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FOREWORD

By C. G.

DuBOIS

President, International Western Electric Company

T has been often remarked, particularly
since the end of the great war, that the
world is daily being brought closer together

through better communication. There probably
is no one thing which will do so much toward
preventing future wars as the improvement and
extension of communications between the var-
fous countries of the world, allowing a freer
exchange of ideas and a clearer knowledge of the
desires and aspirations of the peoples and
governments.

The Western Electric Company has been
closely associated in the development of the art
of communication for more than fifty years,
and particularly with the telephone art since its
invention. The telephone probably has reached
its greatest development in the United States,
and through association with the Bell Telephone
System, the Western Electric Company has
been closely connected with the development
and improvements in the art of speech trans-
mission. It has always been a satisfaction to

those connected with the telephone service
provided by the Bell System that improvements
have been made in advance of public demand,
and it is very largely due to the extensive re-
search and development work carried on in the
laboratories of the American Telephone and
Telegraph Company and the Western Electric
Company that this has been possible of accom-
plishment.

With the hope of contributing to a closer
association amongst the nations and peoples of
the world through further improvements in
communication, the International Western Elec-
tric Company inaugurates in this issue the
publication of ELEcTRIcAL COMMUNICATION,
a magazine which will be devoted to relating
developments and improvements in the art of
communication in all countries and to a discus-
sion of the problemsaffecting telephone engineers.
We hope that the publication may achieve its
purpose and that it will be of interest and
assistance to our friends throughout the world.

«
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Recent Developments in Electrical Communication
By J. L. McQUARRIE

Assistant Chief Engineer, International Western Electric Company, Incorparated

HEN it was announced in 1876

that Alexander Graham Bell had

invented a device for conversing by
means of electricity, there were very few
persons who regarded the invention as any-
thing but a toy, yet in less than fifty years,
the telephone has become established as an
essential feature of our daily lives and its
blessings have spread to far corners of the
earth. In the United States alone there are
more than 13,000,000 telephones which serve
to carry 35,000,000 messages daily.

It is indeed fascinating to speak by wire
with friends and business associates located
within the same community, but with what
a feeling of amazement does one engage in a
long distance conversation and wonder at the
* marvelous possibilities of the telephone.
Ever since the early days the engineers of
the Bell System have reached out to greater
and greater distances for telephone com-
munication, until, in the year 1915, conver-
sation was carried on between New York and
San Francisco, a distance of 3,400 miles.
This was accomplished by means of wires
strung on poles over the vast stretches of
prairie and mountainous country which lie
between the central and western sections of
the United States. :

The facilities for efficient
communication provided hy
cuits resulted in an increased demand for
service, requiring the installation of addi-
tional wires so that the maximum capacity
of the pole lines was soon reached. Appre-
ciating the limitations of open wire construc-
tion for congested communication routes
early consideration was given to the possible
use of lead covered cables for the purpose.

Cables had been used for comparatively
short lines within city boundaries, but they were
not suitable for long distance communications.
Improvements in design permitting of the use
of cables over long distances are among the
most noteworthy in the development of the
telephone art. It is now possible to com-
municate through cables over distances as

long distance
improved cir-

(41

stalled

great as those bridged in the past by over-
head wires; in fact, a cable is now being in-
for long distance service between
New York and Chicago, nearly 1,000 miles
in length.

The attenuation of voice currents through
submarine cables is greater than in the case
of land cables, but even this obstacle has
been surmounted. Three such cables (the
longest in the world) were laid between the
United States and Cuba in 1921, thus pro-
viding a telephone link between the cities of
these two countries. An interesting feature
of the design is that although each cable con-
tains but a single path for a telephone cir-
cuit, the telephone path also provides two
superimposed duplexed telegraph circuits.

With its field of application as yet unde-
termined, but possessing important commer-
cial possibilities, considerable study has been
given to the development of radio telephony
and in 1915 spoken words were successfully
transmitted by radio from Washington to
Paris and Honolulu, the Paris message being
the first telephone communication to bridge
the Atlantic Ocean. During the past year
radio telephony has been applied to the com-
mercial system in the form of a radio toll
circuit between the coast of California and
Catalina Island, a distance of about 30 miles.
This circuit transmits in both directions
without the necessity of switching from the
talking to the listening condition, and is
equipped with regular wire line signaling
facilities; it is arranged for connection with
the land line systems so that persons at
Catalina may converse directly with any sub-
scriber on the mainland.

Another notable demonstration of the in-
terconnection of land lines and radio stations
occurred recently when telephone communi-
cation was established between subscribers’
stations in the United States and a transat-
lantic steamship located 300 miles from
shore.

A novel application of radio telephony is
the distribution of music and speech from
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central or ‘broadcasting’ stations in such a
manner that homes equipped with compara-
tively simple and inexpensive apparatus may
‘receive lectures, music, weather reports,
market quotations and other useful informa-
tion and entertainment.

A most interesting exhibition of long distance
c¢ommunication occurred in 1921, when com-
mercial conversation was carried on between
Havana, Cuba and Catalina Island, in the
Pacific Ocean, a total distance of 5730 miles;
the circuit comprised 5600 miles of land lines, 100
miles of submarine cable and 30 miles of radio.

Multiplex telephony has been the dream of
inventors for years and it has finally been
achieved. A system has been devised and
placed in commercial service which provides
five. commercial telephone channels over one
pair of wires, and through the application of the
principles of this system to telegraphy, ten
duplexed telegraph channels may be secured
over a single circuit.

One of the most recent developments is that
of the loud speaking telephone used with marked
success in connection with public addressing,
both in and out of doors. On one occasion an
assembly of 125,000 people, in an area of six
acres, were able to hear the speaker without
difficulty. By association with the commercial
telephone service, speech may be transmitted
to assemblages at points far distant from that at
which the address is being delivered. At the
recent memorial services at the National Cem-

etery at Arlington, Virginia, the address of the
President of the United States was distinctly
heard by an audience of 100,000 people at
Arlington, 30,000 at New York and 20,000
at San Francisco. Loud speaking telephones
are also being used in connection with radio
receiving sets, thereby materially increasing
the popularity of the “broadcasting’ service.

Automatic telephone equipments, so arranged
that stations may call one another without the
intervention of an operator, have been in use
for some time, but they have not been suitable
for service in the larger metropolitan areas.
The intricate traffic problems of these localities
required a new type of system, which has been
perfected and is now being installed in the
larger cities.

This brief survey of the more important
developments in the art in the United States
illustrates the nature of the work which is being
done in the laboratories of the Bell System,
operated by the Western Electric Company at
New York. In these laboratories numbers of
scientists and engineers are constantly engaged
in studying the various problems of telephony,
telegraphy and radio, and perfecting apparatus
to serve the requirements. Future issues of
this publication will contain articles dealing-
with these improvements, as well as a descrip-
tion of the largest and most completely equipped
laboratory in the world engaged in the de-
velopment of apparatus for electrical com-
munication.

. [8]
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Telephone Repeaters

By BANCROFT GHERARDI

Vice-President and Chief Engineer, American Telephone and Telegraph Campany

(In the following. article the author describes the variaus
types of telephione repeaters which have been emploved and
their operating ~characteristics.. “The application of - the
telephone repeater to the telephone plant will be discussed in
the next issue of ELECTRICAL COMMUNICATION.
—EDITOR.)

PART I—DESCRIPTION 'AND OPERATION
OF REPEATER

ANY people think of the telephone re-

peater as asimple concrete device, a

thing to be held inone's hand, brought

about by some one act of invention or of engi-
neering. Asyou read this article I think you will
see that the development of the telephone re-
peater has constituted an art in itself, that it has
required the work of an enormous number of
scientists, inventors, engineers and manufactur-
ing experts to produce it, and of skilled main-
tenance and operating men to use it in the most
effective manner. The telephone repeater is in
no sense a device that was, or could have been,
invented by an individual working in isolation.
The purpose of the telephone repeater is to
strengthen ‘a feeble telephone message after it
has gone a certain distance over line wires, or
over a cable, and has ®ecome so reduced in
energy that if it were not strengthened the re-
sult at the other end of the line would be feeble

FiGure 1

and unsatisfactory transmission. Before the
telephone repeater was invented the problem of
transmitting telephone speech over longdis-

tances was analogous to that of shooting a ball
out of a cannon to a long distance, and getting
all of the necessary impetus toitat the start. By
means of the telephone repeater, it is possible to
send a message a certain distance and then give
it another push;-and still another push, so as to
finally get it through to its destination.

FIGURE 2

It is of course necessary in connection with
the -telephone repeater. to. have the device so
operate that it preserves the characteristics of
the very complicated electrical wave which
carries the shape of the human voice, and which
makes possible its reproduction in the receiver
at the distant end.” The photographs shown in
Figurestand 2 help one to appreciate the sever-
ity of this requirement. Figure 1 is an actual
photograph of the varjations in the electrical
current. when the word ‘‘America” is: spoken
into a standard transmitter. = It is split up into
three parts simply to get it into the illustration.
It starts across the top, then reads across the
middle and then across the bottom.

Figure 2 is a second illustration, showing a
simple phrase read from a newspaper article.
One can see the rapid: variations and how they
change in character from instant to instant. @ne
thing which cannot be seen in a photograph like
that is the characteristics of the ‘individual
oscillations, because the waves are so mich com-
pressed that the differences in theshape of those
oscillations do not show. Each one of them has
characteristics of its.own and it is necessarv to
preserve those characteristics in order that the
speech at.the distant end may be intelligible.

[61
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Figure 3 is a photograph of a recent model of
the type of telephone repeater first used suc-
cessfully for commercial service. That tele-
phone repeater works essentially on the prin-
ciple of a sensitive telephone receiver coupled
with a specially designed telephone transmitter,
and using a common diaphragm for the two. The
current flows through the receiver element; by

FIGURE 3

" means of the receiver it agitates the diaphragm,
which is common to both the transmitter and the
receiver, and the transmitter, being of the usual
battery type, sends out a much stronger current
than the one which operates the receiver, and one
of the same general shape. This type of re-
peater, however, does not preserve the wave
shape with the same degree of faithfulness as
does the repeater element to be described next,
and in some other respects is not as good. For
the information of those who have never seen
one of these repeaters, the total height of the
repeater shown in this figure is from four to
five inches. At the right of the figure is shown
the repeater element in its socket, with its little
radiator which performs the same function as
the radiator on an auto-
mobile.

Figure 4 shows the re-
peater ordinarily known as
the wvacuum-tube repeater.
This repeater element is the
outgrowth of a device de-
veloped by Dr. DeForest
for use in wireless work,
and known as the audion.
The audion was successful as
a receiving device for wire-
less work and, while it did
not present the character-

[73

FIGURE 4

istics necessary for the telephone repeater, it
was ascertained that it could be developed
into a satisfactory repeater element. The
tube which is shown in the figure represents
the outgrowth of that work. The tube is a glass
vessel, a little like an electric light bulb, with the
very highest vacuum that can be created inside
of it. In the middle of the bulb, and not easy
to see, is a fillament which is heated when
the element is in operation. On either side
is a grid, and on the outside of the grids, a pair
of plates.

By reference to Figure 5 an idea can be ob-
tained of the way in which the tubes operate.
In the middle of the figure is diagrammatically
shown the filament, as well as the battery which
sends current through that filament whenever
the repeater is to be used and raises it to a dull
red heat.

Next are diagrammatically shown a pair of
grids, which are merely wire screens as indicated

FIGURE §

in the photograph of Figure 4. They are connected
together. Outside of that are two plates, also
connected together. The device could work
perfectly well with a single plate, but one can
get more out of a single tube by having a plate
on both sides of the filament. V
What happens in a tube like that when it is
operating is this: When the filament is heated"
to a dull red heat there is sent out from it a
continuous stream of particles of negative
electricity which, under the impulse of the
electromotive force of a battery in the output
circuit (not shown in the picture), flows through

WA ammaticanradichietory: com
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the grids and to the plates. The tube has this diagrammatically. The input circuit is con-
property, and this is the property by virtue of nected in series in the line. The output circuit,
which it amplifies, that any change of the elec- which is represented as a little transmitter, is
trical potential of the grids immediately changes shown bridged across the line.
the amount of electric current which flows from
the filament to the two plates. If then the
potential of the grids be varied, they act just
like valves, opening and letting more electricity
through, or shutting and keeping the electricity .
out. It is purely electrical action, but analogous °
to the result of moving the slats of a window
blind.  #

The telephone current which is to be amplified
is therefore applied between the grids and the
filament. This current varies the potential of

the grids and these variations of potential make FIGURE 6
relatively enormous changes in the amount of
current which flows from the filament to the Consider now what happens when someone is

plates. The result is the flow of an enormously speaking on the line. Let us suppose someone
amplified current in the output circuit similar isspeaking from the western end. The telephone
inshape to the current which has come in on the current flows through the line and the series
controlling circuit. A tube of the kind used for coil, and a considerable part of the energy of the
standard telephone work, such as the one illus- telephone current is transferred by the coil to the
trated, is capable of amplifying the energy re- input circuit of the repeater. In the repeater
ceived by it about 400-fold, which, you see, is it is amplified and appears in the output circuit.
a very large ratio. If it is desired to amplify From the output circuit it splits equally in the
more than 400-fold, it is perfectly practicable to two directions, half of it going back; and serving
do so by simply connecting a second tube in no useful purpose as far as conversation is con-
series with the first one; that is, one can connect cerned, the other half going forward and repre-
the output circuit into another tube as aninput senting the amplified speech which the repeater
circuit, and with such a combination can get an has produced. It has been stated previously
amplification of 400 times 400, or 160,000. This that energy which went back served no useful
can be continued to give enormous amplifica- = purpose for conversation. However, without it
tions. Some of the most marvellous work done the circuit would not work, for this reason: If
in war times in connection with picking up wire- the energy did not split equally in two directions -
less messages from great distances was by means from the output circuit, the output current
of tubes connected in this way, in what we call would affect unequally the two halves of the
a 7-stage amplifier, and a 7-stage amplifier gives input coil, which are in opposition to each
an almost inconceivable amplification, millions other, and energy would be transferred over into
and millions of times. the input circuit. This reaction of the output on
The arrangement which has been described so  the input produces what is called a ‘“singing”
far is a one-way device, that is, a device which circuit, because it will sustain a singing tone
would not amplify the telephone current in both  which drowns out the speech.
directions. In fact, two-way working, which is You will note that the circuit is perfectly
an essential feature of telephone operation, symmetrical. Exactly the same thing will
must be obtained by some additional arrange- happen if someone talks from the eastern end of
ments; it is not characteristic of the element it- the line and so the amplification is accomplished
self, it is characteristic of the circuit in which the in both directions. So you see that the simple
element is used. one-way piece of apparatus is so connected to
Figure 6 shows one of the simplest forms of a the lines by means of the circuit' which is em-
two-way circuit. A repeater element, in this ployed with it that a two-way working piece of
case of the mechanical type, is represented apparatus is created,

(8]
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For successful two-way working, however,
there is one more condition which must obtain
and which has not yet been named. 1 have
spoken of the current as dividing equally in the
two directions from the output circuit, so as to
have a neutral effect on the input coil, and not
come back into the receiving element. Now, no
matter how well the input coil may be con-
structed—it may be constructed so that the two
halves of it are almost perfectly precise—equal
division between the two halves of the coil can-
not be obtained unless the lines going west and
the lines going east have the same electrical
characteristics; in other words, unless they are
balanced against each other. If one line is
different in its electrical characteristics from the
other, then, notwithstanding the equality of the
two parts of the coil, there will be an unequal
division of the current, and there will be singing.

