


fluid-dynamic flow system, with heat transfer working

~with the chemistry. That is all embedded in a firing
chamber which has a shape, and a structure, and is made
of materials, and which has to be designed in those terms.
You find yourself dealing with computational fluid
dynamics and computational structure. You may be up
against a set of equations in chemical and combustion
kinetics that you may or may not have seen before, and
new problems in mechanical and structural design, and in
friction as well.

So the problem is not a simple old problem, it is a
problem in the connectedness of knowledge: past
knowledge and practice, recent knowledge, new
knowledge, and as yet unknown knowledge. If you are
trying to do something new, then you had better have
access to people who can solve the equations, help you
with the computations, tell you some things you didn’t
know about structural dynamics, solve the material
problems that you thought you had solved when you
picked the new material, but you didn’t quite, and so on.

If you take aﬁy such problem, you get a similar set of
interconnectedness and deep roots in past history. You

find that you are living on the shoulders of the giants of -
the past, but also upon the current inventions of
colleagues you may not have thought about: physicists,
chemists, other engineers, and so on. If you do a problem
in structural mechanics to build a body design, or a
problem in the molding of polymers to create a part, you
will be able to trace a similar set of roots.

The problem of R&D management is, in a sense, the
problem of the management of a variety of forms of
knowledge that are deeply interconnected, and whose
interconnectedness one learns as one tries to solve the
problem. It turns out to be a problem of maximizing
collision cross sections among kinds of knowledge:
making sure people who need knowledge they don’t
have—and may not even know they need—have a good
chance of learning about it. ’

This is what led naturally to the industrial research
laboratory: no single investigator is likely to be able to
capture all of the richness of the knowledge connections,
both into the past and with present colleagues. To destroy
that connectedness by distributing the pieces conveniently
among a set of divisions, with the idea that then
everybody will be closer to the problem, is to destroy the
root capability to solve the problem, and even the root
capability to understand what the problem is.

The Customer Is Always Wrong

After 40-0dd years of working in application-and
mission-oriented research, I have come to believe
profoundly that the customer for technology is always
wrong. Now, the technologists are usually wrong, too;
they tend to be wrong in complementary ways. I have
seldom, if ever, met a customer for an application who

I have seldom, if ever, met a
customer for an application
who correctly stated the
problem that was to be solved.

correctly stated the problem that was to be solved. The
normal statement of the problem is either too shallow and
short-term, or, even more likely, is a formula for the
widget that the customer thinks is required to solve what
the customer thinks is the problem. The technologist, of
course, is usually peddling “that wonderful thing we did
in the laboratory yesterday,” and if it happens to be square
and the hole is round, a little force-fitting may help.

What really happens in successful problem-solving
endeavor, the successful definition of a product or of a
new process, is the redefinition of the problem, along
with the redefinition and creation of the solution. A
dialogue process has to go on in order to achieve this
redefinition. It is in that dialogue process that the rich
collection of knowledge gets employed on the
technological side and a good deal of implicit knowledge
on the customer side. There is a certain logic to saying
that the R&D ought to be close to the divisions and to the
customers for technology, and, indeed, it should be.

That works neatly if the problem is more-or-less a current

problem to be solved, so that the time scale is such that it -

is, in fact, a divisional time scale and within the division’s
imagination. However, a good deal of what is required in
industrial R&D is not on the time scale of the division.-
Divisions do not normally think long technological
thoughts about the future. A GM platform engineer with
whom I was having lunch said, “Do you people work for
me?” My answer was, “Yes, but, as a matter of fact, the
R&D people who are working for you now are the people
who were in the research labs 15 years ago,”

Working for the Division’s Grandchild

Much of what research people do, and should do, is
working for the divisional person’s professional
grandchild; that is to say, the person who will be in the job
after the person who takes it from the current occupant

leaves it. If there is to be a technology that that person will

need, R&D people have to think about it now.

