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Reprints from History of Computing Science and
Signal Processing

Historical studies about a scientific discipline is a sign of its matu-
rity. When properly understood and carried out, this kind of studies are
more than enumeration of facts or giving credit to particular important
researchers. It is more discovering and tracing the way of thinking that
have lead to important discoveries. In this respect, it is interesting and also
important to recall publications where for the first time some important
concepts, theories, methods, and algorithms have been introduced.

In every branch of science there are some important results published in
national or local journals or other publications that have been no broadly
distributed for different reasons, due to which they often remain unknown
to the research community and therefore are rarely referenced. Sometimes,
importance of such discoveries is overlooked or underestimated even by the
inventors themselves. Such inventions are often re-discovered long after, but
their initial sources remain almost forgotten, and mostly remain sporadi-
cally recalled and mentioned within quite limited circles of experts. This
is especially often the case with publications in other languages than the
English language which presently dominates the scientific world.

This series of publications is aimed at reprinting and, when appropriate,
also translating some less known or almost forgotten, but important publi-
cations, where some concepts, methods or algorithms have been discussed
for the first time or introduced independently on other related works.

R.S. Stankowvié, J.T. Astola
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On the Contributions by Akira Nakashima to
Switching Theory

Abstract

The present issue of Reprints from the FEarly Days of Information
Sciences discusses research work of Akira Nakashima and his associate
Masao Hanzawa on Switching Theory. It presents translations in En-
glish of sixz papers by A. Nakashima and three papers coauthored with
Masao Hanzawa and highlights the impact of this work to the research
at the time in this area.
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Three kinds of spelling, Nakashima, Nakasima and Nakajima appear
in his English papers. Two kind of Chinese characters, EF IIJ,% and I:F' :%
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1 Switching Theory

Switching theory and logic design, viewed as practical applications of it,
provide mathematical foundations and tools for digital system design that
is an essential part in the research and development in almost all areas of
modern technology. The vast complexity of modern digital systems implies
that they can only be handled by computer aided design tools that are
built on sophisticated mathematical models. Development and exploiting
in their entire power of such methods is possible if based upon their deep
understanding and proper interpretations. In this respect, study of roots
and origins of these basic concepts, as well as the way of their introducing
to solve particular problems, is of an essential importance.

The Boolean algebra occupies a central role in switching theory, and was
a vehicle to transfer circuit design from art and experience into a scientific
discipline. Therefore, related basic concepts will be briefly presented in the
following section.

1.1 Boolean algebra

Algebra of logic, also called symbolic logic, is a method to express logic in
a mathematical context. Instead of deling with numeric quantities as in
ordinary algebra, it is used to represent the truth value of statement by
assigning logic symbols 0 and 1 to two possible truth values false and true.

It has been derived by George J. Boole in order to permit an algebraic
manipulation of logic statements and, therefore, is often called the Boolean
algebra. It is useful in study of information theory, set theory, probability
theory, and represents the basis of switching theory, which is the aspect that
will be primarily discussed in this paper.

The Boolean algebra can be defined as follows.

Definition 1 Consider a set B of at least two distinct elements 0 and 1.
Assume that there are defined two binary operations V and - and the unary
operation — on B, usually called logic disjunction (OR), conjunction (AND)
and negation (NOT ).

An algebraic system (B,V,-,—,0,1) is a Boolean algebra if for any a,b,c €
B the following axioms are satisfied

13



1. Idempotence aVa=a,a-a=a,

2. Comutativity aVb=bVa,a-b=>b-a,

3. Associativity aV(bVe)=(aVb) Ve,
a-(b-c)=(a-b)-c,

4. Absorption aV(a-b)=a,a-(aVb)=a,

5. Distributivity aV(b-c)=(aVb)- (aVec),
a-(bve)=(a-b)V(a-c),

6.  Involutivity a=a,

7. Complement aVa=1,a-a=0,

8. Identity aVO0=a,a-1=a,

9. aVli=1,a-0=0,

10. De Morgan Laws (aVb)=a-b,a-b=aVb.

The postulates 2, 5, 7, and 8 are called the Huntington postulates [5], and
are sufficient to specify a Boolean algebra, since the remaining six postulates
can be derived from them.

Some of these and related results in Boolean algebra have been indepen-
dently discovered by Akira Nakashima and Masao Hanzawa, as it can be
seen in reprinted papers (see, for instance, discussions at pages 49, 53, 104,
105, 107, and elsewhere else).

14



2 Work of Akira Nakashima in Theory of Logic
Networks Design

Akira Nakashima graduated at the Tokyo University, and worked as an engi-
neer at Nippon FElectric Company (NEC) (Nippon Denki Kabushiki Gaisha)
among other task also on the design of relay networks for various purposes.

Nakashima first did an extensive analysis of many case studies of re-
lay networks trying to formulate a unified design theory for such networks.
He considered impedances of relay contacts as two-valued variables, and
used logic OR and AN D operations to represent their series and parallel
connections, respectively. Due to that, he formulated a related theory of
relay networks by introducing and exploiting some algebraic relations that
are a basis of switching theory. For instance, he defined the rules that are
nowadays called De Morgan duality expressions (see, for instance, page 59).
These results, Nakashima presented without using a symbolic notation in a
series of articles in the monthly journal of Nippon Electric Company (NEC)
(Nichiden Geppo, in English Nippon Electric - NEC Technical Journal) (see
pages 30 to 43) entitled Theory and Practice of Relay Engineering [9]. The
Telegraph and Telephone Society of Japan engaged Nakashima to give an
invited talk at the annual meeting of this society early in 1935. This three
hours long talk has been afterward published in [6], [7] (pages 46-57).

In 1936, Nakashima was transferred to transmission engineering, how-
ever, being advised to continue this research by Yasujiro Niwa, the Chief
Engineer of NEC at that time, and by Yasujiro Shimazu (see page 106), he
continued the work after regular office working time with the help of Masao
Hanzawa, who remained in the exchange engineering team. This research
work by Nakashima has been interrupted when, at the beginning of the Sec-
ond World War, Nakashima has been again transferred this time to work on
radar and wireless communication engineering.

In a joint work with Masao Hanzawa, the theory of Nakashima was
elaborated by using also symbolic representations and finally evolved into
an algebraic structure, for which Nakashima concluded in August 1938 that
it is actually equal to the Boolean algebra.

Notice that papers by Nakashima and also these with Hanzawa, have first
been published in Japanese in The Journal of the Institute of Telephone and
Telegraph Engineers of Japan and The Journal of the Institute of Electrical
Communication Engineers ', and then latter translated in a reduced from

The Institute of Telephone and Telegraph Engineers of Japan was established in May
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and published in Nippon Electrical Communication Engineering (page 81).

In [9], which has been published in Japanese in August 1937, the algebra
introduced by Nakashima and elaborated in cooperation with Hanzawa was
reduced to an algebra of sets by assigning to each partial path a set of times
at which its impedance is infinite. In that way, the author was able to
state that ”theorems and expressions developed in the theory of sets may,
therefore, be applied to acting impedance problems of simple partial paths”,
see the corresponding remark in [1].

For instance, in [10] it is noticed the following correspondence between
the algebra of logic and circuits. If A and B are two-terminal circuits, which
are called simple partial paths by the authors, then A+ B and A-B correspond
to their serial and parallel connections, respectively. The equation A = B
states that acting functions of A and B are equal, meaning that A is open
(closed) when B is open (closed). Similarly, A denotes a simple partial
path that is closed when A is open and vice versa. Two simple partial pats
that are always closed or open are denoted by p and s, respectively. In
the terminology used by the authors, such path have and infinite and zero
impedance, respectively.

With this notation (see Fig. 1), that is quite similar to that by Shannon
and other authors, Nakashima and Hanzawa defined an algebra which as
they realized in 1938 is identical to the Boolean algebra.

X A A
a—e s b I
A= A=0
X Y X+Y A B

—e oo o—=—0 o— , \_ A4B

_[:i:]_ e 4@} AB

Shannon Nakashima

Figure 1: Notation and symbols used by Shannon and Nakashima.

1917. In January 1937 the institute name was changed to the Institute of Electrical Com-
munication Engineers (IECE) of Japan. In May 1967 it was renamed again as the Institute
of Electronics and Communication Engineers (IECE) of Japan. In January 1987 it was
reorganized to have four societies and changed the name to the Institute of Electronics,
Information and Communication Engineers (IEICE) of Japan.
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In particular, the authors noticed that their expansion theorem is actu-
ally the same what the Boole calls the law of development.

In [11], that has been published in Japanese in August 1937, the author
is pointing out the links between his algebra and the algebra of sets, which
therefore can be used in discussing problems related to simple partial paths
and impedances in them [2].

In [12], the authors for the first time refer explicitly to Boole and Schréder.

At page 169, we show the first page of a paper by Shigetoshi Okada
arising some questions and providing some comments related to the results
by A. Nakashima and M. Hanzawa published in Japanese in 1940. (See
reprinted papers 8 and 9). This paper was published in Journal of the
Institute of Electrical Communication Engineers of Japan in November 1940.
At page 177, we show the first page of the paper presenting answers provided
by A. Nakashima and M. Hanzawa in the same issue.

In the contemporary research at the time, references to the work by
Nakashima are given by C.E. Shannon [17], H. Piesch [14], and O. Pleshl
and A. Dushek [15]. At pages 181 to 186 we show the first pages of related
papers, as well as the pages where the references to the work by Nakashima
and Nakashima and Hanzawa are given.

At pages 187 and 188 we present the review of the work by Nakashima
and Nakashima and Hanzawa written by Alonso Church, while his review of
the work by Hannsi Piesch is presented at page 189.

Recently, the contributions to the switching theory by Nakashima and
Nakashima and Hanzawa, are highlighted and favorably reported in few
publications. For example, in [19], and [20], the work by Nakashima [8] has
been estimated as the first systematic study of logic circuits. It is especially
emphasized the expansion theorem of impedance function [13] of relay circuit
and the design theory of two-terminal relay circuits in 1940.

In [4], the work by Nakashima and Hanzawa was favorably reviewed and
summarized. (See pages 190-193).

In [21], it is explicitly stated that Akira Nakashima published the first
paper on switching theory in the World referring to his paper in 1935. A
detailed analysis of the work by A. Nakashima is presented in [22].

In Japan, the work by Nakashima has been continued by Kan-ichi Ohashi,
Mochinori Goto [3], Yasuo Komamiya, T. Kojima, and later by many oth-
ers, see for example, [16], chapter entitled Switching Theory in Japan. The
related discussion including the references is reprinted at pages 194-199.

17
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1938, 459-466.
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12. Nakashima, A., Hanzawa, M., ”Expansion theorem and design of two-
terminal relay networks (Part 1)”, Journal of the Institute of Electrical Com-
munication Engineers of Japan, No. 206, May 1940. Condensed English ver-
sion in Nippon Electrical Communication Engineering, No. 24, April 1941,
203-210.

13. Nakashima, A., Hanzawa, M., ”Expansion theorem and design of two-
terminal relay networks (Part 2)”, Journal of the Institute of Electrical Com-
munication Engineers of Japan, No. 209, August 1940. Condensed English
version in Nippon Electrical Communication Engineering, No. 26, October
1941, 53-57.

14. Nakashima, A., "Theory of relay circuit”, Journal of the Institute of
Electrical Communication Engineers of Japan, No. 220, March 1941, 9-12.
No English translation of this paper.

This is a kind of short tutorial. The first and the second page of
this tutorial are shown at pages 57 and 59. This page contains
basic postulates and theorems in the Boolean algebra. The first
reference in this paper is in Japanese, and other three are

1. Boole, G., An Investigation of the Laws of Thought, Lon-
don, 1854.

2. Schroder, E., Vorlesungen iber die Algebra der Logik, 1890.
3. Couturat, L., The Algebra of Logic, 1914.

15. Nakashima, A., "Theory of relay circuit”, Journal of the Institute of
Electrical Communication Engineers of Japan, No. 220, July 1941, 397-406.
No English translation of this paper.

This is the speech delivered by Akira Nakashima at the general
assembly of the IECEJ on 26th April 1941. It covers his major
research results. The first and the third page of this paper are
reprinted at pages 65 and 67. At the third page of this paper we
see a table with basic postulates and theorems in the Boolean
algebra. Besides references as in the item 14, Nakashima has
mentioned the Journal of Symbolic Logic, 1936.
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In item 12, there are references to the work by Boole and Schroder men-
tioned above. In item 13, there is a reference to the work

Bernstein, B.A., ”Postulate for Boolean algebra involving the operation of
complete disjunction”, Annals of Mathematics, Vol. 37, No. 2, April 1936,
317-325.

In 1940, Nakashima published the following paper

Nakashima, A., ”Current status of wired communication technologies in
the United States”, Journal of the Institute of Electrical Communication
Engineers of Japan, August, 1940, 477-484 (in Japanese).

The paper is the transcription of the speech of Akira Nakashima
at the IECE lecture meeting on June 19, 1940, which is a trip
report to the US. The contents is about wired communication
technologies in general. (See pages 58 and 59).

Maybe the last publication of Nakashima is the following:

Nakashima, A., ”Reminiscences of the Switching Network Theory”, Jour-
nal of the Institute of Electronics and Communication Engineers of Japan,
December 1970, 1658-1661.

This is a history of Nakashima’s researching on switching theory.
It includes the brief description about his visit to Bell Labs and
the meeting with Claude Shannon at AIEE Winter Convention.
He passed away on the 29th October 1970. Therefore this article
was published after his death.

First page of this paper is shown at page 75.
The condolence on Nakashima’s death was written by Zen-iti Kiyasu, Kan-
ichi Ohhashi and Yasujiro Shimazu (to whom Nakashima wrote an acknowl-

edge in his second paper, see page 120) and was published in the the Institute
of Electronics and Communication Engineers, Vol. 54, No. 3, March 1971.

First page of the condolence is shown at page 79.
The following table with an analysis of the work by A. Nakashima is reprinted

from Yamada, A., ”History of research on switching theory in Japan”, IEEJ
Trans. FM, Vol. 124, No. 8, 2004, 720-726, (in Japanese).
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Table 1. Akira Nakashima's papers on switching theory.
Na. Title Date Engl?sh Contents Reference
Versiones

L LR TF O & W 1934-11~ _ Definitions and theory
The Theory and Practice of Relay Circuit Engineering | 1935-9 (N) of relay circuits.

, | RuBEROmEG oo || e doreen 8 theors.

The Theory of Relay Circuit Composition 1035-9 (1) L,
Categorization.
4 o i i bt

3 ﬁ't_é E‘Eﬁenpro:umts;useue){ LA 1936-1 (N} = Reziprozitaetsgesetze

Reziprozitaetsgesetze
bl bt ieati

4 HERERICSTS Kﬁ%lﬂ)fi;ﬂl o] ‘1.'_ 19362 (1) 19373 Application of group
Some Properties of the Group of Simple Partial Paths theory,

et o —

& MMBERIC BT 2 RSB OB HT RO U\tﬂ ) onT Dists fbution aid
The Theory of Evolution Equivalent Transformation of o

; i X 2 (m elimination law.
Simple Partial Paths in the Relay Cirecuit (Part 1) T Seri llel H. Piesch
- ries-paralle
REMLER EIRE 27 1 2 L IR O B M OB (Ko ) i [23]
transformation.
B% The Theory of Evolution Equivalent Transformation of | 1937-2 (T) 2 .
> ! Lo Algebraic expression.
Simple Partial Paths in the Relay Circuit (Part 2)

% HERREIRE - B0 2 AME I T BRSO BRIz SV T igsi-i. & 1938-4 Four-terminal passive | C. E. Shannon
The Theory of Four-Terminal Passive Networks (summary) network theory [25]
HERRREEE - 0 S AR O MR AR Interpretation based on

- 7 . 1937-8 LT C. E. Shannon

B Algebraic Expressions Relative to Simple Partial © 1938-9 group theory. Principle (25)
Paths in the Relay Circuit of dual circuits
REMEAS 1R L 2 1 2 A EIRE O — SRMER A o — 4

9 FRER (£0-) 1937-12
The Theory of Two-Point Impedance of Passive Networks {c) .

A Theary of two-point

in the Relay Circuit (Part 1) jasei {mpedane. ; 7 C. E. Shannon
L] o Sive

REBIEIRIT 117 5 MAEER 0 = A WA > s st e 251

G =] 1938-1 '

The Theory of Two-Point Impedance of Passive Networks (c)

in the Relay Circuit (Part 2)

MEHEBICE T 5 AENMETERMO Transfer

Impedance {22V VT 1938-2 C. E. Shannon

u 1938- i %

The Transfer Impedance of Four-Terminal Passive (c) B2 Trandfer {upodance [25]
Networks in the Relay Circuit
RERBEV T 54 2 = 2 AP

1o ERLE T EREORHER (Jto—) 1940-5 il

Expansion Theorem and Design of two Terminal Relay (c) .
Expansion theorem and
Networks (Part 1) ik # e Lot
esign of two termina
WRBEIRIC S 51 2 E— s o AWRO RN s
oy i relay networks.

1o TEM & e [ O B R (D ) 1940-8 1041-10
Expansion Theorem and Design of two Terminal Relay (c)

Networks (Part 2)

i RIS OB 1941-4 S8 3i = Theory of relay
Theory of Relay Circuit 1941-7 (C) circuits,

Note! ® Co—authored with Masao Hanzawa,

(N) : RREEEH NEC,
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The first and the third paper by Nakashima mentioned above were pub-
lished in Nippon Electric Technical Journal, whose formal name in English
is Nichiden Geppo (see page 30). Page 29 shows the first page of the
article by Akira Nakashima in Nichiden Geppo, Vol. 11, No. 11, November
1934. The three pages of Vol. 12, No. 11, January 1935, of this journal are
shown at pages 35, 37, 39 and the rear cover page is shown at the page 41.
The first page of the paper by Akira Nakashima ”Theory and practice of
relay circuit engineering (Number five)”, is shown at page 44.

This series of publications by Nakashima consists of the following seven
papers:

Number 1: Vol. 11, No. 11, pp.1-7 (Nov. 1934)
Number 2: Vol. 12, No. 1, pp.9-23 (Jan. 1935)
Number 3: Vol. 12, No. 2, pp.8-22 (Feb. 1935)
Number 4: Vol. 12, No. 3, pp.18-26 (Mar. 1935)
Number 5: Vol. 12, No. 4, pp.1-13 (Apr. 1935)
Number 6: Vol. 12, No. 5, pp.1-12 (May 1935)
Number 7: Vol. 12, No. 9, pp.1-10 (Sep. 1935)

There is another paper by Nakashima in Nichiden Geppo:

Nakashima, A., ” Transient phenomena during releasing operation of a relay
with two parallel coils”, Nichiden Geppo (Nippon Electric), Vol. 12, No. 4,
April 1935, 14-18.

This is the addendum to the above Number 3 published in Febru-
ary 1935.

In November 1935, Nakashima published another paper related to the
same subject

Nakshima, A. ” An approximation solution of the transient phenomena dur-
ing the operating and releasing action of telephone relays having many varied
secondary circuits”, Journal of the Institute of Telephone and Telegraph En-
gineers of Japan, November 1935, 889-892, (in Japanese). (See page 49).

Pages 51 and 53 show first pages of the papers reported as the items 5 and

6 in the list of publications of Akira Nakashima in Switching Theory. Pages
59 and 61 show the first and the second page of the item 14.
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Photo from the Archive of Corporate Conmmrucation Division (CCD) of
Nippon Electric Conpary, Ltfd., (HEC)
provided by conrtesy of M. Nobuyosi Noruzi of NEC and Prof. Alaluko Yamada

The economic depression started in October 1964 in Japan.
In November, in the midst of depression,

Akira Nakajima

was appointed president of Ando Electric Company.
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Akira Nakashima
President of Ando Electric Company, 1964




The page 74 of the book
Fifty years of Ando Electoric Co.,Ltd
published in September 1983.

” EJI:JI$|]4O$ ” in the upper left corner of page 74
of the Ando book shows the year of 40 in Showa era.
It corresponds to the year of 1965.

The title is ”Resolution to become a world’s leading instrument manufacturer”.
The subtitle is ”Depression in the year of Showa 40 (1965)”

This page shows the New Year message in January 1965
he told all employees as follows and encouraged them:

”We private company have to earn by ourselves to survive.

We shouldn’t rely on others. If we are not cautious,

we will fall and have to disappear.

Be ambitious to become a world’s leading instruments manufacturer!”

Nakajima promoted education for managers and sped up
the development of digital instrument systems.
In 1966 they started to develop IC testers.

(Comments written by Prof. Akihiko Yamada,

who provided the reprinted page by courtesy of

Mr. Hajime Nakajima, General Affairs Department Manager,
Yokogawa Electric Corporation which incorporates former Ando Electric. )
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The first page of the article by Akira Nakashima in
Nichiden Geppo
Vol. 11, No. 11, November 1934.
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The cover page of
Nichiden Geppo
Vol. 12, No. 11, December 1, 1934.

The cover of Nippon Electric (NEC Technical Journal).
The formal name of the journal in English is "Nichiden Geppo"

== $
as shown in it. The original Japanese name is " H ==H E &".

"Nichiden Geppo" is the Romanized (alphabetic) expression

of "HE A#R". "HE" is the abbreviation of "H A EX
(Nippon Denki)". "Denki" means "electric" in English.
" A #R" means "a monthly journal". Therefore "Nichiden Geppo
(Nippon Electric)" or "Nichiden Geppo (Nippon Electric
monthly journal)" would be an appropriate expression in English.
Just "Nippon Electric" might also be all right as "Nippon Electric"
is shown in the heading of each page.

Notice that the Institute of Telegraph and Telephone Engineers of Japan
uses the name "Nippon Electrical Communication Engineering" for their journal.
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The second page of

Nichiden Geppo

Vol. 12, No. 11, December 1, 1934

with an advertisement of Weston’s illumiometer.
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The third page (index page) of
Nichiden Geppo
Vol. 12, No. 4, December 1, 1934.
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The rear cover of
Nichiden Geppo
Vol. 12, No. 11, December 1, 1934.
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Published Monthly by the Nippon Electric Company Ltd.
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The first page of the paper by

Akira Nakashima in

Nichiden Geppo

Vol. 12, No. 4, April 1935, 1-13.
The title of the paper is

"MESFERIFOEREER" (HoR)
"Theory and practice of relay circuit engineering (Number five)".
(The English title is not shown in the original Japanese paper.)
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The cover page with contents of

Journal of the Institute of Telephone and Telegraph Engineers of Japan
No. 150, September 1935.

The first paper is A. Nakashima’s ”Synthesis Theory of Relay Networks.”
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The Journal of the Institute of Telegraph

and Telephone Engineers of Japan.

No. 150 Sept. 1935
Published Monthly by Denshin-Denwa-Gakkwai, Tokyo.
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The rear cover
Journal of the Institute of Telephone and Telegraph Engineers of Japan
No. 150, September 1935.
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The page 33 (341) of
The Journal of the Institute of Telephone and Telegraph Engineers of Japan
October 1935

a very brief report of Nakashima’s lecture meeting in the Institute Column
Academic Lecture Meeting

September 19 at Big Hall of Denki-Kurabu in Yuraku-cho, Kojimachi-ku.
The lecture meeting (the seventh in 1935) was held. 289 people including

93 members and 113 associate members attended it.

Title: The Theory of Relay Circuit Composition
Speaker: Akira Nakashima, Nippon Electric Company.
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The Japanese cover of

Journal of the Institute of Electronic Communication Engineers of Japan
Vol. 35, No. 12, December 1970

”Frontier Days in Retrospect” which includes A. Nakashima’s paper
”Reminiscences of the Switching Network Theory”, 1658-1661.
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The Japanese contents of

Journal of the Institute of Electronic Communication Engineers of Japan
Vol. 35, No. 12, December 1970

”Frontier Days in Retrospect” which includes A. Nakashima’s paper
”Reminiscences of the Switching Network Theory”, 1658-1661.
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The English contents of

Journal of the Institute of Electronic Communication Engineers of Japan
Vol. 35, No. 12, December 1970

”Frontier Days in Retrospect” which includes A. Nakashima’s paper
”Reminiscences of the Switching Network Theory”, 1658-1661.
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The first page of the condolence on Nakashima’s death written by
Zen-iti Kiyasu, Kan-ichi Ohhashi and Yasujiro Shimazu and published in
the Institute of Electronics and Communication Engineers, March 1971.
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3 Nippon Electrical Communication Engineering

English versions of papers by Nakashima and Nakashima and Hanzawa have
been published in the journal Nippon Electrical Communication Engineering
a publication of the Institute of Telegraph & Telephone Engineers of Japan
(Densin-Denwa-Gakkwai), Tokyo, Japan.

The cover page, the contents, and the foreword of the first issue of this
journal published in September 1935 are shown at pages 77, 79 and 81.

The cover page of Nippon FElectrical Communication Engineering issue
No. 9, February 1938, containing the paper enumerated as item 6 in the list
of publications by Nakashima and Nakashima and Hanzawa above is shown
at page 87. The page with contributions to this issue with biographies and
photos of Nakashima and Hanzawa is shown at page 89.
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The cover page of the first issue of
Nippon Electrical Communication Engineering
No. 1, September 1935.
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The contents page of the first issue of
Nippon Electrical Communication Engineering
No. 1, September 1935.
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The foreword by T. Akiyama,

the President of the Institute of Telegraph & Telephone Engineers of Japan,
in the first issue of

Nippon Electrical Communication Engineering

No. 1, September 1935.
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FOREWORD

During recent years the electrical communica—
tions business in Japan has developed phenome-
nelly, and the present satisfactory state of affairs
is undoubtedly due to the efforts in research,
manufacturing and practical fields having been
conducted in close harmony, and being based on
a solid foundation of applied science.

As evidence of this, today the number of
telephones in the country has reached nearly one
million, whereas as many as two million homes
have the advantage of radio broadcast receiving
sets. Similarly external communication by radio
telephone is possible between Japan and the
majority of the major countries of the world.

As a result of these favourable circumstances,
the Institute of Telephone and Telegraph Engineers
of Japan is interesting itself in all the important
phases of the electrical communications art. This
Institute is enjoying full prosperity with 5,000
members, and has the whalchearted recognition
of the public as an institution of authority in this
field of science.

The monthly journal published by the Institute
has been presenting an excellent series of articles
fully covering the field of communications,written
by both executive and technical specialists, and

has thus been a powerful stimulant to activity in

the Japanese telephone, telegraph, and radio
worlds.

For some time past there has been a marked
desire on the part of engineers in foreign countries
to learn through this journal of ours, more of
the general trend of communications in Japan,
and the characteristic features of our studies and
improvements in the art, but owing to the diffe-
rence of language they have been severely handi-
capped. We are determined to make possible a
wider circulation of our journal in foreign coun—
tries by reprinting periodically in English.

The state of technique attained by us Japanese
has largely been obtained from abroad in the
past, and it is needless to say our duty is to bring
to the notice of foreign countries our own
achievements in research, and thus to repay the
By

so doing it is hoped that we may also contribute

friendship shown to us through many years.

to the total advance of world civilization.

Similarly we feel a sence of responsibility
towards our colleagues who have contributed
valuable reports of their studies to our journal,
for it is not desired to confine the benefits of
their work to within our own country, but by
publishing this English edition to open the door
to wider spheres.

1 sincerely hope that the future of this English

edition will be crowned with success and pros-

ﬁu, Al € [~

T. Akiyama

President

Institute of Telegraph &
Telephone Engineers of
Japan.

perity.
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The page in

the Journal of the Institute of Telegraph € Telephone Engineers of Japan
with an announcement of the sale of the first issue of

Nippon Electrical Communication Engineering

No. 1, September 1935.
It says the price of a copy is one-yen (fifty-sent for members).
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The second page in
the Journal of the Institute of Telegraph € Telephone Engineers of Japan

of an announcement of the sale of the first issue of
Nippon Electrical Communication Engineering
No. 1, September 1935 with the contents continued.
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The cover page of
Nippon Electrical Communication Engineering
No. 9, February 1938.
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The page with Contributors to This Issue of
Nippon Electrical Communication Engineering
No. 9, February 1938.
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98 Contributors to this Tssue (98)

Mr. Akira Nakasima, member of the I E.C.E, 1930, is
connected with the engincering division of the Nippon Electric
Company, Ltd., and is engaged in the design of transmission
circuit. He was born on January 35, 1908, and graduated from
the electrical engineering department of the Tokyo Imperial
University in 1930. After entering the forementioned firm in 1930,
he did research work on relay circuits, and started on the design

of transmission cireuits in 1934,
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Mr. Masao Hanzawa, member of the LE.C.E., 1932 is"with
the engineering division of the Nippon Electric Company, 1td.,
and is engaged in the design of relay circuits, He was born on
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department of the Tohoku Imperial University in 1934, and since

then has been engaged in research and design work on relay
circuits at the forementioned company. ;
Mr, Masao Hanzawa
Mr. Koji Kobayasi, member of the I.E.C.E, is in the technical
department of the Nippon Electric Company, Ltd,, and is engaged
in research work on carrier communication apparatus. e was
born on February 17, 1907, and graduated from the electrical
engineering department of the Tokyo Imperial University in 1929,
He became affiliated with the Nippon Electric Company in 1929,
was engaged in the design of carrier communication and telephone
relay equipment in the technical department until 1935, and since-
then has been occuppied with research in these types of apparatus.
He became Editor for the I.E.C.E. in January, 1937, and is a

Mr. Koji Kobayasi

member of the aditorial board.

Mr. Rokuro Kamiya, associate of the LE.C.E., is a teaching assistant in the electrical
engineering department of the Tohoku Imperial University and is engaged in gencral
communication work there. Ife was born on May 2, 1910, and graduated from the electrical
engincering department of the Tohoka Imperial University in 1934 with the Kogakusi (B.
Eng'g) degree. From 1934 to 1937 he was employed at the Japan Wireless Telegraph and

Telephone Co,, and from April, 1937, has heen connected with the formentioned university.

95




4 Reprints

1.

Nakashima, A., ”The theory of relay circuit composition”, Nippon
Electrical Communication Engineering, No. 3, May 1936, 197-226.

Nakashima, A., ”Some properties of the group of simple partial paths
in the relay circuit”, Nippon FElectrical Communication Engineering,
No. 5, March 1937, 70-71.

Nakashima, A., Hanzawa, M., " The theory of equivalent transforma-
tion of simple partial paths in the relay circuit”, Nippon FElectrical
Communication Engineering, No. 9, February 1938, 32-39.

