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PREFACE

First of all, this volume is intended to be a companion book to my
previous work, Arithmetic Operations in Digital Computers, which was
published . by D. Van Nostrand Company in 1955. In that book the
emphasis was. on arithmetic in a computer and on “logical” design and
organization, the engineering aspects b'emg mentioned only briefly. The
_present book is ‘intended to supply engineers with the information needed
-to reduce the “ldeas about arithmetic and logic to & working machine.

In recent years the intense and widespread interest in digital com-
puters has resulted in great advances in the development of improved
computer components and circhits. For the most part, these advances
have been obtained through the generation ‘of new ideas rather than by
refinrements in the designs of-the original units. Since these ideas, if
pubhshed at all, tend to become widely scattered in various technical
~ journals or proceedings of conferences, it has become increasingly diffi-
“: ‘qult for an engineer, particularly a newcomer to the field, to learn the .

state of the art in any phase of the subject which he has not been

following closely. Accordingly, a major purpose of this volume is to col-

‘lect the ideas related to digital techniques and to organize them in a

" eoherent and unified manner. A cértain amount of original material has

'«-¢  been included, but as evidenced by the bibliography, mogt of the infor-
" mation has come from other sources. The intention has been to provide -
o ,a. ready source of reference material for the practicing engineer- and to

‘provide a means for the newcomer to “get on board.”

. Although this book follows the first one in time, considerable care has
been exercised to write it in a manner such that the reader will not be

~ required to have a knowledge of the information contained in the first
one. In a few instances it has been found that for a sensible explanation
of the component or circuit in question it was almost mandatory that
the reader have at least a basi¢ understanding of the ‘prineiples of logi-
¢al functions and mechanized arithmetic. For this reason a few items

_such ‘as Boolean notation  and brief discussions of counters and adders

have. been repeated in this text, but the duplication of mformation has
‘ been held to a minimum. :

R S . i

,

iii

AT
L -
A .

-



iv : - Preface

On the other hand, in order to be abie to concentrate on concepts that
- are directly related to digital techniques, the presentations are made with
- the assumption that the reader is reascnably faniiliar with electrical and
electronie fundamentals. Actually, a rather comprehensive'knowledge of
physics would be required for a thorough understanding of all compo-
nents that have been devised for digital computers. Examples that might
be cited to illustrate this point include the theory of the solid state for
’ tramnstors, theory of magnetic phencmena for mugnetic cores, secondary
emission phenomena for certain storage tubes, gas-discharge phenomena
for certain counter tubes, and saperconductxwty and other low- -tempera-~
ture phenomena for eryotrons. However, it is possible to obtain an appre-
ciation of the digital aspects of the subjeet without this extensive knowl-
edge. In the explanations of the various components and circuits the .
" aim has been to present enough background material for a person who
is moderately ‘well versed in electrical and electronic fundamentals to be
able to understand the subject without having the text unduly dl]qteo
‘with toplcs that are not closely related to digital techniques.

The aim of concentrating on digital concepts has had an influence in
the character of the text in that much of the information pregented is of
a qualitative nature rather than quantitative. Of course, when an ‘engi-
neer is actually engaged in choosing the design paranieters to be used
in a working machine, it is necessary to make a quantitative analysis
of the components and cireuits. Although design formulas are presented
in some instances (dicde switching eircuits, for example) where the digi-
tal aspects of the subject have an outstanding influence on the design,
it has been found that for the most part the design procedures are the
same as used in many other branches of electrical and electronic en-
gineering, and these procedures have been adequately covcred ‘in other
text books. ~

