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The following is a summary of the results of reseavch carried
sut by the Illinois Imstitute of Technology under a contract with the
National Science Foundation and issuved in a report entitled
“Technology in Retvospect and Critical Events in Science,” This
report includes the findings with vespect to five major imnovations
that have influenced chemical and engineering industry., The five
historically important ionovations are 1) Magnetic ferrites, a class
of materials widely used io computer memories, in &eiéedmmunicatinns,
and in small electric motors, which had developed out of a broad base
of researth activity before and after World War II. 2) The wvideo
tape recorder, é device whose origin extends back to basic work in
magneiic mateéiais, contvol systems, and mechanical design, and which
culminated from an obvious need created by television and the conver-
gence of ressavch and deveicpgemg shortly theveafter, 3) The oral
conkraceptive pill, an imnovation of grest economic and social impoz-
tanece, which resulied from a long Eistwry of noomission~oriented
research in physiology, hormones, and chemicai synthesis. 4) The
electron microscope, an instrument based op knowledge gained from
fundamental veseavch in electyon physics, wave mechanmics, which has
had very many applicg?ians throughout the scientific and technical
world, 3) Matvix isolation, o new and promising technique, already

revolutionizing cevtain chemical processing industries for the study
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of the mechanism of chemical reactiéns, Matrix isolation is an exampis
of a scientific technique hardly visible to the nom»speciaiistx yet of
great significance because of its contribution to technologies of
direct economic importance,

In the gummarv which follows, only three of these are singled
out for discussion, newely, the magnetic ferrites, the video~tape
vecorder, and the electron microscope. The selection of these cases
of innovation and their seientific antecedents conforms with the
objective of the research project of the National Science Foundation,
in this research it was appavently intended to show the influence of
one-going reseaveh in scientific institutions freguently withouni direct
contact with the business world, It was decided o attempt Lo classify
the individual yesearch and development events leading to theseg innovaw
tions on the basis of their technical content and mokbivation, indepen-
dent of the ovganization in which they occurred ab the time, pelative
to the ingovation, at which they took place, A vast amoumi of informa-
tion was available om tﬁe chree innovations chosen for study, and 2
selecition becane necessary . That is, a selection of events which were
consiéexed major centributiﬁﬁs i the evolution of the appropriate
scigntific areas and the subseguent techuolegical innovation. The
£inal selection was ieft to the judgment of the scientists, Although
the events selected for the historical evoiution represent only the
key events, personal and subjective points of view im theiv selection
could wnoi be completely suppressed, Appavently general agreement
among the scientisis who participated 1w the projsct was obtained on

what constituted an importent evenik. The origins of the historical
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angecedents of the innovations were sslecited by the scientisis as those
regearch milestones which are recognized as marking the begimnings of
the various distinet lineages of a scientific specialiy that contributed
to the eventual immovation. The end of the historical evolution was
taken as a point at which the first gemeration of acceptable commercial
items appeared, or the most recent date for which Information couid be
ghtained if a commercial device had not yei evoelved, This discussion
shows the long development that leads o the final tvansfer of teche

s for this veason that the develop-

fets

nology t£o a commevcial use, apd it
ments isading to the three lmnovetions-~ihat is, the magreric ferrite,
the video-tape vecorder, and the electron microscope, have been choesen,
The report then describes the historical evelution both iﬁ a navvative
text and in a charg, Iun these narrative texts, which ave summarized

in the pages that follow, and in the charts, an event is marked as a
point at which a published paper, preseutation, or refereace fo the
resesrch ig made, Io most cases, i¢ appeavs Lo represent the culminge
tion of a muwber of y&ax$ of effort and wmuch supgortiﬁg reseavch which
is mot shown in the charg or discussed in the fext, In markisng the
events, muliiple contﬁihutaré were counted sepavately, iv those cases
wheve they opcurved, The general applicabilipy of the results depends,
paturaily, in a greaé measure on the represemtative nature of the sample
of the innovations., Befoye discussing any specific resulis, it is
worth considering some of the general features of the historical evolu-
tion apd variation among the cases selecisd.
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g interesiing that in the lineasze charts the hisborie svolu-

tions ave classified with wzespeci to type, time, ¢ype of innovation,
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socio-economic effect, and the contributing discipiinésn For example,
with respect to the videotape recorder, the date of innovation is

given as 1956, The time period for the last 50 percemt of the events
leading Lo the innovation, events as defined above, is given as 1927

to 1956, a period voughly of thirty years, The socio-scomomic effect

is considered lavge, and the major disciplimes that have contribuied

ro the iopovation ave listed as physics, chemistry, mathematies,
ceramics, and slectrical engineering. In the case of magneiic ferzrites,
the imnavatién date is about the same, 19552 but the period over which
the last fifgy percent of evenis were spread is only 14 yeawrs, that is
1946 to 1959, The disciplines ave the sawe as those that contributed

