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Abstract

This paper provides a roughly chronological outline of the work of Akira Nakashima, a 
Japanese electrical engineer known for his investigation of relay circuits. His work was 
characterized by its tight connection with electrical engineering, especially 
communication engineering. Beginning as a simple extension of existing theory, his 
work had two turning points: (1) the adoption of algebraic representation and (2) the 
separation of the physical aspects of relay circuits (their electrical engineering) from 
their mathematical aspects (algebra of logic and set theory). Establishing a rule of 
correspondence between these two aspects enabled him to use results from both areas. 
However, he hesitated to embrace the abstract, discrete world, despite recognizing its 
value, thus marking a sharp contrast with Shannon’s work.

Keywords: the history of electrical engineering, switching theory, Claude Shannon, 
Akira Nakashima, algebra of logic

1. Introduction

The present paper outlines the work of Akira Nakashima, a Japanese electrical 
engineer who worked for Nippon Electric Corporation (NEC). He is mainly known for 
his theoretical investigation of relay circuits in 1935‒1941. The history of switching 
theory tends to be narrated in relation to computing, mainly because the theory was 
applied to the design of logical circuits in ICT devices, particularly computers. This study 
focuses on the history of switching theory before its so-called “convergence” with 
computing1; it attempts to understand Nakashima’s work on switching theory in the 
context of the electrical engineering of his day.

From around the turn of the century, relay circuits were mainly used to construct 
machines, including automatic telephone exchanges and remote-control machines. The 
construction of such circuits relied on the hunches and experience of designers; there was 
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Yoshida-honmachi, Sakyo-ku, Kyoto. JSPS Research Fellow. E-mail: toma.kawanishi@gmail.com This work 
was supported by a grant-in-aid by JSPS Fellows Grant Number 17J04234. The author would like to thank 
Akihiko Yamada for his helpful comments and generous support, and the two anonymous referees for their 
valuable comments and suggestions.

1 Matti Tedre refers to Shannon’s work on switching circuits as one of “a number of innovations that 
connected the mathematical and technical histories of computing,”in idem, The Science of Computing: Shaping 
a Discipline (Boca Raton: CRC Press, 2014): 29. Victor Katz also connects Shannon’s work to the computer in 
idem, A History of Mathematics: An Introduction, 2nd ed. (Reading, Mass.: Addison-Wesley, 1998): 841‒844.
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a practical need to devise a convenient way to cope with their increasing complexity. This 
situation was more or less common across all industrialized countries.2 During the latter 
half of the 1930s, researchers began to develop theories of design and to conduct 
analyses; this created a link to Boolean algebra, which is now the fundamental 
assumption that underpins switching theory.3 This pioneering research began 
independently in various countries, which shared similar situations, namely, United States 
(Claude Shannon),4 the Soviet Union (Viktor Shestakov), and Japan (Nakashima and his 
colleague, Masao Hanzawa).5 While Shannon has overshadowed the others, articles by 
Japanese authors attracted readers in Japan and abroad, as Nakashima and Hanzawa 
translated several of their articles into English.6 For example, Alonzo Church, an 
authoritative logician, reviewed Nakashima and Hanzawa’s work,7 while Hansi Piesch, an 
Austrian engineer, published a paper on switching circuits in 1939, which referred to 
Nakashima and Hanzawa.8 Shannon included a reference to their work in a paper he 
wrote after the war.

Nakashima’s approach has some interesting characteristics. Shannon proposed an 
abstract theory applicable to any element that behaved like a switch (e.g., relay, vacuum 
tube, or transistor). By contrast, Nakashima took a more down-to-earth approach. He 

2 According to Shannon, before him there was no known theoretical approach to the switching circuit in 
the U.S. Nakashima also deplored the absence of such a theory when explaining his reasons for wishing to 
construct a theory. See “Profile of Claude Shannon” in Claude Elwood Shannon: Collected Papers, eds., Neil J. 
A. Sloane and Aaron D. Wyner (New York: IEEE press, 1993): xix‒xxxiii.

3 According to Radomir S. Stankovic and Jaakko Astola, From Boolean Logic to Switching Circuits and 
Automata: Towards Modern Information Technology (Berlin: Springer, 2011), the possibility of applying 
Boolean algebra to the design of the switching circuit was, as far as we know, first mentioned in 1910 by the 
physicist Paul Ehrenfest, in his review of a book by the French Philosopher Louis Couturat, The Algebra of 
Logic. Since Ehrenfest lived in St. Petersburg when he wrote it, this review was published in a Russian journal 
and therefore written in Russian. Accordingly, it seems to have had little influence on future generations, 
beyond the work of Victor Shestakov in the USSR, due to the language barrier. 

4 Claude E. Shannon, “A Symbolic Analysis of Relay and Switching Circuits,” Electrical Engineering, 
vol. 57, no. 12 (1938): 713‒723.

5 It is implausible that Shestakov, who wrote in Russian, influenced other two, because of the language 
barrier. I will discuss the inter-relationship between Nakashima and Shannon in Section 5.

6 Akihiko Yamada, “Nihon ni okeru Shoki no Suicchingu Riron no Kenkyū: Nakashima Akira no Kenkyū 
o Chūshin ni (History of Research on Switching Theory in Japan),” IEEJ Transactions on Fundamentals and 
Materials, vol. 124, no. 8 (2004): 720‒726; Akihiko Yamada, “Suicchingu Riron no Genten o Tazunete: Shanon 
ni sakigaketa Nakashima Akira no Kenkyū o Chūshinni (The Origin of the Switching Theory: On the 
Contribution of Akira Nakashima),” IEICE Fundamentals Review, vol. 3, no. 4 (2010): 9‒17. This article owes 
a lot to Yamada’s works and uses the same sources as his, but there are a number of important differences 
between the two works. The most distinct difference is that while Yamada’s work focuses on the similarity and 
precedence of Nakashima’s work to Shannon’s, I paid more attention to the difference between them and to the 
limitation of Nakashima’s work in comparison to Shannon’s. 

7 Alonzo Church, “Nippon Electrical Communication Engineering by Akira Nakasima[sic.]; Masao 
Hanzawa,” The Journal of Symbolic Logic, vol. 18, no. 4, (1953): 346. This is in fact a review of six papers 
authored by Akira Nakashima and Masao Hanzawa and published in Nippon Electrical Communication 
Engineering in 1938 and 1941. 

8 Hansi Piesch, “Begriff der allgemeinen Schaltungstechnik,” Archiv für Elektrotechnik, vol. 33, no. 10 
(1939): 672‒686.
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aimed to produce a theory that explained “relay circuits,” rather than switching circuits in 
general; he did not fully embrace the abstract, “pure” approach.9 As a result of this 
preference for practical analysis, his treatment of circuits can sometimes seem awkward 
or unsophisticated. This paper makes the case that his approach was very reasonable, 
given in the context.

Since Nakashima is not a famous figure, let me introduce him briefly before 
examining his work.10 Nakashima studied electrical engineering at Tokyo Imperial 
University in 1926‒1930 and graduated with a bachelor’s degree in electrical engineering. 
NEC hired him immediately after graduation; the chief engineer of NEC, Yasujirō Niwa, 
assigned him to the research group investigating special relay circuits.11 Nakashima 
initially carried out research and development on automatic telephone exchanges and the 
tele-control systems used by power plants and substations. He began to theorize about the 
behavior of relay circuits in 1934. Although he was transferred to the carrier 
communication department in 1936, he continued to work on his relay-circuit theory 
outside business hours, with the support of colleagues, including Hanzawa and his 
supervisor, Yasujirō Shimazu. Following the outbreak of the Second World War in 1939, 
he was transferred again, this time to the radar and aviation-radio division. He managed 
to continue researching relay circuits in his spare time until 1941; after 1942, the wartime 
situation forced him to stop his research, which he never resumed. After the war, he 
continued to work for NEC, moving steadily up the company career ladder; ultimately, he 
became a managing director at NEC. When he died in 1970, he was President of NEC’s 
affiliated company, Ando Electric. The work he carried out before and during WWII was, 
at least in Japan, considered a starting point for switching theory.12

This paper investigates Nakashima’s work in (roughly) chronological order.13 The 
second section explores the motivation for his research and examines his first attempt, in 

9 Given this fact, calling Nakashima’s work “switching theory” involves some retrospection. For this 
reason, I have not used the term “switching circuit” when referring to Nakashima’s work. 

10 The biographical information is based on the accounts by Yamada (see note 6). 
11 Niwa, who joined NEC in 1924, was also a graduate of the electrical engineering department of Tokyo 

Imperial University. He reformed the NEC’s technical department and began to hire university graduates as 
research engineers, including Shimazu and Nakashima; he established a foundation for corporate research and 
development at NEC. See NEC Corporate History Department, Nippon Denki Kabushikigaisha Hyakunennshi 
(Hundred Years’ History of NEC) (Tokyo: NEC, 2001): 130‒133.

12 For instance, Kenzō Jō, a Japanese computer pioneer, wrote in a 1953 review that “it was Nakashima 
and Shannon who pioneered the mathematics of the relay circuit.” See Kenzō Jō and Saburō Makinouchi, 
Keisan Kikai (Computing Machines) (Tokyo: Kyōritsu Shuppan, 1953): 68. 

