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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War II
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the 1esearch, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DuBriDGE.
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Preface

HE title of the present volume, Electronic Instruments, carries with it

the implied adjective ‘‘some.” The specific kinds of electronic
instruments which are treated are elecironic analogue computers, instru-
ment servomechanisms, voltage and current regulators, and pulse test equip-
ment. Aside from the common denominator indicated by the title,
these four types of equipment share claims as important adjuncts to
many modern radar systems.

It has been the object of the authors to present both theoretical
background and practical details of these instruments as they were
known to the radar engineer. However, the authors believe firmly that
radar applications of these devices represent only a very small part of
their field of utility. An attempt has been made to emphasize the sort
of information which the authors felt would have been most helpful to
them when they were required to solve problems in the fields represented
by this volume.

The preservation of the material of this volume was made possible
through the foresight of I. I. Rabi and L. A. DuBridge, who appointed a
committee consisting of L. J. Haworth, G. E. Valley, and B. Chance to
consider the scope and content of a series of books on the general subject
of electronic circuits. Volumes 17 to 22 of the present series are the
result of the committee’s survey. At the termination of hostilities an
intensive writing program, under the leadership of L.N. Ridenour, was
put into effect. Because of the rapid dissolution of the Radiation
Laboratory, an accelerated writing schedule, using as many authors as
possible, was unavoidable. Even with such a policy many authors made
real sacrifices in giving up or postponing positions and fellowships in
order to complete their contributions. The combination of accelerated
schedules and divided efforts has regrettably resulted in discontinuities in
the scope and treatment of the material covered, and in many cases has
led to historical study inadequate for the proper assignment of credit for
developments reported.

At the termination of the Radiation Laboratory Office of Publi-
cations, some of the writing, much of the editing, and all of the proof-
reading of the present volume still remained to be done.  Credit for the



PREFACE

completion of this vclume belcngs in a large degree to the General Pre-
cision Laboratory Inc., of Pleasantville, N.Y. This Laboratory gener-
ously permitted one of the technical editors of the present volume to
devote a large fraction of his time over a period of many months to the
project, and made available extensive secretarial and drafting assistance.
In addition, much of the manuscript was read and criticized by other
members of the staff. Credit is due the many authors who assisted in
the checking of proofs long after they had left the employ of the Radi-
ation Laboratory.

Many of the developments described in this volume are contributions
from laboratories in the United Kingdom. It is a pleasure to acknowl-
edge the unstinting support of these British laboratories, and especially
of Telecommunications Research Establishment (TRE). Through their
generosity, several experts have visited this country and have contributed
much useful information to this and other volumes of the Radiation
Laboratory Series. Our gratitude for this international cooperation is
due Sir Robert Watson Watt, W. B. Lewis, B. V. Bowden, F. 8. Barton,
F. C. Williams, and N. F. Moody, and their associates.

Background material on which parts of this volume are based was
contributed by H. S. Sack of Cornell University.

The preparation of manuseript and drawings would have been impos-
sible without the help of the production department under C. Newton;
the Technical Coordination Group, under Dr. Leon Linford; the typing
pool, under M. Dolbeare and P. Phillips; and the drafting room, under
Dr. V. Josephson. The authors wish to acknowledge the invaluable
help of the following editorial assistants, production assistants, and
secretaries: Louise Rosser, Nora Van Der Groen, Joan Brown, Helene
Benvie, Teresa Sheehan, Joan Leamy, Barbara Davidson, and Helen
Siderwicz, all of the Radiation Laboratory, and Mary Pollock, Nora
Applegate, and Gordon Clift of General Precision Laboratory.

THE AUTHORS.
CAMBRIDGE, Mass.,
October, 1946.
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CHAPTER 1
INTRODUCTION

By 1. A. GreENwoOD, JR.

1.1. General Comments on Computers.—Important parts of the
technology that man is developing are the understanding of relationships
as formalized in the science of mathematics and the application of the
techniques of this science. In recent years considerable progress has
been made in the development of devices that aid directly in the applica-
tion of mathematical techniques. One class of such devices is known as
“computers,” also referred to as “‘calculating machines,” “calculators,”
ete.

A computer may be defined as a device that performs mathematical
operations on input data to yield new and generally more useful results.
The abacus, for example, is a simple kind of manually operated computer
that has been used for centuries by the Chinese and others as an adding
machine. The input data of this device are the separate numbers that
are entered by sliding beads according to definite rules. If this manipula-
tion is done properly, the mathematical operation of addition of numbers
is performed, yielding the total in the form of numbers represented hy
bead positions. Computers today range in complexity from devices as
simple as the abacus to machines filling large rooms with many thousands
of intricate parts and capable of solving rapidly problems of a very high
order of complexity or capable of solving simpler problems in large quanti-
ties with considerable economic savings as compared with other less
mechanized methods of calculations.

Applications of Computers.—The Radiation Laboratory has been
concerned with computers because of the important and intimate rela-
tionship of computers and military radars. Computers have been used
as integral parts of systems built around radar for such applications as
blind bombing, navigation, control of gunfire, radar trainers, etc.! Pos-

! The unique characteristics of radar have usually made it necessary or at least
desirable to use special computers designed to use the radar information to fullest
advantage. For example, early ship-to-ship fire-control computers were designed to
take full advantage of accurate optical azimuth data but to accept poor range data;
fire-control radar, with its excellent range accuracy but only fair azimuth accuracy
required completely different computers for maximum effectiveness. Radars are slso
modified for integration with computers. For example, the LAB (low-altitude bomb-
gy radar and computer equipment that achicved such spectacular results against
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sible uses for computers are both numerous and of far-reaching technical
consequence. Vannevar Bush has remarked! that ‘“ the world has arrived
at an age of cheap complex gadgets of great reliability,” citing 30-cent
radio tubes as examples. This quotation, the authors believe, may well
be used to summarize the present or near-future status of the computer
field. Of course, ‘‘cheap’’ is here understood to mean cheap in compari-
son with savings effected or in relation to value of goods produced with
the assistance of computers. Among the possible uses of computers are
numerical solution of scientific and engineering problems,? industrial
process control computations, conduct of purely mathematical research,
transformations of data in physical measurements, and, in general, sub-
stitution of mechanization for specialized human operations. The process
control field appears to be particularly fertile and is relatively unex-
ploited from the standpoint of equipment whose operation is based on
more than just simple linear functions of a very limited number of meas-
ured variables. The design of large aircraft is providing an expanding
field for computer applications, for lightweight devices improving the
efficiency and safety of aircraft operation are of great economic importance.
It is anticipated that computers will be developed and used in large air-
craft for automatic solutions of all or major parts of the following prob-
lems: navigation, air-traffic control, engine efficiency, ete.

A word regarding the more distant future may be of interest, even if
risky. Without exceeding a reasonable extrapolation of known tech-
niques, one may speculate on the possibilities of desk-size machines con-
taining the equivalent of whole libraries and capable of high-speed selection
and cross indexing,® machines that perform simple associative rea-
soning, machines that type spoken words, machines that translate one
language into another, etc. Even that favorite of the cartoonists, the
“mechanical man’’ that can beat its human master in a chess game, can-
not be said to be an impossibility.

Reasons for Using Computers.—Computers are presently used and can
be used for a variety of reasons. In some cases the problems that must
be solved are too difficult for simple methods of numerical solution. A
differential analyzer,* for example, is capable of giving numerical solu-

Japanese shipping in the recent war used a special bombardier’s radar indicator with
computer-controlled sweeps and electronic markers.

1 V. Bush, “As We May Think,” Atlantic Monthly, 178, No. 7, 101-108, July 1945.

2 An example chosen at random from many such devices described in the literature
is C. E. Berry, et al., “A Computer for Solving Linear Simultaneous Equations,”
Jour. Applied Phys., 11, 262-272, April 1946.

3 The “memex” of V. Bush’s stimulating article, loc. cit.

4 SBee, for instance, V. Bush and 8. H. Caldwell, “A New Type of Differential
Analyser.” Jour. Franklin Inst., 340, 255, October 1945.
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tions of differential equation problems that are impractical (usually for
economic reasons) to solve by other means. This valuable research tool
has stimulated activity in the mathematical fields where ordinary proe-
esses of analysis are severely limited. As Bush and Caldwell point out,
the way is open for the creation and practical use of new functions defined
only by their differential equations. To this should be added functions
defined only by implicit equations.! Certain mathematical processes,
such as adding long columns of figures, may be simple but very tedious;
devices such as adding machines are useful for handling this type of work.
Sometimes a very rapid solution of an involved problem is required.
For example, compilation of a ballistic table by unmechanized computing
methods might take man-years to complete; with the right computing
equipment the entire job can be done with a few man-days or man-weeks.
Computers are often used merely to simplify complicated procedures or to
present data in a more convenient form. One important advantage of
many computers—and particularly so of those which this book will
emphasize—is that they will do their work unattended or with little
manual supervision. For example, the computing mechanisms associ-
ated with radar or visual bombsights will do a large part of the ““thinking”’
that is needed to solve the somewhat involved geometry of the bombing
problem. The ability of computers to work unattended is of utmost
importance in the field of automatic process control, where it may be
necessary to perform certain mathematical operations on input data in
order to arrive at the correct information for actuating the control mem-
ber of the system. The ability of computers to work unattended is a
major economic consideration in this field.

1.2, Types of Computers and Computer Elements.—It is of interest
to classify the various types of computers and computer elements. Such
a classification will be referred to in the following section where the scope
of this treatment will be discussed. Four useful types of classification
are

1. Automatic vs. manually operated.

2. Electronic and electromechanical vs. purely mechanical.
3. Digital vs. analogue.

4. Single-purpose vs. multipurpose.

Manual vs. Automatic Computers.—The abacus has already been listed
as a simple example of a manually operated computer, without definition.
A “manually operated computer’’ is defined as one in which most of the

1Tt is true that such equations can usually be written as differential equations and
solved as such on a differential analyzer. This particular type of mathematical
rearrangement, however, is not essential to the design of computers solving implicit
equations hy the techniques to be described; hence the distinction.
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manipulation of data is done by manual operation, while an ““automatic
computer’’ is one in which most of the manipulation of data is done with-
out manual assistance other than entering the input data and receiving
the output data. Thus, a simple slide rule is a manually operated com-
puter. If a series of slide rules were connected together by motors and
other gadgetry to perform something more than the simple operations
that may be done with a slide rule by itself, then there would result an
example of an automatic computer. The distinction between the two
computer types, although admittedly not clear-cut, does serve a useful
purpose in roughly subdividing the general field of computing mecha-
nisms. As will be explained below, the contents of Part 1 of this
volume are limited principally to automatic computers and computer
clements.

Electronic and Electromechanical vs. Purely Mechanical Computer
Elements—This distinction is of interest, for it means a major difference
in the background and facilities required to design and produce these two
types of computer elements. There are fairly distinet characteristics
that can be associated with each type of element; these will be discussed
in some detail in Sec. 2-11. The difference between these two types of
computer elements is also important in connection with the emphasis of
this treatment, as discussed in Sec. 1-3.

Digital vs. Analogue Computers—In considering the subject of com-
puters, one is immediately concerned with the concept of quantity and
magnitude. There are three ideas associated with this concept: (1) the
thing described, that is, length, voltage, ete.; (2) the unit, that is, feet,
volts, etc.; and (3) the number of units, that is, 10 ft., 12 volts, etc.
Quantity in a strict mathematical sense is a very abstract concept. Ina
computer the representation of quantity must be specific. In the way
that it is specific, computers may be divided into two categories: those
which deal with continuously variable physical magnitudes and those
which deal with magnitudes expressed as a number of digits. The first
type will be referred to as ‘‘analogue computers’’; the second type will
be referred to as ““digital computers.” Thus, the simple computer shown
in Fig. 1-1 is an example of an analogue computer. The standard com-
mercial desk calculating machine may be classified as a digital computer.
Some of the newer high-speed electronic and electromechanical computers
operate on the digital principle and will be discussed briefly below and in
following chapters.

A fundamental distinction between digital and analogue computers
is the fact that in digital computers the accuracy is limited only by the
number of significant figures provided for whereas in analogue computers
aceuracy is limited by the percentage errors of the devices used multiplied
by the full ranges of the rariables that they represent. This difference is so
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fundamental and so important that it can scarcely be emphasized enough.
A decision between the two radically different philosophies of design is
the first step that is made in selecting or designing a computer for a
specific purpose. If four or five or more significant figures are required
in computations, analogue computers are usually simply not good enough
and digital devices must be used. Where two, three, or four significant
figures are all that are required, analogue E
computers may be far simpler than digital
computers, and it would be foolish to pay

in complexity for the digital computers’ 2 . 2{;
unused ability to handle more significant

figures.

Analogue computers represent a gen-
eral method that has numerous applica- Null meter
tions, namely, the use of one physical
system as a model for another system,
more difficult to construct or measure, that
obeys equations of the same form. FEx- L
amples of applications of the general Fic. 1.1.—Simple bridge computer
method that might be called analogue forz = a/y.
computers but are generally not thought of as such are the use of elec-
trolytic troughs to represent certain systems involving functions of a
complex variable and the use of equivalent electrical networks to
represent complicated differential equations.!

Single-purpose vs. Mullipurpose Elements—The type of computer
generally used in bombsights, fire-control equipment, process control,
ete., consists of a group of elements each of which performs a single
mathematical operation, the data passing through each element only
once. The presence of feedback loops is not considered an exception to
this statement. Such elements may be called *‘ single-purpose elements.”’
Computers are also built on a different and very interesting philosophy.
This type of computer involves a relatively small number of simple
adding, subtracting, and memorizing elements. Data are switched
through these elements in a complicated fashion by a eontrol or program-
ming center, which is usually operated by a coded tape or its equivalent.
This concept has been used in many of the interesting high-speed digital
computers that have been developed for the numerical solution of
complex mathematical problems as aids to scientific and engineering
researches. Among the important examples of this type of computer
are the IBM-Harvard University electrically controlled mechanical com-

-
—

1 G. Kron, “Numerical Solutions of Ordinary and Partial Differential Equations
by Means of Equivalent Circuits,” Jour. Applied Phys., 16, 172-186, March 1945.
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puter! and the electronic computers developed at the University of
Pennsylvania.?

When several sets of data are sent through a multipurpose element, it
is necessary to keep them separated. Coding for identification of data
may be accomplished

1. Through position in time of pulses relative to a timing pulse.

2. Through amplitude, width, or interval coding of pulses or by other
wave-shape characteristics.

3. Through frequency differences.

Advantages of multipurpose computers at present are flexibility and,
in the case of electronic types, extremely high speed. Electronic or elec-
tromechanical computers using multipurpose techniques are usually
digital devices based on the binary system of numbers rather than the
decimal system, since only the dizits 0 and 1 are used in this system and
can conveniently be represented by two states of a vacuum tube, namely,
conducting and nonconducting, by the absence or presence of a pulse in
a given time interval, or by the two positions of a relay armature. In
pulse digital computers, numbers are thus represented in the binary
system by a sequence of pulses and spaces, the pulses corresponding to
1’s and the spaces corresponding to zeros. Numbers so represented may
be “remembered”’ by injecting them into a system having a transmission
delay greater than the period of the pulse sequence, the output of such
a delay being amplified, resynchronized with a master timing standard,
and reinjected to circulate in such closed cycles indefinitely until called
up for use. A variety of other memory methods are used or under
investigation.

The field of electronic pulse digital computers is one of great research
interest at this time, for the combination of high-speed operation and
ability to retain as many significant figures as desired offers exciting
potentialities. It appears possible to build electronic pulse digital com-
puters that operate on continuously varying data but in which the neces-
sary computations are carried out repeatedly at closely spaced time
intervals. This would give outputs equivalent for most purposes to those
of continuous (analogue) computers, but with the advantages of speed and
the extra significant figures that can be carried as compared with analogue
devices. More is said about speed of computation in Sec. 1-4.

1.3. Limitations of Scope and Plan of Part 1.—The treatment of this
book is of necessity somewhat limited in scope. Limitations of time and
personnel! have made it seem desirable to concentrate the emphasis of
this treatment on devices on which the Radiation Laboratory had worked
or ones with which it was familiar. An attempt has been made, however,

1 4 Manual of Operation for the Automatic Sequence Contralled Calculator, Harvard

University Press, 1946.
2 See footnotes, Sec. 3-8, for references.
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at least to mention other important devices, with references, so that the
interested reader may pursue further the study of devices not discussed
in detail.

The majority of the computers that Part I of this volume treats may
be classified as automatic, electronic or electromechanical, analogue com-
puters, with single-purpose elements. To the extent possible, infor-
mation on mechanical elements has been included but is not complete
or detailed. Excluded are such important aids to mathematical com-
putation as the ordinary commercial desk calculating machine (a mechan-
ical digital computer).

Following this introductory chapter will be found discussions on over-
all design procedure, important design principles, and a discussion of
various representations of quantities and their characteristics. Other
chapters will treat isolated operations, groups of operations, and complete
computers.

Two goals have been set for Part I: a listing and explanation of a
number of devices and methods and a systemization of the analogue
computer field, including a scheme for “cataloguing’’ computer elements
and methods, and a summary of the basic principles underlying their
logical selection and combination.

1.4. Speed of Computations.—Von Neumann! points out that for a
typical binary system multiplication problem carrying eight significant
decimal digits some 1000 to 1500 steps are required. Using relays with
reaction times of 5 msec (a lower limit for available relays) roughly 5 to
8 sec per eight decimal digit multiplication would be required. The
same multiplication on a fast modern desk computing machine at present
takes 10 sec, and for standard International Business Machines multi-
pliers, the time is 6 sec. Some time may be saved in such a process at
the expense of complexity of equipment. With vacuum tubes, a reac-
tion time of 1 usec now may be readily achieved. With this reaction
time, the multiplication involving 1000 to 1500 steps would require only
1 to 13 msec, far less than any nonvacuum-tube device.? Though this
discussion applies directly to digital computers, the details of which are
outside the -scope of this book, the general conclusion that electronic
devices can be much faster than electromechanical or mechanical devices
nevertheless applies to most computing problems. However, extreme
speed is often not of great importance; and for a wide variety of computer
purposes, the speeds available with electromechanical and mechanical
devices are completely adequate. For the remaining cases where very

1J. Von Neumann, “First Draft of a Report on the EDVAC,” Moore School,
University of Pennsylvania. Sce also other references given in footnotes of Sec. 3-8.

