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THE IMPACT OF COMPUTER DEVELOPMENT ON THE
TRAINING AND UTILIZATION OF ENGINEERS

Dr. Simon Ramo
Vice President Operations
Hughes Aircraft Company

(Abstract)

Computer development, in the broad sense of automatic intelligence
devices for military, business, and industrial applications may some day
be the greatest single user of engineers and scientists. Even today,
with this field in its infancy, the shortage of properly trained scientists
and engineers is the bottleneck.

This talk points out the technical difficulty of the new field and
the need for training engineers and scientists in new specialties in
oriler to progress rapidly and efficiently in the development.

Ultimately, the universities must turn out a new kind of doctor
whose studies include the physical sciences, with emphasis on electronics,
a study of the human brain, nature's example of a thinking machine, methods
and procedures in business and industry, and government and labor rules
and regulations., '

Industry must particularly avoid large programs until and unless
capable technical experts can be assigned to the problem. The field is
too difficult to be advanced by the average scientist and engineer.

The automatic intelligence field properly developed will pay off
several times over in the manpower that it uses. For each top technical
man assigned for a period of computer development today, the services
of scores of people can be spared during’ an equivalent later period.

From the standpoint of the nation's security, as well as to insure the
most rapid technical advances, it is Jjustificable to assign a substantial
part of the technical effort of this nation's scientific body to computer
development. This is a way to increase the nation's brainpower.’



FACTORS INFLUENCING THE EFFECTIVE USE
OF COMPUTERS

Dr. R. D. Huntoon
Chief, Corona Laboratories
National Bureau of Standards
Corona, California

(Notes on talk)

The second keynote address for the Western Computer Conference
was given by Dr. R. D. Huntoon, Director of the Corona, California,
Laboratories of the National Bureau of Standards (a center of activity
for work in guided missiles.)

Dr. Huntoon coined the word "psycho-numerosis" to describe the
problem of matching computing machines to the needs of research workers
and of industry. In his light-hearted but basically serious talk, he
suggested to the audience of 600 scientists that Darwin's theories be
applied to the evolution of "electronic brains'" as well as to living
ones =-- computing machines, in order to survive and prosper, must adapt
to their "enviromment."

Dr. Huntoon cautioned the group to beware of concentrating on new
machines to the neglect of proper training of people to use them, sug-
gesting that much more work is needed in ways of preparing mathematical
problems for machine solution.

Dr. Huntoon ended his address by stating that he would not draw
any conclusions but would only predict that in the computer art '"we
ain't seen nothing yet."



SCIENTIFIC MANPOWER PROBELEMS

Dr. Lee A. DuBridge
President
California Institute of Technology

(Summary)

There has been a great deal of discussion during recent years of
the problems arising from the shartage of scientists and engineers.
This is a serious problem but unfortunately it is also a complex one.
Hence there is confusion, both as to the facts and as to the remedies.
It is desirable, therefore, to be clear about what factors are affect-
ing the demand for scientists and engineers; what factors are influenc-
ing the supply; which of these various factors are long- and which are
short-term in nature and finally which remedies should be considered
for the short-term or the long-~-term problem.

The demand for scientists and engineers is affected by the follow=-
ing factors:

l. A long-term rise in the percentage of scientists and
engineers in the population required by an advancing
industrial society. Over the long term this demand
is growing and is growing in an ever-increasing rate.

2. Because of the complex nature of many of the insti-
tutions and agencies which operate in a complex
industrial society (large universities, large
industries and large government agencies, including
military agencies) scientists and engineers are being
called more and more into positions of direction and
management of such institutions or agencies.

3. Because of the general nature of the current world
situation there appears to be, over a substantial
period of years in the future, a necessity for a
high level of research and development directed
toward military problems.

4. Finally, the unusually large spurt in military
activity since 1950 has resulted in a large and
to some extent temporary bulge in the demand for
scientific and technical personnel.

The following are some of the factors which affect the supply of
new scientists and engineers:



1. There has been a long-term, steady increase in the
numbers of young men and women going in to science
and engineering. This rate of growth in recent
years has been, however, less than the rate of growth
of the demand.

2. During the last 30 years there has been a reduction
in emphasis in high schools on mathematics and the
physical sciences which has held down the growth in
numbers of students prepared to enter these fields
in college. )

3. The veteran program following World War II resulted
in a very large but very temporary increase in number
of students in the engineering field, an increase
which disappeared sharply in 1950-51.

L. The number of students now entering college is at a
temporary low point because of the low birth rate
of the 1930s . These numbers will slowly increase
‘over the next ten years.

5. The requirements of military service have withdrawn
substantial numbers of young men from the field
during or_following their period of education.

The measures which may be taken to remedy this situation, among
others, are the following:

A. Measures which will take immediate effect:

1. Make sure that each scientist or engineer in
education, industry and the military is being
used to the maximum effectiveness consistent
with his training and ability.

2. Provide the maximum in subprofessional assistance
and in research, development ar engineering
facilities to each scientist ar engineer to
increase his effectiveness., ‘

3. Adjust salary scales, particularly for the older
scientists and engineers, to prevent their being
attracted into nontechnical positions.

B. For the medium term (2 to 4 years)

l. Give subprofessional training at high school
or junior college levels to more young men
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and women to serve as draftsmen, technicians,
etc. to relieve scientists and engineers of
routine labors.

Stop the drafting or calling up as reserve
officiers those with scientific and engineering
training.

Examine the use of scientists and engineers in
the military services and adopt methods for
using them more effectively.

the long term:

Attract more able young men and women at the
high-school level into the scientific and
engineering field. This can be done by

(a) better counseling at the high-school
level,

(b) providing further information on the
opportunities in engineering to high-
school students,

(¢c) increasing salary scales to make careers
in science and engineering moire attractive.

Fducate the public to recognize the contributions
of science and engineering to modern society, to
the welfare of people, as well as to their
security, and thus increase the prestige of the
scientist and engineer and improve the public's
understanding of the value of his efforts.



NEW EQUATIONS FOR MANAGEMENT

Dr. J. E. Hobson
Director
Stanford Research Institute

Research produces needed facts. Men planning the course of today's
industry need facts. They need dimensional facts from the laboratory
and pilot plant; and they need facts on the human element in industry--
the customer5 the worker, and the executive,

A keen instinctive perception, an extensive background of personal
experiences, and techniques acquired through trial and error guided the
early leaders of industrial venture. In some instances these motivating
factors still work adequately and effectively. But as the processes and
operations of industry become increasingly complex and the requirements
of management increasingly exact, such personalized decisions find greater
difficulty in meeting the tests of competition.

The pencil must be sharpened, the blueprints for planning must be
more exact in detail, and the platforms of management must be made more
secure. Individual experiences and intuition arc zs important as ever——
necessary but not always sufficient. '

The words "new equations" when used with "management'" suggest that
there may be some new elements of equality or exactness in the function
of management--or at least some new conditions, new factors, problems,
or approaches in management's sphere of action. Certainly, the idea of
change is implicit.

One of the definitions of the word management is "the skillful use
of means to accomplish a purpose." "Skillful" and "means" indicate that
the role of management groups in industry is to use in a scientific
manner all available resources, methods, techniques, and facts to accomp=
lish some purpose--usually that of company growth and development.

A concept of "equation" is "a correction or evaluation due to any
varying source of error." In an industry setting, this implies that
management must skillfully correct, evaluate, and appraise the factors
and conditions at hand if it is to reduce errars to a minimum--errors
or changes that arise from varying sources. If management is to correct
and evaluate skillfully, adequate facts must be available on all of the
major problem areas with which industrial management is confronted.

Presumably, this equating process has been the function of management
since the days of the entrepreneur and the domestic system. However, the
phrase "new equations" introduces the thought that there has been, or



soon will be, a change in the tools or means at -hand--in the problems
management must face--in the facts or methods available or needed--in
the techniques through which it evaluates aor corrects--in the relative
preciseness of needed facts-—-or in the skill with which management can
isolate and reduce the probability of error in its decisions. :

If we scan the role of management as it has developed over the
years, we see that important new conditions, new factors, new problems,
and, in reality, new equations do appear from time to time in management.
This review shows that new factors in the management equation are now
emerging and that others will arise in the future. .

- In the days before the Industrial Revolution under the domestic
system in Europe, the task of management was a rather-simple one. An
organizer or entrepreneur distributed raw materials to workers in their
homes and collected the finished products. He owned the materials,
paid or bartered for the wark done, and took the risk of selling or
trading the products in a local market. Foreign commerce was in the
hands of a few merchants and mercantile groups. Transactions were of
the simplest sort. There were no complications in organization procedure,
little need for policies, little need for exactness, and little need
for orderly management processes. There were, in reality, no significant
factors in the management equation. A merchant or entrepreneur could
operate his business successfully with only those facts he collected
personally. This situation remained practically cénstant for about six
centuries. The small changes in technology had practically no effect
on the affairs of man. From the days of Homer down to the middle of
the 18th century, only three small improvements were made in the method
of making cloth. The rate of change in industrial affairs, as well as
in technology, throughout this period was insignificant.

Suddenly, however, at least two new and important factors in the -
management equation came into being. One of these was capital accumulated
over the years but for the most part lying idle in the hands of individ-
uvals. The other was a series of startling inventions which completely
changed the existing methods of industry. The first came in 1763 when
Hargreaves developed the spinning jenny. The steam engine appeared in
1782, the cotton gin in 1794, the process of making malleable iron cast-
ings in 1821, the Bessemer converter in 1855, and so on. Machinery was
substituted for hand tools in production. The factory system replaced
the domestic system. Large industrial organizations emerged. Although
the change was more evolutionary than revolutionary, we have, since the
days of Arnold Toynbee, known the period from around 1760 to about 1890
as the Industrial Revolution.

It was during this period that capital and technology were first
brought together. Available capital made possible the formation of
business and industrial arganizations to exploit the potentials of an
ever-increasing number of new inventions. It is significant, however,
that prior to 1900 the major factor in the management equation had to
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do with capital. Management was aware of the influence of technology,
but the underlying philosophy within industry generally was to follow
science, to promote the results achieved by the lone inventor, to capita-
lize on acclidental or unexpected inventions, and certainly not to stimu-
late the discovery of new products, processes, and industries through
organized research, Management was more concerned with the development
of financial empires, with extending the boundaries of our geographical
frontiers, and with company growth through various forms of financial
transactions.

Throughout most of this period of industrial development, the
mechanical factors of industry occupied the spotlight to thes detriment
(in many respects) of the human factor. The implications of this situa-
tion have indeed been far-reaching. The economic views of Marx and Engel
and the early socialists have been attributed by some to the declining
position of labor as one of the factors of production, and to the fact
that the human element in the management equation failed to gain equal
consideration to the machine in the workings and management of industry.
Most of the great captains of industry during the 19th century achieved
their prominence as eminent financiers, shrewd capitalists, or astute
organizers. It is on historical fact that many of the great industrial
decisions and managerial achievements during the latter half of the
previous century were firmly rooted in capital transactions, and certainly
not in the field of industrial relations, marketing, or even technology,
except secondarily.

Late in the 19th century a relatively dormant factor in the management
equation began to rise in importance. Management found its attention
being turned quite forcibly to the human element--labor. The famous .
Pullman strike was a portent of the changing times. The American Federation
of Labor was formed in 1886. The organization of labor increased during
the following years as mass production industries came into being. How-
ever, it was not until the mid-1930's that the labor movement gained
momentum with passage of the National Industrial Recovery Act and the
National Labor Relations Act. The collective bargaining idea and the
strength of orga.nized labor were accelerated after World War II to the
end that labor now has a major effect on the decisions of management.

In fact, most industrialists today view the problems arising in the
industrial relations fields as being among the more important and perhaps
the more difficult with which they deal. Certainly, there is no question
about industrial relations becoming one of the major problems areas of
modern industry.

Almost simultaneously with the rise of labor as a human factor in
the management equation, a transformation occurred in the role played by
technology and research. Until about the end of the 19th century, invention
remained for the most part an unorganized effort by individuals. Fdison
was one exception. Before most industrialists had given much though to
systematic efforts toward invention, Edison was keeping 75 men busy con-



ducting experiments and designing and building new electrical apparatus
'so that he could make the use of electricity practical. Edison was
perhaps the originator of the idea that new discoveries could be the
result of organized institutional research and experimentation,:and that
-through this approach technology could be a powerful tool in the hands

of industry. He believed that "genius is about 2% inspiration and 98%
perspiration." It has been said that Edison in his drive to develop a
storage battery conducted over ten thousand experiments. This approach—- -
organized creative work toward a definite goal--signalled the entrance of
an entirely new element in the management equation.

Industry in general did not at first appreciate the significance
of this new set of conditions. For about twenty years, the concept of
organized industrial research directed towards definite goals developed
slowly. It started with establishment of an applied research laboratory
by the General Electric Company in 1900. Fifteen years later there were
only about 100 industrial research laborataries in the United States.
However, by the end of the next fifteen-year period, i.e., by 1930, there
were over 1,600 laboratories. Industry was then spending well over 150
million dollars per year in the search for new products and processes
-and other forms of applied research. In addition, the government was
supporting research at the rate of at least 25 million dollars per year.
By 1940, the national budget for research and dévelopment had increased
to over 800 million dollars per year. Today, industry spends more than
a billion dollars each year on research, ard there are over 3,300 research
laboratories in industry employing more than 165,000 people. The nation,
industrial and government, is spending about §3, OO0,000,000 annually on
research this year.,

The rise of industrial research during the past thlrty years as a

- factor in the management equation was brought about, or at least was
accelerated, by a number of well planned actions outside of industry
itself. During the decade of the twenties, the National Research Council,
through its Division of Engineering, conducted an arganized promotional
program designed to show industry why it should support applied research
in its own interest. We are all familiar with the Council's Blue Book

of industrial research laboratories which was started early in its program.
Furthermore, the Department of.Commerce, ‘under Mr. Hoover'!s Secretaryship,
began a ‘long-term effort to encourage American industry to engage in and
support applied research. One other major development should be mentioned.
The first independent non-profit organization set up to provide research
services to industry, the Mellon Research Foundation, came into being in
1915. It was followed by Battelle, Armour, Franklin, and Midwest, formed
since World War II. The point has beenreached where research and develop-
ment now ranks along with the traditional fields of production, marketing,
personnel, and finance as the major functional parts of a corporation--
especially those in the technologically based industries. Industry in
general no longer questions the need for organized research. Its big
problem is to determine which of many promising research projects should
be undertaken, and how to finance those projects--a problem of selecting



among alternatives--not one of deciding against the inevitable. This
suggests that the facts management must evaluate in each case are not
alone the facts of science, but rather a blending of both economic and
technical facts.

While the labor and research factors in the management equation
were assuming increasing importance during the first half of this century,
the rate of change in the production factor was also accelerated. This
change was most noticeable in the growth of mass production concepts
and techniques. It was hastened by the work of such men as Frederick Taylor,
the Gilbreths, and Gantt, who developed the concept of "scientific mana-
gement," designed to provide management with facts it needed on complex
production dperations. The public marvelled at the idea of mass production
and lower costs as Henry Ford began to turn out automobiles in a matter
of hours instead of weeks. The use of automatic machinery resulted in
tremendous increases in productivity per man. Special purpose production
tools of all sorts gradually replaced general purpose equipment on the
country's production lines. In reality, the economic concept for which
America is best known throughout the world came into being--the idea of
meass production, lower unit profits, lower prices, mass consumption,
higher wages, and generally speaking, higher net profits. The trend
still continues--and in fact may be entering a new stage with the wider
use of automatic factory techniques, electronic instrumentation of many
types, the use of nuclear energy for peacetime purposes, and various new
production techniques. Advancing technology in many scientific fields
has made production a highly techlnical endeavor. Indeed, many of today's
production plants appear at first glance more like giant laboratories than
mass producing units. Still another important transformation in the
management equation began to develop during the past half century. This,
development is, in fact, still moving ahead with great force, and there
are many who have called it a "revolution" to emphasize the significance
and the rapldity of the changes that are coming. This factor in the
management equation is.the concept of marketing, or, as it is sometimes
called, "complete distribution." As our nation's factories increased
the flow of both producer and consumer goods, it became apparent that
management 's thinking on marketing had to be changed from one of "order
taking" to one of aggressive selling to the mass market. Some of the
great names in business over the last few decades are to be found there
because of aggressiveness in the distribution field--men like F. W. Woolworth,
the Hartfords of A & P, J. C. Penney, Patterson of National Cash Register,
Rowe and Mills who developed the vending machine, Shields with his automats,
Thomas J. Watson of IBM, and many others. The roles of advertising, public
relations, and community relations all found their way quite naturally in
the ever-increasing pressure for greater and more efficient distribution of
industry's products. This marketing revolution brought with it a new need
for an organized approach to fact-finding--economic and market research.
The idea developed slowly--first in the eastern part of our country, then
in the West. As industry has become more and more complex from a tech-
nological standpoint, the research functions in economics and in the physical
sciences and engineering have inevitably been brought closer together.
The resultlng approach is now known in some quarters as "techno-economics."
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Superimposed on all of these industrial developments over the last
few decades in production, research, marketing, and human relations is
another significant factor in the management equation-—government. To
a considerable extent our nation followed somewhat of a laissez-~faire
policy toward the business community until about the end of the Industrial
Revolution. Shortly before the end of the last century, the Interstate
Commerce Act and the Sherman Antitrust Act came into being and almost
immediately had a major impact upon the deliberations of industrial
management. Dissolution of the Standard Oil Trust, the Supreme Court's
Rule of Reason, the Steel Decision, the Aluminum Company Case, price
controls, wage stabilization, and the complex tax laws, to give only a
few examples, bring to mind the disturbing conflict between government
and business which must be encompassed by today's management. The legal
questions mount as time goes on-—presenting management with an ever-in-
creasing mass of problems. Intermingled with these legal problems,
brought on in large part by government, as a matter of "economic policy,
are those arising directly from questions of national security--defense
production, amortization of facilities, allocation of materials, and
restriction of output for civilian markets.

As these developments have occurred, management has been presented
at each turn with new and extended equations through which it corrects
and evaluates in order to produce those decisions upon which industrial
progress is based. At the same time, a fundamental change has occurred
in management itself. This change was first called to our attention
about twenty-five years ago. As the size, complexity, and scope of
industrial operations increased, there developed gradually -a wholesale
separation between management and ownership in much the same sense that
labor and management divided at the beginning of the Industrial Revolution.
Earlier in this century there were many large closed corporations presided
over by men who not only held complete ownership, but who also in many
cases had founded the original operation. With the ever-increasing
demands for capital brought on by new technical developments, anmd with
the rise of the investment banker, wide stock ownership began to replace
private corporate holdings. The result was that management, instead of
being the sole owner, became the servant of the corporate body; i.e.,
managers became professional administrators. Gone are the days when
one man, such as the late Henry Ford, will personally hold the ownership
over a vast industrial empire. We even hear now of the possibility that
Ford Motor Company stock may before long be traded on the nation's stock
exchanges, Perhaps, this separation of management and ownership has not
presented a new factor for the management equation, but it certainly
has brought about fundamental changes in the setting in which facts must
be evaluated by management.

It would be difficult to attempt even a brief listing of all factors
in the management equation. This would mean a recital of all the problem
areas with which management is concerned. Even if such a listing were
possible, it might be out-of-date when completed. Management in many
ways is more concerned with the problems of tomorrow than it is with
the problems of today. It must foresee the foreseeable, meet the un-



foreseeable with alternatives, lead not follow--and, in the final analysis,
must steer the enterprise to further growth and development whatever the
future may hold. The task is not an easy one. Industrial life in our
country grows more intricate with each passing day. The intermingling

of technology, economics, human motivations and incentives, and other
factors in the management equation compount management's problem of
evaluation, correction, and appraisal. It is more difficult to reduce

or remove errors in decisions.  The need for precision in the facts with
which management deals is greater than ever before, and there is every
reason to expect that this need will increase in the future.

Some of the new problems confronting management are intimately
associated with science and engineering, but, as always, the decisions
are founded on economics with adequate consideration for the human ele-
ment. In manufacturing, we are experiencing a move to an advanced stage
of mass production--~the automatic factory. New types of instrumentation
and devices of all sorts are being created to produce more complex pro-
ducts in greater quantities at lower cost. HXlectronic units with memory
components are being adapted to the operation and control of machines
both singly amnd in groups. Automatic process control -is the order of
the day. . At every turn, management is seeking ways and means to reduce
the human element in the production of goods and at the same time to
perform production functions never before possible.

In research and development, the emphasis is on new and vastly
superior products, on product diversification, on planning ahead to
insure industry's future ten, twenty, or twenty-five years hence. The
drive for technical supremacy within industry is accelerating, and the
frontiers have never been so vast.

In marketing, management is seeking more than ever to anticipate
the market, to know more about its customers! needs and motivations than
they know themselves, to guide research and development to meet predeter-
mined needs of the market, and to achieve complete distribution of an
ever-increasing flow. of new products. The economist, the marketing re-
search specialist, and the statistician are teamed with engineers,
scientists, and mathematicians to refine the marketing factor in the
management equation to a more exact point. New tools are being developed
to ald management in its evaluations. Some of these tools, such as
input-output techniques and the application of high-speed electronic
equipment to business operations, constitute almost a new approach to
corporate economics.

In human relations, management is seeking new ways to appreciate,
understand, ;gpd evaluate motivations, reactions, group dynamics, and
human engineering problems, whether they involve workers, executives,
customers, or the general public. The work of the psychologist, the
sociologist, and the human engineering specialist is being recognized
and used; by industry. Applied research in the social sciences, long
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far behind fundamental research in the nation's universities and research
centers, is being extended throughout the business world. Management can
never afford in the advance of technology to decrease its attention on
the human factor--a criticism often levelled against the corporate entity
as it progressed during the early stages of the Industrial Revolution.

The effectiveness of communication, the quality of leadership, the
temper of employee morale, the adjustment of men to machines and of machines
to men, and the significance of the working environment can be analyzed,
interpreted, and predicted. General trends can be traced and reasons
assigned; patterns of thought and action can be stated in figures; re-
sponses and preferences can be forecast.

The evidence that industrial operations are becoming more complex
can be observed with relative ease. The important point, however, is
that the rate of change is accelerating--a change brought on largely by
technology. The increasingly dynamic nature of the management problem
is in itself a new factor in the management equation. This trend brings
an ever-widening and more urgent demand on the part of management-for
facts-—-economic facts about production costs and schedules, market po-
tentials and requirements, inventories and prices; - technical facts
about new products and processes; - and social sétience facts about people
and their patterns of behavior.

It might be worthwhile to mention some of the actions management has
taken over the years to adjust itself to changes which have occurred in
the problems at hand. During the past few decades there have been a
number of attempts by industry to meet some of its problems at the mana-
gement level, either by centralizing or by decentralizing the responsi-
bility for major decisions. It is curious that there seem to be several
definite shifts in policy on this question. Events during the relative
recent past.illustrate the point. Before the last war, there was a ten-
dency for large corporations to centralize authority and responsibility
in a single top management group. Following the war, an underlying move
existed toward decentralization of many top management functions——of
moving the management function closer to the source of facts. In recent
years there seems to be a shift toward. greater centralization brought’ on
in large part by the need for speed and unity of action dealing with
government and labor, and in the need for concerted action on many tech-
nological and marketing problems. One evidence of this centralization
movement is to be found in the increasing number of companies now or-
ganized into divisions as opposed to the wholly-owned subsidiary device.
Changes of this sort have an obvious effect upon the flow of factual data
up the chamnel of authority within a company. They also reflect manage-
ment's attempts to deal with shifting problems.

The rise of the comptrollership function over the past few decades

has been in response to management's increasing need for coordinated and
analyzed facts on over-all operations of the enterprise. Some large
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corporations now have sizeable groups devoted solely to the collection,
analysis, and presentation of facts useful to management for control

purposes.

Another adjustment in the organization of management is the increas-
ing extent to which research and development occupies a position in the
top councils of large corporations. Often now, the director of research
of a large industrial organization is an officer of the corporation.
This. has given rise to the saying that "the research director of a
company is the vice-president of the future." The cases are increasingly
rare in which the research function of a corporation is subsidiary to
one of the other functional elements, such as production. Simultaneous
with emergence of the research viewpoint in management's thinking has
come an increasing emphasis on the principle that scientitic research
must stand the tests of economics. Management is insistirlg, that
"proposed research programs must first be pushed through the economic
keyhole." The implication, so far as techno~economic facts are concerned,
is obvious. )

In attempting to achieve a more efficient.operation to go along
with the increasing complexity of industrial affairs, management has also
given serious thought during recent years to the size and location of its
organizational units. We hear more about the problem of size versus
morale and efficiency. Some companies have taken the position that
definite limits should be placed upon the size of a single operating
group. Others are striving to ‘place parts of their organization in
suburban settings. ;

It is a curious fact that, while tremendous advances have been
made within industry to increase the efficiency of operations in the
major functional areas--production, research, marketing, etc.,-—equiva-
lent advances have not been made in the techniques for handling the
routine facts of business operations. The volume of factual data mounts--
the need for factual analysis grows greater--the demand for precision
continues unabated. But, by and large, management has had to meet the
problem with the same mechanical aids used by a growing army of adminis-
trative and clerical employees. The "clerical problem" is becoming a
matter of great concern in industry. This situation gilves'a sense of
urgency to the widening applications of high-speed electronic equipment
on industry's data-handling problems and their information-processing
systems. The possibilities appear to be tremendous--the results far-
reaching. If the rate of progress continues for some time in the future
as it has since World War II, #t is conceivable that future business
.historians will know this period as the beginning of the "administrative
revolution." If the trend continues, a new factor in the management
equation will most certainly have been created.

There is one other important development which deserves some at-

tention in reviewing management's attempts to improve upon the evaluation
and correction process. Facts alone, no matter how great the volume or
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how timely, are insufficient to meet the basic problems created for
management by the accelerating change in industrial affairs. Even with
greater precision in the accumulation of facts, the problem of analysis
still remains. It is one thing to reduce errors in the facts received
fram varying sources -- and another thing, to reduce errors in evaluation
and decision, wherever possible, to some calculated probability.

To meet this need, the technique of operations research is finding
a practical application in business. Operations research has been defined
as "application of the scientific method to the study of the operations
of large complex organizations or activities in order to give executives
a quantitative basis for decisions." Several words in this definition
are significant to the theme, "new equations for management,"--scientific
method, complex organizations, executives, quantitative basis, and decisions.

The very essence of operations researth is a mathematical analysis
of facts on complex operations. A mathematical concept employed frequent-
ly is the theory of probability. Many business operations are repetitive,
but operational results may vary depending upon elements of chance.
Often, it is essential to measure the aextent of these variations and the
probability that they will occur in the future. This is done by conwm
structing a mathematical model for the problem being examined. -

The particular advantage of an operations research approach, beyond
the facts which it develops, is that the problem and its possible solu-
tions are presented to the executive in a systematic way, so that he has
the situation clearly and completely before him, He can select an optimum
course depending upon the goal he wishes to achieve, At the same time,
he may have some measure as to the probable correctness of his.decision.

Perhaps a completely satisfactory answer to management's continuing
need for a greater and greater volume of more accurate facts will never
be achieved. However, we have learned much about techniques of collect-
ing, analyzing, and presenting facts from experience to guide us in
decisions affecting the future. We must search for still better tech-
niques to provide management with the facts it needs when it needs them—
and we must seek new methods of using empirical data as a basis for
decisions by management. We must,-in effect, defy Aristotle, of whom
it is said: ‘

"He could see no order in the chaotic appearance

of experience., Facts (to him) occurred one by one
in a seemingly unrelated fashion. Particular events
- '« o Were an impregnable mass of occurrences without
definite meaning. He did not understand what we call
today . . . the theory of probabilities."

The really new factor in the management equation today is an increase
in the rate of change toward greater complexity in industrial life. We
must meet the challenge by giving management evaluated facts to overcome
‘what might otherwise be "an impregnable mass of occurrences without
definite meaning." Computing devices and information-processing systems
have a major contribution to make in the gathering and evaluation of
facts,

Applied research is directed to the production of facts for the

management equation. The formulation of the equation, its expression,
and its solution must remain with management itself,
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SESSION III - PANEL DISCUSSION

An Evaluation of Analog and Digital Computers.

MODERATOR - Professor G. D. McCann _
California Institute of Technology

PANEL - Dr. John L. Barnes Dr. Louis Ridenour, Vice-President
Assoc. Director of Electro-Mechanical International Telemeter Corporation
Engineering Department Los Angeles, California

North American Aviation, Inc.
Downey, California

Floyd Steele Dr, A. W. Vance

Vice President in charge of Research Section Head
Engineering RCA Laboratory Division

Digital Control Systems, Princeton, New Jersey

La Jolla, California

CHAIRMAN McCANN: As you know from the program our panel of experts is
to present an informal discussion this afternoon on the state of this rapidly
developing field of machine computation, I think that we have succeeded in
bringing together four people with as broad a field of experience and knowledge
of this subject as possessed by any four persons that could have been thosen,

I would like to begin this meeting by first introducing them to you,
and I will start with John L. Barnes, on my far right, Associate Director of
the Electro-Mechanical Engineering Department, North American Aviation, Inc.,
Downey, California. Next is Floyd Steel, Vice President in charge of Engineer-
ing, Digital Control Systems, La Jolla, California. On my left is Louis
Ridenour, Vice President, International Telemeter Corporation, Los Angeles,
California. On my far left is Arthur W. Vance, Research Section Head, RCA
Laboratory Division, Princeton, New Jersey.

It is exteemely interesting to note the background of our four ex-
verts, This is a vy new field, as you know., We are not formally training
computer people in the schools on any extensive basis and have not given courses
on computer development or applications until very recently. The people there-
fore who have made notable contributions to this field have started their careers
in other activities.

} Dr. Barnes is well known in Southern California. He started out as
a mathemetician and electric engineer. He obtained his SB and MS degrees, in
Electrical Engineering at M.I.T. Then he decided to take up basic mathematics
and went to Princeton University to obtain an AM and PhD in Mathematics. He
then went back to M.I.T. to teach in a field for which he is well known; linear
circuit theory and its applications to feed-back systems., After a year at
M.I.T. he went to the Mathematics Department at Tuft's College where he became
the head of the Applied Mathematics Department. Also for a short period he was
head of the Electrical Engineering Department there.

During the war he spent some time at the Bell Telephone Laboratories
working on microwave guidance problems and gun directors¢ He went back to Tufts
for a short period after the war and then came to U.C.L.A. as Professor of

19



Engineeringe I imaginethat perhaps his interest in circuit analogies and
his war experience with gun directors, started him toward the computer.field,
Now his experience is being applied in the aircraft industry. At North
American he is guiding very broad phases of development and application of
computers and complete systems for the aircraft industry.

Dr. Louis Ridenour started as a Nuclear Physicist. He received his
Bachelor's Degree in Physics at Chicago, and his PhD at the Califania Insti-
tute of Technology. He went to the Institute for Advanced Study to work in
the nuclear phigsics field. After a short stay there he went to Princeton
University still interested in research as a physicist; then to the University
of Pennsylvania as Professor of Physics. At the formation of the Radiation
Laboratory at M.I.T. he was asked by Dr., Dubridge to act as an assistant
director of the laboratory, where he is probably best known for his work in
editing the Radiation Laboratory Series of publications. Following the war
he went to the University of Illinois as Dean of their Graduate School. Prob-
ably his work at the Radiation Laboratory, his close association with the
problem of guidance and control is what started him thinking about computers.
'In any event, even though occupied with duties as Dean of the Graduate School
at Illinois, he nevertheless became sufficiently interested in the computer
field to instigate several research projects there, and apparently convinced'
himself that the computer field was such an important one that he should de-
vote his major interest to it.

Floyd Steele obtained his BA degree at the University of Colorado
in Physics and his Master's Degree in Aeronautical Ingineering at the
California Institute of Technology. He first got into the computer field
through his work at Northrup where he went to work on a long=-range missile
guidance study. This led to the need for special computers and he is well
known for his development of the Maddida., He is one of the inventors, I
believe, of that device. This became such an interesting activity to him
that he thought it sufficiently important to leave Northrup and set up his
own company, Computer Research Corporation. He formed this company and
acted as its President for one year. He then left to form another new company
of which he is now Vice President in charge of Engineering, Digital Control
Systems, ‘ '

Dr. Arthur V. Vance is an electronics man, one of the pioneers in
the electronics field at RCA. He received his college education at Kansas
State and his background as I said, has been primarily in electronics ever
since. He has contributed much to the development of facsimile and tele-
vision in the last fifteen years and during the war worked on the application
-of electronics to the guidance and control systems of gun directors, He was
also interested in the design and development of special feed-back systems.
He is probably best known to us for his valuable contributions to the Typhoon
Project Computer at RCA.

That is the background of our panel of experts,

I would next like to give you the rules under whichwe are going to
~conduct this meeting, because as you know a subject of this kind can be con-
troversial to the extent that we might not be able to cover all of the
subjects plarmed. There are going to he a number of points of view on each

20



topic and to provide the maximum of information to you with the minimum amount
of time available, we are going to follow this procedure. We are going to
first ask each of our experts to present a formal talk which will outline one
of the four main phases into which we have divided this subject, to give you
the scope of the field as we see it. This will allow you to sit back and
think about the subjects as they are being presented and to formulate any
questions you may wish to ask this panel of experts. We are going to ask that
these questions be written on cards. At any time anyone who has a desire to
write down a question may raise his hand. There will be three attendants
watching for raised hands who will immediately bring to you a card upon which
you should first put your name, your affiliation and then the question you
wish to ask.

Following these four formal discussions by our experts we probably
will find it desirable to have a short intermission. Thig will give you a
little more time to formulate any questions on the subject matter being pre-
sented. When we reconvene, I will submit these questions to our panel of
experts for their answers and general comments, These then are the rules
under which we are going to conduct this meeting,

Now we believe that since this field is so broad, we ought to
develop the subject formally by first defining it together with the important
developments that have taken place. We will do this in a series of four
partse I will ask Louis Ridenour to lead this seesion off by defining the
scope and terminology of the subject of computers. Dr. Ridenour,

Introduction: Definitions of Terms and Scope of the Discussion

The topic to be discussed this afternoon is one which has been the
subject of many informal and often heated discussions. There are engineers
who have a violent preference for the use of computing machines of the analog
type for the solution of almost any problem; conversely, there are those who
are equally firmly convinced that nothing except a rather rudimentary state
of the art prevents the use of digital computers in practically every applica-
tion. Your panel hopes that our discussion can be conducted on a more modest
plane with a view to reaching some sensible conclusions about the relative
properties of these two types of machines and the general uses to which each
type can be put. Let us begin with definitions.

By a computer we shall mean a machine for ‘the processing of 1nfor-
mation, whether or not the nature of the problem being handled involves actual
arithmetical computation. That is, we shall not exclude from our discussion
the use of a computing machine for the purposes of performing a clerical or
process—control operation of a practical sort. This being the case, it might
be better to refer to the computer as an information machine, or information-
processing machine, since this, and not merely computation, is the broad
definition of its function. However, since the word "computer"™ has been used
in the program, we may as well continue to employ it, understanding that its
significance in the present connection is only to differentiate the machinew
we are talking about, which handle information, from power machines intended
to perform some sort of physical work.

Also implicit in the word computer, as we shall use it, is the
idea that the machines we are interested in are automatic in operation. That
is, we do not propese to debate the relative virtues of the digital desk
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calculator and that prototype of all analog computers, the slide rule; instead
we shall be discussing the properties of digital machines capable of executing
more or less complicated programs o6f sequential operations, and analog machines
such as those constructed for the purpose of sn.mulatlng the flight performance
of aircraft and guided missiles.

Evarybody knows the distinction between the analog and the digital
machine, but for the purpose of comparison in this discussion, I remind you of
the difference. An analog computer works by transforming, in accordance with
its construction, input physical quantities measuring the variables of interest
into the output physical quantities which represent the solution of the problem
being solved. The analog machine is itself a physical analogy to the problem
it handles; it works by measuring the magnitudes of the physical quantities
such as shaft rotation, electrical resistance, frequency, etc., presented to
it as measures of the magnitudes of input variables, Output information also
appears as the magnitude of a physical variable or variables.

In the digital machine, on the other hand, the value of a
variable is represented not by a single physical magnitude, but instead by a
series of digital representations which correspond to the digits of a number
in the number system appropriate to the machine. To work at all, a digital
machine must measure, transmit and transform actual physical quantities which
represent. the digits of the numbers being processed, but the significant
point here is that the measurements made to determine the number correspond-
ing to a particular value of the physical quantity in question need.not be
particularly precise. If the machine works in the decimal system, we need
to distinguish among ten possible states of the physical quantity used to rep-
resent a number. A precision better than 4 5 per cent will enable us to do
this unerringly. If the number system used by the machine is the binary
system based on the radix 2, then we need distinguish only between states
which can be described as on and off, Precision in the representation of a
quantity is obtained in the digital scheme through representmg the quantity
by a lmger and longer succession of digits; precision is obtained in the
analog scheme by increasing the precision of the actual physical measurements
performed.

Because .of this difference in the basic operating philosophy of
the two types of computing machines, there is a corresponding difference in
the best region for the application of each type to information-processing
problems., We note first that the measurement of any physical quantity can
be performed only with limited precision. Under actual field conditions it
is difficult to make measurements precise to more than perhaps one part in a
thousand, or 1/10 of one per cent. Under average laboratory conditions, it
may be possible to attain one part in 105; while even the most carefully con-
trolled measurements made by standards laboratories rarely attain precisions
better than one part in a million when direct measurement of a physical
quantity is involved. When the measurement can be made by counting, as is
the case, for example, with time and frequency comparisons, much higher pre-
cision is possible; but this, of course, is a digital technique. As a rough
rule of thumb, we can see that a well-made analog computer should be good to
about one tenth of one per cent; and that this precision can be improved
about one order of magnitude by taking pains. For problems which require
greater precision than this, the use of digital methods is indicated,
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Since an analog machine is in fact a physical analogy to the problem
it is solving, when the problem is a simple one the computer can be simple, too.
This represents a genuine advantage of analog methods for solving simple prob-
lems, because the minimum automatic digital computer is still a fairly formidable
device whose complexity will be fully justified only when the machine is used to
handle reasonably complicated problems.

Another advantage of the analog machine derives from the fact that
it works in what is called "real time". If input data are supplied continuously
to the machine it will generate continuously a solution appropriate to the
current values of the input variables and to their past history, with a time
lag which is governed only by the frequency band in which the analog machine is
designed to work.

In the case of the digital machine, any problem that it handles must
be formulated more or less explicitly before the machine can’tackle it, and
several or more individual steps of computation may have to be performed for
each sampled value of the input variables enterlng the problem. Under these
circumstances; it will happen that the machine is sometimes too slow to keep up
with the flow of input data.

This will occur when the time between samples of the input variables
becomes shorter than the time necessary for the machine to execute all the com-
putational steps which must be performed on each new value of those input variables.
In the early publicity releases on the ENIAC, the first of the electronic high-
"speed digital computers, much was made of the fact that the machine could solve
the problem of a shell's trajectory from a gun to target in a time less than it
required the shell to make the trip. That is, the ENIAC was able to sclve this
ballistic problem in real time. In some of the more complicated flight problems
involving control, even the most modern machines are unable to operate in real
time, The fastest machines of the present day are roughly an order of magnitude
too slow to handle the complete problem of the simulation of the flight of a
high-speed guided mlssile.

It is sometimes asserted that another advantage of the analog mach-
ine is its ability to incorporate as a part of the over-all analogy to the
problem various sub-assemblies which actually belong to the system being
studied. That is, in the case of the simulation of missile flight by an analog
computer, we can simulate the performance of an auto-pilot by actually putting
the auto-pilot itself on a tilt table which is "flown" in accordance with the
conditions of the simulated flight. Output signals from the auto-pilot are
then fed into the system in the appropriate way., When this is done, it is
clearly not necessary to know the transfer functions of such a device in any
explicit way, since the device itself is present at all times to speak for
itself, In systems involving human operators, it is especially convenient to
make use of this technique, since the pertinent transfer functions of human
beings are usually very imperfectly known. While this technique of incorpora-
ting sub-assemblies into the system has been used presently in connection with
problems handled by analog machines, there is clearly no reason why a digital
computer operating in real time could not make use of precisely the same tech-
nique. It is true that equipment for performing digital-to-analog conversion
would be necessary to control the environment of the sub-assembly, and that
analog-to-digital conversion equipment would be required to render the output
signals of the sub-assembly intelligible to the digitad computer, but neither
of these requirements presents any difficulty of principle. People are simply
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not accustomed to doing real-time computations on digital machines, so that
this technique has flourished principally in connection with analog simulation.
As digital machines increase in speed, we can expect that simulation which
includes this technique for the avoidance of explicit analysis through the use
of sub-assemblies will be of increasing importance,

Digital computers available today are deficient not only in res-
pect of the speed necessary to handle complicated real-time problems, but also
in terms of the sort of input and output equipment that will be required to
fit them for application to other than straightforward numerical problems.

The present fact seems to be that digital computers are so extremely useful
for computation that they have been used for little else. The natural ‘trend
in this direction has been accentuated by the fact that the terminal equipment
required for input and output is very simple in the case of a numerical prob-
lem anc¢ considerably more complicated and special in cases in which information
of other sorts is to be gathered, processed, and used. The real-time flight
simulation already mentioned is one case in point. Arrangements for incorpor-
ating actual parts of the mechanism into the simulation set-up will be
necessary if digital machines are to be used in such an annlication, but many
other examples come immediately to mind. If a digital machine is to be used -
for industrial process control, for example, it will have to obtain its input
information from transducers and analog-to-digital converters of a sophisti-
cated sort. The exact nature of these devices will be dictated in detail by
the requirements of the application. Very little work in this direction has
yet been dme. The resulting scarcity of terminal equipment permitting the
application of digital machines to problems more general than computational
ones has given many people the notion that something in the machine itself
renders it unsuitable for this sort of application. This is almost certainly
not the case; it is my expectation that we shall see a substantial and
rapidly growing application of digital machines to all sorts of non-arithmeti-
cal information-processing in the immediate future.

' What is interesting to note about this prospect, however, is the
fact that its realization will require an intimate marriage of analog and
digital techniques. In general, the input information required in such an
application of a digital machine will reside in the values of some physical
quantities which must be measured in an analog fashion, The results of this
measurement will then be translated into digital form for input to the
-machine; and the digital output of the machine must be translated back again
into analog quantities involving the motion of control levers and the like. It
thus makes very little sense to debate the comparative merits of the two in-
formation-processing techniques. The practical information machines of the
future will involve such an intimate mixture of digital and analog techniques
that it is not likely to be sensible to inquire whether one of these is in
fact preferable to the other. They are complementary techniques, in the sense
that the information machines of the future must be compounded of both,

CHAIRMAN McCANN: Thank you, Louis., We have arrived now at a defi-
nition of the subject of this afternoon's meeting. We now come®to the second
phase of our four main subjects, "The Role of Analog and Digital Computers in
Simulation." This will be presented by Arthur Vance,
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The Role of Analog and Digital Computers in Simulation

Sirmulatidn is a technique for obtaining the solution to the differ-
ential equations that represent some complicated physical system, These
differential equations usually defy solution by classical methods because of
the nonlinearities and of the empirical relationships involved, As the
physical system becomes more and more complicated, the solution becomes in-
creasingly difficult. It becomes infeasible to simply avoid the complete
solution by using intuitive processes to guide the design, build the equipment
and then test and "debug" it befause the guesses made this way are often worth-
less. The detailed equations must be solved at almost any cost.

Simulation may be accomplished by two general methods--physical
simulation and mathematical simulation,

Physical simulation is a kind of model testing technique. A good
example may be found in the methods often used to determine the overall per-
formance of an autopiloted missile or airplane, Since airplanes and missiles
are very expensive to test by actual flight, it is attractive to try to dup-
licate the motions of the airframe by some ground borne device and attach the
autopilot to this device. Then many non-destructive tests may be made while
the autopilot is adjusted to obtain maximum system effectiveness, If this can
be done, it may be possible to obtain optimum performance without knowing in
complete detail how the autopilot itself works and a test of the actual gear
itself'is obtained. This is a powerful method and is and will continue to be
used where possible. The difficulty lies in the physical device which pro-
vides the airframe motions. The lateral velocities and accelerations cannot
be provided, so at the outset many of the advantages and assurances of the
method are lost. The device must work in real time so the dynamical diffi-
culties increase rapidly as the performance of the simulated airframes
increases. These mechanical difficulties also increase rapidly as the number
of degrees of freedom increase and the number of gimbals required multiply.
The whole story of physical simulation is far too complicated and extensive
to cover here. The general trend seems to be away from physical simulation
for the detailed solution of the large, fast and complicated systems because
of the mechanical limitations involved in the construction of the flight
tables. The situation is relieved somewhat by the fact that as knowledge
increases, more and more is becoming known on what the "black boxes" contain
and appropriate mathematical simulation techniques developed.

Mathematical simulation simply means obtaining a solution to the
equations. This may be done by any appropriate method and does not require a
real time scale. ' Many years ago the difficulty of solving nonlinear differen=-
tial equations by hand was encountered and the mechanical differential
analyzer was developed. The device is still a valuable tool today. The
mechanical machines, while very slow by modern standards, were largely un-
chaidlenged by digital hand calculation methods for many years. The evolution
of the modern electronic amplifier, servo multiplier type of computer during
the last war, primarily as an outgrowth of fire control computer developments,
caused somewhat of a revolution in the differential analyzer art. At nearly
the same time the modern electronic digital camputer was born in the form of
the ENIAC, This development at the University of Pemnsylvania, sponsored by
the Army, sprang primarily from attempts during the last war to develop
digital fire control apparatus. Electrical relay computers had been developed
into useful medium speed computing facilities by Bell Telephone Laboratories
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and Harvard University a few years earlier, but did not fire the imagination
to the extent that the ENIAC did. The seeds of a stimulating and sometimes
acrimonious controversy were sown. The electronic analog computer on a
small scale was rapidly developed into a very useful commercially available
device by Reeves Instrument Company, followed by Goodyear, Boeing, Elec-
tronic Associates, Philbrick, and others. In the large computer simulator
field Reeves started development of the Cyclone Laboratory and RCA began the
Typhoon under Navy Department sponsorship. The DACL of M.I.T. developed a
large physical simulator with considerable mathematical simulation capabi-
lity, also under Navy sponsorship. Two large network type machines springing
from a different ancestry appeared at Westinghouse and Cal Tech, and provided
useful computation capacity in a somewhat different area. Meanwhile a
sizeable combination physical and mathematical analog simulation center was
developed at the Bureau of Standards, primarily under Navy sponsorship. The
birth of the electronic digital calculator was greeted with great enthusiasm
and it was proposed as the obvious solution to all computing problems. Many
of the proposals were not supported by the required detailed study of the
particular problem to be solved, It would seem that many people did not take
the time to investigate the effective computing speed and capacity of analog
computers, nor to consider the many pitfalls in the tedious step by step in-
tegration processes that digital machines must use in the solution of differ-
ential equations. At least one large scale digital computer project was
started with the intent that it would become a large-scale simulator operat—
ing in real time or faster than real time, It developed that one difficulty
lay in an unexpected direction--that of speed=--the most talked of advantage
of electronic digital techniques. This project has long since been diverted
to more useful fields, but is occasionally used to solve a test problem for
simulators on a greatly extended time scale. This does not mean that digital
simulation is completely out of the picture, but merely points out that
simulation is an especially difficult field for a general purpose digital
computer and that special machines will have to be developed if a purely
digital simulation facility is to be able to carry the main work load of
simulation problems. Digital techniques have not been discarded as future
possibilities for large simulation problems. One interesting project is
under way at the University of Pennsylvania, under sponsorship of the Special
Devices Center of ONR, for its development of a digital flight trainer. The
accuracy requirements of this project are less than for simulators and sim-
plified integration techniques show promise of a reasonably practical solution.

In the field of smdll scale 31mulat10n, digital techniques and
machines could be used to handle the main load if a big machine were used for
a small job. An interesting development is the digital differential analyzer
of the Maddida type which, because it is programmed somewhat like an analog
machine, is easier to set up for this kind of work than other types. It does
not appear to be competitive in speed, however,

It is obvious that both analog and digital techniocues should be
teamed up to obtain the most effective overall combination to handle the work
load. Even though real time solutions are not mandatory for mathematical
simulation, the work load is so high that seriously extended time scales of
100 to 1 or higher cannot be economically tolerateds Present digital
machines, in order to solve large scale simulation problems, require time
scales of this order or higher and so are not economical. The main use of
digital techniques is that of ‘applying check problems. These problems serve
to verify that the oprogram has been properly set up and to indicate the ac-
curacy obtained. It is often very d@ifficult to predict the accuracy of an
analog solution. '
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Most small scale analog computers now have available facilities
for storing problems on plug-in plug boards. This makes it easier to plug in
a test problem and make checks more often. Other trends in their field are
improved multipliers (in some cases electronic time division types) and better
and more flexible function generators. Overload indicators and drift indicat-
ing devices are becoming common and are proving very useful, In general, the
situation in the small simulator field is satisfactory.

The most difficult problem exists in the field of large scale
simulators. These devices use and require a large volume of equipment which
in many cases must be more accurate than that necessary for small problems,
Because of the large number of units that must be checked out and properly in-
terconnected, problem set up may require weeks to complete and prowe in,
Digital check problems are a necessity in this field and it requires as long
as several months to program, compute, and verify a singke check problem, All
of the large simulators are making increasing use of digital check solutions.
Often the customer supplies his own check solution. Soon each of these ins-
tallations mayrequire nearly full time use of a medium size digital machine.
Most available digital computers do not have enough fast memory to operate at
full speed for these problems. Maintenance is a major problem because there
is so much equipment that must be operated simulbaneously. Even though a
high degree of reliability can be maintained in the individual components, the
effective overall useful operating time is often’ unsatisfactorily low because
it is so difficult to locate and find faults in programming and in faulty com—-
ponents. The main loss of time is tsken up in diagnosis. The problem is
complicated by the wide variety of components that make up these machines, The
linear, functional and sine cosine servos are usually a problem, It often
happens that some of the servos require considerable modifieation to obtain
the best compromise between speed and smoothness.