Of course, the person who is buildihg today’s product
may or may not be any good at talking about the product’
after next. There is a natural misfit between the time of

" longer-range R&D and the time for current products. In

that sense, the dialogue is very difficult. Nonetheless,
somehow the R&D function must be informed of the
processes of the divisions and the processes of the
corporation thoroughly enough to exercise the knowledge
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and imagination to determine what should be done for the
future. :

So, close dialogue and connection are important. The
R&D people must somehow swim in an ocean of
corporate problems, present and future. The necessary
dialogue and connection, of course, take place through
that other important function of R&D, besides creating
the future: the funétion of solving current problems and
helping with the business day to day. To suck up the
entire R&D into the day-to-day business is to destroy the
possibility of a future new business; that is, it is to say,
“Call me at harvest time and don’t bother me with
planting, cultivating and irrigating.”

A Heisenberg Uncertainty Principle

We have an inherent dilemma of time scales that don’t fit,
of knowledge, breadth that has to be captured in one
place, and at the same time a connection to be made
between the day-to-day operation of the business, with
R&D people sélving its problems, and together creating
the future at the same time. ‘ '

There is a kind of Heisenberg uncertainty principle about
the coordination connections that are necessary in R&D.
One needs all of these deep connections among kinds of
knowledge, and the ability to think about the future, that
works best in an institution that puts all those people
together. One also needs connection with the day-to-day,
market thinking, and the future thinking of the operating
side of the business, which suggests to many that the

R&D people should be sitting on the operating side of the

business.

R&D Management 101

1. In order to harvest, you must first seed, plant, cultivate,
irrigate, and wait. This is as true of R&D as it is of farms.
R&D’s mission is to imagine and create the seeds of the
future,

2. Remember what Sir [saa¢c Newton and Francis Bacon
said: “If I have seen further than other men, it is because I
stood on the shoulders of giants,” and, “Nature to be
commanded, must be obeyed.”

3. Matrix your industrial problems to be solved vs. the kinds
of knowledge that are needed to solve them (e.g., more
efficient internal combustion engines require chemical
kinetics, heat transfer, fluid dynamics, mathematics,
computational compatibility, and more).

4. Great R&D must preserve the connections between
various kinds of knowledge; i.e., keep the R&D people
_ together. . i

5. R&D also needs connections with the operating side and
its needs for problem solving, especially for future
problems. R&D should work for the operating divisions of
the future even more than for the operating divisions of
today. The operating/R&D dizlogue is an imperative.

The R&D people must
somehow swim in an ocean of -
corporate problems, present
and future.

This is an insoluble problem; there is no organizational
system that will capture perfectly both sets of
coordination. Organizational matrices do not have
eigenvalues; they are not diagonalizable. There is no
perfect organization that will solve this problem—the
struggle is inevitable. '

Consider organization in the Department of Defense.
There are two simple ways to organize the Pentagon:
functionally by kinds of warfare or knowledge, or by
weapon systems projects. There is always an uneasy
compromise between the two. As the Pentagon was
reorganized, it turned out that what was being done was
flipping the matrix from one way to another, and back and

. forth, with the rows relabeled columns and the columns

rows. Everyone was somehow under the impression that
the way that they weren’t organized must be the right one
because they were dissatisfied with the current one.

The uncertainty principle forces a kind of oscillatory
behavior, where, as I have seen it, the full wave is
somewhere between 10 and 20 years between organizing
one way and deciding that the gospel is the other way.
What happened during the last wave, when many places .

6. Connections among knowledge forms and people, and
between R&D and the divisions, will inevitably be
imperfect. Keep searching for better ways to connect,
including, for example, “synthetic alumni” of the R&D lab.

7. If it is considered such a great idea for the divisions to
buy all of their R&D—and jeopardize future R&D
possibilities in the process—then ponder the implications of
having them choose how much financial accounting,
auditing and central management they wish to buy.