13 This paper relies on articles that Nakashima and his coauthor, Masao Hanzawa, published in 1935‒
1941. Several of their papers were translated into English by the authors and published in Nippon Electrical 
Communication Engineering. Some (but not all) appear in in Reprints from the Early Days of Information 
Sciences: On the Contributions of Akira Nakashima to Switching Theory, eds. R. S. Stankovic and J.T. Astola 
(Tampere: Tampere International Center for Signal Processing, 2008). Yamada also provides a list of the 
published papers and their publication dates (see note 6). In this paper, all citations of their works are translated 
by the author from original Japanese documents, referencing English versions.
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1935, to develop a theory to explain the behavior of relay circuits; in this, he encountered 
serious difficulties relating to the available mathematical tools. The third section shows 
how he devised new way of conceptualizing the behavior of circuits and began to use 
abstract algebra and set theory, with the support of Hanazawa, drawing on documents 
published in 1936 and 1937. The fourth section investigates his attempt to design a new 
relay-circuit theory, using a method he devised himself to analyze and deconstruct the 
topic. This study will follow the progress of his investigation until it terminated in 1941. 
In the fifth section, I briefly compare Nakashima and Shannon, focusing in particular on 
their attitudes toward mathematics, and arguing that Nakashima and Shannon worked in 
different theoretical frameworks, despite studying the same object, namely, relay circuits. 
While Nakashima saw his work as an extension of electrical engineering, Shannon 
adopted applied mathematics, based on the discrete model he obtained by abstracting 
physical meaning from the circuit.14

2. Analytical theory of the relay circuit

In general, when people are trying to devise a novel theory or a new method of 
exploring a subject from scratch, they rely on what they already know. It is impossible for 
even a genius to create a concept that transcends history. Nakashima relied on the tools of 
communication engineering, including telegraphy and telephony, which were largely 
based on mathematical analysis. In this section, we first confirm his motivation for 
carrying out this research and then examine his initial approach, described in a paper 
published in 1935.

2.1 Motive and the initial idea
Before examining Nakashima’s first attack on relay-circuit theory, it is important to 

understand what drove him to study and build a relay-circuit theory. His own account 
describes an ambition to turn “art” into “science.” In the early 1930s, relay circuits were used 
extensively, especially in automatic telephone exchanges, which Nakashima was assigned to 
study in the NEC research department. In 1941, he wrote that his motivation for analyzing 
and theorizing about the design of relay circuits was their “unscientific” character:

Today, relay circuits are applied to several areas and working usefully. 
However, I could not find any theory concerning relay circuits or anything like 

14 Nakashima did his research on switching circuits in an intriguing situation. While he was examining the 
behavior of switching circuits, Imperial Japan was rushing into war; his work was fundamental research carried 
out in the research department of a private company, an unusual place to conduct scientific research. Although 
there are many interesting questions about how the war influenced his research, what institutional goals were 
imposed on the research department, and how the department was managed, these will be discussed in another 
place. 
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them, regrettably. To construct relay circuits, we usually combine various 
patterns based on our experience; in that case, we take each relay’s temporal 
state of action into consideration and pay attention to the types of contact; in 
other words, we always exhaust our brains designing the circuits. So, it is no 
exaggeration to say that we are following a really unscientific method 
[Emphasis added].15

He thought that the construction of relay circuits should be scientific, not an art or craft 
based on invention or experience. He favored scientific theories and methods in part 
because of his own expertise in electrical engineering, especially transmission circuit 
theory, which made full use of Fourier methods, operational calculus, and complex 
analysis.16 According to his 1970 memoir, during the early part of the Showa era (from 
the late 1920s to the early 1930s), while the theory of wave filtering, negative feedback 
amplifiers, and the carrier-system method stole the limelight, the switching circuit had no 
theoretical underpinning capable of attracting students, even though the automatic 
switching method was already established as an important component of communication 
systems.17 He likened researchers who specialized in relay circuits and transmission 
circuits to craftsmen and intellectuals, respectively.

If the researcher who studies transmission lines is an intellectual, there was a 
strong tendency to see the researcher who studies the telephone exchange as a 
craftsman. In such an environment, I wished that there was some mathematical 
method for handling the switching circuit and that I could formalize it. This 
was the motivation for my research on switching circuit theory.18

At a minimum, he wanted to elevate craftsmen’s work into a respectable science, which 
would receive the attention it deserved from intellectuals, thus raising the status of his 
own work.

15 Akira Nakashima, “Keidenki Kairo no Riron (The Theory of Relay Circuit Composition),” The Journal 
of the Institute of Telegraph and Telephone Engineers of Japan, vol. 220 (1941): 397. 

16 The development of communication and control theory in this period is discussed in David A. 
Mindell, Between Human and Machine: Feedback, Control, and Computing before Cybernetics. (Baltimore: 
JHU Press, 2002); Karl L. Wildes and Nilo A. Lindgren, A Century of Electrical Engineering and Computer 
Science at MIT, 1882‒1982 (Cambridge, Mass.: MIT Press, 1985). Electrical engineering is a field with such a 
strongly mathematical character that many electrical engineers (like Heaviside and Siemens) also contributed to 
electromagnetism research. Shannon recollected that the reason he decided to get a degree in electrical 
engineering was that it was the most mathematical of the engineering sciences. (Liversidge, op. cit.) 

17 Akira Nakashima, “Suicchingu Kairomō Riron no Omoide (Reminiscences of the Switching Network 
Theory),” The Journal of the Institute of Electronics and Communication Engineers of Japan, vol. 53, no. 12 
(1970): 1658‒1661. 

18 Ibid., p. 1659.
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The fundamental assumption that underpinned his relay-circuit theory was the 
parallelism between transmission circuits and the passive network in relay circuits; this 
assumption never changed during his theoretical exploration of relay circuits. Nakashima 
thought that the automatic telephone exchange, composed of relay circuits, involved two 
different kinds of electrical circuits: a transmission circuit, which transmitted voices and 
changed state discontinuously, and a circuit which controlled the state of the passive 
network in response to signals (i.e., telephone numbers) from the sender. He referred to 
the former as the “passive network” and to the whole set of circuits, including both the 
transmission and relay circuits, as the “active network” (as Nakashima had no term to 
designate the second part, this study uses the term “controlling network.”)19 The 
controlling network received signals representing telephone numbers and connected 
sender and receiver, while the passive network was the transmission circuit itself. Once 
the operation of the controlling network had connected the line, the voice was converted 
into a sinusoid through the transmitter, transmitted through the transmission network, and 
finally transformed back into sound by the receiver (with some intermediary processes, 
such as filtering and modulation).

Telephone transmission used a continuous and time-dependent phenomenon. 
Accordingly, Nakashima initially adopted an analytical method to tackle the theorization 
of the passive network. Since the passive network was a kind of transmission circuit, he 
felt that it should be covered within transmission-circuit theory, even though it changed 
its state discontinuously in relay circuits.20

Nakashima gave his theory a tripartite structure that reflected the structure of relay 
circuits. It covered the following areas: (1) transient phenomena, (2) the passive network, 
and (3) the active network. This schema was unchanged from 1935 to 1941. His 
theoretical investigation of relay circuits began with an analysis of transient phenomena, 
i.e., how the state of an electrical circuit shifts from one steady state to another when 
pulses or signals are imposed on the relay circuit.21 He argued that the “relay circuit is an 
aggregation of transient phenomena” and that “without sufficiently understanding and 
having insight into it, it’s impossible to use the relay circuit to construct devices in a 
reasonable way, and there’s no hope to develop it.”22 He was interested in the dynamic 
and continuous aspect of relay circuits. This was a completely different approach from 
switching theory as we know it, because switching theory ignored the continuous change 
of the states, focusing instead on discrete and discontinuous change.

19 Akira Nakashima, “Keidenki Kairo no Kōsei Riron (The Theory of Relay Circuit Composition),” The 
Journal of the Institute of Telegraph and Telephone Engineers of Japan, vol. 150 (1935): 731‒752. 

20 Ibid., p. 732.
21 Akira Nakashima, “Keidenki Kogaku no Riron to Jissen (The Theory and Practice of Relay Circuit 

Engineering),” Nichiden Geppo, vol. 11, no. 11 (1934).
22 Ibid. 
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After considering transient phenomena, he proceeded to investigate the passive 
network. His theoretical work in 1935‒1941 mainly concerned the passive network, 
leaving the theory of active networks untouched. In 1941, however, he said that this 
situation was unsatisfactory.23 The following discussion therefore focuses on the passive 
network, even though it constitutes only part of his theory.

2.2 Analytical approach to the passive network
In his first paper on the passive network, “The Theory of Relay Circuit 

Composition,”24 Nakashima took a fairly straightforward approach, treating the passive 
network as a special type of transmission circuit. In his view, transmission-circuit theory 
had already become a science, but relay circuits were not included in its domain. He 
therefore tried to extend and modify the theory to make it apply to the realm of relay 
circuits.

Roughly speaking, he did three things in the 1935 paper. He began by defining the 
terms and concepts associated with relay circuits and comparing them with transmission 
circuits.25 He then proposed theorems that incorporated these definitions and terms. What 
he called “theorems” were actually rules of thumb or phenomenological laws, obtained 
from observing existing circuits; they therefore lacked a theoretical foundation. 
Nakashima began his theoretical work by examining devices composed of relay circuits 
and extracting dozens of patterns from them.26 Finally, he attempted to prove some of 
these patterns analytically.

