificatioms
such as no foreign trade. (c) Crucial growth paranzters are p
(technical “progress or the growth rate of real output per unit labour)
and p (the rate of intrease of the labour force). Long term average
values ha;e beeﬁ used, yet these parameters vary considerably over
a few years. For example, for the 1963-68 illustration p = 0.019
whereas the Canadi#n productivity growth rate was 2.7 per cent per
aannum between 1960 and 66 but 1.2‘pgt cent per annum between 1963

and 67 (trailing.alarmipgly incidentally all the industrialized

nations). Setting parameters for the 1933-38 interyal is especially

uncertain; for example the growth rate of' real national net income
Y between 1933 and 38 was 8.9 per cent per annum but such a value
must be much higher than that for steady growth,-i.e. there was a lot

of unused capacity in 1933. In examining growth rates of Y and real
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total consumption C, it is therefore more meaningful to compare them to
the values for sustained exponential growth as determined by the set

numerical values in the model, viz.

(p+ u) = 0.021 (1933-38)
:>' " (39)

(p+ n) = 0.041 (1963-68)
Such rates are to be compared with the following initial values that
were adopted for illustrative purposes:

growth rate expected by entrepreneurs, x3 = 0.001 (1933)
" 0.061 (1963)

actual growth rate of capital, X5 =-0,018 (1933)

H 0.041 (1963)

Four sets of results are presented in figures 2, 3, 4, and 5,
two starting in 1933 and two in 1963. It is observed that a fivefold
change in the weighting parameter on unemployment has been implemented
to illustrate (a) “how such parameters need be set only approximately
and (b) how trial-and-error computations along these lines permit
the setting of the weighting parameters depéndent on permissible
levels of uncmployment. xlO shows changes of the composite
taxation variable as a proportion of the national income (equation 19).
In examining r, recall that it is the real interest rate (money
rate less expected rate of increase of the price level).: Nevertheless,
the simplicity and limitations of the model become evident from the
computed changes of r, according to monetary policy, since large
variations are suggested. Following the ebservation in section 2.1
above equation (31), the coavention has been adopted of interpreting
real interest rates greater than 7 per cent as equivalent to a
reduction in goverament investment per unit capital; they have been
plotted (in broken lines) as such, as a proportion of the initial

values. The huge changes suggest perhaps that Y was chosen too small.
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Referring to figs. 2 and 3 for 1933 there is apparent1y 1ittle
difficulty (with this model) in overcoming the recession; the under
capacity of 78 per cent is rapidly taken up and initially the
taxation is reduced. Subsequently the total planned investment is
eased off (by high interest rates and reduced government investment)
to_keep prices in check. Significant regulation by means of taxation
is also indicated. Figs. 3 and 4 correspond to the 1963 case in
which approximately 91 per cent of the capacity is supposed to be
in use and investment reflects over optimism of the entrepreneurs.
Adjustment for this 'boom' situation is largely in terms of an early
steep rise in the interest rate (and cut-back in goverument investment)

with only slight changes in the taxation level.
4. CONCLUSIONS

It will be appreciated that the objective of this study was
merely introductory, to examine how useful might be the tools of
modern control tgeoty in macro-economics. The feasibility of (at
least deterministic) computat’ons has been illustrated but it has
served only to underline what work must be done before any policy
decisions might be taken in conjunction with an aggregated economic
model. So much work has to be done to confirm relationships and
fit parameters; the recursive techniques for nonlinear state
estimation certainly appear highly relevant for such work. Some
additions to the model are obvious and present little difficulty, e.g.
foreign trade. Penalties on rates of increase of the price level
then become more meaningful and international effects oﬁ the interest

rate are also essential, especially for Canada in terms of U.S.

