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All of the papers in this session examine how the “circulation of knowledge,” which is a concept that has been gaining ascendancy in science studies circles, is well suited to the study of technological innovation. The current significance attached to this concept, “the circulation of knowledge,” is demonstrated, for instance, by its being chosen as the overall theme of the recent 3 Societies conference in Halifax, Nova Scotia. This was a meeting organized by many of the key figures in the History of Science Society, the Canadian Society for the History and Philosophy of Science, and the British Society for the History of Science. But to the extent to which this new interest has been driven by scholars such as Ian Hacking and Peter Galison, who have turned to a study of the material culture of science, there is reason to believe that the concept would be at least as applicable to the study of technology. (While the papers in this session do not explicitly address technical exchanges across a transatlantic community, it does also addresses the “circulation of artifacts, people and ideas,” a specific theme for our meeting here in Amsterdam.)

Perhaps the best way to describe this project is by way of visualization. The chart on the left is a list of the different modes of circulation identified in the original call for papers for the 3 Societies conference. Thus, one of the modes of circulation they spoke about during this conference was the diffusion of experimental techniques during a widespread effort to replicate a scientific result—as occurred in the case of cold fusion. [pause] By contrast, when these historians of science spoke about “exploration, migration, and fieldwork,” their principal concern was with the embodied circulation of knowledge, where individuals obtain, translate, and reconstruct the knowledge they extract from one context and render it relevant to another.

Meanwhile, a major theme that emerged during the conference was the importance of “translation,” and the intersubjective reconstruction of meanings that occur during the circulation knowledge. Such acts of translation are of course quite familiar to those of us in the history of technology who have studied technology transfer and diffusion. Still, in pursuing the analytical foundations of what happens during the reconstruction of knowledge, these historians have tread new ground in identifying how the underlying issue is a tension between shared epistemic foundations and the different epistemic cultures through which different groups decode knowledge in different ways. At the meeting, this was demonstrated using examples such as natural history museums and popular science periodicals.

Similar issues were shown to be at work during the circulation of knowledge across continents—which also happens to be a major theme for our conference. However, here it may be worth considering how the circulation of knowledge in scientific institutions differ from the patterns of circulation in a commercial or technological institution. Thus, as against the open and broad circulation of knowledge in the Republic of Letters, commercial interests and legislative constraints limited the early exchange of knowledge about British manufacturing techniques. Yet an illicit trade in manufacturing knowledge, including the knowledge embodied by artisans, ensured that knowledge about manufactures circulated quite freely to North America. Indeed, the challenge for those of us in the history of technology, if we are to use this kind of representation, is to consider the different kind of exchange networks and topologies that we may find in the history of technology, as opposed to the history of science.

This representation is not yet part of the current discourse about the circulation of knowledge. Or rather, it is a specific extension to the concept that I have proposed in manuscripts submitted to Social Studies of Science and Social Epistemology. Although I cannot speak to all of the different aspects of this representation, it should be noted that it draws explicitly on an “ecological” view towards knowledge as advanced by sociologist (Susan) Leigh Star (Star and Griesemer (1989); Star (ed.), Ecologies of Knowledge (1995)), as well as historian of science Charles Rosenberg (1997/1972). An ecological metaphor basically serves as a way of thinking about the regionalization of experience, and helps point to the different institutional contexts, or “institutional ecologies” that contribute to technological innovation and scientific discovery. Meanwhile, the layered representation in these animations is designed to make explicit the “metonymic,” or part-whole relationship between specific technologies and their supporting institutions. The representation can also use interconnections across the layers, and the spatiality within each layer, to depict the complex structure of such relationships. (It should also be noted that the upper layers, which refer to social institutions, also index the deeper structure of meanings embedded in artifacts.)