Nakashima, A., " The theory of four-terminal passive networks in relay
circuit”, Nippon Electrical Communication Engineering, No. 10, April
1938, 178-179.

Nakashima, A., ” Algebraic expressions relative to simple partial paths
in the relay circuits”, Nippon FElectrical Communication Engineering,
No. 12, September 1938, 310-314. Section V, ”Solutions of acting
impedance equations of simple partial paths”.

Nakashima, A., "The theory of two-point impedance of passive net-
works in the relay circuit (Part 1)”, Nippon Electrical Communication
Engineering, No. 13, November 1938, 405-412.

Nakashima, A., ”The transfer impedance of four-terminal passive net-
works in the relay circuit”, Nippon FElectrical Communication Engi-
neering, No. 14, December 1938, 459-466.

Nakashima, A., Hanzawa, M., ” Expansion theorem and design of two-
terminal relay networks (Part 1)”, Nippon Electrical Communication
Engineering, No. 24, April 1941, 203-210.

Nakashima, A., Hanzawa, M., ”Expansion theorem and design of two
terminal relay networks (Part 2)”, Nippon Electrical Communication
Engineering, No. 26, October 1941, 53-57.

96



(29) The Theory of Relay Circuit Composition 197

THE THEORY OF RELAY CIRCUIT COMPOSITION
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SYNOPSIS.

This is a general discussion of and a
systematic consideration on the composition
of so—called relay circuit system, which has
made surprising advancement in recent time
in connection with automatic telephone
exchange, remote control systems, etc.

It shows the fundamental idea and
characteristics of the relay circuit, some of
the interesting properties and theorems
regarding the dynamic geometrical character,
analytical treatments of simple cases, forms
of relays, and then some of the fundamental
systems of relay circuit composition.

It is noted that transient phenomena
which arise inevitably in the relay circuit are
not, however, included in this discussion.

I. GENERAL ESSENCE OF RELAY
CIRCUIT.

1.1. Fundamenta! idea and definitions.
The relay circuits now in use are many
in  kinds and complex in wvariation,
However, under general sorvey, the
following definitions may briefly be given:

Relay Circuit is a method in which it

J. I. T. T. E. of Japan, No. 150, September
1935,

becomes a mediator between some given
phenomena and the corresponding  desired
phenomena, and by the use of relays as its
composite elements, the occurrence of the
former realizes the latter,

Next, taking these relays as its comp-
osite element in broad sense:

The relays may be defined as an element
that determines, by presence or absence of its
receiving energy, whether another energy
is transmitted or not. In regard to energy
the former is called controlling and the
latter controlled energy. They are, however,
termed merely with respect to one certain
relay; and one energy may become some-
times the former and other times the latter,
Thus, from this definition we find that the
relay consists, in one part, of receiving
controlling energy to determine its action,
and in another part, of controlling directly
the transmission of controlled energy. The
former may be called acting clement and
the latter contact point. Contact point
may be said as a composite element of
transmitting path of controlled enecrgy,
which is controlled at its point. It is also
made of a number of contact clements
that have definite meaning in regard to
mechanical contact point.

Accordingly, in the relay cireuit, the
energy transmitting path is made in general
of energy source, acting clements, contact
points, and of path element which is a
part of the path that connects all of these.
The path clement containing no impedance

against controlled energy is called simple
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path element, and that containing impe-

dance complex path element. The relay

circuit is therefore a combined system of
these energy transmitting paths,

When  the contact points  complete
operation for the desired condition after
receiving controlling energy, and when the
extinetion of the controlling energy causes
the contact points to return to their former
position, they are respectively called operat-
ing and releasing, and they in combination
may be termed acting.

Let us now consider the wvariation of
energy in the relay itself.  The wusual
controlling force received by the relay is
necessary to be changed to various kinds of
suitable energy to bring the contact points
to operate, and in ordinary cases the
contact points are given energy to resist
the controlling energy. The former is
called the mediating energy, and the latter
the resisting energy. To function the
mediating energy efficiently, a path is
necessary.  This is called the mediating
path of energy.

1.2. Relay.

From the forgoing definition, a great
many kinds of relays exist in relation with
the following points:

a. Mutual relationship between the kinds
and quantity of controlling and
controlled energy.

b. Selective action regarding attribute
of controlling energy.

¢. Controlling form of transmission of
controlled energy.

d. Time relation between reception of
controlling energy and the transmis-
sion of controlled energy.

e. Type of construction of acting
clements and contact points,

However, in general, its characteristics may
be classified into the following 5 kinds:
Characteristic 1. Irreversibility of funct-

ion,

2 2. Discontinunity of funct-
ion,

# 3. Conversion or renewal
of energy.

¢ 4. Imevitability of transi-
ent phenomenon.

2 5. Complexity of transmis-

sion paths of energy.

Irreversibility of function means that
it is not possible to interchange the relation
of controlling and controlled energy; that
is, the law of reciprocity in case of negative
networks cannot hold here. This may be
quite apparent when we consider that relay
is a kind of positive network. Discontinuity
of function means that the relay starts
to act only when the quantity of controlling
energy becomes either above or below a
certain value and the transmission of cont-
rolled energy is discontinuously controlled,
Conversion or renewal of energy is an
inherent nature of relays. Inevitability of
transient phenomenon is a result accompa-
ined by the discontinuous function and is
therefore one of the important elements in
connection with time-action characteristics,
The transmission path of energy usually
exist in two or more paths, due to presence
of acting elements and contact points, and
may be considered as network of four or
more multiterminals. These above mentio-
ned characteristics are destined to cause the
relay circuit, consisting of these elements,
to have its peculiar characteristics,

1.3. Characteristics of relay circuit.
Relay cirenit is in general a combined

system of energy transmission paths made
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up of encrgy source, acting elements, contact
With different
kinds of these composite clements and by

points, and path clements.
connecting them in many ways, various
relay circuits are produced, but there exist
to all of

some of which are not found in

characteristics common these
circaits,
so-called transmission cirenit, and these
characteristics are quite interesting to note,
They may be listed as follows:

Characteristic 1. Irreversibility of cirenit

function,

z 2. Discontinuous recurrence
of phenomena.

4 3. Conversion or rencwal
of energy.

# 4. Transient phenomenon.

# 5. Dynamic  geometrical
character  of  cirenit
function,

L 6. Presence of equivalent
circuits (Multiplicity of
solution) .

# 7. Capability of converting
forms of phenomena.

z 8. Capability of storing

forms of phenomena.

Characteristic 1. Irreversibility of circuit
upon
relays, the composite elements, themselves,

function depends irreversibility of
and a series of phenomena which arise in a
relay circuit always progress irreversibly,

Characteristic 2.

rence of phenomena means that phenomena

Discontinuous reecur-

arising  within the relay circuit, recur
discontinuously both in quantity and in
time, and is a peculiarity which does not
exist in transmission cireuits.

Characteristic 4. The relay circuit seems
as though it is a large group of transient

phenomena. These transient phenomena are
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very important elements that determine
the time-relation of discontinuous pheno-
mena; and without thorough understanding
and observation on these, the rational
application of relay circuits is impclssilﬂc
and its development may be also heyond
the hope of realization.

The advantages and disadvantages of
these {fransient phenomena are cntirely
under the control of functions of relay
circuit, and it is common to note that
disadvantages in some occasions may hecome
advantageous in other occasions, In short,
the transient phenomenon ought to be used
or controlled freely by investigating its
underlying truth.

Characteristic 5.
of

explained as follows:

Dynamic geometrical

character circnit function may be
For the time being
disregarding conversion of energy and
transient phenomena in a relay circait, and
considering only transmitting path of
cnergy, it becomes a geometrical figure, But
this figure is not fixed, and changes its
form discontinnously from time to time.
From the time of occurrence of a given
phenomenon until the time of obtaining
desired phenomenon, various path elements,
changing in their process of operation many
form different
This

characteristic is also a peculiarity of relay

times their combinations,

geometrical figures step by step.

circuits, and for this reason in dealing

with relay circuits, it is mnecessary to
consider one more dimension with respect
of

Here exist the charm

of time added to two dimensions
geometric figures.
and complexity of relay circuits.

Characteristic 6,

cirenit (multiplicity of solution) means that

Presence of equivalent

relay circuits generally have many ways of
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realizing  desired  phenomena by given
phenomena; in other words, there are many
solutions to satisfy the desired conditions.
This depends upon the presence of forms
of equivalent circuits in relay circuits; and
while equivalence of transmission circnits is
considered as function of impedance, the
equivalence of relay circuits is considered
with mutual relationship between given
controlling energy and contact points,

Characteristic 7.  Capability of convert—
ing forms of phenomena means that in
relay cirenit it is capable, for instance, of
interchanging mutually group phenomena
with single phenomenon, and of converting
the number of accurrence of phenomena.
Such conversion of forms of phenomena
is peculiar characteristies of relay circuits.,

Characteristic 8. Capability of main-
taining forms of phenomena means that
it is capable of storing the given forms of
phenomena within the relay cirenit, when
severinl given phenomena occurring at the
same  time, yet wunable to realize more
than one desired phenomenon at once, are
required to wait in turn to function, or
when it is necessary to store the given
phenomena for & moment to prepare for
converting the forgoing forms of pheno-
mena, or when it is necessary to accumulate
the successively occurring phenomena, This
characteristic is another peculiarity of relay
circuits and together with the characteristic
of conversion is very important.

1.4. Gradation of function in relay circuit.

In general relay cirenits, from the
definitions given above, considering from
their internal functions, are made up of
the following three stages:

Initial Stage: The stage to convert the

given phenomena to be suitable to

the relay circuit, the mediator, and
to introduce them into the circuit.,
Intermediate Stage: The stage to treat
the introduced form of phenomena
to be suitable for the purpos of
the cireunit,
Final Stage: 7The stage to convert the
resultant  form of phenomena
treated in  the intermediate step
into the desired phenomena.

In the ecireuit for initinl stage, the
problem is the function of relay itself due
to the function of selective or energy
conversion,  In the intermediate stage, it is
mainly necessary to make dynamic geo-
metrical study of time-action characteristic
and of combination of contact points and
path elements.  While in protective relay
systems of heavy current field, the function
of the initinl stage is taken as the
main importance, and intermediate stage
circuit  seems  entirely  climinated,  the
automatic telephone exchange systems and
automatic control systems have heen depen—
dent upon the phenomenal development of
this intermediate stage circuit. The cirenit
development discussed later in this article is
dealt mainly with such intermediate stage
circoit, and detailed discussion of relay
itself is not given.

1.5. Consideration of electromagnetic
relay circuit.

The foregoing items are general essence
common to relay circuits defined in section
1.1.  As it is clear from the definition of
relays, among relays there are not only
mechanical stroctures, but also balanced
bridge circuit, light bulbs, wvacuum tubes,
neon tubes, thyratron, measuring instro-
ments, thermal relay, statie relay, motors

and generators, Of  these light balb,
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vacuum tubes, and thyratron each make
up interesting relay eireuit, but they are
mainly of functions of initial stage, and
therefore, as they do not possess dynamic
geometrical interest, they are not discussed
the

circuit using electromagnetic relays, in a

in this article. On the other hand,

narrower sense, makes up most of the

relay circnits, and its development in

dynamic geometry has been so prominent
that its application has been enlarged to a
great extent, Consequently it will hbe
discussed in detail here,

In

element

the electromagnetic relays, action
itself of

magnetic energy, so that it inherently can

is capable storing
not escape from transient phenomena, and
together with dynamic geometrical change
of the energy transmission path and the
impedance characteristics of each path
element, presents complex transient pheno-
mena., Moreover, added to these are
transient phenomena of dynamic nature in
the mechanical contact points and transient
phenomena caunsed by the changing magnetic
path accompanied by their motion.  These
become principal causes that govern the
dynamic transient nature of the cireunit,
One action element is possible to have
many contact points which are composed of
various combinations of opening and closing
as their basis, and this evidently is the
reason for making the geometric figures of
the circuit more complex and confusing,
The capability of holding the operative
conditions due to the nature of resistive
energy or by suitably connecting contact
points, path elements, and action elements
shows capability of storing the forms of
phenomena; and the suitable combination

of contact points and path elements or the
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presence of retarding time-action charac-
teristic enables the forms of phenomena to
be converted.

II. ON ACTION ELEMENT.

2.1.

The element of action is, as defined in

Substance of action elements.

section 1.1, a part of relay and it détermines
the action of relay by receiving controlling
energy., As for the energies affecting this
determination in electromagnetic relay there
are magnetic energy, or mediating cnergy
which is converted from controlling energy,
and resisting energy which is supplied by
mechanically movable parts that control
directly the movements of contact points;
and thus, action is determined as the result
It

of mutual check of these energies, is

constructed with coil (it may be called
action coil) that receives directly the control-
ling energy, magnetic path, and mechani-
cally movable parts; and especially in order
to govern the acting time by transient
control, an electric path (this is called
secondary path or secondary coil) across the
magnetic path is sometimes added.

The main functions of action element
are the selective function for attribute of
controlling energy and the time function
for governing the time of action.

2.2. The attributes of controlling energy.

The attribute of controlling energy are
of the following 4 kinds:

(i) Kind

(ii) Quantity

(iii) Phase

(iv)

2.3.

Relays do not necessarily act, due to

Frequency
Time {unction.
their selective function, when they receive

controlling energy; and after they are
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actuated, they do not necessarily return to
original position even when the controlling
energy has disappeared. The process in which
a relay operates when controlling energy
is received and releases when the energy
has disappeared is called fundamental time-
action form, and this form will be considered
in this section, letting non-fundamental
form to be taken up later in the article.

When a relay operates or releases, it is
of course apparent that a certain time has
to be passed; however, without considering
minutely regarding the absolute value of
this time, the time function can be classified
roughly into the following four forms:

(i) Fast operation—fast release

(ii) Fast operation—slow release

(iii) Slow operation—fast release

(iv) Slow operation —slow release.

These four forms made up of combining
tast and slow actions can be considered
sufficient

in composing ordinary relay

cirenit, and this is because it is quite

sufficient to take up the time relationship
In short,

this classification is qualitative and depends

upon purposes.

hetween actions of two relays,

. ON CONTACT POINTS.

Contact points, as defined in section
1.1, are composite elements of controlled
path, at  their
contact points the transmission of controlled

transmission governing
energy. The following is the consideration
regarding mechanical contact points of
electromagnetic relays.
3.1. The fundamental and sub-funda-
menta! forms of contact points.
The real fundamental forms of d¢ontact
points are two kinds, opening and closing;

but usually an action element has many

Akira Nakashima, Member
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groups of contact points which are made
up of simple forms based on these funda-
mental forms and also of complex forms
composed of various combinations of these
simple  forms.
called
Regarding

These simple forms are

here  sub-fundamental  forms,
mechanical
of

elements,

contact elements,
movable
sub-

contact points are of one

contact points are made

and stationary contact
fundamental
movable contact element and two or more
stationary contact elements, and by the
motion of movable contact element, without
including the connection of path elements,
the mutual connection of each of contact
elements themselves is made or broken.
Listing in figures the fundamental and
sub-fundamental forms, as shown in Fig.
1, circular points and short lines represent
movable contact clements, and triangular
points show stationary contact elements,
The figures also show the released state of
relays, In case cf operation the moving
if it
is fixed, has an advantage of indicating
whether the relay is in operated state

or released state in the cireuit; however,

direction of movable contact element,

on the other hand, it has disadvantage of
losing the simplicity of figures of energy
transmission paths. For this reason fixed
moving direction will not be stressed in this
article, Although the Fig. 1 shows only
of  sub-fundamental

number of types is inevitably limited due to

ten types forms,
mechanical construction of the electromag-
netic relays, The designation of types is
derived from English expression of actions,
taking the initial letter of each word.

Besides above mentioned types, there
are other types of sub-fundamental form;

such as rotary switch, or sequence switch,
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ete., which is one of the kinds of clectro-
magnetic relay, having one or two contact
clements which together with other contact
clements gradvally close or open in a
definite direction,
3.2. Some of definitions regarding
contact points.

i, Pamily

The group contact points that are in
charge of same action element are classified

family,

kil 1 L

in same The contact points in
charge of different ac.on elements are in
different family with one another.

&,

i, 2" contact points
In contact points in the same family,
a particular one that operates before other
p ints is called “¥” contact point, Con-
sequently, “@™ contact point usually releases
later than other points,
i, N eontack ponts
In contact points in the same family,
Ly special construction, one point that
operates later than other points are called
oy point. “y
contact point usually releases before the

contact Consequently,
other points.

iv. Equal contact points

Contact points of the same type are

called equal contact points.
v. Inverse contact points

If acting functions of contact points
are opposite from one another, they are
called mutually inverse contact points. For
instance, in Fig. 1, M and B contact
points, DM and DB, B.DM and DB.M,
and B.MbB and MbB.M contact points are
Of the
inverse contact points, those that have two

mutually inverse contact points.

contact elements are called simple inverse
contact points, and those having more than
two contact

elements  complex  inverse
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contact points, Regarding the simple inverse
there
relationship as a mnature of partial paths

contact points, exists a simple

which will be discussed later.

vi. Equivalent contact points

In contact point or points, by suitably
conriacting contact elements with simple
path elements when the acting function of
these contact
points or points are said to be equivalent
As stated in section 3.1,
the true fundamental
points are M and B, and the sub-funda-

mental f.rms as shown in Fig. 1 are each

these points become equal,

to one another.

forms of contact

equivalent to suitable connections of M
These are
In this figure, those

and B avith path elements,
shown in Fig. 2.
listed below B.DJM are not given, but they
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are all the same. The presence of such

equivalent  contact points  makes the
applications of relays more flexible and
economizes the number of contact elements,

3.3. Some theorems regarding
contact points.

From the forgoing ideas and explana-
tions, the following few theorems may be
considercd :

Theorem 1. The operating function of
one of the mutually inverse contact
points is equal to the releasing
function of the other.

Theorem 2. Contact point or points
may be replaced by equivalent contact
point or points composed of funda-
mental contact points and simple path
elements,

Theorem 3. Mutually inverse contact
point or points possess equivalent
contact point or points made up of
their corresponding  simple inverse
contact points and simple path
elements.

Theorem 4, The equivalent contact points
of mutually inverse contact points
are inverse with each other.

IV. CONSIDERATIONS REGARDING
SIMPLE PARTIAL PATH.

4.1. Meaning and definition of
partial path.
In composing relay cirenit, it is

convenient to discuss dynamic geometrical
nature of a part of the circuit, taking up
only contact points and simple path
clements, and disregarding for the time
being the energy source and action elements
among composite eclements of  energy
transmission path. The reason for this is
that this part is very important in determi-
ning the resultant function of many various
phenomena. This is called partial path,
and is defined as “Partial path is a part
of energy transmission path composed of
contact peints and simple path elements.”

When the transmission path of the
partial path under consideration is one, it
is ealled simple partial path; and when two
or more, it is called complex partial path.
While contact points included in a simple
partial path are only fundamental contact
points, one contact point at least in complex
partial path must include three or more
contact elements.

The contact points within the partial
path are mainly an assembly of contact
points of different families, and consequ-
ently it is necessary to consider the order
of acting time of contact points themselves.
This order of acting time is called timing
order, and to show the relative priority,
it is called pre-timing order and post-timing
order. Also the order of geometric positions
of contact points in the partial path is
termed position order, and again the result
of action of contact points affecting the
function of partial path is called effect.

4.2. Nature of simple partial path.

Simple partial paths possess very simple
and clear characteristics, as contact points
within the path are all fundamental
contact points,

What will be given in the following
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seetion is the investigation of dynamic >
. . (a) (b1 b
reometrical nature of simple rtial th. b a c
g : mienple 18 pe bz _/1_E(/J_
The dynamic geometrical nature of simple a
partial path, seen from the both ends of Le) (d)
the path, means the condition of time amd i e \d
3

expenditure during the process of making or
breaking the path of energy. That is, it —_—

ig. 3.

is the function of process in which a sort
of driving-point impedance, taken at hoth
ends of the path, reveals in time sequence
two opposite states, zero or infinity, due
to the muotual action of contact points when
they in the simple partial path operate or
release according to a definite order.
Moreover, in this section it is assumed
in regard to the time order of action of
contact points that (A) it is limited in
recurrences of only operation on or of only
release in their series of actions, and that
(B) it is the same for bhoth

operation and release.

cases of

Assuming in this way it is possible to
see many beautiful and systematic charac-
When the
time order of action follows these assaump-

teristics of simple partial path.

tions, it is said to be regular.
i. Series connection of contact points,
When contact points or contact points
have all of their position order different,

they are said to be connected in series; and

of these, “when every contact point has
different position order at each respective

point, they are connected in simple series;

otherwise they are in complex series (Fig. 3
(@), (B)).
ii. Parallel connection of contact points,
When contact points or contact points
have all of their position order the same,
they are said to be connected in parallel;
and of these, when every contact point is

of the same position order, they are
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connected in simple parallel, and otherwise

they are in complex parallel (Fig. 3, (e),
(d)).

Simple partial paths in inverse
relation.

When all of the contact points of a

simple partial path are replaced by their

points,  the

resultant simple partial path is said to be

respective  inverse contact

in contact-inverse relation with the original
path. Regarding this f{rom the

Theorem 1, the following general theorem

partial

may be derived:

Theorem 5. The operating function of
simple partial path is equal to the
release function of simple partial path
The

acting functions of two simple partial

in contact-inverse relation.
paths having contact-inverse relation
is called cross-equal.

This shows that

discuss only on either one of the two simple

it is sufficient to

partial paths when expressing the acting
function,

Next, taking contact point or contact
points of each position order of simple
partiai path, changing connection of series
simple partial path into parallel simple
partial path or viee versa is called connec-
In the Fig. 4 () and (e)
contact-inverse and

tion-inverse.
respectively represent
connection-inverse of a simple partial path
of (a).
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iv. Simple partial paths in double inverse

relation.

A simple partial path and another

simple partial path converted from the

former by both contact-inverse and connec-

tion-inverse treatment are said to be
mutually in double-inverse relation. In
Fig. 4, (d) is double inverse of (a). The
contact-inverse, connection-inverse, and

double-inverse have the following relation-
ships:
Theorem 6. With respeet to one simple
partial path, a simple partial path
in contact-inverse rclation and ano-

ther in connection-inverse relation
are mutually in double-inverse rela-
tion.
Theorem 7. With respect to one simple
partial path, a simple partial path
in contact-inverse relation and ano-
ther in double-inverse relation are
mutually in econnection-inverse rela-
tion.
Theorem §. With respect to one simple
partial path, a simple partial path
in connection-inverse relation and
another in double-inverse relation are
mutually in contact-inverse relation.
These relations may be easily understood
by looking at Figs. 4 and 5. Fig. 5 shows
these three transformations in three-dimens-
ional relations, and each of vertices, 4, B,
', D, of tetrahedron, is a simple partial
path, and also shows that one of them
treated by any one of the above three

transformations corresponds to one of the
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Fig. 5.

other three. Thus each edge, as shown in
the figure, means treatment or relationship
This

fundamental principle of the tetrahedron

of three transformations. is  the

showing the contact-inverse, connection-

inverse, and double-inverse relations.  From
Fig. 5, if two transformations are carried
out one after the other, there remains
relationship of the remaining one, and if
three of them are all carried out one after
another or the same transformations is
carried out twice, they return to the original
form.

functions of

Theorem 9, The acting

simple partial paths in double inverse
other,

Here, this conjugate function means that
when one of simple partianl paths is closed
or opened, the other is respectively opened
or closed.  Fig. 6 shows this in its simple
condition, The right side of the figure
indicates the time characteristic, amd now
assuming a, a' as being in pre-timing order
with respect to b, 0', Tyx, Typ indicate their
Tos T.p  their

solid lines indicate closed

times of operation, and
releasing  time,

state, and the white spaces the opened

@y R
e i

|
i &
@ { 7z
l b&J TirIE

Fig.
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state.  In the figure the lines of one side = : =
fill the white space of the other side, and ‘
the solid lines themselves do not come ! _‘:‘_ ——
together, This in fact is the pictorial | 53— S
indication of conjugate function. : M D

The Theorem 9 is very important in 3 —‘Q—D‘:}— _D./J7
composing circuit, and if a cireuit acting in 5 s
conjugate with any circuit is desired the 4 __‘:i—/j__ _;;_[:/g_
Theorem 9 must be generally applied. e TR .

This idea of double inversion is similar : < 'i s
to the idea of inverse metwork regarding : _D‘.]_‘[;]_ ‘;I_
driving-point impedance of so-called trans- i .
mission network. For instance, taking i - Y _.'/_\;_Ef;'_
Fig. 1, page 262, of B.S.T. J., April, ; p
1924, which shows corresponding charac- _:D‘_Dj_l_ S b
teristics of inverse networks, as discussed on 4 ¥ ‘¢ _/_Dc‘?__
Reactance Theorem by R. M. Foster, if , R
inductance and capacity are respectively 5 _@_ _:rd;'_
replaced by B and M contact points, a b &
simple partial paths having double inverse .

These are shown
in Fig. 7 in which, however, corresponding

relationship are obtained.

inverse contact points are of the same
family, that is, their timing-order are not
changed, and they are indicated by alpha-

bets with or without prime signs. I and
II are corresponding groups of double-
inverse simple partial paths, and by

combining them further,
forms of simple partial paths in double

more complex

inverse relations may be considered.

Let us now consider the function of
mutual action of simple partial paths which
are in connection-inverse relation discussed
in paragraph iii. From Theorem 5, 6 and
9 the following theorem in regard to the
acting functions of to partial paths in
connection-inverse relation will be given.

Theorem 10. The
simple

acting functions of

path
connection-inverse

partial in  mutoally

relation  are
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mutually cross-conjugate.

Cross-conjugate means that the operat—
ing functions of one side are conjugate
with the releasing function of the other
side. The idea of cross is same as that in
the Theorem 5.

Thus, by the Theorems 5, 6, 7, 8, 9,
10, if any one of the acting functions of
four simple partial paths related by the
principle of tetrahedron is known, the rest
will be deduced from it.

Now considering connection of simple
partial
from the various examples shown in Fig.
7, another theorem will be given.

Theorem 11. Two pairs of simple partial
paths of double-inverse rclation being

paths in double-inverce relation

given, if two sets of partial paths,
one from each pair, are connected

inversely, the resultant pair are also
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mutanally in double inverse relation.

For instance, in Fig. 7, I-§ 1 connected
in series with I-§2, and I[-#1 connected
in parallel with I[-§2 compose a pair of
£3.

v. Effect of Contact points

In relay circnits it is often necessary
to know which contact point gives the
most  efficient effect, paying special
attention to the function of simple partial
path as a whole. In other words, in
composing a circuit it is very necessary to
determine how to arrange and what types
of contact points to be selected in order to
avoid the other contact points to act, This
effect is also one of acting functions of
simple partial path, and conscquently, the
foregoing Theorem 5 and Theorem 9 can
be applied.  If the effect is emphasized at
all times during actions, the timing order
of the contact points becomes a problem,
but when it is limited only to the case of
finished state of actions of contact points,
the timing order does not affect, and it is
determined by the types of contact points
and the geometric figures of partial paths.

vi. Interchanging position order of
contact points,

Generally, in a simple partial path,
even when arbitrary two position orders of
contact point or contact points that are
in different position order are interchanged,
there is mno change in the acting function
of the simple partial path. Consequently,
in a simple partial path, its acting function
is not related to the position order of
contact points. This may be termed as
interchangeability of position orders of
contact-points in simple partial path.

Theorem 12. Position orders of contact
points in a simple partial path are

interchangeable,
vii. Interchanging timing order of contact
points,

In cases where timing order alone is
interchanged, keeping the types of contact
points the same, there arises, in general,
a change in acting functions; that is, in
general, the interchange of timing order of
contact points is impossible,

viil. Nature of simple partial path
composed of equal contact points,

Such a simple partial path has its
contact points made up entirely of M contael
points or B contact ponts; and as these
are mutually in contact-inverse relation, it
is sufficient to express, from Theorem 5,
the nature of the path with only one of
the two kinds of contact points.
Consequently, that which is made of only
M contact points will be considered.

Theorem 13. The operating and releasing
effects of a simple partial path, with
M contact points connected in simple
serics, are respectively possessed by
contact points of the initial and final
timing order.

Theorem 14, The operating and releasing
cffects of a simple partial path, with
M contact points connected in simple
parallel, are respectively possessed
by contact points of the initial and
final timing order.

As Theorems 13 and 14 are related
with simple partial paths of mutually
contact-inverse, it is clear from Theorem 10
that one is able to lead from the other.
Moreover in such simple partial paths, even
when timing order is interchanged, the
acting functions do not change. That is,
the following theorem will be derived.

Theorem 15. In case of a simple partial

108
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path composed of erual contact points
connected in simple series and simple
parallel, it is possible to interchange
the timing order.

of
composed of two contact points.

ix. Natore simple partial  path
When two contact points composing a
simple partial path are equal, the foregoing
general principles are of course applicable.
Therefore, cases where there are two inverse
contact points will be considered at this
time; for such plain simple partial path,
the following theorem is obtained:
Theorem 16.

path composed of two inverse contact

In case of a simple partial
points, interchange of timing order
and transformation of contact-inverse
change its acting functions equally.
4.3. Analytical expression of acting
functions.
i. Acting impedance of contact points.
ineluded

partial path are of fundamental contact

Contact points in  simple
points of M and B, and path elements are
simple path elements, Therefore, looking
at their acting functions from the standpoint
of the idea of driving-point impedance, the
acting impedance becomes discontinuously
cither zero or infinite as time passes on.
The function to express such time-action
characteristics can be treated, for instance,
by a form of Fourier’s Integral. It
that the infinity
expressed by letter m for the time being.

is
qgreed, however, is
This agreement is believed to be appropriate
when it is considered as follows: The quan-
tities treated here are only two kinds, zero
and infinity, and do not contain any other
intermediates between them; and zero, one
of the two quantities, can be expressed by
one of the values of Fourier’s integral itself.
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Therefore, if the infinity is considered as
a value different from zero, it may be
expressed qualitatively by m, the other
value of Fourier's integral.

M and B

contaet points, ds shown in Fig. 8, can

The acting function of

be expresed by the following equations;
where the function f(¢) shows the operating
function, and M and B are placed to show
the type of contact points:

fm(i)=‘"g'+s:sm(i::7_m:dx=rr t<t;
=0 (>,
...................... (1
o T g (Tsin(t—t)z
.fn(t)-—~2—+§n' = de=0 t<t,
=x t>i
...................... (2)
A :L 5 TIME
5 [z
—g— t ale TIME
2

Fig. 8.