2 D. R. Hartree, “The ENIAC, An Electronic Calculating Machine,” Nature
(London), 167, 527, Apr. 20, 1946, states that the multiplication of two numbers of
10 decimal digits takes “a few milliseconds” with these methods.
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high speeds are required, the all-electronic devices are fortunately becom-
ing available. In most of the computing devices with which Part I will
be concerned, methods of computation are arranged so that only two to
four significant figures are retained, and the isolated operations described
have minimum reaction times ranging from a fraction of 2 millisecond to a
few seconds.

1.5. The Computer Problem.—The computer design problem as it
generally exists may be stated as follows: Given input data of a specified
nature, range, speed, etc., design a device that will operate on these data
to give output data of a specified nature, range, speed, etc., and that will
operate at a specified accuracy under specified service conditions.

Usually one is faced with the problem of designing a specific computer
for a specific task, and consideration of flexibility will give way to othe:
considerations such as cost, weight, complexity, etc. In many computers
just the opposite is true: examples are the MIT differential analyzer,
the Harvard computer, the University of Pennsylvania vacuum-tube
computers, and some commercial computing devices. Most of the
devices with which the Radiation Laboratory has been concerned are
classed as specialized computers, although in almost every case an attempt
was made to use standard components or components suitable for
standardization.

Throughout this book there will be frequent discussions of design
factors applying to the design of some special device. In the interests
of compactness, a master list of design factors has been prepared and
will be found in Chap. 19. When practical, this list will be referred to
for the majority of the design factors applying to any specific device,
leaving for detailed discussion only those factors of special importance
to the specific device. In applying the master design-factor list to any
specific device, it will, of course, be found that many factors do not apply.
These are generally obvious, however, and it is felt that the advantages
of a reasonably complete design-factor ‘‘check list’”’ will be of sufficient
practical assistance to the designer to outweigh such lack of universality.

1.6. Summary.—Computers are defined; examples given; and uses
discussed. Four types of classifications of computers and computer
elements are mentioned: automatic vs. manual, electronic or electro-
mechanical vs. mechanical, digital vs. analogue, and single-purpose vs.
multipurpose. It is stated that the emphasis of Part I will be on auto-
matic, electronic and electromechanical, analogue, single-purpose com-
puters and computer elements. Speed of computing is mentioned, with
the conclusion that where very high speeds are required, electronic
coraputers should be considered but that for a very wide range of appli-
cations speeds available with electromechanical computers are adequate.
The usual problem of computer design is mentioned.



CHAPTER 2
COMPUTER DESIGN

By I. A. GREENwOOD, JR.,, AND D. MacRaEg, Jr.!

2-1. Introduction.—The usual problem with which the computer
designer is faced is discussed in Sec. 1-5. This chapter will summarize a
systematic procedure for designing computers. Although this procedure
is arbitrary and subject to the readers’ revisions to suit the readers’ needs
and temperament, it has nevertheless been found to be both useful and
expeditious in the long run. This procedure summary is followed by a
presentation of some of the more important basic principles and techniques
used in computers. The chapter concludes with a discussion of the sub-
ject of representation of quantity and includes a brief comparison of the
characteristics of some of the more important types of data representa-
tion used in electronic and electromechanical computers.

DESIGN PROCEDURE

2-2. Summary of a Systematic Design Procedure.—Systematic
procedure for designing electronic and electromechanical computers is
presented in the present section. Reference is made to Chap. 7 wherein
a sample computer design is discussed in terms of this design procedure.
Reference is also made to Chap. 19, in which the subject of electronic
engineering is discussed from a more general standpoint.

Preliminary Information.—In starting the design of a computer, the
designer must have specific information as to what is to be computed.
This statement sounds trite, yet it contains an important truth. The
translation of an operational need, often vague, into computer specifica-
tions may be a difficult task, requiring a high caliber of professional
judgment. It should preferably be done by or in close consultation with
the person or team that is charged with the computer design. It fre-
quently turns out that over-all specifications need revision after a design
has been carried along. It is profitable for the designer always to keep
in mind the operational need as well as the final over-all specifications.
Included in the specifications should be such things as the characteristics
of the inputs and outputs and a complete list of the design limitations

! Section 2-5 is by I. A. Greenwood, Jr., and D. MacRae, Jr. The rest of Chap. 2

by 1. A. Greenwood, Jr.
11
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and operating conditions that must be met (e.g., cost, design time, tem-
perature, vibration, etc.). A comprehensive check list of design factors
will be found in Chap. 19. In starting a design, a designer will want
to be familiar with a variety of methods and devices for performing iso-
lated mathematical operations and groups of operations and the basic
principles and techniques for bringing together these methods and devices
into a high-quality computer.

At this point, the designer will wish to draw an over-all functional
block diagram and to formulate the fundamental computer equations.
It is worth while to do this very carefully. Some of the methods of
Sec. 2:3 may be found helpful in this process.

Creating a Block Diagram.—Having the over-all specification, the
over-all functional block diagram, and the computer equations, the
designer is next ready to create a detailed block diagram. The creation
of a block diagram is an experimental technique in which the designer
tries fitting together on paper the various blocks at his disposal, using
the principles of implicit and explicit functions, error cancellation, etc.,
as discussed in Sees. 2-3 to 2-4, immediately following the present sec-
tion. That combination of blocks which best satisfies the initial design
requirements and applicable engineering considerations may be accepted
as a starting block diagram. It will often be found that the best com-
puter will combine a number of types of representations of data, such
as mechanical displacements and rotations, voltages, and impedances.

Concurrently with the creation of a block diagram over-all scale
factors should be roughly determined, as they may have a great deal to
do with the choice of blocks. At this point also it is wise to investigate
those components or circuits whose performance is critical to the success
of the block diagram selected. An example of the application of this
statement is found in Chap. 7.

In selecting blocks for a block diagram, it is important to consider
both (1) the possible effects of the block being considered on other blocks
and linking devices in the complete chain of operations of the computer
and (conversely) (2) the possible effects of other blocks on the data inputs
and outputs, scale factors, accuracy, ete., on the block being considered.

Preliminary Design.—With a block diagram chosen, a preliminary
design may be made in some detail. The first step in this process is a
detailed choice of system scale factors and assignment of permissible
errors to the various blocks.

At this stage in the design it should be kept in mind that all com-
ponents which are used in the design should be procurable or capable of
being manufactured in the quantities desired. It is & common fault of
designs to carry along too far a scheme using unprocurable components.
This statement should not be interpreted as arguing against the use of
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special components where justified; however, where special components
are used, they must be suitable for production in the quantities desired.
Naturally, the smaller the quantities the more special may be the com-
ponents. Very large quantities may also justify special components.

Detailed Performance Analysis—A preliminary design having been
completed, it should be analyzed in some detail for expected performance
under all operating conditions wherever this is practical in order to make
sure that all design considerations have been met satisfactorily and
that reasonable compromises between conflicting factors have been
effected.

Detailed Design.—If this analysis turns out satisfactorily, the design
should be worked over in great detail in order to make certain that all
elements used are consistent with the design considerations. Exact
and complete specifications and tolerances for all component parts must
be determined. The design is not completed until this is done; a single
adverse characteristic of a component may require a new block diagram
to be chosen. It is the practice of some successful laboratories to
consider detailed production inspection procedures as essential parts
of the complete specifications for all components and assembled
equipments.

Construction of Model.—Either after the theoretical analysis or after
the detailed analysis of the components, a breadboard or prototype model
should be constructed. Two important functions of a model are (1) to
serve as a check on design calculations and (2) to stimulate further think-
ing. Models also provide the means for obtaining information that is
impractical to calculate. An example of such information is stray
capacitance. A working model is always useful and almost always
essential when production is being initiated.

Repetition of Steps.—It will generally be found that the entire process
must be repeated perhaps several times before a really satisfactory final
design is achieved.

Two of the most important factors in successful computer designing
are (1) getting the feel for the proper type of data representation at each
point in a chain of operations and (2) mastering the techniques of implicit
solutions by means of feedback loops. In all computer design, experience
and ingenuity assist one considerably. However, by the exercise of
only a little extra patience in the process of fitting blocks together on
paper in the creation of a block diagram and in the execution of detailed
design, the reader new to the field should be able to design satisfactory
compuiers for most technical purposes. The authors maintain that com-
puter design can and should become a working tool of the modern engi-
neer and scientist rather than a ‘“‘black art” available only to a few
initiates.
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BASIC PRINCIPLES AND TECHNIQUES!

2-3. Rearrangement of Computer Equations.—Much work can be
saved and devices of less precision used in the average computer if full
advantage is taken of the simplification in instrumentation that may be
effected by juggling the fundamental computer equations. While all
the methods of mathematics are possible sources for these simplifying
steps, a few of the more important methods can be listed specifically.

Among these is the principle that a problem may often best be solved
in terms of increments from a chosen set of values rather than in terms of
the full magnitude of the quantities involved. Thus, for example, in a
computer converting Loran data to rectangular coordinate data covering a
small region, it would be desirable to work in terms of distances from an
origin at the center of the region. This has the advantage that devices
with fixed percentage errors are operating on quantities whose magnitudes
are relatively small.

A frequently useful method of simplification is that of zero shifting.
Where both positive and negative values of data must be handled, a
simple renumbering (shift of zero) will allow the same data to be repre-
sented on a data scale that does not include negative values. There are,
obviously, many cases where this procedure will not work. Addition of
constants (shift of zero) has been used in multiplying devices to avoid
operating with zero inputs to the devices, even though the data go to or
through zero. A discussion of this point is given by Fry.!

A common mathematical procedure of considerable use in computer
design is that of series expansions and approximation. This method is
particularly helpful when complicated nonlinear functions must be repre-
sented. The possibility of series expansions or approximations should
at least be considered carefully when such functions are encountered.

For problems in which a point is represented by simple coordinates,
rectangular, cylindrical, and spherical coordinates should be considered,
and the most appropriate selected. In almost every case one of the
three will be found to have a distinct advantage over the others. The two
computers of Chap. 7 represent examples of position representation in
rectangular and spherical coordinates, respectively. Other types of

! General references on computers include the following: F. J. Murray, The Theory
of Mathematical Machines (good bibliography), Kings Crown Press, New York, 1947;
M. Fry, ‘“Designing Computers,” reprinted from Machine Design, August 1945 to
February 1946, Penton, Cleveland, 1946; H. Ziebolz, Analysis and Design of Translator
Chains, Askania Regulator Co., Chicago, 1946; A. C. Blaschke, “‘Solution of Differen-
tial Equations by Mechanical and Electromechanical Means,”” AAF Eng. Div, Report
TSEPE-673-4, 1946, available as Dept. Commerce No. PB 10298 (bibliography has
108 listings); and V. Bush, and 8. H. Caldwell, “A New Type of Differential Analy-
ser,” Jour. Franklin Inst., 240, 255, October 1945,
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toordinate systems may also be considered, of course, but rectangular,
eylindrical, and spherical coordinates are by far the most common types
used in computers.

In gencrating nonlincar functions, a frequently used technique involves
the generation of an approximation to the desired function by some very
simple and reliable device together with a nonlinear element (such as a
cam) supplving only the correction to the approximation rather than the
entire quantity being generated. Cams are also used in this manner to
remove errors when the simple device referred to above generates the
function desired, but with insufficient accuracy or with errors introduced
by external conditions. A good example of this type of cam correction
of errors is found in the Bendix-Pioneer Flux Gate Compass Master
Indicator. Another simplification technique, that of implicit functions,
is treated separately in Sec. 2-5. It is probably the most important of
the methods available to the computer designer.

2-4. Explicit Analogue Computers.—As has been mentioned in the
previous chapter, analogue computers operate by identifying variables in
one physical system with those of a different physical system obeying
equations of the same form but usually with different constants. It is
this simple and fairly obvious principle which forms the basis for most of
the computers that are discussed in the present part of this volume.
When the fundamental equations cannot be written simply or instru-
mented readily, implicit analogue techniques may be required. These
are discussed in the following section.

2-6. Implicit Function Techniques.—Implicit function techniques
are among the most important tricks used in computer design. Through
the use of the implicit function techniques described in this section and
elsewhere, considerable simplifications and increased accuracy are easily
achieved in many typical computers.

TaBLE 2-1. —CORREsSPONDING IMpLICIT AND ExpriciT EQUATIONS

1 Explicit Implicit
Subtraction. ... .. e z=zz—ylzty =12
T
Division..... . .. e Z=ZI yz =z
Integration.... ........................ .. .. z=[ydt Z—f=y
Squareroot......... ... ... .. ... ... . z=+/7 |2t==z
|

There are numerous computations for which direct physical analogues
are inconvenient, insufficiently accurate, or not available but for which
another method of solution is possible. This other method is similar to
the mathematical operation of computing the function z = g(z,y) from
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the defining relation f(z,y,2) = 0; that is, of deriving an explicit function
from the corresponding implicit function. It is especially convenient
when the function f(z,y,2) has a relatively simple instrumentation and
the function z(z,y) is diffcult to instrument. It is used, for example, tc
perform subtraction by means of addition, division by means of multi-
plication, integration by means of differentiation, and the extraction of
square roots by means of squaring. The explicit and implicit equations
corresponding to these operations

vy are given in Table 2-1.
* * z Outout The simplest method in princi-
2 fley2) [ 4 | An)D'iier ©u puz) ple of producing the function z(x,y)
’—’-‘ gain =4 from the equation f (z,y,2) = Ois
to use a high-gain amplifier with

Fia. 2-1.—S8olution of implicit function using

feedback high-gain amplifier. feedback as shown in Fig. 2L

The variables x, y, and z are fed
into a device producing the function f(z,y,z); the output is amplified by
a factor A and fed back as the variable z. The result, if the system
assumes a stable state, is that the device solves the equation

feya) =5 (1)
If A is sufficiently high,! the device produces values of z such that

f(z,y,2) = 0. (2

The quantity z/4 may be called an ““error signal.”” Thus there is an
inherent error Az in z which may be expressed by

of _Z
(52);=0 Az = AI

or 3)
z

. -
4 (52)#0

Consider, for example, the case of division, This may be accomplished
either by a device that divides directly or by a device that multiplies,
used with feedback. In performing any other operation a similar set of
alternative methods, one with and one without feedback, is often possible.
A choice between the two alternatives is made on the basis of the usual
engineering considerations, such as accuracy, cost, availability, com-
plexity, weight, size, etc. A schematic diagram and a possible instru-

tIn Vol. 18, design procedures are given that are suitable for stabilizing high-gain
amplifiers.
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mentation for division using multiplication and feedback are shown in
Fig. 2-2. The input y multiplies the input z. The product yz is then
subtracted from the input x. Thus in this case f(z,y,2) is  — yz, and

-] ]

Inputs '

i e’ |
Multiplying yz Subtracting
‘ device device ‘
Output z |
| z-yz=€=0
Amplifier Feedback pat"

Fi1a. 2:2.—Block diagram of computer for z = z/y using yz = z.

€2

P

i
€y ---- Amplifier > €,

R
T

Fia. 2.3.—Integrating circuit.

Network 1

el—'—Lﬂ (p) = Amplifier—l—-——a
Network 2

F16. 2-4.—Feedback circuit for general operational equation.

the explicit funetion produced by equating this to zerois z = z/y. The
inherent error is

4 z —T
Az =2 _—_* T 4
2T 0 T A=y T Ay @
0z

An application of this method to the solution of the equation

y*+siny4+x=0
is discussed in Sec. 6-1.

This method may also be used for producing the negative of a voltage
(Chap. 3) or for integration with respect to time (Chap. 4). An inte-
grator circuit is shown in Fig. 2-3. There is again an inherent error due
to finite gain, best expressed (Chap. 4) in a different way from the above
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expression. The same method can be used with more complicated
integro-differential functions. The general circuit of Fig. 2:4 produces
an approximate solution of the equation

fi(p)£(e)) + fa(p)L(es) = 0,

where fi(p) = transform expression for admittance of Network 1,
f2(p) = transform expression for admittance of Network 2,
£ = the Laplace transformation.! '

In high-gain feedback circuits, special care must be given to the pre-
vention of oscillations. The higher the gain the more difficult this
becomes. The general procedure is to design networks that give the
desired shape to the loop gain and phase-shift characteristics.? The
design procedure in this respect is similar to that for servos as discussed
in Chaps. 9 to 11.

Feedback with Integration.—Where feedback is used in implicit solu-
tions, it is often of value to modify the error signal by other than straight
amplification. Shaping loop gain and phase characteristics to achieve
stability is one such modification that has already been mentioned.
A form of such modification is integration of the error signal. If, for
example, the error signal is used to operate a simple servomechanism
whose motor forms part of the complete feedback loop and whose speed
i1s proportional to the error signal, then integration of the error signal
with respect to time is achieved. This has the useful effect of eliminating
(in practice, of reducing) steady-state position errors. This subject is
discussed in more detail in connection with servo theory in Chaps. 9 to
11 and by Hall.?

Additional integrations or differentiations may also be used to take
fullest advantage of the data available rather than merely to achieve
stability when high gain is used. The stability modifications must, of
course, be made after the integration, etc., modifications have been
seiected.

Feedback without High Gain.—For some computations it is convenient
to use a circuit that is somewhat like that of Fig. 2-1 except that a high-
gain amplifier is not present. Such a circuit or device is shown sche-
matically in Fig. 2-5. The equation that it solves is

fzy2) = 2. 6

1 8ee Chaps. 9 to 11. In these chapters, the symbol s rather than p is used to
represent the complex variable.

