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The Social Responsibility of Engineers and Scientists 
F. B. WOODt 

INTRODUCTION 

RECENTLY there has been some interest in the 
question of the social responsibility of engineers. 
A series of articles and letters to the editor ap· 

peared in the early part of 1958 in Computers and A uto­
mationl - 6 which dealt first with whether a journal such 
as Computers and Automation should publish articles on 
the social responsibility of computer scientists. Then 
specific topics such as the possibility of the destruction 
of civilization due to some component failure in the com­
puter linked to a missile-warning radar network were 
treated. A series of viewpoints has been presented rang­
ing from conscientious objection to working on a com­
puter system that might be used for destructive pur­
poses at one end of the scale, to a viewpoint of no con­
cern with the use of one's work at the other end. My 
interpretation of these discussions is that people are 
arguing about the implied hypothesis: there is a danger 
to the existence of our civilization because social institu­
tions have too long a time lag in making adjustments to 
utilize the latest technological advances wisely. 

This apparently sudden interest in the social responsi­
bility of computer scientists was preceded by a long and 
fluctuating development of concern for social responsi­
bility in science and engineering. Meier has reviewed the 
status of social consequences of scientific discovery and 
has made specific recommendations concerning the so­
cial responsibility of administrative scientists.7 Layton 
has studied the history of the idea of social responsibility 
in the American engineering profession.8 Rothstein has 
discussed some of the deeper philosophical aspects of 
these problems in his book.9 The Western Joint Com-

t IBM Corp., San Jose, Calif. 
1 Readers and Editor's Forum, "Curse or blessing?" Computers 

and Automation, vol. 7, pp. 9-10; January, 1958. 
2 E. C. Berkeley, "Cooperation in horror," Computers and Auto­

mation, vol. 7, p. 3; February, 1958. 
3 A. A. Burke (I), W. H. Pickering (II), and Editor (III), "De­

struction of civilized existence by automatic computing controls," 
Computers and Automation, vol. 7, pp. 13-14; March, 1958. 

L. Sutro, "Comments on 'Destruction of civilized existence by 
automatic computing controls,' " vol. 7; pp. 6, 31; May, 1958. 

4 Editor (I, III) and Readers (II), "The soci.;tl responsibility of 
computer scientists," Computers and Automation', vol. 7, pp. 6, 9; 
April, 1958. ' 

5 "Ballot on discussion of social responsibility of computer sci­
entists," Computers and Automation, vol. 7, p. 6; May,' 1958. 

Lilter results, vol. 7, p. 6; July, 1958. 
6 N. Macdonald, "An attempt to apply logic and common sense 

to the social responsibility of computer scientists," Computers and 
Automation, vol. 7, pp. 22-29; May, 1958. 

Discussion: "Locks for front doors," vol. 7, p. 24; August, 1958. 
7 R. L. Meier, "Analysis of the social consequences of scientific 

discovery," Amer. J. Phys., vol. 25, pp. 609-613; pecember, 1957. 
8 E. Layton, "The American engineering profession and the idea 

of social responsibility," Ph.D. dissertation, Univ. of Calif. at Los 
Angeles; December, 1956. 

9 J. Rothstein, "Communication, Organization and Science," 
The Falcon's Wing Press, Indian Hills, Colo.; 1958. 

puter Conference at Los Angeles, Calif., May 6, 1958, 
conducted a panel on "The Social Problems of Automa­
tion."lo 

The various viewpoints appearing in Computers and 
Automation present an uncoordinated distribution of dif­
fering ideas. The views of the 1958 WJ CC panel have a 
certain amount of coherence. I t would be desirable to 
find a straightforward way for an individual or engineer 
to determine his responsibilities in this area. The ideas 
which I am about to develop are hypotheses brought 
forward for the purpose of obtaining discussion on this 
important subject. At this stage, they represent my own 
personal views and are not to be construed as represent­
ing a policy of my employer. I would have preferred to 
have this paper follow a historical analysis of this prob­
lem of the social responsibility of engineers so that I 
could be sure that I am not repeating the same mistakes 
made in previous periods of interest in the subject. Per­
haps by; next year we will have a sounder base to oper­
ate from in discussing the subject of the social responsi­
bility of engineers. 

DISTINCTION BETWEEN THE SOCIAL RESPONSIBILITY OF 

CITIZENS IN GENERAL AND THAT OF SPECIALISTS 

In a democratic nation such as the United States, all 
citizens have a responsibility to keep aware of the major 
problems of our country. This is necessary to be pre­
pared to make wise decisions in electing public officials 
and in voting on basic policies. Specialists such as en­
gineers and scientists of course share this basic responsi­
bility with all citizens. I maintain that specialists have 
an additional responsibility beyond that of the citizen 
because of their special knowledge which is not readily 
accessible to the layman. 

WHAT SOCIAL RESPONSIBILITIES DO ENGINEERS 

AND ScIENTISTS HAVE? 

In the long run, technology is undoubtedly making 
changes in the organization of our society. We cannot 

"expect engineers and physical scientists to become 
sociologists. However, we can expect engineers to ask 
questions and urge that appropriate social scientists 
study the social problems related to their work. Each 
scientist or engineer can ask himself where his own spe­
cialty fits in the development of devices or new knowl­
edge which may affect social organization. Then he can 
speculate as to what problems might come up in the fu­
ture due to the application of his work. 

10 H. T. Larson (chairman), H. D. Lasswell, B. J. Shafer, and 
C. C. Hurd, "The social problems of automation," panel discussion, 
Proc. WJCC, pp. 7-16; May, 1958. (AlEE Publication T-107.) 
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This may be a further stage in the development of the 
last decade in which it has become popular to use human 
factors engineering studies directed by psychologists to 
determine if proposed electromechanical devices requir­
ing human reading or manipulation are consistent with 
the way human beings function. As our industrial soci­
ety becomes more complex, it may be necessary to ex­
tend this concept to "social factors" studies where the 
engineer calls in sociologists to investigate the social 
effects of applying his new knowledge or devices. 

At this stage the engineer's responsibility may be to 
see if there is someone or some group studying these 
problems, and if there is not, he can recommend to the 
appropriate agency that such a project be undertaken. 
In this way the engineer can shorten the time lag be­
tween the introduction of a new technology and the ap­
preciation of its social consequences. I have noticed that 
even specialists sometimes fail to recognize the division 
point between their domain and that of other specialists. 
The important thing here is to obtain the advice of the 
appropriate specialists, instead of just relying upon our 
own ideas and feelings. 

A CHECKING CHART TO AID THE ENGINEER IN 

DEVELOPING SOCIAL RESPONSIBILITY 

Let us construct a chart to outline the factors in­
volved in determining what an engineer's social responsi­
bility should be. Such a chart is shown in Fig. 1. Start­
ing in the lower left-hand corner, there is a box to write 
in the "Engineer's Special Work." To the right appears 
a box for the "New Knowledge and Devices" which may 
result from the work of the engineer. 

The next step is more speculative, namely the listing 
of "Potential Social Consequences" in the third box. 
The next box, "Find Expert Advice," is for statement 
of the problems that the potential social consequences 
indicate as requiring investigation by social science ad­
visors. A sample of the principal fields of science ad­
visors who might be consulted is listed with boxes for 
checking to see if they are needed on this problem. Some 
engineers' special work may lead to problems of a bio­
logical or medical nature, while the work of others may 
require the aid of psychologists or social scientists. 

After preliminary contact has been established by the 
engineer with the required science advisors, the engineer 
must determine how far he will go himself in taking 
action. In the box on the right, four different magnitudes 
of action are indicated. The engineer may find all he has 
to do is to inform the appropriate social scientists about 
the problems, and they will pick up the responsibility 
from there on. In other cases there may be no funds to 
support the social scientists, and the engineer may feel 
it is his responsibility to campaign for appropriation of 
funds to support social science projects or to convince 
industrial management to include social scientists on 
their staffs. 

I claim that the engineer, who does not have much 
spare time because of his basic engineering work and 

SCIENCE ADVISORS 

SOCIAL SCIENTISTS FIND EXPERT ADVICE @ 
o Historian 
o Lawyer 
o Philosopher 
o Political ScI. o Sociologist 

PSYCHOLOGICAL 
o Industrial 

Engineer 
o Psychologist 
o Psychiatrist 

BIOLOGICAL 
o Biologist 
D Physician 

ENGINEER'S CD 
SPECIAL WORK 

NEW KNOWLEDGE AND DEVICES ® 

TAKE CD 
APPROPRIATE 

ACTION 

o Inform 

o DIscuss 

o Propose 

o CampaIgn 

Fig. 1-A checking chart for analyzing the social 
responsibility of engineers and scientists. 

his family responsibilities, can find short cuts to under­
standing the social implications of his work through de­
vices such as the checking chart of Fig. 1. I have faith 
that the engineer can fulfill his social responsibility to 
help utilize the results of his work in keeping with man­
kind's highest aspirations. 

To fulfill his social responsibility the engineer must 
understand that it is a responsibility he shares with 
many people both inside and outside his profession. He 
may not need to devote a tremendous amount of time 
and energy to the social implications of his work. The 
key to success lies in developing a fruitful perspective 
of the relationship of his work to the society in which 
he lives. 

A SAMPLE USE OF THE CHECKING CHART 

Consider an engineer working on the problems of data 
communication in connecting remote stations to a cen­
tral computer. This is entered in the first block in Fig. 
2. A successful solution to the data communication 
problem might result in a universal credit system, where 
every store, airline, do'ctor's office, race track, stock ex­
change, etc., would have terminal sets which would 
make transactions when the customer's coded credit 
card is inserted in the set. This would eliminate the need 
for money for most transactions. This new device is en­
tered in the second block in Fig. 2. 

Then we go on to block 3, "List Potential Social Con­
sequences," such as: 

1) The elimination of money might mean there would 
be no more armed robberies, which would be a step 
forward in the development of civilization. 
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SCIENCE ADVISORS 

SOCIAL SCIENTISTS 
o Historian 
00 Lawyer 
[X] Philosopher 
IXJ Political Sci. 
IX) Sociologist 

PSYCHO LOG ICAL 
o Industrial 

EngIneer 
m Psychologist 
o Psychiatrist 

BIOLOGICAL 
o Biologist 
o Physician 

ENGINEER'S CD 
SPECIAL WORK 

Computer-Data 
Communication 

FIND EXPERT ADVICE @ 

How can we provide 
protection for individual 
freedom? 

Are there simple legal 
means of preventing a 
dictator from controlling 
society through control of 
the credit sy stem? 

TAKE ® 
APPROPRIA 1£ 

ACTION 

[X] Inform 

[Xl Discuss 

o Propose 

o Campaign 

(1) No more armed robberies. 

(2) Shorter working week in business 
and sales. 

(3) Problem o( underworld inventing 
new money system. 

(4) Possible loss of creative minority 
groups. 

Universal Credit System Which 
Replaces Money 

Fig. 2-A sample use of the checking chart. 

2) The universal credit system might permit a 
shorter working week in sales and business ad­
ministration work, permitting individuals to de­
vote more time to creative hobbies which would 
enrich our community life. 

3) New problems might arise such as gangsters in­
ven ting a new money system to finance illegal ac­
tivities. 

4) Police measures instituted to suppress the under­
world gangsters might interfere with groups work­
ing on important social problems. For example, 
some public officials might be violating some of the 
provisions of the United States Constitution by 
discriminating against some minority racial or 
religious group. People in the community involved 
might feel like contributing a few dollars each to 
hire a lawyer to look into the case. These people 
might be afraid to contribute to this important 
cause when the accounting system would keep a 
record of each transaction. How do they know 
whether some future official will be able to dis­
tinguish between supporting a legal test cas~ to 
protect the ,Constitution, and supporting some 
subversive activities? In such a situation the ex­
istence of this universal accounting system might 
inhibit people from protecting our constitutional 
government. 

The next step for the engineer is to find expert advice 
to evaluate which of the potential social consequences 
pose real problems that won't just solve themselves in 

the nat~ral course of events. It would be desirable if we 
engineers could just refer these questions to some agency 
such as the National Science Foundation (NSF) for 
consideration. At present the NSF has a limited repre­
sentation from the social sciences, so the engineer may 
have to find appropriate experts wherever he can. To 
assist the engineer in finding advice, I have listed some of 
the more obvious classifications on the checking chart 
under the principal categories of biological, psychologi­
cal, and social science. At present the potential science 
advisors can usually be found on the staffs of nearby 
colleges or research institutes. In this case I have 
checked the boxes opposite the relevant categories in 
this sample case. 

Informal discussion with these expert advisors results 
in a restatement of the problems as follows: 

1) How can we provide protection for individual free­
dom in a more complex society where new technol­
ogy such as computer-data communication systems 
permi t a centralized accounting system covering 
all financial transactions in the community? 

2) Are there simple legal means and technical char­
acteristics of a computer-data communication, sys­
tem which permit safeguards to prevent potential 
dictators from seizing control of the system as 
means of gaining control of our country? 

These questions as now restated are questions of im­
portance to all citizens. The social scientists and the en­
gineers both have additional responsibilities over and 
above their basic responsibility as citizens. However, the 
citizens at large have the basic responsibility of provid­
ing for financial support of such studies. The extent to 
which the engineer is responsible for taking action on 
these matters depends upon the state of development of 
social science research projects. 

On the checking chart I have shown four degrees of 
action the engineer might take: 

1) Inform: If through governent agencies or private 
foundations there exist social science research proj­
ects adequate to study the problems, the engineer 
may discharge his social responsibility by simply 
informing these social scientists about the poten­
tial technological changes that may result from 
his work. In some cases an engineering research 
organization, in order to protect its proprietary 
interests, may prefer to hire social science con­
sultants instead of releasing technological data to 
outside institutions. 

2) Discuss: If the social science consultants are avail­
able and are financed, but do not have sufficient 
understanding of the technology involved, the en­
gineer may have to organize discussions with the 
social scientist in order to pass enough of his spe­
cial knowledge on to the people otherwise qualified 
to investigate these problems. 
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3) Propose: If there are insufficient social scientists 
available and the funds available are inadequate 
to support such research, the engineer may find it 
necessary to propose new appropriations and 
scholarships through his company, the existing re­
search foundations, or through government agen­
cies. 

4) Campaign: If the agencies having the power to 
allocate funds for the study of these social prob­
lems fail to act, and the engineer is convinced that 
the problems will soon be urgent, he may have to 
plan stronger action such as campaigning to get 
political groups to pick up the problems. He may 
have to carry his campaign directly to the people, 
if the political leaders are insensitive to his pro­
posals. 

MAINTAINING A PERSPECTIVE 

In his specialized engineering work the engineer has 
acquired through education and experience the por­
tions of basic science that are most useful in his particu­
lar engineering assignment. The human needs on his job 
assignment usually have been evaluated by other people 
so that the human needs have already been translated 
into engineering objectives. To fulfill his role as "inter­
preter of science in terms of human needs," he needs 
some more direct contact with both science and with 
human needs. He can read such magazines as the Sci­
entific American, which has popular articles on all levels 
of phenomena, as a way of keeping abreast of develop­
ments in science. To obtain a more direct contact with 
human needs, he can participate in a local church social 
problems study group. In order to develop a better un­
derstanding of the business world in which the results 
of his engineering work are used, he can read a magazine 
such as Fortune. He can develop a better perception of 
the social effects of science on a world scale by following 
the activities of the United Nations Educational, Sci­
entific, and Cultural Organization (UNESCO) by read­
ing one of their bulletins such as the quarterly Impact of 
Science Upon Society. The technical societies such as the 
AlEE and the IRE might eventually develop a monthly 
one-page abstract of significant articles relating to the 
social consequences of new technology. 

CONCLUSIONS 

Recent articles and panels on the social problems of 
computers and automation are a healthy sign that some 
engineers are developing a perspective of how their spe­
cial field relates to the activities of mankind in general. 
Engineers need some kind of a framework to present an 
abstract but meaningful view of human activity to 
which they can correlate their own work. 

A checking chart has been developed to assist the en­
gineer in tracing the potential social consequences of his 
own work. A table of major sections of the biological, 
psychological, and social sciences is included to assist 
the engineer in selecting expert advisors. . 

In a democracy all citizens have a responsibility to 
keep aware of the major problems of our country. I 
believ~ that specialists such as engineers and scientists 
have an additional social responsibility because their 
knowledge is not readily accessible to the layman. 

I believe that the engineer can carry out his social re­
sponsibility primarily by being concerned with the ques­
tion: Are qualified experts investigating the potential 
social problems that might result from the engineer's 
work? The engineer can use the checking chart de­
veloped in this paper to assist in arriving at an answer 
to the question and in determining to what level of ac­
tion his responsibility should extend. He shares with 
other specialists the responsibility for seeing that these 
problems are being studied and that provisions to inform 
the voters are made in our society. 

I do not suggest that the engineer should be responsi­
ble for solving the social problems related to his work. 
The engineer's responsibility is more of a coordinator to 
alert the people of our country to the status of our cov­
erage of the problems. If the engineer finds that a social 
problem relating to his engineering work is not being 
adequately investigated, he has a responsibility to refer 
questions to management, social scientists, government 
agencies, and to the citizens at large to stimulate the 
investigation of such problems. 
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Emergency Simulation of the Duties of the 
President of the United States 

LOUIS L. SUTROt 

I. INTRODUCTION 

ATECHNICAL problem is arising in our demo­
cratic government which engineers and mathe­
maticians are equipped to assist in solving. The 

problem is how to approach making the kind of decision 
the President is called upon to make if missiles are de­
tected on their way toward the United States. The 
number of facts on which a decision should be based 
appears to be increasing. The length of time in which 
to make the decision appears to be getting shorter. 

Dr. Isador Rabi described the problem in a speech 
given in December, 1957.1 

Hydrogen bombs are going to be deployed at bases around the 
world under the control of many groups of persons. If an oncoming 
ICBM were detected 5000 miles away there might be time to inter­
cept it with weapons not yet developed. But there will not be time to 
wake up the President to ask what to do, to call a meeting of the 
cabinet. 

Facing a question that has not been mentioned before 
in the literature of computer engineering, we should give 
great consideration to method. I propose that as we ap­
proach each part of the problem we first describe it in 
the language most appropriate for the topic. Then let us 
attempt to translate this statement into computer and 
control terminology. Third, let us inquire to what extent 
an improved system can be built out of a combination 
of human beings and electronic equipment or electronic 
equipment alone. 

The work of three men is the precedent for the at­
tempt, in ,this paper, to describe human beings, human 
relations, and man-machine relations in terms of com­
puter and control engineering. One is Dr. Warren 
McCulloch, a psychiatrist now at M.I.T., who is de­
scribing the human nervous system in this manner. One 
of his early papers was, "The Brain as a Computing 
Machine."2 One of his more recent is on the design of 
reliable circuits out of unreliable components,3 giving 
one answer to the question of why the brain is as re­
liable as it is. The second man to supply precedent is 
Dr. Karl Deutsch, a political scientist now at Yale. He 
came to wide attention with the publication of a book 
explaining nationalism in terms of communication engi-

t Instrumentation Lab., Dept. of Aeronautics and Astronautics, 
Mass. Inst. Tech., Cambridge, Mass. 

1 R. K. Plumb, "New weapons peril U. S. life, Rabi says," New 
York Times, vol. 107, pp. 1, 10; January 1, 1958. 

2 W. S. McCulloch, "The brain as a computing machine," Trans. 
AlEE, vol. 6, pp. 492-497; June, 1949. 

3 W. S. McCulloch, "Stable, reliable and flexible nets of unreliable 
formal neurons," Res. Lab. of Electronics, M.LT., Cambridge, Mass., 
Quart. Prog. Rep., pp. 118-129; October, 1958. 

neering.4 The third is Jay W. Forrester who is now simu­
lating business and economic systems by computer pro­
grams. He described his approach in, "Industrial Dy­
namics-A Major Breakthrough for Decision Makers."5 
Prior to undertaking this he directed the develop men t 
of the SAGE computer. I quote these three men exten­
sively. 

This paper was written during evenings, weekends, 
and holidays. The opinions expressed are mine or those 
whom I quote, and not necessarily those of my em­
ployer. 

II. THE PROBLEM 

We appear to be approaching an era of violence. The 
two major powers are manufacturing weapons to kill 
millions of people. They can be fired by the push of a 
button or by the signal from a computer. Many may 
soon be hidden so that they cannot be destroyed by 
bombing. As these weapons are built, installed, and con­
nected to remote controls, the probability that one will 
be fired will rise rapidly, and the probability of a salvo 
to wipe out a nation will also rise, although more slowly. 

The problem that engineers need to consider requires 
them to design controls that operate within limits. They 
must so arm the United States that another country 
considering an attack will know that it will receive a 
violent attack in return. Such armament is called de­
terrent power. On the other hand, they need to be con­
cerned that building up deterrent power by the United 
States will lead to building up deterrent power by an­
other country. This interaction is regenerative and leads 
to a rising probability of destruction of both sides. 

The need for deterrent power was presented by Albert 
Wohlstetter in an article entitled, "The Delicate Bal­
ance of Terror."6 Wohlstetter is an economist for the 
Rand Corporation, a private nonprofit research corpora­
tion working on aspects of national defense and survival. 
He states that: 

We must expect a vast increase in the weight of attack which 
the Soviets can deliver with little warning, and the growth of a signi­
ficant Russian capability for an I essentially warningless attack .... 
What can be said, then, as to whether general war is unlikely:> 
Would not a general nuclear war mean "extinction" for the aggressor 

4 K. W. Deutsch, "Nationalism and Social Communication" John 
Wiley and Sons, New York, N. Y.; 1953. ' 

5 J. W. Forrester, "Industrial dynamics-a major break-through 
for decision makers," Harvard Business Rev., vol. 36; July-August 
1958. ' 

6 A. Wohlstetter, "The delicate balance of terror," Foreign Af­
fairs, vol. 37, pp. 217, 222; January, 1959. 
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Data Input Data Processors Output 

Radars ---~BMEWS and SAGE Computers--~Dept. of Defense 

"'" '\a .. dA' The President--~DeclslOn an ctlon 

//' 
Reports from Overseas---------------~)Dept. of State 

Fig. I-Examples of channels in the man-machine system for making emergency decisions. 

as well as the defender? "Extinction" is a state that badly needs 
analysis. Russian casualties in World War II were more than 
20,000,000. Yet Russia recovered extremely well from this catas­
trophe. There are several quite plausible circumstances in the future 
when the Russians might be quite confident of being able to limit 
damage to considerably less than this number-if they ma~e sensible 
strategic choices and we do not. On the other hand, the risks of. not 
striking might at some juncture appear very great to the SovIets, 
involving, for example, disastrous defeat in peripheral war, loss of 
key satellites with danger of war spreading-possibly to Russia itself 
-or fear of attack by ourselves.6 

Wohlstetter concludes that our ability to strike back 
in spite of attack should make a foreign country's ag­
gression less likely. This is deterrence. It consists of two 
parts: first, the weapons, and second, the ability to reach 
a decision to use them. 