Equation (1) and (2) are respectively
called the operating impedance of M and B
contact points.

Next, expressing the releasing impedance
by function ¢(¢), from the Theorem 5 of
the cross-equal, the following relations are
formed:

L

g(t)=Fu(®) S

As stated above,
impedance produces two opposite values

the contact point

alternately and discontinuously with time,
and compared with the fact that impedance
of the pure-reactance network in trans-
mission circuits changes continuously with

frequency and produces alternately resonance
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and anti-resonance at special frequencies,
the
difference and contrast between the two.

it is surprising to mnote singular

ii. Acting impedance of simple partial
path connected in simple series.

Here it is assumed that actions of
contact points are regular in time. In that
case when operating function of simple

partial path is expressed by F(t),

FO =3 furtst)+3 Fraltst) -+ (4)
similarly, expressing releasing function by
G(1),

G(6) =2 gu(tsty) + 2 gualtsty) -+ (5)

A simple case will now be explained

with Fig. 9.
partial path (a), assuming B contact point

In the figure, for the simple

to be in pre-timing order,
F)="5-+, snl=tlzg, 2
+Sg ﬂHEQZ%dx

0 x

=(m)"+ (Z-rr)::-}- (W) =m - (6]
Gy=G+ [ =024y 2
0 x

=+ 20) "+ (),

=@+ (O, + ()

Equations (6) and (7) show respectively
the impedance shown in () and (e) in Fig.
9. The letters indicating time placed on
upper and lower right side of ( ) means

&, Mz
_Qs\,_o/c_
) ©
2 2z
i z
? B t tz2
Fig. 9.
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that during the time between them the
characteristics of ( ) are revealed, and the
numbers on the left of 7 or 0 merely show
the number of contact points which produce
this condition, and the action impedance
of partial path itself is 7 or 0,

From the above explanation, we get
the following theorem:

Theorem 17.  Acting impedance of simple
partial path connected in simple serics,
is equal to the total sum of operating
impedances or to the total sum of

of each of

releasing impedances
contact points.,

What would be the result of interchang-
ing the timing order in Fig. 9?7 It is to
interchange from ¢, to £, and from {, to f,
in equation (6). This clearly coincides with
the equation (7). Similarly, equation (7)
may be changed to equation (6). This is
no other than analytical proof of Theorem
(16) previously stated.

And in a simple partial path with equal
contact points connected in scrics the part
regarding timing order is expressed by

&

dx

Ersm(c,,—t)z or
»dp

z

'

E:°sin(t$—£,,)xd_t
but thongh the timing order of two
arbitrary equal contact points are changed,
,;‘.: or :}E‘ does mot change, and consequently

the function of the simple partial path does
not change. This is exactly the analytical
proof of Theorem 15. Also Theorem 13
regarding effect of contact points of simple
partial path with equal contact points
connected in series can be proved,

iii, Action impedance of simple partial
path connected in simple parallel.

In this case also, as in the case of
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transmission circuit, the following theorem
is made.
Theorem 18. Action impedance of simple

partial path, connected in simple

parallel, is equal to reciprocal of the

total sum of reciprocal of each opera-

ting impedance or of each releasing
impedance,

This may be shown in the following

equations, But in ealenlating the addition

ought to be done by parts in the order of

time sequence,

Fly=——————— (8)
Fy = -
3 Pt T Tl

GO =—g——1— = ®

PR W
For example, considering the simple
partial path as shown in Fig. 10, and
putting equation (1) and (2) in (8) and
(9) respectively, the calenlation will be

Ft)=(0)s+ w):’+ (0),=0 ----(10)

G(i)=(0)+ {—;—-z)::+ (0)e.

‘I
E(O)‘l—l—(ﬂ)‘ F (0}, ocvrer e (11)
1
fa) My i
) B2 ©)
s B T
: T, s , Ly tz ¢
Fig. 10.

If (10) and (11) are compared
respectively with the previously obtained (6)
and (7), Fig. 9 («) and Fig. 10 (a), arc
in their functions, found to be conjugate,
but this is evident from Theorem 9 because
the two simple partial paths are in double
inverse relationship.

iv. Action impedance of simple partial
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paths in general,

The general simple partial paths are,
in fact, the combinations of above-ment-
joned simple series and simple parallel
connections, and in regard to the action
impedance as in the case of ordinary

transmission ecirenit theory, series and
parallel connections are considered in their
order of arrangement.

4.4. The purpose of simple partial path.

A simple partial path is used either as
it is or as a part of a complex partial
path, but emphasizing on its action form,
it may be divided into the following two
kinds: —

A. That regards action form at

transient time as its main purpose.

B. That regards action form in steady

stute as its main purpose,

In case of A, the number of opening
and closing of the path during the period
from the beginning of action until reaching
steady state and the time duoration are
mainly utilized; and it is necessary to make
the dynamic geometrical and analytical
study as previously mentioned.

In case of B, it is simply for the use
of opening or closing of a partial path
when

state; and analytical study regarding time

series of actions reach the steady

is not necessary, as it can be casily judged
by knowing the type of contact points
and their connection figure. However, in
this case, it is often necessary to make
the acting functions of partial paths, which
are formed by contact points of a given
gronp of relays, different from one
another, corresponding to various combina-
tions of relay actions. In such casess
mathematical treatment of combination is

necessary. In general, the number I of
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such simple partial paths, having its object
in closing just one set of simple partial
path at the same time by using n nomber

of relays, will be expressed hy
P=23m(,
0

However, this is true only in case where
number of contact points of the same
family is assumed to have no limit. If it
is limited to be less than P, simple partial

paths will be realized only in that number,

(@) & —ahp MLU'D’ ‘
P —oa f’.' * ‘T_a A \J—-Pz
¢ Lya 2 #
7P,
%) () ) P
B oA ,
'% 7/ z;p: ;:;LOKLPL 8 9 _xq_ 5
Fig. 11,

V. CONSIDERATIONS REGARDING
COMPLEX PARTIAL PATH.

3.1. The meaning and definition of
complex partial path.
Complex partial path is in a word

paths.
Consequently, regarding each of the simple

aggregation  of  simple  partial

partial paths that compose complex partial

path, it is quite reasonable to have its

nature as stated previously. However, in
the complex partial path, from its purpose,
the idea of transfer or selective catch of
energy transmission path is necessary,
Looked {rom the geometrical figures,
the complex partial path has a nature of
divergence or convergence of energy trans-
mission paths, and exist within it at least
one point at which at least 3 paths come
together. The simple partial path between
such gathering points or between the

terminal of path under consideration and

its nearest gathering point is termed
branch path, and among a group of branch
paths that which is closer to the origin of
those that are farther away. For instance,
in Fig. 11 («), Py1, @10ss qepy are each a
branch path, and ¢,9. is in the higher order
of gupy. In the most commonly used
contact point BLM, as it is clearly shown
in Fig. 2, the gathering point ought to be
taken at the side of movable contact
element. Rotary switch is also similarly
In the contact point MbB of
Fig. 11 (e), q is to be taken as the
gathering point.,

considered,

5.2. Nature and type of complex
partial path.

As complex partial path is a composite
body of various simple partial paths, the
above mentioned natures of simple partial
paths, of course, exist in each Dranch
path. A group of branch paths taken
in seriecs may be considered as one of
simple partial paths, and the same nature
will also exist. Therefore, in discussing the
nature of complex partial path, only those
which differ from that of simple partial
path will be considered. Although there
are many types of complex partial path,
the discussion will be limited to only those
which are most practically used.

i. Effect of contact points in branch
path.
Regarding the action of complex partial
path, as it takes a form of convergence
or divergence, the branch paths of higher
order control those of lower order; that is,
the action effect is possessed by those of
higher order. This may be clearly seen by
looking at the following example:
ii. Complex partial path composed of

112
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only M contact points.
This 12. The
operation progresses from the branch paths
of higher order to those of lower order,

is shown in TFig.

depending upon which M contact points of
the branch paths is closed.  Therefore,
used,

connection of Relay Automatic Exchange

this is for instance, for trunk

System. Also M contact point has coiirdinate

funection,
Py T
| WS S
== —c/‘\ [ SR
% bl %
e
—— g A . p——
. S
L s — B
Fig. 12.

iii. Complex partial path composed only
of BbM contact points,

M contact point can determine, by its
action, only one branch path, but BLM is
Such

has generally the

able to select two branch paths.

complex partial path

following two classes:

(A) BbM contact points connected in
series.

(B) (A’ connected in parallel,

In (A) there are, hesides, one in which
an arbitrary contact point trys to take up
the objective path when it operates, and
another
from higher order to the next operate
gradually to take up the objective paths;
and they form respectively as shown in
Fig. 13 (a), (b).
instance, counting relay circuits.

in which several contact points

These are applied in, for

Class (B) performs shifting of complex
partial path of class (A), or select the
objective path by combination of operating

relays among a group of relays, As an
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(a) % i

o, i L]

Fig. 13.

2 3 4 5 & 1 8 ¢ o
w wx Yy gz wI XRIZI wxz ¥YZI
Fig. 14.
illustration the display circuit of eall

indicator system,
14).

iv.

is shown above (Fig.

Complex partial path containing M
contact points and BbOM contact
points,

This is the general method which is
used in sclecting an objective path by the
various kinds of combinations of actions of
relays. That is, it is used for purposes
such as code translation.  As an illustration
of combining group-selecting function of
BbM and ecoirdinate function of M, there is
method of “Fifties” and “Fives” marking
in Relay Automatic Exchange System,

v. Complex partial path composed of
R.BbM contact points.,

This is a complex partial path containing
contact point forms of clectromagnetic relays
like rotary switch and selector, for instance;
and presents a typical divergent type, with
its branch path of higher order connected
to movable contact point elements (wiper)
and of lower order connected to numerous
stationary contact point elements (bank

contact points). A part of this is shown
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in Fig. 15.
an infinite divergence could be obtained,

By connecting these in  serics

and the path of higher order displays the
group-selecting function for those of lower
of

step-by-step connection of automatic tele-

order, This is exactly the theory

phone exchange system.
of these path orders, its acting function

Considering one

is equivalent to the operate-release process
of each of M contact points in Fig. 15
(b); and again, considering one of paths
@),
to operation of desired M contact point
The latter shows the equivalence of

of mext order in it is equivalent
only.

relay system with step-by-step system.
Moreover, the uni-directional progress of
rotary switch is equivalent to (¢) and (b)
of Fig. 13. This together with the previous
case is the cause to produce equivaience
between relay system and rotary switch
system as in the case of calculating method.
From the foregoing discussion the following

theorem is obtained:

o
a) = (®

¢ P " —
s O Ol e
.‘«—\\__.f{ e i
e e —
e ==

Fig. 15.

Theorem 19. Complex partial path com-
posed of R, BbM contact points, that
composed of suitable connection of M
contact points, and that composed
of BbM contact points are mutually
replaceable.

vi. Symmetrical connection of complex

partial paths.

Here the symmetrieal connection of

complex partial paths is a term used
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when two sets of complex partial paths

arc connected at their converging sides

or at their diverging sides. As combined

function of the two sets, it is evident

that the former and the
latter

of this

has diverging

converging nature, IMustration

in case of rotary switch, for

instance, is shown in Fig. 16. In case of
(a) the total number of simple partial
paths that can be formed is 10x10=100,
and this shows the principle of connecting
line-finder to selector. (b) as a whole can
be regarded as a simple partial path; and
if at

diverging side are connected, it shows the

corresponding  contact elements
principle of regenerating method of impulses;
and if otherwise, it shows the principle of
The latter
shown in figure (b), and is one example
the

capahility of converting forms of pheno-

impulse transformation. is

of characteristic 7 of relay circuits,

mena.,

(a) ()
e i
“._1% L"—t- wEr—E b

Fig. 16.
VI. CONSIDERATION REGARDING
ENERGY TRANSMITTING PATH.
6.1. Introduction.

In IV and V, when functions of partial
paths were considered, the idea regarding
actions of action elements was touched
only implicitly, but effect of actions of
partial paths upon action clements was left
In this chapter the

function of energy transmitting path with

out of discussion.

action elements and energy source explicitly
added to partial path will be considered.

For convenience, the energy source is
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assumed to be direct current,

Before going into the discassion, the
idea and definitions of some of the terms
will be made clear.

i. When

more relays are connected in series, these

action elements of two or

relays are said to be in relation of action

elements-in-series.
ii. When action element of two or more
these

relays are connected in parallel,

relays are said to be in relation of action

elements-in-parallel.

iii. When, contact points of some relays
are contained in the energy transmitting
of  other

relays, the latter with respect to the former

path having action elements
is said to be in relation of relays-in-series.
Sub-dividing iii,

transmitting path having an action element

iv. when an energy
of one relay contains only one contact point
of another relay, the former is said to he
Other-
wise, they are said to be in complex series;

in simple series with the latter.

and according to their types of contact
points they are respectively termed J/-series
and B-series.

v. When two relays are mutually in
series relationship, they are calied mutual
series, and when contact points of a relay
is included in the cnergy transmission path
containing its own action elements, it is
called self-serics.

These above cases are shown in Fig.
17.  The dotted arbitrary
partial paths not containing contact points

lines are
of relays under consideration, and the figare

shows the simple partial path under

consideration.  Also only those relays that
show the fundamental time-action forms
(see section 2, 3) will be given. In the

figure, (a) shows action elements-in-series;
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(b) action elements-in-parallel,

(e), (d),
-+«+ ete, show various cases of relays-in-
series.  (¢) shows complex-M-series, (d)
shows simple series; B in respect to A is

¢ 4

(&) shows mutual series, in

simple-)/-serics; in respect to is
simple-B-series.
which 4 and B are in MM-mutual series,

(1)

indicates self-series, in which 4 is M-sclf-

and 4 and (' in MB-mutual series.

series, and B is B-self series.
A ] d A B ¢
@ wofbefhe @ ol el
-~ = i e K
) '_Jiﬂ—] . © | o

el e
S

b
@) bl gyl
- B e =
Fig. 17.
vi, A group of relays which is, as

shown in Fig. 18, composed by repeating

in  turn the relationship of relays-in—
be

And when they are all in M series

series are said to in  iterative
or all in B series, they are called iterative
series of same kind, otherwise they are
iterative series of different kind.

A relay which
another relay is said to be in rear order with
respect to the latter, and the first of the

relays in iterative series is called a relay of

wii. is in series with

initial-order.
6.2.
Basing upon the foregoing definitions

MNature of energy transmitting path.

let us now examine various natures of
energy transmission path. In this case,
however, the acting functions of simple
partial paths shown in dotted lines in Fig.
18, that

contact points of relays under considera-

is, of those not containing

tion, are left out of discussion for the
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Consequently, in simple partial path made
A -3 [ ]
A - ";‘U‘ st up of contact points of relays of rear
order, by replacing contact points of every
Fig. 18. other relays by inverse contact points, thus
time being, Consequently, there will be making the action order regular, the acting

no question of difference in functions of
complex series and simple series, Moreover,
it is agreed to advance discussions limiting
the time-action charaeteristics of relays to
be of fundamental type.

i. As for a group of relays which are
in M-serics or in B-scries with a certain
relay, the time-acting forms of simple
partial paths containing their contact points
satisfy the condition 4 of regularity without
fail, but mot the condition B always.
Therefore, the double-inverse relation alone
may be discussed, but others may not
always be discussed.

ii, The time-action forms of a series of
relays in iterative M-series of same kind
satisfy both conditions 4 and B.
quently, in simple partial paths composed

Conse-
of contact points of these relays possess

the beautiful nature explained in Chapter
VI (Fig. 19 (a)).

Py
(b ‘%—L@TQ_TQ_—L?_Q_

19.

Fig.
iii. In a group of relays in iterative
B-series of same kind, any two relays
placed one after the other as shown in
Fig. 19 (b), are in opposite, operated and
released, steady states; and considering the
action of the initial-order relay, the action-
order of relays of rear-order are the same

in case of cither its operation or its release.
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function of this simple partial path is the
same as that of the original simple partial

path.
possible to examine the functions of a

By converting in this way, it is

simple partial path by various natures of
the simple partial path action of which is
regular,

iv. The relays which are in MM mutual
series, as A and B, in Fig. 17 (¢), have
the nature of mutually holding their operated,
condition, This is called the nature of
Like 4 and

¢, the relays in M B-mutual-series mutually

mutual holding of operation.

check against the other actions, and have
nature of repeating operation-release-ope-
ration-release- - --.  This is called the nature
of mutual interrupting action.

It is clear that 4 and B, in Fig.

v
17 (f), are special cases of iv, and have
respectively the nature of self holding of

operation and self interrupting action,

Vil. TIME-ACTION FORMS OF THE

RELAY AND THEIR OBJECTS.

7.1. Introduction.

As it has been stated before, the action
elements of relays have selective function
and time function. In this chapter,
and

of energy transmitting path,

considering both of these functions
the nature
the action forms of relays which seem
to be taken as composite elements of time-
action function of relay circuits in general
will be discussed by classifying them from
the standpoint of their purposes.

The following are their major forms:
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Forms of fundamental action.
Forms of sustained action.
Forms of interrupting action.
Forms of permanent operation,
v.
1:2.

These are, as stated in section 2.3,

Forms of permanent release.
Forms of fundamental action.
action forms such as to operate when
controlling energy is received and to release
when the energy is ceased, and have for
their object to realize the given phenomena
qualitatively, In order to realize given

phenomena  faithfully and qualitatively,
fast-operating and fast-releasing type is
to be wused, like

telegraphic relays or

and for this case,

impulse relays in

antomatic exchange system, not only it
requires the severe conditions in the time-
action characteristics of the relays themselves,
but also the characteristics of the energy
transmitting path composed of complex path
The
its original
object to prolong the extinction time of
phenomena, but also it is used to connect

elements become important problems.

slow release action has as

transiently one phenomenon to the successive
phenomena. The slow operating action is
as its original purpose to retard the occurence
time of phenomena, but it is also used to
make one phenomenon to wait for other
phenomena.,

7.3. Forms of sustained action.

A sustained action means that although
the controlling energy is received intermit—
tently, the action of the relay sustains
its definite acting condition, and according
to forms of action, it is divided into two
kinds: Sustained operation and sustained

release.  The former usually uses slow-
releasing type relays, and the latter slow-

operating type.
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i. Class 1 forms of sustained opera-
tion.

This is the form of sustained operation
in which a relay in the operated condition
after receiving controlling energy sustains
the same condition while the controlling
energy is received intermittently, for
instance, in impulse circuit (Fig. 20) of
Strowger Automatic Exchange system,
action of relay B for impulse relay 4. This
sustaining action shows the function of

connecting successive phenonena.

o]

Lg-

B

£

Fig. 20.

ii. Class 2 form of sustained operation.

This is the form of sustained operation
in which a relay, in the release condition
without receiving controlling energy at
first, operates as soon as controlling energy
is received intermittently, and during the
time of this reception sustains the operated
condition,  For instance, it is like relay
¢ (Fig. 20) in impulse receiving circuit of
As

fast-operating-slow-releasing’

Strowger automatic exchange system,
for relays,

type is used.
the function of replacing a series of

This operation form has

successive phenomena by one phenomenon,
or has function of recording spaces between
groups of phenomena.

P

iii. Class 3 forms of sustained operation.

This is a form of sustained operation,
in  which the operation of Class 2 is
retarded. 21 illustrates this form.

In the figure, V" is vibrating contact point

Fig.

and relay 4 keeps its magnetic energy at

the time J7 is opened, and obtains its
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escaping path when V is closed. This type
is mainly used, like in voice-frequency relay
circuit, to operate direct current relays by
alternating current of short period.

=
? R
*

Fig. 21.

iv., Form of sustained release,

For this, relays of slow-operating type
are used; for instance, they are used
to sustain released condition when control-
ling energy whose time is shorter than
that of operating is received.  Conse-
quently, it is best for not leaving the effect
of controlling energy that has been received
previously. That is, it is best in having
long slow-operating time and fast-releas-
ing time,

7.4. Interrupting action form.

Interrupting action form means that
although the receiving path of controlling
energy is steadily closed, the relay itself
keeps the operation-release action and
repeats the interruption of transmitting
path of controlled energv. The fundamental
principle of composition of such relay cirenit
is to relate the effect of relay operation in
such a way as to cat recurrently the
receiving path of its own controlling
energy, and is one of push-pull action.

i. Class 1 interrupting action form,

This is of B-self series as shown in
Fig. 17 (). In simple relays having this
action form as their object there are
pendulum relays which convert direct current
to alternating current, and in relay circnits
there is one like self-release action of rotary
switch,

ii. Class 2 interrupting action form,

This form is performed by relays which
are in MB-mutual series, as shown by
relation of 4 and €' in Fig. 17 (¢). It is
used as one of impulse generators.

7.5. Permanent action form.

To begin with, the idea of permanent
action will be explained. In handling
relay circuits in general, depending upon
the required time-relation betweermr the
given and desired phenomena, relays
receiving once the initial controlling energy
maintain the operated condition permanently
even after the controlling energy has
disappeared, unless otherwise regulated; or
they maintain the released state permanently
even after the controlling energy is received
unless otherwise the restraining measure is
ceased to be applied. This is the action
form that is called permanent action, and
the former is termed permanent operation
and the latter permanent release.

Ordinarily the permanent operation is
called self-holding, and is employed in
cases in which it begins its operation due
to some phenomena, continues to remain in
its operated state even after the phenomena
have disappeared, and then releases when
other phenomena have occurred. This is
exactly the underlying source of characteristic
8 in relay circnit, which is the capability of
storing forms of phenomena, and is
also a very important reason for its
characteristic 7, wwhich is capability of
converting forms of phenomena.

Considering  methods
electromagnetic relays permanently, though

of operating

there are many kinds, depending upon
relays, as far as eclectromagnetic relays
are concerned, there are following four
classes:

Class 1. The energy for permanent ope-
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ration is other

transmission paths than the initial

supplied  through
transmission path of the controlling
energy.

Class 2, Resisting energy at operating
position is negative.

Class 3.

position is zero.

Resistive energy of operating

Class 4. Mechanically lhold at operating
position,
Class 1 of

controlling transmission of holdiug energy,

has a great freedom
though it requires the supply of energy
during the operation; and consequently,
it has advantage of having in the cirenit
very broad range of applieability, and is the
most commonly used means fm.‘ recording.
Listing the practical means of these forms,
Class 1-A  Permanent operation form.
This is M-self series like Fig. 22 (a).
Class 1-B Permanent operation form.
It is MM-mutnal series like Fig. 22 (b).
Class 1-C  Permanent operation form,
It is a form used in a relay having many
windings one of which being supplied with
enough energy to hold the operated state
of the relay when it is once operated, hut
not enough:to operate it with the energy.
Class 2-A Permanent operation form,
This is a form used in the permanent
polarized relay called Two Position Type.
It is shown in Fig. 22 (d).
Class 2-B  Permanent operation form,

fa) [£5] (5} o

a A s A
oty o

-}b-o—
gl

a B

S A

Fig. 22.

The Theory of Relay Circuit Composition

119

219

This is a case in which the resisting energy
by gravity becomes minimum potential in
operating position.
Class 3 Permenent operation form.
This is a case like rotary switch or sequence
switch, If it is considered that the wiper
prepares for its motion while the control-

ling energy is Dbeing received and begins

to step when the controlling energy
disappears, the equivalent relay circuit
will Dhe obtained as shown in Fig.
22 (f). That is, receiving controlling

energy, A operates and closes contact point
@, but B takes up the Class 1 permanent
release form which will be explained in the
next paragraph, and does not yet operate;
and when the transmitting path of control-
ling energy is opened, due to M-self series
of A, B performs with A the permanent
operation and operates the contact point b.
Therefore regarding the controlling energy
and the contact point b such relay ecircuit is
equivalent to one of contact points of rotary
switch, This lays the foundation that a
rotary switch and a set of group relays
composed of such relays are truly equivalent.
7.6. Permanent release form.

All relays operate selectively correspond-
ing to attributes of controlling energy as
The funda-

mental principle for permanent release is to

already stated in section 2.2.

provide suitable checking means in accordance
with this sclective function.  Here will be
considered regarding direct current electro-
magnetic relays the practical means with
respect to quantity, phase, and frequency
as attributes of controlling energy.  They

may be divided as follows:

Class 1. The checking means is concerned
with quantity.
Class 2. The checking means is concerned
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with the phase.
Ciass 3. The checking means is concerned
with frequency.
Class 1-A Permanent release form,
This is a form to check the operation

by series impedance limiting the value of
controlling energy helow the operating
value; and to remove this checking means,
it can be done by suitably decreasing it,
but usnally it is done by taking it out or
by short circuiting, as shown in Fig. 23
(). For series impedance also high resistance
relays are sometimes used; in this case it is
the usual means, by their presence in
series, to release A and to operate B at the
same time.

Class 1-B  Permanent release form.

This is to limit the controlling energy

below operating value by the presence of
parallel impedance; and its simplest form
is short-circuiting, buat usually there
accompanies some impedance in series.
In Fig. 23 (b), A is the relay under
consideration, B the parallel impedance,
and C the series impedance. In order to
remove this checking means, the parallel
impedance is taken out. Parallel impedance
is sometimes low-resistance relay or
short-circuit, and each of these shows the
condition of gathering point ¢ and are used
for the purpose of not operating A.

Class 1-C Permanent release form.

(a) () (e)
Pl | 45 A b e U
g B B
® () 3

[ - Tt L
--—D—'“'ﬂ_ﬁ}?" -.F:H:; %..--.ﬁ?

Fig. 23.

This is a form nsed in relay having
many windings, in which the controlling
energy is divided into each of the windings,
and unless all of the energy is received,
it does not operate, This is shown in Fig.
23 (e).

Class 2 Permanent release form,

This form is used in relay having two
windings; and when one alone receives
the controlling energy or when two of them
receive currents of opposite direction, it
docs not operate; and when two windings
receive currents of same direction it operates.
Such a relay as that having single magnetic
path, or so-called shunt-field type, or
three—pole electropolarized relay, ete., realizes
this form. Fig. 23 (d) and (¢) show this
form.

Class 3 Permanent release form.

This form is used when the controlling
energy contains Dhoth direct and alternating
carrents, in which alternating current does
not operate and direct. current alone
operates the relay. For instance, as shown
in Fig. 23 (f), the direct current relays
having copper sleave and slug suppresses
the direct enrrent by condenser conmnected
in the transmission path of controlling
energy. This is used in the ringing
circuit of antomatic telephone exchange
system,

The foregoing discussions are made on
permanent operations and permanent release
separately, but there are relay circuits
having combination of these two forms.
For instance in Fig. 22 (f), at first during
the time while A is receiving the controlling
energy, B take the Class 1-B permanent
release form; but when the controlling
energy is cut off, A and B perform the
Class 1-A permanent operation form.
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counting and recording of intermediate
VIl SOME OF FUNDAMENTAL TYPES stage will be considered. This is a type of
OF RELAY CIRCUITS. storing forms of phenomena.
Thus far an outline of the most When the content of counting and

fundamental action forms that underlic in
This

to

clectromagnetic relay circnits is given.,
be  devoted

considerations on a relay cireuit that will

chapter, however, will
definitely perform a conerete object and on
some of the basic fundamentals of its

intermediate  parts  which are of some
importanee, as to their purposes and method
of compositions.
fundgmental

relay circnit system which satisfies both

Thus by considering such
forms, the composition of
given phenomena and desired phenomena
as a whole become quite easy.

8.1. Types of counting and recording
circuit.

As a method of segregating cach of
given group phenomena and desired group
phenomena in relay circuits, definite numbers
or groups of numbers are given to correspond
to each of these group phenomena, and
these are treated as such numbers or group
of mumbers in the intermediate stage of
cireuit, In order to attain these numbers

the usual method is to use namber of
impulses,

In treating such phenomena with their
corresponding

numbers, three steps are

necessary: first, the given phenomena are
converted into the cor-
numbers; E

[y

T

responding

W
o——un

next, these numbers are
counted and recorded;
and finally, these num-
bers are converted back
to the desired phenome-
In this chapter
only the usual type of

na.

recording is analysed, it is found to be
composed of three parts; namely, the main
part of counting and recording, a part
that assigns the numbers to be recorded
to respective groups (count-shifting), and
another part that takes up the recording
of the main part and retains the recording

even aflter the main part is released (record

shifting).
i. The main part of counting and
recording .

The elements of counting and recording
require first permanent operating form
and contact points that correspond to each
number,  To satisfy such requirements,
relay circnits ought to be of stepping
mechanism, such as rotary switch or its
In the

S is contact point to act according

equivalent, as shown in Fig. 24.
figure,
to impulses, and the paths pp;, pps, -
represent paths to recorded numbers.

ii. Count-shifting.

If it is desired to record some groups
of numbers one after another, the main
parts of counting and recording are provi-
ded as many as there are groups, and
numbers are led into the main parts that

correspond to the each group. For this, it

------- s
| I
5 s 5 P
E—= | B | p=* | |
| I | 1
b I b
o STl M S N
A8 o A lB: g | A3|Bs a | |
I' : ll I
! | I I
e N |
| & 1 1 ]
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Fig. 24.
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is necessary to record number of groups by
representing the beginning and ending of
numbers of the some group, and the usual
method is Class 2 sustained operation form
which is to operate while receiving a scries
of impulses, and to release when receiving
ends.  Fig. 25 shows one of illustrations.,
In (a) and (b), the rclay (' displays the
() is

used for count-shifting of many groups of

Class 2 sustained operation form.

numbers, and (b) of only two groups, as

in case of a connector,

@) P )
PR ct?.-_J y |€
e Akl
£= Lz |
'l!-‘-c\e'-‘.:.‘—“ [
R — =]
Fig. 25.

Record shifting.

In order to utilize the main part of

iii,
counting and recording economically, the
recording is shifted to other simpler circuits
part itself
prepare again for the following recording

and the main is released to
operation. For receiving shifted recording,
a permanent operation form is used, but
of which the most commonly used form is
Class 1-A.

