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1 Imtroduction

For muny years It was simply assumed that publicly funded R&D (FFRD) would have
beneficial economic impacts while it served various missions set by government policy.
Muore recently, this assumption has been challenged and there is a demard for evidence
thot such benefits acerve. In order to increase the economic impact of publicly fimded
rescarch activities, there is a need for greater understending of the mechanisms by which
the knowledge they ercate benefits the far-profit sector. Palicy makers and schalars have
focused on the linkages between industry and PFRD as the primary channels for such
economic benefits to materizlize. The natore of these linkages bas been investizaed in
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considerable detail producing a large body of literzture on the facilitating factors and
obstacles to the process of Lechnalogy transfer pnd innovetion leading ta new marketable
products.

Most of the work on such linkages takes the pont of view of the firm that uses
knowledge to develop innovative technologies nnd products. This is a ralher nurow locus
because many of the legitimite outcomes and impacts of PFRD are not perceived directly
franm the standpeim of the improvement of businesses” botlom line. AL the same ime, the
stritegic behuviours observed are thase ol people in business who decide how o pursue
collsborations or estoblish linkages in order 1o take advanmizge of PFRD for their
innovation olyjectives, OF course, this nerrower focus does legitimately undermine the
sweeping ¢lamm thar publie funding of basic research leads inexorably to preater
econoimic benelils via innovation. When ihe industry lens is used (o sit through PFRI
activities much of what oceurs (kere is irrelevant and most of what is used in industrial
mnovation does not origimate m PFRD [1,2]. In response, numerous models of mngvation
bove been developed to replace earlior simplistic assumptions. They atternpt Lo show how
knowledge flows from vanmous sources and in varous vehicles resulling in new
cammercial echnologies [3.4)

The prevalence of this poinl of view, however, does tend 10 solidify a stereotypical
view of PFRD as having a culture and incentives that constitute abstacles that must be
evercone for & suceessful transfer of knowledge to he for-profit reslin [2, pp.20-22], As
@ matter of fact, basic rescarch activities are enormously variegated and defy those neat
colegorizations. Very few PFRD activities today, which the practitioners identify as basic
research, have o single focus or goal [5], 5o, as Pavin hos maintained, on important sicp
that needs to be taken in order to understand the economic usefulness of basic research 1s
to rmove away [rem viewing selence merely as an informalion creating activity [6, 1181
Even when the focus on linkages between industry and PFRD is pursued from the
perspacive of the individual innovating fizn, it nesd not always be the ense that the
prepondderinee of basic rescarch in PFRD i of limited wiility Tor commercializable
mventions in the refatively near termu Our research has also shown thar, with proper
division of technical roles during cooperation, sipnificant commercial unpacts can be
obtained from portnerships mowhich a public seclor research leam performs basic
research [7]. Studies of laboratonies in the public sector by Laredo and colleagues [R],
Crow and Bogzeman [9] and Joly and Mangemaotin [10] show the variery of strategies and
goals they pursue as well as the various nvpes of interaction with industry they may have,

Thes paprer attempts 1o show how publicly funded basie research progrums develop
complex ‘linkage fields’ over time, The dynamics of these linkage fields generale
muliple possibilities of technology transfer that depend on their specific characteristics.
O the basis of one of the 30 coxe studies done in the conlext of our DOE (Department of
Energy) study, the “Synthesis and Opuamizanon of Chemical Processes' housed at a US
university and funded by BES {Office of Basic Energy Science). this paper chows how
the development of a linkege Oeld leads lo a specific form of technology transfer via
personnel moblity, The case study was developed through multple m-depth interviews
with principal investigators omd other participants in the research cfforts plus a dewiled
analysis of project documentation covering the life of the stream of research, such as
proposals, peblicalions, résumés, and activiry reports.

The linkage ficld in this case iz closely tied to the technical focus of the research amd
Its characteristics determine the hroader impact of the program, The main products of the
researcl are alpomthims snd selftware pockages Lo simulate and control large-scale
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chemical processes. One of the characteristics of the linkage field is that the soffware
allows for two-way mobility of people between research and industry, Thas suggests a
peculior type af codificution in soflware, “Tunctional ceding’, ...n: b solfie
characteristics of codificd scientific knowledge and some of facit or embodied
technological knowledge. The case swdy is presented in the next section amd Turther
anulysis of its implications for the conneclion between types of knowledge and
technalogy transfer via personnel meblity follows.