to the video tape vecorder. In the case of eleciron microscopes, the
innovation is dated 1940, £ifty percent of the events leading fo it
occurred in the thirty veay period fyom 1910 zo 1940, and the disciplines
contributing, again, are physics, mathematits and electrical engineeye
ing. Ne?artheiessx a significant diversity of scientific and engineer-
ing rvesespch becdmes ap@érenﬁ when one considers the arsas of spegials
ization, rathey than the major disciplines, thab contributed ¢o thé
innovation, EBach of the &iséaricai descriptions delineate the lines

of activity which are recogpizable as technical specialties in the
warious professions. such as hormone research, electron sources,
magnetic materiasls, In discussing the innovations, at least 25 aveas
of gpecialization weye identified, Certain aveas, of course, appear

in more than one historical gvoluiion, but there ave at least distinct

-

fields that have contvibuted highly selecied and imporitant events rele-

want Lo ipmovation, This the scientisis say, means that many of the
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elements of the fechnological lineages were and will be utilized not
only for the application counsidered heve, but for other purposes asg
well. It also means that sach of the fields has multiple descendants
in the various fechanological and commevecially useable fields, However,
ip the intevest of simplicity, the authors of the historical tracings
have reduced the number of such lineages by combining cldsely related
‘areas. This the sgientific and engineering specialties identified in
the charts can be considered as a miniwmwn. In any given chart, which
shows the historical evolutiom, development of cerfain areas of
spegializacion is obvious, It is not surprising, for example, ko see
magnetic theory amd the development of magnetic materials in associae
tion with the devezapmemﬁ of magnetic zecording techniques., Howewver,
it is difficult o imagine that prior to the inception of the video
tape vecorder, one gould &ave‘prediaaed that control theory, a
maghematical design concept for improving the vesponse of mechanical
and elecirical sysgems, and the theories of frequency modulation would
be vequired to aaﬁvérgel'n the peayr fuiure Lo achisve 2 suceessful
videotape recorder, Equally mapredictable, the scientiste sayv, was

the merger of the relatiw j mundane development of cathode ray
tubes with the newly developed guantum theoxy and with the dualistic
concept of wature bo stimulate the electromic analegy of the misro-

scope. HNor can one usefully speculate, so say the scientists, on Ihe

altered couvse of events had cne of the many pileces of the research

sk
o

puzzie been missing. In all cases, ithe existence of a diverse fund
of knowledge was cleaviy essential to the development of that invova-
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shows, shall we say, the basic objiective of the analysis of the
scientists. They seem Lo be bent on finding that 2 basic knowledge and
a continuous forward movement in the development of basic knowledge is
the best guasvanies fhat muliiple ivnovations will emerge. This of
couvse, is contrary Lo the objective vesearch and development depavt-
ments in industry ave generally following, nawmely the confinement to
the specific knowledge applicablie to a periicular indusirial field,
The seientists go on Lo elaborake the 341 distinct key vesearch and
development svents which were judged o be important to the evaluae«
tion and testing of the imnovarions surveyed by them. A very lazge
emmber of reseavch events of lesser significance Lo rhe Innovation
were alsc park of the vobal picture, but apparently were nobt dooge
mented in the veport. OF these lesser evenks, appros 1ma&e£y 0 peye
cent were nop-mission oviepted, that is, not oriented towards a
particular ohjective, 20 pex veent were misgion oriented,; and 1D pere
cent were classified as development and agpiic&xlonc This relagively
small pef@&ﬂtage of &eveiogmemt evenis was due in pari to the faek
that these tracings concentrared on the events leading o the fivst
elearly identifigbie cammezciaiiz tion and did not comsidex produst

improvement and further produci evolution. However, in this comtext,

the scientisgs say, it demomsirvatres the diverse end lavge background
of vesearch on which innovation is based, The inclusion of all of the

instrument develomment and sdvance in skills and crafis snd peviphersl
veagarch which underiie the ¢ vents as idenilfi able, serves furihey to
increase diversity end amount of activity which could be ghown as

necessary ©o inunovation, This means that the scientisis, 1f they he
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had zoom enough expert kunowledge at their disposal, probably would have
kad to include the basic mathemagics developed in antiquity and would
prove that without this, the final evolution of either metrixn iscla-
fion or magnetic ferwites would have been impossible, They noted ghap
seveval sreas of specialization; such as magnetic theory, and electron
physics, are common ¢o several ivnovations, In particular, distinet
events were shown to have contribubed o more than one innovation,
While they were uwot pavt of the study, one knoows thai othey iwmovaibions,
such as the transistor znd the synthetic fiber have utilized yesearch
events which are documented in this IIT report, This illustrates, in
the view of the scientists, an important poing, namely that while this

study consists only of five or thres hisiorieal evolutions, it is nob
fully evident that ir ezbausts all the antecedents of thes se innova-
tions,. ‘Enowledge developad by vesearch has multiple application,

and is uibilized repeatedly, not only for divect ionovation, bub alse for
the gontinuous dev@i&gmant of new areas of science and technology,”