Moreover, as objects of counting and
recording, it is possible to record addition,
subtraction and multiplication of many
numbers,

In the Strowger automatic telephoné
exchange system, counting and recording
parts having stepping

mechanism  are

connected in  series to select the desired
path; and in the relay automatic telephone
exchange system, by using counting circuit
of relays and complex partial paths composed
of their contact points, the desired path is

sclected; and also in supervisory system, by
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assigning corresponding numbers to control -
ling keys and controlled apparatus, the
desired controlled apparatus are selected in
the similar manner. In inter-call telephone
system and train  despatching telephone
system also desired telephone is selected in
the similar way.
As types

to corresponding

for that assign numbers

phenomena, when the
phenomena are few, simply numbers of
units or of tenth of units are used; hut

when the phenomena are many, either
they are divided gradoally from large te
smaller groups, so that their total sum nf
numbers does not necessarily he a definite
number, or they are assigned to number-
codes. The former is used in, for instance,

step-by-step  type auntomatic exchange

system, and the latter, for instance, in
nm.E.
system,

type train  despatching  telephone

8.2. Types of generating circuit of
assigned numbers.
Tet of

generating the assigned nuombers provided

us now consider the form
when one of the given phenomena las
occurred.  Assuming the assigned numbers

to be represented Dby impulse numbers,
when the composite substance is analysed,
it is made of three parts: generating circuit
of impulses, cirenit to count and record the
impulse current numbers, and circuit to
determine the assigned number related to
the other circuits,

Impulse generating circuit uses usually
either the class 2 interrupting action form
which is in. MB-mutual series or relays that
respond to mechanically interrupted currents.,
The circuit of counting and recording is
already stated in the foregoing section; the

next consideration is on very important idea
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of marking which relates determination of
assigned numbers to counting and recording
and, when recording is finished, makes the
of

Marking

ineffective or
to set up
different condition on the assigned recor-

transmission impulses

discontinued. is
ding point than on other points, and has
object to make ineffective or discontinue the
transmission of impulses when the counting
and recording has progressed to that point.
To make the transmission ineffective, from
the idea of contact effect of simple partial
path, as stated previously, a suitable form
To
to the circuit

of simple partial paths may be taken.
discontinue the transmission,
of interrupting action a permanent release
form may be added, or cut out the part
causing the transmission. Thus, as circuits
of generating assigned numbers there exist
great many kinds due to the fact that
ways be taken
regarding their contents.  However, the

many different may
ideas of composition are the same, so that
in Fig. 26 only one illustration is given.
M contact points is for marking; L, L.
forming a simple partial
INT
interrupting point; and S is the energy
source of this ecircuit.,

paths are to

transmit mechanical

impulses; is
The relay 4 responds
to marking; B performs releasing of circuit;
and (' takes charge of impulse current
transmission, M contact points may either
be that of rotary switch or of relays in
case of key sending.

Also in Fig. 26, it is to generate the
assigned number itself, but if the starting
point of impulse generation is given at the
points of the assigned number, it is
reasonable to obtain the difference between
assigned number and a definite number,
This is used,

for instance, in revertive
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Fig. 26.

impulse control system of outstepping
counting relay circuit in rotary type auto-
matic telephone exchange system.
Moreover, the ecircuit in Fig, 26 is
primarily for getting single set of numbers,
but if it is necessary to obtain groups of
numbers, the method is to shift the marking
effects that correspond the groups of numbers
of

impulses will begin from the numbers of

in order, so that the transmission

initial group to the following groups until
the entire operation is completed.

As it is apparent from the above
explanation, the circuit  of
be utilized as

converting method of phenomena by the

gencrating
assigned numbers can a
principle of marking.
8.3. Types of storing and generating
numbers.

When the and
recording stated in section 8.1 is used for
the marking of
assigned numbers discussed in 8.2, it is

type of counting

in  generating circuit
able to perform both storing and generating
numbers.

In transmitting numbers over a long
distance, impulse  repeating
performed many times, the impulse current
ratio will gradually be destroyed.  In the
step-by-step type automatic telephone ex-

when is

change system, by the use of Class 1 and
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Class 2 sustained operation form the safety
region of impulse current ratio is deter-
mined; consequently, as distortion of the
impulse current ratio is undesirable, in such
case it is quite reasonable to record impulse
number once any way and then to transmit
again the impulse of correct ratio. This is
what is ecalled the principle of regenerative
impulse current transmission.

The correspondence betweem the counted
and recorded numbers and the numbers to
be generated may be selected at will merely
by means of connecting them. (Fig. 16
(#).) This is exactly the principle of
director-type automatic telephone system.

8.4. Type of self- selection.

As a means of selecting paths in relay
circuits, if impulses of a definite corres-
ponding number are transmitted, the type
of counting and recording may be maﬁd,
but this may be considered as a type of
externally effected selection. For this there
is antoher type in which selection is made
only by marking and does not necessarily
require the transmission of impulses altho-
ugh numbers are given to the desired
paths. Such a type may be called here the
self-selection type.

As for the self-selection type, it is only
necessary to eliminate impulse transmission
in the generating circuits of assigned
numbers, given in section 8.2, and it is to
utilize the counting and recording of inter-
rupting action and to stop the action at
the marked point. For instance, rotary
line switch and line finder circuits are of
The former is called forward
selection and the latter backward selection,
taken from their connecting direction, but

this form.

their principles are the same.
8.5. Type of representing phenomena by

codes.

Now another type of representing
phenomena will be considered here, that is,
the type of representing them by codes.

In order to convert the codes back to
each corresponding phenomenon, relays
should be provided to correspond the
elements of each code, and the corresponding
partial path composed of their contact
points should display its effect by corres-
ponding combination of the relay actions.
An example, in Fig. 14, is shown where,
by using 4 relays, 10 phenomena are
represented.

To control the actions of relays that
represent these code elements, it is only
necessary to provide as many energy
transmission paths as there are elements;
but for long distance there is economical
limit to the number of connecting lines,
and consequently considering, as attributes
of code, the current, its amount, polarity
and frequency, there arises necessity of either
using combination or so-called distributor
type, which means further effective increase
of connecting lines must be used.

In the code call indicator, the ,codes
are combinations of small amount of
positive current, large amount and small
amount of negative carrent; and in the
four frequency signal system the codes are
combinations of 4 frequencies, 500, 600,
750, and 900 cycles. Both of these assign
the numbers from 0 to 9 to partial paths
similar to those shown in Fig. 14.

The distributor type is generally emp-
loyed in teleprinting system but for this
instead of partial paths clutch mechanisms
are used. In the Dualsystem which employs
4+ and — as elements of codes, when
composed by n units, 2" different combina-
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tions are obtained. For telegraph using
alphabets, 5 unit type is used and total of
25=32 combinations are secured, and for
Japanese telegraph, total of 2°=64 combi-
nations can be obtained; however, in the
former 31 combinations are used, and for
the latter 63 combinations are employed.
If Dreiersystem, which uses +, — and 0 as
is composed by n
units, in general 3" different combinations
are to be obtained.

8.6. Type of preventing double connections

of sectional circuits.

3 elements of codes,

In complex relay circuits unit sectional
circuits that perform one function in each
section are often connected in series, such as
in automatic telephone system. In such cases
there are usually a number of unit sectional
circuits which funetion similarly in each stage,
consequently, the one in use ought to he
protected from being doubly connected by
another. For this reason, at each connec-
ting point between two stage a testing
circuits is inserted to see if the latter of
To distinguish whether
different
made at the connecting

the two is in use,
the circuit is in use or not,
conditions are
point; so that, for instance, the testing
relay in the circuit of the former would
not operate if the latter is in use., Fig.
27 shows an outline of the testing method.
(¢) and (b) both illustrate the wuse of
Class 1-B permanent release form, and the

testing relay 4 cannot operate at point T
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while the following section is in use duc
to the existence of low resistance or shunt
in parallel. (@) is the principle used in
rotating motion of rotary line switch and
in revolving motion of selector in Strowger
type automatic telephone system, and (b)
in preselector circuit of Siemens type auto-
matic exchange system.
8.7. Type of holding operation of
sectional circuits in series.

In case of relay circuit in which group
of sectional circuits of various functions are
connected in series, in order to hold their
operated state the method of shifting Class
1-B permanent operation form of MM/~
mutual series in orderly sleps to the sections
of the following stages as the given
phenomena occur,
in Fig. 28.
tionship of connection in Strowger type

An example is shown

The figure shows the rela-

automatic exchange system., 13 on one
side of MM-mutual is b contact
point, and the figure shows the end of

series

process in which b has been shifted from
the selector of initial stage to the selector of
the following stage and then finally to the
connector,

1X. CONCLUSION.

In the foregoing Chapters, an outline
of somewhat systematic considerations on
the fundamentals of composition of relay
circuit, ecspecially of electromagnetic relay
circuit, has been presented. Heretofore,
very little discussion and papers are given
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on the systematic theory on this phase of
relay circuits; therefore, out of sheer
necessity, many new words, definitions,
and theorems are given. However, this
being the first trial, the writer is willing
to bear the blame or any eriticism for
being too dogmatic or too crude.  Also
regarding acting function of partial paths,
much anticipation is to be expected in

further investigation. The writer sincerely
hopes that the readers will extend him their
generous criticisms and instructive comment
on the subject presented in the paper.

In conclusion, he also wishes to thank
Dr. Y.Niwa and Mr, Y,.Shimazu who have
given him their wtmost encouragement,
valuable suggestions, and consultations.,

(Received Sept. 2, 1935)
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PART Il

This section gives the summaries of articles appearing in the Journal of

the I. T. T. E. of Japan published in Tokyo in the Japanese language.

The following resumes are extracts from the January, February and
March Journals of 1936.

SOME PROPERTIES OF THE GROUP OF SIMPLE PARTIAL PATHS
IN THE RELAY CIRCUIT

Akira Nakashima, Member
(Nippon Electric Co. Ltd., Tokya)

This is a detailed discussion on some
properties of a group of simple partial
paths which are grouped in accordance with
the principle of tetrahedron (Refer to Fig. 1)
given by the writer in the paper entitled
“The Theory of Relay Circuit Composi-
tion 7. (17

First, by considering the mathematical
meaning of the group composition mentioned

above, it is made clear that the four kinds

of transformations——contact-inverse, con-

nection-inverse, double-inverse, and identical

so-called

transformations ——compose  the
Abzl's group treated in the group theory.
Then designating thesz transformations by
letters the

among them mathematically, various phy-

and  expressing relationships
sical meanings are shown from them.
Next a method of pictorially represent-

ing the acting functions of partial paths is

A

N nn. Comtact
/’ \\ 0 _é::::‘nion

-~ - inveras

b —-— Double

8 cf— ) o

C
Fig. 1.

127

proposed, and by presenting some simple
figures as examples for the case in which
are satisfied the conditions 4 and B of the
the

variation in the acting functions due to

regularity of the acting order,
various transformations are clearly pointed
out.

In the previous paper®™ only a brief
explanation was given about special methods
of connection-inverse and double-inverse

ransformations, and therefore in this paper
the methods of transformations are extended
to the most general form. As lojg as the
ceneral method of connection-inverse trans—
formation is made clear, by applying the
contact-inverse transformation afterward,
the double-inverse tramsformation can easily

be performed.

of the connection-inverse transformation

Henece, the general method
will be given here. This general method is
made up of the following two treatments:

(1) Considering for the sake of con-
veniencz that two terminals of a given
partial path are to be closed, from this
circuit select meshes in such a way that

each branch path will become the common



coupling element between two and only two
adjacent meshes, and designate them by
numbers.

(2) Place as many points as there are
meshes szlected as above and designate
them by numbers. Then connect two of
these points by the branch path which is
the common coupling element between two
adjacent meshes, numbers of which corres-
ponding to the numbers of the points, until
all of the branch paths are drawn.  Then
open the branch path not containing contact
points, and make the opened ends the two
terminals of transformed partial path.

For instance, take Fig. 2 (A) in which
a given partial path is shown in solid lines.
In order to obtain another partial path
which is in connection-inverse relation with

this, follow the process as shown in Fig.

)
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Fig. 3.

2, and the transformed partial path is
obtained as shown in solid lines in (B).
Each of the partial paths shown in Fig. 7
in the first papert” can be regarded as a
special ease of this transformation,

Fig. 3 represents examples of the acting
functions of the simple partial paths of (A)
and (B) in Fig. 2 and of a simple partial
path in double-inverse relation with (A)
respectively by the circular figures I, II,
and III.

Finally, for the acting functions of
simple partial path after it has undergone
the above mentioned general double-inverse
transformation, it is analytically proven
that Theorem 9,0 that is, the conjugate

nature of the acting functions, does exist.
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THE REJUVENATION OF GRANULAR CARBON IN MICROPHONES

Tamotsu Nishina, Member, Gen Wachi and Toshio Ebihara, Associates
(The Electrotechnical Laboratory, Ministry of Communications, Japan)

Itis a commonly known fact that carbon
granules used in telephones possess a certain
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limited life and that the communicating

efficiency gradually decreases as the granules
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THE THEORY OF EQUIVALENT TRANSFORMATION
OF SIMPLE PARTIAL PATHS IN
THE RELAY CIRCUIT

Akira Nakasima, Member

Masao Hanzawa, Member
(Nippon Elecuic Co., Lid,, Tokya)

SYNOPSIS

This paper discusses the equivalent trans-
formation of simple partial paths in the relay
circuit, which means transformation of connect-
ing forms without changing their acting func-
tions.

A simple partial path is, in general, com-
posed of many various simple partial paths, and
the equivalent transformation of such a composite
simple partial path is discussed in the following
WO Ways :

(i) To consider each component simple
partial path as a unir, without dis-
cussing its internal structure,

(ii) To consider the types and acting time
of all contact points contained in the
composite simple partial path,

In erder to develop the theory of equivalent
uansformation a new method of algebraic treat-
ment is proposed to express goemetrical figures
and equivalency of acting functions of simple
partial paths, and it is shown that problems of
equivalent transformation can be mathemarically
treated in a very easy manner,

I—1. ALGEBRAIC EXPRESSION
OF SIMPLE PARTIAL
PATH

A complicated simple partial path is, in
general, composed of several component
simple partial paths which are connected in
various ways. To begin with, the form of

algebraic expression for such a composite

This is a condensed twanslation of the
original paper which appears in Japanese in the
Journal of the Institute of Electrical Communi-
cauon Engineers of Japan, No. 165, December
1936, No. 167, February, 1957,

simple partial path as one made up of series
and parallel connection is considered.

Take arbitrary three simple partial paths
A, B and €, and connect them in either
series or parallel to form a composite simple
partial path X or ¥ respectively, Now the
author adopts a rule by which these simple
partial paths are to be expressed as following :

In case of series connection,

XA+ B0 coiiinirnirnnnns PR (1
Th case of parallel connection,
Yo d BEY civinsiinsiaiiainpiiai 2)

When the acting functions of these simple
partial paths are considered, it is clearly
evident that the associative and commutative
laws hold in the right hand sides of equation
(1) and (2).

Next it will be shown that when the
ahove mentioned rule of algebraic expression
is adopted the distributive law holds true
with regard to composite simple partial
paths, that is,

A(B+C)=AB+AC' .......... TP (3)

The equal sign means that the acting
functions of two composite simple partial
paths represented respectively by the left and
right hand terms are equal. Consequently,
it will be sufficient to prove that the acting
functions of these two composite simple
partial paths are equal in respect of time and

in all combinations of acting impedances
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of three component simple partial paths A,
B and C.

As the acting impedance of simple
partial path is limited to only two values,
zero and infinite, the total number of all
possible combinations of acting impedances
of these three simple partial paths is 2*=8.
Therefore, the acting impedances of the
composite simple partial paths represented
by the left and the right hand terms of
equation (3) will be examined in eight
combinations as shown in Fig. 1. In the
figure, the solid lines and the dotted lines
show respectively the zero and the infinite

values of acting impedances,

AdHtC —
ABHAC, —

|11-
NRARE

Fig. 1.

It is seen, from Fig. 1, that the acting
functions of the two composite simple partial
paths A (B+C) and AB+ AC are always
equal, that is, it is evident that the equation
(3) always holds true.

Equation (3) may be graphically shown
as in Fig 2.

AR rC) AD AL
=

¥ (8} <]
Fig. 2.

From equation (3) we have the follow-
ing equations:
(D+EXB+C)=(D+E)B+(D+E)C
=DB+BE+CD+CE

(33) The Theory of Equivalent Transformation of Simple Partial Paths in the Relay Circui 33

G=1, 2000
=1, 2,

From the proof given above, it is now
obvious that, if a composite simple partial
path is expressed algebraically by forms of
sum and product of its component simple
partial paths, the associative, commutative
and distributive laws do all hold true as
regards the equivalency of acting functions
of composite simple partial paths.

In this paper notations are used such
that a simple partial path which is in
double-inverse relation with simple partial
path A is represented by A and that a
simple partial path always giving infinite
impedance or zero impedance is represented

respectively by p or s.

3
I—2. LAW OF ELIMINATION

It is zometimes the case with a composite
simple partial path in which elimination of
some of its component simple partial paths
from it does mnot make any change.in its
acting function. This gives a sort of
equivalent transformation method. Some of
the laws of elimination are given below:

(a) When a composite simple partial path
contains several mnumber of same
simple partial path A only,

mA=A, AP=A e (6)

where 7 is any positive integer.
(b) When two component simple partial

paths are in double-inverse relation,

A+d =p

(Ad+A)+B=p } ....................... (7
(A+ADB =B

AA =3

(AAB =s - (8)
Ad+B=B
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(c). When a composite simple partial path
is composed of two or three kinds of

component simple partial paths,

AB+ A= -esairsersanancsssrsecssossaeisnn (9)
A(AFB)=A v (10}
AB+C)+(A+BC)y=A+BC (1)
A(B+CY A+ BC)=A(B+C) --+---(12)

These laws of elimination are gra-

phically shown in Fig. 3.

| B
Topteig---olgh

=2

2.

Fig.

I—3. SERIES—PARALLEL
TRANSFORMATION

A composite simple partial path having
its component simple partial paths connected
in parallel can be transformed equivalently
into series form by the distributive law
mentioned above.

However, the equivalent transformation
of a series form into a parallel form is not
always just

possible by applying the

distribrtive law alone. In such a case, the
law of elimination must be applied in
conjunction with the distributive law. Some

examples are shown below :

AB+C=(A+OBAC) ooevenvenes (13)
AB+CD

=(A+CHA+DNB+CYB+ D) -(14)
ABC+D

=(A+D)(B+D)(C+D} cereennnane(15)
AB+C+D

=(A+C+ DB+ CH D) eeevenens (16).
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where 4, B, ' and D are arbitrary simple
partial paths,

These relations are shown in Fig. 4.

t@_{_r T ke F(-AJ

Fig. 4-A.

I—4. EQUIVALENT TRANSFOR-
MATION FROM BRIDGE
FORM TO SERIES-PARAL-
LEL FORM

The equivalent transformation ‘oF a
composite simple partial path composed of
five arbitrary simple partial paths connected
in bridge form, as shown in Fig. 5, will

now be considered,

Fig. 5.

A composite simple partial path of such

a form as shown in Fig. 6 is first made
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up of five kinds of component simple partial
paths contained in the original composite
simple partial path of bridge form and its
acting function is compared with that of
the original one by resorting to the means
indicated in Fig, 1. This comparison shows
that the two composite simple partial paths
are always equivalent.

In other words, a composite simple
partial path of bridge form can be always
equivalently transformed into that of series-
parallel form,

Therefore the acting impedance of Fig.
5 may be expressed by the following forms

{A(B+E)+CHB(A+E)+D}

=AB+CD+ADE+BCE - -eeeeeo(17)

=(A+CAB+C+ENB+DNA+D+E)

7.

I—5. LAW OF PARALLEL
SEPARATION

Let us take a case such as shown in
Fig. 8 where 4 and B are any arbitrary
simple partial paths and K a three-terminal
complex partial path, and consider a method

-of transforming it into a parallel form.
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Now the transmission circuit theory
teaches us that a three-terminal passive
network can always be equivalently trans-
formed into a J form of three impedances.
Therefore the complex partial path K can
be also equivalently transformed into a 4
form one composed of three supposed simple
paths, 9
equivalent to Fig. 8.

partial and Fig. is taken as

»

_m
Fig. 9.

Fig. 9is of the same form as Fig. 5, so
that if the same method of transformation
from Fig. 5 to Fig. 6 is applied to Fig. 9,
the equivalent transformation shown in
Fig. 10 will hold true.

be ealled the law of parallel separation.

This is what may

This law holds also true even if a
complex simple partial path has any number
] how much
complicated a given simple partial path may

of terminals. Conscquently,
be, it can be equivalently transformed by
this law into a series-parallel form and be
expressed by algebraic expression discassed

above.

I—6. EQUIVALENT TRANSFORMA-
TION WHEN SIMPLE PARTIAL
PATHS IN DOUBLE-INVERSE
RELATION ARE CONTAINED

The equivalent transformation of a
composite simple partial path containing
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component simple partial paths which are
mutually in double-inverse relation plays an
important part in the algebraical treatment
of passive networks in the relay circuit.
Some examples of such transformation will

be given below for reference.

() AAdB=gemrenriiin -(19)
(i) AB+AB=(A+.)B=B - (20)
(i) A(T4B)=AB rormrereiininns @1
(iv) (A+BYA+B)=B vroereeenne (22)

(v) A+AB=B+AB=A+E ---(23)
These relationships may be graphically
shown in Fig. 11.

| e
BHE -
-
DD
S —

Fig. 11.

Also the equivalent transformations
from bridge form into series-parallel form

are shown in Fig. 12,

II--1. ALGEBRAIC EXPRESSION
OF INTERNAL STRUCTURE
OF SIMPLE PARTIAL PATH

In Part I, considerations were made on
a composite simple partial path with its
component simple partial path as units and
no special study was made on their internal
structure ; in other words, the considerations
were made rather from the macroscopic
point of wiew, In Iart II, however, an
extensive discussion of the theory of
equivalent transformation of these com-
pounent simple partial paths regarding their
internal structure will be made, that is, from
the microscopic stand point,

Now, a simple partial path is made up
by combining contact points and simple path
elements. In order to express its acting
fanction ulgebraically, it is quite sufficient
to.consider just the following four factors
which control the dynamical geometric
nature of simple partial path,

(i) Types of contact points

(ii) Action elements to which contact

points belong

(iii) Time-action forms of contact points.

(iv) Connecting form in which path

_elements connect contact points

Factors i, ii and iii must be determined
regarding each contact point, while factor
iv may be determined by expressing the
connecting form algebraically resorting to
the method explained in Part I, Con-
sequently, what must be considered anew
are the forms ol expressing factors i, ii and
iii, and they may be taken as following :
For letter M or B that designates the type
of contact point, place the name of action
clement to which it belongs at the left
lower side of the letter and r which shows.
the starting time of action at the right
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lower side as subscripts,

The contact point is not, within the
time required for consideration, limited to
.only one action, but is generally subjected
As a
method of representing one contact point

to several operation and release.

having such a time-action form, it is
simpler to replace the contact point by a
group of contact points each of which acts
only once. This method may be explained
as follows:

In case of M contact point—For the
sake of simplicity four kinds of acting forms
shown in the left side of Fig. 13 are taken.
Each M contact point having such a acting
form may be replaced respectively by a
supposed simple partial path shown in the
Tight side of Fig. 13, and then is expressed

by (24) where the action element is A.

Tizwe~Aztion Form Sm:: m’k i
Time —= T
1
o | e | S B
. -f; -
ni- [ -4
rl 1}
L LG G Lttt
Fig. 13,
i. aMrn
it. aMr,+aBr,
#ii. (aMei+aBr)aMr, +4{24)
iv. (aMo,+aBrYaMr,+aBz,)
In general, when a 3} contact point

-operates n times and releases n times, it may
he expressed by (25).

(itMo,+aBr aMc,+aBt,)

ol aMran-yFaBray) oeeeeeeeee(25)

When a M contact point operates n
times and releases {(n—1) times, it may be
expressed by (26).

(a Mz, +aBc,alMc,+aBz,)

- -(O..Hrm..‘) . "(26)
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In case of B contact point—Consider-
ing in the same way as in the case of M
contact point, B contact points shown in
Fig. 14 can be expressed by (27).

i. abBr, \
aBr,-aBr, '
aBr,~aMr,-+aBzt, I *{27)
aBrysalr.+aBr,saMr,

When a B contact point operates n times

il
ii,

iv.

and releases n times, it may be expressed

by (28).

Tune-Actica  Form

LT L L

Fig. 14.

aBrysallr,+aBr,-allx, +
4+aBrgycalrym covveeereeeeeao(28)

When a B contact point operates n times

and releases (n—1) times, it may be expressed
by (29).
aBrysaMr,+aBr,caMz,+
""_lffﬁBfmq --+(29)

Thus it is shown that, for a simple
partial path containing only one contact
point, the type of contact point, the action
clement to which a contact point belongs
and the time-action form, can all be expressed
algebraically.

As a simple partial path having several
contact points may be considered a composite
simple partial path which has, as components,
simple partial paths each containing only
one contact point, it can be expressed
algebraically by the method described in
Part 1.
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II—2. LAW OF ELIMINATION
REGARDING THE TYPES
AND ACTING ORDER OF
CONTACT POINTS

The acting impedance of simple partial
path becomes either zero or infinite depend-
ing upon the action of contact points
contained within it, but this does not mean
that all actions of all contact points affect
the acting function of the simple partial
path as a whole. That is, depending upon
the types, acting order and connection form
of contact points, actions of some of contact
points do mot affect it at all. Such contact
points may be eliminated from the simple
partial path, and the general law regarding
such elimination will be given.

To designate the acting order, two
With 3

to indicate a later acting order than a, the

letters, @ and 8 will be employed.

following equations are obtained :

i Mat Ma=Mp - eeveeeereneeeneeneeo(30)
i, BatBa=By -eeeereerserensiiens (31)
Bl MaeMp=My sererrrerersessecsceen(32).
iv. B.+Bag=DBg: oo
v. But+Ma=p
(Ba+Mp) X=X (34)
B, +Mg+X=p
vi. M.-Bp=s
M, Bg-X=3 cernnemreenanee (35)
M, Bg+ X=X

where X is an arbitrary simple partial path.
These equations show the case of two
When

contact points these equations are to be

contact  points, there are many

applied in an orderly manner.
II—3. SOME EXAMPLES OF EQUIVA-
LENT TRANSFORMATION

Let us mow illustrate the equivalent
transformation regarding the internal strue-
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ture of some simple partial paths by applying’
the principles mentioned ahove.
Example 1. The simple partial path

shown in Fig. 15.

a
;5 V—
d
<
Fig. 15.

Assuming the acting order of four
contact points to be the order of a, b, ¢
and d, and these contact points to operate
just omce, the acting impedance Z of the
simple partial path shown in Fig. 15 will
be
Z=aBr-bMc{c M, +dBr,)

=aBr,(bMr,+eMr,+bMz,«dBz,)
=aBr,-bMr,
Thus, the contact points ¢ and d can
be

simple partial path is shown to be equivalent

entirely eliminated and the original
to a simple partial path baving a and b in
parallel only.
Also, if the acting order is taken in the
order of a, ¢, b and d, by similar operation,
Z=aBr,-cMz,
that is; b and d are entirely eliminated and
the original simple partial path is equivalent
to a simple partial path having a and ¢ in
parallel only.
Example 2. The simple partial path

shown in Fig. 16.

Fig. 16.

The simple partial path shown in Fig.
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16 is first equivalently transformed into a
simple partial path shown in Fig. 17 by the
law of parallel separation and then the
treatment is performed as before.

To begin with, when the acting order
is taken in the order of a, b, ¢, d, ¢, f and
g, and each contact points is considered to
operate just once, the acting impedance will
be

Z=aMz,+eBr,-fMz,
and the very complicated simple partial
path shown in Fig. 16 becomes equivalent
to a very simple one shown in Fig. 18,

—{
@ L
Fig. 18.

If the acting order is taken in the
order of g, f, e, d, ¢, b and a .and cach
contact point is considered to operate only
once, the acting impedance will be

Z=d Mz,
and the simple partial path shown in Fig.
16 hbecomes equivalént to a simple one
containing only one contact point d.

By the above illustration it will be
easily understood how the acting function
of a given simple partial path may be
varied merely by changing the acting order
of contact points. Also by such equivalent
transformations it is very easy to sce
through the acting function of a given
simp?e partial path and to obtain the
simplest equivalent simple partial path.
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"PART 1I

his section gives the summaries of articles appearing in the Journal of the

Institute of Electrical Communication Engincers of Japan published in

Tokyo in the Japanese language. The following resumes are extracts from
the April, May and June Journals of 1937.

THE THEORY OF FOUR-TERMINAL PASSIVE NETWORKS
IN RELAY CIRCUIT

Akira Nakasima, Member
(Nippon Elecuric Co., Ltd., Tokyo)

This paper discusses the form of algebraic
expression and properties of the transfer
impedance of four-terminal passive networks
in the relay circuit.

A four-terminal passive network is com-
posed of contact points and simple path
elements which connect the contact points,
and transmits energy from one pair of
terminals to the other. The energy trans-
mission characteristic, which is controlled by
actions of the contact points, is of all-or-
nothing kind with lapse of time, and the
transfer impedance Z, has such a meaning

as shown in Fig. [

1 3
Fig. 1.

In order to express algebraically the
transfer impedance in a general form and
to know its properties, a general basic form
of (our-terminal network must be found.
For this, an equivalent transformation from
radial type to polygonal type complex
partial path was first considered, and it was

shown that Fig. 2 can be equivalently
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transformed to Fig. 3, provided that 4,, 4,
etc. are quite arbitrary simple partial paths.

Moreaver, such J—Y transformation as
shown in Fig. 4 was demonstrated as being
possible. These properties are useful for
equivalent tranformation of bridge type
simple partial paths or of more complicated

types.

w oy

(5

{a} 32 3

Fig. 4.
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From the above-mentioned proofs it
was shown that the four-terminal network,
however complicated it may be, can bhe
equivalently transformed into a complete
quadrangle four-terminal network as shown

in Fig. 5. and this was taken as the general

1 g :3
S 4

Fig. 3.

basic form.

In considering this basic form, the
general algebraic expression of the transter
impedance 7, was obtained as follows:

=TT siiaaaseeisnni(l)
in which

Zs=impedance viewed from one pair of

terminals provided the other pair is
shortened,

‘p=impedance wviewed from the same

pair of terminals as in the case of
Zs, provided the other pair is opened,
and

Z,=inverse impedance with regard to Z,.

Applying relation (1) to the case shown
in Fig, 5, relations (2) and (3) were obtained.

%e=AB+CD+AC+BD+E+F +(2)

Ze=(A+ DB+ +(A+ DYB+CO)+ E+ F
As the expression. shown in the right side
of (3) has a symmetrical lorm with respect
to Fig. 5, we know that the reciprocity
theorem also holds for transmission characte-
ristics of lour-terminal passive networks in
the relay circuit,

Considering the case of several arbitrary

four-terminal passive networks being con-
nected in eascade form, it was proven that
the resultant transfer impedance is equal to
the total sum of all transfer impedances, cach
ol which belongs to each component network
respectively and is not affected by the order
of their connection,

Taking lattice type networks as special
cases of Fig, 5, several interesting properties
were found. These are shown in Fig. 6, Fig.
7, Fig. 8 and Fig. 9. The equal signs in the
Figures mean that the transfer impedances

of the networks are equal.

b )3 4

Fig. 6.
“F
" .\ _X X“X
s
Fig. 7.
G A A [
X:_K
g =
3 o )
Fig. 8.

