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CHAPTER I

COMPUTING DEVICES

Introduction

A knowledge of the history of computing devices

is very useful in helping to understand the underlying theo­

ries and applications of the modern machines of today. The

ingenious ideas that were conceived, and the subsequent de­

velopment of these ideas are vividly portrayed in the many-

present-day versatile computing machines.

Historical Background^

The beginning of civilization can well be considered

as the origin of computers. In a somewhat crude manner, the

early forms of digital computation were performed by man

keeping tab, or accounting for events, by counting on his

fingers and toes, or by using pebbles, to mark the events.

The devices account for.the very existance of our present-

day number system, as well as the principle of counting.

The earliest known record of digital computation, of course,

goes back to the use of pebbles and the toes, while the

first digital computer was the abacus. The earliest known

】The general outline of this history came from notes
taken in GES 126 - Introduction to Electronic Data Processing,
Spring Semester, 1957.

p
D. D. McCracken, Digital Proaraniming (New

York: John Wiley & Sons, Inc., 1957) f p< 6<
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form of analog computation was a surveying and map making

process used in Babylonia in 3800 B. C. for the purpose of

taxation. By 1300 B. C. surveying and map making were
3

quite common in Egypt.

The digital computer in its earliest form, a rather

crude abacus, consisted of a clay board with grooves in

which pebbles were placed. This was used in the Tigress

and Euphrates Valley as early as 460 B. C. Later a revised

version of the same instrument appeared in Rome, Japan, and

China in the form of a crude system of wires with beads

mounted to form a compound device. This same computing de­

vice can be seen quite frequently in many of the Oriental
countries today.'

John Napier invented logarithms in 1614, and John

Briggs, in collaboration with Napier, converted them to the

base ten in 1615. In 1617 Napier devised a method of multi­

plication utilizing "Napier's Bones.n Edmund Genter util­

ized Napier's logarithms in 1620 to create a slide rule with

no moving parts. This was improved in 1632 by William

Oughtred*s  conception of the astrotabee, which was the under­

lying principle of the slide rule and nomogram with a sliding

scale.

3"Maps,” Encyclopedia Brittanica. Vol. 21, 1949, pp.
837-38. -

^"George R. Stibitz and Jules A. Larrivell, Mathe-
matics and.Computers (New York: McGraw-Hill Book Company,
Inc., 1957), pp. 46-47.
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In 1642, Blaise Pascal invented the first desk cal­

culator. The calculator used toothed wheels, which limited

its operations to addition and subtraction. Moreland made

many improvements on Pascal's adding machine in 1666.

G. W. Liebnitz, in 1671, made an important con­

tribution by his improvements to the Pascal machine to fa­

cilitate multiplication by repeated addition. Because of

the many mechanical imperfections, LiebnitzTs machine, which
5

was completed in 1694, was never practical.

Jacquard in 1790 invented an automatic loom opera­

tion. The operation received its instructions from punched

cards. He was the first to use punched cards, the fore­

runner for input data for the large scale digital computers.

The planimeter, an analog device first appeared

in 1814. This was primarily the work of J. A. Hermann,

a Bavarian engineer. I'-Iany new and improved types of plan­

imeters appeared between the years 1^14 and 1854, at which
time Amsler invented the modern polar planimeter.^

In 1812, Charles Babbage, the "father" of computers,

conceived a digital difference-equation solver which was to

be complete with means to print the answers. The English

Government supported the construction of this machine until

5Ibid., pp.. 47-4S.

^Mathematical Instruments," Encyclopedia Brittanica.
Vol. No. 15, 1949, p. 70. 一一 一



work was finally suspended in 1833• In 1842 the entire

project was abandoned after a considerable sum of money 

had been invested. The only part of Babbage's "Difference

Engine" that was actually built was merely an accumulator

mechanism. This was primarily attributed to the lack of

facilities such as tools, electrical pov/er, etc.

Thomas De Colmar made vast improvements on Pascal，s

calculator in 1320. This improved version of Pascal1s cal­

culator was considered to be the first successful machine

for multiplication. Approximately 1500 of the machines were

in operation by 1878, a manufacturer in Paris still makes

the machine.

About the time that work was abandoned on Babbage*s

"Difference Engine,n he conceived an analytical engine,

which was to be much more versatile than his original

machine. The principle of this latter machine is said to

be the fore-runner of the modem large-scale digital com­

puters. The principles of programming and memory were to

be in the form of punched cards, which was a contribution

of Jacquard and Hollerith during the first part of the nine­

teenth century. Hollerith later founded the IBM Company in

1890. The arithmetic section of Baggage1 s machine was to be

performed by tooth wheels, very much like the present adding
,. 7machines♦

^Douglas R. Hartee, Calculating Instruments and
Machines (Urbana: The University of Illinois Press,［舛9),
pp. 69-73.
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Scheutz, a Swedish scientist, completed a machine

based on Babbage's idea of the "Difference Engine,” in

1855. The "Scheutz Differential Calculator11 was very much

like the "Difference Engine,H which was never finished.

In M36, Dorr E. Felt developed the first practi­

cal key-driven adding machine. This came thirty-six years

after the first patent was approved for a key-driven add­

ing machine. Felt*s  machine was called a "Wlacaroni Box”

and was a comptometer; it was completely built by the use

of a hammer, a screw-driver, and a chisel.

The principles of analog devices were s tudied with

interest during Lord Kelvin，s time. Kelvin's brother,

James Thompson, invented an integrating mechanism prior to

1870. In 1376, Lord Kelvin conceived the idea of putting

together the art of analogs and ThompsonE integrating de­

vices to solve differential equations. The principles are

recorded in Kelvin's "Harmonic Synthesizer" which was built
d

in 1878 to predict tides.

Following Felt's patent of his "Comptometer” in

1887, there were numerous patents issued for improvements

to adding machines. Typical of these improvements was

Felt1s printing addition to his comptometer to enhance

its versatility. This latter modification called a comp-

跖alter W. Soroka, Analog Methods in Computation
and 哭mulatign (New York: McGraw-Hill Book Company, Inc.,
1954)> pp. 160-61.
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lograph was the first practical printing adding machine.

By 1911, both the Monroe and Marchant Calculating Machines

had been introduced, and by 1920 electric motor drives
9

were incorporated into calculating machines.

The General Electric Company and the Westinghouse

Company were the principal contributors to the network

analyzers for the simulation of power networks. The first

of these D. C. Network Analyzers was patented in 1925, and

was a modern piece of equipment, with a console control

unit. This system was a resistive analog; therefore, it

was limited to problems which were either purely reactive

or purely resistive, as long as they were steady-state.

In 1929, an A. C. Network Analyzer, a much more versatile

machine, was introduced. Because various components of this

analyzer could be exchanged so easily, it could simulate

both linear and non-linear problems. This gave it the true

flexibility of a general purpose computer.

During World War I, Hannibal Ford improved mechanical

integrating devices when he increased the torque output of

the common fall-and-disc integrator to make possible a nav­

al gun-fire computer. This was followed by more experimen­

tation in the 1920's at the Massachusetts Institute of Tech­

nology. This experimentation led to Dr. Vannevar Bush's

%tibitz and Larrivell, op. cit., p. 152-53.

Speed Computing Devices," Engineering： Re­
search Associate?, Inc. (New York: McGraw Hill Book Com-
pany, Inc., 1950), p.1S7.
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completion of the first large scale mechanical differential

analyzer in 1931. The machine is still being effectively

used at Wayne University,.Detroit, Michigan.

Harmonic analyzers and simultaneous equation solvers

of many types appeared during the 193。，s. Some of which

are: R. M. Z^allock*s  electrical machine for solving simul­

taneous equations; Wilbur^ Mechanism, a mechanical machine

for the same purpose; an adjustor type equation solver de­

veloped by Berry and his associates; and the multi-harmoni-
graph, a mechanical harmonic analyzer developed by Brown."