The matter of balance is one of the questions
of the greatest difficulty to deal with in connec-
tion with the telephone repeater problem. I
may say that the matter of the study of balance,
or of methods of obtaining balance, has perhaps
received as much study as any other phase of the
telephone repeater problem. Years of time and
hundreds of thousands of dollars’ worth of
effort were put into it in order to obtain satis-

factory solutions. It is simple enough to
describe in general terms, but it is neither simple
to determine the requirements, nor to determine
how to accomplish it in the plant after the
requirements are known.

The circuit shown in Figure 7 is a little more
complicated, but it has outstanding advantages
for many situations. If half of this circuit is cut
off, there will remain thecircuit shown in Figure 6;
that is, a simple circuit in which the line in one
direction is balanced against the line in the
other direction. What has been done here is to
employ two repeaters, one to repeat one way
and one to repeat the other way, and to connect
them up in such a way that each line is balanced
against an artificial line. That is to say, by
putting in two artificial lines where we had none
before, putting in two repeaters where we only
had one before, and putting in two coils where
we only had one before, we have eliminated the
condition that the lines must be balanced against
each other, and substituted for that a condition
in which each of the lines must be balanced
against an artificial line. Now, it may not appear
at first that we have simplified our problem, but
we have, notwithstanding the fact that we are
employing more elements than we did before.
We have simplified it in several respects.

s —— —— —— oo

LINE WEST

. . —t— — o

NETWORK

WEST
FILTER

NETWORK
EAST

— - FILTER
\
REPEATER BULB REPEATER BULB
REPEATS EAST REPEATS WEST
o 4
; = ¢ c = é
sow E 1] bt o
INPUT —llv+ 8 _‘-_+ .:'l-» INPUT
TRANSF, 9 8.Tis0v g TRANSF,
o0 A T-
N.....M._Fd
ow 240 4 =
FIGURE 7
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In the first place, suppose that one line is a
loaded line and the other line a non-loaded line,
it would not be possible to balance them against
each other, because there would be two things
that are inherently electrically different. But
one balancing line can be put into the circuit to
go with the loaded line and another to go with
the non-loaded line, and meet the conditions of
the problem. A perfect balance is never pos-
sible, but under a good many cenditions it is
possible to get a good balance, and it is very
valuable to have a circuit arrangement by which
operation can continue when something happens
on one of the lines to disturb the balance.

The two circuits which have been shown are
theprincipaloneswhich havebeen of practical use.

Figure 8 is an interesting diagram which has
to do with the characteristics of a loaded tele-
phone line. If the line represented by the dia-

FiGURE §

gram were a perfectly uniform line, the wavy
line of impedance shown in the diagram would
be a smooth curve. As a matter of fact, the
line had certain irregularities in it and it is
practically impossible to balance a line hy means
of an artificial line when it has characteristics of
that kind. It can be dcne theoretically, but it is
not a practical working proposition.

Figure 9 is the same line, showing the extent
to which it has been possible to reduce the ir-
regularities, which you see are vastly less than
they were befere. The diagram shows the cor-
responding characteristic of the network, or
artificial line, that was used to balance the line;
there is a variaticn of a few per cent. The figure
shows also a diagram of the network which pro-
duced this characteristic when used as a balanc-
ing network. :

Before describing repeater installatic ns; there

S
10K ot
FRECUENCY

FIGURE 9

is one more way that repeaters can be used that
merits description. It is a very interesting and
important development which has followed our
earlier repeater work, and is known as the 4-wire

“circuit. Its chief application is in the case of

long cables and it is an arrangement which
does away with the necessity for balance ex-
cept at the ends of the circuit. = The circuit is
indicated in Figure 10. At each end is the same
kind of a coil that is used in the other repeater
circuits. Telephone currents from one end go
through one coil and then pass through a suc-
cession of repeaters in what is merely a one-way
circuit. They come out through another coil,
and by means of the balancing artificial line,
are prevented from going back on the other one-
way circuit at the other end: All' the amplifica-
tion desired can be obtained in a succession of
repeaters located at intervals along each one-
way circuit without having to be concerned with
the balance except at the two ends of the circuit,

e e e e e e gt

FIGURE 10

a very much simpler condition to meet than
having to be concerned with balance and line
characteristics at every point where a repeater
is inserted. In a later issue of ELECTRICAL
ComMuNIcaTION there will be described the
application of that arrangement, and the
advantages of it will be theén more clearly
apparent.

[10]
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The Dynamical Theory of Amplifying

and Oscillating Systems

By H. W. NICHOLS, Ph.D.
Department of Physical Research, Western Electric Company

N ordinary-scale dynamical system whose
state is completely specified by #

L Lagrangian coordinates x; . . . &, obeys
the system of differential equations

é¢ oL oL oF
¢ oL oL L O0' _ g =1...n (1
dt. Ok 0%k + [e£7” e k=] n (1)

in which L =1 — V is the difference between the
kinetic and potential energies, expressed as
functions of the coordinates and velocities, and
F is the Dissipation Function, equal to half the
rate at which energy is thrown from the system
into molecular motions, 7.e., into degrees of
freedom which would be specified by finer scale
coordinates than those of interest in the prob-
lem in hand. 7T and F are homogeneous
quadratic functions of the velocities, the co-
ethicients being functions of the coordinates and
containing parameters representing qualities of
materials, such as mass, inductance, elasticity,
dielectric constant, and resistance which are not
functions of the coordinates.

From the derivation of (1) it follows that the
principle of energy is satisfied, that is, the rate
of change of energy of the system is accounted
for by the dissipation and the activity of the
impressed forces. There are, however, many
physical systems in which a state of oscillation
or motion is maintained against dissipation
and with no impressed forces of the type of the
motion, the energy being derived from a reser-
voir. or source which is ignored for the purposes
of the problem. Examples are “ amplifiers "
_in which more power of the type of the impressed
force is liberated than is represented by the
activity of that force, and “ oscillation gener-
ators!' which maintain themselves in electrical
or ‘mechanical oscillation (sustained or with
positive or negative damping) by transforma-
tien of energy from the reservoir. The purpose
of this paper is to show what are the general
conditions under which such transformation
and liberation of energy can take place and to
develop the equations of such systems.

Suppose a dynamical-electrical system is in a

state represented by the equations (1) in which
all mass or inductance parameters [/, resistance
parameters 7, and elasticity or stiffness para-
meters s are constant; then impressed forces
explicitly shown account for energy supply to
the system. In order to produce disturbances
whose energy does not come from impressed
forces of similar type acting upon the coordinates
it is necessary, therefore, to vary one of the
parameters above and modulate, in accordance
with that variation, that state of the system
which would exist with invariable parameters.
These parameters cannot be fixed completely
by analytic functions of the Lagrangian co-
ordinates, for if so, a new Lagrangian system
would result in which no energy transformations
of “this kind could take place. Hence, the
necessary condition that energy may be trans-
formed from the sources supplying energy in
the undisturbed state of the system, rather than
from impressed forces acting upon the co-
ordinates, is that some parameter not in the
group (x1...x,) shall be varied.

In most cases of interest equations (1), when
expanded, result in linear differential equations
of the form:

-

St xy — S12 %3 — S5 a3 e E,
— Sorx; F Saaxs — Spxz ---=F,
....................... (2)
+ Snn Xpn = En
in which Sj; is an operator equal to
d
bie 9* + vie b+ sie; =
and /, 7, s are not functions of the x’s. They

are inductance (or inertia), resistance and stiff-
ness appearing in 7, F and V respectively.

Now suppose that li;, 711 and s1; are functions
of a parameter ¢(¢) and put

Siu=S5,—06S

in which S, is the value of Si; for the invariable
system ¢ = O. Then from (1)

—65=61p2+(6r+%6;)1>+5s.

[11]
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Also let x = X + 3, where

D

is the solution for the invariable system ¢ = o,
D being the operational determinant of (2)
and D;; the minor of Sp;.  Substituting this in
(2) and adding, for completeness, forces e, of
z-type, we get, to first order terms:

Xr =

S1121 — S1232 — S1323--- =¢; + 65X,
— So121 + Se2ze — Sasz3--- = e (3)
__________ + Sun 2n = €x

This shows that the effect of considering as a
complete dynamical system only the varied
state, and ignoring the energy of the sources E,
is to make the system equivalent to one in
which the driving force is located in the variable
element and is treated as an impressed force.

The form of the operators S is important.
1t is proved in text books on dynamics that the
most general form of the determinant D is

St — (4dyg + Biap) — (A13+313P)’———
— (Ao + Bap) Sza — (Aas+Basp) ———|(4)
Snn

in which Ajk = Akj and ,Bjk = - Bkj, B
being a constant, i.e., not an operator. The
latter terms arise from departures from a state
of motion and when they are zero we have
Sir = Skj, the determinant is symmetrical and
the reciprocal theorem holds. The B-terms do
not appear in the energy equation, for, upon
multiplying the kth equation by %, and adding,
they cancel.

It has now been shown that energy can be
supplied to (or drawn from) the system by
variations in certain elements and that the
energy so supplied does not depend upon im-
pressed forces acting upon the coordinates
2, but comes from an ignored source. The next
step is to include the dynamical system which
produces the special variation 8S. To do this,
suppose 65 depends upon 21...2,, Z;41...
z,H.,,, through a linear differential equation;:

n+m
2z le (P)Zk
1

6S = (5)

where 2,41. .. 2,4+m are additional coordinates

specifying a mechanism belonging only t0§.S. This
mechanism obeys linear differential equations:

Sit1 But1 — Suf18%u42 — — — — = exq1 (6)
n+1 n+2
Put now

ZGu (P2 X1 = 2 Que 2

and substitute in (4), adding also the equations
(5) to form the equations of the complete
system:

(Sn — Qs — S+ Qu) s — — — — -
— Quat18ut1—— = €1
—521 21 +52222 - 0 = €9
............ 0 (7
0 0 Sn+1 Zu41 — = Eptl
n+1
(o) (0] . Sn+1n Zntm=€ntm
n+m
Finally, solve the last m equations for

Zy41 — — — 3,4 and substitute in the first n equa-
tions, putting

2 Qute Zutie = f1.
k

The result is
(Sn - Qu) gy — (512 + Qn) 29— — — -
- (Sln + an) Zn = €1 +f1

+ So2 20 —

_____ = €9

These are the equations of a dynamical-
electrical system to which energy is supplied
from an ignored source by means of the varia-
tion discussed above. They differ from those
of the invariable system S = O because of
the Q-terms, whose significance will now be
discussed.

The simplest case is that in which Qi . . . Qua
are zero so that the only term which depends
upon the variation is f;. This is the impressed
force which arises from those acting upon the
coordinates 2,13 — — — 2,4, controlling 6S. Since
the energy liberated in the system 2, — — - g,
is not, in this case, dependent upon the energy
required to control 45, it follows that amplifica-
tion may be produced at the expense of the

[12]
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ignored sources £, — — - E,. The simplest ex-
ample of a system of this type is a telephone
microphone in which the single variable (1) is
the variation in current through the microphone
while 2,41 — — — 2,4, are the coordinates specify-
ing the state of the dynamical system com-
prising the diaphragm, a column of air and the
speaker’s vocal apparatus. Evidently the varia-
tion X165 may bear any relation to the im-
pressed sound waves and hence the power
liberated; X:8653;, may be larger than that in
the sound waves. In systems of this first class

there is no reaction back from 2z -—--3, to
2441 — — — Zu4+m, that is, the energy flow is uni-
lateral.

A second class is made up of those systems
for which Q) is the only term containing 4.S.
Writing Qu = anp* + bup +cnn it is clear
that the variation 65 has resulted in changing
the * stiffness”’ Si; to

Sii—Qu = (I —an) p*+ (ry — byy) p
+ (511 — 1)

3

Hence —b1, is called a “ negative resistance.”
Such a term can arise only when (1) there is
an ignored source of energy and (2) when some
element of the system is varied as discussed
above.

Since here D = A — Qi1 A1, where A is the
value of D for 65 = O, an impressed e; pro-
duces the effect

Ay

z - -
YA - QunAn

€

which may be larger or smaller than that oc-
curring in the corresponding invariable system
for which Q,;, = O. Amplification may there-
fore take place. The power supplied by the
ignored source is bz].

A third type of system is found by making
one of the (’s with unlike subscripts different
from zero, all the others being zero. For ex-
ample, let Q0,2 be different from zero, so that the
differential equations are

S121
— Sa13;

— (S124+Q12)zs —Suzs——— =€

+ Sa2 29 —Ses 35— -~ = e (9)
in:which the S’s are still of the form (4). Hence
in “addition to the activity of the impressed
forces, = e, 3, which, with (2 = O, would
account for the rate of change of energy and the

dissipation of the system, there appears the

12

activity Qje 22 21, or % 21 2s. The power repre-

sented by this is drawn from the ignored source.

{

Qs . . .
~— is called a “ mutual impedance "’ and since

Q21 = O, this mutual impedance is unilateral.

The meaning of this will become more ap-
parent upon considering how the reciprocal
theorem is modified by the presence of terms
such as Q2. Thus . considering two impressed
forces e; and e2 we have:

2, (due to ep) = %1 s
29 (due to e) = %2 e;.

In the case of oscillations about equilibrium,
and with no ignored sources, D12 = Ds; so that

which is the reciprocal theorem. In this case,
however,

Dy = Ay
Dy, = Agy — Q1248

and the effects of an impressed force are different
in opposite directions through the system be-
cause of the Q-term. For example, let £, andz,
be currents and the corresponding e's electro-
motive forces. Then the mutual impedances,

€1 D €2 D

5= 3D 5 T pDa

are different in the directions (1-2) and (2-1).
If Asy = A2 = O, the two parts of the system
are conjugate for Q12 = O and the action be-
tween the two is entirely in one direction. This
is the condition usually desired in telephone
repeater operation.