rates of intccest. Stochastic inputs to the system seem then

inevitable. For this reason, and because some parameters will vary

in a more-or-less random manner, there seems almost unlimited scope
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for applying approximations to adaptive stochastic control. Strategies
for implementing f£iscal and monetary control, in terms of the current
and past data, would then emerge, i.e. closed-loop control instead

of the open-loop control of the deterministic situation in this

paper. Only after such researches could one hope to throw light

on some of the long-standing controversies of economists, s;ch as

the relative merits of fiscal versus monetary policy.
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7. APPENDICES

7.1 Equations of the Model

Auxiliary equations:

Y = (XX + C )/ (s + X)) 2
0 = 100(1-% ePt/l

n o

Y -(&+ Xl)t

-t(Y +8X )+ v Xse
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State equations:
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Xy = [Aa/((s + X, 0)Y) - x3] I,

XA = [ax3 + '+ y(v-§ -1~ cX7Lue-pt/P) - Xa] /T1

== X

T -pt -
X TLue {6+ Xl)X6 + LAAC
. g
X X7(—a1 + &, Ln 3)

R B & e Ui

i S+ X, -p)
A A ee > ¥

g 1
10555
e - S

7.2 Generation of Partial Derivatives of the State Trancition Equations

As mentioned abov:o, partial derivatives ol the nonlinear functions
f; (4 = 1,2,...m) arve not readily available. Consider fiist order
variations about a nominal trajectory and let all partial derivatives

be evaluated on that trajectory. From equations (31)



70

m s :
sk, = I bx 26 fox, + 3 Auja¢i/auj (40)
j=1 J=1

A set of adjoint variables z; (1 =1,2, ... m) are introduced

defined by
3¢ 1
% = - I z i/3x
L ek i i (41)
Puc bij = 3«1)1/2):(:l anq cij = 3¢i/3uj, then manipulation leads to
POy m s
—— CT A% )~ L% e G (42)
dt =1 i1 4=1 i =1 - 5 S, .
or
m : m kh m s
I z (k+l)Ax,(k+l) = Lz (k)Ax, (k) + / £ z, I e, Au.dt
o1 1 3 TR LR S i T i S O
= (43)

where t = (k-1)h and Axi(c) = ox (k).

The definition of the adjoint variables is completed with the

boundary conditions

zi(k+1) = W(i, kt+l) (44)
Then
kh m s m m
¥ Iz, Lc,,dt Au, + T z (k)ax, (k) = I W(i,k+1)ax, (k+1)
(-1)h 4=1t ge1 M > S £ i=1 :
(45)
Therefore
L E .
z, (k) = L WEL,k+1)af fox. 53 =12, ... m (46)
2 &
i=1
kh m m
! £ oz (L) c,. (t)dt = E-N(E BEL)OT fou s =2 o8
(xk-1) =1+ H i=1 i3
(47)
Defire an additional s variables by
2 m
A W O e - AL n e L el (48)
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where zm+j(k+1)m= 0, then

z (k) = z
] =1

W(i,k+1) afi/éuj e Wi e e (49)
Thus, for each sub-interval, simultaneous integration in reverse time
of the variables zy (i, 1,2, ... m + s) provides the required summations

(directly) of the partial derivatives of the state transition

equations.
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INFORMATION SYSTEMS DESIGN FOR
: BUSINESS APPLICATIONS
Ralph R. Duersch
General Electric Company

Schenectady, New York 12305
U.S.A.

1) Introduction

The purpose of this paper is to describe an approach to the design
of information systems for business applications beginning with the just-
ification for such a system and ending just prior to the task of determin-
ing the proper hardware for the system. This report intentionally stress-
es the work that has to be performed prior to the selection of hardware
because this is the area in the past that has been frequently neglected.
Before proceeding to define what is meant by an information system, it
should be stressed that such a system is never static. Minor changes
occur continually in the process of managing a business and are executed
within the organizational framework. However, if more significant
changes occur because of competitive efforts or other factors, more dras-
tic changes may have to be made. Thus if it becomes necessary for manage-
ment to change its organization of doing business, the information system
should also change, and the question should periodically be asked whether
the information system still performs its intended purpose and if necess-
ary it should be brought up to date. Thus it is important that the infor-
mation system is designed with future changes in mind. The design approach
described in this report centers around the information flow and an analy-
sis of the interactions or couplings between the various functional elem-

encs existing in the business.

