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Abgract

On January 19, 1993, approximately forty people from EDRC and its affiliates
participated in aworkshop on the role of software in disseminating new engineering
design methods. Severa case studies of method dissemination involving software
were presented and analyzed. This report summarizes the workshop talks and
discussions, which revealed severa "myths' regarding software technology
trander and strongly supported a mode inwhich people, rather than disembodied
software systems, are seen as the primary agents for technology transition.
However, lest the role of software itself in technology transition be completely
overshadowed, the report concludes with some reflection on the potentia for
improving the qudity and usability of research software systems (in contexts where
this is adesirable goal). The workshop suggests that an important step in this
direction is better calibrating the expectations and incentives of the academic and
indugtrid playersin the technology trandgition partnership.

I ntroduction

On January 19,1993, the Engineering Design Research Center of Carnegie Mdlon held a

workshop on the role of software in disseminating new engineering design methods.
Approximately forty people participated in the workshop, a group consisting of
representatives of EDRC's industria affiliates and EDRC faculty, saff and students. The
origina motivation for the workshop, in its essence, was to brainstorm on the question,
How can we use the software that we produce in research as a more effective vehicle for
trangtioning the results of research?' (Thisentails the more pragmatic concern "How can
we get others (mainly inindustry) to use more EDRC software?”) Aswe soon discovered,
framing the question in thisway suggests some familiar but strong assumptions about our

research softwaredevel opment:

1. that EDRC researchers develop software in aprocess that is perhaps sponsored
by industry but conducted mostly independently of theintended users

2. that the software thus developed will be usable in aproduction setting

3. that the recipients of the software bear primary responsbility for incorporating
the software into their engineering practice.




A possible mativation behind these " typical” assumptionsisthat on the surfacethey seemed
to reflect an efficient division of labor. We had all seen these assumptions violated in our
own individual experience, but were perhaps too inclined to regard these occurrences as
‘aberations with the possible interpretation that we were just victims of some unique
circumstances. Therefore, going into theworkshop a naive but widely shared view (hope)
was that surely somebody out there had managed to do it "right,” and all we needed to do
was talk to them to extract the formula that would allow more EDRC software to be
trandferred.

We now believe the modd of softwar e trandfer under lying these assumptionsto be amyth.
Like all myths, it no doubt serves some useful purposes— for instance, the prospect of a
large user community is often a significant motivator for commer cial softwar e developers,
and resear cherswho happen to develop softwar e may be similarly motivated. However, as
the workshop revealed, those who would use softwar eto tK sy«liZ?!% innovative methods -
such as those developed at EDRC - might want to use a different processraodel At the
heart of this (morerealistic) mode isacomplex interaction between technology developers
and users, a process that CMU's Software Engineering I ngtitute and other organizations
have termed " technology transition," as opposed to "technology transfer.™ In the above
usage, "trangtion” hasbecomea verb, and whiletheresulting damage to sandard English
usage is noticeable, the word senseis a useful one: to "transgtion™ atechnology impliesa
gradual extended-duration, collabor ative effort in contrast to the one-time hand-off implied *
by "trander." In fact, this shift captures much of the spirit of the workshop. In discussing
the case studies presented at the workshop, participants consistently described experiences
that wer e best char acterized astechnology trangtion.

In support of these observations, thisreport will first present a more extensive list of the
"myths' of software technology trangtion together with a summary of the more realistic
observations concer ning trangtion that emerged from the workshop. Next, the trangtion
process for several case studies will be discussed in more detail, in domains that include
electrical, mechanical, and chemical engineering. Then, we list a set of features for
characterizing theseand other case studies, and use our examplesasdatafor sometentative
findings based on these features. Finally, we describe some tradeoffs and
recommendations that should be consdered in light of our collective experience of software
trandgtion. While the sructure of thisreport will not follow that of the workshop exactly,
partidpants should recognize theinformation contained here.

2. Software technology transfer: myths and reality.
Myths of software technology transfer.
We list here (non-exhaustively) atypical set of assumptions (or perhaps more accurately

pregudices) that contribute to the myth that technology trandfer through software takes
placereadily on thebasisof asimple, direct raodel




1. Use of new technologies requires a simple transfer from the originator to
recipient of the programs and documents.

2. Technology trandfer takes place from universities to industry only.

3. Technology transfer is apurdly technica issue and not organizationdl.
4. Technology trandgfer is arelatively cheap process.

5. Technology trandfer is thejob of programmers.

These myths arise from viewing the software development and deployment as a sequence
of "overthewd|" activities. Thiscompartmentalization resultsinimproper assgnment of
priorities and respongbilities and misalJocation of resources. The above observations are
reinforced by the real experiences reported below.

The realities of experience.

We summarize the experiences of successful technology transfer from the case studies
presented in the workshop in the following observations:

 First-generation software is rarely used: In al the case studies we
examined at the workshop, the first generation of the software had to be
rewritten, and sometimes several times, before that software could be used
routingly in an industrial setting. On the basis of their experiences, many in
industry would not use software developed at auniversity at all, even if it were
free.

* Disseminating new methods through software is resource-intensive:
Our case studies show that the progression from an ideain aresearcher's head to
software product takes at least a decade (more than two Ph.D. cycles, to use
academic time units) and acommitment by ateam of people, at least 30 person-
years of effort Because the processis hard work, the people involved need to be
well motivated, which is most likely if organizationa incentives encourage
method dissemination and acquisition.

« A wide variety of skills are needed for successful method
dissemination: Inour case studies, we saw avariety of transition mechanisms,
ranging from the use of internal research faculty to the creation of start-up
companies. We found success turned out to be less dependent on the exact
organizationd arrangement used than on the distribution of the necessary skills.
These sKills include manageria and business expertise as well as the more
obvious gpplication doman and software skills.