The first large scale general purpose digital com­

puter was completed at Harvard University, Cambridge, Massachu­

setts , in 1944. This machine, the harvard i'iark I Calculator,

was built jointly by Harvard University and the International

Business Machines Company. The Mark I was primarily a relay

computer since relays were used for the arithematic section.

For the read-in and memory, punched cards were used. The

first of all relay computers was built by Bell Telephone La­

boratories in 1940*  This was called the BTL I. By 1944

the BTL V was completed, which Was the first general pur­

pose relay computer. Also, around 1944, the Moore School

of Engineering completed an all-electronic digital computer

for the Aberdeen Proving Grounds. This computer, the ENIAC

was the forerunner of such computers as the SWAG, SEAC, MANIAC,

■'■^Soroka, op, cit., pp. 161-65.

】2stibitz and Larrivell, op. cit«, pp. 153-55.
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The operational amplifier has made possible the

development of the general purpose analog computer. The

George A. Philbrick Researchers, Inc., was probably the

first to develop and use such an amplifier as far back as

1838； however, Lovell of the Bell Telephone Laboratories

is generally credited with its introduction during V/orld

War II. Such computers as the EASE, BOE工NG, GAP/R, GEDA,

IDA, PACE, DONNER, and REAC are descendants of the opera­

tional amplifier. Also, the Heath Analog Computer, with

which this thesis will deal, has fifteen such high-gain

amplifiers. W^any special purpose analog computers such as

those for gun directors and automatic aircraft control sys-
13terns use this amplifier. The UNIVAC, produced by what is

now the Sperry Rand Corporation, was the first mass-produced

computer and was placed on the market in 1951. It was a

decimal machine, which used magnetic tapes and a mercury

memory. In 1953, the IBM 701 appeared; it used binary­

members and electrostatic storage. These new featxires gave

it speed and a very rapid access characteristic.

The Whirlwind I, built by the Massachusetts Insti­

tute of Technology, was the first large machine to use mag­

netic cores for a main memory. At the present such machines

as the UNIVAC, IBM 7。4, 7。5, and 709, and many others use
the magnetic core principles.*

13ciarence L. Johnson, Analog; Computer 共chniques
(New York: McGraw-Hill Book Company, Inc., 1956), pp. 1-2.

'知cCraken, op. cit.. pp. 9-10.
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The IBM Company, Sperry Rand, Inc., "eeves Instru­

ment Corporation, Goodyear Aircraft Corporation and many

other companies have made vast strides in the development

and improvement of computers. At the time of this study,

the research is so intense that by the time a machine is

manufactured, many of its characteristics are obsolete.

Even though one may conceive of the basic idea of

computers going as far back as the beginning of civiliza­

tion, he must remember that the very ground-work of the

present systems only.go back to just before the days of
World War II, which is some twenty years ago.'，

Classification of ConiputinM Devices

Up to this point, mention has been made of various

classes of computers, and the subdivisions of these classes

as various ma chines were conceived and developed. Now it

is important to classify and define these computers.

There are two major classes of computing devices.

These are the digital computer which deals with discrete

numbers, and the analog computer which deals with continu­

ous physical variables. A combination of the two are often

referred to as the hybrid, but it is not a major class of

computers. The digital computer works directly with inte­

gers which are expressed by gear teeth in the desk calcula­

tor or electrical impulses in the electronic digital computer.

“Franz L. Alt, Electron技 Digital. Computers (New
York: Academic Press, Inc., 195^), p. 17.~
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The desk calculator adds by the addition of revolutions or

tenths of revolutions of the gear, while multiplication is

carried out by an extension of the addition principle. The

digital computer has addition as its basic function and all

other complex arithematic is described in a logic based on

this concept. The power of the digital machine lies in

the speed with which the machine will add. T。solve more

complex problems such as the solution of differential equa­

tions, the machine computes by repeated refining of an ap~

proximation. The accuracy or precision of a digital com­

puter can be greatly increased by sacrificing speed.

The digital computer can be classified as one of

two subdivi sions. These are the general purpose and the

special purpose machines. Each of these subdivisions can

be classified into either mechanical, electrical or electro­

mechanical. (See figure 1, page IL) The only true all­

mechanical general purpose computer is probably the machine

made by Charles Babbage called the "Analytical Engine.” The

electromechanical computers were those modifications of

Babbage” idea after more knowledge and concepts of*  elec­

tricity were known and available. The digital machines

most frequently referred to today are electrical special
17

purpose digital computers.

*1 6°George H. Philbrick and Henry M. Paynter, The
Electronic Analog Co呼u[er as a Lab Tool (Boston: Industrial
Laboratories, May, 1952J, p. 1-4.~~~

Jerry Roedel, nAn Introduction to Analog Computers,"
工SA Journal. I (August, 1954)t pp. 9-15•
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Fig. 1 - Classification or Computers
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The electronic analog computer works with continuous

physical variables, where one set of units represents an­

other, such as volts representing distance or force. The

analog is the di men si on or quantity that is represented by

the electrical units, usually voltages. At any specific

point in the machine solution, the analog is always the

physical quantity that is represented by the voltages that

are being developed in the machine circuits.

The analog computer is most applicable to the analy­

sis of continuous variables, with time as the independent

variable. By the use of potentiometers and high gain d. c.

amplifiers with condensers and resistors for input and feed­

back impedances, the d. c. analog computer can add, subtract,

multiply by a constant, integrate, and differentiate.

All of the indirect electronic analog computers op­

erate on the same principle; however, the large analog

computers have all the computing components built into

the computer. This adds convenience to the operation of

problem solving, but at the same time costs are increased,

because of the added complexity in manufacturing. Such

computers are referred to as large-scale machines, while

the computers which have external patch cord connected

computing components, thus making the machines cheaper and

smaller, are called small-scale machines. The small-scale

machines are found in some universities and small companies;

while the large-scale machines are found in large centralized

computing departments of industrial facilities, government



laboratories, other universities, etc.

13

By the use of scale factors, an analog computer can

be made to deal with quantities that far surpass the voltage

capacity of the machine, which is usually plus or minus 100

volts. The scale factors are the converting tools for the

final answers. The analog at any point in the solution is

the voltage at that point, multiplied by the scale-factor.

This means that the analog computer must work in real time,

which is a characteristic of this machine. An ordinary slide 

rule is a classical example of an indirect analog type ana­

log computer. The slide rule operates by using linear dis­

tances ,to represent the logarithms of parameters of a sys­

tem. By adding the logarithmic distances it multiplies, by­

subtracting it divides.

The electronic analog computer deals with two clas­

sifications of time when scale factors are employed. These

time classifications are real, or problem time, and machine

time. The problem time is the speed at which the problem

variables change in the actual system. The machine time is

the time at which the variables are changed in the machine

solution. For example, when a scale factor of one is used

the problem time equals the machine time, and for a scale

factor of one-tenth, the problem time is ten times faster

than the machine time. Also, amplitude scale changes must

be made in order to keep the maximum and minimum outputs

between the voltage limits of the computer. The limits are 



usually plus or minus 100 volts. In essence, an amplitude

scale change is multiplying both sides of the equation by

the same number. The magnitude of the number depends on

the need for larger or smaller amplitude change. For most

computers it is desirable to have a maximum amplitude of

plus or minus 5。 volts. This gives voltages large enough

to measure adequately on the voltmeter and at the same time,

is below the maximum limits. The time scale desirable for

good solution depends upon the type of recording equipment

is used for the output. For an X-Y Recorder, the problem

frequency should be approximately one cycle per second,

with a horizontal recording speed of one inch per second.

A chart showing the relative costs of digital and

analog computers of various sizes is shown in Figure 1,

page 11. This shov/s how computers are classified, and shows

some of the computers available for lease or purchase. Also

it shov/s where the machine considered in this thesis fits

into the general classification of computers. For example,

the Heath computer is an indirect analog computer whi ch

comes under the classification of general purpose analog

computers.