A fourth case of great interest is that in which
there are no impressed forces of any kind, so
that the right hand members of equations (8)
are all zero. In this case the system executes
free oscillations. This problem has been studied
very thoroughly for the usual case in which
there are no (-terms, the result being as follows:

Each coordinate sz, undergoes a wvariation
which is the resultant of # damped oscillations:

2p = 2 A )}

[13]
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in which p, is a root of A (p) = O and 4, is a
constant depending upon the initial conditions.
Both are, in general, complex numbers and
occur in pairs so that z, is real. p, is equal
to 1w, + 8, where % is the frequency of a com-
™

ponent oscillation (it may be zero) and §, is
the damping of that component. For the case
8S = 0, §, is always negative, i.e., all component
oscillations decrease with the time. This is a
mathematical consequence of the form of the
determinant A, The more general determinant,
D, which is obtained when 85 is not zero, per-
mits a much wider range of values of p,, since
there is no necessary relation between the Q
terms and the dynamical system z1 — — — 2,
This allows, for example, the fixing of ¢, at
some positive value, or at zero, so that the
oscillation of the system may increase with
time, or be sustained. It may also be fixed
at any negative value. Suppose it is required
to determine under what conditions the system
will execute sustained oscillations, for which
p = iw. Substitution of this in D = 0 will
result in the equations;

F (w, system constants) + iG (w, system
constants) = O

which, solved, simultaneously, will give certain
values of w which can exist for certain corre-
sponding values of the constants of the system.
A similar method applies when the damping is
to have any assigned value. When the damp-
ing or the frequency is fixed beforehand and
the system constants adjusted to produce such
oscillations, the behavior of the system is differ-
ent from that of an invariable one in two re-

spects: the oscillations do not necessarily
decrease with time and there are not neces-
sarily (or usually) n component oscillations of
each coordinate.

Examples of dynamical and electrical systems
which function as amplifiers and oscillation
generators are worked out in two papers in the
Physical Review, August, 1917, and June, 1919.

To summarize, it has been shown that suffi-
cient conditions for the production of ‘‘ nega-
tive resistance’ or ‘' negative impedance”
phenomena, the various types of amplification
known, and for the operation of devices exe-
cuting sustained oscillations are that there
shall be a basic state of the system which is
specified by variables whose values are not of
interest in the problem and consequently are
ignored (X, ..., E1...), that this state shall
be modulated to produce variations of the type
(21...2,) considered in the problem, and that
this modulation shall be accomplished by changes
in physical quantities of the nature of mass or
inductance, resistance, elasticity or dielectric
constant, whose dynamical structures are not
included in the Lagrangian and Dissipation
functions of the problem. The essential feature
is the ignoring of certain sets of variables: when
the complete dynamical structure of the system
is taken into account there can be no addition
of energy to the system in the manner here
considered. In the same way, a complete
dynamical specification of a system would in-
clude molecular and electronic coordinates so
that, as is shown in the dynamical theory of
heat, the apparent loss of energy from the
system by dissipation would be accounted for
by energy acquired by degrees of freedom which
were ignored in the ordinary-scale problem.

[14]
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A New Type of High Power Vacuum Tube

By W. WILSON, D.Sc.

Department of Physical Research, Western Electric Company

(The type of vacuum tube described in the present article is
tikely to become one of the most remarkable devices of modern
electrical science. Vacuum tubes capable of handling small
amounts of power have been extensively used during the past
few years as telephone repeaters and as oscillators, modu-
lators, detectors and amplifiers in radio transmission and
other fields. All vacuum tubes heretofore used have depended
upon thermal radiation from the plates to dissipate the
electrical energy which the device necessarily absorbs during
ils operation. With present known methods of construction
a fairly definite upper limit can be set for the power which a
radiation cooled tube can handle; as the author points out,
this lim1t gives a tube capable of delivering about 1 to 2 k. w.
when used as an oscillator.

Contrasted with this, one of the water-cooled vacuum tubes
described herewith, although scarcely two feet in length and
weighing only ten pounds, is capable of delivering 100 k. w.
of ‘high frequency energy. Another tube of similar construc-
tion, but somewhat smaller in size, and capable of delivering
about 10 k. w., 1s also described. It is expected that these
water-cooled tubes will find an iminediate application in
radio telephony and telegraphy, and without doubt they wilt
shortly be put to other important uses.

Although the principle of operation of the water-cooled tube
1n this article is identical from an electrical point of view with
that of the small tubes which are now so very familiar, their
construction has only been made possible by a new and striking
development in the art of sealing metal to glass. In the case
of the 100 k. w. tube the seal between the cylindrical copper
anode and glass transmitter is 3.4 inches in diameter.

The remarkable character of these copper-in-glass seals is
evidenced by the fact that they do not depend upon a sub-
stantial equality between the coefficient of expansion of the
metal and glass. To Mr. W. G. Houskeeper, of the Bell
Sysiem Research Laboratory at the Western Electric Company,
goes the credit for developing the copper-in-glass seals. As
the: article brings out, Mr. Houskeeper has also invented
means for sealing heavy copper wire and strip through glass
1n-such a way that the best vacua can be maintained under
wide changes of temperature.—EDITOR.)

HE development of wireless telephony

and the use of continuous wave trans-

mission in wireless telegraphy have led
to the general adoption of the vacuum tube as
the generator of high frequency currents in low
power installations.

The ordinary form of vacuum tube is, how-
ever, ill suited for the handling of large amounts
of power; and at the large wireless stations where
the plant is rated in hundreds of kilowatts either
the arc or the high frequency alternator is used.

The undoubted advantages to be derived from
the use of vacuum tubes, especially in the field of
wireless telephony where the output power must
be modulated to conform to the intricate vibra-
tion pattern of the voice, has led to a demand for
tubes capable of handling amounts of power com-
parable with those in use at the largest stations.

That the development of such tubes was of
great importance was recognized by the engineers
of the Bell Telephone System in the early days
of the vacuum tube art. The experiments at
Arlington, Virginia, in which speech was first
transmitted across the Atlantic to Paris and
across the Pacific to Honolulu, required the use
of nearly 300 of the most powerful tubes then
available, each capable of handling about 25
watts, and the difficulties encountered in operat-
ing so many tubes in parallel gave added
impetus to the development of high power
units.

It is the object of the present paper to deal
with the various steps in the development of
high power tubes as carried out in the Bell
System research laboratories at the Western
Electric Company.

The usual type of vacuum tube consists of an
evacuated glass vessel in which are enclosed three
elements, the filament, the plate, and the grid.
When the tube is in operation an electron cur-
rent flews between the filament which is heated
by an auxiliary source of power and the plate,
the magnitude of this current being controlled by
the grid.

The passage of the current through a ther-
mionic tube is accompanied by the dissipation in
the plate of an amount of power whichis compa-
rable to the power delivered to the output circuit
and which manifests itself in the form of heat.
This causes the temperature of the plate in the
usual type of tube to rise until the rate of loss of
heat by radiation is equal to the power dissipated.
Some of the heat liberated by the plate is ab-
sorbed by the walls of the containing vessel
which consequently rise in temperature. These
factors, together with a consideration of the size
of plate that can be conveniently suspended in-
side a glass bulb and the size of glass bulb that
can be conveniently worked, set a limit of about
1 to 2 k. w. for the power that can be dissipated
in the plate of a commercial vacuum tube of this
type. The plates are generally constructed of
molybdenum or some other refractory metal and
the containing vessel made of hard glass.

[15]
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The use of quartz as the containing vessel
offers certain advantages which tend to raise
the power limit somewhat and this material has
been used for power tube purposes in England.
It is apparent then that in the development of
vacuum tubes capable of handling large amounts
of power means other than radiation must be
used for removing the heat dissipated at the
plate, and development of tubes along these
lines was undertaken by Dr. E. R. Stoekle and
Dr. O. E. Buckley.

Dr. Stoekle had already worked for some years
on the problem of removing the heat dissipated
at the anode of a thermionic tube by making the
anode a part of the outside wall of the vessel and
thus making it possible to convey the heat
directly away from it by means of circulating
water. This was clearly the right principle
but as is obvious to those who are familiar with
these devices, great difficulties presented them-
selves in the mechanical construction of large
tubes in which vacuum tight joints must be
made and maintained between glass and large
masses of metal. The importance of the prob-
lem, however, was such that Stoekle and Buckley
pushed on in the face of difficulties to the con-
struction of tubes which could handle kilowatts
where previous tubes could only handle watts.

A step in the direction of overcoming these
diffculties was made by Messrs. Schwerin and
Weinhart, who were working with Dr. Buckley
on the problem, and who suggested that the
anode might be made in the form of a tube or
thimble of platinum sealed into a glass vessel
and kept cool by passing water through it.

This suggestion led to the development of a
tube which, although not the one finally adopted,
is discussed in some detail since it was the first
one to be pushed to such a point as to give
promise of economical commercial manufacture.

The tube is shown in Fig. 1. The anode con-
sists of a platinum cylinder A, 7" long and .625”
wide, which is sealed into the center of the glass

cylinder B. The end of the platinum cylinder

remote from the seal is closed. The anode is sur-
rounded by the grid C and by the filament D,
which are supported by the glass arbors E. The
current for the filament is led into the tube
through the platinum thimbles F.

The anode is kept cool by means of a supply of
water passing into the anode through the tube
G and leaving by the tube H.

A number of tubes having this general type
of construction were made up and it was found
possible to dissipate as much as 15 k. w. in the
anode.

As soon as the pressure of work more directly
connected with the necessities of the war would
permit, Mr. W. G. Houskeeper and Dr. M. ]J.
Kelly undertook the further improvement of the
water-cooled tuke, the former assuming the task
of developing the mcchanical structure, and the
latter that of determining the electrical design
and the process of tube exhaust.

Mr. Houskeeper adopted into the construction
of the tube a remarkable type of vacuum seal
which he had previously developed. These seals
are made between glass and metal and can be
made in any desired size. They are capable of

1

FiGure 1

withstanding repeated heating and cooling over
wide ranges of temperature, from that of liquid
air to 350° C, without cracking and without
impairment of their vacuum holding properties.

It is no exaggeration to say that the invention
of these seals has made possible the construction
of vacuum tubes, capable of handling in single

[16]

www americanradiohistorv com


www.americanradiohistory.com

ELECTRICAL

COMMUNICATION

units, powers of any magnitude which may be
called for in wireless telegraph and telephone
transmission.

The underlying principle connected with the
making of this seal consists in obtaining an
intimate connection between the glass and metal,
either by chemical combinaticn or by mere wet-
ting, and in so proportisning the glass and
metal portions of the seal that the stresses pro-
duced when the seal is heated or cooled will not
be great enough to rupture either the glass or
the junction between the glass and metal.

The three principal types of seals developed
by Mr. Houskeeper are known as the ribbon
seal, the disc seal and the tube seal.

If a copper ribbon is directly sealed through
glass it is found that the glass and copper adhere
along the flat faces of the seal but that ruptures
occur along the edges as shown in Fig. 2 (a).
This is due to the fact that as the seal cools after

b

FIGURE 2

being made, the glass in contact with metal
is capable of resisting the shearing and tensile
stresses that occur along the faces, while the
glass wrapping round the edges of the ribbon is
called upon to withstand much greater tensile
stresses and gives way. If the edges of the
ribbon are sharpened as shown in Fig. 2 (b), a
tight seal results, the reason being that the
forces of adhesion between the glass and copper
acting along the flat contact faces are sufficient

FIGURE 3

to stretch the thin copper at the edge and pre-
vent its drawing away when cooled. There is a
definite relation between the elastic properties
of the metal and glass and the angle of edge that
can be used for a successful seal.

By proper shaping of the metal ribbon, seals
have been successfully made up to very large
sizes. Some of these are shown in Fig. 3, the
largest in the photograph being about 1 in
width, and capable of successfully conducting
a current of 150 to 200 amperes.

The principles involved in the making of the
disc seal are the same as those involved in
making the ribbon seal. If a metal disc is
sealed wholly into glass the edges must be
sharpened or the glass and copper break away
from each other as in the case of the ribbon seal.

In the general use to which these seals are put
there is no necessity for having the glass sur-
round the circumference of the copper disc and
the necessity for sharpening the edge is obviated
by allowing the glass to adhere to the flat por-
tion of the disc only, care being taken to prevent
its flowing around the edge. It is necessary to
have a ring of glass on both sides of the seal in
order to equalize the bending stresses which
would otherwise tend to break the glass and
copper away from each other. Successful disc
seals have been made with copper up to 1/{0”
thick. There is, of course, a certain maximum
thickness that can be used for a seal of a given
diameter and it is preferable to keep well below
this limit. v

The seals shown in Fig. 4 close the ends of
glass tubes to the other ends of which are sealed
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Ficure 4

pilot lamps for the purpose of testing the
vacuum. Tubes sealed in this way have been
kept a number of years without any impairment
of the vacuum.

The third type of seal and the most important
in connection with the present problem is the
tube seal shown in Fig. 5. This furnishes the
means of joining metal and glass tubes end to
end and is used in the water-cooled tube to
attach the anode to the glass cylinder which
serves to insulate the other tube elements. As
in the case of the disc seal, it can be made
either with the edge of the metal not in contact
with the glass, as shown at A, or with the metal
sharpened to a fine edge which is in contact
with the glass. The glass may be situated either
inside or outside of the metal, see B and C.

The first thermionic tubes in which these
seals were embodied were made of copper and

o

FIGURE §

were designed to operate at 10,000 volts and
to give about 5 k. w. output.

A photograph of one of these tubes is shown in
Fig. 6; and the filament grid assembly is shown
in Fig. 7.

The anode consists of a copper tube 1.5 in
diameter and 7.5 long. A copper disc is
welded to one end forming a vacuum-tight joint.
The other end which is turned down to a knife
edge is fused directly to a glass tube.

The filament grid assembly consists of two
lavite discs D and E, spaced 5/ apart by a seam-
less steel tube. The grid F is made in the form

FIGURE 6

of a helix, and is held in position by allowing
the ends of the longitudinal wires, to which the
turns. of the helix are welded, to pass through
holes in the lavite blocks D and E. The fila-
ment G is mounted between hooks fastened:to
the lavite blocks and is kept taut by the springs
H. Thegrid lead is shown at J, and the filament
leads at K, K. In this tube platinum seals are
used for the lead wires. The use of the springs
H make it necessary to supply the:filament with
current from the opposite end of the assembly
and this is done by passing the current through
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the steel support tube and returning it through
a lead passing through this tube and insulated
from it by a quartz tube.

FIGURE 7

The whole assembly is carried by two supports
B B. These supports are welded to a corrugated
nickel collar A which grips the glass stem C.

The pumping of these tubes at first presented
considerable difficulty, chiefly on account of the
large amount of occluded gas contained by the
metal parts. This caused the time of pumping
of the tube to be very long and a dangerous
warping of the internal structure developed
owing to the fact that during exhaust the tube
elements are maintained at a much higher
temperature than they are subjected to during
normal operation. The trouble was overcome by
heating the various parts of the tube to as high
a temperature as possible in a vacuum furnace,
prior to the final assembly, and thus getting rid
of ‘a large amount of the occluded gases. The
anode was preheated before the glass seal was
made and the whole fillament grid assembly was
preheated just before it was mounted on the
glass stem. The preheating of the parts brought
about an enormous reduction in the time re-
quired for pumping and gave a much mocre
uniform product.

