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Research is the front end of human society’s 
engine powering innovation and 
technoscientific advance. We believed it was 
due for a rethink, one consistent with its 
nature as deeply holistic and its nurturing as 
deeply human.

Why Did We Write This Book?
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Alarm Signals

2005                                                        2010                                 2020
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Keen Competition

Past and projected future US and China fractional shares of the world’s science and engineering (S&E) publications.
Data derived from the National Science Board’s Science and Engineering Indicators (2018). 

“Science and technology has become the main battleground of global power rivalry. Competition over cutting-edge 
technology has intensified to an unprecedented level. We must have a strong sense of urgency and be fully prepared.” 

Xi Jinping, South China Post, May 30, 2021
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Opportunities: The Endless Frontier Act 2021
Senate                                                                   House

To establish a new 
Directorate for 
Technology and 

Innovation in the 
National Science 
Foundation, …
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Core Reflections of the Book
1. Beyond Bush:

– 𝑆̇𝑆 is not synonymous with Research
– 𝑇̇𝑇 is not synonymous with Development

2. Beyond Popper and Heilmeier:
– Finding Questions is just as important as Finding Answers
– Constructivism is just as important as Reductionism
– Questions and Answers are Networked into

a Seamless Web of Knowledge
3. Beyond Development and Gradualism:

– Punctuated Equilibria require both Surprise and Consolidation
– Exploring the frontier of knowledge means seeking Surprise, which cannot be scheduled or “projectized”
– Consolidating the frontier of knowledge strengthens and extends what was Surprising
– The Metagoal of Research, Surprise, is not the same as the Metagoal of Development

4. Beyond Bell Labs: Guiding Principles for Nurturing Research
– Bell Labs 2.0: Building ecosystems that support research with intentionality
– Bell Labs 3.0: Learning how to learn
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1: The Relationship Between S and T

THE MISTAKEN “LINEAR” VIEW: SCIENCE IS THE PACEMAKER OF TECHNOLOGICAL PROGRESS
“Today, it is truer than ever that basic research is the pacemaker of technological progress.”

Vannevar Bush, 1945

BUT TECHNOLOGY CAN ALSO BE THE PACEMAKER OF SCIENTIFIC PROGRESS
“The deepest flaw in the dynamic form of the postwar paradigm is the premise that such flows as 
there may be between science and technology are uniformly one way, from scientific discovery to 
technological innovation. . . . The annals of science suggest that this premise has always been false to 
the history of science and technology.” Donald Stokes, 1997

IN FACT, SCIENCE AND TECHNOLOGY PROGRESS IN CYCLES OF INVENTION AND DISCOVERY
“Scientific and engineering research feed off each other to advance both in cycles of invention and 
discovery—exemplified by the deeply interactive and virtually simultaneous engineering invention of 
the transistor and scientific discovery of the transistor effect at the iconic Bell Labs in 1947.”

Narayanamurti & Odumosu, 2016
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The Technoscientific Method

• The nouns: Science (S) and Technology 
(T) as symmetric repositories of 
knowledge

• The verbs: Scientific (Ṡ) and 
Engineering (Ṫ) methods as symmetric 
processes by which S and T dynamically 
evolve

• Most important: Ṡ and Ṫ , and S and T, 
are deeply interactive, feeding on each 
other in cycles of invention and 
discovery

FACTS

EXPLANATIONS

FUNCTIONS

FORMS

5 Explanation-
Finding

6 Generalizing

2 Form-
Finding

3 Exapting

S = Science T = Technology

Culture
HUMAN UTILITY AND LEARNING

1 Function-
Finding

4 Fact-
Finding

4 Fact-Finding

2 Form-Finding

Ṡ = Scientific Method Ṫ = Engineering Method

Modeling

Experimenting
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2: The Intricate Dance of Question-and-Answer Finding

BUT FINDING NEW QUESTIONS IS ALSO IMPORTANT
“The formulation of a problem is often more essential than its solution, which may be merely a matter of 
mathematical or experimental skill. To raise new questions, new possibilities, to regard old questions from a new 
angle, requires creative imagination and marks real advance in science.”

Albert Einstein

FINDING ANSWERS TO KNOWN QUESTIONS IS IMPORTANT
“What are you trying to do? Articulate your objectives using absolutely no jargon. How is it done today, and what 
are the limits of current practice? What is new in your approach and why do you think it will succeed? Who cares? 
If you are successful, what difference will it make? What are the risks and the payoffs? How much will it cost? How 
long will it take? What are the mid-term and final “exams” to check the success?”