The role of rhe varicus kinds of ipstitutions which were engaged
in reseavch and development and contvibuted major events %o the imno-
vation ave also described iﬁ.the;stﬁdyg The pevcentage of aé&ﬁxibutio&s
from eniversities, resesrceh institutes, govermsent lahor-stories, and
industries were calculated for each of the three categories of veseavch,

namely mission ressavch, non-mission vesesrch, and development and

application researgh, The proportion of nonsmission research svenis
originabing at wnivevsizies was approximazely 75 percent of alil sueh

vesesvreh and was of couvse wmuch larvger than one would expect in the

missiomeoriented veseazvch and the development and applicsation research.
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Typically, the National Science Foundation has found, universifies
have been receiving between 50 and 60 percent of the basic reseazch
funds over the past 20 years, and they thewvefore contributed a much
larger percentage to the basic, or non-missior oriented, research than
the other groups., The research institules of the government contribue
zed 16 percent, and those of industry 14 percest £o basiz nonemisaion
vesearch,

The scientists also addressed themselves ¢o the guestion as go
whether the research and development done ouiside the United States has
been a factor ﬁa‘ﬁhe innovations described., The relative influemce of
foreign efforts in vesearch and developmeni was on the decrease in the
period afiey the forties, The continwved growth of research funds in
this countyy velative fo foreign efforts is clearly reflected in the
specific historical evolubions. For example, the national trend ip
the veséarch and development events show thai they reached their peak
insofar as non-mission research is concerned, in the siuties, while
the foreign nonemission vesearch reaghed their pﬁsk in tae thiviiles,
The mission-oriented research inm the United States resched its peak
in the fifgies, while the foéeigﬁ non-misgion ressarch stayed ai a
plateau throughout this period, And in development and applicstion

ragesreh zhe United Stages, veseavch peaked alse in ghe fifties,

f"u

while sbroad it reached its peak before the forties., Th: overall
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impression one gaine from the conbribugi th of forelgn and
United States research activities, shows that the bulk of reseavch
and developmeni specificalily ldenpified im the three casszs took place

ative of the

s

after 1%40. This, in the view of the sclemiists, is indic
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accelervated activity dn the trapmsition from research to innovation
which is evident in these historical descriptions, Although he
authors had gone fay back ip history to establish the initial events
and the subseguent scientific lineages, more than 30 percent of all
events congributing to innovatim ocourved in the post-1940 peried.
This, the seientists feel, is due vo at least two factors; one, mMOSE
of the innevations studies here occurred between 1950 and 1960, and
therefore,; the regearch effoves contributing to the innovailon must
have proceeded this decade. ?mr%herm&ﬁeg there was a warked increasse

in all research and development sciivity which took plage after Worid

v’"

War 11, thanks £o new budget allccations,

The Role of the Tiwme Factor in the Tramsition
from Research to Inmovation
According o rhe scientists working for the Natiopal Sciepce

Foundation, the conversion of scientific knowledge into technology is
an important part of the ilonovation process. The individual historical
degcriptions show thas the slements of knowledge regquirved asd the
detalled gransfer mechanism differed awong the immovations. Hanging
on the one hand from a publication in a professiomal journal fo com-
mundcation in a mulci-disciplinavy laberatory op the other hand, A

simplified view of the time-hisgory of historical events leading to the
three iunnovations may be shown by 2 bar charvi which contains three
major elements, One, the duration of the phase from origin Lo ilgnovae

-

ion, second, the period from ‘conception' to imnovation, and third
& 3 % 3

3

the fime 2t which theknowledge from 75 percent of the evenis of all

“

three research classsifications had been acquirved, The 73 percent lsvel



vepresenis a poing at which the majority of the vesearch events had
aiready occurred, but ag which a significant Ffraction of rhe research
and development cvitical to the innovations vemainmed to be dope, The
'conceptim® was interpreted as havipg occurred when a clear acﬂcepé

of the device or of the process or of the effect which was the objecs
tive of the vesearch was apparent. Howeveyr, no discreie Innovation time
could be set for the magnetic fervites, sinse These producis were proe-
duced sporadically over a period of years, The vavious fimes at which
products were developed late in the fervite history were used o caleu-
late the avichmetic mean (1953) which was arbitrarily emploved in the
sciencists® historical tracing as the date of imnnovation, The longest
period of development is ihat vecovded for the magrix isolation. This,
as wap veported earlier, is an ionovation of an experimental prdeess,
and its early progress may have been comtrolled by the growth of inter-
est in scientific appiications, vather Chan by the pokential commersial
usage. The scientists might hawve expeétad that the increass in the
scale of scientific technology, together with advancing knowiedge and
moyse vapid communication, should have served to shorten the time between
the conception snd impovation, certainly for the recently occurring
inpovatiops, The iime batween conception and isnovation ranges from