In some respects, the proposed representation is similar to the one used by Trevor Pinch and Wiebe Bijker (1984/1987) in their seminal essay establishing a constructivist approach to the study of technology.
 Yet although Pinch and Bijker’s work was itself derivative of the work in science studies, the specific inspiration for my representation is Peter Galison’s recent writings about intercalation. Galison is among the historians of science who have cultivated a renewed interest in material culture—scientific instruments, the quasi-industrial work organization at linear accelerator facilities, and the like. In his study, he used this representation (wave to left) to bring the literature on the material culture of science to bear on a fundamental issue in the history of science, namely the need to account for the general sense of epistemic continuity that prevails within the sciences even despite broadly recognized discontinuities in the theories, instrumental traditions, and experimental practices of science.

Clearly, there is a substantial mapping between Galison’s figure and the lower layers of the proposed representation. Yet although Galison’s representation is useful in describing certain things, it presents the theorists, experimentalists and instrumentalists in physics each as having a homogeneous subculture. As it relates to science, my representation proceeds by adding a fourth, metonymic layer to represent research organizations, and relies on the spatiality of the representation to document more precisely how a commitment to specific theories and experimental traditions may differ across groups…, and how this might undergo change across time. [pause]

While it is possible to work at this level, I also suggest that this kind of disaggregation can be carried much further. Staying for a moment with the history of physics, each of these three so-called “subcultures” of physics can be disaggregated across the multiple layers to recognize that they each hold separate if interrelated commitments to artifacts, knowledge, and skilled practices. (This is something Peter Galison subsequently acknowledges in his discussions about a “trading zone.”)

These transformations remake the representation into one more applicable to a detailed historical analysis, including studies in the history of technology. On the other hand, given the greater ties between technology and social interests, it is necessary to add back the additional metonymic layers representing professions, disciplines, and other social institutions. Actually, of the recent works in the history of science that have turned to a study of scientific practice, Galison’s work remains among those that retain a substantial connection to social context. In describing, for instance, C.T.R. Wilson’s invention of the cloud chamber, Galison spins a narrative that spans all of the different layers now present in this representation. Of greater interest to the study of innovation, Galison’s historical narrative also provides a clear description of creative processes that can be classified into those of interpretive extension…; combination…; and dissociation. While I do not have the time to define these processes here, it is worth considering how Galison’s account of the image and logic traditions in physics draws robust connections to social institutions; describes the novel recombination of the technological infrastructures of science; and documents the successive dissociation of new knowledge from older institutionalized traditions such as the Victorian culture of mimesis.

It should come as no surprise, then, that the proposed representation transfers rather readily to the study of technology, and especially the closely related studies in the history of engineering practice. Clearly, Edwin Layton and Eugene Ferguson’s observations about how so much of engineering innovation is based on incremental advances enabled by the creative reuse of a common repertoire of engineering knowledge and artifacts mirrors Galison’s observations about the creative recombination of the material culture of science. Indeed, to the extent to which the new interest in the circulation of knowledge among historians of science is driven by their appropriation of our literature on invention and innovation, new ideas about the circulation of knowledge, including Galison’s theory of intercalation, can be considered a formal articulation of relationships already documented in the history of technology. Therefore, a good deal of the literature on the American Systems of Manufactures, a cornerstone of our historiography, maps rather easily onto the proposed representation. Clearly, this is a literature that also deals with the diffusion of knowledge, the significance of technical skills and material culture, and the innovations that occur as a result of collaboration across institutions (—specifically between the U.S. military, military arms manufacturers, and various sectors of early U.S. industry).
 The point here is not to press upon matters of intellectual priority, but to point to the similarities that make it possible to transpose the recent thinking in the history of science back into the history of technology.

Still, a considerable challenge remains in establishing that my representation can deal effectively with other issues in the history of technology, many of which differ from current concerns in the history of science. I believe the proposed representation, and the “circulation of knowledge” more generally, is relevant to a fairly wide array of our concerns, including those of disciplinary formation, technology transfer, diffusion, innovation, and the political consequences of our technological choices and designs. However, in this paper, I wish to focus on just one of these processes, namely the embodied circulation of knowledge as it comprises just one of a number of different processes for technological innovation.