! The case of the synthesis and optimization ol chemical processes:
software’s ‘Funetional Coding” in technology transfer

The “Svnthesis and Optimization of Chemical Processes’ is a research program
n_n__:.r_n_._na al MIT under the direetion of Larry Evans, from around 1976 1o 1991, and of
Paul Barton, from 1992 w the present. The mialn congems of this research are the flows
of erergy in industrial chemical plants. It secks 1o develop systematic _:..,::.L.ﬁ. o
synthesize industrial chemical processes and provide optimal 3:..:.53 for the reguired
overall energy flows, The visible produets of this research are specilications and soflwire
packages that implement the methods and algorithms 1o reach optimal selutions.,

2.1 Software-mediated interdisciplinarity

The name given to this ficld of work by the practitioners is ‘computer-gided chemical
engineenng", It involves the use of powerful software tools for the ._...qn_.ﬁ_sa..:. design,
operation and ¢ontral of chemicaliy-based manufacturing processes, Even :.__.._,..mr __.__n
substantive applications of this weork fall inside the field of chemical engineering. (he
research aclivities related 1o this case are truly interdisciplinary. The main contributions
are not in the chemical processes themselves, The research topics involve EE_.E_._...EE“.
modelling technigues and specifications lor chemical processes most of which are of
interest 10 industry. Chemical engineering provides the background know-how about the
chemical processes, including physical properties, thermodynamics. and the n:n_:.._.,nﬂ..
and pliysics of the processes. Numerical mathematics provides the algorithms [ of solving
the equations and ether mathematical problems that resull from the implementztion of the
processes at on  indusial seale. Compuler soltware  engineering epables  the
implermentation of camputer soflware that is rabust, relinble, and n_.q...,..:?n. . ,
The development of wchniques for computer-mided chemical engincering fall o
three arens: simulation, optimization, and synikesis. The goal of simulauen is Lo predict
the performance of a proposed or existing plant using mathematical models w0 camy out
the hear and material balances. Steady-stute simulmion aed pluntwids  dynane
simulation were developed during the early stages of the program and software packages
used in industry are commercially available The simulation of bhatch 2nd sermi-
continuous processes is still in ils research stages, Optimization is at a higher level than
simulation, In any proposed flow-sheet there are many degrees of freedom i the
selection of design and operation parameters and many tradeofls in the praper _u._E._,..n af
values for these parameters. Optimization seeks to balance these competing farces o
maximize an objective funcnon such as profil. Before aptimization ¢an be preeformedl,
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I8 necessary to know the structure of the flowssheet The conception of the structure of
the manufacturing process is o task in process synthesis, which is at the highest level,

A consequence of the nature of this work is that il results in generic or
‘infrastructural’ technologies that con be applicd in other Gclds completely unrelated o
the ore thal guides or motivales the original resenrch, The sets of equations thal madel 4
chermical process may be found, with some variations, in other systems and the
mathematical techniques and optimizing algorithins to solve them are portable. Sunilarly,
computer software implementation requires solulions that are not inheremly dependent
on the panicular chemical problem i s originally designed for and can also be
transterred to other situstions. The research program studied in (his case has only
partially exploited this, but the awareness of this possibility suggests that many links will
probibly develop in the near [uure, According to the researchers, communication across
diseiplinary Tines still has its difficuliies and exchanges could be much more fluid than
they now are. Problems in the design of VLSI integrated cirewits, for instance, are very
similor to the ones encountered in designing large chemical process planis. However,
most inpovations in modelling and simulation in this area have originated in chemical
englneering rather than electrical enpineening,

The production of algonthms and software gives the field distinet characteristics that
body connect ind separate it from the engineering and pure science fields it combines,
The research qualifies ns busic or fundamental pecording 1o conventional defirilions
because the researchers maintain that they do not work to selve problems posed by
industry. 11 is intellectual interests infomued by a complex environment that guide
problem selection and reseacch priorities. However, the producton of olgorilhms and
their soltware implementation have fealures of bolh codified knowledpe, as they must be
specified and written in a programming lnguage, and of wechnological artelacts, that
require tacil knowledge to operate correcily. They have both absiract, universal fealures
and concrete, localized features that are essentinl. The knowledge produced in this
reserch program is hybeid both in nature and form having significam features of both
basic and applied, and codificd and lacit knowledize,

Al the same time, the production of algosthms for systems such ns simulolors and
opumization packages, provides 2 vehicle for the convergence of disciplines with very
distinet emphases when taken separately. In this case, fundumental chemistry provides
lhe set of mass and energy equations for the system. Chemical engineering provides the
practical knowledge for adjusting und optimizing flows in the particular combination of
heat exchangers, reactors, pipelines, boilers and other deviees of o chemical plon.
Numerical mathematies addresses the techniques for sclving the sets of equations that
result when the particulars of the chemical systems and the physical plant are Taetored
inlo Iheir formulation. Software engineering provides design techniques appropriate for
implementing large-scale software systems such as the ones thal are required for these
sorts of problems, In other words, the production af algorithms nnd software medistes a
particular form of interdiseiplinanty, which this case excmplifies.