The analog computer1s accuracy is in direct proper-
<

tion to its cost, while the cost of digital computers does

not vary much as the accuracy is increased. On the other

hand, analog computers are initially extremely cheaper, (see

Figure 2, page 15 for a relative cost versus accuracy of

analog and digital computers J Both machines are only as
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Fig. 2 - Relative Cost vs. Accuracy of Analog and Digital
Computers for Different Sizes of Installations.

Relative
Cost

SOURCE: G. A. Korn and T. M. Korn, Electronic Anal。、
Computers (New York: McGraw-Hill Book Company,
Inc., 1956), p. 5.
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accurate as their input data or calibration; thus, the dig­

ital reachine can be made much more accurate by increasing

accuracy of input data, while the analog machine would rap­

idly approach its accuracy limit, under the same conditions,
nd

with more accurate calibrations.

Objective of This Study

The objective of this study is to determine the ap­

plicability of a small-scale or a relatively inexpensive

electronic analog computer to industrial engineering prob­

lems. The study is not meant to include a series of recon­

dite problems, but it is meant to consist of a selection

of general problems that link together to make up the gen­

eral tools of the industrial engineering profession. The

study is meant to determine what such a computer can do for

industrial engineering analysis. The problems are defined,

discussed numerically, and programmed if possible for ana­

log computer solution. The programs will concur with pro­

gramming techniques for analog computers that use patch

components, as does the machine considered herein. After

the problems are exp erimentally tested for analog computer

solution, a discuss!on of the advantages and/or disadvantages

of such solution methods is presented. The study stays with­

in the parameters of the existing facilities, in terms of

equipment, at all times.

Granine A. Korn and Theresa M. Korn, Electronic
Ana]gM Computers (New York: McGraw-Hill Book Company, Inc.,
1956), pp. 5-10.
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The study is also to instill an interest in analog

computers, by making available to the industrial engineer­

ing department a small-scale electronic analog computer,

and through the efforts of this research, make recommenda­

tions of auxiliary equipment that can be adequately linked

with the available facilities, so that future inabilities

of the industrial engineer to solve his problems, will be

due to the inherent capabilities and limitations of the elec­

tronic computer and not to the lack of equipment.



CHAPTER II

INDUSTRIAL APPLICATIONS OF ELECTRONIC

ANALOG COMPUTERS

Introduction

Electronic analog computers have found many ap­

plications in industry. The main advantages of using the

analog computer over manual computational methods are:

1. Speeds up the solution of problems. Voltages
can be forced as directed by the programmed
components in seconds; thus, the only time
consumed is the set-up time.

2. Takes into account more variables. 西hen
solving mathematical and engineering prob­
lems, many formulae must be greatly simpli­
fied before they can be solved by normal
conventional method. By using the analog
computer, complex variables are almost as
easy to simulate as the simpler ones.

3. Makes available many solutions that would
not otherwise be economical or feasible. Some
problems are so lengthy and involved that it
is not feasible for an engineer to solve them;
the computer may yield such solutions at a low
unit cost.

4. Does "experiments" without -the necessity of
model-building. It is possible to simulate
systems on the analog computer to determine
which variables to stabilize or vary, or which
combination of the variables to use, without
the necessity of building an experimental
model.

■^McCraken, op« cit., pp. 11-12.
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The foregoing advantages lend themselves to many

types of industrial problems. Some of which have already

been proven feasible and simulated for analog computer

solution are:
21. Fluid flow problems.

3
2. Dynamic heat transfer problems.
3. Bomb-trajectory problems.'

5
4. Problems in atmospheric diffusion of particles.

5. Automatic control systems
*7

6. Automobile suspension systems.
87. Study of escillator circuits.

9
8. Solution of finite difference equations.

2John E. Nolan, nAnalog Computers and their Appli­
cations to Heat Transfer and Fluid Flow,n Computers and
Automation, December, 1954.

3
G. D. McCann, Jr., and C. H. Wilts, "Application

of Electric-Analog Computers to Heat-Transfer and Fluid
Flow Problems,n Journal of Applied Mechanics, September,
1949, pp. 247-58. ―一

“Johnson, op. cit., pp. 83・86.

^Walter J. Karplus, Analog Stipulation (New York:
McGraw-Hill Book Company, Inc., 1953), pp. 361-65.

°d. McDonald, nAnalog Computers for Servo Problems,n
Review of Scientific Instruments, Vol. 21, No. 2, February,
1950, pp. 154-57.

7”Geda Analysis of a Standard Automobile Suspension
System," Goodyear Aircraft Corporation Report No. GER-5262.
March 12, 1953•

d
°Han Chang, R. C. Lathrop and V. C. Rideout, "The

Study of Oscillator Circuits by Analog Computer Methods,"
Proceedings of the National Electronics Conference,】95如

Q
Walter J. Karplus, op. cit,, pp. 260-64.
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By the use of ftmction multipliers, servo-mechanisms,

function generators, and various other auxiliary equipment,

the linear and non linear ordinary differential equations

and partial differential equations which describe the above

problems have been simulated. The techniques of simula­

ting problems on the analog computer requires a good under­

standing of how the problem would be solved by convention­

al methods, and perhaps, an estimate of approximately what

the solution would be. The latter is not completely neces­

sary, but it adds confidence to the machine solutions. An

engineer can learn the fundamentals of analog computers

without major difficulty.

The first requisite for the analog computer simula­

tion of mathematical models is that the model possess the

flexibility that allows it to be adapted to the mathematics

that is applicable to the computer. The most applicable

mathematics for analog computer solution is in the form of
a ordinary differential equation with constant coefficients.^

The physical problems must be stated in the form of an

equation or continuous mathematical model.

Basic Theory of the D・c Electronic

Analog Computer Applications

Analog computers represent the problem variables by­

corresponding physical quantities, such as continuously

variable voltages in the case of the electronic analog

】°Johnson, op. cit.. p. 181.
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computer. The voltages are made to obey mathematical

relations analogous to the problem, by their being found

to vary according to the programmed circuits of the com­

puter. In the case of the d-c analog computer, the ma­

chine variables are d-c voltages which may vary with time.

Time is usually the independent variable, especially in

the solution of ordinary differential equations.

The d-c analog computer can perform the functions

of addition, subtraction, sign change, integration, differ­

entiation, multiplication and division by a constant, and

by the us e of a function generator it can generate var­

iables. A problem circuit is set-up on the computer patch

panel by interconnecting the operational amplifier jacks

with selected plug-in components and establishing bias

voltages by the use of potentiometers, equivalent to the

constants and initial conditions in the problem to be sol­

ved. The theory of these set-ups wiLL be explained below,

while some actual problems will be solved in Chapter IV.

The output voltage, e。, of the following problem

circuits must not exceed the voltage limits of the high-gain

amplifier. When the input data does exceed the amplifier

limits, the use of scale factors to reduce the physical mag­

nitude of each input is the usual technique. This is often

called an amplitude check and adjustment. The maximum lim­

its of the Heath computer are plus and minus 100 volts.
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Fig. 3 - Schematic Diagram for Addition

The mathematical operations for the addition schematic 

are as

)

The output voltage is equal to the sum of the in-

To add on the analog computer, both the put voltages.

input impedance and the feed back impedance have to be 

voltages, which accounts for the negative output.

impedance, Rf, and the input impedances R】k R^, R3,--吨，

see Figure 5. The amplifier changes the sign of the input 

resistors. For the relationships between the feed back 

Rf Rf
R3 + * * + en Rn

follows:

o

11Ibid., p. 12.
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Fig. 4 - Schematic Diagram for Subtraction12

The mathematical operation for subtraction schematic are

as follows:
Rf Rf Rf Rf

eo ° -(-el KT * e2 H2 - e3 Rj . •・ * e” 琦)

Rf Rf Rf Rf
eo = el - e2 ^2 + e3 " - - ' en

The output voltage is equal to the algebraic sum

of the input voltages. The circuit is essentially the

same as the addition circuit, the negative quantities are

algebraically added as in Figure 3. The effect of these

input quantities on the output can be varied by varying

the input and feadback impedances, as shown in Figure 5.