The existence of information systems as we know them today has been
made possible by the capabilities of digital computers. Since the utiliz-
ation of computers by industry started about 15 years ago it has seen app-
roximately a 20 percent growth per year until presently there are about
40,000 installations in the United States alone. Parallel with this dram-
atic increase in the utilization of data processing equipment has been a
progression of applications. lnitially business applications were center-
ed around payroll, invoicing and general accounting. This was followed by
the development of personnel systems, inventory and production control
systems and similar more complicated systems. Most recently programs have
been installed to do business forecasting, investment planning and budget-

ing. Even more comprehensive information systems are likely to be designed
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in the future. The need for more powerful models, more comprehensive data
bases, faster hardware, etc., to provide the additional capability for the
simulation of planning and decision-making situations will become evident
as management explores the capability of information systems to weigh alt-
ernatives, explore the effects of modified assumptions and to obtain the

information needed for timely and accurate decisions.

i!) Discussion Of Information Systems

Definition Of An information System

In order to talk about information systems in general, it would be
nice to have a definition for such a system. However, such a definition
is not easy and there is no agresement as to which of the many possible de-
finitions should be used. How all-encompassing such a definition is de-
pends on the perspective or the goals and purposes of the user. One use-

ful definition is as follows:

An information system provides management with the information
it requires to monitor progress, measure performance, detect
trends, evaluate alternatives, make decisions, and to take

corrective action.

This definition is very similar to the definitions one might select for
management information systems. Certainly, a system could have as its
purpose to provide information to top management for planning or decision
making; it could furnish information to the functional division of a comp-
any, such as finance, manufacturing, marketing, etc., for the operation of
the business; or it could be used to supply information to middle manage-
ment to determine the detal] status of the operation for purposes of daily

control.

It might be helpful to give examples illustrating what is not con-
sidered to be an information system. It is not a report generator which,
backed up by files of data, provides part of these datz to various members
of management. it is not a collectiocn of programs which in aggregate pro-
duces all the reports requested. It is more than these. It is a closed
toop system in which management closes the 1oop when acting on information
received. There are conceivably many loops which are closed by management
as indicated in Fig. 1 each of them capable of providing stability to the
operation of the business. There is a structural similarity between the
management functions of planning, organizing, integrating, measuring and

control, and the conventional adaptive control system block diagiram.
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Characteristics Of An Information System

An information system generally consists of at least four parts as
indicated in Fig. 2, showing the part of the system which might be compu-
terized: :

. The supervisory program.
. The data base.

w N -

. The model base.

4. The reporting system.

The first of these parts contains the command and control programs.
As the name implies these programs manage the operation of the system.
That is, they control the input, update and retrieval of the data in the
data base, and they execute the programs which are necessary to transform
data into information and finally cause this to be the output of a parti-
cular report. The data base is the complete set of data in this system,
arranged in a meaningful structure in files which often follow functional
lines. This part of the system is a very fundamental part but it is only
onz of the four parts which make up the total system.

The model base of the information system contains the simulation
modeis which are used by management or by the operating functions to find
possible best solutions and obtain answers to the 'what if'' question.

These models are management analogs in that-they describe the real system
as visualized by the manager who is responsible for that particular opera-
tion. This model base also contains the procedures and the equations to
execute inventory control, project control, tc determine personnel require-

ments, to do scheduling or forecasting, etc.

The reporting system represents the output function of the system.
Its purpose is to present the information requested by the user. As the
need is established for certain output, the form and format of the presen-
tation should also be estabiished. The most often used forms of output
are paper reports (sent via mail or teletype}, visual displays (CRT's) or
oral communications. The formats are largeily chosen by the recipient but
the usefulness of graphs supplementing or even replacing tabular outputs

chouid be cousidered.