» Software doesn't transfer, people do: Of course researchers try hard to
write scientific reports, documentation, and interfaces that make the utility of their
software sdlf-evident. In spite of all that, papers and manuals go unread and
software goes uningtalled. In the success stories we examined, there was aways
the dement of apersona presence. People who had devel oped atechnology, or
been thoroughly trained in its use, a one organization often physically relocated
to another organization. Graduating students and long-term visitors played an
essentid, notjustincidental, rolein thetrangtion.




3. Case study: MICON

The firg case sudy examined in the workshop was MICON, a prototyping tool that can
produce eectronic designs for a single board computer. The input to MICON is a set of
requirements for processor, memory, and input/output components, and congtraints on
areg, cost and power. The output of MICON can be (and has been) fed into commercial
toolsfor physical design and manufacture of the computer so that a prototype can be built
and tested. MICON uses a technique called " synthesis by composition™ to develop the
design. The system applies a design knowledge base of several thousand rules to a
database of six hundred partsto instantiate design templates, that, when composed, yield a
complete computer design. By now, MICON has created dozens of realistic-scale designs,
and incorporates several support tools, including a knowledge acquisition tool called
CGEN, which allows domain expertsto add their own design knowledge.

The development of MICON was supervised by Professor Dan Siewiorek of Carnegie
Méellon, who gave the presentation at the workshop. Siewiorek made clear the extended
duration and scope of the project as he described the evolution of MICON in its
incarnations as MO, M0.5, and MI. In developing MICON, 55,000 lines of code were
written for the primary system, 19,000 lines for the support tools and 58,000 lines that
embody designs (about 17,000 of the total have been made obsoletein later versions of the
software). The project began in 1982, and hasinvolved atotal of about 38 per son-years of
effort External interactions have included nine workshops for industrial and academic
audiences, and the softwar e has been field-tested at eight companies for varying lengths of
time.

In 1991, adart-up company called OmniView acquired a seven-year exclusive licenseto
develop acommercial version of MICON. The CEO of OmniView is Charles Buenzli Jr.,
who followed Siewiorek's presentation at the workshop to give the perspective of an
intermediary organization. Omniview's goal, as Buenzli remarked, was to "re-
manufacture’ the software for indudtrial use. The project, code-named Fidelity, used
members of the original MICON development team to specify the softwar e, but carried out
the re-implementation on its own, developing some of the softwar e off-shore. To obtain
increased performance and maintainability, Fiddity replaced the rule-based and relational
database technology of MICON with its own object-oriented and constraint technology.
Additionally, the textual interfaces to MICON and the support tools were replaced with
graphical Motif-based interfaces. In developing Fiddlity, the dominant requirements,
besides performance, wer e inter oper ability with other design automation tools, portability
and extendibility, so industry standards were used wherever possible. The resulting
110,000 lines of code does not re-use any of the original MICON software, but Buenzli
esimates that the availability of MICON as a prototype saved over ayear in development
time. Theprototype guided the specification and analysis of performance bottlenecks before
implementing FIDELITY.




Both Buenzli and Siewiorck agreed that the MICON/Fiddlity stuation wasnearly an ideal
onefrom atechnology trangtion per spective. By the time OmniView began to turn MICON
into a product, the CMU team had refined the original ideas through several prototypes
(MO, M0.5 and M1). Those ideas had been tested extensively on realistic-sized problems,
I.e., the design of a 386-based personal computer. CMU personnd developed MICON by
taking advantage of free, readily available software such asthe OPS83 production system
language, which permitted rapid prototyping of new ideas. Once these ideas had been
tested, OmniView provided the skills necessary to make the code comply with industrial
gandards, such software implementation in C or C++, and to make Fidelity available on
multiple platforms. The process was also aided by extensive exposure of university and
commercial personnd to one ancther's concerns. OmniView personnel went through
extensive wor kshops run by CM U researchers, while CM U researcherswere sengtized to

the commercial implications of the technology and given incentives to see the
commer cialization succeed.

Despite the long gestation period for the ideasin M1CON, the guidance from the original
development team, and the near-ideal distribution of skills, Siewiorek and Buenzli still
witnessed the essential truth of a software development reality embodied in a classfication
first described by Fred Brooks (Brooks, 1975, p. 5), termed by some "the father of the
IBM/360". This classification is shown below, illustrating the differences between
producing a wor king program, producing a programming system complete with tools and
interfaces, and producing a programming product, complete with documentation, testing
and multiple platform support Brooks estimates that creating a programming system from
a program multiplies the original development effort by a factor of three, creating a
programming product from a program also adds a factor of three. Creating a programming

systems product involves both of these transtions, yielding a combined factor of ninetimes
theoriginal effort to create a program. '
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4. Case study: CGS Interface

Professor Fritz Prinz and Andrew Jones of Inland Fischer Guide presented the second case
study, the interface from General Motor's Corporate Graphics System (CGS) to several
other projects including moidability and lighting design critics, a stereolithography
apparatus (SLA), and finite element method software. The CGS interface is based on the
CMU-developed NOODL ES geometric modeling package. NOODLES is a non-manifold
modeling system in which objects of varying dimensionality may be freely combined,
unlike wireframe, surface-based, or solid modeers. A number of projectsat EDRC that
represent and manipulate geometric information have been based on NOODLES. The
interface between CGS and the SLA iscurrently uniquein GM; it currently drivesan SLA-
500 machine at the rate of about 40 parts per month. Future plans call for further fine-

tuning and documentation of the program and providing support through Electronic Data
Systems.