(John W. Mauchly in the Origins of Modern Computing)

So the rest of this paper focuses on one individual, John William Mauchly, who is considered to be one of the two principal “inventors” of the modern electronic computer.  Up until World War II, computing was not yet a unified field, but a loose agglomeration of integrated techniques and practices sustained through separate institutional niches for commercial accounting, scientific computation, and engineering analysis.  The centralizing effects of the science mobilization effort did a lot to draw these disparate bodies of knowledge into a coherent discipline (Mindell 2002).  Yet the actual origins of the electronic computer, if not its subsequent appropriation, lay in the peripatetic career of an individual located in the social margins of research.

John Mauchly was born on August 30th, 1907 to Sebastian J. and Rachel Mauchly in the town of Hartwell, Ohio. The father, S. J. Mauchly was a high-school science teacher who went on to receive his PhD in physics from the University of Cincinnati. In following the US tendency to focus on experimental physics, and lines of inquiry that availed themselves to practical application, S. J. Mauchly based his reputation on inventing an instrument capable of measuring the vertical component of the Earth’s magnetic field. This work earned the attention of the prestigious Carnegie Institution of Washington and their newly established Department of Terrestrial Magnetism, at which S. J. Mauchly began working in 1915. This position, and his apparatus, enabled John’s father to discover the diurnal variation in the Earth’s magnetic field, a discovery for which he secured a considerable reputation.

Yet, if a commitment to science was one of the early elements of John’s socialization, he was also moved by the heady materialism of the 1920s. Although scientists in the United States were not yet a class unto their own, membership in an elite institution such as the Carnegie Institution enabled the Mauchlys to enjoy the rich, middle-class lifestyle they carved out for themselves in the peaceful suburb of Chevy Chase, Md. (John’s mother, Rachel Mauchly, was a strong woman who enjoyed the gay lifestyle of the 1920s. She had attended the regular meetings of the local Women’s Club, hosted some of its luncheons, and held informal “hen parties” with her new friends and social acquaintances. The mother worked hard to cultivate her son’s interests. She arranged for the obligatory piano lessons, chided him for his penmanship, and saved up for the annual family vacation out at the Jersey shore.)

Being born to a complex industrial society, there were many other influences in John’s life. Perhaps the most important of these, at least for this study, was a vibrant culture of invention and innovation that found various expression during the 1910s and 20s. S. J. Mauchly’s decision to invent a new scientific apparatus was itself a specific expression of this culture, which had thoroughly permeated US scientific institutions by the early decades of the 20th century. Mauchly was also influenced by the technical culture of McKinley Technical High School. McKinley had a formal affiliation with the master mechanics at the U.S. Navy Yard in Washington, and it specialized in the mechanical arts. Engineering drawing and technical virtuosity were clearly valued at this school. John also joined the ranks of the countless youths who bought and built their own crystal sets, which was of course very popular at the time. And by the time he left for college, he was known to be something of a local wizard in “things electrical,” and had a minor business repairing household appliances and laying new electrical lines in his neighbors’ homes.

John had entered Johns Hopkins University intending to receive his degree in electrical engineering. However, his father’s death, on Christmas Eve of 1928, led him to commit himself to a life in the sciences. His father’s subtle urgings, even as he verbally encouraged his son to choose the more practical career, proved to be the decisive factor. On the back of an envelope containing a letter describing his father’s failing health were the words, “mean free path of light thru gas should be a function of mean free path for an atom, and perhaps density… .”

Unfortunately, John made molecular physics his chosen field of study. During the 1920s, molecular physics still rivaled subatomic physics as the most promising area of research. The most exciting developments in subatomic physics were still around the corner, and there were those who doubted whether practical knowledge could ever be gained by delving further into the minute particles of matter. By contrast molecular physics offered real promise, for the ionization of gases in the upper atmosphere had demonstrable effects on radio propagation. Physicists were well suited to analyze such effects. The work was also closely related to his father’s area of study.

However, by 1932, things had changed. By then, molecular physics had been eclipsed by new work in nuclear physics. The first wave of émigré physicists also began to arrive from Eastern Europe, most of whom possessed a very different kind of training. Above all, the Great Depression made it difficult for any newly minted academic to find a good appointment.