Usefulness Of Information Systems

An information system is 5 system cdesignad for use by the manage -
ment and any justification should evaluate the benefits of a proposed sys-

tem to management. Since the system is to be used by mepagement, it is
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important for management to contribute its talents and support in all the
design phases. The decision to establish an information system, and the-
support to design the system must come from all levels of the management
structure. This cooperation between the management and the designers of
the information system must continue through all phases of the development.
While the information system analyst or designer can estab)ish the necce-
sary information flows and evaluate the system, they are not in a posit-
ion to define future organizational goals and objectives: With this in-
formation available, the.system structure may be chosen to accommodate
anticipated changes in the organization of the business. Thus management
contributions in the early phases of design is not only what information
will be required from the system, but an assessment of present and anti-
cipated performance of the dynamic entity which we call ''the business
enterprise''. The information system must be flexible enough to accommod -

ate these changes in the organizational structure.

The usefulness of an information system can be described by consider-
ing a number of areas:
A. Observation

I.QDeterminlng status.

2. Measuring progress.

3. Detecting trends.

L. Anticipating problems.

In these areas the issuance of reports makes it possible to determine the
status of all operating functions of the business. |If the performance
measures have heen set, and objectives or guidelines have been established,
the performance monitored can be measured against these and the informa-
tion conveyed to management. This will allow management to detect devel-
opments in the early stages and presEribe action accordingly, or it may be
used to make decisions automatically such as are made by an automatic in-
ventory ordering system given criteria of performance and rules of action.
It is also possible that trends may have been developed because of the
particular way performances are measured and it is then possible to change
the criteria in an adaptive sense. The anticipation of problems should be
possible far enough in advance so that it'is possible to take corrective
action in time. This is one important goal of the information system. An
example of the last point is the use of the PERT scheduling system where
bottlenecks are detected in advance and can be constantly watched to guard

against non-recoverable delays.
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B. Control

An information system can be used to:
1. Provide accurate and timely information,
2. Provide for stable systems operation.
3. Make closed loop systems possible.

In each of these points the reporting function is one link of the total
system which makes it possible to establish a closed loop operation. In
this connection, it should be pointed out that just as the PERT system
only points to the possible trouble spots and does not take actions to
relieve these, an information system only provides the information reques-
ted but it is management that closes the loop of the system by acting on
the information.

C. Analysis

Part of the information system may be used to:

1. Explore alternative approaches. .

2. Find best solutions.

3. Test effects of strategy.
The functions served by the system in this area address themselves to the
exploration of alternatives and to the long range planning responsibility.
The system will make it possible to obtain answers to the question 'what
if'' so often asked by management. As such analysis can provide predictive
information sc that quantitative answers with statistical information in-
dicated, can be supplied for various alternatives that are worthy of con-
sideration. This makes it possible to change factors, constraints, and
other assumptions in a proposed course of action and to re-evaluate the

consequences of this action so that the best course may be selected.

Justification to Establish An Information System

Competitive pressures today require 2 more rapid response to changes

in the marketplace and have forced the trend to develop more sophisticated

* Information systems. In the past, for applications which were-essentially
conversions from a manually operated system, it was possible to determine

the benafits of a system by calculating the cost-savings in personnel. As
more sophisticated information systems were designed justification became
more difficult because not ali benefits could be assigned monetary value,
and the more scphisticated the system, the fewer the direct cost savings

and the more numerous the indirect benefits appeared to become.

In order to get a reasonable answer to this question, a feasibiiity
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study is often undertaken. This in many cases means the examination of
the existing system, an extrapolation of future needs and an analysis of -
these needs in terms of information systems requirements. Since so much
of the answer to the feasibility study depends on the business's own
position and its particular environment, no general answer is possible.

It is necessary to be able to evaluate the consequences of planned manage-
ment action in the future at the time the feasibility study is undertaken,
since this will determine possible future changes or extensions of the
system in existence today. The criteria involved in the justification

of the information system is frequently a value/cost comparison in which
value and cost, as a function of time, are determined for two or more alt-
ernatives. Thus it is important to have management's cooperation even at

this early stage of the design.