Another reason for concentratmg on digital concepts rather than de--
tailed des.gn techmques is that, in spite of the applieability of the prin-
ciples of well-known-design procedures, many of the components and
eircuits are sufficiently complex to render the procedures ineffective unless
the uwelrelntlonshlps among a large and generally iimpractical number
of parameters are found. The nonlinear characteristics of most computer
- components, the parameter variations which must be eAnected the con-
flicting requirements of speed, reliability and cost, ahd numerops other
factors often cause the bulk of the design procedure to consist of empirical
studies on the work beneh. The flip-flop, which is" a basic circuit in -
_many ('omputers is an example that provides a good illustration of the
situation with regard to the design of digital .circuits. Sev eral technical
“_papers on the subject of-flip-flop design have appeared in the literature



s

g

Preface - o v

>(see especially the Bibliography for Chapter 3), but it is still not possible

to insert the desired conditions in a few well-selected formulas and “turn
the crank” to obtain the design in the sense that this is possible in some
other areas of engineering. The situation is complicated by the fact that
there are so many different variations in the flip-flop circuit. even when
consideration is restricted to eireuits employmg vacuum tubes as the
basic component. '
Perhaps the most compellmg reason for empnasmlng concepts rather
than design details is in the fact that the computer art is advancing so
rapidly that design details almost literally become obsolete in the time
consumed in publishing a boek."So far, more progress has been achieved
by developing new components and circuits than by “designing.the last
drop” out of an existing configuration, For example, if the book had
been written as recently as two years ago, the subject of electrostatic
tubes would surely have had the dominant position in the area of digital
storage; but now attention is centered on magnetic cores. Also, the flip-
flop mentioned in the preceding paragraph is being supplanted by tran-
sistors, magnetic cores, and cryotrons in a wide assortment of configura-
tions.
- It will probably become apparent to most readers that many of the
‘topws included in this book. represent components and eircuits which
have never seen service in a working’ computer or which have been used

© at most in one or two experimental machines. The fact that a certain
-~ component or circuit has been selected for presentation does not néces-

sarily imply that it is deemed to be attractive in comparison with alter-

" native methods of accomplishing the same function. In some cases the

item was selected for inelusion because of its historical interest in the
develdpment of computers or because it represents an approach which
has often been suggested but which contains some drawback that may
not be apparent. Of course, in most cases the basis for seleetion was its
proven or potential advantages, and in all cases there has been an effort
to make some comment that will allow the reader to view the item

_ in the proper perspective with respect to its practical usefulness.

I wish to express my apprematmn to the International Business Ma-

- chines Corporation for permission to use the library at their Engmeermg

Laboratory in Poughkeepsie, New York. In particular, I wish to thank

Dr. Wayne A. Kalenich, Head Librarian, and the members of his staff
for the many courtesies extended to me, and I further wish to commend

them for the excellent library that they have assembled on the subject
of dlgltal computers.
R. K. R.
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Chapter 1

HISTORY AND INTRODUCTION

T ——

For many years the electronics industry was devoted almost entirely

.to thé sﬂb]ect of communication or the transmission of information from

one place to another. Besides wire and radio communication the industry

. 1ncluded sound recording, hearing aids, television, and other information

handling systems. In each of these applications the principal objective

of -the various pieces of equipment is’ to reproduce the input signal as

accurately as possible at the output deviee. In other words,; it is desired

_ that the output signal be a linear function of the input signal; any devia-

. tmn from linearity is called distortion and is hlghly undesirable.

“More recently the concept of information * ‘processing” has been de-

- Veloped, and the devices used to.process the information are kqown as

computers. The nature and usefulness of the information, however, are
not at all the same in- computer applications as where the information
is in the form of voice sounds, music, or pictures. In computers the term
“data” would probably more aptly describe the input information.

' Broadly speaking, the data can come from one or more of at least three -

different types of sources. In one source type the ‘data are gpnera:ted_as
the result of physical measurements on quantities such as position, ve-
locity, acceleration, pressure, temperature, voltage, resistance, charge,
current, or time. It is often desired that data from these sources be
supplied to the computer direetly from the measuring instruments, al-
though in many apphcatmns it is appropriate to transeribe the data man-
ua.lly or to employ a recorder of some sort to store the items until the

v ‘oomputer is ready to process them. A second source of data is the alpha-

betical “and ‘numerical information encountered in statxstxcal and sc-
counting work: Examples of data in this category would include names,
addresses, part numbers, dates, prices, quantities sold, interest rates, and

© many others. The third major source of data is the numbers involved in .