L2 Linkage field of the research pragram

The ariging of this stream of research ean be traced back 1o the second half of the decads
of the 1970s when the US DOE sponsored o significant amount of work in altermative
tuels in response to the enerpy crisis. Private firms in the chemical industry sector
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participated in the funding for tis research program [rom the beginning. ﬂun goal _u;.a.r.
imitial project was to develop soltware for synthetic fuels processes and n__.__,..m:ﬁ_.:c__ af
energy flows in chemical plants. Both subjects were directly -n._u_ﬂ_ 1o prioritics sct by
the energy crisis. The work resulled in the development of a E:E_uﬁ for large seale,
stendy state, commodity plants. The progran would coleulme the solution to the energy
balance equations for the entire flow sheet of a plant. . -

By the end of the first five year period, the emphasis on enzrgzy crisis priorities began
10 wane and DOE discontinued support for this line of wark, Gvans and his (vam had
developed the simulator snd wanted to continue developing their ._n_num EE Progrives,
including their relationship with the indusieies interested in the :...E:.,m of their work. The
path toward the commercialization of the simulator wis clearly m view u_ H_...m point but
could not be housed entirely within the instimtional framework of MIT, Evans, then,
decided to start o business to pursue the commercinlization of the simmlmor and s finmre
versions. As a result, Agpen Technologies Inc. was founded 1981 _.a._zmﬁ.m..p:w was still
i professor 2t MIT. The company developed the simulator for nn_“_:._n_._..._u:nm.,.a: anil also
developed plant control versions of the software hat could not only simulate the energy
balance conditions but 2lso introduce integrated contral leaps to control the plant ance it
wis implemented. .

The fundamemals of the Aspen technology were ussd by other nn_._EanE_
enterprises thal were founded 1w provide compeling products. 4.___2_.n_.¢nn_ :._..,. __._._E_”,._".__u.._1
the original research into energy balance sheet simulation was not simply a m_nm_.... S[HT-
off company 1o commercialize the product but an entine industry segment [hat ?_ﬂ.w_.._nq,.m i
family of products, which varied in sophistication, prive completencss, and other _n.,._“_ﬁ...m.
Aspen Technologies was challenged by the competition 1o En&_ﬂ its own R&D to
improve its product line as well as learn from the basic resenrch which continued at MIT,
The link berween PFRI} ond industry that was established was not @ one-to-one
relationship across a well defined interface between @ private firm and 2 publicly fundsd
research leam. Rather, a multidimensional and multifaceted set of links between PFRD
and industry emerged with the creation of a new intermediate industry sector that owed
its existence, at least in part, W the nature of sofbware, }

The commercial impect of this PFRI can not be subsumed under the ﬁn&.nu of a
spin-off cempany either. The spin-off company and its competitors that congbiuted the
new imtermedinte industry sector not only served the lorger chemical indusiry sectar b
providing software products and services. They also brought 1o the attention of the
research team at MIT new coses and problems that could be related 1o their _Eu.._:.“___
interests, As a result, the research program also grew and it generated collabaratians in
basic research with teams housed slsewhere.

Adler the start up period of the enerprise, Oscar Manley, the program manager for the
division of Engineering at the BES, suggesied that Evans develop a pannership effort
with the ldaho National Enginescing Laboratories, BES would fund it 1o continue the
resenrch component of plant energy integration and bawch process modelling and
optimization. This collaboration bepan in 1985 and continued for about ten years.

During the periad beginning m 1985, the oversight role o_.. _._._"_Eﬂ._. Was VETY
important because he managed a coerdinated program at the QE.E..E._;W divizion u_..m.mw
The projects be supporied were not simply seleciod amoeng a _u_u_E_n.E:. of E_E__Emn_._
proposals based on their individusl merit. Manley ook a proactive role in encouraging
submissions that were complementary and contributed 1o overall goals in epergy-related
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engineering research. He was very supportive of research that ultimately was wsed in
some way by industry and gave Evans and his team great fexibility in licensing results of
BES supported research for commercial ventures, 1t must be kept in mind that, during the
entire period of BES suppon for the basic research in expert systems and process
modelling condusted by Evans, he was also the president of Aspen Technologies. This
commercial involvement proved o be mstrumental in the high indusiry impact of this
research, However, Evans maintained that it was an intellectual agenda rother than
commercial or industrial priorities which determined the direction of research under BES
grants. Therelore, the position of Evans and is team created feedback chonnels from the
chemical industry sector both to the spin-off company, as a part of the supplier-client
relationship, and also to the research propram at the university where they could draw on
o rich collection of experiences for selecting research problems. Similardy, the
competition in the intermediate industry sector, in which the spin-ofl company belonged,
ulso provided knowledge and information both for their product development and the
university research team.,