* H. W. Bode, Network Analysis and Feedback Amplifier Design, Van Nostrand,
New York, 1945; and Vol. 18, Radiation Laboratory Series.

“ A, C. Hall, Analysis and Synthesis of Linear Servomechanisms, Technology Press,
Massachusetts Institute »f Technology, 1943.
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The conditions under which this method may be used are that a
solution exists and that the desired output z may be expressed as a func-
tion of z, y, and z, this expression
being of a form suitable for instru- | 2 - Output
mentation with available tech-

niques. If f(x,y,2) contains an z
additive term z with unity coeffici- fzy2) <

ent and its computation involves

one or more unilateral elements, T

then the feedback of z to the point z ¥

in the f(CL‘ Yy 2) computations where Fig. 2:5.—Feedback circuit without high-
'Y i lifier.

it is added to the other terms must el ampiber

be unilateral; in other cases it may be bilateral. For good operation and

high accuracy, 9f/dz should be much larger or much smaller than unity.

The equation

e+3z+y+2x=0 (6)
is readily changed to either of the following forms,
e+ 4z+y+ 2z =2
e +y+2z (7

-3 =z

and may be used as such provided the left-hand sides of the expressions
may be instrumented. The equation

c+y+2c =0 (8)
may be changed to the proper form by adding a z to each side, becoming
et+y+2r+z=2 (9)

which requires unilateral z feedback if any of the operations on the left
hand side are unilateral. Equation (7) can also be rearranged to such
forms as

In(—2x —y — 32) = 2, (10)
which may be used provided the left-hand side of the expression can be
instrumented.

A comparison of the two types of feedback connection is of interest.
When put into the proper form for use in a feedback loop without high
gain, the resulting equation may be more difficult, as difficult, or easier
to instrument than the same equation in optimum form for the more
conventional feedback with amplification. The comparative difficulty
of instrumentation is always an important factor in the choice of a
method. When appreciable time constants are associated with the
circuits or devices used, the feedback amplifier method assures a faster
transient response than the no-amplifier method. TUsuallv when the
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no-feedback amplifier method is used, some means is needed of compen-
sating for decrease of scale factor due to the instrumentation of the
various terms of the left-hand side of the equation of the form of Eq. (5).
Where electronic circuits are concerned, this may require a stable low-
gain amplifier, whereas in the feedback amplifier method a high-gain
amplifier with little restriction on gain variations will suffice. For these
reasons, a choice between the two alternative amplifiers may often favor
the latter, although the former is simpler. In mechanical systems,
mechanical amplifications are similarly to be considered, although here
the problem of gain stability is not so serious as in the case of electronic
amplifiers.

Interchange of Variables—There are several ways in which the inverse
of a function can be produced without the use of feedback. Probably
the simplest is possible in the case of a mechanical function-producing
device having two shafts that may be used alternately as input and
output. One device of this sort is the combination of a cone and a
cylinder! by a wire that winds onto one as it unwinds from the other;
this device can be used to produce either squares or square roots. The
interchange of mechanical inputs and outputs is limited by the nature
of the function produced; if in some region the derivative of output with
respect to input is nearly zero, the variables cannot be interchanged in
that region.

Another type of interchange of variables occurs in the case of some
two-terminal electrical devices with special voltage-current character-
istics. Ordinarily the voltage is considered to be the independent
variable and current the dependent variable, as in the case of diodes,
triodes, and crystals. If a current generator rather than a voltage
generator is used, however, the inverse function may be produced. This
procedure is used in the logarithmic multiplying device of Chap. 5, in
which the exponential grid-current characteristic of a triode is used with
a high grid resistor to produce the inverse function, a logarithm.

A third method of interchanging variables finds particular application
to computation with periodic waveforms. If a repeated voltage wave-
form is compared by means of an amplitude comparison device (Vol.
19, Chap. 9) with an input voltage, a pulse or other indication of the
time of coincidence may be obtained. If the original waveform is a
given function of time, this same function of a slowly varying input
voltage may be obtained by time selection (Vol. 19, Chap. 10). Thus,
for example, a parabolic waveform can be used to produce either squares
or square roots. .

The principle of repeated functions with amplitude comparison to
compute inverse functions or with time selection to obtain direct func-

1 Sec. 5-11.
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tions may be applicable in a number of ways to a wide range of problems,
although its use is not widespread. Its principal disadvantage, apart
from considerations such as complexity, is that of the time required for
the repetition period of the repeated function. An interesting applica-
tion of this principle is found in the Keinath sweep balance multiple-
data recorder.}

Stability in Implicit-function Loops.—Some general observations may
be made concerning the realizability of solutions in loops such as that
of Fig. 2-1. It is necessary that in the case of constant input the polarity
of feedback be such as to produce equilibrium at the desired solution.
This condition is equivalent to stating that the polarity of the amplifier
must have the opposite sign from df/9z in the desired region. If the
function f(z,y,2), assuined to be continuous, has multiple real roots for
z =z and y = ¥y, some of these roots may have 3f/3y of the proper
polarity to make the roots stable and others may not. An example of
this case is shown in Fig. 2-6. The arrows indicate the direction in
which the system will go; the central root may be considered a position
of unstable equilibrium. If the
polarity of feedback is reversed,
the formerly stable roots will be-
come unstable, and vice versa. ;
When the system is turned on, its )
behavior will depend on the polar- />\/' Y
ity of feedback, on the region in !
which the system was when turned / * Unstable root
on, and on the changes that take
place during warm-up. If the
polarity of feedback is such as Fic. 2-6.—8table and unstable roots.
to make the outermost roots unstable, the system may osciliate at the
limits of its region of operation. In order to examine stable inner roots
it is necessary either to restrict the region of operation by modifying
the device or to force it into the region desired, where it will then assume
s stable state.

A principle that is often useful in computer design may be generalized
from the “rule of torques’ set forth by Bush and Caldwell.2 This
generalized principle may be stated as follows: Every input to every
element or “block” in a computer must be actuated by one and only one
driving source.

2-6. Tolerances and Errors.—A standard designation for errors has
been followed by the Navy for fire-control computers. According to

,-- Stable roots -,

Sy

v
1
]

)

1 G. Keinath, “The Keinath Recorder,” Instrumenis, 19, 200, April 1946.
2V, Bush and 8. H. Caldwell, “A New Type of Differential Analyser,”’ Jour.
Franklin Inst., 240, 255, October 1945.
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this designation, errors ate classified as Class A, Class B, and Class C.
Class A errors represent the deviation of the operation of the equipment
from the theoretical design operation. They include reading errors,
incorrect adjustments, errors in components, etc. Class B errors repre-
sent the mathematical approximation of the design. The sum of Class A
and Class B errors is called a Class C error and represents the accuracy
of the equipment. Class A errors when reduced to a minimum by
accurate adjustment and accurate reading, etc., represent the precision
of the equipment. Where Class B errors are required, the distinction
between these terms is a useful one. With the exception of Chap. 5,
most of the discussions of Part I do not involve Class B errors and
therefore the terms ‘‘accuracy’’ and ‘“ precision’’ are used interchangeably.

In considering the accuracy of computing equipment, the question of
calibration is encountered, particularly in the case of electronic circuits.
In order to specify completely the accuracy of an equipment, its errors
should be specified in terms of the frequency of calibration or of time
since last calibrated. The principal reason for this is that components
of all types change with time and use. The process of component drift
may be very complicated and usually involves such things as thermal
and moisture cycles, mechanical wear, creep, vacuum tube cathode
disintegration, vibration, chemical reaction, etc., but regardless of the
explanation, some drift is usually to be expected, and calibration intervals
must be chosen so that errors due to component drifts are not excessive.

The terms component tolerance and component variation are fre-
quently encountered. Tolerance is an allowable deviation as from a
specified value under fixed conditions and is used to define permissible
errors of manufacture or construction. Thus, a resistor might be partially
specified as a 100-k 5 per cent resistor, the 5 per cent being the manu-
facturing tolerance. Component variation may be defined as the change
of a component value as conditions change. Thus the 100-k 5 per cent
resistor might have a value of 103 k at 20°C and change to 104 k at
70°C. The 1-k change would be referred to as the variation in this case.

In general, the effect of errors introduced by: component tolerances
and variations from design center values, reading errors, calibration errors,
etc., is treated by considering each component or other error source
independently, computing the effect on the over-all operating accuracy
to be expected from each of the given errors, and combining results by
simple addition to give a limiting error or by probability methods (to
be discussed) in order to arrive at a probable error. There are many
situations, however, in computer design, where this type of analysis
leads to false conclusions. As is described in the foilowing section and
elsewhere, variations in several components may often be made to cancel
each other. For example, a divider network composed of elements with
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matched temperature coefficients operated at the same temperature
will show no change in the division ratio with changes in temperature.
Such components, whose errors are not independent, must be analyzed
together.

The subject of the combination of errors of independent components,
groups of components, or other independent error sources is one that
can be approached from two different viewpoints, each of which may be
applicable under certain circumstances. In many cases, the only sat-
isfactory procedure is to design the computer such that even if all the
effects of tolerances and variations under expected operating conditions
add unfavorably, the devices will still operate within the required limits
of accuracy, assuming that the desired performance can be described in
terms of limiting error. In other cases, particularly where the use of
the computer itself can be treated on a probability basis, there is con-
siderable justification for combining errors according to the methods of
probability. For example, such an approach would be justified in the
case of a bombing computer, since bombing is usually evaluated on a
probability basis. A serious problem immediately arises when this
method is applied to electronic components. One must assign probable
errors to components that are usually specified only in terms of limiting
errors. A method that has considerable use as an approximation for
engineering calculations assigns a ‘‘probable error” to a component
equal in value to roughly one-third the limiting error. The term “prob-
able error’’ is, of course, not strictly valid here; but since all the calcu-
lations are carried on as if it were a true probable error, the term will
be used, with the understanding that it involves a big approximation.
In a normal distribution, the figure of three times the probable error
would include 96 per cent of a large number of samples, whereas in this
approximation it includes all samples. It must be emphasized that the
results of an analysis of this type cannot be more accurate than the
assumptions on which it is based. However, the method allows cal-
culations to be made that are of great assistance in engineering a design
where limit values added unfavorably would give a completely mislead-
ing picture of the computer operation.

2-7. The Use of Servomechanisms in Computers.—A very important
tool in computer design is the proper use of servomechanisms. A servo
or servomechanism has been defined by Hazen! as “a power amplifying
device in which the amplifying element driving the output is actuated
by the difference between the input to the servo and its output.” A
detailed discussion of servomechanisms will be found in Part IT of this
volume and in Vol. 25. For purposes of illustration, a simple example

of the use of a servo in a computer is shown in Fig. 2-7. This simple
1 See Chap. 8.



24 COMPUTER DESIGN {Sec. 28

computer is the same bridge circuit of Fig. 1-1, but with the null meter
replaced by a servoamplifier and servo motor which adjusts resistance |
Z such that the bridge is always balanced, i.e., such that the voltage
between ¢ and d is zero. Its use in this simple computer allows the
computer to be automatically |
Eu operated rather than requiring

an operator to adjust the resist-
ance Z.
fnput @ > . .
ey ‘l z ot The use of servos in computers
Outpu allows a designer to apply high- |
Servo
=

amplifier d gain feedback techniques to loops

involving electromechanical ele-
1 ments, whereas without servos
feedback technique is limited
principally to all electronic loops.
Servos are also useful as parts of

Fic. 2-7.—Bridge computer for z = z/y, data-transmission systems. A
illus_trating uge of servomechkanism for auto- major advantage of servomecha- |
matic balancing. . L. . K

nisms is included in the defini-
tion, namely, that of torque amplification. The property of torque
amplification allows blocks to be connected in such a way that they do
not act back to disturb previous blocks.

2-8. Error Cancellation.—Accuracy is, of course, a factor of great |
importance to the computer designer. Accuracy may be achieved by
“brute force’” methods, in this case by making all components and
operations accurate to the requisite degree. Accuracy may also be
achieved by using components whose errors may be relatively large but
that are used in such a way that their errors cancel or nearly cancel each
other. Error cancellation is a concept of great fundamental importance
to the computer designer, and many applications of this concept are
found in every well-designed computer. Through the use of applications
of this concept, computers are made simpler for the same accuracy or
more accurate for the same complexity as compared with designs wherein
accuracy has been achieved merely by reducing all individual errors
independently. Although not always evident, the basic principle used
in most error cancellation methods is that of the bridge circuit.

Following are listed a few common applications of the techniques of
error cancellations. The list of applications discussed, although it is not
comprehensive, should allow other applications of the principle to be
easily recognized.

Reference and Power-supply Voliages—When precision is an important
factor, it is necessary to ensure that variation of power-supply and refer-
ence voltages will introduce only small errors. As described above, two

input
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approaches to this problem are made. In the first and most obvious,
but usually the most costly method, the voltage and power supplies are
highly regulated so that accurate and stable voltages are available. In
practice, the limiting factor in this procedure is usually the standard to
which voltages are regulated. This subject is discussed in detail in
Chaps. 15 and 16.

The second approach is that of cancellation of errors. Typical
methods falling in this category are bridge circuits such as the one
shown in Fig. 2-2, change of sweep slope in time-modulation circuits to
cancel changes in ‘‘pick-off”’ or comparison voltages (Sec. 3-17), and
condenser tachometer voltage output variation with supply voltage to
cancel changes in velocity servo control voltages (Sec. 3-17).

Even when error cancellation methods are used to avoid the effects
of supply variations, it is usually necessary to incorporate fair regulation
in the voltage supplies. The reason for this is that although first-order
cancellations can be taken care of by other means, second-order effects
may remain, and these, together with transient errors, may introduce
appreciable inaccuracies if voltages are allowed to change widely.

Where both a-¢ and d-¢ voltages are used in a computer as accurate
representations of the magnitudes of quantities entering into the computa-
tion, it is desirable, following the principle of error cancellation, to regulate
the alternating from the direct current or the direct from the alternating
current. The principal argument for regulating the direct current from
the alternating current is that to do the opposite by electronic means
requires control elements such as vacuum tubes or saturable reactors
that may introduce harmonics into the alternating current or require
heavy and complex filters if appreciable power is taken from the a-c
supply.

Other examples of error cancellation are the cancellation of altitude
error in the so-called H plus B bombing computers (cf. Sec. 3-7), can-
cellation of resistance variations in a voltage divider by matching tem-
perature or other coefficients (¢f. Sec. 3-2), matching error curves of
synchros to reduce operating inaccuracies when two synchros are oper-
ated together, ete.

A careful consideration of any computer desxgn from the standpoint of
possible applications of error cancellation methods is generally profitable.

2:9. Data Smoothing, Speed of Operation, and Stability.—It is the
rule rather than the exception that the input data of an analogue com-
puter either have power-frequency spectra differing from that which
would be considered optimum or have extraneous signals (usually called
“noise’’) mixed with them. Often input data are subject to both defects.
The average computer, therefore, will incorporate means for modify-
ing the power-frequency spectra of the data as they pass through the
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computer. Usually this modification takes the form of “smoothing,”
that is, removing or reducing high-frequency components. This is
illustrated by the action of an antiaircraft computer working with
automatic-tracking-radar line-of-position data. Such radar data, as
furnished by an equipment such as the SCR-584,! contain a consider-
able amount of high-frequency ‘“noise.” A computer, such as the BTL
Mark IX director, used with this data must do considerable ““smooth-
ing’’ in the process of computing data for gun pointing in order to assure
a high probability of hits. Different quantities must be smoothed in
different ways; for example, rate data derived from position data must
be “smoothed’ considerably more than the position data. Smoothing
is not the only type of frequency modification used. Removal of drifts,
that is, reduction or removal of low-frequency components, is also occa-
sionally necessary. The subject of modification of frequency charac-
teristics is discussed in Chap. 11, with some introductory material in
Chaps. 9 and 10.

The somewhat loosely used term ‘‘speed of response” is closely
related to steady-state frequency characteristics. The relationship is
analogous to the relationship between a function of time and its Laplace
transform. Speed of response is usually treated more satisfactorily from
a quantitative standpoint in terms of frequency characteristics. Veloeity
and acceleration errors are also useful quantitative indices of “speed
of response’ and are also discussed in Chaps. 9 to 11. Particular refer-
ence is made to the Farrell method for determining velocity and accelera-
tion errors from decibel loop gain vs. log frequency plots (See. 10-4),
and a simple criterion for the choice of transmission vs. frequency char-
acteristics reported by Graham (Sec. 11-10). This criterion specifies
that the transmission characteristic of a servo or computer should
approximate the amplitude spectrum of the useful part of the most prob-
able input signals, i.e., exclusive of noise, which is assumed to be uniform
with frequency.

Where feedback loops are involved, smoothing circuits and devices
must be carefully considered from the standpoint of stability. Refer-
ence is made to Chaps. 9 to 11 for the theory of stability in feedback
loops.

2-10. Reduction of Weight, Size, and Power Dissipation.—There are
a number of points in good engineering design that, if followed carefully,
may substantially reduce the weight, size, and power dissipation of an
electronic or electromechanical computer. While the subject of design
and construction practices is discussed in detail in Chap. 19, several of

1 “SCR-584 Radar,” Electronics, 18, 104-109, November 1945; 104-109, December
10458: and 19, 110-117. Februarv 1946.
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the more important points will be mentioned here, since they are important

basic principles in computer design.  Size, weight, and power dissipation

are intimately related, and circuit changes resulting in a reduction in any

of the three items may often be reflected as reductions in the other two.
Some important design principles are

1. Scale factors in a circuit or device should be such that some opera-
tions are carried out at small signal amplitudes and followed by a
signal amplification in a stage just preceding elements such as
detectors that require large signal amplitudes for good percentage
accuracy. This saves power.

2. Wherever possible, tubes should be normally nonconducting.
This also saves power.

3. The use of miniature and subminiature tubes and some other
special components saves both space and appreciable heater power
as compared with standard-size tubes.