A more fool-proof interconnecting and gain setting system is
vitally needed, as is a method for storing problems. An automatic system for
testing components and locating faults rapidly is necessary. :

All of the large simulation installations 2re aware of these
problems and are doing what they can to alleviate them., A rather large scale
simulation system has been assembled at the Consolidated Vultee Company in
San Diego, and I understand that they expect to instz11l a device developed by
Electronic Associates wherein about 500 potentiometers can be accurately set
against a single precision voltage divider.

The Bureau of Standards at Corona is experimenting with a some-
what fool-proof interconnecting scheme wherein the problem is stored as punch
holes incards and an operator merely fills up all open holes with special
spring connected patch cards.

RCA Laboratories is developing a new large scale mathematical
simulator for the Wright Air Development Center of the Air Force, The plans
. call for this device to take full advantage of the RCA time division multi-

plier and so eliminate all servos. The elimination of all internal mechanical
parts is expected to permit much faster time scales (redl time in most cases)
and greatly reduce maintenance problems. All trigonometric transformations
will be made by mathematical formula using multiplication. The device will
contain over 200 multipliers and will use about 900 DC amplifiers, most of
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‘which will be used in the multipliers. A system that will automatically and
rapidly check the zero, linearity and scale factor of all the multipliers
from the console is under development. Plans are under way to provide punch
card controlled interconnections and gain settings by means of a crossbar
switching technique. All of the connections will be completely shielded from
each other. This involves the use of about 150,000 special switches or con-
nectors. The development of this system is at an early stage so few details
can be given at this time,

Experiments are under way on an electronic chopper to replace the
vibrators used to s tabilize the DC amplifiers., This system, which uses back
to back photo cells excited by a glow tube, was just developed by the Cambridge
Air Force Research Center,

CHAIRMAN McCANN: Thank you, Arthur, Mr, Vance has covered cer-
tain very important phases of this state of theart. I think some of the other
aspects of computers as they have now been developed and are being thought
about for the future will come out in someof our future discussions here this
afternoon. Arthur has touched upon one point which I think is worth empha-
sizing, That is the fact that those of us who are developing computers find
ourselves in many instances trying to develop a device without knowing com-
pletely and precisely what this device is supposed to do. This is not
facetious. -A working model must be used extensively before its complete ap-
plication and best method of use can be determined. This than provides a
basis for redesign of the computer into more useful form. This gituation is
particularly true in the application of machines to engireering analysis
where a large part of the problem lies in the determination of the proper way
in which to use computers. From this knowledge then will come the better de-
sign of such computers.

Floyd Steele will now discuss this subject from the standpoint
of the evaluation of functional applications and processes. Floyd Steele -

An Evaluation of Basic Machine Processes

During the last decade, several developments in the computer art
took place which appeared to have implications of far reaching consequence to
science and engineering as well as to other fields, These were the develop-
ment of electronic means of storing and manipulating numerical data, the
discovery of new logical processes for computers to follow in performing
general computation, and lastly, the recognition of the central nervous sys-
tem as an electronic digital device.

The discovery of radically better ways and means to perform
computation indicated that practicing science might soon expect to free
itself of dependence upon analytical mathematical models, while engineering
could cope in daily life with non-linear situations, elaborate geometries,
and interacting systems,

The unexpected inclusion of animal mechanisms somswhere within
this field came as a surprise to which no one has as yet made an adequate
response. However, the intertwining of the general computer activity with
the human brain now gives to the whole automatic endeavor a delightfully
mysterious and somewhat sinister public repute,
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Although there is general agreement that electronic devices will
lead to broad changes in the techniques of science and engineering, it is
evident that as yet no general revolution is in progress, although there have
been a few revolting developments.

Nevertheless, if we select any repressntative number, such as
total people employed or total dollars spent, which can characterize some part
of the computer activity¥ and we fit the last ten year interval with any stand-
ard growth curve, we find that in nearly every instance we are on the lower
1imb of the curve, well below the reflex. Computer activity is obviously in-
creasing and at an accelerating rate, The chief deterrent to greater activity
is still the econamic one. Machines are too expensive for average users,

It is worthwhile, perhaps, to consider some of the basic diffi-
culties underlying present day computer developments, and to consider various
directions in which they may be resolved,

Much of the impetus for computer development has come from a few
universities and from the Bureau of Standards. In these organizations a number
of large and high-speed general purpose computers and some analog machines have
been made and are now employed both in solving particular problems and extending
general theory and technique. This work has laid a broad foundation for large
scale application and has pioneered in much component development, but has
always emphasized speed rather than simplicity.

, Since machines can never be too big‘or too fast to cope with the
ultimate problem, it is intelligent to expeot that publicly supported machines
will continue to evolve in the direction of still greater speed, cost and
complexity as warranted by present demand and new components. These machines
must ultimately became our national wind tunnels, weather predictors, missile
similators, etc. In the first round of publicly supported machines, the ren-
dering of generalized computing service has been a chief goal, hence the
general purpose computer has been greatly stressed. In the next round, now
under way, individual centers will probably tend to specialize in particular
problems of great size. Generality of application may well be de—emphasized
as of lesser importance,

In the large, technical 1ndustr1es, such as aircraft, a rapidly
increasing amount of both research and engineering computation is being per-
formed, nearly all of it on either IBM punch card machinery, or REACS, in
either case using extensions of standard techniques.

A large part of this work is not, however, indigenous to the
normal growth of American engineering but rather reflects military subsidy.

If our real difficulty is the economic one, it in turn stems from
a lack of knowledge of the means of utilizing new devices to achieve simplicity,
reliability, and low cost. It is apparent that such features are more natural
to digital electronic components than are high speeds. For example, a single
channel on a magnetic drum may conceivably record between 4,000 and 6,000 bits
‘of information with about eight or ten active elements serving as proprietors
of the record. The cost and reliability is represented by eight or ten, the
complexity of response by 4,000 to 6,000. Moreover, the data is normally
available in a form which can be readily communicated with like units either
in the immediate environment or on commercial wires. This represents a new
advent in basic mechanism--a device which achieves many units of complexity
for each unit of equipment. The discovery of the magnetic memory would seem

29



to imply that an extraordinary simplification of existing mechanisms is pos-
sible. ‘

Our failure to achieve simplification to date is due in part to a
lack of knowledge of the logical processes which will permit us to make use
of memory to achieve simplification. This type of difficulty also manifests
itself in the coding of engineering and scientific problems for machine com-
putation.

In the actualday to day utilization of large scale mathematical
computation, several rather unexpected developments have appeared. Among
them is the de-emphasizing of the mathematics and physics concerned. We
may distinguish two phases in the solution of a large problem, calling them
for convenience, the strategic and the tactical, Strategy normally consists
of setting up the appropriate physical equations involved and determining
the range of parameters, initial conditions and other relevant magnitudes.
The tactics take place in the translation of the equations into practical
machine processes. One would normally expect that a great wealth of analy=-
tical work would be brought to bear on the problem, since so much has been
applied in the past, yet the contrary seems to be quite generally true. For
example, in the tactical work it is not common practice to do much analytical
error estimating. Instead, runs using various sizes of the discrete inter-
vals are often made. '

Again simple integrating and interpolating formulas are used rather
than the elaborate ones set forth in the texts. The reason is often that
the steps of actual computation are imbedded in a serial routine along with
couriting and testing steps. The calculation advances one interval by
cycling once around the routine, If a simple numerical formula is used,
the routine becomes short, more cycles may be carried out in the same length
of time, hence a smaller interval can be used. The smaller interval both
tends to recover the accuracy and to make the computation better behaved
near critical points of various kinds.

Even the strategic mathematics, the physical equatidns themselves,
are not being done very analytically when sufficient computing equipment is
available., It is often convenient to start with a standard, linear approxi-
mation whose behavior is well understood and to add non-linear elements one
by one, observing each time the empirical agreement of the computed conse-
quences with the real situation, This represents an unusual form of function
fitting. The intent here is not to develop a mathematical model which des-
cribes the real world, but rather to find a computing machine process which
imitates it accurately.

It is at this point that we begin to perceive the direction of the
difficulty. In the past four hundred years mathematics and physics have
been largely interested in studying the general types of relationships which
exist between or among variables and in identifying these variables with

physical phenomena,

In this period no major attention was given to the study of logical
processes. In school we were introduced to the symbolic relationship of
multiplication early in algebra and soon became mechanically proficient at
mandpulating this operator with others to form elaborate relationships. Much
earlier in school, however, we learned a logical process for performing the
actual multiplication of two real numbers. This total process was conveyed

grammatically to be applied by rote.
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Now there are actually a number of ways to perform valid multipli-
cation, some of them unusual enough to be used for parlor tricks. Yet there
appears to be no general, fluent technique for placing these various proces-
ses into an operable notation and showing their equivalence. Number theory
can, of course, be used to prove the point but not too usefully. What we
will need is a set of simple, rote processes which will enable us to make
permissible alterations of sequences of operations, cancel redundant terms,
substitute equivalent ones, etc. In short, a process for operating on a
process, _ :

The coding of machines has led to the widespread use of flow dia-
grams very similar to those long developed by industrial engineers, Flow
diagrams convey the notion of operation sequence and brénching ut are not
easily operated upon. At present, machine coders are preparing libraries of
subroutines pertinent. to their machines. These are standardized processes
which can be placed in the machine as direct substitutes for either standard
functions or for operations not basic to the computer. They represent a con-
venience rather than a logic, however,

It is probable that an adequate science of process as yet relatively
undeveloped, will supply a very important element in long range progress.
Such a science will have to discard many of the present outlooks and interest
of mathematics and physics, identifying the broad uniformities of the real
world directly with bdsic logical processes, elaborating these into particu-
lar situations with some process logic or Process process, and manipulating .
the whole with machinery.

Until such time as a formal science of process becomes available,
however, we will have to proceed by enlarging our stock of useful machine
logics and maxims.

As of today, we have several rather basic digital processes avail-
able. The requirements of a useful rational process are that it consist of
‘a sequence of simple operations, each performed upon like things. A useful
operation, in turn, is one having two inputs and one output, the output being
formed from both inputs. It is very desirable to have inputs and outputs of
the same nature, otherwise the complexity which can be achieved by successive
operations is severely‘llmited.

In a general purpose machine, the like things which we choose to
operate upon are numbers. We collect two numbers at a time from the number
file or store to serve as inputs to a central operation. The output, also a
nurber, is returned to the file, hence is available as any subsequent input.
In the various address systems, numbers may be picked up one at a time ins-
tead of two, or returned to the file only as called for, 1nstead of automati-

callyo

The basic machine maneuver however, is always that of gathering
individual numbers from any place in the memory into a central spot for .
assembly by pairs into another number and the return of that number to the
memory. It is this freedom to gather and dispose of numbers which gives
this type of machine great flexibility.

. There are many practical situations in whlch this unlimited com-
munication with the memory is far from economical. In all of those scienti-
fic and engineering problems involving continuous situations in geometry,
force, and time, it will normally be found that most numbers involved only
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enter into operations with one other number, hence that permanent pairing
should form the basic process, In such a machine the moving of numbers from
pair to pair can be conducted as a special ratherthan standard operation, or
numbers which occur in more than one pair may be repeated, The punch card
machines operate by this basic maneuver. A pair of numbers, presented to

the machine by a single card, are operated upon with the result being placed
back in the card system. Whereas in the general purpose logic it is normal

to use a single operation upon the two numbers, it is more useful in the paired
number logic to perform a large sequence of operations at one time, It is
interesting to note that even in the solution of the Laplace partial differen-
tial equation, the operations can be broken up so that the machine does not
have to simultaneously collect the left and right and up and down points,
hence can operate without regrouping.

A second situation in which the standard general-purpose logic seems
redundant is again that in which a continuous situation musit be solved, Under
these circumstances, the machine, for economy should not use the relevant
numbers as the basic units, but rather deal with t heir changes or differences.
Each successive operation tends to alter the numbers involved by small amounts
hence it should be unnecessary to move the entire number within the machine,

In meny engineering and scientific situations we might gain machine
economy by utilizing permanent pairs and at the same time transporting only
the differences. No general machine of this sort is available. A special
instance however, is the digital differential analyzer in which differences
are restricted to unity. This type of machine has many similarities to the
analog in its mode of operation, and logical parallels may be drawn between
them. This parallelism results from the use of unit differences, rather than
permanent pairing.

It is interesting to note the considerable economies which may some=
times be effected by changing the hasic machine strategies. In automatic,
continuous control applicagtions for example, the general purpose machine must
effectively supply a continuous sequence of unit changes to a set of actuators,
hence in this application it compares directly with the digital differential
analyzer in operation.

At the present time, digital differential analyzers cost a little
less than half a tube per integrator, if we include read-in and read=-out.
Fifty integrators thus cost about twenty-five tubes. If a magnetic drum
memory is employed, the logic of the device is such that each revolution of
the memory advances every integrator in the machine by one increment. The
act of advancing a single integrator is in turn equivalent to performing
about five operations. If we turn the drum at the very moderate rate of
thirty times per second, the analyzer will carry out about 7,500 operations
per second, a speed somewhat less than that of Whirlwind.

This comparison, however, is not valid to make in comparing com-
putation rather than control speeds. In computation, the general purpose
machine may enlarge the interval aad gain back several orders of speed, while
the differential analyzer must continue with the same interval unless it
sacrifices accuracy,

The example illustrates that one basic machine logic can often
achieve great simplicity over another in a particular field of application.
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It is quite probable that logical research will uncover a series of suitable
machine strategies, each one yielding machine economy in a given field of
application.

A1l of these logics can, of course, include decision making, The
problem is more that of basic number maneuvering.

In the last year, the field of digital control has begun to separate
from digital computation, the basic logical requirements becoming increasingly
different. In this field, aother digital process has begun to develop, that
of computation without the use of numbers.

The basic "things" in this machine system which are combined are not
numbers, but single selections. The output of any combination is in turn a
single selection. So far, it has been possible to find processes for conveying
an effectively continuous magnitude without the use of number and for effec-
tively performing addition, subtraction, multiplication, and producing general
linear transformations,

It is probable that such a logic bears reasonable similarity to animal
control systems, since the latter also do not use numbers te accomplish control
operations, ILike animal systems, the non-numerical control operations are not
seriously disturbed by moderate amounts of internal noise and also lend them-
selves to defined learning processes.

It may now be worthwhile to talk of a machine learning process as
one in which the machine adapts its code of instructions to conform to its
experience, Normally, the word "decision" has been used to describe the
action by which a machine changes from one program to another and learning
has often been discussed as the adjustment of a particular control parameter,
by trial and improvement methods. Since in a numerical machine, the trial
alteration of any instruction will tend to alter the entire process completely,
it is not possible to gradually modify and improve code.

In non-numerical applications, however, the trial alteration of an
instruction produces only a slight change in the response, hence, the machine
may undertake a continuous alteration of its code in search of a better process
of response.

In surmary, we may conclude that the chief difficulty encountered
in the rapidly growing applications of large scale computation to the problems
of science and engineering is in the complexity and cost of the machines
themselves rather than in their ability to solve problems, This situation
fundamentally requires a new development in theory. Meanwhile, new basic
machine processes may contribute considerable simplicity in various applica-
tions .

CHAIRMAN McCANN: We have now discussed definitions, the role of
computers in simulation, and have evaluatedbtasic digital processes. It is
probable that we have not yet covered the specific phase of each of these that
many of you want answered. If not, ask for a card and write your question on
it so that we will be certain to cover it in the general discussion which fol-
lows this formal one.
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Now it is of interest to next consider the manner in which computers
or "information processing devices" have been utilized in a broad sense by one
of the big industries of this country. The aircraft industry has been a '
pioneer in this respect. Nobody here is probably better qualified than John
Barnes to summarize that particular phase of the subject for you.

INFORMATION PROCESSORS FOR THE DESIGN, TESTING & OPERATI ON OF AIRCRAFT

Introduction - As Norbert Weiner has suggested, we are now enter-
ing the second phase of the industrial revolution. The first phase consisted
of thereplacing of the power of men and horses by the power of machines. The
second phase consists of replacing the more routine thinking of men by (non-
human) automatic thinkers. This automatization of thinking is producing
fundamental advances in the engineering, testing, and operation of aircraft
systems,

Decreasing Crews - let us first consider the present stages of
evolution of aircraft. Bomber crews are going from 15 to 3 to O. Fighter
crews are going from 2 to 1 to O. From the crewed aircraft we pass to the
crewless aircraft through successive stages of approximation.

In this process we begin by automatizing the simpler operations,
We design autopilots for cruising flight, automatically-tuned communications
systems, and the like, Then we design drone aircraft which are flown from an
accompanying mother aircraft., The next step is the crewless aircraft., Even
in this step there will be a crew, but the crew may well be on the ground, or
in a ship, or in a distant aircraft.

Information Processors = The automatic thinkers for these increas-
ingly automatic aircraft systems I shall call information processors. These
information processors must replace the thinking of the crew which was devoted
to flying the aircraft. They must perform the proper functions with stability
and adequate quality. They must exhibit the proper degree of indisturbibility
and reliability.

Procegsors for Design = Now if we can make information processors
for flying aircraft, it is evident that we should make information processors
for doing routine, boring, slow thought processes needed in designing aircraft
systems. This revolution, or perhaps we should call it evolution, is taking
place,

Autopilot = A really good aircraft system must be designed as a
whole. Allow me to direct your attention to the design of that part called
~ the autopilot. The final design can be approached through the following
sequence of approximattons.

1., After exploration of a set of promising aircraft con-
figurations including autopilot, one is chosen. Then
a classical engineering solution of the linearized
equations is run through. Here the Laplace transfor-
mation and root-locus graphical aids are used to
explore the proposed design.

2. The next step in approximating the aircraft-autopilot
system is the synthesis of a full-scale dynamic model
by using an analog computer such as a REAC, At this
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stage it is possible to simulate certain
of the nonlinear characteristics of the system.

3¢« As a further step toward the final system, auto-
pilot actuators and control system replace their simu-
lated counterparts in the analog computer. The
actuabors operate lumped-parameter rigid-mechanical
hinge-moment simulators which take the places of the
control surfaces,

. There follows next the first airborne step in which
the autopilot is checked out in a piloted airplane,
The pilot can manually override the autopilot if
need be in this stage. This may be the last step.

A48
.

However, in the case of a crewless aircraft there is
- one more step. Here the autopilot is adjusted and
checked out in the crewless aircraft.

In each phase the information learned is fed back into the autopilot
design to improve the function, stability under the range of aerodynamic condi-
tions, the quality of response to characteristic control signals, the ‘load’
limiting behavior, and the reliability of operation.

Information Processors for Operation - Turning now to information
processors for operation of the aircraft, it is seen that the typical problem
is the processing of measured or communicated information to put it in a form
to be used as actuator inputs. In an autopilot the input to the information
processor may consist of steering signals, angles of attack, pressures, temper-
ature, angular rate signals, structural strain signals, etcs The processor will
properly combine these signals and send the amplified output signals to the pro=-
pulsion system amd to the aerodynamic control surfaces.

-In matching the information processor to its task the designer is con-
cerned with the measurement and atatistical description of the expected set of
input signals, the rate of information flow, the amount and duration of informa-
tion storage, the accuracy of output and input signals needed for the job to be
done, the statistics of expected external and internal disturbances, the
statistics of expected operating environments, the statistics of expected load
reactions, etc. Furthermore, there are cohditions of lightness, compactness,
low power input, and operating under difficult temperature, pressure, vibration
and shock conditions. Combinations of continuous and discrete computation now
appear to offer the best solution to many of the design problems. '

Information Processors for Testing & Operational Checkout -~ 1In the
development of increasingly automatic aircraft it is natural to use automatic
information processors in the laboratory test, flight test and operational
checkout.

Again the problem is that of the automatic processing of important
measured variables. The interest centers on the statistics of the variables
and the statistics of the external and internal disturbances which corrupt
these sienals,

In the testing phase of the engineering development of an aircraft
system the many adjustable papameters must be set at their most appropriate
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values for operation over the probable range of environments to be met in the
operational phase. Also the hoped-for behavior of the system must be checked
over the partially simulated range of operational environments. The proper
conduct of this test phase requires the maximum use of automatic measurers,
communicators, and information processors. The well-engineered design of

this information system involves consideration of informaticn source rates,
transmission rates, storage access rates and capacity, resolution and accuracy
of information from source to sink, separation of disturbances, such as ins-
trumentation errors, from signals and system reliability.

Again, as with the operational information processors, the present
theory and practice combines continuous and discrete computing systems in
matching the information processor toc its task. The speed, lightness and
compactness df analog subsystems are interwoven with the precision, flexibi-
lity and reliability of discrete or digital subsystems to rorm an efficient
system, '

Conclusion = A perspective view of the field as a whole shows an
evolutionary. or revolutionary change from the stage of information processing
by men, slide rules and desk computers toward the nearly fully automatic in-
formation processing of the business, engineering, production, distribution,
storing and operation of increasingly automatic aircraft systems.

CHATRMAN McCANN: Thank you, John. Now your experts have had an
opportunity to talk about the things they want to discuss, to emphasize those
phases of the field which to them seem most important. The next portion of
'the meeting will provide an opportunity for you to make them talk about the
things you want them to cover, to compare different types of computing tech-
niques or whatever you wish in the way of a critical evaluation of the
development and application of "information processing devices." We have,
however, now spent about an hour and fifteen minutes here and we will next
have a short intermission of about ten minutes before we start the second
phase of this session. :

RECONVENING OF SESSION

CHAIRMAN McCANN: Our panel has received from the floor a large
number of questions. These have been sorted with reference to the panel mem-
ber to which they should first be directed., I will start with Dr., Ridenour,
Several have been directed to his attention.

This first question i$§ from R. R. Bennett, Hughes Aircraft. He
asks "By what year do you expect that a digital computer capable of handling
large real time flight problems will be available?"

DR. RIDENOUR: I am glad that he asked that question, because it
enables me to cover again in a few words of my own a point that Mr, Steele
made which I think is worth noticing. That is that in the past history of
computer development and use the emphasis in the field of analog computers
has been more on special purpose equipment, equipment designed for a parti-
cular class of problems. Total differential equations, for example, are best
suited to solution by the early differential analyzers and so on down the
line, while the digital machines have from the outset been called general
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purpose machines. This has not always been exactly the precise description
of some of the machines, but what is meant by that is simply that the logi-
cal organization of the machine is intended to be comprehensive in terms of
the machine's ability under some program or other to handle any class of
problem. Now in order to simplify the construction of digital machines and
to do such things as speed up their operation as you wanted to for simulation
purposes, what you have to do is to think in terms of special purpose digi-
tal machines; machines whose organization and balance of internal operating
times and all that sort of thing are especially contrived to fit them best
to a particular class of problem r ather than to endow them with some embodi-
ment of what somebody vaguely supposes to be the general operating require-
ments for a very much wider class of problem.

Thus if you are interested in making a digital simulator I think
that you would have to go more deeply into the requirements of simulation
than I believe anybody has yet done. I remarked to Dr.-Vance a moment ago
that I suspected with about the same amount of money it is going to cost to
build the contraption with 900 amplifiers in it you could indeed speed up
the kind of digital computation required for simulation by a couple of orders
of magnitude. So my answer to this question, "By what year do you expect a
digital computer capable of handling large real time flight problems will be
available?" is just exactly this; Roughly two to three years after someone
seriously tackles the problem. To my knowledge except for this investigation
going on at Pennsylvania, which is pretty much an investigation and not a
determined high budget effort to knock the problem in the head, there is
nothing going on. .

CHAIRMAN McCANN: Floyd, do you have anything to add to that dis-
cussion? Do you want to make a guess as to the time element inwolved?

MR. STEELE: Well, I think it will be a few years before there
will be a digital flight simulator. As far as the general simulation field
is concerned, I think there are three kinds of ways that people are going
about it or might go about it. If a person attempts to do the simulation
entirely by some digital machine, what he usually does is make a series of
approximating equations and collects the terms all together, and the effect
of collecting these terms all together among other things, provides the
general design criteria for the computer. A somewhat different approach to
this might be to isolate sections in a computer each one devoted to a par—
ticular piece of the simulation. For examplg bringing in the autopilot.

You might devote an isolated section of a digital computer to imitating an
autopilot, and the person specialized in that component would put in what-
ever non-linear terms, whatever pseudo histories or terms he wanted, and

the flexibility of that section would be such that it would te immediately
evident what changes in a particular parameter were doing to the whole sys-
tem. The parameters wouldn't be lost by a general collection of complete
system equations. Now where the system is entirely contained in a computer,
including the instruments, the simulation of instruments and the simulation
of the airplane is not what is required in actual testing of components, This
other problem is the midway problem. A person designing a missile from
scratch does not have instruments or an auto-pilot or any particular piece

of hardware to put into the thing to try. He has to start out making a guess
as to how everything will behave, and as it is designed he can see what
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happens. He could start the total simulation in about a year's time by put-
ting together things like 150 to 300 integrators, and then of course he
would have to gradually speed the thing up as the hardware was available.

Since the demand of the simulator is not for new designs but for
designs that have been going for a Jong time, I think that this is not too
pertinent a problem,

CHAIRMAN McCANN: Here is a card which states: "The J. B. Rea
Company is now working on a real time flight computer to be finished in
1953", That answers your question specifically. Does anyone else among
the panel wish to discuss this question?

DR, VANCE: I would like to make a few remarks along that line.
Naturally according to my past history I wouldn't agree to any schedule of
less than ten years. In these discussions it is always a question of gener-
alities, It is a very dangerous thing to be general about one of these
things. We talk about big computers and small computers. The question is,
how big is big and how small is small., If you take a computer represented
by the capacity of this new device we are building for the Air Force wherein
we have 200 or more multipliers, each of these multipliers is capable in
itself of being faster than any single digital computer now in existence or
planned, so you have over a 200 to 1 duplication. That means that something
will have to be done at least about the processes of your multiplication. In
other words, there is no way of simplifying multiplication. Multiplication
is multiplication. I am sure thatthe people who have been trying to design
the logic of digital parallel adders and things of that kind in the binary
system would like to know how to gain in the scale factors of time., When
you talk about a system of that size the only conceivable answer is, you go
to microwave technicues wherein the time of flight around the wires would be
important.

Now I believe there are two fairly serious programs underway to
attempt to build digital and log devices so to speak. I wouldn't depreciate
this program at the University of Pennsylvania at all because some of the
people. on that have had considerable tackground in solving the non-linear
differential equations that represent flight systems. I believe that is a
step in the right direction, but I still stick to my idea of ten years be-
fore you can duplicate the performance of one of these very large machines,
I would like anybody from the Bureau of Standards to correct me if this
isntt true, as there is a study underway at the Bureau of Standards to de-
termine how to design an effective digital simulator. Does anybody in the
Bureau of Standards eare to say anything about that, possibly Dr. Spanstead?

DR. SPANSTEAD: All I can say is that we have the matter under ad-
visement and are following through on a few ideas we have, We are hopeful we
will come up with scmething,

CHAIRMAN McCANN: I have here another question which is somewhat
similar, at least closely related, to the last one. We have just talked about
this problem of digital simulation in real time, the question of relative
speede We have talked about it primarily from the point of view of simula-
tion, let us say, for testing on a1l to 1 or real time basis, I have a
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question here that is somewhat related withrespect t6 possible speed advan-
tages of analog computing from a general design mnalysis point of view, where
some other factors come into play regarding this timing factor. This ques-
tion is from Professor C. H. Wilts of Cal Tech. He states: "The only
practical engineering design problem discussed is the auto-pilot problem. Do
any digital computer designers feel that applications to more complex design
problems (e.g. aircraft flutter) can be practically accomplished at this time,
particularly in view of the desire to study changes in perfommance due to
variations of the many parameters of the system?" Let me address this to
John Barnes. . '

DR. BARNES: Not being a flutter expert I think I will reflect it to
a friend of mine, Dr. Ed Van Fees sitting in the front row, Don't you want
to say a word about what the flutter equations are?

DR. VAN FEES: I don't believe I have any comments.
DR. BARNES: I will pass it back to the Moderator.
DR. VANCE: The Moderator himself is an expert in the field.

CHATRMAN McCANN: Dr, Wilts is thinking of the distinct advantage
that a direct analog provides in the field of designanalysis where one is
trying to study the effect of a varying large number of parameters and deter-
mining an optimum design taking into account a large number of controlling
factors. It appears at present that the use of digital techniques requires
that you state the problem completely, starting out with one set of assump-
tions, obtaining the results from that set of assumptions, which means a
complete programming of the problem, the examination of results and then de-
ciding what the next step will be in the analysis. At present it appears to
Dr. Wilts and other pecple at Cal Tech that the set up of a direct analog or
model with which you can experiment, provides a much more rapid and satisfac-
tory method of analysis. You . set up the general system not specifying exactly
what all the parameters are~-knowing only that the general physical system is
described by a certain rmumber of specified equations. Then with this general
model you delineate areas of interest experimentally and narrow the problem
down to more exact calculations in specific regions of greatest interest. I
do not know whether this technique is being used on any digital computers.

DR. RIDENOUR: I want to make a general platitudinous type of
remark which is that it seems to me this question and our Moderator's answer
to it reflects once more in very clear fashion the poverty of input and out-
put equipment that has been used with digital machines, That is, to my
knowledge, there are only one or two people in the oo untry who have made
arrangements for intervention in the program that is being followed by a
digital machine--the kind of intervention that would enable you in one of
these design studies to alter a parameter in the course of a computation in
order to find out where some characteristic or other has its best value.
Similarly I know of only one place in the country where anybody has ever put
an analog sort of cathode ray tube display on the output of a digital com-
puter so you can look at it and see what it is doing, and not until you do
that kind of thing will these devices-—even though they are slow and poverty
stricken as Arthur thinks they are--not until you do that, do they even have
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a orayer of tackling such a problem. The people who have been using digital
computers have been so beglamoured by their performance:on mathematical prcb-
lems, which is indeed dandy (laughter), that they have neglected to notice
that provided with these amenities a digital machine might be a useful tool
for same other thing such as the ones we are talking about here.

CHATRMAN McCANN: Does anybody else want to comment further on this
question? '

DR. GROSH of the GENERAL ELECTRIC COMPANY, speaking from the floor:

VWhat is reflected here is not that there is a poverty in input and
output equipment that has been used with digital machines. If some of the
engineers had had the gumption to put it into numerical analysis as the
astronomers did 150 years ago, we wouldn't be trying to put 900 integrators
on the end of one piece of wire. (Laughter and aprlause.)

CHATRMAN McCANN: Iet's direct this next question to Arthur Vance
first. Mr. Milton Drandell of the Hughes Aircraft Company asks this question:
"Can analog computers be adapted to solving problems in the business world,
such as problems in accounting and more specifically in problems of produc-
tion control? Are there any developments alengthis line?" '

DR, VANCE: I would say right now I had never heard of anybody
wanting to apply an analog computer to bookkeeving, (laughter) but when you
get around to the situation of production control it is common and has been
used for years in such places as bottle inspection machines and tin plate
inspection machines. As a matter of fact you talk about the automatic fac-
tory. The only part of it that exists today is the analog part which has
been growing continuously for the last twenty years.

CHAIRMAN McCANN: Floyd do you wish to add to this?

MR. STEELE: There is quite a little bit of what might be called
analytical analog engineering that can be applied; the learning curve theory
for example, is beginning in the planning of production processes. Probably
a small analog machine would facilitate a good deal of the plant loading; in
other words to load an aircraft plant you essentially take a learning curve
which tells you how many people per unit you are going to require, and then
you have to somehow figure out how many veople you can actually put to work,
incorporate a lag of some kind, and from this you get the proper distribution
in peorle per week., Quite a good deal of work goes with this, and there
isn't a chance to try it more than two or three work loads before one is
picked out.

This is a hiring program and it is broken down and turned over to
personnel, znd they start bringing people into the plant. Again in break-
ing dovmn a master schedule which this machine would produce, to detail
schedules, a lot of this--though it is presented in a tabular form—is very
easily usable with analog work and detailed scheduling could also be done.

CHAIRMAN McCANN: This question deals specifically with regard to
applications in the business world. I do havpen to know of some work in the
field of economics in which considerable success has been obtained in the
solution of certain of the linear equations of business economics by analog
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techniques. In fact one of the groups working on this has built themselves
a special purpose computer for this use,

Here is another question I want to direct first to Arthur Vance.
It is from Gialter F. Bauer of the University of Michigan: "What are the
relative merits of the two types of computers in dealing with problems in-
volving extensive function generation, especially empirical functions of
more than one variable as found in aircraft simulation?"

DR, VANCE: As far as functions of one variable are concerned,
the situation is quite clear. That constitutes one of the major weaknesses
of the present general purpose digital computer,s We had the problem of as
many as twenty or forty non=linear arbitrary functions. In some cases you
can memorize all these functions. In terms of high-speed memory, that is a
terrific problem. There is not a computer on the boards that would come
near doing that. One possible solutian which is amenable to this kind of
work would be developing power series and extrapolation methods to compute
these functions. Even if you are fortunate enough to gain much by that
technique, you are still using up arithmetical element time. The generation
of functions of more than one variable is a very difficult task for both
types of machine.

I think it would be just increasingly difficult for the digital
machine for the same reasons I have stated. Now for the analog machine there
isn't any equipment so far available for that purpose. It is normally
handled by attempting to approximate these functions as sums or differences
or products of one variable. There are several methods that have been pro-
posed, and there is no reason why they couldn't be made to work. The function
generators would be a function of two variables.

CHAIRMAN McCANN: Here is a question from C. B. Poland of the
General Electric Company, Hanford Works, addressed to Mr, Steele: "What is
your opinion regarding the major obstacles to cost reduction in producing
digital computers?"

MR. STEELE: Well, major obstacles are the number of components.
Often the components are not always being used at unusually high speeds or
somewhat out of their normal ranges., I think the whole problem in this is
to attempt to reduce the comnlexity of the machine and reduce the number of
parts, and this automatically will reduce the production costs and should
bring it way below the analog. The reason the digital has the potential of
being very cheap is because the complexity of it can be controlled. You
have a machine that is basically extremely simple. As a matter of fact ex-
cept for things like the player piano there has never been a mechanism
available in which people can get many units of complexity response out of
one unit of equipment. Of course that is the reason the analog will not
ultimately grow to great complexity and requires at least one unit of
equipment for one unit of the complexity of responses In the digital if
everything is in a normal easy memory you would have the equipment in one
memory channel of 4,000 relays since each piece of information on the chan=-
nel can be altered or taken out or used in some way in a sixtieth of a
second. You have something very much like a relay. The L,000 relays cost
you about the same as it costs to make six or eight relays as far as elec-
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tronic equipment is concerned. Let's look at the relay. The reason that
you can't then make a machine that is 4,000 times as complex as the present -
one with the same equipment or cut the complexity-a few thousand times with
existing machines is for the reason that nobody really knows how to use the
memory. There are ways of using it that make it simple, and there will be
many more ways developed later. I think the direct answer to the question
of the cost of producing machines is almost entirely that of extreme com-
pPlexity of components because that complexity in turn also demands unusually
expensive components and unusually precise components. You reduce the num-
ber of components and reduce the cost of components also.

CHAIRMAN McCANN: Does anyone else. on the panel wish to comment
on this question? Here is one directed to John Barnes from Mr, R. E. Carr
of the Jet Propulsion Laboratory: "Do you know of any practical (i.e.
operating) device which can be used in connection with electronic analog
equipment in order to simulate f (t-%) from an input of £ (t)? I assume
here that %’ is an assigned positive finite constant, but otherwise is un-
restricteds That is, it would be desirable that T could be assigned either
large or small values. I realize that reading on to magnetic tape and off
7V seconds later is theoretically a possibility. Is it an actuality?"

. DR, BARNES: Well, I don't know of any you can buy, but I don't
think it is too difficult a problem. Long ago at M.I.T. Gray and Brown
developed an analog type of computing machine in which they used this pro-
cess. They used film, Mr. Carr himself suggests magnetic tape. I think
that this is quite feasible and a modern way of doing it.

CHAIRMAN McCANN: This question is directed to Arthur Vance from
Walter F. Whitbeck, Bonneville Power Administration: "In the large simula-
tors it is proposed to set elements against a standard, or to check com-
ponents in the same way. If this is done manually, it will be very time-
consuming. Have any automatic or semi-automatic methods been proposed for
this task?® :

MR. VANCE: I believe I mentioned the clutch servo type of
mechanism which Convair is using where you set a large number of potentio-
meters. That is planned for the Air Force. It is not intended that in
any short length of time all the components could be checked against the
master standard, but they would be tested at some routine interval which
would be determined by the stability of the elements,

We hope this interval will be at least a month and possibly
longer so that one eliminates the routine of taoking the impedences, unplug=-
ging them from the machine, plugging them in a standard bridge, and con-
tinually adjusting them. Calibration is practically mandatory if you have
precisions beyond a part of 10,000, It has been our experience that many
elements will hold indefinitely to a part in 1,000.

CHATRMAN McCANN: Here is one directed to Mr., Steele. It is
from R. R. Johnson of Cal Tech: "Boolean difference equations were mentioned
by you as a potentially powerful tool-for handling sequential problems in
logical designe. Would you be kind enough to emplify this statement indicating
what you mean by this principle, and including a possible application of the
technique,"
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MR. STEELE: I think those who use Boolean algebra every day
use it in a form that Shannon put it in which he borrowed the signs and the
processes from ordinary arithmetic, and with a few mental reservations the
Boolean propositions can be treated very much as they would be in ordinary
algebra or arithmetic. If we create these operations that Shannon defined
with two of the total table of tautologies and the prime, that gives us
three, There are many people who express the total table of tautologies by
quite a number of combinaticns of these operations. We define another one,
and for convenience call it subtraction. We get an exclusive core, you
might call it, and it enables us to write a proposition at a given time. At
this time then we can write a relationship between a number of variables,
Then we can write the relationship T plus Delta T and subtract the 2 by logi-
cal notation and that gives us chains, This is only a beginning, or a kind
of a marginal case. Actually the problem in logic is not that of expressing
relationships among a number of things, but the sequence of them. The thing
- that makes a machine large is not one of static relationship, but a sequence
long in time which has to be followed. I would like to say in passing, take
the table of tautologies and apply the practical principle to it and take
the first difference of the table, and you will find out that the table of
tautology reduces from 16 to 2 as far as form is concerned. As a consequence
the first difference of the tautology seems to be more important than the
table itself. One might say that the tautologies and how they change gives
.you a means of progressing from one relationship to the next by an operation.
That doesn!t do too much justice to it.

CHATRMAN McCANN: Here is one directed to John Barnes by Mr. M,
Levy, Post Office Department, Canada: "I thought the problem of flutter of
airplane wings was solved twenty years ago. I published myself, a solution
using Lagrange's Equations. Probably the parameters have increased since
then."

CHAIRMAN McCANN: Do you want to make any comment on that John?
DR. BARNES: I still say I am not an expert on flutter.

CHAIRMAN McCANN: Mr. Levy has, I believe, answered this ques-
tion himself. The number of parameters the aircraft engineer must consider
today in making a design from the flutter point of view has increased consi-
derably from that used ten years ago.

Here are two questions that are very similar, One is asked by
R. G. Canning of U.C.L.A. and the other is asked by R. B. Conn of the Cal
Tech Jet Propulsion Laboratory. They are directed to Floyd Steele: "Will
you please give an unclassified example of computing and/or control without
numbers.,"” "What is this non-numerical data representation you mentioned?
Give a 'for instance!,"

MR. STEEIE: A rather easy process for the non-numerical to

carry out is non-convalution. We are trying to decide what to do with a
convoluter, we call it, and what you do if you have sets of twanty or thirty
convoluters, There is no history or background on how it is to be utilized.
To give a simple example on a non-sophisticated type of non-numerical compu-
tation, suppose we picked data off a single time varying instrument in the
form of a plus 1, whenever the instrument goes up, and a minus 1 whenever
the instrument goes down. Normally we need two channels to convey such kind
of work, because the instrument also stands still. We apply clocking inter-

vals to this. It is very fundamental, You are going to clock the instrument
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every time and it can do one of three things. It can go up one, down one, or
do nothing. If you wish to convey the fact that it does nothing you alter-
nate vetween minus 1 and plus 1, Now supposing that you are involved with

a difference equation of some kind that has come from translating the dif-
ferential equation that has assumed there is a linear friction term in it.

If you pass data back through memory this type of one minus one data is
automatically passed, and you allow the delta T equal to K, and then recom-
bine the data again beginning with the present through a non-numerical
subtractor, you substantially form a multiplication. You have taken the
derivative and multiplied by the constant. It requires less equipment than
the analog technique, and it is an extension of this, This is a very un-
sophisticated method, of course, because you are tapping the memory. A more
sophisticatedq way is to tap the memory continuously by another memory in such
a way that you perform not just simply the first difference rmltiplied by a
constant, but you perform a general convolution and you solwe the linear
system. I hope that answers the question. -

CHAIRMAN McCANN: Mr, J. F. Kalbach of the William Miller
Corporation, Pasadena, asks this question of Dr, Ridenour: "What are your
feelings on the accuracy justifiable in computers when an overall accuracy
of five or ten per cent is often all that is desired when considering the
validity of assumptions? You mentioned 0.1% or a decade better is desired
in analog computers. Some people would be havpy to know where to put the
decimal point."

DR. RIDENOUR: I didn't mean to suggest that you had to build
a better camputer than is required by the necessities of your problem. What
I meant by the numbers I gave regarding the precision of analog machines, is
that this is--by golly--the end of the line. This is as far as you can go
in using such techniques, and therefore there is a boundary to the kind of
problem that you can handle using these techniocues simply because there are
certain instances in which you desire more precise answers than one part in
10N will give where "n® is five or smaller. I don't know whether this is an
adequate response to the question, but it is all that occurs to me,

CHAIRMAN McCANN: We are running late on time. Ve have
several more questions. Here is one for Arthur Vance from . L. Martin of
the Telecomputing Corporation: "How does the use of back-to-back 'phototubes
eliminate the problem of drift and allow for a suitable stabilizing chopper?
Does not differential drift still exist in the phototubes?

DR. VANCE: Yes, it does. This is not a driftless affair,
The two photo-cells have to be alike and hawe the same amcunt of light. Change
in resistance must be on each photo-cell or an amount commensurate to the
sensitivity of the cell., We have found it is possible to balance these things
so they hold up for periodsof days, There are, of course, mechanical choppers.
You don't need anything like that at least,

CHAIRMAN McCANN: Here is an unsigned question directed to
Mr. Steele. "For same accuracy, approximately how much slower is digital
simulation than analog simulation?" '

MR. STEELE: I think the answer for average practice today
is about half an order to one order, Digital simulation, for example, would
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do very well on all the translational problems of an aircraft and simulate the
rotation problems on large wing-craft without too much difficulty, As far as
the same accuracy is concerned, there are a lot of things that aren't explored
yet, the chief thing being that there are these digital processes in which

you can trade time and accuracy the same as on an analog. There is one dif-
ference, and that is being exactly repeatable and can be calibrated. There is
no effort that I know of that has been made in this direction., Presumably a
person could cut the accuracy down quite a way and make studies in the nature
of the errors and do an error computation for a fix-up or somehow juggle the
thing so the error is compensated. That technique hasn't been used, I think
the answer is on the order I gave on the wing-craft, If you get into roll
rates of the rockets or translational rates of some rockets, the digital is
about one order off,

CHAIRMAN McCANN: Next is a question from Richard P, Gaunt, Cal
Tech Jet Propulsion Laboratory, and it is directed to Mr. Vance: "Our most
serious component deficiencies are in relays and polystyrene capacltors. Are
these yours? .What types of each are you using?"

DR, VANCE: As far as the polystyrene condensers are concerned, the
last large computer we manufactured was the Typhoon Computer. The condensers
were $1.,60 each on the surplus market and were made by the Western Electric
Company. We found that under controlled conditions they can be calibrated and
held to the known value better than a part in 10,000 for a period of months,
Similar -data on polyethylene shows tolerances on the order of one part in
10,000, I am sure that condensers of equal excellence can be purchased today.

Now as far as the relays are concerned, I don't know what he is
talking about. In the original Typhoon we used a very high-speed computing
relay. Now those relays, because of the fact that they have to operate in a
hundred micro~seconds and do it very accurately they were very much of a de-
sign and manufacturing problem, but they are not as I understand it a serious
deterrent in the operation of the Typhoon. The other relays you might use in
analog computers of the type we build ‘would be the relays used for putting in
and out initial conditions and starting and stopping the machine and changing
parameters and things, and I can see no relay difficulty there if ordinary
precautions are taken.

CHATIRMAN McCANN: I presume he is speaking of relays used for
this last purpose Dr. Vance mentioned. I might point out that with our com-
puters at Cal Tech, we have the same problem where we have higher speeds to
worry about as compared to an electronic integrating type of computer. Vie
find the Western Electric Mercury relay is very satisfactory from every point
of view including reliability; just to mention a specific relay that seems to
fit this particular application.

Here is a question directed by Mr., V. P. Magnuson, Bendix Computer
Division, to Floyd Steele: "What type of error correction can be applied to
compensate for errors arising from random noise in the channels which transmit.
incremental changes only? Loss of an increment would seem to permanently place
in error the number which should have received the increment."

MR. STEELE: I don't want to go into this too far, It is of a
classified nature. I would say this in general. A chief problem in the use
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of numbers for automatic control is that a number may be looked upon as an
abstraction of the whole past history of the instrument inputs, and an abs-
traction of the whole past history is useful in some cases and poor in
control. The past that you want in control dies out -fairly fast, and even

in cases where you are simply perturbing the narameters of the systema little
bit to adjust for gradually.changed flight conditions you don't want too much
past history available, Numbers are not particularly useful for automatic
control. The second thing, and that is the purport of the question; numbers
themselves are very subject to disturbance by noise and random interchange
from one to zero will blow up a number entirely. If you communicate between
the numbers by counting systems the chance interchange from one to zero puts
a permanent error.in, The non-numerical techniques are not subject to this
in particular and they behave 1like the analog. They keep a past history. The
past history is not extensive and dies out rapidly through the use of weight-
ing functions, you might say, and the result of this is that a casual inter-
change of the one and zero passing into the machine disturbs it the same as a
random piece of noise on an analog will disturb it. It passes out of the
system and doesn't locdge as permanent in the whole history of the control, I
think perhaps that indicates the answer to this question.

CHATRMAN McCANN: We now have just a few remaining questions. The
next card is from W, W. Seifert of M.I.T. He doesn't ask a question., He
.would like to give some information. He says: "In response to Mr. Vance:

The flight simulator group in the D.A.C.L. at M.I.T. has scheduled the instal-
lation of four generators for representing functions of two independent
variables during June 1953. These will be on the order of 1/4%Z accuracy." I
notice that somebody has written on in ink a question as to whether these are
truly arbitrary functions., Bill Seifert, would you like to comment on that?

MR. W. W. SEIFERT: They are arbitrary in respect to the fact
that you can't have double value functions or anything like that. They aren't
necessarily monotonic or anything of that nature, : ’

CHAIRMAN McCANN: Here is a question that comes back to the somer
what controversial one we cut short. This is submitted by Richard C. Booton of
M.I.T. The question is directed to Dr. Barnes: "The implication was given
that the use of computers reduces design procedure to an automatic process, Do
you really feel that any original design concepts can arise from automatic
computation, or that significant progress can be made in new areas unless mach-
ine computation is used as a tool by competent analysts."

DR, BARNES: I am glad to have a chance to answer this one. I
don't think engineers will be out of Jjobs very soon or even analysts operating
computer machines. I would like to make an example out of the filter theory,
Back in the 1920's or 1918, in through there, people had just discovered that
electromagnetic wave filters could be made by using transmission lines such
as telephone transmission lines. The design of filters in that day was done
by coupling end to end with recurrence relations, combinations of known types
of filters and the size of known types with certain rules. Later on in the
early twenties people looked at the problem in a normal filter of the type
in which designing was a change in attenuation, frequently in the pass band.
They designed networks that would offset this and equalize it. This was the
beginning of equalizers. These were networks designed with an arbitrary or
prescribed characteristic for telephone work. Later on Cauer and others pro-
posed a more general problem of designing a filter with certain specified
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types of elements to have prescribed characteristics with certain limitations
for two terminal networks and later four terminal networks, including filters
and so ones There is quite a bit of literature on this subject. Vhen you

have developed a good system of desiegm that will design characteristics, it

is quite possible to reduce this to an information processing device, a com-
puter which will turn out your designs. It doesn't require this spark of
originality that a lot of people think of when they think of designing an
airplane, for example. This is only because the aircraft design field is
still in the early stages relatively to electrowave volts, for example, so I
think in this sense that we will have design computing equipment that will
give us answers to prescribed characteristics once we have moved along far
enough in the theory of what we would like to do, and then mechanize it. Com=
puting machines provide solutions to certain problems. These in turn will help
us build up intuition so later we can develop hand methods for solving non-
linear problems.