Although successful from the standpoint of
operation, this tube had several undesirable
features that it was thought well to eliminate.
In the first place the welding of the end into the
tube was not particularly desirable, and in
general any troubles that occurred due to leaks
in the metal could be traced to this point. Fur-
ther, in the assembly of the tube there were a
very large number of welds to be made which
constituted points of weakness at the high
temperature necessary for the evacuation of the
tubes. It was, therefore, decided to go to a type
of tube in which the anode would be drawn in one
piece and in which as many welds as possible
would be eliminated in the assembly of the
internal elements. At the same time it was con-
sidered desirable to go to a somewhat larger
type of structure in which high tension insula-
tion could be more easily provided and a larger
tube was, therefore, designed capable of de-
livering 10 k. w. to an antenna at a plate voltage
of 10,000 volts.

FIGURE 8

The final form adopted for this tube is shown
in Figs. 8 and 9.

The anode A is drawn from a piece of sheet
copper and is 9” long and 2’ in diameter.

[19]
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The copper flare B is turned
down to a sharp edge and
a glass bulb C sealed thereto.
The grid and plate assembly is
shown at D. The structure
is supported by four molybde-
num rods, which are threaded
and secured by means of nuts
to the lavite pieces E and F.
The filament is made of 19.5”
of .025 pure tungsten wire
purchased from the General
ElectricCompany andisformed
and secured to two of :the
molybdenum rods at G:and H,
The power consumed in it
during operation is .75 k. w.
It is guided by the hooks ].
The filament leads are shown
at K, K and are led through
the glass by the copper disc
seals L, L. The grid is a
molybdenum helix and is
supported by the molybdenum
rods M which are fixed to the
lavite block E and slide on
the outside of the lavite block
F. The whole structure is
mounted on the flare R by
means of the nickel collar N
and the support rods P.." The
grid lead 1is brought out
through the tube Q. The tube

is completed by sealing together

the flare R and the bulb C.

In this tube all welds except

those in the collar N are eliminated, the
assembly being bolted together. The draw-
ing of the anode does away with the leaks that
were troublesome in.the older tubes and the
manufacture of the tube can be carried out with
certainty.

With this tube as'much as 12 k. w. have been
obtained in an artificial antenna working at
12,000 volts. This power was obtained at a
frequency of 600,000 cycles corresponding to
500 meters wave length. The difficulties of
obtaining this amount of power at this frequency
using a number of smaller tubes in parallel, are
obvious to anyone who is acquainted with the
~problem. On a D. C. test the anode was found

FIGURE 9

to be capable of dissipating 26 k. w. when cooled
with water.

The success which had attended the develop- .
ment- of a tube of this high. power capacity
indicated the possibility of constructing still
larger tubes and it was decided to proceed with
the development of a tube capable of delivering
at least 100 k. w. into an antenna.

The development proceeded with a few minor
alterations along the lines of the smaller tube,
nominally rated at 10 k. w. and the 100- k. w.
tube as now developed is shown in Figs. 10 and
11. The anede which is made of a piece of
seamless copper tubing closed by a copper disc
welded into the end; is 14/ long and 3.5" in
diameter. The filament is of tungsten and is
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.060” in diameter and 63.5"" long. The current
required to heat it is 91 amperes and the power
consumed in it 6 k. w. The filament leads are

FiGurE 10

of copper rod one-eighth of an inch in diameter
and are sealed through 1" copper disc seals. The
grid is of molybdenum and is wound around
three molybdenum supports.

The handling of the parts of this tube during
manufacture presents a task of no mean magni-
tude and numerous fixtures have been devised
to assist in the glass working. It has been
found necessary for instance to suspend the
anode in gimbels during the making of the tube
seal owing to its great weight, and special devices
~“have been made to hold the filament grid
assembly in place while it is being sealed in,
otherwise the strains produced by its weight
cause cracking of the seal.

The significance of this development in the
radio art cannot be overestimated. It makes

COMMUNICATION

available tubes in units so large that only a very
few would be necessary to operate even the
largest radio stations now extant, with all the
attendant flexibility of operation which accom-
panies the use of the vacuum tube.

From the standpoint of wireless telephony the
development of these high power tubes gives us
the possibility of using very much greater
amounts of power than have ever been readily
available before. The filaments in these tubes
have been made so large that the electron
emission from them will easily take care of the
high peak currents accompanying the trans-
mission of modulated power.

The 100 k. w. tube by no means represents the
largest: tube made possible by the present de-
velopment. There is no doubt that if the de-

FiGcure 11

mand should occur for tubes capable of handling
much larger amounts of power they could be
constructed along these same lines.
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A Unique Demonstration of the

Public Address System

EDNESDAY, June 14, 1622, marked

\;s/ an event not only of unusual interest

to the employees of the Hawthorne
Works of the Western Electric Company, but
one which may well be regarded as a milestone
in the progress of the science of speech trans-
mission.

When the president of a huge industrial
concern, seated in his office in one city, ad-
dresses simultaneously 27,000 members of his
organization who are gathered in another city
half-way across the continent, and yet is heard
as distinctly as if face to face with each in-
dividual, it is truly epoch-making.

This was accomplished for the first time in
history when H. B. Thayer, President of the
American Telephone and Telegraph Company,
C. G. DuBois, President of the Western Electric
Company, and F. B. Jewett, a Vice-President
of the Western Electric Company, speaking
from the executive offices on the 26th floor of
the American Telephone and Telegraph Build-
ing at No. 195 Broadway, New York City,
addressed an enthusiastic audience comprising
practically the entire manufacturing force at
the Hawthorne Works in Chicago. This same
gathering, an interesting photograph of which
is shown on pages 24 and 25, was also addressed
by J. C. Nowell, a Vice-President of the Pacific
States Telephone and Telegraph Company,
speaking from San Francisco, California.

This feat was made possible by apparatus
developed during recent-years by the engineers
of the American Telephone and Telegraph and
Western Electric Companies. The apparatus
comprises extremely sensitive microphone trans-
mitters, electrical amplifying equipment em-
ploying vacuum tubes, and loud speaking re-
ceivers of special design mounted on horns for
directing the sound. Thus amplified, the voices
of the speakers, transmitted 1,000 miles over
the regular long-distance telephone circuits,
could be heard by every one of the huge audi-
ence as distinctly as by persons standing beside
them in the New York office.

In reviewing the history of loud speaker
development, it will be apparent that all at-
tempts prior to the coming of the distortionless

amplifier were doomed to failure. It was only
when such an amplifier becameavailable that the
transmitter employedin the loud speaker system
could be chosen on the basis of distortionless
reproduction, rather than on the basis of effi-
ciency of conversion of sound waves into tele-
phone current. The amplifier has made the use
of the distortionless transmitter possible.

However, the problem of the loud speaker
did not lie entirely in the amplifier. After the
telephone current had been generated by the
transmitter and its energy amplified possibly a
thousand million-fold by the amplifier, it was
then necessary to reconvert it back into sound
waves. This required a special receiver asso-
ciated with a proper type of horn representing a
joint development, since a horn attached to a
receiver brings about a marked change in the
operating characteristics of the latter.

The first notable applications of this equip-
ment, which is known as the Public Address
System, were in connection with political con-
ventions held in 1920- at San Francisco and
Chicago. These installations, however, were re-
stricted to enclosed areas and were wholly local
in character, the speakers being in the same
auditorium with the audience. Next came the
use of the equipment for an out-of-doors area
at the inauguration of President Harding on
March 4, 1921, when an audience of 125,000
thronged about the National Capitol at Wash-
ington heard with perfect distinctness the
President’s inaugural address.

As illustrative of the utility and effectiveness
of the Public Address System, when used in
conjunction with the long distance telephone
plant, may be noted the Armistice Day Exer-
cises on November 11, 1921, when President
Harding delivered his oration over the body of
the Unknown American Soldier at Arlington
Cemetery. On that occasion his words were
made audible to an audience of 100,000 gathered
in and about the cemetery and at the same time,
the oration, music and other speeches were
transmitted to New York and San Francisco
over the long distance wires of the American
Telephone and Telegraph Company, and, by
means of other public address systems, were
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made audible to other audiences totalling over
50,000 persons, 15,000 persons in Madison
Square Garden in New York, as many more in
the park adjoining the latter, and 20,000 in
and about the Civic Auditorium in San Fran-
cisco. The audiences in New York, San Fran-
cisco and Arlington Cemetery joined in singing
the National Anthem during the ceremony.
The Hawthorne demonstration, while serving
to indicate a new field for the use of the loud
speaking telephone equipment in connection
with long distance communication lines, also

served to show dramatically  to the 27,000
employees the utility ‘and - excellence - of
apparatus that they themselves had pro-
duced.

By wvirtue of the fact that Public Address
Systems may be used under greatly varying
conditions, such as are encountered in banquet
halls, auditoriums, open-air meetings, railway

FI1GURE I—DMicrophone

terminals or amusement-parks, the design and
manufacturing requirements are extremely ex-
acting. Every part must function so that there
may be.1p distortion, and all of the delicate
801 flections be retained through the various
transformations and amplifications which the
electrical ‘energy undergoes. This may be
noted when" considering: that with maximum
settings the energy delivered to the loud speak-
ing receivers in: the horns may be made 1834
billion times that received over the long distance
telephone wires. - The area over which the sys-
tem is required to operate must be carefully
studied, for if the installation is out of doors,
the sound waves may encounter the walls of
buildings; or, if in an auditorium, in addition
to reaching the ears of the audience, they strike
the walls and floors and are reflected or absorbed,
dependent on the ‘material and shape of the
obstruction.

The Public Address System ccmprises essen-
tially one or more sensitive microphcnes (Figure
1), mounted in a suitable housing with special
supports to insure freedom from mechanical

Frougre 2—Current Supply and Amplifier Equigment
for No. 1 Public Address System

vibration,” which might impair the quality
of the sounds to be transmitted; current
supply apparatus; voice current amplifiers, for
increasing the magnitude of the voice currents
(Figure 2°; cne or more loud speaking projectors

E : [23]
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with ‘their - associated horns (Figure 3); and
suitable circuits and control devices. The voice
current amplifiers are of two types; the first,
which is provided with three stages of amplifica-
tion ‘and suitable control apparatus, receives
and amplifies the weak voice currents obtained
from the microphone circuit; the second, which
is' of the single-stage type, receives the input
current direct from the first amplifier. The
vacuum tubes associated with this second ampli-
fier are connected in the differential, or, as it
1s sometimes called, * push-pull” principle. This
form of connection makes it possible for the
amplifier to deliver a comparatively large amount
of power at voice frequencies without distorting
the complex wave form of the voice currents.
The loud speaking projectors are of the bal-
anced armature type providing great sensitive-

ness and the ability to handle compara-
tively large amounts of voice current energy
without distortion. ~ The projector horns
are of several types, designed to suit the
particular installations for which they are
required.

Suitable control apparatus is provided to per-
mit of regulating the volume of sound emitted
by the loud speaking telephone projectors, for
if the sound is amplified much above that
normally employed by a person speaking or
singing, it will seem unnatural and displeasing
and may be thought distorted, simply because
the hearer is not accustomed to that volume
of speech. The reproduction may, however, be
so accurate as to be indistinguishable from the
original when the volume is weakened by dis-
tance to that of the normal voicee. When
properly adjusted, the sounds heard seem per-
fectly natural and comment has frequently been
made that the loud speaking system is not
working, the greatest surprise being - mani-
fested in these instances by temporarily dis-
connecting the projectors.

To what extent this equipment may
be used in future it would be idle  to
forecast, but the work which has already

been done indicates that this development
has proven a real contribution to the art of
communication.

FiGurE 3 -Typesof Superstructures

(Left) Projectorson wooden superstructure; control room at left
(Center) Projectors concealed by grille work: 3 control room below stand
(Right) Projectors on steel superstructure; control roon: below stand
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Some Notes on Statistics With Special Reference to the

Telephone Business

By S. L. ANDREW
Chief Statistician, American Telephone and Telegraph Company

THE ORIGIN OF STATISTICS

N the popular mind statistics is frequently
looked upon as a science of recent develop-

L ment which deals with uninteresting figures
at its best and with involved mathematical con-
cepts at its worst. Yet the use of crude sta-
tistical methods runs back as far as recorded
history; and probably the evolution of no sub-
ject is more closely interwoven with the needs
and development of peoples than is that of
statistics. The history of statistics through the
past ages is no mere catalog of successive steps
in the development of a scientific basis of record-
ing facts, but rather is a story of persistent
efforts to obtain a working knowledge of the
fundamental elements in the lives of nations—
first, with respect to their population and
material resources and, later, with respect to
their economic and social relationships also.
From the earliest records of organized social and
political communities, the enumeration and
compilation of statistical data has played an
integral and vital part in their existence. The
apportionment of taxes and the organization of
armies were practically impossible without some
degree of statistical information concerning the
resources in materials and man power of the
tribe or nation. One of the earliest known
statistical compilations took place about 3050
B.C. and concerned the collection of data re-
garding the population and wealth of Egypt in
order to make arrangements for the construction
of the pyramids. Both secular and sacred
histery are filled with instances of the taking of
censuses of population in order to determine the
fighting strength of nations and as a basis for
levying taxes. Until the 17th or the 18th
century, however, practically the sole use of
such censuses was to aid the government in its
administrative work or in its military aspirations.

THE BEGINNING OF MODERN STATISTICAL
METHODS

Modern statistics developed from two appar-
ently independent schools of research, one in

Germany which became prominent about the
middle of the 18th century and the other in
England which originated about a century
earlier. Statistics as first used in Germany
applied to lectures or books upon descriptive
political science and was considered as a science
of populations, similar to what is now known
as demography. FEtymologically, ‘“statistics”
means the science of states, and not unti] the
development of the English school of political
arithmetic was statistics looked upon as pri-
marily a study of numerical data.

Interest in statistical compilatiens was aroused
in England during the middle of the 17th
century after the disastrous visitations of the
plague had caused the publication of weekly
reports of the burials, and later the christenings,
in London. In 1622 Captain John Graunt of
London published his ‘“Observations on the Bills
of Mortality " which contained the results of his
observation and measurement of the births and
deaths in London and is one of the first recorded
analytical studies of a strictly statistical nature.
This field of study was at that time called
“Political Arithmetic,” but by the early part of
the 19th century it had largely absorbed the
descriptive political science school in Germany,
from which it took over the term ‘‘statistics.”

The first journal of the Royal Statistical
Society, which was founded in London in 1834,
defined statistics as ‘' the ascertaining and bring-
ing together of those facts which are calculated
to illustrate the condition and prospects of
society.” Further expansion in the scope and
meaning of statistics took place at this period,
and from the name of a science or art of state-
description by numerical methods the word was
transferred to those figures with which it oper-
ated. When this occurred, the term soon lost its
peculiar application to data concerning the state
and was used in referring to any collection of
numerical data, covering psychology, biology
and other sciences, as well as political economy.

Thus statistics in modern usage has come to
mean primarily a methed or tool by means of
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which numerical data in any field may be
analyzed and interpreted. In its development
statistics has, of course, borrowed very largely
from the older science of mathematics. Using
processes largely mathematical in character,
the student of statistical methods formulates the
rules of procedure for handling groups of data,
and the specialists in various fields of knowledge
apply these rules to their own particular prob-
lems.