In arming against Russia, the United States is making 
a move which may be followed by more arming on the 
part of the Russians. This is positive feedback. It should 
be replaced by negative feedback of the kind to be de­
scribed in the next section. 

Let us return now to the problem, namely, how to ap­
proach making' the kind of decision the President is 
called upon to make if missiles are detected on their way 
toward the United States. Dr. Karl Deutsch who has 
studied this problem suggests breaking it down into the 
following parts: 7 

1) Broaden the base of facts which lead to a decision. 
2) Improve the reliability of the logic and computation used in 

processing these facts. 
3) Shorten the time for making the decision. 

We can plot on this diagram the three improvements 
recommended by Dr. Deutsch. To broaden the facts on 
which a decision is based, there needs to be a greater 
input of data. In addition, there need to be better ways 
of tapping the facts stored in the executive departments. 
To improve the reliability of logic and computation re­
quires improved data processors. To shorten the time 
requires an increase in speed of the entire decision­
making system. 

Pursuit of these three improvements can take us a 
long way toward a solution of our problem. To go further 
requires that we look closely first at the human being 
who holds the office of President, then at the biological 
computer which learns, remembers, and makes deci­
sions. Delving into these biological mechanisms will al­
Jow us to examine possible simulators of memory, ability 
to learn, and abi1ity to make decisions. 

III. HISTORY OF OUR DECISION-MAKING SYSTEM 

We have now described the problem this paper con­
siders, in language appropriate to the problem. We be­
gan to convert this description to computer language 
when we made the simplified diagram of the system 
(Fig. 1) and observed that this is a man-machine system. 
To progress further in making a description in computer 
and control terminology, we need to go back to the 
origins of this man-machine system. 

Perhaps by accident, the history of man-machine sys­
tems has never been told as a whole. To read present 

Let us apply Dr. Deutsch's analysis to a rough dia- texts on the subject one might be led to believe that 
gram of the man-machine system now used for making man-machine systems are not much more than a hun­
emergency decisions. (See Fig. 1.) The upper input iJ- dred years old. Yet books are a kind of machine. Their 
lustrates electronic channels; the lower, written reports. parts move with respect to one another. Moreover, as 
The many other inputs have been purposely omitted. ~ a human being reads words in a book, he is letting these 
Data flow from these inputs through a stage of data words program the biological computer in his head. 
processing before they enter the State and Defense De- Thus, a society that lives by rules written in books 
partments. In the executive departments, the new data is a man-machine system. It has been evolving for 5000 
are correlated with data stored in the files and memories years, from the days when men first wrote on stones 
of the personnel. They report to the President and they and clay blocks to the present when recorded knowledge 
may recommend action. The President usually chooses fills vast libraries. The evolutionary process has been 
between alternatives presented to him. If there is time carried forward by inventive people who created new 
he will consult with the National Security Council be- systems when the need arose for them. 

fore deciding. Benjamin Franklin might be called the first engineer 

7 K. W. Deutsch, private communication; February 21, 1959. 

to apply himself to the design of the American system. 
We know Franklin for his inventive work in the realms 
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of electricity and heat. He discovered the identity of 
lightning and electricity and advanced the theory, still 
valid, that electricity is of two kinds, "positive" and 
"negative." He invented the lightning rod, a heating 
system for American homes, and the lending library. In 
1754, he started work on the American system of govern­
ment. 8 The colonies were then threatened by the French 
and the Indians. The British government called a con­
gress at Albany in the hope of getting the colonies to 
cooperate in raising troops and funds. Franklin, repre­
senting Pennsylvania, drafted the plan which the ~on­
gress adopted, although the colonies did not. 

Franklin's plan, redrafted twenty years later, became 
the Articles of Confederation, which were the system 
specifications for the first American government. When 
a more elaborate system was required, Franklin par­
ticipated in the writing of the present Constitution. 

J ames Madison was the leading designer this time. 
Unlike Franklin, he had specialized in the design and 
operation of governmental systems. He had helped to 
set up the state government of Virginia. He had served 
in Congress and observed the weaknesses of the Articles 
of Confederation. When the prospect arose of writing a 
Constitution he wrote out a proposal for it. 

Adopted in 1789, the Constitution has grown since 
then by amendments and interpretation by courts. Con­
gress has passed laws and administrators have made 
rules to carry out the laws. These rules are the programs 
which public officials pledge that their internal com­
puters will obey. 

The system devised by Franklin, Madison, and the 
other founding fathers is diagrammed in Figs. 2-4. Lines 
represent information flow. Fig. 2 suggests that each 
Congressman is ideally part of several feedback loops. 
The people in a congressional district elect him, then 
demand action of him. His, action may be to participate 
in writing a new law or in opposing a proposed law. One 
feedback loop consists of reports by newspapers, radio, 
and TV. In another loop, the law is carried out by some­
one appointed by the Presiden t. Either the reports 
shown in the first loop or the impact of the law itself 
on wages, prices, and other interests of people shown in 
the second loop, may cause them to change their de­
mand on their Congressman. If he acts to their satisfac­
tion, they usually re-elect him. 

The election of the President occurs in another loop 
which takes four years to traverse. Formation of the 
Consti tu tion occurs in still another loop with the longest 
time period of all. Fig. 3 shows the same loops as Fig. 2, 
but now all of Congress and the whole electorate are 
represented. The whole body of law enacted by Congress 
is shown as a block at the center. To it is attached a 
small block below it, representing the newly enacted 
law. 

8 H. C. Hockett, "Political and Social Growth of the United 
States, 1492-1852," The Macmillan Co., New York, N. Y., pp. 188, 
189, 247, 286; 1935. 

A Congressman is also part of feedback loops that 
include very much larger groups of people than a con­
gressional district. Such groups might be the automobile 
industry, the United States, or mankind. To show these 
feedback loops would require a very much more intricate 
drawing than Fig. 3. The number of these additional 
feedback loops and the quantity of people that they in­
volve are a measure of the breadth of interests and the 
statesmanship of a Congressman. 

Fig. 4 shows the response that the system was de­
signed to make to an offensive incident or series of inci­
dents by another nation. The incidents bore on the 
electorate or on special interest groups among the 
electorate who demanded action from Congress and the 
President. When a "threshold of tolerance" was crossed, 
Congress declared war and the President carried out the 
war through his secretaries of War and Navy. In prac­
tice, the incidents may have affected the owners and 
editors of mass media of communication so that they 
demanded action from Congress and the President. Or 
the incidents might come more fully to the attention 
of the executive than the public and thus the threshold 
of tolerance of the President would be crossed before 
that of the public and he would press Congress to a 
greater degree. This happened from 1939 to 1941. 

Germany under Hitler, Russia then and today, lack 
the free flow of information and feedback controls of the 
kind described above. They are less stable in their rela­
tions with other nations. For example, a treaty, being a 
law, is part of the feedback control system of the United 
States. A treaty made by a dictatorship is observed or 
not as the dictator sees fit. 

A system like that devised for the United States could 
be devised for the entire world and provide stability in 
that area also. The man part of the system needs to be 
educated for its task. The machine part needs to be 
capable of greater speed and reliability than the original 
system designed for the United States. 

IV. CHANGES TO THE DECISION-MAKING SYSTEM, 

1950 TO 1959 

We have described in computer and control terminol­
ogy the system that operated to repel an attack up to 
1950. Let us now look at the changes that have been 
made in the present decade. Steps have been taken in 
each of the three directions that we considered desirable 
in Section I I . 

Fig. 1 showed the pattern of respons~ that has been 
taking shape since 1950. Congress is no longer part of 
the loop of response. In January, 1955, Congress 

handed to the President the power to defend Quemoy and Matsu if he 
likes, and tol use atomic weapons there at his discretion .... The 
pattern is now clear; in the Middle East, as in the Far East, Congress 
has left it to the President to fight or retreat as he sees fit. 9 

9 J. Reston, "War-making power; Quemoy crisis shows how con­
troLpassed from Congress to President," New York Times, vol. 107, 
p. 4; September 4, 1958. 
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This act of Congress formalized the practice begun by 
President Truman at the outbreak of the Korean Con­
flict in 1950. This practice has served to shorten the 
time for making the decision, but I question if it has in­
creased the reliability of the decision. The older system 
requiring debate in Congress and across the nation 
brought more minds to bear on the problem. 

Fig. 4-Response of the United States to an attack, 1789-1950. 

The flow of facts into the decision-making system has 
been increased and speeded by two unique electronic sys­
tems, SAGE (Semi-Automatic Ground Environment) 
and BMEWS (Ballistic Missile Early Warning Sys­
tem). 

Fig. 5 shows the contents of the upper half of the 
diagram of Fig. 1 arranged in pictorial fashion. For 
simplicity, it shows only the part of the system where 
data are detected and moved at electronic speeds. The 
flow of reports from overseas to the State Department 
is assumed to be present but not shown. SAGE com­
puters with radars above them are shown in the inner 
ring. BMEWS computers with radars above them are 

Fig. 5-Hypothetical response of the United States to an attack in 
the present and near future. (The flow of reports from overseas to 
the State Department is assumed but not shown.) 
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shown in the outer ring. Their signals are shown entering 
a hypothetical central computer which organizes them 
for presentation to personnel in the Defense Depart­
ment. These people merge the new data with pertinent 
data from their own memories or their files. Then they 
make selections from these merged data to compose re­
ports and make recommendations to the President. 

The SAGE and BMEWS systems are part of the im­
provement to the decision-making process that we seek. 
They broaden the base of facts on which a decision 
would be made. Let us examine those systems in more 
detail. 

Sage is a gigantic man-machine system whose radars 
watch the sky over the United States and feed informa­
tion into the largest computers so far mass-produced. IO- 15 

At each of about 30 "direction centers" in the United 
States, a 75,000-instruction program runs continuously 
to process the data and display them on large scopes. 
Fig. 6 shows a typical computer center. Fig. 7 shows 
this center being fed by information from radars at the 
left and giving out information to planes and missiles at 
the right. A tie is shown at the top to higher head­
quarters and at the bottom to an adjacent direction 
center. 

Fig. 8 shows the point at which the SAGE computer 
gives up its data to a man who then makes a decision. 
Here an Air Force officer, looking at a displayed map 
on which approaching enemy planes are shown, orders 
planes or missiles to intercept them. The SAGE com­
pu ter carries ou t his order by directing the plane or mis­
sile to the target. 

In 1960 a system is scheduled to go into operation 
which will inspect in a similar fashion the air space be­
tween the United States and other countries. This is 
the Ballistic Missile Early Warning System (BMEWS) 
whose radars have a range of 3000 miles. 16 The radar re­
turns will be interpreted by a computer to discover 
whether each object seen moving at high speed is a 
meteor, a satellite, or an ICBM. As in the SAGE system, 
the conclusions reached could be used to generate a dis­
play, send a message, or fire an interceptor missile. 
But it can also do more than SAGE. By tracing the 
trajectory of a missile, BMEWS can determine where it 

10 R. R. Everett, C. A. Zraket, and H. D. Bennington, "SAGE, a 
data processing system for air defense," PrOG. EJCC, pp. 148-155; 
December, 1957. 

11 W. A. Ogletree, H. W. Taylor, E. W. Veitch, and J. Wylon, 
"ANjFST-2 processing for SAGE," ProG. EJCC, pp. 156-160; De­
cember, 1957. 

12 R. R. Vance, L. G. Dooley, and C. W. Diss, "Operation of the 
SAGE duplex computers," FroG. EJCC, pp. 160-163; December, 1957. 

13 M. M. Astrahan, B. Housman, J. F. Jacobs, R. P. Mayer, and 
W. H. Thomas, "The logical design of the digital computer for the 
SAGE system," IBM J. Res. Dev., vol. 1; January, 1957. 

14 H. D. Bennington, "Production of large computer programs," 
ProG. Symp. on Adv. Prog. Methods for Digital Computers, ONR 
Symp. Rep. ACR-15; June 2, 1956. 

15- D. R. Israel, "Simulation in large digital control systems," 
presented at the Natl. Simulation ConL, Houston, Texas; April, 
1956. 

16 "The ICBM's: danger-and deterrents," Newsweek, vol. 52, pp. 
56-57; December 22, 1958. 

Fig. 6-A SAGE direction center building. (Photograph by 
Lincoln Laboratory, M.LT.) 

Fig. 7-Inputs to SAGE direction center are from radars at left, 
weather stations and commercial planes below. Outputs are to 
planes, missiles, adjacent direction centers, and higher head­
quarters. (Drawing by Lincoln Laboratory, M.LT.) 

Fig. 8-Air Force officer ordering interception of enemy plane or 
missile. (Photograph by Lincoln Laboratory, M.LT.) 

came from; then, assuming the missile takes no evasive 
action at a later stage, BMEWS can predict where the 
missile is likely to go. The prediction may make it 
possible to destroy the missile in the air. The estimate of 
where the missile came from can be the basis for a deci­
sion to retaliate. 
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Congress' response to the threat of nuclear attack has 
been to increase the effectiveness of the President and 
at the same time weaken the feedback loops of which 
the President is a part. This has reduced the sensitivity 
of the control system to public demands and restraints. 
I t appears that attention should be given to providing 
new control loops to replace those that have been 
weakened or removed. But first let us give our full atten­
tion to the problems of the President. 

V. PROBLEMS OF THE PRESIDENT IN AN EMERGENCY 

The following are two situations that he might have 
to face. 

Fig. 9 shows country A (aggressor) launching an at­
tack on country N (non aggressor) intended to both 
destroy it and prevent it from retaliating. Let us assume 
that the deterrent power of country N is its ability to 
launch missiles. It appears that in the immediate future, 
the majority of launching sites are likely to be known, 
with the result that a retaliatory attack by missiles can 
be made only if it is started before the original attack 
arrives. There are several "ifs" here and if they are all 
to be satisfied, speed of decision is very important. How­
ever, when the retaliatory power is hidden, as we are led 
to believe it will be in a few years, great speed will not 
necessarily be needed. A reliable decision requiring days 
if necessary appears far more important, lest an error 
be made. 

However, a circumstance that would demand speed of 
decision arises when the President's life is threatened by 
an approaching missile. He has two alternatives: to or­
der a retaliatory attack on a suspected country, or to 
wait, knowing that if he is destroyed someone else may 
order the retaliatory attack. Needed is fast processing of 
data that give him a reliable basis for decision in the 
time he has available. 

As we approach closer to an examination of the duties 
of the President, let us consider what Dr. Deutsch be­
lieves a data-processing system can and cannot do 
today:7 

1) Compute trade-offs (if I do this, then what?). 
a) What might be the effect of each of our actions on the 

civilians in this country? 
b) What will be the effect of each of our actions on the capabil­

ities of the attacking countries? 
c) What will be the effect on third countries? 

2) Prepare estimates of the over-all effect of an action. 
3) Make recommendations to the President. 

No computer today has the learning capacity of an individual, 
much less that of a community. Computers should facilitate human 
and community learning by evaluating and cross-checking relevant 
data. Progress consists of putting more and more of the information­
handling burden on the mechanical and electronic equipment and 
leaving an ever·smaller amount of ever-higher decisions to the human 
agent.7 

But suppose the human agent does not respond be­
cause he is asleep, as Dr. Rabi suggested, or for some 
other reason. It is the obligation of computer engineers 
and programmers to inquire what they can do to sup­
plement the President. The American people may not 

/ / 

Fig. 9-Country A launching an attack on countrv N. 

accept what they propose. But proposals should be 
made periodically and in greater detail as more tech­
niques become available. 

To that end a description will be made first of the 
emergency duties of the President, then of the qualities 
that led to his selection by the American people. These 
two descriptions can be regarded as part of the specifica­
tions of a simulator. With these specifications before us 
we will then inquire how far engineers have progressed 
toward the emergency simulation of the duties of the 
President. 

VI. THE DUTIES AND THE QUALITIES OF A PRESIDENT 

The President's task in the problem we are consider­
ing is to order or not to order the military to act. He is 
there to make sure that the military are effectors, not 
decision points. For example, in an international crisis, 
military men get poised, ready to use their weapons. 
The President, on the other hand, will act the way his 
personality dictates. 

All that we ask of a President is that he be his best 
self. We mean by this that we ask him to apply to a 
major decision the traits that he demonstrated before 
taking office. Yet all of us have our ups and downs. 
There is always the possibility that a quick decision 
will be required when the President is not at his best. A 
system to back up the President, therefore, is being con­
sidered. 

If such a system were to win the acceptance of the 
American people it would need some of the qualities of a 
President. What are some of these? 

To avoid the mental images of actual Presidents, let 
us refer to the President for the moment as a system-a 
very elaborate biological system. This system is put into 
its key position by a process whose first milestone is 
nomination at a national convention. It is then tested 
for three to four months in a kind of trial presidency dur­
ing which it is presented with the problems of the Presi­
dent and called upon to declare what decisions it would 
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make if it were the President. During this same time, the 
system is watched by reporters and TV: How does it 
treat its wife, its children, its friends? What are its be­
liefs? Does it get angry easily? During this testing pe­
riod, an image is built up in the minds of the voters. 
The image is one of a predictable system, to the extent 
that the voter has made observations. On election day, 
at the end of this test period, voters choose between two 
or more systems. 

Looking more closely at a system, we observe that 
what interests the voters most-or what we think should 
interest them most-is its information-processing sub­
system. This is a network of switching and storage ele­
ments. Of the 30 million million cells that comprise a 
human system about one tenth make up its information­
processing or nervous subsystem. 

Dr. McCulloch calls this subsystem a "biological 
computer."17 Feeding information into it are the senses 
of sight, hearing, touch, taste, smell, and acceleration. 
I t contains three kinds of memory, a means of learning, 
and a means of making decisions. It appears that a sys­
tem to simulate (see the Appendix) the duties of the 
President will require the following properties of biologi­
cal computers: 

1) Memory 
2) Ability to learn 
3) Ability to make decisions. 

In the following three sections we briefly describe 
and evaluate the steps that the computer engineering 
profession has taken toward simulation of the duties of 
the President. These efforts are for other purposes, but 
they serve this purpose. 

VII. SIMULATION OF HUMAN MEMORY 

By computer merp.ory we mean both the static storage 
and the continuously running program that up-dates 
this storage and presents alternatives for decision. Let 
us look at the memories in both SAGE and in Industrial 
Dynamics Research programs at M.I.T. 

From the data received by its radars, a SAGE com­
puter can predict the course of each aircraft in the air­
space which it is monitoring. It can predict the points 
at which interception can be made by aircraft taking 
off from different airfields. An Air Force officer, watch­
ing the two predictions plotted on a scope, can select an 
aircraft· to make an interception. This action is illus­
trated in Fig. 8. 

Just as the SAGE computer contains a model of mov­
ing air~raft, so an Industrial Dynamics program con­
tains the model of a company. In a diagram of a typical 

17 W. S. McCulloch, "Reliability of Biological Computers," lecture, 
University of Pittsburgh, Pittsburgh, Pa.; May 10, 1957. (Unpub­
lished.) 

model,18 a solid line represents the flow of goods from 
the factory to the warehouse, to the retailer, and finally 
to the customer. Dashed lines represent the flow of in­
formation from the customer to the retailer and all the 
way back to the factory. Numbers in the lines indicate i 

the length of delays. Where a flow of goods and a flow 
of information touch, a decision is made. 

Forrester's diagram represents a more advanced form 
of analysis than that shown in Figs. 3-5. The analysis 
itself consists of difference equations. 

The following (typical) equation tells how to calculate the level 
of Unfilled Orders at (the) Retail (end of the business) at time K: 

UORK = UOR.r + DT(RRR.rK - SSR.rK). 

This equation tells us that the unfilled orders at retail at time, K, 
are equal to the unfilled orders at retail at the previous time, J, plus 
the inflow minus the overflow.1s 

The inflow is the product of a time interval DT and a 
rate, RRR, that holds from times J to K. The outflow 
is the product of the same time interval and another 
rate, SSR. Each equation is evaluated independently, 
using the results from the previous evaluation of all the 
equations. (See the Appendix.) 

While the simulator of the President would require 
facts and figures bearing on current issues, its memory 
of environment can be approximate. Industrial dy­
namics models could serve this purpose. The model de­
scribed above was intended to bring understanding of 
one company to its factory manager or corporation ex­
ecutive. Models of the groups of companies that make 
up an industry would be useful to the simulator of a 
President. Models of the United States government, its 
aBies, and its adversaries would be necessary. 

VI I I. ABILITY TO LEARN 

The present system for making emergency decisions 
is one that learns. The biological computers in the sys­
tem learn by changing, or increasing, the storage in 
their memories. The system as a whole learns in several 
ways, one of which is illustrated in Fig. 3. Here trials 
and errors are recorded in the memories of human 
beings and lead to new rules. 

The first method of learning we shall consider for the 
simulator is continual reprogramming. Dr. Richard C. 
Clippinger suggests :19 

I t will probably be necessary for the governmental simulator to 
operate in parallel with the President for a considerable time in 
order to learn. Computer learning is similar to the successive repro­
gramming of a complicated process by means of more and more 
efficient programs, drawing intelligently on more and more past 
experience. Probably the longer it has been in operation the more 
efficient it will be, that is, the more it can accomplish in a few micro­
seconds. 

18 ]. W. Forrester, "Formulating Quantitative Models of Dynamic 
Behavior of Industrial and Economic Systems, Part I," Industrial 
Dynamics Res., School of Industrial Management, M.LT., Cam­
bridge, Mass., Memo. D-16, pp. 8, 30, 31; April 5, 1958. 

19 Private communication, October 19, 1958. 
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The SAGE system learns in the manner described by 
Dr. Clippinger. A staff of programmers at the System 
Development Corporation in Santa Monica, Calif., at­
tends the system and incorporates what is learned in 
an improved program.14 To "get back into" a program 
of 75,000 instructions requires careful documentation 
augmented by computer methods for changing the· 

, program. The need to rework increasingly large pro­
grams is an incentive for the second method of computer 
learning we are considering here-heuristic program­
ming or "artificial intelligence." 