CHATRMAN McCANN: Here ic one from J. S. Morrel of Bendix Radio:
"A number produced by an analog computer in solving a stress problem, for
example, is in fact a sample from a distribution representing all numbers this
computer (or many nominally identical computers) would yield in repeated
trials of this problem. Likewise the physical property it represents is
usually associated with a distribution over many individual structures. It
appears that matching these distributions is a major computer problem, Comment
requested.®

DR. BARNES: WVell I agree that in physical systems such as the
analog computer of continuous type, we don't deal with a2 specific exact answer,
but with a possible distribution depending on a lot of features such as the
temperature of the computer and the noise level and the wvarious other para-
meters that come in., But since the answers we want .are still in the accuracy
ranpge of the computer, we are not too disturbed by this., I would like to
refer another question back to the questioner here. Did you ever work with
rounded numbefs? You will find this is a problem in arithmetic and a problem
of digital computers, You will find just as much distribution theory in
rounded numbers as there are on computers in the distributions functions that
arise on the computation, You are always working with range such as the mean
value and variance. '

CHAIRMAN McCANN: We have one more question here. In fact this
is a request in a sense to amplify something from the floor by John J. Burke '
of the Jet Propulsion Lab, It is directed to Mr. Steele. Also he seems to want
to comment about it: "If time permits I would like to phrase a comment from
the floor regarding the relationship of computers to animal control mechanisms.®
Is Mr. Burke here? «

MR. JOHN J. BURKE: At first I thought I had a considerable pseudo
philosophical difference with Mr, Steele. One comment he made, I think, was
on counting systems. In dealing with computers in terms of biological systems
we might learn a lot by comparing the two biological systems., After all the
biologists have really been in the computing business since 1929 or something
like that, We might learn fram them. However it seems to me a little confus-
ing to talk about non-numerical systems when they are really numerical.
Another comment I had which I would like to bring out in more detail pertains
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to attempts to compare a computer to an animal mechanism. This is something
. that irritates me a little. It used to be popular for writers to refer to
computers as brains and things'of this sort. Now we would like to compare
them to animal mechanisms. My comment is that I don't think it is such a
superb device. It isactually quite crude, and most all the measurements it
makes an” data it collects in terms of engineering practice is of low preci-
sion and low response.

i, STEELE: Well, the animal systems, without going into this
too far, do scme things we would like very much to do, and that is that they
are like the analog systems; they are fairly free from accumulative distur-
tances or noise. That has been a severe handicap with the digital computer.
The thing can't stand internal noise at all, and the animal system can. Also
again we have the problem of initial conditions which the animal systems don't
have. Vhen‘we stand up and take off a set of gyros we keep our eyes closed.
Wie pass that in some kind of a fashion through a coordinate transformation
and down the control system. It doesn't require any setting up of initial
condition, and this is a very desirable thing if you know how to achiewe it.
Actually we recognize analog systems as being digital. There is no theory
for tracing them out, The fact is that there are now some processes that are
both digital and non-numerical and don't use binary numbers and don't use
counting either; you might call it a sign of progress where you can get such
things accomplished that are a good deal alike: addition and subtraction and
differential control and anticipation and transformation. If you can get
things like that you may also have something that is like the animal system,
It might be very useful to trace out animal systems 1o see if they are really
this way, The fact of the matter is that animal systems not only have com-
plicated visual processes way beyond this but their gense of balance is not
too different from the thing you are trying to do in an airplane. Now we
want to gather more data in an airplane to balance it than just the data from
a gyro, iie gather data from the compass and altimeter and other instruments
ond combine them altogether. Ve would like to combine all coordinates and
use them as a reference to control. This is exactly what people do all the
time, and they don't fall down if they have a random popping of the synapse.
(Laughter) They start-off with the wrong conditions. This is something that
we would like to do. I think there are some clues. That is all we can say
at the present time--there are clues how it might be done and some directions
we might go, and the fact the two are parallel is a thing of extraordinary
interest and of philosophical value. It has not came about deliberately--
that is, people haven't deliberately studied it.

DR. VANCE: Might I make a comment? It seems to me that our.
concern about the human being transmitting information around to the form
of noise is being overemphasized. The human being is an animal, and why
the preoccupation with the idea of the on and off pulses and that his
processes are rather crude. I would say that the fact that you measure
nerve action as on and off pulses is just a secondary factor in determining
the mechanism, :

CHAIRMAN McCANN: Gentlemen, we have probably subjected this
group of experts to enough discussion and it is time we called a halt to this
discussion period. We thank you all for being here. Ve certainly thank the
panel for providing us with an extremely interesting discussion,

END OF SESSION
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COMMERCIAL APPLICATIONS —
THE IMPLICATION OF CENSUS EXPERIENCE

James L. McPherson
Bureau of the Census

The Bureau of the Census began operating a Univac System in April
1951. We temporarily stopped operation at the end of December 1952, During
this period our Univac was housed in the factory in Philadelphia where it
was built by the Eckert-Mauchly Division of Remington Rand Inc. The first of
this year {1953) our Univac was shipped to Washington. It is now being re-
assembled and we hope to put it back in operation within the next two or
three months. .

As soon after our Univac was delivered as operating personnel was
partially trained which was about June or July of 1951, we introduced a seven
day per week, twenty-four hours per day schedule. This schedule was continued
throughout our operation of Univac.

During this period the Univac performed a variety of what we call
"small jobs". Most of these were on Census work but some of them were for the
U. S. Air Forece, the Army Map Service or the Atomic Energy Commission. We call
these jobs "small" not because they were small in importance but because they
were small in terms of the amount of Univac time they required as compared
with the two "large" jobs our Univac performed during the period we operated it.
/

one of the two large jobs was the preparation of certain population
statistics and the other was the preparation of certain housing-family statistics.
Both were part of the 1950 Census of Population and Housing. Important char-
acteristics of each of these large jobs were (1) they involved a very large
amount of input (a total of about 20 million input items for both jobs combined)
(2) relatively little processing of each input item was necessary (a fraction
of a second was the time required typically for the Univac to dispose of an
input item) and (3) a fairly large amount of output resulted—the output units
were tabul:r presentations of populstion or family-housing statistics for a

complex of geographic areas.

Commercial applicationsof lerge scale, integrated, high speed inform-
ation processing equirment which come to mind most immediately are the activities
under the jurisdiction of the accountants and bookkeepers. Tvhether these are
more or less important than other possible commercial applications I am neither
inclined, nor prepared, to argue. Control of all sorts of industrial processes
will undoubtedly become more and more automatic through the use of these new
electronic data processing devices. Such applications challenge the imagination
and invite investigation and discussion. I feel competent only to conjecture
and speculate about the impact of these equipments in this area.
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The bookkeeping kinds of applications are, I believe, similar in
many respects to the work we have done st the Bureau of the Census. Char-
acteristics they share with Census applications are: (1) large numbers of
input items (2) a small amount of processing per input item and (3) a
significantly large amount of output. This is, of course, a generalization
to which numerous exceptions can be found. However, it is, I think, obvious
that maintaining inventory records on thousands of items, or preparing pay-
rolls for thousands of employees, or sending monthly bills to thousands of
customers cr clients are applications much more akin to Census jobs than
they are to the problems of engineering and applied mathematics to which
large scale electronic computers have already contributed significantly and
for which they were originally developed.

To our knowledge there exists nowhere, other than at the Census over
eighteen months of continuous full time (around the clock, around the week)
experience with high speed electronic information processing equipment on
problems quite similar to those faced by the accountants in the business
community. This does not qualify us as experts in such problems, ipso facto.
In fact, the statement I can make with most conviction is that we have much
to learn about how, most efficiently, to use our Univac. Nevertheless, we
believe a few important comments are dictated by our experience.

The first of these is that large scale electronic information
processing equipment can be more efficient for many commercial purposes than
any other tool, or collection of tools, presently available. This statement
is true, I believe, for devices which exist today, are commercially available
and have a history of proven workability. Whether or not they can be used
economically in any specific situation depends only on two things. One is the
size of the job. Arpresent the devices most readily available are very large
scale and rather expensive. Obviously the job must be large enough to justify
the investment in equipment. The other fzctor is the ability of the user to
analyze and accurately define the final objectives of his present procedures;
his willingness to arrive at ti.ose objectives by what may prove to be radically
different procedures; and his willingness to familiarize himself with the logic
of, and programming for, integrated information processing equipment.

With respect to the first of thece two points I am confident that it
will become decreasingly important. Equipments of reduced speeds and memory
capacities but which are general purpose and well integrated are beginning to
become available at costs significantly below those charged for their larger
and more ambitious forerunners. This is one way equipment investment may be
reduced. Another may well be through pooling of resources to defray the cost
of equipment. This obviously may occur in several ways. A group of users
might own an information processing system jointly; a trade association might
acquire one to supply service to its members; an owner might sell excess time
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on his system to other users; or independently owned fzcilities may sell in-
formation processing services. A wonderful attribute of these general purpose
devices is the speed and ease with which they can be made to stop work on one
problem and begin work on another. It takes literally only a minute or two to
change. Last summer there was a period during which Census personrel were
operating two Univacs at Remington Rand's plant in Philadelphia for three
agencies. There were many actual instances where one minute a Univac would
complete the numerical solution of a complicated formula for the Atomic Energy
Commicsion and a minute later it would be tabulating Census statistics, and
within a minute after it completed the Census work it would be engaged on a
conversion of coordinates task for the Army Map Service.

This versatility means that to share an installation of electronic data
processing equipment a group of potential users need not have common problems.
Each potential user, however, must meet the second requirement I mentioned
earlier. He must analyze and sccurztely define his end objectives and then
develop procedures to achieve those objectives which take full_advantage of the
capacities of high speed data processing equipment. Not only Census experience
supports this point. I have some familiarity with several investigations of
the commercial applicsbility of these new equipments which were conducted by
potential users. Two cases, in particular, I think bear mention. Both are
multi-million dollar corporations with long histories of successful operation.
Their businesses are quite different yet their investigation led to similar
conclusions. These were that through radical changes in procedures significant
eccnomies could be effected through the use of these new equipments. In
general these changes require the consolidation, into one integrated operation,
of activities which are now being conducted in separzte departments. In fact,
in both cases most of the success of the investigation resulted from the fact
that the investigaors were staff officers attached to the very top officials
in their respective companies and therefore were able to cross existing
departmental lines with little or no difficulty.

To restate, briefly, the first point concerning commercial appli-
csbility - equipment in operation and commercially available can be used
profitably by the business community today if users will apply their detailed
knowledge of their problems to the development of procedures to exploit these

equipments.

: Please keep the foregoing in mind. A person who believes he has

perfect facilities for performing any task is either a genius or a fool. We
at Census know we are not the former and hope we are not the latter. We are
not satisfied with the equipment we have. I will try to indicate some ways in
which we think it could be better. Unfortunately there have been instances
where our indications of shortcomings have been interpreted as general €on-
demnation of these equipments. This is completely unjustified. We are only
trying to indicate how good equipment can be made better,
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The input-output facilities presently available are badly out of
balance with the ability of these equipments to manipulate informstion
internally. There are two reasons for this. The first is a historiczl
reason. These equipments were originally developed for applications where
large quantities of input and output did not exist. Only when the designers
and builders looked for commercial application did these facilities become
important. The second reason for the mismatch between input-output and
internal processing speeds is an engineering one. The input-output devices
must make the transition from the physical world we humans know and operate
" in where time is measured in months, days and hours to the electronic world
of the data processor where time is measured in seconds, milliseconds, and
microseconds. This transition can be accomplished only by equipment with
mechanical as well as electronic properties. e do not believe that
designers have developed the best mechanical components for these equipments

yet. .

On the input side particularly, however, we think it is hopeless to
expect mechanical elements to operate at speeds comparable to the internal
speeds of the inform:tion processing equipment. This being the case we
believe we must look for means to minimize the inefficiencies that slow input

causes. » ,

Procedures we used in the 1950 Census of Population and Housing will
illustrate this problem. A census enumerator recorded the required information
on a schedule, later a census clerk converted some of the information from
descriptive words into number codes, still later a key punch machine operator
transferred the intelligence recorded on the schedule to a punched card, and
later still a card-to-tape machine transferred the intelligence from the punched
card to the magnetic tape which is the input medium for our Univac. Now let
us look at rates of speed with which these processes were accomplished. The
enumerator's job involved much more than recording answers on the schedule.

Let us say that the 30 or so households for which he obtained information each
day was reasonable and satisfactory. The coding clerk processed the information
for about 300 households per day. The key punch operator prepared cards for
about 250 households per day, the cerd-to-tape prepared tape for about 10,000
households per day. The Univac processed information at a rate of about 20,00C
households per day (all of this is based on an eight hour day). Obviously, the
more manual the process, the slower it is. An ideal solution for this Census
problem would be a device which would read the information recorded by the
enumerator and transmit it directly to the electronic information processor
thereby eliminsting the coding clerk, the key punch operator and the card-to-
tape operstion and even the magnetic tape.

It is unlikely that we will ever achieve this ideal. e believe we
are making progress toward it, however.

The National Bureau of Standards has been helping us with this problem
and has in the final stages of development a device designed to read a census
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schedule and transfer the information thereon directly to magnetic tape. In
order to use this equipment we must require our enumerators to record their
answers by means of positioned marks rather than descriptive words or numbers
but this does not, at present, appear to us to be particularly burdensome or
undesirable. We hope through the use of this device to affect substantial
savings of time and money by eliminating the key punch operation and the card-
to-tape operation. (There may be a partially offsetting increase in the time
and cost of coding).

This we think illustrates the most important way in which input can
be brought more nearly in balance with the informztion processing sbility of
these devices, namely by more complete integration of the processes involved.
Possible commercial applications are very easy to visualize. For example:
(1) cash registers which communicate directly with magnetic recording media
very likely will be developed before long (2) the charge-a-plates now used in
most department stores may well be modified so they initiate a communication
with an informetion storage reservoir (3) standardized type used to record
serial numbers and amounts on bank checks can probebly be read by equipment
which exists today. Other illustrations are not hard to find. In fact some
of you may be familiar with the perforated garment tags which are currently
being used by some mail order houses and department stores to mechanize the
process of input of information to inventory control systems.

The mismatch between output speeds and information processing ability
may be more serious for some commercial applications than it is for Census work.
For some commercial purposes - account billing for example - there may be a
one-to-one ratio of input to output items., Here high speed, legible printing
is extremely important. It would be untrue and unfair to suggest that this
problem has not received the attention and interest of designers of these
equipments.

' In this area, too, the Census has sought the assistance of the National
Bureau of Standards. It is, I believe, correct to say that so far we have been
advised to save our money. In other words there has not yet appeared output
equipment enough better than owr Uniprinters which type ten characters per
second, to justify the price quoted for the faster equipment.

In summary of the second point then: There is room and need for im-
provement in input-output eguipment and on the input side particularly there
is need for system development and integration.

In conclusion, I want to remind you of the history of the development
of punched card equipment. We, at the Census, are proud to have fostered
Dr. Hollerith who invented the punched card method to increase the efficiency
of Census tabulations. We recognize that this method grew to be the powerful
aid to business and industry it is today as a result of the interest in it and
the demands made of it by private business. Electronic information processing
equipment which exists today was developed to meet government needs. Private
uses are just beginning to appear. As businessmen put this new equipment to
work for their purposes they will learn where it is strongest and where it is
weakest. Just as their father's influenced the course of development of
punched card equipment, today's businessmen should direct the development of
tomorrow!s electronic data processing equipment. '

53



PAYROLL ACCOUNTING WITH ELECOM 120 COMPUTER

Robert F. Shaw
Electronic Computer Division, Underwood Corporation

Introduction

The Elecom is a magnetic drum computer of the same general type as the
Elecom 100, which was described in detail by Mr. Auerbach of this company
at the meeting of the Association for Computing Machinery in Pittsburgh
last May, and published in the Proceedings of that meeting. It differs
from the 100 in two important respects; operation is decimal throughout,
and the memory capacity has been increased from 512 to 1000 words. The
change from binary to decimal operation results in a machine which is
well adapted £o commercial applications as well as purely mathematical
computations.

Payroll accounting, because of the relatively small amount of input
data involved, is an application which uses the 120 system with reasonably
high efficiency. In the example I will describe, one computer, operating
on a 7 hour a day, 5 day a week basis, can handle the payroll accountlng
for approximately 4000 employees. :

Preparing the Entry Tape

The manual preparatory work includes collecting time cards, totaling
for each employee the number of hours worked at regular and at overtime
rates, and typing the employee number and the hour totals on a typewriter
‘which simultaneously punches a paper tape. The result is the punched
tape, together with a printed record like that shown in Fig. 1.

Here the first word of each pair gives the employee number, preceded
by zeros to fill it out to the standard 8 digit length, and the second
word shows the hours worked at regular rates and at overtime rates, with
decimal point assumed to lie between the second and third digits in each
case. The three digit number following the first entry of a group indi-
cates the memory address into which that word is to be placed; subsequent
words go into sequential addresses automatically.

As the payroll clerk processes the cards, she also arranges them in
ascending numerical order by employee number. Since cards can ordinarily
be collected from each rack in proper order, the amount of time involved
in collating all cards processed by one clerk is relatively small, and
this is one operation which can be done more efficiently by the clerk
than by the computer. At the end of each ten entries a stop character is
punched in the tape; this will later cause the computer to stop reading
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paper taﬁe at this point and proceed with computation.

The Account Tape

Information concerning each employee is recorded on a magnetic tape.
This data includes name, address, social security number, withholding ex-
emptions, basic and overtime rates, and data concerning special deductions
such as union dues, hospitalization and the like. In addition to these
figures which do not ordinarily change from week to week, cumulative earn-
ings and tax totals for quarter and year are recorded weekly, and at any
given time the details of earnings and deductions for the previous or
current week are included. A block of 50 words is assigned to each account.
This space, equivalent to 400 digits, is considerably more than is logically
necessary for the data stored, but two important advantages are gained.
First, each item, regardless of how few digits it contains, can be assigned
to a separate word, so that extraction and recombination are minimized,
and editing is simplified. Furthermore, much of the data can be stored
in edited form ready for printing; in fact, certain items can be recorded
in both edited and unedited form. Results can thus be stored in only one
section of the memory, from which they are both printed and recorded on
tape, instead of being assembled in one place for printing and in another
. for recording. :

Figure 2 shows a typical arrangement of data in ‘the block. Column A
indicates the word position in the block of 50. (Column B indicates those
items which are printed during weekly payroll processing. The items in
Column C are used in the quarterly preparation of social security tax re-
turns. Those in Column D are used in preparation of annual withholding
tax statements. The only editing required in changing from one type of
form to another is the appropriate shifting of printer stop symbols.
Finally, Column E indicates items which are used in computation and are
_thus stored in unedited form. Note that many of these also appear in
edited form. Thus it is unnecessary to "de-edit" an item carried over
from one week to the next before using it in the new computation.

Starting the Processing

A weekly processing run is started by mounting the paper entry tape on
the tape reader of the first input typewriter, and the employee account’
tape on the magnetic tape unit. The blank journal form is started on the
first typewriter, and the combined statement and check form, together with
the individual earnings record form, are mounted on the second typewriter.
Fig. 3 shows the forms used. Note that the journal carries the same data
arrangement as the order forms. It is therefore possible, by operating
the typewriters simultaneously, to type only a sincle line of data for all
"three forms, so that typing, the slowest of all the operations involved,
is kept to a minimum.

The only reason two typewriters are used is because the journal formm
is advanced a line at a time, while the other forms are advanced a consider-
ably greater distance.

Mamually operated dual paper feeds for typewriters are now available,
and it is quite likely that an electrically operated version of this device
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will soon be developed. When this can be obtained, all forms can be handled
on a single typewriter,

The journal and statement-check forms are one-time forms, of course,
but the earnings record form carries entries for thirteen weeks, with a
heading showing the employee's name, address, and other pertinent informa-
tion. Its registration with respect to the statement-check form is ad-
Justed so that each week's data will fall one line below that of the pre-
ceding week.

In addition to mounting the tapes and forms, the date and the starting
number for the pay checks are entered manually into the computer, Compu-
tation can now be started, and from this point on the operation is entirely
automatic. ‘

Computation

Fig. 4 shows a flow chart of the program. Ten entries are read from
the paper tape, and one account from the magnetic tape. The employee
number of the first entry is compared with that of the first account. If
they differ, another block is read from the magnetic tape, and the process
is continued until agreement is reached.

When employee numbers match, computation starts, and as it proceeds the
magnetic tape is backed up one block. The latter operation proceeds in
parallel with computation. Computation of earnings, deductions, and net
pay is relatively simple and occupies less than 2 seconds. Editing of the
results requires about 3 seconds more. Results are stored in the memory .
channel occupied by the block read from the account tape, replacing
corresponding figures read from the tape. Thus cumulative totals are
brought up to date, and the current week's figures replace those of the
previous week. Appropriate portions of the data are then printed by the
typewriters, and the block of data is recorded on the account tape, in
the same block as that from which it was read but in a different channel.
Thus the original block is not erased, and, in case of discrepancies, is
available for reference. With five channels available in each block on
the tape, data from as many as four preceding weeks can be retained be-
fore it finally becomes necessary to replace them.

In the course of computation, column totals are accumulated in the
memory, and are printed out on the journal form at the end of the day's
run. Any desired departmental or other group totals are also accumulated
ad printed as desired, and journal page totals may also be printed
periodically. )

Zero Suppression

Zero suppression is the most time-consuming operation in the editing
process, It is made somewhat easier by making use of a so-called
"normalizing" instruction included in the 120's code. This instruction,
introduced originally to simplify programming of floating decimal operations,
causes a number in the accumulator to be shifted to the left until its
first digit is non-zero. The number of shifts required to accomplish this
is automatically counted and recorded in a specified address in the memory.
This number, in the present case, of course indicates how many spaces are
to be substituted for the zeros preceding a number. The zero suppression
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subroutine is a good example of the type of programming used in the 120.
Figure 5 shows the zero suppression subroutine.

Column A shows the addresses in which instructions and data for the
subroutine are placed. Column B contains the instructions themselves,
each consisting of a space symbol in the sign position, not specifically
shown; a two-digit number indicating the type of operation; and two three-
digit addresses. Column C contains brief descriptions of the indicated
operations,

Before entering the subroutine, the number N to be processed is placed
in address 110 and in the accumulator and the subroutine is entered by
means of the 26 instruction, which records in the right-hand address of
the instruction in 106 the point of return to the main program, and then
transfers control to address 100.

Instruction 100 causes the number N to be shifted and the number of
zeros (p) to be counted and recorded in 109 as a single digit preceded by
seven zeros and a positive sign. Instruction 101 subtracts this quantity
from 8, and places the result in A after first clearing the shifted N,
which has no significance. The result, s, shows how many significant
figures N contains., Instruction 102 shifts this figure'6 places to the
left, making it appear as the second digit of A, and then extracts it into
that position in the instruction in 0} A word containing 9 spaces, in-
cluding one in the sign position, is brought into A by the instruction 103.
Now instruction 104 shifts these spaces "s" places to the left, making the
nge right-hand digits zero. The result, in A, is a word those first "p»
digits are spaces, and whose last "s" digits are zeros. 113 contains
irrelevant data, It is now only necessary to add the original N to this
number in A, store the result in 110, and return to the main program at
the point previously recorded in instruction 106. The entire process re-
quires 0.2 second.

Checking

Checking operations are performed as desired, and their scope is limited
only by the amount of time one wishes to devote to them. Certain ones are
worthy of mention and are almost essential.

For example, a common type of error is the introduction of an entry
out of sequence, Since we have assumed entries arranged in increasing
sequence, any one having a number lower than the preceding one indicates
an error and can be detected with a simple comparison. It can then either
-be recorded on a separate line of the journal, or punched into an error
tape (since paper tape can be punched from the computer.) It may also be
advisable to list as an error any entry bearing a number appreciably higher
than the preceding one; for example, if account number 1385 were inserted
by accident between 1312 and 1313, the result, in the absence of such a
test, would be to skip over all numbers between 1312 and 1385 on the
magnetic tape and earnings records, and after computing on entry 1335, to
list as errors all subsequent entries from the paper tape up to 1386.

Another obvious check is periodic cross-footing of column totals. Re-

cording on the magnetic tape can be checked, if desired, by rereading the
recorded block. If an error, such as the missing of a pulse, was made
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during recording, automatic checks included in the reading operation will
have a very high probability of detecting it. This latter check requires
several additional seconds per block, and our experience with tape re-
liability would appear to indicate it is quite superfluous, particularly
in view of the policy of retaining the previous week's record on the tape
for reference.

Tax Returns

Since cumulative earnings totals have been kept from week to week in
each account, it becomes a very simple matter to run off the quarterly re-
vort of social security taxes on form 94la. Practically no computation is
involved; it is only necessary to accumulate the column totals., The only
editing required is the insertion of a decimal point between dollars and
cents in the quarterly earnings total, and placement of carriage return
and printer stop symbols. Restoration of the quarterly cumulative totals
to zero in each account is accomplished by a minor modification of the
program for the next weekly run. Thus here again the most time-consuming
part of the operation is the typing of the form.

Annual preparation of withholding statements on form W-2 is likewise
a simple matter. Here again the only computation involved is the
‘accumulation of column totals, and the only editing is insertion of
decimal points and placement of printer control symbols. Again the clear-
ing of annual cumulative totals in each account is 4ccomplished on the

next weekly run.

Operating Times

Operating times, on a per-account basis, are approximately as follows:

For weekly payroll processing, approximately 27 seconds,
distributed as follows:

Reading paper tape ' 2 seconds
Magnetic tape operations 3.2 n
Computation, including editing 5 n
Typing, including additional line

feeds on second typewriter 17 n

These times allow for the off-sequence. checks mentioned above, and
periodic cross-footings., They will be increased somewhat, of course, if
more elaborate checks are desired, or if a large number of inactive
accounts accumulate and have to be passed over on the magnetic tape and

earnings records.

The quarterly social security report requires approximately seven and
a half seconds per line, distributed as follows:

Magnetic tape operation 1.6 seconds
Computation & editing 1 n
Typing v 5 "
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Preparation of W-2 forms require about 21 seconds per form, with the
following breakdown:

Magnetic tape operation . 1.6 seconds
Computation & editing 2 "
Typing 17 "

Conclusion

Payroll accounting is, of course, only one example of the applications
.of the Elecom 120 system. In addition to the usual wide range of scientific
and engineering computations for which high speed computing machines can be
used, the 120 system can handle other types of commercial problems, such as
cost accounting, inventory control, and insurance premium billing. Its
chief limitation is in the slow printing speed and the slow speed with which

paper tape is read.

Two approaches to the input problem are possible; a fast paper tape reader
can be used, employing photoelectric pickup or other non-mechanical sensing
means, or equipment can be designed.for preparation of magnetic tape from a
keyboard. Both of these methods are now under investigation to determine
which is more economical, and it is expected that a decision can be reached
and equipment made available within the next year.

The problem of designing a high speed printer which can be produced at
a cost low enough to be commensurated with the rest of the system is con-
siderably more difficult. We are confident that it will be solved in time,
but meanwhile the problem of producing output date in visible form at a
reasonable rate will continue to be the chief factor limiting this more
extensive use of computers in commercial applications.

#00003127 200
#,0000125
#00003128
#*/,0000000
300003129
3/,0000000
00003131
#38750000°
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Fig. 1. Entry Tape
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"AUTOMATIC DATA PROCESSING
IN LARGFR MANUFACTURING PLANWTS"

by

4. E, Salveson and R. G. CanningA
University of California, Los Angeles

If you have ever tried to draz a small child through a toy department,
while trying to catch a train, you will have some feeling for the troubles
of the Production Control Manager. He is faced with a never ending stream
of unexpected troubles, all of which tend to keep him from making good his
schedule, Development of ingenious methods to solve this problem has helped
somes but in many casess both the problem and ulcers remain,

The authors aré engaged on a research project at the University of
Californias Los Angeles, on how to improve scheduling., The objectives are
to provide quantitative methods as a basis for management decision, instead
of the present predominantly intuitive methods. One main phase of the praject
is developing the "optimum schedule"=~-that schedule which makes the best use
of plant facilities and materials. A conceptual "model" of a scheduling
system has been developed by one of the authors'and Serves as a conceptual
"framework™ for this study.

But, in addition to methods for developing an optimum schedule, there
is the further problem of meeting the schedule, This problem reaches its
peak of bewilderment in the large job shop--where a large variety of products
is possible, and production is to customer order rather than to inventory.
Parts are made in small quantities, and there is a long time between repeat
orderss hence, the learning process is minimized, Because tooling on one
operation turns out to be unsatisfactorys the job has to be set aside until
proper tools are obtained. Then the reworking of inecorrectly made parts can
throw off the schedule, and the rejecting of bad parts changes the quantity
and necessitates rush orders. The machinist, not clearly understanding the
print, decides to make the part his way--and sometimes this isn't the right
way. - Occasionally whole .operations are skipped, by sending the parts to the
wrong department, Or an order is lost; it is somewhere within the plant- but
no one knows where, Sometimes you can't determine the cause of the trouble;
the part has been made satisfactorily 50 times before but this time it just
can't be made right., And then just when everything seems to be going
smoothly on the parts the customer changes his order--more earlier, fewer
later, cancells out or other.

What is the result of all of this on the schedule and the man who is
responsible for it? A sample survey was made in a local manufacturing plant.
Table I shows what was happening to scheduling there, Out of 692 orders
in the sample, only one was on schedule, all others either were early or

A This paper was prepared while the writers were under contract to the
Logistics Branch, Office of Naval Research.
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late relative to the schedule, This same plant publishes a shortage list
daily that is about 300 pages long, Decision-making is indeed difficult
with that much data to consider,

Number of days actual differed Number of parts completed

from scheduled completion date within the interval
, early . late
21 or more 128 11
17 to 20 84 78
13 to 16 72 18
9 to 12 Lo 56
5t 8 ’ 21 28
1to L 16 6
"on schedule" 1

TABLE I

Figure 1 shows the variations in the work load in one department of this
plant, a hydraulic press department, The solid line represents the jobs
arriving in the department, and due in the future, The upper dotted line
represents the past due jobs, and the lower dotted line is the number of jobs
clearing the department on that day, Uneven flows and backlogs such as this
mean loss of money to the firm, since parts often must be assembled out of
the proper sequence; jobs, men, and machine are not available at the same
time, etc. In part, this is just like putting the electrical wiring in a
new house after the walls are up, This not only costs extra money, it also
usually means that deliveries are "off schedule",

The variety of solutions to the production control problem is almost as
great as the variety of problems, Probably the most common solution is some
variation of the "manmual" system, In this system, the problem is broken down
into a number of small components, and different men are made responsible for
these camponents, Expediters are needed to coordinate efforts; it is not
uncommon to find 2 percent to 5 percent or more of the employees of a plant
working as expediters. - Under such a system, it is almost impossible to
predict the load on a given production depariment even a few days into the
future, especially where there is no standardized flow of parts through- the
plant.

- To allow some means of predicting future loadss use has been made in
recent years of punched card systems of production control, Punched card
systems allow for more centralization. By sorting cards by expected dates
and by departments, some estimate of future loads can be obtained. All
predictions are based on standard running times, and the only way to enter
the day-by-day variations into the cards is by mass key-punching new cards
and replacing the obsolete ones, The common method of meeting this problem
is to increase the standard running times until you can be sure the parts
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will be made within the allotted time--and consequently, up goes inventory--
raw, finished, and in process, and back into the future go delivery promises.

Electronic data handling systems offer much promise for helping solve
such production control problems. Since, if properly designed, data in the
system can be changed or erased at will, the system can keep up with the day-
by-day variations, Actual running times can be remembered easily, for
adjusting standards, Data can be sorted, collated, and transferred, to give
different pictures of shop loads according to different needs, In short,
an electronic system promises to provide what one of the Navy's top admirals
recently asked for--a machine which, upon throwing a switch, would project
onto his wall a "picture" of the major problems and bottlenecks confronting
his organization at that moment. '

To obtain a more concrete picture of requirements for an electronic
production control system, our project has sponsored a detailed study at one
of the local plants. The company has about 1000 employeess which is near
the lower limit in size for companies who can consider an electronic system,
They fabricate and assemble small but complex units on a job shop basis,

The company at present has an efficient manual method of processing data; an
idea of their efficiency is seen from the fact that only 7/10 of one percent
of their employees are expediters, as compared to,a nommal range of 1 percent
to 5 percent. A total of 29 people are employed in production control, with
such diverse jobs that only about half of them miiht be replaced by an
electronic system, Amortizing this saving over 235 years, it is seen that the
electronic system should cost in the neighborhood of $175,000 to $200,000,
Some additional cost might be allowed if the system would provide very
desirable scheduling data that are not now feasible., So let us say that
$225,000 to $250,000 is the range we must shoot at., A company with such an
efficient manual system was picked as a yard stick against which to compare
the merits of an electronic system, °

Time does not permit consideration of all the possible variations of an
electronic system that.were considered. For example, the idea of an all-
electronic memory throughout was soon discarded, at least until more
efficient gystems are developed, as the volume of data was too great, and
since other forms of memory were quite feasible, Also, not all production
centers throughout the plant are tied to the machine by electrical communi-
cation circuits, since in general, information is not generated at a high

enough rate to justify this,

. In the next few minutes, I will hit the highlights of a proposed system
that we believe.can meet the requirements of this company. At the same time,
I want to emphasize that this is not a general purpose system, but is designed
for this one campany specifically. For another company, many of the same
building blocks might be used, but the parameters would be different, How-
ever, later in the talk, a design philosophy will be presented, based on our
experience, which we believe will apply quite generally, °

Figure 2 is a flow diagram of the procedure to be used in posting
customer orders and the issuing of purchase requisitions, shop orders, and
assembly orders. A typing operation appears unavoidable at the beginning,
in order to prepare a standard sales order from the customer's order, Such
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items as inspection procedure, renegotiation clause, customer code number, and
product code must often be added to the information supplied by the customer,
By using an electric typewriter that can punch a paper tape (such as the
Flexowriter), data are in a form suitable for direct entry into an Electronic
Data Handling Machine, designated here as the TDHM, This machine is quite
similar to electronic digital computers of today; in fact, it is possible

that commercially available machines will meet all requirements., Bills of
material are prepunched into punched cards; the approoriate decks are selected
by the operator and fed into the machine, Automatic access of Bill of
Material data is not essential here in this plant, since only LO to 50
assemblies are involved each day. The machine combines the variable informa-
tion (quantities, due dates, etc.) with the standard data and posts these
schedules on the Requirements magnetic tape. After all postings are made,

the machine scans the requirements data for each part number, compares it
with the inventory data from the adjacent magnetic tape, and pulls out those
part numbers for which an order may be necessary. The operator scans these
printed data and decides which parts to order and in what quantities and
enters this information by a keyboard., The machine is then able to prepare
the necessary papers.

More tape units, or the newer types of random access memory, probably
would be desirable if the cost were not too great, to cut down access time,
Allowing only 10 seconds to hunt each part number on the tape, the 1000 to
1200 individual part number entries per day will require about three hours
machine time, which is almost at the maximum time, 1limit allowable for this
operation,

Figure 3 shows how shipment schedule cards can be prepared automatically,
without the need for manual key punching, These cards contain the pertinent
data of the customer orders, and can be sorted by delivery due date, by
customer name, or other convenient breakdowns., -The breakdown by delivery due
date will be used in a later figure,

Figure L shows the assembly order procedure, Variable data such as
quantity and due date is stored in the working magnetic memory; bill of
material data, as before, are in pre-punched cards, The electronic machine
in conjunction with a summary punch and interpreter combines the two, to
provide individual requisition cards. The stock clerk, when filling the
parts requisitions from stock, separates these cards into two piles--parts
disbursed and parts that are short. Day-by-day changes are handled bx a
Summary Punch with keyboard in the stockroam, or a unit similar to the Talley"
Register, (made in Seattle). Disbursement cards are read by the machine and
entered into the inventory tape previously shown. Shortage cards are read
into the Parts Shortage Magnetic tape,

Figure 5 shows the method of obtaining and recording shop progress data,
As new shop orders are issued, they are recorded on a Shop Order Status
magnetic tapes This tape is kept up to date by means of reading the completed
move tickets (a pre-punched card), labor distribution cards (already being
prepared by the Accounting Department)s filled raw material requisitions, and
inspection and reject punched cards. The machine is also able to prepare the
next move ticket for each job, as the completed one is read in, The method
of calculating the due date for this new move ticket will be discussed

shortly.
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Figure 6 shows the analysis procedurg, for using all of the data gathered
most effectively, The Production Controller selects shipment schedule cards
(mentioned above) by due date: he is primarily interested in past due, dues
and about due orders, and the cards have been sorted in this fashion, The
machine reads these cards and collates with this information the data from
the Parts Shortage tape. The data are graphically presented on a large
visual Control Board, and shows for example, which customer orders are past
due that have only one part missing, It is on such orders that the Produc-
tion Controller concentrates his attention.

The machine is next asked to tell specifically which parts are missing
on these assemblies, by part number., The Control Board might be adapted to
this use by using a transparent plastic overlay on which are written the
Bills of Material., Lights are lighted behind those parts which are missing,

The value of a temporary, graphical presentation should be emphasized
so that the Production Controller does not have to scan a large number of
figures. Details of the Control Board have not been completely worked out
but the problems appear to be ones of cost and engineering, rather than new,
unique problems. Several alternative approaches appear interestihg, also,

Nexts, the Production Controller calls for the status of the shop orders
which are making the missing parts. These data are obtained from the Shop
Order Status magnetic tape. The overlay on the Control Board in this case
gives the Route Sheets for these parts, and the lights indicate which
operations the orders are in,

To get an idea of when these orders might be completed, considering the
overall status of the shop, the Production Controller makes use of the
Scheduling Machine, This electronic machine works on a principle very
similar to the digital differential analyser. It is loaded frem the Shop
Order Status tape. Then with Route Sheet data at its disposal, it gradually
works its way into the future., Whenever a machine tool becomes available,
the machine scans the waiting shop orders and picks the one with the highest
priority slated for that machine, By changing priorities, the Production
Controller can "play" with the schedule, until he gets one that looks good
for the next two weeks. Appropriate operation due dates and priorities are
transferred to the Shop Order status memory, for preparing the next move
tickets. The Production Controller then lets the machine run out for a
month or two into the future to get a rough picture of what is ahead, It is
estimated that the time scale is about three hours shop vime per one minute

machine time,

When the machine allocates a shop order to a machine, it causes a -card
to be punched, with all pertinent data. These cards can be sorted to give
future department loadss possible tool conflicts, ete, After the machine
has determined the schedule, the Production Controller or an assistant can
play with it, testing out different priority rules, scheduling methodss etce.
Monte Carlo methods can be used to simulate the conditions of machine preak—
downs tooling trouble, inventory policies, and other day-by~-day variations,
to find a scheduling method that is least affected by these factors.

Also available from the Shop Order Status tape is a r?nninq total of
shop order cost, as opposed to standard cost., This is a first order
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approximation of how much the Production Controller can spend in expediting
an orders and still make a profit, This is a value judgment, and often
involves more than just the cost of the individual part.

Adding up the estimated costs of the above equipment, and including
rental of punched card equipment for 2% years, gives an optimistic total of
about $264,000, Installation charges are not included, So while the electronic
system probably costs in the right order of magnitude for this particular firm,
it is not a foregone conclusion that it would be desired., However, this was
a research study, and we were not trying to sell anything,

Experience at this one plant, plus the other surveys made by the authors,
indicate a rather general purpose design philosophy for electronic production
control systems., For the next three to seven years, it is likely that most
such installations will make use of existing equipment and techniques (such
as punched tape, punched cards, electric typewriters) as well as newer
electronic devices such as random access memory. The system must be tailored
to meet the individual plant's requirements, as we see little hope of a
general purpose system, The human operator will still be the main source for
important judgments; the machine can only help out on the routine choices
(not of a complex nature). Therefore, a good integration of men and the
machine must be engineered, Recent studies on information theory in psychol=-
ogy should be of great assistance here, Many results of the data processing
for Production Control need orly a visual display, and need not be permanently
recorded; this will reduce very materially the printed output problem,

The Production Control Center in a plant thus takes on the aspect of a
Combat Information Center aboara ship. The machine processes the data and
presents it to the humans for decision-making purposes. The plant machine
works on a different time scale than does the CIC-=hours instead of minutes
or secondss so that the plant machine need not be designed to aid in the
minute-by-minute decisions.,

From an engineering standpoint, it is quite evident that data should be
recorded in machine language as close to the source of data as possible, in
order to reduce manual operation bottlenecks to a minimum, The use of
existing equipment where possible has the advantage of predicting the level
of reliability in advance. Also, this reliability and the accuracy of the
system can be improved by providing routine cross checks between Accougting
Department data and Production Control data. Finally, an all-electronic
system is not necessarily desirables and depends upon the economics of each
specific case, For examples the inter-department mail system may be a
completely satisfactory communications channel for some of the data.
Similarly, not all data has to be stored in electronics, random access memory,
In short, the system should be designed to fit the company, rather than
squeezing the company to fit the system.

In this papers we have presented some of the initial results of our
Industrial Logistics Research Project. We are anxious to place these results
before business management, as potential users of electronic data handling
systems, as well as before electronic equipment manufacturers., It is hoped
that we can perform some small service toward a meeting of the minds, betwe?n
users and producers of this type of equipment. Time has not allowed a detailed
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description of the topic of this paper, nor an indication of the other
affiliated areas in which we are working., For any such additional informa-
tion, we extend a cordial invitation to all interested parties to visit us

at U. C.L.A.
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REQUIREMENTS OF THE BUREAU OF OLD-AGE AND SURVIVORS INSURANCE
FOR ELECTRONIC DATA PROCESSING EQUIPMENT

Edward E, Stickell
Social Security Administration
Federal Security Agency
Baltimore, Maryland

The activities of the Division of Accounting Operations of the
Bureau of 0ld-Age and Survivors Insurance have been referred to, upon
occasion, as one of the biggest bookkeeping jobs in the world, Whether
this condition is true or not depends on how it is measured. Certainly,
by the yardstick of costs, it would not appear that the job is at all
near the biggest, On the basis of comparisons similar to those made in
business, the gross costs of operations represent only 4 of 1 percent of
total gross income, Furthermore, the system shows no signs of becoming
the biggest in terms of cost. In a ten year period, &an approximately
50 percent. increase in basic work loads has been absorbed with no
significant or compensatory increase in personnel, It is felt, therefore,
that if the job qualifies as being one of the biggest in volume, it also
might qualify as one of the smallest in terms of proportionate costs,
However, regardless of how it is measured, the job represents a real
challenge to those who administer it and to those who would furnish it
with suitable electronic paraphernalia, For these reasons, the following
problems are presented with pleasure at the ooportunity and with confidence
in the know-how represented at this conference to solder together whatever
combinations of wires, tubes, diodes and transistors that are found to be
necessary in each case,

The largest area of mechanicdl operation within the whole accounting
system is in the processing each quarter of approximately 60 million entries
received in random order to eapproximately 107 million accounts which are
established in numerical order for ready reference. The end result of this
work must permit repid access to any one of the approximately 107 million
accounts at any time except the instant at which a particular account is
being posted. Such access is necessary in completing the approximately 755
thousand references made each quarter for such purposes as: processing
claims for benefits, issuing statements of account, and making adjustments.

The ideal situation, of course, would be one in which each of the -
60 million incoming items each quarter would be incorporated with the related
account at the instant the new item is presented to the system. Key
depressions by which punched cards now are produced instead would cause
pulses to flow over wires to & device which would summon forth the
‘designated account. This device would compare and post the entry or
separately record it for clerical investigation if absolute identification of
the entry with the account were not possible. Although, we often have seen
yesterday's fantasy become today's reality when electronic principles have
been established and applied, we cannot wait for as long as might be
required to produce equipment suitable to this ideal, Hence, we must contain
ourselves with projects of less ambition while the science progresses to
this ultimate destination,
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A sorting problem of considerable magnitude, therefore, is involved
in arraying 60 million items each quarter for comparison with and entry into
107 million established accounts. Each of the 60 million items contains
a nine digit account number and 61 digits of satellite information., Six
words probably would be necessary, therefore, to express each of the 60
million items in electronic notation. We have not found, as yet, any way
in which this sorting work might be done with any of the existing general
purpose computers at a cost comparable to that of the rental of punched-card
sorters, One of the presently most capable general purpose computers is
reported to sort at speeds 5 to 10 times faster than that of a punched-card
sorter., However, the cost factors greatly exceed these ratios. Attempts
have been made to see how the cost of sorting by a general purpose comvuter
might be reduced by some combination of other operations with the sorting.
Unfortunately, it has been found that such possibilities so far have not
been sufficient to surmount the cost disadvantages involved. It appears,
therefore, that before sorting can be considered to be &n efficient electronic
process, either of two developments must occur., It must become possible
to feed and extract data from general purpose computers at rates many times
faster than at present or to have a low cost special-purvose computer
specifically designed for sorting.

Although such sorting facilities are highly desirable, the present
lack of them might not preclude some application of electronic equipment to
this problem of entering 60 million items each quarter into 107 million
accounts. A system which combines the advantages of punched cards and
magnetic tapes might be found to be the most suitable answer for awhile.
Under this arrangement, the data would be introduced and retained in punched
card form until it had been sorted by account number and made ready for
the actual posting to the established accounts. At this point, converters
might be used to transfer the data from punched cards to magnetic tapes.
Preliminary studies have been made of this possibility. Conclusions at
this point are by no means final, and additional study is necessary based
on more recently available operational data on card-to-~tape converters and
general purpose computers, However, some observations might be stated
with reasonable validity at this time.

Card-to-~tape conversion is an economical procedure if the operations
performed thereafter in an electronic medium accomplish results at
significantly lower cost than the punched card medium permits, The foremost
requirement is that the cost of the card-to-tape conversion be absorbed.,
This requirement involves consideration of the cost, number, extent, and
variety of the clerical and machine tasks which might be performed in one
pass through an electronic computer but which would require separate and
extensive treatment with punched card equipment, or by clerical workers. An
additional requirement, insofar as the data processing problem previously
discussed is concerned, is that the means be provided for frequent and random
interrogation of the tapes.

Our preliminary studies show a possibility that two large punched card
machine operations might be wholly combined and two clerical operations
partially combined into one electronic computer operation after a card-to-tape
conversion, The mechanical operations involve the collation and posting of
the 60 million items to the 107 million accounts, The clerical operations
involve the reconciliation of minor discrepancies in the spelling of names end
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certein transpositions in the account numbers, and the notation and
reconciliation of cases wherein females have changed their surnames by
marriage or divorce after their accounts were established, - Whetkher or not

it is desirable to convert from cards to tepe to accomplish these combinations
of operations will depend on the results of further cost studies and on the
finding of suitable means of obtaining high speed rendom access to data
stored on electronic media,

The reason a means of high speed random access is so important to a
substantial conversion to the electronic medium is that approximately 755
thousend random references &re necessary each quarter to the deta contained
in the 107 million established accounts. Approximately 400 thousand of
these references are made in connection with claims for benefits and 230
thousand for the issuance of statements to persons who request information
concerning the amounts recorded in their accounts. It is necessary that
this type of work proceed rapidly in order that the public might be served
properly. Consequently, work cannot be scheduled and arrayed for reference
to the file of accounts in blocks large enough to provide & considerable
density of reference, Contacts with the file at widely scattered intervals
are necesséry., The time limits on the ~ccumulation of work for reference
purposes cannot be extended for much mox * than one hour per block. In
addition to this situation, the references which are mede involve the removel
from file of & set of media, at present in the form of punched cards, for
the mechanical preperation of abstracts of accounts and benefit computations
for claims, and for the mechanical preparation of statements of eccount. The
file to which these references are necessary contains, at present,
epproximately 20 billion alphabetical and numerical characters of information
in punched cerd form. It eppears that the present inability to obtain the
discrete use of date when it is stored on reels of tape would seriously
hendicap the type of reference work just described, It would be necessary
to move many thousends of reels in and out of the tape file daily. 1In
numerous cases, the same reel might be regquired upon more than one occasion
during the same day,

With a large number of inputs to a computer, it might be possible to
work under such conditions provided the time required to load end unload the
tape feeding devices could be substentially reduced. One company reports
that & skilled operstor can load or unload its mechine in one mirute, end
that it is attempting to reduce this time to ten seconds. The success of
this effort might make it possible to conduct these reference operations by
manually carrying reels to and from & computer instead of relatively small
quantities of punched cards to & printing tabulator as at present. However,
it also would be necessary to have guite durable feeding mechanisms to
withstand such constant use. There also would be & need for definite assurance
that the frequent deily hendling of the reels would not create serious .
problems of tears or kinks, or of dust and dirt becoming imbedded in the tape,
For these reasons, the prospects of being able to conduct large scale
random reference operations without equipment specifically designed for that
purpose are not viewed with substantial optimism at this time.

A high-speed random access external memory of capacious design also

might provide the means of &applying electronic date processing equipment
to another important area of reference work., The Division of Accounting
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Operations mainteins & file containing, at present, approximately 138
million flexoline strips showing the identities of holders of account number
cards. Xach strip contsins a 9 digit account number, 25 digits for the
name, & 3 digit Russell soundex code number, and 6 digits for the date of
birth. Approximately 36 thousand references are made daily to this file

of flexoline strips, principelly to identify applicants for duplicate
account number cards &nd wage earners who were reported under incorrect
account mmbers, This type of file was adopted and has been retsined
because it offered, and still offers to the present time, the highest speed
of access to such informetion. For exemple, over 15,000 of the daily
references are made todtermine the account numbers of individuals so that
duplicate account rumber cards can be issued, If the applicant for the
duplicate card heas given the same identifying information as he furnished
originally, it usumlly is possible to locate the correct number in a metter
of seconds, .

Clerks who make the references to this file are required to do
considerable walking, stending, reaching, and bending, notwithstanding the
fact that the work is blocked to obtain the maximum density of reference.
The conversion of the data in this file to a high-speed random access
external memory eppears attractive, not only from the standpoint of economy,
but as & prospect for the elimination of & laborious type of work. For
these reasons, we should like to see more attention given to this type of
development. At the moment, we know of but two efforts which have been made
in this direction. The one is the Notched-Disk Memory invented by
Dr. Jacob Rabinow of the National Bureau of Stsnderds; the other is the
R.A.M. of the Potter Instrument Company. Both of these devices now are
being studied to determine their possibilities, If other equipment of this
nature exists, or is being planned, we should like to have whatever
information is available,

Two areas have been found in which applications of electronic data
processing equipment do not depend on the availability of equipment for
high-speed random access to datea stored externally., The one involves the .
calculation of the priméry insurance amount of each clsim that is processed;
the other involves the development of the ststistics which are necessary
in certain operational, program planning, and other activities of the Bureau
of 0ld-Age and Survivors Insurance. In the processing of claims, the
computation of the benefit payments are based upon the claimants! work
histories. The Social Security Act, as amended, requires the consideration
of different base periods, the inclusion of credit for military service,
and the use of & number of different formulae in the computation process, -
There are ten possible methods of computetion; the one which gives the highest
benefit must be selected, In this work, & computation card is punched for
each of the pertinent possible methods of computation for each case, These
cards are processed in an IBM Type 604 Electronic Calculating Punch Machine
et the rate of 100 per minute,

A considerable amount of thought and attention has been given to the
possibility of using electronic data processing equipment in the statistical
operations of the Bureau. These statistics are used in analyses of the
old-age and survivors insurance program end in edministrative planning, end
are used also by certain other governmental and private organizations for
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genersl economic and demographic studies. The statistical operations
involve the quarterly and annual processing of millions of punched cards
obteined as & by-product of the regular accounting operations, In spite
of the fact thet a great deal of the basic source material is obtained as
a by-product of the accounting operations, a substantial expenditure
both in manpower and standard punched cerd machine is required to convert
the basic cards received to final statistical date. Becasuse the Bureau
has not been eble to obtain all the potentially available and required
data, due to limitations of present equipment and time schedules, the
Bureau is investigating the possibility of using electronic equipment to
overcome these problems in the statistical program.