George Heilmeier, Director of DARPA, 1975-1977

IN FACT, TECHNOSCIENCE ADVANCES IN AN INTRICATE DANCE OF QUESTION-AND-ANSWER FINDING
“Just as science and technology are tightly linked, question-finding and answer-finding are tightly linked. When 
seeking an answer to one question, an answer to another question often emerges: Louis Pasteur studied 
fermentation, hoping to answer the question of how to better produce wine, but he found that fermentation is a 
powerful tool for studying chemical transformations more broadly. Or, when trying to fit an answer to its question, a 
different answer to that question often emerges: John Bardeen, Walter Brattain, and William Shockley believed that 
a majority-carrier field-effect device would answer the question of how to create a semiconductor amplifier only to 
find that a minority-carrier injection device answered it instead.”
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The More-is-Different Nested Structure of Q’s & A’s

QUESTIONS & ANSWERS ARE DEEPLY NESTED AND EQUALLY PROFOUND 
THROUGHOUT THE NESTING: MORE IS DIFFERENT
“The main fallacy in the extreme reductionist point of view is that the 
reductionist hypothesis does not by any means imply a ‘constructionist’ one: The 
ability to reduce everything to simple fundamental laws does not imply the 
ability to start from those laws and reconstruct the universe. …
At each level of complexity entirely new properties appear, and the 
understanding of the new behaviors requires research which I think is as 
fundamental in its nature as any other. That is, it seems to me that one may 
array the sciences roughly linearly in a hierarchy, according to the idea: The 
elementary entities of science X obey the laws of science Y.
But this hierarchy does not imply that science X is “just applied Y.” At each stage 
entirely new laws, concepts, and generalizations are necessary, requiring 
inspiration and creativity to just as great a degree as in the previous one. 
Psychology is not applied biology, nor is biology applied chemistry.”

Phil Anderson, 1972

Social Sciences
Psychology
Physiology
Cell Biology
Molecular Biology
Chemistry
Solid-State or Many-Body 

Physics
Elementary Particle Physics

MORE COMPLEX

LESS COMPLEX
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The Networked Structure of Questions and Answers

QUESTIONS BEGET ANSWERS (EXPLANATION- AND 
FORM-FINDING), WHICH BEGET NEW QUESTIONS 
(GENERALIZING AND EXAPTING)
In science, the constancy of c was an outstanding 
question; its answer was Einstein’s theory of special 
relativity, and this answer then unexpectedly 
generalized to the question of energy release on 
nuclear fission and fusion events.
In technology, improved tools for spectroscopy was 
an outstanding question; one answer was the laser, 
whose narrow linewidths enabled unprecedented 
accuracy in the determination of energy levels in 
atoms and molecules, and this answer then was 
unexpectedly exapted to the question of how to 
achieve longer-distance communication beyond what 
was possible with electricity.

Genesis of Technoscientific Revolutions, 2021

AND THUS GET WOVEN INTO AN INTER-
DEPENDENT, SEAMLESS WEB OF KNOWLEDGE
“The logical structure of modern scientific 
knowledge is not an evolutionary tree or a 
pyramid but a multiply connected web. . . . The 
failure to recognize this interconnectedness 
becomes obvious when we are presented with 
‘classical Newtonian mechanics, quantum 
mechanics, quantum field theory, quantum 
electrodynamics, Maxwell’s electromagnetic 
theory’ and, in a separate place, ‘fluid 
dynamics,’ as logically independent and 
separate rather than as, what they are, 
different aspects of the same physical theory, 
the deep interconnections among them long 
since solidly cemented.”

Phil Anderson, 2001
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3: The Punctuated Equilibria of Surprise and
Consolidation

CONSOLIDATING AND EXTENDING CONVENTIONAL WISDOM ARE IMPORTANT
The advances in the mid-2010s in deep learning were largely not algorithmic in nature; they 
were due to the cumulative advances in computation power and data availability associated 
with underlying technologies.

BUT SURPRISE AND OVERTURNING CONVENTIONAL WISDOM ARE ALSO IMPORTANT
Flying machines heavier than air, evolution by natural selection, quantum mechanical action at a 
distance, wave-particle duality, the theory of continental drift, efficient blue LEDs fabricated 
from highly defective semiconductors—all these ideas were initially disbelieved but later proved 
correct and useful and hence changed the way we think and do.