Mauchly had little choice but to accept a teaching position at Ursinus College, a small liberal arts college located outside of Philadelphia. Although research universities had little use for additional molecular physicists, liberal arts colleges, especially as pressured by the progressive reform movement in medical education, found someone with Mauchly’s credentials to be an immense asset to the institution. Welcomed by the president of the college himself, Mauchly was made the chair of a one-person Physics department at Ursinus.

Still, in being at a teaching institution, Mauchly could find little room for his research. He continued to dabble with data borrowed from his advisor. He also purchased a second-hand Marchant calculator—perhaps a vestige of a bank that went under during the Depression—to carry out the calculation of molecular energy levels that could be extracted from this data.

Yet, Mauchly grew painfully aware of the limits of what he could do alone. Physics was changing. The best work, even in the field of molecular physics, was carried out with expensive instruments well outside the reach of many universities, let alone an isolated scholar working at a liberal arts college. Yet, the idea of research continued to tug at his sleeves, so inextricably bound as it was to his own identity, and that of his father.

For the summer of 1936, Mauchly decided to take up a position as “temporary assistant physicist and computer” at the Carnegie Institution’s Department of Terrestrial Magnetism, or DTM. He accepted a position as a glorified human computer, in working for his father’s former supervisor. However, once at a prestigious institution, Mauchly’s credentials did open up new doors. John was befriended by an émigré physicist, J. Bartels, not the least because Bartels’ work was based on extending S. J. Mauchly’s work on diurnal variations. Bartels had therefore discovered a separate 27-day variation in the Earth’s magnetic field. Given that this corresponded to the sun’s period of rotation, this had opened new inquiries into the nature of sun spots, cosmic rays, and their relationship to terrestrial phenomena.

Excited by the prospect that his father’s data could generate new discoveries, Mauchly began to work outside his official assignment. He soon felt that he had demonstrated a diurnal depression in midday ion densities in the F2 region of the ionosphere.

Mauchly pursued this work over the course of three summers at DTM. It also helped that he could write up his work while he was back at Ursinus. At the end of the third summer, Mauchly submitted his work for publication in the Journal of Terrestrial Magnetism and Atmospheric Electricity, a journal published by DTM and edited by his (father’s) supervisor.

Following an internal review, the supervisor and editor, John Fleming, rejected the article. Fleming questioned whether Mauchly knew enough about theories of the ionosphere to “draw general conclusions regarding the causes of variation in the F2 region.” He also criticized Mauchly’s paper for relying on too short a period of data analysis.

Fleming’s rejection led Mauchly in three separate directions. First, it caused him to shift his interests to meteorology. Mauchly reasoned, perhaps correctly, that part of Fleming’s response might have resulted from his apprehension about allowing someone outside of DTM to publish articles using the laboratory’s data. If DTM’s atmospheric data had to be regarded as private, the daily weather maps and precipitation data generated by the US Weather Bureau were entirely in the public domain. Moreover, it was data that could be reproduced and transported to a researcher working in isolation. From a scientific point of view, it was not unreasonable to think that the lower atmosphere might also be affected by solar effects, which could manifest itself as a change in the weather. Mauchly spent the summer of 1940 as a statistical advisor at the Blue Hill Observatory in Massachusetts.

Indeed, Mauchly’s second strategy was to develop a deeper understanding of statistics, since a strong statistical argument could legitimate inferences made from a limited pool of data. Mauchly felt that his work at DTM, which made use of multivariate statistics, was original even with respect to statistical methodology. He soon discovered that professional statisticians had given more formal treatment to the subject. Statistics was more advanced in the social sciences. However, statisticians such as Samuel Wilks at Princeton and Harold Hotelling at Columbia took an interest in Mauchly’s work, for it demonstrated the applicability of their methods in the physical sciences. As a result of further study and correspondence, Mauchly was able to get his first article published in the Journal of Terrestrial Magnetism. He was also able to publish a useful if derivative work in the Annals of Mathematical Statistics.