The investigation was started in cooperation with the National
Bureau of Standards as part of a survey which also covered the investigation
of possibilities in the accounting field: A number of test runs
indicated some possibilities of money and time savings in the statistical
operations of the Bureau of Old-Age and Survivors Insurance, However,
these tests were run with but a few thousand accounts. Consequently, the
results were not deemed conclusive enough to estimate savings which might
be realized under actual conditions, when the number of accounts to be
processed is substantially greater than in the test runs. Hence, a
decision was made to conduct edditional studies involving severasl hundred
thousand punched cards. The Bureau of 0ld—Age and Survivors Insurance is
arranging to have the Bureau of the Census perform two of the former's
largest statistical tabuletions on the Census UNIVAC machine, This machine
will not be available for these tests until the Spring of 1953. In the
meantime, staff members of the Bureeu of 0ld~Age and Survivors Insurence
are progreming their statistical operations and will attempt to bave the
progrems tested, so that the Bureau will be ready to proceed with the
actual statistical operations as soon as the computer time becomes
availsable,

In one of the two tests mentioned, spproximately 300 thousand
punched cards would have to be processed by conventional methods to obtain
information on the economic and personal characteristics of about 100
thousand individuals with social security account numbers. In this
operation, date are summarized for each individual. In addition,
approximately fifty statistical tables are produced. This particular
operation is similar to another annual statistical tabulation of the Burean
which involves ten times the number of cards end individuals and over 100
statistical tables, This latter operation comprises more than half of the
total expenditure by the Bureau for compiling statistics. The Bureeau is
going shead with the smaller statistical operations test on the assumption
that the results can be used in meking comparesble estimates for the larger
statisticel operation,

In the second statisticel test, approximately 25 thousand punched
cards containing information on selected employers reporting under the
old-age and survivors insurance program would be processed to produce
approximately ten statistical tables by conventional methods. Thie operation
is performed annually in this Bureau for approximately 3 million punched
cards and is financed jointly by the Census Bureau and this Bureau, The
results are a publication "County Business Patterns," which you might have
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seen. Again, it would be necessary fo draw inferences about the timing
and cost for completing the latter operation on the basis of results
obtained in the test.

This Bureau also has found that high speed printing equipment would
be necessary to eny large scale conversion to electronic data processing
equipment. However, it appears that such requirements have become rather
widely recognized and need not be argued for in this paper. In view of
the comprehensive treatment given to this topic at the computer conference
in New York this last December, it appears that satisfaction of this need
lies at hand or at least is within reach in some form whith might not
require large reconciliations of expectations with the facilities which
are offered,

Electronic scanning devices which could read pages of information
and activete mechanisms to form characters and numbers in the form of holes
in punched cards or magnetic patterns on electronic media also could be used
somewhat extensively in the operations of the Division of Accounting
Operations. A considerable number of the 60 million items received for
credit to the accounts each gquarter originate from returns of employers who
use punch card equipment, typewriters, or addressograph machines. . The
printing on many of these returns is quite legible throughout. In addition,
the information is spaced and aligned in a manner which probably would not
require shifting beyond the range of the scammer. In view of the large
turnover of personnel in key punch operations and the expense of key punch
operations both in punched cerd and electronic data processing, a develop-
ment of this kind would be most favorably received. For this reason, we
are watching with considerable interest and anticipation a few developments
which appear to have substantial prospects of application in this field.

In conclusion, it is felt that the requirements which have been
stated in this paper are not altogether unique., Comprehensive market
surveys by interested manufacturers probably would uncover quite similar
needs in numerous other governmental sgencies and in commerce and industry.
For these reasons, this paper is presented with the hooe that it might
prompt such inquiry and possibly cause other potential users to come forward
with descriptions of their requirements. Such information, when gathered,
might form a basis for coordinated effort leading to the earlier
satisfaction of a wide area of common needs.
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THE PROCESSING OF INFORMATION-CONTAINING DOCUMENTS
George W. Brown and Louis N. Ridenour
International Telemeter Corporation

Los Angeles, Celifornia

The ‘Problem

General Remarks

Much recent attention has been paid to the promise that digital com-
puter techniques will simplify, speed up, and cheapen various sorts of large-scale
information processing in business and industry. Only a few actual applications
of this sort have so far been attempted, probably for two main reasons. First,
punched-card machines are already so highly developed that, despite the poten-
tially greater speed of the newer electronic techniques, it is difficult to
introduce novel ways of accomplishing what can now be done by standard business
machines. Second, and probably more important, appropriate input and output
equipment to couple the world of the digital computer ta the world of men often
does not exist. To use a computer for scientific or engineering calculations, it
is sufficient to provide it with input in the form of a device for reading punched
cards or tape, and an output in the form of an electric typewriter or a card
punch. Most existing computers have terminal equipment no more sophisticated
than this. To use such a machine for accounting purposes, however, requires a
far more imaginative solution of the input-output problem; a satisfactory solu-
tion can be achieved only on the basis of a deep understanding of the nature of
the accounting activity that is being mechanized.

Thus, before the automatic processing of information can be fully
successful, means must be provided for imparting the pertinent information to the
machine in a form suitable for automatic handling, and for extracting the processed
informetion in useful form. In many practical situations, the problem is made
still more difficult by the fact that the original documents containing the infor-
mation to be processed themselves have a significance, and must be physically
handled, routed, or sorted on the basis of the information that they contain.

It is an application of this sort that we wish to discuss.

While documents are often used only as vehicles for information, and
can be replaced by other documents carrying the same information, there are many
other instances in which the original dccument itself possesses a logical or
legal significance, so that it must be preserved throughout an operation which
may be rather complicated. In the case of a bank check, for example, the orig-
inal bit of paper constitutes at all times the legal evidence of an obligation
vhich is fully discharged only when the check is cancelled and returned to the-
man who drew it. Bank checks must be physically conveyed from hand to hand
until they are deposited in a bank; thereafter they must be taken through a
series of sortings and concurrent proof and bookkeeping operations, until the
bank on which each check is drawn returns each check to its originator.
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For an example of another kind, consider the postal service. The
U, S. Post Office undertakes to transmit from sender to addressee each letter
properly posted, without transforming or even inspecting the contents. Indeed,
the inviolability of first-class mail is jealously guarded by the postal author-
ities, except in such special situations as that which required the censorship
of overseas mail in wartime. Except in the case of V-mail, which had as its -
object condensation of the bulk of letters going abroad, no large-scale attempt
has ever been made to impose on the letter-writing public a scheme of trans-
forming and transmitting the information contained in a letter, in lieu of the
straightforward transmission of the letter itself. Even when the art of elec-
trical communication is more highly developed than it is today, a tear-stained
note on scented paper will probably have more emotional significance to its
recipient than would a transformed message transmitted with the speed of lightl

Not only bank checks and letters, but also any original papers evi-
dencing indebtedness or obligation, must be processed in a similar fashion.
Thus department-store or oil-company charge slips, chits at hotels and clubs,
and similar papers characteristic of the increasing public use of credit, must
themselves be handled while the information they contain is concurrently being
processed.

A Specific Application

Let us consider more closely a problem of the sort mentioned above:
the handling of checks by a bank. We shall suppose that the bank has several
or many branches, and that the volume of check clearings is sufficient to make
it desirable for the bank to perform a head-office clearing-house operation within
its own organization; the generalization to other situations will be easy.

At a given branch bank, checks accompanied by deposit slips are
handed or mailed in by depositors. A first proof and sorting operation is
performed at the branch, in which the deposit-slip total is verified against
the independently run-up total of the individual checks belonging to that
deposit slip. The proof-machine operator at the same time sorts the checks
into a few gross categories; for each category a printed tape listing each
item in the category is prepared.

Periodically, checks drawn on other banks or branches are bundled
up, in the gross categories mentioned, and forwarded to the head office. With
each such bundle goes a printed tape listing the items contained in it; this
tape plays for the head office the role that the deposit slip played at the
branch. In the head office there is performed a proof and sorting operation
precisely similar to that previously done at the branch; the tape total is com-
pered with the individually run total of the separate checks in a batch, and
the batch is further sorted according to the bank of origin of each check.

The proof machines which are sometimes used for this head-office
operation may have either 24 or 32 compartments, depending upon which of two
models is used; for each compartment a tape is printed listing the items it
contains. Since checks may require sorting to many more than 32 destinations,
it is clear that the average check must be run through the head-office proof-
machine operation more than once.
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Every step in the clearing process is dependent on the information
contained in the check. This information is of two principal sorts: the amount
entered on the face of the check controls the proof calculation, while the
sorting process is governed by the information regarding bank of destination, which
is conventionally printed at the top of the check and is also presented as a
bank number assigned to the bank under a nation-wide standard scheme. The
operators who run the proof machines perform a function which is logically
indistinguishable from translation; they read the entries on the face of the
check and inform the machine (by punching its keys) as to what those entries
say. That is, they are performing a translation from the printed and written
language used by human beings to the language understood by the proof machine.

In default of a machine for reading print and handwriting, which we
do not yet have, one such act of translation must be performed by a human being.
Once the translation has been done, however, the preservation of its results in
a form that a machine can read will eliminate the need for further human agency
in the later stages of the proof and sorting operation. There are several ways
in which this preservation can be attempted; let us examine them.

Proposed Solutions

Punched-Card Checks

The most obvious suggestion is that the information-bearing document
be itself a standard punched card, so that conventional business machines can
perform the processing of the document and of the information it contains. Bank
checks of this sort are indeed available, and are in fairly wide use. The fact
that the punched-card check is not universal suggests that it may not be an
ideal solution to the problem; if this conclusion is correct there are at least
two principal shortcomings of the system which suggest themselves as reasons
for it.

First is the rigidity of the system with respect to the physical
form of checks. Present custom permits the depositor of a bank to choose his
own style of check, within fairly wide limits of size, shape, and paper stock.
Further, it permits him, when no blank check form is available to him, to write
a counter check, to alter a check printed as belonging to & bank other than his
own, or even to write a check on any piece of blank paper that may come to his
hand. While it might be possible to re-educate the public not to expect this
latitude of service from the banks, it appears that few banks are willing to
take steps which limit the service they give the customer, so long as other
banks are putting heavy emphasis on greater customer service.

A second and more fundamental difficulty with the punched-card check
system stems from the fact that the checks spend a substantial time in passing
from hand to hand, out of control of the bank, before they are finally deposited
and must be cleared. Maltreatment or accidental damage occurring prior to deposit
cannot be controlled by the bank, and, if it is serious enough to prevent even a
small percentage of punched-card checks from feeding properly through the machines,
such damage can very quickly eliminate the savings realized by installing a
punched-card check system. The damaged punched-card check cannot be replaced by
a good card carrying the same information (as a damaged card used in an accounting
system would be), because it is a check -- unique evidence of a legal obligation.
Instead, the damaged card must be carried by hand.through all the operations
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necessary to clear it; this is sufficiently troublesome so that even a tiny
fraction of damasged cards will make a card-check system impractical for general
use'

Parallel Control by Punched Cards

It has been suggested that a punched card might be prepared to
accompany a check through the clearing operation. This card, into which would
be punched all the pertinent information contained on the check, could be pre-
pared at the time of the first proof operation. Corresponding stacks of these
cards and of the documents that they represent would then be handled individually
and simultaneously, through common control by card readers. Thus two sorters
would operate side by side, the one sorting cards and the other, controlled by
the first, sorting checks.

So far as the authors are aware, this scheme has never been used,
which may indicate that its manifest drawbacks are so serious that it 1s not
practical. Among these drawbacks are the following:

1. Automatic feeding and sorting equipment capable of handling documents
of a wide range of size, shape, stiffness, and degree of preservation is assumed
by the scheme. The required equipment poses a variety of difficult mechanical
problems.

2. Two corresponding processes must be kept in synchronism, without any
check on proper operation or control over the individual identities of the docu-

ments being sorted.

3. Any accidental disordering of either stack -- documents or cards -- can
be repaired only by an item-by-item inspection of the disordered stack, a costly
and time-consuming process.

4. The cost of the punched cards required by this scheme -- between one and
two mills per card -- may be a non-trivial part of the total cost of the system.
An efficient internal clearing operation can be run manually for less than five
mills per item handled.

Coding Information into an Ordinary Check

It has occasionally been suggested that the necessary information
carried by a check be coded directly into the check itself, in a form suitable
for machine reading. While this idea does not have the rigidity of the punched-
card check scheme, it has the damaged-item difficulty in an exaggerated form.
Punched cards are standardized and carefully controlled precisely because their
uniformity makes the design of reliable handling equipment less difficult than
it would otherwise be. Machinery to handle automatically a heterogeneous mixture
of documents of various shapes, sizes, and degree of preservation would be very
difficult to make; and the usual check form, being of flimsier stock than that
used for punched cards, would be far more susceptible to damage which would

“prevent it going through the machines at all.
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The Information-Bearing Attachment

The foregoing discussion makes it almost self-evident that the
problem can be solved by preparing and affixing to the check, at the time of
the first proof operation, an information-bearing attachment which contains in
machine language the pertinent information written and printed on the face of
the check. This has the advantages of the punched-card check system -- stand-
ardizetion of the size, form, and style of the thing to be fed and read by the
machine, in this case, the attachment -- without the disadvantages. For the
attachment, being prepared after the check is deposited, remains under the
control of the bank throughout the clearing operation, and it can be preserved
from damage if the bank simply takes adequate pains to protect it. Further, no
restriction is put on the customer's preparation of checks; the attachment can
be affixed to any sort of paper whatever.

Once the attachment is prepared and affixed to the check or other
document, all further human reading or handling is unnecessary. Since the
attachment is prepared at the time the document enters the mechanized system,
a fresh and reliable medium is available for carrying the information in
machine language, which can take the form of perforations, marks, signals in
magnetic recording media, etc. The size, weight, and information code of the
attachment are standard, so that positioning, feeding, and handling operations
can all be performed on the attachment, without reference to the size, shape,
degree of preservation, or nature of the original document which is carried
along when the attachment is handled. To simplify the.problems of mechanical
design, the attachment can be provided with special marks, slots, or holes to
assist in indexing it as it is handled.

It is also of importance to observe that the information-bearing
attachment is not the important document. It contains information, and that
is all, If that information is incorrectly entered on the attachment, or if the
attachment becomes damaged so that it will not feed properly through the machines,
the o0ld attachment can be replaced by a fresh new one, simply at the cost of the
effort required to make a new attachment. There is no necessity to carry checks
by hand through the clearing operation, as is required in the case of damaged
punched-card checks.

The International Telemeter Corporation is currently developing
equipment for mechanizing the clearance of checks on the basis of the attachment
concept. The attachment is prepared in the bank or branch of deposit, at the
time the deposit items amd deposit slips undergo the first proof operation..
According to present practice, the amount of each check is entered on a keyboard,
and the bank of origin is noted, though not necessarily entered. At the expense
of entering the bank identification number from the face of the check during the
first proof operation, all further human handling can be eliminated from the
clieck-clearing process.

' According to our preliminary designs for the actual machines which
prepare and affix the attachments, and do the later sorting and proof operations
sutomatically, the attachment will be a short length of seven-hole punched tape,
affixed to the check by a heat-sensitive adhesive. The reading of the attachment
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will be done by a photoelectric reader, in the automatic stages of the clearing
operation which follow the step of preparing the attachment.

The upper limit on the operating speed of the automatic proof and
sorting machines is set by the necessity for physical transport of the checks.
It is a design objective to handle them at ten items per second. This speed
is so low that the concurrent logical processing of information, required by
the proof operations which must accompany sorting, can go much faster. It is
accordingly our intention to let one magnetic drum and its associated logical
circuits serve a number of sorting stations, perhaps four or five.

The machines now being designed and constructed are primarily
intended for use in the automatic clearance of bank checks, but it is our aim
to keep the mechanical design sufficiently general so that the same machines
will handle other types of documents. Only the logic will need to be altered
to use these machines in another application.

The attachment concept clearly lends itself not only tc the proof
and sorting of checks for their clearance to the bank of destination, but also
to the bookkeeping, posting, and sorting operation that the bank of destigation .
must perform before returning cancelled checks to the depositors who have drawn
them. At present, we are not including this operation in our considerations and
designs, though it seems that this would be a straightforward extension of the
technique.
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ATRPLANE LANDING GEAR
PERFORMANCE SOLUTIONS WITH
AN ELECTRONIC ANALOG COMPUTER

D. W. Drake and H. W. Foster
Research Group Engineers
Lockheed Aircraft Corporation
Burbank, California

Introduction

The typical airplane landing gear is basically a rather simple shock absorb-
ing device whose characteristics can normally be described with considerable
accuracy by a system of three or four simultaneous differential equations. How-
ever, due to the fact that the system includes a number of non-linear and
discontinuous elements, it has been impractical to obtain dnalytical solutions of
the equations without making simplifying assumptions which severely limited the
value of the results. For this reason the shock strut energy absorbing character-
istics have generally been developed experimentally by laboratory drop tests of
an actual landing gear, and the landing gear evaluation has been accomplished by
extensive laboratory and flight tests. This design method is obviously far from
ideal, since all structure effected by landing loads must originally be designed
to assumed landing gear characteristics, and the landing gear test results do
not become available in time to allow design changes to be made economically.

The develomment of cheap and reliable electronic differential analyzers
suggested that practical analytical solutions of landing gear characteristics
might now be possible. To investigate this possibility a study was initiated of
a landing gear for which relatively camplete drop test data were available. This
paper reports the results of the study and compares the drop test results with
. analytical solutions obtained on Boeing Electronic Analogue Computers. The work
was done at Lockheed Aircraft Corp. by the Structures Research and Mathematical

Analysis Departments.
Description of Landing Gear

A typical main landing gear system consists essentially of a large mass
(usually considered to be one-half the mass of the airplane), coupled through a
shock absorber (oleo strut) to a wheel and tire assembly. The shock absorber
itself normally consists of a cylinder and piston assembly so arranged that
closure is resisted by (a) the flow of oil through a fixed or variable orifice to
provide a force which is a function of the velocity of closure, and (b) by a gas
pressure providing a force which is a function of the closure displacement. The
shock strut cylinder is rigidly attached and braced to the airplane structure,
but the shock strut piston carries fore and aft (drag) and side loads in cantilever
bending; closure of the strut is therefore also resisted by a friction load of

significant magnitude.

The most critical function of the landing gear, the function that controls
the design of the shock strut, is to stop the vertical motion of the airplane
‘during landing at a controlled deceleration rate which limits the forces and
accelerations on the airplane structure to values within the design strength
envelope. It is normal to design for airplane sinking speeds of the order of
10 ft/sec and to require the landing gear to limit accelerations to values not



to exceed 1-1/2 to 3 times gravity. During the impact period the airplane is
still flying, that is, all or a large percentage of the weight of the airplane
is still carried by the wings, so the landing gear is required to absorb little
i1f any more than the kinetic energy stored in vertical velocity.

The most important degrees of freedom for defining the landing gear charac=-
teristics are:

1. Verticel motion of the airplane mass with respect to the landing surface.

2. Vertical motion of the "unsprung” mass (wheel, tire and piston) with
respect to the landing surface.

3. Fore and aft horizontal motion of the unsprung mass with respect to an
airplane reference axis. '

k., Rotation of the wheel and tire assembly about its axle.

The first two of these are, of course, first order motions with respect to the
primary function of the landing gear. The third and fourth, while not strictly
first order motions with respect to the shock absorbing characteristics of the
landing gear, are responsible for some of the critical landing gear design
conditions, and may, in addition, have important effects on the shock strut
characteristics through their effect on friction forces.

Landing Gear Equations

The landing gear system was idealized as shown in Figure 1. This figure
also defines the symbols used in the following discussion. The effect of drag
deflection on geametry is neglected. The airplane mass, M;, is assumed to be
constrained to move vertically without rotation. The mass, My, 1s constrained
to move relative to lower portion of the gear in the "Z" direction only.

The equations of motion for the idealized gear are:
Fsin @+ SK,co50 + M,h ~P, + {;p =0
Kiv+ M,v +SK,s5in8 - Fcos® =0
Mx +Fcos8 - (1-L)W =0

and the displacements are defined as
h=ysin® +zcos6
X=V=-25n68+ycosd

The force resisting compression of the oleo is the sum of an orifice force,
a gas pressure force, and a friction force,

Fz "Fo"'Fa"’Fp

O OO

®
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Bydraulic Orifice Force

The orifice force was assumed to be

= (2)*
°~'B
where i is the velocity of strut closure and B is proportional to net orifice
area. B is constant in a strut with a plain orifice but varisble with strut

position when a metering pin is used. The direction of this force 13 always such
that it resists piston motion, i.e., it has the seme sign as ¥.

Gas Pressure Force

The gas pressure force is a function of shock strut stroke, y, and is
defined by the following equation:

i A(EETs)n

where E 1s the fully extended shock strut volume divided by the strut area, A, and
n defines the type of compression. Reference 1 suggests that n = 1.1 is a gdod
approximation for most gears, and that value was used in this investigation. In
the computer, Eq. 8 was approximated by three straight lines using limiters as
shown in Figure 2. This force always acts to extend the piston and hence is
always positive.

Shock Strut Friction Force

The drag force applied to the shock strut piston produces a shear force and
a moment in the piston, and in addition, the vertical forces produce a moment in
the piston. These forces are reacted by the upper and lower bearings in the oleo.
The bearing loads will, of course, vary with strut stroke since the reacting
moment arms change. The friction force resisting closure of the oleo is the result
of these bearing loads, and may be defined as

KeS(2La+Li=Y)+2FL;
2 [ : L, + y _J @
See Figure 3. A value of .05 was used for the coefficient of friction, Al,, on the.

basis of some limited data collected on other struts. The friction force always
acts to resist motion of the piston and hence has the same sign as y.

Fore and Aft DrgiForce

In an airplane landing during the fraction of a second after contact, the
landing gear wheel assembly is accelerated in rotation from zero to a peripheral
speed equal to the airplane forward velocity. In drop tests in the laboratory
this phenomenon 1s simulated by rotating the wheel assembly backwards before
dropping, and this procedure was assumed in the computer. In this fashion the
same wheel speed change and hence energy exchange is obtained as in a landing.
The gear drag forces are caused by this wheel acceleration, which in turn, is
caused by the friction force between the tire and the landing surface. The
coefficient of friction is assumed to be constant for design purposes but varies
considerebly in practice. See Reference 2.
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The friction force is defined as

F%g/ut K;V

K;v being the normal force between the tire and landing surface. Since the torque
produced by this force is reacted by the wheel assembly inertia, the gear feels
this force as being applied at the axle as indicated in Figure 1. The Eq. of
rotational motion of the wheel assembly is

B (R-V) =1 an

L)
w =/wdt
When the wheel speed change is completed, the tire no longer slides relative to

the surface and Pp becomes zero. In the computer setup this was accomplished by
using Eq. 10 for Pp until W changed sign and then making Pp equal zero.

and

After spin-up, as the gear osclllates fore and aft, the wheel rolls or slides,

and this motion, plus any damping in the gear, absgorbs energy from the drag
oscillation. These effects were lumped as the K3h term of Eq.l.

Fore and Aft Oscillation Frequency

The natural frequency of the gear in the drag direction varies with the
position of the piston in the shock strut, the system being much stiffer when the
piston is bottomed than when it is fully extended. Some available test data
suggest that a gear will be approximately three times as stiff fully compressed as
vhen fully extended and that a linear variation with strut stroke is a reasonable
approximation of the variation. Lacking better information, the fore and aft spring
constant, Kp, is defined for these tests as

Mz"'_"(pg(l""ﬁ;’%x) @

Discontinuities in Shock Strut Action

A landing gear has several discontinuities in its action, mathematically
speaking. Initially the air force and the friction force hold the shock strut
fully extended against mechanical stops until applied force exceeds the preload,
i.e., the shock strut has one less degree of freedom during this period. This
fact permits the use of Eq. 2 for defining the strut force, F;, during the initial
period. In the computer, the strut force, F, used in the differential equations
(Eq. 1, 2 and 3) was F; from Eq. 2 until F, - Fp changed sign; then, by means of
a relay, F was taken as Fp, the force resisting closure of the strut. :

Another discontinuity occurs when the shock strut bottoms. This discontine
uity was simulated by the very steep line in the limiter generation of the air
force which had the effect of making the strut very stiff and forcing any downward
motion of M; into tire deflection.

A discontinuity in the fore and aft motion occurs because in an actual landing

gear there 1s some looseness or slop in the system which appears as deflection
without load change as load direction is reversed. Such slop will generally
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increase the dynamic camponent of the drag load. This characteristic was
simlated with a limiter by relating the motion of M, relative to the piston, 2,
to the drag spring deflection, S, as shown in Figure k,

Computer Set-Up

Following normal differential analyzer practice, the basic system equations
were solved for the highest derivative of each variable. The circuit used for
generating and relating the variables is shown in Figure 5. The computer work
was done in the Mathematical Analysis Group using four of {their Boeing electronic
analogue camputers, a Miller photoformer, and Goodyear servo multipliers. Data
were collected as a function of time on a two-channel Brush recorder and load vs.
strut stroke curves were plotted on a Dumont 304H oscilloscope and photographed
with a Land camera.

Test Landing Gear

The test landing gear is shown in Figure 6, installed for drop testing.
The shock strut is metered by a fixed orifice. The axle centerline passes
through the strut axis but the center of the tire is 16.1 inches to the side of
the strut axis. This value was used for L3. The system constants used in the
camputer simulation are tabulated in Table I.

The system was set up on the computer and the constant, B, in the orifice
equation was adjusted for best agreement with the drop test vertical loed vs.
strut stroke curve for a 29,500 lb. drop weight, 10 ft/sec drop in the nose down
attitude. The drag spring constant, Krg, was then adjusted to match the fore and
aft natural frequency indicated by the drop test data for this same drop. A slop
of +1/8 in. was found to produce about the same discontinuity in passing through
zero drag load, as indicated by the drop test data. The constant, K3, in Eq. 1
was adjusted to match the drag load decay rate after spin-up for the reference
drop. The drop tests of this gear were made on & concrete reaction surface. As
the coefficient of friction developed by this surface varied during each drop,
an R-C circuit was adjusted to provide a variation in the applied drag load, Pp,
more closely simulating the drop tests. See drag force comparisons in
Figures 16 and 17.

With the system adjusted to match this one drop test, data were obtained for
a range of contact velocities at a 29,500 1b. drop weight, nose up and nose down,
and at 33,750 and 38,500 1b. drop weights in the nose down attitude. Plots
comparing the computer and the drop test data are presented in Figures 7 through
17.

In these figures, 1t is seen that the simulation of vertical load character-
istics is rather good, although the further the test condition gets from the drop
for which system was adjusted, the larger the differences between the computer
and drop test data. This is particularly noticeable at the high drop weight where the
strut force climbs well up the air pressure curve near strut bottaming. Part of
the error in this region may be explained as poor simulation of the air curve in
the computer. See Figure 2. The drag load data comparisons show that the charace
ter of the spin-up and springback phenomenon was fairly well simulated but that
the magnitudes of the drag loads in the camputer are consistently lower than in
the drop tests.
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The detail reasons for these differences are not known but are probably of
two types: (1), it was necessary for lack of better information to make some
unsubstantiated estimates of some of the system constants, and (2), there is very
little detail information on the various phenomena present in & gear during landing
so that some of the equations describing the system are at best only rough approx-
imations. In addition, it has been shown (Ref. A) that variations as high as 15%
may be expected in conducting so called identical drop tests, so some scatter of
results would be expected in any case.

In view of these factors, it is felt that, in the present stete of the art,
the simulation of the test landing gear is quite good.

Discussion of Results

The significant result of this investigation is the successful practical
solution of landing gear mathematics describing landing gear action in detail.
Any lack of accuracy in the simulations was due to lack of knowledge of the gears
and not due to limitations of the computer. In other words, given an accurate
functional knowledge of landing gears, accurate simulations of a given gear can
be expected on the computer.

Most experimental work with landing gears in the past has been directed
toward determining the overall characteristics of a given gear under specified
test conditions. Very little work has been done investigating the detail opera-
tion of landing gears because little practical use could be made of the informa-
tion if it were available. This investigation suggests that the differential
analyzer provides a means of overcoming the problem of handling landing gear
mathematics and hence emphasizes the need for more basic information on landing
gears.

In setting up the gear simulations s it was apparent that more knowledge was
needed of the following gear phenomena:

1. The relation between the orifice force and fluid velocity through the
orifice.

2. The exponent to be used with the air compression equation.

. 3. The source of strut friction and the range of variation of strut bearing
coefficients of friction.

4. Correspondence between effective and calculated tire moment of inertia.
5. Variation of drag rigidity with strut stroke.
6. The amount of slop to be expected with different gear configurations.

T. The magnitude of damping of fore and aft oécillations vhen the tire is on
the ground. ’

Most of these items can be rather simply evaluated during drop tests. After
such information has been obtained in specification drop testing of a number of
gears, it seems probable that landing gear installations may be rather accurately
evaluated during the early stages of design, and it will probably be possible to
confine testing of specific gears to the determination of accurate gear constants,



after which broad range survey tests can be done in the computer where it will be
possible to include other airplane structure beyond the landing gear.
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LANDING  GEAR  CONSTANTS
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ins. La 1641 B
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None M2 05

in.-Lbs,- sect I 419

L. /. Kee _ | 5000 ]

Tbs- aect Mz 263

None n ) L B
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S K, 8.400 | 10200 | 12,100.
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Figure 6 - Photograph of Test Landing Gear
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THE EQUIVALENT CIRCUITS OF SHELLS

USED Il ATRFRAME CONSTRUCTION

R. He MacHeal
Celifornia Institute of Technology
Pasadena, California

Introduction

In discussing elastic shells one must be careful to state clearly the type
of shell being discussed, Although a complete description together with re-
strictive assumptions will be given later, it is well to state at the outset
that the type of shell discussed in this paper is the type to be found in air-
craft fuselage construction, Such a shell has an elongated shape and consists
of a thin skin supported by rings and longitudinal members, In analyzing such
shells it is the universal practice to replace the elastic supporting rings by
rigid bulkheads in order to simplify the analysis, This assumption will not be
made in this paper,

The means of analysis to be used in this pasper is an electric analog come
puter of the "direct analogy" type. Any complicated system, if it is to be
analyzed on such a computer, must have its equations ‘forrmlated in a very special
waye. Dssentially one seeks for laws of equivalence between the system being
analyzed and a lunped constant electrical network, The basic laws of equivalence
between the equations of elasticity and the equations of an electrical circuit
are well known, In fact there are two alternative sets of laws depending on
whether force is made analogous to current or to voltage. If the former alter-
native is chosen the laws of equivalence are: force is analogous to current;
displacement is analogous to voltage; Hooke's Law is analogous to OChm's Law;
ecuations of ecullibrium are analogous to Kirchhofft!s Law for the sum of
currents entering a node; and the equations concerning the compatibility of
strains are analogous to Kirchhoff'!s Law for the voltages around a loop,

However much comfort these basic laws of ecuivalence may give they are
usually insufficient to determine the form of a lumped constant electrical
network that is analogous to a given structure, For one thing elastic structures
are continuous rather than "lumped", and sqme means must be found for replacing
the ~iven continuous elastic structure by an idealized lumped one before an
electrical analogy can be found, This "lumping" consists either of replacing
the differential equations governing the structure by finite-difference equations,
or of employing other devices such as concentrating normal stress carrying area
into equivalent flanges and shear carrying area into equivalent panels, In the
analysis of stiffened structures this latter approach is reinforced by the fact
that much of the structure is in fact so concentrated, In this paper both of
the methods mentioned will be used,

In deriving an electrical analogy for an elastic structure an effort should
be made to preserve a one-to~one correspondence between the properties of the
electricel circuit and the properties of the idealized structure, This corres-
pondence mesns, for example, that the current in resistor A is equal to the
force in flange A' rmltiplied by a scale factor, or that the voltage at node B
is equal to the vertical displacement at panel point B! multiplied by a scale
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factor, If such correspondences are preserved, the analog computer can be made
a useful tool for designing as well as for analyzing structures, If 2 change

in the cross-sectional area of a single flange corresponds to changing the value
of a single resistor and if currents can be easily and directly converted into
internal forces, then design changes can be made very rapidly and their effects
instantly determined while the problem is set up on the analog computer, In
all of the work done with the Caltech analog computer—, such one-to-one corres-
pondences have been closely preserved, In the present paper they are preserved
to the last detail,

Another advantage of the close one-to-one correspondence of the electriecal
analogy and the ideslized structure is that is enables the structural engineer,
who is usually uninstructed in electric eircuit theory, to understand the operation
of the analog computer, and to use it himself after a period of indoctrination,
It has even been found that structural engineers may be aided in their under-
standing of structures by using some of the concepts of electric circuit theory,
This naturally applies, a fortiori, to the electrical engineer,

It is the hope of the staff of the Caltech analog computer (The Analysis
Laboratory) to develop a method that is generally applicable to the solution
of aireraft structures, This paper is but one step toward this goal, At present,
analogles exist in the technical literature for beams, frameworks, flat sheets,
the bending of plates, and the bending of plate-like multicell shells, The
present paper adds to this list the analysis of rings bending in their own planes
and certain types of shells, Structures combining components of the above types
can be anaslyzed by combining their electrical analogies, Consequently it is at
present possible to analyze a great many practical aircraft structures,

The size of an analog computer that is capable of adequately analyzing
these practical aircraft structures is rather large, It is estimated that such
e computer should contain at least one or two hundred transformers and two or
three hundred resistors, The Caltech analog computer which has sixty transformers
and about ninety resistors is adequate only for problems of moderate complexity,

Some of the previous papers that have a direct bearing on the subject of
the present paper should be mentioned,

In 1944 G, Kron published a paper2 contdaining electrical analogies for the
general three limensional elastic field problem, and as sub-cases, analogies
for the plane-stress and plane-strain problems, In a companion paper3, G, Ko
Carter, worked the plane-stress problem for a deep cantilever beam,

More recently analogies have been developed for thin multic:;i shells having
a horizontal plane of symmetry by using an equivalent plate theory%,

In 1951 Goran published a paper5 containing an electrical analogy for
stiffened elastic shells, The shells were assumed to be conical and to be
supported by rigid bulkheads, Although the stringers were not assumed to be
parallel, the panels were assumed to be nearly rectangular in shape, Goran used
the minimum energy principle in deriving the equations from which he developed
the electrical analogy, in contrast to the method of difference equations used
in this paper, For this reason he was unable to attach a physical significance
to some of the terms in hils equations,
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Derivation of an Analogy for a Circular Non-Cylindrical

Stiffened Shell

A sketch of a circular non-cylindrical shell is shown in Figure la, This
shell consists of circular elastic rings to which stringers and a thin skin
covering are attached, The rings are spaced a finite distance apart in planes
perpendicular to the axis of the shell, which is assumed to be straight, The
stringers lie in planes perpendicular to the rings and are assumed to carry
axial forces only, The skin is divided into panels by the intersection of the
stringers and rings; these panels are assumed to carry shearing forces only,
the effective normal stress carrying area of the skin having been included in
the cross-sectional area of the stringers, The radius of the shell may vary
in any manner along the axis of the shell, but the radius of curvature of the
stringers is assumed to be large compared to the radius ef the shell, The
angle between the axis of the stringers and the axis of the shell need not be
smell provided that the rings and stringers are spaced close enough together
so that the shear panels are approximately rectangular in shape,

The stringers and skin will be treated separztely from the rings, For the
analysis of the stringers and skin it will be shown that the rings can be re-
presented by tangential external forces applied to the skin along the lines
of intersection of the skin and the rings,

The equilibrium and force-displacement equations will be derived for the
skin and stringers and an electrical circuit satisfying these equations will be
constructed, Then in the next section the equations for an elastic ring will
be written and a eircuit satisfying these equations will be constructed, 4s a
final step the two circuits will be connected together to give the electrical
analogy for the whole shell, Orthogonal coordinates in the surface of the
shell parallel and perpendicular to the stringers as shown in Figure la will
be employed in the analysis of the skin and stringers, An enlarged portion
of the shell is shown in Figure 1lb, This figure shows the points where dis-
placements parallel to the axis of the stringers, ug, and displacements parallel
to the axis of the rings, u, are defined,

Figure 2 shows a portion of the skin between two adjacent rings with its
midpoint on a stringer, Fg and Fg' are the total axial forces carried by the
stringer at points where the stringer passes over two adjacent rings, Ftg and
Fig! are the total tangential forces acting in the s direction on sections
passing through the centers of two adjacent shear penels,

The force in the stringer is continuous at the point where it passes over
a ring because of the following assumptions:
a, The ring can only exert forces which lie in its own plane,
b, The stringer cannot support bending loads,
ce The change in direction of the stringer at the point where it
passes over a ring is negligibly small compered to the curvature
of the ring,

Consequently the ring can only exert forces in the t direczién, and these
forces can be treated as applied forces in the analysis of the skin and
stringers,
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In Figure 2, a/@ is the angle between the stringer and the line of action
of the shear force, Fyg's This angle is approximately equal to I/ZYM where ¥
is the angle between the axis of the shell and the axis of the stringer, and
is equal to the angle subtended by a segment of ring between two adjacent
stringers, The cosine of the product of these angles will be assumed to be
equal to one, Hence the equilibrium equation for forces in the s direction is:

Fg! = Fg + Fyg! = Fyg =0 (1)

Using difference equation notation, equation 1 can be written

OgFg + OFry = 0 )
This notation will be used in the remainder of this paper,

Figure 3 shows a portion of the skin between two stringers with its mid-
point on a ring, Fgt and Fgy' are the total tangential forces acting in the t
direction on sections passing through the centers of twe adjacent shear panels,
fy 1s the tangentisl force exerted by the ring on the skin per radian of ﬂﬁ
The lines of action of the forces F4g and Ftg! intersect the axis of the shell,
so that the equation of equilibrium for moments about this axis is

Og(r * Fgt) - mF < £, = 0 (3)

Fts and Fgt are defined as the total forces acting on perpendicular planes
passing through the center of a shear panel, From equation 2 it is seen that
the shear stress cannot be uniform in the s direction across the surface of a
panel if r is not constant,

It will be assumed that the variation of shear stress is linear across the
surface of the panel, so that the value at the center of the panel is equal to
- the average along a line in either the s or t direction, Then a relationship
between Fy4 and Fgt may be obtained from the equilibrium equation of a small
element at the center of the panel, (See Figure 4.)

Fig * 2o * 0t = Fgy + 3%+ 08 (4)
Fig = Fgt ° 2 (5)

The equilibrium of the portion of the shell shown in Figure 3 for forces
in a direction parallel to t at the center of the section may be demonstrated,
if desired, by means of equations 3 and 5,

The force displacement equation for the stringers is quite easily written,
The axial displacement of the stringer, uy, is defined at the midpoints between
adjacent rings as shown in Figure 1lb while the axial force (positive for tension)
is defined at points where the stringer passes over the rings as shown in
Figure 2, Assuming the variation in axial force to be linear between adjacent
points where ug is defined, we have, from Hooke's Laws
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where Ag 1s the cross-~sectional area of the stringeres

The relationship between shear stress and shear strain for the shear panels
is less easilr written because the relationship between shear strain and the
displacements is complicated, The displacements in the s and t directions are-
defined at the midpoints of the sides of the shear panel as shown in Figure 1b,
The shear strain of the panel is defined as the distortion of the angle between
two lines passing through the midpoints of the sides, In computing this angle
care rust be tcken to eliminate apparent distortion due to rigid body rotation
about the axis, of the shell, From Figure 5, the shear strain,

Y=‘(1+Y2 7)

where Y L = _A_Q_lg (8)
Ot

A
Y, = 2t - (9)

6 1is the angle by which the direction of the s axis, drawn through the center
of the panel, has been changed due to translation parallel to the t axis, For
small displacements this angle 1is

a=l‘;t-smw (10)

where ¥ is the angle between axis of the shell and the s axis, From Figure 2 it
can be seen that

2L = siny (11)

Combining equations 9, 10, and 11 we find

A u
= 8% _ t or
Yz' & r 38 (]2)

Assume that the first term on the ripght can be replaced by the equivalent
partial derivetive evaluated at the center of the panel

2% u
v, = xt . dE oo 20y (13)

Replace this equation by its finite difference equivalent and obtéin from
equation 7

(ug)
Y = ﬁ-&:—a-a,ﬁ 8y (52) (14)
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The shearing strain is related to the total tangential force acting on a
line parallel to t by the following equation

=1 . F
=21 f (15)

where h is the thickness of the skin, Hence the force displacement equation for
the panel is

P w52 [Meug) + 2ot og(H) (26)

The equations that are essential for the construction of an electrical analogy
are summerized below,

Equilibrium Equations

AF, + Oy Fyg = O (172)
By (rFgy) = Ob £ = O (17b)
Fig = Fgt ° %3 (17¢)

Force-Displacement Equations

F, = % - & us] (17a)
Fig = Gh-g-'; [At,(us) +E‘%§ O (-‘-’—:)] (17e)

These equations have been derived by assuming the normal-stiress carrying
area of the shell to be concentrated in stringers, They cag also be derived
from the known equetions for s membrane shell of revolution® by replacing
differential operators by finite difference operators,

In the electrical analogy forces are analogous to currents and displace-
ments are analogous to voltages, The complete circuit is shown in Figure 6,
This circuit consists of two separate parts, In one part the voltages to
ground are the displacements, ug, while in the other part the voltages to ground
are the displacements, ug. The two circuits are coupled together by means of
ideal transformers, Transformer coils which are coupled together are indicated
by circled numbers, Points at which each one of the above equations are
satisfied are indicated by letters in the circuit, Equation 17a is satisfled
by the currents entering a node of the ug circuit, Equation 17b is satisfied
by the currents entering a node of the uy circuit, Equation 17¢ is satisfied
by the currents flowing in the windings of a transformer whose turns ratio is
rdt/As, Equation 17d is satisfied by a resistor whose value in ohms is le/EAg,
In equation 17e the Iincrement in ug in the t direction is added to a fraction of
the increment in ut/r in the s direction, This addition is accomplished by the
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same transformer which satisfies equation 17e¢. The sum of these terms is the
voltage across a resistor whose value is &t/GhAs and through which a current
equal to Fyg flows,

Two observations can be made concerning equations 17 and the resulting
circuit, If r does not depend on s the equations are those of & cylindrical
shell, and r may be removed from inside the difference operators, Hence the
equations of a non-cylindrical shell have the same form as the equations of a
cylindrical shell if rotation about the axis, u@gr, (rather than tangential dis-
placement) and torque about the axis, rFgty (rather than tangential force) are
used as variables, The rotation end torque about the axis are the natural
variables to use in deriving the equations of a circular non-cylindrical shell,

Equations 17 also apply with slight modification to the skin and stringers
of a non-circular cylindrical shell, In this case r depends on t rather than on
8, but this dependency on t will not enter into the derivation of the equations
for the skin and stringers, Hence for a non-circular cylindrical shell, r can
be eliminated from equation 17e; and can be divided out of equation 17b to give

OAg(Fgt) - e £y = O (18)

Since fy is the external tangential force per radian of ﬂﬁ'£¥f'° fy is the total
external tangential force per bay in the t direction,

In Figure 6 parts of the u circuit corresponding to different values of‘ﬁ
are not shown connected, The interconnection is accomplished by means of the
currents &tfy which are the reactions of the rings. The voltages at the points
where these currents are inserted are constrained to be equal to the correspond-
ing values of uy/r for the rings, A complete circuit for a shell, including
the circuits for elastic rings will be shown later, If the rings are assumed to
be rigid, the circuits for the rings become quite simple as will be shown,

Derivation of an Analogy for an Elestic Ring

An electrical analogy for the bending of a ring in its own plane will be
derived in this section, In the discussion of shells supported by rings it is
usually assumed that the rings are perfectly free to warp out of their own
planes, An electrical analogy for a circular ring deforming perpendicular to
its own plane has been derived by Russell7, but this effect will not be con-

sidered here,

It will also be assumed that the effects of shearing stiffness and axial
stiffness of the ring are small so that these effects can be ignored, This
assumption is made in order to simplify the discussion; these effects can be
included in the electrical analogy if desired,

An element of ring is shown in Figure 7, The displacement quantities to
be used in the analysis of the ring are the normal and tangential displacement
of the center line and the rotation of the normal to the center line, The
independent position variable, ﬂﬁ is the angle between a horizontal line and
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the normal to the center line of the unloaded ring, fy and fj are external
tangential and normal loads per radian of ﬁ applied along the center line of
the ring, Distributed moment loads will not be considered, It will be noted
in Figure 7 that the radius of curvature is not constant,

The loads, internal forces and displacements of the above deseribed ring
satiafy the following six first-order differential equations;

Ewbrium

= Py - £y (29)

&y
aff
@,
F " -Ta- T (20)

Y - _p er (21)

aof

Stress-strain and strain-displecement

de . Mr | (22)

af EI

duy
ip = -u (23)

a
-fll:uh-re-r (24)

of

These equations will be replaced by the corresponding first order difference
equations, In so doing central difference equations will be used so that the
quantities appearing behind the derivative symbols in the above ecuations are
defined at values of @ midway between the values of @ at which the undifferential

quantities are defined, For example equation 19 may be approximated by the
following equation

(Fn)z - (Fn)g = [(Ft)l - (fn)l] o g (25)

The seme difference equation notation can be used for this equation as
wes used in the previous section

Oy Fy = F@gf - ot (26)
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Position subscripts are not required in this equation, wu,, Fy and M are
defined at the same points and these points are midway between the points where
6, ut and Fp are defined,

Equations 20 to 24 could be replaced by simple difference equations in the
same manner that equation 19 was replaced by equation 26, However it can be
demonstrated that the following difference equations are more accurate, They
give exactly correct results for a segment of ring which is rigid,hes constant
radius of curvature, and which is uniformly loaded., In other words for any ring.
with constent radius of curvature, they give correct results for rigid body dis-
placements and the statically determinant parts of the internal forces, These
stetements require lengthy proofs and insteed they will be partially demonstrated
later by means of an exsmple

Equilibrium;
BBy = (% - £5) + 250 ¥ (27)
By Fy = = (Fy+5y) 2 sin%g (28)

A = - Fp (2r sin%-d) (29)

Stress-strain and strain-displacement

Aﬂe = ﬂ o M | (30)
Mfuy = (u+r@) o 2 sin ¥ (31)

(32)

"

o
E‘h
LY

O vy

For & small, 2 sin MF/2 1s approximately equal to &F and the above equations
approach the corresponding simple central-~difference equations,

An el~ctrical circuit which identiczlly satisfies the above equations is
shown in Fi;ure 8, In this circuit displacement quantities are voltages to
ground and the loads and internal forces are currents, Equation 29 is satisfied
by the currents entering a junction in the upper circuit of Figure 8, Equations
27 and 28 are similarly satisfied by the currents in the middle and lower cir-
cuits of Firure 8, Ideal transformers are used to produce currents flowing into
the Junctions of one circuit thet are proportional to the currents flowing in
the "main 1line" of another circuit,
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Equation 30 expresses Ohms law for the dron in voltrge between successive
nodes of the upper ~ircuit, Equation 31 is satisfied 3in the "main" line of
the middle circuit by means of ideal transformer coils which insert voltages
in the line proportional to the voltages to ground in the other two circuits,
Equation 32 is similarly satisfied in the lower circuit, Fach transformer is
instrumental in the satisfaction of two equations, an equilibrium equation and
a strain-displacement ecuation, The circuit of Figure 8 employs three trens-
formers per cell, If the radius of curvature of the ring is constant, or if
the ring can be divided into segments contzining several cells for each ol
which the radius of curvature is constant, a circuit requiring only two trans-
formers per cell can be used, Since r is now assumed to be constant, equations
27 Z; gz con be rewritten as follows, (where 2 sin &F/2 has been abbreviated
by

By Fy = (Ft-r)-%i-fnem' (27a)

Of (Fy o v) = =Fp (x0F") + (£ »7) & (28a)

&M = -F, (x") (292)

rfe = XE .y (308)

EI
Y = {% - (- e)} ot (312)
) = -, o () (32a)

In this form of the equations uy /. and Fyer replace ut and Fy as vzariables
as in the case of the skin and stringers for a non-cylindricel shell, The pur-
pose of this manipulation has been to get equation 3la into the form shown,
where the increment in u, 1s proportional to the difference of the other two
displacement quantities, This equation can be satisfied by a single transformer
whereas ecustion 31 required two transformers, A circuit satisfying ecuations
27a to 32a is shown in Figure 9b, In this figure the transformer coils con-
necting the upper and middle circuits are coupled to the transformer coils in
the main line of the lower circuit, This remote coupling is indicated by
circled nunbers. The currents corresponding to the loads are not shown in this
circuit,
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Circuits for Rigid Rings

It is freauently possible to assume that some or all of the rings supporting
a shell are rigid in their own planes without serious error in the analysis of the
shell, This assumption greatly simplifies analytical solutions of shell problems
and sometimes eliminates a great deal of the ecuipment required in an analog
computer solution, Since only the tangential displacement of the ring is impor-
tent in the analysis of shells, only this coordinate need be represented at points
around the periphery of a rigid ring,

The position of a rigid bulkhead is determined by the displacement of one
of its points in two perpendicular directions and by the rotation anout, an axis
perpendicular to its plane (as shown in Figure 10a), The tengential displacement
at points on the periphery can be computed from these three quantities,

w=Ysinf+Zcosff-6rsina (33)

In an analytical solution ¥, Z and 8 are unknown quantities, They are usually
regarded as Lagrangian multipliers and equation (33) is regarded as an equation
of constreint, In an electrical analogy this equation of constraint can be
satisfied by a network of transformers, a general form of which is shown in
Fioure 10b, This network also satisfies the equilibrium equations of the nigid
ring, Applied loads in the y and z directions and applied torque are inserted
as currents into the network as shown, Since, in general, this circuit requires
three transformers for each tangential displacement it has, in general, no advan-
tage over an elastic ring circuit in which the resistors corresponding to the
bending stiffness of the ring are set equal to zero, However in practice, one
or nmore of the terms in ecuation (33) may be ecusl to zero because either the
unknown or the coefficient may vanish, In such cases the transformer network
may be quite simple

For example, in a shell with a vertical plene of symmetry, loaded symmetri-
- cally with respect to this plane;

u = Z cos g (34)

This eruation requires one transformer for each value of ut, It is possible to
éptroduce further simplification by replacing ut by a variable which depends on
. Let

w=uy cosg | (35)

then -
w = Z -~ (36)

If this change of variable is now introduced into the equations of the skin and
stringers (equation 17), it will be found that the form of the equations will
remain unchanged and that the only effect will be a change in the turns ratio
of the transformers coupling the ug and ug circuits, Equation (36) is then
satisfied by connecting together all the tangential displacement nodes in any

one ring,
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As another example consider a rigid ring (or bulkhead) which is very thin
in one direction (see Figure 10a), In this case it may be assumed that the angle
between the y axis and the top and bottom surfaces of the shell is small every-
where except at the ends, where there are closing vertical segments, Furthermore
it 1s usual to assume that Y, the displacement parallel to the long direction, is
zero, In this case

Yy ==-8-°r sina top and bottom surfaces
u, =2-8-¢ c/2 at the left end (37)
U, = =2 -0 ¢ e/2 at the right end

Here again scale factors can be introduced to simplify the equations

- o

s - = @ top and bottom surfaces
% r sin a P
?'*'1 = u, =Z2-86. c/2 at left end (38)
ut2=-ut2=z+9°c/2 at right end

These equations are satisfied by the simple network of Figure 1l0Ob,
With this circuit for a rigid bulkhead and the circuit for the stringers

and spers (Figure 6), two spar box wings with unsymmetrical top or bottom sur-
faces can be analyzed, The extension to multisper wings is simple and direct,

Solution of Problems

The Caltech analog computer was used for the solution of two prohlems in
connection with the preparation of this paper, This computer consists essentially
of a storehouse of electrical parts which contzins, among other things, the
resistors and high quality transformers required in the solution of stress analysis
problems,

The first problem was the snalysis of the simple circular ring shown in
Figure 9a subjected to two opposing concentrated vertical loads, Because of the
symmetry of the ring and its loads a quadrant of the ring can be substituted for
the whole if proper boundary conditions are applied at the ends of the quadrent,
At ﬂ'= 0 the proper boundary conditions are that 8, ut and Fp equal zero, At
f = T/2 the proper boundary conditions are that € and ut equal zero and that Fp
equals P, one-half of the applied load,

In Figure 9b, the quadrant of ring has been represented by a circuit con-

taining four cells, The boundary conditions have been satisfied by setting the
corresponding electrical quantities equal to zero at the two ends,
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The results of the analysis are presented in Table I in dimensionless form,
An exact analysis of the problem using differential equations is compared with the
analog computer solution, In addition an exact solution of the difference
equations governing the electrie circuit is shown, It will be seen that the diffe-
rential ecuation solution and the exact solution of the difference equations give
identicel results for the internal shear and internel axial force., This was to be
expected since these quentities are statically determinate in the problem investi-
gated, The other quantities show errors due to finite difference approximation,
A comparison of the difference equation solution and the analog computer solution
shows errors in the computer solution of the order of one or two percent, which
is fairly typical of the results customarily obtained with the Caltech analog
computer,

The second problem was the analysis of a conical shell supported by circular
elastic rings, As such it provides an example illustrating the manner in which
the shell and ring circuits are interconnected, The structure, which has three
elastic rings and fourteen stringers, is shown in Figure 12a, and specifications
for the structure are given in Table II, This structure is supposed to resemble
the aft portion of an aircraft fuselage, The relative size of the stringers and
rings and the thickness of the skin have been chosen to give maximum stresses of
the same order of magnitude in the stringers, skin and rings, The structural
weight is divided approximately equally among these three components, The number
of stringers and the number of rings in the structure are much fewer than the
number that would be employed in an aircraft fuselage, so that each stringer of
the structure represents several stringers in the fuselage, and the stiffness of
intermediate fuselsge rings is included in the stiffness of the three main rings
shown, It will seldom if ever be possible to represent in detail on an analog
computer all of the members in a large elastic structure,

The shell is subjected to symmetrical concentrated vertical loads applied

to the ring at the small end of the shell and these loads are reacted at the
~ large end, which is built into a rigid wall, Because of the symmetry of the

structure and the applied loads, only a quarter of the shell need be considered
if appropriate boundary conditions are applied, This part of the shell has been
given a two coordinate numbering system for the identification of points in the
structure, For example, point 42 refers to a point at the intersection of ring
number / and stringer number 2,

" The electrical analogy for the structure is also shown in Figure 12, This
circuit consists of three parts, the ug and ut circuits discussed in section II
and the ring circuits discussed in section III, In Figure 12b only one ring
circuit is shown since the other two have an identical appearance, The connection
between the ring circuit shown and the ug circuit are indicated by the circled
letters a, b, and ¢, Currents corresponding to the interaction forces between
the skin and the rings flow through these connections, In Figure 12a a cutout
is indicated in the middle bay, Electrical parts corresponding to the cutout,
(shown dotted in Figures12c and 12d) are removed when the cut panel is removed.