Dr. John McCarthy describes artificial intelligence :20 

These programs all use trial-and-error learning. A criterion for 
an acceptable solution is known. Then the machine "searches" a 
group of potential solutions for one answer that meets the criteri­
on .... Unfortunately the groups or classes of potential solutions of 
interesting problems are too large to be examined one at a time by any 
conceivable computer. 

Therefore, we must devise methods called heuristics for replacing 
the search of the class of potential solutions by a number of searches 
of much smaller groups. It is in these heuristics that the intelligence, 
if any, lies. 

Programs written by Newell, Shaw, and Simon have 
proved theorems of logic21 and played chess, each with 
increasing skill.~ A program written by Gelertner and 
Rochester con taining the theorems and heuristics 
taught in a high-school geometry class has done the 
homework and taken the examinations of that class.22 

But each of these programs handles only a limited 
range of problems. To extend the range we need to tie 
together a learning system with many storing systems. 
Each of us needs only to look in a mirror to see a system 
that does all these things and, in addition, makes de­
cisions of the kind described in the next section. Exami­
nation of this system is instructive. Its elaborate trans­
ducers facilitate learning. These transducers include the 
eyes, ears, sense of touch, and inertia-sensitive inner 
ears. For each transducer there is a corresponding part 
of the biological computer where information is proc­
essed before it is stored. Thus the transducers are not 
only detectors, they are filters, switching incoming in­
formation toward its place of storage. Furthermore, 
they are adjustable filters. When you are looking for 
something, you have tuned your detectors to find that 
thing and ignore other things. Searching for a red ribbon 
in your bureau drawer, you tune your eyes to search for 
red and need only make a yes or no decision about each 
thing you see. 

The radars of the SAGE system report only targets 
moving at a speed greater than a certain amount. How­
ever, the filter here is not adjusted by the computer. 

20 J. McCarthy, "Getting closer to machines that think," New 
York Herald-Tribune, Engineering News Supplement; May 24, 1959. 

21 A. Newell, J. C. Shaw, and H. A. Simon, "Empirical explora­
tions of the logic theory machine, a case study in heuristic," Proc., 
WJCC, pp. 218-230; February, 1957. 

22 H. L. Gelertner and N. Rochester, "Intelligent behavior in 
problem-solving machines," IBM J. Res. Dev., vol. 2, pp. 336-345; 
October, 1958. 

Moreover, radars "see" with very coarse resolution. 
Great sums of money have gone into the development 
of radar. There has yet to be a comparable effort at 
developing a high-resolution system with adjustable 
filtering to enable an electronic system to "see" the ob­
jects that human beings not only see but think about 
most of their waking hours. 

In the absence of its own inputs, the simulator will 
have to take in the form of punched cards or electric 
signals the observations of those who do have these in­
puts. Lacking a filtering system, it will have to use the 
classifications of events made by these observers. The 
classification can determine what heuristics and what 
part of the memory are to be employed. 

IX. ABILITY To MAKE DECISIONS 

Decisions can be made by computer programs ac­
cording to predetermined rules. To run these rules and 
memory of the kind developed by Industrial Research 
and, possibly, a learning routine would make a slow 
simulator. Speed can be obtained by imitating the hu­
man decision system. 

The decision-making apparatus in the human system 
is the reticular formation. It is the core of the brain 
stem. It is about as big around as a cigarette and about 
two inches long. Each of the several thousand large 
cells in this formation: 
receives signals from almost every source in the human body, coded 
in pulse-interval modulation to convey whence the signal came from 
and what happened there .... The reticular formation decides what 
he ought to do, what he should heed, how vigilant he ought to be and 
whether he has time for that idle fancy that inspires his future 
action.23 

The method by which the several thousand large cells 
of this formation reach a decision is similar to that used 
by a battle fleet. 

Every ship of any size or consequence receives information from 
the others and sweeps the sky for hundreds of miles and the water 
for tens of miles with its own sense organs. In war games and in 
action, the actual control passes from minute to minute from ship 
to ship, according to which knot of communication has then the 
crucial information to commit the fleet to action .... It is a re­
dundancy of potential command, wherein knowledge constitutes 
authority. 

In the reticular formation, each cell is like a ship of 
this battle fleet, able to take command when the infor­
mation it has received is accepted, by all of the several 
thousand large cells, as that most requiring attention. 

Having spent much of his life mapping the nervous 
systems of monkeys and men, Dr. McCulloch is now 
studying the nerve connections of the human reticular 
formation. Everyone of the several thousand large cells 
in this formation is connected to nearly every other. In 
addition, everyone of these cells receives signals from 

23 W. S. McCulloch, "Where is fancy bred," Bi-Centennial Conf. 
on Experimental Psychiatry sponsored by the Western Psychiatric 
Institute and Clinic, Dept. of Psychiatry, University of Pittsburgh 
School of Medicine, Pittsburgh, Pa.; March 5, 1959. 
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some of the afferent cells of the body and from some of 
the cells of the cerebral cortex. This much can be deter­
mined from dissection. What cannot be determined this 
way is how each cell influences every other. 

Fortunately, much is known about how the reticular 
formation performs. From this knowledge, McCulloch 
is considering a possible logical diagram showing how 
its neurons may affect each other. The resulting design 
can be implemented by artificial neurons such as those 
being built by Jerome Lettvin.24 

Could the logical design also be implemented by a 
programmed computer? A small part of it could. Each 

. neuron can be represented by storage registers contain­
ing the neuron threshold, the state of the neuron after 
the last cycle of excitation and inhibition, and the na­
ture of the connections to other neurons. To simulate all 
of the interconnections in the clock time of the brain 
would require the processing of at least 1000 (!) instruc­
tions in 0.1 second. 

An assembly of artificial neurons is called a parallel 
computer, meaning that all logical operations are oc­
curring at the same time instead of sequentially, as in a 
programmed computer. For the present, parallel logic is 
a goal to work towards while using programmed logic. 

X. WHEN SHOULD THE SIMULATOR BE USED? 

A programmed simulator, although slow, can render 
a service. now by providing an operating model of the 
environment of the President, by demonstrating how 
new rules may be learned, and by demonstrating how 
rules may be applied to make decisions. Starting as a 
guide to decision-makers, a simulator could be gradually 
improved until it might be able to make decisions on its 
own. It would be for Congress, the President, and the 
American people to decide if the simulator should be 
allowed to do this. 

Three measures will be suggested as aids in deciding 
when a simulator should be used in this way. One meas­
ure is the extent of internal restraint. As Dr. Deutsch 
puts it: 

For any large ... memory system, the specific content of all com­
binations that might become dominant ... cannot be predicted. The 
possibilities are too numerous as to what combinations might arise 
in a human mind, or in any computer ... remotely comparable. 
Hence we fear entrusting political control to anyone human mind, 
or to any small committee, even though we trust them as being 
hum.an personalities ... who share the unspoken and unstated val­
ues and inhibitions of our culture and religion. 

An electronic machine (at present) can include in its memory, 
at best, only those rules of law, morality and religion that have 
been stated explicitly in words.... These ... rules a computer 
would then apply with terrible literal-minded ness. It might become 
the electronic embodiment of the letter that kills, rather than of the 
spirit that gives life. 

'24 J. Y. Lettvin, "Nerve Models," Res. Lab. of Electronics, 
M.LT., Cambridge, Mass., pp. 178-179; January 15, 1959. In the 
diagram, the unlabelled diode at the left is the excitatory input; that 
at the right, the inhibitory input. The wiper of the potentiometer 
determines the threshold. 

Limitations of computers, when recognized by engi­
neers, appear to stimulate efforts to overcome the 
limitations. This gives direction to the development of 
new techniques of memory, ability to learn, ability to 
make decisions and the additional categories mentioned 

. by Dr. Deutsch. 
A further challenge from him should be quoted: 

To build into a computer the properties of perceptiveness, tol­
erance of ambiguity, mercy and spirituality-that is, perceptiveness 
toward second-order and higher-order patterns of preferences­
would require capabilities far in excess of those available at present. 
So long as such vastly greater capabilities have not been developed, 
computers can aid human judgment but cannot safely replace it . 

The second measure we shall consider is the extent 
and sensitivity of feedback control such as that in Fig. 
3. If we find difficulty in trusting one human mind, we 
shall have greater difficulty in trusting a simulator. 
However, a control network is possible consisting of 
many simulators. Given authority to act, a decision 
would be made by a majority of those simulators that 
had not been destroyed by attack or sabotage. Each 
would simulate the duties of a Congressman or group of 
Congressmen. As Dr. Clippinger has suggested for a 
simulator of the President,19 each should be operated in 
parallel with the one it is simulating so as to: 

... (a) learn, (b) demonstrate to Congress and the President that it 
is worthy of their respect and faith for at least a limited period, (c) 
provide time to educate and persuade the people of this democratic 
country that it should be used. 

Such a network could have feedback controls as exten­
sive as Congress itself, at least during trial periods. 

The third measure of when a simulator should be used 
is the measure of the emergency when, if Congress, the 
President, and the American people have previously 
approved, the simulator would be permitted to act. 
Seeking this measure takes us back to the question 
raised by Dr. Rabi. In accord with that, two conditions 
would make the use of a simulator desirable. One con­
dition is imminence of destruction such as a 90 per cent 
probability that 5,000,000 people will be killed, a 9 per 
cent probability that 50,000,000 people will be killed, or 
any of the equivalent probabilities. The other condition 
is the inability of the President to respond. 

Equipment with extraordinary reliability is needed 
to determine both of these conditions. The estimate of 
probable deaths would need to be made by a computer 
that has both information about approaching missiles 
and models of population. The President's ability to 
respond in a predetermined time could be determined 
by interrogating him, by requiring him to report periodi­
cally, or by some other method. 

The desired reliability should be obtained either by 
operating computers in parallel, which is done in the 
SAGE system, or by applying the theory of building 
reliable circuits out of unreliable components. 3 The 
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latter requires the kind of parallel logic described in the 
last section with interconnections and thresholc1s so 
selected that the failure or erratic behavior of one or 
more elements will not affect the output. 

ApPENDIX 

DEFINITION OF SIMULATION 

The word "simulation" is used in this paper 1ll its 
modern technical sense :25 

... to assume the appearance of, ... without any intention to de­
ceive. I refer to its use in the field of mechanical-electronic com­
putation. Here the procedure is to simulate physical or mental 
proresses in setting up a problem which is then given to a computer to 
solve.25 

The Industrial Dynamics Research program at 
M.LT. uses the words "make a model of" in the place of 

25 ]. C. Warner, "The fine art of simulation," Carnegie Alumnus, 
Carnegie Inst. of Tech., Pittsburgh, Pa.; 1959. 

"simulate." The model in this case is a set of equations. 
These M.LT. people save the word simulate to describe 
the evaluation of these equations, one at a time, for a 
given set of input conditions. They solve the equations 
at time intervals which are short compared to the 
shortest delay intervals of the system being modeled. 
They are thus simulating simultaneous solution. 

In this paper "simulate" is given the meaning of the 
first paragraph above. Simulation here is intended to 
achieve a "quality" equal to or excelling the perform­
ance of the human being to be simulated, for the periods 
when it is given his responsibility. The "quality" of per­
formance is a composite of breadth of facts which lead 
to a decision, reliability of the logic and computation 
used in processing these facts, speed, and human con­
siderations. A simulator might attain acceptable qual­
ity by excelling in some of these considerations while 
falling short in others. 

Can Computers Help Solve Society's Problems? 
JEROME ROTHSTEINt 

INTRODUCTION 

THE advent of large-scale computers gave new im­
petus to mechanizing the handling of tremendous 
quantities of data. It also indicated the possibility 

of carrying out many ventures of social significance 
which are now completely impractical. It is hard to see 
an important social revolution in the first, per se. Auto­
matic billing of telephone subscribers or mechanization 
of clerical activities, for example, is only substitution of 
machine for manual activities. This has been going on 
continuously since the beginning of the industrial revo­
lution. Exciting prospects emerge when one considers 
fields characterized by enormous amounts of data to­
gether with complicated intertwining causal relation­
ships buried under statistical blur. 

The present paper considers a few of very many pos­
sibilities. They were chosen mainly because one might 
expect them some day to have enormous impact, both 
on the individual and on society. The first group bears 
on the weather and on economic planning and policy, 
the second on various questions of public health, and 
the third on "the proper study of mankind," man him-

t Edgerton, Germeshausen and Grier, Inc., Boston 15, Mass. 

self. They are tentative groupings with no pretense to 
completeness or profundity. It is believed, however, 
that they make some general statements plausible. 
These are that modern computer and data handling 
techniques may 

1) lead to making our economic system more produc­
tive, and to smoothing cycles of inflation and deflation, 
or employment, and of farm income; 

2) revolutionize our ideas of public health, and make 
the world a more wholesome dwelling place; 

3) revolutionize our knowledge of ourselves, our 
abilities, susceptibilities, mental, physical and genetic 
constitution, as well as diagnostic and preventive 
medicine. 

We believe it is the responsibility of the computer 
engineer and scientist to point out such potentialities, to 
acquaint specialists in many fields with what computers 
can do, to collaborate with them in applying computer 
techniques to those fields, to keep research foundations 
and government agencies aware of areas worthy of sup­
port, to keep administrators, policy makers, and legis­
lators informed and advised, and thereby to assist in 
the formulation of sound public policies. 

In the discussion below, military, industrial, and sci­
entific applications are very largely neglected. This is 
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not because these fields are unimportant, but rather 
because their importance has been so well recognized 
that a paper of this length could now contribute little 
to them. 

WEATHER, COMPUTERS, AND ECONOMIC POLICY 

The historic role of weather and climate in human 
and economic terms needs no belaboring. Famine, 
drought, floods, plenty, epidemics, mass migrations, the 
rise and fall of civilizations, wars and their outcome 
have often been engendered or decided by long- and 
short-range weather and climatic variations. With fore­
knowledge, as in the biblical story of Joseph and 
Pharaoh, countermeasures become possible, with tre­
mendous gain in economic and human terms. Modern 
data processing is making it possible to use the tremen­
dous mass of accumulated and current meteorological, 
astronomical, and climatic data to make long- and 
short-range weather predictions more accurate. When 
continuous global cloud surveys by satellite are avail­
able, accuracy will advance even more, and even 
weather control will doubtless be more effective. The 
average citizen will know when to carry an umbrella or 
plan a vacation, retail establishments will plan inven­
tories more intelligently, and farming will be less of a 
gamble. If one knows a drought is going to occur, for 
example, it is silly to plant extensively where there is no 
artificial irrigation. If it is known that a good crop is 
imminent and that the following year will be one of 
drought, the government might well consider making 
provisions for crop storage. Knowledge of this sort on a 
global scale can go a long way toward eliminating fam­
ine in one place and glut in another. The effect of this on 
international relations and on the likelihood of revolu­
tions and wars may well be stupendous. More locally, 
public works programs in agricultural areas could be 
planned to dovetail with an expected decline in demand 
for farm labor, with lowered shock or recession of the 
whole economy. Production based on agricultural raw 
materials can be more intelligently programmed when 
yields are forecast even approximately. Inventory pol­
icy and servicing depots for farm machinery could be 
set up more efficiently. Railroad rolling stock, truck 
fleets, and the like can be administered more efficiently 
when demand is predicted more accurately. Clearly, the 
techniques of operational research, which could make 
extensive use of data-handling systems, would become 
much more readily applicable to tremendous areas of 
planning, allocation, production, servicing, inventory, 
and other policy problems. Expert consulting services 
for small enterprises, unable to support operational re­
search on their own, would become economically justi­
fied, and might well lower failure rates for small busi­
ness. Fuel, electric power generation, and hydroelectric 
policies are also weather dependent, and the economic 
value of long-range weather information in these fields is 
clearly tremendous. It hardly seems an exaggeration to 
say that little of the national and world economy is un-

affected by weather, and that most of it would benefit 
by ~tter knowledge of weather trends. 

There is no reason to restrict considerations like these 
to agriculture. Some control over inflation and deflation 
is exerted by the Federal Reserve System and the Treas­
ury by control of discount rates and the sale of govern­
ment securities, for example. Policies presently estab­
lished as "curative," often with undesirable lag, may 
become "preventive" when economics, aided by large­
scale computer techniques, has made economic fore­
casts more accurate. The forecast problem is comparable 
in complexity to the global weather problem, and may 
well be attacked with similar techniques. Fluctuations 
may be one of the prices of freedom, but the instability 
and suffering engendered by excessive swings can sure­
ly be much reduced by intelligent countermeasures, and 
with no real loss of freedom. It would seem almost sui­
cidal not to develop such countermeasures. Computer 
techniques can be expected to playa vital role in this 
field. 

COMPUTERS AND PUBLIC HEALTH 

In many fields of public health, detailed cause-and­
effect relationships are submerged by multitudinous 
accidental factors. Masses of data gathered over long 
periods of time must often be digested and tested by 
sophisticated statistical techniques before valid state­
ments can be made about them. All statements, on 
which action is to be taken, should be treated as test­
able statistical hypotheses, with action justified when 
the hypothesis has reached some preassigned confidence 
level. The examples below were chosen at random, and 
represent but a small sample of the total one could cite. 

Fluoridation of drinking water is a measure backed 
by much competent medical opinion and bitterly fought 
by a number of lay groups. Proponents of fluoridation 
claim that tremendous reductions can be made in 
dental caries with no ill effects. Its opponents make dire 
predictions about the effect of fluoride on the kidneys, 
the nervous system and almost every other organ in the 
body. There are millions of people at the present time 
who consume fluoridated drinking water. It therefore 
seems entirely feasible to amass completely convincing 
and compelling data on the correlation between fluori­
dation of drinking water and every ill to which the flesh 
is heir. Of course, even in the face of compelling evidence 
one often finds crackpots who refuse to be convinced. If 
one has faith in democracy, however, one must believe 
that in the long run the majority will recognize and ac­
cept the truth. If statistically valid evidence of this sort 
is gathered-and computers can certainly playa vital 
role in doing this-and it turns out that almost all tooth 
decay can be safely and permanently eliminated from 
the population, the gain would be incalculable. 

A similar situation appears to be involved in estimat­
ing the effect of radioactive background and cosmic 
rays on stillbirths, cancer, and genetic impairment of 
large populations. It has been supposed by some that 
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there is a certain threshold of danger. Others maintain 
that any increment in the radiation background, no 
matter how small, will produce additional cases of de­
fective births, mutations, and of cancer. One clearly 
cannot make controlled human experiments, but the 
city of Denver is a mile higher than New York. The in­
habitants of Denver are thus exposed to a higher cosmic­
ray background than the people of New York. In addi­
tion, uranium ores in Colorado and a number of other 
western states must subject the people in those regions 
to radioactive background, to uranium materials in 
their foods and the like which are absent in many coastal 
areas. Some parts of the world, such as Travancore, 
India, have high natural backgrounds due to the pres­
ence of monazite sands or other radioactive materials. 
I t thus seems entirely feasible toget statistically convinc­
ing data on the incidence of conditions of all sorts in ex­
isting populations living under a variety of radiation 
backgrounds. With extensive, computer-processed data 
one can make a more realistic assessment of the dangers 
of atomic testing, for example. One can perhaps find 
whether a threshold for radiation damage exists, or 
even if there are beneficial effects of radiation in very 
small amounts. There is some evidence that normal 
individuals have some immunity to cancer. It therefore 
does not seem entirely impossible that fall-out in very 
small amounts might have no effect on normal indi­
viduals but could shorten the life expectancy of indi­
viduals fated to succumb to cancer by a small amount. 
Similarly, data on abnormal births and congenital de­
fects might lead to a better understanding of the genetic 
hazards. 

A third field is that of poisons, taken in a broad sense. 
Coal or oil smoke from the heating plants of private 
dwellings, and exhaust fumes from automobiles could 
conceivably have subclinical toxic effects. It is known 
that carcinogenic substances are produced in oil refin­
eries. Such substances can also be produced by combus­
tion of tobacco and many organic or carbonaceous ma­
terials. Some studies indicate a connection between 
smoking and the incidence of lung cancer and cardio­
vascular diseases. It seems possible that "chemical fall­
out" from daily industrial, heating, smoking, and auto­
mobile-riding activities could be a hazard greater than 
radioactive fall-out. Chemical agents can also produce 
mutations. Among these are colchicine and other com­
plex compounds related to coal tar derivatives and other 
substances with great biological activity. A large-scale 
statistical survey of the quantities and identities of at­
mospheric and other contaminants of all sorts, and their 
correlations with the incidence of various diseases, ap­
pears eminently desirable. If one found, for example, 
that small communities in the Rocky Mountains have 
far lower incidence of cardiovascular disease than smog­
gy industrial areas, with suburban residential areas in­
termediate, then laws requiring the chemical clearance 
of smog and precipitation of dust particles might ulti­
mately be in order. Many industrial poisons are known 

and in many places measures have been taken to pre­
vent atmospheric contamination, but by and large a 
serious and obvious outbreak of some condition seems 
to be required before public opinion is aroused enough 
to take action. It is therefore quite possible that many 
cases of this sort are unnoticed because cause-and­
effect relations are buried in a sea of accidental factors. 
The possibility that we can live under healthier condi­
tions seems too real for us to overlook these potential 
applications of computer processing and analysis of the 
tremendous amounts of data required. 

COMPUTERS, THE INDIVIDUAL, AND SOCIETY 

Every human being is a unique complex universe. As 
life insurance companies well know, this does not pre­
vent the drawing of valid statistical inferences about 
human populations. The more homogeneous a statisti­
cal population, the more accurately can inferences be 
made about unobserved individuals on the basis of ob­
servations on a sample. In between the heterogeneity of 
homo sapiens as a whole, and the homogeneity of identi­
cal twins, one senses the possibility of a classification 
scheme which would divide mankind into groups of suf­
ficient homogeneity to make it possible to draw med­
ically or otherwise useful inferences about a group. The 
scheme would certainly be complex; and there is no a 
priori reason to assert, for example, that even a million 
categories would enable one to predict that a particular 
ten-year-old boy, let us say, will develop angina pectoris 
between the ages of forty-five and fifty-five, or that a 
healthy young woman will have a cervical cancer before 
she is sixty. 