In contrast to the use of an intermediary sart-up company for the commer cialization of
MICON, the development of the CGS interface and trander of thetechnology to GM isthe
result of adirect partnership between Inland Fisher Guideand CMU, Whileitistooearly
to assess the prospects of long-term successfor either system, a consensus emerged during
the discussion that both arrangements can succeed if certain preconditions are met These
preconditions include having people with the appropriate collection of skills available, and
sufficient resour ces to ensure a successful transtion. However, it was cautioned that very
close, direct collaboration may impose excessive time demands on the developers (who in
academia are usually already overloaded students and staff), and also often exposes users
to untested and unstable software. Whatever the arrangement, workshop participants
concurred that transtion could not succeed without realistic expectationsfrom all parties.
These expectations could be set by maintaining an ongoing planning process, negotiating
goals with timetar gets, and using feedback to evaluate progress towards goals.

In a discussion of the MICON and CGS interface case studies, Dr. Ted Giras of Union
Switch and Signal pointed out that one of thereasonstechnology trangtion is so difficult is
the need for recipients to manage risk while introducing high-impact technology. In the
technology maturation cycle, risk decreases as time goes on because the prospects for a
technology can be better evaluated. In contrast, the amount of money that must be
committed increases astime goeson.

Deciding at what point in time the risk is sufficiently low to merit an increase in
investment, Giras argued, is best done by well-informed people who have a long-term
grategic view of how technology can be developed and used. In contrast to thisideal, the
typical program manager may have a tactical planning horizon as short as 30 days. The
ensuing discussion was wide-ranging, spanning topics from how to find a market for
possibly idiosyncratic solutions to particular industrial problems, to the desirability of
involving academicsin efforts at developing sandards. It was also noted that industry may
have good reasons for not wanting to use univer sity-developed softwar €, the softwar e may




not be sufficiently sandardized or reliable for some applications, particularly those which
aresafety-critical

5. Chemical engineering software case studies. ASPEN, ASCEND,
DICOPT++, and GAMS

Dr. Jeff Siroia of Eagtman Chemical began the afternoon sessions by discussing the
development of ASPEN, a process simulation package. ASPEN was developed under
contract to the Department of Energy to solve process design problems associated with the
development of coal liquefaction and gasification technologies. Algorithms for smulating
distillation processes that had been developed by academics were incorporated into
ASPEN. Although softwar e engineering sandards (of mid-1970s vintage) wer e used in the
development of ASPEN, the original ASPEN software did not get transferred after the
DOE contract was concluded. Siroia listed avariety of reasonsfor this, including missing
features and unfixed bugs in the software, and he pointed out that the original software
developers may not have intended to transfer ASPEN to other users. Some of the users
formed a company, ASPEN Technology, and managed to rewrite ASPEN so that it could
be a viable commercial product Siroiacredited the success of this later effort to the close
involvement of indudtrial usersin the development of the software, and to the fact that the
software was not too ambitious: that it was not at the forefront of technology. Vincent
Vermeuil of Smulation Sciences (a competitor to ASPEN Technology) challenged Siroia's
interpretation of this success story, maintaining that ASPEN's competitive advantage
derived from the DOE funding of its original development (no ASPEN Technology
r epresentative was present at the workshop to respond).

This case study was followed by a commentary from Dr. Jerry Robertson of Exxon.
Robertson identified three categories of barriersto trandtion of technology from academia:
funding, resstance to change, and low confidence in technology. In terms of funding, he
noted that technology transtion competes for resour ces with in-house development efforts
and thusisone of the first expendituresto be sacrificed in difficult times. Like Ted Giras,
he noted that resistance to change was often lar ge because of the costs of failure and the
difficulty of making the benefits of change apparent to all. He also listed several factorsthat
needed to be considered in increasing confidence in technology, factors that are often
accorded lesser priority in the development of new methods: usability by novices,
traceability of changes, and compatibility with existing systems and methods. These
factors are well known to consume a large amount of resources in most system

development efforts - in many cases a multiple of the effort to produce the core system
functionality itsdf.

One of theresearch efforts at the EDRC that has addressed this last set of concernsisthe
ASCEND project, directed by Professor Art Westerberg, who talked about ASCEND for
the workshop. ASCEND is an environment that aids engineers in managing the
development of mathematical models, which often grow to include tens of thousands of
equations and variables. For chemical engineers, the use of the equation-oriented




smulation approach supported by ASCEND represents a significant paradigm shift from
the more popular sequential modular approaches. Debugging ASCEND models is an
anticdpated and important part of the model development process, but littleis known about
how users can take advantage of the debugging possibilities provided by the ASCEND
interface. Addressing usability concerns that might inhibit the adoption of the methods
embodied in ASCEND thus became a cor ner stone of the research. Therefore, Westerberg,
and Peter Piela who developed the ASCEND software firs as Westerberg's graduate
gudent and later as member of the research faculty at the EDRC, made a special effort to
solicit feedback from users on ASCEND. Both the hardware and the softwar e needed to
run ASCEND were shipped to seven companies, two of which then began to use
ASCEND extensively and provided feedback. Despite the useful feedback, indugtrial users
were more interested in softwar e that was fully supported (e.g., with a technical support

hotlineto call) and operated robustly on multiple platforms (ASCEND was available only
on theApoallo).