Fig. 9.

Finally, several forms of equivalent
four-terminal passive networks with regard

to transfer impedance were shown,

138
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ALGEBRAIC EXPRESSIONS RELATIVE TO SIMPLE
PARTIAL PATHS IN THE RELAY CIRCUIT

Akira Nakasima, Member
(Nippon Electric Co., Tokyo)

SYNOPSIS

This paper is intended to find a mathematical
basis upon which problems regarding simple
partial paths in relay circuit can be treated alge-
braically.

First, the acting impedance of a simple
parzial path is considered as a set of infinite-
impedance points, and the one-to-one corres-
pondence between any simple partial path and
its corresponding set is explained.

Mext, theorems and expressions used in the
theory of set are applied to problems regarding
simple partial paths to find their various inrerest-
ing characters.

I. ACTING IMPEDANCE CONSIDERED
BY THE NOTION OF SET

The acting impedance of simple partial
path, in general, varies with time in such a
way that its impedance value takes either
one of two values, zero and infinity, at a

time, as shown in Fig. 1.

Fig. 1

Fig. 1 shows that a time-impedance
form of the acting impedance can be uniquely
determined by knowing only either one of

two forms, one regarding zero-impedance

This condensed translation is about half the
lengeh of the original paper which appears in
Japanese in the Journal of the Institute of
Electrical Communicarion Engineers of Japan,
No. 173, August, 1937,
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and the other regarding infinite-impedance.
Hence, only the time-impedance form regard-
ing infinite value will be considered in the
following discussion.

In the example shown in Fig. 1, the
acting impedance presents infinite value in
two time regions (7,7,) and (T.T%).
elements 1,, and 1,, which represent this

Line

time-impedance form can be considered as a
of

which holds a one-to-one correspondence

set of infinite-impedance points each

with each time point contained in the time
rcgio:ls (I"T,) and (T,T.). This set of
points is denoted by a set .

Now we take a set of all infinite-im-
pedance points each’ of which corresponds
to each time point contained in the com-
plete time region (T',7%,), and this is denoted
It is clear that

the above-mentioned set U is “a subsel”

o]

by “the complete set” P.

regarding the complete set P,

Next let us consider a set which bas
none of the infinite-impedance points con-
tained in the complete set P and this is
A set which
A from the

and this is

denoted by “ the empty set” E.
is derived by subtracting set
complete set P is also taken
denoted by “the complimentary set ” ¥,
From the above considerations we know
that the following one-to-one correspondence
exists between simple partial paths and sets
of infinite-impedance points, as far as the

acting impedance is concerned,
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”

p
is always open in the complete

A simple partial path * which

time region [
-------------- Complete set

“3’ which

A simple partial path

is always closed in the complete
time region

seeeeeeeEmpty  set =

Arbitrary simple partial path “ 4"

.............................. S‘-:f_

A simple partial path in double-

A

|

--------- Complimentary set 1

inverse relation with A

Any arbitrary simple partial path may
be considered as a set which corresponds to
its time-impedance form. Theorems and ex-
pressions developed in the theory of set may,
therefore, be applied to acting impedance
problems ol simple partial paths. This is the
reason why we can use the theory of set
as the mathematical basis to treat alge-
braically the acting impedance problems of
simple partial paths.

In the following discussion, simple par-
tial paths are denoted by English letters and
sets representing them are denoted by cor-
responding German letter.

II. COMPARISON OF ACTING
IMPEDANCES OF TWO
ARBITRARY SIMPLE PA-
RTIAL PATHS

(1) Relations Expressed by Equal Sign=

When two simple partial paths, A and
B, bave the same acting impedance, the fol-
used: A=RB. This
means that their corresponding sets ) and
B are equal, that is, A=, If Y=N then
A= from the theory of sets. Therefore, as

lowing expression is

relations between two arbitrary simple nar-
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tial paths . and B, two expressions A=F
and A=F have the same meaning.

We know thus that there exists the fol-
lowing property with regard to acting im-
pedance in the case of simple partial paths
related by the equal sign:

When two arbitrary simple

partial paths are equal, the

two simple parthial paths
in double-inverse relation
with them  respectively

are also equal.

Considering this from the standpoint of equ-
ational operation, it may be declared that,

In an equal expression, the

equality holds also true il

both the left and right hand  -----+(2)

sides are respectively doub]_v]

inversed.

\'E) Relations Expressed by Unequal Signs
D and =

In the theory of set, set B is called a
subset of another set Y when all elements
of B are contained in 9, and the relation
between U and B is expressed by signs =
NA>B or <. When
A contains more different elements than
those contained in B, B is called a true sub-
set of U, Only the true subset is treated in
this paper.

From relations developed in the theory

and =, as follows:

of set, we have the following relations
regarding any arbitrary simple partial paths
A and B:

FEoA, R e )
If A>B, then A<=R ~(5)

If A=E, then A=B

The physical meaning of relation (5) will

be clearly understood from one example
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shown in Fig. 2 where solid lines and dotted

lines show zero-impedance and

infinite-

impedance respectively.

ETESE

Regarding relations between two arbit-

rary simple partial paths, we know that

there exists the following property :

When two arbitrary simple partial,
paths are related with each other
by unequal sign, the relation be-
tween the two simple partial paths
respectively in double-inverse rela-
tion with them is also expressed
by the unequal sign the direction

of which is reversed.

Considering (7) from the standpoint of

equational operation, it may be declared
that,

111

In an unequal equation, the direc-
tion of unequal sign is reversed ifl
both the left and right hand sides"
are respectively doubly inversed.

(8)

EXPRESSIONAL FORMS AND
RELATIONS OF COMPOSITE
SIMPLE PARTIAL PATHS

(1) Meaning of Sum and Product of Sets

When set B is composed in such a

manner that it contains all elements con-
tained in several sets, M, M,,-----and M,

set B is expressed by a form of sum as fol-

lows:

V=M 4+ WMyt e+ Wy oeveeeseninans(9)

When set © is composed in such a
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manner

that it contains only common

elements among elements contained respec-

tively in the several sets, M, MM, and

M, set D is expressed by a form of product

as [ollows :

=M, M- My

BN 1))

Now let us consider the meaning of ex-

pressions (9) and (10) with reference to the

case of composite simple partial paths,

As

mentioned in section I, we treat the time-

impedauce form of acting impedance as a set

of infinite-impedance points,

Hence it will

be easily understood that a composite simple

partial path composed by series and parallel

connections of several simple partial paths

can be expressed by relation (9) and by re-

lation (10) respectively.

In addition we know that the following
distributive law holds also true in the theory

of set
‘JR(‘D?;-H‘R,*— """ mn}
=M, 4+ MD 4o +IN0,

} (1)

Thus, we know the expressional form

-of composite simple partial paths made

by

series and parallel connections of several

simple partial paths, and that the associative,

commutative and distribative laws all hold

true for its equational operation,

(2) Relations with Regard to
Complimentary Set

For any arbitrary set and its compli-

mentary set the following relations exist:

(=

(i )
(TIPSR B TR P SRR ST
RERTERY

NA=S

:)|!.,,...-J|"

crnenneennen(12)

These relations can be soon transformed
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into relations regarding simple partial paths
which are in double-inverse relation with
each other, and they serve the equational

treatment very much,

(3) Relations with Regard to Subset

For several sets which are mutually

related as subsets, there exist the [ollowing

relations :
If MM =M., I
then W=, 4+, + v+ M =M,
aand T=MMM,-- M=, !
..................... (13)
HB+U=7
(B+A=A l .................... (14)
AU+ B)=U
I S +A=A 1
Ao A= } """"""" (13)

If YoB and BG, A=2B=E -(16)
If 2B and AE, A+C2B+E

If A=Y and BeE, ACBE-----+(18)
The above relations can be used as the
principle of elimination in case of equivalent

transformation of simple partial paths.

IV. PRINCIPLE OF DUAL CORRES-
PONDENCE IN RELATIONS

Among the above-menfioned relations
we find a very interesting property, that is,
the existence of the principle of dunal corres-
pondence which enables us to derive another
group of relations directly from a group of
relations,

First, let us comsider the relation (11).
When the relation (11} is transformed by
relations (2), (5) and (12), we have

ST TR

= (00D A+ D)+ (D+ W)
Eliminating the head bar [rom this eqation,
we have
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e+ MMM
= ORAIYER D)+ (N4

The equation (19) corresponds dually with
the equation (11), and shows a new dis-
tributive law which does not hold true in
primary algebra. If the significance of equ-
ation (19) is considered with respect to three
arbitrary simple partial paths A, B and C,
the following is obtained :

AB4+C=(A+C)B+C)

This is the very relation used in series to
parallel equivalent transformation of com-
posite simple partial paths.

Thus, applying double-inverse transfor-
mation to any given relation, we have a
new relation which corresponds dually with
the original one, and many examples can be
foupd in the above-mentioned relations.

From these facts, we may say that,

When an equal relation holds true,

between two arbitrary composite

simple partial paths, then another
equal relation holds true, which}_
relation is derived from the original
expression by changing the signs
of the sum and product to the signs

of product and sum respectively.

crreneanannen(20)

When an unequal relation holds)
true between two arbitrary compo-
site simple partial paths, then
another unequal relation holds,
which relation is derived {rom the
original expression by changing the
signs of the sum and product to
the signs of product and sum res-

pectively, and by reversing the

direction of the unequal sign. /

e (21)
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(14)

V. SOLUTIONS OF ACTING IM-
PEDANCE EQUATIONS OF
SIMPLE PARTIAL PATHS

In the former sections, it has heen shown
that any arbitrary composite simple partial
path composed by series and parallel con-
nections of several component simple partial
paths can be expressed algebraically in forms
of sum and product of the components; and
what manner of equational operation is
available in such algebraic expressions, has
been clearly shown.

Now let us consider how to find an un-
known component simple partial path when
the composite one is known. This problem
is very difficult, but some attempt may be
made here. In the following equations the
unknown component simple partial- path.is
denoted by X.

(i) If X+ A=4d, then Y=A------(22)

(i) If Xd=A, then Xo2d4-------+(23)

(i) If X+A=5B,

then ABEXcA+B oo (24)

(iv) If Xd=8B,

then A+ B2 X>2AR «---(25)

These solutions determine only some parts
of the acting impedance of X. The other
parts remain indefinite, For instance, if the
acting impedance of A, B and X are as
shown in Fig. 3, then the solution given by

(24) determines the acting impedance of X
only in the time regions (T,T,), (T.1"), (T'.T5),
(1.7, and (T,T,) as shown by 4B X and
A+ B X in the same Figure,

p‘vnc;x1 —
(A«B 21 X1 |
L

A
T L nhT

L LR
Fig. 3.
(v) If AX+B=C
then BCedXeB+(, ]
and (A+B)C=X+B [
<AB+C |
sazessirenerlDB)
(vi) If (A+X)B=C,
then AB+('>BX
- =(A+B)C
and B+CoA+ XoBC
ceerinnanen(27)
(vil) If X+A=B and X+ A=C
then X'=BC }
cerersieieeo(28)

(viii) If Xd=B and XA=C
then X=B+C }

(ix) If X+A4=RB and XA=C
then X=RB(C+4) }
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PART 1

THE THEORY OF TWO-POINT IMPEDANCE OF PASSIVE
NETWORKS IN THE RELAY CIRCUIT

Akira Nakasima, Member
(Nippon Electric Co., Ltd., Tokyo)

Synopsis
This paper is intended 10 develop a genenal
theory regarding the two-point impedance of
passive networks in relay circuits by the theory
of set.
First, a law of superposition is found with

regard to the two-point impedance, and accord-

ing to this law it is analytically proven that the
law of parallel separation holds always true with
regard to the equivalent transformation of com-
posite simple partial paths.

MNext, a method of obraining a two-point
impedance of a composite network composed of
several networks, whose impedance characteristics
are known, is given and a principle of network
separation regarding the two-point impedance is
found.

Finally, the muwal relations and properties
of warious two-point impedances of a four-
terminal passive network are shown.

Contents
1. Method of obtaining the Acting Impedance
between any Two-Points in a Network—
Law of Superposition.
1I. Law of Parallel-Separation and its Proof.
11, Acting Impedance between Two-Points of
a Composite Network composed of Two
Merworks connected at Two-Points in Each
MNetwork.
Acting  Impedance viewed from Two
Points of a Network (in a Composite Net-
work) to which Other Component Net-
works are connected at Two Points Res-

Iv.

This is a condensed translation of the
original paper which appears in Japanese in the
Journal of the Institute of Electrical Communi-
cation Engineers of Japan, MNo. 177, December
1937 and 178, January, 1938
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pectively,

Acting Impedance between Two-Points of
a Composite Network composed of Two
Mertworks connected at Three or More
Points in Each Network—Law of Network
Separation.

Mutual Relations of Various Two-Point
Acting Impedances in a 4-Terminal Net-
work.

\'A

VI

I. Method of obtaining the
- Acting Impedance between any

Two Points in a Network—

“Law of Superposition”

Let us consider how the acting im-
pedance between any two points in a
composite network may be expressed as a
function of various acting impedances of
component simple partial paths in a com-
posite network.

This problem is
first considered with
regard to a composite
network shown, as an
example, in Fig. 1. In
this network there are
ten simple partial paths,
A, B C,DE F G HJ
and K. Let the acting impedance of these
simple partial paths be known and be
denoted by letters 4, B,C, D, E, F, G, H, J
and K respectively.

Now, the acting impedance between
point 1 and point 7 in this composite net-
work is taken into consideration. In order
to obtain this acting impedance, let us first
find out the number of paths from point 1
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to point 7, such paths passing through any
one connecting point only once. We find
that there are thirteen such paths. Since
the acting impedance of a path can be ex-
pressed as a sum of the various acting
impedances of all simple partial paths in
such a path, the acting impedances, Z, to
Z,4, of these thirteen paths are expressed as
follows:
L=A+G+K
Z=A+G+ H+F+J
Zy=A+G+ H+ D+ E+J
Z=A+C+ D+ HL+K
Zo=A+C+ D+ F+J
Zy=A+C+E+T
Zo=A+C+E+ F+ H+ K
Z,=B+C+G+K
Z,=B+C+G@+H+F+J
Zw=B+E+J
Zn=B+E+F+H+K
Ze=B4+ D+ F+J
Z,=B+D+HYK

According to the notion of set, it is
clear that the resultant acting impedance
Z between point 1 and point 7 can be
expressed by the product of the acting
impedances of these thirteen paths, that is:

Z=(A+G+K) (4+G+H+F+J)

x(A+G+H+D+E+J) (A+C
+D+H+K)
X (A+C+D+F+J) (A+C+E+T)
x(Ad+C+E+F+H
+K) (B+C+G+K)
X(B+C+G+ H+F+J) (B+E+J)
X(B+E+F+H+K) (B+D+F+J)
x(B+D+H+K) cerreennnnnnean(2)

The foregoing considerations and the
expressional form above give a fundamental
principle, namely, “The Law of Superposi-
tion regarding Two-Point Impedances” This
law can be expressed generally as follows:

The acting impedance between any

two points in any passive network

is equal to the total product of all

the acting impedances of the vari-

ous paths between such two points—

“various paths” here referred to

being only those paths in each of
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which no point is passed more than
once.

’}his law of superposition can be alge-
braically expressed as follows:

B=Z, ByorrrerseveTy o (3)
where,
Z=acting impedance between any two
points

n=number of paths (between such two
points) in each of which no point
is passed more than once, and
Z.=acting impedance of the nth path.
The total number
of paths (such as
those defined above)
between any two
points in the com-
plete m-angle net-
work shown in Fig.
2 is indicated by the
following expression:
Na=14(n—2)X Npoy erreeernreereess )
where, :
= Nu=total number of paths between any
two points in a complete m-angle
network.
From expression (4) we obtain the next
expression :
Na=1+(m—2)+(m—2) (m—3)
+(m—2) (n—3) (m—4)
+(m—2) (m—3) (m—4) (m—5)
+(m—2) (m—3) (m—4) (m—75)

m=] m-2

Fig. 2.

(5)

11.- Law of Parallel-Separation
and its Proof

Let us now attempt to prove that the
law of parallel-separation generally holds
true regarding the equivalency of an acting
impedance between any two points in an
arbitrary passive network. As an arbitrary
passive network, it is sufficient to take any
complete polyangular network. In the
following, therefore, the acting impedance
between point 1 and point 2 in the network
shown in Fig. 2 is treated.

The necessary and sufficient number of
paths from point 1 to point 2 passing
through a branch (1, m—1) is Nu-,, which
is given by the expression (5). The resul-
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tant acting impedance 7, m-, presented by
these paths is shown as follows according
to the law of superposition:

Zyma = ‘.13m —t+31] (l,’rm—|+3:)

......... ([3'“_‘ + 5")
where,
.zm-;=acting impedance of the branch
(1, m—1),
2, FueevcerEa = Tespective acting impe-

dance of paths from point (m—1) to
point 2 in a network which is derived
from the original network by eliminat-
ing all branches gathering at point 1
and
fi=Nu-;

"By transforming the right hand side of
this expression by the distributive law, the
following is obtained :

Zyym-1=13moHF X Farere X Fn -+(6)
When an acting impedance between
point (n—1) and point 2 in a network,
which is derived from the original network
shown in Fig. 2 by eliminating all the
branches gathering at point 1, is denoted by
Y-y, », the following relation holds true:
Ym-nr:;! KFgX eZn
From expression (6) and relation (7),
the acting impedance Z,, n-, is expressed
as follows:
Zyy moy=13mort Vimoy, g ooeeesemennsenenn(8)
The acting impedance Z between point
1 and point 2 in the original network can be
expressed as a form of total product of Z,, »,
Zyy 500 Zyym—y and Z,,m, according to the law
of superposition mentioned above, that is,
Z=(2:4 Y3, )
(13s+ Faa)eeeee
seee(1Zmey
+¥m-1y2)
(13m+ Yo, 2)
3 )]
This expression (9)
shows that the acting
impedance between
point 1 and point 2 in
the original network
-shown in Fig. 2 is e-
qual to the acting im-
: pedance between point
1 and point 2 in the
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derived network shown in Fig. 3, this
latter network having a graphical form
composed by separating the original net-
work into a parallel form with respect to
the branches gathering at point 1. This
fact proves that the law of parallel separa-
tion generally holds true with regard to the
two-point impedance in an arbitrary passive
network.

By the application of this law, it
becomes very easy to express algebraically
the two-point impedance in a passive net-
work, however complicated its form may
be.

IIT. Acting Impedance between Two
Points of a Composite Network com-
posed of Two Networks connected at
Two Points in Each Network

Let us obtain the acting impedance
viewed from any two points of either one
of the two networks which are connected
at two points of each to compose a com-
posife network.

In Fig. 4, K, and K, are any passive
networks whose im-
pedance characteristics
are known. They are
connected at points ¢, d
and ¢, f. Let us con-
sider the impedance Z viewed from any two
points, a and b, in K.

Let:
Z,=Impedance between a and b of K,
Zs=1mpedance between a and b of K,
in the case of ¢ and d being short-
circuited.
Z,=Impedance between ¢ and f of K,
7 =Impedance between a and b in the
composite network,
and we get the following:

Fig. 4.

T By By wvsnssnsussossaranitvsiziiii(10)
This is illustrated in Fig. 5. The arrow

L) 5 L
0 T o .

Fig. 5.
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sigm indicates the acting impedance between
two ‘points to be considered.

1. Resultant Transfer Impedance in the Case
of Two 4.Terminal Networks connected in
Cascade \

Let us take the case of any two 4-

35 terminal networks, K,

s 3t % and K. connected in
. cascade form as in Fig.

Fig. 6. 6.

Zip=Impedance viewed from terminals
1 and 2 of network K, with ter-
minals 3 and 4 opened,

Zs =Impedance viewed from terminals
1 and 2 of network K,, with ter-
minals 3 and 4 short-circuited,

Zypy=Impedance viewed from terminals
5 and 6 of network A, with ter-
minals 7 and § opened,

Z,; =Impedance viewed from terminals
5 and 6 of network K, with ter-
minals 7 and 8 short-circuited,

Zy = Impedance viewed from terminals
1 and 2 of composite network with
terminals 7 and 8 opened,

Zs = Impedance viewed from terminals
1 and 2 of composite network with
terminals 7 and 8 short-circuited;

Zy =Transfer impedance of network K,

Zy="Transfer impedance of network K,,
and

Z; = Transfer impedance of composite
network.

Then, we get the following relations from

equation (10):

Zj>:Z\c+Zm'Zw

ﬂlzlzzls+Z|p'Z”

Since

Za = Zs + Zp,
we get

Zt = Za"f‘ 2:!

= Zﬁ +Zw'ng}+Z:s(z_w+Zm)

=(Zyst Zu) +(Zut+ Z2)

=Zyu+Za
That is, the transfer impedance of the
composite network is equal to the sum of
the transfer impedances of its component
networks.
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2. Composite Network posed by Iterative
Connection of Networks having Equal
Two-Point Impedance

Let us first consider the case of a
composite network comprising two net-
works as given on the left side of Fig. 7.

Ky &3 Ky
= = S L
Fig. 7.

Making Z, and 7, as the impedances viewed
respectively from the pair of terminals (a,
and b,) of network K, and from the pair of
terminals (¢. and b,) of network K,, making
Z.s as the impedance viewed from a, and b,
of network K, with the pair of terminals ¢
and d short-circuited, and making 4 the
impedance viewed from a, and b, in the
composite network, we get from the original
premise above,

=2+ Zp 2, =0t 2,
by substitution in equation (10) because
Zv=2, But, since,

Z.=Z.‘+Zi
we get, by substituting this in the preced-
ing equation,

Z=Z, ereresraresnsassaseassarsisiaioseisi(11)
This equation is illustrated graphically in
Fig. 7.

Although the result of the above
resembles that of the case of connection by
the iterative impedance basis in the trans-
mission circuit theory, the above network
system possesses considerable freedom with
regard to the position of the connecting
points.

We can summarize the foregoing by
stating :

In a composite network comprising

networks which are iteratively con-

nected and whose two-point impe-
dances are equal, the impedance of
the composite network viewed from

the two points of the first preced-

ing network is equal to the two-

point impedance of the respective
component networks, regardless of
the number of networks comprised
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in the composite network and re-
gardless of the position of the two
points in the preceding network to
be connected by the following net-
work.

A graphically illustrated example of
this is shown in Fig. 8.

3. Network terminated by its Short-Circuited
Impedance

In this case we have the relation shown
in Fig. 9.

i

Fig. 9.

4. Network connected by a Simple Partial
Path Equivalent to 21 or Z_.s

In this case we get the relations shown
in Fig. 10 and Fig. 11.

[ £ K

a € —fr en o o i
7 — = I— ] = 2=
R L T )
Fig. 10.
K K K
—tea —ea e .. —to
” - = F— & = —
z=], JEBA =], Bl =2,
Fig. 11

5. Network in which One Branch is Opened

Let us now consider the impedance
between the two points a and b of network
K in Fig. 12, in the case of the branch
(whose impedance is c34) between any two
points (¢ and d) in the network being
opened. To open the branch between ¢
and d means the same as inserting in series
to it a simple partial path having impedance
cFa.

Thus, we get the top graphical trans-
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Fig. 12,

formation in Fig. 12, and if we transform
the two-point connection with regard to
#4, we get the lower graphical transforma-
tion.

From Fig. 12, the graphic equation in
Fig. 13 can be obtained. K is an arbitrary
network: a, b, ¢, and d are any points; and
X is any simple partial path. Hence, we

L3 L3
3

Fig. 13.
can hold :
The impedance, viewed from two
_points (a and b) of a network, is
equal to the sum of the impedance

of this network in the case of its

any two points being connected

with any simple partial path, and

of the impedance of the network in

the case of its two points a and b

being connected with a simple

partial path which is in double-in-
verse relation to the above simple
partial path.

Furthermore, if both sides of the gra-
phic equation in Fig. 13 are multiplied by
X, we get the equation in Fig. 14. Consi-
dering this as a transformation in reverse,

from the right to the left side, we can assert
the following :

Fig. 14.

The impedance between two given
points of a network is unaffected by
the elimination of the simple partial




path, which is contained in this
network and is equivalent to that
simple partial path between those
two points

This offers one method of elimination.

IV. Acting Impedance viewed from
Two Points of a Network (in a Com-
posite Network) to which Other Com-
ponent Networks are connected at
Two Points Respectively

Let us consider the problem of obtain-
ing the impedance between any two points
in a given network of a composite network
in which the said given network is con-
nected with any two points in each of the
several other component networks. These
networks may be of any networks but we
assume that their impedance characteristics
are as already known.

1. The Case of a Given Network being con-
nected at Two Points of Each of Two
Other Networks

When any two pairs of points in any
given network are respectively connected to
any other two networks X and T, as
indicated in the first preceding network in
Fig. 15, the impedance % viewed from any
two points a and b in the said given net-
work may be graphically expressed as by
Fig. 15.

=1__

M3 i 3 .
S z[ D ;ﬂaz
Fig. 15.

If in Fig. 15 X=7, we get the relation

shown in Fig. 16.

L S

Fig. 16,
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2. Transfer Impedance in the Case of Equi-
valent Simple Partial Paths being con-
nected in Parallel with All Branches of a
4-Terminal Network

Let us prove that the transfer impedance
of any network is equal to the sum of the
transfer impedance of the network, in which
the parallel simple partial paths included
commonly in each branch of the original
given network are eliminated, and the
transfer impedance of the 4-terminal net-
work which comprises the above parallel
simple partial paths only as parallel
elements.

Now, with X being the impedance of
parallel simple partial path, we can express
the impedances of a network (in whose
original form parallel simple partial paths
are included but are here eliminated) as
follows, with its impedance symbols in-
dicated by’ while those of the original net-
work are indicated without it:

=2 X, Zy=0)X

Zg =Z;+Zp

”Ze"axy‘f‘ -71_11’ ‘1' X
~Z/ 47+ X
L=2+X

3. Composite Network comprising Several Net-
works having Equal Two-Point Impedances
Let us consider here a simple case like
that on the left side of the graphic equation
in Fig. 17.

Fig.

With the impedances, viewed
from points (@, and b,) and points
{a, and b,) of networks K, and K,
respectively, being equal to the impedance
viewed from the two points a and b in net-
work K, we obtain the relation shown in
Fig. 17. We can therefore hold:

The acting impedance, viewed from
two_given points of a given net-
work, is equal to that viewed from
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the same two points of the compo-
site network. in which the said
given network is connected at any
two points_respectively with other
component possessing
two-points acting impedances equal
to that of the said original given
network.

networks

V. Acting Impedance hetween Two
Points of a Composite Network com-
posed of Two Networks connected
at Three or More Points in Each
Network—— The Law of Network
Separation
Composite Network comprising Two Net-
works connected at Three Points in Each
Let us consider the case of Fig. 18 (i).
K, may be any network, but for the sake
of convenience let us transform it into a
complete triangular network, as shown in
Fig. 18 (ii), which is equivalent to network

10 B

i)

Fig. 18,

K. with regard to points f, ¢ and h. By
applying the results obtained in the preced-
ing sections to the composite network of
(i) in which K, is a complete triangular
network, we get the transformation shown
in Fig. 19.

Ky K X [ K K

¥ a « . r % e

S 1 O s P P
" .ar ills , | )]

k H & Fe B sion:
I 13
- 2 -
e z ¥ Zx=Zpn (k

Fig. 19.
Composite Network comprising Two Net-
works connected at n Number of Points
in Each

Let us take the case of the composite
network in which two networks K, and &,
are connected at n number cf points in each,
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and in which the impedance viewed from
two points of K, is to be obtained.

In this case, following the method
explained in the preceding sub-section 1, we
can get this impedance by first transposing
network K, with a complete n-angular
network {equivalent to A.) having » number
of connecting points as vertices, then apply-
ing to this the transformation method of
the case of two-point connection form, and
finally by reducing, to the original net-
work K, the partial networks composed of
the branches in the complete n-angular
network.

Thus, with regard to the two-point
impedance of composite networks generally,
we have seen that with the laws given in
sections II and III above it is possible to
express it by separating the composite
network into its component networks. Let
this process be named the “ Law of Network
Separation Regarding Two-Point Impedance.”

VI. Mutual Relations of Varions
Two-Point Acting Impedances in a
4-Terminal Network

Taking only four points in any passive
network, let us next consider the relations
between their various two-point acting
impedances. The reasons for limiting the
number of points to four are that in this
case the mutual relations are easy to obtain,
and that their characteristics are directly
useful when considering, for example, the
problem of fransfer impedance.

1. Extention of Two-Point Impedance

In the case under consideration, we
generally have the following expres-

, M

Y+ Z (3,1, m)
+Zje(3, L k,m)+Zu (3, m, kD
svessmasnamessasnesea(12)
Fig. 20 illustrates this graphically.

1 pm £ - Je gm i - i -
0 I | R v P o
I o & 1 & ' & & (]

Fig. 20,
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2, Mutual Relations of Various Impedances
viewed from the Same Two Points

Let us examine the mutual relations
between the impedances viewed from the
same two points (j and & for example), in
case of the four points being variously
short-circuited.

With regard to two-point impedances
generally, the impedance in the case of any
two points in the network being short-
circuited is in the relation of subset to that
of the case of no short-circuit. For example,
Zjn:ZJk (m]:’z.‘k (m}

Next, if we consider the mutual re-
lations of various two-point impedances of
networks possessing common points of
short-circuit, we get the relations shown in
Fig. 21. If we consider this together with
the expression given above showing the
relation of the subset, we get the following
general property :

@ iﬁ}-f-l

When considering the acting impe-
dance between two of any four
points in any pass'.ive netwnrk the

dances in the _c_a_se of these four po-
ints being variausly short-circuited
is equal to the two-point impedance

of the case of the common short-
circuit points only being short-cir-
cuited, if such common points of
short-circuit do exist.

Furthermore, the relations shown in Fig. 22
and Fig. 23 generally exist.