12Ibid.
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Multiplication and Division by a Constant and Si^n Change

A/WX/V

■^vwv^

Fig. 5 - Schematic Diagram for Multi pl icati on and Division

The mathematical operations for multiplication and divi­

sion by a constant and sign change are as follows:

If Rf is greater than Rif K】is greater than one,

or if Rf is less than R“ K】is less than one. When K】is 

greater than one the operation is multiplication by a con­

stant greater than unity, and when K】is less than one,

the operation is division by a constant greater than

unity. The output voltage of a high gain feedback ampli­

fier always has a sign opposite to the input voltage, thus

accomplishing the sign change.



of a Coefficieno Fotenti;峪加r

Fig. 6 - Schematic Diagram Showing the Use of a Co­
efficient Potentiometerl4

The mathematical operations for the use of a Coefficient

potentiometer are as follows:

The output voltage of the variable resistor or co­

efficient potentiometer will be some fractional pa it of the

input voltage, where the fraction K?, can be varied from

zero to one. The K】variable can be varied to value as

large as the patch components permit, usually from 100 to

0.01. Then the variable,can be made to vary within

any combination of the two. By using both features, the

analog computer is capable of multiplying and dividing by

any constant within the component or computer range. The

coefficient potentiometer can be put in any of the schema­

tics representing the basic theory of analog computer

applications.

14Ibid.
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Fig. 7 - Schematic Diagram for Integration*
The mathematical operations for integration are as follows:

The output voltage is equal to the sum of the in­

tegrals of the input voltages multiplied by the RC constant.

For integration the feedback impedance is a capacitor. The

integrator starts off at zero time and integrates to some

time t. For this reason, the independent variable in the

problem to be integrated must be expressed as a function

of time•

"ibid.. p. 16.
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The mathematical ope rati ons for the differentati on schematic

are as

%电R=X

n

equal t  the suni of theTha output vol rage is

vol'cages, each nulti pl i edt lice

eo

aerivaLives of the input

eo M R

de-j'+
follows:

de】
4 + Rf C3

一竺 n)
"dt'

by the ttC constant, ^cr difie.eantanion> rhe input inped-

capaciror^ and the f泌impedance is a

Cerentis * o / reeo^oended at 钮：) t vrne if

possible, nec^ii^e jC ［匕s Aoire-anipLif yins； ckaracceris^i: 5 >

Fig. 8 - Schematic Diagram for Differentation^
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Many times, by simple mathematical manipulation the char­

acteristic equation can be changed to one that must be
17

integrated. 1

An important part of analog computer simulation

is the selection of the correct scale factor. The scale

factor is the relationship of the machine voltage to the

problem variable. In essence, it is the voltage divided

by the problem variable. Whenever the output voltage in

any of the foregoing schematic diagrams, exceeds the maxi­

mum or minimum limits, scale factors can be used to step-

up or step-down the input votages to make the machine op­

erate within the most accurate ranges. When this is done,

the output voltage has to be converted to the real answer

by multiplying by the scale factor constant.

The principle on which the high gain d-c ampli­

fier works is the voltage through the amplifier is zero

or some finite value because of the large gain of the

amplifier. The gain is the output divided by the input.

This feature routes the input voltage to the amplifier

through a feed-back impedance and across the amplifier.

The output voltage of an amplifier is then equal to the

input voltage multiplied by the R-C constant of the circuit.

For versatile applications of the d-c analog com­

puter, a variety of auxiliary equipment is necessary. This

工bid., pp. 49-50.
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equipment requires the use and understanding of diodes,

differential relays, servo multipliers, function multi­

pliers, function generators, etc. The basic theory of
]athis equipment, is beyond the scope of this study.

"id-
The texts listed in the bibliography of this

thesis, give a detailed discussion of all such character­
istics of electronic analog computer components and the
use of many kinds of auxiliary equipment.



CHAPTER III

RESEARCH PROCEDURE

Introduction

The objective of this study was first conceived

by Professor VJyllys G. Stanton, when the author went to

him for consultation on another prospective problem. A

comprehensive literature survey revealed that there had

not been anything published on the applications of ana­

log computers to industrial engineering problems. The

next problem was the difficulty that would be encountered

in substantiating such a study without experimental data.

The necessity of these data required an investigation in­

to the possibility of acquiring a small-scale analog com­

puter, since there was not one available on the campus.

The thesis advisory committee gave the author the free­

dom to make a survey on the available electronic analog

computers that could fill the requirements, yet remain

within a $1500.00 budget that was set up by the United

States Steel Foundation for equipment to be used in thesis

research by the recipient of their scolarship.

In making the survey for the selection of the com­

puter, many things were carefully considered because of

the limitations in justifying a computer that was cheap
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enough, yet fl exible enough to give adequate grounds for

a deci si on. The main considerations were (1) cost, (2)

accuracy, (3) convenience, (4) flexibility. The consid-

erations are defined as follows:

1. Cost has a relationship to quality of components,
complexity of design and size of facility.

2, Accuracy depends upon the quality of the com­
ponents, quality of units such as power supplies,
reference standard and passive R-C components.
Accuracy may be increased by proper calibration
before each run, but this makes the unit less
convenient.

3. Convenience in general is inversely propor­
tional to the time necessary to set up and
reach a solution to a particular problem. A
computer is considered more convenient with
features such as predetermined integrators,
summers, pushbutton potentiometer setting and
removal patch board.

4« Flexibility refers to the availability of these
computing elements. A computer is more flex­
ible if the passive resistors and capacitors
are not associated vdth a certain amplifier】and
may not be used as any computing impedance.1

Of the foregoing consideration, cost was the lim­

iting factor. Of course, the other factors were evalu­

ated within the budget parameter. Since the manufacturers

of computers have been striving to reduce cost and increase

accuracy, this proved to be advantageous in the selection

of an accurate, low-cost, analog computer.

Selection of Equipment

After a literature survey on the types of analog 

'chalmer E. Jones, "The Functional Considerations for
a Low Cost Electronic Analog Computer,n Heath Company Paper
No. 55-25-3, p. 1.
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computers that were available, two manufacturers were

chosen as having the machines that fulfiled the requisites

of this study. These manufacturers were the Heath Company,

Bonton Harbor, Michigan, and the Donner Scientific Company,

Concord, California. Each of these manufacturers * machines

had their own advantages and disadvantages. The models

finally taken into consideration were the Heath Electronic

Analog Computer, Model ES-400 (Group C), and the Donner

Analog Computers Model 3400 with Models 343。problem board,

3011 - cooling fan unit, 3。73 - potentiometer strip, and

375。- function generator, to make up the full computer

group. Each computer group required an auxiliary selec­

tion of electrical components for the external patch

equipment.

The Heath Computer kit group listed for $945.00

and contained approximately the same advantages as did

the Donner group for approximately $2,000• 00. The com­

ponents that were available for the Donner group cost

$452.00, while adequate components for the Heath group

would cost $75.00. This difference was in the precision

of the components.

A comparison of the Heath versus the Donner elec­

tronic Analog Computer is as follows:

2
Since the Heath computer was in kit form the

labor and overhead of its assembly was not a part of the
Company's price.
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1*  Fifteen amplifiers vs. ten amplifiers.

2. Thirty-two potentiometers vs. ten potentiometers.

3. Eight diodes vs. two diodes.

4. Unstable amplifiers vs. stable amplifiers.

5- One thousand dollars vs. two thousand dollars.
6. Six integrators vs. five integratros.^

Primarily because of the cost considerations, the

Heath Computer was selected. The disadvantage of selecting

this computer was the time required to assemble it. This

assembly is covered in the next section.