Finally, Mauchly’s third strategy was that of finding a means of performing a greater volume of computation. Quantity could overcome what could not be achieved through theory or statistical methods alone. Mauchly first turned to the resources offered by the National Youth Administration, a Depression era agency that allowed him to hire students to work as human computers. Simultaneously, Mauchly turned to mechanical solutions. One aspect of this was Mauchly’s decision to examine tabulating machines, a machine that was used to routinely compute statistics in the social sciences. (The tabulating machine also had many commercial uses such as the actuarial calculations of the insurance industry.)

Meanwhile, his youthful interest in invention led him in yet another direction. Actually, quite independent of his research interests, Mauchly toyed with the idea of remaking himself into an inventor. He tried his hand at designing a better household thermostat—perhaps something he wished he had because of the Great Depression. (The Ursinus faculty had been forced to accept a pay cut.) A gas-filled triode could be made to consider—indeed compute—the first derivative of a change in temperature, thereby reducing the extent to which a thermostat overshot or undershot its target. Though Mauchly never filed for a patent, this work led him to consider whether a physicist’s scaling circuit—a high-speed electronic circuit used in scintillation counters that could “count” the rate of incidence of a particular physical event—could be used to create an “absolute,” or in modern parlance, digital frequency meter suitable for industrial control applications.

His work in meteorology drew him back into the design of scientific instruments, both of an analog and digital nature. Drawing on prior work in harmonic analysis and on electrical network analyzers, Mauchly built an electronic, harmonic analyzer that could be used to identify regularities in the weather data. Likewise, following a demonstration of George Stibitz’ Complex Number Calculator at the 1940 meeting of the American Mathematical Society, Mauchly proceeded to think about high speed electronic calculators. This was to be a numerical machine, quite similar in principle to Stibitz’s electro-mechanical device, that could perform sums of squares and cross-products, both of which were important to statistics.

It was during a presentation of his new meteorological work at the December 1940 meeting of the AAAS (American Association for the Advancement of Science) that Mauchly encountered John Vincent Atanasoff. Whether or not through serendipity, Atanasoff was also a molecular physicist displaced by the rise of nuclear physics. He too had turned to electronic computing apparatus as a means of extending the prospects for his research. Atanasoff had turned to linear equations, whereas Mauchly turned to statistics, but the underlying intent for using electronics was the same. Atanasoff had gotten much further, in having started his work back in 1937. The early phases of the civilian science mobilization effort also led Atanasoff to soon recognize the broader applications of his innovation.

However, at the time, the immediate consequence of this encounter was that Mauchly decided to enroll in a wartime training program in electronics at the University of Pennsylvania. This was a difficult decision. On the one hand, Mauchly had to maintain a middle-class lifestyle on a meager academic salary. By now married and with two kids, Mauchly had returned to a childhood practice of maintaining a meticulous record of his expenditures: nine-fifty (9.50) for telephone services, $15 for meat; $60 for Jimmy’s tuition; and $18 for the children’s milk. He had an opportunity to take up a defense training job at another college. Yet, in the end, his commitment to research overtook his family interests, or at least what could be accomplished immediately.

“[Mary] particularly thought that it would be better for me to break the following news,” he had written to his mother,

I am studying engineering at the University of Penna. You know from her letters, I think, that I was offered one of the defense teaching jobs—one at Hazelton, Pa. The money looked big. But when I considered that an opportunity to get a compressed course in electrical engineering might never present itself again, I decided to be student rather than teacher.

Tomorrow Mary is moving herself and kids over to the Carter’s farm… Are you surprised off your feet? Mary was.


Once at the University of Pennsylvania’s Moore School of Electrical Engineering, Mauchly found the remaining knowledge, reasons, and resources he needed to build a general-purpose electronic computer. Though nowhere near as prestigious as MIT or Stanford, the Moore School was a major repository of knowledge about best practices in radio and electronics engineering. The Moore School’s early work on radar systems for the National Defense Research Committee (NDRC) gave Mauchly an opportunity to extend the work he had done supervising human computers via the National Youth Administration. The work of analyzing parabolic antennas also introduced him to the mathematical technique of numerical integration.