It is interesting to see how Nakashima set out to prove these theorems. One of the 
demonstrations was as follows:

Acting impedance of the simple partial path connected simply in series, is equal 
to the total sum of operating impedances or to the total sum of releasing 
impedances of each contact point.27

Nakashima used the phrase simple partial path to refer to two-terminal circuits in the 
passive network. Although I follow his terminology here, readers can replace this term 

23 Akira Nakashima, “Keidenki Kairo no Riron” (note 15), p. 406.
24 See note 19.
25 Nakashima referred to some characteristics of relay circuits here, including their discontinuous change 

of states, the existence of functionally equivalent circuits, and the possibility of storing the “phenomenon form” 
which now we can call data. (Ibid., pp. 732‒733) He also referred to the possibility of a sequential circuit and 
said, “this is a special characteristic of relay circuits” (Ibid.) lacking in transmission circuits. 

26 He called this pattern Jōseki, likening the composition of relay circuits to the Go or Shōgi, board games 
popular in Japan. 

27 Ibid., p. 740. He presented 20 theorems in this paper. Impedance, usually represented with the letter Z, is 
a physical quantity [Ω] which is defined in the AC network and expressed as a complex number. It represents 
the ratio between a sinusoidal voltage and the current flowing in the network.
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with “two-terminal circuit” or “network,” if needed. The acting impedance is impedance 
of the two terminal circuits (or simple partial path) as a whole. The operating impedance 
is impedance obtained when the electromagnetic force from the coil in the controlling 
network affects the armature of switches in the passive network; the releasing impedance 
is impedance obtained when the controlling network is not working. This theorem states 
that the sum of impedances of each component circuit equals impedance of the two 
terminal circuits as a whole.28 This statement corresponds to the fact established in 
relation to transmission circuits, i.e., that impedance of a network can be calculated using 
the sum of impedances of each constituent circuit, in the case of a series connection.

Here Nakashima introduced an abstraction by ignoring transient phenomena and 
several components of the AC networks (e.g., resistance, capacitance, and inductance); in 
this setting, impedance in the passive network can have one of two values, 0 or ∞. In 
other words, the line is either on (zero impedance) or off (infinite impedance), with 
nothing in-between. Shannon carried out the same kind of abstraction, but he introduced 
the term “hindrance” to represent the state of the switching circuit, and removed the 
physical connotations almost completely. Although a hindrance also takes one of two 
values, 0 and 1, it has a purely mathematical meaning, differing from an impedance.29 
Nakashima kept the physical meaning which Shannon abstracted away.

Let’s get back to the theorem. To avoid complications, I have provided an outline, 
rather than a detailed proof. First, Nakashima requested a premise that may look absurd, 
i.e., expressing infinity with the letter π. Naturally, π represents the ratio of the 
circumference; however, he required the reader to identify it with infinity. He combined 
this assumption with the sine-integral formula to express discontinuous or binary changes 
in impedance, as a function of time.30 He then defined impedance of the make-contact 
and break-contact points as a function of time, and showed that impedance function of 
the serially connected circuits could be represented as the sum of impedance of all 
circuits. The point was that infinity plus infinity equaled infinity and that the 
superposition principle held true in circuit theory.

In short, he forced relay circuits into the existing theoretical framework. It should 
also be noted that impedance function thus obtained takes the time, t, as an independent 
variable. Accordingly, it represents the change of impedance over time, in contrast to 

28 If the theorem is rewritten in a simpler way, it says Z＝∑Zi, where Z is impedance as a whole, and Zi 
represents the impedance of each component. 

29 Claude E. Shannon, “A Symbolic Analysis of Relay and Switching Circuits” (note 4), p. 713. 
30 The sine integral used here is certainly a kind of binary function, defined as follows:
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Shannon’s switching theory, which uses Boolean algebra. In the thesis that Shannon 
submitted to MIT in 1937, the theory has an atemporal character, ignoring the dynamic 
aspects of circuits. The algebra of logic, which is suitable for describing a static and 
discrete structure, was not only unknown to Nakashima at that time, but also simply 
unsuitable, given his goal of representing temporal and continuous change. Nakashima’s 
work retained this temporal character until it ended in 1941.

However, Nakashima himself admitted that this approach simply provided an 
analytical description of passive networks31 and was unlikely to be useful for designing 
or analyzing relay circuits. He clearly recognized that it would be difficult to use 
analytical methods to attack the problems of relay circuits because he immediately began 
to search for a better way to analyze them, after finishing this paper. One of the main 
aims of the papers he wrote in 1936 and 1937 was to discover an appropriate 
mathematical formalism to represent impedance of a passive network, which changes 
discontinuously with time. As we will see in the next section, he redevised Boolean 
algebra in the process of searching for the appropriate mathematical tool. This process 
originated from what he called the tetrahedron principle in his 1935 paper. It is therefore 
important to consider this principle next.

2.3 The tetrahedron principle: The first step toward algebraic representation
Among the theorems offered in the 1935 paper, several relate to the relationship and 

transformation of simple partial paths. These make up the tetrahedron principle, 
recapitulated in Figure 1. With hindsight, it is clear that these theorems about the 
operations on the circuit led Nakashima to consider the algebraic approach.

Nakashima used five terms to define these relationships and transformation 
operations, namely, contact-inverse, connection-inverse, double-inverse, conjugate, and 
cross-conjugate. The first three terms represent both the relationship and the operation to 
transform. Of these, contact-inverse denotes the relationship between an original circuit 
and the circuit obtained when all of the original’s contacts are replaced with contacts that 
behave in the opposite way (e.g., break-contacts are replaced with make-contacts, and 
vice versa). It also means the operation to transform the former into the latter; 
connection-inverse describes the relationship between the original circuit and that with 
which all types of connection (e.g., series or parallel) are exchanged; double-inverse 
describes the relationship between the original circuit and that obtained by applying both 
contact- and connection-inverse transformations to the original. The two remaining terms 
represent only a relationship, not a transformation. A conjugate relationship occurs when 
two networks, A and B, are in opposite states every time, with network A at zero-

31 Akira Nakashima, “Keidenki Kairo no Kōsei Riron” (note 19), p. 739. 
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impedance (on) and network B at infinite-impedance (off), or vice versa; cross-conjugate 
means that two networks operate in the same manner, as a result of transformation 
operations carried out on the networks.32

In Figure 1, each edge of the tetrahedron corresponds to the transformation of the 
circuit. For example, assuming that the vertex A represents the original circuit, the circuit 
obtained by performing a contact-inverse transformation (edge AD) on the original circuit 
and that obtained through a connection-inverse transformation (AC) are in a double-
inverse relationship (CD). As the next chapter will explain, this principle led Nakashima 
to take the first step toward algebraic formalization.

Before proceeding to the next chapter, let me summarize two points in this section. 
First, Nakashima’s relay-circuit theory was intended to combine the theories of passive 
networks, active networks, and transient phenomena. Even if the temporal aspect could 
be abstracted to analyze the passive network, in reality, the passive network changes its 
state dynamically, thus requiring an investigation into transient phenomena. Accordingly, 
he continued to study this topic in parallel with passive networks.33 Although most of the 
papers he published from 1935 to 1941 relate to passive networks, it should be noted that 
this was just one part of his initiative. Second, Nakashima modeled his relay-circuit 
theory on transmission-circuit theory, which was familiar to him. Partly for these reasons, 
his approach consistently focused on the impedance (a physical quantity) of the network 
in question, as this was a standard approach in circuit theory in general. However, the 
conventional analytical method had poor compatibility with relay circuits, to say the 
least. For this reason, Nakashima stopped using techniques such as Fourier integrals in 

32 Ibid. pp. 737‒738.
33 e.g., Akira Nakashima, “Tasū no Niji Denro wo Yūsuru Denwa yō Keidenki no Sadō Kato Genshō no 

Kinjikai ni tsuite (An Approximate Solution to Transient Phenomena during the Operating and Releasing Action 
of Telephone Relays with Many Varied Secondary Circuits),” The Journal of the Institute of Telegraph and 
Telephone Engineers of Japan, vol. 152 (1935): 889‒892. 

Fig. 1.　Tetrahedron Principle
 Source: Akira Nakashima, “Keidenki Kairo no Kōsei Riron (The Theory of Relay Circuit Composition),” 

The Journal of the Institute of Telegraph and Telephone Engineers of Japan, vol. 150 (1935), p. 737.



11Prehistory of Switching Theory in Japan

his papers after 1936. What he discovered instead was algebra and set theory.

3. Introducing Algebra and Set theory

Although Nakashima’s relay-circuit theory began as an extension of the existing 
circuit theory, relay circuits did not suit the analytical methods that electrical engineers of 
that era were familiar with. The first turning point in his theoretical investigation, the 
introduction of algebraic representation, had its inception in the tetrahedron principle 
mentioned above. This principle led him to group theory, which helped him devise 
symbolic and algebraic representations of the circuits.