The Heath Computer has many outstanding features,

such as it s ability to be calibrated at high accuracy. By

the use of a null meter the following functions may be ac­

curately measured:

1. Overall gain from input to output of amplifier.

2. Coefficient potentiometer setting.

3. Initial condition setting.

4. Bias diode setting.

5. Function generator setting.

6. Operational relay setting by means of throw voltages.

See Appendices I and II for more questions, answers
5

and particular features of the Heath Analog Computer.

^Letter from the Heath Company, March, 195S.

与 bid.
5
^Appendices I and II were compiled from correspon­

dence and brochures from the Heath Company, April, 1958.
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Many of these quest!ons and answers apply to any small-

scale electronic analog computer.

Assembly of Equipment

As in the case with any electronic kit, the Heath

Analog Computer had to be assembled. The assembly in­

structions were straight-forward and systematic, and re­

quired little knowledge of either electronics or the fun­

damental operations of the component parts assembled. The

instruction manuals accompanying each component part of

the computer included a parts check list. The parts check

preceded the assembly of each major component and served

as an introduction to the electrical terminology of the

kit prior to its assembly.

A list of the major components assembled, together

with their functions and features are presented in Appen­

dix II, page 71. The assembly of these components, in­

cluding their subsequent Integration and check-out with

each other, took the author approximately 300 hours. An

experienced technician with ample resources and adequate

consecutive time could probably have done the same job in

in approximately 225 hours.

The most apparent weakness of the entire assembly­

procedure was the lack of instructions on the precedent

each component part should take in the assembly series.
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Since the objective of this research was to de­

termine the applicability of the electronic analog com­

puter to problems in industrial engineering, the proce­

dure in selecting the experimental problems for analysis

was to determine the fields of industrial engineering

encountered most frequently, then choose general problems

from these fields as experimental problems. These areas

of industrial engineering are explicitly presented, v/ith

the selected problems defined.

The broad scope of industrial engineering has var­

ious meaningsto non-industrial engineers as well as to

well trained industrial engineers. A definition selected

and accepted by the American Institute of Industrial En­

gineers is as follows:

Industrial engineering is concerned with the de­
sign, improvement, and installation of integrated
systems of men, materials and equipment; drawing
upon specialized knowledge and skill in the mathe­
matical, physical, and social sciences together
with the principles and methods of engineering analysis
and design, to specify, predict, and evaluate the re­
sults to be obtained from such systems.

Some of the fields of industrial engineering that

are most frequently encountered are:

1. Methods engineering.

2. Statistical analysis.

^Official definition adopted by the American In­
stitute of. Industrial Engineers.
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3• Product!on and inventory control.

4. Job evaluation.

5・ Plant layout.

6. Operations research.

From these major fields, typical problems are selected,

defined, and simulated, if possible, for analog computer

solution. This research is shown in Chapter IV.

Procedure in Analyzing Experimental Data

The conventional solution procedures of the selec­

ted problems are discussed and in some cases they are

partially solved, so that the numerical solution proce­

dure can be seen. Many of the complete numerical solu­

tions are voluminous and trivial to the industrial en­

gineer, and would not serve any advantage as detailed

solutions. For the problems that can be simulated on the

computer, the niimerical procedure will be discussed along

with the analog coinput er problem schematic for the problem

Simulation.

By a comparison of what vzas involved in s olving

the experimental problems and what the small-scale elec­

tronic analog computer was capable of solving, each prob­

lem is discussed in relationship to its applicability to

the computer. The main objective at all times is to find

what such a computer can do as an analysis tool for in­

dustrial engineering problems. The conclusions of the re­

search are presented with each analysis.
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Method of Solution

In solving any industrial engineering problems,

a systematic procedure should be followed. The procedure

that has proven satisfactory for the solution of prob­

lems on the analog computer is tabulated below. This

procedure not only enhances organization in the computer

solution, but it also leaves that kind of solution that

can be easily filed for future reference. In actual

practice it is suggested that such a procedure be followed:

1. Problem title.

2. Description of problem (include diagrams or
schematics that help in describing problem).

3. The system equation or mathematical model of
the system.

4. A check solution.

5. The range of the problem variables.

6. The range over which the problem variables will
be varied (this is often an estimation) •

7. The time-scale change to be made.

8. The new mathematical model after the time-scale
has been made.

9. The amplitude scale adjustment to prevent over­
loading the amplifiers.

10. The transformation of the problem to machine
language (circuit diagram).

11. Tabulation of potentiometer settings and initial
conditions parameters.

12. Tabulation of machine runs or solutions.
7

13. Discussion and interpretation of results.

7Johnson, op. cit., p. 42.
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The author found that every experimental problem

had its own unique characteristics, but the solution pro­

cedure was helpful as a constant check during the problem

simulation.

The one thing that is laborious is the task of

getting each problem into the mathematical model that fits

the computer. Often this will entail more than manually

working the problem by conventional means. Any advantage

in this case would depend on the quantity of problems

that needed to be solved using the same model, with vary­

ing parameters or input data.



CHAPTER IV

ANALYSIS OF EXPERIMENTAL PROBLEM

Introduction

The purpose of this analysis is to take each prob­

lem in its applicable field and discuss the possibility

of solving it on the small-scale electronic analog com­

puter and any resulting advantage of such a method of

solution. The first requisite for the analog computer

simulation of a problem is for the problem equation to

possess the flexibility that enables it to be programmed

on the computer problem board. The following analysis

will consist of several general problems in industrial

engineering, their manual conventional solution procedure,

and the method of solving them on the analog computer.

Definition of Selected Experimental Problems

The experimental problems were selected from six

of the main fields of the industrial engineering profession.

These fields may be defined in the following manner:

Methods Engineering

Methods engineering is the use of thos e tools of

industrial engineering that are concerned with the plan­

ning and perfecting of more effective work methods. It 
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involves the introduction of improvements that will re­
sult in optimizing the overall job.】

Statistical Methods

Statistics are data or figures that enable the in- *

dustrial engineer to analyze situations, to study trends,

and to make predictions about future events. A statisti­

cal study involves the collection, analysis, and interpre-

tation of information about operations. Some statistical

methods include such tools as:

1. Work sampling.

2. Forecasting.

3. Statistical quality control.

4. Time series analysis.
2

5. Correlation analysis.

Production Control

Production control is the task of co-ordinating

manufacturing activities in accordance with manufacturing

plans so that preconceived schedules can be attained with
3

optimum economy and efficiency.

Production control can be thought of as monitoring

production activities or regulating production. The functions

】H. B. Maynard (ed.), Industrial Engineering
book (1st ed.; New York: MeGraw-Hill Book Company, 1956),
section 2, p. 3.

2工bid.. section 8, p. 28".

^William Voris, Production、Control (Homewood, Illin­
ois : Richard D. Irwin, Inc., 1956), p.
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1. Planning

2. Scheduling

3. Dispatching

4. Progress inspection
5. Correction. -̂

Job Evaluation

Job evaluation is the complete operation of deter­

mining the value of an individual job in an organization

in relation to the other jobs in the organization. It be­

gins with job analysis to obtain a job description and

includes relating the descriptions by some systems designed

to determine the relative value of the jobs or groups of

jobs. It also involves the pricing of these values by

establishing minimum and maximum salaries for each group

of jobs based on their relative value. The operation ends
5

with the final checking of the resulting salary system.

Plant Layout

Plant layout is the physical arrangement of in­

dustrial facilities. The arrangement may be existing or

proposed, and includes the space necessary for material

movement, storage, indirect laborers, operating equipment

and services. The layout objective is to arrange all the

/bid.. p. 319-20.

'"Industrial Job Evaluation Systems, Department of
Labor, U. S. Employment Service, p. 19.
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manufacturing or operating facilities in such a manner

that it is easy to operate, yet safe and satisfying for

the employees concerned.

Operations Research

Operations research is the name given to a method

or system intended to apply the systematic analysis of

organization by:

1. The use of both schematic and mathematical models.

2. The use of shift and rework operations.

3. The use of the multi-discipline approach.

The effort to analyze the overall approach.