The existence of recognizable hereditary characteris­
tics, the small number of clinically distinguishable blood 
types, the "tendencies" or "predispositions" known to 
practicing physicians, the experience of plant and ani­
mal breeders, the development of strains of laboratory 
mice like waltzing mice or those who invariably develop 
cancer, and research in heredity (e.g., on Drosophila or 
Neurospora), and other examples, all suggest that very 
useful classifications probably exist whose numbers of 
categories are not astronomically large. If a number of 
the order of ten thousand categories could adequately 
characterize an individual biologically, such a charac­
terization would be of tremendous use in preventive 
medicine. Who knows the extent to which cancer and 
heart trouble could be anticipated, and perhaps pre­
vented or corrected or ameliorated by proper control of 
diet, activity, or environment? The Rh factor which 
used to kill babies born to mothers of opposite Rh blood 
type is now understood well enough to predict the 
couples to whom this would happen. The tragedy is now 
avoidable. Who can say what anguish and burdens 
could be prevented if a similar understanding of con­
genital idiocy and other genetically based abnormalities 
or inferiorities could be achieved? Who knows but that 
the patterns ~f potential parents of future Einsteins 
migh t become recognizable? 
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Such knowledge, like all knowledge, would be a 
double-edged sword. Unattractive Orwellian prospects 
suggest themselves under totalitarian regimes. But 
under a form of government in which the sanctity of 
human personality is preserved, one sees the possibility 
of great good, of healthier individuals, and of a grad­
ually improving human stock. The concept of eugenics 
is basically good, and if the individual is free to use eu­
genic information or not, if he is never coerced, and if 
the program is kept free of bias and fanaticism, only 
good can come of it. 

Setting up such a program would ultimately require a 
tremendous amount of experimental data, data process­
ing, analysis, and testing of statistical hypotheses. Years 
might pass before results with practical application 
could be obtained (though we doubt it), and automation 
of hundreds of complex laboratory procedures, many 
not now known, might be necessary before people could 
be adequately "typed." But if a program developed 
capable of coming anywhere near the goals described it 
would bring benefits even greater than those discussed. 
The old problems of nature vs nurture, or heredity vs 
environment as determinants of human capability and 
achievement might become better understood. Factors 
leading to more valuable and satisfying lives might 
stand out in bolder relief if the life patterns of a large 
number of biologically similar individuals were studied 
with the tools of psychology, sociology, and anthropol­
ogy. A far deeper understanding of psychosomatic in­
teractions would almost surely result. Cross-cultural 

. studies, as part of the broad program, might give deeper 
insight into the interactions between individual psychol­
ogy and the cultural milieu, perhaps to enable us to see 
how the values and goals of different cultures (which 
have much to do with the stresses and motivations of an 
individual) generate different statistics of stress syn­
dromes, diseases, antisocial behavior, or mental condi­
tions in biologically similar individuals. Could such 
knowledge be obtained, we could begin to develop a 
science of society which would permit conscious improve­
ment of our customs, values, and motivations, pro­
vision of sanifying influences, and tend to maximum 
development of individual talents and satisfaction. 
These utopian dreams, distant as they may now seem, 
need not be unattainable. With computer techniques, 
automation, and the devoted labors of inspired, deter­
mined, and creative people, such dreams will come ever 
closer to reality. 

In these times of international tension, omnipresent 
powder kegs and atom bombs, one can seriously main­
tain that the world cannot afford to neglect these possi­
bilities. 

CONCLUSION 

There is an old witticism about the difference be­
tween a scientist and a philosopher. The former applies 

increasingly refined techniques to an increasingly spe­
cialized and narrowing aspect of the world. As time goes 
on he knows more and more about less and less. The lat­
ter continually generalizes, going into increasingly 
abstruse abstractions. As time goes on he knows less 
and less about more and more. In the end, the story 
goes, the scientist knows everything about nothing, 
while the philosopher knows nothing about everything. 
While neither scientist nor philosopher would admit ap­
proaching the limits described, there is enough truth to 
the story to show that it might sometimes be good for 
the scientist to be a little more philosophical, and for 
the philosopher to be a little more scientific. 

I t is hard, perhaps, for the computer scientist or en­
gineer, wrestling with detailed problems of hardware, 
logical design, budgets, deadlines, maintenance, and 
operation, to take the philosophic approach very often. 
The viewpoint here espoused is that once in a while a 
broad philosophic look at things can be valuable. This 
paper has therefore studiously avoided technical minu­
tiae and conventional computer applications in favor of 
bold (we hope not reckless) extrapolations and generali­
zations to broad problems. What we dream today we 
achieve tomorrow. It is our responsibility not only to 
develop day-to-day technology, but also to philosophize 
enough to find fields where technology will promote ad­
vances measured in broad human terms. Just as we 
have learned to dig better with steam shovels than with 
our fingers, so must we learn to tackle civilization's prob­
lems with the aid of computer techniques rather than 
with our bare brains. 

We cannot wait until the perfect master plan /is 
worked out. Not only would this never be done, but 
even if some plan were set up as near perfect, it would 
probably be obsolete before it could be implemented. 
The same kinds of piecemeal attack that characterize 
all research would have to be employed. There is much 
that can be done immediately and in parallel (some be­
ing done already), such as 1) mechanizing public health, 
hospital research, and individual physicians' case his­
tory data, 2) developing "common language" techniques 
to permit easy exchange and consolidation of informa­
tion gathered by independent agencies, individuals, and 
countries, 3) making it possible to consolidate scattered 
data on individuals in order to amass birth-to-death 
histories, 4) creating techniques of integrated coopera­
tion between individuals, institutions, local, state, fed­
eral, and international organizations, 5) encouraging 
cross-disciplinary research, 6) sponsoring programs de­
signed to uncover areas to work on immediately, 7) per­
fecting routines for testing increasingly complex statis­
tical hypotheses, 8) formulating special fields so that 
computer techniques can be used on them, and 9) doing 
this whenever it becomes feasible. We must press for 
the nine parts of action to support the one part of philos­
ophy. 
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The Measurement of Social Change 
RICHARD L. MEIERt 

I s IT possible to build a synoptic instrument, similar 
to a telescope or a radar network, for viewing one's 
own society? How may we interpret the myriads of 

social activities that are presently undertaken? Prelim­
inary explorations suggest that we need sensing tech­
niques, or transducers, that pick up changes going on 
inside the society. External indicators, like air photos, 
are too superficial. We are faced with a problem of dis­
covering what operating characteristics a deep-prob­
ing instrument should have so that it may be as practi­
cal and useful as possible. 

Economists judge change in society by modifications 
in the makeup of the gross national product and the level 
of expenditures, political scientists can analyze elec­
tions and polls, but sociologists and anthropologists 
have no cumulative sets of accounts or aggregate in­
dexes. They have had hopes, however, similar to those 
expressed by Lazarsfeld [3]: 

Our economic statistics are today quite well advanced. We know 
how much pig iron is produced and how much meat is exported every 
year. But we still have very little bookkeeping in cultural matters. 
The content of mass media of communication is an important and 
readily available source of social data, and it will not be surprising if 
this analysis becomes a regular part of our statistical services in the 
not too distant future. 

These statistics have not yet come into being because 
the labor cost was high, the time lags were great, and the 
system description was incomplete, so it has been impos­
sible to state how one set of measurements related to an­
other. 

Let us take a brief, searching look at the social system. 
Society is maintained and changed by the behavior of 
its members. Intuitively one feels that the basic unit of 
behavior is the act, but acts are not as easily counted 
and differentiated as particles, molecules, or organisms. 
Satisfactory data can only be obtained when actors are 
forced to confine their behavior within certain preset 
specifications or codes, which may be called languages, 
currencies, habits, or "standard operating procedures." 
This behavior must be observed in public spheres, since 
the objective, detached observer is missing in private 
affairs. The latter will require altogether different instru­
ments and techniques for data accumulation, and will 
not be taken up here. 

By far the most promising attack upon the problems 
of measurability is offered by lumping together small 
sets of· acts into transactions. A social transaction in­
volves, among other things, the emission of a message 

t Univ. of Michigan, Ann Arbor, Mich. 

together with evidence of its receipt-apparent to an 
observer, but also, through one or another form of feed­
back, to the agency responsible for emission. 

At any given moment, the population of the society 
can be divided into senders, receivers, and nonpartici­
pants, much as the economist divides his population 
into producers and consumers, and each participant 
must play both roles. The message normally contains 
some information that is novel to the receiver, more that 
is redundant, and some symbols that are quite unintelli­
gible. Some messages are not communicated directly to 
receivers, but are stored in libraries, files, and artifacts 
where they become a resource embedded in the social 
environment. Uncoded information may be gleaned 
from the environment through systematic observation. 
Scientists, weather observers, diagnosticians, and other 
professionals have been trained to reduce these phe­
nomena to coded, communicable form (Fig. 1). The 
information flows should be sampled where the wavy 
lines occur. 

Observation of the 
Social and Physical 

Environment 

Wavy lines indicate 
where sampling can 
best be carried out 

Investment of 
Communications in 
Social and Physical 
Environment 

Fig. i-Communications flows in society. 

The term "information" at this point has been used 
in its intuitive sense. At a later stage, it will be shown 
that the demand for information storage (used now in 
its technical sense) in our instrument corresponds 
crudely with the volume of these flows in society-about 
as well as national income figures represent the com­
bined satisfactions of consumers. The greatest diffi­
culty in the design of our instrument is the conversion 
of all of the codes for human communication, oral, writ­
ten, graphic, gestural, musical, etc., into a single code 
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which is cQnvenient for machine handling. We may have 
to incorporate human operators, whose skills resemble 
those of cataloguers in a library, for the more difficult 
features of translation. Fortunately, as we shall see 
later, the bulk of the information flow in modern society 
is in the form of printed language, which seems amen­
able to automatic sensing, coding, and abstracting 
(Luhn [4]). 

Given the complexities in social communications, 
how would a representative and comprehensive over­
view of the social transactions be obtained for our instru­
ment? The mass media-television, radio, magazines, 
newspapers, books, records, catalogues, direct mail ad­
vertising, etc.-could be recorded at the source. Schools, 
conferences, committee meetings, shop talk, live per­
formances, etc., would have to be random-sampled. But 
on what basis? 

Here we are forced to refer to a fundamental property 
of modern society. A sender can have many simultane­
ous receivers, but any given receiver usually accepts mes­
sages from but one sender at a given moment; on rare 
occasions he may pay attention to two or three, but no 
more. The decision as to the completion of a social 
transaction depends upon the receiver. He pays for the 
message by spending time taking it in. Human time is a 
moderately scarce commodity, and cannot be wasted in­
definitely. People tend to switch dials and scan the 
newspapers and magazines until they find messages that 
are interesting to themselves. Message types that gain 
few receivers tend to be dropped by senders in favor of 

. those which get more attention. Therefore, the social 
value of broadcast messages may be determined, as a 
first approximation, by the amount of time people de­
vote to them. 

Thus a comprehensive time budget of the members of 
the society-how they allocate time to receiving mes­
sages of various kinds, and time to other matters that do 
not involve social communications-provides a simple, 
additive criterion of value. We could attach the probable 
number of receivers, with some estimates of the time and 
place of reception, to the records of the messages them­
selves that are held in storage for our instrument. 

The formulation of a society-wide time budget has 
already been explored by Meier [5]. A quantitative de­
scription of time-use has applications in public affairs 
independent of its employment in our system, and the 
techniques required for making economical measure­
men ts already exist. 

Economists have found that macro-analysis is greatly 
assisted by subdividing the economy into such sectors 
as agriculture, manufacturing, households, etc. The 
rules for simplifying the accounting may be different in 
each sector. The choice of sectors in social analysis will 
depend upon the kinds of reinforcement provided by 
other approaches to social measurement, such as public 
opinion evaluation, the Census, and historical analysis. 
A first guess regarding sectors is provided in Table 1. 

TABLE I 

COMMUNICATIONS-ORIENTED ALLOCATION OF TIME 
IN PUBLIC ACTIVITIES 

Work 
School 
Radio and TV 
Shopping 

Factory 
Office 

Travel 
Reading 
Meetings and Parties 
Dining and Drinking 

Play 
Ritual 
Personal Services 
Miscellaneous 

Possible Subcategories under Work 

Housework 

Construction and Mining 
Agriculture and Forestry 

Maintenance of Property 
Services 
Miscellaneous 

Another feature of our instrument must be intro­
duced. If it is to be economically constructed, it should 
be decentralized. The headquarters would contain com­
munications which are subject to national distribution, 
plus some measurements of exports and imports over 
continental boundaries, while branches would exist in 
every metropolitan area (Fig. 2). 

In the course of proposing a design for this apparatus, 
we have piled feature upon feature so that it has by now 
become quite elaborate. It is expected to intercept and 
store a huge volume of messages, but this is made feasi­
ble by eliminating most of the redundancy in social com­
munications, and reducing all the messages to a com­
mon code. The instrument attaches weights to these 
messages according to the number of persons and the 
amount of time spent receiving them; it indicates the 
times and places the message is received, and it must 
store all of this in a permanent record which can be 
scanned quickly and automatically. Fortunately it need 
not get every message that is received, but may start 
modestly by sampling at, say, a one per million rate. As 
the instrument is refined, and the representation of so­
cial change that is required must be finer-grained, the 
sampling rate may be advanced. 

We are now ready to discuss who would use such an 
instrument and for what purposes. Planners and admin­
istrators who must make decisions for the public regard­
ing parks, playgrounds, schools, traffic patterns, and 
various social services should be able to develop criteria 
for deciding from studies of trends in social communica­
tions and from comparisons with other sources of social 
data. Advertisers may be expected to develop their 
craft on the basis of the more detailed measurements of 
response they would be able to obtain. Politicians should 
be able to sense better the distribution of sentiment on 
various issues. Educators may assess the impact of 
special programs. Changing tastes, the appearance of 
new patterns of social interaction, and the passage of 
fads should all be registered as factual data-"how 
much," "where," and "when." The natural emphasis is 
upon local public affairs, mass entertainment, and the 
functioning of work, school, and commerce, because 
these matters make up the bulk of our communications 
activity. 
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Nationwide Network 
Distribution 

Goverrunent and 
Business Operations 

Television Correspondence 
Radio Reports 
Films Directives 
Magazines Catalogs 
Books Educational Materials 

Market~ ~ Advert"'" 

Foreign Imports ~ CENTRAL STORAGE 

Local Radio 
Local TV 
Newspapers 
Resional Mags. 

Schools 
l-ieetings 
Churches 
Shopping 

/1\ 
MEl'ROPOLITAN STORAGE POINTS 

I r \ 
COM/.ruN.ITY ACTIVITIES 

Wholesale Markets 
Public Events 
Conventions 
Universities 

Restaurants 
Bars 
Sports 
Visiting 

Fig. 2-0rganization of social communications as imposed 
by the location of various activities. 

A skilled operator would ask his questions in terms of 
key words or phrases appearing in the content with a 
frequency of 10-6 to 10-8• They serve as "tracers" of 
message content as it is spread through the population. 
Maps and time series can be prepared which show th~ir 
buildup and decline. More detailed information about 
the changing attitudes of people may be obtained by 
reconstructing the contexts within which the key words 
appeared. 

The severest criticism to be made of a representative 
record of social communications is that the content of 
the messages tends to -be superficial. In many, if not 
most, social transactions people disguise their true feel­
ings about a subject. An investigator may nevertheless 
make many nontrivial observations, and can probe 
more deeply, if he desires, by using the "trial balloon" 
technique (Fig. 3). An event, closely relevant to the 
subject of interest, is purposely created-it may be an 
announcement, an incident, or a rumor. The subsequent 
wave of "talk" that is stirred up may then be analyzed. 
The effect that is triggered off provides a good indica­
tion of the sensitivity of the public to that issue at that 
time. 

These and other small-scale tactical uses in govern­
ment and commerce should grow rapidly to the point 
where large installations may be justified which allow 
hundreds of simultaneous operators. 

The strategic uses of an instrument of this sort are 
still more interesting. The accumulation of socio-cul­
tural "wealth," for example, may be estimated in a 
manner analogous to that developed by economists, and 
the flows of information through society may also be 
estimated. A very brief outline of the steps involved, 
and the kinds of conclusions to be obtained, will be pre­
sented. 

Number ot 
times the 
term appears 
per Unit ot 
Time. 

! 
Time 

B 

Fig. 3-The "trial balloon" stimulus as revealed by content analysis. 
Assume the stimulus contains concepts whose treatment in com­
munications uses terms A, B, and C with high probability. 

What is the total of all nonredundant information 
that is transmitted in society for a year? The limitation 
upon flow is the capacity o( the receiver to understand 
the messages to which he exposed himself. A receiver has 
a limited repertory of terms. Reasonably good statistics 
exist only for English vocabulary. 

The respective terms that are used in messages can 
be mapped according to their probability of occurrence 
in social communications, as in Fig. 4. The abscissa is 
some arbitrarily defined categorization of meanings, 
similar to the Dewey decimal system. When this same 
map is put onto polar coordinates, we can show stages 
in the development of a receiver as in Fig. 5. The pro­
tuberances on the periphery are associated with the 
specialties engaged in by the person. The map of transi­
tion probabilities between terms would have the same 
appearance. 

There is a standing rule in society that a sender should 
have greater knowledge about the subject of the mes­
sage than the receiver, if information is to be transmitted. 
Thus, on the average, the senders are more informed 
and more expert than the receiver, as shown in Fig. 6. 
Continued communication would cause the receiver's 
repertory of terms to grow in the direction of the 
sender's. He would learn something about the subject. 
Senders must choose their terms so that they lie on 
the periphery of the receiver's map, if they are to save 
time and maintain interest. 

We are now in a position to estimate the amount of 
information flowing that is potentially useful to re­
ceivers. Let us define a restricted number of classes of 
receivers, say about a hundred, each representing a dif­
ferent segment of society, ranging from illiterates to 
various kinds of professionals, but exhaustive of the 



330 1959 PROCEEDINGS OF THE WESTERN JOINT COMPUTER CONFERENCE 

Deptive 7 

lopr1thJIL 6 
o~ 

frequency II 

~ B1JIIbOl1c 4 
terms uae4 

in IOc181 
3 

cCllQlllllD1caUons 2 

~ 
r--- 10-~I-
~ 

A B C 0 E F G H IJK 

categories o~ social communications, spaced accord1Dg 
to the allocatiOll of tbe volume of trllD8lD1tted terms 
to each of them respectively. 

In American culture A might include terms used in 
newspapers, magazines and popular books, B those 
uae4 in cOllversatiOll, rsdio, and telev1siOll, C those 
eDVIloyed in bUSiness transactions • • • J those used 
in the fine arts, etc. 

The levels "t1JIq be 

obte.1ned throIl8h 
vocabul.a.r7 tests, 

cOlll;pletiOll tests, 

etc. Thor are 
excellent 1D41ceil 

o~ intellectval 

achieveMl1t in the 

respective direc­

tions. 

Fig. 4-Typical properties of a receiver of social communications. 
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Fig. 5-Typical development of the vocabulary map in an individual. 
The powers of ten shown are levels for the frequencies with which 
terms appear. If the Zipf distribution (rank order times frequency 
is a constant) holds, each shell contains the indicated number of 
terms. Categories or contexts (A, E, C, ..• K) are assigned by 
convention as before. 

population. Each would have a distinctive map. The 
messages transmitted in society and stored in our social 
record must have the receivers which choose to spend 
time on them classified according to category. Shannon 
[6] has described a method for using typical receivers 
for the measurement of redundancy. 

Interestingly enough, the significant information 
flow rate tends to stabilize itself for a given context. 
Editing the rough spots out of manuscripts has this ef-

(a) 

(b) 

Fig. 6-Relationships between repertories in social communications. 
(a) The receiver expands his map in the indicated direction as a 
consequence of communication. (b) Simplified maps showing how 
the sender chooses terms which lie on the boundary of the vo­
cabulary that is shared, if he wishes to optimize the transfer of 
information. 

feet, and directing has this function for mass media . 
The pauses unconsciously inserted into human speech 
have recently been shown to work on the same principle 
[1]. This property, combined with miscellaneous other 
available information about mass public behavior in 
American metropolitan areas, enables us to arrive at the 
first approximation of information flow (Table II). 

TABLE II 

INFORMATION TRANSMISSION IN METROPOLITAN SOCIETY* 
(POPULATION 5,000,000) 

Mode of Time Allocated Estimated Estimated Flow 
Reception hours/year Receiving Rate bits/year bits/minute 

Reading 4Xl09 1500 36Xl013 

Television 3Xl09 500 9Xl013 

Lecture and 
Discussion 4Xl09 200 5Xl013 

Observation of 
Environment 3Xl09 100 2Xl013 

Radio 1.5Xl09 300 3Xl013 

Films 1.6Xl08 800 8Xl012 

Miscellaneous 5Xl09 100 3Xl013 

6X1014 

per capita average,,-,108 bits/year 

* Judged in terms of the probable repertories of receivers, not in the 
accepted sense used in information theory. Possibly a new term should 
be coined for information distributed over a population. 
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Compariso~s between the poorest and richest metro­
politan areas can also be exceedingly suggestive (Table 
III). Observers now agree that socio-cultural growth 
parallels economic growth but the introduction of 
measurements suggests that social communications must 
either precede economic growth or grow more rapidly 
than income. Apparently an expansion of socio-cultural 
activity is a necessary but not sufficient precursor of 
economic development. 

TABLE III 

INCOME AND INFORMATION FLOW EXTREMES IN URBAN SOCIETY 

San Francisco 

Income $3000 capita/year 
Non-red undant* 

information receipt ",108 bits/year 

Addis Ababa or 
Jakarta 

$150 capita/year 

",106 bits/year 

* Again in terms of probable repertories of receivers. This assumes 
that 70-80 per cent of residents in the poorer cities are illiterate. 

The heavy volume of information transmitted by 
reading is highly significant. A society like our own 
which is increasingly white collar reads more at work 
and at home. There are limits to human ability to re­
ceive information, however, which are believed to be in 
the neighborhood of 109 bits per capita per annum for a 
population with the present distribution of mental ca­
pacities. At the present estimated rate of gain, this 

theoretical saturation level is likely to be reached within 
two generations. The prospect is startling enough to 
cause us to investigate more closely the stresses associ­
ated with communication saturation in human organ­
izations. 