) S



2 Digital Computer Components and Circuits

the solution of mathematical problems. In some instances the numbers
may bear some relationship to the first two data sources that were men-
tioned, but in other instances, where the mathematies of the problem is
of prime importance, the numbers may have no physical. significance
whatsoever. Regardless of the source of the information, the purpose of
the computer is to manipulate the data in a manner such that the output
signal is some nonlinear function, usually a very complex function, of
the input data. In accordance with the application to which the eom-
puter is being applied -the output may then be used for such things as
controlling machines, creating documents and records, and indicating the
solution to a mathematical problem. -~ . ; ’
In view of the considerable differences in the nature of information
transmission and -data processing, it should not be surprising that the
cireuits which have been developed for computers bear little resemblance
to the oscillators, amplifiers, modulators, detectors, ete. that -are com-
monplace in applications where the output signal should be & faithful
reproduction of the input signal. As is now generally well known, there
are two basic types of computers—analog computers and digital com-
puters. In an electronic analog computer there is a direct correspondence
or an “analogy” between the quantities undergoing caleulations and certain
electrical quantities, mostly voltages, existing at various points in the
computer. In a digital computer the items of data are represented by coded ‘

' combinations of signals in which each signal may exist in one of 2 finite

humber (usually only two) of discrete conditions. The cireuits of analog
and digital computers are quite different from each other, and as the title
of this book suggests, its subjeet matter will be limited to circuits found
in computers of the digital type. I . : -

~The components, on the other hand, that can be used in the design of
a digital computer can be exgetly the same components which were de-
veloped for information transmission applications. In fact, the first few

‘electronie digital computers built were made almost entirely with tubes;

resistors, capacitors, and otlier items that were standard in the communi- .
cations field. . - :

Although it would still be within reason to comsider designing a eom-
puter entirely around components intended for communications purpeses,
it would probably be found that the resulting machine would have two.
important shortcomings. For one thing the very large number of com-

- ponents needed in a computer of respectable capabilities introduces

* component reliability requirements that are not often encountered in

radios and other devices where the total number of compqnents is rela-
tively -small. The other shortcoming would be in-the cost of the com-
puter. When a component is developed for one applieation, it ean hardly
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be expected to be optimum for a widely differing application. In the
case of digital computers sonie functions, such as the anp function, bit -
storage, and others that are discussed in later chapters, are performed
at a great multitude of points in the machine. In view of this situation,
a considerable cost saving cen be obtained through the development of
components intended for specific functions, Also, because of the very .
large number of individual operations required for a eomputer, factors
such as size, weight, and power consumption are particularly important
in the development of computer components. Still another factor of con-
siderable importance is speed of operation. Here, it myst be conceded,
some communications systems employ very high frequencies, and se it .
happens to be possible to achieve very high computer speeds with certain -
of the communications components.

Brief History of Dlgxtal Computer Components- and ercuxts If
mechanical machines aré considered, the history of digital computer
: components extends back some three hundred years to the origins of the
. adding machine concept However, since practically all present-day com-
puters are electronic in nature (although a few electromechanical ma-
chines are in use) and since the remainder of this text is concerned
‘almost exclusively with electronic components and circuits, the history
* presented here will be limited to the origins of the inventions and ideas
that pertain to the electronic aspects of the subject. As might be. ex-
pected, the origins of components and circuits for electronic dxgltal com-

‘puters is very much more recent by comparison,

The very first electronic cireuit that pertains specifically to digital
computers ‘seems to have heen the flip-flop, which was described by
W. H. Eccles and F. W. Jordan in a 1919 issue of Radic Review. At
- that time they called their circuit a “trigger relay,” and the term FEccles-
Jordan trigger is still used occasionally in referring to this type of circuit.
The flip-flop contains two triodes, the anode output of each triode
being fed to the grid input of the other in such a manner that the circuit
is eapable of existing in either one of two stable states. This circuit as
well as most of the other circuits and components mentioned in this
chapter is discussed in considerable detail in subsequent chapters. In
spite of the early appearance of the flip-flop, the concept of electronic -
cemputers was apparently nonexistent in 1919 and for seme.years there-
after.

