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PREFACE vii

Preface

The Biographical Memoirs is a series of volumes, beginning in 1877,
containing the biographies of deceased members of the National Academy of
Sciences and bibliographies of their published scientific contributions. The goal
of the Academy is to have these memoirs serve as a contribution toward the
history of American science. Each biographical essay is written by an individual
familiar with the discipline and the scientific career of the deceased. These
volumes, therefore, provide a record of the lives and works of some of the most
distinguished leaders of American science as witnessed and interpreted by their
colleagues and peers. Though the primary concern is the members' professional
lives and contributions, these memoirs also include those aspects of their lives in
their home, school, college, or later life that led them to their scientific career.

The National Academy of Sciences is a private, honorary organization of
scientists and engineers elected on the basis of outstanding contributions to
knowledge. Established by a Congressional Act of Incorporation on March 3,
1863, the Academy works to further science and its use for the general welfare by
bringing together the most qualified individuals to deal with scientific and
technological problems of broad significance.

BRYCE CRAWFORD, JR.
HOME SECRETARY
CAROLINE K. MCEUEN
ASSOCIATE EDITOR
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RICHARD MCLEAN BADGER 3

Richard McLean Badger

May 4, 1896-November 26, 1974
By Oliver R. Wulf

The qualities of a very careful investigator, as well as those of a gifted
teacher, combined to make Richard McLean Badger an unusual person. The
meticulous care shown in his scientific work and in his teaching was also evident
in his artistic activities, for he was an accomplished painter and a craftsman of
great ability.

Badger died on November 26, 1974, at the age of seventy-eight. He had been a
student, teacher, and researcher at the California Institute of Technology for more
than fifty years.

Though born in Elgin, Illinois, several years of his boyhood were spent in
Brisbane, Australia, to which city his family had moved. On the return of the
family to Elgin, he completed his high school work there, following which he
went through the Junior College of the Elgin Academy. After this he enrolled at
Northwestern University, but World War I interrupted this portion of his career.
He served in France in the 311th Field Signal Battalion of the Army.

Following the war he entered the California Institute of Technology,
receiving there his bachelor of science degree in 1921 and his doctor of
philosophy in 1924. He was appointed a research fellow at the Institute, a position
he occupied from 1924 to 1928. In 1928-29 he was in Germany in postdoctoral
work, as a National Research Council Fellow, at the Univer
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RICHARD MCLEAN BADGER 4

sities of Gottingen and Bonn. Following this he returned to the California
Institute of Technology as assistant professor of chemistry and began, then, his
long career of teaching and research.

Badger's many years of teaching undergraduates brought him the award of
the Manufacturing Chemists Association for college chemistry teaching. This is
presented to teachers of undergraduates who have been "personally responsible
over a period of years for awakening in students a genuine interest in chemistry,
for inspiring them to serious intellectual effort in studying that field, and for
developing that interest into a continuing education."

His love and enthusiasm for the outdoors and the unexplored are well
illustrated by the occasion when, in early days, he drove with a close friend to a
point in the vicinity of the Big Sur on the coast of California to begin a long
backpacking over rough and unmarked terrain to encounter friends who had
started from another point on the coast and were moving toward them. He and his
companion, after the meeting with the others, continued on to the point at which
their friends had left their car, while the friends continued their hike to the point
where Badger and his companion had left theirs, the group thus exchanging cars
at the ends of the course for the homeward trip.

The writer of this memoir has been much interested in the oft-repeated
instances, mentioned when in conversation with others in the course of this work,
where Badger took students and colleagues on trips to the California deserts,
which he so much loved and which he painted so beautifully.

In his research activities Badger was especially well known for his extensive
investigations in the fields of spectroscopy and molecular structure that, with his
many students and collaborators, he carried out over a period of four decades.

Though known principally for this work, he did his doc

Copyright © National Academy of Sciences. All rights reserved.
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RICHARD MCLEAN BADGER 5

toral thesis in the field of thermodynamics under Professor Arthur A. Noyes. This
was an ingenious experimental study of the ammonia, carbon (in the form of
charcoal), hydrogen cyanide, hydrogen equilibrium, leading, when combined with
heat and heat capacity data, to a value for the free energy of hydrogen cyanide.
The investigation was a difficult one because at a temperature high enough for the
equilibrium to be measured in a static system, the ammonia would be almost
completely dissociated, yielding only a trace of hydrogen cyanide at equilibrium.
Using a charcoal that was very active in establishing this equilibrium—and yet
that did not decompose ammonia rapidly (this latter being in accord with the
knowledge that charcoal is not a good catalyst for the ammonia synthesis)—
Badger succeeded, using a flow method, in measuring the equilibrium constant
near 800 K, studying, thus, the equilibrium with one of the components in a
meta-stable condition, the ammonia dissociating only slowly in spite of being at a
much higher concentration than corresponded to equilibrium with its own
dissociation products at this temperature.

During and following graduate work he collaborated with Professor Richard
Tolman, on the one hand in a theoretical study of the entropy of diatomic gases
and the matter of rotational specific heat, and on the other hand, in an
investigation that, it seems, may well have been the cause, or at least the main
cause, of his entering the field in which lies the major portion of his life's work.

This latter work with Tolman was a study of the correspondence principle, in
which, for the first time, a comparison of experimental data was made of its
predictions as to the absolute—rather than merely the relative—strength of
spectrum lines. The experimental data on the absolute intensity of spectral lines
was, at that time, very limited. Tolman and Badger used Czerny's excellent
measurements of the in
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RICHARD MCLEAN BADGER 6

tensities of several lines in the pure rotation spectrum of hydrogen chloride in the
far infrared. To carry this study further it was clear that data under higher
resolving power would be of much help. The report of this work with Tolman
concluded with the remark that "An attempt to obtain further data for this purpose
is already under way in this laboratory."

To aid in accomplishing such measurements, Badger devised two
experimental improvements, which illustrate well, at an early date, his scientific
craftsmanship and ability as an instrument maker: a balanced thermocouple and a
special type of echlette grating, both of much help in spectrometric investigations
in the region of very long waves where the energy available is small.

With apparatus incorporating these new helpful features Badger proceeded
to measure the absolute intensity of the absorption of hydrogen chloride in the
vicinity of 80 u. Thus the extensive investigations throughout his life in the field
of molecular rotation-vibration spectra had begun.

Foreseeing the importance of such spectra in the study of the structures of
polyatomic molecules, where, of course, the main chemical interest lay, Badger
chose ammonia as a first polyatomic molecule to investigate. This had a
symmetrical pyramidal structure that could lead to some simplification in the
increasing complexity of the spectra of polyatomic molecules. He early reported,
in a brief note in Nature, the finding of an unexpectedly simple spectrum of six
lines in the far infrared lying between 55 p and 130 p. This early note opens with
an acknowledgment of the assistance received in the work from Mr. C. H.
Cartwright, and it is followed directly by a paper in the Physical Review by
Badger and Cartwright, "The Pure Rotation Spectrum of Ammonia." Thus began
Badger's long series of investigations with a large number of
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RICHARD MCLEAN BADGER 7

graduate students and associates in the field of molecular spectra and molecular
structure.

An intermission in the work at Caltech occurred at this time, when he spent
the year (mentioned above) in Germany on a National Research Council
Fellowship. For the first part of the year he was at Professor Franck's Institute in
Gottingen. There he carried out an interesting research on the fluorescence from
open (ambient-pressure) flames. Under such conditions of high pressure, one
might have expected that deactivation by collisions would lead to quenching of
the fluorescence. Nevertheless, this research showed clearly that pressure
broadening offset the effect of deactivation and by increasing the absorption of
the broad lines from the source exciting the fluorescence.

A return to the work on the spectra of polyatomic molecules was evident in
the second part of the year, which he spent at Professor Mecke's Institute in
Bonn. Badger and Mecke, recognizing the inherent difficulties in obtaining
sensitivity and high resolution in the middle and far infrared, turned to the
measurement of the spectra of polyatomic molecules in their overtones and
combination tones, which lie in the near infrared and visible region of the
spectrum. Here there were two important advantages: the use of photographic
plates (which now could be sensitized for this region) permitting extended
exposure times, and the high resolution obtainable with long-focus gratings.

Upon going to the use of a long-focus grating and high resolution, they
encountered the interesting circumstance that with this considerable laboratory
air path, there always appeared in absorption on their plates the lines of an oxygen
molecule band at 7600 A, well-known in the solar spectrum, Fraunhofer's A. This
band had been measured earlier several times, but always in the solar spectrum
where the lines were

Copyright © National Academy of Sciences. All rights reserved.
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RICHARD MCLEAN BADGER 8

strongly broadened by the long atmospheric path and difficult to measure, and it
had never been observed in absorption in the laboratory. This latter they now had
under favorable circumstances for measurement. Since this transition in the
oxygen molecule was of some theoretical interest, they proceeded to measure the
many lines of the band and to study the combination relations of this electronic
transition. The work verified Mulliken's term assignment of 'Z—3% to it.

There followed with Mecke an extensive investigation and analysis of
rotation-vibration bands of ammonia in the near infrared and visible. This
established several features of the molecule—the frequencies of the three
fundamental vibrations of the symmetrical NH; pyramid, the two moments of
inertia, and the N-H bond length.

On return to Pasadena, and utilizing the high resolution obtainable with
long-focus gratings and photography, Badger instituted a program for the
investigation of the rotation-vibration spectra of a number of the simpler
polyatomic molecules. This developed into a long series of studies with graduate
students and associates, continuing into the spectra of molecules of increasingly
complicated structure, and becoming the main portion of his life's scientific
work.

An experimental observation by R. W. Wood and F. W. Loomis concerning
the fluorescence of the iodine molecule indicated that there were two forms of the
molecule, presumably ortho and para forms analogous to ortho and para
hydrogen. This led Badger and Urmston at this early date to an interesting
photochemical experiment involving separation of two forms of the same
molecule.

Wood and Loomis had found that the iodine bands in fluorescence
stimulated by white light differed from those in the fluorescence excited by the
green mercury line A5461 in that half of the lines were missing in the bands
observed in the latter case. Badger and Urmston saw that it should be
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RICHARD MCLEAN BADGER 9

possible to remove from the gas the form of the molecule that absorbed the green
mercury line if some molecule could be found that reacted preferentially with this
optically excited species. This they found in the molecule of hexene, and they
were able to show a small depletion of the number of molecules in the ortho form
of the iodine molecule by this photochemical reaction.

Recognizing the importance of regularities in behavior from molecule to
molecule in understanding the nature of the chemical bond, and giving
consideration to the earlier attempts to express these analytically, Badger carried
out an extensive survey of the information available on the force constant and
internuclear distance in a considerable number of diatomic molecules.

The result of this survey led him to the expression for diatomic molecules
kio(re -dy) 3 =1.86 x 10, where k ,, is in 10° dynes/cm, and r . and d ;;
are in Angstroms, a relation widely spoken of as "Badger's rule." This is probably
the best known of this type of relation, and what is particularly important, it can
be extended in a rather simple manner, as Badger further showed, to polyatomic
molecules.

To do this, however, was not entirely devoid of difficulties. There were but
few cases available where one knew internuclear distances and at the same time
had adequate vibrational data. Also it was difficult to know the best form of
potential function to apply for polyatomic molecules. Since, in the study of
molecular properties, it had been found that they may be expressed to a good
approximation as sums of several individual parts, Badger found it convenient to
express the potential energy as made up of three parts. The first and most
important part was taken to be dependent only on the distances between atoms
that are directly bonded to each other. The second part was dependent on the
angles between the chemical bonds, and finally, the third part con
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RICHARD MCLEAN BADGER 10

tained terms arising from interactions between atoms not directly bonded to each
other. These last terms are usually small.

Foreseeing the help that spectroscopic studies in the photographic infrared
could contribute to an understanding of the special type of chemical linkage
known as the hydrogen bond, Badger initiated in 1937 a series of researches that
contributed greatly to the elucidation of this phenomenon, as it appears in both
inter-and intramolecular bonding by hydrogen atoms.

Utilizing the excellent spectroscopic facilities that he had developed, he,
with a considerable number of graduate students and postdoctoral fellows,
studied, over the ensuing years, the spectra of a series of compounds in which
this type of linkage occurred, each of these studies helping to clarify the manner
in which hydrogen atoms act in forming such a bond.

Somewhat early in these researches and in a manner reminiscent of his
previous study on the relation of force constant and internuclear distance in
diatomic and simple polyatomic molecules (the study that yielded "Badger's
Rule"), he investigated the relation between the energy of a hydrogen bond and
the frequencies of the bands of an OH group involved in the formation of an
intramolecular bond. He was able to throw interesting light on the character of the
vibrations of the OH group in their dependence on the unusual potential function
of such bonds.

During World War II Badger remained at Caltech working on fundamental
physical problems for the Manhattan District and investigating the properties of
smokeless powder for the Navy Bureau of Ordnance. He also was engaged in
projects for the Office of Scientific Research and Development and the Army Air
Corps. Important advances in tech
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nology and instrumentation during these years facilitated his distinguished work
in infrared spectroscopy.

Following World War II, Badger, with his students and postdoctoral
fellows, studied organic molecules of increasing complexity and of greater
interest to chemists, introducing new experimental techniques in the course of the
work. The spectra of urea and thiourea were among the early studies of this kind,
which continued into the spectra of polypeptides and proteins.

A further excellent illustration of his unusual ability in designing and
constructing apparatus is contained in instances that permitted extending these
researches not only to organic molecules of greatly increasing complexity, but
also to the optical investigation of these substances in the solid state. The work
required the use of polarized infrared radiation and measurements of circular
dichroism, working with minute crystalline specimens. It involved the
construction of a "microilluminator" with a polarizer of silver chloride plates,
suitable for measuring the absorption in the infrared of tiny crystals at low
temperatures.

A still further illustration of his craftsmanship is contained in a mechanical
model that he constructed to aid in the study of the vibrations of the peptide
group, a model in which unusual attention was given to the character of the
springs, helical springs being avoided because of the likelihood of their having
vibrational modes of their own that would interfere. The type of spring used
consisted of a single circular loop of spring-steel wire provided with diametrical
projections for attachment to the atoms. The model gave automatically about the
correct ratio of the force constants for stretching and bending of the peptide
group.

Treating the increasingly complex spectra of ever more complex molecules
presented new difficulties. This was both
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because of their not being resolvable into lines, even with perfect resolution, and
because many or most of these molecules were unsymmetrical rotators. Under
these conditions the features of their spectra that were of importance and actual
help to the chemist were the envelopes of the bands. Badger gave special effort to
the calculation of the theoretical envelopes of the bands of such molecules.

At the same time investigations were being carried out on a number of
simpler molecules of special interest. Spectra in the visible and ultraviolet, as
well as in the infrared, contributed to an understanding of their structures and of
their photochemical behavior.

Uncertainties regarding the structure of the isothiocyanic acid molecule led
Badger, with one of his students, to record a portion of the infrared spectrum of
isothiocyanic acid vapor, an analysis of which contributed importantly to an
understanding of the structure of this molecule.

The infrared spectrum and molecular configuration of hydrogen persulfide,
the sulfur analog of hydrogen peroxide, were studied, the results strongly
supporting a chain structure for the molecule.

The infrared absorption of the urea molecule in the crystalline state was
recorded, working with single micro-crystals of urea and with polarized
radiation. This was done using the microilluminator with polarizing attachment,
mentioned above. The results of this study established reasonably well the
complete planarity of the urea molecule in the crystal.

The structure of the ozone molecule had remained uncertain for a number of
years during which Badger, with his students and postdoctoral associates, made
several contributions to knowledge of the spectrum of this substance in the
infrared, visible, and ultraviolet. Especially important in one of these was the
finding of a new fundamental vibration, vi. This permitted a revised vibrational
analysis that left little
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RICHARD MCLEAN BADGER 13

doubt that the molecule was in the form of an isosceles triangle with an obtuse
apical angle, in accord with the structure indicated by electron diffraction studies.

The infrared spectra of hydrogen hypochlorite and of deuterium hypochlorite
were studies in the 1-15 p region. These seem to have been the first infrared
spectral observations of these substances. The O-ClI and the O-H fundamentals
were measured as well as the bending frequency, and the first overtone of the O-H
stretching mode of HOCI was studied under high dispersion. This band was a
good example of a hybrid band, a type of band named and first correctly
interpreted by Badger and his associates. In this case the band was a band from a
nearly symmetrical-top molecule with the top axis the axis of least moment of
inertia.

Several studies of the spectra and structure of oxides of nitrogen and related
compounds by Badger and his coworkers yielded important results. Thus, one of
these having to do with the molecule NO,, led to the observation in the infrared
of two of the fundamental vibrational frequencies of the molecule and to a
structure in accord with that indicated by electron diffraction observations.

Also, an extensive spectroscopic study of the infrared spectrum and the
structure of gaseous nitrous acid, using both the molecules HONO and DONO,
showed that this substance exists in two tautomeric forms, apparently trans and
cis, the cis-form being the form of higher energy. A complete vibrational analysis
was given, yielding the OH (and OD) frequencies (both in-plane and out-of-
plane) for both the transand cis-forms. An estimate was given of the ONO angle
in both the trans-and cis-forms, from which some conclusions were drawn
regarding the electronic structure of the molecule. From the frequencies and the
moments of inertia, estimates were made of certain thermodynamic properties of
nitrous acid.
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There followed later a further study of the infrared spectrum of NO,,
resulting in a remarkably complete description of the vibrational and rotational
constants of the molecule.

Spectroscopic observations on the ultraviolet absorption of the NO molecule
removed an uncertainty that had existed for some time concerning a possible
pressure broadening in the gamma bands of NO, thought to have been observed
by others. It was shown that such does not exist.

Professor Badger was famed for his teaching, especially in his undergraduate
course in physical chemistry. His informal notes, prepared for the students, on his
lectures and on the laboratory work were well known for their excellence and for
having been carefully revised every year.

Badger's last scientific publication illustrates particularly well his concern
for helping undergraduate students. In this research he had two collaborators. The
work concerned the very weak transition in the oxygen molecule involving the
low-lying 'A level. The writer of this biography, in referring back to that
research, had occasion to look for the doctoral theses of the two collaborators,
assuming that they had been graduate students. To his surprise no theses were
catalogued under these two names, and on further inquiry he discovered that they
were both undergraduates. This was very much in the tradition of Professor A. A.
Noyes, who showed constant concern for undergraduate education, and under
whom Badger himself carried out the research leading to his doctorate many
years before.

The writer of this biographical memoir sincerely acknowledges his great
indebtedness to Professor William H. Eberhardt, Dr. Edward W. Hughes,
Professor John D. Roberts, Professor and Mrs. Verner Schomaker, and to the
editor of the journal Engineering and Science of the California Institute of
Technology for permission to use material from that journal. He feels strongly his
gratitude for all of this help.
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Arthur M. Bueche

November 14, 1920-October 22, 1981
By Roland Schmitt

America's "R&D Triangle" was Arthur Maynard Bueche's favorite way of
describing the unique contributions of universities, industry, and government to
the nation's total technological strength. The soundness of that triangle was the
principal focus of his extraordinary career in science, engineering, management,
and statesmanship on behalf of technology.

Although he was employed in industry—by a single company for thirty
years—Art Bueche's energy and enthusiasm led him to devote large segments of
his time and talents to academia and government, while continuing to direct the
technical affairs of General Electric with a style that earned the acclaim of his
associates. He recognized that he could not do his full job as a leader of industrial
technology without also fostering the strong roles of partners in the "triangle."
For example, one of his major efforts during the year prior to his sudden death
from a heart attack on October 22, 1981, was as key technical adviser to
President-elect Reagan during the pre-inaugural transition period of late 1980 and
early 1981. His writings and reports of that period include balanced and
insightful comments on the respective roles of industrial, academic, and
government technology, along with recommendations for improving the national
economy, de
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fense, and the strength of the nation's educational system through cooperation and
mutual respect. (Soon after his inauguration, President Reagan offered Dr.
Bueche the post of presidential science adviser. Newspaper accounts at the time
said Dr. Bueche had reluctantly declined for personal reasons. Although he never
discussed this matter with them, his closest friends believe he had personal
premonitions about his health that made him fear he could not give the White
House position the all-out effort he felt it must have.)