According to Westerberg, another inhibitor to more widespread use of ASCEND is the
steep learning curve. Thisis true despite the fact that once one becomes familiar with the
system, there are significant benefits with respect to ease of model development.
Apparently, learning timeis abarrier even for other academics who would rather not spend
very much effort learning to use someone else's software — a twist on the " Not I nvented
Her€' syndrome most often associated with industry. The demonstrated successes of
ASCEND come primarily from Westerberg's own students, some of whom, he claims,
have developed elegant models that would be " publishable’ if there were an appropriate
journal in which to do so. Two of Westerberg's students, Piela and Oliver Wahnschafft
have taken positions with ASPEN Technology, and this may ultimately lead to the
trangtion of ideasfrom ASCEND and ther incorporation into commercial products.

The final case studies of the workshop began with Professor Ignacio Grossmann's
presentation on the creation of DICOPT ++, a system for the efficient solution of mixed-
integer non-linear programs (MINLP). Like the other systems discussed in the workshop,
DICOPT++ is based on a series of developments spanning over a decade. These
developments began with the idea of casting integrated process design as superstructure
optimization of mixed-integer linear programs (MILP) in the early 80s, followed by the
use of outer approximation to solve MINL Ps and the use of equality relaxation that allowed
solutions of larger problems. DICOPT++, developed over the last three years and
maintained primarily by J. Viswanathan at EDRC, appliestheseideas usng the GAMS
modeling environment and a number of solversto solve non-linear programs and MILPs
that are formulated as subproblems at different steps of an iterative process. DICOPT ++
itself has served as a component of other systems, such as SYNHEAT, which creates
optimal designsfor heat exchanger networks. It has also been used independently to solve
previoudy intractable problems, such asthecyclic scheduling of parallel continuouslines,
in which an indugtrial scale problem may have on the order of athousand integer variables,
tens of thousands of continuous variables, and several thousand constraints.




The development of DICOPT ++ was a collabor ation between Carnegie Mellon and GAM S
Development, the company responsible for the GAM S environment on which DICOPT ++
relies. GAMS itself was the subject of the presentation by Alexander Meeraus, the
presdent of GAM S Development GAMS is an interface between the user's formulation of
amathematical model and the range of solver s and hardwar e platforms on which the model
could be solved. The system hasitsrootsin software developed at the World Bank in the
1970s to help solve economic models used in policy analysis. In the late 1970s and early
1980s, the software was rewritten several times, with outside industry participation, to
serve as a more general algebraic modeling system. In 1988, members of the original
World Bank Development team formed the GAM S Development Cor por ation to position
GAMS asacommercial product GAMS relies on DICOPT ++ to provide a capability for
solving MINLP problems, and the company is looking to incorporate the latest CMU
results on integration of symbolic logic for solving MBLPs Inreturn, CMU obtaing geeess
to commercial grade software for building and solving models, including the support for
multiple platforms that is so rare in an academic setting (it is absent in ASCEND for
example). So the GAMS/ICMU partnership is an instance in which both academia and

indudrial parties obtain benefits from the collaboration — the technology transtion is bi-
directional.

It may be instructive to compare the position of GAMS Development with that of
OmniView, which is also positioning itself as an intermediary conduit for technology
between academia and industry. Asin MICON, the GAMS software had already been
developed through several generations before the decision to commer cializeit, and thetotal
effort invested had been on the order of 30 to 40 person-years. The markets for the two
products, however, seem substantially different Meeraus believesthat after two decades of
refinement, model solution technology isrelatively mature. He thought that entry by anew
company into the field would be very risky, based on a market potential for general
pur pose solution systems of only thousands, in contrast to the hundreds of thousands of
computer systems designers that Buenzli of OmniView thought could benefit from a
product like Fidelity. Meeraus believed that the primary market growth for the future
would come from GAM S-based systemstailored to particular domains, and from providing
interfaces to new solvers and platforms, the idea of producing customized versions of the
coretechnology also figuresinto Omniview's plans. On the other hand, Buenzli estimates
that half of Omniview'srevenuesin five yearswill come from selling gandard libraries for
particular design applications.

S. Analyzing the Case Studies

At the beginning of the workshop, Professor Steven Fenves presented alist of features that
might be useful for classifying and therefore better undersanding the case studies. The
classfication wasrefined during the cour se of theworkshop, and summarized again in the
concluding session. Below, we use a version of the list of features presented at the
concluding session to organize some analysis of the case studies.




Directionality: Although we normally think of technology transtion in terms of
trangtion from academiato industry (e.g., MICON), it can take place, aswe saw, inthe
reverse direction from industry to academia (e.g., GAMYS), or from one company to
another, or from one university to another. Additionally, government agencies can be
consumers of technology (as discussed by a representative of the National Ingtitute of
Sandards and Technology at the workshop), and developers, asin the case of the World
Bank creating GAMS. Workshop participants seemed to agree in the end that no single
uni-directionai trangtion ismore likely to succeed than others. However, the casesfrom the
wor kshop suggest that the best situation exists when technology transtion is possiblein
two directions smultaneoudy, so that mutual benefits can sustain the collabor ation.

Cardinality: The number of partiesinvolved in the trandtion can vary, but we identified
two important special cases. In the first case, there are two parties, an originator and
recipient, and the trangtion is direct (e.g., the NOODL ES-based CGS interface). In the
second case, there arethree parties, theoriginator, recipient, and an intermediary, such asa
spin-off company or already established software vendor. Aswith directionality, we found
that cardinality wasimportant in a different way than we expected: the absolute number of
organizationsinvolved was not asimportant asensuring theright skill mix and resourcesin
thetotal process. '

Messenger: The vehicle for transtion may be a paper-based description of the method,
softwar e embodying the method, or an individual who championsthe technology in anew
organization. In every case discussed in the workshop, individuals played a key role as
messengers. We found no instances of unaccompanied software or descriptions for very
innovative methods finding their way into the practice of recipient organizations. It appears
that if anew method isradical enough, recipientsneed long-term help from originatorsto
adapt the method for use by their organizations, and this often means the physical
relocation of originating personnel. The role of individuals was so ubiquitous and so
driking that we decided to include this observation in thetitle of thisreport

Software: If software plays arolein the technology transtion, the factors that influence
itssuccessinclude:

» System characteristics: program architecture, language(s), hardware
requirements, inter oper ability with other software, performance, portability, etc.
Another important characteristic is availability of documentation, which may
range from a brief description or appendices in a thesis, to a full set of
requirements specifications, user and maintenance manuals.