8. Measure R&D by:
* Past performance, not promises/predictions.

* Summing the value of the successes and comparing with -
the total cost of the research lab, not individual projects.

* Projecting the value of successes over their product or
process life—the internal rate of return can be surprisingly
high. '

9. Institutions are needed to synthesize knowledge-
connecting R&D for small and meso-scale business
networks (e.g., machine shop, small foundries).

10. Keep fighting the good fight for the future of the
business—and society at large. —R.AF.




destroyed central R&D, was that they put all the R&D out
in the divisions, and for as long as three or four years the
business was deliriously happy because the divisions were
getting what they needed. They then suddenly discovered
there wasn’t anything new, they had eaten that all up, and
the people who were to be creating the new were now so
busy solving the old that they had no time for the future.
The more unusual and difficult-to-understand forms of
knowledge, difficult for the divisions to see the need for
on a day-to-day basis, had vanished. = -

Now a problem would turn up and somebody would say,
“Where is that person who was the great expert on,
whatever that was?”

“Oh, that person isn’t here any more because we didn’t
have any use for that knowledge last year, Now we need it
" badly but they’ve gone away.”

Putting it in the diffused-into-the-divisions system makes
no sense to me. [ would rather struggle with the problems
of connecting with the divisions—and there are :
techniques for that—and by holding the R&D laboratory
together, be fble to solve what I think is the more
long-term and difficult problem of the connectedness of
knowledge.

- It is reasonable to have the divisions, the operating side,
buy short-term help from R&D and solve day-to-day
problems in that demand-driven way. The idea that R&D

should be totally and entirely supported by divisional

purchases, however, is merely a slightly longer-term
version of the destruction of R&D for the future than
actually breaking it up and putting it in the divisions.

I suggest that the next time the business side of the house
explains to you that that is the proper way for the firm’s
internal market to work, you suggest that if it is such a
lovely principle, there is a modest proposal to run the
whole place that way: Let’s have the divisions buy their
accounting and their auditing from the financial people;
let’s have them buy the CEO's time, let’s buy personnel
services from Personnel {pardon, “Human Resources™) by

" the inch when they need it. Let’s see whether, in fact, that

internal market system is a reasonable way of running a
business. Everybody knows it is not, but it is sometimes
convenient to apply the idea to the pleoes we don’t
understand.

GM’s Synthetic Alumni

Earlier, I mentioned schemes for connecting R&D with
the operating side, and I am sure everybody has their own
versions of these. One, which was invented at GM by
Larry Howell and others, and actually reduced to practice
while I was there, was the construction of what we called
“synthetic alumni” of the research laboratories. The
underlying observation was that a good deal of the best
connectedness with the operating divisions came from
people who had been in the research labs and were now
on the operating side.

A way was created of bringing people into research who ..

‘really wanted operating careers, not R&D careers. After a

year or two in the Research Labs, they moved to a
division, with special knowledge of some new technology
that was of interest to that division. In this way, we
created connections that brought the new divisional
problems back to Research and kept it clearly up-to-date.
on what was happening on the operatmg side.

From their research expcnence, these alumni had usually
developed an “ear” for what might be a question or
problem to bring to the attention of the Research people.
Naturally, Research Lab people visited the divisions a lot,
and there was frequent contact, at the level of “bench”
people, as well as managers, between Research and many
divisions; there was much visiting back and forth. Certain
Research Lab departments worked intensively with
particular divisions for many years.

Helping Smaller Businesses

So far, I have spoken in terms that make sense for large
companies that can afford to have the research and
development capabilities of many kinds of knowledge,
can afford to have, for example, a good stable of
mathematicians. (By the way, how many divisions do you
know that need a mathematician all the time, and how
many divisions do you know that never need a :
mathematician? The answer is usually none in both cases,
but you had better have them somewhere.)

What does a smaller business that cannot keep a stable of

these different experts do for the knowledge connections?