The problems they addressed in the first period of BES funding were general interest
expert systems problems that had no direct applications to industry issues of inlerest to
Aspen Technolopies. They were in the area of energy Integration in arder to balance the
uses of energy in o chemical process. The main uses of energy in these cases are heating
andfor cooling material to the temperatures required for each stage of the process. Later,
the emphasis shifted to modelling batch processes and the overall design problem of
plants 10 implement the batch processes. The feasibility of the latter resull was clear when
the use of their models in 2 plant simulator achieved results very similar to those used in
plants that had been subjected 1o very long processes of optimization, A design package
based on hese methods promised to achieve in a single iteration what ook years of field
pdjustmients in the plant, The savings in production cests for the chemical plants by using
these software packages is in the hundreds of millions of dollars a year. This indicates
that software simulation codifies the tacit kmowledpe used in previous eptimization
procosses,

In sum, this case is certamly an example of linkage between industry and PFRD with
high economic impact duc to the implementution of process innovations that profoundly
changed the way chemical plants work allowing them to ochieve much higher energy
efficiency, The linkage, however, cannot be characterized with a simple indusiry/FFRD
collaboration, Rather, we ware in the presence of a ‘linkage feld’ with mulliple
oreanizations and multiple loops of knowledge and technology transfer. The dual role of
the academic-entreprencur that creared the first company while continuing with the
rescarch certalnly led w the creation of externalities vin the spin-off of research and the
self-reinforcing mechanisms sustained through his dual role. However, the emergence of
an intermediate industry sector, wilh multiple competing companies that performed their
own R&D and implemented research results in software packages is a key Feature of a
complex pattern that lranscends the role of this individual (sec Figure 1 for a
representation of the linkage field),
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Figure | Linkage field of the research program

23 ‘Functional Coding ' and the flow of peaple

The greal economic impact of this research is not only due to the innavative algorithms
and soffware packages that it produced. The career paths of students that participated in
this research were highly significant. They were an integral part of the transfer process
because they accompanied the development, inplementztion, and installaticn of
software. They were hired by Aspen Technologies and its competitors in the intermediate
industry sector that developed commercial software with the skills acquired doing
resetrch ds members of Evans® team. Graduates in this field are stll in great demand both
for the companies that develop commercial software based on the results of basic
research and in the chemical Industry at large in order 1 apply the software intelligently
to the parliculir cases of a plam ar a firm,

As we already mentioned, Evans has a very large consultmg portfolio as well and is
uble 1o bring panicular case studies or new problems from industry far students w wark
on in their theses. The feedback from industry available through Evans' connections
would be interesting encugh. However, in a striking pattern of personne| exchange, still
nnother much more substantiy] feedback chatinel exists, Over the years, students who did
graduate work with the research team have been hired by competitors of Aspen
Technology in the same industry segment or by firms in the chemical segment and later
hired back ecither by Aspen Technologies and even returned to research work, The
communication network of graduates plus the actual career path returning 10 the MIT-
Aspen centre has maoinloined this stream of research in very close connection with the
relevant industrial sectors magaifying its impact potential enormously.

The lact that people are accompanying the praducts in the entire development,
implementation and application path indicates that there is a significant tacit knowledge
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component. The software companics ore able (o retain the knowledge embedded in the
packages they deliver to the chemical industries and these do not attempt to develop these
software packages in house. This indicales thet the knowledge embedded i these
spftware systems is highly appropriable, Even when the packages are sold to the
chemical mdustries and applied by them, they are pot cnly unable w oreproduce that
knowledge to derive future versions themsclves but also need people Familiar with their
development to make the application successful in their context.

The technology transfer problem is often construed as overcoming the chstaeles that
knowledge produced by PFRD cncounters for it lo become relevant and useful in
mdustry, In this case, the relevance and wiility of the PFRD [s not as problematic. The
pecple and preducts from (he research environment can readily come in and make o
difference in the industrial setting without actually giving away the kmowledge. So,
topether with the highly tacic charactesistic that reguires the flow of people with the
software, there is another feature that seems to facilitate the mobility from the research
context to the application context that is generally associated wilh codilfication, The
process of optimizotion that was done over g long period of time involving the experience
{tacit knowledge} of plant managers could now be completed and cutperformed with &
single ileration of the simulator. AL the same time, it is nol obvious that researchers who
know how to develop algorithms and their software implementations for complex
syslems of equations could easily find their way around & chemical plant with boilers,
pipes, valves, and large volume of chemicals. This is allowed by the "functional coding'
of softwars that operates as a counterpart to the tacit dimension and feeilitates the flow of
peaple and knowledge, The ‘recontexmalization’ is mediated by the simulator that
incorporntes and codifies the tacit knowledge of experienced plant managers.