THE APPLICATION OF STATISTICS
TO BUSINESS

But while statistics has had a long and dis-
tinguished career in the service of public ad-
ministration and private scientific research, it is
true that the application of statistical methods
of analysis to business data is a development of
recent origin. This is because business ad-
ministration itself has only recently taken on the
aspects of a distinct science, with the process of
evolution from small individual enterprises to
large corporate organizations which has been
coincident with the growth and improvement of
transportation and communication. Moreover,
the use of statistical methods in business has been
facilitated by the recent progress in the invention
and manufacture of mechanical labor-saving
devices which have made it possible to under-
take much statistical work which was formerly
prohibitive from the standpoint of both cost and
time. The increase in legislation affecting busi-
ness has also served to stimulate the expansion of
statistical work in industry. So long as business
was conducted by small units, each with a
limited market, there was a tendency to regard
statistical work as an unnecessary luxury; but
with the development of business as a science,
statistical analysis is destined to play the same
vital part in business administration as it has in
the progress of other sciences. Indeed, the
progress made in business statistics in the last
few years has been so pronounced that “sta-
tistical control”’ is rapidly becoming an actuality
in many lines.

BuUsINEss StaTIsTICS DEFINED

To make clear the scope and character of that
branch of statistics which has come to be called
business statistics, it is perhaps advisable to
attempt briefly to define ‘‘statistics” as it
commonly applies to business administration.

The man in the street losks upon statistics as
the systematic  collectien; ' classification and
tabulation of numerical facts, and hisidea of a
statistician is a man who knows how many males
of foreign parentage, hetween the ages of twenty
and thirty, are employed in mining occupations
in the State of Nevada. The mere scientific
person probably thinks of statistics as a methad
mathematical in its ‘operatien, in which nu-
merical data are analyzed through complex
calculations of averages, units and the like.

The business statistician: himself, however,
thinks of his work as the: collecting, classifying
and interpreting of ascertained facts—including
facts not subject to numerical statement—
primarily with the aim of disclosing some further
and hitherto unascertained facts. He thinks of
his duties as those of assembling and selecting
data, analyzing and combining them, and pre-
senting and explaining them in such a way that
they tell much more than they do in their
primary, unrelated form. The opportunity for
work of this character obviously pervades-all
branches of any business organization. More-
over, the field for such statistical work is not con-
fined merely to the analysis and interpretation
of internal operating and financial data, but
includes the study of  general  business and
economic conditions and the influence of these
conditions upon the individual business. '

THE DEVELOPMENT OF TELEPHONE
ACCOUNTING

In considering the progress already made in
the field of @ statistical analysis of business
operations, it should be remembered that
accounting work is to a large extent the basis of
statistics and that the introduction of scientific
accounting methodsis itself a comparatively
recent development. - This applies to the tele-
phone WBusiness as well as to other lines of
industry.

While the telephone was invented forty-five
years ago, only for the past fifteen years or so has
the telephone been a widespread public service.
During this period the first work was naturally
the erection of an adequate accounting system
to show the financial condition of the business.
It was necessary to set up-refined methods for
the separation of capital and income, the proper
treatment of depreciation, etc. Practically all
available time was devoted to the development
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of uniform accounts and standard reports, cor-
rect plant and maintenance accounting, suitable
records of departmental expenditures and forms
of accounts for general publication. Along with
all this, careful plans have been worked out for
extending the use of accounts by administrative
officefts, placing in the hands of responsible
officials accounts practically arranged as work-
ing tools for everyday use. In the Bell System
most of this work has been accomplished during
the past fifteen years, a period within which the
number: of company-owned. telephone stations
has increased from two:millions to nine millions.

THE FIELD FOR STATISTICAL ANALYSIS
OF INTERNAL TELEPHONE DATA

Under such circumstances it would be sur-
prising if the work of statistical analysis had
progressed to the same degree as the accounting
work. Development of the business has gone

statistical personnel. Thus, at the present time,
the Bell System is in possession of an admirable
accounting system and a conprehensive set of

—but has not advanced so far in the development
and application of methods of statistical analysis.
The magnitude of the business has made neces-
sary such a voluminous mass of records and re-
ports that many useful facts as to past conditions
now - lie: buried,  while *significant - elements of
current operations are frequently subordinated.
It seems apparent;. therefore, that we have
reached the point where there is not so pressing a
need to extend and’ sensitize the accounting
system as a- whole as there is need to proceed
further with the scanning, sifting and inter-
preting of results now shown by the accounts and
operating records, and the presentation of the
significant facts, trends, ratios and units through
appropriate graphical and other statistical forms.
Even as close cooperation has been established
between the Accounting Department and other
Departments in the working up of accounting
data, in like measure close cooperation can
profitably be established between the Depart-
ments in the work of statistical analysis. Itisa
matter of general concern that all accounts are
under proper check so that figures finally lodged
in the balance sheet are absolutely correct ac-
cording to the accounting instructions; should
not equal care be taken that all accounts and

operating records are subjected to suitable and
adequate statistical analysis not merely as to the
correctness of the figures, but as to the sig-
nificance and interpretation of the figures?
While the accounts show very definitely what
has happened, statistical work is designed to
show, from an analysis of operating as well as
accounting data, exactly where it has happened,
why it has happened, and who or what is re-
sponsible.

THE INFLUENCE OF EXTERNAL FORCES

As already indicated, the field of husiness
statistics is by no'means limited to the analysis
of internal financial and operating records: One
of the fundamental characteristics of present-day
industrial organization:is the instability of busi-
ness activity. This instability is manifested in
individual businesses and in musiness as a whole.
Business may be improving or it may be growing
werse, -but it is never static. Because they
directly or indirectly affect profits, these fluctua-
tions in business activity are of paramount
interest to: the businéss man; and their accurate
megsurement-and-analysis through the applica-
tion of scientific ‘statistical methods: is conse-
quently a matter of prime importance.  This
applies to the telephone as well as to other
business, even though: the telephone business is
one of relative stability as compared with busi-
ness in general.

Perhaps the most common form of analysis of
business data is the comparison of crude data for
a ‘current month with corresponding figures
either fer the preceding month or for the same
month of the preceding year, or for hoth. How-
ever, direct comparisons of business (lata either
as between different months or periods of the
same year, or as between the same month or
periads of different years, are in most cases liable
to give rise to more or less misleading con-
clusions, because of the presence in the crude
data of the effect of two influences: namely,
seasonal variation (which affects the accuracy of
the comparison in the first case) and normal
growth or long-time trend (which affects the
accuracy of the comparison in the second case).

As an illustration of this point, take an ex-
ample applicable to the telephone business.
Suppose, for instance, that the number of
originating local calls in a certain exchange area
during the month of August is reported as 3%

[29]
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less than the number in the preceding menth of
July, but 59 greater than the number in the
month of August of the preceding year. This
compariscn of August with the preceding July
does not necessarily indicate unfavorable traffic
conditions or results in August; indeed, since
local traffic in that month is usually less than
that in July as a result of the effect of normal
seasonal influences, the fact that the decrease in
August as compared with July is only 3% may
even indicate an improvement in conditions.
In the comparison of August with the same
month of the preceding year, the element of
seasonal variation is largely eliminated but no
allowance is made for the element of normal
growth. Thus, the fact that local traftic is 59
greater than in the same month of the preceding
year does not necessarily indicate that the
volume of traffic is as great as it ought to be.
If the normal annual growth in local traffic
in the exchange area in question happened to
be in excess of 5%, the traffic results in the
current August would be unfavorablerather than
favorable.

THE STATISTICAL MEASUREMENT OF
EXTERNAL FORCES

Therefore, in dealing with business data in
which the influences of long-time trend and
seasonal variation are present, accurate con-
clusions can generally be reached only if the
effects of these influences are eliminated.

In recent years, however, a statistical method
has been developed whereby the effect of these
influences can be removed, the method being one
which has been carefully tested both in the
analysis of general business data and in the
analysis of statistics of the telephone business.
The accompanying chart shows the result of the
application of the method to local traffic in a
certain telephone exchange area.

After the effects of seasonal variation and long-
time trend have been eliminated from any series
of business data, the corrected figures will
usually be characterized by a broad wave-like
movement similar in general form, though of
different amplitude, to the cyclical swings of
business activity through its alternate periods of
prosperity and depression. In the case of tele-

phone data, the comparison of figures analyzed
by this method (where applicable) with ex-
ternal indices of general business, similarly
analyzed, will permit proper conclusions to be
drawn as to whether the current movements
reflected by the telephone figures are reasonable

~and-satisfactory in the light of general business

conditions, or whether they indicate the existence
of some abnormal condition which warrants
examination from an administrative stand-
point. The establishment of a consistent rela-
tionship, or correlation, between two or more
analyzed series of telephone figures will also
prove serviceable for administrative purposes,
since the development of inconsistencies in these
relationships will also generally indicate the
presence of some condition warranting ad-
ministrative investigation.

STATISTICAL AID IN FORECASTS

Not only is accurate analysis of past and
present performance serviceable for admin-
istrative purposes and necessary for proper con-
clusions as to the real trend of current move-
ments, but the measurement of the elements of
long-time growth and seasonal variation by the
statistical methcd above mentioned affords, it is
believed, an improved basis for forecasts, espe-
cially forecastsin which it is necessary to allow for
the effect of general business conditions. The
normal trend of long-timegrowthmay be projected
into the future and, where forecasts by months
are desired, the projected annual trend may be
translated into monthly figures in accordance
with the normal seasonal variation. Such a pro-
jection, if limited to a period not more than five
years in advance, should prove in the case of
most series of telephone statistics to provide a
substantially accurate forecast of future trends
in so far as these elements are concerned. If,
furthermore, a fairly consistent relationship can
be shown to have existed in the past between a
given telephaone series and some index of outside
business conditions, a still more accurate fore-
cast can be provided by modifying the figures
indicated by the projected normal to allow for
the influence of the probable future course of
business conditions.
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Rehabilitation of the Antwerp Factory
By J. S. WRIGHT

Managing Director, Béll Telephone Manufacturing Company, Antwerp

UBJECTED to all the disturbances which
could be expected to result from its loca-
tion in a territory held by a hostile in-

vading force, with manufacture abandoned for
a period of over four years, its perscnnel dis-
banded, records Icst or destroyed, stock of piece
parts and raw material . depleted, lahoratory
equipment, machinery and: furniture scattered
throughout other countries, our Antwerp fac-
tory’s return to normal operating conditions did
not, in 1918, appear as the most promising of
possibilities. In slightly more than three years,
however, a period during which the world has
undergone the most  violent of. business up-
heavals, the factory has regained its pre-war
position as' one. of the largest -and: most pro-
gressive of the telephcne manufacturing estab-
lishments of Europe.

On November 14, 1918, starting: with but
little more than an empty factory building, and
that not in the best of repair, a force of fifty of
our pre-war workmen was organized:: They
began. to clean and repair the factory; taking
proper care of the war material which had been
left by the invaders and inventorying such of our
property as remained, so that by June, 1919,
there were 750 people employed and at the end
of that year 1,500. k k

Machines to the amount of fifty per cent. of
the pre-war capacity of the plant had previously
been ordered from America and began to arrive
in January, 1919. The task of installing them
began immediately, but it proved to l:e a difficult
one because of our inability to obtain shafting,
belting and other material in anything like the
quantities required. Entirely new sources of
supply had to be sought out and on account of
the tremendous world demand, deliveries were
slow ‘and the quality of the needed equipment
unsatisfactory. k

Immediately after the return of the Belgian
Government to Brussels in November, 1918, a
special--commission: was organized, called the
“Service Belge de Restitution Industrielle;’
whose business it was to trace and assist in the
return: of - all. material  requisitioned. by the
Germans.  Offices of  the' Commission were

established ‘at Brussels, Wiesbaden and Berlin.
The German records were taken over by the
Commission and as soon asa demand was made
by any Belgian concern for the return of re-
quisitioned material, these records were ex-
amined-and an attempt was made to locate and
return the material toits rightful owners. - Dele-
gates of the Commission also visited the principal
German: factories and wherever. machinery was
found which was unidoubtedly. of Belgian owner-
ship; it ‘was immediately returned to Belgium
without waiting for its rightful owner to demand
it.. “As soon as'it arrived in-Belgium all firms
that had made claims for requisitioned ma-
chinery were notified, and upon the producticn
of satisfactory evidence of ownership, they were
allowed to take immediate possession of their
property:

The  Belgian: Commission was efficient to a
with the French Commission,; we were also able
to get back machinery, motors, etc:, which had
been installed in the German zone of occupation
in France. Of 550 machines which had been
requisitioned we received back 466, the re-
mainder being either destroved or found un-
serviceable.

Steam turbines are not generally ¢onsidered as
‘mobile!’ equipment; yet witness the trans-
continental journeyings of our principal prime
mover. Transported from Antwerp to the
midst of a forest one hundred miles east of
Warsaw, where it had been used in connection
with a wood alcohol plant, it was personally
conducted to its former location by an old em-
ployee of the factory, the transfer having been
effected but two weeks in advance of the in-
vasion of the forest by the Bolshevik Army.

Among the first steps undertaken was the
organization of a force of installers to put in
working  order the telephone exchanges in

é

unserviceable condition.
Immediately after the armistice a Jobbing

Bepartinent was organized to handle emergency
orders and to give us the satistaction that comes
from the knowledge that one is producing some-
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thing. ~ The output of this little shop amounted
to only: Frs. 1£60 during January, 1919, but by
the end of that year we were turning out work
at the rate of Frs. 150,000 per month. As fast
as machines were installed they were put in
operation and steadily our production continued
to increase until in December, 1621, it reached
a figure of Frs. 2,700,000 per month.

Buring this period the machine tools which
remained: were inspected and it was found that
there was hardly a piece of apparatus of our
manufacture for which the tools were complete.
Building ‘up our force was one of our chief
problems, and this question of toolmakers was
one of its most difficult phases. Only a few were
to be found in the country on account of emigra-
tion or army service; and it became necessary for
us, with what skilled men we could find, to train
apprentices for ‘this work.

By no means the least of our problems was
that ef straightening out our books. The
official records of the Company “were left in
Antwerp and during the war no entries were
made. Temperary books were kept in London
and The Hague, but neither set was complete on
account of the difficulty, and oftentimes the
impossibility ‘of communicating with Antwerp.
Only one of our pre-war bookkeepers, and he the
youngest of our staff, returned after the armistice.
The head of our Voucher Department was still
in the Army so that the problem was to complete
the records and unravel the knots that had
accumulated during the four years that Antwerp
had been occupied. This work involved a sum-
mary. of more than 4,000 items which had not
been included in the accounts before our cash

and bank accounts agreed with the funds on
hand. Unaudited pre-war purchases had to be
checked and accounts receivable investigated, so
that it was not until June, 1919, that we were
able to close our books for the war period, and
it was not until the end of that year that we felt
entitled to boast that the plant was again run-
ning normally.