Nakashima began to consider the application of algebraic representation just after 
writing a review entitled “On Reziprozitaetsgesetze.”34 This article reviewed a paper by a 
German electrical engineer named H. Bitter, “Die Reziprozitaetsgesetze linearer 
Netzwerke” (the reciprocity law of linear networks) and considered a property called 
“reciprocity,” which is known today as the “duality” of circuits.35 Nakashima also referred 
to another German article on the same topic, published in the German journal Archiv für 
Elektrotechnik, where the authors, Matthies and Strecker, used the group theoretic 
approach to analyze electrical circuits.36

3.1 Introduction of algebraic representation
According to Vitold Belevitch, an electrical engineer, the use of duality in network 

analyses originates from a treatise by Alexander Russel, published in 1904.37 However, 
Nakashima noted that he did not understand this property well when he started studying 
relay circuits, although it had been discussed in a fragmentary fashion in the existing 
literature.38 He seems to have learned about this property when studying transient 
phenomena; in translating the term Reciprozitätgesetze into Japanese, he adopted the 
translation used by another Japanese engineer, who investigated transient phenomena using 
this property.39 This article was actually not just a review, as it includes some originality 

34 Akira Nakashima, “Hanten no Ri (Reziprozitaetsgesetze) ni tsuite (On the Reciprocity Law),” Nichiden 
Geppo. vol. 13 (1936): 7‒13. He wrote this paper at the end of 1935. 

35 H. Bitter, “Die Reziprozitätsgesetze linearer Netzwerke,” Telegraphen- und Fernsprech- technik, vol. 23, 
no. 3 (1934): 59‒65. In the theory of electrical circuits, pairs of terms, such as voltage and current or impedance 
and admittance, are called duals. Electrical circuits have a property that ensures that any equation produced by 
interchanging terms with a dual also holds if the original does. In addition, the functional form remains 
invariant throughout this substitution. 

36 K. Matthies and F. Strecker, “Über Reziprozitäten bei Wechselstromkreisen,” Archiv für Elektrotechnik, 
vol. 14, no. 1 (1924): 1‒15. 

37 Vitold Belevitch, “Summary of the History of Circuit Theory,” Proceedings of the IRE. vol. 50, no. 5 
(1962): 848‒855; Alexander Russel, A Treatise on the Theory of Alternating Currents, vol. 1. (Cambridge: 
Cambridge University Press, 1904). The chapter 21 of the Russel’s treatise is devoted to “the method of duality.” 
(p. 510) 

38 Akira Nakashima, “Hanten no Ri (Reziprozitaetsgesetze) ni tsuite” (note 34), p. 7.
39 Shigenori Hayashi, “Fukugō Denki Kairo ni okeru Kato Genshō (I) (Transient Phenomena in composite 
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that he related the property discussed in (standard) circuit theory to relay circuits.
In this review, Nakashima began by defining three kinds of transformation 

operation, symbolized as T′, T̄  and T *, which corresponded to the transformation 
operations introduced in his 1935 paper, i.e., double-inverse, connection-inverse, and 
contact-inverse transformations, respectively. This symbolic approach was also 
influenced by an article written by Matthies and Strecker, in which they connected the 
complex voltage and current phase with the cyclic group, treating the phase shift as a 
group theoretic operation.40 Nakashima connected this idea to the tetrahedron principle, 
and referred to group theory for the first time in his writings.

Matthies, Strecker, and Bitter took a two-dimensional quadrilateral as a way to 
represent permutation group graphically, but if we proceed to consider this as a 
three-dimensional tetrahedron, it becomes the tetrahedron principle that I 
introduced in my article “The relay-circuit theory composition,” and it clarifies 
group theoretic properties. 41 [Emphasis added.]

In German-speaking countries, group theoretic properties were already being discussed 
within the context of circuit theory. Nakashima appropriated this line of thought in 
presenting his own relay-circuit theory.

Among the various transformation operations, the one that attracts most attention is 
T′, which corresponds to the double-inverse transformation. As Nakashima noted, when 
we carry out a T′ transformation and replace all of the terms with their duals (for 
example, the dual of voltage is current, and that of inductance is capacitance), the 
function form remains invariant throughout the transformation; as he explained, “the 
invariance of the function form is an important property.”42

The fact that a correspondence existed between relay and transmission circuits 
satisfied Nakashima, who noted,

Concerning these inverse forms and its characteristic relationship, we can find 
an idea that is remarkably similar to the relationship between the original 
simple partial path and those in contact-inverse, connection-inverse, or double 
inverse relationships. In this respect, too, I learned that there exists a 
harmonious relation between so-called relay-circuit theory and transmission-
circuit theory, which exhilarated me.43 [Emphasis added.]

electrical circuit[sic.], Part 1),” Denki Hyōron, vol. 15, no. 7 (1927): 606‒614.
40 K. Matthies and F. Strecker, “Über Reziprozitäten bei Wechselstromkreisen,” (note 36), p. 3 ff. 
41 Akira Nakashima, “Hanten no Ri (Reziprozitaetsgesetze) ni tsuite” (note 34), p. 9. 
42 Ibid., p. 10. 
43 Ibid., p. 7. 
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The inherent dual nature of electrical circuits led Nakashima to adopt an algebraic 
approach. Duality is an important property in Boolean algebra. However, the important 
thing is the order of processes. Nakashima first learned about duality and group theoretic 
properties from the circuit theory of his day, imported the idea into relay circuits, and 
then expressed it algebraically (see the next section); in this way, he rediscovered 
algebraic logic. It is worth noting that general circuit theory and Nakashima’s relay-
circuit theory are not separate concepts.

In an article written at the end of 1935, at nearly the same time as the review 
mentioned above, Nakashima rewrote “the tetrahedron principle” symbolically.44 
However, he used group theory merely as a tool, to formulate the properties of the relay 
circuit in a more sophisticated manner. He continued to believe that circuit theory was the 
basic theory governing relay networks, and that relay-circuit theory must be based in the 
physical world.

Nakashima reformulated the principle as follows. He first defined a set of 
transformation operations, made up of four elements: T1, T2, T3, and T4, which represent 
contact-inverse, connection-inverse, double-inverse, and identity operations, respectively. 
At this point, he stated that “the association of the elements in the set is concerned with 
multiplication;”45 the same transformation performed n times is represented by 
exponentiation, as in T 4

n ＝ T4. He rephrased the tetrahedron principle, as shown in Table 
1. Nakashima went on to confirm that these transformation operations represented an 
Abelian group,46 which he named “the simple-partial-path group.”

He then returned to the object of these operations̶impedance of the network̶and 
attempted to provide analytical proof of the following statement: impedance of the two-
terminal network inverses itself by exchanging the type of contact and connection, i.e., by 
applying a double-inverse transformation (roughly speaking, De Morgan’s law 
corresponds to this statement). He called this property conjugacy (see Section 2.4) and 
explained the need for such proof as follows47:

44 Akira Nakashima, “Keidenki Kairo ni okeru Tanbubunrogun no Seishitsu ni tsuite (Some Proparties 
[sic.] of the Groups of Simple Partial Paths in the Relay Circuits),” The Journal of the Institute of Telegraph and 
Telephone Engineers of Japan, vol. 155 (1936): 88‒95. According to the date printed at the end, this paper was 
accepted on December 20, 1935.

45 Ibid., p. 88.
46 He confirmed that the following four properties were held in the set of transformations: (1) Set 

{T1, T2, T3, T4} is closed under multiplication; (2) associativity; (3) the existence of an identity element; (4) the 
existence of an inverse element. In this case, the identity element is T4 (e.g., T1T4 ＝ T4T1 ＝ T1) and the inverse 
element is each element itself, for instance, the inverse element of T1 is T1. Here he referred to Matsusaburō 
Fujiwara, Daisū Gaku: Dai Ikkan (Algebra: vol. 1) (Tokyo: Uchida Rōkakuhō, 1928) and idem, Daisū Gaku: 
Dai Nikan (Algebra: vol. 2) (Tokyo: Uchida Rōkakuhō, 1929). Fujiwara dealt with group theory in Chapter 10 
of this textbook. 

47 This statement is also included in the theorems in the 1935 paper (note 19, p. 737). Although I omit the 
details of this proof, the basic idea is to apply a theory within transmission-circuit theory to relay circuits again.
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Among the operating functions of simple partial paths that constitute a group in 
algebra, based on set theory, the conjugacy between the simple partial paths in 
a double-inverse relationship is a little hard to grasp intuitively. If this 
conjugacy is generally proven analytically, the cross-conjugacy observed in the 
operating functions of a simple partial path with a connection-inverse 
relationship can be understood easily.48

He also expressed anxiety at the idea of extending the algebraic method to include a 
general case.49 He felt that the abstract algebraic approach lacked a physical foundation, 
and he believed that its use should be analytically grounded where necessary; he 
compared his own theoretical efforts with cultivation and extension, not invention or 
creation.

There is nothing worthy of consideration in the theoretical study [of relay 
circuit composition]. It is, unfortunately, a large backward area. [...] However, 
as a proverb says, a vast expanse of fertile land begins with the first stroke of a 
hoe. No matter how vast the wilderness before our eyes, we should not be idle, 
with our hands in our sleeves.50

For Nakashima, the theory of transmission circuits was a well-cultivated, fertile area and 
analysis was the hoe. To tackle the problem of relay circuits, he conjured an image of 
expanding the territory of the existing theory.

3.2 The theory of equivalent transformation
Confirming the parallels with circuit theory, Nakashima continued to adopt an 

algebraic approach, with a support of his colleague, Masao Hanzawa, who worked with 

48 Akira Nakashima, “Keidenki Kairo ni okeru Tanbubunrogun no Seishitsu ni tsuite” (note 44), p. 94.
49 Ibid. 
50 Ibid., p. 95.