It is characterized by finding out what the problem really

is and the art of separating the analytic functions from
7

the authoritative decisions.

The techniques which make available the quantita­

tive data for the operations researcher to use in his analy­

ses are quite voluminous. However, most of these techni­

ques are a direct part of industral engineering, and makes

the industrial engineer a vital member of the operations

research team which utilizes the multi-discipline approach.

These tools which most frequently confront industrial en­

gineers in operations research analyses are:

^Maynard, op. cit», Section 7, pp. 26-27.

7A definition given by Professor V/yllys G.
Stanton during the fall semester of 19^8, in I. E. 129-
(Operations Research).
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!• Linear programming

a. Simplex method

b. Distribution method

c. Profit preference method

d. Dynamic programming method

2. Statistical methods

a. Analysis of variance

b. Correlation analysis

c. Chi-square analysis

d. Test of significance

3. Queueing theory

4. Monte Carlo technique

Experimental Analysis Presentation

As can be seen in the definition of both the broad

scope of industrial engineering and the six fields which

comprise a majority of its applications, the problems are

essentially concerned with analyzing quantitive data. The

numerical problems most frequently encountered are those

involving economic evaluations and statistical analysis.

For example, Table 1 shows a grouped distribution of data

representing a pace rating made by forty time study engineers.

There data must be analyzed by using statistical techniques

so more information can be acquired. The mean, a measure

of central tendency, was the first analysis made. The best

method for finding .the mean on the analog computer was the

formula following the table.
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Pace Ratings

Frequency

75-85
85-95
95-105
105-115
115-125

5
8

14
8
5

Range of
Ratings

N F.X.
X = 2 N

i=l

where

X = The mean

F = Frequency

X = Interval midpoints of the grouped data

N = Sample size.

An analytical solution of the data consists of the following:

X = IT (XQ + IF (X2)+ -N (X3) + —(X.) + 弋㈤)

5 8 以 公
顽(80) + 硒(9。)+ 40 (100) + 40 (110) + 40 (120)

=100 ・

This procedure was programmed on the analog computer by
. Fusing all summing amplifiers. The quotient of、is the

relative frequency, thus was always less than unity. This

quotient was set on the potentiometer and connected to the

summing amplifiers to give the product of the frequency
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divided by the sample size, timea the midpoint of the in­

terval of grouped, data. Since the Heath Computer has only

100 volt sources available, the amplitude scale had to be

adjusted. Dividing the equation by a factor of two gave

a maximum amplitude equal to 60 volts and a minimum ampli­

tude equal to 40 volts. The potentiometers volts also had

to reduce the voltages from 100 volts to their desired

quantity. This caused the potentiometer to have to be

set on a value which was the product of the relative fre­

quency multiplied by the voltage reduction factor.

The adjusted, equation was

X/2 = (5/40)(80/2) + (8/40)(90/2) + (14/40)(100/2)

+ (8/40)(110/2) + (5/40)(120/2)

which was programmed as shown in Figure 9, page 46.

Theoretically the mean of the distribution on the

computer should have been 100. However, the computer1 s

answer was approximately 3.5 per cent in error. The com­

puter answer that was acquired after very close and pre­

cise calibration was 96.5. Apparently this error was

caused by (1) extra loading on the potentiometer which was

the effect of having the resistor in series with the po­

tentiometers, (2) the error of setting the potentiometers

on such low values, and (3) the use of only summing ampli-

fierse The latter problem was taken care of in another

program, where a relationship of the feed-back resistance and

the input resistance formed a division circuit, 1.e. it was
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(14/40)(50/100) = 0.175 

(8/40)(55/100) = 0.11 

(5/40)(60/100) = 0.075

(8/40)(45/100) = 0.09

Fitr. 9 - Schematic Diagram for the Calculation of &
Dlstrloutlon Mean (Roaistore are in megohms).

divided by a conataiit as shown in Figure 5, P&ge 24. Thla

latter pretsram gtlll required the potanttometers to bs sat

ci： a product val'：p; hewevar, if tha quantity and olnGB



of the patch resistors were not the limitation, the prob-

lem could be programmed in the manner described in Figure

10, page 48.

The programs presented in Figures 9 and 10 could

have been modified by the use of components that were

available. The available resistor ratios that could have

been used with the Heath Computer can be represented by­

combinations of the following resistors as the input and

feed-back impedancies for the amplifiers: 0.1, 0.2, 0.5,

1.0, 2.0, 5.0, and 10.0 megohms. By considering each in­

put as a special problem, the input and feed-back com­

ponents can be varied to give the potentiomenters settings

less restraints.

Another characteristic of the distribution of pace

ratings that needed to be determined was the measure of

dispersion. This measure is called the standard deviation,

which when squared is the variance. The formula for find­

ing the standard deviation is:

Where

O' = Standard deviation

F = Frequency

X = Interval midpoints of the grouped data.
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Fig. 1C - Schematic Dlau:ra)a for the Calculation cf a
ilstr i.butlon Me fin wl t；:out, Coirponent Limitations
(Resistors are In tue^oruns).
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Both sides of the formula for finding the standard devia-

t-lon was squared, which gave the variance of the distribu­

tion. *

Then,
膛1气(成跖2

京 N izi n /
where,

2Q*  = Variance.

The second term in the formula for finding the variance

was the same thing that was used for finding the mean, ex­

cept that for the second measure.

Then,

a =fFixt2 - x2

£ N

The mathematical procedure for numerically finding the

variance was as follov/s:

/ = + 署Xz)? + 3国)2 + F4(X4)2 + F5(X5)2.(又R

" N~

By substituting the data from Table 1, Page 44, into the

above equation the following solution was obtained:
o 2 2 2 2a2 = (5/40)(80)+ (8/40)(90) + (14/40)(100)+ (8/40)(110)

+ (5/40)(120)2 - (100)2 = 140

=Standard deviation

An analog computer program to solve such numerical operations

was unrealistic, since each number had to be squared and

multiplied by Its relative frequency. The squaring of
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these numbers could only be accomplished by adjusting

the Input and feed-back resistors and the coefficient

potentiometers so that their product would equal the

magnitude of the number to be squared. For example, in

finding the square of eighty, the following procedure

was necassary. It was obvious that the answer would be

greater than 100; therefore, a scale factor had to be

used. Ten was selected because eight squared was leas

than 100, v/hich is the maximum voltage limit of the

computer. The program was as follows :

Fig. 11 - Schematic for Squaring Eighty

back resistor would have been one.

For the case in Figure 11, the potentiometer could have been

set at 0.64, and the ratio of the input resistor and the feed­

"eo

eQ =~K (Rf)/(%)e4 =-(0.064) (1.0/0.1) (100)=-64 volts
p 2

Then, (80) = -(10) (64) =-6400

Potentiometer Setting
(1A) (0.08)(0.8) - 0.064

Then
e =— 0.64 (100) =-64o

+100
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and (8。) = 190(64) = 6400

By the time that all the manipulations were figured for

squaring the numbers, multiplying the squares by the

frequencies and then dividing the product by the sample

size, more numerical calculations had been performed by

the manual methods than was left to do on the analog

computer. Such an operational procedure was necessary

for each group of data.

Such problems as have been presented In the fore­

going analysis are typical of statistical analysis tech­

niques. Other techniques such as generating distribution

curves or setting up tests of significance entail essenti­

ality the same operations. For example, in computing an

analysis of variance test, the operations include finding

the variances of two or more classifications of data, so

that a comparison can be made. Also, in considering the

binomial and Possion distributions there was a need for

the computer to evaluate factorials of numbers. For ex­

ample, in finding the number of arrangements that can be

= (20)(19)(18)(17)(20-5)!
5 一 ~ (20-5)：

made with N things taken r at a time is,

PN - 丁n! = N(N-1)(N-2)(N-S)!
r (N-r)：

If
N = 20

(N-r)I

and r = 5

Then
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The computer could not make the cancellations nor the

large multiple at ions without a vast number of numerical

calculations for the component settings and extensive

computer programs. Even in these extreme cases, the

ansvzer could not be relied upon, because of the error

in both computing and calibrating the values for the

computer components.