Meanwhile, the US Army’s Ballistic Research Laboratory had made the Moore School into an auxiliary of its computing section. Continuous improvements to military ordnance generated a corresponding need for the routine production of new artillery range tables. The Moore School performed this work using both analog and numerical methods, the former based on the use of an analog computing instrument known as the differential analyzer. The latter was carried out by a separate group of human computers assembled by the Moore School. When work on the Electronic Numerical Integrator and Computer, or ENIAC, began in June of 1943, it was literally an integration of these two approaches to computing.

More broadly, the ENIAC was the unique synthesis of the various problems and perspectives, and resources and techniques that Mauchly assembled during the course of his career. Mauchly’s decision to join the Moore School was just one more step in a tortured path, where he had traversed through different institutional contexts in a desperate attempt to sustain a productive research career. Yet in the process, Mauchly was exposed to the radio propagation studies and mechanical calculators at the Carnegie Institution of Washington; the electronic scintillation counters used by physicists; the statistical techniques and equipment used by social scientists; and the intense demand for statistics and computation presented by atmospheric scientists and meteorologists. His presence at the Moore School merely amassed the remaining things he needed before he could propose to build a large-scale electronic computer. For Mauchly, the circulation of knowledge was accomplished through the means of his own biography.

Given that this story was told entirely in a narrative mode, one might question the need for all of this computer graphics. Indeed, the underlying notion of the circulation of knowledge might seem rather redundant or mundane. Yet, this relationship can be viewed the other way. A prior sense of the scope of relevant knowledge, rendered visible by such a representation, may make it possible, or at least easier to identify the diverse institutional contexts out of which innovation occurs. As I suggested at the outset, there is nothing exclusive about the particular approach to innovation described here. Even in the history of science, the embodied circulation of knowledge is but one of many different approaches to scientific discovery. Yet, it is significant that although we know, since Bernie (W. Bernard) Carlson’s work, that innovation is a social process, the exact texture of innovation has remained disputed and often occluded. Visualization can help to depict the exact nature of the social process of innovation, and importantly, to acknowledge its particularism. There are, in other words, many different modes of innovation that require historical analysis, and description.

This paper is indeed but one element of a broader project to document changing patterns of innovation in the United States from the prewar period, to World War II, to the early Cold War era, all as demonstrated through major developments in the history of computing. All of innovation is about a circulation of knowledge. Yet the goal of presenting this kind of “ecological” model is that of using visualization to document changes in the underlying practices of innovation. My hope is that the kind of work that I revealed today might find a useful place in studies of innovation, and other subjects in the history of technology.

Thank you.

� The emergence of constructivist approaches to the study of the history of technology were quite broader, and can be considered a part of the general influence of Peter Berger and Thomas Luckmann’s The Social Construction of Reality, whose influence stretched across the humanistic disciplines. While we are accustomed to citing Bijker and Pinch’s SCOT (Social Construction of Technology) approach, Thomas Hughes’ technological systems approach, and Latour’s actor-network theory as the three principal constructivist methodologies as applicable to technology studies, the influence of “social construction” was quite broader and could be traced to works by many other historians of technology that integrated, or worked separately from these various traditions. This is not the point of emphasis of this essay. A relevant, if brief discussion can be found in Akera ([In review-b]).


� This is what I take Galison to be grappling with when he wrote that the more he pressed his laminated picture of intercalated practices, the more it seemed to decay and fall apart (1997, p. 783). At this level of detail, the representation also approaches the kind of heterogeneous complexity identified by Leigh Star and others (including Peter Taylor) in their discussions about an ecology of knowledge, which brings sociological studies to the level of particularism more compatible with historical analysis. 


� As documented most extensively by David Hounshell.





NOTE: An animated version of this presentation should be available at the following website: http://www.rpi.edu/~akeraa/Akera_projects.html 
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