In addition to future plans, a number of aspects may be suggested for
your consideration:
1. Growth rates of the information to be handled.
. Performance in terms of response time.
. Speed of data available.

. Customer service improvement.

. Communications between source and recipient.

. Uniformity of data available.

2
3
4
5. Decreased cost of providing needed information.
6
7
8

. Quality of data entered.

Problems In System Development

The development of information systems began historically with the
establishment of certain information being generated for a specific pur-
pose. Let us assume this took the form of a computer program which solved
a problem for a particular unit in the organization structure. This was
the beginning of an avalanche of programs, each of which satisfied a part-
icular need. As the applications became more complex, it became more
difficult to forecast direct benefits of these applications and conseq-
uently, it became more difficult to justify establishment of such an appli-
cation to management. Accompanying the progression of applications was a

series of problems:

1. Lack of flexibilities to meet new demands.
2. Increased cost. Every change in hardware and most changes in
organization brought about the necessities for creating larger

programming staff and continual rework of programs.
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3. Most programs were written in small packages and there was

no overall planning.

As time went on the amount of data increased rapidly with time.

The hardware capability grew, but management's use of data leveled off and
even decreased. The result of this unplanned deslgn-was a generally inef-
ficient system with much redundancy in data collection. Moreover, the
usua[ practice of implementation by organizational units made it necessary
for each department to collect, organize and store, large quantities of
data which were often duplicated and inconsistent with the data collected
by other organizational units.

Data existing in a system are isolated facts which do not have any
meaning by themselves until they are related to other facts in a meaning-
ful manner. There are a number of steps in going from raw data to inform-
ation:

Data available.
Data recorded.
Data manipulated.

Data reported.

Vi & W N —-

Data transformed into information requested.

These five steps imply selectivity and transformation from the data
to information. As these transformations are applied to the data, improve-
ments are obtained. As shown in Fig. 3 where we suggest the transformat-
ion of data into information, and in Fig. 4 which shows the iterative loop
in the design of information systems, one can see that there is no depend-
ence on hardware in the design process until the last stage of that process
is reached. Only then is it important to draw the conclusions relating to
hardware. Unfortunately, the deslgniof_a system, if carried out at all,
in the past has been largely determined by the hardware considerations
that were often suggested by the manufacturer's sales and applications
personnel. Until the implementation stage is reached, therefore, it may
be immaterial whether the system will be. computer oriented or turn out to

be a manual system.

111) Steps In The Information Systems Design

The development of an information system should start by considering
what is already available. This generally seems to make more sense than
to try to start without taking into account the already available system.
Because of the flexibility of the organization structure and its proneness

to periodic changes, one of the recommendations in this report is the
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tie-in of any information system with the functional elements in the
system instead of the organizational elements. These elements, manufact-
uring, marketing, engineering, etc., do not usually change drastically in
an organization except that they may expand. Organization of the informa-
tion system around other lines, such as a product line structure or geo-
graphic divisions, does not offer security from system obsolescence because

of change in the organizational structure.

Definition Of An Information System

The initial analysis should try to establish all goals to be achieved
with this information system so that it is possible to outline the long-
range objectives of the entire system, although the total system may not
be implemented immediately. In order to establish this broad outline for
the information system it is necessary that a team from all the functions
involved and someone who has broad corporate views is present. This in-
sures the support from the corporate level as well as the functional level
and makes it possible to incorporate the long term view into the design of
the system.

The development of an information system as shown in Fig. 4 may be
broken down into the two initial steps:

1. Documentation of existing systems.
2. Determination of information requirements.

Following the initial steps is the development of specifications of per-
formance required and the corresponding system performance necessary.
Once this is accomplished the design of the system can begin, followed by
the actual implementation. In this procedure, each step logically fol-
lows the one preceding and can be accomplished one step at a time. This
allows timely spacing of these steps in recognition of possible resource
limitations. It therefore permits the planning of the resources alloca-
ted to the design of the informatjon system according to the constraints
present. It also allows interrupticns and delays which may be necessary
to satisfy priorities demanded by business conditions.