The next eircuit to appear is mentioned here mamly to illustrate the
~gap between the first and second known references on the subject:. In the
Proceedings of the Royal Society of 1931 and 1932, C. E. Wynn-Williams
published descriptions of some counter circuits employing thyratrons.
The functioning of these circuits is based on the fact that the anode
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voltage necéssary to initiate a current in a gas thyratron is greater than .

the voltage necessary to maintain the current once, it is initiated, and a
circuit eontaining a thyratron can thereby be made to exist in ome of
two stable states. By suitable interconnections between ‘a set of such
circuits it is possible to cause them to change states in a presecribed se-
quence in response to input pulses. The function is therefore that of a
counter. Subsequent literature, particularly patent htcrature, indicates
that a great amount of effort has been applied to thyratron counters.
Although cvounters of this type are of intefest in special applications,
their use in computers has not been extensive because the deionization
requirements in the tiibes impose severe speed limitations.

The next published literature on electronic digital computer subjects
consists'of a. few scattered references appearing in the late 1930’s. The
subject matter was still limited to the use of bistable circuits of the flip-
flop or thyratron type for counting functions. Incidentally, at this time

the outstanding applieation of counters seemed to be in the counting of

impulges created by particles from radioactive elements as the particles
_ entered a suitable detecting instrument such 4s-a Gexger-Muller tube.
 Note ‘that a Geiger-Miiller “counter” tube is not a counter in the sense
used in the computer field; it is only the device which converts the en-
_ergy from the particle into a pulse that is counted. It is believed that
during this same period certain business machine manufactirers were
working on eleetronic counters to replace the mechanical and electro-
‘mechanical counters uded in business machines of the day, but no pub-
lished literature on this phase of the subject is known. In the 1930’s the

‘concept of an electronic digital computer as it is now understood was

still i the most primitive stages of developmnient.

v The real start of modern electronic digital ecomputer development
seems to have taken place in government projects during World War II.
However, becduse of military secrecy restrictions nothing was publigshed
at the time. The only electronic machine of this period to come to light
was the ENIAC, which was developed at the Moore School of Engineer-
ing, University of Pennsylvania, for the Ordnance Department of the
United States Army and -which was described publicly for the first time
it & 1946 issue of Mathematical Tables and Other Aids to ('omputatwn
A& large portion of the ENIAC arithmetic unit- and data-storage circuits
-was based on. counters that were in turn based on the Eccles-Jordan
ﬂxp-ﬂop Various special-purpose wacuum—tube circuits were developed
for the control portion of the computer, but the concept of general-pur-
- pose logical circuits that could be assembled in building-block fashion
appears not to have been developed. No electronie components specifi-
cally intended for digital applications were available at this time; in

R o
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fact, the following statement is found in one of the papers describing

.the machine: “War circumstances made it 1mperat1ve to construct the

ENIAC out of conventional electronlc circuits and elements Wlth a

minimum of redesign.” .

The extensive military effort on radar development that took place
during World War II was another important source of techniques that
are useful for electronic digital computers. Prior to the advent of radar
the design procedures used for electronic devices were largely in terms

of making a Fourier analysis of the signals and of describing thé response

of the various circuits and components in terms of the response to the
sine ‘waves obtained in the Fourier analysis. In radar a knowledge of

" the sine wave composition of certain of the signals is still valuable for

‘parts of the problem, but in large sections of the equipment the circuits
and design procedures fall into a category generally known as “pulse
techniques.” When the signals are in the form of pulses and particularly

when the pulses occur at nonuniformly spaced intervals, it is usually -

preferable to disregard the sine wave composition of the mgnals and to
consider the respense of the circuits to the individual excursions of the
signal voltage swing. In general the circuits are approximately linear
over limited regions of the signal swing, but because of diode action, grid
cut-off, and other properties of the components, there are sharp discon-
tinuities in the response when the entire range is considered. The usual

_ design procedure involves determining the circuit equations, for each in-

dividual region of linearity and adjusting the circuit parameters so that
‘the desired response is approximated as closely as possible in eagh region.
Of course, the desired response is‘in general not the same in each region,
and with most pulse circuits the desired objective is achieved through

‘the disdontinuities in the properties of the circuit components. Beeause
-radar signals are of the pulse type, the cathode followers, frequency

dwxdet‘s, sawtooth generators, blockig oscillators, ete., that are dis-
‘. oussed in texts on radar provide a much better mtmductxon to computer

circuits; which also employ pulses, than do communications eircuits of 3

the type mentioned previously. Incidentally, pulse techniques are also
widdly -used in television and other applications, but since the smularity

‘between computer circuits and either radar or television circuits is not -

“really close when the detaﬂs are considered, the subject will not be
pursuéd further.