Table 1.　Group Theoretic Representation of Tetrahedron Principle

T1T2＝T3 T1T3＝T2 T1T4＝T1

T2T1＝T3 T2T3＝T1 T2T4＝T2

T3T1＝T2 T3T2＝T1 T3T4＝T3

T4T1＝T1 T4T2＝T2 T4T3＝T3

Note on source: This table is constructed by the present author based on Equation (1) in 
Akira Nakashima, “Keidenki Kairo ni okeru Tanbubunnrogun no Seishitsu ni tsuite (Some 
Properties of the Groups of Simple Partial Paths in the Relay Circuits),” The Journal of the 
Institute of Telegraph and Telephone Engineers of Japan, vol. 155 (1936), p. 89.
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Nakashima in the exchange department and remained there after Nakashima was 
transferred to the NEC transmission department. In a two-part paper written during the 
autumn and winter of 1936, they introduced the additive and multiplicative operators,
＋and ∙  to represent the series and parallel connections, respectively.51 They 
demonstrated the utility of this algebraic representation of relay circuits in simplifying 
circuits (i.e., to reduce the number of relays) while maintaining the same operating 
functions. They called this process of simplification “equivalent transformation” and 
explicitly mentioned that properties corresponding to the distributive, complement, and 
absorptive laws held in algebraic representations of relay-network impedance.

Their theory of equivalent transformation was based on some assumptions and 
rules.52 Suppose impedances of three arbitrary simple partial paths are represented by A, 
B and C. If we denote the impedance of a simple partial path, constituted by connecting 
the three paths in a series and in parallel with X and Y, the relationships will be expressed 
as follows: X＝A＋B＋C, Y＝ABC. At the end of 1935, Nakashima was only considering 
symbolic representation of operations; here he also provided symbolic representation for 
the object of an operation̶i.e., impedance of the networks. Now “it is clear that the 
associative and commutative law of algebra hold.”53 Nakashima and Hanzawa also 
proposed and proved the distributive and complement law within electrical-circuit theory. 
They represented the distributive law as A(B＋C)＝AB＋AC. It should be noted that the 
symbols A, B, and C are referred to as arbitrary simple partial paths54; for example, A 
itself can be a complicated two-terminal network. Another fundamental law of 
equivalence transformation is the law of elimination, a generic term for properties that 
can be used for circuit simplification. With hindsight, it corresponds to the idempotent, 
complement, and absorptive law: (1) nA ＝ A, An ＝ A, (2) A＋Ā  ＝ p, AĀ  ＝ s,55 and (3) 

51 Akira Nakashima and Masao Hanzawa, “Keidenki Kairo ni okeru Tanbubunro Gun no Tōka Henkan no 
Riron (Sono Ichi) (The Theory of Equivalent Transformation of Simple Partial Paths in the Relay Circuits (Part 
I)),” The Journal of the Institute of Telegraph and Telephone Engineers of Japan, vol. 165 (1936): 1087‒1093; 
Idem, “Keidenki Kairo ni okeru Tanbubunro Gun no Tōka Henkan no Riron (Sono Ni) (The Theory of 
Equivalent Transformation of Simple Partial Paths in the Relay Circuits (Part II)),”The Journal of the Institute 
of Telegraph and Telephone Engineers of Japan, vol. 167 (1937): 212‒217; A reduced English translation of 
these two-part papers was published in February 1938. 

52 Akira Nakashima and Masao Hanzawa, “Keidenki Kairo ni okeru Tanbubunro Gun no Tōka Henkan no 
Riron (Sono Ichi)” (note 51), p. 1088. 

53 Ibid. Presumably because this seemed intuitively obvious, they did not prove these laws. According to 
Hanzawa’s recollection, this algebraic notation derived from the fact that, when two circuits are connected in 
AC networks, impedance of the resulting networks can be obtained through A＋B for a series connection and 
AB/(A＋B) for a parallel connection. See Masao Hanzawa, “Keidenki Kairomō no Ronriteki na Atsukai (Logical 
Treatment of The Relay Network)” in Suicchingu Kairo Riron: NEC ni Okeru Kigen to Hatten (Switching 
Circuit Theory, the Origin and Development in NEC), ed. Editorial Committee of Switching Circuit Theory 
(Tokyo: NEC, 1989): 21. 

54 Akira Nakashima and Masao Hanzawa, “Keidenki Kairo ni okeru Tanbubunro Gun no Tōka Henkan no 
Riron (Sono Ichi)” (note 51), p. 1088. 

55 In the original (Japanese) version of this article, this property was described using natural language: “a 
simple partial path expressed as A＋Ā  can be eliminated” and “a simple partial path expressed as AĀ  can be 
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AB＋A＝A, A(A＋B)＝A, where n is a positive integer, the overbar Ā  represents 
impedance of the double-inverse of A, p, and s represent “a simple partial path always 
giving infinite impedance or zero impedance.”56

They provided some examples of equivalent transformations, such as the 
following:57

 {A(B＋E)＋C}{B(A＋E)＋D}＝AB＋CD＋ADE＋BCE

By October 1936, when they submitted this paper, Nakashima and Hanzawa appear to 
have arrived at Boolean algebra.58 However, their conception was not precisely Boolean 
algebra, given its physical basis. The combination of circuit theory and mathematical 
analysis provided an approach that was superior to the algebraic method alone. 
Nakashima introduced algebraic formalization as a useful tool, merely to provide 
“economy of thought.”59 To prove their distributive law, for example, Nakashima and 
Hanzawa presented a table (see Table 2), in which zero impedance is represented by a 
solid line and ∞ is represented by a dotted line.60 Since there are only two types of 
impedance, 0 and ∞, it is easy to investigate whether the law, A(B＋C)＝AB＋AC, holds 
for all cases.

It is clear that the two rows, A (B＋C) and AB＋AC, match completely. To fill the 
matrix, the researchers had to do just a little arithmetic to calculate impedance. Although 
Shannon did something similar in his thesis,61 he provided a mathematical argument. By 
contrast, Nakashima and Hanzawa relied on concepts derived from electrical engineering 
to prove their case. Furthermore, as their goal was to create a dynamic theory, they could 
not be satisfied with any theory that ignored the temporal aspects of the problem. They 
therefore extended the theory by considering temporal changes, in the second part of their 
paper on equivalent transformation. Nakashima never removed the temporal aspect 

replaced by a simple path-element” (ibid., p. 1089). They rephrased these later for the English translation 
(published in Feb. 1938) as A＋Ā＝p, AĀ＝s. The translated version is used here for convenience. 

56 Ibid. They gave no proof of the law of elimination, possibly because it was easy to prove both (2) and 
(3) using the same technique they used to prove the law of distribution. 

57 Ibid., pp. 1090‒1091. I omitted the process of calculation. This deformation appears in the discussion of 
ways to equivalently transform a non-series-parallel circuit, in this case a Wheatstone bridge, into a series-
parallel circuit. They demonstrated the equivalence between the original bridge circuit and its serial-parallel 
version, with a table which was used to prove the distributive property (here, the size of the table become 5 
rows by 25 ＝ 32 columns). They also presented a method of equivalently converting arbitrary circuits into a 
product-of-sums or sum-of-products form.

58 The first part of this paper deals only with cases where the temporal change was not considered; the 
second part attempts to consider it. Ignoring the time-development, the algebraic system presented in the first 
part is almost equivalent to Boolean algebra, though its variable takes value {0, ∞} because it represents 
impedance.

59 Akira Nakashima and Masao Hanzawa, “Keidenki Kairo ni okeru Tanbubunro Gun no Tōka Henkan no 
Riron (Sono Ichi)” (note 51), p. 1087. 

60 This is almost the same idea as Shannon’s perfect induction. See Claude E. Shannon, “A Symbolic 
Analysis of Relay and Switching Circuits” (note 4), p. 714.

61 Ibid. 
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through abstraction; if temporal changes were ignored for the sake of convenience, they 
were reintroduced later.

3.3 Introducing set theory
As previously shown, Nakashima’s work always confirmed its correspondence to 

existing methods; he retained this approach after introducing the algebraic method.62 
Indeed, he never stopped using “impedance” as a physical quantity. This approach 
produced sufficient returns during his construction of a relay-circuit theory.

In a paper published in Aug. 1937,63 however, Nakashima began to rethink this 
approach. This was the second turning point in his theoretical development: the 
separation of mathematics and engineering, which previously coalesced. Where 
previously, he had simply expanded the domain of the existing theory, now Nakashima 
attempted to provide a mathematical foundation for the properties of relay circuits 
discussed above.

[Hitherto,] through the fact that operating impedance of simple partial paths 
take limit values, 0 or ∞, discontinuously as time goes on, we have showed the 
way to represent them algebraically and a special kind of formalism not dealt 
with in elementary algebra, together with a few application examples. 
However, we have not adequately addressed the mathematical basis which 
generated such representation and calculation form.64 [Emphasis added.]