14 vyears for the matrix isolation to 6 years for the wideo pape E&&GE&QK«
The limited data awailable do not warrant a conciusion concerning

hanges in the development periocd and the influence of the incyaasing

3
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escarch and developuent budgeis.
Amorher wiew of the relationship between the Tyses of resgarvch

gvents can be obizimed by plotting them against f¢ime, backwards, from
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the date of innovation., If we shoy non-mission vesgearch, ﬁissiﬁn
research, and development and application research by decades of

timé prior £o imnovation, then we find that the mon-mission events
rveach their pesk between the 20th =0d 30th year prior o innwvaZiano'
The scientisis attributed this behavior to the rate atvwhich new
knowledge becomes an integral part of and a ool of mission-oriented
research and development. The period of 20 to 30 years corvesponds
roughly to the educational cycle, the time necessary for producing a
pew scientist endowed with a nev body of knowledge, and tends to con-
firm the fact that most invenitors rely heavily on information created
in the previous generation, Both mission~oriented rvesedrch and develop-
ment research contvibute equally through the average historical ewoclu-
tion, but mission-oriented research inecreases in the last two decades
before the innovation, whereas the major developmental imputs occur in
the final ten years., The ingerval between years 10 and 20 comtain the
Worid War II period for the three historical cases, and therefore the
level of activity in this interval is somewhat lower than might have
been expected in a normal history. The pattern displayed in the
ividual historical evolutions strongly resemble the composite, which
suggests that the relative xoles of the three categuries of rvesearch apd
development activity tend to be invariant with the bounds of accuracy
of the study. 1t also suggesis that fime-histories of curvent veseaych
and development programs having breadth comparable bo the ‘mnovations
treated in the study might be used to guide ihe required activizy
ievels of non-mission, mission-oriented and development efforis., This

eriterion of course helps the scientists who ave comcerned with justifye
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ing a long-term budget commitment., Other figuves also support the
scientists’® view that it takes a long time-span over which vesearch,
especially non-mission research, sccumulates knowledge ieading towards
inpovation, Or to put it another way, the long term value of goed
resgérch is clearly demonstrable and even though the linear chain of
events often encountered in the historical tracing is sometimes frus-
tratingly long, the ultimate necessity for particular bits of kunowledge
justify this slow progress. They come £o the conclusion that “the
average time from conception f£o innovation is approximatei? nine years
for all five cases considered, including the three described in detail.
Ten years pyior to ianovation, that is, shortiy before comception,
approximately 90% of the non-mission resesrch is found to have begen
accomplished, Insofar as one can genmeralize from these time~spans Lo
other cases of tramsitions from vesearch o innovation, che bulk of
nonenission research is completed witheut insight into the concepticn
and impovation ke which it will uliimately coimtribute, Here again,

one notes a bias of zhelscientists who wish o bring out the facg thag
basic resgarvch must be carried on withoub ¢ying if tc a conception, let
along to an innovation, £o %hich iz may ultimagely contribute. From
the previcus discussion it follows that, in the views of the scientists,
if the history of aun junovation is traced only within the confines of
its development, that is the periocd after conception, awd before inno-
vation, the zesulting picture is incomplete., Innovation aud develop~
ment, are ofien based on scileunce which is thirty yvears old or older,
some 457 of non-mission resesavch having been completed at the 30 wear

level. Furthevmore, assuming that the date of inmovation as defined
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in this study and the design decision reference point used here are
roughly comparable, then approximately 80 percent of the development
work vemaips to be done at year 15, The 80 percent of non-mission
rvesearch already done is completely excluded from consideration; in an
snalysis limited to that short time scale. Although non~mission
research and mission-oriented research play a diminishing role in terms
of total activity during the several years just preceding the isnova-
tion, it is apparent from the tracings that the interplay between the
effort in these pheses is important sud sometimes even crucial during
the terminal period. The tracing of the ferrites provides a striking
example of this. During the decade 1950 to 1980, non-mission research
in the form of theoretical and experimental studies of eleciromagpetic
resonance properties of materials was interwoven with wmissicneoriented
studies of specific ferrite materials and with development and applica-
tion vésearch of ferrites in c¢onnegction with computer memory storage
devices, high frequeney fervite coves, etc, The large amount of inter-
play between axeas of technical specialty and discrete reseavch events
iz the ten ur twenty yeavs prior to innovation, together with the
importance of techniques ané.instrumemtati@nﬁ strongly suggests the
need £or overlap between the expevienced vegearcher awd the inexperi~
enced engineer, and fherefore the need for interchange between the

industrial research and the academic copnunities,