From the experimental results of the foregoing

statistical methods, it is concluded that the analog com­

puter is not a data analyzer, because it has (1) no stor­

age, thus no memory (2) low accuracy, when the problem set­

up consists only of summing amplifiers with extensive use

of potentiometers, (3) limited means of multiplying and

dividing by a variety of constants, and (4) limited prob­

lem board space for complex problems. The data used was

a simple case, far from the average run of problems en­

countered in actual practice.

As mentioned earlier, the industrial engineer is

also confronted with engineering economics evaluations.

Such problems are encountered In operations research and

production control. Most of these problems are problems

in accountingj or problems involving the evaluations of

alternatives in terms of dollars per period. Such prob­

lems employ simple arithmetic and logic; however, some

problems are concerned with minimum cost points of variable

data. These problems can be worked into the form of an



53

ordinary differential equation by differentiating the

algebraic relationship. The follovzing problem was one

used as an experiment to determine what the small-scale

analog computer can do in this area.

Where

NCI___ NTY = NC + XD + ~2x + 壬

Y s All co st incident to the year1 s needs

N = Number of units of the material under considera­
tion that will be needed, during the year

C = Purchase price per unit

X = Number of lots ordered per year = N/n

N = Quantity per lot = N/x

D = Order cost per lot in per cent, per year

I = Carry charge in per cent,per year.

T = Cost of storage per unit, per year.

The normal method of finding the minimum cost point is to

differentiate the polynomial one time, set the derivative

equal to zero and. solve for the value of X. This value of

X would be that point on the abscissa where the slope of

the line would equal to zero.

The problem was programed for the analog computer

in the following manner.
Y = NC + XD + 喘 + 段

dY 「 NCI NT
dX - 2X^ 淀
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2

= 2NCI * 2NT = 2N (CT + T)
DX2 X3 X3 x3

The polynomial was differentiated twice to get it into

simple form. The follovzing data were used to make the

problem practical:

N = 2000 units

C = $1.00

D = $10.00

I = 10%

T = $ 0.10

Then,写=峥丝

DX X)

Since the independent variable of the problem has to be ex­

pressed as a function of time, X had to be zero at the begin­

ning of the computer solution. This, of course, caused the

quotient of $400.00 divided by X，to equal to infinity at

this time zero. The problem was programmed in the following

manner. By substituting given values into the equation

Y = 2000 + 10X + 400/X

When X = 0, Y = $2000, then an amplitude scale change had to

be made. Both sides of the equation were divided by 50. Then

0.02 Y = 40 + 0.2 X + 8/x

and 0.02 DX = 0.2 - 8

and 0.02 d2Y = 16/X3

The schematic program is shown in Figure 12, page 55.
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When X,i10丫口60, so an &mplixiide change was unnoc638e.^*y«

Fig. 13 - Schematic for the Evaluation of a Polynomial
(capicators in micro farads and resistors in
megohms).

The evaluation of this polynomial is shown in

Figure 14, page 57. The output of the amplifier number

three of the computer was put into an X»Y Recorder, with

a horizontal speed generated from the computer, equal to

one inch per second. The results are accurate to approx­

imately one per cent. The answer is presented in problem

time where X was considered to be a function of time. The

ordinate and abscissa of the solution are calibrated for

actual problem values.

The computer^ limitations prohibited it from being

useful for computing the equation by the method of least

squares. This was primarily due to its inability to stun

and square masses of data. The author attempted & method

of fitting an equation to a polynomial by varying the in­

itial conditions on the integrators for a achematic aimi-

lar to Figure 13. This is a way, by trial and error, that

an approximation can be attained after the data are plotted

on the scaled recorder paper. Such curve fitting techni­

ques are not accurate enough for Industrial wgineering
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applications, thus the detailed technique will not be

presented.

The last of the experimental problems encountered

in this thesis was the solution of simultaneous algebraic

equations. Many times in industrial engineering analysis

the use of determinents for the solution of linear alge­

braic equations is necessary. The following equations

were programmed as shown in Figure 15, page 59：

2X + 3Y + 43 = 5

3X + 7Y + 53 = 7

5X + 2Y + 2名=9

or,

2X = 3丫 -饵 + 5

7Y = 3X - 53 + 7

22 = 5X - 2Y + 9

The amplitude was adjusted by multiplying the equa­

tions through by five. Then

1OX = MY - 203 + 25

35Y =】5X - 253 + 35

108 = 25X - 101 + 45

The solution of the algebraic equations never proved

reliable. The voltmeter on the computer gave different an­

swers each time the computer was turned on. In many cases

the voltmeter would jump to plus or minus 100 volts without
apparent reason. There is an alternate method10for solving

• 10Ibid., pp. 166-68.
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Fig。15 - Schematic Diagram for the Solution of Simultaneous
Algebraic Equations,
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simultaneous algebraic equations; however, the author

who presents it indicates that the desk calculator or some

type of digital computer is far better for such solutions.

The aim of the foregoing analyses was to report

on the research of the usefulness of a small-scale elec­

tronic analog computer to industrial engineers. Conclu­

sions have been presented in part during the analyses,

and Chapters V and VI give a more complete presentation

of the conclusions and recommendations made as a result of 

this research.



CHAPTER V

CONCLUSIONS

It is concluded from this study that a small scale-

electronic analog computer is not a good analysis tool for

industrial engineering problems. Even though some of the

problems could be solved on the analog computer, the lim­

itations of both the mathematical form of the problems and

the computer presented a logical solution sequence. Con-

cl us ions on each analysis was presented in Chapter IV, for

each experimental problem. Since these problems have been

determined a.s representative of the type problems encountered

in industrial engineering from both an academic viewpoint

and a practical viewpoint, similar problems would entail

essentially the same procedure for solution. Industrial

engineering problems are primarily concerned with analyz­

ing qualitative information about operations, while the

analog computer was found to be an equation solver, not a

data analyzer. The inherent limitations of the small-

scale analog computer which made it generally not appli­

cable are:

(1) Limited means of accurately putting masses

of data in several summing amplifiers.

(2) No memory or storage.
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(3) No means of squaring numbers without exten-

sive numerical calculations for potentiometer

settings ・

No square root circuit.

(5) Vast amount of time required to program prob-

lenis requiring several additions and divisions.

(6) Limited problem board space for average com­

plex problems.

(7) Machine circuit instability.

These are some of the most prevalent limitations encountered

as a result of the research of this thesis. The machine was

found to be very useful as an equation solver for systems

°f ordinary differential equations, which are usually found

in other fields of engineering.

Since most of the problems that are encountered in

a small company are concerned with analyzing and weighing

information, it is concluded that the small company could

not profit by relying on a small analog computer as an

analysis tool. A small engineering consultant might jus­

tify such a computer if he' could sell its services to

clients who have a sufficient quantity of applicable prob­

lems .

The biggest accomplishments of this thesis was find­

ing out what the computer, under study, v/ould do as an anal­

ysis tool for industrial engineering. Since the industrial 

engineer is concerned with methods and organization, he 



63

must be aware of new technology, such as analog computer

applications. In essence, he must know what will do a

job for both himself and the other departments in the

organization, if he is to have adequate functional re­

lationships and efficiency in the organization.



CHAPTER VI

RECOM-iENDATIONS

As a result of this study, the author has found

that by acquiring additional auxiliary equipment some of

the limitations could be partially or in some cases com-

pletely overcome. Such equipment would include (1)

Servo or functional multipliers, (2)additional arbitrary

function generating equipment, (3) an X-Y Recorder,(斗)

some differential relays, (5) electronic switches, (6)

a cathode-ray oscillograph with a Polaroid camera attach

ment. The quantity of each of these would depend on the

complexity of the research. A detailed discussion on the

operation and application of this equipment can be found

in the references of this bibliography*

Such problems as a study of the use of an analog

computer for optimizing production operations would be a

contribution to the analog art. A good grasp of many

practical situations and a thorough knovzledge of mathe

matics beyond calculus would be essential for such a

study.
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Questions Most Asked About The HEATH Electronic Analog
Computer】

1. Q •-• What is the drift of an operational amplifier?

A. _'0.5 millivolts referred to the summing Junction
with the amplifier connected as an Integrator
with an RC time constant of one.