Arthur Maynard Bueche! was born in Flushing, Michigan, on November
14, 1920. His father was an enterprising small-town businessman who put his son
to work as a clerk in the family grocery store when he was eleven years old, and
later as a millhand and mechanic in the family farm-implement business. During
high school, young Art was very much involved in extracurricular activities,
including debating, student government, track, football, plays, operettas, band,
gleeclub, and orchestra. Near the end of his senior year, several of his high
school teachers counseled him to study law at the University of Michigan. "But,"
as he wrote later, "it didn't work out quite that way."

Art's father wanted him to stay in Flushing and learn to run the family's
flourishing businesses. His mother wanted him to go on to college, although she
had misgivings about a career in law. Almost on a whim, based partly on the
respect he had for his high school chemistry teacher but even more because of the
ambition of a close friend and classmate, Art decided he wanted to be a chemical
engineer. He enrolled at

U Art preferred that the name be pronounced BEEK'-uh, although he was always
remarkably tolerant of the countless variations he inevitably encountered. His associates in
chemistry suggested it was like "beaker," without the r, and a favorite in-house couplet
made note of his role as GE's fourth research director:

Like Archimedes, shout 'Eureka'—

Whitney, Coolidge, Suits, and Bueche.
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Flint Junior College,? riding a bus ten miles each day from Flushing, and ended
up in a liberal arts course with a "major" in chemistry. Early on at Flint, an
adviser told him he was better suited to the study of chemistry than of chemical
engineering.

During his two years at the University of Michigan, where he received his
B.S. in chemistry in 1943, Art began to recognize that his interests and aptitudes
leaned more toward research than to formal course work. This interest survived
and grew, even though his first major research effort—investigating the
possibility that radioactive sulphur might have been produced in a large quantity
of sodium chloride that had been stored for some years near the University's
cyclotron—was, in his words, "a rather complete failure."

After nine months at Ohio State, the opportunity came for graduate work at
Cornell University, which had been his original first choice. "Besides," he wrote,
"Cornell paid slightly more." In some sketchy autobiographical notes written
many years later, Art said, "At Cornell I shopped around for a thesis adviser and
found many fine possibilities. Unfortunately, the adviser I wanted most was
Professor (Peter) Debye, but he was reluctant to take on any more students. I
guess I forced my way on him."

In January of 1946, soon after presenting his first paper (on thermal diffusion
of polymer solutions) to the American Physical Society, Art was encouraged to
forego his teaching duties—"although I enjoyed them immensely"—so that he
could devote his full attention to research on synthetic rubber in a program
directed by Professor Debye under contract

2 In later years, when asked to provide biographical information for the records of
various organizations or for people who were to introduce him on speaking occasions, Dr.
Bueche always asked that Flint Junior College be included along with the University of
Michigan, Ohio State, and Cornell. He was a firm believer in the importance of education
at all levels and was a great supporter of junior colleges.
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from the Office of Rubber Reserve. He later wrote: "The contribution that I made
which was perhaps the most pioneering in nature was that involving the
determination of the size of polymer molecules in solution. To the best of my
knowledge, this was the first time that this had been done and I was encouraged
by Professor Debye to use his lightscattering theories to accomplish this." (Debye
had received his Nobel Prize in 1936 for studies of light-scattering phenomena.)
The Debye-Bueche work on the size and shape of polymer molecules has been
fundamental to further studies of solution behavior, chemical reactions, and
viscosity. Bueche received his Ph.D. in physical chemistry from Cornell in 1947.

The young Cornell research assistant was lured to Schenectady, New York,
and the General Electric Research Laboratory mainly on the strength of a candid
—at times almost confrontational—interview with Dr. A. Lincoln Marshall.
Marshall, who headed GE's chemistry research, was a crusty, driving,
entrepreneurial leader whose forceful nature had played a key part in getting
General Electric started down the road of manufacturing polymer products for
applications other than electrical insulation. He recognized that young Bueche
had unusual intellectual capacity; he hoped there was also the kind of restless
spirit so essential to the job of moving research results to practical application
with minimum delay. Marshall's hopes, although he later admitted he had some
reservations about them at first, were to be amply fulfilled. Thus Bueche joined
GE "at the bench" in 1950. He not only adapted himself to the pace of industrial
research but also was soon fully enmeshed in it. One of the advanced ideas in
polymer science in the late 1940s involved shooting a beam of high-energy
electrons into a polymer and trying to get the electrons to cause desirable new
connections—crosslinks—between the individual long chains. Marshall, who had
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worked on an early version of the idea back in 1925, initiated a project in 1951. It
paired Bueche with a veteran physicist, Elliot Lawton. A million volt accelerator
had become available due to the Lab's earlier x-ray work. In 1952, Lawton and
Bueche used it to crosslink polyethylene. GE's Chemical Products Department
immediately became interested, and work got under way leading to another new
product, Irrathene®, a high-performance plastic that was the first ever made by
electron irradiation techniques. Making crosslinked polyethylene at all
represented a substantial achievement. However, making it by electron beam
irradiation turned out to be too expensive for anything but specialty applications.
But it catalyzed a new insulation technology.

The first half-dozen years in Schenectady, from 1950 until 1956, constituted
Bueche's "research years." It was a time of wide-ranging exploration into new
fields of polymer chemistry, of writing papers, and of producing patents at the
rate of about two each year. Although he had first assumed a managerial title in
1953 (leading a small research team then called Polymer and Interface Studies),
it was not until the late 1950s that his growing responsibilities forced him to
spend a majority of his time in management, rather than at the bench.

When Marshall retired in 1961, C. Guy Suits, GE's research director,
recognized Bueche as the obvious choice to head the Chemistry Research
Department, which by that time was deeply involved in developments that would
lead to General Electric's remarkable success in the engineering plastics business.
As manager of chemistry research, Bueche had demonstrated incisiveness, ability
to motivate others, increased understanding of business problems and their
relationships to technological opportunities, and—on a day-to-day basis—
fundamentally sound management skills. It was no great surprise, then, that
Arthur M. Bueche was named
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to succeed Suits when the latter retired in 1965. Bueche was to continue the
notable record of continuity among research directors at GE: Willis R. Whitney,
the laboratory's founder, had served from 1900 to 1932; William D. Coolidge from
1932 to 1945; and Suits from 1946 to 1965. Bueche would extend this record so
that the leadership of these four men would span seventy-eight years!

Although it may not have been surprising that Bueche succeeded Suits, there
were shock waves within the ranks of GE technology when, in announcing
Bueche's new appointment, the company also said it was combining the Research
Laboratory with the Advanced Technology Laboratories to create a new entity to
be known as the General Electric Research and Development Center. Thus Art
Bueche's new job brought with it a major challenge. The former Research
Laboratory, an organization with a long tradition of emphasis on fundamental
research, had always been supported almost completely by GE corporate funds,
and it had often been cautioned in the past by company management not to
perform engineering or development work that might detract from its science-
oriented mission. The former Advanced Technology Laboratories, earlier called
the General Engineering Laboratory, was an institution that had suffered a variety
of ups and downs because of its broad dependence on contracts for support, a
place where short-range results were the principal priority, and an organization
sometimes looked on as a "poor cousin," occupying quarters in the Schenectady
Main Plant that were a far cry from the glamorous surroundings created for the
Research Laboratory "out on the hill" at a site overlooking the Mohawk River in
nearby Niskayuna. Art Bueche's assignment was to not only integrate these two
disparate organizations into a cooperative, smoothly working whole, but also—of
greatest importance—to "get them connected to the company" and in tune with
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General Electric's growing technological needs and objectives.

On the night before Dr. Bueche died, he was honored in absentia by the
Franklin Institute with its Delmer S. Fahrney Medal. The citation read on that
occasion succinctly summarized how well the challenges of 1965 were met. It
read, in part:

From 1965 to 1978, under his leadership, this combined entity (the new General
Electric Research and Development Center) achieved remarkable success, with
the staff grown to more than 2000, including 800 scientists and engineers, and
with laboratories in many domestic and overseas locations. Dr. Bueche's
leadership of these operations has been recognized as an unusually outstanding
example of managerial skill. He has been highly innovative in the development
of effective approaches to both strategic and operational planning of technical
work, in devising new technical liaison and technical information exchange
techniques, in promoting and recognizing technical excellence, and in
encouraging an extremely diversified company to utilize its varied strengths in
new organizational and operations approaches.

Art Bueche himself once defined his job this way: "Our fundamental task is
to spot the kind of person who at least demonstrates the potential for being the
one in a hundred—one in a thousand—one in a lifetime—who may have the flash
of true genius. Then our job, above all others, is to give these people, and their
ideas, a chance to survive and grow." He would constantly ask his associates,
"What's new? What's the new idea? Why can't we get this done faster? What are
the obstacles? Let's get moving." He pushed, directed, stretched, and challenged
people to reach beyond what they had thought they could accomplish. As one
coworker told a news reporter preparing an article about Art Bueche, "It's tough
to match his effort on the job, seven days a week. He sets an example that's
difficult for people to follow. And this inspires them. He won't take no for an
answer. And he wants to understand everything."
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The achievements of the R&D Center under his leadership were many and
noteworthy. In electronics, the accomplishments included the development of an
advanced computerized axial tomography (CAT) x-ray scanner; the development
of the first solid-state imager based on charge-injection device technology;
invention of thermomigration, a process that reduced the time required for certain
semiconductor processing steps; and the invention of the surface charge
correlator, a new semiconductor device for analog signal processing.
Achievements in new materials technology included development of a
commercial process for fabricating cubic boron nitride, a man-made material
second in hardness only to diamond; invention of polycrystalline diamond
"compacts” for metal-cutting tools; the creation in the laboratory of the first
synthesized gem diamonds; the first simple and inexpensive technique for
fabricating ceramic parts of silicon carbide; invention of silicon/silicon carbide
composites; and several high-performance plastics, including a family of resins
based on a unique technology of polymerization by oxidative coupling. In the
field of energy R&D, achievements included advances in the development of
water-cooled gas turbines, sodium-sulphur batteries, coal-gasification
technology, and the production of energy-efficient lamps.

Dr. Bueche's achievements brought him a variety of medals and honors,
including eight honorary doctorates. They also brought him promotion within
General Electric, to the post of senior vice president for corporate technology in
1978. This meant he became the company's top technical officer and spokesman
and joined the corporate executive committee—but he also had to move from
Schenectady to Fairfield, Connecticut. This required that he relinquish the direct
day-to-day responsibility for the R&D Center, although the Center remained
under his purview as a senior officer.

From the time he first became a company officer in 1965,
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Dr. Bueche recognized his role and responsibility as a public spokesman for
technology. His platform appearances, before GE and outside audiences,
averaged nearly one each week over a period of fifteen years. He was in great
demand as an interpreter of technology and, toward the end of his career, as a
forthright spokesman on technology policy and the appropriate roles of
universities, industry, and government in the "R&D triangle." He also spoke to
many international audiences: in Japan, the South American nations, Mexico,
Canada, France, Italy, Spain, and Germany. He served as American chairman of
the World Electrotechnical Congress in Moscow during 1977. Appearances in
Great Britain included a Faraday Lecture at the Royal Institution (during which
Man-Made 7 diamonds were actually produced "on the spot") and the Kelvin
Lecture for the Institute of Electrical Engineers.

As an active member of the National Academy of Sciences, he served on the
Academy Forum Advisory Committee and the Finance Committee. He was a
member of the National Academy of Engineering and of the Executive
Committee of its Council. He served as president and a director of the Industrial
Research Institute.

In government, he was active on several advisory groups to the president's
office on matters related to science and technology. He also served as a member
or consultant with science and technology committees of the National Science
Foundation, NASA, the U.S. Air Force, the National Bureau of Standards, and
the Energy Research and Development Administration.

In education, he served on the Board of Trustees of the Rensselaer
Polytechnic Institute, the Albany Medical College, and the Hudson-Mohawk
Valley Association of Colleges and Universities. He was a member of Visiting
Committees at Massachusetts Institute of Technology, Harvard, and Duke;
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of the Advisory Committee of the School of Metallurgy and Materials Science, as
well as of the Board of Overseers, for the School of Engineering and Applied
Science at the University of Pennsylvania; and of the Advisory Board of the
Institute of Materials Sciences at the University of Connecticut. His contributions
to, and associations with, his alma mater, Cornell, were legion; among his
assignments was chairmanship of the Council for the College of Engineering.

While a resident of Schenectady (from 1950 to 1978), his public service
included board membership of Ellis Hospital and of Sunnyview Hospital and
Rehabilitation Center. He also found considerable personal satisfaction in helping
guide the affairs of one of the area's largest and most progressive banking
institutions, the Schenectady Savings Bank (now Northeast Savings), as an active
board member.

On Monday evening, October 19, 1981, Art Bueche served as chairman of a
dinner meeting at GE's Fairfield headquarters, held to honor eleven Steinmetz
Award winners, people from various GE business components who had made
outstanding technical contributions during their careers with the company. Early
the next morning, he suffered a massive heart attack. In spite of superb medical
attention, including some pioneering new techniques, he died at St. Vincent's
Hospital, Bridgeport, Connecticut, on October 22, 1981.

His family? and associates moved at once to establish a fitting memorial: the
Arthur M. Bueche Memorial Fund, currently administered by the National
Academy of Engineering. Each year the NAE Awards Committee will select a
recipient to be honored for "outstanding statesmanship in

3Dr. Bueche was survived by his four children: Kristine of Wilmington, North
Carolina; A. John of Ellsworth, Maine; Margaret of Ballston Lake, New York; Elizabeth
of Schenectady, New York; one grandchild; and two brothers, Frederick J. of Flushing,
Michigan, and Bernard M. of Flushing, New York.
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science and technology." The recipients will be asked to present lectures on
science and technology issues, and a cash gift will be made to the school where
the lecture is presented.

At the funeral service in St. John the Evangelist Church, Schenectady, on
October 27th, one of Dr. Bueche's long-time associates said in his eulogy:

Above all, Art Bueche was tough-minded. That was a quality he respected—
highly respected—in others. And we respected, admired, envied him for his
tough-mindedness—for the intellectual power—for the concentration—for the
genius' attention to detail—for the searching questions that made us all
recognize, so often, how far ahead of us he was in his thinking—for the
willingness to devote energy, time, enthusiasm, and persistence to the task at
hand, with a diligence and dedication the rest of us could only marvel at, hold in
awe.
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PATENTS

1955

U.S. Patent 2,710,290 (June 7, 1955). With M. M. Safford.
Organopolysiloxane-Polytetrafluoroethylene Mixtures.

1957

U.S. Patent 2,805,958 (September 10, 1957). With C. S. Oliver. Preparation of
Hydrophobic Silicas.

U.S. Patent 2,809,180 (October 8, 1957). With G. V. Browning. Curable
Organopolysiloxane Compositions Having Hydrolyzed Alkyl Trihalogenosilane
Filler and Cured Products of Same.

1958

U.S. Patent 2,858,259 (October 28, 1958). With E. J. Lawton. Electron
Irradiation of Preformed Polyamide Resin.

1959

U.S. Patent 2,906,678 (September 29, 1959). With E. J. Lawton. Process of
Irradiating Polyethylene at Elevated Temperatures.

U.S. Patent 2,914,502 (November 24, 1959). Process for Curing
Organopolysiloxanes with a Hydrophobic Silica and Product Thereof.

1960
U.S. Patent 2,948,329 (August 9, 1960). With G. L. Gaines, Jr. Mica Paper.
1961

U.S. Patent 2,967,113 (January 3, 1961). With H. A. Liebhafsky. Coating
Method.

U.S. Patent 2,993,809 (July 25, 1961). With C. S. Oliver. Method for Making
Treated Silica Fillers.

1962

U.S. Patent 3,024,146 (March 6, 1962). With C. S. Oliver. Silicone Rubber
Adhesive Containing Treated Filler.

U.S. Patent 3,031,366 (April 24, 1962). With C. S. Oliver. Degraded
Organopolysiloxanes as Adhesives.
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Angus Campbell

August 10, 1910-December 15, 1980
By Clyde H. Coombs

Angus Campbell was christened Albert Angus Campbell in Leiters, Indiana,
and his first publications appeared under that name. In 1946, at age thirty-six, his
twelfth publication appeared (with George Katona as coauthor) under the name
Angus Campbell—and that is what he was known as ever after. He once
remarked that he felt he was nobody until he became just Angus Campbell.

He was the fifth of six children born to Albert Alexis Campbell and his
wife, Orpha Brumbaugh. His father, the son of a farmer, went to high school in
Ann Arbor, Michigan, and then on to the University of Michigan, where he
graduated in 1897 with a degree in Latin and Greek. He returned to Indiana to
become a teacher, principal, and finally superintendent of schools in Peru,
Indiana. Angus's father had grown up in a strict Scottish Presbyterian
atmosphere. It is said, perhaps apocryphally, that Angus's grandfather and great-
uncle, returning from church one Sunday in their horse-drawn cart, passed by a
lovely lake; one enjoined the other not to look at it on the Sabbath. Such values
do not dissipate in two generations.

Angus was two years old when his father realized ten thousand dollars on an
investment in a grain elevator. He moved the family to Portland, Oregon, bought a
large house,
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and became a school principal. Angus grew up in Portland and attended the
University of Oregon, where he received the B.A. in 1931 and the M. A. in 1932,
both in psychology. He then transferred to Stanford University, where Kurt Lewin
was a visiting professor in the summer and fall of 1932. Angus attended Lewin's
lectures and read some of his articles, as yet untranslated from the original
German. He always felt that Lewin had exerted a major influence on his
education as a psychologist. A personal friendship developed that lasted
throughout the remainder of Lewin's life.

The other major influence during Angus's graduate student years was Ernest
Hilgard, who came to the Psychology Department at Stanford in 1934 and
established an experimental program in human conditioning and learning. Hilgard
served as a role model for Angus in research and teaching; Angus was his
research assistant and later an assistant in Hilgard's popular course in elementary
psychology. Angus was Hilgard's first doctoral student, earning his degree in
1936 with a thesis on eye-blink conditioning.

There were two academic jobs available to him that year, one at Ohio State
University and the other at Northwestern University; Angus accepted the position
as instructor in psychology at Northwestern. He was promoted to assistant
professor in 1940. He went to Northwestern expecting to teach experimental
psychology, but as Franklin Fearing had just moved from Northwestern to
UCLA, Angus was asked to teach Fearing's course in social psychology. In so
doing, he came into contact with Melville Herskovits, a social anthropologist at
Northwestern, and attended his courses and seminars. In a very short time this
influence, along with his own experience teaching social psychology, completed
his transition from an experimental to a social psychologist. It was the track he
was to follow for the remainder of his career.

At Herskovits' urging, Angus applied for and received a
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Social Science Research Council fellowship to study social anthropology at
Cambridge University during 1939 and 1940, but World War II ended his stay in
England after half a year. He then moved the site of his work to the Virgin
Islands. where he did field research among the black population on St. Thomas
that resulted in a monograph examining the group's culture and personality. This
was his first experience with field work and with research on race relations, both
of which became major concerns of his professional life. Earlier, at
Northwestern, he had met Jean Winter, a student in psychology, and during his
stay on St. Thomas they were married.

Angus's intellectual transition from an experimental to a social psychologist
fully matured when he left Northwestern to join Rensis Likert's Division of
Program Surveys in the Department of Agriculture in Washington, D.C. Likert
had been asked by Henry Wallace, then Secretary of Agriculture, to form a
research unit to provide information useful in program planning and
policymaking.

Likert had been developing the methodology of large-scale sample surveys
for the Life Insurance Agency Management Association as a tool for scientific
research, probing for attitudes, intentions, expectations, and trends that would
reflect dynamic aspects of a society—and not merely a static description. With
the advent of World War II, the Division of Program Surveys' areas of research
expanded, and so did the personnel. Angus joined Likert's group in 1942, and
thus was formed a professional (and personal) relationship that was to endure for
life.