In sum, the research petivities In this case have some imporant Fearores that
distinguish it {rom typical notions of either basic or applied research and either codified
or tacit knowledge, The career paths of graduate students and postdoctoral ressarchers
who participated in the researcl follow rather unusual patterns focilitated by the
*functional coding’ of the software that results from the research. This characteristic
points to one of the often overlooked ways in which PFRD ¢restes valug: the creation of
scientific and technical human capital [11]. The research progrom deseribed here shows
thal new career pattems are generated by the research activities that involve complex
relations between the public and the private sector.

3 Technology transfer and the diversity of knowledge and linkages

34 Software simulation and the namre of scientific mowledge

The use of super-computers in scientific research has led 1o 1he creation of 2 new type af
activity that has not only practical but alse epistemological consequences. Super-
computers allow scientists to develop simulations of natural processes and the operation
of technological svsiems ar such a level of detail that have become very realistic, These
simulations enable the manipulation of systems that cannct be confined within the
boundaries of a laboratory. This 15 the case, for example, with the explosion of nuclear
devices or the dynamics of ptmaspheric phenomena, These simulations have sequired an
epistemological siotus in science that differs from both experimentation and theory
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_uiE.:._w_ though it contains elements of both, Many sclentists have called this the “third
wiy" of science, with experiments and theory being the frst and second ways [12]. The
legitimacy of simulation for the production of certified scientific knowledge was no
achieved overnight. [t was the resull of & fairly long process of more than a decade in
which scientisis educated under an zesthetic of science that valued closed analytic
solurions had 10 give way 10 a younger generation that leamed to volue the visualization
of numerical solutions, This process had consequences, nat only for the day 1o day
practice of research in certain felds of seience, but also for the palicies concarning the
building of infrasiructures for scientifie research [13,14). In this paper, the importance of
the “third way” of science provided by simulation lies in how it affects the discussion
about the matare and transfer of knowledge, The distinction berween codified and tacit
seientilic knowledge is derived from the various activities that are associated with the
production of certified scientific knowledge. The latter is, for the most par, the result of
the manipulation of objects to stabilize certain effects in the Jaboratory. This allows
scientists o draw capsal connections in the phenomena. The features of the stabilized
phenomenn, the causal inferences and the characteristics of the final experimental
arrangement are the matter of the codified component of that knowledge. The procedures
and adjustments that constituted the patk before the s1able arrangement was achieved are
often the stuff of tacit knowledge. Al the same time, when manipulation is not possible,
the certification of knowledge 13 also weakenad and the results are much more
controversial, At this juncrre compuler simulation makes its entry and allows for “viriual
manipulation’ of complex systems grounding a new body of cerified knowledge
medizied by simulation.

Instrumentation s often mentioned ns a signifieant way in which sclence and
technology inleract and, by cxtension, consiitute a linkage between research and industry.
Simulatars provide a pew science-technology relation adding a dimension to the one
already established by specinlized hardware instruments. Rosenberg has analysed the
importance of instrumentation as a way in which sclence has an economic impsact by
developing new technology [15, pp.230ff]. In his reflections on the importnce of
‘upstream’ influence of technology on seience, he shows how instromentztion provides 2
signilicant feedbock loop between industry ind acadermic research and mentions the
camputer as the most significant of these scientific instruments with its general use and
widespread impact He also points out the importance of instrument migration for
inferdisciplinery collaboration and the mobility of scientists, with the instruments, Lo
other fields.

simulation would be, in this analysis, a special case of the interattion between
seience and lechnology or between research and industry viz the compuler as a scientific
mstrument. However, this does not capture important aspects of the role of simulation
bath in science and in the wansfer process. Simulation provides o way 1o bring the
laboratory inte the outside world by implementing saientifically denved synthesis and
ophmization algonthms and inserling them in the production process sself. The
interesting thing is that this aspect of knowledge wansfer, which s in line with
codification, oceurs within the bounds of 2 ‘package’ that is often accompanied by
personnel mobility, signalling technological wmeit knowledge. The previous undessianding
was that the realm of technology was sble w achieve functionality via od hoc
optimization lechniques in arcas that Jacked the scientific knowledge or ground theory 10
do it aecording to a sound scientific model [16, p.144].
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The nature of informalion technology has been mentioned a5 one of the canses of the
growth of nemworks of innovation [17]. The possibility of rapid exchange of informalion
facilitates (he establishment of linkages for technical collaboration. Intercstingly, the
contemporary emphasis on information technology has promoted the idea that transfer
will be facilitated withowt the mavement of peaple, This would go hand in hand with the
desire to codify knowledge in order to transfer it more economically with infurmation
systems, This case presenls an interesting contrast, Software’s *funetional coding’ could
nleo he considered a cousu] factor in the patterns of exchange and technology transfer by
[acilitating rather than replacing certain types of personnel mobility berween research,
where new knowledge is created, and an industry sector, wheee mosi of the economic
benefit or impact of that knowledge is reaped.