IN FACT, TECHNOSCIENCE ADVANCES IN CYCLES OF SURPRISE AND CONSOLIDATION
Surprise and consolidation are … part of the natural rhythm of punctuated equilibria (borrowing 
Gould’s phrase from evolutionary biology) in knowledge evolution. They are part of a natural 
and holistic feedback cycle in which each spawns the other.



Narayanamurti & Tsao: Genesis of Technoscientific Revolutions: Rethinking the Nature and Nurture of Research (Harvard University Press, 2021) 13

Both Research and Development Encompass 
Both Ṡ and Ṫ

Research
(Paradigm

Creation
and

Surprise)

Develop-
ment

(Paradigm
Extension

and
Consoli-
dation)

Science (Ṡ)Technology (Ṫ)

“Standard” Engineering 
(Improvement)

(C) MBE of High-Electron-
Mobility Heterostructures

Disruptive or Radical
Engineering (Invention)

(A) Molecular Beam Epitaxy
(B) Modulation Doping

(D) High-Electron-Mobility Transistor

Revolutionary Science 
(Discovery)
(E) Fractional Quantum Hall Effect
(G) Possible New Particles…

“Normal” Science
(Extension)
(F) Deeper Investigations of Fractional  
Quantum Hall Effects

On the one hand, research is not simply new science: it 
cuts across science and technology. For example, the 
technological inventions of molecular beam epitaxy (MBE) 
and modulation doping were just as much “research” as 
was the scientific discovery of the fractional quantum Hall 
effect.

On the other hand, development is not simply new 
technology: it also cuts across science and technology. The 
subsequent deeper scientific investigations of the fractional 
quantum Hall effects were just as much “development” as 
was the ongoing technological improvement of MBE. The 
observation of the not-yet-observed Higgs boson, because 
it was widely expected to exist, can also be considered 
“development.” Only had it had not been observed would it 
have overturned expectation and been a paradigm-creating 
scientific outcome.
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Research and Development as the
Unschedulable and Schedulable

Research, we understand as an unscheduled quest for 
surprise and the unexpected, whose outcome cannot be 
predicted in advance, and which both Science AND 
Engineering are essential ingredients
Development, we understand as a scheduled activity which 
consolidates and extends existing knowledge, with a well-
defined outcome in a specified time frame
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Research & Development are Both Vital, but 
Research is More Fragile

BUT RESEARCH IS DIFFICULT TO SUPPORT,
BECAUSE ITS BENEFIT IS LONG-TERM AND PUBLIC

Truly path-breaking research overturns previous ways of doing and thinking in ways 
that cannot be anticipated—both in terms of when they will occur and whom they 

will benefit. Thus, much of the benefit of research is long-term and public 
(extending beyond the organization that performed the research) rather than short-

term and private (confined to the organization that performed the research).

RESEARCH IS NO LESS VITAL THAN DEVELOPMENT
By focusing on research, we by no means intend to trivialize 

development. Development is vital and necessary for the full power 
of existing paradigms and conventional wisdom to be realized. But 

research is also vital.
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4: Research Must be Nurtured, Not Managed

NURTURING
OF RESEARCH

ALIGN ORGANIZATION, FUNDING AND GOVERNANCE FOR RESEARCH
People don’t just start innovating. People require an atmosphere where creativity can flourish, where 
ideas flow, and where personal development is encouraged….  I like to say that no one works for me, I 
work for my people. This is not meant to be just a cute line but is meant as a personal reminder that, 
even in a changing climate, today’s managers must nurture—not manage—innovation.

Venky Narayanamurti, Sandia Lab News (April, 1987)

EMBRACE A CULTURE OF HOLISTIC 
TECHNOSCIENTIFIC EXPLORATION
We are humans first, intellects second. Because 
we are humans first, we respond first and 
foremost to social cues, to local culture, to peer 
pressure, and to our organization’s values and 
reward system. Only after we have adapted 
socially and culturally to our organization do 
we engage our intellects. 

Genesis of Technoscientific Revolutions, 2021

NURTURE PEOPLE WITH CARE AND ACCOUNTABILITY
“[R]esearch environments reflect human relationships and group spirit. 
In short, successful research institutions should never forget that they 
are human institutions and they should place people above structure.”