Other social scientists assembled by Likert who also became longtime
research associates of Angus Campbell included Charles Cannell, Dorwin
Cartwright, George Katona, Daniel Katz, and Leslie Kish, as well as others, like
Theodore Newcomb, who were associated with particular projects.
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This was a period of rapid development in survey research methodology,
especially in probability sampling, interview techniques, and questionnaire
construction. For Angus in particular, these developments were paralleled with
experience in research administration, including the translation of the needs of
management and planners into wellstructured, researchable problems followed by
communication and interpretation of the research findings to clients and the
public.

Two well-known studies undertaken by the Department of Agriculture
Division 7 Program Surveys during this period were the War Bond Redemption
Study and the Bombing Survey. The first had to do with determining a suitable
policy for War Bond redemption, based on projections of consumer attitudes
after the cessation of hostilities. The second was a study of the effect of bombing
raids on the attitudes and behavior of civilians in Germany and Japan.

This was a new kind of social science. To preserve and develop it, the survey
group wanted to move as a unit to an academic setting, continuing large-scale
survey research useful to policymakers, managers, and operations planners. But
the role and status of such research in an academic setting was not yet
normalized, so an innovative arrangement with the University of Michigan was
formulated in 1946. The Survey Research Center was established: The University
provided housing, and some limited financial support based on teaching and
academic services, and research program support was obtained from outside
grants and contracts, with overhead funds retained by the Survey Research
Center.

In 1948, after Kurt Lewin died, his group, then at the Massachusetts Institute
of Technology, transferred to the University of Michigan as the Research Center
for Group Dynamics. The two centers were joined to form the Institute for Social
Research, with Rensis Likert as head and Angus
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Campbell as assistant to Likert, as well as director of the Survey Research
Center.

For the remainder of his life Angus carried substantial administrative
responsibility, but continued to be active in research. After Likert's retirement in
1970, Angus succeeded him as director of the Institute, a post he relinquished in
1976 to return to research as a program director in the Survey Research Center.

Throughout this long period many important studies were conducted.
Beginning in 1948, Angus collaborated with Robert L. Kahn in a study of
presidential voting intentions, reported in a small monograph, The People Elect a
President (1952). The election of 1948 represented a massive failure of pre-
election polls to predict correctly the election of President Truman, a failure
attributed to misguessing the actual vote of the late deciders. In contrast to the
commercial polls, Campbell and Kahn refused to predict a victory for Dewey
over Truman. They took this position in part because their data did not support it,
and in part because they continued to collect data up to the day of the election, the
latter being one of the reasons they adhered to a policy of nonprediction in all
their subsequent election studies. Following this initial election study, Angus
established a research program for the continuing study of election behavior,
collaborating with Gerald Gurin and Warren Miller, and in later years with
Miller, Philip E. Converse, and Donald E. Stokes. This program developed into
the Center for Political Studies, another center within the Institute for Social
Research.

This program produced a series of books, among which The American Voter
(1960, published in collaboration with Philip E. Converse, Warren E. Miller, and
Donald E. Stokes) is a landmark. It is based on national samples in the 1952 and
1956 elections, and smaller samples in 1948, 1954, and 1958. The purpose of this
research was to examine the be
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havior of the voter as an individual and not to describe the electorate as a whole.
Toward this end, they introduced ideas of "ideological conceptualization" and of a
"funnel of causality."

The kinds of ideological conceptualization distinguished between persons in
terms of the degree to which they used ideological concepts in making sense of
political affairs. The notion of a "funnel of causality" was a metaphor for the
narrowing down along a time axis from the more remote factors affecting a
voter's decision, such as party identification and social class, to the more
immediate factors of specific attitudes and candidates.

Although these concepts do not play a significant role in subsequent studies,
they reflect a concern for explanatory theoretical abstractions of greater generality
than the descriptive statistical relationships revealed in the data. The book was
soon described as a classic, and it has had a seminal influence in political
science. Angus was influential in establishing the Interuniversity Consortium for
Political Research, which is, among other things, an archive of social and
political data. The continuing series of election studies has been declared by the
National Science Foundation "a national resource," the first such designation
outside of the natural sciences.

Just a few years after The American Voter was published, another book by
the same four authors, Elections and the Political Order, appeared (1966). Of its
fifteen chapters, thirteen are papers published by them, separately or in
collaboration with others, during the interval between 1960 and 1963. This
collection reveals some of the cumulative potential in programmatic research
made possible by the continuing series of election studies and an archive of data.

The chapters are organized into four parts, beginning with a focus on the
individual voter and why he behaves as
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he does. The book progresses to elections as the units of analysis and collective
(institutional) factors as explanatory variables. Party affiliation, political
ideology, and two-party and multiparty systems are studied, using comparative
data from France and Norway. Campbell's own contributions include an
explanation for the puzzling regularity of the loss of seats suffered by the party in
the White House in the offyear elections, referred to as surge and decline, as well
as a classification of presidential elections.

Campbell had revealed an early interest in racial prejudice in his field work
on St. Thomas, published in 1943. In 1967, in response to a government request,
he and Howard Schuman directed a large study of racial attitudes in fifteen cities
in North America. This resulted in a brief report for the National Advisory
Commission on Civil Disorders published by the Government Printing Office.
The report was followed a few years later by a somewhat longer book entitled
White Attitudes Toward Black People, based on a secondary analysis of the data,
and including some data from the Survey Research Center's election studies of
1964, 1968, and 1970. Since then, the Institute for Social Research has been
monitoring trends in racial attitudes by repeating parts of that study every two
years.

By the 1970s his interests had turned to social accounting more generally.
He regarded the Institute's continuing research studies on voting behavior,
political institutions, and race relations as prototypes for the study of more
general social trends. With the support of the Russell Sage Foundation, he and
Philip E. Converse edited a book entitled The Human Measurement of Social
Change (1972). The twelve contributions contained in this book are concerned
with possible psychological components and indicators of social change, such as
attitudes and aspirations. The essays ranged over a variety of areas, including
time budgeting, leisure, and eco
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nomic affairs. Angus's own contribution was on the relation of levels of aspiration
and satisfaction to social change.

The Russell Sage Foundation provided support for a nationwide survey on
the quality of American life, which resulted in the 1976 book of that title by
Campbell, Converse, and Willard L. Rodgers. Measuring the quality of life is
probably the granddaddy of all social psychological measurement problems and
may be inherently impossible to achieve in the strict sense. On the other hand,
there is an intuitively compelling reasonableness about the concept and a "need-
to-know" that makes some social scientists and statisticians willing to brave the
perils and to construct an index.

In their book on the quality of American life, seventeen specific domains of
life experience were investigated, such as marriage, health, job, savings, and the
like. A weighted additive combination of an individual's ratings on those
components was used to predict an individual's global rating of his or her sense
of well-being.

The book contains a wealth of data, but one of the more interesting findings
reported is that subjective feelings of satisfaction do not always mirror objective
reality in simple ways. Subjective ratings of variables like satisfaction with
housing, standard of living, and utility of education, for example, did not just
steadily increase or steadily decrease in their relation to some objectively
measured variables like income, age, and education. They offered two
explanations for this failure of the subjective to mirror the objective in a
monotonic manner: accommodation, that is, adaptation over time; and constricted
horizons, a consequence of lack of education limiting the salience of alternative
situations.

Angus and his coauthors of Quality of American Life discuss problems of
bias, interactions, individual differences, and other possible limitations on
interpretation. They used the metaphor of "an exploration into unknown territory

[to]
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provide benchmark data against which subsequent measurements could be
compared."

This area of research—human happiness—became Campbell's research
interest for the remainder of his life. In 1978 the National Science Foundation
supported another study, and Angus summarized in nontechnical language the
results of that study, along with material from four previous national surveys
going back to 1957, in his last book, The Sense of Well-Being in America: Recent
Patterns and Trends (1980).

Angus was a scholar of breadth in social science, recognized and listened to
by sociologists and political scientists; he was especially pleased with awards
received from diverse fields of social science. In addition to the Distinguished
Scientific Achievement Award of the American Psychological Association, he
had received the Distinguished Achievement Award of the American Association
for Public Opinion Research (1962), the Lazarsfeld Award from the Council for
Applied Social Research (1977), the Laswell Award from the International
Society of Political Psychology (1980), and a Doctor of Letters, University of
Strathclyde (1970).

He was a professor of both psychology and sociology at the University of
Michigan, and, as further indication of his breadth, he was appointed, beginning
in 1964, as a lecturer in the Law School, where he taught a seminar on sociolegal
problems to advanced law students. At his home institution, the University of
Michigan, he served on innumerable committees, particularly in sensitive
situations such as in the selection of presidents and deans and in controversial
situations where trust was a major ingredient. One feels the family atmosphere in
which he grew up asserted an influence. His home institution honored him with
the Distinguished Faculty Achievement Award in 1969 and asked him to deliver
the Distinguished Senior Faculty Lecture Series in 1979.

He was asked to serve in many professional activities
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where his breadth and judgment were needed. To mention only a few, he was a
consultant to the Ford Foundation in Poland and Yugoslavia in 1959, 1960, and
1961; on the Committee on SST-Sonic Boom, National Academy of Sciences,
1964-70; on the Advisory Committee on Consumer Expenditures, Bureau of
Labor Statistics, 1960-64; on an advisory group to the Social Security
Administration, 1961-64; and served with numerous other groups for the
American Psychological Association, the Social Science Research Council, the
National Research Council, and agencies of the U.S. government, including the
executive office of the president.

One of Angus Campbell's major goals was to bring the findings of social
science to the effort to improve the quality of life and human welfare. The
catholicity of his research interests, his administrative talent, and his
understanding and ability to communicate the results of social research outside
the research community contributed greatly to his success in achieving his goal.
But his basic personality and deep commitments were also major factors. At first
contact he might have seemed a dour Scot, austere and impressive, somewhat
forbidding. Yet on even short acquaintance, his warmth, his caring, his
objectivity, and his integrity came through; his family was devoted, his
friendships were close and lasting, his impact on students and social research
strong and important.

I wish to thank Betty Jennings, his secretary for twenty years; Philip E.
Converse; Robert L. Kahn; and Adye Bel Evans, librarian, Institute for Social
Research, for providing me with biographical material. His wife, Jean W.
Campbell, was especially helpful in providing information about his early
background.
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William Gemmell Cochran

July 15, 1909-March 29, 1980
By Morris Hansen and Frederick Mosteller

William Gemmell Cochran was born into modest circumstances on July 15,
1909, in Rutherglen, Scotland. His father, Thomas, the eldest of seven children,
had begun his lifetime employment with the railroad at the age of thirteen. The
family, consisting of Thomas, his wife Jeannie, and sons Oliver and William,
moved to Gourock, a holiday resort town on the Firth of Clyde, when William
was six, and to Glasgow ten years later.

Oliver has colorful recollections of their childhood. At age five, Willie
(pronounced Wully), as he was known to family and friends, was hospitalized for a
burst appendix, and his life hung in the balance for a day. But soon he was home,
wearying his family with snatches of German taught him by a German patient in
his nursing-home ward. Willie had a knack for hearing or reading something and
remembering it. Oliver recalls that throughout his life, Willie would walk or sit
around reciting poems, speeches, advertisements, music hall songs, and in later
life oratorios and choral works he was learning.

Until Willie was sixteen, the family lived in an apartment known in Scotland
as a "two room and kitchen"—a parlorcum-dining room (used on posh occasions,
about twelve times a year), a bedroom used by the parents, and a kitchen.
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In the kitchen food was prepared, cooked, served, and eaten; dishes were
washed, laundry done, friends entertained, and homework accomplished. It was
also the boys' bedroom in the form of an alcove-with-bed known as "the-hole-in-
the-wall." The boys had a happy childhood, with mile-long walks to and from
public school twice a day (lunch was eaten at home) and play at the oceanside.

Willie was a great achiever in school, usually coming in first. Oliver feels he
had an irresistible urge to be first, often calculating closely just how much he
would have to do to gain that end. Oliver recalls being worried about passing a
professional exam and having Willie say to him: "I don't know what on earth
you're worrying about; you only have to pass, I have to be first." He was referring
to the Bursary Competition, open to all scholars in Scotland. And he was first,
winning his fees to Glasgow University. Later he was in an even larger
competition for the George A. Clark Scholarship, which provided support for
four years and paid his Cambridge fees. Without winning these competitions, he
almost assuredly would not have been able to attend either Glasgow or
Cambridge.

Willie had no absorbing hobbies as a boy, although he dabbled in many
things. Cycling, hiking, and walking in the hills were his chief physical activities.
Later, studying and reading became primary. His scholastic prowess won him
many books as prizes and created an extensive home library.

Cochran graduated with the M.A. from Glasgow in 1931 with first class
honors in mathematics and natural philosophy (physics) and shared the Logan
Medal for the most distinguished graduate in the Arts Faculty. That same year he
entered St. John's College, Cambridge, and studied for the mathematics tripos
(mathematics major) as a prelude to becoming a research student. As an elective,
he chose a new
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course, Mathematical Statistics, taught by John Wishart. A fellow student
believes that the Great Depression had interested him in the work of a Dr. Mess,
who advocated thorough mathematical investigation of economic problems. He
was doubtless also influenced by R. A. Fisher's work at this time. By now he had
dropped the use of Willie, and among his colleagues he was known as Bill.

Bill was persuaded by Frank Yates to leave Cambridge without his doctorate
to accept a position, a rare opportunity in the depression year of 1934, to do
practical research at Rothamsted Experimental Station. Cochran never did receive
an earned doctorate, although he received honorary degrees from The University
of Glasgow (1970) and The Johns Hopkins University (1975).

During his six years at Rothamsted, Cochran pioneered with Yates in
developing techniques for analyzing replicated and long-term agricultural
experiments and for assessing the effects of weather patterns on crop yields. They
also studied selection effects in non-random sampling.

At Rothamsted, Cochran gained a great deal of practical experience and
became well known in his field. In 1937 he married Betty I. M. Mitchell, a plant
pathologist.

After visiting Iowa State College (now University) in Ames in 1938,
Cochran agreed to return there the following year to teach. The imminence of
war in 1939 made him hesitate to leave Europe, but he felt he must keep his
word. Under George Snedecor, in 1939 Iowa State was a center for statistical
treatment of experimental work—at a time when modern applied statistics had
little foothold in America. The emphasis in applied statistics at lowa was then on
sample surveys and experimental design. Cochran lectured on both topics in his
first quarter, and these lecture notes matured over the next ten years into his two
well-known texts on these topics.
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Two of Cochran's three children were born in Ames, Elizabeth in 1940 and
Alexander Charles in 1942.

In 1943-44 Cochran took leave to join the Princeton Statistical Research
Group at Princeton University as a research mathematician. He was to work on
Army-Navy research problems, including naval warfare and a survey of bomb
efficiency, for the Office of Scientific Research and Development.

At Iowa State, Cochran and Gertrude Cox initiated their collaboration, which
culminated in their book Experimental Design, published in 1950. In 1946, at
Cox's instigation, Cochran left Iowa to organize and head the graduate program in
experimental statistics at North Carolina State College at Raleigh. Cox envisioned
this program as half of the Institute of Statistics, the second part consisting of a
Department of Mathematical Statistics at the University of North Carolina at
Chapel Hill, headed by Harold Hotelling. The Cochran's third child, Theresa, was
born in North Carolina in 1946.

In January 1949 the Cochrans moved to Baltimore, where Bill became head
of the Department of Biostatistics in the School of Hygiene and Public Health at
The Johns Hopkins University. Here his interest in medical and health problems
increased. Bill published a second book, Sampling Techniques (1953). His two
books—along with his 1967 revision, at Snedecor's request, of Snedecor's
Statistical Methods— became important reference texts and were widely
translated. Statistical Methods is one of the most widely cited books in the
scientific literature.

In 1957 the Department of Statistics was organized at Harvard University,
and Cochran joined the staff, remaining nineteen years until he became professor
emeritus in 1976. During his time at Harvard, his continued interest in
biostatistics was reflected in his interaction with the Department of Biostatistics
in the Harvard School of Public Health.
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Cochran's Work

In discussing Cochran's scientific work, we open with his most famous
theorem, and follow with selections of his work on the design and analysis of
comparative  investigations, with both experiments and comparative
observational studies. After an overview of his work on counted data, we present
some of his contributions to the theory and practice of sample surveys, followed
by brief mention of other areas of work. With a few exceptions, we emphasize his
advice and philosophy rather than the details of his technical work.

Cochran's first paper (1934), a mixture of algebra and analysis, brought into
mathematical statistics an extremely valuable and widely used result, now called
Cochran's Theorem:! Let X iJ= 1,2, ... ,p, be independent standard normal
random variables with sum of squares Q. Let Q be decomposed into the sum of k
quadratic forms Q ;, where Q ; hasrankr ;,i=12,... k kThen if one of the
following three conditions holds, so do the other two: (a) ¥, = 4 (b) each
Q , has a chi-squared distribution, and (c) each Q ; is indapendent of every
other.

Cochran (1934) himself exploited this result to show that analysis of
variance can be extended to a variety of situations requiring adjustment for
covariates.

Design and Analysis of Comparative Investigations

Agriculture. Over the years, sets of Cochran's papers focused on methods of
value to many applied areas, including agriculture and biomedical research. At
Rothamsted he ex

! The form cited is suggested by Maurice G. Kendall and Alan Stuart, The Advanced
Theory of Statistics, 2d ed., vol. 1 (New York: Hafner Publishing Company, 1963),
360-61.
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posited new developments in lattice designs, attributing the general method to
Frank Yates. These designs help breeders of wheat, soybeans, corn, and small
grains by permitting comparisons of large numbers of varieties (squares being
preferable, such as 49, 64, 81, 100, . . .). He compares the performance of these
designs with that of others (1941a, 1941b, 1943b).

Along with the descriptions of the methods and their strengths and
weaknesses, Cochran continually emphasized the computational effort required in
the analysis and the importance of being able to communicate the ideas to the
investigator. Why should the half-day or day of calculation required for the
analysis be of much concern when an agricultural investigation has already
required considerable land for much of a season and several workers to carry it
out? Perhaps Cochran realized that a computation that took him half a day might
leave a breeder helpless. He was therefore eager to reassure the breeder of its
feasibility. Indeed, he said (1941a, p. 355), "Extra complication in the statistical
analysis may be a drawback to the widespread use of a design in other respects. If
the experimenter does not clearly understand the assumptions involved in the
statistical manipulations, or the reasons for them, he loses confidence in the final
results of the calculations."

In several papers, Cochran gave substantial reviews intended to guide
experimentation in specialized subject matters. For example, just before leaving
the United Kingdom for the U.S.A., he presented a major review paper (1939a)
on the design and analysis of long-term agricultural experiments that won
plaudits during discussion from Sir John Russell, R. A. Fisher, J. Wishart, F.
Yates, M. S. Bartlett, M. G. Kendall, and H. O. Hartley. Cochran dealt not only
with formal design and analysis considerations but also with important features
of the practical execution of these trials in the
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field: size and shape of plots, numbers of replications, choices of stratification or
blocks, headlands and guard rows between plots, and the value of a year or two
of a uniformity trial prior to a long-term field experiment, especially for a new
crop. And he warned the statistician, "It is not sufficient for him [the statistician]
to provide the best possible design to suit the size of the experiment; it is also his
duty to advise whether he thinks the experiment as designed is worth doing, or
whether it should be postponed until more resources are available" (1939a, p.
106).

With Gertrude Cox (1946a), he summarized the principal sources of
variation in greenhouse experimentation (temperature, moisture, and shading
gradients) and major designs that could control for such sometimes nearly
overwhelming variables. Curiously, in 1946 they reported that they had no
information about the possible benefits of moving pots around, although this is
one advantage of the greenhouse over field conditions.

His article in the International Encyclopedia of Statistics (1978b) on
experimental design contains an instructive postscript on the rise of the use of
experiments in the social sciences and the encouragement given to this
movement by the Social Science Research Council. That postscript relates more
generally to his study (1976) of the history of experimentation. After introducing
us to Arthur Young's total intolerance for any method but comparative
experiments, Cochran notes (1976, p. 5), "This issue persists today. In reviewing
the present state of knowledge about the relative merits of two therapies for
hospitalized patients, we may find a few wellcontrolled experiments and a larger
number of doctor's observations on their experiences with one or the other
therapy. Young would seem to suggest that to consider the latter group is a waste
of time."