Analyzing and documenting an existing system can be accomplished by
means of three aids:
1. The interview.
2. The flow diagram.
3. Analysis of document.

An accurate flow diagram reflects the actual sequence of steps in which the
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data and information flows through the system. A helpful addition to this
diagram is the name of the function (department) involved, and the time
(and cost) required to do each of these steps. This then establishes a
good road map along which it is possible to trace the information flow.
Fig. 5 shows part of such an information flow diagram for a Receiving/
Shipping Operation.

Along this road map of information flow are the positions of indivi-
duals who are acting on the system. It is important to find the inter=
action of each of these people with the system. That is, what are their
responsibilities and objectives? What information do they receive to
carry out their tasks? What requirements for information do these people
feel they have? And, how do these requirements relate to what they act-
ually receive? From this, the analyst must decide what are the actual
information requirements necessary to carry out the tasks assigned to.
them.

Finally, the mechanism for transmitting the information along the
road map must be explored. To do this, reports, forms and other docu-
ments are examined as are any oral communications that take place on an
informal or formal basis. It is also important to try to discover any re-
ports or other information, which exist but which are not a part of the
existing formal information system.

In order to outline some of the information which has to be uncov-

ered during this stage of the development, Fig. 6 is given.

Determination Of Information Flow Matrix

In order to effectively analyze the existing situation and for use
in the system to be designed, the information flow can be depicted in a
matrix which has as its rows the different functions in the organization
which play a role in the flow of information and has as its columns the
documents or reports and other communications which are used to transmit
the information between the different functions listed. This matrix may
be called the information flow matrix since it identifies and aids in the
understanding of the information flow. At this point in the analysis, it
is possible to propose changes in the existing system to take care of
existing bottlenecks which may have been the cause of the consideration of
a new information system. If such bottlenecks can be hncovered. this
would be the first tangible evidence of benefit from the new information
systems design effort. A skeleton of such a flow matrix is shown on

Fig. 7. This matrix may be expanded in terms of additional columns or by
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replacing each document by all the data elements which it contains, if

more than one functional area contributes to a document.

The next step in the development of an information system is the
analysis of the information flow matrix in terms of the contribution of
the individual document to the goals and the obiectives of the informa-
tion system. in order to proceed from the study of the old information
system to the new system proposed, it is necessary to examine the funct-
ions represented by tne rows and determine the information requirements
for esach of these functions according to their responsibilities. The re-
quirements for data or information can then be entered into the appropri-
ate column. An analysis of the resulting information flow matrix will
then lead to groupings along functional lines and alsoc to groupings of the
data elements into reports. A benefit of this representation which is even
more significant is the determination of existing couplings between the

various functional elements through the flow of information.

Determination of Coupling

The information flow couples the various functional areas but the
coupling and its degree is often not obvious when a large information flow
matrix exist. In the implementation stages of the design it is important
tc know whether the information system can be separated into several sub-
systems and what the corresponding gain of such subdivision might be.
Such a coupling matrix can be created by first separating the information
flow matrix into a source matrix (S entries only) and a recipient matrix
(R entries only). To get the coupling matrix elements, we compare each
data element in a source matrix row with the corresponding element in the
recipient matrix row. We count the number of coincident entries and the
result will be an entry in the coupling matrix. Thus, for the matrix of

Fig. 7, the coupling matrix is given in Fig. 8.

The entries in this matrix show that, by rearranging, it is possible
to separate areas 3, 5 and 7 from 1, 2, 4 and S,Kand that these two groups
are independent from each other. While this subdivision could easily be
seen in this example, pértitionlng algorithms will normally be required to

accomplish this task.