» Development process characteristics: software engineering standards
adhered to, the degree of internal testing, etc.

e Distribution method: Software may be available at the originator's site,
digributed to recipients, or installed at the recipient's site. The more work a
recipient has to do to obtain the software, the less likely that softwareisto be
used.




*» Cost: The cost of the commercial versions of some of the systems we examined
ranged into the tens of thousands of doIIars but the academic organizations that
developed the research prototypes did not charge recipients specifically for the
software (as opposed to getting sponsorship for the research in general).
Furthermore, getting user feedback on prototypes is easiest if the prototype
depends only on easily available, preferably.free, components. Getting usersto
try out prototypesis so difficult that it seemsto be essential to remove all possible
financial obstaclesto such experimentation.

Originator: The originating organization could be characterized in many ways:

* Intent: whether the originator wants to produce a feasibility demonstration, a
prototype for use as a foundation for further development, or aproduction quality
system. I n all workshop case studies, acommitment to facilitating the creation of
a production quality system was required on the part of an originator before the
technology trangtion could occur, although this commitment was not always
present at the very beginning of a proj ect

» Openness to feedback: whether the originator is willing to consider feedback
from recipients or potential recipientsin refining the method. Successful trangtion
seems to require openness to feedback, and the willingness to participate in an
extended loop with users. This is especially true where the user interface is
concerned, where the state-of-the-art does not allow prediction of user
preferences and adeqguate handling ‘of other usability issues without user
participation and iter ative development

» Resources available: time, money, personne. Although we did not get
estimates of dollar amounts involved, all the case studies we looked at involved
over 30 person-years of effort and took over a decade for something approaching
effective trangtion to occur. The arrangement for sponsorship of the research,
whether it isinternal funding, from government contract or otherwise externally
funded is also important

Recipient: These characterigtics complement those of the originating or ganization:

* Intent: whether the recipient is gomg,to use the new method to conduct further
in-house research, or to useit in actual production. Theintent isa component of
setting reasonable expectations, Whlth are critical for obtaining management
support and tolerance for risk.

» Willingness to provide feedback: necessary if the originating organization
isto improve the software over time. .

* Resources. how much money and effort can be spent to acquire new
capabilities. If the methods are sufficiently different from the current practice of
the recipient organization, there must be support for overcoming the learning
curve. »

Intermediary: If an intermediary is involved, then that intermediary will have to share
characterigics of both originators and recipients. We found that even in the successful
trandtion cases wher e there wasnot a separate intermediary or ganization, there was always




aperson whose primary duties were neither research nor production so that they could take
on the functions of an intermediary. '

Shared context: A number of other features describe characteristics shared by
originators, recipients, and intermediaries in that they describe the environment in which
thetrangtiontakesplace. Theseinclude:

» Goal clarity: the degree to which the goas of al parties have been set and
examined, articulated within each organization and communicated to other parties.
The workshop case studies bear out theintuition that the greater the degree of god
articulation and communication, the higher the probability of success.

 Alternative methods. in investigating the possibility of adopting a new
method, arecipient organization compares it with aternatives, which may differ
intheir availability and desirability. The tradeoffs most often considered involve
impact on product quality and on the speed and cost of the devel opment process.
If the new method is sufficiently unfamiliar, as in the case of ASCEND,
asessing such tradeoffs is more difficult than in the case of a new MINLP
solution method that can be shown to solve a benchmark model an order of
magnitude fagter than previous methods.

* Number of people affected: if amethod isto be phased in dowly so that it
affects only afew people at firg, the recipient organization will be much more
tolerant of unfamiliar (and hence riskier) methods than they would if large
numbers of people would be afected by the change.

* Digribution of skills: whether the necessary software, application domain,
and manageria skills exist and where they are located, are ail issues that are an
important determinant of a successful trangition.

We do not intend for this list of characteristics to be definitive or prescriptive for future
technology transition processes. In particular, organizational issues in technology
trangition, which were not examined in any depth at the workshop, may be asimportant, or
more so, as any technical issues.

Organizational issues. Organizational issues, especialy for the transition of very
innovative methods, do not yet seem amenable to classfication in terms of asmall set of
features. Betty Deime of the Software Engineering Ingtitute gave atalk at the workshop
that illustrated the complexity of these issues. While not specifically addressing the use of
software as the agent of trangtion, Deimel noted that al trangtion involves change, which
implies that there will be resistance to that change. One approach to overcoming that
resstanceisto "hammer” theinitial state into the desired state, which may beeasierinthe
short run, but incurs long-term costs of anger, burnout, even sabotage. Another gpproach
manages the transition by "unfreszing™ the present state, allowing for change but o initial
confuson and stress that may decrease productivity in the short term. In the long term,




"refreezing" the practice of the organization in the desired state increases productivity. 1
During the transition stage, information, dialogue and pilot tests precede technology
transition to foster awareness, understanding, and trial use, before the new methods are
adopted and institutionalized.