Stdtage ‘Devices. After about 1946, “when the possibilities of large-
sefle general-purpose electronic digital eomputers were brought to the
aitention of more people, the rescarch and developmernt activity on
the subject increased very rapidly. With regard to the electronie part of

the machines (in contrast to the input-output mechéniqms) one of the

-

-
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first shortecomings of available components to be recognized was the very
large expense, size, and power consumption involved in providing for the
. large digital storage capacity that was needed when complex problems
were to be solved by the computer. To meet the need of improved storage,
three new devices appeared on the seene very quickly. These three devices
were delay lines, magnetic drums, and electrostatic storage tubes. Be-
cause so many people participatd in the developement of the various
components it is difficult to assign credit to the specific originators, al-
“though a person familiar with all of the pertinent patent literature and
interference proceedings might have some authoritative informatien on
the subject. However, certain groups or organizations were definitely
more prominent than others in the early development of these three
storage mechanisms.
Several different forms of delay lines for large-capacity storage have
-been invented, and at least three have been used commercjally in digital
computers—lumped-constant delay. lines, mercury lines for ultrasonic

vibrations, and magnetostrictive delay lines. The mercury lines were the .

first of these to receive extensive application in digital computers, and
the EDSAC computer appears to have been the first machine to employ
storage of this type. This computer was built by a group under the direc-
tion of Prof. M. V. Wilkes at Cambridge University in England. De-
seriptions of this machine .were published in British journals in 1948.
However, other computers employing delay-line storage were under
construction durmg this same period, and a summer conference at the
Moore School of Engineering in 1946 seems to have been the first public
appearance of the idea of using delay lines for the storage of digital data.
- "Even this nomt was not the true begmnmg of the subject, because delay
" lines had been used in radar applications several years previously.
Engineering Research Associates, Inc., which is now a part of Sperry
- Rand Cerporation, is generally credited with the bulk of the early devel-
' opment of magnetic drums although the first machines built by this -
company were never described publicly.

In electrostatic storage the information is retalned through the medium
of a pattern of stored charge on an insulating surface. At least four dif-
ferent forms of the storage tubes were developed to-the state of perfec-
‘tion where they could be (and were) used in digita] computers. These four
are known as the Williams tube, the Selectron, the holding-gun tube,
and the barrier-grid tube. In the Williams tube scheme of electrostatic
“storage it was possible to employ cathode ray tubes of the type which
had already been developed for television and oscilloscope applications.

_ This form of storage was adopted in several different computer designs,
whereas each of the other types of electrqstatic_ storage appeared in only
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one or two machines. The name, incidentally, is derived from Professor
F. C. Wiliiams, who worked with others at the University of Manchester
in England, where an experimental storage device of this type is reported
to have been completed in about March of 1948. However, other groups -
are known to have been workmg on the same type of storage mechanism
at approximately the same time. A description of the Selectron tube was
published in 1947 in Mathematical Tables and Other Aids to Computa-
tion. Electrostatic storage has an outstanding advantage in’ comparison -
with either delay lines or magnetic drums in that it is never necessary-
to wait for the desired bit or bit position to appear at the reading and
writing circuits. Instéad, it is possible to select any location by electronic

‘means in the period of a few microseconds. However, coincident-current -

magnetic core storage, which appeared somewhat later, also has this
feature plus some other advantages. Accordingly, by about 1955 the in-