The boundary conditions at the vertical plane of symmetry are that the
shear stresses in shear panels intersected by this plane are zero; and that in
the ring circuits 6, ut and Fp are all zero except when vertical loads are
applied to the ring in the plane of symmetry, in which case Fp is equal to P,
one-half of the applied load, The boundary conditions at the horizontal plane of
symmetry are that the displacement in the s direction, ug, is zero; and that in
the ring circuits, u,, M and Ft are zero except when vertical loads are applied
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to the ring in the horizontal plane of symmetry, in which case Ft is equal to =P,
The boundary conditions at the large end of the shell are that both ug and uy are
equal to zero, At the small end the boundary conditions are conveniently expressed
as the absence of applied loads except as indicated, . A1l of the above boundary
conditions have been satisfied in the electrical circuit by means of short and

open circuits, Short circuits are used to set displacements equal to zero while
open eircuits are used to set internal forces eausl to zero,

The electrical circu$ts shown in Figure 12 use 27 resistors and 27 transformers
which is epproximately 40/ of the present capacity of the Caltech analog computer,
In calculating the values of the transformer turns ratios and resistors to be used
in the circult it 18 necessary to make use of scale factors, This aspect of the
problem has been omitted in the present discussion in order that the electrical
quantities shown in the circuit diagram may have a direct significance in terms
of mechanical quantities, A brief disocussion of the scale factor methods employed
with the Celtech analog computer is given in the appendix of reference 8,

The structural and loading conditions that were investigated in this problem
are tabulated in Table II, It was desired to investigate the effect of the
following things on the distribution of internal forces; the effect of the
stiffness of the rings; the effect of the location of the vertical load on the
end rings; and the effect of a cutout in the middle bay, .

The results of these investigation are given in Tables III and IV, The
quantities recorded according to the mumbering system previously discussed are:
the stringer forces, Fg; the panel shears, Fyg; the ring bending moments, M;
end the vertical displacements, The vertical displacements have been obtained
by vectorially combining the tangential and normal displacements. of the rings,
The tabulated results are subject to experimental errors and when four signifi-
cant figures are given, the fourth figure is entirely unreliable,

The main conclusion to be drawn from these results is that the stiffness of
the rings has a rather small effect on the distribution of internal forces, The
only change made between conditions (1) and (2) was that in condition (2) the
rings were made five times as stiff as in condition (1), It will be seen that
the stiffness of the rings has very little effect on the internal forces except
between the second and third rings, However the distortion of the third ring in
condition (1), as given by the vertical displacements, is quite large, In another
condition, the results of which are not tabulated, the first and second rings
were stiffened by a factor of ten while the third ring retained its normal stiff-
ness, The difference in the results between this condition and condition (1) were
negligible,

The results of condition (3) indicate that the effect of ring stiffress is
considerably less when the applied vertical loeds are in a horizontal plane.
than when they are in & vertical plane, The results of conditions () and (5)
indicate that even moderately small symmetrical cutouts produce a severe
redistribution of the internal forces and that, in this case, the effect of
ring stiffness is important if accurate results are desired,
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SYMBOLS

cross-sectional area of stringer

Young 's modulus

external load normal to ring per radien of'ﬁ

external load tangential to ring (or skin) per radian of g

shear force in ring

forece in stringer

tengential force in panel parallel to ¢

axial force in ring

tangential forece in penel parallel to s

shear modulus

thickness of skin

moment of inertia of ring cross-section

bending moment in ring

applied vertical load

radius of clrcular shell; radius of curvature of ring; distance
to point in rigid ring

coordinate parallel to stringer

coordinate pervendicular to stringer and parallel to ring
displacement normel to axis of ring

disrlzcement parallel to s

displacement parallel to t

coordinate related to uy by transformation

horizontel displacement of rigid bulkhead

vertical displacement of rigid bulkhead

angle between two adjacent stringers; angle between tangential
displacement and line to a point in a rigid bulkhead,

shear strain of panel

angle by which direction of s axis is changed due to translation
in t direction

difference operators in s, t and g directions

increments in s, t and &

2 sin /2

angle between horizontal line and normal to center line of
undisplaced ring

angle between stringer and axis of shell
rotetion about axis of shell, usually in ring
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TABLE I
SOLUTION OF CIRCULAR RIG PROBLEM
WITH FOUR FINITE DIFFERENCE CELLS PER QUADRANT

Quantity ﬂ(o) Differential Eqns. Difference Eqns, Analog Compdter
F 22,5 +,3827 +.3827 +.387
2 45,0 +,7071 +.7071 +,702
P 67,5 +,9239 +,9239 4,922

11,25 +,9808 . +,9808 +4982
Fy 33475 +.8315 +,8315 +.824
—_ 56425 +.5556 +,5556 +,566
p 78,75 +,1951 +,1951 4,210
11,25 +.3442 +43401 +.340
M 33.75 +.1948 +,1907 4,192
r 56,25 -.0810 -,0851 -e033
78075 -.U!ls “0U056 '0447
22,5 +,1327 +,1335 +.1333

-;?;- 45,0 +,207M +,2084 +,2064
g 6745 +,1739 +,1750 +,1703
jord

ug 22,5 +,0487 4,051, +,0515

- 45,0 +,0706 +,0747 +,0756
T 6745 +,0515 +,0543 +,0559
11,25 = 1271 -.1318 -.1310

_“113_ 33.75 -o0573 : -.05% | =40586
sl 56425 +.0493 +,0509 +,0535

EI 78475 +,1349 +,1405 +,1435
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(1)

(2)

G)

(4)

(5)

TABIE IT
SPECIFICATIONS FOR CONICAL SHELL PROBLEM

Hunber of stringers = 14
Cross-section area of stringers, Ag = 0,60 in.2
Thiclness of skin, h = ,030 in,
Moment of inertia of rings, I = 5,33 in,4
Young's modulus, E = 10,4 x 1c® PeS.i.
Shear modulus, G = 440 x 10° p.s.i.

CONDITIONS INVESTIGATED

Vertical loads applied to points A and A' of end ring (see
Figure 12a), lo cutouts, Properties of shell as given above,

Sane as (1) except moment of inertia of rings inereased by a fac-
tor of 5.

Seme as (1) except vertical loads applied to points B and B!
(see Figure 128),

Seme as (1) except with symmetrical cutouts in center bay
(see Figure 12a),

Same as (4) except moment of inertia of rings increased by a
factor of 5.

TABIE III
RESULTS FROM STUDY OF CONICAL SHELL

p=1kip

Panel & Condition -

Point 1 2 B 3 4 5
stringer forces, Fg (kips)

02 - 0945 - 09105 - 0942 - q330 - .577
04 -1,708 -1,708 -1,708 =1,550 ~1,632
06 -2,118 -2050 20124 2475 =24300
22 - 688 - o711 - 722 + 767 + 688
24 =1,282 =1,282 =1,291 =14409 -1,321
26 =1,612 =1,594 =1,587 2,124 =2,180

' 42 - 0308 - 0380 - 01052 "107& "10789
M - 0676 - 0714 - 0745 - 0536 - 0650 .
46 "10002 - 0935 - 0882 . - ow - ‘3&

penel shears, F., (kips)

11 +1,206 +1,195 41,191 +1,593 +1,726
13 + 954 + 956 + 963 + 509 + U5
15 + ,513 + ,531 + 536 + 372 + 155
31 +1,596 +1,550 +1,522 o 0

.33 +1,217 +14231 +1,254 42,537 42,457
35 + ,618 + 661 + 707 . 41,687 +1,838
51 +1,985 +2,046 +2,080 +2,7,0 42,789
53 +1,685 +1,662 +1,632 + 99 +1,032
55 +1,013 + 937 + .880 + 449 + 334
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TABLE IV

RESULTS FROM STUDY OF CONICAL SHELL

p=1kip
Point 1 2 3 4 5
Ring bending moments, M (in-kips)
2 =0,07 =0,03 +0,02 +3,58 +4,08
24 -0,03 =0,02 40,01 40,96 41,28
26 40,06 +0,02 =0,02 =240 2.8,
42 40,20 40,05 - -0,08 3472 =388
y7A +0,10 40,01 «0,02 -1,08 -1,28
46 ~0,18 <0407 40,06 +2,48 +2,64
a2 +4445 +4436 2428 +5,53 +5445
(A 3,84 43452 =0456 +4412 43,88
66 ~5425 5465 +1.44 -5.93 ~bo45
Vertical displacements (inches)
22 +0288 #0283 #0282 #0133 0247
2 +0290 «0286 +0288 #0262 0282
26 «0283 «0283 0283 <0592 #0336
42 20875 #0871 +0876 «2180 1887
JA 0880 0872 <0870 02105 1870
46 «0895 o +0880 1912 #1830
62 1577 J670 1735 2595 #2515
64 1660 «1701 01702 «2660 02530
66 #1926 «1770 1627 «3005 «2605
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Fig. 8

Electrical analogy for a ring with
variable radius of curvature.
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ANALOG-DIGITAL TECHNIQUES IN AUTOPILOT DESIGN

W. T. Hunter and R. L. Johnson
Douglas Aircraft Co., Inc.

Abstract

The analytical and computer techniques employed in the design of air-
craft and missile autopilot systems at Douglas Aircraft Company are presented.
Roles assigned to digital and analog computation are discussed with the assoc-
iated reasons for such assignmment. The mutual support provided by both types
of computation is stressed. Typlcal examples are used for illustration.

Introduction

One frequently hears discussed, with various degrees of conviction, the
relative merits of digital and analog camputation. In some fields of endeavor
such discussion may be warranted; however, in the design of autopilots at
Douglas Aircraft Company, Santa Monica Division, both types have been fitted
into design techniquesl. The mutusl support of the design problem by both
yields results which use of only one type could not do. It is believed that
this mutual support has enough application to other design problems that its
description as applied to autopilot design may help others in their problems.

Illustration of the points involved is best accomplished through dis-
cussion of a specific design problem. The problem selected here is that of
automatically controlling a guided missile so that it will respond accurately
to lateral acceleration commands from a guidance computer. Target intercep-
tion may be made under a wide variety of altitude and speed conditions so it
is required that the controlled missile operate satisfactorily over a rather
wide band of flight conditions. The problem considered here is not that of
hardware design but rather the system design leading to hardware specifications.

Preliminary Analytical Preparation

Preliminary analytical work prepares the way for eventual solution of
the autopilot design problem. This usually consists of preparation of the
system block diagram, description of the component elements by their respective
equations relating input and output, derivation of the camplete system equa-
tions relating missile response to input signals or disturbances and a listing
of the system pecularities or conditions not well described by the preceding

1 Douglas Aircraft Company has used digital International Business Machine
equipment for the last six years, and Reeves Electronic Analog equipment
for the last two years, and the Cal. Tech Electrical Analog Computer for

four years.
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equations. This latter is important in that most of the preliminary analytical
work is based upon linear theory and it is important to know the limits involv-
ed in order that the effects may be considered in later machine computation.

System Description

Autopilot systems are based upon the use of closed loop or feedback intel-
ligence. In such a system the desired behavior is compared with the actual
behavior and any difference, i.e., error, used to drive the system into more
exact correspondence. In the sample at hand, this is accomplished by the outer
loop of the block diagram shown in Figure 1. The achieved acceleration is com-
pared with the conmanded acceleration in the electrical network and, neglecting
the other two inputs to the network for the moment, any error taken to the pow-
er servo. This servo functions to move the fin in the direction necessary to
reduce the measured error. The resulting fin motion imposes forces and moments
on the missile causing an incremental change in the lateral (translational)
acceleration, the resulting acceleration being measured by the accelerometer
for camparison with the commanded acceleration.

The internal rate loop and fin loop feedbacks to the metwork are required
to provide system damping, preventing excessive transient overshoots and oscil-
lations while responding to input commands. The rate loop feedback is accomplish-
ed by measuring missile angular rate (about the center of gravity) with a single
degree of freedam, spring restrained gyroscope. The fin loop feedback is accom-
plished by measuring fin actuator travel with a linear potentiameter. All three
feedback signals, as well as the input signal, are shaped and summed in the
desired manner by the electrical network. The resulting signal which is actu-
ally fed to the power servo not only moves the fin in the direction of reducing
an acceleration error but provides for moving it in a manner leading to well
damped missile motions. The missile structure block in Figure 1 represents
measuring instrument pickup caused by structural resonances. Although this
pickup contributes nothing to the satisfactory operation of the system, it
must be included in the design analysis.

In order to provide a summary of the nomenclature used in the example, the
symbols used to represent each individual block are indicated on Figure 1.
Specification of each component element by a symbol of the form, Foi’ has the
meaning: _ :

Output = (Foi)(Input)
In general, the function Fo is nothing more than the differential equation
specifying the component's behavior. When this differential equation is linear,
the function becomes the common transfer function of the component.

Preliminary Design Phase

This phase of the design is carried out by direct amalytical syntheses
and by simplified analysis procedures that require no more complex equipment
than desk calculators. The system indicated by the block diagram is simplified
to the barest essentials. For example, the effects of the missile structure
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are neglected completely. The measuring instruments and the power servo are
assumed to be ideal components. The frequency characteristics of the electri-
cal network are neglected. In fact, the only dynamics considered are those
resulting from forces and moments caused by missile wing deflection and angle

of attack.

The important design information obtained in this phase consists of the
following:

1. Approximate component gains

2. Measuring instrument ranges

3. Torque and speed requirements of the power servo

4. Desirable aerodynamic characteristics

5. Approximate system performance characteristics

The above information, coupled with engineering experience, is usually
sufficient to permit the procurement of hardware, at least for the initial

test vehicles.

Frequency Analysis Phase

After the preliminary work has been completed, it is desirable to perform
an extensive frequency analysis of the system considering as many of the sys-
tem charecteristics as possible.

The frequency analysis phase is considered to be an extremely important
part of any control system design. It furnishes a very clear insight into the
manner in which the various components affect the stability and basic response
of the system. Virtually all of the design of the electrical shaping network
is accomplished through the frequency analysis process. In addition, it is
very valuable in tracing down troubles that may be encountered in the flight
testing of the design.

This phase of the analysis lends itself well to the use of digital com-
puting equipment because of the large number of routine calculations involved.
For the sample problem, the functional operation of each component is repre-
sented by a transfer function. If some of the component differential equations
are nonlinear, these equations are linearized around certain operating points
to permit the derivation of their transfer functions.

The eighteen component transfer functions are represented by expressions
of the following form:

2 by
AO + AlP + A2P + A3P3 + AhP oo

Bo + BlP + 32

F =

oi 2 Iy
P+ B3P3 + BhP cee
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where operator notation has been employed by replacing %E with P. The order

of the polynomials required to represent the component transfer functions var-

ies from zero for the fin potentiometer (that is Fis 18 independent of P) to

as high as ten or more for some of the electrical network transfer functions.
The coefficients of the polynomial terms are determined by the differential
equation representing the components.

The system equations which are derived from the block diagram yield six
transfer functions of the following type:

FscFeek
- _ c BE nbd
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In order to begin the frequency analysis, a trial clectrical network is
devised (the first trial network is usually one containing only resistors),
and the polynomial term coefficients of all of the transfer functions deter-
mined from the basic data. Examples of this basic data are wind tunnel test
results, resistor and condenser values, instrument natural frequencies and
damping ratios, data obtained by experimental measurements on system compon-
ents, etc. Then each of the component transfer functlons are evaluated as
complex number functions of frequencyz. These complex numbers representing
the component transfer function are then combined to obtain the products and
sums indicated by the system transfer function shown above. The results are
then plotted in the form of Nyquist diagrams and system transfer functions.
The Nyquist diagram, which indicates the stability of the system, and the
system transfer function, which indicates the basic transient response of the
system, are then examined for inadequacies. As a result of the knowledge gain-
ed in the previous trial, the electrical network or one or more of the compon-
ent transfer functions are modified and the cycle repeated. An autopilot sys-
tem that operates over a wide range of aerodynamic conditions (i.e. a number
of sets of aerodynamic transfer functions must be considered) may require that
the above cycle be repeated several hundred times before a sufficiently opti-
mum design is achieved.

Our digital equipment has been programmed to perform the above transfer
function calculations. This has proved very economical when it is considered
that the equipment can perform one complete cycle of the above calculation in
about 2.5 machine hours as compared to about 100 men hours required for a
manually computed solution. Selective storage of parts of the computation
reduces the average time per cycle to about 1.25 machine hours. In addition,
the machine results are much more dependable than the manually computed results
when the problem is this complex.

The ability to perform a camplete frequency analysis of a complex system
in such a short time becomes a tremendous asset if, as sometimes happens, the
test program shows that a design change is required. The change can be com-
Pleted in a matter of hours instead of weeks, thus greatly expediting flight
test schedules.

2 This is accomplished by the well known substitution, P = j2xf, where j =V -1,
and f is frequency in cps.
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Every attempt is made to eliminate the necessity of processing the datu
that goes into the machine or the results computed by the machine because it
is felt that the machine itself is the most efficient processor. The program
for the digital equipment is arranged to use the basic data in the form in
which it is most easily available; the results are printed out in the form
most easily plotted.

For one complete cycle in the sample problem, the input to the machine
consists of approximately 200 numbers. The machine performs some 20,000
operations3 with these numbers, and then prints out slightly more than 1500
numbers for plotting. A survey is presently being made to determine the
feasibility of using an automatic plotter for these results. A sample Ny-
quist diagram and overall transfer function as obtained from digital equip-
ment is shown in Figures 2 and 3.

Analog equipment does not appear to be as well suited as the digital
equipment to perform frequency analyses of this type from the standpoint of
setup time, running time or accuracy of results. TIn fact, it 1s estimated
that an anslog solution would be more time consuming than the hand solution,
because of the difficulty in obtaining the large number of amplitude ratio
and phase measurements.

An additional insight into the stability of a system is achieved if the
roots of the characteristic* equation can be found. This equation, being of
about the 20th order, is difficult to obtain as a polynomial in P and, once
obtained, considerable difficulty is encountered in solving for its roots. A
digital program to campute, from the game basic data required for the transfer
function process, the characteristic equation and its roots has been devised.
Setup is not quite complete at this time, but it is estimated that the running
time will average 3 hours per solution.

Transient Analysis

Throughout the frequency analysis phase of the design, the transient res-
ponse of the system must be considered. The transfer function gives a quali-
tative view of the transient, but at times it is advisable to actually compute
the transient response of the lineariz:i system. This can be done conveniently
by the following Fourier series process. First, the input function is repre-
sented by a Fourier series’. This series 18 then modified by the values of the
system transfer function to obtain the series that represents the transient
response. This resulting series is summed up to obtain the transient response.
A sample transient is shown in Figure k.

3 These computations are performed on a "floating decimal" scheme which permits
eight significant figures to be carried on all numbers, within the magnitude
range from 10-90 to 10*90,

4 The characteristic equation is obtained by setting the denominator of the
n

transfer function 39 equal to zero.
i
5 A digital process has been programmed to compute the first 4O harmonic terms
of a general periodic input in an average time of 3 machine hours. This pro-
cess has proved very valuable in the reduction of flight test data.
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This process has also been programmed for computation on the digital equip-
ment. For example, to obtain the transient response to a step function input,
the values of the transfer function at 40 to 200 discrete frequencies are used
as inputs to the machine. (This data is the same data that was computed by the
machine in the transfer function process described previously.) When 40 frequen-
cies are used, the machine performs some 40,000 operations to obtain 50 points
on the transient response in 2 machine hours. It is estimated that this opera-
tion performed by manual calculation would require approximately 60 man hours.

The transient analysis performed by the above process is very restricted
for two reasons. First, the theory of the transfer function approach requires
that the system be represented by linearized differential equations whose
coefficients do not vary with time; second, the required digital machine time
becomes prohibitive if large numbers of transients are desired, (1,000 to 5,000
may sometimes be required).

It is in the performance of an exhaustive transient analysis of the sys-
tem that analog camputer equipment has proved so useful. Employment of analog
equipment permits a very complete study of nonlinear phenomenon and 3-axis
coupling problems, and 1t also permits realistic evaluation of transients when
component characteristics change appreciasbly during the time of the tranmsient.
For example, the aerodynamic parameters change throughout the flight of a his-
sile because the velocity and/or altitude is continually changing. These com-
plicated analyses can be conducted by solving the set of simultaneous differ-
ential equations (nonlinear or time varying) digitally, but this is very time
consuming. It should be mentioned, however, that a digital solution of this
sort is often required as a check problem” for an analog setup.

One important system nonlinearity is that associated with the aerodynamic
restoring moment as the missile rotates away from zero angle of attack, i.e.,
the aerodynamic spring. A typical variation is shown in Figure 5. The dashed
lines on the figure show the linear approximations made for use in the digital
frequency analysis. Analog equipment permits the inclusion of the actual
characteristic.. A similar nonlinearity is associated with most power servos
and is analyzed in the same manner.

Another important nonlinearity is associated with measuring instrument
pickoff granularity. This problem is illustrated in Figure 6 for a wire wound
potentiometer pickoff. Again, the dashed line represents the linear approxi-
mation used in the digital frequency analysis. The true characteristic is
almost impossible to include in a digital analysis, but it may be included
readily in an analog analysis by driving wire wound potentiometers with a com-
puter servo. A sample transient showing the effect of too coarse pickoff
granularity is shown in Figure 7.

Aerodynamic cross coupling phenomenon, because of their nonlinear nature,
are also very difficult to study by digital techniques, but they may be studied
readily by means of analog equipment.

6 The ratio of digital to analog machine running time may be of the order of
1000. to 1 for these check problems.
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Another important advantage of using analog equipment can be realized if
a real time scale can be employed in the analog (i.e., the analog works at the
same speed as the actual system). The aerodynamics and measuring instruments
can be represented by analog equipment. The output voltage of these analogs
can be fedback through the actual electrical network to drive the power servo.
The power servo in turn drives the analogs, thus obtaining a very realistic
simulation. Transients may be run very quickly om such a piece of equipment,
but it is not as flexible as a more general setup. It does have a distinct
advantage in that hardware which is difficult to represent by differential
equations can be used in its exact role in the system. However, same analyses
performed with analog equipment require that the system be analoged on an
extended time scale so that the dynamics of the computer servos do not distort
the resulta. This extended time scale prevents the use of actual components
in the analog:

Conclusions

The use of both digital and analog equipment permits a much more optimum
design than could possibly be achieved in the absence of such equipment. Digi-
tal equipment has some advantage in the accuracy of solutions, but the accuracy
of analog equipment is sufficient for most autopilot engineering purposes.
Digital equipment has a distinct advantage in that it permits the use of famil-
iar analysis techniques which have been developed in communication engineering;
the digital equipment simply performs the labor involved in applying these
techniques to complicated autopilot systems. The frequency analysis performed
on the digital equipment seems to give a better gqualitative understanding of
how the various parameters effect the system stability and basic response char-
acteristics and provides a firm general design foundation; the transient analy-
sis performed on analog equipment seems to be the only practical way of study-
ing certain nonlinear phenomenon. - However, digital equipment 1s usually requir-
ed to solve check problems for the analog equipment.

It must be recognized that the computer tools available to the system
designer have a major influence upon the nature of the completed design (i.e.,
hardware specifications). Access to digital computers with the comsequent
thorough system frequency analysis permits a more optimum selection of compon-
ent dynamic characteristics. However, a design that is completed om digital
equipment only, tends to be as linear as possible; the use of analog equipment
may permit the designer to exploit some of the advantages of nonlinear systems.
The design that is completed on the basis of linear theory tends to be over
conservative in regard to allowable tolerances, whereas the use of analog equip-
ment generally permits a more realistic evaluation of the tolerances, and may
greatly alleviate some production problems. In addition, the use of analog
equipment gives the designer the distinct advantage of using actual components
in the solution of problems.

The use of digital and analog equipment tends to result in a much more
complete design then would have been obtained without this equipment, but the
cost of the design is usually increased because £5 many more cases and condi-
tions are investigated. The real saving is made in the flight test program
which tends to be shorter, more successful, and to require fewer test vehilcles.
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APPLICATIONS OF COMPUTERS TO AIRCRAFT DYNAMIC PROBLEMS

B. Hall
R. Ruthrauff
D. Dill

Douglas Aircraft Company, Inc.
Santa Monica, California

Aircraft dynamic problems present a major field for the application of
modern digital and analog computers. While it is true that airplanes were de-
signed before the advent of these computers, the design requirements of air-
craft have advanced simultaneously with the computer development programs.
Today the efficient design of high speed aircraft depends to a large extent on
the rapidity with which a large volume of calculations on dynamic problems can

be completed.

The applications of computers may best be illustrated by considering four
general categories of dynamic problems:

1. The problems dealing with long period control of aircraft and missiles
during part of or the entire flight time;

2. Rigid body dynamic problems;
3. Problems of the elastic aircraft at zero frequency; and

k, The elastic aircraft with finite inertia, the flutter problem.

Before discussing each category, it is necessary to point out that the
four classifications are extremely dependent on each other. It is only because
of simplifying assumptions that one is able to consider them separately.

In the first category a missile or airplane is considered to be at rest or
in flight. If the craft is at rest, some propulsive force is applied and the
resulting motion is to be computed. If the craft is in flight some natural or
induced disturbance is applied to the craft and again the resulting motion is
to be computed. As an example of problems typical to this group, consider a
missile trajectory problem. Assume, for the purpose of simplification, that
the missile is constrained to move in only two directions: range and altitude.
At any instant of time the geometrical conventions in Figure 1 are used to de-
scribe its motion and position in its flight path.

The trajectory of the missile is determined by the following equations:

.. &
% = T[(T-C')(COJ' € COS X = S/IN & srxac) —N(SN&
Cos5 ac + COS B SN oc)]

Z = —W‘—[('f'-c‘)(l//vd- cos @ + COS & SI/V )+ N(COS&
Cos - SIN & Sivac)| — &
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In these equations the parameters are defined as follows: T, the thrust
which is directed along the axis of the missile; C, the chord force opposite
to T along the same axis; € , the climb angle; and oc , the angle of attack.
N 1s the normal force on the missile and W its weight. The angle oc may vary
between O and 30 degrees while ¢ may lie between plus or minus 90 degrees, a
range which indicates the high degree of non-linearity of the system. As is in-
dicated in Figure 2, some of these quantities are discontinuous functions of time.

The missile is launched with the booster motor burning. At the end of a
specified time the booster is dropped and the missile glides prior to motor
burning. It is at this point that the calculation of the trajectory begins.

On the graphs in Figure 2, time %, 18 actually the beginning of the glide phase.
Za denotes the time of missile motor burning and is accompanied by a corre-

sponding loss in weight due to fuel consumption. At the time of motor burnout,
Té , the thrust returns to zero and the weight following the Jettisoning of

excess fuel remains constant.

In the actual integra.tion of the equations of motion a step by step method
of solution is employed. At time t; the values of g #i, # g. are available.
The corresponding values of these quantities for time #:/+/ may be approximated

by the following formulas:

(v) . ..
#’L:/ = ¥ * g AT
(
\/'z::/) = fc 7 o Cgc + /’L(:}/

N7 LA
Using these values y{,,}, may be formed. Then the values ’.(:/.,., ) ;C-,{, P ﬁiif

may be improved by the following equations:

. (<) . .. .
Gy gt {g:rgill)

e, .. (#)
/‘4(+)/=f"‘+_r["‘+%‘f’}+ {#‘ #é*’]

Ce.
which mey then be used to determine y‘,«/) o« An identical procedure is used to
form E s Eirsy) Birs.

This integration process has proved to be quite accurate as is evidenced by
the trajectory in Figure 3. The graph records the time history of an actual
missile flight together with the trajectory obtained by the procedure outlined
above. The actual path of motion is indicated by the solid line, while the .
digital reproduction of this run, which had for its initial conditions experimental
values obtained from the end of boost conditions, is the solid line with circles.

. In the second group, problems involving the rigid airplane are studied. The
craft is allowed to have 6 degrees of freedom, (Figure 4), with aerodynamic and
inertia forces acting upon it. For stability calculations the degrees of freedom
may frequently be considered in groups. For instance, the pitching and vertical
motion are considered separately from rolling, yawing and sideslip for small
amplitudes of motion. The former are the longitudinal degrees of freedom and the
latter are the lateral degrees of freedom. Providing linear aerodynamic forces are
employed, the solution of the stability problem is relatively simple., The
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following equations are typical of the lateral stability problem.
LB g B-Txe ¥ - G Y -Cyy =0

et Cng U Tax B - Cag E-Cup 0
2 yor gl-c, L -Cugd-CoWTAN T~ Oy Y-y B =0

The Army and Navy specifications require that lateral directional oscil-
lation be damped within a certain time, depending on the period of oscillation,
Figure 5. The motion of particular concern here is one in which the plane yaws
and rolls to the right, followed by a recovery toward the equilibrium position
and an overshoot consisting of a yaw and roll to the left. If this motion is

not sufficiently damped, it may become very bothersome.

The mcments of inertia in the equations may be roughly computed by slide
rule using standard formulas, or for more accurate determination computing
equipment is frequently employed. The coordinates employed in the above equations
are the same as those defined in Figure 4. Ix , 7y> , etc. are the moments and
products of inertia. The C's are the aerodynamic coefficients. Wherever possible
the aerodynamic terms of the stability problem are derived from wind tunnel scale
models., If these data are not available, the derivatives are estimated by ratio

with other airplanes of similar but known aerodynamic characteristics.

Having determined the coefficients of the equations, an Eigenvalue problem
remeins to be solved. The real part of the root will yield the damping and from
the imaginary part the period is determined. With this information the degree of
lateral stability may be located on the specifications chart Figure 5.

Because of the relative sizes of the coefficients in the equations of motion,
it is difficult to solve for the roots. This problem is presently being solved
by first finding the characteristic equation by direct expansion, and then solving
the equations by any one of numercus methods. The expansion and solution is
programmed for one continuous operation on the IBM card programmed calculator (CPC).
One particularly valuable method of solution known as the Lin and Barstow method,
extracts quadratic factors from the equation. The quadratics are solved by the
quadratic formula, and the remaining polynomial is treated in a similar fashion.
Frequently linear factors are taken from the polynomiel as an alternative method.

As a second example dealing with the rigid airplane, a rolling pull out
maneuver will be considered. In this problem the airplane pulls out of a dive at
constant acceleration. When the airplane becomes horizontal, the ailerons are de-
flected initiating a roll, and the aerodynamic forces on the vertical surface may
exceed the structural limit during the maneuver. The problem is to calculate these
loads for different initial accelerations and for different magnitudes of aileron
deflection. The equations used to solve this problem are shown below.

P = Pt kg COS F ARt Aoy o? ApgPrKoa B oc?
C = g — BLrA12008 75+ K22 C # K237 K24 &%+ Nos & B+ A2 X4

*har € BF
= AK3/3r F ho2 PrAort *Kog &b *hos/fP Aot # Ko7 & B

== k’lf}‘ f/ffz ’fkf‘;xﬁ *’X"A *A”“ﬁ
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Cos 77 = ,,,oa.s*/;'-; cos 75
Cos 7= pCO8 77 — 4 COS 7
cos 77 = g Cos 77— o8 77
Tle,9 ARE THE D/IRFCTION COSINES OF JTHE ERAV/ITAT/ONAL .

VECToRrR

P /8 THE SIDESL/IP ANGLE.
A /5 THE ANGLE OF AT77A4CA.
P IS ROLLING VELOCITY.
A IS YAW/ NG VELoCrT )Y

P IS LITOHING VELOCITY),

This problem has gained a great deal of complexity from the previous ex-
ample, since aerodynamic forces are now considered to be non-linear. A com-
plete discussion of the terms in these equations is not consistent with the
purpose of this paper. It is sufficient to note that the inertia terms are in-
cluded in the coefficients 4, Az, Ars, Kig, Kis and the remaining coefficients
define the aerodynamic forces. These coefticients are also obtained from wind
tunnel data wherever possible. Since the time history of the velocity of the
vertical surface is required, the roots associated with an Eigenvalue problem
would not immedjiately yleld the desired information. To solve this problem the
REAC was found to yield fast, accurate solutions for various inputs. The REAC
diagram for this problem is shown in Figure 6. Blocks A through E integrate the

" 5 differential equations. In some cases it is necessary to use an isoclating
amplifier to distribute the output of the integrators to the different parts of
the circult. Blocks F, G and H are used to satisfy the equations determining
the gravitational vector. Blocks I, K, L, M, N, P, R, are the servo units pro-
ducing the non-linear terms., The term denoted by &'y, ¢ determines the rolling
moment due to aileron deflection. This term 1s represented on the REAC by the
relay circuit in the lower left hand corner. The input deflection is a square

wave of arbitrary magnitude.

The results are obtained by recording the time history of the sideslip
angle @ . For large values of 4 the aerodynamic force on the vertical
tail surface exceeds the structural limit and failure occurs.

In the problems of the first two categories it is assumed that the air-
craft is responding as a rigid body to the imposed forces. 1In the present section
the problems under consideration will contain the actual deformations of the wing

-under aerodynamic forces. These studies will be carried out with the omission
of the inertia terms present in the previous categories. The example problem of
this category is that of finding the span loading of a flexible swept wing. It
is generally convenient to divide the wing into sections as shown in Figure T.
Each section will be coupled to the adjacent section by springs computed from
the stiffness properties of the wing. The springs are arranged to aliow the wing
to bend in a vertical plane and to twist about its spanwise axis. In addition
to the spring restraints, aerodynamic lift and moment act upon each section.
Asgsume that the aerodynamic constants of each section, the design load on tue
rigid wing, and the built in angle of attack distribution are known. #&rom these
conditions the strength engineer can compute the stiffness the wing rejuires to
support the load. As soon as this finite stiffness is introduced, the wing is
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free to deform, and this deformation will in turn redistribute the load on the
wing. Tne following iterative procedure is successfully employed to compute

the final load and deformation of the wing. The iteration procedure is carried
out as one continuous operation on the CPC. With the aerodynamic and assumed
elastic parameters and the operating conditions stored in the memory register of
the card program calculator, the machine computes a new angle of attack dis-
tribution from the rigid body loads by the following formula:

/ [_A_A"_]n Ta— LANA[ 4t | g,

A&r =%
AX = CHANGE /N ANGLE OF 4774cK | Cun = CHORD
GdJ = TORSIONAL ST/FFNESS S = WING AREA
Al = LENGTH 0F SECT/ION V = SHEAR
Tn = TORSION MOMENT ‘:i‘ = LIFT CURVE SLOPE

F ™ DYNAMIC PRESSURE
ea-ac S/ FTANCE FRIN £lAsTI/c
AXLS T0 KBEROTYNALN/IC cewr[,f

A = SWEEP ANOGLE OoF W/NG
ET = BENDI/ING ST/FFNESS
Ma = MOMENT OF 7THE SECT/on

A constant angle of attack determined by
Cn A
X, = = X, —Li'u A 5

is added to the new angle of attack distribution, thus keeping the total load
on the wing constant. With this normalized angle of attack distribution, new
loads are computed for each section by the following formulas:

Vn = 0 7n =K
V= Vara *}’(dc‘ ay - C)wr/ @ 7z n=2,% -+ k-2
Man = 0 =K
= JCL
Hw = Nwrz #* -a%?;{—- Varz + (= gAY € vy [‘““A (e - a,c}c.s‘//v]””
7 = 0O K=K

Twez #COS A ,,, ‘“‘ [c24’¢ (ea- ac)}] n=2,9¢- A2

With the new wing loading the process may be repeated until convergence is
reached. If the loads or angle of attack distribution differ radically from the

original loads, the wing stiffness may have to be modified to obtain the desired
load and deformation characteristics.

In dealing with the dynamic stability of the'ai.rpla.ne in the higher frequency

ranges of the fourth category, it is necessary to include not only the aerodynamic
forces and elastic deflections, but also the local mass and inertia effects. This
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gives rise to very complicated sets of equations, the solution of which leads
to a serious computing problem. However, the danger involved in high frequency
dynamic instability, generally called flutter, is such that these calculations
must be performed, and a great deal of effort has been expended by engineers
and mathematicians in trying to find ways of employing computing machines in
the solution of this probliem.

Two quite different approaches have been used successfully in the Douglas
Aircraft Company, and will be described here. The first and older technique
is digital in character and uses IBM computing equipment. The second method
employs the California Institute of Technology analog computer which sets up
electric circuits having the same dynamic characteristics as the aircraft system,

When digital methods are used the work is done almost entirely by matrix
menipulation. Although the equations of motion are linear, the aerodynamic forces
contain time lags which in the usual formulation lead to complex coefficients in
the equations of motion. When the number of degrees of freedom is high (say
greater than seven) considerable difficulty is experienced in obtaining accurate
values of the frequencies and stability (damping) of all of the possible flutter
modes. As a consequence every effort is made to minimiZze the number of degrees
of freedom. The method usually followed uses the natural modes of vibration as
degrees of freedom. In other words it i1s assumed that the deflection configu-
ration of the airplane structure when flutter occurs can be made up of a linear
combination of the natural ground vibration modes. These ground vibration modes
may be either calculated or measured during ground vibration tests.

Given thege data the detailed procedure is as follows:

The wing or tail surfaces are divided into sections as shown in Figure 7
and the mass, center of gravity, and pitching inertias are computed for each
section. Aerodynamic force and moment coefficients must be calculated for each
section for a range of ratios of velocity to frequency. When this is done, the
final equations may be formed by a process based on the principle of virtual work.

This process leads to the formation of generalized force coefficients for
the inertia, aerodynamic, and elastic terms from the sectional values of these
quantities. Thus if W; represents a mass matrix for the (24 section and Ny is
the corresponding aerodynamic matrix, then M= X, &, *wc &; and Z=2 &, "». &,
will represent generalized force coefficient matrices. The transformation
matrix @ represents the relative deflections at section "i" due to theé various
modes of vibration employed, and #L" is the transpose of the matrix #c . The
generalized elastic constant matrix £ is usually computed from A and a knowledge

of the ground natural frequencies,

Ir ff is a column matrix of the magnitudes of the various ground modes pre-
sent in flutter, the final equations become f4-Z I} { =0 whered=E/{AFL}
and ¥ = 547 (/#J 2 , W  1is the frequency of flutter, and 2 15 an index

of the system stability.

The matrix equation ( A-=2Z } Y 2N 0 will have non-trivial solutions only if
the determinant /| 4 -Z X [= o which yields an algebraic equation in =
called the characteristic equation. A number of methods for obtaining the com-
plex cheracteristic equation have been used. However, in general, a direct ex-
pansion of the determinant is used for four degrees of freedom or less. This work
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including the computation of the roots of the complex fourth order equation is
prograemmed for one continuous operation on the CPC. For higher orders than
the fourth, Leverrier's method is used. This involves computing powers of the
matrix A = & ~/(Z #77 )and applying the following formulas:

81 = Diagonal Terms in Matrix A

Diagonal Terms in Matrix A%

w0
n
L]

MY Y

Diagonal Terms in Matrix A3

L

Sh = Diagonal Terms in Matrix A

Sy = Diagonal Terms in Matrix AN
The characteristic equation is:

zN & vzF-1 4 zN-2 | 4z¥-3 , g% veef = O
where

b = -1(8;)

c = -1/2 (s, + v 8,)

d = -1/3 (S3+b82+csl)

= -1/k b
e / (8, + ©S, + c 8, + a Sl)

3

b ¢ -1/N
- -1/ By + D8y, +cBy 5 N-3 ¥ 5 L))

In some instances it is found that Leverrier's Method for calculation of
the characteristic equation requires that a large number of figures be carried.
If sufficient figures are not retained, the last few coefficients of the

characteristic equation become inaccurate.

+dsSs

An alternate method for calculation of the last coefficients by determinants
is as follows:

Coefficients of a six-degree characteristic equationg
e = 1/2(b, + D) -1-c-D,

S 1/2(1)+l -D;)-b-d

g = D
Coefficients of a seven-degree characteristic equation:
f = -1/2(D,; +D_;) -b-d+D,

g = 1/2(p_, - ) -l-c-e

h = D

o
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In the above equations

Coefficients of the characteristic equation previously determined
by Leverrier's Method

o a0 o
—

A = Normalized matrix for which characteristic equation is being determined.
DO = A
Dyy = A-1

D-l = A+ 1

Having obtained the complex characteristic equation, the roots are found
by an iterative process, employing synthetic division and Newton's method.

It is hoped that the foregoing example will sufficiently illustrate the
complexity of the flutter problem, and make clear the need for automatic com-

puting machinery in this field.

The other method successfully used in attacking the flutter problem employs
the analog computer developed at the California Institute of Technology. In
using this machine the wing is also broken into sections, and the same physical
properties as before must be computed. An electric circuit is formed which
metches each of these sections and their elastic connections. In the electric
circuit analogy voltage corresponds to velocity, current to force, capacity to
mass and so forth. The aerodynamic forces must be simulated by means of
amplifiers. The circuit for a typical section is given in Figures$AR, 88 and 8C.

When the analogical system has been set up, its behavior under various
electrical impulses may be observed on an oscilloscope and photographed if de-
sired. The excitation may correspond to the airplane entering e sudden gust,
or it might simulate a vibrator placed in a wing. In any case the dynamic
stability and frequency of the system may be observed. Examples are given in

Figure 9.

One great advantage of the analog method of solution is the ease with which
physical parameters of the airplane can be changed. If thé€ digital technique
first described is employed and it is desired, for example, to change the wing
rigidity, new natural modes of vibration must be calculated before the process
described can even begin. On the analog machine only the values of a few in-

ductors need be altered.

In conclusion it may be stated that the Douglas Aircraft Company has success-
fully made use of a number of different computing machines of both the digital
and analog varieties. No comparison of the relative merits of these various
types will be made, since experience has shown that each type has advantages
depending on the nature of the problem. In any event the use of computing ma-
" chinery has become practically essential to modern aircraft engineering, and
this trend will undoubtedly continue as further developments in this field take

place, :
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THE SNAPPING DIPOLES OF FERROELECTRICS AS A MEMCRY ELEMENT FOR DIGITAL COMPUTERS

Charles F. Pulvari
The Catholic University of America

Washington, D. C.

-SUMMARY -

A brief review is given of the memory properties of non-linear ferroelectric
materials in terms of the direction of polarization.

A sensitive pulse method has been developed for obtaining static remanent
polarization data of ferroelectric materials. This method has been applied
to study the effect of pulse duration and amplitude and decay of polarization
on ferroelectric ceramic materials with fairly high crystalline orientation.

These studies indicate that ferroelectric memory devices can be operated
in the megacycle ranges. ‘

Attempts have been made to develop électrostatically induced memory
devices using ferroelectric substances as a medium for storing information.
As an illustration, a ferroelectric memory using a new type of switching
matrix is presented having a selection ratio 50 or more.
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Introduction

High speed computing is, at the present, in a state of fermentation, and
an intensive search continues for new computer and memory elements which are
smaller and more reliable than those in present use.

All phenomena possessing two stable states are possible candidates for
computer elements. The desirable characteristics of a computer or memory
element may be summarized as follows:

1. High speed flip-flop (two stable states).

2. BSmall size per flip-flop or unit of information.

3. Low cost per unit of information.

Lk, Good memory properties without need for recycling.

5. Simple and reliable structure.

6. Convenient pulse operation.

7. Proper non-~linearity of the flip~flop element such that very
simple switching devices may be used.

The search for new computer and memory elements presents a two-fold pro-
blem if the elements are to be used in a switching matrix. First there is
need for a material which meets the requirements listed in the second para~-
graph under Items 1, 2, 3, &4, 5 and 6; i.e. there is the problem of econom—
ical storage of information. Second, but of equal importance, is the
switching problem. New computer and memory elements should have charac-
teristics such that a random selection of the storage element could be easily
performed. For this purpose Item 7 must be satisfied by providing the storage
element with the "proper" non-linearity. It will be shown in this paper that
the non-linearity of certain computer elements may be artificidlly increased
by the use of proper circuit configurations.

S0lid state physics presents many basic research opportunities in the
growing field of high speed computing. This investigation was begun in 1940,
when the "snapping dipoles® of ferroelectrics were proposed for memory de-
vices in large scale digital calculators. It seemed clear however that a
preliminery basic study of the significant properties of ferroelectric ma~
terials was necessary to confirm the practicability of this proposition. Pro-
ceeding along these lines, it was soon found (a) that the memory properties
of ferroelectric materials in general, and BaTiO3 in particular, had very
promising features and (b) that there may be different approaches to the
development of the use of these materials as memory elements. (1)* More im-
portantly, it was recognized early in the investigation that the production
of proper single crystals and a thorough understanding of the flip-flop action
of snapping dipoles would be necessary prerequisites to the successful use
of ferroelectricsin digital calculators.