2. Q •- What is the noise level of an operational ampli­
fier?

A.— The noise level la below 2 millivolts referred
to the summing junction.

3. Q・- What is the phase shift and frequency response
of an operational amplifier?

A. — The phase shift would equal one degree at 1200
cycles per second. The amplifier is flat to
2000 cycles per second.

4. Q*  - What is the quiescent pov/er required by the
operational amplifier?

A •— The quiescent power required for the amplifier
is 3 watts.

5. Q・- What i s the power output of the operational
amplifier?

A.— The power output for the amplifier is one watt
at 100 volts.

6. Q・— What 1 s the input and output impedance of the
amplifier?

A. — The input impedance is direct to the grid. The
output is less than 5。ohms.

7. Q・- What is the open loop gain?

A.— The open loop gain is 30,000 to 50,000.

^Letter from The Heath Company, March 21, 1958.
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8. Q. - What maximum closed loop gain would you suggest?

A. - The maximum recommended closed loop gain around
an amplifier v/ould be 10.

9. Q. - Would an operational amplifier drive a pen re­
corder?

A. - Yes, the amplifier will drive a pen recorder
directly if the recorder pen does not require
more than 10 mills of driving current.

1°. Q・ - What is the linear output of the amplifier?

A. - The amplifier is linear between plus and minus
100 volts.

11 • Q. - What Is the maximum.load which might be placed
on the amplifier?

A. - Since the amplifier is rate at 1 watt at 100
volts, the highest recommended load ia 10,000
ohms.

12• Q, - May this computer be paralleled or enlarged?

A. - Yes. A large capacity interconnection panel
is provided to the rear of the computer. This
unit may be expanded with other HEATH computers
or any make that is similar.

13. Q. - V/hat is the noise level of the power supply?

A. - The noise level of the power supply is less
than one millivolt.

14. Q. - How i s the computer affected by line changes
and transients?

A. - The computer is subject to error from line
changes. The error is greatly reduced if the
voltage regulator transformer is used on the
filaments.

15. Q. - What type of diodes are used?

A. - 6AL5 diodes are used.

16. Q. - How long will it take to assemble?

A. - Approximately 250 man hours.
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17. Q・ ~ H°w long does it take to learn to operate?

The average engineer familiar with his problem
may learn to simulate it on a computer within
one to two days. Special applications may take
longer.

18. Q・-Is it repetitive and how does one make it
repetitive?

A. - This unit may be made repetitive by changing the
RC constants and switch to the repetitive oscil­
lator.

19• Q・-What is the principle of setting up the computer?

A・-The computer is in reality an analog for slmula-
t-ion of the dynamic characteristics of the prob­
lem under study. An electronic model is built
and manipulated to find the desired results.

2°. Q. __ Why are the JO coefficient potentiometers used?

A. - The large number of potentiometers per ampli­
fier permits a great deal of flexibility and
lowers the cost, in that the sole requirement
is high stability. Since the potentiometers
are nulled against a standard, accuracy is
maintained.

21. Q. - How does one start and stop the computer?

A. - The computer is started and stopped by the in­
troduction of the initial conditions by the
use of relays.

22. Q. - How does one read the computer?

A. - An indication of the answer can be read from
the meter included in the computer, but a more
accurate and complete solution v/ill be obtained
with the use of an oscilloscope or pen recorder.

23. Q. - What are the reference voltages and how are
initial conditions started?

A. - The reference voltages are plus or minus 100
volts. The initial conditions are introduced
by means of patch in relays.
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24. Q. .-Does one have to know calculus to operate
the computer?

A. •-Calculus is not absolute necessary. Since
this is an analog unit certain configurations
of ^patching**  may be used to directly simulate
the-dynamic systems.

25. Q. .-What is the weight of the computer?

A.--The vzeight of the full computer is 168 lbs.,
shipping weight is 200 lbs.

26. Q.--What power requirements are necessary for the
computer?

A.--450 watts.
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Technical Purposes, Features, and Specifications of HEATH
Electronic Analog Computer Components'

MODEL ES-400

Cabinet and Front Panel

Purpose: To house all the power supplies, ampli­

fiers ,and computing components, and to bring to a com­

posite surface by means of jacks, all of the refined vol-

tages for computing purposes.

Features: The panel contains 30 coefficient

potentiometers, a nulling meter for computer voltage set­

ting, a patch board panel which shows the computer block

layout,, a dividing network and meter which may be con-

nected to any one of the 15 amplifiers and which may show

full scale deflection of plus or minus 2.20 and 100 volts,

and a plus and minus 100-volt standard.

Specifications: Power requirements are 105-125

volts, AC, 60 cycles, 420 vzatts.

Dimensions: 26 1/2 inches long, 15 inches high,

32 1/2 inches wide.

Weight: 70 pounds

莅ODEL ES-2

Amplifier Power Supply

Purpose: To supply power to the operational

2Ibid.
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Features: The plus and minus voltages are

referenced from one standard and are interconnected so

as to null or cancel power supply drift to amplifiers.

Specifications: Plus 25。volts at 25。mills,

minus 25。volts at 25° mills, minus 斗5° volts at 5°

mills, 6.3 volts A. C. at 12 amperes, and 6.3 volts

A. C. at 2.5 amperes•

MODEL ES-100

Initial Condition Power SuddIv

Purpose: To supply initial condition voltages

to the integrators.

Features: Low drift rate, ungrounded, floating

supply, highly shielded.

Specifications: Uses two 0B2 tubes, contains

tvro separate supplies which can be varied from zero to

100 volts•

MODSL ES-201

Amplifier
Purpose: To provide an amplifier for Integrauion,

sign changing, addition, and multiplication by a constant.

Features : Highly stable with low drift, linear

from plus 100 volts to minus 100 volts, will deliver 1。

milliamperes without overloading, and has an open loop

gain of 50,000.
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Specifications: Uses on 12AX7, one 6BQ7A, one

6BH6 tubes. Power requirement - plus 25。volts and minus

45。volts. Quiescent power is less than 5 watts.

MODEL ES-151

Relay Power Supply

Purpose t To supply power to operate the functional

relays ・

Features: Has built in voltage surge network to

insure simultaneous operation of the relays.

Specifications : Designed to supply 5° volts across

four 10,000 ohms relays•

MODEL ES-50

Reference Power Supply
Purpose: To supply highly stable and accurate

reference voltages.
Features: The positive and negative voltages are

slaved together and referenced from a single 5651 tube.

Has negligible noise.
Specifications: Output - Plus 100 volts, minus

100 volts , contains two6X1+, two 6U8, one %51) tubes*

MODEL ES-505

RgDetitive Oscillator
Purpose: To provide repetitive operation far the

functional relays•
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Features : Has an adjustable repetition rate of

0.6 to 6.0 times per second.

Specifications: Contains one 6j6 tube.

MODEL ES-600

Function Generator

Purpose: To provide a function of "X11 for any

input of "X".

Features : Variable break voltages, high static

accuracy (.5%), ten straight line segments - five in the

plus "X" direction and five in the minux "X11 direction,

break voltages may be varied from plus 100 volts to

minus 100 volts.

Specifications: Power requirements - plus 25°

volts at 16 milliamperes, minus 25° volts at 16

amperes, 117 volts A. C. at 100 milliamperes.

Input requirements - A voltage which varies wE】

respect to time.

Output characteristics - approximation of functions

by straight 1 ine segments• Contains five 6AL5 tubes.
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