Cochran used the history article to include a little instruc
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tion on experimental design, as well as to get in a few licks about some consulting
problems he had suffered. He suggested that most consulting statisticians will
have had experience with an investigator who begins "1 want to do an
experiment to show that. . . .' He knows the answer." Cochran used this remark as a
springboard to discuss double-blind experiments. In a similar aside, Cochran used
James Johnston's book on agriculture’ to make an additional point. After
describing Johnston's position that a bad investigation wastes money and leads to
incorrect results in standard textbooks, as well as to the neglect of further
research, Cochran said (1976, p. 9), "I have heard this point made recently with
regard to medical experiments on seriously ill patients, where there is often a
question for the doctor if it is ethical to conduct an experiment, but from the
broader view-point [it is] a question of whether it is ethical not to conduct
experiments."

Cochran used history to console the young scholar. Upon recalling that after
Student's t tables had been available for fourteen years and practically no one
used them, he said, "Young research workers who feel that the world is very slow
to appreciate their results might be heartened by this example. The world is
indeed a little slow at times to realize how brilliant we are" (1976, pp. 13-14). He
sums up the history of statistics in agriculture by saying that it took a century to
take two major steps: (1) to begin applying probability theory (already available
in astronomy) to interpret quantitative experiments and (2) to establish efficient
practical methods for the conduct of field experiments.

Bioassay. A sequence of papers (three with Miles Davis: 1963 1964, 1965a;
and 1973) reported on Cochran and Dav

2J. F. W. Johnston, Experimental Agriculture, Being the Results of Past and
Suggestions for Future Experiments in Scientific and Practical Agriculture (Edinburgh:
W. Blackwood and Sons, 1849).
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is's studies of bioassay, where the investigator wants to find the LD50, the dosage
that kills 50 percent of the animals or insects. They studied sequential approaches
using a grid of dosages. Animals are tested at an initial dose, and the outcome at
that dose guides the choice of the next dose-up or down. In one version, if the
first dose kills, the second dose is one step smaller; if it does not, the next animal
gets a dose one step higher. This process continues. They recommended a two-
stage approach. The first stage uses few animals with large steps until it locates a
reversal, and the second stage uses the Robbins-Munro method with smaller
steps.

Clinical Trials. His papers on the design of clinical trials (1961a, 1977b) had a
rather general nature. In the first (196 la), he emphasized heavily the value of
precise protocol, power, blindness, randomization, and design. The biostatistician
of the 1980s—with special survival analyses, sequential designs, and balancing
approaches—might be surprised, even affronted, to read (1961a, p. 71): "The
planning and conduct of a clinical trial does not involve any difficult or esoteric
intellectual principles. It is mainly a matter of hard work and attention to detail."

The second paper (1977b) was a group effort focused on surgical
experiments in duodenal ulcer. Although Cochran had suffered a substantial
illness, he was essentially recovered, but he did not want to take on any extra
tasks. Consequently he refused to take part in a working group in the Faculty
Seminar on Health and Medicine at the Harvard School of Public Health. But
students and friends pleaded with him to change his mind, and in the end he
chaired the Working Group on Protocol Issues. After two years of discussions in
depth of the principal experiments in surgery for duodenal ulcer, the group
produced a comprehensive list of medical and statistical criteria for consideration
in further experiments. Most of the criteria have value for design, anal
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ysis, and reporting of comparative medical investigations generally, not just for
surgery for duodenal ulcer. Again, care and precision in protocol were
emphasized. The lists cannot be reproduced here, but a remark on follow-up to
obtain information on nearly 100 percent of patients treated is worth quoting
(1977b, p. 191): "A search produced few references to available techniques for
guarding against follow-up losses. There seems to be no substitute for
determination." They reported that at the Mayo Clinic high rates of followup have
been "achieved by writing letters directly to patients and not going through their
doctors; if no reply is forthcoming, the telephone is used. If the patient is not
found, a vigorous search is undertaken, including use of bill-collecting agencies,
who apparently have experience with similar problems" (1977b, p. 191).

Observational Studies. Program arrangers often asked Cochran to provide a
substantial general paper on the conduct of comparative studies intended to
decide causation. In discussing the advantages of matching subjects or materials
as compared with the use of covariance adjustment in observational studies, he
first noted that the methods perform almost equally well. "A difficulty which I
have occasionally encountered with covariance is that some scientists have an
inborn suspicion of adjustments to the data, and although the adjustments made in
the covariance analysis are entirely objective, they may find a rather grudging
acceptance” (1953, p. 687). (Although Cochran correctly stated that, given least
squares, the adjustment itself is objective, the decision to make it usually is not;
when many covariables are available, many subsets can be selected. The
suspicious scientist has a right to some skepticism because an investigator could
adjust for the subset that gave results most pleasing to him or her. Nevertheless,
when the covariables for adjustment are chosen in advance of the investigation,
the method is objective.)
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Possibly his Journal of the Royal Statistical Society, Series A paper on
observational studies (1965b), followed by papers in 1967 and 1972, formed the
basis for his program to prepare a book on the planning and analysis of
comparative observational studies. At his death, he left six and one-half of seven
planned chapters completed. Moses and Mosteller edited it for posthumous
publication (Cochran, 1983). The 1965b paper itself offers a substantial
introduction to such investigations. Some quotations may be appropriate. The
opening reminds us of Harold Dorn's®> dictum to ask "How would the study be
conducted if it were possible to do it by controlled experimentation?" (1965b, p.
236). In reviewing the dangers of loading a study with so many research
questions that it may fall of its own weight, he confessed, "But when dealing with
an imaginative investigator I do not find it easy to determine at what point one
should adamantly oppose all further questions, however ingenious and
interesting" (1965b, p. 240). In before-after studies—of health, for example—
some investigators note that the initial questionnaire may alert participants to
behavior they should beware of, and thus bias the study. Cochran said (1965b, p.
249), "My own view is that an educational programme that cannot improve health
practices more than can a single questionnaire is not wrongly considered a
failure. . . ."

When faced with a collection of studies yielding contradictory results, the
applied scientist "cannot avoid an attempt to weigh the evidence for and against,
since some results are so vulnerable to bias that they should be given low weight. . . .
He should state such judgements forthrightly, remembering his duty to maintain
even standards and, if possible, an air of calm detachment" (1965b, pp. 253-54).
This last remark is a bit of tongue-in-cheek humor; Cochran was about to sug

3 H. F. Dorn, "Philosophy of inferences from retrospective studies," America Journal of
Public Health, 43(1953):677-83.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 72

gest that someone else, while doing a good job, may have sometimes strayed just a
bit from even standards.

Counted Data

Among Cochran's several systematic research programs, the analysis of
counted data stands out (1936a, 1936¢, 1937, 1938a, 1940a, 1942b, 1943a, 1950,
1952, 1954b). Maxwell, in his introduction to the first organized text on counted
data, Analysing Qualitative Data, * said "I am indebted to . . . Professor W. G.
Cochran from whose work I borrowed freely" (p. 9).

In studying both the distribution of diseased plants in rows of a field (1936a)
and the persistence of one kind of weather (1938a), Cochran had occasion to
derive and use the distribution of the number of runs in a binomial sequence
where the probability of success on a single trial differed from 1/2, thus
generalizing the work of Marbe and others. He also investigated the power of the
sign test (1937).

The problem of chi-squared tests and the correction for continuity (1942b)
come up in various ways. How small shall the observed counts in cells be before
we abandon the attempt to use chi-squared, or pool cells, or find some corrective
device? Repeatedly Cochran returns to this question (1936¢, 1942b, 1952,
1954b). In the 1942b paper he gives a special formula and tables for handling the
problem, tables still not widely used, we believe. In addition to these, the use of
transformations (1940a) and the analysis of variance for data that come as
percentages (successes divided by totals; 1943a) and data from matched samples
(1950) produced major contributions to the field. The large papers concerning
goodness-of-fit tests (1952) and strengthening the common chi-squared tests
(1954b) offer a small education in them

4 A. E. Maxwell, Analysing Qualitative Data (London: Methuen and Company. 1961).
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selves. The 1952 paper (p. 324) lists rules for handling chisquared with small
numbers in the cells, and the 1954b paper (p. 420) offers some slight revision of
these rules based on further research. Indeed, these ten papers would form a
small textbook on the analysis of counted data. The 1954b paper presents a large
number of methods for strengthening the chi-squared tests and includes the
essentials, together with a derivation in the appendix of the now-popular
technique, sometimes called the Mantel-Haenszel method for combining results
of several contingency tables.

One difficulty in reading Cochran's papers is that it is hard to know what
may be original with him and what he regards as helpful exposition of known
results. He often said of statistical research workers, "we all deserve more credit
than we get for results others publish, and a little less for those we ourselves
publish." His grounds for this remark were that many ideas in statistics float
around for a long time before someone actually sets them down in good order and
publishes them. Often we cannot nail down just exactly who had the original
idea.

The utility of the common chi-squared test for goodness of fit has been much
debated, partly because most statisticians including Cochran (1952, p. 336) agree
with Joseph Berkson. He argued that, given enough observations, we would be
sure to reject the normal distribution (and presumably any other distribution) as a
model in any particular situation. (Amusingly enough, when Berkson gathered an
enormous body of data to check whether radiation counts followed a Poisson
process, theory and data agreed extremely well. On the other hand, Berkson's
work on counting blood corpuscles showed that no standard distribution applied.)
Cochran pointed out that Karl Pearson was aware of this difficulty, even when he
invented the chi-squared test. Cochran struggled to suggest new approaches in
these situations. He proposed that per
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haps instead of testing a point null hypothesis we should be testing whether a
quantity falls into an interval; or that we should consider as the null hypothesis a
broader family, near the one being assumed.

Sample Surveys

Cochran's initiation into sample-survey theory and practice came when he
joined Frank Yates at Rothamsted. R. A. Fisher, with Yates and other colleagues
at Rothamsted, had made remarkable advances in the theory of statistics as a tool
of applied research in agricultural experiments. Modern theory and methods for
sample surveys were substantially advanced by these developments, including the
use of randomization in sample selection, already used to some extent in sample
surveys.

Cochran's first paper directly related to sample surveys (1936b)
demonstrated the importance of randomization in the selection of samples as
distinguished from purposive or judgmental selection. Yates had earlier done an
experimental demonstration of biases that resulted by allowing a judgmental
selection of a "random sample" of plants. At a conference of the observers of the
crop-weather scheme (for crop forecasting) in 1935, an experiment was planned
to see to what extent the kinds of biases observed by Yates are common to all
observers who make deliberate selections. Cochran analyzed the results of the
experiment and concluded (1936b, pp. 74-75):

It is obvious that samples that are picked by a process of randomization which
gives every sample in the population an equal chance of being picked, must be
representative of the population from which they are drawn and give an unbiased
estimate of the quantity which it is desired to measure. Those who have little
experience of the technique of sampling might, however, be unwilling to admit
that they could not do as well, or better, by choosing the samples themselves. In
this experiment, out of
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twelve observers, all of whom have had some training in sampling, not one
managed to pick a sample that could be called representative of the material from
which they were sampling. . . . What is even more serious and striking is that the
individual observers were not consistent throughout the experiment; the positive
bias in selection increased regularly as the mean height of the sampling-unit
decreased.

This work helped establish the importance of randomization in both sample
surveys and experiments.

In his work at Rothamsted, Cochran took advantage of the opportunities to
be involved in practical studies in design and analysis of experiments and sample
surveys. The sample-survey experience included, for example, evaluation of
crop-forecasting methods based jointly on sample-survey information on the crop
and on weather data (1938c). It also resulted in empirical analyses of survey data
to evaluate the efficiency of alternative sample designs for agricultural studies
(1938b). As was his usual practice, this paper included a rather exhaustive
analysis, including one of the early efforts to balance the amount of work
involved against statistical efficiency. He also developed procedures for making
approximate advance speculations on sampling variances before results are
available for analysis, as is essential in practical work on sample-survey design.
In another study (1940b) he evaluated the gains that would result in estimating
cereal yields by estimating the ratio of grain to total produce from the sample and
applying the ratio to known information on the total produce.

In 1939 he published a paper entitled "The Use of the Analysis of Variance
in Enumeration by Sampling," based primarily on his work at Rothamsted, but
published after he had moved to the Statistical Laboratory at Iowa State College
in 1939. In this pioneering paper he applied the analysis of variance to finite-
population sampling by regarding the finite population as a sample from an
infinite superpopulation. He
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conditions on the finite population and obtains estimators appropriate to the finite
population that—with minor exceptions—agree exactly with those arrived at by
direct application of probability-sampling theory. He illustrated the great
convenience and power of the application of the analysis of variance to data
available from a particular sample in evaluating the appropriate use of subdivision
(now generally referred to as stratification), subsampling, choice of sampling
units, and double sampling. He concluded:

The results of a properly planned sampling investigation, in addition to
providing an estimate of the accuracy of the sample, often provide estimates of
the accuracy of various alternative methods of sampling which might have been
used. These estimates are helpful in increasing the efficiency of sampling in
future studies on similar material . . . . The estimate of the relative accuracy of
two methods of sampling is shown to be in most cases a simple function of the
variance-ratio, so that its sampling limits are easily obtainable. (p. 510)

In 1942 Cochran contributed an especially interesting result for sample-
survey applications concerned with "Sampling Theory When the Sampling-Units
Are of U==qual Sizes." The procedure is applicable in estimating a population
average, ¥¢ , or total for a variable y where information on a correlated variable, x,
is available for the total population and for each unit in the sample. Among others
he considered a linear regression estimator of Yo of the form ¥, =3 + b(
x) , where ¥, and ¥, are the sample means, b is the usual’ estimate from the
sample of the linear regression coefficient, and x is the known population mean
of the x characteristic. It was well known that this estimator is the minimum
variance estimator of ¥, if the population regression of y on x is linear and if the
conditional variance of y given x is constant. Cochran, however, showed the
exceedingly useful result that V(y (1 — r*), the well-known estimator of the
variance of y, for this particular case, is asymptotically valid in large
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samples for any population; that is, it is a consistent estimator of the variance no
matter what the form of the regression of y on x. He considered weighted as well
as unweighted regression estimators and compared these and other alternative
estimators for varying sampling designs, as well as discussing the conditions
under which each estimator is most efficient. As he pointed out, the regression
estimator is relatively difficult to compute. While the regression estimator has
been extensively used, its applications are limited by the difficulty of computing.
In addition, in sample surveys that measure many characteristics the results for
multiple characteristics are not additive; that is, an estimate for males plus an
estimate for females will not necessarily be equal to the estimate for both sexes
combined. Nevertheless, it has proved highly useful in many applications. It has
also contributed to understanding the principles of estimation from sample
surveys.

Systematic sampling, of which the simplest form is selecting every k ™ unit
from some kind of an ordered sequence, has long had intuitive appeal and has
been widely used as a sample-selection procedure. The estimation of summary
measures from such a sample, such as means, ratios, or regressions, is
straightforward, but theory is not available for making consistent estimates of
variances. Often variances are estimated by treating a systematic sample as
equivalent to a stratified random sample. Some empirical studies have shown this
to provide a reasonable approximation in many circumstances, but far from a
satisfactory approximation in others.

In 1944 W. G. and L. H. Madow identified systematic sampling as a special
case of cluster sampling, and provided theory and examined its characteristics
under some alternative models.> Cochran extended these results in a paper
entitled "Relative Accuracy of Systematic and Stratified Ran

3 William G. and Lillian H. Madow, "On the theory of systematic sampling," Annals of
Mathematical Statistics, 15(1944): 1-24.
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dom Samples for a Certain Class of Populations," published in 1946. He observed
that numerous studies of real populations had revealed that the variance among
the elements in any group of contiguous elements increases steadily as the size of
the group increases, and he constructed a model appropriate to such populations.
In formulating the model, he regarded the observed finite population as a sample
from a superpopulation in which (in what follows, E is the expectation operator):

Eix) = u Elx, — p)! = o) Elx — wix,, — pn = p, o,

where p , < p, <0 whenever u < v. He obtained average variances for
samples from the possible finite populations from such a superpopulation.
For this class of populations he showed that:

The stratified random sample is always at least as accurate on the average as the
random sample and its relative efficiency is a monotone increasing function of
the size of the sample. No general result is valid for the relative efficiency of the
systematic sample. In fact, there are populations in the class in which the
systematic sample is more accurate than the stratifed sample for one sampling
rate, but is less accurate than the random sample for another sampling rate. If,
however, the correlogram is in addition concave upwards, the systematic sample
is on the average more accurate than the stratified sample for any size of
sample. (1946b, p. 164)

He pointed out that while no unbiased or consistent estimate of the variance
of the estimated mean is available from a systematic sample, an unbiased
estimator can be obtained if one can properly make an assumption concerning the
form of the population being sampled. Its validity will depend, of course, on the
validity of the assumed population model.

Cochran published numerous other papers concerned with various aspects of
sample surveys as he encountered them in consulting or otherwise became
interested in them. For example, in a 1961(b) paper he examined alternative
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rules for establishing strata boundaries by comparing them empirically for
several different forms of populations with varying amounts of skewness. In 1962
he jointly authored, with J. N. K. Rao and H. O. Hartley, a paper that proposed a
simple procedure for unequal probability sampling without replacement. This
approach had the advantages of simplicity of calculation and the ability to
provide unbiased estimates of the variance of the estimators. This was a topic
that received considerable attention at the time, and a number of different
procedures were proposed by various authors.

The problem of nonsampling errors in surveys is one that has received
extensive attention, and in 1968 Cochran prepared a review paper and extended
some of the earlier work that had been done in this area. He concluded, as do
others, that errors in measurement can sometimes seriously vitiate most standard
statistical techniques and at other times have only trivial effects—depending on
the size of the relevant response variances and covariances. He added that what
seems needed at the present state of development of this area are many studies
that permit the estimation of these variances and covariances, and that most of
these studies should be embedded in ongoing surveys. "When an 'errors of
measurement' study has to be conducted separately, as will sometimes be
necessary because of the complexity of such studies, it is always difficult to
reproduce the working conditions of an actual survey" (1968, p. 665).

In "Laplace's Ratio Estimator" (1978a), Cochran took an engaging historical
tour. He reviewed the well-known estimate made by Laplace in 1802 of the total
population of France. Laplace took a sample (by purposive sampling procedures)
of communes in France and persuaded the government to have a population
census taken in each of these. Births were registered throughout France, and
therefore were known for each commune as well as the country as a
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whole. He then estimated the total population of France with the ratio estimator
¥ = Xy/x where X is the known total registered births, x is registered births for
the sample communes, and y is the total population for the sample communes.
The estimate was 28.4 million. Laplace then estimated the standard error of this
estimate to be 108,000. In computing the estimated sampling error, Laplace
assumed that the birth rate in each commune (and of course in all of France) was
the consequence of sampling births and population at random with equal
probability from the same urn, a finite superpopulation.

Cochran reported: "He found the large-sample distribution of his error of
estimate to be approximately normal, with a small bias and a variance that he
calculates" (1978a, p. 3). Cochran then points out that in computing the sampling
error Laplace failed to recognize that the birth rates in the sample and in all of
France were not independent, and states in a summary remark:

It is unfortunate that Laplace should have made a mistake in probability in a
book on the theory of probabilities. In his application, however, the mistake was
of little consequence. His working out of the large-sample distribution of the
ratio estimator and his concept of the superpopulation as a tool in studying
estimates from samples are pioneering achievements. (1978a, p. 10)

Cochran wrote a number of review papers related to sample-survey topics
(1938b, 1947, 1951, 1956) that provided lucid summaries of the state of the art at
the time the papers were written and gave additional interpretations. Of course his
textbook, Sampling Techniques, is a substantially comprehensive summary, with
extensions of theory to round out topics and with reporting of empirical results to
provide better guidance on practical implications of some of the methods. It is
undoubtedly the most widely used textbook in

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 81

teaching sample surveys, as is attested by the printing of second and third
editions in 1963 and 1977.