- -terest in electrostatic storage had diminished almost to the vanishing

point. - ~

The idea of usmg magnetlc cores for storage seems to have originated
at Harvard University. The concept developed at Harvard involved
shifting the bits fram one core to the next, and in this way it was possible
to simulate a delay line. Although a computer employing this form of .
storage was built at Harvard, the use of magnetic shift registers for ;
large-capacity storage did not.become widespread, because it was still
necessary to wait. for the appearance of the desired bit or bit position at.
the reading and writing circuits. Also, the cost of storage when the cores
are used in shifting circuits is not competltlve with other arrangements.
Core storage became much more attractive when the coincident-current
$cheme was developed for selecting any core out of a large array with
equal faclllty. This idea appears to have been developed at the Massa-

"chusetts Institute of Technology, and the first published reference on the

subject was a paper by J. W. Forrester in the January 1951 issue of the
Journal of Applied Physics. MIT was also active in applying this storage

‘method to a computer, and early in 1953 the MIT group obtained suec-

cessful .operation of a machine known as the Memory Test Computer,
which employed ferrite cores in a coincident-current array.

Several other methods have been suggested for obtaining digital stor-
age gystems with large capacities and fast access speeds, but the only
ones known to be surpassmg the coincident-current magnetic core system

* are variations in the core access method. For special-purpose applications

and for mediuim-sized and small computers not requiring fast access
speeds it has been desirable to retam delay lines and magnetxc drums for

‘economic reasons.

More recently it has become apparent that there are many 1mportant
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applrcatlons of digital computers where a very large storage capacity
(many millions of digits or alphabetical characters) is required but
where an access time that is an appreciable fraction of a second can be
tolerated. Magnetic drums can be used for this purpose, although a rather
large number of them is required. Much effort has been devoted to the
task of finding a more suitable corabination of magnetic surface geome-
try and means for positioning the reading and writing head at different
points- on the surface. Several schemes have been devised to meet the
need; they 4nclude belts, dises, and strxpc of tape, together with a variety
of mechanical mechanisms for positioning the heads. Photographic film in
several different forms has also been studied. However, the search for
storage mechanisms with very large capacity and moderately rapid
-aceess to randomly chosen addresses has not as yet uncovered sny stor-
age mechanisms that differ from the previously known ones in the basic
prineiples of operation.

Arithmetic and Control Circuits. The arithmetic and control cxrcults
.of the early computers employed conventional vacuum tubes in a variety
of different types of circuits. As discussed in more detail in a later ehap-
ter, groups of engineers in differem orgamzatlons and at different loca-
tions each seemed to develop their own set of circuits, and marked dif-
ferences -occur among the sets. Regardless of the type of cireuits.it was
always found- that the total number of tubes required for a computer of
any, appreciable capabilities was miich greater than desired. The large
" number. of tubes created the obvious objection of high cost, but also the
power required to operate the tubes, particularly for the heaters, eaused
the total power consumption to be objectionably great for the arithmetic ;
and control circuits alone. Even the smaller machines required several -
kilowatts, and in the larger machines the power consumption exceeded
* 100 kilowatts. In addition to the cost of the tubes themselvés the large
" power consumption ereated large costs for the power supply, for installing”
the power lines to the building housing the computer, for the power itself, -
and for the air conditioners needed to remove the heat from the buiiding.
Because of the objections to vacuum tubes, the search for a. replacément
‘component has been.intensive. T '

.An interesting sidelight in the history of samputer components is that
for a period of a few years even the technical suxt,ablhty of vacuum tubes
was in doubt. In many digital circuits one or more of the tubes may be
" held in the cut-off condition for long periods of time. It was found that
the cathiodes of tubes in this type of service tended to loose their therm-
ionie emission characteristics quite rapidly. Investigation disclosed that
a high-resistance “interface” layer developed between the nickel sleeve
and the oxide coating of the oathode. For some reason the continuous or’
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~ frequent drawmg of current from the cathode prevents the formatxon of

the interface, and since most circuits designed for communications pur-
poses, are not held in the cut-off condition for any appreciable length of

time, the phenomenon had not been encountered beforé. The problem

was studied extensively, and several technical papers on the subject ap-

- peared during a period centering on about 1950. It is not certain that a
thoroughly satisfactory explanation of the phenomecnon was ever pro-

duced, but it was found that the problem could be avoided by earefully
eliminating m)puntws in the tube structure. Although several impurities
have an effect, it is particularly important that the nickel cathode sleeve

be free of silicon.