62 E.g., Akira Nakashima, “Keidenki Kairo ni okeru Fusei-Yontanshi Kairomō no Riron ni tsuite (The 
Theory of Four-Terminal Passive Networks I the Relay Circuit),” The Journal of the Institute of Telegraph and 
Telephone Engineers of Japan, vol. 169 (1937): 348‒356. In this article, Nakashima again emphasized that “that 
transmission-circuit theory will be very useful to develop a relay-circuit theory in future” (p. 356). 

63 Akira Nakashima, “Keidenki Kairo ni okeru Tanbubunro no Kankeishiki Ron (Algebraic Expressions 
Relative to Simple Partial Paths in the Relay Circuits),” The Journal of the Institute of Telegraph and Telephone 
Engineers of Japan, vol. 173 (1937): 697‒706. 

64 Ibid., p. 697.

Table 2.　Proof of Distributive Law Based on Impedance Calculation

1 2 3 4 5 6 7 8

A ̶̶ ̶̶ ̶̶ ̶̶ - - - - - - - - - - - -

B ̶̶ ̶̶ - - - - - - ̶̶ ̶̶ - - - - - -

C ̶̶ - - - ̶̶ - - - ̶̶ - - - ̶̶ - - -

A(B＋C) ̶̶ ̶̶ ̶̶ ̶̶ ̶̶ - - - - - - - - -

AB＋AC ̶̶ ̶̶ ̶̶ ̶̶ ̶̶ - - - - - - - - -

Note on source: This table is a reproduction of Figure 1 in Akira Nakashima and Masao Hanzawa, “Keidenki 
Kairo ni okeru Tanbubunro Gun no Tōka Henkan no Riron (Sono Ichi) (The Theory of Equivalent 
Transformation of Simple Partial Paths in the Relay Circuits (Part I)),” The Journal of the Institute of Telegraph 
and Telephone Engineers of Japan, vol. 165 (1936), p. 1088.
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Thus, he set out in this paper to ascertain the mathematical basis of the properties 
derived thus far from circuit theory. As he said, “as a mathematical basis, I [Nakashima] 
used the concepts and representation in set theory, which has been developed recently.”65 
However, “needless to say, when conducting such translational procedures, it is 
necessary to clearly define the physical meaning of the relational expression of the set 
[emphasis added].”66 Nakashima rearranged his theory, as follows:

(electrical engineering) (mathematics)
Analytic relay-circuit theory ← translation → Algebraic theory of relay circuits

⇒ ⇒

Theory of electrical circuits Set theory

While he had filled in the left-hand side of this schema, as shown above, he began to 
work on the right-hand side. Now let’s see how he connected engineering and 
mathematics and grounded his algebraic theory on a foundation of set theory.

The basic idea of this translation is a one-to-one correspondence between a simple 
partial path (in a relay circuit) and a set (mathematical concept). Nakashima interpreted 
each symbol in the algebraic expression, which represented the impedance of a simple 
partial path, as a set representing the period when impedance takes limit value ∞. A simple 
partial path, p, which takes infinite impedance, independent of time (always off) is 
translated into the universal set 𝔓, while another kind of simple partial path, s, whose 
impedance takes only zero (always on) is translated into the empty set 𝔖. In relation to the 
other path, which takes zero or infinity, dependent on time, A is translated to the set 𝔄, 
which is neither universal nor empty, and its double-inverse, Ā , is translated to the 
complement set, �̅�. Nakashima used the German fraktur to distinguish the set-theoretic 
symbol from the physical symbol. Accordingly, each of these simple partial paths can be 
regarded as a corresponding set and vice versa. For example, a simple partial path which 
takes an impedance of ∞ within the period (T1, T2) and (T3, Tn) is translated into a point set, 
whose elements have a one-to-one correspondence with infinite value points. (see Figure 2)

Nakashima then confirmed the physical meaning of the relational operators in set 
theory, such as＝, ⊂, and ⊃. When the symbols of simple partial paths A and B were in 
relationship A ＝ B, physically, the two always had the same impedance, while according 
to a set-theoretic interpretation, the equals sign means that the corresponding sets 𝔄 and 
𝔅 consist of precisely the same elements. In reference to a subset operator, if A takes 
infinity within the period (T1, T3), B takes it within (T1, T2), and T2 precedes T3; then 
A ⊃ B holds. He then associated the summation and product operators with the 

65 Ibid. 
66 Ibid., p. 699. 
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operations of taking union and intersection in set theory. Based on these correspondences, 
Nakashima derived a distributive law and law of elimination from the set-theoretical 
framework, showing that the dualistic nature remained in set-theoretic operations; thus, 
he redefined de Morgan’s law using set-theoretical terminology.67

Having established this set-theoretic foundation, Nakashima integrated the temporal 
state changes of relay circuits and their algebraic expressions in a more sophisticated way 
than he had done earlier, constructing a theory to describe temporal changes of 
combinational circuits, as shown in Figure 3. He recapitulated his previous theoretical 
efforts with set theory and extended the previous method to handle temporal changes 
more comprehensively.

Nakashima clearly referred to “propositional calculus” at the end of this thesis:

It seems quite interesting that some of the matters described in this paper are 
consistent with propositional calculus (Aussagenkalkül) of mathematical logic, 
which would be due to the correspondence between the fact that the operating 
impedance of the simple partial path is limited to two types, 0 or infinite, and 
that the propositional calculus deals with two types of value, true and false.68

As propositional logic is a model of Boolean algebra using 0 and 1, one might conclude 
that Nakashima understood the correspondence between relay circuits and Boolean 
algebra at this point. Thanks to the idea of separating engineering or physical aspect of 
the problem from the mathematics, he seems able to address relay-circuit problems more 
freely, without having to account for physical details. It is clear that, by 1937, Nakashima 

67 Ibid., pp. 702‒704. 
68 Ibid., pp. 705‒706.

Fig. 2.　Graphical Representation of Impedance Function (in the Simplest Case)
 Source: Akira Nakashima, “Keidenki Kairo ni okeru Tanbubunro no Kankeishiki Ron (Algebraic 

Expressions Relative to Simple Partial Paths in the Relay Circuits),” The Journal of the Institute of 
Telegraph and Telephone Engineers of Japan, vol. 173 (1937), p. 698.
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had obtained sufficient mathematical grounds to develop an algebraic method of circuit 
analysis, based on set theory.

Nakashima initially relied on empirical, engineering approaches, but soon changed 
his approach drastically. The first turning point was the introduction of algebraic 
representation, inspired by the German literature on circuit theory; the second turning 
point was his separation of mathematics and engineering, which enabled him to use the 
results of both sides. However, as the next section shows, he still valued engineering 
more than mathematics.

4. Decomposition and Design

Nakashima acquired the mathematical tools he needed to analyze relay circuits by 
mid-1937. However, his initial aim was to discover a scientific way of constructing or 
designing relay circuits. As a matter of course, he went on to tackle design problems and 
wrote two papers on design theory in late 1937. However, he virtually suspended this 
project for two years,69 during which he visited the United States and met Shannon. This 
section of the present paper starts by introducing the decomposition theorem that he 
proposed before his U.S. trip; it then discusses the “design theorem” he proposed after his 
return, derived from the decomposition theorem. Although it closely resembles the 
expansion theorem in Boolean algebra, Nakashima saw his design theorem as a result 

69 In 1938, he did not write anything except for English translations of previous papers (two papers 
published in 1938 were written at the end of 1937). In 1939, he did not publish any work on relay circuits at all. 
See note 6. 

Fig. 3.　Graphical Representation of Impedance Function (in a Complex Case)
 Source: Akira Nakashima, “Keidenki Kairo ni okeru Tanbubunro no Kankeishiki Ron (Algebraic 

Expressions Relative to Simple Partial Paths in the Relay Circuits),” The Journal of the Institute of 
Telegraph and Telephone Engineers of Japan, vol. 173 (1937), p. 705.
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derived from the framework of circuit theory, rather than mathematics.
In 1939, NEC dispatched Nakashima to the United States and Bell Laboratories to 

study a state-of-the-art carrier-transmission technique.70 According Nakashima71 and 
Hanzawa,72 this posting gave Nakashima an opportunity to discuss his relay-circuit 
theory with members of the Bell Labs exchange department. Moreover, when he attended 
the winter convention of the American Institute of Electrical Engineers (AIEE) in 1940, 
Hendrick Wade Bode, a prestigious electrical engineer at Bell Labs, introduced him to 
Shannon; the two men talked about switching-circuit theory, although it is not clear that 
they knew about each other’s work before this conversation.

After Nakashima returned from his sojourn in the U.S., he relaunched his research 
collaboration with Hanzawa on relay circuits and published a paper on design theory, in 
which the representations were less engineering-based and technological and more 
logical and mathematical than before, arguably due to Nakashima’s communication with 
Shannon and the members of Bell Labs. However, even if Nakashima learned about 
formalism from these American researchers, the main characteristic of his own theory, 
namely, its close relationship with electrical circuit theory, remained intact. The next 
section shows how he developed a design theory.

4.1 Decomposition Theorem: Before the suspension
As previously mentioned, Nakashima separated the physical and mathematical 

aspects of this topic, creating an association between them through “translation.’’ The way 
he presented papers reflected his changed approach. In the latter half of 1937, he wrote 
two complementary articles: a two-part paper that dealt with the mathematical aspects of 
the topics73 and another, which covered its physical and engineering aspects.74 In the 
latter, he wrote, “for the transfer impedance, which represents the function of transmitting 

70 The relationship between the NEC research department and Bell Labs was that of distant relatives. 
NEC, founded in 1899, originated as a Japanese sales agency for Western Electric (WE). Bell Laboratory was 
established through the integration of WE’s and AT&T’s R&D divisions; there was a tight interconnection 
between WE (and its successor, International Standard Electric Co.) and NEC until the outbreak of World War 
II. See NEC Corporate History Department, Nippon Denki Kabushikigaisha Hyakunennshi (note 11).