Cochran's Other Contributions to Statistics and to Society

Cochran suggested that statisticians might profitably conduct a survey to
find out how scientists use statistical techniques and how they are helped by
them. He thinks it "might be very illuminating to statisticians if it could be carried
out despite the obvious difficulties. Statisticians are, I think, rather quick to jump
to conclusions about the kinds of problems which scientists in other fields are
supposed to face, and about their presumed uses and misuses of statistical
methods and ideas" (1952, pp. 334-35). Because he was writing in the Annals of
Mathematical Statistics, he probably felt he was speaking only to the
statisticians.

Having illustrated Cochran's propensity for returning to problems
repeatedly, we shall not review all the topics where he carried on such a program.
Instead we merely mention that these included: (a) the problem of weighting to
combine results from several comparable experiments (for example, when the
effects in the different experiments did not necessarily have the same true means
or precisions and when precisions needed to be estimated); (b) the problems
associated with both qualitative and quantitative discriminant functions; (c) the
use of covariates in experiments and observational studies; (d) the effect of errors
of measurement on regression, analysis of variance, and the analysis of counted
data; and (e) special analyses for detecting outliers, for handling missing
observations, for adding or removing a variable in regression, or for comparing
scales of measurement.

Cochran was an exceptional teacher, beloved by his students. He directed
four dissertations at North Carolina, fifteen at Johns Hopkins, and nineteen at
Harvard. In addi
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tion he greatly influenced a large number of other students. They recall his
clarity, wit, willingness to help, and use of practical examples culled from his
experience. As one said, Bill "pulled it all together in a way that made it fun to
calculate coefficients and to invert matrices. We wanted to do it because Bill
would have been disappointed if we failed."

Bill had a great ability to get to the heart of any statistics problem with
virtually no time lost. He was succinct and clear in his teaching and writing. He
worked with his graduate students to try to make them understand where the
problem formulation and inductive statistics ended and the deductive
mathematics began. Bill displayed the great knack for linking the theoretical and
the applied that Americans associate with statisticians trained in the United
Kingdom, and he was able to explain complicated statistical information to
investigators in language they could understand. Consequently he was a much
sought-after consultant and an excellent committee member or head. His calm
fairness and down-to-earth attitude assured attention to dealing with the core
problem.

Cochran limited his committee participation to the amount of work he could
handle. He chaired the committee appointed by the American Statistical
Association at the request of the National Academy of Sciences to review the
Kinsey, Pomeroy, and Martin study of sexual behavior in the human male, work
that resulted in a book (1954a). He served as chairman of the Panel of Statistical
Consultants, U.S. Bureau of the Census. He served on the committee to consider
the effect of battery additives on the life of batteries, on the Academy Committee
to the Atomic Bomb Casualty Commission, and on the Committee on
Epidemiology and Biometry at the National Institutes of Health. The
Subcommittee on National Morbidity Survey of the U.S. National Committee on
Health Statistics, of which he was a member, submitted a
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report to the Surgeon General that was the basis, with little change, of the
National Health Survey Act. A smoker, Bill was the only statistician on the
Surgeon General's Committee on Smoking and Health.

Bill received many honors. He was at various times president of four major
statistical organizations: the Institute of Mathematical Statistics in 1946, the
American Statistical Association in 1953, the Biometric Society (which he helped
found as a member of the organizing committee) in 1954-55, and the
International Statistical Institute in 1967-71. He was elected to the American
Academy of Arts and Sciences in 1971 and to the National Academy of Sciences
in 1974. He was a fellow of the American Association for the Advancement of
Science; honorary fellow of the Royal Statistical Society; and Guggenheim
fellow, 1964-65. He received the Guy Medal of the Royal Statistical Society in
1936, the S. S. Wilks Memorial Medal (American Statistical Association) in
1967, and the "Outstanding Statistician" Award (Chicago Chapter, American
Statistical Association) in 1974. He was editor of the Journal of the American
Statistical Association from 1945 to 1950.

Personally, Bill was an unpretentious man with Scottish wit and humor. He
was a believer in the fellowship of man, and one of the few things sure to elicit
his anger was a bigoted comment. Although he preferred to work by himself
rather than to collaborate with others, he was friendly to everyone and liked by
all. He and his wife Betty, to the delight of colleagues and students, entertained
frequently, and enjoyed square dancing, theater, music, and travel. Hundreds of
statisticians from far-flung places attended Bill's retirement dinner in 1976.

The last several years of Bill's life were plagued with a series of medical
problems. Nonetheless, after his retirement and his move to his Cape Cod home,
he continued to travel,
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to teach, and to write. He died in Orleans, Massachusetts, on March 29, 1980.

We appreciate the advice and support of his wife Betty Cochran and brother
Oliver Cochran, and of colleagues Arthur P. Dempster, John Emerson, Katherine
Godfrey, David C. Hoaglin, Augustine Kong, Erich Lehmann, Lincoln E. Moses,
Marjorie Olson, Katherine Taylor-Halvorsen, and Cleo Youtz. We have also
benefited from correspondence with Richard L. Anderson and Geoffrey Watson
and from their writings about Cochran cited in the references.

REFERENCES

Anderson, R. L. William Gemmell Cochran 1909-1980, A Personal Tribute. Biometrics , 36
(1980):574-78 .

Dempster, Arthur P., and Frederick Mosteller. In Memoriam. William Gemmell Cochran 1909-1980.
The American Statistician , 35, no. 1(1981):38 .

Dempster, Arthur P., Margaret Drolette, Myron Fiering, Nathan Keyfitz, David D. Rutstein, and
Frederick Mosteller (chairman). Faculty of Arts and Sciences—Memorial Minute, W . G.
Cochran. Harvard Gazette (3 December 1982): 4 .

Watson, G. S. William Gemmell Cochran 1909-1980. The Annals of Statistics , 10(1982): 1-10 .

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 85

Selected Bibliography

1934 The distribution of quadratic forms in a normal system, with applications to the analysis of
covariance. Proc. Cambridge Philos. Soc., 30:178-91 . [1]

1936a. The statistical analysis of field counts of diseased plants. J. R. Stat. Soc., Ser. B (Suppl.),
3:49-67 . [4]

b. With D. J. Watson. An experiment on observer's bias in the selection of shoot-heights. Emp. J.
Exp. Agric., 4(13):69-76 . [5]

c. The X2 distribution for the binomial and Poisson series, with small expectations. Ann. Eugen.,
7:207-17 . [6]

1937 The efficiencies of the binomial series tests of significance of a mean and a correlation
coefficient. J. R. Stat. Soc., Ser. A, 100:69-73 . [9]

1938a. An extension of Gold's method of examining the apparent persistence of one type of weather.
Q. J. R. Meteorol. Soc., 64:631-34 .

b. The information supplied by the sampling results. Ann. Appl. Biol., 25:383-89 . [12]

c. Crop estimation and its relation to agricultural meteorology. J. R. Stat. Soc., Ser. B (Suppl.), 5:1-45 .
[15]

1939a. Long-term agricultural experiments. J. R. Stat. Soc., Ser. B (Suppl.), 6:104-48 . [18]

b. The use of the analysis of variance in enumeration by sampling. J. Am. Stat. Assoc., 24:492-510 .
[19]

1940a. The analysis of variance when experimental errors follow the Poisson or binomial laws.Ann.
Math. Stat., 11:335-47 . [22]

NOTE: The numbers in brackets at the end of each entry correspond to the
number given that paper in Contributions to Statistics, 1982.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

E'&EEEEE'!caI Memoirs V.56

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 86

b. The estimation of the yields of cereal experiments by sampling for the ratio of grain to total
produce.J. Agric. Sci., 30:262-75 . [23]

1941a. Lattice designs for wheat variety trials. J. Am. Soc. Agron., 33:351-60 . [24]

b. An examination of the accuracy of lattice and lattice square experiments on corn. lowa Agric. Exp.
Stn. Bull., 289:397-415 . [27]

1942a. Sampling theory when the sampling-units are of unequal sizes. J. Am. Stat. Assoc.,
37:199-212 . [28]

b. The X2 correction for continuity. Iowa State Coll. J. Sci., 16:421-36 . [29]

1943a. Analysis of variance for percentages based on unequal numbers. J. Am. Stat. Assoc.,
38:287-301 . [33]

b. Some additional lattice square designs. Iowa Agric. Exp. Stn. Bull., 318:729-48 . [34]

1946a. With Gertrude M. Cox. Designs of greenhouse experiments for statistical analysis. Soil Sci.,
62:87-98 . [36]

b. Relative accuracy of systematic and stratified random samples for a certain class of populations.
Ann. Math. Stat., 17:164-77 . [38]

1947 Recent developments in sampling theory in the United States. Proc. Int. Stat. Conf., 3:40-66 .
[40]

1950 The comparison of percentages in matched samples. Biometrika, 37:256-66 . [43]

1951 Modern methods in the sampling of human populations. Am. J. Public Health, 41:647-53 . [46]

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

E'&EEEEE'!caI Memoirs V.56

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 87

1952 The X2 test of goodness of fit. Ann. Math. Stat., 23:315-45 . [49]

1953 Matching in analytical studies. Am. J. Public Health, 43:684-91 . [52]

1954a. With Frederick Mosteller and John W. Tukey. Statistical Problems of the Kinsey Report on
Sexual Behavior of the Human Male . Washington, D.C.: American Statistical Association.

b. Some methods for strengthening the common x? tests. Biometrics, 10:417-51 . [59]

1956 Design and analysis of sampling. In: Statistical Methods , ed. George W Snedecor, pp. 489-523 .
Ames:lowa University Press. [63]

1957 With Gertrude M. Cox. Experimental Designs, 2d ed. New York: John Wiley.

1961 a. Designing clinical trials. In: Evaluation of Drug Therapy , ed. F. M. Forster, pp. 71-77 .
Madison:University of Wisconsin Press. [70]

b. Comparison of methods for determining stratum boundaries. Bull. Int. Stat. Inst., 38:345-58 . [72]

1962 With J. N. K. Rao and H. O. Hartley. On a simple procedure of unequal probability sampling
without replacement.J. R. Stat. Soc., Ser. B, 24:482-91 . [75]

1963 With Miles Davis. Sequential experiments for estimating the mean lethal dose. In: Le Plan
d'Expériences , pp. 181-94 . Paris: Editions du Centre Nationale de la Recherche
Scientifique. [78]

1964 With Miles Davis. Stochastic approximation to the median effective dose in bioassay. In:
Stochastic Models in Medicine and Biology , ed.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

E'&EEEEE'!caI Memoirs V.56

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 88

John Gurland, pp. 281-300 . Madison: University of Wisconsin Press. [82]

1965a. With M. Davis. The Robbins-Munro method for estimating the median lethal dose. J. R. Stat.
Soc., Ser. B, 27:28-44 . [84]

b. The planning of observational studies of human populations. J. R. Stat. Soc., Ser. A, 128:234-65 .
[85]

1967 Planning and analysis of non-experimental studies. In: Proceedings of the Twelfth Conference
on the Design of Experiments in Army Research and Testing , ARO-D Report 67-2, pp.
319-36 . Durham, N.C.: U.S. Army Research Office. [88]

1968 Errors of measurement in statistics. Technometrics, 10:637-66 . [89]

1972 Observational studies. In: Statistical Papers in Honor of George W. Snedecor ed. T. A.
Bancroft, pp. 77-90 . Ames: Iowa State University Press. [97]

1973 Experiments for nonlinear functions (R. A. Fisher Memorial Lecture). J. Am. Stat. Assoc.,
68:771-81 . [99]

1976 Early development of techniques in comparative experimentation. In: On the History of
Statistics and Probability , ed. D. B. Owen, pp. 3-25 . New York: Marcel Dekker. [105]

1977a. Sampling Techniques , 3rd ed. New York: John Wiley & Sons.

b. With Persi Diaconis, Allan P. Donner, David C. Hoaglin, Nicholas E. O'Connor, Osler L. Peterson,
and Victor M. Rosenoer. Experiments in surgical treatment of duodenal ulcer. In: Costs,
Risks, and Benefits of Surgery, ed. John P. Bunker, Benjamin A.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

E'&fgﬁgﬂical Memoirs V.56

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WILLIAM GEMMELL COCHRAN 89

Barnes, and Frederick Mosteller, pp. 176-97 . New York:Oxford University Press. [106]
1978 a. Laplace's ratio estimator. In: Contributions to Survey Sampling and Applied Statistics , ed.
H. A. David, pp. 3-10 . New York: Academic Press. [107]
b. Experimental design. I. The design of experiments. In: International Encyclopedia of Statistics ,
ed. William H. Kruskal and Judith M. Tanur, pp. 285-94 . New York:The Free Press. [110]
1980 With George W. Snedecor. Statistical Methods , Tth ed. Ames: lowa State University Press.
1982 Contributions to Statistics . New York: John Wiley & Sons. (A collection of the 116 papers
published by William G. Cochran.)
1983 Planning and Analysis of Observational Studies , ed. Lincoln E. Moses and Frederick
Mosteller. New York: John Wiley & Sons.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

90

JAMES BROWN FISK

J. B. Fouk

"uonnquyle oy UOISISA SAllelLIoyINe 8y} se uoieolgnd siy} JO uoisiaA julid 8y} ash ases|d "payuasul Ajjejuspiooe usaq aAey Aew siolis olydelbodA) swos pue
‘paulelal aq jouued ‘1anamoy ‘Bumewlo) oyoads-buasadAy 1ayjo pue ‘sajAis Buipeay ‘syealq plom ‘syibus| aull ‘|eulbluo ay) 0} anJy ale syealq abed ‘sa|i BuiiesadAy
[euiblio sy} woulj Jou ‘Yooq Jaded [euiblLo sy} wouy payeslo saji JNX Wolj pasodwosal usaq sey ylom [eulblio ayy Jo uonejuasaidal [e)ibip mau sIyl 8y 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

JAMES BROWN FISK 91

James Brown Fisk

August 30, 1910-August 10, 1981
By William H. Doherty

Early in 1876, the hundredth year after the signing of the Declaration of
Independence, Alexander Graham Bell invented the telephone in Boston. He
exhibited it a few months afterward at the Centennial Exposition in Philadelphia.

Ninety years later James Fisk, president of Bell Laboratories, looking ahead
to the telephone's hundredth anniversary, suggested to me, a longtime associate,
that a historical volume ought to be planned as a record of the development of
telephone science over that period.

Several colleagues and I, going through the "Boston Files" of the earliest
years, made an interesting discovery. The first trained scientist hired by the infant
Bell company (late in 1885), Hammond V. Hayes, reminded us in many ways of
our own Fisk. Hayes and Fisk came from old New England families. Both had
studied at Harvard and the Massachusetts Institute of Technology. Both had
earned doctorates in physics. But the resemblance ran much deeper, into their
innermost personalities, their attitudes, their approaches, and their ways of
operating: kindred spirits, aristocratic gentlemen both, born two generations
apart.
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The thousand-page volume produced in late 1975,! the eve of the
telephone's centennial, covered the first fifty years (up to 1925, the year Bell
Laboratories was incorporated). Fisk does not appear in that volume. He was not
with us until 1939. But this memoir is about him, and its preparation has
repeatedly recalled the approaches taken by Hammond Hayes in facing up to
critical problems—human as well as technical—as the telephone art progressed
from its primitive forms. Hayes had quickly seen that the scientific roots of
telephony must extend into deeper soil than could be cultivated with the primitive
tools of the early electricians and telegraph wiremen, scorned by Lord Rayleigh
as "so-called practical men whose minds do not rise easily above ohms and
volts."

The invention of the telephone had stirred up an intellectual ferment in the
world of engineering and physics concerning electric waves and oscillations.
Hayes, while facing a host of practical and "earthy" problems, sensed the need
for a cadre of keen, academically trained minds. His first discovery was John
Stone Stone, recruited from Johns Hopkins in 1890 through the recommendations
of the renowned physicist Rowland, then on the Hopkins faculty. Following
Stone came Campbell from MIT (with additional training at Harvard, Paris,
Vienna, and Géttingen); Colpitts from Harvard; Pickard from Harvard and MIT;
and Jewett from Chicago, brought over from the MIT faculty. These were the
bright lights of the earliest days; their contributions, inspired by Hayes,
demonstrated convincingly the importance of fundamental knowledge. Thus the
pattern was established long before there was a corporate Bell Laboratories with
Frank B. Jewett as its president (1925). And to Jewett's successors, of

A History of Engineering and Science in the Bell System: The Early Years (1875-1925)
(Murray Hill, N.J.: Bell Telephone Laboratories, 1975). Six additional volumes have
completed the series.
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whom James Fisk was the third, there has been no higher priority than to engage
and stimulate the best intellects.

There had been no scientists in the immediate Fisk family. James, his sister
Rebekah (Becky), and younger brother George were born in West Warwick,
Rhode Island, to the southwest of Providence. Their parents, Henry James and
Bertha (Brown) Fisk, natives of Providence, had been charmed by the Far West
during a wedding trip. They subsequently took the children to Tacoma, and later
to Long Beach, for their primary schooling. The elder Fisk was a sales manager in
the canning industry; and when the mother—a beautiful lady and talented
violinist—died as the children were nearing high school age, he contemplated
going to Alaska for better business opportunities. At this point the maternal
grandparents, the George Tilden Browns of Providence, urged that the children be
placed in their care for their high school years. Judge Brown had retired as
presiding justice of the Superior Court of Rhode Island. Becky writes that his
whole life thereafter was devoted to his three grandchildren and their education.
"They spoiled us and at the same time were very strict. . . . He would quiz us in
the evenings after study time. . . . Gramp's greatest delight was seeing good
grades on our report cards. Jim's were always the best and required the least
effort." The boys were sent far across town to Providence Technical High School
in preference to nearby public or private schools.

James entered the Massachusetts Institute of Technology in 1927, when he
was barely seventeen years old. It was in January of that year that telephone
service had been established across the Atlantic. For the first time it was possible
to place a telephone call to London or Paris. It was not done by cable; the cable
was nearly thirty years in the future. The medium was high-power, long-wave
radio, the wave being transmitted from tall towers at Rocky Point, Long Island.
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Two of the key people involved, Mervin J. Kelly and Ralph Bown—Kelly in
the fabrication of powerful radio tubes, Bown in the painstaking study of wave
propagation over the great circle route—would one day be Fisk's mentors at Bell
Laboratories. They were physicist-engineers, and he would succeed both of
them.

But even more glamorous, in May of that year, was another conquest of the
Atlantic, the solo flight of Charles Lindbergh from New York to Paris. On his
return the young aviator was acclaimed in many parades. One of these—which I
witnessed, and Fisk was probably there—was from Boston through Cambridge
along Massachusetts Avenue, passing MIT, which already had a vigorous
program in aeronautical engineering, boasting an advanced design of wind
tunnel. This was the field that appealed most to Fisk, and he pursued it
enthusiastically, graduating with high marks in 1931.

The senior album of the MIT class of 1931 depicts Fisk as very active in
extracurricular affairs, from smokers, proms, and field days through ROTC and
varsity athletics (track and cross-country). A member of Kappa Sigma fraternity
(as his brother George was to be, following him by three years), Fisk made Tau
Beta Pi and was secretary of his class for five years following graduation. "Jim
had a quiet dignity," writes a classmate, "that brought him many assignments,
always discharged in a friendly manner and displaying uncommon ability."

As an aeronautical engineering student, Fisk came to know and work with
Charles Stark Draper, a Stanford and MIT alumnus, a graduate student and
faculty member specializing in aircraft instrumentation. In their work in the
engine laboratory Draper became impressed with Fisk's astuteness and depth and
urged him to become more involved in pure physics; in a postgraduate year as a
research assistant in aeronautics Fisk did develop a strong interest in atomic
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physics, which led to a Redfield Proctor Travelling Fellowship for study in
England. Redfield Proctor, MIT '02, former governor of Vermont, and long-time
member of the MIT Corporation, had established these fellowships in the interest
of promoting international student exchange.