*Numbers in parenthesés refer to Bibliography at end of paper.
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Snepping Dipoles of a Ferroelectric Material

A crystalline structure can be regarded as formed by as many uniform
and parallel interpenetrating space lattices as there are ions in the unit
cell. An electrostatic field causes & displacement of oppositely charged
lattice centers from previous equilibrium positions. Thus different lattices
of equal dipoles are induced. The response of ionic point lattices to an
electric field depends on the constitution and microstructure of the
lattice. (2)

The present investigation is concerned only with dipoles occuring in
solids; three main types may be distinguished depending on nzture of the dis-
placement imposed on a particular atomic or molecular structure.

1. Dipoles may be induced by elastic displacement’ of an electronic or
an ionic structure. In each case they exist only in equilibrium with
an applied field. This type of dipole may be called simply, elastic
dipole.

2. Dipoles which arise from binding forces between atoms in a molecule
are permenent dipoles, and are inherent or firmly bound in equi-
librium with the states of the material. Although material con-
taining such dipoles may go through thermodynamic first-order tran-
sitions, they are not recognized as ferroelectric.

3. Recently a new type of permanent dipole was observed which arises
from the very special intramolecular distance ratios of iomic
spheres, which allow minute reletive motion of ionic space lattices.
Conditions for proper intramolecular spacing based on various con-
siderations have been reported by many workers, as for example
Mason and Matthias. (3)

Minute displacement of space lattices is accompanied by coupling of in-
duced dipoles such that feed-back action may be visualized. Interattion of
coupling and feed-back creates an intramolecular field which produces con-
ditions such that two equilibrium states may occur in the structure. This type
of dipole behaves like a free dipole in a solid; it may be called a "snapping"
dipole, because, under the action of an external field, a network of dipoles
Jumps from one equilibrium position to another across the non-linear potential
well. It has been recognized that if these snapping dipoles are in a single
crystal structure a very fast "flip-flop" element would be possible with
necessary properties for high speed operation needed in digital calculators.

Few materials possess snapping dipoles which may be identified as ferro-
electric; barium titanate is one of these.

Signals Produced by Change in Polarization

For computer applications, a signal may be obtained from a condenser con-
taining a ferroelectric dielectric. This signal is produced by change in
polarization when a ferroelectric material is switched between its two equi-
librium states. A physical picture of this action mey be visualized as

follows.
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According to simple statistical considerations, when ferrocelectric
material is placed in ah electric field My cells assume one equilibrium con=-
dition and No cells assume an opposite equilibrium condition. Knowing the
dipole moment of one uwnit cell and the number of cells in particular equi-
l1ibrium states, the remanent polarization may be computed, in the case of

a single crystal, by:
K= (Nrwg)p - W

where R. is the remanent polarization, and }bthe dipole moment. If the
material under consideration is a polycrystalline ceranmic, is replaced by

_» the average dipole moment taken over all orientations of the poly-
crystalline material. Thus, if charges are applied to & condenser coataining
a ferroelectric dielectric in order to produce a polarizing field, a certain
quantity of these charges are bound, i.e., the surfacé dipoles of the di-
electric are in equilibrium with the bound charges.

As long as the ratio of N1 to N2 does not change, i.e., the polar-
ization is in a stable remanent state as in the case of a ferroelectric di-
electric, the bound charges cannot be removed. When change in polarization
occurs, the quantity of bound cherges is altered in such a way that during
an increase in polarization the dielectric seems to absorb charges, and
during a reduction in polarization the dielectric appears to liberate charges.
Thus, a ferroelectric dielectric material resembles a storage battery.

Charges (electric energy) can be stored by polarizing the dielectric remanent-
ly. The stored charge may be released by two methods: (a) by randomizing the
alined dipoles, that is, by destroying the remanent polarization, (v) by
changing the sign of the remanent polarization.

Figure 1 shows a family of hysteresis curves taken for different maxi-
mum values of electric field. Let it be assumed that the ferroelectric di-
electric is originally in a rendom state (origin of coordinates). After the
application and removal of each polarizing field a certain remanent polariza~
tion P, , P4, , P"r » +ee 18 obtained. These remanent polarizations bind
on the condenser electrodes, certain quantities of charge Q@ , Q' ., Q@ , ...
If now, it is assumed that the total remanent polarization is completely
randomized the charge Q, corresponding to P, , is released and may be used
to obtain a signal, Since the charge equals the product of remanent polar-.
ization and area and since it also equals the product of capacity and vol-
tage, these equations mey be combined with the simple equation for capacity
with the following simple relation between field E, and remanent polarization

Py .

E=N = armrk 2]
| & 3 :

where £ is the dielectric constant of the ferroelectric dielectric, and S
the thickness of the dielectric material. Equation [2] shows that, if a
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remanent polarization P. becomes randomized, a field can be obtained across
the condenser. If a "flip-flop" action occurs the sign of the remanent
polarization is reversed and the change in polarization is given by 2P, ;
thus twice the field is obtained.

If a signal is developed across a capacitive load, the charge released
by randomizing is distributed on all capacities involved. Figure 2 is the
equivalent circuit of a signal measuring apparatus developed for these in-
vestigations. Total capacity in the equivalent circuit is given by

_ o
Z4= 9 B

Since the voltage is distributed in inverse ratio to the capacities,

V, = 2 g Ve [4

[ C x

where Vy is the voltage on C y , the actual storage element (See Fig. 5). The
remanent polarization is, therefore:

P= 26 VnE )
47T :; Cx

where V, is the voltage measured on all distributed condensers and V,/§ =E,
the field produced by Q=P, (units of charge per unit area), when P, 1s
randomized. Having obtained P, , the free charge after randomizing will be
Q=eP.A; when the sign of P, is reversed the charge is given by Q=2P,A. Thus,
the free electric charge does not depend on the thickness of the material
but only on the area of the condenser.

Barium Titanate Storage Elements

It has been recognized for some time, that single crystal plates of
BaT103 are most desirable for any type of memory application, since in single
crystals hysteresis loops may be nearly rectangular and stability of remanent
polarization is superior to that of polycrystalline ceramics. Accordingly it
was decided to attempt to produce single crystals. However, the work
necessary for establishing crystal growth is taking a longer time than an-
ticipated because several auxiliary devices for the high temperature oven had
to be constructed in the laboratory.

Consequently, one of the present aims of the research is ito produce
pradtical memory devices with existing ferroelectric ceramic materials. It
appears that the production of a highly oriented ferroelectiric ceramic plate
for this purpose is very promising, and successive improvements in obtaining
highly oriented ferroelectric ceramics will increase the practicability of
such ceramics for memory devices. If such a BaTiO3 ceramic is made sufficient-
ly thin (about 0.15 to 0.25 millimeters) and is subjected to crystallization
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conditions, some minute crystals tend to grow through the thickness dimension
of the matgrial.

Figure 3 is a photomicrograph of a thin sheet of Glenco ceramic, type
X18 placed in front of a strong light source.* The thickness of the material
is 11 mils. The small bright spots are crystal grains, some of which are
presumably, single crystals. The abundance and scattered distribution of
these crystal grains is clearly shown in the photograph.** The average di-
electric constant of this material was found to be about 2500 at room tem-
perature. Storage elements were formed by preparing condensers using silver
paste electrodes placed on opposite sides of the ceramic plate. Capcity of
specimen condensers varied from 50 to 180 micromicrofarads. Condenser
areas varied between 1 and 4 square millimeters; a rather large surface was
selected in the expectation that local effects of the irregularly distri-
buted crystal grains would be obscured in an average integration of remanent
polarization. To prevent voltage breakdown in the air surrounding the di-
electric each condenser was encased by a protective plastic coating.

Pgure 4 is a photograph showing the test condensers and several thin
sheets of Ba®i03 ceramics on which silver paste electrodes are fired.

Considerations in the Method of Measuring Remanent Polarization

Since no information was available on remanent polarization of ferro-
electrics as function. of amplitude and duration of applied field, it was
decided to develop a standard method for comparative remanent polarization
measurements. The time history, RB.= f(E,t), (how the new steady state will
be attained if E is a function of time) is a complicated statistical problem,
particularly if a third parameter, decay of remanent polarization as a func-
tion of time, is also considered.

It has been found that while strongly polarized commercial polycrystal-
line barium titanate ceramic elements retain their remanent polarization for
years, weakly polarized condensers lose polarization gradually; from this it
would seem that & polycrystalline ceramic will not retain polarization for a
long period of time. 1In single crystals, polarization occurs almost in-
stantaneously in a group of cells (domains) and coupling and feed-back assoc-
iated with the dipoles is sufficient to stabilize polarization. Although
this research was designed to answer certain questions connected with decay
of remanent polarization, it was believed that decay time is a function of
overall crystal orientation.*** This indicated that, for memory purposes, de-
velopment of highly oriented ferroelectric ceramics will be essential. It
was hoped that if the orientation of a ceramic exceeds a certain critical value,

practical stable signal storage would be possible.

* This material was manufactured by the Gulton Manufacturing Company.

** Courtesy of Dr. Dale C. Braungart, Department of Blology, Catholic
University. ,

#%*  The overall crystal orientation may be defined as the ratio of %the
measured remanent polarization of a ceramic near breakdown to tne
maximun polarization obtainable in a single crystal (approx. 45000 c.g.s.).
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The desired information concerning remanent polarization includes:

a. Shortest pulse duration producing a desired amount of remanent

polarization.

b. Rate of decay of remanent polarization as a function of pulse
duration.

c. Rate of decay of remanent polarization as a function of applied
field.

d. Information on breakdown voltage as a function of applied field
and pulse duration.

The method of obtaining this information is indicated in Figure 5. The
barjum titanate condenser under inspection is acted upon by a d~c pulse, the
sign of which may be reversed in order that a complete "flip-flop" can be ob=
tained. The magnitude of remanent polarization of memory cell Cy under in-
spection may be determined by measuring the voltage developed by the memory
cell as it is heated through the Curie temperature. The liberated charge 1is
distributed on all capacities connected to Oy Total load is then represented
by Oy, the sum of Gy, C,, and Coe For the measurements taken, load capacity
varied from 4,000 micromicrofarads to 120,000 micromicrofarade depending on
the sensitivity desired. The insulation of each memory element including all
connections was better than 500 megohms. Using this method, the randomizing
action of heat, high frequency, etc., can readily be studied ard remanent
polarization can be measured without difficulty. This method was chosen for
its simplicity and high sensitivity and because no circuit complication need
be taken into account. Furthermore, remanent polarization caused by snapping
dipoles could be studied in itself without elastic displacement disturbances.
By this thermal randomizing method remanent polarizations of approximately
15 cgs units (an extmemely low value) to 25000 cgs units and higher can be
obtained with good reproducibility.

Instrumentation

Figure 6 shows a block diagram of the experimental arrangement for
measuring remanent polarization. The units are described as follows:

1. Trigger unit. This unit simultaneously initiated the sweep of a
cathode ray oscilloscope and a pulse generator. It can either de-
liver single 0.05 microsecond pulses or be driven at a repetition
rate of 10 to 20,000 cps.

2. Pulse generator. The pulse generator delivers d-c pulses, variable
in amplitude and in duration. The output impedance is of the order
of a few hundred ohme. When short duration pulses of approximately
2 to 3 microseconds are needed, a blocking oscillator is connected
to the 3E29 input of the d-c pulser; the blocking oscillator is
fired by the trigger unit.

3. Blocking oscillator. This unit delivers a 0.0l microsecond trigger
pulse at 1000volts.

4, CRO. An oscilloscope enables the operator to view the waveform of
the pulse applied to the barium titanate condenser and gives a
measure of duration and amplitude.

5. Xlectrometer. The Lindemann-Ryerson electrometer measures the
voltage developed by the memory cell as it is heated through the

Curie temperature. From the voltage indicated on the electrometer
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the remanent polarization may be calculated by Equation [5]. The
sensitivity of this instrument is an important factor if small values
of polarization are to be measured. Thus the capacity of the input
of the electrometer (Cy/C load) should be kept small when small
values of polarization are to be measured.

6. Oven. The heat developed by the oven randomizes the polarized memory
element. A l-inch diameter alundum-tube oven is used for the heat
bath. One end of the tube is sealed with a tefflon stop; the other
end is open to receive the sample condenser. During randomizing,
temperature is maintained constant at 140 degrees Centigrade. Pro-
vision is made in the stop for a thermometer to measure the tem-
perature of the tube interior.

7. Specimen condensers. The condensers are permanently mounted on in-
dividual holders consisting of two wire arms -~ one fastened to each
end of an insulating mounting block by machine screws. Condenser
leads are soldered to the supporting arms. The insulating block
is held temporarily in a socket while electrical contact with the
BaT4i03 specimen condenser is effected by snap=spring terminals. (See
Figm.'e l&). '

8. Switch. S31 is a2 single-pole switch. If the electrometer is used
to measure the polarization, 8 is open in order to prevent the im-
pedance of the pulser from being placed across the specimen condenser.

Grouping of Specimen Condensers

For the purpose of investigating remanent polarization of BaTiO3 material
as function of amplitude and duration of applied field, as well as for ob-
taining data on decay of polarization with time, fifty-three (53) condensers
were prepared from the same sheet of Type X18 ceramic. During the preliminary
measurements it was observed that the condensers varied widely in sensitivity
although they were made from the same ceramic sheet. This indicated a need
for determining some type of relative sensitivity measurement which would per-
mit the selection of specimens with approximately equal ability to retain
polarization. A "standard test", designed to give reliable reproducibility,
was therefore devised. In the standard test the condenser was subjected to a
500 volt--500 microsecond d-c pulse, after which it was immediately randomized
in the heat bath and measured for remanent polarization. The units assumed
for this standard method of comparison are completely arbitrary; the method
was intended to provide, as a first approximation, means for selecting con-
densers with approximately equal relative sensitivities.

Three groups of condensers were chosen for investigation. Capacities
and "stendard® semsitivities for the three groups are given in Table I.
Remanent Polarization Curves
Figure 8 shows representative curves of remanent polarization as a
function of applied pulse voltage for several values of pulse duration. Data

for these curves were obtained experimentally using condensers from Sen-
sitivity Group 3. The remanent polarization coordinate of each plotted point
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in Figure 8 was obtained by averaging four measurements in which applied pulse
polarity was alternately reversed. Thus, average remanent polarization of

two complete "flip-flop#8" was taken to be the remanent polarization corres-
ponding to the voltage of the applied pulse. Since the thickness of the con-
denser dielectric was known (11 mils) the field could be computed. Bresk-
down voltages are indicated by the change of so0lid lines to dashed lines, at
about 950 volts or 37,000 volts per centimeter. This breakdown voltage is
high compared to straight d-c breeskdown voltage; this may be attributed to

the fact that short pulses were used in the measurements.

These investigatione established the fact that strong remanent polar-
izations in highly oriented barium titanate can be produced by single pulses
in the microsecond range. The limiting factor in the time domain was not
the response of the material but rather that of the instrumentation in use.

Decay Curves

Figures 9 and 10 show decay of remanent polarization with time for
various pulse durations. Each curve represents measurements made on condgnsers
from the three sensitivity groups for given values of pulse duration. Co-
ordinate data for the curves were experimentally determined as follows:

1. All condensers of the three groups were subjected to 500-volt
pulses for a given pulse duration.

2. Measurement of remanent polarization was made on one condenser
from each group for each time lapse shown.

Thus three condensere, one from ach group, were measured for remanent
polarization at only one coordinate value of elapsed time.

Figure 11 shows decay of remanent polarization with time as a function
of applied field, and indicates that even very low values of remanent polar-
ization are steble for long periods of time.

It may be observed that these curves of loss of polarization with time
are collectively and systematically associated in trend. The irregularity
is thought to be due to random distribution of crystal grain orientation
(Figure 3); the crystal grains are also clamped in different ways by the sur-
rounding BaTiO3 ceramic, with the result that the corresponding wall energies
modify the total energy obtained when the dielectric is randomized.

However, the decay curves show conclusively that the polarization, fol-
lowing an initial loss during a short period immediately after pulsing, re-
mains relatively constant for a very long period of time. Some of the test
condensers were observed to have approximately 5,000 cgs units of remanent
polarization even after three months.

Further work in progress will include:
1. Continuation of a study of decay of polarization in the 0 to 100-

volt range with pulse durations ranging from 0.1 to 10 microseconds.
2. Construction of new instrumentation for measurement purposes.
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Ferroelectric Bistable Circuit Elements

Results of this research have shown that ferroelectric materials may
be used in small, inexpensive bistable circuit elements which péssess good
memory properties and high speed operation.

The dielectric hysteresis curve for BaTi03 shows that remanent poler-
ization has two opposite limiting values. Switching of polarization from
one limiting value to the opposite limiting value by an external field may
be described as a molecular snap action and corresponds to the "flip-flop"
operation desired in computing circuits. Because of this property the
poesibility of designing different computer circuit elements using ferroelec-
tric material has been investigated.

Pigures 12 and 13 show the basic circuit of a memory flip-flop element
employing ferroelectric condensers. ZFigure 12 illustrates the use of an in-
ductance and a resistance for load impedance. Figure 13 shows resistance-
capacitance load impedances. Any type of series impedance may be used, se-
lection being governed by type of circuit with which the basic element is to

be used.

Assume that remanent polarization of the ferroelectric condenser in
the basic memory circuit is minus PB.. If a positive pulse of sufficient
amplitude is applied to the input terminals, the remanent polarization of
the dielectric will be switched from minus P. to plus P,, causing a large
displacement current to flow through the series load impedance. If a
negative pulse is applied to the input terminals, the displacement current
will be small, since the remanent polarization has the same sign as the
applied pulse and no switching occurs. Thus the basic circuit element is
capable of responding to pulses of predetermined polarity or of remembering
the polarity of the pulse previously received. Such is the basic require-
ment of a counter or memory element.

For purposes of illustration simple types of indicating circuits are
shown in Figures 12 and 13. A gas discharge tube, biased close to its
ignition potential, is placed across the series load impedance. If an
applied pulse causes switching of remanent polarization, the voltage drop
across the series load impedance, caused by the displacement current, ignites
or extinguishes the gas discharge tube depending upon polarity of the bias,
direction of the displacement current, and initial condition of the gas dis-
charge tube. Figure 13 is given to illustrate how a bistable transistor
indicator circuit can be used to indicate the state of the ferroelectric

"flip-flop."

These basic circuits have been tested and one microsecond operation
obtained.

Ferroelectric Memory Matrix

In general it is assumed that memory properties must be inherently con-
nected with sufficient nonlinearity to obtain simple switching of storage
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elements in a matrix type of memory device. This was the case when magnetic
materials with rectangular hysteresis loops were proposed for digital in-
formation storage (4, 5, 6).

This scme idea prevailed when BaTiO3 single crystals, with rectangular
hysteresis loops, were first suggested for use in a simple electrostatic
memory matrix (7, 8). Figure 14 represents such an (n x n) ferroelectric
memory matrix proposed at the beginning of this work. Without going into de~
tailed discussion, it may be seen from the reduced matrix diagram of Figure
14 that the selected condenser, of capacitance Cx Xy will be acted upon by
the applied voltage V, while the groups of condensers connected to the leads
x 2nd y, of capacitance (n - 1)C, will be acted upon by a voltage somewhat
less than V/2. Condegfers located in the remaining part of the memory plane,
of capacitance (n - 1)%C, also produce a voltage drop; however this voltage
drop is practically negligible. Thus the familiar 1:2 yoltage ratio is ob-
tained in the matrix. This ratio may be improved to about 1l:3 by applying an
electrostatic compensating potential to the unused rows and columns of the
matrix.

Although it seemed that a memory matrix using single crystals would
be a more simple arrangement, the favorable memory properties found for
highly oriented ceramics suggested their use in a memory matrix even though
this would present a more complex problem. The only disadvantage of ceramic
material is the lack of "proper" non-linearity; that is, the lack of sharp
breaks in the polarization characteristic curve.

However, it should be noted that a nonlinearity 'sufficient® for the
switching of the storage elements can be obtained by using a switching matrix
with a high selection ratio. Remanent polarization curves shown in Figure 8
indicate that the relation between remanent polarization and applied field
is approximately exponential as should be expected; this particularly so in
the low voltage region. This exponential relation was also found by tran-
sient measurements (9). After recognizing this fact, it was decided to devedop
a switching matrix having a selection ratio of 50 or more. Since ferroelectric
memory cells are voltage devices, the switching matrix should also be a voltage
device. In such a matrix the switching and memorizing action would essen—~

tially be separated.

For illustration purposes assume a selection ratio of 50 and a simple

square law relating remanent polarization and applied field. Further, assume
a pulse which established a remanent polarization of about 1250 cgs units.
It can now be seen that the disturbing polarization on the unselected matrix
cross-points would be only 0.5 cgs units, a value well below the threshold of
any remanent action in a highly oriented ceramic. Such a low level threshold
should exist although no reliable measurements are yet available.

Principle of the High Selection Switching Matrix

The selection ratio in a switching matrix may be defined by the ratio
of :the potential acting on a selected cross-point to the highest potential
appearing on any of the unselected cross-points. The basic problem was to
find a method for compensating practically all disturbing potentials which
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appear on the unsélected matrix cross-points. Many possible mztrix com=-
binations were systematically studied until a switching matrix using diodes
as nonlinear elements was found which was capable of a high selection ratio.

Figures 15 and 16 illustrate schematically the principle of this new
type of switching matrix. Figure 15 shows one cross-point; x and y represent
one row and one column respectively and are connected through the resistors

" Ry to diodes Dy and Dp . The diodes D and Dy are alternately connected
through the corresponding switches to ground depending on whether writing
or reading is desired. These switches, which may also be diodes, are common
to all Dj and D2 diodes respectively. For a simple presentation, the usual
switch symbols have been used in both Figures 15 and 16. The active diode
in the cross-point 1is biased through the resistor R, with a positive or
negative potential, polarity depending on whether writing or reading is de-
sired. C, represents the ferroelectric memory cell. It should be noted that
any other bistable element may also be used as a memory element such as a
bistable transistor circuit, etc. R 1is the load impedance common to all
memory cells; it may be a pulse transformer, integrating condenser, etc. A
diode may be connected across the load impedance to act as a low resistance
path during the writing period (Figure 16). The writing and reading steps
are similar except for the polarity of the bias and the polarity of the

applied pulses.

Operation of the selection matrix may be described as follows. For the
writing cycle, diode D2 at each matrix cross-point is biased in the forward
direction (conduction) while diode Dj is inoperative. If now a single
negative pulse arrives at an unselected cross-point and the pulse amplitude
appearing across the diode is slightly less than the bias voltage Ves the
diodes remain in a high conducting state. The potential drop across Cyp is
practically negligible due to low forward resistance of diode Do (about
70 ohms). On a selected cross-point two pulses coincide and drive diode Do
into a low conducting state; a major part of the input pulse is now applied
across the memory cell and switching action takes place. Thus the dis-
turbances due to noncoincident pulses of amplitudes helow the bias voltage
are practically eliminated.

The selection ratio S, may be computed from the expression:

.x:is a function of the operating point and characteristic curve of the diode
and is defined as the ratio of the dynamic resistance of the diode in the
low conducting state (high resistance) o the dynamic resistance in the high
conducting state (low resistance). The term OC contains the circuit para-
meters and is a function of the number of coordinates (coincidences) used.
Due to the inherent symmetric conditione of the matrix all resistances are
assumed to be equal; the pulse amplitude and bias voltage are also chosen to
be nearly equal. Using these assumptions and the additional assumption that,

R-PS"*SZR
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of for a double coincidence matrix is given by

2
of = T2 [ﬁ?
R T
wheref is the dynamic resistance of the diode in the high conducting state

(Low resistance), and R is the value of the resistance connected to the
matrix cross-point.

From this description it can be seen that triple, or higher order,
coincidence memory matriceés may be bullt, employing similar compensation.
The dashed line in Figure 15 shows a three-dimensional matrix cross-point;
perpendicular to the rows and columns 2 third switching conductor z has been
added and connected through a resistor Ry to the cross-point. TIriple coin-
cidence on a cross-point is now needed ior switching, enabling a random
selection in three dimensions. Reading and writing operations are accomp-
lished in the same manner as for the two-dimensional matrix.

The scanning devices are not shown since such circuits have already
been described (10, 11); multicoincidence scanning switches may also be
built on the principle described here.

Figure 16 illustrates schematically a two-dimensional matrix. The
selection rows and columns are drawn with thick lines. The bias source for
compensating the matrix is common to all memory cells and may be supplied in
form of a long duration pulse; likewise the output is also common for all
memory cells. Diode D} may be omitted and on each cross-point only one diode
may be used. In this case in order to obtain a binary yes from the unswitched
cross-points and a binary no from the switched cross—points, the reading step
may be as follows: .

1. The output comprises an anti-coincidence circuit, which combines
in a bridge circuit a reading and signal pulse.

2. The same polarity pulses may be used for reading as for writing.

3. The stand~-by condition may be reset by applying a reverse polarity
bias pulse.

The equivalent circuit for the matrix in Figure 17 shows clearly that the
impedance of all unselected cross-points connected to the selection rows or
columns can be regarded as grounded. Thus the input resistance of a selected
row or column will .be primarily a parallel combination of the resistances of
the unselected cross-points.

Figure 18 is a photograph of a working model of a & x 4 matrix of the
type described. The diodes are type 1N56 and the resistances are 10,000 ohms.

Figure 19 shows the selection ratios obtained with operating conditions;
however these curves do not represent optimum conditions but show merely pre-—
liminery results. It is clear from these curves that for each value of the
compensating bias there exists an optimum applied pulse voltage corresponding
to the highest selection ratio. The s0lid lines indicate the useful pulse
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amplitude on a selected cross-point as a function of applied bias and
selection retio.

Trhe switching and memory matrix presented is only one of many possible
applications of ferroelectrics in the computer field but it shows the po-
tentiality of this new material.

Work extended on a three-dimensionzl memory matrix and other computer
applications of ferroelectrics will be reported later.

Acknowledgment

The work here reported has been done with the financial support of the
USAF Office of Air Research under Contract AF18(600)-106,-E.0.R. - 468. The
author wishes to thank Professor Frank A. Biberstein for his kind cooperation
and for the enthusiastic assistance of Mr. George E. McDuffie, Jr. and Mr.
Richard W. Young, members of the staff of the Electrical Engineering Depart-

nent.

The author also wishes to thank Dr. Jean S. Mendousse for the valuable

discussions during this work and to acknowledge the assistance given by
Mr. Louis Peselnick who assisted at the beginning of this project.

1.

8.

9.

10.

11.

Bibliography

Charles F. Pulvari, "An Electrostatically Induced Permanent
Memory." Journal of Applied Physics, Vol. 22, No. 8, pp. 1039~
1044, August 1951.

A. von Hippel, "Piezoelectricity, Ferroelectricity and Crystal

 Structure." Zeitschrift fur Physik, Bd. 133, S. 158-173, 1952.

W.P. Mason, B.T. Matthias, The Physical Review, Vol. 79, pp. 1622~
1636, December 1948.

Gay W. Forrester, "Digital Information Storage in Three Dimensions
Using Magnetic Cores." Journal of Applied Physics, Vol. 22, Jan.
1951.

William N. Papian, "Coincident Current Magnetic Memory Unit! Master
of Science Thesis, M.I.T. Elec. Engr. Dept., 1950.

Jan A. Rajchman, "Static.Magnetic Memory and Switching Circuits."
RCA Review, June 1952.

Charles F. Pulvari, Air Force Project Report No. 4, Air Force
Contract No. 33(038)15977, George Washington Univ. Oct. 1950-Oct. 1951.

J.R. Anderson, "Ferroelectric Material Storage Element for Digital
Computers and Switching Systems." Bell Telephone Laboratories.

Dudley A. Buck, "Ferroelectrics for Digital Information Storage
and Switching." Report R-212, M.I.T., June 1952.

C.B. Tompkins, J.H. Wahelin, W.W. Stifler, Jr., "High-speed
Computing Devices." McGraw-Hill Book Co., 1950.

J.H. Felker, "Typical Block Diagrams for a Transistor Digital Com-
puter.® Electrical Engineering. Dec. 1952.

153



Table 1 Condenser groups and their "standard" sensitivities.

Group No. Capacitor No. Capacity, Sensitivity:P, in cgs.
1 b 154 4200
1 5 169 4280
1 8 167 14510
1 9 167 LL80
1 11 166 : 3990
1 27 124 4370
2 2 191 8520
2 19 107 8900
2 20 212 9300
2 24 174 8920
2 60 116 7650
2 65 126 10,580
3 22 134 21,900
3 33 238 22,000
3 4y 250 22,200

.3 b 171 22,000
3 L8 208 21,900
3 55 152 21,900

15k



i

mcx

==

u

Srres
n
"

CLoap = Z €y, Cs,Co
MEASURED VOLTAGE

z<
"

. Fig., 2
Equivalent circuit of remanent polarization
measuring apparatus.

Hysteresis curves obtained by different maxirmm
values of electric fields.

Fig. 3
Photomicrograph of a thin
sheet of ferroelectric
Glenco ceramic,

Fig I - BaTiO3 specimen condensers.

155



R 370
POTENTIAL

£x
. #1
L oo ]
) 0 :-i-.':f‘(;;1 333 Cg
R, |
% % Co = ELECTROMETER
= LEAD

Cs = STRAY

Cx = CROSSPOINT

Fig. 5
Arrangement for obtaining dauta
on remanent polarization.

TRIGGER
uNIT

Fige. 6
Block diagram of the experimental set up
for measuring remanent polarization.

__]srocxine
r osc.
' L}
' -
' 470 3E 29
]
: o.c. \ fx wEMoRY ceut
PULSER 5,
. .
> . N
H = — T DIAPHRAG
>
. @ %] weare
o ocro| 3 I'

Fige 7
The experimental apparatus.



eofx103 ces. () 7T

T18 _
Z @
[
<ial
N .
©
<izf
o ®.--
a o}
-
Z of
z (D PULSE LENGTH= 2.5 uSEC.
L6l
z @ " (1] = 70. "
w
@ 4] ® » " =380, W

2L E: dl

THICKNESS OF BdATiOy: d= I MILS
A A e 1 A ' (]

200 400 600 800 1000 1200 1400
PULSE VOLTAGE

Figure 8 Remanent polarization curves.

AVERAGE SENSITIVITY OF
TEST CAPAGCITORS

30000 @® = 4000 c.¢.8.
" @ = %000 =
25000 _\/\_@___‘_'3&’.' . ®

20000

— = 10 ySsEC.
« 18000 | === 3

P \\\ T ———_ .1
(e T y\ siuluiuiniulaliy ®
sooo | itk A O]

~\\._,o"'~~ _______ u.v.__ -
L, 30 60, ws.  ~ @
° N 0 20 30
ELAPSED TIME
Figo 10

Decay of remanent polarization
in function of pulse duration.

157

- 2 3500 USEC.

300

@

28000} ks P

TEST CAPACITORS
S 4000 c6.8.

zo000} ", @ = 9000 *

PULSE VOLTAGE = 300 VOLTS

L 0, P s, .
° ". S 20 30
ELAPSED TIME
Fig. 9

Decay of remanent polarization in
function of pulse duration.

. 500 V. - 10 4SEC.

—— v

4300 V.- 10 usec.

1000} SPECIMEN CAPACITORS OF GRour(®
TEST SENSITIVITY = 22000 C.6.8.

"70 V.= 10 4 sEC.

MIN.
20 30 40 30 60 ELAPSED TIME
I 1 10 4pg 20 30
Fig. 11
Decay of remanent polarization in
function of apnlidd field.




S o— { I~

. TE

Fig. 13
Bistable ferroelectric circuit elements.

. 12
Bistable ferroelle‘%%ric circuit elements.

MATRIX REDUCTION

- I _J__('I'"'c
v Cxy L— m-nt-c
- O I =T (h-1)-C
T OUTPUT
Fig. 14 Fig. 15
Memory matrix on a single crystal _ One cross-point of the high selection
ferroelectric plate. switching and memory matrix.

158



COLUMNS

1
BE

COMPENSATING

T T T | " BIAS

WL R A

5 e

) Figo 16
Double coincidence memory matrix with

,—l
\n
o compensated matrix disturbances,
so} £
- SELECTION mATIO Sy = ZSELECTED
2 NON-SELECTED
O SO
>
L}
4 ool
3%
™
30}
28
56
w w2l
o |
w w
N n
~ 10}
l ]
1]
- L
° 20 40 0 80 100
APPLIED PULSE - VOLTS
Fig. 18

Model of matrix shown in Figure 16.

X
O A -
3 3 SRu
Ru 77777777 777
S e
R LgLLLlL L LL
Y K B E
e O, o 2y
o— —
i 4

ouTPUT

Fig. 17
Bquivalent circuit for matrix shown in Figure 16.




MAGNETIC REPRODUCER AND PRINTER
by John C, Sims, Jr,

Remington Rand Inc.,
Eckert-Mauchly Division,

The rapid development of business systems during the past few years has at
the same time called attention to some rather serious limitations in mechanical
and photographic methods for the production of printed copy. Modern electronic
computing machines can process data and produce results in tremendous quantity.
Moreover, the operation of large business organizations creates a problem in the
dissemination of information within themselves that is not always economically

solved by existing equipment,

There has accordingly been much interest in new methods of producing printed
copy, both for the recording of original data created by computing processes and
for multicopy reproduction of existing data for distribution. The technical
literature (1) reveals that considerable development work has been done on equip-
ment of this type in the last few years, Devices have been designed for rapidly
recording the results produced by electronic computers, These devices have, for
the most part, been improvements and extensions of well known mechanical princi-
ples. The inherent speed limitations of mechanisms have generally been overcome
by utilizing a high degree of parallelism. For example, printing tabulators
may employ upwards of one hundred independent printing units, each capable of
printing the entire font of symbols it is desired to record (2), These parallel
or "gang" printers have utilized relief type mounted on reciprocating bars or
rotating wheels, Means are then provided to bring the paper and the type into
engagement when the desired character is in position in each column., The large
amount of equipment involved, not only in one hundred or more printing stations,
but in the devices required for storing information and feeding it to them, re-
results in a bulky and expensive piece of gear.

The subject of this paper is a printing process and equipment which is
inherently fast enough sothat serial printing methods can be used and still per-
mit reasonable speeds to be attained. The process depends on the attraction of
a magnetic ink to selectively magnetized areas on a printing plate., Setup of
the printing plate is rapidly accomplished by magnetic recording techniques
while development and transfer of the recorded image to paper is effected at
printing press speeds., This process we have generically named "Ferrography,"

a ti:%g which has also been used by more independent investigators of the
art i

The Ferrographic process, like the older printing methods, is fundamentally
one having three steps: first, the recording of a magnetic printing plate by
one of several methods; second, the inking of the plate to develop the latent
magnetic image; and third, transfer of the developed image to paper or other re-
ceiving surface, The process is thus fundamentally similar not only to the
Xerographic electrostatic process (4) but to all commonly used printing methods.
The differences lie in the type of materials employed for the printing plates,
the methods used for registering images on them and techniques for inking or
developing the images, Processes generally transfer the image to paper by
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pressure contact, but some require preprocessing or postprocessing of the
paper,

The first step in the Ferrographic process is the recording of a latent
magnetic image on a magnetizable drum or plate., A number of materials have
been used successfully for Ferrographic plates. These include iron oxide dis-
persions, electrodeposited films of cobalt-nickel alloys and sheets of magnetic
alloys such as Cunico and Cunife, It is important that the material chosen
has as high an energy content as is consistent with the definition desired and
practical recording head design, Strong magnetic images can be readily inked
while weak ones produce "noisy" prints,

There are a number of ways in which magnets can be impressed on a magnetiz-
able surface., Perhaps the most commonly used method of recording is called
longitudinal, in which the magnets are oriented parallel to the motion of the
recording head. This method is used on sound recorders and on most pulse re-
cording equipment. For recording on Ferrographic plates, however, the magnet
orientation produced by longitudinal recording is the least suitable, The
magnets produced on the surface of the plate by a longitudinal head tend to
produce only outlines of desired images. It will be recalled that the flux
path or magnetic "ghost" of a bar magnet can be revealed by laying a piece of
paper over the magnet and then sprinkling iron powder on it as shown in Figure
1. It will also be remembered that the flux pattern so developed consists of
heavy agglomerations of powder at the poles of the magnet and progressively
lighter powder deposits at more remote distances, even along the magnet itself,

The same phenomenon occurs on a developed Ferrographic plate, The magnetic
ink is attracted only to magnetic poles on the plate and not to intermediate
points as shown in Figure 2a, even though the material at these points is
magnetized., This means that if a video signal is applied to a longitudinal
magnetic head which is scanning a plate, then the ink will develop only the
outline or flux changes of the recorded image. A true picture will be devel-
oped only if the head records a modulated carrier which will apply a series of
poles to surfaces which must attract ink. The result of recording such a series
of poles is shown in Figure 2b,

Two other recording methods exist which do not require such a carrier.
These methods are commonly called perpendicular and transverse recording. 1In
the first method, shown in Figure 3, magnets are recorded which are oriented
normal to the surface of the plate, In the second, the magnets are in the
plane of the plate but at right angles to the motion of the recording head,

The simplest type of perpendicular recording head, as shown in Figure 4a,
consists only of a pencil shaped bar of soft magnetic material having a coil
wound on it for the reception of video signals, If the point of such a re-
cording element is brought in contact with, or slightly spaced away from, a
Ferrographic plate, then the high flux concentration at the point as a result of
current flowiag in the coil, will mark the plate magnetically, The flux re-
turns through the air to the far end of the bar., This is, of course, an in-
efficient magnetic structure and can be improved by providing an iron return
path for the flux. The area of the return bar should be large compared to
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that of the pehcil point of the marking bar or the plate will also be marked
at the flux return point, Such an arrangement is shown in Figure 4b.

Of course, a recording head which impresses purely perpendicular magnets,
or for that matter longitudinal, or transverse, is a theoretical possibility
only. The magnetic flux lines emanating from a point or developed across a
gap always fringe out in broad curves which result in magnetic components in
all three axis. Thus, for example, perpendicular heads produce some recording
both transverse and longitudinal. The transverse component becomes larger if
a return bar is brought down to the surface of the Ferrographic plate and becomes
the primary component if the return bar is brought to a point and located close

to the marking bar point,

Now the important criteria in recording on a Ferrographic plate is the
creation of poles, It will be recalled that longitudinal recording of a video
signal was unsuitable because of the small number of poles produced. The
deficiency could only be corrected by modulating a carrier so that enough
poles would be produced to effectively attract ink to dark areas. Perpendic-
ular recording overcomes this objection by rendering such a surface a large
pole as a result of the orientation of the magnets produced, Noticeable wash-
out in the center of large areas will still be encountered, however, due not
only to self demagnetization over the surface of a large pole but also to the
lack of magnetic gradients on the surface, '

It has been found that transverse recording has none of these shortcomings.
The magnetic pattern produced in an area which is recorded to print dark will
resemble a ploughed field where the head has scanned across it as shown in
Figure 5., Strong flux lines fringe out from the plate to join the trests and
valleys of each furrow, The magnetic gradients are sharp and the magnetic re-
turn paths in air are short to give strong external fields, Ink powder is
attracted strongly to such a surface, No modulated carrier is required for the
driving signal and thus the circuits required are simpler,

Several problems exist in the formulation of inks suitable for Ferrographic
printing. In the first place, the ink must be strongly attracted to the mag-
netized areas of the plate, They must, therefore, have a high initial magnetic
permeability, The attraction and adherence of the ink depends on its providing
a better or lower energy flux path than air, Almost any magnetic powder satis-
fies this criteria but soft magnetic materials are superior to hard ones from
the point of view of permeability,

The ink may be either a liquid or a powder. Successful printing has been
done with each type., Liquid inks usually consist of unstable colloidal dis-
persions of iron powder or iron oxide powder in a low viscosity fluid. Such
an ink is a dispersion of Fe 04 in alcohol or carbon tetrachloride. A Ferro-
graphic plate immersed in such an ink draws the magnetic material from solution
to adhere to the magnetized portions of the plate. Similar liquid inks can be
made with soft iron powder of Feo03. In each case the vehicle should be color-
less and have a very low viscosity. High viscosity vehicles do not permit
sufficient mobility of the magnetic particles and, of course, colored vehicles
stain the plate,

The image so developed can be transferred at once while still wet or can be
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dried before transfer. In the latter case, of course, the vehicle should be
highly volatile, When wet transfer is made, smearing of the image and loss
of definition result unless an offset technique is used.

Dry inks can be made from mixtures of magnetic powders with pigments, dyes
and fixing resins. These inks can be applied to a spinning Ferrographic cylinder
to develop an image, One feature which distinguishes Ferrography from other
printing processes is that, although inks are attracted to selected areas, there
is no magnetic mechanism to repel them from unselected portions of the plate,

In Xerography, for example, there is some repulsion as well as attraction of
charged ink particles. Relief printing plates effectively deny adherence of

ink in low areas, while Lighography is essentially a negative process, depending
for its operation entirely on inhibition of ink adherence on wet portions of

the plate,

One mechanism which has been used successfully in Ferrography to deny ad-
herence in unselected portions is centrifugal force. This technique works
satisfactorily with dry powder inks. Cylindrical plates are used and rotated
rapidly during inking. The ink is poured on the top of the spinning cylinder
and centrifuges off the unmagnetized portions. In this manner, plates can be

- inked so that unselected areas are extremely clean,

After the image has been developed by inking, it can be transferred to
paper by pressure contact., If liquid inks are allowed to dry partially, then
they will transfer to paper on contact without smearing. Similarly, dried
liquids inks and dry powder inks can be contact transferred to a dampened sheet
of paper, If this is done, almost complete transfer of the developed image will
be accomplished. A pressure sensitive adhesive on the surface of the paper will
also effectively strip the image. It also serves the function of holding or
fixing the ink particles to the paper surface.

Three other methods of fixing the image have been used., The first is to
include in the ink formula a soluable adhesive resin. The paper is then damp-
ened with its solvent as a stripping agent which also softens the adhesive to
fix the image., The second method incorporates a thermo-setting resin or wax
in the ink formula, Application of heat from an infrared lamp after transfer
then fuses the image to the paper surface. In addition, dyes can be included
in the ink formulation which are soluable in the solvent and which will mark
the paper surface to increase the intensity of the print or produce some desired
color, The iron powder ¢an then be magnetically removed from the paper surface
so that only the dye pattern remains.

The third fixing method is to spray the paper surface with a fixer such as
is used on charcoal or pastel drawings, These fixers are usually thin shellacs
or lacquers, The fixer also imparts to the paper a superior finish or gloss
and also tends to prevent ink dyes from fading.

The Ferrographic process has been employed in the design of a duplicating
machine. This equipment produces Ferrographic duplicates of copy up to 8%
by 13 inches., The material to be duplicated is facsimile scanned by a photo-
cell while a magnetic head receiving the signals sets up a Ferrographic plate,
This plate is cylindrical and, after development by a dry powder ink, the
image is transferred to paper and fixed,
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The process has also been studied for use in a high-speed-data printer,
Here two methods of application have merit. One method employs a multi-
channel head to receive and record parallel facsimile signals to create images
of character shapes on a Ferrographic drum, The other employs direct magnetic

transfer from a type face,

Multichannel heads for use in the first process have been produced having
upward of one hundred channels per inch. Such a head structure is shown in
Figure 6 and 7. These heads can be fed from a letter forming function table
or switching circuit through an electronic distributor to record character images
in response to an input in code., Preliminary tests show recording speeds in
excess of 10,000 characters per second with such a head, Since a single re-
cording element can set up printing plates at these speeds, serial equipment
becomes practical., This simplifies the design from a logical standpoint and
reduces the amount of equipment required. The transfer to paper, of course,
can proceed at printing speeds until the desired number of copies have been
produced, The plate is then erased and new copy set up on it,

Direct magnetic transfer from soft iron type faces can also be done serially,
The type faces can be mounted on one or more rotating wheels which are mounted
on an axle parallel to the Ferrographic drum axle. A magnetic circuit is
pulsed when the desired character is in position next to the drum to effect
magnetic image transfer. The use of a plurality of such type wheels has been
considered, both by the writer and by Berry (3), providing one wheel for each
column of the copy to be produced. A single type wheel can be operated rapidly
enough, however, to scan a drum surface at acceptable speeds with simpler cir-
cuitry.

The Ferrographic process has an economic advantage over many existing print-
ing processes, This advantage is the use of ordinary sheet paper. Special
stock is not required in most cases and carbon paper is eliminated. The high
cost of pin-fed multipart forms represents a major part of the cost of operat-
ing tabulating equipment. Such a high speed printer can consume its own cost
in paper in a year's time., This high cost is the result not of using very high
grade paper but rather of the high cost of carbon paper, of interleaving it be-
tween the sheets of the form, punching the tractor holes along the side of the
form and stapling the sheets together. Since such specially prepared papers are
not required for Ferrography, a tremendous reduction in the operating cost of
the equipment can be expected. High speed printing processes employing "tele-
deltos™ or other electrosensitive papers are uneconomical for the same reason.
These papers are very high in area cost and are not generally available,

The Ferrographic printing process appears to be superior to Xerography on
several counts, First, the magnetic plate constitutes a memory for the infor-
mation which is to be printed. The electrostatic charges which govern the
operating of Xerographic printing are destroyed by each printing signal. They
must, therefore, be restored by re-recording or recharging between printing
operation. Secondly, the fact that a single recording suffices to produce a
large number of copies is important from a legal point of view. The legal
status of the carbon copy is well established. Microscopic examination of an
original and a carbon copy can confirm that they were produced simultaneously
in a printer or typewriter, The same relationship can be established for
Ferrographic prints produced from the same recording, Supposedly identical

164



recordings of the same subject matter will differ in a microscopic sense due
to magnetic noise on the plate and to minor defects in the operation of the
recording process, which only such microscopic examination would reveal. Con-
tinuity of recording reflected in a family of copies can be obtained only by
commercial printing processes, carbon copies and Ferrographic prints, They
cannot be obtained by processes which require re-setup of the copy between
printing operations such as is required in Xerography and facsimile,

In summary, the new process provides means for rapidly setting up copy on
a printing plate, The information may be new data received in pulse code from
a computer or facsimile signals generated by a photo scanner., The resulting
printing plate can be developed and printed rapidly. As many copies as may be
desired can be produced from a single setup., The plate can then be erased and
new information recorded, It is believed that the process will be useful for
tabulators and data printers as well as facsimile duplicators, The process is
also expected to find application in commercial printing especially where setup
time is an important economic factor,
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An Improved Cathodé Rgy Tube Storage System*
by

R. Thorensen
National Bureau of Standards, Los Angeles

Introduction

Several years have passed since Williams and Kilburn(l) first described
their method of storing digital information as charge patterns on the phosphor
screens of common cathode ray tubes.

Since then many computers have been built using this formm of storage.
Considerable rese?gc has been carried out to further the understanding of the
storage phenomena s3) and to improve the storage tubes themselves. Yet this
type of memory is still faced with two rather severe limitations. The first
one is spot interaction or spillover. Thus if a single spot on the cathode ray
tube screen is referred to repeatedly, the information in adjacent spots mgy be
altered. A measure of the storage systems susceptibility to this type of failure
is the "read-around ratio", or the mumber of times a single spot may be consulted
before the adjacent spots have to be regenerated to avoid loss of information.
Needless to say a low read-around ratio limits considerably the usefulness of a

storage system.

The second type of difficulty encountered is caused by the presence of flaws
or imperfections on the cathode ray tube screen, of such characteristics that
they will not store information. These imperfections are usually very small even
when compared with a beam dismeter and it is relatively easy to position the
charge pattern so that none of the flaws interacts with any of the storage spots.
It is however quite difficult to maintain a high enough long term stability to
insure that the raster of storage spots does not drift onto one of these flaws
with a resultant loss of information.

The ability of the electrostatic memory tube to retain its information in
the presence of flaws on the phosphor screen is somewhat dependent on the mode

of operation of the tube.

Thus the various systems presently in use (dot-dash, double dot, defocus-
focus, etc.) all show different susceptibility to flaws. As a rule, however,
those systems which show a high resistance to flaws have a low read-around ratie
and vice versa. Because of this, efforts to improve cathode ray tube storage
systems have largely been centered on producing improved storage tubes with
better §ocus and deflection characteristics and with storage screens.free of

flaws(l) .
A parallel effort has been carried out at the Institute for Numerical
Analysis to devise a modification of the Williams' principle of storage which

has resulted in improvements not only in spillover, but also in resistance to
flaws.: Before describing this new system, however, it is well to review briefly

the principle of charge storage in the conventional dot-dash system both under
normal operating conditions and as affected by spillover.

#*The preparation of this psper was sponsored (in part) by the Office of
Scientific Research, USAF.
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The Dot-Dash Storage System

Normal Operation

The major components of a cathode ray storsge system include the storage
tube itself with a pick-up electrode in the form of a wire screen added to the
face of the tube, an amplifier far the restoration of signal levels, and beam
control and deflection circuits. The pick-up electrode is capacitively coupled
to the phosphor screen inside the cathode ray tube so that sudden changes in
charge distribution on, or in the vicinity of, the phosphor result in a tran-
sient voltage signal at the input to the amplifier.

Consider now how such transient volt age changes may be generated. When an
electron beam of proper energy is directed at a specific spot on the phosphor
screen, the area directly under the beam charges positively with respect to its
immediate surroundings due to emission of secondary electrons.

After a short time interval an equilibrium potential distribution is reached
somewhat like that shown in Figure 2. Under these conditions the number of
secondary electrons arriving at the collector each instant Jjust equals the number
of primary electrons in the beam. After the charge distribution of Figure 2 has
been established it will remain intact although the electron beam is turned off
as the phosphor screen is an excellent insulator. If the beam is now turned on
and off repeatedly, a signal like the one in Figure 3(C) is developed at the imput
to the amplifier. '

The initial negative going portion is due to the appearance of an electron
cloud in the vicinity of the pick-up screen when the beam is turned on, and the
later positive going portion is due to the dissappearance of this electron cloud
when the beam 1s turned off. No changes take place in the charge pattern on the
phosphor screen since an equilibrium potential distribution had previously been
established at this spot. The times for the generation and disssgppearance of
the electron cloud are extremely short so that the shape of the output signal is
largely determined by the transient response of the amplifier.