1.2 Types of knowledge and the science-technology distinetion

Recent research has emphasized that o proper understanding of the processes af
technology twansfer between PFRD and industry requires thal we go beyond the
institutional level to characterize the types of linkages that are formed between PFRD snd
industry ond look at the types of knowledge that nre mobilized, manipuloted nnd
transferred in them [2,18]. In these studies, the main dimensions of knowledpe exchanged
in these linkages are three: mature of knawledge aleng the axis ol applied w fundumerial;
the form of knowledge along the axis of tacit to codified knowledge: and the types of
linkages along the axis of informal 1o formal. These three dimensions are not really
orthaponal as can be seen by the common association of lacit ond applied knowledge
flowing mostly through informal channels. Fundameneal research, on the other hand, will
strive to produce codified knowledze and may be associated with either type of linkage.
The ends of the spectrum are identified with rather steceotypical views of technology, on
the one hand, and science on the other. Technology is the realm of applied, tacit
knowledge, heavily dependent on informal linkages, while science essentially produces
fundamenlal codified knowledpe and is more smenable to formal collaborations.,

Authors in the feld of science and technology studies have challenged this
stereotypical view and suggested that the distinction between science and technology
should be dissalved [19]. In spite of this challenge, the distinction has its defenders and is
genernlly incorporated inlo most economic approaches Lo the subject [20, pAReie]. In
responding to the arguments in TS, Sorensen and Levold [21] maintain that there are
reasons why some form of the distinetion between seience ond technology 15 impottant.
Cine of these has 1o do with the different career patterns found in cach area and the way
they impact the interorganizational relations that are important in innovation. They point
out, for example that “the very it nature of technological knowledge complicates the
transfer of technology and demands mobility of engineers™ [21, p.28]. This leads 1o
recruitment policies that “ry to hire u new person with this competence before you
eventually let someone already employed be trained for the task” [21). The authors then
conclude that one significant difference between science and technology is the way the
knowledge is arganized in each case. So tacil knowledge is much more importan! for
technology than it is for science, The evidence for this is that in technalogy “the flow of
knowledge must be accompanied by the flow of people” [21, p.30].

The link between personnel mobility and the transler of technological knowledge has
desp histarical roots [22, p.5]. However, the case we present in this paper shows that
there pre significant instances in which this distinction does not hold, such ns the software
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simulators of our case. The mathematical investigations at the core of the research arc
understood to be basic science. Al the same time, they are codified in the form of
software ond then built imo industrial technelogies. A flow of people ocours that would
indicate the transfer of tacit knowledge. However, the peculiar patterns of this flow that
include direct relocation from a basic research to a production setting and reverse flow
from chemical plants back to research suggest something else is happening, We suggest
in this paper that the software simulstor's codified aspect focilitotes the
recontextualization of people. The simulator codifies the process of adjustment of o
chemical plant that an experienced plant manager achieved over a long period of time.
The importance of context is still true because the mobility of personnel with the
software codification of their research results depends on the structure of the industry
they will serve. But the feedback mobility does link the mwo quite closely. It does
resemble the recruilment of o elient’s employes to learn about the needs of clients, but it
differs in that the research is not directly aimed at solving their problems. It enriches 1
pool of research questions 1o direet the research in a way that retains its multiple
connectians with the outside world,

The role of the different tvpes of knowledge in understanding the hinkages between
PFRD and indistey is also demonstrated in the waork of Mangematin and Nesta [13],
Building on the work of Cohen and Levinthal [23], they show that firms do not only
ohtain knowledge (o develop new products from such linkages but also expand their
capacity 1o leam and absorb knowledge from extemal sources. Working with a database
of contracts linking private firms to public sector laboratories, they classily the
collaborations sccording to the type of knowledge (fundamental or applied) and its form
{codified or tacit) in order o test hypotheses gbout the capacity of the fimm to absorb
knowledge from the linkages, They find that o firm's absorptive capacity depends an the
particular characteristics of its knowledge bose and, especially, on the ability of the firm
to exchange several types of knowledge. Low absorplive capacity I5 also associated with
the exchange of only one type of knowledpe. Importantly, they alse show thot when
greater absomplion capacity is present the exchanges take place by means of a greater
variety of vehicles (articles, repons, instruments, patents, personal contacts, talks and
conferences, extended visits by scientists and students),