4. The use of special card or subassembly methods (¢f. Chap. 19),
short leads, and sometimes sealed enclosures allows circuits to be
operated at high inpedance, thus saving plate and other power
and reducing inaccuracies due to loading of previous cireuits.

5. Where feasible from the standpoint of accuracy, etc., it is simpler
and more compact to compensate components for temperature
changes rather than to regulate temperature.

6. By close design it is possible to cut down the large factors of safety
usually provided as a substitute for accurate knowledge of com-
ponents and working conditions.

REPRESENTATION OF QUANTITY

2-11. Fundamental Concepts.—The term representation of quantity
as used here refers to the physical property of an analogue computing
system that is identified with a specific quantity in a system for which
computation is required. Thus, for example, in an aireraft navigation
computer, a specific quantity, altitude, in the system for which computa-
tion is desired may be identified with an a-c voltage in the analogue
system that is to perform the computation. In considering the repre-
sentation of quantity it is useful to distinguish between single-scale
and multiscale devices. Although multiscale techniques can be used in
addition and subtraction, they are not usually suitable for other com-
puting operations.

A single-scale data system may be defined for most purposes
as a system in which the full working range represents the full range
of the variable represented. An ordinary potentiometer is a simple
example of a single-scale device. A mulliscale data system is one in
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which two or more channels are provided, one channel in which the full
working range represents the full range of the variable represented and
one or more channels in which the full working range represents only a
portion of the full range of the variable represented and hence is repetitive
in covering the full range of the variable represented. The first channel
is called, alternately, the coarse, single-speed, or one-speed scale, and the
latter channels are called the fine or high-speed scales and provide a
‘““magnification’’ of the coarse scale. A high-speed channel may be used
without a coarse or single-speed channel, but in this case an ambiguity
of indicated value will exist. The principal advantages of multispeed
data systems are increased accuracy, increased resolution, and increased
gain. These are obtained at the expense of increased complexity.

Three criteria are particularly important in evaluating a specific type
of representation for a specific quantity at a specific point in a computer.
These considerations are impedance, scale factor, and useful range.
The question of whether bidirectional data or unidirectional data are
used is included in the third item. Impedance is considered from the
standpoint of the effect that a device will have on a prior device and its
susceptibility to pickup. The question of scale factor is a most important
one, particularly in d-c computers, since scale factors must be large
enough to make the proportional change of tube characteristics small yet
must not be so large as to necessitate unduly large tubes, to cause non-
linearity trouble with normal tubes, or to waste power and add unneces-
sary weight. The useful range of a device must be considered simultane-
ously with the scale factor in evaluating a representation of data. Useful
range is limited by such factors as nonlinearity, power dissipation,
mechanical limits, voltage limits, etc. Some devices need operate only
on the magnitude of a quantity, whereas in other devices both magnitude
and sign must be taken into account. For example, altitude is a quantity
that is represented by its absolute value, whereas latitude may be either
north or south and hence must have a sign associated with its magnitude.

2-12. Seventeen Important Types of Data Representation.—The
following list of representations covers those which are most frequently
found in electronic and electromechanical computers, although the list
is by no means complete. Following each type of representation will be
given the abbreviation that will be used in subsequent chapters in clas-
sifying the inputs and outputs of the standard blocks from which a
computer may be built. In this system of classifying abbreviations,
the symbols preceding the colon represent the inputs; those following
the colon, the outputs. Thus, a resistor dividing circuit having voltage
and resistance inputs and a voltage output would be represented by the
notation E, Z: E. Tt is to be noted that classification by data representa-
tion is lower in rank than classification by operation performed, according
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to the system used in Part I of this volume. The seventeen important
types of data representations are

Force, F.

Pressure, p.

Torque, T.

Translational displacement, S.
Angular rotation, 6.
Translational velocity, V.
Angular velocity, w.
Translational acceleration, a.
Angular acceleration, a.
Voltage, E.

Current, I.

Charge, Q.

Impedance, Z, usually resistance.
Frequency, f.

Phase, ¢.

Count, N.

Time interval, .

2-13. Some Characteristics of Various Types of Representation.—It is
not practical to compare every type of representation with every other
type. A few generalities can, however, be pointed out. It must be
remembered that there are exceptions to many of the following state-
ments, and each device should be considered individually.

Electrical vs. Mechanical.—The advantages of mechanical devices are:
fewer adjustments; no vacuum-tube or other similar component drifts;
greater ease in understanding; and less difficulty in writing complete
specifications.

The disadvantages of mechanical devices are: they are subject to
friction and wear; complicated procedures of design and construction are
involved ; and highly skilled labor is needed for producing precision deviees.

Advantages of electronic devices include: flexibility, in that many
devices may be made from standard parts; cheapness, in that semi-skilled
labor can wire complicated equipment and expensive tools and dies are
not required; short design time; in some cases, accuracy; lightness; and
speed of response.

Electronic disadvantages are: more controls are required in precision
circuits; vacuum-tube drifts and burnouts are sometimes bothersome
(this is normally not a serious limitation if proper design precautions
are taken): and electronic devices are usually more complicated to under-
stand and service, although new techmques embodying subassembly
construction are tending to change this.
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Aliernaling vs. Direct Current for Data Representation.—Alternating-
current advantages are the following: vacuum-tube zero drifts do not
seriously affect the over-all accuracy ; transformers can be used; in rotat-
ing machinery no commutators are required; d-c voltage levels may be
more easily isolated when a-c data are used; and additional variables are
available in the form of frequency and phase.

Alternating-current disadvantages are: difficulties arise in differentiat-
ing and integrating; a-c tachometers are not very satisfactory; and prob-
lems of phase shift, frequency variation, and unwanted electrostatic and
magnetic pickup are generally troublesome.

Direct-current advantages are: differentiating and integrating are
easy; because of this, simple and reliable phase lead circuits can be used;
no phase shift or frequency problems are encountered; and no electro-
static or magnetic pickup is involved.

Direct-current disadvantages are: drifts in vacuum tubes cannot be
distinguished from d-c¢ data; contact potential troubles areencountered;
difficulty with d-c voltage level is frequently a severe design limitation;
and no good d-¢ resolver is readily available.

Time Interval and Pulse Wareforms.—These are of some interest but
are usually more complex than other alternatives. They are most likely
to be useful when the output data representation required is a time
interval.

Impedance—The impedances generally used in computers are
resistors or transformers and resolvers. Resistances in the form of
variable resistors or potentiometers are good, simple transitions from
mechanical to electrical representation of data and are particularly
useful in bridge circuits.

Phase Shift—In some cases phase shift proves to be a reliable and
accurate means of representation. Phase-shift techniques, however,
require special design care; and where high accuracy is required, close
frequency tolerances must be imposed. Phase-shift techniques are
widely used in accurate time-modulation and -demodulation equipment,
{¢f. Vol. 20) which may occasionally be combined with computing
equipment,

Count.—Count is of more importance in the digital computer field
than in the analogue computer field. In the latter field, a typical prom-
ising application is in process control computers where the input data are
the number of items passing a counter station.

Frequency—Frequency is more likely to be used as a data representa-
tion for data transmission (telemetering) than for use in a computer.
A few uses in computers are common, as, for example, the use of a-c
frequency to represent the speed of rotation of a shaft on which is mounted
au alternator supplying the alternating current. Itis worth remembering
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that phase is the integral with respect to time of frequency or, conversely,
frequency is the time derivative of phase.

2.14. Summary of Chapter.—The following steps have been listed as
a suggested systematic design procedure: preliminary information, block
diagram, preliminary design, detailed performance analysis, detailed
design, construction of model, and repetition of steps. Basic principles
and techniques used in computers have been discussed under the follow-
ing topics: simplifications in the formulation of computer equations and
choice of over-all block diagram; explicit and implicit analogue com-
puters; errors, tolerances, and variations; error cancellation; use of
servomechanisms in computers; data smoothing and stability; and
reduction of weight, space, and power dissipation. The important sub-
ject of data representation has been treated in some detail. Seventeen
important types of data representation are listed, and some general
comparisons of some of their characteristics have been given. A con-
venient system of abbreviated classification of operations from the
standpoint of types of input and output data representations has been

introduced and is illustrated in the chapter which follows.



CHAPTER 3
ARITHMETIC OPERATIONS

By J. Lentz anp I. A. GREENWOOD, JR.

3.1, Introduction.—Arithmetic operations deseribed in this chapter
include the operations of addition, subtraction, discrimination, multi-
plication, division, and the ‘“identity operation’’ the latter term referring
to changes in level, impedance, scale factor, or representation.

In presenting the highly varied material of this chapter, the authors
have attempted to classify methods and devices according to the opera-
tions for which they are used rather than the method by which the opera-
tion is performed. Thus, for example, the method of multiplication
that is based on the equation zy = [z dy + [ y dz involves both integra-
tion and addition but is classified as a method of multiplication, the end
desired, rather than as a method of integration or addition, the means
employed. The operations listed above are further subdivided according
to the method used, and the shorthand notation discussed in Chap. 2
is used to indicate inputs and outputs.!

The operations described in this chapter may be said to be the heart
of most electronic, electromechanical, and mechanical computing devices,
for it is usually found that a generous proportion of the basic operations
that must be carried out are those listed above.

3-2. Addition Using Parallel Impedance Networks (¥ or I:F or I).—
1t is well known that if a network of linear impedances is energized by
two or more generators, the current or voltage at any specified point 1n
the network can be expressed as the sum of the voltages or currents that
each generator would produce were it alone connected to the network
with each of the other generators replaced by its internal impedance.
This property makes possible the use of such networks to perform the
addition of voltages and currents. Subtraction of quantities as well as

11n this scheme, the symbols preceding the colon represent the inputs, those
following it the outputs. Thus (E,E:I) would indicate a device with voltages as the
two input representations and a current as the output representation. Usually only
the most important variations of the representations used with any method are given,
but it will be understood that others may be possible; for example, by including an
appropriate resistor, most data represented as current can also be represented as
voltage. Derivatives of the inputs and outputs given may usually themselves be
considered inputs and outputs. Thus, a mechanical differential adding rotational
displacements may also be used for adding rotational velocities, the output being also
a rotational velocity.

32
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the addition of quantities is also accomplished by this method by the
representation of positive quantities by negative voltages or reversed
currents. The following discussion is limited to a few of the simpler
examples, as the general topic of addition of electrical quantities has
been covered in some detail in Vol. 19, Chap. 18.

A simple illustration of this principle is shown in Fig. 3-1a, the opera-
tion of which is easily understood by reference to its Thévenin equivalent
shown in Fig. 3-1b. This circuit has the advantage that each voltage
source may have one terminal grounded, as is usual and convenient
in vacuum-tube circuits. The network is particularly useful as an input
network in a feedback amplifier where the algebraic sum of several
voltages and a feedback voltage is used as the input error signal to the
amplifier and is made nearly equal to zero by the feedback connection.

g =(Bf EyR) Ry R
O " \R*Ry Ry+Ry/| Ry Rz/(R,+Rz)+RL
E R Ry R,
! E Btk B High gain
R, 0. amplifier E
" V) 0
RL = R -
3 3
Sy g 23
= z “2]
(a) (c)

F1a. 3-1.—~Addition with parallel impedance networks.

This is illustrated in Fig. 3-1c. With the circuit of Fig. 3-1c and assuming
infinite gain in the amplifier, the output voltage E, is proportional to
the negative of the algebraic sum of E; and E,, each multiplied by a
constant that is a function of the network. There are many variations
of this simple circuit, among the most important of which are the sub-
stitution of capacitances and inductances for the resistances E; and R, of
Fig. 3-1, giving integrating and differentiating circuits. This subject is
discussed in the following chapter and in Vol. 19, Chap. 18.

There are a number of practical considerations that should be taken
into account in connection with this circuit. In order to obtain pre-
cision operation over a range of conditions, the ratios of the impedances
must remain fixed. This means, among other things, that temperature
coefficients must be matched to the desired precision, although there is
usually no requirement that the absolute value of the coefficient be
zero if all components operate at the same temperature. If, however,
there are variations in temperature between components, such as might
arise from local hot spots near high dissipation elements, then such tem-
perature differences will act on the absolute temperature coefficients to
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produce errors. As an example, suppose resistors Ry, R, and R; of
Fig. 3-1 are precision wire-wound resistors whose temperature coefficients
are plus 300 + 5 ppm/°C. In order to calculate maximum errors,
assume that the coefficients of R; and IZ; are 205 ppm/°C and that the
coefficient of Rsis 305 ppm/°C. Then, for a 100°C change in tempera-
ture, £, will become

R3(1.0305)
' R1(1.0295)

24(1.0305)
? R2(1.0295)

Eolio = E + E = 1.00097E,, (1)
a change of only 0.1 per cent for 100°C change of temperature. On the
other hand, if | and R, are at the same temperature and R; differs from
that temperature by only 10°C, then

R;3(1.00305)
1 Rl

y ERo(100305) _y hososm, (2

E0110° diff = E R2

a change of 0.3 per cent for 10°C temperature difference, or only 3.3°C
difference for the same 0.1 per cent change calculated above for a 100°C
change of temperature.

From this discussion it follows that elements used in circuits of this
type should have low absolute temperature coefficients and should be
mounted to ensure a minimum of local temperature variation. These
requirements have sometimes necessitated use of a copper temperature-
equalizing strip between elements where low absolute coefficients are
unavailable or undesirable for other reasons but where high precision
must be maintained.

If, as is usual, the operations performed by the circuit of Fig. 31 or
those like it must be accurate, then either all voltages and all impedance
ratios must be accurate, or either impedances or voltage scale factors or
both must be made adjustable to allow for production tolerances in
impedances or voltages. If the network has been made from large
fixed resistors in order to avoid loading the voltage sources E, and E.,
then large adjustable resistors will be required. The stability and tem-
perature coeflicients of such adjustments must be carefully taken into
account in the -~hoice of network impedances and tolerances. The
commercial availability of resistor networks matched in value to 0.1 per
cent makes it possible 1n many applications to eliminate impedance
ratio controls where resistance adding circuits are used. Alternately,
other design considerations may dictate adjustment of voltage scales,
using this adjustment to compensate for production tolerances in imped-
ance ratios.

Zero adjustments in this circuit are best made in the amplifier itself,
and for a discussion of this problem the reader is referred to Vol. 18.
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Bridge circuits are also useful for addition and subtraction of voltages
and currents. In a balanced bridge network Fig. 3-2 the mutual
coupling between inputs is reduced to zero. The most useful form of this
circuit is the equal-arm bridge network, as illustrated in Fig. 3-3. For

this circuit,
_Z E, . Es
E°_§(Z+zl+z+zg)’ @)

and the mutual coupling between E, and E, is zero. Theinputimpedance
at either input is Z, 7, and Z, being source impedances.

_z( B, B
Eq= 'z(z+zl+ z+zz>

Fia. 3-2.—-Balanced bridge. g, 3:3.- Equal-arm bridge

3.3. Addition and Subtraction with Series Sources (/for [: /i or I).—
The fundamental principle underlying this method of addition and sub-
traction is identical with that given in the preceding section; namely, if a
network of linear impedances is energized by two or more generators,
the voltage or current at any specified point in the network can be
expressed as the sum of the voltages or currents that each generator
would produce were it alone connected to the network with each of the
other generators replaced by its internal impedance.

If two generators of internal impedances Z, and Z; and internal
voltages E; and E; are connected in series with a load impedance Z,,
the voltage E. across Z,, is given by

Z.(E,+ E,)
A 2 @
1If E, and E; each represents a distance to a scale of, say, 1 ft per volt, then
E_represents the sum of the two distances toascale of (Z, + Z, + Z.)/Z..
ft per volt.

It is to be noted that with series addition and subtraction, all genera-
tors but one must be such that their terminals may be isolated from
ground (“‘float”) if the desired sum or difference must be with respect
to ground. If the sum or difference is desired as the voltage across two
terminals that may both be isolated with respect to ground, then all but
two generators must be isolated from ground. “Ground” is here used
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in the sense of a reference node; it is by no means uncommon for this
node itself to vary with respect to ground as part of another circuit.

In using series addition and subtraction, the effects of stray imped-
ances, usually capacitances, from various parts of the series network to
ground must be carefully considered. Where alternating current is used,
these stray impedances are apt to give troublesome phase and amplitude
changes. If there is a-c information or ripple on the reference node

Ep

P.m.
generator RZ

R3

L “‘Ez Eq

Eo=E\1E,

(d)

Fia. 3-4.—Addition or subtraction with series sources.

unbalanced impedances to ground may cause undesirable amounts of
a-c voltage to appear in the series network.

A number of typical examples of series addition and subtraction are
shown in Fig. 3-4.

3-4. Addition and Subtraction with Synchros (6,6:6 or E).—By the
use of a chain of three synchros (Fig. 3-5), consisting of a synchro gen-
erator, synchro differential, and either synchro control transformer or
motor depending on whether or not a servo drive is desired, a shaft rota-
tion may be produced that is the sum or difference of two shaft rotations,
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express the position of the aircraft in rectangular coordinates. This
constitutes a sort of bipolar coordinate system, but not an orthogonal
system. A pair of rectangular axes convenient for computation has its
origin at one of the fixed stations and its y-axis passing through both
stations. In this case the equations of transformation are no longer
linear. They are
I, m?—n?

v=gt o

zt = m? — g2,

where z, y = the rectangular coordinates as described above,
I = distance between the two fixed points,
m = range from fixed point at origin,
n = range from other fixed point.
The geometry is shown in Fig. 6:33a. A computer for solving this prob-
lem was designed by H. 8. S8ack! and uses methods similar to those used

1 mé—n?
V=2t Ty !
z2=m2-y2=(m+y) (m-y)
] m+n
mo + ab-cd + ——.
m?-n? ¥
n O m—n 2
m+y .
Vm2-y2
m-y
(a) (b)
Fia. 6-33.—Bipolar to rectangular transformation. (a) Geometry; (b) block diagram of
computer.

in the electronic triangle solver of Scc. 6-3. A block diagram of this
device is shown in Fig. 6-330. TIn the computation of y the operation of
squaring is carried out by a device that solves the equation (Chap. 3)

m+n U

2T m—n
or

m? — n* = 2u.