My feeling is that our instrument is already techni­
cally feasible. Simple calculations show that sampling 
social communications at a rate of ten parts per million 
presents storage requirements within range of existing 
equipment, but the desired degree of access re'mains 
unclear. Message collection in the field is not a prob­
lem, but the programming for storage and the catalogu­
ing of nonverbal materials has been inadequately de­
veloped. Much experimental work and formal analysis 
will be required before a truly comprehensive cross sec­
tion of social change can be achieved. 
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Simulation of Sampled-Data Systems Using 
Analog-to-Digital Converters 

MICHAEL s. SHUMATEt 

INTRODUCTION 

U NTIL recently, systems simulation problems 
could generally be split into two classes: problems 
requiring only an analog computer for solution 

and problems requiring only a digital computer for solu­
tion. Any general problem has a number of character­
istics which adapt it to either one or the other method 
of solution. 

A systems problem is most readily adapted to analog 
computer simulation when it requires a relatively short 
solution time on the computer and a relatively inac­
curate solution is acceptable; has relatively "high" fre­
quencies; and has nonlinearities such as, for example, 

t Consultant for Space Technology Labs., Inc., and California 
Inst. of Tech., Pasadena, Calif. 

saturation, deadzone, or hysteresis. To be adapted to 
digital computer simulation, a systems problem usually 
possesses relatively low frequencies and requires a lon~ 
solution time; can be adapted to an iterative form of 
simulation without introduction of an instability (this 
is usually implied by a lack of nonlinearities such as 
those mentioned above); and has a range of variable 
which exceeds that possessed by an analog computer 
solution. 

Certain problems involving combinations of both 
groups of properties may often be split into two sep­
arate problems, one involving high-frequency nonlinear 
effects, and one involving low-frequency effects. 

An example of such a problem is the simulation of the 
flight of a liquid-propelled ballistic missile. The missile's 
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reactions to external and internal forces can be simu­
lated on an analog computer, and the motion of the 
missile along a trajectory can be simulated on a digital 
computer. 

However, recent developments in control systems, 
particularly systems using sampled or discrete data, 
have generated a third class of simulation problems; 
this class of problem usually involves both sampled and 
continuous information, has nonlinearities and no gen­
eral dividing line between high and low frequencies, and 
usually has a range of variable which exceeds that pos­
sessed by an analog computer. An example of such a 
problem is the simulation of an inertially guided missile. 
The guidance and control systems must have rapid re­
sponse characteristics, and the system may involve a 
special-purpose digital computer, whose program makes 
it act like a multimode, adaptive controller. 

SIMULATION OF SAMPLED DATA SYSTEMS 

Large analog simulation facilities are thus faced with 
the problem of obtaining reasonable representations of 
such systems, and must thus have the capability of at 
least sampling continuous information, and hopefully 
be able to perform some intelligent and useful opera­
tions on such information. 

Several straightforward methods of performing sam­
pled-data simulation are presently available. Sampling 
may be accomplished by a so-called hold-amplifier [see 
Fig. l(a)] or a passive hold circuit [see Fig. l(b)]. These 
circuits are not easily adapted to simulation of digital 
computer operations, because of difficulty involved in 
holding past values of sampled information. This diffi­
culty is partially eliminated by using transfluxors1 as 
hold devices. 

The most general method for simulation of sampled­
data systems is to use analog-to-digital converters to 
connect an analog computer to a general-purpose digital 
computer (see Fig. 2). In such an installation, one or 
more analog-to-digital converters are used to sample 
continuous information and present it to a digital com­
puter. Several more analog-to-digital converters are 
used open loop as digital-to-analog converters to present 
and hold digital information to the analog computer. 
Two major disadvantages of this system are: 

1) The difficulty in starting the two computers simul­
taneously, and 

2) The difficulty in scheduling operation time on the 
digital computer, since in most installations digital 
computing time is a premium quantity. 

The first of these difficulties may be remedied by 
equipping the digital computer with an "interrupt" fea­
ture, and the analog computer with a "start" control. 
The interrupt feature allows the digital computer to 

1 J. A. Rajchman and A. W. Lo, "The transfiuxor," PROC. IRE, 
vol. 44, pp. 321-332; March. 19.16. 
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Fig. 1-Two examples of sample-and-hold circuits. 
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Fig. 2-General-purpose sampled-data simulator. 

break its program when a pulse (perhaps a sample 
pulse) is received, and jumps to a special subroutine 
used for external communication purposes. The start 
control allows the analog computer hold relays to actu­
ate simultaneously with the same pulse that first inter­
rupted the digital computer. 

The second difficulty is easily overcome if one is will­
ing to pay for the digital computer time. It seems a little 
ridiculous, however, to use a large general-purpose 
digital computer if the digital program involved is rela­
tively simple. For example, in order to use this system 
to simulate a sample-and-hold, the digital computer 
must be programmed to perform a transfer of a number 
from an analog-to-digital converter to a digital-to-ana­
log converter, and would thus sit idle during most of a 
sample period. 

I t therefore becomes evident that such a large, gen­
eral-purpose sampled data simulator should only be 
used for complex, sophisticated problems, and some 
auxiliary equipment should be developed to simulate 
simpler sampling operations. 
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EQUIPMENT 

The construction of an auxiliary sampled-data simu­
lator is, of course, dictated by equipment present in a 
simulation facility. The facility currently available to 
the author consists of a 300 amplifier Electronic Associ­
ates Analog Computer, an EPSCO Addaverter conver­
sion system, and a Remington-Rand Univac Scientific 
Digital Computer, Model 1103A. 

The approach used in the construction of an auxiliary 
sampled data simulator was based on the fact that the 
facility currently possessed equipment which would 
both sample analog voltages and hold analog voltages. 
This equipment, the Addaverter (see description be­
low), would, of course, be in use part of the time as a 
communication link to the 1103A, but its time schedule 
was sufficiently open to warrant thinking of using it for 
other purposes. 

The Addaverter is used to simulate a group of parallel 
sample-and-hold channels. A sample-and-hold is ob­
tained by effectively placing an analog-to-digital con­
verter in series with a digital-to-analog converter. The 
analog-to-digital converter is caused to sample its input 
voltage, the resulting digital number is then transferred 
to the digital-to-analog converter, and converted back 
into a voltage, which remains unchanged until the com­
plete cycle is repeated again. Note that delaying of the 
conversion of the number back into a voltage is equiva­
lent to delaying the sampled values of the input voltage 
and is useful for simulation of transportation lag, etc. 

In order to obtain a better description of the imple­
mentation of the above concept into a complete sampled 
data simulator, some description of the Addaverter is 
necessary. 

The Addaverter consists of 30 analog-to-digital con­
verters (hereafter abbreviated ADC), 15 used as such, 
and the other 15 used open loop, as digital-to-analog 
converters (abbreviated DAC). 

All 15 ADC's sample2 the voltages present at their 
inputs simultaneously, under the control of a central 
sample controller, which is triggered by a single pulse, 
called a sample pulse; the resulting digital numbers re­
main intact in the memory of each ADC until the next 
sample pulse occurs. 

The DAC's operate individually, each converting the 
digital number previously stored in its memory to an 
analog voltage when it receives a pulse, called a present 
pulse. The voltage at a DAC's output remains un­
changed until a new number has been read into its 
memory and a present pulse has been received. A single 
present pulse input and 15 pulse inhibit inputs are used, 
instead of 15 pulse inputs. 

In order to transfer the digital numbers from the 
ADC memories to the DAC memories without using the 
digital computer, an additional piece of equipment, nor-

•• 2 The Add<1;verter uses ~he "ripple-down" method for analog-to­
dIgItal converSIOn and reqUIres 180 p.sec to complete one conversion. 

mally used for Addaverter maintenance purposes, is em­
ployed. One particular operational mode of this equip­
ment, when triggered by a single pulse, transfers the 
numbers stored in the ADC memories into the DAC 
memories in a sequential fashion: the content of the first 
ADC memory is transferred into an auxiliary register, 
and then into the memory of the first DAC;3 the process 
is then repeated for each of the other 14 ADC-DAC 
channels. Provision is made to prevent the number 
transfer for any individual channel by energizing an in­
hibit gate associated with that channel. 

These three units, the 15 ADC's, the 15 ADC's used 
as DAC's, and the number transfer equipment, com­
prise the basic sampled-data simulator. In order to ob­
tain satisfactory operation, it is necessary to supply a 
burst of three pulses each time it is desired for the sim­
ulator to sample. Another piece of equipment was con­
structed to supply the pulse burst necessary to control 
the simulator. This equipment consists of necessary con­
trollogic for the simulator, and a large quantity of pulse 
and dc logic with a prepatch capability, to permit flexi­
bfe operation of the entire system. A source of timed 
pulses is available, to use as system clock; a "start" sys­
tem is available, to synchronize starting of analog simu­
lations with the clock pulses. 

An ADC-DAC channel may thus be used to sample­
and-hold an analog voltage with either of two transfer 
functions: 

1 
HI(S) = - (1 - e-sT), and 

s 

1 
H2(s) = - (1 - e-ST)e-ST 

s 

(1) . 

T ~ T (2) 

where T is the sampling period, and T a delay time. 
No problems are incurred if it is desired to have all 15 

ADC-DAC channels operating in the same mode. How­
ever, it is sometimes desired to simulate multirate sam­
pled-data systems, or monorate systems that have sev­
eral samplers each with a different time delay. No diffi­
culties would arise if each ADC-DAC channel operated 
independently of every other channel. This is not the 
case, however, since all channels sample simultaneously. 

The simulator control equipment was_ so designed to 
permit simulation of up to four different sample-and­
hold operations; however, their operating frequencies 
must be restricted to integral m ul ti pIes of some fre­
quency.4 A block diagram of the simulator control is 
shown in Fig. 3. The simulator control has a set of 
sample pulse inputs, a set of present pulse inputs, and a 
set of "enable" outputs, all located on the prepatch 
panel. The inhibit inputs for the present pulse (DAC 

3 This process requires 40 p,sec. 
4 This restriction is brought about by the simultaneous sampling 

of the ADC's. It is pos~ib.le to use two asynchronous frequencies, but 
some external pulse lOgIC IS necessary to prevent double pulsing of the 
sample control. 
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Sample Pulse to ADe'a 

Present Pulse to DAC's 

Fig. 3-Block diagram of simulator control logic. 

inhibit), and inputs for the transfer inhibit are wired in 
parallel5 and brought up to the prepatch panel. The 
four "enable" outputs, one for each operating group, 
must be patched to the inhibit inputs of the channels, 
as predetermined by the programmer. If a particular 
channel is to operate according to the group 1 mode, its 
inhibit input must be patched to the group 1 enable. 
Several channels may operate from the same group en­
able. 

A particular group's operating mode is completely de­
termined by what pulses are fed to its sample input and 
its present input. For example, to operate a group as a 
sample-and-hold [see Fig. 4(a)], a clock pulse must be 
fed to the group sample input each time it is desired 
for a sample to occur. A present pulse must then be 
fed to the group present input 815 J.l,sec after each 
sample pulse. The sample input pulse causes all group 
enable outputs to be reset, then the particular group 
enable (whose input was pulsed) is set, and the ADC's 
are caused to sample (all 15 sample); 180 fJ.sec later, the 
number transfer is initiated. (Only those channels asso­
ciated with the operating group have numbers trans­
ferred.) The present input pulse, which must be delayed 
at least 815 J.l,sec to allow the sample and number trans­
fer to be completed, then causes the DAC's connected 
to the operating group to present the numbers trans­
ferred as voltages. 

Note that the sample-and-hold is actually a sample­
and-hold plus a short delay; this delay is not long 
enough to introduce unwanted effects in the majority of 
problems simulated. If it is desired to introduce more 
delay, it is only necessary to increase the delay of the 
group present input pulse. The maximum delay possible 

6 Logically, if a number is transferred into a DAC, it is done so 
with the intention of presenting it. 

1---....... ------------_o To Group Sample 
Input 
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Input 

(a) 

~~_------....;;;.;;...;.=;;.;;.L.-=..:.if.:.....-_o To Group I Sample 
Input 

~------o() To Group I Present 
Input 

Frequency = fain To Group II Sample 
L-.r--;:===:;---=--~---=::..:...---() Input 

1---------0 To Group II Present 
Input 

(b) 

Fig. 4-Example pulse logic diagrams. 

mm. delay min. delay min. delay 

Fig. 5-Wiring of sample-and-hold channels to 
simulate long time delays. 

for a group present input pulse is the sampling period 
for the particular group. 

To operate two groups at different, related fre­
quencies, the group running at the higher frequency is 
operated as described above, but the clock pulses for 
the lower frequency group must be obtained by divid­
ing the higher frequency clock pulses by some integral 
number. [See Fig. 4(b).] The start control input is 
shown in Fig. 4(a) and 4(b). 

A great many other modes of operation are possible, 
but will not be presented here because of space restric­
tions. 

SIMULATION OF SIMPLE DIGITAL COMPUTER 

OPERATIONS6 

Simulation of sampled-data systems which incor­
porate a digital computer may be accomplished by us­
ing sample-and-hold channels to simulate the digital 
computer's transfer function (provided the transfer 
function is not too complicated). Simple digital filters, 
second- or third-order difference equations, etc., may 
be sim ula ted. 

If a group of ADC-DAC channels are wired in series 
[the output of the first wired to the input of the second 
(see Fig. 5, with the control logic being pulsed by logic 
circuitry given in Fig. 4(a) of the example logic dia­
grams, the variable delay set to 815 J.l,sec, and all chan­
nel inhjbit inputs wired to the operating group enable 

6]. R. Ragazzini and G. F. Franklin, "Sample-Data Control 
Systems," McGraw-Hill Book Co., Inc., New York, N. Y.; 1958 
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output], then it can be easily shown that successive 
channel outputs are each delayed from the previous 
channel output by one sample period. 

En * in this treatise will be used to denote the sampled 
and held value of E; the subscript n refers to the nth sam­
ple pulse. 

Suppose E is zero, and has been for a considerable 
length of time. Then En *, En-I*, etc., will all be zero. 
Now suppose that during the interval between the nth 
and the nth + 1 samples, E changes to some nonzero 
variable value. Then, after the present pulse associated 
with the nth+l sample, channell's output will change 
to En+1*. However, during the sampling associated with 
the nth + 1 sample, channell's output was still zero, 
hence the output of channel 2 will remain at zero after 
the nth + 1 present pulse. 

After time n+2, the output of channel 2 will have the 
value En+I*' since that value was still at the output of 
channell when the nth + 2 sampling occurred. The out­
put of channel 3, En *, will still be zero. (This operation 
is a consequence of the fact that each sample-and-hold 
channel has a slight transportation lag.) 

Therefore, a series string of sample-and-hold chan­
nels will act like a delay line which propagates values of 
E that have been sampled and held. Further considera­
tion will show that this is equivalent to the way a digital 
computer would remember past values of a variable. 

Thus 

Output of channell = En * 
Output of channel 2 = En *e-8T 

Output of channel 3 = En *e-28T• 

Using z transform notation (z=esT ; see Ragazzini and 
Franklin6) 

Output of channell = En * 
1 

Output of channel 2 = En *­
z 

1 
Output of channel 3 = En*- . 

Z2 

The first channel has the transfer function 

1 
GI = - (1 - e-8T) 

S 
(3) 

and each succeeding channel has the transfer function 

1 
G2 = Ga = ... = -. (4) 

z 

Suppose it is desired to simulate the transfer function 

G(z) = z(aoz + aI) = Eo* . 
Z2 + bIZ + b 2 Ei* 

(5) 

Solving for Eo*, 

The block diagram for this is shown in Fig. 6. The 
implementation of a second-order difference equation 
can be accomplished with three sample-and-hold chan­
nels instead of four; the diagram in Fig. 6 was chosen 
because it made the error analysis more expedient. 

A ccuracy of Simulation 

Each Addaverter unit (ADC or DAC) is accurate to 
within ±0.1 per cent of its nominal input (or output) 
voltage. Therefore, the voltage out of each sample-and­
hold channel is accurate to within 0.2 per cent of the 
voltage put into the channel. Because of the 0.2 per cent 
inaccuracy of the Addaverter, some uncertainty in the 
solution of a difference equation may arise. The follow­
ing discussion treats the limitations caused by this inac­
curacy. 

A sample-and-hold channel may be visualized as hav­
ing its output made up of the sum of a voltage which is 
identical to the voltage at the input during the last 
sample and an unknown random voltage. This is graphi­
cally explained in Fig. 7. 

Using Fig. 7 as a model sample-and-hold channel, the 
complete diagram for a second-order difference equa­
tion is shown in Fig. 8. 

The expression for the output is 

b2 
bl + -

z b2 
- Rm* ------ - Rrv* ------. (7) 

bi b2 bi b2 1+-+- 1+-+-z Z2 z Z2 

Further analysis would be impossible without some 
simplifying assumptions about the character of R i • 

An Ri is a function of the voltage at the channel input 
and hence cannot be assumed Gaussian. Observations 
taken from the Addaverter have shown that the Ri are, 
to a first approximation, constant offsets. Therefore, 
let 

(8) 

where Ei=constant offset associated with the ith chan~ 
nel. 

Furthermore, to make analysis expedient, the second­
order difference equation is assumed to be that of a 
damped sinusoid: 

ze-aT sin aT 
G(z) = --------

Z2 - 2ze-aT cos aT + e-201.T 
(9) 
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Fig. 6-Block diagram for simulation of second­
order difference equation. 

Substituting (8) and (9) into (7), 

z 
Eo* = E~*G(z) + -- E1G(Z) 

z - 1 

z z2e-aT sin aT + -- En ----------­
z - 1 Z2 - 2ze-aT cos aT + e-2aT 

z 2z2e-aT cos aT - e-2aTz + --Enl-----------
Z - 1 Z2 - 2ze-aT cos aT + e-2aT 

z e-2aTz2 
- --EIV . (10) 

Z - 1 Z2 - 2ze-aT cos aT + e-2aT 

The first term of (10) represents the desired output of 
the simulation. The remaining terms represent the error 
caused by the offsets in the channel outputs. The error 
is split into two parts: a constant term and an oscilla­
tory term. These two parts are evident in the partial 
fraction expansion of the error terms of (10). 

E Perfect 
o-----tSample-and­

Hold. 

+ E*+R* 

Fig. 7-Model of a noisy sample-and-hold channel. 

Fig. 8-Block diagram of second-order difference 
equation, including random disturbances. 

larity that they give the largest error: namely, suppose 
eln = +'I/;f and elV = -'I/;f where '1/;, is the average channel 
offset. Furthermore, suppose the total error of simula­
tion is to be no larger than 100 '1/;, (i.e., the error-to-offset 
ratio is 100). 

Then substituting into (12) 

(13) 

[(e-aT sin aT)(EI + En) + (2e-aT cos aT) (ElII) - (e-2aT) (EIII + EIV)] z 
Error of Eo* = .--

1 - 2e-aT cos aT + e-2aT z - 1 

I 
{(e-aT sin aT)(EI) + (e-aT sin aT) (2e-aT cos aT - e-2aT)(EII) 

+ [(2e-aT cos aT - e-2aT) (2e-aT cos aT) - e-2aT](EIII) I 

- (2e--aT cos aT - ,,'aT) (<rV) l Z, I 
+ [( _e-2aTe-aT sin aT)(EI + EII) - (2e-2aTe-aT cos aT) (ElII) + (e-2aT)(EIII + EIV)]Zj 

(1 - 2e-aT cos aT + e-2aT)(z2 - 2ze-aT cos aT + e-2aT) 
(11) 

The first term of (11) contributes a constant error, 
which would be most noticeable if aT were small. If 
a=O, then the error due to the first term would be 

Solving for e-aT, 
e-aT :::; 0.868. (14) 

e-aT is the z-plane location of the double pole for the 
case when a = O. Hence, if it is desired to have an error 
no greater than 100 times the average channel offset, 
then the real part of the pole locations, for small aT, 

error = 
(2e-aT - e-2aT)Eln - e-2aTEIV 

1 - 2e-aT + e-2aT (12) 

Suppose eln and elV are offsets which are of such po- must be less than 0.868. ' 
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1m 

Fig. 9-Forbidden region of z plane for poles of 
a second-order difference equation. 

Re 

Forbidden 
Region 

N ow consider the case where a = o. The major source 
of error in the solution comes from the second term of 
(11). This error is 

Similar calculations made for an error contribution 
which is not to exceed 10 times the average channel off-' 
set, Y;/J yield the limits 

e-aT :::; 0.641, and 

(18) 

A similar analysis for a first-order lag may be made 
by letting aI=b2 =0 and ao=1 in (5). For an error-to­
offset ratio of 100 

(19) 

Solving for bI , 

bi :::; 0.99. (20) 

Hence, for a first-order lag, the pole should be located 
at points less than 0.99 for a ratio of 100. This means 
that this technique of simulating difference equations 
cannot be used to do integration (the above case, for 
instance, where bi = 1). 

{ [El + (2 cos aT - l)ElI] sin aT + [(2 cos aT - 1) (2 cos aT) - l]EllI - (2 cos aT - l)EIV} Z2 

+ {-(El + Ell) sin aT - (2 cos aT - l)EllI + EIV}Z 
error = ------~------------------------------------------------------------------ (15) 

(2 - 2 cos aT)(z2 - 2z cos aT + 1) 

By assuming that cos aT is approximately unity, and 
that EUl =Y;j and EIV = -Y;j (as before) and neglecting 
(€l+€U) sin aT, the numerator of (15) reduces to 

2(Z2 - Z)l/1i 

which is the same as the numerator of the transform for 
cos aTn. Hence, this error contributes 

1/;j 
------ cos aTn 
1 - cos aT 

to the output of the simulation. If as before, it is desired 
that this contribution be less than 100 times the average 
channel offset, Y;j, then 

1001/;1 ~ 1/;1 • 
1 - cos aT 

(16) 

Solving for aT, 

(17) 

Thus, using (14) and (17), a region of the z plane can 
be enclosed, and dubiously named a forbidden region for 
the existence of poles of a second-order system. Fig. 9 
illustrates this forbidden region. 

Figs. 10 and 11 are illustrations of the type of solu­
tion uncertainty caused by the sample-and-hold channel 
offsets. For both figures, an undamped cosine function 
was used and the average channel offset was 0.02 volt. 
For Fig. 10, the value of aT was 5°, locating the poles 
inside the forbidden region; for Fig. 11 aT= 10°, locat­
ing the poles just outside the forbidden region. The dif­
ference in solution uncertainty is clearly illustrated. The 
same type and magnitude of uncertainty arises in a 
damped sinusoid solution. 

I t is indeed unfortunate that the forbidden region ex­
ists where it does, since it excludes the area of the z 
plane most commonly used. Time scaling may some­
times be employed to shift system poles to more favor­
able locations, but this often leads to difficulties in the 
analog computer portion of a simulation, since fre­
quency must be scaled up. 