Fisk's grant was for the year 1932-33 at Cambridge, with residence at Trinity
College. This was a time of great excitement in British physics. It was in 1932
that Chadwick discovered the elusive neutron. And with the reputation of the
Cavendish Laboratory for Experimental Physics—where Sir J. J. Thomson in
1897 and "discovered" the electron (that is, measured the charge-to-mass ratio e/m)
—and of its director, Sir Ernest Rutherford, hailed as "the greatest
experimentalist since Faraday," who had in 1910-11 established the minuteness
of the atomic nucleus—there could not have been a more felicitous assignment
for a lively and personable young American. Fisk appears to have relished it. He
requested, and was granted, an extension of the fellowship into a second year.
Among the friends made in England during that period, besides Rutherford (who
died in 1937), I remember John Cockroft, who was lecturing in physics. Sir John
remained in close touch with Fisk for many years.

After completing his second year (1934), during which he published two
Royal Society papers (one with a coauthor) relating to the conversion coefficients
of gamma rays, Fisk returned to the States to work at MIT for his Ph.D., which he
received in 1935. The subject of his dissertation was "The Scattering of Electrons
from Molecules," a topic suggested by Professor Philip Morse, who took a
constant interest in the study.

Quantum theory had already accounted for most of the phenomena observed
in experimental studies of the "collision cross-section" of atomic gases when
bombarded by beams of electrons. In Fisk's thesis the theory was extended
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to the case of diatomic molecules, and the results compared with experimental
observations on H,, N,, and O,. The results were in reasonable accord,
considering the rough assumptions that had to be made concerning the molecular
potential fields; the most noticeable departures were attributable to inelastic
collisions due to the low energy of excitation in H,

Following an additional year at MIT as a teaching fellow in physics, Fisk
received an appointment as a junior fellow at Harvard. The Society of Fellows
had been established through a gift from President Lowell. It included a small
group of young men and women of exceptional ability, originality, and
resourcefulness who were given residence, plus a stipend, with no specific
requirements as to what they should study or teach. It was a happy and
challenging situation for Fisk. Only twenty-six years old, he enjoyed living in
Lowell House, one of the first three "colleges" newly built under Harvard's House
Plan, down by the river, with the added privilege of dining informally once a
week with the senior fellows. To add to the enjoyment of his first year, 1936 was
the tricentennial year of Harvard's founding, a colorful year climaxed by
ceremonies in September attended by many noted scholars and Nobel prize
winners (including Eddington) from foreign countries. The University of
Cambridge (the mother of Harvard) sent representatives from Fisk's Trinity
College, from Kings, and from Emmanuel (John Harvard had been an Emmanuel
man).

A hundred years before, at the bicentennial, Emerson had written:

... Cambridge at any time is full of ghosts; but on that day the anointed eye saw
the crowd of spirits that mingled with the procession in the vacant spaces, year
by year, as the classes proceeded; and then the far longer train of ghosts that
followed the company, of the men that wore before us the
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college honors and the laurels of the State—the long, winding train reaching
back into eternity.

Thus Fisk became, in spirit, a Harvard man as well as an MIT man and a
University of Cambridge man. As we came to know him a few years later, he was
all of these—quietly, unostentatiously, but always generously.

A friend from MIT days, Ivan A. Getting, had become a Harvard junior
fellow a year earlier. As an MIT freshman, Getting had had Fisk as his ROTC
platoon commander. When Fisk, as a graduate student, had switched his interest
to theoretical physics, which was Getting's field, the two had worked out
problems together. Getting had then, after graduation, been awarded a Rhodes
scholarship and studied physics at Oxford, receiving his Dr. Phil. in 1935.

Fisk brought with him to Harvard some of the designs for Van de Graaff
electrostatic generators as evolved at MIT, and he and Getting proceeded to build
an improved and compact machine for accelerating protons and deuterons up to
500,000 volts. The generator was not entirely completed when Fisk left the
Society of Fellows two years later, and Getting continued its construction with
the aid of a graduate student. There were two Physical Review papers coauthored
by Fisk on features of the generator and its use in the physical laboratory.

Fisk's departure in June 1938 coincided with the termination of his celibate
life. Shortly after his return from England in 1934 he had met Cynthia Hoar, a
Concord (Massachusetts) girl whose family, like his, had a long New England
background. They had met at Saint-Sauveur, P.Q., on a weekend of skiing, a
sport relished by both; and their mutual interests, to be shared for nearly forty-
seven years, included music. Cynthia was a pianist, and after Concord Academy
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she had attended the New England Conservatory and had studied for a year in
Germany. Jim, Cynthia tells me, was a clarinetist (since high school days), and a
good one. In later years at Bell Laboratories, characteristically, he never allowed
us to suspect this endowment. Hammond Hayes had been like that: self-effacing,
not seeking the limelight; a scholar talented in more ways than anyone knew.

Following a June wedding and a trip to Europe, Fisk and his bride moved to
Chapel Hill, where he had accepted an associate professorship in physics at the
University of North Carolina. He had presented a paper there at a National
Academy of Sciences meeting in May on disintegration of nuclei by high-energy
radiation—a topic of much piquancy, coming on the eve of disclosures from
Europe on nuclear fission and the possibility of chain reactions. But after one
academic year, the long arm of Mervin J. Kelly, director of research at Bell
Laboratories, reached out and brought Fisk into the department Kelly had recently
headed, now run by J. R. "Ray" Wilson, director of electronics research. Kelly,
urgently seeking to build up the staff in modern physics, had heard about Fisk
from William Shockley, who had joined Bell Laboratories after collaborating
with Fisk at MIT in 1935-36.

Wilson, an alumnus of Reed College, Cal Tech, and Columbia, was a superb
administrator. For all the shabbiness of their headquarters—a former biscuit
factory in downtown New York—his and Kelly's men had produced some
remarkable electron tubes. Their devices ranged from the world's tiniest (for the
first electronic hearing aids) to a 250-kilowatt water-cooled monster—the world's
largest triode, seven feet high—for super-power broadcasting. They had also
furnished high-power tubes to J. R. Dunning at Columbia University for his first
cyclotron.

Fisk's first supervisor was physicist J. B. Johnson, softspoken and
gentlemanly, developer of the first practical
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cathode-ray oscilloscope tube, and famous for his analysis of electron noise in
vacuum tubes and his identification of the Wéirmeeffekt in electrical conductors,
which became known as Johnson noise.

But the emphasis in Wilson's laboratory in the mid-thirties had been shifting
toward the high radio frequencies, partly in support of new communications ideas
and partly as our awareness of Churchill's "gathering storm" in Europe suggested
new uses of radio that could be of military importance. One of these, the detection
and tracking of ships and airplanes by means of pulsed radio beams—not yet
called radar—was already being pushed in Army and Navy laboratories in the
United States and Britain. In 1938 a program sponsored by AT&T, but at
government request, was begun in secret in the radio laboratory of Bell Labs at
Whippany, New Jersey.

William C. Tinus and I were put in charge of this work, and we immediately
jumped to the 600-700 megahertz range, three to four times the frequency
employed anywhere else, in order to achieve narrower radio beams for better
angular precision and resolving power. We were encouraged by the work of
Wilson's very clever physicist-engineers on highfrequency tubes and by the
expertise in microwaves being developed for forward-looking Bell purposes by
radio research engineers at our Holmdel laboratory under Harald T. Friis.

This is where Fisk came in. There was a crucial need for more transmitted
power to increase range. At 700 MHz we could not get more than a kilowatt from
any existing tube, even on a "pulsed" basis. We were being pressed by the Navy
to go to even higher frequencies for still narrower beams, and by the Signal Corps
to undertake a project called "bombing through overcast" that would require
scanning the terrain or ocean from the air with the narrowest possible beam.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/897.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

JAMES BROWN FISK 100

On October 6, 1940, Wilson and Fisk, accompanied by Kelly, were at our
Whippany laboratory to witness tests on a new invention brought over in secrecy
from England, the multicavity magnetron.> We had been alerted, and my
colleague Russell Newhouse, co-inventor of the first radio altimeter, was
prepared with a test setup that included a powerful electromagnet. He had built
this to test an experimental 3,000-MHz (10-cm) oscillator devised by another of
Wilson's ingenious tube men, A. L. Samuel.

The results with the British magnetron were astonishing. An outwardly
simple device, it delivered bursts of 10-cm power roughly estimated at 10
kilowatts.

The radar picture changed overnight, and Fisk was commissioned
immediately by Wilson and Kelly to set up a group to hand-produce 10-cm
magnetrons as quickly as possible for use in planning new radars; to find out how
to "scale" the magnetron to the 40-cm range so that it could be used immediately
to beef up the radars already designed and being built in Western Electric
factories for use on battleships, cruisers, and destroyers; and to solve the many
fabrication problems associated with a device so radically new and not yet
completely understood.

Within two months of the demonstration, but with Pearl Harbor still a year
away, sample magnetrons had been made. As the months passed, under great
pressure from the radar

2 The body of the magnetron was a copper block—the anode—having a central hole
with a cylindrical (indirectly heated) cathode located axially, plus six or eight surrounding
holes connected to the central hole by narrow slots. The holes (plus slots) being essentially
quarter-wave resonators, the iterative structure would support a wave traveling
circumferentially, provided it could be reinforced by a circumferential movement of
electrons at the right speed. This was accomplished by employing a strong transverse
magnetic field so that the electrons emitted from the cylindrical cathode, instead of moving
radially toward the anode, would be forced to follow a spiral path. The circumferential
component of this motion (modified by its interaction with the fields at the successive
slots) was then the source of microwave power.
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development engineers and the hard-driving Kelly, Fisk's team proceeded with
magnetron designs for manufacture, at the same time advancing in theoretical
understanding of the intricate electron dynamics. Of the many inventions related
to magnetron development, four resulted in patents issued to Fisk himself. His
two physicist coworkers from the outset, with others soon added, were Paul
Hartman from Cornell and Homer Hagstrum from Minnesota. A paper authored
by all three was published after the war (1946) to cover the practical as well as
theoretical aspects of the work, not only in Wilson's department but in many
other contributing groups.

Wilson's laboratory, with splendid shop facilities and highly imaginative
physicist-engineers already active in the new electronic art of "bunched" beams
and resonant cavities, was a propitious environment. With the long wartime
working day, six days a week (stretched out to twelve hours for train-and-ferry
commuters from northern New Jersey), there was another fortunate ingredient—
an esprit and dedication, along with the seriousness. Emanating from Wilson
himself, and augmented by a prankishness going down the line—in which Fisk
was often the ringleader and provocateur—this spirit was contagious and made
everyone, including wiremen, mechanics, and clerks, an enthusiastic partner.
Looking back on that period many years later, when vacuum tube research had
moved from downtown New York to more sanitized and university-like quarters
in New Jersey, Fisk reminisced in a speech to old veterans that "the sweet
bakeshop aroma that hung over from the old biscuit factory may have inspired us
to pump better vacuums," and suggested that "our instincts to be inventive may
have been sharpened by the man-eating flies that shuttled between our place and
the stables of New York's mounted police a half block away."

Encouraging to Fisk and his colleagues were reports from
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the armed forces on successful engagements—Iland, sea, and air—in which radars
powered by their magnetrons had been decisive.?

Soon after the magnetron project was started, the National Defense Research
Committee (NDRC)* established the MIT Radiation Laboratory, with the aim of
mobilizing the nation's universities for defense. As Kelly's emissary in promoting
collaboration between Bell Laboratories engineers and the staff there under Lee
DuBridge, I found one of DuBridge's group leaders on gunfire-control radar to be
Fisk's old MIT-Harvard friend, Ivan Getting; while his other MIT friend and
mentor, Stark Draper, was inventing a lead-computing gunsight for naval
machine guns, for which we at Bell Labs were designing an antiaircraft radar.

This fruitful collaboration included magnetron development, and as the war
continued and it became possible to build magnetrons for even shorter
wavelengths (3 cm and 1.25 cm), specialists from both the MIT and Columbia
Radiation Laboratories joined forces with Fisk's group and made contributions of
great value. These advances included very large improvements in power output
and in frequency stability (the absence of unwanted modes of oscillation), plus
the feature of tunability, technically difficult but quite valuable in an operational
radar system.

Radar was a decisive element in the prosecution of World War II, and the
British-invented magnetron, developed for

3 The Navy Bureau of Ships, which had cognizance of shipborne search radar, including
torpedo-directing radar for submarines, was especially diligent in reporting on submarine-
based radar (the 10-cm SJ, followed by the 3-cm SS). One report cited a nighttime
engagement in the Pacific in which fourteen torpedoes, in conjunction with the Navy's
torpedo data computer, were used to sink seven ships in a Japanese convoy in the space of a
few minutes.

4 Serving with Vannevar Bush, chairman of NDRC, was Frank B.Jewett, president of
the National Academy of Sciences and soon to retire as president of Bell Laboratories.
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quantity production by Fisk and his colleagues, was its crucial component. The
enemy had nothing comparable. The Presidential Certificate of Merit, recognizing
Fisk's vigorous leadership, came in 1946. Even before this, with the war ending
and still in charge of the magnetron group under Wilson, Fisk had been given a
parallel assignment under Harvey Fletcher, director of physical research. One of
the stars in Fletcher's department was C. J. Davisson, Nobel prize winner (1937)
for his demonstration of the duality of electrons and waves. The contributions of
Fletcher's men to achievements in Wilson's area, including magnetic structures
for magnetrons, had been notable. It was Kelly's view, with Fletcher's retirement
only a few years away, that Fisk could bring new strength to an area that was
close to Kelly's heart—the fundamental properties of materials and the physics of
the solid state.

As assistant director under Fletcher, Fisk organized a solid state physics
group that only two years later was to come up with the epochal invention of the
transistor—another Nobel achievement. He also set up a research activity in
electron dynamics to provide a continuing background in fundamental theory for
the more developmental type of work on microwave tubes that was increasingly
engaging Wilson.

The war's end had allowed Bell people, emerging from some of their all-out
military commitments, to think again about their own business. Many things
urgently needed doing. To Ralph Bown, a Cornellian with a long background in
radiophysics and wave propagation who had succeeded Kelly as director of
research, there was one area especially where the time was ripe and the
technology ready: the plunge ahead on a nationwide system of microwaves,
beamed from tower to tower, with a capacity for thousands of telephone
channels, plus network television.
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Thus the postwar Bell Laboratories was an exciting place. So, too, was the
Fisk household in Madison, New Jersey, which included three lively young boys
and a grand piano—a Steinway, the gift of Cynthia's Massachusetts parents.
Accordingly, we who had been close to Fisk and observed the increasing
responsibilities given to him by Kelly and Bown were surprised to learn late in
1946 that he was leaving us to become a professor of physics at Harvard. We
knew the academic life had always appealed, and that the blandishments of the
Harvard physics faculty could be persuasive. At first we suspected that a bit of
nostalgia for the Cambridge Concord environment was also involved, but this
was not the motivation. Fisk was simply not ready to commit himself to a career
inevitably leading to the management of research, or research and development,
rather than the personal involvement as a scientist that had brought him such
satisfaction.

The move to Harvard was delayed for a year to enable Fisk to respond to an
urgent request from the newly formed Atomic Energy Commission to be its first
director of research. In this capacity he was influential in emphasizing the role
that should be assigned to basic research, as distinguished from reactor
development, and introduced several programs to include such fundamental work
in the AEC's plans (later he was to serve for six years, 1952 to 1958, as a member
of AEC's General Advisory Committee).

After spending much of 1947 in Washington, with residence in Alexandria,
Fisk was able to take on his Harvard commitment and to live with his family in
historic, whitesteepled Concord, the home of Emerson and Hawthorne, and the
locale of Thoreau's Walden Pond—"a gem of the first water which Concord
wears in her coronet"—where Cynthia had gone swimming as a girl.

The Harvard appointment was to the Gordon McKay Professorship in
Applied Physics, along with which Fisk was
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given an honorary A.M. and, in 1949, made a senior fellow in the Society of
Fellows. The university catalog listed his courses as Elements of Mechanics
(classical mechanics, for undergraduates and graduates) and Electron Physics, a
reading and research course for graduate students.

Fisk's students gave high ratings to his lectures, but they also appreciated his
mischievous dry wit, already so well known to his Bell friends. On occasion he
would invite a student to accompany him to a Red Sox ballgame at Fenway Park,
winding up the day with a round of his favorite cigars, Corona Belvederes.

In a neighboring office was Edward M. Purcell, also teaching physics and
another veteran of strenuous war years. Two years earlier he had observed the
phenomenon of nuclear magnetic resonance (NMR), for which he and F. Bloch
of Stanford would receive the 1952 Nobel Prize in physics. Purcell writes
concerning Fisk that it was "a joy to be able to talk with him about anything from
freshman physics to high technology, and to draw from that deep reservoir of
humane wisdom. . . . How great was Harvard's loss when Jim left we have of
course no way of measuring. I often thought he might have become, and would
have made, a great president of the university."

But Fisk did leave, after one year, despite his love for academe; this time the
challenge presented by Kelly and Bown was irresistible. Fletcher was retiring in
the summer of 1949, and Bown confided to Friis and me: "We're getting Jim
back; and our idea is that he would eventually move into my job. I presume this
would be agreeable to both of you." It was, with no reservations. An old friend
was rejoining us.

In telephony there is a subtlety in the end product. The end product is human
communication, not hardware. This subtlety seems to offer a glamour of an
intellectual sort to intrigue an inquisitive mind. Thus a keen physicist quickly
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catches on to the fundamentals of telephony's dominant technologies,
transmission and switching.> These are the fields requiring the greatest amount
of organized engineering manpower, yet continuously sensitive and responsive to
new ideas.

This was what Fisk came into in mid-1949 at our new headquarters at
Murray Hill, New Jersey. His direct responsibility was for research in the
physical sciences. But his broader assignment, as Bown's and Kelly's heir
apparent, was to encourage communications researchers like Friis and me, in
trying to envision the telephone system of the future, to look even farther beyond
the horizon.

There are near horizons and far horizons. In the early nineteen-fifties we
were looking ahead to the circular waveguide, using millimeter waves and
providing a quarter of a million voice channels, as the long-distance medium of
the future, at least over land routes. About 1955 John Pierce, an electron
dynamicist of extraordinary imagination who, like Fisk, had worked under
Wilson, made the audacious proposal that we communicate across oceans by
means of microwave beams directed at orbiting satellites. And from over an even
more distant horizon there beckoned optical fiber transmission—though with
little hope, until the nineteen-seventies, for any but short distances. To all of these
approaches, Fisk—advancing to vice president for research in 1954 and executive
vice president in 1955—gave enthusiastic support and encouragement.

5 The term transmission, understood as the faithful transport of large bundles of voices
over long or short distances, speaks for itself. The term switching, with its suggestion of
the railroad yard, unfortunately conveys no notion of the fascinating complexity and
intellectual challenge of this field. The French term commutation is scarcely better. The
Germans at least employ wdhlen—to choose—for the dialing process. A German engineer
could easily fashion a word—perhaps Selbstwahlvermittlung—to indicate what telephone
switching really is: the prompt implementation of personally designated choices. Today,
the choice is of one destination in a hundred million, handled in seconds.
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In the equally important area of telephone switching, it had seemed to Kelly
that the ultimate would be attained when the hundreds of millions of
electromechanical contacts of the newest switching system, known as crossbar,
could give way to electronic crosspoints. This, Kelly thought, would be a
crowning achievement of solid state physics. It was not to come out that way.
From over another horizon came the concept of "stored program control'—the
idea of employing vast memories, with instant access thereto, whereby a great
variety of new optional services, changeable on demand, could be provided to the
telephone subscriber with no need for physical changes in the central office. This
was the huge development program known as ESS (electronic switching
systems); it was implemented in the 1960s and 1970s in thousands of central
offices, using crosspoints that were still electromechanical, though miniaturized
and highly refined. The ideal solid-state crosspoint, because of very severe
requirements, did not appear until the 1980s.