(Here w is an intermediate variable in the computation of y.) The
quantity 1/2 is then added to u. This is done by the four blocks in the
upper part of the diagram. Similarly the lower three blocks compute z

VH. 8. Sack, “Report on Computers Involving Squares and Square Roots,”
Cornell University, Oct. 19, 1943.  This work was done under an OSRD contract.
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as a function of m and y, by solving the equation

mty_ =z
x m -y

A schematic circuit diagram fer this computer (from the report
referred to above) is shown in Fig. 6-34. Differential amplifiers with

l Attenuator
vt :
nm o m l 3 S Rectangular
1 s pulse —T4 Attenuation
adjuster
m{— — "__\n
m-n Attenuator
11
22 m+n
l.. 2
Vs /=2
Trigger ?
v
Rectangular
+ s + Attenuator pulse
2 3V 4 111 |
! A
— —_ yf— —\" Attenuation
_——— ———— —_—— P X . e/
adjuster
A
3
Qutput Attenuator
Y m-y v
Output
T
miy
2

I'is. 6:34.-—Computer for y = ((/2) + (m? — n?) /2l 22 = m* — y2

constant-current tubes in the cathode circuits are used for addition and
subtraction. Each of these requires two envelopes: a pentode and a
double triode. Each “attenuator’’ block is a differential amplifier which
is made inoperative for part of the repetition interval by a variable-
length rectangular pulse from the attenuation adjuster. The feedback
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loop formed by the attenuation adjuster and the upper sttenuator assumes
an equilibrium condition in which the output of the upper attenuator is
equal to the other input to the attenuation adjuster. The rectangular
pulse then causes the attenuator to multiply by a factor (m + n)/l, in
the case of the y-computation. The same pulse then determines the
attenuation of the lower attenuator block, the output of which will be
(m — n)(m + n)/L

The circuit as shown requires about 28 tube envelopes, not including
VR tubes or the trigger circuit. This number may be reduced if lower
precision is required or if different methods of attenuation and addition
are used. The error in y may be 0.25 per cent, that of £ probably
somewhat greater.




CHAPTER 7
EXAMPLES OF COMPUTER DESIGN

By D. MacRag, Jr., I. A. GreeNwoob, Jir.,, axnp W. Rorn!

7-1. Introduction.—DPreceding chapters have covered methods of
design, techniques, and devices for use in the creation of computers. It
is the object of this chapter to present two typical computers to illustrate
the application of this information. The computers that will be dis-
cussed are (1) part of an airborne navigation computer and (2) a radar
trainer computer solving the problem of synthesizing the position of an
aircraft in polar coordinates relative to a moving ship.

The first computation to be discussed is one that solves part of the
problem of aircraft navigation using radar. The computer of which it
is a part is a ground-position indicator? which integrates the airspeed of
an aircraft and the wind to provide a continuous indication of position;
it makes use of radar to obtain an accurate indication of the position of
the aircraft with respect to identifiable objects on the radar screen and
to find wind. The computation to be described has to do with the pro-
duction of markers on a radar screen, corresponding to two shaft rota-
tions that represent the rectangular coordinates of a point with respect
to the aircraft; this constitutes only a portion of the entire navigational
computer. The treatment will be detailed in order to show some of the
practical considerations that enter into a design. The discussion of this
computer will follow the general design procedure given in Sec. 21; at
each step in the design the material of Sec. 2-1 is summarized, followed
by a discussion of the corresponding steps in the development of the
navigational computer.

At the time of termination of Radiation Laboratory technical develop-
ment work, the design of this computer was not finished, though most of
the circuits in it were completed or nearly completed. It is expected that
the development of this computer will be carried on by organizations
other than the Radiation Laboratory.

1 Sections 7-1 to 7.7, inclusive, are by D. MacRae, Jr., and I. A. Greenwood, Jr.;
Secs. 7-8 to 7-11, inclusive, are by W. Roth and I. A. Greenwood, Jr.

2 B. Chance, ‘“The Interconnection of Dead Reckoning and Radar Data for Pre-
cision Navigation and Prediction,” Jour. Franklin Inct., 243, pp. 355-372; W. J.
Tull, N. W. MacLean, ‘“GPI—An Automatic Navigational Computer,”’ Jour. Frank-
ltn Inst., 242, pp. 373-398, November 1946.
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The spherical-coordinate integrator, the second computer described,
was used extensively in radar training equipment. In the discussion of
this equipment, the emphasis is on the description of the device rather
than on the process of its design. In several instances different circuits
are used in the two computers to perform the same operations. This is
due mainly to different accuracy and weight requirements but also
partly to the fact that different personnel were involved in the two
designs.

NAVIGATIONAL COMPUTER

7-2. Preliminary Information. Procedure of Sec. 2-1.—It was stated
in Sec. 2-1 that the first step in the design of a computer is the determina-
tion of what is to be computed and the interpretation of functional needs
in terms of technical specifications and basic equations or empirical
relations. At this point the designer also makes tentative over-all
block diagrams, using his knowledge of computing elements. Judgment
and ingenuity are particularly required in this step. The characteristics
of the basic data, the factors that limit the designer’s choices, and the
operating conditions must be determined. Desired controls, displays,
and outputs must be specified, and acceptable alternatives listed. At
this stage in the design it is appropriate to start discussing with com-
ponent specialists the possibilities of getting some of the scarce com-
ponents that might be useful in the design.

The GPI Navigational Compuler.—A ground-position indicator (GPI),
designed at the Radiation Laboratory, makes use of radar information
both for locating the aircraft and for determining wind. Both these
operations use a group of circuits that transform the mechanical informa-
tion in the computer into markers whose intersection constitutes an
index of position on the radar display. These are the circuits which are
discussed here in detail.

The air speed is resolved into north-south and east-west components,
and these are added to the respective components of wind, giving the
two resultant components of the velocity of the aircraft relative to the
earth. These are integrated by means of electromechanical integrators
of the type described in Sec. 4'9. The outputs of the two integrators are
shaft rotations representing the position of the aircraft and turning at a
rate determined by the values of air speed and wind which are integrated.
The relation of these coordinates (aircraft position) to the other coordi-
nates involved is shown in Fig. 7-1. These shaft rotations can be sub-
tracted from another pair of adjustable shaft rotations that represent
the coordinates of a reference point identifiable on the radar display,
and the differences represent the coordinates of the reference point rela-
tive to the aircraft. These differences of coordinates may be used in
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locating the aircraft with respect to identifiable echoes on the radar
screen and in finding wind. Let the index be set to coincide with an
identifiable echo on the screen by first setting in the known coordinates
of the point and then bringing the index to coincidence by rotating the
shaft measuring aircraft position. When this is done, a fir is said to
have been taken. The readings of the aircraft position shafts will repre-
sent the actual location of the aircraft.

The same index can also be used for finding wind. Since the coordi-
nate differences from which the index is formed are changing with a

Reference—=;

Aircraft
position
Coordinate!
differences |
used to producel

marks on

radar scope
Coordinates 0P

of aircraft
position

Origin of
coordinates
Fic. 7-1.—Coordinates represented in

velocity corresponding to the vector
sum of air speed and wind, the index
will remain on an echo once it has been
set to coincidence with it provided all
velocities have been correctly entered.
The index and echo move across the
screen together as the aircraft flies past
the identified point. If there is an
error in the wind entered into the
integrator, the index will drift off the
echo. This information may be used
in a manual tracking mechanism (Vol.
20) to correct the wind value until
the index remains on the echo. It is
the tracking operation, rather than the
taking of fixes as such, that determines
the accuracy required in the circuits

navigational computer.

producing the index.

Alternatives for Producing an Inder.—1It is first necessary toconsider
the alternative methods for producing an index on a PPI radar display.
One method, used in a GPI produced by the British, is to have a fixed
marker at the center of the cathode-ray tube and to move the radar
picture in accordance with the input information until a desired echo
falls under the fixed index. This has the advantage that rectangular
coordinate input information can be used directly; it has the disadvantage
that the PPI must be made to give a satisfactorily uniform map of the
ground beneath the aircraft. Normally the map will not be uniform,
for range from the center of the PPI is ordinarily slant range rather than
ground range. This may be corrected by the use of “ground-range
sweeps’’ which compensate for the nonlinearity of the time delay vs.
ground-range function by introducing a nonlinear function of radial
displacement vs. delay depending on altitude. Even with this sortv of
sorrection, however, the method is still relatively inaccurate.

Another method that depends on the cathode-ray-tube display of a
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true map is the use of a mechanical index. Such an index might be
moved in rectangular or polar coordinates. This, in addition to involving
the errors of the cathode-ray tube, may involve parallax.

The method chosen in this case is to intensify the beam of the cathode-
ray tube in accordance with the GPI information in the same way that
the radar information intensifies the beam. Thus the characteristics
of the CRT enter in the same way for both radar and GPI information,

F1g. 7-2.—Radar plan-position indicator with range and azimuth markers.

and errors from this source tend to cancel. The procedure will then be
to define a time interval measured from the transmitted pulse, which
represents GPI slant range; at the end of this interval an intensifying
range mark will be produced. To indicate the azimuth of the point
given by the GPI coordinates, a radial trace on the PPI will be produced
by intensifying the beam for the duration of one or more radial sweeps at
the proper antenna angle, that is, when the antenna azimuth relative to
north is equal to the angular coordinate corresponding to the GPI
information. The index will thus be the intersection of a circle and a
radial line.

Circuits Producing the Index.—The computation then consists prin-
cipally of converting the rectangular coordinates given by the N-8 and
E-W shaft rotations to the polar coordinates of the radar display. There
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are several changes of representation associated with this; they are
necessitated mainly by the facts that the inputs are shaft rotations, the
outputs are to be markers, and the most convenient rectangular-to-
polar coordinate transformation uses a-c voltages.

It i1s necessary to take into account the altitude of the aircraft in
producing the range marker. The method used for production of a range
marker is intensification of the beam in the cathode-ray tube at a time
instant delayed from the transmitted pulse by an interval correspond-
ing to the range of the echo in question. The “delay” of the radar echo
is proportional to the ‘“‘slant range,” whereas the GPI shaft rotations
measure the components of ‘‘ground range.””t Thus in order to control
the slant-range time-modulation cireuit it is necessary to correct the
ground-range voltage by an amount depending on the altitude.

Equations.—There are only three operations other than the identity
operation to be performed in this computation. The first is the rec-
tangular-to-polar coordinate transformation, which may be expressed
thus:

r2

z? + ¢

tan-! (%’) M)

An equivalent set of equations which more closely represents the opera-
tion performed is

6

zcos&-——ysin0=0,} )

zsin 8+ ycos 8 = 7.

The second operation to be performed is the computation of the hypote-
nuse of a right triangle, given the legs.

4Rt = g @)

where r = ground range,
h = altitude,
s = slant range.
The third operation is the subtraction of shaft rotations necessary
to produce the azimuth mark. This mark is to occur when

Br = 84 + O, “)

where 0 = the angle of the resolver shaft (output of rectangular-to-
polar transformation),

the angle of the antenna with respect to the aircraft,

the compass angle (the angle of the aircraft with respect to
north).

! See Sec. 6-2 and Vol. 20, Chap. 4.
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Design Limitalions.-—In connection with this computer three basic
decisions were made:

1. An attempt is to be made to meet strictly the performance speci-
fications and, where applicable, the component specifications of
the Army Air Forces and the Navy Bureau of Aeronautics. These
specifications relate mainly to the life of the equipment and its
performance when exposed to extremes of temperature, humidity,
vibration, etc., and are briefly discussed in Chap. 19.

2. An attempt is to be made to employ radical new techniques of
electronic construction and the most advanced design techniques
available if necessary in order to reduce drastically the weight of
this computer.

3. Strong emphasis is to be placed on reliability and the various
factors that contribute to it, such as ease of maintenance.

The emphasis on light weight points to the necessity of replacing
some components with much lighter substitutes. In some cases com-
ponents must be redesigned. Several basic electronic devices of this
sort which are extremely important in the further development of this
computer are lightweight accurate resolvers; small lightweight servo
motors, controllable with small tubes; subminiature tubes; lightweight
small condensers; and small precision computer transformers. Labora-
tory development and discussions with manufacturers are initiated or
continued at this stage in the computer design, most of these devices
having been already under consideration for other purposes or as part
of a basic development program.

Errors—Throughout the design process, the designer must have an
idea at least of the order of magnitude of the errors to be expected in
computation. In the GPI navigational computer, it is necessary to
consider the desired over-all performance in the light of other navigational
techniques and of limiting component accuracies. From a consideration
of this sort, approximate figures for the permissible over-all error may
be specified and this error may be apportioned among the various com-
puting elements.

The discussion of the circuits to be treated here will assume that
such a general error analysis has been performed, and that the probable
error of a setting of the index, due to the circuits discussed, is not to
exceed } mile on a radar display having a 50-mile maximum range. An
assumption of this sort is quite arbitrary, and, in fact, it is often found
that the original apportionment of permissible errors has to be modified
as the design proceeds.

7-3. Creating a Block Diagram. Procedure of Sec. 2-1.—After the
problem has been defined, the general nature of the computer decided
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upon, and most of the design limitations stated, the next step is to create
a block diagram. This process requires ingenuity and some knowledge
of available techniques. It is difficult to say when the best arrangement
of components for a given problem has been reached; successive trials,
aided by experimental and theoretical information, will generally lead
to improvements over the first diagrams drawn. Several different
representations of quantities will usually be found in the optimum
arrangement.

Representation of Quantities.—The nature of the output determines part
of the instrumentation; for example, the use of a time-modulated range
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FiG. 7-3.—Generation of range and azimuth markers frotn integrator outputs.

mark makes it convenient to use a delay circuit (Sec. 6-6) actuated by a
d-c voltage. Some sort of transformation from rectangular to polar
coordinates is necessary, and at some point, either before or after the
transformation, the mechanical input information must be converted
to d-c voltage. The principal choice remaining has to do with whether
the transformation is to be done mechanically or electrically. In the
development of this computer consideration was given to both mechanical
and electromechanical methods. An electrical resolver, the electro-
mechanical device, was finally chosen for the operation after it was
shown to provide satisfactory accuracy, because it seemed easier to
obtain in quantity and because it was lighter than the mechanical device
considered. ‘

The block diagram then assumes the form shown in Fig. 7-3. The
z- and y-shaft rotations are first converted to alternating voltages by
means of linear potentiometers. The voltage across the potentiometer
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is supplied by a sine-wave oscillator (see below). Since the voltages at
the potentiometer arms come from relatively high-impedance sources,
precise impedance-changing circuits {drivers) are necessary to reproduce
these voltages across the resolver stator windings without loading the
potentiometers, The coordinate transformation is done by means of a
servo (Sec. 6-9) that turns the resolver rotor until one winding picks up
no voltage. At this equilibrium position, the other rotor winding picks
up the resultant a-c voltage that measures the ground range r, and the
rotor shaft rotation measures the angle 8z = tan™! (y/z).

The range voltage then goes to a triangle solver, which computes to
slant range s from r and the altitude. The phase-shift triangle solver,!
which uses alternating voltages, is particularly convenient here. At
this point a rectifier converts s to d-c representation, and the delay circuit
produces a proportional time delay. Finally a sharp intensity marker is
generated at the time corresponding to s, and this marker is fed to the
CRT.

" The angle 8z is taken off by an Autosyn,? and by means of differential
Autosyns the algebraic sum 8z — 8, — 84 is formed. The rotor output
voltage of the final Autosyn is zero whenever 6r — 8 — 84 = 0, and at
this time the azimuth mark appears. The azimuth mark circuit pro-
duces an intensifying pulse when the Autosyn output is a minimum.

An additional amplifier, not shown, is inserted at the output of the
resolver. The function of this amplifier is to multiply the r voltage by
a constant. This is done in order to permit the resolver drivers and the
oscillator supplying voltage to the potentiometers to operate at low
voltage level and thereby conserve power. In the entire computer
there are several other amplifiers similarly employed so that there is
considerable saving of power and consequent reduction of weight in the
power supply.

The use of the oscillator voltage as a reference for the linear delay
circuit may be done in such a way that, to a first approximation, varia-
tions in the oscillator output do not affect the delay of the range mark.
If the slope of the triangular waveform is made proportional to the oseil-
lator output, a given range (defined by input shaft rotations) will cor-
respond to a constant delay, regardless of small variations in oscillator
voltage.

T-4. Preliminary Design. Procedure of Sec. 21 —After the block
diagram has been drawn, the first stage of design is to select the circuit
types to be used. 'This means taking the design to the point where the
values of most of the components are known approximately; the com-

' (. Bee. 67.
2 See See. 121,
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ponents determining the accuracy must be known well enough to permit
a performance analysis, and it must be possible either to buy or to manu-
facture them. When the circuit types to be used are fairly standard, the
approximate accuracy obtainable may often be stated before any design
work is done for the particular problem at hand. If a new computing
circuit is required, however, considerable development work may be
required to make sure that the cireuit can satisfy the requirements.
Circuit Types—For each block in the block diagram of Fig. 73 a
specific circuit type must be chosen. The principal requirement on the
oscillator that supplies the computing voltages is that it produce a nearly

10k (load)
0.02 l—_l__E)-OZ Output

amplitude
control
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Fig. 7-4.—Oscillator cireuit.

pure sine wave, with not more than about 0.1 per cent harmonic content.
A further requirement imposed by other circuits in the computer is
that the output be fairly constant. Thus the eircuit type chosen is a
Wien bridge oscillator with a thermistor for amplitude stabilization.
Positive and negative feedback are applied at the two terminals A and B
of the Wien bridge. The signal at the input grid is a measure of the
unbalance of the bridge. At the fundamental frequency the bridge is
balanced, but for harmonics there is considerable unbalance. The result
is a sharp frequency characteristic tending to reduce the harmonic
content of the output considerably. The feedback is taken from the
transformer secondary in order to minimize distortion introduced by
the transformer itself.