I have become acquainted with this problem recently
through research I have been doing on the way metal
flows through, and is handled in, the metals .
manufacturing business in New England: foundries,
machine shops, stamping shops, jewelry manufacturers,
and so on. These tend to be businesses that don’t do much
R&D because they cannot afford much R&D. And so

they are not, in fact, on the cutting edge of the technology '
~ that they could be using. Sometimes they can buy it from

suppliers, but they are more likely to be thlms than real
customers for R&D.

1t is clear that some means of cooperation in the
generation of R&D capabilities that a number of
companies in the same business could use is a missing
piece in some industries. It may also, in terms of the
breadth of knowledge, be a missing piece for many
not-very-large companies.

I had thought naively that trade associations and
professional organizations could be a means to doing
R&D in these situations, or a means of getting it done in
a cooperative way, However, 1 discovered that most of the
trade associations I talked to were so worried-about
liability issues if they became recommending
organizations for R&D results and technology, and also
worried about appropriability of intellectual property and
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“antitrust, that they had not found a way to play a really
useful role. I suggest that there is a missing piece of our
R&D business institutions (it occurs in some places, like
the utility industry, but not in others) which is a way for
small- and medium-sized businesses to cooperate in the
creation of knowledge systems that they can use as
though they were large businesses.

There are university-connected situations where people
have done this over a period of years in a reasonable way.
None of them that I know of has grown into a real
equivalent to a major industrial R&D capability. I think
there is a missing opportunity for what I might call the
meso-scale and the small scale of U.S. business,
something perhaps worth thinking about.

Measuring the Payoff

I have no iilusion that the interconnectedness of
knowledge will be a convincing sales pitch to most of the
business side of most corporatlons However, 1 have had
some success in convincing the business side that orie
needs a bre¢dth of knowledge by illustrating the matrix of
problems versus kinds of knowledge needed to solve
them and showing that, in fact, the way in which many
new ideas arise and problems are sclved is by collisions
among old kinds of knowledge; and different kinds of
knowledge, which create new views and knowledge.

Part of the issue in making that sale is understanding
what the payoff of the R&D system really is, There are a
couple of rules about measuring it, and orly a few
successful attempts have been made.

~ Rule one is that you cannot measure the future; the only
thing you can measure is past performance. You have to
measure R&D by what you have done.

Incidentally, the business side of the house doesn’t .
measure the future either, although it frequently pretends
to. In fact, most businesses refuse even to measure their
predictions of particular projects against the statistical
history of the success of past projects.

After watching a number of new product presentations at
GM, I suggested that an additional slide be in view at all
times that displayed the fiscal history of the past projects,
just to see whether the predictions of the new énes were
consistent with the statistics of the past. It was clear that

" nobody was interested in looking at such a slide, of past
data together with the predictions.

The second rule is that it is useless to measure payoff .
project by project. The only measurement successes [ have
seen—and I’ve seen a couple of them in measuring R&D—

_are to measure the sum of the value of the successful
projects against the total cost of all the R&D. We made
some measurements of that sort at GM when I was there. It
is very labor-intensive because you have to trace a lot of
projects and determine their value to the company. You use
the total cost of the research lab as the denominator.

The only measurement
successes I have seen are to
measure the sum of the value
of the successful projects
against the total cost of all the
R&D.

We took a sampling of successful projects, went to the

divisions and found out what they thought the projects
were worth over a standard corporate project life. This
was a lower bound because frequently it was difficult to
find out the real history of a project, so some successes
were left out. However, we collected enough that had
been successful to give us some numbers for the
numerator. We did this on a one-year slice as well as we
could, and divided it by the total cost of having the
research lab for a year—all lab costs. We projected the
value of these for their project life (usually the standard
corporate project accounting period), and did an ordinary
internal rate of return computation.