It had been a long, hard struggle against
continual difficulties, and there were times when
those of us who were watching the situation most
closely could see little or no progress. Without
the able assistance rendered by our Allied Com-
panies in America and abroad our task would
have been insurmountable. Our very valuable
assocjation with these Companies, however, has
made it possible to place our factory on a pre-
war producing basis, as well as to undertake the
manufacture of the new types of apparatus de-
veloped during the period of the war and there-
after.

A visitor at Antwerp today can see little or no
signs of the intense bombardment to which the -
city was subjected for forty-eight hours in 1914,
and the people whom he meets do not talk of the
war. We have taken our inspiration from the
city and the visitor to our works today takes
away with him the picture of a fine modern
plant, with 2,800 loyal, industrious employees,
all of whom are contributing to the development,
manufacture and distribution of our products
for the upbuilding and the improvement of
telephone facilities in many of the principal
countries of Europe. To our people the war is
a memory. Their faces are turned toward the
future.
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Analysis of the Energy Distribution in Speech’

By 1. B. CRANDALL, Ph.D., and D. MACKENZIE, Ph.D.
Department of Physical Research, Western Electric Company

SyNopsis: The frequency distribution of energy in
speech has been determined for six speakers, four
men and two women, for a 50-syllable sentence of
connected speech, and also for a list of 50 dis-
connected syllables. The speech was received by
a condenser transmitter whose voltage output,
amplified 3,000 fold, was impressed on the grids
of twin single stage amplifiers. The unmodified
output of one of these amplifiers was measured by
a thermocouple and was a known function of the
total energy received by the transmitter, correc-
tions being made for the slight Variation with
frequency of the response of the circuit. The
output of the other amplifier was limited by a
series resonant circuit to a narrow band of fre-
quencies, the energy in this band being measured
by a second thermocouple. The damping of the
resonant circuit was so chosen that sufficient
resolving power and sufficient energy sensitive-
ness were obtained over the range from 75 to
5,000cycles per second; and 23 frequency settings
were made to cover this range. For each syllable
simultaneous readings were recorded on the two
thermocouples at each frequency setting. The
consecutive syllables were pronounced deliber-
ately by each speaker, maintaining as nearly as
possible the normal modulation of the voice.
Corrections were applied to offset the unavoidable
variations in total energy incidental to repetition
of a given syllable. 13,800 observations were
made for all speakers. The energy distribution
curves obtained are essentially the same for con-
nected as for disconnected speech, and indicate
that differences between individuals are more
important than variations due to the particular
test material chosen. A composite curve drawn
from the individual curves shows a great concen-
tration of speech energy in the low frequencies,
a result which would not be expected from data
previously published by others. The actual re-
sults contamn a factor due to standing waves
between the speaker’s mouth and the transmitter,
a complication always present in te]ephomng,
this could not be eliminated.

The rate of energy output in speech for the
normally modulated voice, was determined from
the readings for total energy and was found to be
about 125 ergs per second.

N the study of speech and its reproduction
by mechanical apparatus it is necessary to
| consider its composition from several differ-
ent points of view. We desire first of all to know
the actual frequency distribution of the total
energy in speech, as well as the separate dis-
tributions for each individual sound. We also
desire to know the apparent distribution of
energy, that is, the distribution as perceived
by the ear. Finally, we wish to know the im-
portance of each frequency, that is, the contri-
! Reprinted from The Physical Review, N.S., Vol. XIX.
No. 3, March, 1922.

2"7‘The Composltlon of Speech,’’ Phys. Rev., X, p. 74,
191

bution to ‘“‘articulation” or ‘“quality” in the
exact reproduction of speech which can be
traced to the energy of each elementary band of
frequencies in the speech range. In all three
cases certain frequency functions are used to
represent these distributions. The advantage of
considering these different frequency distribu-
tion functions separately has already been in-
dicated by one of the present writers.?

In our judgment the most important of these
data of speech study is the actual energy distri-
bution, considering speech as ‘‘a continuous flow
of distributed energy,” in accordance with the
ideas expressed in the earlier paper. The present
paper offers a determination of this fundamental
factor.

To determine the energy distribution in speech
to a high degree of accuracy it would be desir-
able to analyze a certain amount of connected
speech and take a time average of the energy dis-
tribution of the whole. This is not feasible at
the present time, but a very close approach to
this result has been made. The method consists
in analyzing the speech waves as impressed on ' a
condenser transmitter, using a tuned circuit to
transmit narrow frequency bands of energy and
pronouncing the separate syllables of the con-
nected speech so slowly that the kick of a direct
current galvanometer connected to an A. C.
thermocouple can be separately read for each
syllable. Using a suitable calibration for the
whole apparatus, the magnitude of this kick can
be interpreted in terms of the time integral of
the energy at a particular frequency setting for
each syllable. A mean of the readings for all
the syllables in the ‘“‘speech’ at any frequency
setting gives the relative energy at that fre-
quency.

The present method is a modification of an
earlier method in which approximate analyses of
speech sounds were made, using a condenser
transmitter, tuned circuit, an amplifying-rectify-
ing circuit, and ballistic galvanometer. The
method is, however, much improved as we now
have very accurately calibrated condenser trans-
mitters of better design, and a great deal of
care has been taken to calibrate the successive
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elentents of the train of apparatus, and increase
the resolving power.

EXPERIMENTAL PROCEDURE

Sound waves emitted from the mouth of the
speaker are allowed to fall upon the diaphragm
of ‘a condenser transmitter, connected in the
conventional manner to the input of a three-
stage amplifier. The output of this is impressed
upon the input circuits of twin single stage
amplifiers, potentiometers being interposed to
permit regulation of the grid voltages of the twin
amplifier tubes.

The output circuits of the fourth stage consist
of the high windings of two step down ironclad
transformers. These step down transformers
have a voltage ratio of 11:1 and are designed
to work between impedances of 6,000 and 50
ohms. The low impedance winding of one of
these transformers operates into a thermocouple
heater of, roughly, 40 ohms resistance. The low
side of the other transformer operates through a
tuned circuit into a similar thermocouple heater.

TN oreaLE

THREE STAGE AMPUMIER FIAGE AMPLIFIER

Zosn
o

CONDEMNOER TRAMNGMITTER

o]

Fig. 1—Circuit Used for the Analysis of Speech. (The
Usual Details of the Three-Stage Amplifier Are Not Shown)

The diagram of Fig. 1 exhibits the essential
features of the electrical circuits just described.

When the diaphragm of the condenser trans-
mitter is set in vibration by speech a current
made up of a range of frequencies flows in the
heater of thermocouple I., while the heater of
thermocouple II. is traversed only by such a
band of frequencies as the resonant circuit
allows. Fig. 2 shows a number of typical
resonance curves obtained in the course of
calibrating this apparatus. These curves are
such that the tuned circuit functions as a filter
transmitter only a narrow region of frequencies.
One side of the twin amplifier transmits the
entire electrical response of the system; the
other side suppresses all save a band of fre-

|
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Fig. 2—Resonance Curves Showing the Resolving Power
of Apparatus

quencies, the center of this band being shifted
by resetting the condenser and inductometer,

Having chesen for analysis a piece of con-
nected discourse, the speaker utters the suc-
cessive syllables separately but as nearly as
may be with the same inflection and volume as
if the syllables were continuously spoken. Two
observers record the readings of microam-
meters in the couple circuits of the thermo-
couples. One of these instruments gives a de-
flection corresponding to the total energy of the
syllable uttered; the deflection of the other
instrument corresponds to the energy of the
syllable lying within the limits of transmission
of the tuned circuit.

Preliminary experiments were carried out to
determine the relation between momentary
deflection read on the microammeter, and the
current momentarily flowing in the thermo-
couple heater. Currents of different values
were caused to flow for intervals of time varying
from 0.2 second to 1.2 seconds, and the deflec-
tions were found nearly proportional to the
product of current squared and time interval;
this proportionality was most nearly exact when
the current was weak and the time intervals
short. For all cases likely to be duplicated in
the speech analysis work the error might be
taken as about 5 per cent, a quantity small in
comparison with the inevitable uncertainties
due to other causes.

Quite low damping is attained in the resonant
circuit. The values of inductance used ranged
from 0.20 to 0.66 henry and the total resistance
of the circuit—transformer winding, inductom-
eter coil, thermocouple heater—is of the order
of 100 ohms. The damping thus ranges from
75 to 250.
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The circuit is calibrated in the following
manner:

A switch is so introduced that it is possible to
include in series with the thermocouple the
resonant circuit, or replace it by a non-inductive
resistance whose value is approximately-that of
the A. C. resistance of the inductometer wind-
ing. With the tuned circuit excluded, an alter-
nating current of suitable magnitude is caused to
flow in the thermocouple heater; the tuned
circuit is then substituted and the new value of
the current observed, the input voltage remain-
ing constant. The ratio of current squared
“tuned circuit in’’ to current squared ‘‘tuned
circuit out” is plotted against frequency, yield-
ing a curve for energy transmission.

Twenty-three bands in all were considered
adequate for the analysis of energy distribution
in speech; the centers of these were at 75, 100,
200, 300 cycles, 400 to 3,200 cycles by steps of
200; 3,500, 4,000, 4,500, 5,000 cycles per
second. Beyond 5,000 cycles per second, the
energy is so low as to be impossible of measure-
ment with the apparatus used. A Weston Type
322 microammeter recorded the couple current
for the tuned circuit side of the twin single stage
amplifier. With this instrument and the thermo-
couple used, 0.2 microampere in the couple
circuit corresponds to one-quarter of a milli-
ampere in the heater, and this is the lowest
readable deflection of the Weston instrument.

REDUCTION OF OBSERVATIONS

Three corrections have to be made, the first
being the correction for varying volume.

Simultaneous observations are made, at each
setting of the tuned circuit, of the filtered and
the unfiltered energy of each syllable. It is not
possible to utter a given syllable with the same
intensity and at the same distance from the
transmitter for every one of twenty-three times.
Accordingly, the ‘ unfiltered’ readings are
averaged and each of the filtered readings for
each syllable reduced from the value actually
observed to the value that would have been
read had the volume and distance been such as
to give the average ‘* unfiltered "’ reading. This
procedure is quite legitimate if it be granted
possible to maintain a definite composition of the
syllable in question throughout the changes of
the tuned circuit setting.

A second correction was made for the varying
area of tuned circuit curves.

—
=

RELATNE. ENERGY
L

™
I( i\

\——/\_,_

FREQUEMNGQY
Fig. 3—Illustrating Correction of Observations, Neces-
sary Because of Variatien in Resolving Power with Fre-
quency Setting

In Fig. 3 let S(f) be the speech spectrum
determined by ideal methods; ““ R’ the trans-
mission curve: of the tuned circuit, set for a
resonant frequency f.  An ideal transmission
curve would be a rectangle when plotted in this
figure, of height ‘“k’" and transmission range
Af.

The true amount of energy S(f) associated
termined value which we may call (Sf) are con-
nected by the relation

~ ~ f+Af ~ ~ ~
1S(f)af = [ SCR(S)df
and if we make

s = [ RO

we may take for all practical purposes S(f) =
S(f), considering the narrowness of the trans-
mission range.. We ‘must therefore find the
factor hAf, proportional to the area of each
tuned circuit curve and divide the energy re-
ceived through the filtered side by AAf, in order
to obtain S(f). This treatment may be gone
through for each syllable individually, but it is
more convenient to sum the tuned circuit read-
ings for all the syllables used, corrected one at a
time for varying volume, and then apply the
curve area correction to this sum.
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A third correction was made for the varying
frequency-sensitivity of the whole apparatus.
Thus far we have discussed only the electrical
energy in the output circuit of the feurth stage.
1t remains to show in what way this is related
to the mechanical energy of the diaphragm,
and this in turn to the incident sound energy.

The calibration of the circuit as a whole was
made by introducing a small resistance carrying
alternating current in series with the condenser
transmitter, thus introducing a known potential
drop in the undisturbed input mesh of the circuit.

An amplification curve is appended (4,
Fig. 4) which gives to an arbitrary scale the ratio
of volts output to volts input as a function of
frequency, for the system as actually operated.
The calibration of the condenser transmitter
shown in Fig. 4, Curve C, gives the open circuit
voltage of the transmitter per unit pressure on
the diaphragm as a function of frequency. The
product of these curves is the volts output per
unit alternating pressure on the diaphragm, and
the square of this product, curve E is propor-
tional to the electrical energy output per unit
sound energy incident on the diaphragm, if we
assume that the sound energy is proportional
to the square of the alternating pressure. This
point, however, requires some further discussion,
which will be given later on.

It is plain from curve E that the response of
the system is a maximum of frequencies in the
neighborhood of 2,250 cycles. If, now, the
observations already corrected for varying vaol-
ume and for area of resonance curves, are sub-
jected to further correction for the exaggera-
tion of these frequencies, it is possible to draw a
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Fig.' 4—Energy-Frequency Characteristics of the Ap-
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Fig. 5—Analysis of Individual Voices

curve which shall exhibit the mean square of the
excess pressure on the diaphragm, as a function
of frequency in the voice exciting the vibration.
We obtain this corrected curve by dividing the
results, after the first and second corrections
above have been made, by the ordinates of
curve E.

- OBSERVATIONS

In order to investigate the possibilities of this
method it was decided to work with a rather
short piece of connected speech, and to use a
limited number of observers, on account of the
large number of observations which are re-
quired for each separate syllable. With six
speakers (four men and two women) each pro-
nouncing the test sentence of fifty syllables for
each of the twenty-three frequency settings,
6,900 separate observations were required. It is
believed that representative results have been
obtained from thése observations, but if this is
not the case then some method of graphical
registration of the energy-time curve of speech
for the different frequency settings must be
applied in order to handle the vast amount of
data involved in work on an appreciably larger
scale.

The test sentence used was as follows:

**Quate four score and seven years ago our fathers brought
forth on this continent, a nice new nation, conceived in
liberty, and dedicated to the proposition that all men are
created equal.” )

The two talicized words were added to the
first sentence of the “ Gettysburg Address’ in
order to bring the total up to fifty syllables, and
improve the balance between the vowel sounds.

(371
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The resulting speech-energy curves are shown

in Figs. 5, 6 and 7, plotted so that f ¢ S (f) df =
1 in each case. In Fig. 5 the individual curves
for each of the six speakers are shown on a small

R V= 7S]
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.
b
i \\

\,
\j\&&

Fig. 6—Energy Distribution: Composite Curves of Male
and Female Voices

4000 000

scale; in Fig. 6 the composite curve for the
men and the composite curve for the women,
drawn separately, and in Fig. 7 the composite
curve for all six speakers, giving the data of
curvgs 64 and 6B equal weight.
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Fig. 7—Energy Distribution: Composite Curve for All
Voices

These curves are very similar to a curve ob-
tained by Dr. Fletcher of this laboratory; using

block filters and based on the simple calling
sentence ‘““ Now we're off on one.”  A-general
consideration of this fact and of the data shown
leads us to believe that the differences between
curves of this sort; made by the method de-
scribed, are due rather more to differences be-
tween the voices of the individual speakers
than to the particular piece of connected speech
which is chosen, provided the speech is of reason-
able length. The differences between the differ-
ent voices are so marked that we should expect
them to remain even though we used as: test
material a connected speech ten or fifty times
as long as the sentence used.