CONCLUSIONS 

Simulation facilities possessing general-purpose sam­
pled data simulators in the form of a conversion system 
and a digital computer may require an auxiliary sam­
pled-data simulator for simulation of simpler system 
problems. 
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Fig. 10-Cos aTn.aT=5°. Average channel offset =0.02 volt. 

Fig. ll-Cos aTn.aT= 10°. Average channel offset =0.02 volt. 

An auxiliary simulator which uses the main portions 
of the analog-to-digital conversion system satisfies 
most of the requirements that a sampled-data simulator 
must meet. It has the advantage taat it uses the conver­
sion system during otherwise idle periods. 

The simulator consists basically of a number of sam­
ple-and-hold channels which, subject to certain inac­
curacies, may introduce errors into a simulation. The 
magnitudes of these errors can be determined in cases 
only with prior knowledge of the complete system. 

In the simulation of digital transfer functions, the ef­
fects of these inaccuracies on the representation of 
transfer functions may be analyzed for any given trans­
fer function. Given some bound on the over:all error, a 
region of existence of the z-plane poles of the transfer 
function may be outlined. 
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FOXY 2: A Transistorized Analog Memory 
for Functions of Two Variables 

L. J. KAMMt, P. C. SHERERTZt, AND L. E. STEFFENt 

FOxy 2 is a high-speed function generator with 
two independent variables for use in analog com­
puters and simulators. 

FOXY 2 stands for Function Of X Y, 2nd type. It is 
a high-speed transistorized version of FOXY 1, which is 
a relay device. 

The mathematical approach is shown in Fig. 1. The 
x, y plane is ruled in a grid and the value of z at each 
corner point is defined in the memory. 

t Convair, San Diego, Calif. 

For any point (x, y) the 4 surrounding corner values 
ZA, ZB, Zc, ZD are switched to the output circuit, and 
z(x, y) is obtained by so-called bilinear interpolation as 
follows: z" is obtained by linear interpolation between 
ZA and ZB, and z' is obtained by linear interpolation be­
tween Zc and ZD. Then Z is obtained by linear interpola­
tion between z' and z". 

The memory comprises a jack for each corner point 
and a set of fixed voltage jacks. To record a value of 47 
for Z5,9 for example, corner jack 5, 9 is wired to voltage 
jack 47. To provide for wiring several corner jacks to a 
single voltage jack, the corner jacks are actually twin 
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Fig. 1-Mathematical description z=f(x, y). 

jacks and chain wiring is used from a voltage jack to a 
first-corner jack to a second-corner jack to a third­
corner jack, etc. 

There are 201 fixed-voltage jacks having values from 
-100 through 0 to +100. 

The x, y plane is divided up by 21 rows and 21 col­
umns of corner points, so that z is defined at 441 points. 

A bus is provided for each x and each y grid line. A 
corner-point voltage is switched out from the memory 
when both its x and its y busses are energized. To pro­
vide for the simultaneous selection of all four corners of 
a square needed for interpolation within the square, two 
adjacent x busses and two adjacent y busses are ener­
gized at the same time. Energizing x busses 3 and 4 and 
y busses 1 and 2 switch out the four voltages on corner 
jacks (3, 1), (3, 2), (4, 1), and (4,2). 

Ambiguity is prevented by the even-odd segregation 
scheme shown in Fig. 2. All corner points in the x, y 
plane are classified as A, B, C, or D. Every square has 
one and only one corner of each classification, although 
not in the same relative positions. The switching circuits 
for each classification are kept separate. Thus, in the 
above example corner 

(3, 1) is class A 
(3, 2) is class C 
(4, 1) is class 13 
(4, 2) is class D. 

The simultaneous operation of busses Xs, X4, Yl, and Y2 

connect one and only one corner jack to each of four 
memory-output wires, A, B, C, and D. 

A block diagram of the system is shown in Fig. 3. The 
x and y input voltages each go to a corner selector which 
energizes the appropriate grid busses. The grid busses se­
lectively operate the 21 X21 array of corner switches. 
These connect the corner voltages (z values) to the out­
put interpolator, 4 at a time (the A corner, B corner, C 
corner, and D corner of a grid square). The corner se­
lector circuits also send signals via the pre-interpolators 
to the output interpolator which then generates a 
weighted average of the four corner voltages to produce 
the output, z. 

A 

( 

A 

( 

A 

MEMORY 

I 

B A B A B 

D ( D ( D 

B A B A B 

D ( D ( D 

B A B A B 

Fig. 2-Even-odd corner classification. 

x 

CORNER 
SELECTOR 

PRE 
INTERPOLATOR 

21 X 21 OUTPUT 
CORNER SWITCHES INTERPOLATOR 

CORNER PRE 
SElECTOR INTERPOLATOR 

y 

Fig. 3-Block diagram. 

z 

The corner point switching system is shown in Fig. 4. 
Here the outputs of the corner selectors of Fig. 3 are 
designated matrix decoders. The grid busses are desig­
nated Xl, X2, •.• , X2l and yl, Y2, .•. , Y2l. Each corner 
switch is an AND gate comprising a 2NS21A transistor 
whose base is connected to a y bus and to an x bus by 
lNl16 diodes and to a bias voltage by a resistor. 

When both its busses are energized, a transistor is 
turned on and its corner-jack voltage is imposed on one 
of the four output wires A, B, C, or D. All of the A­
corner switches are connected to output wire A, and 
corners B, C, and D are correspondingly related to out­
put wires 13, C, and D. Thus, when two adjacent x busses 
and two adjacent y busses are energized, a corner volt­
age is imposed on each of the four output wires. 

Each corner selector contains an analog-to-digital 
converter in which each count corresponds to a 10-volt 
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Fig. 4-21 X21 switching array. 

/' 
/' 

./ 
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/' 
/' 

/' 
./ 

/' 
/' 
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1 1 0 0 1 1 0 0 1 1 0 0 1 
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Fig. 5-Sequence chart. 

/' 
/' 

/' 
./ 

/' 
/' 

/' 

1 0 1 0 1 0 1 
1 0 0 1 1 0 0 
0 1 1 1 1 0 0 
0 0 0 0 0 1 1 
1 1 1 1 1 1 1 

14-15 5-166-17 7-188-19 9-20211·21 

V V ./ V V V V 
"-.. V '-... V "-V '-... 

increment in the independent variable. See Fig. 5. The 
counter energizes the matrix decoder which is a set of 
gates. These gates energize a different pair of matrix 
busses. for each state of the counter. 

Interpolation is performed by time division and sum­
mation of the voltages on the A, B, C, and D output 
wires. Fig. 6 shows the interpolator circuit. Each circle 
containing a Llx represents a transistor switch which 
rapidly turns on and off, with its on percentage deter­
mined by the position of x between the two x-boundary 
values of its square, and similarly for y Fig. 7 shows the 
time-division coder circuit. The chopped A, B, C, and D 
voltages are filtered and then summed by the output 
amplifier to produce z. 

The interpolation process in somewhat more detail is 
as follows: the x-input voltage is combined with fixed 
voltages switched by the A-D converter to produce the 
sawtooth pre-interpolator input shown in Fig. 5. The 
pre-interpolator converts this to the triangular form 
designated pre-interpolator output. This is fed to the 
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Ze 

5K 

5K 

1--____ W5K..... -[>-OPERATIONAL AMPLIFIER 

Zo 

5K -[[]-LO·PASS FILTER 
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r----sK--------l 
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Z -5 
-5 

I i TIME DIVISION 
I '}-FROM 

: I CODER , , 
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Fig. 6-Z interpolator. 
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I I 
I I 

I I 
I , 
1 , 
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SW.2 -2 

OUTPUT 
PRE· INTERPOLATOR -5 

Fig. 7-Time-division multiplier. 

time-division multiplier of Fig. 7, whose output is a pair 
of pulsing voltages whose on time corresponds to the 
magnitude of the pre-interpolator output voltage. The 
pulsing voltages are fed to the two transistor switches in 
Fig. 6. 

The interpolation equations governing the system 
are: 

Llx 
Z" ZA + - (ZB - ZA) 

X 

~x 
z' Zc + - (ZD - zc) 

X 

~y 
Z:z;y = z" + -- (z' - z") 

y 

( 
~x ~y ~x ~Y) 

ZXY = 1 - X - Y + X Y ZA + 

( ~x Ll.x Ll.Y) 
X 

-X- y ZB+ 

( Ll.y _ Ll.x Ll.Y) Zc + 
y X y 

( Ll.x Ll.Y) ZD. 

X Y 

(1) 

(2) 

(3) 

(4) 
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A Time-Sharing Analog Computer* 
JOHN V. REIHING, JR.t 

I. INTRODUCTION 

T HE transient behavior of physical systems is often 
studied by the use of electronic analog computers. 
If the system considered is characterized by a con­

tinuous distribution of properties, the describing system 
equations are of the partial differential class. An anal­
ogous set of equations, soluble on the analog computer, 
can often be formed by the application of finite differ­
ence approximations. For example, a physical system, 
originally space and time dependent, can sometimes be 
sectionalized into a number of space segments and then 
described by a set of ordinary differential and/or alge­
braic equations. Such sectionalization ordinarily results 
in a number of equation sets of similar form. 

Most often the computational approach to the sec­
tionalized problem is to associate with each section a 
block of analog equipment. Each section block is usu­
ally composed of identical analog computer compo­
nents. The total system is then simulated by cascad­
ing the section blocks. For multisection systems, as are 
required for rapid transients, equipment requirements 
increase as n, the number of sections, increases. As a re­
sult, some problems cannot be accommodated by the 
analog computer facility. Further, the large number of 
potentiometers resulting from the sectionalized cascade 
solution increases problem setup time and the probabil­
ity of operator error in the potentiometer-set-phase of 
setup. 

A time-sharing analog solution, described in this 
paper, replaces the cascade of similar circuits by a single 
circuit whose components are time-shared. In conjunc­
tion with the actual computing elements of the time­
shared circuit are circuits to provide time delay and 
timing functions. This sharing permits a reduction in 
equipment requirements permitting a smaller invest­
ment in computing equipment for a given problem size 
or increased problem capacity over that available with­
out time-sharing. 

I I. DESCRIPTION AND METHOD OF OPERATION 

A. A Typical Problem and Method oj Solution 

The description and method of operation of a time­
sharing analog computer designed to solve a typical set 
of pressurized water, forced convection reactor core heat 
transfer equations follows. The machine to be described 

* This paper is an abstract of a thesis presented at the University 
of Pittsburgh for the M.S. degree. The author is indebted to Drs. 
J. F. Calvert, T. W. Sze, and D. J. Ford, all of the University of 
Pittsburgh, for helpful criticism. 

t Bettis Atomic Power Div., Westinghouse Electric Corp., Pitts­
burgh, Pa. Operated for the U. S. Atomic Energy Commission by the 
Westinghouse Electric Corp. under Contract AT-ll-1-GEN-14. 

illustrates the principal features of time-sharing and the 
solution of the sectionalized reactor core equations may 
be considered a typical application. 

The set of differential-difference equations to be 
solved is given below and is shown, along with a sketch 
of the model, in Fig. 1. Coolant flow is assumed constant 
for the analysis:! 

(3) 

(4) 

The forcing functions for the kth section are the inlet 
coolant temperature Tik(t) and the heat flux tjk(t). The 
output coolant temperature is Tok(t), and the average 
metal and coolant temperatures are T mk(t) and TWk(t) , 
respectively. 

The block diagram of Fig. 2 illustrates the conven­
tional, cascaded method of solution. Each of the n sec­
tions is composed of the same computing elements. Fig. 
3 indicates, in block diagram, the solution of the equa­
tion set by time-sharing. The substitution of a single 
time-shared circuit for the tandem string of circuits is 
evident by comparing these two diagrams. 

Fig. 4 shows a four-section analog circuit diagram for 
a time-sharing machine to solve the set under considera­
tion. This analog circuit can be considered as a combina­
tion of two circuits, i.e., an equation solving section and 
an auxiliary or service section. The equation solving sec­
tion consists of integrators A and B, summer D, and the 
gain potentiometers with settings aI, a2', as', a/. Inte­
grator A solves (1) for T mk(t) given the heat flux and the 
film 'drop. Eq. (2) is solved by integrator B for TWk(t) 
by integrating the film drop and the coolant tempera­
ture rise across the kth section. Summer D produces the 
outlet coolant temperature TOk(t) by solving (3). The 
auxiliary or service circuit, peculiar to this time-sharing 
machine, includes six special devices. The devices and 
their functions are as follows. 

1) Delay circuits DA, DB, Do, and DD receive, store, 
and discharge voltages at times determined by 
control signals. The delay circuits can be classified 
into two types by considering the nature of the 
signals upon which they operate. First are those 

1 See Appendix for a list of symbols. 
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dt 
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METAL-COOLANT INTER­
FACE CONVECTIVE HEAT 
TRANSFER DESCRIBED 
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To (t) = T. (t) 
k Ik + I 

Fig. 1-Reactor core heat transfer equations and model sketch. 
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Fig. 2-Reactor plant simulator with multisection 
reactor core tandem section computer. 
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Fig. 3--Reactor plant simulator with multisection 
reactor core time-sharing computer. 

I
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Fig. 4--Time-sharing computer for the solution of a sectionalized 
heat transfer problem-reactor core. 

Circuit model for: open loop, constant flow, non-uniform heat 
flux situation (four section model). 

dTwk I I 
-- = aa (Tmk - Twk) - a4 (Tok - Tik) 

dt 

TOk = 2Twk - Tik 

TOk = Tik+l 
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which delay initial condition voltages, e.g., 
DA, DB. These signals are discrete in nature and 
the necessary delay may be discontinuous, i.e., dis­
crete sampling, storage, and discharge. Second are 
those which delay continuous voltages, e.g., Dc, 
D D. This second type is extremely difficult to re­
alize economically, particularly when the time de­
lays are long. For this reason all of the delays de­
signed for this prototype computer are of the 
first type. The continuous signal delays are ap­
proximated by smoothing operations performed 
on the discontinuous delays. 

2) The integrator operation control circuit changes 
the operational state of integrators (Reset, Hold, 
Operate) in response to command signals from a 
timing circuit. 

3) A heat input circuit provides the kth section heat 
forcing function when the kth section equations 
are being determined by the equation solving cir­
cuit. 

4) Smoothing, gain, and phase inverting circuits per­
form the functions their names imply. 

5) Gates AI, A 2, A a, A 4, A 7, As, and A9 control the 
flow of signals. 

6) A timing circuit controls the sequence of opera­
tions of the auxiliary devices and the main and 
time-sharing computer. Command signals from 
the timing circuit are shown as heavy lines in 
Fig. 4. 

Prior to the initiation of operation of the time-sharing 
computer, steady-state calculations are performed to 
obtain the initial conditions for all n sections. These 
initial conditions are denoted by Tmk(O) and TWk(o). The 
voltage analogs of these temperatures are stored in dis­
continuous delay circuits DA and DB, respectively. 
These circuits consist of four tandem cells denoted by 
CI through C4• The number of cells making up delays 
DA and DB does not necessarily equal the number of 
sections being simulated. The requirement is that the 
number of cells and the stepping rate yield a time delay 
of nTR+(n-l)Ts where n is the number of sections, Ts 
the sampling time, and TR the reset time. For the subse­
quent discussion delay Dc is assumed to consist of five 
cells permitting five samples in each sampling interval 
Ts, i.e., p = 5. The time delay employed is Ts for the first 
sample and TR+(p-2)Tslp for the four subsequent 
samples. If a continuous delay were to be used a delay 
of Ts+TR would be employed. 

The heat input forcing function circuit (shown in the 
upper left of Fig. 4) computes {b, fb, t.b, and {b, and these 
variables appear at the inputs of gates Al through A 4 , 

respectively. The outputs of these gates are multiplied 
to form the qk input line. 

Two additional engineering considerations remain. A 
sampling period is chosen to establish the rate of com-

putation as controlled by the timing circuit. The choice 
of a sampling period is governed by the speed of th~ 
transient to be encountered, the degree of reactivity 
feedback via the temperature coefficient, the desired ac­
curacy, the allowable machine running time, and other 
considerations. The sampling period is denoted by T 8 • 

The second consideration is the evaluation of the hot 
leg transport time TdT,' This time fixes the number of 
tandem cells required in delay circuit DD (output stor­
age, DD, could also be a continuous type delay, e.g., 
tape, if economic considerations permit). With Tdh 

established, the timing circuits are adjusted to provide 
such a delay. 

The operation of the time-sharing analog computer 
proceeds as follows. The computer integrators are set to 
Reset, installing initial conditions Tml(o) and TWl(O) at 
the outputs of integrators A and B. With gates Al and 
A 7 open and all others closed, the main and time-sharing 
computers are set to Operate condition. The circuit re­
mains in Operate for Ts seconds during which time the 
forcing function T i1(t) flows into the computer. Since 
gate Al is open, the heat flux presented to the circuit is 
ql. The output of summer D is, consequently, the analog 
behavior of TOI(t) for the period T 8 , i.e., the output water 
temperature transient of the first section of the four­
section model during the sampling period T 8 • This output 
temperature transient is to become the input forcing 
function for section two of the model during the subse­
quent operational period, and so provision is made to 
store discrete values of TOl(t). Such storage is accom­
plished by stepping the discontinuous delay circuit Dc 
at intervals during the initial T8 seconds. Such a stepping 
action is caused to take place every T8/4 seconds by the 
timing circuit. The result of this action is the storage of 
five samples of T01 (t) in delay circuit Dc at the end of T8 

seconds. These five voltage analogs denoted by TOl(o) , 
T oI(l), TOI(2) , T OI (3), and T 01 (4) appear in cells Cs, C4, 

Ca, C2, and Cl of Dc, respectively. At the end of T8 seconds 
the main computer (external to the time-sharing com­
puter) and the time-sharing computer are set to the 
Hold condition. Shortly thereafter, the initial condition 
dela y circui ts D A and DB are stepped placing condi tions 
Tm/o) and TW2(O) at the outputs of integrators A and B. 
Stepping delays DA and DB also causes the state of 
integrators A and B (at a time Ts after the beginning of 
the transient) to be stored in CI of D A and DB. These 
analog voltages are the initial conditions required for 
the second complete cycle of computation. They dis­
place, in the delay circuits, the "initial" initial condi­
tions. The notation employed for these conditions is 
Tmk(4) and TWk(4) where the parenthetical number de­
notes the state of the variable after a time 4 T8/4 sec­
onds. Then, with gates A2 and As open and all others 
closed, the time-sharing computer is placed in Reset 
and shortly therea~ter in the Operate condition. 

The input forcing function for the second section is 
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now the output of the first section as previously com­
puted. This signal is introduced by stepping the Dc de­
lay. Such stepping causes the discrete analog voltages to 
pass out of the delay, through the smoothing, gain, and 
phase inverting circuit, and into the computational 
circuit via gate As. This same stepping of Dc causes the 
output transient of the second section to pass into the 
delay Dc for storage and future use in the next cycle of 
computation. Again, the output transient is sampled at 
five points 78/4 seconds apart in time. The output tran­
sient from the third section is obtained during the third 
78 interval of time by the same sequential process em­
ployed in solving the section two response, and similarly 
for section four. 

At the end of the fourth 78 second interval the con­
tents of delay circuit Dc are five voltages representing 
samples of the outlet water temperature transient dur­
ing the initial sampling period of the input water tem­
perature forcing function. At this time, with the time­
sharing and main computer in the Hold condition, the 
initial condition delays DA and DB are stepped placing 
Tml(4) and Tw](4) upon integrators A and B. Further, 
gate As is closed and A7 opened permitting the second 
7"8 interval of the inlet coolant temperature forcing func­
tion to drive the first section computation when the 
computers are set to Operate. Gate Al is opened and the 
time-shar~ng computer is set to Reset. Both computers 
are now placed in Operate and the second cycle of com­
putation begins. The four section computations proceed 
as previously described. During the first 78 seconds of the 
second complete cycle gate A9 is open. This open gate 
permits the output transient from the first cycle to pass 
into the output storage delay circuit DD as the first sec­
tion response to the second sampling interval displaces 
this information in storage device Dc. 

As the computation proceeds in a cyclic fashion the 
output storage DD becomes filled with samples of the 
desired output coolant temperature transient. Each an­
alog sample, spaced 7"8/4 seconds apart in time, is stored 
in sequential order in the DD device. The earliest (time­
wise) voltage appears in the highest order cell and the 
latest voltage sample in the lowest order cell, i.e., the 
input cell number (C1). As soon as sufficient 78 second 
intervals have elapsed so that the sum of the intervals 
totals the hot leg transport delay 7dh' the output stor­
age delay begins to discharge the sampied output tran­
sient. This output information is sent out in spurts, four 
section computation times apart. Each data spurt con­
sists of five voltage samples spaced 7 8 /4 apart in time. 
Such discrete data may be smoothed to convert to a 
continuous analog form. 

B. Feedback Considerations 

Time-sharing techniques must include provision for 
feedback signals such as the temperature feedback loop 
signal in the sim ula tion of a reactor plant wi th a nonzero 
temperature coefficient of reactivity. The effect to be 
simulated can be described as 

Or if the temperature coefficient, K TCk , is assumed spa­
tially constant 

(6) 

where 

(7) 

An exact summation process, as required by (5) or (7), is 
not possible with time-sharing techniques. This inherent 
limitation is so because the instantaneous behavior of 
the average water temperature in all n sections is known 
only during the computation of the final or nth section, 
and then only if all previous Twk(t) transients are 
stored. 

The circuit next described approximates Tave(t) as 
given by (7). The method proposed is the repeated cor­
rection of the average existing at the start of anyone 
com plete cycle by the use of the section data as it be­
comes available. Listed below are equations which 
describe such a method. 

Tave at the start of a four-section cycle is 

1 4 

Tave(O) = - :E T Wk(O) 
4 k=I 

during the first section computation 

1 4 1 
Tave(t) = - :E T Wk(O) + - [T Wl(t) - T Wl(O)]; 

4 1 4 

during the second section 

141 
Tave(t) = - :E TWk(O) + - [TW1 (4) - TW1(o)] 

4 1 4 

1 
+ - [TW2 (t) - TW2(O)]; 

4 

and the third section 

1 4 1 
Tave = - :E TWk(o) + - [TW1 (4) - TW1(o)] 

4 1 4 

1 1 + - [TW2 (4) - TW2(O)] + - [TW3 (t) - TW3(O)] 
4 4 

and finally, during the fourth section computation the 
average becomes 

1 4 1 
Tave(t) = -:E TWk(o) + - [TWl(4) - TW1(o)] 

4 1 4 

1 1 + - [TW2 (4) - T W2 (o)] + - [TwaC4) - TwaCo)] 
44. 