During this freezing-unfreezing process, the people involved in the transition play avariety
of roles within a recipient organization. Deimei follows Rogers (Rogers, 1983) in
classifying these roles: sponsors, who provide the resources for the transition, authorizing
and reinforcing the effort; champions, who influence the organization in the direction of
technology adoption; agents, who are actually empowered to create the change; and targets,
who are the behavioral focus of the transition effort

In fact there is a sequence of attitudes exhibited by targets that can be predicted, starting
from initial optimism that the new method will solve all problems, followed by a pessmism
and decreased energy as these expectations are not immediately fulfilled. Targets may then
"check out" of the transition process, either in public or in private, or they may work
through the problems, so that hope gradually increases and satisfaction is obtained. This
sequence compares with the "grief curve™ proposed by Elizabeth Kiibler-Ross (Ktibler-
Ross, 1970) and others, in which the initial reaction to change is stunned paralysis,
followed by denial, then rage, then unsuccessful bargaining, leading to depression. New
beginnings start from this depression, first by a period of testing the waters, followed by
acceptance. Being cognizant of such stages, Deimei argues, allows the managers of change
to alow time for each stage to pass, and to use negative incidents as opportunities to
transform resistance into support.

6. Workshop discussion and afterword.

The workshop concluded with a discussion moderated by Robert Coyne and a summary
presented by David Steier. We began by returning again to the emergent theme of the
workshop: that the simple model of method dissemination via direct transfer of software
from academia to industry faced a number of problems. These problems are due to a
fundamental gap in the incentives and expectations between those producing software in
academic research settings and potential recipients and users in industry. For example,
thereis usually an gap between the software interest, resources and possibly capabilities of
researchers, who are best at rapidly prototyping small-scale demonstrations of new
concepts, and the requirements of users, who want "usable" software to be thoroughly
tested on realistic-sized problems, well-engineered to industrial standards and supported for
avariety of platforms - but do not always expect to share in the cost.of time and resources
required. We also recognized that researchers often do not intend for their systems to go
beyond the feasibility demonstration stage. Furthermore, in developing research software,
all the classic problems of software development, including unpredictability of resource

" Thusorganizationsmust be different from ice aream* which must be whipped after unfreezing to achieve
thededred stateafter refreezing.




requirements and difficulty of maintaining up-to-date documentation, are compounded. In
concluding the discussion, a "joke' with a serious point was suggested by the moder ator
softwar e customers, who are accustomed to being able to pick two out of three trade-off
criteria used for software products. "robug, fast and cheap”, in the context of research
software get to pick only one.

The Role of the EDRC.

Given thisgtuation, we began to ask what role academic resear ch centerswith strong ties
to indugtry could play in all of this. In theory, the nation's Engineering Resear ch Centers
(of which EDRC isone) could addresstheseissues. An important component in setting the
goals, direction and focus of strategic research at the EDRC is an indugtrial planning
committee which is composed of senior engineers and managers from a variety of
indugtries. On average, between one third and one half of EDRC research projects are
conducted with the participation in some form of industry, many of these with full or partial
indugry funding, and some with close collaboration and continuous exchange with specific
indusiry personnel or groups. EDRC performs much of its research by embodying new
methods in software prototypes, and therefore already has significant software skills
among its faculty, saff and students. Furthermore, EDRC is different from other academic
organizations in that long-lived, multi-generational systems, such as MICON and
ASCEND, are much more common, more like the norm rather than the exception. These
systems are used for iterative development and refinement of ideas, and some EDRC
systems are used as platforms on which other systems are built So thereisan incentiveto
maintain high software quality, even if only for internal maintainability and
under gandability. One might expect that these circumstances would lead to a Situation
where a greater proportion of EDRC softwareissuitable for trander to external use.

The workshop case studies showed us that the sStuation is never quite that simple, and this
report has already discussed a number of reasons for this. In the discussion and summary,
we returned to the software development process and expanded on several of these
reasons. We firs noted how important it is for software to be usable to be accepted.
Usability requirements are the onesmost likely to vary between research and external use,
especially for systems embodying new methods. Unfortunately, developing and refining a
new user interface is often very expensive, with several studies of software development
showing that half the effort and code in many systems is devoted to the user interface
(Myers and Rosson, 1992). In addition to the interface itself, new research software
systems (such as ASCEND) also offer users a new paradigm in the practice of ther
(engineering) discipline. This generally impliesthat there are multiple possible interaction
scenarios by which users might utilize the underlying functionalities of the system and
integrate these into their work flow (Jacobson et al, 1992). Exploring, prototyping and
validating a useful set of these interactions with the system - each of which may have many
interface alternatives - requires iterative development, user participation and testing (Floyd
et al, 1989). To build good system interaction cases and their interfaces, resear chers must
collaborate closely with users, but in waysthey may feel does not contribute directly to the




core technology they are developing. Aside from issues of interest and capability,
ultimately there is the question of who will pay for all of the design effort involved in
making software "usable", and the necessary impiementational " builetproofing” and

testing, given that no technology trangtion will occur in the absence of these development
efforts.

Another point relates to the software technology used to implement these systems. A
variety of tools facilitate rapid prototyping of software, ranging from languages such as
Lisp and the various production systems, to UNDC™-basad tools such asawk and perl, to
theinterpreted command language Td and itsassociated X1 1 toolkit, Tic, which allow very
rapid congtruction of graphical user interfaces. For avariety of reasons, such as efficiency,
or the necessity to conform to accepted sandards, indusirial userswill often refuseto touch
softwar e congtructed with thesetools. Yet the flexibility these tools permit is essential in a
prototyping context, so it may be best to accept that softwar e developed in one technology
may haveto berewrittenfor another, asit wasin thetrangtion from MICON to Fiddlity. In
the words of Fred Brooks (Brooks, 1975), " Plan to throw one away; you will anyhow."