THE ENERGY DISTRIBUTION IN' SPEECH

An interesting comparison may : be made
between the curves shown for the energy: dis-
tribution of ‘‘continuous speech!' and certain
speculative curves  previously constructed to
indicate the energy distribution;  One of these
curves is shown in Fig. 8. Curve 4 was con-
structed by one of the writers in 1916 in an
attempt to synthesize the energy curve from the
energy distributions of the vowel sounds, using
the vowel analyses of Dr. Dayton €. Miller.
Curve C is the composite * continuous speech’’
curve of Fig: 7.. The vewel sounds analyzed by

bo:
/5({4#"1& BESP s sis
©

1>

== Sa0a
FREGOENCY:

Fig. 8—Energy Distribution: 4. Synthesized from Vowel

Records of D: C. Miller (1916). B. Disconnected Speech

Analysis of this Paper. €. Connected Speech Analysis
of this Paper (from Fig. 7)

Miller ‘were intened and the vowel sounds
analyzed by us were spoken, but Miller’s work
seemed to shew that there was no essential
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difference between intoned and spoken vowel
sounds. - There is, however, a very noticeable
difference between Curve 4 and Curve C, the
energy in the fundamental tone of the speaker’s
voice coming out much more strongly in Curve
€. We should expect that our improved ap-
paratus would record the energy in the lower
frequencies more correctly than the apparatus
heretofere used but as we used different test
imaterial (connected speech instead of discon-
nected syllables or vowel sounds) it is not im-
mediately evident which of these two factors is
responsible for the differences between the 4
and the C curves.

In order to investigate ‘this point more fully
the testing routine for-all six speakers was re-

tence, the fifty disconnected syllables of one of
the standard articuldtion testing lists, as used by
Dr. Eletcher in this laboratory. The results for
energy distribution are shown in Fig. 9; Curve 4
being the mean energy distribution fer the four
male speakers, using the syllables; while Curve
B is the mean energy distribution of the two
female speakers. Curves 94 and 9B may be
compared with Curves 64 and 68 which repre-
sent the sentence of continuous speech. The
two sets-of curves are essentially the same as
shown in Fig. 8, C and B being respectively the
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Fig. 9—Energy Distribution in Disconnected Speech

composite curves for all speakers, using con-
nected and disconnected speech.

Such small differences as exist between
Curves € and B of Fig. 8 may probably be due
to-differences in the distribution of the vowel
sounds in the connected and disconnected test

material. This distribution is given in the fol-
lowing table:

VowelSounds |a |[a|ad|e|[&|ér|1|1|0]5|6]|ulidou|Total
InSentence .. ..[6|6|3[7[3[3|7|2|2|5[3|0|2|1] 50
In Syllabic List (No.|

174). ... $(3 (434343143443 50

Key to Vowel Sounds: a, as in father (or o as in top)
3, as in tape
4, as in tap
e, as in ten
€, as in team
ér, as in term
i, as in tip

i, asin time
0, as in ton
8, as in tone
6, as in for
u, as in pull
@, as in rule

ou, as in house

The similarity between Curves € and B of
Fig. 8 is evidence of the general reliability of the
method, and leads to two rather important
conclusions.

In the first place, characteristic results have
been obtained for a given set of speakers, using
two different types of test materials. This
seems to show that the choice of test material
does not require especial consideration, pro-
vided it is of sufficient length. It seems to be a
matter of rather greater importance to increase
the number of observers.

In the second place, it seems that for the actual
energy distribution, the results previously ob-
tained from the vowel analyses are definitely
in error, in that they show relatively little energy
associated with the lower voice frequencies.

CRITICISM OF THE RESULTS

The foregoing treatment provides a curve
showing the frequency distribution of the square
of the excess pressure on the diaphragm.

In an undisturbed field of sound energy we
have for the intensity

P2
200

in which p is the mean density of the medium,
a the velocity of sound in the medium and P the
maximum excess pressure. '

It remains for us to consider in how far the
results obtained represent the frequency dis-
tribution of sound energy in speech.

Due to the fact that at frequencies where the

*sound wave-length is short and comparable
" with the diameter of the transmitter, consid-

erable reflection takes place, and the pressure
on the diaphragm is proportionately greater
for these frequencies than for those which are
not accompanied by strong reflection. In this
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The Nature of Speech and Its Interpretation’
By HARVEY FLETCHER, Ph.D.

Department of Transmission Research, Western Electric Company

INTRODUCTION

ARIOUS phases of this subject have re-

ceived serious study by phoneticians,

otologists, and physicists. On account of
its universal interest, it has received attention
from men in many branches of science. In
spite of the large amount of time devoted to the
subject, the progress in understanding its funda-
mental aspects has been rather slow. At the
present time the physical properties which
differentiate the wvarious fundamental speech
sounds are understood in only a very frag-
mentary way. Some very interesting and pains-
taking work has been done on the physical
analysis of vowel sounds, but the results to date
are far from conclusive. Although several
theories have been advanced to explain the
way in which the ear interprets sound waves,
they are still in the controversial stage.

The material which is presented here is the
result.of an investigation which has been carried
on in the Research Laboratories of the American
Telephone and Telegraph Company and Western
Electric Company during the past few years.

To make a quantitative study of speech and
hearing it is necessary. to obtain the speech
sounds at varying degrees of loudness and with
definitely known amounts of distortion. The
main reason why so few real results have been
obtained in the investigation of speech sounds is
due to the fact that it is extremely difficult to
change the volume and distortion of these
sounds by acoustic means. Due to recent de-
velopments in the electrical transmission of
speech it is possible to produce the equivalent
of these changes by electrical means. For this
purpose a telephone systemwas constructed which
reproduced speech with practically no distortion.
It was arranged so that by means of distortion-
less attenuators the volume of reproduced speech
could be varied through a very wide range, and
so that by introducing various kinds of electrical
_ apparatus the transmitted speech wave could be
distorted in definitely known ways.

! Presented at a meeting of the Electrical Section of
the Eranklin Institute, held Thursday, March 30, 1922.
Reprinted from the Journal of the Franklin Institute for
June, 1922,

A method was developed for measuring
quantitatively the ability of the ear to interpret
the transmitted speech sounds under different
conditions, of distortion and loudness. By
choosing these conditions properly, considerable
information was gained concerning both speech
and hearing. This indirect method of attack
has a distinct advantage for engineering pur-
poses, in that it measures directly the thing of
most interest, namely, the degrading effect upon
telephone conversation of introducing electrical
distortion into the transmission circuit. How-
ever, the application of the results is not limited
to this particular field.

METHOD OF M EASURING THE (QUALITY
OF SPEECH

Briefly stated the method consists in pro-
nouncing detached speech sounds into the trans-
mitting end of the system and having observers
write the sounds which they hear at the receiving
end. The comparison of the called sounds with
those observed shows the number and kinds of
errors which are made. The per cent of the total
sounds spoken which are correctly received-is
called the articulation of the system.

TABLE I.
Classification of the Speech Sounds.

Pure Vowels

6 (tatk)

o {tan)

Combinational and Transitional Vowels
w—y=—ou-—1i-
Serhi-vowels
I~
Stop Consonants
Voiced
b

d t
i ch - tongue against hard palate
k ng tongue against soft palate

Nasalized
m lip against lip
n tongue against teeth

Unvoiced Formation of Stop

g
Fricative Consonants
Voiced Unvoiced Formatian of Air Qutlet
v f lip to teeth
z s teeth to teeth
th (then) th (thin) tongue to teeth
zh (azure) sh tongue to hard palate
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respect again the higher frequencies provoke the
greater response in the system.

The following experiment was tried to investi-
gate this variation. A wall six feet square, with
a central hole to fit over the condenser trans-
mitter, was brought up to make the transmitter
a part of a plane wall. The clearance around the
periphery of the transmitter was tightly closed,
and reflection was to be expected at all fre-
quencies. Where total reflection takes place, a
given quantity of sound energy results in twice
the alternating pressure on the diaphragm as
when no reflection occurs. That is, the resulting
electrical energy observed should be four times
as great for total reflection as for no reflection.
The wall was expected to cause reflection at all
frequencies, and the experiment consisted in
reading the electrical response, with and without
the wall, the condenser transmitter being ex-
posed to tones of frequencies from 200 to 10,000
cycles per second under definite adjustments of
the supply circuit of a receiver producing this
tone. When the frequency is low, little reflec-
tion takes place from the transmitter standing
alone, and bringing up the wall should cause a
great increase in the response of the system. At
high frequencies the transmitter should reflect
nearly as much alone as when part of a large
wall, and the readings with and without the wall
should be nearly equal. Plotting ratio of re-
sponse without, to response with the wall was
expected to yield a curve which could be used
tomake the final reduction of electrical output to
incident sound energy, and so permit a more
accurate determination of the spectrum of sound
energy of the voice.

No consistent results were obtained after
several trials and the experiment was aban-

doned. The failure is doubtless to be ascribed to
standing waves, the character of which is very:
sensitive to the location in the room of the
transmitter and the wall. This experiment is to
be repeated under more favorable conditions
when standing waves can be eliminated.

Thus, the curves finally obtained show no more
than the frequency distribution of energy in
speech in terms of the mechanical energy of a
more or less ideal transmitter diaphragm. How-
ever, this information has its value because in
any given configuration of transmitter, speaker,
and room, there is a definite correspondence
between the sound energy of the voice and the
force acting on the diaphragm on which it falls,
and in telephony at any rate it is this action on
the diaphragm with which we are immediately
concerned.

“In conclusion we may give a determination of
the total energy rate of speech, obtained as a
by-product of the preceding investigation.
Knowing the calibration of the system in abso-
lute units, it is possible to determine the alter-
nating pressure on the condenser transmitter
diaphragm exposed to continuous speech from
the normally modulated voice under the condi-
tions of the experiment. Using the mean of the
values obtained with 9 observers we find for the
alternating pressure 11.3 dynes per sq. cm.
(r.m.s.) for a distance of 2.5 cm. from mouth to
diaphragm. This corresponds to an energy flow
of 3.2 ergs per sq. cm. per second. Assuming
that this energy flow is distributed uniformly
over a hemisphere of 2.5 cm. radius, we may
take 125 ergs per second as the total sound
energy flow from the lips with the normally
modulated voice.
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In order to understand the construction of the
articulation lists and also to interpret the results
of this investigation, I desire to give here a brief
classification of the speech sounds, which is
based upon the position of the various speech
organs when the sounds are being produced.
It is shown in the accompanying table
(TableI).

The pure vowels are arranged in the vowel
triangle, which is familiar to phoneticians.
Starting with the sound @ the lips are rounded
and there is formed a single resonant cavity in
the front part of the mouth. Passing along the
left side of the triangle from @ to a the mouth
is gradually opened with the tongue lowered to
form the successive vowels. Going along the
right side of the triangle from a to €, the tongue
is gradually raised to the front part of the mouth
forming two resonant chambers in the mouth
cavity. An infinite number of different shadings
of these vowels may be produced by placing the
mouth in the various intermediate positions,
but the ones which are shown were chosen as
being the most distinct.

The sounds w, y, ou, 1 and h are classed as
combinational and transitional vowels. As the
mouth is placed in the position to say i and then
suddenly changed so as to form any other vowel
in the triangle, the result obtained is signified
in writing by placing the letter w before the
vowel. In a similar way we get the effect
usually designated by y if the position of the
vowel suddenly changes from € to any other
vowel. An infinite variety of dipthongs can be
formed by changing the position of the mouth
necessary to form one vowel to that to form
another without interrupting the voice. The
most distinct and principal ones used in our
language are formed by passing from the sound
a to either extreme corner of the triangle and are
known as ou and i. When a vowel commences
a syllable it is formed by suddenly opening the
glottis, permitting the air, which has been held
in the lungs, to escape into the mouth, which is
formed for the proper vowel. If the glottis
remains open and the vowel is started by the
sudden contraction of the lungs, we have the
effect which is represented in writing by placing
an h before the vowel. The sounds | and r are
called semi-vowels because the voice train is
partially interrupted, although the sound can be
continued. The stop and fricative consonants

-[42]

are classified in a manner which is familiar to
phoneticians.

It will be noticed that the markings are not
those used in the international phonetic alphabet
which were entirely too complicated for practical
use. Only the bar and accent stroke are used.
These can be written quickly and with little
chance of error. k

In order to pronounce these speech sounds
properly, they must be combined into syllables.
For the purpose of this investigation they were
combined into mono-syllables of the simple types
consonant-vowel, vowel-consonant, and con-
sonant-vowel-consonant.

To eliminate memory effects every possible
combination of the sounds into these types of
syllables was used unless there was a gcod reason
for excluding it. The complete list contained
8700 syllables. For convenience of testing these
syllables were divided into groups of fifty. Each
group contained the same kind and number of
syllable forms and an equal number of each of
the fundamental vowel and consonant sounds.

TasLE II.
Speech-sound Testing List. List No. 160

Speech-sound Key-word Speech-sound Key-word
1 ha ho(t} 26 gob go+b
2 ha hay 27 shol shoal
3 wi walg) 28 ros, rus(t)
4 wi wi(th) 29 jod jul(g)+d
5 vou VoW 30 bok buck
6 ar air 31 zik z+(d)ike
7 ez e(bb)+z 32 bich buy+ch
8 ash you+sh 33 kith ki(te}+th
9 an on 34 git gui(de)+t
10 id (hid 35 yif y+if
1 jouv jow(ly+v 36 sin sin
12 moush mou(nd)+sh 37 térm, term
13 rour r+our 38 mérl m+earl
14 ziith z+(s)oothe 39 pérv p+(njerve
15 his who+s 40 vét v+eat
16 chush ch+(pjush 41 el b4eel
17 juny i+ (Hoolt)+m 42 zef zelal)+f
18 thup th+(sjoo(t)+p 43 weng whe(n)+ng
19 fuch. foolt)+ch 44 kew ktev(er)
20 wong; wa(ll)4+ng 45 hang hang
21 chdth chaflk)+th 46 pig p+irag
22 5 tal)+j 47 vas v+ace
23 kog k+aug(ery 48 dap d+ape
24 fon (telé)phone 49 vang ¢ yalcht)tng
25 dos dose: 50 fan [ I4on

To illustrate: the technique of articulation
testing a sample list is given in Table II. In
phonetic form. A key-word showing how each
syllable is pronounced is given in the second
column. These syllables were written on cards
which:were shuffled each time befere they were
used, so that the order in which they were pro-
nounced was entirely haphazard. One hundred
and seventy-four: similar lists kwefre, used in this
work. In order to eliminaté personal peculiari-
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ties, several callers and observers were used.
In Table III are shown the results obtained by
an observer when this list was transmitted over
a system which eliminated all frequencies above
1250 cycles per second.