P
z~ + 2]

3. Mutuval Relations of Impedances between
Various Two Points

The following properties may be given:

L+ Tt Zim=Zp+ Zp+ Zim
=Zp+Zn+ Zim=Zn+ Zim~+ Zim
=Zn+ Zint Zn=Zim+ Zp+ Zu
=Zim+Zn+ Zin=Zj+ Zim+ T
=Zn+ Zim+ Zom = Zym+ Zu+ Zy
=Zim+ Za+ Zim= T+ Zn+ Zim
—Z).{'l’ 2’Jl+ ZIN - Z_il+zhn+ ?lm
= Zimt Zia+ Zy = Zem + Zymt Zim!

~(13)

Fiat ZpoZyy wevvveesssssneennsiinnnnnn(14)

Zjm+ Tt T
=Zim+Zu+Zn
=Zjm+ Bt Zim
=Zjm+ Zat Zim)

(15)




PART 1

THE TRANSFER IMPEDANCE OF FOUR-TERMINAL
PASSIVE NETWORKS IN THE RELAY CIRCUIT

Akira Nakasima, Member
(Nippon Electric Co. Ltd., Tokyo)

Synopsis

This paper is intended to develop a theo-
ry regarding the transfer impedance which
indicates the transmitting function of the
energy through four.terminal passive net-
works in the relay circuit, taking into consi-
deration of its phase characteristics as well
as its quantitative characteristics.

First, the meanings of the positive and
negative transfer impedances are explained,
and expressional forms these transfer impe-
dances in terms of various two-point acting
impedances of a four-terminal network are
found out. Next, the relationship between
these transfer impedance and the absolute
transfer impedance, which is considered
with regard to the quantitative characteris-
tics only, is shown, thereby giving a theore-
tical proof to the equation, % =% + Z,, shown
in my previous paper. And further, a
method of obtaining the resultant transfer
impedance in the case of several four-ter-
minal networks being connected in cascade
form is given. Finally, several interesting
properties regarding the transfer impedance
are shown

Contents

I. The Polarity of the Transfer Im-
pedance.

II. Method of Obtaining Positive and
Negative Transfer Impedances.

The Relationship between the Posi-
tive and Negative Transfer Impe-
dances and the Absolute Transfer
Impedance--A Proof of Z=Z+%y.
IV. Mutual Relations of Various Trans-

1.

) "_I'his is a condensed translation of the
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fer Impedances in the case of
Several Four-Terminal Passive Net-
works being Connected in Cascade.
Various Properties Regarding the
Transfer Impedance.

I. The Porality of the
Transfer Impedance

Now, let us consider the transfer im-
pedance between the two pairs of terminals
(1, 2) and (3, 4) in an arbitrary four-termi-
nal passive network K, as shown in Fig. 1(i).

ie a 1o——0} 1 3
) Gii) Gi)
Fig. 1L

Simple partial paths contained in the
network K are entirely arbitrary and each
of them has an arbitrary time-impedance
characteristic respectively. The connecting
figure of the four points 1, 2, 3 and 4 in the
network K, therefore, changes variously
from time to time. If the total number of
the connecting forms thus produced is denot-

ed by N, we have the following relation:
i=ifi
JV=E .C:=6‘1'

()

Among these 64 connecting forms, how-
ever, the connecting forms, in case of which
the energy can be freely passed through
from a pair of terminals to the other pair,
are only those two shown in Fig. 1 (ii) and
(iii). .

The transmission characteristic of the
network K in the case of Fig. 1 (ii) has an
opposite polarity with regard to that in the

. case of Fig. 1 (iii). In this paper, the phase
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constant of the transfer impedance in each
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case of Fig. 1 (ii) and (iii) is taken to be 0
and 7 respectively.

Regarding the transfer impedance, con-
sequently, its absolute values are limitted
to only two values, 0 and oo, and its phase
constants to only two values, 0 and =

Comparing these facts with the propa-
gation constant, P=A+jB, of the four-
terminal passive network in the transmission
circuit, following correspondencies are
found :

in the trans- in the relay

mission circuit  circuit
independent
variable frequency time
attenuation
constant A 0 or =
phase constant B 0or «

In these respects exists the peculiarity
of the properties of the relay circuit.

Now, in order to develop a theory re-
garding the transfer impedance, we take the
following notations:

Zi0)=a positive transfer impedance,
that is, a transfer impedance
whose value is considered to be 0
only in the case of the connecting
form shown in Fig. 1 (i) and to
be =0 in all other cases )
Zi(7)=a negative transfer impedance,
that is, a transfer impedance
whose value is considered to be
0 only in the case of the connect-
ing form shown in Fig. 1 (iii) and
to be =0 in all other cases
Z;= an absolute transfer impedance,
that is, a transfer impedance
whose value is considered to be
0 only in the cases of the con-
necting form shown in Fig. 1 (ii)
or (iii) and to be o in all other
cases
The reason why Z{0) and Z(r) are
studied here is because it serves not only to
the clarification of the physical meaning of
Z: but also to the treaties of acting pheno-
mena in case, for an example, a source and

a polarized relay are respectively connected i

to each side of a four-terminal passive net-
work.

11. Method of obtaining Positive and
Negative Transfer Impedances

Let us first consider the expressional
form of Z(0) referring to Fig. 1. From the
definition of Z{0) given in the previous
section we know that the value of Z(0) is
zero only when both impedances Z,, (which
means the two-point acting impedance view-
ed from the terminals 1 and 3 in the net-
work K) and Z,, present zero value and
impedances, Z,., Z,,, Z;, and Z,,, all present
infinite value. and is infinity in all other
cases.
Accordingly, Z{0) can be expressed as
follows :

Zl0)=Zy3+ Zay +Zs +Z_u +Za +;/:'H

In the same manner, Zi(7) can be ex-
pressed by the followings:
Zf(r):zla+za’+'z_|?+z_1:+zz-i+Zi
Between the various two-point acting
impedances of a four-terminal passive net-
work, however, it hold true the following
relations :
zu'!‘zzri‘Zn:Zu"an'i'?uf
="u+Zzs+Z:=Zu+zw +Z:A
By applying the operation according to
the theory of set to relations (3), we obtain
the next relations:

Zist Bt Bat By Lo+ 2y
=Zir'l'zﬂ+Z:2=
= '13+Zz|+2—’u+z_‘u:
=Tyt Zat Taat Bt g = oo} ()
=Tt Zst Ty gy = weeveeunenes
=—'Z1:+Zu +Z_'!Y'Z;(.Z’2:
=2+ & '1"7\9'24'2-:;'23!: ",

Hence, from the expressions (1) and (4),
we get various expressional froms of Z{0)
as follows:

Zl(0)=zt!+ Z:u +Z—Jk
=, +3Zx
= . +37Z:




(s5)

+30 7%
+II:Z'Jt
+I1,Z5
w A Zu

Zj contained in the above expression
indicates any one of four kinds of impe-
dances which remain by excluding Z,, and
Z,, from six kinds of two-point acting
impedances of a four-terminal passive
network.

In the same manner the expressional
form of Z(x) is obtained as follows:

ZI(T-'}:Z1|+Z::+ZI_M

=, +3: Zm

o +3s Zinm
=, +3 T B s et

w I Ziw

=, +I, Zm
w I Zim

Where Zim indicates any one of four
kinds of impedances which remain by ex-
cluding Z,, and Z,, from six kinds of two-
point impedances of a four-terminal passive
network.

By the expressions (5) and (6), we have
now been able to express the positive and
negative transfer impedances, Z(0) and Z(7),
in terms of two-point acting impedances. It
may be generally declared that the positive
and negative transfer impedances with res-
pect to any arbitrary two pairs of terminals
in a four-terminal passive network can be
obtained if the six kinds of two-point im-
pedances are known.

Next, regarding the general basic type
of the four-termi-
nal passive net-
work shown in Fig.
2, Z{0) and Z{x)
are given as fol-

~(5)

(6)

Fig. 2. lows:
Z0)=A+B+C+D+E+F w(7)
Z{x)=A4+B+C+D+E+F —(8)

From the above relations or from gene-
ral expressions (5) and (6) it may be easily
understood that the reciprocity theorem
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holds true with regard to either the positive
or negative transfer impedance.

Further, regarding the sum of Z(0) and
Z(7) for the same two pairs of terminals of
a four-terminal network, the next relation
holds true.

B A (1) B o o ISR EE P PR 9)
IIl. The Relationship between the

Positive and Negative Transfer Im-
pedances and the Absolute Transfer
Impedance—a Proof of Z:=Z.+Z,

Let us consider here what relation may
exist between the positive-and negative
transfer impedances which have been intro-
duced in this paper and the absolute trans-
fer impedance described in my previous
paper. This problem can be solved in the
following' manner according to the Theory
of Set. Considering the definitions of Z(0),
Z(7) and Z; given in Section II, it is clear
that the impedance value of Z: becomes zero
in time regions in which either one of Z{0)
Z(#) presents zero value, and becomes infi-
nite in time regions in which the both
present infinite value. Hence, according to
the notion of the set, Z; can be considered
a common Set of Z(0) and Z(x), and the
following relation is obtained:

i ..................... (m)

Now, Z; will be obtained with regard
to the general basic type of four-terminal
networks as shown in Fig. 2.

Substituting the expressions of Z(0) and
Zi(7) respectively given by (7) and (8) into
the equation (10), we have the following
expression :

Zi=(A+ DY B+C)+(A+DYB+C)

The equation (10) shows that Z can be
expressed in a product form of Z{0) and
Zi(7) each of which is respectively recipro-
cal with respect to the transmitting direction
of the energy. 7Z: must, therefore, be also
reciprocal. Hence, we can hold:

Zo= Z240). Z40)

Regarding the energy transmission
characteristics of a four-terminal passive
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network in the relay circuit, the Reci-
procity Theorem can hold always true
whether the porality is taken into con-
sideration or not.

Next, let us derive out another expres-
sional form of 7 from the equation (10) and
the properties of the two-point impedances.
By substituting expressions (5) and (6) into
the equation (10), we have

Zl=(ZI:+Z?a+ZQ+ZI]

X(Zost Loyt 2y + Zoy
=(213+Z!IXZII+Z1;}+ZQ+71& (12)

According to relations between various
two-point impedances of a four-terminal
network, equation (12) can be transformed
into the following:

Z=2:i3, D+ 21, D+ Za+ Zay (13)

Where, Z,, (3, 4) indicates an impedance
viewed from a pair of terminals 1 and 2 in
the case of the other pair of terminals 3
and 4 being short-circuited.

On the other hand, we know that the
following relation holds true in an arbitrary
four-terminal passive network :

Z\r{§|_4)+zlf=zsl(fz-)+z_u """"'(1'1')

By substituting the relation (14} into the
relation (13) we have

zl”_‘zn(sr__‘i)'*‘fu
= Ia(i:'_z_)+2:a

SRR ‘

The above relation is nothing but the
following relation given in my previous
paper :

Zi=Zs+Z,

This result shows that the relation,
Zy=Zs+Zy, has been analytically proven by

the theory of the two-point impedance and

the theory of the transfer impedance in
which the polarity is taken into conside-
ration.

IV. Mutual Relations of Various
Transfer Impedances in the Case of
Several Four-Terminal Passive Net-
works being Connected in Cascade
Now, let us consider about the case of
several four-terminal passive networks being
connected in cascade and obtain the relation-
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ship between wvarious transfer impedances
of the composite four-terminal network and
those of its component four-terminal net-
works.

(A) The Case when two Four-Terminal
Networks are Connected in Cascade
Let us consider the transfer impedance
of a composite four-terminal network K (as
shown in Fig. 3) composed of two arbitrary
four-terminal networks, K, and K., con-
nected in cascade.

Let the transfer impedances for K, K,
and K be denoted by Z, ZX0), Z/=), Z",
Z(0), Z(z) and Z, Z(0), Z(x), respectively.
The connecting form between the four
terminals 1, 2, 3 and 4 of the composite
four-terminal network A changes variously
. as simple partial paths involved in the com-
ponent four terminal networks K, and K,
present various time-impedance characteris-
tics. .
The total number of connecting forms
which may happen is
64 x 64=4096.
However, the cases when the terminals
1,3 and 2,4 are respectively connected, that
is, the cases when the value of Z{0) becomes
zero are restrict-
ed to the cases
when two con-
necting forms, as
shown in Fig. 4
(a) and (b), are

T r
19—t
N
r 4 > :

g 1
-3

. presented. The
B 3

(' ><_“ cases when ter-

TEVTY T minals 14 and

f . 2,3 are respective-

ly connected, in
other words, the
cases when the
value of Z:{7) becomes zero are restricted
to the cases when two connecting forms, as
shown in Fig. 4 (c) and (d), are presented.

Fig. 4
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Now, let us consider first about Zi(0).

An impedance which becomes zero only
when the connecting form (a) is present,
and becomes infinity when the other con-
necting forms are present, may be expressed
by Z:(0)+Z."(0).

Likewise, an impedance which becomes
zero only when the connecting form (b) is
present, and becomes infinity when the other
connecting forms are present, may be ex-
pressed by Z'(7)+7Z/(7). According to the
relation (%), there can be no such a case
when both of {ZA0)+Z(0)} and {Z/(x)
+Z"(7)} become zero simultancously. Z/{0)
becomes always zero when either one of
{Z/0)+ Z(0)} and {Z4/(x)+Z'(7)} presents
zero value, and becomes infinity otherwise.

Hence, according to the Theory of Set,
Z{0) may be regarded as the common set of
{ZA0)+Z(0)) and {Z/(H)+Z" ()}, and we
obtain the fnllnwing relation :

«(16)
Next; as regard to Z;(r{), it can be ex-
pressed in the same manner as follows:

| 24w = {20+ 22 + 2O} I

Transforming the equations (16) and
(17) by Operations according to the Theory
of Set and applying the relation (10) to them,
we have

Z(0)=Z 2y +Zg’(0) 7;”(1-)—{— Z;'{rr) Z'(0)

-(18)

Zl7)y=2 +Z:”+A (0) 7&”{0)‘?7;'(7) Zi()

dnen -(19)

Now, let us find out Z. This is obtain-
ed either from relations (10), (16) and (17)
or from relations (10) (18) and (19) as fol-
lows:

=Z(0).Z(7)
=A{Z + 2+ Z0). 2% () + 2 7). Z(0)}

XAZS+ 20"+ Z(0).Z.(0)+ Z(7). 2 (=) }
=24 2+ 20).2 -+ 24 Z:(0)
+ & A w )+ 224
=2+ 72"
Hence, Z: can be expressed in the fol-
lowing simple form :
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i Zi= zg+7‘" I ........................ (20)

If spec:al relations exist between the
transfer impedances of the two component
four-terminal networks, several interresting
results may be derived out from the above
expressions. Some of them, as examples,
are shown below :

(i} The Case when Z/(0)=2Z"(0) and

Zi(m) =24 (=

In this case we have

Z0)=2/=2",

Zix)=p and

=Zz’¥Zs".

The negative transfer impedance is al-
ways infinite, and it needs to consider only
the positive one. )

(ii) The Case when Z'(0)=Z'(7) and

Z(7)=Z(0)

In this case we have

Z(0)=p,

Admy=Zd=2"

L ==

The positive transfer impedance is al-
ways infinite, and it needs to cons1der only
the negative one.

For instance, in case the same two four-
terminal networks are connected in cascade
form as shown in Fig. 5, the absolute trans-
fer impedance of the composite network is
the same as that of its component network,
while, as regard to the polarity, it needs to
consider only the negative one.

and

i [T N S

p

e
Fig. 5.

(iii) Cascade connection of the same
two four-terminal passive networks
whose positive and negative trans-
fer impedances are mutually in
the double-inverse relation.

‘When two component netwaorks are con-
nected in a form mentioned in the previous
example (i), we have

Z(0)=s, Zx)=p and Z;=s.

In the case of the two networks being
connected in a form mentioned in the previ-
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ous example (ii) we have

Z{0)=p, Z{x)=s and Z ==

In any case, the absolute transfer im-
pedance is always zero and the polarity is
either positive or negative.

This kind of composite four-terminal
network does not change the wave form of
energy to be transmitted but controls the
polarity, if it exists, of the wave.

Simple examples are shown in Fig. 6.
The component four-terminal network is a
lattice type one and the acting impedance
of its series element is in double-inverse
relation with that of its shunt element. The
upper composite network corresponds to the
case (i) and the lower to the case (ii).

Intermediate figures show the wave
forms at various points in the composite
network.

Fig. 6.

As for the ring modulator circuit using’
metal rectifiers (as shown in Fig. 7), its
function, when considered ideal, may be ex-
plained by the function of one component
four-terminal network shown in Fig. 6.

73

AL —w

o

Fig. 7.

Metal rectifiers, when properly connect-
ed, can play simultaneously two roles, one
as the acting element and the other as the
contact of the so-called mechanical relay,
and may be considered, in such cases, a kind
of static relay.

This is the reason why metal rectifiers
are being taken into transmission circuits
instead of the magnetic relays.
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(B) The Case when Three Four-Terminal
Passive Networks are Connected in
Cascade

Now let us find out the transfer impe-
dance of a composite network composed of
three arbitrary f{our-terminal passive net-
works connected in cascade as shown in
Fig. 8.

Kz

: ; =
wTw TR G

Fig. 8.

Z0) of the composite network K shown
at the top in Fig. 8 becomes zero when any
one of four connecting forms a, b, c and d
in Fig. 8 is present and becomes infinity in
case of all other connecting forms than
those four. According to the property ex-
pressed by the relation (9), those four con-
necting forms do not occur simultaneously.
Hence, Z(0) can be expressed as follows:

Zd0)={Z(0)+ Z(0)+ Z(0) )

XAZA0)+ 2 (2) 4 2 (=)}
XA G ()4 200+ 2 (=)}
X A{ZN @)+ Z () + Z7(0)} -eeeeee(20)

By transforming the expression (21),
Z(0) may also be expressed as follows:

Zi0Y=2d + 2" + B

+ZM0).2.(0).2:"0)
+ Z;'{D},Zt”( I).Zr""( ﬂ
+Z(7).20).Z(7)

+Zl!(:.:)‘zti.f(ﬂ,)_z‘_’"(0) reneennennnne(22)
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Next, as for Z(=) of the composite net-
work K, Z{7) becomes zero when any one
of the four connecting forms e, f, g, and h
shown in Fig. 8 is present, and becomes
infinity in all other cases.

Hence, in the same manner as in case
of Z(0),"Z{=) can be expressed by the fol-
lowing expression :

Zd=y=AZ!(=)+ &/ (7)) + Z()}

KAZ/(m)+ ZMN0) -+ Z0) )

X AZNOYV+ ZM( =)+ 20y

X {ZNOYV+ ZM0) 4 2 () oo (23)
By rewriting the expression (23) we have
Zd=)y=Z0 2"+ 2"

+Z 7). 2 (7). 2 ()

+Z(7).2(0).2:"(0)

+ ZN0).Z N (2). 2 (7)

B OVA0VZ () vevveemrrininnnn(24)

The absolute transfer impedance Z: of
the composite network K can be obtained
by substituting (23) and (24) into the relation
(10) as follows:

Zo= 2 H B L T e i 25)

From these expressions we can clearly
understand the mutual relationship between
the various transfer impedances of a compo-
site four-terminal network and those of its
component networks.

As regard to the case when more than
three four-terminal networks are connected
in cascade, the transfer impedances can be
also obtained in the same manner as above,
and it can be easily proven that the absolute
transfer impedance of the composite net-
work is always expressed by the total sum
of those of its component networks.

V. Various Properties Regarding
the Transfer Impedance

Let us here find out several properties
regarding the transfer impedance according
to the general theory developed in previous
sections.

(i} The case of equivalent simple par-
tial paths being connected in para-
llel with all branches of a four-
terminal passive network.

Let us denote the impedance of parallel

simple partial path by G and the impedances
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of a network (in whose original form para-
llel simple partial paths are included but
are here eliminated) by impedance symbols
indicated by ’ while those of the original
network by impedance symbols without ’.

Then, according to the law of super-
position regarding two-point impedance, we
have the following relations:

Z{0)=ZN0) 4 G, cveenrennnesanneeen(26)

ZAm)=Z(m) G seeeresernrinnenannns(27)
and

Zem 2 (G weveemerrmneniinasi s (28)

These relations are graphycally shown
in Fig. 9 in which K is an original network
and K’ is a network derived from the origi-
nal one by eliminating its common parallel
simple partial paths G.

Fig. 9.

(ii) The case of equivalent simple par-
tial paths being connected in series
with all branches of a four-ter-
minal passive network

With notations taken in similar manner

to the previous case (i), transfer impedances

are expressed as follows:

Zd0)=Z{0)+ G, svneseeennen(20)

Z(m) =24 (m)+ ¢ sesseraresennnes(30)
and

Zi= 204G et ensienian(31)

Where -G is the impedance of series
simple partial paths.

These relations are graphycally shown
in Fig. 10 in which K is the original net-
work and K is a network derived from the
original one by short-circuiting its common
series simple partial paths .

2] - I3

Fig. 10.

(iii) The transfer impedance of a lat-
tice-type four-terminal passive net-
work

A lattice-type four-terminal passive net-
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work is shown in Fig. 11, in which simple
partial paths A, B,
C and D are en-
tirely arbitrary.

The transfer
impedances of this
network can be ex-
pressed as follows :

Z(0)=A+B+C+D ]

Z{x)=A+B+C+D

z;:(A+D)(B+C-')+('}i+?)}(§+L_-‘)[

From expressions of (32) it will be found
out the followirg various properties.

If the positions of series elements and
shunt elements are mutually interchanged,
the absolute transfer impedance remains
unchanged while the positive and negative
transfer impedances are changed to the
negative and positive transfer impedances
of the original network respectively.

The same results as above are also ob-
tained if each one of series and shunt ele-
ments is replaced by a respective impedance
in double-inverse relation with it.

Next, a network being given, let us
derive from this two networks, the one by
replacing only the series elements by im-
pedances in double-inverse relation with
them and the other by replacing only the
shunt elements by impedances in double-
inverse relation with them. Then the ab-
solute transfer impedances of the two deriv-
ed networks are the same while the positive

— @ e

Fig. 1L

and negative transfer impedances of the one
are equal to the negative and positive trans-
fer impedances of the other respectively. It
is very interesting that these facts mention-
ed above coincide with variations of trans-
mission characteristics of a lattice-type four-
terminal passive network in the transmis-
sion circuit when its elements are similarly
changed as in this case.

(iv) Balancing Conditions in Bridge

Circuit

Referring to Fig. 11, the fact that the
energy is not at all transmitted between
two pairs of terminals, (I, 2) and (3, 4),
means that two equations, Z(0)=p and
Z(=)=p, hold true simultaneously.

Hence, the balancing conditions may be
obtained, according to relations (32), by
solving the following simultaneous equ-
ations:

A+B4+C+ D:pr_

A+B4+C+D=p!

This simultaneous equations have seve-
ral solutiens, one of which, as an similar
one to that in case of the transmission cir-
cuit, is shown as follows:

AD=REC e (34

Besides this solution, any one of con-
ditions shown below in (34)” and (34)" is
also the solution.

A=B, A=C, D=B and D=C ---(34)"

A=BC, D=BC, B=AD and C=4D

e “............(34 i
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PART I

EXPANSION THEOREM AND DESIGN OF TWO
TERMINAL RELAY NETWORKS (PART L.)*

Akira Nakasima, Masac Hanzawa, Members
(Nippon Electric Co., Ltd, Tokyo)

I. Expansion Theorem for
Two Terminal Networks

1. Derivation of Expansion Theorem

“The Principle of Superposition for
Separating Impedance between Two Termi-
nals " was shown to be the basic principle
for the symbolic representation of two
termina! impedances ; from which, however
complex the configuration of the network
may be, the two terminal impedance Z may
be represented by its component impedances
, X, and the symbols + and x.
That is, in general, Z may be expressed as
a function of X;, X, -+, X, and the mathe-
matical operators + and x. In other words

X=FX,, X, s A4, %)

Since the algebra as given by George
Boole in his unique work'’ has been used
throughout the following mathematical an-
alysis of passive relay circuits, the cupolas
+ and ¥ may consequently be omitted and
the function simplified to

Z=FX, Xy, X0

Henca, the impedance Z of a two ter-
minal network will be expressed as a func-
tion F of the impedance of each of its
component two-terminal networks. These
functions will be designated as the im-
pedance functions.

It was shown in a previous papsr”
that the impedance between terminals
1, 2 of a composite two terminal net-

* Jour, I[E.CE., No. 206, May, 1940. (Con-
denced English translation of original Japanese
paper)
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work K, constructed from a number of
component two terminal networks and
having network X, connected to any other
terminals 3, 4, may be represented as shown
in Fig. 1.

I b - s -V = 1
Fig. 1

From inspection of Fig. 1, the general
nature of the network suggests the follow-
ing expansion:

| P(X, X, X)
= Xl'f'br -Yn """ ] -Yn) + F(-b‘. .Yz, seeer -,‘\—“} ]

sssmsssapeesns el 1)
where p and s are impedances having values
of infinity and zero respectively. over the
entire pzriod under consideration.

In Eq. (1) if X,=p

F{T’n ‘\::l"""; l’ﬂ\'
= F(pl ‘k«" """ ' A‘-u)"' -F'(S, x‘-‘:, TR —\.n)
f(:p, A’n ...... i ‘Y")j j?(g’ -Yn ...... i _\"‘)
S Seas ...(2)

In general, when the impedance of a
composite two terminal network is expressed
as an impedance function FLY,, X, - ,
X.), the expansion theorem as given in Eq.
(1) can always be applied even though there
are a number of component two-terminal
networks having equal impedances.

Inversely, when the impedance of a
composite two-terminal network is expressed
as an impedance function F(X;, X3, -, Xy)
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the number of component two-terminal
networks having equal impedances will not
be restricted by the application of the ex-
pansion theorem as given in Eqg. (1).

It will be shown later that this sig-
nificant characteristic is the fundamental
principle for two-terminal network design-
ing.

From Egs. (1) and (2), Egs. (3) and (3)
may be derived.

F(X,, X,y oo ,-i',.)
= Xy Flp, Xy ooes Xo)+ X Fls, Xoy o, Xa)
-
}“(-"'l- -\—2? """ ’ -Yn) |
={X\+F(s Xy e @) i
AR+ Flp, Xy oo X)) |
(3)

Following Eq. (3) and carrying out the
expansion of function F' with respect to all
of its terms X, X,, - , X Eq. (4 may
be obtained.

X, Xy Xy e %)
= ‘YI‘\’fl\—l """ ,Ynf"(P, oy Py ey ?3‘)

+ X XX e X (s, py py ooooes, pY-
+Y Y:-‘-a N ‘an(* & P- ey P}+"'
+?YY """" X P(?,s,‘, """" , 9

e (@)

Similarly Eq. (4") may be obtamed by
performing t_h— - -operation as indicated in
Eq. (3)).

F(Xy Xo ey Xo)

={X\+ X+ X4 o+ Xt Fis, 5,5, ,8)}
XX+ X Xt Flp, s, 8
{x +r +.\ 4 +X,.+F{p,p, ,s)}

- |

X, +x +Y hs +X',,+F{pm P ,;o)} |

It is significant to note that the: F()
in the right-hand side of Egs. (4) and (4)
has a value of either p or s and represents
a coefficient. The general expansion
theorems as given in Egs. (4) and (4") are
mutually of inverse forms. Since the same
impedance function takes such distinctly
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opposite forms, it can be said that there
exist two entirely opposite methods of pro-
cedure in designing two-terminal networks.
By substituting p=1 and s=0 for the
values of p and s in Egs. (3) and (4), these
equations coincide with those given by
George Boole® in his “ Algebra of Logic,”
but unfortunately in his work the derivation
of Eq. (3) was not given and Eg. (4)
was based on the assumption of Eq. (3).
Later, however, Ernst Schroder derived the
solution of Eq. (3) diagramically’”. From
the mathematical standpoint the form of
the equations as given by George Boole can
be applied directly in this work. However,
for the a forementioned reason, the writer
endeavoured to clear the ambigiuty as to the
derivation of the expansion theorems.

2. Characteristics of the Expansion Theorems

From analysis of the expansion theorems

as given in Egs. (4) and (4') with resp:ct to

some of its operative character, the follow-

ing convenient characteristics were found
to exist:

(i) Sum of Two Impedance Functions

with the Same Variable
Xy, Xy Xy e, ) F(X, X, e LX)
=X, X, X, Xo{ Fi(p.p.p. :?‘)',F Foppipy -10)}

+ X XX X Fylspp. )+ Folspp,- ,P)}
4oee

+ X XX X B3, 0)+ Filssp, ,p)}
c 4o

+X, ? f, X,,{F,(-as'?, -,$)+Fﬂass s)}
. (5)
F:(lh Xn.- Xa' B -"N}+F3\-Y X?r "Y!r = X'l)
={ X+ X+ Xt b Xn b Fis, 5,8, -, 8)
+F:(818:SJ "'33]}
X 4+X +X+ «+Xn +F;(P,s 8,0, 8)
'JFF;(_'P.S.I s 8)} tessrassaseerreaa e sruessaas
{Y +Y +4Y o +Xn+ﬁl(p: P88 )
+F,[p p,s, e s)}

? +g— .pz Fo +\..+F.{p,p,p, - ,'p)
+Fip,p,p, > P)} ool
Accordingly, in the case of summation

the variable terms remain unchanged, and
it becomes only necessary to add the cor-
responding coefficient terms in the two
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funtions.

(it)  Product of Two Impedance Funetions
with the Sume Variahle

'\(“'u -er Xa!"'-rﬂ.} * FI'(-YH .X;, Jvn ] ‘YN}

=X X, X Xo{p, p,p, o, 0) Fol, 0,0, )}

+ XX X X Frloppe-= ) Fols,pip, P}

+.n-..

A XXX X s, 8,9, -, DYoo, 3,00+ D)}

+..-..-

+ X Xa{ Fofs, 8, 5, - ,3) F,(ﬁ 88, - s)}
-(

(X, X‘:, “hay ” —\n) F(‘I (2, Tl R n}
={X,+X,+ X, 4+ X,
+ FI(SJ 8y Byresy 3) ™ F:('Q: 3, 8 ey, s}l’
AT F T X pbip
D, 8,8, 0, ) F FD, 5,8, v, Spererereeeran
AX X+ 4 X
+.l";(]l P35 ")“1' F,[P, ‘."?- S, : :3)} """""

-{?ﬁ-‘i' + X4 +?
+ Fip,p,p, -, D)+ Folp,p, 0, -+, p)}--(6)

Consequently, in the case of product,
the variable terms remain unchanged, and
it becomes only necessary to multiply the
corresponding coefficient terms in the two
functions.