If partitioning is not completely pdssiole, the number of entries
which are not part of the new sub-matrices will indicate where coupling
exists. Consequently the functional area which is represented by the
entry in the matrix will have to be a part of both systems. Of course, if

the quantity of data is not large and the hardware to store all data in
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one siﬁgle data base can be committed, and if the running times to gener-
ate the information from 2 single data base is not excessive, then there
is no reason to subdivide the data base. However, if these conditions are
not met it could be advantageous to separate the data base in two parts
and to accept the redundancy. In addition to the redundancy, added costs
and possible inconsistency should be watched.

Completion Of Desiagn

Iteration is one of the standard procedures in arriving at a suit-
able system design. Fig. 5 indicates the basic iteration which has to be
performed showing the complete loop. As a part of the iteration proced-
ure, there are subloops. Some of the subloops are shown in Fig. 9. This
figure shows that for each feasible arrangement of data, reports and func-
tiona! areas, an analysis can be carried out as described previously with
the results of each analysis compared against the others. This comparison
is done wich respect to the activities expected, the response time obtain-
able, and the size of the data base and other objectives. Given the act-
ivities and the requirements and objectives set by management, the perform-
ance specifications which must be met by the system (hardware and software
if computerized) can be developed and these specifications in turn will

place requirements and constraints on the implementation of the system.

At this point in the development of the system, it is entirely pos-
sible that the specifications cannot be realized despite the fact that
the information requests have been reasonable. This may be caused by in-
adequate existing hardware or because insufficient funds are available for
impiementation, etc. It may also be the case that no hardware which meets
the requirements is in existence. In any case, there may be a difference
between what is needed and what can Be obtained. Thus, modifications will
have tc be introduced in the objectives or the specifications or the re-
sources by iteration. During these iterations, a systematic way to docu-
ment the required activities is needed. The structure for such an activi-

ty record is snhown in Fig. 10.

If a satisfactory system design has finally evolved and the specifi-
cations arriveﬁ at have resulted in the selection of proper hardware and
software, the in-house system implementation can be begun. There are a
number of aspects to this implementation:

1. Staff Selection.
2. Program coding and documentation.

3. Training.
4. Testing.



86

Some consideration of the coding should be given:

a) To establish priorities for implementation of subprograms.
b) For standardization.
c) Providing a mechanism for review and for authorization of change.

With respect to documentation, it is advisable to adopt formal procedures
fcr maintenance and to enforce adherence, and to give special emphasis to
the maintenance of data base documentation.

Since the environment of the information system is constantly chang-
ing, an information system designed today is probably obsolete within a
few years unless constant effort is expended to keep the system as dynamic
as the business itself. Since the business is continually subject to the
pressures of its environment and adapting its mode of operation, the in-
formation system must also adapt. To prevent deterioration, the system
should be re-evaluated as follows:

1) Use predetermined performance measures which are keyed to system

objectives.

2) Include as benefits both cost reduction and increased performance
potential.

3) Conduct periodic re-evaluations of systems costs and benefits.

In addition to keeping pace with the business, the role of the in-
formation system is expected to expand especially in the area of long range
planning and decision making. This will mean more comprehensive simula-
tion of management analogs and the use of historical data. As experience
is gained with these techniques, their logical place will be in the infor-

mation system.

IV) Conclusions

This paper discussed the nature of information systems and described
the steps which must be taken to design an information system. To be a
viable system, careful consideration should be given to all aspects so
that the final design of the information system has the characteristics
discussed. As you can observe, the efforts to establish such a system are
considerable. The expense has been found to be of the same order of magni-
tude as that of acquiring the necessary hardware. The role of the control
engineer in establishing such a system has not been sufficiently recognized,
but future developments are likely to show that he will make valuable con-
tributions.
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The value of an information system is expected to become still great-
er, and its role more vital to management as the usefulness of models for
the information system is exploited. Using his experience in modeling of
physical systems, the engineer is in a good position to contribute to the
modeling and simulation of economic systems. This deveicpment will put
management in a far better position to make sound decisions than it has
ever been in the past.
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