The case presented in this paper contzins & peculiar transfer mechanism with high
personnel mobility that seems to be facilitated by a peculiar vehicle which depends on the
form of coding involved in software simulation, The commst with the line of work
mentioned above becomes apparent when we point out that, if tacit knowledge exchange
is aperationalized by wracing personnel mobility, then the movement of persons af our
case suggests a high degree ol el knowledge. At the same time, this is & high impact or
high “spill-over’ case wilh the creation of an intermediate indusiry sector ond significant
transformation of the chemical industry, However, i general, o high proportion of 1acit
knowledge is pssociated with a low *spill-over' effect [10, p.90S]. The explanation for
this anomaly lies in the namree of software simulation that is o hybrid of codified and tacit
knowledge providing a vehicle for ransfer that enhances the chances of ‘spill-over” by
enhancing the abilily to de-localize its tacit components.

Even when the distinction between science and technology does nol depend on the
nature of the knowledge involved in each, this case sull present some interesting
peculizrities. Dasgupta and Daovid [20] distinguish between the communities af science
and technology. They maintzin thar they have different social organizations and,
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therefore, “the community of Science is concemed with additions 10 the stock of public
knowledge, whereas the community of Technology is concemed with adding 1o the
stream of remts that may be derived from the pessession of private knowledge”
{20, .498], This case still defies that distinction because both goals are legitimately
pursued at the same time by the research team.

1.3 The “Linkage Field” as a long term contexi for technolagy transfer

The assessinent of cconomic impacts of PFRD through knowledge and technology
wransfer 1o indusiry has generally focused on the links that privale firms establish with
Inboratories or rescarch teams [2] or on the formal structures cstablished by public seclor
nstimtions 1o enable collaborations with industry [24,23). Altematively, the flow of
knowledge through informal contacts ar the diffusion of instruments and experimental
techniques are included among the ways in which the cutput of PFRD is constituted as an
input to industrial processes of innovation (2, pp 2008, 13, pp.2500]. The poinl of view
of industrinl firms is impartant because Lhey are the ones who market new products and
realize the economic benefit of knowledge and tcchnology. Undoubtedly, informzl
channels and serendipitous diffusion paths also play a significant role in knowledge nnd
technalogy wansfer to industry, The resulting aggregate picture, however, is one in which
the strategies pursued by those conducting PFRD are almost irrelevant 1o its economic
impact except when they depont from their normal pursuits and accommedate special
structures et up for a linkage with indusoy to Lake place.

The case presented in this paper certainly does not fit that stereotype. The linkages
with industry are multiple and arc embedded in a coherent set of relations built over time,
which we have termed the *linkage field® of the research program. Faulkner and Senker
have pointed out the diversity in the nature and prospects of the linkages across industry
boundaries, For example, they suggest that the close links between PFRD and industry in
biotechnology are related to the relative young age of the field, which makes research and
industry questions similar [2]. The characteristics of the Yimkage ficld” in this case are
also related to the content of the research activily, especially, by the knowledge and
lechnology flows that are enabled by software simulation. Furthermore, given that
simulation technigues an be applied in many different disciplines, the ability to simulate
& system of interest to industry creales a dynamic similar to the one detecied in
biotechnology in any field of ingquiry. The software simulation vehicle enables the close
coupling that direct relevance of basic research findings produces in the biotechnology
industry,

Rosenberg, in his detailed sudies of the nare of ‘upstream’ influences from
technology to basic research, has devoted considerable attention (o the case of chemical
engineering, which underlies our case study, He has pointed out that once a connection
hetween fundamental scientific knowledge and the oppormanity for & commercial product
based on it has been esiablished, entire new bodies of knowledge may have to be
developed in order to reach a commercial seale of production of the new products
[15, p.144], He anributes the emergence of the discipline ol chemical engineering to the
nead to implerent large-scale production facilities for chemical processes [13, p.144a].