Consider next what takes place when the electron beam is turned on and moved
slowly, say to the right. The new areas which come under direct bombardment of
the beam, charge ragpidly to a positive equilibrium potential, and the positively
charged areas which are emerging from under the beam will slowly be discharged by-
the capture of secondary electrons, to the average potential of the surroundings.
Thus the resultant effect is that the potential peak at X moves more or less
intact to the position Y as shown by the dotted lines in Figure 2. If-the beam
is again directed to position X and turned on, the equilibrium potential pesk has
to be re-established. This occurs very rapidly and for a while both the peaks at
X and Y may co-exist. However, as the beam is kept on, the secondary electrons
from spot X gradually discharge the potential peak at Y down to the average
potential level of the surroundings. The signal developed at the pick-up plate
during this sequence of events is shown in Figure 3(A). The initial going posi-
tive peak is due to the recharging of the spot X to an equilibrium potential and
the following negative peak due to discharging of the neighboring positive
surfaces at Y. The two signals shown in Figures 3(A) and 3(C) are those taken
to represent a binary Mone® and a binary "zero" respectively in this storage
system. When sampled at the time indicated by the short pulse shown in Figure
3(B), the "one" signal is positive and the "zero" signal is negative.
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Effects of Spi.‘l_.iover

With the ideal signals as shown in Figure 3 it is hard to see how a ®zero"
could possibly be misinterpreted as a "“one" or vice versa, and normally, of
course, this does not happen. A difficulty arises however when the electron
beam is repeatedly referred to a single spot on the cathode ray tube screen.
Under these conditions the "dot" or "zero" signals of the adjacent spots are
progressively altered as shown in Figure L (A, B and C). Actually there exists
a contimious distribution of signals changing gradually from the ideal signal
as shown in Figure L4(A) to the highly distorted form of Figure L4(C), depending
on how often the action spot is referred to before the adjacent spots are
regenerated. The signal shown in Figure L(C) resembles a "dash™ or a "one"
signal very closely and certainly at the time of the inspection pulse the signal
is positive. It would therefore be interpreted as a "“one™ instead of a "zero®
and permanently changed to the %“one" or "dash" type of a signel. Spillover has
now taken place.

But what causes the “dot" signal to change its shgpe? The most plamsible
explangtion is as follows: The ideal "dot" signal is due to the gppearance and
dissappearance of an electron cloud in the vicinity of the pick-up plate as the
beam is turned on and off. It is critically dependént on the fact that the area
on the phosphor directly under the beam must previously have been charged up to
an equilibrium potential (Figure 2). If this area has been fully discharged as
in the case of the "dash"™ signal an initial positive J.nstead of a negative going
voltage is obtained.

The discharge of a positive potentisl peak is sccomplished by its cagpture
of secondary electrons from a nearby source; i.e., an electron beam.is turned on
in its vicinity. The emission of secondary electrons from any given area however
is not sharply confined. Some of the electrons go to the collector while others
tend to rain down on the most positively charged areas in the vicinity of the
electron besm. Surely the density of this rain of secondary electrons must
decrease as one moves awgy from the beam spot. However, if the beasm is kept on
long enough the cumulative effect of this rain of secondary electrons is suffi-
cient to at least partially discharge the positive potential areas in a neighbor-
hood, spanning perhgps over several storage spots.

If these partly discharged potential peaks are those of stored "dots" or
. "zeros", a distorted signal is obtained.  This is because the "dot™ signal,
normally due only to the electron cloud, now has superimposed upon it an addi-
tional signal due to recharging of the phosphor screen back to its equilibrium
potentigl. The more severe the discharge of the "dot" equilibrium potential
peak due to stray secondary electrons, the more severe a distortion is L
encountered until at last a practically fullfledged "dash" signal is obtained
‘as shown in Figure L(c).

The Imraved Storage System

It was shown above that the dot signal is quite vulnergble to distortion
and that in severe cases this distortion is such as to make the dot signal

indistinguishable from a normsl dash signal at the time of an inspection pulse.
In less severe cases discrimination can only be made by careful amplitude
comparison of the two signals, the normal dash signal then being of larger
positive amplitude than the distorted dot.
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As both the dash and the dot signals can be positive at the time of an
inspection pulse, it seems that the initial portion of the signal waveform is
perhaps not the best characteristic to rely on for discrimination between the
two signals. Better results might be obtained if one could afford to wait and
.1nspect the signals av some later instant. This delay requires that the electron
beam is kept on for a longer time interval before a decision is reached as to
whether one has a dot or a dash type of signal. When the beam turn-on pulse is
lengthened the dot signal changes its character to that shown in Figure 5(B).

It still is caused solely by the transient presence of an electron cloud in the
vicinity of the pick-up plate and as such can properly be interpreted as the
differentiated waveform of the beam turn-on pulse itself. The shape of the dash
;i(.gr)lal on the other hand is only slightly affected and is as shown in Figure

2) .

In the conventa.onal storage systems the 1nspect10n pulse cames at time t
In the system proposed here, however, the inspection pulse is moved to the la %er
time of t,. Discrimination between the dot and the dash signal is on the basis
of whether the signal at time t» is zero or positive (dot signal), or exceeds a
certain minimum negative amplitude (dash signal).

For ideal waveforms the maximum amplitude dlffereme between the dot and ,
the dash signals is samewhat greater at time t, than at t5 so that the proposed '
change may not seem to be much of an improvement. For signals distorted by
spillover however, the reverse certainly is true. Figures 6 and 7 show how the
dot signal of the modified system is affecteéd by spillover. The two oscillograph
traces shown in each picture are those of the distorted signal together with an
undistorted signal shown far comparison. ;

As would be expected the negative pesk at t, dissappears and in the worst
cases changes to a positive peak which rivals in amplitude the initial positive
peak of a normal dash signal. The amplitude difference between the distorted
dot and the normal dash signals has at the time t; shrunk almost to the vanish-
ing point. On the other hand consider the amplitude difference at time to.

The dot signal is still positive at this time; the dash signal is negative and
as will be shown later has changed very little. The amplitude difference between
the two signals at t, instead of getting smaller has actually increased. No
difficulty is therefore encountered in discriminating between the two signals
even under severe conditions of spillover. ‘

Figure 8 shows a dash signal affected by spillover. The features which
make it differ from a normal dash are a somewhat larger positive pesk and a
slightly decreased negative peak. The decrease of the amplitude of the negative
peak is of some concern as it could eventually if severe enough cause a "one"
signal to be interpreted as a "zero® and thus cause spillover. This amplitude
decrease however has been found to be very small and only by purposely defocusing
the beam while contimiously consulting a single spot could it be made severe
enough to cause misinterpretation.

In the conventional dot-dash system the various design parameters have been
carefully chosen to enhance the gereration of a large initial positive pesk for
the dash signal. In the modified system, however, this peak is not made use of.
Some of the design parameters besides the length of the beam turn-on pulse have
therefore been changed to favor the generation of a large negative dash amplitude
at the time of the inspection pulse (time t,, Figure 5). In particular the saw-
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tooth or the twitch signal, which is applied to the deflection plates to produce
the dash display has been shortened from four to approximately one and one-~half
microseconds. In the conventional dot-dash system, the purpose of the sawtooth
deflection voltage is to cause the beam to move slowly away from the dot position
(position X, Figure 2), and by these means cause the potential peak at that point
to be discharged. This process normally takes about four microseconds. When
only one microsecond is allowed, those surfaces that come under the beam are
charged to a positive equilibrium potential as before. However, now there is
time only for but a slight discharge at the trailing edge of the beam. Hence the
two potential storage patterns will probably be somewhat of the nature shown in
Figure 9. Now when the beam is again turned on at position X there will be a
small initial positive signal peak due to charging of the phosphor surface back
up to equilibrium potential followed by an enhanced negative peak caused by the
slower discharge of the large shaded positive area of Figure 9.

Test Results

Several single cathode ray tube units have been tested in the system just
described. The amplifiers and gating circuitry used were those presently in use
on the SWAC with the one modification that the signal output from the amplifier
was inverted. This was done to facilitate gating of the dash signal which then.
could be done in the same manner as on the standard SWAC system. ‘

Among the cathode ray tubes tested were some which had been withdrawn from
the SWAC memory system because of excessive spillover and some which were currently
in use.

Direct comparison of results of spillover tests indicate that improvements
in read-around ratios for poor tubes may range from three to four. On good tubes
the tests were less conclusive as the maximum read-around ratio obtalnable on the
test set was 256. ;

However, under these conditions the modified sysfem always performed at
least as well or better and in no case was a lower read-around ratio obtained on
this system than on the standard dot-dash system.

Flaws

The second major limitation of a cathode ragy tube memory is that of flaws
as mentioned earlier. - Apparently there exist on the phosphor surface mimute
specks of foreign or damaged material whose secondary emission characteristics
are such as to severely attemuate the initial positive portion of the conventional
dash signal. A typical flaw signal is shown in Figure 10. The raster has been
purposely positioned so as to give maximum attemation of the initial positive
peak and as may be seen from the photograph it is almost completely missing.
A "one" could therefore not be stored at this spot in the conventional dot-dash
system. Figure 11 shows the signal obtained from the same flaw area when the
raster was so positioned as to give a minimum amplitude for the negative peak .of
the dash signal. The amplitude of the negative peak has decreased only about 10%
and the modified system stored perfectly both "zeros" and "ones™ at this point.

Indeed it was found after testing several flaw areas on several cathode ray

tubes that as a rule the negative going peak of the dash signal was very much
less affected by flaws than the initial positive peak of the dash.
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It should be pointed out though that there still exist flaws which would
not store information in either system.

Conclusions

A modification of the standard dot-dash cathode rgy tube storage system has
been described. It appears from tests on single cathode ray tube units that this
system is superior to the conventional system with respect to gpillover and

resistance to flaws.
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NONLINEAR RESISTORS IN LOGICAL SWITCHING CIRCUITS
F. A, Schwertz and R. T. Steinback

Mellon Institute*
Pittsburgh 13, Pa.

Introduction

Nonlinear resistors may be used to replace whole arrays of crystal
rectifiers in certain logical switching circuits. Where such replacement
is possible, considerable savings in fabrication and component costs may be
effected, because both the nonlinear resistors and the associated connecting
busses are fabricated by applying printed circuit techniques to standard
plastic- or ceramic-bonded sheets of semiconductors such as granular silicon
carbide. The manner in which groups of nonlinear resistors may be used in
. logical switching circuits is described here in terms of simple circuits
which employ both "matrix logic" and "grid logic." The technique is
experimentally illustrated with the aid of a pair of simple matrix-type
function switches, encoded as- binary-to-octal converters. The first employs
individual nonlinear resistors as the switching elements; the second is
fabricated from a rubber-bonded sheet of granular silicon carbide. Two
similarly-constructed decoding matrices are used to transform the converters
into three-binary-digit adders. The output voltage-patterns for these devices

are compared photographically.

Nonlinear Resistors in "and" and "or" Circuits

Since logical switching circuits comprise primarily combinations of
"and" and "or" circuits, the behavior of nonlinear resistors in such circuits
will first be described. Typical of such circuits is the "logical or" cir-
cuit shown in Figure 1. The elements labeled a, b, and ¢ are ordinarily
crystal diode rectifiers. Depending on the positions of the switches shown
at the left of the figure the diodes may be either connected to ground poten-
tial or to the potential E. If either a or bor c (or more than one) is
connected to E, the output voltage terminal is raised to the potential E
provided the voltage drop in the crystal rectifiers is negligibly small.
Hence the designation "logical or" is employed to described the circuit action.

¥*The research reported in this document has been made possible through support
and sponsorship extended by the Radiophysics Directorate of the AF Cambridge
Research Center, RDC, under Contract AF 19/122/-376. It is published for
technical information and does not represent the recommendations or conclu-

sions of the sponsoring agency.
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The question is now raised, What will be the wvoltage pattern
on the output terminals if the diode rectifiers are replaced by passive
elements very unlike diode rectifiers, namely linear resistors? This
question can be answered in a direct way where it is assumed that all the
linear resistors have the same resistance, r. In this case the allowed
values of the output voltage e are given by the equation

F

K™ N/M ’ N=0,1,2, « o « M (1)

1+ (1L/xM

vhere Fy = e/E, x is the ratio of the load resistance, R, to the switching
resistance, r, and N is the total number of resistors r connected to the
potential E. M designates the total number of switching resistors in the "or"
circuit. In the special case where M= 3, as in Figure 1, and the load and
switching resistors are equal, four equally-spaced voltage levels are obtained
corresponding to Fo = 0, F} = 1/4, Fp = 1/2, and F5 = 3/k. Actually there are
elght possible configurations which the input switches on Figure 1 may assume;
some of these configurations, however, yield the same voltage levels as others,
and Fy consequently assumes only four independent values. The voltage levels
may be "read," for example, on an oscillograph, as all the possible switching
configurations are "written" into the "or" circuit. The "writing" may be

done very conveniently with the aid of three series-connected binary scalers,
the pair of output voltages from each stage of the scaler serving as input
voltages. to cathode-followers; these in turn serve as low-impedance sources
for the circuit input voltages. The photograph in Figure 2 depicts a voltage
pattern obtained in this way. For this picture a circuit containing identical
load and switching resistors at 56,000 ohms was employed. The three-stage
binary scaler was triggered once every 10 microseconds. The scaler output
voltages fluctuated approximately between 100 and 200 volts, and the load
resistor in the "or" circuit was - biased 100 volts above ground. In this situa-
tion four equally-spaced levels corresponding to F = 0, 1/4, 1/2 and 3/4 were
obtained as predicted above. These levels are shown in Figure 2. They are
also shown diagramatically in Figure 3., The level difference (F3-Fg) in this
figure represents the desired signal. The levels corresponding to F; and

F, are in the nature of "noise," since, for proper action as an "or" circuit,
it is desirable that F,, Fp and Fz be coincident. It is therefore useful to
arbitrarily define a "signal-to-noise" ratio S, by the expression

S= F-:Z;L = 3/2. (2)

Fp - Fg

In the more general situation where there are M switching resistors, the corre-
sponding ratio is
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This ratio approaches unity quite rapidly as M increases, so that above M = 3,
circuits employing linear switching resistors are probably unsatisfactory. The
situation is quite different, however, where nonlinear resistors are employed
as switching elements. These resistors display a voltage-current characteristic
curve defined by the equation

1= kV : (3)

where 1 is the current carried by the resistor and V is the applied voltage.
k and n are constants, and n generally lies between the limits 4 and 7. If
the nonlinear load resistors and switching resistors have the same value of
n but different coefficients, say K and k respectively, the voltage levels
analogous to those defined by equation (1) are given by

1

Fy® c———— b

N 1+ Ay ™
A 1+ (M-F) x /n

where N = N ] ? N= 0, I, 2, e o o M (5)

and x = k/K

The voltage levels obtained from equation (4) for n = 5 are shown on Figure

k for a three input "or" circuit (M= 3) and for x = 1, The corresponding
experimental results are shown on the photograph in Figure 5. The results
depicted on this figure were obtained at a trigger-pulse rate of 10,000 per
second. The nonlinear resistors (Thyrites GE type 8386118Gl) were not
identical in characteristics; their spread in resistance is indicated by the
fact that 45 + 3 volts were required to produce a current of one milliampere.
This situation produced a slight splitting of the voltage levels. The "signal-
to-noise" ratio was little affected, however; the calculated value of 4.8 agreed
very well with the experimentally determined value of 4.7.

The data indicate that the nonlinearity serves to squeeze the unwanted
voltage levels together and to increase the "signal-to-noise" ratio. By analogy
with equation (2), this latter quantity may be calculated from the expression

5= | | (6)
1/n
1+ (1/mx)
1+ [(1/x) + (1) ] 2

where Bn -

This equation-pair indicates that as n gets larger B, approaches unity, and
hence the "signal-to-noise" ratio increases rapidly as n increases. Conversely,
as n decreases toward unity, the "signal-to-noise" ratio decreases to the value
predicted by equation (2). These facts are expressed graphically in Figure 6
vhere the "signal-to-noise" ratio, S, is plotted against the exponent n for
various values of M. The information on this figure refers to the special case
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where X = 1; for lower values of x of the signal-to-noise ratio is increased.
This increase, however, is obtained at the expense of a decrease in the amplitude
of the desired signal, and a compromise is required. For example, it miy be
specified that the product of the signal-to-noise ratio, S, and the desired
signal, F), be a maximum and consequently that the quantity Fy2/(F)-F)) be a
maximime is requirement leads to the equation ,

(Ay-2hy - 1)+ A (14h0)° -0 (7)
Ag(1+A;)  (1-x+Mx)

vhere the A's have the form given by equation (5). For the case where the
number of binary inputs is M = 5 and the degree of nonlinearity is n = 5,
equation (7) leads to a value of x = 0.18., This yields for F,, = F5 & value
0.47 and for the signal-to-noise ratio a value of approximate o’ The
situation can therefore be represented by a voltage-level diagram very similar
to Figure 5. This diegram, it will be recalled, was constructed for the case
where M= 3 and x = 1; the signal-to-noise ratio was L4.8.

- As mentioned earlier, where ideal diode rectifiers (possessing zero
forward resistance and infinite back resistance) are employed as switching
elements, the output voltage of the "or" circuit assumes only two values, O
and E. Similarly, where ideal nonlinear resistors (degree of nonlinearity n =
) are used, equation (4) predicts that the output voltage assumes only the
values O and E/2 quite independently of the values of x, M, and N. In other
words, where ideal nonlinear resistors are employed as switching elements,
ideal "or" circuit action will be obtained although the amplitude of the input
voltage will be cut in half. The signal-to-noise ratio will, however, be
infinite., ’

The circuit depicted in Figure 1 was described as an "or circuit”
but it might equally well be described as an "and circuit" if it is assumed
that the desired output voltage is zero and not E. This will occur only when
a and b and c are all connected to ground. Alternately, the circuit shown
in Figure 1 can be converted to an "and circuit" by raising the common lead
to the load resistors to the potential E. The output voltage will then be
high (=E) only when a and b and ¢ are high (=E).

Nonlinear Resistors in "Matrix Circuits"”

The manner in which simple "and" and "or" circuits may be combined
to effect logical switching operations is illustrated by the function switch,l
represented in Figure 7. It consists essentially of eight "or" circuits
arranged in a parallel array. It may be regarded as a binary-to-octal conver-
ter, since it may be employed to convert any three digit binary number into
the octal equivalent digit. The binary digits are represented on the binary
input lines shown at the left side of the figure, and the octal equivalent
digit appears on one, and only one of the eight output terminals corresponding
to the octal digits 0 to 7 inclusive. . ,

lrhe Subcommittee of Electronic Computer Terms (Proc. I. R. E., 39, 271&, 1951)
defines a function switch as "a network or system having a number of inputs and
outputs and so connected that signals representing information expressed in a

certain code, when applied to the inputs, cause output signals to appear
which are a representation of the input information in a different code.
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Physically the converter comprises two sets of parallel coplanar,
conducting busses arranged one sbove the other in such a way that in plan
view, the busses appear to intersect each other at right angles. At certain
of the virtual points of intersection, switching elements are inserted, in
a pattern vhich ylelds the required output. Ordinarily diode rectifiers,
as mentioned before, are used as switching elements in this type of device.
These are represented by the circles in Figure 7, and they are assumed to be
connected in such a way that conduction will be effected when a positive
voltage is placed on the horizontal bus lines and the vertical lines are
grounded. If then a positive voltage, E volts above ground, is placed on a
given horizontal conductor, all the diodes connected to it will conduct current
to ground through the load resistors, R. The ends of the load resistors
connected to the octal output positions will then be raised asbove ground
potential by an amount equal to the iR drop in the load resistor. If now the
adjacent horizontal lines are grouped together in pairs, and a voltage pattern
is placed on the pairs such that when one member of the pair is at a voltage
level E theother member of the pair is grounded, one, and only one of the
eight output terminals will remain at ground potential for each configuration
of the input voltage pattern. There are,accordingly.eight input voltage
configurations corresponding to the eight output teruwinals. For the voltage
configuration shown in Figure 7, only the output terminal designated by the
digit 7 is at ground potential; all the other output terminals are, ideally,
at a common voltage level E, above ground. Now the digit 7 can be correlated
with the equivalent binary mumber in the following way. ILet the upper bus
line in each input pair be at the potential E and lower line be at the potential
O in order to represent the binary digit "one." Let the reverse be true for
a binary zero. Furthermore, let the uppermost pair of horizontal lines
represent the highest order digit position. The configuration shown in Figure
1 then symbolizes the binary number 111 = 1 x 22 4+ 1 x 21 + 1 x20= 7. In
a similar manner all of the three binary digit numbers (eight in all) may be
represented by their equivalent octal digits. For test purposes, all of the
required digit combinations may be obtained, as explained above, in cyclic
sequence, with the aid of a three stage binary counter. Such a test pattern
was employed to examine the binary-to-octal converters described in the next
section.

Binaz;y-to:Octal Converters

The current which flows through & nonlinear resistor is inversely
proportional to the n'th power of its length, other things being equal. It
is this fact which makes possible the fabrication of complete function switches
with the aid of resin-or ceramic-bonded sheets of silicon carbide. For example,
if the degree of nonlinearity is n = 5, an increase of a factor of four in the
resistor length produces & 1024-fold decrease in the current. Thus two non-
linear resistors formed side-by-side on a flat sheet of rubber-bonded silicon
carbide are essentially non-interacting provided their distance of separation
is equal to, say, four or five times the thickness of the sheet. Furthermore
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these resistors may be materialized simply by spraying metal electrodes on the
function switch blanks through appropriately formed stencils. Whole function
switches, comprising many nonlinear resistors and the associated inter-
connecting busses may be fabricated in the same way.

The binary-to-octal converter referred to above was formed from a
sheet of rubber-bonded silicon carbide about 1/16th of an inch thick. This
sheet was kindly supplied by The Carborundum Co. (Sample No. 3777-1-1C) and
wes made with the aid of the same techniques employed in the manufacture of
standard silicon carbide "cut-off" wheels. It conteined about 89% of
Electrical Grade Grit No. 36 and about 11% of rubber binder by weight. The
average particle diameter for this grit number is very roughly 0.02 inches.

A photograph of the converter is shown in Figure 8., The front face
of the converter is shown on the left hand side of the picture and the back
face on the right hand side, The electrodes and the associated bus lines shown
in the photograph were put down in a single operation. The diameter of the
switching resistor electrodes was 0.375 inches and the diasmeter of the load
resistors was 0.25 inches, Since the connecting busses were only about 1/16
inches wide, it was thought at first that there would be no "cross-talk" between
the lines on the front and back faces at the points of virtual intersection.
However, it was found necessary to insulate the lines from the silicon carbide
on one of the faces at the intersection points. This involved spraying & clear
insulating lacquer through a stencil prior to applying the silver conducting
paint.

About 48 + 2 volts were required to pass one milliampere of current
through the switching resistors and about 58 + 2 volts for the load resistors.
The index of nonlinearity n was 4.5, ‘

As mentioned earlier, a logically identical converter was fabricated
with the aid of individual, selected, nonlinear resistors (Thyrites GE type
' 838611G1). In this case about 39 + 2 volts were required to pass a milliam-
pere of current through both the switching and load resistors. The index
of nonlinearity n was 5.0.

The voltage output patterns produced at the octal output terminals
of these converters are compared on Figure 9 where a three-stage binary
counter operating at & ten thousand per second counting rate was used as the
source of input digits. For this type of input the selected line should be
"high" relative to the neighboring lines for only one out of eight pulse
times. Figure 9A shows the shape of the binary digit input pulses, Figure
9B the output voltage at one of the converter output terminals, and Figure 9C
the output at a terminal of the Thyrite converter. Figures 10 and 1l present
similar data for counting rates of 50,000 and 100,000 per second. The
signal-to-noise ratio for the output pulses appearing on these figures is
roughly 2 1/2 to 1. The quality of the output obtained from the two conver-
ters is about the same. The results at the higher frequencies are vitiated
by the poor output wave form obtained from the binary counter.
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Three-Binary-Digit Adders

The output pulses from the binary-to-octal converters were decoded
in such a way as to transform them into three-binary-digit adders., The
manner in which this was done is illustrated in Figure 12 which shows the
decoding mextrix attached to the binary-to-octal converter. The decoding
matrix was fabricated from the same sheet of rubber-bonded silicon carbide
as the converter. The physical separation was effected for purposes of
illustration, but the encoding and decoding matrices could equally well have
been fabricated on the same continuous sheet.

For test purposes, the three-stage binary counter was again used as
a source of digit pulses. In this way, all of the possible combinations of -
three binary digist were supplied to the adder, in a cyclic manner. The out-
put "sum" and "carry" pulses for the silicon carbide sheet adder and a logically
identical adder employing individual, selected, nonlinear resistors (Thyrites
GE type 838611Gl) are displayed in Figures 13, 14, and X5 for counting rates
of 10,000, 50,000, and 100,000 per second respectively. In all cases, the
"sum" and "carry" digits are clearly delineated, and, as in the case of the
converters, the quality of output obtained from the two adders is about the
same. Inequalities in output pulse heights are probably associated with the
fact that the switching resistors are not identical in characteristics.

Nonlinear Resistors in "Grid Circuits"

Where it is desirable to have an amplified output pulse, the output
signal of a "logical and" or "logical or" circuit may be fed to the grid of e
triode amplifier, A two-input, linear resistor "logical and" circuit employed
in this fashion is shown in Figure 16. The indicated arrangement may be used
only if standardized input pulses of amplitude E are employed. In this situation
the output voltage delivered to the grid assumes the three values, 0, E/2, and
B. If therefore the triode will deliver an output pulse only where the grid
assumes the voltage E, that is, only where a twin-coincidence of input pulses
occurs. . In general, if not two, but N coincident pulses are to be detected,
the grid must be biased between (M-1)E/M and E. This precludes the use of
such a gate for M much larger than five, for in this case the grid must dis-
criminate between signals of eamplitude O0.8E and BE. This requirement places
severe limits on the tolerance allowed in the amplitude of the input signals.
However if nonlinear resistors are substituted for the linear resistors, the
grid may assume the voltages defined by the equation

B

[1 + (M-N)/N] /n’

N-O,l,?,},...uo (8)

2Iligh Speed Computing Devices, Engineering Research Associates, p. 40, McGrav-
Hill Book Company, 1950. _
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The voltage level lying closest to E is that for which N = M-1,
that 1is, for

= E *
e EL+ o 7 (9)

M-1

For e = 0,8E and n = 5 the allowable value of M (the number of input
voltages) is approximately 1000 provided that the amplitudes of the input
signals are all rigorously equal. Where this is not the case, fewer inputs
may be used, but there will still be considerable advantage in employing non-
linear resistors in this type of resistance grid gate.

Practical Considerations

A practical difficulty was encountered in adapting rubber-bonded
sheets of silicon carbide to switching applications. This may best be
described with reference to the manner in which these sheets were tested.

For testing purposes, a 3/8" diameter electrode was placed on each surface

of the sheet, at diametrically opposite points, by spraying silver conducting
paint through a suitable stencil. The voltage-current characteristic curve

for the nonlinear resistor so-formed was then obtained. If more than 50 volts
were required to pass a milliampere of current through the resistor, the sheet
was rejected for function switch applications. If less than 50 volts were
required to pass a milliampere, the sheet was further tested for uniformity by
placing electrode-pairs at widely separated locations on the sheet. In general,
it was found that sheets displaying low impedance were non-uniform, but that
sheets showing high impedance, say one milliampere at 150 volts, were remarkably
uniform in characteristics. These facts can be understood by recognizing that
the seat of the resistance in nonlinear resistors is at the grain-grain contacts.
Thus, where a large number of grains are required to bridge the distance between
the two faces of the rubber-bonded sheet (high impedance condition) there is
statistically little chance of divergence in resistance characteristics from
point-to-point over the sheet surface, However, where the number of particles
required to bridge the gap is small, the opposite is true. This difficulty

can be obviated by employing a more suitable bonding agent than rubber, for
example, a resin or a ceramic bond permitting a greater ratio of silicon carbide
to bond material.

Conclusions

The information presented here indicates that nonlinear resistors
fabricated from granular aggregates of silicon carbide may be used effectively
in certain logical switching circuits. The fact that such resistors and the
associated comnecting busses may be materialized from resin- or cermmic-bonded
sheets of silicon carbide with the aid of simple metal-spraying techniques
Yields obvious savings in fabrications and component costs. It should be
emphasized, however, that the use of silicon carbide in this connection is
not unique, and that its use was dictated primarily by its availability. In
general, granular aggregates of semiconductors display voltage-current
characteristics qualitatively similar to those of silicon carbide. Some of
these display lower grain-grain contact resistance than silicon carbide and
mey be more adaptable to the fabrication of function switch blanks.
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NEW LABORATORY FOR
THREE-DIMENSIONAL GUIDED MISSILE
SIMULATION '

Louils Bauer

Project Director

ProjJect Cyclone

"Reeves Instrument Corporation
New York, New York

Introduction

Project Cyclone at the Reeves Instrument Corporation is
under the cognizance of the Bureau of Aeronautics of the Navy.
The function of Project Cyclone 1s primarily the development
and operation of a Quided Missile Simulator, and the estab-
lishment and operatlion of a Simulation Laboratory. Problems
in other flelds are also studied and analyzed using the com-
puting machinery of the Simulation Laboratory.

The original Guided Missille Simulator conslisted of two
types of flexlible computers, and one large computer with DC
and AC components which were permanently connected to handle
those equations which were common to all Gulided Missile prob-
lems. This large computer was known as the Ballistic Computer.
The flexlble computers were a DC analog computer with servo-
mechanisms units (now known as the Reeves Electronic Analog
Computer, or REAC®) and an AC analyzer. The flexible units
were Intended for simulation of those aspects of Guided Mis-
sile problems which could be expected to vary wldely from one
problem to the next.

Because of the immediate success of the flexible DC ana-
lyzer and because of the pressure of problems awailting solu-
tion on 1t, the AC analyzer was somewhat neglected; it never
performed as well as the REAC and was later abandoned. Work
on the Balllstic Computer was continued until a satisfactory
solution to a three-dimensional check problem was obtained.
However, by that time REAC technlques had advanced sufficient-
ly so that it was possible to obtain the solutlon to thils
check problem on REACs. After careful consideration of the
relative difficulties of setting up such problems on the Bal-
listic Computer, and of making the problem work (1.e. making
the machine perform), 1t was declded to replace the Ballistic -
Computer by a large installation of REACs and servo units.
Other consalderations in thls declsion were the greater flexi-
bility of the REAC equipment which would make it unnecessary
to express all Gulded Misslle problems in the coordinate sys-
tems used 1n the Ballistic Computer, and the fact that a much
greater varlety of navlgatlonal systems was encountered than
had been envisaged 1n the design of the Balllstic Computer.
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The result of thils decision 1s the new laboratory for three-
dimensional Gulided Missile simulation at ProJject Cyclone.

Baslic Block Diagram of Gulided Misslile Problems
and Coordinate Systems

The equipment 1n the new laboratory was planned to be more
than sufficlent to handle anythling that could be handled on the
0ld Ballistic Computer. The baslic elements of all GM simula-
tion problems can be represented in the block diagram shown in

Flgure 1.

Starting, say, from the aerodynamlcs computer, we see that
the angles of attack and the control surface deflections are
accepted as inputs and the forces and moments are produced as
outputs. In the force unit the equations of motion (transla-
tion) are integrated once, ylelding a complete description of
the veloclity vector. The veloclty vector may be given 1n terms
of magnitude and flight path angles, or in terms of 1ts compo-
nents. In the moment unlt the first lntegral of the equations
of motion in rotation is obtained, yleldling the angular velocl-
ty vector 1n terms of its components. In the angle of attack
computer the kinematic equatlions of rotation are integrated,
yielding the attitude angles; knowlng the veloclty vector and
the attitude, the angles of attack are computed. From a know-
ledge of the veloclty vector the misslile coordinates are ob-
talned by the integration of the kinematlic equations of trans-
lation. Error distances or angles are determined from the mis-
slle position and target position. Those 1n turn form the in-
puts to the control system which produces the control surface
deflections.

The following coordinate systems have been used in the so-
lution of GM problems. (All are righthanded systems; thus the
third axis 1s always completely defined after two axes have
been fixed.) (See Figure 2.)

1. Earth Coordinate Systems (ECS): 1E direction is
north, 2E east, 3E down. The missile motion 1s usu-
ally determined in this system; sometlimes the force

equations are solved in this system.

2. Missile Coordinate System (MCS): 1M along mis-
slle axis, 2M along right wing, 3M down, as deter-
mined by 1M and 2M. The moment equations are most
easlly solved in this system (Euler equations). The
MCS 1s also used in homing problems when the rela-
tive motion of target and missile is computed.

3. Velocity-Earth Coordinate System (VECS): 1VE a-
long the veloclty vector, 2VE perpendicular to 1VE
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and 1n a horizontal plane, 3VE determined by 1VE and
2VE. The force equations are, frequently solved in
this coordlnate system.

4, Velocity-Milssile Coordinate System (VMCS): 1VM
along the veloclty vector, 3VM perpendicular to 1VM
and contalned in the misslle symmetry plane (down);
2VM determined by 1VM and 3VM. The VMCS differs from
the VECS by a roll angle, and differs from the MCS by
the angles of attack. Thils coordinate system was be-
lieved to be essentlal for a reallstic handling of
aerodynamic data obtained from wind tunnels. We have
found, however, that many times the aerodynamic data
are given to us in the misslle coordinate system. In
such cases it frequently turns out to be more conven-
ient to disregard the VE and VM systems entirely,
solve the force equations in the MCS and resolve the
motion directly into the ECS.

Additional coordinate systems are encountered in many prob-

lems, e.g. Radar CS, Gyro CS, and in the case of wlnd, a Rela-
tive Wind CS.

Computing Equlipment

Because of the necesslty of converting from one coordinate
system to another a number of resolvers are provided in the
new simulation laboratory. The avallabllity of DC resolvers
was a strong factor in faver of an all DC computing system, as
opposed to the hybrid DC and AC system in the old Balllstilc
Computer.

The new laboratory contains 13 REACs, 14 servo units and 3
speclal cablnets with additional amplifiers, limiters, relays,
etec.

A REAC contains seven integrating amplifiers, seven summing
amplifiers, six inverting ampliflers and 23 scale-factor poten-
tiometers. (Figure 3. ) The computing amplifiers are identilecal
in basic design and differ only in thelr feedback and input
networks.

Ordinary linear differential equations with constant coef-
flclents, up to the seventh order can be solved on one REAC.
Diode limiters are provided, and permit the handling of some.
non-linear effects. Varlable coefficlents and non-linearitiles
other than limiting effects can bhe handled by using a servo
unlt.

Seven of the servo units are of standard Reeves design, and

seven units have specilal design to handle any additilonal reso-
lutions that may be necessary 1n our problems,

189



A standard servo unlt has four separate servos; two of
those have four linear multiplylng potentiometers and two
functional potentiometers each; the other two servos have
three linear multiplylng potentlometers and one DC resolver
each., (These figures do not include the follow-up potentio-
meters.)

Six of the seven speclal servo units have two servo mo-
tors, each of which drives two DC resolvers and seven linear
multiplying potentliometers. The speclal servos have to be
more powerful than the others, because they are driving a
heavier load.

Finally there 18 one speclal servo cablnet with only one
servo which 18 driving four DC resolvers and seven linear po-
tentiometers. This servo has continuous rotation. In plan-
ning the layout for the computer it was expected that provi-
sion for resolutlion about an unlimited rotation would have to
be made. In some three-dimensional GM problems the missile
may roll over many times, Resolutions of error angles, of
aerodynamic forces, etc. about the roll angle can be accom-
plished by means of this speclal servo unit. Since the angle
in the case of contlnuous rotation cannot be convenlently re-
presented by a DC voltage, but its derivative can, this servo
has also been designed to accept a rate input, i.e. the servo
acts as an lntegrator. The follow-up in this case 1s a DC
tachometer generator. The servo can be reset by switching
the follow-up to a potentiometer. Continuous rotation may al-
8o arise when the servo 1s used in "polar", i.e. when the ser-
vo rotation 1s the arc-tangent of the ratio of two voltages.
If the two voltages vary 1in a certaln way continuous rotation
of the servo will result. Thils special servo can also be used
in this form. Finally provislion has been made for adding a
synchro i1f 1t should ever become desirable to repeat the po-
sition of thils servo with some other speclally constructed ser-
vo. We, at ProjJect Cyclone, have not yet had an opportunity
to use this servo unit. It was given on loan to Project Ty-
prhoon, and has not yet been returned.

The DC resolvers are accurately wound sine and cosine po-
tentiometers (made by Electronic Assoclates), accepting as
inputs DC voltages A, -A, B, -B, and a rotatlion 6, and putting
out voltages -A sin 8, A cos 8, B sin 6, and B cos 6. In or-
der to make the operatlons more convenlent, inverting ampli-
flers are provided with the servos, so that only +A, +B, and
@ are required as lnput voltages. The sine and cosline cards
are approximately 50K per quadrant and are intended to work
Into a 1 megohm load; they are wound to compensate for the
loading due to such a load, and are accurate to .15 volts (100
volt peak) under these conditions. . The quantities (A cos 8 +
B sin 6) and (-A sin & + B cos 8) which are used in resolu-
tlions have to be formed in the REAC summing amplifiers.
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A recapltulation of avallable servos and resolvers follows:

7 "A" type servo units (standard):
2 servos. with multipliers and functional pots.,
2 gservos with multiplliers and resolvers.

6 "D" type servo units:
2 servos with multipliers and
2 resolvers each.

1 "c" type servo unit:
1 servo with multipliers and 4 resolvers (C.R.).

In total, there are 42 resolvers on 27 different shaft ro-
tations. There are 41 different shaft rotations altogether.

The laboratory also contains input and output equipment 1in
the form of 6 recorders, 2 plotting boards and 4 input-output

tables. :

Figure 4 shows how the new laboratory is laid out. Basilc-
ally i1t has been divided up into seven units (minus one REAC),
each unlt consisting of two REACs and two servos. One such
unit is shown in Figure 5. Slnce the new type of servo does
not permlt enough room for a patch bay, extra cabinets with
patch bays were provided between servo units. These cabinets
also proved to be necessary for extra amplifiers used in con-
nection with the resolvers. The three speclal cablnets (A105)
were inserted in various locations, shown in Figure 4, Inter-
connections between cabinets are made by using 1) long patch
cords, 2) interconnections provided between the four cabinets
comprising any one unit, and 3) interconnections provided be-
tween every cabinet and one master interconsole patch bay.

The power suppllies are located in a room behind the com-
puter room; power 1s provided for two halves of the room sepa-
rately.

Some of the regulators aré in the power supply room; two
of them are in the computer room. All cabling involving power
leads and grounds 1s kept separate from the computing leads
and ground. This 18 especlally Important for the relay power
supply because of the relatively heavy current drawn by the
relays. The relays are used to control the operation of all
amplifiers, and as many REACs as desired may be used simultan-
eously by paralleling thelr relay connections and operating
from one REAC. ‘

Figure 4 also shows the layout of the other computi labs;
lab 3 consisting of older computing equipment (4 REACs, ser-
vos and 2 speclal cablnets) and lab 2, the lab for test simula-
tion which contains one REAC, 1 auxilliary unit, some servos and
several one axls roll tables which may be necessary 1in connec-
tion with the tester work. A system of interlabd wiring has been
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installed so that computing connections can be made between
labs; this makes additional equipment avallable 1n any of the
labs.

Figure 6 shows an overall picture of the equipment. Some
problems were patched 1n at the time thls onlcture was taken.

At the present time a number of improvements and additions
to the laboratory are belng planned and carrled out. The most
Important item which still remalns to be done is the installa-
tion of some form of flexible prepatch system with one or two
master control consoles. -Other items are more routine lmprove-
ments which will tend to make the operatlion of the computers
easler.

Operation

The new laboratory has been in operation since early Octo-
ber, 1952. As has happened before, equipment was used on prob-
lems Just as fast as 1t became avallable. This has led to
some difficulties when equlipment had not been given a final
"computer check".

Checking procedure which 1s considered appropriate for the
equipment consists of two phases:

1. B8o-called Equipment Checks: routine checks of

all amplifiers, servos, and potentiometers for ac-

curacy and performance; e.g. the input resistors of
amplifiers are checked for accuracy, all servos are
checked for accuracy and freedom from nolse, etc.

2. So-called Computling Checks: problems to which
the answer 1s known are set up on the machline and
run. In the course of these checks most troubles
that escape detectlion in the equipment check are
digcovered. Due to the pressure of problems wait-
ing to be solved this phase 1s frequently neglected;
this means that the first problem 1s then solved
more slowly, and with more frequent break-downs than
would otherwlse be expected. The acceptance check
for this installation consists of a three-dimension-
al problem for which a numerical solution has been
obtalned.

Some complicated two-dimensional problems have been handled
in the new laboratory. One three-dimenslional problem 1s now
belng worked on, and another one or two are 1in preparation,

One observation that has been made was that the more complex
problems frequently call for the construction of special equilp-
ment whlch are no longer minor items when 1t comes to preparation
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and scheduling of work. Example: 1n our current flutter
problem a pot panel of 196 pots 1s belng constructed to han-
dle a matrix of 14 x 14 coefficients.)

The proJject has at present a staff of 32 mathematiclans,
physicists and engineers at various levels. The englneering
section has recently been enlarged because of the lncrease
in engineering problems arising from more complicated prob-
lems.

The maintenance of the equipment including all three labs,
and accessory equlpment has required the full time service of
at least two technlclans. Between problems the machines are
subjected to a thorough equipment check, and repalrs and re-
placements are made, 1f necessary.

The problem of determinlng whether and when a computer
solution 1s correct 1s sometimes very difficult. In maklng
such a declsion one has to know that the problem has been set
up correctly and wilth the best scale factors possible, and
whether the machlne 1s performing properly. In the cases of
problems involving many computling cabinets the difficulty in-
volved 1s obvious. Two approaches are belng used to get an
answer to the problem of checks. One 1s the acqulsition of a
small scale general purpose diglital computer for the purpose
of obtailning numerical solutions for all problems for which
the contractor 18 unable to furnish one. The other 1ls embo-
died 1n some work now belng done on.error analyses for analog
computers such as the REAC. At present we rely on some check
solutions obtained numerilcally, and depend on the assumption
that the solutions are continuous functions of the parameters
of the equatilons.
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A NEW CONCEPT IN ANALOG COMPUTERS

Lee Cahn ‘
Beckman Instruments, Inc,
South Pasadena, California

1. The Pattern of Use

Analog computers can solve a wide variety of engineering problems, Why,
then, doesn't every engineer use one? This peper will discuss the pattern of use
of analog computers in the recent past and as the author thinks it will be in the

future,

Technieally, the field of application of analog computers is extensive, They
may be used in studies of automatic control systems, of aircraft and missiles in
flight, of electrical circuits, dynamic instruments such as accelerometers and pen
recorders, of certain economic and biological systems, and of many other phenomema,
They may be used in purely analytical studies, or they may be used with part of a
complex physical system to simulate the rest of it, If analog computers are not
widely used, lack of technical applicability is not a reason,

The big reason is cost, In the last few years a single computer installation
commonly cost upwards of $100,000, and the whole cost had to be teken from capital
or facilities funds, where it hurt more than operating expense money, Only the
largest engineering organizations,could afford a computer, and then probably only
Om.

A second limiting factor has been the technical difficulty of operating a come
puter installation, This may be divided into two parts, First there is the comput-
er itself, It may require special accessories, such as function generators, which
have not been adequately provided by the original mamufacturer, Or some of the users
nay be able to get better performence from the basic components than the original
manufacturer did, much as hot-rod enthusiasts can do with automobiles, after half a
century of development in that field, Thus many installations have found it desir-
able to keep computer develomment engineers working full time,

Second, even if the computer itself is working satisfactorily, skill is required
to ascertain that it is working and to lay out and connect problems, This latter
skill is like languages; anyone can learn broken English in a short time, but
years are required to speak it faultlessly, 4n expensive installation needs a
professional to make best use of its limited time,

A single computer can only handle one problem at a time, By going to mult-
ishift operations and other artifices the nmumber may be raised to two or three,
An engineering organization large enough to afford a computer may have dozens of
problems which the computer can solve, at one time, Priority is then given to the
most crucial problems, and those where the computer is most effective in saving

manpowers,

Indeed, if the computer takes six men to keep 1t running, and the wages of
six more to amortize it, a problem that only one man is working on may not be
economicaelly justified, The computer would have to save twelve times the time it
required, to break even, in this example,
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Thus we have had a pattern of computer use characterized by the following

features:

1, High cost of purchase and operation,

2., Centrelized installations menned by professional computer operators and
designers, to which other engineers brought their problems for solution
or which were devoted to a specific set of problems, Computers generslly
belonged to Analysis Groups, Mathematics Groups, or Autopilot Groups,

3. Computers were only applied to a fraction of the problems where they
might be applied on purely technical grounds, due to economic consider-
ations,

A new pattern of use is developing, based on new developments in computers,
Several manufacturers sell a basic but complete linear installation for less than
$8000, while a full-sized linear and non-linear unit can be had for $15,000 or so,
The new computers are generally more compact and can be moved easily from place to
place, No elaborate preparations are required, They are generally quite reliable
in operation, and convenient to use., Their accuracy is considerably better than
most engineering work requires,

Small companies can buy these computers, where they would have no chance of
buying the older designs, Large companies can have three or four or more of these
for the price of one older type, More computers means that other problems than
the most urgent can slso be studied, ILower unit price also implies that the breske
even point in terms of hours saved is much lower; that computers are economically
Justified for many more problems, Simulation applications, in which the computer
may be tied up for long periods, benefit especially,

Another consequence of the lower price is that it is not so important to get
the ultimate in efficiency of utilization, Instead of having experts, hereafter
called "computer men", running the machines, they may be turned over to the engi-
neers who need the answers, hereafter called simply "the engineers®, If the engi-
neers are not so quick as the computer men, it doesn't matter on these new comput-
ers, On the other hand, by participating in the actual operation the engineers
learn a lot more about their problems than they can if they get ready-made solutions
from & central facility,

The difficulties of running a computer installation are resolved differently
on the new machines, There is a lot less of the hot-rod atmosphere; the new compute
ers are generally used as built, as working tools, and are found to be adequate for
their purpose, as are stock automobiles, If changes are in order, the engineering
could be done once for several machines, at a lower unit cost, The emphasis is
primarily on the answer rather than on the computer as a scientific tool,

The problem of teaching the engineers how to set up and ope ite computers is
more difficult, Recent advances have been made in the literature™, Three distinct
transition patterns of training have emerged, One is simply a modificetion of
the old pattern, in which engineers belonging to groups which will need to use
the computer are temporarily transferred to the computer group and trained there
as computermen for periods up to one year, When they return to their original
groups they may use the computer freely and without supervision, This pattern is
found in organizations which have had computers for a number of years and are used
to the old pattern,
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In the second type of instruction, engineers watch their problems being run
by the computermen and gradually do more and more of the work, Finally the computer-
men drift off to more urgent work and the engineers solo,

The third pattern is found where the computer program is relatively new and
based entirely on the new computers, One or two professional computerment are avail-
able for instruction and advice, but any engineer can have a computer, usually with
out waiting, They seem to get satisfactory results from the computers, although
their knowledge of the fine points of the art certainly cannot compare with the
professionals!?,

A small survey was made to get some indication of the extent to which the new
pattern of computer operation has spresd (Table 1), Five large Southern Celifornia
aireraft and missile engineering organizations were asked how many electronic com-
puters they had, and how their computing time divided between the four types of
operation:

(a) Engineer brings his problem to computermen, vho solve it for
him and give him the answer,

(b) Engineer and computerman both work together approximately
equal time, ,

(¢) Engineer does most of the work, but has regular.help from a
computerman, The computerman satisfies himself that the
engineer is using the computer correctly.