So there are tradeoffs to consider, which may indicate that aiming for direct trandfer of
softwareis typically not as desrable an option asother alternatives.

We do not list these factors to argue that organizations like the EDRC should stop
producing software completely, nor should they stop aiming to improve the quality and
usability of research software systems. The usefulness of such systems is important, in
conjunction with people, as vehicles for transtioning new methods. Embodying new
methods within software, and refining those methods over several generations of systems,
teaches us more about the implications of those methods than hand simulations.
Furthermore, usability and realistic scaling of systems are becoming increasingly important
in exploring higher and deeper level issues (in engineering design methods and practice)
that can only be investigated when there is the opportunity to build upon already existing
systems and in conjunction with real indugtrial applications (Coyne et al, 1993). In the
case of interactive systems, there may not be away to determine an appropriate design for
the interface without building one (or more) and evaluating the results. Educationally,
EDRC students benefit from constructing multi-generational software systems and
interacting with software experts. They acquire practical skillsin thisway that might be
difficult to obtain in ther home engineering departments. And in turn, if they acquiremore
knowledge of what software has already been developed by others, they might avoid
reinventing the wheel (which unfortunately still occurs far too often), improving ther
research productivity, and even helping them to graduate faster.

What the workshop does suggest to us, however, is that we may benefit from the
recognition that people, rather than softwar e, have been the primary successful messengers
for technology transtion. One could say that what researchers do is produce knowledgein
the form of theories, in EDRC's case new engineering methods. Both publications and




softwar e systems are descriptions of methods, but they are incomplete descriptions.* The
missing part is an under sanding of how the method can be used and the process by which
a method might be adapted to meet a given organization's needs and integrated into the
work practice. People are necessary to supply that under sanding, particularly when thereis
a substantial mismatch between the current practices of the recipient organization and the
practices needed to use the new method. Peter Naur (Naur, 1985) from his study of
programming points out that programming is like theory construction where most of the
theory isin the heads of the people and the documentation isa poor reflection of the theory.
Thisis precisdy why, he argues that the transfer of softwar e requires that members of the
team be involved because the underlying theory not being explicit, resultsin patched up
piecesthat lead eventually to failure.

Accepting this characterization of trangtion would have several implications. One would be
achanged role for sudents: rather than rely on software asthe primary trangtion vehicle,
with students providing technical support back at school, it may be best for students to
facilitate trangtion as interns, and eventually as graduates in new jobs. Courses and
internshipsthat provided some of the necessary skills would enhance career prospects, yet
at the same time minimize conflicting demands on sudents' time. An |EEE Spectrum
article (Curran, 1993), published after the workshop, supports this idea. The article
reportsthat half a dozen CMU dectrical engineering undergraduates visited semiconductor
companiesin the summer of 1990; they carried with them a program called AWESm (short
for asymptotic waveform evaluation) and their goal was to get indugtrial reaction to the
program. Comments from indudgtrial participants on the AWEsSm software itself mirrored
the experiences we found in our case studies. some never used the softwar e becauseit did
not fit ther needs, while others took ideas from the program and incor porated them into
ther in-house software. All participants though, liked the the idea that students familiar
with the program wer e available to answer questions; the sudents could do a much better
job of explanation than the program and documentation alone. The article reports that the
experiment only ran into trouble after the summer, when enhancements were made to
AWEsSm, and the under graduates wer e too busy to trander those enhancements remotely
during the academic year .

More generally, of course, there is no reason that sudents are the only people who can
facilitate technology transtion; they are just the most natural candidates, because
(presumably) they are going to graduate and move on. But non-students can also be
effectivein trangtion activities and might be even more effective if they possess more skills
and experience. Thus, the organizationsthat wish to facilitate technology transition might
wish to look closely at their incentive sructure to see how they reward trangtion-related
activities. Hare EDRC can play aspecial role. The culture of the univer ity at large changes
slowly. It may be a long time before traditional academic departments reward method

process- may become morecompleteand integrated with software systems productsand communication
processesintegral to successful transition arcissuesdiscussed below in the Afterword




dissemination activitiesaswell asthey do archival journal publications. But EDRC may be
ableto createaculturein which theincentive gructureis different There would haveto be
rewards for enhancing the " usability" and " reuse' of research products- for making users
lives easier, for incorporating the work of others, and for exploration of domains outside
on€e's field to undersand and encourage applications for new methods. In general, the
people who would engage in these activities would not be teaching faculty, who would
otherwise have tojuggle in technology transtion along with their research and teaching
activities. Rather, these people would be research staff and others for whom the retention
and promoation criteriawould be very different than those for teaching faculty. Thekey to
success seems to be ensuring that technology transition activities are provided with
adequate resour ces and rewarded (in terms of job security, salary, etc.) in accordance with
the stated goals of the organization. Expectations should be explicit for all those involved,
and if the expectations must change as resour ce availability changes, then the process for
adjuging those expectations needsto be agreed upon aswell.

Of course, here we have been speaking as academics, and academics alone cannot do all
that is necessary. Government and industrial organizations also need to examine their own
expectations and incentive sructures to decide how they wish to promote technology
trangtion. They are also in the best position to evaluate how the for ces of public policy and
markets, aswell the attitudes of their own employees, will affect the prospects for adoption
of new methods. The discussions at the wor kshop seem to be a good beginning.

Afterword: People alone don't transfer either.

Mogt engineering tasks today involve the use of software in some form or ancther, and, the
majority of new methods coming out of the EDRC are software tools (such asNOODLES
or ASCEND) or algorithms or methods embodied in software. In the work setting of
today, whether it be in indusgtry or in academic research, it takes people, working with
softwar e, to trangtion and employ technology effectively.