The drivers for the resolver stators are two-stage amplifiers with
high feedback gain, nccomplishing the same purpose as cathode followers
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but having less variation in gain with respect to tube change and aging.
Circuits of this type are discussed in Vol. 18, The peak variation with
respect to tube change is expected to be about +0.1 per cent.

The servo for the resolver uses an a-c amplifier, phase detector, and
final differential-current output stage driving the field windings of a split-
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] ) 2w
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resolver
3220k %o.47 M 15k 150

All resistors Y2 watt unless indicated

Fi1G. 7-5—Resolver driver circuit.

field motor. This circuit may require further development work in order
to achieve the error figure of 748 = 100 yd peak error which was assigned
to it for this purpose.

Following the resolver is a step-up amplifier which changes the voltage
scale by a factor of about 5. This is a three-stage amplifier with a feed-
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Fic. 7-6.—Resolver servo cireuit,
back circuit that consists of a parallel-adding combination of two resistors
in the grid circuit. The over-all gain of the amplifier with feedback is
determined almost entirely by the values of these resistors. A trans-
former might be used for this purpose, but the output impedance would
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be greater, harmonic distortion might be introduced, and there would
probably be more variation of ratio with temperature.

The triangle solver is of the phase-shift variety discussed in Sec. 66,
using electronic differentiation and integration to produce a 90° phase
shift with amplitude reasonably constant over the frequency range used.

+250v
0_.{1 51M 0151M 0151M
220k ‘—W«j 220k ‘-WVT 100k )
0.02 0.05
" 6C4 o o
—_ load
=20 %Bk 6.8k T 1.0

F1Gg. 7-7.—Step-up driver circuit.

The rectifiers (one for each of the two output voltages of the triangle
solver) are of the voltage-doubler type, in order to increase the scale
of d-c¢ volts per mile at the delay circuit. Crystal rectifiers might be
used here to avoid tube drift and to reduce filament power.

After the d-c voltages have been combined in an averaging network,
the average is compared with a periodic triangular waveform by means
of an amplitude comparison circuit. The triangu-
lar waveform is generated by abootstrapintegrator
circuit of a type discussed in Vol. 20. Deviations
from linearity may be of the order of 0.1 per cent
o—] —<  and level shifts 0.2 per cent of maximum output.
Methods of producing range marks are also dis-
cussed in Vol. 20. A blocking oscillator is used to
produce the final sharp pulse.

The azimuth mark circust! is an amplifier that
produces a pulse when the output of the Autosyn
chain reaches zero. This output goes to zero
twice during every revolution of the antenna, so
that some means must be provided for selecting one of these “‘nulls’ and of
preventing a mark from being produced by the other, which occurs 180°
away from it. The principal sources of error in azimuth marking arise
from the Autosyns; there may be errors of approximately 0.2° in the rotor
position at which minimum output occurs; and the minimum output may

——

Fic. 7-8.—Voltage-doub-
ler rectifier.

! See Vol. 20, Chap. 4.
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differ from zero, so that it is necessary to provide in the amplifier for start-
ing the output pulse before the input reaches zero.

Components.—The potentiometers that convert shaft rotation to
voltage must have a linear variation of resistance with rotation. For this
purpose a 10-turn helical potentiometer® can be used. Deviations from
linearity are held to 0.1 per cent or less of total resistance. Another
possibility is the single-turn RL270 potentiometer (Vol. 17, Chap. 8),

which was under development at the time of design and is capable of
the same accuracy.
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Fig. 7-0.—Azimuth mark circuit.

A resolver that meets the design requirements is one developed by
Bendix Pioneer (XD-759542) for use in lightweight computers. This
device is accurate to 5 min in angle and +0.06 per cent of maximum
output range under the conditions in which it is used in this computer.
The ratio of input to output voltage varies with temperature, changing by
about 0.2 per cent over a range of —55° to +70°C. This variation may
be reduced by changing the electrical loading on the resolver output.

The precision resistors that determine the gain of the step-up driver
must “track” (preserve the constancy of resistance ratio) over the
desired temperature range. These may be wire-wound or other types
of precision resistors. The initial adjustment of ratio is made by a
factory-set calibration rheostat in series with one of the resistors; thus
even if an accuracy of computation of 0.1 per cent is desired, the initial

1 The “Helipot” made by National Technical Laboratories or the “ Micropot’’ of
Thomas B. Gibbs Co.; See Vol. 17, Chap. 8.
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values of the resistors need not be held to. closer tolerances than 1 per
cent.

The constancy of the slope of the triangular waveform with respect
to temperature depends on the constancy of the RC product of the inte-
grating network (Vol. 19, Chap. 10). These components must be chosen
so that their temperature coeflicients cancel to some extent. The
accuracy to which this can be done is limited by the designer’s knowledge
of the temperature coefficients; if standard mica condensers such as those
specified in Specification JAN-C-6 (Apr. 20, 1944) are used, the variation
of temperature coefficient within one class in the specification is a limita-
tion. The best tolerance specified (type G) is from 0 to —50 ppm/°C.
When by proper choice of resistance type the average temperature
coefficient of RC is made zero, a change of +0.25 per cent over a 100°
range can still be expected from a randomly chosen sample. If elements
are separately tested and matched, greater accuracy is possible, but
quantity production becomes much more difficult.

These, then, are the principal precision components which contribute
directly to the error of computation. The tubes used also contribute.
Clamp tubes in the linear delay circuit, the diodes in the rectifier, and the
coincidence tube all introduce d-c level changes. The triode amplifiers in
the oscillator introduce harmonics that must be removed by the Wien
bridge feedback.

Other special components introduced in this design are the split-field
servo motor, used in the resolver servo; the oscillator output transformer,
specially designed for light weight and balanced output; and the ther-
mistor used to stabilize the oscillator output.

If production in quantity is contemplated, the possibility of obtaining
or manufacturing all these special components is investigated at an early
stage in the design.

Scale Factors.—The maximum range of the radar with which this
computer is to be used determines some of the scale factors. The range
attainable on ordinary ground echoes (cities, land-water boundaries,
etc.) is from 30 to 60 miles; however, in order to provide for the longer
ranges that may be obtained if radar beacons are used in navigation, it
is preferable to use a maximum range of 100 nautical miles. The poten-
tiometer that converts shaft rotation to voltage must then represent 100
nautical miles! in either direction; that is, its entire length corresponds to
200 miles. If single-turn potentiometers with a full rotation of 350° are
used, the mechanical input must be at a scale of 200 miles = 350°.
For the same reason, the range mark must go out to 100 miles, the delay
circuit must be accurate to at least that range, and the full voltage of

" In the discussion that follows, “miles” will be used to refer to nautical miles.
A nautical mile is equal to a minute of latitude.
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the triangular wave form must then correspond to 100 miles. This full
voltage is made as large as possible in order that tube drifts shall cor-
respond to small errors in delay.

The plate supply voltage for the amplifiers can be an unregulated
300-volt supply. This limits the possible output of the step-up amplifier
following the resolver, for the peak-to-peak swing of the plate of the output
tube cannot exceed 300 volts. As a matter of fact, the nature of the
circuit restricts the maximum output to about 200 volts peak-to-peak,
or 70 volts rms. Thus the a-c voltage scale at the triangle solver is
70 volts rms = 100 miles, or 0.7 volt rms per mile. The voltage scale for
circuits preceding the step-up driver is 0.2 (volt rms)/(mile), so that the
gain of the step-up driver is about 3.5. The output voltage of the oscil-
lator is then (200 miles)(0.2 volt/mile) = 40 volts rms. This appears
across the potentiometers. The maximum voltage in either coordinate
that goes to the resolver stator is 20 volts rms.

Since the differentiator and integrator in the triangle solver operate
better when the gain is less than unity, a larger altitude voltage than
the desired output is fed in. It is desired to provide for altitudes up to
40,000 ft (about 7 miles). If the entire oscillator voltage (20 volts) is
used to supply an altitude potentiometer whose full rotation represents
7 miles, a loss in gain of a factor of 14 can be taken in the phase shifter.

In the azimuth data a scale factor might conceivably be used if
“two-speed”” data from geared-up synchros were used. In this case
however, no such gearing is employed, so that in one sense the scale
factor for azimuth information may be considered to be unity. The
information is actually transmitted in the form of two voltages which
measure the projections of a rotating line segment on oblique axes at
120° to one another. One such voltage is used as the input to the azimuth
mark circuit. This voltage varies as the sine of output angle, hence in the
useful region, where the voltage is nearly zero, it is nearly proportional
to the angle itself. A scale of voltage/angle at null may then be defined;
if it is measured in volts per radian it is equal simply to the maximum
output of the autosyn chain. As the output signal is amplified, this
scale factor is multiplied by the gain of the amplifier.

One scale factor that enters into the design, although it does not
appear directly in the computation, is the sensitivity of the error signal
winding of the resolver. The voltage per radian of error, for small
error angles, is equal to the r-voltage that appears across the other rotor
winding, assuming that the two rotor windings have equal numbers of
turns.

7-6. Performance Analysis. . Procedure of Sec. 2-1.—The performance
analysis is a check on paper to determine in the light of available data
whether or not the computer will operate satisfactorily. This consists
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chiefly of an error analysis with consideration of the effects on errors of
the conditions under which the computer is to operate: temperature,
humidity, pressure, etc. The particular value of a systematic check of
this sort is that it may show that some important data have not yet
been taken; for example, the probable life or behavior with temperature
of some important component may not be known.

Errors.—In each case when a component error is known, its maximum
value is specified. Usually the error varies in such a complicated way
that it is extremely inconvenient to give a measure of error such as rms
or probable error. A linear potentiometer is a good example of this.
Yet when the errors of a number of components are combined it will be
extremely rare that the maximum errors of all the components appear
simultaneously and all affect the output in the same direction. If the
designer is more interested in the probable error of the computer than in
the limits of error, he must make some approximations and simplifying
assumptions in order to use the data available for the components. At a
later stage in the design (after a model has been made) probable errors
may be found by taking more data. At the present stage an estimate
must be arrived at without this information.

A set of working assumptions that have proved useful are the following:

1. The probable error of a component will be assumed equal to one-
third the peak error or tolerance (this corresponds to an error not
exceeded in 96 per cent of the cases in a normal probability
distribution).

2. Errors may be combined by squaring, adding, and extracting the
square root, as is customary for probable errors. The result of
calculations carried out on the basis of these assumptions may be
expected to be correet within something like a factor of 2. In
practice the most serious departures from the behavior predicted
in this way have been found to be due to systematic deviations
of the central value from the true value, due, for example, to
miscalibration.

The approximate values of maximum errors for the various compo-
nents and circuits mentioned, exclusive of temperature effects, may be
tabulated as shown in Table 7-1. These figures may be converted into
miles (or degrees in the case of the azimuth error, which may be calculated
separately), and the square root of the sum of the squares calculated.
If the resulting figure is then divided by 3 (this being the equivalent
of dividing each peak error by three), the result will be the assumed
probable error.
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The range error is then approximately

(Ar)prob =
V(0.2)? + (0.1)2 + (0.06)% + 4(0.1)* + (.01)? _
3

0.11  mile. (5)

Similarly, the azimuth error is approximately
4/(0.08)% +(0.06)2 + 4(0.2)?
3

If a fix is taken at an average range of 50 miles, the corresponding error
TAB 18

(A8)pro = = 0.14° (6)

(rAB)peee = 0.12 mile. (7)

If these range and azimuth errors are combined by rms addition, the
result is a probable fix error of 0.18 mile. This is somewhat better than
the figure of + mile mentioned earlier.

TaBLE 7-1.—MaxiMumM ERRORs

Component Maximum error A_r, a8,
miles | degrees
Potentiometers. .. .. .. +0.19% of full range (200 miles) 0.20 | ......
Drivers.......... . ....| £0.19% of output 0.10 { ......
Resolver. ........ ... .. +5min; +.06% of max. output (100 miles)| 0.06 | 0.08
Resolver servo. .|R A8 =100 yd at R = 50 miles (average | .... | 0.06
range) .
Autosyns.......... ..| £0.2° each, combining randomly ... 0.2+/3
Azimuth mark circuit. .| +£0.2° ... 10.20
Step-up driver.........| £0.1% of output 0.10
Triangle solver.. ... . .. +0.29, of altitude 0.01 | ......
Detectors.............| £0.2 volt (200 volts = 100 miles) 0.10 | ......
+0.2 volt (200 volts = 100 miles) 0.10 | ......
Delay circuit.......... { +0.19, of full range (100 miles) departure | 0.10 | ... ...
from linearity.

Other Considerations.—The performance analysis of this computer
with respect to temperature is not detailed here. Some important
sources of error may be mentioned however. The variation with tempera-
ture of the stator-to-rotor voltage ratio of the resolver (0.2 per cent) is
significant and is characteristic of transformers. Change of air gaps
with expansion of core metal and change of wire resistance with tempera-
ture are probably responsible for the effect. These variations may be
compensated once they are accurately known.

At this stage of the design it is also well to consider the interaction
of the various separate circuits. For example, the loading effect of the
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resolver drivers on the precision potentiometers may be checked. The
input impedance of the drivers is very high and chiefly eapacitive; but
until a rough quantitative check has been made, the designer cannot be
sure that significant phase shifts will not occur. The interaction of the
z and y channels may be examined in case current in a rotor winding
should produce coupling between the two stators. The operation of
the step-up driver and triangle solver with the detectors should be cheecked,
for the pulses of current drawn by the detectors may produce undesired
transients in the preceding circuits. These points require experimental
work with two circuits at a time and may expose difficulties before a
model has been constructed.

7-6. Detailed Design. Procedure of Sec. 2-1.—The design must now
be carried to the point where each component is well enough specified
so that it may be ordered and so that it can be counted on to function
properly in the computer. In the following description, circuit designs
will be given, but in many cases tolerances are not available.

The tubes shown in these designs are miniature tubes (the 6C4
triode, 6AK5 pentode, and 6AL5 double diode) and subminiature tubes
(the Sylvania SD-834 triode' and Raytheon CK-604 pentode). The
circuits using miniature tubes may be redesigned for other tube types
by means of relatively minor changes.

Oscillator —The 500-cps oscillator, a Wien bridge circuit, is based on
a design made at Bell Telephone Laboratories with the assistance of a
Radiation Laboratory engineer. The circuit is shown in Fig. 7-4. The
output is 40 volts rms across 10,000 ohms. Tests on the circuit indicated
only 0.05 per cent second harmonic and 0.1 per cent third harmonic in
the output waveform.

Resolver Drivers.—These drivers are two-stage amplifiers with cathode
feedback, as shown in Fig. 7-5. The design of these circuits is discussed
in detail in Vol. 19. With respect to variation in tubes, load impedance,
condensers, and resistors, the variation of gain does not exceed +0.1
per cent.

Resolver Servo.—For the servoamplifier to be used with the split-
field motor, an a-c amplifier, phase detector, ‘phase-iead’ network,
and a differential current output stage, as shown in Fig. 7-6, should prove
satisfactory but is untested. A similar circuit which was used in a
related equipment is described in Sec. 14.3.

Step-up Driver—The high feedback gain of this circuit and the use
of three stages of amplification necessitate careful design to prevent
oscillation. The design procedure for this amplifier is discussed in
detail in Vol. 18. The final design is shown in Fig. 7-7. The use of a

t Now the 6K4.
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step-up amplifier here allows lower voltages to be used in the preceding
stages, with resultant over-all savings in power and weight.

Triangle Solver.—A tentative circuit design, incorporating the reduc-
tion in gain previously mentioned, is discussed in Sec. 6:6. The sources
of error in this type of triangle solver are also discussed in that section.

Detectors.—The type of voltage doubler recommended is shown in
Fig. 7-8. The principal design problem with this type of detector is
usually selection of proper capacitor values; this should not be difficult
in the present case, because of the low output impedance of the step-up
driver.

Time-modulation Circuit.—A time-modulation, or ‘“‘delay,” circuit,
including sweep generator, coincidence ecircuit, and pip generator, is
similar to those for which detailed discussion and design procedures are
given in Vol. 20.

Azimuth Mark Circuit.—This cireuit is shown in Fig. 7-9. It includes
a differential amplifier, a plate-circuit detector, and a regenerative loop
which causes the output to be a rectangular gate several milliseconds in
length. Differential rather than single-ended amplification is used in
order to make it possible to use a shorter time constant in the detector.
This is necessary because the angular velocity of the antenna (200°/sec)
is such that one cycle of the 400-cps line supplying the autosyns corre-
sponds to £°.

The final autosyn is connected in such a way as to make available a
voltage that goes (approximately) to zero only once each revolution,
rather than twice. 'This is done by adding to the sine-modulated output
voltage a constant a-c voltage equal to the maximum output. The
resulting voltage is used to remove the “back trace” of the azimuth
mark.

7-7. Finishing the Design.—Several steps remain to be done in the
design of this computer. The detailed design has to be carried out for
several of the circuits. A model must be built as a check on the combina-
tion of circuits and mechanical components., One difficulty often encoun-
tered when circuits and mechanical parts are to be designed under
pressure of time is that the mechanical design has to be “frozen’’ much
sooner than the electrical design. This means that last-minute changes
can be made in the electrical design if experiments show that some
expectations are not realized; the corresponding mechanical changes,
however, may be much more difficult to make.

It is in the remainder of the design that the limitations already men-
tioned—light weight, reliability, conformity to aircraft specifications—
enter particularly. Care must be taken in chassis layout to save weight
and space but at the same time to make servicing possible and to avoid
excessive heat dissipation at ‘“hot spots’ in the chassis. Exhaustive
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tests must be made to see whether or not the circuits perform satisfactorily
with respect to temperature, vibration, humidity, etc. Even such things
as the effect of chassis warm-up should be considered, for it has been
found in some instances that a circuit calibrated a short time after it
has been turned on may show substantial systematic errors after an
hour or two of operation.