In a mission-oriented laboratory of thousands of trained scientists and
engineers, many of them with decades of experience, the prime requirement of a
top executive is not inventiveness but leadership, a leadership that will bring out
the best through inspiration and encouragement. It was for this job that Kelly
wanted Fisk, and it proved to be Fisk's special genius. A problem he tackled early
—and "head-on" (his favorite adverb)—was to develop a much-needed
understanding amongst professional personnel of the company's policy on merit
and rewards. At Kelly's behest Fisk and Frank Leamer, seasoned director of
personnel under two administrations, formulated a statement of salary policy,
including a graphic merit scale, that was available to any technical staff member
for discussion with his superiors. The document was so clear, straightforward,
and unequivocal that it evoked wide commendation in the personnel management
world and was copied in many organizations.
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Fisk was also strong on environment, the need for an atmosphere that
encourages each scientist and engineer to use his talents to the utmost. "It takes an
environment of stimulating associates, some of them patient, some impatient,
some who sparkle brilliantly and some quietly persistent; individuals
painstakingly selected over the years to insure mutual respect and establish a
balance in their integrated skills." This statement was made in a 1966 address at
the Southern Research Institute in Birmingham. And on a different point,
moments later:

Scientific advance comes, in large part, from interchange of knowledge with the
world outside, with the academic world and with scientists and engineers of
attainment and stature who are hammering at problems related to one's own. It is
impossible to retain gifted men unless they are given freedom to discuss their
work with others of renown in the scientific community, and the pass-key to that
community is one's own prestige, attained through publication of results.
Accordingly, it is short-sighted policy to delay or restrict publication beyond the
very minimum required for patent applications, or discourage in other ways the
driving urge of good scientists to be known and respected in their professional
circles.

No predecessor or contemporary in Bell Laboratories—or perhaps anywhere
—held these views more strongly than James Fisk, or was more unswerving in
their implementation. They were the views Hammond Hayes held sixty years
before: that the research support for a science-based industry must have the best
people obtainable, must have its goals (in broad terms) clearly understood, and
must provide an environment that will motivate and inspire toward their
achievement. A part of this last was the recognition that there are some scientists
who will do their best work when not constrained by rigid rules. A part of it was
the deliberate bridging of departmental barriers, to promote collaboration between
the disciplines (example: the solar battery, invented by a physicist, a chemist, and
an engineer). Fisk was eloquent on this: "To achieve this necessary interaction it
is not enough
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to rely on thermal diffusion, so to speak, across the interfaces. It must be worked
at; it must be cultivated."

This concern was evident in his almost daily appearances in one department
or another and his genuine friendliness toward people down the line, which
continued after he assumed the presidency, succeeding Kelly, in 1959. In 1964,
as plans were being made to add new "branch laboratories" located at Western
Electric manufacturing plants—several of these having been highly successful—
Fisk was gravely concerned lest this "decentralization" might be carried too far.
He enjoined his colleagues to preserve at all costs, as he expressed it at our
annual executive conference at Seaview that autumn, "the blessings of unity and
compactness and close personal contact that have made it so easy for us to pull
together and act as one Bell Laboratories."

Unsparing of himself in the interest of his government, in mid-1958 Fisk
accepted an appointment by President Eisenhower to head a delegation of
scientists to go to Geneva to lay the technical groundwork for a nuclear test ban
treaty with the Soviets. It was something new in international negotiations for
scientists to find themselves in such a role, knowing that the final decisions would
be in the hands of the diplomats. Fisk earned high praise for the rare combination
of skill, firmness, and tact with which he dealt with the Russians and their
Moscow-dictated intransigence. The principal issue was the problem of
verification, wherein it was necessary to agree on an adequate number of test
stations to monitor noncompliance. In a second conference in late 1959, where
Fisk and his partners presented indisputable evidence that far more test stations
would be required than the Soviets would agree to, the delegates came virtually to a
dead end. "It is quite impossible," wrote Frank Press,® then a professor

6 Frank Press, "Scientific Aspects of the Nuclear Test Ban," Engineering and Science
(December 1960):26-36.
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at Cal Tech and a member of the delegation, "to feel secure with a treaty that
allows too few inspections."

During the fourteen years of his presidency, while he continued to serve the
government in many ways, as well as the cause of higher education, Fisk guided
the Laboratories through some major developments. Perhaps most spectacular
among these was the satellite program, beginning with the passive reflecting
balloon Echo launched in August 1960 in collaboration with NASA and its Jet
Propulsion Laboratory. And in the closing minutes of 1961, even as the big
balloon made its 6,232nd orbit around the earth and sailed on into 1962, an
advanced type of electronically equipped satellite, Telstar, complete with
receiver, transmitter, and solar batteries, was receiving ground tests at Bell
Laboratories for testing in space. It was still too early in the space vehicle art for
geo-stationary orbits at 22,300 miles; and there were some worries about such an
orbit, including the concern about the time delay (a half-second on each round
trip), which could cause two fast talkers to become entrapped in their own
rudeness. "If we cannot in the near future increase the velocity of light," quipped
Fisk, "can we with some subtle attachment, not seen by the impatient user, soothe
his impetuosity for those few minutes till he finishes his call. . . . so that
communication by satellite may be smooth and uninterrupted not only for the
chivalrous and gently bred, but for the rest of us as well?"

Intercontinental telephony by satellite, as is well known, passed from the
hands of the Bell System to the Communications Satellite Corporation, organized
by the government, and overseas telephone traffic has been shared between
Comsat's facilities and AT&T's deep-sea telephone cables. The first of these (with
thirty-six voice channels) had gone into service in 1956, using oceanbottom
amplifiers ("repeaters" in telephone engineering jargon) every forty miles. Under
Fisk's
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leadership the capacity of these systems, using transistors, increased to 800
channels, with a new 4,000-channel system envisaged before he retired.

The Fisk home in those years was a rambling farmhouse in New Vernon,
New Jersey, with five acres for indulgence in a hobby Jim called "farming in
miniature." One could drop by on a Saturday and find him riding jauntily over the
furrows or adjusting a newly sharpened sickle bar on his tractor, but ready for a
plunge with a guest in the Fisk pool, followed with a round of cigars. The Fisks
loved the countryside, and Cynthia, having taught piano, conducted children's
concerts for eleven years in nearby Morristown. One of the delights for the Bell
Labs executive group known as the "cabinet" was a social hour and buffet at
sunset time, after which some two dozen of us, plus wives, having participated in
the Fisk largesse, could sometimes prevail upon Cynthia for a brief musicale.
Many engineers are music lovers; I think telephone engineers especially, perhaps
because through the science of sounds we know what music is "made of."

Fisk chose to retire from the presidency in 1973 at age sixty-two, remaining
as board chairman for another year. His successor as president, Princetonian
William O. Baker, a renowned physical chemist, Priestley medalist, and Perkin
medalist, had joined Bell Laboratories in 1939, the same year as Fisk. Baker's
contributions to the sciences of physical materials assured that the intricate
bondings of atoms and molecules being elucidated by physicists in collaboration
with chemists and metallurgists would bring into practical use new materials of
scarcely hoped-for properties of benefit to communications and to industry at
large.

In 1975 a signal honor and lasting tribute was paid to Fisk by the
establishment of the James B. Fisk Merit Scholarship. Presented annually to
outstanding boys and girls who are children of employees, the scholarship
recognizes academic
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excellence, high character, and leadership, qualities Fisk respected and
encouraged.

Fisk's retirement years saw continued advances under Baker and his
successor, lan M. Ross, English-born, from the University of Cambridge. Most
dramatic were the microminiaturizing of complex circuitry (the new era of
"chips") and the breakthroughs in optical fibers, which with lasers and other
devices in the new art of "photonics" are providing a new long-distance
communication medium of extraordinary capacity.

Less spectacular, but likewise affording Fisk much satisfaction, was the
continued emphasis by Baker and Ross on a program Fisk had initiated, the
application of computerbased systems to the complex operating problems of the
telephone companies, with huge savings in manpower and expense.

Before the recently enacted divestiture, Harvard Dean Harvey Brooks wrote
that "The Bell System represents the best example of a highly integrated
technical structure in a high-technology industry and is widely regarded as the
most successful and innovative technical organization in the world."” Although
the System is now broken up, Ross is determined that the scientific quality and
the innovativeness that his predecessors sponsored—as recognized in two more
Nobel awards under the Baker and Ross regimes—shall remain undiminished.

The Fisks, while retaining their New Jersey home after retirement, were able
to spend more time at Keene Valley in their beloved Adirondacks. To them the
Adirondacks were what New Hampshire was to poet Robert Frost: not a place on
the map but a region of the mind. And each year there was a trip to Europe to see
friends, visit the universities, and

7 Harvey Brooks, "Knowledge and Action: The Dilemma of Science in the 70's,"
Daedalus (Spring 1973): 125-43.
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talk with representatives of companies on whose boards Jim served.

I last saw Jim Fisk in New York at the Harvard Club—to both of us, at our
age, a place of refuge in a perilous city. We had lunched with some Japanese
guests who had been gracious to us in Tokyo. In parting we talked about another
get together to discuss some speculations of Harvard's late Percy Bridgman on the
Second Law. But this was not to happen. After visiting Spain in the spring of
1981, Jim and Cynthia were vacationing in August in the Adirondacks when he
suffered, unexpectedly, an aneurysm in the abdominal aorta that he was not able
to survive. His death on August 10, in neighboring Elizabethtown, came three
weeks before his seventy-first birthday.

Faithful colleague Frank Leamer, hurrying over to Keene Valley from
Saranac Lake for the services at the Congregational church, paid a warm tribute
shared by all Bell people. Speaking of Jim Fisk as not only a distinguished
scientist but a great humanitarian in his quiet, unassuming, and modest way, he
recalled that Jim was also "a great nature lover and outdoor man. We often shared
experiences in the wilderness and seldom-trod areas. He used to bushwhack to the
mountain tops instead of following the beaten path.”

A resolution of the Corporation of MIT, of which Fisk had been a member
for twenty-two years and had become a life member, spoke of him as "a princely
human being of uncommon modesty," who was "as much at home in the
university as he was in the corporate boardroom, laboratory and the high offices
of government." The resolution also lauded his personal generosity and strong
support in major capital drives and his leadership in the selection of three
successive Institute presidents.

Following the passing of her husband, Cynthia Fisk moved from New Jersey
to Boxborough, Massachusetts, a
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few miles from her native Concord, purchasing a villa-type house on a hilltop
with gardens and play-space for grandchildren. She continues with her piano in a
local chamber music group. Living in this area she is able to see two of her sons
often—Samuel, out of Brown and the Columbia Business School, with overseas
experience in the Peace Corps, and now in psychological counseling, with an
office in Cambridge; and Charles, a graduate of Harvard and of the Yale School
of Music, a concert pianist and teacher of piano, music theory, and the history of
music at Wellesley. Son Zachary, from Harvard and the University of California,
is farther away, a distinguished young physicist at Los Alamos.

All of the Fisk family know that to Jim's associates he was not only a leader
but a warm friend, a blithe spirit moving amongst us, giving added life to a
dynamic profession; personifying the spirit of noblesse oblige; one of the
noblemen of our time.

This memoir, written from a retirement haunt in the deep South, has
benefited from notes graciously furnished by Cynthia Fisk, up in New England;
by Dr. Fisk's sister Becky, Mrs. William Wilkinson, in Laguna Hills, California;
and from the aid of an indefatigable lady at Bell Laboratories, Ruth Stumm,
faithful researcher and transcriber.
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James Gilluly

June 24, 1896-December 29, 1980
By Thomas B. Nolan

Aaron Waters, in a "portrait” published more than ten years before James
Gilluly's death, characterized him as a "pioneer of modern geological ideas."!
The independence of thought implied by this characterization came naturally;
both Gilluly's father's and mother's grandparents had immigrated to the United
States as rebels against repressive or unpopular regimes.

Gilluly was born in Seattle, Washington, June 24, 1896, the son of Charles
Elijjah Gilluly and Louisa Elizabeth [Briegel] Gilluly. Charles Gilluly's
grandfather had been a disciple of Robert Emmett and had left County Galway in
Ireland in 1793; as Gilluly expressed it, his great-grandfather was "luckier than
Robert, who was hanged." Successive moves from New York State to Michigan
and to Kansas led the family to the State of Washington in about 1890. Louisa
Gilluly was descended from a German emigré family that escaped from
Wurtemberg as a result of an abortive attempt to set up a republic in 1830. The
family settled in East Saint Louis, where Louisa was taught in German until she
went to high school. Her family moved to the Kittitas Valley in Washington in
1890.

I Aaron C. Waters, "Portrait of a Scientist: James Gilluly. Pioneer of Modern
Geological Ideas," Earth Science Reviews/Atlas, 5(1969):A 19-A27.
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Much of Gilluly's early life was spent in Seattle, with brief intervals in
British Columbia, when his father was employed there, and on his mother's
family ranch in eastern Washington. Even early in life he was a voracious reader,
and in both grammar and high school he was fortunate in having excellent
teachers who recognized and encouraged his capacities (he regularly enrolled in
courses for extra credit). His high school career was marked by his selection as
valedictorian of his class; in addition, he was captain of the football team, editor
of the school class book, and chairman of the junior prom.

Gilluly's mother died during his last year in high school, and he lived with
his father in Calgary, Alberta. The outbreak of World War I brought him back to
the States, where he lived on his uncle's farm until he entered the University of
Washington in the fall of 1915. His university career, however, was interrupted
from time to time, partly by the necessity of meeting his living expenses and
partly by enlistment in the Navy when the United States entered the war. During
this period, Gilluly worked in the mines at Butte, Montana, on surveying parties,
in the steelmills near Spokane, and as a stevedore on the Seattle docks,
experiences that made him, in spite of his relatively small stature, an effective end
on the Washington football team. (He also was a member of the basketball team
and manager of the track team.) In addition, he was active in fraternity affairs,
managing the house as well as participating in the social life.

At the end of the war, Gilluly was acting as instructor of newly enlisted
sailors as a noncommissioned petty officer. He received a commission as ensign
at the cessation of hostilities.

Throughout this unusually busy period, Gilluly continued his voracious
reading in an amazingly wide range of subjects. This was in addition to the course
work that marked successive majors in civil and mechanical engineering,
business eco
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nomics, and, finally, geology. This last shift was made in his senior year, at least
in part because of the influence of a fraternity brother who later became a
distinguished petroleum executive.

Gilluly's initial venture into geology after graduation from the University in
1921 was, to a degree, an unhappy one and was followed by an equally
unsatisfying experience in insurance. He had, however, taken a civil service
examination for junior geologist while a senior in college, and in the spring of
1922 he was offered a part-time assignment with the U.S. Geological Survey in
Washington, D.C.

Here he began many lifelong associations and friendships. With M. N.
Bramlette and W. W. Rubey, he enrolled in part-time graduate studies at Johns
Hopkins University. The next year, again with Rubey and Bramlette, he
continued graduate work at Yale University. Here he made further friendships,
both with fellow students (W. H. Bradley, G. G. Simpson, and others) and with a
faculty that included Adolph Knopf, Charles Schuchert, Chester Longwell, and
H. E. Gregory, each of whom influenced him significantly.

Following completion of his graduate work, he was given a series of field
assignments with the Geological Survey. His first independent project was to
investigate the geology of part of the North Slope of Alaska—an area that was
beginning to be of interest for its petroleum potential. It was a strenuous and
trying introduction to Geological Survey fieldwork in a harsh and unknown
environment. Gilluly, after arrival at Point Barrow by boat from Seattle, started
out with canoes and two young Eskimo assistants along the Arctic to map one of
the larger rivers flowing northward into the Arctic Ocean. The North Slope of
Alaska here is flat and featureless; with the young Eskimos, who were unfamiliar
with the area, the party entered the Topogoruk River, rather than the larger
Ikpikpuk, which had been the objective of the pro
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gram. This expedition up the "wrong river" was duly noted at the next annual
performance of the Survey Pick and Hammer Club!

Successive field assignments to eastern Colorado, the San Rafael Swell in
Utah, the Oquirrh Range in Utah, the Adirondacks in New York, the Canal Zone
in Panama, the Baker area in Oregon, and the Ajo and Tombstone districts in
Arizona provided Gilluly with a broad background of experience in widely
different geologic terranes that supplemented his voracious reading.

The field assignments resulted not only in a series of Survey reports of high
quality but also by-product papers on particular phases of geology that were
significant contributions to geologic literature. A further broadening of Gilluly's
experience resulted from a Survey-assisted journey to Europe in 1931, primarily
for a period of study with Bruno Sander in Innsbruck of the new field of
petrofabrics. Gilluly broadened the trip to include a tour of eastern Europe, the
first of several trips that greatly increased his familiarity with global geologic
problems.

An offer to join the faculty of the University of California at Los Angeles—
at nearly double his Survey salary—was finally accepted by Gilluly, and he
moved to Los Angeles in 1940, although he continued his association with the
Survey.

The outbreak of World War II, however, soon interrupted his university
career, and Gilluly resumed full-time Survey work, initially on projects designed
to alleviate the shortage in the so-called strategic minerals. In the early summer
of 1944, when the mineral supply was to a considerable degree resolved, he
transferred to the Survey's Military Geology Unit, a group of specialists set up to
assist the Corps of Engineers in the planning for the Pacific Campaign. The unit
prepared reports on such matters as water supply, air-strip locations, appropriate
landing beaches, and the like. These
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activities, characterized as "terrain intelligence," proved to be extremely useful
not only to the Corps but to the other branches of the military as well. Gilluly was
first assigned to work with the military planning group in Australia, and later New
Guinea, and was instrumental in the preparations for the invasion of the
Philippines. He landed with the troops on Leyte after his group had recommended a
landing area that proved to be far superior to the one originally selected.
Similarly, a superior landing field for the airforce planes was proposed on the
adjoining island of Samar, rather than one that had been planned for Leyte.

With the completion of his activities in the Philippines, Gilluly returned to
the States and resumed his teaching at UCLA in the spring semester of 1945. He
was a stimulating instructor, although a demanding one, and inspired great loyalty
in those students who responded to his challenges, many of whom achieved their
own share of distinction.

He became, however, increasingly intolerant of the machinery of university
administration through service on the myriad committees that play a necessary
and important role in the management of a major university. This dissatisfaction
reached a climax in the McCarthy era, when the University of California was
required to insist on a loyalty oath sworn annually by the faculty members.
Rather than acquiesce in what he regarded as an intolerable personal and
professional insult, Gilluly resigned his professorship and returned to full-time
service with the Geological Survey in 1950.

The period from 1945 until 1950 marked a turning point in Gilluly's
activities, and to some extent in his professional interests. Prior to his return to
UCLA, he had been primarily a field geologist, and his major publications
emphasized the areal geology of the regions that he studied, though by no means
were more general problems neglected.

Now, however, his teachings required emphasis on the
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broad aspects of geology. He, together with A. O. Woodford and Aaron Waters,
was persuaded by William Freeman to prepare a textbook of geology. The
authors agreed among themselves that the book would "concentrate on the
analysis of processes that are at work upon and within the earth," rather than
present a category of descriptive facts and terms.

Principles of Geology was finally published in 1951. It had been finely
honed through the mutual reviewing and critical reading of the three authors, and
it was accepted by many universities as "the" geology text. It went through
several editions, the last one prepared by Gilluly alone.

Gilluly's return to the Survey initially permitted him to resume the geologic
fieldwork he so enjoyed, and in which he excelled. A detailed study of a large and
geologically complex area in central Nevada was especially productive.
Nevertheless, other responsibilities in the Survey and the National Research
Council took an increasing proportion of his time and energy.

After a minor heart attack during his service as chairman of the Division of
Earth Sciences of the National Research Council, and a minor accident during
some renewed fieldwork in Nevada, he reluctantly gave up rigorous fieldwork
and divided his time between extensive reading, in preparation for revision of the
Principles, and travel over much of the globe in company with his wife, Enid. In
these travels he was widely accepted as a major figure in geology and was given
great assistance in his visits to areas of geological significance.

Although the last few years of Gilluly's life were marked by several illnesses
and hospitalizations, these did not prevent the continuation of his quest for new
experiences and new ideas. His last trip, however, was a personal and sentimental
one, to the scene of the 1898 Klondike gold rush, particularly to the vicinity of
Chilkoot Pass, where his father had nearly lost his life at the hands of the
infamous "Soapy" Smith gang. The end came on December 29, 1980, after a brief
illness.
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Gilluly's impact on the whole field of North American geology—through his
textbook and teaching, his numerous papers, and especially his personality and
human relationships—has probably been as great as any of his contemporaries.
He was a familiar and highly regarded participant in all the geological gatherings
he attended, and he never tired of his discussions (in which his beliefs were
always vigorously presented) with geologists of all ages and backgrounds.