71 See note 18. 
72 Masao Hanzawa, “Shanon Izen ni Konpyūta no Kiso Riron o Hasshin shita Nihonjin (Japanese who 

published the basic theory of computers before Shannon)” interviewed by Endō Satoshi, in Keisanki ya kaku 
Tatakaeri (How Computer builders struggled) (Tokyo: Ascii Ltd., 2005): 49‒60.

73 Akira Nakashima, “Keidenki Kairo ni okeru Fusei Kairomō no Nitenkan Sadō Inpidansu no Riron (sono 
Ichi) (The Theory of Two-Point Impedance of Passive Networks in the Relay Circuit (Part I)),” The Journal of 
the Institute of Telegraph and Telephone Engineers of Japan, vol. 177 (1937): 1058‒1068; Idem, “Keidenki 
Kairo ni okeru Fusei Kairomou no Nitenkan Sadō Inpidance no Riron (sono Ni) (The Theory of Two-Point 
Impedance of Passive Networks in the Relay Circuit (Part II)), The Journal of the Institute of Telegraph and 
Telephone Engineers of Japan, vol. 178 (1938): 12‒18. 

74 Akira Nakashima, “Keidenki Kairo ni okeru Fusei Yon Tanshi Kairomō no Toransfa Inpidansu ni tsuite 
(The Transfer Impedance of Four-Terminal Passive Networks in the Relay Circuit),” The Journal of the Institute 
of Telegraph and Telephone Engineers of Japan, vol. 178 (1938): 90‒98. 
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energy in a passive four-terminal network, we [Nakashima] introduced a theoretical 
element to consider its quantitative and phase characteristics.”75 By contrast, in the 
former paper, he wrote that he was “considering the operating impedance between two 
points of a passive network in a relay circuit, based on the concepts of set theory.”76 Since 
impedance of the passive network in a relay circuit could be regarded as “a limiting case 
of the passive networks in the transmission circuit,”77 the properties of the relay circuit 
must also be derived within the framework of circuit theory. In other words, while 
recognizing the convenience of the abstract and mathematical approach, Nakashima 
believed that the mathematical approach had no physical grounding; he there needed 
some support from circuit theory, which in turn was theoretically founded on physics.

In these two papers, which address engineering and mathematical aspects of the 
same problem, Nakashima derived a “decomposition theorem” of impedance in a two-
terminal network. Since decomposition theorem will play an essential role later, let me 
outline the mathematical decomposition theorem here (as the derivation proposed in the 
engineering paper is complicated, mathematics provides a simpler explanation):

Z＝X1 ∙ Zp＋Zs,

where Z is the set that represents the impedance of the network in question; X1 represents 
one of its component circuits; Zp represents the network obtained by replacing X1 with the 
perfect set p (the open circuit, which is always off); and Zs is obtained by replacing it with 
the empty set s (closed circuit, always on).78 According to an engineering paper written by 
Nakashima,79 the decomposition theorem was also derivable within circuit theory.

The point is that the decomposed Zp and Zs can themselves be decomposed in the 
same way. However, by the end of 1937, Nakashima had not advanced this binomial 
decomposition idea any further. By applying the theorem recursively, it is possible to 
obtain the expression in a sum-of-the-products canonical form, as he did after his two-
year break.

4.2 Design Theory
Nakashima published no papers on relay circuits in 1938‒1939. He had worked on 

75 Akira Nakashima, “Keidenki Kairo ni okeru Fusei Yon Tanshi Kairomō no Toransfa Inpidansu ni tsuite” 
(note 74), p. 90. 

76 Akira Nakashima, “Keidenki Kairo ni okeru Fusei Kairomō no Nitenkan Sadō Inpidansu no Riron (sono 
Ichi)” (note 73), p. 1058. 

77 Akira Nakashima, “Keidenki Kairo ni okeru Fusei Yon Tanshi Kairomō no Toransfa Inpidansu ni tsuite” 
(note 74), p. 98. 

78 Akira Nakashima, “Keidenki Kairo ni okeru Fusei Kairomō no Nitenkan Sadō Inpidansu no Riron (sono 
Ichi)” (note 73), p. 1064. 

79 He said that he gave “the theoretical proof of the expression Zi＝Zs＋Zp̅ presented in my previous paper” 
in this paper. See Akira Nakashima, “Keidenki Kairo ni okeru Fusei Yon Tanshi Kairomō no Transfer 
Impedance ni tsuite” (note 74), p. 90. For him, “the theory” was (transmission) circuit theory. 
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relay circuits outside business hours since 1936 and was engaged in research on 
communication and control technology at NEC’s Transmission Division. In 1939, he was 
instructed to research power-line carrier communication and dispatched to the United 
States from late 1939 to 1940, to learn about advanced topics in this field. Upon returning 
from America, he resumed his research with Hanzawa’s support and published two articles 
on the design of a relay-circuit theory.80 His representations and formalizations became 
much more sophisticated as a result of his communications with members of Bell Labs.

The starting point, as noted above, was the two-terminal-network decomposition 
theorem that Nakashima had been working on in 1937, before suspending his research. 
Initially, he and Hanzawa rewrote it in a function-like way:81

Z≡F(X1, X2, ..., Xn)＝X1 ∙ F(p, X2, ..., Xn)＋F(s, X2, ..., Xn)

Every symbol means points set, representing the period when impedance takes on infinite 
value. Accordingly, the function arguments are sets and its output is also a set. From the 
expression above the two colleagues derived the following:

Z ≡F(X1, X2, ..., Xn)＝X1 ∙ F(p, X2, ..., Xn)＋X1̅ ∙ F(s, X2, ..., Xn).

Applying this binomial expansion to all of the components of two-terminal circuits, 
X1, X2, ..., Xn, they derived the following equation:

F(X1, X2, ..., Xn)＝ X1X2X3 ... XnF(p, p, ..., p) 
＋X1̅X2X3 ... XnF(s, p, ..., p) 
＋X1̅X2̅X3 ... XnF(s, s, ..., p) 
＋...  
＋X1̅X2̅ X3̅ .̅.. Xn　　̅ F(s, s, ..., s)

Now, “F ( ) represents a value which is either p or s, and is a kind of coefficient.”82 Once 
these coefficients (namely, the input‒output specification) are given, the circuit designer 
can easily obtain a blueprint of a two-terminal circuit that creates the desired behavior, 
although the problem of circuit simplification remains. They called the expansion thus 
obtained, “the basic design formula” and used it to design various circuits in the 

80 Akira Nakashima and Masao Hanzawa, “Keidenki Kairo ni okeru Inpidance Kansū no Tenkai Teiri to 
Nitanshi Kairomō no Sekkei Riron (Sono Ichi) (Expansion Theorem and Design of Two Terminal Relay 
Networks (Part 1)),” The Journal of the Institute of Telegraph and Telephone Engineers of Japan, vol. 206 
(1940): 257‒267; Idem. “Keidenki Kairo ni okeru Impedance Kansū no Tenkai Teiri to Nitanshi Kairomō no 
Sekkei Riron (Sono Ni) (Expansion Theorem and Design of Two Terminal Relay Networks (Part 2)), The 
Journal of the Institute of Telegraph and Telephone Engineers of Japan, vol. 209 (1940): 493‒501. To use the 
terminology today, what he tried in these papers is the logical synthesis of the switching circuit.

81 Akira Nakashima and Masao Hanzawa, “Keidenki Kairo ni okeru Inpidance Kansū no Tenkai Teiri to 
Nitanshi Kairomō no Sekkei Riron (Sono Ichi)” (note 80), pp. 257‒258. The meaning of the symbols is the 
same as in his previous paper. X1, X2, ..., Xn is the set representing the impedance of each component circuit.

82 Ibid., p. 259.
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remaining sections of the 1940 paper.
Although the formula looks almost the same as the expansion theorem Shannon 

proposed in his famous Master’s thesis, today known as Boole’s Expansion Theorem or 
the Shannon Expansion, all of the symbols and functions in Nakashima’s formula 
represent the set, so it looks similar but means something different. They themselves 
emphasized the extent to which it differed from the expansion theorem.

[The expression above] agrees with the result that George Boole obtained in his 
so-called Algebra of Logic, if p and s in the expression are replaced with p≡1 
and s≡0 respectively. G. Boole stated that if the formula (3) holds, then the 
formula (4) holds, but did not provide any theoretical grounds for this (3). 
Although Ernst Schröder logically explained the validity of expression (3) later, 
using graphics, we cannot simply incorporate it into our treatment of networks. 
[Emphasis added. Translator’s note: “the formula (3)” refers to F(X1, X2, ..., Xn)
＝X1 ∙ F(p, X2, ..., Xn)＋X1̅ ∙F(s, X2, ..., Xn), while (4) refers to the expansion 
theorem above.]83

Nakashima and Hanzawa considered it unacceptable to apply a logically-derived theorem 
directly to an electrical-engineering problem. The expansion they presented was a 
theorem based on engineering (the decomposition theorem), rather than a logical 
proposition. In their theory, the mathematical and physical aspects of electrical 
engineering must go hand-in-hand, as well as confirming their mutual correspondence.