1 
+ - [T W4(t) - T W4(O)]. 

4 
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At the end of the first complete cycle of computation the 
T ave signal is 

1 4 

Tave( 4) = - L: T Wk( 4) 
4 k=l 

and so, during the next cycle, the identical process can 
be repeated. 

A circuit to accomplish this task is shown in Fig. 5. 
The expressions, indicated in terms of temperature, are 
the analogs of the voltages which, of course, actually oc­
cur. The state of the circuit is that which would exist at 
the start of the first section computation of the first 
cycle. 

The operation of the circuit proceeds as follows. Prior 
to time zero, 

1 4 

- L: TWk(O) 
4 k=l 

is stored on capacitor Ct. Relay Tave is de-energized and 
TWI(t) = TWI(O) so that the output of summer P is also 

1 4 

- L: TWk(O). 
4 1 

The analog voltage of this term is applied to capacitor 
C2 through the NC:c contact on relay Tave. The inputs of 
summer Q are + TWI(t) and - TW1(o) which are obtained 
from the output of integrator B and the gain and phase 
inverter following delay DB, respectively. Integrator B 
and delay DB are shown in Fig. 4. During the first sec­
tion computation (computers set to Operate) TWI(t) 
begins to differ from TWI(O). This difference is computed 
by summer Q and added to the original summation 
stored on C1 by summer P after being attenuated by lin 
by the input potentiometer shown. This new voltage is 
applied to capacitor C2• ' 

At the end of the first section computation, relay Tave 

is energized and maintained up during the second sec­
tion period. Now capacitor C2 "remembers" the initial 
voltage and the new sum consisting of 

1 4 

- L: TWk(O) 
n 1 

is applied to capacitor C2 through the NO:c contact. Dur­
ing this period, the inputs to summer Q are TwJt) and 
TW2(O). Relay Tave is thus alternately de-energized and 
energized until all four sections have been computed. At 
the end of four periods capacitor C2 has the analog of 

1 4 

- L: TWk 
4 k=l 

(4) 

stored upon it. Summer R corrects the stored signals for 
attenuation and dc shift suffered in passing through the 
cathode-follower read-out circuit. The succeeding cycles 
proceed as the first. 

.-----_ APPROXIMATE AVERAGE COOLANT TEMPERATURE 

~u2t ~~f r ___ -t-____ OP_ER_4T_E .T ... _R_EL_AY __ 

Tove 

HQ RELAY 

GND = +'4 ~ Tw."l - GND 

-IOOV 

. 
CATHODE FOLLOWING OUTPUT GAIN AND D.C RESTORER 

Fig. 5-Summation circuit to approximate the average 
coolant temperature. 

C. Time and Space Dependent Forcing Functions 

} 

FROM 
CIRCUIT 

FIG4 

Provisions for forcing functions which are both time 
and space dependent require another novel time-sharing 
circuit. The heat flux input to the reactor core is a typi­
cal exam pIe. 

By finite differencing techniques the kth section heat 
flux input can be approximated by 

(jk(t) = mk{jT(t), 

where mk is constant. Several system variables cause 
time variations in the reactor core-heat flux, [(jT(t)], 
e.g., changes in rod position, coolant temperature, and 
pressure. If the sampling period of the time-sharing com­
puter is chosen so that the core heat flux, (jT(t) , changes 
appreciably during the period, provision must be made 
to include such variations in the computation. 

Fig. 6 is a circuit diagram of a heat flux circuit which 
provides both a space and time variant forcing function. 
During the first sampling period relay Q is inoperative 
permitting the (jT(t) signal to flow to the input bus of the 
mk scaling potentiometers and to the input of discon­
tinuous delay D Q (this delay could also be of the con­
tinuous type, e.g., magnetic tape). While the {jT signal 
flows, the DQ delay is stepped causing five (arbitrary 
number) samples to be stored within the delay. Poten­
tiometer ml scales (jT(t) yielding (jl(t). During this time, 
rotary switch R Q is in position 1. Thus, (jl(t) appears at 
the output of the heat flux circuit. At the start of the 
second section computation relay Q is operated and 
swi tch R Q is stepped to position 2 by pulsing the step R Q 

lead. During the second interval delay D Q is stepped pe­
riodically causing the initial (jQ(t) signal to reappear on 
the potentiometer input bus as well as at the input of 
the delay. Smoothing and gain are applied to the discon­
tinuous signal as indicated. During this period (j2(t) ap­
pears as the output of the flux circuit. This sequence is 
continued until all n sections have been computed. At 
the completion of the computational cycle rotary switch 
R Q is set to position 1 by pulsing the home R Q lead which 
actua tes the release magnet. Relay Q is released and the 
circuit is ready for the second sampling period. This cir-
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Fig. 6-Heat flux forcing function circuit for a time-sharing 
computer solving the reactor core equations. 

cuit performs the functions of gates Al through A4 of 
Fig. 4. 

D. Time Dependent Forcing Functions 

Another class of forcing functions which must be 
handled by time-sharing are those which are time de­
pendent only. An example of this class is the coolant 
flow rate through the reactor core. For nonconstant flow 
(1) and (2) are amended to read: 

dT mk(t) 
-- = Ollqk(t) - 0l2!(t)O.8[T mk(t) - T Wk(t)], (8) 

dt 

dT Wk(t) 
-- = Ols!(t)O.8[Tmk(t) - TWk(t)] 

dt 

- 0l4!(t)[Tok(t) - Tik(t)]. (9) 

Clearly those terms in (8) and (9) with coefficients 
a2, as, and a4 are dependent upon flow rate. Fig. 7 is a 
circuit designed to include the effects of variable flow 
upon the reactor core analog simulation. The circuit is 
shown as it would appear when augmenting the time­
sharing simulator illustrated in Fig. 4. Only integrators 
A and B of Fig. 4 are indicated and all other components 
are omitted for simplicity. The variable flow portion is 
set off by the heavy broken line in Fig. 7. At the start 
of the transient run relay Fis de-energized allowing the 
flow signal f(t) to pass into the computer as a continu­
ous function. During the initial sampling period, delay 
D F is stepped causing discrete samples of J(t) to be 
stored in the delay (DF could be a continuous delay, 
e.g., tape). The samplef(t) also passes to multiplier M B , 

and the function generator FG1 and hence to multiplier 
M A. The outputs of these multipliers, MA and M B , are 
-'---desired functions 

I "I 
D~SCONTINUOUS ---------~ 

, FROM 
MAIN 

COMPUTER 

DELAY OF 
STEP OF DELAY 

_____ --+ -t--+ __ .t--_':.-:,,-:,,-:,,--.J ___ [_TO_k-T~ 

Fig. 7-Time variant flow rate forcing function circuit for a time­
sharing computer solving the reactor core equations. 

and 

respectively. At the end of the section 1 computational 
period, relay F is energized by applying voltage to the 
Operate F gate lead. During the section 2 and succeed­
ing section computation periods the discontinuous delay 
DF is stepped periodically causing the initialf(t) sample 
to pass out of the delay, through the smoothing and gain 
circuit, and into the computing circuit. Thus, the sample 
is reused in each section period. At the conclusion of the 
complete n-section computing cycle, relay F is de­
energized and the circuit is prepared to receive the 
second f(t) sample from the main computer. 

III. PILOT MODEL 

In order to determine the workability and accuracy of 
the time-sharing computing method a pilot model was 
designed and constructed with sufficient capacity to 
solve a four-section reactor core heat transfer problem 
with constant coolant flow and uniform axial heat flux. 

The necessary delay circuits for the pilot model were 
designed by an extension of an invention attributed to 
J anssen2 and later demonstrated by Philbrick.s A block 
diagram of a delay circuit is shown in Fig. 8. Buffer 
amplifiers B 1; B 2, etc., have the following properties: 

1) very high input impedance, 
2) very low output impedance, 
3) am plifica tion close to unity, and 
4) high available output power. 

2 J. M. L. Janssen, "Discontinuous low-frequency delay line with 
continuously variable delay," Nature, vol. 169,p.148;January, 1952. 

3 "A Palimpset on the Electronic Analog Art," ed. by H. M. 
Paynter, G. A. Philbrick Researches, Inc., Boston, Mass., p. 163; 
1955. 
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Fig. 8-Block diagram of a discontinuous delay line with continuous 
variable delay (after J. M. L. Janssen, Royal Dutch/Shell Labo­
ratory, Delft, Netherlands, October 25, 1951). 

These devices were obtained by the design of an extra­
linear cathode follower. Switches Sl, S2, etc. have char­
acteristics as follows: 

1) very low forward impedance, 
2) very high reverse impedance, and 
3) controllable by external command signals. 

The switches for the delay circuits of the pilot model 
were designed for two different applications of the de­
lays: 

1) The short time delay circuits, e.g., the recycled 
forcing function delays (delay Dc of Fig. 4), re­
quired bilateral electronic switches patterned 
after the work of Philbrick.3 

2) The long time delay circuits, e.g., the initial condi­
tion delays (DA and DB of Fig. 4), were designed 
wi th fast-acting relay con tact switches. 

Capacitors Cl , C2, etc., are extremely low-leakage com­
ponents. Output amplifier, Aout, has: 

1) adjustable gain, 
2) very high input impedance, and 
3) low output impedance. 

This component was obtained by cascading a buffer 
amplifier and a conventional analog computer dc ampli­
fier. This arrangement permitted the required smooth­
ing operation and the gain adjustment to be performed 
within the output device. 

To begin the explanation of the delay circuit it is as­
sumed that all switches are open and all capacitors ini­
tially uncharged. At time zero all odd number switches 
are closed for a sufficient time to cause capacitor Cl to 
charge to E(o). At time T all even number switches op­
erate causing C2 to assume voltage E(o). The odd 
switches are then closed at time 2T allowing E(2T) to 

charge Cl and E(o) to pass to C3• At time 3T even 
switches are closed moving E(2T) to C2 and E(o) to C4• 

The process of alternately closing the odd and even 
number switches is continued with closures every T 
seconds. Eventually, after (n-l) T seconds, voltage 
E(o) appears on Cn and hence becomes the first output 
sample. Following this voltage, every 2T seconds, are 
E(2T), E(4T), E(6T), etc. Thus a delay of (n-l) Tis 
achieved. Since T, the switching period, can be con­
trolled, the objective is achieved. 

The timing circuit of the pilot model was synchro­
nized with a master clock. Clock pulses were used to 
drive bistable multivibrators which performed desired 
frequency divisions. The resulting subharmonics of the 
clock pulse train were directed to a logic circuit which 
generated the necessary control pulses to execute the 
desired sequential switching plan. The control pulses, 
after receiving power amplification, actuated relays 
whose contacts formed a switching network. The signals 
from the network controlled the operation of the com­
ponent devices which made up the time-sharing com­
puter. 

IV. TEST RESULTS AND CONCLUSIONS 

In order to evaluate the performance and accuracy of 
the pilot model a series of tests were run in which the 
reactor core heat transfer equations were simulated 
with zero heat input and constant flow, i.e., a simple 
transport delay problem described by: 

dTwk 2n 2n 
-- = - Tik - - T WM 

dt Tdo Tdo· 
(10) 

(11) 

(12) 

The forcing function was a cosine shaped increase in the 
inlet coolant temperature. The results of these experi­
men ts indica ted: 

1) Conventional and time-sharing circuits are com­
patible and reproducible results are obtainable. 
Switching transients, relay contact "races," and 
switching synchronism problems are evident but 
they can be overcome by proper circuit engineer­
mg. 

2) Simulation accuracy is a function of the sampling 
interval employed in the delay circuits and the 
method of signal smoothing employed. Fig. 9 
shows a typical input-output trace. The circuit was 
forced by a 0.785 rad/second cosine rise in inlet 
coolant temperature. Delay Dc of Fig. 4 was 
smoothed by a 1/ (TcS+ 1) filter in which the opti­
mum Tc was found to be 0.03 second. The maxi­
mum per cent departure from the ideal delayed 
transient (also shown in Fig. 9) is 3.1 per cent oc­
curring 3.6 seconds from the start of the transient. 

3) The accuracy of the sim ula tion of systems in. 
which feedback signals dependent upon instan-
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Fig. 9-Results of a time-sharing simulation of transport delay. 

taneous spatial averages, is limited by the inher­
ent inability of the time-sharing computer to cor­
rectly obtain such averages. The operation of the 
circuits designed to obtain the approximate aver­
age coolant temperature was, however, successful. 
Fig. 10 illustrates the results of approximating the 
spatial average by employing the circuitry previ­
ously described. In this figure each Ts segment of 
the input forcing function produces four output 
traces since the average water temperature is con­
tinuously corrected as new data become available 
from the four sections in turn. The nature of the 
approximation is seen by comparing the summa­
tion circuit output traces, shown as solid lines in 
Fig. 10, with the ideal average temperature shown 
as a dashed line. 

V. COST AND EQUIPMENT REQUIREMENTS 

In order to compare the approximate cost and equip­
ment requirements of time-sharing computation with 
conventional analog computation a calculation of these 
requirements for a large but typical problem was per­
formed. The problem considered was the simulation of 
the heat transfer phenomena of a reactor core coupled 
to a heat exchanger within a pressurized, forced convec­
tion system. The simulator was designed with sufficient 
capacity to provide the following: 

1) variable coolant flow, 
2) nonuniform axial heat flux, 
3) temperature coefficient of reactivity feedback, 
4) variable steam throttle opening, and 
5) steam temperature feedback in the heat ex­

changer. 

The most important results of the calculation are 
shown in the three graphs of Fig. 11. Fig. 11 (a) compares 
the cost of time-sharing solutions to conventional cas­
cade solutions as a function of the number of sections. 

(a) 

(b) 

(c) 
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Fig. lO-Operation of the summation circuit. 
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20 

Time-sharing costs are divided into two parts. The 
first, shown cross-ha tched in Fig. 11 ( a), represents the 
cost of that equipment which is peculiar to time-sharing 
and which could not readily be used in non-time-shared 
applications. The second component cost is that of 
multipurpose equipment, e.g., amplifiers, potenti­
ometers, multipliers, etc., which, of course, could be 
used for non-time-shared problems. Fig. 11 (b) and 
11(c) shows the amplifier and potentiometer require­
ments as a function of the number of sections simulated. 

The ratio of the machine running time required to 
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solve a sectionalized problem by time-sharing to the 
running time by the conventional cascade method IS 

given by: 

time-sharing running time 
=n 

conventional running time 

VI. CONCLUSIONS 

The results of this study indicate that a time-sharing 
analog computer for the solution of differential-differ­
ence equations is realizable and is economically attrac­
tive in certain circumstances. If the number and size of 
multisection problems to be computed are large, the 
equipment conservation possible with time-sharing can 
conceivably outweigh the accuracy and running time 
penalties. 

The three phases of this study, viz., design, develop­
ment, and optimization, yielded more specific conclu­
sions. The design of a system to solve the reactor core 
and boiler heat transfer multisection equations re­
vealed that considerable savings in operational ampli­
fiers and potentiometers would be enjoyed when the 
number of sections simulated exceeded three. First cost 
of the auxiliary equipment required for the time-shar­
ing solution of these equations is estimated to be equiva­
lent to the first cost of a sufficient amount of conven­
tional analog equipment to solve a four-section prob­
lem. Programming and set-up time would be markedly 
reduced by time-sharing particularly if a large number 
of physical parameters and analog scaling factors were 
common to many sections. Such a savings would tend 
to offset the increase in running time required by time­
sharing. Design considerations further revealed the 
upper bound on the accuracy obtainable under time­
sharing to be the accuracy achieved by the conventional 
cascade analog solution. This accuracy can be ap­
proached as 

1) the sampling interval, 7"8, approaches zero, 
2) the number of samples, p, obtained for the forcing 

function delays approaches infinity, and 
3) the highest frequency components of the input 

forcing functions approach zero. 

The development phase of this study produced work­
ing models of all of the circuits essential to the time-

sharing system. These units were successfully integrated 
with conventional analog computing equipment and 
test problems were run. The electronic and relay circuits 
proved reliable and the total system yielded reproduci­
ble results. The delay and timing circuit designs, as con­
ceived for the four-section pilot model, can be readily ex­
tended to handle additional sections. 

Much additional attention can be given to the op­
timization of the time-sharing system. The effect of the 
variation in computing parameters, e.g., 7"8, upon accu­
racy might profitably be studied. Newly available analog 
devices, such as magnetic tape loop transport delays, 
could provide improvements in computational accuracy 
and thus merit investigation. 

ApPENDIX 

LIST OF SYMBOLS 

Symbol Description Units 
al Constant in heat transfer equations ft2 of/Btu , , , 

Constant in heat transfer equations a2 ,a3 ,a4 l/sec 
UkTC Reactivity due to temperature effects reactivity 
KT Over-all temperature coefficient of reac- reactivity;oF 

tivity 
KTCk Temperature coefficient of reactivity for 

the kth section 
reactivity /oF 

J(t) Ratio of instantaneous coolant flow rate dimensionless 
to the time-zero flow rate 

mk Ratio of kth section average heat flux to dimensionless 
the total average heat flux 

n N umber of axial sections dimensionless 
p N umber of samples obtained for delays dimensionless 

during T8 interval 
ljk Spatially averaged heat flux in the kth Btu/second 

section ft2 
ljT Spatially averaged total heat flux Btu/second 

ft2 
t Time second 
T Switching period of discontinuous delay second 
Tc Smoothing circuit time constant second 
Tdo Coolant transport time through reactor second 

core coolant channel 
Tdh Hot leg transport time, core to heat ex- second 

changer 
TR Time-sharing reset time second 
T .• Time-sharing sampling time second 
Tave Spatially averaged mean coolant temper- of 

ature 
Tik Mean coolant temperature at entrance to of 

the kth section 
Tmk Spatially averaged metal temperature in of 

kth section 
TOk Mean coolant temperature at exit of the OF 

kth section 
TWk Spatially averaged mean coolant temper-

ature in kth section 
of 
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Computers-The Answer to Real-Time Flight Analysis 
GUENTHER HINTZEt 

INTRODUCTION 

T HE development of real-time data processing fa­
cilities has become an important task for the mis­
sile test ranges. The requirement for efficient test 

programs and the desire of the missile developers to have 
the results of missile firings "as soon as possible" after 
the flight, are pressing and many studies and develop­
ments for improved test facilities with faster data proc­
essing are being undertaken. These developments can 
be broken down into two major categories: instrumenta­
tion and computers for the reduction and analysis of 
the measured data. As long as the data are only re­
quired "very fast," say one or a few hours after the 
flight, the main problem is the data collection, trans­
mission, and conversion to make them in the proper 
forms available to high-speed computers for which the 
further reduction and print-out presents no particular 
difficulty if enough computer capacity and peripheral 
equipment is available. 

However, the computational problem is of a different 
order for real-time data analysis whereby, based on this 
analysis, actions might be taken while the flight is still 
in progress in order to obtain conclusive information or 
to influence the flight experiment in such a way that the 
accomplishment of desired objectives might be secured. 
Here is a new, challenging task for electronic computers 
leading to the development of new concepts and the im­
provement of exis-ting computers. Ground guidance 
computers which have been developed for several guided 
missile systems perform a similar job, directing a mis­
sile according to real-time data which are being con­
tinuously observed during the flight. There is, however, 
a main difference: while these computers have to direct 
a well or nearly well behaving missile, a fully developed 
real-time flight analysis and control facility is mainly 
called into action when things are not going well and 
something has to be done to save a costly flight test. 
It is evident that this is a formidable task and in this 
paper some ideas will be presented concerning the order 
of magnitude of the required computing equipment. 

THE BASIC CONCEPT OF REAL-TIME 

FLIGHT ANALYSIS 

Fig. 1 shows a simplified diagram of the real-time 
flight analysis' and control concept. Simultaneously 
with the actual flight of the missile, the flight is also 
simulated on a missile simulator where initial conditions 
and parameters are set exactly in accordance with the 
real missile. Through real-time range instrumentation, 

t Flight Simulation Lab., White Sands Missile Range, Las Cruces, 
N. Mex. 

r-!----:::: I 
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f performa7lc~ 

Fig. 1-Simplified diagram for real-time flight analysis. 

including real-time data collection, transmission, and 
reduction, a ground computer receives continuously or 
in sampled form inputs, concerning the motion of and 
the events within the missile. In the diagram this 
computer is called flight analysis and control device~ 
In order to make the simulated-flight compatible, the 
actual real-time driving and control functions are sent 
to the missile simulator according to the measurements 
which are obtained from the flight. 

The data describing the response and performance of 
the simulated missile and its components are compared 
in the flight analysis computer with the actual flight 
data. As long as these values compare within certain 
predetermined and specified margins, no actions may be 
taken. If deviations develop which are still not critical 
but which warrant some investigation about the reasons 
for the deviation, diagnostic commands may be relayed_ 
to the missile switching over from some standard meas­
urements in noncritical areas to additional measuring­
pickups which had been previously installed in sus­
pected trouble areas. Sound engineering judgment is 
required to place such additional information sources .. 
Case histories of previous flights and test experience 
will help in this regard. For example, a commorr 
trouble source are accelerometers which are used ac-
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tively in guidance and control loops, and it is indicated 
to mount close to these accelerometers vibration pick­
ups which can be switched in to determine quantita­
tively and timely the rise and propagation of vibrations 
which might cause erratic accelerometer outputs. 

When failures occur which disable the missile to con­
tinue its flight properly and which will lead to aborted 
rounds, remedial commands to the missile shall be insti­
tuted. The analysis scheme must be detailed enough to 
decide if these commands should merely isolate a failing 
component, or send substitute command signals to the 
missile. For the future, it is even visualized to have some 
reserve jatos built in test missiles which could be used 
to cause a change in velocity from the ground. 

I t will require many diversified developments to ad­
vance real-time flight analysis and control to the point 
where it will be a workable and reliable facility which 
does not add to the difficulties of a timely execution of 
flight test programs, but which will be a valuable help 
for better understanding and utilization of missile 
flight experiments. It is felt that the part which com­
puters will play in the accomplishment of such facilities 
is decisive, particularly if the test engineers and systems 
analysts succeed in formulating precisely the mathe­
matical relations on which the analysis and the making 
of decisions is based. 