(d) Engineer works alone, but may seek out a computerman for
advice if he wishes,

While numerical percentages are given in some cases, they are purely qualitative
estimates and do not represent actual measurements of computing time, These questions
were asked for the present, for two years ago and for five years ago, The train
ing method is given as 1, 2 or 3, where the numbers refer respectively to the
methods described above,

The growth in computer use, as well as the change in pattern is dramatically
shown, Every organization contacted had at least two computers, The companies
concentrating on missile guidance had had computers longest, while the primarily
air-frame companies had just gotten theirs,

The organizations which had computers longest had the older pattern of use,
while the newer users had what I have called the newer pattern, Even in the same
company, patterns differed from group to group in this way, depending on their come
puter-using histories, In each case this phenomenon did not appear to be the result
of* inertia, but rather was due to the limitations of the equipment of the older
group, and to differences in function of the group,

It appears likely that organizations which have central computing groups will
retain them, to handle the very complex or demanding problems where professional
skill is required, Expansion, however, seems likely to occur in the direction of
decentralized, inexpensive, auxiliary computers of the newer types,

2. The Computers

The circuits used in these new computers are of interest chiefly because of
their effect on computer use, and as an exercise in engineering judgment, rather
than because of novelty, For example, let us consider the operational amplifier,
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First we see that chopper stabilization has generally been omitted, While it is
true that chopper stabilization will reduce effective drift voltages by a factor

of about five, this advantage has not been able to pay its way. Choppers are ex-
pensive, and thelir associated a.,c. amplifiers are also expensive, Choppers are

not distinguished for their rellability, Most important, the reduction in drift
does not increase the computing accuracy accordingly, Typleal values for the short
term drift voltage referred to the grid, eg., are 0*1 mv for one chopper-stabilized
amplifier, and 0,6 mv for a regular d.c, amplifier.,®* In an amplifier connected -
for a gain of 10, with maximum output of plus or minus 100 v,, the corresponding
error at the output would be

oo = 8y (Kg A1), (1)

where Kq 1s the closed-loop gain with all input resistances paralleled, or 0.00117Z
of full scale for the stablilized amplifier and 0,0066% for the regular one, These
errors are negligible, The critical application as far as drift goes is as an
open-loop integrator, The integrators in closed-loops behave more or less as high-
gain amplifiers, For the open-loop integrator with time-constant T, the drift
voltage at the output is

= oy & |
| e = &g (2)
For the large values of L the error voltage becomes apprecisble, and is a basic
limitetion to the lengt.hTof time one can compute, For a time constant T = 1 sec,
an output of plus or minus 100 v, and a permissible error of 0,1+ = O,1lv, the
maximum computing time is 1000 sec, or almost 20 minutes, for the stabilized amp-
lifier and 160 seconds or almost 3 minutes for the regular amplifier, Within their
respective maximum times, Ty, as indicated sbove, the two amplifiers are equal in
accuracy of open-loop integration,

Long-time drift, over a period of hours, need not be a factor in the accuracy
of computation, but it can be burdensome to have to rebalance amplifiers frequently,
The seme considerations apply as in short-term drift; drift voltage for a regular
amplifier or closed-loop integrator will generally not exceed 0,1/ of full scale
for days, But open-loop integrators multiply the long-term drift voltage by &,
where t is still the computing time, and may have to be rebalanced every half hour
or so for accurate work, Fortunately, there are relatively few open-loop integrators
in most physical problems,

Thus the use of a chopper amplifier does not improve accuracy, but it does
reduce the amount of rebalancing required on the open-loop integrators, It is
less expensive to go over and rebalance them by hand periodically,

The new amplifiers usually have fewer vacuum tubes than the chopper amplifiers
have in their d.c. portions, and obtain part of their high gain by using internal
positive feedback, If the positive feedback is variable, it may be set for "infin-
ite" gain (output voltage exists for zero grid voltage), While this sounds in-
stinctively wrong to many engineers, it is perfectly legitimate where much larger
negative feedback will also be used, High gain obtained with positive feedbeck
does not produce as low output impedsnce as does the same gain obtained by using
more tubes, but the usual value of 3 - 4 ohms is low enough, It does produce a
better high-frequency response than using more tubes does, Fewer tubes also means
fewer tubes to fail,

¥ Beckman EASE, Mod, 4, Average absolute value of many runs,
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If it is necessary to operate the regular amplifier six times as fast as the
stabilized one to get equal results as far as drift is concerned, faster recording
devices must be used for readout, Fortunately, they are ready to hand in the pen
recorders manufactured by Sanborn, Brush and others, which have about ten times the
bandwidth of the servo-driven plotting tables, and are very much less expensive,

Actually, this faster solution time is highly desirable in practice, Twenty
mimites is too long to wait for most answers, Three minutes is even a little long,
Many users prefer 30 to 50 seconds, to speed up their work, The only limitation
in shortening the time is the range of frequencies encountered in the problem, For
example, if the pen recorder begins to introduce its own dynamic response character-
istics above fifty cycles per second, and the problem runs two hundred seconds, ten
thousand cycles of this highest frequency component can be accommodated in the full
computing time, This non-dimensional quantity appears to be a good measure of the
dynamic requirements of a problem, and of the performance of a computing system,
since it allows a comparison of problems and computers which may originally be on
different time scales, I call it the dynemic range, R A dynamic range R of
10,000 cycles is rather high for most practical problems; we are then considering
one second and three hours in the same problem, A practical example is the phugoid
oscillation of an aircraft, While only about sixty times longer than the "short-
term" period, it is commonly considered to be too slow to be a problem, If R may
be safely reduced, we can shorten the overall computing time to do it, If the
problem runs twenty seconds with the same recorder, R = 1000, which is usually
still pretty high,

Oscilloscopes can be used for problems which require exceptionally large values
of R, since they will respond faithfully up to hundreds of kilocycles, Thus the
computer itself is the ultimate limitation in the value of R which can be obtained,
While nearly all present-day computers have values of R which are entirely adequate,
it is still of theoretical interest to note their values, Let us consider a single
amplifier, say operated with K, = 1,0, with input and feedback resistances of 1,0
megohm each, and define high-frequency cutoff as occurring at the frequency fh for
which the phase shift reaches 0,01 radians, For the Beckman EASE Computer,
fh = 400 cps, while for a typlical chopper amplifier fh 4O cps. Then using the
values of Tp derived above, we define

Rg = fh,Ty, (3)

for a single amplifier, For the chopper amplifier Ry = 40,1000 = 40,000, For the
EASE amplifier, Rq = 400 x 160 = 64,000, The effective R for a computing chain 1is
less, due to the combination of many amplifiers and higher values of Kg,

The author 1s not aware of any problems which require such high values of Rg,

For real-time simulation it is necessary for the computer to work well over a
range of definite frequencies, which are determined by the system being simulated,
A three minute period is generally adequate for this work, At the high frequency
end, amplifier bandwidth is not usually the limitation; it is the auxiliary equip-
ment, Servo multipliers and function generators restrict the older computers to
2 - 10 cps maximumy many systems being simulated have higher bandwidths, While
a satisfactory value of Ry may be maintained by running very slowly, this artifice
does not help in real-time work,
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Besides being slow, the mechanical devices are quite expensive, The EASE
computer uses electronic multipliers and function ‘generators, which are usable
beyond 100 cps, and, being entirely electronic, cost much less, Somewhat similar
eircuits are used by others, Multiplication is accomplished by controlling the
duration of a high-repetition-rate pulse with one voltage, and its magnitude with
a second voltage, The average component is proportional to the product of the two,
The high-frequency components must be filtered out, and the filter will then have

some phase shift at signal frequencies; say 15° at 100 cps.

- Functions are generated by diode switches which connect bridge circuits so
as to produce line segments of controllable incremental slope, These are stable
and repeatable to a fraction of a volt in plus or minus 100 v,

Thus the older computers are characterized by electromechanical components,
operation often slower than real time, and the consequent need for very low drift
amplifiers regardless of cost, The newer ones are all electronic, can operate as
faat or faster than real time for many applications, and operate fast enough to
- eliminate the effect of drift without requiring stabilization, Each of these

characteristics reduces the cost for the new ones,

That 1s how the manufecturers can produce a better computer for less,
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A MAGNETICALLY COUPLED LOW-COST HIGH-SPEED
SHAFT POSITION DIGITIZER

Arthur J. Winter
Telecomputing Corporation
Burbank, California

The outputs of many precision devices occur as shaft rotations. When
the position of such a shaft must be determined to an accuracy beyond the
reach of analog instruments, or when the data has to be processed by digital
equipment, an analog to digital conversion must be made. It is nearly always
desirable and often essential that the digitizer present no appreciable mech-
anical load to the shaft under measurement. A further requirement which often
must be met is that readings be taken on the fly. That is, positional infor-
mation may be called for when the shaft is in motion at speeds that may vary
from zero to many hundreds of rpm.

Present day needs for angle digitizing devices often call for accuracies
and resolutions in excess of 1000 parts per revolution. In radar and optical
tracking systems, for instance, it would be desirable to digitize the circle
into 64,000 parts. Whenever such high resolutions are needed it is common
practice to gear up the output shaft to drive the digitizer. The disadvantages
of this are obvious. Gears of such high accuracy are very expensive and add -
friction and inertia to the system., For this reason the basic digitizer,
without gearing, should have as high a resolution as possible.

This paper deals with a recently developed Shaft position digitizer which
was designed to more nearly satisfy the requirements above. Two previous
types which led to its development will be discussed first.

An early type of digitizer, the slotted disc, is shown in Figure 1. This
is, as the name implies, a device in which a disc is rotated so that a light
beam is interrupted by teeth on its periphery. A photoelectric cell pickup
and d-c amplifier produce an output signal which varies in amplitude from maxi-
mum to minimum each time the light beam is interrupted by a tooth. If this
signal is fed through a d-c operated trigger into a counter, the counter will
accullulate angular increments by counting the number of teeth. By using another
photocell angularly separated from the first by an amount equal to one-half '
of a slot, an additional signal is derived which is in phase quadrature with
the first. Since the phase relationship between the two signals changes with
direction of rotation, the second signal may be used to prepare gates in the
accumulator which cause the counters to subtract when the digitizer reverses
direction. In this way the digitizer can be*used on a shaft which may hunt,
oscillate, or reverse direction, without introducing errors into the accumu-
lator. By the use of proper circuitry in the counters, readouts may be obtained
on the fly without stopping the digitizer or losing the count in the accumulator.

The slotted disc digitizer is limited in resolution by the number of slots
that it is possible to cut in any given diameter disc, and therefore it has been
used only for applications requiring resolution of about 200 counts per revolu-
tion or less.
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The next to be developed was a serrated drum digitizer (Figure 2). In
this type the slotted disc was replaced by a drum with many serrations on its
surface. These serrations acted as concave mirrors which reflected the light
into two photocells, as shown in Figure 3.. The output from the photocells
is amplified and handled in the same way as in the case of the slotted disc
digitizer. The advantage of the serrated drum over the slotted disc is that
more serrations can be machined in a given diameter drum than slots could be
cut in the same diameter disc. However, since the light output is not as
great, photocell and amplifier drifts are more of a problem,

The magnetic shaft position digitizer was designed to overcome certain
disadvantages in the two previous types just discussed. The magnetic digitizer
has higher resolution, that is more counts per revolution. It is free from
drifts due to photocells and d-c amplifiers. It is much more rugged and reli-
able.

The basic principles of operation can be explained by referring to Figure
L. A high frequency generator causes a current to flow through a conductor
which is shaped in such a way that at any instant the current flow in adja-
cent parallel segments of the conductor are 180° out of phase. The arrows
indicate polarity of current flow at some instant of time. If a device which
could indicate the presence of an electromagnetic field were placed directly
over any one of the conducting segments, such as A or C, it would measure the
intensity of the field near that segment; and if the same indicator were placed
halfway between two adjacent segments, position B, its output would be essen-
tially zero. ' '

This can actually be done with a small pickup coil held over one segment;
and if the output of the pickup is amplified and demodulated, the resultant
d-c output signal will fluctuate from maximum to null as the pickup coil is
moved across conductor segments. In this way d-c signals are derived which
are a function of position. Fluctuations in these signals can be used to count
the number of segments. To obtain two outputs for direction sensing as in the
previous digitizer, two pickups must be used, spaced one-quarter of a segment
apart.

In order to adapt this principle to shaft digitizing, the conducting pattern
of Figure 4 was arranged in the circular pattern shown in Figure 5. This is an
actual negative of a 500 segment pattern which is photoetched onto a 2 1/2 inch
disc and used as the rotating element of a shaft position digitigzer. The
connections at the center are for injection of the high frequency carrier
current. In order to avoid using slip rings, the carrier current is coupled
to the rotor by means of a small air core transformer whose secondary is mounted
on the rotor and spins with it. :

Instead of a pickup device consisting of a coil over one segment, the
arrangement in Figure 6 is used. This pickup pattern is the same as the rotor
pattern; and it functions in the same way as the pickup coil would except
that there is coupling to every segment in the rotor, and the output signal
is a much more accurate indication of position, since each null and each maxi-
mum results from an average of all of the conducting segments. The pickup
pattern is also photoetched on a disc and consists of two conductors displaced
angularly one-quarter of a segment space. There are three connections at the
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outer edge; one is a common ground, the other two go to their respective
amplifiers.

Figure 7 shows the configuration of the assembled digitizer. The rotor
spins with the shaft along with the inner coil, the secondary, of the coupling
transformer. The outer coil, the primary, connects to an oscillator which
supplies the carrier signal. The frequency of this oscillator in the digitizers
currently being built is 1.6 megacycles. The pickup, or stator, supplies
signals to two tuned amplifiers. These signals are demodulated and the resul-
tant d-c¢ output can be used to count increments of rotation as in the previous
digitizers.

Figure 8 is a photograph of a magnetic shaft position digitizer with a
resolution of 1000 counts per revolution. It has a permissible shaft speed
of from zero to 1800 rpm; and since its output contains directional information,
it can reverse direction or hunt, as in the case of the slotted disc and ser-
rated drum types, without introducing errors.

The advantages of this digitizer over the previous types are:

1) The photoetching process makes it possible to obtain more counts per revo-
lution. Digitizers of 1000 and 2000 counts per revolution have been built.

2) It is electrically more stable and not subject to drifts since it is an
a-c carrier operated nulling device.

3) It is less subject to stray electrical pickups because of its low imped-
ance and tuned circuits.

4) It is more rugged and more reliable.
5) The smaller rotor disc presents less of an inertial load to the shaft.

Another advantage, and one which has not yet been fully exploited, is the
averaging effect of the pickup element. The position of the exact point on
the circle at which the output goes through any given null is at least an
order of magnitude more accurate than it would be if the signal were derived
from a pickup over only one rotor segment. Development is now under way to
take advantage of this potentially high accuracy by electrically dividing the
increments between nulls so that the number of counts per revolution may be
multiplied many times.
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Abstract

Partial differential equations can be approximated by systems of simultaneous
ordinery differential equations by replacing one or more of the partial derivetives
by the appropriate finite differences, The resulting systems of equations can.
sometimes be solved directly by an electric analog computer employing passive
circuits (e.g. the Caltech analog computer), or by an electronic differential
analyzer employing feedback amplifiers (e.g. the Reeves Electronic Analog Computer),
The latter type of computer has several important advantages, including versatility,
ability to handle nonlinear partial differential equations, and flexibility in
selecting time scales, Both theoretical analysis of the accurecies attainable with

" the difference method and actual solution examples using the electronic differential
analyzer are described, Types of partial differential equations considered include
the heat, wave, and beam equations, Resl-time simulation of aircraft structures
is discussed,

The actual computer solutions were carried out on the electronic differential
enalyzer of the Depertment of Aeronautical Engineering, As a result of the promise
shown by the difference method discussed in this report, construction of en 80-
amplifier analyzer has begun,

INTRODUCTION

Usual Differential Anélyzer Technique for Solving Partial Differential Equations

The electronic differential analyzer is limited to the solution of ordinary
differentiasl equations, To solve & linear partial differential equation on the
analyzer, it is necessary to separate variables and hence convert the partial
differential equation to ordinary differential ecuations of the eigenvalue type.
The normal modes from which the solution to the original problem can be built up
must then be found, usually by trial and error techniques,

208



The above method of separating veriables and obtaining a series type of’
solution can be carried out fairly efficliently on an electronic differential
analyzer.19 93 Certainly, for most problems the analyzer is much faster than
any hand methods, But for the engineer who is interested in getting mumerical
answers to specific problems, even the analyzer approach might seem somewhat
tedious, It therefore would be highly advantageous to be able to solve the
partial differential equations directly, This can be done by replacing some
of the partial derivatives by finite differences in order to convert the original
partial differential equation into a system of ordinary differential equations.4

Replacement of Partial Derivatives by Finite Differences

Assume we are interested in solving a partial differential equation in which
the dependent variable y(x,t) is a function of both a distance variable x and a
time variable t, Instead of measuring the variable y at all distances x, let us
measure y only at certain stations along x; thus, let y] be the value of y at the
first x station, y, be the value of y at the second x station, y, be the value
of y at the nth x station, Further, let the distance between stations be a
constant Ox,

Now clearly a good approximation to , (i.e., the partial derivative of
y with respect to x at the 1/2 station) is g}/;n by the difference

Yi Yo ‘ (1)

[ ]

’1/2

In fact the limit of Equation 1 as &x—»0 is just the definition of the
partial derivative at that point, Writing Equation 1 in more general terms

?—y - Yn - yn-l (2)
9x|n-l/@ &x
In the same way ‘
-1 {2 _a_.*_r' _ T = Y T )
z w12 2*lna (A«)Z |
Similarly :
3y } Yoty =30 ¥ 3¥p1 T Tn2 “
s = 4
a3 n-1/2 ()3

Thus we have converted partial derivatives with respect to x into algebraic
differences, The only differentizl needed now is with respect to the time
variable t, 8o that we are left with a system of ordinary differential equations
involving dependent variables y,(t), yi(t), .« o o yh(t), c e o o
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SOLUTION OF THE HEAT EQUATION

Equation to be Solved

s a first example of a partial differential equation, let us consider the
equation of heat flow through a continuous medium, since it involves second order
spatial derivatives and only first order time derivatives, The basic heat equation

is given by
os%g=v-xvu+r (5)
where
‘ u = temperature and is a2 function of the spatial coordinates
and time,

K = thermal conductivity; in general a function of the
spatial coordinates,

C = specific heat, a function of spatial coordinates,
0 = density, also a function of spatial coordinates,
t = time,

f = rate of heat supplied by sources in the medium, a function
of spatial coordinates and time,

The actual heat flow or flux due to conduction normal to any unit surface

is given by - K X (component of S7u normal to the surface), Thus the heat flux
Fx across a unit surface normal to the x direction is given by

Fy ==K g-g 0 (6)
In & given heat flow problem it is necessary to stipulate spatial boundary
conditions elther on the temperature u or the heat flow -Kwu, as well as initial
temperature distribution throughout the medium,

Derivation of the Difference Equations

For simplicity in illustrating the application of difference techniques, let
us assume that spatial variations in the temperature u are confined to the x
direction, Equation 5 then becomes

eI - B fee BER] 4 pyy ™

where we have let
C(x) = e(x) 6(x) & (8)

This could represent the temperature distribution in a medium between two
infinite slabs,
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Following the technique discussed in Section I, we will consider only values
of u at certain equally spaced stations along the x coordinate axis, Thus u(x,t)
is replaced by mn3(t), up(t), « « « etcs If Ox is the distance between stations,
ve can write for the heat flux F,,_) s, at the n-1/2 station

- . EKnpas
pn_l/z_-xggln_m-- 22 (u, - w, ) . 9)
We can now write the equetion of heat-flow balance at the nth station, Thus
d’On = m - - &- 2 - +
T (upyy = wy) -(&-;‘é- (o - up) + £, (10)

where C, is the heat capacity at the nth station and fj is the rate of heat supplied
by a heat source at the nth station (fj will in general be a function of time),

Note that dun,/dt is now a total derivative and not a partial derivative, since by
definition x remains fixed while we teke dup/dt,

Equation 10 will be iterated for different values of n until the boundaries
in x are reached, at which point it is necessary to impose boundary conditions,

Imposing Boundary Conditions

Suppose that one of the boundary conditions specifies the temperature at
x =0 (i,8,, at the zero station), Then we have

u, = constant
and. hence v
= M ' [ - . 11
Pie = — 1w (t) uo] (11)

K11 we have done in imposing the boundary condition, then, is to fix u,(t) at a
constant value of ugy,

If the temperature is specified at x = L (i.e., at the Nth station, where
¥ = L/x), then for uy(t) we substitute uy = constant, the desired temperature,

Often a condition is placed on the rate of heat flowing past a boundary,
either that this flow be zero (as for an insulating boundery) or a constant,

Suppose we let

1’1/2 = constant,

Then the equation for the first station is

- am(t) F
cy 1 (2)422. [nz(t) -ul(t)] +-A3£3 +1(8) (12)

at

211



The equations for uy, P, e o o are the same as usual, If we desire
FN-'- Iy = constant as a b ary condition, then the equation for the Nth station

is similer,

The process of setting in boundary conditions is evidently quite straight-
forward, Notice, however, that when we denote temperature at integral stations,
the boundery occurs at an integral station when temperature at the boundary is
specified, whereas the boundary ocecurs at a half-integral station when the heat
flow at the boundary is specified,

Imposing Initial Conditions

In addition to specifying boundary conditions in this type of heat problenm,
it is necessary to specify the initial temperature distribution in our medium,

Thus we have
u(0) =Ty

w(0) =T, (13)

These initial conditions must then be imposed on the electronic differential analy-
zer,

Complete Differential Difference Equations for a Given Set of Boundary Conditions

For purposes of illustration, let us assume thet the boundary conditions of
our conducting slab are that at x = 0 the temperature remains fixed at u,, and at
x = L & Ax(W1/2) the heat flow is zero, The space between x = O and x = L 1is
therefore borken into N cells, and from Equations 10, 11, and 12 we can write
the complete set of differential equations,

The initial conditions specify the temperature for each station at t = O,
A schematic diagram showing all the locations relative to the conducting slab is
shown in Figure 1 for N = 10,

In Figure 2 the computer arrangement for solving the difference equation is
shown, Note that the outputs of each successive row of amplifiers are reversed,
This allows the necessary differences to be taken without signereversing amplifiers,
Note also that the heat flow or flux F is available at any half-station as a
dependent variable, Thus the temperature u and heat flux F across the slab can
be observed directly as a function of time,
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It is possible to reduce the nmumber of amplifiers from three to one per
station, In many ways, however, the circuit of Figure 2 is simpler despite the
inereased nunber of amplifiers, To change the conductivity K or heat capacity
C at any station, only the appropriate resistor has to be varied, Initial
temperature distribution across the slab is changed by setting the Uy, U, eee
voltages to the desired velues., The heat sources through the slab are represenged
by the voltages f3, f5, o« « o Iy which may be varied as a function of time in
any desired manner,

Solution by Separation of Variables

In order to evaluate the accuracy of the difference technique, it is worth
while to solve the partial differential equations of heat flow by separating
variables, For simplicity we wlll solve the problem of the temperature distribue-
tion between two infinite slabs held at a temperature of zero, Assume that the
mediun has constant conductivity K and constant specific heat capacity c, Also
assume no heet sources within the medium, Then from Equation 7

2
o u )
£% - 32 (14)
The boundary coﬁditions are
u(0,t) = u(L,t) =0, (15)

Let us assume as a simple initial condition that the temperature in the medium is
everywhere cons’c.ant at t = 0, Thus

u(x,0) = U = constant, (16)

The complete solution can be written in the series form

u(x,t) = AH Z .1. smﬁ_l_. —é'znz_t (17)

(n = 1,3,5 oooooo)

This solution actually represents an infinite number of sinusoidal temperature
distributions across the medium from x = 0 to x = L, At t = O the sine waves all
add up to give the initial flat temperature distribution, For t) O the sine waves
decay exponentially at different rates, with the decay rate faster for those sine
waves having more nodes and loops, The resulting temperature distribution at
various times is plotted in Figure 3, where a dimensionless time variable T has
been used, 7’ is defined as

v prey t . (18)

Thus Figure 3 is independent of the physical constants of the problem,
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we will now proceed to calculate the decay-time constants for the normal
modes of the difference equation representation, If these agree well with the
decay-time constants in the solution above, and if the equivalent normal modes
show good agreement with sine waves, then we can expect accurate results using
the difference technique,

Solution of the Difference Equation for N Cells

When the space between x = 0 and x = L is broken up into N cells, the
general difference equation is given by Equation 10, At station 1 and station
N-1 the difference equation is obtained by setiing u, and uy equal to zero
respectively, In the problem under consideration the conductivity K and specific
heat capacity C are constant, By proper choice of our distance variable x we
can meke &x = 1, so that.L = NAx = N, By proper choice of our time variable t
we can make C/K = 1 so that for f = O Equation 10 becomes for the ith cell,

By =gy -2ty . (19)

To solve for the normal modes we assume that the ith temperature uy varies
with time as aje” M‘, where a3 is a constant, If this is true, then Equation 19
becomes a set of N-l1l simultaneous algebraic ecquations, The only nontrivial
solution of the equations is obtained when the determinant of the coefficient
vanishes, This determinant, when expanded, becomes a polynomial in X\ of order
N-l, The polynomial will have N-1 positive roots Ay, which are the decay constants
for our N cell system, To solve this determinant for a specific N 1s very tedious,
and to solve it in general would be next to impossible, The roots A, can be
found much more easily by the following procedures

Assume that the spatial mode shape for the difference equations is the same
as for the continuous equation, i,e,, sinusoidal, If this is true, then for the
temperature wy at the ith station we have

- nmy - Ant
u =a gin = o . (20)
From simple trigonometry it follows that
+ = 2a sin B cos H¥ (21
Y Y W X x ° )
From Equation 19 we have for the ith station
(2-2,) sin Bﬁe Zsinmcos¥e
from which
My = 2(1 - cos %) o (22)

21,



It is easy to show that Equation 20 satisfies the boundary conditions, Thus,
our assumed solution is the exact solution, where the decay constants )\ are
given by Equation 22, Expanding Equation 22 in a power series, we have

A = @ [1-%(%)2+...] . (23)

In the 1limit of infinitely many cells the X, equation given above reduces to the
decay constants in Equation 17, since here 1= Nix = N and é = 1,

In Figure 4 the percentage deviation in decay constant due to the difference
method as a function of the mumber of cells N is shown, Note that the lower modes
(lower values of n) require fewer cells to give accurate decay constants,

To summarize, we see that when the spatial derivatives of the heat equation
are replaced by finite difference, the resulting normal mode shapes agree exactly,
whereas the decay constants (eigenvalues) for each mode are somewhat smaller,
This means that the higher modes will decay somewhat slower when the differential
difference equation approximation is used, The error is bigger for higher modes,
but fortunately the higher modes are generally much less important,

Computer Solution for One-Dimensional Heat Flow

We now proceed to the computer solution of the one~-dimensional heat flow
problem considered in the last section, namely the temperature distribution between
two infinite slabs a distance L apart and with boundaries held at zero temperature,
We can select the distance variable so that &x = 1 and hence L = Nix = N, where
N is the mumber of cells, After proper choice of the units of time t so that
K/o5 = 1, the basic heat equation becomes from Equation 14

2
= o u 2
%E 92 (24)
which in terms of a difference equation is V

b-“nﬂ 2up +upy . (25)

For the problem in Section II the initial temperature distribution was a
constant U, Thus, we have the initial conditions

uy(0) = U = constant , (26)
Boundary conditions are
Uy =ug=0 . (27)

This heat problem was solved with the differential analyzer for 9 cells,
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In order to compere the computer results with the solution shown in Figure 3
for a continuous medium, we must convert our computer time units to the dimension-
less units of Figure 3, Remembering that we chose computer time units so that
K/od = 1, we have from Equation 18

I
Tf-l?t—#t (28)

Thus for our 9-~cell problem we divide computer time t by 81 to obtain the dimen-
sionless time T of Figure 3, In this way points from the computer solution are
compared in Figure 3 with the theoretical solution for a continuous medium, The
correlation is evidently quite good, as we could have predicted from our theoretical

work in Section II,

Since our initisl temperature distribution is symmetric about the station
4-1/2, as are our boundary conditions, the temperature distribution remains
symmetrical as a function of time, Therefore, the heat flow will be zero at
.station 4~1/Q, and the appropriate boundary condition can be established there,
If this is done, it is only necessary to solve the problem half-way across the
distance between the slabs, the solution for the other half being symmetrical,

In the seme way, if the initial temperature distribution in our homogeneous
medium had been antisymmetrical with respect to station 4-1/2, we could have
treated the problem for N cells by setting ug = uy/s = O and solving the N/2-cell
problem, Here we must obviously have an even number of cells to begin with,
vhereas in the symmetrical case we needed an odd number of cells,

It is evident that by considering symmetry effects the number of amplifiers
needed may often be cut in half, Furthermore, any arbitrary initial temperature
distribution ean always be split into & symmetrical and antisymmetrical form,

The solution for each of these initial distributions can then be found, and since
the equations are linear, the final solution is the sum of the two solutions,

Of course this procedure will only work when the conductivity K and the specific
heat capaecity ¢6 for the medium are constant or symmetrical about the center of
the medium, Also, the boundary conditions must be symmetrical,

Summary of Investigation of the Use of Difference Techniques for the Heat Equation

We have shown that it is both simple and straightforward to solve the heat
equation with the electronic differential analyzer by replacing spatial derivatives
with finite differences, Normal mode shapes show exact agreement with those
calculated by separation of variables for the simple problems considered, Decey
constants corresponding to the various modes also show good agreement but tend
to be somewhat lower than the values calculated by separation of variables,
particulerly for higher modes or if fewer cells are used, For most engineering
problems the order of eight to sixteen cells per spatial dimension should be
completely adequate (see Figure 4), -

Only one operational amplifier is needed per cell, although in some problems
it may be more convenient to use three amplifiers per cell, The problem is com-
pletely stable, and the final outputs of the computer are temperature and heat
flow as a function of spatiasl coordinates and time,

216



SOLUTION OF THE WAVE EQUATION

Equation to be Solved

One of the most important partial differential equations met in engineering
is the wave equation, If we let ﬂ represent the magnitude of a disturbance in
any medium in which wave propagation can take place, then we can write the wave

ecuation as
2
2 1
= 29
v<e ??—Qat (29)

Here v is the wave velocity in the medium and t is the time ﬁariabie. Equation
29 must of course be subject to spatial boundary conditions and initial time
conditions,

The spatial derivatives of the wave equation have exactly the same form as
the heat ecuation, but the time deriviative is second order instead of first order,
The difference techniques for converting the partial differential equation to
system of ordinary differential equations in time are also practically identical,
Space does not permit discussion of specific .examples, but it mey be remarked that
application of the method to the problem of a vibrating string has given satias-
faectory results,

The solution of the wave equation by difference methods is easily performed
by the differential analyzer when the medium of propegation is non-uniform. Also,
the effect of damping forces can readily be included, v

Thus far we have considered pertial differential equations with boundary
conditions occurring a finite distance apart, It seems evident that our difference
technicques 28 used here are limited to this type of equation, Thus, it would not
seem possible to solve problems in semi-infinite or infinite media unless one
can let the time varlable in the computer represent the spatial variable which
goes to infinity,

It should be straightforward to solve'prbblems having spatial coordinate
systems other than Cartesian, e,g., cylindrical, spherical, etc, For the appro-
priate geometries this would undoubtedly require many less celss to realize a
desirable accuracy,

VIBRATING BEAMS -

Equation to be Solved

It would seem of particulsr ehigineering interest to investigate the usefulness
of the difference technique in solving the problem of flexural vibration of beams,
Consider the vibrating beam shown in Figure 5, If we limit ourselves to the trans-
verse deflection shown and assume that the flexural planes remain perallel, then

for small deflections the equation of motion is given by
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p()?__(i‘_’_ +[%m()mﬁl] (30)

where :
horizontal distance from the left end of the beam
time
transverse deflection of the beam at any instant
mass per unit of beam, at x
flexural rigidity at x

ok M

i Il ll nn

Y(Xz
EI(x
The bending moment M(x,t) is given by

M(x,t) = EI(x) 9-2-83’-’(?’5_‘?2 (31)

\JVV

and the shear is given by
V(x,t) = 3 2 uxt). (32)

uquation 30 is of course subject to both boundary and initipl conditionms,
One type of beam of considerable engineering interest is the cantilever beam (one
end built-in, the other free), We will also consider the hinged-hinged beam
because it is the easiest to analyze theoreticslly and will give us a good idea
of how the other beams will behave when difference techniques are used,

Derivation of the Difference Equation for the Vibrating Beam

Once again the partial differential Equation 30 for the vibrating beam 1s
converted into a set of ordinary differential equations by using the difference
technicue, Thus, distance along the beam is broken into N segments of width &x;
the displacement yn at the nth station will then be a funection of time only, We
have from Equation 30 as the equation of motion of the nth cell

2
a%y.,
(&)< Py E'Pg My - 24 Mn.1 | (33)
where
EI o
e )2 (Y141 = 271 *+ ¥11). | (34)
We also note that
M- Mn.1 -
n_l/z (35)
and Yn = In-l
8y _ o= na |
x ,n_l/z - O (36)
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Before writing down the complete set of difference equations for N cells,
it is necessary to consider the boundary conditions, Assume we have an N cell
beam and wish to impose the boundary conditions associated with a particular end
fastening, e.g.,, a2 free end at the right hand extremity of the beam, This means
that both the shear V and bending moment M must vanish at the beam end, Let us
assume, then, that the end occurs at M¥+1/2 and that Viw %( O. From Eguation 35
this implies that My = M) = O. But from Ecuation 33 %s means that

2 -
(&) pN_? +My, =0

&y

N-1l _
—ZMN_l'!'an-O

B A’

(&x)? Py-1

The remainder of the equations are similar to Equation 33 until the left-hand
boundary is reached, at which point the difference equations again depend on the
type of end fastening.

Following the same line of reasoning as above, one obtzins the following set
of conditions for the difference ecuations for various end fastenings of an N
cell beam:

End Where End Occurs Condition
Free W1/2 My =My, =0
Hinged N My= yy=0
Built-in M1/2 Yy = T = O

The actual way in which these conditions modify the difference eruations is
best seen by considering a specific type beam, as in the next section,

Computer Circuit for Solving the Cantilever Beam by Difference Techniques

Since it involves both a free end and a built-in end, the cantilever beam
shown in Figure 5 seems the best choice for a specific examnle. The left-hand
end of this beam occurs at station 1/2, while the right-hand end occurs at
station NHﬂ/Q. From Equations 33, 34, and 36 along with boundary conditions the
gomputer circuit shown in Figure é is obtained, Initlal conditions on y, and
¥n must of course be specified in an actual problem, Notice thet even though the
left-hand end of the beam occurs at station 1/2, the displacement yy at station 1
is held fixed at zero,

Theoretical Soltuion of the Difference Equations for Vibrating Beams

In order to check the accuracy of the difference method for beams, we will
now solve for the normal modes of vibration of & cantilever beam by seperation
of variables, When the space and time varisbles are separated in the equation for
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a cantilever besm and the normal-mode frequencies are determined, the following
values are obtained for the dimensionless freauency parasmeter

Bn = Wn pL4/EI .

1 2 3 4 5
By 3.516 22,03 61,7 1210 199.8

If the units are selected so that &x = 1, Equation 37 represents the difference
equation. for y when the cantilever beam is broken into cells,

p i
=2t T 4¥q47 * vy = 4¥13 * Vi-2 (37)

Let us consider 8 cells and let P/EI = 1, When the boundary conditions outlined
previously are applied (left end built in, right end free) a set of seven simul-
taneous difference ecuations result,

As before, we assume ys varies with time as sin »t, The difference equations
are then reduced to 7 sinml%aneous algebraic equations, Eliminating the y's
gives us

1-336%2433]27s4 514075’-1-21,32 >~8-456‘ 1°+367x12- )\u-o (38)

The roots of the above polynomial in 7\.2 are the normal mode freouencies. The
first four values of A, obtained from Equation 38 are

Aq = 0.0554, Ay = 0.347, A5 = 0,940, A 4 = Le66e

For our 8-cell cantilever beam &x = 1 and L = N = 8, Also, EI/f = 1 and hence
the dimensionless normal-mode frequency ﬁn is obtained by multiplving A by 64,
In the following table B for the 8-cell beam:is compared with ﬁn for the con-
tinmious beam,

Cantilever Beam

Mode (continuous beam) (8 cells} % deviation
1 3.516 34545 + 0,8
2 22,03 2242 + 0,8
3 61.7 60-1 - 2.5
4 121,0 1113 - 8,0

Evidently an 8-cell uniform cantilever beam (actually requiring only 22 operational
amplifiers) gives tolerable normal-mode frequencies for the first four modes, For
many engineering problems this would be entirely adequate.

In Figure 7 two mode shapes are compared with those for the continuous beam,
Agreement seems to be entirely satisfectory,
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Computer Solution for an 8-Cell Uniform Cantilever Beam

The 8-cell cantilever beam discussed in the previous section was set up on
the electronic differential anmalyzer using integrstor time constants of 0,2 seconds,
Normal-mode frecuencies were obtained by driving the cells at anti-nodal points
with sinusoidal voltages at the normal-mode frequency. The following table come
peres the computer and theoretical normal-mode frequencies,

Normal-Mode Frequency

Mode Continuous Beam 8-Cell Theoretical 8-Cell Camputer
1 00437 cps 0,442 cps 0,436 cps

2 04275 0,276 0,274

4 1,507 1.39 1.37

The input resistors used in the cilrcuit for computing differences were calibrated
to 0,01 per cent, while the resistors representing flexural rigidity EI and mass
per unit length P were calibrsted to about 0,5 per cent, It was found that a 1
per cent change in one of the input resistors used for taking differences per-
turbed in the period of the fundasmental normal mode by the order of 1 per cent,

Computer Solution for an 8«Cell Non-Uniform Cantilever Beam

An 8-cell non-uniform cantilever beam was simulated on the differential
analyzer, This beam had the configuration shown in Figure 8 and represents an
aircraft wing with taper ratios of 2:1 in both chord and thickness, Two problems
were solved: (1) the tepered beam alone, and (2) the tapered beam with the
addition of a concentrated load at station 8, This load simulated a wing tank
of helf the weight of the wing, A gust load of one-second duration was applied
as a force proportional to the chord at each cell, Figure 9 is s sample of the
deflection at station 8, and also shows the one second gust load, No structural
demping was included in these examples, but it can be accomplished by simply
connecting the appropriate resistors across the integrating condensors,

An integrator time constant of 0.2 seconds was used,.

The normal-mode frequencies were obtained for the 8-cell beam with and without
the wing tank, :

These are tabulated along with the values for normal-mode frequencies ob-
tained by a differential analyzer solution of the eigenvalue problem for the case
without wing tank,

Normal-Mode Frequency

Mode 8-Cell Eigenvalue 8-Cell Difference 8-Cell Difference
(No Wing Tank) (No Wing Tank) (With Wing Tank)
1l «0773 cps 0767 cps 0372 cps
2 o331 cps o326 cps «256 cps
3 «820 cps o784 eps .709 cps
4 2,016 cps 2,000 cps
34279 cps
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An interesting structural condition is illustrated in Figure 10, where the moments
near the root (station 1) and near mid span (station 4) are recorded for the cases
with and without wing tank, For both recordings identical one-second gust loads
were applied, The case with wing tank has much lower moments and therefore is

not as critical structurally as the case with no wing tank,

Real-Timc Simulation of Beam Structures

Ons of the advantages of electronie differential analyzers over other types
of znalog computers is the extreme flexibility of their time scales, For example,
it is possible with the analyzer to simulate on & one-to-one time scale the
aireraft wing discussed in the previous section, If integrator time constants
of 0,02 seconds are used, the frequency of the fundamental mode for the 8-cell
tapered wing becomes 0,77 cycles per second, which would be the order of magni-
tude of the frequency for an actual structure,

There is one important effect which must be considered when so speeding up
the time secale, Limitations in band width of the dc amplifiers may cause the
beam oscillations for the higher modes to exhibit a slight exponential buildup
in magnitude, However, the introduction of a small amount of viscous damping
(considerably less than actually exists in the structure) easily stabilizes the

ecircuit,

A real-time simulation of structural characteristics could be very useful
in testing autopilot designs for some of the larger aircraft and missiles, where
structural characteristics must be considered in solving the control problem,

Effect of Small Voltage Transients

The deflection of a beam for a given force is provortional to the fourth
power of the length of the beam, Thus as more and more cells are added to the
differrntial-analyzer circult, the output voltages representing beam deflections
becomes more snd more sensitive to voltage inputs, The latter msy be purposely
introduced to simulate forces, or may be inadvertently introduced as a result of
power-supply fluctuations or transient voltages when the initial conditions are
released, The sensitivity of the network to such disturbences will increase =&s
the fourth power of the number of cells, With electronically regulated power
supplies and dc amplifiers which were manually balanced to within 0,01 volt
referred to input, no particular difficulty was experienced with the above effect
in 80lving the 8-cell beam problem,

Summary of Difference Technigue for Vibrating Beams

The vibrating-beam equation has been solved with the difference method both
theoretically and with the electronic differentiel anslyzer, Results show that
normal-node shapes and freaquencies exhibit good agreement with continuous beams
providing 3 or more cells per half-wave length of the normal mode are used,

Cantilever and hinged-hinged beams have a fixed equilibrium position relative
to their surroundings and hence are steble on the electronic differential amlyzer,
Free-free beams are not supported, however, and will tend to be unstable, since
any smaell voltage unbalance will ceuse them to rotate eand translate as well as

vibrate, '
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Damping cen easily be included in the beam equation by placing the appro-
priate resistors across integrating condensors. Any varisble force as a function
of time con be introduced at any point or points along the beam, The final camputer
response gives directly the bending moment and displacement as a function of time
end distance along the beam,

This same diffezgnce method can be used to solve beams with both torsional
and lateral bending,4 In this case the torsional equation is similar to the wave

ecuation mentioned earlier, The proper cross-coupling resistors then tie the
two systems together,

For a more complete discussion of some of the material in this paper, see
Reference 6, ‘

DESCRIPTICN OF THE DIFFERENTIAL ANALYZER

IO BE USED AT THE UNIVERSITY OF MICHIGAN FOR SOLVING
PARTIAL DIFFERENTIAL EQUATIONS

An 80-amplifier differential analyzer is being constructed to solve partial
differcntial ecquations by the difference method, Forty of the dc amplifiers can
be used as integrators or summers; the remaining 4O are summers, The inputs.-and
outputs to the amplifiers are brought out to polystyrene patch panels on the
front of the relay racks, Input and feedback impedances and the various computer-
circuit connections are patched directly into the polystyrene penels, There are
16 amplifiers per relay-rack, with five racks in all,

The dc amplifiers consist of three stages of triode amplification (2-5691 RCA
red tubes) and an optional 12SN7 cathode follower for high-power output operation,
The amplifiers are flat to about fOke with a gain of unity, Plug-in drift
stabilizing units using Leeds and Northrup Type STD, 3338-1 Converters hold the
dec unbalance referred to input to the order of 100 microvolts,

Using the above equipment it will be possible to solve heat, wave, and beam
equations in one spatial dimension with up to 20 cells,
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THE NORDSIECK COMPUTER
Arnold Nordsieck

University of Illinois
- Urbana, Illinois

I Introduction

After some experience with a mechanical differential analyser
of the Bush typel, the author became convinced that there was a
need for e smaller, cheaper instrument of this type with a faster
and more convenient setup procedure, The large instruments are so
large and expensive mainly becamnse of the torque amplifiers they
contain and are somewhat inconvenient to use because, aside from
considerations of accessibility to the individual researcher, they
have rather long and complicated setup procedures.

The need for torque amplification can be eliminated by employ- .
ing a mechanical integrator which will transmit appreciable torque
without slipping at all. ‘The author has developed such an integrator,
which will be described in section II, Speed and convenience of :
setup can best be achieved by arranging to have all interconnections
made electrically, and accordingly all the input and output variables
of all the units (integrators, multipliers, adders, etc,) in the new
instrument are converted into electrical form by synchro motors and
generators? and made available at a plug board, The general size can
also be kept small without prejudice to accuracy because the key
parts can readily be machined to an accuracy of 0,001 inch and because
the ultimate output consists of driving revolution counters or push-
ing pens across graph paper, These processes require negligible
forces and torques, so that if care is taken not to dissipate torque
needlessly in bearing friction or otherwise, very small motors can
be used throughout, The torques employed in the new machine are
in the range of one inch-ounce and the total mechanical driving
power is less than 1/100 horsepower, The six=-integrator machine is
about the size of a desk and weighs sbout 500 lbs, and requires
less than 500 watts of 110 volt 60 cycle power, The accuracy cane
not be given in any absolute way since it depends on the problem
being solved, but it is in the general range of one part in a thousand,

Further reduction in weight and size, fbr a given number of
integrators and with no loss in accuracy, may be possible,

The original machine of this type has been in use at the Univer-
sity of Illinois, Urbana, Il1linois for some time and replicas of it
have been built and operated at Purdue University, Lafayette, Indiana,
and at Radiation Laboratory, University of California, Berkeley,
California, A wide variety of problems have been solved on the
machines, ranging from stability of non-linear servos and design of
non=linear springs to charged particle orbits in linear sccelerators
and problems in quantum mechanics and nuclear physics,
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ITI Mechanical Integrating Mechanism

From the arguements given in the introduction it follows
that an integrating device to make the whole plan technically
feasible ought to have three properties: It must work with shaft
angles as variables so as to preserve the original inherent accuracy
of the Bush machine, which derives from representing a unit of
any variable by a large number of shaft revolutions; it mist transe
mit appreciable torque without slipping; and it must fit in design-
wise with synchro motors and generators without excessive dissipation
of torque in bearing friction, etc.

The device used in the Bush machinel has a wheel with a fairly
sharp edge, rigidly mounted on a shaft and driven by a smooth, hard
flat turntable, and this device will not transmit appreciable torque
without slippinge There is another commonly used integrating device,
the turntable, ball and cylinder system invented by James Thompson3
which will indeed transmit appreciable torque without slipping pro-
vided enough thrust is applied to the ball, The Thompson device
-requires several bearings in addition to the essential bearings
of the input and output shafts, especially-if much thrust is spplied
to the ball, Now the bearings in synchros are high quality anti-
friction bearings, and since the synchros were to be an integral
part of the design for other reasons, as outlined in the introduction,
it seemed desirsble entirely to avoid any additional bearings,

This was accomplished by developing a kind of cross between the
wheel=turntable device of the Bush: machine and the cylinder-ball-
turntable device of Thompsons In effect we redesign the wheel so
that it behaves like a wheel and a ball simltaneously,

The sharp edged wheel rigidly mounted on its shaft cannot
transmit appreciable torque without slipping, essentially because
as the velocity ratio is varied (it must be varied continuously
while the unit is running for integration to be performed) the

wheel must slide over the turnteble parallel to its own shaft,

The ball of the Thompson device can tramsmit sppreciable torque,
essentially because it engages in pure rolling motion even when
the velocity ratio is continuously varying, Therefore if we alter
the wheel by mounting it ball-and-socket wise on its shaft and
making its rim part of a spherical surface we have a device of the
simplicity of the wheel-turntable device and with the pure rolling
property of the Thompson device,

The Figure shows a schematic diagram of the integrating wheel
and of its relationship to the smooth hard flat turntable or disc,
which is common to all such devices, The wheel is mounted on its
shaft by a ball and socket joint which is a lubricated free sliding
fit, The ball is rigidly fixed to the shaft. A pin projecting
radially from the ball slides between a pair of pins mounted
axially in the wheel, thus keying the wheel to the shaft, Hence
the wheel is free to turn, relative to the shaft, about any axis
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normal to the shaft within limits set by a stop, On the other hand
rotation of the wheel about the shaft axis is positively cdmmunicated
to the shaft, The whole attachment of the wheel to its shaft 1is
equivalent to what is normally called a universal joint of limited

misalignment.

The rim of the wheel is part of a spherical surface with
center coinciding with the center of the ball, This surface must
be aocurata end hard,

Several springs are fastened to the wheel shaft and bear on
the wheel near its rim in such a way as to tend to straighten the
wheel up, The tension in these springs is edjusted so that in
operation they are able to rotate the wheel about an axis through
the point of contact and the center of the bsall but are not atrong
enough to slide the wheel on the turntable,

The value of the "integrand®™ in the operation of integration
i1s represented by the distance from the axis of the turntable to
the point of contact, labelled "d" in the Figure, If we imagine
that the turntable axis is fixed and that the wheel shaft is moved -

any given distance parallel to itself, then because of the spher- -
ical form of the wheel rim the point of contact will move ean -
exactly equal distancej consequently *d" will change by the sane -
distance. In practice we move the turntable and hold the wheel
shaft longitudinally fixed, but the net effect is the seme, If
enough normal thrust is applied to the point of contact through
the shaft bearings the wheel will engage in pure rolling motion
8o long as it clears the stop, In actual operation the distance
"d" varies and the wheel shaft rotates simultaneously, and the
change in "d" per quarter revolution of the wheel shaft is small
compared to the radius of the wheel, Therefore the tilt or
nutation of the wheel introduced by the variation of ®d" 1s cone
tinuously carried around and wiped out by the action of the springs,
Consequently in operation the whesl departs from its square position
by barely visible amounts and rarely comes near the stop, An
exception to this normal condition occurs when "d" is near zero
since then the rate of rotation of the wheel shaft is very small
and the tilt of the wheel may accumulate considerably before it
is carried round and nullified by the springs, The width of the wheel
rim and the clearance of the stop have been so chosen that the wheel
is rarely brought up against the stop even when traversing through
the position "d® = 0, Occassional contact with the stop and corres-
ponding momentary slippage at the point of contact are not serious
because the error thus introduced is proportional to the fraction
of the time that slipping occurs,

When this integrating wheel is to be used to drive a synchro

generator (the "integral synchro® of the integrator) the diameter
of the wheel is chosen slightly larger than the diameter of the
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body of the synchro end the wheel is mounted directly on the
synchro shaft close up to the front bearing, No additional bear-
ings over and above the synchro bearings are employed,

IITI General Description of Computer -

Generally speaking the computer consists of a collection of
independent units mounted together on a rolling teble, most of
these units being supplied in multiple, for mechanically perform=
ing the elementary operations which in combination ensble one to
solve a system of ordinary differential equations, These units
are integrators, mltipliers for multiplying any varisble by a
chosen constant, adders, plotting'tables for reading functionsal
relationships graphically into or out of the computer, a motor=
driven independent varisble unit for turning the independent
varisble shafts, hand cranks for turning any shaft by hand as in
manual curve following, and revolution counters for indicating
the numerical value of eny chosen varisble, At present we put
on one rolling table six integrators, six multipliers, four adders,
two plotting tables, one independent variable unit, two or three
hand cranks and two revolution counters. The two last mentioned
counters are in addition to the revolution counters fitted to the
integrand synchro shafts on the integrators, A six integrator
unit can be used alone for, relatively small problems or several
of them cen be combired into a computer of larger capacity. As
indicated earlier, all the input and output variables of a1l these
units are brought to a master plug board in electrical synchro
form, The operation of setting up or clearing out a problem
involves only plugging up or clearing out a set of connections
on the plug board and manually aelecting the gear ratios on the
rultipliers,. ,

The integrators have a integrator factor of 1/60, i.e,
- if the integrand is set at one shaft revolution the velocity ratio
is 1/60, The range of the integrand is from minus 60 to plus 60
turns (with some leeway), significant to 1/20 turn,

The multipliars make gear ratios of Oely, 062, ¢ ¢ ¢ 0,9
available by manual selection,

An adder consists of a dlfferential synchro driving an
ordinary synchro.

The plotting tables have lead screws of 20 threads per inch
and are designed for use with standard 1/20 inch graph paper, 7 inch
by 10 inch grid on 8% inch by 11 inch paper, Each table may be
used for either input or output as desired,

The computer is provided with several types of protective

circuits which melke it essentially fool proof in the sense that
the operator can spodl a problem solution but cannot damage the
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computer by incorrect connections or operation., Each synchro is pro-
vided with a protective ballast lamp and condenser combination which
warns the operator and reduces the energizing voltage to prevent
burnout if that machine is desynchronized. For each lead-screw
driven element a warning light is provided to indicate when it is
ncar the mechanical limits of its travel and the drive is completely
disconnected before these limits are reached. The integrating wheels
are kept disengaged except when a problem solution is actually being
Tun in order to permit synchonizing the synchros and setting initial
values of integrands without sliding of the wheels on the turntables,
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Fig. 1 - Schematic Diagram of Integrating Wheel.
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