SPHERICAL COORDINATE INTEGRATION

7-8. Statement of Problem and Preliminary Design Information.-—
The spherical coordinate integrator discussed in the following sections
was designed as part of a radar training device and solves the differential
equations of motion of an aircraft as observed from a moving ship.
Information such as heading, air speed, rate of climb, rate of turn of the
aireraft, direction and magnitude of the wind, and the course, speed, and
rate of turn of the ship are set into the integrator, which then operates
upon this information in such a manner as to yield the position of the
aircraft with respect to the ship, as measured in spherical coordinates.
Thus, slant range, azimuth angle measured in the horizontal plane, and
elevation angle of the aircraft above the horizontal plane are computed
as continuous functions of time. These data are used to simulate the
position information ordinarily obtained by a radar mounted aboard the
moving ship and tracking the maneuvering aireraft.!

Two fundamental methods of solving the differential equations of
motions may be investigated. One method involves resolution of the
various velocity vectors into three mutually perpendicular components
whose directions are fixed with respect to the earth, integration in these
coordinates, and transformation of the resulting position information
into the desired spherical coordinates. The second method consists of
transformation of the various velocity vectors into vectors in spherical
coordinates corresponding to the rate of change of range of the aircraft,
rate of change of azimuth, and rate of change of elevation, respectively,
followed by integration in these coordinates, no coordinate transforma-
tion of the resulting position information being necessary. After careful
consideration of both methods, the latter one was chosen. It is simpler
than the first method, since no final conversion from one set of coordi-
nates to another is used; because of this it is also capable of giving
smoother output information, since the output of a velocity servo is
usually smoother than that of a position servo running at a comparable
velocity and is certainly smoother than that of a velocity servo and a
position servo in series. This smoothness is desirable from the stand-
point of the radar trainer application.

1 A complete description of a trainer employing the spherical coordinate integrator
will be found in “SP Trainer,” Radiation Laboratory Report No. 928.
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Upon investigation, several assumptions are found that simplify the
general equations and are acceptable from the radar training standpoint,
since they introduce negligible errors. These simplifying assumptions
resulted in considerable savings in over-all system complexity. The
effects of wind and ocean currents on the ship may be assumed equal to

Fi1G. 7:10.——Radar trainer using spherical coordinate integrator.

zero. Curvature of the earth may be neglected. Skidding of the airer.ft
and the ship during turns may be neglected. Since a stabilized antenna
is used in the radar equipment that this trainer component was to simu-
late, roll and pitch of the ship may be neglected.

With these assumptions, the detailed differential equations of motion
of the aircraft with respect to the ship can now be developed.

The simplified system geometry is shown in Fig. 7-12. Complete
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ground plane geometry, including the effects of wind and motion of
the ship, is shown in Fig. 7-11.

The symbols used throughout the discussion have the following
meaning:

elevation angle of aircraft with respect to horizontal,
azimuth angle of aircraft with respect to north,
heading angle of aircraft with respect to north,
course of ship with respect to north,

direction of wind with respect to north,

rate of climb,

horizontal true air speed,

ship speed,

wind speed,

altitude of aircraft,

slant range,

ground range,

position of radar,

position of aircraft,

projection of aircraft position on ground plane,
= time.

Note that V, is a horizontal speed. When the aircraft is climbing,
the true air speed is the vector sum of V, and C.

Figure 7-12 indicates the position of the aircraft in space relative
to the ship at a given time ¢ as well as the velocities of the aircraft at
that instant. Since the solution is desired in spherical coordinates, the
input information pertaining to the motions of the aircraft, ship, and
wind must be resolved into vectors representing rates of change of range,
elevation angle, and azimuth angle.

By inspection of Fig. 7-12, the radial component of ground speed is

[ 1 [ (I

1 T (O T |

« TVUOXe wngQﬂqemm
I

i—?)va = Vacos (¢ — 0), 8

where the subscript V., indicates the component is due to horizontal
air speed. Similar components due to ship motion and wind are obtained
as shown in Fig. 7-11.

Since

R Z—g)m = V,sin (¢ — 6), (9

the rate of change of azimuth angle due to the (horizontal) air speed is
given by

‘f_‘?) = ILB Vo sin (¢ — 8). (10)
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Here again similar components are obtained as a result of the ship motion
and the presence of wind. The total rate of change of azimuth angle is

given by
de dé de de
= ) a

and upon integration, the actual azimuth angle of the aircraft is obtained.

In a similar manner the rates of change of range and elevation angle
are obtained. Substitution yields the desired differential equations of
motion:

%=%[Vasin(¢—0)+Wsin(r—0)'—S,sin(-y—o)]

—Z—:=1{Ccose—[Vacos(¢—0)+Wcos(-r—0)

vr . (12)
— S cos (y — 6)] sin €}

%‘;= {Csin e+ [Vacos (¢ — 8) + Weos (r — 8)

— S cos (y — 6)] cos €}

In order to obtain the actual displacements, these differential equa-
tions must be integrated with respect to time to give

6

I

00+/;:%B[Vasin(¢—0)+Wsin(r—0)
— Ssin (v — )] d!
e=eo+/;:%{Ccose—[V,cos(qS—O)+Wcos(r—0)
— S cos (v — 6)] sin €} dt
po+/:{Csine+[V¢cc>S(¢—0)+WcOS(T—0)

— S cos (y — 8)] cos ¢} dt

These are the general equations! which are to be solved by the inte-
grator. The quantities with the 0 subscript indicate the initial displace-
ments at the time ¢, when the input data are introduced.

7-9. Integrator System Operation.—A simplified block diagram of the
integrator is shown in Fig. 7°13. The manner in which the necessary
input data are entered and the way in which the integrator solves the
equations can be explained with the aid of the block diagram. A more
detailed description of the operation of the individual blocks is presented
in a later section.

The input knobs that are employed to enter the necessary rate data

(13)

©
I

! A detailed development of these equations of motion will be found in the previous
reference.
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are shown at the left of the figure, while the output dials representing
the spherical coordinates of the aireraft with respect to the ship are shown
to the right.

The input rates are converted from mechanical shaft displacements
to a-c¢ voltages whose magnitudes are proportional to the respective rate
shaft displacements. The conversion element in each case is a linear
potentiometer fed from a constant-voltage a-c source.

The rate-of-turn voltage derived from the rate-of-turn input knob
is used to control the speed of an a-c motor. Over the range used, the
speed of the motor is roughly linear with control voltage so that the output
shaft rotates the compass heading dial and shaft at a speed roughly pro-
portional to the desired rate of turn. The aircraft heading dial in meas-
uring the displacement integrates the rate of turn. This crude velocity
control can be used only because the required rate-of-turn accuracy is
not great.

The (horizontal) air speed knob is geared to the arm of a linear poten-
tiometer which is electrically connected to the rotor of the air speed
resolver. A resolver develops two output voltages proportional respec-
tively to the product of the sine and cosine of the rotor angle and the
rotor input voltage. The rotor is turned by a mechanical differential
which has the aircraft heading ¢ as one input and the azimuth angle 8
as the other. The differential is connected so that the output shaft
turns as (¢ — 8). If the voltage impressed on the rotor of the true air
speed resolver is proportional to V,, the output voltages are proportional
to Vs cos (¢ — 6) and Vasin (¢ — 8). These voltages are indicated
on Fig. 7-13 alongside the corresponding output winding of the resolver.
This resolver, therefore, has solved the ground speed triangle of Fig.
7-12.

The rate-of-climb input knob is geared to the arm of a linear poten-
tiometer which is electrically connected to the rotor of the rate of climb
resolver. The rotor is geared to the elevation angle shaft; and since
the rotor input voltage is proportional to C, the output voltages are pro-
portional to C sin e and C cos € respectively.

In a similar manner, the ship speed resolver takes the input voltage
S and the rotor angle (v — 6) to give output voltages proportional to
S cos (y — 6) and Ssin (y — 6). The wind speed resolver takes the
input voltage W and the rotor angle (r — 8) to give output voltages
proportional to W cos (r — 8) and W sin (r — 6).

By referring to Eq. (12), it is seen that we must take sums and differ-
ences of the vector quantities already obtained and further operate on the
resultants. This is done by connecting the resolver output windings in
series. Addition is performed by connecting the windings in like phase,
and subtraction is performed by connecting the windings in phase opposi-
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tion. The relative phases are shown in Fig. 7-13 by the plus and minus
signs at each terminal of the resolver output windings.

By following the series circuits starting with the wind speed resolver
output windings and paying proper regard to the phasing, we obtain a
voltage proportional to

) ar
Weos(tr—80) —Scos(y —8) + Vacos (¢ — 0) = I (14)
which feeds the rotor of the range rate resolver.
The second series circuit yields a voltage proportional to
de

Wsin (r — 6) — Ssin (y — 9) + Vosin (¢ — 0) = REZ (15)

which is employed to drive the azimuth angle velocity servo. Equation
(14) indicates that we have obtained an a-c voltage proportional to the
algebraic sum of all components entering into the rate of change of ground
range. Similarly Eq. (15) indicates that we have obtained an a-c voltage
proportional to the algebraic sum of all components entering into the
rate of change of azimuth angle. It still remains, however, to divide
Eq. (15) by R in order to obtain the actual rate of change of azimuth
angle df/dt.

As shown in Fig. 7-12, the quantity dR/df must be further resolved
tointroduce the elevation angle e. This is done by the range rate resolver
as shown in Fig. 7-13. The voltage obtained in Eq. (11) feeds the rotor
of the resolver, while the angle € is set into the resolver by the shaft.
Hence, we obtain voltages proportional to (dR/d{) cos e and (dR/d!) sin e,
respectively. The contributions to the motion of the aircraft resulting
from the rate of climb are entered by adding the respective components
from the rate-of-climb and range rate resolvers as shown in Fig. 7-13.
Thus, by following through the two series circuits in a manner similar to
that used previously, we have

dR . de
CCOSE—d—tSIHE—pa (16)
and
. dR _dp
Csme—i——ECOSe—E (a7

Equation (16) must be divided by p and integrated in order to give the
movement of elevation angle resulting from the input data. Similarly,
if Eq. (17) is integrated, the increment in range will have been obtained,
and the increment in azimuth can be obtained by dividing Eq. (15) by
E and integrating. The above quantities which are 10 he integrated
are all expressed by voltage amplitudes.
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Let us follow the integration of Eq. (15). It is desired to obtain

t=tq de
0~oo+/:=0 R[Ra]dt, (18)

where the quantity R (d8/d¢) is now available as a voltage e(f). We
therefore write

8 = 6, + ﬂ IE e(t) dt. (19)

= / e(t) dt

/t=ll
6=10 = du-
o+ t=0Ru

Let

and

The integration is actually broken into the same two mathematical
steps, as above. The voltage e(¢) is first integrated with respect to time
by a velocity servo integrator. The function 1/R is then integrated with
respect to the output of the velocity servo integrator, by means of a ball-
disk integrator. The ball-disk integrator used for this second integration
is a convenient device for integrating with respect to a variable other
than time, whereas the velocity servo is a convenient method of inte-
grating with respect to time. A more complete discussion of this dis-
tinction will be found in Chap. 4.

An alternate method of solving the integration problem would have
been to multiply the voltage e(f) by 1/R before integrating by the velocity
servo, the ball-disk integrator not being used. This alternative method
was not feasible here because a speed range of 10° {ratio of fastest speed
to slowest speed) was required. Neither a velocity servo nor a ball-disk
integrator is normally capable of such a wide speed range. However,
by cascading two devices, each with a speed range of 103, the over-all
speed range requirement could be met. In an exactly analogous fashion
¢ and p are obtained.

In connection with the integration of Egs. (15) and (16), the multi-
plying factors 1/R and 1/p, respectively, must be used to position the
balls of the ball-disk integrators described above. These functions are
entered by dividing servos, which receive as their input data voltages
proportional to B and p, respectively. The operation of these servos is
shown in Fig. 7:13. The feedback voltage closing the loop of each
servo and used to balance the input voltage is derived from the poten-
tiometer on the servo output shaft, connected as shown in Fig. 7-13.
A constant a-c voltage is applied to the arm of this potentiometer, and
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hence, by Ohm’s law, the current through the lower part of this potentiom-
eter and its associated small resistance is inversely proportional to the
sum of the small resistance and the included resistance of the poten-
tiometer. The voltage across this small resistor is then balanced against
the input voltage in each servo, leading to a null in one case at a resistance
proportional to 1/E and in the other case to 1/p. The mechanical pnotign

is used directly to adjust the ball position of the ball-disk inte!grat&"." 3

Since the elevation angle ¢ has been obtained and the range p 1~
known, the ground-range altitude triangle may be solved by means of

I'1e. 7-14.—Combination velocity servo and ball-disk integrator.

the ground-range resolver. If the rotor of this resolver is fed from the
arm of the p potentiometer and the e shaft is geared to the rotor, the
output voltages will be proportional to the ground range and altitude
respectively, since

R =pcose (20)
and

h = psin e (21)

Thus an a-¢ voltage whose amplitude is proportional to ground range R
is obtained and is used as the reference voltage to obtain the displacement
proportional to 1/R.

It is interesting to note that the ground range R could have been

obtained in a different way. It will be recalled that a voltage propor-

tional to dRR/dt was obtained in order to feed the rotor of the range rate

[URRNUURVE

ku",n O
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resolver. Since this quantity represents the rate of change of ground
range, upon integration there would be obtained the ground range R.
Although this method might seem more straightforward than the one
described above, it suffers from the fact that for the same over-all accuracy
greater accuracy is required of the individual elements than is the case

Fic. 7-15.—Radar trainer with front panels removed.

with the method actually used. With the present system if errors arise
in the integration of dR/dt and de/dt to give p and e respectively, the
ground range R will still be consistent with these output data, since
it is derived from them. This is a typical example in which the choice
of a block was made on the basis of the effects that it would produce
elsewhere in the system and involves the concept of error caucellation
discussed in Sec. 2-8.
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Since the ground-range resolver was introduced to obtain a voltage
proportional to ground range in accordance with Eq. (20), at the same
time there can be obtained a voltage whose amplitude is proportional
to the altitude of the aircraft. This is given by Eq. (21).

A linear potentiometer which is driven from a constant a-c¢ voltage
source serves as the data output element. The arm of this potentiometer
is geared to the servo motor as well as to the altitude-indicating dial and
is electrically connected to the input circuit of theservoamplifier. The
altitude voltage obtained from the ground-range resolver is also fed into
the input circuit of the servoamplifier. In the usual manner, the servo
motor will rotate the potentiometer arm in a direction such that the two
input voltages are equalized.

The terms po, 6, and e, which appear in the integrator equations,
are set in manually as initial displacements. These terms are integration
constants that fix the position of the aircraft with respect to the moving
ship at the start of a trainer problem.

The above analysis of the system operation by means of the simpli-
fied block diagram has shown how the range, elevation angle, azimuth,
and altitude of a moving aircraft with respect to a moving ship can be
obtained. The section that follows will present the actual detailed
circuits used and some of the design problems encountered.

7-10. Unit Operation.—This section will discuss specific circuit details
and Jesign problems encountered during the development of the
spherical coordinate integrator. The values of circuit elements actually
used are given in the figures so that the reader can obtain an idea
of how the theory presented in the previous section was reduced to
practice.

Figure 7-16 is a schematic diagram of the rate-of-turn channel. A
Diehl FPJi-25 two-phase induction motor is used as the turn rate motor.
The rate-of-turn potentiometer, which is fed from a center-tapped auto-
transformer, controls its speed. One winding of the motor receives
constant excitation from the 60-cps line, while the other winding receives
variable power from the rate-of-turn potentiometer and the autotrans-
former center tap. The capacitor placed in series with the fixed or
constantly excited field winding shifts the phase of the excitation to
provide the quadrature fields necessary for motor operation.

The voltage applied to the control field is a minimum when the arm of
the rate of turn potentiometer is at the center and is a maximum at
either end. Since the voltage is referred to the center tap of the auto-
transformer, the phase reverses as the potentiometer arm sweeps from
one end through the center to the other. In this manner, a voltage
reversible in phase and adjustable in amplitude is applied to the control
field of the motor. The direction of rotation of the motor iz dependent
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upon the phase of the control voltage, and its speed is roughly propor-
tional to the voltage amplitude in the range covered.

Since the motor requires a control voltage of the order of 15 volts to
start under the actual loading conditions, a shaft rotation of about
+40° from the center would ordinarily be required to start the motor.
By adjusting the resistance of the zero set potentiometer, the voltage at
the center of the rate-of-turn potentiometer can be made to equal the
value necessary to just start the motor. Hence, by modifying the stand-
ard commercial potentiometer, the rate-of-turn motor can be actuated
with about +1° rotation of the potentiometer arm. Although this
feature in no way alters the theory or manner of operation, it does provide
an improvement in the method of turn simulation.

Heading motor Aircraft
Dieh! FPE 25 heading
20
o it @
110v
60~ Oy)— — — <+ ——
!
!
|
L—— — ¢
Rate of turn To horizontal
potentiometer true air speed
1300 differential
500 D
Zero set
100 uTC
R-48

Fia. 7-16.—Rate-of-turn control.

The schematic circuit diagram for the resolver channel is given in
Fig. 7-17. The central power source is a center-tapped autotransformer
fed from the 60-cps line. The horizontal true air speed knob is geared
to the arm of the true air speed potentiometer. The potentiometers
P, and P, are included so that the maximum and minimum true air speeds
respectively can be preset. The rotor winding of the true air speed
resolver is fed from the secondary of a step-down transformer which in
turn is driven by the air speed potentiometer.