Gilluly's early papers, which mainly related to the field assignments he
carried out for the Geological Survey, not only recorded the results of his
fieldwork but also, prophetically, concerned topics and generalizations that were
later elaborated into thoughtful and comprehensive papers of widespread
application. His early assignment to report on the geology and ore deposits of
eastern Oregon, for example, resulted in the preparation of papers on the
"replacement origin" of the albite granite in the area and the water content of
magmas. These papers were followed some years later by a Memoir of the
Geological Society of America, the "Origin of Granite." Gilluly served as
chairman of the group of authors, as well as a major contributor.

Discussion of the plutonic granite rocks was again a major theme in the
William Smith lecture to the Geological Society of London. The lecture
encompassed another major interest initiated by the observations and conclusions
reached during his earlier geologic fieldwork in the western United States
concerning the nature and causes of the geologic structures that he mapped. This
interest became a recurrent theme, and may be seen in the series of later papers
concerning the distribution of mountain building in geologic time; volcanism,
tectonism, and plutonism in the western United States; orogeny and
geochronology; and crustal deformation in the western United States, among
others. A major conclusion that he reached, and vigorously defended, was that
orogeny was, in contrast to the widely accepted theory of "periodic dias
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trophism," in progress throughout much of geologic time.

The titles in the appended bibliography epitomize the scope of Gillulys
geologic contributions; they are also a measure of the influence he exerted on
geologic thought, both here and abroad. The contents of these papers reflect the
tremendous range of Gilluly's reading. Less obviously, though probably in his
opinion more importantly, his conclusions are firmly based on his recognition of
the necessity for a thorough knowledge of the evidence provided by field
observations. Finally, his papers are characterized by an independence of thought
that was not influenced by popular or traditional concepts. His extensive reading,
his emphasis on fieldwork, and his independence of thought seem to have been a
natural response to the events that characterized his life, from his childhood days
to his maturity as a recognized scholar. An important element in his response to
these events was the ideal relationship he enjoyed with his wife, Enid Frazier
Gilluly, over their married life of more than fifty years.

J.F. Smith? has made the following summary of the many honors that came
to Gilluly during his lifetime, which, as he observes, were many and well
deserved:

He was the Faculty Research Lecturer at UCLA in 1948, Bownocker Lecturer at
Ohio State University in 1951, and the 17th William Smith Lecturer at the
Geological Society of London in 1962 (published in 1963). He received the
Penrose Medal, Geological Society of America, in 1958; the Distinguished
Service Medal, the highest award of the U.S. Department of Interior, in 1959;
the Walter Bucher Medal, American Geophysical Union, in 1969; and an
honorary Doctorate of Science from Princeton University in 1959. The
University of Washington, his undergraduate University, named him Alumnus
Summa Laude Dignatus in 1963, a highly prestigious award in that the
University bestows it upon only one alumnus each year. He was a member of the
National Academy of Sciences, the American Academy of Arts and Sciences,
and an Honorary Member of the Geolog

2 J. Fred Smith, Jr., "Memorial to James Gilluly," Geological Society of America
Memoirs (1982).
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ical Society of London. In 1962, he served as Chairman, Division of Earth
Sciences of the National Research Council. Jim also served on the U.S. National
Committee on Geology and the Upper Mantle Committee of the International
Union of Geodesy and Geophysics, and was a member of many professional
societies. He became a Fellow of the Geological Society of America in 1927,
was Vice-President in 1947, and was President in 1948.

Smith also has provided a fitting tribute in the memorial he prepared for the
Geological Society of America:

With the death of James Gilluly on December 29, 1980, at age 84, the geologic
profession lost a powerful and imaginative protagonist whose contributions to
science, and to the development of scientists, spanned well over half a century.
Although Jim qualified as a specialist in many different disciplines at various
stages in his career, and especially as a structural geologist, he was truly and
proudly a general geologist. His enormous knowledge of scientific literature and
his prodigious memory served him well in dealing productively with an
exceptionally broad spectrum of geologic researches. A positive man who was
always ready to accept or fling the gauntlet on subjects from geology to politics,
Jim expressed his convictions strongly and with a quick wit. He was also a warm
human being, a great believer in the rights of the individual, and a defender of
the less fortunate. His knowledge was catholic, and he could recite an
appropriate poem or a song from Gilbert and Sullivan as readily as he could
recall an obscure scientific reference.

Finally, the citation by the University Orator at the time of Gilluly's receipt
of the honorary degree of Doctor of Science from Princeton University is an
appraisal that many of us regard as supremely fitting: "Dean of American field
geologists, inimitable investigator of the inanimate, he is the spiritual descendant
of the classical giant Antaeus, who was never so strong as when his feet stood on
Terra Firma. Rockbound coasts hold no terrors for him—he analyzes them; he
lifts up his eyes unto the hills—and explains their formation; his brilliant record
places him in the forefront of the most impregnable of professions, for it is
founded upon rock."
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Kurt Godel

April 28, 1906-January 14, 1978
By Stephen C. Kleene!

Two Papers (1930a, 1931a), both written before the author reached the age
of twenty-five, established Kurt Godel as second to none among logicians of the
modern era, beginning with Frege (1879).>2 A third fundamental contribution
followed a little later (1938a, 1938b, 1939a, 1939b).

Origins and Education, 1906-1930

Godel was born at Briinn in the Austro-Hungarian province of Moravia.
After World War I, Briinn became Brno in Czechoslovakia. Godel's father Rudolf
was managing director and partial owner of one of the leading textile firms in
Briinn; his family had come from Vienna. His mother Marianne had a broad
literary education. Her father, Gustav Handschuh, had come from the Rhineland.
Godel's family cultivated its German national heritage.

After completing secondary school at Brno, in 1924 Godel went to Vienna to
study physics at the university. The elegant lectures of P. Furtwingler (a pupil of
Hilbert and cousin of the famous conductor) fed his interest in mathe

! For some details of Godel's life, I have drawn upon Kreisel (1980) and Wang (1978,
1981); the authors kindly supplied me with copies.

2 A date shown in parentheses refers to a work listed in the References (or for (Godel, in
the Bibliography), under the name of the adjacent author.
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matics, which became his major area of study in 1926. His principal teacher was
the analyst Hans Hahn, who was actively interested in the foundations of
mathematics. Hahn was a member of the Vienna Circle (Wiener Kreis) the band
of positivist philosophers led by M. Schlick, who was assassinated during a
lecture in 1936. Godel attended many of their meetings, without subscribing to
all of their doctrines (see Wang 1981, 653). His doctoral dissertation was
completed in the autumn of 1929, and he received the Ph.D. on February 6, 1930.
A somewhat revised version was presented at Karl Menger's colloquium on May
14, 1930, and was published (1930a) using "several valuable suggestions" of
Professor Hahn "regarding the formulation for the publication" (Wang 1981, 654;
1930b is an abstract).

Godel's Completeness Theorem (1930a)

Since Frege, the traditional subject-predicate analysis of the structure of
sentences has been replaced by the more flexible use of propositional functions,
or, more briefly, predicates. 3 Using a given collection—or domain D—of
objects (we call them individuals if they are the primary objects not being
analyzed) as the range of the independent variables, a one-place predicate P or P(a)
over D (also called a property of members of D) is a function that, for each
member of D as value of the variable a, takes as its value a proposition P(a) A
two-place predicate Q or Q(a,b) (also called a binary relation between members
of D), for each pair of values of a and b from D, takes as value a proposition Q
(a,b) and so on. In the most commonly cultivated version of logic (the classical
logic), the

3T am endeavoring to give enough background material to enable a scientist who is not a
professional mathematician and not already acquainted with mathematical logic to
understand (Godels best-known contributions. The memoir (1980) by Kreisel, about three
times the length of the present one, includes many interesting details addressed to
mathematicians, if not just to mathematical logicians. The memoir (1978) by Quine gives
an excellent overview in just under four pages.
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propositions taken as values of the predicates are each either true or false.

The restricted or first-order predicate calculus ("elementary logic") deals
with expressions, called formulas, constructed, in accordance with stated
syntactical rules, from: variables a, b, c, . . ., X, y, z for individuals; symbols P,
Q, R, S, ... for predicates; the propositional connectives = ("not"), & ("and"), V
("or") and — ("implies"); and the quantifiers Vx ("for all x") and 3x ("[there]
exists [an] x [such that]"). For example, taking P, Q, R to be symbols for
predicates of one, two, and three variables, respectively, the expressions P(b), Q
(a,c), R(b,a,aP(b), Q(a,c), R(b,a,a), VxP(x) VxIyQ(x,y), VX((-P(x)) — Q(a,x)),
and Vx((IyQ(y,x)) — - R(x,a,x)) are formulas.

In the classical logic, after making any choice of a nonempty domain D as
the range of the variables, each formula can be evaluated as either true or false
for each assignment in D of a predicate over D as the value or interpretation of
each of its predicate symbols, and of a member of D as the value of each of its
"free" variables. Its free variables are the ones with "free" occurrences, where
they are not operated upon by quantifiers. In the seven examples of formulas
given above, the eight occurrences of a, b, and c are free; the fifteen occurrences
of x and y are not free, that is, they are bound. The evaluation process is
straightforward, taking V to be the inclusive "or" (A V B is true when one or both
of A and B are true, and false otherwise), and handling A — B like (-A) V B.
For example, taking D to be the non-negative integers or natural numbers {0, 1,
2, ...}, and assigning to P(a), Q(a,b) and R(a,b,c) the predicates "a is even", "a
is less than " and "ab = ¢", and to a, b, and ¢ the numbers 0, 1, and 1, as values,
our seven examples of formulas are respectively false, true, true, false, true, true,
and true.

Logic is concerned with exploring what formulas express logical truths, that
is, are "true in general". Leibnitz spoke of
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truth in all possible worlds. We call a formula valid in D (a given non-empty
domain) if it is true for every assignment in D; and simply valid if it is valid in
every non-empty domain D.

To make reasoning with the predicate calculus practical, paralleling the way
we actually think, we cannot stop to think through the evaluation process in all
non-empty domains for all assignments each time we want to assure ourselves
that a formula is logically true (valid). Instead we use the "axiomatic-deductive
method", whereby certain formulas become "provable".

First, certain formulas are recognized as being logical axioms. For example,
all formulas of either of the following two forms—the forms being called axiom
schemata—are axioms:

A—(B—A) VxA(x) — A(a).

Here A, B, and A(x) can be any formulas, and x and a any variables; A(a) is
the result of substituting the variable a for the free occurrences of the variable x in
the formula A(x). Furthermore, it is required that the resulting occurrences of a in
A(a) be free; thus Vx3bQ(b,x) — IbQ(b,a) is an axiom by the schema VxA(x) —
A(a), but Yx3aQ(a,x) — JaQ(a,a) is not. The axiom schemata (and particular
axioms, if we have some not given by schemata) are chosen so that each axiom is
valid.

Second, circumstances are recognized, called rules of inference, in which,
from the one or two formulas shown above the line called premises, the formula
shown below the line called the conclusion can be inferred; for example:

A, A—B C— Alx)
B. C — dxAlx).

Here A, B, and A(x) can be any formulas, x any variable, and C any formula
not containing a free occurrence of x. The
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rules of inference are chosen so that, whenever for a given non-empty domain D
and assignment in D the premises are true, then for the same D and assignment
the conclusion is true. Hence, if the premises are valid, the conclusion is valid.

A proofis a finite list of formulas, each one in turn being either an axiom or
the conclusion of an inference from one or two formulas earlier in the list as the
premise(s). A proof'is a proof of its last formula, which is said to be provable.

In one of the standard treatments of the classical firstorder predicate calculus
(Kleene 1952, 82), twelve axiom schemata and three rules of inference are used.*

By what we have just said about how the axiom schemata (or particular
axioms) are chosen (so each axiom is valid), and likewise the rules of inference
(so truth is carried forward by each inference), every provable formula is valid.
Thus the axiomatic-deductive treatment of the predicate calculus is correct.

But is it complete? That is: Is every valid formula provable?

The axiomatic-deductive treatment of the first-order predicate calculus,
separated out from more complicated logical systems, was perhaps first
formulated explicitly in Hilbert and Ackermann's book (1928). The completeness
problem was first stated there (p. 68): "Whether the system of axioms [and rules
of inference] is complete, so that actually all the logical formulas which are
correct for each domain of individuals can be derived from them, is still an
unsolved question."

It is this question that Godel answered in (1930a). He established: For each
formula A of the first-order predicate calculus, either A is provable in it, or A is
not valid in the domain {0, 1, 2, . .. } of the natural numbers (and therefore is not
valid).

So, if A is valid, then Godel's second alternative is excluded,

41 am giving the version of the predicate calculus with predicate symbols instead of
predicate variables, after von Neumann (1927). This I consider easier to explain.
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and A is provable. This answers Hilbert and Ackermann's question affirmatively.

Let us say that a formula A is (or several formulas are simultaneously)
satisfiable in a given domain D if A is satisfied (all the formulas are satisfied),
that is, made true, by some assignment in D. Then A-is-satisfiable-in-D is
equivalent to ~A-is-not-valid-in-D.

Now if A is satisfiable in some domain D, then —A is not valid in that
domain D, so —A is not valid, so A is not provable (by the correctness of the
predicate calculus), so by Godel's result applied to —A, —A is not valid in {0, 1,
2,... 1}, so A is satisfiable in {0, 1, 2, . . . }. This is a theorem of Lowenheim
(1915).

Restating the completeness theorem for —A: Either ~A is not valid (that is, A
is satisfiable) in {0, 1, 2, . .. }, or =A is provable (equivalently, a contradiction
can be deduced from A).

Godel also treated the case for an infinite collection of formulas {A, A,
A,, ... } in place of one formula. The result is just what comes from substituting
{Ag, Ay, Ay, ... } for A in the immediately preceding statement, and noting that,
if a contradiction can be deduced from the formulas Ay, A;, A,, . . ., only a finite
number of them can participate in a given deduction of the contradiction. Thus:
Either the formulas Ay, Ay, A,, . . . are simultaneously satisfiable in {0, 1,2, ...},
or for some finite subset {A;y, . .., Ay} of them,=( Ay & ..., & Ay,) is provable

(and hence valid, so A;}, . . ., A, are not simultaneously satisfiable in any
domain).
Now, if the formulas of each finite subset of {Ay, A, Ay . . . } are

simultaneously satisfiable in a respective domain, then the second alternative just
above is excluded, so all the formulas are simultaneously satisfiable (this result is
called "compactness"), indeed in the domain {0, 1, 2, . . . } (the Lowenheim-
Skolem theorem). Skolem in (1920), in addition to closing up a gap in Lowen
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heim's (1915) reasoning, added the case of infinitely many formulas.

These satisfiability results, which are coupled with the completeness theorem
in Godel's treatment, have surprising consequences in certain cases when we aim
to use a collection of formulas as axioms to characterize a mathematical system
of objects. In doing so, the formulas are not to be logical axioms, but rather
mathematical axioms intended to be true, for a given domain D and assignment
of predicates over D to the predicate symbols, exactly when D and the predicates
have the structure we want the system to have. To make the evaluation process
apply as intended, I shall suppose the axioms to be closed, that is, to have no free
variables.

In using the symbolism of the predicate calculus to formulate mathematical
axioms, we usually want to employ a predicate symbol E(a,b) intended to express
a = b, and usually written a = b. Then, for our evaluation process we are only
interested in assignments that give E(a,b) the value a = b, that is, that make E
(a,b) true exactly when a and b have the same member of D as value. Adding
some appropriate axioms to the predicate calculus for this case (Kleene 1952, top
399), we get the first-order predicate calculus with equality. Godel offered
supplementary reasoning that adapted his treatment for the predicate calculus to
the predicate calculus with equality, with "the domain {0, 1, 2, . . . }" being
replaced in his conclusions by "{0, 1, 2, . .. } or a non-empty finite domain".

Cantor in (1874) established that the set of all the subsets of the natural
numbers {0, 1, 2, . . . } (or the set of the sets of natural numbers) is more
numerous, or has a greater cardinal number, than the set of the natural numbers.
To explain this, I review some notions of Cantor's theory of sets. He wrote (1895,
481): "By a 'set' we understand any collection M of definite well-distinguished
objects m of our perception or our thought (which are called the 'elements' [or
'members'] of M)
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into a whole." A set N is a subset of a set M if each member of N is a member of
M. For example, the set {0, 1, 2} with the three members shown has the following 8
(=23 subsets: {0, 1, 2}, {1,2}, {0, 2}, {0, 1}, {0}, {1}, {2}, { }. Cantor showed
that there is no way of pairing all the sets of natural numbers (that is, all the
subsets of the natural numbers) with the natural numbers, so that one subset is
paired with 0, another with 1, still another with 2, and so on, with every natural
number used exactly once. Sets have the same cardinal number if they can be
thus paired with each other, or put into a "one-to-one correspondence". Denoting
the cardinal number of the natural numbers by ™ , and adopting 2 N © as a
notation for the cardinal of the sets of natural numbers, thus 2 ¥ ° ¥ , But the
natural numbers can be paired with a subset of the sets of natural numbers (indeed
with the unit sets {0}, {1}, {2}, ... having one member each), so we write 2 ¥ ° >
No.

Sets that are either finite or have the cardinal %  are called countable; other
sets, uncountable. The real numbers (corresponding to the points on a line) have
the same cardinal 2 ¥ © as the sets of natural numbers.

I have been tacitly assuming for the first-order predicate calculus (without or
with equality) that only a countable collection of variables and of predicate
symbols is allowed. This entails that only a countable collection of formulas
exists.

Now suppose that we want to write alistof formulas A, ..., A or Ay, A, Ao, . . .
in the first-order predicate calculus with equality to serve as axioms
characterizing the sets in some version of Cantor's theory of sets. Presuming that
the axioms are satisfied simultaneously in some domain D (the "sets" in that
version of Cantor's set theory) by some assignment (the one understood in his
theory), it follows by the Lowenheim-Skolem theorem that they are also
satisfiable in the countable domain {0, 1, 2, . .. }! (It is evident that they are not
satisfiable in a finite domain.) That is, one can so interpret
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the axioms that the range of the variables in them constitutes a countable
collection, contradicting the theorem of Cantor by which the subsets of {0, 1,2, ... }
(which are among the sets for his theory) constitute an uncountable collection.
This is Skolem's paradox (1923). It is not a direct contradiction; it only shows
that we have failed by our axioms to characterize the system of all the sets for
Cantor's theory, as we wished to do.

Suppose instead that we want a list of formulas A, Aj, A,, . . . in the first-
order predicate calculus with equality to serve as axioms characterizing the system
of the natural numbers 0, 1, 2, . . . . Skolem in (1933, 1934) showed that we
cannot succeed in this wish. He constructed so-called "non-standard models of
arithmetic", mathematical systems satisfying all the axioms Ag, Aj, Ay, . . . (or
indeed all the formulas that are true in the arithmetic of the natural numbers) but
with a different structure (as the mathematicians say, not isomorphic to the
natural numbers). In fact, as seems to have been noticed first by Henkin in
(1947), the existence of non-standard models of arithmetic is an immediate
consequence of the compactness part of Godel's completeness theorem for the
predicate calculus with equality.

Before giving Henkin's argument, I observe that we may enlarge the class of
formulas for the first-order predicate calculus with equality by allowing
individual symbols i, k, . . . which for any assignment in a domain D are given
members of D as their values, and function symbols f, g, h, . . . , where, for
example, if f is a symbol for a two-place function, its interpretation in any
assignment is as a function of two variables ranging over D and taking values in
D. Examples that come to mind for systems of axioms for the natural numbers are 0
as an individual symbol (with the number O as its standard interpretation), ' as a
one-place function symbol (to be interpreted by + 1), and + and X as two-place
function symbols
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