TasBLE IV

Summar:’ Sheet — Average Errors above 2 o

TRANSMISSION BRANCH .
ARTICULATION TEST ANALYSIS SHEET

TITLE OF T#ST... 326341

GONDITION TESTEDAuor. Lass Fiiter =125¢ " Averoge of
MATE.__Lo£2226 Atforualion « S sopars  WPSERVERS &~
15T Nos_ domn CALERS- 2

TEST Newo o
gy N SOUNDS RECORDED AS B
TasLE III. Ba T Ts 4 e|ejali]ilo]oe[u]s am|["™"
H | T
; TRANSMISSION BRANCH ;V:T!;;UM,”M a l |10z I J _ ) 154
ARTICULATION TEST RECORDING SHEET 0 % E i ‘ oz
TITLE OF TEST__J203 11 . I
e _pogagg TN TSI Lo Baas Sltae 260" o e 4] ee| | o] |
:lx:r-r::.__:,v“: — CALLER____ 4. € D. . 724 23 ‘ { ‘ 100 e
Neo. OBSERVED CALLED ERRORS No. OBSERVED CALLED ERRORS & z9
3 tan term :-:: % Zip Th up ?;‘ e 3z 308 2744 ‘ 3¢ |38 ‘ 4oy
2] zi7 3 it i K ko'd l‘g’;,__,fﬂ-'; ] ) N _ - ‘
4 NG wa' a'-a L] tish chush o U P B
2 dap P 2 fang i CEL] I\ — ‘7 42
s g5 b T 0 &t zalh thet - B "‘
s gt | re || rer | e o3 o |= i i ik
1] mal mr] er-a | %4 i et Lt 3.8
: thia LB L = jo’\c} 7777'71(1,5 A=f 54 : Zz icz
2l.zip zik | . k-p Rl sad dod o-a -
L L 7 r ot ‘ i
i0 ‘;’OMV e 35 ta f; & - 15 u ﬁ( 48 . B 34 6
Nlgat. o fogde  fost 81 id o 3 J 28 el
2] theu veid. .| .xz1h Y1 _ha [P D 1 T i [ —E —
|2 | bip | bich chog B | fan o o \ P | S,
| hang_ | T 2 kath | choth | et i
5| g rounsh s a0 Four e Total numbet ol:ounds catled. Letter 72z
| dich | dss 2 el an s Total number of ertors. Word Asticulation__$1.2____
v “ | hok e Yo o -
. . [ N Y e
19| kis i th thes bl ' : a-o 5 it Averame Errcrs choe S
N ),. 5 e 4 07:h i rh il Summary Sheln Lol wwen” 0 07
- = e T ”5/ 4 th ARTICULATION TEST ANALYSIS SHEET
2| weng [ wd ng L. L <
= ) Vol . - i By es ::ks | FIILE OF TEST...._320
L £ = 1 — NDITION TESTED_{.
8| thich Fuch T s | zet zef oz - st
B wif i £ oinssrted | ¥ lan. V/ - )
8 z sonps SOUNDS RECORDED AS. s
p.is £z — Sl sbal - Y s v a1 g :  Trgl ol x) e abitlt by [ &
e ‘ ] oo |z
@ 1 EREE PR < &
The correct word is written opposite all of the ot : -
syllables which were recorded incorrectly. The : : ] s
errors for each of the fundamental sounds were : - o
1 g L l2:
taken from this original sheet and recorded on v . o
an analysis sheet as shown in Table IV; for - -
example, it will be noticed that p was recorded : : |
58 ! n
as k 24.4 per cent, as p 45 per cent, and as t RS - -
22.2 per cent of the times called. On the other : < " ,
hand, the sound w was only recorded incor- - = TR —
rectly 1 per cent of the times called. & a [l ]
. . . ! e AEE -
For this system the consonant articulation . - T ]
was 65.8 and the vowel articulation 83.4. u | | ‘
. T o BN \ SET

DESCRIPTION OF THE SYSTEM FOR REPRODUCING
SPEECH SOUNDS

The telephone system used in this investiga-
tion is probably more nearly perfect than any
other which has yet been built. Its essential
elements are a condenser transmitter to receive
the speech waves and transform them into the
electrical form, an amplifier for magnifying the

Ko of times each sound is called
Total number of scunds called___
Total number of ersors,
Corsomant Articulation

Letter Articulation __T2

Word 40 &

intensity of the electrical speech currents, an
attenuator for controlling the intensity, an
equalizing network, and a receiver for delivering
the speech to the ear. A schematic arrangement
of the circuit is shown in Fig. 1.

[43]

www americanradiohistorv com


www.americanradiohistory.com

ELECTRICAL

COMMUNICATION

High QUG//}}/ Telephone System

e Equalizing
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210 Volts 240 Volts

F1G. 1.—High Quality Telephone System

A detailed description of the construction and
operation of the condenser transmitter has been
given by Crandall and Wente and published
in the Physical Review.! It is simply an air
condenser, one of its plates being a flexible
metal diaphragm.

A five-stage vacuum tube amplifier was used.
Particular care was taken in coupling the stages
together, so that the amplifier was practically
free from frequency distortion.

The attenuator consisted of a potentiometer
arrangement which could reduce the amplitude
of the speech waves to approximately one-
millionth of their maximum values.

The equalizing network was an arrangement
of resistances, condensers and inductance coils
having a frequency selectivity which was the
complement of that of the rest of the system.

The telephone receiver was a bipolar type
having a special construction which was designed
to broaden the range of frequency response.

The reproducing efficiency of the system from

§
22 High Quality System
I3 o |
o == SEm
0
&
Se
SmEN i
4 REVIA IE
% / TN =
VY EENAVAYY ~/
3 35 T >
%0 Sensitivity of @ Normal Ear- N
g
<
%
S
&
N Frequency
400 800 4200 /600 2000, 2400 2800 3200 3600 4000
Fi6. 2.

! Crandall, Phys. Rev., June, 1918; Wente, Phys. Rev.,
July, 1917.

2 Fletcher and Wegel, Proc. Nat. Acad. Science, Vol. 8,
No. 1, pp. 5-6, Jan., 1922.

the mouth of the speaker to the ear of the
listener for each frequency is shown in Fig. 2.

The pitch or frequency of the tone is given on
the X axis. The ordinates represent amplitude
ratios or the number of times the amplitude of
the tone reaching the ear was greater than that
which entered the transmitter. It will be seen
that this high quality system has practically a
uniform response for all frequencies throughout
the speech range.

In order that its uniformity may be appre-
ciated, a comparison curve is given. This curve
shows the deviation in the sensitivity of a typical

_individual ear from the average sensitivity of a

large number of ears. The ordinates represent

Fi1G. 3.

the ratio of amplitudes at the various pitches
which was necessary to bring the tone to the
threshold of audibility. It is evident that this
deviation is much larger than the departure of
the high quality circuit from uniformity.

To show that this particular individual’s
curve is typical, the curves for both ears of 20
women are given in Fig. 3. For convenience
these curves are plotted on logarithmic paper.
If an arithmetic scale is used, all of the curves
below the mean are crowded together in the
small space between zero and one, and all those
above the mean are stretched out from one to
infinity. By using a logarithmic plot a sym-
metrical distribution is obtained. The method
of obtaining these ear sensitivity curves was
fully described in a recent paper ? given before
the Natural Academy of Sciences.

It is interesting to note that they indicate
that each individual has a hearing character-
istic which is quite different from other in-
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ties. At all intensities, the sounds th, f and v
are the most difficult. Z, h and s become very
difficult at weak volumes. The sounds i, ou,
er and 6 are missed less than 10 per cent of the
time, even with ‘““very weak” intensity. At
“average’’ volumes there are only three sounds
more difficult than e while at ‘“‘very weak”
volumes there are 23 sounds more difficult. At
very weak volumes 1, which is the easiest sound
at "average’ volumes, is missed three times as
often as e.

We will now pass to a consideration of the
effect of distortion upon the articulation of the
sounds.

DESCRIPTION OF ELECTRICAL FILTERS USED
TO PRODUCE DISTORTION

In order to investigate distortion we would
like to be able to take the train of speech waves
going from the mouth to the ear and operate
upon it in various ways such as eliminating
frequencies in certain regions without marring
or disturbing other frequencies.” For example, if
all frequencies above 1000 were eliminated, it
would be possible to determine what intelligibil-
ity is carried by this range of frequencies.

Fortunately one of the recent electrical in-
ventions is admirably adapted for this purpose,
namely, the electrical wave filter invented by

Low Pass Filter

High Pass Filter

T ‘;l ft [ ',__J 1 JH T

L |

Fic. 6.

Dr. G. A. Campbell. This device was used
extensively in this investigation.

The schematic circuit diagrams of the two
types of filters which were used are given in
Fig. 6.

This arrangement of coils and condensers
produces an electrical conductor with the un-
usual properties that it transmits without ap-
preciab]eVdiminution in amplitude any fre-

quency between certain: limits-and reduces the
amplitude of all frequencies outside these limits
to less than 1/1008 of theit original value.” By
varying the numerical values of the inductances
and capacities this transmitted range can be
placed at any desired positien.In thearrange-
ment which was used in the investigation these
coils and condensers were housed in two boxes.
The switching mechanism was arranged so that
by turning a dial the condensers and coils were
mitted different frequency bands.

In Fig. 7 are shown the transmission properties
of the low pass filter when the dial is set to
transmit frequencies from 0 to1500. It is
seen that for frequencies below 1400 the ampli-
tudes of the transmitted tones are always greater
than .8 of their initial values, while for frequen-
cies above 1500 the amplitudes are decreased to

Frequency Characteristics of O-1500 Filter
G 7 T
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less than .001 of their: initial values. - These
electrical ' filters were connécted into the high
quality circuit between the third and fourth
stages of the amplifier as indicated in Fig. 1.
This combination formed a system which would
pick up a complex sound wave and transmit
faithfully to the ear those component frequencies
in-any desired region and eliminate all other
frequenciesf.

RESULTS OF ARTICULATION TESTS wirH
FIiTER SYSTEMS

Articulation tests were made with these filter
systems ‘and .the results analyzed as described
above.  In Fig. 8 the syllable articulation results
are shown in graphical form. The ordinates for
the solid curves represent the per cent of the

[46]
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articulation syllables called into the system
which were correctly recorded at the observing
end. The abscissas represent the so-called ‘‘cut-
off” frequency of the filter. For example, on the
curve labelled ‘Articulation L' the point
(1000, 40) means that a system which transmits
only frequencies below 1000 cycles per second
has a syllable articulation of 40 per cent. Simi-
larly on the curve labelled “Articulation H"' the
point (1000, 86) means that a system which
transmits only frequencies above 1000 cycles
per second has a syllable articulation of 86 per
cent. The dotted curves show the per cent of
the total speech energy which is transmitted
through the filter systems used in the articula-
tion tests. These curves are derived from the
results of Crandall and MacKenzie which were
recently published.?

It will be seen that although the fundamental
cord tones with their first few harmonies carry
a large portion of the speech energy, they carry
practically none of the speech articulation. A
filter system which eliminates all frequencies
below 500 cycles per second eliminates 60 per
cent of the energy in speech, but only reduces the
articulation 2 per cent. A system which elimi-
nates frequencies above 1500 cycles per second
eliminates only 10 per cent of the speech energy,
but reduces the articulation 35 per cent. A

'
Effect upon the Articulation and the Epergy of Speech {
of Eliminating Certain Frequency Regions

w0 Z000
Freguency

Fi1c. 8.

system which eliminates all frequencies above
3000 cycles per second has as low a value for
the articulation as one which eliminates all
frequencies below 1000 cycles per second. This
last statement may appear rather astonishing
since it is contrary to the popular notion of the
relative importance of various, voice frequencies
from an interpretation standpoint.
¥ See preceding paper.

The two solid curves intersect on the 1550 cycle
abscissa and at 65 per cent articulation, which
shows that using only frequencies above or
frequencies below 1550 cycles an articulation of
65 per cent will be obtained. The two dotted
curves necessarily intersect at 50 per cent.

The curves in Fig. 9 show how the articula-
tion of some of the fundamental speech sounds
was affected by eliminating certain frequency
regions. The ordinate gives the number of
times the sound was written correctly per 100

T g 300 a8 el
ot oA Fosquency

F16. 9.

times called. As in Fig. 8 the left hand curve
shows the effect of eliminating all frequencies
below and the right hand curve the effect of
eliminating all frequencies above the frequency
specified by the abscissa.

These nine speech sounds were chosen as
representing three important classes. It is seen
that the long vowels € | and 1 can be trans-
mitted with an error of less than 3 per cent
when using either half of the range of frequencies.
When using either frequencies from 0 to 1700
or from 1700 to infinity, & was interpreted cor-
rectly 98 per cent of the time. Similarly 1 was
interpreted correctly 97 per cent of the time
when using either the range from 0 to 1000 or
1000 to infinity, and 1 96 per cent of the time
when using either the range from 0 to 1350 or
from 1350 to infinity. The short vowels, u, o
and e are seen to have important characteristics
carried by frequencies below 1000. More than
a 20 per cent error is made on any of these three
sounds when frequencies below 1000 are elimi-
nated. The elimination of frequencies above
2000 produces almost no effect.

The fricative consonants s, z and th are seen
to be affected very differently from those in the
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other two classes. These sounds are very
definitely affected when frequencies above 5000
are eliminated. The sounds s and z are not
affected by the elimination frequencies below
1500. It is principally due to these three sounds
that the syllable articulation is reduced from
98 per cent to 82 per cent when frequencies
above 2500 cycles are eliminated.

CONCLUSION

In conclusion then we see that the intensity
of undistorted speech which is received by the
ear can be varied from 100 times greater to one-
millionth less than the initial speech intensity
without noticeably affecting its interpretation.
The intensity must be reduced to one-ten-
billionth of that initial speech intensity to reach
the threshold of audibility for the average ear.
Also it is seen that any apparatus designed to
reproduce speech and preserve all of its char-
acteristic qualities must transmit frequencies
from 100 to above 5000 cycles with approxi-
mately the same efficiency. Although most of
the energy in speech is carried by frequencies

below 1000, the essential characteristics which
determine its interpretation are carried mostly
by frequencies above 1000 cycles. In ordinary
conversation the sounds th, f and v are the most
difficult to hear and are responsible for 50 per
cent of the mistakes of interpretation. The
characteristics of these sounds are carried
principally by the very high frequencies.

It is evident that progress in the knowledge of
speech and hearing has a great human interest.
It will greatly aid the linguists, the actors, and
the medical specialists. It may lead to im-
proved devices which will alleviate the handi-
caps of deaf and dumb persons. Furthermore
this knowledge will be of great importance to
the telephone engineer, and since the telephone
is so universally used, any improvement in its
quality will be for the public good.

These humanitarian and utilitarian motives as
well as the pure scientific interest have already
attracted a number of scientists to this field.
Now that new and powerful tools are available,
it is expected that in the near future more will
be led to pursue research along those lines.
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