The case in our paper shows a new development in chemical enginecring thal has
moved the field towards basic science research, This has occurred by means of the
application of formal mathematical techniques to the synthesis, optimization and control
of chemical plants, 1t has also apened the feld to interdisciplinarity because the same
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mathematical models ¢an be used in ficlds such as electronics and bictechnelogy. o
which large network systems of mass and energy are imporant, As a result, the feld i
able to acquire some nutonomy from the specinlized concerns of chemical plants and
create knowledge propelled by the intellectual imerests of its members, It, therefore,
acquires the features and incentives of basic research. Then, the nature of soltware
simulation is such that is allows a ‘functional coding’ of scientific knowledge that brings
the hasic research activities closer to the zctual sivation of indusirial plants. Io this way,
it ereates o comtex! wilh greater opportunities for movement of personnel. Software
simulation inherently requires a ‘functional coding’ that tanslates the skills of the
researchers, on the one hand, and of chemical plant operators that produced similar
resulls over o long period of time, on the other. Therefore, research personne] become
relevant to the forms needed for supplying industrial clients at the intermediate sector
{mainly o specialized software sector) and for the industeial corporations themselves if
installing and maintaining the software that controls their plants (control and desizn).

The mobility of personnel from a research cantext to industry is generally thought of
a5 g normal outcome of the educational process or & resull of the strategy of firms to
aequire needed skills. The occurrence of technology transfer by these means 15 readily
recognized [20,21], However, they are seldom considered as a link between the context
of PFRD and industry becausc they are not scen as @ conduit for true bwo-way
communication. Most studies of linkages between firms and universities or nistional
laboratories leading 10 technology transfer almost universally assume that people are
stationary or that they visit the other contex! for a imited penod of time. They basically
focus on the communication between people who are staying in each place over the
duration of the relevant linkage activitics [26], The linkages are also thought of 25
relatively short term interactions, which contrasts with the communication that tzkes
place through linkages developed over longer periods of time. This does not necessarily
manslate in long delays in the wansfer of knowledge or technology to industry. The long
term linkages allow for the short term transfer that oecurs in both directions with the
mohility of people who actually change employment. Because of the longer term horizon
af the “linkage field", it is possible to have short term transfer accompanied by people
movement whe are hired cut of one context inlo another, instead of considering these
movements as external to the relation between PFRD and industry. The “linkage field®
provides o beoader context for considering the continuous shor term or medium term
exchanges of both a formal or informal sort,

4 Conclusions

Even though n single vase analysis such as this one does not allow strong causal
inferences and generalizations, a result from our analysis of & larger number of cases of
basic rescarch sponsored by BES does show that software algorithms are o major
compenent in technology transfer from PFRD to industry. [t is distinctive because it
entails research teams that do not declore s special dedicotion to industry-related
problems or applied science but have a large amount of short term transfer (o industry
[5]. This case illustrates the role of *functional ceding of software in technology transier
that may be very significant in a large number of cases and provide a chonne] for PFRD
to have great economic impact. This may oceur both by having versions of the algorithms
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rapidiy transferred to industry in products or processes and as a vehicle for the mobility
of trained personnel from PFRD 1o industry, This case also shows that the analysis of
linkapes between industry and PFRD must account for specialized nebwork structures
built over tme that sustain a “linkage field'. This contrasts with the almost universal
focus on one-to-one relations govemed by contracts or other one-dimensional relations
between o PFRD party nnd a private firm,

The case study presented in this paper suggests that & broader framework is needed
for studying linkages between PFRIY ond industry. Most work in this aces is dominated
by the stereotype that the inherent culure snd incentives of PFRD constitute an obsiacle
that must be overcome for successful wansfer of knowledge to the private sector. This
case shows thot the PFRD culture and incentives are much more variegated than the
stereotype admits and that successful rescarch programs tend 1o develop linkage flelds
that provide multiple channels of knowledge and wchnology tronsfer, The dynamics of
the linkage ficlds are the approprate object smdy, therefore, rather than single point-to-
point links between & reseasch project snd s company. The analysis of our complete sel
of case studics preserited in a scparate paper [27] showed that there are severnl
organizational patterns, termed ‘konowledge value alliances”, in PFRD with different
linksge feld dynamics and that any one research program can evalve from one type to
another type over time, Each type has peculiar patterns of value creation that ordinary
assessment methods do not capture. The case selected in this paper illustrating one
striking pantern of linkage field with the peculinrities of software’s ‘functional coding’
shows this, first, in the development of specialized scientific and technological human
capital and, second, in the special wehnology transfer channels via their peeuliar career
paths.

These results have consequences for R&D managers because their assessment of the
impact of the programs they fund must ke the value of the linkage fields into accoum
and their management style should explicitly deal with the incentives and disincentives
for Pls to develop them. The variety of coreer paths seems to suggest thit students and
recent graduntes have more reasons lo consider participation in research than simply
increasing their chances of continuing on an scaderue track [28]. For the fims, the
inereasing role of software simulation creates more channels of knowledge nequisition
via personnc] mobility.
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