We did this twice, several years apart, using the second
time partly as a check computation on the first, to see
whether the projects had lasted, but also to do a
semi-independent examination. Qur internal rate of return
was about 70 percent. That is a very large internal rate of
return! What this result really meant was that we did a lot
of projects and although many of them never came to
anything, a few were big successes and did a lot more
than pay the rent. :

GE has done a study of that sort and it produced an IRR.
of about 38 percent for a corporation rather different from

" GM in structure and product line (3). Both numbers are

large enough that the difference between them doesn’t
matter, and they are enough larger than the IRR of
anything else in most corporations that they ought to be
interesting. These large values come because the R&D
process creates useful change.

To sum up, in spite of the demonstrable value of R&D,
the current fads in corporate restructuring turn out to be a
replay of some old ones that were bad for industrial

. research. We are finding out once again how to make it
_ difficult to do R&D, and we will probably discover in a

few years that we have succeeded in that endeavor, and
go back to reconstructing the system on the basics that
work, the basics of interconnected knowledge and the

interconnection of people who have that knowledge. @
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Annual Award of the Industrial Research Institute Medal

To ROBERT A. FROSCH

For his outstanding leadership in industrial research management as GM Vice President in charge of
the General Motors Research and Development Center, and as a founder of the field of industrial
ecology; in championing impertant scientific and engineering developments in areas such as
industrial ecology, materials science, systems engineering, electronics, biomedical research, and
advanced CAD/CAM engineering and analysis, which have had impact far beyond the automotive
industry; and in successfully spearheading the creation of innovative methods of technology transfer
to speed the implementation of new technology into automotive products.

ket

As General Motors Vice President in charge of the GM Research and Development Center from 1982 to 1993, Dr.
Frosch promoted a visicn for industrial research as a continually evolving activity firmly “sighted” on the future.
Operating with this philosophy, the R&D Center broke new ground in many areas, including systems research,
industrial ecology, materials science, electronics, computational analysis, and operations research. These developments
have helped General Motors change the way it does business and have had impact far beyond the automotive industry.

Among his most important accomplishments, Dr. Frosch was largely responsible for institutionalizing systems
engineering within GM’s vehicle-development process and championed the establishment of an operations research
activity that has given GM a new techinical capability with wide application on both company and plant levels. Dr.
Frosch fostered General Motors’ reputation as a world leader in automotive safety research, supporting the
development of many new vehicle-safety features. He broadened the scope of environmental research to encompass
manufacturing as well as vehicle emissions and was an early champion of cooperative research efforts involving
industry, government and academia. )

Dr. Frosch has made and continues tc make important contributions to the field of industrial ecology, which defines a
multidisciplinary, systems-based approach to addressing enviromental concerns that integrates technological

approaches with economic policy and decision-making, He is credited with naming, defining and giving impetus to

this emerging field. As a Senior Research Fellow at the fohn F. Kennedy Schoot of Government at Harvard University
and a Senior Fellow of the U.S. National Academy of Engineering, he is involved in environmental research and pelicy
issues at both the national and international levels. :

Dr. Frosch received his bachelor’s and master’s degrees in physics and his doctorate in theoretical physics, from
Columbia University. His professional career began at Columbia University’s Hudson Laboratories, where he
progressed from resedreh scientist to director in 12 years. In 1963 he became Director for Nuclear Test Detection and,
later, Deputy Director for the Department of Defense’s Advanced Research Projects Agency. He served as Assistant
Secretary of the Navy for Research and Development from 1966 to 1973, and moved to the United Nations'
Environment Programme as Assistant Executive Director. Dr. Frosch served as Associate Director for Applied
Oceanography at Woods Hole Oceanographic Institution prior to being named Adminstrator for NASA by President
Jimmy Carter in 1977, a position he held until 1981. Prior to joining GM, he was President of the American
Association for Engineering Societies. He has published extensively on many topics, including oceanography, space
exploration, technology transfer, global warming, and industrial ecology.