The step-down transformer is used so that the loading of the poten-
tiometer by the rotor of the resolver is reduced to a negligible value.
The load impedance presented to the potentiometer is essentally that
of the reflected rotor impedance, which is high enough to prevent exces-
sive loading. Since the load is inductive and the source impedance is
resistive, a phase shift occurs that cannot be tolerated for reasons that
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will be discussed later. This phase shift is a function of potentiometer
setting because the source resistance varies as the arm rotates. By
tuning the load circuit comprising the step-down transformer, resolver,
and secondary circuit of the resolver, a load that is higher and resistive
can be presented to the true air speed potentiometer. In this manner,
approximately zero phase shift can be maintained independent of poten-
tiometer setting. The 2.0-uf capacitor in parallel with thetransformer
primary is used for this tuning. It has been found that commercial
10 per cent tolerance capacitors maintain the over-all circuit phase shift
within the desired limits.

The rate-of-climb resolver is fed in a similar way, although the resistor
network required to feed the rate-of-climb potentiometer is quite different.
The rate-of-climb voltage must be able to reverse phase, one phase
indicating a climb and the other phase indicating a dive. In addition,
the maximum dive voltage must be greater than the maximum climb
voltage, since an aircraft may dive at much greater speeds than it climbs.
The four potentiometers can be adjusted to provide for the proper climb
and dive voltages as well as providing for a dual scale type of presenta-
tion. With the switch in Position 1, a regular scale is provided which is
used for most applications; however, Position 2 may be used to give
lower rates of climb or dive for the same potentiometer shaft rotation,
providing greater accuracy when setting in low rates of climb or dive.
The phase of the control voltage reverses when the arm is in the electrical
center of the potentiometer network in a manner similar to that discussed
above for the rate-of-turn potentiometer.

A step-down transformer plus tuning capacitor is again employed to
minimize loading of the rate-of-climb potentiometer and phase shifts,
as discussed above.

The ship and wind speed resolver circuits are made identical, since
the maximum magnitude of wind considered is in the order of the maxi-
mum ship speed. Potentiometers P; and Ps are included so adjustment
of the respective maximum speeds can be made if desired. The resolvers
are driven in the same manner as those discussed above so that poten-
tiometer loading and phase shifts are kept to a minimum. The fixed
resistors in series with P; and Pj respectively are included to attenuate
the voltage to the proper level for use in the two channels. The rela-
tive amplitudes of the voltages impressed on the rotors of the resolvers
must correspond to the relative amplitudes of the quantities that they
represent. These relations are set by the values of resistors and poten-
tiometers used in the networks feeding the rate potentiometers.

In the discussion of the block diagram, it was stated that the range
rate resolver received its voltage from one of the output windings of the
true air speed resolver. This cannot be done directly in practice, since
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the resolvers used must be open-circuited in order that the summation of
the voltage components be correct. To prevent loading, a 6AG7 cathode
follower is used as a buffer and driver for the range rate resolver rotor.
The rotor winding is placed directly in the cathode circuit although it is
tuned by a 8.0-uf capacitor to obtain a higher and resistive cathode
impedance.

With the Diehl resolvers used, a 2/1 step-up exists from rotor to
stator windings. Since the same ratio exists in all previously mentioned
resolvers, no serious effects are introduced; however, the voltages on the
output windings of the range rate resolvers are the result of two cascaded
resolvers operating on the input signals. In order to correct for this

Power output
stage

r

Phase Reversin
detector Thyratron e\r/g A yl g

Elinco g Bodine
. -

D-c D-¢ =
generator motor

t
Output
shaft
Fia, 7-18.—Velocity servo block diagram.

discrepancy in relative scale factors, the actual voltage impressed on
the rotor of the range rate resolver is only one-half the output voltage
from the true air speed resolver. The attenuation is accomplished by
the 330-ohm resistor placed in series with the rotor winding. Thus, the
cathode-follower stage serves both as an impedance matching element
and as an attenuator to equalize the existing scale factors.

The interconnections of the respective stator and rotor windings are
as shown in Fig. 7-13. The input impedance of the velocity servos is
large, since the signal is applied directly to the control grid of a vacuum
tube, no grid resistor being necessary.

The series circuits comprising the resolver stator windings generate
the correct voltages only if negligible current flows. If current passes
through the windings, a voltage drop occurs that causes an error pro-
portional to the winding impedance and current magnitude. In the
present case, however, the current flowing is essentially zero, since the
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velocity servo input iinpedance is so high. The respective windings can
therefore be connected in series as shown in ¥ig. 7-13, and no error will
exist if the voltages are all in phase.

The output voltages representing the desired vector summations as
discussed previously arve converted into mechanical shaft rotations whose
angular velocities are proportional to the respective voltages by means of
the three velocity servos. The three channels are identical. The block
diagram is given in ¥ig. 7-18, and the schematic in Fig. 7-19.

As shown in Fig. 7-18, the 60-cps input voltage to the velocity servo
is first amplified and then rectified to obtain a d-c voltage proportional
to the amplitude of the input a-c voltage. This d-¢ voltage is further
amplified in a direct-coupled amplifier whose output controls the power
developed by the power output stage. The d-c power output is used to

; To Dieh}
Signal 1 26 motor

Input o Parallel “T" _(_»
transformer [ Amplifier s network pz(d:ehr g?r'\lp |

Fia. 7-20.—Servoamplifier block diagram.

Signal 2

drive a Bodine d-¢ motor after being fed through a reversing relay
which is used to control the direction of rotation.

The position of the reversing relay is controlled by a thyratron which
in turn receives its control voltage from a phase detector. The phase
detector develops a d-¢ voltage whose polarity and amplitude are depend-
ent upon the phase and amplitude respectively of the input a-c voltage.
The thyratron conducts for only a control voltage in phase with the anode
voltage. If the input signal reverses, the relay arms change contacts.

From the block diagram (Fig. 7-18) it can be seen that the motor
drives a d-c generator whose output voltage is fed back to the rectifier,
after feeding through the reversing relay. Thus, when the input phase
reverses, the direction of motor rotation reverses which would reverse
the polarity of the generator voltage. Since the generator leads are
also reversed by the relay, the polarity of the generator feedback voltage
is kept the same independent of the phase of the input signal.

The complete schematic diagram for the velocity servo is given in
Fig. 7-19. Although no detailed discussion of this circuit is included here,
it is fully described in Radiation Laboratory Report No. 6145-10.

The block diagram of the servoamplifier that was briefly mentioned
in the discussion of Fig. 7-13 is given in Fig. 7-20, while the detailed
schematic diagram is shown in Fig. 7-21. The circuit needs very little
discussion, since it is very similar to the usual audio power amplifier
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with the exception of the parallel-T network. This network is included
to introduce a variable degree of phase-lead control for stability purposes.

Each of the two iaput signals is impressed on a primary terminal of
the input transformer so that the secondary voltage is proportional to
the difference between the two input signals. The difference signal is
amplified and applied to the control winding of the two-phase low-inertia
servo motor.!

Although the general discussion of the ground-range resolver and the
three servo loops presented the problems one at a time, this procedure

]
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Fia. 7-21.—8ervo schematic.
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cannot be followed here, since the circuits are more closely interrelated.
The circuitry for these channels is givenin Fig. 7-22. The element
common to all these sections is the range potentiometer that is used to
develop an a-c voltage whose amplitude is proportional to the actual
slant range.

The potentiometer is fed from a low-voltage tap on a variable
auto-transformer which in turn is fed by an isolation transformer from
the 60-cps line. Since it is not appreciably loaded, the linearity of
the potentiometer (+0.1 per cent) determines the accuracy by which the
displacement of the slant-range shaft is converted to a voltage. The

t The operation of this servoamplifier is discussed in RL Report No. 645-2.
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1.2-k resistor in series with the range potentiometer serves merely as a
voltage divider.

The rotor of the ground-range resolver is driven by a 6AG7 cathode
follower whose control grid is directly connected to the arm of the range
potentiometer. The cathode-follower circuit is identical to that which
is used to feed the rotor of the range rate resolver discussed previously.
Since the gain of this cathode follower is nearly constant in the range used,
the rotor voltage varies directly as the range and is linear to about +0.2
per cent. The resolver output voltages are proportional to the ground
range and altitude respectively.
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Fia. 7-22.—-Ground-range resolver and servo channels.

The range voltage for use in the 1/p servo loop is also obtained from
the cathode follower that feeds the ground-range resolver. The 1/p
potentiometer which is turned by the servomotor is driven by a voltage
obtained from the arm of the 1/p variable autotransformer. The voltage
developed across the fixed resistor is fed back to the 1/p servo input,
where it is compared with the actual range voltage. Since the servo
loop acts to equalize the two input voltages, the servo motor drives the
arm of the 1/p potentiometer until this condition is fulfilled. The shaft
and arm of this potentiometer rotate an amount proportional to 1/p
This same shaft is geared to the ball-positioning mechanism of the eleva-
tion ball-and-disk integrator.

The adjustable resistor P;; is used to set accurately the value of the
proportionality factor between the current flow and the voltage fed
back into the 1/p servoamplifier. The arm of the 1/p variable auto-
transformer is used to make the scale factor of the servo matching voltage
the same as that of the input range voltage.
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The I/1 servo loop is identical with the 1/p loop with the exception
that the voltage whose amplitude is proportional to R comes from an
output winding of the ground-range resolver rather than a cathode fol-
lower. All other circuit details are identical with the channel discussed
above.

It has been stated that the actual aircraft altitude is presented as a
dial rotation. With an actual radar installation, the altitude must be
computed from the other observed data. A voltage whose amplitude
is proportional to altitude is obtained from an output winding of the
ground-range resolver as has been explained previously. The maximum
altitude permitted by mechanical design consideration was set at 35,000

h output
6.3V 60¢cps
Ground

B+300
h input

Fig. 7-23.-—Altitude amplifier.

ft, whereas the maximum ground range was set at 100 miles. Thus, the
maximum amplitude of the altitude voltage from the ground-range
resolver is only about 7 per cent of the maximum amp'itude of the ground-
range voltage. Since 2 higher voltage level is required for suitable alti-
tude servo operation, a linear amplifier is placed between the altitude
output winding and the input to the h servoamplifier. The schematic
diagram of this amplifier is given in Fig. 7-23.

A two-stage RC-coupled amplifier is used to drive a 6V6 power
amplifier. The output serves as one of the two input signals to the alti-
tude servoamplifier. Since the amplifier must be linear to better than
1 per cent in order that the altitude dial will present information with
1 per cent accuracy, a large value of degenerative feedback is included.
The feedback loop returns a portion of the output voltage to the cathode
of the first stage where it subtracts from the input signal.

With this amplifier, a gain of 60 is obtained and the linearity is of
the order of 0.5 per cent. It accepts input voltages up to about 1

. volt which corresponds to an altitude of about 40,000 ft. Thus, the
amplifier is operated linearly in the desired altitnde range from zero to
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35,000 ft, and the output voltage level is in the range leading to optimum
serve performance.

The matching voltage for the altitude servo is obtained from the
arm of the altitude potentiometer which is rotated by the h servo motor.
This potentiometer is driven from a line isolation transformer through
the 47-k resistor which serves as an attenuator. The servo loop responds
in a manner such that the potentiometer voltage is made equal to the
h voltage coming from the amplifier. Since the i dial is geared to the
altitude potentiometer arm, the dial will be positioned proportional to
the potentiometer arm and hence proportional to altitude.

7-11. Over-all System Operation.—Both the theory of operation of
the spherical coordinate integrator and the actual form of its reduction
to practice have been discussed in considerable detail in the foregoing
sections. The way in which the positional data from the integrator is
actually presented to the parent radar set in suitable form still remains
to be discussed.

The data defining the position of the aircraft with respect to the
moving ship ordinarily obtained by the radar set are range, azimuth
angle, and elevation angle. The equipment described presents this
information in the form of mechanical shaft displacements, as has been
shown, but some form of data conversion must be made before this
output information can actually be used. In order to understand the
necessity for this final data conversion, a brief discussion of radar trainer
operation will be found helpful.

The trainer generates i-f pulses corresponding in time to the actual
range of the aircraft from the ship. These pulses are fed into the receiver
of the parent radar set in place of the i-f signals normally feeding in
from the crystal mixer. In order that the proper azimuth and elevation
angle information be included, these i-f pulses are gated in accordance
with the relative positions of the antenna mount of the radar set and
the aircraft. When the position of the two coincide in both azimuth
and elevation angle, the i-f pulses feed through; however, if these condi-
tions are not fulfilled, the pulses do not feed through.

The time-modulation circuit that causes the i-f pulses to appear at the
proper time following the radar trigger is controlled by a d-c voltage.
The integrator must therefore develop a d-c voltage whose amplitude is
proportional to the displacement of the range shaft. This voltage can
then be used to control the linear delay circuit. This data conversion
is performed by gearing the arm of a linear potentiometer to the output
range shaft.

The azimuth and elevation angle information is obtained by mount-
ing 360° potentiometers on the radar antenna mount azimuth and elevu-
tion shafts and on azimuth and elevation output shafts of the integrator.
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Therefore, two azimuth and elevation potentiometers are present; and
if they are properly lined up, they can be used in two bridge circuits to
furnish the desired gating voltages. The voltage from such a bridge
circuit is a minimum when the arms of the two potentiometers in the
bridge are in corresponding positions. If either potentiometer shaft is
displaced, the output voltage will increase in the usual manner. Thus,
if the gating circuits are controlled so that the signal feeds through only
when the bridge voltage is a minimum, the synthetic radar echo appears
only when both potentiometer shafts are in corresponding positions.

The action is similar with respect to both the azimuth and the eleva-
tion bridge circuits, but they respond to motions in planes perpendicular
to one another. If the output voltages from the two bridges are properly
mixed before being applied to the gating tubes, the gating is dependent
upon the coincidence of both the azimuth and elevation angles of the
aircraft and the radar antenna mount. The signals, therefore, appear
only when the line of sight of the radar antenna mount intersects that
of the aircraft.

7-12.—Summary.—Two examples of electromechanical computer
design have been presented. While at first glance the devices deseribed
appear to be exceedingly complex, upon closer study each is seen to con-
sist merely of a collection of the simple computer circuits and devices
presented in preceding chapters (and elsewhere in the Series) coordinated
very much along the lines suggested by Chap. 2, and capable of design
by straightforward methods. The authors are confident that the near
future will see many more computing devices of this same general nature
take their places as working tools of seience and industry.

The computer designs discussed in this chapter should serve also to
underscore a point made earlier; namely, that there is an intimate rela-
tionship between computers and servomechanisms. While servomech-
anisms have been treated as a separate subject in the chapters which
immediately follow, it should not be forgotten that these devices are as
much a part of the computer designer’s ‘““bag of tricks” as any of the
devices presented in Part 1.
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CHAPTER 8
INTRODUCTION AND SUMMARY OF DESIGN PROCEDURE

By I. A. GreENwoOOD, Jk.

INTRODUCTION

8-1. General Principles of Servomechanisms.—The design and use
of servomechanisms have grown to be an extremely important part of
electronic and mechanical technology. The increasing demands of
engineering and science for greater accuracies, speeds, and efficiencies;
the comparative newness of many aspects of the subject; and the increas-
ing availability and use of wartime developments are factors that tend
to make the servomechanism field one of rapid growth and widespread
interest at this time. The exacting technical requirements of military
devices brought a great acceleration in servo development during World
War 11, and servos for military purposes were produced in vast quantities
during the war.

For the purposes of this book the definition of the term “servo-
mechanism’ as proposed by Hazen! and used by Hall? and others will
be used. According to this definition a servomechanism is “a power-
amplifying device in which the amplifying element driving the output
is actuated by the difference between the input and the output.” An
example of a servomechanism is the simple data-transmission system of
Fig. 8-1. With this system it is possible to turn the input shaft through
the angle 8; and to have this motion repeated by an output shaft rotation
of 6, at a remote location, with a power amplification. If the rotation
of the output 6, is different from the rotation of the input 8;, an error
voltage ¢ is developed across the rotor leads of the synchro control trans-
former.® This error voltage is phase- or sense-detected to yield a d-c
signal that when amplified and used to control power to the motor
will result in rotation of the motor tending to make 6, correspond to 6.,
Other schemes accomplishing the same end are, of course, used. At
first glance, it would appear that this is a fairly simple and potentially

tH. L. Hazen, “Theory of Servomechanisms,” Jour. Franklin Inst., 218, No. 3,
279-330, September 1934.

2 A. C. Hall, The Analysis and Synthesis of Linear Servomechanisms, MIT Servo-
mechanisms Laboratory, 1943. (Reprint of MIT doctorate thesis.)

38ee Vol. 17 for a detailed discussion of control transformers. The subject is
also treated in Sec. 13-2.
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very useful device. This is true. Its apparent simplicity, however,
may be misleading in that careful and intelligent design based on a knowl-
edge of feedback theory is needed in order to ensure that the resulting
simple device will operate as desired. There may be a surprisingly
close resemblance between the circuit diagram of a useful and well-
behaved servomechanism and the circuit diagram of a servomechanism
that will burst into violent oscillation the moment power is applied.
Once the dangers are recognized, however, the techniques of servo design
are sufficiently straightforward so that design and use of servos can and
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Fia. 8.1.—Simple remote follow-up servomechanism.

should become a useful professional tool for the average enginecr and
scientist.

It is of interest to inquire further into the advantages that servo-
mechanisms may offer. An important advantage follows from the
definition, that is, the ability to amplify power, usually mechanical
power. A second advantage, mentioned in connection with the servo
of Fig. 8-1, is the ability to transmit information from one place to another.
The combination of these two advantages, the ability to control large
powers remotely, has accounted for the development of a large fraction of
the servos that have been used to date. An advantage somewhat related
to the second listed above is the elimination of reaction on the controlling
element when large powers are controlled. An interesting application
in which this property is of importance is the use of servomechanisms to
allow unilateral flow of torque from one element to another in the M.I.T,
differential analyzer.! Other advantages of servomechanisms are the
result of their ability to effect transformations from one type of data

! Bush and Caldwell, “A New Type of Differential Analyzer,” Jour. Franklin
Inst., 240, 255-326, October 1945,