When manufacturing a vacuum tube containing an oxide-coated cath-
ode, it is necessary to “activate” the cathode before theé high-emission
characteristics of oxide cathodes are obtained. It is fourd, again without
a thoroughly satisfactory explanation bemg availabhle, that a certain

. amount of impurities is desirable in that an activated eathode can be

obtained more quickly and in that higher ultimate emissions are usyally

" possible, For this reason vdcuum tube manufacturers nermally preferred:

to have a certdin amount of impurities present; also, the elimination of

- impurities generally involves added expense. In the technical data sheets

prepared by. tube manufaeturers it will be noticed that some tube types
are specifically intended for dlgltal computer service. One of the major

o ’dlfferences between these types and the cotiventional types is in the fact
" " 'that the computer tubes have closely limited impurities and can thertfore

f)e operated in the cut-off condition for long periods of time.
'The introduction of the germanium diede was an important step in the -

~ reduction of the number of vacuum tubes required in the arithmetit and

control portions of a computer. Semiconductor dicdes had been known

. ever since the days of the “crystal detector” radio sets and had been used

extensively in radar receivers and other applications in World War II.
However, diodes of the quality needed for digital computer service did
not appear until a few years later. Also, in spite of the simplicity of the
diode anp and OR circuits as described in the next chapter, these circuits
did not seem to be among the first inventions related to digital computers.
The first published refererfce on the subject was a paper by C. H. Page
in the September 1948 issue of Electronics. During the next two years or

" so the possibility of reducing the number of thermionic heaters by replac-

ing many qf the vacuum tubes with semiconductor diodes became widely
appreciated, Almost all sets of arithmetic and control circuite designed
after this period included & large ptopomon of diodes.

The announcement of the transistor in 1948 was met with, entht»xsanm
by the computer mdustry because of the obvious potentmht;es with

.
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regard to reduced power consumption and also with regard to smaller
size, reduced weight, and other factors. Many projects were initiated in

- educational, industrial, and government organizations to investigate the:

transistor and to develop digital computer circuits with the transistor as
the basic element. Many of the results of this work are described later
in the chapters on transistor systems of circuit logic. Unfortunately, the
initial expectations with regard to availability, uniformity, reliability,
stability, and cost were very slow to materialize: Also, when digital com-
puter circuits are considered in detail it is found that some transistor
. characteristics (collector cut-off current, for example) are not of ‘the
form that would be desired for convenient circuit design. By 1955 a few
small experimental computers employing transistors had been built, and
by the middle of 1957 &t least three companies had announced commer-
cial versions of computers employing transistors. However, actual de-
liveries had not yet begun. :

Although the magnetic core shifting circuits that originated at Harvard
University did not become widely accepted as a large-capacity - .storage
medium, they did become the basis for several different sets of arithmetic
and control circuits that are described in the ehapter on magnetic core
systems of circuit logic. The idea of using magnetic cores in circuits of
this' catcgory appeared as early as 1950 in a Ph.D. thesis by M. K.
Haynes at the University of Illinois, but the first published literature on the
_subject did not appear until 1953. After this approximate date the devel-
oprient activity on magnetic core circuits increased rapidly in a number
of laboratories. The first digital computer employing core circuits in
the arithmetic and control section was, so‘far as is known, a machine

built by Sperry. Rand for the United States Air Force. This computer

was described brleﬂy in the July 1956 issue of Electronics.
Input-Output Devices. The early digital computers relied heavﬂy on
existing devices for entering the data into the arithmetic and control
" portion of the computer and for recording the computed results. These
" devices were obtained both from the communications industry and the
_business-machines industry. The communications industry Supplied tele-
printers and equipment for handling punched paper tape. The business-
machines industry supplied line-at-a-time printers and equipment for
handling punched cards. Also, solenoid-actuated. electric typewriters of
various designs were Soon adapted to computer service. All of these
devices are still of basic importance in computer appllcatlons, although,
as might be expected, the more recent models are greatly improved in
- comparison with the ones available originally. In particdlar, the speeds
of operation are much greater, and the interconnections between the
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