Narayanamurti & Odumosu, 2016, Paraphrasing Ralph Bown, 1953
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Align Organization, Funding & Governance for Research

LEADERSHIP
Research is not simply a matter of assembling researchers and giving them free reign—it is a matter of nurturing and 
orchestrating a delicate balance between organizational focus, personal development, and individual freedom.

INSULATE, BUT DON’T ISOLATE, RESEARCH FROM DEVELOPMENT
The deep difference in mindset— between research, which seeks to surprise and overturn conventional wisdom, and 
development, which seeks to consolidate and strengthen conventional wisdom—necessitates that research be 
culturally insulated, though not intellectually isolated, from development.

BLOCK FUND PEOPLE, NOT PROJECTS
To deal with the unanticipated, researchers and research leadership must be able to respond flexibly and 
opportunistically, and this requires block allocation of resources, both to research leadership at the organizational level 
and to researchers at the bench level.

FUND RESEARCH TO ACHIEVE METAGOALS, NOT GOALS
The ultimate impact of research cannot be predicted in advance, so research organizations should invest in research 
only if their purpose can accommodate benefit that is long-term and public.
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Embrace a Culture of Holistic Technoscientific Exploration
Ṫ LEADS AS MUCH AS FOLLOWS Ṡ: BEYOND BUSH
We reject the conflation of Ṡ with research and Ṫ with development. Instead, both Ṡ and Ṫ encompass 
both research and development. Ṡ and Ṫ of a development character abounds and these we might call 
“normal science” and “standard engineering.” Ṡ and Ṫ can also both have a research character and these 
we might call “revolutionary science” and “disruptive or radical engineering.”

EMBRACE INFORMED CONTRARINESS: BEYOND PEER REVIEW
Research organizations must encourage new ideas even if these ideas are contrary to the organization’s 
own beliefs, and it must protect the quirky and eccentric researchers from whom such ideas often emerge.

THE SCIENTIFIC METHOD IS MORE THAN HYPOTHESIS-TESTING: BEYOND POPPER
“[An] emphasis upon verification rather than discovery seems to me a distortion of the actual emphases 
in the practice of science. … Much more often, scientists are faced with a set of phenomena and no 
theory that explains them.... In this more typical situation, the … task is not to verify or falsify 
theories,…but to discover candidate theories that might help explain the facts.” Herb Simon, 1977
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Nurture People with Care and Accountability

HOLD RESEARCH ACCOUNTABLE
It is a common misperception that research is a playground, a place for play, not work, a place for fun and games without 
judgment. A more complete analogy is of research as a competitive sport, characterized by the desire to perform at the 
highest levels and to be inspired by others’ high performance.

PERFORMANCE REVIEW
Performance review based on meritocratic competition is critical and must be based on actual performance in research or 
research leadership. Elite research is no different from elite performance in any walk of life—it does not come easy or for 
free. 

RECRUITING, HIRING, AND MENTORING
The commitment to recruit, hire, and mentor a researcher—to give a researcher long-term 
support and freedom—is a major one.
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5: Back to the Future, with New Insight



Narayanamurti & Tsao: Genesis of Technoscientific Revolutions: Rethinking the Nature and Nurture of Research (Harvard University Press, 2021) 21

Bell Labs 1.0 circa 1920’s – 1990’s
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Bell Labs 2.0’s circa 1990s - 2020s:
Broader ecosystems beyond the physical sciences and 
engineering, with multiple institutional forms and funding

NURTURING
OF RESEARCH

NATURE
OF RESEARCH

Align $ with 
Execution

CultureNurture
People

𝑆̇𝑆 𝑇̇𝑇
𝑄̇𝑄
𝐴̇𝐴

𝑅𝑅 𝐷𝐷

ARPA-E                                 Google              Harvard              HHMI

DOE Natl Labs                     Deep Mind            UCSB                 Janelia
EXECUTION

$

Govt Labs                            Industrial            Research          Institutes
Labs             Universities

Taxpayers                             Industry              Tuition         Philanthropy
& Govt Agencies                         Profits
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Bell Labs 3.0’s circa 2020s and Beyond:
Learning How to Learn

SOCIETY

KNOWLEDGE

Social Science Artificial Intelligence

Diverse Interacting Agents forming a 
Culture of Values & Norms

Environment

Actions enabled 
by the functions 
and forms of 
technology

Observations 
interpreted by 
the facts and 
explanations 

of science

Intrinsic &
Extrinsic
Rewards
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