MATHEMATICAL FORMULATION OF THE PROBLEM 

The description of the tested guided missile system in 
form of a mathematical model is the necessary prerequi­
site for a further analysis of this system and the meas­
ured flight data on computers. The mathematical 
models which are presently used for flight simulation 
studies are deterministic or rigid analytical models 
where the input-output relations for missile motion and 
individual components are expressed in mechanistic 
equations. Fig. 2 shows the rigid enalytical representation 
of the following portions of a missile system: the missile 
dynamics which determine the three vectors of lateral 
and angular accelerations as functions of force and 
moment inputs; the direction cosine matrix for trans­
formation from missile body to radar axes using the 
angular rates of the missile body axes as input; the 
ground guidance computer which receives the rectangu­
lar missile coordinates in the radar frame; and finally, 
the control subsystem of the missile causing fin-deflec­
tions according to the command input from the ground 
and the missile motion. 

This is an extremely simplified representation of a 
missile system which shall serve only the purpose to ex­
plain that most of the inputs are not fixed values, but 
they are characterized by some type of distribution. 
Even if the simulation state of the art is such that pres­
ently the number of stochastic inputs in simulation 
studies are quite limited, it must be borne in mind that 
a realistic simulation of a missile system which can be 
used as a reference in evaluating flight data must take 
into account these random variations of inputs. 

Some of the areas where consideration should be given 
to stochastic inputs are the airframe characteristic 
anomalies such as airfoil malalignment and wind tunnel 
variation. In case of a spinning missile, fin malalignment 
may be a contributor to miss distance as much as some 
electronic failures. Burning anomalies affect the missile 
mass and inertia. Airframe flexure failure modes limit 
the required missile dynamics. Radar noise measured 
under one set of atmospheric conditions may be quite 
different from that measured under a changed condi­
tion. Component production variation effects, the mal­
alignment of sensing elements, and the equipment re­
sponse variations due to temperature or vibration are 
also stochastic variables. 

I t would be unjustified to draw conclusions from the 
comparison of flight data with some fixed value where in 
reality there is not such a thing as fixed values. The 
analysis must consider the distribution of these values 
and ultimately a probabilistic simulation model should 
be used as reference for real-time analysis. However, the 
development of such missile models is not yet com­
pleted. Great progress has been made in the realistic 
simulation of the random noise of track radars, but for 
many other stochastic missile variables, the amplitude 
distribution and frequency characteristics have not 
been determined. Therefore, in the following discussion, 
reference is made to existing, rigid analytical models, 
though the ultimate requirement for probabilistic an­
alytical models is being recognized. 

COMPUTER REQUIREMENTS 

The computer requirements for conducting the real­
time flight analysis are dictated principally by the de­
gree of realism in the guided missile system simulation, 
and the complexity of the analysis schemes to be used. 

Computer Requirements as a Function of Realistic Simu­
lation 

The simulation according to Fig. 3 when carried out 
in full without simplification will represent a guided 
missile system in 3 dimensions and 6° of freedom as it 
operates in rotating, oblate spheroidal earth, with ex­
ternal meteorological wind, gravitational attraction 
which varies according to latitude and missile altitude, 
and electromagnetic noise caused by track radars. 

A great amount of computing equipment is required 
for the various coordinate transformations. If the aero­
dynamic forces and moments are not given in missile 
body axes, they have to be converted into these direc­
tions by use of a direction cosine matrix which is a 
function of the components of the missile velocity with 
respect to the air. 

Since missile velocity is with reference to the body 
frame, the external wind velocity, expressed in the local 
ground frame, needs to be first transferred to a form re­
ferred to the body frame. Then this wind velocity is ex­
pressed in body frame components by use of a direction 
cosines matrix. From the missile rotational velocities, 
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Fig. 3-Verbal diagram of a simulation of the guided missile system. 
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the earth rotational velocity, and the change of missile directly, external wind velocity as a function of loca­
latitude and longitude with respect to time, this set of tion and altitude is needed in this computation. By use 
direction cosines is developed. of this information, the position of the missile may be 

Another matrix of direction cosines is developed calculated, then compared to missile position as given 
which relates the missile velocity components in the by the missile tracking radar. If the results reasonably 
local ground frame to velocity components in the mis- agree, according to errors allowable to data processing 
sile tracking radar frame. After the missile position is and telemetry, then the information, derived by process­
determined in this rectangular frame, the position is ing the telemetered accelerometer, rate gyro, and alti­
converted into components in the spherical frame. tude information, may be considered as useful in con­
These components are inputs to the missile tracking ducting an analysis of the actual guided missile system. 
radar. Telemetered information concerning voltages at vari-

Realistic simulation of thrust forces involves repre- ous points in the missile control subsystems is conveyed 
sentation of starting and tail-off transients of the motor along with the accelerometer and rate gyro information 
as well as variations in the thrust due to change in ambi- to a simulation of the missile control subsystems. Mal­
ent air pressure. The force due to gravity, when realisti- functioning within a certain block of real missile equip­
cally simulated, requires that the mass attraction vec- ment may then be determined by making the input to 
tor be computed where missile latitude and altitude corresponding simulated block exactly equal to the 
have been considered. In computation of the transla- block input in the actual missile. If the output of the 
tional and rotational velocities and accelerations of the simulated block is different from the real system block, 
missile, the simulation needs to account for the change then the real system block has malfunctioned. (Of 
of mass and of inertia of the missile during its flight. course the assumption is made that the simulated sys-

Fig. 3, from which a few details were discussed, repre- tem is quite validly represented.) At the same time, the 
sents somewhat realistically the guided missile system difference between the unequal outputs may be deter­
operation with the chief influencing factors. However, mined in order to calculate an additional input to the 
for such a simulation, about 600 amplifiers with asso- real system causing it to perform as desired. For ex­
ciated nonlinear equipment would be required. ample, if the corresponding commands to the simulated 

A more detailed description of the missile control missile and to the real missile are identical, but the cor­
subsystem, indicated by one box in the general simula- responding voltages at the outputs of the receivers are 
tion plan, is presented in Fig. 4. Control of the missile, greatly different, then it can be suspected that the re­
is achieved in each plane by comparing the command 'ceiving and translating circuits have malfunctioned. 
voltage to the sum of three feedback voltages. Another section of the computer facility in the real-

The rate gyros and accelerometers are being simu- time analysis setup would calculate the aerodynamic 
lated mathematically by transfer functions having force and moment coefficients starting with the use of 
second order denominators. The fin position voltages are theoretical expressions for the coefficients and the actual 
seen to be functions of stagnation pressure as well as values for fin positions, angles of attack, dynamic pres­
corresponding shaft position. The networks for each sure, and missile velocity. If these calculated values of 
control channel are represented by a set of equations the forces and moments are much different from the cor­
which together describe the behavior of the network. responding values as determined from rate gyro and 
Then each steering amplifier and electrohydraulic as- accelerometer information, then commands would be 
sembly is expressed by a transfer function representing generated which would force the real missile to respond 
the dynamic characteristics of this link. only in the pitch or yaw plane or in some restricted 

fashion. Thus the complexity of the aerodynamic co­
Computer Requirements as a Function of Complexity of efficient expressions would be greatly reduced and calcu-
the Analysis Scheme lation of corrected partial derivatives would be simpli-

The extent to which the complexity of the analysis fied. 
scheme influences computer requirements may be ob- The mathematical relations as well as the required in­
served from discussion of Fig. 5. This figure outlines puts and the produced outputs of the optimization 
briefly in diagram form the general form of a real-time scheme for the aerodynamic coefficients are shown in 
flight analysis setup. more detail in Fig. 6. For the computations which have 

In this scheme, it is seen that the actual guided mis- to be performed for the coefficient optimization, it is 
sile system acts as the input source. Quantities repre- assumed that sufficient different numerical values of the 
sentative of accelerometer outputs, rate gyro outputs, measured quantities are supplied for the determination 
missile altitude, and missile position are transmitted by of the wanted coefficients. These values have to be meas­
telemetry or other means to a computer which uses these ured and processed in a time short enough that during 
data to determine missile angular velocities, angular ac- this interval other variables, such as Mach number, are 
celerations, aerodynamic moments, translational ac- practically constant. 
celerations and velocities, angles of attack, and aero- The technique of making the missile respond to pre­
dynamic forces. If angles of attack are not measured programmed commands is already being applied in the 
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Fig. 4-Missile control system block diagram. 
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so-called aerodynamic runs in which guided missiles are 
flown with inactive guidance systems. However, this 
method does not exercise a closer control of the missile, 
whereby certain variables such as bank angle and unde­
sired motion in several planes are kept to a minimum. 
Provisions are made that according to the motion of the 
missile, commands can be relayed to the missile keeping 
it in the motion which is desired for the check on its 
aerodynamic characteristics. If in one particular phase 
of the flight the lift coefficient shall be investigated, the 
missile is kept from lateral motion and rolling. For a 
small range of Mach number, the lift coefficient then 
becomes only a function of fin deflection and angle of 
attack. With accurate measurements of these two pa­
rameters, and the aerodynamic force by use of acceler­
ometers, it is possible to obtain for this particular phase 
of the test good information on the lift coefficient. Other 
phases in the test can be used in a similar way for the 
determination of other force and moment coefficients. 

The foregoing discussion may convey some idea of 
the complexity of a real-time flight analysis computer 
setup. Considering the processes of comparison, and 
generation of forcing command, as well as circuits for 
automatic optimization of the simulated coefficients, it 
is reasonable to estimate the analog computer require­
ments for the scheme discussed at about 700 amplifiers 

with the usual proportion of associated nonlinear equip­
ment. 

CONCLUSION 

I t is felt that present-day computers could handle 
real-time flight analysis on a somewhat limited basis, 
either switching in automatically additional informa­
tion channels as required, or performing a comparing 
analysis on a few variables at a time. However, a full­
fledged real-time analysis giving a comprehensive, quan­
titative evaluation, adequate to understand the "how" 
and "why" of all flight events, may exceed present com­
puter capability. 

The described analysis scheme, which is one of vari­
ous possibilities, requires approximately 1300 amplifiers 
and proportional nonlinear equipment. The mechani­
zation and solution of a problem of this size is feasible 
with existing analog computers, if enough time is avail­
able to make the proper checks and adjustments before 
a run is made. 

However, when tied up with actual missile firings, no 
additional time can be permitted for the readying of the 
computers, because there are already too many other 
delays caused by instrumentation which aggravate the 
fligh t experiment of missiles. 

There seem to be two possible answers to this prob­
lem. One is that digital computers be large enough to 
solve in real time a set of equations of the indicated 
order of magnitude. The problem of having digital com­
puters always ready on a standby basis could be more 
easily solved. The second possibility would be the 
addition of automatic checking and adjustment fea­
tures to the analogs working reliably enough to have an 
accurate performance of the analog computer assured 
every time a missile is ready to go. The combination of 
analog and digital computers may offer some promise. 

Although the outlined computer requirements may 
appear formidable, the benefits to be derived from these 
computer capabilities make the effort to be expended 
worthwhile. The achievement of real-time flight analy­
sis for conclusive evaluation of missile flights and for the 
control of these expensive and complex experiments will 
bring an advance to all guided missile programs which 
is so significant that it should be given fullest attention. 
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Industry's Role in Supporting High-School 
Science Programs 

J. O. PAIVINENt, Chairman 

A N introductory statement was presented by the 
.fi chairman, a member of the WJ CC Technical 

Program Committee. He pointed out that the ob­
jective of the meeting was to bring information on co­
operative industry-school programs to the attention of 
interested computer people as well as invited high-school 
principals from the Bay area (20 out of 100 invitees at­
tended). Through this meeting, the computer industry 
expressed interest and willingness to cooperate in addi­
tional similar programs wherever the need may be evi­
denced by schools or teachers. I t is not the in ten t to re­
strict such programs to involve computer technology 
only, but to participate in broad science programs in­
cluding a computer portion. In this way, students aim­
ing at careers in science will be exposed to computer 
techniques as one of their available tools, while poten­
tial computer people will have attained a broader grasp 
of basic technology. 

Dr. Paul Hurd, Chairman (Professor of Science Educa­
tion at Stanford University, Calif.) 

Dr. Hurd portrayed the program as illustrating ex­
amples of cooperation between industry, professional 
people, and civic groups, working with high schools to 
enrich the technical exposure of high-school students. 
The needs of our society have expanded from one in 300 
employees in 1900 needing a scientific, engineering, or 
mathematical training for their positions to one in 37 
needing such training in 1958. The trend is still in­
creasing for such training. Conversely, schools need the 
help of industry and civic groups to establish such pro­
grams not only to avoid increasing the teacher's burdens 
but to bring to the teachers a knowledge and back­
ground in newer areas of technology and science. Ex­
amples in the program will point out that the success of 
cooperative programs depends always on both an in­
terested teacher and interested community members to 
participate in the extra work. In summary, the examples 
in the program show how a new dimension can be 
brought to education in which the community itself 
takes an active part by contributing time, technical 
skills, and support to enrich high-school and junior 
high-school programs. 

t General Elec. Co., Palo Alto, Calif. 

Darryl Littlefield (Physics and Science Teacher, Liver­
more Union High School, Livermore, Calif.) 

An elective course is offered as part of the curriculum 
at the high school to cover applications and program­
ming of the IBM 650. The objective of the course is to 
convey a real appreciation of the power and applica­
tion of computers in modern research, engineering, and 
business. Problems are generally of a nature that would 
not normally be encountered by high-school students. 
Littlefield and Herman Thomas of the Math Depart­
ment cooperate in the project. 

The course stemmed from Littlefield's contact with 
the 650 at the Lawrence Radiation Laboratory (Uni­
versity of California) at Livermore and his consequent 
interest toward using the community resources to es­
tablish programs of real educational growth for his 
students. Dr. Sidney Fernbach of the Radiation Lab­
oratory acts as consultant for the course while the Lab­
oratory makes available machine time for use by the 
students. The Radiation Laboratory has also made 
available charts, models, and speakers for the class­
room. 

The benefit of a week-long seminar on computer in­
struction for teachers and engineers, arranged by Dr. 
Van Etta of Hughes Aircraft Co. of Los Angeles, was 
stressed. As another part of the school program, the 
construction of a relay binary adder-subtractor by two 
students using parts donated by Pacific Telephone and 
and Telegraph and IBM was mentioned. Dr. LaFrangi 
of the Radiation Laboratory acted as advisor. 

Joanne Watkins (Senior Student, Livermore High 
School, Livermore, Calif.) 

Programming to solve the motion of a projectile in 
vacuum was described and flow charts, coding sheets, 
and plots of trajectories for varying initial elevations 
were shown. The course was enjoyable because it was 
new and interesting and has given a background ap­
plicable even to other computers, together with an ap­
preciation for what jobs can best be done on computers. 

Doug McMilin (Junior Student, Livermore High School, 
Livermore, Calif.) 

A payroll calculation on the 650 was described and 
the input and output card layouts, flow charts, and 
programming sheets shown. The main points of the 
calculations were described. Personal access to a ma-
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chine was found fascinating and mathematical principles 
in practical use enjoyed. The training in logical thinking 
was valuable and resulted from working a problem as a 
whole, with simultaneous attention to detail, while ob­
serving the strict rules of computer programming. 

Tom Doyen and Ross Harrower (Students, Livermore 
High School, Livermore, Calif.) 

The operation of the binary adder they had con­
structed was explained, including mention of subtrac­
tion by complements. A demonstration followed the 
description. 

Dr. Sidney Fernbach (Staff Member, Lawrence Radia­
tion Laboratory, Livermore, Calif.) 

Other cooperative programs supported by the Radia­
tion Laboratory were described. A high-school commit­
tee attempts to get students interested in individual 
projects, providing advisers on such topics as rocketry 
and nuclear energy. Speakers are also provided for sci­
ence clubs and classrooms, and student tours are ar­
ranged at both Berkeley and Livermore Laboratories. 
Training of high-school teachers in modern physics is ar­
ranged through summertime and parttime employment 
where three lectures per week are provided on com­
puters, modern physics, and chemistry. 

High-school students have been employed during the 
summer to convey a working knowledge of laboratory 
procedures; this summer, participation requiring even 
Q clearance will be arranged. 

Finally, general scholarship is encouraged by trying 
to increase student enrollment in college preparatory 
courses and by arranging for awards from the commu­
nity for outstanding students. 

Henry Martin (Physics Teacher, Palo Alto High School, 
Palo Alto, Calif.) 

Five to six years ago, industry help was sought in 
guiding the efforts of students who evidenced their 
eagerness to learn by after-hours and Saturday use of 
school facilities and the laboratory. However, little 
success was encountered due to the lack of any concrete 
program that Martin and the short-handed science staff 
had time to generate. This stalemate was broken in 1957 
by a consultant from the Joe Berg Foundation, 1712 
South Michigan Avenue, Chicago 16, II 1. , an organiza­
tion that volunteers help in establishing an initial rela­
tion between industry and schools. This resulted in the 
Palo Alto Science Seminar, which is an entirely locally 
conducted program. Fifty-two weekly sessions are con­
ducted throughout the year, with 1 to 1t hours of each 
session devoted to a general program given by an in­
dustry expert or a panel discussion with subsequent 
group discussions specializing in chemistry, geology, 
biology, physics, engineering, and mathematics. A stu­
dent joins at about the tenth grade level and will ulti-

mately undertake a project of interest to him with 
the counselling available of a volunteer industry pro­
fessiona1. Industry also provides equipment, speakers, 
demonstrations, and sometimes facilities where the 
student often works in proximity to an engineer or a 
scientist. Advantages to the students include familiar­
ization with work conditions and opportunities, oppor­
tunity for individual creative study (since projects are 
not group efforts), personal satisfaction of a hobby with 
prestige value, and the opportunity to seek and earn 
scholarshi ps. 

Advantages to industry include an early encouraging 
hand to potential Ph.D. scientists, an opportunity to 
demonstrate to a broad slice of the community that 
scientists are normal human beings with fami1i~s and a 
sense of humor, and an opportunity to contribute to the 
community and the future of our country. 

Other programs recommended in closing for indus­
try's consideration are: 

1) Participation of students as well as teachers at 
professional dinners and educational programs ar­
ranged by ind ustry. 

2) The assignment to some member of a company 
management team the specific responsibility of 
support and cooperation in educational affairs. 

3) The opportunity for students on field trips to 
spend sufficient time with the engineers and sci­
entists to gain some insight into the significance of 
the projects or laboratories visited. 

4) Summer jobs for students which will increase their 
knowledge of industry practices and expectations. 

5) Screening and testing programs to select out­
standing students to receive substantial scholar­
ships. 

6) Summer schools at local universities so that 
students can see what they will be up against in 
the future. 

7) Public competitions for scholarship so that recog­
nition could be given in a manner comparable to 
school athletic letters and Father's Club dinners 
for athletes. 

Larry Hubbart (Student, Palo Alto High School, Palo 
Alto, Calif.) 

Hubbart's construction of a test stand as well as his 
subsequent experiments in measuring the lift of rotating 
airfoils (similar to an inverted pie plate) were described. 
An engineer from Hiller Helicopter Co. acts as adviser: 
his contribution was described as helping to suggest 
directions of investigation to pursue as well as to help 
maintain morale when the project appears to bog down. 
The test stand consisted of a counter-balanced scale 
with a drive motor and a photocell rpm counter. Air­
foils of varying shapes and textures (some with added 
ducts) have been measured. The project was described 
as representing a success "even if it never leaves the 
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ground" due to the experience it provided in how to con­
duct an experiment and how to present the results. 

Mike Macauley (Student, Palo Alto High School, Palo 
Alto, Calif.) 

An experiment in combatting muscle fatigue by in­
jected chemical solutions is being conducted. A rabbit 
is anesthetized and muscle contractions are caused by 
mild electric shock until exhaustion occurs. Injection of 
a mild hydrogen peroxide solution results in acceleration 
of the recovery: recovery periods range from 3 minutes 
for a 3 per cent solution to 0.3 second for 15 per cent. 
Hydrogen peroxide was chosen due to the safe decom­
position products; procedures are followed to safeguard 
against bubble formation in the blood. 

The insights gained into medicine and medical re­
search have reinforced interest in entering the field of 
medicine. 

Wallace Burton (Engineer, R-S Electronics, Palo Alto, 
Calif·) 

The YMCA Men's Club, in seeking to further en­
courage science students and to provide recognition for 
work done in the Palo Alto Science Seminar, chose to 
present an annual Palo Alto Industry-Youth Science 
Show. The show presents awards to outstanding student 
science projects and also presents an opportunity for ex­
hibits by local industrial firms. 

Announcements of the show with award categories 
are sent to all the high schools in the Palo Alto district 
and a participation of about 10 per cent of the students 
is experienced (the only other such event, the Bay Area 
Science Fair, accommodates only 1 per cent of the Palo 
Alto students). Three categories of participation are 
provided: 1) physical sciences, 2) biological sciences, and 
3) technical reports (given orally in competition). About 

one-half of the industrial firms contacted responded 
favorably to requests for financial support and indus­
trial exhibits. In the first year, industry met $650 of the 
$850 expenditures, and this year the show will be self­
supporting together with an expected elimination of the 
club deficit. 

The Science Show provides wide recognition to 
students through substantial adult attendance as well 
as the interest and awareness of the industry people who 
work as judges and exhibitors for the show. The Men's 
Club provides the planning and organizing for the show 
so that the participation of the various schools can be 
drawn together into an integrated plan, this having been 
found necessary to obtain effective support from in­
dustry. 

Even smaller communities can establish Science 
Shows. Community m~mbers are sure to lend help if 
given an opportunity while local commercial business­
men would undoubtedly help support the expenses. 

A member of the audience (Sta.ff Member, Systems De­
velopment Corp., Los Angeles, Calif.) 

Educational support activities performed by the 
staff at Systems Development Corporation were de­
scribed. At the junior high-school level, package lec­
tures are available in 1) data processing, 2) automatic 
feedback, 3) binary and octal notation in programming, 
etc. For the high-school level, talks are available in 1) 
concepts of programming, 2) environmental simulation 
in air defense, etc. City colleges have available 1) com­
puter design philosophies, 2) logic design, 3) comput­
er system design, etc. A symposium has been held for 
teachers in "Implications of the Computer Age for 
Teaching Mathematics" while other lectures and spe­
cial courses on programming and advanced math for 
high-school students have also been provided. 