(#ii) Inverse Transformation of Tm-
pedance Function

F(‘rli X!: J’.‘,, ANy -Ya}
=X, X Ly K (p, p, p, oo
+ XXX X (s, p, pyeee e

+x , s ICE F{s, D,

+?YY ”F{ﬂislsi T )
- cemieeienen(7)
X, X, Xy e 2 Am)
={ X+ X,+ X4+ X+ Fls, g, s, )
AR AN A X+ Xat+ Flp, 5,5, -, 8)p
{\‘ + X+ 4+ X +F(p, Praye -,R)}--
(Y + X +\' +«-+\’ +ﬂp p,p, ,p}}
(7
Hence, in the case of inverse transfor-
tion the variable terms remain unchanged,
and it becomes necessary to perform inverse
transformation only on cach of the coef-

ficient terms.

II. Investigation of Expansion
Theorem from the Standpoint of
Two-Terminal Network Designing

1. Fundamental Equations for Two-Terminal
Network Designing

A pair of contact points is taken as the
elementry units comprising the component
two-terminal networks. When deliterating
on the choice of a relay, it is sufficient to
consider the two basic types of contacts, the
M type and the B type of contacts. Hence,
for the impedance of the component two-
terminal networks, it is necessary to take
only the M type and the B type of contact
impedance for each relay.

The following notations will be used
for the sake of convenience in the succeed-
ing analysis.

Let

A, B, €, -, J=the given relays

Z(A, B, C, «eer , J)=the inpedance of
the two-terminal network constructed from
%roups of contacts of relays 4, B, €, e,

(a, b, ¢, »ooer j=the M type contacts and
their contact impedances of relays 4, B, C,
)
@, b, § -, j=the B type contacts and
their contact impedance of relays 4, B, ',
wennn, T,
Using the above notations and restating
the previous expression, Z(4, B, C, .. )
in general becomes, .
A, B, C, e J) =Fla,d,b,b,0,¢,,4,)
By exnanding the right-hand side of the
above equation using Eq. (4), the following
is obtained :
F(a,,5,5,¢,5,,j,5)

=abegFp.s, p s ps -, p3)
dabej F(s,p,p,5p,8 P84
tabej Fsp s popis, o, B8t

+BBEj Fls, p,5,p, 8 p, 5 D)
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(6)

In going through the above equation,
it can be seen that @ and @, b and B, -
etc. have inverse relationships so that the
complex form as given above may be re-
duced to the followmg simple expr&asmn

Z(4, B, C, -,
=abe

N=fla, b, e, -, ])
ifte,p, o D)
e 38, 2y Py
+&be - jfls, s, p, -

¢ - Jfts, 88 0, 8)

. --(10)

It is important to note here that the
function fla, b, ¢, ==+, j) seemingly has
terms for M type of contacts only, but it
substantially contains terms for B type of
contacts as well.

Similarly Eq. (10) may be obtained by
using Eq. (4).
I, Z({ B C :J)Eﬂa.b, ¢, "':j’)
| *{a+b+c+---+j+fts.s,s,---,s)}
AB+b+et o +iHfp, 5,8 0 8)}
‘ {u.+'5+c+---+j+f(p,p,s,- s}}
| {G+B+C+-~+J+f(p. B p}}

(167
The designing of a two-terminal net-
work, which follows, is based chiefly upon
Egs. (10) and (10/). Eqgs. (10} and (10") have
forms identical with those of Egs. (4)
and (4), which were given in Section I
Hence, the various characteristics of the
general expansion theorems discussed in 2
of Section I can be appled directly here.

2. Types of Design Problem

The types of problems we are to face
~when designing two-terminal networks are
several and many, but only those that can
be solved by the application of the expan-
sion theorems will be discussed in this
article.
Design Problem (1)—Given g number
of relays 4, B, !, -+, J and to design a
two-terminal network having the impedance
s when any e(0=a<pg) number of relays
operate and having the impedance P for all
other conditions.
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Design Problem (2)—Given z number of
relays A, B, (!, ------, J and to design a two-
terminal network having the impedance s
when any a or 8 (0=a=p, 0=3=p, a+f)
number of relays operate and having the
impedance p for all other conditions.

Design Problen (3)—Given g number of
relays 4, B, C, ,J and to design a two-
terminal network satisfving the prescribed
impedance values for each operating com-
bination but excluding those conditions
already covered in Problems (1) and (2).

III. Discussions on Problems (1)
and (2) from the Standpoint of
Impedance Functions

Symbols used in the following discus-
sion are as follows.

s2=the total number of relays A, B, C,

B

ZAd, B, C, -, J)=the two-terminal
impedance of a petwork having the im-
pedance s when any « out of ¢ number of
relays operate, and having the impedance p
for all other conditions.

Za 84, B, C, , J)=the two-terminal
impedance of a network having the im-
pedance ¢ when any « or § out of g number
of relays operate, and having the impedance
p for all other conditions.

1. Firstly, taking Z. (4, B, C, ),
this corresponds to the general expansion
equation (10) and (10") if the walue of the
coefficient f ( ) is always s when ( ) con-
tains @ number of &’ and if the value is p
for all other conditions.

Secondly, analysing Z., g (4, B,C, -+, J)
this corresponds to the general expansion
equations (10) and (10) if the value of the
coefficient f ( ) is always s when ( ) con-
tains « or 8 number of &'z and if the value
is p for all other conditions.

Taking into consideration the relation-
ship between « and 8 in Z. (4, B, C, - ;
Jyand Z. g (A, B, C, , J), the follow-
ing fuctions can readily be derived from
Egs. (10) and (10/):

Z(A, B, -, N+ZxA, B, -+, J)
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¢7)

=P e (11)
Za4, B -,J) Zg(zl B, . )

Za, n(A B, . J') e cneevenen(12)

Za, ﬁ(. l B ﬂ }‘dg ,(A B

=Zu4, B, - }} snsisyeanane we+(13)
Za gl A, B o). 4; Y(A B‘ r)

=Za p. A4, B B {14;

providing a-""ﬁ-v:f

2. Relationship between Z.(d, B, C, -, .J)
and Z,, 1, s, ttyal, &1, Ty u{A; B, C, b J)“By
combining Eqs. (7) and (7) the following
relatlonshlp may be fnund

Zd A, B, C, -
Zﬂr Tr2r e

Furthermore, from Egs. (12), (13) and
(15), the inverse transformation relationship.
as given below, can be deduced.

)

L ELE S TR

JAA,BC, ... T |18

Zn.B(ArBrC:"':J)
=2 RIETERTR T EL S PRRTRY: S PY- B8 PO »(ABU ,J)
(15)

3. Relationship betwe.dn Z.(A B C
and Zu (A4, B, €, -, J)

In general the following characteristic
exists. With the exception of the case when
a=p—a, Z{d4, B, C, ~, J) and Z._.(4, B,
¢, -, J) always retain inverse contact re-
lationship. Furthermore, since two net-
works are actually identical when a=p—a,
Zus(4, B, C, -, J) indicates a network con-
taining characteristic of inverse contact.
({In which case, the operating characteristics
should not change by inverse contact trans-
formation).

Also by comparison of Za g(4, B. €, -,
J)and Z‘;p_.)‘ (,._3)(.{, B, suky J}, the following
relationship can easily be deduced from Eq.
(12) and the previous conclusion. Z. a(d,
B, C, -, J) and Zu-oy, u-py(h, B, C, -, J)
maintain an inverse contact relationship.
However, these two cases become identical
and indicate inverse contact networks when
p=a+f or p=2a=24.

4. Relationship between Z. (4, B, C, ..,
JYand Z,, 4,3, ... wuld, B, C, ., D).
From what is given above, it can be seen
that Z A B Jyand Zy, 1,2, -os 01, w1y eeey
(A, B,..., J) have a double inverse relation-
ship and Z,(4, B, C, -, J) and Z,_.(d, B,

)|

ra=1y %1y -or
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-, J) are of inverse contact forms. Hence
by application of “ The Fundamental Prin-
ciple of Tetrahedron " the following con-
clusion may be drawn:

Zu—!{ft! B C - Nand Z,, 4,2 ..., a1
+1 e uld, B, 0, ---,J) have an inverse con-
nection relationship.

Similarly, if both @ and # are taken in

place of @, Zg-oy ta-pld, B, C, -+, J) and
zo; L2y emra—gpatty coon Bl Brls oonn u[A- B, C, sy
J) maintain an inverse connection relation-

ship.

Also for this case, an inverse connection

network can be found, e.g. a two-terminal
network Z,,,(A, B, C), when p=3.
5. Investigation of a Case When Number
of Relays is Changed by One.—If the ex-
pansion of Z.(d4, B, -, H, J) is performed
in terms of the variable j, the following
results.

Z(A, B, H,J)

=jZA, B, HY+§Zu- (A, B, -, H)

If the above equation is rewritten in a

form of a product.

~ ={Z (4, B, -, H)+j}
{24, B, -, H)+j}

If .Z, is used to indicate the two-ter-
minal impedance of a network having the
impedance s when any « (out of the given
pnumber of relays) operate and having the
impedance p for all other conditions, then
the above equation becomes

wiiZa= (W acs HiHOZetd) | 1)

in which j and j are impedances of the M
and the B type contacts when the number
of relays is increased by one. Eq. (17) in-
dicates that for Problem Type No. 1 a com-
plex solution containing many relays can
be easily deduced from a solution contain-
ing fewer relays.

The functional characteristics as given
above is the basis of the analysis of problem
type No. 1 and No. 2. The solution of the
relationship of inverse contact, inverse conr
nection and double inverse can easily be
obtained when any one of the factor is ob-
tained by application of the transformation
method described in our previous paper®.
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IV. Designing Method for Problem
No. 1

Eq. (17) in Section III indicates that the
solution for the case of # number of relays
can be deduced directly from the solution
of the case when p=1 since .Z. (when pu
number of relays are given) can be obtained
from ._,Z, and .-:Z._, (when g—1 number
of relays are given).

Firstly taking the case when #=1 from
Eq. (10).

A MN=fla)y=a-fp)+a- i)

Zld) =&

Zdy=a
Also for p#=2, from Eq. (17).

Z(d, B)=Z(A)+5=F+5

Z3(A4, B}:{Z,(A} +b}{Z, (A)+5_‘(} {18)

=@+b)a+Bb)

Zd, By={Z(A)+b}=a+h
Similarly for #=3
Z.,(A,B,U(=Z°(A, B)'{"E:E‘l'ﬁ‘i'E
Z(A, B, O)={Z(A, BY+ec}{Zy(A, BY+T}

=@+b+e){(@+b)a+b)+E}
Zy(d, B,CY={Z\(A, B)+c}{Z{d, B)+E} |-

={@+b)a+B)+c}-{at+b+E}
Z{A, B, (V={Zy(4, B)+c}=a+h+e

The results obtained in Egs. (18) and
(19) can be seen in Fig. 3. ’

=2 B E=3
]
-@E kit
@®
Ly T g ]
Q- 24 ] @ \lf‘éi@—%
Fig. 3.

The two-terminal networks which are
to be solved in Fig. 3 have one terminal at
Q and the other terminal at Q,, @Q,, @, or
@, corresponding to Z,, Z,, 4, or Z,, res-
pectively.

- On inspection of Fig. 3, the terminals,
for example, for Z, (4, B, ) are  and §),;
the network, therefore contained within the
boundaries, inclusive of the vertical and the
horizontal lines drawn through the point
Q,, and the counter lines on the side of Q,
represents the effective circuit and the re-

maining networks outside of this boundary,
which were drawn for the purpose of re-
presenting the general case, can be neg-
lected.

For this reason, the right hand part of
Fig. 3 will be called “the fundamental
network for problem No. 1 when the number
of relays is three ”. Fig. 4 shows the con-
nection diagram for the case when p=3.

N Zala RCY

- i T
—{f AE i ’—- 24 BE)
x ::
@ ) <
.-{ oty J* 5 }—- ZiAanC)

—_—ia b s
Fig. 4.

It can be seen that Z, and Z, are in
inverse contact relation, which is a specific
example of inverse contact relationship
between Z, and Z._., obtained in the pre-
vious section. Because of the similarity of
the problem, it is possible to interchange a,
b, ¢ in Fig. 4. '

In order to obtain the fundamental net-
work when g number of relays are given,
like the case of g#=3 bzing deduced from
the case p=2, by applying inversely the
principle of parallel resolution described in
our former papert”, the network can be
successively transformed into forms of one
higher order. This is shown in Fig. 5.

Fig. S.

From the analysis of the fundamental
network shown in Fig. 5, the designing
procedure to be taken for Problem Type
No. 1 are:

(i} Following Fig. 5, draw the funda-
mental network containing a given number
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(9)

of relays.

(ii) Let the two-terminal network having
terminals at € and @, repressnt Z, which
is to be solved.

(iii) Rewrite the figure, letting , b, ¢,
represent the M type of contacts and &b ¢
represent the B type of contacts.

(iv) Since the operating characteristic
would not be changed by replacing a, b, ¢,
replacement can be made freely, limited
only by the number of contacts which the
relays can accommodate, If the transfer
types of contacts are desired, a replacement
should be made.

(v} If .Z. can be obtained, .7, , can be
obtained by a simple contact inversion.

V. Procedure for Problem Type
No. 2

Similar to Problem 1, Z. s (4, B, C, -,
J) can be solved by the method of parallel
connection using Eq. (12) in 1 of Section
1II, which is

Zap=Zarp

For convenience, the general fundament-
al network for Z. - Zs has been simplified in
(1) of Fig. 6. By applying inversely the
principle of parallel resolution, (1) of Fig.
“/can be transformed into its equivalent

Fig. 6.

3] 12

ZylABCY Zozl AB.CY

Fig. 7.
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network as shown in (2). The networks to
be obtained has one terminal at @ and has
the other terminal at (. or )3 which are
short circuited.

Similarly the two-terminal network
Za g, which is to bz detained, has one ter-
minal at point € and has the other termi-
nal at €., s or €, which are short circuit-
ed. For example, two terminal networks
satisfying Z,, ,(4, B, () and Z,,, (4, B, )
are shown in (1) and (2) of Fig. 7 respec-
tively.

By examination it can be seen that the
above figures have an inverse contact re-
lationship; if (3) of Section 4 is referred to,
it can be seen that this is only natural. By
investigating the operating characteristics
of these to networks, it is found that they
have opposite impedances; which fact is
clear from (2) of Section 4 In addition,
from (4) of Section IV, it can be seen readily
that the relationship of inverse contacts
holds true also in this case.

V1. Procedure for Problem
Type No. 3

In this section only those problems
outside of Type No. 1 and Type No. 2 will
bz discussed. Consequently, the beauty of
functional characteristics as found in the
first two type problems will not be found.
The design procedure for this type of
problem is:
(i} Solve for the coefficient f{ ) from the
given conditions by using Egs.  (10) and (10/)
given in Section IIT.
(ii) Express the equation of the desired two-
terminal network in terms of the component
impedance symbols.
(iii) Find a simpler two-terminal network
by equivalent transformation. An example
will be cited for clearness, as follows:

Given 4 relays 4, B, C, D, obtain a two-
terminal network containing the above
relays and satisfying the following conditions
when

A, B operate and (!, D release

=3

y © " w 4, D % Z=3
4 bt w BCD , Z=s
D " . A B Z=3s
for all other conditions Z=p
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(1)

Solution :
Expanding #, using Eq. (10"),
Z(A, B, C, M=f(a, b, ¢, d)

={at+b+et+d+fls, s, 5 8)}
{@+b+c+dtflp, s, 5 N}
e +btetd+flp, p, 8, 8)Fer
@45+ +d+fp, p. v, 9}
-{@+5+c+d+Ap, p, p. V)}

And analysing the coefficient terms above
fls, s, p, P=f(p, 5, 3, D)

=fs, p, », P)=flp, p, p, 5)=s

since for all other cases f( )=p. If these

values are substituted in the above equation,

Z(4, B, ¢, D)

=(a+b+c+d)@+b+i+d)
-@+b+etdatrb+E+d)

Thus, by the above the composition of
the desired two-terminal network has been
determined. This result is shown in (1) of
Fig. 8. This figure can be transformed
into its equivalence, figure (2), by applying

1

g

OO
S0
g.

inversely the principle of parallel resolution.

Fig. (3) is the contact diagram of figure
(2) and if (3) is transformed using transfer
cantact instead, figure (4) results, In these
contact diagrams, the contact arms always
operate in a clockwise direction,

The example given above covers all
possible solutions which can be obtained by
the equivalent transformation using (1) of
Fig. 8 as the base,
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PART 1

EXPANSION THEOREM AND DESIGN ON TWO
TERMINAL RELAY NETWORKS (PART II*

Akira Nakajima, Masao Hanzawa, Members
(Nippon Electric Co., Ltd, Tokyo)

VII. Problem Type No. 4
L. Conditions of the problem

Conditions for the fourth type of pro-
blem are “Given g number of relays, to
design a two terminal network having im-
pedance 3 when any odd number (or even
number} of relays operate and having im-
pedance p when any even number (or odd
number) of relays operate ”.

2. Notations

The following rules of notation will be
used in deriving the impedance equations.
X, X,+, Xy=Given relays
Ty, Ty, % =Impedances of M type con-
" tacts of corresponding relays.
Ty, Tgyeerrer, Ty =Impedances of B type con-
tacts of corresponding relays.
Z(Xy, Xyooorr, Xy)=Impedance of a two
° terminal network, containing # num-
ber of relays, X, X , Xy, having
impedance s when any odd numbers
of relays operate and having im-
pedance p at all other conditions.
Z(Xy, Xyeere , Xu)=Impedance of a two
% terminal network containing g num-
ber of relays, X;, Xy e , X, having
impedance s when any even number
of relays operate and having im-
pedance p at all other conditions.
Using these notations in Eq. (12) and
Eq. (16) in Part I of this paper™®, following
equations can be derived.

* Jour LE.C.E, No, 209. August. (Con-
densed English translation of Original Japanese
paper)

ﬁn{X" D PREN Xﬂ)=,£ Zmaa( Xy, Xy, oer) ';-'i]

B(X, Koo, Z=Il B, Xue, X
LR 1)
Z(X,, Xy, X)=Z (X, Xoor, X)ew(2D)

The final value-of n in Eq. (20) changes
depending on p being odd or even, Also
Eq. (20) indicates that this problem can be
treated under Problem Type No. 2 as one
of its cases. Eq.(21) shows that these two
terminal networks have the relationship of
double inversion, therefore by analysing one
the other relationship can easily be found.
Usitig Eq. (10)%,

E}X,, Xayereer, Xu) becomes as follows:

Z(Xy, Xy, Xy, X, Xypeery X3)
odd

=Xy Ty Wy Ty Ty Ty
Ty Ty Ty T, LTy Aeeereeee
8 B s By ety e
cerennes e (22)

The form of Eq. (22) is awkward and
does not lead to simple generalization, there-
fore at this point new operators used by
B. A. Bernstein® in his analysis of Boolean
algebra has been introduced. In his thesis®,
Complete Disjunction and its inverse were
represented with symbols O and A res-
pectively. Here, however, it was arbitrarily
decided to use, for clearity, the operational
symbols @ and &. These operators were
introduced into the impedance functions.

In connection with impedances A,, A,,
..., having any voluntary time character,
the new operators @ and & and the former
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operators + and x have definite relationship
as shown helow.
4D A=A, x A+ A1 x 4,
=(Ay+A) ) (Ay+ Ag)ereeeeee e (23)
A& d,= 4, X Ao+ Ay % ;{2
= (A A) % (g4 Ay)eeeereeenes (24)
In general commutative law and dis-
tributive law exist for operators @ and &.
The correlations between terms con-
nected with operators @ and & are as
follows :
A:EBAs:m ........................ +++(25)
A:EBXFA;@A:
AII@Ag:Al@‘{;} aseasraatareassraiannan ...(26)
Moreover, for positive integer of n
ADAD- DAy,

=(A1®A,® """""" (G40 P EECTTITTI PR @27
Al@A‘l!@""““'@Aanl
=A@ AR R Ay eissvsesssan (28)

From Eqgs. (27) and (28) it can be seen
that the relationship changes depending on
the number of impedances, whether the
number is odd or even.

By introducing the new operators, dis-
cussed above, Eq. (22) becomes a simple
expression as given below :

: jaé;tlr :¥;i )K;r """ ¥ V)
I =2 &2, 00, @, Kty

"""""""""(29)

Eq. (29) holds for all values of g, irre-
sective of # being odd or even.

Z(Zy, Ty Zyrerrre, Z,) can be derived

even

readily from Eqg. (29), however, the form
of the equation changes according to g
being odd or even.

When g is even:
Z(Xy Koy Xooory X) [
=2, D0, D D ‘
.................. (30)
When g is odd:
a‘%](XI! Xy Xyyorers, X))
=2,@2,07,D -
...u-..<..-.-.(31)

As shown in the above analysis the

impedance of two terminal network sa-
tisfying Problem Type No. 4 has been sim-
plified with the introduction of new opera-
tors @ and 9.

3. Construction of Connection Diagram

The connection diagram of the desired
two terminal network will be constructed
by using the impedance function given in
the preceeding section.

To begin with, take Fig. 9 and assume
p=2,

This requirement can be fulfilled by
selecting a two terminal network having a
terminal at each side of the network shown
in Fig. 9. Accordingly, if notation W, , is
used to represent the impedance of a two
terminal network having its terminals at
points 1 and 3, following equations can be
written directly from analysis of Fig. 9.

Wia=(m +,) {1+ ”tr)zg;rr\‘P/"—l-'a

W= 42,) (@4 2)=2,Rx,

W =@ +24) (23 +2,) =1,Br,=1,%1,

W, =(@4 ) (24 +a) =20, =%,Dx,

Next, considers the case when p=3.

By performing the operation, following
relationship existing between the two con-
ditions can be found.

x:@%@ms=(ﬂ'l@ﬂ@

=(Il@ﬂ:,) g X (TTEBJ'!) +@,

= (D) 5 X (24R2,) + 7,

2,02, BTy = (2,8)2,) D,

=(z,&z,)+ i:s x G:;\"Z‘E—P Ty

=(2,&2,) +2, x (3,P2,) +2,

The construction as indicated in the
above equation requires these two, two-
terminal networks to be conmected in pa-
rallel, moreover, two two-terminal networks
(z:Br,) and (2,&%,) have one point in Fig.
9, as their common terminal, their other
terminals being two other different points.
The two terminal network obtained in the
foregoing discussion has been indicated in
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solid line in Fig. 10, which has terminals
at points 1 and 3. Also in the same dia-
gram, if the dotted part of the network is
added, the two terminal network having
terminals at points 1 and 4 represents the
double-inversion network. This becomes
clear from Eq. 25.

By following the procedure outlined
above, the connection diagram of two ter-
minal impedance which satisfies the right
hand side of Eq. (29), namely =, Za,%x,&
soe@m,, will vary depending whether u
is odd or even. .

the case when gz is odd :----Fig. 11 (i)

the case when g is even-«-- Fig. 11 (ii)

Fig. 1L

Nextly, consider the impedance BZ‘;n(Xn
X,, X._......, Xu)-

This impedance can be realized by
performing on the last section of the
network shown in Fig. 11, the transforma-
tion as indicated in Fig. 10.

Now, assuming that the contacts 2 (b=
1,2+, #2) and contacts %'s to be connected
in the horizontal and the diagonal branches,
respectively, the required two terminal net-
work having impedances DZ (X5, Xy Xppeeeeer
X and gs u(L [y Xay Xopeeeer, X)) can be ex-
in pressed general with Fig. 12.

The two terminal network which sati-
sfies Problem Type No. 4 is shown in Fig.
12, in which the M type contacts of each
relay comprise the series elements and the

B type contacts comprise the shunt ele-
ments.
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4. Practical Significance of Problem Type No. 4

The ‘practical significance of this type
of problem will be discussed. Since p, the
number of given relays, is always an in-
teger, if the contact position of any one
relay is altered, the total number of relays
in operate position changes from odd to
even or from even to odd. Therefore, the
impedance of two terminal network sati-
sfying this problem always changes from
p to s or from s to p when the contact
position of any one relay changes.

As an application of this operating
characteristic controlling of a single electric
light from any of the 2 number of switches
in series located at different points could
be given. Fig. 13 shows one case of this
application.

. T —

% Kz Xy ccecee Kem X
Fig. 13.

VIII. Problem Type No. 5
1. Conditions of the problem

The conditions for the fifth type of
problem are:

“To design a two terminal network
having impedance of specified time charac-
ter, when number of relays and their cor-
responding time characters are given.”

This problem can be handled as the
problem of determination of the coefficients
of the general expansion equation as dis-
cussed in the previous part of this paper®.
Moreover, following, two types of methods
of determining the coefficients could be
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enumerated.

(1) the method adhereing strictly to
operations of symbolic equations.

(2) the method using the time spec-
trum diagrams of impedances.

The first method has the advantage
that only mathematical operations are re-
quired, however, complication is met in
the simultaneous solution of symbolic, im-
pedance equations. The second method re-
quires construction of the diagrams, but has
the advantage that the coefficients could be
determined directly by inspection and that
the possibility or impossibility of solution
becomes evident at a glance.

2. Methed using symbolic equations
The general procedure of this method
is as follows :

i) Express the impedance of M type con-
tact of each relay and the required
two-terminal impedance in terms of
symbolic equation using unit impe-
dance. Also obtain the relationship
between contact impedances.

ii) Write the general expansion equation
of the desired impedance Z, and obtain
the value of the coefficients excluding
the terms in which combination of D
and s are different from relationship
of contact inpedance obtained in i),

iii) In the remaining terms, equate the
impedance factors to their correspon-
ding elements, p or s, within the pa-
renthesis. Then obtain the value of
unit impedances contained in the im-
pedance factors. Substitute these va-
lues of unit impedances in the equation
for Z expressed in terms of unit im-
pedances.

An example will be cited to show
cohcretely the design procedure.

Example :
Given 3 relays 4, B, ' whose time
characters are as follows :

; TS operates at T, releases at T,
# n T, r» T,
» T, T,
and to obtain a two terminal network

L4

o "
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having impedance Z as specified below :
Z=M,+ByM,+B,
Solution :
Firstly, if the impedance of M type
contacts of each relay is expressed in terms
of unit impedance,

then,
a=M,+B,, b=M,+B,
c=M,+B,

The relationships existing between

these impedances are
a>t, bot

If the coefficients which contradict the
above relationship, namely a=s, c=s or h=s,
c=s3, are omitted from the general expansion
equation, it may be expressed as follows:

Z=f(a, b, c)

=abeifp, p, p)+&befis, p, p)
+abesf(p, 5, p)+abt+f(p, p, 5)
+&be-f(s, 3, p)

Therefore, it becomes necessary only
to solve for the coefficients in the above
equation. For example, the determination
of f(s, p, p) requires the solution of the
simultaneous equation,

a=M,+B,=s
b=M,+B,=p
c=M,+B,=p

by which

My=s, My=M,=M,=M,=M,=

B,=p, B,=B,=B,=B,=B,=s
can be obtained, and substituting these
values in the equation for Z, Z=s may be
obtained. Namely,

f(s: j2 73')=‘-8

After obtaining in this manner the
values of coefficients and substituting these
values in the expansion equation, Z becomes
a function of a, b, ¢ as shown below :

Z=abe-p+abhe-s+abep
+abt-s+@bep
=abe+abe+8b¢

And if the operation of Boole's algebra
is applied to the equation, it becomes

Z=(a+B)
or again using the relationship Fcc and
after transforming the right hand side of
the equation, 7 becomes
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Z=ac+b
The two terminal network specified by
the right hand side of the above equation
must necessarily have a configuration as
given in Fig. 14 or a figure equivalent to it.

LT L

3. Method using time spectrum diagrams of
impedances

The method using the time spectrum
diagrams of impedances is outlined below :
i) Draw the time spectrum diagrams of the

M type impedances of given relays and

of the required two-terminal network.
ii) Divide the entire time period at points

at which the relays change their contact
character, and determine the coefficients
of the expansion equation by inspecting
the combination of the impedance va-
lues.

The design procedure using this method
will be described.

Example :

Example problem stated in Section 2
will again be used.

Fig. 15 shows the time spectrum dia-
grams of the impedances of the M type
contacts a, b, ¢ and impedance Z=M,+B,M,
+ B, of the desired two terminal network.

Yl SEVRENEN R i [ =

Z b ‘---l»--—u---- A

T 1 L0 L T o=
Fig. 15

In the spectrum diagram, the solid line
represents zero value and the dotfed line
represents infinite value. Time is taken on
the horizontal axis. If the impedance values
durlng each time interval are examined
and compared following relationship may
be found.

time interval (TT)-f(p, p, P)=p
# » (T'4T')-=+-f(s, p, p)=5
L4 # (T,T.)"""f(?, 8 P)='P
" v - (TT)f(p, & p)=p
” wo (TT)f(p, py p)=p
” n (T f(p, p, 8)=s
» v (TT%):flp,p,p)=p

No contradiction exists between the
coefficients, therefore, solution of this pro-
blem is possible. (no solution being possible
if there were contradictions).

From above the required two terminal
impedance Z may be expressed by the
following equation :

Z=abe+abe+@be

This solution is same as one obtained
in Section 2.

It may be seen from above that the
time spectrum method of determining coef-
ficients is more convenient and, as stated
bafore, has the advantage that possibility or
impossibility of solution can readily be deter-
mined. The author has found this method
to be superior in practical applications.

IX. Conclusion

In the foregoing article the design
theory for two terminal networks has been
developed by application of the expansion
theorem for impedance functions, and the
general solution and the basic network
configuration has been obtained for several
problems. It may be mentioned that the
problem of designing two terminal networks
is not restricted to the five types mentioned
in the foregoing discussions ; other problems
will be discussed at some other later date.
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Essentially, S. Okada is suggesting to adopt impedance zero (close con-
tact) as the basic element (corresponding to logical one) rather than impedance
oo (open contact). Okada thinks this will be easier to understand for most
people in general. This means a serial circuit uses AND expression and a
parallel circuit uses OR expression. Okada also mentions that H. Piesch (see
page below) uses this system.

The answer of Nakashima and Hanzawa is that to adopt impedance oo
(open contact) is natural way and the expressions of impedance of transmis-
sion lines are similar to this though either system will do as they are dual
from mathematical point of view.

It should be noticed that C. Shannon adopted the same system as Nakashima
and Hanzawa did.