Though the workshop very strongly suggested the fundamental importance and roles of
peoplein thetrangtion of research, we do not wish to leave the impression that thereisan
"al or nothing" verdict as to the choice or usefulness of software vs. people as a medium
for technology transtion. The workshop started with the rather skewed perception or
expectation that if we could get the softwareright, it could "do it all" - that is, accomplish
technology trander by just throwing the softwar e over thewall to eager indudtry recipients.
Guided by therealities of the case studies, and for the sake of making a critical point, we
then shifted therdative balanceto theview - ascaricatured in thereport title - that " people
trande™, or for themost part, they "doit all" in accomplishing technology trangtion (asif
the quality of the research documentation - including softwar e prototypes - mattered littleif
atalL)

What this ail or nothing view obscuresis the importance of and opportunity for moving
toward improving the quality and usability of (research) software systems. Sharing a




more indghtful and pragmatic set of incentives and expectations between academia and
indugry is.part of the trangtion puzzle, aswe have seen, and may lead to the production of
mor e usable software..  We suggest that the under ganding and knowledge now exist, and
thetimeisripe, for adopting a more comprehensive approach to softwar e development -
even within a research setting - and for establishing a better infrastructure for software
design, maintenanceand reuse.

This more comprehensive approach is based on considering software development as a
"deggn" activity, and softwar e engineering as a collabor ative social process. Trangtion of
knowledge between participants within a (software) design project, or across design
proj ects, depends on reaching a shared under sanding of many concepts, terms and issues.
The darity of the shared undersanding achieved depends, in turn, on the sructure of the
organizationsinvolved, the dynamics of the communication infrastructure, and the quality
of the tools utilized for the establishment of a shared external record or memory of the
development - in short adesign history and rationale. In this sense, softwar e engineering
involves many of the same issues and problems as engineering design in industry (or
generic design activity anywhere).(Garg and Scacchi, 1987; Minneman and L eifer, 1991,
Levy et al, 1992) These problemsrevolve around the difficulties and the lar ge over head
involved in information access, sharing, negotiation, indexing, integration and retrieval,
and the management and communication breakdowns between people separated in time or
gpace. Theseissues are accentuated when there are multi-disciplinary teamsinvolved and
wher e the participants may have vastly different expectations and goals - such as software
users and developers, or industry and academic' researchers. However, as with
engineering design in general, the same potential exists within software engineering for
transforming these issues into new opportunities to improve the infrastructure for
information integration and to examine and re-engineer practice to lever age collabor ation
and trangtion of knowledge.

Currently, there are several research groups investigating requirements and methods for
enhancing collaboration in team-based design activities - such as software engineering.
They have begun prototyping environments to provide computational support for
collaboration in the form of eectronic designers' notebooks, or uniform information
modeling environmentsto capture shared explicit " memories* (external records) of system
development (Toyeet al, 1993, Subrahmanian et aU 1993). The motivation and goals of
ther research effortsindicate the potential for experimenting with improved " information
integration” for software engineering within research organizations such as the EDRC -
entailing both organizational issues (which influence and areinfluenced by expectationsand
incentives) and technical issues. In thiscontext, softwar e engineering of resear ch software
systems will aim at producing much morethanjust code (or partially documented code).
It will endeavor to also produce and preserve ahistory of system development in theform
of a navigable web of information that interlinks requirements and a wealth of system
design and development information and documents, both formal and informal, such as




negotiation of concepts and terras, system architecture issues, decisions, alter natives, code
versons, testing sets, trial runs, and so on.

In addition to the potential benefit of general infrasructure improvements implied by
information integration for software engineering, there are more specific methods and
techniques of current softwar e engineering practice, such as object-oriented modeling, that
can be adapted and more broadly applied in research software development One such
method that is growing in importance and achieving widespread acceptanceis the behavior
modeling of system requirements - known by various terms such as "use cases',
" scenarios', " scripts’, etc. (Jacobson et a* 1992; Rubin and Goldberg, 1992). Behavior
modeling may be a particularly useful garting place for development of resear ch systems,
that areinnovative in the sense that thereisno precedent in current practice for the method
or approach embodied in the system (e.g., ASCEND) (Coyne et al, 1993). A current
project at the EDRC called SEED (Hemming et al, 1993) has benefitted from behavioral
modeling; it is prototyping innovative generative design methods for recurrent building
design and it integrates two streams of multi-gener ational resear ch and softwar e systems -
ABLOQS, a hierarchical framework for layout design (Coyne, 1991) and GENESIS, a
solids grammar development system (Heisserman, 1991).

I'n conclusion, research results embodied in software may trandfer best when the adaptable
and flexible capabilities of people for transitioning knowledge and experience across
contexts is combined with computational support for capturing and preserving more
softwar e design information and for evoking a shared under sanding among all participants
in system development. A continuing consderation of theseissueswill be important to all
of thefollowing goals articulated at the the wor kshop:

better supporting multi-generational research projects which build-on or extend
existing research software sygems*

using resear ch softwar e systems within cour ses which can serve as testbeds for the
methods embodied in the software, can drive the usability of such systems and
provide tight feedback loopswith a target community of users. The courses also
benefit by enabling sudentsto experience and to help shapethe " cutting edge” of
themethodswithin their field.

the mor e effective trandtion of new methods, via experienced developers, users and
compr ehensive softwar e systems (in the sense described above) embodying those
methods.

We believe that the workshop reported on hereis only the first step needed toward the
development of a shared understanding of resear ch experiences, the dissemination of case
studies and tutorials on successful projects, and the continuous evolution and evaluation of
research software development as an important accessory to people in the trangtion of
resear ch resultsand methods.
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