In 1941, Nakashima remarked that, as the discussion so far had dealt only with 
passive networks, it was now necessary to research active networks, including power 
supplies and electromagnetic coils.84 As the second section showed, Nakashima’s relay-
circuit theory had a tripartite character, including passive-network, active-network, and 
transient-phenomena theories. In other words, the passive-network theory he discussed 
before was only one-third of the whole project. However, he never returned to this task.85

83 Ibid. 
84 Akira Nakashima, “Keidenki Kairo no Riron” (note15), p. 406. 
85 Awarded the first Akiyama-Shida Prize in 1940 (now renamed as the IECIE Best Paper Award) by the 

Denki-Tsūshin Gakkai (the Institute of Telegraph and Telephone Engineers of Japan), Nakashima and 
Hanzawa’s work received an immediate response from the researchers interested in the relay circuits. These 
researchers, including Kan’ichi Ōhashi and Mochinori Gotō from the Electrotechnical Laboratory (ETL) and 
Sachio Okada, a researcher at Tōhoku Imperial University, took over and developed Nakashima’s theory mainly 
from a mathematical perspective. Ōhashi published the paper dealing with the symbolic calculus of the relay 
circuits with reference to Nakashima and Hanzawa in 1943. One of Ōhashi’s colleagues, Mochinori Gotō, also 
published a paper on the logical calculus along the same line as Nakashima in 1948. Both Ōhashi and Gotō 
treated the dynamic change of impedance, and did not refer to the work by Shannon. See Kan’ichi Ōhashi, 
“Keidenki Kairomō no Enzanshiteki Keisanhō (Operational Calculus of the Relay Networks),” in Denki 
Shikensho Gojisshunen Kinen Ronbunshū (The Fifteenth Anniversary Collection of Treatises from 
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5. The difference between Nakashima and Shannon

Having outlined Nakashima’s work, this chapter will investigate its characteristics 
and compare them with Shannon’s. Nakashima explored the problem that Shannon 
investigated in his famous thesis,86 but adopted a significantly different approach.

It is useful to start by confirming the relationship between their research. As 
Nakashima and Hanzawa translated several of their articles into English, Shannon may 
have read English translations of their articles before writing his Master’s thesis at MIT. 
However, Nakashima had not yet translated the paper that included his algebraic system, 
which closely resembled Boolean algebra, when Shannon wrote his thesis.87 Conversely, 
it is not clear that Nakashima knew of Shannon’s work before his visit to the U.S. Since 
Nakashima often referred to articles published in the U.S. in the Bell System Technical 
Journal and other journals, he could have encountered Shannon’s work before his visit to 
Bell Labs in New York. After 1940, he certainly knew of Shannon’s work, having held 
direct conversations and communications with members of Bell Labs; as discussed in the 
previous chapter, the papers Nakashima wrote after 1940 included more sophisticated 
discussions of the topic. Although Nakashima did not mention Shannon, except in a 
memoir written just before his death,88 it is highly probable that he picked up ideas from 
Shannon during his stay in the U.S.

Nakashima and Hanzawa derived their theoretical work on relay circuits from 
electrical engineering, rather than mathematics. The decomposition theorem that formed 
the basis for their 1940 paper, for example, was based on electrical engineering. 
Shannon’s originality reflected the fact that he connected algebraic logic with practical 
network design; by contrast, Nakashima and Hanzawa were original in their expansion of 
electrical-engineering theory.

We can see a clear difference on this point. While Shannon removed physical 
aspects through abstraction and created a mathematical theory of switching circuits (not 
necessarily limited to relay circuits), later extending this approach to communication 
technology and cryptography, Nakashima set out to extend the domain of electrical 
engineering; he never accepted the autonomy of mathematical thought in engineering. 
Shannon worked in the field of logic or (applied) mathematics; his thesis referred only to 

Electrotechnical Laboratory) (Tokyo: Denki Shikensho, 1943): 238‒247; Mochinori Gotō, “Ronri Sugaku 
Hoteishiki no Kai to sono Ōyō (The solutions of logical mathematics equations and their applications)” in Denki 
Shikensho Kinen Ronbun Shū (The Collection of Memorial Treatises from Electrotechnical Laboratory) (Tokyo: 
Denki Shikencho, 1948): 1‒5.

86 See note 4. 
87 See note 44. Even if Shannon had read Nakashima’s paper, it would not have helped him write his thesis. 

Where Nakashima extended circuit theory into relay theory, Shannon made a mathematical theory out of switching 
circuit, abstracting away its physical aspect. They adopted different approaches to answer the same question.

88 See note 17. 
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the literature in philosophy and logic, never referencing articles on electrical 
engineering.89 By contrast, Nakashima thought that logic-based results required support 
from electrical-circuit theory before they could be used to solve problems in electrical 
engineering. He could not accept mathematical truth as engineering truth.

Although they lived in almost the same period (Nakashima was born in 1908 and 
Shannon in 1916), they belonged to different generations in their way of thinking. Many 
disciplines now embraced by electrical or electronic engineering are a far cry from the 
telegraph, telephone, electric lamps, motors, and generators in which the field has its 
roots.90 Nakashima kept his theory close to these machines, while Shannon abstracted 
their mathematical structure and separated engineering from concrete objects. Similarly, 
Vannevar Bush (born 1890), Shannon’s supervisor, also favored the grounded analogue 
approach.91 Nakashima was allied with Bush, while Shannon broke new ground, which 
led to the abstract and modern approach that dominates the world of engineering today.

The views espoused by Nakashima (and Bush) had distinct advantages in the 1930s 
and 1940s, because physical aspects of the circuit could not be abstracted without 
discarding the rich legacy of electrical engineering.92 Nakashima was led to embrace the 
dualistic nature of the circuit and an algebraic approach to the problem through circuit 
theory; in general, there was a similarity between the relay circuit and the electrical 
circuit. Few electrical engineers had ever heard of algebraic logic. Nakashima could use 
results drawn from both from engineering and mathematics, thanks to the two-part 
structure of his theory. For the time, his approach was quite reasonable.

6. Conclusion

Previous historical studies of Nakashima’s work have focused on its similarity to 
Shannon’s and attempted to claim the precedence of Nakashima’s work to Shannon’s. In 
contrast to these earlier studies, this study shows the difference between their works. 
These two, who investigated the same object almost contemporaneously had, in fact, 
worked on different theoretical frameworks; while Shannon wrought his theory in a 
highly mathematical manner, assuming that his mathematical model was linked to real 

89 See note 4. 
90 Karl L. Wildes and Nilo A. Lindgren, A Century of Electrical Engineering and Computer Science at 

MIT, 1882‒1982 (note 16), p. viii. 
91 E.g., see Larry Owens, “Vannevar Bush and the Differential Analyzer: The Text and Context of an Early 

Computer,” Technology and Culture, vol. 27, no. 1 (1986): 63‒95. 
92 For example, von Neumann said in 1948 that “formal logic is, by the nature of its approach, cut off from 

the best cultivated portions of mathematics,” namely, mathematical analysis. Nakashima’s approach had a 
considerable advantage, with its connection to “the best cultivated portions of mathematics.” See John von 
Neumann, “On a Logical and General Theory of Automata,” in Cerebral Mechanisms in Behavior̶The Hixon 
Symposium, ed. L. A. Jeffries (New York: Wiley 1951): 1‒31; repr. in Papers of John von Neumann on 
Computing and Computer Theory, eds. William Aspray and Arthur Burks (Cambridge, Mass.: MIT Press, 
1987): 406.
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relay circuits, Nakashima extended the existent circuit theory to deal with relay circuits 
and was reluctant to embrace the abstract mathematical model lacking intuitive 
connection to real circuitry. As noted above, Nakashima’s research had two turning 
points: the adoption of algebra and set theory from abstract mathematics and the 
separation of engineering and mathematical outlooks on relay circuits. Nevertheless, he 
continued to think highly of engineering theories and deemed abstract mathematics 
ancillary to the former. His attitude stands in stark contrast to that of Shannon, who was 
determined on the validity of his mathematical approach.

It is important, however, not to depreciate Nakashima’s attitude, because it was 
natural and reasonable that he dealt with relay circuits within the framework of existing 
engineering theory. Circuit theory, which had flourished mainly owing to the engineers in 
the US, like Charles P. Steinmetz, J. R. Carson, and Hendrick W. Bode, was the most 
powerful theoretical framework Nakashima and his colleagues had. In contrast, what we 
call discrete mathematics today, including set theory or Boolean algebra, was not in the 
toolbox of electrical engineering in general, and to adopt the totally mathematical 
approach meant losing access to such a powerful means of exploration.

Nakashima’s work stands at a crossroad in the history of the electrical engineering. 
Before the mid-twentieth century, theoretical investigation in this field was about physical 
things, and its connection to the physical, concrete world was tight. In the latter half of 
the century, however, engineering theories lost this grounded nature and became much 
more abstract. Shannon was one of the pioneers of this movement in engineering science. 
With its dualistic nature, Nakashima’s work epitomizes this historical shift in the history 
of engineering.
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