(Comment by Prof. Akihiko Yamada)
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The Synthesis of Two-Terminal Switching Circuits
By CLAUDE. E. SHANNON |
PART I: GENERAL THEORY

1. INTRODUCTION

HE theory of switching circuits may be divided into two major divi-

sions, analysis and synthesis. The problem of analysis, determining
the manner of operation of a given switching circuit. is comparatively
simple. The inverse problem of finding a circuit satiafying certain given
operating conditions, and in particular the bes! circuit is, in genera.l more
difficult and more important from the practical standpoint. A basic part
of the general synthesis problem is the design of a two-terminal network
with given operating characteristics, and we shall consider some aspects of
this problem.

Switching circuits can be studied by means of Boolean Algebra.!? This
is a branch of mathematics that was first investigated by George Boole in
connection with the study of logic, and has since been applied in various
other fields, such as an axiomatic formulation of Biology,® the study of neural
networks in the nervous system,* the analysis of insurance policies,’ prob-
ability and set theory, etc.

Perhaps the simplest interpretation of Boolean Algebra and the one
closest to the application to switching circuits is in terms of propositions.
A letter X, say, in the algebra corresponds to a logical proposition. The
sum of two letters X + ¥V represents the proposition “X or ¥”" and the
product X'V represents the proposition “X and ¥”. The symbol X" is used
to represent the negation of proposition X, i.e. the proposition “not X" ”
The constants 1 and 0 represent truth and falsity respectively. Thus
X+ Y = 1 means X or Y is true, while- X - YZ’ = (0 means X or (¥ and
the contradiction of Z) is false.

The interpretation of Boolean Algebra in terms of switching circuits®-#:9:1°
is very similar. The symbol X in the algebra is interpreted to mean a make
(front) contact on a relay or switch. The negation of X, written X',
represents a break (back) contact on the relay or switch. The constants 0
and 1 represent closed and open circuits respectively and the combining
operations of addition and multiplication correspond to series and parallel
connections of the switching elements involved. These conventions are
shown in Fig. 1. With this identification it is possible to write an algebraic
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and Si(X1, X2, - -+, Xu) s the symmeiric function of X1, Xz, --+, Xn
with k for its only a-number.

This theorem follows from the fact that since f is symmetric in X, X,,

, Xm the value of f depends only on the number of X’s that are zeroand

Lhc vaIues of the ¥’s. If exactly K of the X’s are zero the value of f is

therefore fx , but the right-hand side of (6) reduces to fx in this case, since

thenS,—(X;,Xg, see ,Xm) - l,j 7 K,ande =
The expansion (6) is of a form suitable for our design method. We can
realize the disjunctive functions Sx(X1, X2, ---, X») with the symmetric

function lattice and continue with the general tree network as in Fig. 24,
one tree from each level of the symmetric function network. Stopping the
trees at ¥,y , it is clear that the entire network is disjunctive and a second
application of Theorem 1 allows us to complete the function f with two ele-
ments from ¥, . Thus we have

Theorem 16. Any function of m + n variables symmelric in m of them can
be realized with nol more than the smaller of

(m+ DA@) +m)or (m+ 1)2"+m — 2) + 2

elements. In particular a function of n variables symmelric in n — 2 or more
of them can be realized with nol more than

nt—n+42

elements.
If the function is symmetricin X1, X2, -+ , Xm,andalsoin¥;, Vs, ---,
V,,and not in Z,, Z,, -++ , Z, it may be realized by the same method,
using symmetric function networks in place of trees for the ¥ variables.
It should be expanded first about the X’s (assuming m < r) then about the
¥’s and finally the Z’s. The Z part will be a set of (m 4+ 1)(r 4 1) trees. ‘
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Strecke und der Kondensator entlidt sich tiber einen stromstarken Lichtbogen voll-
sténdig. Eine andere Art der Wiederziindung ist durch Thermoionisierung mehrere
Mikrosekunden nach erfolgter Stromunterbrechung miglich. Nachdem der Strom zu
Null geworden ist, brennt der Metalldampf weiter und kann durch die wirksam
werdende Verbrennungswirme tiber ciner Temperatur von 3500° C erhitzt werden,
wobei er durch Thermoionisierung leitend wird; dann vermag die am Kondensator
zuriickgebliebene Restspannung selbst iiber verhiltnismifiig grofe Strecken einen
stromstarken Lichtbogen einzuleiten, wodurch sich der Kondensator vollstindig ent-
lidt. Ob diese Wiederziindung einsetzt oder ob die Restspannung am Kondensator
bestehen bleibt, hdngt von der Hohe derselben, von der Drahtlinge und insbesondere
vom Leitermaterial ab; je hoher die Verbrennungswirme eines Metalls, um so leichter
erfolgt eine Wiederziindung.

Die vorliegende Arbeit wurde im Institut fiir Starkstrom- und Hochspannungs-
technik der T. H. Dresden durchgefithrt, Fiir die vielen wertvollen Anregungen und
Unterstiitzungen erlaube ich mir, Herrn Prof. Dr. -Ing. Ludwig Binder meinen
ergebensten Dank auszusprechen.

Begrifi der allgemeinen Schaltungstechnik.

Von
Hansi Piesch, Berlin.

(Eingegangen am 28, 2, 1939.)
DK 621.3.06.001.3 4 621.316. 3. 021/, 022
Ubersicht. Aus den Aufgaben der elektrischen Schaltungstechnik werden diejenigen Gruppen als
gemeine Schaltungstechnik' zusammengefaBt, welche sich ausschlieBlich mit den Verbindungen
zwischen den einzelnen Verbrauchern und den Energiespeichern befassen. Fir diese Gruppen wird
eine Systematik entwickelt, welche den Aufbau, ebenso wie die gedankliche Zergliederung der , allge-
meinen Schaltungen® wesentlich erleichtert.

11

Diese Arbeit ist allgemeinen schaltungstechnischen Fragen gewidmet, die hier
von einheitlichen Gesichtspunkten aus behandelt und allgemein giiltigen Losungen
zugefiihrt werden sollen?).

Der Aufgabenbereich der Schaltungstechnik beriihrt nahezu alle Zweige der
Elektrotechnik: Beim Bau von Kraftanlagen, ebenso wie von Fernmeldezentralen,
Signaleinrichtungen; an Vakuumrbhrensendern ebenso wie fiir elektrisch betriebene
Maschinen missen Schaltungen entwickelt und ausgearbeitet werden. Die Fragen,
welche dem Schaltungstechniker bei der Losung dieser Aufgaben erwachsen, kénnen
in zwei grundsitzlich verschiedene Gruppen geteilt werden; diese bezichen sich einer-
seits auf:

1. die Schaltung der Energiequellen und Verbraucher, anderseits auf:

2. die Herstellung der leitenden Verbindungen zwischen Energiequellen und
Verbrauchern.

Wihrend die Schaltung der Stromquellen und Verbraucher in jedem Zweig der

Elektrotechnik gesondert behandelt werden muf}, ist dies bei der zweiten Gruppe der
schaltungstechnischen Aufgaben keineswegs der Fall. Wenn es sich z. B. darum

') Die Arbeit wurde entwickelt aus: 1. Unverdffentlichten Arbeiten von O. Plechl,
Wien. 2. Der Abhandlung: ,, The Theory of equivalent transformation of simple partial paths
in the relay circuit’. Nakasima, A. u. M. Hanzawa Nippon electr. Comm. Engng. 9
(Febr. 1938) S. 32.
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handelt, eine bestimmte Anzahl von Verbrauchern gleichzeitig oder in einer vorgege-
benen Reihenfolge anzuspeisen, oder wenn die Anspeisung von verschiedenen Stellen
der Anlage unter vorgegebenen Bedingungen ermoglicht, bzw. verhindert werden soll,
so milssen zur Losung dieser Aufgaben dieselben grundsitzlichen Uberlegungen an-
gestellt werden; gleichgiiltig, welche Leistungen umgesetzt und welche Art von Ver-
brauchern angeschlossen werden sollen.

Sinngemif sollen nun diese Fragen, welche sich nur auf die Schaltung zwischen
Verbrauchern und Stromquellen beziehen, als ,,Allgemeine Schaltungstechnik"
zusammengefafit werden. Mit dem Wort |, Schaltung* soll hier demnach ausschlief-
lich die Gesamtheit der Stromwege bezeichnet werden, welche ein- oder mehrere
Stromquellen mit den zugehdrigen Verbrauchern verbinden. Als wesentliche Bestand-
teile der Schaltung sind, abgesehen von den Schaltgegenstinden wie Stromquellen
und Verbrauchern die Schaltwerke zu nennen, durch die die Stromwege iiber Verbin-
dungsleitungen wahlweise geschlossen oder unterbrochen werden konnen. In jeder
Schaltung ist mindestens ein derartiger Schalter vorgesehen, mit dem die Anlage in
Betrieb gesetzt werden kann.

Diese Schaltwerke haben die Aufgabe, die Stromwege dann und nur dann zu
schlieflen, bzw. zu unterbrechen, wenn bestimmte , Schaltbedingungen® erfiillt
sind. Eine derartige Bedingung lautet z. B.: Der Strompfad ist geschlossen entweder,
wenn das Schaltwerk @ in Stellung 7 und das Schaltwerk b in Stellung & steht, oder
wenn a in Stellung m, b jedoch nicht in Stellung n steht.

Da immer nur cine endliche Anzahl von Schaltern verwendet wird und jeder
Schalter nur eine endliche Zahl von Stellungen besitzt, ist auch die Zahl der Bedin-
gungen, welche an derartige Schaltungen gestellt werden konnen, beschriinkt.

Beziehen sich diese Bedingungen nur auf einen Schalter, so konnen nur zwei Arten
von Forderungen gestellt werden:

a) Ein Stromweg ist nur dann geschlossen, wenn der Schalter in einer bestimmten
Stellung, z. B. in 7 steht. b) Ein Stromweg ist nur dann geschlossen, wenn der Schalter
in einer bestimmten Stellung, z. B. in &, nicht steht. Im Fall a) wird der Stromweg
iiber den einen Kontakt i des Schalters gefiihrt; im Fall b) mufl der Stromweg iiber
alle parallel geschalteten Kontakte von & mit Ausnahme des Kontaktes k gefiihrt
werden,

Beziehen sich dic beiden Forderungen a) und b) auf die gleiche Schalterstellung,
so verhalten sich die Forderungen invers zueinander: d.h.: Es kiénnen nie beide
Forderungen gleichzeitig erfiillt oder gleichzeitig nicht erfiillt sein; jedoch ist bei
jeder moglichen Stellung des Schalters eine der beiden Forderungen a) oder b) sicher
erfiillt.

Soll der Stromweg iiber zwei Schalter geschlossen werden, so sind unter den Be-
dingungen, welche an diese Schaltung gestellt werden konnen, vier Gruppen zu unter-
scheiden:

1. Sowohl fiir den einen als auch fiir den anderen Schalter (z. B. 2 und &)
ist eine bestimmte Stellung vorgeschrieben.

2. Es mufl entweder von dem einen oder von dem anderen Schalter eine
bestimmte Stellung eingenommen werden.

3. Es darf entweder von dem einen oder von dem anderen Schalter eine be-
stimmte Stellung nicht eingenommen werden; d. h.: Die Stellung von Schalter a
oder von & muf sich invers verhalten (oder kurz: invers stehen) zu einer vorgegebenen
Stellung.

4. Es darf sowohl Schalter @ als auch b eine bestimmte Stellung nicht einnehmen
oder mit anderen Worten: Sowohl & als auch b miissen zu bestimmten Stellungen
invers stehen.

Soll ein Stromweg dann und nur dann geschlossen sein, wenn die Forderung 1
erfiillt ist, missen die beiden Kontakte, welche bei den vorgeschriebenen Schalter-
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(Bingegangen am 7. Mdrs 1946.)

Grundziige einer Algebra der elektrischen Schaltungen.
~ Von 0. Plechl und A. Duschek, Wien.
Mit 20 Textabbildungen.

Ubersicht.

Die vorliegende Arbeil zeigt die Maglichkeil einer rechnerischen Be-
handlung der elektrischen Schaltungen, die allerdings erst die Intwicklung
eines im wesentliohen villig neuen algebraischen Kalkils erfordert. Nach
einer Definition der Grundbegriffe in 1. werden die Grundlagen des Halkiils
dargestellt und an Beispielen erldutert. Zum Sehluf (11.) wird noch
auf den Zusammenhang mit dem Aussagenkalkiil der algebraischen Logik
eingegangen.

Elektrische Schaltungen sind die Verbindungsglieder zwischen Stromquellen und
Verbrauchern, worunter wir alle elektrischen Maschinen und Apparate verstehen,
in welchen eine Energieumwandlung stattfindet. Die Aufgabe der Schaltung ist es,
gewisse Gruppen von Verbrauchern an gewisse Gruppen von Stromquellen anzu-
schlieBen oder sie von diesen abzuschalten, d. h. also, gewisse Strompfade herzustellen
oder zu unterbrechen. Die Strompfade miissen vorgeschrieben sein, mitunter ist
auch vorgeschrieben, daB die Herstellung oder Losung der Strompfade von bestimmten
verschiedenen Stellen aus zu erfolgen hat. Ein einfaches Beispiel hierfiir ist die Wechsel-
schaltung, bei der ein Verbraucher (Glithlampe) von zwei oder mehr verschiedenen
Stellen aus ein- oder ausgeschaltet werden kann. Aus diesen Schaltbedingungen,
die den gegebenen Ausgangspunkt bilden, hat dann der Konstrukteur die Schaltung
selbst, d. h. ihre graphische Darstellung, das Schaltbild zu ermitteln. Der Weg dazu
bestand bisher ausschliellich im Probieren, wobei natiirlich dem Konstrukteur seine
mehr oder minder groBe praktische Erfahrung, seine Routine, zu Hilfe kommt. Irgend-
eine Systematik, ja auch nur der Ansatz zu einer solchen fehlte bisher vollstindig,
wenn man von den Ansitzen von Edler! und Lischke?® absieht, und daher war man

1 R. Edler: Der Entwurf von Schaltungen und Schaltapparaten (Schaltungstheorie), 2 Binde.
Leipzig. 1905 und 1927.
! Lischke: Schaltlehre. Leipzig. 1921.

14
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auch nicht in der Lage zu erkennen, ob eine einmal gefundene Li#isung auch die ein-
fachste und zweckmaBigste sei. Meist ist man ja froh, iiberhaupt eine Ldsung der
" manchmal recht komplizierten Schaltbedingungen zu haben.

Der Gedanke einer mathematischen Behandlung der elektrischen Schaltungen
mag fiirs erste recht befremdend wirken, da die Moglichkeit eines allgemeinen An-
satzes nicht ohne weiteres erkennbar ist. Nun gibt es zwar ein Gebiet der Mathematik,
das sich in eine sehr enge Bezichung zu den Schaltungen bringen laB8t, und zwar ist
das der Aussagenkalkiil der algebraischen Logik. Aber einerseits ist dieser Kalkiil
gelbst vielen Mathematikern und erst recht den Praktikern kaum vom Horensagen
bekannt, anderseits geht das Interesse des Logistikers in einer ganz anderen Richtung
als das unsere, so daB der Aussagenkalkiil, dessen ganzer Ausbau derzeit iiberhaupt
noch etwas diirftig erscheint, nur wenig mehr als eben die blofle Erkenntnis bringt,
daB eine mathematische Theorie der elektrischen Schaltungen iiberhaupt mdglich ist
und daB es sich dabei um eine Art Algebra handelt. Wir werden im folgenden diese
Algebra der elektrischen Schaltungen unabhingig vom Aussagenkalkiil entwickeln
und auf den Zusammenhang mit diesem erst zum Schlufl kurz eingehen.

Die Hauptschwierigkeit jeder Anwendung der Mathematik liegt im Ubergang
von dem konkreten, in Worten formulierten physikalischen oder technischen Problem
zu seiner mathematischen Fassung, also im mathematischen Ansatz. Dasselbe gilt
natiirlich auch von der Schaltalgebra, obwohl hier bei gewissen Schaltbedingungen,
wenn die Zahl der Schalter vorgeschrieben ist, der mathematische Ansatz ungemein .
einfach ist. Auf der anderen Seite aber sind dem Schaltungstechniker die einfacheren,
mitunter aber auch kompliziertere Schaltungen so geléufig, daf ihm in solchen Fillen
die mathematische Behandlung keine Vorteile mehr geben kann. Wir glauben aber
doch, daB es verfehlt wire, die ganze Schaltalgebra von vornherein aus diesem Grunde
als iiberfliissig abzulehnen. Abgesehen davon, daBl schon die Méglichkeit einer solchen
Disziplin an sich von gréftem prinzipiellen Interesse sein diirfte, besteht gar kein
Zweifel, daBl der Kalkiil, wenn man sich einmal mit ihm richtig vertraut gemacht
hat, eine wertvolle Bereicherung des mathematischen Riistzeuges des Elektro-
technikers darstellt und zu durchaus neuen, praktisch wichtigen Gesichtspunlkten fiithrt.

Die leitende Idee einer mathematischen Behandlung der Schaltungen, die Erkennt-
nis ihrer Moglichkeit und die Entwicklung des Kalkiils, zunéchst fiir eigene, rein
praktische Zwecke stammt ausschlieBlich von Dr. O. Plechl. Er hat bemerkt, dafi
man sehr schon mit den Kontakten rechnen kann, wenn man sie mit irgendwelchen
Buchstaben @, b, ... bezeichnet und dann die Parallelschaltung durch a + b, die
Serienschaltung durch o-b wiedergibt. Etwas ahnliches machen auch Nakasima
und Hanzawa,? di¢ aber die Parallelschaltung mit @:b und die Serienschaltung
mit @ + b bezeichnen. Das ist natiirlich ganz unwesentlich und bedeutet von unserem
Standpunkt aus nur, daB an Stelle der Leitwerte die Widerstandswerte der Rechnung
zugrunde gelegt werden. Plechl hat weiter die formalen Gesetze der auf diesen beiden
Grundoperationen aufgebauten Algebra gefunden und den Kalkiil auf die verschie-
densten Probleme der Schaltungstechnik angewendet. Die Begriffe Grenzfunktion,
Vollform und Kiirzung, all das stammt von Plechl, iiber dessen Gedankengang
und Rechenmethoden in mancher Hinsicht die Arbeiten von H. Piesch?, ® besseren
Aufschluf3 geben als die vorliegende, in der der Bearbeiter vor allem durch die grund-
sitzliche Einfilhrung des Leitwertes einer Admittanz dem ganzen Kalkiil eine ein-

3 A, Nakasima und M. Hanzawa: The theory of equivalent transformation of simple
partial paths in the relay circuit. Nippon electr. Commun. Engng: 9, 32 (1938).

¢ H.Piesoh: Begriff der allgemeinen Schaltungstechnik. Arch. Elektrotechn. 88, 672 (1937).

5 H.Piesch: Uber die Vercinfachung von allgemeinen Schaltungen. Arch. Elektrotechn. 88,
672 (1837).
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Nippon Electrical Communication Engineering. by Akira Nakasima: Masao Hanzawa
Alonzo Church

The Jowrnal of Symbolic Logic. Vol. 18, No. 4. (Dec.. 1953). p. 346.

Archiv fur Elektrotechnik by Hansi Piesch
Alonzo Church

The Journal of Symbolic Logic, Vol. 30, No. 2. (Jun., 1965), pp. 247-248.

4

Alonso Church was a founder of the Journal of Symbolic Logic

in 1936 and was an editor of the reviews section from beginning until 1979.
In the fourth volume of the Journal Chutrch published a paper

A Bibliography of Symbolic Logic, and viewed the reviews section as

a continuous of this work.

Alonso Church had very important contirbutions in mathematical logic,
recursion theory, and theoretical computer science, well known as a founder of
the Lambda calculus, and the Church theorem and Church thesis, both of which
appeared in the first volume of the Jounral of Symbolic Logic.
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ship was made in 1910 by Erénfést, in his review (18611) of Couturat’s 10020A. Ac-
cording to Anovskaid (XVI 46), details of Erénfést’s proposal were worked out by
Séstakov in 1934-35 but not published until 1941. Meanwhile the same idea had been
reached independently by Nakasima and Hanzawa in 1936 (see the review next
following).

The reviewer has not seen Erénfést’s review, and is indebted to George L. Kline for
information as to its content. He is also indebted to George W. Patterson for calling
his attention to the papers of Nakasima and Hanzawa, and others published in Japan.

Aronzo CHURCH

AxIrA NaxasiMa and Masao Hanzawa. The theory of equivalent transformation of
simple partial paths in the rvelay circuit. Nippon electrical communication en-
gineering (Tokyo), no. 9 (February 1938), pp. 32-39.

Axira NaxasiMa. The theory of four-terminal passive networks in relay circuit.
Ibid., no. 10 (April 1938), pp. 178-179.

AxIRA NakasiMa. Algebraic expressions velative to simple partial paths in the rvelay
circust. Ibid., no. 12 (September 1938), pp. 310-314.

AKIRA Naxasimma. The theory of two-poini impedance of passive networks in the
relay circuit. 1Ibid., no. 13 (November 1938), pp. 405-412.

AKIRA NAKASIMA. The transfer impedance of four-terminal passive networks in the
relay civcuit. Ibid., no. 14 (December 1938), pp. 459-466.

AKIRA NaxasimMa and Masao Hanzawa. Expansion theorem and design of two-
terminal velay networks (Part I). 1bid., no. 24 (April 1941), pp. 203-210.

Nippon electrical communication engineering publishes condensed English
translations, and abstracts in English, of papers which were previously published in
Japanese in the Journal of the Institute of Electrical Communication En-
gineers of Japan. The first of the above papers, for example, is described as a con-
densed translation of a paper which appeared in two parts in the latter periodical,
no. 165 (December 1936) and no. 167 (February 1937). The reviewer has not seen the
Japanese originals of the papers.

The six papers are concerned with developing and applying an algebra of partial
paths in relay circuits, which is in fact identical with the “symbolic relay analysis’
that was later introduced by Shannon, and dual to the “algebra of switching circuits’
of Erénfést and Séstakov (see the preceding review).

The first paper introduces the algebra by providing that if 4 and B are simple
partial paths (two-terminal circuits), then 4 + B shall represent the series connection
of 4 and B, and AB the parallel connection of 4 and B; A = B shall mean that the
acting functions of 4 and B are equal, i.e., that 4 is open when B is open and closed
when B is closed; 4 shall be a simple partial path which is open when 4 is closed and
closed when A is open; p and s shall be simple partial paths which are always open
and always closed respectively (or, as the authors say, give always infinite impedance
and zero impedance respectively). Many laws of the algebra are developed which in
fact coincide with familiar laws of Boolean algebra, but the authors do not state that
the algebra is a Boolean algebra.

In the third paper (of which the Japanese version was published in August 1937)
the algebra is reduced to an algebra of sets by making correspond to each simple
partial path the set of (in effect) times at which its impedance is infinite, so that
“‘theorems and expressions developed in the theory of set may, therefore, be applied to
acting impedance problems of simple partial paths.” In the sixth paper the authors
make explicit reference for the first time to Boole (193) and Schroder (427); the
expansion theorem mentioned in the title of this paper is Boole's law of development
(193, pp. 72-75), as the authors point out. Aronzo CHURCH
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Review Author[s]:
Alonzo Church

The Journal of Symbolic Logic, Vol. 30, No. 2 (Jun., 1965), 247-248.

Haxnst Piescu. Begriff der allgemeinen Schaltungstechnik. Archiv fiir Elektro-
technik, vol. 33 (1939), pp. 672-686.

Hanst PiescH. Uber die Vereinfachung von allgemeinen Schaltungen. 1bid., pp.
733-746.

These early papers about switching algebra are of very considerable historical
interest. As his sources the author refers to unpublished work of O. Plechl (Vienna)
and to Nakasima and Hanzawa XVIII 346(1). Like Nakasima and Hanzawa, he
fails to observe that the algebra is in fact Boolean (or better, propositional) algebra.
And various ideas of the nineteenth-century algebra of logic are worked out afresh,
and evidently independently.

Not only two-position switches but switches having any finite number of positions
are dealt with, and not necessarily all of them the same number of positions. Letters
such as a, b, ¢, ... are used for switches, and different positions of a switch are
indicated by subscripts. In effect ap is used to express the proposition that the switch
a is in its first position (the position in which its first contact is closed), and b3 that
the switch b is in its fourth position, and so on. Capital letters may be used to express
other propositions, e.g. that a certain light or a certain motor is turned on. And the
expressions of the algebra are built up out of these propositional letters by means of
the signs for multiplication (i.e., conjunction), addition (i.e., disjunction), and the
inverse (i.e., negation). The conditions given in any particular problem will be ex-
pressed as conditions on the propositional letters in this notation; and besides the
special conditions of a particular problem we must always take into account also all
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conditions of the form
G =a+a+ ... + a1+ @414 ... + @n-a,

where a is any n-position switch.

The author's system is propositional algebra rather than propositional calculus,
since only equivalences are asserted. It is, moreover, ordinary two-valued propositional
algebra, since every expression of the algebra has (in effect) one or other of two
truth-values, truth or falsehood. And it is indeed the reviewer's impression that the
author's method of dealing with multiple-position switches can be expected to work
more smoothly than proposals which have sometimes been made to use many-valued
propositional calculus for this.

Errata: in line 14 from the bottom of page 674, it seems probable that a; was
meant to have a bar over it; at several places on page 675, a; is evidently a misprint
for ay , and ce a misprint for ¢, . Avonzo CHURCH
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Masao Hanzawa, "Origin and Development of
Switching Circuit Theory", Chapter 2 in Switching Circuit Theory,
Nippon Electric Company (NEC), July 17, 1989.
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porated this technique. SIS developed at U. C. Berkeley is a tool for sequential
and combinational logic synthesis. It supports all the features of MIS.

A.7 SWITCHING THEORY IN JAPAN

In 1930, Akira Nakashima, just graduated Tokyo University, entered NEC (Nip-
pon Electric Company). First, he was assigned to the research group for de-
signing special relay network systems. In this group, he designed automatic
exchange systems as well as other relay application systems for six years. Dur-
ing that period, he became interested in the transient analysis of relay networks
and formulated the design theory of relay networks. Since November 1934, he
published his idea in a series of papers “Theory and practice of relay engineer-
ing,” in the monthly technical journals of NEC. His papers attracted attention
of many people, and the Telegraph and Telephone Society of Japan invited him
as a guest speaker at its technical meeting in early 1935. His three-hour talk
included design theories of relay networks that he formulated through designing
various automatic exchange systems. The pre-print of the talk was published
as “Synthesis theory of relay networks,” [284] in the Journal of the Telegraph
and Telephone Society of Japan in September 1935. The paper presented basic
switching theory in terms of definitions and theorems, including De Morgan’s
Theorem. However, they were not represented by symbols. The formulation of
these theorems using symbols were completed by A. Nakashima and M. Han-
zawa in 1936 and 1937. At that time, they were not aware of Boolean algebra.
Later, in August 1938, Nakashima found that his algebra was exactly the same
as Boolean algebra.

In 1956, Toshio Ikeda at Fujitsu completed FACOM128, the first commercial
relay computer in Japan [116].

Eiichi Goto [143] invented the parametron in 1954 when he was a graduate stu-
dent of Tokyo University. A parametron consists of two magnetic cores and one
capacitor, and realizes a three-input majority function [144]. In March 1957,
NTT (Nippon Telegraph and Telephone Corp.) developed the Musashino-1,
the first parametron computer using 519 vacuum tubes and 5,400 parametrons.
Since it was an ILLIAC compatible machine, the computer could run the soft-
ware of the ILLIAC. Parametron computers were manufactured by Hitachi,
Fujitsu and NEC. Especially, NEC sold a few hundred sets [116]. Although
parametron computers were reliable, they were very slow: They worked only
at the speed of 200 kHz. Thus, after the appearance of reliable transistors,
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parametron computers became obsolete. Although the parametron computers
were sold for only for two years, they made a strong influence in the switch-
ing theory. The realization of logic functions using majority elements were the
first problem [258, 408]. After that the majority elements were generalized to
threshold elements [272, 273], and they attracted many Japanese researchers
[11, 145, 430].

Mochinori Goto [142] at the Electro-Technical Laboratory (ETL) analyzed op-
erations of contact relay networks by introducing three-valued logic.

In July 1956, ETL developed a transistor computer, the ETL Mark III, that
used 130 transistors and 1,700 diodes. This was the first stored program com-
puter using transistors. They used point-contact transistors whose reliability
was quite low. In spite of this difficulty, they completed the computer in two
years.

Y. Komamiya [213] in ETL derived relation between arithmetic expressions
and Boolean functions. He also considered the Reed-Muller transforms of logic
functions. (See Problem A.2 and A.3). I. Ninomiya [298] considered invariant
properties of Fourier transformations, and applied them to the classification
of switching functions. His main results were included in the Harrison’s book
[157]. K. Kobayashi [209] considered the notion of almost complete set of logic
elements, the details are shown in Mukhopadhyay’s book [268].

Switching theory was active in the following universities: Tohoku (S. Noguchi,
A. Maruoka [241], T. Higuchi [167], M. Kameyama [193]), Meiji (M. Mukaidono
[264]), Tokyo Institute of Technology (Y. Thoma [408]), Nagoya (A. Fukumura),
Kyoto (S. Yajima [430], H. Mine [257]), Osaka (H. Ozaki [306], T. Kasami [287],
K. Kinoshita [206], T. Kitahashi [207], H. Fujiwara [131], T. Sasao), Hiroshima
(N. Yoshida [438]), Kyushu (M. Ito [189]). Among them, S. Yajima’s group at
Kyoto University produced many researchers: Y. Kambayashi [194], T. Ibaraki
(181], H. Hiraishi, K. Inagaki [431], H. Yasuura [436], N. Takagi [398], N. Ishiura
[186], S. Minato [254, 255], K. Hamaguchi [155], H. Ochi [303], and others.

In addition to the universities, switching theory was also active in Electrical
Technical Laboratories (M. Goto [142], Y. Komamiya [213]), NTT (Z. Kiyasu,
S. Muroga [272], K. Ibuki [182]), NEC (A. Nakashima [284], T. Watanabe,
S. Naito, T. Nanya [290, 291], T. Yamada [432]). LORES [117, 289] developed
by MITSUBISHI converted TTL logic networks into ECL logic networks by
local transformation method. PARTHENON ([74] developed at NTT translated
SFL (Structural Functional description Language) into microprocessors.
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The first page of the article by Morinochi Goto

” Applications of logical equations to the theory of relay contact networks”
Journal of the Institute of Electrical Engineers of Japan

Vol. 69, 4, No. 726, April 1949, 125-130.

Reference [3] in Section 2 and [142] in the list of references in

Switching Theory in Japan by T. Sasao.
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